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PTEN dephosphorylates Abi1 to promote epithelial
morphogenesis
Yanmei Qi1, Jie Liu1, Joshua Chao1, Peter A. Greer2, and Shaohua Li1

The tumor suppressor PTEN is essential for early development. Its lipid phosphatase activity converts PIP3 to PIP2 and
antagonizes the PI3K–Akt pathway. In this study, we demonstrate that PTEN’s protein phosphatase activity is required for
epiblast epithelial differentiation and polarization. This is accomplished by reconstitution of PTEN-null embryoid bodies with
PTEN mutants that lack only PTEN’s lipid phosphatase activity or both PTEN’s lipid and protein phosphatase activities.
Phosphotyrosine antibody immunoprecipitation and mass spectrometry were used to identify Abi1, a core component of the
WASP-family verprolin homologous protein (WAVE) regulatory complex (WRC), as a new PTEN substrate. We demonstrate
that PTEN dephosphorylation of Abi1 at Y213 and S216 results in Abi1 degradation through the calpain pathway. This leads to
down-regulation of the WRC and reorganization of the actin cytoskeleton. The latter is critical to the transformation of
nonpolar pluripotent stem cells into the polarized epiblast epithelium. Our findings establish a link between PTEN and
WAVE-Arp2/3–regulated actin cytoskeletal dynamics in epithelial morphogenesis.

Introduction
Phosphatase and tensin homolog (PTEN) is one of the most
frequently mutated tumor suppressor genes in human cancers.
PTEN germline mutations cause tumor predisposition syn-
dromes such as Cowden disease (Sansal and Sellers, 2004). In
mice, global deletion of the Pten gene arrests embryonic devel-
opment between embryonic day 6.5 (E6.5) and E9.5, depending
upon domains disrupted and genetic backgrounds. This effect
delineates the essential role PTEN plays in embryogenesis (Di
Cristofano et al., 1998; Podsypanina et al., 1999; Stambolic et al.,
1998). Conditional ablation of PTEN results in tumor formation
in most tissues examined (Kishimoto et al., 2003; Knobbe et al.,
2008). We and others have shown that PTEN-null embryonic
stem (ES) cells fail both to form a polarized epiblast epithelium
during embryoid body (EB) morphogenesis and to differentiate
into derivatives of three germ layers when transplanted into
syngeneic mice (Di Cristofano et al., 1998; Qi et al., 2015).
However, it remains unknown which differentiation pathway is
dysregulated and how epiblast polarity is disrupted upon PTEN
loss (Di Cristofano and Pandolfi, 2000; Frank andMiranti, 2013).

PTEN functions as both an inositol phospholipid phosphatase
and a protein phosphatase capable of acting on phosphothreonine,
phosphoserine, and phosphotyrosine. Its well-documented
lipid phosphatase activity converts phosphatidylinositol (3,4,5)-
trisphosphate (PIP3) to phosphatidylinositol 4,5-bisphosphate

(PIP2) and antagonizes the phosphatidylinositol-4,5-bisphosphate
3-kinase (PI3K)–Akt pathway, thereby inhibiting cell proliferation,
survival and migration (Carracedo and Pandolfi, 2008). There is
increasing evidence of important PI3K-independent activities
contributing to PTEN’s tumor-suppressive functions (Bassi
et al., 2013; Davidson et al., 2010; Dey et al., 2008; Leslie
et al., 2007, 2009; Poon et al., 2010; Raftopoulou et al., 2004;
Song et al., 2011; Tang and Eng, 2006; Zhang et al., 2011). One of
the most challenging questions to be addressed is whether
additional PTEN substrates exist (Di Cristofano and Pandolfi,
2000; Song et al., 2012). Finding such substrates will clarify
the extent to which the PTEN and the PI3K–Akt pathway
overlap and provide new insights into the function of PTEN
in embryonic development and tumor suppression. Several
phosphoproteins, including focal adhesion kinase, have been
proposed as candidate substrates of PTEN’s protein phospha-
tase activity (Gu et al., 1999; Tamura et al., 1998). However,
none of these have been confirmed with much confidence, and
the identification of specific sites of dephosphorylation and
other mechanistic details are absent (Leslie et al., 2009). In
addition, the relative contributions of PTEN’s lipid and protein
phosphatase activities as well as its phosphatase-independent
activities to its role in embryonic development and tumor
suppression are not well understood (Di Cristofano et al., 1998;
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Fournier et al., 2009; Martin-Belmonte et al., 2007; Podsypanina
et al., 1999; Suzuki et al., 1998).

The WAVE (WASP-family verprolin homologous protein)
regulatory complex (WRC) is a pentameric complex consisting
of Abl-interactor 1 (Abi1 or its paralogue, Abi2 or Abi3), Nck-
associated protein 1 (Nckap1 or Nckap1L), WAVE2 (or WAVE1
and WAVE3), cytoplasmic FMR1-interacting protein 1 (Cyfip1
or Cyfip2), and hematopoietic stem progenitor cell 300 (also
termed Brick1; Mendoza, 2013). WAVE proteins possess the VCA
(verprolin-homology, central, acid regions) motif at their
C-terminus. The VCA motif binds to an actin monomer and the
Arp2/3 complex, stimulating Arp2/3 complex–mediated nucle-
ation of actin polymerization (Pollard and Borisy, 2003).
Structural analysis showed that WRC formation inhibits WAVE
activation via Cyfip1 binding to the WAVE VCA motif (Chen
et al., 2010). Rac1-GTP binding to Cyfip1, acidic phospholipids
(especially PIP3), and kinase-mediated phosphorylation of
WAVE2 and other WRC subunits can coordinately activate
WAVE by releasing the VCAmotif from its inhibitory interaction
with Cyfip1 (Lebensohn and Kirschner, 2009; Mendoza, 2013;
Steffen et al., 2004). Within the WRC, Abi1 acts as a core scaffold
protein to mediate membrane recruitment and stabilization of
WRC subunits (Kunda et al., 2003; Leng et al., 2005). shRNA-
mediated knockdown or genetic ablation of Abi1 leads to desta-
bilization and degradation of the WRC (Dubielecka et al., 2011;
Innocenti et al., 2005). However, it remained unknown how
WRC stability is regulated by extracellular cues and intracellular
signaling pathways.

In this study, we performed phosphotyrosine immunopre-
cipitation using PTEN-null EBs reconstituted with wild-type
PTEN as well as the mutant forms that lack either PTEN’s lipid
phosphatase activity (PTEN G129E) or both its lipid and protein
phosphatase activity (PTEN C124S; Liliental et al., 2000; Maier
et al., 1999; Myers et al., 1998). Mass spectrometry has identified
Abi1 as a new substrate for PTEN and established a novel link
between PTEN and the WRC. PTEN dephosphorylates Abi1 and
causes its degradation through the calpain pathway, thereby
promoting epithelial differentiation and polarization.

Results
PTEN’s protein phosphatase activity is required for epiblast
differentiation and polarization
ES cell–derived EBs recapitulate key developmental processes of
peri-implantation embryogenesis. These include endoderm dif-
ferentiation, basement membrane assembly, epiblast polariza-
tion, and proamniotic cavity formation (Fig. S1; Li et al., 2003).
Previously, we have shown that PTEN is essential for epiblast
polarization and cavitation during EB morphogenesis (Qi et al.,
2015). This is confirmed by a recent study on E5.5 Pten−/− em-
bryos generated by crossing Ptenfl/fl mice with Sox2-Cre mice
(Meng et al., 2017). In rescue experiments using PTEN mutants
G129E or C124S, we demonstrated that PTEN’s lipid phosphatase
activity is required for epiblast elongation while its protein
phosphatase activity is essential for apical polarization (Qi et al.,
2015). Because Pten−/− ES cells cannot form the epiblast epithe-
lium during EB morphogenesis or contribute to the chimeric

organism when introduced into wild-type blastocysts, we rea-
soned that they may have differentiation defects (Di Cristofano
et al., 1998). To test this possibility, we analyzed the expression
of the pluripotency and epithelial apical markers in wild-type–
and PTEN mutant–rescued Pten−/− EBs.

PTEN’s lipid phosphatase activity converts PIP3 to PIP2 and
antagonizes the effect of PI3K. In the absence of PTEN, PIP3
accumulates in cell membranes and both recruits and activates
Akt. As expected, Akt phosphorylation at S473 was higher
in 5-d Pten−/− EBs than in wild-type controls, and this was
suppressed by stable transfection with wild-type PTEN, but
not the G129E or C124S mutant (Fig. 1 a). In comparison with
wild-type EBs, Pten−/− EBs expressed increased levels of the
pluripotency transcription factors Nanog, Oct4, Sox2, and Klf4
as well as the oncoprotein c-Myc; the latter promotes stem cell
proliferation and metabolic flux (Cliff et al., 2017; Ralston and
Rossant, 2010; Fig. 1, a and b). On the other hand, Pten−/− EBs
expressed lower levels of the epithelial apical markers syntaxin-
3 and keratin 8. This differentiation defect could be rescued by
stable reconstitution of Pten−/− EBs with wild-type PTEN or the
G129E mutant, deficient in PTEN’s lipid phosphatase activity. In
contrast, reconstitution with PTEN C124S, deficient in both
PTEN’s lipid and protein phosphatase activities, largely failed to
rescue differentiation, despite Nanog down-regulation. These
results suggest that the protein phosphatase activity of PTEN is
required for differentiation of pluripotent stem cells into the
epiblast epithelium.

