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SUMMARY

Naive human pluripotent stem cells (hPSCs) are defined as the in vitro counterpart of the human preimplantation embryo’s epiblast and
are used as a model system to study developmental processes. In this study, we report the discovery and characterization of distinct cell
populations coexisting with epiblast-like cells in 5iLAF naive human induced PSC (hiPSC) cultures. It is noteworthy that these popula-
tions closely resemble different cell types of the human embryo at early developmental stages. While epiblast-like cells represent the main
cell population, interestingly we detect a cell population with gene and transposable element expression profile closely resembling the
totipotent eight-cell (8C)-stage human embryo, and three cell populations analogous to trophectoderm cells at different stages of their
maturation process: transition, early, and mature stages. Moreover, we reveal the presence of cells resembling primitive endoderm. Thus,
5iLAF naive hiPSC cultures provide an excellent opportunity to model the earliest events of human embryogenesis, from the 8C stage to

the peri-implantation period.

INTRODUCTION

Embryonic development starts from a single totipotent cell
called a zygote, derived from the fertilized egg. Maternally
derived RNA is used in the first phases of embryonic devel-
opment, in particular, until the two-cell (2C) stage in
mouse and the eight-cell (8C) stage in human, when zy-
gotic genome activation (ZGA) occurs, and the first wave
of embryo genome transcription starts. In humans, the first
lineage differentiation events take place in the compact
morula at day 4, with the outer cells initiating a trophecto-
derm (TE)-specific transcriptional program. As a result,
5 days after fertilization, the blastocyst is segregated into
the inner cell mass (ICM), which will give rise to the em-
bryo proper, and the TE, which supports uterine implanta-
tion. By day 6, the blastocyst’s ICM differentiates into the
primitive endoderm (PrE), which will be a major constitu-
ent of the yolk sac, and the epiblast, which will form the
fetus, while the TE will generate the extraembryonic
tissues, including the placenta. Therefore, at the late blasto-
cyst stage, before the implantation, these three main cell
lineages are already determined (Shahbazi, 2020).

Human pluripotent stem cells (hPSCs) can be obtained
and maintained either in primed state, representing the
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in vitro counterpart of the post-implantation epiblast, or in
naive state, corresponding to the preimplantation epiblast.
Diverse protocols have been established to obtain hPSCs
with naive characteristics (Gafni et al., 2013; Guo et al.,
2016, 2017; Liu et al., 2017; Takashima et al., 2014; Theunis-
sen etal., 2014). Comparative transcriptional and molecular
analyses have demonstrated that, among these protocols,
the SiLA, t2i/L + GO, and PXGL culture conditions produce
cells with the highest resemblance to the in vivo preimplan-
tation epiblast (Pastor et al., 2016; Stirparo et al., 2018; Taka-
shima et al., 2014; Theunissen et al., 2014, 2016).

Certain studies have identified different subpopulations
of naive hPSCs in 5iLAF cultures based on the expression
levels of SSEA4 (Pastor et al., 2016); moreover, expression
of the PrE master gene GATA6 has been detected in different
naive cultures (Guo et al., 2016; Linneberg-Agerholm et al.,
2019) and TE markers, such as GATA3 and CDX2, have been
identified in SiLA cultures (Dong et al., 2020), suggesting
the presence of different cell populations representing
distinct cell lineages of the human preimplantation em-
bryo. However, a single-cell transcriptomics study did not
show significant heterogeneity in human embryonic stem
cells (hESCs) in t2i/L + GO naive conditions (Messmer
et al.,, 2019). Nevertheless, they interestingly identified a
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very small intermediate population presenting a gene
expression profile separate from both naive and primed
states (Messmer et al., 2019). On the other hand, there s sig-
nificant evidence proving the existence of heterogeneous
cell populations in mouse naive PSCs cultures: cells equiva-
lent to ICM (identified by the double expression of PDGFRa
and CD31), PrE-precursors (PDGFRa"; CD317) (lo Nigro
et al., 2017) and two-cell-like cells (2CLCs) (Macfarlan
et al.,, 2012) have been described. 2CLCs possess some
characteristics proper of the 2C stage mouse embryo as
they express genes from the Zscan4 family and MERVL ret-
rotransposons, while showing downregulation of proteins
associated with pluripotency, such as Pou5f1, Sox2, and
Nanog, a fingerprint that correlates with the ZGA taking
place in the 2C mouse embryo (Macfarlan et al., 2012). In
addition, a cell population transitioning from naive to
2CLCs state was identified, being characterized by Zscan4
expression and lack of MERVL retrotransposons expression
(Rodriguez-Terrones et al.,, 2018). Analogously to what
was described in mouse, two recent publications (Mazid
et al., 2022; Taubenschmid-Stowers et al., 2022) have re-
ported the presence of a population of eight-cell-like cells
(8CLCs) within human naive cultures, which resemble
the human embryo at the 8C stage.

In this study;, to fill the void of knowledge regarding hPSC
heterogeneity, we analyzed by single-cell RNA sequencing
(scRNA-seq) naive human induced PSCs (hiPSCs) under
5iLAF culture conditions, finding different cell populations
that capture distinct stages of human embryo develop-
ment, from the 8C stage to the peri-implantation stage.

