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Neuroblastoma is a common childhood malignant tumor origi-
nated from the neural crest-derived sympathetic nervous system.
A crucial early event in neuroblastoma pathogenesis is arrested
differentiation of neuroblasts at various stages. Treatment of
neuroblastoma with TPA and PDGF-BB leads to terminal differen-
tiation of neuroblastoma cells. However, the signaling pathways
that are involved in this process remain largely unknown. Here, we
report that inhibition of endogenous FOXO proteins attenuated
TPA/PDGF-BB mediated differentiation of neuroblastoma cells.
Activated FOXO transcription factors acted on PDGFRA promoter
to direct its basal mMRNA expression as well as its induction upon
serum deprivation. Depletion of endogenous PDGFRA in neuro-
blastoma cells significantly diminished neurite formation and
extension under TPA/PDGF-BB treatment. Furthermore, ectopic
expression of PDGFRA abolished the blockage of neuroblastoma
differentiation by FOXOs inhibition. These findings define the
FOXO-PDGFRA axis as crucial mechanistic components that govern
TPA-induced neuroblastoma differentiation.

Neuroblastoma is a childhood tumor of the peripheral ner-
vous system. This tumor is derived from immature sympa-
thetic cells of the ganglionic lineage and is arrested at various
stages of differentiation. Tremendous clinical heterogeneity,
encompassing truly benign as well as extremely aggressive forms,
is presented in neuroblastomas. In vivo as well as in vitro data
have shown that the degree of sympathetic neuronal tumor cell
differentiation influences patient outcome. Therefore, elucida-
tion of the molecular basis governing neuroblastoma cell dif-
ferentiation is crucial for identification of targets for effective
therapeutic intervention in neuroblastoma (1). In vitro differ-
entiation of neuroblastoma cell line in the presence of various
agents and growth factors has been widely used to dissect the
molecular mechanisms underlying neuroblastoma differentia-
tion. A number of differentiation protocols have been published
in recent years (1). Retinoic acid (RA) induces differentiation of
neuroblastoma cells in vitro and is one of few targeted thera-
peutics currently used in the clinic for advanced neuroblastoma.
However, the overall response rate to RA in neuroblastoma
patients is low. In addition to RA, TPA showed very significant
effects on cell growth and differentiation. When cultured in
serum-free SHTE medium containing TPA and PDGF-BB
(SHTE, TPA and PDGF-BB, STP in short), SH-SY5Y cells have
been shown to differentiate into nonproliferative, neuron-like
cells, characterized by outgrowth of varicosity-containing neuritis
terminated by growth cones and by induction of neuronal sym-
pathetic differentiation markers (i.e., GAP43, growth associated
protein 43). In addition, differentiated SH-SYSY cells become
functional as they accumulate norepinephrine in dense core
granules and build up an action potential, which is depolarized
by acetylcholine, resulting in release of stored neurotransmitters
(1). Protein kinase C (PKC) isoforms have been suggested to
regulate TPA-mediated neuroblastoma cell differentiation (2).
However, PKC family consists of at least 12 members, and each
one of them has distinct biological functions. Therefore, the
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signaling pathways that govern STP-induced differentiation
process remain to be elucidated.

The PI3K/AKT pathway is a central downstream effector of
growth factor receptors and is often dysregulated in cancer. The
PDGFRs exert many of their physiologic effects by activating
PI3K/Akt/mTOR axis. Interestingly, mTOR signaling pathway has
been shown to suppress the expression of PDGFR at transcrip-
tional levels (3), but the responsive transcription factor is unclear.
PDGFRs are expressed in brain throughout development. PDGF-
BB stimulates survival and neurite outgrowth of hindbrain neu-
roblasts in culture, indicating that PDGF also influences survival
and differentiation of neuroblasts from the central nervous system
(CNS) (4). These findings, in conjunction with the effect of PDGF
on glia cell development (5), suggest a major role for PDGF sig-
naling in the development of the nervous system (6). However, the
role of PDGFR in neuroblastoma differentiation is not clear.

