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Abstract

Embryonic stem cells (ESCs) can have at least two states of pluripotency: naive
and primed, with an expression profile resembling that of the preimplantation
and postimplantation epiblast, respectively. Naive ESCs have some advantages
over primed ESCs that make them more suitable for potential clinical uses, such
as a greater differentiation potential and a greater proliferation capacity and
clonogenicity. They are also a better in vitro model than primed hESCs for the
study of preimplantation developmental events. However, the existence of
intermediate states of pluripotency has been recently reported, and therefore
pluripotency should indeed be considered as a continuum where different types
of ESCs are allocated according to their characteristics. Human ESCs (hESCs)
traditionally derived from blastocyst stage embryos show a primed
pluripotency state, but hESCs can also be derived from single blastomeres of 8-
cell embryos, although their pluripotency state is unclear. Since they are
obtained from embryos at an early stage of development, they could be more
prone to present naive pluripotency characteristics. Therefore, the objective of
this thesis was to determine the pluripotency state of hESCs derived from single

blastomeres.

In a first study, the initial objective was to derive new hESC lines from single
blastomeres (bm-hESCs) and from whole blastocysts (bc-hESCs) with the
highest possible efficiency. The results indicated that the use of inhibitors of
GSK3p and ROCK had a positive effect on hESC derivation efficiencies. We also
observed that single blastomeres, like blastocysts, organized to form a post-
inner cell mass intermediate (PICMI) during the first days of the derivation

process.

Next, different naive pluripotency indicators were analysed in bm-hESCs, bc-
hESCs (primed control), and a naive-converted hESC line (naive control). Our
bm-hESCs showed a significantly higher clonogenicity than bc-hESCs, although
lower than naive hESCs, and also showed a significantly higher expression of

some naive pluripotency marker genes in early culture passages. No differences
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were observed between bm-hESCs and bc-hESCs for the rest of the indicators
analysed, whereas naive hESCs were significantly different. These results
indicated that bm-hESCs would be in a primed state of pluripotency, although

closer to the naive end of the pluripotency continuum than bc-hESCs.

Finally, in order to continue the previous work, the last objective was to analyse
the transcriptome and the differentiation potential of bm-hESCs. First, we
observed that the transcriptional profile of bm-hESCs was similar to that of bc-
hESCs but significantly different from that of naive hESCs. However, bc-hESCs
overexpressed genes related to nervous system development, embryonic
pattern specification, and embryonic epithelial morphogenesis with respect to
bm-hESCs, whereas bm-hESCs overexpressed mitochondrial genes involved in
cellular respiration. These results were consistent with those obtained in the
first work with regards to the pluripotency state of hESCs. Referring to the
differentiation potential, no differences were observed between bm-hESCs, bc-
hESCs and naive hESCs when treated as groups, but a large heterogeneity was

observed between different hESC lines.

All in all, the results obtained in this thesis indicate that bm-hESCs present a
pluripotency state slightly closer to the naive end of the pluripotency continuum
than bc-hESCs, which makes single blastomeres an interesting alternative as a

source for hESC derivation.



Resum

Les cél-lules mare embrionaries (ESCs) poden presentar almenys dos estats de
pluripoténcia: naive i primed, amb un perfil d’expressié génica semblant al de
I'epiblast preimplantacional i postimplantacional, respectivament. Les ESCs
naive presenten alguns avantatges respecte les primed que les fan més adients
per a possibles usos clinics, com per exemple un major potencial de
diferenciacié i una major capacitat de proliferacié i d’expansié clonal. També
constitueixen un millor model in vitro per l'estudi dels esdeveniments del
desenvolupament preimplantacional. Malgrat aix0, recentment s’ha demostrat
I'existéncia d’estats de pluripotencia intermedis i, per tant, la pluripoténcia s’ha
de considerar com un espectre continu on els diferents tipus d’ESCs es
posicionen en funci6 de les seves caracteristiques. Les ESCs humanes (hESCs)
tradicionalment derivades a partir d’embrions en estadi de blastocist presenten
pluripotencia primed. Les hESCs també poden ser derivades a partir de
blastomers aillats d’embrions a 8 cel-lules, perd no es coneix amb certesa quin
és el seu estat de pluripotencia. Tenint en compte que provenen d’embrions en
un estadi de desenvolupament primerenc, podrien ser més propenses a
presentar caracteristiques de pluripotencia naive. Per aixo, I'objectiu d’aquesta
tesi ha estat determinar I'estat de pluripotencia de les hESCs derivades a partir

de blastomers aillats.

En un primer treball, I'objectiu inicial fou derivar noves linies de hESC a partir
de blastomers aillats (bm-hESCs) i de blastocists sencers (bc-hESCs) amb la
major eficiéncia possible. Els resultats obtinguts van indicar que 1'is dels
inhibidors de GSK3f i de ROCK va tenir un efecte positiu en les eficiencies de
derivacié de hESCs. També es va observar que els blastomers aillats, com els
blastocists, s’organitzaven formant un post-inner cell mass intermediate (PICMI)

durant els primers dies del procés de derivacid.

A continuaci6 es van analitzar diferents indicadors de pluripoténcia naive en les
bm-hESCs, les bc-hESCs (control primed) i una linia de hESCs convertida a naive

(control naive) Les bm-hESCs van presentar una clonogenicitat

3



significativament superior a la de les bc-hESCs, encara que inferior a la de les
hESCs naive, i també van presentar una expressié significativament superior
d’alguns gens marcadors de pluripoténcia naive a passatges primerencs de
cultiu. En la resta d’indicadors, no es van observar diferéncies entre les bm-
hESCs i les bc-hESCs, mentre que les hESCs naive van ser significativament
diferents. Aquests resultats van indicar que les bm-hESCs es trobarien en un
estat de pluripoténcia primed, tot i que més proper al'extrem naive de I'espectre

de la pluripoténcia que les bc-hESCs.

Finalment, per tal de continuar amb el treball anterior, I'altim objectiu va
consistir en analitzar el transcriptoma i el potencial de diferenciaci6 de les bm-
hESCs. Primer, es va observar que el transcriptoma de les bm-hESCs era
semblant al de les bc-hESCs pero significativament diferent al de les hESCs naive.
No obstant, les bc-hESCs van sobreexpressar gens relacionats amb el
desenvolupament del sistema nerviés, I'especificacié de patrons embrionaris i
la morfogenesi de I'epiteli embrionari respecte les bm-hESCs, mentre que les
bm-hESCs van sobreexpressar gens mitocondrials involucrats en la respiracio6
cel-lular. Aquests resultats van anar en la linia dels obtinguts en el primer treball
en referencia a I'estat de pluripotencia de les hESCs. En quant al potencial de
diferenciaci6, no es van observar diferéncies entre les bm-hESCs, les bc-hESCs i
les hESCs naive com a grups, pero si que es va observar una gran heterogeneitat

entre diferents linies.

En conjunt, els resultats obtinguts en aquesta tesi indiquen que les bm-hESCs
presenten un estat de pluripoténcia lleugerament més proper a l'extrem naive
de l'espectre de la pluripotencia que les bc-hESCs, cosa que converteix els
blastomers aillats en una alternativa interessant com a punt de partida per a la

derivacié de hESCs.
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Introduction

1. What are Stem Cells?

Stem cells (SCs) are undifferentiated cells that have the potential to differentiate
into other cell types under certain conditions. They are also able to self-renew,
which means they can divide indefinitely without losing their undifferentiated

state (Figure 1).

Thanks to these properties, SCs are ideal for the research on the mechanisms of
cellular differentiation and are considered a promising tool for the development

of therapies in the field of regenerative medicine.

\ Self-renewal

Stem cell |

e -
e .. @

Specialized cells

Figure 1. Representation of the defining properties of stem cells. Stem cells can
differentiate into more specialised cell types (A) and can also self-renew and
produce more undifferentiated stem cells (B).

2. The concept of Stem Cells potency

The potency of SCs is defined as the capacity to differentiate into other cell types.

Not all the SCs have the same potency: while some have a broad potential, being



able to differentiate into all the cell types of the organism and generate a new
individual, others have a narrower potential and can become just a few specific

cell types or even only one.

2.1. Totipotent Stem Cells

During the first developmental stages of the embryo, its blastomeres have the
potential to differentiate into all the cell types of the adult organism and even
into extraembryonic tissues. These cells are totipotent, and they have the ability
to generate a whole new individual by themselves (Weissman, 2000; Lanza and
Atala, 2013). Totipotency is observed just after the fertilisation of the oocyte and
during the few first divisions of the embryo, albeit it progressively decreases
and lasts until the beginning of the first differentiation event (Morris et al.,

2012) (Figure 2).

E

2

']

% Totipotency Pluripotency
2 Epiblast =
3 NANOG * cells

Totipotency

in some cells

%

4-cell 8-cell Morula Blast

g ote 2-cell 3-II ocyst

Figure 2. Evolution of the potency of embryonic cells through preimplantational
development. Reprinted by permission from Bioscientifica Limited: Society for
Reproduction and Fertility. Reproduction. Totipotency continuity from zygote to
early blastomeres: a model under revision. Boiani et al. Copyright (2019).

The first totipotent-like cells described in vitro were termed Zc-like cells, a rare
and transient subpopulation of cells within embryonic stem cells (ESCs) and
induced pluripotent stem cells (iPSCs) cultures resembling the totipotent

blastomeres of the mouse embryo at the 2-cell stage (Macfarlan et al., 2012).
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Introduction

These 2c-like cells were shown to express a large number of genes that are
restricted to the 2-cell stage embryo, and did not express the pluripotency
markers Oct4, Sox2 and Nanog. Moreover, 2c-like cells contributed to both
embryonic and extraembryonic tissues after injection into a recipient blastocyst
(Macfarlan et al, 2012; Choi et al, 2017). Another type of cells that can
contribute to embryonic tissues and also to extraembryonic lineages in
chimaera assays have been derived from mouse (Yang et al., 2017) and pig (Gao
et al, 2019) embryos. These so-called expanded potential stem cells (EPSCs)
have also been obtained in humans by conversion from already established

human ESCs (hESCs) (Gao et al,, 2019).

More recently, two studies describing the generation of SCs resembling the
murine 2-cell embryo were published. The first one reported the obtention of
totipotent blastomere-like cells from mouse ESCs (mESCs) by spliceosomal
repression (Shen et al., 2021). The authors of the study claimed that these cells
were more similar to blastomeres from the 2- and 4-cell embryos at the
transcriptional level than both EPSCs and 2c-like cells. The second study
described the obtention of the so-called totipotent-like SCs, which were even
more similar to the blastomeres from 2-cell embryos. Moreover, they could be
generated by chemically resetting mESCs and also directly derived from 2-to-8-
cell embryos (Yang et al., 2022). All in all, these SC types constitute the closest

in vitro approach to the totipotent cells found in the early embryo.

2.2. Pluripotent Stem Cells

Pluripotent SCs are those SCs that can differentiate into the three embryonic
germ layers (ectoderm, mesoderm and endoderm), but cannot form
extraembryonic tissues such as the placenta (Wobus and Boheler, 2005). In vivo,
pluripotent SCs can be found in the epiblast of the embryo at the blastocyst
stage, after the segregation into the CDX2-positive trophectoderm (TE) and the
OCT4-positive inner cell mass (ICM). The cells of the ICM will as well segregate
into two different tissues: the GATA6-positive primitive endoderm, or

hypoblast, which will differentiate into extraembryonic structures like the yolk
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sac, the allantois and the amnion, and the NANOG-positive epiblast, which will
remain pluripotent and will eventually give rise to all the cell types of the adult

organism (Gilbert, 2000; Arnold and Robertson, 2009).

In vitro, several types of pluripotent SCs have been established, which will be

described below.

2.2.1. Embryonic Stem Cells

ESCs are derived from the inner cell mass of the embryo at the blastocyst stage
or from single cells of cleavage stage embryos. They share two main properties:
pluripotency and self-renewal. They can differentiate into cells from the three
embryonic germ layers (ectoderm, mesoderm and endoderm) and they can
divide and generate daughter cells indefinitely without losing their

undifferentiated state.

The properties and characteristics of ESCs will be further discussed later in this

thesis.

2.2.2. Embryonic Germ Cells

Embryonic germ cells (EGCs) are derived from primordial germ cells (PGCs), a
population of cells formed during the first hours of gastrulation. PGCs in vivo do
not respond to differentiation-promoting factors like other cells of the embryo.
Instead, they remain undifferentiated and migrate to genital ridges where they
form mature germ cells. These cells will eventually differentiate into functional
gametes (Saffman and Lasko, 1999; Lanza and Atala, 2013). In mice, the main
factors that promote the formation of PGCs in vivo are bone morphogenic
proteins 4 (BMP4) and 8 (BMP8), which are produced by the extraembryonic

ectoderm.

The derivation of both mouse and human EGCs from PGCs is achieved by culture
of the isolated PGCs in the presence of stem cell factor, also known as kit ligand,
fibroblast growth factor 2 (FGF2), also known as basic FGF (bFGF), and
leukaemia inhibitory factor (LIF). However, there are some differences between

mouse and human EGCs. Mouse EGCs do not require stem cell factor nor bFGF
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for long-term maintenance; just a 12-hour exposure is enough for mouse EGC
derivation in the presence of LIF, serum and feeder cells. By contrast, human
EGC are dependent on bFGF to maintain their pluripotent state (Donovan and

de Miguel, 2003).

2.2.3. Embryonal Carcinoma Cells

Embryonal carcinoma cells (ECCs) are the pluripotent cells found in
teratocarcinomas. Teratocarcinomas are malignant tumours derived from germ
cells that form usually in the testicles or ovaries. They are composed of
differentiated somatic and embryonic cells, and a group of pluripotent SCs that

constitute the ECCs (Andrews et al,, 2005).

The identification of pluripotent cells within mouse teratocarcinomas and their
subsequent isolation and culture in vitro in the late 1960s and early 1970s
(Finch and Ephrussi, 1967; Kahan and Ephrussi, 1970; Evans, 1972; Bernstine
et al, 1973) set the basis for the posterior derivation of ESC lines more than a
decade later. These ECCs are thought to be the malignant counterpart of the ICM,
since they have similarities in the expression of surface antigens and can
contribute to chimeric mice after injection into a blastocyst (Artzt et al., 1973;
Papaioannou et al, 1975). Generally, ECCs provide a good model to study
carcinogenesis, cell differentiation and self-renewal in vitro, and are cheaper
and easier to culture than ESCs (Abu Dawud et al., 2012). However, these cells
are extremely heterogeneous, and their differentiation potential can sometimes
be restricted (Przyborski, 2001). Moreover, human ECCs are highly aneuploid,
even more than mouse ECCs, which limits their potential for clinical uses

(Draper etal., 2003).

2.2.4. Epiblastic Stem Cells

Epiblastic stem cells (EpiSCs) are derived from the postimplantational epiblast
of embryos at day 5.5-6.5 in mice. They share some features with mESCs: they
can differentiate into cell types from the three germ layers and express

pluripotency markers Oct4, Sox2 and Nanog (Brons et al., 2007).
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Mouse EpiSCs (mEpiSCs) also drive the formation of teratomas when injected in
adult mice but have little to no potential of contributing to the ICM when
injected into recipient blastocysts, rarely generating chimeric animals (Tesar et
al., 2007). Moreover, unlike mESCs, mEpiSCs are dependent on FGF/mitogen-
activated protein kinases/extracellular signal-regulated kinases (MAPK/ERK)
and Activin/Nodal signalling pathways in order to maintain their pluripotency
(Vallier et al., 2009; Kojima et al., 2014). These properties make mEpiSCs more
similar to hESCs than to mESCs.

2.2.5. Induced Pluripotent Stem Cells

iPSCs are pluripotent cells obtained by reprogramming of adult somatic cells.
The first iPSC line was generated in 2006 (Takahashi and Yamanaka, 2006) by
ectopic overexpression of Oct4, Sox2, KIf4 and c-Myc (the so-called Yamanaka'’s
cocktail) on mouse embryonic fibroblasts (MEFs). Although impactful, the first
methodologies used to reprogram somatic cells into iPSCs had several issues
including the very low efficiency, which prevented large-scale production, and
the presence of the transcription factor c-Myc, which acts as a proto-oncogene
and was seen to cause tumorigenesis in up to 50% of the chimeric mice obtained

after iPSC transplantation (Okita et al., 2007; Wernig et al., 2008).

The main interest of iPSCs is the possibility of developing autologous
regenerative therapies without immune rejection while overcoming most of the
ethical issues associated with the obtention of ESC, which will be discussed later
in this thesis. Theoretically, the use of a patient’s own cells should not drive any
rejection after transplantation of these cells. However, the immunogenicity of
iPSC-derived cells has been an important concern for the development of

therapies involving iPSCs.

In 2011, Zhao and co-workers showed that iPSCs derived from MEFs from the
mouse inbred B6 strain could activate an immune response when injected
subcutaneously in mice of the same strain. The immune response was strong
enough to prevent the formation of teratomas, which are typically observed

after injection of pluripotent SCs. The genes Hormadl and Zg16, which were
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expressed by iPSCs but not by ESC, were found to be the cause of the
immunorejection (Zhao et al, 2011). Contrarily, in 2013 two independent
studies did not find immunorejection after iPSC injection in mice (Araki et al,,
2013; Guha et al, 2013). Araki and colleagues used in vivo terminally
differentiated iPSCs and ESCs into skin and bone marrow cells, whereas Guha
and colleagues differentiated their iPSCs and ESCs in vitro into precursor cells
from the three germ layers. They did not find increased immunorejection of
iPSC-derived cells when compared to ESC-derived cells after injection into
syngeneic mice nor did they observe an overexpression of Hormadl and Zg16 in
iPSCs-derived cells. [t was suggested that the results from Zhao et al., 2011 could
be caused by a poor experimental design, since they only used one ESC line as a
control and used undifferentiated iPSCs, which would never be used for clinical
therapies. Additionally, the pluripotency of the iPSCs was not tested, and it is
known that incompletely reprogrammed iPSCs can drive immune responses
(Okita et al, 2011; Araki et al, 2013; Guha et al, 2013). Finally, another
conclusion from these studies was that non-integrative episomal vectors were
less immunogenic than retroviral integrative vectors (Zhao et al,, 2011; Kaneko

and Yamanaka, 2013).

Four years after their first study, other results from Zhao and colleagues
demonstrated that the immune response could vary depending on the
transplanted human iPSC (hiPSC)-derived cell type. They stated that, whereas
autologous hiPSC-derived smooth muscle cells caused a strong immune
response, retinal-pigmented epithelium cells were tolerated in humanised mice
(Zhao et al.,, 2015). Moreover, the cell type from which iPSCc are generated can
also affect the immunogenicity of the iPSCs-derived cells (Vanneaux, 2020).
Therefore, proper reprogramming and differentiation protocols are crucial to

obtain safe clinical-grade hiPSCs.

Nevertheless, several clinical trials with autologous and allogenic hiPSCs are
currently in progress, with the first results mainly pointing out that
transplanted cells appear to be safe for the patients (Braganca et al,, 2019;
Vanneaux, 2020).
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2.3. Multipotent Stem Cells

Multipotent SCs are restricted to differentiate into cell types of one specific
lineage. Most of the adult SCs are multipotent. These adult SCs can be found in a
large variety of tissues of a developed individual, such as the brain, bone
marrow, blood, blood vessels, skeletal muscles, skin, and liver. These cells
remain quiescent in these tissues until a disease or injury occurs. Then, they
differentiate into the damaged cell types while also self-renewing their own
population (Hima Bindu and Srilatha, 2011). The most well-known type of
multipotent stem cells are adult hematopoietic stem cells (HSCs), which are the

most transplanted stem cell type.

2.4. Unipotent Stem Cells

Unipotent cells, also called precursor cells, can only become their own specific
cell type, but still have the ability so self-renew. Examples of unipotent cells are
those found in most epithelial tissues, which can self-renew indefinitely to
regenerate damaged cells during the whole life of the individual (Blanpain et al.,

2007; Hima Bindu and Srilatha, 2011).

3. Applications of Stem Cells

Thanks to their unique properties, SCs are considered a promising tool for both

research and clinical applications.

ESCs are the in vitro equivalent of the epiblast of the embryo, which can
differentiate into the three germ layers. Since the epiblast is a very transient
structure, ESCs, which can self-renew indefinitely in culture, are good models
for studying early development and cellular differentiation (Zhu and Huangfu,
2013; Dogan, 2018). Understanding the mechanisms, molecules and signalling
pathways involved in cell differentiation can give rise to more efficient protocols

to generate progenitor cells for clinical therapies.
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Recently, structures called blastoids, which display all the cell lineages present
in the human blastocyst, have been generated from naive hESCs or hiPSCs (Liu
etal,2021; Yuetal, 2021a) and from EPSCs (Fan et al.,, 2021; Sozen et al., 2021)
by sequential differentiation in 3D cultures. Blastoids constitute a good model
to study the events that occur in early human embryogenesis, including early
cell fate decision or differentiation events and implantation. Additionally, they
can be a source of pluripotent SCs and trophoblastic SCs. Although the initial
reported efficiencies of blastoid formation were low (around 10%), a recent
study described the generation of blastoids with 70% efficiency by triple
inhibition of the Hippo pathway (Kagawa et al., 2021). Nevertheless, it remains
uncertain if blastoids can keep a stable epigenetic status, including the
maintenance of imprinted regions, to become a viable model for lineage

development (Niemann and Seamark, 2021).

Pluripotent SCs are also useful for disease modelling. It is possible to obtain
pluripotent SCs carrying mutations that cause genetic diseases. The two main
approaches to obtain these cells are: 1) deriving ESCs from embryos that have
been diagnosed by preimplantational genetic testing (PGT) and carry
chromosomal abnormalities or mutations that cause a known genetic disease
(Maury et al,, 2012; Zhu and Huangfu, 2013) or 2) reprogramming mutated
somatic cells from patients with a known disease (Wu and Hochedlinger, 2011;
Zhu and Huangfu, 2013). Differentiated cells from pluripotent SCs carrying
disease-associated mutations can be a valuable tool for drug screening assays
(Kropp et al., 2017) and for disease modelling (Martin, 2016) (Figure 3).
Additionally, hESCs or hiPSCs can be genome-edited with systems like
CRISPR/Cas9 (Soldner and Jaenisch, 2018). These genome-edited pluripotent
SCs could be used to generate blastoids, which can model the effect of different

mutations on the early embryonic development (Yu et al., 2021a).
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Figure 3. Overview of the different applications of human pluripotent stem cells.
Both hiPSCs and hESCs can be differentiated into cells from the three germ layers.
These differentiated cells can be used for disease modelling and drug discovery and

safety assays, and also in regenerative cell-based therapies. Adapted from Kropp et
al,, 2017. Creative commons CC-BY-NC-ND 4.0.

However, the most interesting and promising application of pluripotent SCs is
the possibility of engrafting and replacing somatic cells of adult tissues that have
been lost by degeneration or injury (Dogan, 2018; Nguyen et al.,, 2018a). The
first hESC-based clinical trial was performed in 2010 and involved the use of
hESC-derived oligodendrocyte precursors to treat spinal cord injury
(Lebkowski, 2011). Since then, many other trials have been started, mainly
phase I/l trials focused on the use of retinal-pigmented epithelium cells derived
from hESCs, ESCs generated by nuclear transfer (NT-ESCs) or iPSCs, hESC-
derived neural precursor cells for treating Parkinson’s disease, hESC-derived
cardiomyocytes to support heart regeneration and hESC-derived pancreatic

beta cells to treat type 1 diabetes (Nguyen et al., 2018).

Despite the achievement of some promising results, there are still a few
concerns with the use of human pluripotent SCs for clinical therapies. First,
incomplete differentiation of the cells or the presence of undifferentiated cells
in the transplanted population can give rise to teratomas (Nguyen et al.,, 2018).

To circumvent this situation, several purification protocols based on flow-
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cytometry (Tang et al, 2013) and on cytotoxic antibodies targeting surface
markers of the undifferentiated cells (Choo et al., 2008) have been proposed.
Another potential issue is the genomic instability that ESCs cultured in vitro can
acquire as an adaptation to culture conditions (Jacobs et al., 2016). Moreover,
iPSCs are exposed to genomic changes that can occur during the reprogramming
process and to genetic variations present in the source cells (Nguyen et al.,
2018). Finally, allogenic transplantation of hESCs can drive an immunologic
rejection response in the host individual. iPSCs are a better alternative in this
case because they can be the basis for autologous therapies, thereby minimizing
the risk of rejection (Liu et al.,, 2017b). Nevertheless, as previously mentioned,
they have a higher chance of carrying genomic abnormalities (Yoshihara et al,,

2017).

An alternative approach for potential autogenic transplantations is the use of
hESCs derived from embryos generated by somatic cell nuclear transfer. These
embryos are obtained when a metaphase II oocyte is enucleated, and the
nucleus of a donor cell (usually fibroblasts) is injected into the cytoplasm of the
oocyte. Then, the oocyte is activated, and it can develop into a functional
blastocyst from which hESCs can be derived (Tachibana et al., 2013). Like
hiPSCs, NT-hESCs carrying specific mutations can be generated. However, the
need for large numbers of good-quality human oocytes, and the fact that
therapeutic cloning is restricted in many countries limit the potential of NT-

hESCs (Gouveia et al,, 2020).

Several therapies that use adult SCs such as bone-marrow derived HSCs,
mesenchymal SCs, and neural SCs have also been developed. Allogenic and
autologous HSC transplants are currently an option for the treatment of most
inherited blood cell diseases, like immune deficiencies, and acquired diseases,
like blood cancers. Mesenchymal SCs are also under research for the treatment
of autoimmune diseases and other immune affections like Crohn’s disease, and
neural progenitor cells are being studied for the treatment of Parkinson’s

disease (Gurusamy et al., 2018).
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Finally, pluripotent ESCs can also be used for tissue engineering. The generation
of 3D organoids that mimic different organs from the human body can provide
better approaches than 2D cell cultures for disease modelling, drug screening or
even for the replacement of damaged organs (Kretzschmar and Clevers, 2016;
Kim et al., 2020). Organoids can be derived from pluripotent SCs including ESCs
and iPSCs, and from multipotent adult SCs. They can be composed of epithelial
cells, or of both epithelial and mesenchymal cells (Kretzschmar and Clevers,
2016). As of today, organoid cultures of several organs of the body have been
generated. It has been possible to obtain organoids of salivary glands, lungs,
mammary glands, liver, kidneys, pancreas, stomach, intestine, fallopian tubes,
endometrium, bladder and prostate from adult SCs. Moreover, it has also been
possible to obtain organoids of brain, retina, thyroid gland and blood vessels

from pluripotent SCs (Kim et al., 2020).

4. Embryonic Stem Cells

4.1. General characteristics

In 1981, it was shown that the pluripotent cells of the ICM could proliferate
indefinitely in vitro under the form of ESCs (Evans and Kaufman, 1981; Martin,
1981). The first ESC lines were obtained from the ICM of mouse blastocysts and
were cultured on a feeder layer with the addition of LIF to help them maintain
their pluripotent state. Since then, the methodologies and requirements for the
derivation and culture of new ESC lines have been a subject of study in order to
improve derivation efficiencies and standardise the properties of the ESCs

produced.

Although mESCs are the most well-known and standardised SCs, ESCs have also
been obtained in a relatively efficient way from rats (Buehr et al., 2008; Li et al.,
2008), non-human primates (Thomson et al, 1995, 1996) and humans
(Thomson et al., 1998). Nevertheless, ESC derivation from other mammals, like

farm animals, has been extremely inefficient (Ogorevc et al., 2016).
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In the mouse, ESCs are defined by two main properties: 1) the ability to form
teratomas when injected subcutaneously in immunosuppressed mice and 2) the
capacity of contributing to the germ line when injected into the ICM of recipient
blastocysts to form chimeric mice. Nevertheless, for ethical reasons it is not
possible to generate chimeric individuals in humans, therefore this is a non-

suitable criterion for defining hESCs.

Nonetheless, both mouse and human ESC are pluripotent and share the ability
to differentiate into the three germ layers (ectoderm, mesoderm and
endoderm). The maintenance of the pluripotent state in ESCs is controlled by a
large network of transcription factors that are governed by OCT4 (also known
as POU5F1), the homeobox protein NANOG and the high mobility group box
transcription factor SOX2. These three transcription factors together regulate
the expression of several target genes that regulate pluripotency in ESCs

(Johnson et al., 2008).
The procedures for ESC derivation and their properties will be further explained

in section 5, focusing on hESCs.

4.2. The state of pluripotency

4.2.1. Naive and primed pluripotency

When hESCs were first derived in 1998 (Thomson et al., 1998), it was obvious
that several differences between them and mESC lines existed, and these
disparities were thought to be species-specific. However, in 2007 mEpiSCs were
first derived from the mouse postimplantation epiblast, and they had a
surprising resemblance to hESCs (Brons et al., 2007; Tesar et al., 2007). This
suggested that the differences found between mouse and human ESC could be
due to distinct developmental origins rather than just species-specific
variations. Whereas mESCs display a gene expression pattern consistent with
the preimplantation epiblast, that of mEpiSCs mostly resembles the

postimplantation epiblast.
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It was suggested that the observed differences between mESCs and mEpiSCs or
hESCs could be explained by defining the existence of two distinct states of
pluripotency: the naive state, represented by mESCs, and the primed state,
represented by mEpiSCs and hESCs (Nichols and Smith, 2009). Note that most
of the characteristics defining the naive and primed states have been described
in the mouse, in which both types of SCs were first obtained. Moreover, although
it is now possible to generate naive hESCs, the populations obtained to date are
very heterogeneous, as their characteristics differ depending on the protocols

used for their generation (see section 5.3.2).

