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Upregulation of the E3 ligase NEDD4-1 by Oxidative Stress
Degrades IGF-1 Receptor Protein in Neurodegeneration
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The importance of ubiquitin E3 ligases in neurodegeneration is being increasingly recognized. The crucial role of NEDD4-1 in neural
development is well appreciated; however, its role in neurodegeneration remains unexplored. Herein, we report increased NEDD4-1
expression in the degenerated tissues of several major neurodegenerative diseases. Moreover, its expression is upregulated in cultured
neurons in response to various neurotoxins, including zinc and hydrogen superoxide, via transcriptional activation likely mediated by
the reactive oxygen species (ROS)-responsive FOXM1B. Reduced protein levels of the insulin-like growth factor receptor (IGF-1R 3) were
observed as a consequence of upregulated NEDD4-1 via the ubiquitin-proteasome system. Overexpression of a familial mutant form of
superoxide dismutase 1 (SOD1) (G93A) in neuroblastoma cells resulted in a similar reduction of IGF-1R protein. This inverse correla-
tion between NEDD4-1 and IGF-1RS was also observed in the cortex and spinal cords of mutant (G93A) SOD1 transgenic mice at a
presymptomatic age, which was similarly induced by in vivo-administered zinc in wild-type C57BL/6 mice. Furthermore, histochemistry
reveals markedly increased NEDD4-1 immunoreactivity in the degenerating/degenerated motor neurons in the lumbar anterior horn of
the spinal cord, suggesting a direct causative role for NEDD4-1 in neurodegeneration. Indeed, downregulation of NEDD4-1 by shRNA or
overexpression of a catalytically inactive form rescued neurons from zinc-induced cell death. Similarly, neurons with a NEDD4-1 haplo-
type are more resistant to apoptosis, largely due to expression of higher levels of IGF-1R B.Together, our work identifies a novel molecular

mechanism for ROS-upregulated NEDD4-1 and the subsequently reduced IGF-1R 3 signaling in neurodegeneration.

Introduction
Neurodegenerative disorders such as Alzheimer’s disease (AD),
Parkinson’s disease (PD), Huntington’s disease (HD), and amyo-
trophic lateral sclerosis (ALS) represent the most devastating dis-
eases in the developing world. Despite a diverse array of causative
factors for these diseases, several common pathogenic mecha-
nisms have been identified, including aberrant protein aggrega-
tion/deposition, elevated oxidative stress (ROS), mitochondrial
dysfunction, and neuronal death.

Impaired insulin/insulin growth factor (IGF)-1 signaling has
been associated with all of these major diseases (Gasparini and
Xu, 2003; Trejo et al., 2004; de la Monte and Wands, 2005; Freude
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etal., 2009). The biological effects of IGF-1 are mediated by bind-
ing to specific IGF receptors present in target tissues. The IGF-1
receptor (IGF-1R) is a ligand-dependent tyrosine kinase acti-
vated by phosphorylation of the tyrosine residues in the tyrosine
kinase domain of the 3-subunit, thereby stimulating several in-
tracellular signal transduction cascades (Butler et al., 1998). Fine-
tuning of IGF-1Rf regulation is crucial for brain functions:
IGE-1R} levels on the cell surface are mainly controlled by inter-
nalization and degradation via the ubiquitin-proteasome system
(UPS). In many cancer cell types, IGF-1R3 ubiquitination is me-
diated by the HECT family of E3 ligases such as NEDD4-1 (Le-
Roith et al., 1995). NEDD4-1 has been found to play key roles in
various aspects of neuronal development in vertebrates and in-
vertebrates (Kumar et al., 1992; Yang and Kumar, 2010). For
example, NEDD4-1"'~ embryos are characterized by the small
size of skeletal muscle fibers and the reduced number of motor
neurons (MNs; Liu et al., 2009). In addition, NEDD4-1 /™ mice
die during or shortly after birth and display severe intrauterine
growth retardation (Cao et al., 2008; Liu et al., 2009). This same
phenotype is also exhibited by mice carrying an Igflr-null muta-
tion (Baker et al., 1993; Liu et al., 1993). More recently, there are
reports that NEDD4-1 is also required for axonal branching and
that its overexpression promotes neuritic outgrowth (Drinjak-
ovic et al., 2010; Kawabe et al., 2010). Although widely expressed
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Table 1. Patient sample information

Kwak et al. ® NEDD4-1 Regulated IGF-1R in Neurodegeneration

Age Sex Braak_Combo Diagnosis

1 69 Male 1.2 Normal

2 102 Female 12 Normal

3 97 Female 12 Normal, lacunar infarct, chronic (old), ischemia

4 74 Female 1.2 Normal

5 84 Male 0.2 Alzheimer's changes, infarct, chronic (old), other (unclassified)

6 84 Male 1.2 Alzheimer’s changes, mild

7 91 Female 1.2 Alzheimer’s changes, moderate

8 83 Male 5.2 Alzheimer's changes, progressive multifocal leukoencephalopathy

9 Male 1 Parkinson’s disease, idiopathic
10 74 Male 0.2 Parkinson’s disease, idiopathic
N 89 Female 42 Parkinson’s disease, idiopathic/Alzheimer’s disease
12 74 Male Parkinson’s disease, idiopathic/Alzheimer’s change, moderate/Amyloid angiopathy
13 73 Male 0 Parkinson'’s disease, idiopathic/neocortical Lewy body/amyloid angiopathy
14 47 Male 0 Huntington’s disease
15 Female 0 Huntington’s disease
16 Male 6.2 Huntington’s disease
17 35 Female 0 Huntington’s disease
18 75 Female 0 Huntington’s disease

in the vertebrate CNS (Kumar et al., 1992), the role of NEDD4-1
in adult brains has remained largely unexplored.

