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ABSTRACT

Glioblastoma is one of the most aggressive types of human
cancer, with invariable and fatal recurrence even after
multimodal intervention, for which cancer stem-like cells
(CSLCs) are now being held responsible. Our recent
findings indicated that combinational inhibition of phos-
phoinositide-3-kinase/Akt/mammalian target of rapamycin
(mTOR) and mitogen-activated protein/extracellular sig-
nal-regulated kinase kinase (MEK)/extracellular signal-
regulated kinase (ERK) pathways effectively promotes the
commitment of glioblastoma CSLCs to differentiation and
thereby suppresses their tumorigenicity. However, the
mechanism by which these two signaling pathways are
coordinated to regulate differentiation and tumorigenicity
remains unknown. Here, we identified FoxO3a, a common
phosphorylation target for Akt and ERK, as a key tran-
scription factor that integrates the signals from these path-

ways. Combinational blockade of both the pathways
caused nuclear accumulation and activation of FoxO3a
more efficiently than blockade of either alone, and pro-
moted differentiation of glioblastoma CSLCs in a FoxO3a
expression-dependent manner. Furthermore, the expres-
sion of a constitutively active FoxO3a mutant lacking
phosphorylation sites for both Akt and ERK was sufficient
to induce differentiation and reduce tumorigenicity of glio-
blastoma CSLCs. These findings suggest that FoxO3a may
play a pivotal role in the control of differentiation and
tumorigenicity of glioblastoma CSLCs by the PI3K/Akt/
mTOR and MEK/ERK signaling pathways, and also imply
that developing methods targeting effective FoxO3a activa-
tion could be a potential approach to the treatment of
glioblastoma. STem CrLLs 2017,29:1327-1337

Disclosure of potential conflicts of interest is found at the end of this article.

~ INTRODUCTION

Glioblastoma multiforme, the most common primary brain
tumor in adults, is highly aggressive with a median survival
of less than 2 years despite multimodality treatment consist-
ing of surgical resection followed by radiotherapy and
chemotherapy [l]. In recent years, many studies have
reported the presence of stem cells in glioblastoma, referred
to as cancer stem-like cells (CSLCs) or cancer-initiating
cells [2-5]. One important property of glioblastoma CSLCs

is their highly oncogenic potential, generating tumors that
reproduce the characteristics of the original tumor on
implantation into nude mice, whereas other cells isolated
from the same tumors are nontumorigenic. Other properties
include self-renewal capacity, i.e., ability to undergo divisions
that allow the generation of more glioblastoma CSLCs, and
differentiation capacity, which contributes to tumor cellular
heterogeneity [6]. Of therapeutic significance, glioblastoma
CSLCs also represent a population of radioresistance and
chemoresistance that can survive treatment and repopulate
the tumors. Therefore, it has been thought that glioblastoma
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FoxO3a Induces Differentiation of Glioma Stem Cells

CSLCs play a primary role in tumor maintenance and
‘recurrence {7, 8].

A number of therapeutic strategies directed at CSLCs are
emerging and are now undergoing experimental validation,
among which is differentiation therapy [9]. The possibility
that differentiation of CSLCs within a malignancy may lead
to tumor degeneration and increased susceptibility to conven-
tional cytotoxic anticancer therapies has been recognized for
some time [9]. In this respect, a number of potential strategies
has been reported that can promote differentiation of glioblas-
toma CSLCs. Bone morphogenetic protein can function as a
key inhibitory regulator of glioblastoma CSLCs by regulating
their differentiation status [10], and the inhibition of the
transforming growth factor-f--Sox4 (sex-determining region of
Y chromosome-related high mobility group box 4)-Sox2
pathway blocked the tumorigenicity of glioblastoma CSLCs
by promoting their differentiation [11]. Knockdown of
transformation/transcription  domain-associated protein  has
increased differentiation of glioblastoma CSLCs and sup-
pressed tumor formation in vivo [12]. It has been reported
that pleiomorphic adenoma gene like 2 (PLAGL2) executes
its oncogenic activities through regulation of the cellular dif-
ferentiation status, and reduction of PLAGL2 represses their
tumorigenic potency [13]. All these reports demonstrate that
the promotion of glioblastoma CSLC differentiation can
markedly reduce their tumorigenic potential and hence the
glioblastoma CSLC population per se, underscoring the idea
that differentiation therapy holds promise as an approach to
target glioblastoma CSLCs.

Recently, we have shown that targeted inactivation of the
mitogen-activated protein/extracellular signal-regulated kinase
kinase (MEK)/extracellular signal-regulated kinase (ERK)
pathway in glioblastoma CSLCs promotes their differentiation
into neuronal and glial lineages and this effect is apparently
augmented by concurrent inhibition of the phosphatidylinosi-
tol-3-kinase  (PI3K)/Akt/mammalian target of rapamycin
(mTOR) pathway. Importantly, combinational blockade of
both pathways more effectively suppressed their tumorigenic-
ity than blockade of either alone [14]. These findings suggest
that the PI3K/Akt/mTOR and MEK/ERK pathways coordin-
ately regulate the differentiation and tumorigenicity of glio-
blastoma CSLCs. However, to date, the critical molecules
mediating such effects of these two signaling pathways
remain to be identified.

