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Stem cells undergo cellular division during their differentiation to produce

daughter cells with a new cellular identity. However, the epigenetic events and
molecular mechanisms occurring between consecutive cell divisions have
been insufficiently studied due to technical limitations. Here, using the FUCCI
reporter we developed a cell-cycle synchronised human pluripotent stem cell
(hPSC) differentiation system for uncovering epigenome and transcriptome
dynamics during the first two divisions leading to definitive endoderm. We
observed that transcription of key differentiation markers occurs before cell
division, while chromatin accessibility analyses revealed the early inhibition of
alternative cell fates. We found that Activator protein-1 members controlled by
p38/MAPK signalling are necessary for inducing endoderm while blocking cell
fate shifting toward mesoderm, and that enhancers are rapidly established and
decommissioned between different cell divisions. Our study has practical
biomedical utility for producing hPSC-derived patient-specific cell types since

p38/MAPK induction increased the differentiation efficiency of insulin-
producing pancreatic beta-cells.

Epigenome mapping during cellular differentiation has been an area of
great interest in recent years'. Histone modifications, chromatin
organisation and regulatory regions such as enhancers have been
directly linked to the establishment of cellular identity during differ-
entiation of embryonic and somatic stem cells**. However, these
studies have often compared undifferentiated cells with cells pro-
duced several days after induction of differentiation, thereby exclud-
ing early events inducing the acquisition of new cellular identities™*”’.
Furthermore, differentiation is often, if not systematically, associated
with cell division in mammalian stem cells®. Consequently, mechan-
isms directing the acquisition of a new cellular identity are likely to be
dynamically regulated between successive cell divisions. However, the

study of these cell cycle-related mechanisms is technically challenging
in vivo due to ethical considerations, especially in humans, the quan-
tity of biological material, and the complexity of the cellular micro-
environment. In addition, stem cells grown in vitro are often
heterogeneous in nature which renders difficult the investigation of
cell cycle-related mechanisms during differentiation. Together, these
limitations have concealed dynamic epigenetic regulations during cell
divisions upon differentiation. Human Pluripotent Stem Cells (hPSCs)
make it possible to partly address these questions since hPSCs can be
grown in vitro almost indefinitely while maintaining their capacity to
differentiate into a near homogenous population of primary germ
layer progenitors. For that, defined culture conditions devoid of
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unknown factors interfering with the experimental outcome can be
used’. Furthermore, previous studies have shown or suggested that
transcription factors, epigenetic modifiers, and signalling pathways
are able to control cell fate choices in hPSCs". Accordingly, enhancer
maps have been established very precisely during differentiation of
hPSCs"?, while the functions of transcription factors directing endo-
derm differentiation, such as EOMES, GATA6, SOX17 and FOXA2 have
been identified" ™. Finally, we and others have shown that human
embryonic stem cells (hESCs) can be synchronised in different phases
of their cell cycle using the fluorescent ubiquitination-based cell cycle
indicator (FUCCI) reporter system, and then induced to differentiate
into a near homogeneous population of endoderm cells'*,

Here, we take advantage of the hESC-FUCCI reporter and further
develop a culture system to differentiate hESCs synchronised in the
early G1 phase of their cell cycle. This approach enabled us to analyse
epigenetic modifications occurring during the two first cell divisions
leading to endoderm, uncovering the early changes in the epigenome
that direct the acquisition of a new cellular identity during
differentiation.

