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FoxO transcription factors actuate the
formative pluripotency specific gene
expression programme

Laura Santini 1,2, Saskia Kowald1, Luis Miguel Cerron-Alvan1,2,
Michelle Huth 1,2, Anna Philina Fabing1, Giovanni Sestini 2,3,
Nicolas Rivron 3 & Martin Leeb 1

Naïve pluripotency is sustained by a self-reinforcing gene regulatory network
(GRN) comprising core and naïve pluripotency-specific transcription factors
(TFs). Upon exiting naïve pluripotency, embryonic stem cells (ESCs) transition
through a formative post-implantation-like pluripotent state, where they
acquire competence for lineage choice. However, the mechanisms underlying
disengagement from the naïve GRN and initiation of the formative GRN are
unclear. Here, we demonstrate that phosphorylated AKT acts as a gatekeeper
that prevents nuclear localisation of FoxO TFs in naïve ESCs. PTEN-mediated
reduction of AKT activity upon exit from naïve pluripotency allows nuclear
entry of FoxO TFs, enforcing a cell fate transition by binding and activating
formative pluripotency-specific enhancers. Indeed, FoxO TFs are necessary
and sufficient for the activation of the formative pluripotency-specific GRN.
Our work uncovers a pivotal role for FoxO TFs in establishing formative post-
implantation pluripotency, a critical early embryonic cell fate transition.

Pluripotent cells can give rise to all specialised cells that form an adult
organism. During mouse embryonic development, a population of
naïve pluripotent cells arises in the pre-implantation epiblast around
embryonic day E3.5–E4.51. During the transition from pre- to post-
implantation development, epiblast cells navigate through a con-
tinuum of pluripotency states. Starting from a naïve state with
unrestricted potential, cells transit through a formative state to
acquire competence for somatic and germ cell lineage specification,
ultimately entering a primed state where they initiate expression of
lineage markers2–5.

The naïve pluripotent state of pre-implantation epiblast cells can be
captured in vitro using mouse embryonic stem cells (mESCs)6,7. Main-
tenance of a homogeneous ground state of pluripotency requires the
addition of two small molecule inhibitors to the culture media:
PD0325901 (MEK1/2 inhibitor) and CHIRON (GSK3ɑ/β inhibitor), collec-
tively referred to as 2i8. mESCs cultured in 2i resemble the E4.5 pre-
implantation epiblast in terms of epigenetic and transcriptional

status1,9–11. Naïve identity is definedby theexpressionof a self-reinforcing
gene regulatory network (GRN) that comprises the core pluripotency
transcription factors (TFs)Oct4 (genename:Pou5f1) and Sox2, andnaïve-
specific TFs including Nanog, Esrrb, Tbx3, Klf4, Klf5 and others12–15.

A balanced interplay of several signalling inputs is responsible for
the maintenance of the naïve-specific GRN16. The cytokine LIF (Leu-
kaemia Inhibitory Factor) plays a key role in maintaining pluripotency
and was the first identified exogenous factor that can support mouse
ESC culture alongwith serum supplementation17,18. LIFmainly activates
the JAK/STAT3 and PI3K/AKT pathways which are crucial to sustain
naïve pluripotency15. Although the role of the JAK/STAT pathway has
been intensively studied, the function of PI3K/AKT signalling in plur-
ipotency has received much less attention19. Overexpression of a
constitutively active form of AKT is sufficient to maintain mESCs in an
undifferentiated state, even in the absenceof LIF20. PI3K/AKT signalling
is thought to support naïve pluripotency through inhibition of both
the MEK/ERK and the GSK3 pathways21–23, although the underlying

Received: 24 January 2024

Accepted: 16 August 2024

Check for updates

1Max Perutz Laboratories Vienna, University of Vienna, Vienna BioCenter, 1030 Vienna, Austria. 2Vienna BioCenter PhD Program, Doctoral School of the
University of Vienna, Medical University of Vienna, 1030 Vienna, Austria. 3Institute of Molecular Biotechnology of the Austrian Academy of Sciences (IMBA),
Vienna BioCenter, 1030 Vienna, Austria. e-mail: martin.leeb@univie.ac.at

Nature Communications |         (2024) 15:7879 1

12
34

56
78

9
0
()
:,;

12
34

56
78

9
0
()
:,;

http://orcid.org/0000-0001-9968-2459
http://orcid.org/0000-0001-9968-2459
http://orcid.org/0000-0001-9968-2459
http://orcid.org/0000-0001-9968-2459
http://orcid.org/0000-0001-9968-2459
http://orcid.org/0000-0002-1152-9140
http://orcid.org/0000-0002-1152-9140
http://orcid.org/0000-0002-1152-9140
http://orcid.org/0000-0002-1152-9140
http://orcid.org/0000-0002-1152-9140
http://orcid.org/0000-0002-6643-7585
http://orcid.org/0000-0002-6643-7585
http://orcid.org/0000-0002-6643-7585
http://orcid.org/0000-0002-6643-7585
http://orcid.org/0000-0002-6643-7585
http://orcid.org/0000-0003-1590-5964
http://orcid.org/0000-0003-1590-5964
http://orcid.org/0000-0003-1590-5964
http://orcid.org/0000-0003-1590-5964
http://orcid.org/0000-0003-1590-5964
http://orcid.org/0000-0001-5114-4782
http://orcid.org/0000-0001-5114-4782
http://orcid.org/0000-0001-5114-4782
http://orcid.org/0000-0001-5114-4782
http://orcid.org/0000-0001-5114-4782
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-024-51794-9&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-024-51794-9&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-024-51794-9&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-024-51794-9&domain=pdf
mailto:martin.leeb@univie.ac.at
www.nature.com/naturecommunications


mechanisms are unclear. Furthermore, AKT signalling feeds directly
into the naïve GRN by activating the expression of Tbx3 and Nanog15,24.

Exit from the naïve pluripotent state and initiation of formative
pluripotency can be recapitulated in vitro by releasing cells from 2i
inhibition intobasal N2B27medium. This change in conditions leads to
loss of self-renewal in the naïve state and an irreversible commitment
to differentiate approximately 48 h after 2i withdrawal22. The exit from
naïve pluripotency results in the dismantling of the naïve-specific GRN
and the establishment of a new formative state-specific GRN. This is
accompanied by a profound shift in the signalling landscape: LIF and
AKT signalling are reduced, concomitant with an increase in FGF/ERK
activity15,25,26. We and others found that Pten, a negative regulator of
AKT, is among the top hits in genetic screens for drivers of ESC dif-
ferentiation, highlighting the importance of downregulating the PI3K/
AKT pathway to ensure timely exit from the naïve state27–31. However,
how exactly Pten regulates the exit from naïve pluripotency remains
elusive.

In this study, we find that FoxO transcription factors are regulated
by AKT and play a previously unrecognised but critical role in the
transition from naïve to formative pluripotency. Our findings indicate
that AKT acts as a gatekeeper by maintaining FoxO TFs in the cyto-
plasm in the naïve state. At the initiation of differentiation, elevated
PTEN levels lead to a reduction in AKT signalling, allowing FoxO TFs to
localise to the nucleus where they play a pivotal role in facilitating the
transition from naïve to formative pluripotency by regulating a switch
in operative GRNs. Our findings uncover an intricate mechanism that
regulates the orderly transition between gene regulatory networks
that determine distinct pluripotent states.

Results
PTEN controls pAKT for timely exit from naïve pluripotency
We previously found that mESCs lacking Pten exhibit a pronounced
defect in the exit from naïve pluripotency28. Indeed, 24 h after 2i-
removal in N2B27 medium (N24), Pten KO mESCs displayed higher
Rex1-GFPd2 (Rex1-GFP) reporter activity than wild-type (WT) cells
(Fig. 1a, b). Rex1 is specifically expressed in the naïve state, and its
downregulation coincides with irreversible commitment to
differentiation22,27. This defect in exit from the naïve state in Pten KO
ESCswas rescuedby expressing Pten through transfection of a plasmid
encoding 3xFLAG-PTEN (Supplementary Fig. 1a, b).

Pten mRNA and protein levels increase during exit from naïve
pluripotency, while phospho-AKT (pAKT) levels are concomitantly
reduced (Fig. 1c–e), suggesting that PTEN may promote the transition
to formative pluripotency by decreasing AKT activity. In Pten KOs,
phospho-AKT levels were significantly higher than inWT cells (Fig. 1d).
Thus,we set out todelineate themolecularmechanismbywhichPTEN-
mediated AKT inhibition might drive exit from naïve pluripotency.

When active, AKT phosphorylates several targets that play crucial
roles in distinct cellular processes. Among AKT targets, TSC2 (Tuber-
ous Sclerosis 2), GSK3 (Glycogen Synthase Kinase 3), and the FOXO
(Forkhead box O) class of transcription factors are strong candidates
for mediating changes in mESC differentiation states. Indeed, these
factors have been identified as hits in genetic screens for differentia-
tion drivers27–31, suggesting that the AKT/mTORC1, AKT/GSK3 and
AKT/FOXO signalling axes could all participate in the regulation of the
transition from naïve to formative pluripotency.

Therefore, we started by investigating the involvement of AKT/
mTORC1. AKT-mediated phosphorylation leads to TSC2 inhibition and
consequent mTORC1 activation. mTORC1 is one of two distinct com-
plexes containing the serine/threonine protein kinase mTOR and
regulates essential cellular processes, including cell growth, protein
synthesis and autophagy via phosphorylation of S6K, 4EBP-1 andULK1,
respectively32. ESCs lackingTsc2 retainedhigherRex1-GFP levels atN24
compared to WT cells, similar to Pten KO cells28 (Supplementary
Fig. 1c, d).

To evaluate whether Pten acts through the AKT/mTORC1 axis to
regulate the exit from naïve pluripotency, we inspected RNA sequen-
cing (RNA-seq) data from Pten and Tsc2 KO mESCs28 (Supplementary
Fig. 1e). Both KOs showed delayed downregulation of naïve and
delayed upregulation of formative marker genes at N24, with more
pronounced effects observed in Tsc2 KOs (Fig. 1f). Both in 2i and at
N24, Pten and Tsc2 KOs deregulated a similar set of genes (differen-
tially expressed genes, DEGs; Fig. 1g). In 2i, DEGs were enriched for
terms associated with lysosomal andmetabolic regulation, in line with
the known role of mTORC1 in regulating those processes27,31,32 (Sup-
plementary Fig. 1f). Consistent with the observed naïve exit defect,
genes upregulated at N24 were enriched for terms related to plur-
ipotency (Supplementary Fig. 1g).

Next, we inspected the phosphorylation level of direct targets of
mTORC1 in WT, Pten KO and Tsc2 KO ESCs. Phospho-4EBP1 (p4EBP1)
and phospho-S6K (pS6K) were similarly increased in both KOs, con-
firming that Pten or Tsc2 deletion increases mTORC1 pathway activity.
Addition of the mTORC1 inhibitor Rapamycin reduced mTORC1
activity in both KOs (Supplementary Fig. 1h, i).

We then assessed whether this reduction restored normal differ-
entiation potential. Rapamycin treatment promoted faster down-
regulation of Rex1-GFP in WT ESCs, and resulted in a complete rescue
of the differentiation defect of Tsc2 KO cells (Fig. 1h), in line with
previously published data27. In contrast, in Pten KO cells Rapamycin
achieved only a partial rescue. The restoration of differentiation
potential was specific for ESCs depleted formembers of the PI3K/AKT/
mTOR pathway. Naïve exit-defective ESCs lacking the WNT/GSK3
pathway effector Tcf7l122,28 did not restore Rex1-GFP downregulation
kinetics upon Rapamycin treatment.

To evaluate the extent of phenotypic rescue of Pten KO cells by
Rapamycin, we performed RNA-seq using WT, Pten KO and Tsc2 KO
mESCs, differentiated in presence of DMSO or Rapamycin (Supple-
mentary Fig. 1j). Changes in naïve pluripotency expression upon
Rapamycin treatment were TF-specific: While addition of Rapamycin
restored Nanog expression to WT levels in both Pten and Tsc2 KOs,
Esrrb and Klf5 expression remained elevated in Pten KOs compared to
Tsc2 KOs (Fig. 1i). Further corroborating an incomplete rescue of Pten
KOs by mTORC1 inhibition, a set of 377 previously identified naïve
pluripotency-specific genes33 showed a significantly stronger reduc-
tion in expression levels upon Rapamycin treatment in Tsc2 compared
to Pten KOs (Fig. 1j, k). Together, these results highlight that the Pten
KO phenotype is not exclusively determined by hyperactivity of
mTORC1.