To further rule out the role of PTEN’s lipid phosphatase ac-
tivity in epiblast differentiation, we treated Pten−/− EBs with Akt
inhibitor. Akt inhibition reduced Akt phosphorylation at S473
but did not alter the expression of pluripotency and differenti-
ation markers (Fig. 1, c and d). Similarly, it failed to induce ep-
iblast polarization. This is evidenced by the lack of apical
accumulation of polarity protein MPDZ (multiple PDZ domain
crumbs polarity complex component) and the failure in forma-
tion of an apical actin belt, a hallmark of epithelial apical po-
larization (Fig. 1, e and f). These results suggest Akt overactivation
is not the mechanism by which PTEN ablation causes defects in
epiblast differentiation and polarization.

Identification of Abi1 as a new substrate of PTEN
To identify substrates for PTEN’s protein phosphatase activity,
we performed coimmunoprecipitation of Pten−/− EBs rescued
with G129E or C124S using anti-phosphotyrosine antibody con-
jugated to agarose beads under a stringent condition (1% NP-40,
0.25% deoxycholate, 700 mM NaCl, and 25 mM Tris, pH 7.4).
Silver staining of SDS-polyacrylamide gels demonstrated that
proteins of 145 kD, 125 kD, and 60 kD were selectively im-
munoprecipitated from C124S-reconstituted EBs (Fig. 2 a). Mass
spectrometry identified them as Cyfip1, Nckap1, and Abi1, re-
spectively. Notably, Abi1 was found to be phosphorylated at Y213
and S216 by mass spectrometry. Given that Cyfip1, Nckap1, and
Abi1 are WRC components, we tested whether these proteins
would form a complex in differentiating EBs. Indeed, Cyfip1 and
Nckap1 were detected in the Abi1 immunoprecipitates together
with WAVE2 (Fig. 2 b). Interestingly, Abi1 specifically coim-
munoprecipitated with substrate-trapping mutant PTEN C124S,
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Figure 1. PTEN’s protein phosphatase activity regulates epiblast epithelial differentiation and polarization. (a) 5-d wild-type GFP EBs and Pten−/− EBs
stably transfected with GFP, wild-type PTEN (wt), mutant PTEN G129E, or C124S were analyzed by immunoblotting. (b) The blots were analyzed by den-
sitometry and the intensity of markers for pluripotency and differentiation was plotted as a ratio relative to GAPDH. Mean ± SD. *, P < 0.01 versus wild-type
GFP; #, P < 0.05 versus Pten−/− GFP. (c) Wild-type and Pten−/− EBs were cultured for 24 h in suspension and then either treated with the Akt inhibitor or the
vehicle control for 4 d. EB lysates were analyzed by immunoblotting. (d) The blots were analyzed by densitometry, and the ratio of Oct4, c-Myc, and syntaxin
relative to actin was plotted. Mean ± SD. *, P < 0.001 versus wild type. (e) 5-d EBs were immunostained for Nanog, MPDZ, and the basement membrane
laminin γ1 chain (lm γ1). The apical actin belt of polarized epiblast was visualized by rhodamine-phalloidin. Nuclei were counterstained with DAPI. cv, central
cavity; en, endoderm; epi, epiblast. (f) EBs with the polarized epiblast epithelium were counted by phase-contrast microscopy and plotted as a percentage of
total EBs examined. Mean ± SD. n = 335–398 for each group.
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which binds to PTEN substrates but cannot dephosphorylate
them (Myers et al., 1998; Shinde and Maddika, 2016). Complex
formation seems to depend on the level of the WRC proteins,
which were markedly increased together with pAbi1 S216 in 5-d
Pten−/− EBs expressing GFP or C124S, but not in those rescued
withwild-type PTEN or G129E (Fig. 2 c). This suggests that PTEN
requires its protein phosphatase activity to dephosphorylate
Abi1 and down-regulate the WRC. Next, we performed an
in vitro substrate-trapping assay by incubating either recom-
binant His-tagged wild-type PTEN or the C124S mutant with
Pten−/− EB lysates. Affinity pull-down experiments using nickel-
nitrilotriacetic acid agarose beads revealed that the affinity
binding of PTEN C124S to Abi1 was much greater than that of
wild-type PTEN (Fig. 2 d). To further confirm Abi1 as a new
substrate of PTEN, we expressed Flag-tagged Abi1 in Pten−/− EBs
and performed immunoprecipitation with Flag-tag antibody
conjugated to agarose beads. Treatment of the immuno-
precipitates with recombinant active PTEN eliminated its
tyrosine phosphorylation at Y213 and serine phosphorylation
at S216 (Fig. 2 e). In contrast, recombinant PTENwas unable to
dephosphorylate pAkt S473 and pFAK Y397, even with a lon-
ger incubation time (Fig. S2). This confirmed that the phos-
phatase activity of recombinant PTEN toward Abi1 is specific.
Taken together, these results demonstrate that Abi1 is a new

substrate of PTEN and likely involved in epiblast epithelial
morphogenesis.

PTEN dephosphorylation of Abi1 causes its degradation
through the calpain and lysosomal pathways
During EB differentiation, clusters of loosely attached ES cells
undergo compaction, a process in which cells are packed tightly
to form a solid ball (Li et al., 2003). Cells on the surface of this
ball cannot be distinguished from one another. Compaction oc-
curs around day 2 of EB morphogenesis and is followed by en-
doderm differentiation on day 3 and epiblast polarization on
day 4. PTEN was expressed at low levels on day 1, gradually up-
regulated to reach its peak on day 3, and remained high through
day 5 (Fig. 3 a). All of the WRC subunits were observed to be up-
regulated on day 2 and quickly down-regulated on day 3. The
expression level of WRC proteins was positively correlated with
that of pluripotencymarkers and negatively correlated with that
of PTEN, calpain 2, and the epithelial differentiation marker
keratin 8 (Qi et al., 2015). To determine the fate of Abi1 after
dephosphorylation by PTEN, we analyzed Abi1 in wild-type and
Pten−/− EBs by immunoblotting. Abi1 and other WRC compo-
nents were detected at low levels in 2-d wild-type EBs and were
found to be down-regulated in 4-d EBs (Fig. 3 b; Qi et al., 2015).
During early mouse embryonic development, up-regulation of

Figure 2. Abi1 is a new PTEN substrate. (a) 5-d Pten−/− EBs stably transfected with PTEN G129E or C124S were immunoprecipitated with anti-
phosphotyrosine antibody-agarose beads. Analysis of the immunoprecipitates by SDS-PAGE and silver staining followed by mass spectrometry identified
that the WAVE regulatory complex (WRC) subunits Cyfip1, Nckap1, and Abi1 were selectively present in the C124S immunoprecipitates. (b) 5-d WT GFP EBs
and Pten−/− EBs stably transfected with GFP, wild-type PTEN, PTEN G129E, or C124S were immunoprecipitated (IP) with anti-Abi1 antibody. The WRC subunits
Cyfip1, Nckap1, and WAVE2 as well as PTEN were detected by immunoblotting. (c) Direct immunoblot analysis of the above EBs (IP input controls).
(d) Substrate-trapping assay. 5-d Pten−/− EB lysates were incubated with N-terminally His-tagged wild-type or mutant PTEN bound to NTA agarose beads with
NTA agarose beads only as a negative control. Affinity pull-down products were analyzed by immunoblotting for Abi1. (e) Lysates of 5-d EBs stably transfected
with N-terminally Flag-tagged Abi1 were immunoprecipitated with Flag antibody-agarose beads. The immunoprecipitates were incubated either with or
without 0.1 µg/µl active PTEN. Immunoblotting was performed using Abi1 phospho-specific antibodies to pY213 and pS216.
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PTEN was associated with down-regulation of Abi1 (Fig. 3 c).
In the absence of PTEN, the protein levels of Abi1 and other
WRC components were markedly elevated in both 2-and 4-d
EBs. Similarly, the Abi1 protein level was higher in PTEN-
deficient glioblastoma cells. Reintroduction of PTEN caused
a reduction of Abi1 (Fig. 3 d). However, mRNA levels of Abi1
and WAVE2 in 4-d wild-type and Pten−/− EBs were similar,
which indicates that in Pten−/− EBs, increased Abi1 andWAVE2
proteins are not due to enhanced transcription (Fig. 3 e). These
results suggest that PTEN dephosphorylation of Abi1 induces
WRC degradation.

To determine the degradation pathway of Abi1, we incubated
4-d wild-type EBs with the lysosomal inhibitor chloroquine, the
calpain inhibitor N-acetyl-leucyl-leucyl-norleucinal (ALLN), or
the proteasome inhibitor MG-132 for 16 h. In vehicle control,
Abi1 is barely detectable. Treatment with chloroquine slightly
increased Abi1 protein levels over control (Fig. 3 f). Notably,
treatment with ALLN caused amarked increase of Abi1, WAVE2,
and Nckap1, whereas MG-132 had little effect. These findings
suggest that Abi1 is mainly degraded by calpain and to a lesser

extent via the lysosomal pathway. Protein sequence analysis
revealed that Abi1 contains multiple PEST sequences (rich in
proline [P], glutamic acid [E], serine [S], and threonine [T]),
which are often found in proteins with short half-lives and act as
a signal for degradation (Rogers et al., 1986; Shumway et al.,
1999). Computation prediction indicates that S216 in the first
PEST sequence is a calpain cleavage site (CaMPBD; calpain.org),
which suggests that calpain may mediate Abi1 degradation.