Here in this sludy, we revealed that FoxO3a receives
inputs from the PI3K/Akt/mTOR and MEK/ERK pathways in
glioblastoma CSLCs and controls their differentiation and
tumorigenicity. Our findings suggest that FoxO3a may func-
tion as a key integrator of these cellular signals controlling
glioblastoma CSLCs and may as such be a potential therapeu-
tic target in glioblastoma treatment,

MATERIALS AND METHODS

Cell Culture

Patient-derived glioblastoma (SJ28P3 and #38) and A172 CSLCs
were isolated and cultured as described previously [14, 15].
Briefly, primary human glioblastoma cells were derived from
surgical specimens obtained after informed consent from glioblas-
toma patients in accordance with a protocol approved by the
Institutional Review Boards of the National Cancer Center and
Yamagata University School of Medicine. A172 glioblastoma
cells were obtained from the RIKEN Bioresource Center. Cells
were cultured in the stem cell culture medium (Supporting Infor-
mation) in the presence of 20 ng/ml epidermal growth factor
(EGF) and basic fibroblast growth factor (bFGF). Under this cul-
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ture condition, cell aggregates known as spheres are formed
within a few days. Spheres were cultured in the sphere culture
condition with EGF and bFGF for a period of time. Subsequently,
cells were plated on collagen-coated dishes (IWAKI, Tokyo, Ja-
pan, http://atg.ushop.jp) for the monolayer culture of stem-like
cells. Monolayer-cultured CSLCs were dissociated by Accutase
(Sigma, St. Loius, MO, http://www.sigmaaldrich.com) and
reseeded once every 6-7 days. Characterization of the mono-
layer-cultured CSLCs has been described [14, 15].

Lentiviral Vectors

The ¢cDNA encoding human wild-type FoxO3a was generated by
polymerase chain reaction (PCR) using primers 5'-CCC TCG
AGT CAG CCT GGC ACC CAG CTC TGA GAT-3' and 5'-
CCC TCG AGT CAG CCT GGC ACC CAG CTC TGA GAT-3/
from a human placenta ¢cDNA library and subcloned into the
BamHI-Xhol of pENTR (Invitrogen, Carlsbad, CA, hutp:/
www.invitrogen.com). Site-directed mutagenesis was performed
with the QuikChange kit (Stratagene, Santa Clara, CA, hitp://
www.chem.agilent.com) to introduce Thr/Ser to Ala changes at
T32, S253, S294, S315, S344, and S425 of FoxO3a [16, 17]. A
dominant-negative FoxO3a, which contains the DNA binding do-
main but lacks the transactivation domain [18], was amplified by
PCR using pENTR-FoxO3a as a template. Each FoxO3a mutant
was inserted into lentiviral expression vector pLenti (Invitrogen).
Lentiviruses were produced in Lenti-X 293T cells with packing
mix (Lenti-X HT Packaging System, Clontech, Mountain View,
CA, http://www.clontech.com) according to the manufacturer’s
instructions.

Knockdown by RNA Interference

After monolayer-cultured patient-derived and A172 CSLCs were
seeded at a density of 2 x 107 cells per milliliter in the stem cell
culture medium on collagen-coated dishes, they were transfected
with siRNAs using Lipofeetamine 2000 Reagent (Invitrogen).
The siRNAs used in this study are described in Supporting
Information.

Generation of Stable Cell Lines

Patient-derived glioblastoma CSLCs (SJ28P3) stably expressing
FoxO3a short hairpin RNA (shRNA) were obtained using the
BLOCK-IT RNAi expression vector kits (Invitrogen) according to
the manufacturer’s  instructions. The shRNA of FoxO3a
(Hmid05996) and the nontargeting control sequence were pur-
chased from Invitrogen. Cells were transfected with control and
FoxO3a shRNA vectors. The transfectants were selected in the
stem cell culture medium containing blasticidin (Invitrogen).

Subcellular Fractionation

Cells were homogenized in hypotonic buffer (10 mM Tris-HCI,
pH 7.8, 150 mM NaCl, and | mM EDTA) containing 0.1% Tri-
ton X-100. The lysates were centrifuged at 3,000 rpm for [0
minutes at 4°C and separated into pellet and supernatant frac-
tions. The pellet was resuspended in hypotonic buffer containing
0.1% Triton X-100, recentrifuged, and used as the nuclear frac-
tion. The supernatant fraction was recentrifuged at 15,000 rpm
for 20 minutes at 4°C and was used as the cytoplasmic fraction.

Animal Experiments

Intracranial ~ xenografts:  monolayer-cultured  SI28P3  or #38
CSLCs (1 x 10% in 10 ul Dulbecco’s modified Eagle’s medium/
F12 medium were injected stereotactically into the right cerebral
hemisphere of a 5-week-old male BALB/cAlcl- nu/nu mice
(CLEA Japan, Inc.) at a depth of 3 mm. All animal experiments
were performed under a protocol approved by the Animal
Research Committee of Yamagata University.

