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Abstract

Stem cells are undifferentiated cells with the ability to self-renew and differentiate into specialized cells,
under appropriate conditions. During gastrulation cells rearrange themselves transforming the early
embryo into a multi-layered structure containing three germ layers, endoderm, mesoderm and ectoderm.
Accordingly, pluripotent stem cells (PSC), e.g. embryonic stem cells (ESC) or induced pluripotent stem
cells (iPSC), differentiate into cells of all three primitive germ layers. Differentiating stem cells negotiate
branching lineage choices, avoiding alternate fates to decisively commit to a single lineage. However,
the regulatory mechanisms underlying PSC differentiation into specific lineages remain elusive.

Here, we define a representative roadmap for early human development and reconstruct the
differentiation trajectories by which pluripotent cells sequentially elaborate diverse neuroectodermal,
cardiac mesodermal and hepatic endodermal progeny. Tracking these three-germ layer-derived lineage-
choices in vitro uncovers the sequential molecular events that ultimately lead to the establishment of
different cell types. Therefore, we provide a comprehensive study through transcriptomic and network
modeling approaches, based on RNA-Sequencing data, to investigate the critical changes that may occur
during human early cardiogenesis, neurogenesis and hepatogenesis, mimicked by human PSC-derived
cardiomyocytes, neurons and hepatocytes. In addition, published datasets were also analysed to cover
multiple cellular lineages and construct the developmental trajectories of cells derived from all three
germ layers, as well as to identify key lineage specifiers. This paved the way for a deeper understanding
of the regulatory mechanisms driving distinct cellular subpopulations present at each differentiation
stage. To that aim, we have developed two main approaches, one comprising global gene expression of
lineage specifiers and another focusing solely on genes encoding transcription factors, as key regulators
of cellular decisions. Interestingly, this transcriptomic analysis allowed us to identify novel key putative
regulators of cardiogenesis (HOXB4, HOXB5, HOXB6 and RARB) and neurogenesis (TERF2IP, RFX4
and ZHX1), whose expression results throughout differentiation have been validated by Quantitative
Real Time Polymerase Chain Reaction.

Collectively, these data provide a starting point to better understand the mechanisms that control
human PSC fate transitions, revealing the cellular landscape of human PSC early differentiation. We
expect that this knowledge might one day be exploited for developmental cell biology, regenerative
medicine, disease modeling and drug discovery applications.

KEYWORDS

Stem Cell Fate, Transcriptomic Analysis, Human Induced Pluripotent Stem Cells, Cardiac
Differentiation, Neuronal Differentiation
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Resumo

As células estaminais sdo células indiferenciadas com a capacidade de auto-renovacdo e diferenciacao
em células especializadas, em condic¢des apropriadas. Desempenham func¢des fundamentais em diversas
fases do desenvolvimento, podendo ser totipotentes, pluripotentes, multipotentes e unipotentes.

As células estaminais pluripotentes humanas (hPSC), incluindo células estaminais embrionérias
humanas (hESC) e células estaminais pluripotentes induzidas humanas (hiPSC), tém como principais
aplicagdes a descoberta de farmacos, a modelacdo de doencas e a medicina regenerativa.

O desenvolvimento embrionario humano inicia-se com a fusdo dos gametas masculino e feminino,
gerando-se reprogramacdes epigenéticas, uma série de divisdes mitdticas (clivagem), degradacao dos
transcriptos maternos e ativa¢do do genoma embrionario. De seguida, o embrido sofre compactacao e
cavitagdo, passando pelo estagio de morula, até formar a blastula. A massa celular interna (ICM) do
blastocisto diverge entre as células do epiblasto e da endoderme primitiva (hipoblasto), seguindo-se a
implantacdo do blastocisto e gastrulacéo.

Durante a gastrulacéo as células rearranjam-se, transformando o embrido numa estrutura contendo
trés camadas germinativas - ectoderme, mesoderme e endoderme. De forma semelhante, muitos métodos
de diferenciacdo in vitro visam o comprometimento de hPSC numa linhagem multipotente, que dara
origem ao tipo celular de interesse. Deste modo, a diferenciacdo de hPSC numa linhagem celular
pretendida requer a regulagdo complexa de diversas vias de sinalizagdo, através de fatores de
crescimento, citocinas e pequenas moléculas.

Quando as hPSC sdo induzidas com Whnt, Activina A ou BMP4, estas células formam uma
populacdo semelhante a linha primitiva e subsequentemente, a mesoderme ou endoderme. As células da
linha primitiva posterior ddo origem a mesoderme, seguindo-se a formacdo da mesoderme cardiaca e
dos progenitores cardiacos, os quais geram células diferenciadas. Alternativamente, as células da linha
primitiva anterior podem ser induzidas por Activina/Nodal e deste modo formar endoderme definitiva
FOXAZ2*, seguindo-se a formacao de hepatoblastos, que irdo dar origem a hepatocitos. Caso estas vias
ndo sejam ativas, as hPSC irdo diferenciar-se em ectoderme. A diferenciacdo de hiPSC em neuronios
transita através de diversos estadios intermediarios. As hiPSC diferenciam-se em progenitores
neurais/células estaminais neuroepiteliais que se assemelham as células estaminais neurais (NSC), que
formam o tubo neural in vivo. Durante a neurulag&o in vivo, o tubo neural fecha e formam-se os primeiros
tipos de neurénios. O passo correspondente in vitro é a formacao de rosetas neurais, que irdo dar origem
a células da glia e neurénios.

A investigacdo dos mecanismos que regulam as decisGes celulares e especificacdo de sub-
populagdes é fundamental para uma melhor compreenséo do desenvolvimento humano embrionério in
vivo e sua modelacdo in vitro. Este conhecimento podera vir a ser explorado para a medicina
regenerativa, modelacdo de doencas e descoberta de farmacos. No entanto, abordagens sistematicas para
a cultura e diferenciagdo de células estaminais permanecem pouco desenvolvidas. Esta necessidade
tecnoldgica surgiu como o grande prop6sito deste estudo, sendo o seu objetivo principal a analise de
processos robustos e reprodutiveis para a diferenciagdo de hPSC.

Com este fim, come¢dmos por expandir uma base de dados génica, de modo a abranger o maior
numero possivel de genes associados a especificacdo de linhagens celulares derivadas de cada uma das
trés camadas germinativas. De seguida, analisdmos as proteinas codificadas pelos genes dessa base de
dados aumentada, de modo a identificar quais 0s processos biolégicos e vias de sinalizacdo enriquecidos
associados.

Ainda, foi possivel delinear um percurso representativo do desenvolvimento humano,
reconstruindo-se as trajetérias de diferenciacdo pelas quais as hPSC elaboram sequencialmente uma
diversidade de linhas celulares derivadas da neuroectoderme, mesoderme cardiaca e endoderme
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hepatica. Esta abordagem revelou os eventos moleculares sequenciais que regulam o estabelecimento
dos trés diferentes tipos celulares analisados.

Para este estudo desenvolveram-se abordagens de transcriptomica e de modelacdo de redes, com
base nos dados de sequenciacdo de RNA (RNA-Seq) de células diferenciadas. Esta analise permitiu
revelar as vias de sinalizacdo e perfis de expressdo génica responsaveis pela inducdo eficiente de cada
uma destas linhagens em diversos pontos temporais. Esta estratégia foi desenvolvida ao nivel da
expressdo global de genes e, posteriormente, com enfoque exclusivo em genes que codificam fatores de
transcricdo, uma vez que estes controlam uma rede regulatéria de programas de expressdo génica,
despoletando diversas respostas celulares. Deste modo, desenvolveu-se uma analise que incluiu a
normalizacdo de dados, visualizacdo de dados de transcriptomica por heatmaps, PCAs (Principal
Component Analysis) e diagramas de Venn, e investigacdo dos processos bioldgicos e principais vias de
sinalizagdo associados a expressao génica.

Demonstrou-se que os cardiomiécitos derivados de hiPSC (hiPSC-CM) e os neurdnios derivados de
hiPSC (hiPSC-Neurons) exibiram uma diferenciacéo progressiva robusta, quando comparados a tecidos
fetais e adultos cardiacos e cerebrais, respetivamente. Deste modo, em termos de expressao génica, 0s
nossos métodos de diferenciacdo cardiaca e neural revelaram-se bem sucedidos.

Realizou-se ainda uma comparacdo entre os protocolos que estabelecemos para a diferenciacdo
cardiaca e neural com protocolos distintos para a obtencdo dos mesmos tipos celulares, embora por
intermédio de diferentes linhas celulares, fatores de diferenciacdo e/ou meios de cultura. Apesar destas
diferencas, uma analise de PCA mostrou que os diversos grupos surgiram por ordem cronoldgica,
claramente distinguindo as amostras de diferentes estadios de diferenciacdo, permitindo definir as
trajetorias de linhagens celulares, validando a nossa eficiéncia de diferenciagéo.

Adicionalmente, foi analisada a expressdo de genes que apenas codificam fatores de transcricao,
regulando a diferenciagédo de hiPSC-CM, hiPSC-Neurons e de hepatdcitos derivados de hESC. A analise
de PCA evidenciou a existéncia de diferengas consideraveis entre estas trés diferenciagdes, dada a
existéncia de redes génicas distintas a regular linhagens celulares especificas.

De seguida, procurou-se identificar os padrfes de expressdo génica que modulam a especifica¢do
progressiva da ectoderme e da mesoderme, bem como 0s seus principais papéis funcionais. Assim,
compararam-se as alteracfes de expressdo génica em fases sequenciais da diferenciacdo neural e
cardiaca, juntamente como uma analise dos genes diferencialmente expressos (DEGs) (Differentially
Expressed Genes) no Gene Ontology (GO). Esta abordagem foi desenvolvida tanto a um nivel global de
expressdo de genes, como posteriormente direcionada apenas para genes que codificam fatores de
transcricdo. Ambas demonstraram diferencas consideraveis entre os DEGs durante a diferenciacdo em
ectoderme comparativamente a diferenciacdo em mesoderme, em termos de expressao de genes e suas
funcBes associadas, bem como na modulacdo de vias de sinalizagdo, os quais foram devidamente
identificados. Estes resultados permitiram comparar e discriminar as principais alteracGes de expressdo
génica e respetivos processos bioldgicos enriquecidos, durante a transi¢do de um estado de pluripoténcia
para um comprometimento em ectoderme ou mesoderme.

Adicionalmente, foi feito um screening de genes que apenas codificam fatores de transcricdo em
fases comuns da diferenciacdao em trés datasets (hiPSC-Neurons, hiPSC-CM e hepatdcitos derivados de
hESC). Deste modo, foi possivel identificar que fatores de transcricdo estdo particularmente envolvidos
em fases sequenciais da especificacdo de cada camada germinativa.

Para concluir, realizou-se um estudo do perfil de alteracBes transcripcionais em fases sequenciais,
através da comparacéo de dois datasets de RNA-Seq para cada tipo de diferenciacdo. Esta estratégia foi
utilizada para analisar com maior precisao alteracfes determinadas e suportadas por ambos os datasets
para cada tipo de diferenciacdo, validando as nossas observacdes. Apesar das diferencas entres os
protocolos de diferenciacdo e linhas celulares utilizadas, os dois tipos de neuronios diferenciados
continuaram a exibir transcriptomas altamente concordantes durante a diferenciacdo neural,
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evidenciados por picos especificos de expressdo génica que ocorreram aproximadamente nos mesmos
pontos temporais da diferenciagdo, apresentando tendéncias similares de expressdo. O mesmo se
observou entre os dois datasets cardiacos que foram analisados.

Esta investigacdo permitiu ainda identificar novos reguladores putativos da cardiogénese (HOXB4,
HOXB5, HOXB6 e RARB) e neurogénese (TERF2IP, RFX4 e ZHX1), os quais foram subsequentemente
validados por Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR). Globalmente, os
resultados obtidos por qRT-PCR foram concordantes com os dados de RNA-Seq. Adicionalmente, a
eficiéncia da diferenciacdo cardiaca foi confirmada por citometria de fluxo, validando assim os
resultados obtidos por qRT-PCR ao longo da diferenciacéo.

A caracterizagdo transcriptomica efetuada definiu um mapeamento representativo do
desenvolvimento da neuroectoderme e mesoderme cardiaca, revelando picos de expressao temporal quer
de marcadores especificos de cada linhagem, quer de novos candidatos envolvidos na diferenciacéo.
Estes resultados evidenciaram uma diferenciacéo eficiente de hPSC nos tipos celulares pretendidos.

Em suma, este estudo pretendeu contribuir para a analise de modelos de cultura celular que possam
mimetizar a funcdo in vivo, apresentando dados que poderéo ser utilizados futuramente na otimizacéo
de protocolos de diferenciacdo. Deste modo, pretendemos fornecer informagéo importante relativa aos
mecanismos que controlam as transicdes das hPSC, com implicacbes no conhecimento acerca da
diferenciagdo de células estaminais em diferentes linhagens celulares, na biologia celular e do
desenvolvimento, e na medicina regenerativa. Esperamos que esta area de investigacdo se mantenha
altamente dindmica num futuro proximo.

PALAVRAS-CHAVE
Anélise Transcriptomica, Células Estaminais Pluripotentes Induzidas Humanas, Diferenciacdo
Cardiaca, Diferenciagdo Neural, Comprometimento Celular
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MAPK — mitogen-activated protein kinase
MCL - markov cluster algorithm

MEF2C - myocyte enhancer factor 2C
MESC - mouse embryonic stem cell
MSC - mesenchymal stromal cells
MESP1- mesoderm posterior 1

MGE - medial ganglionic eminence
MiRNA - microRNA

MIXL1 - mix paired-like homeobox
MRNA - messenger RNA

MSX1- msh homeobox 1

MYC - proto-oncogene, bHLH transcription
factor

NSC - neuronal stem cells

NKX2.1- NK2 homeobox 1

NKX2-5 - NK2 homeobox 5

NMPs - neuromesodermal progenitors
NPC — neural progenitor cell

OCT4 - octamer-binding transcription factor 4
ORF — open reading frame

OTX2 - orthodenticle homeobox 2

PAXG6 - paired box 6

PBS - phosphate-buffered saline

PC1 — principal component 1

PC2 — principal component 2

PCA - principal component analysis

PE - primitive endoderm

PF - purkinje fibers



PFA — paraformaldehyde

PI3K - phosphoinositide 3-kinase
PSC - pluripotent stem cells
gRT-PCR - quantitative real-time polymerase
chain reaction

RA - retinoic acid

RARB - retinoic Acid Receptor Beta
RBB - right bundle branch

RFX4 - regulatory factor X4

SAN - sinoatrial node

SHF - second heart field

SHH - sonic hedgehog

SiRNA - small interfering RNA
SOX17 — SRY-box 17

SOX2 - SRY-box 2

XiX

T - brachyury

TAP - transient amplifying progenitor
TBX20 - T-box 20

TBX5 - T-box 5

TBXT - T-box transcription factor T

TE - extraembryonic trophectoderm
TERF2IP - telomeric repeat-binding factor 2-
interacting protein 1

TFs — transcription factors

TGFB - transforming growth factor-beta
THEF - third heart field

TUJ1- neuron-specific class Il beta-tubulin
Whnt - wingless integrated

ZHX1- zinc fingers and homeoboxes 1
S-Tubulin 111 — class 1 beta-tubulin



1 Introduction

1.1 Stem Cells
Stem cells are undifferentiated cells with the ability to self-renew (generate undifferentiated daughter

cells to preserve stem cell populations) and to differentiate into specialized cells, under appropriate
conditions. They play essential roles at diverse stages of development and present distinct potential fates
- Totipotent, Pluripotent, Multipotent, and Unipotent.13.

Therefore, the zygote and early blastomeres form all the embryonic tissues and the extraembryonic
ones (yolk sac, amnion and placenta), a capacity termed totipotency. However, the zygote is hardly
considered a stem cell in mammals, since it cleaves into blastomeres of equal developmental potency
for at most three cell divisions, and subsequently displays very limited self-renewal potential?.