Zinc has been increasingly recognized as an important mol-
ecule that plays both physiological and pathological roles in a
variety of biological processes as well as in chronic neurode-
generative diseases such as AD and ALS via elevated oxidative
stress (Cuajungco and Lees, 1997; Koh, 2001; Lee, 2002; Fried-
lich, 2004; Frederickson et al., 2005; Smith and Lee, 2007); a
high concentration of zinc is known to cause acute neuronal
death through a mechanism similar to excitotoxicity. We re-
cently demonstrated that zinc induces UPS activation by up-
regulating NEDD4-1 expression in neurons (Kwak et al,
2010a). Herein, we report that NEDD4-1 is upregulated by a
variety of neurotoxins that elicit oxidative stress in neurons,
leading to IGF-1R protein degradation via UPS. Elevated
NEDD4-1 expression is also found in the brain tissues of AD,
PD, HD, and the spinal cord tissues of ALS and mutant SOD1
mice. Moreover, downregulation/inactivation of NEDD4-1
expression/activity completely rescued neurons from zinc-
induced cell death. Together, our work discovers a novel mo-
lecular mechanism underlying neurodegeneration.

Materials and Methods

Cell culture, treatment of Zn® ", and transfection. Primary cultured cortical
neurons were prepared as described previously (Kwak et al., 2010a) using
E17 pregnant rats. For the majority of experiments, zinc was added at 300
uM to 2-week-old cultured neurons for 4 h before cell lysates were pre-
pared. In the present study, we used ZnSO, instead of ZnCl, because it
has less cellular toxicity. Neuroblastoma N2a cell cultures and transient
transfections were performed as described previously (Kwak et al.,
2010a). Transient transfections with vector plasmids for pRc-CMV-T7-
NEDD4-1-WT, pRc-CMV-T7-NEDD4-1-CS, pSUPER-shNEDD4-1,
pCDNA3-EGFP-SOD1-WT, pCDNA3-EGFP-SOD1-G93A, and = Stealth-
negative siRNA (Invitrogen) were performed with Lipofectamine 2000 (Invitro-
gen) on subconfluent N2a cells in 6-well culture plates according to the
manufacturer’s protocol.

Quantitative reverse transcriptase PCRs. Quantitative reverse transcriptase
PCR (qRT-PCR) on NEDD4-1 and a glyceraldehyde-3-phosphat dehydro-
genase (GAPDH) control were performed as described previously (Kwak et
al,, 2010a). Primers used for NEDD4-1 and GAPDH amplification were
NEDD4-1(+): 5'-CCAGGTTGGGAAGAAAAACA-3" and NEDD4-1 (—):
5'-ATTTCAGATGGCTGGGTCAC-3" and GAPDH (+): 5'-CCCTTCAT-
TGACCTCAACTA-3" and GAPDH (—): 5'-CCTTCTCCATGGTGGT-
GAA-3', respectively.

Chromatin immunoprecipitation assay. HEK293 cells (2 X 10°) were
treated with 50 or 100 um H, O, for 6 h and then were prepared for the assay
according to the manufacturer’s instructions from the ChIP assay kit (Mil-
lipore). The resulting DNA complexes were first immunoprecipitated us-
ing the indicated anti-FOXM1B antibodies (Santa Cruz Biotechnology)
and then DNA was purified from the complexes and subjected to PCR to
amplify the putative FOXM1B binding region 1 (—745 to —560 bp) of the
NEDD4-1 promoter using the primers 5-TCTTCGTCACTGC-
CTTCTG-3' and 5'-TTGGACTCGGGATCTGAAA-3'.

NEDD4-1 heterozygous and SOD1-Tg mice. NEDD4-1*'~ mice were
generously provided by Mutant Mouse Regional Resource Centers (B6;
12955-Nedd4 Gt(IRESBetageo)249Lex N imyed; stock #011742-UCD) and
genotyped following the instruction provided by NIH-0931 Genotyping
Strategies. Cortical neurons were isolated and prepared from PO pups
following quick genotyping to separate heterozygous from wild-type
(WT) pups. The G93A SOD1-Tg mice (stock #004435) were obtained
from the The Jackson Laboratory, maintained by crossing with C57BL/6
mice, and genotyped by genomic PCR following the procedure provided
by the vendor.

Immunoprecipitation and Western blot analysis. IP-Western experi-
ments were performed as described previously (Kwak et al., 2010a). The
following antibodies (Abs) were used: mouse anti-monopoly-Ub Ab
(Enzo), rabbit anti-NEDD4-1 Ab (Millipore), rabbit anti-NEDD4-2
(Abcam), mouse anti-enhanced green fluorescent protein (EGFP) (Cell
Signaling Technology), rabbit anti-IGF-1RB (Cell Signaling Technol-
ogy), mouse a-tubulin (Sigma), mouse anti-B-actin Ab (Sigma), and
anti-mouse IgG and anti-rabbit IgG horseradish peroxidase-conjugated
Abs (Millipore Bioscience Research Reagents). For immunoprecipita-
tion, cell lysates (300 ug) were immunoprecipitated with specific anti-
body against IGF-1Rf using protein A-Sepharose (GE Healthcare
Bioscience), followed by standard procedures described in our previous
work (Kwak et al., 2010a).

