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Figure 3, siRNA inhibition of endegenous dysbindin protein modulates protein expression, glutamate release and cell viability. (A) (a) Suppression of the
pre-synaptic proteins and the phosphorylation of Akt in dysbindin-siRNA-transfected cultures, Cortical cultures after DIV4 were treated with siRNA for dysbindin
(dys-siRNA; 2 mg/ml} or control (scramble; 2 mg/ml) for 72 h. Cortical cultures were harvested at DIV for western blotting for SNAP2S, Synapsin I, pAkt, Ake,
dysbindin or TUJ1, The immunoblots shown are representative of four independent experiments, (b-g) Quantification of the immunoreactivity of SNAP25, synapsin
I, pAkt, total Akt, dysbindin and TUT1. Data tepresent mean + SD of the immunoreactivity from four independent experiments. (B} The reduced glutamate release
in dysbindin-siRNA-transfected cultures. Cortical cultures were prepared without transfection (MNone), with transfection of control siRNA (Scramble; 2 mg/ml) or
with transfection of siRNA for dysbindin (dys-siRNA; 2 mg/ml) at DIV4, Basal or HK* (50 mM KCl)-evoked release of glutamate was measured at DIV7 (after 72 h
from transfection), Data represent the mean + SD (r = 6). (C) Facilitation of neuronal death after serum deprivation by dysbindin-siRNA transfection. Cortical
cultures after DIV4 were treated without transfection (None), with transfection of control siRNA (Scramble; 0.5 or 2 mg/ml) or with transfection of siRNA for
dysbindin (dys-siRNA; 0.5 or 2 mg/ml) for 72 h. Deprivation of horse serum (HS) at DIV6 48 h after transfection is indicated as —HS, Cell viability was
determined using the MTT assay at DIV7 72 h after the transfection and/or 24 h after HS deprivation. Data represent mean + SD(n = §).




the complex genetic diseases like schizophrenia (22). Alterma-
tively, an unknown fimctional polymorphism, which is in LD
with the SNPs and/or haplotypes, may be responsible for
providing susceptibility to schizophrenia.

To date, association of dysbindin with schizophrenia has
been confirmed across diverse populations. In addition,
decreased expression of dysbindin mRNA and protein levels
has been observed in prefrontal cortex and hippocampus of
postmortem brain in schizophrenic patients (23-25). As dys-
bindin is distributed at least in part in axonal terminals (17),
we focused on the possible role of dysbindin in neuronal
transmission. We used two techniques, overexpressicn and
knockdown, to investigate neuronal function of dysbindin.
As the overexpression levels of dysbindin using sindbis
virus were quite high when compared with the control level
{~17-fold), the results could have non-physiological effects.
However, the results from the knockdown experiments of
the endogenous dysbindin protein were consistent with those
from overexpression experiments. Qur experiments suggest
that dysbindin regulates the expression of SNAP25 and synap-
sin [ proteins in the pre-synaptic machinery and is associated
with increased glutamate release. SNAP2S is one of the funda-
mental molecular components of the SNARE (soluble N-ethyl-
maleimide-sensitive factor attachment protein receptors)
protein complex, which is involved in intracellular vesicle
trafficking and neurotransmitter release (18). Synapsin I is
localized to the synaptic vesicles that are both docked and
located away from the plasma membrane (18). Reduction of
SNAP2S5 protein has been observed in frontal cortex of schizo-
phrenia patients (26) and synapsin I protein was found to be
reduced in the hippocampus of patients with schizophrenia
(27). Hypofunction of glutamatergic system has been impli-
cated in the neuropathology in schizophrenia (8). The abuse
of phencyclidine, an NMDA receptor antagonist, results in
positive symptoms, negative symptoms and cognitive impair-
ments, similar to schizophrenic patients. The postmortem
brain studies suggested impaired glutamatergic systems, e.g.
reduced glutamate level, decreased AMPA receptor binding
and expression and reduced NMDA receptor expression in
several brain areas, including frontal cortex and hippocampus.

Qur experiments also suggest the survival effect of dysbin-
din protein on cortical neurons against serum deprivation
through the PI3-kinase-Akt signaling pathway. Thus, dysbin-
din might play an important role in neuronal vulnerability.
Impaired PI3-kinase-Akt signaling in schizophrenia has been
reported recently (28). Dysbindin expression in the brain
of schizophrenic patients was reduced (23-25) and our data
suggested that the downregulation of dysbindin expression
suppressed the phosphorylation levels of Akt. Taken together,
impaired PI3-kinase-Akt signaling in the schizophrenic brain
might be due, in part, to the decreased expression of dysbin-
din. As dysbindin may affect neuronal viability through Akt
activation, dysbindin-Akt signaling might be involved in
early disruptions producing long-term  vulnerability
that leads to the onset of schizophrenia symptoms. As PI3-
kinase-Akt signaling is activated by several growth factors
such as brain-derived neurotrophic factor, nerve growth
factor and insulin-like growth factors through tyrosine
kinase receptors (19), the regulation of this system might be
associated with dysbindin,
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The Hermansky—Pudlak syndrome defines a group of auto-
somal recessive disorders characterized by deficiencies in
lysosome-telated organelles complex-1 (BLOC-1). Hermansky—
Pudlak type-7 is caused by a nonsense mutation of dysbindin,
which is a component of the BLOC-1 (29). Biological roles of
BLOC-1 are still unknown; however, it might be involved in
vesicle docking and fusion. Sandy mouse, which has a
deleted dysbindin gene, expresses no dysbindin (29). Thus,
this mouse could be a powerful tool for investigating brain
function of dysbindin in vivo. It is of interest to examine
the pre-synaptic protein expression, glutamate release, Akt
phosphorylation and neuronal vulnerability in vivo using this
mouse.

We have demonstrated the additional support for the
genetic association between dysbindin and schizophrenia in
a relatively large sample and the evidence of novel functions
of dysbindin in cultured neurons. Our results suggest that an
abnormality of dysbindin might influence glutamatergic
systems and Akt signaling. Further investigation is necessary
to elucidate the mechanisms of Akt activation and upregula-
tion of pre-synaptic molecules by dysbindin.

MATERIALS AND METHODS
Subjects

Subjects for the association study were 670 patients with
schizophrenia [males: 50.6%, mean age of 44.2 years (SD
14.6)] and 588 healthy comparison subjects [males: 48.7%,
mean age of 36.2 years (SD 12.4)]. All the subjects were
biologically unrelated Japanese patients, Consensus diagnosis
was made for each patient by at least two psychiatrists
according to the Diagnostic and Statistical Manual of Mental
Disorders (DSM-IV) criteria. Control subjects were healthy
volunteers who had no current or past contact to psychiatric
services. After description of the study, written informed
consent was obtained from every subject. The study protocol
was approved by institutional ethical committees (Fujita
Health University School of Medicine, Showa University
School of Medicine and Nationa! Center of Neurology and
Psychiatry).

SNP genotyping

Venous blood was drawn from the subjects and genomic DNA
was extracted from whole blood according to the standard pro-
cedures. Six SNPs (P1655, P1635, P1325, P1320, P1763 and
SNPA) adopted in the work of Straub et al. (2) and Williams
et al. (21) were genotyped using the TagMan 5-exonuclease
allelic discrimination assay, described previously (30,31).
Briefly, the probes and primers for detection of the SNP
were as follows. P1655: forward primer 5-AGTTTTTAT
CACTAATCAAAATGAAACAGCCTTT-3, reverse primer
5-CTCATTCTGTTATAACTAGTCTGACATGGT-¥, probe
1 §-VIC-TATTAGCTATGATAGTGTTTTAT-MGB-3" and
probe 2 5-FAM-ATTAGCTATGATAGTCTTTTAT-MGB
-3'; P1635: forward primer 5-GGAACTTTTCTTTGAAGA
CTTCCTTTCG-3', reverse primer 5-ACCACTAACAACC
AAAAAGAAAACAAACA-Y, probe 1 5-VIC.-TAAAGCC
AATAATTACC-MGB-¥ and probe 2 5-FAM-AGCCAG



2706  Human Molecular Genetics, 2004, Vol. 13, No. 21

TAATTACC-MGB-3¥'; P1325: forward primer 5'-GATATG
ACTCCTTAATTCACAGGCTACAG-3, reverse primer §'-
GTTACTGCACACAAGCAACTGTTAA-Y, probe 1 5-VIC
-AATGGATGTTGCATTAGT-MGB-3 and probe 2 5-FAM
-ATGGATGTTGCGTTAGT-MGB-3; P1320: forward pri-
mer 5-CCAATCCATTCTTTITATTGACATGGAGTTT-Y,
reverse primer 5'-TGATTTTGACCAAGTCCATTGTGTCT
-3, probe 1 5-VIC-AAAAGCACAAACAACAAG-MGRB-3
and probe 2 5'-FAM-AAAAGCACAAATAACAAG-MGB-3';
P1763: forward primer 5'-GGCAGAAGCAGTGAGTGAGA-?',
reverse primer 5'-TGGGCTCTTATGTCTACCTTTCCTAAA
-3, probe 1 5-VIC-TCACCTGGATGTCAGC-MGB-3' and
probe 2 §-FAM-ACCTGGCTGTCAGC-MGB-3'; SNPA: for-
ward primer 5-TCTGTTATGTGCCATTCACTGTTTT-,
reverse primer 5-TAGGGCTGGGATTGGATGA-Y, probe 1
5'-VIC-AGCAGTTTACATCTGGG-MGB-3' and probe 2
5'-FAM-AGCAGTTTACATCAGGG-MGB-3¥. PCR cycling
conditions were 95°C for 10 min, 45 cycles of 92°C for 158
and 60°C for | min.