Pluripotent stem cells (PSC), e.g. embryonic stem cells (ESC) or induced pluripotent stem cells
(iPSC) differentiate into cells of all three primitive embryonic germ layers — ectoderm, mesoderm and
endoderm?, although they exhibit limited contribution to extraembryonic tissues®. These cells are
isolated from the inner cell mass (ICM) of blastocysts and cultured as immortal cell lines (ESC),® or
they can be induced from somatic cells by direct reprogramming with defined transcription factors
(iPSC)®. PSC are also able to contribute to chimera formation/blastocyst complementation and to form
teratomas, while iPSC reactivate telomerase gene expression’!. The terms ‘naive’ and ‘primed’ describe
the early and late phases of epiblast (EPI) ontogeny, pre and post-implantation, respectively, and its
respective derivatives. Thereby, human pluripotent stem cells (hPSC) are classified as ‘primed’, being
enriched in repressive chromatin features 52,

Multipotent stem cells differentiate into multiple cell types restricted to one lineage, e.g.
hematopoietic stem cells (HSC), which form blood cells and immune cells; mesenchymal stromal cells
(MSC), which form osteoblasts, chondrocytes and fat cells; neuronal stem cells (NSC), which form
neurons, astrocytes and oligodendrocytes; and intestinal stem cells'2°,

Unipotent stem cells, such as satellite, epidermal and spermatogonial stem cells, differentiate into
only one cell type, e.g. to skeletal muscle, keratinocytes, or sperm, respectively®. Moreover, adult stem
cells are either multipotent or unipotent and mainly reside in specialized niches.

1.1.2 Applications of Stem Cells
Recently, there has been an increasing interest in developing cell therapies to potentially replace

diseased or damaged tissues'®. To this aim, the choice of stem cell type and application is conditioned
by the accessibility of the cell type, its potential benefits and risks, and the likelihood of its translation
to clinical trials®®.

hPSC, including human ESC (hESC) and human induced pluripotent stem cells (hiPSC), have three
main applications — disease modeling, drug screening and regenerative medicine?.

hiPSC derived from patients and healthy individuals combined with efficient gene modification
technologies have led to novel opportunities to model human diseases, in order to understand their
mechanisms, and finding ways to delay or reverse them in vivo. However, many diseases have
multicellular contributions. Therefore, the next generation of disease models is increasingly based on
combinations of cell types, sometimes in ‘‘organ-on-chip’’ formats, microfluidic devices that integrate
several cell types of various developmental lineages in chipst®. Alternatively, we could use
“‘organoids,’’ three-dimensional (3D) in vitro culture systems that recapitulate the in vivo architecture,
physiology and genetic information of original tissues, resembling an organ®*. Models based on hiPSC
have many advantages in comparison with hESC, since they can provide rapid readouts of disease
pathology and be employed as drug screening platforms for the development and validation of
therapeutic compounds, either as target-based screening or phenotypic screening't®. Moreover, hiPSCs
represent attractive cell sources since they are isolated from accessible cell types, easily expanded ex



vivo, and able to differentiate into nearly any cell type, providing high quantities of cells. The major
limitations that still need further optimization include the lack of mature structural and functional
phenotypes in hPSC derivatives, low reproducibility, and the degree of complexity that can be achieved
with in vitro stem cell models??3,

In addition, hPSC can potentially be used for regenerative medicine, to promote endogenous
regenerative processes or replace damaged tissues after cellular transplantation?. To this aim, “3D
patch-based platforms” have been extensively studied for regeneration. They are composed of
biomaterials either with or without cells and once transplanted, they provide biological therapeutics and
growth factors®®. The major concerns before these type of approaches reach clinical trials comprise the
reprogramming efficiency to generate hiPSC, which currently has low yield, and the risk of malignant
transformation due to the presence of the oncogene C-MYC used in the reprogramming procedure®’.
Although differentiated cells derived from iPSC do not generate teratomas, it is critical to ensure that
the final product does not contain undifferentiated cells that present the risk of tumorigenesis. Moreover,
there is also a risk of acquiring somatic mutations and chromosomal rearrangements during the induction
of pluripotency, and there have been reports of genetic and epigenetic variation between iPSC lines that
were derived using the same methods®. Therefore, improved protocols to differentiate hPSC into
desired cell types with precise identity and cellular functions are required, which could be achieved with
techniques to sort the iPSC-derived cells before transplantation, using magnetic or fluorescence-
activated cell sorting (MACS or FACS). Also, the risk of tumorigenicity can be tested in animal models
prior transplantation®?, Another concern arises when cells are allogeneic, potentially leading to
immunological rejection unless immunosuppression or other strategies are applied'®!, as reported
elsewhere®®. Hence, to circumvent this latter issue, patient-specific hiPSC seems to be a promising
strategy for cell replacement therapy®'’.

1.2 Early Human Development: Cleavage, Gastrulation, and Axis Formation
Human development begins with the fusion of the egg and sperm pronuclei, encompassing epigenetic

reprogramming and modification, a series of cleavage divisions leading to an extensive wave of
degradation of maternal transcripts, and embryonic genome activation (EGA). EGA occurs between the
4- and 8-cell stages, consisting of newly synthesized transcripts by the embryo?2., Cleavage is a series
of mitotic divisions that immediately follow fertilization, in which the net size of the embryo remains
the same, resulting in numerous smaller cells called blastomeres. In humans, there are three cleavage
divisions from 1 cell to 2 cells, 2 cells to 4 cells and 4 cells to 8 cells®*?, Following EGA, the embryo
subsequently undergoes compaction, when blastomeres adhere to each other to form the morula, and
then cavitation. Cavitation leads to the formation of a blastocyst, that comprises a fluid-filled cavity and
an ICM surrounded by trophectoderm (TE) cells. TE consists of extra-embryonic cells that, upon
implantation, give rise to the placental cytotrophoblast and syncytiotrophoblast. Furthermore, ICM
diverges into early EPI and primitive endoderm (hypoblast) cells (Fig. 1.1), followed by implantation at
approximately day 7 of development?,

The blastocyst comprises three cell lineages: pluripotent EPI cells that form the embryo; and
extraembryonic TE and primitive endoderm (PE) cells, that contribute to the placenta and yolk sac,
respectively?® (Fig. 1.1). During compaction in mouse, the first cell fate decision, which segregates the
ICM and TE, involves differential Hippo signaling (active in the ICM and blocked in TE), due to
mechanisms of cell-cell contact. Therefore, in the first decision, OCT4 mutually represses CDX2
expression, enabling some cells to become pluripotent in the ICM and other cells to originate the TE,
respectively?*. In the second cell fate decision, the segregation of the EPI and PE lineages within the
ICM involves differential fibroblast growth factor (FGF) signaling, where cells receiving higher levels
of FGF become PE?. Therefore, ICM cells express key transcription factors (TFs), such as NANOG and



SOX2 (EPI) and GATA6, GATA4, SOX17 (PE)*2%27, However, there has been evidence suggesting that
the formation of human PE does not depend on FGF signaling, conversely to the mouse?’.

Furthermore, during gastrulation cells rearrange themselves transforming the early embryo into a
multi-layered structure containing three germ layers, endoderm, mesoderm and ectoderm?® (Fig. 1.1).
At the primitive streak, EPI cells undergo an epithelial to mesenchymal transition (EMT), whereby
epithelial cells are transformed into migratory mesenchymal cells?®, and then move away from the streak
to become incorporated into either the definitive endoderm or the extraembryonic mesoderm and
embryonic mesoderm®. Specific fates are related with the proximal-distal axis of the embryo where
cells move through and away from the streak. These cells appear to be capable of both synthesizing and
responding to FGFs, particularly signaling via FGF8 and/or FGF4. Conversely, cells that never traverse
the streak are fated to form neuroectoderm and surface ectoderm?3!.
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Fig. 1.1 Lineage specification and cell fate decisions.

After the implantation of the blastocyst, the trophoblast develops through various stages, generating the embryonically
derived portion of the placenta. The inner cell mass (ICM) originates the epiblast (EPI) and the hypoblast (primitive
endoderm). The EPI gives rise to the embryo and amnion, while the hypoblast generates the yolk sac cells. (Adapted
from Gilbert and Barresi, 2016).

Additionally, embryos must develop three definitive axes: the anterior-posterior (A-P) axis, the
dorsal-ventral (D-V) axis, and the right-left axis. The mammalian embryo has two signaling centers:
one in the node (responsible for neural induction and for the patterning of most of the A-P axis), and
one in the anterior visceral endoderm (AVE) (crucial for positioning the primitive streak)®. The
primitive streak and other posterior tissues are the sources of wingless integrated (Wnt), bone
morphogenetic proteins (BMP) and FGF proteins. Conversely, the AVE produces antagonists of these
paracrine factors on the anterior side of the embryo®,

1.3 Ectoderm Development

1.3.1 The Vertebrate Nervous System and Epidermis
Ectoderm, the outer germ layer covering late-stage gastrula, has three major roles: one part of the

ectoderm will become the neural plate, which will involute and form the neural tube, the precursor of
the central nervous system (CNS). The neural tube gives rise to the brain at the anterior, and spinal cord
at the posterior end*. At the neural plate and neural tube stages, secondary organizers regulate the
antero-posterior specification of distinct neural regions®. Another part of the ectoderm will give rise to
the epidermis, the outer layer of the skin, on the ventral side. Between the compartments forming the
epidermis and the CNS lies the presumptive neural crest, where the ventral and dorsal boundaries meet.



This progenitor cell population delaminates and migrates away to form, among other things, the
peripheral nervous system (all the nerves and neurons lying outside the CNS), cartilage and bone of the
face and pigment cells (melanocytes)®*3¢. The processes by which the three ectodermal regions are
formed is called neurulation, and an embryo undergoing these processes is called a neurula.

The cells of the neural plate are characterized by expression of the Sox family of TFs (SOX1, 2, and
3), which activate the genes that specify cells to become neural plate and inhibit the formation of
epidermis and neural crest by blocking the transcription and signaling of BMPs®’. Evidence has shown
that neural induction involves suppression of an epidermal fate rather than induction of a neural fate,
therefore the default state of the naive ectoderm is neural, not epidermal®,

1.3.2 Neural Tube Formation and Patterning
The neural tube is polarized along a D-V axis. The Sonic hedgehog (Shh) protein derives from the

notochord and ventral floor plate and promotes ventral identity by repressing dorsal fate, whereas
members of both Wnt and BMP families are secreted from the roof plate and surface ectoderm,
favouring dorsal identities. Additional activities have also been reported to non-BMP members of the
transforming growth factor beta (TGFp) superfamily, as well as retinoic acid (RA)*. The dorsal region
is associated with sensory circuits, due to BMP activity, whereas the ventral region comprises the motor
neurons, favoured by Shh activity. In the middle, there are numerous interneurons?.

Cells in the posterior regions of the neural tube begin as neuromesodermal progenitors (NMPs), that
can give rise to either neural or somitic cell types from the paraxial mesoderm. NMPs are born in the
caudal lateral EPI and are positively maintained by FGF and Whnt signals during tailbud elongation.
Conversely, RA is expressed by somitic mesoderm and inhibits FGF signaling. Therefore, if an NMP
cell enters the neural mesenchyme, it becomes a preneural progenitor cell with the ability to respond to
either Shh or BMP signals. Then, preneural progenitors become proneural progenitors when exposed to
lower gradients of FGF/Wnt and moderate levels of RA*,

NSC generate new neurons or glial cells in the wall of the neural tube, in the ventricular zone.
Newborn neurons can migrate away from the ventricular zone and form a new layer, the mantle or
intermediate zone (gray matter), and can migrate towards the marginal zone. This process forms the
cortical layers of the brain*2. The adult brain has two NSC pools located in the sub-ventricular zone and
the sub-granular zone of the dentate gyrus of the hippocampus. The majority of NSC are quiescent (type
B1q cells) and generate proliferative, activated NSC (type Bla cells), which can, in turn, produce neural
progenitor cells (NPC or transient amplifying progenitor [TAPs] or type C cells), a proliferative cell
population that expresses markers of early neuronal differentiation. Finally, the NPC give rise to
neuroblasts (type A cells), which migrate to the olfactory bulb where they become primarily
interneurons®. The brain forms three primary vesicles, the prosencephalon (forebrain), mesencephalon
(midbrain), and rhombencephalon (hindbrain). The prosencephalon and rhombencephalon become
further subdivided*.

1.4 Mesoderm Development

1.4.1 Mesodermal Subtypes
The formation of mesodermal tissues in the embryo occurs synchronously with the neural tube

development. The notochord extends beneath the neural tube, from the posterior region of the
forebrain into the tail. On either side of the neural tube lie mesodermal cells, that become further
divided into mesodermal subtypes. Mesoderm development begins with the formation of the primitive
streak, which then segregates into mesodermal subtypes - chordamesoderm, paraxial, intermediate,
and lateral plate mesoderm?*>47,



Chordamesoderm, or axial mesoderm, is the central region of trunk mesoderm and generates the
notochord, a transient tissue responsible for the induction and patterning of the neural tube and body
axis formation®®,

Paraxial mesoderm is derived from the anterior primitive streak and segments into somites, which
are epithelial building blocks on either side of the neural tube*®. The anterior-most paraxial mesoderm
does not segment, forming the head mesoderm, providing the mesenchyme and musculature of the
head*. In the segmented paraxial mesoderm, somites are patterned along the D-V axis, where the ventral
somite (sclerotome) gives rise to bone and cartilage, while the dorsal somite (dermomyotome) generates
brown fat, dermis and skeletal muscle®®.

The intermediate mesoderm is adjacent to the paraxial mesoderm and forms the urogenital system -
kidneys, gonads, and their associated ducts®.

Farthest away from the notochord, the lateral mesoderm derives from the middle primitive streak
and resides on either side of the two bands of intermediate mesoderm. The lateral plate mesoderm
furtherly splits into the somatic and splanchnic layers, giving rise to limb bud mesoderm®® and cardiac
mesoderm?, respectively.

1.4.2 Cardiac Development
The heart is the first organ to function during embryogenesis and is specified through the interaction

between inductive and inhibitory cues from the adjacent endoderm and ectoderm. The next step in
cardiogenesis is the specification and differentiation of cardiac cells, orchestrated by distinct multipotent
progenitor populations, the first heart field (FHF), and the second heart field (SHF)>2-%*, The FHF forms
the cardiac crescent and leads to the formation of a linear heart tube, giving rise primarily to the left
ventricle and a fraction of the atria. Progenitors from the anterior SHF contribute to the right ventricle
and the outflow tract, whereas the posterior SHF cells generate the atria and the inflow tract. Lineage-
tracing studies indicate that both heart fields are marked by expression of Flk-1 and the TF NKX2-5,
while the TF ISL1 selectively marks the SHF*>®'. In addition, there is also a contribution from the
proepicardial organ and cardiac neural crest cells to the heart development. The proepicardium is a
transient structure that eventually starts to give rise to the epicardium, which, in turn, can contribute to
several lineages within the heart®®. The cardiac neural crest cells contribute to the septation of the
outflow tract, to the parasympathetic innervation, and to the formation of heart valves®®. Subsequently,
the linear heart tube undergoes rightward looping and remodeling events of chamber formation,
septation, and valve development lead to the formation of the four-chambered heart®**°, where TF
encoding genes such as TBX5 and TBX20, in combination with NKX2-5 and GATA4, have shown to play
a regulatory role®,

The early embryonic heart tube comprises the endocardium, the inner endothelial layer;
myocardium, muscular middle layer; and the epicardium, outer epithelial layer, derived from the
proepicardium®®, The heart is composed by different cells — cardiac fibroblasts; atrial and ventricular
myocytes; smooth muscle that generate the venous and arterial musculature; the endothelial lining of
the heart and valves; and the epicardium®:¢2,

1.5 Endoderm Development

1.5.1 Tubes and Organs for Digestion and Respiration
The endoderm has three major embryonic functions — to induce the formation of several mesodermal

organs, such as notochord, heart and blood vessels, which, in turn, help specify the endoderm; to form
the respiratory and gastrointestinal tracts, and all of their associated organs; and to generate the
epithelium of several glands®54,

The endoderm arises from two sources. The main source is the set of cells that migrate through the
primitive streak during gastrulation and segregate from bipotential mesendoderm (transient common
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precursor cell population that gives rise to both mesoderm and endoderm), to form definitive endoderm
(DE). This source of cells replaces part of the extraembryonic visceral endoderm that gives rise to the
yolk sac®. The DE is a monolayer of cells on the ventral side of the developing embryo, which then
forms a tube as the embryo rotates along the A-P axis and is patterned into three progenitor domains,
that comprise the foregut, midgut and hindgut®. Nodal signaling drives the expression of a conserved
network of TFs within the endodermal lineage, including MIX-like proteins: FOXA2, SOX17, EOMES
and GATAA4-6. These factors activate then a cascade of genes that function to segregate endoderm and
mesoderm lineages, specify cells to an endodermal fate, and integrate signaling events that pattern the
nascent endoderm. Therefore, the fate choice between endoderm and mesoderm appears to depend on
the concentration of Nodal secreted from the visceral endoderm, where high levels of Nodal induce the
endodermal network of TFs, while BMPs and FGFs act against Nodal and specify migrating cells to
become mesoderm®®,

The DE of the gut is then defined along the A-P axis. This axis in vertebrates is specified by gradients
of Wnts, FGFs, and BMPs, each of which has highest concentrations posteriorly. The endoderm near
the head will form the anterior foregut cells, which will generate the precursors of the lung and thyroid
glands. The endoderm in the posterior becomes a collection of midgut-hindgut precursor cells and will
form the intestinal progenitor cells. The region between them, in the area of moderate BMPs, FGFs, and
Wnts, becomes the posterior foregut precursors, generating the pancreas and the liver®,

1.5.2 Hepatic Development
The hepatic diverticulum (or liver bud) thickens and transitions from a monolayer of cuboidal endoderm

cells into a multilayer of pseudostratified cells called hepatoblasts, which delaminate, proliferate and
migrate to the surrounding septum transversum, forming the liver bud®’. Then, the diverticulum extends
away from the foregut into the surrounding mesenchyme, which stimulates the endoderm to proliferate,
branch, and form the glandular epithelium of the liver®®,

The mature human liver has four lobes containing different cell types, such as hepatocytes, the main
parenchymal cells of the liver, constituting ~80% of its mass and regulating body metabolism;
cholangiocytes, epithelial cells that line the bile ducts; sinusoidal endothelial cells®®, creating the blood
channels in the liver®®; stellate cells, the main mesenchymal component of the liver; and Kupffer cells,
liver macrophages located in the sinusoids®. Hepatoblasts are marked by the expression of alpha-
fetoprotein and albumin, as well as markers for both hepatocytes (albumin, HNF4a, keratin) and
cholangiocytes (CK19). Hepatoblasts proliferate and differentiate into hepatocytes and cholangiocytes®®.