This prompted us to next investigate the role of AKT-mediated
phosphorylationofGSK3onSerine 9,which tags it for degradationand
thereby stabilises β-catenin22. GSK3 phosphorylation was recently
proposed to be crucial for maintaining pluripotency in Pten KO
mESCs23. Consistently, phospho-GSK3 (pGSK3) levels are increased in
Pten KO cells (Supplementary Fig. 1k). We hypothesised that if indeed
deactivation of the GSK3-TCF7L1 axis of theWNT pathway leads to the
differentiation defect in PtenKO cells, then the resultingWNTpathway
hyperactivity should be epistatic to the pharmacological inhibition of
GSK3 by CHIRON. Such an epistatic interaction was observed in Tcf7l1
KOs, where the activity of the β-catenin destruction complex is ren-
dered obsolete and, hence, the addition of CHIRON had no additional
effect (Supplementary Fig. 1l). In contrast, treatment of Pten KOs with
CHIRON resulted in delayed differentiation speeds akin to WT cells.
Furthermore,wedidnot previouslyobserve a transcriptional signature
typical of increased WNT activity in Pten KO ESCs28. This suggests that
AKT-hyperactivity-dependent phosphorylation of GSK3 in Pten
mutants has little causative impact on the exit fromnaïve pluripotency
in our cellular system.

Collectively, these data show that Pten regulates pathways
in addition to mTORC1 that are relevant for proper exit from
naïve pluripotency. As the role of GSK3 appeared minor, we
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focussed our attention on FoxO TFs, the third signalling axis
downstream of AKT.

FoxO nuclear translocation promotes naïve pluripotency exit
FoxO TFs regulate several crucial cellular processes, including cell
cycle, apoptosis and DNA repair34. AKT-mediated phosphorylation
retains FoxO TFs in the cytoplasm. In both WT and Pten KO ESCs
cultured in 2i, immunofluorescence (IF) analysis revealed a largely
cytoplasmic localisation of FOXO1. Upon exit from the naïve state in
WT cells, we observed that FOXO1 translocated to the nucleus,
concomitant with reduced ESRRB levels (Fig. 2a, b) and a

downregulation of AKT activity (Fig. 1d, e)35. Increased nuclear
FOXO1 levels could be observed as early as 8 h after 2i withdrawal
(N8) and increased further until N24. This nuclear translocation of
FOXO1 at the onset of ESC differentiation was severely impaired in
Pten KO cells, which maintained a clear cytoplasmic FOXO1 locali-
sation at N24 (Fig. 2a, c). Nucleo-cytoplasmic fractionation experi-
ments showed similar results for FOXO3 (Supplementary Fig. 2a).
Sequestration of FOXO1 in the cytoplasm is regulated through
pAKT-mediated FOXO1 phosphorylation (pFOXO1). Consistently, we
observed a decrease in pFOXO1 concomitant with an increase in
total FOXO1 during the exit from naïve pluripotency in WT. In Pten
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Fig. 1 | mTORC1 inhibition only partially rescues Pten KO phenotype.
a Schematic representation of our experimental setup. Nx indicates differentiation
time (x) after 2i withdrawal in N2B27 medium. b Flow cytometry analysis of Rex1-
GFP levels in WT and two independent Pten KO clones in naïve pluripotency sup-
porting conditions (2i, green) and 24 h after 2i removal (N24, blue). One repre-
sentative of n = 11 independent experiments is shown. c Pten expression levels
(transcript per million, TPM) from a 2 h-resolved RNA-seq differentiation time
course inWT28. dWestern blot analysis for indicated proteins inWT and PtenKO in
2i/LIF, at N24 and N48. TUBULIN served as a loading control. e Quantification of
pAKT (S473) levels by flow cytometry in indicated cells and conditions. Mean and
standard deviation (SD) of mean fluorescence intensity (MFI) from n = 3 indepen-
dent experiments (distinct shades of grey) are shown. p values result from paired,
two-tailed t-tests. f Heatmap showing row-normalised expression values of indi-
cated naïve and formative genes in indicated genotypes and conditions. g Scatter
plots showing correlation between differentially expressed genes (DEGs, p adj.≤

0.05, |log2foldchange (log2FC)|≤0.5) in Pten or Tsc2 KO in 2i and N24. Trend lines
with 95% confidence intervals, and Pearson’s correlation coefficients (R) are shown.
h Flow cytometry analysis of Rex1-GFP levels in indicated cell lines at N24, after
indicated treatments. Rapamycin-treated WT cells are shown as dashed grey line.
One representative of n = 5 independent experiments is shown. i Expression levels
of indicated genes in indicated cell lines at N24 after indicated treatments mea-
sured by RNA-seq. p adj. values resulting from DESeq analysis are indicated in the
plot. j Box plot showing expression of 377 naïve genes (naïve early and naïve late
genes33) in indicated KOs and conditionsmeasured by RNA-seq. p values from two-
tailed Wilcoxon signed rank tests are indicated. k Box plot showing the expression
of 377 naïve genes in indicated KOs and conditions measured by RNA-seq. p value
from two-tailed Wilcoxon signed rank test is indicated. All box plots in this paper
show the 25th and 75th percentiles and median. Whiskers indicate minimum and
maximum values.
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mutant cells pFOXO1 levels are elevated in 2i and at N24 (Supple-
mentary Fig. 2b).

Supporting a functional relevance of nuclear shuttling of FoxO
TFs in vivo, we detected transient nuclear FOXO1 in the OTX2-positive
epiblast of E4.75 embryos. This was not detectable in E4.5 or in E5.5
epiblast cells (Fig. 2d, e and Supplementary Fig. 2c). This is consistent
with the hypothesis that FOXO1 nuclear shuttling is involved in the
initiation of formative pluripotency in in vivo peri-implantation
development.

To test whether nuclear translocation of FOXO1 was indeed AKT-
dependent, we analysed the nuclear vs. cytoplasmic localisation of
FOXO1 after treatment with the specific allosteric AKT inhibitor MK-
220636. MK-2206 treatment elevated levels of nuclear FOXO1, in both
2i and atN24, and resulted in expediteddownregulation of Rex1-GFP in
WT cells (Supplementary Fig. 2d–f), consistent with a requirement for
reducingAKTactivity to enable andpossibly trigger the exit fromnaïve
pluripotency.

Our results support the hypothesis that nuclear translocation of
FoxO1 is crucial to induce proper exit from naïve pluripotency. To test
this hypothesis, we performed doxycycline-induced expression of a

constitutively nuclear version of FoxO1 (3xFLAG-FoxO1nuc)37. This
treatment was sufficient to extinguish naïve pluripotency in WT cells
cultured in 2i within 8 h in a dose-dependent manner (Supplementary
Fig. 2g–j). Underscoring a causal link between aberrant localisation of
FOXO1 in Ptenmutant ESCs and defects in naïve exit, 3xFLAG-FoxO1nuc

expression in Pten KO ESCs rescued their differentiation defect (Sup-
plementary Fig. 2k). Interestingly, overexpression of nuclear FoxO1 in
Pten KO cells had distinct results on different naïve markers: While it
reduced the expression of Nanog and Esrrb, in line with the global
rescue of the differentiation defect of Ptenmutants, it upregulated the
expression of Klf5 in a dose-dependent manner (Supplementary
Fig. 2l). This indicates that FoxO1 can exert target-specific activator or
silencer function. We also noted that prolonged exposure to high
levels of nuclear FoxO1 (>24 h) was cytotoxic, probably due to induc-
tion of the pro-apoptotic programme by FoxO138.

In summary, our data show that AKT-mediated nuclear translo-
cation of FoxO1, andpossiblyother FoxOTFs, is essential for the timely
exit from naïve pluripotency. We conclude that lack of nuclear trans-
location of FoxO TFs underlies, at least in part, the differentiation
defect observed in Pten KO mESCs.
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Fig. 2 | FoxOTFs translocate into thenucleusuponexit fromnaïvepluripotency.
aConfocalmicroscopy images after IF, showing FOXO1 (purple) and ESRRB (green)
in WT and Pten KOs in 2i and at N24. DAPI staining is shown in blue. One repre-
sentative image from n = 3 independent experiments is shown. Scale bar = 20μM.
bQuantification of FOXO1 and ESRRB nuclear intensity (in arbitrary unit, arb. units)
measured from confocal images ofWT cells in 2i (n = 135) and 8 h (N8, n = 136), 16 h
(N16, n = 88) and 24h (N24, n = 127) after 2i withdrawal. Data were obtained from
n = 2 independent experiments. p values are derived from a two-tailed Wilcoxon
rank sum test. c Quantification of FOXO1 nuclear intensity (arb. units) based on
images of WT (n = 189 [2i] and n = 164 [N24]) and Pten KO (n = 100 [2i] and n = 153

[N24]), as in (a). Data were obtained from n = 2 independent experiments. p values
were calculated as in (b). d Confocal microscopy images after IF showing FOXO1
(white), SOX2 (green), GATA4 (red), or OTX2 (red) in WT E4.5, E4.75 and E5.5
embryos. Hoechst staining is shown in cyan. One representative image of n = 3
independent experiments is shown. Scale bar = 100μM. e Quantification of FOXO1
nuclear intensity (arb. units) measured from confocal images of WT epiblast from
E4.5 (n = 12), E4.75 (n = 12) and E5.5 (n = 8) embryos, as in (d). Data were obtained
from n = 3 independent experiments. Indicated p values are derived from a two-
tailed Wilcoxon rank sum test.
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FoxO TFs bind enhancers activated in formative pluripotency
To explore the molecular role of FoxO TFs in the transition from naïve
to formative pluripotency, we performed chromatin immunoprecipi-
tation followed by next-generation sequencing (ChIP-seq) analysis for
FOXO1 and FOXO3 in WT and Pten KO cells. This analysis was per-
formed in 2i and at N24, that is, 24 h into the formative transition
(Fig. 3a and Supplementary Fig. 3a–c). In WT cells, we observed a
strong increase in the number of genomic loci bound by FOXO1 and
FOXO3 at N24 compared to 2i. We detected 1314 and 391 peaks in 2i
and 2840 and 623 peaks at N24 for FOXO1 and FOXO3, respectively.
This is consistentwith increasednuclear localisation of FoxOTFs at the
exit from naïve pluripotency. In agreement with the largely cyto-
plasmic localisation in the absence of Pten, FOXO TF ChIP-seq signals
were barely detectable in Pten KO cells (Supplementary Fig. 3b, c). Of
note, due to low amounts of precipitated DNA in 2i, ChIP-seq library-
prepwillmost likely have amplified signal in 2i relative toN24.Hence, a
direct quantitative comparison between 2i and N24 FOXO TF signal is
not possible.

FOXO1 and FOXO3 ChIP-seq data showed a significant overlap.
Almost 50% of FOXO3 peaks overlapped with FOXO1 peaks, and
FOXO1 signal was detected at virtually all FOXO3 peaks (Supplemen-
tary Fig. 3c, d). Based on this finding, we performed all downstream
analysis with the group of FOXO1-bound loci, if not otherwise stated.
We then divided FOXO1-bound regions into three groups depending
on peak-calling results: 2i-only peaks (612), N24-only peaks (2138) and
shared peaks (702) (Fig. 3a). KEGG and REACTOME pathway enrich-
ment analyses (EA) showed an enrichment for ubiquitin mediated
proteolysis in the 2i-specific peaks and for PI3K/AKT signalling, focal
adhesion and actin cytoskeleton related terms in the N24 specific
peaks. Shared peaks were enriched for terms related to general plur-
ipotency and TGF-β signalling (Supplementary Fig. 3e and Supple-
mentary Data 1). All peak categories were enriched for FoxO-motifs
(Supplementary Data 1).

FoxO TF peaks were located mainly outside of promoter regions
(Supplementary Fig. 3f), indicating a potential contribution of FoxO
TFs to enhancer regulation. To test this, we utilised publishedChIP-seq
datasets39 for the enhancermarksH3K27acandp300, obtained in ESCs
and in epiblast-like cells (EpiLCs). EpiLCs represent the in vitro coun-
terpart of formative epiblast cells of the E5.5 blastocyst40 and corre-
spond to a developmental state akin to mESCs at N24. We found that
strong H3K27ac and p300 signals in EpiLCs overlapped with the
regionswe identified as bound by FoxOTFs atN24 (Fig. 3b). Moreover,
regions bound by FoxO TFs in 2i were significantly enriched in ESC-
specific enhancers and enhancers active in ESCs and EpiLCs41 (Fig. 3c),
whereas EpiLC-specific enhancers were not significantly bound by
FOXO1 in 2i. In contrast, N24 FoxO1-peaks significantly overlapped
with shared and EpiLC-specific enhancers while showing no significant
overlap with ESC-specific enhancers. A striking total of 74% of FoxO1
peaks at N24 are found on EpiLC enhancers. Consistently, we detected
a significant enrichment of FoxO1 and FoxO3 motifs in EpiLC-specific
enhancers (Supplementary Fig. 3g). This is consistent with a role for
FoxO TFs in activating formative-specific regulatory regions upon exit
from the naïve state.

To assess a potential role of AKT signalling in mediating chro-
matin accessibility, we performed assay for transposase-accessible
chromatin using sequencing (ATAC-seq) in WT and Pten KO cells, in 2i
and at N24 (Fig. 3d and Supplementary Fig. 3h). Regions that showed
FoxO TF binding exclusively in 2i were open only in the naïve state and
showed weak ATAC-seq signal at N24. In contrast, regions exhibiting
FoxO TF binding at N24 showed near equal ATAC-seq signal in both 2i
and at N24. At the resolution of our analysis, ATAC-seq signal was
indistinguishable between WT and Pten KO cells, in which FoxO TF
translocation to the nucleus is largely abolished. This suggests that
FoxO TFs are unlikely to act as pioneer factors that open chromatin
during the naïve to formative transition. Instead, our data is consistent

with a role of FoxO TFs in activating already open poised chromatin as
suggested before42 also during the exit from naïve pluripotency.