Statistical Analysis
Results are expressed as the means * SDs and were analyzed
using the unpaired Student’s ¢ test, while mouse survival was
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evatuated by the Kaplan-Meier method and analyzed using the
log-rank test. '

Sphere Formation Assay, Immunoblot Analysis and
Immunoprecipitation, and Immunofluorescence
Analysis

These methods are described in Supporting Information.

Tight Association Between Upregulation of
FoxO3a and Differentiation Induced by the
Inhibition of the PI3K/Akt/mTOR and MEK/ERK
Signaling Pathways in Glioblastoma CSLCs

As candidate molecules that have been implicated in cellular
differentiation and could also be under the control of both the
PI3K/Akt/mTOR and MEK/ERK pathways [16, 17], we
investigated the possible involvement of Forkhead Box O
(FoxO) transcription factors in the regulation of glioblastoma
CSLC differentiation. As we reported previously [14]. inhibi-
tion of either the PI3K/Akt/mTOR (with a dual PI3K/mTOR
inhibitor NVP-BEZ235) or the MEK/ERK (with a MEK in-
hibitor SL327 or U0126) pathway caused modest, and inhibi-
tion of both caused marked, induction of glioblastoma CSLC
differentiation as indicated by the increased expression of dif-
ferentiation markers, flI-tubulin, and glial fibrillary acidic
protein (GFAP) (Fig. 1A, IF). Under these conditions, we
found that the expression level of FoxO3a, but not those of
FoxOl and FoxO4, is increased in close association with the
expression of the differentiation markers in both glioblastoma
patient-derived CSLCs (SJ28P3 CSLCs) as well as in those
derived from an established glioblastoma cell line, A172
(A172 CSLCs) (Fig. 1A, IF; Supporting: Information Fig. 1).
A subcellular fractionation study further indicated that nuclear
FoxO3a expression is closely associated with the differentia-
tion status of glioblastoma CSLCs. FoxQO3a, which was
localized predominantly in the cytoplasm in the control (vehi-
cle-treated) condition, accumulated in the nucleus as the
PI3K/Akt/mTOR and/or MEK/ERK pathways were inhibited
(Fig. 1B, 1G). The results of the fractionation study were also
confirmed by immunocytochemistry: vehicle-treated cells
showed a perinuclear pattern of FoxO3a expression, whereas
cells treated concomitantly with the dual PI3K/mTOR inhibi-
tor and the MEK inhibitor showed nuclear accumulation of
FoxO3a and became positive for pIlI-tubulin expression
(Fig. 1C, TH). Consistent with the shift of FoxO3a expression
and Jocalization, the expression of p27, a major transcriptional
target of FoxO3a, was induced by inhibition of the PI3K/Akl/
mTOR and/or MEK/ERK pathways in a FoxO3a expression-
dependent manner (Fig. 1D, 1E, 11, 1]).

FoxO3a is Required for Glioblastoma CSLC
Differentiation Induced by Inhibition of

the PI3K/Akt/mTOR and MEK/ERK Signaling
Pathways

Given the close association between FoxO3a function and
glioblastoma CSLC differentiation induced by PI3K/Akt/
mTOR and/or MEK/ERK pathway inhibition, we next exam-
ined whether FoxO3a is required for glioblastoma CSLC dif-
ferentiation induced by inhibition of the signaling pathways.
In patient glioblastoma CSLCs (SJ28P3) in which FoxO3a
expression is knocked down, the induction of SIll-tubulin and
GFAP  expression by combinational treatment  with
NVP-BEZ235 and SL327 was substantially impaired when
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compared with the control cells (Fig. 2A). Immunocylochemi-
cal analysis also revealed that fII-tubulin- and GFAP-posi-
tive cells increased markedly after the combinational inhibitor
treatment in control cells but only marginally in FoxO3a
knockdown cells (Fig. 2B). Essentially identical results were
obtained from A172 CSLCs (Fig. 2D), except that Al172
CSLCs, like the original A172 cells from which they were
derived, did not express GFAP under any culture condition
{15]. In addition, we noted that FoxO3a knockdown also sup-
pressed the increase of pHI-tubulin and GFAP expression
induced by individual inhibition of either the PI3K/Akt/
mTOR or MEK/ERK pathway (Supporting Information
Fig. 2). Together, these data indicate that the promotion of
glioblastoma differentiation by inhibition of the PI3K/AkY/
mTOR andfor MEK/ERK pathways requires FoxO3a expres-
sion. However, in contrast to the differentiation markers,
FoxO3a knockdown had no appreciable effect on the expres-
sion change of the stem/progenitor markers (Nestin, Musashi,
Bmil, and Sox2) induced by the combinational inhibitor
treatment (Fig. 2A, 2D). In line with these results, sphere
formation by FoxO3a knockdown cells was inhibited as effi-
ciently as that by control cells in the presence of the inhibi-
tors (Fig. 2C, 2E), suggesting that, in contrast 1o its essential
role in differentiation, FoxO3a may not necessarily be
required for “initial” inhibition of self-renewal by concurrent
inhibition of the PI3K/Akt/mTOR and MEK/ERK pathways
(see Discussion section).

