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SUMMARY

The advent of novel 2D and 3D models for human development, including trophoblast stem cells and blas-
toids, has expanded opportunities for investigating early developmental events, gradually illuminating the
enigmatic realm of human development. While these innovations have ushered in new prospects, it has
become essential to establish well-defined benchmarks for the cell sources of these models. We aimed to
propose a comprehensive characterization of pluripotent and trophoblastic stem cell models by employing
a combination of transcriptomic, proteomic, epigenetic, and metabolic approaches. Our findings reveal that
extended pluripotent stem cells share many characteristics with primed pluripotent stem cells, with the
exception of metabolic activity. Furthermore, our research demonstrates that DNA hypomethylation and
high metabolic activity define trophoblast stem cells. These results underscore the necessity of considering
multiple hallmarks of pluripotency rather than relying on a single criterion. Multiplying hallmarks alleviate

stage-matching bias.

INTRODUCTION

The discovery and popularization of organoid, complex stem cell-
based models, calls for a strong effort of characterization and
standardization. Community efforts have led to the revision of
ISSCR standards for basic stem cell research. While most of
the community’s effort has been focused on primed pluripotency,
the recent development of blastoids and other stem cell models
of peri-implantation demonstrates the importance of applying
the same efforts to all stem cell models, including peri-implanta-
tion models."

A flurry of cellular systems has been developed to model the
different lineages of the human embryo. In 1998, pluripotent
stem cells (PSCs) were derived from human blastocysts” and
were later shown to correspond to the post-implantation epiblast
(10-14 dpf), hence to a primed state of pluripotency. Culture
conditions to capture cells corresponding to pre-implantation
epiblast (6-9 dpf) were later developed, allowing naive pluripotent

uuuuu

stem cells to be derived from human blastocysts.®>™ Later work
then generated naive pluripotent stem cells (NPSCs) by resetting
primed pluripotent stem cells (PPSCs) or through reprogramming
using OCT4, SOX2, KLF4, MYC (OSKM).5~'®

NPSCs have the closest transcriptomic profile to human pre-
implantation epiblasts. They express specific proteins such as
KLF17, DNMT3L, and DPPA5.° They are hypomethylated and
have a higher metabolic activity compared to PPSCs. Female
cell lines also have both X chromosomes active.*®'42? All these
characterization efforts led to the establishment of consensus
hallmarks for the assessment of naive pluripotency.”® Recently,
new markers have been added to the previously established hall-
marks of naive pluripotency: the ability to make human-animal
chimeras, to differentiate into the trophoblast lineage, and to
form blastoids.”+12:22:24-32

An additional state of pluripotency has been captured ex vivo
and reported to contribute to chimeras, although at low efficiency,
and to convert into extra-embryonic cells: extended PSCs or

Cell Reports 43, 114232, May 28, 2024 © 2024 The Authors. Published by Elsevier Inc. 1
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EPSCs.?>*?7*% |t has been proposed that these pluripotent stem
cells with extended or expanded potential resemble 2C-like cells
and represent a new, more potent state of stemness.*"***° How-
ever, several groups have pointed out the limit of the chimera
experiments performed in EPSC studies both in mouse and hu-
man.*®*” Since EPSCs are not actually colonizing tissues, one
could propose that these cells have the ability to survive in an
ectopic environment but do not actually chimerize with the host
embryos. Additionally, these cells have not been properly bench-
marked using naive pluripotency hallmarks.

Trophoblast stem cells (TSCs) have recently been derived
from human blastocyst but also from first trimester placenta.*®
Our team and others also observed that naive PSCs can engage
into the trophoblast fate and convert into TSCs.?>2"° An alter-
native culture medium to the original ASECRIAV medium®® that
enables maintaining TSCs in culture was also developed: ACE
medium.“® While TSCs have been proposed to correspond to
cytotrophoblasts emerging around 7 to 9 days post fertilization
(d.p.f.),?° the validation mostly relied on transcriptomic analysis.
Further work is needed to precisely characterize TSCs and their
correspondence with the human embryo but also to determine
the correspondence between cells cultured in ASECRIAV and
ACE medium. In addition, pre-implantation trophectoderm
engagement of naive PSCs has been observed upon inhibition
of NODAL and ERK pathways,*>*" but again, the cells were
mostly characterized at the transcriptomic level.

The wide range of stem cell models gives the unique opportu-
nity to clarify which hallmark is associated with which lineage
and developmental stage. Here, we have characterized human
EPSCs and TSCs in parallel with NPSCs and PPSCs through an-
alyses of transcriptomic, proteomic, epigenetic, and metabolic
features. Parallel comparison of peri-implantation stem cell
models over different characteristics will significantly contribute
to the establishment of standards for these models, as previ-
ously done for primed pluripotency.

RESULTS

Transcriptomic comparison of pluripotent and
trophoblast stem cell models

In order to compare transcriptomic features of pre- and post-im-
plantation models, we co-analyzed RNA-seq datasets from
NPSCs, PPSCs, EPSCs, TSCs, and trophectoderm-like cells
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(TELCs) (Figures 1A, 1B, and S1A). To avoid biases associated
with sequencing platforms, we obtained RNA directly from the
groups that generated the models: NPSCs,® ACE-TSCs,*° and
placenta- and blastocyst-derived ASECRIAV-TSCs.*® And, we
compared them to 6 ASECRIAV-TSCs lines generated in house:
3 induced TSCs from somatic cells and 3 converted TSCs from
NPSCs. We also included NPSCs undergoing TSC conversion*?
and TELCs generated through differentiation of NPSCs treated
with A8301 and PD0325901 (AP) up to 6 days, as published in
Guo et al., 2021.*" Finally, we included 2 EPSC lines generated
in house,”® 4 PPSC lines (3 in-house and H9 hESCs), and 7
NPSC lines (6 in-house” and HNES1 line®; Table S3).

We performed a Pearson correlation analysis on all samples
that revealed 4 main groups of samples: (1) all TSCs, from Okae
et al. and Castel et al., later mentioned as ASECRIAV-TSCs,
together with TSCs from lo et al., later referred to as ACE-
TSCs; (2) some TSCs together with TELCs; (3) all NPSCs together
with some intermediates of TELC differentiation, referred as
TE-NPSCs; and (4) EPSCs together with PPSCs (Figure 1B).
We also performed a correlation analysis after grouping samples
per culture condition, which confirmed correlation between
TELCs with both TSCs and NPSCs (Figure S1A).

TELCs recapitulate human TE specification molecular
aspects but are heterogeneous

TELCs have been proposed to recapitulate human TE matura-
tion.”" To further study this aspect, we analyzed three markers
of TE fate progression that we recently described in human em-
bryos: GATA3, the earliest marker of TE specification,”® and
CDX2, which comes up at B3 blastocyst stage,?®** followed by
NR2F2 upon TE maturation at the polar side.”> We measured
the expression levels of these key markers of trophoblastic fate
progression using bulk RNA sequencing. mRNA quantification
showed an increase of expression upon differentiation relative
to the control NPSC from 48 h after induction of differentiation
for GATA3 and CDX2, a peak of expression 72 h after induction
of differentiation for CDX2, and an increase of expression relative
to the control NPSC 72 h after induction of differentiation for
NR2F2 (Figure 1C). To verify that the proteins were expressed,
we performed immunofluorescence (IF) analysis, which confirmed
the presence of nuclear staining in some colonies (Figures 1D and
1E). IF analysis revealed that the differentiation was heteroge-
neous with an important proportion of cells still expressing the

Figure 1. Transcriptomic analysis of human PSC, EPSC, NPSC, TSC, and TELC lines

(A) Schematic representation of stem cell types tested and their proposed developmental stage counterpart along with the culture medium in which they are
typically cultured.