Naive mESCs and primed mEpiSCs and conventional hESCs have several
differential traits that allow the definition and identification of both states of
pluripotency. Both naive and primed cells are pluripotent because they are able
to self-renew and differentiate into the three embryonic layers, but since primed
cells represent a later stage of development, their differentiation potential is
more restricted. This is evidenced by the fact that naive mESCs can efficiently
contribute to the germline of chimeric mice after injection into a recipient
blastocyst, whereas primed mEpiSCs generally do not have this capacity (Brons
et al, 2007; Tesar et al.,, 2007). For ethical reasons, this procedure cannot be
applied to hESCs, but most of the attempts to generate chimeras from primate
ESCs, which also display a primed pluripotency, have failed so far (Boroviak and
Nichols, 2017). Only Chen and colleagues were able to generate chimeras in
cynomolgus monkeys, after converting their ESCs to a naive state (Chen et al,,

2015b).

Naive and primed cells also differ in their morphology: naive mESCs grow as
compact, dome-shaped small colonies, whereas mEpiSCs and hESCs form large,

flat colonies (Figure 4).
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Figure 4. Different morphologies of naive and primed ESC colonies. A) mESCs
forming small, dome-shaped colonies. B) mEpiSCs forming a large, flat colony. C)
naive hESCs cultured in 2i+FGF medium forming small dome-shaped colonies. D)
conventional hESCs forming a large, flat colony. Scale bars: 100 um.

Referring to their proliferative capacity, naive cells display faster doubling times
than primed cells. Moreover, primed cells, unlike naive, have low survival rates
after single-cell passaging, and therefore they need to be passaged as cell clumps

(Thomson et al.,, 1998; Tesar et al., 2007).

The signalling pathways involved in the maintenance of naive and primed
pluripotency also differ. LIF/Signal transducer and activator of transcription 3
(STAT3) signalling is known to be essential for the maintenance of mESC
pluripotency (Smith et al., 1988; Williams et al., 1988). However, hESCs and
mEpiSCs do not respond to LIF signalling and they rely on FGF and transforming
growth factor § (TGF)/Activin pathways (Thomson et al., 1998; Humphrey,
2004; Brons et al, 2007; Tesar et al, 2007). Inhibition of the MAPK/ERK
pathway and activation of Wnt signalling have a beneficial effect for the
maintenance of naive pluripotency in mice. The addition of MAPK/ERK kinase
(MEK) inhibitor PD0325901 and glycogen synthase kinase 3 (GSK3[) inhibitor
CHIR99021 (together referred as 2i cocktail) to the culture media with or even
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without LIF can maintain mESCs in the so-called naive ground state of
pluripotency (Ying et al., 2008), mimicking the transcriptional profile of the E4.5
preimplantation epiblast and yielding a less heterogeneous population of
mESCs than when cultured in serum/LIF medium (Boroviak et al., 2015). On the
other hand, although hESCs differentiate after exposure to 2i alone (Hanna et al,,
2010), most of the protocols described for generating naive hESCs incorporate
2iamong other components, suggesting that MAPK/ERK and Wnt signalling also

play a role in the maintenance of human naive pluripotency.

There are also several epigenetic features that distinguish naive and primed
cells (Figure 5). In general, genomic DNA of naive cells is hypomethylated,
whereas primed ESCs have a hypermethylated genome. These differences are
evident in mESCs, since 2i/LIF ground state mESCs have widespread DNA
hypomethylation, even losing imprinting marks (Yagi et al., 2017), whereas the
non-ground state but yet naive mESCs cultured in serum/LIF have much higher
levels of methylation, although lower than that of mEpiSCs (Hackett etal., 2013).
This characteristic is especially surprising since this pattern does not match that
of their in vivo counterparts. In fact, both pre- and postimplantation mouse
epiblast cells present a globally hypomethylated DNA (Veillard et al., 2014;
Takahashi et al., 2018). Moreover, an increase of H3K27me3 repressive marks
in the promoter regions of developmental genes is observed in hESCs and

mEpiSCs compared to mESCs (Gafni et al., 2013; Hackett et al., 2013).

The activation status of one of the X chromosomes in female cells is also a
distinguishing trait between naive and primed cells. Naive mESCs display two
active X chromosomes, whereas female mEpiSCs have already undergone X
chromosome inactivation (XCI) process (Guo et al, 2009). Most of the
conventional hESC lines also display one inactive X chromosome (Figure 5),
although the XCI status in female hESCs can vary (Hoffman et al., 2005), and
epigenetic marks of XCI like H3K27me3 accumulation or XIST cloud can be lost
during extended in vitro culture in a process known as erosion (Mekhoubad et
al., 2012). This erosion seems to be regulated by XACT, which normally coats the

active X chromosome but also coats the inactive X chromosome just before it
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loses its XCI marks. As for gene expression, it is reported that in eroded X
chromosomes, genes in H3K27me3 domains are reactivated, while those
mapped within H3K9me3 domains remain inactive (Vallot et al., 2015). The
eroded X chromosome in primed hESCs does not undergo XCI upon cell
differentiation, which may be problematic regarding the clinical use of female
hESCs due to the lack of proper dosage compensation (Vallot et al., 2015;
Sahakyan et al., 2017; Takahashi et al., 2018).
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Figure 5. Overview of differential characteristics of naive and primed hESCs. From
Collier et al., 2018. Creative commons license CCBY 4.0.

Additionally, the regulation of OCT4 gene expression varies between naive and

primed pluripotent cells. The OCT4 gene has three cis-regulatory elements that
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regulate its expression: the proximal promoter, the proximal enhancer and the
distal enhancer, which regulate its expression (Yeom et al., 1996). In naive cells,
OCT4 expression is controlled by the distal enhancer, whereas in primed cells
the proximal enhancer is preferentially activated over the distal one (Tesar et
al., 2007; Gafni et al, 2013) (Figure 5). This is consistent with their in vivo
counterparts, since the distal enhancer regulates OCT4 in the ICM and the
proximal enhancer does it in the postimplantation epiblast of the mouse embryo

(Yeom et al.,, 1996).

Naive and primed ESCs also have differences in their metabolism. Whereas
naive cells use both mitochondrial respiration (oxidative phosphorylation) and
glycolysis to generate energy, primed cells are almost exclusively glycolytic
(Zhou et al., 2012; Takashima et al., 2014). Mouse ESC have a much higher basal
oxygen consumption rate than mEpiSCs and hESCs, whereas the latter two have
higher extracellular acidification rate, which is correlated with glycolytic
activity. Moreover, the mitochondrial membrane potential is lower in primed
cells, and they down-regulate the expression of most cytochrome c oxidase
genes, which is also observed in cells from the mouse epiblast in vivo (Zhou et

al, 2012).

Another marker used to distinguish naive and primed ESCs is the intracellular
localization of transcription factor E3 (TFE3). TFE3 is predominantly, although
not exclusively, localized inside the nucleus in naive ESCs. Contrarily, it is
restricted to the cytoplasm in differentiating mESCs and primed ESCs
(Betschinger et al., 2013; Gafni et al., 2013).

Regarding gene expression, both naive mESCs and primed mEpiSCs and hESCs
express the core pluripotency markers 0CT4, NANOG and SOX2. However, some
genes like Essrb, KIf2, KiIf4, KIf5, Zfp42 /Rex1, Dppa3/Stella, Tfcp211, Fgf4, Thx3 or
Cdh1 are upregulated in mESCs compared with mEpiSCs, whereas mEpiSCs
express higher levels of lineage commitment factors like Otx2, Zic2, Brachyury
(T), Dnmt3b or Fgf5 (Kumari, 2016; Weinberger et al.,, 2016). Despite both being

considered primed cells, conventional hESCs show some differences with
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mEpiSCs in their gene expression pattern. For example, they retain some
expression of KLF4, REX1 and PRDM14, which are considered naive markers in
the mouse, and do not express the postimplantation marker FGF5 (Avila-
Gonzalez et al,, 2016). Moreover, transcriptional analysis of human and primate
embryos revealed some differences in the gene expression pattern of the
epiblast compared to that of mouse embryos. For example, human and
marmoset epiblasts lack expression of ESRRB or KLF2, and express KLF17,
which is absent in the mouse epiblast (Blakeley et al., 2015). Extensive analysis
of human postimplantation embryos is difficult due to ethical limitations, but a
study in marmoset postimplantation embryos revealed that genes expressed in
the preimplantation epiblast and not in postimplantation stages included
TFCP2L1, KLF5, KLF17, NODAL and SOX15. KLF4 and DNMT3L were also
drastically downregulated upon implantation (Nakamura et al,, 2016). Recently,
a 3D culture system for human embryos for up to 14 days was developed.
Consistent with results in cynomolgus monkey embryos, the human epiblast
was found to downregulate DNMT3L, TFCP2L1, KLF4 and KLF17 after
implantation, while upregulating the primed marker CD24 (Xiang et al., 2020).
This suggests that the true naive pluripotent state in primates might be unique

and different from that of the mouse.

The fact that conventional hESCs display a primed state of pluripotency despite
being derived from the ICM of the blastocyst like naive mESCs is somehow
surprising. Several authors have tried to shed light on this issue by focusing on
the existing differences in the embryonic development between mice and
humans. Mouse embryos can be kept in a dormant state in a process called
diapause. Diapause, or delayed implantation, is a developmental arrest of the
embryo at the late blastocyst stage that happens in order to ensure that the birth
of the offspring occurs at a time within the most favourable environmental
conditions (Daniel, 1970). Thus, cells of the mouse epiblast have mechanisms to
be held at a pluripotent state; otherwise, they would rapidly initiate
differentiation. It was proposed that this feature could provide a time window

in which this naive pluripotent state would be more easily captured in vitro. On
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the other hand, in human embryos, as well as in many other mammalian
embryos, such mechanisms do not exist. Since in these cases cells from the early
embryo rapidly undergo differentiation, this could make it harder to establish
the naive state in vitro in species other than the mouse (Nichols and Smith, 2011;

Rossant, 2015).

The formation of the postimplantation epiblast also differs between mice and
humans. After implantation, the mouse embryo forms a structure called the egg
cylinder, in which the epiblast cells organize themselves into a cup-shaped
structure surrounded by the hypoblast. This process needs directed apoptosis
of the internal epiblast cells. In contrast, primate and human epiblasts form a

flattened simple structure called embryonic or epiblast disc (Figure 6).
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Figure 6. Early embryonic development in mouse and human embryos. Adapted by
permission from Springer Nature. Nature Cell Biology. Deconstructing and
reconstructing the mouse and human early embryo. Shahbazi and Zernicka-Goetz.
Copyright (2018).
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These differences could make it easier for non-rodent ESCs to progress in vitro
to a more primed state (Nichols and Smith, 2009). Additionally, in the human
embryo, the amnion arises from the postimplantation epiblast, and the amniotic
epithelium interacts directly with the epiblast cells. It has been proposed that
this interaction can influence the differentiation of the epiblast towards the
neuroectoderm (Avila-GonZélez et al., 2021). This could be reflected in hESCs,

the in vitro counterpart of the postimplantation epiblast.

4.2.2. Intermediate pluripotency states

The idea of the existence of two well-defined pluripotent states has been
recently challenged with the characterization of some types of cells that display
a pluripotent state that differs from the naive or primed states. The first hint of
the existence of an intermediate pluripotent state was found back in 2011, when
epiblast-like cells (EpiL.Cs) were described as transient cells resembling the pre-
gastrulating mouse epiblast but distinct to mEpiSCs. These cells showed a high
competence for PGC specification (Hayashi et al., 2011). Six years later, this
intermediate pluripotent state was described as formative pluripotency. It has
been hypothesised that this formative pluripotency represents a capacitation
state during which cells exit the naive state and acquire competence for lineage

differentiation before entering the primed state (Smith, 2017).

The epiblast of the mouse embryo forms a rosette structure at E5.0, when the
embryo is implanted (Bedzhov and Zernicka-Goetz, 2014). It has been proposed
that epiblast cells at the rosette stage (E5.0-E5.5) display an intermediate
pluripotent state between the preimplantation naive state and the
postimplantation primed state. Cells from the rosette stage can be captured in
vitro as rosette-like SCs (RSCs) with a combination of LIF, Wnt inhibitor IWP-2
and MEK inhibitor PD325901. RSCs present high expression of the naive marker
KIf4 and the primed marker Otx2, and do not express Oct6, consistent with the
epiblast at E5.0 (Neagu et al., 2020).

More recently, two studies described the establishment of formative pluripotent

SCs in mouse and human. Kinoshita and colleagues reported that activin A at
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low concentrations, Wnt inhibitor XAV939 and a pan-retinoic acid receptor
inverse agonist could be used to derive formative SCs (FSCs) from the mouse
E5.5 epiblast. Additionally, culturing naive hESCs in these conditions could
produce human FSCs resembling the human epiblast at E10-12. (Kinoshita et al.,
2021). On the other hand, Yu and colleagues used FGF2, Activin A and either
WNT3A or a GSK3f inhibitor to activate the FGF, TGF-§ and Wnt signalling
pathways (FTW) and generate FTW-mESCs from mouse embryos and FTW-
hiPSCs. Like mouse FSCs, the expression profile of FTW-mESCs correlates with
the E5.5-6.0 mouse epiblast. However, the transcriptome of human FTW-PSCs
resembles the E8.0 epiblast (Yu etal,, 2021b).

5. Human Embryonic Stem Cells

The first hESC lines were obtained in 1998 from isolated ICMs from 5 human
blastocysts (Thomson et al., 1998), 17 years after the derivation of the first
mESC lines. As explained before, despite both being derived from
preimplantation embryos, hESCs and mESCs show important differences,
especially in their morphology, gene expression and culture requirements.
Conventional hESCs are known to share more similarities with mEpiSCs than
with mESCs (Tesar et al., 2007), and thereby they are considered to represent a
primed state of pluripotency. Nonetheless, it is currently possible to also
generate naive hESCs. In this section, the procedures for the derivation and

maintenance of conventional and naive hESC lines will be detailed.

5.1. Sources of hESCs

Human ESCs can be derived from whole embryos, usually at the blastocyst stage,
or from isolated blastomeres of cleavage-stage embryos, typically at the 4 or 8-

cell stages.
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5.1.1. Derivation of hESCs from blastocysts

Derivation of hESCs from blastocysts can be performed by isolating the ICM
(Figure 7A) or by whole embryo culture after the removal of the zona pellucida

(Figure 7B) (Kim et al., 2005).
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Figure 7. Representation of the two main methodologies for the derivation of hESCs
from blastocysts. A) hESC derivation with ICM isolation. B) hESC derivation through
whole embryo culture,

The ICM can be isolated from blastocysts by several methods. The first method
used was immunosurgery, and it has been routinely applied for several years.
Nevertheless, a major inconvenient of this method is that it requires the
presence of animal serum in the media used for the immunosurgery, thus
making the hESC lines obtained with this procedure unsuitable for clinical
purposes (Khan et al., 2018). Mechanical isolation of the ICM using fine metallic
needles has also been reported (Strom et al.,, 2007). It is a completely xeno-free
method, butitis a very laborious procedure (Khan et al., 2018). Finally, the most
promising method for obtaining xeno-free hESC lines from the ICM is by laser-
assisted isolation. This method was first described in mice (Tanaka et al., 2006)
and then in humans (Turetsky et al., 2008). In this last study, 3 hESC lines were
derived from 8 isolated ICMs of blastocysts that had previously been diagnosed

with a PGT on a biopsied blastomere.
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Derivation of hESCs from whole embryo culture is especially indicated for low-
quality blastocysts in which the ICM is difficult to distinguish (Kim et al., 2005).
The main advantage of the whole embryo derivation is its simplicity, since the
only manipulation that must be done to the embryo is removing its zona
pellucida by incubating with pronase or Tyrode’s acidic solution (Heins et al,,
2004). However, itis not clear if the derivation efficiency from whole blastocysts

is equal to that from isolated ICMs.

In 2012, O’Leary and colleagues described the existence of a transient structure
during the first few days of the hESC derivation process from whole blastocysts.
This structure was called the post-inner cell mass intermediate (PICMI). PICMI
formation was reported to be essential and sufficient for the establishment of a
hESC line, since virtually all the karyotypically normal PICMIs were able to give
rise to a hESC line and none of the outgrowths without PICMI were able to

generate hESCs (O’Leary et al.,, 2012).

The PICMI arises 2-3 days after blastocyst plating and it increases in size until 7
days after plating. Morphologically, it is a round-shaped structure composed of
small epiblast-like cells surrounded by a thin layer of GATA6-positive
hypoblast-like cells. For proper hESC derivation, the PICMI must be
mechanically isolated from the surrounding trophectodermal cells and plated
onto a new feeder layer. Then, the PICMI flattens and hESC-like cells begin to
grow (O’Leary et al, 2012, 2013; van der Jeught et al, 2015). Using this
approach, the efficiency of PICMI formation from blastocysts with good quality
ICMs was 21,3% (47 PICMIs out of 221 blastocysts) whereas the generation of
hESC lines from further passaged PICMIs was 80,6% (25 hESC lines out of 31
PICMIs) (O’Leary etal., 2012).

The PICMI has a unique molecular and transcriptional signature that differs
from that of the human ICM and from hESCs themselves. It has been shown to
express genes from both early and late epiblast, and early germ cell markers
(O’'Leary et al., 2012). A more exhaustive transcriptional analysis confirmed the

upregulation of germ cell markers and showed that the PICMI expresses
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markers of both primed and naive pluripotency. It was demonstrated that naive-
related properties like the expression of extracellular matrix (ECM)-related
components and LIF, BMP, Wnt and phosphatidylinositol 3-kinase (PI3K)/AKT
signalling pathways in the ICM of the embryo are progressively downregulated
during the derivation process, whereas FGF and Activin/Nodal signalling are
upregulated in the hESC primed state, with the PICMI being the crucial turning
point. Since the ICM progresses in vitro to form the PICMI, these findings suggest
that the formation of the PICMI during the derivation process could be what
causes hESCs to adopt their primed pluripotent state resembling mEpiSCs,
which are derived directly from the mouse postimplantation epiblast (Figure 8).
The PICMI could be a starting point for the obtention of hESCs in distinct
pluripotent states and for PGC differentiation (Warrier et al., 2018).
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Figure 8. Schematic representation of the derivation of pluripotent cells from
mouse and human embryos. Reprinted by permission from Springer Nature: Nature
Biotechnology. Tracking the progression of the human inner cell mass during
embryonic stem cell derivation. O’Leary et al. Copyright (2012).

5.1.2. Derivation of hESCs from single blastomeres

There are some ethical issues regarding the obtention of ESCs from human

embryos, as the traditional methodology for hESC derivation from embryos at
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the blastocyst stage inevitably involves the destruction of the embryo used. To
avoid these ethical concerns, protocols for the derivation of ESCs from single
blastomeres isolated from cleavage-state embryos were developed first in mice

(Delhaise et al., 1996) and then in humans (Klimanskaya et al., 2006).

The derivation of ESCs from single blastomeres does not necessarily involve the
destruction of the embryo, since the biopsy of one or two blastomeres from a
day 3 human embryo, typically around the 8-cell stage (Figure 9), barely affects
its viability (Magli et al., 1999). Indeed, embryo biopsy is widely used for PGT in
fertility clinics, and this approach could be used to obtain autologous hESC lines
if the biopsied embryo is afterwards transferred and a child is born.
Nevertheless, as hESC derivation efficiencies from single blastomeres are very
low at this moment, there is still a long way to go. On the other hand, the use of
all the blastomeres of an embryo, although causing its destruction, may increase
the chance of obtaining at least one ESC line from that embryo by as many times
as blastomeres the embryo has. This approach can also lead to a sensible
reduction of the total number of embryos needed (Gonzalez et al., 2011; Vila-

Cejudo et al., 2019).

/,/’ ¢\
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Figure 9. Representation of the hESC derivation process from single blastomeres.

Klimanskaya and colleagues obtained the first hESC lines from single
blastomeres in 2006 (Klimanskaya et al., 2006). Since then, the methodologies
and culture conditions for the derivation of hESC lines from single blastomeres

have been optimised to maximise its success rate.

The first approach involved co-culturing the isolated blastomeres in the same

drop with the parental embryos and later co-culturing the blastomere-derived
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aggregates with GFP-positive established hESC colonies on inactivated MEFs,
which allowed the derivation of 2 hESC lines out of 91 blastomeres (efficiency
rate 2.2%) (Klimanskaya et al., 2006). Two years later, the same group showed
that hESC co-culture was not necessary to derive hESC lines from single
blastomeres if they were cultured for 24 h on laminin to recreate the ICM niche
and prevent TE differentiation. They claimed to have achieved a 50% efficiency,
although it was just one hESC line out of two blastomere-derived aggregates.
Moreover, one of the aggregates came from two biopsied blastomeres (Chung et

al, 2008).

Ilic and colleagues also showed in 2009 that co-culture of the biopsied
blastomeres with the parental embryo was not necessary to obtain hESC lines.
They derived hESC lines from biopsied blastomeres cultured on low passage
inactivated human foreskin fibroblasts (HFFs) with minimal exposure to
xenomaterials (Ilic et al., 2009). In the same year, Geens and colleagues reported
the derivation of 2 hESC lines out of 16 blastomeres (12.5%) from four 4-cell

stage embryos (Geens et al., 2009).

By then, all the studies had been performed using high quality embryos and
sequential culture of the blastomeres, letting them form aggregates before
seeding them onto feeder cells. In 2013, Yang and colleagues demonstrated that
hESC lines could be derived from blastomeres from low quality embryos by
direct plating onto feeder cells in standard hESC medium. However, their

success rate was low, around 1% (Yang et al,, 2013).

In the same year, Taei and colleagues stated that culturing the embryos in media
supplemented with GSK3f inhibitor CHIR99021 and Rho-associated protein
kinase (ROCK) inhibitor Y-27632 from the 4-cell stage increased the hESC
derivation efficiency from single blastomeres to 13% (8 hESC lines out of 61
blastomeres). They also used low and fair quality embryos and direct plating of
the blastomeres for these experiments, although they used MEFs as feeder cells
and pointed out that they could not obtain a single hESC line using HFFs (Taei
etal, 2013).
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Despite being more ethically acceptable, hESC derivation from single
blastomeres still has some disadvantages over derivation from blastocysts, the
main one being its lower efficiency. In humans, derivation from blastocysts can
yield success rates of up to 52 % (Ilic et al., 2007; Chen et al.,, 2009a), much

higher than in hESC derivation from single blastomeres.

5.2. Maintenance of hESC pluripotency

Culture conditions for hESCs have evolved greatly since they were first derived
in 1998. Initial protocols included the co-culture of hESCs with MEFs as feeder
cells or over an animal-derived matrix in medium containing foetal calf serum
(FCS). In these systems, the exposure of hESCs to animal products was high, thus
making these derived lines unsuitable for clinical applications due to the risk of
immunorejection or infection transmitted by animal pathogens. Since then,
several culture protocols that minimize the exposition of hESCs to xeno-
products, while still maintaining their pluripotency, have been developed in

order to generate clinical-grade hESC lines.

5.2.1. Feeder layers and feeder-free systems

Feeder cells support long-term maintenance of hESCs in an undifferentiated
state by two means. First, they provide a surface for the attachment of the hESC
colonies by expressing cellular adhesion molecules and producing an ECM.
Second, they secrete growth factors that maintain the pluripotent state of hESCs,

such as TGF-f3, bFGF or Activin A (Greber et al., 2007; Eiselleova et al., 2008).

As previously mentioned, MEFs were the first feeder cells used for the culture
of hESCs, and they are still widely used nowadays. However, the presence of
animal-derived fibroblasts in hESC culture may not be desirable since they can
be the source of potential pathogenic products and diminish the suitability of
the hESC lines for clinical applications (Hovatta et al., 2003; Cobo et al., 2008).
To overcome this, several human cell types have been successfully used as
feeder cells for hESC culture, including fallopian tube cells (Bongso et al., 1994),
fetal muscle cells, fetal and adult skin cells (Richards etal.,, 2002, 2003), foreskin
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fibroblasts (Amit et al., 2003; Hovatta et al., 2003), bone marrow cells (Cheng et
al., 2003), placental cells (Genbacev et al., 2005), endometrial cells (Lee et al.,
2005), and umbilical cord cells (Cho et al., 2010). Fibroblast-like cells derived
autologously from hESCs have also been used (Chen et al., 2009b). It is reported
that the ability of human feeder layers to support hESC growth varies depending
on the cell line used, but some of them are as supportive as MEFs (Richards et

al, 2003).

An advantage of human feeders over MEFs is that they can support hESC growth
at late feeders’ passages (up to 16), whereas MEFs are most optimally used at
passages 4-6 because, after that timespan, they enter into senescence (Richards
et al, 2003; Meng et al., 2008). Especially, HFFs, the most used human feeder
cell type, are more durable than MEFs after inactivation. Indeed, inactivated
HFFs can last for more than 2 weeks, whereas inactivated MEFs begin to
deteriorate after one week. Moreover, the stability of HFFs, which can be
propagated in culture for more than 20 passages, reduces the batch-to-batch
variability associated with MEF feeder layers, which need to be replaced and

prepared more frequently (Ma et al., 2012).

The secretion of growth factors from different types of human feeder layers was
compared with that of MEFs. Eiselleova and colleagues found differences in the
production of bFGF and Activin A. Human feeders produced significant amounts
of bFGF, whereas bFGF production from MEFs was almost undetectable. On the
other hand, MEFs produced significantly higher amounts of Activin A than
human feeders. They correlated these differences in Activin A secretion with the
overexpression of the pluripotency marker SSEA-3 by hESC cultured over MEFs
(Eiselleova etal., 2008). Consistent with these findings, Yang and colleagues also
stated that HFFs, but not MEFs, produce significant levels of bFGF, therefore
hESCs could be cultured on HFFs without exogenous bFGF supplementation

(Yang etal, 2016).

Culture systems that do not rely on feeder cells were developed to overcome the

variability associated with feeder cells. These feeder-free culture systems
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allowed researchers to better understand the requirements of ESCs for

maintaining their pluripotent state.

The first feeder-free hESC culture was described by Xu and colleagues in 2001.
They used Matrigel as a substrate in combination with MEF-conditioned
medium (Xu et al, 2001). Matrigel is a gelatinous mixture secreted by
Engelbreth-Holm-Swarm mouse sarcoma cells that contains several ECM
components like laminin, nidogen, collagen IV, proteoglycans, and growth
factors like TGF-f3 and epidermal growth factor (EGF), among others (Kleinman
etal., 1982; Kleinman, 2001). The main drawbacks of the use of Matrigel are the
animal origin of their components, which compromises the clinical safety of the
cultured hESCs, and the batch-to-batch variability, which may affect the
reproducibility of the experiments. Nonetheless, it has become the standard for

feeder-free hESC cultures in research labs all over the world.

To overcome the issues of Matrigel, defined systems that use components of the
human ECM and recombinant proteins were described. Xu and colleagues
already highlighted the ability of laminin to maintain hESC in an
undifferentiated state in MEF-conditioned medium (Xu et al.,, 2001), and it was
later reported that the addition of Activin A to hESC cultures over laminin could
replace MEF-conditioned medium (Amit et al., 2004). Human ESC culture was
also possible using human fibronectin as substrate in combination with growth
factors like bFGF and TGFf (Beattie et al., 2005). Since then, several xeno-free
culture systems using laminin as a substrate have been described, mainly in
combination with the commercial xeno-free and chemically defined medium
TeSR1. Other ECM components that have been used as a substrate are E-

cadherin and vitronectin (reviewed in Desai et al., 2015).

Further optimization of the feeder-free cultures was achieved with synthetic
substrates, which include peptide or protein-based systems, polymers, and
polymers in conjunction with biomolecules. Some of the successful approaches
were the utilization of surfaces containing the heparin-binding peptide

GKKQRFRHRNRKG, isolated from vitronectin (Klim et al, 2010), and the
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synthetic polymers PMEDSAH and APMAAm, which are reported to support
undifferentiated growth of hESC for at least 20 passages (Villa-Diaz et al., 2010;
Irwin et al,, 2011).

5.2.2. Signalling modulation

The development of the first feeder-free defined media systems allowed the
identification of critical factors for the maintenance of pluripotency of hESCs
(Ohtsuka and Dalton, 2008). Moreover, researchers had to overcome the fact
that hESCs seemed to have culture requirements that severely differed from
those of mESCs. One of the first differences between hESCs and mESCs to be
detected was that the former do not need LIF to maintain their pluripotency,
whereas the latter require LIF for their maintenance in culture through STAT?3
activation (Dahéron etal., 2004; Humphrey et al, 2004). As previously described
(section 4.2.1), mouse embryos are subject to diapause, or delayed implantation
mechanism. LIF signalling is thought to enable the diapause in mouse embryos,
thereby maintaining the epiblast cells in an undifferentiated state (Nichols et al.,
2001). Since human embryos do not have the capacity to enter diapause, human
ICM cells might not respond to LIF signalling in the same way as mouse ICM cells
(Dahéron et al., 2004; Humphrey, 2004). Nevertheless, LIF is commonly used in

most of the media formulations described to support human naive hESCs.

