
Citation: Jimenez, L.; Amenabar, C.;

Mayoral-Varo, V.; Mackenzie, T.A.;

Ramos, M.C.; Silva, A.; Calissi, G.;

Grenho, I.; Blanco-Aparicio, C.;

Pastor, J.; et al. mTORC2 Is the Major

Second Layer Kinase Negatively

Regulating FOXO3 Activity.

Molecules 2022, 27, 5414. https://

doi.org/10.3390/molecules27175414

Academic Editor: Angelo Facchiano

Received: 20 July 2022

Accepted: 22 August 2022

Published: 24 August 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

molecules

Article

mTORC2 Is the Major Second Layer Kinase Negatively
Regulating FOXO3 Activity
Lucia Jimenez 1 , Carlos Amenabar 1, Victor Mayoral-Varo 1 , Thomas A. Mackenzie 2, Maria C. Ramos 2 ,
Andreia Silva 3,4, Giampaolo Calissi 1, Inês Grenho 3,4, Carmen Blanco-Aparicio 5 , Joaquin Pastor 5,
Diego Megías 5, Bibiana I. Ferreira 3,4,* and Wolfgang Link 1,*

1 Institute of Biomedical Research Alberto Sols (CSIC-UAM), Arturo Duperier 4, 28029 Madrid, Spain
2 Fundación MEDINA, Health Sciences Technology Park, Avda. del Conocimiento 34, 18016 Granada, Spain
3 ABC-RI, Algarve Biomedical Center Research Institute, Algarve Biomedical Center, 8005-139 Faro, Portugal
4 Faculty of Medicine and Biomedical Sciences, University of Algarve, 8005-139 Faro, Portugal
5 Spanish National Cancer Research Centre (CNIO), Melchor Fernández Almagro 3, 28029 Madrid, Spain
* Correspondence: biferreira@ualg.pt (B.I.F.); walink@iib.uam.es (W.L.)

Abstract: Forkhead box O (FOXO) proteins are transcription factors involved in cancer and aging and
their pharmacological manipulation could be beneficial for the treatment of cancer and healthy aging.
FOXO proteins are mainly regulated by post-translational modifications including phosphorylation,
acetylation and ubiquitination. As these modifications are reversible, activation and inactivation of
FOXO factors is attainable through pharmacological treatment. One major regulatory input of FOXO
signaling is mediated by protein kinases. Here, we use specific inhibitors against different kinases
including PI3K, mTOR, MEK and ALK, and other receptor tyrosine kinases (RTKs) to determine their
effect on FOXO3 activity. While we show that inhibition of PI3K efficiently drives FOXO3 into the cell
nucleus, the dual PI3K/mTOR inhibitors dactolisib and PI-103 induce nuclear FOXO translocation
more potently than the PI3Kδ inhibitor idelalisib. Furthermore, specific inhibition of mTOR kinase
activity affecting both mTORC1 and mTORC2 potently induced nuclear translocation of FOXO3,
while rapamycin, which specifically inhibits the mTORC1, failed to affect FOXO3. Interestingly,
inhibition of the MAPK pathway had no effect on the localization of FOXO3 and upstream RTK
inhibition only weakly induced nuclear FOXO3. We also measured the effect of the test compounds
on the phosphorylation status of AKT, FOXO3 and ERK, on FOXO-dependent transcriptional activity
and on the subcellular localization of other FOXO isoforms. We conclude that mTORC2 is the most
important second layer kinase negatively regulating FOXO activity.

Keywords: FOXO; kinases; mTOR; high content screening; chemical biology; cancer; aging

1. Introduction

FOXO proteins are transcription factors responsible for the maintenance of cellular
homeostasis [1]. They belong to the family of Forkhead proteins, characterized by a ~100-
residue forkhead (FKH) DNA-binding domain [2] that, in mammals, consists of FOXO1,
FOXO3, FOXO4 and FOXO6 [3]. FOXO transcription factors bind as monomers to consensus
binding sites within the promoter of their target genes. The growing list of established
FOXO target genes includes genes involved in cell proliferation, metabolism, apoptosis,
autophagy and stress resistance [4]. FOXO proteins are tumor suppressors frequently
inactivated in human cancer [5]. On the one hand, many anti-cancer drugs act through
FOXOs and their inactivation is a powerful mechanism of therapy resistance [6,7]. On the
other hand, several transcriptional targets of FOXO factors have been shown to promote
drug resistance or to be implicated in feedback loops [7]. Furthermore, genetic variants of
FOXO3 are associated with exceptional longevity in worms, flies and mammals. In humans,
FOXO3 hosts about 40 common non-coding single nucleotide polymorphisms (SNPs)
that have been consistently associated with longevity [8]. FOXOs are mainly regulated

Molecules 2022, 27, 5414. https://doi.org/10.3390/molecules27175414 https://www.mdpi.com/journal/molecules

https://doi.org/10.3390/molecules27175414
https://doi.org/10.3390/molecules27175414
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/molecules
https://www.mdpi.com
https://orcid.org/0000-0001-9576-1766
https://orcid.org/0000-0001-6972-2368
https://orcid.org/0000-0002-3674-615X
https://orcid.org/0000-0002-3249-6595
https://orcid.org/0000-0002-3340-5165
https://doi.org/10.3390/molecules27175414
https://www.mdpi.com/journal/molecules
https://www.mdpi.com/article/10.3390/molecules27175414?type=check_update&version=2


Molecules 2022, 27, 5414 2 of 16

by reversible post-translational modifications (PTMs) which generate a molecular code
to sense external stimuli and determine the transcriptional programs mediated by these
transcription factors [9]. The main regulatory input to FOXOs activity comes from growth
factor-dependent and stress signaling [1]. The PTMs determine activity of FOXO proteins by
regulating their subcellular localization, protein stability and transcriptional activity. Under
stress conditions or in the absence of growth or survival factors, FOXO proteins translocate
to the cell nucleus, where their transcriptional functions can be executed. Conversely,
in the presence of growth factors or in cancer cells where the PI3K/AKT pathway is
constitutively activated, AKT phosphorylates FOXO transcription factors in the nucleus,
creating a docking site for the 14-3-3 protein dimer. The binding of the 14-3-3 chaperone
to nuclear FOXO reduces its affinity to DNA and facilitates its nuclear export eventually
leading to cytoplasmic sequestration and inactivation of FOXO. Several kinases have
shown direct phosphorylation of FOXO proteins including AKT, SGK, IKK, ERK, MST1 and
JNK [10–14], which we refer to as the first layer of regulation of FOXO functions by kinases.
Furthermore, kinases acting upstream of these kinases represent a second layer of control.
Here we investigate the inhibition of several second layer kinases including PI3K, mTOR
and MEK, as well as ALK and other receptor tyrosine kinases (RTKs) on the subcellular
localization and transcriptional activity of FOXO3. RTKs are cell surface receptors activated
by growth factors to produce a downstream response that includes the activation of the
PI3K/AKT signaling cascade [15]. A wide variety of RTK inhibitors have been approved
for clinical use by regulatory authorities. PI3Ks function as heterodimers consisting of
one of four catalytic p110 subunits. ATP competitive inhibitors have been developed that
are capable of inhibiting the kinase activity of p110α, β, δ and γ or in an isoform specific
manner [16]. The serine/threonine protein kinase mTOR is part of the PI3K/AKT signaling
network and represents the catalytic subunit of two distinct protein complexes, known as
mTOR Complex 1 (mTORC1) and 2 (mTORC2) [17]. Here, we show that pharmacological
manipulation of the different second layer regulatory kinases has differential effects on the
intracellular localization of FOXO3 suggesting a complex regulation of FOXO proteins.