1.6 Pluripotent Stem Cell Signalling throughout In Vitro Differentiation
Derivation of hPSC into a specific lineage or cell type requires the regulation of distinct signaling

pathways (Fig. 1.2), through specific growth factors, cytokines and small molecules®®. Embryology has
provided important insights into key pathways guiding hPSC fates, resulting in the efficient induction
of ectoderm, mesoderm, and endoderm and many of their derivatives. The next challenge will be to
address the functionality of these cells, both in vitro and in preclinical models™.

Activin-Nodal and FGF signaling cooperate together to maintain human pluripotency’™ 72
Expression of BRACHYURY (T) is typically used to monitor the formation of a primitive streak-like
population and the subsequent mesoderm induction. BMP4 induces the formation of a BRACHYURY™
primitive streak population as well as the later development of FLK-1" mesoderm’. Conversely,
blocking Wnt signaling at early stages of differentiation inhibits the formation of cells expressing
BRACHYURY and mesoderm development, which demonstrates that this pathway is involved in the
generation of the primitive streak and mesoderm’. However, other studies have reported that Wnt
signaling is associated with self-renewal™. Activin-Nodal signaling induces a primitive streak
population and the subsequent formation of mesoderm and endoderm, according to the strength of the
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signal’®. In contrast, inhibition of BMP4, Wnt and Activin signaling leads to an anterior neural-fate
acquisition in the dorsal ectoderm, providing the basis of the ‘default’ model of neural induction. In the
ventral ectoderm, where the signaling ligands escape the inhibitors, an epidermal fate is induced34.
Following inhibition, if cells are subsequently induced by FGF, they will generate neurons, since FGF-
ERK signaling has been shown to inhibit BMP signaling, thereby promoting neural differentiation,
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Fig. 1.2 Inducing pluripotent stem cell differentiation into cardiac mesoderm, hepatic endoderm, and neuroectoderm
derivatives.

Schematic representation demonstrating the main relationships between cardiac, hepatic and neural cell lineages,
sublineages, marker expression, and signaling pathways governing each cell type. When PSC are induced with Wnt,
Activin A or BMP4, these cells will form a primitive streak-like population, and subsequently mesoderm or endoderm.
If these pathways are not activated, PSC will differentiate into ectoderm. The differentiation of hiPSC into neurons
transit through intermediate stages that resemble the neural stem cells (NSC) in vivo. hiPSC differentiate into neural
progenitor/neuroepithelial stem cells that correspond to the NSC that form the neural plate in vivo. During in vivo
neurulation, the neural tube closes, patterning along the developmental axes occurs, and the first types of neurons are
generated. The correspondent step in vitro is the formation of neural rosettes that will give rise to neurons and glia.
From primitive streak induction, the posterior primitive streak cells generate FLK-1* mesoderm, followed by the
formation of cardiac mesoderm and cardiac progenitors that will give rise to differentiated cells. Alternatively, the
anterior primitive streak cells may be induced by Activin/Nodal and form FOXA2* definitive endoderm, followed by
the generation of hepatoblasts and hepatocytes. Abbreviations: FHF, first heart field; SHF, second heart field; EPDCs,
epicardium-derived cells; EMT, endothelial-to-mesenchymal transition; SAN, sinoatrial node; RBB, right bundle
branch; LBB, left bundle branch; PF, purkinje fibers; AV, atrioventricular. (Adapted from Gordillo et al., 2015; Spater
et al., 2014; Murry and Keller, 2008).

1.6.1 Commitment Towards Neuroectoderm
One of the most efficient ways to differentiate hPSCs towards neural commitment is by dual SMAD

inhibition of Activin/Nodal and BMP signaling, which belong to the TFG-B superfamily, obtaining
neural progenitors (e.g. PAX6*and OTX2" cells), capable of originating neurons (e.g. f-Tubulin 117,
MAP-2*, NeuN* and TUJ1* cells), and astrocytes (GFAP* cells)’”. The TGF-pB family is therefore crucial
for the maintenance of hiPSCs pluripotency and self-renewal, as well as for the differentiation into
mesendoderm’®. Moreover, Wnt signaling is associated with the promotion of neural crest formation in
embryonic development and its continuous activation by GSK3p inhibition and Activin A signaling
inhibition focus neuroectoderm commitment into neural crest cell derivation™,



1.6.2 Commitment Towards Mesendoderm
Activin, BMP and Wnt signaling are associated with the induction of mesendoderm regulators, like

BRACHYURY, EOMES and MIXL1%®, These precursors can further differentiate into FLK1*
mesoderm progenitors or FOXA2" endoderm progenitors®. At this point, a thin balance between
mesoderm and endoderm exists, and Activin A stimulation leads to a FOXA2" population of definitive
endoderm, especially if PI3K signaling is suppressed®®3, Conversely, BMP inhibits paraxial mesoderm
formation and promotes lateral plate mesoderm specification®. Furthermore, Lian et al have
demonstrated that the modulation of Wnt/B-catenin signaling directs cardiomyocyte (CM)
differentiation from hPSC. Thereby, the authors reported that using B27 without insulin and inducing
the sequential activation of canonical Wnt signaling by GSK3 inhibitor treatment, followed by inhibition
of Wnt signaling by small molecules (IWPs) (GiWi protocol), is sufficient to drive multiple hPSC lines
to CMs®. Therefore, specification of nascent BRACHYURY®* mesodermal progenitors towards a
cardiogenic fate requires inhibition of canonical Wnt/B-catenin signaling and activation of noncanonical
Wt signaling, promoting also the differentiation of those cardiac progenitors®. Moreover, evidence has
shown that insulin, present in B27 supplement, strongly inhibits CM vyield during the first 5 days of
differentiation®,

Overall, these observations show that the usual regulatory pathways control self-renewal and
multiple stages of commitment, in a time, dose and cell-dependent context, modulating the stimulation
or inhibition of lineages specification.

1.7 Transcriptomic Analysis by RNA-Sequencing
The transcriptome is the complete set of transcripts present in a cell, and their quantity, for a specific

physiological condition or developmental stage. Recently, the development of novel high-throughput
sequencing methods, namely RNA-Sequencing (RNA-Seq) has enabled both mapping and quantifying
transcriptomes. The main objectives of this approach are: to catalogue all types of transcripts, including
MRNAs, non-coding RNAs and small RNAs; to analyse the transcriptional structure of genes, in terms
of their start sites, 5’ and 3’ ends, splicing patterns and other post-transcriptional modifications; and to
quantify the differential expression levels of each transcript during development and under different
physiologic conditions®”. In addition, RNA-Seq can be implemented without prior knowledge of the
reference or sequence of interest and provides multiple applications such as: ‘de novo’ reconstruction
of the transcriptome (without a reference genome). Also, this technology presents some advantages over
the cDNA microarrays, such as the high level of data reproducibility and reducing the number of
technical replicates for the experiments®.

A typical RNA-Seq experiment is summarised in Fig. 1.3. Generally, RNA is extracted and a
population of RNA, total or fractionated, such as poly(A)*, is converted to a library of cDNA fragments
with adaptors attached to one or both ends. Each molecule, with or without PCR amplification, is then
sequenced in a high-throughput sequencing technology to obtain short sequences from one end (single-
end sequencing) or both ends (pair-end sequencing). The reads are usually 30-400 bp, depending on the
sequencing technology used®’. Theoretically, any high-throughput sequencing technology can be used
for RNA-Seq, such as the Illumina IG®, Applied Biosystems SOLiD® and Roche 454 Life Science®
systems, which have already been performed for this purpose.

Global transcriptomic analysis has provided new ways to explore heterogeneous and rare
subpopulations, including samples with a low number of cells, circumventing limitations associated with
investigating early human development and stem cell biology®2. This method provides us with new
insights about developmental biology, and particularly, stem cell fate decisions.
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Fig. 1.3 A typical RNA-Seq experiment.

Briefly, mRNA is extracted and converted into a library of cDNA fragments through either RNA fragmentation or DNA
fragmentation. Sequencing adaptors are subsequently added to each cDNA fragment and a short sequence is obtained
from each cDNA using high-throughput sequencing technology. The resulting sequence reads are aligned against the
reference genome or transcriptome and classified as three types: exonic reads, junction reads and poly(A) end-reads.
These three types are used to produce a base-resolution expression profile for each gene, as illustrated at the bottom; a
yeast ORF with one intron is shown. (Adapted from Wang et al., 2009).

2 Aim of Studies

Investigating the regulatory mechanisms underlying cell fate decision and subpopulation specification
is fundamental for a better understanding of early human development, which cannot be interrogated in
vivo due to restrictions on human embryo studies. This knowledge might one day be exploited for
regenerative medicine, disease modeling and drug discovery fields. However, the regulatory
mechanisms underlying hPSC differentiation into specific lineages remain elusive. Such need represents
the motivation for initiating this study and its overall goal is to reproduce and analyse robust processes
for the differentiation of hPSC.

Hence, this work aims to use hiPSC as in vitro model systems to analyse their controlled
differentiation into specific homogeneous cell types. We aim to delineate a representative roadmap for
early human development and reconstruct the differentiation trajectories by which pluripotent cells
sequentially elaborate a diversity of neuroectodermal, cardiac mesodermal and hepatic endodermal
progeny. Tracking these three-germ layer-derived divergences uncovers the sequential molecular events
that ultimately lead to the establishment of different cell types.

Furthermore, we aim to provide a comprehensive study through transcriptomic and network
modeling approaches, based on RNA-Seq data, to unveil the key signaling pathways and gene
expression profiles that efficiently induce each of these lineages at sequential stages. We expect to
perform this at a global gene expression level, and then focusing solely on genes encoding TFs, since
these modulate a broad regulatory network orchestrating gene expression programs that elicit different
cell responses. It is also expected to possibly predict novel key developmental regulators with few or
no prior literature reports.

Overall, this study aims to contribute to the analysis of well-established cell culture models that
better reflect in vivo function, presenting new insights that can be harnessed for optimization of
differentiation protocols. Hence, we expect to provide important information regarding the mechanisms



that control hPSC fate transitions, with implications for understanding trans-lineage differentiation for
stem cells, developmental cell biology and regenerative medicine.

3 Materials and Methods

3.1 Data Analysis Workflow

The data analysis pipeline used in this study is shown in Fig. 3.1. Thereby in the first task (prediction of
lineage specifiers), we intended to expand our original gene database, containing genes sorted by their
involvement in each specific germ-layer commitment. To that aim, we performed a database review
through the resource Genome (NCBI) to identify human genes previously reported in the literature as
being involved specifically in each germ layer commitment. For further validation, we found that these
three distinct groups of selected genes from NCBI were enriched for the expected Gene Ontology (GO)
terms. Therefore, ectoderm-associated gene results were predicted as being significantly overexpressed
in ectoderm development (false discovery rate (FDR) of 4.16e%°); mesoderm-associated gene results
were significantly enriched for mesoderm development (FDR of 5.04e7"); and endoderm-associated
gene results were significantly related to endoderm development (FDR of 1.9e%7). Subsequently, these
three groups of validated genes from NCBI were added to our previous/original gene database, in order
to complete it with additional elements. In this way, we created a literature-based curation list of
ectoderm, mesoderm and endoderm-associated gene clusters, which allowed us to expand our gene
database to cover a higher number of specific germ layer-related genes (Supplementary Table 7.1,
Supplementary Information).

In the second task, we elaborated a clustering analysis of this resulting expanded gene database,
through STRING platform, which predicts functional protein association networks, to analyse their
associated biological processes and signaling pathways enrichment (Fig. 4.1 and Supplementary Table
7.2).

The third task consisted of RNA-Seq data processing and network analysis of hPSC differentiation
into specific cell types, particularly into neurons, CM and hepatocytes. This task was furtherly split into
two sub-tasks: a first analysis that was based on global gene expression, and a second analysis focused
solely on genes encoding TFs. The first sub-task comprised data normalization, clustering techniques
such as heatmaps and PCAs (Principal Component Analysis), and Venn diagrams, together with GO
enrichment of RNA-Seq gene expression. The second sub-task allowed us to identify genes encoding
TFs guiding hPSC towards ectodermal, mesodermal and endodermal specification (Supplementary
Table 7.3 and Supplementary Fig. 7.2).
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Fig. 3.1 Data analysis workflow.
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Data analysis pipeline, from the gene prediction to clustering analysis, data processing and network analysis.
Abbreviations: RNA-Seq, RNA-Sequencing; hPSC, human pluripotent stem cells; PCA, principal component
analysis; GO, gene ontology; TFs, transcription factors.

Then, data normalization, clustering techniques (Heatmaps, PCAs), Venn diagrams and literature review
of the gene functions, together with GO enrichment of RNA-Seq gene expression were performed. This
led us to identify novel putative regulators of cardiogenesis and neurogenesis, whose expression was
validated by Quantitative Real-Time Polymerase Chain Reaction (QRT-PCR).

Overall, this pipeline contributed to a better understanding of the regulatory mechanisms
underlying cell fate decisions in hPSC.

3.2 Expansion of Human Pluripotent Stem Cells

3.2.1 Cell Lines
One of the hiPSC lines used in this work was WT- F002.1A.13 (TCLab - Tecnologias Celulares para

Aplicacdo Médica, Unipessoal, Lda.), reprogrammed from fibroblasts obtained from a skin biopsy on
an adult female. By using a retroviral system, the hiPSCs have been generated through ectopic
expression of a defined set of reprogramming factors, Oct4, Sox2, KIf4 and c-Myc. The cell line has
been tested in terms of differentiation potential towards the three germ layers, while the analysis revealed
a normal karyotype.

Another cell line used in this study was iPS-DF6-9-9T.B, provided by WiCell Bank (Wisconsin,
USA). This cell line is vector free and was reprogramed from foreskin fibroblasts with a karyotype 46,
XY that were collected from healthy donors using defined factors in the Laboratory of Dr. James
Thomson, at University of Wisconsin.

When referred, published datasets were used to complement our analysis, with the following cell
lines: H9 and HES3 hESC lines (Meganathan et al., 2017)%; WAO01 and HUES6 hESC lines (Frank et
al., 2019)%; and Human H1 ES cells (Li et al., 2017)%.

3.2.2 Cell Passaging
As adhesion substrate, Matrigel® matrix (Corning®) was used. Aliquots were thawed on ice and diluted

1:100 (v/v) in cold Dulbecco’s Modified Eagle Medium: Nutrient Mixture F-12 (DMEM/F12)
(Gibco™/ Thermo Fisher Scientific). This formulation was used to coat culture plates (Corning®), that
were left at room temperature at least for two hours or stored at 4°C for later use up to 2 weeks.

