Statistical analysis

Age, height, body weight, body mass index (BMI), and
osteoarthritis parameters (number of osteophytes, endo-
plate sclerosis, and disc narrowing) in the groups of subjects
classified by the WISP1 SNP genotypes were compared by
analysis of variance (ANOVA) and Kruskal-Wallis test.
Stepwise regression analysis was carried out to assess the
independent effect of four variables (age, height, body
weight, WISP 1 SNP genotypes) on endplate sclerosis score.
We also divided subjects into those having one or two
allele(s) of the minor G allele (AG + GG) and those with
only the major A allele (AA) encoded at the same locus.
Multivariate logistic regression was used to estimate odds
ratios and 95% confidence intervals (95% ClIs) for these
two groups and the risk of endplate sclerosis. Analyses for
the association of WISP1 2364A/G genotypes and radio-
graphic spinal endplate sclerosis were performed with
adjustment for age. P values less than 0.05 were considered
significant. Analysis was performed using StatView-J 4.5
software (SAS Institute, Cary, NC, USA).

Results

We analyzed the genotypes for the SNP of WISP1 gene at
the 3-UTR region (2364 A > G) in 304 subjects, using the
TagMan method. Among these postmenopausal Japanese
women, 120 were AA homozygotes, 149 were AG hetero-
zygotes, and 35 were GG homozygotes (Table 1). The allelic
frequencies of this SNP in the present study were in Hardy-
Weinberg equilibrium.
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The background data (age, height, body weight, BMI)
were not statistically different among these groups (Table
1). On ANOVA analysis, we found significant associations
between WISP1 2364A/G genotype and endplate sclerosis
score (Table 1; P =0.0062). On Kruskal-Wallis analysis, we
also found significant associations between WISP1 2364A/
G genotype and endplate sclerosis score (Table 1; P =
0.024). Women with the A A allele had a significantly higher
endplate sclerosis score than did subjects bearing at least
one G allele (AG + GG). On the other hand, the occurrence
of disc narrowing and osteophytes did not significantly
differ among those SNP genotypes (see Table 1).

Recent studies have shown that the physical and consti-
tutional factors contribute to spinal osteoarthritis. There-
fore, we carried out stepwise regression analysis to assess
the independent effect of age, height, body weight, and
WISP1 SNP genotypes on endplate sclerosis score. Among
these factors, only age and WISP1 SNP genotypes corre-
lated significantly with spinal endplate sclerosis score (Table
2). The standard regression coefficients were 0.261 for age
and -0.166 for WISP1 SNP genotypes.

Last. we analyzed the association between the alleic
frequency of WISP1 SNP genotypes and endplate sclerosis
score after stratification by age. In these analyses, we divided
subjects into two groups, those who carried the G allele
(GG or GA, n =184) and with those who did not (AA, n=
120). We found that the subjects without the G allele (AA)
were significantly overrepresented in the subjects having a
one or more endplate sclerosis score compared in the sub-
jects having no endplate sclerosis after being age-adjusted
(Table 3; P =0.044; odds ratio 1.78; 95% confidence interval
1.01-3.13 by logistic regression analysis). We also found
that the subjects with the genotype AA were significantly

Table 1. Comparison of background and clinical characteristics among subjects with single nucleotide polymorphism (SNP) genotypes (AA
genotype, AG genotype and GG genotype) in the WISP1 gene 3-UTR region (2364A/G)

Items Genotype (mean £ SD) P value P value
(ANOVA) (Kruskal-Wallis)
AA AG GG
Number of subjects 120 149 35 .
Age (years) 66.1 £9.2 663+ 8.5 67.1 £10.6 NS NS
Height (cm) 150.7+£5.6 1502 £ 6.8 150.0 £ 5.0 NS NS
Body weight (kg) 503+7.6 502+83 480+ 54 NS NS
BMI 221429 222+29 213433 NS NS
Endplate sclerosis 0.58 £1.09 0.34 £ 0.74 0.09 £ 0.28 0.0062 0.024
Osteophyte 5.89 £3.93 5.72 £3.40 5.57 £4.08 NS NS
Disk narrowing 221+£1.79 2.09+12.00 2.03+1.86 NS NS
BMI, body mass index; NS, not significant
Table 2. Results of stepwise regression analysis of four factors for endplate sclerosis score
Factors F value r.c. S.r.c.
Step 0 Step 1 Step 2 Step 2 (R = 0.094)
Intercept 63.7 12.8 9.4 -1.106 | -1.106
WISP1 SNP genotypes (AA =0, AG,. GG =1) 9.1 -0.297 -0.166
Age (years) 215 22.7 0.025 0.261