The FOXO transcription factors have a wide range of bi-
ological functions, including the regulation of cell proliferation,
apoptosis, and differentiation. They also regulate life span and
energy metabolism (7-11). FOXO family members are widely
expressed in the developing mammalian brain (12, 13). Recently,
FOXO proteins have been shown to regulate neuronal polarity
establishment (14). In this study, we identify a role for the FOXO
transcription factors in neuroblastoma differentiation. We show
that FOXO proteins are responsible for maintaining the basal
expression levels of PDGFRA, as well as the accumulation of
PDGFRA under serum starvation condition. Depletion of en-
dogenous FOXO proteins in neuroblastoma cells results in dys-
regulated differentiation phenotype, which can be rescued by
PDGFRA expression. Our data demonstrate that PDGFRA is
a critical downstream target gene of the FOXO proteins in reg-
ulating STP-mediated neuroblastoma differentiation.

Results

Transcriptional Regulation of PDGFRA by FOXO Family Members. To
identify downstream targets of FOXO family members in mam-
malian cells, we introduced an inducible FOXO3-TM mutant in
which the three Akt phosphorylation sites were mutated to ala-
nines, fused in frame with the estrogen receptor (ER) ligand-
binding domain (FOXO3-TMER). The activity of FOXO3-TMER
is elevated upon addition of 4-hydroxy tamoxifen (4-OHT) (10, 11,
15). FOXO3-TMADBER (a FOXO3-TM form lacking DNA
binding domain) was used as a negative control. Human neuro-
blastoma cell line SH-SYSY cells were infected with FOXO3-
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TMER or FOXO3-TMADBER retroviruses. We performed mi-
croarray experiment (Affymetrix GeneChips) using RNA extrac-
ted from FOXO3-TMER cell lines treated or untreated with 4-
OHT. Gene expression profiles were analyzed and differentially
expressed candidate genes were obtained with the P value set at
0.01 and had at least twofold induction. PDGFRA was signifi-
cantly induced from microarray analysis when 4-OHT was used to
activate FOXO3-TMER. We then performed QRT-PCR and
Western blotting to verify the microarray data. PDGFRA mRNA
levels as well as its protein levels were induced upon FOXO3-
TMER activation. Consistent with previous reports, p27 and
Pink1 were also significantly up-regulated in FOXO3-TMER cells
upon 4-OHT treatment (10, 11). Cells expressing FOXO3-
TMADBER failed to induce PDGFRA when exposed to 4-OHT
(Fig. S14), suggesting that the elevation of PDGFRA mRNA
levels by FOXO3 requires the DNA-binding activity of FOXO3.
Using p53~/~ mouse embryonic fibroblast cells (MEF) expressing
FOXO3-TMER or TMADBER, we found robust induction of
PDGFRA at both mRNA and protein levels (Fig. S1 B and C),
indicating that regulation of PDGFRA by FOXO3 might be
conserved between humans and mice.

To determine whether other FOXO family members can also
induce PDGFRA transcription, we tested cells stably expressing
FOXO1-TMER or FOXO4-TMER. Upon the addition of 4-
OHT, PDGFRA was readily induced (Fig. S1D), suggesting it
might be a common target of all 3 FOXO family members. To
examine whether FOXO directly induces PDGFRA transcrip-
tion, we treated the cells with cycloheximide (CHX) before the
addition of 4-OHT to prevent de novo protein synthesis. As
shown in Fig. S1E, CHX failed to inhibit FOXO3-TMER in-
duction of PDGFRA expression, indicating that de novo protein
synthesis is not required.

To test whether PDGFRA mRNA levels could be up-regu-
lated upon activation of FOXO family members by serum star-
vation, we measured PDGFRA mRNA levels in SH-SYS5Y cells
cultured in serum-free SHTE medium. In the absence of serum,
PDGFRA mRNA as well as its protein levels was significantly
induced. By contrast, PDGFRB expression levels were not af-
fected (Fig. 14). Due to the lack of reliable commercial FOXO4

Fig. 1. FOXO induces PDGFRA. (A) Acti- A
vation of FOXO signaling upon serum
deprivation up-regulates PDGFRA. SH-
SY5Y cells were exposed to serum-free
SHTE medium for the indicated times.
Total RNA and protein were then extrac-
ted. Relative levels of PDGFRA, PDGFRB,
FOXO1, FOX03, and FOXO4 mRNA were
determined by QRT-PCR (Left). The pro-
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antibody, we checked FOXO4 expression by QRT-PCR and
noticed a significant induction of FOXO4 transcription when
cells were switched to serum-free SHTE medium (Fig. 14). Up-
regulation of PDGFRA upon serum withdrawal was also ob-
served when depriving serum alone in MEFs or in SH-SYSY
cells without switching to SHTE medium (Fig. S1 C and F). The
up-regulation of PDGFRA protein levels under serum-free
SHTE treatment is not due to elevated protein stability, as the
protein half-life of PDGFRA showed no significant difference
before and after serum-free SHTE exposure (Fig. 1B). Further-
more, we confirmed that the induction of PDGFRA expression
by serum-free SHTE was attributed to a transcriptional increase
rather than a change in mRNA stability, because treatment of
SH-SY5Y cells with actinomycin D (Act D), a known tran-
scription inhibitor, drastically blocked serum-free SHTE-induced
accumulation of PDGFRA mRNA (Fig. 1C).

