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SUMMARY

The mechanism governing the transition of human embryonic stem cells (hESCs) toward differentiated cells is only partially understood.
To explore this transition, the activity and expression of the ubiquitous phosphatidylinositol 3-kinase (PI3Ka and PI3KB) were modulated
in primed hESCs. The study reports a pathway that dismantles the restraint imposed by the EZH2 polycomb repressor on an essential
stemness gene, NODAL, and on transcription factors required to trigger primitive streak formation. The primitive streak is the site where
gastrulation begins to give rise to the three embryonic cell layers from which all human tissues derive. The pathway involves a PI3Kp non-
catalytic action that controls nuclear/active RACI1 levels, activation of JNK (Jun N-terminal kinase) and nuclear B-catenin accumulation.
B-Catenin deposition at promoters triggers release of the EZH2 repressor, permitting stemness maintenance (through control of NODAL)
and correct differentiation by allowing primitive streak master gene expression. PI3Kp epigenetic control of EZH2/B-catenin might be

modulated to direct stem cell differentiation.

INTRODUCTION

Human embryonic stem cells (hESCs) derive from the in-
ner cell mass of blastocysts and possess the capacities of
self-renewal and pluripotency, processes collectively
known as stemness (Niwa, 2007). Understanding the
mechanisms governing pluripotency, division, and differ-
entiation is central to regeneration medicine. OCT4 (Oc-
tamer-Binding Protein), SOX2 (SRY-Box Transcription Factor
2), and NANOG (Homeobox Protein NANOG) are the
“core” regulators of pluripotency. Although the mecha-
nism behind stemness control in mouse ESCs has been
described extensively, much less is known about the regu-
latory networks governing self-renewal in hESCs (Zheng
et al., 2012).

To maintain stemness, hESCs need to be cultured in me-
dium containing several growth factors (GF): basic fibro-
blast growth factor (bFGF), NODAL (or Activin A, both
transforming growth factor B [TGF-B] family members),
and insulin (INS) (or INS growth factor) (Dakhore et al.,
2018). FGF triggers extracellular signal-regulated kinase
(ERK) activation, which has to be restricted by phosphati-
dylinositol 3-kinase (PI3K) to remain at low levels and
maintain stemness (high phospho (p)-ERK levels promote
hESC differentiation) (Na et al., 2010; Singh et al., 2012).
bFGF and INS also activate PI3K, which is also required for
stemness in part because of its capacity to restrict ERK.

ERK and PI3K induce NANOG expression (Storm et al.,
2007; Yu et al., 2011). The third medium component,
NODAL, triggers SMAD2 and SMAD3 transcription factor
(TF) activation, which amplify NODAL levels via a positive
feedback loop (Bertero et al., 2015). NODAL also induces
NANOG expression (Beattie et al., 2005). As NANOG upre-
gulates OCT4 and SOX2 (Li, 2010), bFGF, INS, and
NODAL are sufficient to control the core regulators of
pluripotency.

Loss of stemness is induced via intrinsic and environ-
mental signals that push ESCs to follow their “intrinsic”
differentiation pathways (Mateus et al., 2009). A critical
step in mammalian embryo development is formation of
the three embryonic cell layers from which the different tis-
sues evolve (Wang et al., 2012). The ectoderm, the outer-
most cell layer, emerges from the epiblast at the blastula
stage. Later, an invagination known as the primitive streak
(PS) forms in the posterior medial region of the otherwise
symmetrical blastocyst. Formation of the PS involves an
epithelial-mesenchymal transition of some of the epiblast
cells, which enables them to migrate toward the inner
part of the embryo. Within the PS, which marks the site
where gastrulation will occur, the mesoderm and endo-
derm cell layers begin to form. PS formation requires a set
of master TFs, including GSC, SOX17, MIXL1, etc. PS forma-
tion is also influenced by environmental factors; e.g.,
NODAL and WNT (wingless/integrated) (Yoney et al.,
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2018; Scialdone et al., 2016; Funa et al., 2015). At the PS,
WNT secretion in the epiblast induces a pathway that pro-
tects B-catenin from GSK3B-mediated phosphorylation
and degradation, resulting in activation of B-catenin-
dependent gene expression (MacDonald and He, 2012).
GSK3B inactivation (inducing B-catenin accumulation) is
also triggered by PI3K and ERK (Cross et al., 1995; Ding
et al., 2005). As polycomb repressive complexes (PRCs)
are deposited in the promoters of differentiation genes to
avoid their expression during stemness, hESC differentia-
tion requires PRC release from these promoters (Collinson
et al., 2016; Aranda et al., 2015).

As mentioned above, PI3K regulates stemness; two iso-
forms of PI3K are expressed in ESCs: PI3Ka and PI3Kp.
Deletion of PI3KB induces earlier mouse embryo death
(approximately embryonic day 3 [E3]) than PI3Ka dele-
tion (~E9.5) (Bi et al., 1999, 2002). Mice expressing ki-
nase-dead PI3KB survive to adulthood, supporting a
PI3KB-kinase independent action in embryonic develop-
ment (Ciraolo et al., 2008). Here, modulation of PI3Ka
and PI3KB levels and activities were used to challenge
hESC homeostasis and learn about stemness/differentia-
tion decision-making. The results show that the two iso-
forms contribute differently to the stemness/differentia-
tion transition. PI3Ka acts mainly as a lipid kinase and
restricts ERK activity, and PI3Kp acts as a scaffold to regu-
late nuclear (active) RAC1 levels, JNK activation, and
B-catenin nuclear entry. We show that B-catenin triggers
release of the polycombrepressor protein EZH2 (Enhancer
Of Zeste 2 Polycomb Repressive Complex 2) from gene
promoters, illustrating a mechanism for PRC release
from the promoters of PS TFs (essential for PS formation)
and of NODAL (essential for stemness and PS formation).
The present findings offer a mechanism for displacement
of PRCs from promoters at the onset of differentiation,
point to involvement of B-catenin in hESC stemness
maintenance, and highlight new targets for directing tis-
sue generation.