Weight (kg)
Height (cm)

Not selected
Not selected

r.c., regression coefficient; s.r.c., standard regression coefficient
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Table 3. Association of WISP1 SNP genotype (2364A/G) in subjects with spinal endplate scle-

rosis after stratifying age

Group compared

AA vs. AG + GG

OR P value 95% Cl
Endplate sclerosis (1) (n = 235) 1.78 0.044 1.01-3.13
versus no endplate sclerosis (=0) (n = 69)
Higher endplate sclerosis (22) (n = 271) 291 0.0069 1.34-6.30

versus lower endplate sclerosis (=0) (n = 33)

OR, odds ratio; 95% CI, 95% confidence interval

over-represented in the subjects having a higher (two or
more) endplate sclerosis score compared in the subjects
having lower (one or no) endplate sclerosis score after
being age-adjusted (Table 3; P = 0.0069; odds ratio 2.91;
95% confidence interval 1.34-6.30 by logistic regression
analysis). Thus, we suggest that a genetic variation at the
WISP1 gene locus is associated with spinal osteoarthritis,
especially with endplate sclerosis, independently with back-
ground parameters.

Discussion

The present study is the first report that shows the influence
of a SNP of the WISP1 gene on spinal osteoarthritis. The
WISPL1 is an osteogenic potentiating factor promoting mes-
enchymal cell proliferation and osteoblastic differentiation
while repressing chondrocytic differentiation [33]. We
demonstrated that Japanese postmenopausal women who
had the AA genotype at the WISP1 2364A/G SNP showed
a significantly higher endplate sclerosis score of the spine.
Our findings might also be supported by genetic linkage
scan for early-onset osteoarthritis and chondrocalcinosis
susceptibility loci that showed a linkage to chromosome 8q
[36], which includes the WISP1 gene locus on 8q24.

It has been recently shown that haplotype analysis in
LRP5 gene revealed that there was a common haplotype
that provided a 1.6-fold-increased risk of knee osteoarthritis
[37]. We have revealed that a SNP (Q89R) in the LRP5
gene is associated with spinal osteoarthritis [38]. It is also
reported that there was a significant association of a func-
tional genetic variant of secreted frizzled-related protein 3
(sFRP3), which antagonizes Wnt signaling, with hip osteo-
arthritis in women [39]. Taken together, our results and the
recent evidence suggest that the Wnt-f-catenin signaling
pathway including WISP1 is important in the pathogenesis
of skeletal abnormality including osteoarthritis.

WISP1 is a member of the CCN family of connective
tissue growth factors, which also includes WISP2 and
WISP3. Members of the CCN family have been implicated
in developmental processes such as chondrogenesis, osteo-
genesis, and angiogenesis [27-29]. Specifically, mutations of
WISP3 cause the rare skeletal syndrome, progressive pseu-
dorheumatoid dysplasia (PPD) [40]. In affected individuals,
symptoms develop between the age of 3 years and 8 years
and consist of stiffness and swelling of multiple joints, motor
weakness, and joint contractures. It has been also reported

that WISP3 polymorphisms were associated with suscepti-
bility to juvenile idiopathic arthritis [41]. Moreover, the
WISP3 was shown to be expressed in chondrocytes derived
from human cartilage and be able to regulate type II colla-
gen and aggrecan expression [42]. On the other hand, the
expression of the WISP2 was preferentially detected in
rheumatoid arthritis synovium [43)]. These data suggest that
CCN family members play a critical role in cartilage homeo-
stasis. In the present study, we investigated a possible con-
tribution of WISP1 polymorphism to spinal osteoarthritis in
Japanese women. Taken together, the CCN family gene
polymorphisms may affect the pathogenesis of cartilage
disease.