2. Results
2.1. FOXO3 Accumulates in the Nucleus upon the Inhibition of Regulatory Kinases

In order to explore if inhibition of second layer regulatory kinases efficiently induces
the nuclear shuttling of FOXO3 transcription factor, we treated a previously established
reporter cell line, U2foxRELOC, with small molecule kinase inhibitors. U2foxRELOC
stably expresses a fluorescently labeled FOXO3 fusion protein and enables an image-based
approach to monitor the subcellular localization of FOXO3, making it compatible with high-
throughput evaluation of small molecule compounds [18]. In order to rule out secondary
effects on FOXO proteins, e.g., processes that involve transcription and de novo synthesis
of proteins, we limited the incubation period to one hour. We treated these reporter cells
with small molecule inhibitors of secondary regulatory kinases including PI3K, mTOR,
EGFR, HER2, VEGF, ALK, ROS, MET and MEK. Table 1 lists the compounds used in
our experiments.

As all compounds have been dissolved in DMSO, we used DMSO as a negative control.
The maximum concentration of DMSO used in the experiment was 0.5% to avoid vehicle-
mediated toxicity that could interfere with the assay. Initial experiments were carried
out at a single concentration in quadruplicate. After drug incubation, cells were fixed,
and their nuclei stained with Hoechst 33342 dye. Images were acquired by fluorescent
microscopy and image analysis was performed with specialized software. Images were
analyzed at single cell level quantifying the green fluorescence within the area stained
with Hoechst 33342, which defined the cell nucleus, and the extended cytoplasm. As
shown in Figure 1, in the presence of 0.5% DMSO the fluorescent signal was mostly
distributed in the cytoplasm (Figure 1A). The treatment of the cells with the nuclear export
inhibitor leptomycin B (LMB) at a concentration of 20 nM shifted the reporter protein almost
entirely into the cell nucleus (Figure 1B). As previously demonstrated, the PI3K inhibitor
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LY294002 also induced nuclear FOXO translocation [19]. We used the nuclear translocation
of FOXO3 upon the treatment with LY294002 at 25 µM as a reference to quantify the
effect of other inhibitors of the second layer kinases (Figure 1C). When compared to
the pan-PI3K inhibitor LY294002, idelalisib, a selective, FDA-approved p110δ inhibitor
with a reported EC50 of 2.5 nM in cell-free assays, exhibited significantly less activity
on FOXO3 translocation (Figure 1D). This observation suggests that p110δ contributes
less than other p110 isoforms to AKT-mediated FOXO3 inactivation in osteosarcoma cells.
Furthermore, when cells were treated with PIK-75, a selective p110α inhibitor, the nuclear
translocation of FOXO is observed even at low concentrations (Figure 1E). While the FDA-
approved ALK/MET/ROS1 inhibitor crizotinib shifted the fluorescent reporter signal to
the cell nucleus at an EC50 value of 5 µM (Figure 1M), it also induced acute toxicity at
higher concentrations. This data suggests that the receptor tyrosine kinases (RTKs) ALK,
MET or ROS1 represent upstream regulatory components for FOXO activity. Conversely,
the inhibition of the RTKs VEGFR1, VEGFR2 and VEGFR3 by lenvatinib, EGFR/HER2
by the reversible dual inhibitor lapatinib and EGFR with the reversible or irreversible
inhibition of EGFR by erlotinib or afatinib, respectively, failed to affect the subcellular
localization of FOXO3 (Figure 1G–J). Similarly, inhibition of MEK with the FDA-approved
inhibitor trametinib had no effect on the subcellular localization of FOXO3 (Figure 1K).
Furthermore, all compounds were tested in dose-response experiments using 12 serial
dilutions (Supplementary Figure S1). These results suggest that HER2, EGFR and MEK are
not significantly involved in the regulation of FOXO3 localization in osteosarcoma cells.
As MEK represents the major upstream regulator of ERK and ERK has been reported to
regulate FOXO3 translocation by direct phosphorylation [12], we explored the effect of
inhibiting ERK using the ATP competitive inhibitor of ERK1/2, SCH772984. Intriguingly,
SCH772984 also failed to affect FOXO subcellular localization (Figure 1L).

Table 1. Chemical compounds used to treat reporter cells.

Compound Inhibition Target PubChem ID

Afatinib EGFR, HER2 10184653
AZD8055 mTORC1/2 25262965
Crizotinib ALK, MET, ROS1 11626560

Dactolisib (BEZ235) PI3Kα/β/γ/δ, mTOR 11977753
Erlotinib EGFR 176870
Idelalisib PI3Kδ 11625818

KU-0063794 mTORC1/2 16736978
Lapatinib EGFR, HER2 208908

Lenvatinib VEGFR1/2/3 9823820
Leptomycin B CRM1 6917907

LY294002 PI3K (pan-inhibitor) 3973
PI103 PI3Kα/β/γ/δ, mTOR 9884685

PIK-75 PI3Kα 10275789
Rapamycin mTORC1 5284616
Sapanisertib mTORC1/2 45375953
SCH772984 ERK1/2 24866313

Torin 1 mTORC1/2 49836027
Trametinib MEK1/2 11707110
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2.2. Lack of Effect of MEK and ERK Inhibitors Is Not Cell Type Specific 

Figure 1. Second layer kinases effect on FOXO3 nuclear translocation. U2foxRELOC cells were treated
either with (A) 0.5% DMSO, (B) 20 nM LMB, (C) 25 µM LY294002, (D) 500 nM idelalisib, (E) 500 nM
PIK-75, (F) 500 nM crizotinib, (G) 500 nM lenvatinib, (H) 500 nM lapatinib, (I) 500 nM erlotinib,
(J) 500 nM afatinib, (K) 500 nM trametinib, (L) 500 nM SCH772984 for 60 min. Representative images
at 20× magnification are shown. (M) Dose-response representation of positive compounds tested in
serial dilutions.

2.2. Lack of Effect of MEK and ERK Inhibitors Is Not Cell Type Specific

The absence or low expression level of a molecular target may significantly affect
the response to drug treatment. In order to investigate if the lack of response to RTK,
MEK and ERK inhibition can be explained by the level of expression of their molecular
targets, we assessed the Human Protein Atlas database in order to analyze the expression
of VEGFR1, VEGFR2, VEGFR3, EGFR, HERr2, MEK and ERK1/2 in bone tissue and U2OS
osteosarcoma cells. While VEGFR1, VEGFR2, EGFR and HER22 indeed exhibit zero or
low expression in U2OS cells at transcript level, transcripts of VEGFR3, MEK and ERK1/2
were readily detectable in U2OS cells. No protein data is available for U2OS cells. In
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order to explore the possibility that the inactive inhibitors affect FOXO3 in other cell
lines we used immunocytochemistry and reporter cell lines. We treated human derived
neuroblastoma cells (SH-SY5Y) and a human neonatal dermal fibroblast cell line (CC-2509)
with 1µM trametinib, SCH772984 and lenvatinib for one hour. As Figure 2 shows, none of
the inhibitors cause FOXO3 translocation into the cell nucleus (Figure 2E–J) compared to
LY294002 (Figure 2C,D), showing that the most relevant pathway in FOXO3 regulation is
PI3K/AKT. It is important to note that trametinib and SCH772984 are known to affect the
activity of the MAPK pathway in U2OS cells [20].
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Figure 2. FOXO translocation in neuroblastoma cells and fibroblast. Effect on nuclear translocation of
VEGFR, MEK and ERK inhibitors in CC-2509 and SH-SY5Y cells. Immunocytochemistry for FOXO3a
was carried out in fibroblasts (CC-2509) and a neuroblastoma (SH-SY5Y) cell line treated for 1 h
with (A,B) 0.5% DMSO, (C,D) 25 µM LY294002, (E,F) 1 µM trametinib, (G,H) 1 µM SCH772984 or
(I,J) 1 µM lenvatinib. Fixed cells were incubated with green fluorescent specific antibody against
FOXO3, and DAPI for nuclear staining, and imaged with fluorescence microscopy. Representative
images taken at 20× magnification are shown. As it can be seen in the images taken, only LY294002
(PI3K inhibitor) causes FOXO3 nuclear translocation.