Immunocytochemistry and immunohistochemistry. For neuronal mor-
phology (MAP2) and propidium iodide staining, experiments were per-
formed as described previously (Kwak et al., 2010a), e.g., SOD1-Tg
mouse spinal cord histology. Briefly, paraffin sections (5 um) were
deparaffinized by passing through 100% xylene and rehydrated through
serial dilutions of ethanol (100, 95, and 75%). Antigen retrieval was
accomplished by incubating the sections for 4—5 min in 10 mwm citrate
buffer at 95°C. Endogenous peroxidase activity was suppressed with 3%
H,0, (in dH,0) for 30 min. Following washing with PBS and blocking
with 5% goat serum [1 h; room temperature (RT)], sections were incu-
bated with IGF-1RB (1:100; Cell Signaling Technology, #3027) or
NEDD4-1 (1:400 to 1:2000; Millipore, #07-049) Ab in PBST at 4°C over-
night. After incubation with the first antibody and proper washing, sec-
tions were incubated with biotinylated secondary antibody (1:200 in
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Results

Increased expression of NEDD4-1 protein
in degenerated human specimens

. To investigate the potential involvement
of the E3 ligase NEDD4-1 in the process
of neurodegeneration, we examined pro-

Lrral ] . tein expression levels using Western blot

Relative NEDD4-1 expression
(A.U)

analysis on a panel of specimens taken
from patients diagnosed with end-stage
. AD, PD, HD, and ALS and compared
them to age-matched control specimens
(NC: patients died from disorders not re-

. lated to CNS). The patient cohort and in-
. * . formation are summarized in Table 1.

Figure 1.

cancer) were used as control for ALS.

PBST; Vector Laboratories, Vectastain Elite ABC Kit; #PK-6200) for 2 h
at RT. After washing, the sections were incubated with ABC reagent
(1:100 in PBST; Vector Laboratories, Vectastain Elite ABC Kit) for 1 h at
RT. The colored reaction product was developed with a diaminobenzi-
dine peroxidase substrate kit (Vector Laboratories, #SK-4100). Sections
are finally dehydrated and mounted. Images are obtained under a bright-
field light microscope (Olympus).

The TUNEL assay was performed by a kit (Promega, category
#G3250). Cells were cultured in poly-L-lysine-coated coverslip in a 24-
well plate. To control for the effects of cell density, equal numbers of cells
were plated per well. TUNEL+ cells were counted from digital images
using PicCnt software. To select TUNEL nuclei, Cell-counting software
was applied that accounted for clustering, but excluded very small nu-
clear fragments. Positive controls are performed by incubating with
DNase 1.

Human tissue samples. Human brain samples were provided by Uni-
versity of California San Diego and were analyzed with institutional per-
mission under California and National Institutes of Health (NIH)
guidelines. Informed consent was obtained following the procedures of
the Institutional Review Boards of the Sanford-Burnham Institute for
Medical Research. Human lumbar spinal cord segments from five pa-
tients that died of respiratory failure caused by ALS were provided by the
Human Brain and Spinal Fluid Resource Center, West Los Angeles
Healthcare Center, Los Angeles, CA, sponsored by National Institute of
Neurological Disorders and Stroke—National Institute of Mental Health,
National Multiple Sclerosis Society, and the Department of Veterans
Affairs. Control samples were obtained from six individuals who died
from AD and lung cancer. The age, gender, and postmortem interval of
the subjects are described in Table 1.

Administration of ZnSO, to C57BL/6 mice. Mouse handling was per-
formed according to the standard procedures approved by the Animal
Research Committee at the Sanford-Burnham Medical Research Insti-
tute and NIH Guidelines. A small volume (200 ul, 600 um) of ZnSO, or
saline was administered to 12-month-old female C57BL/6 mice by intra-
peritoneal injection at different time points (0, 6, 12, 18, and 24 h). To
examine protein expression of NEDD4-1/IGF-1Rp, the expression levels
of these proteins were analyzed in the brain and spinal cord samples from
these mice.

Statistics. All quantitative data were presented as means = SDV. Com-
parisons between groups were analyzed with unpaired ANOVA using
GraphPad PRIZM software and values of p < 0.05 were considered to be
significant.

AD

Quantitative analysis of NEDD4-1 protein levels in human specimens. A, NEDD4-1 was detected by immunoblot
analysis using 15 g protein lysates prepared from frontal regions of clinical patients. NC, normal age-matched control; AD,
Alzheimer’s disease; PD, Parkinson’s disease; HD, Huntington’s disease. Densitometry analysis reveals a statistically significant
elevation of total NEDD4-1 levels in AD, PD, and HD brains compared with NC brains. ***p << 0.001; *p << 0.05. B, Increased
NEDD4-1 in the lumbar spinal cord specimens from ALS patients. Age-matched AD cases and two NC (patients died from lung

Ne ALs From semiquantitative profiling of NEDD4-1
in 33 human specimens, we found that
NEDD4-1 protein levels were elevated in
all of the degenerated specimens we exam-
ined, with the highest levels seen in the
forebrains of HD patients (Fig. 1A) and
four of the five spinal cord ALS samples
(Fig. 1 B), while nearly undetectable in the
spinal cords of four controls (AD). We
also noticed that the same polyclonal anti-
NEDDA4-1 antibody we used in these Western blot assays revealed
doublets in cortical samples and single species of the NEDD4-1
protein in the spinal cord samples. Interestingly, the NEDD4-1
protein expression level was also found to be increased in the
normal aged brains of C57BL/6 mice, though levels increased
slower (data not shown).

NEDD4-1 expression is upregulated by various neurotoxins via
elevated oxidative stress

Since ROS is the common denominator in neurodegenerative
diseases and in normal aging processes, we suspected that ROS
induces the upregulation of NEDD4-1. Indeed, using cultured
primary rat cortical neurons, we found that NEDD4-1 is rapidly
induced in neurons after treatment with a variety of neurotoxic
agents (Fig. 2A); all these agents are known to induce ROS and
are thus relevant to the aforementioned neurodegenerative dis-
eases. These agents include the soluble form of B-amyloid pep-
tides secreted from a natural source (7PA2/CHO cells stably
transfected with two familial AD mutants of amyloid precursor
protein (APP; Walsh et al., 2002), the classic apoptotic stimulus
(camptothecin), H,O,, and zinc. Furthermore, pretreatment of
neurons with several antioxidants for 1 h completely prevented
neurons from zinc-induced NEDD4-1 upregulation; these in-
cluded diphenylene iodonium at 10 uM, N-acetyl cysteine at 0.5
or 1 mM, and catalase at 1000 U (data not shown).

