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Figure 6. Loss of dPGAMS5 improves degeneration of the mitochondria and DA neurons caused by dP/NK7 inactivation in Drosophila.
(A=F) TEM analysis of the indirect flight muscle and morphology of mitochondria in 2-day-old adult flies with the indicated genotypes. In A and B,
some mitochondria are outlined with broken lines. The insets in D-F show representative mitochondria matrixes. Scale bars =1 um in A-C and 200
nm in D-F. (G) Quantification of the percentagoe of mitochondrial size distribution in the indirect muscle tissue from wild-type (n= 136 from 5 adult
flies), PINK1% (n = 96 from 5), PINK1%%, PGAM5""%*%8 (n = 116 from 5), PINK1%%, PGAMS5" (n=111 from 5) as shown in Figure 3K. Data are shown as means
* SE (* p<0.05, **p<0.01). (H-J) Quantification of the percentage of cytoplasmic mitochondrial aggregates with diameter of 0.5-10, 1.0-1.5 or
=1.5 pm in each PPL1 TH* neuron from wild-type (n=373 from 18 adult flies), PGAM5' (n=356 from 18), PINK1%° (n=231 from 11), PINKI®**PGAMS’
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flies (=235 from 13). Mitochondrial morphology was revealed by mitoGFP as shown in Figure 3L-30. Data are shown as means * SE (*, p<0.05;
**, p<0.01; N.S,, not significant). Tubular or reticular mitochondria were excluded from the estimation due to difficulty in the counting. However, the
ratio of mitochondria with that morphology was also increased in PINK1%°PGAMS’ flies (J) compared with that in PINK1%° flies (I). Arowheads in (J)
indicate representative tubular or reticular mitochondria. Scale barin (l) =5 pm. (K) Quantification of TH* DA neuron number in the PPM1, PPM2 and
PPL1 clusters in 25-day-old males. PPM1 and PPM2 cluster neurons were counted together. Data are shown as means * SE (*, p<0.05; n=16). (L, M)
Representative images of PPM1/2, PPM3 and PPL1 dusters of PINK1®® (L) and PINK1%°, PGAM5"?%%® flies (M) visualized with anti-TH antibody. Scale bar
in (M) =50 pm. The genotypes are: PINKI™/Y (wild-type), PINKI®/Y (PINK1®), PGAMS™**5%y (PGAMS™**%), PGAMS'/Y (PGAMS"), PINK1®,
PGAMSNF/y (PINK1%®, PGAMSNP®%8), PINK1%®, PGAM5'/Y (PINK1®, PGAMS'), PINK1%/Y: Da-GAL4> dPGAMS5 (PINK1%, PGAMS Ta), in (A-G, K-M),
PINKI™/Y; TH-GAL4> mitoGFP (wild-type), PINK1%°/Y; TH-GAL4> mitoGFP (PINK1®®), PGAMS'/Y: TH-GAL4> mitoGFP (PGAMS"), PINK1®, PGAMS' /Y; TH-
GAL4> mitoGFP (PINK1%, PGAMS') in (H-J).

doi:10.1371/journal.pgen.1001229.9006

known mitochondrial fusion/fission machinery suggested that seem to activate Parkin E3 activity directly (data not shown). Based
PGAMS acts upstream of them or in an independent pathway  on these findings, it is possible that PGAMS5 may promote a
(Figure 4). Given that PGAMS is involved in mitochondrial fission, selective recruitment of PINKI to the outer membrane of the
loss of PGAMS5 would be expected to enhance the PINKI mutant ~ damaged mitochondria, or that PGAMS5 may regulate PINK1
phenotype in Drosophila, similar to the interaction between PINKI stabilization. Our molecular analysis, however, did not support the |
and the mitochondrial fusion/fission machinery [10-12]. Inter- idea that PGAMS stabilizes PINK1 (data not shown). In addition,
estingly, the number of large aggregated mitochondria, which are because loss of dPGAMS5 partially suppresses dPINKI null
frequently seen in PINKI ? flies, was mildly decreased in TH* phenotypes, it seems likely that PINKI1 negatively regulates
neurons of PINKI®’PGAMS5” flies (Figure 6H-6]). Moreover, loss ~ PGAMS function (Figure 9). PGAMS5 was originally identified as
of dPGAMS5 also modulated the mitochondrial morphology of  a Bd-xL-binding protein, and in itself can be toxic to cells,
dParkin mutant fly without suppressing the mitochondrial degen-  promoting mitochondrial fragmentation, when expressed at high
eration (Figure 7H-7L). Based on these observations, it could be levels (Figure 3B). Therefore, it seems possible that PGAMS5
speculated that PGAMS5 does not directly regulate mitochondrial ~ modulates a cell protective or a mitochondrial morphogenetic
fission but instead, modulates the PINK1 pathway in a different activity of the Bcl-2 family member Bcl-xL downstream of PINK1
way. Recent studies have proposed two different models for the but in a pathway that is independent from Parkin (Figure 9A) [39].
mechanism of mitochondrial morphological changes through the In this context, PINK1 may suppress the cell toxic action of
PINK1/Parkin pathway in Drosophila and mammals, Ziviani et al. PGAMS through an indirect mechanism where an unidentified
and Poole ¢t al. have demonstrated that dParkin promotes  substrate of PINKI inactivates PGAMS. Interestingly, a recent
degradation of Mfn in a dPINK1-dependent manner, which leads report suggests that the dPINKI phenotype can be partially
to mitochondrial fragmentation in Drasophila [16,36]. Our current suppressed by transgenic expression of Drosophila Bcl-2 protein
results demonstrated that the loss of dPGAMS activity does not Buffy [8]. Alternatively, PGAMS5 may be one of components of a
affect mitochondrial fragmentation caused by reduction of Mfn negative regulator complex against Parkin E3, downstream of
activity, suggesting that dPGAMS might not contribute to the PINK1 (Figure 9B). Matsuda et al. have reported that Parkin E3
proposed PINK1/Parkin pathway (Figure 4). Sandebring et al activity is activated only at the depolarized mitochondria,
have proposed that accumulation of damaged mitochondria by ~ suggesting the existence of its negative regulator(s) [38]. E3
PINKI inactivation results in mitochondrial calcium efflux, which activity of Parkin may be released when PINKI1 associates with the
activates Drpl through Calcineurin-mediated dephosphorylation negative regulator complex via PGAMS5 and suppresses its
of Drpl in human cells [37]. This model well explains the function by phosphorylation of another complex component(s).
observation that loss of PINK1 indirectly promotes mitochondrial =~ This idea might be partly supported by our observation that loss of
fragmentation in mammalian cells and the indication that PINK 1 dPGAMS had little effect on dparkin mutant flies.
is not a core component of the fusion/fission machinery in a Although the primary cause of the mitochondrial degeneration
Drosophila study [11]. However, most of Drosophila studies do not by the loss of PINKI remains less obvious, the growing evidence
support a result that loss of PINKI leads to mitochondrial  suggests that PINKI eliminates oxidatively damaged mitochondria
fragmentation in mammals. Thus, it still remains a question for in cooperation with Parkin, the failure of which leads to tissue
further investigation how PGAMS5 modulates the mitochondrial degeneration. Supporting for this hypothesis, the mitochondrial
dynamics. phenotypes of dPINKI and dParkin mutant flies are primarily
Although the property of PGAMS5 to physically interact with  exhibited in similar tissues that require higher energy demands [7-
PINK1 appears to be conserved between human and Drosopkila, 9]. Although dPAGM5 might not regulate Keapl function in
the functional significance of this binding remains to be  Drosophila, the Keapl/Nrf2 pathway appears to be conserved in
established. PINK1 and PGAMS5 have kinase and phosphatase ~ Drosophila [32], and activation of the Keapl/Nrf2 pathway by
activities, respectively. However, there is no evidence to suggest  genetic manipulation effectively suppressed the short-lifespan
that PINK1 directly phosphorylates PGAMS, or that PGAM5S  phenotype by dPINKI inactivation. This finding may also support
dephosphorylates PINK1 (Figure 2G and 2H) [18,25,26]. The the above idea that the accumulation of oxidatively damaged
PINKI1 protein levels are maintained at very low level under mitochondria leads to degeneration of specific tissues, providing a
steady-state conditions by constitutive processing and subsequent  hint of therapeutic strategies for PINKI-associated PD.
degradation through the ubiquitin-proteasome pathway [15]. In conclusion, the results of our genetic study demonstrate that
Recent studies suggested that PINK1 selectively translocates from  the mitochondrial-localized protein PGAMS -modulates - the
cytosol to mitochondria with low membrane potential, at which ~ PINKI1 pathway in Drosophila. However, further work will be
PINK1 is stabilized [14,15,38]. The accumulated PINKI on the required to determine how PGAMS regulates the PINK1 pathway
depolarized mitochondria further recruits Parkin to induce at the molecular level, as well as to determine if manipulation of
mitophagy [13-15,38]. However, Parkin does not seem to be PGAMS5 activity might provide a therapeutic advantage in
the target of PINKI kinase activity [15], and PINKI does not treatment of PINKI-associated PD.
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Figure 7. Disruption of dPGAMS5 fails to suppress the mitochondrial phenotype caused by dParkin inactivation in Drosophila. The
abnormal wing posture caused by a homozygous dParkin mutation (A) was not suppressed by removal of the dPGAMS gene (B). (C) Percentage of
flies with abnormal wing posture among 10- and 20-day-old male wild-type (n=105), parkin®™' (n=102) and PGAMSV?*%; parkin®' (n=109) flies.
Emor bars show S.E. from three repeated experiments. * p<0.05; **, p<0.01 vs. dParkin(+/+). (D) Percentage of flies showing locomotor activity
among 10- and 20-day-old male parkin™’ (n=86), parkin™' (n=73) and PGAMS"***®; parkin®' (n=78) flies. Emor bars show SE. from twenty
repeated experiments. *, p<0.05; ",ﬂn<0.01 vs. dParkin(+/+). (E) Locomotor activity of 10-day-old male parkin®’ (n=153) and parkin™' ubiquitously
overexpressing dPGAMS flies (parkin®'; dPGAMS Tg, n=155) flies. Error bars show S.E. from twer;%geojaeated experiments. **, p<0.01. (F) Lifespan of
adult male wild-type (n=104), parkin®' (n=102) and PGAMS"**%; parkin™' (n=91) flies. PGAMS""**%; parkin®™' vs. parkin®?', p=0.191; wild-type vs.
parkin™', p<0.001 by log rank test. (G) Lifespan of adult male parkin™’ (n=153) and parkin"*'; dPGAMS5 Tg flies (n=155) flies. parkin™’ vs. parkin®';
dPGAMS Tg, p<0.001 by log rank test. (H-K) TEM analysis of the indirect flight muscle and mitochondrial morphology in tissue from flies of the
indicated genotypes. The long tubular mitochondrial phenotype seen in parkin™' flies can be rescued by dPGAMS inactivation (H and I). However, the
mitochondrial matrix still appears degenerated (insets in J and K). Scale bars =1 pum in H and | and 200 nm in J and K. (L) Quantification of the
percentage of mitochondrial size distribution in the indirect muscle tissue from wild-type (n =136 from 5 adult flies), parkin" 2! (n=89 from 5) and
parkin™'; PGAM5™F*® flies (n = 84 from 5) as shown in (H-K). The length of the mitochondria in the direction of the myofibrils was measured. Data
are shown as means =+ SE (* p<0.05, *p<0.01 vs. wild-type; # p<0.05 vs. parkin®'; PGAM5"P%*®®), The genotypes are: +/Y (wild-type), +/Y; parkin™'/
parkin™' (parkin™"), PGAM5™*%/Y; parkin™'/parkin™' (parkin™"; PGAM5™"*%%),

doi:10.1371/journal.pgen.1001229.g007

Materials and Methods minimum essential medium with 5% fetal bovine serum). The
cell pellet (2.4x10° cells) was homogenized in lysis buffer (50 mM
Purification of PINK1-Binding Proteins Tris pH 7.4, 120 mM NaCl, 5 mM EDTA, 10% glycerol, 1%