Cell culture

Dissociated cortical cultures were prepared from postnatal
2- or 3-day-old rat (SLC, Shizuoka, Japan) cortex, as described
previously (32,33). Briefly, cells were gently dissociated with a
plastic pipette after digestion with papain (90 U/ml, Sigma) at
37°C. The dissociated cells were plated at a final density of
5 x 10° per cm® on polyethyleneimine-coated 12- or 24-well
plates (4 and 2 cm? surface area/well, respectively; Corning,
NY, USA) or cover glasses (Matsunami, Osaka, Japan) attached
to flexiperm (VIVASCIENCE, Gottingen, Germany), The
culture medium consisted of 5% precolostrum newbom calf
serum, 5% heated-inactivated horse serum and 90% ofa 1:1
mixture of Dulbecco’s modified Eagle’s medium (DMEM)
and Ham’s F-12 medium containing 15 mm HEPES buffer,
pH 7.4, 30 nM Na,SeQ; and 1.9 mg/ml of NaHCO;.

Sindbis virus

A bicistronic vector plasmid (pSinEGdsp) was provided by
Dr Kawamura (Niigata University, Japan). The plasmid was
derived from pSinRep5 (Invitrogen, USA) and had two sub-
genomic promoters followed by a multiple cloning site for
arbitrary gene insertion and an EGFP open reading frame,
thus the virus can produce arbitrary protein and EGFP inde-
pendently in the infected cell, as previously described (34).
Dysbindin ¢cDNAs amplified by RT-PCR with specific primer
pairs (forward 5-ACGCGTCAATGCTGGAGACCCTTCG-
3’ and reverse 5-GCATGCCAATTTAAGAGTCGCTGTCC-
3) were inserted at the Mlul and Sphl sites of the plasmid.
Each plasmid was cleaved with Pacl, and used as a template
for mRNA transcription in vitro using mMESSAGE mMA-
CHINE kit (Ambion, USA). Pseudovirions were produced
according to the experimental procedure of Invitrogen. Baby
hamster kidney (BHK) cells were transfected with each
mRNA and 263 helper mRNA (Invitrogen) by electroporation
(1250 V/ecm, 50 pF, single pulse) using Gene Pulser2
(BioRad, USA). The cells were incubated with DMEM
supplemented with 10% FCS for 24 h at 37°C, the super-
natants were collected as pseudovirion-containing solutions.

Immunocytochemistry

Cultured neurons were fixed with 4% paraformaldehyde for
20 min and then rinsed three times with PBS. Subsequently,
cultured cells were permeabilized with 0.2% Triton X-100 in
PBS for 5 min at room temperature. The primary antibodies
{anti-MAP2; Sigma) with 3% skim milk in PBS were
applied overnight at 4°C, After washing, cells were incubated
with secondary antibodies (Alexa Fluor, Molecular Probes) for
1 h at room temperature. Fluorescent images were captured by
an inverted microscope (Axiovert 200, Zeiss) with a CCD
(cool SNAPfx) purchased from Zeiss. Monochrome images
were turned into color'and analyzed using software (Slide
BookTM 3.0, Intelligent Imaging Innovations, Inc., Denver,
CO, USA). The images of GFP were analyzed with the
same software.

Immunoblotting

Cells were lysed in SDS lysis buffer containing 1% SDS,
20 mM Tris—HCI (pH 7.4), 5mm EDTA (pH 8.0), 10 mm
NaF, 2 mm NayVO,, 0.5 mM phenylarsine oxide and 1 mm
phenylmethylsulfonyl fluoride. Lysates were centrifuged at
15 000 rpm for 60 min at 4°C, and the supernatants were
collected for analysis. Samples were heat denatured with the
standard SDS sample buffer. Immunoblottings were carmried
out as described previously (35). Briefly, immunoblottings
were carried out with anti-SNAP25 antibody (1:3000,
mouse monoclonal, Synaptic System, Gottingen, Germany),
anti-synapsin I antibedy (1:1000, rabbit anti-serum, Chemi-
con), anti-synaptotagmin antibedy (1:1000, mouse mono-
clonal, BD Transduction Laboratory), anti-syntaxin antibody
(1:3000, mouse monoclonal, Sigma), anti-GFP antibody
(1:1000, rabbit polyclonal, MBL, Nagoya, Japan), anti-dys-
bindin antibedy (23) (1:100, rabbit polyclonal), anti-TUJI
antibedy (1:5000, mouse monoclonal, Berkeley antibody
company, CA, USA), anti-Akt antibody (1: 1000, rabbit anti-
serum, Cell Signaling) and anti-phospho-Akt antibody
(Ser473, 1:1000, rabbit anti-serum, Cell Signaling) in TBS
containing 1% non-fat dried milk. The immunoblotting exper-
iments were performed four times and they were quantitat-
ively analyzed by capturing images on films using a scanner
(Epson, Tokyo, Japan) in conjunction with the Lane and
Spot Analyzer software (version 6.0, ATTO, Tokyo, Japan).

Anti-dysbindin antibody was produced as described pre-
viously (36). Briefly, the peptide synthesized (QSDEEEVQVD-
TALC: 320-333 amino acid residue of human dysbindin, with
no homology in any mammalian protein) was conjugated with
maleimide-activated keyhole limpet hemocyanin and immu-
nized to two rabbits. The titer was measured by ELISA and
sera of high titer against the peptide were obtained from both
rabbits. The sera were affinity purified by a column conjugated
with the immunized peptide.

Detection of glutamate release

The amount of glutamate released from the cultures was
measured as previously reported (33,35). The glutamate
released into the modified HEPES-buffered Krebs—Ringer
assay buffer (KRH; 130mm NaCl,, 5SmM KCl, 1.2mm
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NaH,POy, 1.8 mM CaCl,, 10 mM glucose, 1% bovine serum
albumin and 25 mM HEPES, pH 7.4) were measured by
HPLC (Shimadzu, Kycto, Japan) with a fluorescence detector
(excitation wavelength, 340nm; emission wavelength,
445 nm, Shimadzu). For stimulation of cortical neurons, we
used 2 HK* KRH solution consisting of 85mm NaCl,
50mv KCI, 1.2mMm NaH,POs 1.8mM CaCly, 10 M
glucose, 1% 'bovine serum albumin and 25 mM HEPES, pH
7.4. Before exposing the cultures to HK™ solution (1 min),
basal fractions were collected. The glutamate release exper-
iments were performed three times with independent cultures
to confirm reproducibility.

MTT assay

To examine the cell viability, the metabolic activity -of
mitochondria was estimated by measuring the mitochondrial-
dependent conversion of the 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyl tetrazolium bromide (MTT) (Sigma). We
performed the viral infection or transfection of siRNA and
then, the serum was deprived from culture medium, MTT
(0.5mg/ml in PBS) was added to each well at 24 h after
serum deprivation. MTT was incubated for 1.5h at 37°C.
Then, the medium was carefully aspirated, and 200 pl of acid-
ified isopropyl alcohol was added to solubilize the colored
formazan product. Absorbance was determined at 550 nm on
a scanning multi-well plate reader (Bio-Rad) afier agitating
the plates for 5 min on a shaker.

siRNA transfection

We used 23 nt siRNA duplexes with two 3’ overhanging
nucleotides targeting position 182-204 (aagugacaagucaaga
gaagcaa) of human dysbindin mRNA. Scrambled sequence
(aacgaugagaacgaucaagaaga), which had no homology to any
mammalian mRNA, was used as a control siRNA. Both
sense and antisense strands were synthesized by Dharmacon
Research Inc (Lafayette, PA, USA). SiRNA duplexes in the
2-ACE deprotected and desalted form were dissolved in a
1x universal buffer (Dharmacon Research Inc). Transfect:on
of both siRNAs was performed using NeuroPORTER™
{Gene Therapy Systems, Inc., San Diego, CA, USA), as
reported (20).