Oxidative stress (H,O, ) induces transcriptional activation of
NEDD4-1 through a factor FOXM1B

Using qRT-PCR, we then demonstrated that H,O, induced
NEDD4-1 transcription in a dose-dependent manner, with the
maximum induction of ~2.5-fold increase in NEDD4-1 mRNA
achieved at 100 uM (Fig. 2B). To identify the key transcription
factor(s) mediating this ROS response, the NEDD4-1 promoter
region was analyzed using MatInspector software (Genomatix),
which predicted a ~2 kb 5'-flanking NEDD4-1 promoter region
containing several putative regulatory elements, such as heat
shock transcription factor (HSF), activating protein (AP1), spec-
ificity protein 1 (SP1), and a member of FOXM1B (Fig. 2C).
Using a chromatin immunoprecipitation assay, we further dem-
onstrated that H,0, induced FOXMI1B binding to the human
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Figure 2.  Oxidative stress transcriptionally upregulates NEDD4-1 protein expression levels in primary cultured cortical neurons. A, Increase in NEDD4-1 protein levels induced by various
neurotoxins. Two-week-old cultured mature neurons were exposed to various concentrations of agents for 4 h followed by Western blot analysis. 7PA2 represents a source of soluble A from cultured
conditioned media collected from mutant APP-transfected CHO cells (Walsh et al., 2002): “1/10” indicates 10-fold dilution, which contains ~200 pm AB. Quantification bar graph is based on
densitometry analysis of three independent experiments; data presented as means == SD. **p << 0.005; *p << 0.05. B, H,0, upregulates NEDD4-1 transcription in primary neurons dose dependently
as determined by qRT-PCR 6 h after treatment. Data presented as means = SD from three independent experiments. ***p < 0.001. C, The schematic structure of NEDD4-1 promoter region. “+ 1"
indicates the transcription initiation site. The putative binding sites for several transcription factors were predicted by the online program Genomatix Matinspector using Matix Family Library Version
8.3 (October 2010) with parameters of core/matrix sim, 0.75/0ptimized. The DNA sequence of the promoter region (—753 to —553 bp) containing the putative FOXM1B binding site (underlined)
is presented. Two primer sequences used ina ChIP assay are highlighted in green. D, H,0,-induced binding of FoxM1B to the NEDD4-1 promoter as detected by a ChIP assay. HEK293 cells were treated
with 50 umor 100 um H,0, for 6 hfollowed by the ChIP procedure. The micrograph shows the PCRresults from the DNA purified afterimmunoprecipitation with anti-FOXM1B antibody; 200 bp bands
represent the amplified DNA fragment containing the FOXMB1 binding site. Input and IgG (used inimmunoprecipitation) serve as positive and negative controls for the samples treated with H,0,,

which were immunoprecipitated by specific FOXMB1 antibody.

NEDD4-1 promoter (Fig. 2D; at 6 h after H,O, treatment). It
should be pointed out that H,O,-induced NEDD4-1 transcrip-
tion reached a plateau after 1 h treatment and lasted for 24 h (data
not shown). As controls, no enhanced binding of the other puta-
tive transcription factors (HSF-1, AP1, or SP1) to the NEDD4-1
promoter region was detected upon H,O, treatment (data not
shown), suggesting FOXM1B as the major factor mediating the
ROS response in upregulating NEDD4-1 transcription; whether
the timing of induced FOXMI1B binding correlates with
NEDDA4-1 transcriptional activation warrants further study.

H,0,/zinc induces NEDD4- 1, which downregulates the IGF-1R[3
protein in cultured neurons

We next examined the effect of oxidative stress caused by H,O, or
zinc on the expression levels of NEDD4-1 and one of its major
substrates from the tyrosine receptor family, IGF-1R. Using
primary cultured neurons, we found that H,O, treatment (10, 50,
and 100 um) resulted in reduced IGF-1Rp levels, which corre-
lated dose dependently with the increased NEDD4-1 levels (Fig.
3A). In contrast to the elevated NEDD4-1 transcription induced
by H,O,, no increase in IGF-1Rf messenger RNA was found
(data not shown). Similarly, cytotoxic zinc increased NEDD4-1
protein levels, but not NEDD4 -2, while decreasing IGF-1R3 lev-
els in both a dose-dependent (Fig. 3B) and time-dependent man-

ner (data not shown). We found that this effect was only achieved
by zinc and not by other heavy metals such as magnesium and
copper. Moreover, zinc also slightly reduced levels of insulin re-
ceptor (IR), another substrate of NEDD4-1, but exerted no effect
on the other two E3 ligases (e.g., Mdm2 and c-Cbl) that are
known to mediate IR/IGF-1RB degradation in several non-
neuronal cell models (Girnita et al., 2003; Sehat et al., 2008) (data
not shown). We therefore speculated that NEDD4-1 is the major
E3 ligase that mediates the IGF-1R protein degradation induced
by zinc in neurons. In support of this, we found that overexpres-
sion of NEDD4-1 in N2a cells gradually reduced IGF-1RS with
complete ablation of the receptor protein achieved by 0.5 ug/ml
of plasmid (Fig. 3C).