In humans, almost all the protocols developed for the culture of ESCs include
exogenous supplementation with bFGF. It can activate at least four signalling
pathways, including Janus kinase/STAT (JAK/STAT), phosphoinositide
phospholipase Cy (PLCy), PI3K and MAPK/ERK pathways (Dailey et al., 2005;
Lanner and Rossant, 2010).

bFGF has an effect on the feeder cells that support hESC growth. It acts on the
feeder cells by inducing the expression of several components of the
TGFB/Activin signalling pathway, which is also known to support pluripotency
in hESCs. Moreover, bFGF can also induce the expression of TGF and insulin
growth factor 2 (IGF2) in hESC-derived fibroblast cells to generate a

pluripotency-maintaining niche (Greber et al., 2007). Another study reported
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that endogenous expression of bFGF from hESCs is essential to maintain them
in an undifferentiated state, whereas exogenous supplemented bFGF supports
hESC cloning efficiency by enhancing survival and adhesion, although it has a
redundant effect on the maintenance of the pluripotency (Eiselleova et al,

2009).

Another important difference between mouse and human ESCs is the role of
MAPK/ERK signalling. Inhibition of MAPK/ERK signalling by PD0325901, in
conjunction with GSK3{ inhibitor CHIR99021, stabilizes mESCs and keeps them
in the so-called ground state of pluripotency (Ying et al., 2008). However, the
role of MAPK/ERK signalling is less clear in hESCs. The involvement of ERK in
maintaining hESC pluripotency might only happen at low concentrations.
Dalton and colleagues suggested that a crosstalk mechanism with the PI3K/AKT
pathway regulates the concentration of ERK. At low FGF concentrations, ERK is
kept under a threshold level required to promote differentiation. At high
concentrations, FGF can activate the PI3K/AKT pathway, in which AKT
suppresses the activity of ERK, also maintaining its levels under the threshold

level and thereby maintaining the pluripotency of hESCs (Dalton, 2013).

The role of Wnt signalling in hESCs has also been controversial. As mentioned
above, inhibition of the member of the -catenin degradation complex GSK3,
which results in the activation of the canonical Wnt pathway, promotes a ground
state of pluripotency in mESCs (Ying et al., 2008). However, research in hESCs
has produced contradictory results. Some authors believe that activation of Wnt
signalling maintains hESCs in a pluripotent state (Sato et al., 2004; Ullmann et
al, 2008), whereas others suggest that Wnt signalling promotes hESC
differentiation (Dravid et al., 2005; Sumi et al., 2008; Bone et al., 2011; Davidson
et al, 2012). Singh and colleagues suggested that the main reason for this
disparity of results is that authors may have overseen the fact that multiple
pools of GSK3p exist within the cell, and that it can act in a Wnt-independent
manner (Singh et al., 2012). It is believed that at least two pools of GSK3f exist:
one being regulated by Wnt ligands and the other by AKT in the PI3K pathway
(Ding et al., 2000; Wu and Pan, 2010). Apart from its role in the Wnt canonical
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pathway, it is believed that GSK3[ also phosphorylates and inhibits c-MYC
(Gregory et al,, 2003) (Figure 10). The addition of low concentrations of GSK3[3
inhibitors to the culture media can stimulate the proliferation of hESCs, but at
higher inhibitor concentrations, hESCs differentiate (Tsutsui et al, 2011).
Moreover, Singh and colleagues suggested that there might be different
threshold inhibitory concentrations for GSK3[ in each pathway. They proposed
that the GSK3 from the pool regulated by AKT has a lower inhibition threshold,
so low GSK3 inhibitors concentrations could enhance self-renewal of hESCs by
stabilizing c-MYC, whereas higher inhibitor concentrations could promote
differentiation by stabilizing -catenin through the canonical Wnt pathway
(Singh et al., 2012; Dalton, 2013).
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Figure 10. Summary of the different signalling pathways involved in the
maintenance of pluripotency in hESCs and their crosstalk mechanisms. Reprinted
by permission from Elsevier. Current Opinion in Cell Biology. Signaling networks in
human embryonic stem cells. Dalton S. Copyright (2013).

Regarding the TGF[ superfamily ligands, the first reports agreed that Activin
A/Nodal signalling through SMAD2/3 was essential for the maintenance of the
pluripotency in hESCs (Beattie et al., 2005; James et al., 2005; Vallier et al., 2005;
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Xiao et al, 2006). By contrast, it was shown that BMP signalling through
SMAD1/5/8 had the opposite effect: it promoted differentiation to TE, and BMP
signalling had to be inhibited to maintain hESC pluripotency (Xu et al., 2002,
2005). This again contrasts with mESCs, in which BMP signalling is known to
block differentiation into neuroectodermal lineages and sustain self-renewal

(Ying et al,, 2003; Morikawa et al.,, 2016).

Finally, despite some signalling pathways like MAPK/ERK, LIF/STATS3,
TGFB/Activin and Wnt having opposite or different effects in hESCs and mESCs,
there is a general consensus that both types of ESCs require an active PI3K/AKT
signalling pathway in order to maintain their pluripotency and self-renewal. It
can be activated by several ligands like IGF, EGF or even FGF at high

concentrations (Yu and Cui, 2016).

PI3K/AKT signalling is thought to maintain the pluripotent state in hESCs by
several mechanisms, by cross-talking with other signalling pathways (Figure
10). First, it regulates the levels of SMAD2/3, a downstream effector of the
TGFB/Activin/Nodal signalling pathway. When PI3K/AKT signalling is active, it
keeps SMAD2/3 in low activity levels compatible with self-renewal whereas,
when inhibited, SMAD2/3 is highly activated and promotes differentiation of
hESCs into mesendodermal lineages (Singh et al., 2012; Dalton, 2013; Yu et al,,
2015). Second, active PI3K/AKT signalling suppresses ERK1,2 activity. Since it
has been reported that ERK inhibits GSK3, this leads to a stabilization of GSK3[3
activity. This prevents Wnt pathway effectors like B-catenin from being
activated, thereby maintaining the pluripotent state (Singh et al., 2012; Dalton,
2013). Third, PI3K/AKT pathway activation could inhibit GSK3f from a pool
unrelated to the Wnt canonical signalling. This may stabilize the transcription
factor C-MYC, which regulates the expression of several pluripotency-associated
genes (Figure 10). This is known to happen in mESCs but it is less clear in hESCs
(Ohtsuka and Dalton, 2008; Singh et al., 2012; Dalton, 2013).
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5.3. Naive pluripotency in hESCs

5.3.1. Advantages and disadvantages of naive hESCs

The generation of naive hESCs has been achieved by several groups in the recent
years, as detailed in the next section. Naive hESCs have several advantages over
their primed counterparts. Their increased single-cell clonogenicity and faster
doubling times could facilitate the rapid obtention of a large number of cells for
drug screening applications (Kumari, 2016). Naive cells are also reported to
have higher efficiency of homologous recombination than primed cells, which is

useful for gene targeting modifications (Gafni et al., 2013).

Naive hESCs are appropriate to study some characteristics of early
preimplantational embryogenesis, such as the role of different signalling
pathways or the epigenetic mechanisms involved in the first differentiation
events (Collier and Rugg-Gunn, 2018). For instance, female lines serve as a good
model for X chromosome dampening, a mechanism of dosage compensation
observed in the cells of the TE, epiblast and primitive endoderm in the
preimplantational human embryo but not in the mouse embryo. This
phenomenon consists of a partial reduction of transcriptional activity in both X
chromosomes, probably mediated by the long non-coding RNA XIST
(Petropoulos et al., 2016; Sahakyan et al., 2017).

Recently, it was reported that hESCs can differentiate into extraembryonic
lineages (TE and primitive endoderm), and pluripotent cells that can
differentiate into TE-like cells have already been established (Gao et al., 2019).
This capacity to generate TE cells is reported to be higher in naive than in
primed hESCs (Avila-Gonzélez et al., 2021). Therefore, naive hESCs can be a
valuable tool for the study of all the cell lineages of the early human embryo.
Plus, it is known that conventional hESC or hiPSC lines are quite heterogeneous
and present a differentiation bias, thereby reducing their potential to efficiently
become cells from the three germ layers. Nevertheless, although naive hESCs
should have a broader differentiation potential than primed hESCs, their main

limitation is that they are less responsive to differentiation stimuli, and an initial
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priming or capacitation step is necessary in order to perform directed
differentiation from naive hESCs (Weinberger et al., 2016; Rostovskaya et al.,

2019).

Another remarkable feature is that the eroded state of the X chromosome in
female primed hESCs can be reverted if hESCs are converted to the naive state
prior to differentiation. It was reported that once conventional hESCs
presenting X chromosome erosion were converted to naive in 5iLAF conditions
(Theunissen et al, 2014), they were able to undergo XCI again upon
differentiation (Sahakyan et al, 2017). Since the presence of an eroded X
chromosome poses a limitation for the use of female hESCs for clinical purposes
due to altered dosage compensation, naive female hESCs might be more

appropriate in this scenario.

On the other hand, among the drawbacks of naive hESCs are their increased
susceptibility to develop chromosomal abnormalities during culture and the
loss of methylation in imprinted regions (Pastor et al., 2016). This instability
could be problematic for the clinical use of these cells. Note that these
characteristics are also observed in naive ground state mESCs cultured in 2i/LIF
media. Since most of the protocols for obtaining naive hESCs also include these
components, the abnormalities may be caused by the culture conditions.
Another hypothesis is that genomic instability may be intrinsic to the naive
state, since it is a transient state in vivo and it is not naturally prepared or

programmed to be maintained for a long time (Weinberger et al.,, 2016).

5.3.2. Generation of naive hESC lines

During the last decade, several approaches to generate naive hESC lines have
been designed (Table 1; Figure 11). The first naive-like cells were obtained by
conversion from primed hESCs in 2010, combining the ectopic overexpression
of OCT4, KLF2 and KLF4 with culture in 2i/LIF conditions (2iL) (Hanna et al.,
2010). This work also demonstrated that hESCs cannot be maintained in 2i/LIF
alone, since the withdrawal of the transgene expression caused differentiation.

This differentiation was palliated with the addition of forskolin. Three years
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later, the same group developed a media formulation that consisted of a
combination of inhibitors for MEK, GSK3p, protein kinase C (PKC), ROCK, c-Jun
N-terminal kinase (JNK) and p38, along with LIF. This media was named naive
human stem cell media (NHSM) and it supported the conversion of conventional
hESCs and hiPSCs to a naive state, as well as direct naive hESC derivation from

human blastocysts without the use of transgenes (Gafni et al., 2013).

Since then, several other transgene-dependent and transgene-free protocols
were described during the next 3-4 years. The methodologies relying on ectopic
gene expression include the one reported by Takashima and colleagues, which
used short-term overexpression of NANOG and KLF2 and a culture media
composed of titrated 2i with LIF and PKC inhibition by G66983, termed t2iLG6
(Takashima et al., 2014), the protocol described by Chen and colleagues, which
relied on lentiviral-mediated overexpression of STAT3 and culture in 2iL
conditions (Chen et al,, 2015a), and the protocol described by Valamehr and
colleagues, which used a non-integrative episomal reprogramming of
fibroblasts with OCT4, SOX2 and SV40LT followed by culture in the presence of
LIF, bFGF, MEKi, GSK3fBi and ROCKi to generate hiPSCs with properties

resembling naive ground state mESCs (Valamehr et al., 2014).

The transgene-free protocols described are based on combinations of several
inhibitors and small molecules. In 2013, Chan and colleagues reported that
MEKi, GSK3Bi and AMP-activated protein kinase inhibitor (AMPKi) (3i
cocktail)/LIF conditions (3iL) could support the maintenance of hESCs and
hiPSCs in a pluripotent state that shared an expression signature with the naive
epiblast (Chan etal., 2013). Ware and colleagues showed that exposure of hESCs
to histone deacetylase inhibitors (HDACi) SAHA and sodium butyrate followed
by culture in 2i/bFGF (2iF) or 2iL allowed the establishment of naive hESCs.
This work also reported the derivation of a naive hESC line from a blastocyst,
albeit at an extremely low efficiency (Ware et al, 2014). The same year,
Theunissen and colleagues described a combination of inhibitors that also
supported the conversion of established hESCs into a naive state and the direct

derivation from blastocysts. This formulation included MEKi, GSK3{i, SRCi,
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BRAFiand ROCKi (5i cocktail) along with LIF and Activin A with or without bFGF
(5iLAF and 5iLA, respectively) (Theunissen et al., 2014). Duggal and colleagues
described a protocol for a rapid conversion of established hESCs into a naive
state using a naive conversion medium (NCM) that included 2i, bFGF, forskolin
and ascorbic acid (Duggal et al., 2015). The next year, two additional studies
reporting the generation of naive hESCs from conventional cultures were
published. Both included modifications of the 2i/LIF conditions: one added
forskolin and lysophosphatidic acid, a Hippo pathway inhibitor (Qin et al,
2016), and the other added XAV939, a Wnt pathway inhibitor (2iLXAV)
(Zimmerlin et al., 2016).

Derivation of naive hESCs from isolated cells of the ICM of a human blastocyst
has also been reported. Guo and colleagues used a modification of the t2iLGo
media described by themselves (Takashima et al, 2014), adding the ROCK
inhibitor Y-27632 and ascorbic acid for increased survival. This formulation was
named t2iLGOY (Guo et al, 2016). One year later, the same group reported a
protocol for the conversion of established hESCs into a naive state maintained
in t2iLG6 medium after exposure of hESCs to the HDACI valproic acid. They
claimed that these chemically reset lines were transcriptionally similar to the
ones obtained by overexpression of NANOG and KLF4 by Takashima etal. (2014)
and to the ones previously derived from isolated cells of the ICM (Guo et al,,

2017).

More recently, Hu and colleagues described a method for naive conversion of
primed hESCs based on promoting the nuclear translocation of TFE3. They
performed a transient inhibition of mTOR by torin1 or rapamycin for 3 hours
followed by culture in a medium containing 2i, LIF and human insulin (2iLI).
Their naive-like cells showed an expression profile similar to the naive Elf1 line
derived in 2iF conditions (Ware et al, 2014), as shown by the principal
component analysis (PCA) of the RNA sequencing data (Hu et al., 2020).
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Table 1. Summary of the protocols described for the generation of naive hESC.

Ectopic gene

Derivation

Reference Media formulation .
expression from embryos
Hanna et al,, ) . ) Yes (OCT4, KLF2
2010 MEKi, GSK3i, LIF (2iL) and KLF4) No
Chan et al., . . . .
MEKIi, GSK3i, AMPKi, LIF (3iL) No No
2013
Gafni et al,, MEKi, .GSK31., PKCi, JNKi,
2013 ROCKi, p38i, bFGF, LIF, No Yes
Activin A or TGF-$1 (NHSM)
Takashima MEKIi, GSK3i, PKCi, LIF Yes (KLF4 and No
etal, 2014 (t2iLGo) S0X2)
Theunissen MEK,I’ GSK3i, ,SR_CI’ BR,AFI’ Yes (KLF2 and
tal. 2014 ROCKi, LIF, Activin A with or NANOG) / No Yes
etal, without bFGF (5iLAF/5iLA)
Valamehr et ) . . Yes (0CT4,S0X2
al, 2014 MEKIi, GSK3i, LIF, bFGF, ROCKi and SV40LT) No
MEKIi, GSK3i, bFGF (2iF) after
Ware et al., exposure to HDACi for 1-3
No Yes
2014 passages
(HDACi+2iF)
Chen et al.,, ) . )
MEKIi, GSK3i, LIF (2iL) Yes (STAT3) No
2015a
Duggal etal.,, MEKi, GSK3i, bFGF, forskolin, No No
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Figure 11. Representation of some of the protocols described to obtain naive hESCs.
Reprinted by permission from Elsevier. Experimental Cell Research. Signal
regulators of human naive pluripotency. Taei et al. Copyright (2020).
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5.3.3. Looking for the real human naive pluripotency state

The existence of a wide variety of naive-like hESC populations obtained by
different methodologies and by targeting different signalling pathways has led
to the question of which is the “real” human naive pluripotency state. To find it
out, several groups carried out studies comparing the transcriptome and the
molecular and epigenetic characteristics of most of the different populations of
naive hESCs between each other and also with naive mESCs and the human and

primate embryo.

The first analysis was performed by Huang and colleagues in 2014, just after the
first protocols for obtaining naive hESCs were published. Their analysis
included naive hESCs obtained in 2iL. (Hanna et al., 2010), NHSM (Gafni et al,,
2013), 3iL (Chan etal., 2013), HDACi+2iF (Ware et al., 2014), t2iLGo6 (Takashima
et al, 2014) and 5iLA/5iLAF (Theunissen et al., 2014) conditions. They found
that the naive hESCs obtained in t2iLG6 and in 5iLA/5iLAF were the most closely
related in terms of gene expression. Moreover, these two sets of naive hESCs
were the most similar to mESCs cultured in 2i/LIF and their transcriptional
profile corresponded to that of the human preimplantational blastocyst (Huang

etal, 2014).

Consistent with that, Pastor and colleagues found that the naive hESCs obtained
in t2iLG6 (Takashima et al., 2014) and in 5iLAF (Theunissen et al., 2014) were
the ones that mostly upregulated the preimplantation epiblast-specific genes. In
another work, Liu and colleagues reprogrammed human fibroblasts into naive
hiPSCs using the NHSM (Gafni et al., 2013), t2iLG6 (Takashima et al., 2014) and
5iLAF (Theunissen et al., 2014) formulations. They confirmed that t2iLG6 and
S5iLAF cells clustered together and close to the human ICM with respect to their
transcriptional profiles, but NHSM cells had an intermediate expression pattern
between primed hESCs and the ICM (Liu et al, 2017c). Another group also
determined that 5iLA cells and t2iLGo6 cells showed a gene expression profile

more similar to that of the human epiblast (Stirparo et al., 2018).
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Another study compared the transcriptional profile of different naive hESC
populations with the cynomolgus monkey embryo, which resembles the human
embryo during early pre- and postimplantational development. Consistent with
the previous findings, the naive hESCs obtained in t2iLG6 (Takashima et al,,
2014) and in 5iLA/5iLAF (Theunissen et al, 2014), in addition to the ICM-
derived naive cells in t2iLGOY (Guo et al., 2016), showed a transcriptional profile
more closely related to the preimplantation epiblast, whereas naive cells
generated in NHSM (Gafni et al,, 2013) and 3iL (Chan et al., 2013) correlated to

the postimplantation embryo, like conventional hESCs (Nakamura et al., 2016).

The developers of the NCM (Duggal et al,, 2015) performed a comparison of
different naive hESCs that included their NCM cells, those obtained in NHSM
(Gafni et al., 2013) and the ones generated in HDACi+2iF (Ware et al., 2014),
termed RT. They reported that NCM and NHSM cells showed a stronger
upregulation of naive markers than RT cells. In the transcriptional analysis, the
naive cells clustered all together and separated from primed hESCs. However,
in this study they were not compared with mESCs or preimplantation embryos.
Regarding the differentiation potential of the naive hESCs, all of them
differentiated robustly into the three germ layers from embryoid bodies (EBs),
except for NHSM cells, which showed inefficient differentiation into mesoderm.
However, none of the naive cells were able to differentiate into functional cell
types when directed terminal differentiation protocols were applied (Warrier
et al, 2017). The same year it was reported that NHSM cells showed efficient
trilineage differentiation, whereas naive 5iLAF and t2iLGo6 cells could only

differentiate efficiently into mesoderm (Liu et al., 2017c).

Based on their gene expression profiles, Taei and colleagues suggested a
classification for the different naive hESCs in which 5iLAF and t2iLG& cells were
named “bona-fide naive hESCs” whereas the rest were classified as
“intermediate naive hESCs” (Taei et al., 2020). Since it was reported that 5iLAF
and t2iLGo cells (“bona-fide naive hESCs”) had a rather low differentiation
potential in vitro and needed a capacitation step before being able to efficiently

differentiate into cells from the three germ layers (Lee et al., 2017; Liu et al,,
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2017c; Rostovskaya et al., 2019), a relationship between the degree of naivety
and the ability to differentiate has been suggested. Intermediate naive cells are
known to be more responsive to differentiation stimuli. For instance, naive
hESCs obtained in 2iLXAV medium, as well as RT, NCM and NHSM cells, all
classified as intermediate naive, can differentiate efficiently into cells from the
three germ layers without a capacitation step (Zimmerlin et al., 2016; Warrier

etal, 2017).

Regarding the methylation status, it has been reported that cells cultured in
5iLAF and t2iLG6 show a global genome hypomethylation and a loss of
methylation in imprinted regions, whereas cells obtained in NHSM show little
change in methylation levels and remain intact in imprinted regions.
Additionally, widespread chromosomal abnormalities in naive cells cultured in
5iLAF after 14 passages have been reported (Pastor et al., 2016; Liu et al,,
2017c).

On the other hand, contrarily to previous studies, Yousefi and colleagues
analysed naive-like hESC generated with 9 different protocols (Hanna et al.,
2010; Gafni et al, 2013; Takashima et al, 2014; Theunissen et al, 2014;
Valamehr et al., 2014; Ware et al., 2014; Duggal et al,, 2015; Guo et al,, 2016; Qin
et al, 2016) and found that all the naive cells were generally homogeneous at
the transcriptional level, since none of the naive cell populations clustered
separately on the PCA (Yousefi et al., 2019). However, no comparisons with the

human embryo were carried out.

All in all, it seems that the pluripotent state in vitro highly depends on the small
molecules, growth factors and inhibitors used in the culture media. But how
about the embryonic origin? As of today, all the groups that reported direct
derivation of naive hESCs used embryos at the blastocyst stage cultured with
different combinations of inhibitors and media supplements (Gafni et al., 2013;
Theunissen et al.,, 2014; Ware etal., 2014; Guo etal,, 2016). It is unclear whether
the derivation of hESCs from single blastomeres of pre-compaction embryos can

yield hESCs with a different pluripotent state than that of hESCs derived from
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blastocysts, and how the different embryonic origin can affect the establishment
of the pluripotent state in vitro. In this context, a work that studied the XCI status
of different hESC lines found some indications that female hESCs derived from
single blastomeres could present both X-chromosomes active, a typical feature
of naive ESCs, at very early culture passages (Geens et al., 2016). Since these
hESC lines come from an early developmental stage, it might be easier to
recapitulate the naive state in vitro in hESCs derived from single blastomeres of
8-cell embryos than in blastocyst-derived hESCs. This thesis will try to find an

answer to this question.
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Hypothesis and objectives

Hypothesis

Human ESCs derived from single blastomeres of 8-cell embryos could present
naive pluripotency characteristics due to the early developmental stage of the
source embryo, but these naive pluripotency characteristics would be lost

during extensive culture.

Objectives

The main objective of this thesis is to determine the effect of the developmental

stage of the source embryo on the pluripotency state of hESCs.
To achieve this objective, three secondary objectives were proposed:

1. To derive hESCs from single blastomeres of 8-cell embryos and from

whole blastocysts at the highest efficiency possible.

2. To determine the state of pluripotency of blastomere-derived hESCs

and evaluate the effect of prolonged culture on their pluripotency state.
3. To analyse the transcriptome and the differentiation potential of

blastomere-derived hESCs and compare them with those of blastocyst-

derived hESCs.
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Introduction

Embryonic stem cells (ESCs) can exist in at least two different states of
pluripotency: naive and primed (Nichols and Smith, 2009). Mouse ESCs
(mESCs), which are derived from preimplantation embryos (Evans and
Kaufman, 1981; Martin, 1981), are said to present a naive pluripotency, whereas
epiblastic stem cells (mEpiSCs), derived from the post-implantation epiblast
(Brons et al., 2007; Tesar et al,, 2007), are thought to be in a primed state of
pluripotency. Among the features that distinguish naive from primed cells are
the presence of two active X chromosomes in female cells, an hypomethylated
genome, a bivalent glycolytic/oxidative metabolism, the expression of several
pre-implantation epiblast specific genes and the capacity to efficiently
contribute to the germline of chimeric mice after injection into a recipient
blastocyst (Nichols and Smith, 2009; Kumari, 2016; Weinberger et al., 2016). In
vitro, primed stem cells are dependent on basic fibroblast growth factor (bFGF)
and Activin A and, contrary to naive cells, they do not respond to LIF signalling.
Furthermore, naive cells form dome-shaped colonies, in contrast to the large,
flattened colonies of primed cells, have a faster doubling time and an increased
single-cell clonogenicity (Tesar et al, 2007; Kumari, 2016). Human ESCs
(hESCs), despite being derived from pre-implantation embryos, share more
similarities with mEpiSCs than with mESCs (Brons etal., 2007; Tesar etal., 2007;

Nichols and Smith, 2009). Therefore, they are classified as primed stem cells.

Naive stem cells have some practical advantages over primed stem cells, and
they are thought to be a more suitable starting point for potential clinical
applications. For instance, their higher single-cell clonogenicity and faster
doubling time can lead to a rapid obtention of a large number of cells for drug
screening (Kumari, 2016). In addition, naive stem cells are more suitable for
gene-targeting studies due to their higher efficiency of homologous
recombination (Zwaka and Thomson, 2003; Gafni et al., 2013). Finally, primed
ESCs usually show a differentiation bias towards one or more cell lineages

(Osafune et al., 2008), whereas naive ESCs display a broader differentiation
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potential, since they represent an earlier stage of development (Nichols and

Smith, 2009; Weinberger et al., 2016).

During the last decade, several groups have developed protocols to obtain hESCs
in a naive pluripotency state, similar but still not equal to that of mESCs (Hanna
et al., 2010; Chan et al, 2013; Gafni et al, 2013; Takashima et al., 2014;
Theunissen et al,, 2014; Valamehr et al,, 2014; Ware et al,, 2014; Chen et al,,
2015; Duggal et al., 2015; Guo et al,, 2016, 2017; Qin et al., 2016; Hu et al., 2020).
Most of these protocols are based on the 2i conditions, a combination of GSK3f3
and MEK inhibitors that maintains mESCs in the so-called ground state of
pluripotency (Ying et al,, 2008). Some of these groups have even achieved direct
derivation of a few lines of naive hESC lines from preimplantation embryos
(Gafni et al,, 2013; Theunissen et al., 2014; Ware et al.,, 2014; Guo et al., 2016),
although efficiency rates, when specified, were very low (e.g. 1 line out of 128

embryos in Ware et al,, 2014).

Nonetheless, the mechanism by which the naive pluripotent cells of the inner
cell mass (ICM) transition to the primed pluripotency of the hESCs established
in vitro is not fully understood. O’Leary and colleagues described a transient
epiblast-like structure which can be observed during hESC derivation from
blastocysts a few days after plating. They called this structure the post-inner cell
mass intermediate (PICMI) and stated that its formation was a necessary step
for the generation of a new hESC line (O’Leary et al, 2012). The PICMI was
shown to express markers of both early and late epiblast, and it was proposed
to be a turning point between the naive pluripotency observed in the pre-
implantation epiblast of the embryo and the primed pluripotency observed in

hESCs (van der Jeught et al.,, 2015; Warrier et al., 2018).

While it is well known that the pluripotency state of hESCs can vary depending
on the small molecules and growth factors added to the culture media, a
potential effect of the developmental stage of the preimplantation embryo from
which the hESCs are derived is unclear. hESCs were first derived from

blastocysts (Thomson et al., 1998), but derivation from isolated blastomeres
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from cleavage stage embryos has also been achieved by several groups
(Klimanskaya et al., 2006; Chung et al., 2008; Geens et al., 2009; Ilic et al., 2009;
Taei et al,, 2013; Yang et al,, 2013). In 2016, Geens and colleagues studied an XX
hESC line derived from an isolated 8-cell blastomere and found that, at early
culture passages, the cells showed a random X-chromosome inactivation (XCI),
while at later passages this XCI was skewed. This observation suggested that
either the original blastomere had both X-chromosomes active or that a re-
activation event happened very early in the derivation process (Geens et al.,
2016). Since the presence of two active X-chromosomes is a characteristic
feature of naive stem cells, this observation raises the possibility that hESCs
derived from cleavage stage blastomeres present a more naive pluripotency
state, at least in early passages, although the naive characteristics would be

gradually lost during prolonged culture.

To test this hypothesis, in the present work we derived new hESC lines from
single blastomeres from 8-cell stage human embryos at D3 as well as from whole
blastocysts using the same conditions, and we analysed their behaviour in
culture, gene expression, mitochondrial activity, and DNA methylation status in
order to assess the influence of the developmental stage of the donor embryo on

the pluripotency state of hESCs at early culture passages.

Materials and methods
Ethics statement

For this work, surplus embryos from couples undergoing assisted reproduction
treatments were donated under informed consent after obtaining the
mandatory authorization from the Departament de Salut de la Generalitat de
Catalunya (Project #02/2017). Embryos were collected from different

reproduction centres in Barcelona (Spain).
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Embryo thawing and culture

A total of 264 cryopreserved embryos from 52 couples were used for this study:
10 embryos were cryopreserved at the 2PN stage, 129 at D2, 61 at D3, and 64 at
D5 or D6.