Calpains are a family of calcium-dependent cysteine pro-
teases (Ono and Sorimachi, 2012). The conventional, ubiqui-
tously expressed calpain-1 (μ-calpain) and calpain-2 (m-calpain)
isoforms are heterodimers consisting of large catalytic sub-
units of calpain 1 (CAPN1) or 2 (CAPN2), respectively, and are
heterodimerized with the common small regulatory subunit
1 (CAPNS1). CAPNS1 is required for the stability and activity
of both calpain catalytic subunits (Arthur et al., 2000). Tar-
geted deletion of the Capns1 or Capn2 gene in mice leads to
embryonic lethality (Arthur et al., 2000; Dutt et al., 2006;
Zimmerman et al., 2000). To test if the conventional calpains
mediate Abi1 degradation, we examined Abi1 expression in 5-d

Figure 3. PTEN-mediated dephosphorylation of Abi1 leads to Abi1 degradation by calpains. (a) Wild-type EBs were cultured for 1–5 d and analyzed by
immunoblotting. (b) 2- and 4-d wild-type and Pten−/− EBs were analyzed by immunoblotting. (c) E3.5 and E6.5 embryos were isolated from timed wild-type
pregnant mice and analyzed by immunoblotting. (d) The protein level of Abi1 was higher in PTEN-negative (U87) human glioblastoma cells when compared
with those that were PTEN positive (LN229). Subsequent restoration of PTEN expression in U87 cells down-regulated Abi1. (e) RT-PCR analysis for Abi1 and
WAVE2 in 4-d wild-type and Pten−/− EBs. (f) 4-d EBs were treated with the lysosomal inhibitor chloroquine (CQ), the calpain inhibitor ALLN, or the proteasome
inhibitor MG-132 for 16 h. Immunoblotting was performed to detect theWAVE complex subunits. (g)Wild-type, calpain small subunit 1 (Capns1)–, and Pten-null
(−/−) EBs were cultured for 5 d and analyzed by immunoblotting. (h) Immunoblot analysis of 5-d wild-type and calpain 2 (Capn2)-null EBs showed that Abi1 and
WAVE2 were significantly increased in Capn2−/− EBs. Intact talin was detected in Capn2−/− EBs, but not in wild-type EBs. Cleaved talin (the rod domain) was
mainly detected in wild-type EBs. (i) Abi1 was immunoprecipitated from 5-d Pten−/− EBs with anti-Abi1 monoclonal antibody. Preimmune mouse IgG (mIgG)
served as a control. The immunoprecipitates were incubated with active PTEN for 30 min, washed with PBS, and then treated with active porcine calpain 1 for
an additional 30 min. Enzymatic digestion in the reverse order of above was also performed with mouse IgG immunoprecipitates as control. Digestion products
were analyzed by immunoblotting using rabbit anti-Abi1 antibody.
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EBs derived fromwild-type and Capns1−/− ES cells (Arthur et al.,
2000). Ablation of Capns1 eliminated CAPN2 expression and
markedly increased Abi1 protein abundance (Fig. 3 g). The
phosphorylation level of Abi1 at S216 and Y213 was very low in
wild-type EBs and comparable to that found in Capns1−/− EBs. In
contrast, phospho-Abi1 Y213 and S216 were readily detected in
Pten−/− EBs. This result suggests that the Abi1 protein accu-
mulation in Capns1 EBs is mostly dephosphorylated by PTEN.
Ablation of Capn2, which is known to cleave the cytoskeletal
protein talin, was associated with accumulation of full-length
talin and greatly reduced levels of talin fragments (Fig. 3 h;
Calle et al., 2006). Capn2 ablation also led to an increase in Abi1
and WAVE2 protein levels but did not increase Abi1 phospho-
rylation at S216 (Fig. 3 h). To further test whether Abi1 is
dephosphorylated by PTEN and subsequently degraded by
calpains, we immunoprecipitated Abi1 from 5-d Pten−/− EBs and
treated the immunoprecipitates with recombinant PTEN. This
was followed by treatment with active calpain 1. Immunoblot
analysis of the treated immunoprecipitates primarily detected
an ∼29-kD Abi1 fragment (Fig. 3 i). However, when the reverse
was done (i.e., the immunoprecipitates were first incubated
with calpain 1 followed by PTEN), intact Abi1 was the main
band detected by immunoblotting. These results suggest that
Abi1 is mainly degraded by conventional calpains following
dephosphorylation by PTEN during epiblast morphogenesis.
Following Abi1 degradation, other WRC subunits are degraded
likely due to reduced stability of the complex (Dubielecka et al.,
2011; Innocenti et al., 2004).

PTEN-mediated down-regulation of Abi1 promotes epiblast
differentiation and polarization
To examine the effect of Abi1 elevation on epiblast differentia-
tion and polarization, we stably transfected wild-type ES cells
with human Abi1. As shown in Fig. 4, a and b, overexpression of
Abi1 in 5-d EBs inhibited epiblast epithelial differentiation. This
was evidenced by high-level expression of the pluripotency
markers, low-level expression of the epithelial differentiation
marker keratin 8, as well as low-level expression of apical po-
larity proteins CRB3 and syntaxin-3. Only a small percentage
(9.7 ± 3.2%) of the EBs contained the polarized epiblast epithe-
lium and a central cavity (Fig. 4, c and d). By contrast, 75.2 ± 4.5%
of the EBs transfected with the vector alone displayed epiblast
polarization, although endoderm differentiation was similar in
the two groups. Given that Abi1 is markedly up-regulated after
PTEN ablation, we next tested if knockdown of Abi1 in Pten−/−

EBs rescues epiblast differentiation and polarity. To this end,
Pten−/− ES cells were stably transfected with vectors encod-
ing shRNAs targeting Abi1, scrambled shRNAs, or GFP. Abi1
knockdown clones with Abi1 protein levels depleted to that of
the wild-type GFP EBs were chosen for further analysis (Fig. 4
e). Immunoblots show that knockdown of Abi1 decreased
WAVE2 and Nckap1, likely caused by disassembly of the WRC
and subsequent degradation of these subunits. Abi1 depletion
was associated with reduced expression of pluripotency tran-
scription factors and increased expression of markers for epi-
thelial differentiation (Fig. 4, f and g). Quantification of the
formation of the columnar epiblast epithelium and cavitation in

5-d EBs revealed >50% rescue of epiblast polarity in comparison
with the wild-type EBs (Fig. 4, h and i). However, shRNA-
mediated stable knockdown of Abi2, a paralogue of Abi1
mainly expressed in the endoderm, did not rescue epiblast
polarity in Pten−/− EBs (Fig. S3). Knockdown of both Abi1 and
Abi2 did not further increase the rescue efficiency as compared
with Abi1 depletion alone. These results suggest that PTEN-
induced down-regulation of Abi1 promotes epiblast differenti-
ation and polarization.

To further determine the effect of PTEN dephosphorylation
of Abi1 on epiblast differentiation and polarization, we disrupted
the Abi1 gene in Pten−/− ES cells using CRISPR-Cas9 technology
(Fig. S4, a and b). Analysis of three independent ES cell clones
showed that ablation of Abi1 in Pten−/− EBs failed to rescue ep-
iblast differentiation and polarization (Fig. 5, a–c). However, we
observed less compaction of 2-d Pten−/−;Abi1−/− EBs compared
with wild-type and Pten−/− EBs, which suggests that Abi1 plays a
role in compaction (Fig. 5 d). The Pten−/−;Abi1−/− ES cells were
then reconstituted with wild-type or mutant Abi1 contain-
ing PTEN dephosphorylation site mutations (Y213F, S216A,
or Y213F/S216A; Fig. 5 e). Stable ES cell clones were selected
based on GFP fluorescence and similar expression levels of the
Abi1 mRNA (Fig. S4 c). Immunoblot analysis revealed that the
Abi1 mutants were largely degraded, with degradation accom-
panied by reduced WAVE2, Nanog, Oct4, and c-Myc and in-
creased keratin 8 in S216A and Y213F/S216A EBs (Fig. 5, e and
f). These changes were not seen in wild-type Abi1-reconstituted
double-knockout EBs. Further, these changes correlate with a
significant rescue of epiblast polarity (Fig. 5, g and h). In the
Abi1 Y213F-reconstituted EBs, decrease of Abi1 was associated
with only a moderate reduction of pluripotency markers and a
slight increase of keratin 8. The rescue efficiency of epiblast
polarity was also lower. We also stably transfected wild-type
and Pten−/−;Abi1−/− EBs with the phosphomimetic mutant of
Abi1 (S216D). The protein level of S216D was much higher in
both EBs, although the mRNA level was comparable (Fig. S4, d
and e). Expression of Abi1 S216D inhibited EB morphogenesis in
wild-type EBs and failed to rescue epiblast differentiation in
Pten−/−;Abi1−/− EBs (Fig. S4, f–i). Taken together, these results
suggest that PTEN-mediated dephosphorylation and down-
regulation of Abi1 promote epiblast differentiation and polarization.