(B) Heatmap of Pearson correlation coefficients of PSC, EPS, NPSC, and TSC lines along with TELC differentiation from NPSC and TSC lines from lo et al. study
samples are clustered from the Euclidian distance of correlation by a hierarchical clustering using Ward’s method.

(C) Gene expression levels of indicated lineage markers are shown for NPSCs and the different days of differentiation of NPSCs into TELC and TSC lines. The
NPSC and TSC lines are included as control. Expression levels are given as number of transcripts per million mRNA molecules. In each boxplot, the top and
bottom of the box represent the third and first quartile, respectively; the band represents the median (second quartile); and error bars show the interquartile range
(IQR) (lower bound: Q1 - 1.5 x IQR; upper bound: Q3 + 1.5 x IQR). p values from differential gene expression analysis were re-used for boxplots. Asterisks
indicate statistical significance of the difference compared to NPSCs: *p < 0.05.

(D) Immunofluorescence images of day 3 and day 4 of TELC differentiation from NPSCs stained for trophoblast-associated transcription factors GATA3 and
CDX2 and pluripotency-associated transcription factor NANOG. Quantification of cells positives for both GATA3 and CDX2 or positive for NANOG is indicated for
each day. Nuclei were stained with DAPI. Scale bar represents 100 pm.

(E) Immunofluorescence images of day 3 and day 4 of TELC differentiation from NPSCs stained for trophoblast-associated transcription factors GATA3 and
NR2F2. Quantification of cells positive for both GATA3 and NR2F2 is indicated for each day. Nuclei were stained with DAPI. Scale bar represents 100 pm.
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Figure 2. DNA methylation and X chromosome coating of PSCs, EPSCs, NPSCs, and TSCs

(A) Gene expression levels of indicated genes are shown for NPSC, PPSC, EPSC, TELC, and TSC lines. The NPSC and PPSC lines are included as control.
Expression levels are given as number of transcripts per million mRNA molecules. In each boxplot, the top and bottom of the box represent the third and first
quartile, respectively; the band represents the median (second quartile); and error bars show the interquartile range (IQR) (lower bound: Q1 - 1.5 x IQR; upper
bound: Q3 + 1.5 x IQR). p values from differential gene expression analysis were re-used for boxplots. Asterisks indicate statistical significance of the difference
compared to PPSCs: *p < 0.05.

(B) Heatmap of relative expression of DNMT1, DNMT3A, DNMT3B, and DNMT3L proteins.

(legend continued on next page)
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pluripotency marker NANOG (Figure S1A). We conclude that cells
acquire GATAS first, and based on transcriptomic data, CDX2
second, and NR2F2 last, as in blastoids.?® Additionally, immuno-
fluorescence quantification showed that a significant proportion
of cells (30%-40%) did not engage toward the TE fate, which is
consistent with recent reports.*®*’ Given the high heterogeneity
of TELCs in our hands, we excluded this model from further pop-
ulation-based analysis.

DNA methylation levels are lower in TSCs and NPSCs
compared to PSCs and EPSCs

As a proxy to characterize the chromatin features of stem cell
models for human peri-implantation development, we analyzed
expression levels of the DNMT gene family. This revealed that
DNMT3L is mostly expressed in NPSCs*” and that DNMT3B,
responsible for DNA methylation, is more expressed in PPSCs
and EPSCs. Interestingly, TSCs have the lowest expression of
DNMT3A and have low expression of DNMT3B, like NPSCs.
However, TSCs express low levels of DNMT3L, like PPSCs. On
another hand, EPSCs have a similar profile to PPSCs (Figure 2A).
To validate our transcriptomic data, we used mass spectrometry
data as an orthogonal validation dataset. To do so, we acquired a
proteomic profile of EPSCs and PPSCs to complete our previ-
ously described dataset of NPSCs and TSCs.*® Mass spectrom-
etry data independent analysis detected, respectively, 8,740,
8,659, and 9,141 proteins in NPSCs, PPSCs, and EPSCs. An
in-depth analysis was performed on the peptide score, reflecting
the sum of areas under the curve for all the fragments corre-
sponding to one peptide precursor. This analysis reflects protein
expression. Protein expression of DNMT1, DNMT3A, DNMT3B,
and DNMT3L by mass spectrometry confirmed the transcrip-
tomic analysis, associating the EPSCs with PPSCs and confirm-
ing the low levels of DNMT3A, DNMT3B, and DNMT3L in TSCs
(Figure 2B).

We then quantified global DNA methylation levels, as it has
proven to be a robust way to assess naive vs. primed pluripo-
tency.*%2'"2% We quantified 5-methylcytosine (5mC) by mass
spectrometry and showed that cells are organized in two sam-
ples groups. On one hand, we identified PPSCs and EPSCs link-
ing EPSCs with primed pluripotency (Figures 2C and S2A). On
the other hand, NPSCs and TSCs were hypomethylated when
compared to PPSCs and EPSCs (Figure 2C). This complements
the observation by Okae and collaborators that TSCs are glob-
ally hypomethylated relative to cytotrophoblasts.?®® Altogether,
our investigation precisely specifies the relative methylation
levels between all peri-implantation stem cell models and asso-
ciate EPSCs with the primed state of pluripotency.

TSCs and EPSCs have one inactivated X chromosome,
contrasting with NPSCs

The X chromosome activity status has been shown as one of the
most stringent criteria that distinguishes NPSCs and PPSCs,
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with female NPSCs carrying 2 active X chromosomes (Xa),
whereas female PPSCs are characterized by the presence of
one active and one inactive X (Xi).”'® This can be monitored by
RNA-fluorescence in situ hybridization (FISH) of X-linked genes
such as HUWE1 or XACT that demarks X transcriptional activ-
ity.'>"'® RNA-FISH for the long non-coding RNA XIST, the trigger
of XClI, can also be informative, although in NPSCs, presence of
XIST is unlinked from silencing.'® In addition, progressive loss of
XIST expression and other XCI hallmarks occurs spontaneously
upon culturing PPSCs, a process called XCl erosion’**’; erosion
is, for example, accompanied by the re-expression of certain
genes on the X including XACT. Erosion of XCI has been associ-
ated with the presence of GSK3 inhibitor in the culture medium.®’
As we are using culture medium with GSK3 inhibitor, we included
the analysis of XACT IncRNA to take this potential bias into ac-
count in our analysis.

Analysis and quantification of XIST, XACT, and HUWE1 patterns
in NPSCs, PPSCs, EPSCs, and TSCs allowed us to determine the
activity status of each chromosome (Table S3B). The XaXa status
is determined by bi-allelic expression of HUWE1 and XACT asso-
ciated with the presence of XIST from at least one chromosome.
The XaXi status is defined by monoallelic expression of HUWE1
together with XIST accumulation from the other X chromosome.
Finally, the XaXe status is inferred from co-presence of XACT
and HUWE1 on both chromosomes and lack of XIST expression
(Table S3B) (Figure 2D). We observed that NPSCs display 2 active
Xsinmore than 50% of the cells (Figures 2E and S1D). On the other
hand, TSCs, like PPSCs, show inactivation of one X chromosome
in more than 80% of the cells, corroborating recent findings ob-
tained in trophoblast organoids.®> Of note, we observed that
TSCs do not express XACT, in line with the hypothesis of Vallot
et al. that XACT is lost upon TE specification in pre-implantation
embryos'®. Finally, EPSCs are either XaXi or XaXe (Figures 2D
and 2E). Of note, one female EPSC line was massively XaXe,
whereas the other one was XaXi (Figure S1D). In all cases,
EPSCs are in a post-XCl state, confirming their association with
the primed state of pluripotency. Altogether, our analysis revealed
distinct X chromosome activity status in peri-implantation stem
cell models that resembles their in vivo counterpart.

