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The contribution of zinc-mediated neuronal death in the
process of both acute and chronic neurodegeneration has been
increasingly appreciated. Phosphatase and tensin homo-
logue, deleted on chromosome 10 (PTEN), the major tumor
suppressor and key regulator of the phosphatidylinositol
3-kinase (PI3K)/Akt pathway, plays a critical role in neuronal
death in response to various insults. NEDD4-1-mediated
PTEN ubiquitination and subsequent degradation via the
ubiquitin proteosomal system have recently been demon-
strated to be the important regulatory mechanism for PTEN
in several cancer types. We now demonstrate that PTEN is
also the key mediator of the PI3K/Akt pathway in the neuro-
nal response to zinc insult. We used primary cortical neurons
and neuroblastoma N2a cells to show that zinc treatment results
in a reduction of the PTEN protein level in parallel with
increased NEDD4-1 gene/protein expression. The reduced
PTEN level is associated with an activated PI3K pathway as
determined by elevated phosphorylation of both Akt and GSK-3
as well as by the attenuating effect of a specific PI3K inhibitor
(wortmannin). The reduction of PTEN can be attributed to
increased protein degradation via the ubiquitin proteosomal
system, as we show NEDD4-1 to be the major E3 ligase respon-
sible for PTEN ubiquitination in neurons. Moreover, PTEN and
NEDDA4-1 appear to be able to counter-regulate each other to
mediate the neuronal response to zinc. This reciprocal regula-
tion requires the PI3K signaling pathway, suggesting a feedback
loop mechanism. This study demonstrates that NEDD4-1-me-
diated PTEN ubiquitination is crucial in the regulation of
PI3K/Akt signaling by PTEN during the neuronal response to
zinc, which may represent a common mechanism in
neurodegeneration.
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Zinc is increasingly recognized as an important molecule
that plays both physiological and pathological roles in a variety
of biological processes. The role of zinc in the central nervous
system has also been discovered over the past 2 decades, as a
neurotransmitter in modulating synaptic plasticity (1, 2).
Although zinc is selectively stored in the pre-synaptic vesicles
of a specific type of neuron, sequestered or tightly bound to
cellular compartments, it can be rapidly released in response to
extracellular signals. The same neurons also secrete glutamate
and are the so-called “gluzinergic” neurons found primarily in
the mammalian cerebral cortex. Neurons store up to 300 um
free zinc in their termini (3) and release it through several types
of cation channels (e.g N-methyl-p-aspartic acid receptors)
when they are depolarized, reaching high concentrations that
are known to cause acute neuronal death. Together with gluta-
mate, zinc mediates excitotoxicity, as manifested in acute brain
injuries, ischemia, and seizures (4, 5). Zinc is also implicated in
chronic neurodegenerative diseases such as Alzheimer disease
via direct chelation with the amyloid precursor protein, thereby
modulating its processing and generating oxidative stress (6).

In cortical cell cultures, 100 um zinc, with 25 mm potassium
for depolarization, caused neuronal death with signs of both
necrosis and apoptosis (7). The mechanism of zinc-triggered
apoptosis has been modestly studied and shows induced neu-
rotrophic receptor p75NTR and its associated death executor,
which further activates the caspase cascade. Several main sig-
naling pathways involved in zinc-induced neuronal death have
also been identified, including PI3K®/Akt/GSK-38/p70S6K,
Ras/mitogen-activated protein kinases (MAPK), NF-«kB, and
translation initiation factor, eIF-2 (8 —12).

PTEN is one of the most frequently mutated tumor suppres-
sors in human cancers (13, 14). The major and best character-
ized function of PTEN is its lipid phosphatase activity, which
recognizes and dephosphorylates phosphatidylinositol 3,4,5-
triphosphate to generate phosphatidylinositol 4,5-bisphos-
phate and thus antagonizes the PI3K in the subsequent activa-
tion of protein kinase B/Akt (15—17). Although PTEN has been
extensively studied in the field of cancer research, recent stud-

3The abbreviations used are: PI3K, phosphatidylinositol 3-kinase; PTEN,
phosphatase and tensin homologue, deleted on chromosome 10; UPS,
ubiquitin/proteosomal system; shRNA, small hairpin RNA; siRNA, small
interference RNA; PDZ, postsynaptic density 95, PSD-85; Dlg, discs large;
Z0-1,zonula occludens-1; qRT, quantitative reverse transcription; Ab, anti-
body; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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ies have also revealed that PTEN is crucial in the central nerv-
ous system for modulating neuronal differentiation (18, 19) and
synaptogenesis (20). In addition, PTEN deficiencies can cause
serious defects in brain function such as seizures, ataxia, and
brain enlargement (21, 22). Furthermore, PTEN is closely asso-
ciated with neuronal cell death by direct physical interaction
with the N-methyl-p-aspartic acid receptor and regulation of
the major survival PI3K/Akt signaling pathway (23).