PTEN regulates epiblast polarization mainly through
down-regulation of the WRC
In addition to being a core subunit of the WRC, Abi1 has been
shown to interact with syntaxin-1, mDia1, Abl kinases, the p85
subunit of PI3K, N-WASP, mDia2, and Eps8 (Echarri et al., 2004;
Innocenti et al., 2003; Ryu et al., 2009). To test whether rescue
of the Pten−/− epiblast phenotype by Abi1 depletion is mediated
by down-regulation of the WRC, we depleted Nckap1 in Pten−/−

ES cells by stable transfection of Nckap1 shRNAs. Our micro-
array data revealed that the other family member Nckap1L is not
expressed in EBs (Data S1, microarray spreadsheet). Therefore,
Nckap1 is a unique subunit shared by all WRCs in EBs. shRNA-
mediated knockdown of Nckap1 led to a reduction in Abi1 and
WAVE2 protein levels in 5-d Pten−/− EBs (Fig. 6 a). This is ac-
companied by decreased expression of Nanog and Oct4 and
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increased expression of keratin 8 (Fig. 6, a and b). We quantified
epiblast epithelial formation by live phase-contrast microscopy
and immunostaining for apical polarity marker MPDZ. This
revealed that over ∼40% of Pten−/− EBs with Nckap1 knockdown
formed a polarized epiblast layer encompassing a central cavity
and achieved similar rescue efficiency (>50%) as shRNA-mediated

Abi1 depletion (Fig. 6, c and d). To further address the conse-
quence of WRC elevation, we stably transfected wild-type ES
cells with WAVE2. Overexpression of WAVE2 increased Abi1,
Nckap1, Nanog, and Oct4 and decreased keratin 8 in 5-d EBs
(Fig. 6, e and f). These changes led to impaired epiblast po-
larization (Fig. 6, g and h). Taken together, these results

Figure 4. PTEN regulates epiblast differentiation and polarization via down-regulation of Abi1. (a) 5-d EBs stably transfected with either Abi1 (pCXN2-
Abi1) or vector alone (pCXN2) were analyzed by immunoblotting. (b) The blots were quantified by densitometry, and the ratio of pluripotency and differ-
entiation markers relative to actin was plotted. Mean ± SD. *, P < 0.01 versus the pCXN2 group. Krt8, keratin 8; Stx3, syntaxin-3. (c and d) 5-d EBs were
analyzed by live phase-contrast microscopy and immunostaining. endo, endoderm; epi, epiblast. EBs with the polarized epiblast epithelium were counted and
plotted as a percentage of the total EBs examined. n = 967–1,021 for each group. *, P < 0.01 versus pCXN2. (e) Pten−/− ES cells were stably transfected with
Abi1 shRNA (Abi1 KD), the scrambled control (SC), or GFP. 5-d EBs were analyzed by immunoblotting. Wild-type EBs stably expressing GFP served as controls.
(f) Immunoblots of 5-d EBs show that knockdown of Abi1 down-regulated Nanog, Oct4, and c-Myc and up-regulated CRB3 and keratin 8. (g) The blots were
quantified by densitometry, and the data were plotted. Mean ± SD. *, P < 0.001 versus WT GFP; #, P < 0.01 versus Pten−/− scrambled control. (h and i) Live
phase-contrast and immunofluorescence micrographs show epiblast polarization in Abi1-knockdown EBs. EBs with the polarized epiblast epithelium were
counted and plotted as a percentage of the total EBs examined. n = 1,025–1,186 for each group. Mean ± SD.
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suggest that PTEN promotes epiblast epithelial differentiation
and polarization mainly through down-regulation of the WRC.

Down-regulation of Abi1 is required for the contribution of
Pten−/− ES cells to the polarized epiblast epithelium
Immunofluorescence microscopy showed that in the inner cell
mass of mouse blastocysts, Abi1 and WAVE2 were enriched at
the cell cortex where they colocalized with F-actin (Fig. 7 a).
In E6.5 embryos, Abi1 was mainly detected on the apical side
of polarized epiblast. Similarly, in normal 5-d EBs, Abi1 and
WAVE2 were mainly localized on the apical side of the epiblast
epithelium and associated with the apical actin belt (Fig. 7 b). In
contrast, these were enriched at the cell cortex of nonpolar cells
in the absence of PTEN. The increased accumulation of WRC
proteins at the cell cortex was accompanied by strong F-actin
staining in these cells. To further examine the association of Abi1
with the cortical actin cytoskeleton, we isolated epiblast cells
from 5-d EBs by removing the outer endoderm layer with a
hypotonic buffer. Isolated epiblast cells were plated on gelatin-
coated glass coverslips for 2 h. In wild-type epiblast cells, low

levels of Abi1 were mainly detected intracellularly. This was
accompanied byweak F-actin staining at the cell cortex (Fig. 7 c).
In contrast, Abi1 accumulated at the cell cortex at much higher
levels and colocalized with strong cortical F-actin in Pten−/−

epiblast cells. These results suggest that Abi1 and its binding
partner WAVE2 are mainly involved in actin nucleation asso-
ciated with the apical surface in polarized epiblast cells. In the
absence of PTEN, increased accumulation and activation of the
WRC may enhance actin nucleation at the cell cortex, thereby
inhibiting actin cytoskeleton reorganization associated with
epiblast polarization. This may explain the failure of Pten−/− ES
cells to contribute to the differentiated tissues when injected
into wild-type mouse blastocysts (Di Cristofano et al., 1998).

To test this hypothesis, we performed chimeric analysis by
intermixing wild-type ES cells with RFP–labeled wild-type or
Pten−/− ES cells in hanging drops for EB formation. Analysis of
3-d chimeric EBs showed that RFP-labeled wild-type cells could
intermix with unlabeled cells, whereas RFP Pten−/− cell formed
an aggregate in the EB center (Fig. 7 d). After 5 d of differenti-
ation, both wild-type and Pten−/− cells contributed to endoderm

Figure 5. Rescue Pten and Abi1 double-knockout EBs with PTEN dephosphorylationmutant Abi1. (a) 5-d wild-type, Pten−/−, and Pten−/−;Abi1−/− EBs were
analyzed by immunoblotting. A nonspecific (NS) band appeared in the Abi1 blot using 1% SDS lysis buffer. (b) The blots were analyzed by densitometry, and the
ratio of Oct4, c-Myc, and keratin 8 to actin was plotted. Mean ± SD. *, P < 0.01 versus WT. (c) 5-d EBs were coimmunostained for MPDZ and perlecan. (d) Live
phase-contrast micrographs show less compaction of 2-d Pten−/−;Abi1−/− EBs. (e) Pten−/−;Abi1−/− EBs were stably reconstituted with wild-type (wt) Abi1, Abi1
Y213F, S216A, or Y213F/S216A (YF/SA) with wild-type GFP and Pten−/− GFP EBs serving as controls. 5-d EBs were subjected to immunoblot analysis. (f) The
blots were quantified by densitometry, and the ratio of Nanog, Oct4, c-Myc, and keratin 8 to actin was plotted. Mean ± SD. *, P < 0.01 versus WT GFP; #,P <
0.01 versus Pten−/−;Abi1−/− (double knockout [dKO]) Abi1wt. (g and h) 5-d EBs were coimmunostained for MPDZ and perlecan. EBs with the polarized epiblast
epithelium were counted by live phase microscopy and plotted as a percentage of total EBs examined. n = 662–701 for each group. Mean ± SD. *, P < 0.01
versus WT GFP; #, P < 0.01 versus double-knockout Abi1 wild type.
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formation (Fig. 7 e). However, only wild-type ES cells contrib-
uted to the polarized epiblast epithelium. A cluster of Pten−/−

cells was observed in the central cavity. In contrast to the wild-
type↔Pten−/− RFP chimeric EBs, Pten−/− ES cells with Abi1
knockdown behaved like wild-type RFP cells and could intermix
with unlabeled wild-type cells in 3-d EBs and contribute to both
the endoderm and the polarized epiblast epithelium in 5-d EBs.
Given that tissues with high surface tension are sorted to the
center and those with low surface tension go to the periphery,
these results suggest that the increased Abi1 and actin nucleation
at the cell cortex can impair symmetry-breaking polarization of
epiblast cells (Foty and Steinberg, 2005). Further, symmetry-
breaking apical polarization may require relaxation of the cor-
tical actin cytoskeleton (Lomakin et al., 2015).

Discussion
Establishment and maintenance of epithelial polarity is essential
for embryonic development and adult physiology. Loss of

polarity is a hallmark of cancer. During the formation of epi-
thelial tissues from a solid mass of undifferentiated cells such as
the inner cell mass of the blastocyst, the morphogenetic trans-
formation involves epithelial differentiation, polarization, and
cavitation. Despite the fact that PTEN plays a fundamental role in
these processes, there is limited understanding of the molecular
mechanisms whereby PTEN regulates epithelial morphogenesis.
In this study, we identified Abi1 as a new PTEN substrate that
links PTEN’s protein phosphatase activity to epiblast epithelial
differentiation and polarization. PTEN dephosphorylates Abi1
and causes Abi1 degradation through the calpain pathway and
thus down-regulates the WRC and induces reorganization of the
actin cytoskeleton and apical polarization.