Vitrified embryos were thawed using the Irvine Vit Kit-Thaw (Irvine Scientific,
USA) following manufacturer’s instructions. Ultra-rapid frozen embryos were
thawed using the Global® Blastocyst Fast Freeze® Thawing Kit (LifeGlobal,
Denmark) following manufacturer’s instructions. Slow frozen embryos were
thawed as follows: the straw was removed from liquid N; and held for 40 s at
room temperature (RT) and 40 s in a water bath at 302C. After that, the content
of the straw was emptied directly on a petri dish and incubated for 15 min at RT.
Then the embryos were transferred to a drop of KSOM-H media (made in-house)

and incubated for 15 min at 37°C.

Embryos were then cultured in drops of Global Total medium (LifeGlobal,
Denmark) covered by mineral oil at 379C, 5% CO; until they reached the
required developmental stage. GSK3[ inhibitor CHIR99021 (Axon Medchem,
Netherlands) and ROCK inhibitor Y-27632 (Stemcell Technologies, Canada)

were added to the culture media when indicated.

Feeder cells culture and inactivation

Human Foreskin Fibroblasts (HFF-1, ATCC®SCRC-1041™) were used as feeder
cells. HFF were cultured for expansion in DMEM (Gibco, USA) containing 10%
Foetal Bovine Serum (FBS; Gibco, USA). They were inactivated by incubating
with 10 pg/mL mitomycin C (Fisher Scientific, USA) for 3 h. Inactivated HFFs
(iHFFs) were then seeded on either 4 well plates for the derivation of hESCs
from whole blastocysts or in 50 pL drops on 60 mm petri dishes for the

derivation of hESCs from single blastomeres.
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Derivation and culture of hESC

In this study, hESC derivation was performed from whole blastocysts and from
single blastomeres isolated from 6 to 10-cell embryos (mostly 8-cell embryos)

using a protocol based on Taei et al., 2013.

Blastocysts at D5 or D6 of development were incubated for approximately 1 min
in Tyrode’s Acidic Solution (Sigma, USA) to remove their zona pellucida.
Denuded blastocysts were then seeded in 4-well plates onto a monolayer of

iHFFs.

For the isolation of single blastomeres, 6- to10-cell embryos were placed into
drops of PBS containing 1% of Bovine Serum Albumin (BSA; Sigma, USA) and
they were biopsied using a micromanipulator (Olympus, Japan/Eppendorf,
Germany). First, a small hole in the zona pellucida was drilled by pipetting
Tyrode’s Acidic Solution. Then, blastomeres were aspirated individually with a
40-50 nm pipette containing PBS + 1% BSA solution and placed in the same
drop. Blastomeres were individually seeded onto a monolayer of iHFF in 50 pL
media drops and monitored every day from day 3 onwards to check for cell

division.

Medium for hESC derivation consisted of KO-DMEM (Gibco, USA) containing
20% Knockout Serum Replacement (KSR; ThermoFisher, USA), 2 mM L-
glutamine (BioWest, USA), 1x MEM-non essential amino acids (Gibco, USA), 50
mM 2-mercaptoethanol (Gibco, USA), 1x ITS-X (Gibco, USA), 10000 U/mL
Penicillin - 10 mg/mL Streptomycin (Gibco, USA) and 4 ng/mL human
Fibroblast Growth Factor-basic (bFGF; Gibco, USA). When indicated, 1 mM
ROCK inhibitor Y-27632 (Y; Stemcell Technologies, Canada) and 3 mM GSK3f3
inhibitor CHIR99021 (CH; Axon, Netherlands) were added to the medium. In
experiments of hESC derivation from single blastomeres in naive conditions, 3
mM CH, 0.5 mM MEK inhibitor PD0325901 (Axon, Netherlands) and 10 ng/mL
bFGF were added to the hESC medium (2iF medium). All culture procedures

were performed in a humidified incubator at 372C and 5% CO; in air.
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The presence or absence of a PICMI was evaluated daily from day 3 onwards for

blastocyst outgrowths and from day 5 onwards for blastomere outgrowths.

Blastocyst outgrowths were passaged mechanically at day 6-7, while
blastomere outgrowths were passaged at day 10-12. In both cases, if a PICMI
was observed, it was mechanically separated from differentiated cells and
passaged individually. If a PICMI was not observed, the whole outgrowth was
passaged. Medium was changed every other day and hESC colonies were
passaged either mechanically or enzymatically as small clumps with Trypsin-

EDTA (BioWest, USA) every 6-7 days.

Conversion of a pre-existing primed hESC line

As a positive control for our experiments, we generated a naive hESC line from
an established blastocyst-derived hESC line (ES[10] line, 46XX obtained from
Barcelona Stem Cell Bank) using the protocol described by Ware and colleagues
(Ware et al., 2014). Briefly, hESCs were first cultured for 2 passages in hESC
medium supplemented with 0.1 mM sodium butyrate (Sigma, USA) and 50 nM
SAHA (Santa Cruz, USA), and then passaged as single cells and maintained in 2iF
medium. This naive-converted hESC line could be maintained in a naive state in

culture for more than 25 passages in 2iF medium.

Characterization of hESC by immunostaining

Putative newly generated hESC lines were characterized by
immunofluorescence of the pluripotency markers OCT4 and SOX2.
Differentiation markers AFP (endoderm), SMA (mesoderm) and TUJ1
(ectoderm) were also analysed after inducing spontaneous differentiation by
culturing colonies in DMEM supplemented with 10% FBS without feeder cells
for 7-10 days.

hESC colonies grown on coverslips were fixed with 4% paraformaldehyde (PFA)
for 20 min at RT and then washed 3 times with 1X PBS for 5 min. After that, cells

were permeabilized and blocked in a PBS solution containing 0.2% sodium
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azide (Sigma, USA), 0.5% Triton X-100 (Sigma, USA), and 3% goat serum
(BioWest, USA) for 30 min at 379C. Then, cells were incubated with the primary
antibody overnight in a wet chamber at 42C. The next day, cells were washed
three times with 1X PBS for 5 min each before adding the corresponding
secondary antibody and incubating for 2h at RT in the dark. All the antibodies
were diluted in a PBS-based solution containing 0.2% sodium azide, 0.1% Triton

X-100, and 3% goat serum.

After that, 10 pug/ml Hoechst 33258 (Molecular Probes - Invitrogen, USA)
diluted in Vectashield (Vector Laboratories, USA) was added as a nuclear
counterstain and coverslips were mounted on slides. The preparations were
kept at -202C until they were analysed on an epifluorescence microscope
(Olympus BX61, Japan). Images were obtained using the Cytovision software
(Applied Imaging, Inc., USA).

Primary antibodies used in this study were mouse monoclonal anti-OCT4 (Santa
Cruz, USA sc-5279, dilution 1:50), rabbit polyclonal anti-SOX2 (Merck, USA
AB5603, dilution 1:200), mouse monoclonal anti-AFP (R&D Systems, USA
MAB1368, dilution 1:200), mouse monoclonal anti-SMA (Sigma, USA A5228,
dilution 1:200), and mouse monoclonal anti-TUJ1 (Covance, USA MMS-435P,
dilution 1:500).

Secondary antibodies used were chicken anti-mouse IgG Alexa Fluor 488
(Molecular Probes, USA A-21200, dilution 1:500) and goat anti-rabbit IgG Alexa
Fluor 594 (Molecular Probes, USA A-11037, dilution 1:500).

Alkaline Phosphatase assay

The Alkaline Phosphatase (ALP) assay was performed using a two-component
buffered ALP substrate containing a BCIP (5-bromo-4-chloro-3-indolyl
phosphate) analogue and nitro blue tetrazolium (NBT) (Sigma, USA). hESC
colonies were fixed with 4% PFA for 1 min. Then, they were washed twice with
1X PBS and washed twice again with a 1:1 mixture of both components. Finally,

the fixed colonies were incubated in the same mixture for a maximum of 10 min.
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Images of the blue stained pluripotent colonies were obtained with an Olympus

[X71 inverted microscope.

Fluorescence In-Situ Hybridisation

Fluorescence In-Situ Hybridisation (FISH) was used to determine the sex of the
newly derived hESC. Briefly, 20 ng/uL Karyomax Colcemid (Gibco, USA) was
added to hESC cultures at 70-80% of confluence and cells were incubated for 7
h at 372C 5% CO,. Next, hypotonic solution (0,075M KCl) was added drop by
drop in agitation and incubated at 372C for 12 min. Finally, fixative solution (3
vol methanol: 1 vol acetic acid) prepared in-house was added also drop by drop

in agitation, and metaphase extensions were prepared onto slides.

The slides were washed twice in 2xSCC for 3 min and dehydrated with a battery
of 70%, 90% and 100% ethanol for 2 min each. Then, hybridisation was
performed with X, Y and 18 probes (Cytocell, United Kingdom) in a Hybrite slide
stainer (Vysis, USA) as follows: 5 min at 75°C followed by an overnight

incubation at 372C.

The next day, the coverslips were removed carefully, and the slides were
washed with 0.4xSSC/0.3%NP-40 at 732C for 1 min followed by 2xSSC/0.1%NP-
40 at RT for 1 min. Finally, DAPI II (Abbott Molecular, USA) was added as a

counterstain.

The presence of X and Y chromosomes in the metaphases was assessed with an

epifluorescence microscope (Olympus BX61, Japan).

Single-cell clonogenicity assay

For the clonogenicity assay, hESC colonies were trypsinised into individual cells,
and 5,000 cells were seeded in 3 wells of a 4-well plate onto feeder cells. Three
days after plating for 2iF cultures or 6-7 days for standard medium cultures, the
number of colonies per well was assessed and the single cell clonogenicity was

expressed as the number of colonies per well over the number of plated cells.
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Doubling time assay

Cells were seeded in two wells of a 4-well plate and collected during the
exponential growth phase at 4-5 days of culture (initial time point) and 42-60 h
later (final time point). The initial and final number of cells were determined
with a Neubauer chamber and doubling time was calculated using the following
formula:

time X log (2)

final number of cells
log (initial number of cells)

DT =

TFE3 intracellular localization analysis

Cells were fixed and immunostained using the aforementioned protocol. In this
case, a rabbit polyclonal anti-TFE3 primary antibody (Sigma, USA HPA023881,
dilution 1:200) and a goat anti-rabbit IgG Alexa Fluor 594 secondary antibody
(Molecular Probes, USA A-11037, dilution 1:500) were used.

The Image] software was used for the calculation of nuclear vs cytoplasmatic
ratios of TFE3 staining (TFE3 ratio). Nuclei and surrounding cytoplasmic
regions were selected on the fluorescence images and the mean grey value was
measured for the two compartments of each cell. The TFE3 ratio was measured

for 100 cells from several different colonies in each hESC line.

Mitochondrial activity analysis

As a measure for mitochondrial activity, the mitochondrial membrane potential
was quantified using the tetramethylrhodamine ethyl ester (TMRE)
mitochondrial membrane potential assay kit (Abcam, United Kingdom). Briefly,
100 nM TMRE were added directly to hESC cultures and incubated at 37 2C, 5%
CO; for 20 min. After washing twice with 1X PBS, images were obtained with a
Texas red filter on an inverted epifluorescence microscope (Olympus, Japan).
The mean fluorescence intensity was quantified as mean gray value on a

minimum of 10 colonies from each hESC line using the Image] software.
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RNA extraction and real-time quantitative PCR

For the gene expression analysis, 40-50 hESC colonies were mechanically
separated from the feeder cells, manually picked and trypsinised into individual

cells.

Total RNA from samples was isolated using the Maxwell® RSC simplyRNA
Tissue Kit (Promega, USA) following the manufacturer’s instructions. RNA
concentration and purity were assessed with a Nanodrop (ThermoFisher, USA).
Then, 1 pg of total RNA was retrotranscribed (RT) to cDNA using the iScript
cDNA Synthesis Kit (Bio-Rad, USA). The RT reaction was performed as follows:
5 min at 252C followed by 30 min at 422C, 5 min at 852C and cooled down to
49C,

The qPCR reactions were performed in triplicate with a SYBR green Supermix
(Bio-Rad) on a CFX96 Thermocycler (Bio-Rad, USA). Five ng of cDNA were used
in a total reaction volume of 20 uL per well. Primers were either selected from
the literature or designed in-house (Table I). All primers were tested and those
with efficiency values ranging from 90 to 115% were validated. Analysed genes
included naive pluripotency markers REX1, PRDM14, DNMT3L, KLF2, KLF%,
KLF17, TFCP2L1 and STELLA; and primed pluripotency markers DNMT3B, 0TX2,
ZIC1,ZIC2 and CD24. Housekeeping genes GAPDH, RPL13A and RPLP0O were used
for normalization of gene expression levels, after their selection among 10
candidate genes using the geNorm algorithm. A non-template control (NTC) was

added for each gene.

The reaction program consisted of a denaturation step of 3 min at 952C followed
by 40 cycles of 5 s at 952C (denaturing) and 30 s at 602C (annealing and
extension). The melt curve of the reaction products was obtained with a last step

consisting of an increment of 0.52C every 5 s from 652C to 95°C.
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Table I. Primers used in qPCR analysis.

Results

Gene Forward (5'>3’) Reverse (5'23’)

CD24 CTCCTACCCACGCAGATTTATTC AGAGTGAGACCACGAAGAGAC
DNMT3B  GGCAAGTTCTCCGAGGTCTCTG TGGTACATGGCTTTTCGATAGGA
DNMT3L GGCCCTTCTTCTGGATGTTCGT ATGGTGACTGGCTCCATCTCCA
GAPDH GAGTCAACGGATTTGGTCGT TTGATTTTGGAGGGATCTCG
KLF17 CTCCTGCTGCTGGTCCTTAG ACAGTTGCCACGTCCAGTG
KLF2 TACACCAAGAGTTCGCATCTG CCGTGTGCTTTCGGTAGTGG
KLF4 CGAACCCACACAGGTGAGAA GAGCGGGCGAATTTCCAT

0TX2 GAGGTGGCACTGAAAATCAAC TCTTCTTTTTGGCAGGTCTCA
PRDM14 TGAGCCTTCAGGTCACAGAG ATTTCCTATCGCCCTTGTCC
REX1 CCTGCAGGCGGAAATAGAAC GCACACATAGCCATCACATAAGG
RPL13A CCTGGAGGAGAAGAGGAAAGAGA TTGAGGACCTCTGTGTATTGTCAA
RPLPO GGCGACCTGGAAGTCCAACT CCATCAGCACCACAGCCTTC
STELLA GGCGGAGTTCGTACGCATGAAAGA GACACGCAGAAACTGCAGGGACA
TFCP2L1 GCTCTTCAACGCCATCAAA CAGGGGCACTCGATTCTG

ZIC1 AAACTGGTTAACCACATCCGC CTCAAACTCGCACTTGAAGG
ZICc2 CACCTCCGATAAGCCCTATCT GGCGTGGACGACTCATAGC

DNA extraction and 5mC/5hmC quantification

For DNA extraction, hESC colonies from 4-5 wells of 4-well plates were
mechanically separated from the feeder cells, manually picked and trypsinised
into individual cells. Genomic DNA was extracted using the Gentra Puregene Cell
Kit (Qiagen, Germany) following the manufacturer’s instructions. Then, its

concentration and purity were assessed with a Nanodrop (ThermoFisher).

For the quantification of 5-methylcytosine (5mC) and 5-hydroxymethylcytosine
(5hmC), the Fluorometric Methylated DNA Quantification Kit (Abcam, United
Kingdom) and the Fluorometric Hydroxymethylated DNA Quantification Kit
(Abcam, United Kingdom) were used, respectively, following the manufacturer’s

instructions. Relative Fluorescence Units (RFUs) were measured in a Spark®
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multimode microplate reader (Tecan, Switzerland) at 530nm excitation/590nm
emission. To determine the exact amount of 5mC or 5hmC in the hESC samples,
a calibration curve was obtained with control samples containing known

concentrations of 5mC or 5ShmC. Samples were measured in duplicate.

Experimental design

Three experimental groups were defined for the hESC derivation from both
blastomeres and blastocysts. In the first group, named CHY, embryos were
cultured in the presence of GSK3f inhibitor CHIR99021 (CH) and ROCK
inhibitor Y-27632 (Y) from the 4-cell stage until plating onto iHFFs. Then, the
same inhibitors were added to the hESC culture media. Y was removed 6 days
after plating and CH was removed 12 days after plating. bFGF was added either
from day 0 or 6 days after plating. To determine the effect of the embryo culture
with CH and Y on the hESC derivation efficiency, we designed a second group,
named NT, which was equivalent to the CHY but removing the inhibitors from
the embryo culture medium before the derivation process. Finally, as a negative
control, we performed hESC derivation without any of the two inhibitors during

the whole process (NT-NT group) (Fig. 1).

4-cell Plating over
embryo feeder cells
NT GROUP | CH+Y(+bFGF)  CH+ bFGF bFGF
NT-NT GROUP bFGF
Day 0 Day 6 Day 12

Figure 1. Representation of the culture conditions for each of the three groups of
hESC derivation from blastomeres and blastocysts. CH: CHIR99021, Y: Y-27632,
bFGF: basic fibroblast growth factor.
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For the analysis of naive pluripotency indicators, all blastomere-derived hESC
lines (bm-hESCs) and 6 blastocyst-derived hESC lines (bc-hESCs) were used,
along with the naive-converted hESC line. All the tests were performed at low
culture passages (3-5) for bm-hESCs and bc-hESCs to minimize the effect of
culture conditions on their pluripotency state, and at passage 12-15 for naive-
converted hESCs. Moreover, to assess the influence of the time the ESC lines
remained in culture on the expression of pluripotency marker genes, qPCR
analysis for naive and primed pluripotency markers were repeated at passage

15 in bc-hESCs and bm-hESCs and compared to naive converted hESCs.

Statistical Analysis

hESC derivation efficiencies were expressed as the number of hESC lines
obtained out of the number of blastocysts or blastomeres seeded. Efficiency

values for each group were compared by performing a Fisher exact test.

The TFE3 ratios for each group were compared by performing a Kruskal-Wallis

test followed by a Dunn’s post-hoc test.

The clonogenicity and doubling time assays’ values, the mean TMRE
fluorescence intensity per colony values and the mean percentages of genomic
5mC and 5hmC in each group were compared by performing a one-way ANOVA

test followed by a Tukey HSD post-hoc test.

In the qPCR experiments, relative expression levels were calculated using the
AACq method. Either a t test or a one-way ANOVA test followed by a Tukey HSD

post-hoc test was applied on the relative expression values of each gene.

The statistical tests were performed using the GraphPad Prism 7 software,
except for the qPCR results, in which the CFX Maestro software (Bio-Rad, USA)
was used. In all cases, differences with p values lower than 0.05 were considered

statistically significant.
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Generation of outgrowths and PICMIs from single blastomeres and

whole blastocysts

Once blastomeres were seeded, cell division (Fig. 2a) and outgrowth (Fig. 2b)
formation rates were assessed during the next days. No statistical differences
were observed among groups in the cell division rates, but outgrowth formation
rates were significantly higher in the CHY and NT groups (23.7% and 13.1%,
respectively) than in the NT-NT group (1.5%; Table II).

PICMIs were observed in some outgrowths during the derivation process from
single blastomeres. Usually, the PICMI could be first detected as a round-shaped
structure with small pluripotent-like cells at day 6-7 and kept growing until the
first passaging at day 10-12. Different morphologies of PICMIs could be
observed, either ball-like (Fig. 3a) or more flattened (Fig. 3b). The PICMI was
mechanically separated from the rest of the outgrowth and was plated in
another well over fresh iHFFs. After the first passaging, pluripotent cells began
to emerge from the PICMI (Fig. 3c), and eventually formed a hESC colony (Fig.
3d). We observed the formation of a total of 5 PICMIs from the plated single
blastomeres, most of them (4/5) in the CHY group. In our hands, 4 out of these
5 PICMIs (80%) gave rise to a hESC line, and no hESC lines could be derived from

single blastomeres without previous formation of a PICMI (Table II).

Referring to PICMI formation from plated blastocysts, a total of 15 PICMIs were
observed among the different groups. From these, a total of 11 hESC lines were
obtained (73.3% of PICMIs), mostly from the CHY and NT groups. Again, no bc-
ESC lines could be obtained without previous PICMI formation (Table III).

These results indicate that the PICMI formation is a necessary previous step for
the establishment of a new hESC line both from a single blastomere and from a

whole blastocyst.
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Figure 2. Initial steps of the hESC derivation process from a single blastomere a)
Single blastomere seeded onto ihFF, which divided into 3 cells after 48 h in culture.
b) Formation of the initial outgrowth at day 5. Scale bars: 200 pm.

Figure 3. PICMI formation during hESC derivation from single blastomeres. a) Ball-
like PICMI. b) Flat PICMI. c) hESC-like cells (arrow) growing from the PICMI after
mechanical passaging. d) Initial hESC colony at passage 2. Scale bars: 200 pm.
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Table II. Outgrowths and PICMI formation and hESC derivation efficiencies from
single blastomeres. Different letters indicate significant differences with p<0.05.

blals)tl::i:res Cell division = Outgrowths PICMIs Eﬁi(s:
bpgz}f?m 115 81(70.4%)  32(27.8%)  1(0.9%) 0
gf?:p bFSj;ro‘)m 83 52(62.7%)  15(181%) 3 (3.6%) 3 (3.6%)
TOTAL 198 133 (67.2%) 47 (23.7%)° 4 (2,0%) 3 (1.5%)
ngz;?m 120 85(70.8%)  19(158%) 1(0.8%) 1 (0.8%)
grl\:lp ngz;room 56 29 (51.8%) 4 (7.1%) 0 0
TOTAL 176 114 (64.8%) 23 (13.1%)> 1(0.6%) 1 (0.6%)
::0:; ng:;rO"m 134 78 (58.2%) 2 (L.5%)¢ 0 0

Table III. Outgrowths and PICMI formation and hESC derivation efficiencies from

whole blastocysts.

Plated blastocysts Outgrowths PICMIs hESC lines

CHY group 22 21 (95.5%) 5 (22.7%) 5 (22.7%)

NT group 26 26 (100%) 4 (15.4%) 4 (15.4%)
NT-NT group 25 23 (92%) 6 (24%) 2 (8%)

Effects of GSK3Bi, ROCKi and bFGF on hESC derivation efficiencies

from single blastomeres and whole blastocysts

A total of four hESC lines were generated from isolated blastomeres (n=508),

three from the CHY group (1.5%) and one in the NT group (0.6%). No hESC lines

could be derived in the control group (NT-NT) despite the numbers of plated

blastomeres in each group were equivalent.

The need for exogenous bFGF during the derivation process was assessed by

adding bFGF to the hESC culture media either from day 0 (simultaneously with

blastomere plating) or from day 6. In the NT group, no hESC lines could be

derived when bFGF was added from day 0, whereas 1 hESC line was obtained
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with bFGF added from day 6, at an efficiency of 0.8%. However, in the CHY
group, the highest hESC derivation efficiency among all groups was achieved at
3 hESC lines out of 83 blastomeres (3.6%) when adding bFGF from day 0 (Table
I). This indicates that FGF should be added to the media at the time of plating

to maximize the efficiency of hESC derivation from single blastomeres.

Considering the results obtained in the derivation from single blastomeres,
bFGF was added to the media from day 0 in all groups of hESC derivation from
whole blastocysts. In this case, no significant differences were observed in terms
of derivation efficiency between groups, although the CHY group was again the
one that yielded the highest efficiency. In total, 5 hESC lines were derived from
blastocysts in the CHY group (22.7%), 4 hESC lines could be established from
the NT group (15.4%) and 2 hESC lines were obtained in the NT-NT group (8%)
(Table III).

Characterization of hESC lines

All putative hESC lines expressed pluripotency markers OCT4 and SOX2 (Fig. 4a-
b). All lines were also positive for differentiation markers AFP (endoderm), a-
SMA (mesoderm) and TUJ1 (ectoderm) after being cultured in differentiation-
prone conditions, thereby confirming their pluripotent state (Fig. 4c-e).

Moreover, all lines were positive for alkaline phosphatase (Fig. 4f-g).

A FISH was performed to determine the sex of each hESC line. All 4 of the bm-
hESC lines were male, while 3 out of 8 bc-hESC lines analysed were male and 5

were female.
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OCT4 + HOECHST SOX2 + HOECHST

Figure 4. Characterization of putative hESC lines. a-b) Immunofluorescence for
pluripotency markers OCT4 and SOX2. c-e) Immunofluorescence for differentiation
markers AFP (endoderm), SMA (mesoderm) and TUJ1 (ectoderm). f-g) Image of a
hESC colony before (f) and after (g) the alkaline phosphatase assay. Scale bars: 200
pm.

hESC morphology and behaviour in culture

Bm-hESCs and bc-hESCs both formed large, flattened colonies from the second
passage onwards (Fig.5a-b). Most of the colonies remained undifferentiated
with well-defined edges, although when cells were passaged mechanically as
small clumps, a few colonies began to show differentiation at the centre after 5-
6 days. By contrast, naive-converted hESCs in 2iF media formed small dome-
shaped colonies and did not show signs of differentiation for more than 25

passages (Fig. 5¢).
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Figure 5. hESC colony morphology and behaviour in culture. a,b,c) Images of hESC
colonies from a blastomere-derived hESC line, a blastocyst-derived hESC line and a
naive-converted hESC line, respectively. Scale bar: 500 um d) Single-cell
clonogenicity expressed as number of colonies out of number of plated cells. e) Mean
cell population doubling time. Mean*SD, *p<0.05.

Bm-hESCs showed a significantly higher clonogenicity after trypsinization into
single cells than bc-hESCs (1.93%%0.63 vs 0.81%%0.59), although still
significantly lower than that of naive-converted hESCs (12.93%) (Fig. 5d).
Referring to proliferation capacity, no differences were observed in the
doubling times between bm-hESCs and bc-hESCs (30.6 h+2.93 vs 32.42 h+2.58),
whereas naive-converted hESCs proliferated significantly faster (16.19 h) (Fig.
5e).

Analysis of naive pluripotency indicators

Immunofluorescence of TFE3 showed a preferential cytoplasmic staining in all
the bm-hESCs and bc-hESCs lines analysed, while naive-converted cells
exhibited a nuclear enrichment of TFE3 (Fig 6a). This was confirmed by

fluorescence quantification. No significant differences were found in the nuclear
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vs cytoplasmic ratios of TFE3 between bm-hESCs and bc-hESCs (0.587+0.161 vs
0.588+£0.215, respectively), whereas this ratio was found to be significantly

higher in the naive-converted hESC line (1.799+0.422) (Fig. 6b).
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Figure 6. Analysis of naive pluripotency indicators. a) Immunofluorescence of TFE3
(red) counterstained with Hoechst33258 (blue) for a bm-hESC line, a bc-hESC line
and a naive-converted hESC line. Scale bars: 100 pm b) Fluorescence quantification
of the TFE3 immunofluorescence. Expressed as mean+SD. ¢) TMRE staining (red)
for a bm-hESC line, a bc-hESC line and a naive-converted hESC line. Scale bars: 200
pum. d) Fluorescence quantification of the TMRE staining. Each point represents a
single hESC colony. Expressed as mean+SD. e) Quantification of global 5mC. f)
Quantification of global 5hmC. * p<0.05.

Mitochondrial activity was analysed by staining with TMRE. Bm-hESCs and bc-
hESCs showed no statistical differences in the intensity of staining with TMRE
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(26.52+4.05 vs 25.67+3.97, respectively), whereas it was significantly more
intense in the naive-converted hESC line (35.03+5.2) (Fig. 6¢-d). This indicates
a higher mitochondrial membrane polarization in naive-converted hESCs when

compared to the other groups.

Finally, global genomic DNA methylation and hydroxymethylation was assessed
by an ELISA-based fluorescent quantification of 5mC and 5hmC. No significant
differences were found in the genomic 5mC levels between bm-hESCs and bc-
hESCs (2.93%%0.3 vs 2.83%+0.29, respectively), whereas the genome of naive-
converted hESCs showed significantly lower levels of methylated cytosines
(1.71%) (Fig. 6€). As for the percentage of 5hmC, again no differences were
found between bm-hESCs and bc-hESCs (0.038%+0.006 vs 0.043%=+0.008,
respectively). The value was also lower in naive hESCs (0.028%) but, in this

case, the difference was not statistically significant (Fig. 6f).

An analysis of the X chromosome inactivation status on bm-hESC lines was
initially planned, but unfortunately it could not be performed because all bm-

hESC lines obtained were male.

Expression of naive and primed pluripotency genes

To determine whether bm-hESCs have a more naive expression profile than bc-
hESCs at early culture passages and the influence of the culture on pluripotency
state, qPCRs were performed at passages 5 and 15 in both bm-hESC and bc-hESC
lines. Naive-converted hESCs at passage 15 were used as a positive control for
both passages. Eight naive pluripotency markers and 5 primed pluripotency
markers were analysed. Results showed that, at passage 5, the expression of the
naive marker DNMT3L was significantly higher in bm-hESCs than in bc-hESCs,
although lower than in the naive-converted positive control line. Expression of
naive markers PRDM14, REX1 and STELLA in bm-hESCs was also higher than in
bc-hESCs but equivalent to the naive-converted positive control (Fig. 7a). Most
of these differences disappeared at passage 15, when only expression of

DNMT3L remained significantly higher in bm-hESCs, which became then
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equivalent to the naive-converted positive control line (Fig. 7c). None of the
hESC lines expressed detectable levels of KLF17 (data not shown). As for primed
markers, no significant differences were observed between bm-hESCs, bc-hESCs
and naive-converted positive control groups neither at passage 5 nor at passage

15 (Fig.7b,d).