Results

Culture system to differentiate synchronised stem cells

We and others have shown that hESCs can only be induced to differ-
entiate into endoderm during the G1 phase of their cell cycle'®’®, Thus,
we hypothesised that hESCs synchronised in G1 could differentiate
homogenously while progressing through their cell cycle. To confirm
this possibility, a quasi-homogenous population of hESCs was isolated
in the early Gl phase (EGI-hPSCs) by cell sorting using the FUCCI
reporter system (Fig. 1a; Supplementary Fig. 1a; gating strategy shown
in Supplementary Fig. 7a)'*", FUCCI is a two-colour (red and green)
indicator that enables to track cell cycle progression in live cells
without the need for chemical inhibitors that could perturb stem cell
characteristics'®'. The sorted cells were then replated in culture con-
ditions inductive for endoderm differentiation following a protocol
previously validated in a diversity of hPSC lines?®?. The resulting cells
differentiated into a population of mesendoderm cells expressing the
protein T after 36 h, and definitive endoderm cells expressing the
protein SOX17 after 48 h (Fig. 1b). Further analyses revealed that EG1-
hPSCs progressed through differentiation while being synchronised
for their cell cycle for 24 h which corresponds to the duration of the
first cell cycle after induction of differentiation (Supplementary
Fig. 1a)”. However, the cell cycle synchronisation was progressively
lost between 24 and 36 h. In other words, EGI-hPSCs progressed
through the S phase after 12 h and underwent a first division after 24 h
to re-enter the S phase 36 h after the induction of differentiation. The
resulting mesendoderm cells underwent a second division around 48 h
to become endoderm cells, remaining blocked in G1 until the end of
our experimental time frame (72 h) (Fig. 1a and Supplementary Fig. 1a).
The precise reason for the loss of synchronisation is not known but a
similar reduction of cell synchronisation is observed also in other cell
systems. The gradual loss of synchronisation could be caused by
multiple effects, such as spontaneous DNA lesions that arise in indi-
vidual cells and will slightly impact the speed of DNA replication,
transient activation of DNA damage checkpoints or other cell cycle
phases such as spindle checkpoint in M phase. Over time these sto-
chastic molecular events will decrease the synchronised cell cycle
progression of cells.

Our past research has shown that early G1 phase cells seem to be
particularly ready to undergo endoderm differentiation since
SMAD2/3 can bind to several endoderm loci, such as MIXL1 and
SOX17, in undifferentiated hPSCs™. To further answer the question if
the early G1 phase has higher expression of certain transcription
factors compared to other cells in the late G1 or S/G2/M phase on day
0 itself, we looked at the expression of endoderm factors in different
cell cycle phases of pluripotent undifferentiated cells by using FACS

sorting followed by qPCR (Supplementary Fig. 1b). Our results
revealed that some of the key endodermal genes such as MIXLI,
EOMES, GATA4 and SOX17 have an elevated transient expression in
the early G1 phase of day O undifferentiated hPSCs compared to
other cell cycle phases. The cells in the early G1 phase rapidly initi-
ated endoderm differentiation as shown by the relative increase in
activating histone mark H3K27ac analysed by ChIP-qPCR of genes
with different expression dynamics (/D1, LZTS1, CERI, TFAP2C)
(Supplementary Fig. 1c), in agreement with RNA sequencing analyses
described in detail below. Cells sorted into the S/G2/M phase and late
G1 phase showed a delay in initiating differentiation. Furthermore,
unsorted cells revealed a broader and lower enrichment as well as
less defined expression dynamics compared to cells sorted into early
G1 or the other cell cycle phases. This indicates the benefit of cell
synchronisation based on the cell cycle phase, which allows exam-
ining the dynamics of transcriptional and epigenetic landscapes and
enables identifying genes and genomic regions with potential stage-
specific functions due to higher synchronicity of stem cell
differentiation.

Next, we wondered whether the cell division was actually required
for the differentiation or would the changes in culture conditions be
sufficient to drive endoderm regardless of the two cell divisions. To
answer these questions, we used nocodazole as utilised before* for
blocking cell division and analysed MIXL1, T, EOMES, GSC, SOX17 and
FOXA2 expression by qPCR at different time points (24, 36 and 72 h)
during endoderm differentiation, as well as the activating histone mark
H3K4me3 and repressive histone mark H3K27me3 on their promoter
region by ChIP-qPCR (Supplementary Fig. 1d). We found that blocking
the cell division did not affect the induction of early markers such as
MIXL1I or T that are induced before any cell division, but the reduction
of these early markers is less pronounced at later time points (Sup-
plementary Fig. 1le). We observed an attenuated induction of EOMES
and GSC at 36 h upon blocking the first cell division with nocodazole,
and even a more pronounced difference in definitive endoderm mar-
kers SOXI7 and FOXA2 at 72 h.