In the present study, we excluded subjects with severe
hip or knee arthritis, because tliese joint diseases them-
selves may induce spinal deformity or malalignment. There-
fore, we could not assess such joint arthritis here. Recent
studies have shown that some SNPs in the sSFRP3 and LRPS
genes, involved in Wnt signaling, were associated with hip
and knee osteoarthritis, respectively [37,39]. Moreover,
WISP3 polymorphisms are associated with juvenile idio-
pathic arthritis that affects multiple joints [41]. In this
regard, it may be important to examine the association of
the SNPs in the WISP1 gene with hip and knee arthritis in
the future. Meanwhile, it would be better if we had also
evaluated the facet joint, because spinal osteoarthritis is
represented not only by the anterior elements such as disc
narrowing, osteophytosis, or endplate sclerosis but also
by the posterior elements, especially a facet joint lesion,
However, we here evaluated only the anterior elements of
thoracolumbar vertebral bodies, because a reproducible
semiquantitative assessment for facet joint using anteropos-
terior (A-P) and lateral X-ray radiographs has not been well
established.

In conclusion, we have shown an association of the poly-
morphism in the WISP1 gene with a radiographic feauture
of spinal endplate sclerosis in postmenopausal Japanese
women. The women with AA genotypes had significantly
higher endplate sclerosis scores. WISP1 genotyping may be
benefical in the prevention and management of spinal
osteoarthritis. Thus, the WISP1 would be a useful molecu-
lar target for the development of new diagnostic markers
as well as therapeutic options in osteoarthritis.
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Because a limited study previously showed that a-synuclein
(a-syn), the major pathogenic protein for Parkinson disease,
was expressed in differentiating brain tumors as well as vari-
ous peripheral cancers, the main objective of the present
study was to determine whether a-syn might be involved in
the regulation of tumor differentiation. For this purpose,
a-syn and its non-amyloidogenic homologue f-syn were sta-
bly transfected to human osteosarcoma MG63 cell line. Com-
pared with B-syn-overexpressing and vector-transfected
cells, a-syn-overexpressing cells exhibited distinct features
of differentiated osteoblastic phenotype, as shown by up-reg-
ulation of alkaline phosphatase and osteocalcin as well as
inductive matrix mineralization. Further studies revealed
that proteasome activity was significantly decreased in
a-syn-overexpressing cells compared with other cell types,
consistent with the fact that proteasome inhibitors stimulate
differentiation of various osteoblastic cells. In a-syn-overex-
pressing cells, protein kinase C (PKC) activity was signifi-
cantly decreased, and reactivation of PKC by phorbol ester
significantly restored the proteasome activity and abrogated
cellular differentiation. Moreover, activity of lysosome was
up-regulated in a-syn-overexpressing cells, and treatment of
these cells with autophagy-lysosomal inhibitors resulted in a
decrease of proteasome activity associated with up-regula-
tion of a-syn expression, leading to enhance cellular differ-
entiation. Taken together, these results suggest that the stim-
ulatory effect of a-syn on tumor differentiation may be
attributed to down-regulation of proteasome, which is fur-
ther modulated by alterations of various factors, such as pro-
tein kinase C signaling pathway and a autophagy-lysosomal
degradation system. Thus, the mechanism of a-syn regula-
tion of tumor differentiation and neuropathological effects of
a@-syn may considerably overlap with each other.
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a-Synuclein (a-syn)? is a presynaptic protein that belongs to
the syn family of peptides with two other members, 8- and
v-syn (1, 2). These proteins are characterized by a native
unfolded structure with a highly conserved N-terminal region
and a divergent C-terminal acidic region (3). However, the most
striking feature is that a-syn possesses a highly hydrophobic
domain in the middle region that was previously purified from
Alzheimer disease brain amyloid (4). Due to this hydrophobic
domain, a-syn forms toxic protofibrils that might cause synap-
tic injury and dysfunction (5). The importance of a-syn in the
pathogenesis of neurodegenerative disorders was further aug-
mented by identification of missense mutations of a-syn in
familial Parkinson disease (PD) (6 —8). Subsequently, numer-
ous histological studies have shown that a-syn is a major con-
stituent in Lewy bodies and dystrophic neuritis in sporadic PD
and diffuse Lewy body disease (2). Inmunoreactivity of a-syn
was also shown in glial cell inclusions in multiple system atro-
phy (2). By contrast, B-syn, which lacks the majority of the
hydrophobic domain in the middle region, was protective
against protofibrils of a-syn (9, 10). Thus, these results support
the contention that a- and B-syn may play a central role in the
pathogenesis of neurodegenerative diseases.

