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Notch activation in aortic endothelial cells (ECs) takes place at embryonic stages during cardiac valve formation and induces
endothelial-to-mesenchymal transition (EndMT). Using aortic ECs, we show here that active Notch expression promotes
EndMT, resulting in downregulation of vascular endothelial cadherin (VE-cadherin) and upregulation of mesenchymal genes
such as those for fibronectin and Snail1/2. In these cells, transforming growth factor �1 exacerbates Notch effects by increasing
Snail1 and fibronectin activation. When Notch-downstream pathways were analyzed, we detected an increase in glycogen syn-
thase kinase 3� (GSK-3�) phosphorylation and inactivation that facilitates Snail1 nuclear retention and protein stabilization.
However, the total activity of Akt was downregulated. The discrepancy between Akt activity and GSK-3� phosphorylation is ex-
plained by a Notch-induced switch in the Akt isoforms, whereby Akt1, the predominant isoform expressed in ECs, is decreased
and Akt2 transcription is upregulated. Mechanistically, Akt2 induction requires the stimulation of the �-catenin/TCF4 tran-
scriptional complex, which activates the Akt2 promoter. Active, phosphorylated Akt2 translocates to the nucleus in Notch-ex-
pressing cells, resulting in GSK-3� inactivation in this compartment. Akt2, but not Akt1, colocalizes in the nucleus with lamin B
in the nuclear envelope. In addition to promoting GSK-3� inactivation, Notch downregulates Forkhead box O1 (FoxO1), an-
other Akt2 nuclear substrate. Moreover, Notch protects ECs from oxidative stress-induced apoptosis through an Akt2- and
Snail1-dependent mechanism.

Endothelial-to-mesenchymal transition (EndMT) is a cellular
conversion that generates mesenchymal cells from endothelial

cells. During embryonic development, EndMT takes place at em-
bryonic day 9.5 (E9.5), when endocardial cells that overlie the
atrioventricular (AV) canal and outflow tract regions delaminate
from the endocardial sheet and invade the cardiac jelly, to form
the endocardial cushions that establish the AV valves (1). EndMT
is essential for cardiac valve development and heart septation and
requires transforming growth factor � (TGF-�) (2). Generation of
mesenchymal cells is a crucial step for the differentiation of endo-
thelial cells into several lineages, including fibroblasts, myofibro-
blasts, pericytes, osteoblasts, chondrocytes, and adipocytes (3).
Pathological EndMT has also been associated with angiogenic
sprouting, arteriosclerosis, cardiac fibrotic disorders, and tumor
progression (4–6). In tumors, EndMT contributes to generate
cancer-associated fibroblasts that alter microenvironments by se-
creting oncogenic signals, such TGF-�, to induce the epithelial-
to-mesenchymal transition (EMT) (7).

Notch signaling has been implicated in EndMT during devel-
opment of the heart valves, arterial-venous differentiation, and
remodeling of the primitive vascular plexus; accordingly, muta-
tions of the Notch pathway are associated with congenital defects
of the cardiovascular system (8, 9). Notch genes encode trans-
membrane receptors with a large extracellular domain that inter-
acts with different membrane-bound ligands of the Delta and Ser-
rate/Jagged families and a Notch intracellular domain (NICD)
(9). Notch signaling requires ligand binding, proteolytic process-
ing of the receptor, nuclear translocation of NICD, and a Notch
interaction with RBPJ/CBF1/Su(H) to form a complex that acti-
vates the expression of target genes such as those for Myc, p21, and
the HES family members (Hes1 and Hes2) (10). Notch also inter-
acts functionally with the Wnt/�-catenin pathway, a signaling cas-

cade that is also essential for cardiogenesis (11). �-Catenin inter-
acts with NICD and signals synergistically by forming a ternary
complex with RBPJ (RBPJ/NICD/�-catenin) (12–14). Therefore,
�-secretase inhibitors preventing NICD generation also reduce
the expression of Wnt-dependent genes such as Axin2 (15). In
contrast, inactive Notch negatively regulates active �-catenin ac-
cumulation by associating with unphosphorylated �-catenin at
the cell membrane in colon cancer cells (16).

Snail family members have been associated with cells undergo-
ing metastatic as well as developmental EMT (17, 18). An impor-
tant target of Snail1 repression is the E-cadherin (CDH1) gene, the
primary cadherin responsible for homotypic adhesion between
members of an epithelial sheet (19, 20). Snail1 has additional cel-
lular functions that are independent of EMT, since it also confers
resistance to cell death (21–23). Snail1 is a highly unstable protein,
very sensitive to proteasome inhibitors. Several E3 ubiquitin li-
gases target the Snail1 protein (18, 24), such as the E3 ubiquitin
ligase �-TrCP1/FBXW1, which requires prior phosphorylation of
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Snail1 by glycogen synthase kinase 3� (GSK-3�) (25). In addition
to phosphorylating the sequence required for �-TrCP1 binding,
GSK-3� also phosphorylates other residues in Snail1, thus favor-
ing its nuclear export and indirectly controlling its accessibility to
�-TrCP1 and other cytosolic ubiquitin ligases. Therefore, the
presence of GSK-3� in the nucleus is particularly relevant for reg-
ulating Snail1 expression; accordingly, nuclear export of this ki-
nase is associated with Snail1 stability (26).

Functionally, GSK-3� is controlled by kinases such as Akt,
which phosphorylates it at serine 9 to inhibit its activity (27), and
by those of the p90 ribosomal S6 kinase (RSK) family (28). The
Akt family controls many cellular processes, such as proliferation,
growth, metabolism differentiation, migration, angiogenesis, sur-
vival, and tumor progression, and has also been implicated in
EMT (29, 30). Akt isoforms (Akt1/protein kinase B� [PKB�],
Akt2/PKB�, and Akt3/PKB�) are highly conserved, are activated
by extracellular signals, such as insulin, insulin-like growth factor
1 (IGF-1), or transforming growth factor � (TGF-�) via phospha-
tidylinositol 3-kinase, and are negatively regulated by the tumor
suppressor PTEN phosphatase (31). To be fully activated, Akt
needs to be phosphorylated at Thr-308 by PDK1 and at Ser-473 by
mTORC2, after which it can translocate to the nucleus to act on its
many substrates, which are involved in cell proliferation, survival,
intermediary metabolism, angiogenesis, cell growth, and apopto-
sis (32, 33). Akt controls the activity of the proapoptotic FoxO
proteins (FoxO-1, -3, -4, and -6). Akt-mediated phosphorylation
of FoxO proteins induces their translocation from the nucleus to
the cytoplasm, where they are degraded; this leads to the down-
regulation of FoxO target genes, such as those for the Fas ligand,
Bim, and Bcl-6 (34, 35). Akt1 and Akt2 are present in all tissues,
whereas Akt3 is mostly expressed in the brain (36).

Notch has been shown to promote EndMT during cardiac
valve formation via Snail1 induction and vascular endothelial cad-
herin (VE-cadherin) downregulation (37). We have investigated
the role of protein kinases in controlling Snail1 stability during
this process. Unexpectedly, we found that Notch induces a general
decrease in Akt global levels during EndMT that does not correlate
with the detected upregulation of GSK-3� phosphorylated at Ser9.
Upon Notch expression, Akt2 is specifically upregulated by
�-catenin/TCF4 transcriptional activation and is translocated to
the nucleus, where it localizes to the nuclear envelope. We propose
that this specific localization provides Akt2 with full access to nu-
clear substrates, such as FoxO1 or GSK-3�. This would also ex-
plain why Akt2, but not Akt1, is related to a more mesenchymal
phenotype and resistance to apoptosis in Notch-expressing cells.