Metabolism-related genes distinguish EPSCs from
PPSCs
DNA methylation and X chromosome inactivation associate
EPSCs with primed pluripotency. However, we observed that
EPSCs are more clonogenic and proliferate faster than PPSCs
(Figure S2A), as previously reported.®® Additionally, we and others
have shown that EPSCs are able to directly convert into TSCs
when switched to ASECRIAV medium,'®?> whereas PPSCs
require a priming treatment.>*°%

Pluripotency marker analysis of 3 datasets from 3 independent
groups generating EPSCs was performed. We looked at the
expression of naive markers DPPA3, KLF4, KLF5, KLF17,

(C) 5mC content is expressed as the percentage of 5mC in the total pool of cytosine for the indicated cell lines. Significance levels were determined using a
Kruskal Wallis test, followed by a Dunn comparison. Asterisks indicate statistical significance of the difference: *p < 0.05.

(D) mRNA FISH analysis for XIST, XACT, and HUWE1. Scale bar represents 10 um.

(E) Quantification of XaXa, XaXi, and XaXe patterns. More than 100 cells were investigated for their nuclear expression for each cell line represented.
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TFCP2L1, ZFP42, and ZFP57 as well as the expression of core
pluripotency markers: FGF4, GDF3, NANOG, POU5F1, SALL4,
SOX2, TDGF1, and UTF1. In our study, EPSCs and PPSCs ex-
press those genes similarly (Figure S2B). Of note, reanalysis of
EPSC transcriptomic data from the original study by Yang
et al.*® revealed lower expression of NANOG, POU5F1, UTF1,
and ZFP42 and KLF5, compared to PPSCs (from the same
study, Figure S2A). We also reanalyzed Aksoy et al.’s®® tran-
scriptomic data. Looking at the pluripotency markers, we found
that Aksoy’s EPSCs express less NANOG, DPPA3, GDF3,
TDGF1, ZFP42, KLF5, SALL4, and POU5F1 when compared to
PPSCs (from the same study). On the other hand, NPSCs from
the same study express more DPPA3, KLF5, KLF17, TFCP2LA1,
and ZFP57 than PPSCs and EPSCs, as expected (Figure S2D).
Comparing side-by-side transcriptomic data from 3 manuscripts
highlights that some markers are consistently found specific of
naive (e.g., GDF3, KLF17), and it raises the question of inter-
lab discrepancies in culture media formulation.

To further decipher the link between EPSCs and PPSCs, we
performed differential gene expression analysis and plotted the
results on an MA plot (Figure 3A). Among the 180 differentially ex-
pressed genes between our EPSCs and PPSCs, 110 are signifi-
cantly downregulated genes, and less than 20 are expressed
above 20 mRNA molecules per million of mMRNA molecules (see
STAR Methods for cutoff). Among the most differentially ex-
pressed genes, PIR and PKIB are potentially involved in nucleic
acid homeostasis, and MYH14 represents an alternative myosin.
Further studies are necessary to uncover the link between these
pathways and the survival of EPSCs. On the other hand, 70
genes are significantly upregulated in EPSCs, and 8 of them
belong to the MT1/2 family (out of 14 members detected in our
analysis) (Figure 3B). Additionally, we performed a pairwise com-
parison of EPSCs with NPSCs and PPSCs with NPSCs, which
confirmed that the most differentially expressed genes are the
same in both comparisons (Figures S3A and S3B). We compared
the differentially expressed genes between EPSCs and PPSCs in
our dataset and in the datasets of Yang et al. and Aksoy et al. We
found no differential expression of these genes in these two other
datasets, showing discrepancies between cell types under
similar culture conditions between laboratories (Figure S3C).

To further validate our EPSC lines at the protein level, we per-
formed a mass spectrometry analysis on NPSCs, PPSCs, and
EPSCs. 91 of the 180 differentially expressed genes were de-
tected in the proteomics results. The expression pattern of the
proteins more abundant in the EPSCs mirrors the transcriptomic
expression of the associated genes (Figure 3C). However, there
was more variability for the genes predominantly expressed in
the PPSCs (Figure 3C). To investigate further the differences be-

¢ CellP’ress

OPEN ACCESS

tween EPSCs and PPSCs, we compared the expression levels of
proteins in PPSCs, EPSCs, and NPSCs. This analysis highlighted
transcription factors specifically detected in EPSCs (HEST,
FOXP1, NR2F1, and SATB1) or in PPSCs (SALL2). Signaling
pathway components were higher in EPSCs and NPSCs than
PPSCs (FzZD5, TNKS2, GDF3, PRICKLE1, and SMURF1),
prompting us to investigate the role of Wnt and TGFb signaling
in those cells. Finally, some surface markers stood out, such
as CDH6 in EPSCs and CD74 in PPSCs (Figure S2E).

Those analyses identified specific features of EPSCs that can
be followed up. Among the differentially expressed genes, the
specific expression of the metallothioneins MT1A, MTIE,
MT1F, MT1G, MT1JP, MT1L, MT1M, and MT2A genes in the
EPSCs prompted us to perform further characterization. Metal-
lothioneins are involved in metal metabolism®® but also in the
protection against oxidative stress.®® As oxidative stress has
been linked to metabolic activity in cancer and primary cells,
we investigated metabolic-linked genes in our stem cell models.

Mitochondrial gene expression profile and metabolic
activity distinguish EPSCs from PPSCs
We previously showed that electron transport chain-coding
genes can distinguish naive from primed PSCs.° We analyzed
the expression levels of the proteins composing the electron
transport chain of the mitochondria. Of the 94 genes on our
list, 81 were detected by mass spectrometry in all our samples.
At the transcriptome level, NPSCs stand out with specific com-
ponents of complex 1 (NADH dehydrogenase), while TSCs ex-
press overall low levels of electron transport chains components.
However, in the proteomic analysis, EPSCs seem to be much
more closely related to NPSCs. Moreover, complex 5 (ATP syn-
thase) proteins also seem to be prevalent in TSCs (Figure 4A).
Although intriguing, these data are in line with several reports
showing discordance between mRNA and protein levels in
several mammalian systems.®'%°

Subsequently, to link phenotypic measurements to molecular
signatures, we measured oxygen consumption rate (OCR) and
extracellular acidification rate (ECAR) using MitoXpress and
pHXtra kits (Figures 4B and S4A-S4D). The presentation of data
as OCR vs. ECAR showed that TSCs have an oxygenation rate
and an extracellular acidification rate that are two times higher
than NPSCs and up to four times higher than PPSCs. Among
PSCs, PPSCs have the lowest metabolic activity, and EPSCs
are similar to NPSCs for this criterion, correlating with the expres-
sion of the MT1/2 expression (Figures 4B and S4A-S4E). We
confirmed the higher metabolic activity of TSCs compared to
NPSCs using Seahorse (Figure 4C); however, variability of mea-
sures did not allow us to determine whether EPSCs had a different

Figure 3. Refining gene signatures distinguishing EPSCs and PSCs

(A) MA plots of EPSCs and PPSCs represent the log2 fold change of gene by their mean obtained from differential gene expression analysis between two cell type
annotations. Genes are colored if their adjusted p value is under 0.05 and if the fold change is greater than 2 or lower than —2.

(B) Gene expression levels of indicated genes are shown for NPSC, PPSC, and EPSC lines. The NPSC and PPSC lines are included as control. Expression levels
are given as number of transcripts per million mRNA molecules. In each boxplot, the top and bottom of the box represent the third and first quartile, respectively;
the band represents the median (second quartile); and error bars show the interquartile range (IQR) (lower bound: Q1 -1.5 x IQR; upper bound: Q3 + 1.5 X IQR). p
values from differential gene expression analysis were re-used for boxplots. Asterisks indicate significance compared to PPSCs: *p value < 0.05.