The WT- F002.1A.13 cell passaging was performed using an enzyme-free cell passaging with
EDTA solution (Invitrogen™/ Thermo Fisher Scientific) diluted in phosphate-buffered saline (PBS) at
a concentration of 0.5 mM. This method allows the detachment of hiPSCs colonies into small
aggregates. After culture medium removal, cells were washed twice and then incubated with EDTA at
room temperature for 5 min. After EDTA removal, cells were flushed with culture medium (essential
8™ medium) (E8) (Gibco®) and collected to a centrifuge tube followed by seeding onto new Matrigel®
coated culture plates. Splits 1:3 were performed.

The iPS-DF6-9-9T.B cell passaging was performed by the same method, excluding the culture
medium (MTeSR1™ medium) (STEMCELL Technologies™). In contrast with the mTeSR1 medium,
which has 18 components added to DMEM/F12 base medium, E8 contains only 8 essential components
and is a completely defined medium, without bovine serum albumin (BSA), but presenting a similar cell
expression pattern when compared to mTeSR1 medium®,

When referred, published datasets were used to complement our analysis and cells were expanded
as previously described®-%,
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3.3 Differentiation Protocols
To obtain samples for RNA-Seq, neuronal differentiation of hiPSC was performed by a PhD student

from our group®, based on dual-SMAD inhibition protocol”’. Briefly, human neural progenitor cultures
were passaged at day 12 by using EDTA dissociation buffer (0.5 mM), and were re-plated in a split ratio
of 1:1 into poly-L-ornithine (15 pg/mL; Sigma)-treated and Laminin (20 pg/mL, Sigma) coated plates.
At day 14, when structures like neural rosettes were observable, N2B27 medium was supplemented with
bFGF-Basic fibroblast growth factor (10 ng/mL, Peprotech) during 48h. At day 16, cells were again
passaged by using EDTA, into new laminin-coated wells, in a split ration of 1:3. The medium was
changed daily, without the addition of any small molecule or factor. At day 28, cells were split with
accutase and plated into laminin-coated wells at a density of 100.000 cells/cm?. The N2B27 medium
was replaced every two days until day 70. When referred, a published dataset by Meganathan et al®® was
used to complement our analysis and accordingly, neuronal differentiation of hESC was performed as
previously described®®. Thereby, cortical excitatory and inhibitory neuronal differentiation was
performed by modification of prior protocols®°.

To obtain samples for RNA-Seq, hiPSC-CM differentiation was performed by a PhD student from
our group®, based on the Wnt signaling modulation protocol previously described by Lian et al®®, using
6 uM of the GSK3b inhibitor CHIR99021 (Stemgent) at day 0 and 5 uM of the Wnt signaling inhibitor
IWP4 (Stemgent) at day 3. Cells were seeded onto Matrigel® coated 12-well tissue culture plates
(Corning®) at a cell density of 4x10° cells/well for a final volume of 1 mL/well (1x10° cells/cm?).
Culture medium was changed daily until a confluence of 90%-95% was achieved.

In addition, cardiac differentiation was also performed after RNA-Seq, for subsequent downstream
analysis (by gRT-PCR and flow cytometry), as explained in sections 3.5 and 3.6, respectively. When
referred, a published dataset by Frank et al was used to complement our analysis, whereby hESC-CM
differentiation was performed as previously described®1°L,

When referred, a published dataset by Li et al was used to complement our study, providing us with
additional RNA-Seq data that we analysed, whereby hESC-hepatocyte differentiation was achieved as
previously described®.

3.4 Transcriptomic Analysis by RNA-Sequencing

3.4.1 Sample Collection and RNA Extraction
Prior RNA isolation, cell samples from sequential stages of cardiac and neuronal differentiation were

collected by students from our group, in the context of their PhD thesis, respectively®’1%,

RNA samples were isolated in triplicates from each of the selected time points. Total RNA from the
samples was extracted using High Pure RNA Isolation Kit (Roche, Cat. 11828665001), according to
manufacturer’s instructions.

3.4.2 RNA-Seq Sample Preparation and Sequencing
RNA libraries were prepared for sequencing using Lexogen QuantSeq 3'mRNA-Seq Library Prep Kit

FWD for Illumina using standard protocols. Briefly, 500 ng of total RNA were primed with the oligo
dT primer containing lllumina-compatible linker sequences. After first strand synthesis, the RNA was
removed, and the second strand synthesized with Illumina-compatible random primers. After magnetic
bead-based purification, the libraries were PCR amplified introducing the sequences required for cluster
generation. Sequencing was performed using HiSeq (50 cycles protocol) or NextSeq (75 cycles
protocol) platforms. Sequencer Software HiSeq Control Software 2.2.58 was used for base calling of
samples processed on Illumina HiSeq 2000. Base calling of samples processed in NextSeq Sequencer
was performed with the Real-Time Analysis (RTA) v2.
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3.4.3 RNA-Seq Data Analysis
Sample read quality, reads mapping and counting were performed by a standard protocol from BlueBee

Genomics Platform (http://www.bluebee.com/).

3.4.4 Datasets
The datasets used in this study were derived from RNA-Seq of sequential stages of CM and neuronal

differentiation (as described in 3.2-3.4 sections). In addition, when referred, published RNA-Seq
datasets were used to complement our analysis (from neural, cardiac, and hepatic fetal and adult cell
types), as summarized in Supplementary Table 7.4; and (from neural, cardiac and hepatic
differentiations) in Supplementary Table 7.5.

3.4.5 Differential Gene Expression Analysis
With the RNA-Seq read counts matrix, we then used the DESeq2 package of R (version 3.5.1) to perform

data normalization and differentially expressed genes (DEGS) analysis. Information about DESeq?2
package is available online at https://bioconductor.org/packages/release/bioc/html/DESeq2.html.

3.4.6 Bioinformatic Analysis of Transcriptomes
In order to analyse both global gene expression and solely genes encoding TFs, several approaches were

performed. PCA was used to determine whether samples display greater variability between
experimental conditions than between replicates of the same treatment. Therefore, plots were used to
visualize gene expression values in two dimensions, representing the two principal components, that is,
the two orthogonal directions of the data with the highest variance!®,

Expression heatmaps were designed as a visualization tool of patterns and relationships among high
dimensional transcriptomic data. Both PCA and expression heatmaps were performed using ClustVis
(http://biit.cs.ut.ee/clustvis), a web tool for visualizing clustering of multivariate data (BETA). These
plots were created from read counts normalization to counts per million (CPM), or fold-change > 2.

Venn diagrams were created manually and used as a method to visualize complex genetic set
relations, to compare multiple transcriptomic datasets and to identify the number of DEGs in each
condition. The size of circles and areas was designed proportionally to the number of elements included.

To identify TFs guiding hPSC towards ectodermal, mesodermal and endodermal specification,
genes encoding TFs were screened, according to their log2(CPM), for each of the selected common
timepoints between three types of differentiation datasets (at days 0, 1, 3 and 9). Genes encoding TFs
were then identified in scatter plots (Supplementary Fig. 7.2), to compare the correlation/proximity
between the expression of these TFs in each germ layer commitment. Subsequently, we performed a
literature review of their previously described gene functions to confirm their role in the determined
differentiation process, or to ascertain if some of them had no or few prior literature reports (data not
shown).

For the whole transcriptomic analysis by RNA-Seq, significantly DEGs were selected based on the
following cutoff: adjusted p-value < 0.05 and fold-change > 2.

3.4.7 Clustering Analysis - STRING Protein-Protein Associations and Gene Ontology Enrichment
Analysis
GO terms were identified using the PANTHER (protein annotation through evolutionary relationships)
classification system (version 13.1)14. GO terms were identified by analysing DEGs using the following
settings: GO Biological Process, test type FISHER, reference list Homo Sapiens and FDR<0.05. Non-
redundant GO enriched terms were selected and plotted using Corrplot package from R.

The STRING database (https://string-db.org/) was used to extract well-curated interactions between
protein encoding genes that were identified in our transcriptomic analysis. This allowed us to construct
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a regulatory network of known and predicted protein—protein interactions and to assess their enriched
biological processes and signaling pathways. The network was clustered into groups of genes sharing
similar profiles and cluster positions were determined by an algorithm based on global confidence
binding score. Proteins were then clustered applying the Markov Cluster Algorithm (MCL), with an
inflation parameter = 3 (which controls the granularity of clustering). Additionally, when referred, 10
more proteins were predicted for the networks.

3.5 Quantitative Real-Time Polymerase Chain Reaction
Total RNA from cell samples of sequential stages of CM differentiation was extracted using High Pure

RNA Isolation Kit following the provided instructions. RNA was quantified using a nanodrop and 1 ug
of RNA was converted into cDNA with High Capacity cDNA Reverse Transcription Kit (Applied
Biosystems™/ Thermo Fisher Scientific) also following the provided instructions. PCR reactions were
run using SYBR Green PCR master mix. The list of primers used is in Supplementary Table 7.6.
Reactions were run in triplicate using ViiA™ 7 Real-Time PCR Systems (Applied Biosystems™/
Thermo Fisher Scientific) and data was analysed using QuantStudio™ Real-Time PCR Software
(Applied Biosystems™/ Thermo Fisher Scientific). The analysis was performed using the #*Ct method,
therefore expression is always represented as relative to day 0 and normalized against the expression of
the housekeeping gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH).

For neuronal differentiation, we used previously harvested cDNA at sequential stages of
differentiation and we directly performed gRT-PCR using those samples.

3.6 Flow Cytometry
For flow cytometry, differentiated CM on day 15 were collected. After culture medium removal, cells

were washed with PBS and then incubated with 0.25% (v/v) trypsin-EDTA (Gibco™/ Thermo Fisher
Scientific) in PBS, at 37°C for 7 min. Then, to inactivate enzymatic activity, culture medium was added
and cells were collected and centrifuged at 200 xG for 3 min. Cell pellet was washed with PBS and
centrifuged again and after supernatant removal, cell pellet was fixed with 2% (v/v) paraformaldehyde
(PFA) reagent (Sigma-Aldrich®/ Merck) in PBS, and stored at 4°C until flow cytometry.

3.6.1 Cardiac Troponin T
Fixed cells were centrifuged at 200 xG for 3 min. Cell pellet was resuspended and incubated with 90%

(v/v) cold methanol in Milli-Q® water at 4°C for 15 min. Cells were then washed 3 times with flow
cytometry buffer 1 (FB1), constituted by 0.5% (v/v) bovine serum albumin (BSA) solution (Sigma-
Aldrich®/ Merck) in PBS, and centrifuged at 200 xG for 3 min, each time. Cell pellet was resuspended
and incubated in the primary antibody mouse IgG anti-cTnT (Invitrogen™/ Thermo Fisher Scientific)
diluted 1:400 (v/v) in FB2, constituted by 0.1% (v/v) Triton X-100 (Sigma-Aldrich®/ Merck) in FB1,
at room temperature for 1 h. After incubation, cells were washed with FB2 and cell pellet was
resuspended and incubated in the secondary antibody Alexa Fluor™ 488 goat anti-mouse IgG
(Invitrogen™/ Thermo Fisher Scientific) diluted 1:1000 (v/v) in FB2, at room temperature for 30 min
in the dark. Cells were washed twice with FB2 and centrifuged at 200 xG for 3 min, each time. Cell
pellet was resuspended in FB1 for a final volume of 300 uL/FACS tube. Flow cytometry was performed
using a FACSCalibur™ flow cytometer (Becton Dickinson) and data analysis using Flowing Software
2.0.

4 Results and Discussion

4.1 In Silico Analysis — Prediction of Lineage Specifiers
In order to assess hPSC fate transitions, a systematic in silico analysis was performed to predict which

genes (Supplementary Table 7.1) and associated biological processes and/or signaling pathways have
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been reported as playing an active role during specific early differentiation events. Therefore, we
expanded our original gene database and created a literature-based curation list of ectoderm, mesoderm
and endoderm-associated gene clusters. This approach was used to map a cellular landscape for early
lineages and decisions, exhibiting heterogeneous patterns of differentiation connected to multiple
biological responses (Fig. 4.1 and Supplementary Table 7.2). These responses alternated from
generalized developmental processes involved in whichever fate, to germ layer-particular events, such
as forebrain and telencephalon regionalization, in ectodermal-related genes; or heart development, in
mesodermal-related genes. This suggests the existence of gene clusters commonly activated throughout
any continuing differentiation process, while others correspond to lineage-specific regulated events, that
may be induced in a transient state during commitment of pluripotent cells to a particular lineage, which
is consistent with previous evidence!®. Moreover, the size of each sub-cluster gives us indications about
the number of predicted protein-protein interactions enriched expression.
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Fig. 4.1 Gene network clustering analysis.

Each cluster color represents a protein-protein interaction network prediction based on protein encoding genes curated
from literature, known to be involved in human ectodermal, mesodermal and endodermal specification. These
interaction networks were obtained by STRING database, that predicts associations based on in vivo and in vitro
experimental assays. Proteins (nodes) were clustered using the Markov Cluster Algorithm (MLC) with an inflation
parameter = 3. 10 more proteins were predicted for the network. This figure highlights the biological processes (FDR <
0.05) associated to the analysed proteins. Additional biological processes were predicted for each sub-cluster of proteins,
but were here excluded for simplification purposes.

4.2 RNA-Seq Data Analysis of hPSC Differentiation into Specific Cell Types
To perform a transcriptomic analysis, we first sought to discriminate different stages of differentiation

and to compare the level of in vitro differentiation derived from our protocols with in vivo human
development. Therefore, we compared the RNA-Seq gene expression profiles of hiPSC-derived neurons
(hiPSC-Neurons) with the transcriptomic profiles of human fetal and adult brain tissues; and of hiPSC-
derived CM (hiPSC-CM) with human fetal and adult heart tissues (datasets information provided in
Supplementary Table 7.4). Additionally, fetal and adult liver gene expression is shown, however until
now, we have not yet sequenced our hiPSC-derived hepatocytes, which would therefore be useful for a
broader comparative analysis. For that reason, our whole subsequent transcriptomic analysis will be
mainly particularized to the ectodermal and mesodermal lineages.

As shown in Fig. 4.2, Principal Component Analysis (PCA) clearly distinguished the samples from
different stages, with fetal, adult and differentiated cells forming distinct groups in all three
differentiations (neural, cardiac and hepatic). Principal Component 1 (PC1) relates to differentiation
progression, with the differentiated cells presenting the lowest degree of differentiation, the adult tissues
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exhibiting the highest, and the fetal tissues with intermediate levels, consistent with previous datal6-1%,
This indicated a robust directional differentiation. The only exception was between the fetal and adult
heart (Fig. 4.2 C), which could be explained by cellular heterogeneity due to different cell types specified
among datasets. Moreover, most differentiated cells, fetal, and adult samples clustered in well-defined
“groups”, although a subpopulation of cells from fetal liver exceptionally presented divergencies
between replicates. Importantly, all three replicates from either differentiated CM (Fig. 4.2 C) or
differentiated neurons (Fig. 4.2 A) clustered together, demonstrating no or few divergencies of our gene
expression results, further validating our cardiac and neuronal differentiation methods.
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Fig. 4.2 Comparison of in vitro and in vivo expression profiling.

Principal component analysis for RNA-Seq gene expression, from reads normalization in counts per million. X and Y
axis show principal component 1 (PC1) and principal component 2 (PC2) that explain (A) 45.9% and 27.1%, (B) 72.5%
and 11.7%, and (C) 53.2% and 18.9% of the data set total variance, respectively. For fetal brain, n=1 and for all others,
n=3.

Furthermore, we sought to compare our neuronal and cardiac differentiation protocols with distinct
protocols to obtain the same desired cell types, although using different cell lines, differentiation factors
and/or culture mediums to obtain them. Schematic of the protocols and stages of differentiation is
depicted in Fig. 4.3A, B, D and E. In addition, a dataset from a hepatic differentiation protocol (Fig.
4.3G) and the resulting PCA (Fig. 4.3H) is shown. These variations in the protocols implied a distinct
modulation of the signaling pathways and gene expression patterns that regulated stem cell fate
decisions. We found that besides those differences, the PCA plot showed that distinct groups appeared
in chronological order, clearly distinguishing the samples from different stages and we were able to
define the lineage trajectories (Fig. 4.3C, F and H). In both neuronal and cardiac differentiation,
Principal Component 2 (PC2) relates to differentiation progression, whereas in the hepatic
differentiation, PC1 relates to it, indicating a robust directional differentiation. The arc connecting these
experimental groups can therefore be regarded as a representative description of the differentiation track
by gene expression changes. This allowed us to successfully validate our differentiation efficiency with
the comparative gene expression analysis with other in vivo and in vitro types of differentiation.

To conclude this analysis, we present an overview of the intersecting DEGs between those states, at
sequential stages of both differentiations (Supplementary Fig. 7.1).
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Fig. 4.3 Global gene expression profiling of human pluripotent stem cell fate transitions.