MATERIALS AND METHODS
Cell culture, reagents, and antibodies. Pig aortic endothelial (PAE) cells
stably expressing Notch and control cells with an empty vector were pre-
viously described (37) and were a generous gift from J. L. de la Pompa
(Centro Nacional de Investigación Cardiovascular, Madrid, Spain). The
HEK 293T cell line was obtained from our institute’s cell bank. Murine
embryonic fibroblasts (MEFs), wild type (WT) and knockout (KO) for
Akt1 or Akt2, were kindly provided by M. J. Birnbaum (University of
Pennsylvania) (38). Cells were maintained in Dulbecco modified Eagle
medium (Gibco-BRL) with 10% heat-inactivated fetal bovine serum
(Gibco-BRL) at 37°C in 5% CO2. Where indicated, cells were treated with
5 ng of TGF-�1 (PeproTec)/ml, 200 �M H2O2 (Merck), and 20 �g of
cycloheximide (CHX; Sigma)/ml. The inhibitors used were MK-2206 (10
�M; Deltaclon) and CCT128930 (10 �M; SelleckChem) for Akt, SL0101
(10 �M; Calbiochem) for RSK, UO126 (10 �M; Cell Signaling) for extra-

cellular signal-regulated kinase 1/2 (Erk-1/2), and iCRT14 (25 �M; Toc-
ris) for �-catenin/TCF4 transcriptional activity. The antibodies used in
the present study included mouse monoclonal antibodies against Snail1
(39), Myc (clone 9E10; a gift from Gabriel Gil, Institut Hospital del Mar
d’Investigacions Mèdiques [IMIM], Barcelona, Spain), Erk-1/2 (Zymed),
and GSK-3� (BD Bioscience); rabbit polyclonal antibodies against
pan-Akt, Akt1, Akt2, pAkt (S473), pAkt (T308), FoxO1, pFoxO1 (S256),
cleaved caspase-3, pGSK-3� (S9), and pErk-1/2 (T202/Y204) (all from
Cell Signaling), �-TrCP1 (Santa Cruz Biotechnology), fibronectin
(Dako), N-cadherin, RSK1, pRSK1 (T359/S363) (AbCam), cyclin D1
(Thermo Scientific), tubulin, �-smooth muscle actin (�-Sma), and Flag
tag (Sigma); and goat polyclonal antibodies against lamin B (C-20), Snail2
(Slug) (G-18), VE-cadherin (Santa Cruz Biotechnology), and rat anti-
hemagglutinin (anti-HA) tag (Roche).

Transfection, cell lysis, immunoprecipitation, and Western blot-
ting. For Snail1-HA degradation assays, PAE cells were seeded in 60-mm
plates for 24 h and transfected with 200 ng of pCDNA3-Snail1-HA (19),
using Lipofectamine Plus reagent (Invitrogen) for 6 h according to the
manufacturer’s instructions for PAE cells, whereas HEK 293T cells were
transfected with polyethylenimine (PEI; Polysciences, Inc.). Cells were
treated with CHX for the indicated times after 24 h of transfection and
then harvested. Total extracts obtained using total lysis buffer (2% sodium
dodecyl sulfate [SDS], Tris-HCl [pH 7.5], glycerol 10%) were boiled and
then centrifuged at 13,000 rpm for 15 min. Alternatively, Snail1-F-Luc
(Snail1-firefly luciferase fusion protein) and R-Luc (Renilla luciferase)
were expressed with a pLEX-Snail-F-Luc and pMSCV-R-Luc vectors (a
kind gift from Y. Kang, Princeton University) and used to measure Snail1
stability as previously described (40). Other transfections were carried out
using Lipofectamine and plasmid pcDNA4-NICD-Myc (a kind gift from
A. Bigas, IMIM), pcDNA3-�-TrCP1-Flag, pcDNA3-Fbxl14-Myc, or
pcDNA3-Fbxl5-Myc were previously described (41, 42). For immunopre-
cipitation experiments of endogenous Akt1/2, total cell extracts were ob-
tained with lysis buffer (50 mM Tris-HCl [pH 8], 150 mM NaCl, 0.5%
Triton X-100, and protease inhibitors) and precleared with protein A-
magnetic beads (Millipore) for 1 h at 4°C. Clarified supernatants were
incubated with rabbit anti-Akt1 or anti-Akt2 antibodies (1:50) overnight.
Immunocomplexes were recovered on protein A-magnetic beads for 1 to
2 h at 4°C and analyzed in Western blotting with anti-pAkt (Ser473 or
Thr308) antibodies.

To obtain cell extracts with differentiated cytoplasmic and nucleoplas-
mic fractions, cells were scrapped in ice-cold buffer A (10 mM HEPES-
KOH [pH 7.8], 1.5 mM MgCl2, 10 mM KCl, and protease inhibitors) and
kept on ice for 10 min (42). A 1/30 volume of the lysate of 10% Triton
X-100 was added, and the tubes were vortex mixed for 20 s. Centrifugation
of the sample for 1 min at 11,000 rpm separated out the cytoplasmic
extract. The remaining pellet was lysed with 2% SDS buffer for the nuclear
fraction. Isolation of the nuclear envelope and associated proteins was
performed with a Minute nuclear envelope protein extraction kit (Invent
Biotechnologies, Inc.). Western blotting was performed as previously re-
ported (41), quantified with ImageJ software, and normalized with re-
spect to tubulin. Statistical analyses were carried out using SPSS 18.0; P
values were calculated using a two-tailed unpaired Student t test.

Cell infection. Lentiviral expression in different cell lines was used to
stably knock down Akt1 and Akt2 using shRNAs cloned in pLKO.1-puro
vector (Mission; Sigma) (42). For viral infection, HEK 293T cells were
seeded in p100 plates with 10 ml of medium at high confluence and trans-
fected by mixing 1.5 ml of 150 mM NaCl and 78 �l of PEI with a total of 20
�g of DNA (50% was the shRNA or an equally distributed quantity of
different shRNAs targeting the same gene, 10% was the pCMV-VSV-G
vector, 30% was the pMDLg/pRRE vector, and 10% was the pRSV rev
vector). The medium was changed 24 h after transfection, and 5.5 ml fresh
medium was added. The supernatant was used for cell transduction at 24
h and 48 h after the medium change by filtering it through 45-�m-pore
size membrane filters (Millipore) and then adding 0.8 �g of Polybrene/ml
to the viral supernatant, which was used to replace the medium of the
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FIG 1 Notch and TGF-�1 cooperate in EndMT and in the stimulation of Snail1 and fibronectin expression. (A) The indicated proteins were analyzed in PAE
total extracts from control (CTL) or NICD-transfected (NICD1 and NICD2) cells by Western blotting. Tubulin was used as a loading control. (B) Representative
micrographs of PAE-CTL and PAE-NICD2 cells. (C and D) VE-cadherin, Snail1, and fibronectin levels were determined by Western blotting in total extracts of
the indicated cells treated with TGF-�1 (5 ng/ml) for 24 h. A representative result is shown in panel C, and the averages � the standard deviations (SD; n � 3)
of the quantification of Snail1 and fibronectin are shown in panel D. Densitometric values were normalized with respect to tubulin. (E) Snail1 and fibronectin
(FN1) RNA in the indicated cells treated with TGF-�1 for 24 h was analyzed by RT-qPCR. Averages � the SD (n � 4) are shown. In panels D and E, Snail1 values
obtained in nontreated control cells or fibronectin values in nontreated NICD1 cells were used as a reference. (F) PAE cells were transfected with pcDNA3-
Snail1-HA and, after 24 h, the cells were treated with 20 �g of CHX/ml for the indicated times and analyzed by Western blotting. (G) Snail1-HA degradation was
quantified with ImageJ software, normalized with respect to tubulin, and represented with respect to the value at 0 h. The averages � the SD (n � 4) are shown.
(*, P � 0.05; **, P � 0.01).
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target cells. After the second round of infection, the target cell medium
was changed, and puromycin (2.5 �g/ml) was added, where indicated, for
72 h to select for infected cells.