FoxO3a is Controlled by Akt- and ERK-Mediated
Phosphorylation and is Under the Influence of
mTOR/p70S6K-Mediated Negative Feedback in
Glioblastoma CSLCs

Although the data presented thus far clearly indicate that
FoxO3a, essential for glioblastoma CSLC differentiation, is
under the control of the PI3K/Aki/mTOR and MEK/ERK
pathways, it remains to be shown whether these signaling
pathways control FoxO3a indirectly or directly through Akt
and/or ERK-mediated phosphorylation of FoxO3a in glioblas-
toma CSLCs. To address this issue, we first examined the
phosphorylation status of FoxO3a at sites presumed to be
phosphorylated by Akt and ERK. In support of the idea that
FoxO3a is under the control of the PI3K/Akt/mTOR and
MEK/ERK pathways through direct phosphorylation by Akt
and ERK, the dual PI3K/mTOR inhibitor NVP-BEZ235 inhib-
ited FoxO3a phosphorylation at Ser253, known to be phos-
phorylated by Akt [16], and the MEK inhibitors SL327 and
UO0126 inhibited its phosphorylation at consensus sequences
for ERK phosphorylation [17] (Fig. 3A, left; Supporting In-
formation Fig. 3A, left). We next examined whether Akt- and
ERK-mediated phosphorylation has a functional role in the
control of FoxO3a. To this end, we exogenously expressed in
glioblastoma CSLCs three types of FoxO3a mutants, 3A
(AkD), 3A (ERK), and 6A, in which the Akt phosphorylation
sites  (T32/S253/S315), ERK phosphorylation sites (S294/
$344/S425), and both (T32/S253/S315, §294/S344/5425) are
substituted for alanine residues, respectively [16, 17] (Sup-
porting Information Fig. 4). Of note, FoxO3a phosphorylation
at ERK consensus sequences was abolished in the 3A (ERK)
mutant, indicating that ERK does phosphorylate FoxO3a at
these serine residues mutated in the 3A (ERK) mutant (Fig.
3B). Subcellular fractionation and immunocytochemical stud-
ies clearly demonstrated that the mutations at the Akt and
ERK phosphorylation sites had effects on FoxO3a localization
equivalent to the inhibition of PI3K/mTOR and MEK, respec-
tively: the 6A mutant was localized predominantly in the



1330 ’ FoxO3a Induces Differentiation of Glioma Stem Cells

A 3 BEZ B
5 BEZ SL SL Cytoplasmic Nuctear
mmm’ FoxO3a o) Bez QO BEZ
s 2 2 +
P-AKL (S473) 5 BEZ SL SL F BEZ SL SL

R A st e G | FoxO3a

P-p70S6K1 (T389) e —— | - Tubulin

e P-ERK1/2 (T202/Y204)
Mmmm ERK1/2 C

,...__........m| PARP

(SJ28P3 CSLCs)

Hoechst FoxO3a $ili-tubutin Merge

| DMSO
e Musashi
e — L BEZ+SL
{SJ28P3 CSLCs)
D E (SJ28P3 CSLCs}
g BEZ DMSO  BEZ+SL
& BEZ SL SL SiRNA Cont, F3a Cont, F3a
(SJ28P3 CSLCs)
o
F %2} BE‘Z . G Cytoplasmic - Nuclear
Z BEZ UO UO ~ S
— Fox03 2 BEZ 3 BEZ
e m— oA Z BEZ UO UO & BEZ UO UO
e | PA(S473) [ < | FoxO3a
] S I I «-Tubulin
s P-p70S6K1 (T389) I ‘ PARP
e | pTOSBK1 (A172 CSLCs)
P-ERK1/2 (T202/Y204)
¢ ! H Hoechst FoxO3a fil-tubulin Merge

ERK1/2

PHi-tubulin DMSO

Nestin

] Musashi
oo s ssminsissaba| ACHT
B BEZ+UO

(A172 CSLCs)

I 2 BEZ J DMSO  BEZ+UO (A172 CSLCs)
3 SiRNA Conl. Fa Conl, F3a ‘
o p27
(A172 CSLCs) (A172 CSLCs)

Figure 1. The expression and activity of FoxO3a are closely correlated with glioblastoma cancer stem-like cell (CSLC) differentiation induced
by concurrent inhibition of the PI3K/Akt/mammalian target of rapamycin and MEK/extracellular signal-regulated kinase pathways. SJ28P3 (A-E)
and A172 (F=]) CSLCs were cultured in the absence or presence of NVP-BEZ235 (BEZ. | uM) and/or SL327 (SL. 10 1M)H/U0126 (UO, 10 uM)
for 3 days. (A, D, F, D: Cell lysates were subjected to immunoblot analysis with the indicated antibodies. Alternatively, the cells were subjected
to subcellular fractionation, with the amount of FoxO3a in the cytoplasmic and nuclear fractions being assessed by immunoblot analysis (B, G)
or immunocytochemistry (C, H) with the indicated antibodies. (E, J): CSLCs transfected with the control or FoxO3a (F3a) siRNAs were treated,
10 hours after transfection, with BEZ (1 uM) and SL (10 gM)/UO (10 uM) for 3 days, and then the cell lysates were subjected to immunoblot
analysis with the indicated antibodies. Abbreviations: CSLC, cancer stem-like cell; DMSO, dimethyl sulfoxide; PARP, poly(ADP-ribose) poly-
merase; sIRNA, short-interfering RNA.
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FoxO3a activation is required for differentiation of glioblastoma cancer stem-like cell (CSLC) induced by concurrent inhibition of the