(C) Heatmap of relative expression of gene (left) (analyzed by DGE-seq) and associated proteins (right) (analyzed by mass spectrometry) differentially expressed

between EPSC and PPSC samples.
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activity than NPSCs. We therefore performed a cloning assay in
presence of 2 deoxy-glucose, an inhibitor of glycolysis. In those
conditions, we observed that PPSCs could not survive in the pres-
ence of 2 MM 2 deoxy-glucose, EPSCs could survive in the pres-
ence of 2 mM but not 4 mM 2 deoxy-glucose, and NPSCs could
survive in the presence of 4 mM 2 deoxy-glucose (Figure 4D).
Altogether, comparison of transcriptomic, proteomic, and
functional assessment of metabolic activity clearly shows dis-
crepancies based on the analysis method employed and advo-
cates for functional tests. Nonetheless, metabolic-related read-
outs could clearly distinguish PPSCs, EPSCs, and NPSCs.
Those results also demonstrated that additionally to higher pro-
liferation, EPSCs have a higher metabolic activity than PPSCs.

DISCUSSION

Here, we report the comparison of TSC, EPSC, PPSC, and
NPSC lines with epigenetic and functional readouts that have
been previously used as hallmarks of NPSCs. Our results clarify
the fact that hallmarks of pluripotency are not predictive of
each other. One current issue in the human peri-implantation
development field is the lack of biological reference. For
example, the metabolic status of each lineage within the human
peri-implantation embryo is not known yet. Considering stem
cell characterization, another issue is that most hallmarks are
relative. A broad array of samples needs to be assessed to
have a clear view and draw conclusions. The sole comparison
of 2 models is not sufficient to draw strong conclusions about
fate or stage. All in all, multiplying hallmarks alleviates stage-
matching biases.

Additional readouts unambiguously associated the EPSCs
with a primed pluripotent fate. Nevertheless, EPSCs clearly
have a higher clonogenic propensity and growth rate than
PPSCs. We showed that EPSCs have a metabolic activity com-
parable to NPSCs, which raises a paradox in the association of
hallmarks such as chimerism and trophoblastic conversion
with the fate of the cells. Indeed, the ability of EPSCs to
contribute to monkey and mouse chimeras,***>%45° to convert
to TSCs”>®* and to self-assemble in blastocyst-like 3D struc-
tures®>®® questions the link between these assays with human
PSCs and the conclusions we draw about fate. This discrepancy
could be linked to the “black-and-white” way we report results,
e.g., determining that a cell can or cannot contribute to chime-
rism or convert into TSCs. As outlined in the ISSCR standards
for stem cell research, a more transparent and accurate way
would be to acknowledge that indeed EPSCs can survive in an-
imal embryos but do not invade as much as another cell state, or
that EPSCs convert into TSCs after direct media transfer but at a
lower rate than NPSCs. The specific behavior of EPSCs seems to
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uncouple survival ability to fate and developmental fate match-
ing.?>*® Of note, other observations could be linked to the pro-
pensity of EPSCs to differentiate directly into TSCs. First,
EPSCs express high levels of the protein PCSKO, levels of which
are associated with a higher proliferation rate.®” Secondly, we
detected KLF4 protein in NPSCs, TSCs, and EPSCs but not
PPSCs. Since KLF4 has been identified as a key factor to
go beyond PPSCs upon reprogramming,’® it might confer
enhanced plasticity to EPSCs compared to PPSCs. Neverthe-
less, the enhanced clonogenicity and growth rate of EPSCs
offer new opportunities to understand the link between these
features and pluripotency, which could open new perspectives
for large-scale experiments with pluripotent cells but also
could help us to explore the chimerism mechanisms and thus
improve them.

The characterization of TSCs and TELCs clarifies the use of
each model and provides a new reference for trophoblast
models regarding their hallmarks. TSCs have an inactivated X
and would correspond to cells that have low global DNA
methylation levels, comparable to cytotrophoblast before
10 days post fertilization and epiblast before 8 days post fertil-
ization.®®%° NPSC to TSC differentiation would also be an inter-
esting model to study the methylation waves in the embryo.
Finally, defining TSC metabolic activity will help to design me-
dia that would better support post-implantation development,
which needs to be improved for both human embryos and
blastoids.

Altogether, systematic comparison of stem cell models is a
powerful way to learn new features of peri-implantation devel-
opment together with the hallmarks specific to each fate and
stage. The set of hallmarks we used enabled a clearer charac-
terization of TSCs and EPSCs along NPSCs and PPSCs. The
variation between states offers the opportunity to decipher links
between functions that are difficult to uncouple, such as cell
cycle and fate potential. Detailed hallmarks also instruct on
the relevance of each model to human development. A better
understanding of human peri-implantation development using
both 2D and 3D models will further deepen our understanding
of early pregnancy and help to design and optimize in vitro fertil-
ization techniques.

Limitations of the study
The mass spectrometry analysis was conducted with a limited
number of samples (NPSC =1, PPSC =1, TSC = 1, EPSC = 2).
Results of RNA-seq analysis of EPSCs between different lab-
oratories give different expression profiles. Given that we used
an EPSC line from another lab (Aksoy lab), but that this line, in
our hands, behaved similarly to our EPSC lines, we surmise
the differences are lab-based differences in media formulation.

Figure 4. Metabolic activity of PSCs, EPSCs, NPSCs, and TSCs

(A) Heatmap of relative expression of gene (left) (analyzed by DGE-seq) and associated proteins (right) (analyzed by mass spectrometry) of electron transport
chains in EPSC and PPSC samples. Genes were classified by mitochondrion complex and hierarchically clustered.
(B) Oxygen consumption rate and extracellular acidification rate of NPSCs, PPSCs, TSCs, and EPSCs were measured using MitoXpress and pHXtra kits. This

figure presents 4 technical replicates.

(C) Oxygen consumption rate and extracellular acidification rate of NPSCs and TSCs were measured using a Seahorse XF apparatus. This figure presents results

from 10 independent experiments.

(D) Quantification of colony numbers obtained after culture with the indicated concentrations of 2-deoxy-D-glucose (2DG).
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

GATA2 Sigma-Aldrich WH0002624M1

GATA3 R&D AF2605

NR2F2 Abcam ab211776

CDX2 Cell Signaling Cat# D11D10

NANOG R&D systems Cat# AF1997; RRID:AB_355097
NANOG Thermofisher Cat# PA1-097; RRID:AB_2539867

Antibodies are also listed in Table S1.

Chemicals, peptides, and recombinant proteins

Y27632 (ROCK inhibitor)

Insulin-Transferrin-Selenium-Ethanolamine
supplement (ITS-X)

L-ascorbic acid

hEGF

CHIR99021

A83-01

SB431542

valproic acid

PD0325901

mLIF

G66983

XAV

N2 supplement

B27 supplement

B27 supplement minus vitamin A
human LIF
(S)-(+)-Dimethindene maleate
Minocycline hydrochloride
IWR-endo-1

DMEM-F12

GlutaMAX

Fetal bovine serum
Sodium pyruvate

MEM NEAA

Bovine Serum Albumin (BSA)
Neurobasal

KSR

2-mercaptoethanol
Penicillin-streptomycin
Mitomycin C

mTeSR1

Matrigel

Geltrex

TrypLE Express
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Axon Medchem
GIBCO

Sigma-Aldrich
Miltenyi Biotec
Axon Medchem
Axon Medchem
Axon Medchem
Sigma-Aldrich
Axon Medchem
Miltenyi Biotec
Axon Medchem
Axon Medchem
GIBCO

GIBCO

GIBCO

Miltenyi Biotec
Tocris

Tocris

Axon Medchem
GIBCO

GIBCO
Hyclone

Life Technologies
GIBCO
Sigma-Aldrich
GIBCO

GIBCO

GIBCO

GIBCO
Sigma-Aldrich
StemCell Technologies
Corning

GIBCO

GIBCO

1683
51500-056

A7506
130-097-751
1386

1421

1661

P4543
1408
130-095-779
2466

1527
17502048
17504-001
12587010
130-108-156
1425

3268

2510
31330095
35050-38
SV30160.03
11360070
11140-035
A3059
21103049
10828028
31350-010
15140-122
M4287
85851
354277
A1569601
12605-010

