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ARTICLE INFO ABSTRACT

Keywords: Human embryonic stem cells (hESCs) derived from blastocyst stage embryos present a primed state of plurip-
hESC otency, whereas mouse ESCs (mESCs) display naive pluripotency. Their unique characteristics make naive hESCs
Derivation more suitable for particular applications in biomedical research. This work aimed to derive hESCs from single
E:Svt:meres blastomeres and determine their pluripotency state, which is currently unclear. We derived hESC lines from
Primed single blastomeres of 8-cell embryos and from whole blastocysts, and analysed several naive pluripotency in-
Pluripotency dicators, their transcriptomic profile and their trilineage differentiation potential. No significant differences were

observed between blastomere-derived hESCs (bm-hESCs) and blastocyst-derived hESCs (bc-hESCs) for most
naive pluripotency indicators, including TFE3 localization, mitochondrial activity, and global DNA methylation
and hydroxymethylation, nor for their trilineage differentiation potential. Nevertheless, bm-hESCs showed an
increased single-cell clonogenicity and a higher expression of naive pluripotency markers at early passages than
bc-hESCs. Furthermore, RNA-seq revealed that bc-hESCs overexpressed a set of genes related to the post-
implantational epiblast. Altogether, these results suggest that bm-hESCs, although displaying primed pluripo-
tency, would be slightly closer to the naive end of the pluripotency continuum than bc-hESCs.

1. Introduction

Embryonic stem cells (ESCs) can exist in at least two different states
of pluripotency: naive and primed (Nichols and Smith, 2009). Tradi-
tional methods to derive human ESCs (hESCs) produce primed lines
(Nichols and Smith, 2009), whereas mouse ESCs (mESCs) typically
display naive pluripotency. The mechanism by which naive pluripotent
cells of the inner cell mass transit to the primed pluripotency of hESCs
established in vitro is not fully understood. O'Leary et al. (O'Leary et al.,
2012) described the formation of a transient epiblast-like structure a few
days after plating human blastocysts, which they termed the post-inner
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cell mass intermediate (PICMI). Its formation was found to be a neces-
sary step for the generation of a new hESC line (O'Leary et al., 2012) and
was proposed to be a turning point between the naive pluripotency of
the pre-implantation epiblast and the primed pluripotency of hESCs (van
der Jeught et al., 2015; Warrier et al., 2018).

Naive stem cells are preferred over primed stem cells for some
particular applications, mainly for in vitro modelling of embryo devel-
opment. The extraembryonic lineage differentiation potential of naive
hESCs allows a better understanding of trophectoderm development
(Zhou et al., 2023). Additionally, thanks to their increased potential,
naive hESCs can be used to generate blastoids, in vitro 3-D structures
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that replicate the embryo at the blastocyst stage (Yu et al., 2021a) and,
more recently, two groups have used naive hESCs to generate structures
that model the post-implantation human embryo until as late as day 14
(Oldak et al., 2023; Weatherbee et al., 2023).

During the last decade, several groups have developed protocols
based on the 2i condition (a combination of GSK3p and MEK inhibitors)
to obtain hESCs in a naive pluripotency state resembling that of mESCs
(Chen et al., 2015; Chan et al., 2013; Duggal et al., 2015; Gafni et al.,
2013; Guo et al., 2016, 2017; Hanna et al., 2010; Hu et al., 2020; Qin
et al., 2016; Takashima et al., 2014; Theunissen et al., 2014; Valamehr
et al., 2014; Ware et al., 2014). Some of these groups achieved direct
derivation of a few naive hESC lines from preimplantation embryos
(Gafni et al., 2013; Guo et al., 2016; Theunissen et al., 2014; Ware et al.,
2014), although efficiency rates, when specified, were very low (e.g. 1
line out of 128 embryos in Ware et al., 2014 (Ware et al., 2014)).

Even though it is well known that culture conditions influence the
pluripotency state of hESCs, the 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, 1998),
but derivation from single blastomeres of cleavage-stage embryos has
also been achieved by several groups (Chung et al., 2008; Geens et al.,
2009; Ilic et al., 2009; Klimanskaya et al., 2006; Taei et al., 2013; Yang
et al., 2013). Comparison of the transcriptome of blastomere-derived
hESCs (bm-hESCs) and blastocyst-derived hESCs (bc-hESCs) has pro-
vided contradictory results. Some authors reported that bm-hESCs and
bc-hESCs share similar transcription profiles (Giritharan et al., 2011;
Galan et al., 2013), whereas another study found significant differences
in their transcriptomes (Zdravkovic et al., 2015). The latter study also
reported that bm-hESCs had an increased capacity to differentiate into
trophectodermal lineages, which could be indicative of a more naive
pluripotency state. In line with this study, another work observed a shift
from random to skewed X-chromosome inactivation along with culture
passages in bm-hESCs (Geens et al., 2016). This suggested that bm-
hESCs could present a more naive pluripotency state, at least at early
passages, although the naive characteristics would be gradually lost
during prolonged culture.

To test this hypothesis, we derived new hESC lines from single
blastomeres of 8-cell stage embryos, as well as from whole blastocysts,
using the same conditions. We analysed a wide array of naive pluripo-
tency indicators, their transcriptomic profile, and their ability to
differentiate into cells of the three primary germ layers, to assess the
influence of the developmental stage of the donor embryo on the plu-
ripotency state of hESCs at early culture passages.

2. Materials and methods
2.1. Embryo thawing and culture

A total of 264 human embryos from 52 couples, donated at different
reproduction centres in Barcelona, were used: 10 embryos were cryo-
preserved 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), following manufacturer's instructions. Ultra-rapid frozen
embryos were thawed using the Global® Blastocyst Fast Freeze®
Thawing Kit (LifeGlobal), following manufacturer's instructions. Slow-
frozen embryos were thawed as follows: the straw was removed from
liquid N2 and held for 40 s at room temperature (RT) and for 40 s in a
water bath at 30 °C. After that, the content of the straw was emptied
directly on a petri dish and incubated for 15 min at RT. The embryos
were then transferred to a drop of KSOM-H medium (prepared in-house)
and incubated for 15 min at 37 °C.