The lipid phosphatase activity of PTEN was shown to be
important for apical polarization and lumen formation in the
three-dimensional MDCK cell culture system (Martin-Belmonte
et al., 2007). In that system, PTEN at the apical plasma mem-
brane mediates the enrichment of PIP2 by converting PIP3 to
PIP2. The phospholipid-binding protein Annexin 2 binds to PIP2

Figure 6. PTEN promotes epiblast differentiation and polarization via down-regulation of theWRC. (a and b) 5-d wild-type GFP and Pten−−/− EBs stably
transfected with Nckap1 shRNA or the scrambled control (SC) were analyzed by immunoblotting. Blots were quantified by densitometry, and the ratio of
Nanog, Oct4, and keratin 8 to actin was plotted. Mean ± SD. *, P < 0.05 versus WT GFP and Pten−/− Nckap1 knockdown (KD). (c) 5-day EBs were coim-
munostained for MPDZ and perlecan. (d) EBs with polarized epiblast epithelium were counted and plotted as a percentage of total EBs examined.
n = 1,090–1,166 for each group. Mean ± SD. (e and f) 5-d normal EBs stably transfected either with pCXN2-WAVE2 or only the vector were subjected to
immunoblot analysis. Blots were quantified and the ratio of Nanog, Oct4, and keratin 8 to actin was plotted. Mean ± SD. *, P < 0.05 versus the vector control.
(g) 5-d EBs were immunostained for MPDZ and perlecan. (h) Formation of the polarized epiblast epithelium in 5-d EBs were quantified by phase-contrast
microscopy and plotted as a percentage of total EBs examined. n = 724–750 for each group. Mean ± SD. *, P < 0.01 versus control.
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and recruits Cdc42 to the apical surface. Cdc42 in turn recruits
atypical protein kinase C to induce apical polarization and lumen
formation. However, we have shown that in Pten−/− EBs, PTEN
G129E, deficient in the lipid phosphatase activity, largely rescues
apical polarity and cavitation, although it inhibits epiblast
elongation (Qi et al., 2015). Furthermore, before epiblast polar-
ization, PIP2, visualized with PLC-PH-GFP, is localized uni-
formly to the plasma membrane in wild-type and Pten−/− EBs
(Fig. S5). In differentiated normal EBs, PIP2 is mainly detected at
the basal rather than apical plasma membrane of the epiblast

epithelium. PIP2 is also enriched at the plasma membrane of the
centrally located cells in both wild-type and Pten−/− EBs. In
contrast, PIP3, detected with Akt-PH-GFP, is mainly intracellular
in wild-type EBs and at the plasma membrane in Pten−/− EBs,
indicating that PTEN is responsible for the removal of PIP3 from
the plasma membrane (Fig. S5). Lastly, treatment of Pten−/− EBs
with PI3K or Akt inhibitors fail to rescue the epiblast phenotype.
Taken together, the results from Pten−/− EBs suggest that PTEN’s
lipid phosphatase activity is not required for apical polarization
or cavitation during epiblast morphogenesis. The discrepancy in

Figure 7. Immunofluorescence and chimeric
EB analysis. (a) E3.5 embryos were stained for
Abi1, WAVE2, and F-actin. Arrowheads define the
inner cell mass. E6.5 embryos were stained for
Abi1 and basement membrane nidogen. (b) 5-d
EBs were immunostained for Abi1 and WAVE2.
F-actin was stained with rhodamine-phalloidin.
The basement membrane was immunostained
for the laminin α1 chain or perlecan. Arrowheads
point to the apical surface of polarized epiblast in
wild-type EBs and the cell cortex in Pten−/− EBs.
The upper right panels show colocalization of
Abi1 and WAVE2 with F-actin at the apex of the
polarized epiblast in wild-type EBs. The lower right
panels show colocalization of Abi1 and WAVE2
with F-actin at the cell cortex in Pten−/− EBs.
(c) Isolated epiblast cells were plated on gelatin-
coated glass coverslips for 2 h and immunostained
for Abi1. F-actin was stained with FITC-phalloidin.
(d) Unlabeled wild-type ES cells were mixed with
RFP-labeled wild-type, Pten−/−, or Pten−/− with Abi1
knockdown (KD) ES cells in a ratio of 2:1 and cul-
tured in hanging drops for 24 h. The EBs were
cultured in suspension for additional 2 d, and cry-
osections were stained with DAPI to reveal the
nucleus. Arrowheads point to an aggregate of
Pten−/− RFP cells. (e) The EBs formed in hanging
drops were further cultured for 4 d and examined
by live phase-contrast and fluorescencemicroscopy.
Both wild-type RFP and Pten−/− Abi1 KD RFP ES
cells contributed to the polarized epiblast epithelium
(epi), whereas Pten−/− RFP cells formed an aggre-
gate inside the cavity.
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PTEN mechanisms between the MDCK and the EB system is
unknown. During EB morphogenesis, epiblast polarization is
coupled with differentiation of pluripotent stem cells into epi-
thelial cells. Nevertheless, these studies suggest that the un-
derlying molecular mechanisms whereby PTEN regulates
epithelial polarity may vary depending on the epithelial tissues/
cells analyzed.

During ES cell differentiation into the columnar epiblast
epithelium, the nonpolar ES cells must first exit from the
pluripotent ground state. PTEN regulates pluripotency exit
likely through dephosphorylation and down-regulation of
Abi1. This is supported by the finding that shRNA-mediated
down-regulation of Abi1 in Pten−/− EBs suppressed the ex-
pression of the core pluripotency transcription factors Nanog
and Oct4. Reintroduction of PTEN dephosphorylation mutant
Abi1 into Pten−/−; Abi1−/− EBs also reduced expression of these
transcription factors. In contrast, overexpression of Abi1 in
wild-type EBs sustained pluripotency of EBs in the 5-d ex-
perimental period. The regulation of pluripotency by Abi1 is
likely to be mediated by the WRC, because manipulation of the
WRC subunits Nckap1 and WAVE2 yield similar results. The
mechanisms by which the WRC regulates ES cell pluripotency
and epithelial differentiation remains unknown. The WRC-
mediated assembly of cell cortical actin cytoskeleton may play
a role. The cell cortex is a thin F-actin meshwork beneath the
plasma membrane (Chugh and Paluch, 2018). WRC-Arp2/3 and
mDia are the main drivers of actin nucleation for the assembly of
the cortical actin cytoskeleton (Bovellan et al., 2014). The pri-
mary function of cortical actin is to control cell shape required
for cell migration, division, polarization, and tissue morpho-
genesis (Chalut and Paluch, 2016; Coravos et al., 2017; Tsankova
et al., 2017). The cortical actin cytoskeleton undergoes drastic
reorganization during developmental transitions. As ES cells exit
from pluripotency and begin to differentiate, actin changes from
cortical organization to stress fibers (Chalut and Paluch, 2016).
Similarly, culturing cells on a soft substrate, which increases the
cortical actin, helps to maintain ES cell pluripotency and pro-
mote the reprogramming of somatic cells to stem cells (David
et al., 2019; Guo et al., 2014; Higuchi et al., 2014). It would be
interesting to determine whether the WRC regulates pluri-
potency exit by affecting cortical actin assembly.

Our microarray analysis revealed that Abi3, Nckap1L, and
WAVE3 are not expressed in EBs while the level of WAVE1 and
Cyfip2 is low (Data S1). In addition, immunostaining revealed
that Abi2 is predominantly expressed in the endoderm in both
E6.5 mouse embryos and EBs (Fig. S3, a and b). Therefore, in the
epiblast Abi1 mainly interacts with Nckap1, WAVE2, Sra-1, and
Brick1 to form the WRC, where Abi1 serves as a core adaptor
protein to hold the complex together (Gautreau et al., 2004;
Innocenti et al., 2005; Kunda et al., 2003). In normal mouse
blastocysts, Abi1 and WAVE2 are enriched at the cell cortex in
the inner cell mass and colocalize with F-actin. This suggests
that the WRC is activated and mediates actin polymerization at
this location. During epiblast polarization, Abi1 and WAVE2
are significantly reduced at the basolateral membrane and
relocated to the apical side, where they colocalize with the
apical actin belt. Lomakin et al. reported that in epithelial cells,

actin competes between two distinct networks, one for the
formation of cortical actin networks and the other for polarized
dendritic growth (Lomakin et al., 2015). Relaxation of the ac-
tomyosin cytoskeleton using a myosin II inhibitor promotes cell
polarization. Similarly, reduction of the cortical actin network
may be required for the formation of the apical actin belt
during the transition of the compact inner cell mass to polar-
ized epiblast. In Pten−/− EBs, increased amounts of Abi1 and
excessive WRC activation may lock actin in the cell cortex and
thus prevent epiblast differentiation and polarization. Fur-
thermore, in the Caenorhabditis elegans intestinal epithelium,
similar relocation of the WRC is suggested to facilitate the lat-
eral movement of E-cadherin to the apical side and promote the
assembly of apical adherens junctions (Sasidharan et al., 2018).
Taken together, our data support the following hypothesis:
during epiblast morphogenesis, PTEN dephosphorylates Abi1
and down-regulates the WRC at the cell cortex. This causes
reorganization of the actin cytoskeleton to facilitate the for-
mation of the apical actin belt and adherens junctions. Loss of
PTEN leads to accumulation of PIP3 (Fig. S5) and phosphory-
lated Abi1 at the cell cortex, prevents actin cytoskeleton reor-
ganization, and inhibits epithelial differentiation (Dubielecka
et al., 2010; Mendoza et al., 2011; Xiong et al., 2008).

