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Table 1~ Protems identified to be 51gn1ﬁcantly regulated in P301S tau-Tg mouse.

Spot number Accession number Protem‘nam = ~ Fold difference p-value® Coverage®
337 Q921 Serotransferrin SHEE L : 14 0.005 9.3
346 P26040 Ezrin or Mitochondrial inner membran protein 1.14 0.028 12
461 P08551 Neurofilament light polypéptide 0s -1.43 0.00028 379
502 Q8BMF4 thydrohpoyllysme residue acetyltransferase -1.12 0.019 17.9
cmponent of pyruvate dehydrogenase complex
594 P52480 Pyruvate kinase isozymes M1/M2 115 0.028 26.4
670 Q00612 Glucose-6-phosphate 1-dehydrogenase 1.19 0.016 21.6
699 P26443 - Glutamate dehydrogenase 1 mitochondria 112 0.005 12.7
701 P10860 Glutamate dehydrogenase 1 mitochondria L 1.13 0.043 23.8
807 P03995 Glial fibrillary acidic protein 1.72 0.012 423
812 P03995 Glial fibrillary acidic protein isoform 1 2.34 0.0019 423
813 P03995 Glial fibrillary acidic protein isoform 1 1.98 0.00072 26.7
939 P03995 Glial fibrillary acidic protein 1.13 0.004 29.3
935 - LT : 147 0.01 -
924 Q8JjB8 Actin 1.12 0.011 475
985 - = 1.16 0.034 -
998 P05063 Fructose-bisphosphate aldolase C 0S 1.1 0.03 37.7
1029 Q9D154 Leukocyte elastase inhibitor A -1.26 0.015 325
1045 QSD6R2 Isocitrate dehydrogenase 3 (NAD") alpha : -1.12 0.0062 29.5
1156 P28663 Bete-soluble NSF attachment protein -11 0.037 46.3
1195 P97429 Annexin A4 1.15 0.0093 34
1197 P08226 Apololoprotein E 1.53 0.0027 23.2
1259 QIoCPV4 Glyoxalase domain-containing protein 4 1.14 0.012 29.5
1274 P70202 Latexin 1.51 0.0021 29.3
1257 QI9CROO 26s proteasome non-ATPase regulatory subunit 9 OS 1.19 0.0031 18
1320 QIROPY Ubiquitin carboxyl-terminal hydrolase isozyme L1 -1.16 0.0017 67.3
1340 - - 1.6 0.002 -
1342 008709 Peroxiredoxin-6 1.63 0.0016 63.8
1339 P14602 Heat shock protein 27 1.52 0.007 43.5
1395 Q9DCX2 ATP synthase subunit, mitochondrial -1.19 0.0065 72.1
1367 P20108 Thioredoxin-dependent peroxide reductase, -1.12 0.012 311
mitochondrial
1469 P54227 Stathmin -1.14 0.015 41.6
1533 Q05816 Fatty acid-binding protein 1.26 0.021 422

@ p values determined in Student’s t-test.
® Sequence coverage achieved by PMF.

Figs. 41-L shows double immunofluorescence histochemis-
try for Prdx6 and GFAP in the anterior horn. In P301S tau-Tg
mouse (Figs. 3I-L), immunoreactivity for Prdx6 was obviously
present in GFAP-immuoreactive astrocytes, but not in the
neurens (arrow in Fig. 4K indicates absence of neuronal staining)
in the anterior horn. In Wt mouse (Fig. 4L), both immunoreac-
tivity for Prdx6 and GFAP were rarely observed. Figs. 4M-P shows
double immunofluorescence histochemistry for Prdx6 and
GFAP in the white matter adjacent to the anterior hom. In
P301S tau Tg mouse (Figs. 4M-0), immunoreactivity for Prdx6
was obviously present in GFAP-immuoreactive perikarya and
their processes of astrocytes. In Wt mouse (Fig. 4P), Prdx6 was

similarly colocalized with GFAP-immunoreactive perikarya and
their processes of astrocytes.

Figs. SA-D shows double immunofluorescence histochem-
istry for ApoE and GFAP in the anterior hom. In P301S tau-Tg
mouse (Figs. 5A-C), ApoE was expressed in the both astrocytes
and neurons (Fig. 5C; the arrow indicates a neuron, and the
arrowhead indicates an astrocyte). In Wt mouse (Fig. 5D), ApoE
was weakly positive in the neurons of the anterior hom.
Figs. 5E-H shows double immunofluorescence histochemistry
for ApoE and GFAP in the white matter adjacent to the anterior
horn. In P301S tau-Tg mouse (Figs. 5E-G), immunoreactivity
for ApoE was present in GFAP-immuoreactive perikarya and

Fig. 1 - Image of two-dimensional differential in-gel electrophoresis (2D-DIGE) between P301S human tau-Tg and Wt mouse.
Spin protein extracts from P301S tau-Tg and Wt mouse were compared using the 2D-DIGE technique. A representative picture
with spot numbers is shown in Fig. 1A. Representative four spots with upregulation were shown in Figs. 1B-E (spot number

1,197: ApoE, spot number 1,274: LTXN, spot number 1,339: Hsp27, spot number 1,342: Prdx6). Each of the left pictures depicted a
merged picture of fluorescent dyes Cy3 and Cy5 (protein extracts from P301S tau-Tg were labeled by Cy3 as green fluorescence;
those from Wt mouse were labeled by Cy5 as red fluorescence). Each of the right pictures depicted a merged picture of converse
labeling (protein extracts from P301S tau-Tg were labeled by Cy5 as red fluorescence; those from Wt mouse were labeled by Cy3

as green fluorescence).
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Fig. 2 - Western blotting of Hsp27, Prdx6, ApoE, and LTXN in Wt and P301S tau-Tg mouse. Western blotting was shown for Wt
and P301S tau-Tg mice in duplicate in Fig. 2A. Figs. 2B, C, D, E indicates results of densitometry for Hsp27, Prdx6, ApoE, and
LTXN, respectively, in P301S tau-Tg and Wt mice. Values were calculated as a relative to B-actin expression, and are expressed
as meanz=standard deviation (SD). The asterisk indicates statistically significant differences between P301S tau-Tg and Wt
mice. p<0.05.

their processes of astrocytes. In Wt mouse (Fig. 5H), ApoE was mouse (Figs. 5I-K), immunoreactivity for LTXN was obviously
weakly positive in astrocytic perikarya. present in GFAP-immuoreactive astrocytes in the anterior

Figs. 5I-L shows double immunofluorescence histochem- horn, but not in neurons (arrow in Fig. 31 indicates absence of
istry for LTXN and GFAP in the anterior horn. In P301S tau-Tg neuronal staining). In Wt mouse (Fig. 5L), both LTXN and GFAP
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Fig. 3 - Photomicrographs of astrocytic infiltration and nerve cell loss in the sites of tau accumulation. Figs. 3A-D indicates
immunostaining for GFAP in Wt (Figs. 3A, C) and P301S tau-Tg mouse (Figs. 3B, D). Figs. 3E and F is H&E staining in the anterior
hormn of Wt and P301S tau-Tg mouse, respectively. Figs. 3G and H shows immunohistochemistry for AT8, and Fig. 31 indicates
Gallyas sliver staining in the anterior horn. Double immunofluorescence histochemistry was shown for GFAP (Fig. 3J)) and ATS8
(Fig. 3K) and their merge (Fig. 3L) in the anterior horn. Figs. 3M-P shows immunostaining for NeuN in the spinal cord in Wt
(Figs. 3M, O) and P301S tau-Tg mouse (Figs. 3N, P). Scale bar: 20 pm in higher magnification, 100 pm in lower magnification.

were rarely stained. Figs. 5SM-P shows double immunofluo-
rescence histochemistry for LTXN and GFAP in the white
matter adjacent to the anterior horn. In P301S tau-Tg mouse
(Figs. 5M-0), immunoreactivity for LTXN was obviously

colocalized with GFAP in the perikarya and their processes of
astrocytes. In Wt mouse (Fig. 5P), LTXN was colocalized with
GFAP-immunoreactive perikarya and their processes of astro-
cytes, similarly to P301S tau-Tg mouse.
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Fig. 4 - Photomicrographs of upregulated Hsp27 and Prdx6 in activated astrocytes. Double immunofluorescence histochemistry
was shown for Hsp27 (Figs. 4A, E) and GFAP (Figs. 4B, F), and their merge in P301S tau-Tg mouse (Figs. 4C, G) and those in Wt
mouse (Figs. 4D, H); for Prdx6 (Figs. 41, M) and GFAP (Figs. 4], N) and their merge in P301S tau-Tg mouse (Figs. 4K, O) and those in
Wtmouse (Figs. 4L, P). The tissue sections were obtained from the anterior horn of the spinal cord (Figs. 4A-D, I-L) and the white

matter (Figs. 4E-H, M-P). Scale bar: 20 pm.

