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Abstract

The cell cycle has gained attention as a key determinant for cell fate decisions, but
the contribution of DNA replication and mitosis in stem cell differentiation has not been
extensively studied. To understand if these processes act as ‘windows of opportunity’ for
changes in cell identity, we established synchronized cultures of mouse embryonic stem
cells (MESC) as they exit the ground state of pluripotency. We show that initial transcrip-
tional changes in this transition do not require passage through mitosis, and that conver-
sion to primed pluripotency is linked to lineage priming in the G1 phase. Importantly, we
demonstrate that impairment of DNA replication severely blocks transcriptional switch to
primed pluripotency, even in the absence of p53 activity induced by the DNA damage re-
sponse. Our data suggest an important role for DNA replication during mESC differentia-
tion, which could shed light on why pluripotent cells are only receptive to differentiation

signals during G1, that is, before the S-phase.

Introduction

During embryonic development, cells present distinct transcriptional profiles as they com-
mit to the different lineages of the organism. This conversion is associated with global
changes in the structure of chromatin, DNA methylation and the configuration of nuclear
architecture [1]. Although there is overwhelming evidence about the epigenetic and tran-
scriptional differences between distinct cellular states, a general mechanism that explains
how these transitions are orchestrated remains to be established.

2



In recent years, a few intriguing hypotheses have linked the changes in the epigenetic
states to two major events related to the structure of DNA: cell division and DNA replica-
tion. During mitosis gene expression is globally arrested and many transcriptional regula-
tors are ejected from chromatin [2]. M to G1 phase transition is characterized by chromo-
some decondensation and major changes in the 3D positioning of chromosomes, allowing
for the reconfiguration of the nuclear architecture [3]. Additionally, during DNA replication,
chromatin is disrupted ahead of the replication fork and must be later reestablished onto
newly synthesized DNA [4]. Although the mechanisms of epigenetic inheritance between
parental and daughter DNA strands are still poorly understood, it is clear that the replica-
tion machinery plays a pivotal role [5,6]. Indeed, many epigenetic modifiers associate with
replication forks, and maintenance of DNA methylation patterns and passive demethylation
are tightly coupled to DNA synthesis [7,8]. For these reasons, cell division and DNA repli-
cation could provide “windows of opportunity” to change the epigenetic and transcriptional
landscape of cells during differentiation [9,10]. This connection, however, has not been

extensively studied in the context of pluripotent stem cell differentiation.

In this scenario, mouse embryonic stem cells (MESCs) provide an excellent in vitro model
to study transcriptional and epigenetic transitions. They are derived from embryos at the
blastocyst stage and are transcriptionally similar to cells of the preimplantation epiblast
when cultured in ground state conditions [11]. They can give rise to all the cell lineages of
the organism, including the germline, ability that has been termed ‘naive’ pluripotency.
Importantly, in vitro differentiation of MESCs recapitulates early embryonic development
[12], and they can be induced to differentiate to cells in an early ‘primed’ state of pluripo-

tency similar to the post-implantation epiblast.

Here, we sought to determine the possible contribution of cell division and DNA replication

to stem cell differentiation. By generating synchronized cultures of mESCs as they exit the
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ground state of pluripotency, we demonstrate that changes in gene expression begin in the
same generation that receives the differentiation signals and that inhibition of cell division
affects the transcriptional change of several important markers. Consistent with recent
observations for other cell transitions [13,14], we then show that conversion from naive to
early primed pluripotency is associated to lineage priming in the G1 phase. Our results
also reveal that inhibition of DNA synthesis severely impairs the exit from the naive plu-
ripotent ground state, independently of p53 activity induced by DNA damage pathways.
This renders DNA replication as an important process that could allow transcriptional

change of critical genes during differentiation.

Results

Mouse embryonic stem cells were routinely cultured in the defined medium N2B27 in the
presence of 2i and LIF (2i+LIF medium). In these conditions, they form homogeneous
populations in the naive ground state of pluripotency, since they resemble the pre-
implantation epiblast more closely than when cultured in FBS containing medium [11]. As
MESCs exit naive pluripotency, they first transit through a primitive ectoderm-like state
before adopting somatic cell fates [15,16]. This transition, in which cells acquire a post-
implantation epiblast transcriptional signature, has been well documented in the initial
steps of neural induction in adherent monoculture [15,17,18], and generates a primitive
ectoderm-like cell (PELC) population that is transcriptionally similar to the recently de-
scribed epiblast-like cells (EpiLCs) [19]. We thus adopted this protocol to analyze the con-
version from naive to primed pluripotency. We induced the differentiation of mESCs to
PELCs by plating them in N2B27 without 2i and LIF (Diff medium). Differentiating cells
rapidly displayed a morphological transformation, characterized by reduced cell-to-cell

interactions, increased cytoplasm size and cell protrusions (Fig. 1A). Gene expression



analysis at 24 and 48 h of differentiation confirmed the downregulation of naive pluripoten-
cy markers and upregulation of post-implantation epiblast markers (Fig. 1B). Nanog pro-
tein levels rapidly decreased during PELC induction, while Oct4 remained expressed (Fig.
1C). In addition, most of the cells expressed the post-implantation epiblast marker Otx2 by

48 h, demonstrating the high efficiency of this transition.