HEK293 cells stably expressing hPINK1-FLAG or parent cells Trion-X100) supplemented with Complete Protease Inhibitors
were grown in suspension culture (Joklik-modified Eagle’s (Roche Diagnostics). The soluble fraction of the suspension was
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Figure 8. Reduction of Keap1 activity improves the lifespan of
dPINKT RNA:i flies. Removal of one copy of Drosophila keap1 had no
effects on the wing phenotype of dPINK7 RNAI flies (A) but improved
viability (B). ¥, p<0.05; ¥¥, p<<0.01 vs, age-matched dPINK7 RNAi group.
The genotypes are as follows: MHC-GAL4> dPINKI™A (1+/4),” MHC-
GAL4> dPINK1™/Keap™' (Keap®'), MHC-GAL4> dPINK1™A /Keap*
(Keap®™). Flies were raised at 29°C.
doi:10.1371/journal.pgen.1001229.9g008

immunoprecipitated with anti-FLAG M2 agarose (Sigma-Aldrich)
and washed five times in lysis buffer. The fractions eluted with
200 pg/ml 3x FLAG peptide were resolved by SDS-PAGE.
Specific bands detected by silver staining were excised for in-gel
digestion. The digest extracted from the gel was subjected to
online HPLC-MS/MS, followed by informatics-based identifica-
tion of the proteins (Nippon Proteomics).

Drosophila Genetics

Fly culture and crosses were performed on standard fly food
containing yeast, cornmeal and molasses, and flies were raised at
25°C unless otherwise indicated. To generate UAS-dPGAMS5
transgenic lines, cDNA for dPGAMS5 and dPGAMS5-2 obtained by
RT-PCR from adult Drosophila total RNA was subcloned into the
PpUAST vector. Introduction of transgenes into Drosophila germ line
and establishment of transgenic lines into a w background were
performed by BestGene Inc. (Chino Hills, CA). A P-element
insertion line for dPGAMS mutant, PGAM5"™*® obtained from
Kyoto Drosophila Genetic Resource Center, expresses a reduced
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Figure 9. Schematic of the proposed PINK1/PGAM5 pathways
in Drosophila. (A) PGAM5 has a role in mitochondrial activities
independently of Parkin downstream of PINK1. (B) PGAM5 negatively
regulates Parkin downstream of PINK1.
doi:10.1371/journal.pgen.1001229.g009

level (~25%) of mRNA, in which NP0568 element is integrated
50 bp downstream of the dPGAMS translational start site (Figure
S1B). We could not detect any dPGAMS protein signal in
PGAMS5™"*® homozygous flies (Figure S1C). The PGAM5T*%
line was backcrossed to w for six generations to remove
background mutations, and used for most experiments as a
dPGAM5 mutant line. UAS-dPGAMS5 RNAi (VDRC 51655) and
UAS-mfa RNAi (VDRC105261 and VDRC40478) strains were
obtained from the Vienna Drosophila RNAi Center. To generate
PGAMS5', the KG09727 P-element insertion (obtained from the
Bloomington Drosophila Stock Center) was mobilized using A2-3
transposase, and the entire dPGAMS coding region was deleted by
imprecise excision, as shown in Figure S1A. All other fly stocks
and GAL4 lines used in this study were obtained from the
Bloomington Drosophila Stock Center and have been previousl%
described: UAS-dPINKI RNAi [9]; PINKI™ and revertant PINKI®

[8]; parkin™? [30]; keap1®™and keap1®** [32); Drpl? and Drpl*
[40].

RT-PCR and Plasmids

For quantitative RT-PCR analysis, reverse transcription and
PCR reactions with total RNA extracted from fly heads were
performed using a Superscript VILO c¢DNA synthesis kit
(Invitrogen) and SYBR GreenER gPCR SuperMix (Invitrogen),
respectively. Full-length cDNAs corresponding to APGAMS
(GenBank NP_001170543) and a short isoform of APGAMS
(hPGAMS5-S, GenBank NM_138575) were amplified by RT-
PCR from total RNA purified from HEK293 cells or a cDNA
clone (RIKEN clone ID: IRAK003D15), and was cloned in
peDNA3-Myc, pGEX6P-1 and pGEX4T-1 vectors. Expression
plasmids for APINKI-FLAG and pUAST-dPINKI-Myc have been
reported elsewhere [9,20].

Antibodies

Rabbit anti-human PGAMS5 polyclonal antibody was raised
against recombinant GST-tagged PGAMS domain (89-289 aa)
produced in the E. ¢colz strain BL21(DE3)pLysS (Novagen), and was
affinity-purified against the antigen. Rabbit anti-dPGAMS5 poly-
clonal antibody was raised against the peptide ELLTN-
RIPRDVKNVV. Anti-hPINK1 antbody (BC100-494), anti-Myc
(4A6) and anti-FLAG (M2) antibodies were purchased from
Novus, Millipore and Sigma-Aldrich, respectively. Mouse anti-TH
monoclonal antibody was purchased from ImmunoStar, and
rabbit anti-Drosophila TH polyclonal antibody was described
previously [9].
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Cell Culture, Immunoprecipitation, and Immunoblot
Analysis

Transfection of mammalian cultured cell, immunopurification
of FLAG-protein from transfected cell lysate and immunoblot
analysis was performed as described previously [4,41]. For the
hPGAMS5 RNAI experiment, HEK293 cell lysate transfected with
20 pM stealth RNAI reagent against lPGAMS or a control RNAi
reagent {Invitrogen), was analyzed 72 hrs after transfection. To
detect an endogenous interaction between PINK1 and PGAMS,
we treated HEK293 cells (2><107 cells) with 20 pM carbonyl
cyanide 3-chlorophenylhydrazone for 24 hrs to induce a sufficient
level of human PINKI protein for the study. The treated cells
were subjected to immunoprecipitation using a Rabbit TrueBlot
kit combined with rabbit anti-human PINK1 or rabbit anti-Delta
(Santa Cruz) as a species-matched control. For the preparation of
fly samples for immunocblot analysis, fly heads were directly
homogenized in 20 pl/head of SDS sample buffer using a motor-
driven pestle. After centrifugation at 16,000 g for 10 min, the
supernatant was used in SDS-PAGE.

In Vitro Phosphorylation Assay

Recombinant 2x GST-dPINKI1 (153-709 aa), which has an N-
terminal GST-tag and a C-termminal GST/6x His tag, was
produced in the E. coli strain pG-KJE8/BL21 (TAKARA) and
purified by a sequential purification with Ni-NTA agarose and
glutathione sepharose. GST-hPGAMS5-S (1-255 aa) and GST-
hPGAMS5 (1-289 aa) were incubated with 2x GST-dPINKI1 as
described in Figure 2.

Whole-Mount Immunostaining and Transmission

Electron Microscopic (TEM) Analysis

Counting of TH-positive neurons was performed by whole-
mount immunostaining-of brain samples as described previously
[9]. TEM images were obtained at the Biomedical Research Core
of Tohoku University Graduate School of Medicine. All
histochemical analyses were performed using DeltaVision micro-
scope system (Applied Precision) or LSM5 PASCAL laser scanning
microscope system (Carl Zeiss). The images obtained by DeltaVi-
sion system were deconvolved through 10 iterations using the
DeltaVision deconvolution software (Applied Precision). Area
calculation of the mitochondria was performed following estab-
lished criteria for classification [12] using softWoRx (Applied
Precision) or Image J software from the US National Institute of
Health (http//xsb.info.nih.gov/ij/).

Lifespan Assay and Quantification of Wing Phenotypes
and Climbing Ability

For lifespan studies, twenty female adult flies per vial were
maintained at 25°C, transferred to fresh fly food, and scored for
survival every 4 or 5 days. To control for isogeny, the
PGAMS™%%% PINKI®® and PGAMS’, PINKI®® alleles were
backerossed to PINKI® for six generations, and parkin®®’ and
PGAMS™M?%,  parkin®™™  were backcrossed to w” wild-type
background for six generations, UAS-dPGAMS transgenic flies
were generated in the w~ genetic background and thus have
matched genetic backgrounds. The liféspan of PGAMS’ was
compared in the y~ genetic background. The number of flies
exhibiting defective abnormal wing posture (held-up or drooped)
was determined for each genotype [9]. A climbing assay was
performed as described previously [42].
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Statistical Analysis

One-way repeated measures ANOVA was performed to
determine significant differences among multiple groups unless
otherwise indicated. If a significant result was achieved ($<<0.05),
the mean of the control and the specific test groups was analyzed
using the Tukey-Kramer test. For Lifespan assays, the Kaplan-
Meier analysis with log-rank test was performed.

Supporting Information

Figure S1 dPGAMS5 mutant alleles, (A) PGAMS"*®* and
PGAMS5’ mutant alleles are depicted. Boxes, exons of the dPGAMS
gene; triangles, the positions of the transposon NP0568 and
KG09727 insertions. Coding regions and the transcript are
depicted by black and yellow boxes, respectively. (B) Quantitative
RT-PCR of the dPGAMS transcript in homozygous dPGAMS5
mutant and RNAJ lines. Expression of the dPINKI RNAi was
induced via the Da-GAL4 driver. Primer-binding sites for PCR are
shown as arrows in (A). (C) Immunoblot analysis of dPGAMS5 in the
homozygous dPGAMS5 mutant, RNAi and transgenic lines. LE,
longer exposure. (D) Alignment of the amino acid sequences
of PGAMS5 orthologues, Putative transmembrane domains are
underlined in green for mammalian PGAMS5 and blue for Drosophila
PGAMS5. A red arrowhead indicates the point of insertion of the
transposon NP0568. Red underlining, sequences correspending to
the reported keapl-binding motif in human PGAMS.