3. Discussion

3.1.  Neuronal loss and astrocytic activation in tauopathy

Tau protein in a hyperphosphorylated condition constitutes
intracellular inclusions in neurodegenerative diseases. P301S
tau-Tg mouse expressing human mutant tau exhibit essen-
tial features of tauopathies, including neurodegeneration and
filamentous accumulation made of hyperphosphorylated tau

protein. Proteomic analyses of the spinal cord of P301S
human tau-Tg mouse identified upregulation of GFAP and
four other proteins (Hsp27, Prdx6, ApoE, and LTXN). With
immunohistochemistry, an increase of GFAP-immunoreac-
tive astrocytes and neuronal loss were revealed in the
anterior horn of the spinal cord which was one of the main
sites of phosphorylated tau accumulation. These astrocytes
also upregulated these four proteins; Hsp27, Prdx6, ApoE, and
LTXN, which may have neuroprotective role against tau
toxicity.
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Fig. 5 - Photomicrographs of ApoE and LTXN upregulated in activated astrocytes. Double immunofluorescence histochemistry
was shown for ApoE (Figs. 5A, E) and GFAP (Figs. 5B, F) and their merge in P301S tau-Tg mouse (Figs. 5C, G) and those in Wt

mouse (Figs. 5D, H); for LTXN (Figs. 5I, M) and GFAP (Figs. 5J, N) and their merge in P301S tau-Tg mouse (Figs. 5K, O) and those in
Wtmouse (Figs. 5L, P). The tissue sections were obtained from the anterior hom of the spinal cord (Figs. 5A-D, I-L) and the white

matter (Figs. SE-H, M-P). Scale bar: 20 pm.

Previously, it has been believed that endogenous, reactive
astrocytes have a deleterious effect on the progression of FTD
(Broe et al., 2004; Kersaitis et al., 2004; Tan et al, 2005).
However, a recent study revealed that implantation of neural
precursor cells into the brain resulted in glial cell differenti-
ation, and amelioration of neuronal loss (Hampton et al.,
2010). Taken together, the present study may indicate that
astrocyte plays a beneficial role against neurodegeneration in
conjunction with tau accumulation.

3.2, Four proteins, which we identified in this study, may
have protective role against tau toxicity

Hsp27 is highly conserved and acts as molecular chaperones
and/or have anti-apoptotic activities under physiological
conditions (Franklin et al., 2005; Haslbeck, 2002). Expression
of Hsp27 in the brain is notable because it is highly inducible in
astrocytes and neurons following a wide range of noxious
stimuli including cerebral ischemia (Plumier et al., 1997) and
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epileptic seizure (Plumier et al., 1996). Moreover, induction of
Hsp27 prevents neuronal cell death in noxious stimuli
including ischemia (Wagstaff et al.,, 1999), peripheral nerve
trans-section (Benn et al., 2002), and polyglutamine repeat
expansion of huntingtin (Wyttenbach et al,, 2002). On the
protective mechanism of Hsp27 against tau toxicity, it is
reported that Hsp27 directly combines with hyperphosphory-
lated tau in AD brains and can rescue cell death (Kosik and
Shimura, 2005; Shimura et al., 2004b), while there are no
reports of a direct relationship between Hsp27 and FTD.
Interestingly, the amount of hyperphosphorylated tau is
reduced with an increase of dephosphorylated tau, when
Hsp27 is delivered with hyperphosphorylated tau, and this
reduction is canceled by Hsp27 inhibitor (Shimura et al,
2004a). Therefore, they suggest that Hsp27 may facilitate
degradation and/or dephosphorylation of pathological hyper-
phosphorylated tau in the AD brain.

Prdx6, also known as 1-Cys peroxiredoxin or non-selenium
glutathione peroxidase, is a human brain antioxidant enzyme.
Recent studies highlight involvement of oxidative stress in the
etiology of tauopathies (Martinez et al.,, 2010; Melov et al.,
2007), and show an interplay of tau phosphorylation and
oxidative stress in the pathogenesis of neurofibrillary tangles
(Takeda et al., 2000; Vanhelmont et al., 2010). Moreover, it is
reported that astrocytes were the main target of oxidative
stress in FTD (Martinez et al., 2008), although there are no
studies on the relationship between Prdx6 and FTD. However,
some studies indicate that Prdx6 is markedly enhanced in
astrocytes in AD (Power et al., 2008), Parkinson’s disease (Power
et al,, 2002) and Pick’s disease (Krapfenbauer et al., 2003).

ApoE is a main lipoprotein present in the brain and is
involved in the transport of plasma lipids, but its role in lipid
and cholesterol homeostasis in the central nervous system
remains unclear (Tomimoto et al., 1995). The ¢4 allele of ApoE
is a major genetic risk factor for AD. The relationship between
ApoE and tau has not been thoroughly investigated and the
results are much less clear than the relationship between
ApoE and amyloid plaque burden (Kim et al, 2009). The
important questions still exist as to whether it is better to
increase or decrease ApoE levels in order to reduce neurofi-
brillary tangles. Under in vitro conditions, ApoE binds tightly to
tau (Strittmatter et al., 1994) and has a protective role against
neurotoxicity (Bruinsma et al.,, 2010). In vivo, lack of ApoE
expression in mice resulted in an increase of neuroinflamma-
tion, thereby indicating anti-inflammatory effects of ApoE
(Lynch et al., 2001; LaDu et al., 2001).

LTXN has been identified as a marker for neurons in the
lateral neocortex of the developing mammalian brain. LTXNis
the sole carboxypeptidase inhibitor (CPI) in the mammals,
however, the cellular and molecular functions of LTXN in the
central nervous system remain unclear (Liang and Van Zant,
2008). LTXN appears to play a role in the immune response in
vivo, since latexin gene is highly expressed in macrophages
and its expression is modulated by several proinflammatory
stimuli (Aagaard et al., 2005). LTXN shows no significant
homology with the other reported CPIs, but it shares a similar
structure with a cystein protease inhibitor, cystatin C. Using
an AD mouse model, two studies have shown that over-
expression of cystatin C decreases amyloid-g, and thus may
play a protective role in AD (Kaeser et al., 2007; Mi et al., 2007).

In consideration of structural similarity between LTXN and
cystatin C, LTXN expression in activated astrocytes in the
present study may suggest a pivotal role for LTXN against tau
toxicity. )

In conclusion, we revealed astrocytic infiltration and neuro-
nal loss in the lesions with hyperphosphorylated tau accumu-
lation in P301S tauopathy model. These astrocytes
preferentially upregulated four proteins presumed to have
neuroprotective functions. Our data indicate significance of
astrocytes which appear to be neuroprotective in tauopathy. In
addition, the molecular mechanism of neuroprotection by
astrocytes may provide a clue for a new strategy of astrocyte-
based neuroprotective therapy in neurodegenerative disorders.

4. Experimental procedures
4.1.  Animals

All experimental procedures were performed in strict adher-
ence with the guidelines of the Animal Care and Ethics
Committee of Mie University and the NIH Guide for the Care
and Use of Laboratory Animals. P301S tau-Tg mice were kindly
provided by Dr. Virginia M-Y Lee (The Center for Neurodegen-
erative Disease Research, Department of Pathology and
Laboratory Medicine, University of Pennsylvania School of
Medicine, Philadelphia, USA). P301S tau-Tg and Wt mice were
bred in air-conditioned cages and were allowed free daily
access to food and water.