Embryos were cultured at 37 °C, 5 % COs in drops of Global Total
medium (LifeGlobal) covered with mineral oil until they reached the
required developmental stage. GSK3p inhibitor CHIR99021 (CH; Axon
Medchem) and ROCK inhibitor Y-27632 (Y; Stemcell Technologies)
were added to the culture media when indicated.
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2.2. Feeder cells culture and inactivation

Human Foreskin Fibroblasts (HFF-1, ATCC®SCRC-1041™) were
used as feeder cells. HFFs were cultured for expansion in DMEM (Gibco)
containing 10 % Foetal Bovine Serum (FBS; Gibco). Cells were inacti-
vated by incubation with 10 pg/ml mitomycin C (Fisher Scientific) 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.

2.3. Derivation and culture of hESCs

Derivation was performed from whole blastocysts and from single
blastomeres isolated from 8-cell embryos using a protocol based on Taei
et al. (Taei et al., 2013) Exceptionally, a small number of embryos were
biopsied at 6, 7, 9 or 10-cell stages, in all cases before showing any signs
of compaction. Blastocysts at D5 or D6 of development were dezoned
with Tyrode's Acidic Solution (Sigma), seeded onto a monolayer of
iHFFs, and monitored daily from day 3 onwards. Single blastomeres
were biopsied from 6- to 10-cell embryos, individually seeded onto a
monolayer of iHFFs and monitored every day from day 3 onwards to
check for cell division. All blastomeres from each embryo were biopsied
to reduce the number of embryos used.

The medium for hESC derivation consisted of KO-DMEM (Gibco)
containing 20 % Knockout Serum Replacement (KSR; Thermo Fisher), 2
mM 1-glutamine (BioWest), 1 x 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 human
Fibroblast Growth Factor-basic (bFGF; Gibco). When indicated, 1 mM
ROCK inhibitor Y and 3 mM GSK3p inhibitor CH were added to the
medium. All culture procedures were performed in a humidified incu-
bator at 37 °C and 5 % COs, in air.

Blastocyst and blastomere outgrowths were passaged mechanically
on day 6-7 and 10-12, respectively. In both cases, if a PICMI was
observed, it was mechanically isolated and passaged individually. If a
PICMI was not observed, the entire outgrowth was passaged. The me-
dium was changed every other day and hESC colonies were passaged
either mechanically or enzymatically as small clumps with trypsin-EDTA
(BioWest) every 6-7 days.

2.4. Conversion of a pre-existing primed hESC line

A naive hESC line was generated from an established blastocyst-
derived hESC line (ES[10] line, 46, XX, obtained from the Spanish Na-
tional Stem Cell Bank and registered in the human Pluripotent Stem Cell
Registry as ESe025-A) using a modification of the protocol described by
Ware and colleagues (Ware et al., 2014). Briefly, hESCs were first
cultured for two passages in hESC medium supplemented with 0.1 mM
sodium butyrate (Sigma) and 50 nM SAHA (Santa Cruz), and then
passaged as single cells and maintained in 2iF medium at 37 °C and 5 %
CO, in air. This naive-converted hESC line was maintained for >25
passages in 2iF medium.

2.5. Characterization of hESC lines

2.5.1. Immunostaining for intracellular markers

Putative newly generated hESC lines were characterized by immu-
nofluorescence of pluripotency markers OCT4 and SOX2. Differentiation
markers alpha-fetoprotein (AFP) for endoderm, alpha smooth muscle
actin (SMA) for mesoderm and class III beta-tubulin (TUJ1) for 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 % para-
formaldehyde (PFA) for 20 min at RT and then washed three times with
1x PBS for 5 min. After that, the cells were permeabilised and blocked in
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a PBS solution containing 0.2 % sodium azide (Sigma), 0.5 % Triton X-
100 (Sigma), and 3 % goat serum (BioWest) for 30 min at 37 °C. The cells
were then incubated with the primary antibody overnight in a wet
chamber at 4 °C. The next day, cells were washed three times with 1x
PBS for 5 min each before adding the corresponding secondary antibody
and incubating for 2 h 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 pg/ml Hoechst 33258 (Molecular Probes — Invitrogen)
diluted in Vectashield (Vector Laboratories) was added as a nuclear
counterstain and coverslips were mounted on slides. The preparations
were kept at —20 °C until they were analysed using an epifluorescence
microscope (Olympus BX61). Images were obtained using Cytovision
software (Applied Imaging, Inc.).

Primary antibodies used were mouse monoclonal anti-OCT4 (Santa
Cruz, sc-5279, dilution 1:50), rabbit polyclonal anti-SOX2 (Merck,
AB5603, dilution 1:200), mouse monoclonal anti-AFP (R&D Systems,
MAB1368, dilution 1:200), mouse monoclonal anti-SMA (Sigma, A5228,
dilution 1:200), mouse monoclonal anti-TUJ1 (Covance, MMS-435P,
dilution 1:500), and rabbit polyclonal anti-H3K27me3 (Merck,
07-449, dilution 1:500).

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

2.5.2. Immunostaining for cell surface marker SSEA3

To detect the cell surface SSEA3 pluripotency marker, hESCs were
fixed with 4 % PFA, blocked, and permeabilized with TBS containing
0.5 % Triton X-100 and 6 % donkey serum (Chemicon) (Marti et al.,
2013). Cells were incubated overnight with rat anti-SSEA3 primary
antibody (Developmental Studies Hybridoma Bank, MC-631, dilution
1:1) diluted in TBS containing 0.1 % Triton X-100 and 6 % donkey
serum. Next, cells were incubated with goat anti-rat IgM Cy3 secondary
antibody (Jackson ImmunoResearch, 112-165-020, dilution 1:200) for
2 h at 37 °C. Nuclei were stained with 4',6-diamino-2-fenilindol (DAPI;
Invitrogen) and preparations were analysed using a confocal microscope
(Leica TSC SPE/SP5).

