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SUMMARY

Cell cycle and differentiation decisions are linked; however, the underlying principles that drive these decisions are unclear. Here, we
combined cell-cycle reporter system and single-cell RNA sequencing (scRNA-seq) profiling to study the transcriptomes of embryonic
stem cells (ESCs) in the context of cell-cycle states and differentiation. By applying retinoic acid, to G1 and G2/M ESCs, we show that,
while both populations can differentiate toward epiblast stem cells (EpiSCs), only G2/M ESCs could differentiate into extraembryonic
endoderm cells. We identified Esrrb, a pluripotency factor that is upregulated during G2/M, as a driver of extraembryonic endoderm
stem cell (XEN) differentiation. Furthermore, enhancer chromatin states based on wild-type (WT) and ESRRB knockout (KO) ESCs
show association of ESRRB with XEN poised enhancers. G1 cells overexpressing Esrrb allow ESCs to produce XENs, while ESRRB-KO
ESCs lost their potential to differentiate into XEN. Overall, this study reveals a vital link between Esrrb and cell-cycle states during the

exit from pluripotency.

INTRODUCTION

Embryonic stem cells (ESCs) are pluripotent cells derived
from the inner cell mass of the preimplantation blastocyst
(Martin, 1981). These cells hold unique properties of self-
renewal and the ability to give rise to all definitive struc-
tures of the fetus. The first cellular decision distinguishes
between the epiblast, which produces the embryo body,
and the hypoblast, which contributes to the extraembry-
onic endoderm cells (XENs) (O’Shea, 2004; Tam and
Behringer, 1997).

The transition from an uncommitted to a differentiated
state requires rapid and global execution of specific gene
programs, including the gradual silencing of pluripotency
genes and the activation of lineage-specific genes. External
signals sensed by each cell drive its fate decisions. ESCs
must coordinately alter their transcriptomes, chromatin
architectures, and epigenetic landscapes throughout the
differentiation process (Dixon et al., 2015; Graf and Enver,
2009; Kurimoto et al., 2015).

The cell cycle is a critical process in the development of
an organism, and it is closely linked to cell-fate decisions
(Luetal., 2018; Pauklin and Vallier, 2014). Lineage decision
making is essentially a single cell process and the response
to lineage-specifying signals relies on the state of each indi-
vidual cell. Thus, each cell exhibits lineage biases related to,
among other factors, cell-cycle phase. Cell cycle consists of
four distinct phases dedicated to the replication and trans-
mission of genetic material to daughter cells; in S-phase
and M-phase cells, chromosome replication and chromo-
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some transmission occur, respectively. These key events
are separated by gap phases, G1 and G2, that serve as
regulatory windows to ensure that cell-cycle events occur
at the correct time and order (mac Auley et al., 1993; Nurse
et al., 1998). The cell-cycle structure of ESCs is character-
ized by a short G1 phase and a high proportion of cells in
S phase (Coronado et al., 2013). This associates with plurip-
otency factors that influence cyclin-dependent protein
kinases (CDKs) (Stead et al., 2002).

Previous studies showed that the cell-cycle stage is a
major determinant of cell-fate decisions (Arai et al., 2011;
Boward et al., 2016; Chen et al., 2015; Dalton, 2013; Lu
etal., 2018; Salomoni and Calegari, 2010; Soufi and Dalton,
2016). Evidence suggests that G1/S is the cellular stage at
which differentiation decisions are made, while the G2
phase is mostly dedicated to mitosis control (Hunter
et al., 2016). Specifically, previous work showed that hu-
man ESCs (hESCs) commit toward specific differentiation
path in early G1 but fully adopt a specific differentiation
program only in G2 (Gonzales et al., 2015). The intersec-
tion between cell-cycle regulation and cell-fate decision
mechanisms involves developmental signals and CDK ac-
tivities, which mediate cell-cycle-dependent changes in
the epigenetic landscape and chromosome architecture of
developmental genes (Singh et al., 2015). CDKs are also
responsible for recruitment of transcription factors (TFs)
to cell-fate-related genes (Singh et al., 2015; Pauklin et al.,
2016). TF activities can counter CDK activities and drive
the cells to exit the pluripotent state. Thus, the balance
between CDK and TF determines cell fate.
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Retinoic acid (RA) is crucial in early embryonic develop-
ment and in maintenance of many organ systems in the
adult organism (Niederreither and Dollé, 2008). It has
been shown that RA represses pluripotency-associated
genes and activates lineage-specific markers in ESCs (Zhang
et al.,, 2015). RA promotes a variety of lineage outcomes,
such as ectodermal (Janesick et al., 2015; Okada et al.,
2004; Takahashi et al., 1999), endodermal, and XEN (Boro-
wiak et al., 2009; Cho et al., 2012; McDonald et al., 2014;
Semrau et al., 2017; Simandi et al., 2010). The ability of
RA to promote various differentiation phenotypes implies
that RA is involved in the switch between proliferation
and differentiation (Coronado et al., 2013; Janesick et al.,
2015). Another study (Semrau et al.,, 2017) showed that
the exit from pluripotency can be traced by single-cell
RNA sequencing (scRNA-seq) after 24 h with RA. After 96
h, ectodermal and XEN subpopulations arose. However,
the link between the cell-cycle states of ESCs, exit from
pluripotency, and the effect on differentiation outcomes
has not been explored.