It has recently been shown that individual PSCs activate developmental pathways in an
asynchronous manner, and there is increasing evidence indicating that this is a conse-
guence of cell fate decisions being made exclusively during the G1 phase of the cell cycle
[13,14]. Since we intended to analyze gene expression patterns in whole populations, it
was important that all cells received the differentiation signals in the G1 phase. For this
reason, we devised a strategy to generate synchronized cultures of mESCs by taking ad-
vantage of the Fucci cell cycle reporter system (Fig. 1D), which allows to FACS sort cells
at specific phases of the cell cycle due to the differential expression of hCdtl-mCherry and
hGeminin-mVenus [20]. Thus, we established a cell line expressing the Fucci fluorescent
reporters together with an H2B nuclear marker fused to the mCerulean fluorescent protein
(Fig. 1E). This cell line, which presented a normal cell cycle distribution and the expected
fluorescence patterns for the Fucci and H2B reporters (Fig. 1F and G), allowed us to gen-
erate synchronized cultures by sorting the recently divided cells in early G1, which do not
express any of the two fluorescent proteins (Fig. 1H). We sorted early G1 cells directly into
2i+LIF or Diff medium and confirmed that they could progress through the cell cycle (Fig.
1H, Fig. S1A). By taking advantage of the H2B reporter, we determined the degree of syn-
chronization in both conditions by tracking single cell divisions using time-lapse experi-
ments immediately after sorting (Fig. 11). Analysis of the time distribution of cell divisions
enabled us to build the frequency distribution of cells in each generation along time (Fig.

11). Both undifferentiated and differentiating cells could be efficiently synchronized, with



some expected overlap due to the variance in the total cell cycle length. Importantly, the
vast majority of the sorted cells remained in the first cell generation for the subsequent 10
hours after sorting, with only 0.54% of differentiating cells dividing before this time (dashed
line in Fig. 11). Of note, cells that were immediately sorted into 2i+LIF medium displayed a
cell cycle length slightly longer than the reported for mESCs. This effect, probably a con-
sequence of the stress of experimental manipulations -cell dissociation, maintenance in ice
and the cell sorting itself- was reverted in the second cell generation, which exhibited a
mean cell cycle length of 15 h (Fig. S2). As we will show in the next section, the sorting
conditions did not alter the maintenance of the naive ground state of pluripotency when
cultured in 2i+LIF medium, thus providing an appropriate synchronization method for ana-

lyzing population-wide gene expression changes.

Cell division is not fundamental for initial transcriptional changes as mESCs exit the

naive pluripotent state

Cell division has been proposed as a stage in which cells could drastically alter their tran-
scriptional patterns during cell identity transitions [21-23]. To study this, we evaluated the
transcriptional dynamics of mESCs in the Fucci synchronized cultures when cells were
maintained in 2i+LIF medium (control) or as they transitioned to the early primed state of
pluripotency (Fig. 2A). Considering that sorted early G1 cells did not divide for the first 10
h, we reasoned that we could infer if cell division was fundamental for changes in cell iden-
tity by evaluating gene expression patterns with high temporal resolution. In view of the
results of Fig. 1H, we sampled cells in both conditions at 0, 5, 10, 18, 23, 30 and 36 h. We
first analyzed if cell synchronization by this method affected the maintenance of the naive
pluripotent ground state when cells were cultured in 2i+LIF medium. mESCs sorted and
maintained in these conditions preserved the naive pluripotent status, as evaluated by cell
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morphology and stable expression of naive and primed key pluripotency markers (Fig. 2B).
Next, we studied the expression dynamics of the selected genes when early G1 cells were
sorted and cultured in Diff medium. As shown in Fig. 2B, most of the evaluated markers
significantly changed their expression levels before 10 h, demonstrating that cell division
was not necessary for the initial transcriptional changes that occur as cells exit the ground
state of pluripotency. An interesting exception to this behavior was the primitive ectoderm
marker FGF5, whose expression levels were only significantly upregulated after cells di-
vided. Thus, in the case of this gene, we cannot rule out that mitosis is an important pro-

cess that modulates its transcriptional dynamics.

To further analyze the relationship between cell division and the transcriptional changes
that occur during naive pluripotency exit, we decided to block the progression to the sec-
ond cell generation as early G1 cells were set to differentiate. There are several ap-
proaches to inhibit cell division, most of which make use of drugs that arrest cells at the
metaphase of mitosis. However, as we previously mentioned, during this phase transcrip-
tion is globally inhibited, so it would not be a proper condition to analyze changes in gene
expression. To circumvent this limitation, we evaluated the effect of blocking cell division
by RO3306, a potent inhibitor of cyclin-dependent kinase 1 (Cdk1l) that arrests cells at the
G2-phase of the cell cycle and displays minor pleiotropic effects to other Cdks [24]. Cells
cultured for 15 h in the presence of this drug displayed normal interphase nuclei, could
enter mitosis within 30 min after change to fresh medium and effectively divided 2 h later
(Fig. 3 A-C). We next analyzed the expression patterns of early G1 cells sorted in (i) Diff
medium alone or (ii) Diff medium plus RO3306 at 10 h, that is, before cells began to divide
(Figure 3D). Addition of this drug effectively blocked cell division, as analyzed by time-
lapse microscopy experiments that were performed together with each biological replicate

(data not shown). Gene expression analysis after this treatment revealed different effects



on the analyzed genes (Fig. 3E). While Esrrb, Otx2 and KIf4 expression levels were not
affected by addition of RO3306, others such as FGF5, Oct6, Dnmt3A and Nanog dis-
played reduced levels of transcriptional change compared to the control condition. Among
these, the largest and most significant effect was observed for the primitive ectoderm
markers FGF5 and Dnmt3A and for the naive marker Nanog. Overall, these results sug-
gest that although cell division was not fundamental to trigger the transcriptional changes
associated with naive pluripotency exit, it could be an important process to regulate the
expression levels of key developmental factors, especially for the primitive ectoderm

marker FGFb5.