RESULTS

Identification of cell heterogeneity in naive hiPSC
cultures

To determine the cell heterogeneity of our 5iLAF naive cul-
ture we performed scRNA-seq and unsupervised clustering
analysis of 3,652 cells, obtaining seven clusters (Figure 1A).
First, we validated the naive identity of our cells by inte-
grating our data with previously published results (Liu
et al.,, 2020), where the process of cell reprogramming
from fibroblasts to iPSCs in primed and in naive (RSeT
and t2i/L + GO) conditions was analyzed at single-cell reso-
lution. Our sample clustered next to the naive cells of this
study and presented high score for naive and epiblast gene
signatures (Figure S1). These results were confirmed by
morphology and protein expression (Figure S2), Consis-
tently, primed markers were not expressed in any of the
seven clusters identified in our culture, except for the
CD24 marker, which was enriched in cluster 5 (Figure 1B),
altogether demonstrating the lack of residual primed cells.
Naive and pluripotency markers associated with the

human embryo epiblast were homogeneously expressed
in clusters 0-3, except for PRDM14, that was lower in clus-
ter 2 (Figures 1C and 1D). On the other hand, some of these
markers were downregulated in clusters 4-6 (Figures 1C
and 1D). In addition, correlation analysis of differentially
expressed genes (DEGs), showed high similarity between
clusters 0-3, while clusters 4-6 defined distinct cell popula-
tions (Figure 1E). Therefore, we considered clusters 0-3,
representing 80.5% of the total cells, as a single population
which we named epi-cluster 0-3. A comparison of the
DEGs from this cluster (Table S1) with publicly available
stage-specific gene expression modules of human embryos
from zygote to late blastocyst stage (Stirparo et al., 2018),
based on data from three different single-cell datasets
(Blakeley et al., 2015; Petropoulos et al., 2016; Yan et al.,
2013), showed that the majority of DEGs (53.4%) were spe-
cific to either late (39.3%), or early (14.1%) blastocyst’s ICM
(Figure 1F). In addition, we analyzed the expression of
transposable elements (Table S2), as their transcription is
regulated in a stage-specific manner during human early
embryogenesis (Goke et al., 2015). In our epi-cluster 0-3
we observed high expression of SVA family members, as
well as LTR5-Hs and HERVK-int elements (Figure 1G),
which are characteristic of morula and early blastocyst
stage, in line with previously described naive cell-specific
transposable elements (Theunissen et al., 2016).

Presence of TE-like cells and PrE-like cells in naive
hiPSC cultures
We found that cells in cluster 5, which represent 4.4% of
total cells, displayed the highest scores for a previously
described TE signature (Xiang et al., 2020) (Figure 2A).
In agreement, known TE-associated genes (Petropoulos
etal., 2016; Xiang et al., 2020) were enriched in this cluster
(Figure 2B). To conclusively demonstrate the TE commit-
ment of cluster 5 we integrated our data with scRNA-seq
data from human preimplantation embryos (Petropoulos
et al., 2016): this analysis shows that cluster S cells locate
within the embryo’s TE (Figure 2C). Henceforth, we will
refer to cluster 5 as TE-like cluster. RNA velocity analysis
indicated that TE-like cells arose from naive cells of epi-
cluster 0-3 (Figure 2D). This finding is consistent with
the described capacity of human naive cells to differentiate
into the TE lineage under defined culture conditions
(Castel et al., 2020; Cinkornpumin et al.,, 2020; Dong
et al., 2020; Guo et al., 2021; Io et al., 2021). The presence
of TE-like cells in our naive culture was corroborated by
the detection of GATA3" cells by immunofluorescence
staining, while we did not observe GATA3™ positive cells
in primed condition (Figure 2E).

Interestingly, within the TE-like cluster, we were able to
observe a few scattered cells presenting a high score for
the PrE signature of the human embryo (Figure S3A)
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Figure 1. Overall analysis of cell heterogeneity in human naive 5iLAF culture

(A) Uniform Manifold Approximation and Projection (UMAP) of the 5iLAF-cultured hiPSCs (3,652 cells). Cells are color coded according to
unsupervised clustering analysis.

(B-D) Violin plots showing single-cell log-normalized expression of selected primed, naive, and pluripotency markers in each cluster. Color
code as in (A).

(E) Heatmap representing the correlation between the different clusters, considering differentially expressed genes in at least one cluster
against the rest.

(F) Proportion of differentially expressed genes in epi-cluster 0-3 corresponding to each stage-specific gene expression module of the
human embryo at early developmental stages obtained from (Stirparo et al., 2018) and listed in their Table S6. Genes differentially
expressed in epi-cluster 0-3 that were not specific to any developmental stage or were not annotated were removed from the analysis.
(G) UMAP representations of the normalized expression of naive-specific transposable elements. A contour delineates epi-cluster 0-3.
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described in (Xiang et al., 2020), which cluster next to
embryonic PrE cells (Figure S3B). On the other hand, in
these cells we did not detect expression of definitive endo-
derm, visceral endoderm, or parietal endoderm markers
(Figures S3D and S3E). These data suggest the presence of
PrE-like cells in naive culture. The existence of PrE-like cells
in naive S5iLAF cultures is in line with the previously re-
ported expression of GATA6 in human t2iLGOY naive cul-
tures (Guo et al,, 2016, 2017; Linneberg-Agerholm et al.,
2019). However, we cannot definitely rule out the possibil-
ity that these cells would be definitive endoderm cells,
given the fact that in the literature several genes are
reported to be expressed in both cell types.