OCT4 and OTX2 are key regulators of general and formative
pluripotency, respectively. OTX2 causes relocation of OCT4 from ESC-
to EpiLC-specific enhancers upon the exit from the naïve state39. FoxO1
2i peaks showed a significant but relatively weak overlap with OCT4-
bound ESC enhancers, and 4% of all OCT4-bound ESC enhancers were
FoxO1 targets (Fig. 3e, f). In contrast, OCT4-bound EpiLC enhancers
showed a stronger and highly significant overlap with FOXO1 at N24,
and 12% of OCT4-bound EpiLC-enhancers were FoxO1 targets at N24
(Fig. 3f). A similarly large portion of 14% of OTX2-bound EpiLC
enhancers were bound by FOXO1 at N24 (Fig. 3g, h). Moreover, our
analysis clearly showed that colocalization of FOXO1 with OCT4 and
OTX2 occurs nearly exclusively on enhancers, suggesting that FoxO
TFs regulate enhancer activation in cooperation with pluripotency-
state specific TFs.

Recently it was shown that Esrrb, originally identified as a naïve
pluripotency-specific TF, performs additional functions in the initia-
tion of the formative transcription programme33. To investigate whe-
ther FoxO TFs cooperate with ESRRB, we examined the overlap on
chromatin between FOXO1 and ESRRB throughout the pluripotency
continuum (Fig. 3i, j). These analyses showed that a significant 35% of
2i-specific and 38% of shared FoxO1 peaks are also bound by ESRRB in
2i (Fig. 3j). Regions bound by ESRRB at N48 still showed a highly sig-
nificant overlap with FOXO1 binding, with 28% of shared FoxO1 peaks
also decorated by ESRRB at N48. These FOXO1-ESRRB co-bound loci
were in close proximity to, and thus potentially regulate, known for-
mative (Otx2, Dnmt3a, Lef1) and naïve marker genes (Nanog, Esrrb,
Zfp42, Klf2, Klf4, Klf5, Tfcp2l1, Nr5a2, Prdm14) (Supplementary Data 2).
Co-bound regions consistently show an overall stronger binding
intensity of FOXO1 and ESRRB and also exhibit higher overall H3K27ac
and p300 levels compared to loci bound by only FOXO1 or only ESRRB
(Supplementary Fig. 3i). We also noted that regions only bound by
ESRRB exhibited weaker ATAC-seq signal, indicating that ESRRB
requires additional factors such as FOXO1 to achieve full chromatin
activation. FOXO1-only bound regions, in turn, showed clear enhancer
activity in 2i and at N24, suggesting that FOXO1 can work indepen-
dently of ESRRB.

FoxO TFs have been shown to interact with the WNT pathway
effectorβ-catenin to enhance transcriptional output43. In line with this,
a highly significant 50%of all FOXO1-bound regionswerealsooccupied
by β-CATENIN (Fig. 3k), suggesting a functional interaction of FoxO
TFs and β-catenin during the transition to formative pluripotency.

In sum, our findings reveal that FoxO TFs bind to a large set of
enhancers that are activated upon the exit from naïve pluripotency.
FoxO1 cooperates with core components of the naïve and formative
TF-repertoire.Wehypothesise that this is to ensure faithfulfiring of the
formative GRN.

FoxO TFs instruct rewiring of the naïve to the formative GRN
We next sought to identify the transcriptional consequences of
FoxO TF induced changes to chromatin at the exit from naïve plur-
ipotency. We specifically wanted to know which components of the
formative state-specific GRN might be functionally dependent on
regulation by FoxO TFs. To this end, we compared the changes in
transcript levels upon exit from naïve pluripotency28 between distinct
sets of FoxO1-bound genes as defined above. Overall, FoxO1 targets
were highly enriched in genes differentially expressed within the first
24 h of ESC differentiation (Supplementary Fig. 4a). 2i-specific FoxO1
targets were overall downregulated at N24, while genes bound by
FOXO1 atN24 showed anoverall upregulation during naïve exit (Fig. 4a
and Supplementary Fig. 4b). The expression of targets bound in both
conditions (2i&N24) did not show a strong and consistent directional
change in gene expression during the exit from naïve pluripotency. To
further investigate the expression kinetics of FoxO1 target genes
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Fig. 3 | Chromatin dynamics of FoxO TFs upon exit from the naïve
pluripotent state. a Heatmap displaying FoxO1 signal within a 1.5 kb window
around FoxO1 peak-centres in WT cells at 2i and N24, categorised into 2i-only
(n = 612, green), N24-only (n = 2138, blue) and shared peaks (n = 702, purple).
bHeatmaps showing H3K27ac (left) and p300 (right) signal in ESCs and EpiLCs39 in
a 1.5 kb window around FoxO1 peak-centres. c Venn diagrams showing overlaps
between FoxO1 peaks in 2i and N24 with ESC and EpiLC enhancers (top). Bar plots
display thepercentage of FoxO1 peaks overlappingwith ESC-specific (ESCe), EpiLC-
specific (EpiLCe) or shared (ESCe&EpiLCe) enhancers (bottom). p values are
derived from hypergeometric tests. d Heatmap showing ATAC-seq signal within a
1.5 kb window around FoxO1 peak-centres in WT and Pten KOs in 2i or at N24.
e Heatmaps showing Oct4 signal in ESCs and EpiLCs39 in a 1.5 kb window around
FoxO1 peak-centres. f Venn diagrams showing the overlap between FoxO1 peaks in
2i or at N24 with Oct4 peaks in ESCs or EpiLCs (top). Bar plots showing the

percentage of OCT4-bound enhancers overlapping with FoxO1 peaks (bottom). p
values are derived from hypergeometric tests. g Heatmap showing Otx2 signal in
EpiLCs39 in a 1.5 kb window around FoxO1 peak-centres. h Venn diagram showing
the overlap between FoxO1 peaks at N24 with Otx2 peaks in EpiLCs (top). Bar plots
showing the percentage of OTX2-bound enhancers overlapping with FoxO1 peaks
(bottom).p values arederived fromhypergeometric tests. iHeatmapshowing Esrrb
signal in WT cells in 2iL, N48 and N9633 in a 1.5 kb window around FoxO1 peak-
centres. jVenndiagrams showing the overlapbetween FoxO1peaks in 2i and atN24
with Esrrb peaks in 2iL, N48 or N96 (top). Bar plots showing the percentage of
FoxO1 peaks (2i-only, N24-only or shared) that overlapwith Esrrb peaks (bottom). p
values are derived from hypergeometric tests. k Venn diagrams showing the
overlap between FoxO1 peaks in 2i and at N24 with β-catenin peaks (top). Barplots
showing the percentage of FoxO1 peaks in indicated categories overlapping with β-
catenin peaks (bottom). p values are derived from hypergeometric tests.
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Fig. 4 | FoxO TF targets are key players in the naïve to formative pluripotency
transition. a Boxplot illustrating expression of 2i-specific (n = 249, green), N24-
specific (n = 889, blue), and 2i&N24 (n = 486, purple) FoxO1 targets in WT cells at
N24, measured by RNA-seq. Data show log2FC relative to 2i and p values from
Wilcoxon rank sum tests. Non-targets are shown in grey. b Bootstrapping analysis
(30,000 draws) for gene-sets of the same size as the sample gene-sets (2i-specific,
249 genes; N24-specific, 889 genes; 2i&N24, 486 genes). The distribution of aver-
age log2FC is plotted, with p values indicating the probability of the predicted
exceeding the measured effect-size. c Upset plot showing the overlap of FoxO1
targets with core naïve and formative markers. d Genome browser snapshots dis-
playing FoxO1 ChIP-signal in WT on selected naïve markers in 2i (green) and N24
(blue). Called peaks are indicated (2i-only: green, N24-only: blue, shared: purple).
e Genome browser snapshots showing FoxO1 ChIP-signal in WT cells on selected
formative markers in 2i (green) and N24 (blue). Called peaks are indicated (2i-only:

green, N24-only: blue, shared: purple). f Box plot depicting expression of formative
genes (n = 832) in WT cells at N24, divided into FoxO1 N24 targets (blue) or non-
targets (grey), as measured by RNA-seq. Data are shown as log2FC relative to 2i. p
value from two-tailed Wilcoxon rank sum tests is indicated in the plot. g Box plot
showing the expression of core formative genes (n = 12) in WT cells at N24, divided
into FoxO1N24 targets (blue) or non-targets (grey),measured by RNA-seq. Data are
shown as log2FC relative to 2i. p value from two-tailed Wilcoxon rank sum test is
indicated. h Box plot showing the expression of FoxO1 targets (n = 726, blue) and
non-targets (n = 5061, grey) in E5.5 and E6.5 embryos28,68. Absolute log2FC relative
to E4.5 are shown. p values from two-tailed Wilcoxon rank sum test are indicated.
i Similar to (b), bootstrapping analysis (30,000 draws) for gene-sets of the same
size as the sample gene-sets (n = group size). The distribution of average log2FC is
plotted, with p values indicating the probability of the predicted exceeding the
measured effect-size.
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during the exit from naïve pluripotency, we followed their transcript
levels across a 32h differentiation time course at a 2 h-resolution28. We
found that 2i-specific FoxO1 targets showed a largely continuous
downregulation, N24-specific targets a continuous upregulation, and
2i&N24 targets a lack of clear directionality (Supplementary Fig. 4c).

To further determine whether the observed gene expression
changes were stronger than expected by chance, we computed the
distribution of average log2 fold changes (log2FC) across 30,000
randomly sampled gene groups. Sampled gene groups were matched
in size to different FoxO1 target groups (Fig. 4b) and individual genes
were drawn from RNA-seq data comparing expression between 2i and
N24. The results showed that 2i- and N24-specific FoxO1 targets by far
exceed the levels of gene expression changes observed in any ran-
domly sampled gene group. Specifically, FoxO1 2i targets are highly
significantly more downregulated, and N24 FoxO1 targets are highly
significantlymore upregulatedduring the exit fromnaïve pluripotency
than randomly selected gene sets. These findings suggest that FoxO1
binding is a major determinant of gene expression changes during
differentiation.

Recent work reported transcriptome analysis of differentiating
mESCs up to 96 h after 2i withdrawal and defined 6 distinct groups
based on gene expression kinetics: naïve early and naïve late (down-
regulated early or late upon naïve exit), formative early and formative
late (upregulated during naïve exit), committed early and committed
late (upregulated late during naïve exit)33. We found that 2i-specific
FoxO1 targets were enriched for naïve and formative early genes,
whereas N24-specific and 2i&N24 FoxO1 targets were enriched for
naïve early, formative (early and late) and committed early genes
(Supplementary Fig. 4d).

As these results indicated a link between FoxO TFs and central
components of the naïve and formative GRNs, we further tested
whether FoxO1 binds and potentially regulates core members of the
naïve or formative GRN. We found that 9 out of 13 core naïve marker
genes (modified from ref. 44) were bound by FoxO1 in 2i (Tfcp2l1,
Nr5a2), in both 2i and atN24 (Nanog, Esrrb, Zfp42,Klf2,Klf4, Prdm14) or
only at N24 (Klf5) (Fig. 4c, d and Supplementary Data 2). N24-specific
binding of Klf5might explain why this naïvemarker gene is further up-
instead of down-regulated, when nuclear FOXO1 is expressed in Pten
KOs during differentiation (Supplementary Fig. 2l). Conversely, 8 out
of 12 key formative marker genes44 (hereafter referred to as core for-
mative genes) were bound by FoxO1 at N24 (Dnmt3b, Pou3f1, Fgf5,
Sall2, Pim2) or under both conditions (Dnmt3a, Otx2, Lef1) (Fig. 4c, e
and Supplementary Fig. 4e). Notably, formative genes (early and late,
as described above) and core formative genes that are direct FoxO1
targets showed a significantly stronger upregulation during the exit
from naïve pluripotency than non FoxO1-targets (Fig. 4f, g).

Notably, in vivo FoxO1 targets are upregulatedmore strongly than
non-targets between E4.5 and E5.5 (Fig. 4h). This is consistent with our
previous results showing high nuclear FoxO1 levels in E4.75 blastocysts
(Fig. 2d, e), and we hypothesise that transient nuclear localisation of
FoxO1 in rosette-stageblastocysts at E4.75 facilitates the establishment
of the formative post-implantation like pluripotency programme.

Among the FoxO1 targets, we identified a significant number of
genes thatwere also found in a genetic screen for genes controlling the
exit from naïve pluripotency, here referred to as ‘exit factors’ (Sup-
plementary Fig. 4f)28,29. Among exit factors that are upregulated during
naïve exit, FoxO1 targets showed significantly stronger regulation
(Supplementary Fig. 4g). This suggests that FoxO TFs might function
by facilitating the activity of multiple processes required for proper
differentiation.