To further investigate whether the zinc-induced reduction in
IGF-1Rf is mediated by the UPS, neurons were cotreated with
zinc with or without a proteasomal inhibitor (MG132) (Fig. 3D).
We found that zinc-induced degradation of IGF-1Rf3 was com-
pletely prevented by blocking the UPS. In line with this finding,
IGF-1RB was found to be abundantly ubiquitinated upon zinc
treatment (Fig. 3E); downregulation of NEDD4-1 gene expres-
sion by a specific shRNA resulted in ~50% reduction of
NEDDA4-1 expression as previously reported (Kwak et al., 2010a)
and inhibition of receptor ubiquitination to the basal level, even
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described in Figure 3£. D, Quantification of ubiquitination levels of IGF-1R 3 based on three experiments. ***p << 0.001.

Neurotoxic zinc promotes ubiquitination of IGF-TR3/protein degradation via upregulating NEDD4-1. A, B, H,0, and zinc
induce NEDD4-1 expression and reduce IGF-TR(3 levels in a dose-dependent manner in primary cultured neurons. Protein levels were
determined by Western blot analysis after a 4 h treatment. Representative data are shown from four sets of independent experiments. C,
Overexpression of NEDD4-1in N2a mouse neuroblastoma cells resultsin reduction (by 0.1 r.g/ml plasmid) and elimination (by 0.5 pg/ml
plasmid) of IGF-1R3 protein as detected 48 h after transfection. D, Zinc-induced IGF-1R3 reduction is due to UPS-mediated protein
degradation. Neurons were pretreated with MG132 at 25 wum for Th before zinc treatment (300 ) and the protein level of IGF-1R 3 was
determined 4 h later by Western blot analysis. £, NEDD4-1 mediates zinc-induced IGF-1R 3 ubiquitination. Treatment with zinc specifically
promoted ubiquitination of IGF-1R 3 as detected by a polyclonal antibody against ubiquitin after |GF-1R 3 immunoprecipitation. NEDD4-
1-speific sShRNA or a scramble control was transfected into N2a cells to test whether NEDD4-1 is the E3 ligase responsible for the zinc-
induced reduction of IGF-1R3. F, Neurons were pretreated with TPEN at various concentrations for 1h, followed by zinc treatment for an

Differential effects of WT and mutant SOD1 gene transfection on IGF-1R 3 levels upon zinc treatment. 4, N2a neuroblastoma
cells overexpressing WT and mutant (G93A) SOD1 were treated with or without zinc for 48 h after transient transfection with 0.4 r.g/ml
plasmid. The IGF-TR3 protein level was determined by Western blot analysis 4 h after zinc treatment. Anti-EGFP antibody was used to
determine the transfection efficiency. B, Quantification was based on three sets of experiments. ***p << 0.001; **p << 0.005. ¢, Mutant
SOD1 increases basal IGF-1R3 ubiquitination levels in the absence of zinc. Experiments were conducted in a similar manner to those
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in the presence of zinc. A cell-permeant
metal ion chelator (TPEN) that is com-
monly used in zinc treatment studies to
deplete intracellular and extracellular zinc
consistently increased the steady-state
level of the endogenous IGF-1Rf protein
dose dependently and partially preserved
IGF-1R} after treatment with neurotoxic
zinc (Fig. 3F). Collectively, these findings
indicate that NEDD4-1 is the major E3
ligase for the degradation of IGF-1Rf in
response to zinc in cultured neurons.

SODI1 plays an important role in
counteracting zinc-induced

IGF-1Rf downregulation

SOD1s are a class of enzymes that catalyze
the dismutation of superoxide into oxy-
gen and hydrogen peroxide and thus rep-
resent the most important enzymes that
protect cells from oxidative stresses. SOD1
mutations are frequently found in fa-
miliar ALS cases and certain SOD1 mu-
tants render neurons more vulnerable to
zinc-mediated toxicity due to an altered
binding affinity to copper and zinc ions
(Zimmerman et al., 2007; Ilieva et al.,
2009). Moreover, an elevated intracellular
zinc level is found in primary patient tis-
sues and in the spinal cord MNs of SOD1-
G93A-Tg mice (Kim et al., 2009). To
elucidate the pathological relevance of a
zinc-induced reduction of IGF-1RB in
our cultured neurons, we examined
whether SOD1 can rescue the reduction in
IGF-1RB. We found that overexpression
of WT SOD1 by transient transfection
prevented the zinc-induced reduction of
IGF-1RB in mouse neuroblastoma N2a
cells while the mutant SOD1-G93A fur-
ther downregulated IGF-1R (Fig. 4 A, B).
The effect of SOD1 on the IGF-1Rf level
was also tested by measuring the level of
ubiquitinated IGF-1Rp. In the absence of
zinc, the basal receptor ubiquitination
levels were further reduced by WT SOD1
transfection but significantly enhanced by
the mutant SOD1 (Fig. 4C,D). As pre-
dicted, treatment with zinc increased
ubiquitination of IGF-IRB (mostly
polyubiquitination), while overexpres-
sion of SOD1-WT dramatically blocked
this zinc-induced polyubiquitination. In-
terestingly, overexpression of SODI-
G93A enhanced IGF-1R ubiquitination
but at a lower range of molecular weight
species, which may represent some degra-
dative protein products.