To investigate whether the FOXO proteins might contribute
to PDGFRA induction under serum-free SHTE trecatment, we
generated lentiviral-based shRNAs targeting the FOXO family
members: FOXO1, FOXO03, and FOXO4. We confirmed that
expression of FOXO shRNAs (FOXO-TKD) led to the knock-
down of endogenous FOXO1, FOXO3, and FOXO4 in SH-
SYSY cells when delivered simultaneously (Fig. 1D and S1G).
Intriguingly, FOXO-TKD shRNA largely abolished the basal
expression of PDGFRA, as well as its accumulation under se-
rum-free SHTE treatment (Fig. 1D). In contrast to FOXO TKD
shRNA inducing the knockdown of FOXO1, FOXO3, and
FOXO4, knocking down either FOXO4 or FOXO1 and -3 failed
to impair PDGFRA induction in response to serum deprivation
(Fig. S1G), suggesting that FOXO1, FOXO3, and FOXO4 may
have redundant functions in directing the transcriptional up-
regulation of PDGFRA expression. In addition to SH-SY5Y
cells, we also tested whether FOXO members are responsible for
PDGFRA induction in other neuroblastoma cell lines. In SK-N-
SH cells, serum-free SHTE treatment resulted in accumulation
of PDGFRA at both protein and mRNA levels. Depleting
FOXOs profoundly attenuated basal expression as well as
SHTE-mediated up-regulation of PDGFRA (Fig. S1H). FOXO
members have been reported to regulate other receptor tyrosine
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kinases (RTKs) including insulin receptor (IR) (16), IGF1 re-
ceptor (IGF-1R) (17). We therefore compared the expression
patterns of these two RTKs in our system. Interestingly, FOXO
depletion had no significant impact on basal IR or IGF-1R ex-
pression levels. Serum-free SHTE treatment only induced IGF-
1R, which is FOXO-dependent (Fig. S2). Taken all together,
activation of FOXO proteins either by exogenous expression or
upon serum deprivation exerts positive effect on the expression
of PDGFRA. Importantly, FOXO members are responsible for
basal transcriptional control of Pdgfra gene.