Exit from naive to primed pluripotency is coupled to transition through the G1 phase

As we previously mentioned, it has been shown that embryonic stem cells are ‘primed’ to
initiate cell fate decisions during the G1 phase of the cell cycle. Most of the evidence,
however, comes from studies performed in human ES cells (hESCs) [14,25-28], with only
one publication in mouse ES cells [13]. mMESCs and human ESCs are believed to repre-
sent different stages of embryonic development and the maintenance of the pluripotent
state is supported by different signaling pathways [29]. Interestingly, although both cell
types have a short length of the G1 phase, they also show remarkable differences in the
activity of cell cycle regulators, with mESCs not expressing members of the cyclin D family
and having a hyper-phosphorylated retinoblastoma protein [30]. For these reasons, more
research is needed to describe a general mechanism that accounts for the lineage priming
in G1 in both cell types. Importantly, the requirement of cells to start differentiation from the

G1 phase has not yet been studied in the transition from the naive ground state towards



primed pluripotency [31]. Thus, we decided to use our experimental set-up to study this in

more detail in a mouse model.

We compared the patterns of gene expression between cells that received the differentia-
tion signals in G1 to those of cells that received it after this phase was completed. To this
end, we first calculated the time necessary for early G1 cells sorted and maintained in
2i+LIF medium to transit to the S phase, by analyzing time-lapse movies performed right
after the sorting of cells. By analyzing the Fucci fluorescence dynamics in individual cells
(Fig. 4A), we observed that 5 h after sorting more than 80% of the cells had completed G1
(Fig. 4B). Although in our experimental conditions the length of G1 was slightly longer than
the reported for mESCs, we speculate that this might have been a consequence of the
sorting conditions. As we observed for the cell cycle length (Fig. S2), this effect was re-

verted in the second cell generation (data not shown).

With this information, we studied the relationship between differentiation to the primed
state and the passage through G1 by comparing gene expression patterns under different
culture conditions: (i) early G1 cells sorted and cultured directly in Diff medium (‘Diff in
G1’), (i) sorted and maintained in 2i+LIF medium (‘Undiff’) and (iii) sorted and cultured in
2i+LIF for 5 h and the switched to Diff medium (‘Diff post-G1’) for the rest of the experi-
ment (Fig. 4C). We reasoned that if differentiation signals could effect a response in any
phase of the cell cycle, then it would be expected a shift in the patterns of gene expression
of 5 h when comparing ‘Diff post-G1’ and ‘Diff in G1’ conditions. On the contrary, if cells
were sensitive to differentiation cues exclusively during G1, then it would be expected a
shift of at least the duration of the cell cycle, since the differentiating signals would only be

received in the following G1 phase.



Gene expression analysis comparing ‘Diff post-G1’ and ‘Diff in G1’ showed that Nanog,
Otx2, Esrrb and Dnmt3A displayed a shift significantly longer than 5 h and compatible with
the length of the cell cycle for our experimental setup (Fig. 4D). Oct6 also showed a similar
pattern, although the expression levels at early time points were higher than the undiffer-
entiated control, probably due to a low percentage of cells that had not finished G1 after
media change and were thus still responsive. Strikingly, FGF5 and Klf4 did not display
expression changes for up to 48 h after sorting. A possible explanation to this puzzling
observation could be that the initial 5 h in which ‘Diff post-G1’ were cultured in 2i+LIF me-
dium were sufficient for cells to secrete local factors (e.g., specific components of the ex-
tracellular matrix) that specifically affected the behavior of these genes during differentia-
tion. However, the overall analysis indicates that the evaluated genes presented a gene
expression shift longer than 5 h and, in most cases, compatible with cells receiving the
differentiation signal in the following G1 phase. Thus, our results suggest that differentia-
tion from the ground state to primed pluripotency is also subjected to lineage priming in
G1, thus broadening the spectrum of cell transitions that respond to differentiation cues in

a cell cycle dependent manner.

Inhibition of DNA replication impairs transcriptional change during as mESCs exit

naive pluripotency

Recent reports began to shed light on the molecular pathways involved in lineage priming
in G1 [14,25]. However, current mechanistic explanations have been proposed in the con-
text of hESCs that, as we mentioned, bare significant differences to mESCs regarding de-
velopmental stage and cyclin Ds regulation, thus limiting the generalization of the results.

We reasoned that if DNA replication acts as a ‘window of opportunity’ that allows a global
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epigenetic reconfiguration as cells differentiate, this could explain why PSCs are only re-
ceptive to differentiation cues within G1, that is, before the S phase. If this is correct, inter-
rupting DNA synthesis during differentiation should impair transcriptional changes. To
evaluate this possibility we inhibited DNA replication with excess thymidine as mESCs
exited the ground-state of pluripotency [32]. This treatment effectively blocked DNA syn-
thesis in the Fucci line and was reversible shortly after drug release, as judged by incorpo-

ration of the nucleotide analog EdU and propidium iodide staining (Fig. 5 A,B).

To evaluate the effect of inhibiting DNA replication on the transcriptional change we sorted
early G1 cells and cultured them either in Diff medium alone (control) or in Diff medium
with excess thymidine (Fig. 5C). Surprisingly, gene expression analysis revealed that inhi-
bition of DNA synthesis severely affected the transcriptional change towards primed plu-
ripotency, with the strongest effect being for the naive pluripotency markers Nanog, Esrrb
and KIf4 (Fig. 5D). Indeed, transcriptional change for these genes was almost completely
impaired, with expression levels similar to the undifferentiated state (time 0 h). On the oth-
er hand, we observed that upregulation of primed markers displayed a milder but signifi-
cant restriction compared to Diff medium alone. To further validate these results, we
blocked DNA synthesis with aphidicolin, an inhibitor of DNA polymerases a,  and ¢, and
obtained a similar effect although with minor differences, likely due to pleiotropic effects
caused by pharmacological inhibition (Fig. S3). Importantly, when cultures were released
from thymidine block at 18 h post-sorting and cell cycle progression was allowed (Fig. 5C),
both naive and primed markers resumed the transcriptional changes to primitive ectoderm-
like cells, suggesting a causal connection between DNA replication and transcriptional
changes (Fig. 5D). An important consideration is that inhibiting DNA synthesis inevitably
blocks cell division. To analyze if the effect we observed under thymidine treatment was in