TE-like cells in hiPSC naive cultures mimic the early
stages of TE development

Analysis of defined TE-associated markers showed hetero-
geneous expression within cells of the TE-like cluster
(Figures 2A and 2B and 3A). Accordingly, an unsupervised
subclustering analysis revealed three subpopulations
(5_0, 5_1, and 5_2; Figure 3B). Trajectory analysis using
CytoTRACE (Figure 3C) and monocle 3 (Figure 3D) showed
that, within the TE-like cluster, the 5_0 subcluster corre-
sponds to less differentiated cells, while the most differen-
tiated subcluster is 5_2. Accordingly, scores for the epiblast
signature were lower in cluster 5_0 compared with epi-clus-
ter 0-3, further decreasing in clusters 5_1 and 5_2 (Fig-
ure 3E). To determine to which TE developmental stage
each subcluster correlates, we scored the cells for the
GATA2 and NR2F2 genes modules, recently reported to
define different developmental stages of the TE in the
human embryo (Meistermann et al., 2021). According to
the Meistermann study, early TE cells (B3 stage) are
GATA2-module* and NR2F2-module”, while mature TE
cells (B4-B6 stage) are GATA2-module™ and NR2F2-mod-
ule® (Meistermann et al., 2021). When applying the
GATA2 module to our 5iLAF sample, we found the highest
scores throughout the TE-like cluster (Figure 3F). However,
cells of cluster 5_0 had relatively lower scores for this mod-
ule, and mainly had negative scores for the NR2F2 module

(Figure 3F), a further proof of their early maturation stage.
In addition, this cluster expressed epiblast markers, such as
DPPA3, DPPA5, DNMT3L, and ALPG at higher levels
compared with the other two subclusters (Table S1). Co-
expression of epiblast and early TE genes is a hallmark of
TE transition in human embryonic development (Niakan
and Eggan, 2013; Stirparo et al., 2018), and thus we termed
cluster 5_0 as transition TE-like cluster. Cluster 5_1 and
cluster 5_2 could be distinguished by differences in scores
for the NR2F2 module, being higher in the latter cluster
(Figure 3F). Therefore, we named cluster 5_1 as early an
TE-like cluster and cluster 5_2 as a mature TE-like cluster.
To corroborate these results, we applied signatures for the
different steps of the differentiation process of TE cells
from pre-cytotrophoblast stage (pre-CTB, corresponding
to developmental days 6-7 of the human embryo; D6-7)
up to the extravillious trophoblasts stage (EVTs) (D14)
derived from 3D-cultured embryos in vitro Xiang et al.
(2020) (Figures 3G and S4A). Cells with the highest scores
for the pre-CTBs (D6-7) signature were found in the transi-
tion- and early TE-like clusters (Figure 3G), while cells in
the mature TE-like cluster presented the highest scores for
the early syncytiotrophoblast (early STB; D8-10) signature
(Figure 3G). On the other hand, cells from later stages of
placental differentiation (STB, early EVT and EVT) were
not present, according to the lower scores obtained for
their corresponding signature (Figure S4A) and the absence
of placental polypeptide hormone expression (Figure S4B).
Importantly, we confirmed these results by integrating our
dataset with the embryo data from Xiang and Petropoulos
(Petropoulos etal., 2016; Xiang etal., 2020) as shown in Fig-
ure 3H. Finally, we did not observe expression of amnion-
specific markers (Zhao et al., 2021) (Figures S5A and S5B),
and TE-like cells did not cluster with early amnion cells of
the embryos (Figure S5C). Moreover, in our 5iLAF cultures
we retrieved 38 transposable elements differentially ex-
pressed in the TE-like cluster compared with the rest of
cells. Between them, we identified repetitive sequences
from the LINE1, Alu, and LTR families (Figures 4A and 4B
and Table S2). It is noteworthy that 86 transposable

Figure 2. TE-like cells in human naive 5iLAF culture

(A) UMAP representation of scores from a TE signature including TE-specific markers that are common between Petropoulos et al. (2016)

and Xiang et al. (2020) studies. A contour delineates cluster 5.

(B) Heatmap representing scaled gene expression of the 111 genes from the TE signature. To facilitate visualization of the data, 200 cells
from each cluster were randomly selected. Cells are ordered by cluster membership.

(C) UMAP representation of the integration of our sample with the human embryo cells from Petropoulos et al. (2016). TE embryonic cells
and TE-like cells are colored, while the rest are shown in different tones of gray. The TE cell-type annotation corresponds to the rean-

notation in Meistermann et al. (2021).
(D) UMAP plot showing RNA velocities as streamlines.

(E) Immunofluorescence staining of GATA3 (in green) in human naive (upper panels) and human primed (lower panels) cultures. The
arrows indicate GATA3" human cells. Human cells are labeled with tdTomato (in red) and Hoechst was used as a nuclear counterstain. Scale

bars, 50 um.
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elements were differentially expressed in early or mature
TE-like subclusters compared with the other clusters,
suggesting a specific role of those sequences in the matura-
tion process of TE cells. Between the previously described
TE-specific transposable elements, for example, we found
that LTR30, LTR10A (Liu et al., 2019), and LTR2B, were en-
riched in the early TE-like cluster (Figures 4A and 4B). On
the other hand, LTR3A (Liu et al.,, 2019), HERVK3-int,
and LTR10B2 were enriched in the mature TE-like cluster
(Table S2). Finally, transposable elements known to be
involved in placental development (Senft and Macfarlan,
2021), such as endogenous retroviruses ERVW-1 and
ERVFRD-1, were enriched in the mature TE-like cluster
(Table S1). Thus, the study of transposable elements could
help to elucidate the process of TE maturation.

Maturation of TE cells is associated with specific meta-
bolic requirements (Kaneko, 2016; Posfai et al., 2019), so
next we analyzed the metabolic transcriptome in the
different subclusters. Interestingly, pathways related to
energy production were enriched in early TE-like clusters
(Figure S4E and Table S1), in agreement with the high
ATP consumption of these cells in vivo, required to
expand the blastocoel cavity (Houghton et al., 2003).
Meanwhile, mature TE-like cluster was enriched in path-
ways related to steroid hormone synthesis/metabolism
and regulation of angiogenesis, all functions needed to
allow proper implantation of the embryo into the uter-
ine wall (Figure S4E; Table S1). Finally, molecules playing
a key role in the embryo attachment to the endometrium
(Idelevich and Vilella, 2020) were observed in mature TE-
like cells, such as PGF, CGA, TGFB1, and VEGFA
(Table S1).