Pluripotent cell identity is sustained by the activity of a
highly interconnected network of TFs such as Pou5fI,
Nanog, and Sox2 (Young, 2011) and a large group of ancil-
lary factors such as estrogen-related receptor beta (Esrrb)
(Okamura et al., 2019). Esrrb is an orphan nuclear receptor
that is required for self-renewal and pluripotency of ESCs
(Percharde et al., 2012). In ESCs, Esrrb function is
controlled by extrinsic cues mediated by kinases such as
GSK3i (Adachi and Niwa, 2013) and intrinsic regulators
such as Nanog (Pfeuty et al., 2018). This confers flexibility
to the pluripotency network, as changes in the activity of
these factors modulate the balance between maintenance
and loss of pluripotency (Festuccia et al., 2018). In the early
post-implantation mouse embryo, Esrrb is specifically ex-
pressed in the extraembryonic ectoderm and plays a crucial
role in trophoblast development (Okamura et al., 2019).
Moreover, it was demonstrated that induced extraembry-
onic endoderm stem cells require high levels of Esrrb
(Benchetrit et al., 2019), pointing out the possible role of
Esrrb in regulating XEN lineage differentiation.

Here, by combining a sensitive cell-cycle reporter system
with scRNA-seq, we studied the crosstalk between cell-
cycle state and cell-fate decisions during the exit from
pluripotency. We revealed that, following RA, ESCs in G1
exclusively differentiate to epiblast stem cells (EpiSCs) and
mesodermal cells. Strikingly, if cells are exposed to RA during
G2/M phase, they have the unique capacity to differentiate
into primitive endoderm and, more specifically, into XENs.
We identified that this capacity is driven by upregulation of
Esrrb during G2/M state. Overexpressing Esrrb in G1 ESCs
cells enabled XEN differentiation. ESRRB knockout (KO)
ESCs lost their potential to produce XEN cells. We showed
that this loss involves changes in the ESC enhancer land-

scape and, more specifically, the loss of H3K4me2 on
endodermal enhancers. In addition, ESRRB chromatin
immunoprecipitation sequencing (ChIP-seq) further sup-
ported the direct association of ESRRB with XEN enhancers
(Festuccia et al., 2016). Overall, our results demonstrate that
exit from pluripotency happens earlier during pluripotency,
suggesting that cell-cycle-dependent pluripotency factors
regulate cell-fate decision outcomes.

RESULTS

ESC differentiation is coupled with decrease
proliferation and cell-cycle state composition

To visualize cell-cycle states without complications of cell-
to-cell variation, we produced a FUCCI (fluorescent ubiqui-
tination-based cell cycle indicator) ESC line (Sakaue-Sa-
wano et al., 2008). The FUCCI system is based on cycled
translation and ubiquitination-based degradation of Cdt1
(mKO2 conjugated, red) and Geminin (mAG1 conjugated,
green) (Figures 1A and 1B). To induce differentiation, we
used RA, driving ESCs to differentiate toward intra-embryo
progenitor cells (e.g., EpiSCs) but also toward extra-embryo
cells such as XEN (Janesick et al., 2015).

Upon RA treatment, cell morphology typically changed
(Chen et al., 2013) (Figures 1A and 1B). Confocal imaging
and fluorescence-activated cell sorting (FACS) analysis re-
vealed that, prior to RA addition, around 8% of the cells
were in G1 phase (Figure 1C), which increased to 32% after
4 days of differentiation. G1 increasement is accompanied
by replication rate reduction (Figure 1D). CellTrace prolifera-
tion analysis verified that cell division rate was significantly
slower in differentiating cells than in pluripotent cells (Fig-
ure S1B). Over differentiation, we observed transcriptional
activation of genes that regulate EpiSC- and XEN-like states
in the embryo (such as Sox4, Sox9, Gata4, and Gata6), while
there was downregulation of pluripotency factors (such as
Pou5f1, Nanog, and Esrrb) (Figure 1E). Additional genes asso-
ciated with differentiation or pluripotent state with altered
expression over time are shown in Table S1.

Cell-cycle phase of ESCs affects XEN differentiation
potential

To map the potential links between cell-cycle states during
pluripotency and differentiation trajectories, ESCs were
sorted into G1 and G2/M states and immediately initiated
differentiation (Figure 2A). To analyze the heterogeneous
population of cells resulting from RA treatment, we used
the inDrop scRNA-seq system (Zhang et al., 2019a) and
Seurat pipeline for analysis (Stuart et al., 2019). Based on
two independent replicates and analysis of transcriptomes
of ~2,500 cells, we detected four main subpopulations (Fig-
ure 2B): (1) XEN cells (cluster 0), (2) EpiSCs (clusters 1 and
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Figure 1. Temporal ESC FUCCI-based system
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ESCs were maintained in LIF/2i ESC medium and then switched to differentiation medium (1 uM RA without LIF and 2i) and analyzed after 2

and 4 days (2d Diff. and 4d Diff., respectively).
(A) Representative x20 bright-field images; scale bar, 50 pum.
(B) Representative 20 confocal images; scale bar, 50 um.

(C) Cell-cycle phases in pluripotent state and during differentiation calculated by a combination of FUCCI and Hoechst DNA staining.