fact a consequence of the repression of cell division and not of DNA synthesis, we com-
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pared the transcriptional dynamics of synchronized differentiating cells under thymidine or
RO3306 treatments. If this was the case, gene expression dynamics between both treat-
ments should be highly similar, since they would reflect the same underlying process.
Comparison of both experimental conditions showed that, for most of the analyzed genes,
the effect of blocking DNA synthesis was stronger than that of inhibiting cell division, indi-
cating that the main effect was indeed a consequence of DNA replication (Fig. S4). How-
ever, the expression patterns of FGF5 and Dnmt3A under both treatments was strikingly
similar, suggesting that these genes may have been actually affected by the impairment of
mitosis, in agreement with our previous results (Fig 3E). Overall, our data show that block-
ing DNA replication as cells exit the naive ground state towards primed pluripotency pre-
vents them from efficiently differentiating, with the strongest effect observed in the naive

pluripotency markers.

Related to our findings, it has recently been reported that hESCs were impaired to exit the
pluripotent state when DNA replication was delayed, but this ‘ES maintaining’ effect was
attributed to the activation of the transcription factor p53 induced by replication fork stalling
[33]. In our system, culture with thymidine or aphidicolin for prolonged periods increased
the rate of cell mortality (Fig. S5A). These treatments induced the phosphorylation of Chk1l
at serine 345 (Fig. S5B), a key effector of the DNA damage response (DDR) [34]. Fur-
thermore, p53 protein levels and its nuclear localization increased upon treatment with
both drugs, together with the expression of its transcriptional target Mdm2, indicating DDR

pathway activation (Fig. S5C,D).

To analyze if the inhibition of transcriptional change when blocking DNA replication was
exclusively explained by activation of p53 and not connected to replication itself, we uti-
lized CRISPR/Cas9 technology to generate a p53-null mESC line (Fig. 6A,B and Fig.

S6A). The p53 -/- line presented normal morphology, no changes in cell cycle distribution
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and showed no difference in naive or primed pluripotency markers expression compared
to WT cells when cultured in 2i+LIF medium (Fig. S6B, D-E). Importantly, DNA replication
was still inhibited in p53 -/- cells after thymidine or aphidicolin treatment (Fig. S6C) and, as
expected, these cells displayed reduced levels of cell death compared to WT cells (Fig.
S6H,1). Upon induction of differentiation to the primed state, p53 -/- and WT cells displayed
similar morphology and expression of naive pluripotency markers (Fig. S6F-G). However,
absence of p53 significantly restricted the upregulation of the primed markers FGFS5,
Dnmt3A, Oct6 and Otx2 (Fig. S6G), supporting a role for p53 during cell differentiation,

and in agreement with a previous report [35].

Direct knockout of p53 using CRISPR in our Fucci cells was inconvenient due to their ex-
pression of fluorescent proteins and antibiotic resistance genes, which impaired selection
of transfected cells. Thus, for these experiments, we generated synchronized cultures by
incubating cells with RO3306, which proved to be a very efficient protocol that did not af-
fect the cell cycle phase lengths nor the maintenance of the pluripotent ground state when
cultured in 2i+LIF medium (Fig. S7). Furthermore, inhibition of DNA replication by either
excess thymidine or aphidicolin using this alternative synchronization method continued to
repress transcriptional change in WT mESCs cultured in Diff medium, supporting our pre-

vious findings (see below).

We designed a strategy where synchronized WT or p53 -/- cells were set to differentiate
for 28 h in the presence of (i) DMSO (control), (ii) thymidine or (iii) aphidicolin (Fig. 6C).
We reasoned that if activation of p53 as a consequence of inhibiting DNA replication could
account for the entire effect on the repression of transcriptional change, p53 -/- cells set to
differentiate in the presence of inhibitors of DNA replication should differentiate normally,
with no differences in gene expression compared to p53 -/- cells grown in DMSO. As

shown in Fig. 6D, gene expression analysis of the naive pluripotency markers revealed a
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significant although partial recovery of the transcriptional change in the p53 -/- cells com-
pared to WT cells upon treatment with thymidine or APH. Although these results support
and validate a role for p53 in the inhibition of transcriptional change in mESCs, they also
indicate that this protein is only responsible for a fraction of the effect, since APH and thy-
midine treated cells did not reach the same levels of expression that the control cells.
Thus, our results indicate that inhibiting DNA replication by two complementary approach-
es impairs the efficient exit of the ground state of pluripotency even in the absence of p53,
suggesting that processes coupled to DNA replication might be necessary to allow the
epigenetic and transcriptional reconfiguration that takes place during naive pluripotency

exit.

Discussion

In this work, we have investigated the relationship between the changes in cell identity
during naive pluripotency exit and two processes that are coupled to major epigenetic
transformations: cell division and DNA replication. By generating synchronized cultures of
MESCs we show that when differentiation signals are provided in the G1 phase, the initial
transcriptional changes associated with the exit of the pluripotent ground state begin in the
same cell generation, that is, before mitosis. Interestingly, we show that blocking cell divi-
sion had a significant effect on the expression dynamics of multiple genes, with the highest
effect being on FGF5, Dnmt3A and Nanog, while others like KiIf4 and Esrrb remained un-
changed. From these evidences, we speculate that the epigenetic changes that take place
during mitosis could be important for the regulation of specific genes. Our results are in
agreement with a recent work by John Gurdon’s lab, where they analyzed the reprogram-
ming of mammalian nuclei after transplantation to amphibian oocytes [36]. The authors

concluded that mitosis is not fundamental, but that it might be a process that enhances
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transcriptional change during identity transitions, which they named ‘mitotic advantage’
[22]. In this context, our results provide initial experimental evidences in the field of pluripo-
tent stem cells that are relevant to deciphering the relationship between cell division and
transcriptional transitions. Future research in the ‘mitotic bookmarking’ of cells [2], an area

of increasing interest, will also be important to determine this relation.