In total, 22% of genes differentially expressed between WT and
Pten KOs at N24 were FoxO1 target genes (Supplementary Fig. 4h).
Furthermore, those components of the core formative GRN that are
FoxO1 targets exhibited a stronger deficiency in upregulation com-
pared to non-targets in Pten mutant cells at N24 (Supplementary

Fig. 4i). Further highlighting a causal link between inactivation of the
FoxO-signalling axis in PtenKOs and themolecular defects observed in
these mutants, FoxO1 2i target genes showed a significantly stronger
downregulation compared to non-targets in Pten KO ESCs (Supple-
mentary Fig. 4j, k).

To finally assay the impact of FoxO1 relative to other known
master regulators of pluripotency, we again performed bootstrapping
experiments, akin to the ones described above (Fig. 4b). We generated
the distribution of average log2FC during naïve exit across 30,000
random sampled groups of genes, each matched to the size of the
respective TF-target group (Fig. 4i). Our analyses show that FoxO1
targets exhibit both a stronger positive and negative transcriptional
response during naïve exit than targets of well-established plur-
ipotency TFs, such as OCT4, SOX2, ESRRB or NANOG. Only OTX2-
bound genes exhibited a slightly stronger upregulation and TCF7L1-
and β-CATENIN bound genes a stronger downregulation than FoxO1
target genes. Notably, even within OTX2-bound genes, genes co-
bound by OTX2 and FOXO1 showed the strongest transcriptional
upregulation, suggesting an interaction between OTX2 and FOXO1 at
the initiation of the formative GRN (Supplementary Fig. 4l). Genes co-
bound by FOXO1 and TCF7L1 in ESCs showed a significantly stronger
transcriptional downregulation during differentiation compared to
single factor targets and non-targets (Supplementary Fig. 4m), sug-
gesting a cooperative role of FOXO1 and TCF7L1 in silencing the naïve
pluripotency specificGRN. Together, thesedata support a dual role for
FoxO1 in activation of the formative and silencing of naïve specific
genes, depending on the chromatin context.

In sum, our data suggest that FoxO1 acts as a key regulator of the
naïve to formative transition by binding to and regulating major
components of the naïve and formative-specific GRNs. This function is
potentially performed in cooperation with core pluripotency TFs such
as OCT4, ESRRB, NANOG, TCF7L1 and OTX2 which are known to reg-
ulate multiple pluripotency states and transitions. Our analysis further
indicates that the effect sizeof FoxO1 regulation surpasses thatofmost
other core pluripotency TFs. Together, this positions FoxO1 as central
TF to regulate the transition from naïve to formative pluripotency.

FoxO TFs are required for proper exit from naïve pluripotency
To investigate a potential requirement for FoxO1 for the transition
from naïve to formative pluripotency, we analysed the differentiation
capacity of ESCs after FoxO1 depletion. To this end, we turned to
knockdown (KD) experiments using short-interfering RNAs (siRNAs).
Treatment with siRNAs against FoxO1 resulted in the downregulation
of transcript and protein levels (Supplementary Fig. 5a, b). Cells with
reduced levels of FoxO1 (siFoxO1) retained higher expression of Rex1-
GFP at N24 compared to cells treated with scrambled siRNAs (siScr),
suggesting that FoxO1 is required for proper exit from naïve plur-
ipotency (Fig. 5a).

KEGG pathway enrichment analysis after RNA-seq analysis of
FoxO1-siRNA treated cells at N24 showed that upregulated genes were
enriched for signalling pathways associated with pluripotency main-
tenance (Supplementary Data 1), confirming the differentiation defect.
Further consistent with the differentiation delay upon FoxO1 deple-
tion, we observed that naïve pluripotency markers failed to be down-
and formative markers upregulated upon FoxO1 KD (Supplementary
Fig. 5c). Both genes that were up- and downregulated upon FoxO1
depletion were highly enriched in FoxO1 ChIP-seq targets (Fig. 5b and
Supplementary Fig. 5d), with 30% and 25%, respectively, being bound
by FOXO1.

Overall, genes up- or downregulated in Pten KOs at N24 were also
up- or downregulated in siFoxO1-treated cells at N24 (Supplementary
Fig. 5e) and FoxO1 target genes showed a stronger deregulation in the
absence of either Pten or FoxO1 compared to non-targets (Supple-
mentary Fig. 5f). This further supports the proposition that the PtenKO
phenotype is caused, in part, by misregulated FoxO TF localisation.
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To evaluate whether activation of formative-specific enhancers
depends on FoxO1 action, we performed CUT&RUN experiments. We
assayed H3K27ac levels as a proxy for enhancer activity on a set of
known formative gene enhancers in presence and after depletion of
FoxO1. These experiments showed that indeed activity of enhancers of
Dnmt3b, Pou3f1 and Sall2 and the enhancer of the known FoxO1 target
Enpp2 are dependent on normal FoxO1 levels (Fig. 5c and Supple-
mentary Fig. 5g).

Together, our results show that proper levels of FoxO1 are
required for the effective exit from naïve pluripotency and that loss of
FoxO1 abrogates proper formative pluripotency-specific enhancer
activation.

Formative GRN activation by forced nuclear FoxO1 shuttling
If nuclear shuttling of FoxO TFs is indeed involved in initiating the
formative GRN, then artificial inactivation of AKT in the naïve plur-
ipotent state and consequent nuclear accumulation of FoxO TFs
should trigger expression of formative-specific genes. To test this
hypothesis, we performed RNA-seq after treatment with the AKT
inhibitor MK-2206 in 2i and at N24. Consistent with data shown before
(Supplementary Fig. 2f), PCA analysis indicated that MK-2206 treat-
ment propelled cells towards a more differentiated state, both when
added to naïve ESCs and to cells exiting naïve pluripotency. (Supple-
mentary Fig. 6a). Importantly, FoxO1 targets identified by ChIP-seq
represented 27% and 30% of all deregulated genes upon MK-2206
treatment in 2i cells or at N24, respectively (Fig. 6a). Moreover, 44 out
of the 105 DEGs in 2i that were not direct FoxO1 targets were differ-
entially expressed during naïve exit inWT cells. MK-2206 treatment in
the naïve state led to a highly significant upregulation of FoxO1 N24
targets but had less of an impact on genes that are already FoxO1
targets in 2i (Fig. 6b).

Core formative FoxO1 targets Pou3f1, Pim2, Dnmt3b, Lef1, Fgf5,
Otx2 and Sall2 showed a stronger response to MK-2206 treatment in
both 2i and at N24 than non-targets (Hes6, Sox12, Sox3, Tead2)
(Fig. 6c, d). Consistent results were obtained using a larger set of
formative-specific genes (Fig. 6e). Interestingly, FoxO1-bound com-
ponents of the naïve GRN also showed a positive response toMK-2206
treatment in 2imedium (Fig. 6f). A specific response to FoxO signalling
rather than mTORC1 deregulation is shown by the fact that treatment
with Rapamycin had no specific effect on FoxO1 targets (Supplemen-
tary Fig. 6b). Together, this suggests that AKT inhibition and

subsequent nuclear FOXO1 translocation is sufficient to initiate major
components of the formative GRN, even in ground state culture con-
ditions in 2i medium.

In sum, ourwork uncovers a role for FoxOTFsdownstreamofAKT
signalling in facilitating the transition from a naïve to a formative
pluripotency specific GRN. Our data shows that this is achieved by
FoxO1 targeting and regulating large parts of the formative and naïve
specific GRNs. Hence, FoxO TFs are pivotal factors in mediating the
transition from naïve to formative pluripotency.

Discussion
In this work, we uncovered a mechanism through which PTEN-
mediated AKT regulation controls the transition from naïve to for-
mative pluripotency by regulating nuclear FoxO TF localisation. We
demonstrate that FoxO TFs play a fundamental role in orchestrating
the exit fromnaïvepluripotency. Their activity is precisely gatedby the
activity of PTEN and released once the exit from naïve pluripotency
commences (Fig. 7). We propose a mechanism for FoxO1 akin to an
actuator in mechanical systems that converts control signals into
physical action. Accordingly, FoxO1 acts as an actuator by converting
signalling inputs into biological outcomes. By facilitating coordinated
dismantling of the naïve and ordered establishment of the formative
GRNs, FoxO1 ensures timely and faithful differentiation.

FoxO TFs are well-established regulators of multiple fundamental
cellular processes including stress response, DNA repair, cell cycle and
apoptosis, metabolism and ageing45. Althoughmostly studied for their
role in apoptosis, longevity, and cancer, previous studies have repor-
ted a function for FoxO TFs in the regulation of cell fate38,46–51. A recent
report has shown an important role for FoxO1 in regulating diapause in
mouse embryos52. Moreover, consistent with a role in establishing
formative pluripotent identity, FoxO TFs are reported inhibitors of
reprogramming to a naïve pluripotent ESC state53,54.

FoxO4 was proposed to be the only FoxO TF family member
necessary for human ESC differentiation into the neuronal lineage49,
whereas FoxO1 depletion resulted in loss of ESC pluripotency in
human andmouse ESCs51. Consistent with the latter findings, we could
not establishFoxO1KOEScells.We cannot exclude that thiswasdue to
technical rather than biological hurdles, but note that exclusively in 2i,
FoxO1 binds to a number of E3-ligases including Mdm2, Fbx17 and
Huwe1 andREACTOMEpathway analysis of 2i-only bound genes shows
an enrichment for the term ‘Regulation of TP53 Expression and
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Degradation’. This could indicate a possible role for FoxO1 in main-
tenance of proper protein homoeostasis or cell cycle control in ESCs.

Relocating transcription factors from the cytoplasm to the
nucleus or vice versa allows cells to rapidly respond to changes in
signalling inputs by providing a cell state switch with rapid on-off
kinetics. A relevant example is the regulation of TFE3, a bHLH tran-
scription factor that is relocated from the nucleus to the cytoplasm.
TFE3 is found in the nucleus of naïve ESCs, where it sustains the naïve
GRN via transcriptional control of Esrrb27. Induced by ametabolic shift,
mTORC1-dependent and mTORC1-independent nutrient-sensing
pathways converge to cause TFE3 export from the nucleus, thus con-
tributing to the extinction of the naïve GRN27,31. Whether the export of
TFE3 and the import of FoxO TFs are coordinated remains an inter-
esting open question.

Once translocated to the nucleus, FoxO TFs play key roles in the
establishment of the formative GRN and contribute to the expression
of many genes that are themselves required for the exit from naïve
pluripotency. Our ChIP-seq experiment revealed that FoxO1 binds to
multiple genomic locations even in naïve conditions and that FoxO1 2i
targets are part of the core naïve TF-network. Hence, FoxO1 could be
necessary for the maintenance of naïve identity by directly regulating
the naïve TF-network. However, FoxO TFs remain bound to multiple
core naïve genes even 24 h after the onset of differentiation, when
most of them have been transcriptionally inactivated. These binding
dynamics pose the question of whether FoxO TFs can act not only as
activators, but also as repressors depending on cellular context. Such a
role is consistentwith the large cohort of naïve TFs bound by FoxOTFs
during differentiation, the observed downregulation of several naïve
genes upon FoxO1 nuclear overexpression and the increased levels of
FoxO TF-bound core naïve genes after FoxO1 siRNA treatment.

But how can such a silencing function be reconciled with the fact
that FoxO TFs aremainly known as activators of gene expression? In a
recent study on human transcriptional effector domains it was shown
that FoxO1 can display activator and repressor activity55. Hence, whe-
ther FoxO TFs act as activators or repressorsmight depend on cellular
environment, post-translationalmodifications, or on the co-binding of
other TFs and co-factors. This potential dual role of FoxO TFs in
mediating both activation and silencingwill be an exciting question for
future research.

Our data show that many FoxO TF-bound genomic regions are
enhancers that are also bound by ESRRB, OCT4, NANOG, OTX2, β-
CATENIN and TCF7L1. This places FoxO TFs as a core component of
both naïve and formative GRNs. β-CATENINwas reported to physically
interact with FOXO456,57 to increase its activity43. Interaction between
FoxO TFs and TCF transcription factor derived peptides, in turn, was
reported to disrupt β-CATENIN condensate formation, thereby inter-
fering with β-catenin-driven gene expression58. Consistent with a
repression enhancing role for FoxO1 in cooperation with Tcf7l1,
FOXO1-TCF7L1 co-bound genes show a significantly stronger down-
regulation compared to single factor targets. These results are excit-
ing, because they suggest that AKT regulates Wnt signalling not only
through phosphorylation of GSK3 but achieves both positive and
negative regulation of Wnt signalling target genes through interaction
of FOXO1 with β-CATENIN and TCF7L1, respectively.