In addition, the activating histone mark H3K4me3 and repressive
histone mark H3K27me3 on the promoter regions of these develop-
mental genes reflected the transcriptional activation of these genes.
The histone marks were not affected for the early genes (MIXL1 and T)
but having a significant reduction of H3K4me3 level and increase in
H3K27me3 on EOMES and GSC, while it was more pronounced for
definitive endoderm markers SOX17 and FOXA2 at 72 h (Supplementary
Fig. 1f, g). Our results suggest that cell division impacts the efficiency
and timing of definitive endoderm formation, although it does not
fully abolish differentiation.

Considered together, these results confirm that our culture sys-
tem can be used to differentiate cell cycle synchronised hESCs into
endoderm cells, thereby providing a platform for investigating mole-
cular regulations occurring between consecutive cell divisions.

Genes marking differentiation are induced before cell division

Using our established culture system, we decided to investigate the
transcriptional and epigenetic changes occurring during the progres-
sion of two cell divisions upon differentiation. For that, we performed
genome-wide analyses, including transcriptomic characterisation by
RNA-seq, chromatin accessibility changes by ATAC-seq, and epigenetic
landscape dynamics by histone modification ChIP-seq (H3K4me3,
H3K27me3, H3K27ac, H3K4mel and H3K36me3) on EG1-hPSCs differ-
entiating for 12 h (Early/Late G1 of the first cell cycle); 24 h (S/G2/M of
the first cell cycle); 36 h (S/G2/M phase of the second cell cycle), 48 h
(end of the second cell cycle) and 60/72 h (G1 of the third cell cycle)
(Fig. 1a). Quality and reproducibility of datasets were confirmed,
demonstrating the robustness and reproducibility of our approach
(Methods). We first decided to characterise gene expression in hPSCs
differentiating into endoderm. In agreement with previous reports, the
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analysis of RNA-seq data revealed precise timing and expected pat-
terns of gene expression (Supplementary Fig. 1h, i) upon endoderm
differentiation®***. Of particular interest, SOX2 represents the first
pluripotency marker to decrease upon induction of differentiation, in
agreement with its known function in repressing mesendoderm
specification®. A decrease in SOX2 was rapidly followed by the
induction of mesendoderm markers at 12 h starting with 7 and fol-
lowed by MIXL1 and EOMES (Fig. 1c, d). Interestingly, mesendoderm
markers (T, EOMES and MIXLI) start to increase before 24 h and thus
before the first division. On the other hand, pluripotency markers
(OCT4/POUSFI and NANOG) continue to be expressed after the first cell
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division (24 h) in agreement with previous reports suggesting that
pluripotency factors play a role in inducing mesendoderm
specification™. However, pluripotency markers strongly decreased
after the first division (36 h) while endoderm markers (GATA4/6 then
SOX17 and FOXA2) were induced, suggesting that endoderm specifi-
cation could start before the second division. These observations
confirm that the first cellular division, upon differentiation produces
mesendoderm cells (OCT4+/T+/SOX2-), while the second division
gives rise to endoderm cells (SOX17+/GATA6+/0OCT4-). To corroborate
these observations, we assigned cell-cycle scores to previously pub-
lished single-cell RNA-seq data of unsynchronised induced PSCs
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Fig. 1| Differentiation of cell cycle synchronised hESCs reveals that each cell
division results in a new cellular identity. a Schematic representation of
experimental setup to differentiate synchronised EG1-FUCCI hPSCs into endoderm.
The bar plot indicates the proportion of cells in the population at each cell cycle
phase and time point. The schematic representation was created with BioRender.
com. b Immunofluorescence analyses showing expression of the primitive streak
(T, 36 h), early-endoderm (EOMES, 48 h) and definitive endoderm (SOX17, 72 h)
markers in FUCCI-hESCs differentiating into endoderm after synchronisation. For
immunostaining, the scale bar represents 100 um. ¢ Gene expression analyses show
stage-specific and selected genes that are differentially expressed upon differ-
entiation. d Mean gene expression of T, EOMES, MIXL1 and SOX2 during the time
course. e The number of differentially expressed genes (FC >1.5; FDR <0.01), and
f distribution of log, fold changes during endoderm differentiation. In (e), the
boxes show the interquartile range, with the median marked as a heavy vertical
band. Whiskers represent the highest (lowest) datapoint within 1.5 times the