Statistical analysis

Statistical analysis of association studies was performed using
SNPAlyse (DYNACOM, Yokohama, Japan). The presence
of Hardy—Weinberg equilibrium was examined by using the

x2-test for goodness of fit. Allele dlsmbutlons between patients
and controls were analyzed by the x*-test for independence.
The measure of LD, denoted as D’, was calculated from the
haplotype frequency using the expectation—maximization
algorithm. Case~control haplotype analysis was performed by
the permutation method to obtain the empirical significance
(37). The global P-values represent the overall significance
using the x>-test when the observed versus expected frequen-
cies of all the haplotypes are considered together. The individ-
val haplotypes were tested for assomatlon by grouping all
others together and applying the ¥ Z.test with 1 df. P-values
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were calculated on the basis of 10 000 replications. Statistical
analysis of neurobiological assays was performed by Students’
t-test, All P-values reported are two tailed. Statistical sig-
nificance was defined at P < 0.05. To be conservative,
Bonfetroni corrections were applied for multiple comparisons,
e.g. number of analyzed SNPs and haplotypes, although SNPs
were in LD.
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U-box protein carboxyl terminus of Hsc70-interacting protein
(CHIP) mediates poly-ubiquitylation preferentially on four-repeat
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Abstract .

Neurofibrillary tangles (NFTs), which are composed of
hyperphosphorylated and ubiquitylated tau, are exhibited at
regions where neuronal loss occurs in neurodegenerative
diseases; howevaer, the mechanisms of NFT formation remain
unknown. Molecular studies of frontoternporal dementia with
parkinsonism-17 demonstrated that increasing the ratio of tau
with exon 10 insertion induced fibrillar tau accumulation. Hare,
wa show that carboxyl terminus of Hsc70-interacting protein
(CHIP), a U-box protein, recoghizes the microtubule-binding
repeat region of tau and preferentially ubiquitylates four-re-

peat tau compared with three-repeat tau. Overexpression of
CHIP induced the prompt degradation of tau, reduced the
formation of detergent-insoluble tau and inhibited proteasome
inhibitor-induced cell death. NFT bearing neurons in pro-
gressive supranuclear palsy, in which four-repeat tau is a
component, showed the accumulation of CHIP. Thus, CHIP is
a ubiquitin ligase for four-repeat tau and maintains neuronal
survival by regulating the quality control of tau in neurons.
Keywords: carboxyl terminus of Hsc70-interacting protein,
neurodegeneration, neurofibrillary tangle, tau, ubiquitylation.
J. Neurocham. (2004) 91, 299-307.

Protein aggregation causes the pathological lesions associ-
ated with neurodegenerative disorders (Kopito and Ren
2000). Neurofibrillary tangles (NFTs) emerge when patho-
logical tau protein aggregates accumulate in neurons and
form paired helical filament-tau proteins. These aggregates
are composed of both ubiquitylated and highly phosphoryl-
ated tau and are characteristic of several neurcdegenerative
diseases, including Alzheimer’s disease (Selkoe 2000; Lee
et al. 2001; Hardy and Selkoe 2002). Of the several kinases
that play a role in the hyperphosphorylation of paired helical
filament-tau (Ishiguro et al. 1993; Morishima-Kawashima
etal. 1995; Goedert etal. 1997), GSK-3p and INK
hyperphosphorylation leads to the formation of paired helical
filament-like, detergent-insoluble tau (Sato ef al. 2002). Tau
gene mutations have recently been reported to cause
frontotemporal dementia with parkinsonism-17, which has
been characterized as exhibiting NFTs and neuron loss

without f-amyloid peptide deposition in autopsied human
brains, demonstrating that tau abnormalities alone can cause
NFTs and neuronal death. While exonic mutations, such as
P301L, affect the biochemical nature of tau and promote the
self-assembly of mutant tau into filaments, intronic mutations
within exon 10 or its 5” splice regulatory region alter the ratio
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of tau isoforms. In general, these mutations affect exon 10
splicing patterns thus altering the relative proportions of four-
and three-repeat tau that are expressed. An increase in four-
Tepeat tau induces the acoumulation of four-repeat tau and
NFT formation. We assumed that an impairment in a
mechanism for four-repeat tau degradation would lead to
four-repeat tau accurnulation. As tau in NFTs is ubiquityl-
ated, the ubiquitin proteasome may be the mechanism
responsible for tau degradation in”neurodegeneration (Mori
etal. 1987) and the deterioration of this systern might
contribute to NFT formation. However, the mechanism by
which the ubiquitylation of tau occurs is still unknown,

Protein ubiquitylation is mediated by a multienzyme
cascade involving at least three distinct types of enzymes,
a ubiquitin-activating enzyme (E1), a ubiquitin-conjugating
enzyme (E2) and a ubiguitin-protein ligase (E3) (Hershko
1983). E3 enzymes catalyse the final step for substrate
recognition in the ubiquitylation pathway. Currently there are
two known E3 ligases, the HECT family E3s and adaptor
E3s containing a RING finger or a U-box (Weissman 2001;
Hatakeyama and Nakayarnia 2003). The carboxyl terminus of
Hsc70-interacting protein (CHIP) has a U-box domain and
was originally identified as a tetratricopeptide repeat (TPR)-
containing protein that interacts with mammalian heat shock
protein Hsc/Hsp70 (Ballinger ef al. 1999). CHIP binds
directly to the molecular chaperones Hsp90 or Hsc70 via
TPR domains; therefore, when unfolded or misfolded
proteins accumulate, CHIP may contribute to the cellular
response. The combination of CHIP and Hsp90 mediates the
ubiquitylation of the glucocorticoid receptor and CHIP with
Hse70 targets the immature cystic fibrosis transmembrane
conductance regulator for proteasomal degradation (Connell
et al. 2001; Meacham et al. 2001). We recently showed that
the level of Hsp90 is reduced in tau-accumulated neurons of
Tg mice expressing frontotemporal dementia with parkin-
sonism-17 tau mutations (Tanemura ef ¢l 2001, 2002;
Tatebayashi er al. 2002; Dou et al. 2003). This prompted
us to investigate the possible involvement of CHIP in the
poly-ubiquitylation of tan.

Materlals and methods

Cell culture

HEK293T, COS7 or NeuroZA cells were cultured under an
atmosphere of 5% CO, at 37°C in Dulbecco’s modified Eagle's
medium (Invitrogen; Carlsbad, CA, USA) supplemented with 10%
fetal bovine serum (Invitrogen).

Cloning ¢DNAs and plasmid construction

The expression plasmids containing FLAG- or Myc-tagged mouse
CHIP, mutants of these ¢cDNAs [UFD2a, UFD2b, PRP19, IxBa,
IKK?2, haemaglutinin (HA)-tagged ubiquitin and wild type (four-
and three-repeat)] and tau mutants were generated as previously

described (Hatakeyama eral. 2001). To generate the mutant
(P301L) of tau or Hsc70, we performed site-directed mutagenesis
with a Quick Change kit (Stratagene, La Jolla, CA, USA) and with
mutated coligonucleotide primers corresponding to each site.

Production of recombinant proteins in bacteria

Glutathione S-transferase (GST) fusion proteins were expressed in
Escherichia coli strain DH5« cultured in the presence of 0.1 mM
isopropyl-p-p-thiogalactopyranoside. Bacterial cells were resus-
pended in phosphate-buffered saline and lysed by sonication;
cellular debris was removed by centrifugation for 20 min at
13000 g.  Glutathione-Sephaross 4B beads  (Amersham
Biosciences, Piscataway, NJ, USA) were added to the resulting
supernatant fluid and the mixture was rotated at 4°C overnight.
The beads were washed in phosphate-buffered saline and GST
fusion proteins were ecluted with 50 mm Tris-HC1 (pH 8.0)
containing 10 mM reduced glutathione,

Transfection, immunoprecipitation and immunoblot analysis
Cells were transfected using the calcium phosphate method and
lysed in a lysis buffer containing 50 mm Tris-HCl (pH 7.4),
150 mM NaCl, 1% nonidet P-40, leupeptin (10 pg/mL), ! mm
phenylmethylsulfonyl fluoride, 400 pm NazVO4, 400 um EDTA,
1 mm EGTA, 10 mm NaF and 10 mm sodium pyrophosphate. The
lysate was centrifuged at 16 000 g for 10 min at 4°C and the
resulting supernatant fluid was incubated with antibodies for 2 h at
4°C. Protein G-Sepharese equilibrated in the same buffer was added
to the mixture, which was then rotated for 1 h at 4°C. The resin was
separated by centrifugation, washed four times with lysis buffer and
then boiled in sodium dodecyl sulfate (SDS) sample buffer.
Immunoblot analysis was performed with the following primary
antibodies: anti-Myc (1 pg/mL; $E10, Covance Inc., Princeton, NJ,
USA), anti-FLAG (1 pg/mL; M5, Sigma-Aldrich, St. Lowuis,
MO, USA), anti-HA (1 pg/mL; HA.11/16B12, Babco, Berkeley,
CA, USA), anti-Hsp90 (1 pg/mL; 68, Transduction Laberatories,
San Jose, CA, USA), anti-Hsp70 (I pg/mL; 7, Transduction
Laboratories), anti-CHIP (1 pg/mL, Hatakeyama and Nakayama
2003), p27%#! (1 pg/mL; 57, Transduction Laboratories) and anti-
ubiquitin (1 pg/mL; 1B3, MBL International, Woburn, MA, USA).
Immune complexes were detected with horseradish peroxidase-
conjugated antibodies to mouse or rabbit immunoglobulin
G (1:10000 dilution; Promega Corporation, Madison, WI,
USA) and an enhanced chemiluminescence system (ECL;
Amersham Biosciences).