In conclusion, TE-like cells present in naive cultures
mimic the early stages of TE development, which allows

us to study the TE specification and maturation transcrip-
tional program in vitro. For instance, the modulation of
the transcription factors differentially expressed in our
TE-like subclusters (Figures S4C and S$4D; Table S1) could
elucidate their role in the TE differentiation process.

Identification of 8CLCs in 5iLAF culture

Interestingly, in cluster 6 of our analysis, which corre-
sponds to 1.7% of the total cells, we found cells express-
ing ZSCAN4 (Figure 5A), a defining gene for the 8C-stage
human embryo (Stirparo et al., 2018). In addition, in this
cluster we detected expression of DUXA, PRAMEFI,
TPRX1, LEUTX, and KLF17, and other markers associated
with the human 8C-stage embryo (Maeso et al., 2016; Stir-
paro et al., 2018; Tohonen et al., 2015; Wang et al., 2018)
(Figure 5A; Table S1). On the other hand, we observed
significantly lower expression levels of stem cell markers,
such as NANOG, SOX2, and PRDM14, compared with the
epi-cluster 0-3, but not ZFP42 or POU5F1 (Figures 1C and
1D). Accordingly, double immunofluorescence staining
showed that ZSCAN4" cells presented low or absent signal
for SOX2 (Figure 5B). To determine to which stage of hu-
man embryo development cluster 6 corresponds to, we in-
tegrated our dataset with the scRNA-seq data from human
preimplantation embryo (Petropoulos et al.,, 2016) and
found that cluster 6 cells located next to cells of the E3
stage embryo: 8C stage cells undergoing ZGA (Figure 5C).
To refine this comparison, we contrasted cluster 6’s DEGs
to stage-specific gene expression modules (Stirparo et al.,
2018) from zygote to blastocyst. From the annotated
genes (Stirparo et al., 2018), we observed that ~40%
were associated with the 8C stage and ~20% with
compact morula (Figure 5D). We next applied to our sam-
ple the DUXA module, which consists of genes associated

Figure 3. Analysis of the three different stages of TE maturation present in the TE-like cluster

(A) UMAP representing log-normalized expression of a selected group of TE-associated markers. A contour delineates the TE-like cluster.
(B) UMAP representation after subclustering the TE-like cluster. Cells are color coded according to unsupervised clustering analysis. The
dashed box corresponds to the UMAP region shown in (E and G).

(C) UMAP representation of the cellular predicted differentiation ordering from CytoTRACE. A contour delineates each TE-like subcluster.
(D) UMAP-based cellular trajectory reconstruction using monocle 3 (black line) and representation of the inferred pseudotime. A contour
delineates each TE-like subcluster.

(Eand F) UMAP representation of scores from (E) the epiblast signature (coming from the intersection from Petropoulos et al. (2016) and
Xiang et al. (2020), (F) GATA2 gene module and the NR2F2 gene module signatures from Meistermann et al. (2021). A contour delineates
each subpopulation from the TE-like cluster. Violin plots of the scores for the different TE-like subpopulations and the epi-cluster 0-3 are
depicted underneath, with a dashed line at score zero for the NR2F2 module.

(G) UMAP representation of gene signature scores from different trophoblast lineages obtained from Xiang et al. (2020): pre-CTB (days 6
and 7), post-CTBs (days 7 and 8), and early STBs (days 8-10) after removing genes shared with the epiblast signature. A contour delineates
each subpopulation from the TE-like cluster. Violin plots of the scores grouped by TE-like subpopulations are depicted underneath. The
color code from the legend is the same for the violin plots in (E and F).

(H) UMAP representation of the integration of our sample with cells of the human preimplantation embryo cells from Petropoulos et al.
(2016) and the 3D-cultured embryos from Xiang et al. (2020). TE and primitive endoderm embryonic cells and TE-like cells are colored,
while the rest are shown in different tones of gray. The TE cell-type annotation in Petropoulos et al. corresponds to the reannotation in
Meistermann et al. (2021) and in Xiang et al. to the reannotation from Rostovskaya et al. (2022). Cells are shaped according to sample.
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subclusters. The size of the dot represents the proportion of cells expressing such element in each cluster.

(B) UMAP representing the log-normalized expression in TE-like subclusters of selected transposable elements. A zoom-in of the TE-like
cluster is displayed, with a contour delineating each subpopulation. Violin plots grouped by TE-like subpopulations are shown underneath

the zoom-ins.

with the ZGA process (Meistermann et al., 2021), finding
the highest scores in cluster 6 (Figure 5E). Moreover, as
DUX4 has been identified as a key regulator of the ZGA
genetic signature both in vivo and in vitro (de laco et al.,
2017), we looked for expression of DUX4-induced genes
(Hendrickson et al., 2017) in our dataset, and accordingly
with our previous analysis we observed that they were en-
riched in cluster 6 (Figure S6A). These data consistently
show that the cluster 6 gene expression profile closely re-
sembles that of the 8C-stage human embryo, therefore we
termed it an 8C-like cluster. Recently, the studies from
Mazid et al. (2022) and Taubenschmid-Stowers et al.
(2022) have also identified 8CLCs in human naive cul-
tures by scRNA-seq. Integration of these datasets with
ours shows that our 8C-like cluster cells overlap with
the 8CLCs from Mazid et al. and Taubenschmid et al. (Fig-
ure 5F), demonstrating their overall similarity. However,
e4CL 8CLCs express 8C-associated markers at a higher
level (Figure S6B), confirming the improvement of the
8CLC phenotype in e4CL medium (Mazid et al., 2022).
On the other hand, the expression profile of pluripotency
and naive markers was similar in all conditions (Figures
S6C and S6D).