RESULTS

PI3KB expression is needed for hESC pluripotency

To learn about the signaling requirements of hESCs at the
stemness/differentiation transition, the action of PI3Ka
and PI3KB was compared in hESCs. Genome-integrating
methods that introduce reprogramming factors (such as
viral vectors) were avoided; rather, we transiently depleted
the PI3K isoforms using small interfering RNA (siRNA).
Alkaline phosphatase (AP) activity, a sign of stemness,
was reduced by PI3Ka depletion and more markedly by
PI3KP depletion (Figure 1A).

Comparison gene expression analysis between PI3Ka-
and PI3KB-depleted hESCs (72 h) (Table S1; GEO:
GSE202163) showed them to be only weakly correlated
(Figure S1A). More than half of the genes altered by each
isoform were not altered by the other (Figure S1B). A set
of genes with key functions in development (NODAL,
GSC, etc.) was regulated in opposing manners by PI3Ka
and PI3KB (Figure S1A). One of the PI3KpP targets was
MYC (myelocytomatosis oncogene product); because this
gene controls stemness (Takahashi and Yamanaka, 2006),
gene expression changes in N- and C-MYC-silenced cells
was also analyzed (Table S1). More than 70% of MYC-
controlled genes were unaffected by PI3Ka or PI3Kp deple-
tion (Figure S1B). Gene Ontology (GO) analysis showed
that PI3Kp-activated genes are related to development;
MYC also regulated developmental genes, but these genes
were not targets of PI3KB (Figure S1C; Table S1; GEO:
GSE202163).

Among the genes selectively activated by PI3KB was a
collection of TFs essential for PS formation (GSC, SOX17,
EOMES, MIXL1, and T [TBXT or Brachyury]) and NODAL,
a stemness-essential gene that is also required at the PS
(James et al., 2005). PI3Ka and MYC exerted opposing ac-
tions than PI3KB on these genes (Figure S1D). Gene set
enrichment analysis (GSEA) indicated PI3KB depletion to
impair the expression of genes involved in mesoderm,

Figure 1. PI3Kp regulates stemness by controlling NODAL expression

(A) Representative phase-contrast and alkaline phosphatase (AP)-stained images of hESCs transfected with PIK3CB, PIK3CA, or control
siRNA (96 h). Right: western blot (WB) illustrating silencing efficiency. The graph shows the percentages of AP+, AP—, and mixed colonies;
n =6 (=50 colonies scored in each). *p < 0.05, ***p < 0.001 (chi-square test).

(B) GSEA of genes upregulated by PI3Kp.

(C) hESCs transfected with siRNA (72 h) (n = 3) were used to prepare mRNA and cDNA. The graphs show the mRNA levels of different genes
represented as RQ (relative quantification; 2-AACT) versus GAPDH (indicated).

(D) Core stem cell gene levels after PI3K depletion (as in C), examined with WB or quantitative real-time (qRT)-PCR.

(E) Diagram of gene expression changes after PI3Ke or PI3K( depletion.

(F) Representative images of AP-stained control or PIK3(B-silenced hESCs (96 h) grown in mTeSR1 alone or with NODAL (last 72 h, daily
replacement). The WB shows silencing efficiency.

(G) AP images (as in F) of hESCs grown in mTeSR-E7 (NODAL free) with or without external added NODAL (200 ng/mL, last 72 h); graph as in
(A). *p<0.05, **p <0.01, ***p <0.001, t test. Original blots for all figures can be found at https://doi.org/10.17632/m9g4fcvrm8.1.
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endoderm, and primary germ layer formation (Figures 1B
and S1E), confirming PI3KB control of PS gene expression.

PI3KP regulates stemness by controlling NODAL
expression
PI3KP control of NODAL and PS TF levels was confirmed by
quantitative real-time PCR. PI3KB depletion reduced
NODAL expression, that of its effector LEFTY1, and that
of the PS TF genes GSC, SOX17, EOMES, MIXL1, and T
without affecting the ectoderm genes MEIS1 and PAX6 (Fig-
ure 1C). In contrast, PI3Ka depletion increased these genes’
levels as well as of MEISI and PAX6 (Figure 1C). Because
NODAL is essential for pluripotency (James et al., 2005),
and PI3Kp depletion (at 72 h) caused a significant reduction
in NODAL levels prior to reducing the core stem cell genes
(mainly OCT4), NODAL seemed to be a primary target of
PI3KB in regulation of stemness (Figures 1C and 1D).
PI3KB controls other hESC genes (CRABP2, RBPMS, etc.)
and early differentiation genes (Skottman et al., 2005; Man-
sergh et al., 2009; Figure S2). Thus, PI3Kp depletion reduced
(and PI3Ka increased) NODAL and PS TF levels (Figure 1E).
It was postulated that PI3Kp regulates stemness by con-
trolling NODAL expression. NODAL addition restored the
AP signal in most PI3KB-depleted cells (Figure 1F). Also,
hESC culture in NODAL-free medium (mTeSRE7) reduced
the AP signal, which was corrected by NODAL addition
(Figure 1G). PI3KB-depleted hESCs in mTeSRE7 exhibited
an even lower AP signal, but addition of NODAL restored
the AP signal (Figure 1G). This suggests that at least part
of the action of PI3KB in stemness control relies on
NODAL.

PI3KP regulates expression of PS genes at the onset of
differentiation

Attention was next paid to the TFs that regulate PS forma-
tion. The anterior cells of murine epiblasts (E6-E6.5) give
rise to ectoderm; the posterior region forms the PS where
endoderm and mesoderm appear. Because PI3Kp is required
for PS TF expression, it was thought that PI3Kp-depleted
hESCs might only differentiate into ectoderm (Figure 2A).
Although 72-h PI3KB depletion did not markedly alter

stem cell markers or ectoderm genes (Figures 1C and 1D),
6 days of depletion reduced the stem cell gene levels and
increased the levels of most ectoderm genes (Figure 2B).