Isolation of insoluble tau from cell lines

Cells were lysed with ristocetin-induced platelet agglutination buffer
containing 1% SDS. Cell lysate (2 mg) was centrifuged for 20 min
at 100 000 g at 4°C. The resulting pellet was washed four times with
300 pL of ristocetin-induced platelet agglutination buffer using a
sonic homogenizer. The insoluble pellet was solubilized in 70%
formic acid for use in the immunoblot analysis or resuspended in
100 mm Tris-HC1 (pH 8.3) for examination using electron micros-
copy. Following centrifugation for 20 min at 100 000 g at 4°C, the
formic acid fraction was collected, air-dried and subjected to
immunoblot analysis after suspension in SDS gel loading buffer.
The samples were resolved on SDS—polyacrylamide gel electro-
phoresis and immunoblot analysis was performed.
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In vitro ubiquitylation assay

The in vitro ubiquitylation assay was performed as described
previously (Hatakeyama et al. 2001). In brief, reaction mixtures
(20 pL) containing 1 pg of recombinant GST-CHIP, 0.1 pg of
recombinant rabbit E1 (Boston Biomedica, Boston, MA, USA),
1 pL of recombinant human Ubcd, 0.5 U of phosphocreatine kinase,
1 pg of GST-Ub (MBL), 25 mm Tris-HC (pH 7.5), 120 mm NaCl,
2 mM ATP, 1 mM MgCly, 0.3 mm dithiothreitol and 1 mm creatine
phosphate were incubated for 2 h at 30°C., The reaction was
terminated by the addition of SDS sample buffer containing 4%
2ME and heating at 95°C for 5 min. Samples were resolved by
SDS—polyacrylamide gel electrophoresis on a 6% gel and then
subjected to immunoblot analysis with a mouse monoclonal
antibody to tau {clone 15; Transduction Laboratories) and horse-
radish peroxidase-conjugated rabbit polyclonal antibedy to mouse
Iz (Promega). Signals were detected with ECL (Amersham
Pharmacia).

Pulse-chase analysis with cycloheximide

Cells were cultured with ¢cy¢loheximide at a concentration of 50 pg/
mL and then incubated for various times. Cell lysates were then
subjected to SDS—polyacrylamide gel electrophoresis and immune-
blot analysis with antibody to Myc, Hsp90, FLAG and p27%7!.

RNA interference and retroviral infection

The retroviral expression vector, which encodes the double-stranded
RNA corresponding to nucleotides 864-883 of the mouse CHIP
coding region or to enhanced green flucrescent protein (EGFP), was
constructed using pMX-puro, kindly provided by Dr Kitamura
(Osaka University, Graduate School of Medicine, Osaka, Japan). For
retrovirus-mediated gene expression, Neuro2A cells were infected
with retroviruses produced by Plat-E packaging cells and then
cultured in the presence of 0.2 pg/ml puremycin (Sigma).
pMX-neo vector was used for Myc-tau (P301L).

Induction and detection of cell death

Stable Neuro2A cell lines were cultured with 20 pm MG132
(Peptide Institute, Osaka, Japan) and incubated for 24 h; the cell
number was counted after trypan blue staining.

Immunohistotochemical staining

Brains were immersion fixed with 10% buffered formalin and
paraffin-embedded sections (2-10 pm) were prepared for confocal
microscopic analyses. Deparaffinized sections were treated in either
0.1% Triton X-100 in phosphate-buffered saline for 20 min or
Tarpet Retrieval Solution (Dako Cytomation Denmark A/S,
Glostrop, Denmark). AT8 and anti-CHIP were used as primary
antibodies and then incubated with either Alexa488/568-conjugated
anti-mouse IgG or Alexa488/568-conjugated anti-rabbit IgG. Sec-
tions were then examined with a Radiance 2000 KR3 confocal
microscope (Bio-Rad Laboratories, Hercules, CA, USA).

Results

We first examined the involvement of U-box proteins in tau
ubiquitylation. The overexpression of UFD2a, UFD2Zb or
PRP19 U-box proteins had no effect on tau ubiquitylation
compared with control, which showed only minimal tan

U-box protein CHIP 301

ubiquitylation with endogenous E3 ligases (Fig. la). Only
CHIP overexpression exhibited poly-ubiquitylated tau
(Fig. 1a), suggesting that CHIP participates in this ubiqui-
tylation process. To confirm this result, various combinations
of tau, Myc-CHIP and HA-tagged ubiquitin were expressed
in COS7 cells and tau was purified from the heat-stable
materials of each cell lysate by immunoprecipitation using an
anti-tau antibody. Tau from Myc-CHIP- and HA-tagged
ubiquitin-coexpressing cells revealed anti-HA immunoreac-
tivity, suggesting that tau protein is covalently modified by
ubiquitin under the expression of CHIP (Fig. 1b). This result
was verified by purifying ubiquitylated protein from CHIP-
and tau-expressing cells. Using an Ni columm, ubiquitylated
proteins were purified from cells expressing tau, histidine-
tagged Ub with or without CHIP. CHIP expression greatly
enhanced the recovery of ubiquitylated tau in elution
fractions 1 and 2 (Fig. 1c) and the ubiquitylated tau by
CHIP was about 3.4% of total tau. Thus, CHIP is an E3-
ubiquitin ligase for tau and the overexpression of CHIP
increases tau ubiquitylation in an in vivo system. To further
confirm the ubiquitylation of tau by CHIP, we reconstituted
ubiquitylated tau in an in vitro ubiquitylation assay with
these recombinants; El, E2 (UbcHSC), GST-ubiquitin
(GST-Ub), GST-CHIP and His-tau were required for tau
ubiquitylation (Fig, 1d). Unexpectedly, chaperone proteins,
phosphorylated tau or other such factors were not required
for tau ubiquitylation by CHIP. Thus, these results indicated
that CHIP alone can ubiquitylate even non-phosphorylated
tau in vitro.

To test the interaction between tau and CHIP in wvivo,
mutants with CHIP and tau deletions (Fig. 2) were prepared
and expressed in HEK293 or COS7 cells. Full-length tan
could bind to full-length CHIP but not to CHIP (AU) lacking a
U-box domain, CHIP (ATPR) lacking a TPR. or CHIP (ACU)
lacking both the charged region and U-box (Fig. 2a).
Conversely, full-length CHIP could associate with full-length
tau (four-repeat) and with the region lacking the N-terminus
of tan (R-C) but not with the region lacking the repeat regions
(AR} (Fig. 2b). These findings suggest that CHIP associates
with the microtubule-binding repeat regions of tau. We further
investigated the interaction and ubiguitylation of CHIP on
four- and three-repeat tau {(Fig. 2¢). Three-repeat tau was less
efficiently ubiquitylated by CHIP (Fig. 2d) and the associ-
ation of three-repeat tau and CHIP was much less than for
four-repeat tau (Fig. 2¢). Thus, CHIP might recognize around
the second repeat region of tan, which corresponds to exon
10 and preferentially ubiquitylates four-repeat tau.

We next investigated the effects of CHIP on the stability of
tau in Neuro2A cells stably expressing Myc-tau (P301L) and
FLAG-CHIP (Fig. 3a). The stability of tau (P301L) was
examined by cyclohexamide-chase analysis. After cyclohex-
imide treatment, endogenous p27<"®! protein rapidly degra-
ded (Fig. 3a, two blots from bottom) and endogenous HSP90
protein remained stable for over 30 h (Fig. 3a, third and
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Fig. 1 Carboxyl temminus of Hsc70-interacting protein (CHIP)
expression enhances the ubiquitylation on tau in vivo, (@) Specific
ubiguitin ligase activity of CHIP for tau. The expression vectors
for FLAG-UFD2a, -UFD2b, -CHIP, -PRP19, Myc-tagged human four-
repeat tau and HA-tagged ubiquitin (HA-Ub) were transfected into
HEK293T cells, the cell lysates were immunoprecipitated with anti-Myc
monoclonal antibody and an anti-HA immunoblot was petformed to
detect the ubiquitylaticn on tau. Ten percent of cell lysates were used
as WCE to detect the expression of each protein. (b) In vive ublqul-
tylatlon assay for tau with CHIP. The expression vectors for Myc-CHIP,
tau and HA-Ub were transfected into COS7 cells, the cell lysates were
then immunoprecipitated with anti-tau monoclonal antibody and an
anti-HA immunoblot was performed to detect the ubiquitylation on tau.

fourth blots from top) when CHIP and tan were overex-
pressed together (Fig. 3a, third and seventh blots) and when
tau alone was overexpressed (Fig. 3a, fourth and eighth blots
from the top). Tau remained stable for over 30 h only in cells
overexpressing tau (Fig. 3a, first blot), whereas the overex-
pression of CHIP enhanced tau degradation (Fig. 3a, second
blot) without changing the exogenous expression level of
CHIP (Fig. 3a, sixth blot from top). Moreover, tau ubiquit-
ylated by CHIP accumulated when treated with the protea-

Ten percent of cell lysates were used as WCE to detect the expression
of each protein. (¢} Fractionation of ubiquitylated tau from a cell
expressing CHIP. The expression vectors for Myc-CHIP, tau and HA-
Ub were transfected into COS7 cells, the cell lysates were then
fractionated using an NI column and an anti-tau immunoblot was
performed 1o delsct the ubiquitylation on tau. Five percent of cell
lysates were used as WCE to detect the expression of each protein.
{d) In vitro ubiquitylation assay for tau with CHIP, Each component
[ATP, glutathione S-transferase (GST)-Ub, E1, Ubc4, GST-CHIP
and His-tau] was mixed, Incubated at 30°C for 2 h, subjected to
sodium dodecyl sulfate—polyacrylamide gel electrophoresis and then
immunoblotted with anti-tau monoclonal antibody. I8, immunoblot; 1P,
immunoprecipitate; WCE, whole call lysate.

some inhibitoer lactacystin (Fig. 3b) These results suggest that
CHIP induces the ubiquitylation of tau which is followed by
degradation via proteasome. The effects of CHIP on the
stability and ubiquitination of tau were not different between
the P301L mutant and wild tau.