As the expression of MERVL retrotransposons is a hallmark
of 2CLCs in mouse (Macfarlan etal., 2012), we next analyzed
transposable element expression in the 8C-like cluster. In
this cluster we observed a significantly higher proportion
of reads corresponding to retroposon, LTR, SINE, and LINE
families compared with epi-cluster 0-3 (Figure S6E). In addi-
tion, transposable elements known to be expressed between
8C and morula stages in human embryos, such as the SVA
retroposons, LTRS5-Hs, and LTR7Y (Goke et al., 2015; Liu
et al.,, 2019), were enriched in the 8C-like cluster, as well as
8C-specific transposable elements, such as HERVK-int,
LTR12C, and MLT2A1 (Goke et al., 2015; Grow et al., 2015;
Liu et al., 2019) (Figure 5G). It is noteworthy that MLT2A1,
the most specific repetitive sequence to the 8C human em-
bryoinvivo (Gokeetal., 2015), was among the most enriched
in the 8C-like cluster (Figures 5G-5I; Table S2), in agreement
with the expression pattern observed in the 8CLCs from Ma-
zid et al. (2022) and Taubenschmid-Stowers et al. (2022).
Importantly, ZSCAN4 expression correlated with MLT2A1
expression (Figure 5J). Thus, we defined the ZSCAN4"/
MLT2A1*cells found in the 8C-like cluster as bona fide
8CLCs. In mPSC cultures, Zscan4*/MERVL* 2CLCs range
from 0.1% to 0.5% of the total cells (Macfarlan et al.,
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2012). Accordingly, in our naive 5iLAF sample, we observed a
similar proportion of 8CLCs (~0.3%). In conclusion, these
data prove the existence of 8CLCs in S5iLAF cultures.

Presence of a cell population characterized by cell-
cycle arrest

However, cluster 4, representing 13.4% of the total cells, ex-
pressed several epiblast markers, could be distinguished by
very low expression of NANOG, SOX2, PRDM14, and KLF4
(Figures 1C and 1D). The most prominent characteristic
found in this cluster was the high percentage of cells in
cell-cycle arrest (G1 phase, Figure 6A). In fact, the most
significantly enriched gene sets for this cluster are related
to response to DNA damage response and cell-cycle arrest
(Figure 6B).

When studying the differential expression of transpos-
able elements in cluster 4, we found enriched expression
of LINE1 elements (L1) (Figures 6C and 6D). LINE1 are
the only family of autonomously active, protein coding ret-
rotransposons in humans (Wallace et al., 2008). L1 ele-
ments are retrotransposed during early embryogenesis,
contributing to genetic variations among individuals,
while they are normally silenced in differentiated tissues,
with the exception of the central neural system (Upton
et al., 2015). Indeed, uncontrolled LINE1 retrotransposi-
tion has been shown to play a role in the initiation and pro-
gression of cancers, affecting cancer cells’ genomic stability
and inducing cell stress via the activation of DNA damage
response, as well as cell growth arrest through P53 activa-
tion (Wallace et al., 2008). Similarly, the transcriptional
profile of cluster 4 shows an enrichment in genes related
to DNA damage response (Figure 6B; Table S1) and is consis-
tent with high LINE1 activation. Because detection of L1
RNAs alone is not indicative of active LINE1, as the major-

ity of these transcripts present truncations or mutations,
which prevent their translation, we examined the accumu-
lation of L1 protein ORF1p (Sharma et al., 2016), required
for retrotransposition. In our 5iLAF cultures we found cyto-
plasmic foci of ORF1p (Figure 6F), a sign of accumulated
LINE1 ribonucleoprotein (Doucet et al.,, 2010). Because
the reduction of the MEK inhibitor (MEKi) PD0325901
(PD) is known to decrease the detrimental effects on ge-
netic and epigenetic stability induced by the naive medium
(di Stefano et al., 2018), we next performed ORF1p immu-
nofluorescence staining in naive 5iLAF cultures in reduced
PD concentration (0.5 uM). Notably, this assay showed a
reduced accumulation of ORF1p (Figures 6F and 6G), thus
suggesting a possible link between the genomic instability
induced by the MEKi of the naive medium and the expres-
sion of retrotransposable LINE1 elements.

Heterogeneous contribution of hiPSCs to human-
mouse chimera

As chimera formation is the gold standard assay to deter-
mine the developmental potential of stem cells, to function-
ally prove the existence of cells corresponding to distinct
developmental stages in our cultures we microinjected 8-
10 SiLAF cells, labeled with tdTomato, into morula-stage
mouse embryos and cultured them for 48 h in vitro
(Figures 7A and 7B). Quantification at 24 h showed that
part of the microinjected cells did not engraft in the host em-
bryo, as we observed a decrease in cell number at this time
point, whereas we detected cell proliferation at 48 h, as indi-
cated by an increased number of cells (Figure 7C). Strikingly,
at this time point, in addition to finding human cells in the
ICM, we also observed a fraction of cells contributing to the
TE (GATA3" cells: 11/244 = 4.5%) (Figures 7D and 7E). This
percentage of TE contribution is in line with the percentage

Figure 5. 8CLCs in human naive 5iLAF culture

(A) Zoom-ins of the UMAP region including the 8C-like cluster representing the log-normalized expression of selected 8C embryo-asso-
ciated markers. The zoom-ins correspond to the dashed region shown in the top left UMAP. A contour delineates the 8C-like cluster.
(B) Confocal microscopy images of immunofluorescence staining for ZSCAN4 (in green) and SOX2 (in red) in 5iLAF (on the top panels) and
primed (on the lower panels) hiPSCs. The arrow indicates ZSCAN4™ human cell. DNA was counterstained with Hoechst. Scale bars, 20 um.
(C) UMAP representation of the integration with human embryo cells from Petropoulos et al. (2016). Cells from the earliest developmental
stages (E3 and E4) and the 8C-like cluster are colored, while the rest are shown in gray.