2.5.3. Karyotyping
Karyotype of hESCs was evaluated using G-banded metaphase kar-

yotype analysis. Seventy per cent confluent hESC colonies were treated
with colcemid (Thermo Fisher) for 3 h. The cells were then trypsinised,
incubated with hypotonic solution (Gibco) and fixed in Carnoy fixative
(methanol:acetic acid 3:1). Karyotype was performed following stan-
dard procedures (European Guidelines for Constitutional Cytogenetics
Analysis 2018).

2.5.4. 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). 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, fixed colonies were incubated in
the same mixture for a maximum of 10 min. Images of blue-stained
pluripotent colonies were obtained using an Olympus IX71 inverted
microscope.

2.6. Clonogenicity and doubling time assays

For the clonogenicity assay, 5000 cells were seeded in three wells on
iHFFs. Three days after plating for 2iF cultures or 6-7 days for standard
medium cultures, the number of colonies per well was assessed and
single-cell clonogenicity was expressed as the number of colonies per
well over the number of plated cells.

For the doubling time assay, cells were seeded in two wells and
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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 numbers of cells were determined using a Neubauer chamber and
the doubling time was calculated using the following formula:

time x log(2)

DT=—mF— 2~
final number of cells
lOg (initial number of cells)

2.7. TFE3 intracellular localization analysis

Cells were fixed and immunostained using the aforementioned pro-
tocol. Antibodies used were a rabbit polyclonal anti-TFE3 primary
antibody (Sigma, HPA023881, dilution 1:200) and a goat anti-rabbit IgG
Alexa Fluor 594 secondary antibody (Molecular Probes, A-11037, dilu-
tion 1:500).

The ImageJ software was used to calculate the nuclear vs cyto-
plasmatic ratios of TFE3 staining in images obtained using an inverted
epifluorescence microscope (Olympus). Nuclei and surrounding cyto-
plasmic regions were selected and the mean grey value (MGV) was
measured for the two compartments of each cell. The TFE3 ratio was
measured in 100 cells from several colonies of each hESC line.

2.8. Mitochondrial activity analysis

Mitochondrial membrane potential was quantified using the tetra-
methylrhodamine ethyl ester (TMRE) mitochondrial membrane poten-
tial assay kit (Abcam) following the manufacturer's instructions. Images
were obtained using an inverted epifluorescence microscope (Olympus)
and the mean fluorescence intensity was quantified as the MGV of a
minimum of 10 colonies from each hESC line using the ImageJ software.

2.9. DNA extraction and 5mC/5hmC quantification

Several hESC colonies were mechanically separated from the feeder
cells and genomic DNA was extracted using the Gentra Puregene Cell Kit
(Qiagen) following the manufacturer's instructions. Its concentration
and purity were assessed using a Nanodrop spectrophotometer (Thermo
Fisher).

To quantify 5-methylcytosine (5mC) and 5-hydroxymethylcytosine
(5hmQ), the Fluorometric Methylated DNA Quantification Kit (Abcam)
and the Fluorometric Hydroxymethylated DNA Quantification Kit
(Abcam) were used, respectively, following the manufacturer's in-
structions. Relative Fluorescence Units were measured in duplicate
using a Spark® multimode microplate reader (Tecan) at 530 nm exci-
tation/590 nm emission.

2.10. Embryoid body formation

bm- and bc-hESC colonies were mechanically disaggregated into
medium-sized cell clumps and cultured in Nunclon Sphera 12-well
plates (Thermo Fisher) in hESC medium without bFGF. Naive-con-
verted hESCs colonies were trypsinised and seeded in the same 12-well
plates in hESC medium without bFGF, PD, or CH. The medium was
changed every other day and embryoid bodies (EBs) were cultured in
suspension for six days.

2.11. RNA extraction and real-time quantitative PCR

For the gene expression analysis of core, primed, and naive plurip-
otency markers, hESC colonies were mechanically separated from the
feeder cells. For the differentiation analysis, 6-day old EBs were isolated.

Total RNA from both hESCs and EBs was isolated using the
Maxwell® RSC simplyRNA Tissue Kit (Promega), following the manu-
facturer's instructions.

RNA concentration and purity were assessed using a Nanodrop
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spectrophotometer (Thermo Fisher). Then, 1 pg of total RNA was
reverse-transcribed (RT) to cDNA using the iScript cDNA Synthesis Kit
(Bio-Rad). The RT reaction was performed as follows: 5 min at 25 °C, 30
min at 42 °C, 5 min at 85 °C, and cooling to 4 °C.

For the expression analysis of core, primed and naive pluripotency
markers, five nanograms of cDNA were used in a total reaction volume
of 20 pl per well. Primers were either selected from the literature or
designed in-house (Table S1). All primers were tested and those with
efficiency values ranging from 90 to 115 % were validated. GAPDH,
RPL13A, and RPLPO were used as housekeeping genes for normalization.
A non-template control (NTC) was added for each gene.

For the expression analysis of differentiation genes, five nanograms
of cDNA were used in a total reaction volume of 10 pl per well. Validated
PrimePCR SYBR green assays (Bio-Rad) for pluripotency and lineage
markers were used. GAPDH and RPLPO were used as housekeeping genes
for normalization. A NTC was added for each gene.

In both experiments, the reaction program consisted of a denatur-
ation step of 3 min at 95 °C followed by 40 cycles of 5 s at 95 °C
(denaturing) and 30 s at 60 °C (annealing and extension). The melt curve
of the reaction products was obtained with a final step consisting of an
increment of 0.5 °C every 5 s from 65 °C to 95 °C.

2.12. Library preparation and RNA-sequencing

Two micrograms of total RNA obtained from each hESC line was sent
to the Centre Nacional d'Analisi Genomica (CNAG) in Barcelona (Spain)
for RNA sequencing (RNA-seq).