Found at: doi:10.1371/journal.pgen.1001229.5001 (0.69 MB
TIF)

Figure 82 Quantitative RT-PCR of the mfn transcript in the mfz
RNAI lines. Expression of the mf RNAi was induced via the Da-
GAL4 driver, and total RNA was purified from 3" instar larvae
because mfz RNAI flies exhibited a pupation-defect phenotype.
Found at: doi:10.1371/journal.pgen.1001229.5002 (0.18 MB TIF)

Figure 83 Loss of dPGAM5 improved mitochondrial degenera-
tion of the indirect flight muscles caused by dPINKI1 inactivation.
To visualize the mitochondria under a fluorescence microscopy,
we used the MHC-GAL# driver to induce expression of a mitoGFP
(green) transgene in 5-day-old adult flies with the indicated
genotypes. Muscle tissue was counterstained with phalloidin (red).
Integrity of the mitochondria in PINKI® flies was partially
restored by removal of dPGAMY5 as shown by recovery of the
mitoGFP signal (green) in PINKI®PGAM5’ flies. The genotypes
are as follows: MHC-GAL4>MitoGFP [wild—gvge], PGAMS'/Y;
MHC-GAL4> UAS-mitoGFP [PMM.’;";, PINKI®°/Y: MHC-GA-
L4>UAS-mitoGFP [PINKI®®), PINKI®®, PGAMS'/Y: MHC-GA-
Le> UAS-mitoGFP [PINKI®®, PGAMS").

Found at: doi:10.1371/journal.pgen.1001229.5003 (140 MB
TIF)
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Synaptic loss, which strongly correlates with the decline of
cognitive function, is one of the pathological halimarks of Al-
zheimer disease. N-cadherin is a cell adhesion molecule essen-
tial for synaptic contact and is involved in the intracellular
signaling pathway at the synapse. Here we report that the
functional disruption of N-cadherin-mediated cell contact ac-
tivated p38 MAPK in murine primary neurons, followed by
neuronal death. We further observed that treatment with Af,,
decreased cellular N-cadherin expression through NMDA re-
ceptors accompanied by increased phosphorylation of both
p38 MAPK and Tau in murine primary neurons. Moreover,
expression levels of phosphorylated p38 MAPK were nega-
tively correlated with that of N-cadherin in human brains. Pro-
teomic analysis of human brains identified a novel interaction
between N-cadherin and JNK-associated leucine zipper pro-
tein (JLP), a scaffolding protein involved in the p38 MAPK sig-
naling pathway. We demonstrated that N-cadherin expression
had an inhibitory effect on JLP-mediated p38 MAPK signal
activation by decreasing the interaction between JLP and p38
MAPK in COS7 cells. Also, this study demonstrated a novel
physical and functional association between N-cadherin and
p38 MAPK and suggested neuroprotective roles of cadherin-
based synaptic contact. The dissociation of N-cadherin-medi-
ated synaptic contact by A may underlie the pathological ba-
sis of neurodegeneration such as neuronal death, synaptic loss,
and Tau phosphorylation in Alzheimer disease brain.

Alzheimer disease (AD)? is pathologically characterized by
the presence of amyloid 3-peptide (AB) and neurofibrillary
tangles in the neocortex and hippocampus. Insoluble A

I The on-line version of this article (available at http://www jbc.org) con-
tains supplemental Figs. S1-55.
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fibrillar aggregates found in senile plaques have long been
considered to cause the neurodegeneration of AD. On the
other hand, synaptic loss is another pathological hallmark of
AD, which strongly correlates with the severity of cognitive
impairment better than senile plaques or neurofibrillary tan-
gles (1). Interestingly, recent studies from AD mouse models
have shown that learning impairment and synaptic dysfunc-
tion become apparent before the formation of plaques, sug-
gesting the hypothesis that soluble AB causes “synaptic fail-
ure” before plaques develop and neuron death occurs (2).
Converging lines of evidence suggest that natural soluble A
oligomers trigger synaptic loss (3). Thus, in addition to the
investigation of molecular mechanisms, which develop senile
plaques and neurofibrillary tangles, research focusing on syn-
aptic dysfunction is important to clarify the earliest pathology
in AD.

Presenilin (PS) 1/2 is the essential catalytic component of
y-secretase proteolytic complex (4, 5), which is responsible
for the final cleavage of amyloid precursor protein to generate
AP peptides. Mutations in PS1 have been known as the most
common cause of autosomal dominant familial Alzheimer
disease (6 —8). Interestingly, PS1 binds to N-cadherin, which
is an essential molecule for synaptic contact and is abundantly
localized in hippocampal synapses (9). The cytoplasmic do-
main of cadherin associates with the actin cytoskeleton via
B-catenin and regulates synaptic contact, synaptogenesis,
and dendritic spine morphology (10, 11). In addition to the
structural role as an adhesive molecule, N-cadherin plays im-
portant roles in intracellular signaling pathways such as
B-catenin or Wnt signaling. Also, N-cadherin-based cell-cell
adhesion activates PI3K/Akt cell survival signaling by recruit-
ing PI3K into the N-cadherin adhesion complex (12). Further,
PS1 facilitates this process by promoting cadherin/PI3K asso-
ciation (13). As a consequence, PS1/N-cadherin interaction at
the synapse seems to be neuroprotective by facilitating the
PI3K/Akt survival signaling. Recently, we demonstrated that
N-cadherin promotes the cell surface expression of PS1/y-
secretase, thereby activating the PI3K/Akt/GSK38 signaling
pathway (14) and that N-cadherin-mediated synaptic adhe-
sion modulates A secretion as well as AfB,, 4, ratio via PS1/
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N-cadherin interactions (15). Therefore, it is plausible that
N-cadherin functions not only as a synaptic adhesion mole-
cule but also as a modulator of AD pathology by affecting AB
production and PI3K/Akt signaling.

On the other hand, increased p38 MAPK activity is associ-
ated with the neuropathology of AD (16). For example, both
p38 MAPK and its upstream kinase MKK® are activated in
AD brain tissue as demonstrated by immunohistochemistry
(17, 18). Activation of the p38 MAPK signaling is also re-
ported in an AD-relevant animal model (19). Moreover, a pre-
vious report demonstrated that A employs synaptic depres-
sion to drive endocytosis of synaptic AMPA receptor by
activating p38 MAPK (20). Among the MAPK family mem-
bers, p38 MAPK is activated by numerous unique signals such
as environmental stressors and toxins, cellular injury, growth
factors, and inflammatory cytokine leading to various neuro-
nal cell fates including apoptosis, differentiation, and prolifer-
ation. However, the relationship between p38 MAPK and N-
cadherin has not been elucidated in AD pathology.

Based on the above observations, we hypothesized that dis-
ruption of N-cadherin-based cell-cell contact may up-regulate
the p38 MAPK signaling, leading to the neurodegeneration of
AD. We demonstrated an inverse correlation between the
expression levels of phosphorylated (and thus activated) p38
MAPK and those of N-cadherin in human brains. Moreover,
we showed that the disruption of N-cadherin-based contact
leads to an activation of p38 MAPK signaling in murine pri-
mary neurons, followed by neuronal death. Furthermore, we
performed proteomic analysis using human brains and identi-
fied JNK-associated leucine zipper protein (JLP) as a novel
interacting protein of N-cadherin, thus demonstrating a new
signaling pathway from N-cadherin to p38 MAPK through
the association with JLP, which might be compromised in AD
pathogenesis.

EXPERIMENTAL PROCEDURES

Human Material and Proteomics—Human brain tissues
were provided by the Tokyo Institute of Psychiatry. Brains
from non-AD and AD patients were dissolved in radioim-
mune precipitation assay buffer (50 mm Tris, pH 8.0, 1%
Triton X-100, 0.1% SDS, 150 mM NaCl, 1% Nonidet P-40,
and 0.5% deoxycholate) supplemented with protease inhib-
itor mixture (Roche Applied Science) and phosphatase in-
hibitor mixture (Sigma). Each sample was then centrifuged
at 14,000 X g for 20 min at 4 °C, and the supernatants were
collected to obtain soluble proteins. Protein concentration
was determined using the Bradford assay. Equal amounts
of protein were subjected to SDS-PAGE followed by West-
ern blot. For proteomic analysis, equal amounts of aliquots
were treated with protein G-Sepharose (GE Healthcare) for
1 h at 4 °C. After removing protein G-Sepharose by centrifu-
gation at 2,000 X gfor 5 min, anti-N-cadherin antibody (BD
Biosciences) was added to the supernatants. Each sample was
rotated for 2 h at 4 °C and then treated with protein G-Sep-
harose for 1 h at 4 °C. The immunoprecipitates were washed
with radioimmune precipitation assay buffer five times and
resuspended in 2X sample buffer (125 mum Tris-HC), pH 6.8,
4.3% SDS, 30% glycerol, 10% 2-mercaptoethanol, and 0.01%
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bromphenol blue). After boiling for 4 min, the supernatants
were subjected to SDS-PAGE. To visualize proteins, the gels
were stained with silver nitrate using PlusOne silver staining
kit protein (GE Healthcare). The protein bands were excised
and subjected to in gel trypsinization, and molecular mass
analysis of the tryptic peptides was performed by MALDI-
TOF/MS with an Ultraflex MALDI-TQF/TOF system (Bruker
Daltonics, Billerica, MA).

Cells, Plasmids, and Transfection—HEK293 and COS7 cells
were maintained in DMEM (Sigma) containing 10% FBS (In-
vitrogen) and 1% penicillin/streptomycin at 37 °C in a 5% CO,
incubator. SH-SY5Y cells, which are derived from human
neuroblastoma cell lines, were maintained in Opti-MEM®
(Invitrogen) containing 10% FBS. Primary neurons were ob-
tained from the cerebral cortices of fetal mice (14~16 days of
gestation) and cultured in neurobasal medium supplemented
with B-27 (Invitrogen). Expression plasmids encoding
S-tagged JLP and its mutant derivatives were kind gifts from
Dr. Reddy (Temple University) (21). FLAG-tagged p38 MAPK
and FLAG-tagged MKK4 (SEK1) were described previously
(22). HA-tagged MEKK3 (Addgene plasmid 12186) was pro-
vided by Dr. Johnson (National Jewish Center for Immunol-
ogy and Respiratory Medicine) (23). HA-tagged N-cadherin
was described elsewhere (14). Transfection of either HEK293
or COS7 cells was carried out using Transfectin reagent (Bio-
Rad) according to the manufacturer’s protocol.

Antibodies and Reagents—The following antibodies were
used in the study: mouse monoclonal antibody to N-cadherin
(BD Biosciences), rabbit polyclonal antibody to JLP (Abcam),
rabbit polyclonal antibody to p38 and phospho-p38 (Cell Sig-
naling Technology), rabbit polyclonal antibody to S-probe
(Santa Cruz Biotechnology), monoclonal and rabbit poly-
clonal anti-HA antibodies, mouse monoclonal anti-N-cad-
herin N terminus antibody (N-cadherin neutralizing antibody,
GC-4), anti-B-actin antibody, anti-FLAG-M2 antibody, con-
trol normal mouse IgG (Sigma), mouse monoclonal antibody
to PHE-Tau (AT8) (Pierce), and Alexa Fluor 546 goat anti-
rabbit IgG conjugate and Alexa Fluor 488 goat anti-mouse
IgG conjugate (Molecular Probe). ADH-1 was a kind gift from
Dr. Gupta (Adherex Technologies Inc.). Synthetic Af,, pep-
tides were obtained from Peptide Institute Inc. SB203580 was
purchased from Calbiochem. S-protein-agarose beads were
from Novagen.