Immunofluorescence. Cells were grown on sterile coverslips for 24 h
and fixed with PBS– 4% paraformaldehyde for 15 min at room tempera-
ture. After washing with PBS, the cells were permeabilized with PBS– 0.5%
(vol/vol) Triton X-100 for 5 min and blocked with PBS–3% bovine serum
albumin (BSA) for 1 h at room temperature. Coverslips were incubated
with pGSK-3� (S9) at 1:50 in blocking buffer (PBS–3% BSA) and rinsed
with PBS. To detect Akt1 and Akt2 in the nuclear compartment without
cytoplasmic interference, the cells were pretreated with CSK buffer as
previously described (43) and analyzed with antibodies against Akt1,
Akt2, and lamin B (1:50). Briefly, coverslips were incubated on ice for 5
min with CSK buffer (20 mM HEPES [pH 8], 100 mM KCl, 3 mM MgCl2,
300 mM sucrose) containing 0.5% Triton X-100 and rinsed once with
CSK buffer without Triton X-100. Cells were then fixed with 4% parafor-
maldehyde at room temperature and rinsed with PBS. Coverslips were
incubated with secondary antibodies (Alexa Fluor 555-conjugated goat
anti-rabbit IgGs for Akt1, Akt2, and pS9-GSK-3� and Alexa Fluor 647-
conjugated rabbit anti-goat IgGs for lamin B), stained with DAPI (4=,6=-
diamidino-2-phenylindole; Sigma) for 2 min, rinsed, and then mounted
with Fluoromount G (Southern Biotech). Fluorescence was visualized
using the inverted fluorescence microscope DM IRBE (Leica, Wetzlar,
Germany) and captured with a TCS-NT argon/krypton confocal laser
microscope (Leica). ImageJ software was used for the relative quantifica-
tion of the amount of each Akt isoform in the nuclear compartment. At
least 10 different cells from three independent confocal images were ana-
lyzed; the perinuclear compartment was delineated by the lamin B signal.

RNA interference. For stable Akt1 or Akt2 gene silencing, the Mission
shRNA plasmids (Sigma) were used to produce lentiviral particles. After
transduction, stable cell lines expressing the shRNA were isolated by pu-
romycin (2.5 �g/ml) selection. For Akt2 or Snail1 depletion, cells were
transfected using Lipofectamine RNAiMAX (Invitrogen) with specific
synthetic small interfering RNAs (siRNAs) for Akt2 or Snail1 (Dharma-
con) or a siRNA control for 72 h.

Luciferase reporter assays. Cells were transfected with a TOP-Flash
plasmid, a synthetic promoter sensitive to the activity of the �-catenin/
TCF4 complex that contains three copies of the TCF4 binding site up-

stream of a firefly luciferase reporter gene. A mutant form of this pro-
moter (FOP plasmid) was used as a control. Activity of the product of the
Renilla luciferase gene under the control of a constitutive thymidine ki-
nase promoter (Promega) was used to normalize transfection efficiency.
Assays were always performed in triplicate. The pGL3-Akt1 promoter
(	4293 to 
1888) was provided by P.-J. Lu (National Cheng Kung Uni-
versity, School of Medicine, Tainan, Taiwan) (44) and the pGL3-Akt2
promoter (	2898 to 
220) was a kind gift from J. Q. Cheng (Moffitt
Cancer Center, Tampa, FL) (45).

RNA analyses. RNA was extracted and retrotranscribed as described
previously (41, 42). Analyses were carried out by quantitative PCR
(qPCR) using a LightCycler 480 real-time PCR system (Roche), with 100
ng per condition and always in triplicates. The primers (Sigma) used were
as follows: Akt1, forward, 5=-CTCAAGAACGACCCCAAGCA-3=, and re-
verse, 5=-CCGTGAACTCCTGGTCGAAA-3=; Akt2, forward, 5=-ATTCA
CCGCCCAATCCATCA-3=, and reverse, 5=-CGAGTAGGAGAACTGGG
GGA-3=; Snail1, forward, 5=-CGAGTAGGAGAACTGGGGGA-3=, and
reverse, 5=-CCAGGAGAGAGTCCCAGATG-3=; FoxO1, forward, 5=-GC
AAATCGAGTTACGGAGGC-3=, and reverse, 5=-AATGTCATTATGGG
GAGGAGAGT-3=; Fibronectin (FN1), forward, 5=-AGCAAGCCTGAGC
CTGAAGAC-3=, and reverse, 5=-GCGATTTGCAATGGTACAGCT-3=;
and Pumilio, forward, 5=-CGGTCGTCCTGAGGATAAA-3=, and reverse,
5=-CGTACGTGAGGCGTGAGTAA-3=.

Annexin V and MTT assays. The annexin V-allophycocyanin (APC)-
conjugated (ImmunoTools) assay was used as an early apoptotic indicator
by detecting phosphatidylserine in the plasma membrane. Cells were
treated with hydrogen peroxide (200 �M) for 16 h and then trypsinized,
and 500,000 cells were resuspended in 70 �l of binding buffer (2.7 mM
CaCl2 in PBS) with 5 �l of annexin V that was incubated at room temper-
ature for 15 min in the dark. Prior to flow cytometry analysis, 10 �l of a
10-�g/ml concentration of propidium iodide was added to each sample to
detect late apoptotic or necrotic cells. Samples were analyzed with the LSR
II flow cytometer (Becton Dickinson) at the CRG/Universitat Pompeu
Fabra (UPF) FACS Unit. The percentages of cells in each quadrant were
analyzed using FACSDiva software (Becton Dickinson). MTT assays were
performed by adding 0.5 mg of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide (MTT; Sigma)/ml for 3 h at 37°C to determine
the percentage of viable cells. After solubilization of the cells in dimethyl

FIG 2 Notch impairs Snail1 degradation by �-TrCP1. (A) Snail1-HA stability was checked in HEK 293T cells transfected with NICD-myc or with an empty
vector (CTL). (B) Three known, tagged Snail1 ubiquitin ligases, namely, �-TrCP1-flag, Fbxl5-myc, and Fbxl14-HA, were also cotransfected. After 24 h, cells were
treated with CHX for the indicated times, and cell extracts were analyzed by Western blotting.
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sulfoxide-isopropanol (1:4), the absorbance of insoluble formazan (pur-
ple) at 590 nm was determined. The absorbance at 590 nm was propor-
tional to the number of viable cells.