interquartile range of the 75th (25th) percentile. Outliers are plotted separately as
individual points beyond the whiskers on the boxplot. Data in (e) depicts n=3
biologically independent samples over an independent experiment. g Single-cell
expression (y-axis) of LZTS1, plotted along pseudotime (x-axis). The black dashed
line indicates the smoothed mean. Gene expression values correspond to
log,(CPM +1). h Average pattern of gene expression of the 13 clusters identified by
k-means clustering. Representative genes are shown beside each cluster. The y-axis
represents row-scaled log,(FPKM +1). The interval represents two standard devia-
tions from the mean. i Western blot analyses show the expression of mesendoderm
markers (T), endoderm markers (SOX17, EOMES) and LZTS1 during the differ-
entiation of hPSCs into endoderm. j Immunostaining showing the expression of
pluripotency markers (NANOG, OCT4 and SOX2), endoderm markers (SOX17) and
LZTS1 in hPSCs (control) and hPSCs overexpressing LZTS1 (LZTS1 OE). For immu-
nostaining, the scale bars represent 100 um. Source data are provided as a Source
Data file.

differentiated towards endoderm, and classified each cell in either G1,
S or G2/M phase”. In this experiment, most cells commence differ-
entiation in the S phase (Supplementary Fig. 2a). This analysis shows
that T, FEOMES and MIXLI are highly expressed at 24 h only in S/G2/M,
while SOX17, GATA4 and GATAG6 are higher in G1at 48 h, very likely after
their second division (Supplementary Fig. 2b, c). Differential gene
expression analysis in our bulk RNA-seq data showed that most var-
iation occurs during the Gl phase in early differentiation (0-12 h) and
before/after first and second divisions in most cells (24-36 h and
48-60 h, respectively) (Fig. 1e, f).

In addition, we performed differential gene expression analysis
between our synchronised data at 24h and the unsynchronised
mesendoderm cells in ref. > and found 2157 differentially expressed
genes. Regarding the pluripotency factors, while OCT4/POUSFI pre-
sented high expression in both conditions, SOX2 is more expressed in
our synchronised cells, while NANOG is more expressed in the
unsynchronised condition (Supplementary Fig. 2d, e). Interestingly,
mesendoderm markers were not changing significantly between the
two conditions (Supplementary Fig. 2e). However, many endoderm
(50X17, GATAG6, CER1, FOXA2, CXCR4 and GSC) and mesoderm (HANDI,
RUNXI and TBX5) markers were more highly expressed in the unsyn-
chronised set up. This suggests that our synchronised experimental
setup with FUCCI might be a more homogenous mesendodermal cell
population, of cells awaiting the necessary differentiation cues to
become either endoderm or mesoderm.

To summarise, we found that each specification phase (plur-
ipotency to mesendoderm, and mesendoderm to endoderm) starts
before the cellular division, which ultimately produces a new cell type.