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

RNA-seq libraries were prepared with the KAPA Stranded mRNA-Seq
Mlumina Platform Kit (Roche) following the manufacturer's recom-
mendations. Briefly, 500 ng of total RNA was used for poly-A fraction
enrichment with oligo-dT magnetic beads, following mRNA fragmen-
tation by divalent metal cations at high temperature. Strand specificity
was achieved during the second strand synthesis performed in the
presence of dUTP instead of dTTP. The blunt-ended double-stranded
c¢DNA was 3adenylated 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 using an Agilent 2100
Bioanalyzer with a DNA 7500 assay.

The libraries were sequenced on a NovaSeq 6000 (Illumina) in
paired-end mode with a read length of 2 x 51 bp, following the manu-
facturer'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), followed by the generation of
FASTQ sequence files.

2.13. RNA-seq processing and analysis

RNA-seq reads were mapped against the human reference genome
(GRCh38) using the 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.

A Principal Component Analysis (PCA) plot was generated with
regularized log-transformed (rlog) counts, taking all genes into account.
A heatmap with the top 50 differentially expressed (DE) genes was
generated using the pheatmap R package, using the scaled rlog-
transformed counts.

Differential expression gene (DEG) analysis was performed with
DESeq2 v1.36.0 R package (Love et al., 2014) using a Wald test to
compare the bm-hESC and bc-hESC groups. Genes were considered
differentially expressed with an adjusted p-value <0.05 and absolute
fold change |FC| > 1.5. Significant genes were selected for Gene
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Ontology (GO) enrichment analysis using the PANTHER software. A
PANTHER overrepresentation test was performed on the GO Ontology
database (DOL: https://doi.org/10.5281/zenodo.6799722) released on
July 1st, 2022, applying a Fisher's exact test with False Discovery Rate
correction.

2.14. Experimental design

Three experimental groups were defined for hESC derivation from
both blastomeres and blastocysts. In the CHY group, embryos were
cultured in the presence of CH and Y from the 4-cell stage until plating
onto iHFFs. The same inhibitors were then added to the hESC culture
medium. Y and CH were removed at day 6 and 12, respectively. bFGF
was added either at day O or 6. To determine the effect of embryo culture
with CH and Y on hESC derivation efficiency, we designed a second
group, named NT, equivalent to the CHY one, but without inhibitors in
the embryo culture medium. Finally, the negative control NT-NT group
contained no inhibitors at any step (Fig. 1).

Analyses of naive pluripotency indicators and qPCR for naive and
primed pluripotency markers were carried out in all four bm-hESCs lines
and six bc-hESCs lines (three from the NT group and three from the CHY
group), along with the naive-converted hESC line. All tests were per-
formed 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. qPCR analyses were
repeated at passage 15 in bc-hESCs and bm-hESCs to assess the influence
of culture passages on naive and primed gene expression.

Clonogenicity and doubling time assays were performed in all four
bm-ESC lines and in four bc-hESC lines (2 from the NT group and 2 from
the CHY group), as well as in the naive-converted hESC line. Bm-hESCs
and bc-hESCs lines were used at low culture passages (3-5) whereas the
naive converted line was used at passage 12-15.

For RNA-seq and germ layer differentiation analyses, all four bm-
hESC lines and four bc-hESC lines were used, along with the naive-
converted hESC line. Tests were performed at intermediate culture
passages (6-9) for bm-hESCs and bc-hESCs, whereas the naive-con-
verted line was analysed at passage 15.

2.15. Statistical analysis

Derivation efficiency values for each group were compared using a
Fisher's exact test. The TFE3 ratios for each group were compared using
a Kruskal-Wallis test followed by Dunn's post-hoc test.

The clonogenicity and doubling time assay values, mean TMRE
fluorescence intensity per colony values, and 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 qPCR experiments, relative expression levels were calculated
using the AACy method. A one-way ANOVA test followed by Tukey's
HSD post-hoc test was applied to the relative expression values of each
gene.

4-cell Plating over
embryo feeder cells

| |

CHY GROUP CH+Y CH +Y (+ bFGF) CH + bFGF bFGF
NT GROUP CH +Y (+ bFGF) CH + bFGF bFGF
NT-NT GROUP bFGF

Day 0 Day 6 Day 12

Fig. 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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Statistical tests were performed using GraphPad Prism 7 (GraphPad
Software Inc.), except for the qPCR results, in which CFX Maestro soft-
ware (Bio-Rad) was used. Differences with p values lower than 0.05 were
considered statistically significant.

3. Results

3.1. Generation of outgrowths and PICMIs from single blastomeres and
whole blastocysts

To study the transition between isolated blastomeres plated on
feeder cells and the establishment of the ESC line, we assessed the ca-
pacity of the blastomeres to form an outgrowth and a PICMI before the
cell line was fully established. First, cell division (Fig. 2A) and
outgrowth formation (Fig. 2B) rates were assessed. No statistical dif-
ferences were observed among groups (CHY, NT and NT-NT) in cell
division rates, but outgrowth formation rates were significantly higher
in the CHY and NT groups than in the NT-NT group (Table 1).

PICMIs were observed in some outgrowths during derivation 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 on day 10-12 (Fig. 2C). The PICMI was
mechanically separated from the rest of the outgrowth and plated in
another well over fresh iHFFs. After the first passage, pluripotent cells
began to emerge from the PICMI (Fig. 2D) and eventually formed a hESC
colony. Five PICMIs originated from single blastomeres, most of them
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(4/5) in the CHY group. In our hands, four out of these five PICMIs (80
%) gave rise to a hESC line. Fifteen PICMIs were formed from whole
blastocysts, 11 of which (73.3 %) turned into a hESC line. No hESC lines
could be derived from single blastomeres nor whole blastocysts without
previous PICMI formation (Table 1).