Encouraged by the findings from the
cell model, we further investigated the re-
lationship between NEDD4-1 and IGF-
1RB in cortical and spinal cord specimens
taken from G93A SODI transgenic and
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control mice. At a presymptomatic age
(30-d-old mice), we found that the NEDD4-1
expression level was much higher in the
samples from mutant mice than from
nontransgenic (non-Tg) littermate con-
trol mice in all the tissues examined, in-
cluding cortex, cervical, and lumbar cords
(Fig. 5A). Spinal cord samples express
higher levels of NEDD4-1 protein than
cortex. However, a significant reduction
of IGF-1R levels was only observed in
the cortical samples (containing layer V).
On the contrary, IGF-1R protein levels
appeared to be unchanged in the cervical
cord samples (C5) and even slightly in-
creased in the lumbar cord samples (L5)
of the SOD1-Tg mice. At a late symptom-
atic age (125 d), NEDD4-1 protein levels
were increased by 3- to 4-fold in the lum-
bar cord samples (p < 0.001); however,
there was no significant reduction of IGF-
IRB (p > 0.05) (Fig. 5B). Histological
analysis consistently showed that a basal
level of NEDD4-1 immunoreactivity was
usually associated with neuronal cells in
the spinal cords of non-Tg control mice. A
higher immunoreactivity to NEDD4-1 was as-
sociated with degenerating or degenerated
MNs in the lumber anterior horn regions
taken from end-stage G93A SOD1-Tg mice
(Fig. 5C,D). These results strongly indicate the
involvement of upregulated NEDD4-1 in
neurodegeneration.

Interestingly, IGF-1R3 expression lev-
els are much lower in the spinal cords than
in cortical neurons at early stages (Fig.
5A), consistent with their messenger RNA
levels (data not shown). Although the re-
ceptor protein levels did not show a signif-
icant difference between SOD1-Tg and
control mice at late stages based on West-
ern blot analysis using whole tissue lysates
(Fig. 5B), we found striking nuclear local-
ization of the receptor with higher densi-
ties found in the majority of the large
lumbar anterior horn MNs, as compared
with the homogeneous membranous
staining of the MNs in non-Tg tissue
(Fig. 5E). Moreover, the morphology of
most of these MNs with nuclear recep-
tors appeared normal (~75%) with only
a small percentage of neurons (~25%)
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Figure5. Altered protein expression levelsin the cortex and spinal cords of the mutant G93A SOD1 mice. 4, Protein levels
of NEDD4-1 and IGF-1R3 in presymptomatic G93 SOD1-Tg and littermate control mice. Two pairs of mice at 30 d old were
used for determination of protein expression using Western blot analysis on whole tissue lysates (15 g proteins) prepared
from the frontal cortex and spinal cord (cervical (5 and lumbar L5 sections). All panels shown are from the same Western
blot analysis, which makes it feasible for comparison of protein expression levels. B, Protein levels from L5 lumbar section
of SOD1-Tg mice at the symptomatic stage (125 d) and control mice. €, Increased immunoreactivity of NEDD4-1in SOD1-Tg
spinal cord. Immunohistochemical analysis was conducted on paraffin sections of spinal cords (L5 section) of 5 um
thickness. Representative images of large MNs identified by morphology are shown from the anterior horn regions of the
late stage SOD1-Tg and control mice (2 pairs of mice). D, Quantification of NEDD4-1immunoreactivity from 50 large (25-50
m) MNs from each mouse from two pairs of spinal cord specimens. Data presented as mean = SD; ***p < 0.001. E,
Nuclear IGF-TRB immunoreactivity in SOD1-Tg spinal cord samples. Immunohistochemical analysis of the spinal cord L5
section from the same two pairs of mice revealed massive IGF-1R3-reactive signals in the nuclei of the SOD1-Tg samples.
The normal littermate control samples show evenly distributed receptor on cells. F, Quantification of nuclear-IGF-1R3-
positive large MNs from one SOG1-Tg mouse indicates that a majority of them are healthy looking MNs (E, blue arrows)
while a portion (~25%) of MNs showing signs of degeneration (E, red arrow).

showing signs of degeneration (Fig. 5F). Recently, IGF-1R is
shown to be present in the cell nucleus of several human can-
cer lines and primary tumors (Larsson et al., 2007; Sehat et al.,
2010; Sarfstein et al., 2012). However, its nuclear localization
in neuronal lineage has not been reported. It is therefore not
clear whether this nuclear IGF-1RB immunoreactivity repre-
sents functional or dysfunctional receptors.

Increased NEDD4-1 expression and decreased IGF-1R[3 in vivo
To answer the question of whether the NEDD4-mediated protein
degradation of IGF-1R3 we observed in cultured cortical neu-

rons, in response to zing, is valid in various brain regions in vivo,
we systemically administered zinc (200 ul, 600 um) to young
adult C57BL/6 mice and analyzed the IGF-1R3 and NEDD4-1
levels in the brain and spinal cord lysates prepared at several time
points (0,6, 12,and 24 h). Asin cultured neurons, we observed an
inverse correlation between NEDD4-1 and IGF-1Rf levels in the
frontal brain region in response to zinc in a time-dependent man-
ner (Fig. 6 A), suggesting that zinc can induce IGF-1R3 degrada-
tion in vivo via upregulation of NEDD4-1 levels. Surprisingly, we
did not see significantly inversed correlation between NEDD4-1
and IGF-1Rp protein levels in the lumbar spinal cord specimen
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after systemic zinc administration of up to 24 h, despite a slight
increase in NEDD4-1 levels (Fig. 6 B). It appears that the IGF-
1R receptors from the cortex are more sensitive to protein deg-
radation by the zinc-induced NEDD4-1 than those in the spinal
cord.