Stemness loss and acquisition of ectoderm markers after
PI3KB depletion was confirmed in H1 hESCs. OCT4-GFP
(green fluorescence protein) H1 cells express GFP under
control of the OCT4 promoter, whereas PAX6-YFP (yellow
fluorescence protein) H1 cells express YFP under the con-
trol of the PAX6 promoter (Zwaka and Thomson, 2003;
Yao et al., 2017). PI3KB depletion reduced the OCT4-
controlled GFP signal and enhanced the PAX6-regulated
YFP signal (Figure 2C).

In other tests, hESCs transfected with PIK3CB or PIK3CA
siRNA (48 h) were cultured for S days to form embryoid
bodies (EBs). NANOG and OCT4 levels fell in control EBs
but less so in PI3Ka- or B-depleted EBs; NODAL levels
increased in control and PI3Ka-depleted EBs but not in
PI3KB-depleted EBs (Figure 2D). Suboptimal downregula-
tion of OCT4 might be secondary to NODAL level defects
(Sakaki-Yumoto et al., 2013). PS TF levels were reduced in
PI3KB-depleted EBs, whereas ectoderm genes were ex-
pressed normally (Figure 2D).

The contribution of PI3KB to PS (endoderm and meso-
derm) formation was confirmed when PI3KB-depleted
hESCs (48 h) were placed in endoderm or mesoderm differ-
entiation medium (5 days). Expression of the GSC and
SOX17 endoderm genes and of the MIXL1 and T mesoderm
genes required PI3Kp expression (Figure S3A). Fluorescence
analysis of day 10 EBs derived from PAX6-YFP H1 hESCs re-
vealed PI3KB depletion to lead to an increase in the propor-
tion of PAX6+ ectoderm cells and a reduction in that of
SOX17+ endoderm cells (Figure 2E). Thus, PI3Kp expres-
sion is required for expression of the PS TF and, in turn,
for endoderm and mesoderm gene expression but not for
expression of ectoderm genes.

A PI3Kp scaffolding function regulates gene
expression

To test whether the action of PI3KB on gene expression
required its kinase activity, the consequences of inhibit-
ing PI3Ka or PI3KB in hESCs were examined using

Figure 2. PI3Kp regulates expression of PS TFs

(A) Ontogeny of the primary germ layers and effect of PI3KP depletion.

(B) Relative mRNA levels in hESCs after PI3KB depletion (for 6, 8, or 10 days).

(C) OCT4-GFP H1 hESCs were transfected with siRNA and examined live by microscopy. Representative images show the reduction in the
0CT4-regulated EGFP signal in PI3KB-depleted hESCs. Right: representative images of the PAX6 promoter-regulated YFP signal in control
and PIK3(B-silenced cells. Graphs show the percentage of positive cells.

(D) Quantitative real-time PCR mRNA levels for the indicated genes in embryoid bodies (EBs). hESCs transfected with siRNA (48 h) were
disaggregated and placed in EB formation medium for 72 h prior to analysis.

(E) Representative individual z sections of YFP-PAX6 and SOX17 immunofluorescence staining in control and PIK3(B-silenced YFP-PAX6 H1
hESCs (as in C). Arrows indicate positive cells in different sections. Graphs as in (C).

(B-E) *p < 0.05, **p < 0.01, ***p < 0.001 (t test).
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isoform-selective inhibitors (PIK75 and TGX221) (Mar-
qués et al., 2009). These inhibitors reduced the levels of
phoshorylated (p) active form of AKT (Ak strain trans-
forming) in control cells (Figure S3B), but, in contrast
to PI3KB depletion, TGX221-PI3KB inhibition (48 h)
increased NODAL and PS TF mRNA levels, similar to
PI3Ka inhibition (Figure S3C). Accordingly, prolonged
treatment with the PI3Kp inhibitor (TGX221) did not in-
crease ectoderm gene levels and tended to enhance PS TF
expression, similar to PI3Ka inhibition or depletion (Fig-
ure S3D). These findings suggest that NODAL and PS TF
expression relies on a PI3KB non-catalytic function as
PI3KB inhibition exert a different effect. Most likely,
PI3KpB associates a macromolecule acting as a scaffold,
affecting the latter’s localization, stability, or activity.

PI3KB controls occupancy of the NODAL and PS TF
gene promoters by EZH2

PI3Ka activity has been reported to be involved in differ-
entiation repression (Madsen et al., 2019), but the func-
tion for PI3KB in hESCs is unknown. To gain insight
into the action of PI3KB in hESCs, its gene expression
signature was compared with that resulting from inter-
ference with key regulators of stemness/differentiation.
Polycomb complexes ensure repression of differentiation
genes during stemness. EZH2, the PRC2 catalytic compo-
nent, triggers Histone3K27me3 formation, which re-
cruits PRC1 complexes to chromatin to induce Histo-
ne2K119 ubiquitination and repression of gene
expression (Aranda et al., 2015). A comparison of the
genes regulated by EZH2 (Collinson et al.,, 2016) and
by PI3Kp revealed NODAL, LEFTY1, and the PS TF to be
regulated by both (Figure 3A); approximately 25% of
the genes activated by PI3KP were repressed by EZH2
(Figure S4A). The control exerted by PI3KB on EZH2 pro-
moter occupation was tested by EZH2 chromatin
immunoprecipitation (ChIP). PI3KB depletion (but not
of PI3Ka) increased the EZH2 content at NODAL,
LEFTY1, and PS TF gene promoters (but not at ectoderm
gene promoters) and increased overall chromatin-bound

EZH2 (Figures 3B and 3C). H2AK119Ub ChIP confirmed
PI3KB control of PRC occupancy at NODAL, LEFTY1,
and PS TF genes promoters (Figure S4B). H2AK119Ub
content at MEIS1 and PAX6 promoters was regulated by
PI3Ka and PI3KB (Figure S4B), an action possibly regu-
lated by PI3K activity.

Because PI3KB controls EZH2 displacement from pro-
moters, EZH2 inhibition should rescue the levels of these
genes. Addition of the Gsk126 EZH2 inhibitor to PI3KB-de-
pleted cells rescued LEFTY1, NODAL, and PS TF levels and
did not affect MEIS1 and PAX6 (Figure 3D). This suggests
that PI3KB controls NODAL and PS TF by displacing
EZH2 from their promoters.