Another aspect of the cell cycle related to cell identity changes is the recent observation
that ES cells are only responsive to differentiation signals during the G1 phase, a process
termed ‘lineage priming in G1’ [13,14]. Most of the evidence in this regard comes from ex-
periments performed in human ES cells, which bare significant differences with mouse ES
cells at multiple levels such as developmental stage, signaling pathways and activity of cell
cycle regulators [29]. Importantly, whether the transition from the pluripotent ground state
to the primed state is also subjected to lineage priming in G1 had not yet been addressed
[31]. By studying gene expression patterns when cells received the differentiation signals
in G1 or after this phase was completed, we show that most of the genes analyzed re-
sponded in a cell-cycle dependent manner compatible with lineage priming in G1. Alt-
hough the mechanisms that could account for this behavior in ES cells are not fully re-
solved, in recent years this has been addressed by several groups in human ES cells. It
was shown that cyclin D1, which is expressed exclusively during the G1 phase, regulates
the sub-cellular localization of the transcription factors Smad2/3, members of the TGF-3
pathway that are critical for the properties of hESCs [14]. Recently, the same authors ob-
served that cyclin D1 also acts as a transcriptional regulator for developmental genes in a
cell cycle dependent manner [37]. However, mESCs do not express the D family of cy-

clins, suggesting that there may be other mechanisms to explain this behavior.

A process within the cell cycle that could also be related to the epigenetic and transcrip-

tional transitions is DNA replication [4,9]. In this work, we hypothesized that if this event
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was important to allow the new epigenetic configurations that precede transcriptional tran-
sitions, this could contribute to a mechanistic explanation of why pluripotent cells are only
responsive to differentiation cues during G1, that is, before the S phase. In that sense, the
relationship between the process of DNA replication and changes in cell identity has re-
cently began to be addressed. Tsubouchi and collaborators demonstrated that DNA repli-
cation is fundamental for the nuclear reprogramming of somatic cells after cell fusion ex-
periments with mESCs [38]. On the other hand, Wang and collaborators recently showed
the importance of DNA synthesis to allow transcriptional transitions, both during nuclear
transfer experiments and during the first segmentations of mouse embryos [39]. Despite
these recent observations, the relationship between the process of DNA replication and
cell differentiation has not yet been thoroughly evaluated in pluripotent stem cells, an ex-
perimental system that could contribute to major advances in this field. Here, we ad-
dressed this subject by analyzing the effect of blocking DNA replication on the transcrip-
tional dynamics of synchronized cells transiting to the early primed state of pluripotency.
We show that blocking DNA replication by different treatments severely impaired expres-
sion changes of several key developmental genes, of which the naive markers displayed
the strongest effect. Our results are also in agreement with recent observations in hESCs,
which indicate that the transcription factor p53 is implicated in this process. However, by
generating a p53 knock-out mESCs line we show that this protein is only responsible of a
fraction of the effect, suggesting a possible role for processes coupled to DNA replication.
In this context, a recent report has also shown that the bivalent marks on chromatin depos-
ited at the promoters of multiple developmental genes are only present during the G1
phase, and that they are resolved upon transit to the S phase [40]. Thus, it would be inter-

esting to analyze if DNA replication is connected to this fast epigenetic transformation.
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In summary, in this work we contribute with experimental evidence that links the changes
in cell identity with the processes of cell division and DNA replication during the exit of the
naive ground state of pluripotency. Although further validation of our results in ESCs de-
rived from other mouse strains as well as from different species will be important, we be-
lieve our work constitute a first and informative approach to this issue, in a context where
more experimental evidence is needed in the field. In that sense, it would also be im-
portant to determine the role of the factors that remain associated to chromatin during mi-
tosis and, on the other hand, to analyze the epigenetic marks present on chromatin before
and after DNA replication during cell differentiation. Although this type of studies are great-
ly limited by technical aspects, we believe that the application and development of new
technologies, such as CRISPR and the ones derived from high throughput sequencing will

be critical to understand the role of the cell cycle in cell differentiation.

Materials and methods

Full methods are available on the Supplemental Data

Cell lines, culture of mMESCs and differentiation to PELCs

W4 mESCs were provided by the Rockefeller University Core Facility. Cells were cultured
using the chemically defined medium N2B27 with 1000 U/ml LIF (Millipore), 1 uM
PD0325901 (Tocris) and 3 uM CHIR99021 (Tocris), hereafter called ‘2i+LIF medium’.
N2B27 formulation is described elsewhere [41]. Cells were maintained on 0,1% gelatin
coated dishes, passaged every three days using TrypLE (Gibco) and grown at 37°C in a
5% CO2 (v/v) incubator. To induce PELC differentiation, mESCs were first cultured in
2i+LIF medium for 24 h at high density (1 x 10° cells/cm?), then plated at 1 x 10 cells/cm?

onto gelatin coated dishes in N2B27 without LIF and 2i (Diff medium) and grown for 24 -

17



48 h. Construction of W4 Fucci-H2B and p53 -/- ES cells is described in the Supplemental

Methods.

Cell Synchronization and Live Imaging

Synchronization procedures are explained in detail in the Supplemental Methods. Briefly,
Fucci early G1 mESCs (hCdtl-mCherry/mVenus-hGeminin double negative population)
were sorted in a BD FACSAria Il flow cytometer (BD Biosciences) and cultured in 2i+LIF or
Diff media. Alternatively, we synchronized cells using 6 yM RO3306 (Sigma) for 15 h and
then washing the cells with fresh medium. For time-lapse experiments, cells were plated in
p-Dish 35 mm dishes (IBIDI) and imaged in a LCV110 VivaView Incubator Microscope

(Olympus).