Western Blot, Immunoprecipitation, Pulldown Assay, MTT
Assay, and Cell Treatment by Reagents—Preparation of pro-
tein samples, Western blot, and immunoprecipitation were
carried out as described elsewhere (14). Pull-down assay using
S-protein-agarose beads (Novagen) was carried out as de-
scribed elsewhere (21). MTT assay was performed using the
MTT cell proliferation assay kit (Cayman) according to the
manufacturer’s instructions. For inhibition of N-cadherin-
mediated cell-cell contact, the cells were treated either with
ADH-1 as indicated or with N-cadherin-neutralizing antibody
(GC-4) as described elsewhere (15).

Immunostaining—The samples for immunostaining were
prepared as described elsewhere (15). After fixation, the sam-
ples were examined using a laser scanning confocal micro-
scope, LSM 510 META (Zeiss).
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TABLE 1
Characteristics of human cases
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Clinical and histopathological information on brain samples used for analysis in Fig. 14. We analyzed five AD patient brains confirmed by neuropathology and five
control subjects without neurological complications. There is no statistical difference in age between AD and control cases. NA, not available. NFT, neurofibrillary

tangle.
Case Age Sex Post-mortem interval Clinical diagnosis Pathological findings
years h

Non-AD
Case 1 60 Male NA Alcoholism Plaque(—), NFT stage I
Case 2 80 Female NA Abdominal aortic aneurysm rupture Plaque(—), NFT stage Il
Case 3 77 Male 7.5 Liver cirrhosis Plaque(—), NFT stage Il
Case 4 66 Male 11 Rectal cancer Plaque(—), NFT stage I
Case 5 48 Male 10 Familial idiopathic basal ganglia calcification Plaque(—), tangle(—)

AD
Casel 75 Male 12 Alzheimer disease Braak stage C, VI
Case 2 68 Female 9 Alzheimer disease Braak stage C, VI
Case 3 75 Male 17.5 Alzheimer disease Braak stage C, VI
Case 4 81 Female 61 Dementia with Levy bodies Alzheimer disease Braak stage C, VI
Case 5 56 Male 18 Alzheimer disease Braak stage C, VI

Statistical Analysis—Signals on films were quantified with
National Institutes of Health Image software (National Insti-
tutes of Health). Comparisons were performed using a Mann-
Whitney U test or a Student’s £ test. For comparison of mul-
tiparametric analysis, one-way ANOVA, followed by the post
hoc analysis by Fisher’s protected least significant difference
(PLSD) was used. Pearson’s correlation co-efficients and sig-
nificance were defined by STATVIEW software. The data are
expressed as the means * S.E., and statistical significance was
assessed at p < 0.05.

RESULTS

The Expression Levels of Phosphorylated p38 MAPK Were
Negatively Correlated with N-cadherin Expression Levels in
Human Brains—N-cadherin is an essential adhesion molecule
for forming synapses, and synaptic loss is one of pathological
hallmarks of AD. Because previous reports showed that syn-
aptic proteins such as synaptophysin or PSD-95 were reduced
in AD (24, 25), we hypothesized that N-cadherin expression is
also decreased in the brains of AD patients. First, the expres-
sion levels of N-cadherin were analyzed in human brain tis-
sues from temporal cortices of AD patients and age-matched
non-AD controls (Table 1). As expected, Western blot analy-
sis using anti-N-cadherin antibody showed that expression
levels of N-cadherin were decreased in AD brains compared
with non-AD controls (Fig. 14). Quantitative analysis showed
that the ratio of N-cadherin/pB-actin was significantly de-
creased in AD brains compared with that in non-AD controls
(Fig. 1B, p < 0.05). To investigate whether the phosphoryla-
tion of p38 MAPK was enhanced in AD brains, we subse-
quently examined the expression levels of both phosphory-
lated and total p38 MAPK in the same tissues of human brains
by Western blot (Fig. 1A4). Consistent with previous reports
(18-20), quantitative analysis showed a significant increase in
the ratio of phospho/total p38 MAPK in AD brains, compared
with that in non-AD controls (Fig. 1C, p < 0.01). Moreover,
when we plotted the ratio of phospho/total p38 MAPK
against that of N-cadherin/B-actin, we found that the phos-
pho/total p38 MAPK ratio negatively correlated with N-cad-
herin/B-actin ratio (Fig. 1D, r = —0.774, p < 0.01). These
results suggested a negative correlation between phosphory-
lated p38 MAPK and N-cadherin expressions in human brain.
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ADH-1 (N-cadherin Antagonist) Induced Neuronal Cell
Death by Activating p38 MAPK in Murine Primary Neurons—
To elucidate the link between the reduced level of N-cadherin
and p38 MAPK activation in AD brains, we analyzed whether
the inhibition of N-cadherin-based synaptic contact could
lead to p38 MAPK activation in neuronal cells. The N-termi-
nal extracellular domain of N-cadherin harbors the homo-
philic cell adhesion recognition sequence, His-Ala-Val (HAV).
It has been established that ADH-1, which mimics the natural
HAYV sequence of N-cadherin, can specifically disrupt N-cad-
herin-mediated cell adhesion (26). Therefore, we used it as a
specific N-cadherin antagonist in the present experiment.
First, murine primary neurons were treated with different
concentrations of ADH-1 to disrupt the N-cadherin-based
synaptic contact, followed by analysis of p38 MAPK activation
by Western blot. Interestingly, exposure of murine primary
neurons to ADH-1 for 24 h enhanced the phosphorylation of
p38 MAPK and Tau in a concentration-dependent manner
(Fig. 24 and supplemental Fig. S1). To confirm the effect of
N-cadherin inhibition on p38 MAPK signaling and Tau phos-
phorylation in an alternative way, we applied N-cadherin-
neutralizing antibody to murine primary neurons for 6 h fol-
lowed by Western blot, and the same result was obtained as
ADH-1 (supplemental Fig. S2). Next, we asked whether acti-
vation of p38 MAPK after inhibition of N-cadherin-based
synaptic contact could lead to neuronal death. To answer this
question, we examined neuronal cell viability after ADH-1
treatment using MTT assay. We observed significant de-
creases in neuronal cell viability after treatment with ADH-1
(n = 4, p <0.001) (Fig. 2B). To evaluate whether p38 MAPK
plays an important role in ADH-1-induced neuronal death,
we used SB203580, a well characterized p38 MAPK-specific
inhibitor. ADH-1 application with or without SB203580 re-
vealed that neuronal death induced by ADH-1 was signifi-
cantly attenuated by co-treatment with SB203580 (1 = 4, p <
0.001) (Fig. 2C). Thus, the increased level of p38 MAPK acti-
vation is responsible for the ADH-1-induced neuronal death.
To prove the effect of ADH-1 on the structural integrity of
N-cadherin-mediated cell contact and p38 MAPK activation,
ADH-1 (0.5 mg/ml) was added to confluent SH-SY5Y cells for
24 h. As expected, confocal microscopic analysis showed that
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FIGURE 1. Increased phospho-p38 MAPK expressions were negatively
correlated with decreased N-cadherin expressions in human brains.

A, brain homogenates of temporal cortex from AD patients (AD, n = 5) and
age-matched non-AD controls (Non-AD, n = 5) were analyzed by Western
blot using anti-N-cadherin, B-actin, phospho-p38, and p38 MAPK antibod-
ies. B, the band densities of N-cadherin and control B-actin were quantified
by National Institutes of Health Image. The ratio of N-cadherin to B-actin
(N-cadherin/B-actin) was calculated and analyzed by Mann-Whitney's U test.
The N-cadherin/B-actin ratio was significantly decreased in the brains of AD
patients compared with that of non-AD controls (p < 0.05). C, the band
densities of phospho-p38 and p38 MAPK were quantified by National Insti-
tutes of Health Image. The phospho/total p38 MAPK ratio was calculated
and analyzed by Mann-Whitney’s U test. The phospho/total p38 MAPK ratio
was significantly increased in the brains of AD patients compared with that
of non-AD contrals (p < 0.01). D, significant correlation was established in
comparison between the phospho/total p38 MAPK ratio and the N-cad-
herin/B-actin ratio by Pearson’s correlation co-efficients. The phospho/total
p38 MAPK ratio was negatively correlated with the N-cadherin/B-actin ratio
in human brain samples. (r = —0.774, p < 0.01).

the treatment with ADH-1 resulted in the significant decrease
of N-cadherin immunoreactivity at the sites of cell-cell con-
tact (Fig. 2D, left panels), indicating the disruption of N-cad-
herin-mediated cell contact. Consistent with the above result,
enhanced immunoreactivity of phospho-p38 MAPK was ob-
served in cells treated with ADH-1, compared with non-
treated cells (Fig. 2D, middle panels). No immunoreactivities
of both N-cadherin and phospho-p38 MAPK were observed
in the absence of primary antibodies (supplemental Fig. S3).
APy, Decreased N-cadherin Expression through NMDA Re-
ceptors in Murine Primary Neurons—A number of recent
studies have found that A is synaptotoxic (20, 27). There-
fore, we next examined whether A could down-regulate N-
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cadherin expression in neurons. To assess the effect of AB on
N-cadherin expressions, murine primary neurons were
treated with synthetic AB,, peptides (100 nm) for 48 h and
subjected to Western blot. As shown in Fig. 34, AB,, treat-
ment decreased N-cadherin expression in neurons. Previous
reports have demonstrated that p38 MAPK is activated by the
fibrillar AB (28) and that p38 MAPK can phosphorylate Tau
at Ser-202/Thr-205 (29). Thus, we examined whether syn-
thetic AB,, peptides could trigger p38 MAPK activation and
Tau phosphorylation at Ser-202/Thr-205 in our system. Con-
sistent with the previous reports, we observed increased levels
of phosphorylated p38 MAPK and phosphorylated Tau in the
AB,,-treated cell preparations as compared with nontreated
ones by Western blot (n = 3, p < 0.01) (Fig. 3, A and B). To-
gether, this experiment indicated that AB,, treatment de-
creases the levels of N-cadherin, activates p38 MAPK, and
phosphorylates Tau in neuronal cells. Previous reports dem-
onstrated that AB treatment induces excessive excitation of
glutamate receptors to cause excitotoxicity (30, 31). Thus, we
hypothesized that the decreased level of N-cadherin was in-
duced by the AB-mediated excitotoxicity. To test this, murine
primary neurons were pretreated (30 min) with the NMDA
receptor antagonist MK-801 (10 uM) before being exposed to
AP,,. Subsequent Western blot analysis of cell lysates re-
vealed that MK-801 inhibited AB,,-induced reduction of N-
cadherin levels (# = 3, p < 0.05) (Fig. 3C).