PI3KB regulates B-Catenin promoter deposition, and
in turn EZH2 displacement

The PI3KpB gene expression signature also resembled that
induced by WNT/B-catenin (Huggins et al, 2017).
LEFTY1, NODAL, and the PS TF were upregulated by
WNT and PI3KB (Figure 3E). B-Catenin ChIP showed
that PI3KB depletion reduced the presence of B-catenin
at the NODAL and PS TF promoters but not at ectoderm
gene promoters (Figure 3F). To confirm the requirement
of PI3KB for B-catenin binding to the NODAL and PS pro-
moters, B-catenin was activated by addition of the GSK3
inhibitor 6-bromoindirubin-3’-oxime (BIO; 24 h). BIO
rescued NODAL and PS levels in PI3KB-depleted cells (Fig-
ure 3G) without affecting ectoderm genes or LEFTY1 (a
target of NODAL that might require NODAL addition;
see below; Bertero et al., 2015).

Because PI3KP triggered EZH2 removal and B-catenin
deposition at the NODAL and PS TF promoters, it may be
that B-catenin deposition triggers release of EZH2 from
these promoters. Expression of the PS TF and of NODAL
was regulated by WNT3/B-catenin and by EZH2 (Figure 4A;
datasets from Huggins et al., 2017; Collinson et al., 2016).
To test B-catenin’s involvement in EZH2 removal from
these promoters, EZH2 ChIP was performed in cells treated
with BIO, an exogenous activator of -catenin. BIO reduced
EZH2 binding to the NODAL and PS TF promoters in

(C) WB analysis of cytosol (Cyt), nuclear (Nuc), and chromatin (Chr) fractions from control, PI3KB-, or PI3Ka-depleted hESCs (72 h). Blots
show depletion efficiency and fraction controls. The EZH2 signal in Chr was normalized to that of histones; the graph shows the fold
increase of EZH2 bound to Chr in PI3K-depleted hESCs versus controls.

(D) Quantitative real-time PCR mRNA levels in control or PIK3(B-silenced cells (72 h) treated or not treated with the EZH2 inhibitor
(Gsk126, 5 uM, last 24 h).

(E) Log ratio of the mean gene expression values in WNT3a-treated hESCs (24 h) versus controls (GEO: GSE103175; Huggins et al., 2017)
and of PI3KB-depleted hESCs versus controls, as in (A).

(F) Binding of B-catenin to promoters, as determined by ChIP as in (B). hESCs were transfected with the indicated siRNA (72 h); ChIP was
performed using an anti-B-catenin antibody (Ab).

(G) hESCs were transfected with siRNA (72 h) and treated with the GSK3 inhibitor 6-bromoindirubin-3’-oxime (BIO; 2 uM) for the last 24 h.
The graphs show the RNA levels.

(B-D, F, and G) Mean + SD, n > 4; *p < 0.05, **p < 0.01, ***p < 0.001 (unpaired t test).
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Figure 4. PI3KP regulated B-catenin-induced EZH2 promoter displacement, and JNK activation rescues Nuc B-catenin and gene

expression in PI3KB-depleted hESCs
(A) WNT3a (GEO: GSE103175; Huggins et al., 2017) versus EZH2 (GEQ: GSE76626; Collinson et al., 2016) gene expression patterns.
(B) ChIP testing of EZH2 promoter occupancy in control and PIK3(B-silenced cells (72 h) incubated with or without BIO (2 pum) for the

last 48 h.
(C) mRNA levels in control or PI3KB-depleted cells after culture in mTeSR1 alone (72 h), with NODAL (100 ng/mL, last 24 h), with SB

(a NODAL inhibitor, 10 um, 24 h), or with both.

(legend continued on next page)

2246 Stem Cell Reports | Vol. 17 | 2239-2255 | October |1, 2022



control hESCs (Figure 4B), showing that p-catenin triggers
EZH2 release in intact hESCs. BIO also corrected the
EZH2 excess at NODAL and PS TF promoters in PI3KB-de-
pleted cells (Figure 4B).

One of the genes regulated by EZH2/B-catenin exchange
is NODAL, which itself regulates PS gene expression (Greber
etal., 2008). The relative contribution of NODAL to PS gene
expression was examined. NODAL addition increased
NODAL levels in controls and in PI3KB-depleted cells (Fig-
ure 4C) (because NODAL is regulated by positive feedback),
and this effect was blocked by the SB431542NODAL/TGEB
inhibitor. NODAL also increased PS gene expression in con-
trol cells but did not rescue PS gene expression upon PI3KB
depletion (Figure 4C). Therefore, the defect in PS TF expres-
sion in PI3KB-depleted cells is not secondary to NODAL
reduced levels.

In contrast, NODAL and PS TF mRNA levels were rescued
by exogenous activation of B-catenin (using BIO) in PI3Kp-
depleted cells (Figure 4D). NODAL expression still required
NODAL-derived signals (it was reduced by SB431542 [SB])
but activation of B-catenin rescued PS TF levels in control
and PI3KB-depleted cells (and PS TFs levels were only
partially reduced by SB) (Figure 4D). Thus, NODAL helps,
but B-catenin makes an essential contribution to PS TF
expression.

B-Catenin activation requires the inputs of PI3K
activity and PI3Kp expression
To examine the mechanism behind the distinct actions of
PI3Ka and PI3KB in hESCs, first we compared the levels
of both isoforms in hESCs and EBs (using Jurkat cells for
normalization) (Marqués et al., 2009). PI3KB was more
abundant in hESCs, and both isoform levels decreased in
EBs (Figure S4C). To tests the consequences of short-time
PI3Ka or PI3KB inhibition, hESCs were incubated in GF-
free medium and then exposed to PI3Ka or PI3Kp inhibi-
tors (1 h) in the presence of INS or bFGF (for the last
20 min). PI3Ka and PI3KB inhibition reduced PI3K
pathway activation (pAKT, pp70S6K, and pGSK3p) and
increased pERK levels (Figure S4D), as in hESCs treated
with a pan-PI3K inhibitor (Singh et al., 2012). Despite
PERK levels showing a slightly greater dependence on
PI3Kp (with bFGF) and on PI3Ka (with INS) (Figure S4D),
this difference did not explain the opposing actions of
PI3Ka or PI3KB depletion on gene expression (Figure 1C).
Because the amount of nuclear active B-catenin (ABC)
and of B-catenin was very low at 20 min of INS and bFGF
treatment (data not shown), activation time was increased

to 1-2 h, when INS and bFGF increased cytosolic pAKT and
nuclear ABC/B-catenin levels (Figure S5A). The fluctuations
of pAKT levels with INS treatment have been reported pre-
viously (Olazabal-Moran et al., 2021).