After dephosphorylation by PTEN, Abi1 is degraded by cal-
pains. Abi1 S216 is a candidate site for calpain cleavage. It has
been reported that phosphorylation of calpain cleavage sites or
nearby residues inhibits calpain cleavage of its substrates (Falet
et al., 1998; Li et al., 2016; Zamorano et al., 2005). During epiblast
polarization, the Abi1 protein is down-regulated in parallel with
up-regulation of PTEN and calpain 2 (Qi et al., 2015). In Pten−/−

EBs, the Abi1 protein is markedly elevated accompanied by in-
creased phosphorylation at S216. There is no parallel elevation of
mRNA. By contrast, disruption of the Capns1 or Capn2 gene in-
creases the level of the Abi1 protein, but not phosphorylation,
which is likely due to accumulation of nonphosphorylated Abi1.
We have also shown that incubation of phosphorylated Abi1,
first with PTEN and then with calpain, causes Abi1 degrada-
tion. However, reversing that enzymatic digestion order yields
largely intact Abi1. Furthermore, the PTEN-dephosphorylation
mimetic mutants S216A, Y213F, and S216A/Y213F are degraded
after introduced into Pten−/−; Abi1−/− EBs. On the contrary, wild-
type Abi1 or the phosphomimetic mutant S216D are not. PTEN
dephosphorylation and calpain degradation of Abi1 can lead to
the disassembly of the WRC and subsequent degradation of
WRC components. This overall reduction of the WRC may be
responsible for reduced F-actin at the cell cortex during epi-
blast morphogenesis.

We detected Abi1 phosphorylation in Pten−/− EBs rescued
with the C124S mutant, but not with the G129E mutant. Gain-
and loss-of-function analysis suggests that PTEN dephospho-
rylation of Abi1 is important for epiblast differentiation and
polarization. However, it must be noted that the G129E mutation
is associated with Cowden disease, a condition that increases the
likelihood of several different cancers in patients (Liaw et al.,
1997; Myers et al., 1998). The protein phosphatase activity re-
ported here is unlikely to be involved in the pathogenesis of
Cowden disease and cancers with the PTEN G129E mutation.
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Whether PTEN dephosphorylation of Abi1 contributes to its
tumor suppressor function warrants further investigation.

Materials and methods
Cell culture and EB differentiation
The ES cell lines used for this study were wild-type R1, Pten−/−,
Capns1−/−, and Capn2+/− ES cells (Arthur et al., 2000; Di
Cristofano et al., 1998; Dutt et al., 2006). Capn2−/− ES cell
clones were generated by screening Capn2+/− ES cells at 2 mg/ml
G418. All the ES cells were cultured on mitomycin C–treated
Sandos inbred mouse-derived 6-thioguanine- and ouabain-
resistant (STO) cells and supplementedwith 103 U/ml leukemia-
inhibiting factor. EB differentiation was initiated from ES
cell aggregates in suspension culture as described previously
(Li et al., 2002). Briefly, ES cells cultured for 3–4 d were
disassociated to small clusters of ∼20 cells with 0.05% trypsin-
0.53 mM EDTA. ES cell clumps were allowed to pellet by gravity
and collected for culturing on Nunc Petri dishes in DMEM con-
taining 15% FBS, 1× nonessential amino acids (Thermo Fisher
Scientific), 2 mM L-glutamine, 1 mM sodium pyruvate, and
0.1 mM 2-mercaptoethanol. FBS used for EB culture was selected
from various sources and batches for maximal EB differentia-
tion. U87 human malignant glioma cells were purchased from
ATCC and cultured in Eagle’s minimum essential medium sup-
plemented with 10% FBS. LN229 human glioblastoma cells were
also purchased from ATCC and cultured in DMEM supplemented
with 5% FBS.

Mouse embryos
E3.5 and E6.5 embryos were isolated from timed pregnant
C57BL/6J mice. For immunostaining, E6.5 embryos were fixed in
3% paraformaldehyde for 10 min and mounted in optimal-cut-
ting-temperature compound for the preparation of cryosections.
E3.5 embryos were also fixed for 10 min for whole-mount im-
munofluorescence. For immunoblotting, freshly isolated em-
bryos were lysed in radioimmunoprecipitation assay (RIPA)
buffer (50 mM Tris, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% NP-
40, and 0.25% sodium deoxycholate), which also contained
protease and phosphatase inhibitor cocktails (MilliporeSigma).
The animal studies were conducted in accordance with regu-
lations of the Institutional Animal Care and Use Committee at
Rutgers University, New Brunswick, New Jersey. The experi-
mental protocol was approved by the Rutgers Institutional An-
imal Care and Use Committee.

Antibodies and cDNA constructs
Rabbit polyclonal antibodies (pAbs) to pAkt (Ser473, catalog
number 9271), Akt (catalog number 9272, Research Resource
Identifier [RRID]:AB_329827), Klf4 (catalog number 4038, RRID:
AB_2265207), and calpain 2 (catalog number 2539, RRID:
AB_2069843); rabbit mAb to WAVE2 (catalog number 3659,
RRID:AB_2216981), PTEN (cat. #9188, RRID:AB_2253290), and
c-Myc (catalog number 13987, RRID:AB_2631168); and mouse
mAb to Sox2 (catalog number 4900, RRID:AB_1056051) were
obtained from Cell Signaling. Mouse Abi1 mAb (catalog number
D147-3, RRID:AB_592744) was obtained from MBL. Rabbit anti-

Sra-1 pAb (catalog number 07-531, RRID:AB_390148) and rat
anti-laminin γ1 mAb (catalog number 05-206, RRID:
AB_309655) were obtained from Upstate Biotechnology. pAbs
to Oct4 (catalog number sc-9081, RRID:AB_2167703) and Sos1/
2 (catalog number sc-259, RRID:AB_2270724) and perlecanmAb
(catalog number sc-33707, RRID:AB_627714) were obtained
from Santa Cruz Biotechnology. Abi1 (catalog number A5106,
RRID:AB_2220843) and Nckap1 (catalog number N3788,
RRID:AB_1841025) pAbs; Flag-tag (catalog number F3165,
RRID:AB_259529), β-actin (catalog number A5441, RRID:
AB_476744), β-tubulin (catalog number T4026, RRID:
AB_477577) mAbs; and Flag-tag mAb-agarose beads (catalog
number A2220, RRID:AB_10063035) were obtained from Mil-
liporeSigma. Nanog and Syntaxin-3 pAb (catalog number
ab4113, RRID:AB_2198665) were obtained from Abcam.
Cytokeratin-8 mAb (catalog number TROMA-I, RRID:
AB_531826) was obtained from Developmental Studies Hybrid-
oma Bank. Rabbit anti-calpain small subunit 1 pAb (catalog
number PA5-82266, RRID:AB_ 2789426) was purchased from
ThermoFisher Scientific. Phospho-Abi1 S216 was provided by Dr.
Zonghan Dai (Texas Tech University Health Science Center,
Amarillo, TX). Phospho-Abi1 Y213 was obtained from Dr. Leszek
Kotula (New York State Institute for Basic Research in Devel-
opmental Disabilities, New York, NY). Abi2 pAb was kindly
provided by Dr. Ann Marie Pendergast (Duke University, Dur-
ham, NC). MPDZ and mDia2 pAbs were provided by Dr. Makoto
Adachi and Dr. Shuh Narumiya (Kyoto University, Kyoto, Japan),
respectively. CRB3 pAb was from Dr. Ben Margolis (University
of Michigan, Ann Arbor, MI). Cy3-, Cy5-, and horseradish
peroxidase–conjugated secondary antibodies were obtained
from Jackson ImmunoResearch. Alexa Fluor 488–conjugated
secondary antibodies were obtained from Molecular Probes.

The shRNA vectors targeting specifically mouse Abi1, Abi2,
Nckap1, and the control scrambled sequences were obtained
from OriGene. The effective sequences selected by immunoblot
analysis of stably transfected ES cell lines are 59-TCAGAGACC
AAGGACGCATTAGTGGAAGT-39 (Abi1), 59-ACTGCGAGAATAACT
ACATCCAGTCACCA-39 (Abi2), and 59-ACGCCTTGGTCAGATGA
TTGTGGACTATG-39 (Nckap1). The PTEN wild-type, C124S, and
G129E vectors were obtained from Addgene and subcloned to
pCXN2-IRES-GFP and pET-45b (Qi et al., 2015; Takahashi et al.,
2006; Tamura et al., 1998). Wild-type and Y213F Abi1 cDNAs
were kindly provided by Dr. Leszek Kotula (New York State
Institute for Basic Research in Developmental Disabilities, New
York, NY) and subcloned to pCXN2-IRES-GFP (Xiong et al.,
2008). Abi1 S216A and Y213F/S216A mutations were generated
using the Agilent QuikChange II site-directed mutagenesis kit.
Mouse WAVE2 was amplified by RT-PCR from wild-type mouse
ES cells and cloned into pCXN2-IRES-GFP. All the constructs
were confirmed by DNA sequencing.

Chemical and protein reagents
Akt1/2 kinase inhibitor (catalog number A6730) and chloroquine
(Chemical Abstracts Service number 50–63-50) were purchased
from MilliporeSigma and used at final concentrations of 0.5 µM
and 100 µM, respectively. ALLN was purchased from Calbio-
chem (Chemical Abstracts Service number 110044–82-1) and
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used at a final concentration of 0.5 µM. MG-132 was purchased
from Selleckchem (catalog number S2619) and used at a final
concentration of 0.1 µM. Active PTEN (catalog number P23-20G-
10) was purchased from SignalChem. Immunoprecipitates were
digested for 30 min with 0.1 µg/µl active PTEN in PTEN dilution
buffer (20 mM Tris, pH 7.5, 150 mM NaCl, 50 µMMgCl2, 0.05%
Tween-20, and 0.2% 2-mercaptoethanal) provided by the man-
ufacturer. Active porcine calpain 1 (1 U/µg protein, catalog
number 1138) was purchased from BioVision. Digestion was
performed for 30 min in 50 mM Tris buffer, pH 7.5, containing
150 mMNaCl, 1 mM EDTA, 1mM DTT, 2 mM CaCl2, and 0.5 U/µl
active calpain 1.