On the other hand, y-syn, the less conserved third member of
the syn family of peptides, was identified as a breast cancer-
specific gene product (11) and has been extensively studied in a
variety of cancers, such as breast cancer, ovarian cancer, liver
cancer, pancreatic adenocarcinoma, and bladder cancer (11-
15). Because expression levels of y-syn were well correlated
with the presence of metastatic lesions, it has been generally
thought that y-syn might regulate tumor invasiveness and
metastasis (16, 17). Several studies indicated that y-syn might
be involved in the deregulation of cell cycle in cancer. For exam-
ple, y-syn interacted with a mitotic spindle checkpoint protein,
BubR1, leading to decreased checkpoint function and tumor
progression (18, 19). Moreover, y-syn stimulated cell prolifer-
ation by augmenting estrogen receptor-mediated signaling in
breast cancer cells (20). Thus, the role of y-syn has been inves-
tigated mainly in the area of tumor biology.

2 The abbreviations used are: syn, synuclein; PD, Parkinson disease; UPS, ubig-
uitin-proteasome system; PKC, protein kinase C; PMA, 12-myristate 13-ac-
etate; 4aPDD, 4a-phorbol 12,13-didecanoate; 3-MA, 3-methyladenine; Rb,
retinoblastoma; RT, reverse transcriptase; CAPS, 3-(cyclohexylamino)-1-
propanesulfonic acid; LSCM, laser-scanning confocal microscope; ALP,
alkaline phosphatase; PBS, phosphate-buffered saline; LSCM, laser-scan-
ning confocal microscope.
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A recent study, however, suggests that molecular pathways
shared by neurodegenerative disease and cancer may be con-
siderably overlapped than thought before. Supporting this
notion, it has been recently shown that several familial PD-
causing factors are involved in the pathogenesis of cancer (21).
First, overexpression of the PARK2 parkin, which functions as
an E3 ligase in the ubiquitin-proteasome system (UPS), resulted
in growth suppression in hepatocellular carcinoma cells (22).
Furthermore, ectopic expression of parkin reportedly reduced
in vivo tumorigenesis in nude mice (23). Second, the PARK5
ubiquitin C-terminal hydrolase light chain-1, which acts as a
de-ubiquitinating enzyme in UPS, was shown to suppress pro-
liferation of a lung cancer cells (24). Other evidence suggests
that ubiquitin C-terminal hydrolase light chain-1 might be
involved in the degradation of p27, a cyclin-dependent kinase
inhibitor (25). Third, the PARK7 D]J-1 was first identified as an
oncogene product that stimulated transformation of NIH3T3
cells in coordination with Ras (26). DJ-1 was recently shown to
up-regulate the phosphatidylinositol 3-kinase pathway through
inhibition of the tumor suppressor phosphatase PTEN, leading
to enhance survival of cancer (27).

In the same context one may wonder if a- and B-syn, the
central players in the pathogenesis of PD, might play some
important roles for the regulation of cancer. Indeed, a-syn was
widely expressed in a variety of brain tumors, such as medullo-
blastoma, neuroblastoma, pineoblastoma, and ganglioma (28,
29). Furthermore, both a- and B-syn were shown to be
expressed in the peripheral cancers, including ovarian and
breast cancers (30). Although the role of syn proteins in the
pathogenesis of cancer is unclear, a limited number of studies
suggest that a-syn might be involved in the regulation of tumor
differentiation. Supporting this possibility, a-syn was preferen-
tially expressed in brain tumors showing neuronal differentia-
tion (28). In cell cultures expression of a-syn was increased
during the hematopoietic differentiation of K562 myeloge-
nous leukemia cells (31). Similarly, it was shown that a-syn
was up-regulated during neural differentiation of pheochro-
mocytoma PC12 cells (32). Thus, distinct from the possible
role of y-syn for tumor metastasis, a-syn might be involved
in tumor differentiation.