4.2.  Sample preparation

Mice at 7 months of age were deeply anesthetized and
transcardially perfused with 15ml of phosphate-buffered
saline (PBS), and the spinal cord was removed (n=9 for P301S
tau-Tg mice and Wt mice, respectively). The spinal cord was
divided into two parts at the mid-thoracic level. The cervical-
thoracic spinal cord was used for histology and immunochis-
tochemistry and the thoracic-lumbar spinal cord was used for
2D-DIGE analysis and western blotting. The thoracic-lumbar
spinal cord was immediately put into liquid nitrogen and
stored at -80°C until used. Frozen tissue (20-30 mg) was
homogenized in lysis buffer (30 mM Tris-HCl, 7 M urea, 2M
thiourea, 4% w/v CHAPS, a protease inhibitor cocktail, pH 8.5).
After incubation for 60 min on ice, homogenates were
centrifuged at 30,000 x g for 30 min at 4 °C and the supernatant
was collected. Protein concentration of the supematant was
determined by the Bradford assay (Pierce, Rockford, IL) using
bovine serum albumin as a standard. The cervical-thoracic
spinal cord was fixed in 4% paraformaldehyde for 24 h with
10% formalin in PBS and embedded in paraffin.

4.3. Two-dimensional difference in-gel electrophoresis
(2D-DIGE)

Each of 50 ug of protein from P301S tau-Tg mice (n=4) and Wt
mice (n=4) was labeled with 200 pmol CyDye Fluor minimal
dyes (GE Healthcare) of either Cy3, Cy5 as described in the
manufacturer’s protocols. Internal pools were generated by
combining equal amounts of all samples and were labeled
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with Cy2. Equal protein amounts of Cy2, Cy3, and Cy5-labeled
samples were prepared. Protein extracts from P301S tau-Tg
mouse were labeled by Cy3 and those from Wt mouse were
labeled by Cy5 in two gels. Conversely, protein extracts from
P301S tau-Tg mouse were labeled by Cy5 and those from Wt
mouse were labeled by Cy3 in other two gels. These proteins
were added to an equal volume of 2x sample buffer (7 M urea,
2 M thiourea, 4% w/v CHAPS, 130 mM dithiothreitol (DTT), 2%
IPG buffer (pH 3-11, GE Healthcare), a protease inhibitor
cocktail). After incubation on ice for 10 min in the dark, the
samples were added to rehydration buffer (7M urea, 2M
thiourea, 4% w/v CHAPS, 13 mM DTT, 1% IPG buffer (pl 3-11))
and a trace of bromophenol blue to make 450 pl of total sample
volume. In-gel rehydration of the IPG strips (Immobiline
Drystrips, 24 cm, pl 3-11, GE Healthcare) with the samples
was performed overnight at room temperature. The first-
dimension isoelectric focusing was run using an Ettan IPGphor
(GE Healthcare) sequentially at 500 V for 500 Vh, at 1kV for
1kVh and at 8 kV for 99 kVh. After reduction and alkylation of
disulfide bonds with 10 mg/ml DTT and 25 mg/ml iodoaceta-
mide, respectively, the second-dimension 12.5% SDS-poly-
acrylamide gel electrophoresis (SDS-PAGE) was run on an
Ettan DALT six Large Electrophoresis System (GE Healthcare).

4.4.  Imaging and analysis

Gel images for analysis were obtained using a Typhoon 9400
imager (GE healthcare). The spots on the gel were co-detected
automatically as Cy2, Cy3, Cy5 gel images. The resulting
images were processed using DeCyder Differential Analysis
Software (GE healthcare), which was designed specifically for
2D-DIGE experiments. Intra-gel matching was performed
using the Cy2 internal standard images from each gel and
the spot volume ratios of the Cy3- and Cy5-labeled spots were
normalized with reference to the Cy2-labeled internal stan-
dard images. A Student’s t-test was performed for every
matched and normalized spot set, comparing the average and
standard deviation of protein abundance for a given spot
between the P301S tau-Tg and Wt mice. The protein spots
were filtered to include only proteins that demonstrated a
significant change (p<0.05) in abundance.

4.5. Mass spectrometry

For MS fingerprinting, the Coomassie Brilliant Blue-stained
portions of the 2-D gel were excised and digested, as described
previously (Kondo and Hirohashi, 2006) with the modifica-
tions. The differential protein spots on the gel were cut out,
decolorized twice, dehydrated twice, added to 12.5ng/ml
trypsin (Promega) solution, and digested overnight at 37 °C.
After each peptide segment was extracted, these samples
were dried to 1-2 pl using speed vac. Then, each sample was
mixed with 0.5 pl of saturated a-cyanohydroxycinnamic acid
(CHCA) in 0.1% trifluoroacetic acid (TFA) and 45% acetonitrile,
and dripped onto a stainless-steel target. MALDI-TOF/TOF
mass spectrometry was performed using a 4800 Plus analyzer
spectrometer (Applied Biosystems, Framingham, MA). Protein
database searching was performed with the Paragon Method
using Protein Pilot software (Applied Biosystems, Carlsbad,
CA) to identify excised proteins. The following parameters

were set for searching peptides using database: Uniplot; allow
one missed cleavage; enzyme, trypsin; fixed modification,
cysteine carbamidomethylation; variable modification, me-
thionine oxidation.

4.6.  Western blotting

Western blot analysis followed a standard protocol as
described previously (Yata et al,, 2007) (n=>5 for P301S tau-Tg
mice and Wt mice, respectively). Briefly, 6 ug of protein was
loaded into each lane of precast polyacrylamide gel (ATTO
corporation, Tokyo, Japan), and proteins were transferred onto
PVDF membranes (Millipore, MA). The membranes were
blocked with non-fat milk and then incubated with the
primary antibodies which included rabbit polyclonal anti-
POR6 (Abcam, Cambridge, MA, 1:1500), rabbit polyclonal anti-
Hsp27 antibody (Abcam, Cambridge, MA, 1:1500), rabbit anti-
ApoE antibody (Bioworld Technology, Inc., Louis Park, MN,
1:1000), and rabbit polyclonal anti-LTEX (ProteinTech Group,
Inc., Chicago, IL, 1:1500). After incubation with appropriate
horseradish peroxidase-conjugated secondary antibody
(Santa Cruz Biotechnology, CA, 1:2,500) for 1h at room
temperature, immunoreactive bands were visualized in the
linear range with the enhanced chemiluminescence ECL
western blotting system (ECL Plus; Amersham Bioscience,
Piscataway, NJ) and the CCD imager system (Image Quant Las
4000, GE Healthcare). After detection, membranes were
stripped and reprobed with goat anti-actin antibody (Santa
Cruz Biotechnology, Santa Cruz, CA). Quantitative evaluation
of western blotting was performed using Multi Gauge Software
(FUJIFILM, Tokyo, Japan), and values were calculated relative
to expression level of B-actin as an appropriate compartment-
specific intracellular protein. Results were expressed as
mean=standard deviation (SD) and comparisons were made
between P301S tau-Tg and Wt mice using Student’s t-test, with
p<0.05 considered statistically significant.