(D) Proportion of differentially expressed genes in the 8C-like cluster corresponding to each stage-specific gene expression module of the
human embryo at early developmental stages obtained from Stirparo et al. (2018) and listed in their Table S6. Genes differentially ex-
pressed in the 8C-like cluster that were not specific to any developmental stage or were not annotated were removed from the analysis.
(E) UMAP representation of scores from the DUXA gene module from Meistermann et al. (2021). A contour delineates the 8C-like cluster.
(F) UMAP of the integration of our 5iLAF-cultured sample and samples from Mazid et al. (2022) and Taubenschmid-Stowers et al. (2022).
8CLCs from each study are colored, with non-8CLCs in tones of gray. For Mazid et al., 8CLCs are separated according to the sample of origin.
(G) Dot plot representing scaled average expression of the top 10 differentially expressed transposable elements in the 8C-like cluster. The
size of the dot represents the proportion of cells expressing such element in each cluster.

(H) UMAP representation of log-normalized expression of the transposable element MLT2A1. A contour delineates the 8C-like cluster.
(I) Boxplots showing the percentage of total unique molecular identifiers (UMIs) corresponding to the MLT2A1 LTR element in cells from
epi-cluster 0-3 and the 8C-like cluster. Two-sided Wilcoxon rank sum tests were performed to obtain statistical significance (p < 0.05).
(J) Correlation analysis between ZSCAN4 and MLT2A1 expression in ZSCAN4" cells from the 8C-like cluster (p < 0.05).
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of TE-like cells in our culture, suggesting their possible
contribution to this lineage in vivo.

Thus, we performed new experiments microinjecting a
hiPSC population enriched in TE-like cells (FACS sorted
CD24"8" cells). Microinjection of sorted CD24"&" cells
show a significant enrichment in TE contribution: 56.5%
(13 GATA3" cells out of 23 engrafted cells Figures 7F and
7G), afrequency 12.5 times higher than bulk naive culture.
Moreover, we detected human contribution to TE in 100%
of the embryos (n = 8), while after bulk cell microinjection
itwas 36.4% (n = 22). These data demonstrate the presence
of heterogeneity in naive hiPSC cultures and, specifically
demonstrate the existence of functional TE-like cells.

DISCUSSION

With this work we reveal and thoroughly describe four
main cell populations with distinct characteristics coexist-
ing in human naive 5iLAF cultures. While the expression
profile of 80% of the cells, here named epi-cluster 0-3,
defined them as the in vitro counterpart of the late blasto-
cyst epiblast cells, which corresponds to the gold standard
definition of naive, we also revealed the presence of TE-like
cells and 8CLCs, as well as a population of epiblast-like cells
in cell-cycle arrest.

The TE-like cluster is characterized by a gene expression
profile comparable with the early TE of the human embryo
(D6-D9) and expresses TE-specific transposable elements at
high levels. This population represents 4.4% of the cells.
Such a population of cells was not previously found in naive
PXGL conditions, possibly as a consequence of the presence
of WNT and aPKC inhibitors, which block access to TE dif-
ferentiation in this medium (Guo et al., 2021). Trajectory
analysis showed that cells of the TE-like cluster arise from
naive cells. This is in line with the known potential of naive
hPSCs to give rise to trophoblast stem cells (hTSCs) in a
defined medium; hTSCs being the in vitro counterpart of
the trophoblasts at D8-D12 (Castel et al., 2020; Cinkornpu-
min etal., 2020; Dong et al., 2020; Guo et al., 2021; Io et al.,

2021). Interestingly, TE-like cells found in our naive cultures
presented a heterogeneous gene and transposable element
expression profile, which allowed us to subdivide them
into three subclusters corresponding to three early extraem-
bryonic tissue maturation stages: transitional, early, and
mature TE. Thus, while hTSCs can be used to study tropho-
blast lineage differentiation (Castel et al., 2020; Cinkornpu-
min et al., 2020; Dong et al., 2020; Guo et al., 2021; Io et al.,
2021), TE-like cells in 5iLAF cultures, which resemble the TE
of the blastocyst at days D6-D9, may be a suitable model to
shape the role of the different genetic determinants of TE
formation and its early maturation.

TE cells contribute to the process of implantation by
modulating endometrial receptivity (Posfai et al., 2019).
In the TE-like cluster, we observed factors previously
described to take part in this process and we unraveled
new candidates that may play an important role in tropho-
blast to endometrium communication as, for instance,
SEMA4C (Table S1), whose receptor, PLEXIN B2, has been
reported to participate in endometrial integrity (Singh
and Aplin, 2015). Since trophoblast dysfunction leads to
complications during pregnancy, such as pre-eclampsia
and intrauterine growth restriction, the study of TE-like
cells present in patient-derived naive iPSC cultures would
facilitate the identification of the molecular players
inducing these complications.