It is also tempting to speculate about a function for cytoplasmic
phosphorylated FoxO TFs, which are abundant in the naïve state.
Cytoplasmicphosphorylated FoxOTFs canbind to the scaffold protein
IQGAP1, and this interaction prevents IQGAP1-mediated ERK-
activation59. Such an interaction would enable cytoplasmic phospho-
FoxO to stabilise naïve identity by inhibiting ERK signalling. Nuclear
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translocation of FoxO TFs at the onset of differentiation would release
ERK inhibition and facilitate the exit from naïve pluripotency. Hence,
FoxO nuclear shuttling could execute a dual role to firstly tran-
scriptionally control the naïve and formative core GRNs, and secondly
to allow ERK to exert its crucial function at the exit from naïve plur-
ipotency. Thiswould position FoxOTFs as a central cell fate switch that
can both shield naïve identity and disrupt it under differentiation-
permissive conditions but remains pure speculation.

FoxO TFs are classically seen as tumour suppressors, but a pro-
tumorigenic role has been proposed60,61. Whether the control of cell
fate specific programmes in response to a shift in signalling states, as
reported here, contributes to the role of FoxO TFs in tumour biology
remains to be investigated.

Our work shows that AKT functionally controls at least two major
regulatory axes that regulate the transition to post-implantation-like
pluripotency, mTORC1 and FoxO TFs. Our epistasis experiments sug-
gest only aminor role forGSK3,whichwas reportedbefore23. However,
in the absence of experimental evidence, we cannot formally exclude a
contribution of other targets apart from mTORC1 and FoxO TFs that
might contribute to proper cell fate transition to formative identity.

Interestingly, FoxO1 is not only regulating embryonic peri-
implantation development, but also acts on the maternal side of the
pregnancy as critical regulator of endometrial receptivity in vivo62,63.
This suggests a concomitant pivotal dual role for FoxO1 at the time of
implantation: to initiate post-implantation epiblast fate in the embryo
and to prepare the uterus for proper implantation of the same.

In sum, our work highlights a previously unappreciated role of
AKT in safeguarding pluripotency by ensuring cytoplasmic seques-
tration of FoxO TFs. Upon nuclear translocation, FoxO TFs play a key
role in the shutdownof the naïve pluripotent identity and the initiation

of the formative gene expression programme.Our findings place FoxO
transcription factors, and specifically FoxO1, as a crucial component of
the pluripotency TF-network with a pivotal role to instruct formative
fate. Signalling-instructed translocation of lineage determining TFs
such as FoxO1 provides a paradigm that allows the precise and effec-
tive control of delicately balanced GRNs that govern stem cell
transitions.

Methods
Cell culture
Mouse embryonic stem cells (mESCs) were cultured on gelatin-coated
(Sigma-Aldrich, G1890) plates in DMEM high-glucose medium (Sigma-
Aldrich, D5671) supplemented with 10% FBS (Gibco, 10270-106),
2 mM L-Glutamine (Sigma-Aldrich, G7513), 0.1mM NEAA (Sigma-
Aldrich, M7145), 1mM Sodium Pyruvate (Sigma-Aldrich, S8636),
10 µg/ml penicillin-streptomycin (Sigma-Aldrich, P4333), 55 µM
β-mercaptoethanol (Fisher Scientific, 21985-023), 10 ng/ml LIF (batch
tested, in-house) and 2i (1.5μM PD0325901 and 3μM CHIR99021),
referred to here as ES DMEM-2i medium. mESCs were passaged every
second day and routinely tested negative for mycoplasma
infection28,64.

All cell lines used in this study were derived from a parental cell
line carrying a Rex1-GFPd2 reporter (destabilised version of the GFP
transgene (GFPd2) under control of the endogenous Rex1 promoter22)
and a Cas9 transgene (EF1alpha-Cas9 cassette targeted to the Rosa26
locus (RC9 cells)30. Cells lacking Pten, Tsc2 or Tcf7l1 (Pten KO, Tsc2 KO
and Tcf7l1 KO) had been generated previously28. Pten-rescue cell lines
were generated by cloning the Pten coding sequence (amplified by
PCR from RC9 genomic DNA) into a pCAG-3xFLAG-empty-pgk-hph
vector27.
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All work reported here complies with all relevant ethical regula-
tions applicable to research conducted at theMax Perutz Laboratories
and theUniversity of Vienna. All animal experimentswere approved by
the IMP/IMBA animal house and performed in accordance with insti-
tutional guidelines.

Monolayer differentiation
mESCs were plated on gelatin-coated plates at a final density of 1 × 104

cells/cm2 in N2B27 medium (1:1 mix of DMEM/F12 (Gibco, 21331020)
and Neurobasal medium (Gibco, 21103049) supplemented with N2
(homemade), B27 Serum-Free Supplement (Gibco, 17504-044), 2mM
L-Glutamine (Sigma-Aldrich, G7513), 0.1mM NEAA (Sigma-Aldrich,
M7145), 10 µg/ml penicillin-streptomycin (Sigma-Aldrich, P4333),
55 µM β-mercaptoethanol (Fisher Scientific, 21985-023)) and 2i (1μM
PD0325901 and 3μM CHIR99021), here referred to as N2B27-2i med-
ium. The following day, cells were washed with PBS and medium was
exchanged to either N2B27 without 2i to induce differentiation for the
indicated time, or to fresh N2B27-2i for undifferentiated controls.

Rapamycin treatment
mESCs were plated on gelatin-coated plates in N2B27-2i + DMSO
(Sigma-Aldrich, D2650) or N2B27-2i + 20 nM Rapamycin (Enzo Life
Sciences, BML-A275-0005). The following day, cells were washed with
PBS and medium was exchanged to N2B27 +DMSO or N2B27 + 20nM
Rapamycin to induce differentiation for the indicated time.

MK-2206 treatment
mESCs were plated on gelatin-coated plates in N2B27-2i or N2B27-
2i + 1μMMK-2206 (Cayman Chemical, 11593). The following day, cells
were washed with PBS andmedium was exchanged to either N2B27 or
N2B27 + 1μM MK-2206 to induce differentiation for the indicated
time, or to N2B27-2i or N2B27-2i + 1μM MK-2206 for the undiffer-
entiated controls.

RNAi assay
mESCs were plated on gelatin-coated plates in N2B27-2i and trans-
fected with FlexiTube siRNAs (Qiagen) using DharmaFECT 1 (Fisher
Scientific, T-2001). The next day, cells were washed with PBS and
medium was exchanged to either N2B27 without 2i to induce differ-
entiation, or fresh N2B27-2i for the undifferentiated controls. Two
siRNAs targeting FoxO1 (SI01005200, SI02694153) were used at a final
concentration of 20 nM. As controls, siRNAs targeting GFP (siGFP) or
scrambled siRNAs (siScr) were used.

Expression of nuclear FoxO1
A FoxO1 coding sequence carrying three mutations (T24A, S253D and
S316A)was cloned fromanAddgene vector (Plasmid #12149)65 into a pB-
TetOn-3xFLAG-Empty-PolyA-Puro vector. The resulting plasmid, here
referred to as 3xFLAG-FoxO1nuc, was transfected into RC9 and Pten KO
cells. Single cell derived, independent clones were selected and expan-
ded for further experiments. For experiments in differentiation-
permissive conditions, RC9-based and Pten KO-based clones were pla-
ted on gelatin-coated plates in N2B27-2i. The following day, cells were
washed with PBS andmediumwas exchanged to N2B27 with or without
500ng/mlofdoxycycline (Sigma-Aldrich,D9891). After 8 h,mediumwas
changed to N2B27, and cells were differentiated for further 16h. For the
experiments in naïve conditions, RC9-based clones were plated in
N2B27-2i and cultured for 48h. The last 8 hbefore harvesting, 500ng/ml
of doxycycline was added to the medium.

Flow cytometry analysis
After the indicated amount of time in differentiation (N2B27-based) or
control (N2B27-2i-based) medium conditions, cells were harvested
using 0.25% trypsin/EDTA and resuspended in ES-DMEM medium to
neutralise trypsin. Rex1-GFPd2 levels were measured using the LSR

Fortessa flow cytometer (BD bioscience) and then analysed with the
FlowJo software (v10, BD bioscience).

Real-time PCR analysis
After the indicated amount of time in differentiation (N2B27-based) or
control (N2B27-2i-based) medium conditions, cells were washed with
PBS and harvested in RNA Lysis buffer containing 1% (v/v)
2-mercaptoethanol and stored at −80 °C before isolation of RNA. RNA
was extracted using the ExtractMe kit (Blirt, EM15) following the
manufacturer’s instructions. 0.25–1 µg of RNA was reverse-transcribed
into cDNA using the SensiFAST cDNA Synthesis Kit (Bioline, BIO-
65054). Real-time PCR was performed on the CFX384 Touch real-time
PCR detection system (Bio-Rad) using the Sensifast SYBR no Rox kit
(Bioline, BIO-98020). Data analysis and visualisation was performed
using Microsoft Excel (Office 365) and R (v4.2.2). Used primers are
listed in Supplementary Data 3.

Immunoblotting analysis
After the indicated amount of time in differentiation (N2B27-based) or
control (N2B27-2i-based) medium conditions, cells were washed with
PBS and harvested in 1x RIPA buffer (Sigma-Aldrich, 20-188) supple-
mented with Complete Mini EDTA-free protease inhibitor cocktail
(Roche, 04693159001) and PhosSTOP (phosphatase inhibitor cocktail
(Roche, 04906845001). Protein extraction was performed by incu-
bating the samples on ice for 15min and then collecting the super-
natant after centrifugation at 14,000× g at 4 °C for 30min. Protein
concentration was determined using a Bradford Assay (Bio-Rad). Eight
to twenty µg whole cell lysates were separated on 8–12% SDS–PAGE
gels (depending on the molecular weight of the target proteins) and
subsequently blotted on 0.2 µm nitrocellulose membranes (Amer-
sham). Membranes were blocked at RT for 1 h with 5% milk diluted in
PBS (Sigma-Aldrich, P4417) containing 0.1% Tween-20 (PBS-T). Primary
antibodies were incubated overnight at 4 °C or for 1 h at room tem-
perature (RT). Secondary antibodies were incubated for 1 h at RT. The
following primary antibodies were diluted in PBS-T containing 5% BSA
and used 1:1000 for anti-phospho-Akt(Ser473) (rabbit; Cell Signalling,
4058), 1:1000 for anti-phospho-Akt(Thr308) (rabbit; Cell Signalling,
13038), 1:1000 for anti-pan-Akt (rabbit; Cell Signalling, 4691), 1:1000
for anti-phospho-GSK3β(Ser9) (rabbit; Cell Signalling, 9336), 1:1000
for anti-GSK3β (rabbit; Cell Signalling, 12456), 1:1000 for anti-phospho-
4E-BP1(Ser65) (rabbit; Cell Signalling, 9451), 1:1000 for anti-4E-BP1
(rabbit; Cell Signalling, 9644), 1:1000 for anti-phospho-p70 S6 kina-
se(Thr389) (rabbit; Cell Signalling, 9234), 1:1000 for anti-p70 S6 kinase
(rabbit; Cell Signalling, 2708), 1:1000 for anti-PTEN (rabbit; Cell Sig-
nalling, 9559), 1:1000 for anti-TSC2 (rabbit; Cell Signalling, 4308),
1:1000 for anti-FoxO1 (rabbit; Cell Signalling, 2880), 1:1000 for anti-
phospho-FoxO1(Ser256) (rabbit; Cell Signalling, 9461) and 1:1000 for
anti-FoxO3a (rabbit; Cell Signalling, 2497). The following primary
antibodies were diluted in PBS-T containing 5% milk and used 1:1000
for anti-Oct4 (rabbit; Abcam, ab19857), 1:5000 for anti-Tubulin
(mouse; Sigma-Aldrich, T8203), 1:10,000 for anti-GAPDH(G-9)
(mouse; Santa Cruz Biotechnology, sc-365062) and 1:10,000 for anti-
Vinculin(H-10) (mouse; Santa Cruz Biotechnology, sc-25336). Second-
ary antibodieswere diluted in 5%milk andused 1:10,000 for anti-rabbit
IgG (Amersham, NA934) and 1:15,000 for anti-mouse IgG (goat; Santa
Cruz Biotechnology, sc-2064). Chemiluminescence signal was detec-
tedusing theECLSelect detection kit (GEHealthcare, GERPN2235)with
a ChemiDoc system (Bio-Rad). Data analysis was performed using
ImageLab (v5.2.1). Uncropped images are available in the Source
Data File.