Because PI3Ka and PI3Kp inhibition induced similar ef-
fects on the PI3K pathway and ERK (see above), additional
PI3K effectors were considered. We examined p-Ser552-
B-catenin levels (regulated by AKT), which modulate p-cat-
enin nuclear entry (Fang et al., 2007). p-Ser552-B8-catenin
levels paralleled those of pAKT without explaining the
need of PI3KB for nuclear B-catenin accumulation (data
not shown). Active forms of RAC1 and RAP1 enter the nu-
cleus and have been linked to B-catenin nuclear entry (Wu
et al., 2008; Griffin et al., 2018). These GTPases are gener-
ally activated at the plasma membrane (PM) and migrate
to the nucleus in its active form (discussed below). INS
and bFGF increased nuclear RAP1 and RAC1 in parallel to
the augmentation of nuclear p-catenin levels (Figure S5A).

To examine the consequences of short-term PI3K inhibi-
tion on nuclear B-catenin levels, hESCs were activated with
INS (1 h) in the presence of a PI3KB (TGX221) or pan-PI3K
(Ly294002) inhibitor. Both inhibitors reduced pAKT levels
and nuclear RAP1, RAC1, and ABC/B-catenin levels (Fig-
ure SA). A similar assay compared PI3KB depletion (72 h)
and PI3Kp inhibition (90 min). Short-time PI3KB inhibi-
tion (but not PI3KB depletion) reduced pAKT levels (Fig-
ure 5B). Although nuclear RAP1 was similarly affected by
PI3KB inhibition and depletion, PI3KB depletion more
markedly reduced nuclear RAC1 and B-catenin levels, (Fig-
ure 5B). This pointed to RAC1, but not RAP1, as a potential
target of PI3Kp.

Because the consequences of depleting PI3Ka versus
PI3KPB on gene expression were tested at 72 h and those
of inhibiting PI3Ka or PI3Kp at 48 h (Figures 1 and S3),
these conditions were used to examine PI3Kf control of nu-
clear B-catenin levels. Despite depletion (72 h) and pro-
longed inhibition (48 h) of PI3Ka or PI3KB increased
PERK (as it is restricted by PI3K), these treatments failed
to reduce AKT activation and instead increased pAKT levels
(Figure 5C). This is due to the mechanism cells have to
ensure transient PI3K pathway activation, which, after in-
duction, triggers a negative feedback mechanism that re-
duces its activity (Rozengurt et al., 2014). Prolonged PI3K
inhibition eliminates the negative feedback that restrains
PI3K/PDK1 and results in AKT/PI3K pathway upregulation
(see below; scheme in Figure S6B). Because PI3K depletion
and prolonged PI3K inhibition increased pAKT levels (Fig-
ure 5C), the AKT/PI3K pathway cannot be considered

(D) RNA transcript levels in control and PI3KB-depleted hESCs after 72 h incubation in mTeSR1 alone, with BIO (2 um), with SB (10 um), or

with both (indicated) for the last 24 h.
(B-D) Mean + SD *p < 0.05, **p < 0.01, ***p < 0.001 (t test).

(E) Model showing that PI3KB-modulated B-catenin deposition at NODAL and PS TF promoters triggers EZH2 displacement.
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inhibited under these treatments. A common effect of
short-term and long-term PI3K inhibition (or depletion)
is an increase in ERK activity, which reduces hESC stemness
(Naetal., 2010). Thus, the action of PI3Ka depletion or pro-
longed inhibition on gene expression could be a conse-
quence of the increased ERK and AKT activities. PI3KB
depletion also increased pAKT and pERK but showed a
dominant effect at reducing B-catenin nuclear levels
(Figure 5C).

Activation of B-catenin using the GSK3 inhibitor BIO
(24 h) rescued gene expression in PI3KB-depleted cells
(Figure 3); PI3KB regulation of nuclear B-catenin was
tested upon BIO treatment. PI3KB depletion reduced
B-catenin nuclear levels up to 15 h after BIO addition; af-
ter 24 h, BIO compensated for the PI3Kp requirement for
nuclear B-catenin accumulation (Figure 5D). Thus, PI3KB
also controls nuclear B-catenin levels induced by GSK3
inhibitors.

PI3KB controls nuclear B-Catenin by regulating the
RAC1 and JNK axis

Reconstitution experiments were needed to confirm the
kinase-independent function of PI3Kp in B-catenin nu-
clear accumulation. Because transfection was of very
low efficiency and high toxicity in hESCs, reconstitution
assays were performed in HEK293T cells. Treatment of
these cells with distinct stimuli (1 h or 4 h) increased nu-
clear B-catenin levels (Figure S5B). In HEK293T cells
treated with INS, PI3Ka depletion (72 h) did not signifi-
cantly affect pAKT levels but increased pERK and nuclear
B-catenin levels (Figure S5C). PI3KpB depletion (72 h) did
not affect pAKT or pERK levels but, as in hESCs, it mark-
edly reduced B-catenin nuclear levels (Figure S5C). To
confirm the kinase-independent action of PI3KB on
nuclear B-catenin, HEK293T cells were PI3KB depleted
(72 h) and then reconstituted by transfection of wild-
type (WT) or inactive (K>R-805) PI3KB (for the last 48
h); extracts were resolved in three fractions. PI3Kp deple-
tion reduced, and WT or K>R-805 (KR) PI3Kp rescued,

nuclear B-catenin levels; RAC1 nuclear levels paralleled
those of B-catenin (Figure 6A). This confirmed the ki-
nase-independent PI3KB effect on nuclear B-catenin
accumulation and the parallel revovery by reconstituted
PI3KPB of nuclear-active B-catenin and RAC.