PI3K/Akt/mammatian target of rapamycin and MEK/extracellular signal-regulated kinase pathways. S128P3 (A-C) and A172 (D, E) CSLCs
transfected with the control or FoxO3a (F3a) siRNAg were treated, 10 hours after transfection, with NVP-BEZ235 (BEZ, | M) and SL327 (SL.,
10 xMY/U0126 (UO, 10 uM) for 3 days. The cells were then subjected to immunoblot analysis with the indicated antibodies (A, D) or to immu-
nocytochemistry with the indicated antibodies (B). Alternatively, the cells were subjected to the primary and secondary sphere formation assays
(C, E). Note that the primary and sccondary sphere formation assays were performed in the presence and absence (i.e., after washout) of the indi-
cated inhibitors, respectively. Abbreviations: Cont., control; CSLC, cancer stem-like cell; DMSO, dimethyl sulfoxide; GFAP, glial fibrillary acidic

protein; siRNA, short-interfering RNA.

nucleus, whereas the two 3A mutants were present both in the
cytoplasm and the nucleus. Importantly, the 3A (Akr) mutant
accumulated in the nucleus in the presence of the MEK inhib-
itor, whereas the 3A (ERK) mutant did so in the presence of
the PI3K/mTOR inhibitor (Fig. 3C-3E), indicating that the
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lack of Akt and ERK phosphorylation sites, respectively,
mimics the effect of PI3K/Akt/mTOR and MEK/ERK path-
way inhibition. Collectively, these results suggest that direct
phosphorylation of FoxO3a by Akt and ERK controls its
subcellular  localization and  that FoxO3a efficiently
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Figure 3. The PI3K/Akt/mammalian target of rapamycin (mTOR) and MEK/extracellular signal-regulated kinase (ERK) pathways, which are
under cross-inhibitory regulation via mTOR-p70S6K, directly control FoxO3a phosphorylation at the Akt and ERK phosphorylation sites as well
as its subcellular localization. SJ28P3 cancer stem-like cells (CSLCs) were cultured in the absence or presence of NVP-BEZ235 (BEZ, | uM) or
SL327 (SL, 10 uM) for 3 days (A, lef) or 1 day (A, right). The cells were then subjected to immunoblot analysis with the indicated antibodies
(A, upper) or to immunoprecipitation (IP) with control 1gG (Cont. [gG) or an anti-FoxO3a antibody, followed by immunoblot analysis with the
indicated antibodies (A, lower). (B-E): SJ28P3 CSLCs were infected with an empty control vector or with lentiviral vectors expressing the 3A
(Akt) (T32A/S253A/S315A), 3A (ERK) (S294A/S344A/S425A), or 6A (T32A/S253A/S315A. S294A/S344A/S425A) FoxO3a mutant. After
I-day, cells were treated with BEZ (1 uM) or SL (10 uM) for 3 days and subjected to immunoblot analysis with the indicated antibodies
(B, upper), to IP with control 1gG or an anti-FoxO3a antibody followed by immunoblot analysis with the indicated antibodies (B, lower) or
to subcellular fractionation, with the amount of FoxO3a in the cytoplasmic and nuclear fractions being assessed by immunoblot analysis
(E). Alternatively, cells were immunolabeled for FoxQ3a (C, D, left). (F): SJ28P3 CSLCs were transfected with the indicated $iRNAs or treated
with rapamycin (50 nM). After 2 days, the cells were subjected to immunoblot analysis with the indicated antibodies (upper) or to [P with control
1gG or an anti-FoxO3a antibody, followed by immunoblot analysis with the indicated antibodies (lower). Abbreviations: Cont., control; DMSO,
dimethyl sulfoxide: ERK, extracellular signal-regulated kinase; mTOR. mammalian target of rapamycin; siRNA, short-interfering RNA; 1P,

immunoprecipitation; PARP, poly(ADP-ribose) polymerase: Rap, rapamycin.
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Figure 4. Expression of the Akt and extracellular signal-regulated kinase (ERK) phosphorylation site-defective FoxO3a mutant is sufficient (o
induce differentiation and inhibit tumorigenicity of glioblastoma cancer stem-like cells (CSLCs). SJ28P3 CSLCs were infected with an empty,
control vector or with lentiviral vectors expressing the 3A (Akt) (T32A/S253A/S315A), 3A (ERK) (S294A/S344A/S425A), 6A (T32A/S253A/
S315A, S294A/S344A/S425A), or a dominant-negative FoxO3a mutant. Approximately 3 or 7 days after infection, cells were observed under a
phase-contrast microscope (A), subjected to immunoblot analysis with the indicated antibodies (B) or to sphere formation assays (C). Alterna-
tively, cells were treated, 1-day after infection, with NVP-BEZ235 (BEZ. | ;M) or SL327 (SL, 10 uM) for 3 days, and cell lysates were sub-
jected to immunoblot analysis with the indicated antibodies (D). (E, F): SJ28P3 CSLCs were infected with a control lentiviral vector or with a
lentiviral vector expressing the 6A FoxO3a mutant. Approximately 7 days after infection, the cells (1 x 10*) were injected intracranially into
BALB/c-nu/nu mice. The mice were sacrificed 30 days after intracranial injection, and brain tissue sections were stained with H&E (E). Survival
of mice (six mice per group) was evaluated by Kaplan-Meier analysis (F). Abbreviations: Cont., control vector; DMSO, dimethyl sulfoxide; DN,
dominant-negative; ERK, extracellular signal-regulated kinase; GFAP, glial fibrillary acidic protein.
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accumulates in the nucleus when it is phosphorylated neither
by Akt nor ERK.