Immunofluorescence analysis
mESCs were plated at a final density of 1 × 104 cells/cm2 on fibronectin-
coated (MM Merck Millipore, FC010) µ-Slide 8 Well Glass Bottom
Chamber Slides (Ibidi, 80827) in N2B27-2i medium. The following day,
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cells were washed with PBS and medium was exchanged to either
N2B27 without 2i to induce differentiation, or to fresh N2B27-2i for the
undifferentiated controls. After the indicated amount of time, cells
werewashedwith PBS andfixed for 15min atRTwith freshly diluted 4%
PFA (16%paraformaldehydediluted in 1:4 in PBS) (SCI ScienceServices,
E15710). Cells were washed in PBS and subsequently permeabilized
with PBS containing 0.1% Triton-X for 10min at RT. Cells were washed
3x in PBS-T and then blocked using PBS-T containing 5%BSA (blocking
buffer) for 30min at 4 °C. Primary antibodies were incubated over-
night at 4 °C. Cells were washed 3x with PBS-T. Secondary antibodies
were incubated for 1 h at RT. Cells were washed 2x with PBS-T. Nuclei
were stained with 1 µg/ml DAPI (Sigma-Aldrich, D9542) for 10min at
RT. Cells were washed 3x with PBS and stored in PBS at 4 °C until the
image acquisition procedure. Primary and secondary antibodies were
diluted in blocking buffer and used 1:100 for anti-FoxO1 (rabbit; Cell
Signalling, 2880), 1:100 for anti-ESRRB (mouse; R&D Systems, PP-
H6705-00), 1:250 for anti-FLAG M2 (mouse; Sigma-Aldrich F1804),
1:200 for anti-NANOG (rabbit; NovusBio, NB100-58842), 1:500 for anti-
mouse Alexa-555 (donkey; Cell Signalling, 4409), 1:500 for anti-rabbit
Alexa-647 (goat; Cell Signalling, 4414). Images were acquired using a
Zeiss LSM 980 confocal microscope with a Plan-Apochromat 63x/1.4
Oil DIC M27 (WD 0.19mm) objective. Images were analysed using Fiji/
ImageJ (v2.9.0/1.54f). For quantifying the nuclear intensity of the
stained proteins, segmentation was performed on the DAPI channel
with cellposewith the following settings: cell diameter (inpixels) = 170,
flow_threshold =0.4, cellprob_threshold = 0.0, stitch_threshold =0.0,
model = cyto2. The obtained nuclei outlines were imported into Fiji/
ImageJ and used to create mask objects. The latter were used
to measure the mean fluorescence intensity of each nucleus in all
recorded channels. Nuclei out of focus were manually removed from
the analysis. Data analysis and visualisation was subsequently
performed in R.

Intracellular staining
After the indicated amount of time in differentiation (N2B27-based) or
control (N2B27-2i-based) medium conditions, cells were harvested
using 0.25% trypsin/EDTA and resuspended in ES-DMEM medium to
neutralise trypsin. Cells were centrifuged, and cell pellets were washed
twice with PBS before fixation with 2% PFA for 15min at RT. Cells were
washed with FACS buffer (PBS containing 5% BSA) and subsequently
permeabilized with ice-cold MeOH for 10min on ice. After 3 washes in
FACS buffer, cells were incubated in FACS buffer for 10min in the dark.
Subsequently, cells were incubated with primary antibodies for 1 h at
RT. Cells were then washed 3x with FACS buffer and incubated with
secondary antibodies for 15min on ice. Cells were washed 3x with FACS
buffer and stored in FACS buffer until flow cytometry analysis at the
LSR Fortessa flow cytometer. Primary and secondary antibodies were
diluted in FACS buffer and used 1:100 for anti-phospho-Akt(Ser473)
(rabbit; Cell Signalling, 4058) and 1:500 for anti-rabbit Alexa-647 (goat;
Cell Signalling, 4414). Flow cytometry data was analysed with the
FlowJo software. Mean fluorescence intensities (MFI) for stained sam-
ples were calculated by subtracting the MFI of their relative controls
(cells stained only with the secondary antibody). Data analysis and
visualisation was performed in R.

Embryo staining
Blastocysts from B6CBAF1 mice were isolated at embryonic stages
E3.5, E4.5, E4.75 and E5.5. The samples were fixed with 4% paraf-
ormaldehyde for 30min and stored in 1X PBS at 4 °C. To prepare
samples for IF, they were permeabilized with 0.3% PBST (PBS + Triton)
for 60min at room temperature before incubating with Blocking
buffer (10% Donkey Serum, in 0.3% PBST) for 3 h. Primary antibody
incubation was performed overnight at 4 °C in blocking buffer. All
primary antibodies were used at a dilution of 1:200. Prior adding the
secondary antibody, sampleswerewashed three timeswith0.3% PBST.

The embryos were incubated with the secondary antibody for 1 h
at room temperature before washing three times with 0.3 % PBST. All
the secondary antibodies and Hoechst staining were used at a dilution
of 1:300. The samples were then stored at 4 °C in PBS prior imaging.
The following antibodies were used: Gata4 (Monoclonal, Mouse, Santa
Cruz Biotechnology, sc-25310) + Secondary Ab (Anti-Mouse, Donkey,
AF 647, Invitrogen A31571), Cdx2 (Monoclonal, Mouse, Emergo Eur-
ope/BioGenexMU392A-5UC) + SecondaryAb (Anti-Mouse, Donkey, AF
647, Invitrogen A31571), FoxO1 (rabbit C29H4) + Secondary Ab (Anti-
Rabbit IgG, Donkey, AF 568, Invitrogen A10042), Sox2 (Monoclonal,
Rat Invitrogen 14-9811-82) + Secondary Ab (Anti-Rat, Donkey, AF 488,
Invitrogen A21208), Hoechst (Life Technology Corporation, 33342).
Images were obtained on an Olympus spinning disk confocal (inver-
ted) with 40x/0.75 (Air) WD 0.5mm objective. Images were analysed
using Fiji/ImageJ (v2.0.0/1.53t). For each embryonic stage, at least 3
embryos were analysed. Single nuclei were manually segmented at
multiple z-sections, and themean intensitywas calculatedusing theFiji
Measure tool.

Nucleo-cytoplasmic fractionation
Subcellular fractionation experiments were performed following a
protocol adapted from Rockland (https://www.rockland.com/
resources/nuclear-and-cytoplasmatic-extract-protocol/). A total of
1 × 104 cells/cm2 ofWT and Pten KO cells were plated in 10 cm gelatine-
coated plates. The next day, cells were washed with PBS and medium
was exchanged to either N2B27 without 2i to induce differentiation, or
to fresh N2B27-2i for the undifferentiated controls. After 24 h cells
were harvested. 1/20 of cells were processed as described above for
total protein extraction. The rest was used for the nucleo-cytoplasmic
fractionation. Cell pellets were resuspended in 5 pellet volumes of CE
buffer adjusted to pH 7.6 (10mM HEPES, 60mM KCl, 1mM EDTA,
0.075%NP-40, 1mMDTT, 1mM PMSF) and incubated on ice for 3min.
Samples were pelleted by centrifugation at 300 × g for 4min at 4 °C
and the supernatant (the cytoplasmic fraction) was transferred to
clean tubes. The nuclei were washed carefully with 5 pellet volumes of
CE buffer (without NP-40), and then pelleted at 300 × g for 4min at
4 °C. The supernatant was discarded, and the nuclei were resuspended
in 1 pellet volume of NE buffer adjusted to pH 8.0 (20mM Tris Cl,
420mMNaCl, 1.5mMMgCl2, 0.2mM EDTA, 1mMPMSF, 25% glycerol)
and the salt concentration was then adjusted to 400mM with 5M
NaCl. An additional pellet volume of NE buffer was added to the
extracts before incubating them for 10min on ice. The extracts were
vortexed every 3min during the incubation time. Both cytoplasmic
and nuclear fractions were spun at maximum speed to pellet any
remaining nuclei. Cytoplasmic and nuclear fractions were transferred
to clean tubes; 20% glycerol was added to the cytoplasmic fraction.
Both fractions were stored at −80 °C.

RNA-sequencing analysis
For differentiation experiments using RC9, Pten KO and Tsc2 KO
cells, and for the 2h-resolved time course, count tables generated in
a previous study were used28. QuantSeq analysis was performed for
all the other RNA-seq experiments described in the manuscript. For
the Rapamycin experiment, WT, Pten KO and Tsc2 KO cells treated
with DMSO or Rapamycin from two independent differentiation
assays were sequenced (duplicates). For the FoxO1 knockdown
experiment, WT cells were treated either with an individual siRNA
sequence targeting FoxO1 transcript, or with a combination of both
siRNAs (triplicates, siRNA #1, siRNA#2, siRNA#1 + siRNA#2) in a
reverse transfection approach64. For the control sample (siCtrl), two
siGFP samples combined with 1 siScr sample were considered a tri-
plicate. For the MK-2206 experiment, WT cells left untreated or
treated with MK-2206 from two independent differentiation assays
were sequenced (duplicates). Library preparation (according to the
Lexogen 3’mRNA Seq Library Prep Kit), multiplexing (by qPCRs) and
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sequencing on an Illumina NextSeq2000 P3 platform was carried
out at the VBCF NGS facility. Five to tenmillion of single-end reads at
50 bp read length were generated per sample. The resulting fastq
files were analysed with a Nextflow 23.04.1.5866/nf-core/rnaseq
v3.10.1 pipeline. Quality control was performed using fastQC
(v0.11.9), and transcripts were mapped to the mm10 assembly
mouse reference genome using Salmon (v1.9.0) as a pseudoaligner
and STAR (v2.7.10a) as an aligner. DESeq2 (v1.38.3) was used to
generate normalised count tables and to perform differential
expression analyses (FDR-adjusted p value ≤ 0.05; H0: log2FC = 0).
pheatmap (v1.0.12), EnhancedVolcano (v1.16.0), UpsetR (v1.4.0),
eulerr (v7.0.0) and ggplot2 (v3.4.0) were used for data visualisation
in R. Combined lists of upregulated and downregulated genes in
Pten KO and Tsc2 KO were generated by selecting genes differen-
tially expressed (DEGs) in both KOs (log2FC ≥ 0.5 for the upregu-
lated genes, and log2FC ≤ −0.5 for the downregulated genes).
Whenever we compared gene groups from published tran-
scriptomics datasets, we only considered genes that are present also
in our datasets.

Chromatin immunoprecipitation (ChIP)
FoxO1 and FoxO3ChIPwere performed as described41. 1.5 × 104 cells/cm2

ofWT and PtenKO cells were plated in duplicate (for PtenKO cells, each
replicate corresponded to a different clone) on 15 cm gelatine-coated
plates. The next day, cells were washed with PBS and medium was
exchanged to either N2B27 without 2i to induce differentiation, or to
fresh N2B27-2i for the undifferentiated controls. After 24h, cells were
harvested. Cells werewashedwith PBS, and then cross-linked directly on
the plate with 1% formaldehyde in PBS for 10min. Subsequently, 0.125M
glycine was added to the plates for 10min to quench cross-linking. The
plates were washed 2x with PBS, and then cells were scraped off in ice-
cold PBS containing 0.01% Triton-X. Cells were pelleted by centrifuga-
tion at 500× g for 5min and flash-frozen in liquid nitrogen. Cell pellets
were resuspended in 5ml LB1 (50mM HEPES pH 7.5, 140mM NaCl,
1mM EDTA, 10% glycerol, 0.5% NP-40, 0.25% TX-100, 1mM PMSF,
1 ×Complete Mini EDTA-free protease inhibitor cocktail) to extract
nuclei and rotated vertically for 10min at 4 °C. Nuclei were pelleted by
centrifugation at 1350× g for 5min at 4 °C, and then resuspended in 5ml
LB2 (10mMTris pH 8.0, 200mMNaCl, 1mM EDTA, 0.5mM EGTA1, mM
PMSF, 1xComplete Mini EDTA-free protease inhibitor cocktail), and
rotated vertically for 10min at RT. Samples were pelleted by cen-
trifugation at 1350× g for 5min at 4 °C and then resuspended in 1.5ml
LB3 (10mM Tris–HCl pH 8.0, 100mM NaCl, 1mM EDTA 0.5mM EGTA,
0.1% Na-deoxycholate, 0.5% N-lauroylsarcosine, 1mM PMSF, 1xCom-
plete Mini EDTA-free protease inhibitor cocktail) and 200μl sonication
beads (diagenode) in Bioruptor® Pico Tubes (diagenode). Chromatin
was sonicated for 13 cycles with 30 s on, 45 s off parameters. Sonicated
samples were transferred to fresh tubes and centrifuged at 16,000× g at
4 °C to pellet cellular debris. 1.1ml of supernatant were collected and
transferred to fresh tubes. A total of 110μl of 10% Triton-X were added
to a final concentration of 1%. For each sample, 50μl were collected as
input and 1ml was used for immunoprecipitation. Chromatin was
incubatedwith 20μl (1:50 dilution) of anti-FoxO1 (rabbit; Cell Signalling,
2880) or anti-FoxO3a (rabbit; Cell Signalling, 2497) antibodies overnight
at 4 °Cwith vertical rotation. Sampleswere collected after 14 h. A total of
100μl of Dynabeads protein G (Thermo Fisher Scientific, 10765583) per
sample were washed in ice-cold blocking solution (PBS containing 0.5%
BSA) and then incubated with the antibody-bound chromatin solutions
for 4h. Beads were washed 5x in ice-cold RIPA wash buffer (50mM
HEPES pH 7.5, 500mM LiCl, 1mM EDTA, 1% NP-40, 0.7% Na-Deox-
ycholate), and then 3x with TE + 50mM NaCl. Samples were eluted in
210μl elution buffer (50mM Tris pH 8.0, 10mM EDTA, 1% SDS) for
15min at 65 °C. Supernatant containing the antibody-bound chromatin
fraction was separated from the beads. Three volumes of elution buffer

were added to the input samples. Decrosslinking was performed by
incubating both input and ChIP samples at 65 °C overnight. The next
day, one volume of TE and RNaseA (to a 0.2mg/ml final concentration)
were added to the input and ChIP samples, followed by incubation for
2 h at 37 °C. Final salt concentration was adjusted to 5.25mMCaCl2 with
300mMCaCl2 in 10mM Tris pH 8.0. Samples were then incubated with
0.2mg/ml Proteinase K for 30min at 55 °C. DNA was extracted with
phenol-chloroform using Phase Lock GelTM tubes (Quantabio, 733-
2478) and then precipitated in EtOH. DNA pellets were dissolved in H2O.