Because PTEN is the major regulator of the PI3K/Akt signal-
ing pathway, we speculated that it is also a mediator of zinc-
induced neuronal death. We therefore aimed to study molecu-
lar regulation of PTEN upon zinc treatment in neuronal
models. Protein interactions between PTEN with other part-
ners such as MAGI-2 (24), PICT-1 (25), and PCAF (26) through
its C-terminal PDZ (postsynaptic density 95, PSD-85; discs
large, Dlg; zonula occludens-1, ZO-1)-binding motif have been
known to regulate both the protein stability and enzymatic
activity of PTEN (27). Numerous studies have also shown that
post-translational modifications, including phosphorylation,
oxidation, acetylation, and ubiquitination, are critical for PTEN
regulation (28). Among these modifications, phosphorylation
has been most extensively studied in PTEN. Phosphorylation at
five sites (Thr-366, Ser-370, Ser-380, Thr-382, and Ser-385)
dramatically reduced PTEN stability and, inversely, increased
its enzymatic activity (29). Recently, NEDD4-1 (neural precur-
sor cell expressed, developmentally down-regulated 4-1) was
identified as the first ubiquitin ligase (E3) for PTEN that regu-
lates PTEN degradation in multiple types of cancer cells
(human bladder, gastric, and colorectal carcinomas) (30, 31). It
is intriguing to note that cellular PTEN is generally very stable,
and gene knock-out of NEDD4-1 does not result in a further
increase of PTEN stability in the several cell types tested (32,
33). Therefore, it is possible that the enzymatic activity of
NEDD4-1 toward PTEN is under tight control (34). Consistent
with this model, it has been shown most recently that the tyro-
sine kinase RAK can inhibit NEDD4-1-mediated PTEN degra-
dation by phosphorylating PTEN (35). However, under which
physiological or pathological conditions NEDD4-1 degrades
PTEN is still not defined. Unlike NEDD4-2 (the closely related
family member of NEDD4-1), which has been most frequently
associated with a series of neuronal functions such as synaptic
plasticity, commissural axon guidance, as well as neuronal
survival (36—42), the central nervous system substrate for
NEDD4-1 is unknown. Hence, it was intriguing to determine
which NEDD4 member(s) (—1 and/or —2) is responsible for
modulating PTEN activity in the central nervous system.

We now demonstrate that zinc treatment in primary cul-
tured cortical neurons selectively induced protein expression of
NEDD4-1 but not NEDD4-2, resulting in enhanced interaction
between PTEN and NEDD4-1 and increased PTEN degrada-
tion by UPS, accordingly. Moreover, we show that these pro-
cesses are dependent on the PI3K/Akt signaling pathway
because a specific inhibitor (wortmannin) completely abolishes
the changes to PTEN/NEDD4-1 upon zinc treatment. How-
ever, the ubiquitinated/degraded PTEN led to Akt activation,
suggesting the existence of a feedback regulatory loop. Down-
regulation of NEDD4-1 in N2a cells by its specific siRNA, or by
partialimmunodepletion of NEDD4-1 in primary cultured neu-
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rons, resulted in markedly reduced PTEN ubiquitination and
degradation, indicating that NEDD4-1 is the major E3 ligase for
PTEN in neuronal systems. We have further validated the
notion of reciprocal protein levels of PTEN and NEDD4-1 in
rodent brains after systemic administration of zinc to mice.
This is the first report on NEDD4-1 as one major E3 ligase for
PTEN in the central nervous system, and it shows that ubiquiti-
nation of PTEN is crucial for the regulation of PTEN for the
PI3K/Akt signaling during the neuronal response to zinc.

EXPERIMENTAL PROCEDURES

Cell Culture, Treatment of Zn>", and Transfection—Primary
cultured cortical neurons were prepared as described previ-
ously (43, 44) using E17 pregnant rats. For the majority of
experiments, zinc was added at 300 M to 2-week-cultured neu-
rons for 4 h before cell lysates were prepared. In this study, we
used ZnSO, instead of ZnCl, because it has less cellular toxic-
ity. Neuroblastoma N2a cells were grown to confluency in
6-well plates or 100-mm tissue culture dishes in Dulbecco’s
modified Eagle’s medium/F-12 (HyClone)/Opti-MEM (In-
vitrogen) supplemented with 5% heat-inactivated fetal bovine
serum (HyClone), 1% antibiotic/antimycotic mixture (Invitro-
gen), 4 mMm glutamine (Invitrogen) and maintained in a humid-
ified atmosphere of 5% CO, at 37 °C (24). U87 (PTEN null glio-
ma cell line) cells were grown to confluence on 6-well plates or
100-mm dishes in Dulbecco’s modified Eagle’s medium/F-12
(HyClone) supplemented with 10% heat-inactivated fetal
bovine serum (HyClone), 1% antibiotic/antimycotic mixture
(Invitrogen), and 200 mg/liter G418 (Invitrogen).

Transient transfections were performed with vector
plasmids for pEF-PTEN-WT, pEF-PTEN-C124G, pSUPER-
siNEDD4, pGIPZ-shPTEN, pCMV-Tag2B-AKT-WT, and
Stealth negative siRNA (Invitrogen). All transfections were
performed with Lipofectamine™" 2000 (Invitrogen) on sub-
confluent N2a cells in 6-well culture plates according to the
manufacturer’s protocol. Cells were rinsed twice in ice-cold
phosphate-buffered saline, pH 7.4, after the transfections, and
48 h later cell lysates were prepared for further analysis.