4.7.  Histology and immunchistochemistry

Coronal spine sections (5 um thickness) at the cervical level
were prepared. Gallyas sliver staining and HE staining followed
a standard protocol (Yoshiyama et al, 2007). Immunohisto-
chemical analysis followed a standard protocol as described
previously (Yata et al, 2007). The diaminobenzidine (DAB)
staining method (ABC Staining Kit, Vector Laboratories, Inc.,
Burlingame, CA) was used for detection of GFAP, neuron specific
nuclear protein (NeuN) and phosphorylation dependent tau
included mouse monoclonal anti-phosphorylation dependent
tau (AT8) (Innogenetics, Ghent, Belgium, 1:200), mouse mono-
clonal anti-GFAP (PROGEN Biotechnik, Heidelberg, Germany,
1:80), mouse monoclonal anti-neuron specific nuclear protein
(NeuN) (Abcam. Cambridge, MA, 1:200). Immunofluorescence
analysis followed a standard protocol as described previously
(Yata et al, 2007), and included mouse monoclonal anti-
phosphorylation dependent tau (AT8) (Innogenetics, Ghent,
Belgium, 1:200), mouse monoclonal anti-GFAP (PROGEN Bio-
technik, Heidelberg, Germany, 1:80), rabbit polyclonal anti-GFAP
(Sigma, St. Louis, MO, 1:80), rabbit polyclonal anti-POR6 (Abcam.
Cambridge, MA 1:100), rabbit polyclonal anti-Hsp27 antibody
(Abcam. Cambride, MA 1:100), rabbit anti-ApoE antibody
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(Bioworld Technology, Inc., Louis Park, MN 1:100), rabbit
polyclonal anti-LTEX (Proteintech Group Inc., Chicago, IL,
1:100), and appropriate secondary antibodies, AlexaFluo 488
goat-anti rabbit IgG (Invitrogen, Carlsbad, CA, 1:250), AlexaFluo
594 goat-anti mouse IgG (Invitrogen, 1:250).
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PLAZ2G6 variant in Parkinson’s disease
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PLA2G6 was reported recently as the causative gene for PARK14-linked autosomal recessive early-onset dystonia-parkinsonism.
In a recent study in Singapore, heterozygous PLA2G6 p.P806R (c.2417C > G) mutation in exon 17 was reported to be a
possible Parkinson’s disease (PD)-related mutation. To determine the significance of the PLA2G6 mutation, we conducted an
association study by performing direct sequencing of PLA2G6 exon 17 in 379 Japanese sporadic PD patients and 310 controls
in the Japanese general population. In this group, we found 12 patients (12/379=3.16%) and 10 controls (10/310=3.23%)
with a heterozygous p.P806R mutation (P=0.96, y2=0.0019). Therefore, our large case—controlled study suggests that PLA2G6
p.P806R is not a disease-associated polymorphism in PD. Moreover, we performed direct sequencing of all exons and exon-
intron boundaries of PLA2G6 in 116 Japanese patients with sporadic PD. Two single heterozygous variants (p.R301C or
p.D331N) were found (both frequencies: 1/379 patients vs 0/310 controls) and the roles of their variants were unclear.

Finally, combined with the previous report, our findings emphasize that PLA2G6 mutations are unlikely to be the major causes
or risk factors of PD at least in Asian populations. However, further large studies in various populations are needed because
patients with PLA2G6 mutations can show heterogeneous clinical features.

Journal of Human Genetics (2011) 56, 401-403; doi:10.1038/jhg.2011.22; published online 3 March 2011

Keywords: genetics; Parkinson's disease; parkinsonism-dystonia; PLA2G6; PARK14

Parkinson’s disease (PD, OMIM no. 168600) is the second most
common neurodegenerative disorder next to Alzheimer’s disease.
Although the cause remains unclear, PD is thought to be a hetero-
geneous disease caused by the interaction of multiple genetic factors
and environmental factors associated with aging. Indeed, case—control
studies identified some genetic risk factors for PD, such as SNCA,
LRRK2*® and GBA variants.”!! To elucidate the exact etiology of
PD, identifying the effect of each of the multiple factors and their
combined effects is important.

Recently, PLA2G6 was reported to be the causative gene for PARKI4 in
patients with autosomal recessive early-onset dystonia-parkinsonism.'?
PLA2G6 is also the causative gene for infantile neuroaxonal dystrophy,
neurodegeneration associated with brain iron accumulation and Karak
syndrome.!>-1% Some patients with neurodegeneration associated with
brain iron accumulation show very early-onset and rapid psychomo-
tor regression, early cerebellar signs, pyramidal signs and visual
disturbances. Patients with PLA2G6 mutations frequently exhibit
brain iron accumulation, which is a feature of neurodegeneration
associated with brain iron accumulation. In our recent study, we
revealed two novel compound heterozygous PLA2G6 mutations in
Japanese patients who had levodopa-responsive parkinsonism with or
without brain iron accumulation.’® Although there are few PLA2G6
mutation analyses in parkinsonism so far, its role in parkinsonism or

PD and the mechanism of neurodegeneration and iron accumulation
have not been clarified.

Very recently, Tan et al.!” in Singapore reported the results of
PLA2G6 analysis in 96 PD patients with young-age onset/dystonia.
One of the 96 patients, who had a novel heterozygous p.P806R
(c.2417C>G) mutation in exon 17, had typical features of late-
onset PD with levodopa responsiveness and dystonic spasms.
Although they could not conduct a segregation analysis, this mutation
was not found in 100 healthy controls. Their result emphasized the
potential role of this mutation and the PLA2G6 mutation as patho-
genic mutations or risk factors for PD in Chinese or other races. To
confirm this intriguing finding of PLA2G6, we conducted an extended
mutation analysis and association study in Japanese patients with
sporadic PD and normal controls.

The study was approved by the Institutional Review Board of
Juntendo University, and all subjects provided an informed consent.
We collected blood samples from each participant and extracted
genomic DNA by using standard methods. Sequences of the pri-
mers/probes and conditions of PCR/sequencing are available
upon request to the corresponding author or the first author. We
directly sequenced the exon 17 of PLA2G6 from 379 Japanese patients
with sporadic PD and 310 normal Japanese subjects as controls
(Table 1).
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’s disease (SPD) and control subjects from the

Table 1 Profile of analyzed subjects and allele frequency of PLA2G6 p.P806R (c.2417C > G) in Japanese patients with sporadic Parkinson

general population

Japanese control from the general population

Japanese SPD

Heterozygous (C/G) Wild type (C/C) All analyzed subjects Heterozygous (C/G) Wild type (C/C)

All analyzed subjects

300 (182:118)
58.5+13.2 (23-98, n=284)

10 (6:4)
60.7 +£12.8 (35-81, n=10)

310(188:122)
58.5+13.2 (23-98, n=294)

367 (195:172)
60.3£13.7 (12-92, n=366)
52.7 +14.0 (7-88, n=365)

12 (3:9)

58.6 £22.4 (12-87, n=12)

379 (198:181)
60.2£14.0 (12-92, n=378)
52.7 £ 14.3 (7-88, n=375)

Number of patients (F:M)

Age at sampling? (range, n=number)
Age at onset? (range, n=number)

52,7422.3(11-83, n=12)

=363)

7.5+ 5.6 (0-40, n

5.9+5.3 (1-18, n=12)

7.4+5.6 (0-40, n=375)

Disease duration? (range, n=number)

Allele frequency (%)

1.61

1.58

patients and controls were concordant with Hardy-Weinberg equilibrium.

No homozygous PLAZGE p.PBO6R mutation was found in this study. Genotypes of the

2Data are meants.d.
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We identified a heterozygous p.P806R mutation in 12 patients
with PD and in 10 controls (32=0.0019, P=0.96; odds ratio
(genotype)=1.02, 95% confidence interval: 0.44-2.37, Table 1). We
found no homozygous p.P806R mutations. The allele frequency was
1.58% in sporadic PD and 1.61% in controls. We also found
heterozygous synonymous p.T787T (c.2355C>T) variant in two
patients and one control. No other variants were found in exon 17.
Moreover, we performed direct sequencing of all exons and exon—
intron boundaries of PLA2G6 in 116 Japanese patients with sporadic
PD (males 60, females 56; age range, 12-92 years; mean age,
60.7+18.1 years; mean disease duration, 6.3+5.8 years). Among
them, we found two novel single heterozygous non-synonymous
variants (p.R301C, p.D331IN). Both frequencies of the two variants
were 1/379=0.26% in patients and 0/310=0% in Japanese normal
controls. The roles of their rare variants found in Japanese patients
with sporadic PD remained unclear (Table 2).

The reported clinical features of neurodegeneration associated with
mutations in the PLA2G6 gene (PLAN) are axonal dystrophy, dysto-
nia, dementia, visual disturbances, cerebellar signs and brain atrophy
with or without iron accumulation.'?1%!%1% Showing clinical hetero-
geneity, patients with PARKI4-linked parkinsonism have levodopa
responsiveness, levodopa-induced dyskinesia and dementia with an
older-age onset and a longer disease duration than those with infantile
neuroaxonal dystrophy.'>1® These studies have suggested that patients
with PLA2G6 mutation can show heterogeneous phenotype.