(D) Growth rates of ESCs and RA treated cells (Diff.). Shown are mean values of three independent experiments (*p < 0.05, Wilcoxon test).
(E) Differential expression of transcriptomes using RNA-seq. Transcriptomes of ESCs (WT) versus cells treated with RA for 4 days were
plotted. The x axis represents expression fold changes in logarithmic scales; The y axis represents p values based on three replicates. Genes
upregulated in ESCs are indicated in purple and genes upregulated in the differentiated cells are indicated in blue. See also Figures S1 and

S5 and Table S1.

3), and (3) mesodermal progenitor cells (cluster 2). A com-
plete list of differentially expressed gene contributions for
each cluster formation is given in Table S2. We further
eliminated the possibility that cluster separation could be
explained by single-cell coverage (Figure 2C). Cluster 3
presented slightly higher coverage compared with the
other clusters; however, it shows overall similar markers
as cluster 1, both supporting EpiSC differentiation states
and thus not compromising our biological interpretations.
Next, we revealed that G1 cells predominantly exhibit
epiblast differentiation capacities, with expression profiles
characteristic of EpiSCs and mesodermal progenitor cells
(Figures 2D and 2E). In Figure 2F, we marked EpiSC marker
genes highly expressed in clusters 1 and 3 (Sox4, Sox9,
Sox11, Nrpl, Vimentin, Smadé6, and Gata2). Gata2, Sin3b,
Rhox6, and Rhox9 specifically mark the mesodermal sub-
population in cluster 2 (Lugus et al., 2007). As with G1
ESCs, G2/M ESCs also enabled differentiation toward
EpiSCs; however, most of the G2/M ESCs differentiated
into XEN cells that expressed primitive endoderm markers
such as Gata4, Foxql, Foxa2, Dab2, Lamal, and Lamcl

1336 Stem Cell Reports | Vol. 17 | 1334-1350 | June 14, 2022

(Figure 2F). Finally, to rule out the possibility that, upon
LIF/2i withdrawal, high levels of BMPs (bone morphoge-
netic proteins) in the serum may have an impact on the dif-
ferentiation propensities, we repeated the experiment
described in Figure 2 with ESCs growing in a fully chemi-
cally defined medium and obtained similar results (Fig-
ure S2). To validate our results, we used real-time PCR,
which suggests that ESC culturing method does not affect
differentiation potential and outcomes. Primer sequences
for real-time PCR are given in Table S4.

Next, we captured the dynamics of RA-based differentia-
tion using diffusion map analysis to examine unsorted
ESCs together with G1 versus G2/M sorted ESCs followed
by 2 and 4 days of RA differentiation (Figure S3). Interest-
ingly, following 4 days of differentiation, endoderm and
XEN states are spatially adjacent on diffusion map space,
but they could still be distinguished, supporting the obser-
vation that only G2/M ESCs hold the capacity to produce
XEN cells (Figures S3D and S3G).

Overall, our results show that the differentiation capacity
of ESCs is strongly influenced by the state of the cell cycle
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and suggests that, during exit from pluripotency, ESCs
had already acquired a propensity toward epiblast versus
hypoblast.

ESRRB is strongly associated with RA-based XEN
differentiation

To identify potential XEN-promoting genes expressed
during pluripotency in the context of cell cycle, we profiled
bulk mRNA of ESCs in the G1 and G2/M states. Based on
three independent replicates of G1 and G2/M ESCs, we de-
tected ~2,000 genes expressed at higher levels in G2/M
and ~400 genes in G1 (Figure 3A; Table S1). The majority
of these genes were cell-cycle regulators, and, thus, only
cell-cycle Gene Ontology (GO) terms were significantly en-
riched. However, small number of the identified genes are
involved in regulation of pluripotency and early differentia-
tion. For example, genes expressed at higher levels in G1
ESCs included Nanog, KIf4, Otx2, Leaftyl, and Pax3, which
are central regulators of EpiSCs initiation (Mitsui et al.,
2003). Genes with higher expression in G2/M cells did not
show any known direct drivers of the XEN lineage. However,
we identified two potential candidates: Sall4 and Esrrb
(Figure 3A). Sall4 is expressed in both ESCs and XEN cells
and encodes a TF that regulates expression of key XEN
lineage-associated genes(Lim et al., 2008). Esrrb encodes a
pluripotent TF that is involved in regulation of the trophec-
todermal lineage (Jaber et al., 2017) and, together with Oct4,
Sox2, and Klf4, in maintaining ESCs (Betschinger et al.,
2013). To test if the difference in Esrrb expression levels
observed between G1 and G2/M ESCs is kept also at the pro-
tein level, we performed western blot analysis. Based on five
independent replicates, we found small but significantly
higher levels of ESRRB in G2/M ESCs (Figure S4). We
concluded that this small difference is apparently sufficient
to push G2/M cells toward XENs (Figures 2D-2F).