RESULTS
Notch promotes EndMT in aortic endothelial cells. To study the
role of Notch in normal aortic endothelial cells, we used pig aortic
endothelial (PAE) cells stably expressing moderate or high levels
of activated Notch intracellular domain (NICD1 and NICD2 cells,
respectively) or the empty vector (control [CTL]) and analyzed
the expression of genes related to EndMT (Fig. 1A). Active Notch
expression resulted in a partial (in the case of NICD1) or a com-
plete (NICD2) downregulation of VE-cadherin and an upregula-
tion of the mesenchymal proteins N-cadherin, fibronectin,
�-Sma, Snail1, and Snail2 (Fig. 1A). Concomitantly, cells express-
ing Notch displayed a more fibroblastic phenotype than cells
transfected with the control plasmid (Fig. 1B). We compared these
results to those obtained with a well-established inducer of the
mesenchymal phenotype, TGF-�1 (46, 47). In PAE cells, TGF-�1
was unable to induce Snail1 or fibronectin or to downregulate
VE-cadherin (Fig. 1C). Interestingly, although TGF-�1 did not
upregulate the Snail1 protein, it did increase Snail1 mRNA in
control PAE cells (compare Fig. 1C and D to Fig. 1E). In contrast
to the effects of TGF-�1, Notch activation barely affected Snail1
mRNA (with a 1.1- and 2-fold increases in NICD1 and NICD2

cells, respectively, compared to CTL cells) (Fig. 1E), although it
significantly induced Snail1 protein, especially in NICD2 cells (4-
fold) (Fig. 1D). Therefore, the increased expression of Snail1 in
Notch-expressing cells was not mainly a consequence of an up-
regulated Snail1 transcription, suggesting instead a posttranscrip-
tional regulation. Probably as a result of these transcriptional
(TGF-�1) and posttranscriptional (Notch) effects, both factors
cooperatively upregulated the Snail1 protein (Fig. 1C and D). The
cooperation between Notch and TGF-�1 was also detected on
fibronectin RNA (Fig. 1E) and protein (Fig. 1C and D). These
experiments suggest that Notch and TGF-�1 jointly trigger Snail1
and fibronectin expression and EndMT.

Snail1 stability is increased by Notch and requires �-TrCP1/
GSK-3� inactivation. Since the Snail1 protein is highly unstable
(see the introduction), we examined whether Notch increased
Snail1 by upregulating the Snail1 protein stability. We measured
the half-life of exogenous Snail1-HA transiently transfected in
PAE-CTL or PAE-NICD1 and NICD2 cells after adding CHX.
Indeed, the relative half-life of Snail1-HA increased by �2-fold in
NICD1 or NICD2 cells compared to the control cells (Fig. 1F and
G). These results suggest that Notch posttranscriptionally affects
Snail1 by enhancing its protein stability.

Notch stabilization of Snail1 protein was also detected in HEK
293T cells (Fig. 2A). We analyzed the capability of different Snail1

FIG 3 Notch promotes a switch in Akt isoform expression, inactivates GSK-3�, and accumulates Snail1 in the nucleus. (A and C) The indicated proteins were
analyzed by Western blotting in total (A) or cytosolic (lanes CE) and nuclear (lanes NE) extracts (C). Tubulin and lamin B were used as a control for cytosolic
and nuclear compartments, respectively. (B) pS9-GSK-3� levels were quantified by densitometric analysis and normalized respect to total GSK-3�; the
averages � the SD (n � 4) are shown (*, P � 0.05). (D) Active levels of Akt1 and Akt2 were determined after immunoprecipitation (IP) of both isoforms, which
were blotted against the respective phosphorylated proteins. Irr Ab, irrelevant control antibody; IgG, immunoglobulin band. (E) pS9-GSK-3� levels were
analyzed by immunofluorescence in PAE-CTL and PAE-NICD2 cells (red); DAPI was used to identify nuclei. (F) PAE cells stably transfected with NICD-myc
(NICD2) or empty vector (CTL) were treated with TGF-�1 for 24 h, and the indicated proteins were analyzed by Western blotting.
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E3 ubiquitin ligases to promote Snail1 degradation in NICD-ex-
pressing cells. Transfection of the E3 ligases Fbxl14 or Fbxl5 in-
duced Snail1 downregulation in NICD2 cells; however, ectopic
�-TrCP1 was not effective (Fig. 2B), indicating that the action of
�-TrCP1 ligase was impaired after Notch expression.

�-TrCP1 protein levels were not affected by NICD expression
(Fig. 3A). �-TrCP1-dependent degradation of Snail1 requires its
previous phosphorylation by GSK-3�. The levels of this protein
kinase were not decreased by Notch, either in total extracts (Fig.
3A) or in the cytoplasm or nucleus (Fig. 3C); however, phosphor-
ylation of GSK-3� at S9, indicative of inactivation, was highly
increased in NICD1 and NICD2 cells (Fig. 3A and B). These re-
sults suggest that the stabilization of the Snail1 protein in
Notch-expressing PAE cells is a consequence of decreased
GSK-3� activity.

Akt1 and Akt2 are inversely modulated by Notch. Since
GSK-3� is inactivated in NICD cells, we also determined the levels
of Akt, the kinase responsible for GSK-3� S9 phosphorylation.
Unexpectedly, both total Akt and the active form of this kinase (as
determined by the presence of the S473 phosphorylation) were
decreased upon Notch activation (Fig. 3A). However, indepen-
dently analyzing the Akt1 and Akt2 isoforms showed an inverse
modulation for these, with Notch downregulating Akt1 but in-
creasing Akt2 (Fig. 3A); the third isoform, Akt3, was not expressed

in these cells. The fact that total Akt and Akt1, but not Akt2, was
downregulated by Notch suggests that Akt1 is the most abundant
isoform in these cells and also that Akt2 is likely to be the isoform
causing GSK-3� phosphorylation upon Notch expression, since it
is the only one induced under these conditions. We also deter-
mined the levels of active Akt1 and Akt2 individually by immuno-
precipitating each isoform and analyzing the phosphorylation at
S473 and T308, which correlate with activity. The levels of pS473-
Akt2 and pT308-Akt2 were increased by Notch expression,
whereas the levels of pS473-Akt1 were downregulated (Fig. 3D).
These results indicate that Akt2 is the active isoform upon expres-
sion of NICD.

Snail1 destabilization by GSK-3� requires the presence of this
protein kinase in the nucleus (25). Therefore, we determined if
GSK-3� phosphorylation and inactivation was promoted by nu-
clear Akt1/2. As expected, Snail1 was detected in the nucleus (Fig.
3C). Akt1 and Akt2, although mostly cytosolic, were also present
in the nuclear fraction (Fig. 3C). Expression of NICD promoted
an Akt1 downregulation in the nucleus, as well as an Akt2 increase
in both the nuclear and the cytoplasmic compartments, that par-
alleled the increase in GSK-3� phosphorylation (Fig. 3C). Immu-
nofluorescence staining also showed a remarkable increase in pS9-
GSK-3� in the nucleus (Fig. 3E). These results suggest a clear
relationship between Notch activation, nuclear Akt2 accumula-

FIG 4 Akt and Erk/RSK collaborate in GSK-3� inactivation. (A to C) Total extracts of CTL or NICD2 were analyzed by Western blotting. Where indicated, cells
were treated with MK-2206 (MK), UO126 (UO), or SL0101 (SL) (all at 10 �M) for 24 h. (B and C) Densitometric quantification of Snail1 normalized to tubulin
(B) and pS9-GSK-3� normalized to total GSK-3� (C). Expression was related to maximal expression in NICD2 cells treated with vehicle (	) (averages � the SD;
n � 3); (*, P � 0.05).
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tion, and phosphorylation and inactivation of GSK-3� in this
compartment, as well as Snail1 protein stabilization. Accordingly,
TGF-�1, which enhances the Notch effect on Snail1 (and fi-
bronectin) expression but does not rise Snail1 stability (see
above), did not alter Akt1 or Akt2 levels and did not increase
GSK-3� phosphorylation (Fig. 3F).