Knowing that CHIP recognizes and ubiquitylates tau
and that this is followed by proteasome degradation, we
investigated the role of CHIP in SDS-insoluble tau
formation, one of the biochemical features of paired
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Fig. 2 Interaction between carboxyl terminus of Hsc70-interacting
protein {CHIP) and four-repeat (4R) tau. {a} In vivo interaction between
CHIP and tau. CHIP (FL) has the full-length {1-304) of CHIP. CHIP
(aU), CHIP (ATPR) and CHIP (ACU) contain delstions of the U-box
domain {222-304), tetratricopeptide repeat (TPR) domain (1-128) and
charged region plus U-box domain {129-304), respectively. Black and
gray boxes show the TPR and U-box domains, respectively. The
expression vectors for full-length and mutants of FLAG-CHIP and Mye-
tau {4R) were transfected into HEK293T cells, the cell lysates were
immunoprecipitated with anti-Myg monoclonal antibady and anti-FLAG
immunoblot was performed to dstect the association with FLAG-CHIP
or its mutants. Ten percent of cell fysates were used as WCE to detect
the expression of each protein. Myc-lkBx and FLAG-IKK were used for
negative controls. {b) Repeat domain of 4R tau interacts with CHIP.
Tau {4R) is the longest form of 4R tau. Tau {AR) and tau (R-C) are the
deletion of the 4R domain (256-441) and the N-terminal half (1-255),
respectively. Black box shows repeat domain. Thea exprassion vectors
for Myc-CHIP and truncated tau (4R) were transfected into COS7 cells,

helical filament-tau, using Neuro2A coexpressing fronto-
temporal dementia with parkinsonism-17 mutant tau
{P301L) with or without FLAG-CHIP. The expression of

the cell lysates were immunoprecipitated with anti-Myc moncclonal
antibody and anti-tau immuncblot was performed to detect the
association with Mye-CHIP. The amount of immunoprecipitated CHIP
was the same in all cell lysates (bottom panel). Ten percent of cell
lysates were used as WCE to detect the expression of each proteln. (c)
Association of CHIP with 4R and three-repeat tau (3R). cDNAs des-
cribed on the top of the blots were transfected into COS7 cells and cell
lysates were immunoprecipitated using anti-myc antibody. Immuno-
precipitants were probed by the anti-tau antibody TauC or anti-poly-
clonal antibody Myc. The amount of immunopracipitated CHIP was tha
samae in all cell lysates (bottom panel). (d} Ubiquitylation of 4R and 3R
tau by CHIP. Each combination of cDNAs was transfected into COS7
cells. After immunoprecipitation of heat-stabla materials using anti-tau
antibody (HT7), immunoprecipitants were probed by anti-HA or tau C.
The amount of immunoprecipitated tau was the same in all cell lysates
(anti-tau 1B panel in anti-tau IP panels) while the tau expression lavel
was ditfarent.

P301L mutant tan induced the formation of SDS-insoluble
tau and enhanced the recovery of tau in the SDS-insoluble
fraction (formic acid-soluble fraction) by treatment with
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Fig. 3 Carboxyl terminus of Hsc70-interacting protein {CHIP) impli-
cated In the regulation of neuronal cell death. (a) Cycloheximide-chase
analysis of tau (P301L) with CHIP. The stably expressed Neuro2A cell
lines with Myc-tau (P301L) and FLAG-CHIP were established by
infection of retrovirus with cDNA encoding Mye-tau (P301L) and FLAG-
CHIP and by puromycin salection. Cells were cultured with cyclohexi-
mide at a concentration of 50 pg/mL and then incubated for various
times (0, 6, 12, 18, 24 and 30 h). Cell lysates wera then subjected to
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS~—
PAGE) and immunoblot analysis was performed with antibody to Myc,
Hsp90, FLAG and p27"P', The anti-p27%"! immunoblot shows that

MG132, a potent inhibitor of proteasome (Fig. 3¢, lanes
3 and 4). Coexpression with CHIP sustained the amount of
the SDS-soluble tau fraction and significantly inhibited the
formation of SDS-inscluble tau, MGI32 treatment
enhanced the formation of SDS-insoluble tau but the
amount recovered was still much lower than that from
cells where CHIP was not coexpressed (Fig. 3c, lanes
5 and 6). These results indicate that the inhibition of $DS-
insoluble tau formation stems from the role of CHIP in the
degradation of tau, Thus, CHIP may be involved in NFT
formation. '

Many suspect a possible connection between NFT forma-
tion and neuronal death in neurodegenerative diseases
because neuronal loss is also common in areas where NFTs
are observed. Therefore, we investigated the possible role of
CHIP in connecting NFT formation and cell death. We first
established cell lines that knocked down endogenous CHIP
using a vector-based RNA interference (RNAIi) technique
(Fig. 4a). CHIP RNAi expression blocked the expression of
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cycloheximide is active. (b) Effects of treatment with the proteasoms
inhibitor lactacystin. HEK293 cells expressing tau, CHIP and HA-tag-
ged ubiquitin (HA-Ub) were treated with various concentrations of
lactacystin for 14 h, the cell lysates were immunoprecipitated with anti-
tau moneclonal antibody and an anti-HA immunoblot was performed to
detact the ubiquitylation on tau. {¢) Soluble or inscluble fraction of Tau
{P301L). The soluble (WCE) or insoluble [formic acid (FA)] fraction
from cells expressing Tau {P301L) with or without FLAG-CHIP was
soparated with or without treatment with MG135. The fractions were
subjected to SDS-PAGE and immunoblot analysis was performed with
antibody to tau and FLAG. Hsp9(Q as intemal control.

endogencus CHIP but did not affect the expression of Hsp90,
Green fluorescent protein (GFP) RNAI also did not affect
CHIP expression. Tau (P301) over-expression had no affect
on the cell viability of Neuro2A, even though SDS-insoluble
tau was formed. Stable cell lines were incubated with the
proteasome inhibitor MG132 (20 pm) for 24 h and then alive
or dead cells were determined by trypan blue exclusion
(Fig. 4b). This treatment induced cell death in 50% of the
non-treated cells in GFP RNAi-expressing cells, CHIP-
overexpressing cells and mock cells. The RNAI inhibition of
CHIP and the expression of tau (P301L} facilitated an
MG132-induced cell death of 70% of untreated cells and
CHIP overexpression restored the cell death level to that of
cells with no tau expression (Fig. 4b). Therefore, CHIP is
involved in tau (P301L)-mediated, MG132-induced cell
death. It should be noted that, although CHIP expression
prevented neurons from undergoing proteasome inhibition-
induced neuronal death, surviving neurons still showed SDS-
insoluble tau (Fig. 3¢) which suggests the development of
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Fig. 4 Carboxyl terminus of Hsc?70-interacting protein (CHIP) as
a critical factor to protect from stress by proteasome inhibitor,
(a) Reduced amounts of CHIP in cells with CHIP RNA interference
(RNAI) but not EGFP RNAI. Neuro2A cells were treated with retrovirus
vector-based RNAI for CHIP or EGFP and then selected with puro-
mycin. These cell lines were further infected by retrovirus with Myc-tau
(P031L) and neo” and then selected with puromycin and G418,
Double-infected cell lines were used for immunoblot with antibodies to
CHIP, FLAG, Myc and Hsp90 as internal control. (b) Stable Neuro2A
cell lines were cultured with 20 pm MG132, incubated for 24 h and the
cell number was counted after trypan blue staining. The amounts of
CHIP in cells with CHIP but not EGFP RNAi were reduced. Neuro2A
cells were treated with retrovirus vector-based RNAi for CHIP or EGFP
and then selected with puromycin.
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NFT formation. This was verified by neuropathological
staining in which CHIP colocalized in NFTs of progressive
supranuclear palsy brain (Fig. 5), mostly containing four-
repeat tau, and also reacted to anti-ubiquitin antibody. The
most NFT-bearing cells were stained by the anti-CHIP
antibody in progressive supranuclear palsy brain but very
faintly stained in Alzheimer’s disease (AD) brain (data not
shown).

