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The mechanisms of neuronal differentiation in PC12 cells are still
not completely understood. Here, we report that the tumor sup-
pressor PTEN has a profound effect on differentiation by affecting
several pathways involved in nerve growth factor (NGF) signaling.
When overexpressed in PC12 cells, PTEN (phosphatase and tensin
homologue deleted on chromosome ten) blocked neurite out-
growth induced by NGF. In addition, these cells failed to demon-
strate the transient mitogenic response to NGF, as well as subse-
quent growth arrest. Consistent with these observations was a
finding that PTEN significantly inhibits NGF-mediated activation of
the members of mitogen-activated protein kinase kinase (MEK)/
mitogen-activated protein kinase (MAPK) and phosphoinositide
3-kinase (PI3K)/AKT signaling pathways, crucial for these pro-
cesses. While exploring possible mechanisms of PTEN effects on
NGF signaling, we discovered a significant down-regulation of
both high-affinity (TrkA) and low-affinity (p75) NGF receptors in
PTEN-overexpressing clones. Subsequent microarray analysis of
several independent clonal isolates revealed a myriad of neuronal
genes to be affected by PTEN. All of these changes were validated
by quantitative PCR. Of particular interest were the genes for the
key enzymes of the dopamine synthesis pathway, receptors for
different neurotransmitters, and neuron-specific cytoskeleton pro-
teins, among others. Some, but not all effects could be reproduced
by pharmacological inhibitors of PI3K and/or MAPK, suggesting
that PTEN may influence some genes by mechanisms independent
of these signaling pathways. Our findings may shed new light on
the role of this tumor suppressor during normal brain development
and suggest a previously uncharacterized mechanism of PTEN
action in neuron-like cells.

he PTEN anti-oncogene (phosphatase and tensin homo-

logue deleted on chromosome ten) is among the most
frequently mutated genes in high-grade brain tumors, and loss of
PTEN is found in a variety of other malignancies (1, 2). Most
studies of PTEN function have focused on its lipid-phosphatase
activity, which results in inhibition of the phosphoinositide
3-kinase (PI3K) pathway (3-5). PTEN also possesses a protein
phosphatase activity (1), but few clear in vivo targets of this
function have been identified (6, 7). Inhibition of mitogen-
activated protein kinase (MAPK) signaling is another action of
PTEN, which at least in part seems to be independent of any
effect on PI3K (7, 8). PTEN can influence cellular gene expres-
sion (9, 10); many of these changes are reproduced with phar-
macological inhibition of the PI3K pathway and are believed to
be secondary to cytoplasmic lipid signaling (11). Nonetheless,
PTEN is found in the nucleus of most cells (12-14), and a recent
study demonstrated that PTEN can bind directly to the p53
anti-oncogene and increase its transcriptional activity indepen-
dent of lipid-phosphatase signaling (15). Whereas antagonism of
the PI3K pathway is clearly a major function of PTEN, these
studies indicate that PTEN can have several physiologically
significant cellular functions, at least some of which are inde-
pendent of this mechanism.

www.pnas.org/cgi/doi/10.1073/pnas.0308289101

Recently, there has been increased interest in the role of
PTEN in normal cellular function, particularly neurons. PTEN
is present in both developing and adult neurons although ex-
pression is quite low during development and seems to be
up-regulated at or near birth (14). Loss of PTEN expression is
associated with cerebellar dysplasia in human patients (16), and
conditional knockout mouse studies have also demonstrated
dysplasia and migrational defects (17, 18). PTEN deletion does
not seem to prevent neuronal differentiation, however (18).
Neurons from animals hemizygous for PTEN also seem to have
increased resistance to peroxide toxicity, which is believed to be
secondary to increased PI3K signaling and AKT activity in these
cells (19). These studies highlight an important role for PTEN in
neuronal development and possibly for neuronal survival.