Synchronisation identifies new regulators of endoderm

To further mine our RNA-seq data and identify new factors possibly
involved in endoderm differentiation, we performed k-means cluster-
ing of 6317 differentially expressed genes (0, 12, 24, 36, 48, 60 and
72 h). This analysis revealed 13 gene clusters, with several gene clusters
displaying dynamic and transitory expression (Fig. 1h and Supple-
mentary Fig. 1h-j). NOTUM, WLS, BAMBI, CRABP1/2, DACTI, NKD and
ID1/2/3/4 were immediately and transitorily expressed upon induction
of differentiation (clusters 5, 7; Fig. 1h; Supplementary Fig. 1j and
Supplementary Data 1). Except for /D1, the expression of these genes
has not been described previously in the context of endoderm dif-
ferentiation of unsynchronised hPSCs**. Their rapid decrease after
induction might have obscured their expression in previous studies,
despite they could be involved specifically in the earliest step of dif-
ferentiation. We also observed gene clusters with expression patterns
similar to those of known master regulators of endoderm specifica-
tion, such as SOX17, and thus hypothesised that such genes could have
an important role. As a representative of a potential regulator of
endoderm differentiation, we characterised LZT7SI in more detail.
LZTSI appeared to be particularly interesting since it is expressed in

the mouse primitive streak, it is bound by EOMES", and its expression
is strongly induced after 36 h of differentiation, following closely
GATA4/6 and SOX17 induction (Cluster 3; Fig. 1h and Supplementary
Data 1). Rapid upregulation of LZTSI after 36 h of differentiation was
confirmed in a previously published single-cell data set (Fig. 1g, ref. *)
and by western blot (Fig. 1i), while gain of function experiments in
hPSCs showed that LZTSI overexpression induces an important
change in morphology of pluripotent stem cells and an increase in
endoderm markers’ expression. Furthermore, this overexpression
increases endoderm marker induction during endoderm differentia-
tion, thereby suggesting a potential function for LZTSI in endoderm
specification (Fig. 1j). LZTS1 overexpression led to an increase in
EOMES, SOX17 and GATA4 proteins at 72 h time point of definitive
endoderm analysed by qPCR and Western blotting (Supplementary
Fig. 1k, I). We also analysed the impact of LZTS1 overexpression on
pancreatic differentiation by qPCR and western blotting, and found
that it increased the differentiation efficiency shown by elevated
expression of PDX1, MafA and INSULIN (Supplementary Fig. 1m, n),
thus indicating that LZTS1 overexpression increases beta-cell specifi-
cation. Taken together, these analyses reveal unique transcriptional
waves during early cell fate decisions, which include previously
unknown potential regulators of endoderm differentiation.

Chromatin restriction of alternative differentiation paths

Based on the dynamic expression pattern observed in our tran-
scriptomic analyses, we investigated if the observed gene expression
changes could be associated with changes in chromatin accessibility.
For that, we performed ATAC-seq” at the different time points of our
experimental setup (Fig. 1a). Computational analyses revealed chro-
matin accessibility changes in 31,018 genomic regions, out of 253,349
analysed, between consecutive intervals of the time-series (|/FC|>2; adj-
P<10™). The majority of differential chromatin accessibility regions
between time points were specific to that interval (Supplementary
Fig. 4a). These changes mainly occurred in regions containing protein-
coding genes and long-intergenic noncoding RNAs (Supplementary
Fig. 3a). Even though the percentage of other RNAs, e.g. miRNAs,
related to chromatin changes was not very high, they could still play a
role in the differentiation process (Supplementary Fig. 3a). Generally,
peak to nearby gene annotation in increased and invariant chromatin
accessibility regions did not change with differentiation stage (Sup-
plementary Fig. 3b). However, decreased chromatin accessibility was
enriched in promoters, 5’UTRs and exons at initial and end stages of
differentiation, and in intergenic regions at intermediate stages (24
and 48h). Indistinctly of genomic annotation, chromatin mostly
compacts during the first G1 phase (0-12 h) and between day 2 and day
3, while changes between day 1 and day 2 were dominated by an
increase in accessibility (Fig. 2a), suggesting that different epigenetic
regulations could occur between the two cell cycles leading to endo-
derm. Despite the increase of chromatin accessibility at intermediate
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Fig. 2 | Chromatin accessibility during differentiation of G1 synchronised
hPSCs. a The number of regions showing significant chromatin accessibility
increase (“opening”; [FC| >2 and adj-P < 10-4) or decrease (“closing”; |FC| >2 and adj-
P<10-4) during differentiation of cell synchronised EG1-FUCCI hPSCs.