RNA Interference-mediated Silencing of PTEN and NEDD4-1—
NEDD4-1-specific siRNA, which targets human and mu-
rine Nedd4-1 (NM_006154;,TGGCGATTTGTAAACCG-
AAT), was constructed into the pSUPER-puro vector (Oligo-
Engine, Seattle) according to the company’s protocol. Briefly,
primers (Nedd4-1 siRNA(+), 5'-GATCCCCTGGCGATTTG-
TAAACCGAATTCAAGAGATTCGGTTTACAAATCGCC-
ATTTTTA-3" and Nedd4-1 siRNA(—); 5'-AGCTTAAAAAT-
GGCGATTTGTAAACCGAATCTCTTGAATTCGGTTTA-
CAAATCGCCAGGG-3’) were annealed at 90 °C for 4 min and
then at 70 °C for 10 min. Subsequently, these mixtures were
step-cooled to 37 °C for 15—-20 min and then to 10 °C. Annealed
oligonucleotides were cloned into the BglIl and HindIII sites of
the vector and named pSUPER-siNEDD4-1. For silencing
PTEN expression, we purchased the pGIPZ-shPTEN plasmid
from Open Biosystems (Huntsville, AL). To validate off-target
gene silencing, we used Stealth negative siRNA (Invitrogen)
and pGIPZ-nonsilencing shRNA (Open Biosystem) as a nega-
tive control.
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FIGURE 1. Reduced PTEN protein level/stability upon zinc treatment in primary cultured neurons. A and B, zinc reduces PTEN levels in a dose- and
time-dependent manner in primary neurons. Primary neurons were exposed to different concentrations (0-300 um) of Zn>" for 4 h (A) and to 100 um for
various time points (0-8 h) (B). PTEN expression level was determined by Western blot analysis. a-Tubulin was used as a loading control. C, zinc treatment
decreased the protein stability of PTEN due to proteasome-mediated degradation. Primary rat cortical neurons were exposed to 300 um Zn>* with or without
pretreatment of 25 um MG132 for 4 h. Then 50 ug/ml cycloheximide (CHX) was added to primary neurons for various time points (05 h). PTEN expression levels
were determined by Western blot analysis. Densitometry quantification of PTEN level from the experiment presented was normalized by a-tubulin and was
from a collection of four independent experiments. *, p < 0.05; **, p < 0.01; ***, p < 0.001, compared with untreated sample; n = 3.

Quantitative Reverse Transcription-PCR—Total RNA was
extracted from cells by using TRIzol reagent (Invitrogen). The
SuperScript First Strand kit (Invitrogen) was used to synthesize
the first strand cDNA from the samples with an equal amount
of RNA, according to the manufacturer’s instructions. Synthe-
sized cDNAs were then amplified using IQ™ SYBR Green
Supermix and ICycler from Bio-Rad with 3 min of preincuba-
tion at 95 °C followed by 40 cycles of 30 s at 95 °C, 30 s at 55 °C,
and 30 s at 72 °C. The data were analyzed by using Bio-Rad
MylIQ 2.0. PCR products were verified by melting curve analysis
and agarose gel electrophoresis. Primers used for NEDD4-1 and
GAPDH amplification were as follows: NEDD4-1(+), 5'-CCA-
GGTTGGGAAGAAAAACA-3',and NEDD4-1(—),5'-ATTT-
CAGATGGCTGGGTCAC-3'; and GAPDH(+), 5'-CCCTTC-
ATTGACCTCAACTA-3', and GAPDH(—), 5'-CCTTCTCC-
ATGGTGGTGAA-3', respectively. The level of NEDD4-1
mRNA was normalized to that of GAPDH. Relative amounts of
NEDD4-1 and GAPDH were determined based on the standard
curves prepared by serial dilution of cDNA from mouse N2a
cells.

Immunoprecipitation and Western Blot Analysis—Cells were
lysed in ice-cold lysis buffer consisting of 1% Nonidet P-40, 150
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mM NaCl, 50 mm Tris, pH 8.0, and a mixture of protease inhib-
itors (Roche Applied Science). The protein concentration of
each sample was determined by Bio-Rad protein assay. Cell
lysates (300 ug) were immunoprecipitated with specific anti-
body against PTEN (Santa Cruz Biotechnology, Santa Cruz,
CA) using protein A-Sepharose (Amersham Biosciences). Fol-
lowing immunoprecipitation, immunoprecipitants or cell
lysates were heated at 90 °C for 5 min in 2X TG sample loading
buffer and separated on NuPAGE™ 4-12% Tris glycine gel
(Invitrogen) and transferred to a polyvinylidene difluoride
membrane (Amersham Biosciences). Membranes were blocked
with 5% skim milk in phosphate-buffered saline for 1 h at room
temperature and probed at 4 °C overnight with the primary
antibody in 5% skim milk/PBST. In this study, the following
antibodies (Abs) were used: rabbit anti-PTEN Ab (Cell Signal-
ing, Danvers, MA); goat anti-PTEN (Santa Cruz Biotechnol-
ogy); mouse anti-a-tubulin Ab (Sigma); rabbit anti-p-Akt Ab
(Cell Signaling); rabbit Akt 1/2/3 (Santa Cruz Biotechnology);
mouse anti-mono-poly-Ub Ab (BioMol, Plymouth Meeting,
PA); rabbit anti-NEDD4 Ab (Upstate, Charlottesville, VA);
rabbit anti-NEDD4-2 Ab (Abcam, Cambridge, MA); mouse
anti-FLAG Ab (Sigma); mouse anti-B-actin Ab (Sigma); and
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FIGURE 2. Zn?*-induced down-regulation of PTEN is mediated by the activated PI3K signaling pathway. A and B, zinc treatment induces Akt phosphor-
ylation/activation and GSK3 phosphorylation/inactivation in a concentration- and time-dependent manner. C, PI3K/Akt-dependent effect. Zinc treatment at
300 um for 4 h induced Akt activation in conjunction with reduced PTEN levels. This effect is completely abolished by the PI3K-specific inhibitor wortmannin
(Wort) (200 nm). Densitometry quantification of PTEN and p-Akt level from the experiment presented in D and E, as normalized by a-tubulin and total Akt level,