Discussion

In this study, we have shown that the U-box protein CHIP is
a tau-interacting protein in vivo and that CHIP mediates poly-
ubiquitylation preferentially on four-repeat tau as a ubiquitin
ligase followed by degradation by proteasome. In the in vitre
ubiquitination assay, molecular chaperones such as Hsp90 or
Hsc70 or hyperphosphorylation of tau are not required for
CHIP-mediated tau ubiquitylation (Fig. 1d). To date, CHIP
has been shown to bind to a subset of chaperone substrates,
including glucocorticoid receptor, cystic fibrosis transmem-
brane conductance regulator and ErbB2, suggesting that
CHIP has sensor functions that recognize different kinds of
misfolded proteins (Connell er al. 2001; Meacham et al.
2001; Imai et al. 2002; Xu et al. 2002). In in vive conditions,
Hsp might support the CHIP-mediated tau ubiquitylation and
degradation because tau was not accumulated in neurons
exhibiting an increased level of Hsp90 (Dou et al. 2003). To

Fig. 5 Neuropathological analysis in progressive supranuclear palsy
{PSP). Neurons in PSP brain were stained with anti-carboxyl terminus
of Hse70-interacting protein (CHIP; green; a and d) and anti-phos-
phorylated tau (ATS; crange; b and e). (¢ and f) Merged image of both
anti-CHIP and AT8 immunoreactivities. Brains were immersion fixed
with 10% buffered formalin and paraffin-embedded sections
(2-10 um) were prepared for confocal microscopic analyses.

Deparaffinized sections were treated in either 0.1% Triton X-100 in
phosphate-buffered saline for 20 min or Target Retrioval Solution
{Dako). AT8 and anti-CHIP were used as primary antibodies and then
incubated with either Alexa488/568-conjugated anti-mouse IgG or
Alexa488/568-conjugated anti-rabbit IgG. Sections were then exam-
ined with a Radiance 2000 KR3 confecal microscope {Bio-Rad). Scale
bars, 10 um.

© 2004 International Society for Neurochemistry, J. Neurochem. (2004) 91, 295-307
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uncover how CHIP recognizes and ubiquitylates tau without
molecular chaperones, it is first necessary to understand the
structural basis for this significant function.

Phosphorylated tau was reported to preferentially ubiqui-
tylate in COS cells (Shimura ef al. 2003). In our experi-
ments, four-repeat tau was ubiquitylated by CHIP without
phosphorylation. This discrepancy might be due to the
different purification procedures for ubiquitylated tau and/or
the different tau cDNA used. Shimura et al. (2003) used
EGFP-tagged tau. As recombinant tau, which was not
phosphorylated, could be ubiquitylated in an in wvitro
reconstitution system, CHIP must recognize and ubiquitylate
both non-phospho and phospho tau.

The ubiquitinated tau found in AD brains was recovered in
the SDS-insoluble fraction, suggesting that its ubiquitylation
may precede fibril formation. A large amount of SDS-insoluble
tau was recovered in P301L mutant tau-expressing cells in the
present study and MG132 treatment enhanced the accumula-
tion of tau in the SDS-insoluble fraction, suggesting that tau
(P301L} is degraded by the ubiquitin—proteasome system.
CHIP overexpression reduced the recovery of tau in the SDS-
insoluble fraction and MG132 treatment showed only a small
increase of SDS-insoluble tau, suggesting that the ubiquityla-
tion of tau occurs before tau acquires insolubility against SDS.
An inhibition of proteasome activity in the AD brain has been
reported previously (Goldbaum et al. 2003; Keck et al. 2003).
Taken together with the MG132-induced cytotoxicity of
P301L tau overexpression, these results suggest that tau
accumulation in the SDS-insoluble fraction itself was not toxic
but rather that the neurons exhibited vulnerability against the
stress of protein accumulation by inhibition of proteasome.
CHIP expression reduces the stress induced by this cytotox-
icity by reducing the amount of SDS-insoluble tau. Therefore,
although CHIP-expressing neurons survive, ubiquitynated tau
might remain in some neurons and develop into NFTs.
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Amino- and Carboxyl-Terminal Mutants of
Presenilin 1 Cause Neuronal Cell Death
Through Distinct Toxic Mechanisms: Study
of 27 Different Presenilin 1 Mutants
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Presenilin (PSS and its mutants, which consist of the
N-terminal and C-terminal fragments, cause certain fa-
milial forms of Alzheimer's disease (FAD). Our earlier
studies found that FAD-linked M146L-PS1 causes neu-
ronal cell death through nitrogen oxide synthase (NOS)
and that FAD-linked N1411-PS2, another member of the
PS family, causes neuronal cell death through NADPH
oxidase. In this study, we examined 27 different FAD-
linked mutants of PS1, and found that PS1 mutants with
mutations in the N-terminal fragment caused NOS inhib-
itor (NOS!)-sensitive neuronal cell death; in contrast, the
PS1 mutants with mutations in the C-terminal fragment
caused NOSI-resistant neuronal cell death. The former
toxicity was resistant to the specific NADPH oxidase
inhibitor apecynin and was inhibited by Humanin (HN}, a
newly identified neuroprotective factor against Alzhei-
mer's disease (AD)-relevant insults, but not by insulin-like
growth factor-I {GF-i). In contrast, the latter toxicity was
sensitive to apocynin and inhibited by both IGF-} and HN.
This study indicates for the first time that N- and
C-terminal fragment PS1 mutants can generate distinct
neurotoxic signals, which will provide an important clue
to the understanding of the entire array of neurctoxic
signals generated by FAD-causative mutations of PS1.
© 2003 Wiley-Liss, Inc.

Key words: Alzheimer’s disease; NOS; NADPH oxidase;
IGF-I: Humanin

Alzheimer’s disease (AD} is the most prevalent neu-
rodegenerative disease associated with progressive demen-
tia. No fundamental therapy for this disease has thus far
been developed. In AD, neuronal cell death is the central
abnormality that must be controlled by therapeutic agents.
Although familial AD (FAD) is caused by mutations in
certain genes, such as those for amyloid- protein precur-
sor (ABPP), presenilin (PS)1, and PS2 (another member of
the PS family; see Niikura et al., 2002 for review, it is not
well understood how these mutant genes cause neuronal

© 2003 Wiley-Liss, Inc.

cell death in FAD cases. Multiple studies (Yamatsuji et al.,
1996; Wolozin et al., 1996; Guo et al., 1996, 1999a,b:
Zhao et al,, 1997; Zhang et al, 1998; Czech et al., 1998;
Luo et al, 1999; Weihl et al., 1999; Hashimoto et al,,
20002, 2001a~c, 2002a,b), however, have found that ex-
pression of all these FAD mutant genes causes or enhances
cell death in primary neurons and neuronal cell lines,
suggesting that neurotoxicity by FAD genes may play a
direct role in the pathogenesis of AD, at least to a certain
extent. it is thus important to understand the intracellular
death signals generated by FAD mutant genes in cultured
neuronal cells.

Recent studies indicate that FAD-linked mutant PS1
enhances cell death in T lymphocytes (Wolozin et al.,
1998), PC12 cells (Guo et al.,, 1996; Weihl et al.,, 1999},
rat primary cultured neurons (Guo et al., 1999a; Zhang et
al,, 1998; Czech et al., 1998; Weihl et al., 1999), and
neurchybrid cells (Hashimoto et al., 2002b). We have
shown previously that M146L-P31, a representative FAD-
linked mutant, causes nonapoptotic cell death in F11
neurchybrid cells {Hashimoto et al., 2002b). F11 cells, the
hybrid of a rat embryonic primary neuron and 2 mouse
neuroblastoma cell, are one of the best immortalized mod-
els for primary cultured neurons as they carry representa-
tive characteristics of primary neurons, such as generation
of action potentials without differentiation by nerve
growth factor (NGF) (Platika et al., 1985). These cells
have been used in various studies of neuronal functions
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(Yamatsuji et al., 1996; Storms and Rutishauser, 1998;
Huang et al., 2000; Hagiwara et al., 2000; Ghil et al,,
2000; Sudo et al., 2000; Hashimoto et dl., 2001ab,c;
Niikura et al., 2001). Using these cells, we showed that
FAD-linked M146L-PS1 causes neuronal cell death
through nitrogen oxide synthase (NOS) and that FAD-
linked N1411-PS2, another PS family, causes neuronal cell
death through NADPH oxidase (Hashimoto et al,
2002b). Therefore, two possibilities are conceivable. One
possibility is that FAD-linked mutants of PS1 cause NOS-
mediated cell death as a function different from that of
FAD-linked PS2 mutants. In this case, all FAD-linked
mutants of PS1 cause cell death only through NOS. An-
other possibility is that PS1 has the potential to cause
NADPH oxidase-mediated cell death and that some FAD-
linked mutants of PS1 can cause cell death through
NADPH oxidase, as is the case with mutant PS2,

Although FAD is caused by only a few mutations in
PS2, various mutations in PS1 cause FAD. PS proteins
consist of N-terminal and C-terminal fragments {NTF and
CTF) that are generated by cleavage of PS holoproteins.
The FAD-causative mutarions could be located in both
the NTF and CTF of PS1. The M146L mutation, which
turns on the NOS-mediated toxic pathway, is located in
the NTF of PS1. The present study was conducted to
clarify whether other mutations of PS1 can trigger the
NADPH oxidase-mediated toxic pathway or whether PS1
mutants can cause only NOS-mediated cell death. We
investigated 27 mutations of P31, scattered from the N
terminus to the C terminus.