RACT1 activates JNK; JNK phosphorylates B-catenin and
increases its nuclear entry in WNT-activated ST2 cells
(Wu et al., 2008). In HEK293T cells, INS increased cytosolic
phospho (p)JNK levels (independent of PI3KB) and PM
pINK levels in a PI3KB-dependent manner (Figure 6A).
Because RAC1 and JNK are often activated at the PM
(Han et al., 1998; Neisch et al., 2010), we confirmed that
GFs also induced translocation of PI3KB to the PM
(Figure S5D).

Despite the fact that the exact mechanism of PI3Kf regu-
lation of active RAC1 nuclear levels requires further study,
the parallel control by PI3KB of PM pJNK levels and of
PM/nuclear active RAC1 levels (Figure 6A) suggests that
RAC1 activation at the PM might promote JNK activation
at this site. JNK activation at the PM would trigger B-cate-
nin nuclear translocation. This hypothesis was tested
in HECK293T cells. First, VI?RAC1 was transfected in
HEK293T cells; this did not rescue nuclear B-catenin levels
in PI3KB-depleted cells, but V'?RAC1 expression levels
were very low in PI3KB-depleted cells compared with con-
trols (data not shown), supporting PI3KB control of active
RAC1 levels. Second, if the mechanism of PI3Kp action in-
volves the RAC1/JNK axis, then exogenous activation of
JNK (using anisomycin or sorbitol) should rescue nuclear
B-catenin levels in PI3KB-depleted cells. The two JNK acti-
vators increased PM pJNK levels and corrected nuclear
B-catenin levels in PI3KB-depleted cells (Figure S6A), sug-
gesting that PI3KB controls nuclear p-catenin in a RAC1/
JNK-dependent manner.

To confirm that this route was acting in hESCs, JNK acti-
vation was rescued with sorbitol (anisomycin gave similar
results). Sorbitol equalized PM pJNK levels in control and
PI3KB-depleted hESCs and corrected nuclear B-catenin in
PI3KB-depleted cells (Figure 6B). A similar assay was used

Figure 5. hESCs growth in mTeSR1, INS treatment, and GSK3 inhibition trigger PI3KB-dependent B-catenin Nuc localization

(A) hESCs were pre-incubated in GF-free medium (16 h); incubated with DMSO, TGX221 (30 uM), or LY294002 (10 uM) for 90 min; and then
treated with INS (10 pg/mL) (last 60 min). Extracts were examined in WB. Graphs show the signals corrected with the loading control and
normalized to the signal at 1 h (INS).

(B) hESCs were transfected with control or PIK3CB siRNA (72 h) orincubated with TGX221 (30 uM, 30 min) prior to INS addition (10 ng/mL)
(1 or 2 h). The $ symbol in RAC1 blots indicates that the signal corresponds to the 25-kDa molecular weight (MW) marker (in this lane).
Bots and graphs are as in (A).

(C) hESCs grown on mTeSR1 were transfected with siRNA (72 h) or incubated with PI3Ke or PI3KB inhibitors (0.1 pM PIK75 or 30 uM
TGX221) (48 h). Extracts were examined by WB. Dashed vertical lines indicate sliced lanes. Graphs are as in (A). Signals were normalized to
the signal in controls.

(D) WB analysis of the fractions from control or PI3KB-depleted hESCs (96 h) incubated in GF-free medium (last 24 h) with BIO (2 um;
added for the indicated times). The graph shows the ABC signal corrected for loading and relative to the signalin 1-h BIO-treated controls.
(A-D) Mean = SD, n > 3; *p <0.05, **p < 0.01, ***p < 0.001 (t test). Ellipses call attention to the most relevant data.
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to examine gene expression. Sorbitol rescued NODAL and
PS TF levels in PI3KB-depleted cells (Figure 6C), supporting
the theory that NODAL/PS TF expression requires PI3KB
control of active RAC1/JNK levels and, in turn, of nuclear
B-catenin (Figures 6D and S6B).

PI3KB expression increases at advanced stages in several
cancer types (Wymann and Marone, 2005). Cancer stem
cells normally appear in high-stage tumors. We tested
whether PI3KB contributed to the stemness features in can-
cer stem cells. Two squamous cell lung cancer (LUSC) cell
lines, H226 and HCC15, were incubated under hypoxia or
cultured in Matrigel/mTeSR1 to improve expression of
stem cell markers (Figure S6C). PI3KB depletion reduced
SOX2, OCT4, and NANOG levels in NCI-HCC15 cells and
tended to reduce them in the NCI-H226 cells (Figure S6D).
Thus, PI3KB might regulate stemness features in cancer cells.

DISCUSSION

Identifying the signals that maintain stemness or initiate
hESC differentiation is of interest for applied medicine.
To learn about these processes, the consequences of inter-
fering with PI3Ka or PI3Kp in primed hESCs were exam-
ined. To initiate differentiation, it is essential to remove
PRC repression from the promoters of differentiation
genes, but little was known about how PRC release is trig-
gered at the onset of differentiation. This study shows
that B-catenin triggers EZH2/PRC2 removal from NODAL
and from PS gene promoters and that PI3Kp is essential
for this process. The results also show that fine-tuned con-
trol of PI3K activity and PI3KP scaffolding (non-catalytic)
actions is needed for the cells to remain pluripotent or
differentiate. PI3K activity maintained stemness by repres-
sing ERK, and the PI3Kp scaffolding action contributed to
stemness by controlling NODAL levels as exogenous
NODAL addition rescued pluripotency in PI3KB-depleted
cells. PI3Kp expression also regulated PS TF expression. At
the molecular level, PI3KB, which binds to active-RAC1
(Fritsch et al., 2013), controlled RAC1 capacity to activate
JNKand, in turn, B-catenin. Accordingly, exogenous activa-
tion of JNK in PI3KB-depleted hESCs rescued nuclear B-cat-
enin levels and NODAL and PS TF expression. Thus,
although intact PI3Ka activity contributes to stemness by
repressing ERK activity and precocious differentiation,
PI3KB scaffolding action guarantees B-catenin-mediated
expression of NODAL. PI3K also triggered B-catenin depo-
sition and EZH2 removal from PS TF promoters. At the
onset of differentiation, when WNT levels increase, PI3K
levels decrease, and ERK activation increases; PI3Kp expres-
sion is required for WNT- and GF-induced RAC/JNK/B-cat-
enin activation and, in turn, for NODAL and PS TF expres-
sion (scheme in Figure S6B).