respectively; n = 5.***, p < 0.001, compared with untreated (Unt) sample.

anti-mouse IgG and anti-rabbit IgG horseradish peroxidase-
conjugated Abs (Chemicon, Temecula, CA). The membranes
were washed three times for 10 min each with phosphate-buff-
ered saline containing 0.05% Tween 20 (PBST, pH 7.4) and
incubated with horseradish peroxidase-conjugated secondary
antibodies in 5% skim milk for 30 min at room temperature.
After washing three times with PBST, immunoreactive bands
were visualized by using ECL Plus (Amersham Biosciences)
chemiluminescence reagent.

Cycloheximide Chase Assay—Neuronal cells were incubated
with 50 ug/ml cycloheximide (Sigma) for the indicated times in
the presence or absence of 300 um ZnSO,. Cycloheximide was
simultaneously treated with ZnSO,. Cells were rinsed twice in
ice-cold phosphate-buffered saline, pH 7.4, and cell lysates were
then prepared for further analysis.

Immunodepletion of NEDD4-1 in Primary Cultured Neurons—
Zinc was added 300 um to 2-week-cultured neurons for 4 h
before cell lysates were prepared. Cell lysates were immunopre-
cipitated with a control mouse IgG and NEDD4-1-specific anti-
bodies and labeled as Mock and NEDD4-1, respectively. The
treated lysates (15 ug) were then used in an in vitro PTEN
ubiquitination assay using recombinant hemagglutinin-tagged
PTEN as substrate as described previously (30, 31, 34).

Immunocytochemistry for Neuronal Morphology/Dendritic
Structure Study (MAP2) and Cell Death (Terminal dUTP Nick
End Labeling)—Work was performed as described previously
(44).

Administration of ZnSO,,into C57B6 Mice—Mouse handling
was performed according to the standard procedures approved
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by the Animal Research Committee at Burnham Institute for
Medical Research and National Institutes of Health Guidelines.
A small volume (200 ul, 600 um) of ZnSO, or saline was admin-
istered to 12-month-old female C57B6 transgenic mice by in-
traperitoneal route at different time points (0, 6, 12, 18, and
24 h). To prepare brain lysates, mouse brains were removed,
dissected, and minced by a Dounce homogenizer. Protein sam-
ples were prepared by lysing the smashed tissue with ice-cold
lysis buffer consisting of 1% Nonidet P-40, 150 mm NaCl, 50 mm
Tris, pH 8.0, and protease inhibitors (Roche Applied Science).
Statistics—All quantitative data were presented as means *
S.D. Comparison between groups were analyzed with unpaired
analysis of variance using GraphPad PRIZM software (La Jolla,
CA), and values of p < 0.05 were considered to be significant.

RESULTS

Treatment with Zn>" Reduced PTEN Levels in Cultured Neu-
ronal Models—Zinc, as an essential catalytic and structural ele-
ment of many proteins and a signaling messenger, is increas-
ingly recognized as a key player in neuronal activities at many
central excitatory synapses. Excessive synaptic release of zinc
followed by its entry into vulnerable neurons contributes to
severe neuronal cell death accompanied by Akt activation and
its downstream signaling events. Because PTEN is known to be
the major regulator of the phosphatidylinositol 3-kinase/Akt
pathway via its phosphatase activity, which converts phospha-
tidylinositol 3,4,5-triphosphate to phosphatidylinositol 4,5-
bisphosphate, we therefore speculate that zinc also modulates
PTEN, making PTEN the major executer of neuronal response
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FIGURE 3.Zn**-induced degradation of PTEN is mediated by PI3K signaling as well as the proteosomal ubiquitin system involving E3 ligase NEDD4-1.
A, zinc treatment selectively induces NEDD4-1 expression but not NEDD4-2 in neurons based on Western blot analysis. B, zinc treatment (6 h) induces
protein-protein interaction between PTEN and ubiquitins in conjunction with PTEN ubiquitination events in a concentration-dependent manner. Protein-
protein interaction was examined by co-immunoprecipitation with PTEN antibody followed by detection with NEDD4-1 antibody. PTEN ubiquitination was
examined by immunoprecipitation (/P) with an anti-PTEN antibody, followed by Ub antibody. Maximum effect is seen with 100 um zinc. 25 um MG132 was
pretreated for 30 min before zinc treatment. /B, immunoblot. C, zinc-mediated effects on induced PTEN-NEDD4-1 interaction and PTEN ubiquitination are
mediated by a mechanism dependent on PI3K signaling. Neurons were pretreated with or without 200 nm wortmannin (Wort) for 1 h. These cells were then
exposed to 300 um Zn?* for 4 h, and the resulting cell lysates were subjected to immunoprecipitation followed by Western blot analysis. D, zinc treatment
induced NEDD4-1 gene transcription as measured by quantitative PCR. Neurons were treated with or without zinc for 4 h before cells were lysed with TRIzol to

isolate RNA. **, p < 0.01, compared with untreated (Unt) sample; n = 3.