In order to investigate whether inhibition of the MAPK pathway could affect the
subcellular localization of FOXO3 in a context in which this pathway is activated, we
monitored FOXO3 localization after EGF treatment and subsequent trametinib exposure in
U2foxRELOC cells (Supplementary Figure S2). In addition, we used UACC62 melanoma
cells that carry a BRAF mutation and therefore exhibit constitutively active MAPK signaling.
Trametinib treatment failed to induce nuclear FOXO3 localization in both cellular models
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(Supplementary Figure S3), indicating that MEK inhibition did not affect FOXO3 trafficking
in cells with either acute or constitutive activation of the MAPK pathway.

2.3. Inhibition of mTOR Kinase Induces Nuclear FOXO3 Accumulation

Next, we investigated the contribution of mTOR activity and, in particular, the role of
the two mTOR containing complexes mTORC1 and mTORC2 in the regulation of FOXO3.
We found that the dual PI3K/mTOR inhibitors dactolisib and PI-103 were more efficient
FOXO3 translocators than specific PI3K inhibitors (Figure 3B,C). We also observed that
the ATP-competitive mTOR inhibitor torin-1 potently shifts the fluorescent signal into the
cell nucleus without any traces left in the cytoplasm (Figure 3D). To assess whether other
specific mTOR inhibitors affect FOXO3 localization with similar potency, we treated the
reporter cells with KU-0063794, sapanisertib and AZD8055 (Figure 3E–G). Intriguingly,
all inhibitors of mTOR kinase activity exhibited very low EC50 values (Figure 3J and
Supplementary Figure S4). The most potent inhibitor was AZD8055, affecting nuclear
FOXO3 translocation at an EC50 of 9 nM (Figure 3J).
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Figure 3. Effect of mTORC inhibitors on nuclear translocation of FOXO3. mTORC1 inhibition
does not affect FOXO3 accumulation. Multiplexed assay with U2foxRELOC and U2redNES cells
co-cultured and treated with (A) 0.5% DMSO or 500 nM, (B) dactolisib, (C) PI103, (D) torin, (E) KU-
0063794, (F) sapanisertib, (G) AZD8055, (H) rapamycin, (I) 20 nM LMB for 1 h. Then cells were
fixed and nuclear stained with Hoechst. Representative images are shown at 40× magnification.
(J) Dose-response plotting of AZD8055 and rapamycin with EC50 of 9 nM and >10 µM, respectively.
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In order to exclude the possibility that these inhibitors affect the nuclear export of
FOXO3 mediated by the export receptor CRM1 (Chromosomal Maintenance 1, also known
as Exportin 1), which is the major mammalian export protein that facilitates the transport
of large macromolecules, we used a previously established reporter system capable of
identifying small molecule inhibitors of the nuclear export [18]. In a multiplexed assay,
we co-cultured U2redNES and U2foxRELOC cells and treated cells with 100nM of torin-
1 for 1 h using leptomycin B as a positive control (Figure 3H). As shown in Figure 3D,
torin-1 does not affect the nuclear export through CRM1 indicating that mTOR inhibition
acts through inhibiting regulatory components operating upstream of FOXO. We then
determined if there is a dose response relationship between mTOR inhibition and FOXO3
nuclear translocation (Supplementary Figure S4).

2.4. mTORC1 Inhibition Does Not Affect FOXO3 Localization

As torin-1, KU-0063794, sapanisertib and AZD8055 are ATP-competitive inhibitors of
the catalytic subunit of mTOR kinase, they affect the activity of the two mTOR complexes
mTORC1 and mTORC2. Therefore, we investigated the contribution of each mTOR complex
to the nuclear translocation of FOXO3 using rapamycin. Rapamycin is an extremely
selective compound that binds to a domain separate from the catalytic site and specifically
inhibits mTORC1 with an EC50 value in the high pM/low nM range. The treatment of
U2foxRELOC cells with 0.1 nM of rapamycin had no effect on the intracellular distribution
of the green fluorescent signal (Figure 3I). In order to rule out that there was a dose effect, we
used higher concentrations of rapamycin. We observed that concentrations of rapamycin
as high as 100 nM did not affect the subcellular localization of FOXO3, suggesting that the
mTORC1 does not contribute to the regulatory input of mTOR in FOXO activity (Figure 3J).
In order to explore the possibility that this specific inhibition was due to a cell-specific
context, we used immunocytochemistry and reporter cell lines CC-2509 and SH-SY5Y.
Cell lines were treated with 1 µM KU-0063794, sapanisertib, AZD8055 and rapamycin
for 1 h prior to cell fixation and immunostaining. As shown in Figure 4, only the ATP-
competitive inhibitors of the two mTOR complexes shifted FOXO3 into the cell nucleus in
both cell lines while rapamycin did not affect FOXO subcellular localization, reproducing
the result obtained in U2OS cells. Furthermore, the data suggests that the potent effect of the
ATP-competitive mTOR inhibitors on the subcellular localization of FOXO3 is exclusively
mediated by mTORC2.

2.5. Second Layer Kinase Inhibitors Differentially Affect FOXO and AKT Phosphorylation

FOXO3 is inactivated by phosphorylation of three conserved sites via the serine/
threonine kinase AKT, which in turn is regulated by phosphorylation of its threonine
308 and serine 473 residues. The serine 473 in AKT is known to be phosphorylated by
mTORC2 [21]. To investigate if the effect or the lack of effect of second layer kinase in-
hibitors on FOXO nuclear translocation correlates with FOXO and AKT phosphorylation,
we treated U2OS cells with 1 µM PIK-75, idelalisib, dactolisib, PI103, torin 1, KU-0063794,
sapanisertib, AZD8055 and rapamycin. As shown in Figure 5A, western blot analysis using
specific antibodies against FOXO3-S253, AKT-S473 and total AKT confirmed that treat-
ment of U2OS cells with PI3K and mTOR inhibitors, except for rapamycin and idelalisib,
efficiently reduces phosphorylation of AKT at S473 and phosphorylation of FOXO3 at
S253. Furthermore, the FOXO and AKT phosphorylation status in U2OS treated with the
RTKs and MEK/ERK inhibitors were unchanged (Supplementary Figure S5). These results
indicate that the effect of the analyzed compounds on FOXO translocation depend on their
efficacy to decrease the levels of AKT and FOXO.
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Figure 4. Effect of mTORC inhibitors on nuclear translocation of FOXO3 in fibroblast and neuroblas-
toma cell lines. mTORC1 inhibition does not affect FOXO3 localization. Immunocytochemistry for
FOXO3a was carried out in fibroblasts (CC-2509) and a neuroblastoma (SH-SY5Y) cell line treated for
1 h with (A,B) 0.5% DMSO or 1 µM (C,D) KU-0063794, (E,F) sapanisertib, (G,H) AZD8055 or (I,J) ra-
pamycin. After compound treatment, cells were fixed and incubated with a green fluorescent specific
antibody against FOXO3 and DAPI for nuclear staining and imaged with fluorescence microscopy.
Representative images taken at 20× magnification are shown.