We have previously demonstrated that crosstalk between
the PI3K/Akt and MEK/ERK pathways through an mTOR-
p70S6K axis-dependent feedback loop is involved in the
maintenance of self-renewal and tumorigenicity of glioblas-
toma CSLCs [14]. Therefore, we investigated the possibility
that Akt and ERK phosphorylation of FoxO3a is under the
control of this crosstalk in glioblastoma CSLCs. In support of
this possibility, the MEK inhibitors SL327 and U0126
increased FoxO3a phosphiorylation at Ser253, and the PI3K/
mTOR inhibitor NVP-BEZ235 did so at ERK consensus
sequences (Fig. 3A., right; Supporting Information Fig. 3A,
right). Essentially identical results were obtained when
MEKI1/2 or PI3K isoforms and mTOR were knocked down
(Supporting Information Fig. 5). As reported earlier [14],
inactivation of the mTOR-p70S6K axis, by means of siRNA-
mediated knockdown or a pharmacological inhibitor, induced
the phosphorylation of upstream Akt and ERK. Under these
conditions, FoxO3a phosphorylation' at the Akt and ERK
phosphorylation sites was apparently increased (Fig. 3F; Sup-
porting Information Fig. 3B). Thus, the data suggest that, in
glioblastoma CSLCs, FoxO3a is regulated through phospho-
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rylation by Akt and ERK, both of which are under the control
of the negative feedback loop involving the downstream
mTOR-p70S6K axis.

Expression of FoxO3a Lacking Akt- and
ERK-Mediated Phosphorylation is Sufficient to
Induce Differentiation and to Inhibit Self-Renewal
and Tumorigenicity of Glioblastoma CSLCs

We then questioned the impact of Akt- and/or ERK-mediated
phosphorylation of FoxO3a on the maintenance of stem cell-
like properties of glioblastoma CSLCs. To this end, we again
took advantage of the FoxO3a mutants lacking Akt and/or
ERK phosphorylation sites. On day 3, glioblastoma CSLCs
transduced with the expression vector encoding the 6A mutant
showed prominent morphological changes characterized by
extension of cellular processes (Fig. 4A), suggesting that the
cells may be undergoing differentiation. Cells expressing the
3A mutants at comparable levels to the 6A mutant (Support-
ing Information Fig. 4) showed essentially similar morpholog-
ical changes but apparently in a much more modest manner
(Fig. 4A). Immunoblot analysis revealed the parallel increase
of differentiation markers, GFAP and pIlI-tubulin, together
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with p27 in cells expressing the 3A and 6A mutants, quile
consistent with the morphological changes (Fig. 4B). In addi-
tion, the 3A (Akt) and 3A (ERK) mutants, which were by
themselves less efficient inducers of differentiation than the
6A mutant, efficiently induced the expression of pII-tubulin
and GFAP in the presence of the MEK and PI3K/mTOR
inhibitors, respectively (Fig. 4D). In contrast, increased
expression of wild-type FoxO3a, which was not overexpressed
as efficiently as the mutants probably due to increased protein
degradation when compared with the nonphosphorylatable
FoxO3a mutants [19], did not induce differentiation under the
experimental condition (Supplementary Information Fig. 6).
Thus, the results together suggest that the absence of Aki-
and ERK-mediated phosphorylation cooperatively activates
FoxO3a to induce differentiation of glioblastoma CSLCs.
Although the differences between the 3A and 6A mutants
became less prominent on day 7, this could be explained by
the fact that these mutants are overexpressed and by satura-
tion of the differentiation-inducing effect (Fig. 4A, 4B).
Significantly, we found that the expression of neural stem/
progenitor cell markers such as Nestin, Bmil, Sox2, and
Musashi remains unchanged on day 3 but is inhibited on day
7, which may imply that FoxO3a activation is sufficient to
inhibit stem/progenitor cell marker expression but induces
differentiation independently of their inhibition. We also
examined the effect of FoxO3a mutant expression on the self-
renewal capacity of glioblastoma CSLCs. In close correlation
to their ability to inhibit the expression of stem/progenitor
cell markers, the three FoxO3a mutants inhibited sphere
formation by glioblastoma CSLCs (Fig. 4C). Similar results
were obtained when glioblastoma CSLCs (#38) derived from
another patient were used (Supporting Information Fig. 7).