to zinc. Indeed, exposure to Zn>" significantly reduced PTEN
protein levels in primary cultured neurons in a concentration-
and time-dependent manner, with a significant effect seen at 25
uM and a 4-h time point at 100 uMm (Fig. 1, A and B). Maximum
reduction of PTEN protein levels was observed with 300 um
Zn*>*. To examine whether reduction of PTEN was induced
nonspecifically by exposure to any heavy metal ions, we
exposed neurons to various concentrations of two additional
metal ions, MgSO, and CuSO,. However, these ions did not
show any effect on PTEN levels (supplemental Fig. 1), indicat-
ing that the PTEN level was specifically reduced by Zn**

To examine whether reduction of PTEN was due to a
decrease of its protein stability in neurons, we performed a
cycloheximide chase experiment (Fig. 1C). Although PTEN lev-
els were stable in the untreated group, treatment with Zn**
induced reduction in PTEN stability after 1 h, with a significant
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loss of PTEN after 5 h. These results indicated that the Zn>™-
induced PTEN reduction in primary cortical neurons was due
to its decreased protein stability. Furthermore, we found that
pretreatment of cells with the specific proteasome inhibitor
MG132 (25 um for 30 min) before Zn>* exposure completely
rescued PTEN from degradation (Fig. 1C, last lane), indicating
an involvement of the UPS.

Zn*" -induced PTEN Reduction Requires the Activated PISK
Signaling Cascade—Zinc has been shown to induce neuronal
death in immortalized embryonic hippocampal cells, accompa-
nied by Akt activation (9). We report here a similar observation
for primary cultured cortical neuronal cells. We assessed the
effects of Zn®>" on p-Akt and p-GSK3a/B levels. Treatment
with Zn?* induced both p-Akt and p-GSK3«/f in neurons, in a
dose- and time-dependent manner (Fig. 2, A and B). Moreover,
we found that co-incubation or pretreatment with a PI3K-
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FIGURE 4. NEDD4-1 is the E3 ligase for PTEN in neurons. A, partial protein depletion of NEDD4-1 from
neuronal lysates by specific immunoprecipitation results in greatly reduced PTEN ubiquitination in an in vitro
assay. Relative band intensity was normalized by intensity of mock (untreated (Unt) sample). IB, immunoblot;
HA, hemagglutinin. B, down-regulated NEDD4-1 expression results in increased PTEN levels. Specific NEDD4
siRNA transfected into N2a cells for 48 h leads to NEDD4-1 down-regulation in a dose-dependent manner.
Densitometry quantification of PTEN and NEDD4-1 in Ais normalized by a-tubulin. Error bars represent S.D.;n =
6. C, forced down-regulation of NEDD4-1 by siRNA antagonizes zinc-mediated down-regulation of PTEN,
resulting in slightly increased PTEN levels. In these experiments, cells were exposed to 300 um Zn?* for4 h, and
cell lysates were prepared. As a negative control, Stealth negative siRNA (labeled as siControl, Invitrogen) were
utilized. Densitometry quantification of PTEN and NEDD4-1 in panel is co-normalized by a-tubulin. Error bars

represent S.D.; n = 6.

specific inhibitor (200 nM wortmannin) not only completely
abolished Akt activation, as evidenced by knocking down
p-Akt below the basal level, but also reversed the effect of
zinc on reducing PTEN protein to its basal level (Fig. 2, C-E).
These results indicated a negative feedback mechanism in
PI3K signaling for regulating PTEN levels, although it is not
clear which component(s) of the PI3K/Akt pathway medi-
ates this effect.