Accordingly, the main objective of the present study was to
determine whether a- and/or B-syn might regulate growth and
differentiation of cancer cells. For this purpose, - and B-syn
were stably overexpressed in MG63 human osteosarcoma cells.
We found that compared with vector-transfected and B-syn-
overexpressing cells, a-syn-overexpressing cells exhibited dis-
tinct phenotype of differentiated osteoblastic cells. Mechanis-
tically, a-syn may cause down-regulation of proteasome
activity, leading to accelerate cellular differentiation. Further
studies revealed that down-regulation of proteasome activity by
a-syn was regulated by alteration of various factors, including
PKC signaling activities and the autophagy-lysosomal pathway
in a-syn-overexpressing cells.

EXPERIMENTAL PROCEDURES
Reagent—Chemical reagents include MG132 and lactacystin

(purchased from EMD Biosciences, San Diego, CA), rotenone,
12-myristate 13-acetate (PMA), 4a-phorbol 12,13-didecanoate
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(4aPDD), leupeptin, chelerythrine chloride, and 3-methylad-
enine (3-MA) (obtained from Sigma), and caspase I inhibitor
and III inhibitors (Ac-AAVALLPAVLLALLAP-YVAD-CHO,
Ac-AAVALLPAVLLALLAP-DEVD-CHO) (Calbiochem) were
applied to cell cultures at indicated concentrations.

Antibodies used are as follows. Monoclonal antibodies, anti-
a-syn (syn-1), anti- B-syn, anti-PKCe, and anti-retinoblastoma
(Rb) were purchased from BD Biosciences. Monoclonal anti-3-
actin (AC-15) was obtained from Sigma. Monoclonal antibodies
anti-p21 and anti-cyclin B1, rabbit polyclonal antibodies anti-p15,
anti-cyclin D1, anti-cyclin-dependent kinase 4, and anti-phospho-
rylated Rb, and goat polyclonal anti-osteocalcin antibody were
from Santa Cruz Biotechnology (Santa Cruz, CA). Monoclonal
anti-ubiquitin antibody was from Chemicon (Temecula, CA).
Monoclonal anti-19 S proteasome S6a subunit antibody was from
Biomol (Plymouth Meeting, PA). Rabbit polyclonal anti-cathepsin
B was from Calbiochem. Rabbit polyclonal antibodies, anti-C-ter-
minal a-syn, and anti-3-syn were previously described (33, 34).
Alexa fluor 488-conjugated anti-goat secondary antibody, Alexa
fluor 488-conjugated anti-rabbit secondary antibody, and Alexa
fluor 555-conjugated anti-mouse secondary antibody were from
Invitrogen.

Cell Cultures and Transfection—MG63 and 293T cells were
both cultured in Dulbecco’s modified Eagle’s medium (high
glucose) containing 10% fetal calf serum (BioWest, Nuaille,
France) and 1% v/v penicillin/streptomycin (Invitrogen) in a 5%
CO,, 95% air atmosphere. MG63 cells exhibited both a- and
B-syn transcripts by RT-PCR analysis, but their protein expres-
sions were hardly detectable by immunoblot analysis (data not
shown). For stable transfection, MG63 cells were transfected
with pCEP4 expression vector (Invitrogen) or pCEP4 contain-
ing either human a- or 3-syn cDNA (34) using Lipofectamine
2000 (Invitrogen). After 2~3 weeks of incubation in the pres-
ence of 200 pg/ml hygromycin B (EMD Biosciences), the resist-
ant colonies of cells (~20) were isolated. These stable cell lines
were routinely maintained in the presence of 50 pg/ml hygro-
mycin B. 293T cells were transiently transfected with p-Target
expression vector (Promega, Madison, WI) containing human
p21 cDNA insert.?