Additionally, when comparing the expression levels of naive and primed
pluripotency genes in bm-hESCs at passage 15 with respect to passage 5, we
observed that the expression of REX1 and STELLA significantly decreased at

passage 15 (data not shown).
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Figure 7. qPCR results for the expression of naive and primed pluripotency
associated genes in bc-hESC, bm-hESC and naive-converted hESC. Expressed as
mean+SD a,b) Expression of naive and primed pluripotency genes at passage 5. c,d)
Expression of naive and primed pluripotency genes at passage 15. Different letters
indicate significant differences with p<0.05.
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hESC derivation from single blastomeres in naive conditions

We attempted to derive hESC lines from single blastomeres directly in naive
conditions using 2iF media. To maximize efficiency, 4-cell embryos were
cultured in the presence of CH + Y until the 8-cell stage, like in the CHY group,
and after embryo biopsy single blastomeres were seeded onto feeder cells in 2iF
medium. Out of 161 blastomeres plated, 16 formed an outgrowth (10%) and 3
of them gave rise to a PICMI (1.9%). All 3 PICMIs could be mechanically
separated from the non-pluripotent cells of the outgrowth, but they rapidly
differentiated after the first passaging and no hESC lines could be obtained.

Discussion

Our results confirmed that the use of GSK3f inhibitor CHIR99021 and ROCK
inhibitor Y-27632 has a beneficial effect on the derivation of hESCs from single
blastomeres. This is consistent with the results obtained by Taei and colleagues
(Taei et al., 2013), although they reported a higher derivation efficiency (up to
13% of the blastomeres seeded). In their work, bFGF was not present in the
media for the first 6 days of the derivation process and mouse embryonic
fibroblasts (MEFs) were used as feeder cells. They tested different types of
feeder cells, including HFFs, and were not able to derive any hESC line when
using HFF as feeder cells. Here, our results demonstrate that hESC lines can be
derived from single blastomeres by direct plating over HFFs using GSK3[3 and
ROCK inhibitors.

Human feeder cells are preferred for hESC derivation over MEFs because they
avoid the presence of xeno-products in the culture media, which can be
potentially pathogenic or harmful (Hovatta et al., 2003; Cobo et al.,, 2008).
Additionally, HFFs are more stable and durable than MEFs (Richards etal., 2003;
Meng et al., 2008; Ma et al,, 2012), and survive longer after inactivation. Some
studies reported differences between HFFs and MEFs in their production and
secretion of growth factors to the culture media (Eiselleova et al., 2008; Yang et

al,, 2016). These differences may explain the lower efficiencies obtained in this
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study and the differences in the requirements for bFGF supplementation at the

beginning of the derivation process.

Several markers and indicators were used in the present study to characterize
the pluripotency state of bm-hESCs in relation to that of known primed (bc-hESC
lines) and naive (naive-converted bc-hESC line) controls. We first analysed the
localization of TFE3, a transcription factor which is known to exit the nucleus at
the onset of ESC differentiation (Betschinger et al.,, 2013). Our bm-hESC lines
displayed a cytoplasmic localization of TFE3, similar to that of bc-hESC lines,
whereas the naive-converted hESC line showed a nuclear enrichment of TFE3.
This is consistent with other reports in mouse (Betschinger et al., 2013) and
human pluripotent cells (Gafni et al, 2013). bm-hESCs also presented a
significantly lower mitochondrial activity than naive-converted hESCs, as
measured by staining with TMRE. It has been reported that primed stem cells
have a preferentially glycolytic metabolism, and thereby show a low
mitochondrial activity, whereas naive stem cells are bivalent, leaning on both
glycolysis and oxidative phosphorylation for energy production (Zhou et al,,
2012). Hence, our results are consistent with previous observations in mEpiSCs
and mESCs (Zhou et al., 2012), and naive hESCs as well (Zhou et al., 2012;
Takashima etal., 2014; Sperber et al., 2015). Moreover, bm-hESCs and bc-hESCs
showed higher 5mC and 5hmC levels than naive-converted hESCs. It is known
that naive mESCs show a hypomethylated genome with respect to their primed
counterparts (Hackett et al., 2013; Leitch et al,, 2013). 5hmC is the product of
the oxidation of 5mC catalysed by TET enzymes. In several studies performed in
mESCs, oxidation of 5mC into 5hmC was identified as one of the mechanisms
involved in the demethylation observed during the serum to 2i transition
(Hackett etal.,, 2013; Leitch et al,, 2013; von Meyenn et al., 2016). The reduction
of 5mC and 5hmC levels in our naive hESCs cultured in 2i + FGF medium is
consistent with previous findings in naive hESCs too (Takashima et al., 2014;
Pastor et al,, 2016). The results from the analysis of these three indicators all
point towards bm-hESCs presenting a state of pluripotency close to the primed

pluripotency state.
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Nonetheless, despite having similar population doubling times, bm-hESCs
displayed a higher single-cell clonogenic capacity than bc-hESCs, though lower
than that of naive-converted hESCs. It has been widely reported that primed
mEpiSCs and hESCs display lower population doubling times when compared to
naive hESCs and have low survivability when dissociated into single cells,
therefore they need to be passaged as small cell clumps (Schatten et al.,, 2005;
Brons etal., 2007). By contrast, naive hESCs, as well as mESCs, have an increased
single-cell clonogenicity with respect to their primed counterparts (Warrier et
al., 2017). The increased single-cell clonogenicity of bm-hESCs implies that a
high number of cells could be obtained more rapidly and easily than when using

bc-hESCs.

Moreover, the qPCR data showed that the expression of DNMT3L, PRDM14,
REX1 and STELLA was significantly higher in bm-hESCs than in bc-hESCs at
early passages. DNMT3L s a catalytically inactive DNA methyltransferase which
plays a dual role in ESC, either promoting DNA methylation in housekeeping
genes or repressing it in promoters of bivalent genes (Neri et al., 2013). Unlike
the other members of its family, DNMT3A and DNMT3B, DNMT3L is strongly
upregulated in most of the naive hESC populations and contributes to confer
them the capacity to differentiate into different cell types by keeping bivalent
epigenetic signals that may quickly activate or inhibit different sets of genes
(Jenkins and Carrell, 2012). PRDM14 is reported to promote naive pluripotency
in mESCs by repressing FGF signalling and de novo DNA methylation (Grabole
et al, 2013; Yamaji et al, 2013), while REX1 is also associated with the
maintenance of naive pluripotency in mESCs (Kalkan et al,, 2017a). Both are
downregulated in mEpiSCs (Ghimire et al., 2018). Although PRDM14 and REX1
are expressed in conventional hESCs and are thought to be involved in the core
pluripotency circuit (Son et al., 2013; Seki, 2018), most of the human naive cell
populations do upregulate both PRDM14 and REX1 (Warrier et al., 2017; Taei et
al,, 2020). This suggests that they could also have a role in the maintenance of
human naive pluripotency. STELLA, also known as DPPA3, is also a marker of

naive pluripotency in mESCs. It regulates DNA methylation by interacting with
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de novo methyltransferases DNMT3A and DNMT3B, although its exact
mechanism is unclear (Zhao et al., 2019). It is expressed at high levels in mESCs
and strongly downregulated in mEpiSCs (Tesar et al., 2007; Bao et al,, 2009). In
humans, STELLA is expressed in the epiblast, but it is downregulated during the
transition to primed hESCs (Yan et al., 2013). Interestingly, STELLA is expressed
at significantly higher levels in the PICMI than in hESCs (Warrier et al., 2018).
The higher levels of STELLA expression in our bm-hESCs at early passages
indicate a slower downregulation of STELLA in bm-hESCs when compared to

bc-hESCs during the derivation process.

Our results also showed that most of the differences in the expression of naive
markers between bm-hESCs and bc-hESCs present at early passages
disappeared at passage 15, with only DNMT3L remaining upregulated in bm-
hESCss, at levels equivalent to those of the naive-converted hESCs. Expression
of REX1 and STELLA decreased in bm-hESCs over the culture passages, which
suggests that prolonged culture could have an effect on the pluripotent state of
bm-hESCs, making them more similar to primed hESCs. Taken together, these
results indicate that bm-hESCs display a slightly more naive expression profile
than bc-hESCs at low culture passages but become more similar at later
passages. Further research would be needed to determine if the observed
differences in the expression of naive markers can have an impact on the

differentiation potential of bm-hESCs.

Note that our naive hESCs generated by the protocol described by Ware and
colleagues (Ware et al,, 2014) did not show a marked upregulation of several
naive-associated transcription factors like some other naive hESC populations,
as already reported (Theunissen et al.,, 2014; Warrier et al., 2017; Taei et al,,
2020). In fact, they have been recently classified as intermediate naive (Taei et

al, 2020).

Finally, results from the hESC derivation attempts in naive conditions showed
that 2iF medium supported the growth of pluripotent cells from single

blastomeres until the formation of the PICMI with a similar efficiency to that
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obtained under standard conditions when using GSK3fi and ROCKi. However,
these cells were unable to progress further as undifferentiated cells. This
suggests that the pluripotent cells of the PICMI may need different culture
conditions to self-renew and to form a hESC colony. It also reinforces the
hypothesis of the PICMI being the turning point between the naive pluripotency
of the preimplantation embryo and the primed pluripotency of the established
hESCs in vitro (van der Jeught et al., 2015; Warrier et al., 2018). To the best of
our knowledge, direct derivation of naive hESCs from single blastomeres had
not been previously attempted, and derivation from blastocysts in naive
conditions is reported to be very inefficient, at 1 out of 128 embryos (Ware et
al., 2014). Other groups that achieved naive hESC derivation from blastocysts
have not reported their efficiencies (Gafni et al., 2013; Theunissen et al., 2014).
Obtaining naive hESCs via conversion of already established conventional hESC
lines is still the most efficient approach. However, since several protocols which
use different routes to obtain naive hESCs have been described, it is unclear if
any of the available naive populations really represents the gold standard for

human naive pluripotency.

To sum up, in this work we derived new hESC lines from single blastomeres and
from whole blastocysts and analysed their behaviour in culture, metabolism,
genetics and epigenetics to evaluate their pluripotency state. Our study detected
moderate changes in the expression of naive pluripotency-associated genes and
in the single-cell clonogenicity of the bm-hESC lines at early passages. This
indicates that bm-hESCs and bc-hESCs are not identical in terms of their
pluripotent state. The pluripotent state of ESCs should be seen as a wide
continuous spectrum instead of the conventional two-state model of naive vs
primed pluripotency. In this context, bm-hESCs would fall into this spectrum in
a position closer to the naive state than bc-hESCs. Moreover, the fact that
differences in the expression levels of naive markers were only observed at
early passages suggests that they are probably caused by the distinct embryonic
origin of bm-hESC (8-cell stage, early preimplantation embryo development)

and bc-hESC lines (blastocysts, late preimplantation embryo development)
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rather than being induced by culture conditions. This situation might reflect an
intrinsic higher plasticity in differentiation capacity of cells from early stages of
embryo development when compared to later stages, in which some

differentiation decisions have already been taken.
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Results

Introduction

Embryonic stem cells (ESCs) were first derived from the inner cell mass (ICM)
of murine embryos at the blastocyst stage in 1981 (Evans and Kaufman, 1981;
Martin, 1981) and, 17 years later, the first human ESC (hESC) lines were
obtained (Thomson et al., 1998). Since then, the methods for establishing new
ESC lines have been optimised to maximise their efficiency and circumvent

some ethical issues.

Standard ESC derivation from blastocysts implies the destruction of the source
embryo. As an alternative, derivation of ESCs from single blastomeres from
embryos at precompaction stages has also been described in mice (Delhaise et
al,, 1996) and humans (Klimanskaya et al., 2006). Since the removal of one or
two blastomeres from an 8-cell embryo barely affects its viability, as
demonstrated in preimplantation genetic testing procedures, ESC derivation
from single blastomeres can avoid embryo destruction. On the other hand, by
using all the blastomeres of the embryo individually to start the derivation
process, there should be more chances to obtain at least one ESC line from a
specific embryo. This approach could reduce the number of embryos needed to

establish hESC lines (Gonzalez et al., 2011; Vila-Cejudo et al.,, 2019).

In the pre-implantation human embryo, blastomeres are thought to be
totipotent at least until the 4-cell stage, since the embryonic genome activation
process lasts until between the 4- and 8-cell stages in humans (Braude et al.,
1988). After that, a polarization event occurs that eventually causes the first
specification of the blastomeres into trophectoderm (TE) and inner cell mass
(ICM). Later, during the late blastocyst stage, a second cell fate specification
takes place, in which a subpopulation of cells from the ICM gives rise to the
pluripotent epiblast and another one forms the primitive endoderm (Niakan et
al,, 2012). Accordingly, differences exist between the transcriptomes of 8-cell
stage embryos and cells from the ICM (Yan et al,, 2013; Blakeley et al., 2015;
Boroviak et al., 2018; Stirparo et al,, 2018). Additionally, blastomeres from the
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8-cell embryo display a hypomethylated DNA whereas cells from the ICM have
already gone through a re-methylation process (Fulka et al., 2004).

Mouse ESCs derived from pre-implantation embryos, either at cleavage-stages
or blastocysts, have a transcriptional signature which resembles the pre-
implantation epiblast and are classified as naive ESCs. Contrarily, hESCs derived
from the ICM of blastocysts resemble the post-implantation epiblast and are
considered to display a primed state of pluripotency, showing a more restricted
differentiation potential (Nichols and Smith, 2009). Regarding hESCs derived
from single blastomeres, the analysis of their transcriptome has provided
contradictory results. Some authors reported that blastomere-derived hESCs
(bm-hESCs) and blastocyst-derived hESCs (bc-hESCs) share similar
transcription profiles (Giritharan et al., 2011; Galan et al,, 2013), whereas
another study did find significant differences in their transcriptomes
(Zdravkovic et al,, 2015). The latter work also reported that bm-hESCs had an
increased capacity to differentiate into trophectodermal lineages, which could
be indicative of a more naive pluripotent state. In this sense, recent results from
our research group indicate that bm-hESCs and bc-hESCs are not identical
regarding their pluripotency state. The former appear to be slightly closer to the
naive end of the pluripotency continuum than the latter at early passages,
although extensive culture erases these differences (Massafret et al., 2022). All
in all, it is still unclear whether the different developmental stage of the source
embryo can lead to different gene expression patterns in hESCs or, by contrast,
hESCs acquire similar characteristics during the derivation and culture

processes, regardless of their embryonic origin.

In this work we used bm-hESC and bc-hESC lines obtained and cultured in the
same conditions, as well as a naive-converted hESC line, to determine the effect
of the developmental stage of the source embryo on their transcriptional profile
and differentiation potential, and whether a correlation between these

parameters and differences in their pluripotency state can be established.
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Results

Materials and methods
Feeder cells culture and inactivation

Human Foreskin Fibroblasts (HFF-1, ATCC®SCRC-1041™) were used as feeder
cells. HFF cultures were expanded in DMEM (Gibco) containing 10% Fetal
Bovine Serum (FBS; Gibco). Inactivation was performed by incubating with 10
pg/mL mitomycin C (Fisher Scientific) for 3 h. Inactivated HFFs (iHFFs) were
then seeded on 4-well plates for the culture of hESCs.

hESCs culture

In this study we used four bm-hESC lines (bm-6.1, bm-23.3, bm-26.5 and bm-
31.5) and four bc-hESC lines (bc-4, bc-17, be-21 and be-26) previously derived
in our laboratory, as described in Massafret etal. (2022). The four bm-hESC lines
were obtained from single blastomeres biopsied from 8-cell stage embryos.
Additionally, a naive-converted bc-hESC line was also used as a naive
pluripotency control. This naive line was obtained by converting the ES[10] line
(46XX, obtained from the Barcelona Stem Cell Bank) into the naive pluripotency
state following the protocol described by Ware et al,, (2014), as detailed in
Massafret et al. (2022). The naive-converted hESC line was named hES10 2iF.

Both bm-hESC and bc-hESC lines were cultured on iHFFs in KO-DMEM (Gibco)
containing 20% Knockout Serum Replacement (KSR; ThermoFisher), 2 mM L-
glutamine (BioWest), 1x MEM-non essential amino acids (Gibco), 50 mM 2-
mercaptoethanol (Gibco), 1x ITS-X (Gibco), 10000 U/mL Penicillin - 10 mg/mL
Streptomycin (Gibco) and 4 ng/mL basic human Fibroblast Growth Factor
(bFGF) (Gibco). Naive-converted hESCs were cultured in the same medium but
containing 10 ng/mL bFGF and supplemented with 0.5 mM PD0325901 (Axon)
and 3 mM CHIR99021 (Axon) (2iF medium). All media were changed every
other day. Both bm-hESCs and bc-hESCs were mechanically passaged every 6-7
days, whereas naive-converted hESCs were enzymatically passaged with
Trypsin-EDTA (BioWest) every 3-5 days. All bm-hESCs and bc-hESCs were used

at passages 6-9, whereas naive-converted hESCs were used at passage 18.
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RNA extraction

For gene expression analysis, 40-50 hESC colonies were mechanically separated
from the feeder cells, manually picked and trypsinised into individual cells, and
EBs were harvested at day 6 of suspension culture. Very small or irregularly

shaped EBs were discarded.

Total RNA from the different samples (hESCs and EBs) was isolated using the
Maxwell® RSC simplyRNA Tissue Kit (Promega) following the manufacturer’s
instructions. RNA concentration and purity were assessed with a Nanodrop

(ThermoFisher).

Library preparation and RNA-sequencing

Two pg of total RNA obtained from each hESC line were sent to the Centre
Nacional d’Analisi Gendomica (CNAG) in Barcelona (Spain) for RNA-sequencing

(RNA-seq).

Total RNA was quantified by Qubit® RNA BR Assay kit (Thermo Fisher
Scientific) and the RNA integrity was estimated by using RNA 6000 Nano
Bioanalyzer 2100 Assay (Agilent).

The RNA-seq libraries were prepared with KAPA Stranded mRNA-Seq Illumina
Platforms Kit (Roche) following the manufacturer’s recommendations. Briefly,
500 ng of total RNA was used for the poly-A fraction enrichment with oligo-dT
magnetic beads, following the mRNA fragmentation by divalent metal cations at
high temperature. The strand specificity was achieved during the second strand
synthesis performed in the presence of dUTP instead of dTTP. The blunt-ended
double stranded cDNA was 3’adenylated and Illumina platform compatible
adaptors with unique dual indexes and unique molecular identifiers (Integrated
DNA Technologies) were ligated. The ligation product was enriched with 15 PCR
cycles and the final library was validated on an Agilent 2100 Bioanalyzer with

the DNA 7500 assay.
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The libraries were sequenced on NovaSeq 6000 (Illumina) in paired-end mode
with a read length of 2x51bp, following the manufacturer’s protocol for dual
indexing. Image analysis, base calling and quality scoring of the run were
processed using the manufacturer’s software Real Time Analysis (RTA 3.4.4)

and followed by generation of FASTQ sequence files.

RNA-seq processing and analysis

RNA-seq reads were mapped against human reference genome (GRCh38) using
STAR software version 2.7.8a (Dobin et al., 2013) with ENCODE parameters.
Annotated genes were quantified with RSEM v1.3.0 (Li and Dewey, 2011) using

default parameters and the human GENCODE annotation version 38.

Sample to sample distance heatmap was generated with regularized log
transformed (rlog) counts, taking all genes into account. Principal Component
Analysis (PCA) plot was also generated with rlog counts but only considering
the top 500 most variable genes. The heatmap with the top 50 DE genes was
performed with the pheatmap R package, using the scaled rlog transformed

counts.

Differential expression analysis was performed with DESeq2 v1.26.0 R package
(Love et al., 2014) using a Wald test to compare bm-hESC and bc-hESC groups,
making sex-specific contrasts. Genes were considered differentially expressed
(DE) with an adjusted p-value < 0.05 and absolute fold change |FC| > 1.5.
Significant genes were selected to perform a Gene Ontology (GO) enrichment
analysis using the PANTHER software. A PANTHER overrepresentation test was
performed on the GO Ontology database (DOI: 10.5281/zenodo.5725227)
released on November 16t, 2021. The statistical test applied was a Fisher’s

exact test with a False Discovery Rate correction.

Embryoid body formation

For the generation of embryoid bodies (EBs) from hESC lines, bm-hESC and bc-

hESC colonies were mechanically disaggregated in medium-sized cell clumps
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and cultured in Nunclon Sphera 12-well plates (ThermoFisher) in hESC medium
without bFGF. Naive-converted hESCs colonies were digested into individual
cells with Trypsin-EDTA (BioWest) and seeded in the same 12-well plates in
hESC media without bFGF, PD0325901 and CHIR99021. Media were changed

every other day and EBs were cultured in suspension for 6 days.

qPCR

One pg of total RNA obtained from both hESC lines and their corresponding EBs
was retrotranscribed to cDNA using the iScript cDNA Synthesis Kit (Bio-Rad).
The RT reaction was performed as follows: 5 min at 252C followed by 30 min at

42°C, 5 min at 852C and cooled down to 4.2C.

The qPCR reactions were performed in triplicate with a SYBR green Supermix
(Bio-Rad) on a CFX384 Thermocycler (Bio-Rad). Five ng of cDNA were used in a
total reaction volume of 10 pL per well. Validated PrimePCR SYBR green assays
(Bio-Rad) for OCT4 and SOXZ2 pluripotency markers, SOX1, PAX6 and NESTIN
ectodermal markers, T, HAND1 and EOMES mesodermal markers, and AFP,
FOXAZ2 and SOX17 endodermal markers were used. For the normalization of
gene expression levels, GAPDH and RPLP0O were used as housekeeping genes. A

non-template control (NTC) was added for each gene.

The reaction program consisted of a denaturation step of 3 min at 952C followed
by 40 cycles of 5 s at 952C (denaturing) and 30 s at 602C (annealing and
extension). The melt curve of the reaction products was obtained with a last step

consisting of an increment of 0.52C every 5 s from 652C to 959°C.

Relative expression levels were calculated using the AAC4 method with the CFX
Maestro software (Bio-Rad). Relative expression values in EBs samples were
normalized to the expression of the same hESC line before differentiation to
calculate the fold change for each gene. Fold change values for each gene were
compared between groups with a one-way ANOVA followed by a post-hoc Tukey
test. Additionally, gene expression values for each gene in EB samples were

compared with their respective undifferentiated hESC lines using a t-test
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analysis. Both statistical analyses were performed using the GraphPad Prism 7

software. Differences with p<0.05 were considered statistically significant.

Results
Transcriptome analysis

RNA-seq was performed on 4 bm-hESC lines, 4 bc-hESC lines and the naive-
converted hESC line. PCA showed that all the bm-hESC and bc-hESC lines
clustered together, except for the bc-hESC line bc-4, and separated from the
naive-converted hESC line (Figure 1A). The same sample distribution could also
be observed on the dendrogram obtained from hierarchical clustering, which
showed a first bifurcation between naive-converted hESCs and both bc-hESCs
and bm-hESCs. Then 3 subclusters formed, in which the distribution of the bc-
hESC and bm-hESC lines did not match their different embryonic origin (Figure
1B). Note that the bm-hESC lines bm-26.5 and bm-31.5 were obtained from
embryos from the same cohort and they were, accordingly, the most closely

related samples in the dendrogram (Figure 1B).

An effect of the sex of the hESCs lines was observed in the PC1lvsPC3
representation of the PCA (data not shown), which unfortunately could not be
corrected because the bm-hESCs group included only XY lines, whereas the bc-
hESCs group had two XY (bc-17 and bc-21) and two XX (bc-4 and bc-26) hESC

lines.
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Figure 1. Clustering of the bm-hESC lines (bm-6.1, bm-23.3, bm-26.5 and bm-31.5),
bc-hESC lines (bc-4, bc-17, be-21 and be-26) and the naive hESC line hES10 2iF
relative to their transcriptional profile. A) Representation of the Principal
Component Analysis (PCA). B) Heatmap and hierarchical clustering.

Differential expression analysis

The DE analysis on the bm-hESC and bc-hESC lines showed a total of 82 DE
genes with fold change 1.5 and p<0.05. Out of these, 59 genes were upregulated
in bc-hESCs, whereas 23 were upregulated in bm-hESCs (Figure 2A, first

column), from which only 15 constituted protein-coding genes that could be
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associated with a GO biological process term. The heatmap represents the top
50 DE genes between bm-hESCs and bc-hESCs (Figure 2B). The GO analysis
revealed that the DE genes were associated with several biological processes
related to the development of the nervous system, embryonic pattern
specification, cell signalling and morphogenesis of embryonic epithelium with
p<0.05 (Table 1). Notably, we found that 22 out of the 82 DE genes were related
to the GO term “nervous system development”, 21 of them being upregulated in
bc-hESCs with respect to bm-hESCs. This set of genes included the transcription
factors TFAP2A, SOX11, ZNF521, FEZF2 and DMBX1. All 10 DE genes related to
“pattern specification process” were also upregulated in bc-hESCs, including 7
genes involved in the anterior-posterior pattern specification, 6 in
morphogenesis of embryonic epithelium and 5 in somite development. Finally,
13 DE genes were associated with “cell-cell signalling”, of which 7 were involved
in the Wnt signalling pathway. Among them, the Wnt antagonist DACT1 was
overexpressed in bm-hESCs, whereas the member of the (3-catenin cytoplasmic
degradation complex APC2 and the inhibitory protein SFRP1 were

overexpressed in bc-hESCs.

Due to the observed effect of sex on the results, we also carried out the same DE
analysis excluding the two female lines from the bc-hESCs group. In this
scenario, the number of DE genes with fold change >1.5 and p<0.05 increased to
106, 66 of which were upregulated in bc-hESCs and 40 in bm-hESCs (Figure 24,
second column). The top-50 DE genes for this comparison were also
represented in a heatmap (Figure 2C). The GO analysis on the DE genes
indicated that, apart from the aforementioned GO terms, there was an
overrepresentation of several GO biological process terms related to
mitochondrial respiration and ATP generation, such as “cation transmembrane
transport”’, “cellular respiration”, “aerobic respiration”, “oxidative
phosphorylation” or “ATP synthesis coupled electron transport” with p<0.05
(Table 2). Indeed, the bm-hESC lines upregulated 8 mitochondrial genes (MT-
ATP6, MT-ATP8, MT-CO1, MT-CO2, MT-CO3, MT-ND3, MT-ND4 and MT-ND4L), all

of them coding for proteins involved in the oxidative phosphorylation process.
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Figure 2. A) Total number of genes genes upregulated in bm-hESCs and in bc-hESCs
in both comparisons. B) Top 50 DE genes between all bm-hESC lines (bm-6.1, bm-
23.3, bm-26.5 and bm-23.3) and bc-hESC lines (bc-4, bc-17, bc-21 and bc-26)
comparison. C) Top 50 DE genes in only XY bm-hESC and bc-hESC lines (all except
bc-4 and bc-26) comparison.
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Table 1. Top 15 GO biological processes associated with the DE genes in all lines
comparison.

GO Biological process Term Sample Ad]l;Slteed Upregulated Upregulated
gicalp size  size p(;'m;') inbc-hESCs  in bm-hESCs

Nervous system 2195 22 2.32E-03

development

Pattern specification 449 10 2 73E-03
process

Regionalization 337 9 2.95E-03

Multicellular organismal 6635 39 3.06E-03

process
Cell-cell adhesion 536 11 4.02E-03
Ante.rl.or/-posterlor pattern 217 7 111E-02
specification

Somite development 81 5 1.23E-02
Morphog.enes?s of. 149 6 1.25E-02
embryonic epithelium

Cell surface receptor

.51gna11ng .pathway 345 8 1.57E-02
involved in cell-cell

signaling

Cell-cell signaling 1044 13 1.59E-02

Regulation of biological 3704 2 1.77E-02

quality

Multicellular organism 4564 29 1.97E-02
development

Wnt signaling pathway 276 7 2.18E-02
Biological adhesion 963 12 2.29E-02
Cell adhesion 957 12 2.30E-02
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Table 2. Top 15 GO biological processes associated with the DE genes in only XY

lines comparison.

Upregulated Upregulated
in bm-hESCs

Adjusted

GO Biological process Term  Sample value
gicalp size  size p(FDR) in be-hESCs

Nervous system 2195 32 2.88E-05
development
Cellular respiration 181 10 1.42E-04
Aerobic respiration 152 9 2.90E-04
Oxidative phosphorylation 111 8 2.96E-04
Energy derivation by
oxidation of organic 246 10 8.89E-04
compounds
System development 4222 41 1.42E-03
Inorganic cation c82 14 145E-03
transmembrane transport
Neural tube development 158 8 1.70E-03
Neural tube formation 107 7 1.86E-03
Tube morphogenesis 664 14 2.49E-03
Aer.oblc electron transport 78 6 2 54E-03
chain
Embry?nlc epithelial tube 127 7 2 59E-03
formation
ATP synthesis coupled 83 6 2 68E-03
electron transport
Generatl_on of precursor 392 1 2 70E-03
metabolites and energy
Developmental process 5613 48 2.73E-03

Differentiation capacity of hESCs by EBs formation

To evaluate whether the differences observed at the transcriptome level

between bm-hESC and bc-hESC lines can affect their differentiation potential,

we measured the changes in the expression of several lineage markers after

spontaneous differentiation of the bm-hESCs, bc-hESCs and the naive-converted
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hESC line to EBs for 6 days (Fig. 3A). The qPCR results indicated that, when
treated as a whole, no statistically significant differences existed between bm-
hESCs, bc-hESCs and naive-converted hESCs in the expression levels of
pluripotent, ectodermal, mesodermal and endodermal markers of the EBs
relative to the undifferentiated hESCs (Fig. 3B). However, a large heterogenicity
was observed between the different hESC lines, even within the same
experimental group. This heterogeneity was already observed when comparing
the different hESC lines before differentiation (Fig. 4). Specifically, lines bm-
31.5, bc-4 and, to a lesser extent, bc-26 showed a significantly higher expression
of most of the lineage markers. Consistently, these hESC lines showed the lowest
OCT4 expression levels, but their expression of SOX2 was significantly higher

than in the other hESC lines (Fig. 4A,B).