Zn**-induced PTEN Degradation Is Mediated by Ubiquiti-
nation via the E3 Ligase, NEDD4-1—Because MG132 can fully
prevent PTEN degradation via the UPS upon exposure to Zn>",
ubiquitination is likely necessary for the observed PTEN reduc-
tion. NEDD4-1, an E3 ubiquitin ligase from the HECT (homol-
ogous to E6-associated protein (E6AP) C terminus) family, has
recently been identified as the enzyme responsible for PTEN
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NEDD4-1 was observed in a dose-
dependent fashion upon treatment
with Zn?". Because wortmannin
efficiently inhibited degradation of
PTEN (Fig. 2C), we reasoned that
the PI3K signaling pathway may be
involved in regulating the ubiquiti-
nation of PTEN. To elucidate the
specific mechanism, we treated
neuronal cells with or without wort-
mannin before exposure to Zn>* and determined the level of
specific conjugation of ubiquitin to PTEN using co-immuno-
precipitation. As predicted, the pretreatment of wortmannin
(200 nm) potently suppressed the ubiquitination of PTEN upon
exposure to Zn>", indicating that PI3K signaling is involved in
modulating the PTEN ubiquitination process (Fig. 3C, top
panel). Furthermore, we found that wortmannin could inter-
fere with the physical interaction between PTEN and NEDD4-1
(Fig. 3C, lower panel), suggesting that wortmannin-induced
inhibition of PTEN ubiquitination was mediated by direct
blockade on the physical interaction between PTEN and
NEDD4-1. The increased NEDD4-1 protein level appeared to
correlate with the increased PTEN ubiquitination upon zinc
treatment (Fig. 3C, lane 2). Together with the enhanced physi-
cal interaction between these two molecules, we believed that
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FIGURE 5. Counter-regulation between PTEN and NEDD4-1. A, zinc-induced NEDD4-1 expression requires
PTEN. Zinc fails to induce NEDD4-1 expression at concentrations as high as 300 um in the PTEN-null gliomaline
U87. B, down-regulation of PTEN by shRNA induces NEDD4-1 protein expression in the absence of zinc treat-
ment (7st and 2nd lanes), revealing an inverse relationship in N2a cells. Further down-regulation of PTEN by
shRNA (5 ng) during the cellular response to zinc abolished zinc-mediated NEDD4-1 induction (3rd and 4th
lanes). As a negative control, pGIPZ-nonsilencing shRNA (labeled as shControl, Open Biosystems, Huntsville,
AL). G forced expression of FLAG-tagged Akt-WT in N2a cells resulted in similar consequences to down-
regulated PTEN, indicating the involvement of a PI3K-dependent mechanism. D, PTEN-mediated NEDD4-1
expression requires functional PTEN activity. Overexpression of wild type PTEN (PTEN-WT) results in suppressed
NEDDA4-1 expression in the absence of zinc treatment (7st and 2nd lanes), although a functionally inactive PTEN
(PTEN-C124S mutant, 3rd lane) leads to slightly increased NEDD4-1 levels. Similarly, after zinc treatment, over-
expression of PTEN-WT not only abolishes zinc-induced NEDD4-1 but leads to further reduced levels of

dose-dependent manner, silencing
of NEDD4-1 up-regulated PTEN to
similar degrees with or without zinc
treatment (Fig. 4, B and C). Taken
together, these findings strongly
suggest NEDD4-1 as the major E3
ligase for PTEN in neurons.

Zn*" -induced NEDD4-1 Expres-
sion Is Dependent on PTEN-regu-
lated PI3K Signaling Pathway—To
further validate the functional
importance of the PTEN-mediated
PI3K/Akt pathway in NEDD4-1
regulation, we conducted additional
experiments to examine the conse-
quences of the down-regulated/in-
activated PTEN as well as compen-
sated Akt expression on NEDD4-1.
Although exposure to Zn>* up-reg-
ulated NEDD4-1 expression in neu-
rons, NEDD4-1 expression levels
remained unchanged by Zn*" in gli-
oma U87 cells that are PTEN-null
(Fig. 5A). Moreover, shRNA of
PTEN, which specifically knocks
down PTEN expression, resulted in
a significant increase of NEDD4-1
expression in the absence of zinc;
zinc treatment did not induce a fur-
ther increase in NEDD4-1 (Fig. 5B).

NEDD4-1, which is reversed by the inactive PTEN-C124S. Unt, untreated.

NEDD4-1 is responsible for PTEN ubiquitination and the sub-
sequent degradation events.

By quantitative RT-PCR, we demonstrated that exposure of
neuronal cells to 100 um Zn?* increased NEDD4-1 mRNA lev-
els (p < 0.0026) compared with untreated cells (Fig. 3D).
Because the protein stability was not changed as measured by a
cycloheximide chase experiment (supplemental Fig. 2), we
believed that the regulation of NEDD4-1 herein may be mainly
attributed to its transcriptional up-regulation. Although we are
not certain whether Zn>* can also modulate NEDD4-1 at the
translational level as well as its enzymatic E3 ligase activity,
these results at least suggest that Zn>" can facilitate degrada-
tion of PTEN through the increase of NEDD4-1 transcription
and subsequently the protein levels in neurons.

NEDD#4-1 Is the Major E3 Ligase for PTEN upon Zinc Treat-
ment in Primary Cultured Neurons—To provide further evi-
dence for a causative role of the zinc-induced NEDD4-1 on the
observed PTEN ubiquitination, we then immunodepleted
NEDD4-1 with a specific antibody. Partial depletion of
NEDD4-1 from primary neuronal cell lysates resulted in greatly
reduced PTEN ubiquitination in an in vitro assay using hemag-
glutinin-tagged PTEN as a substrate (Fig. 44). We also used a
different approach to knock down NEDD4-1 using siRNA.
Although transfection of NEDD4-1 siRNA at various concen-
trations (3, 6, and 9 ug) down-regulated NEDD4-1 levels in a
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In parallel, forced expression of Akt
exerted a similar effect as down-reg-
ulated PTEN (Fig. 5C), suggesting
the importance of the PI3K signaling cascade and possibly a
direct role of activated Akt in NEDD4-1 regulation. To further
validate this notion, we transfected wild type PTEN (PTEN-
WT) and catalytic site dead (C124G) PTEN mutants (PTEN-
C124G) into mouse neuroblastoma N2a cells. Both PTEN and
NEDDA4-1 levels of these cells were analyzed after treatment
with or without Zn>* (Fig. 5D). Overexpression of PTEN-WT
considerably down-regulated NEDD4-1 levels in N2a cells.
However, transient transfection of PTEN-C124G, which has no
phosphatase activity, failed to diminish NEDD4-1 expression
levels. These results are consistent with the previous data with
wortmannin and confirm the involvement of PTEN-regulated
PI3K signaling in NEDD4-1 regulation.