(A) Schematic of the protocol and stages of hiPSC-Neurons by our group. (B) Schematic of the protocol and stages of
hESC-derived cortical interneurons, by Meganathan et al., 2017. (C) Principal component analysis (PCA) indicates the
transitions that occur during neuronal differentiation. X and Y axis show principal component 2 (PC2) and principal
component 1 (PC1), that explain 18.9% and 48.7% of the data set total variance, respectively. (D) Schematic of the
protocol and stages of hiPSC-CM, by our group and (E) of hESC-derived CM by Frank et al., 2017, respectively. (F)
PCA indicates the transitions that occur during cardiac differentiation. X and Y axis show PC2 and PC1, that explain
18% and 52.3% of the data set total variance, respectively (G) Schematic of the protocol and stages of hESC-derived
hepatocytes, by Li et al., 2017. (H) PCA indicates the transitions that occur during hepatic differentiation. X and Y axis
show PC1 and PC2, that explain 44.6% and 19% of the data set total variance, respectively. PCAs were generated from
reads normalization in counts per million. For all cardiac and neuronal differentiations, n=3. For hepatic
differentiation, n=1. Abbreviations: hiPSC, human induced pluripotent stem cells; NPs, neural progenitors; NSC,
neural stem cells; hESC, human embryonic stem cells; hiPSC-CM, hiPSC-derived cardiomyocytes; EBs, embryoid
bodies; MGE, medial ganglionic eminence; Asc. acid, ascorbic acid; OSM, oncostatin M.
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4.3 Key Transcription Factors in the Differentiation of hPSC

The differentiation of hPSC into specific cell types is controlled by several cytokines, growth factors,
extracellular matrix molecules and TFs®. The activation of TFs may have important effects, such as the
concomitant upregulation of genes and signaling pathways responsible for the induction and progression
of cell type-specific differentiation'®. Therefore, in this section, we intended to identify master TFs that
regulate the expression of other genes, to critically discuss and evaluate their roles in the differentiation
of hPSC toward neurons, CM and hepatocytes.

In order to assess hPSC fate transitions, first, we performed a systematic RNA-Seq expression
analysis to identify which statistically significant upregulated genes encoding TFs played an active role
guiding hPSC towards mesodermal and ectodermal specification, at sequential stages of differentiation
(Supplementary Table 7.3).

Then, we sought to analyse the expression of key TFs governing different stages of differentiation.
Therefore, we compared the RNA-Seq gene expression profiling of three germ layer-derived cell types,
namely hiPSC-CM, hiPSC-Neurons, and hESC-derived hepatocytes, at common sequential stages of
differentiation. To that aim, we selected all genes coding TFs and generated a PCA to visualize the
differentiation trajectories of hPSC (Fig. 4.4).

PCA clearly distinguished the neuroectodermal, cardiac mesodermal and hepatic endodermal fates,
as revealed by well-defined lineage divergences that emerged early in the differentiation process, soon
after exiting pluripotency (day 0). Notably, at day 0, the expression results of ectoderm differentiation
were closer to those of mesoderm, than to those of endoderm differentiation. This could be due to
differences among the cell lines, especially from those employed in the external published hepatic
dataset analysed in this study (using hESC instead of hiPSC), although all represent pluripotent cells at
that state. Overall, PCA indicates that there are considerable differences between all types of
differentiation, due to distinct networks of TFs governing specific cell types. Therefore, from
pluripotency, cells navigate through germ layer specification, comprising three transcriptionally distinct
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Fig. 4.4 Human pluripotent stem cell fate transitions.
(A) Schematic of the neuronal, cardiac and hepatic in vitro differentiation. RNA-Seq gene expression from highlighted
days of differentiation (light blue) was analysed. (B) Principal component analysis for RNA-Seq gene expression, from
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reads normalization in counts per million. X and Y axis show principal component 1 (PC1) and principal component 2
(PC2), that explain 23.4% and 29.2% of the data set total variance, respectively. PC1 corresponds to differentiation
progression and PC2 relates to cell fate decision. For ectoderm and mesoderm, n=3; for endoderm, n=1 (published
dataset from Li et al., 2017). (C) Bright-field image of neural rosettes on day 15 of differentiation (D) Bright-field image
on day 34 of neuronal differentiation. (E) Bright-field image of cardiomyocytes on day 15 of differentiation.
Abbreviations: D, day.

subpopulations. PC1 relates to differentiation progression, which increases along time; and PC2 relates
to cell fate decision, either ectodermal, mesodermal or endodermal. As stated before, the arc connecting
these experimental groups can therefore be regarded as a representative description of the differentiation
track by gene expression changes.

Subsequently, we focused our transcriptomic analysis particularly on ectodermal and mesodermal
specification, in order to identify genes encoding TFs that were specifically up/down-regulated in each
one of these two-germ layer differentiation, or commonly up/down-regulated between both germ layers
commitment. Furthermore, we complemented this analysis with a GO analysis of DEGs (Fig. 4.5) for
each type of differentiation. Expression heatmaps yielded four clusters of genes that were synchronously
upregulated in both ectoderm and mesoderm differentiation (Fig. 4.5A), and then selected for GO
analysis (Fig. 4.5B); and three clusters of genes that were simultaneously downregulated in both
differentiations (Fig. 4.5C), and then selected for GO analysis (Fig. 4.5D). In addition, heatmaps
depicting genes that were mutually exclusive upregulated (Fig. 4.5E) or downregulated (Fig. 4.5G) in
either differentiation is shown, with the respective GO analysis of DEGs at sequential stages (Fig. 4.5F
and H, respectively).

Common upregulated genes B C Common downregulated genes

FELLY

1 nl=1 1

icL 114
i
pouara
TCF 13

A

Cluster 3

Cluster 1
@ ® Cluster 4

developmental process
cell differentiation
primary metabolic process
cell fate commitment

system development - ¢ ¢
generation of neurons B
mesoderm formation
circulatory system development
hemopoiesis
muscle organ development
BMP signaling pathway
Notch signaling pathway
regulation of Wnt signaling pathway

© o Cluster 2

e -
°
B

TR
o

* °
-In[FDR}

E Non-common upregulated genes

Dz D& D5 D5 D3
M E M E

=]
w
=
w
=]
o
=]
o]
=
L
=]
<]

)
m 2
==
m
=
m
=
m
=

3 g g82
a g g I :eural.l ééé
33 35 = rogent °"I2 developmental process - - # - .
developmental process « @ i S O s
15 |l fate specification - - - 40
embryo development ® OF pattern specmcan%n process @ -
embryonic organ morphogenesis ol @ N resod 1 mesoder-n formation - - ¢ 5
segmentation o esoderm 05 heart development
circulatory system development - - o
cell fate specification on, tube development - - -
] endodermal cell differentiation - - « 20
endodermal cell fate specification @ liver development + - -+ - - =
P
v » i Cardiac I = le'ﬁ[’;\gﬁ%;b‘aflgrédevelopn‘\em “ : o e
N SMAD protein signal fransduction - - - - « - - 1
by i . -In{FOR) ]ngmm” l{ latonofBV'vv?lsgnamggg%mgy S
ulats 1 I 4 L LI 4
D1 D3 D6 DI DL D3 D5 D3 L NI SIONARN Doty s & b msis

G Non-common downregulated genes

Cluster 2

o
in
# Cluster 1 E
®9e000 Clu
. . Clu:

anatomical structure S
tissue .
cell differentiation +
embryo development +

primary m'eyh?bolc 0Cess
lem

| process °
blood vessel em'l?e?mgauon .
blood vessel development +

positive of epi | cell *
crculatory sy'slteeta&velopmeﬂ B .
art development + - +
cardacmlsdehypeﬂvophymrespome tostress o ¢
£ .
7 E endoderma el atespecmcanon o
reguiation of canoucalwmwuing thway
0l D3 DE D3 D1 D D5 D3 P signaling paﬂmay o >

E E E E M M Lt ]
Fig. 4.5 Expression profile of transcription factors encoding genes at sequential stages of neuroectoderm and cardiac
mesoderm differentiation.
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analysis. (C) Heatmap comparing the expression of common downregulated genes between neuroectoderm and cardiac
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mesoderm differentiation, (D) and their respective clusters (highlighted in blue) were selected for GO enrichment
analysis. (E) Heatmap comparing the expression of non-common upregulated genes between neuroectoderm and
cardiac mesoderm differentiation, (F) and their respective GO enrichment analysis. (G) Heatmap comparing the
expression of non-common downregulated genes between neuroectoderm and cardiac mesoderm differentiation, (H)
and their respective GO enrichment analysis. In heatmaps, genes are displayed on the vertical axis, with the different
time points on the horizontal axis. High expression levels are in dark green and low expression levels are in dark
magenta. Heatmap shows average values from n=3 experiments for each time point. The color in the heatmap represents
the logz (fold-change) of normalized expression values. For GO analysis, specific days or gene clusters without
statistically significant results were not shown. Day 6 of ectoderm differentiation was compared to day 5 of mesoderm
differentiation in order to obtain more early time points to analyse. Significantly DEGs were selected based on the
following cutoff: adjusted p-value < 0.05 and fold-change > 2. Abbreviations: E, ectoderm; M, mesoderm; D, day.

Dynamic gene expression changes could be observed from day 3 until day 9 of either differentiation,
generalized to all heatmaps. In particular, there were clusters of genes that were co-upregulated at the
same time points in both differentiations, e.g. cluster 2 of Fig. 4.5A, upregulated at days 9 of both
ectoderm and mesoderm differentiation. Thereby, from day 3 to day 9 of both differentiations (cluster
4), there were sustained gene networks that led to an enrichment of GO terms related to development,
cell fate commitment, cell differentiation, generation of neurons and regulation of Wnt signaling (Fig.
4.5B). In a smaller temporal scale, particularly from day 5/6 to day 9 (cluster 3), there was an investment
especially in hemopoiesis and circulatory system development-related processes. Specifically, at day 9
(cluster 2), there was an upregulation of genes that led to an enrichment of GO terms related to
development and differentiation. At day 5/6 (cluster 1) they appear related to a wide range of already
stated biological processes, including specific signaling pathways, like BMP, Notch and Wnt as well.

In addition, there were clusters of genes that were co-downregulated at the same time points for both
differentiations (Fig. 4.5C), with GO terms related to endodermal cell fate specification from day 5/6 to
day 9 (cluster 3, Fig. 4.5D), which is consistent with the establishment of ectodermal and mesodermal
cell fate specification; and in cell differentiation, segmentation, morphogenesis and development, at day
9 (cluster 2).

Moreover, there were clusters of genes mutually exclusive upregulated at sequential stages of both
differentiations (Fig. 4.5E). There was an enrichment of GO terms related to cell differentiation, system
development, regionalization, telencephalon development, neuron fate commitment, etc. at days 6 and
9 of ectoderm differentiation (cluster 1 and 2, Fig. 4.5F); while processes such as tube, circulatory
system, and heart development, regionalization, etc. were enriched during mesoderm differentiation
(clusters 3-7). As expected, cardiac-related processes such as mesoderm formation, heart and circulatory
system development appeared much more enriched during cardiac differentiation than during neuronal
differentiation, especially in cluster 6 (from day 3 to 9). Similarly, neural-related processes such as
neuron fate commitment and telencephalon development were more enriched during neuronal than
during cardiac differentiation, especially in cluster 2, the later ectoderm analysed time point. These data
indicate an efficient discrimination of GO terms in each differentiation type. During CM differentiation,
there are known markers of mesoderm, such as T, TBX6, MESP1/2119112 that were upregulated from
day 1 to day 5 (clusters 3-5). Coding genes for cardiac progenitors markers such as Islet-1, NKX2-5,
TBX5 and GATA-4113115 were also upregulated at day 9 of cardiac mesoderm differentiation (cluster 7).
Similarly, during neuronal differentiation, coding genes for neural progenitors markers such as LHX5,
PAX6 and SOX116117 were upregulated at day 9 of neuroectoderm differentiation (cluster 2).

Finally, there were clusters of genes that were mutually exclusive downregulated at sequential stages
of both differentiations (Fig. 4.5G), for GO terms related to developmental process and cell
differentiation, especially at later time points, suggesting that there is a greater investment in these
processes at earlier time points of differentiation (Fig. 4.5H). As expected, cardiac-related processes
such as cardiac muscle hypertrophy in response to stress, circulatory system and heart development were
downregulated during neuroectoderm differentiation; and BMP and Whnt signaling pathways were
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downregulated at day 3 of neuroectoderm differentiation, supporting the ‘default’” model of neural
induction®,

After comparing common and mutually exclusive gene clusters of either differentiation, we sought
to summarize our analysis from a broader perspective. Hence, we were interested in distinguishing
which biological processes were differentially enriched exclusively in each type of differentiation, or
simultaneously in both, at sequential time points. To that aim, we selected a group of non-redundant
processes, some of them generally associated with development, whereas others are particularly
characteristic of each germ layer specification, to compare their differential enrichment throughout
differentiation. Additionally, we applied the same method to ascertain which signaling pathways were
regulating these differentiation processes (Fig. 4.6).

Generally, there is an upregulation of gene networks that lead to an enrichment of GO terms related
to developmental process and cell differentiation along time, which is more gradual during ectoderm
than mesoderm differentiation. In particular, mesoderm development increased especially from day 1 to
3 of mesoderm differentiation. Then, from day 3, cardiac mesoderm-related processes, such as heart
development, appeared much more enriched, which is consistent with the addition of the small molecule
IWP4 (Wnt inhibitor) at day 3 of differentiation, thus inducing cardiac mesoderm and blocking other
mesodermal fates. In addition, liver and endoderm development was only associated with mesoderm
differentiation, not ectoderm. This observation could be explained by an upregulation of mesendodermal
regulators, since there is a transient common precursor cell population that gives rise to both mesoderm
and endoderm (mesendoderm)®. In corroboration, evidence has shown that endoderm induces the
formation of several mesodermal organs, such as notochord, heart and blood vessels. Accordingly, some
mesodermal organs help specify the endoderm®, further supporting the observed correlations.
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Fig. 4.6 Gene ontology analysis of key regulators of ectoderm and mesoderm differentiation.

Differentially expressed genes (DEGs) encoding transcription factors (TFs) in ectoderm and mesoderm differentiation
were grouped into Gene Ontology (GO) categories (p-value < 0.05). These graphs represent the statistically significant
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results for biological processes and signaling pathways at days 1, 3, 6 and 9 of ectoderm differentiation, and days 1, 3,
5 and 9 of mesoderm differentiation. Day 6 of ectoderm differentiation was compared to day 5 of mesoderm
differentiation in order to obtain more early time points to analyse. Non-statistically significant results from GO on the
analysed time points were not shown. High enrichment levels are in orange and low enrichment levels are in pink.
Significantly genes were selected based on the following cutoff: adjusted p-value < 0.05 and fold-change > 2.
Abbreviations: D, day; E, ectoderm; M, mesoderm; E+M, common between ectoderm and mesoderm.

Similarly, liver development was only enriched from day 5 of mesoderm differentiation, probably due
to the same reasons. Conversely, several neuroectoderm-related processes appeared much more enriched
during ectoderm differentiation, at distinct time points of differentiation. However, they were
particularly enriched at later time points (i.e. day 9), when a significant enrichment is generally observed
among multiple neural-related processes, such as the development of the central nervous system,
forebrain, telencephalon, neuron, brain, etc.

Some genes were downregulated at distinct time points between both differentiations with GO terms
related to developmental process and cell differentiation. As stated before, this downregulation was
especially observed at later time points. As expected, genes associated with mesoderm and cardiac-
related processes, such as mesoderm and heart development, were downregulated from day 3 to 9 of
ectoderm differentiation. Similarly, genes involved in neural-related processes, such as neuron
development, were downregulated at day 9 of mesoderm differentiation, further corroborating our
analysis. Interestingly, genes related to endoderm development were downregulated as soon as day 3 of
ectoderm differentiation; and from day 5 of mesoderm differentiation, probably in order to induce and
maintain mesoderm instead of endoderm, from the mesendoderm state.