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
pH-Xtra Reagent Agilent PH-200-4
MitoXpress Xtra Reageat Agilent MX-200-4
Vectashield Vector laboratories H-1000-10

DNase Roche 04716728001
DNAse buffer Roche 04716728001
Polymerase | Promega M205B

green dUTP Abbot Molecular 02N32-050

red dUTP Abbot Molecular 02N34-050
orange (Cy3) dUTP Abbot Molecular 02N33-050
SIGMA FASTTM BCIP®/NBT kit SIGMA B5655-25TAB
Acetonitrile, Optima™ LC/MS Grade Fisher Chemical™ A955-212

Formic acid, 99.0%, Optima™ LC/MS Grade Fisher Chemical™ A11710X1-AMP

2 deoxy glucose SIGMA D6134

Antimycin A SIGMA A8674

Rotenone SIGMA 557368

Critical commercial assays

iST kit PreOmics P.0.00001
iST-Fractionation Add-on PreOmics P.0.00100
Bicinchoninic Acid Kit for Denaturation Determination Sigma-Aldrich BCA-1

Pierce™ Quantitative Peptide Assays & Standards Thermo Scientific™ 23275
RNeasy-Mini Kit Qiagen Cat. No./ID: 74104
Large Construct kit Qiagen Cat. No./ID: 12462
QIAamp DNA Mini Kit Qiagen Cat. No./ID: 51304
Deposited data

3’SRP data ENA PRJEB63637

DIA Mass spectrometry data ProteomeXchange Consortium PXD043712

Experimental models: Cell lines

All cell lines are detailed in Table S3A

Recombinant DNA

XIST 10 kb Exon 5-6, gift from Dr. Edith Heard, EMBL, Germany
XACT BACPAC RP11-35D3
HUWEH1 BACPAC RP11-42M11
Software and algorithms

Volocity Quorum technologies V6.3

Fiji ImagedJ V1.53¢c

R Bioconductor v 4.0.3

Other

HeLa Protein Digest Standard - Pierce™™ Thermo Scientific™ PI88329

E. Coli 2.7mg Biorad 163-2110

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Laurent

David (laurent.david@univ-nantes.fr)

Materials availability

This study did not generate new unique reagents. Cell lines used in this study are available, pending MTA and regulatory

authorizations.
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Data and code availability
o Data have been deposited on ENA (PRJEB63637).
® scRNAseq alignment pipeline: https://gitlab.univ-nantes.fr/E1144247/SingleCell_Align.
o Data preprocessing script and analysis scripts are available at the following link: https://gitlab.univ-nantes.fr/E198672Y/onfray-
et-al-2022.
® Any additional information required to reanalyze the data reported in this work paper is available from the lead contact upon
request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell lines
All cell lines are detailed in Table S3A. In brief, induced naive, primed or extended PSC lines were reprogrammed from fibroblasts: L71
from a 51-year-old healthy man; L80 from a 57-year-old healthy woman; MIPS220 from a healthy female in her 30’s.>?> human em-
bryonic stem cells H9 (WAQ9) were imported and used with authorization RE17-007R from the French oversight committee, Agence
de la Biomédecine. H9-EPSC were generated by I. Aksoy. Naive H9 were generated in C. Rougeulle lab (Vallot et al.). TSCs lines we
used were generated by Okae et al., or Castel et al.

For TELC differentiation experiments we used M2A8 NPSCs line from Kilens et al.

METHOD DETAILS

Tissue culture - Maintenance

All cell lines were cultured at 37 °C, either under hypoxic (5% 02, 5% CO2) or normoxic conditions (20% 02, 5% CO2) as indicated.
Culture medium was daily replaced. 10 uM Y27632 (Axon Medchem) was added to the culture medium upon single-cell seeding of all
human stem cells. PXX indicates passage number. All cell lines were tested negative for mycoplasma using the MycoAlert kit
(LONZA, LT07-318).

Mouse embryonic fibroblasts (MEFs) were prepared from E13.5 pups that were decapitated, eviscerated, dissociated with 0.25%
trypsin, 0.1% EDTA and plated in MEF medium [DMEM high glucose (Thermo Scientific), Glutamax 1:100 (GIBCO), 0.5% of penicillin—
streptomycin (Life Technologies)] on 0.1% gelatin-coated plates. MEFs were mitotically inactivated using 0.01 mg/ml mitomycin C
(Sigma-Aldrich) to be used as feeder cells. MEF isolation was performed in compliance with the French law and under supervision of
the UTE animal core facility, Nantes Université.

TSCs were cultured on MEF feeder cells in ASECRIAV medium®® [DMEM/F12 (GIBCO) supplemented with 0.1mM
2-mercaptoethanol (GIBCO), 0.2% FBS, 0.5% penicillin-streptomycin, 0.3% Bovine Serum Albumin (BSA, Sigma-Aldrich), 1%
Insulin-Transferrin-Selenium-Ethanolamine supplement (ITS-X, GIBCO), 1.5 mg/mL L-ascorbic acid (Sigma-Aldrich), 50 ng/mL
hEGF (Miltenyi Biotec), 2 uM CHIR99021 (Axon Medchem), 0.5 uM A83-01 (Tocris), 1 uM SB431542 (Tocris), 0.8 mM valproic
acid (Sigma-Aldrich) and 5 uM Y27632]. TSCs could be passaged with TrypLE (5-10 min, 37°C, Life Technologies) every 4 to
5 days at a cell density between 1.04*10°4 and 2.08 *10°4 cells per cm?. TSCs were routinely cultured at 37°C in hypoxic conditions.

NPSCs were cultured on MEF feeder cells in t2iLGSY medium* [DMEM/F12 supplemented with 1% N2 (GIBCO), 1% B27 (GIBCO),
1% non-essential amino acids, 1% GlutaMAX (GIBCO), 0.1 mM 2-mercaptoethanol, 50 ng/mL BSA, 0.5% penicillin-streptomycin,
1 uM CHIR99021, 1 uM PD0325901 (Axon Medchem), 20 ng/mL mLIF (Miltenyi Biotec), 5 uM G66983 (Axon Medchem) and 10 uM
Y27632] or PXGL"® medium [47.5% Neurobasal medium (GIBCO) and 47.5% DMEM/F12 (GIBCO) supplemented with 1mM N2
(GIBCO), 2mM B27 (GIBCO), 1mM GlutaMAX (GIBCO), 1mM non-essential amino acids (GIBCO), 0.33% BSA, 1mM sodium pyruvate
(GIBCO), 0.1% 2-mercaptoethanol (GIBCO), 0.5% penicillin-streptomycin, 1uM PD0325901 (Axon Medchem), 2uM XAV939 (Axon
medchem), 2 uM G66983 (Axon medchem), 10 ng/mL hLif (Peprotech), 10uM Y27632 (Axon Medchem)]. NPSCs were passaged
every 4 to 5 days at a cell density of 2.08 *10°4 cells per cm? using TrypLE (5 min, 37°C, Life Technologies). NPSCs were routinely
cultured at 37 °C in hypoxic conditions.

EPSCs were cultured on MEF feeder cells in LCDM medium®° [48% DMEM/F12 and 48% Neurobasal (GIBCO) supplemented with
0.5% N2 supplement, 1% B27 supplement minus vitamin A (GIBCO), 1% non-essential amino acids, 0.1 mM 2-mercaptoethanol,
0.5% penicillin-streptomycin, 5% knockout serum replacement (KSR, GIBCO), 10 ng/mL human LIF (Miltenyi Biotec), 1uM
CHIR99021, 2 uM (S)-(+)-Dimethindene maleate (Tocris) and 2 pM Minocycline hydrochloride (Tocris), 1 uM IWR-endo-1 (Miltenyi
Biotec) and 2 uM Y-27632]. EPSCs were passaged every 4 to 5 days at a 1:20 to 1:40 split ratio using TrypLE (5 min, 37°C, Life Tech-
nologies). EPSCs were routinely cultured at 37°C in normoxic conditions.