Since the 6A FoxO3a mutant was so efficient at inducing
differentiation as well as in depleting the pool of self-renew-
ing glioblastoma CSLCs, we next asked whether the 6A
mutant expression could also inhibit their tumorigenic poten-
tial. To test this idea, glioblastoma CSLCs transduced with
the expression vector [or the 6A mutant were injected intra-
cranially into immunodeficient mice, and the animals were
monitored for brain tumor formation and survival (Fig. 4E,
4F). Although all animals injected with cells transduced with
the control vector died within one month after injection
(median survival is 28 days), animals injected with cells
transduced with the 6A mutant expression vector survived sig-
nificantly longer (median survival is 59.5 days). In a parallel
experiment, mice were sacrificed 30 days after injection, and
the brains were examined for the presence of tumors. While
massive tumor growth was confirmed in control animals, no
visible tumor growth was detected in animals receiving glio-
blastoma CSLCs transduced with the 6A mutant expression
vector. Collectively, the results suggest that forced activalion
of the FoxO3a pathway via 6A mutant expression by itself is
sufficient to induce differentiation and reduce the tumorigenic
potential of glioblastoma CSLCs without requiring inhibition
of the PI3K/Akt/mTOR and MEK/ERK pathways.

| - DISCUSSION

We have recently shown that the PI3K/Aki/mTOR and MEK/
ERK pathways, which are aberrantly activated in glioblasto-
mas, crosstalk via a p70S6K-mediated negative feedback
mechanism and coordinately regulate differentiation, self-
renewal, and tumorigenicity of glioblastoma CSLCs [14].
Here in this study, we have provided evidence that FoxO3a is
at least one of the missing links connecting the two pathways.
We have shown that concurrent inhibition of the PI3K/Akt/
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mTOR and MEK/ERK pathways, which negatively regulate
each other in glioblastoma CSLCs, causes efficient loss of
phosphorylation at Akt and ERK phosphorylation sites,
nuclear accumulation, and increased transcriptional activity of
FoxQ3a, that FoxO3a is required for the differentiation of
glioblastoma CSLCs induced by the inhibition of these signal-
ing pathways, and that forced activation of the FoxO3a path-
way, conversely, is sufficient to induce differentiation and in-
hibit self-renewal and tumorigenicity of glioblastoma CSLCs.
These findings demonstrate that FoxO3a functions at the con-
vergence of the PI3K/Akt/mTOR and MEK/ERK pathways
controlling glioblastoma CSLCs (schematically summarized in
Fig. 5). Intriguingly, we have also discovered in the course of
this study that oxidative stress activates FoxO3a, induces
differentiation, and inhibits self-renewal as well as the tumori-
genicity of glioblastoma CSLCs at least in part in a FoxO3a-
dependent manner yet without affecting the PI3K/mTOR and
MEK/ERK pathways (Supporting Information Fig. 8). This
additional observation further suggests the possibility that
FoxO3a may function not only as a signal integrator specific
to the PI3K/Akt/mTOR and MEK/ERK pathways but may
also have a more general and pivotal role in the control of
glioblastoma CSLCs.

To our knowledge, there are only a limited number of,
and seemingly conflicting, reports on the role of FoxO3a in
the control of stem cell-like properties of CSLCs. In prostate
cancer, the FoxO3a pathway was more activated in the non-
CSLC population than in the CSLC population, and FoxQ3a
knockdown led to expansion of the CSLC pool as well as 1o
increased self-renewal and tumorigenic capacity [20]. In con-
trast, in chronic myeloid leukemia, leukemia-initiating cells
(LICs) were enriched in cells exhibiting nuclear localization
of FoxO3a, and FoxO3a deficiency impaired the leukemia-
initiating potential of LICs [21]. Apparently, the contrasting
roles of FoxO3a in the maintenance of CSLC properties docu-
mented in these reports suggest that FoxO3a may have differ-
ent functions in CSLCs of different cancer types. In this
regard, we have demonstrated for the first time in this study
that, in glioblastoma CSLCs, FoxO3a has a “negative” role in
the maintenance of stem cell-like properties. This finding may
be in line with the recent observation that FoxO3a expression in
human glioma samples is correlated with the malignant grade
and that low FoxQO3a expression is associated with poor patient
outcome [22]. Of note, conversely, high expression of FoxO3a
has been reported to be associated with a poor prognosis in
acute myeloid leukemia [23], in agreement with its “positive”
role in the maintenance of stem cell-like properties in LICs,
again underscoring the different roles of FoxO3a in different
cancer types. The opposite roles of FoxO3a in these two differ-
ent cancer types may be reflected by the fact that LICs display
a quiescent phenotype whereas glioblastoma CSLCs display a
proliferative phenotype {21, 24]. Ar present, it remains totally
unknown what underlies such heterogeneity of CSLCs, but
identification of FoxO3a transcriptional targets involved in the
control of each cancer type might provide clues to understand
the underlying mechanism at the molecular level.