To further validate Esrrb involvement in G2/M-specific
XEN induction, we produced a FUCCI ESC line that
overexpresses Esrrb-YFP. We used FACS to select the Esrrb-
YFP-expressing cells, verified nuclear YFP expression of
the selected cells by confocal microscopy (Figure 3B),
and validated ESRRB exogenous translation using western
blot (Figure 3C). Then, we sorted G1-YFP ESCs and imme-

diately initiated differentiation for 4 days, which resulted
in the analysis of 3,024 cells from three independent repli-
cates. In support of our hypothesis, the subpopulations
observed for differentiated G1 Esrrb-YFP ESCs included
EpiSC (Figure 3D) and a small subpopulation of Gata4-
and Dab2-expressing XEN cells (Figure 3E; Table S2). Rescue
of XEN differentiation potential derived from G1 ESCs sug-
gests direct involvement of ESRRB upregulation. Further-
more, because our exogenous ESRRB expression is lower
than native endogenous levels, we hypothesize that even
a small increase in ESRRB levels is sufficient to restore
XEN differentiation potential. Another possible explana-
tion is that ESCs with exogenous ESRRB keep ESRRB levels
higher during exit from pluripotency and differentiation.
This further points out the involvement of Esrrb as a key
factor in the induction of XEN and that XEN differentia-
tion is regulated in a cell-cycle-dependent manner.

Finally, to directly test the function of ESRRB during the
exit from pluripotency, we created ESRRB-deficient ESCs
using CRISPR/CASY, validated by WB (Figure 4A), and
then differentiated them for 4 days. Supporting our previ-
ous observation, ESRRB-KO ESCs contributed only to the
formation of EpiSC (Figures 4B—4D; Table S2). Additionally,
in line with our previous results (Figure 2), a small popula-
tion of GataZ2 cells (mesodermal-like progenitor cells) could
be detected even though unbiased clustering did not
highlight it as a standalone cluster.

During cellular differentiation, lineage outcomes are
not affected by cell-cycle states

During early differentiation, once progenitor cells emerge,
the cells replicate constantly. Therefore, we aimed to explore
whether cell-cycle states also influence fate decisions in cells
that have already exited from their pluripotent state. To this
end, we treated ESCs with RA for 2 days, when the main plu-
ripotency factors are significantly downregulated (Figure S4),
and replication time becomes much slower (Figure 1D).
Then, we sorted the cells based on the cell-cycle phase as
described above. Sorted cells were subjected to scCRNA-seq
directly or after another 2 days of differentiation (Figure S5A).
To validate the precision of cell-cycle-based sorting, we
focused our analysis on known cell-cycle genes (Waisman

Figure 2. scRNA-seq analysis of differentiated cells based on G1 and G2/M ESC populations

(A) Schematic illustration of the sorting and scRNA-seq experiments.

(B) UMAP visualization of ~2,000 cells clustered into four groups using the Seurat pipeline (Stuart et al., 2019), EpiSC (marked as 1 and 3),
XEN (marked as 0), and mesodermal-like cluster (marked as 2) are also represented by different colors.

(C) Violin plots representing number of genes and UMIs for each cluster.

(D) UMAP visualization of the same data colored based on the initial sorting of ESCs; G1 are in red, and G2/M are in green.

(E) Heatmap describing proportion of cells in each cluster (x axis) based on cell-cycle-initiated ESC populations (y axis). Gray to purple

scale indicates normalized cell number in each cluster.

(F) Dot plot of differentially expressed genes explaining the four different clusters. Dot size indicates percentage of cells that express the
gene, and gray to purple scale indicates average expression within the cluster. See also Figure S3 and Tables S2 and S3.
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Figure 3. ESRRB is an inducer of XEN cells

(A) Bulk RNA-seq data of ESCs in the G1 state (left) versus the G2/M state (right). The fold change in G2/M versus G1 ESCs is plotted versus t

test p values (n =3). Esrrb and Sall4 genes show G2/M upregulation. Nanog and Klf4 genes show G1 upregulation and Pou5f1 is insensitive
to ESC cycle state.

(B) (1) FUCCI cells non-infected (WT) versus infected with Esrrb-YFP lentiviral construct. The y axis represents expression levels based on
RNA-seq read counts of lentiviral transcripts (FUCCI also contributes to the overall count, hence WT counts). (2) Confocal imaging of cells

following 4 days with RA showing an overlap between Esrrb-YFP and G1 cells (marked by RFP). Upper-: representative X 20 bright-field
image; scale bar, 50 um. Lower: representative X20 confocal images; scale bar, 50 um.

(C) Western blot of (left to right) WT ESCs, WT 4 days Diff. with RA, ESCs infected with Esrrb-YFP, 4-day RA differentiated cells infected with
Esrrb-YFP.

(D) UMAP of 3025 G1 ESCs following 4-day differentiation process clustered into three groups using the Seurat pipeline (Stuart et al.,
2019). The clusters correspond to EpiSC in red, XENs in green, and mesoderm-like in blue.

(E) UMAP plots highlighting expression levels of indicated marker genes. Gray (low) to purple (high) scale indicates average expression
signal. See also Figures S2 and S4 and Tables S1, S2, and S3.

etal., 2019), calculated the principal component matrix, per-  clear separation based on G1 and G2/M states (Figure S5B).
formed clustering (Turkmen et al., 2019), and visualized the In EpiSC (cluster O in Figure S5C), a separation between G1
results using Uniform Manifold Approximation and Projec- and G2/M cells could be detected (Figure SSD). G1-derived
tion (UMAP). The cells clustered based on our FUCCI/ cells expressed higher levels of Vimentin, Ecm1, and Acta2
Hoechst sorting gates and GO annotations showed a very (Chung et al.,, 2019; Zhang et al.,, 2019b), which are
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associated with later stages of differentiation, whereas G2/M
expressed higher levels of Nanog, which is associated with
premature differentiation status (Kim et al., 2008).