Primed PSCs were cultured on matrigel 0.1% in mTeSR1 medium (StemCell technologies). Colonies were manually divided every 5
to 6 days for passage, following 3min in gentle cell dissociation reagent (Miltenyi Biotec) and seeded as small clumps in 2 new MW6
well. Primed PSCs were routinely cultured at 37°C in normoxic conditions.

Tissue culture - TELC induction of NPSCs

Differentiation of NPSCs into trophectoderm-like cells was performed according to Guo et al. protocol*’: NPSCs are passaged with
TrypLE (5 min, 37°C, Life Technologies) and plated in 24-well plates on Geltrex (0.5mL per cm2, Gibco) at 1:1 ratio. Before plating, a
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MEFs exclusion is performed on a 0.1% gelatine (Sigma) coated 6-well plate for 30 min in PXGL + Y27632. At day —1, the cells are
cultured in PXGL + Y27632. From day 0, the medium is changed into N2B27 supplemented with 1uM PD0325901 (Axon Medchem)
and 1uM A83-01 (Tocris). Cells are cultured for up to 5 days at 37°C in hypoxic conditions.

DNA methylation

We tested DNA methylation in three batches composed of, for batch 1: 3 technical replicates of NPSCs (M2A8), 2 technical replicates
of EPSCs (E80), 3 biological replicates with each 2 technical replicates for TSC (CT30, AV03, AV23), 3 technical replicates of PPSCs
(MIPS220). For batch 2: 2 technical replicates of NPSCs (M2A8), 1 technical replicate of EPSCs (E80), 3 biological replicates with
each 2 technical replicates for TSC (CT30, AV03, AV23), 1 technical replicate of PPSCs (MIPS220). For batch 3: 2 technical replicates
of NPSCs from,*” 3 biological replicates of EPSCs (E80, E71, H9), 1 technical replicate for TSC (AV23), 2 biological replicates of
PPSCs (H9, MIPS220). For mass spectrometry analysis of DNA methylation, DNA was extracted using the genomic DNA columns
(Qiagen). 1 ng of genomic DNA was analyzed using liquid chromatography triple-quadrupole mass spectrometry (KU Leuven Metab-
olomics Core). The concentration (uM) of Cytosine (unmodified), 5mC and 5-hydroxymethyl-cytosine (5hmC) were obtained using
standard curves of known C, 5mC and 5hmC amounts. The percentage of 5mC or 5hmC in DNA was obtained by calculating the
ratio of 5mC or 5hmC to the total pool of C.

RNA-FISH

RNA-FISH was performed as previously described (Kilens et al., 2018). Briefly, cells were fixed between 24h and 50 h post seeding in
3% paraformaldehyde for 10 min at room temperature. Cells were permeabilized in CSK buffer supplemented with 1 mM EGTA, 0.5%
Triton and VRC (200uM) for 5 min on ice. After 3 washes in 70% EtOH, cells were dehydrated in 90% and 100% EtOH and incubated
overnight with probes at 37 °C. After three 50% formaldehyde/2x SSC washes and three 2x SSC washes at 42 °C for 4 min, cov-
erslips were mounted in Vectashield plus DAPI. SpectrumGreen or SpectrumRed-labeled probes (Vysis) were generated by nick
translation for human XIST (10 kb Exon 5-6, gift from Dr. Edith Heard, EMBL, Germany), XACT (RP11-35D3, BACPAC) and
HUWE1 (RP11-42M11, BACPAC Resource). Probes preparation: RNA-FISH probes were obtained after Nick translation of fos-
mids/BAC constructs purified using the Large Construct kit (Qiagen): 1ug of purified DNA was labeled using nick translation using
for a final volume of 50uL: 1ug DNA, 0.04U of Dnase (Roche), Polymerase | (Promega, M205B), 0.01M DTT, 0.02mM dATP/dCTP/
dGTP, 0.01mM dTTP, 0.1mM dUTP (green dUTP 02N32-050 (Abbot Molecular); red dUTP 02N34-050 (Abbot Molecular); orange
(Cy3) dUTP 02N33-050 (Abbot Molecular) in DNAse buffer (Roche, 04716728001). Reactions are incubated for 3 h at 15°C. Images
were acquired on an inverted Nikon A1 confocal microscope, according to the Shannon-Nyquist sampling rate. mMRNA expression of
XIST, XACT and HUWE1 are manually counted in more than 100 cells per cell line: 100 cells are randomly chosen for each sample.
The number of dots per cell for each channel is quantified. Dots are considered when present on more than 2 z-plans. Dots on
different channels are considered on the same chromosome only when less than 2um from each other. Cells with a pattern that ap-
pears to show more than two distinct dots in at least one channel are considered as “chromosomal abnormalities”. Cells with a
pattern without HUWE1 are pooled in “Others”. Cells with no visible dots are pooled in “Nothing”. At least two biological replicates
are done for each cell line (Table S3A).

Oxygen consumption rate and extracellular acidification rate
To assess metabolic activity of the human peri-implantation cellular models, we measured the oxygen consumption rate and the
extracellular acidification rate.

Oxygen consumption rate was measured by measuring fluorescence signal coupled with oxygen concentration, using MitoXpress
kit (Agilent). Extracellular acidification rate was measured by measuring fluorescence signal coupled with pH variation, using pHXtra
kit (Agilent). Both analyses were performed conjointly. Slopes of variation of fluorescence over 30min were extracted for the analysis.
Synergy H1 plate reader, with dual read TR-F was used for the measures.

The experiment was conducted 4 times, on 4 technical replicates, and included 2 biological replicates for EPSCs (E80, E71), 3 for
TSCs (CT30, AV03, AV23), with 1 biological replicate of NPSCs (M2A8) and 3 biological replicates of PPSCs (LON80, LON71,
MIPS220) as controls.

Before seeding, black sides clear bottom plates were pretreated for 20min with 2 pg/mL of Cell-Tak Cell and tissue adhesive
(Corning).

NPSCs, PPSCs, EPSCs and TSCs were dissociated using TrypLE for 5 min at 37°C. NPSCs, EPSCs and TSCs were incubated on
gelatin (0.1%) for 30 min at 37 °C to remove feeder cells. Cells were resuspended in DMEM (Sigma Aldrich) supplemented with 10 mM
glucose, 2 mM glutamine, 2 mM pyruvate and pH was adjusted to 7.4 using NaOH.

A cell seeding density titration experiment was performed before the first experiment to determine the optimal quantity of cells for
the experiments. Respectively, NPSCs, PPSCs, EPSCs and TSCs were seeded at 0.5625*10°6, 1.125*10°6, 0.5156*10°6 and 0.5156
*10°6 cells per cm?.

To control that measurements were performed appropriately, we included controls to check the maximal respiratory capacity
(FCCP, 0.75 pM), inhibition of oxidative phosphorylation (Antimycin-A, 2 uM and Rotenone, 1 uM), and inhibition of glycolysis
(2DG, 50mM). Those controls validated that our measurements were within detection limits and metabolic capacity of the cells
(data not shown).
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Colony formation assay in 2-deoxy-D-glucose

NPSCs, EPSCs or PPSCs were seeded at 2000 cells per well in a 12-well plate, on top of feeders, in their respective media in addition
to 10 uM Y27632. From day 1 after seeding onwards, 2 mM or 4 mM of 2-deoxy-D-glucose were supplemented in the culture me-
dium. Cells were fixed between day 4 and day 6 post seeding and stained for alkaline phosphatase using the SIGMA FAST BCIP/NBT
kit (Sigma). Images were acquired using the Cellomics ArrayscanVTI (Thermo Fisher) at a 5x magnification. Colonies were counted
manually.