N-cadherin Associates with JLP Both in Human Brains and
in Murine Primary Neurons—To clarify the mechanistic link
between the disruption of N-cadherin-based contact and p38
MAPK activation, we set out to identify the proteins that as-
sociate with N-cadherin in human brain samples. For this,
lysates of temporal cortices from brains of AD and non-AD
patients were immunoprecipitated with anti-N-cadherin anti-
body, and the immunoprecipitates were subsequently sub-
jected to SDS-PAGE. The separated proteins were visualized
by silver staining, demonstrating a protein band of ~180 kDa
in the lysates of brains of both AD patients and non-AD con-
trols (supplemental Fig. S4). The protein band was identified
by mass spectrometry as JLP, a scaffold protein that has been
known to mediate the interaction between p38 MAPK and its
upstream kinases (21). To confirm the association between
N-cadherin and JLP, we transiently transfected HA-tagged
N-cadherin and/or FLAG-tagged JLP expression constructs
into HEK293 cells. Equal amounts of cell lysates obtained
from each transfected cell were immunoprecipitated with
anti-HA antibody and then immunoblotted with anti-FLAG
antibody (Fig. 44). A protein band of ~180 kDa was visual-
ized with anti-FLAG antibody in the immunoprecipitate using
anti-HA antibody obtained from the double-transfected cells
(Fig. 4A, third lane), clearly indicating that N-cadherin associ-
ates with JLP. To further verify this association, the lysates
derived from HEK293 cells transiently transfected with HA-
tagged N-cadherin and/or FLAG-tagged JLP plasmids were
immunoprecipitated with anti-FLAG antibody. As shown in
Fig. 4B, HA-tagged immunoreactivity was observed in the
immunoprecipitate with anti-FLAG antibody, confirming the
association of N-cadherin with JLP. Finally, to demonstrate
the endogenous association between N-cadherin and JLP in
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FIGURE 2. ADH-1 induced neuronal cell death by activating p38 MAPK in murine primary neurons. A, ADH-1, N-cadherin antagonist, was applied to
murine primary neurons at different concentrations as shown. 24 h after treatment, the lysates were immunoblotted with anti-phospho-p38 and p38 MAPK
antibodies. ADH-1 increased phosphorylation of p38 MAPK. B, neuronal cell death induced by ADH-1 was evaluated by MTT assay (n = 5, p < 0.001). C, mu-
rine primary neurons were treated with ADH-1 (0.5 mg/ml) for 24 h with or without 30 min of pretreatment with 10 um SB203580, a specific p38 MAPK in-
hibitor, and the cell death was examined by MTT assay (n = 4, p < 0.001). SB203580 attenuated neuronal cell death induced by ADH-1 (n = 4, p <0.001).
D, ADH-1 (0.5 mg/ml) was added to confluent SH-SY5Y cells for 24 h followed by the immunostaining, using anti-N-cadherin and anti-phospho-p38 anti-
bodies. Treatment with ADH-1 perturbed N-cadherin immunoreactivity, indicating a partial loss of N-cadherin from cell-cell junctions. Scale bar, 10 pm.

neurons, murine primary neurons were lysed, immunopre-
cipitated with anti-N-cadherin antibody, and then subjected
to Western blot with anti-JLP antibody (Fig. 4C). The result
showed endogenous association between N-cadherin and JLP
in murine primary neurons, as well as in human brains.
N-cadherin/JLP Association Is Mediated by the Region
Spanning Amino Acids 160-209 and Leucine Zipper II Do-
main of JLP—To determine the N-cadherin-binding domains
of JLP, a series of S-tagged JLP mutants truncated at the C
terminus was transfected into COS?7 cells (Fig. 54). Immuno-
precipitation with anti-N-cadherin antibody showed that all
of the S-tagged C-terminal deletion mutants of JLP were asso-
ciated with N-cadherin (Fig. 5B), indicating that the JLP N
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terminus plays an important role in the association with N-
cadherin. To further characterize the sequences of JLP in-
volved in this association, various N-terminally truncated JLP
mutants tagged with the S-sequence were prepared as indi-
cated (Fig. 5C). COS7 cells were transiently transfected with
these deletion mutants, and the lysate derived from each
transfected cell was subjected to immunoprecipitation assay
with anti-N-cadherin antibody. We observed that the JLP
fragment corresponding to the region of amino acids 160-463
was strongly associated with N-cadherin, whereas that cor-
responding to the region of amino acids 160 -398 showed a
weaker association with N-cadherin (Fig. 5D). In contrast,
a shorter fragment corresponding to the region of amino
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FIGURE 3. AB,, decreased N-cadherin expressions through NMDA re-
ceptors in murine primary neurons. A, murine primary neurons were
treated with or without 100 nm synthetic AB,, peptides for 48 h, and the
lysates were immunoblotted with anti-N-cadherin, phospho-p38, p38
MAPK, phospho-Tau (AT8), and B-actin antibodies, successively. AB,, treat-
ment reduced N-cadherin expressions and induced phosphorylation of p38
MAPK and Tau in murine primary neurons. B, the band densities of phos-
pho-p38, p38 MAPK, phospho-Tau (AT8), and B-actin were quantified by
National Institutes of Health Image. The ratios of phospho/total p38 MAPK
and phospho-Tau (AT8)/B-actin were calculated and analyzed by Student’s t
test (n = 3, p < 0.01). C, murine primary neurons were pretreated with 10
M MK-801, NMDA receptor antagonist for 30 min followed by 100 nm syn-
thetic AB,, peptides for 48 h. The lysates were evaluated by Western blot
using anti-N-cadherin and B-actin antibodies. The band densities of N-cad-
herin and B-actin were quantified by National Institutes of Health Image.
The N-cadherin/B-actin ratio was calculated and analyzed by one-way
ANOVA. NMDA receptor antagonist MK-801 prevented the AB,,-induced
decrease in N-cadherin levels (n = 3, p < 0.05).

acids 210-398, lacking amino acids 160-209 and leucine
zipper Il domain of amino acids 398 —463, failed to co-im-
munoprecipitate with N-cadherin. These results implicated
that both the region containing amino acids 160-209 and
leucine zipper II domain in JLP are essential for its associa-
tion with N-cadherin.

N-cadherin Expression Had a Negative Effect on p38 MAPK
Activation by Inhibiting JLP/p38 MAPK Association—We
next focused on investigating the functional role of the molec-
ular association between N-cadherin and JLP. Previously, JLP
has been reported to act as a scaffolding protein to bring p38
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MAPK together with their upstream kinases MKK4 and
MEKK3 (21), thereby activating the p38 MAPK pathway. As
demonstrated above, we found that one of the N-cadherin-
binding domains is the region spanning amino acids 160-209
of JLP. Interestingly, the same JLP domain has been identified
to be involved in the association with p38 MAPK (21). There-
fore, we hypothesized that N-cadherin could regulate the p38
MAPK signaling pathway via modulating JLP-p38 MAPK as-
sociation. To prove this hypothesis, we investigated the effect
of N-cadherin expression on the p38 MAPK signaling path-
way in COS7 cells. FLAG-tagged p38 MAPK was transiently
co-transfected into COS7 cells together with FLAG-tagged
MKK4, S-tagged JLP, and HA-tagged N-cadherin as desig-
nated in Fig. 6A. The cell lysates were analyzed by immuno-
blotting with anti-phospho-p38 MAPK or p38 MAPK anti-
bodies, respectively (Fig. 64). Consistent with the previous
report, the phosphorylation of p38 MAPK was enhanced by
the co-expression of JLP and MKK4, upstream kinase for p38
MAPK (n = 3, p < 0.05). Interestingly, we found that this
activation of p38 MAPK induced by the co-expression of
MKK# and JLP was significantly suppressed by the co-expres-
sion of N-cadherin (n = 3, p < 0.05). Alternatively, we co-
transfected HA-tagged MEKK3, another upstream kinase of
p38 MAPK, into COS7 cells. Similarly, we observed that the
enhancement of phosphorylated p38 MAPK under the co-
expression of both MEKK3 and JLP was significantly sup-
pressed by the co-expression of N-cadherin (Fig. 6B, n = 3,

p < 0.05). Moreover, when we pull down JLP with S-agarose,
we found a reduced interaction between JLP and p38 MAPK
in the presence of N-cadherin (Fig. 6), indicating that N-cad-
herin competitively inhibits the binding of p38 MAPK to JLP.
Indeed, co-transfection of FLAG-tagged p38 MAPK, FLAG-
tagged MKK4, and JLP fragment corresponding to the region
of amino acids 160 —463, which could associate with N-cad-
herin into COS7 cells, showed the increased phosphorylation
of p38 MAPK (supplemental Fig. S5). This result implies that
this short fragment of JLP may compete with the endogenous
JLP for the N-cadherin binding, resulting in the release of JLP
from the N-cadherin and subsequent p38 MAPK activation.
Taken together, these results suggested that N-cadherin ex-
pression had an inhibitory effect on the p38 MAPK signaling
pathway via inhibition of JLP-p38 MAPK association.

DISCUSSION

The molecular mechanism of synaptic adhesion and cell
viability pathway of p38 MAPK is not well understood yet.
Our present study suggested a potentially new signaling path-
way contributing to the aberrant activation of p38 MAPK in
AD. We showed that ADH-1 caused a significant increase in
p38 MAPK activation and Tau phosphorylation with a subse-
quent decrease in neuronal viability (Fig. 2, A and B, and sup-
plemental Fig. S1). In alternative ways, application of N-cad-
herin-neutralizing antibody also activated p38 MAPK and
increased phosphorylation of Tau in murine primary neurons
(supplemental Fig, S2), suggesting that the disruption of N-
cadherin-based cell adhesion could lead to p38 MAPK activa-
tion and Tau phosphorylation. Importantly, we demonstrated
that the inhibition of the p38 MAPK pathway with specific
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FIGURE 4. The association of N-cadherin with JLP in HEK293 cells and neuronal cells. A, lysates of HEK293 cells, transiently transfected with HA-tagged N-cad-
herin and/or FLAG-tagged JLP expressing vectors, were immunoprecipitated (/P) with anti-HA antibody (lanes 7-3) or normal IgG (lane 4). The immunoprecipitates
and the lysates were analyzed by immunoblotting (/8) with the specific antibodies against the FLAG tag and HA tag. B, lysates of HEK293 cells, transiently trans-
fected with HA-tagged N-cadherin and/or FLAG-tagged JLP expressing vectors were immunoprecipitated with anti-FLAG antibody (lanes 7-3) or normal IgG (lane
4). Theimmunoprecipitates and the lysates were analyzed by Westemn blot with the specific antibodies against the HA tag and FLAG tag. C, the endogenous associ-
ation between N-cadherin and JLP in murine primary neurons was analyzed. The neurons were lysed and immunoprecipitated with either anti-N-cadherin anti-
body or normal IgG. The immunoprecipitates and the lysates were immunoblotted with the specific antibodies against JLP and N-cadherin.
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FIGURE 5. Deletion mapping of N-cadherin-interacting domain of JLP. A, schematic diagram of the C-terminally truncated S-tagged JLP constructs used for
analysis of the JLP-N-cadherin interaction. The sizes of these deletion mutants were 374 (amino acids 1-374), 467 (amino acids 1-467), 1000 (amino acids 1-1000),
1165 (amino acids 1-1165), and 1307 amino acids (full length, residues 1-1307), respectively. B, COS7 cells were transiently transfected with the WT or C-terminally
truncated mutants of S-tagged JLP. The lysates were immunoprecipitated (/P) with anti-N-cadherin antibody. The immunoprecipitates and the lysates were sub-
jected to Western blot analysis with the specific antibodies against S-tag. All of these deletion mutants of JLP were co-immunoprecipitated with N-cadherin.