3.2. Effects of GSK3pi, ROCKi and bFGF on hESC derivation efficiencies
from single blastomeres and whole blastocysts

Four hESC lines were generated from isolated blastomeres (n = 508):
three in 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
equivalent number of plated blastomeres in each group (Table 2). All
four bm-hESC lines were obtained from blastomeres isolated from 8-cell
embryos.

The need for exogenous bFGF for bm-hESC derivation was tested by
adding it either from day O (simultaneously with blastomere plating) or
day 6. The highest bm-hESC derivation efficiency was achieved in the
CHY group when adding bFGF from day 0, with 3 hESC lines out of 83
blastomeres (3.6 %). Therefore, bFGF was added from day 0 in all groups
of hESC derivation from whole blastocysts. No significant differences
were observed among groups in terms of derivation efficiency from
whole blastocysts. Five bc-hESC lines were established in the CHY group
(22.7 %), 4 in the NT group (15.4 %) and 2 in the NT-NT group (8 %)
(Table 2).

Fig. 2. Initial steps of the hESC derivation process from a single blastomere and PICMI formation, corresponding to the bm-23.3 line from the CHY group. 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. C) PICMI at day 7. D) hESC-like cells

(arrow) growing from the PICMI after mechanical passaging. Scale bars: 200 pm.
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Table 1
Outgrowths and PICMI formation and hESC derivation efficiencies from single blastomeres.
Plated blastomeres Cell division Outgrowths PICMIs hESC lines
CHY group bFGF from day 6 115 81 (70.4 %) 32 (27.8 %) 1 (0.9 %) 0
bFGF from day 0 83 52 (62.7 %) 15 (18.1 %) 3 (3.6 %) 3 (3.6 %)
Total 198 133 (67.2 %) 47 (23.7 %)* 4 (2,0 %) 3 (1.5 %)
NT group bFGF from day 6 120 85 (70.8 %) 19 (15.8 %) 1 (0.8 %) 1 (0.8 %)
bFGF from day 0 56 29 (51.8 %) 4 (7.1 %) 0 0
Total 176 114 (64.8 %) 23 (13.1 %)" 1 (0.6 %) 1 (0.6 %)
NT-NT group bFGF from day 0 134 78 (58.2 %) 2 (1.5 %)° 0 0

Different letters indicate significant differences between CHY, NT, and NT-NT groups with p < 0.05.

Table 2
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 %)

3.3. Characterization of hESC lines

All putative hESC lines expressed pluripotency markers OCT4, SOX2,
and SSEA3 (Fig. 3A-C) and were positive for ALP (Fig. 3G). They were
also positive for differentiation markers AFP (endoderm), o-SMA
(mesoderm), and TUJ1 (ectoderm) after culture in differentiation-prone
conditions (Fig. 3D-F). These results confirmed the pluripotency of these
cells.

Most cell lines were chromosomally normal, except for line bm-6.1,
which presented an aneuploid karyotype (48,XY,+16,+20) (Fig. 3H, ),

OCT4 + HOECHST
A

AFP

SOX2 + HOECHST

and line be-17, with 85 % mosaicism of trisomy 22 (47,XY,+22/46,XY).
Regarding sex, all four bm-hESC lines were male whereas out of the
eight be-hESC lines analysed, three were male and five were female.

3.4. hESC morphology and behaviour in culture

Both bm-hESCs and bc-hESCs formed large, flattened colonies from
the second passage onwards (Fig. 4A, B). Most colonies remained un-
differentiated with well-defined edges, although a few colonies began to
show differentiation at the centre after 5-6 days. By contrast, naive-
converted hESCs in 2iF medium formed small dome-shaped colonies and
did not show signs of differentiation after >25 passages (Fig. 4C).

Bm-hESCs showed significantly higher single-cell clonogenicity than
bc-hESCs (1.9 % =+ 0.6 vs. 0.8 % =+ 0.6), although significantly lower
than that of naive-converted hESCs (12.9 %) (Fig. 4D). No differences in
cell doubling times were observed between bm-hESCs and bc-hESCs
(30.6 h &+ 2.9 vs. 32.4 h + 2.6), whereas naive-converted hESCs prolif-
erated significantly faster (16.2 h) (Fig. 4E).

SSEA3 + HOECHST
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Fig. 3. Characterization of putative hESC lines. A-C) Immunofluorescence detection of pluripotency markers OCT4 (green), SOX2 (red) and SSEA-3 (red). Nuclei
were counterstained with Hoechst 33258 (blue). D-F) Immunofluorescence detection of differentiation markers AFP (endoderm; green), SMA (mesoderm; green) and
TUJ1 (ectoderm; green). Nuclei were counterstained with Hoechst 33258 (blue). G) Image of a hESC colony after the alkaline phosphatase assay. H) Karyotype of the
bm-31.5 line at passage 14. I) Karyotype of the bm-6.1 line at passage 16. Scale bars: 200 pm.
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Fig. 4. hESC colony morphology and behaviour in culture. A-C) Images of hESC colonies from a blastomere-derived hESC line (bm-23.3), a blastocyst-derived hESC
line (bc-8) and a naive-converted hESC line (ES[10]), respectively. Scale bar: 500 pm. D) Single-cell clonogenicity expressed as number of colonies out of number of
plated cells. Each dot represents a cell line. E) Mean cell population doubling time. Each dot represents a hESC line. Mean + SD, *p < 0.05.

3.5. Analysis of naive pluripotency indicators

TFE3 showed a preferential cytoplasmic localization in all bm-hESCs
and bc-hESCs lines analysed, whereas naive-converted cells exhibited
nuclear enrichment of TFE3 (Fig. 5A). Fluorescence quantification
confirmed no significant differences in the nuclear vs cytoplasmic ratios
of TFE3 between bm-hESCs and bc-hESCs (0.59 + 0.16 vs 0.59 + 0.22,
respectively), whereas this ratio was significantly higher in the naive-
converted hESC line (1.80 + 0.42) (Fig. 5B).