Overall, these results suggest that, at 2 days after differen-
tiation signal, the differentiation potential is no longer
influenced by the cell-cycle state. Interestingly, single-cell
profiling of 4-day differentiated cells, which were sorted
at day 2 based on cell cycle (Figure S5A), shows two major
clusters of EpiSC- and XEN-like cells (Figure S5B) with
similar cell-cycle-derived proportion of EpiSC and XEN dif-
ferentiation (Figures S5C and S5D). Taken together, our
study suggests that ESC fate is strongly influenced by the
cell-cycle state at the moment of exposure to the differen-
tiation signal. However, once cells start to differentiate
and cellular commitments are made, the cell cycle becomes
irrelevant to fate decisions.

ESRRB associates with poised enhancers of XEN genes
Esrrb expression is quickly downregulated during the exit
from pluripotency. Therefore, to promote XEN differentia-
tion, we hypothesized that, in addition to the association
of ESRRB with poised enhancers in general, it should
specifically mark XEN enhancers. To test this hypothesis,
we mapped H3K4mel and H3K4me2 enhancers of WT
and ESRRB-KO ESCs. We first extracted H3K4mel and
H3K4me?2 signal over TSSs. Surprisingly, we found no sig-
nificant changes between WT and KO ESCs over promoters
and proximal enhancers (Figure S6).

Next, we performed an unbiased comparison of peaks over
distal enhancers. We extracted differential peaks, hence
candidate enhancers, and linked them with their target
genes using enhancer atlas (Shen etal., 2012). We found a sig-
nificant enrichment for WT distal enhancers involved in
endodermal differentiation. On the other hand, ESRRB-KO
ESCs were enriched with enhancers involved in metabolic
and apoptotic pathways rather than specific differentiation
pathways (Figure 5A). Having said that, many differentiation
genes have several enhancers with additive regulatory effects
(Figures 5B-5D). In most cases, ESRRB-KO reduced
H3K4me1/2 from only one or a small number of enhancers
(Figure 5B) and in many other enhancers, mainly involved
in EpiSC and pluripotency, no difference between WT and
KO ESCs could be captured (Figures 5C-5D). This might
explain why ESRRB-KO ESC:s can still differentiate to embry-
onic tissues, including endoderm.

Later, we mapped H3K4mel and H3K27ac enhancers in
ESCs after 4 days of differentiation. We also obtained and
re-analyzed ESRRB ChIP-seq maps of interphase ESCs (Fes-
tuccia et al., 2016) enriched for S/G2 ESCs (Coronado et al.,
2013; ter Huurne et al., 2017). Both histone marks and
ESRRB chip seq data obtained from ESCs grown in LIF-
serum medium condition without 2i. Next, in examination
of XEN marker genes (e.g., Gata6, Gata4, Foxa2, Dab2, and
Foxql), we found that ESRRB associates with their en-
hancers. Specifically, these candidate enhancers were
poised (H3K4mel positive and H3K27ac negative) during
pluripotency but were activated upon differentiation, as
shown by the gaining of H3K27ac (Figure SE).

ESRRB is a cell-cycle-associated inducer of XEN

To assess if ESRRB is a specific inducer of XEN, we tested two
differentiation protocols. We first produced embryoid
bodies (EBs) (Kim et al., 2020), which contain cells of the
three germ layers, ectoderm, mesoderm, and endoderm.
We observed that EB size and structure is similar between
WT and ESRRB-KO cells (Figure 6A left panel) and that
replication rate is quite comparable (Figure 6B). Moreover,
pluripotent transcription signature of ESRRB-KO ESCs is
significantly lower compared with WT ESCs (Figure 6D1),
and the overall differentiation scores of EB ESRRB-KO
cells were slightly higher for all differentiation lineages
(Figure S7). We concluded that ESRRB-KO ESCs retain the
potential to produce healthy EBs.

Next, we tested 9 days of a direct XEN differentiation
protocol (Ngondo et al., 2020). Reassuringly, the majority
of ESRRB-KO ESCs could not differentiate into XEN but
preferred to activate apoptotic pathways (Figure 6C).
Conversely, WT ESCs could efficiently differentiate into
cells expressing XEN markers (Brown et al., 2010; Lim
et al., 2008; Lin et al., 2016) (Figure 6D2), supporting
our initial hypothesis that ESRRB is a specific inducer
of XEN.

DISCUSSION

The molecular mechanisms that specify embryo and
extraembryonic germ layer identities are only partially un-
derstood. Different TFs such as Gata, Fox, and Sox protein
families, act to regulate extensive networks in ESCs (Boyer
et al., 2005; Chen et al., 2013; Kim et al., 2008) and are

Figure 4. ESRRB-KO ESCs fail to differentiate into XEN cells

(A) (1) Western blot of WT and ESRRB-KO ESCs. (2) ImageJ pixel-based interpretation (y axis: WT-based normalization).