C, schematic diagram representing shorter constructs of C-terminally truncated S-tagged JLP. N-terminally truncated short constructs were also prepared as shown
in Fig. 5C. D, COS7 cells were transiently transfected with these different mutants of S-tagged JLP. The lysates were immunoprecipitated with anti-N-cadherin anti-
body, and the immunoprecipitates were immunoblotted (/B) with anti-S-tag antibody. The mutants consisting of amino acids 160-398 and 160463 of JLP were
co-immunoprecipitated with N-cadherin, whereas the mutant consisting of amino acids 210-398 of JLP was not co-immunoprecipitated with N-cadherin.

p38 MAPK inhibitor (SB203580) attenuated ADH-1-induced  herin-based cell adhesion. However, because the application
neurotoxicity (Fig. 2C), indicating an important role of p38 of SB203580 did not block ADH-1-induced cell death com-
MAPK in the cell death caused by the inhibition of N-cad- pletely, we assume that other alterations in cellular signaling
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FIGURE 6. N-cadherin expression inhibited JLP-associated p38 MAPK pathway. A, COS7 cells were co-transfected with FLAG-tagged p38a, FLAG-tagged
MKK4, S-tagged JLP, and HA-tagged N-cadherin. 24 h after transfection, the lysates were precipitated with S-protein-agarose. The lysates and precipitates
were subjected to Western blot analysis with anti-phospho-p38 or p38 MAPK antibodies. One representative immunoblot result is shown. The band densi-
ties of phospho-p38 and p38 MAPK were quantified by National Institutes of Health Image. The phospho/total p38 MAPK ratio was calculated and analyzed
by one-way ANOVA. N-cadherin expression significantly inhibited JLP/MKK4-mediated phosphorylation of p38 MAPK compared with that without expres-
sion of N-cadherin (n = 3, p < 0.05). Pull-down assay using S-protein-agarose showed that N-cadherin expression decreased the interaction between JLP
and p38 MAPK. B, COS7 cells were co-transfected with FLAG-tagged p38a, HA-tagged MEKK3, S-tagged JLP, and HA-tagged N-cadherin. 24 h after transfec-
tion, the lysates were subjected to Western blot analysis with anti-phospho-p38 or p38 MAPK antibodies. One representative immunoblot result is shown.

The band densities of phospho-p38 and p38 were quantified by National Institutes of Health Image. The ratio of phospho/total p38 MAPK was calculated
and analyzed by one-way ANOVA. N-cadherin expression inhibited JLP/MEKK3-mediated phosphorylation of p38 MAPK significantly compared with that
without expression of N-cadherin (n = 3, p < 0.05). Pull-down assay using S-protein-agarose showed that N-cadherin expression inhibited the interaction

between JLP and p38 MAPK.

might be involved in neuronal death in addition to activation
of p38 MAPK signaling. Notably, previous studies have shown
that N-cadherin-mediated cell adhesion leads to the recruit-
ment of PI3K into the N-cadherin adhesion complex followed
by activation of Akt, which is an important regulator of anti-
apoptotic pathways (12). Thus, down-regulation of PI3K/Akt
signaling could also be participating in the ADH-1-induced
cell death. Collectively, these results suggest that N-cadherin-
mediated synaptic contact might contribute to neuroprotec-
tive signaling. Disruption of this synaptic contact might lead
to neuronal cell apoptosis by perturbing these signalings.
Concerning a potential molecular link between N-cadherin
and p38 MAPK signaling, we identified JLP as a novel N-cad-
herin-interacting protein in human brains by proteomic anal-
ysis. JLP is a member of the JIP (JNK-interacting protein)
family, which provides a scaffolding function for the JNK/p38
MAPK signaling module. JLP is encoded by the JIP4 gene,
which generates three distinct splice variants, namely, JLP,
JIP4, and SPAG9 (32). Specifically, JLP was identified as a
scaffold protein involved in the p38 MAPK signaling pathway
to bring p38 MAPK together with its upstream kinases (21).
We also demonstrated that both the leucine zipper II domain
and the region containing amino acids 160-209 of JLP were
required for the association with N-cadherin, the same region
for the interaction with p38 MAPK, which may explain the
competitive regulation by N-cadherin. Moreover, our data
showed that N-cadherin overexpression interfered with the
physical interaction between JLP and p38 MAPK, thereby
inhibiting the JLP-mediated activation of p38 MAPK signal-
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ing. Thus, it is plausible that perturbation of N-cadherin-
based cell adhesion and/or reduced expression of N-cadherin
could lead to aberrant activation of p38 MAPK via facilitating
JLP-mediated p38 MAPK signaling.

Several recent reports have shown that cysteine dioxyge-
nase type I associates with both N-cadherin and JLP in myo-
blasts (33, 34). However, our observation demonstrated an
opposite result to the recent report showing that N-cadherin
ligation activates p38 MAPK in a cysteine dioxygenase type I-
and JLP-dependent manner during myoblast differentiation
(35). Although it was unclear whether cysteine dioxygenase
type Lis involved in the p38 MAPK activation induced by the
inhibition of N-cadherin-based cell adhesion in our study, we
speculate that the discrepancy between our study and previ-
ous reports could be attributed to the differences in cell type
specificity and the cellular context examined (i.e. myoblast
differentiation versus neuronal degeneration). Variable roles
of JLP and N-cadherin according to the differential cellular
context have been demonstrated in previous studies. For ex-
ample, JLP has been reported to negatively regulate NGF-
induced neurite outgrowth via JNK inhibition during neuro-
nal differentiation (36) as opposed to the previous report
demonstrating that N-cadherin is involved in NGF-induced
neurite outgrowth (37). Thus, the association between N-cad-
herin and JLP may be involved in differential cell fate by mod-
ulating signaling pathways including p38 MAPK and JNK ac-
cording to the cellular context.

With respect to AD pathophysiology, the effect of AB on
N-cadherin expression has been unclear. In this study, we
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FIGURE 7. Hypothetical model of AD pathogenesis caused by the dis-
ruption of N-cadherin-based synaptic contact. Left panel, in the basal
state at the synapse, N-cadherin-based synaptic adhesion stabilizes JLP,
which suppresses neurotoxic p38 MAPK activation. Right panel, in AD, when
N-cadherin-based synaptic contact is disrupted by AB,,, AB,, could de-
crease N-cadherin expressions resulting in aberrant p38 MAPK activation
followed by the subsequent Tau phosphorylation and neuronal death.

demonstrated that treatment with AB,, decreased endoge-
nous N-cadherin expression in murine primary neurons,
whereas the aberrant phosphorylation of both p38 MAPK and
p38 MAPK-sensitive Tau Ser-202/Thr-205 epitopes were si-
multaneously observed, as previously reported (29, 38). This
result raises the possibility that AB,, could interfere with N-
cadherin-mediated synaptic contact, resulting in p38 MAPK
activation. Recently, converging lines of evidence suggest that
natural soluble A oligomers trigger synaptic loss (3, 20).
Therefore, it is plausible that synaptic dissociation caused by
AP activates the p38 MAPK signaling pathway, leading to
neuronal death as well as Tau phosphorylation. Interestingly,
it has been shown that electroconvulsive and other excitatory
stimuli induce arcadlin, a protocadherin, to promote activa-
tion of p38 MAPK and the endocytosis of N-cadherin at the
synapse (39). Indeed, the neurodegeneration caused by A
has long been related to the excessive activation of glutamate
receptors, namely, excitotoxicity (30). Moreover, it is demon-
strated that even physiological levels of AB can enhance
glutamate excitotoxicity (31). Importantly, we showed that
A,,-induced reduction of N-cadherin levels was NMDA
receptor-dependent (Fig. 3B). Thus, it is possible that AB en-
hances excitotoxity to promote the endocytosis of N-cadherin
at the synapse, presumably followed by its degeneration by
endosome/lysosome pathway. Alternatively, another group
previously reported calpain-mediated degradation of N-cad-
herin after NMDA receptor stimulation (40). In either sce-
nario, a decrease in N-cadherin expression could accelerate
the JLP-mediated p38 MAPK activation, resulting in synaptic
loss, increased phosphorylated Tau, and neuronal death in
AD pathology. Overall, we suggest the possibility that JLP is a
key molecule linking synaptic adhesion to p38 MAPK signal-
ing involved in Tau phosphorylation and neuronal death asso-
ciated with AD (Fig. 7).
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In summary, our study suggested the physical and func-
tional association between N-cadherin and p38 MAPK via
JLP. We also demonstrated that perturbation of N-cadherin-
mediated synaptic contact activated p38 MAPK pathway and
increased Tau phosphorylation, leading to neuronal death.
From observations obtained from the present study, we would
like to extend our view of JLP function further and suggest
that JLP is involved in the N-cadherin/p38 MAPK signaling
pathway from synaptic adhesion to neurodegeneration. Be-
cause there were no reports focusing on the effect of AB on
synaptic adhesion, this is the first report proposing an attrac-
tive possibility that AB,, may dissociate N-cadherin-mediated
synaptic contact to trigger p38 MAPK activation, followed by
neurodegeneration such as synaptic loss, Tau phosphoryla-
tion, and neuronal death in AD. Future study in this field
could lead to a better understanding of AD pathophysiology.
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Oxidative stress and endoplasmic reticalum (ER) stress are
thought to contribute to the pathogenesis of various neurode-
generative diseases including Parkinson disease (PD), however,
the relationship between these stresses remains unclear.
ATF6a is an ER-membrane-bound transcription factor that is
activated by protein misfolding in the ER and functions asa
critical regulator of ER quality control proteins in mammalian
cells. The goal of this study was to explore the cause-effect re-
lationship between oxidative stress and ER stress in the patho-
genesis of neurotoxin-induced model of PD. 1-Methyl-4-phe-
nyl-1,2,3,6-tetrahydropyridine (MPTP), a dopaminergic
neurotoxin known to produce oxidative stress, activated
ATF6a and increased ER chaperones and ER-associated degra-
dation (ERAD) component in dopaminergic neurons, Impor-
tantly, MPTP induced formation of ubiquitin- immunoposi-
tive inclusions and loss of dopaminergic neurons more
prominently in mice deficient in ATF6a than in wild-type
mice, Cultured cell experiments revealed that 1-methyl-4-phe-
nylpyridinium (MPP*)-induced oxidative stress not only pro-
moted phosphorylation of p38 mitogen-activated protein ki-
nase (p38MAPK) but also enhanced interaction between
phosphorylated p38MAPK and ATF6a, leading to increment
in transcriptional activator activity of ATF6a. Thus, our re-
sults revealed a link between oxidative stress and ER stress by
showing the importance of ATF6éa in the protection of the do-
paminergic neurons from MPTP that occurs through oxidative
stress-induced activation of ATF6a and p38MAPK-mediated
enhancement of ATF6a transcriptional activity,