Reverse Transcriptase (RT)-PCR—Total RNA was isolated
from cultured cells using the RNA extraction buffer ISOGEN
(Nippon Gene, Tokyo, Japan). cDNA was synthesized from 2 ug of
total RNA using the Superscript III First-Strand Synthesis system
(Invitrogen) according to the manufacturer’s instruction.

PCR amplification was carried out using Taq PCR polymerase
(ABgene, Tokyo, Japan), and the amplified products were resolved
by agarose gel electrophoresis. The following primers were used
for PCR. Human a-syn (NM_000345): sense, 5'-ATGGAT-
GTATTCATGAAAGGACTTTC-3" (47-72-oligonucleotide
position), antisense, 5'-GGCTTCAGGTTCGTAGTCTTGA-
TAC-3' (the 442- 466 oligonucleotide position); human B-syn
(BT006627): sense, 5'-ATGGACGTGTTCATGAAGGGC-3'
(1-21-oligonucleotide position), antisense, 5'-CTACGCCTC-
TGGCTCATACTC-3' (385-405-oligonucleotide position);
human cyclophilin A (NM_021130): sense, 5'-TACTATTAG-

3T. Urano, unpublished information.
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CCATGGTCAAC-3' (62-81-oligonucleotide position), anti-
sense 5'-GTCTTGCCATTCCTGGACCC-3' (508 -527-oligo-
nucleotide position); human liver/bone/kidney-type alkaline
phosphatase (ALP) (AB011406): sense, 5'-GGGGGTGGCCG-
GAAATACAT-3' (834-853-oligonucleotide position), anti-
sense, 5'-GGGGGCCAGACCAAAGATAG-3" (1357-1376-
oligonucleotide position); human osteocalcin (X51699): sense,
5-ATGAGAGCCCTCACACTCCTC-3' (19 -39-oligonucleo-
tide position), antisense, 5'-GCCGTAGAAGCGCCGATA-
GGC-3' (292-312-oligonucleotide position).

Immunoblot and Co-immunoprecipitation Analyses—Im-
munoblot analysis was performed as previously described (34).
Briefly, cells were harvested and dissolved in lysis buffer (1%
Nonidet P-40, 50 mm HEPES, 150 mm NaCl, 10% glycerol, 1.5
mum MgCl,, 1 mm EGTA, 100 mm sodium fluoride, and protease
inhibitor mixture (Nakarai Tesque, Kyoto, Japan)). Protein
concentrations of the cell lysates were determined Bio-Rad pro-
tein assay reagent. Cell extracts (10 ug) were then resolved by
SDS-PAGE (10 or 16%) and electroblotted onto nitrocellulose
membranes (GE Healthcare) with CAPS buffer (pH 11.0). The
membranes were blocked with 3% bovine serum albumin (BSA)
in Tris-buffered saline (TBS: 25 mm Tris-HCI (pH 7.5), 150 mm
NaCl) plus 0.2% Tween 20 followed by an incubation with pri-
mary antibodies in TBS containing 3% BSA. After washing, the
membranes were further incubated with second antibody con-
jugated with horseradish peroxidase (GE Healthcare) in Tris-
buffered saline (1:10,000). Finally, the target proteins were visu-
alized with the ECL plus system (GE Healthcare). The intensity
of the band was measured using BioMax 1D image analysis soft
ware (Eastman Kodak Co.). In some experiments 293T cells
were transfected with p-Target vector (Promega) with or with-
out human p21 cDNA insert, and cell extracts were used for
controls. Recombinant human a- and B-syn were also used for
positive controls (9).

Immunoprecipitation was performed as previously
described (35). Briefly, cell extracts (200 ug) were preabsorbed
with protein G-Sepharose (GE Healthcare) for 1 h, and the pre-
cleared lysates were incubated with either syn-1 or mouse IgG
control (each 1 ug) overnight at 4 °C followed by incubation
with protein G-Sepharose. The immune complexes were then
washed three times with the lysis buffer. The samples were then
heated in the SDS sample buffer for 5 min and subjected to
immunoblotting.