In terms of mitochondrial activity, bm-hESCs and bc-hESCs showed
no significant differences in the intensity of TMRE staining (26.5 + 4.1
vs. 25.7 + 4.0, respectively), whereas it was significantly more intense
in the naive-converted hESC line (35.0 + 5.2) (Fig. 5C, D), indicating a
higher mitochondrial membrane polarization.

Finally, no significant differences were found in the genomic 5mC
levels between bm-hESCs and be-hESCs (2.9 % 4 0.3 vs. 2.8 % =+ 0.3),
nor in 5hmC levels (0.038 % + 0.006 vs. 0.043 % =+ 0.008, respectively).
Naive converted hESCs showed significantly lower levels of methylated
cytosines (1.7 %) and also lower levels of 5ShmC (0.028 %), although this
latter difference was not statistically significant (Fig. 5E, F).

3.6. Expression of naive and primed pluripotency genes

No significant differences were found in the expression of the core
pluripotency marker OCT4 among bm-hESC, bc-hESC and the naive
converted hESC at passage 5 nor at passage 15, whereas naive hESCs
showed a higher expression of SOX2 at both passages (Fig. 6A, D). At
passage 5, the expression of the naive marker DNMT3L was significantly
higher in bm-hESCs than in be-hESCs, although lower than in the naive-
converted positive control line. The 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. 6B). Most of these differences disappeared at passage 15, when
only the expression of DNMT3L, which remained significantly higher in
bm-hESCs and became equivalent to the naive-converted line (Fig. 6E).
None of the hESC lines expressed detectable KLF17 levels (data not

shown). As for primed markers, no significant differences were observed
among the three groups neither at passage 5 nor at passage 15 (Fig. 6C,
F). Additionally, when comparing the expression levels of naive and
primed pluripotency genes in bm-hESCs at passage 15 with those at
passage 5, we observed that the expression of REX1 and STELLA
significantly decreased at passage 15 (data not shown).

3.7. Transcriptome analysis

PCA showed that all bm-hESC and bc-hESC lines clustered together,
except for the bc-4 line, and separated from the naive-converted hESC
line (Fig. 7A). An effect of the sex of the hESC lines was observed in the
PC1vsPC3 representation of the PCA, in which all XY lines clustered
together and separated from the XX lines (Fig. 7B). The bm-hESCs group
included only XY lines, whereas the bc-hESCs group had two XY (bc-17
and be-21) and two XX (bc-4 and be-26) hESC lines. The transcript with
the highest contribution to the variability explained by PC3 was XIST,
along with many genes located in the Y chromosome (Table S2). The
presence of XIST among this set of transcripts was expected since the
female lines from the bc-hESC group showed X-chromosome inactiva-
tion, as assessed by immunostaining for the H3K27me3 marker (Fig. S1).
Therefore, considering the results of the PCA, we opted to include only
the genes in autosomes and mitochondria in the DEG analysis. When
applying this correction, the distribution of the hESC lines in the
PC1vsPC2 (Fig. 7C) was similar to the distribution of the hESC lines
considering all genes (Fig. 7A) but hESC lines did not cluster by their sex
in the PC1vsPC3 representation (Fig. 7D).

3.8. Differential expression gene analysis

DEG analysis considering only autosomal and mitochondrial genes of
the bm-hESC and bc-hESC lines showed a total of 78 DE genes with fold
change >1.5 and p < 0.05. Of these, 57 genes were upregulated in bc-
hESCs, and 21 were upregulated in bm-hESCs (Table S3). The heat-
map represents the top 50 DE genes between bm-hESCs and bc-hESCs
(Fig. 8A). The GO analysis revealed several GO biological process
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Fig. 5. Analysis of naive pluripotency indicators. A) Representative images of immunofluorescence detection of TFE3 (red) counterstained with Hoechst 33258
(blue) in a bm-hESC line (bm-26.5), a bc-hESC line (bc-21) and a naive-converted hESC line (ES[10]2iF). Scale bars: 100 pm. B) Fluorescence quantification of the
TFE3 immunofluorescence. Expressed as mean + SD. C) Representative images of TMRE staining (red) in a bm-hESC line (bm-23.3), a bc-hESC line (bc-26) and a
naive-converted hESC line (ES[10]2iF). Scale bars: 200 pm. D) Fluorescence quantification of the TMRE staining. Each point represents a single hESC colony, and all
lines from each group are equally represented. Expressed as mean + SD. E) Quantification of global 5mC. F) Quantification of global 5hmC. *p < 0.05.

terms significantly overrepresented among the DE genes upregulated in
bc-hESCs with p < 0.05. Eighteen genes were related to the GO term
“nervous system development” and nine genes were related to “pattern
specification process”, including six genes involved in “anterior-poste-
rior pattern specification” and four in “somite development” (Fig. 8B).
Regarding the 21 transcripts overrepresented in bm-hESCs, 13 consti-
tuted protein-coding genes, and the GO analysis did not find any GO
biological process significantly enriched.

Finally, we compared the expression levels of an array of core,
primed and naive pluripotency marker genes described by Taei et al.
(Taei et al., 2020). Considering only these genes, the bm- and bc-hESC
lines clustered according to the developmental stage of their source
embryo, with the only exception of the bm-26.5 line (Fig. S2).

3.9. Primary germ layer 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 ability to
differentiate into cells of the three primary germ layers, we quantified
the changes in the expression of several lineage markers after sponta-
neous differentiation of the bm-hESCs, bc-hESCs, and the naive-con-
verted hESC line to EBs for 6 days (Fig. 9A). The qPCR results indicated
that, when treated as a whole, no significant differences existed between
the three groups in the expression levels of pluripotent, ectodermal,
mesodermal and endodermal markers of the EBs relative to the undif-
ferentiated hESCs (Fig. 9B). However, large heterogeneity was observed
between the different hESC lines, even within the same experimental
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letters indicate statistically significant differences among the three groups of lines with p < 0.05.
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naive hESC line hES10 2iF. A-B) PC1vsPC2 and PC1vsPC3 representation including all genes. C-D) PC1vsPC2 and PC1vsPC3 representation including only autosomal

and mitochondrial genes.

group. This heterogeneity was already observed when comparing the
different hESC lines before differentiation (Fig. S3).