Inhibition of DNA replication
DNA synthesis was inhibited with 1.25 mM thymidine (Sigma) or with 0.5 pg/ml aphidicolin
(Sigma). Replication analysis was performed by Click-it EdU incorporation kit (Thermo

Fisher Scientific) according to manufacturer’s instructions.

Gene expression analysis

Total RNA was extracted with Trizol (Thermo Fisher Scientific) following manufacturer’s
instructions and reverse transcribed using Transcriptor First Strand cDNA Synthesis Kit
(Roche). Quantitative PCR was performed in a LightCycler 480 Real Time PCR system.
Gene expression was normalized to the geometrical mean of GAPDH and PGK1 house-

keeping values. Primers are listed in the Supplementary Methods.

Statistical Analysis

18



Statistical significance was analyzed using either paired Student’s t-test or randomized
block design (RBD) ANOVA. Comparisons between means were assessed using the Tuk-

ey test.
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Figure Legends

Fig. 1. Transition to early primed pluripotency and cell synchronization

(A) Morphology of cells cultured in 2i+LIF medium or in Diff medium for 36h. (B) RT-qPCR
analysis of W4 mESCs upon PELC induction. Results are presented as means £ SEM (n =
3). Data was relativized to undifferentiated cells. Different letters indicate significant
differences (p<0.05). (C) Representative immunostainings of Nanog, Oct4 and Otx2 for
W4 mESCs grown in 2i+LIF medium (Undiff) or cultured in Diff medium for the indicated
times (Diff). Nuclei were counterstained with DAPI. Scale bar, 50 um. (D) Diagram of Fucci
system. (E) Representative Fucci-H2B colonies cultured in 2i+LIF medium. Scale bar, 100
pm. (F) Cell cycle distribution of parental W4 and Fucci-H2B mESCs after propidium iodide
staining and flow cytometric analysis. (G) Fucci-H2B cells fluorescence patterns during cell
cycle progression visualized by time-lapse imaging. Arrows indicate parental and daughter
cells. (H) Left, flow cytometry dotplot showing Fucci fluorescence distribution. Right,
experimental approach for generating synchronized cultures of Fucci cells. (I) Top,
strategy followed for quantifying cell synchrony. Bottom, frequency distribution of cell
generations after the sorting and tracking of cells in 2i+LIF medium (n = 510 cells) or Diff

medium (n = 660 cells). Results are from three independent experiments.

Fig. 2. mESCs initiate the transcriptional transition to primed pluripotency before
cell division

(A) Diagram of the experimental design. (B) RT-gPCR of the indicated markers in Fucci
synchronized cultures maintained in 2i+LIF medium or Diff medium. Samples were

collected at 0, 5, 10, 18, 23, 30 and 36 h post sorting. Results are presented as means *
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SEM for 4 independent experiments and plotted in log2 scale. Data was relativized to
expression levels of early G1 cells immediately after sorting (T0O). * indicate
significant differences (p<0.05) between 2i+LIF and Diff conditions for each

indicated time. Vertical dashed lines denote the time at which cells begin to divide.

Fig. 3. Inhibition of cell division affects the transcriptional change of specific genes.

(A) Representative colonies of W4 mESCs after 15 h incubation with RO3306 (left panels)
or 30 min after drug release (right panels). Arrows indicate mitotic cells as judged by mor-
phology. (B) W4 Fucci-H2B cells released for 30 min after RO3306 treatment for 15 h,
showing cells mostly in metaphase. H2B-mCerulean fluorescence is shown in red. Bar, 50
pm. (C) Cell cycle distribution of (i) control mESCs (untreated), (ii) cells incubated with
RO3306 for 15 h and (iii) cells released for 2 h from G2 block. Cell cycle distribution was
analyzed by flow cytometry based on propidium iodide staining. (D) Diagram of the exper-
imental design used to analyze the effect of impairing cell division. (E) RT-qPCR of the
indicated markers after early G1 cells were cultured for the indicated times in Diff medium
alone or in Diff medium with the addition of RO3306 at 10 h post sorting. Results are pre-
sented as means + SEM for three independent experiments and plotted in log2 scale. Data
was relativized to expression levels of early G1 cells immediately after sorting (T0). * indi-
cate significant differences (p<0.05) between both conditions for each indicated time. Dot-
ted lines indicate the time of addition of RO3306 (10 h), previous to the onset of cell divi-

sion.
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Fig. 4. Exit from naive to primed pluripotency is coupled to transition through the G1

phase.

(A) Representative single cell fluorescence dynamics for the Fucci markers after early G1
cells were sorted into Diff medium and subjected to time-lapse imaging. (B) Proportion of
cells of the first generation that completed G1 along time after sorting, evaluated by time-
lapse imaging as in A; n = 75, three independent experiments. (C) Diagram of the experi-
mental design. (D) RT-gPCR analysis of the indicated markers based on the experimental
design depicted in C. Results are presented as means + SEM for three independent ex-
periments and plotted in log2 scale. Data was relativized to expression levels of early G1
cells immediately after cell sorting (TO). Different letters indicate significant differences
between conditions for each indicated time (p<0.05). Dotted lines indicate the time of me-

dia change for the ‘Diff post-G1’ condition (5 h).