(B) UMAP of 700 cells of 4-day Diff. clustered into three groups using the Seurat pipeline (Stuart et al., 2019). EpiSC in green, XEN in red
and blue. Gata2 mesodermal-like cells are a small subpopulation within the blue cluster.

(C) The same UMAP as in Figure 4B colored for WT (red and green) and ESRRB-KO (black).

(D) UMAP plots highlighting expression levels of selected marker genes. Gray (low) to purple (high) scale indicates average expression

signal. See also Tables S2 and S3.
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Figure 5. ESRRB associates with poised enhancers of XEN genes

(A) H3K4me2 ChIP-seq analysis of distal enhancers comparing WT and ESRRB-KO ESCs. MsigDB enriched annotations corresponding to WT
versus ESRRB-KO are shown in each side of the Venn diagram.

(B-D) ChIP-seq IGV tracks for representative (B) XEN marker genes (Gata4 and Foxa2), (C) EpiSC marker genes (Smad6 and Sox4), and
(D) pluripotent marker genes (Nanog and Pou5f1) mapped using H3K4me1l and H3K4me2 antibodies for WT and ESRRB-KO ESCs. Distal
enhancer regions depleted in ESRRB-KO ESCs marked in gray boxes.

(E) ChIP-seq IGV tracks of H3K4mel, H3K27ac, and ESRRB (Festuccia et al., 2016) are shown for ESCs Gata6, Gata4, and Foxa2 XEN marker
genes. H3K4mel and H3K27ac are also shown for 4-day RA differentiated cells. Distal enhancers marked with gray boxes. See also
Figure S6.
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associated with early differentiated states (Gokbuget and
Blelloch, 2019). However, most of these factors are not ex-
pressed during pluripotency, hence they will not play a key
role during exit from pluripotency. It has been suggested
that the cell cycle of ESCs plays a key role in specifying dif-
ferentiation outcomes during exit from pluripotency. To
study ESC cycle and the extent to which it dictates differen-
tiation outcomes, we used the FUCCI system (Sakaue-Sa-
wano et al., 2008), which allowed us to monitor cell-cycle
progression in living cells, and combined it for the first
time with scRNA-seq measurements, which enable us to
detect the underlying heterogeneity of differentiation.

While bulk transcriptome analysis suggested that early
differentiation is mainly dictated from G1 ESCs, scRNA-
seq in the context of cell cycle identifies heterogeneity
in G2/M ESC differentiation capabilities. These cells
included subpopulations of differentiated and less differ-
entiated cell states. This suggests pre-existing lineage
biases in G2/M ESCs result in heterogeneous populations
of cells states. Therefore, we concluded that population-
based measurements lead to a misleading assumption
that only G1 cells are prone to differentiation,
while averaging G2/M cells hides their underlying
heterogeneity.

Our results demonstrate that cell-cycle states of ESCs, at
the moment they get exposed to RA differentiation signals,
dictate the decision to differentiate into XENs or EpiSCs/
mesodermal cells. We focused on RA-driven mouse ESC
(mESC) differentiation, which is widely used in differentia-
tion assays (Semrau et al., 2017) and has significant func-
tions in embryonic development.

We further demonstrated that Esrrb is a key factor upregu-
lated during G2/M state of ESCs, which is also associated
with the XEN differentiation pathway. In agreement with
our finding, a previous study showed that Esrrb, in
conjunction with Gata3, Eomes, Tfap2c, and Mpyc, can
induce pluripotency by the activation of a unique XEN-like
state (Benchetrit et al., 2019). In addition, Esrrb regulates
expression of many TFs that are critical for maintaining
pluripotency and self-renewal. Previously, a significant
overlap between chromatin binding of Esrrb and Tfe3,
which is a key regulator of the hypoblast/PrE circuitry,
was also revealed (Betschinger et al., 2013). We function-
ally validated that Esrrb is an inducer of the XEN lineage
as follows: (1) following exogenous expression of Estrb in

G1 ESCs, the cells restored the capacity to differentiate
into XEN in addition to their non-compromised ability to
differentiate to EpiSC and mesoderm. Thus, the integration
of Esrrb into the core transcriptional network of G1 cells
stimulated XEN initiation and overcame cell-cycle
dependency. (2) We showed that ESRRB-KO ESCs lack
the potential to form XEN-like cells regardless of their
cell-cycle state at the moment of differentiation activation.
This emphasizes that Esrrb is a key regulator of XEN
differentiation, and cell-cycle-dependent expression of
Esrrb allows G2/M cells to become XEN-like cells. (3) We
next validated the importance of Esrrb for XEN formation
by applying a direct XEN differentiation protocol. Indeed,
the majority of ESRRB-KO ESCs could not produce XEN
cells. Reassuringly, EB formation, a simple differentiation
protocol that direct ESCs toward epiblast cells, was not
affected by ESRRB-KO. This aligns with our observation
for XEN RA-based differentiation.

Other known members of the XEN differentiation cir-
cuitry are Tfap2c, Sox17, Eomes, and Cdx2 (Kojima et al.,
2017). However, although we detected some of these
marker genes in bulk RNA sequencing (RNA-seq), we
could not detect differential expression of mRNAs encod-
ing these proteins in our scRNA-seq experiments, most
probably due to the sensitivity limitation of the single-
cell assay. In addition, as these genes are not expressed
in ESCs, they are not likely to be involved in the exit
from the pluripotency step.