To better understand the role of PTEN function in neurons,
we generated stable PCI12 rat pheochromocytoma cell lines
overexpressing this gene. Nerve growth factor (NGF) normally
induces differentiation of PC12 cells into a neuron-like pheno-
type (20). Although previous studies showed no effect of PTEN
loss on neurite outgrowth (14), we found that PTEN overex-
pression unexpectedly rendered PC12 cells completely resistant
to differentiation by NGF. We now report that this phenomenon
seems to be due to inhibition of expression of both the high- and
low-affinity NGF receptors. Further exploration of this phenom-
enon revealed that PTEN can induce profound changes in
expression of genes in undifferentiated cells that help define the
neuronal phenotype. Pharmacological inhibition of PI3K and/or
MAPK signaling alone does not recapitulate several of these
effects, suggesting that the mechanism of PTEN action on
neuronal gene expression may involve other pathways. This
finding suggests a mechanism whereby PTEN may influence
neuronal differentiation. Preliminary findings have been re-
ported in an abstract at a Society for Neuroscience annual
meeting.

Methods

Plasmids and Cell Lines. A full-length human PTEN cDNA (a gift
from A. Yung, M. D. Anderson Cancer Center, Houston) was
cloned into pRep7 episomal expression vector (Invitrogen) to
generate pRep7.PTEN. pRep7.PTEN or pRep7 (control) were
transfected into PC12 cells by using FuGENEG6 (Roche Molec-
ular Biochemicals). Four weeks after hygromycin selection (250
png/ml), individual clones were expanded and analyzed for
PTEN expression. Four individual PTEN-overexpressing cell
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lines (P1-P4), as well as four control lines (C1-C4), were used
for the experiments in this study.

Cell Culture and Treatments. PC12 cells were maintained in
DMEM supplemented with 10% FBS and antibiotics at 37°C
under 5% CO,. PI3K inhibitor LY294002 (21) and MAPK
kinase (MEK) 1/2 inhibitor U0126 (22) were from Cell Signaling
Technology (Beverly, MA), were used at 10 uM final concen-
tration, and were replenished every 24 h during a 72-h treatment
period. Butyrolactone I (Calbiochem) was used at 30 uM (23).

Cell Differentiation and Proliferation Assays. Cells (in 24-well plates,
10* cells per well) were treated with 100 ng/ml NGF (Sigma) in
DMEM supplemented with 1% FBS. Cells were incubated for 7
days with NGF replenished every 72 h, and neurite-bearing cells
were counted. Only cells with processes equivalent in length to
at least two cell diameters were scored as differentiated. For the
proliferation assay, cells were treated with 100 ng/ml NGF in
DMEM with 1% FBS, and viable cells were counted at different
time points by using trypan blue staining. For a baseline, control
cells were maintained in the presence of 1% FBS without NGF.
No loss of cell viability was detected under this condition. All of
the experiments were performed in triplicate.

Western Blotting. Cells were incubated in DMEM with 0.5% FBS
for 24 h and followed by 2-h incubation with serum-free DMEM.
Cells were treated with 100 ng/ml NGF for 5 and 30 min, washed
with ice-cold PBS, and then lysed in lysis buffer (20 mM Tris, pH
8.0/1% Triton X-100/150 mM NaCl/protein and phosphatase
inhibitors) (Sigma). Samples were cleared by centrifugation, and
equal amounts of proteins (15-30 ug) were denatured in a
sample buffer and resolved on a NuPAGE 10% Bistris {[bis(2-
hydroxyethyl)amino]tris(hydroxymethyl)methane} gel (Invitro-
gen). Blots were incubated with various primary antibodies
(Cell Signaling) followed by secondary antibodies and en-
hanced chemiluminescent detection (Amersham Pharmacia
Biosciences).