FOXOs Direct PDGFRA Expression by Acting on Its Promoter. To
identify the exact mechanism by which FOXO family members
induce the expression of PDGFRA mRNA, we searched the
promoter region of human Pdgfra gene and found a consensus
FOXO binding element (FBE) in exonl region, which is highly
conserved in the human and the mouse genes (Fig. 24). Cloning
this region in a luciferase reporter plasmid shows that it only
responds to active form of FOXO3 but not FOXO3-TMADB,
which lacks the DNA binding region (Fig. 2B). All three FOXO
family members, FOXO1, -3, and -4, were able to activate human
PDGFRA luciferase reporter activity. Mutation of the core FBE
site profoundly attenuated the luciferase reporter activity in-
duced by exogenously expressed FOXO proteins (Fig. 2C). We
also determined whether mouse pdgfra promoter-driven lucifer-
ase activity can be induced by FOXO proteins and found very
robust activation of the reporter triggered by exogenous expressed
FOXO members. Replacement of the same core consensus se-
quence abolished FOXO-induced luciferase activity (Fig. S34),
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Fig. 2. PDGFRA is a direct FOXO target. (A) Identification of a conserved FBE
site in the human and mouse pdgfra promoters. (B) FOXO3-TM activates lu-
ciferase reporter genes driven by pdgfra promoters. 293T cells were cotrans-
fected with human or mouse pdgfra promoter luciferase reporter together
with indicated plasmids. Results were represented the mean and error of three
independent experiments conducted in triplicates. ***P < 0.001. (C) Trans-
activation of the human pdgfra promoter by FOXO family members. 293T cells
were cotransfected with indicated plasmids, luciferase activity was measured
in triplicates. Data shown are means + SD from three independent experi-
ments. ***P < 0.001. (D) Endogenous FOXOs directly bind to the promoter
region of the pdgfra gene. SH-SY5Y cells either untreated or treated with
serum-free SHTE medium were subjected to a ChIP assay with FOXO1 and
FOXO03 antibodies. Promoter binding was analyzed by QRT-PCR using p-Actin
as a control. Data shown are means + SD from three independent experi-
ments. *P < 0.05.
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suggesting this FBE is functionally conserved across species. To
assess whether FOXO proteins associate with Pdgfra gene pro-
moter region under stress conditions that lead to activation of
endogenous FOXO members, ChIP assay was performed to
detect the interaction between endogenous FOXO members and
the Pdgfra promoter using cells cultured in serum-free SHTE
medium. Due to the lack of specific FOXO4 antibody, we can
only determine the “protein-DNA” complex using FOXO1 and
FOXO3 antibodies. Upon serum-free SHTE treatment, cells
showed modest but significant FOXO1 and FOXO3 enrichment
at the Pdgfra promoter (Fig. 2D). To determine whether ectop-
ically expressed FOXO4 physically associates with Pdgfra pro-
moter, we performed ChIP experiment using SH-SYSY cells
stably expressing FOXO4-TMER. We found that exogenous
FOXO04 occupied the Pdgfra gene promoter in the presence of 4-
OHT (Fig. S3B). Taken all together, these results indicate that
FOXO family members bind directly to the promoter region of
the Pdgfra gene and transcriptionally up-regulate PDGFRA
mRNA expression under serum withdrawal condition.

PDGFRA Is Required for Neuroblastoma Cell Differentiation. PDGF
isoforms have been suggested to promote neuroblastoma cell
growth, as well as to regulate neuronal cell migration, growth
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Fig. 3. PDGFRA depletion attenuates the differentiation ability of SH-SY5Y.
(A) SH-SY5Y cells expressing either control shRNA or PRA shRNA were sub-
jected to Western blotting to determine the knockdown efficiency. p-Actin,
loading control. (B) PDGFRA-Res significantly rescued PDGFRA depletion-in-
duced differentiation defect. SH-SY5Y cells expressing either vector or PRA-
Res construct were infected with the indicated lentiviral shRNA. Cells were
then cultured in STP medium for 72 h to induce differentiation, phase contrast
micrographs were shown. (Scale bars, 50 pm.) (C) PDGFRA-Res profoundly
rescued neurite outgrowth defect resulted from PDGFRA depletion. SH-SY5Y
cells were treated as in (B). Average neurite length per cell was quantified as
described in Materials and Methods. (D) SH-SY5Y cells were treated as de-
scribed in B. RNA was then harvested, and GAP43 expression levels were an-
alyzed by QRT-PCR.
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and differentiation during the development of human brain (18).
To gain more insights into the role of PDGFR in regulating
neuroblastoma cell differentiation, we depleted PDGFRA in
SH-SYSY cells and exposed cells to differentiation medium. We
first confirmed endogenous PDGFRA levels were largely re-
duced by PDGFRA-shRNA (PRA-shRNA), whereas PDGFRB
remained unchanged (Fig. 34). When exposed to STP differ-
entiation medium, cells expressing control shRNA showed a
significant increase of neurite-bearing portions and increased
neurite length (Fig. 3 B and C). The neurites have characteristics
of growth axons, as judged from the outgrowth of varicosity-
containing neurites that terminated in visible growth cones. We
also measured the mRNA expression levels of GAP-43, a neu-
ronal differentiation marker, and found a robust induction of
GAP43 under STP treatment, suggesting the STP protocol suc-
cessfully induced SH-SYS5Y differentiation (Fig. 3D). Strikingly,
knocking down PDGFRA in SH-SY5Y cells significantly abol-
ished SH-SYSY differentiation, as judged by the absence of