Parkinson disease (PD)? is characterized pathologically by
progressive and selective loss of dopaminergic neurons in the
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substantia nigra pars compacta (SNc). Recent studies have
suggested some pathogenetic mechanisms of PD, including
mitochondrial dysfunction (1), oxidative stress induced by
dopamine metabolites, and endoplasmic reticulum (ER) stress
induced by the accumulation of unfolded proteins (2—4). Do-
paminergic neuron loss is often accompanied by formation of
intraneuronal inclusion bodies termed Lewy bodies whose
major constituent is a-synuclein (5), suggesting the pathoge-
netic role of unfolded protein accumulation and aggregation.
The unfolded protein response (UPR) is a homeostatic sig-
naling pathway designed to cope with the accumulation of
unfolded proteins in the ER lumen. In mammals, the UPR
utilize three types of sensor proteins, PERK, IREle, and
ATFéa, which detect protein-misfolding stress in the ER and
initiate ER-to-nucleus signaling cascades to maintain the ho-
meostasis of protein quality control system (6). ATF6 is a type
2 transmembrane protein; the C-terminal region is located in
the ER, whereas the N-terminal region is located in the cyto-
solic side. ATF6 consists of two subtypes, ATF6a and ATF68.
ATFéa or ATF68 single knock-out mice normally develops
but mice deficient in both subtypes of ATF6 genes showed
embryonic lethal (7, 8). Upon ER stress the N-terminal frag-
ment of ATF6a designated pATF6a(N) is cleaved from the
parent protein designated pATF6«(P) and transported into
the nucleus, where it binds to cis-acting ER stress response
element (ERSE) and UPR element (UPRE), and up-regulates
major ER chaperones and ER-associated degradation (ERAD)
components (9-14).
1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) is
converted into 1-methyl-4- phenylpyridinium (MPP*) in as-
trocytes and taken up by dopaminergic neurons through the
dopamine transporter (DAT). MPP™ interferes with the mito-

chondrial complex-1, generates reactive oxygen species (ROS) -

and selectively damages dopaminergic neurons (15). Dopa-
mine itself is also a highly-reactive molecule and naturally
metabolized to produce ROS including hydrogen peroxide
(H,0,) via the monoamine oxidase pathway (16). Dopamine-
induced ROS promotes phosphorylation of p38 mitogen-acti-
vated protein kinase (p38MAPK) (17). MPTP activates
p38MAPK pathway in the dopaminergic neuron (18). Other

ER-associated degradation; UPR, unfolded protein response; MPP™,
1-methyl-4-phenylpyridinium.
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oxidative neurotoxins such as rotenone and 6-hydroxydop-
amine (6-OHDA) also enhance the phosphorylation of
p38MAPK (19, 20). Interestingly, it was previously reported
that phosphorylated p38MAPK can regulate ATF6a function
via phosphorylation (21), suggesting the possibility that oxida-
tive stress and ER stress intersect at the level of p38MAPK
and ATFéc.

Based on these data, the goal of the present study was to
explore the cause-effect relationship between oxidative stress
and ER stress in the pathogenesis of PD using ATF6a wild-
type (WT) and knock-out (KO) mice treated with MPTP that
causes oxidative stress and damages dopaminergic neurons,

EXPERIMENTAL PROCEDURES

Animal and MPTP Treatment—ATF6a knock-out (KO)
mice were generated by gene targeting techniques as previ-
ously described (7). Groups of male ATF6a KO mice and
wild-type (WT) littermate controls were injected intraperito-
neal with 20 mg/kg of MPTP hydrochloride (Sigma-Aldrich)
four times at 2 h intervals on the same day (# = 10 for each
group). The mice were decapitated 5 days after injection for
the subsequent analysis. All surgical procedures were per-
formed according to the rules set forth by the Ethics Commit-
tee of Kyoto University.

Quantitative Real-time PCR—The mouse central nervous
system (CNS) was dissected into the cerebral cortex, the
brainstem, the hippocampus, the striatum, the midbrain, the
cerebellum, the olfactory bulb, and the thalamus. Total RNA
was isolated from the various parts of the CNS using the
RNeasy Kit (Qiagen, Valencia CA) after homogenization
(POLYTRON PT10-35). The first strand of cDNA was syn-
thesized from 1 pg of total RNA using the PrimeScript RT
Reagent Kit (Takara Bio, Shiga). Real-time PCR was per-
formed using the LightCycler SYBR Green Master Kit and
LightCycler 480 program (Roche) according to the manufac-
turer’s protocol. The sequences of the primers used were
listed in the supplemental Table S1. Values were normalized
and expressed relative to GAPDH values.

Immunoblotting—Each part of the dissected CNS tissue was
weighed and homogenized (POLYTRON PT10-35) in 1 ml/g
of ice-cold buffer (50 mm Tris(pH?7.5), 5 mM EDTA and 120
mu NaCl, 1% Triton X-100) containing protease inhibitor and
phosphatase inhibitor mixture. Samples were centrifuged at
1,000 X g for 5 min, where the supernatant was collected for
the additional centrifugation and the resulting pellet was dis-
solved in 2% SDS buffer for nuclear fraction. The supernatant
was centrifuged at 165,000 X g for 60 min. The superna-
tant was prepared for cytosolic fraction, and the resulting pel-
let was dissolved in 2% SDS buffer as the ER and vesicle frac-
tion. SH-SY5Y cells, HEK293T cells, ATF6a WT and ATF6«
KO mouse embryonic fibroblasts (MEFs) were lysed in lysis
buffer containing 1% Triton X-100 or 2% SDS buffer contain-
ing protease inhibitor and phosphatase inhibitor mixture, 20
or 30 ug of protein for each sample was separated by SDS-
PAGE and electroblotted onto PDGF membrane (Immuno-
pore). Immunoblotting analysis was carried out using an en-
hanced chemiluminescence Western blotting detection
system kit (Amersham Biosciences). Rabbit anti-ATF6a poly-
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clonal antibody was prepared as previously described (13).
Mouse anti-BiP antibody was purchased from BD Biosciences
(San Diego, CA). Rat anti-GRP94 antibody was purchased
from Stressgen (Ann Arbor, MI). Rabbit anti-Derlin-3 anti-
body was purchased from Sigma-Aldrich. 8-Actin antibody,
anti-p38MAPK antibody, anti-phosho-p38MAPK (p-
p38MAPK) antibody and anti-IRE1« antibody were obtained
from Cell Signaling (Boston, MA}. Rabbit anti-DAT antibody
and mouse anti-tyrosine hydroxylase (TH) antibody were pur-
chased from Millipore (Billerica, MA). Rabbit anti-ubiquitin
antibody was purchased from DAKO (Glostrup, Denmark).
Goat anti-PERK and rabbit anti-phospho-PERK antibody
were obtained from Santa Cruz Biotechnology.

Immunohistochemistry—Mice were injected with pentobar-
bital and perfused transcardially with PBS, followed by 4%
paraformaldehyde in PBS. Mice were decapitated, and their
brains were removed and immersed in 4% paraformaldehyde
in PBS for fixation. Serial coronal sections at 20-um thickness
were collected on slides. Deparaffinized sections were rinsed
with PBS containing 0.1% Triton X-100 and then immersed in
0.3% H,0, for 30 min. Sections were stained with primary
antibodies against TH (mouse monoclonal; Millipore), BiP
(IMGENEX, San Diego, CA) or ubiquitin (DAKO) or
p-p38MAPK (Cell Signaling) in 10% normal serum overnight
at 4 °C. After washing three times in PBST, the sections were
stained with biotinylated secondary antibodies (Vector Labo-
ratories, Burlingame, CA), using the standard avidin-biotin
peroxidase method (Elite standard kit SK6100; Vector Labo-
ratories, Burlingame, CA). SH-SY5Y cells, HEK293T cells and
primary cultured dopaminergic neurons cultured in 4-well
tissue culture chamber were fixed with 10% formaldehyde for
60 min on ice followed by acetone treatment for 5 min. They
were then permeabilized with PBS containing 0.2% Triton
X-100 for 10 min at room temperature and blocked with 10%
goat serum for 30 min. They were then exposed to primary
antibody overnight at 4 °C for indirect immunofluorescence.
Anti-p38MAPK antibody and anti-p-p38MAPK were diluted
25-fold and 100-fold, respectively, with PBS containing 1%
BSA before use. For immunofluorescence, primary antibodies
were visualized by incubation for 2 h at room temperature
with Alexa Fluor488- and Alexa Fluor546-conjugated second-
ary antibodies (Molecular Probes), followed by confocal laser
scanning fluorescence microscopy using an LSM510 microsc-
ope(Carl Zeiss, Thornwood, NY).

TH-positive Cell and Ubiquitin-positive Inclusion Counting—
Total numbers of TH-positive neurons in the substantia nigra
pars compacta (SNc) and ubiquitin-positive inclusions in the
striatum were determined using an unbiased optical frac-
tionator method (Stereoinvestigator, MicroBrightField) as
previously described with minor modification (4). Three inde-
pendent sets of immunostained serial sections (sampled as
every sixth coronal section throughout the entire range of
SNc or the striatum) were analyzed for each animal. Total
positive number for each sample was determined in triplicate
by the Stereoinvestigator program to obtain averaged values.
Location of SN¢ and the striatum was identified according to
established anatomical landmarks {Paxinos mouse brain
atlas).
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Measurements of Striatal Catecholamines (HPLC)—Tissues
dopamine and metabolites were measured according to previ-
ously published methods (4).

Plasmids, Cell Culture, Reagent, and Transfection—Various
vectors, including pCMVfull-EGFP-ATF6a (also known as
green fluorescent protein (GFP)-ATF6a fusion gene) (11),
pGL3-GRP78 (—132)-Luc carrying the human BiP promoter,
pGL3-5XUPRE-luc, pDNA3.1 (+)-N-terminal fragment of
ATFé6a (1-373) and a dominant-negative form of ATF6a
(171-373) were prepared as previously (13, 14). Flag-
p38MAPK was kindly provided by Dr. Katsuji Yoshioka (Ka-
nazawa Univ.) ATF6a WT/KO primary cultured dopaminer-
gic neurons were prepared as shown under “Primary culture.”
ATF6a WT/KO MEFs were obtained as previously described
(7). SH-SY5Y cells were cultured in DMEM supplemented
with 10% fetal bovine serum, NEAA (Invitrogen) at 37 °Cin a
humidified 5% CO,/95% air atmosphere. HEK293T cells and
ATF6a WT/KO MEFs were cultured in DMEM supple-
mented with 10% fetal bovine serum, 2 mM glutamine, and
antibiotics (100 units/ml penicillin and 100 pug/ml streptomy-
cin). Transfection was performed using Lipofectamine 2000
(Invitrogen, Carlsbad, CA) according to each manufacturer’s
protocol. 1-Methyl-4-phenylpyridinium iodide (MPP*) was
purchased from Sigma-Aldrich. SB203585 were purchased
from Calbiochem (San Diego, CA). SHSY5Y cells and ATF6a
WT/KO primary cultured dopaminergic neurons were
treated with 1 mm MPP™ for indicated times in the presence
or absence of 5 um SB203585. ATF6a WT/KO MEFs and
HEK293T cells were plated in 6-well plates and treated with
50 um hydroxyl peroxide (H,O,) (Nakalai Tesque, Kyoto) in
the presence or absence of 5 um $B203585.