Although the precise function of PLA2G6 in neurodegeneration
and iron accumulation remains obscure, defective phospholipid
metabolism is implicated in neurodegenerative diseases featuring
brain iron dyshomeostasis.'* PLA2G6 is thought to be responsible
for the development of autosomal recessive disorders through its loss
of function; hence, the role of a single heterozygous PLA2G6 mutation
is intriguing. Indeed, two of the 10 infantile neuroaxonal dystrophy
patients were previously reported to have one-allele mutations,
suggesting that single heterozygous mutation in PLA2G6 could be
pathogenic.!®

The aim of this study was to clarify the role of the PLA2G6
mutation in PD. Although patients with PLA2G6 mutations have
been reported to show atypical parkinsonism, the heterozygous
PLA2G6 p.P806R mutation was found in late-onset PD patients
with typical parkinsonism.!” In our extended case-controlled study
of a large sample size, no association of PLA2G6 p.P806R was
identified in Japanese PD patients and controls. Thus, our data
suggest that PLA2G6 p.P806R is a non-PD-associated polymorphism
at least in Japanese PD patients. This result should help clinicians in
genetic counseling for PD patients.

Furthermore, in the previous report, there were no other possible
PD-associated variants in any of the 17 exons in the 96 PD patients.!”
Therefore, combined with the data from Singapore,'” our findings
emphasize that PLA2G6 mutations are unlikely to be the major causes
or risk factors of PD at least in Asian populations.

However, because there have been no adequate PLA2G6 mutation
analyses in parkinsonism, disease-associated variants in PLA2G6 could
exist in patients with atypical/typical parkinsonism, or PD in specific
races. In parkinsonism-dystonia patients, PLA2G6 mutations have
thus far been reported in only certain populations, such as Indians,
Pakistanis and Iranians.!>!>!° In heterogeneous clinical setting of
patients with PLA2G6 mutations, the roles of PLA2G6 should be
clarified including the effect of heterozygous mutation. As brain iron
accumulation is frequently observed in common diseases, such as PD
and Alzheimer’s disease, the role of PLA2G6 in iron accumulation is
elusive in neurodegenerative disorders.
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Table 2 PLAZ2G6 variants (excluding p.P806R) found in patients with sporadic PD and the allele frequency

Frequency in this study

Exon Position Amino acid Accession number Patients (%) Allele frequency in patients (%) Controls (%)
2 c.87G>A p.v29v 152267369 18/116 (15.52) 8.19

7 c.901C>T p.R301C (novel) 1/379 (0.26) 0.13 0/310 (0)
7 c.991G>A p.D331IN (novel) 1/379 (0.26) 0.13 0/310 (0)

Abbreviation: PD, Parkinson's disease.

Thus, further large studies in various populations and functional
studies for PLA2G6 are needed in neurodegenerative disorders with or
without brain iron accumulation.
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7v-Secretase is composed of at least four proteins, presenilin
(PS), nicastrin (NCT), Aphl, and Pen2. PS is the catalytic sub-
unit of the y-secretase complex, having aspartic protease activ-
ity. PS has two homologs, namely, PS1 and PS2. To compare the
activity of these complexes containing different PSs, we recon-
stituted them in yeast, which lacks y-secretase homologs. Yeast
cells were transformed with PS1 or PS2, NCT, Pen2, Aphl, and
artificial substrate C55-Gal4p. After substrate cleavage, Galdp
translocates to the nucleus and activates transcription of the
reporter genes ADE2, HIS3, and lacZ. vy-Secretase activity was
measured based on yeast growth on selective media and B-ga-
lactosidase activity. PS1 y-secretase was ~24-fold more active
than PS2 y-secretase in the B-galactosidase assay. Using yeast
microsomes containing y-secretase and C55, we compared the
concentration of Af generated by PS1 or PS2 y-secretase. PS1
y-secretase produced ~24-fold more A than PS2 y-secretase.
We found the optimal pH of A production by PS2 to be 7.0, as
for PS1, and that the PS2 complex included immature NCT,
unlike the PS1 complex, which included mature NCT. In this
study, we compared the activity of PS1 or PS2 per one y-secre-
tase complex. Co-immunoprecipitation experiments using
yeast microsomes showed that PS1 concentrations in the
y-secretase complex were ~28 times higher than that of PS2.
Our data suggest that the PS1 complex is only marginally less
active than the PS2 complex in A production.

v-Secretase consists of at least four subunits, presenilin (PS),?
nicastrin (NCT), anterior pharynx defective 1 (Aph1), and pre-
senilin enhancer 2 (Pen2) (1). PS is the catalytic subunit of
y-secretase with aspartic protease activity (2, 3). Amyloid-8
(AB) peptide, which plays a causative role in Alzheimer disease
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(AD), is produced after sequential cleavage of amyloid-8 pre-
cursor protein (APP) by B-secretase and y-secretase. The A
mainly consists of AB40 and AB42 containing 40 and 42 amino
acids, respectively. AB42 is more prone to aggregation (4) and
more toxic to neuronal cells. Many studies have reported that
familial AD (FAD) mutations in PS and APP result in increased
ratios of AB42 to AB40. The high AB42 ratio is believed to lead
to AD.

PS has two homologs, namely, PS1 and PS2 (67% identical at
the amino acid level). Aph1 also has two homologs: Aphla (with
alternative splicing variants Aphla-S and a-L) and Aphlb. Sato
et al. (5) reported that y-secretase contained only one of each
subunit, and as such, six distinct y-secretases exist. Indeed,
both PS1 and PS2 form a y-secretase complex with the other
subunits, producing AB (6). y-Secretase cleaves many type I
transmembrane proteins including APP and Notch, but the
mechanism by which the different y-secretases select their sub-
strates is unclear. These different y-secretases may have differ-
ent functions and substrate selectivity.

Ubiquitous expression of PS1 and PS2 mRNAs in many
human and mouse tissues has been reported, with varying
expression levels across their tissues and during brain develop-
ment (7). For example, in human young adult and aged brains,
PS1 and PS2 mRNAs expression was similar. The subcellular
distribution of PSs are known to be predominantly in the endo-
plasmic reticulum and the Golgi compartment (8). Levitan et al.
(9) showed that human PS1 and PS2 substituted for Caenorh-
abditis elegans sel-12, suggesting that PS1 and PS2 are func-
tionally redundant.

Different phenotypes of PS1- and PS2-deficient mice have
been reported. PS1 knock-out mice exhibit severe developmen-
tal defects and perinatal lethality (10, 11), whereas PS2 knock-
out mice show only mild phenotypes (12). Over 160 FAD muta-
tions in PSI1, but only 10 in PS2, have been found. These
findings suggest that PS1 and PS2 play distinct roles in vivo.

Lai et al (13) indicated that Psl (Ps, mouse presenilin)
y-secretase produced 169 times more A than Ps2 y-secretase,
using membrane fractions from Psl-(+/—), Ps2-(—/—), and
Ps1-(—/—), Ps2-(+/+) blastocyst-derived cells from knock-out
mice. In their study, y-secretase activity was calculated as fol-
lows: level of produced A B/total Ps. They did not use the calcu-
lation: level of produced AB/Ps in y-secretase complex and thus
did not evaluate the active y-secretase content.

Yagishita et al. (14) developed a novel y-secretase assay using
yeast microsomes. Yeast lacks endogenous y-secretase and
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APP homologs, and one can reconstitute pure human y-secre-
tase in yeast and estimate the activity. Using this system, we
compared the activity of PS1 and PS2 in y-secretase complexes.
Our data suggested that PS1-containing microsomes had much
higher activity than PS2-containing microsomes. However,
detailed analysis regarding the “active” y-secretase complex
revealed that the PS1 and PS2 complex produced similar levels
of AB.

MATERIALS AND METHODS

Construction of y-Secretase and Substrates—To reconstitute
y-secretase in yeast, human PS1 or PS2, NCT, Aphla-L-HA,
FLAG-Pen2, and substrates were cloned into the following vec-
tors, as described previously (15). Briefly, PS1 or PS2 and NCT
were ligated into Kpnl and Xbal sites of the pBEVY-T vector
(16). Aphla-L-HA and FLAG-Pen2 were ligated into the Xbal
and Kpnl sites of pBEVY-L (16). C55-Gal4p, NotchTM-Galdp,
and C99 were fused to the SUC2 signal sequence, facilitating
translocation to the endoplasmic reticulum, and ligated into
the BamHI and EcoRI sites of p426ADH (17). C55, C99, and
NotchTM indicate amino acids 672-726 of the human APP770
isoform, 672-770 of the human APP770, 1703-1754 of the
mouse Notch-1, respectively.