Fig. 5. Inhibition of DNA replication impairs transcriptional change during naive plu-

ripotency exit

(A) Flow cytometric analysis of the replicative state was performed by EdU incorporation
and propidium iodide staining. mESCs were cultured in 2i+LIF medium in the following
conditions: (i) mock treated cells (Control), (ii) cells incubated for 5 h with excess thymidine
(Thymidine) and (iii) cells incubated for 5 h with excess thymidine and then released from
block for 1 h by medium change (Thymidine + 1 h release). The gates are indicated with
dotted lines, and depict the different subpopulations of cells according to the phase of the
cell cycle. (B) Quantification of EdU positive cells (EdU+) in each condition from three in-
dependent experiments as in A. Results are presented as means + SEM. Different letters

indicate significant differences (p<0.05). (C) Diagram of the experimental design showing
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the three conditions: Control, Thymidine and Thymidine Release. (D) RT-gPCR analysis of
the indicated markers based on the experimental design depicted in C. Results are pre-
sented as means + SEM for three independent experiments and plotted in log2 scale. Data
was relativized to expression levels of early G1 cells immediately after cell sorting (TO).
Different letters indicate significant differences between conditions for each indicated time
(p<0.05). Dotted lines indicate the time of medium change to release thymidine block (18

h).

Fig. 6. Transcriptional change upon inhibiting DNA replication remains partially in-

hibited in the absence of p53

(A) Diagram of CRISPR mediated p53 knockout generation. A sequence next to the p53
first codon in exon 2 was targeted using a specific sgRNA. (B) CRISPR mediated p53
knockout. Representative immunoblot showing p53 depletion in p53 -/- mESCs cells com-
pared to W4 parental cells, performed with a p53 antibody that recognizes the C-terminal
domain. GAPDH was used as loading control. (C) Diagram of the experimental design. (D)
RT-gPCR analysis of the indicated markers based on the experimental design depicted in
C. WT or p53 -/- mESCs were synchronized by RO3306 treatment and then set to differen-
tiate for 28 h in Diff medium in the presence of DMSO, thymidine (Thym) or aphidicolin
(APH). Results of three independent biological replicates are presented for each condition.
Values were relativized to WT cells cultured in 2i+LIF medium for each biological replicate.
The black line in each condition represents the mean of the three replicates. Different let-
ters at the top of the chart indicate significant differences between the groups (p<0.05) and
the p-value for each gene is indicated in the bottom-right corner of each chart. Dotted lines

show the reference expression levels of WT cells cultured in 2i+LIF.

29



A M

D0 D1 D2

E

Late G1

o Gl &2 S/G2/M
8 At
i 102 100 10t 10°

hGeminin-mVenus

Kifa
10(8 10
05 05
B
. 0,0
DO D1 D2
Oct6
150 g 15
100 8 10
3 I I d
[ 0
D0 D1 D2

Sorted
Early G1 cells

2i+LIF
medium

Diff

L
IU
i

Esrrb

DO D1 D2

Dnmt3A

DO D1 D2

Thia Prdm14
10( 8 10/
05 05
8 8 g
oo M um € .
00 D1 D2 D0 D1 D2
ot Zicz
30 g S
B .
B
20 3
10 B
1
0l= 0
DO D1 D2 DO D1 D2

Normalized to mode

Parental W4 mESCs
| Fucci-H2B mESCs

|

0

medium

T T T T T
100K 150K 200K 250K
Propidium iodide

C

Rex1

108 %
05
B
0.0 _—
D0 D1 D2

Octd
15

1.0 i
i I Il
0.0

D0 D1 D2

G g1 |s/G2M

36h Diff

24h Diff

48h Diff

Division
. .
H2B

orting of
S 8.0 wp  Cells plated —_—
early G1 cells
€ 2i+LIF medium Gen@ @3«
S 100% 100%
S sox
% 75%
60%
)
50%
£ 0%
]
S 20% 25%
S 0% 0%
* 0 5 10 15 20 25 30 35 40 45 50 S5

Hours post-sorting

30

Live Imaging

Division

45h

10.25h

weetp Cell divisions tracked

Diff medium Gen.@ @ 344

0 5

10

15 20 25 30 35 40 45 50 55
Hours post-sorting



Fold change (log2 scale)

Fold change (log2 scale)

Fig.

QF

N e
Early G1 Cells
FACS sorting

128.00
64.00
32.00
16.00

8.00
4.00
2.00
1.00
1/2
1/4

2.00
1.00
1/2
1/4
1/8
1/32

1/64

]

E\ TimeOh

10 20 30

Kifa

10 20 30

Hours post-sorting

Ground state
ez %5

2i+LIF medium }—'\

Transition to Primed

Eam>

Diff medium

LI |

RNA extraction at
different time points

Dnmt3A

Sfacdanstansd

2.0
1.0
1/2 T
0 10 20 30
Esrrb
2.00

1.00

1/2 *

14 :

1/8
: *
' *

1/16 '

40 0 10 20 30
Hours post-sorting
=0= 2i+LIF  —e— Diff

31

40

10

Fold change (log2 scale)

FGF5

256.0
128.0

2
o

320
16.0
8.0
4.0 -
2.0 1
1.0
1/2

40

Otx2

2.00
1.00
1/2
1/4
1/8
1/16
1/32
1/64

1/128
0 10 20 30 40

Hours post-sorting



A B ) C Cell Cycle
RO3306 (15 h) RO3306 (15 h) RO3306 (15 h) + 30 min release Distribution
+30 min release H2B | S/G2/M S
BN Control