Regarding the regulation of signaling pathways throughout differentiation, Hippo signaling was
active in a sustained way during mesoderm differentiation. Indeed, this pathway has been shown to play
important roles in skeletal and cardiac muscles, both derived from mesoderm differentiation®®.
Additionally, this pathway has been proven to regulate CM proliferation and heart size'®. TGF-p was
gradually active along mesoderm differentiation, from day 3 to 9, as expected, since mesoderm
commitment can be achieved by Activin/NODAL and BMP signaling pathways'?°. Wnt signaling
pathway was active at days 1 and 3 of mesoderm differentiation and was subsequently downregulated
after the latter time point. This is consistent with our employed protocol to derive CM, using the GSK3b
inhibitor CHIR99021, that stimulates Wnt activation at day 0, and then the Wnt signaling inhibitor IWP4
at day 3 of differentiation'?*. Genes coding for TFs involved in MAPK signaling pathway were not
upregulated. MAPK/ERK signaling has been shown to be involved in CM survival*??, Remarkably, none
signaling pathway played an active role during neuroectoderm differentiation, which corroborates the
‘default’ model of neural induction. According to this model, inhibition of BMP4, Wnt and Activin
signaling leads to a neural-fate acquisition3.

To conclude this analysis, we present an overview of the intersecting DEGs encoding TFs,
modulated at sequential stages of both differentiations (Supplementary Fig. 7.3). Overall, it is possible
to assess the differential expression of key regulators governing the controlled differentiation of hPSC
into specific cell types, particularly into CM and neurons.

Taken together, these results demonstrate that we were able to compare and define the major gene-
expression changes of the key regulators accompanying the transition from a pluripotent to an
ectodermal versus mesodermal state and to discriminate both populations in terms of biological process
enrichment.

After confirming that distinct networks of TFs regulate cell fate decisions, we sought to assess which
particular TFs were mainly governing each of these specific lineage choices. Those TFs were then
identified in scatter plots, to compare the correlation/proximity between the expression of these TFs in
each germ layer commitment (Supplementary Fig. 7.2). Subsequently, we performed a literature review
of their previously described gene functions to confirm their role in the determined differentiation
process, or to ascertain if some of them had no or few prior literature reports (data not shown). We found
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that some of them have already been reported as key lineage regulators, which our analysis has
confirmed, whereas others have not, thus requiring further investigation. In sum, this strategy allowed
us to efficiently discriminate TFs acting as key regulators of hPSC fate transitions, through the
comparative analysis between ectodermal, mesodermal and endodermal-derived cell lineages.

4.4 Prediction of Novel Regulators
In order to fill the knowledge gap regarding the transcriptional regulation during early CM and neuron

differentiation, we profiled dynamic transcriptional changes at sequential stages. Two high-throughput
sequencing datasets were compared for each type of differentiation: one derived from differentiated cells
by our group; and another from a reported work (detailed information in Supplementary Table 7.5). This
strategy was used as a proof of concept to accurately investigate temporal changes in transcription, that
have been determined and thus supported by both datasets, further validating our observations.

We first sought to perform a high-throughput screen for selected lineage-specific markers, to compare
their expression at similar time points between both datasets: between our dataset and one obtained in
the literature, for both neuronal and cardiac differentiation (Fig. 4.7A and 4.8A, respectively).

Regarding neuronal differentiation, we selected the genes OTX2, SATB2, NESTIN, PAX6, MAP2,
SOX1, VGAT and NKX2.1, since they are generally associated with early neural differentiation?®. Their
positive expression was assessed to validate each type of differentiation, since these markers must be
expressed independently of differences among protocols. Although their significant expression has been
successfully confirmed, some slightly different patterns of expression have arisen, probably due to
differences in the differentiation protocols and cell lines used (Fig. 4.7A). Indeed, to differentiate hESC
into cortical interneurons, the authors used ventral NPC medium to generate embryoid bodies with
ventral telencephalic characteristics. Also, they used distinct differentiation factors, which modulated
TGF-B, Wnt, Hedgehog and Notch signaling pathways. Conversely, to differentiate hiPSC into neurons,
we used N2B27 medium and we added small molecules to modulate TGF-p signaling pathways, based
on dual-SMAD inhibition protocol””. NKX2.1 has been reported to be expressed in the medial ganglionic
eminence (MGE)'*, which is consistent with a higher expression of this TF in the MGE-derived
interneurons, in comparison with the hiPSC-Neurons. Also, at the neural tube stage, PAX6 is
downregulated in the region that will become the ventral telencephalon, concomitant with the
upregulation of NKX2.1 in this region'?®, which is corroborated by a lower expression of PAX6 and a
higher expression of NKX2.1 in the hESC-derived cortical interneurons, compared with the hiPSC-
Neurons. Moreover, SATB2 expression was slightly higher in the hESC-derived cortical interneurons,
as expected, since it represents a cortical tissue patterning marker'?, Furthermore, neural progenitor cell
markers, such as SOX1, NESTIN and PAX6'?*; neuronal markers, such as MAP2'?® and OTX2'; and
GABAergic neuronal markers, such as VGAT'? were expressed in both differentiation datasets.
Therefore, these results suggest that both hiPSC-Neurons and hESC-derived cortical interneurons
expressed lineage-specific gene markers, thus indicating an efficient neuronal differentiation and
validating both protocols.

After comparing the expression of lineage-specific gene markers between these two distinct
neuronal differentiation protocols and assessing their major differences, we developed a method to
accurately analyse common dynamic transcriptional changes in both datasets, that could be specifically
related to neurogenesis. Our employed strategy is summarised in Fig. 4.7B. Therefore, we present a
comparison of temporal expression changes between both datasets, regarding the initial list of candidates
that likely are involved in neuronal differentiation. For simplification purposes, only the main peaks of
gene expression are depicted here (Fig. 4.7C). Despite differences between the differentiation protocols
and cell lines, both differentiated neurons and cortical interneurons still exhibited high concordant
transcriptomes during neuronal differentiation, as highlighted by specific peaks of gene expression
occurring at approximately the same time points of differentiation, thereby displaying similar trends of
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expression (Fig. 4.7C). Moreover, we have identified the final candidates likely associated with neuron
differentiation, revealing three novel putative regulators (TERF2IP, RFX4 and ZHX1) (Fig. 4.7B), and
their respective RNA-Seq gene expression (Fig. 4.7D).

Overall, this transcriptome characterization defines a roadmap for neuroectoderm development,
revealing the temporal peaks of expression of both novel candidates and lineage-specific gene markers
and highlighting an efficient differentiation of stem cells into neural derivatives.

Subsequently, the same approach developed to analyse both neuronal datasets was also applied to
investigate both cardiac differentiation datasets, comparing their transcriptional changes (Fig. 4.8).

Regarding cardiac differentiation, we selected the genes CDX2, MIXL1, MSX1, MESP1, TBXT,
NKX2.5, ISL1, HAND2 and MEF2C, since they are generally associated with early CM
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Fig. 4.7 Transcriptome characterization in early neuronal differentiation.

(A) High-throughput screen for selected lineage-specific neuroectoderm gene markers. Dynamic comparison between
two datasets, yielding hiPSC-Neurons and hESC-derived cortical interneurons. (B) Schematic view of the proposed
method for predicting neural lineage specifiers. As a way to establish gene profiles associated with neuronal
differentiation, candidate lineage specifiers were identified in three steps. We first compared two datasets of results to
identify common upregulated TFs between two distinct neuronal differentiation protocols. Then, we performed a
subtractive analysis of gene profiles that were upregulated in two distinct cardiomyocyte differentiation protocols. This
strategy has allowed us to eliminate large numbers of genes that were overexpressed in either dataset of results and to
uniquely associate different gene networks with neural commitment. Finally, we subtracted genes with neurogenesis-
related functions priorly reported in literature, in order to identify putative novel regulators of neurogenesis. (C)
Comparison of dynamic expression of the initial list of candidates between two datasets, identified in our proposed
predictive method. (D) Comparison of dynamic expression of the final list of candidates between two datasets, identified
in our proposed predictive method. In all RNA-Seq expression graphs, X axis shows the differentiation time points, y
axis shows log: (fold-change), and z axis shows genes encoding transcription factors.

differentiation®*2!, During cardiac differentiation, both differentiated cells expressed lineage-specific
gene markers, revealing an efficient cardiac differentiation from both protocols. To differentiate hESC
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into CM, the authors used differentiation factors, which modulated Wnt, FGF and BMP signaling
pathways. In contrast, to differentiate hiPSC into CM, we used small molecules to modulate the Wnt
signaling pathway. Despite these differences in the cell lines and differentiation protocols, both hiPSC-
CM and hESC-derived CM (hESC-CM) still exhibited similar patterns of expression, with specific
genes being up/down regulated at similar time points of differentiation (Fig. 4.8A). Indeed, in both
datasets results, some genes display a higher expression in the first stage of differentiation, such as:
TBXT, primitive streak marker, and MIXL1, mesendoderm marker*?*12°, Then, followed a group of genes
that exhibited their highest expression approximately at day 3 of differentiation, such as: MSX1,
mesendoderm marker, and MESP1, mesoderm and cardiac mesoderm marker'?:1%, CDX2 expression
was high at the beginning of the differentiation and after day 3, it diminished, consistent with an early
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Fig. 4.8 Transcriptome characterization in early cardiac differentiation.

(A) High-throughput screen for selected lineage-specific cardiac mesoderm gene markers. Dynamic comparison
between two datasets, yielding hiPSC and hESC-derived CM. (B) Schematic view of the proposed method for predicting
cardiac lineage specifiers. As a way to establish gene profiles associated with cardiac differentiation, candidate lineage
specifiers were identified in three steps. We first compared two datasets of results to identify common upregulated TFs
between two distinct cardiac differentiation protocols. Then, we performed a subtractive analysis of gene profiles that
were upregulated in two distinct neuronal differentiation protocols. This strategy has allowed us to eliminate large
numbers of genes that were overexpressed in either dataset of results and to uniquely associate different gene networks
with cardiac commitment. Finally, we subtracted genes with cardiogenesis-related functions priorly reported in
literature, in order to identify putative novel regulators of cardiogenesis. It is also shown the final candidates’ gene
network clustering analysis, obtained by STRING database, that predicts associations based on in vivo and in vitro
experimental assays. (C) Comparison of dynamic expression of the initial list of candidates between two datasets,
identified in our proposed predictive method. (D) Comparison of dynamic expression of the final list of candidates
between two datasets, identified in our proposed predictive method. The expression results of interactive proteins
predicted in STRING database (JUN, NCOAL1 and HOXB5) were added to this graph. In all RNA-Seq expression
graphs, X axis shows the differentiation time points, y axis shows logz (fold-change), and z axis shows genes encoding
transcription factors.

Whnt activation stimulating mesoderm induction, and later Wnt inhibition (from day 3) to induce cardiac
mesoderm?®3!, At the final stages of differentiation, cardiac mesoderm and cardiac progenitors gene
markers, such as NKX2-5, ISL1, MEF2C and HAND2'2?° reached their highest levels of expression.
In sum, these results confirm an efficient CM differentiation in both datasets expression results.

After comparing the expression of lineage-specific gene markers between these two distinct cardiac
differentiation protocols, we adapted our previously developed method to accurately analyse common
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dynamic transcriptional changes in both datasets, that could be now specifically related to cardiogenesis.
Our employed strategy is summarised in Fig. 4.8B. Therefore, we present a comparison of temporal
expression changes between both datasets, comprising some initial candidates that likely are involved
in cardiac differentiation. For simplification purposes, only the main peaks of gene expression are
depicted here (Fig. 4.8C). It is also presented the protein association networks of the final candidates
likely associated with cardiac differentiation, revealing thirty novel putative regulators (Fig. 4.8B), and
their respective RNA-Seq gene expression (Fig. 4.8D). Despite differences between the differentiation
protocols and cell lines, both hiPSC-CM and hESC-CM exhibited high concordant transcriptomes
during cardiac differentiation, as highlighted by specific peaks of gene expression occurring at
approximately the same time points of differentiation, thereby displaying similar trends of expression,
either regarding the initial or the final list of candidates expression (Fig. 4.8C and D, respectively).

Taken together, our results provide a comprehensive view of expression changes during
neurogenesis and cardiogenesis that extend previous studies, identifying key TFs and defining a
roadmap for neuroectoderm and cardiac mesoderm development. Furthermore, we developed a method
to screen for putative novel regulators of neurogenesis and cardiogenesis, that will be further validated
in vitro.

4.5 Validation Experiments
To validate the expression of some of the final candidate genes identified through transcriptomic

analysis, at different stages of differentiation, we performed gRT-PCR. Therefore, RNA from cell
samples of sequential stages of CM differentiation was extracted, converted to cONA and amplified.
The analysis was performed using the “*Ct method, therefore expression is always represented as
relative to day 0 and normalized against the expression of the housekeeping gene GAPDH. Moreover,
in order to evaluate the efficiency of our cardiac differentiation, the presence of the specific marker of
CMs (CTNT) was assessed by flow cytometry on differentiated cells collected at day 15. Samples
presented approximately 30% CTNT* cells (Fig. 4.9).

150 < FL1-H- FL1=H+
164,7 30,3
100 =
2 |
5 ]
(=
0 4
.
= ,
a
'I ™ T ™ T ey
o i’ 1o 10 e
FLi-H

Fig. 4.9 Cardiomyocyte differentiation efficiency for DF6 cell line assessed by flow cytometry.

For neuronal differentiation, we used previously harvested cDNA at sequential stages of
differentiation and we directly performed gRT-PCR using those samples, since an efficient neuronal
differentiation has been previously demonstrated by our group®’.

Therefore, we assessed the expression of final candidate genes: TERF2IP, RFX4 and ZHX1,
regarding neuronal differentiation; and HOXB2-6 and RARB, for cardiac differentiation. In addition, we
also analysed the expression of genes specific for neuronal and cardiac differentiation, PAX6 and
TNNT2, respectively. Primers used for gRT-PCR are presented in Supplementary Table 7.6. Globally,
the results obtained by gRT-PCR validated the RNA-Seq data.
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From day 5 of cardiac differentiation, there was expression of transcripts representing CM (TNNT2),

achieving a peak of relative expression at day 15 (Fig. 4.10A). Moreover, we decided to test HOXB2-6
(homeobox genes) and RARB (Retinoic Acid Receptor Beta) expression at the transcript level, since
evidence suggests that HOXB genes have close associations with RARB!32, Indeed, transgenic analyses
in mice identified novel enhancers, that respond to exogenously added RA and modulate the expression
of genes from the HOXB complex during embryonic cardiac development!*®, However, in humans, these
relationships have not been proven yet. Additionally, HOXB4 and HOXB6 were also final candidate
putative regulators identified in our analysis and HOXB5 was predicted by STRING database as an
interactive protein. Therefore, to avoid redundant functions between these HOXB genes, we decided to
assess HOXB2-6 expression.
HOXB6 expression levels were lower than from the remaining HOXB genes (HOXB2-5), which is
consistent with the RNA-Seq data derived from both datasets (data not shown). HOXB2-5 and RARB
relative expression started on day 1, reached a peak of expression at day 5, reaching a plateau until day
15. Notably, HOXB4 relative expression levels were higher than the remaining genes, and HOXB4 and
HOXB5 expression levels slightly increased particularly from day 9 to day 15, in agreement with the
transcriptomic data. Moreover, evidence shows that HOXB2 has been previously identified as a potential
cardiac regulator®****®, which our gRT-PCR data also corroborate. In addition, HOXB3 has been shown
to be involved in the development of blood vessel, vasculogenesis and angiogenesis'®.

Regarding neuronal differentiation, since it was not possible yet to assess the relative expression of
genes during more time points throughout neuronal differentiation, we only present the results from day
12 and 16 in comparison with day 0, which is not enough to define an expression Kinetic. However, it
was noticeable that the relative expression of TERF2IP and of neural TF PAX6 was lower on day 16
than on day 12 (Fig. 4.10B). Conversely, the expression level of RFX4 was higher on day 16 than on
day 12. Indeed, during RNA-Seq, RFX4 was significatively expressed from day 9 until day 16,
increasing progressively along those two time points (data not shown). Hence, regarding RFX4, our
transcriptomic data revealed a logx(fold-change) of 5.8 on day 12 and of 7.9 on day 16 in hiPSC-Neurons
(data not shown), consistent with the qRT-PCR results. In addition, RFX4 has been reported to be
required for neural tube and brain development and morphogenesis, as a modulator of Shh signaling
during development of the CNS, and as a regulator of ciliogenesis, playing also ciliogenesis-independent
roles during neural development3'-13°,

ZHX1 did not reveal a significative expression in qRT-PCR. Moreover, TERF2IP did not match the
transcriptomic data, since its expression was not detected on day 12, only on day 16 during RNA-Seq.
TERF2IP has been reported as being involved in telomere length regulation*®. Despite this exception,
overall our gRT-PCR results validated the RNA-Seq data. However, it is important to consider that the
flow cytometry and qRT-PCR results were obtained from only one experiment (n=1) and should be
furtherly validated with more experiments in order to become statistically significative.