Apart from Akt, the p90 ribosomal S6 kinase RSK can also
phosphorylate and inactivate GSK-3� (28). RSK activity is depen-
dent on its prior phosphorylation by Erk (28). Interestingly, phos-
phorylation of RSK and Erk-1/2 is increased in NICD1 and -2 cells
(Fig. 3A). To evaluate the relative contributions of different ki-
nases in Snail1 induction upon Notch expression, we used a gen-
eral Akt inhibitor MK-2206 (48) and compared the results to
those obtained with the Erk and RSK inhibitors U0126 (49) and
SL0101 (50), respectively. The three compounds decreased Snail1
protein levels in NICD2 cells (Fig. 4A and B). As expected, MK-
2206 completely downregulated Akt phosphorylation, whereas
U0126 efficiently inhibited pErk-1/2 and pRSK; cyclin D1 down-
regulation was used to verify SL0101 activity on RSK (51). MK-
2206 exhibited the strongest effect on GSK-3� phosphorylation,
although the other two inhibitors also significantly affected it (Fig.
4A and C). Overall, these experiments suggest that although both
the Akt and Erk/RSK pathways additively phosphorylate and in-
activate GSK-3�, Akt—and most likely, Akt2— exerted the stron-
gest effect.

Akt2 upregulation by Notch is dependent on �-catenin tran-
scriptional activity. We next analyzed the mechanism controlling
Akt expression in endothelial cells. Akt2 induction and Akt1
downregulation by NICD were verified by mRNA analyses (Fig.
5A and B). The activity of a 6-kbp fragment of Akt1 promoter was
downregulated by Notch (Fig. 5C), indicating that the Notch ef-
fect on this gene was transcriptional. In contrast, Notch transfec-

tion increased the activity of a fragment of Akt2 promoter corre-
sponding to 	2898 to 
220 with respect the transcription start
site (Fig. 5D). These experiments suggest that Notch inversely
modulates the transcription of Akt1 and Akt2 genes.

Because active Akt2 is the predominant isoform in Notch ex-
pressing cells, we further investigated the mechanism by which its
expression is increased. It has been previously described that Akt2
transcription is activated by the �-catenin/TCF4 transcriptional
complex (52). By quantifying this complex activity using the TOP-
FLASH reporter plasmid, we found that NICD expression stimu-
lated the �-catenin transcriptional activity by 2.5-fold (Fig. 6A).
This increase was abolished if cells were supplemented with
iCRT14 inhibitor (53), which blocks �-catenin/TCF4 interaction
to prevent �-catenin transcriptional activity (Fig. 6A). This inhib-
itor precluded the NICD-induced upregulation in Akt2 mRNA
(Fig. 6B) and decreased other Notch effects. Specifically, it dimin-
ished total and nuclear Snail1 protein (Fig. 6C and D) and de-
creased the presence of nuclear Akt2 and nuclear phosphorylation
of GSK-3� (Fig. 6D), without affecting Akt1 protein levels or nu-
clear accumulation (Fig. 6D and E). Downregulation of the Akt2
protein caused by iCRT14 was also accompanied by a decrease in
pS473-Akt2, indicative of lower activity of this kinase (Fig. 6E).
iCRT14 did not affect active Akt1 levels (Fig. 6E). The iCRT14
inhibitor did affect Snail1 stability, since it decreased the expres-
sion of ectopic Snail1-HA in HEK 293T cells transfected with
NICD (Fig. 6F). Similar to PAE cells, this cell line responded to
Notch ectopic expression with Akt2 upregulation and GSK-3�
inactivation (Fig. 6G). Overall, these data suggest that �-catenin/
TCF4 activity is essential for Akt2 transcriptional upregulation by
Notch and for Snail1 stabilization.

Notch activation of Akt2 blocks GSK-3� activity. To specifi-
cally confirm that Akt2 was involved in Notch-dependent Snail1

FIG 5 Notch inversely modulates Akt1 and Akt2 RNA and promoter activities. (A and B) Akt1 and Akt2 mRNA were analyzed by RT-qPCR in CTL and
Notch-expressing cells. The averages � the SD (n � 4) are shown. (C and D) PAE-CTL cells were transiently transfected with NICD and Akt1 or Akt2 promoters
for 24 h. Firefly luciferase was measured and normalized with respect to thymidine kinase (TK)-Renilla. (**, P � 0.01; *, P � 0.05).
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stabilization, we downregulated Akt2 by infecting a shRNA that
selectively affected Akt2 but not Akt1 (Fig. 7A and B). Akt2 deple-
tion did not modify pS473-Akt global levels, suggesting that Akt1
is the most abundant isoform also in NICD2 cells, but it did de-
crease pS9-GSK-3� and Snail1 levels (Fig. 7B). We verified that
Akt2 downregulation decreased Snail1 stability in NICD2 cells by
expressing a Snail1-firefly luciferase fusion protein in cells treated
with CHX; the results were normalized with a Renilla luciferase
cotransfected as an internal control (54). Indeed, Snail1 degrada-

tion was accelerated in NICD2 cells depleted of Akt2 compared to
NICD2 control cells (Fig. 7C). We also investigated the role of
Akt2 in the Notch/TGF-�1 cooperation. Besides inhibiting Snail1
upregulation, Akt2 attenuation decreased fibronectin induction
(Fig. 7D, compare lanes 4 and 8; quantification in Fig. 7E). Similar
results were obtained by transfecting an Akt2 siRNA that pro-
moted a higher downregulation in Akt2, which also prevented
Snail1 and fibronectin upregulation by Notch and TGF-�1
(Fig. 7F).

FIG 6 Notch upregulates Akt2 and GSK-3� phosphorylation by stimulating �-catenin/TCF4 transcriptional activity. (A) Firefly luciferase activity of TOP-
FLASH was measured in PAE-CTL and PAE-NICD2 cells after 48 h of plasmid transfection; where indicated, iCRT14 (25 �M) was added to the cell medium for
the last 24 h. (B to D) mRNA levels of Akt2 (n � 3) (B), total Snail1 protein from densitometric quantification of independent blots (n � 4) (C), or the indicated
nuclear proteins (D) were analyzed as above at 24 h (B) or 72 h (C and D) after iCRT14 addition. (E) Active levels of Akt1 and Akt2 were determined as described
for Fig. 3D after treatment with iCRT14 for 72 h. (F) HEK 293T cells were transiently transfected with pcDNA3-Snail1-HA and pcDNA3-NICD-myc; after 24 h,
the cells were treated with iCRT14 for an additional 24 h. Exogenous Snail1-HA or NICD-myc were analyzed by Western blotting. (G) HEK 293T cells were
transfected with NICD-myc or an empty vector as control (vector), and cell extracts were analyzed by Western blotting with the indicated antibodies. The
averages � the SD respect to CTL untreated cells are shown in panels A to C (**, P � 0.01; *, P � 0.05).

Frías et al.

930 mcb.asm.org March 2016 Volume 36 Number 6Molecular and Cellular Biology

http://mcb.asm.org


Finally, these results were confirmed in a different cellular
model, using MEFs. TGF-�1 enhanced the levels of Snail1 with a
concomitant increase in pS9-GSK-3� (Fig. 8). Although both
Akt1 and Akt2 depletion affected Snail1 levels in control cells, only
Akt2 was relevant in TGF-�1-treated cells, since MEFs depleted of
this isoform (but not of Akt1) showed an impaired upregulation
of Snail1 protein and GSK-3� phosphorylation in response to this
cytokine (Fig. 8). Therefore, Akt2 but not Akt1 is involved in
GSK-3� inactivation and Snail1 stabilization.