W bm-hESC [ bc-hESC == naive hESC

3

-
=3
=3
S

Relative expression vs hESC
=
- 2
o o
| —
1
— ek
.I
1
i 1
1
[ ==
v
——1——— ]
)
1

-
L&
Yl
'

Figure 3. A) Embryoid bodies (EBs) after 6 days of suspension culture. B)
Expression of pluripotency and lineage markers in bm-hESC, bc-hESC and naive
hESC-derived EBs normalized to respective undifferentiated hESCs.

Statistically significant differences in the expression of pluripotency and lineage
markers were also detected among the EBs generated from the different hESC
lines relative to the corresponding hESCs. In the bm-hESCs group, lines bm-6.1
and bm-23.3 differentiated efficiently towards the three germ layers, with the
former upregulating all the lineage markers except FOXAZ and the latter
upregulating all of them (Fig. 5A). Line bm-26.5 showed efficient differentiation
towards mesoderm and endoderm but only one of the ectodermal markers

(PAX6) was upregulated after EB formation. Last, bm-31.5 EBs showed
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differentiation only towards mesoderm, though the upregulation of its markers
was mild when compared to other lines. Regarding the pluripotency markers,
line bm-6.1 downregulated both OCT4 and SOX2 after differentiation, lines bm-
26.5 and bm-31.5 showed downregulation only of SOX2 and no downregulation
of any of the two markers was detected in line bm-23.3. In the bc-hESCs group,
line bc-4 differentiated well into mesoderm, although the upregulation of the
mesodermal genes was moderate, and only slightly upregulated one out of the
three markers for ectoderm (PAX6) and two out of three for endoderm (AFP and
S0X17). Line bc-17 showed a marked differentiation propensity towards
mesoderm, with a fold change of more than 2000 in the three mesodermal
markers. However, it only upregulated one of the ectodermal (NES) and two
endodermal markers (FOXA2 and SOX17). Line bc-21 differentiated efficiently
towards all three germ layers, upregulating all the lineage markers. Finally, line
bc-26 strongly upregulated the ectodermal markers PAX6 and SOX1, all the
mesodermal markers and the endodermal markers AFP and SOX17.
Pluripotency marker OCT4 was downregulated in lines bc-4 and be-21, whereas
all lines except bc-21 downregulated SOX2 after differentiation (Fig. 5B). Lastly,
the naive-converted hESC line hES10, cultured in 2iF media, upregulated all the
lineage markers except FOXAZ2 after differentiation, but the increase in gene
expression was lower than that observed in some bm-hESC and bc-hESC lines.
Additionally, naive hESCs failed to downregulate both pluripotency markers
0CT4 and SOX2 after differentiation (Figs. 3B and 5C).

111



"UONENUSIYIP 210j3q (D) SUI[ ISHY PINIoAU0I-dATEU BY) pue () saul] DSHY-2q (V) saul[ )SH-wiq
ul s1ayJew (an[q) w.iepopusa pue (a8ue.lo) wlaposau ‘(usa.asd) urepolds ‘(pat) Louajodrinid jo uoissalrdxy § 3InS1g

]
2

wn

ER
uojssaidx3 pazjjewioN

w
<

uojssaidx3 pazjjewioN

& > P R
0% o & ad
SRS, Frs

412 oLs3y
S
S
Q.f_...hr .V,W to.movﬂr.ﬂ».nf o(

z
]
3
5
g
Q
m
>
.m
o
o
o
-]

12-0q

S P

§ O7
q+s+vv% o« ,.+%.n.nf.,«

uojssaidx3 paz||ewioN

§'9Z-wq

Y
uojssaidx3 paz|jewioN

n

o
&

(&

S > P
07 4O
SR 5 ?,,3 &

uoissaidx3 pazi|ewioN

) o
uolssaidx3 pazijeulloN

w
2

o
«

£eg-uq

uojsseldx3 peziewioN

em.. v« &\vﬁoonm»« &-o&% ...b% L4

o
2
uojssaidx3 pezjjewioN

1'9-wiq <

112



Results

‘(D) aur[ DSHY pallaauod-aaleu a3y pue (g) saul] DSAY-2q (V) saul] DSHY-wq Ul SHSHY paleniuatagjipun aandadsal 03 pazijeuiou
sgdq ul siayJtew (anjq) w.epopus pue (s8uero) waaposawl ‘(Usald) waapoldd ‘(pat) Aousjodrmnid jo uorssaadxdy -G 9anSig

P
Q.f%%o@aroo&( F oar.ﬁ.a.v‘(

S
g
)

m
@
o

412 01S3Y o
u~.

¥

o & P
0’ O O & >
S %ﬂ%y SHLESS .

g ¢ -

m 0S3Y sA uojssaidxe aane|ay

DSS;M uoissaidxa aAne|ey

g

0S3Y sA uojssaidxe aApe|oy

9z-2q 12-2q 219 g

»

& o P 5 &
OO £ F Py & @
F 5 Sosts i F9 K 2P EP

(3

o, & & O RS m
v%&&ﬂr,.onn»“/ 1+ P .ﬂuaf A( (1+‘nn+ &ﬁr /rb ‘vﬂr.f» Afo‘

%

s
s
s

~

2S3Y sA uoissaidxe aAgejoy
i
g8 2
283y sA uoissaidxe aAnejey
I
S
0S3Y sA uojssaidxa aAejay
E)

g
2
3
g
e

3
=
e

S'le-wq G'9z-wq e'gz-wiq —

)
g
< 283y sA uojssaidxa aAnejey

113



Discussion

Our clustering results indicated that bm-hESCs and bc-hESCs do not show major
differences in their transcriptional profiles, and that both differ from naive
hESCs. This suggests that, in spite of their earlier embryonic origin (8-cell stage
vs. blastocysts stage), bm-hESCs display a pluripotent state similar to that of bc-
hESCs, considered to be at a primed pluripotency state. This is consistent with
our previous study, in which we observed significant differences between bm-
hESCs and naive hESCs in most of the naive pluripotency indicators, including
cell doubling time and clonogenicity, mitochondrial activity, TFE3 localization

and DNA methylation and hydroxymethylation status (Massafret et al., 2022).

The gene expression signature of blastomere and blastocyst-derived hESCs has
been examined in only a few other studies. In 2011, Giritharan and colleagues
analysed three hESCs lines derived from single blastomeres of 8-cell embryos
and two lines derived from blastocysts and did not observe significant
differences between bm-hESC and bc-hESC lines in terms of their
transcriptional profiles (Giritharan et al.,, 2011). Galan and colleagues achieved
the same results with a similar sample (2 bm-hESC lines and 3 bc-hESC lines)
and added that the transcriptome of bm-hESCs and bc-hESCs was different from
that of the ICM and of blastomeres from the 8-cell stage embryo (Galan et al,,
2013). Contrarily, another study reported that the transcriptome of bm-hESCs
differed from that of bc-hESCs, with the former overexpressing several
trophectodermal or placental transcripts (Zdravkovic et al., 2015). However, in
none of these studies the bm-hESC and bc-hESC lines were established under
the same culture conditions. Indeed, culture conditions but also the passage at
which hESCs are analysed (not always specified in the publications) could have
a profound effect on the results obtained and could explain, at least in part, the

differing results among these studies.

Our results from the clustering data are consistent with the first two studies
(Giritharan et al., 2011; Galan et al., 2013). Nonetheless, we detected that bc-

hESCs overexpressed a set of genes mainly involved in nervous system
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development and in embryonic pattern specification with respect to bm-hESCs.
After the development of culture conditions that allow the 3D growth of human
embryos for 14 days (Xiang et al., 2020), Kinoshita and colleagues observed that
conventional hESCs clustered with late human postimplantation epiblast cells
(12-14 days old) and were distributed towards the primitive streak anlage in
the PCA (Kinoshita et al., 2021), consistent with previous comparisons using the
cynomolgus monkey embryo (Nakamura et al., 2016). Interestingly, both the
cynomolgus monkey and the human postimplantation epiblast cell populations
were found to overexpress genes related to neuron differentiation/nervous
system development (Nakamura et al., 2016; Xiang et al., 2020). Moreover, the
anterior-posterior axis formation begins at the onset of gastrulation, along with
the formation of the primitive streak (Yamaguchi, 2001). Accordingly, genes
related to pattern specification processes were found to be overexpressed in
gastrulating cynomolgus monkey embryos (Nakamura et al, 2016). The
overexpression of genes involved in nervous system development, anterior-
posterior pattern specification, morphogenesis of embryonic epithelium and
somite development by bc-hESCs in our study may indicate that they better
recapitulate the very late postimplantation epiblast of the human embryo than

bm-hESCs.

On the other hand, male bm-hESCs overexpressed some mitochondrial genes
involved in oxidative phosphorylation and cellular and aerobic respiration. It
has been reported that cells from the mouse pre-implantation epiblast use
oxidative phosphorylation for energy production. Then, a metabolic switch
occurs during implantation, with postimplantation epiblast cells relying almost
exclusively in glycolysis. This pattern is also observed in vitro, since mESCs and
naive hESCs use oxidative phosphorylation whereas primed epiblastic stem
cells (EpiSCs) and hESCs metabolism is almost exclusively glycolytic (Zhou etal,,
2012; Takashima et al., 2014). These results, as well as those described above
corresponding to the GO terms overexpressed in bc-hESCs, could indicate that
bm-hESCs may closer resemble an earlier stage of the human embryo than bc-

hESCs (in agreement with their embryonic source) and would be slightly closer
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to the naive end of the pluripotency continuum than bc-hESCs. This is also
consistent with previous findings by our group that showed that some naive
pluripotency markers were increased in bm-hESC lines in comparison with bc-
hESC ones (Massafret et al., 2022). However, in our previous work we did not
observe an increase in the mitochondrial activity of bm-hESCs over that of bc-
hESCs when using the tetramethylrhodamine ethyl ester (TMRE) assay kit
(Abcam) to assess the mitochondrial membrane potential. It is possible that this
assay is not sensitive enough to detect subtle changes in cell metabolism or that
the observed upregulation of genes involved in cellular respiration may not
cause an actual metabolic change in the cells. Alternatively, the hypothetical
metabolic changes could be hidden by changes in the number of mitochondria.

Further research is needed to discern among these different possibilities.

Wnt pathway inhibition has been associated with the maintenance of primed
pluripotency (Xu et al, 2016; Liu et al., 2017), and we found 7 DE genes
associated with this pathway. In particular, we found that bm-hESCs
overexpress DACT1, a Wnt antagonist (Zhang et al., 2006), whereas bc-hESCs
overexpress APC2, a member of the $-catenin cytoplasmic degradation complex
described in brain cells (Nakagawa et al., 1998), and SFRP1, which specifically
binds Wnt proteins or Frizzled receptors forming an inhibitory complex (Bafico
et al, 1999). These differences suggest that bm-hESCs and bc-hESCs might
follow different strategies for Wnt inhibition. Although more investigations are
needed, it is tempting to speculate that different strategies for Wnt pathway
inhibition could result in different inhibition degrees of Wnt signalling pathway
in bm-hESCs and bc-hESCs lines, which in turn could explain the small

differences observed in their pluripotency state.

Regarding the differentiation experiments, bm-hESCs and bc-hESCs displayed a
similar differentiation potential towards the three germ layers. Naive-hESCs
upregulated all the markers for ectoderm and mesoderm, and the endoderm
markers AFP and SOX17 after 6 days of differentiation. However, this
upregulation was less pronounced than in most bm-hESC and bc-hESC lines.

Moreover, they failed to downregulate both pluripotency markers. This is
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consistent with reports indicating that naive hESCs may need a capacitation or
re-priming step for efficient differentiation (Lee et al., 2017; Rostovskaya et al.,
2019). Additionally, it has been reported that the presence of 2i makes cells less
responsive to differentiation stimuli (Ghimire et al, 2018), and that a 2i
withdrawal step before differentiation induction increases the differentiation
propensity of mESC cultured in 2i+LIF (Kalkan et al., 2017). Our results seem to
corroborate that naive converted hESCs may require either this pre-treatment
or more time to efficiently differentiate into the three germ layers. The less
efficient differentiation observed in our naive hESC line may be caused by a high
Wnt activity, due to its prolonged culture under GSK3f inhibition (2i)

conditions.

Despite bc-hESCs upregulated genes related to nervous system development, an
increased differentiation propensity towards ectoderm was not observed since
neither PAX6, NES nor SOX1 were overexpressed in bc-hESC-derived EBs when
compared to bm-hESC-derived EBs. However, we cannot exclude the fact that
bc-hESCs could be more poised for terminal differentiation into neuronal
precursors, hindering or not their capacity to generate other mature cell types.
Additionally, we did observe several differences in the expression of several
lineage markers and in the differentiation potential among some hESC lines, but
they were not correlated with a distinct developmental stage of their source
embryo. In fact, heterogeneity of hESC lines regarding their differentiation
capacities has been previously reported (Osafune et al., 2008; Bock et al., 2011;
Sun et al, 2018). This suggests that the observed disparities in the
differentiation potential of some hESC lines is an intrinsic characteristic of
hESCs rather than an effect of their different embryonic origin. Nevertheless, the
origin of this diversity is probably not related to the genetic background of the
source embryos since lines derived from embryos of the same cohort (bm-26.5
and bm-31.5), although sharing closely related transcriptome profiles, do not
coincide in their differentiation capacity, at least towards endoderm. Moreover,

we cannot completely rule out the possibility that this intrinsic heterogeneity
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may conceal a milder predisposition in the differentiation potential depending

on the different stage of the source embryos.

In summary, our results indicate that the transcriptome profiles of bc-hESCs and
bm-hESCs are different from that of naive converted hESCs, since the latter
cluster apart from the other two. Additionally, they demonstrate that the
transcriptomes of bc-hESCs and bm-hESCs are not identical, since bc-hESCs
mainly upregulate genes related to the nervous system development,
embryonic pattern specification processes, the morphogenesis of the embryonic
epithelium and Wnt pathway modulation, whereas bm-hESCs mainly
upregulate mitochondrial genes involved in oxidative phosphorylation and
aerobic respiration. Together with previous observations (Massafret et al.,
2022), these results suggest that bm-ESCs could be at a primed pluripotency
state, although slightly closer to the naive end of the pluripotency continuum
than bc-hESC lines. Nevertheless, differences in their transcriptional profile do
not result in significant differences in their spontaneous differentiation

potential towards the three germ layers.
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Discussion

The state of pluripotency of ESCs in vitro is influenced by several factors,
including the developmental stage of the source embryo and the composition of
the derivation and culture media. The effect of the first factor can be easily
observed in mice, since mESCs derived from pre-implantation embryos display
a naive state of pluripotency, whereas mEpiSCs derived from the post-
implantation epiblast are known to be in a primed state of pluripotency (Nichols
and Smith, 2009). Contrarily, conventional hESCs derived from the pre-
implantation human blastocyst have a transcriptional signature resembling the
late post-implantation epiblast (Nakamura et al., 2016; Kinoshita et al., 2021)
and are, accordingly, classified as primed pluripotent cells. However, it is
important to notice that, although pluripotency has been traditionally
considered a dual concept (naive or primed), these two states probably only
represent the extremes of a continuum through which cell lines can be allocated

according to their characteristics.

As explained in section 5.3.1, naive ESCs are a better model than primed ESCs
for the study of events occurring during preimplantation embryonic
development and have several advantages over primed ESCs, including a higher
survivability after single cell passaging, a faster growth rate and a broader
differentiation potential, which would make them more suitable for clinical
therapeutic uses (Kumari, 2016; Weinberger et al., 2016). Although mESCs are
considered the naive gold standard, their suitability as a model to study early
human embryo development and the potentiality of hESCs is limited, due to the
aforementioned species-specific notable differences. Therefore, a reliable
source of naive hESCs is needed. In this sense, understanding the pluripotency
state of hESCs obtained from different embryonic sources and how they can
recapitulate human embryo development and capture its different stages in an

in vitro environment is of great interest.

Human ESCs derived from single blastomeres of cleavage-stage embryos are
particularly appealing. They can be generated without embryo destruction
(Gonzalez et al.,, 2011; Vila-Cejudo et al., 2019), alleviating the ethical issues

involved in hESC derivation, and the earlier developmental stage of the source
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embryo (when compared with hESCs derived from blastocysts) could result in
hESCs presenting an earlier or more immature pluripotency state. This
highlights the need to determine whether bm-hESCs are equivalent to bc-hESCs
regarding their pluripotency state or, otherwise, have some particularities that

must be considered for potential clinical uses.

In this thesis, we aimed to investigate whether the distinct developmental stage
of the source embryo for bm-hESC and bc-hESC derivation (8-cell or blastocyst
stage), can lead to the generation of hESC lines with different characteristics or
states of pluripotency. For that, we established new hESC lines from both origins
under similar conditions and studied several properties of bm-hESCs and bc-
hESCs, focusing on a wide variety of naive pluripotency indicators while also
analysing their transcriptional profile and their differentiation potential

towards the three germ layers.

1. The hESC derivation process from single blastomeres

In the first work, our initial objective was to efficiently derive new hESC lines
both from single blastomeres and from whole blastocysts using the same
conditions. To optimize the derivation process, we used a protocol based on that
established by Taei and colleagues, who described the efficient derivation of
hESCs from single blastomeres of 8-cell embryos by directly plating them onto
feeder cells after culturing the source embryos from the 4-cell stage onwards in
the presence of GSK3fi and ROCKi (Taei et al., 2013). Our results confirmed the
positive effect of these two inhibitors on bm-hESC derivation, since 4 lines were
established in the presence of GSK3Bi and ROCKi, whereas none could be
obtained in standard medium without these inhibitors. Moreover, the addition
of GSK3fi and ROCKi also allowed us to obtain high hESC derivation efficiencies
from whole blastocysts. Additionally, in contrast to the results reported by Taei
and colleagues, we were able to derive bm-hESCs using inactivated HFFs as

feeder cells. The use of HFFs instead of MEFs implies a reduction in the exposure
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of the hESCs to xeno-products, a step forward towards the derivation of

completely xeno-free hESC lines.

During the first days of the derivation process, we monitored the evolution of
the plated blastomeres and blastocysts and observed the formation of a PICMI
from both single blastomeres and whole blastocysts. So far, the formation of
such structure had only been described during hESC derivation from whole
blastocysts (O’Leary et al, 2012). In fact, another study describing hESC
derivation from single blastomeres reported that colonies emerged rapidly
upon plating without the formation of a PICMI (Zdravkovic et al., 2015). In sharp
contrast, we describe for the first time that isolated blastomeres go through
similar morphological changes during the derivation process than whole
blastocysts when the same culture conditions are used, although with a delay of
approximately 3 days. This delay may correspond to their different
developmental stage at the time of plating (D3 vs D6). This fact may indicate that
embryonic cells must reach a given developmental stage to be able to become
an established hESC line. Additionally, we did not obtain any hESC line from
neither single blastomeres nor whole blastocysts without the previous
formation of a PICMI, consistent with the idea that PICMI formation is an

essential step for the establishment of a hESC line (O’Leary et al., 2012).

2. The pluripotency state of bm-hESCs

Our second objective was to analyse several naive pluripotency indicators to
determine the pluripotency state of bm-hESCs. We used newly derived bc-hESCs
as a primed control and we generated a naive hESC line by the conversion of an
already established hESC line using the protocol described by Ware and
colleagues (Ware et al,, 2014). This line was used as a naive control in our

experiments.

Our results showed that bm-hESCs and bc-hESCs are not identical regarding

their pluripotent state, as we observed a significantly higher single-cell
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clonogenicity, although lower than that of naive hESCs, and a higher expression
of several naive pluripotency-associated markers at early culture passages in
bm-hESCs when compared with bc-hESCs. Nevertheless, like bc-hESCs, bm-
hESCs showed a high population doubling time, a preferentially cytoplasmic
localization of the TFE3 marker, a low mitochondrial membrane potential and
high DNA methylation and hydroxymethylation levels, all indicators of a primed
state of pluripotency (Zhou et al., 2012; Betschinger et al., 2013; Takashima et
al,, 2014; Kumari, 2016; Weinberger et al., 2016). These findings suggested that
bm-hESCs could be at a primed pluripotency state, although slightly closer to
the naive end of the pluripotency continuum than bc-hESCs. Interestingly, we
observed a downregulation of some naive markers upon prolonged culture,
indicating that long-term exposure to standard culture conditions can affect the

pluripotency state of bm-hESCs by making them more similar to bc-hESCs.

To test whether naive pluripotency characteristics could be captured in vitro
from single blastomeres, we attempted the direct derivation of naive hESCs
from single blastomeres, which, to our knowledge, had never been performed
before. Derivation of hESCs lines under naive conditions has only been reported
from blastocysts, yielding extremely low efficiencies (Gafni et al, 2013;
Theunissen et al., 2014; Ware et al., 2014; Guo et al,, 2016). We hypothesized
that, due to their earlier developmental stage and to the fact that blastomeres
from 8-cell embryos have not fully undergone any lineage specification event
(Zhu et al,, 2021), it could be easier to capture a naive phenotype in vitro from
single blastomeres than from whole blastocysts cells. For this, we used the 2iF
conditions (Ware et al., 2014) that were reported to allow the derivation of a
naive hESC line from a whole blastocyst (albeit at a very low efficiency, as
already mentioned) and had worked well in our hands for the conversion of an

already established hESC line.

We observed the formation of PICMIs under naive conditions, but cells
differentiated after the first passaging. The fact that 2iF naive conditions
supported the formation of PICMIs but did not support subsequent
undifferentiated hESC growth is consistent with the hypothesis that the PICMI
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represents a transitory state between naive and primed pluripotent states
(Warrier et al., 2018). This also indicates that pre- and post-PICMI cells may
have different in vitro culture requirements and that PICMI formation should
probably be avoided to achieve efficient direct naive hESC derivation from

single blastomeres.

3. Transcriptional differences between bm-hESCs, bc-

hESCs and naive converted hESC lines

To complete the results from our first study, in our second work we performed
RNA-sequencing to compare the transcriptional profiles of bm-hESCs, bc-hESCs
and naive-converted hESCs. The clustering analysis of the different hESC lines
showed that bm-hESCs and bc-hESCs were similar at the transcriptional level,
whereas naive hESCs were significantly different. Our results were consistent
with two different studies that reported that the transcriptomes of bm-hESCs
and bc-hESCs showed no major differences (Giritharan et al., 2011; Galan et al,,
2013), whereas another study described that bm-hESC lines differed from bc-
hESC lines at the transcriptional level upregulating genes involved in
trophoblast/ectoplacental cone pathways (Zdravkovic et al., 2015). In this last
study, bm-hESC lines showed increased potential to form TE spontaneously and
were able to generate a trophectodermal SC line. Thus, they correlated the
earlier embryonic origin of the bm-hESC lines with an increased plasticity and a
relatively more naive pluripotent state. Nevertheless, in none of the studies
mentioned above the bm-hESC and bc-hESC lines were derived in the same
conditions, a fact that can introduce bias in the results and may explain the

discrepancies between the authors.

Although we found that the transcriptional profiles of bm-hESCs and bc-hESCs
were similar, the GO enrichment analysis of the DE genes revealed an
upregulation of genes associated with several biological processes. Indeed,

genes related to nervous system development, embryonic pattern specification
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(including the anterior/posterior pattern specification and somitogenesis) and
morphogenesis of embryonic epithelium were overexpressed in bc-hESCs when
compared with bm-hESCs. Moreover, when considering only the male hESC
lines to avoid the sex bias introduced by the fact that only male lines were
obtained from isolated blastomeres, we observed an upregulation of genes
involved in cation transmembrane transport, cell respiration and oxidative

phosphorylation in bm-hESCs.

A transcriptional study performed in human embryos cultured in vitro until D14
revealed upregulation of genes associated with nervous system development in
the post-implantational epiblast population (Xiang et al., 2020). Moreover, the
anterior-posterior axis specification occurs with the formation of the primitive
streak at the onset of gastrulation (Yamaguchi, 2001), and gastrulating cells
from cynomolgus monkey embryos were shown to overexpress genes related to
pattern specification (Nakamura et al.,, 2016). On the other hand, the preference
for oxidative phosphorylation over glycolysis is observed in the mouse
preimplantation epiblast, but after implantation the cells’ metabolism switches
to exclusively glycolytic. This can also be observed in naive mESCs and primed
mEpiSCs and hESCs (Zhou et al, 2012; Takashima et al., 2014). Hence, our
results from the transcriptome analysis suggested that bc-hESCs could better
recapitulate the late post-implantation epiblast of the human embryo, whereas
bm-hESCs would correspond to an earlier developmental stage of the embryo.
In summary, all these results reinforce the idea that bm-hESCs may be closer to
the naive end of the pluripotency continuum than bc-hESCs, in clear accordance

with our findings from the first study.

The GO analysis on the DE genes also revealed a significant overrepresentation
of genes associated with the Wnt signalling pathway, which inhibition is
associated with primed pluripotency (Xu et al., 2016; Liu et al., 2017a). The
results observed suggest that bm-hESCs and bc-hESCs could use different
strategies to keep Wnt signalling at low levels. Moreover, these differences in
Wnt signalling inhibition may account for the observed differences in their

pluripotency state.
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Taken together, the results from our transcriptional study indicate that,
although bm-hESCs and bc-hESCs lines clustered together in the PCA, subtle
differences in their transcriptomic profiles exist. Moreover, the biological
processes that are differentially expressed are in line with the results obtained
in our first study regarding the differences in the pluripotency state of bm-hESCs
and bc-hESCs.

4. The differentiation potential of bm-hESCs

Finally, we analysed the differentiation potential of bm-hESCs, bc-hESCs and
naive converted hESCs towards the three germ layers by generating EBs. We did
not find any significant differences among bm-hESCs, bc-hESCs and naive hESCs
when treated as groups. However, we did observe several differences between
different hESC lines, even within the same group. These differences were
observed in the expression of pluripotency and lineage markers by both
undifferentiated hESCs and by EBs relative to hESC samples. Heterogeneity
between hESC lines regarding their differentiation potential has been widely
reported (Osafune et al, 2008; Bock et al, 2011; Sun et al, 2018). The
differences among hESC lines observed in our study did not match different
embryonic origins, therefore we attributed them to be an intrinsic characteristic
of hESCs. Additionally, results from the differentiation study did not reflect the
observed differences in the transcriptome between bm-hESCs and bc-hESCs
since the overexpression of genes related to nervous system development by
bc-hESCs did not result in an increased differentiation propensity towards the
ectodermal lineage. Nevertheless, we cannot rule out the fact that bm-hESCs and
bc-hESCs could show distinct differentiation capacities towards mature
terminally-differentiated cell types. Therefore, we do not know whether bc-
hESCs would be more prone to differentiate into neuronal precursors, in

concordance with the results from the transcriptome analysis.
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5. Concluding remarks

In summary, the results obtained in this thesis indicate that subtle differences
exist between bm-hESC and bc-hESC lines regarding their pluripotency state,
which can probably be attributed to the different developmental stages of the

source embryos.

Despite pluripotency was first believed to have only two different states: naive
and primed (Nichols and Smith, 2009), more recently a non-dichotomous model
of pluripotency has been proposed. This model considers the existence of a
formative pluripotent state that would represent a transitory state from the
naive to the primed pluripotency (Smith, 2017). This first hypothesis has been
lately supported by other studies that described various intermediate
pluripotent states in mouse and human (Neagu et al., 2020; Kinoshita et al.,
2021; Yu et al,, 2021b). Probably, the different protocols that claim to have
established naive hESCs displaying different characteristics actually generated
a variety of naive hESC populations positioned at different points on the
developmental continuum between the naive and primed end states.
Considering this continuum, our results suggest that bm-hESCs would be close
to the primed end state but, nevertheless, a step closer towards the naive state

than bc-hESCs themselves.

Aside from the particular pluripotency characteristics of the bm-hESCs lines
generated from them, 8-cell embryo blastomeres are an interesting choice as a
source for hESCs derivation for other reasons. The ultimate goal for hESCs
derivation from single blastomeres would be to derive a hESCs line from a
biopsied blastomere from a D3 embryo during an assisted reproduction cycle,
while the biopsied embryo is cultured to the blastocyst stage and transferred to
achieve pregnancy. With this approach, the new-born individual would have a
reserve of autologous hESCs which could be eventually used for a regenerative
therapy without any risk of immune rejection (Mehta, 2014; Dittrich et al,,
2015). Nevertheless, there is still a long way to go, since the hESC derivation
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protocols from single blastomeres need to be optimized to increase their

efficiency to values high enough to make this approach viable.