ROS-induced NEDD4-1 upregulation contributes directly to
neuronal death in N2a cultured model

We then sought to investigate whether upregulated NEDD4-1
contributes to neurodegeneration or is a consequence of neu-
rodegeneration. Since many previous reports indicated that
elevated zinc induces cell death through oxidative stress, we
used zinc treatment to induce apoptosis in two culture mod-
els. In mouse neuroblastoma N2a, 100 uM zinc caused neuro-
toxicity over the course of 24 h, with 300 um resulting in
massive neuronal death/apoptosis after 4—8 h (Fig. 7A). As
shown in Figure 3B with primary neurons, zinc induced
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NEDD4-1 upregulation and IGF-1Rf reduction in both cell
lines (data not shown); overexpression of IGF-1Rf greatly
prevented cells from zinc toxicity. Notably, downregulation of
NEDD4-1 by specific shRNA greatly rescued neurons from
zinc-induced apoptosis while inactivation of the E3 ligase of
NEDD4-1 by a dominant-negative form (CS) expressing
catalytically inactive enzyme resulted in a similar effect in
both cellular models (Fig. 7B). Although overexpression of
NEDD4-1 by transient transfection was not sufficient to cause
significant neuronal death without zinc, it appeared to exert a
similar effect as 100 uMm zinc treatment in reducing cytosolic
a-tubulin (Fig. 7C), resulting in slightly swollen cell morphol-
ogy as compared with the shrinkage effect by zinc. Further-
more, primary cortical neurons with NEDD4-1 haplotype
were consistently found to be more resistant to zinc-induced
cell death (Fig. 7D). Moreover the neurons prepared from
NEDD4 haplotype PO pups (NEDD4-1*'") displayed in-
creased IGF-1Rp levels (Fig. 7E). Together, these results indi-
cate that zinc or ROS-induced NEDD4-1 upregulation directly
contribute to neurodegeneration.

Discussion

Ubiquitination marks and directs a protein for rapid degradation
by the proteasome system. Recent findings suggest that the ubiq-
uitin system participates in neuronal cell death and that aberrant
UPS functioning contributes to neurodegeneration in various
neuronal types. Among the ubiquitin system proteins, E3 ligases
have increasingly been recognized as playing particularly impor-
tant roles in regulating neuronal functions. In this study, we
investigated the role of the HECT E3 ligase NEDD4-1 in neuro-
degeneration. We report for the first time that NEDD4-1 expres-
sion is upregulated in postmortem human AD, PD, and HD
brains and in the spinal cords of ALS cases; ROS can induce
NEDDA4-1 transcription, which accounts for the elevated protein
expression. In cultured neuronal models, we further demonstrate
that downregulation or functional inactivation of NEDD4-1 res-
cued neurons from zinc-induced apoptosis. Given that ROS is the
most common denominator in the major forms of neurodegen-
erative diseases and that elevated NEDD4-1 occurs early in pres-
ymptomatic SOD1-Tg mice, our findings strongly support a
direct causative role for NEDD4-1 in neurodegeneration.

In this study, we also validate a regulatory role for NEDD4-1
in the protein stability of IGF-1Rf3 in cultured neurons, mouse
brains, and spinal cord tissue. We demonstrate that excitotoxic
zinc or ROS can induce NEDD4-1 transcription, leading to pro-
tein degradation of IGF-1Rf via the UPS. NEDD4-1 has other
CNS substrates such as PTEN; upregulated NEDD4-1 also down-
regulates PTEN, resulting in activated PI3K/Akt signaling, as
shown in our earlier work (Kwak et al., 2010a,b). Thus, the net
outcome (e.g., neuroprotective or neurodegenerative) of upregu-
lated NEDD4-1 may be determined by the interplay between the
PTEN/Akt and IR/IGF-1R pathways. Our results (Fig. 7) support
a direct causative role for NEDD4-1 through downregulation of
IGF-1 signaling in the zinc-induced cell death model though
overexpression of NEDD4-1 alone appears to be insufficient to
cause increased neuronal death. Unlike the Parkin gene in PD, no
pathological genetic mutation of NEDD4-1 has been identified,
though its binding proteins have been associated with human
diseases: Nedd4-WW domain-binding protein 5 is associated
with neuronal survival after acute cortical brain injury (Sang et
al.,2006) and BEAN is linked to spinocerebellar ataxia (Sato etal.,
2009). Recently, NEDD4-1 was reported to be the E3 ligase for
a-synuclein aggregates and its upregulation was associated with
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Lewy bodies, implying its positive role in clearing Parkinson’s
proteopathy and other a-synucleinopathies (Tofaris et al., 2011).

Our work also demonstrates for the first time that zinc-
induced IGF-1R degradation in neurons can be reversed by WT
SOD1 and worsened by mutant G93A SOD1 gene overexpres-
sion. Our finding adds to the growing body of evidence that
alteration of zinc homeostasis impairs the UPS pathway (Chen et
al., 2009), which has particularly important implications for ALS.
The transition metals zinc and copper regulate protein stability of
SOD1and survival MNs (Burnett et al., 2009) via UPS. Imbalance

in the homoeostasis of these metals has been implicated in ALS
pathogenesis. The mutant G93-SOD1 transgenic mouse is the
most widely used ALS model as they develop all the pathological
events necessary to fully recapitulate ALS pathology, including a
marked elevation of intracellular zinc and oxidative stress (Kru-
man et al., 1999; Poon et al., 2005; Van Damme et al., 2005;
Barber et al., 2006).

Impaired IGF-1 signaling is implicated in the major neurode-
generative diseases such as AD, PD, and ALS (Trejo et al., 2004).
Previous positive results from cellular and animal models pro-
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vided a strong rationale for using IGF-1 in promoting the survival
of injured MNs (Kaspar et al., 2003; Ilieva et al., 2009). Moreover,
the US Food and Drug Administration approval of the two IGF-
1-based drugs, Increlex (Tercica) and IGF-1/IGFBP-3 complex/
Iplex (Insmed) in 2005 also provides the proof-of-concept for
using an IGF-1-based strategy in treating a primary IGF-1 defi-
ciency. Despite positive results from the first clinical trial, the
following two large-scale trials on hrIGF-1 therapy in ALS treat-
ment yielded disappointing outcomes (Sorenson et al., 2008).
Several technical aspects of these trial designs have been criticized
as deficient, including insufficient delivery/accessibility of an in-
tramuscular injection of hrIGF-1 to the affected spinal cord neu-
rons. Below we would like to offer discussion of two additional
aspects, which may account for the IGF-1 resistance in these tri-
als: (1) timing of IGF-1 therapy and (2) IGF-1RB receptor
misregulation.