Myc-tagged PS1 and PS2 were PCR amplified and ligated
into the Kpnl site of pBEVY-T, using the following two pair of
primers, respectively: mycPS1S, 5'-GGGGTACCAAAAA-
TGGAACAAAAACTCATCTCAGAAGAGGATCTGATGA-
CAGAGTTACCTGCACCGTTG-3’ and PS1AS, 5'-GATC-
CGCTTATTTAGAAGTGTCGAATTCGACCTCGGTACC-
ATGCTAGATATAAAATTGATGGAATGC-3'; mycPS2S,
5'-GGGGTACCAAAAATGGAACAAAAACTCATCTCAG-
AAGAGGATCTGATGCTCACATTCATGGCCTCTGAC-3'
and PS2AS, 5'-GGGGTACCTCAGATGTAGAGCTGA-
TGGGAGG-3'.

Yeast Transformation—Three plasmids were transformed
into Saccharomyces cerevisiae strain PJ69—4A (MATa, trpl—
901, leu2-3, 112, wura3-52, his3-200, galdl\, gal80A,
LYS2:GALI-HIS3, GAL2-ADE2, met2:GAL7-lacZ) (18). The
transformants were selected on SD media plate lacking Leu,
Trp, and Ura (SD-LWU). In microsome assays, we used the
yeast strain PJ69—4ApepdAN(MATa, trpl-901, leu2-3, 112,
ura3-52, his3-200, gald/\, gal80N, LYS2::-GAL1-HIS3, GAL2-
ADE2, met2::GAL7-lacZ, pep4::kanMX) (14) to avoid endoge-
nous protease activity.

Reporter Gene Expression—Expression of HIS3 (His) and
ADE2 (Ade) was estimated by transformant growth on
SD-LWHUAde. B-Galactosidase assays were performed as
described previously (15). Transformants were cultured in SD-
LWU media until they reached an Ay, of ~0.8. Cells were
collected after centrifugation and suspended in lysis buffer (20
mu Tris-Cl (pH 8.0), 10 mm MgCl,, 50 mm KCI, 1 mm EDTA,
5% glycerol, 1 mm dithiothreitol) including protease inhibitor
mixture (Sigma), and lysed by glass beads. Protein concentra-
tion and B-galactosidase activity of the cell lysates were
determined.

y-Secretase Assay and Immunoblotting—Using yeast micro-
somes, we detected A using an in vitro y-secretase assay. In
vitro y-secretase assays were performed as described previ-
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ously, with minor modifications (14). Microsomes (80 ug) were
solubilized with y-buffer (50 mm MES (pH 5.5) or 50 mm PIPES
(pH 6.0, 6.5, 7.0, 7.5), or 50 mm HEPES (pH 8.0), 250 mm
sucrose, 1 mMm EGTA) containing 1% CHAPSO on ice for
60 min. Inhibitor mixture, thiorphan, O-phenanthroline,
CHAPSQ, and <y-buffer were added to the solubilized micro-
somes, as described previously (14). The mixture was incubated
at 37 °Cfor O or 24 h. After incubation, the sample was extracted
with chloroform/methanol (2:1) followed by addition of sample
buffer, and boiled at 100 °C for 5 min. A3 production was ana-
lyzed by Western blotting using the specific antibody, 82E1.
Band signal was quantified using an LAS-3000 luminescent
image analyzer (FujiFilm, Tokyo, Japan).

Immunoprecipitation of y-Secretase—Microsomes (400 ug)
were solubilized with IP buffer containing 1% CHAPSO and
protease inhibitor mixture, on ice, for 60 min. Solubilized mem-
branes were added to 40 ul of anti-FLAG affinity gel (50%
slurry) (Sigma) and rotated at 4 °C for 2 h. Beads were washed
with IP buffer and suspended in sample buffer containing 8 M
urea to prepare the “IP sample” from 400 ug of microsomes.
The “input sample” was prepared as follows: 100 ul of sample
buffer containing 8 M urea was added to 80 ug of microsomes
and incubated at 65 °C for 10 min. Microsomes (8 ug, 10—11 ul)
were loaded as input.

Antibodies—The following antibodies were used for immu-
noblotting: monoclonal antibodies against AB, 82E1 (IBL,
Fujioka, Japan), HA (12CAS5; Sigma), FLAG (M2; Sigma), and
polyclonal antibodies against NCT (AB5890; Chemicon,
Temecula, CA), Myc, 2272 (Cell Signaling Technology, Beverly,
MA), the PS1 loop region (G1L3) (19), and the PS2 loop region
(G2L) (20).

RESULTS

PS2 Was Less Active than PS1 in Growth and B-Galactosidase
Assays—W e constructed recombinant plasmids for y-secretase
and APP-based (C55-Galdp) or Notch-based substrates
(NotchTM-Gal4p) (15). We introduced the vectors into yeast
strain PJ69, which expresses HIS3, ADE2, and lacZ under Galdp
control, and generated yeast transformants expressing the
y-secretase subunits (PS1 or PS2, NCT, Aphla-L-HA, FLAG-
Pen2) and an artificial substrate (C55-Galdp or NotchTM-
Galdp). Galdp released from C55-Gal4p or NotchTM-Galdp by
reconstituted y-secretase activates HIS3 and ADE2 genes tran-
scription. Therefore, y-secretase activity was assessed by
growth on media lacking histidine and adenine. As a result,
yeast expressing PS1 y-secretase and C55-Galdp could repli-
cate on the selection media. Yeast expressing PS2 y-secretase
could also grow, but was much slower than that of PS1-express-
ing yeast (Fig. 1A). PS1 L166P, G384A, and PS2 N1411 are famil-
ial Alzheimer disease (FAD) mutations. Yeast carrying these
mutations were unable to grow on media lacking histidine and
adenine. After isolating these yeast cell lysates, we measured
B-galactosidase activity to estimate <y-secretase activity. PS1
had ~24 times more B-galactosidase activity than PS2 (Fig. 1B).
The results of the B-galactosidase assay were well correlated
with the growth assay results (Fig. 1, A and B).

Next, we used NotchTM-Gal4p as a substrate instead of C55-
Galdp. The results were similar to those obtained when using
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FIGURE 1. Estimate of reconstituted PS1 or PS2 y-secretase activity in yeast. A and C, yeast cells were transformed with PSs (PS1 or PS2, or PS with FAD
mutations), NCT, FLAG-Pen2, Aph1a-L-HA, and C55-galdp (A), or NotchTM-gal4p (C). Three independent clones were cultured on non-selection media (SD-
LWU) or selection media (SD-LWHUAde) at 30 °C for 3 days. Yeast cells not expressing PS did not grow on SD-LWHUAde. B and D, B-galactosidase activity was
measured for each yeast lysate. Lysates were prepared from yeast cells using glass beads. One unit of B-galactosidase activity corresponds to 1 nmol of

O-nitropheny! B-d-galactopyranoside hydrolyzed per min, and activity was calculated as unit/{min X mg of protein in lysate). The activity was normalized by
subtracting the activity in the absence of PS, 65 unit/(min X mg protein). Data are presented as mean value = S.D, n = 18 (A), n=3(C)* p<0.05*,p <001
(analyzed by one-way analysis of variance followed by Dunnett's multiple comparison test). Statistical analyses were performed with PRISM software.

the C55-Galdp, with the following two exceptions. Notchl was
more likely to be cleaved by y-secretase than C55 (APP) (Fig. 1,
B versus D) and yeast cells expressing PS1 with FAD mutations
(L166P and G384A) were able to grow on SD-LWHUAde,
whereas cells expressing PS2 N1411 were not (Fig. 1D). These
results suggested that PS1 with the FAD mutations cannot
cleave APP, whereas they can cleave Notch like wild-type
y-secretase.