Notch effects on oxidative stress-induced apoptosis are Akt2
dependent. To evaluate the physiological significance of Notch-
mediated Akt2 induction, we used endothelial cells that are sensi-
tive to oxidative stress, since they undergo apoptosis after H2O2

exposure (55, 56). At 16 h after incubation of PAE cells with 200

�M H2O2, a remarkable percentage (36%) of the cells were apop-
totic, as determined by staining with the specific marker annexin
V and propidium iodide (Fig. 9A). In contrast, Notch expression
in NICD2 cells protected from H2O2-induced cell death, since
only 7% of the cells were apoptotic under these treatment condi-
tions. A similar protection was observed when the levels of pro-
cessed caspase-3 were determined: at 24 h after H2O2 addition, the
levels of this protease were significantly increased in control PAE
cells but not in NICD-expressing cells (Fig. 9B and C). H2O2 did
not significantly modify the levels of either total or active Akt1 or
Akt2 (Fig. 9C and D). The apoptotic regulator and Akt-substrate
FoxO1 was downregulated in NICD2 cells (Fig. 9C, F, and G). This
protein undergoes nuclear export and degradation upon phos-
phorylation (34, 35). Accordingly, FoxO1 S256 phosphorylation

FIG 7 Akt2 is required for the Notch induction of Snail1 protein stability. (A) After selecting the most appropriate shRNA for each isoform, Akt1 and Akt2 were
downregulated transducing the corresponding lentiviral shRNA and selected with puromycin. Akt1 and Akt2 were determined by Western blotting; tubulin was
used as a loading control. (B to E) CTL and NICD2 cells were infected with shRNA corresponding to Akt2 or a scrambled control, and the indicated proteins were
analyzed by Western blotting. (C) The indicated cells were transfected with a fusion protein of Snail1 and firefly luciferase. The luciferase activity was measured
and normalized against Renilla luciferase at different time points after CHX supplementation. Data are represented with respect to the value at time zero; the
averages � the SD (n � 3) are shown. In panel D, cells stably infected with shCtl and shAkt2 were treated with 5 ng of TGF-�/ml for 24 h. (E) The levels of protein
shown in panel D were quantified as indicated above (n � 3). **, P � 0.01; *, P � 0.05; au, arbitrary units. (F) The experiment was carried out as for panel D, but
using transfection with siRNA corresponding to Akt2 or a scrambled control.
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was higher in NICD2 cells compared to CTL cells, whereas the
mRNA levels were similar (Fig. 9E, F, and H). The higher FoxO1
phosphorylation observed in NICD2 cells further indicated that
nuclear Akt activity was stimulated in these cells.

To evaluate the effects of Akt1, Akt2, and Snail1 in H2O2-
induced apoptosis, we used PAE cell lines stably infected with
shRNAs (for Akt1 and Akt2), or transfected with siRNAs (for
Snail1), to block the expression of these proteins. Akt shRNAs
are specific and did not modify the levels of the not-targeted iso-
form (Fig. 7A). In control PAE cells, downregulation of Akt1 or
Akt2 but not of Snail1 resulted in a higher activation of
caspase-3 upon H2O2 treatment, suggesting that both isoforms
limit apoptosis in endothelial cells in basal conditions (Fig. 10A
and B, lanes 2 and 6). However, only downregulation of Akt2
(but not of Akt1) prevented the Notch-dependent protection
against apoptosis. As shown above, NICD2 cells did not acti-
vate caspase-3 after H2O2 treatment (Fig. 10A and B, compare
lanes 2 and 4); downregulation of Akt2 but not of Akt1 restored
caspase-3 activation after this insult in Notch cells (Fig. 10A
and B, compare lanes 4 and 8), confirming our previous obser-
vations. Snail1 was not induced in NICD2 cells in which Akt2
had been downregulated (Fig. 10B, lanes 3 and 7); in contrast,
it was upregulated by Notch in Akt1-depleted cells (Fig. 10A,
lanes 3 and 7).

We also determined the levels of FoxO1 that, as shown before
(Fig. 9), was downregulated in NICD2 cells. Akt1 attenuation in-
creased basal FoxO1 but only prevented its downregulation by
Notch to a low extent (Fig. 10A). In contrast, Akt2 downmodula-
tion did not affect basal FoxO1 levels but blocked the decrease
observed in NICD2 cells (Fig. 10B). These results suggest that Akt1
controls the basal levels of FoxO1, whereas Akt2 acts on this pro-
tein upon Notch activation. These results were confirmed using
CCT128930, an ATP competitive and selective inhibitor of Akt2
(57). This compound also prevented NICD2 from affecting
caspase-3 activation and blocked GSK-3� inactivation in these
cells (Fig. 10C).

Snail1 depletion altered the levels of active caspase-3 in a man-
ner similar to Akt2 downmodulation (Fig. 10D). In Snail1-de-
pleted cells, NICD was unable to counteract H2O2 and to preclude
caspase-3 activation (Fig. 10D, compare lane 8 to lane 4). Finally,
to confirm that caspase-3 activation results in cell death, we deter-
mined cell viability after H2O2 treatment by MTT incorporation
(Fig. 10E). Cell viability was notably reduced by H2O2 in CTL cells,
with only 55% of cells viable after this insult. However, NICD2
cells had a much higher resistance, and their viability decreased
only by 13% after H2O2 treatment (Fig. 10E). Akt2 depletion only
slightly decreased control cell viability (from 55 to 52%) but sig-
nificantly affected NICD2 cell viability (from 87 to 50%) after
H2O2 exposure (Fig. 10E). Based on these results, we conclude
that Akt2 and Snail1 mediate the protection of Notch against
H2O2-induced apoptosis.

Notch promotes nuclear localization of Akt2 and accumula-
tion at the nuclear membrane. Our results suggest that the effects
of Notch on endothelial cell apoptosis and Snail1 stability are me-
diated by Akt2 but not by Akt1. However, the mechanism under-
lying this difference in action of the two Akt isoforms is unknown.
Although the increased Akt2/Akt1 ratio might explain this effect, a
considerable amount of Akt1 is still present in endothelial cells
upon Notch expression (Fig. 3A). We hypothesized that the pres-
ence of one the two isoforms in the nucleus should be particularly

relevant for GSK-3� phosphorylation, since this protein acts on
Snail1 in the nucleus, similar to Akt’s actions on FoxO1. To ex-
plore this, we determined the localization of the endogenous Akt
isoforms in control and NICD2 cells.

Using an immunostaining procedure to enhance the detec-
tion of nuclear proteins (43), we determined that nuclear Akt1
was expressed to a lower degree in Notch-expressing cells com-
pared to control cells (Fig. 11A and B), in line with previous
results. In contrast, nuclear Akt2 expression was enhanced
upon Notch expression (Fig. 11C and D). Interestingly, nuclear
Akt2 staining was concentrated in the nuclear lamina, as shown
by lamin B costaining (Fig. 11C). Confocal quantification anal-
yses of Akt2 and lamin B in nuclear sections corroborated that
Akt2 accumulated in the nuclear membrane upon NICD ex-
pression (Fig. 11D, right panel). A complete quantification of
perinuclear and nucleoplasmic Akt2 determined in different
sections along the cell nucleus revealed that the nuclear mem-
brane-associated Akt2 was strongly enhanced upon NICD ex-
pression (Fig. 11E), in contrast to Akt1, which was not signifi-
cantly present in the nuclear lamina in either control or NICD2
cells (Fig. 11B and E). Finally, we isolated the nuclear envelope
proteins by biochemical subfractionation. The nuclear lamina
fraction was not contaminated with cytoplasmic and nucleo-
plasmic proteins, since it did not contain tubulin or Sin3A
proteins, but was enriched with lamin B (Fig. 11F). Impor-
tantly, Akt2, but not Akt1, as well as a significant part of pS9-
GSK-3�, was detected in the nuclear lamina in NICD2 cells
(Fig. 11F). We did not identify Snail1 in the nuclear membrane
fraction, suggesting that it is a nucleoplasmic substrate of
GSK-3� (Fig. 11F).