2.6. Inhibition of PI3K and mTOR Drive FOXO-Dependent Transcriptional Activity

As we demonstrated that PI3K and mTOR inhibition leads to FOXO accumulation in
the nucleus, we carried out gene reporter assays in order to determine if the treatment of
cells with PI3K and mTOR inhibitors increased transcriptional activity mediated by FOXO
proteins. Following the manufacturer’s instructions, the Dual-Luciferase Reporter Assay
was carried out with PI3K and mTOR inhibitors at 1 µM, DMSO as the reference control
and 25 µM LY294002 as the positive control, and results are represented in Figure 5B. The
PI3Kδ inhibitor idelalisib and ALK/MET/ROS1 inhibitor crizotinib only slightly increased
the FOXO dependent generation of luciferase expression. In line with the data obtained
from the dose-response experiments on FOXO translocation, the most potent inducers of
FOXO-dependent gene transcription were the PI3K and mTOR inhibitors, and in particular
the specific inhibitors of the mTOR kinase activity. As for the nuclear translocation of
FOXO, the ATP-competitive mTOR inhibitor AZD8055 was the most potent at inducing
FOXO-dependent transcription. These results suggest that there is a direct relationship
between the amount of nuclear FOXO factors and their transcriptional activity as the
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inhibitors that most efficiently translocate FOXO3 also exhibited the strongest induction of
luciferase reporter gene expression.
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Figure 5. Inhibition of PI3K and mTOR affect FOXO and AKT phosphorylation and drive FOXO-
dependent transcriptional activity. (A) U2foxRELOC cells were cultured and treated for 1 h with 1%
DMSO (negative control), LY294002 25 µM (positive control) or small molecule compounds (PIK-75,
idelalisib, dactolisib, PI103, torin 1, KU-0063794, sapanisertib, AZD8055, crizotinib and rapamycin)
at a final concentration of 1 µM, and then were immunoblotted with specific antibodies against
P-FOXO3 (Ser253) and total FOXO3, P-AKT (Ser473) and total AKT, and β-actin as the loading control.
P-AKT and P-FOXO are labelled with 1 and should be compared with the loading control form the
same membrane labelled as β-Actin1, while β-Actin2 represents the control for total AKT and FOXO3.
Blots represent the quantification of P-FOXO3 and P-AKT normalized by the correspondent total
protein and loading control and compared to the negative control. (B) U2OS cells were cultured
and co-transfected with pGL_6xDBE and pRL-TK plasmids. Cells were treated for 24 h with the
mentioned compounds at a concentration of 1 µM. Luciferase expression was quantified following the
Dual-Luciferase Reporter Assay System. Firefly luciferase signal was normalized by Renilla luciferase
and compared to DMSO control. Mean of triplicates and standard deviation are represented.

2.7. PI3K and mTOR Inhibition Affects the Localization of FOXO Isoforms FOXO1 and FOXO4

In mammals, four FOXO isoforms have been identified: FOXO1, FOXO3, FOXO4
and FOXO6. FOXO6 has been shown to be less responsive to regulation by its subcellular
localization [22]. As our reporter cell line only monitors the translocation of FOXO3, we
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investigated if PI3K and mTORC inhibition also induces the nuclear accumulation of
FOXO1 and FOXO4. To this end, we carried out immunofluorescence assays with U2OS
cells. We decided to treat the cells with the compounds at a concentration of 1 µM to
explore if FOXO1 and FOXO4 isoforms were as responsive as FOXO3. Then, cells were
fixed, permeabilized and incubated with specific antibodies against FOXO1, FOXO3 and
FOXO4 isoforms. Cells were observed by fluorescence microscopy after the incubation
with a green fluorescent-labeled secondary antibody and DAPI to visualize the nuclei. As
shown in Figure 6, compared to DMSO vehicle control, treatment with the positive control
LY294002 as well as with 1 µM of idelalisib, crizotinib or AZD8055 led to the accumulation
of FOXO1, FOXO3 and FOXO4 isoforms in the cell nucleus. It is important to note that with
this approach we monitor the response of endogenous FOXO isoforms, including FOXO3,
confirming the data obtained from experiments with the reporter cell line expressing ectopic
GFP-FOXO3. Interestingly, the compounds induce the nuclear translocation of FOXO1
and FOXO4 as potently as for FOXO3. In agreement with previous data, treatments with
idelalisib and crizotinib were the least responsive ones (Figure 6G–L), confirming that
p110δ and ALK/MET/ROS1 are not a prevalent regulatory input of endogenous FOXO3
nor of FOXO1 and FOXO4.
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Figure 6. Effect of PI3K and mTOR inhibitors on FOXO1 and FOXO4 localization. U2OS cells were
cultured and treated for 1 h with (A–C) 0,5% DMSO as negative control, (D–F) 25 µM LY294002 as
positive control or 1 µM (G–I) idelalisib, (J–L) crizotinib, (M–O) AZD8055. Fixed cells were incubated
with green fluorescent specific antibodies against FOXO1, FOXO3 or FOXO4 isoforms, and imaged
with fluorescence microscopy. Representative images taken at 20× magnification are shown.
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3. Discussion