Microarray Analysis and Quantitative PCR. For microarray analysis,
cells were grown in DMEM supplemented with 10% FBS for
48 h. Total RNA was extracted by using RNeasy kit (Qiagen,
Valencia, CA), and RNA quality was assessed by electrophoresis
by using the Agilent Bioanalyzer 2100 and spectrophotomeric
analysis before cDNA synthesis. All samples were subjected to
gene expression analysis with the Affymetrix (Santa Clara, CA)
RGU34A high-density oligonucleotide array, which queries
8,000 rat probe sets. The assay was performed at the Microarray
Core Facility of the University of Rochester. Three control
(C1-C3) and three PTEN-overexpressing (P1-P3) cell lines
were processed independently. Data were analyzed by using
MICROARRAY ANALYSIS SUITE 5.0 (Affymetrix). Only gene
changes with P value < 0.05 were chosen for validation. Real-
time quantitative PCR (Q-PCR) was performed by using SYBR
Green Master Mix (Applied Biosystems) in an ABI Prism 7000
Sequence Detection System (Applied Biosystems) according to
the manufacturer’s protocols. Before comparative analysis, a
validation experiment was performed to determine the relative
efficiency of the assay with a primer set for a gene that does not
change in the experimental model (GAPDH). This gene was
selected based on its behavior in the microarray data set as
described (24) and was used as a reference gene for comparative
analysis. All reactions were performed in triplicate, and each
experiment was replicated at least twice. Data were analyzed
by using the SEQUENCE DETECTION SOFTWARE (Applied
Biosystems).
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Fig. 1. Effects of PTEN on NGF responses in PC12 cells. (A) Western blot

analysis of PTEN levels in control (subclones C1-C4) and PTEN-overexpressing
(subclones P1-P4) cells. Staining for total AKT was included as a loading
control. (B) Effect of PTEN on NGF-induced neurite outgrowth in all of the
isolated subclones. (C) Inhibition by PTEN of the transient mitogenic effect of
NGF. (D) Effect of PTEN on NGF-induced growth arrest. For the experiments in
B and C, clones C1 and P4 were selected.

Results

Response of PC12 Cells Overexpressing PTEN to NGF Treatment. To
examine the effects of PTEN on differentiated PC12 cells, we
generated a series of stable clones overexpressing PTEN (P1-
P4) and related controls (C1-C4). As evident from Fig. 14, in
P1-P4 lines PTEN was overexpressed on average 4.2-fold, and its
levels were similar among different clonal isolates. We first
examined the effects of PTEN on NGF-induced neurite out-
growth. Surprisingly, no processes were observed in any PTEN-
overexpressing clones after NGF treatment (Fig. 1B). Higher
does of NGF (up to 400 ng/ml) failed to overcome this block
(data not shown). In addition to promoting neurite outgrowth,
NGF also has a transient mitogenic effect but then induces
long-term growth arrest (20, 25). As shown in Fig. 1C, PTEN
significantly decreased cell proliferation in a 48-h period during
NGF treatment. Although the data are presented only for two
cell lines (C1 and P4), this experiment was repeated on other
clones as well with similar results. Beyond 48 h, no decrease in
cell division was observed whereas control cells exhibited
marked inhibition of growth as expected (Fig. 1D). Because
growth arrest is an essential event for PC12 differentiation, it is
conceivable that the effect of PTEN-overexpressing cells to stop
proliferating is responsible for the inability to differentiate. To
address this issue, the cells were treated with butyrolactone I, an
inhibitor of cdc2 and cdk2 kinases (26). Although this compound
blocked cell division without significantly affecting neurite out-
growth of the control cells, the PTEN-overproducing cells did
not regain the ability to differentiate (data not shown). This
result confirmed that PTEN blocked several cellular responses
to NGF independently.

Negative Regulation by PTEN of NGF-Mediated Activation of PI3K/AKT
and MEK/MAPK Pathways. PTEN is known to negatively regulate
the PI3K/AKT as well as MEK/MAPK pathways (4, 7, 27, 28).
Therefore, we investigated the effects of PTEN on these signal
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Fig.2. Negative regulation of NGF signaling by PTEN. PC12 cells (C1 and P4)
were treated with NGF, and activation of members of the PI3/AKT (A) and
MEK/MAPK (B) signal transduction cascades were analyzed by Western blot-
ting. At all time points, NGF induction of PI3K and MAPK signaling was
inhibited by PTEN.

transduction cascades in PC12 cells. Serum-starved cells were
treated with NGF (100 ng/ml) for the indicated periods, and the
activation of the several key members of pathways was then
analyzed by Western blotting. As evident from Fig. 24, PTEN
significantly inhibited accumulation of AKT phosphorylated at
both Ser-473 and Thr-308 sites after NGF treatment. Consistent
with this finding was the observation that phosphorylation of the
AKT substrate, glycogen synthase kinase-38 (GSK3pB), was
inhibited as well. Similarly, PTEN suppressed activation of the
MEK/MAPK cascade (Fig. 2B).