To determine whether Akt2 activation is required for nuclear
envelope localization, NICD2 cells were treated with the Akt in-
hibitor MK-2206. This inhibitor completely blocks phosphoryla-
tion of Akt at S473 (Fig. 4A), which results in an impaired Akt2
localization in the nuclear membrane, as determined by immu-
nofluorescence (Fig. 12). In fact, Akt2 was not observed in the
nucleus, suggesting that only active phosphorylated Akt2 is
present in this compartment (Fig. 12). As a control, we deter-
mined that the Erk-1/2 inhibitor UO126 did not affect Akt2

FIG 8 Akt2 deletion prevents GSK-3� inactivation and Snail1 induction by
TGF-�1 in MEFs. MEFs, either wild-type (WT) or knocked out for Akt1
(Akt1–/–) or for Akt2 (Akt2–/–), were treated for 1 h with TGF-�1. The indi-
cated proteins were analyzed by Western blotting.
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localization to the nuclear membrane (Fig. 12). Interestingly,
CCT128930 did not inhibit the presence of Akt2 in the nuclear
membrane (Fig. 12), although it blocked the biological effects
of Akt2 on apoptosis (Fig. 10C). In contrast to MK-2206, this

Akt inhibitor does not prevent phosphorylation of Akt at S473
(57), which suggests that Akt2 phosphorylation regulates inter-
action with the nuclear membrane. Altogether, these results
indicate that phosphorylated Akt2 is localized in the nuclear

FIG 9 Notch expression in PAE cells protects from apoptosis. (A) FACS analysis by annexin V-APC and propidium iodide (PI) staining at 16 h after adding 200
�M hydrogen peroxide (H2O2) to CTL and NICD2 cells. PI	/annexin V
 cells (Q4) were considered early apoptotic. Representative results from one of the three
experiments (which all gave similar results) are shown. (B and C) Total protein extracts of indicated cells, treated where indicated with H2O2 for 24 h, were
analyzed by Western blotting. A representative experiment is shown (C), as well as the quantification of cleaved caspase-3 (B), using the averages � the SD (n �
4). (D) Active levels of Akt1 and Akt2 were analyzed as described for Fig. 3D. (E and F) Changes in FoxO1 were determined in control (Ctl) and NICD2-
expressing cells by RT-qPCR (E) or by Western blotting (F). Phosphorylated FoxO1 (pS256-FoxO1) was also determined (F). (G and H) The quantification of
three different Western blot analyses. *, P � 0.05 compared to CTL.
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membrane of NICD2 cells, which might facilitate the interac-
tion and phosphorylation of nuclear substrates, such as FoxO1
and GSK-3�, resulting in Snail1 stabilization and thereby pre-
venting apoptosis.

DISCUSSION

We demonstrate here that the expression of activated Notch1 in
endothelial cells causes �-catenin activation, Akt2 upregulation,
GSK-3� inactivation, and Snail1 stabilization. Furthermore,
Notch expression results in phenotypic changes characteristic of
EndMT and in resistance to oxidative stress-induced apoptosis.
These responses require Akt2 and Snail1 but not Akt1. We also
describe that Notch produces a switch in the expression of the Akt
isoforms and that Akt2, but not Akt1, is associated with the nu-
clear membrane when present in the nucleus.

Notch activation in endothelial cells resulted in morphological
changes associated with a conversion to a mesenchymal pheno-
type, with VE-cadherin levels downregulated and fibronectin and
�-Sma levels increased. In PAE cells, Notch activates Snail1 by a
mechanism that mainly involves protein stabilization, although a
small increase in mRNA was also detected at high concentrations
of NICD (Fig. 1E). We also observed this effect of Notch on Snail1
stability in other cell types, such as HEK 293T. Previous studies in
cells undergoing hypoxia indicated that the Notch intracellular
domain is recruited to the Snail1 promoter (although this mech-
anism does not seem to be relevant in our cells) and that Snail1 is
stabilized by Notch through the upregulation of LOX (58). How-
ever, in most cellular systems, LOX expression is induced by
Snail1 but does not contribute to its stabilization. As an alterna-

tive, we propose that Notch1 inactivates GSK-3� by blocking the
�-TrCP1-mediated degradation of Snail1.

In epithelial cells, TGF-�1 induces an EMT characterized by a
rapid Snail1 induction and a later fibronectin upregulation (47).
In our model of endothelial cells (that is, in PAE cells), TGF-�1
enhanced Snail1 transcription but was not sufficient to upregulate
the Snail1 protein. In line with this, it has been previously sug-
gested that TGF-�1 and -�2 are not essential for Notch-mediated
EMT in microvascular endothelial cells (59). Our results also sug-
gest that TGF-�1 acts cooperatively with Notch in Snail1 induc-
tion, since the transcriptional effect of the former complements
the protein stabilization effect of the latter. This cooperation be-
tween Notch and TGF-�1 does not occur on Snail2 (Slug) that is
activated only by Notch (60) (Fig. 3F). During cardiac cushion
cellularization, both Snail1 and -2 are required for EndMT, but
Snail2 is first expressed at E9.5, whereas Snail1 is expressed at
E10.5; Snail1 expression at this time point requires the parallel
activation of Notch and TGF-�1 (60). It is possible that, in this
process, Snail2 is the main factor involved in VE-cadherin repres-
sion, whereas Snail1 is required for the induction of mesenchymal
markers. Accordingly, in our PAE cells, Snail1 levels correlated
better with the activation of fibronectin than with the downregu-
lation of VE-cadherin (Fig. 1C). It should be noted that Snail1 has
a direct positive effect on activating fibronectin and other mesen-
chymal genes in EMT models (61, 62).

In PAE cells, GSK-3� inactivation is associated with its phos-
phorylation at Ser9, a modification carried out by Akt and RSK
(27, 28). Although both Akt2 and RSK are activated by NICD,
our studies with pharmacological inhibitors indicated that

FIG 10 Akt2-induced Snail1 stability is essential for apoptosis prevention by Notch in endothelial cells. (A, B, D, and E) Akt1 and Akt2 were downregulated using
specific shRNAs targeting each kinase and Snail1 with a specific siRNA in both CTL and NICD2 PAE cells. Cells were treated with H2O2 for 24 h, and the indicated
proteins were analyzed by Western blotting. Tubulin was used as a loading control. (C) Control or NICD2 PAE cells were treated with H2O2 for 24 h, when
indicated, and Akt2 was inhibited by treatment with CCT128930 (CCT; 10 �M). (E) After 32 h of H2O2 treatment, the cell viability was quantified as indicated
in Materials and Methods and is represented with respect to the value in nontreated cells. Averages � the SD (n � 3) are shown. (*, P � 0.05).
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FIG 11 Akt2 but not Akt1 is localized in the nuclear envelope in endothelial cells stimulated by Notch expression. (A to D) Nuclear immunofluorescence in
PAE-CTL and PAE-NICD2 cells previously treated with CSK buffer to eliminate cytosolic proteins. Akt1, Akt2, lamin B, and DAPI staining was analyzed using
a confocal microscope. Representative graphs of the colocalization of Akt1 (A and B) or Akt2 (C and D) with lamin B in both PAE-CTL and PAE-NICD2 cells
are presented. (B and D) Each graph shows a line profile indicating areas of colocalization of Akt1 (B) or Akt2 (D) and lamin B in both PAE-CTL (left) and
PAE-NICD2 (right) cells. Each line profile represents the intensity of the signal versus the pixel distance. The maximal lamin B staining is represented by a dashed
line indicated by “NE” and corresponds to the nuclear envelope. (E) Quantification of the different immunofluorescence of Akt1 and Akt2 in the perinuclear
compartment was performed as described in Materials and Methods. (F) Nuclear envelope proteins (NEnv) were isolated and analyzed by Western blotting. Total
extracts (TE) were used as an input. Lamin B was used as a nuclear membrane marker; Sin3A and tubulin, present in the nucleoplasm and cytosol, respectively,
were used to verify the absence of contamination in the nuclear lamina fraction.
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Akt2 is more relevant for pS9-GSK-3� (Fig. 4). Other experi-
ments downregulating Akt2 (Fig. 7) also confirmed the impact
of this isoform on GSK-3� activity in NICD cells, although we
do not discard that RSK also cooperates in inactivating this
kinase.