MATERIALS AND METHODS

M146L-PS1 cDNA was kindly provided by Dr. P. St.-
George Hyslop (Centre for Research in Neurcdegenerative
Disease, University of Toronto, Toronto, Canada), subcloned to
pcDNA, and described in detail in Hashimoto et al. {2002b).
Other mutants of P$1 (V82L, V96P, Y115H, E120K, M139T,
M139V, M139], 1143F, M146V, H163R, H163Y, 1213T,
A231T, L2508, A260V, C263R, P264L, P2675, R269H,
E280A, E280G, E318G, G384A and L392V) in the pClneo
plasmid have been described previously in Murayama et al,
(1999). A246E-PS1 and C410Y-PS1 were subcloned into
pIND plasmid (Invitrogen) with sequence confirmation. Ac-
DEVD-CHO (acetyl-L-aspartyl-L-glutamyl-t-valyl-L-aspartyl-
al, abbreviated DEVD) and Humanin (HN} were from Peptide
Institute Inc. (Minoh, Osaka, Japan). Glutathione-ethyl-ester
(GEE) and apocynin (4-hydroxy-3 methoxyacetophenone;
APQO) were purchased from Sigma-Aldrich (Tokyo, Japan).
IGF-I1 was purchased from Roche Diagnostics (Mannheim,
Germany). Ponasterone (Invitrogen) was employed as ecdysone
(EcD). N%monomethyl-D-arginine monoacetate  sale(L-
NMMA) was from Calbiochem (San Diego, CA).

F11 cells were grown in Ham'’s F-12 media plus 18% fetal
bovine serum (FBS) and antibiotics as described previously
(Hashimoto et al., 2001a,b,c). For transient transfection, F11
cells were seeded at 7 X 10* cells/well in 2 6-well plate and
cultured in Ham's F-12 plus 18% FBS for 12-16 hr, Cells were
transfected with pcDNA or pClneo plasmids (1 p.g plasmid, 2 pl
LipofectAMINE, 4 pl/well PLUS reagent) in the absence of

serum for 3 hr. After subsequent incubation with Ham’s F-12
plus 18%FBS for 2 hr, cells were cultured in Ham's F-12 plus
"10% FBS. Twenty-four hours after the onset of transfection,
cells were cultured in Ham's F-12 plus N2 supplement {Gibco-
BRL, Gaitherburg, MD) with or without inhibitors, Cell mor-
tality was measured by Trypan blue exclusion assay at 72 hr after
onset of transfection.

F11 cells overexpressing both the EcD receptor (EcR} and
the retinoid X receptor (RXR) (F11/EcR. cells) have been
described previously {(Hashimoto et al., 2000a, 2002a,b). For
transient transfection of the pIND plasmids, F11/EcR. cells were
sceded at 7 X 10 cells/well in a 6-well plate and cultured in
Ham’s F-12 plus 18% FBS for 12-16 hr, and were transfected
with EcD-inducible pIND plasmids {1 pg pIND plasmids, 2 pl
Lipofect AMINE, and 4 pl PLUS reagent [Gibco-BRL]} in the
absence of serum for 3 hr. After subsequent incubation with
Ham’s F-12 plus 18% FBS for 12-16 hr, cells were cultured with
or without inhibitors in Ham's F-12 plus 10% FBS for 2 hr, and
EcD was then added to the media (without medium change).
Cell mortality was measured by Trypan blue exclusion assay at
72 hr after the onset of EcD treatment.

NSC-34 cells were kindly provided by Dr. N.R. Cash-
man (Centre for Research in Neurodegenerative Diseases and
Sunnybrock and Women's College Health Sciences Centre,
University of Toronto, Ontario, Canada). Experiments using
INSC-34 cells were carried out in the same manner as those
using F11 cells.

The Trypan blue exclusion assay has been described pre-
viously in detail (Hashimoto et al.,, 2000a,b). Brefly, at the
termination of experiments, cells were suspended by pipetting
gently, and 50 jul of 0.4% Trypan blue solution (Sigma-Aldrich
Japan) was mixed with 200 ul of the cell suspension (final
concentration 0,08%) at room temperature, Stained cells were
counted within 3 min after the mixture with Trypan blue
solution. Cell mortality was then determined as a percentage of
Trypan blue-stained cells in total cells. Cell mortality assessed by
this method thus represents the population of dead cells in toral
cell population, including both adhesive and floating cells, at the
termination of experiments.

WST-8 cell viability assay was carried out using Cell
Counting Kit-8 (Wako Pure Chemicals, Osaka, Japan), as de-
scribed previously {Hashimoto et al., 2000b). Seventy-two
hours after AP treatment, cells were added with 10 pl WST-8
solution, After 2-hr incubation in a CO, incubator at 37°C,
WST-8 absorbance was measured as optical density (OD),s0.
Most cell viability data using WST-8 assay were obtained from
neurons seeded at 5 X 10* cells/well in 96-well plates and
confirmed by Trypan blue assay with cells seeded at 2.5 X 10*
cells/well. In F11 neurchybrid cells, the data of Trypan blue
exclusion assay were reciprocal with the data of WST-8 assay,
indicating that Trypan blue exclusion assay is a reliable method
to assess cell viability (Hashimoto et al., 2000b).

Immuncblot analysis of expressed constructs was carried
out as follows. SDS-PAGE of cell lysates (20 pg/lane} were
carried out, and separated proteins were transferred onto poly-
vinylidene diflucride (PVDF) sheets. After blocking with 10%
skim milk in PBST {137 mM NaCl, 2.7 mM KCl, 4.3 mM
Na,HPQ,+7H,0, 1.4 mM KH,PQ, containing 0.1% Tween



Fig. 1. Effects of varicus inhibitors on A246E-PS1-induced
and C410Y-PS1-induced cell death in F11/EcR cells, A: Ef-
fects of DEVD and GEE. F11/EcR cells were transfected
with pIND-A246E-P51 or pIND-C410Y-PS1 and treated
with 0, 10, or 40 pM EcD in the absence or presence of
100 pM DEVD or 1 mM GEE. Cell mortality was measured
by Trypan blue exclusion assay 72 hr after the onset of EcD
treatrnent. As another negative control, 40 pM EcD-
equivalent volume (20 pl) of EtOH, the vehicle of EcD, was
used under the same condition (0 EtOH). Values indicate
means * SD of three independent experiments. *Significant
vs. corresponding controls without EeD; **significant vs.
corresponding controls without inhibitors. B: Effects of
L-NMMA and APO. F11/EcR cells were transfected with
pIND-A246E-PS1 or pIND-C410Y-P51 and treated with 0,
10, or 40 pM EcD in the absence or presence of 1 mM
L-NMMA or 300 pM APQ. Cell mortality was measured by
Trypan blue exclusion assay 72 hr after the onset of EcD
treatment. As another negative control, 40 pM EcD-
equivalent volume (20 pl) of EtOH was used under the same
condition {0 EtOH). Values indicate means = SD of three
independent experiments. *Significant vs. corresponding
controls without EcDy; **significant vs. corresponding con-
trols without inhibitors; ns., not significant vs. correspond-
ing controls without inhibitors,
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Fig. 2. Inhibitar profiles of cell death by various FAD-linked mutants
of PS1. V82L-, V96P-, Y115H~, E120K-, M139T-P51. F11 cells were
transfected with an empty vector (vec), V82L-, V96P-, Y115H-,
E120K-, or M139T-PS1 cDNA and cultured in the presence of N2
supplement with or without 300 pM APO (A), 1 mM L-NMMA (N),
10 wM BN {H), or 10 nM IGF-I (I}, Seventy-two hours after the onset
of transfection, cell mortality was measured by Trypan blue exclusion

20), the blots were probed with the primary antibody, rat
anti-PS1 antibody (1:2,000; Chemicon, Temecula, CA), and
the secondary antibody (1:2,000, anti-rat IgG conjugated with
horseradish peroxidase [HRP]; Wako), followed by visualiza-
tion of the immunoreactive bands by ECL (Amersham Pharma-
cia Biotech).