Optimal pH for AB Production by the PS2 Complex—To
study y-secretase activity in vitro, we prepared yeast micro-
somes from yeast transformants expressing PS1 or PS2,
NCT, Aphla-L-HA, FLAG-Pen2, and C55 (14). Three previ-
ous reports showed that y-secretase with PS1 maximally

DECEMBER 30, 2011« VOLUME 286+NUMBER 52

produced A at approximately pH 7.0 (14, 21, 22). The opti-
mum pH of A production by y-secretase with PS2, how-
ever, remains unclear. Thus, we investigated the optimal pH
of the PS2 complex to produce AB. When yeast microsomes
prepared from three independent clones were incubated for
24 h at 37 °C with 0.25% CHAPSO and 0.1% PC, we found
that the PS2 complex also maximally produced AB at
approximately pH 7.0 in all three assays (Fig. 2, A and B),
suggesting that the PS1 and PS2 complex have similar pH
dependences for A production.

Levels of AB Production by PS1 or PS2—We compared the
level of A produced by PS1 or PS2 using yeast microsomes.
Each microsome was incubated at 37 °C for 24 h in the pres-
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FIGURE 2. Optimum pH of Af3 production by PS2. A, microsomes (80 ug) prepared from three independent yeast cells transformed with PS2, NCT, Aph1a-
L-HA, FLAG-Pen2, and C55, and from yeast expressing C55 were incubated with 0.25% CHAPSO and 0.1% PC at 37 °C for 0 or 24 h. Incubation samples were
subjected to immunoblotting to compare A production activity, AB/C55. AB was detected by 82E1. Synthetic AB40 (20 pg) was used as a positive control.
Yeast expressing C55 and microsomes incubated for 0 h were loaded as a negative control. B, three independent assays were quantified using analyzing
software (LAS-3000 luminescent image analyzer, Fuji Film, Tokyo, Japan). The column represents the mean = S.D. (n = 3).

A Bosr -
g 1
sta PS1 Ps2 £ 0.4
AB40Oh 24h Oh 24h z0
. <ecss = T
<4 A 501+
L

PS1 P82

FIGURE 3. Difference in Af production between PS1 and PS2. A, yeast
microsomes expressing PS1 or PS2, NCT, Aphia-L-HA, FLAG-Pen2, and C55
were subjected to in vitro y-secretase assays at pH 7.0. AB produced by PS1 or
PS2 y-secretase was detected. Synthetic AB40 (30 pg) was loaded as a marker.
B, the bands obtained in A were quantified to determine the ratio of AB to C55
using analyzing software (LAS-3000 luminescent image analyzer, Fuji Film,
Tokyo, Japan). The column represents the mean = S.D. (n = 5, **, p < 0.01).
Data were analyzed by Student’s t test.

ence of 0.25% CHAPSO and 0.1% PC. We found that the PS1
complex produced significantly more A than PS2 (Fig. 34).
By quantifying the Western blotting signals, we calculated
that PS1 produced ~24 times more A than PS2 (Fig. 3B).

PS1 Complexes Were More Abundant than PS2 Complexes—
To verify whether PS, NCT, Aphla-L, and Pen2 form the
y-secretase complex, we isolated membrane fractions from
yeast introduced with PS,NCT, Aphla-L-HA, FLAG-Pen2,and
C99, and performed co-immunoprecipitation experiments
with the anti-FLAG M2 affinity gel. Both PS1 and PS2 were
co-immunoprecipitated with FLAG-Pen2 (Fig. 4, B and C).
NCT and Aphla-L were also co-immunoprecipitated with
FLAG-Pen2 (Fig. 44), suggesting that PS1 and PS2 formed a
y-secretase complex. We also found that the PS2 complex pre-
dominantly included non-glycosylated immature NCT,
whereas the PS1 complex contained highly glycosylated mature
NCT (Fig. 44).

Comparison of the PS1 and PS2 contents in y-secretase is
difficult due to the variable affinity of their specific antibodies.
To estimate the amount of PS1 or PS2 in <y-secretase com-
plexes, we constructed Myc-tagged PS1 and PS2. We intro-
duced these constructs into yeast and reconstituted the
y-secretases. Preparing these microsomes, we immunoprecipi-
tated <y-secretase complexes with anti-FLAG affinity gel. The
immunoprecipitates were next subjected to immunoblotting.
Aphla-L levels in the PS1 or PS2 complex were similar (Fig.
5A). The Myc-tagged PS1 complex included mainly mature
NCT, while Myc-tagged PS2 complexes contained immature
NCT (Fig. 54). The level of PS1 NTF in y-secretase complexes
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(associated with FLAG Pen2) was ~28 times higher than that of
PS2 NTF (Fig. 5B).

When calculating y-secretase activity per one <y-secretase
complex from these data, a significant difference between PS1
and PS2 does not exist. However, the PS1 complex was 24.15
more active in the 3-galactosidase assay. In vitro A production
assays indicated that PS1 was 24.61 more active than PS2. Com-
paring PS1 and PS2 contents in y-secretase in a co-immuno-
precipitation experiment, we found that the amount of
PSINTF in the -y-secretase complex was 28.14 times higher
than that of PS2NTF. These data suggested that the complete
PS2 complex was 1.142 or 1.143 times more active than the PS1
complex.

DISCUSSION

y-Secretase assays measuring released A into conditioned
media from cultured cells have been previously performed.
These assays found that y-secretase with PS FAD mutations
increased the AB 40/42 ratio. However, very few in vitro assays
have been reported. To accurately study <y-secretase activity,
Yagishita et al. (14) established an in vitro assay system using
yeast, which possesses no y-secretase homologs. This system
enabled us to directly compare activities between the PS1 and
PS2 complex.

Yeast growth and $-galactosidase assays using C55-Galdp or
Notch-Galdp as a substrate revealed that PS1 had a significantly
higher activity than PS2. We also found that FAD mutations in
PS abolished APP processing activity, and that PS1 L166P and
G384A cleaved Notch with reduced activity compared with
wild-type PS1. The assembly of PS1 FAD mutants (L166P or
(G384A) into y-secretase complex was also assessed by immu-
noprecipitation (supplemental Fig. S1). The assembly of PS1
L166P mutant was similar to PS1 WT. On the other hand,
~36% of PS1 G384A (comparing to the WT) formed the
y-secretase complex. These results showed that PS1 L166P
assembled normally with defective protease activity and PS1
G384A was defective both in the assembly and the protease
activity, suggesting that loss of function of PS caused lower
cleavage activity. These reductions in processing activity
obtained in this report support PS loss of function hypothesis,
which is believed to cause FAD (23). We evaluated the activity
of other PS1 FAD mutations (A79V, M146L, A231V, M233T,
and AExon9) in Notch cleavage (data not shown). Our Notch
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FIGURE 5. Quantification of PS1 and PS2 in y-secretase complexes. A, yeast expressing Myc-tagged PS1 or PS2, the other secretase subunits, and C99, were
incubated with anti-FLAG affinity gel. The immunoprecipitates were analyzed by immunoblotting. B, amount of Myc-tagged PSTNTF and Myc-tagged PS2NTF
in the y-secretase complexes were quantified using LAS-3000 luminescent image analyzer (Fuji Film, Tokyo, Japan). Data were analyzed by Student's t test.
Error bar shows the mean = S.D.n = 4, **, p < 0.01. The asterisks indicate nonspecific bands.

cleavage results with PS1 FAD mutations, PS1L166P and
G384A, corroborated the findings of earlier studies (24, 25).
Based on the in vitro y-secretase assay using yeast micro-
somes, we found that y-secretase with PS2 optimally produced
AP at approximately pH 7.0. Previous reports have shown that
PS1 also maximally produced AB at pH 7.0 (14, 21, 22), suggest-
ing that PS1 and PS2 make A using a similar mechanism.
Our co-immunoprecipitation experiments using yeast
microsomes containing PS1 or PS2, NCT, Aphla-L-HA, and
FLAG-Pen2 showed that PS2 bound to immature NCT,
whereas PS1 bound to the mature NCT. Expression levels of
immature or mature NCTs in cells transformed with PS1 or PS2
were similar, but the anti-FLAG affinity gel immunoprecipi-
tates contained different levels of immature and mature NCT.
Franberg et al. (26) reported that Ps2 bound to immature NCT
in Psl-deficient (Ps1-(—/—), Ps2-(+/+)) MEF cells and Ps1
bound to mature NCT in Ps2 deficient (Ps1-(+/+), Ps2-(—/—))

ACEVEN
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MEF cells using affinity capture with an active site-directed
y-secretase inhibitor. This difference in NCT maturation in the
complex may affect substrate affinity.