3'SRP
Total RNA molecules were extracted from cells with RNeasy-Mini Kits (Qiagen). Protocol of 3’ SRP RNA sequencing was performed
as previously described in.”" Libraries were then sequenced on a NovaSeq 6000 (lllumina). Data were aligned along the human
genome reference (hg19) and a count matrix was generated by counting sample specific UMI associated with genes for each sample.
Samples with less than 200 000 UMI and less than 5000 genes expressed were excluded of the analysis. Then, a batch correction
between samples of different experiments was applied. A Principal Component Analysis (PCA) was performed in order to visualized
samples repartition by reducing the number of dimensions. Correlation between samples were assessed with Pearson’s linear cor-
relation heatmaps. Higher correlations are marked in yellow and lower correlations are in red. Differentially expressed genes between
conditions were calculated using R package Deseqg2 (Bioconductor) by first applying a variance stabilizing transformation (vst).
Genes with adjusted p-value inferior to 0.05 and with a fold change superior to 2 or inferior to —2 were considered as differentially
expressed genes. Gene expressions were visualized with heatmaps that were generated by center genes expression. Finally, path-
ways analysis was performed: R package “Fgsea” and databases such as Kegg, Reactome and Gene Ontology were used to identify
significantly enriched or depleted groups of genes in each condition.

Of note, 3'SRP, the RNAseq method we are using, allows us to correlate the expression level with the likeness of protein to be
expressed.“® Indeed, up to 70.45% genes are identified by MS/MS analysis when their expression level is above 20 mRNA molecules
per million of MRNA molecules.

Immunostaining

For immunofluorescence (IF) analysis, cells were fixed at room temperature using 4% paraformaldehyde for 15 min. Samples were
then permeabilized for 60 min at room temperature with IF buffer [phosphate-buffered saline (PBS), 0.2% Triton, 10% FBS], which
also served as a blocking solution. Samples were incubated with primary antibodies overnight at 4 °C. The following antibodies were
used: anti-GATA3 (1:300, R&D AF2605), anti-NR2F2 (1:300, Abcam ab211776), anti-CDX2 (1:300, Abcam ab157524). Incubation with
secondary antibodies was performed for 2 h at room temperature along with 4’,6-diamidino-2-phenylindole (DAPI) nuclei staining.
Confocal immunofluorescence images were acquired with A1-SIM Nikon confocal microscope. Optical sections of 0.5-1 pm-thick
were collected. Images were processed using Volocity visualization software and Fiji software (http://fiji.sc).

Mass spectrometry

Cell culture for mass spectrometry

For all samples (except EPSCs) we performed 2 types of sample preparation: Lysis after TryplE dissociation or Lysis without TryplE
dissociation.

NPSCs: 1 day prior lysis (4-5 days after seeding), NPSCs, were dissociated using TrypLE for 5 min at 37°C. NPSCs were incubated
on gelatin (0.1%) for 1h at 37 °C to remove feeder cells. NPSCs were plated overnight respectively on a 0.1% geltrex coated plate (1/1
ratio). The next day, cells were rinsed with PBS—/— before being lysed using the iST kit (PreOmics GmbH, Planegg, Germany)
following the manufacturer’s instructions.

The lysis day, another well of NPSCs was dissociated using TrypLE for 5 min at 37°C. NPSCs were incubated on gelatin (0.1%) for
1h at 37 °C to remove feeder cells. Then, NPSCs cells were rinsed with PBS —/— before being lysed using the iST kit (PreOmics
GmbH, Planegg, Germany) following the manufacturer’s instructions.

TSCs: 1-day prior lysis (4-5 days after seeding) TSCs were dissociated using TrypLE for 5 min at 37°C. TSCs were incubated on
gelatin (0.1%) for 1h at 37 °C to remove feeder cells. TSC were plated overnight respectively on a 3 ug/mL vitronectin and 1 ug/mL
laminin coated plate (1/1 ratio). The next day, cells were rinsed with PBS—/— before being lysed using the iST kit (PreOmics GmbH,
Planegg, Germany) following the manufacturer’s instructions.

The lysis day, another well of TSCs was dissociated using TrypLE for 5 min at 37°C. TSCs were incubated on gelatin (0.1%) for 1h at
37 °C to remove feeder cells. Then, TSCs cells were rinsed with PBS —/— before being lysed using the iST kit (PreOmics GmbH, Pla-
negg, Germany) following the manufacturer’s instructions.

PPSCs: The lysis day, PPSCs were dissociated using TrypLE for 5 min at 37°C. PPSCs were rinsed with PBS—/— before being
lysed using the iST kit (PreOmics GmbH, Planegg, Germany) following the manufacturer’s instructions.

The lysis day, another well of PPSCs was rinsed with PBS —/— before being lysed using the iST kit (PreOmics GmbH, Planegg,
Germany) following the manufacturer’s instructions.

EPSCs: The lysis day, EPSCs were dissociated using TrypLE for 5 min at 37°C. EPSCs were incubated on gelatin (0.1%) for 1h at
37 °C to remove feeder cells. Then, EPSCs were rinsed with PBS —/— before being lysed using the iST kit (PreOmics GmbH, Planegg,
Germany) following the manufacturer’s instructions.
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Protein extraction and digestion
Samples were thawed and lysed (denatured, reduced and alkylated) for 10 min at 95°C and then Trypsin/LysC digested for 3h at
37°C. Purification of peptides was then carried out at room temperature on a spin cartridge, and peptides were finally eluted with
the iST Fractionation Add-on (PreOmics GmbH, Planegg, Germany) in three fractions in 10uL of an LC-loaded buffer. Simultaneously,
a protein assay has been realized to quantify proteins present in the samples. Once purified, the three fractions of each cell type
(hNPSCs, hPSCs, hEPSCs and hTSCs samples) were prepared for mass spectrometry injection at approximatively 3ug of protein
in 10uL.
Nanoliquid chromatography coupled with Tandem mass spectrometry (NanoLC-MS/MS)
The sample from Girard et al., 2023“® were analyzed in Data-Dependent Analysis (DDA) and Parallel Accumulation Serial Fragmen-
tation (PASEF) mode to generate the spectral library. Each sample of enzymatically digested plasma proteins (about 200 to 300ng)
were separated on a 75um x 250mm lonOpticks Aurora 3 C18 column (lon Opticks Pty Ltd., Bundoora, Australia). A gradient of
reverse phase buffer (Buffer A: 0.1% formic acid, 2% acetonitrile, 97.9% H,0; Buffer B: 0.1% formic acid, 99,9% acetonitrile)
was run on a nanoElute UHPLC System (Bruker Daltonik GmbH, Bremen, Germany) at a flow rate of 250 nL/min at 50°C controlled
by HyStar software (v6.0.30.0, Bruker Daltonik). The liquid chromatography (LC) run lasted for 80min. A starting concentration of 2%
buffer B increasing to 13% over the first 42 min was first performed and buffer B concentrations were increased up to 20% at 65min;
30% at 70min; 85% at 75min and finally 85% for 5min to wash the column. The temperature of the ion transfer capillary was set at
180°C. lons were accumulated for 100ms, and mobility separation was achieved by ramping the entrance potential from —160V to
—20V within 114ms. MS and MS/MS mass spectra were acquired with average resolutions 50.000 FWHM full width at half maximum
(with an m/z range of 100-1700), respectively. To enable the PASEF method, precursor m/z and mobility information was first derived
from full scan TIMS-MS experiments (with a mass range of m/z 100-1700). The quadrupole isolation width was set to 2 and 3 Th and,
for fragmentation, the collision energies varied between 31 and 52 eV depending on the precursor mass and charge. TIMS, MS oper-
ation and PASEF were controlled and synchronized using the control instrument software OtofControl 6.2.5 (Bruker Daltonik). LC-
MS/MS data were acquired using the PASEF method as des cribbed previously (Banliat et al., 2019) with a total cycle time of
1.31s, including 1 TIMS MS scan and 10 PASEF MS/MS scans. The 10 PASEF scans (100ms each) contained, on average, 12
MS/MS scans per PASEF scan. lon mobility-resolved mass spectra, nested ion mobility vs. m/z distributions, as well as summed
fragment ion intensities were extracted from the raw data file with DataAnalysis 6.0 (Bruker Daltonik).”®