Negative Effect of PTEN on TrkA and p75 Levels. To further elucidate
the mechanisms of PTEN effects on NGF signaling, we analyzed
the early events of this pathway activation, i.e., autophosphor-
ylation of a high-affinity NGF receptor TrkA at two critical sites.
Tyr-674/675 residues lie within the catalytic tyrosine kinase
domain and are phosphorylated after NGF binding and receptor
dimerization. This event is followed by autophosphorylation at
Tyr-490, which is required for She association and activation of
the MAPK cascade (29). Surprisingly, whereas the intensity of
the signal corresponding to activated TrkA was significantly
decreased in PTEN-overexpressing cells, the total amount of this
receptor was reduced as well (Fig. 34). Q-PCR analysis dem-
onstrated that PTEN inhibited TrkA expression at the mRNA
level. (Fig. 3B). In addition, we analyzed the expression of p75,
a low-affinity NGF receptor. Interestingly, the mRNA level for
this receptor was also significantly suppressed by PTEN (Fig.
3B). These alterations were consistent among several indepen-
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Fig. 3. Negative regulation of NGF receptor expression by PTEN. (4) PC12
cells (C1 and P4) were treated with NGF for the indicated amount of time, and
TrkA activation was analyzed by Western blotting by using antibodies specific
for Tyr-674/675 and Tyr-490. Total TrkA as well as AKT (loading control) were
also included. Note that reduction in phosphorylation correlated directly with
overall reduction in total TrkA protein expression. (B) Suppression of TrkA and
p75 mRNA levels in P4 cells as determined by Q-PCR.
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dent clonal isolates (Table 1). Together, these findings demon-
strate that the negative effects of PTEN on NGF signaling are
primarily due to down-regulation of NGF receptors expression.
However, additional mechanisms of suppression of PI3K/AKT
pathway mediated by lipid phosphatase activity of PTEN and
predicted by the accepted model of PTEN action can also be
involved.

Inhibition of Neuronal Gene Expression by PTEN. To more fully
explore the effects of PTEN on gene expression in PC12 cells,
we performed microarray analysis of mRNA expression profiles
in three control (C1-C3) and PTEN-overexpressing (P1-P3)
clones. Nearly 8,000 rat genes were simultaneously tested, and
>100 genes were found to be significantly affected by PTEN.
Approximately two-thirds of these affected genes were inhibited,
whereas one-third were induced. Many of the inhibited genes are
markers of neuronal phenotype, and several individual gene
changes were verified on all four control (C1-C4) and PTEN
(P1-P4) clonal isolates by using Q-PCR and, in some instances,
Western blotting as well (Table 1). Among the genes significantly
down-regulated in PTEN overexpressing cells are the genes for
two of the three key enzymes necessary for dopamine synthesis
(tyrosine hydroxylase and GTP cyclohydrolase I), neurotrans-
mitter receptors [serotonin, y-aminobutyric acid (GABA), and
pituitary adenylate cyclase-activating polypeptide (PACAP) re-
ceptors], as well as a neuron-specific cytoskeleton protein
[synaptosome-associated protein (SNAP)-25]. This gene is of
particular interest because the nonneuronal homologue, SNAP-
23, was simultaneously induced (Table 1). These combined data
suggest that PTEN was altering gene expression in PC12 cells
toward a less neuronal phenotype.