Immunofluorescence Study—Cells were seeded onto poly-L-
lysine-coated glass coverslips, grown to 70% confluence, fixed
in 4% paraformaldehyde for 30 min and pretreated with 0.1%
Triton X-100 in phosphate-buffered saline (PBS) for 20 min.
Fixed cells were blocked with PBS containing 3% goat serum
and 5% bovine serum albumin at room temperature. For stain-
ing, cells were incubated overnight at 4 °C with primary anti-
body (or antibodies for double staining). After washing, cells
were incubated with Alexa fluor-conjugated secondary anti-
body (or antibodies for double staining) (Invitrogen) for 1 hat
room temperature. Control experiments included immuno-
staining in the absence of primary antibody. Coverslips were
air-dried, mounted on slides with Gel/Mount (Biomeda Corp.,
Foster City, CA), and imaged with the laser-scanning confocal
microscope (LSCM) (Olympus, FV1000, Tokyo, Japan).
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Cell Cycle Analysis Using Flow Cytometry—Cells seeded at
1 X 10° cells in 6-well cell culture plates were incubated under
low serum (0.1%) conditions for 24 h, treated with 10% serum
for 6, 12, 18, 24, and 96 h, and harvested using trypsin-EDTA.
After washing with PBS, cells were fixed by ice-cold ethanol to
final concentration of 70%. The cells were then resuspended in
PBS containing 0.5 mg/ml RNaseA (Nakarai Tesque), incu-
bated for 30 min at 37 °C, and followed by staining with pro-
pidium iodide (10 pg/ml) for 10 min at room temperature.
Before flow cytometry analysis, the stained cells were filtrated
with nylon mesh. The fluorescence signals of 2 X 10* cells were
recorded by EPICS ALTRA (Beckman Coulter, Fullerton, CA).
The distribution of cell cycle phase was analyzed by Multicycle
software (Phoenix Flow Systems, San Diego, CA).

Measurement of ALP Activity—Cellular activities of ALP
were determined as described previously with some modifica-
tions (36). Briefly, cells were grown until confluency under the
10% serum conditions in 6-well cell culture plates. Cells were
then washed twice, harvested into PBS, and sonicated by ultra-
sonic disruptor (TOMY, Tokyo, Japan) for 20 s. After centrifu-
gation of the cell preparations at 15,000 rpm for 10 min, the
supernatants were recovered and assessed for protein concen-
tration. The supernatants (10 ug) were then incubated in the
ALP assay buffer containing 10 mm p-nitrophenyl phosphate
(Sigma), 100 mm glycine, 1 mm ZnCl,, and 1 mm MgCl, (pH
10.4). After 90 min of incubation at 37 °C, ALP activity was
determined by monitoring the amount of released p-nitrophe-
nol at 415 nm. Dissolved p-nitrophenol in assay buffer was used
to establish the standard for quantification. The released p-ni-
trophenol was adjusted by the amount of protein and described
as nmol/min/mg of protein.

Increased levels of the cellular ALP activities were further
confirmed by direct stain of the cells. The cells reached conflu-
ency were fixed with 70% ethanol, washed twice with Tris-buff-
ered saline, and incubated with nitro blue tetrazolium chloride/
5-bromo-4-chloro-3-indolyl phosphate p-toluidine salt ALP
substrate solution (Roche Applied Science) for 2 h. The visual-
ized image was then photographed.

Mineralization Assay—Mineralization of MG63 cells was
performed as previously described (36) with some modifica-
tions. Briefly, cells were grown until confluency under the 10%
serum conditions in 24-well cell culture plates. The cells were
further incubated in a-minimal essential medium (Invitrogen)
plus 10% serum in the presence of 10 mm B-glycerophosphate
(Sigma) and 50 ug/ml ascorbic acid with or without the addi-
tion of various chemical reagents. The media were regularly
changed twice a week. After 4 weeks, cells were evaluated for
the extent of matrix mineralization by either alizarin red stain-
ing or von Kossa staining. For alizarin red staining, the cells
were fixed with 70% ethanol for 30 min at room temperature.
Then the cells were incubated with 40 mwm alizarin red-S
(Sigma) for 10 minand washed 4 times with distilled water. The
visualized image was photographed. For von Kossa staining, the
cells were fixed with 10% neutralized formaldehyde for 30 min
at room temperature. The fixed cells were incubated with 5%
silver nitrate for 5 min under the exposure to the sunlight. The
reaction was stopped by the addition of 5% sodium thiosulfate.
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The stained cells were washed four times with distilled water
and imaged with microscope.