neurites formation and elongation as well as impaired GAP43
induction (Fig. 3 B-D). Notably, PDGFRA knockdown only
mildly affected S-phase entry (Fig. S4), but did not have adverse
effects on cell survival, and thus the impairment of differentia-
tion in PDGFRA knockdown cells was not associated with re-
duced cell survival. PDGFRA-depletion also abolished STP-
induced SK-N-SH differentiation (Fig. S5 A-C). To further
confirm PDGFRA is required for SH-SYSY differentiation un-
der STP treatment, we introduced a shRNA resistant form of
PDGFRA (PRA-Res) into SH-SY5Y cells (Fig. S6 4 and B).
Re-expression of PDGFRA in PDGFRA-deficient cells largely
restored the differentiation defect (Fig. 3 B-D), indicating
PDGFRA is required for neuroblastoma differentiation under
STP condition. Because serum deprivation under STP treatment
has broad effects on many other signaling pathways, it would be
interesting to test whether TPA plus PDGF-BB (TPA/PDGF-
BB) in the presence of serum can potentiate the differentiation
of SH-SYSY cells stably expressing PDGFRA. To address this
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Fig. 4. FOXO proteins are essential for SH-SY5Y cell differentiation. (A) Decreased PDGFRA expression levels in FOXO triple knockdown cells. Cells infected

with control shRNA or TKD shRNA were treated with STP medium. Cell lysates and RNA were then collected and analyzed by Western blotting and QRT-PCR.
(B) Knocking down FOXO proteins abolished SH-SY5Y cell differentiation. SH-SY5Y cells expressing indicated shRNA lentiviral vectors cultured in STP medium
for 72 h. Cell morphology change was then analyzed by phase contrast microscopy. (Scale bars, 50 pm.) (C-G) shRNA-resistant FOXO3 or FOXO4 rescued SH-
SYS5Y cell differentiation defect due to FOXOs deficiency. FOXO3-Res (C) or FOXO4-Res (D) rescued PDGFRA protein and mRNA expression levels in the
presence of TKD shRNA. (E) The same cells as in C and D were exposed to STP medium for 72 h. Cell morphology change was monitored by phase contrast
microscopy. (F) Average neurite length per cell was analyzed. (Scale bars, 50 um.) (G) RNA samples from the same cells as in E were collected and the ex-
pression levels of GAP43 were analyzed by QRT-PCR. *P < 0.05; **P < 0.01; ***P < 0.001.
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question, we constructed PDGFRA-expressing SH-SYSY cells,
and exposed them either to TPA/PDGF-BB (RPMI medium
1640 containing 10% FBS) or to STP medium. Exogenous
PDGFRA significantly increased neurite formation and exten-
sion (Fig. S7 A and B) under TPA/PDGF-BB exposure. Notably,
TPA/PDGF-BB is just as effective as STP in inducing differen-
tiation in PDGFRA expressing cells (Fig. S7B). Together, these
results demonstrate PDGFRA as a unique, key regulator in
TPA-induced neuroblastoma differentiation.

FOXO Deficiency Attenuates Neuroblastoma Differentiation via
PDGFRA. FOXO proteins have recently been found to regulate
neuronal polarity (14). To examine if FOXO members regulate
neuroblastoma differentiation, we depleted endogenous FOXO
family members in SH-SYSY cells and then exposed cells to STP
differentiation medium (Fig. 44). Intriguingly, knocking down
FOXO proteins almost completely abolished STP-induced mor-
phological changes indicative of neuronal differentiation (Fig.
4B). Consistent with the absence of morphological changes, the
induction of GAP43 under STP treatment was significantly
blocked in TKD shRNA expressing cells (Fig. 4G). Notably,
knocking down FOXOs mildly attenuated G,/S transition under
normal conditions (Fig. S4), but did not have adverse effects on
cell survival. Importantly, STP treatment largely blocked S-phase
entry in both control shRNA cells and cells depleted with
FOXOs or PDGFRA (Fig. S4). These data exclude the possi-
bilities that the differentiation defect caused by FOXO knock-
down or PDGFRA depletion is a result of abnormal cell
proliferation or decreased cell survival. FOXO TKD shRNA also
abolished STP-induced SK-N-SH differentiation (Fig. S5 A-C).
Given the weak effect of TPA in inducing neuroblastoma cell
differentiation, a variety of other mitogenic factors have been
combined with TPA to synergize to promote differentiation (6,
19). Therefore, we set out to examine whether FOXO-PDGFRA
axis is also required for neuroblastoma cell differentiation trig-
gered by TPA and serum. Morphologic differentiation of SH-
SY5Y cells under TPA/serum treatment was observed (Fig. S8B),
albeit to a lesser extent compared with that obtained with
STP treatment. Intriguingly, FOXO TKD shRNA or PDGFRA
shRNA markedly blocked cell differentiation as judged by the
absence of neurites formation and elongation as well as impaired
GAP43 induction (Fig. S8 A-D), indicating the function of
FOXOs on TPA-induced SH-SYSY differentiation is not strictly
limited to the addition of PDGF-BB.