ChIP-sequencing analysis
Libraries were prepared at the VBCF NGS facility and sequenced on an
Illumina NovaSeq platform.Within the FoxO1 ChIP experiment, 20–40
million paired-end reads at 150bp read length were generated for the
input samples, and 80–130 million reads for the ChIP samples. Within
the FoxO3 ChIP experiment, ~ 25 million single-end reads at 100 bp
read length were generated for both input and ChIP samples. RC9-
based FoxO3 ChIP samples were re-sequenced to increase sequencing
depth, and an additional ~ 60millionofpaired-end reads at 150 bp read
length per sample were generated. R1 reads from the two sequencing
runs were concatenated before data processing. FoxO1 ChIP and input
reads were processed using a paired-end mode, while FoxO3 ChIP and
input samples following a single-end mode. Quality control of fastq
files was performed using fastQC (v0.11.9) before and after trimming
sequencing adaptor fragments with trim-galore (v0.6.7) and cutadapt
(v3.5). Additional 2 bp at the 3’ end were removed with the parameters
--three_prime_clip_R1 2 (--three_prime_clip_R2 2 in case of paired-end
reads). The trimmed reads were aligned to the mm10 assembly mouse
reference genome with bowtie2 (v2.4.4), with an alignment rate of
80–98%. The obtained sam files were converted to bam files with
samtools (v1.13), and uniquely mapping reads were extracted by
removing duplicate reads (as potential PCR artefacts) with samtools
markdup. Peak calling was performed on bam files with macs2
(v2.2.7.1) on combined ChIP duplicates, using all input samples as
control files. Potential artefactual regions listed in the mm10 blacklist
(http://mitra.stanford.edu/kundaje/akundaje/release/blacklists/
mm10-mouse/mm10.blacklist.bed.gz) were removed from the
obtained bed files using bedtools (v2.31.0). Peaks assigned to uni-
dentified regions (chrUn) were manually removed.

ATAC-sequencing
A total of 1 × 104 cells/cm2 cells were plated on gelatine-coated plates.
The next day, cells were washed with PBS andmediumwas exchanged
to either N2B27without 2i to induce differentiation, or to freshN2B27-
2i for the undifferentiated controls. After 24 h cellswere harvested and
counted. 250,000 cells per sample were submitted to the VBCF NGS
facility for further processing and ATAC-seq library preparation (Bulk
ATAC-seq Illumina). In brief, cells were lysed with 0.5x lysis buffer
(0.01M Tris-HCl pH 7.5, 0.01M NaCl, 0.003M MgCl2, 1% BSA, 0.1%
Tween-20, 0.05%NP-40, 0.005%Digitonin, 0.001MDTT, 1 U/μl RNAse
inhibitor), and tagmentation reaction (Tn5 Illumina) was performed on
50,000 isolated nuclei. Libraries were prepared with the Nextera DNA
Library Preparation kit and sequenced on an Illumina NovaSeq plat-
form. A total of 80–170 million of paired-end reads at 150 bp read
length were generated per sample. The resulting fastq files were ana-
lysed with a Nextflow 23.04.1.5866/nf-core/atacseq v2.0 pipeline.
Quality control was performed using fastQC (v0.11.9), and reads were
mapped to the mm10 assembly mouse reference genome using bow-
tie2 (v2.4.4). Peak calling was performed on the bam files generated by
the nfcore pipeline with Genrich (v0.6.1). Consensus peaks were
defined as peaks with at least a 50% overlap between replicates and
generated with samtools intersect. Bed files were filtered for themm10
blacklist using bedtools. Peaks assigned to unidentified regions
(chrUn) were manually removed.
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CUT&RUN analysis
The ChIC/CUT&RUN Assay Kit (Active Motif, catalogue No. 53180) was
used for the CUT&RUN experiment. FoxO1 siRNA treatment was per-
formed as described before using siRNAs directed against FoxO1 and
scrambled siRNAs as controls. A total of 125,000 to 500,000 cells were
collected per condition in biological duplicates from two independent
experiments (n=4). As spike-in, 25,000DrosophilamelanogasterS2 cells
were added to each sample. CUT&RUNwas performed according to the
manufacturer’s protocol, but ethanol precipitation performed to purify
DNA instead of column purification. One µg of Histone H3K27ac anti-
body (rabbit pAb, Thermo Fisher Scientific, 39133) was used per sample.
IgG antibody suppliedwith theCUT&RUNkitwas used as a control. DNA
was eluted in 100 µL and used as qPCR template. FoxO1 boundH3K27ac
positive enhancer sequences near formative genes and control regions
notboundbyeither FOXO1orH3K27acwere amplified to assayH3K27ac
levels. A known H3K27ac decorated region in Drosophila S2 cells
(chr3L:4104063-4104149, Aug. 2014- BDGP Release 6+ ISO1 MT/dm6),
was used to normalise signal between samples. The qPCR primers used
are listed in the Supplementary Data 3.

Motif enrichment analyses
Motif enrichment analysis was performed with Homer (v4.11). For
finding motifs enriched in FoxO1 or FoxO3-bound regions, findMo-
tifsGenome.pl was used with default settings. For finding enriched
motifs in ESCs or EpiLCs enhancers, enhancer lists from the Bücker lab
were used (filtered to exclude TSS41). A list of overlapping enhancers
between ESCs and EpiLCs was generated with bedtools and used as
background to identify ESC-specific and EpiLC-specific enriched
motifs with findMotifsGenome.pl using default settings. According to
the Homer documentation, a motif can be considered robustly enri-
ched when its associated p value is lower than 1 × 10−50.

Data integration analyses
Downstream analyses for ChIP-seq and ATAC-seq were performed with
Deeptools (v3.5.1). BigWigs were generated from single bam files with
bamCoverageusing abinsize of 10bpandanormalisation coverage to 1x
mouse genome size (RPGC) excluding the X chromosome. Principal
component analysis (PCA) was performed with multiBigwigSummary
and plotPCA. Bigwig replicates were merged using bigWigMerge, and
heatmaps were plotted on merged BigWigs using computeMatrix and
plotHeatmap. Heatmaps were sorted based on FoxO1 or FoxO3 signals.
Three lists of peaks (separately for FoxO1 and FoxO3 ChIP) were gen-
erated with bedtools by intersecting WT (RC9) bed files: 2i-only peaks,
N24-only peaks and shared peaks. Peak to gene association was per-
formed on these peak lists in R with ChIPSeeker (v1.34.1). Oct4 andOtx2
ChIP BigWigs and peak lists were obtained from ref. 39. Esrrb ChIP
BigWigs and bed files were obtained from published data33. β-catenin
ChIP bed files66 weredownloaded fromCODEX (https://codex.stemcells.
cam.ac.uk/), and mm9 coordinates were converted into mm10 coordi-
nates using the liftOver tool from UCSC (https://genome.ucsc.edu/cgi-
bin/hgLiftOver). Overlap between genomic regions was performed with
ChIPPeakAnno (v3.32.0). For the FoxO1-FoxO3 ChIP overlap, the back-
ground for the hypergeometric test was set to the total number of
detected open chromatin regions (generated by merging ATAC-seq
peaks in 2i with ATAC-seq peaks at N24with ESC). For all other overlaps,
the background used was obtained by merging all ATAC-seq peaks with
the lists of ESC and EpiLC enhancers41. Genome tracks shown in Fig. 4
were generated using karyoploteR (v1.24.0) in R. Lists of NANOG, OCT4,
SOX2 and TCF7L1 targets were obtained from ref. 67. Gene expression
changes during peri-implantation development in vivo were assessed
using previously described and processed data68,28.

Enrichment analyses
All enrichment analyses presented in this work were performed in R
with hypeR (v2.0.1). For KEGG pathway enrichment analysis, mouse

KEGG database was downloaded from http://rest.kegg.jp/link/mmu/
pathway and transformed into a hypeR-compatible gene-set using the
gsets function. The mouse REACTOME dataset was downloaded using
the msigdb_gsets function within hypeR. As background, for FoxO1
target enrichment analyses a list of genes associated to any accessible
region as detected by ATAC-seq was used, while for the other enrich-
ment analyses the list of all detected genes in the relative RNA-seq
experiment was used. Custom gene-sets were also generated with the
gsets function. As background for FoxOTF-based enrichments, a list of
genes associated with all open chromatin regions was used. Enrich-
ment results were visualised with ggplot2.

Statistical analysis and data representation
All statistical analyses were performed in R with the ggpubr (v0.6.0)
package. Information on statistical tests and replicate numbers are
provided in the figure legends. Wherever necessary, correction for
multiple testing was performed. All box plots show the 25th percentile
(Q1), median (Q2) and 75th percentile (Q3); whiskers indicate minimum
(Q1− 1.5 * inter quartile range [IQR]) andmaximum (Q3+ 1.5*IQR) values.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The NGS data generated in this study have been deposited in the GEO
database under accession code GSE253480. Data from the following
accession numbers were used in this study: GSE56138; GSE184137;
GSE43565. All other relevant data supporting the key findings of this
study are available within the article and its Supplementary Informa-
tion files. Source data are provided with this paper.

References
1. Boroviak, T., Loos, R., Bertone, P., Smith, A. & Nichols, J. The ability

of inner-cell-mass cells to self-renew as embryonic stem cells is
acquired following epiblast specification.Nat. Cell Biol. 16, 513–525
(2014).

2. Kinoshita, M. & Smith, A. Pluripotency deconstructed. Dev. Growth
Differ. 60, 44–52 (2018).

3. Kinoshita, M. et al. Capture of mouse and human stem cells with
features of formative pluripotency. Cell Stem Cell 28, 453–471.e8
(2021).

4. Nichols, J. & Smith, A. Naive and primed pluripotent states. Cell
Stem Cell 4, 487–492 (2009).

5. Smith, A. Formative pluripotency: the executive phase in a devel-
opmental continuum. Development 144, 365–373 (2017).

6. Evans, M. J. & Kaufman, M. H. Establishment in culture of plur-
ipotential cells from mouse embryos. Nature 292, 154–156 (1981).

7. Martin, G. R. Isolation of a pluripotent cell line from early mouse
embryos cultured inmediumconditioned by teratocarcinoma stem
cells. Proc. Natl Acad. Sci. USA 78, 7634–7638 (1981).

8. Ying, Q. L. et al. The ground state of embryonic stem cell self-
renewal. Nature 453, 519–523 (2008).

9. Boroviak, T. et al. Lineage-specific profiling delineates the emer-
gence and progression of naive pluripotency in mammalian
embryogenesis. Dev. Cell 35, 366–382 (2015).

10. Ficz, G. et al. FGF signaling inhibition in ESCs drives rapid genome-
wide demethylation to the epigenetic ground state of pluripotency.
Cell Stem Cell 13, 351–359 (2013).

11. Lee, H. J., Hore, T. A. & Reik, W. Reprogramming the methylome:
erasing memory and creating diversity. Cell Stem Cell 14, 710–719
(2014).

12. Chen, X. et al. Integration of external signaling pathways with the
core transcriptional network in embryonic stem cells. Cell 133,
1106–1117 (2008).

Article https://doi.org/10.1038/s41467-024-51794-9

Nature Communications |         (2024) 15:7879 15

https://codex.stemcells.cam.ac.uk/
https://codex.stemcells.cam.ac.uk/
https://genome.ucsc.edu/cgi-bin/hgLiftOver
https://genome.ucsc.edu/cgi-bin/hgLiftOver
http://rest.kegg.jp/link/mmu/pathway
http://rest.kegg.jp/link/mmu/pathway
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=gse253480
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE56138
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE184137
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE43565
www.nature.com/naturecommunications


13. Dunn, S. J., Martello, G., Yordanov, B., Emmott, S. & Smith, A. G.
Defining an essential transcription factor program for naïve plur-
ipotency. Science 344, 1156–1160 (2014).

14. Martello, G. & Smith, A. The nature of embryonic stem cells. Annu.
Rev. Cell Dev. Biol. 30, 647–675 (2014).

15. Niwa, H., Ogawa, K., Shimosato, D. & Adachi, K. A parallel circuit of
LIF signalling pathways maintains pluripotency of mouse ES cells.
Nature 460, 118–122 (2009).

16. Huang, G., Ye, S., Zhou, X., Liu, D. & Ying, Q. L. Molecular basis of
embryonic stem cell self-renewal: from signaling pathways to
pluripotency network. Cell. Mol. Life Sci. 72, 1741–1757 (2015).