Given the role of FOXO factors in pathological processes and human longevity, FOXO
proteins have emerged as promising targets to treat cancer, overcome therapy resistance
and slow aging [23]. As other non-liganded transcription factors, FOXO proteins are
considered to be difficult to target by small molecule compounds [24]. While progress
has been made in targeting transcription factors [25], and in particular FOXOs [26], by
agents that directly bind to these factors, the upstream regulatory network provides a broad
range of intervention points to pharmacologically modulate FOXO activity. Therefore, a
better understanding of the regulation of FOXO proteins will allow the identification of the
most efficient upstream targets. In order to understand the regulation of the subcellular
localization and transcriptional activity of FOXO factors, we have previously investigated
the effect of inhibiting kinases that directly phosphorylate FOXO, denominated first layer
kinases [18,19]. Here, we have assessed the effect of inhibiting different kinases that act
upstream of these first layer kinases, denominated as second layer kinases on the subcellular
localization and transcriptional activity of FOXO factors and in particular FOXO3. With this
chemical biology approach, we determined the contribution of these second layer kinases to
the regulation of FOXO3. We show that while the inhibition of EGFR has little effect on the
subcellular localization of FOXO3, the ALK/MET/ROS1 inhibitor crizotinib induces the
nuclear translocation of FOXO3. HER2 and VEGF inhibition via lapatinib and lenvatinib,
respectively, did not induce the nuclear accumulation of FOXO3. As the compounds we
used to inhibit EGFR are drugs approved for their clinical use, the lack of regulatory activity
on FOXO3 is likely due to reasons other than cell penetration or intracellular stability.
Conversely, the level of expression of the targets in the context of osteosarcoma-derived
cells might limit their effect on FOXO3. Alternatively, other RTKs might have a more
significant role in regulating FOXO subcellular localization even in the presence of EGFRs.
Accordingly, crizotinib, an FDA-approved drug used for the treatment of patients with
ALK-positive and ROS1-positive non-small cell lung carcinoma (NSCLC), triggered the
nuclear translocation of FOXO3 suggesting an important role of RTKs such as ALK, MET or
ROS1 in the regulation of FOXO3. Which of these RTKs is the major mediator of this effect
remains to be established. Furthermore, we investigated the effect of MEK inhibition on
FOXO3 regulation. Importantly, the MAPK/ERK pathway has shown to play an important
role in the regulation of FOXO3 [12]. The serine/threonine kinase ERK directly interacts
with FOXO3 and phosphorylates the protein at three serine residues which is followed
by MDM2-mediated ubiquitin-proteasomal degradation of FOXO3 and subsequent cell
proliferation and tumorigenesis. As ERK-mediated phosphorylation leads to nuclear
exclusion of FOXO3 and ERK itself is regulated by the upstream kinase MEK, we reasoned
that MEK inhibition also should result in FOXO3 nuclear accumulation. However, treatment
of the reporter cells with the FDA-approved MEK inhibitor trametinib failed to have an
effect on the subcellular localization of FOXO3, as well as ERK inhibition with SCH772984.
While we cannot rule out that the cellular context in the osteosarcoma-derived cell line
limits the impact of the MAPK/ERK pathway on FOXO3, the MAPK inhibitors used in the
experiments have been seen to affect MAPK signaling in U2OS cells. The observation that
the FDA-approved specific PI3Kδ inhibitor idelalisib triggered FOXO translocation activity
suggests that the p110δ catalytic subunit of the PI3K contributes to the regulation of FOXO3
activation. However, p110δ is expressed primarily in hematopoietic lineage, and acts as an
important regulator of normal and malignant B-cells [27]. The most potent small molecule
compound tested in these series of experiments was the ATP-competitive mTORC1/2
inhibitor AZD8055 with an EC50 value in the low nanomolar range [28]. Another potent
FOXO translocating compound was the imidazoquinoline dactolisib (BEZ235), which
is known to inhibit p110α/γ/δ/β and mTOR in an ATP-competitive manner with an
EC50 value in the low nanomolar range. The efficacy of dactolisib-mediated FOXO3
nuclear translocation could be due to the dual inhibitory activity against two second layer
kinases [29]. While inactivation of PI3K leads to decreased levels of PIP3 and in turn less
AKT localized at the plasma membrane, mTOR inhibition results in lower levels of AKT
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phosphorylation at Ser473. Both events may act synergistically to attenuate the activation
of AKT and a decrease in AKT mediated FOXO phosphorylation. mTORC2 has been
seen to contribute to the regulation of FOXO3 localization [30]. In accordance with these
results, the ATP-competitive inhibitors of mTOR, torin1, KU-0063794, sapanisertib and
AZD8055 efficiently induced the nuclear translocation of FOXO3 confirming that reduced
phosphorylation at the mTORC2 site at Ser473 in AKT inhibits its enzymatic activity
and AKT mediated FOXO phosphorylation. As a result, unphosphorylated FOXO can
accumulate in the cell nucleus. The contribution of the other mTOR complex, mTORC1
to the regulatory input of FOXO activity is unclear. Our observation that the specific
mTORC1 inhibitor rapamycin failed to induce FOXO nuclear translocation suggests that
the potent effect of dactolisib is probably due to a synergistic effect of pan-PI3K and
mTORC2 inhibition, without a significant effect on the mTORC1 complex. It is important
to note that several of the small molecule compounds analyzed in the current study have
been approved for their clinical use to treat patients with cancer. These drugs include
afatinib, crizotinib, erlotinib, idelalisib, lapatinib, lnvatinib, rapamycin and trametinib. Our
data show that crizotinib and idelalisib can induce the nuclear translocation of the three
FOXO isoforms, FOXO1, 3 and 4, suggesting that FOXO activation might contribute to
the therapeutic effect of these drugs. For the other approved inhibitors, it remains to be
established whether they fail to induce FOXO activation in specific tissues or tumors in
patients. In line with the data obtained from translocation experiments, the most potent
compounds to reduce AKT levels and induce FOXO phosphorylation and FOXO-mediated
gene transcription were dual PI3K/mTOR inhibitors and in particular, specific mTOR
kinase inhibitors. Taken together, our results suggest that the regulatory input operating
through the mTORC2 complex represents the major second layer control of FOXO activity.

4. Materials and Methods
4.1. Cell Culture

U2-OS and SH-SY5Y cells as well as CC-2509 fibroblasts were obtained from the Amer-
ican Type Culture Collection (ATCC) and were maintained in DMEM supplemented with
10% FBS (Sigma-Aldrich, St. Louis, MO, USA) and antibiotics (Gibco, Waltham, MA, USA).
Cell cultures were maintained in a humified incubator at 37 ◦C with 5% CO2 and passaged
when confluent using trypsin/EDTA. Stable cell lines U2redNES and U2foxRELOC cells
have been generated as described previously [19,31,32]. Briefly, U2foxRELOC is a cell line
derived from U2OS cells stably transfected with a reporter plasmid to express a FOXO3
fusion protein with green fluorescence protein (GFP) [19]. This allows to distinguish the
subcellular localization of FOXO3 with fluorescence microscopy and to identify compounds
that make FOXO accumulate in the nucleus. U2redNES is a cell line derived from U2OS
cells stably transfected with a reporter plasmid to express red fluorescence protein dsRed
with the NES from MAPKK (Jimenez et al., manuscript under revision). This sequence was
chosen because it is necessary for the nuclear export by CRM1 as well as FOXO’s NES, so a
compound that inhibits CRM1 like leptomycin B will retain both signals GFP and dsRed in
the nucleus.

4.2. FOXO Translocation Assay in U2foxRELOC and U2redNES

The effect of the compounds on the subcellular localization of FOXO was shown by
U2foxRELOC reporter cells, whereas U2redNES cells were used as a nuclear export integrity
maintenance control. For this, 7000 U2foxRELOC and 13,000 U2redNES cells were seeded
per well in 200 µL medium in a black well clear flat bottom TC-treated 96-well plate (Greiner,
Frickenhausen, Germany) and incubated for 24 h. Compound treatments were carried out
per quadruplicate in sterile conditions at 500 nM final concentration. In order to rule out
secondary effects on FOXO proteins like transcription and de novo protein synthesis, the
incubation period was limited to 1 h at 37 ◦C. As inhibitors are dissolved in DMSO, cells
treated with 1% DMSO were used as negative control. Pan-PI3K inhibitor LY294002 (25 µM)
was used as positive control for FOXO accumulation in the nucleus and CRM1 inhibitor
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Leptomycin B (20 nM) was used as positive control for the inhibition of nuclear export [33].
After the incubation period with compounds, cells were fixed using 4% formaldehyde
(Sigma-Aldrich) dissolved in PBS 1X with 5 µg/mL Hoechst 33342 (Sigma-Aldrich) for
nuclei staining during 20 min in the dark at RT. Subsequently, each well was washed with
100 µL PBS 1X. A total of 100 µL sodium azide (Sigma-Aldrich) 0.05% dissolved in PBS 1X
was added and plates were sealed with Parafilm for storage at 4 ◦C [18,19,34]. Cells were
analyzed using an optical microscopy, Cell Observer Z1 (Zeiss, Oberkochen, Germany),
photographs were taken using a camera installed on the microscope, Prime BSI Express
(Photometrics), and directed with the ZEN 3.3 software (Zeiss).