’\.15h RO3306
[

[\

( 15h RO3306
+2h release

D Transition to Primed E FGF5
A 256
”‘9@@@\ - W T
- <=7 ¥ § § T ¢
@ 25 Diff medium ' | J o 64 L
N (Control) RNA extraction at S
e 5 g different time points 2 3z
Early G1 cells Inhibition of cell division 5 e
FACS sorting W S ?é’ 4
\\ Time 0 h 20 - £
& S i
J Diff Medium 2
2 =
+RO3306 = | ¥
10" '
0 10 20 30 40
Oct6 Dnmt3A Otx2
128 .
o 64
©
a 32
o~
& .
[ 8
c
2 4
(=}
= 2
2
16
0
Nanog Kifa Esrrb
100 ®-..g - |
> S o8 1.00 QA,“ - 1.00 &---.. o
s 1/2 e
2 1/2
~ A 1/2
Qo
é’, 1/8 1/4
o 1/4
& 1/16 e
e 132
S 116 1/8
T 1/64
° . : |
Y q/128 : 1/32 + : 1/16
0 10 20 30 40 0 10 20 30 40 0 10 20 30 40
Hours post-sorting Hours post- sorting Hours post-sorting
--®-- Control —4—R03306
Fig.3

32



Single cell tracking
: hCdt1-mCherry

% of cells that completed G1

(]
Q
S o8 hGeminin-mVenus
g
5 06
=
w
o 04
>
=}
° 02
]
o
0 0%
3 5 7 9 11 13 15 3 5 7 g
Hours post-sorting Hours post-sorting
C Ground state D
=
T “ FGFS
= e e e
2i+LIF medium Q Q Q T S0
T 2560
‘Diff in G1’ RNA extraction at @ 128.0
_» different time points S 640
* 2 a0
3 i
c° Diff medium ' & 160
< 80
©
Early G1 Cells ‘Diff post-G1’ 5 4.0
FACS sorting - © 20
T\ Timeon E 10
0.5
2i+LIF medium Diff medium
(5 hours)
Oct6 Dnmt3A otx2
— 256.00 64.0
2 1800
3 ! 32.0
¢ 64.00
o~ i
Eo 32.00 16.0
= 1600 80
@ 8.00
oo
40
c
& 4.00
S 200 20
o 100 10
£ os0 :
0.25 - - B B : 05

)
]
Q
“ "
~ '
o '
2 :
) :
oo '
& :
5 : 'S 1/16
o .
5 W2 . b 1/32
w '
1/64 T T ] 1/64

0 10
Hours post-sorting

-~ Diffin G1

20 30

Fig.

1.00 ¢
1/2
1/4
b f f s
[
. ‘ . . ‘ 1/16 . ‘ ‘
10 20 30 40 50 0 10 20 30 40 50
Hours post-sorting Hours post-sorting
=0~ Undiff ~#— Diff-Post-G1

33



A - Thymidine B
) Control i Thymidine +1h faleasa " Edu+ Cells

3 3 B 0%
5 o
%y § so%
357%] 3 E
- 1 =] T 0%
23 B S sox c
154% i & 20%
%] al c B
E 8 0%
- 7 -3 v
b a1y T 5 " b 1 a 0% -
Control ~ Thym Thym Rel
C Transin'on to Primed D FGF5
.u @®® ’ Fee 256
@ o° Diff medium = ) $ QL 428
< N e 2 P S
= \ \ w
Early G1 cells DNA repllcanon inhibition Y \, \ § \\ § \\ %‘n 64
FACS sorting - RNA‘ " ) i " o 32
o & . BNAesction s =
different time points s
Diff mef‘hgm ~ A % 8
+ Thymidine i o =
Fresh medium (18 h) 3 Rl
Release * [} '
e 2 '
(e ; '
ey I 1
0 10 20 30 40
Diff medium =
Oct6 Dnmt3A Otx2

Fold change (log2 scale)

)
©
o
w
o~
oo
9
()
oo
(=3
©
L
o
e}
(e}
L a "
0 10 20 30 40 0 10 20 30 40 0 10 20 30 40
Hours post-sorting Hours post-sorting Hours post-sorting

@ Diff —#— Thymidine —#&— Thymidine Release

Fig. 5

34



Crispr p53 Knockout Wt 053 -/-
p53 genomic locus D p53 , . %
ATG NA §
S ————— GAPDH | s |
TSS
_| - -
C D ©® WT mESCs O p53-/-mESCs
RO3306 Nanog Esrrb
Synchronization ) A A B B B: °C o A A B B B B
= 21 - 21
® ® o
/ \ % 1 o ;.'_---;---WTZHLIF z N oo Wz
Wild type mESCs p53 -/- mESCs v 1/2 4 & ° ° v 5) o o
— B 14 el =1/ ° B
 DMSsO 4 DMSO 5 E i
Diff medium + <--» Thymidine  Diff medium + -'f—- Thymidine E’ 1/8 1 .:. 90 21/4 | - .
"4 APH " APH E 1/161 o ©° E -
" 3 = p <0.0001 5 e p=0.0017
=a/32 T T T /8 T T T
RNA extraction at 28 h o“\(’ /\‘\*& VQQ* o“{,,O S §~<\
Thx3 Prdm14 KIf4
EA-AA B B cC B E2-AB C A C A EZ-AA By G B C
5 2 o ® ° . s ° .
£ j ______ B 5 wror 5 ==~ SR~ = WT2i+F £ 1 f====] % -------- WT 2i+LIF
8 ;' 8 1/2 4 ) 2 1/2 4
2 1721 % e B o,
S 1/ % & 1/4 £ 14 - =R
e ] e < L [ e o
Claad S %18 { % o prJ % 1/8 o
1161 ° & & e H o
S sl © 51/169 o — 5 1/16{ @°
2 ° p =0.0001 2 o® p <0.0001 = p <0.0001
“ 1/64 T T T € 1/32 T T u 1/32 T T
& & & & & &8
Fig. 6
Highlights
e Transcriptional programs change drastically during stem cell differentiation
e Cell cycle events were proposed to act as instances of global epigenetic remodel-
ing
¢ Mitosis may enhance but it is not fundamental for transcriptional change
e Transition from naive to primed pluripotency is coupled to lineage priming in G1
¢ Inhibition of DNA replication impairs naive pluripotency exit
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