Stable transfection of ES cells
For stable expression of Abi1 or WAVE2, wild-type ES cells were
transfected with the corresponding vectors using Lipofectamine
3000 reagent (Invitrogen). Stable ES cell clones were selected
with 500 µg/ml G418. GFP-positive colonies were cloned and
expanded on Sandos inbred mouse-derived 6-thioguanine- and
ouabain-resistant (STO) feeders. Reconstitution of Pten−/− ES
cells with wild-type PTEN, G129E, or C124S was reported pre-
viously (Qi et al., 2015). For reconstitution of G418-resistant
Pten−/−;Abi1−/− ES cells with either wild-type or mutant Abi1,
selection of stable clones was based on GFP fluorescence and
verified by RT-PCR detection of human Abi1 mRNAs. For
knockdown of Abi1 or Nckap1, specific shRNAs and scrambled
controls in the pRFP-C-RS vector were introduced into Pten−/−

ES cells by transfection using Lipofectamine 3000 reagent. The
cells were selected with 1 µg/ml puromycin, and RFP-positive
clones were expanded and grown in medium containing puro-
mycin. Abi2 knockdown was achieved by stable transfection of
Pten−/− ES cells with Abi2 shRNAs in the pGFP-C-RS vector. For
Abi1 and Abi2 double knockdown, Pten−/− ES cells with Abi1
knockdown were transfected with the effective Abi2 shRNA,
and GFP/RFP double-positive cells were selected and confirmed
by immunoblotting.

Generation of Pten−/−; Abi1−/− ES cell lines
Pten−/−; Abi1−/− ES cell lines were generated by disrupting the
Abi1 gene in Pten−/− ES cells using the CRISPR-Cas9 approach as
described previously (Ran et al., 2013). Briefly, the oligonucle-
otide pair encoding mouse Abi1-targeting sgRNA (top: 59-CAC
CGACTACATGACTAGTCCTGCG-39; bottom: 59-AAACCGCAG
GACTAGTCATGTAGTC-39) was designed with the online CRISPR
Design Tool (https://portals.broadinstitute.org/gpp/public/analysis-
tools/sgrna-design) and cloned into the pSpCas9(BB)-2A-GFP vec-
tor (Addgene; 48138) to generate pSpCas9(BB)-Abi1-sgRNA. Pten−/−

ES cells were transfected with pSpCas9(BB)-Abi1-sgRNA using
Lipofectamine 3000. 48 h after transfection, the brightest 1% GFP-
positive cells were sorted by FACS into 96-well plates (one cell per
well). Abi1 knockout clones were screened by PCR genotyping
(primer sequences are Forward 1, 59-TGCCATCGTGCCTAGTTT
GTAT-39; Reverse knockout 1, 59-CAATGACTACATGACTAG
TCCTGC-39; Forward knockout 1, 59-GCTTCCAAGCCTCGCAGG-39,
Reverse 2 59-TGCACAATACTCCTCTTCCCTG-39) and further con-
firmed by DNA sequencing and immunoblotting.

Immunofluorescence
EB processing and immunostaining were performed as de-
scribed previously (Li and Yurchenco, 2006). Briefly, EBs were
fixed with 3% paraformaldehyde for 10 min at room tempera-
ture and washed three times with PBS. Fixed EBs were incu-
bated in 7.5% sucrose-PBS at room temperature for 3 h and then
in 15% sucrose-PBS at 4°C overnight. EBs were imbedded in
Tissue-Tek O.C.T. Compound and sectioned on a Leica cryostat.
For immunostaining, EB sections were incubated with primary
antibodies at room temperature for 60 min followed by washing
with PBS three times. Secondary antibody incubation time was
30 min. Nuclei were counterstained with 1 µg/ml DAPI in PBS
for 10 min. Slides were viewed with a Nikon inverted fluores-
cence microscope (Eclipse TE2000) using a Nikon Plan Fluor
40×/1.30 oil objective at 20°C, and digital images were acquired
with a Hamamatsu CCD (charge-coupled device) camera con-
trolled by IP Lab software (Scanalytics). The fluorochromes used
were Alexa Fluor 488, Cy3, and Cy5 (in case GFP was expressed).
Three-color RGB (red-green-blue) images were constructed
from single-channel images using IP Lab. Immunofluorescence
intensity was analyzed using ImageJ software (National In-
stitutes of Health) with six biological replicates. EBs containing
the polarized epiblast epithelium were counted by live phase
microscopy with a Nikon 10× phase objective. The data were
collected in a blinded fashion. The percentage of epiblast po-
larization was calculated as EBs with polarized epiblast/total EBs
counted × 100%.

Immunoprecipitation and immunoblotting
EBs were collected by allowing them to settle through gravity’s
action and washed once in PBS. For immunoprecipitation and
analysis of only cytoplasmic proteins, EBs were lysed in RIPA
buffer containing protease and phosphatase inhibitor cocktails.
For analysis of nuclear proteins, SDS lysis buffer containing 1%
SDS and 50 mM Tris, pH 7.4, was used. Immunoprecipitation
and immunoblotting were performed as described previously
(Liu et al., 2009). Briefly, protein concentrations of cell lysates
were determined using Pierce BCA protein assay reagents
(Thermo Fisher Scientific). Protein samples (0.5–1.0 mg protein
per sample) were precleared with 20 µl of 50% protein A/G
Plus-agarose bead slurry (Santa Cruz Biotechnology; catalog
number sc-2003). Precleared samples were incubated with
antibody at 4°C for 2 h and then precipitated with 30 µl
protein A/G-agarose beads overnight under gentle rotation.
Immunoprecipitates were analyzed by SDS-polyacrylamide
gel electrophoresis. The specificity of antibodies was con-
firmed using preimmune IgG as a control. For immunoblot-
ting, proteins were transferred onto polyvinylidene fluoride
membranes, which were probed with appropriate dilutions
of primary antibody. Enhanced chemiluminescence reagent
was used for signal development. To quantify immunoblots,
the blots were scanned into computer at 600 dpi in TIFF
format using an Epson dual lens transparency scanner. Band
intensity (mean gray value) was measured using ImageJ
software (National Institutes of Health) with the background
subtracted.
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Mass spectrometry
EB lysates (1.5 mg protein for each sample) were im-
munoprecipitated with anti-phosphotyrosine antibody–agarose
beads (MilliporeSigma; catalog number 16–101). The im-
munoprecipitates were washed three times with Tris-buffered
saline containing 0.4% Tween-20 and then analyzed in 4–10%
SDS-polyacrylamide gradient gels. The experiments were re-
peated three times. Bands of interest were cut out of silver-
stained gels and used for in-gel trypsin digests (specificity,
carboxyl side of K and R). Samples were analyzed in duplicates
by liquid chromatography–tandem mass spectometry using an
LTQ Orbitrap Velos mass spectrometer (ThermoFisher) at
Rutgers University Biological Mass Spectrometry facility as de-
scribed previously (Xie et al., 2015). Peak lists were generated
using Proteome Discover version 1.4 (Orbitrap Velos) with a
minimum signal/noise of 1.5. The Global Proteome Machine
version 2.2.1 (GPM) Cyclone XE (Beavis Informatics) was used to
search mass spectrometry data against a unique mouse genome
assembly based on GRCh38.79 (January 2012; 41,214 total genes,
22,592 protein-coding genes).

Substrate-trapping assay
Wild-type PTEN and C124Smutant cDNAs were subcloned into a
pQE-31 vector (Qiagen) with an N-terminal His tag. The con-
structs were verified by DNA sequencing. Recombinant proteins
were expressed in BL21 bacterial cells by IPTG induction and
purified by affinity chromatography using nickel-nitrilotriacetic
acid (NTA) agarose beads according to the manufacturer’s in-
structions (Qiagen). PTEN proteins bound to the agarose beads
were quantified by densitometry analysis of Coomassie blue–
stained gels; bovine serum albumin was used as a standard. A
substrate-trapping assay was performed as described previously
(Mercan and Bennett, 2010). Briefly, 5-d Pten−/− EBs were
treated with 1 mM pervanadate and 100 nM calyculin A for
30 min to allow for accumulation of tyrosine and serine/threo-
nine phosphorylation on proteins. The EBs were lysed in RIPA
buffer. EB lysates were incubated with 10mMDTT for 10min on
ice to inactivate phosphatase inhibitors. 1.5 mg EB lysates was
then incubated with 10 µg His-tagged wild-type ormutant PTEN
bound to NTA agarose beads at 4°C for 3 h. NTA agarose beads
only served as a negative control. Affinity pull-down products
were analyzed by immunoblotting for Abi1.