Role of PTEN in Zinc-induced Neuronal Toxicity—Before we
studied the PTEN pathway in zinc-mediated cytotoxicity, we
established an acute zinc neurotoxicity model in primary cul-
tured neurons. Like the effect seen with brief zinc treatment (15
min at 100 pum and then washed away) on the induced
NEDD4-1 protein (supplemental Fig. 4), zinc treatment
induced dramatic morphological change in neurons as shown
by immunostaining on the MAP2 (microtubule-associated pro-
tein 2). As shown in Fig. 64, 4 h after zinc treatment caused
nearly complete loss of dendritic structures of all the neurons,
as quantified by both the number of dendrites per neuron and
the length of the remaining dendrites. Furthermore, the zinc-
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FIGURE 6. Effect of Zn>* on dendritic morphology and neuronal cell death. A, zinc-induced neuronal apoptosis. Primary rat cortical neurons were grown for
2 weeks and exposed to ZnSO, (300 um) for 0, 1, and 4 h, respectively. The neurons were then immunostained with a monoclonal antibody against MAP2 to
investigate the effect of zinc on changes of dendrite number as well as dendritic length. B, PTEN pathway plays an important role in neuronal response to zinc.
Mouse blastoma N2a cells transfected with PTEN plasmid, shPTEN, and control shRNA were treated with various doses of ZnSO, (0, 100, and 300 um) for 4 h.
Cells were then fixed 48 h after transfection, and terminal dUTP nick end-labeling staining was performed to examine the effect of zinc to neuronal cell death.
As a negative control, pGIPZ-nonsilencing shRNA (labeled as shControl, Open Biosystems). Values represent the mean = S.D. of three independent experi-
ments. *, p < 0.05; **, p < 0.01; ***, p < 0.001;n = 3.

treated neurons displayed condensed nuclei and cell shrinkage, NEDD4-2 was not changed by exposure to Zn>". Thus, these
which was confirmed to be apoptotic cells as measured by ter-  results suggest that Zn>"-induced PTEN degradation is medi-
minal dUTP nick end-labeling staining (Fig. 6B). We then used ated by up-regulation of NEDD4-1 levels in vivo as well as in
shRNA gene silencing and overexpression approaches to vitro.
manipulate the PTEN levels in neurons. We found that overex-
pression and down-regulation of PTEN resulted in opposing DISCUSSION
effects on the number of apoptotic cells induced by zinc. Fur- Zinc is an important signaling mediator that can modulate
ther down-regulation of PTEN by shRNA in the presence of various neuronal activities. Upon extracellular cues, zinc is
zinc made the neurons more resistant to zinc-induced cytotox- released into the synapse and subsequently activates various
icity, although overexpression of PTEN caused more cell death. downstream signaling cascades such as Akt/PI3K, NF-«B, and
Effect of Zn® on PTEN Stability and NEDD4-1 Expression in  c-Jun N-terminal kinase (JNK) in the brain (45). In this study,
Vivo—We have demonstrated that Zn>" ions reduce the pro- we examined the potential role of Zn>" on PTEN stability and
tein stability of PTEN and conversely increase NEDD4-1 the PI3K signaling pathway in neuronal models. Exposure to
expression in vitro. Therefore, to elucidate these effects in vivo, Zn>* leads to down-regulated PTEN protein levels due to
we systemically administered 200 ul of 600 um Zn>* to 1-year- increased protein degradation by the UPS, as evidenced by
old female C57B6 mice and analyzed PTEN, NEDD4-1, and induced PTEN ubiquitination. We also demonstrate that
NEDD4-2 levels in brain lysates prepared on a time course (0,6, NEDD4-1 is the main E3 ligase for PTEN in neurons. Further-
12, 18, and 24 h). Because many studies have shown that Zn>*  more, we found that PTEN and NEDD4-1 are inversely regu-
can easily penetrate the blood brain barrier by intraperitoneal lated through the PI3K signaling pathway via a negative feed-
or oral administration, we predicted that infiltration of Zn®>"  back loop mechanism.
would show significant effects on the PTEN level in a relatively Our observation of the Zn>"-induced PTEN protein degra-
early time frame. Internal exposure to Zn>* resulted in notably ~ dation in neuronal cells is consistent with the previous reports
reduced PTEN levels in the brain 18 h after administering Zn>"  in various cell systems (46, 47). Furthermore, the use of PI3K-
intraperitoneally (Fig. 7A). As expected, an inverse correlation  specific inhibitor wortmannin in primary cultured cortical neu-
was observed in NEDD4-1 and PTEN levels (Fig. 7B). However, rons completely suppressed the Zn>*-induced PTEN reduc-
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FIGURE 7. Administration of Zn>" in vivo induces NEDD4-1 and reduces
PTEN. A, inverse protein levels of PTEN and NEDD4-1 in treated mouse brains.
Systemic administration of zinc (200 ul of 600 um ZnSO,, or saline via intra-
peritoneal injection in adult C57B6 mice) with protein levels determined by
Western blot analysis on brain lysates prepared at different time points after
zinc treatment. B, densitometry quantification of PTEN, NEDD4-1, and
NEDD4-2 in A normalized by a-tubulin.