Notch induces the transcriptional upregulation of Akt2. Akt2 is
a target gene of �-catenin/TCF4 complex that binds to this pro-
moter (52). In endothelial cells, Akt2 activation downstream of
Notch signaling was mainly dependent on �-catenin/TCF4 activ-
ity, as blocking �-catenin/TCF4 activity with the iCRT14 inhibitor
prevented both Akt2 gene expression and Snail1 stabilization.
Active �-catenin is the molecular link between Notch and Wnt
signals (63). Simultaneous activation of Notch and �-catenin
signaling is observed during endothelial cell differentiation af-
ter forming a complex with RBP-J (14). In fact, the two pathways
have a very high degree of interplay, and it has been proposed that
both comprise a unique signaling module (64).

An increase in Akt2 levels is associated with EndMT. TGF-�1

did not boost the levels of this kinase, neither in PAE nor in MEFs
(Fig. 3 and 8, respectively). In both cell types, downmodulation of
Akt2 influenced the expression of Snail1 more than did that of
Akt1. In fact, Akt1 downregulation did not decrease Snail1 expres-
sion in NICD2 cells (Fig. 10A, lanes 3 and 7) but reduced it in
MEFs (Fig. 8). It is possible that Akt1 participates in Snail1 tran-
scription in these fibroblastic cells (30).

It has also been reported that expression of the two Akt isoforms is
coordinated in other cellular systems. Akt1 downregulation induces
EMT and Akt2 upregulation in mammary epithelial cells by a mech-
anism that requires Erk activation (29). In our cell system, Akt2 up-
regulation by Notch does not seem to be due to an Akt1 decrease,
since Akt1 downregulation did not stimulate Akt2 in either PAE cells
or MEF cells (Fig. 7 and 8). Inversely, Akt2 depletion did not alter
Akt1 levels. Our results also show that Notch induced the Akt1 pro-
moter downregulation. This was not due to increased �-catenin/
TCF4 transcriptional activity, since the addition of iCRT14 did not
restore Akt1 levels in NICD2 cells, although it decreased Akt2. Alter-

FIG 12 Nuclear Akt2 staining induced by Notch is blocked by inhibition of Akt phosphorylation. Akt2 and lamin B were analyzed by immunofluorescence as
done in Fig. 11 in control PAE cells and Notch cells (NICD2) that had been treated with MK-2206 (MK), UO126 (UO), or CCT128930 (CCT) (all at 10 �M) for
24 h. Merge images indicate colocalization.
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natively, it has been reported that Notch increases Runx3 (65), a po-
tent repressor of Akt1 (66). Further studies are required to demon-
strate whether this mechanism works in PAE cells.

The Notch-induced Akt1-to-Akt2 switch is also relevant for its
antiapoptotic role. In particular, our results demonstrate that
Notch protects endothelial cells from oxidative stress-induced cell
death. Although the Notch effect might be isoform dependent
(67), the majority of published data suggest a role for most Notch
family members in apoptosis protection. For instance, constitu-
tively active Notch4 inhibits endothelial cell apoptosis induced by
lipopolysaccharide by a dual mechanism that requires JNK acti-
vation and Bcl-2 upregulation (68). Similarly, impaired Notch4
activity is associated with endothelial cell apoptosis (69). The mo-
lecular basis of Notch apoptosis protection is not fully understood
and may involve multiple players. Our results suggest that Notch1
protects endothelial cells from H2O2-induced apoptosis by up-
regulating Akt2 and Snail1, since depletion of these two compo-
nents abrogated the Notch effect, as determined by analyzing
caspase-3 activation and cell viability (Fig. 10). Notch1 expression
also caused a decrease in FoxO1, and this downregulation showed
a higher sensitivity to the downregulation of Akt2 than Akt1 (Fig.
10B). Therefore, Notch protection mainly requires Akt2-depen-
dent Snail1 activation and FoxO1 downmodulation. It should be
noted that the antiapoptotic role of Snail1 has been demonstrated
in different systems through the inhibition of several proapoptotic
genes, either directly or indirectly through the activation of other
repressors (70).

Little information has been available concerning the contribu-
tion of the different Akt isoforms in apoptosis protection. We now
show that this effect is mainly dependent on Akt2. This conclusion
is supported by other results indicating that Akt2 inhibits apopto-
sis during myogenic differentiation or UV irradiation (71, 72).
Moreover, depletion of Akt2 but not of Akt1 induces tumor re-
gression (73). However, it is likely that both Akt1 and Akt2 have
alternative roles in inhibiting apoptosis in different conditions; in
fact, depletion of Akt1 in control PAE cells stimulated cleaved
caspase-3 (Fig. 10A). Therefore, Akt1 might be relevant in endo-
thelial not-stimulated cells and, following Notch induction, this
role might be transferred to Akt2, which is then the main isoform
controlling apoptosis under these conditions.

Another point of discussion is the specific nuclear localization
of Akt2 when preventing apoptosis. Transgenic mice expressing
Akt targeted to the nuclei of cardiac cells show apoptosis resistance
in cardiomyocytes (74). Hydrogen peroxide mimics oxidative
stress-mediated vascular damage that occurs during atherosclero-
sis and hypertension. For example, arteries exposed to high pres-
sure generate substantial increases of vascular H2O2 (75). It has
been recently shown that aortas from Akt2-deficient mice display
high levels of apoptotic cell death that lead to increased aortic
aneurysms (76). This Akt2-dependent protection is caused by an
elevated expression of matrix metalloproteinase 9 (MMP-9) and
reduced expression of tissue inhibitor of metalloproteinase 1
(TIMP-1), a consequence of the decreased binding of FoxO1 to
the MMP-9 and TIMP-1 promoters (76). In our cell model, it is
likely that Snail1 also plays a role in the induction of some of these
genes, such as that for MMP-9, which is induced during Snail1-
controlled EMT (77).

The specific mechanism that links Akt2 but not Akt1 with
EndMT is not known. The balance between the Akt isoforms
might be relevant for driving a differential phosphorylation of

specific substrates (78, 79); thus, it might promote the regulation
of specific Akt2 nuclear targets (80). Akt2 is located in both the
cytoplasm and the nucleus; nuclear localization requires a previ-
ous activation by phosphorylation, suggesting that these modifi-
cations release Akt2 from an interaction with a cytosolic chaper-
one that precludes its traffic to the nucleus. This specific
localization of Akt2 at the nuclear membrane in Notch-expressing
cells is not observed for Akt1 in control PAE cells. Although Akt1
and Akt2 are highly homologous, they mostly differ in the linker
region between the pleckstrin homology and catalytic domains
(81). It is possible that an adaptor protein specific for Akt2 is
expressed or exposed in the nuclear envelope upon Notch ex-
pression and is responsible for the specific binding. Alterna-
tively, this nuclear scaffold protein might present similar affin-
ity for both proteins but, since it is only active in NICD cells, it
would preferably bind the Akt isoform with the highest expres-
sion in these cells—thus, Akt2. In any case, this specific Akt2
subnuclear localization might facilitate its action on FoxO1
and GSK-3�, promoting the inactivation of this kinase and the
subsequent stabilization of Snail1. Since Snail1 also interacts
with and increases Akt2 activity (43), it is possible that it creates
a stimulatory loop to further enhance Akt2 activity on nuclear
targets that regulate apoptosis. In any case, our results explain
how Snail1 is controlled by Notch to regulate EndMT and
apoptosis.
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