To determine the specificity of the FOXO shRNA-induced
differentiation defect phenotype, we performed a rescue exper-
iment. We generated expression plasmids encoding rescue forms
of FOXO1, FOX03, and FOXO4 by introducing silent muta-
tions in the cDNA encoding the FOXO proteins designed to
render them resistant to FOXO shRNA (FOXO-Res). We
confirmed that expression of FOXO shRNAs failed to effectively
induce knockdown of FOXO1-Res, FOX0O3-Res, and FOX0O4-
Res (Fig. S6 C-E). We next tested whether expression of the
rescue forms of FOXO proteins suppresses the FOXO shRNA-
induced differentiation defect in SH-SYSY cells. Expression of
FOXO03-Res or FOXO4-Res significantly reversed the TKD
shRNA-induced down-regulation of PDGFRA expression (Fig. 4
C and D) and neurite outgrowth defect in SH-SYSY cells (Fig. 4
E and F). GAP43 induction was also restored upon the addition
of shRNA-resistant FOXO3 or FOXO4 expression vectors (Fig.
4G). Expression of FOXO1-Res restored PDGFRA expression
in FOXO TKD cells (Fig. S9 4 and B). However, SH-SYS5Y cells
seemed to be more sensitive to the cytotoxicity induced by ex-
ogenously expressed FOXO1, which hampered our effort to
rescue neurite outgrowth defect using FOXO1-Res construct.
The fact that expression of FOXO3-Res or FOXO4-Res rescued
neuroblastoma differentiation defect in cells depleted of en-
dogenous FOXOs indicate that the FOXO TKD shRNA-in-
duced phenotype is the result of specific knockdown of FOXO
proteins, rather than off-target effects of ShRNA or nonspecific
activation of the shRNA machinery.
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We next asked whether FOXO depletion-induced neuroblas-
toma differentiation defect phenotype could be rescued in the
presence of exogenous PDGFRA. If the down-regulation of
PDGFRA upon FOXO TKD shRNA delivery is essential for
neurite outgrowth as well as the induction of GAP43, then ex-
ogenous expression of PDGFRA would be predicted to reverse
the FOXO knockdown phenotype. In agreement with this pre-
diction, we found that the ectopic expression of PDGFRA (Fig.
5A) significantly, albeit partially, restored neurite formation, ex-
tension (Fig. 5 B and C), and GAP43 accumulation (Fig. 5D) in
FOXO TKD shRNA expressing cells. These data strongly suggest
that PDGFRA is a critical direct target of the FOXO transcrip-
tion factors in TPA-induced neuroblastoma differentiation.

Discussion

PDGFRs belong to RTKs and are critical for PI3K/Akt activa-
tion (3). The PI3K/AKT pathway transmits signals from ligand-
stimulated RTKs to effector molecules that control cell pro-
liferation, energy metabolism and survival. PI3K/Akt activation
leads to nuclear exclusion of FOXO proteins and thus the in-
activation of their transcriptional activities. Here we provide
evidence that FOXO proteins are direct upstream transcription
factors responsible for PDGFRA expression both at basal levels
as well as its induction under growth factor deprivation. We show
that suppression of Akt signaling by serum deprivation recruited
FOXO proteins to the Pdgfra promoter, which in turn led to the
transcriptional up-regulation of PDGFRA levels. Conversely,
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Fig. 5. FOXOsregulate SH-SY5Y differentiation via PDGFRA. Ectopic PDGFRA
rescued the differentiation defect in TKD shRNA expressing cells. (A) SH-SY5Y
cells expressing either vector or PDGFRA lentiviral vector were infected with
indicated shRNA. PDGFRA expression levels were determined by Western
blotting using anti-PDGFRA and anti-p-Actin antibodies. (B-D) The same cells
as in A were exposed to STP medium for 72 h, differentiation phenotype was
analyzed by phase contrast microscopy (B), and by measuring average neurite
length per cell (C), and by examining GAP43 expression levels (D). (Scale bars,
50 pm.)
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FOXO01/3/4 knockdown suppressed the induction of PDGFRA
mRNA in response to serum withdrawal. Importantly, FOXO
depletion also profoundly attenuated the basal expression levels
of PDGFRA mRNA and protein, indicating FOXO proteins are
crucial for maintaining the basal expression levels of PDGFRA.
It has been shown that, in many tumor models, inhibition of
AKT induces a conserved set of RTKs, including HER3, IGF-
1R, and insulin receptor. This is in part due to mTORCI in-
hibition and in part secondary to a FOXO-dependent activation
of receptor expression (17). Likewise, transcriptional induction
of HER3 driven by FOXO3 and posttranslational up-regulation
of HER3 were reported to compensate for inhibition of HER2
activity (20). Our findings on FOXO-PDGFRA axis may suggest
novel functions for these proteins beyond neuroblastoma dif-
ferentiation in diverse biological processes, for instance, in cell
survival and tumorigenesis.