The three fractions per samples were then analyzed individually in diaPASEF mode. Each tryptic peptide sample, of approximately
400-500ng each, was analyzed under the same conditions as described above. These included the same analytical conditions (iden-
tical instrumentation, type of separation column and gradient length) and analysis on the same instrument (timsTOF Pro; Bruker Dal-
tonik GmbH, Bremen, Germany)). For the development of the diaPASEF method, we used a method with an adapted instrument firm-
ware to perform data-independent isolation of data from several 25 m/z wide precursor windows, also called segments, in a single
TIMS separation (107.5ms). We used a method with two boxes per segment in each 107.5ms diaPASEF scan, i.e., a total of thirty-two
segments and sixty-four boxes, of which sixteen of these scans perfectly cover the diagonal area of doubly and triply charged pep-
tides in the m/z and ion mobility output range. MS and MS/MS data were collected over the m/z range 100-1700 and over the mobility
range from 1/K0 = 0.6Vs.cm-2 to 1/K0 = 1.6Vs.cm-2. During each data collection, each TIMS cycle was 1.25 s long and comprised 1
MS and 22 cycles of diaPASEF MS/MS segments, comprising 2, 3 or 4 boxes, to cover a total of 64 boxes defined in the acquisition
method. The collision energy was increased linearly with mobility from 68 eV at 1/K0 = 1.6Vs.cm-2 to 25 eV at 1/K0 = 0.6Vs.cm-2.
MS data processing
lon mobility resolved mass spectra, nested ion mobility versus m/z distributions, and fragment ion intensity sums were extracted from
the raw data file with DataAnalysis 6.0 (Bruker Daltonik). The signal-to-noise ratio was increased by summing the individual TIMS
scans. Mobility peak positions and half-peak widths were determined on the basis of extracted ion mobilograms (EIM, +0.05Da) us-
ing the peak detection algorithm implemented in the DataAnalysis software. Feature detection was also performed using
DataAnalysis 6.0 software; stored at the raw data level.
Data analysis - Hybrid library generation
For the project library, the DDA raw files were analyzed in Spectronaut software version 16 (Biognosys, Schlieren, Switzerland), using
the Pulsar search engine integrated into the Spectronaut software, and a search schema with default settings to generate respective
spectral library. The calibration search was dynamic and MS1, MS2 correction factor was 1. Data were searched against the UniProt
KB Human database (20,594 sequences, downloaded on February, 2023), with trypsin/P as the protease with up to one missed
cleavage. To account for post-translational modifications and chemical labeling settings, carbamidomethylation of cysteine residues
was defined as a fixed modification, and methionine oxidation and acetylation of Lysines and acetylation of protein N-termini were
defined as variable modifications. An FDR less than 1% was ensured on precursor, peptide and protein level.

Additionally, the DIA files from the individual’s samples, based on raw files, were searched in the same way as described above, to
generate a combination of DDA and DIA in a so-called “hybrid libraries”.
Library search of DIA data
The raw files from individual samples and acquired in DIA were then used again for the DIA analysis. The files were analyzed with
Spectronaut using the previously generated hybrid libraries and default settings, and allowed quantification of the precursors, pep-
tides and proteins. The results were filtered by a 1% FDR on precursor, peptide and protein level using a target-decoy approach,
which corresponds to a Q value < 0.017°
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Quantification data were then normalized by Spectronaut software to take into account the overall acquisition heterogeneity be-
tween samples. Given the number of samples analyzed (less than 500 individuals), the type of data normalization carried out for the
whole dataset was a local regression normalization described by Callister et al. 2006.

The LC-MS data, libraries, results tables and Spectronaut projects of the different analysis have been deposited to the
ProteomeXchange Consortium’* via the PRIDE’® partner repository with the dataset identifier PXD043712. The Spectronaut projects
can be viewed using the free Spectronaut viewer (www.biognosys.com/technology/spectronaut-viewer). The data used for the fig-
ures are available in Table S4.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistics
For differential gene expression analysis, P-values were adjusted based on an alpha threshold of 0.1.

For MAplots, pvalues were re-used from differential gene expression analysis. Genes with a pvalue under 0.05 and a log fold
change superior to 2 or inferior to 2 were printed, except for the comparison between naive pluripotent stem cells versus primed
pluripotent stem cells, where the number of upregulated genes was low enough to be printed.

For Boxplots, pvalues were re-used from differential gene expression analysis. Asterisks indicate statistical significance of the dif-
ference compared to PPSCs: *pvalue <0.05.

For 5mC quantification analysis, significance levels were determined using a Kruskal Wallis test, followed by a Dunn comparison.
Asterisks indicate statistical significance of the difference: * pvalue <0.05.

DGE-seq data preprocessing

Read pairs used for analysis matched the following criteria: all 16 bases of the first read had quality scores of at least 10 and the first 6
bases correspond exactly to a designed well-specific barcode. The second reads were aligned to RefSeq human mRNA sequences
(hg19) using bwa version 0.7.17. Reads mapping to several transcripts of different genes or containing more than 3 mismatches with
the reference sequences were filtered out from the analysis. DGE profiles were generated by counting for each sample the number of
unique UMlIs associated with each RefSeq genes. DGE-sequenced samples were acquired from 8 sequencing runs. Samples were
retained if the number of UMIs was superior to 50000 and the number of expressed genes above 6000, a total of 386 samples passed
those cutoffs. Also, genes have been filtered by keeping only a set of over-dispersed genes determined. To pick these, the co-effi-
cient of variation of each gene from the normalized adjusted expression was fitted by the mean expression of each gene, using a
LOESS method. Genes with a positive residual for the regression were marked as over-dispersed. This leads to a total of 23885
genes.

Transcriptomic analyses

The 8 runs were merged using ComBat’® (Leek et al. 2022) from the R library “sva”. Technical replicates between batches were used
as references for batch-effect correction, but only samples from 4 runs were kept the others are out of the scope of this article. Each
gene expression of the corrected values was subtracted by the minimum of the gene expression before the batch correction. This
step does not change the relative expression of genes; however, it permits an easier interpretation of the expression values as min-
imums cannot be less than zero. Finally, each set of technical replicates were merged. The data used for the figures are available in
Table S2.

Heatmaps were computed using complexheatmap R package (2.6.2)"""®; samples were clustered from the Euclidean distance of
expression by a hierarchical clustering using Ward’s method. Differential gene expression analysis was performed with deseg2 R
package (1.34.0)"° in combination with log fold change shrinkage function from apeglm R package (1.16.0).%° Deseq2 was used
with raw counts expression matrix and the corresponding design was cell type plus the run information. P-values were adjusted
based on an alpha threshold of 0.1.

MAplots was constructed with “ggmaplot” function from ggpubr R package (0.4.0), name of genes was printed if the genes have an
adjusted pvalue under 0.05 and a log fold change superior to 2 or inferior to 2, except for the comparison between naive pluripotent
stem cells versus primed pluripotent stem cells, where the number of upregulated genes was low enough to be printed. Boxplots
were computed with ggplot R package (3.3.3) and pvalues were re-used from differential gene expression analysis.

ADDITIONAL RESOURCES

No additional resources.
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