It is noteworthy that the 8C-like cluster defines a popula-
tion of cells enriched with the expression of 8C embryo-
specific genes and transposable elements, while showing
downregulation of pluripotency-associated genes, such as
PRDM14, SOX2, and NANOG. This discovery is in line
with the recent description of an analogous 8 CLC popula-
tion in hESC-cultured naive PXGL medium (Taubensch-
mid-Stowers et al., 2022) and conversion to 8CLCs in
e4CL medium (Mazid et al., 2022). In the 8C-like cluster,
which consists of 1.7% of the naive culture, we detected
the existence of ZSCAN4*/MLT2A1" cells, which present a
gene and transposable element expression strictly charac-
teristic of the 8C stage of the human embryo in vivo. These

Figure 6. Presence of naive cells with arrested cell cycle in cluster 4
(A) Proportion of cells in each cell-cycle phase for the unsupervised clusters.
(B) Selection of significant GO Biological Processes and WikiPathways terms from an overrepresentation analysis using DEGs in cluster 4

against the rest.

(C) Boxplots showing the percentage of total UMIs corresponding to LINEs and more specifically to L1 elements in cells from epi-cluster 0-
3 and cluster 4. Two-sided Wilcoxon rank sum tests were performed to obtain statistical significance (p < 0.05).

(D) Dot plot representing scaled average expression of the top 10 differentially expressed transposable elements in cluster 4. The size of
the dot represents the proportion of cells expressing such element in each cluster.

(E) UMAP representation of log-normalized expression of differentially expressed transposable elements in cluster 4, delineated by a

contour.

(F) Confocal microscopy images of immunofluorescence staining for L1 ORF1 protein in 5iLAF 1 uM MEKi PD (above panels) and 0.5 uM MEKi
PD (below panels) hiPSCs. DNA was counterstained with Hoechst. Scale bars, 20 pum.
(G) Quantification of ORF1p cytoplasmic aggregates in 5iLAF cells in both MEKi conditions. *p<0.05.
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Figure 7. Contribution of human 5iLAF and 5iLAF CD24"9" cells to the TE lineage in human-mouse chimera embryos
(A) Bright-field and orthogonal projection of a mouse morula freshly microinjected with 10 human 5iLAF tdTomato™ cells.
(B) Engraftment of human cells within the mouse embryo after 48 h of in vitro culture, shown by orthogonal projection confocal

image.

(C) Graphical representation of the human cells present into mouse embryos over time. *p < 0.05.

(D-G) (D and F) Immunostaining of GATA3 (in green) in a mouse embryo microinjected with bulk human 5iLAF cells (D) or sorted (24

high

(F) and cultured in vitro for 48 h. The arrows indicate tdTomato™ human cells expressing GATA3 in (D and F). (E-G) Graphical representation
of human cells contribution to ICM or TE 48 h post-microinjection. Each dot represents a microinjected embryo (n = 22 and n = 8,
respectively). Hoechst was used as a nuclear counterstain in (A, B, D, and F). Scale bars, 20 um.

8CLCs represent ~0.3% of the total cells, consistent with
the described proportion of 2CLCs in mouse cultures
(Macfarlan et al., 2012). Cells of the 8C-like cluster can be
an in vitro resource to study the genetic program of the
earliest stages of embryo development.

It is well known that human naive PSCs are prone to
acquire mutations, chromosomal abnormalities, and
epigenetic aberrations (Pastor et al., 2016; Theunissen
et al., 2014) and therefore is still necessary to revise the
naive culture conditions to improve cell fitness. Accord-
ingly, in our study we have observed that cells of cluster
4, which represent 13.4% of the culture, are in cell-cycle
arrest and express genes related to DNA damage
response. This observation reinforces the notion that re-
newed refinement of S5iLAF medium is required to
improve cell stability. Stress response-related genes en-
riched in cluster 4, such as DDIT3 and CDKNI1A (Ock
et al.,, 2020) (Table S1), could be used as markers to
monitor cell integrity upon modification of the culture
conditions. On the other hand, it is noteworthy that,
among retrotransposable elements, LINE1 are specifically
enriched in this cluster. They have been shown to play
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an important role on the genomic instability of cancer
cells (Grundy et al., 2021), and to induce mechanisms
of DNA repair and cell-cycle arrest, which similarly char-
acterize cells in cluster 4. Notably, we have observed
accumulation of L1 ORFlp in our cultures, a sign of
active LINE1 elements, which is reduced in the presence
of titrated concentrations of PD (0.5 uM) in the medium.
These observations suggest a possible role for LINE1 ele-
ments in the genomic instability related to a strong MEKi
in naive cultures. However, further studies will be
required to prove their implication in the detrimental ef-
fect of MEKi in hPSC cultures, and to elucidate their
mechanism of action.

In summary, our study describes the heterogeneity pre-
sent in SiLAF naive hiPSCs. Distinct populations corre-
sponding to 8CLCs and TE have been found to coexist
with epiblast-like (naive) cells in these cultures. Hence,
5iLAF conditions could be used as a model to investigate
human embryo development from the 8C stage, when
the zygotic genome activation event occurs, to the peri-
implantation period, where the correct maturation of TE
cells play a key role, as well as to broaden the



understanding of stem cell biology, thus representing an
alternative to the use of human embryos and the associ-
ated ethical issues.

EXPERIMENTAL PROCEDURES

Resource availability

Corresponding author

Further information and requests for resources and reagents
should be directed to and will be fulfilled by the lead contact, Xab-
ier L. Aranguren (xlaranguren@unav.es).

Materials availability

This study did not generate new unique reagents.

Data and code availability

The data generated in this study have been deposited in GEO re-
pository: GSE197889.