Targeting upper MNs for more effective ALS therapy?

ALS is an incurable neuromuscular disease manifested by pro-
gressive and selective degeneration of MNs in the brain/spinal
cord and muscle atrophy. In ALS, both the cortical (upper) and
spinal (lower) components of MNs progressively degenerate,
which together contributes to the loss of motor functions. The
most complex and prototypical projection neurons in cortical
layer V, corticospinal MNs (CSMNs; upper MNs), extend
their projections to the spinal cord and control voluntary mo-
tor functions. CSMN degeneration is believed to occur before
that of the lower MNs in ALS patients (Stewart et al., 2006) and
SOD1-Tg mice (Ozdinler et al., 2011). However, the cellular
and molecular mechanisms of their survival and death are less
studied in CSMNss than in lower MNs. Important work from
the same research group demonstrated that injured CSMNs
can be regenerated by endogenous neurogenesis and that
IGF-1 is a specific neurotrophin to these neurons (Chen et al.,
2004; Ozdinler et al., 2006). Together with our findings that
the IGF-1Rp level is much higher in the cortex than in the
spinal cord (Fig. 5), it appears that IGF-1 is more important to
the upper MNs than to the lower MNs. Together these findings
show that enrollment of symptomatic ALS patients in clinical
trials may invalidate the IGF-1 therapy. Based on our some-
what preliminary data presented in Figure 5A with two pairs of
young (P30) SOD1 and control mice showing inversely corre-
lated NEDD4-1 and IGF-1R only in the frontal cortical region,
it appears that this mechanism revealed by our in vitro studies
is a more dominant event for cortical neurons, including CS-
MNs, than it is for the lower spinal cord MNs. Additional
experiments are required to confirm this critical point.

Should IGF-1Rp receptor misregulation be considered when
designing IGF-1-based therapy?

Despite the significant effort and progress that has been made in
investigating the feasibility of using IGF-1 for ALS therapy in
both preclinical and clinical studies, the importance of its recep-
tor counterpart has been very underappreciated. The IGF-1Rf3
receptor is reportedly regulated at multiple levels involving sep-
arate molecular mechanisms. (1) ROS was shown to induce tran-
scriptional upregulation of the receptor gene in certain cell types
(Kavurma etal., 2007). (2) In addition to post-translational mod-
ification by Tyr-phosphorylation, which directly regulates its re-
ceptor kinase activity/signaling, ubiquitination is shown here to
regulate receptor protein stability. (3) Similar to previous reports
regarding certain cancer types (Larsson et al., 2007; Sehat et al.,
2010; Sarfstein et al., 2012), we found nuclear translocation of the
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receptor in MNs; it is not clear whether these nuclear receptors
mediate functional or dysfunctional IGF-1 signaling in the
nucleus.

Despite reduced IGF-1 levels, a general upregulation of
IGF-1 receptors was observed throughout the spinal cord of
primary ALS patients with significant increases observed in
the cervical and sacral segments (Adem et al., 1994) in a sim-
ilar pattern to '*’I-IGF-1 binding to the different spinal levels
(Doré et al., 1996). This upregulated receptor gene may rep-
resent an adaptive stress-response of neurons attempting to
survive insults in the early phase of disease onset. However,
the insulted MNss still eventually die as the disease progresses.
It is plausible that multiple regulatory mechanisms at both the
transcriptional and post-translational levels regulate the IGF-
1R level/activity, including altered receptor internalization/
nuclear translocation during neurodegeneration. Indeed, IGF-
1R gene expression is also reportedly downregulated in the glial
cells/spinal cords of asymptomatic mutant SOD1 mice (Vargas et
al., 2008), suggesting this change occurs before overt neuronal
degeneration. Although NEDD4-1 is most abundant in degener-
ating neurons, the NEDD4-mediated regulation of IGF-1R3 may
also occur in glial cells, the most abundant cell type in spinal
cords, which may affect the MN-glia interaction based on the
noncell autonomous mechanism in mutant SOD models (Ilieva
et al., 2009). Our work demonstrates that NEDD4-1-mediated
IGF-1R protein degradation is more dominant in cortical neu-
rons. It may occur in spinal cord MNs as seen in the late stage of
disease onset in mutant G93A SODI spinal cords. The tipping
point for neurodegeneration may result when the ROS insults
accumulate to the point where the upregulation of the receptor
gene can no longer compensate for IGF-1Rf protein degrada-
tion. Given the increasing evidence of elevated endoplasmic re-
ticulum (ER) stress in ALS disease (Kikuchi et al., 2006; Wu et al.,
2006; Saxena et al., 2009; Walker, 2010), it is particularly impor-
tant to further investigate if ER stress induces IGF-1R3 misregu-
lation in MNs. Specifically, the interplay of receptor degradation
with other regulatory mechanisms (transcriptional upregulation
and nuclear translocation) in spinal MNs and other neuronal
types (e.g., interneurons and glias) warrants further investigation
SOD1-Tg mice.

In summary, we demonstrate for the first time that zinc can
induce IGF-1Rp protein degradation in neurons via NEDD4-
mediated ubiquitination and the subsequent UPS mechanism.
This may represent a novel molecular mechanism underlying
the pathogenesis of MN degeneration in ALS. The interplay
between IGF-1Rf degradation and the upregulation of its
gene expression during disease onset warrants further investi-
gation in motor neuronal models. Our work clearly identifies
the E3 ligase NEDD4-1 and IGF-1Rf3 as two new molecular
targets for ALS research. A fuller understanding of misregu-
lated IGF-1Rf during disease onset will open new avenues for
treatment options and trial designs.
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