On the other hand, reaching a substantial increase in the derivation efficiency of
hESCs from single blastomeres could imply a reduction in the number of
embryos needed for the establishment of new hESC lines when compared with
derivation from the whole blastocysts since, theoretically, each of the
blastomeres of an 8-cell embryo could give rise to a hESC line (Vila-Cejudo et al,,

2019).

Lastly, the higher single-cell clonogenicity observed in bm-hESCs with respect
to bc-hESCs could lead to a faster obtention of large amounts of cells for their
uses in drug screening, disease modelling or regenerative therapies (Kumari,

2016).

6. Strengths and weaknesses of the study

The pluripotency state of hESCs is highly influenced by culture conditions, as
evidenced by the existence of a wide variety of different hESC populations that
are generated by targeting different signalling pathways with small molecules
and medium supplements (see section 5.3.2). Accordingly, our naive-converted
hESCs cultured in 2iF medium, despite being derived from a blastocyst-stage
embryo, displayed significant differences from our bc-hESCs at the
transcriptional level, as well as in their morphology, proliferation capacity,
clonogenicity, mitochondrial activity and DNA methylation status, thus
indicating a true conversion into the naive state. On the other hand, in this study,
bm-hESCs and bc-hESCs were derived and cultured virtually on the same
conditions from the 4-cell stage embryo onwards. Furthermore, our analyses
were performed at early culture passages to minimize the effect of culture
conditions on the characteristics of bm-hESCs and bc-hESCs lines. This allowed

us to ensure that the observed differences between bm-hESCs and bc-hESCs

133



were caused by their different embryonic origin rather than by any other

variable.

Moreover, our work did not focus on a specific indicator, but rather analysed a
wide variety of characteristics of hESCs, covering the behaviour of the cells in
culture (morphology, growth and survival rates), gene expression (including
whole transcriptome sequencing), epigenetics, cell differentiation and
metabolic features. This provided us with a fairly broad perspective of the

pluripotency state profile of bm-hESCs.

Unfortunately, we were not able to derive any XX hESC line from single
blastomeres, which prevented us to assess the XCI status of bm-hESCs. This
analysis would definitely have provided relevant information to further
increase the robustness of our study. Additionally, as mentioned before, the fact
that no XX hESC lines were present in the bm-hESCs group limited our
transcriptional study. To avoid sex bias, a DE analysis had to be performed only
with XY hESC lines, which implied a decrease of the sample size in the bc-hESCs

control group from 4 to 2.

Finally, another weakness of the study is the low efficiency in the derivation of
hESC lines from single blastomeres, as well as the limitation of having only one
naive-converted hESC line. A higher number of bm-hESC and naive hESC lines
would certainly have enhanced the robustness of the study. Nonetheless, our
sample size is still higher than that of two out of the three transcriptional studies
comparing bc-hESCs and bm-hESCs and, all in all, we believe that our sample

size is sufficient to draw reliable conclusions.

7. Future perspectives

The results obtained in this thesis have opened the door to further research to
better understand the pluripotency state of bm-hESCs and the utility of single

blastomeres as a source of hESC lines. First, we observed an overexpression of
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mitochondrial genes in bm-hESCs with respect to bc-hESCs. Although we did not
observe differences in the mitochondrial membrane potential with TMRE
staining, further research using more sensitive approaches is needed to find out
whether transcriptional differences between bm-hESCs and bc-hESCs are
translated into metabolic changes. Understanding the metabolic needs of bm-
hESCs could be useful to optimise their culture conditions and possibly increase

the derivation efficiencies, which are still low.

Second, applying terminal differentiation protocols to bm-hESCs and bc-hESCs
would be interesting to determine whether bc-hESCs have an increased
propensity to differentiate into neural cells, as suggested by the results of the
transcriptional analysis. It would also be interesting to determine whether this
hypothesized neural propensity of bc-hESCs when compared to bm-hESCs
would imply a lower potential to become other mature cell types derived from
endodermal or mesodermal lineages. This information would be very valuable

with regards to the use of bm-hESCs or bc-hESCs for clinical applications.

Finally, to have a more accurate view of which the in vivo counterpart of bm-
hESCs is, a comparison of the transcriptome of bm-hESCs with that of human
embryos at different developmental stages should be performed. With this
experiment, we could unequivocally determine whether bm-hESCs and bc-

hESCs truly represent different stages of the human embryonic development.
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The use of inhibitors of GSK3f3 and ROCK during embryo culture from the
4-cell stage onward is beneficial for the derivation of hESCs from single
blastomeres, since it allows a higher efficiency of outgrowth formation and

the establishment of new hESC lines.

Single blastomeres, like whole blastocysts, arrange into a post-inner cell
mass intermediate during the hESC derivation process. Therefore, the
formation of this structure is necessary for the establishment of a hESC line

regardless of the development stage of the source embryo.

Blastomere-derived hESCs present a primed pluripotentcy state, although
slightly closer to the naive end of the pluripotency continuum than
blastocyst-derived hESCs, However, they cannot be considered fully naive
hESCs since there are significant differences in most of the naive
pluripotency indicators when compared with hESCs cultured under naive

conditions.

Long-term culture in hESC standard medium causes downregulation of the
expression of some naive pluripotency markers in blastomere-derived
hESCs, making them acquire a pluripotency state more similar to that of

blastocyst-derived hESCs.

The 2iF naive conditions allow the formation of a post-inner cell mass
intermediate during derivation from single blastomeres, but they do not

support the derivation of stable hESC lines.

The transcriptional profiles of blastocyst- and blastomere-derived hESCs
are similar to each other and different from that of the naive hESCs,
although blastocyst-derived hESCs overexpress some genes related to the
development of the nervous system, the specification of embryonic

patterns and the formation of the embryonic epithelium, whereas
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blastomere-derived hESCs overexpress mitochondrial genes associated

with cellular respiration.
7. Differences in the transcriptomic profile between blastomere and

blastocyst derived hESCs do not translate into differences in the

differentiation potential towards the three germ layers.

140



References
I






References

A

Abu Dawud R, Schreiber K, Schomburg D, Adjaye ]. Human Embryonic Stem Cells
and Embryonal Carcinoma Cells Have Overlapping and Distinct Metabolic
Signatures. PLOS ONE 2012;7:e39896.

Amit M, Margulets V, Segev H, Shariki K, Laevsky I, Coleman R, Itskovitz-Eldor |.
Human feeder layers for human embryonic stem cells. Biology of
reproduction 2003;68:2150-2156.

Amit M, Shariki C, Margulets V, Itskovitz-Eldor ]. Feeder layer- and serum-free
culture of human embryonic stem cells. Biology of reproduction
2004;70:837-845.

Andrews PW, Matin MM, Bahrami AR, Damjanov I, Gokhale P, Draper ]S.
Embryonic stem (ES) cells and embryonal carcinoma (EC) cells: Opposite
sides of the same coin. Biochemical Society Transactions 2005;33:1526-1530.

Araki R, Uda M, Hoki Y, Sunayama M, Nakamura M, Ando S, Sugiura M, Ideno H,
Shimada A, Nifuji A, et al. Negligible immunogenicity of terminally
differentiated cells derived from induced pluripotent or embryonic stem
cells. Nature 2013;494:100-104.

Arnold SJ, Robertson EJ. Making a commitment: Cell lineage allocation and axis
patterning in the early mouse embryo. Nature Reviews Molecular Cell Biology
2009;10:91-103.

Artzt K, Dubois P, Bennett D, Condamine H, Babinet C, Jacob F. Surface antigens
common to mouse cleavage embryos and primitive teratocarcinoma cells in
culture. Proceedings of the National Academy of Sciences of the United States
of America 1973;70:2988-2992.

Avila-Gonzalez D, Garcia-Lépez G, Garcia-Castro IL, Flores-Herrera H, Molina-
Hernandez A, Portillo W, Diaz NF. Capturing the ephemeral human
pluripotent state. Developmental Dynamics 2016;245:762-773.

Avila-Gonzélez D, Portillo W, Garcia-Lépez G, Molina-Hernandez A, Diaz-
Martinez NE, Diaz NF. Unraveling the Spatiotemporal Human Pluripotency in
Embryonic Development. Frontiers in Cell and Developmental Biology
2021;9:676998.

143




B

Beattie GM, Lopez AD, Bucay N, Hinton A, Firpo MT, King CC, Hayek A. Activin A
maintains pluripotency of human embryonic stem cells in the absence of
feeder layers. Stem cells 2005;23:489-495.

Bedzhov I, Zernicka-Goetz M. Self-organizing properties of mouse pluripotent
cells initiate morphogenesis upon implantation. Cell 2014;156:1032-1044.

Bernstine EG, Hooper ML, Grandchamp S, Ephrussi B. Alkaline phosphatase
activity in mouse teratoma. Proceedings of the National Academy of Sciences
of the United States of America 1973;70:3899-3903.

Betschinger ], Nichols ], Dietmann S, Corrin PD, Paddison P], Smith A. Exit from
pluripotency is gated by intracellular redistribution of the bHLH
transcription factor Tfe3. Cell 2013;153:335-347.

Blakeley P, Fogarty NME, Valle I del, Wamaitha SE, Hu TX, Elder K, Snell P,
Christie L, Robson P, Niakan KK. Defining the three cell lineages of the human
blastocyst by single-cell RNA-seq. Development 2015;142:3151-3165.

Blanpain C, Horsley V, Fuchs E. Epithelial Stem Cells: Turning over New Leaves.
Cell 2007;128:445-458.

Bock C, Kiskinis E, Verstappen G, Gu H, Boulting G, Smith ZD, Ziller M, Croft GF,
Amoroso MW, Oakley DH, et al. Reference Maps of Human ES and iPS Cell
Variation Enable High-Throughput Characterization of Pluripotent Cell
Lines. Cell 2011;144:439.

Bone HK, Nelson AS, Goldring CE, Tosh D, Welham M]. A novel chemically
directed route for the generation of definitive endoderm from human
embryonic stem cells based on inhibition of GSK-3. Journal of cell science
2011;124:1992-2000.

Bongso A, Fong CY, Ng SC, Ratnam S. Isolation and culture of inner cell mass cells
from human blastocysts. Human reproduction 1994;9:2110-2117.

Boroviak T, Loos R, Lombard P, Okahara |, Behr R, Sasaki E, Nichols ], Smith A,
Bertone P. Lineage-Specific Profiling Delineates the Emergence and
Progression of Naive Pluripotency in Mammalian Embryogenesis.
Developmental Cell 2015;35:366.

Boroviak T, Nichols J. Primate embryogenesis predicts the hallmarks of human
naive pluripotency. Development 2017;144:175-186.

144



References

Braganca ], Lopes JA, Mendes-Silva L, Santos JMA. Induced pluripotent stem
cells, a giant leap for mankind therapeutic applications. World Journal of Stem
Cells 2019;11:421-430.

Brons IGM, Smithers LE, Trotter MWB, Rugg-Gunn P, Sun B, Chuva De Sousa
Lopes SM, Howlett SK, Clarkson A, Ahrlund-Richter L, Pedersen RA, et al.

Derivation of pluripotent epiblast stem cells from mammalian embryos.
Nature 2007;448:191-195.

Buehr M, Meek S, Blair K, Yang |, Ure ], Silva ], McLay R, Hall ], Ying QL, Smith A.
Capture of Authentic Embryonic Stem Cells from Rat Blastocysts. Cell
2008;135:1287-1298.

C

Chan YS, Goke ], Ng JH, Lu X, Gonzales KAU, Tan CP, Tng WQ, Hong ZZ, Lim YS,
Ng HH. Induction of a Human Pluripotent State with Distinct Regulatory
Circuitry that Resembles Preimplantation Epiblast. Cell Stem Cell
2013;13:663-675.

Chen AE, Egli D, Niakan K, Deng ], Akutsu H, Yamaki M, Cowan C, Fitz-Gerald C,
Zhang K, Melton DA, et al. Optimal Timing of Inner Cell Mass Isolation
Increases the Efficiency of Human Embryonic Stem Cell Derivation and
Allows Generation of Sibling Cell Lines. Cell Stem Cell 2009a;4:103-106.

Chen H, Aksoy I, Gonnot F, Osteil P, Aubry M, Hamela C, Rognard C, Hochard A,
Voisin S, Fontaine E, et al. Reinforcement of STAT3 activity reprogrammes
human embryonic stem cells to naive-like pluripotency. Nature
Communications 2015a;6:1-17.

Chen HF, Chuang CY, Shieh YK, Chang HW, Ho HN, Kuo HC. Novel autogenic
feeders derived from human embryonic stem cells (hESCs) support an
undifferentiated status of hESCs in xeno-free culture conditions. Human
Reproduction 2009b;24:1114-1125.

Chen Y, Niu Y, Li Y, Ai Z, Kang Y, Shi H, Xiang Z, Yang Z, Tan T, Si W, et al
Generation of Cynomolgus Monkey Chimeric Fetuses using Embryonic Stem
Cells. Cell Stem Cell 2015b;17:116-124.

Cheng L, Hammond H, Ye Z, Zhan X, Dravid G. Human adult marrow cells support
prolonged expansion of human embryonic stem cells in culture. Stem cells
2003;21:131-142.

145




Cho M, Lee EJ, Nam H, Yang JH, Cho ], Lim JM, Lee G. Human feeder layer system
derived from umbilical cord stromal cells for human embryonic stem cells.
Fertility and sterility 2010;93:2525-2531.

Choi Y], Lin CP, Risso D, Chen S, Kim TA, Tan MH, Li JB, Wu Y, Chen C, Xuan Z, et
al. Deficiency of microRNA miR-34a expands cell fate potential in pluripotent
stem cells. Science 2017;355:eaag1927.

Choo AB, Tan HL, Ang SN, Fong W], Chin A, Lo ], Zheng L, Hentze H, Philp R], Oh
SKW, et al. Selection Against Undifferentiated Human Embryonic Stem Cells
by a Cytotoxic Antibody Recognizing Podocalyxin-Like Protein-1. Stem Cells
2008;26:1454-1463.

Chung Y, Klimanskaya I, Becker S, Li T, Maserati M, Lu S], Zdravkovic T, Ilic D,
Genbacev O, Fisher S, et al. Human Embryonic Stem Cell Lines Generated
without Embryo Destruction. Cell Stem Cell 2008;2:113-117.

Cobo F, Navarro JM, Herrera MI, Vivo A, Porcel D, Hernandez C, Jurado M, Garcia-
Castro ], Menendez P. Electron microscopy reveals the presence of viruses in
mouse embryonic fibroblasts but neither in human embryonic fibroblasts
nor in human mesenchymal cells used for hESC maintenance: toward an
implementation of microbiological quality assurance program in stem cell
banks. Cloning and stem cells 2008;10:65-73.

Collier AJ, Rugg-Gunn PJ. Identifying Human Naive Pluripotent Stem Cells -
Evaluating State-Specific Reporter Lines and Cell-Surface Markers.
BioEssays : news and reviews in molecular, cellular and developmental biology
2018;40:e1700239.

D

Dahéron L, Opitz SL, Zaehres H, Lensch WM, Andrews PW, Itskovitz-Eldor ],
Daley GQ. LIF/STAT3 Signaling Fails to Maintain Self-Renewal of Human
Embryonic Stem Cells. Stem Cells 2004;22:770-778.

Dailey L, Ambrosetti D, Mansukhani A, Basilico C. Mechanisms underlying
differential responses to FGF signaling. Cytokine and Growth Factor Reviews
2005;16:233-247.

Dalton S. Signaling networks in human pluripotent stem cells. Current opinion in
cell biology 2013;25:241-246.

Daniel, JC. Dormant Embryos of Mammals. BioScience 1970;20:411-415.

146



References

Davidson KC, Adams AM, Goodson JM, McDonald CE, Potter JC, Berndt ]JD,
Biechele TL, Taylor R]J, Moon RT. Wnt/f-catenin signaling promotes
differentiation, not self-renewal, of human embryonic stem cells and is
repressed by Oct4. Proceedings of the National Academy of Sciences of the
United States of America 2012;109:4485-4490.

Delhaise F, Bralion V, Schuurbiers N, Dessy F. Establishment of an embryonic
stem cell line from 8-cell stage mouse embryos. European journal of
Morphology 1996;34:237-243.

Desai N, Rambhia P, Gishto A. Human embryonic stem cell cultivation: historical
perspective and evolution of xeno-free culture systems. Reproductive Biology
and Endocrinology 2015;13:9.

Ding VW, Chen RH, McCormick F. Differential regulation of glycogen synthase
kinase 3beta by insulin and Wnt signaling. The Journal of biological chemistry
2000;275:32475-32481.

Dittrich R, Beckmann MW, Wiirfel W. Non-embryo-destructive Extraction of
Pluripotent Embryonic Stem Cells: Implications for Regenerative Medicine
and Reproductive Medicine. Geburtshilfe und Frauenheilkunde
2015;75:1239.

Dogan A. Embryonic stem cells in development and regenerative medicine.
Advances in Experimental Medicine and Biology 2018;1079:1-15.

Donovan PJ, Miguel MP de. Turning germ cells into stem cells. Current Opinion
in Genetics and Development 2003;13:463-471.

Draper ]S, Moore H, Andrews PW. Embryonal Carcinoma Cells. Human
Embryonic Stem Cells 2003; p. 63-87. Humana Press: Totowa, N] Available
from: http://link.springer.com/10.1007/978-1-59259-423-8_4.

Dravid G, Ye Z, Hammond H, Chen G, Pyle A, Donovan P, Yu X, Cheng L. Defining
the role of Wnt/beta-catenin signaling in the survival, proliferation, and self-
renewal of human embryonic stem cells. Stem cells 2005;23:1489-1501.

Duggal G, Warrier S, Ghimire S, Broekaert D, Jeught M van der, Lierman S, Deroo
T, Peelman L, Soom A van, Cornelissen R, et al. Alternative Routes to Induce
Naive Pluripotency in Human Embryonic Stem Cells. Stem Cells
2015;33:2686-2698.

147




E

Eiselleova L, Matulka K, Kriz V, Kunova M, Schmidtova Z, Neradil ], Tichy B,
Dvorakova D, Pospisilova S, Hampl A, et al. A Complex Role for FGF-2 in Self-
Renewal, Survival, and Adhesion of Human Embryonic Stem Cells. Stem Cells
2009;27:1847-1857.

Eiselleova L, Peterkova I, Neradil ], Slaninova I, Hampl A, Dvorak P. Comparative
study of mouse and human feeder cells for human embryonic stem cells. The
International journal of developmental biology 2008;52:353-363.

Evans MJ. The isolation and properties of a clonal tissue culture strain of
pluripotent mouse teratoma cells. Journal of Embryology and Experimental
Morphology 1972;28:163-176.

Evans MJ, Kaufman MH. Establishment in culture of pluripotential cells from
mouse embryos. Nature 1981;292:154-156.

F

Fan Y, Min Z, Alsolami S, Ma Z, Zhang E, Chen W, Zhong K, Pei W, Kang X, Zhang
P, et al. Generation of human blastocyst-like structures from pluripotent
stem cells. Cell Discovery 2021;7:1-14.

Finch BW, Ephrussi B. Retention of multiple developmental potentialities by
cells of a mouse testicular teratocarcinoma during prolonged culture in vitro
and their extinction upon hybridization with cells of permanent lines.
Proceedings of the National Academy of Sciences 1967;57:615-621.

G

Gafni O, Weinberger L, Mansour AA, Manor YS, Chomsky E, Ben-Yosef D, Kalma
Y, Viukov S, Maza I, Zviran A, et al. Derivation of novel human ground state
naive pluripotent stem cells. Nature 2013;504:282-286.

Galan A, Diaz-Gimeno P, Poo ME, Valbuena D, Sanchez E, Ruiz V, Dopazo ],
Montaner D, Conesa A, Simon C. Defining the Genomic Signature of
Totipotency and Pluripotency during Early Human Development. PLOS ONE
2013;8:e62135.

Gao X, Nowak-Imialek M, Chen X, Chen D, Herrmann D, Ruan D, Chen ACH,
Eckersley-Maslin MA, Ahmad S, Lee YL, et al. Establishment of porcine and
human expanded potential stem cells. Nature Cell Biology 2019;21:687-699.

148



References

Geens M, Mateizel I, Sermon K, Rycke M de, Spits C, Cauffman G, Devroey P,
Tournaye H, Liebaers I, Velde H van de. Human embryonic stem cell lines
derived from single blastomeres of two 4-cell stage embryos. Human
Reproduction 2009;24:2709-2717.

Geens M, Seriola A, Barbé L, Santalo ], Veiga A, Dée K, Haute L van, Sermon K,
Spits C. Female human pluripotent stem cells rapidly lose X chromosome
inactivation marks and progress to a skewed methylation pattern during
culture. Molecular Human Reproduction 2016;22:285-298.

Genbacev O, Krtolica A, Zdravkovic T, Brunette E, Powell S, Nath A, Caceres E,
McMaster M, McDonagh S, Li Y, et al. Serum-free derivation of human
embryonic stem cell lines on human placental fibroblast feeders. Fertility and
sterility 2005;83:1517-1529.

Gilbert SF. Developmental Biology. 6th Edition. 2000; Sinauer Associates:
Sunderland (MA).

Giritharan G, llic D, Gormley M, Krtolica A. Human embryonic stem cells derived
from embryos at different stages of development share similar transcription
profiles. PloS one 2011;6:e26570.

Gonzalez S, Ibafiez E, Santald |. Influence of early fate decisions at the two-cell
stage on the derivation of mouse embryonic stem cell lines. Stem Cell
Research 2011;7:54-65.

Gouveia C, Huyser C, Egli D, Pepper MS. Lessons learned from somatic cell
nuclear transfer. International Journal of Molecular Sciences 2020;21:2314.

Greber B, Lehrach H, Adjaye ]. Fibroblast growth factor 2 modulates
transforming growth factor beta signaling in mouse embryonic fibroblasts
and human ESCs (hESCs) to support hESC self-renewal. Stem cells
2007;25:455-464.

Gregory MA, Qi Y, Hann SR. Phosphorylation by glycogen synthase kinase-3
controls c-myc proteolysis and subnuclear localization. The Journal of
biological chemistry 2003;278:51606-51612.

Guha P, Morgan JW, Mostoslavsky G, Rodrigues NP, Boyd AS. Lack of Immune
Response to Differentiated Cells Derived from Syngeneic Induced
Pluripotent Stem Cells. Cell Stem Cell 2013;12:407-412.

Guo G, Yang ], Nichols ], Hall JS, Eyres I, Mansfield W, Smith A. KlIf4 reverts
developmentally programmed restriction of ground state pluripotency.
Development 2009;136:1063-1069

149




Guo G, Meyenn F von, Rostovskaya M, Clarke ], Dietmann S, Baker D, Sahakyan
A, Myers S, Bertone P, Reik W, et al. Epigenetic resetting of human
pluripotency. Development 2017;144:2748-2763.

Guo G, Meyenn F von, Santos F, Chen Y, Reik W, Bertone P, Smith A, Nichols J.
Naive Pluripotent Stem Cells Derived Directly from Isolated Cells of the
Human Inner Cell Mass. Stem Cell Reports 2016;6:437-446.

Gurusamy N, Alsayari A, Rajasingh S, Rajasingh ]. Adult Stem Cells for
Regenerative Therapy. Progress in Molecular Biology and Translational
Science 2018;160:1-22.

H

Hackett JA, Dietmann S, Murakami K, Down TA, Leitch HG, Surani MA.
Synergistic Mechanisms of DNA Demethylation during Transition to Ground-
State Pluripotency. Stem Cell Reports 2013;1:518.

Hanna ], Cheng AW, Saha K, Kim ], Lengner CJ, Soldner F, Cassady JP, Muffat ],
Carey BW, Jaenisch R. Human embryonic stem cells with biological and
epigenetic characteristics similar to those of mouse ESCs. Proceedings of the
National Academy of Sciences 2010;107:9222-9227.

Hayashi K, Ohta H, Kurimoto K, Aramaki S, Saitou M. Reconstitution of the mouse
germ cell specification pathway in culture by pluripotent stem cells. Cell
2011;146:519-532.

Heins N, Englund MCO, Sjoblom C, Dahl U, Tonning A, Bergh C, Lindahl A, Hanson
C, Semb H. Derivation, Characterization, and Differentiation of Human
Embryonic Stem Cells. Stem Cells 2004;22:367-376.

Hima Bindu A, Srilatha B. Potency of Various Types of Stem Cells and their
Transplantation. Journal of Stem Cell Research & Therapy 2011;01:1000115

Hoffman LM, Hall L, Batten ]JL, Young H, Pardasani D, Baetge EE, Lawrence ],
Carpenter MK. X-Inactivation Status Varies in Human Embryonic Stem Cell
Lines. Stem Cells 2005;23:1468-1478.

Hovatta O, Mikkola M, Gertow K, Stromberg AM, Inzunza ], Hreinsson ], Rozell B,
Blennow E, Andiang M, Ahrlund-Richter L. A culture system using human
foreskin fibroblasts as feeder cells allows production of human embryonic
stem cells. Human reproduction 2003;18:1404-1409.

Hu Z, Li H, Jiang H, Ren Y, Yu X, Qiu ], Stablewski AB, Zhang B, Buck M], Feng J.
Transient inhibition of mTOR in human pluripotent stem cells enables robust

150



References

formation of mouse-human chimeric embryos. Science Advances
2020;6:eaaz0298.

Huang K, Maruyama T, Fan G. The Naive State of Human Pluripotent Stem Cells:
A Synthesis of Stem Cell and Preimplantation Embryo Transcriptome
Analyses. Cell stem cell 2014;15:410-415.

Humphrey RK. Maintenance of Pluripotency in Human Embryonic Stem Cells Is
STAT3 Independent. Stem Cells 2004;22:522-530.

[lic D, Genbacev O, Krtolica A. Derivation of hESC from intact blastocysts. Current
protocols in stem cell biology 2007;Chapter 1:Unit 1A.2

Ilic D, Giritharan G, Zdravkovic T, Caceres E, Genbacev O, Fisher SJ, Krtolica A.
Derivation of human embryonic stem cell lines from biopsied blastomeres on
human feeders with minimal exposure to xenomaterials. Stem Cells and
Development 2009;18:1343-1349.

Irwin EF, Gupta R, Dashti DC, Healy KE. Engineered polymer-media interfaces
for the long-term self-renewal of human embryonic stem cells. Biomaterials
2011;32:6912-6919.

J

Jacobs K, Zambelli F, Mertzanidou A, Smolders I, Geens M, Nguyen HT, Barbé L,
Sermon K, Spits C. Higher-Density Culture in Human Embryonic Stem Cells
Results in DNA Damage and Genome Instability. Stem Cell Reports
2016;6:330-341.

James D, Levine A], Besser D, Hemmati-Brivanlou A. TGFbeta/activin/nodal
signaling is necessary for the maintenance of pluripotency in human
embryonic stem cells. Development 2005;132:1273-1282.

Jeught M van der, O'Leary T, Duggal G, Sutter P de, Sousa Lopes SC de,
Heindryckx B. The post-inner cellmass intermediate: Implications for stem
cell biology and assisted reproductive technology. Human Reproduction
Update 2015;21:616-626.

Johnson BV, Shindo N, Rathjen PD, Rathjen ], Keough RA. Understanding
pluripotency--how embryonic stem cells keep their options open. Molecular
Human Reproduction 2008;14:513-520.

151




K

Kagawa H, Javali A, Khoei HH, Sommer TM, Sestini G, Novatchkova M, Scholte op
Reimer Y, Castel G, Bruneau A, Maenhoudt N, et al. Human blastoids model
blastocyst development and implantation. Nature 2021 601:7894
2021;601:600-605.

Kahan BW, Ephrussi B. Developmental potentialities of clonal in vitro cultures
of mouse testicular teratoma. journal of the National Cancer Institute
1970;44:1015-1036.

Kaneko S, Yamanaka S. To Be Immunogenic, or Not to Be: That's the iPSC
Question. Cell Stem Cell 2013;12:385-386.

Khan FA, Almohazey D, Alomari M, Almofty SA. Isolation, Culture, and Functional
Characterization of Human Embryonic Stem Cells: Current Trends and
Challenges. Stem Cells International 2018;2018:1429351.

Kim HS, Oh SK, Park Y bin, Ahn H]J, Sung KC, Kang M], Lee LA, Suh CS, Kim SH,
Kim D-W, et al. Methods for Derivation of Human Embryonic Stem Cells. Stem
Cells 2005;23:1228-1233.

Kim ], Koo BK, Knoblich JA. Human organoids: model systems for human biology
and medicine. Nature Reviews Molecular Cell Biology 2020 21:10
2020;21:571-584.

Kinoshita M, Barber M, Mansfield W, Dietmann S, Nichols ], Cui Y, Spindlow D,
Stirparo GG, Smith A. Capture of Mouse and Human Stem Cells with Features
of Formative Pluripotency. Stem Cell 2021;28:453-471.

Kleinman HK. Preparation of basement membrane components from EHS
tumors. Current protocols in cell biology 2001;Chapter 10:Unit 10.2.

Kleinman HK, McGarvey ML, Liotta LA, Robey PG, Tryggvason K, Martin GR.
[solation and Characterization of Type IV Procollagen, Laminin, and Heparan
Sulfate Proteoglycan from the EHS Sarcoma. Biochemistry 1982;21:6188-
6193.

Klim JR, Li L, Wrighton PJ, Piekarczyk MS, Kiessling LL. A defined
glycosaminoglycan-binding substratum for human pluripotent stem cells.
Nature methods 2010;7:989.