27



1000.000

—&— HONB2
—&— HONB3

- HOXBA
—&—HOXBS
—8— HOXBES

Log2 Fald Change

oom N W R Wme B

o h
|8
o
-
o
o
g
z
on
Q
5y
=
o

0.100
79 12 15

Time (days)

10,000
1.000
0o 1 3 5 7 5% 12 15

Time (days)

Differentiation of hiPSC into
cardiomyocytes

—&— TERFIP
—o— R4

=}

12 16
Tima (days)

Differentiation of hiPSC into neurons

RFX4

2

D16

Time (days)

—&— RARE

1000000

=@ TNNT2

0 1 3 5 7 5 12 15
Time (days)

Differentiation of hESC into
cardiomyocytes, Frank et al., 2019

100000.000
10000.000
i 1000.000
g 100.000 ]
= 10000
1,000 "
0 12 16
Time (days)

Differentiation of hESCs into cortical
interneurons, Meganathan et al., 2017

N

m—

Log2 Fold Change

O N W RO N ®
2
nes

Time (days)

Fig. 4.10 Expression profiles during hiPSC cardiomyocyte and neuronal differentiation.

(A) Gene expression was assessed by qRT-PCR and RNA-Seq at sequential stages for putative novel regulators of
cardiomyocyte differentiation identified through the transcriptomic analysis (HOXB4, HOXB6 and RARB). It is also
displayed the expression of HOXB5, a gene that has been predicted by STRING database as an interactive protein,
representing another putative novel regulator. The expression of HOXB2 and HOXB3, as well as of key genes that unveil
the progression throughout cardiac differentiation (TNNT2) was also assessed by qRT-PCR. (B) Gene expression was
assessed by qRT-PCR and RNA-Seq at sequential stages for putative novel regulators of neuronal differentiation
identified through the transcriptomic analysis (TERF2IP, RFX4 and ZHX1). The expression of key genes that unveil
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the progression throughout neuronal differentiation was also assessed by qRT-PCR, with PAX6. The analysis was
performed using the AACt, therefore expression is always represented as relative to day 0 and normalized against the
expression of the housekeeping gene GAPDH. n=1 gRT-PCR experiment for each time point. For RNA-Seq graphs, X
axis shows the differentiation time points, y axis shows log: (fold-change), and z axis shows genes encoding transcription
factors. Novel regulators predicted in our transcriptomic analysis are highlighted in bold.

5 Conclusion and Future Perspectives

Here, we developed a comprehensive transcriptomic and network modeling approach to investigate the
critical changes that may occur during human early neuronal, cardiac and hepatic differentiation.
Additional published datasets were analysed to cover multiple cellular lineages and construct their
developmental trajectories.

We identified temporal gene and pathway activation patterns during controlled differentiation of
hPSC. These approaches paved the way for a deeper understanding of the regulatory mechanisms
governing distinct cellular subpopulations present at each differentiation stage. Our analysis led us also
to identify novel putative regulators of cardiogenesis and neurogenesis. We expect that this knowledge
might one day be exploited for regenerative medicine, disease modeling and drug discovery
applications.

Furthermore, we anticipate our assay to be a starting point to better understand the mechanisms that
control human pluripotent stem cell fate transitions, and we hope that this will remain a highly dynamic
field in the future. Indeed, we propose below some main strategies with important contributions, that
should be furtherly developed.

Therefore, putative novel key regulators of cardiogenesis and neurogenesis predicted in our
transcriptomic analysis should be subsequently validated by small interfering RNA (siRNA). This
strategy would be required to undoubtedly confirm that they play a crucial role in cardiac and neuronal
differentiation, whenever their targeted knockdown prevents differentiation.

Moreover, hiPSC-derived hepatocytes should also be analysed by RNA-Seq in order to perform a
broader analysis of human early development, integrating cell lineages derived from all three human
germ layers. This would therefore provide essential additional insights about differentially regulated
mechanisms that govern each lineage decision-making.

In addition, the same type of study that we developed in a 2D culture system could be employed to
a 3D system, in order to unveil the similarities and different features of both culture systems. Cells
cultured in 3D mimic the in vivo microenvironment more closely. However, they can present higher
cellular heterogeneity/plasticity and different morphology, in comparison with conventional 2D
systems, due to differences among gradients of oxygen, growth factors, nutrients and complex cell-
matrix or cell-cell interactions. Thus, it would be beneficial to perform a single-cell RNA-Seq in these
3D cell culture systems, taking into consideration single-cell measurements of the heterogeneous
transcriptional responses. Although this technique was not required in our differentiated cells in a 2D
culture system, since our protocols derived highly homogenous cell populations, it would be more
adequate for a 3D culture comparative analysis.

Hopefully, the present study opens a wide range of exciting possibilities that would aid in enhancing
the efficiency of hPSC differentiation as well as their clinical applications. Overall, our analysis reveals
the cellular-state landscape of hPSC early differentiation, offering new insights in terms of gene
expression profiles and signaling pathways crosstalk, that will shed light on novel molecular
mechanisms governing cell fate decisions.
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7 Supplementary Information

Supplementary Table 7.1 Literature-based curation list of ectoderm, mesoderm and endoderm-associated genes.

Ectoderm associated genes

EED
ENCI
1GF1
cuLs
TPe3

CNOT3

ITGAS

FOXF1
BMPRIA

ZPR1

5TX2
CNOT2
BYSL
SRF
HAND1
EPB41LS
VAX2
ZBTB17
AEBP2
sUz12
FERMTI
WNTZA
TGe7
ITGAE
WNT3
CHDIL

PPPIRE
75651

EDAZR
ELF5
RBM4E
Fzp7
NODAL
ETS2
GRHL3
ZBTB7B
EOMES

CITEDZ

SHH
cox2
AMER2
CTNNB1
ITGAM
JUNE
HOPX
5F3
EZH1
SCN5A
HDACT
DNMITL
CHI3LI1
BMPS
DNMT3A
FAXE
LOC2a688
84
AGR3

KRTeE HOXA11
NF2 ITGAZ
ADA MMATE
CTRS BTK

SMURF1  FOXCI

VP552 Evaz
LHX1 TIE1

MTHFR  FGFR2
EZH2  NUPI33

KLHL25 PRKACA

HDAC2 RPSSKAG

DNMT3E  TPEZ

CHUK  TEAD2

MTRR PAX2
¥¥1 FGFR1

HDAC3  ITGAS
CTCF | PALB2

TGA4  WNT11

ANXAS  CHRD

AGR2 DiL3

Jak2
BMP7
HCK
BMX
AXINT
FOXF1
Eval
AMH

ETV2
MEST
LHX2
BMPR1A
FGFE
DKK1
WNT3
PRKARIA
SRF

VEGFA

HANDI
PPP2CA
WNTSA

ACVR2E

EPR41LS
ACVRL

TixNZ
Wis
MESD
NR4A3
ACVR2A
INHBA
SNAIL
BMPS
TCF15
SMO

TWSG1
EXOC4

Mesoderm associated genes

ITGa4
KDMEE
TBX3
GDF11
KLF4
TRIM15
YAP1
LEF1
SECTM1

SMADS

05A1
SFRP2
KDMSA
CER1
CRB2
TBXS
HMGA2
1TGB1
EXT2
MSGNI
POUA4F1
WNT3A
NODAL
ETS2
FOXHI
IKZF3

POGLUT
EOMES

ITGA2
CITED2
TBXT
TBX20
SHH
S0X17
MESPL
SMADZ
TEPY2

ZFPM2

SMADL
SiX2
RPL3E
avoll
SMAD2
CTDNERL
FOXLT
FOXC2
IRX3
HES?
DANDS
SETD2
EXT1
NOG
TBX1
GDF3

MIXLT
IKZF1

NF2

POFUT2
MESP2
TXNRD1
BMPR2
MiR1-2

T5PY3

T5PYE

T5PY4

T5PY10

APELA
T5PY1
ITGB3

SCX
WNT3
PHOX2B
PRRX1
MIER1
MTHFR
CTNNB1
CDH1

MTOR
CXCR4

MIERS

MIER2

TLMRDI

CARNMN
IGF2

POUSF1
EPHAZ
MESTP4
MESTP2
MESTR3
MESTP1
PUST
coxa
NPPA

MTRR

TET2
NANOG
GATA4
EDNREB
FGF1
NEX2-5
RNASEZ
MIRI-1
WIF1
TALL
FOXAZ
TBXS
FERMT1
MIR335
SENP1
DL

FERMT2
HOPX
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TCF21
FOXD3
HOXBS
PHOX24
RNF111
cox4
PRDM14
TBX18
PRRX2

TMEMBES

RNF130
HCNRELT
HHC2.066683

HHC2:066628
LOC111258509

PAFI
LAMAZ
COL11A1
WINTEA
ITGES
MMP2
KIF16B
LAME]
MMPS

MMP15

TGFB1
BMPR1A
FGF8
DKK1
VTN

LOC111258518 NANOG
LOCI11258517 COL1241
LOC111258516 COL7A1
LOCI00128248 EPBAILS

ITGAZ
FN1
D2

MMPE
DusP1
nusP4
INHBA

BMPsS
COL5AT

Endoderm associated genes
HNF4A ONECUTI ZNF202

coc7s
CcoLga2

ITGA7
LAMCI
NEXZ-1
GATA4

RTF1
DUSPS
ITGAV

DUSPS

GATAS
SMAD4
COLBAI
COL8AL
NOTCH1
HAMGAZ

PELO
HHEX

NODAL
NMMP14

Dusp2

ITGE2

ITGAS
EQMES

PITX2

TBX20

30X17
LEO1

MESP1
SMAD3
CTNNB1

ONECUTI
S0X7
BPTF

SMAD2

FOXL1

50x2

SETD2

EXT1
NOG
GOF3
MED12
MIXLT
ZFP35L1
LAMB3
ARC
CTRS
PAXS
COL542
POUSF1
DEK1
SMAD2
NKX2-1
H5BP1

AFP
mEAv

APELA
LHX1
cn24
MTRR

HNF18

TGFE1

MTHFR
AMN

LINCO026
1
CTNNE1
NOTCH1
MTOR
CXCR4
SMAD3
HDACI
SMADS
EZH2
AFPC
KDR
FGF2

BAPS

S0X7
KDMEA
WNT2
EOMES

BPTF
TBX20

MNANOG
SO0X17
ARC
MIR410
BAMP7
MEDI2
ZEB2
HHEX

POX1

PAXS
EXT1
PDGFA
FOXA2
NOG
GATAS
MIR2004
NODAL
LAMCL
FERMT1
TGes
KDNSE
APELA
CER1
EPB41L5
KiF168

LEAPZ
GSC-0T

FGF4
LHX1
HOXC11
MIR1263
PELO
FoxL1
GDF3
WNT78

G5C

CCNB3
MIxL1



Supplementary Table 7.2 Gene clustering analysis.

Each cluster represents a protein-protein interaction network based on protein encoding genes involved in human
ectodermal, mesodermal and endodermal specification. These interaction networks were obtained by STRING
database, that predicts associations based on in vivo and in vitro experimental assays. Proteins were clustered using the
Markov Cluster Algorithm (MLC) with an inflation parameter = 3. 10 more proteins were predicted for the network.
This table represents the biological processes (FDR < 0.05) and KEGG pathways (FDR < 0.05) associated with the
analysed proteins. (*) Protein encoding genes from individual cluster colours that did not present statistically significant
results were grouped and analysed together.

Cluster Color  Gene Count Biological Process Protein Name Pathway Description
- of from RNA polymerase Il promoter; DNMT3A; HDACI; HDAC2; EZH2; EZHL;
3 Notch signaling pathway
ectodermal placode development; nervous system development. EED; AEBP2; DNMT38; DNMT1; SP3;
SUZ12; CTCF; YY1
1l di iati CDX2; LHXL; SHH; TP63; STX2; EOMES; Hedgehog signaling pathway
Light green 12 1l BMP4; NODAL; BMPRIA; PAXS; ELFS; TGF-beta signaling pathway

FOXF1.

pattern specification process; forebrain regionalization; telencephalon regionalization .

£
H
Olive 2 AGR3; AGR2.
Medium Sea Green 9 WNT7A; SCN10A; VPS53; CTNNBL;
Purple a 'WNT3; HAND1; VPS52; PPP1RS;
Pink 4 CHUK; CALM2; cuLs; NF2. Wht signaling pathway
Green Yellow 2 . " AXIN; SCNSA; ENC1; IGF1; TNF signaling pathway
Brown 2 regulation of ranslation; biosynthetic process. () F207; cHDL; SMURFY; Tes1; PI3K-AK signaling pathway
Dark Golden Rod 2 ANXAS; HDAC3; KLHL2S; MTHER; Hippo signaling pathway
Yellow 2 ADA; ZBTB7B; MTRR.
Green 2
‘mesoderm { lizati i i i i (CDX2; WLS; TBX3; BMPR2; SHH; WNTSA; WNT11; WIF1; Wnt signaling pathway
Red 33
i mesoderm is; tissue is; mesoderm formation MESP1; CER1; EOMES; TWSG1; AMH; FGFR1; NOG; BMP4; Hedgehog signaling pathway
f i primary ge layer; negative lati process; epitheli SOX17; WNT3; GDF3; BMPR1A; FOXF1; BMP7; KLF4; WNT3A; Hippo signaling pathway
latic f DKK1; PAX2; HOXBS; MIXL1; SMO; FGF8; SFRP2; CHRD; FOXA2. TGF-beta signaling pathway
mesoderm formation; SMADZ; INHBA; SMAD3; GDF11; TLX2; FOXH1; ACVR1; HMGA2;
activin receptor signali i i ion of primary i AACVR2A; NODAL; TALI; SMAD2; POGLUT1; SMAD4; ACVR2B; Hippo signaling pathway
Grtamaiing & receptor protein seri jine kinase signali i i TMEMSS; SNAIL. TGF-beta signaling pathway
skeletal system development; mesenchyme development; regionalization; cardiovascular system development.
£
3
2
H
: e
i pi PHOX2A; PHOX28; EDNRB. -
Yellow 3 exocytosis. EXOC3; EXOCS; EXOC4. -
- ]
Medium Orchid 2
Cornflower Blue a
Medium Slate Blue 2
Pale Violet Red 6 JAK2; TET2; LEF1; IKZF3; IKZF1; BTK; CITED2; LHX2; TEAD2;
Fire Brick a PRRX2; HOPX; PRRX1; ETS2; SRF; MATK; FOXD3; POUSF1; Hippo signaling pathway
Sandy Brown 3 bry ™) NANOG; PROM14; MTHFR; TXNRD1; MTRR; PRKARIA; NF2; mTOR signaling pathway
Dark Golden Rod 3 PRKACA; TP63; MEST; DANDS; CDH1; FOXL1; MESDC2; SENP1; Wnt signaling pathway
Blue 2 'YAP1; SETD2; KDM6B; HCK; EPHA2.
Cyan 2
Orchid 2
Green 2
Red 19 cell dif lati process; pattern i lion process; PITX2; NOTCH1; GATA4; DKK1; TBX20; AXIN1; ZEB2; SOX2; SOX7; RBPJ; Hedgehog signaling pathway
transcription from RNA polymerase Il promoter. POUSF1; 1D2; CTNNBL; APC; WNT2; MED12; WNT8A; GDF3; NANOG. Notch signaling pathway.
ignal i i icatit i tion; MAPK cascade; ZFP36L1; MTOR; VEGFA; TGFB1; RPS6KB1; MMP2; RICTOR; CXCR4; mTOR signaling pathway;
Light Green 18 process; latic phosphate i ical regulation; /APLNR; AKT1; KDR; PDGFA; RPTOR; DUSPS; MLST8; MMPS; VEGFC; FGF2. MAPK signaling pathway;
ptor protein ty: [ behavior. TGF-beta signaling pathway
Green 13 » RO R — . S HHEX; LHX1; SOX17; MESP1; ZNF202; HNF1B; AFP; EOMES; GATA6; PDX1;
HNF4A; ONECUTY; FOXA2.
: --
E Light Sea Green biological adhesion; cell adhesion; signal transduction; cell communication. LAMBI; VTN; ITGB2; ITGBS; FN1; ITGA7; ITGA4; LAMB3; LAMC1; FERMT1; LAMA3; ITGAS; ITGAV.  PI3K-Akt signaling pathway

Blue mesoderm development. COL12A1; COL11A1; COLBAT; COLAA?; COLEAT; COL7AL; COLSAL; COLSA2. PI3K-Akt signaling pathway

Dark Golden Rod 3
Yellow Without statistically significant results. (¥) TIMP2; MMP8; MMP15; MTHFR; MTRR; MMP14.
Olive Drab 1
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Supplementary Table 7.3 Transcription factors guiding human pluripotent stem cells towards cardiac mesoderm and
neuroectoderm specification.