RT-PCR
Total RNA was isolated with TRIzol reagent (ThermoFisher
Scientific) and reverse transcribed to cDNA using a SuperScript
VILO cDNA synthesis kit as per manufacturer’s instructions
(ThermoFisher Scientific). PCR reactions were performed using
Bio-Rad MyCycler thermocycler and Taq DNA polymerase with
ThermoPol buffer (New England Biolabs). The PCR primers for
mouse Abi1 are 59-GAGACCAAGGACGCATAGTG-39 (forward)
and 59-GAGTTGGGCTATCAGCAATG-39 (reverse). The primers
for mouse WAVE2 are 59-GCCGTTAGTAACCAGGAACATC-39
(forward) and 59-GGTTCACATTCCCTCTATTTGG-39 (reverse).
The primers for human Abi1 are 59-GCTAGGCTTGGAAGTCAG
CA-39 (forward) and 59-TCAACTGAGGCATAGGGGGA-39 (re-
verse). The primers for 18S RNA are 59-TCAAGAACGAAAGTC

GGAGG-39 (forward) and 59-GGACATCTAAGGGCATCACA-39
(reverse). PCR products were electrophoretically resolved on
2% agarose gels.

Statistical analysis
All the immunoblots shown are representative results of three
or four independent experiments. Quantitative data are pre-
sented as mean ± SD. Statistical differences between multiple
groups were evaluated by one-way ANOVA. Statistical analysis
between two groups was performed using unpaired Student’s
t test.

Online supplemental material
Fig. S1 shows that EB differentiation recapitulates the process
of epiblast polarization during mouse peri-implantation de-
velopment. Fig. S2 shows that active recombinant PTEN does
not dephosphorylate phospho-Akt S473 or phospho-FAK Y397.
Fig. S3 shows that Abi2 is mainly expressed in endoderm and
not involved in epiblast polarization. Fig. S4 shows Pten/
Abi1 double-knockout EBs. Fig. S5 shows localization of PIP3
and PIP2 in EBs. Data S1 shows microarray analysis of 2-d EBs.
Total RNA was isolated from 2-d normal EBs with TRIZOL rea-
gent and reverse transcribed to cRNA. Fragmented cRNAs were
hybridized to mouse genome 430 2.0 microarray chips (Af-
fymetrix). Hybridization data were analyzed byMAS software
(v5.0; Affymetrix).
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Supplemental material

Figure S1. EB differentiation recapitulates the process of epiblast polarization duringmouse peri-implantation development. 2- and 5-d EBs as well as
E6.5 mouse embryos were immunostained for E-cadherin, pericentrin, β-tubulin, GM130, CRB3, and MUPP1. The basement membrane was identified by
immunofluorescence of nidogen (Nd), perlecan, or the laminin α1 or γ1 chain. F-actin was visualized with rhodamine-phalloidin. The nucleus was counter-
stained with DAPI. As EBs begin to form the epiblast epithelium, the adherens junction receptor E-cadherin gradually concentrates on the apical side of the
epiblast (arrowheads). Cortical F-actin is reorganized to form an apical actin belt (the arrow and arrowheads) and longitudinal filaments. Pericentrin, a
component of the microtubule organization center (MTOC), also moves to the apex, where it marks the minus ends of microtubules. Microtubules, labeled with
β-tubulin antibody, form a longitudinal array parallel to the lateral plasma membranes. Meanwhile, nuclei are repositioned from the center to the basal side,
while the Golgi protein GM130 is localized to the apical side of the epiblast (arrowheads). The polarity markers CRB3 and MPDZ are translocated from a
vesicular compartment and the cell cortex, respectively, to the apical surface of the epiblast (arrowheads). cv, central cavity; EBM, embryonic basement
membrane; en, endoderm; epi, epiblast; RM, Reichert’s membrane.

Qi et al. Journal of Cell Biology S1

PTEN’s protein phosphatase activity regulates Abi1 https://doi.org/10.1083/jcb.201910041

https://doi.org/10.1083/jcb.201910041


Figure S2. Active recombinant PTEN does not dephosphorylate phospho-Akt S473 or phospho-FAK Y397. (a) AML12 mouse hepatocytes were treated
with 10 nM insulin for 15 min and immunoprecipitated with anti-Akt antibody. The immunoprecipitates were incubated either with or without 0.1 µg/µl active
recombinant PTEN (SignalChem; catalog number P23-20G-10) for 30 min in the reaction buffer containing 20 mM Tris, pH 7.5, 150 mM NaCl, 50 µM MgCl2,
0.05% Tween-20, and 0.2% 2-mercaptolethanol. After incubation, the samples were analyzed by immunoblotting for phospho-Akt S473 (pAkt S473) and Akt.
(b) Human fibroblasts were cultured on gelatin-coated dishes overnight and immunoprecipitated with anti-focal adhesion kinase (FAK) antibody. The im-
munoprecipitates were treated either with or without active recombinant PTEN as described above. The treated samples were then analyzed by immuno-
blotting for phospho-FAK Y397 (pFAK Y397) and FAK. IP, immunoprecipitation.

Figure S3. Abi2 is mainly expressed in endoderm and not involved in epiblast polarization. (a) E6.5 mouse embryos were immunostained for Abi2 and
basement membrane perlecan. Abi2 was mainly localized to the visceral endoderm (en; arrowheads). epi, epiblast. (b) Immunostaining of 5-d wild-type (WT)
and Pten−/− EBs showed localization of Abi2 at the outer endoderm layer. (c) Immunoblots show that shRNA-mediated knockdown of Abi2 in Pten−/− EBs (clone
1 and 2, C1 and C2) did not alter the expression of WAVE2, although both Abi2 and WAVE2 were up-regulated in Pten−/− EBs. (d and e) 5-d EBs were im-
munostained for the apical polarity marker MPDZ and basement membrane perlecan. Nuclei were stained with DAPI. Quantification of epiblast epithelial
formation by live phase microscopy revealed that knockdown of Abi2 failed to rescue epiblast polarity in Pten−/− EBs. Knockdown of both Abi1 and Abi2 did not
show any synergistic effect. n = 374–414 for each group. Mean ± SD. *, P < 0.01 versus WT GFP; #, P < 0.01 versus Abi2 KD. SC, the scrambled shRNA.
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Figure S4. Pten/Abi1 double-knockout EBs. (a) PCR genotyping was performed with two sets of primers spanning the sgRNA targeting site using DNA
extracted from 5-d Pten−/− and Pten−/−;Abi1−/− EBs (clones 3-7, 3-17, and 3-13). FKO1, forward knockout primer 1; R2, reverse primer 2; F1, forward primer 1;
RKO1, reverve knockout primer 1. (b) Immunoblots show loss of Abi1 expression in 5-d Pten−/−;Abi1−/− EBs (clone 3-13). (c) RT-PCR analysis of 5-d Pten−/−;
Abi1−/− EBs stably transfected with wild-type (WT) human Abi1 (hAbi1) and the mutants Y213F, S216A, and Y213F/S216A (YF/SA) all showed similar expression
levels of human Abi1 mRNAs. (d) Wild-type and Pten−/−;Abi1−/− EBs stably transfected with Abi1 S216A, S216D, or GFP were cultured for 5 d and analyzed by
immunoblotting. Actin served as a loading control. (e) The mRNA level of transfected human Abi1 (hAbi1) in 5-d EBs were analyzed by RT-PCR. 18S RNA served
as an internal control. (f and g) 5-d wild-type EBs stably transfected with Abi1 S216A, S216D, or GFP were stained for MPDZ. Basement membrane was stained
for perlecan. The formation of a polarized epiblast layer was quantified by live phase-contrast microscopy and plotted as a percentage of total EBs examined.
n = 651–707 for each group. Mean ± SD. *, P < 0.05 S216D versus S216A. (h and i) 5-d Pten−/−;Abi1−/− EBs stably transfected with Abi1 S216A, S216D, or GFP
were stained for MPDZ. Basement membrane was stained for perlecan. Epiblast polarization was quantified and plotted as a percentage of total EBs examined.
Mean ± SD. *, P < 0.01 versus the S216A group. n = 544–590 for each group.
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Data S1 is provided online and shows microarray analysis of 2-d EBs. Total RNA was isolated from 2-d normal EBs with TRIzol
reagent and reverse transcribed to cRNA. Fragmented cRNAs were hybridized to mouse genome 430 2.0 microarray chips
(Affymetrix). Hybridization data were analyzed by MAS software (v5.0; Affymetrix).

Figure S5. Localization of PIP3 and PIP2 in EBs. (a)Wild-type (WT) and Pten−/− ES cells were stably transfected either with the Akt PH domain-GFP (Akt-PH-
GFP) or the phospholipase C (PLC) PH domain-GFP (PLC-PH-GFP) vector with expressed fusion proteins specifically bind to PIP3 and PIP2, respectively.
Fluorescent micrographs of 2-d live EBs show that PIP3 wasmainly intracellular in wild-type EBs and was localized to the plasma membrane in Pten−/− EBs. PIP2
was mainly detected at the plasma membrane in both wild-type and Pten−/− EBs. (b) Cryosections of 5-d EBs were immunostained for basement membrane
perlecan (perl). PIP3 was localized intracellularly in both endoderm and polarized epiblast in wild-type EBs, whereas it was found at the plasma membrane in
Pten−/− EBs. PIP2 was detected mainly on the basal side of polarized epiblast cells (arrowheads) and the centrally located cells undergoing apoptosis (arrows) in
wild-type EBs. In the absence of PTEN, PIP2 was detected at the plasma membrane of nonpolar epiblast cells.
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