4.3. EGF Induction

U2foxRELOC were seeded on coverslips in 24-well plates at a concentration of
50,000 cells/wells. After 24 h cells were washed with DMEM and maintained 4 h in
non-supplemented DMEM. Then cells were incubated for 1 h in a complete medium with
50 ng/mL EGF before exposure to 0.5% DMSO, 20 nM leptomycin B (LMB), 500 nM dac-
tolisib or 500 nM trametinib. Finally, cells were fixed with 4% formaldehyde, washed with
PBS, incubated with 5 µg/mL DAPI for 15 min and coverslips were mounted on a slide
with ProLong. The photos were taken with a Nikon 90i at 20× (Nikon, Tokyo, Japan).

4.4. Dose-Response Assay in U2foxRELOC

U2foxRELOC cells, 7000 per well, were seeded in 60 µL medium in a black well with
optically clear film bottom TC-treated MW384 plate (PerkinElmer, Waltham, MA, USA)
and incubated for 24 h. Ten 1:2 serial dilutions were made with medium in a final volume
of 4 µL, then 96 µL medium was added to each dilution. Compounds were dispensed from
these solutions adding 20 µL to each well and plates were incubated for 1 h at 37 ◦C and
5% CO2. DMSO was used as a negative control and pan-PI3K inhibitor LY294002 (eight 1:2
dilutions from 50 µM to 0.391 µM, final concentrations) as a positive control for nuclear
FOXO accumulation. Cells were fixed and stored as mentioned before. Cells were analyzed
using the high content imaging platform Opera Phenix (PerkinElmer).

4.5. Data Analysis

Quantification of FOXO localization was performed by Definiens Developer v2.5
software (Definiens, München, Germany). Nucleus and cytoplasm segmentation wasdone
with a custom-made ruleset using Hoechst 33342 to stain the nucleus and then expanding
the area to identify the cytoplasm. After the segmentation, the ratio of green intensity was
measured in both nucleus and cytoplasm and then the ratio of Nucleus versus Cytoplasm
was calculated to define a threshold for translocation.

Statistics were carried out with SPSS software for calculating the percentage of FOXO
translocation [35] (Jimenez et al., 2021). According to this data, the translocation ratio
wasplotted in a graph against the concentration used for each compound in a logarithmic
scale to approximate the EC50.

4.6. Immunofluorescence

In order to investigate the effect of the inhibitors on FOXO isoforms FOXO1, FOXO3
and FOXO4, 30000 U2OS or UACC62 cells were seeded on a coverslip in a 24-well plate
(Falcon, Durham, NC, USA) with 500 µL medium and incubated for 24 h. Cells were treated
with the compounds at 1 µM for 1 h and fixed by adding 500 µL formaldehyde 8% in PBS
1X to each well. After 10 min of incubation at RT, all volume was removed, and cells were
washed with 500 µL PBS 1X and incubated 10 min at RT with permeabilization solution (1%
bovine serum albumin (BSA) (Sigma-Aldrich), 0.1% Triton X-100 (Sigma-Aldrich) in PBS
1X) and then this solution was removed. Cells were washed again and incubated for 1 h at
RT with blocking solution (0.1% BSA in PBS). Primary antibodies anti-FOXO1/3/4 (Cell
Signaling, #2880, #2497, #9472 respectively) were prepared at 1:200 dilution in blocking
solution in order to study the effect of the compounds on other FOXO isoforms. Primary
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antibody, 20 µL, was placed on Parafilm and the coverslip was placed upside down on the
drop and incubated o/n at 4 ◦C. The coverslips were washed three times immersing them
in PBS 1X. Secondary antibody Anti-Rabbit AF488 (Invitrogen, Waltham, MA, USA) was
prepared in blocking solution at 1:200 dilution with DAPI (Invitrogen) at 1:500 dilution.
The antibody drops and the coverslips were placed as before and incubated for 2 h at RT in
the dark. The coverslips were washed and placed on a 10 µL Prolong (Invitrogen) drop
on microscopy slides. Imaging was carried out with an optical microscope, Nikon Eclipse
90i, and photographs were taken with a DS-QiMc camera (Nikon) using NIS-Elements
3.01 software.

4.7. Gene Reporter Assay

To study the effect of the different compounds on the expression of FOXO target
genes, 300,000 U2OS cells were seeded in a MW6 (Falcon) plate with 2 mL medium and
incubated for 24 h. Transient transfection was carried out following Invitrogen’s protocol
for Turbofect with pGL_6xDBE and pRL-TK plasmids. pGL3_6xDBE contains six copies of
the FOXO’s DNA binding domain, DBE consensus cassette, in front of an SV40 minimal
viral promoter linked to a firefly luciferase reporter gene, and pRL-TK vector expresses
the Renilla luciferase cloned from the anthozoan coelenterate Renilla reniformis, controlled
by the HSV-thymidine kinase promoter. After 24 h, cells were detached, centrifuged and
resuspended so 20,000 cells could be seeded in a MW96 plate with 160 µL medium and
incubated for 24 h. Cells were treated with 1 µM of the compounds shown in Figure 5
and incubated for 24 h. One percent DMSO was used as normalization control and 25 µM
LY294002 was used as positive control. Automated luciferase assay was carried out using
the Dual-Luciferase Reporter Assay System (Promega), according to the manufacturer’s
instructions. Data from the readings was analyzed dividing firefly measure by 3 measure
to normalize the assay by cell number, and we compared the treatment of the different
compounds to negative control DMSO using Microsoft Excel software.

4.8. Western Blot Analysis

For the preparation of whole cell lysate, 500,000 cells seeded in 60 mm2-plate were
harvested and lysed in lysis buffer (20 mM Tris pH 7.5, 150 mM NaCl, 1% Triton X-
100, 50 mM NaF, 1 mM EDTA, 1 mM EGTA, 2.5 mM sodium pyrophosphate, 1 mM b-
glycerophosphate, 10 nM Calyculin A and EDTA-free complete protease inhibitor cocktail
(PIC)) (Sigma). Sample buffer was added to 1X final, and samples were boiled at 95 ◦C
for 5 min. Samples were run on 8%–12% SDS-PAGE gels, transferred to nitrocellulose
membranes and immunoblotted according to the antibody manufacturer’s instructions.
Secondary antibodies were added (GE Healthcare, Chicago, IL, USA) at typically 1:10,000
dilution for 1 h at room temperature. Visualization of the signal was achieved using a
ChemiDocXRS þ Imaging System (BioRad, Hercules, CA, USA).

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/molecules27175414/s1, Figure S1: Dose-response assay of RTKs and
MEK/ERK inhibitors with U2foxRELOC cells; Figure S2: EC50 concentration of PI3K and mTOR
inhibitors; Figure S3: Western Blot analysis of RTKs and MEK/ERK inhibitors. Figure S4: EC50 concen-
tration of PI3K and mTOR inhibitors. Figure S5: Western Blot analysis of RTKs and MEK/ERK inhibitors.