According to RNA-Seq expression results, statistically significant upregulated genes encoding transcription factors were
selected based on the following cutoff: adjusted p-value < 0.05 and fold-change > 2.

* Genes previously predicted in silico (on Supplementary Table 7.1).

PRDMS PRDME NR2ZEI NR4AZ™ ZNF439 ZBEDZ  NR2ZF1 BHLHE2Z?  SOX1 FOXKI EOMES* S50X17%  MEIST HHEX®  SOXI7* TWIST1 ZFPM2* PREXI FOXAL POX1*  SOX18  SMAIZ  RHOXF1

50X1 BHLHEZZ BHLHEIZ SNAIZ ZNF280C GTFZHZ EIMATZ NRIE1  FOXG1 RFX2 TBXT® EOMES® FOXD2 IRX5 GATAZ UNCX Six2 oz= HAND2 ZETBi6 ZINF467 FOXP4  FOXKI
HESS  WR2ZE1  PRDMS MECOM GRHL] ZNF624 ZNFS39 PROME  5iX3  ARIDSE  CDX1  GATAE® GATAZ  TBXE* EOMES® DMBEXI  GUS1 DLX3  HOXBZ TWIST1  KLFZ ONECUT2 ZBTB20
Six32 LMX1A RAX ARX ZNF441  ZFP37  IC3H2 FEZF2 MEISI  ZNF333  MIXL1® HANDI® PRDMI DLX3  HANDI® TAL1® DFF3 IRX1 GATAE*  DFF3 MITF GLs3  NKX3-1
FEZF1 SIX3 NEURODS FEZF2 SP8  ZSCANZ9  ETVW3 NEURODS PROMI6 SETBP1  CDAZ® FOXAZ* NROB1  ZEB1  HOXB3  PLXNAZ  MYAF ELF4  HANDI* TSHZ2  BMP2Z  TIPARF D3
PAXS®  PRAXI* OTX1  VEZFI  KLFI3  MBNL2  ARX EBF3  SOX21 SP5  FOXKC2®  FOXF2  SMADS  GATAS® HOXA3 PLAGLI ZNFIZ4  TBXZ  PRDME PLEKZ  MBNLZ ZNF441
RAX LMX1A POU3FZ  SOXE  ZNF343 ZSCANSA PAXS™ LHX5  ZINFFEI HOXAI HOXB3 ZINF503 FPRDMS HOXB2 3SMADE  GLIS2 DDIT3  NKX2-3%  50X5 ZFHX3 oz® ZINFEZ
GLIS3  WNTSE  GLIS3  ZNFE35 ZNF438  FOXO2  DMRTI  SNAIZ G5C*  HOXBZ  RXRG DPF3  FOXAI ~ LEFI*  SOX18  SALL]  HOXBZ PRDMS  MSXI ELF4  ZNFS11
ZEB2*  5IXK3  MEF2C TIPARP ZNFI38  TOX2  EMX2 RAX LEFI*  GATA3 RUNX1 ZNF396 FOXAZ*® PITX2* PRDME ZNF467 HOXB4 HHEX®  MYRF  ZHAI  ZNFGO8
SF5 PAXE®  ZINF20 S0X8 HES4  ZBTB41 BARHLI ZNF521 GATAE® FOXAL GLIS1  ZNF7D3 GATA4* ZNF503 ZNF703 NFATCI MECOM ONECUTZ FOXFP2 SP5 o1
WNR2ZFZ | NKXE-1 ZNFST1  KLFE PRA3 NR2F1  MECOM GBXZ  FOXC1*  SiX3 IFi15 ISLI SMIADS  IFIIE SPS  FOXAZ® NKX2-1* ZEBI  ESRRG  FD5.2
FOXB1 ~ EBF1  ZNFB23  PROMZ NFATCZ NR2F2 LEF1* FOXAZ* MIXLI* MECOM  MYRF  FOXCZ* MESP1*  ZEBI IDI  HOXBS* ZNFS03  CDX2*  ZNF704
PAKZ® LHXS FOXs1 ZHX1 BRPF1 POU3FI DMRTAL PITX2® G5C*  FOXF1® ZNF436 HOXB4  NKX2-3 KLF5 ZFY TBX3* FLIT NREAZ S0X5
NEURODS ZBTB15 FROX1 ZNF410 ZNF781 HES5  MEISZ ZEB2* 5PS  HAND2 ZNFEII GATAZ RBM20  IRXS  ZNF341 GATA4* NR2ZFZ  INF703  PROMI
LHXS NR2F2  ZINF1S  ZNF502 ZNFEO0 NEUROG2 FEZF1 FOXE1 HOXBS*  SOXE 13,53 TBX2 ZEB2*  INFE11 ESRRG  GATAZ LEFI* STATE  sOX7*
LHXZ*® BARHLI TIGDZ PLXNA3 ZNF467 LHXS HES4 PLAGL1 PITX1  MESP2*  30X5 FITX1 BMP2  ZNF356 50X17*  Msx2 IRX3®  SORBSZ
ZNFS03  LHX2* ZNFS21  BMPZ  IKZFS NEUROD1  5P8 HEST* BHLHE2Z HMXI SPs TBX3* 5P5 ETV2* TEXS*  TAL1*  HEY1  HESF*
FEZF1 CDX1 LEFI® ZINF18  INF442 LHX2®  ZFHX3 GATA4* GATA4™ RARE  PKNOX2 HAND2 30X6 HES4 GATAZ  FOXFI* HLx KLF5
ZFHX4 POU3F2 SATB2  CREBS ETV2* DMRTA2  50X3 ZNF702  PLKNA2Z PLAGLI NR2FZ FOXCI® TSHZZ  SMAD7 [L153 FOXF2 EBF4 HES1
OTX1 | ZNF575  SOXS  ZNF710 ZNF619 5718 FBNT MNX1  PAX2*  BMPZ  EBF4  HOXBS* NA2F1 D4 MEISZ  HOPX* PLAGLI  PCSKS
EMX2 ZEB2®" INF396  NFRKE NRF1 ZINF303  PROX1 TCF?  MESP1®  FITX2™ KLF1 TER1 FOXLI® NR2FZ TFAP2ZA FOXC1®  HES4  NFATCZ
FOXA1  FOXA1 HES7®  ZNF763 ZNF426 LMXIA  SKIDAZ PLXNAZ  TBR1 50xi8  PREXI NKX2-5° PRDM1 MiXL1® NKX2-8 PAX1 BNC1 CASZ1
SOX5 DMRT3  FEZFI MEIS2  ZSCANZO ZEB2*  POU3F1 MBNE3  HOXB4  MNXI TCF7 MSX2 FLIT MESP2* PITXT RBM20 GNEEUU ZNF546
POU3FZ  IQCN  TSHZ2  ZNF136 ZNF414 ONECUTZ  ZHX1 MSHI | TWISTI  SHOX2  HES4  TFAP2A  FOSB KLF1 GATAS  WTI 175} FOXP1
ZNF521 Sixs MEIS1 FOXK1  ZINF352 ZEB1 &Lz NPAsZ MSX2 SNAIZ MEIS2 RARE  ZBTBIS TIFARF PITX2*  TSHZ1  HIVEF? CREB3LZ
50X1  EOMES® BHLHE40 ZFYVE2E ZFHX3 EBF1 MYTL ATFS TBX3®  GATAS IRX1 MEIS1 TBX5* 50X5 HNF4A* ZEBZ® IFil6 FPARA
Zea1 KLF4*  ZNF174 ZNF7808 ZC3H7A ZBTB1S ZNF441 ZFHX3  LEFI*  DMBXI NKX2Z-1* M1 EBF3 HOXA3  SMADS D4 BCLS
POUZFI  ZNF503 FOXBI FBN1 TOX3 PLAGLI o4 PRRX1®  TSHZ2 MEISZ  FOXFI®  50X7* RARE  PRRX1® ZNF436  DLx2
LEFI*  ATOHMS FOXN4 HMBOX1 ZNF454 NHLH1 ~ FOXB1 MEISZ  IRX3 FOXF2  HHEX® ZNF546 RFXS  PLXNAZ EOMES* ZNF124
ZBTBIS  ZEB1  ZSCAN1  RPA4  SOX21 sOxs  MaNLZ MSX1  REM20 PAxXZ* FOS KLFE MEIST  RXRG  PLANCI  SKIDAI
HESX1 T5HZ1 HESS ESRRG  POU3FL ZIFHX4  ZNF516 FOXPZ  5MADE GATAS TSHZ1 ZNFE3 MEF2C SMADE  EPASI KLF12
TSHZZ ~ PAXS  EMX2  ZNF451  REL RFX4 TOX3 ZeBz* HLX NKX2Z-8  HLX  PKNOX2 FOXCZ® 15X PKNOX2 DODIT3
S50X21 NEUROG2Z BARX1 ZNF713 ZNF385D GLIs3 MxD2 TBXT®  NFATCI HNF4A*®  SNAIZ  ZNF436 NR2ZF1  HOXBE IRX5 ZNF471
FEN1 SP100 LHXS CASZ1  ZBTBI5 TSHZ2  PLXNAZ 1501 ZBTB1E MECOM  HEY1 JuN ZFPM2* TBX20* IRX4 PEF2A
SETBP1  ZFHX4 ZNF3S58 MBNLZ  RFX2 OTX1  ZNF3858 CDX2*  KLFS NAROBI  IRK3*  MXI1 NKX2-3  PROXI  SMAD7 PROMIS

Supplementary Table 7.4 Expression profiling analysis of fetal and adult tissues by high throughput sequencing.
Description of collected datasets deposited with GEO to compare RNA-Seq gene expression profiles from neural,
cardiac and hepatic fetal and adult cell types.

| GSEn® | Referonce __|Differontiation |Fetal/adult ____ Celitype | Genderandage |

cortical plate of fetal human  Due to protection of data privacy, gender was not reported.

GSE106640 tong et al., 2018, neural fotal neccortex, following 12,13 and 14 gestational week
pregnancy termination
adult, : 25 controls without known neurological or psychiatric
_ post- human prefrontal cortex disease (male=18, female=7, d. age =30.8+£29
GSETZI0/ A Dleced, ¢t 812033, Seoral mortem (PFC) neurons years, postmortem interval = 14,75+ 9 h, pH=6,510.3).
From these, seven adult control PFC specimens were used
der was not reported. 3 hs-old of h fatal
GSE62913  Kuppusamy et al,, 2015, cardiac fetal HFV and HFA cells ventricular (HFV) and atrial (HFA) in vivo samples
The adult human heart sample Males. 30- to 39-y-old Caucasian males who died from
GSE93841 Mills et al,, 2017, cardiac adult was obtained from Clontech trauma
and pooled from three hearts

Male. Fetal liver tissues at 19 gestational weeks were
GSES8557 Wang et al,, 2016. hepatic fetal fetal hepatocytes obtained from abortion patient with consent

Three adult human non-tumor
7 al, o h {
GSE75606 MacRae et 2015, epatic adult i Gender and age were not reported

Supplementary Table 7.5 Expression profiling analysis by high throughput sequencing.
Description of collected datasets deposited with GEO to compare RNA-Seq gene expression profiles from neural,
cardiac and hepatic differentiation.

Reference Time points | Differentiation | cellope | pifferenfitionmediom |
wentral NPC (VNPC) medium, 1xb27 supplement without vitamin A, 10 pM SB431542,
1.5 uM purmorphamine, 100 nM LDN-193189, 2 uM XAV-835, and 10 phM ¥-27532.

After 15 days of EB culture, small molecules from the VNPC medium were removed,

G5E99937 Meganathan etal, 2017 0,4, 14, 25, 35 Neural H9 and HES3 hESC lines following the addition of the y-secretase inhibitor DAPT (10 uh), cAMP (200 M),
ascorbic acid (200 uM), and BDNF (20 ng). At day 35, Neural Rosette Selection reagent
was used to purify.
Human: WAO01 (H1 human ITS medium with 10 mM Y-27632, 25 ng/ml FGF2, 1-2 ng/ml BMP4 and 1-2 mM CHIR99021.
ESCs), genotype:male; After 24 h, medium was changed to TS medium. After 48 h, medium was changed to TS
GSE115575 Frank et al, 2019 0,1,2,4,6 8 14 Cardiac Human: HuES& (human ESC), medium supplemented with 10 mM IWP-2 for 48 h, followed by T5 media with 250 mM
genotype:female; Human: 2-Phospho-L-Ascorbic Acid. After 48 h, medium was changed to fresh TS until beating
HEK233T cells, genotype: N/A cells were observed at days 8.
mTeSR1 medium to maintain hESC. RPMI/B27 medium (Insulin minus), supplemented
‘with Activin A for 3 days, followed by 4 days with 20 ng ml1 BMP2 and 30 ngml1 FGF-4
~ 0,1,2,3,57,9, ~ N in RPMI/B27 (complete with Insulin), then 6 days with 20 ng mI1 HGF and KGF in
GSETOT4L1 Lietal, 2017 Hepatic Human H1 ES cells (wiCell) B ~ ~ N R
11,13,21 RPMI/B27 {complete with Insulin), then 8 days with 20 ng ml1 Oncostatin-M in

hepatecyte culture media, supplemented with SingleQuots (without EGF).
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Supplementary Fig. 7.1 Differentially expressed genes (DEGSs) overview in ectoderm and mesoderm differentiation.

Venn diagrams highlight the number of DEGs in ectoderm (blue) and mesoderm (red) differentiation. Significantly
DEGs were selected based on the following cutoff: adjusted p-value < 0.05 and fold-change > 2. Day 6 of ectoderm
differentiation was compared to day 5 of mesoderm differentiation in order to obtain more early time points to analyse.
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Supplementary Fig. 7.2 Transcription factors regulating human pluripotent stem cell fate transitions.
Scatter plots comparing the indicated samples. Genes encoding TFs were screened, according to their log2(CPM), at
sequential stages of differentiation. An additional published endodermal dataset (Li et al., 2017) was used to broaden
our analysis to all three-germ layer-derived cell lineages.

41



Ectoderm Mesoderm
Day 1 Day 3 Day 6 & day 5 Day 9

ol ® D o b

Downregulated genes
Day 1 Day 3 Day 6 & day 5 Day 9

@ suins sadas o

Supplementary Fig. 7.3 Differential expression of key regulators in ectoderm and mesoderm differentiation.

Venn diagrams highlight the number of DEGs in ectoderm (blue) and mesoderm (red) differentiation. Significantly
DEGs encoding transcription factors (TFs) were selected based on the following cutoff: adjusted p-value < 0.05 and
fold-change > 2. Day 6 of ectoderm differentiation was compared to day 5 of mesoderm differentiation in order to obtain
more early time points to analyse.

@

Supplementary Table 7.6 Primer sequences used for quantitative real-time polymerase chain reaction.
Melting temperatures (Tm), amplicon size and primer specificity were estimated using Primer Blast.

Gene Primer Tm GC % Product length
HOXB2 FW TCCCCTAGCCTACAGGGTTC 60.03 60 180
RW GGTGGGAGAGGCTCGATTTT 59.75 55
HOXB3 FW CACTTCTAGCCCCCGGTTTT 59.96 55 185
RW AGTCCTAACAACCTGCCTGC 59.96 55
HOXB4 FW CTCCCGATACCCAGCGAAAG 60.25 60 97
RW ATGGGCACGAAAGATGAGGG 60.11 55
HOXB5 FW GGCCGCATACATAGCAAAACG 60.6  52.38 157
RW CGCCCCGAGAAGGAGTTTAC 60.46 60
HOXB6 FW TGGAGGGTAAATGGACAATCTGC 60.62 47.83 118
RW TGACTTGGGAGAGAGGGTGTT 6041 52.38
RARB FW CTTCCTCCCCCTCGAGTGTA 60.03 60 111
RW ACTTCTGCGGAAAAAGCCCT 60.18 50
TERF2IP FW GGGCCAGGAGCATAAGTACC 59.89 60 114
RW TTCTGTGGTTCCCCGCTATC 59.46 55
RFX4 FW GTGAGTGAGACGGGCAAGAA 59.97 55 79
RW GCAGCAGTGTTCCGAGTTTG 60.04 55
ZHX1 FW GGCAAGCAGGCGAAAATCAA 60.04 50 108

RW GGTGTAAGCACAGGAGGACC 60.04 60
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