Strikingly, the function of FoxO3a in glioblastoma CSLCs
was in sharp contrast to its function reported for neural stem
cells [25]. Although FoxO3a function was required for the
differentiation of glioblastoma CSLCs in our study, it was
essential for the maintenance of neural stem cells in adult
mice. Indeed, FoxO3a was active and localized in the nucleus
in self-renewing neural stem cells, while it was active and
localized in the nucleus in differentiated glioblastoma CSLCs.
FoxO3a phosphorylation patterns were also highly contrast-
ing: FoxO3a was phosphorylated by Akt in differentiated
neural stem cells, whereas it was phosphorylated by Akt in
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self-renewing glioblastoma CSLCs [25] (this study). These
findings are rather surprising in that the same molecule
functions in an entirely opposite manner in neural stem cells
and glioblastoma. CSLCs, which are generally presumed to
share common mechanisms of regulation [26]. Although it
currently remains unknown what causes this contrasting dif-

ference between neural stem cells and glioblastoma CSLCs in

terms of FoxO3a function, it could be a great advantage when
FoxO3a is considered as a therapeutic target (see below).

We found in this study that FoxO3a is required for the
differentiation but not for the inhibition of self-renewal, both
of which were induced by inhibition of the PI3K/Aki/mTOR
and MEK/ERK pathways in glioblastoma CSLCs. This find-
ing indicates that, under the control of the two signaling path-
ways, distinct molecular mechanisms govern the maintenance/
loss of stem cell-like properties and the acquisition of differ-
entiation phenotypes by glioblastoma CSLCs, the former
being independent of and the latter being dependent on
FoxO3a. Tmportantly, forced activation of FoxO3a not only
induced the expression of differentiation markers but also sub-
sequently inhibited stem/progenitor marker expression, and
consequently the self-renewal capacity of glioblastoma CSLCs
as indicated by decreased sphere formation. This suggests that
FoxO3a may not be required for the initial loss of stem cell-
like properties of glioblastoma CSLCs preceding the expres-
sion of differentiation markers but may contribute to ensuring
and establishing a cellular condition in which cells can never
restore the stem cell-like state. Therefore, it seems that the
exact role of FoxO3a in glioblastoma CSLCs is to promote
their “irreversible commitment” to differentiation. However,
it is unlikely that FoxO3a is the sole transcription factor for
the differentiation of glioblastoma CSLCs, because FoxQ3a
expression was not required for the differentiation of glioblas-
toma CSLC induced by serum. As the members of the FoxO
family are known for their overlapping functions [19], it is
possible that other FoxO family members, for instance
FoxO1, might compensate for the lack of FoxO3a function to
promote differentiation of glioblastoma CSLCs.

The results of this study suggest that, although they do
not necessarily exclude the involvement of other redundant
mechanisms as discussed above, FoxO3a is at least in part re-
sponsible for the inhibition of tumorigenic potential of glio-
blastoma CSLCs by combinational inhibition of the PI3K/
Akt/mTOR and MEK/ERK pathways. These results give rise
to a novel and important notion from a therapeutic perspec-
tive that any measures that activate FoxO3a would be suffi-
cient to promote differentiation of glioblastoma CSLCs and
thereby inhibit their self-renewal and tumorigenic potential.
Indeed, we found in support of this notion that oxidative
stress induced by H,O, treatment effectively deprives glio-
blastoma CSLCs of their tumorigenic potential independently
of the PI3K/Ak/mTOR and MEK/ERK pathways (Supple-
mentary Information Fig. 8). To date, a number of other

mechanisms have been reported to regulate FoxO3a. For
example, TkappaB kinase (IKKf) or serum-glucocorticoid-
related kinases phosphorylate FoxO3a, which triggers nuclear
export and cytoplasmic sequestration, thereby inhibiting
access to DNA binding sites [27, 28]. Intriguingly, in the case
of acute myeloid leukemia, IKKf overcomes PI3K/Akt and
ERK/MAPK to control FoxO3a activity, and blockade of the
IKK/nuclear factor kappa B (NFxB) signaling pathway has al-
ready been proposed as a possible therapeutic strategy [29-
31]. Tt has also been reported that metformin, which activates
AMP-activated kinase (AMPK) by increasing the cellular
AMP/ATP ratio, inhibits cancer cell growth and regulates
FoxO3a through AMPK [32, 33]. Therefore, targeting these
molecules involved in the regulation of FoxO3a function
could be a potential and attractive way to control glioblas-
toma CSLCs. Significantly, the role of FoxO3a in glioblas-
toma CSLCs and adult neural stem cells appears to be entirely
different as described above. Therefore, it might be possible
to selectively inhibit the tumorigenicity of glioblastoma
CSLCs while sparing the function of neural stem cells, mak-
ing FoxO3a an ideal candidate of molecular targeting therapy.

SUMMARY

In summary, we have disclosed in this study that FoxO3a is
kept in check under the control of the PI3K/Akt/mTOR and
MEK/ERK pathways to maintain the stem cell-like state of
glioblastoma CSLCs and that unleashing FoxO3a from this
restraint is sufficient to commit them to differentiation and sup-
press their tumorigenicity. These findings will contribute to the
development of novel treatment strategies for glioblastoma.
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