PI3K activity and PI3Kp scaffold actions make critical
contributions to stemness. The PI3Kp scaffolding require-
ment for stemness was unrelated to core stem cell genes
(whose levels decreased later than those of NODAL) or to
MYC (which regulated different genes than PI3Kp). PI3KB
depletion reduced NODAL levels (a gene essential for stem-
ness) (James et al., 2005), and exogenous NODAL addition
rescued stemness in PIK3CB-silenced hESCs. This indicated
that PI3KPB controls stemness at least in part by regulating
NODAL. The reduction of stem cell markers after PI3KpB
depletion in two LUSC cell lines (Figure S6D) supports
the idea that PI3KB might also contribute to maintain the
cancer stem cell phenotype.

Apart from the PI3Kp scaffold function, PI3K activity was
required for stemness. Throughout the present study, the
consequences of depleting PI3Ka (which has greater kinase
activity than PI3KB) (Marqués et al., 2009) returned results
with the same tendency as those obtained by inhibiting
PI3K, supporting the notion that the more important ac-
tion of PI3Ka is catalytic. PI3Ka contribution to stemness
has been suggested previously in induced pluripotent
stem cells (Madsen et al., 2019) and in hESCs treated with
a pan-PI3K inhibitor or deprived of GF (Singh et al.,
2012). In the latter study, the authors elegantly showed
that PI3K activity restricts ERK activity, which is required
for stemness. Short-term PI3K inhibitor treatment reduced
PI3K/AKT activity and increased pERK, but prolonged PI3K
inhibition (48 h) or depletion (72 h) failed to reduce pAKT
levels but still increased pERK. pAKT upregulation upon
long-term PI3K inhibition also occurs in cancer and is
due to abrogation of the negative feedback pathways that
control PI3K/AKT transient activation (Rozengurt et al.,
2014). Thus, the unrestricted ERK activity is most likely
responsible for triggering differentiation in PI3Ka-depleted
or PI3K-inhibited (48 h) hESCs, supporting the theory that
PI3K activity controls stemness by restraining ERK.

At the onset of differentiation, both PI3K isoform levels
decrease, diminishing the brake imposed by PI3K on ERK,
which promotes cell differentiation (Na et al., 2010). In
addition, WNT secretion in the epiblast triggers a pathway
that protects p-catenin from degradation and exerts posi-
tive feedback on ERK activity (MacDonald and He, 2012;
Kim et al., 2007). Despite the decrease in PI3Kp levels at
this stage, PI3KB expression was still required for expres-
sion of the PS TF. Indeed, PI3Kp upregulated the expression
of six (GATA 6, MIXL1, GSC, SOX17, EOMES, and T;
Figures 1C and S2B)] of the 10 TF reported to control PS for-
mation (Yoney et al., 2018; Scialdone et al., 2016). The
PI3Kp requirement for PS TF expression was confirmed in
exponentially growing hESCs, in GSK3-inhibited hESCs,
and in EBs.

The most relevant conclusion of the presented data is a
novel function of B-catenin, which, after deposition in
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NODAL and the PS TF promoters, triggers PRC/EZH2
release. In line with this function, WNT-regulated pro-
moters are bound to EZH2 (Collinson et al., 2016). The
B-catenin/EZH2 exchange was demonstrated in intact
hESCs (Figure 4A), showing that, beyond the PI3KB contri-
bution, the B-catenin/EZH2 exchange is a general mecha-
nism for polycomb repression release in hESCs. The
association of B-catenin with K-demethylases and chro-
matin remodelers might help to mediate EZH2 removal,
acting as a pioneer cofactor (Li et al., 2017; Balsalobre and
Drouin, 2022).

In all the cases tested (exponential growth, INS- or BIO-
treated cells), PI3KB expression was essential for nuclear
localization of RAC1 and B-catenin in hESCs. The kinase ac-
tivity of PI3KB seemed not to be required because expres-
sion of WT or kinase-dead PI3KB rescued nuclear RAC1/
B-catenin levels equally well in PI3KB-depleted hESCs.
In contrast, p-Ser552-B-catenin levels (AKT dependent),
which modulate nuclear B-catenin levels, did not explain
the action of PI3K in hESCs. In agreement with the critical
role of a non-catalytic PI3KB action on nuclear p-catenin,
PI3K inhibition only partially reduces WNT-induced gene
expression (Wu et al., 2008). Only active forms of RAC1
localize to the nucleus (Lanning et al., 2003), and PI3KpB
reduced nuclear RAC1 (Figures 5 and 6). As for RAP], its
activation stabilizes and enhances B-catenin nuclear levels
(Griffin et al., 2018), but nuclear RAP1 levels were similarly
reduced by PI3Kp inhibition or depletion without explain-
ing the selective action of PI3Kp depletion.

The presented data show that a PI3Kp scaffold action is
essential for nuclear localization of active RAC1, to increase
PINK levels at the PM, and to trigger B-catenin nuclear
accumulation (Figures 5A, 5B, 64, and 6B). PI3Kp-depend-
ent B-catenin nuclear accumulation was also detected in
cells treated with a GSK3 inhibitor that mimics the WNT
pathway. In support of PI3KB involvement in active
RAC1/JNK-mediated B-catenin nuclear localization, exoge-
nous activation of JNK corrected B-catenin nuclear levels
and gene expression defects of hESCs depleted of PI3KB
(Figures 6A and 6B). Thus, regulation of the RAC1/JNK/nu-
clear B-catenin axis is at least part of the mechanism for
PI3Kp action in hESCs.