Primary Culture—Mesencephalic and striatal cells were
prepared from embryonic day 15 ATF6a WT/KO mice. Both
the midbrain and the striatum were mechanically dissected in
Neurobasal medium (Invitrogen). The tissues were dissoci-
ated with 0.25% trypsin at room temperature for 15 min. The
cells were suspended in DMEM supplemented with 10% fetal
bovine serum and NEAA and then collected by centrifugation
(1000 X g, 3 min). The cells were resuspended in Neurobasal
medium supplemented with B-27(minus Anti-Oxidants) (In-
vitrogen) and 0.5 mM glutamine at a concentration of 1million
cells/ml, and plated at a density of 0.5 million cells per well
into 24 well plate previously coated with poly-L-Lysin (Sigma-
Aldrich). One week after plating, the cells were used for re-
porter assay or immunohistochemistry.

Reporter Assay—SH-SY5Y cells, HEK293T cells and ATF6«
WT/KO primary cultured dopaminergic neurons were tran-
siently transfected with pGL3-5XUPRE or pGL3-BiP (-132)
along with pRL-$V40 (Promega, Madison, WI) using Lipo-
fectamine 2000 (Invitrogen). After 48 h, the cells were treated
with 1 mm MPP* for 24 h or 50 um H,O, for 1 h in the pres-
ence or absence of 5 uM $B203585. Luciferase expression was
measured in triplicate using a dual luciferase reporter assay
system (Promega) on Fluoroskan Ascent FL (Thermo, Wal-
tham, MA). Relative activity was defined as the ratio firefly
luciferase activity to Renilla luciferase activity to normalize
for transfection efficiency.
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Immunoprecipitation—After being washed with PBS, SH-
SY5Y cells and HEK293T cells cultured in a 6-well plate dish
were solubilized for 30 min on ice in 200 pl of RIPA buffer (50
mM Tris-HCl, 150 mM NaCl, 1 mm EDTA, 1% Triton X-100,
0.1% SDS, and 0.1% sodium deoxycholate) with a protease
inhibitor mixture and a phosphatase inhibitor. Insoluble frac-
tion was collected by centrifugation (1000 X g, 3 min), defined
as nuclear fraction, and lysed in SDS lysis solution (50 mm
Tris-HC], 10 mm EDTA, 1% SDS) including phosphatase in-
hibitor. Soluble lysates were incubated overnight with ANTI-
FLAG M2 Affinity gel (Sigma-Aldrich). Lysates from nuclear
fraction were diluted to 10% by dilution buffer (50 mm Tris-
HCI, 167 mMm NaCl, 1.1% Triton X-100, and 0.11% sodium
deoxycholate) including phosphatase inhibitor and then incu-
bated for overnight by G-Sepharose bound to anti-phospho-
p38MAPK antibody(Cell Signaling). Sepharose beads were
collected by brief centrifugation and washed with TBS buffer
(50 mM Tris-HCI, 150 mMm NaCl, pH7.4) three times. Immu-
noprecipitated material was eluted by boiling for 3 min in 2X
sample buffer (125 mum Tris-HCI, pH 6.8, 4% SDS, 20% glyc-
erol, 0.004% BPB).

Chromatin Immunoprecipitation (ChIP) Assay—SH-SY5Y
cells were grown to 80% confluence in 6-cm plates and then
treated with 1 mm MPP* for 24 h and protein-DNA cross-
linking was initiated by adding formaldehyde to the cell cul-
ture to a final concentration of 1% and stopped at 15 min by
adding 1.5 M glycine to a final concentration of 0.15 M. The
cells were lysed in RIPA buffer including a protease inhibitor
mixture and a phosphatase inhibitor. Insoluble fraction was
collected by centrifugation (1000 X g, 3 min), defined as nu-
clear fraction, lysed in SDS lysis solution (50 mm Tris-HC], 10
mum EDTA, 1% SDS) including phosphatase inhibitor and son-
icated for 25 min using Bioruptor (UCD-200TM, COSMO
BIO) (Sonication pulse was performed by power high, ON
30 s, OFF 60 s). Diluted to 10% by ChIP dilution buffer (50
mM Tris-HCl, 167 mm NaCl, 1.1% Triton X-100, and 0.11%
sodium deoxycholate) including phosphatase inhibitor, lysates
were incubated for overnight by G-Sepharose bound to anti-
phospho-p38MAPK antibody, Sepharose beads were collected
by brief centrifugation, washed with RIPA buffer three times
and suspended with ChIP direct elution buffer (10 mm Tris-
HCI, 300 mm NaCl, 5 mm EDTA, 0.5% SDS). Formaldehyde-
induced cross linking was reversed (for overnight at 65 °C)
and the DNA was purified by phenol-chloroform extraction
and ethanol precipitation. Purified DNA was subjected to
quantitative PCR by LightCycler 480 program.

Statistical Analysis—All values are presented as the
mean *+ S.D. Results were tested for significant differences
using one-way ANOVA with the posthoc test or Student’s ¢
test. p < 0.05 was considered to represent significant differ-
ence. In figures, a single asterisk (*) indicates p < 0.05, and a
double asterisk (**) indicates p < 0.01.

RESULTS

ATFéc Controls the Levels of ER Chaperones and ERAD
Component in the Dopaminergic Neuron System in Vivo—To
explore the physiological function of ATF6a in vivo, we first
investigated where in the central nervous system ATF6a is
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FIGURE 1. ATF6« controls the levels of ER chaperones and ERAD compo-
nent in the dopaminergic neuron system under physiological condi-
tions in vivo. A, ATF6a controls the mRNA levels of BiP in the brainstem, the
midbrain and the striatum in mice brain in vivo. Total RNA was isolated from
various sections of brain of 3 and 12-month-aged male ATF6a KO(—/-)
mice and ATF6a WT(+/+) littermates and analyzed by quantitative real-
time RT-PCR for detecting the level of BiP mRNA. (n = 5 for each group).
Fold induction of mRNA level is defined relative to GAPDH mRNA level. Ab-
breviation: CTX, cerebral cortex; BS, brainstem; HIP, hippocampus; STR, stria-
tum; MB, midbrain; CR, cerebellum; OB, olfactory bulb; T, thalamus; SC, spi-
nal cord; 3 M, 3 months aged group; 12 M, 12-month-aged group. The
asterisk indicates statistical significance (*, p < 0.05; **, p < 0.01). Each bar
denotes the mean = S.D. B, ATF6a controls the protein levels of BiP in the
brainstem, the midbrain and the striatum in mice brain in vivo. The tissue
lysates of 3-month-aged ATF6a KO mice and ATF6a WT littermate were
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activated under normal physiological conditions by using
ATF6a WT or KO mice. Results of quantitative RT-PCR
analysis demonstrated that mRNA level of the ER chaperone
BiP was significantly lower in the brainstem, the midbrain and
the striatum of ATF6a KO mice than those of ATF6a WT
mice (Fig. 14). Accordingly, the protein levels of BiP were also
significantly lower in the brainstem, the midbrain and the
striatum of ATF6a KO mice than those of ATF6a WT mice
(Fig. 1B). Other ER stress sensor, IREla, sXBP1, and phos-
phorylated PERK (p-PERK, indicative of the activation status
of another ER stress sensor molecule) are not different in vari-
ous brain regions of ATF6a KO mice (supplemental Fig. S14).
The mRNA levels of other ER chaperone GRP94, cochaper-
one p58'PX, and ERAD component, Derlin-3, in the midbrain
were also significantly decreased in ATF6ce KO mice when
compared with age-matched ATF6a WT mice (Fig. 1C). The
protein levels of GRP94 in the striatum were significantly de-
creased in ATF6a KO mice (Fig. 1D). HPLC analysis of the
striatum demonstrated that the metabolisms of dopamine and
serotonin were slightly but significantly decreased in ATF6c
KO mice as compared with WT mice (Fig. 1E). Decreased
protein levels were not general feature of ATF6a KO mice
because the levels of some proteins involved in synaptic secre-
tion or vesicular transport remained unchanged or rather in-
creased in ATF6a: KO mice as compared with WT mice (sup-
plemental Fig. $1B). Importantly, tyrosine hydroxylase (TH)
immunostaining of the midbrain revealed that there was no
abnormality in the number and morphology of TH positive
neurons in ATF6a KO mice when compared with WT litter-
mates (supplemental Fig. S1, C and D). TH and DAT protein
levels in the striatum of ATF6a KO mice were similar to
those of WT littermates (supplemental Fig. S1E). Therefore,
although ATF6a is not essential for the development and the
survival of dopaminergic neurons, ATF6a up-regulates ER
chaperones and ERAD component constitutively in dopami-
nergic neurons; dopaminergic neurons may experience ER
stress under normal physiological conditions.

MPTP Up-regulates the Levels of ER Chaperones and ERAD
Component by Activating ATF6a and Induces the Phosphory-
lation of p38MAPK in the Dopaminergic Neurons in Vivo—To
investigate whether ATF6a plays an important role in dopa-
minergic cell death of neurotoxin-based PD models, we ana-
lyzed dopaminergic neurons of mice treated with MPTP.
MPTP was intraperitoneally administered into 6-month-old

subjected to Western blot analysis for detection of BiP and B-actin (n = 5).
Each protein level was quantified using optical density and estimated rela-
tive to B-actin protein level. C, ATF6a controls the levels of GRP94, p58'™,
and Derlin-3 in the midbrain in vivo. Quantitative real-time RT-PCR was per-
formed from the midbrain samples of 1 2-month-aged ATF6a KO mice and
ATF6a WT littermates using ATF6a, GRP94, p58'™%, and Derlin-3 primers

(n = 5for each group). D, ATF6a controls the protein levels of BiP and
GRP94 in the striatum in vivo. (n = 7-10). E, metabolisms of dopamine and
serotonin were decreased in ATF6a KO mice as compared with ATF6a WT
mice. Metabolisms of dopamine and serotonin were defined as the relative
ratio of DOPAC or HVA to dopamine and 5HIAA to 5HA, respectively. The
striatal levels of dopamine, serotonin, and their metabolites were measured
by HPLC (n = 8-10 for each group). Abbreviations: DA, dopamine; DOPAC,
3,4-dihydroxyphenylacetic acid; HVA, homovanillic acid; SHIAA, 5-hydroxyin-
dole acetic acid; 5HA, 5-hydroxytryptamine; 6 m, 6-month-aged group; 12 M,
12-month-aged group.
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