17. Smith, A. G. et al. Inhibition of pluripotential embryonic stem cell
differentiation by purified polypeptides. Nature 336, 688–690
(1988).

18. Williams, R. L. et al. Myeloid leukaemia inhibitory factor maintains
the developmental potential of embryonic stem cells. Nature 336,
684–687 (1988).

19. Ohtsuka, S., Nakai-Futatsugi, Y. & Niwa, H. LIF signal in mouse
embryonic stem cells. Jak. Stat. 4, 1–9 (2015).

20. Watanabe, S. et al. Activation of Akt signaling is sufficient to
maintain pluripotency in mouse and primate embryonic stem cells.
Oncogene 25, 2697–2707 (2006).

21. Paling,N. R. D.,Wheadon,H., Bone,H. K. &Welham,M. J. Regulation
of embryonic stem cell self-renewal by phosphoinositide 3-kinase-
dependent signaling. J. Biol. Chem. 279, 48063–48070 (2004).

22. Wray, J. et al. Inhibition of glycogen synthase kinase-3 alleviates
Tcf3 repression of the pluripotency network and increases
embryonic stem cell resistance to differentiation. Nat. Cell Biol. 13,
838–845 (2011).

23. Wang, W. et al. Pten-mediated Gsk3β modulates the naïve plur-
ipotency maintenance in embryonic stem cells. Cell Death Dis. 11,
107 (2020).

24. Storm, M. P. et al. Regulation of Nanog expression by phosphoi-
nositide 3-kinase-dependent signaling in murine embryonic stem
cells. J. Biol. Chem. 282, 6265–6273 (2007).

25. Kunath, T. et al. FGF stimulation of the Erk1/2 signalling cascade
triggers transition of pluripotent embryonic stem cells from self-
renewal to lineage commitment. Development 134, 2895–2902
(2007).

26. Stavridis, M. P., Simon Lunn, J., Collins, B. J. & Storey, K. G. A dis-
crete period of FGF-induced Erk1/2 signalling is required for verte-
brate neural specification. Development 134, 2889–2894 (2007).

27. Betschinger, J. et al. Exit from pluripotency is gated by intracellular
redistribution of the bHLH transcription factor Tfe3. Cell 153,
335–347 (2013).

28. Lackner, A. et al. Cooperative genetic networks drive embryonic
stem cell transition from naïve to formative pluripotency. EMBO J.
40, 1–23 (2021).

29. Leeb, M., Dietmann, S., Paramor, M., Niwa, H. & Smith, A. Genetic
exploration of the exit from self-renewal using haploid embryonic
stem cells. Cell Stem Cell 14, 385–393 (2014).

30. Li, M. et al. Genome-wide CRISPR-KO screen uncovers mTORC1-
mediated Gsk3 regulation in naive pluripotency maintenance and
dissolution. Cell Rep. 24, 489–502 (2018).

31. Villegas, F. et al. Lysosomal signaling licenses embryonic stem cell
differentiation via inactivation of Tfe3.Cell StemCell 24, 257–270.e8
(2019).

32. Yu, J. S. L. & Cui, W. Proliferation, survival andmetabolism: the role
of PI3K/AKT/mTOR signalling in pluripotency and cell fate deter-
mination. Development 143, 3050–3060 (2016).

33. Carbognin, E. et al. Esrrb guides naive pluripotent cells through the
formative transcriptional programme. Nat. Cell Biol. 25, 643–657
(2023).

34. Herman, L., Todeschini, A. L. & Veitia, R. A. Forkhead transcription
factors in health and disease. Trends Genet. 37, 460–475 (2020).

35. Yang, P. et al. Multi-omic profiling reveals dynamics of the phased
progression of pluripotency. Cell Syst. 8, 427–445.e10 (2019).

36. Hirai, H. et al. MK-2206, an allosteric Akt inhibitor, enhances anti-
tumor efficacy by standard chemotherapeutic agents or molecular
targeted drugs in vitro and in vivo. Mol. Cancer Ther. 9, 1956–1967
(2010).

37. Nakae, J., Kitamura, T., Silver, D. L. & Accili, D. The forkhead tran-
scription factor Foxo1 (Fkhr) confers insulin sensitivity ontoglucose-
6-phosphatase expression. J. Clin. Invest. 108, 1359–1367 (2001).

38. Greer, E. L. & Brunet, A. FOXO transcription factors at the interface
between longevity and tumor suppression. Oncogene 24,
7410–7425 (2005).

39. Buecker, C. et al. Reorganization of enhancer patterns in transition
from naive to primed pluripotency. Cell Stem Cell 14, 838–853
(2014).

40. Hayashi, K., Ohta, H., Kurimoto, K., Aramaki, S. & Saitou, M.
Reconstitution of the mouse germ cell specification pathway in
culture by pluripotent stem cells. Cell 146, 519–532 (2011).

41. Thomas, H. F. et al. Temporal dissection of an enhancer cluster
reveals distinct temporal and functional contributions of individual
elements. Mol. Cell 81, 969–982.e13 (2021).

42. Eijkelenboom, A., Mokry, M., Smits, L. M., Nieuwenhuis, E. E. &
Burgering, B. M. T. FOXO3 selectively amplifies enhancer activity to
establish target gene regulation. Cell Rep. 5, 1664–1678 (2013).

43. Essers, M. A. G. et al. Functional interaction between β-catenin and
FOXO in oxidative stress signaling. Science 308, 1181–1184 (2005).

44. Kalkan, T. et al. Complementary activity of ETV5, RBPJ, and TCF3
drives formative transition from naive pluripotency. Cell Stem Cell
24, 785–801.e7 (2019).

45. Carter, M. E. & Brunet, A. Quick guide FOXO transcription factors.
Curr. Biol. 17, 113–114 (2007).

46. Paik et al. FoxOs cooperatively regulate diverse pathways govern-
ingneural stemcell homeostasis.Cell StemCell5, 540–553 (2009).

47. Renault, V. M. et al. FoxO3 regulates neural stem cell homeostasis.
Cell Stem Cell 5, 527–539 (2009).

48. Vilchez, D. et al. Increasedproteasome activity in humanembryonic
stem cells is regulated by PSMD11. Nature 489, 304–308 (2012).

49. Vilchez, D. et al. FOXO4 is necessary for neural differentiation of
human embryonic stem cells. Aging Cell 12, 518–522 (2013).

50. Webb, A. E. et al. FOXO3 shares common targets with ASCL1
genome-wide and inhibits ASCL1-dependent neurogenesis. Cell
Rep. 4, 477–491 (2013).

51. Zhang, X. et al. FOXO1 is an essential regulator of pluripotency in
human embryonic stem cells. Nat. Cell Biol. 13, 1092–1101 (2011).

52. van der Weijden, V. A. et al. FOXO1-mediated lipid metabolism
maintains mammalian embryos in dormancy. Nat. Cell Biol. 26,
181–193 (2024).

53. Fu, M. et al. Forkhead box family transcription factors as versatile
regulators for cellular reprogramming to pluripotency. Cell Regen.
10, 1–11 (2021).

54. Yu, Y. et al. Stimulation of somatic cell reprogramming by ERas-Akt-
FoxO1 signaling axis. Stem Cells 32, 349–363 (2014).

55. DelRosso, N. et al. Large-scalemapping andmutagenesis of human
transcriptional effector domains. Nature 616, 365–372 (2023).

56. Doumpas, N. et al. TCF/LEF dependent and independent tran-
scriptional regulation of Wnt/β‐catenin target genes. EMBO J. 38,
1–14 (2019).

57. Bourgeois, B. et al. Multiple regulatory intrinsically disordered
motifs control FOXO4 transcription factor binding and function.
Cell Rep. 36, 109446 (2021).

58. Gui, T. et al. Targeted perturbation of signaling-driven condensates.
Mol. Cell 83, 4141–4157.e11 (2023).

59. Pan, C. et al. AKT‐phosphorylated FOXO 1 suppresses ERK activa-
tion and chemoresistance by disrupting IQGAP 1‐MAPK interaction.
EMBO J. 36, 995–1010 (2017).

Article https://doi.org/10.1038/s41467-024-51794-9

Nature Communications |         (2024) 15:7879 16

www.nature.com/naturecommunications


60. Hornsveld, M., Dansen, T. B., Derksen, P.W. & Burgering, B.M. T. Re-
evaluating the role of FOXOs in cancer. Semin. Cancer Biol. 50,
90–100 (2018).

61. Jiramongkol, Y. & Lam, E. W. F. FOXO transcription factor family
in cancer andmetastasis.CancerMetastasis Rev.39, 681–709 (2020).

62. Adiguzel, D. & Celik-Ozenci, C. FoxO1 is a cell-specific core tran-
scription factor for endometrial remodeling and homeostasis dur-
ingmenstrual cycle and early pregnancy.Hum. Reprod. Update 27,
570–583 (2021).

63. Vasquez, Y.M. et al. FOXO1 regulates uterine epithelial integrity and
progesterone receptor expression critical for embryo implantation.
PLoS Genet. 14, 1–27 (2018).

64. Huth,M. et al. NMD is required for timely cell fate transitions byfine-
tuning gene expression and regulating translation. Genes Dev. 36,
348–367 (2022).

65. Kitamura, Y. I. et al. FoxO1 protects against pancreatic β cell failure
throughNeuroD andMafA induction.CellMetab. 2, 153–163 (2005).

66. Zhang,X., Peterson, K. A., Liu, X. S.,Mcmahon, A. P. &Ohba, S.Gene
regulatory networks mediating canonical wnt signal-directed con-
trol of pluripotency and differentiation in embryo stem cells. Stem
Cells 31, 2667–2679 (2013).

67. Martello, G. et al. Esrrb is a pivotal target of the Gsk3/Tcf3 axis
regulating embryonic stem cell self-renewal. Cell Stem Cell 11,
491–504 (2012).

68. Mohammed, H. et al. Single-cell landscape of transcriptional het-
erogeneity and cell fate decisions during mouse early gastrulation.
Cell Rep. 20, 1215–1228 (2017).

Acknowledgements
We thank Kitti Dóra Csályi and Thomas Sauer at the Max Perutz
Laboratories FACS Facility for expert support. Next generation sequen-
cing was performed at the Vienna Biocenter Core Facilities (VBCF), and
we thank Thomas Grentzinger (VBCF) for ATAC-seq sample processing.
We thank Niklas Urbanek, Michael Bindl, Mattia Pitasi, Julia Ramesmayer,
Ana Maria Sandru and Stefania Bucconi for experimental support and
Ivan Yudushkin for sharing reagents. We thank all members of the Leeb
and Buecker labs for helpful discussions and Christa Buecker, Manuela
Baccarini, Alexander Stark and Thomas Leonard for support and helpful
suggestions. This research was funded in whole, or in part, by the Aus-
trian Science Fund (FWF; dois: 10.55776/I5958 and 10.55776/P35637).
L.S. is an OEAW doc.fellowship awardee (DOC/25622) and a member of
the FWF-funded doctoral programme ‘Signalling Molecules in Cellular
Homeostasis’ (SMICH; W1261). M.L. is a faculty member and speaker of
SMICH and a ‘Wiener Wissenschafts- Forschungs- und Technologie-
fonds (WWTF)’ Vienna Research Group Leader (VRG14-006).

Author contributions
L.S. designed and performed wet-lab and computational experiments
and wrote the manuscript. L.M.C.A. and M.H. performed experiments
and CUT&RUN analyses. S.K. performed siRNA experiments. A.P.F. per-
formed some image analysis. G.S. and N.R. performed embryo IF
stainings and analysis. M.L. designed and supervised the study and
wrote the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-024-51794-9.

Correspondence and requests for materials should be addressed to
Martin Leeb.

Peer review informationNatureCommunications thanksNissimHayand
the other, anonymous, reviewer(s) for their contribution to the peer
review of this work. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2024

Article https://doi.org/10.1038/s41467-024-51794-9

Nature Communications |         (2024) 15:7879 17

https://doi.org/10.1038/s41467-024-51794-9
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	FoxO transcription factors actuate the formative pluripotency specific gene expression programme
	Results
	PTEN controls pAKT for timely exit from naïve pluripotency
	FoxO nuclear translocation promotes naïve pluripotency exit
	FoxO TFs bind enhancers activated in formative pluripotency
	FoxO TFs instruct rewiring of the naïve to the formative GRN
	FoxO TFs are required for proper exit from naïve pluripotency
	Formative GRN activation by forced nuclear FoxO1 shuttling

	Discussion
	Methods
	Cell culture
	Monolayer differentiation
	Rapamycin treatment
	MK-2206 treatment
	RNAi assay
	Expression of nuclear FoxO1
	Flow cytometry analysis
	Real-time PCR analysis
	Immunoblotting analysis
	Immunofluorescence analysis
	Intracellular staining
	Embryo staining
	Nucleo-cytoplasmic fractionation
	RNA-sequencing analysis
	Chromatin immunoprecipitation (ChIP)
	ChIP-sequencing analysis
	ATAC-sequencing
	CUT&RUN analysis
	Motif enrichment analyses
	Data integration analyses
	Enrichment analyses
	Statistical analysis and data representation
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