Sall4 is critical for XEN differentiation through regula-
tion of expression of Gata4, Gata6, Sox7, and Sox17, and
due to interconnections in the pluripotent regulatory
circuitry with Oct4, Sox2, and Nanog (Lim et al., 2008).
We observed that Sall4 expression has a cell-cycle depen-
dency, and its expression was upregulated during G2/M
phase in ESCs. SALL4 chromatin-binding profile is corre-
lated with that of ESRRB, suggesting that SALL4 and
ESRRB may be co-regulated during XEN differentiation.
TF recruitment can be modulated by epigenetic modifica-
tions to the chromatin (Lupien et al., 2008; Niwa et al.,
2000) and cell-cycle-specific ESRRB enhancer occupancy
could be regulated by methylation of DNA and covalent
modification of histone proteins. Further experiments are
needed to identify additional epigenetic players that may
be involved in the exit from pluripotency specifically to
the XEN state.

Figure 6. ESRRB is a XEN-specific inducer

(A) WT and ESRRB-KO ESCs followed by 10-day EBs and 9-day XEN direct differentiation protocols. Representative X 10 images scale bar, 50 um.
(B and C) Live cell count of WT and ESRRB-KO cells for (B) EBs and (C) XEN direct differentiations. Statistics based on three biological

replicates (**p < 0.05, *p < 0.1 Wilcoxon test).

(D) Bulk RNA-seq data of WT ESCs, ESRRB-KO ESCs, and WT direct XEN differentiated cells (**p < 0.05, *p < 0.1 Wilcoxon test). (1)
Expression levels of selected pluripotent marker genes. (2) Expression levels of selected XEN marker genes (Brown et al., 2010; Lim et al.,

2008; Lin et al., 2016). See also Figure S7.

1344 Stem Cell Reports | Vol. 17 | 1334-1350 | June 14, 2022



| G Esrrb

Meso

Meso

Figure 7. A model for ESRRB-dependent XEN induction during exit from pluripotency

ESRRB accumulates in ESCs during interphase with low expression level at G1 phase and high expression during G2/M phase. When cells are
at G1, ESRRB's limited abundance is mainly dedicated for pluripotency maintenance through co-binding with pluripotent factors such as
Pou5f1, Sox2, and Nanog. When cells are at G2, accumulation of ESRRB allows excess ESRRB to bind XEN-specific distal enhancers, thus

promoting XEN differentiation.

Overall, the presented results support the tight associa-
tion between cell-cycle stage and cell-fate determination.
We demonstrated that the cell-cycle state affects linage
specification at the exit from pluripotency, and, although
the complete cellular signaling is yet to be comprehen-
sively revealed, we demonstrated that Esrrb plays a key
role in this regulatory pathway. We therefore suggest a
model for which Esrrb upregulated expression and protein
accumulation during S-G2 expands its enhancer-binding
capacity toward poised differentiation enhancers in gen-
eral and XEN-specific enhancers in particular. Thus, in

addition to the differentiation potential toward epiblast
cells, G2/M cells also support differentiation toward XEN
lineage (Figure 7).

Further validation experiments and expanding our
cell-cycle-based scRNA-seq protocol on other differentia-
tion pathways will allow us to further increase our
understanding of the link between cell cycle and
differentiation outcomes, exposing other cell-cycle or
cycling genes that are central for the elusive exit
from pluripotency stage and early differentiation
decisions.
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EXPERIMENTAL PROCEDURES

Cell culture

Mouse R1 ESCs were a gift from A. Nagy (Mount Sinai Hospital,
Toronto, Ontario, Canada). ESRRB-KO ZHBTc4 ESCs were pro-
duced by the Smith laboratory (Niwa et al., 2000). ESCs were
cultured as described in Bavli et al. (2021). See also in supplemental
experimental procedures. RA differentiation was induced using RA
(Sigma-Aldrich, R2625) in dimethyl sulfoxide (ENCO,
0219605580) at 1 uM with 10% FBS, on 0.1% gelatin-coated plates.
EBs were induced using LIF-free medium with 10% FBS, on a Petri
dish.

Establishment of a stably transfected FUCCI cell line
Plasmids expressing mKO2-hCdt1 or mAG-hGem were a kind gift
from Prof. Itamar Simon (The Hebrew University, Jerusalem,
Israel). 293T cells were kindly gifted from Prof. Meshorer (The
Hebrew University, Jerusalem, Israel). Plasmids were transfected
to 293T cells using TransIT-LT1 Transfection Reagent (Mirusbio,
MC-MIR-2300). After 24 h, the samples were filtered through a
0.45-mm filter, and ESCs were resuspended in polybrene-supple-
mented medium (8 pg/mL PB [Sigma-Aldrich, 107689] in ES me-
dium). The procedure was repeated after 24 h. The cells were
then two-step FACS sorted: (1) S, G2, and M cells were sorted by
green fluorescence (488 filter) using a FACSAria II cell sorter (Bec-
ton Dickinson); (2) the sorted cells were then reseeded and, after
aweek, were sorted for red fluorescence (461 filter). For clonal selec-
tion, cells were seeded in 96-well plates at a density of one cell per
well.