In this study, we used Aphla-L as a y-secretase subunit,
which may facilitate PS2 binding to immature NCT. Also,
Aphla-S expression, or Aphlb as a y-secretase subunit, may
result in alternative binding patterns, such as PS2 binding to
mature NCT or PS1 binding with immature NCT. In fact, we
observed the PS1 complex with Aphla-S containing more
immature NCT than the PS1 complex with Aphla-L (data not
shown). To date, y-secretase is known to target many sub-
strates, but how +y-secretase selects its substrates is unclear.
These variable y-secretases may contribute to specific substrate
selection.

To compare the y-secretase activity of PS1 and PS2 precisely,
we employed two different approaches. First, we used
C55(-Galdp) or C99 as a substrate instead of C100Flag. NCT
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plays a role in binding to the substrate by recognizing N termi-
nus of C99 (27). So, natural N terminus of C99 or C55 is impor-
tant to assess y-secretase activity correctly. Using C100Flag as a
substrate may result in inaccurate evaluation, because
C100Flag possesses one extra amino acid, methionine, on the N
terminus. Second, we estimated the amount of PS1 or PS2 in the
y-secretase complex. Lai et al. (13) reported Psl and Ps2
y-secretase activity as a function of total protein concentration,
but not all PS localizes to the +y-secretase complex. Therefore,
7y-secretase activity should be calculated as follows: y-secretase
activity/concentration of PS in -y-secretase complex. y-Secretase
assembly is not a random process, but occurs sequentially. NCT
and Aphl form the NCT-Aphl subcomplex in the initial step of
complex formation. Two hypotheses have been proposed regard-
ing the subsequent steps in -y-secretase complex assembly. One
hypothesis is that PS binds to the NCT-Aphl subcomplex, fol-
lowed by Pen2, creating a y-secretase complex (28, 29). Alterna-
tively, the PS-Pen2 intermediate may bind to the preexisting NCT-
Aphl subcomplex to form the +y-secretase complex (30). To
evaluate the construction process of the y-secretase complex, we
compared PS1 or PS2 in the y-secretase complex by co-immuno-
precipitating Myc-tagged PS1 or PS2 with anti-FLAG antibody
(FLAG tag is on Pen2). Co-immunoprecipitation with other anti-
bodies detecting NCT, Aphl, or PS could lead to inaccurate esti-
mates regarding the amount of Myc-PS in the y-secretase com-
plex. We found that the concentration of PS2 in the y-secretase
complex was much lower than that of PS1. Because we applied a
minimal reconstitution system in yeast, unknown protein(s) may
stabilize PS2. This possibility is currently being explored.

In this study, we reconstituted human PS1 and PS2
y-secretase complexes and compared their Af3 production
(per y-secretase complex). PS1 had 24.65 times and 24.61
times higher activity than PS2 in the B-galactosidase and in
vitro AB production assay, respectively. Based on Co-IP
experiments, the amount of PS1 in the y-secretase complex
was 28.14 times higher than that of PS2. Thus, our data sug-
gest that PS1 did not have significantly higher activity than
PS2, as has been reported (13). PS1 and PS2 were 67% iden-
tical at the amino acid level, suggesting that these two pro-
teins have related functions in the y-secretase complex. Our
results suggest that the difference between PS1 and PS2 is
their affinity to the other y-secretase subunits. The contri-
bution of PS1 on y-secretase activity is more important than
that of PS2 because PS1 knock-out mice exhibit severe phe-
notypes, whereas PS2 knock-out mice do not. We hypothe-
size that the differences in PS1 and PS2 knock-out mice phe-
notypes may result from different amounts of PS1 and PS2
y-secretases, but not differences in their activity.

Currently, PS1 is believed to have a higher activity than PS2
in y-secretases, while we showed that they have similar activi-
ties. In corroboration of our findings, recent reports have
shown that PS2 y-secretase cleaved more APP than PS1
y-secretase in microglia cells, regardless of the presence of PS1
(31). Thus, when studying y-secretase activity, we should con-
sider the concentration of PS in the active y-secretase complex,
which may aid in clarifying the pathogenesis of FAD caused by
PS loss-of-function FAD mutations.
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Alzheimer’s disease (AD) is characterized by senile pla-
ques caused by amyloid-B peptide (AR) accumulation.
It has been reported that AR generation and accumula-
tion occur in membrane microdomains, called lipid
rafts, which are enriched in cholesterol and glycosphin-
golipids. Moreover, the ablation of cholesterol metabo-
lism has been implicated in AD. Neprilysin (NEP), a
neutral endopeptidase, is one of the major AB-degrad-
ing enzymes in the brain. Activation of NEP is a possi-
ble therapeutic target. However, it remains unknown
whether the activity of NEP is regulated by its associa-
tion with lipid rafts. Here we show that only the mature
form of NEP, which has been glycosylated in the Golgi,
exists in lipid rafts, where it is directly associated with
phosphatidylserine. Moreover, the localization of NEP in
lipid rafts is enhanced by its dimerization, as shown
using the NEP E403C homodimerization mutant. How-
ever, the protease activities of the mature form of NER,
as assessed by in vitro peptide hydrolysis, did not differ
between lipid rafts and nonlipid rafts. We conclude that
cholesterol and other lipids regulate the localization of
mature NEP to lipid rafts, where the substrate A accu-
mulates but does not modulate the protease activity of
NEP. © 2011 Wwiley Periodicals, Inc.

Key words: Alzheimer’s disease; neprilysin; lipid rafts

Alzheimer’s disease (AD) is characterized by the
formation of senile plaques, composed primarily of amy-
loid-B peptide (AB). AR deposition has been thought to
cause neurofibrillary tangles, neuronal cell loss, vascular
damage, and dementia (the amyloid hypothesis; Hardy
and Higgins, 1992). It has recently been suggested that
AD begins with hippocampal synaptic dysfunction
caused by diffusible oligomeric assemblies of A (Selkoe,
2002).

AB is produced from amyloid precursor protein
(APP) by the action of B- and +y-secretases, although
APP is usually cleaved within the AP sequence by a-
secretase. AP is degraded by neprilysin (NEP; Iwata
et al., 2001). NEP is a type II membrane metallopepti-
dase that is capable of degrading not only monomeric
AB but also pathological oligomeric AR (Kanemitsu

© 2011 Wiley Periodicals, Inc.

et al., 2003). It has been reported that NEP levels in the
hippocampus and cortex decline with age (Iwata et al,,
2002; Hellstrom-Lindahl et al., 2008). Thus, analysis of
the mechanisms regulating NEP activity may provide
valuable insights for new therapeutic targets.

Recently, there have been several reports on the
activities of proteases being regulated by their localiza-
tion to membrane microdomains, known as lipid rafts.
Lipid rafts, which are enriched in cholesterol and glyco-
sphingolipids, have been implicated in processes such as
signal transduction, endocytosis, and cholesterol traffick-
ing (Pike, 2004, 2006). Whereas a-secretase cleavage
occurs in nonhpld rafts (Kojro et al, 2001; von
Tresckow et al,, 2004), AB generation occurs in lipid
rafts (Wada et al., 2003). It has been reported that AP
accumulation is initiated by its association with GM1 in
lipid rafts (Matsuzaki et al., 2007) and that NEP is par-
tially localized in lipid rafts (Angelisova et al., 1999; Rie-
mann et al., 2001; Kawarabayashi et al., 2004). How-
ever, whether the activity of NEP is regulated by its
localization in lipid rafts is unknown.

Here we show that localization of glycosylated
mature NEP in lipid rafts is regulated by its association
with cholesterol. Moreover, we show with the NEP
E403C homodimerization mutant that this localization is
enhanced by its dimerization. Furthermore, we investi-
gated the protease activities of mature NEP by an in
vitro peptide assay. Unexpectedly, they were comparable
in lipid rafts and nonlipid rafts. These findings suggest
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