Statistically significant differences in the expression of pluripotency
and lineage markers were also detected among the EBs generated rela-
tive to their corresponding hESCs. Lines bm-6.1, bm-23.3, be-21, and be-
26 differentiated efficiently towards the three germ layers. Lines bm-
26.5 and bc-17 showed efficient differentiation only towards meso-
derm and endoderm. Lines bm-31.5 and bc-4 differentiated well only
towards mesoderm, although the upregulation of mesoderm markers

was milder compared to other hESC lines. Lastly, the naive-converted
hESC line upregulated all lineage markers except FOXA2 after differ-
entiation, but the increase in gene expression was lower than that
observed in other lines (Fig. 9C-E). Regarding pluripotency markers, in
the bm-hESC group, line bm-6.1 downregulated both OCT4 and SOX2
after differentiation, lines bm-26.5 and bm-31.5 downregulated only
S0X2, and no downregulation of any of the two markers was detected in
line bm-23.3. In the bc-hESC group, the pluripotency marker OCT4 was
downregulated in lines bc-4 and be-21, whereas all lines, except be-21,
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Fig. 9. Differentiation of hESC lines to cells of the three primary germ layers. A) Embryoid bodies (EBs) after 6 days of suspension culture. B) Expression of plu-
ripotency and lineage markers in bm-hESC, bc-hESC and naive hESC-derived EBs normalized to respective undifferentiated hESCs. C-E) Expression of ectoderm
(green), mesoderm (orange) and endoderm (blue) markers in EBs normalized to respective undifferentiated hESCs in bm-hESC lines (C), bc-hESC lines (D) and the

naive-converted hESC line (E).

downregulated SOX2 after differentiation. The naive-converted hESC
line failed to downregulate any of the pluripotency markers after dif-
ferentiation (Fig. 9E).

3.10. hESC derivation from single blastomeres in naive conditions

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

11

4. Discussion

In this study, we were able to derive multiple lines of hESCs from
both blastocysts and single blastomeres of 8-cell embryos and to char-
acterize their pluripotency state using a comprehensive set of cellular
and molecular analyses.

Regarding hESCs derivation, we report, for the first time, the for-
mation of PICMIs from single human blastomeres. Our results support
the hypothesis that PICMI formation is essential for the establishment of
a new hESC line not only from blastocysts, as previously described
(O'Leary et al., 2012), but also from single blastomeres. Thus, although
blastomeres formed outgrowths without going through the blastocyst
stage, they subsequently underwent morphological changes similar to
those of whole blastocysts during hESC derivation under the same cul-
ture conditions.
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Our results also confirm that the use of GSK3f inhibitor CH and
ROCK inhibitor Y has a beneficial effect on the derivation of hESCs from
single blastomeres. ROCK inhibitor is known to enhance hESC survival,
especially when dissociated as single cells (Watanabe et al., 2007),
whereas low concentrations of GSK3p inhibitor maintain hESCs in a
pluripotent state and inhibit differentiation (Singh et al., 2012). This is
consistent with the results obtained by Taei et al. (Taei et al., 2013),
although they reported a higher derivation efficiency (up to 13 %).
However, they used mouse embryonic fibroblasts (MEFs) as feeder cells
and were not able to establish any hESC line on HFFs. In contrast, our
results demonstrate that hESC lines can be derived from single blasto-
meres by direct plating over HFFs, which are more stable and durable
than MEFs (Ma et al., 2012; Meng et al., 2008; Richards et al., 2003) and
avoid the presence of xeno-products in the culture medium. Some
studies have reported differences between HFFs and MEFs in their
production and secretion of growth factors to the culture medium
(Eiselleova et al., 2008; Yang et al., 2016), which may explain the lower
efficiencies obtained in this study.

Next, we aimed to characterize the pluripotency state of the bm-
hESCs lines and compare it with that of known primed bc-hESC lines.
Several molecular indicators pointed towards bm-hESCs presenting a
state of pluripotency close to the primed state, as similar results in the
localization of TFE3, mitochondrial activity, and global DNA methyl-
ation and hydroxymethylation levels were observed between bm-hESC
and bc-hESC lines. First, TFE3 is known to exit the nucleus at the
onset of ESC differentiation (Betschinger et al., 2013), accumulating in
the cytoplasm in primed hESCs while being enriched in the nucleus in
naive hESCs (Gafni et al., 2013). Second, it is reported that primed stem
cells have a preferentially glycolytic metabolism, showing low mito-
chondrial activity, whereas naive stem cells are bivalent, leaning on
both glycolysis and oxidative phosphorylation for energy production
(Takashima et al., 2014; Sperber et al., 2015; Zhou et al., 2012). Third, it
is known that naive mESCs show a hypomethylated genome with respect
to their primed counterparts, and oxidation of 5mC into 5hmC is one of
the mechanisms involved in the demethylation observed during the
serum to 2i transition (Hackett et al., 2013; Leitch et al., 2013; von
Meyenn et al., 2016).

Nonetheless, cell behaviour in culture pointed towards a more naive
pluripotency state of bm-hESCs when compared to bc-hESCs. The fact
that bm-hESCs presented a higher single-cell clonogenicity than bc-
hESCs implies that a high number of cells could be obtained more
rapidly and easily than when using bc-hESCs. Importantly, it should be
noted that the bm-6.1 line, which showed the highest clonogenic ca-
pacity among all bm- and be-hESC lines, presented a trisomy 20, and it is
known that a gain of the region 20q11.21 confers selective advantage
and higher clonogenic capacity to hESCs (Nguyen et al., 2014; Avery
etal., 2013). Therefore, we cannot exclude the possibility that the higher
clonogenicity observed in this particular hESC line is caused by its
abnormal karyotype. Nevertheless, all the other three bm-hESC lines
showed a higher clonogenic capacity than 5 of the 6 bc-hESC lines
analysed, so an effect of the embryonic origin of the hESC lines is most
probably still present.