Establishment of Esrrb stable cell line

Esrrb-YFP plasmid was a kind gift from Prof. Yosef Buganim
(The Hebrew University, Jerusalem, Israel). Plasmids were
transfected into 293T cells using TransIT-LT1 Transfection
Reagent (Mirusbio, MC-MIR-2300). After 24 h, samples were
filtered through a 0.45-mm filter, and cells were resuspended
in PB-supplemented medium. This step was repeated after
24 and 72 h.

FACS

For cell-cycle analysis, cells were trypsinized, washed twice in PBS,
stained with Hoechst (Sigma-Aldrich, B2261), and resuspended in
2% FBS. The G1 and M/G2 populations were sorted using a
FACSAria II cell sorter (Becton Dickinson). Sorted samples were
processed for scRNA-seq or cDNA sequencing.

mRNA extraction

mRNA extraction was performed using Invitrogen Dynabeads
mRNA DIRECT Purification Kit (61011) according to the manufac-
turer’s protocol.

Library preparation

The Drop-seq libraries were prepared according to Macosko et al.
(2015). All the primers used in the library preparation are listed in
Table S3. The inDrop libraries were prepared according to Bavli
etal. (2021).
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ChIP

Chromatin immunoprecipitation (ChIP) was performed as
described in Sailaja et al. (2012). Antibodies used: H3K4me1l abcam
ab8895, H3K27ac abcam ab4729, H3K36me abcam ab9050, 2 pg of
antibody per 2 x 107 cells.

ChIP-seq data analysis

Sequencing data were aligned using Bismark and Bowtie (https://
www.bioinformatics.babraham.ac.uk/projects/bismark/Bismark_
User_Guide.pdf) using a paired-ended approach. TDF genomic
browser files were produced using IGV count. We applied HOMER
to find peaks using ChIP-seq criteria and used BEDTools to intersect
bins with genomic intervals such as promoters, genes, and predicted
enhancers.

Western blot and antibodies

Proteins were separated by SDS-PAGE 4%-20% polyacrylamide
gradient gels and transferred to 0.45-pm nitrocellulose mem-
branes (iBlot2, PVDF, mini-Transfer Stacks, Thermo Scientific;
1B24002v). The membranes were incubated with the appropriate
primary and secondary antibodies and washed in PBS-Tween 20.
Horseradish-peroxidase-conjugated secondary antibodies were
detected by Super-Signal West Pico Chemiluminescent Substrate
(Thermo Scientific; PI-34080). Antibodies used: anti-human
ESRRB/NR3B2 (R&D systems; PP-H6705-00), anti-GAPDH (Ab-
cam; AB-ab8245), and goat anti-mouse (Jackson ImmunoRe-
search; 115-035-062).

Deep sequencing

Deep sequencing was performed with Illumina NextSeq using
commercially available kits from Illumina (Danyel Biotech
FC-404- 2005) following the manufacturer’s protocols.

Data analysis

The [llumina output was analyzed using an in-house Perl script
that produced a read matrix that was aligned using RSEM (Li
and Dewey, 2011) with Bowtie (Langmead et al., 2009). The re-
sulting matrix was analyzed in R. For bulk data analysis, tran-
script per million (TPM) values were used to compare between
libraries. Differential gene expression was visualized using vol-
cano plots. Statistical analysis was performed for two indepen-
dent replicates using a two-sided t test, and p values of <0.05
were deemed significant. scRNA-seq data was analyzed using
the Seurat v2.4 pipeline (Stuart et al., 2019). Cells with more
than 10,000 unique molecular identifiers were retained for
further analysis. Global-scaling normalization was performed
on the filtered dataset using LogNormalize with a scale factor
of 10,000. Identification of highly variable genes was performed
with the following parameters: x.low.cutoff = 0.2, x.high.cutoff =
5, y.cutoff = 0.5, and y.high.cutoff = 10. Cell-to-cell variation in
gene expression driven by batch, cell alignment rate, and num-
ber of detected molecules was regressed out and a linear trans-
formation was applied. Principal component analysis (PCA)
was performed on the scaled data with 12 principal compo-
nents. Clustering was done with resolution of 0.6, and t-distrib-
uted stochastic neighbor embedding (tSNE) or UMAP was used
for visualization.


https://www.bioinformatics.babraham.ac.uk/projects/bismark/Bismark_User_Guide.pdf
https://www.bioinformatics.babraham.ac.uk/projects/bismark/Bismark_User_Guide.pdf
https://www.bioinformatics.babraham.ac.uk/projects/bismark/Bismark_User_Guide.pdf

Gene set enrichment analysis

Gene set enrichment analysis (GSEA) was done using GSEA soft-
ware (Ray et al., 2003; Subramanian et al., 2005) with a false-nega-
tive discovery q value <0.01.

Statistical analyses

G1 phase G2 phase
Specific no. of G1 cells in X no. of G2 cells in X
cluster: X
All other total —o. of G1 cells — total no. of G2 cells —
clusters no. of G1 cells in X no. of G2 cells in X

Chi-square goodness-of-fit test was performed using chisg.test function in
R. For small numbers, Fisher's exact test was performed instead.

Data and code availability

The accession number for the data reported in this paper is GEO:
GSE178390. Correspondence and requests for materials should
be addressed to O.R. (oren.ram@mail.huji.ac.il).

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/
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