Inhibitors of the PI3K and MAPK Pathways Only Partially Mimic PTEN
Effects. In PC12 cells, PTEN seems to oppose at least two signal
transduction cascades, PI3K/AKT and MEK/MAPK (Fig. 2).
To further understand the contributions of these two pathways
to the effects of PTEN on gene expression, control PC12 cells
were treated for 72 h with PI3K (LY294002) and MEK (U0126)
inhibitors, and expression of selected genes was analyzed by
Q-PCR. Interestingly, three different groups of genes were
observed (Fig. 4). Group I genes, e.g., tyrosine hydroxylase (Fig.
4A4), were down-regulated exclusively by LY294002 compound,
and no effect of the MEK inhibitor was observed. Although this
result is similar to previously reported effects of PTEN on gene
expression, the inhibitory effect was never as profound as PTEN
itself. Group II genes, e.g., GTP cyclohydrolase I and p75 (Fig.
4 B and C), were suppressed by both PI3K and MEK inhibitors,
and treatment with both compounds simultaneously had an
additive effect. Unlike group I genes, the additive effect of PI3K
and MAPK inhibition approached the magnitude of the PTEN
effect on group II genes. Finally, the genes of group III, e.g.,
TrkA (Fig. 4D), were not affected by either drug. Together, these
results suggest that PTEN possesses several mechanisms by
means of which it can modulate gene expression, some of which
seem to be independent of known effects on signal transduction.

Discussion

In this study, we have examined the effects of PTEN on neuronal
phenotype in PC12 cells. To date, the few reported studies of
PTEN in neurons have examined the consequences of PTEN
deletion on neuronal differentiation (14, 18, 30). These studies
have consistently found that PTEN deletions do not prevent
neuronal differentiation but can alter neuronal morphology,
proliferation, and migration. PTEN is poorly expressed in un-
differentiated neurons and PC12 cells, yet expression is substan-
tially up-regulated near birth or after neurotrophin-induced
differentiation in culture (14). This finding suggests that PTEN
induction mediates one or more functions important for either
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Table 1. Effects of PTEN on gene expression in PC12 cells.

Accession Fold change
Gene name no. Microarray  Q-PCR P value* Description
Tyrosine hydroxylase M10244 -3.9 -104.2 4 X104 Key dopamine synthesis enzyme
GTP cyclohydrolase | M58364 =5.1 =71 0.025 Key dopamine synthesis enzyme
Trk A M85214 -2.5 -4.4 0.035 High-affinity NGF receptor
P75 X05137 -4.7 —18.9 0.039 Low-affinity NGF receptor
5-HT3 receptor D49395 —3.0 —530.2 3 X 1075 Serotonin receptor
GABA(A) receptor g-3 subunit ~ X15468 -17.3 —182.8 3 X 107> Part of the GABA receptor complex
PACAP receptor D14909 -3.6 —666.7 3 X 107> Receptor for pituitary adenylate cyclase-activating polypeptide
Bone morphogenetic protein 7 D29769 —24.2 -57.8 104 Multiple roles in neural development and plasticity
SHIP U55192 0.92 81.9 7 X 1073 Src homology 2 domain-containing inositol 5'-phosphatase
Fez1 U63740 —60.56 —380.7 2 X 1074 Regulation of axonal outgrowth
SNAP-25 AB003991 -13.2 —38.5 6 X 1075 Regulation of exocytosis in neurons
SNAP-23 AF052596 7.37 2.9 0.019 Regulation of exocytosis, non-neuronal homologue of SNAP-25

*P values for each gene were determined by two-tail t test comparing all four control (C1-C4) and PTEN (P1-P4) cell lines.

differentiation and/or adult neuronal function. We thus elected
to examine the role of elevated rather than reduced levels of
PTEN in undifferentiated cells, to examine the effects of post-
mitotic PTEN levels on cellular function.