b Normalised mean read-enrichment in ATAC-seq consensus peaks during endo-
derm differentiation of EG1-FUCCI hPSCs. Data are presented as mean values + SD.
¢ ATAC-seq and RNA-seq genome browser track visualisation (WashU Epigenome
Browser) showing change in FOMES and SOX2 (GENCODE v29) expression and
associated chromatin status during the first 36 h of differentiation. The data tracks
shown correspond to the first replicates. Open chromatin represents a merged list
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of genomic regions during differentiation. The purple bars indicate (protein)
coding genes, while green represents ncRNA. d Pearson’s product-moment corre-
lation between log2 fold change in RNA (reported by DESeq2) and fold change of
the maximum normalised ATAC-seq signal in the two replicates in a region 10 kb
upstream of the promoter of protein-coding genes. Mean and 95% confidence
interval are shown. e Motif enrichment analyses in ATAC-seq peaks changing
between different time points. The analyses shown include only motifs for DNA-
binding proteins with expression above 1 FPKM. P values from the one-sided sta-
tistical test were calculated by HOMER using the Binomial distribution. Data in (b)
and (d) depicts n =3 biologically independent experiments.

stages, average chromatin accessibility was drastically reduced over
the three days (Fig. 2b), confirming that hESCs display an open chro-
matin landscape which could provide the necessary opportunity win-
dow for differentiation induction®. Of note, genes close (up to 10 kb)
to accessibility-decreased regions in the first G1 phase were enriched in
GO terms of ‘nervous system development’, ‘system development’,
‘generation of neurons’, ‘neuron development’ and ‘neurogenesis’
(top five terms, P<1.5e™, hypergeometric test), suggesting that
restriction of cell fate decision toward the neuroectoderm pathway
through chromatin reorganisation could be one of the first events
of endoderm differentiation (Supplementary Data 2). Interestingly,

chromatin accessibility is also dynamically changing in undiffer-
entiated hESCs, as shown by ATAC-seq of cells in different cell cycle
phases, where the number of open regions was higher in the early cell
cycle while decreasing during the S/G2/M phase, thereby confirming
that chromatin could progressively close during progression towards
cell division™.

Since our experiments suggest that the closure of chromatin
accessibility at neuronal genes is one of the first events in promoting
mesendoderm differentiation, we aimed to investigate the cell fate
restriction in more detail. A recent study has found in mESCs
that EOMES and T activation is firstly needed to then repress
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neuroectodermal enhancers, which are poised to be activated already
in PSCs*. We aimed to find out whether inducible depletion of endo-
dermal specifying factor EOMES at the second division would be able
to both block endodermal differentiation and shift cells to the neural
lineage, or alternatively, the closure of neuronal chromatin regions at
the first cell cycle would be sufficient to impede neuronal shift even
when endodermal differentiation is impaired. To investigate this, we
performed a dox-inducible CRISPR/Cas9-KRAB mediated knockdown
of EOMES in hESC-FUCCI cells at the second cell division during
endoderm differentiation and analysed the expression of endoderm
markers (SOX17, FOXA2 and GATA4), and neuroectoderm markers
(50X1, PAX6 and SOX2) (Supplementary Fig. 3c). These analyses indi-
cated a strongly attenuated induction of definitive endoderm markers
(S0X17, FOXA2 and GATA4) in EOMES knockdown ce