Author Contributions: L.J., C.A., V.M.-V., T.A.M., A.S., G.C. and I.G. carried out the experiments,
including drug treatments, translocation and luciferase assays, viability and proliferation studies, im-
munoblot analysis, statistical analysis and analysis of data. M.C.R. and C.B.-A. supervised biological
assays. J.P. supervised compound selection and handling. D.M. carried out high-content screening
and image analysis. B.I.F. and W.L. designed and supervised research. W.L. and L.J. drafted the
manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the Spanish Ministry of Science, Innovation and Univer-
sities through grant RTI2018-094629-B-I00 to W.L., Fundação para a Ciência e Tecnologia—FCT
(PTDC/MED-ONC/4167/2020) and Algarve Biomedical Center (ABC) to B.I.F.

https://www.mdpi.com/article/10.3390/molecules27175414/s1
https://www.mdpi.com/article/10.3390/molecules27175414/s1


Molecules 2022, 27, 5414 15 of 16

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: We acknowledge the expert technical assistance of J. Ortega.

Conflicts of Interest: W.L. is cofounder of Refoxy Pharmaceuticals GmbH, Berlin and required by
his institution to state so in his publications. The other authors declare no conflict of interest.

References
1. Eijkelenboom, A.; Burgering, B.M. FOXOs: Signalling integrators for homeostasis maintenance. Nat. Rev. Mol. Cell Biol. 2013, 14,

83–97. [CrossRef]
2. Myatt, S.S.; Lam, E.W.F. The emerging roles of forkhead box (Fox) proteins in cancer. Nat. Rev. Cancer 2007, 7, 847–859. [CrossRef]
3. Link, W. Introduction to FOXO Biology. In FOXO Transcription Factors; Methods in Molecular Biology; Humana: New York, NY,

USA, 2019; Volume 1890, pp. 1–9. [CrossRef]
4. Link, W.; Fernandez-Marcos, P.J. FOXO transcription factors at the interface of metabolism and cancer. Int. J. Cancer 2017, 141,

2379–2391. [CrossRef]
5. Dansen, T.B.; Burgering, B.M. Unravelling the tumor-suppressive functions of FOXO proteins. Trends Cell Biol. 2008, 18, 421–429.

[CrossRef]
6. Beretta, G.L.; Corno, C.; Zaffaroni, N.; Perego, P.; Beretta, G.L.; Corno, C.; Zaffaroni, N.; Perego, P. Role of FoxO Proteins in

Cellular Response to Antitumor Agents. Cancers 2019, 11, 90. [CrossRef]
7. van Doeselaar, S.; Burgering, B.M.T. FOXOs Maintaining the Equilibrium for Better or for Worse. In Current Topics in Developmental

Biology; Academic Press Inc.: Cambridge, MA, USA, 2018; Volume 127, pp. 49–103. ISBN 9780128042533.
8. Martins, R.; Lithgow, G.J.; Link, W. Long live FOXO: Unraveling the role of FOXO proteins in aging and longevity. Aging Cell

2016, 15, 196–207. [CrossRef]
9. Calnan, D.R.; Brunet, A. The FoxO code. Oncogene 2008, 27, 2276–2288. [CrossRef]
10. Brunet, A.; Bonni, A.; Zigmond, M.J.; Lin, M.Z.; Juo, P.; Hu, L.S.; Anderson, M.J.; Arden, K.C.; Blenis, J.; Greenberg, M.E. Akt

promotes cell survival by phosphorylating and inhibiting a Forkhead transcription factor. Cell 1999, 96, 857–868. [CrossRef]
11. Essers, M.A.; Weijzen, S.; de Vries-Smits, A.M.; Saarloos, I.; de Ruiter, N.D.; Bos, J.L.; Burgering, B.M. FOXO transcription factor

activation by oxidative stress mediated by the small GTPase Ral and JNK. EMBO J. 2004, 23, 4802–4812. [CrossRef]
12. Yang, J.Y.; Zong, C.S.; Xia, W.; Yamaguchi, H.; Ding, Q.; Xie, X.; Lang, J.Y.; Lai, C.C.; Chang, C.J.; Huang, W.C.; et al. ERK promotes

tumorigenesis by inhibiting FOXO3a via MDM2-mediated degradation. Nat. Cell Biol. 2008, 10, 138–148. [CrossRef]
13. Hu, M.C.T.; Lee, D.-F.; Xia, W.; Golfman, L.S.; Ou-Yang, F.; Yang, J.-Y.; Zou, Y.; Bao, S.; Hanada, N.; Saso, H.; et al. IkappaB kinase

promotes tumorigenesis through inhibition of forkhead FOXO3a. Cell 2004, 117, 225–237. [CrossRef]
14. Lehtinen, M.K.; Yuan, Z.; Boag, P.R.; Yang, Y.; Villé, J.; Becker, E.B.E.; Dibacco, S.; Ria De La Iglesia, N.; Gygi, S.;

Keith Blackwell, T.; et al. A Conserved MST-FOXO Signaling Pathway Mediates Oxidative-Stress Responses and Extends
Life Span. Cell 2006, 125, 987–1001. [CrossRef]

15. Du, Z.; Lovly, C.M. Mechanisms of receptor tyrosine kinase activation in cancer. Mol. Cancer 2018, 17, 58. [CrossRef]
16. Vanhaesebroeck, B.; Perry, M.W.D.; Brown, J.R.; André, F.; Okkenhaug, K. PI3K inhibitors are finally coming of age. Nat. Rev.

Drug Discov. 2021, 20, 741–769. [CrossRef]
17. Saxton, R.A.; Sabatini, D.M. mTOR Signaling in Growth, Metabolism, and Disease. Cell 2017, 168, 960–976. [CrossRef]
18. Link, W.; Oyarzabal, J.; Serelde, B.G.; Albarran, M.I.; Rabal, O.; Cebriá, A.; Alfonso, P.; Fominaya, J.; Renner, O.; Peregrina, S.; et al.

Chemical interrogation of FOXO3a nuclear translocation identifies potent and selective inhibitors of phosphoinositide 3-kinases.
J. Biol. Chem. 2009, 284, 28392–28400. [CrossRef]

19. Zanella, F.; Rosado, A.; Garcia, B.; Carnero, A.; Link, W. Chemical genetic analysis of FOXO nuclear-cytoplasmic shuttling by
using image-based cell screening. Chembiochem 2008, 9, 2229–2237. [CrossRef] [PubMed]

20. Chiabotto, G.; Grignani, G.; Todorovic, M.; Martin, V.; Centomo, M.L.; Prola, E.; Giordano, G.; Merlini, A.; Miglio, U.;
Berrino, E.; et al. Pazopanib and Trametinib as a Synergistic Strategy against Osteosarcoma: Preclinical Activity and Molecular
Insights. Cancers 2020, 12, 1519. [CrossRef]

21. Sarbassov, D.D.; Guertin, D.A.; Ali, S.M.; Sabatini, D.M. Phosphorylation and regulation of Akt/PKB by the rictor-mTOR complex.
Science 2005, 307, 1098–1101. [CrossRef]

22. Van Der Heide, L.P.; Jacobs, F.M.J.; Burbach, J.P.H.; Hoekman, M.F.M.; Smidt, M.P. FoxO6 transcriptional activity is regulated by
Thr26 and Ser184, independent of nucleo-cytoplasmic shuttling. Biochem. J. 2005, 391, 623–629. [CrossRef]

23. Calissi, G.; Lam, E.W.F.; Link, W. Therapeutic strategies targeting FOXO transcription factors. Nat. Rev. Drug Discov. 2021, 20,
21–38. [CrossRef]