tion at the protein level, an effect equivalent to the proteasome
inhibitor MG132 (Fig. 3). These findings indicate that the acti-
vated PI3K signaling pathway, as a consequence of the reduced
PTEN activity, also exerts a feedback mechanism on modulat-
ing PTEN ubiquitination and its degradation. This observation
is also consistent with the previously published data in lung
airway BEAS-2B cells (47). The conserved mechanism indicates
that this feedback loop between PTEN and PI3K signaling may
be a common regulatory mode in the stress response to zinc in
various cell types.

In this study, we investigated the potential role of the ubiq-
uitin ligase NEDD4-1 in PTEN ubiquitination in neuronal sys-
tems. We observed that exposure to Zn>" progressively
enhanced physical interactions between PTEN and NEDD4-1,
which induced degradation of PTEN likely via activated UPS
(Fig. 3). Moreover, siRNA-down-regulated NEDD4-1 in neuro-
nal cells caused the cells to fail to respond to zinc with reduced
PTEN protein levels. We therefore conclude that NEDD4-1 is
the major E3 ligase for PTEN in neuronal systems. Although
X-linked inhibitor of apoptosis protein is also reported to be the
E3 ligase for PTEN in cancer cells and primary mouse embry-
onic fibroblast cells (48), our preliminary data showed no
change in X-linked inhibitor of apoptosis protein level upon
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zinc treatment.* Our results also exclude the involvement of
NEDD4-2 in regulating neuronal PTEN in response to zinc,
despite the fact that this member of the family has been fre-
quently reported to be associated with a number of neuronal
activities, synaptic plasticity, commissural axon guidance, as
well as neuronal survival; a number of central nervous system
substrates have been identified for NEDD4-2, including a num-
ber of membrane ion channels and transporters, TrkA, and
dopamine transporter (36 —42). We should stress that, to our
knowledge, these findings are the first to identify PTEN as one
of the central nervous system substrates for NEDD4-1.

Interestingly, as in previous studies with various cancer cells
(30, 49), we observed an inverse correlation between PTEN and
NEDDA4-1 protein levels upon zinc treatment in mouse brains
(Fig. 7). These findings strongly suggest that PTEN and
NEDDA4-1 levels are counter-regulated by each other through
the PI3K pathway via a negative feedback loop mechanism, sim-
ilar to the reported relationship of p53 and Mdm2 (50, 51).
However, it is not clear which component of the PI3K pathway
plays the key role. Although there are reports indicating that
Zn>" metal ions can contribute to cellular physiology (e.g. neu-
ropeptide production and insulin signaling pathway) through
regulation of protein stability (46) instead of protein activity
(52), we found that Zn?>* modulates NEDD4-1 mRNA tran-
scripts instead of protein stability. It may not be surprising that
certain downstream molecules of the PI3K/Akt pathway such
as FOXO can regulate the components of basic transcriptional
machinery (53). Further characterization of the NEDD4-1 pro-
moter may shed some light on which signaling pathways and/or
transcription factors can regulate NEDD4-1 transcription in
neuronal cells, which is the key to elucidating the feed-back
loop mechanism.

In summary, our present work identifies NEDD4-1 as the E3
ligase for neuronal PTEN and suggests that PTEN ubiquitina-
tion is a critical regulatory step in modulating PTEN level/ac-
tivity and thus the subsequent PI3K/Akt pathway. Given the
importance of the role of the PTEN-regulated PI3K/Akt path-
way in neuronal responses to various insults, including zinc, a
full understanding of the key mechanisms underlying PTEN
regulation during the responses is crucial and is instrumental to
the future design of therapeutics in neuroprotection. Although
our data showed that down-regulation of PTEN conferred neu-
rons more resistant to neurotoxin-induced apoptosis in our
acute neuronal death model, presumably by activating the Akt
survival signaling, the PTEN level is also found to be reduced in
conjunction with elevated Akt phosphorylation in Alzheimer
disease brains (54, 55). The latter observation suggests that loss
of PTEN may contribute to neurodegeneration despite the fact
of elevated Akt phosphorylation. It is not clear whether the Akt
signaling pathway is impaired in Alzheimer disease brains
because chronic Akt activation may be detrimental to neurons
as exemplified in other studies (56). Alternatively, the observed
increase in phospho-Akt in the Alzheimer disease brains does
notindicate increased Akt activation and signaling as suggested
by a recent report showing that increased phospho-Akt is asso-

4Y.-D. Kwak, unpublished data.
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ciated with impaired Akt signaling (57). Nevertheless, it
remains to be determined whether NEDD4-1-mediated ubiq-
uitination is one of the major mechanisms that lead to PTEN
reduction in chronic neurodegenerative processes.
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