The exact level at which PI3Kp controls active RAC1 re-
mains to be studied. RAC1 activation requires PI3K activity
(e.g., Han et al., 1998). However, V'?RAC expression levels
(not those of WT RAC1) were markedly lower in PI3KB-de-
pleted HEK293T cells (data not shown). It is possible that
PI3KpB binding to active RAC1 (Fritsch et al., 2013) increases
active RACI1 stability and, in turn, RAC1 nuclear entry. As
for the mechanism of active RAC1 control of nuclear B-cat-
enin, there are different models (any in hESC). The RAC1
C-terminal polybasic region binds to armadillo domain-
containing proteins (e.g., B-catenin) and triggers their
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nuclear localization (Lanning et al., 2003). Active RAC1 as-
sociates with B-catenin and TCF-4 to enter the nucleus and
control gene expression (Esufali and Bapat, 2004). RAC1 ac-
tivates JNK (Coso et al., 1995), which phosphorylates p-cat-
enin at the PM, triggering its nuclear translocation (Wu
etal., 2008); B-catenin translocation from the PM to the nu-
cleus is also induced by WNT (Jamieson et al., 2015). GFs
induce RAC1 and JNK activation at the PM (Han et al.,
1998; Neisch et al., 2010) and promote PI3Kp translocation
to the PM and the nucleus (Figure S5D). It is thus possible
that RAC1 “switching on” occurs in the membrane, where
it activates JNK, which, in turn, phosphorylates B-catenin,
triggering its translocation to the nucleus. This model is
supported by observations of co-localization of PI3KpB
and RAC1 at the PM (Cizmecioglu et al., 2016). Although
this model remains to be studied, it explains PI3Kf modu-
lation of active RAC1 nuclear levels and pJNK PM levels
(Figure 6A).

PI3K activity and scaffolding actions cooperate in hESC
stemness maintenance. After GF addition, PI3Ka activation
restricts ERK activation (Singh et al., 2012), preventing
precocious expression of differentiation genes, and PI3Kp
permits active RACI1/JNK-mediated B-catenin nuclear
localization and NODAL expression (required for stem-
ness). PI3K activity increases in response to environmental
GE. PI3KB scaffolding actions are also unmasked in
response to GF addition because PI3Kp binding to RAC1 re-
quires prior activation of RAC1 by GF. RAC1 induces PI3Kp
localization at the PM (Cizmecioglu et al., 2016), and PI3K
ensures RAC1-mediated JNK activation and subsequent
B-catenin nuclear accumulation (Figures 5A, 5B, 6A, and
6B). At the onset of PS formation, PI3Ka and PI3Kp levels
(and global PI3K activity) decrease (Figure S4C), and new
environmental cues (e.g., BMP4 upregulation in extra-em-
bryonic ectoderm and secretion of WNT in the epiblast)
help to stabilize B-catenin. Although PI3Ka and B levels
decrease, PI3Kp-dependent B-catenin activation is still
required for EZH2 removal from promoters of NODAL
and of the TFs that trigger PS formation.

These results reveal the involvement of B-catenin in
release of EZH2 from NODAL and PS genes promoters, a pre-
viously unknown function of B-catenin. The different
contribution of PI3K activity and PI3KB scaffolding on
hESC gene expression in stemness and differentiation
(scheme in Figure S6B and graphical abstract) is an example
of the fine-tuned equilibrium that drives the stemness/dif-
ferentiation decision. PI3KB scaffolding guarantees
NODAL expression in stemness, and PI3K activity contrib-
utes to pluripotency by repressing ERK and, in turn, preco-
cious differentiation gene expression. In contrast, at the
onset of differentiation, PI3K level reduction releases ERK
activation, permitting differentiation gene expression. At
this stage, PI3Kp scaffold action would still act via the active



RAC1/JNK/B-catenin pathway to trigger B-catenin/EZH2
exchange at the promoters of PS regulators. Knowledge of
PI3K regulation of stemness might be useful for directing
hESC differentiation.

EXPERIMENTAL PROCEDURES

Human cell culture and cDNAs

The hESCs used in this study are Shef-1 cells (Thomson et al., 1998)
obtained from the Department of Biomedical Science, University
of Sheffield (UK), and two derivatives of H1 hESCs: OCT4-EGFP
and AIO8e-PAX6YFP hESCs (Zwaka and Thomson, 2003; Yao
et al.,, 2017) from the Wicell Institute (WI, USA). Approval to
work with these lines was obtained from the Spanish National Em-
bryo Ethical Committee (ISCIII). All hESCs were maintained on
Matrigel-coated plates (Corning) using mTeSR1 or NODAL-free
mTeSR7 medium (STEMCELL Technologies). H226 (CRL-5826)
and HCC-15 (ACC-496) were obtained from the American Type
Culture Collection and the DSMZ (Deutsche Sammlung von Mik-
roorganismen und Zellkulturen GmbH) collection. HEK293T cells
were cultured as reported previously (Vallejo-Diaz et al., 2016). WT
and KR PI3KB cDNAs have been described previously (Marqués
et al., 2009).

Quantification and statistical analysis

Gene expression profiles were examined using Venny software
(https://bioinfogp.cnb.csic.es/tools/venny/). We used MATLAB
software for log ratio representations of gene expression and
for Pearson correlations. GO group analysis was performed
using Genecodis3 software (https://bio.tools/genecodis3). Heat-
map analysis was undertaken using MeV software. GSEA was per-
formed at https://www.gsea-msigdb.org. In the figures, n indicates
the number of independent experiments performed for each assay;
statistical analysis methods are described in the figure legends. The
statistical analysis was carried out using two-tailed unpaired Stu-
dent’s t test, chi-square test, and Pearson correlation using Prism 6
software (GraphPad). Differences were considered significant when
p < 0.05. Fiji/Image] software was used for signal quantitation.

Data availability

The gene expression experiments included in this manuscript are
deposited in GEO (GSE202163). Original blots are deposited at
Mendeley data: https://doi.org/10.17632/m9g4fcvrm8.1.
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