Our data suggest that elevated PTEN levels in undifferenti-
ated PC12 cells inhibited expression of several genes that define
neuronal phenotype. In particular, both NGF receptors (TrkA
and p75) were significantly inhibited, which explains resistance
of PTEN-overexpressing cells to NGF treatment. Similarly,
levels of tyrosine hydroxylase and GTP cyclohydrolase I, which
are two of the three key enzymes in dopamine synthesis, were
also reduced. It was particularly striking that a neuron-specific
protein, SNAP-25, was significantly inhibited whereas its non-
neuronal homologue SNAP-23 was up-regulated. Previous stud-
ies have demonstrated that low levels of PTEN expression in
undifferentiated cells are necessary to promote migration and
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Fig. 4. Effects of pharmacological suppression of PI3/AKT and MEK/MAPK
on the expression of selected genes. Control (C1) cells were treated with the
indicated inhibitors separately or in combination, and the expression was
analyzed by using Q-PCR 72 h posttreatment. P4 cells treated with the solvent
(DMSO) were also included as a positive control. The selected genes were as
follows: tyrosine hydroxylase (A), GTP cyclohydrolase | (B), p75 (C), and TrkA
(D). The error bars represent the SE for two to three independent experiments
for each gene.
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tissue development, yet loss of PTEN does not prevent differ-
entiation (18). Although our cell lines averaged 4.2-fold over-
expression of PTEN compared with endogenous levels in un-
differentiated cells, this difference is comparable with the level
of PTEN found in cells differentiated with NGF (14). Although
our data may also be specific only to PC12 cells, this result
nonetheless raises the possibility that timing and level of PTEN
expression in undifferentiated cells must be tightly regulated to
promote normal migration and organ development yet permit
differentiation as well.

Our original hypothesis predicted that expression of PTEN
in undifferentiated cells at postmitotic levels would inhibit the
initiation of differentiation by opposing PI3K signaling. In-
creased PI3K signaling is a hallmark of neurotrophin receptor
activation so inhibition of this pathway by PTEN would be
expected to block second messengers, which are important for
proper differentiation. In fact, it has previously been shown
that the exposure of PC12 cells to the PI3K inhibitor wort-
mannin or expression of a dominant-negative PI3K subunit
inhibited neurite outgrowth (31). We were surprised to dis-
cover, however, that the consequences of PTEN overexpres-
sion are far more complex and cannot be explained by mere
suppression of the PI3K pathway. This point is best illustrated
by comparison of PTEN effects with those of drug inhibitors
of specific second messenger pathways. It seems that some
changes induced by PTEN can be replicated by blocking
PI3K/AKT and/or MEK/MAPK signaling. However, PTEN
effects on other genes either cannot be recapitulated at all by
using the specific inhibitors of these pathways or the degree of
suppression is not as profound as in PTEN-overexpressing
cells. This suggests that other, yet unknown mechanisms may
mediate effects of PTEN on gene expression in these cells.
Alternatively, some of these differences represent acute vs.
chronic changes because the pharmacological inhibitors were
applied for only 72 h. Although we believe that those changes
not seen with drug inhibitors are due to other mechanisms, it
is possible that more prolonged inhibition of PI3K/AKT
and/or MEK/MAPK pathways would eventually reproduce all
of our findings.

PTEN has several known functions independent of lipid
signaling. These effects may provide clues as to possible novel
mechanisms of PTEN action on gene expression in our system.
For example, the C124S PTEN mutant, which lacks both lipid
and protein phosphatase activity, suppressed glioblastoma
U87-MG invasion with equal efficiencies as wild-type protein
(32). In another study, this mutant inhibited SHEP neuroblas-
toma cell proliferation (33), a finding that cannot be explained
by the current model of PTEN signaling.

Musatov et al.
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Negative regulation of PI3K/AKT cascade by PTEN is gen-
erally believed to be due to localization of this protein at the
plasma membrane where early events of lipid signaling occur.
However, PTEN is also found in the nucleus of most cells. In fact,
the loss of nuclear but not cytoplasmic PTEN seems to correlate
with the progression of certain tumors, such as thyroid carcino-
mas (12), endocrine pancreatic tumors (13), esophageal squa-
mous cell carcinoma (34), and melanoma (35). Freeman et al.
(15) have shown that PTEN physically associates with and
activates the p53 anti-oncogene. Because p53 is a transcription
factor, direct binding of PTEN to p53 to potentiate its activity
raises the possibility of interactions with other nuclear transcrip-
tion factors. It seems, therefore, that PTEN may have functions
that are independent from its lipid phosphatase activity at the
plasma membrane.
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