Klimanskaya I, Chung Y, Becker S, Lu S], Lanza R. Human embryonic stem cell
lines derived from single blastomeres. Nature 2006;444:481-485.

152



References

Kojima Y, Kaufman-Francis K, Studdert ]JB, Steiner KA, Power MD, Loebel DAF,
Jones V, Hor A, Alencastro G de, Logan GJ, et al. The transcriptional and
functional properties of mouse epiblast stem cells resemble the anterior
primitive streak. Cell Stem Cell 2014;14:107-120.

Kretzschmar K, Clevers H. Organoids: Modeling Development and the Stem Cell
Niche in a Dish. Developmental Cell 2016;38:590-600.

Kropp C, Massai D, Zweigerdt R. Progress and challenges in large-scale
expansion of human pluripotent stem cells. Process Biochemistry
2017;59:244-254.

Kumari D. States of Pluripotency: Naive and Primed Pluripotent Stem Cells.
Pluripotent Stem Cells - From the Bench to the Clinic 2016; InTech.

L

Lanner F, Rossant ]. The role of FGF/Erk signaling in pluripotent cells.
Development 2010;137:3351-3360.

Lanza R, Atala A. Essentials of Stem Cell Biology: Third Edition. 2013.

Lebkowski J. GRNOPC1: the world’s first embryonic stem cell-derived therapy.
Interview with Jane Lebkowski. Regenerative medicine 2011;6:11-13.

Lee |B, Lee JE, Park JH, Kim SJ, Kim MK, Roh S, Yoon HS. Establishment and
maintenance of human embryonic stem cell lines on human feeder cells
derived from uterine endometrium under serum-free condition. Biology of
Reproduction 2005;72:42-49.

Lee JH, Laronde S, Collins TJ], Shapovalova Z, Tanasijevic B, McNicol JD, Fiebig-
Comyn A, Benoit YD, Lee ]B, Mitchell RR, et al. Lineage-Specific
Differentiation Is Influenced by State of Human Pluripotency. Cell reports
2017;19:20-35.

Li P, Tong C, Mehrian-Shai R, Jia L, Wu N, Yan Y, Maxson RE, Schulze EN, Song H,
Hsieh CL, et al. Germline Competent Embryonic Stem Cells Derived from Rat
Blastocysts. Cell 2008;135:1299-1310.

Liu K, Sun Y, Liu D, Ye S. Inhibition of Wnt/(-catenin signaling by IWR1 induces
expression of Foxd3 to promote mouse epiblast stem cell self-renewal.
Biochemical and biophysical research communications 2017a;490:616-622.

Liu X, LiW, FuX, Xu Y. The immunogenicity and immune tolerance of pluripotent
stem cell derivatives. Frontiers in Inmunology 2017b;8:645.

153




Liu X, Nefzger CM, Rossello FJ], Chen ], Knaupp AS, Firas |, Ford E, Pflueger ],
Paynter JM, Chy HS, et al. Comprehensive characterization of distinct states
of human naive pluripotency generated by reprogramming. Nature Methods
2017¢;14:1055-1062.

Liu X, Tan JP, Schroder ], Aberkane A, Ouyang JF, Mohenska M, Lim SM, Sun YBY,
Chen ], Sun G, et al. Modelling human blastocysts by reprogramming
fibroblasts into iBlastoids. Nature 2021:;591:627-632.

M

MaY, Gu], Li C, Wei X, Tang F, Shi G, Jiang ], Kuang Y, Li ], Wang Z, et al. Human
foreskin fibroblast produces interleukin-6 to support derivation and self-
renewal of mouse embryonic stem cells. Stem cell research & therapy
2012;3:29.

Macfarlan TS, Gifford WD, Driscoll S, Lettieri K, Rowe HM, Bonanomi D, Firth A,
Singer O, Trono D, Pfaff SL. Embryonic stem cell potency fluctuates with
endogenous retrovirus activity. Nature 2012 487:7405 2012;487:57-63.

Magli MC, Gianaroli L, Fortini D, Ferraretti AP, Munné S. Impact of blastomere
biopsy and cryopreservation techniques on human embryo viability. Human
Reproduction 1999;14:770-773.

Martin GR. Isolation of a pluripotent cell line from early mouse embryos
cultured in medium conditioned by teratocarcinoma stem cells. Proceedings
of the National Academy of Sciences of the United States of America
1981;78:7634-7638.

Martin F, Sdnchez-Gilabert A, Tristan-Manzano M, Benabdellah K. Stem Cells for
Modeling Human Disease. Pluripotent Stem Cells - From the Bench to the Clinic
2016; InTech.

Maury Y, Gauthier M, Peschanski M, Martinat C. Human pluripotent stem cells
for disease modelling and drug screening. BioEssays 2012;34:61-71.

Mehta RH. Sourcing human embryos for embryonic stem cell lines: Problems &
perspectives. The Indian Journal of Medical Research 2014;140:5106.

Mekhoubad S, Bock C, Boer AS de, Kiskinis E, Meissner A, Eggan K. Erosion of
dosage compensation impacts human iPSC disease modeling. Cell Stem Cell
2012;10:595-609.

154



References

Meng G, Liu S, Krawetz R, Chan M, Chernos ], Rancourt DE. A novel method for
generating xeno-free human feeder cells for human embryonic stem cell
culture. Stem cells and development 2008;17:413-422.

Morikawa M, Koinuma D, Mizutani A, Kawasaki N, Holmborn K, Sundqvist A,
Tsutsumi S, Watabe T, Aburatani H, Heldin CH, et al. BMP Sustains Embryonic
Stem Cell Self-Renewal through Distinct Functions of Different Kriippel-like
Factors. Stem cell reports 2016;6:64-73.

Morris SA, Guo Y, Zernicka-Goetz M. Developmental Plasticity Is Bound by
Pluripotency and the Fgf and Wnt Signaling Pathways. Cell Reports
2012;2:756-765.

N

Nakamura T, Okamoto I, Sasaki K, Yabuta Y, Iwatani C, Tsuchiya H, Seita Y,
Nakamura S, Yamamoto T, Saitou M. A developmental coordinate of
pluripotency among mice, monkeys and humans. Nature 2016;537:57-62.

Neagu A, Genderen E van, Escudero I, Verwegen L, Kurek D, Lehmann ], Stel |,
Dirks RAM, Mierlo G van, Maas A, et al. In vitro capture and characterization
of embryonic rosette-stage pluripotency between naive and primed states.
Nature Cell Biology 2020;22:534-545.

Nguyen HT, Jacobs K, Spits C. Human pluripotent stem cells in regenerative
medicine: Where do we stand? Reproduction 2018;156:R143-R153.

Nichols ], Chambers 1, Taga T, Smith A. Physiological rationale for
responsiveness of mouse embryonic stem cells to gpl130 cytokines.
Development 2001;128:2333-2339.

Nichols ], Smith A. Naive and Primed Pluripotent States. Cell Stem Cell
2009;4:487-492.

Nichols J, Smith A. The origin and identity of embryonic stem cells. Development
2011;138:3-8.

Niemann H, Seamark B. Blastoids: a new model for human blastocyst
development. Signal Transduction and Targeted Therapy 2021;6:1-2.

O

Ogorevc ], Orehek S, Dove¢ P. Cellular reprogramming in farm animals: An
overview of iPSC generation in the mammalian farm animal species. Journal
of Animal Science and Biotechnology 2016;7:10.

155




Ohtsuka S, Dalton S. Molecular and biological properties of pluripotent
embryonic stem cells. Gene Therapy 2008;15:74-81.

Okita K, Ichisaka T, Yamanaka S. Generation of germline-competent induced
pluripotent stem cells. Nature 2007;448:313-317.

Okita K, Nagata N, Yamanaka S. Immunogenicity of induced pluripotent stem
cells. Circulation research 2011;109:720-721.

O’Leary T, Heindryckx B, Lierman S, Bruggen D van, Goeman JJ, Vandewoestyne
M, Deforce D, Sousa Lopes SMC de, Sutter P de. Tracking the progression of
the human inner cell mass during embryonic stem cell derivation. Nature
Biotechnology 2012;30:278-282.

O’Leary T, Heindryckx B, Lierman S, Jeught M van der, Duggal G, Sutter P de,
Chuva De Sousa Lopes SM. Derivation of human embryonic stem cells using
a post-inner cell mass intermediate. Nature Protocols 2013;8:254-264.

Osafune K, Caron L, Borowiak M, Martinez R], Fitz-Gerald CS, Sato Y, Cowan CA,
Chien KR, Melton DA. Marked differences in differentiation propensity
among human embryonic stem cell lines. Nature Biotechnology
2008;26:313-315.

P

Papaioannou VE, Mcburney MW, Gardner RL, Evans M]. Fate of teratocarcinoma
cells injected into early mouse embryos. Nature 1975;258:70-73.

Pastor WA, Chen D, Liu W, Kim R, Sahakyan A, Lukianchikov A, Plath K, Jacobsen
SE, Clark AT. Naive Human Pluripotent Cells Feature a Methylation
Landscape Devoid of Blastocyst or Germline Memory. Cell stem cell
2016;18:323-329.

Petropoulos S, Edsgard D, Reinius B, Deng Q, Panula SP, Codeluppi S, Plaza Reyes
A, Linnarsson S, Sandberg R, Lanner F. Single-Cell RNA-Seq Reveals Lineage
and X Chromosome Dynamics in Human Preimplantation Embryos. Cell
2016;165:1012-1026.

Przyborski SA. Isolation of Human Embryonal Carcinoma Stem Cells by
Immunomagnetic Sorting. Stem Cells 2001;19:500-504.

156



References

Q

Qin H, Hejna M, Liu Y, Percharde M, Wossidlo M, Blouin L, Durruthy-Durruthy ],
Wong P, Qi Z, Yu ], et al. YAP Induces Human Naive Pluripotency. Cell reports
2016;14:2301.

R

Richards M, Fong CY, Chan WK, Wong PC, Bongso A. Human feeders support
prolonged undifferentiated growth of human inner cell masses and
embryonic stem cells. Nature biotechnology 2002;20:933-936.

Richards M, Tan S, Fong C, Biswas A, Chan W, Bongso A. Comparative evaluation
of various human feeders for prolonged undifferentiated growth of human
embryonic stem cells. Stem cells 2003;21:546-556.

Rossant ]. Mouse and human blastocyst-derived stem cells: Vive les differences.
Development 2015;142:9-12.

Rostovskaya M, Stirparo GG, Smith A. Capacitation of human naive pluripotent
stem cells for multi-lineage differentiation. Development
2019;146:dev172916.

S

Saffman EE, Lasko P. Germline development in vertebrates and invertebrates.
Cellular and Molecular Life Sciences 1999;55:1141-1163.

Sahakyan A, Kim R, Chronis C, Sabri S, Bonora G, Theunissen TW, Kuoy E,
Langerman ], Clark AT, Jaenisch R, et al. Human Naive Pluripotent Stem Cells
Model X Chromosome Dampening and X Inactivation. Cell Stem Cell
2017;20:87-101.

Sato N, Meijer L, Skaltsounis L, Greengard P, Brivanlou AH. Maintenance of
pluripotency in human and mouse embryonic stem cells through activation
of Wnt signaling by a pharmacological GSK-3-specific inhibitor. Nature
Medicine 2004;10:55-63.

Shen H, Yang M, Li S, Chang Z, Ong ], Correspondence D. Mouse totipotent stem
cells captured and maintained through spliceosomal repression. Cell
2021;184:2843-2859

Singh AM, Reynolds D, Cliff T, Ohtsuka S, Mattheyses AL, Sun Y, Menendez L,
Kulik M, Dalton S. Signaling network cross-talk in human pluripotent cells: a

157




Smad2/3-regulated switch that controls the balance between self-renewal
and differentiation. Cell Stem Cell 2012;10:312-326.

Smith A. Formative pluripotency: the executive phase in a developmental
continuum. Development 2017;144:365-373.

Smith AG, Heath ]JK, Donaldson DD, Wong GG, Moreau ], Stahl M, Rogers D.
Inhibition of pluripotential embryonic stem cell differentiation by purified
polypeptides. Nature 1988;336:688-690.

Soldner F, Jaenisch R. Stem Cells, Genome Editing, and the Path to Translational
Medicine. Cell 2018;175:615-632.

Sozen B, Jorgensen V, Weatherbee BAT, Chen S, Zhu M, Zernicka-Goetz M.
Reconstructing aspects of human embryogenesis with pluripotent stem cells.
Nature Communications 2021;12:1-13.

Stirparo GG, Boroviak T, Guo G, Nichols ], Smith A, Bertone P. Integrated analysis
of single-cell embryo data yields a unified transcriptome signature for the
human pre-implantation epiblast. Development 2018;145:dev158501.

Strom S, Inzunza ], Grinnemo KH, Holmberg K, Matilainen E, Stromberg AM,
Blennow E, Hovatta O. Mechanical isolation of the inner cell mass is effective
in derivation of new human embryonic stem cell lines. Human Reproduction
2007;22:3051-3058.

Sumi T, Tsuneyoshi N, Nakatsuji N, Suemori H. Defining early lineage
specification of human embryonic stem cells by the orchestrated balance of
canonical Wnt/beta-catenin, Activin/Nodal and BMP signaling. Development
2008;135:2969-2979.

Sun C, Zhang ], Zheng D, Wang ], Yang H, Zhang X. Transcriptome variations
among human embryonic stem cell lines are associated with their
differentiation propensity. PLoS ONE 2018;13:e0192625.

T

Tachibana M, Amato P, Sparman M, Gutierrez NM, Tippner-Hedges R, Ma H,
Kang E, Fulati A, Lee HS, Sritanaudomchai H, et al. Human embryonic stem
cells derived by somatic cell nuclear transfer. Cell 2013;153:1228-1238.

Taei A, Hassani SN, Eftekhari-Yazdi P, Rezazadeh Valojerdi M,
Nokhbatolfoghahai M, Masoudi NS, Pakzad M, Gourabi H, Baharvand H.
Enhanced generation of human embryonic stem cells from single
blastomeres of fair and poor-quality cleavage embryos via inhibition of

158



References

glycogen synthase kinase $ and Rho-associated kinase signaling. Human
Reproduction 2013;28:2661-2671.

Taei A, Rasooli P, Braun T, Hassani SN, Baharvand H. Signal regulators of human
naive pluripotency. Experimental cell research 2020;389:111924.

Takahashi K, Yamanaka S. Induction of Pluripotent Stem Cells from Mouse
Embryonic and Adult Fibroblast Cultures by Defined Factors. Cell
2006;126:663-676.

Takahashi S, Kobayashi S, Hiratani I. Epigenetic differences between naive and
primed pluripotent stem cells. Cellular and Molecular Life Sciences
2018;75:1191-1203.

Takashima Y, Guo G, Loos R, Nichols], Ficz G, Krueger F, Oxley D, Santos F, Clarke
], Mansfield W, et al. Resetting transcription factor control circuitry toward
ground-state pluripotency in human. Cell 2014;158:1254-1269.

Tanaka N, Takeuchi T, Neri Q v., Sills ES, Palermo GD. Laser-assisted blastocyst
dissection and subsequent cultivation of embryonic stem cells in a
serum/cell free culture system: Applications and preliminary results in a
murine model. Journal of Translational Medicine 2006;4:20.

Tang C, Lee AS, Volkmer ], Sahoo D, Nag D, Mosley AR, Inlay MA, Ardehali R,
Chavez SL, Reijo R, et al. SSEA-5, an antibody defining a novel surface glycan
on human pluripotent stem cells and its application to remove teratoma-

forming cells as part of a surface antibody panel. Nature Biotechnology
2013;29:829-834.

Tesar PJ], Chenoweth ]G, Brook FA, Davies T], Evans EP, Mack DL, Gardner RL,
McKay RDG. New cell lines from mouse epiblast share defining features with
human embryonic stem cells. Nature 2007;448:196-199.

Theunissen TW, Powell BE, Wang H, Mitalipova M, Faddah DA, Reddy ], Fan ZP,
Maetzel D, Ganz K, Shi L, et al. Systematic Identification of Culture Conditions
for Induction and Maintenance of Naive Human Pluripotency. Cell Stem Cell
2014;15:471-487.

Thomson J, Itskovitz-Eldor ], Shapiro S, Waknitz M, Swiergiel ], Marshall V, Jones
J. Embryonic stem cell lines derived from human blastocysts. Science
1998;282:1145-1147.

Thomson JA, Kalishman ], Golos TG, Durning M, Harris CP, Becker RA, Hearn JP.
[solation of a primate embryonic stem cell line. Proceedings of the National
Academy of Sciences of the United States of America 1995;92:7844-7848.

159




Thomson JA, Kalishman ], Golos TG, Durning M, Harris CP, Hearn JP. Pluripotent
Cell Lines Derived from Common Marmoset (Callithrix jacchus) Blastocysts.
Biology of Reproduction 1996;55:254-259.

Tsutsui H, Valamehr B, Hindoyan A, Qiao R, Ding X, Guo S, Witte ON, Liu X, Ho
CM, Wu H. An optimized small molecule inhibitor cocktail supports long-
term maintenance of human embryonic stem cells. Nature Communications
2011;2:1-8.

Turetsky T, Aizenman E, Gil Y, Weinberg N, Shufaro Y, Revel A, Laufer N, Simon
A, Abeliovich D, Reubinoff BE. Laser-assisted derivation of human embryonic
stem cell lines from IVF embryos after preimplantation genetic diagnosis.
Human reproduction 2008;23:46-53.

U

Ullmann U, Gilles C, Rycke M de, Velde H van de, Sermon K, Liebaers I. GSK-3-
specific inhibitor-supplemented hESC medium prevents the epithelial-
mesenchymal transition process and the up-regulation of matrix
metalloproteinases in hESCs cultured in feeder-free conditions. Molecular
human reproduction 2008;14:169-179.

\

Valamehr B, Robinson M, Abujarour R, Rezner B, Vranceanu F, Le T, Medcalf A,
Lee TT, Fitch M, Robbins D, et al. Platform for Induction and Maintenance of
Transgene-free hiPSCs Resembling Ground State Pluripotent Stem Cells.
Stem Cell Reports 2014;2:366-381.

Vallier L, Alexander M, Pedersen RA. Activin/Nodal and FGF pathways
cooperate to maintain pluripotency of human embryonic stem cells. Journal
of cell science 2005;118:4495-4509.

Vallier L, Touboul T, Chng Z, Brimpari M, Hannan N, Millan E, Smithers LE,
Trotter M, Rugg-Gunn P, Weber A, et al. Early cell fate decisions of human
embryonic stem cells and mouse epiblast stem cells are controlled by the
same signalling pathways. PLoS ONE 2009;4:e6082.

Vallot C, Ouimette JF, Makhlouf M, Féraud O, Pontis ], Come ], Martinat C,
Bennaceur-Griscelli A, Lalande M, Rougeulle C. Erosion of X chromosome
inactivation in human pluripotent cells initiates with XACT coating and
depends on a specific heterochromatin landscape. Cell Stem Cell
2015;16:533-546.

160



References

Vanneaux V. Induced Pluripotent Stem Cells for Clinical Use. Update on
Mesenchymal and Induced Pluripotent Stem Cells 2020; IntechOpen. Available
from: www.intechopen.com.

Veillard AC, Marks H, Bernardo AS, Jouneau L, Laloé D, Boulanger L, Kaan A,
Brochard V, Tosolini M, Pedersen R, et al. Stable methylation at promoters
distinguishes epiblast stem cells from embryonic stem cells and the in vivo
epiblasts. Stem Cells and Development 2014;23:2014-2029.

Vila-Cejudo M, Massafret O, Santal¢ ], Ibafiez E. Single blastomeres as a source
of mouse embryonic stem cells: effect of genetic background, medium
supplements, and signaling modulators on derivation efficiency. Journal of
Assisted Reproduction and Genetics 2019;36:99-111.

Villa-Diaz LG, Nandivada H, Ding ], Nogueira-De-Souza NC, Krebsbach PH,
O’Shea KS, Lahann ], Smith GD. Synthetic polymer coatings for long-term
growth of human embryonic stem cells. Nature Biotechnology 2010;28:581-
583.

W

Ware CB, Nelson AM, Mecham B, Hesson ], Zhou W, Jonlin EC, Jimenez-Caliani A],
Deng X, Cavanaugh C, Cook S, et al. Derivation of naive human embryonic
stem cells. Proceedings of the National Academy of Sciences of the United
States of America 2014;111:4484-4489.

Warrier S, Jeught M van der, Duggal G, Tilleman L, Sutherland E, Taelman ],
Popovic M, Lierman S, Chuva De Sousa Lopes S, Soom A van, et al. Direct
comparison of distinct naive pluripotent states in human embryonic stem
cells. Nature Communications 2017;8:1-10.

Warrier S, Taelman |, Tilleman L, Jeught M van der, Duggal G, Lierman S, Popovic
M, Soom A van, Peelman L, Nieuwerburgh F van, et al. Transcriptional
landscape changes during human embryonic stem cell derivation. Molecular
Human Reproduction 2018;24:543-555.

Weinberger L, Ayyash M, Novershtern N, Hanna JH. Dynamic stem cell states:
Naive to primed pluripotency in rodents and humans. Nature Reviews
Molecular Cell Biology 2016;17:155-169.

Weissman IL. Stem cells: Units of development, units of regeneration, and units
in evolution. Cell 2000;100:157-168.

Wernig M, Meissner A, Cassady JP, Jaenisch R. c-Myc Is Dispensable for Direct
Reprogramming of Mouse Fibroblasts. Cell Stem Cell 2008;2:10-12.

161




Williams RL, Hilton DJ, Pease S, Willson TA, Stewart CL, Gearing DP, Wagner EF,
Metcalf D, Nicola NA, Gough NM. Myeloid leukaemia inhibitory factor
maintains the developmental potential of embryonic stem cells. Nature
1988;336:684-687.

Wobus AM, Boheler KR. Embryonic stem cells: Prospects for developmental
biology and cell therapy. Physiological Reviews 2005;85:635-678.

Wu D, Pan W. GSK3: a multifaceted kinase in Wnt signaling. Trends in
biochemical sciences 2010;35:161-168.

Wu SM, Hochedlinger K. Harnessing the potential of induced pluripotent stem
cells for regenerative medicine. Nature Cell Biology 2011;13:497-505.

X

Xiang L, Yin Y, Zheng Y, Ma Y, Li Y, Zhao Z, Guo ], Ai Z, Niu Y, Duan K, et al. A
developmental landscape of 3D-cultured human pre-gastrulation embryos.
Nature 2020;577:537-542.

Xiao L, Yuan X, Sharkis S]. Activin A Maintains Self-Renewal and Regulates
Fibroblast Growth Factor, Wnt, and Bone Morphogenic Protein Pathways in
Human Embryonic Stem Cells. Stem Cells 2006;24:1476-1486.

Xu C, Inokuma MS, Denham ], Golds K, Kundu P, Gold ]D, Carpenter MK. Feeder-
free growth of undifferentiated human embryonic stem cells. Nature
biotechnology 2001;19:971-974.

Xu RH, Chen X, Li DS, Li R, Addicks GC, Glennon C, Zwaka TP, Thomson JA. BMP4
initiates human embryonic stem cell differentiation to trophoblast. Nature
biotechnology 2002;20:1261-1264.

Xu RH, Peck RM, Li DS, Feng X, Ludwig T, Thomson JA. Basic FGF and
suppression of BMP signaling sustain undifferentiated proliferation of
human ES cells. Nature Methods 2005;2:185-190.

Xu Z, Robitaille AM, Berndt JD, Davidson KC, Fischer KA, Mathieu ], Potter JC,
Ruohola-Baker H, Moon RT. Wnt/(3-catenin signaling promotes self-renewal
and inhibits the primed state transition in naive human embryonic stem
cells. Proceedings of the National Academy of Sciences of the United States of
America 2016;113:E6382-E6390.

162



References

Y

Yagi M, Kishigami S, Tanaka A, Semi K, Mizutani E, Wakayama S, Wakayama T,
Yamamoto T, Yamada Y. Derivation of ground-state female ES cells
maintaining gamete-derived DNA methylation. Nature 2017;548:224-227.

Yamaguchi TP. Heads or tails: Wnts and anterior-posterior patterning. Current
Biology 2001;11:713-724.

Yang G, Mai Q, Li T, Zhou C. Derivation of human embryonic stem cell lines from
single blastomeres of low-quality embryos by direct plating. Journal of
Assisted Reproduction and Genetics 2013;30:953-961.

Yang H, QiuY, Zeng X, Ding Y, Zeng ], Lu K, Li D. Effect of a feeder layer composed
of mouse embryonic and human foreskin fibroblasts on the proliferation of
human embryonic stem cells. Experimental and Therapeutic Medicine
2016;11:2321-2328.

Yang ], Ryan D], Wang W, Tsang JCH, Lan G, Masaki H, Gao X, Antunes L, Yu Y,
Zhu Z, et al. Establishment of mouse expanded potential stem cells. Nature
2017;550:393-397.

Yang M, Yu H, Yu X, Liang S, Hu Y, Luo Y, Izsvak Z, Sun C, Wang J. Chemical-
induced chromatin remodeling reprograms mouse ESCs to totipotent-like
stem cells. Cell Stem Cell 2022;29:400-418

Yeom YII, Fuhrmann G, Ovitt CE, Brehm A, Ohbo K, Gross M, Hiibner K, Scholer
HR. Germline regulatory element of Oct-4 specific for the totipotent cycle of
embryonal cells. Development 1996;122:881-894.

Ying QL, Nichols ], Chambers [, Smith A. BMP induction of Id proteins suppresses
differentiation and sustains embryonic stem cell self-renewal in
collaboration with STAT3. Cell 2003;115:281-292.

Ying QL, Wray ], Nichols ], Batlle-Morera L, Doble B, Woodgett ], Cohen P, Smith
A. The ground state of embryonic stem cell self-renewal. Nature
2008;453:519-523.

Yoshihara M, Hayashizaki Y, Murakawa Y. Genomic Instability of iPSCs:
Challenges Towards Their Clinical Applications. Stem Cell Reviews and
Reports 2017;13:7-16.

Yousefi M, Marashi SA, Sharifi-Zarchi A, Taleahmad S. The metabolic network
model of primed/naive human embryonic stem cells underlines the

163




importance of oxidation-reduction potential and tryptophan metabolism in
primed pluripotency. Cell & bioscience 2019;9:71.

Yu JSL, Cui W. Proliferation, survival and metabolism: the role of
PI3K/AKT/mTOR signalling in pluripotency and cell fate determination.
Development 2016;143:3050-3060.

Yu L, Wei Y, Duan ], Schmitz DA, Sakurai M, Wang L, Wang K, Zhao S, Hon GC, Wu
J. Blastocyst-like structures generated from human pluripotent stem cells.
Nature 2021a;591:620-626.

Yu L, Wei Y, Sun HX, Mahdi AK, Pinzon Arteaga CA, Sakurai M, Schmitz DA, Zheng
C, Ballard ED, Li ], et al. Derivation of Intermediate Pluripotent Stem Cells
Amenable to Primordial Germ Cell Specification. Cell stem cell 2021b;28:550-
567.

Yu Y, Savage RE, Eathiraj S, Meade ], Wick M], Hall T, Abbadessa G, Schwartz B.
Targeting AKT1-E17K and the PI3K/AKT Pathway with an Allosteric AKT
Inhibitor, ARQ 092. PloS one 2015;10:e0140479.

V4

Zdravkovic T, Nazor KL, Larocque N, Gormley M, Donne M, Hunkapillar N,
Giritharan G, Bernstein HS, Wei G, Hebrok M, et al. Human stem cells from
single blastomeres reveal pathways of embryonic or trophoblast fate
specification. Development 2015;142:4010-4025.

Zhao T, Zhang ZN, Rong Z, Xu Y. Immunogenicity of induced pluripotent stem
cells. Nature 2011;474:212-215.

Zhao T, Zhang ZN, Westenskow PD, Todorova D, Hu Z, Lin T, Rong Z, Kim ], He ],
Wang M, et al. Humanized Mice Reveal Differential Immunogenicity of Cells
Derived from Autologous Induced Pluripotent Stem Cells. Cell Stem Cell
2015;17:353-359.

Zhou W, Choi M, Margineantu D, Margaretha L, Hesson ], Cavanaugh C, Blau CA,
Horwitz MS, Hockenbery D, Ware C, et al. HIFla induced switch from
bivalent to exclusively glycolytic metabolism during ESC-to-EpiSC/hESC
transition. EMBO Journal 2012;31:2103-2116.

Zhu M, Shahbazi MN, Martin A, Zhang C, Sozen B, Borsos M, Mandelbaum RS,
Paulson R], Mole MA, Esbert M, et al. Human embryo polarization requires

PLC signaling to mediate trophectoderm specification. eLife
2021;10:e65068.

164



References

Zhu Z, Huangfu D. Human pluripotent stem cells: An emerging model in
developmental biology. Development 2013;140:705-717.

Zimmerlin L, Park TS, Huo JS, Verma K, Pather SR, Talbot CC, Agarwal ], Steppan
D, Zhang YW, Considine M, et al. Tankyrase inhibition promotes a stable
human naive pluripotent state with improved functionality. Development
2016;143:4368-4380.

165




	Títol de la tesi: Unravelling the pluripotency state
of human embryonic stem cells
derived from single blastomeres of 8 cell embryos
	Nom autor/a: Ot Massafret Surinyach