24. Patel, M.N.; Halling-Brown, M.D.; Tym, J.E.; Workman, P.; Al-Lazikani, B. Objective assessment of cancer genes for drug discovery.
Nat. Rev. Drug Discov. 2013, 12, 35–50. [CrossRef]

25. Henley, M.J.; Koehler, A.N. Advances in targeting ‘undruggable’ transcription factors with small molecules. Nat. Rev. Drug
Discov. 2021, 20, 669–688. [CrossRef] [PubMed]

http://doi.org/10.1038/nrm3507
http://doi.org/10.1038/nrc2223
http://doi.org/10.1007/978-1-4939-8900-3_1
http://doi.org/10.1002/ijc.30840
http://doi.org/10.1016/j.tcb.2008.07.004
http://doi.org/10.3390/cancers11010090
http://doi.org/10.1111/acel.12427
http://doi.org/10.1038/onc.2008.21
http://doi.org/10.1016/S0092-8674(00)80595-4
http://doi.org/10.1038/sj.emboj.7600476
http://doi.org/10.1038/ncb1676
http://doi.org/10.1016/S0092-8674(04)00302-2
http://doi.org/10.1016/j.cell.2006.03.046
http://doi.org/10.1186/s12943-018-0782-4
http://doi.org/10.1038/s41573-021-00209-1
http://doi.org/10.1016/j.cell.2017.02.004
http://doi.org/10.1074/jbc.M109.038984
http://doi.org/10.1002/cbic.200800255
http://www.ncbi.nlm.nih.gov/pubmed/18756565
http://doi.org/10.3390/cancers12061519
http://doi.org/10.1126/science.1106148
http://doi.org/10.1042/BJ20050525
http://doi.org/10.1038/s41573-020-0088-2
http://doi.org/10.1038/nrd3913
http://doi.org/10.1038/s41573-021-00199-0
http://www.ncbi.nlm.nih.gov/pubmed/34006959


Molecules 2022, 27, 5414 16 of 16

26. Hagenbuchner, J.; Obsilova, V.; Kaserer, T.; Kaiser, N.; Rass, B.; Psenakova, K.; Docekal, V.; Alblova, M.; Kohoutova, K.; Schuster,
D.; et al. Modulating FOXO3 transcriptional activity by small, DBD-binding molecules. Elife 2019, 8, e48876. [CrossRef]

27. Martini, M.; De Santis, M.C.; Braccini, L.; Gulluni, F.; Hirsch, E. PI3K/AKT signaling pathway and cancer: An updated review.
Ann. Med. 2014, 46, 372–383. [CrossRef] [PubMed]

28. Chresta, C.M.; Davies, B.R.; Hickson, I.; Harding, T.; Cosulich, S.; Critchlow, S.E.; Vincent, J.P.; Ellston, R.; Jones, D.; Sini, P.; et al.
AZD8055 is a potent, selective, and orally bioavailable ATP-competitive mammalian target of rapamycin kinase inhibitor with
in vitro and in vivo antitumor activity. Cancer Res. 2010, 70, 288–298. [CrossRef]

29. Serra, V.; Markman, B.; Scaltriti, M.; Eichhorn, P.J.A.; Valero, V.; Guzman, M.; Botero, M.L.; Llonch, E.; Atzori, F.;
Di Cosimo, S.; et al. NVP-BEZ235, a Dual PI3K/mTOR Inhibitor, Prevents PI3K Signaling and Inhibits the Growth of
Cancer Cells with Activating PI3K Mutations. Cancer Res. 2008, 68, 8022–8030. [CrossRef]

30. Feehan, R.P.; Shantz, L.M. Negative regulation of the FOXO3a transcription factor by mTORC2 induces a pro-survival response
following exposure to ultraviolet-B irradiation. Cell. Signal. 2016, 28, 798–809. [CrossRef]

31. Zanella, F.; Rosado, A.; Blanco, F.; Henderson, B.R.; Carnero, A.; Link, W. An HTS approach to screen for antagonists of the
nuclear export machinery using high content cell-based assays. Assay Drug Dev. Technol. 2007, 5, 333–341. [CrossRef]

32. Zanella, F.; Rosado, A.; Garcia, B.; Carnero, A.; Link, W. Using multiplexed regulation of luciferase activity and GFP translocation
to screen for FOXO modulators. BMC Cell Biol. 2009, 10, 14. [CrossRef]

33. Kudo, N.; Matsumori, N.; Taoka, H.; Fujiwara, D.; Schreiner, E.P.; Wolff, B.; Yoshida, M.; Horinouchi, S. Leptomycin B inactivates
CRM1/exportin 1 by covalent modification at a cysteine residue in the central conserved region. Proc. Natl. Acad. Sci. USA 1999,
96, 9112–9117. [CrossRef] [PubMed]

34. Bouck, D.C.; Shu, P.; Cui, J.; Shelat, A.; Chen, T. A High-Content Screen Identifies Inhibitors of Nuclear Export of Forkhead
Transcription Factors. J. Biomol. Screen. 2011, 16, 394–404. [CrossRef] [PubMed]

35. Jimenez, L.; Silva, A.; Calissi, G.; Grenho, I.; Monteiro, R.; Mayoral-Varo, V.; Blanco-Aparicio, C.; Pastor, J.; Bustos, V.;
Bracher, F.; et al. Screening health-promoting compounds for their capacity to induce the activity of FOXO3. J. Gerontol. Ser. A
2022, 77, 1485–1493. [CrossRef] [PubMed]

http://doi.org/10.7554/eLife.48876
http://doi.org/10.3109/07853890.2014.912836
http://www.ncbi.nlm.nih.gov/pubmed/24897931
http://doi.org/10.1158/0008-5472.CAN-09-1751
http://doi.org/10.1158/0008-5472.CAN-08-1385
http://doi.org/10.1016/j.cellsig.2016.03.013
http://doi.org/10.1089/adt.2007.058
http://doi.org/10.1186/1471-2121-10-14
http://doi.org/10.1073/pnas.96.16.9112
http://www.ncbi.nlm.nih.gov/pubmed/10430904
http://doi.org/10.1177/1087057110397889
http://www.ncbi.nlm.nih.gov/pubmed/21471460
http://doi.org/10.1093/gerona/glab265
http://www.ncbi.nlm.nih.gov/pubmed/34508571

	Introduction 
	Results 
	FOXO3 Accumulates in the Nucleus upon the Inhibition of Regulatory Kinases 
	Lack of Effect of MEK and ERK Inhibitors Is Not Cell Type Specific 
	Inhibition of mTOR Kinase Induces Nuclear FOXO3 Accumulation 
	mTORC1 Inhibition Does Not Affect FOXO3 Localization 
	Second Layer Kinase Inhibitors Differentially Affect FOXO and AKT Phosphorylation 
	Inhibition of PI3K and mTOR Drive FOXO-Dependent Transcriptional Activity 
	PI3K and mTOR Inhibition Affects the Localization of FOXO Isoforms FOXO1 and FOXO4 

	Discussion 
	Materials and Methods 
	Cell Culture 
	FOXO Translocation Assay in U2foxRELOC and U2redNES 
	EGF Induction 
	Dose-Response Assay in U2foxRELOC 
	Data Analysis 
	Immunofluorescence 
	Gene Reporter Assay 
	Western Blot Analysis 

	References