Similarly, results from qPCR analyses leaned in the same direction,
with several markers showing higher expression in bm-hESCs than in be-
hESCs at early passages. DNMT3L is strongly upregulated in most naive
hESC populations and contributes to their ability to differentiate into
different cell types by maintaining bivalent epigenetic signals that may
quickly activate or inhibit different sets of genes (Jenkins and Carrell,
2012). PRDM14 and REX1 are associated with maintenance of naive
pluripotency in mESCs (Kalkan et al., 2017; Grabole et al., 2013; Yamaji
etal., 2013) and, although they are expressed in conventional hESCs and
are thought to be involved in the core pluripotency circuit (Seki, 2018;
Son et al., 2013), most of the human naive cell populations do upregu-
late both genes (Taei et al., 2020; Warrier et al., 2017), suggesting that
they could also play a role in the maintenance of human naive plurip-
otency. Finally, STELLA is expressed in the human epiblast but is
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downregulated during the transition to primed hESCs (Yan et al., 2013).
Interestingly, most of the differences in the expression of naive marker
genes between bm-hESCs and bc-hESCs disappeared at passage 15.
Altogether, 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.

Nevertheless, it is important to note that our control naive hESCs,
generated using the protocol described by Ware et al. (Ware et al.,
2014), did not show a marked upregulation of several naive-associated
transcription factors, as previously reported (Theunissen et al., 2014;
Taei et al., 2020; Warrier et al., 2017). In fact, they are considered in-
termediate naive (Taei et al., 2020). Also notably, our modifications of
this protocol, which included the use of KO-DMEM instead of DMEM/
F12 and the use of iHFFs instead of MEFs or Matrigel, allowed the
generation of naive hESCs without the need for physiological Os
conditions.

Regarding RNA-seq experiments, the PCA indicated that, at inter-
mediate culture passages, bm-hESCs and bc-hESCs do not show major
differences in their transcriptional profiles, and differ from naive hESCs
at the transcriptional level, in line with the outcome of most naive
pluripotency indicators analysed. Nonetheless, bc-hESCs overexpressed
a set of genes mainly involved in nervous system development and in
embryonic pattern specification with respect to bm-hESCs. Interestingly,
both the cynomolgus monkey and the human postimplantation epiblast
cell populations of the embryo 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 gas-
trulating cynomolgus monkey embryos (Nakamura et al., 2016).
Therefore, our GO analysis results suggest that bc-hESCs recapitulate
better the very late postimplantation epiblast of the human embryo than
bm-hESCs, and that bm-hESCs may closer resemble an earlier stage of
the human embryo than bc-hESCs (in agreement with their embryonic
source). Additionally, hESC lines clustered by the embryonic stage of
their origin regarding the expression of core, naive and primed plurip-
otency markers, suggesting an effect of the developmental stage of the
source embryo on the pluripotency state of the hESC lines.

A recent study compared the gene expression profiles of XY and XX
isogenic hiPSCs and found that female lines showed a pluripotency state
closer to the naive state than male lines (Waldhorn et al., 2022).
Therefore, the fact that all our bm-hESC lines were male might also
explain the mildness of the differences found between bm-hESCs and bc-
hESCs in this study.

Despite these transcriptional differences, bm-hESCs and bc-hESCs
displayed a similar differentiation potential towards the three primary
germ layers. Naive hESCs showed a milder upregulation of the differ-
entiation markers than bm-hESC and be-hESC lines after 6 days, which is
consistent with reports indicating that naive hESCs may need a capaci-
tation or re-priming step for efficient differentiation (Lee et al., 2017;
Rostovskaya et al., 2019). Even though bc-hESCs upregulated genes
related to nervous system development, an increased differentiation
propensity towards ectoderm was not observed. However, we cannot
exclude the fact that bc-hESCs could be more poised for terminal dif-
ferentiation into neuronal precursors, hindering or not their capacity to
generate other mature cell types. Additionally, the differences observed
among hESC lines in the expression of lineage markers and differentia-
tion potential 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, and therefore
should be considered an intrinsic characteristic of hESCs (Osafune et al.,
2008; Bock et al., 2011; Sun et al., 2018).

Finally, results from the hESC derivation attempts in naive condi-
tions showed that 2iF medium supported the growth of pluripotent cells
from single blastomeres until the formation of the PICMI with a similar
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efficiency to that obtained under standard conditions when using
GSK3pi 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). The fact that both bm-
hESCs and bc-hESCs go through the PICMI stage during the derivation
process could explain the mildness of the differences observed between
them.

It was proposed that the pluripotency state of ESCs should be seen as
a wide continuous spectrum instead of the conventional two-state model
of naive vs primed pluripotency (Smith, 2017). This hypothesis was
supported by studies that described intermediate pluripotent states in
mouse and human (Kinoshita et al., 2021; Neagu et al., 2020; Yu et al.,
2021b). In this context, our results suggest that bm-hESCs would fall into
the primed end of the spectrum, but allocated slightly closer to the naive
end of the pluripotency continuum than be-hESCs. On the other hand,
the fact that differences in the expression levels of naive markers were
almost exclusively 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) 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.

5. Conclusion

Our results from the analysis of several naive pluripotency in-
dicators, RNA-sequencing and trilineage differentiation potential
showed that bm-hESCs display a primed pluripotency state, similar to
that of bc-hESCs. However, their increased single-cell clonogenicity,
their higher expression of some naive pluripotency markers at early
passages and minor differences in their transcriptional profile compared
to bc-hESCs suggest that bm-hESCs would be allocated closer to the
naive end of the pluripotency continuum.
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