All experiments described in this study were repeated at
least three times with independent transfections and treatments,
each of which yielded essentially the same result, Statistical
analysis was caried with one-way analysis of variance
(ANOVA) followed by Scheffe’s post-hoc test, in which P <
0.05 was assessed as significant,

RESULTS

Characterization of Cell Death by A246E-PS1 and
C410Y-PS1 in F11/EcR Neurohybzrid Cells

We initially characterized cell death by A246E-PS1
and C410Y-PS1 using F11/EcR cells. These cells are F11
cells stably expressing both EcR. and RXR. When F11/
EcR. cells are transfected with PS1 cDNA (both wild-type
and mutant PS1) in pIND (ecdysone responsive plasmid)

it holoPSY 47.5+

M130T-PS1
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assay (a). *Significant vs. corresponding controls without inhibitors.
**Not significant vs. corresponding controls without inhibitors. Ex-
pression of the transfected PS1 mutants was ¢xamined by immunoblot-
ting with anti-PS1 antibody (b—d). The upper and lower regions of the
two major bands correspond to the holoproteins and the N-terminal
fragments of mutant PS1s. no T, no trznsfection cases; holoPS1, holo-
protein of mutant PS1; NTF, NTF of mutant PS1.

and treated with EcD, the corresponding PS1 holoproteins
are expressed in a manner dependent on the EcD dose.
The pIND-encoded A246E-PS1 and C410Y-PS1
were named pIND-A246E-PS1 and pIND-C410Y-PS1,
respectively. When cells were transfected with pIND-
A246E-PS1 and treated with 10 pM and 40 uM EcD, cell
death was induced in ~40% and ~55% (of total cells),
respectively (Fig. 1A, upper left). When cells transfected
with pIND-A246E-P51 were treated with 10 wM and
40 M EcD in the presence of 100 puM DEVD, cell death
was induced at the same extent as that in the absence of
DEVD (Fig. 1A, upper left), DEVD is 2 well-established
cell-permeable caspase inhibitor. Similarly, when cells
were transfected with pIND-C410Y-PS1 and treated with
10 uM and 40 wM EcD, cell death was induced in ~50%
and ~60% (of total cells), respectively (Fig. 1A, upper
right). In contrast to A246E-PS1, however, when cells
transfected with pIND-C410Y-P51 were treated with 10
pM and 40 pM EcD in the presence of 100 pM DEVD,
cell death was inhibited significantly (Fig. 1A, upper
right). These data suggest that C410Y-PS1-induced cell
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Fig. 3. M139V/I-, [143T/F-, M146V-P51. F11 cells were transfected
with an empty vector (vec), M139V-, M1391-, 1143T-, [143F-, or
M146V-PS1 ¢cDNA and cultured in the presence of N2 supplement
with or without 300 pM APC (A), 1 mM L-NMMA (N}, 10 pM HN
(H), or 10 aM IGF-I {I}. Seventy-two hours after the onset of trans-
fection, cell mortality was measured by Trypan blue exclusion assay (a).

death was sensitive to DEVD, whereas A246E-PS1-
induced cell death was resistant to DEVD.

Similar experiments were carried out with GEE in-
stead of DEVD. GEE is a well-established cell-permeable
antioxidant. When F11/EcR cells transfected with pIND-
A246E-PS1 were treated with 10 pM and 40 pM EcD in
the presence of 1 mM GEE, cell death was inhibited
significantly (Fig. 1A, lower left). This was also the case
with C410Y-PS1. Similarly, when cells transfected with
pIND-C410Y-PS1 were treated with EcD in the presence
of 1 mM GEE, the extent of cell death was inhibited

“significantly (Fig. 1A, lower right). These data suggest that
both A246E-PS1-induced and C410Y-PSi-induced cell
deaths were sensitive to GEE.

Qur earlier studies showed that M146L-PS1-
induced cell death is resistant to DEVD and mediated by
INOS, whereas N1411-PS2-induced cell death is sensitive
to DEVD and mediated by NADPH oxidase (Hashimoto
et al., 2002a,b). We thus examined whether A246E-PS1-
induced cell death and C410Y-PS1-induced cell death are
sensitive to NOS and NADPH oxidase inhibitors. As
shown in Figure 1B, A246E-PS1-induced cell death was
sensitive to 1 mM L-NMMA, but not 300 uM APQ,

B2
4 HACPST 475

% NTF

32,8 =
25

Expression of the transfected PS1 mutants was examined by immuno-
blotting with anti-P31 antibody (b—d}. The upper and lower regions of
the two major bands comrespond to the holoproteins and the
N-termina! fragments of mutant PSls. no T, no transfection cases;
holoP$1, holoprotein of mutant PS1; NTF, NTF of mutant PS1.

Under the same conditions, C410Y-PS1-induced cell
death was sensitive to 300 pM APO, but not 1 mM
L-NMMA. L-NMMA and APO are specific inhibitors of
NOS and NADPH oxidase, respectively, and 1 mM
L-NMMA and 300 pM APO selectively inhibit NOS and
NADPH oxidase, respectively. These data suggest that
A246E-PS1-induced cell death is most likely mediated by
NGS, but not NADPH oxidase, whereas C410Y-PS1-
induced cell death is most likely mediated by NADPH
oxidase, but not by NOS.

Taken together, these data indicate that A246E-PS1
induces cell death by triggering the same NOS-mediated
DEVD-resistant pathway triggered by M146L-PS1 and
that C410Y-PS1 induces cell death by triggering a differ-
ent NADPH oxidase-mediated DEVD-sensitive pathway.

Sensitivities of FAD-Linked Mutant PS1-Induced
Cell Death to NOS and NADPH Oxidase
Inhibitors in F11 Neurchybrid Cells

Based on these results, we next investigated the
relationship between the location of FAD mutations in
PS1 and types of induced cell death. For this purpose, we
used a simple F11 cell system in which F11 cells were
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Fig. 4. H163R/Y~, 1213T-, A231T-, L2505-PS1. F11 cells were
transfected with an empty vector {vec), H163R-, H163Y-, 1213T-,
A231T-, or L250S-PSt ¢DNA and culwired in the presence of N2
supplement with or without 300 pM APQ (A}, 1 mM L-NMMA (N),
10 .M HN (H), or 10 nM IGF-I (I). Seventy-two hours after the onset
of transfection, cell mortality was measured by Trypan blue exclusion
assay (a). *Significant vs. comresponding controls without inhibitors.

transfected with mutant PS1 ¢cDNA and cultured in the
presence of N2 supplement. Under the condition of the
F11 cell system, M146L-PS1-induced cell death is mech-
anistically the same as M146L-PSl-induced cell death
under the condition of F11/EcR cell system with 10 pM
EcD (data not shown). We therefore transfected F11 cells
with various PS1 mutant ¢€DNAs and cultured cells with
L-NMMA or APO in the presence of N2 supplement.

V82L, V96P, Y115H, E120K, and M139T. As
shown in Figure 2, cell deaths induced by V82L-, VS6P-,
Y115H-, E120K-, and M139T-PS1 were inhibited by
1 mM 1-NMMA, but resistant to 300 pM APO. Expres-
sion of V82L-, V36P-, Y115H~, E120K-, or M139T-P51
was not inhibited by 1 mM L-NMMA and 300 pM APO
(Fig. 2). As compared to the internal control actin, the
expression levels of these PS1 mutants were thought to be
equivalent, even when APO or other inhibitors were
treated (data not shown). These results suggest that V82L-,
V96P-, Y115H-, E120K-, and M139T-P51 induce cell
death by triggering the same pathway as M146L-PS1
triggers.

M139V, M1391, I143T, I143F, and M146V. As
shown in Figure 3, cell deaths induced by M13%V-,

**Not significant vs. cormresponding controls without inhibitors. Ex-
pression of the transfected PS1 mutants was examined by immunoblot-
ting with anti-P31 antibody (b—d). The upper and lower regions of the
two major bands correspond to the holoproteins and the N-terminal
fragments of mutant PS1s. no T, no transfection cases; holoP$1, holo-
protein of mutant PS1; NTF, NTF of mutant P51.

M1391-, 1143T-, 1143F-, and M146V-PS1 were inhibited
by 1 mM L-NMMA, but resistant to 300 pM APO.
Expression of M139V-, M139I-, [143T-, 1143F-, or
M146V-PS1 was not inhibited by 1 mM 1-NMMA and
300 uM APO (Fig. 3). As compared to the internal
contrel actin, the expression levels of these PS1 mutants
were thought to be equivalent, even when APQO or other
inhibitors were treated (data not shown). These results
suggest that M139V-, M1391-, 1143T-, [143F-, and
M146V-PS1 induce cell death by triggering the same
pathway as M146L-PS1 triggers.

H163R, H163Y, 1213T, A231T, and L250S. As
shown in Figure 4, cell deaths induced by H163R-,
H163Y-, [213T-, A231T-, and 1.2505-PS1 were inhib-
ited by 1 mM L-NMMA, but resistant to 300 pM APO.
Expression of H163R-~, H163Y-, 1213T-, A231T-, or
L2505-PS1 was not inhibited by 1 mM L-NMMA and
300 pM APO (Fig. 4). As compared to the internal
control actin, the expression levels of these P51 mutants
were thought to be equivalent, even when treated with
APOQ or other inhibitors {data not shown). These results
suggest that H163R.-, H163Y-, 1213T-, A231T-, and
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