Animal models

All animals were housed in specific pathogen-free conditions with
free access to food and water. All animal procedures were per-
formed according to state and institutional laws, guidelines, and
regulations. All studies were approved by the Ethics Committee
for Animal Research at the University of Navarra and the Govern-
ment of Navarra.

hiPSC culture

The G15.A0 hiPSC line was used in this study (Zapata-Linares
et al., 2016). Cells routinely cultured in primed conditions were
converted into naive-like cells in 5iLAF medium as described (The-
unissen et al., 2014) with minor modifications (see supplemental
experimental procedures). After three passages in 5iLAF medium,
the transcriptome of sorted tdTomato + naive hiPSCs was exam-
ined using the NEXTGEM Single Cell 3’ Reagent Kits v.3 (10x Ge-
nomics) according to the manufacturer’s instructions. The median
numbers of unique molecular identifiers and genes detected per
cell were 20,302 and 4,537, respectively. Methods describing sam-
ple preparation for scRNA-seq and computational analyses of RNA-
seq data are included in the supplemental information available
online.

Cells immunofluorescence staining

Primed and naive hiPSCs were cultured over iMEFs in 8-well cham-
bers (Thermo Scientific Nunc, 177445) until they reached 60%-
70% of confluence. Then, they were fixed with 4% paraformalde-
hyde solution in PBS for 30 min at 4°C, washed 3 times in PBS,
permeabilized with PBS 0.1% Triton X-100 (Fisher BioReagents,
BP151-500) for 1 h at 4°C, washed again and then blocked in
PBS 1% BSA (Sigma-Aldrich, A3912-100G) for 1 h at 4°C. Samples
were stained with the following primary antibodies in blocking
solution overnight at 4°C: Anti-POUSF1 (1:50, Santa Cruz Biotech-
nology, sc-9081), Anti-SOX2 (1:50, Sigma-Aldrich, ABS5603),
Anti-TFE3 (1:200, Merck - Sigma-Aldrich, HPA023881-100UL),
Anti-hTFCP2L1 (1:200, R&D Systems, AF5726), Anti-GATA3
(1:100, Abcam, ab199428), Anti-NANOG (1:50, ab80392, Abcam),
Anti-ZSCAN4 (1:100, Origene, TA800535), and Anti-LINE-1 ORF1p
Antibody (1:100, Merck - Sigma-Aldrich, MABC1152). Afterrinsing

three times with PBS to remove the unbound antibodies, samples
were exposed to the corresponding Alexa Fluor 488 goat anti-rabbit
IgG secondary antibody (Invitrogen, A11008), Alexa Fluor 488
donkey anti-goat IgG secondary antibody (Life Technologies,
A11055), Alexa Fluor 488 goat anti-mouse IgG secondary antibody
(Invitrogen, A11029), or Alexa Fluor 647 goat anti-rabbit IgG sec-
ondary antibody (Invitrogen, A21245), for 2 h at 4°C in darkness
(dilution 1:500 in blocking solution). After three washing steps
with PBS, nuclear counterstain was performed with Hoechst
33342 trihydrochloride (Invitrogen, H21492) at 1:800 dilution
for 30 min at 4°C in darkness. Images were recorded on a Confocal
Scanning Laser Microscope (Zeiss LSM 800) and ZEN 2.3 system
software. Composite images were obtained with ZEN 2.3 system
software. LINE-1 ORF1lp" hiPSCs were quantified manually.
Mann-Whitney test was used for statistical analysis. p value < 0.05
was considered significant.

Flow cytometry and FACS sorting

Pluripotency-, primed-, and naive-associated markers were
analyzed by FACS. In brief, hiPSCs were cultured up to 70% conflu-
ence and washed once with PBS before single-cell dissociation.
Then, hiPSCs were dissociated by incubation with TrypLE-EDTA
(1:1 TrypLE-0.25 mM EDTA/PBS) for 5 min. HiPSCs were resus-
pended in 100 pL of 1% BSA-PBS and incubated with the corre-
sponding antibody for 30 min at 4°C in the dark: BV510-conju-
gated Mouse Anti-human CD24 at 1:100 dilution (BD Horizon/
BD Biosciences, 563035), BV421-conjugated Mouse Anti-human
CDS7 at 1:100 dilution (BD Horizon/BD Biosciences, 563896),
PE-conjugated anti-human CD90 at 1:100 dilution (BD Biosci-
ences, 555596), APC-conjugated Mouse Anti-human SSEA4 at
1:100 dilution (R&D Systems, FAB1435A), BVS510-conjugated
Mouse Anti-human CD77 at 1:100 dilution (BD Horizon/BD
Biosciences, 563630), APC-conjugated Mouse Anti-human
CD130 at 1:40 dilution (BioLegend, 362006). Isotype-matched
IgGs were used as negative controls. Thereafter, samples were
washed twice with PBS and finally resuspended in FACS buffer
(PBS 1 mM EDTA, 25 mM HEPES, 1% BSA [pH 7]), to be recorded
in a BD FACSCanto II with BD FACSDiva software. Flow cytometry
data were analyzed using Flow]Jo software.

Mouse morula microinjection with 5iLAF hiPSCs
B6.DBA2 mouse morulae were microinjected with ten unselected or
CD24"8" sorted tdTomato* SiLAF hiPSCs using a Leica DMI3000 B
microscope and mechanical micromanipulators with a hanging
joystick; TransterMan NK2 (Eppendorf). After microinjection,
embryos were cultured in 5iLAF medium for 48 h at 37°Cin a humid-
ified atmosphere at 5% O,, 5% CO; in air (Drawer Type Incubator,
AD-3100), until they developed to the blastocyst stage. Then, tdTo-
mato* hiPSCs inside morulas and blastocysts were photographed
and quantified by eye under a fluorescence microscope. Kruskal-
Wallis test was used for statistical analysis. p < 0.05 was considered
significant.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/
10.1016/j.stemcr.2022.11.015.
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