It has been shown that PDGFRA is crucial for CNS de-
velopment, especially oligodendroglial lineage development. By
contrast, a previous report suggested that brain-specific deletion
of FOXO1, -3, and -4 (FOXO triple knockout, TKO) had only
minimal effect on CNS development (21). Oligodendrocytes are
generated from progenitors (oligodendrocyte progenitor cells,
OPCs). PDGF can promote OPC proliferation, migration, sur-
vival and maturation via PDGFRA (5). It would be interesting to
analyze PDGFRA levels in FOXO TKO mice to see if its ex-
pression levels are compromised in neuronal system. Because
FOXO members function only as up-stream transcriptional fac-
tors of PDGFRA, it is conceivable that knocking down FOXO
members only attenuates, but does not completely eliminate, basal
PDGFRA expression. This possibility may account for the absence
of obvious CNS developmental defect in FOXO TKO mice.

The exact mechanisms underlie how FOXO-PDGFRA axis
regulates neuroblastoma differentiation remain to be elucidated.
Neuritogenesis is guided by extracellular cues that control cyto-
skeleton rearrangements. The Rho GTPase subfamily, best known
for their roles in regulating signaling pathways linking extracellular
stimuli to the assembly and organization of the actin cytoskeleton
(22), also control microtubule dynamics, cell polarity, and mem-
brane trafficking (23). RA-dependent neuroblastoma differenti-
ation has been suggested to require the activation of PI3K/Akt
(24) and a subsequent activation of Racl, as dominant negative
Rac1 blunted RA-induced neurite outgrowth. In our experimental
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model system, in contrast to the reported RA-triggered signaling
cascade, STP treatment leads to PI3K/Akt inhibition due to the
absence of serum, as evidenced by less AKT phosphorylation even
in the presence of TPA and PDGF-BB (Fig. S9C). It’s plausible
that distinct intracellular cascades are required for different
experimental model systems (25). However, one has to be cau-
tious when use dominant negative (DN) GTPase constructs to
inhibit Racl and cdc42 activity. It has been shown that these DN
constructs resulted in altered activities of multiple GTPase
pathways and globe inhibition of various neurite functions (25).
Recent studies on the regulation of neuronal polarity revealed an
unrecognized role of FOXO proteins in neuronal polarity estab-
lishment (14). Pakl was identified as a direct target of FOXO
proteins, which allowed the FOXO proteins to control neuronal
polarization. It is important to note that Pakl plays a key role in
regulating actin and microtubule cytoskeleton, events that are
also crucial for neuroblastoma differentiation. Interestingly, pri-
mary cells from PDGFRA-null mice showed defects in Pakl ac-
tivation (26). It is likely that FOXO proteins may direct the
expression of multiple genes whose protein products are in-
timately related. Characterization of the key effectors operating
downstream of FOXO-PDGFRA will provide more insights into
the biological functions of the FOXO proteins.

Materials and Methods

Luciferase Reporter Assay. Luciferase reporter assay was performed as de-
scribed (15, 16).

ChIP Assay. ChIP was performed as described (15). PDGFRA ChIP primers: forward
5-TTGAGCCCATTACTGTTGGA-3’; reverse 5-ACGGCCTCCAATGATCTCTT-3".

For description of materials and chemicals, plasmid constructs, cell culture,
QRT-PCR, Western blotting, RNA interference, neurite length measurements,
and statistical analysis, see SI Materials and Methods.
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