Evaluation of Proteasome and Cathepsin B Activity—Meas-
urement of proteasome and cathepsin B activity was done as
previously described with modifications (37). Briefly, cells
reaching confluency in 6-well cell culture plates were incubated
under the low serum (0.1%) conditions for 24 h and treated with
10% serum with or without treatment of various reagents. After
the indicated times (0, 6, or 12 h), the cells were harvested in
buffer containing 50 mm HEPES (pH 7.4), 10 mm EDTA, and 10
mm NaCl, subjected to freezing and thawing to rapture cell
membranous structures, and then centrifuged at 15,000 rpm
for 10 min. For the measurement of proteasome activity, 10 ug
of the supernatants were incubated in assay buffer containing
50 mm HEPES (pH 7.4), 10 mm EDTA, 10 mm NaCl, and 40 um
benzyloxycarbonyl-Leu-Leu-Glu-amidomethylcoumarin flu-
orogenic proteasome substrate (Chemicon). For cathepsin B
activity, 10 pg of the supernatants were incubated in buffer
containing 50 mm HEPES (pH 6.0), 10 mm EDTA, 10 mm NaCl,
and 40 um benzyloxycarbonyl-Arg- Arg-amidomethylcoumna-
rin fluorogenic cathepsin B substrate (Chemicon). These
enzyme activities were assayed by continuous recording of the
fluorescence activity released from fluorogenic substrate using
Berthold Mithras LB940 microplate reader (Berthold, Bad
Wildbad, Germany) for 1 h at 37 °C (excitation, 380 nm; emis-
sion, 460 nm), and the reaction rate was analyzed. These
enzyme activities were described as arbitrary unit/min/mg of
protein.

Evaluation of PKC Activity—PKC activity was determined
using PepTag nonradioactive PKC assay kit (Promega) accord-
ing to the manufacture’s instruction. Briefly, cells reaching con-
fluency in 6-well cell culture plates were treated with or without
PMA for 20 min and harvested in extraction buffer (25 mm
Tris-HCl (pH 7.4), 0.5 mm EDTA, 0.5 mm EGTA, 10 mm B-mer-
captoethanol, 100 mMm phenylmethylsulfonyl fluoride, and pro-
tease inhibitor mixture (Nakarai Tesque)). Cell extracts were
then sonicated by ultrasonic disruptor (TOMY) for 20 s and
centrifuged at 15,000 rpm for 15 min. The supernatants were
used for the assay. The reaction was performed at 30 °C for 30
min in assay solution including, PepTag C1 peptide (0.4 ug/ul)
and 5 ug of protein sample. The samples were separated on the
0.8% agarose gel and visualized on a transilluminator. The
intensity of fluorescence of the phosphorylated peptides were
quantified using BioMax 1D image analysis soft ware (Kodak).

Electron Microscopy—Electron microscopy analysis was per-
formed as previously described with minor modifications (38).
Briefly, cells were harvested using trypsin-EDTA and fixed by
2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer at 4 °C
for 2 h. After centrifugation, cells were washed with 0.1 M
sodium cacodylate buffer 3 times. Cell pellets were obtained by
centrifuge, post-fixed in 1% osmium tetroxide and 1% potas-
sium ferrocyanide at room temperature for 2 h, and processed
for embedding in Quetol 812 (Nisshin EM, Tokyo, Japan).
Ultrathin sections were stained with uranyl acetate and lead
nitrate and observed by a Hitachi H-7500 electron microscope.

Statistical Analysis—All values in the figures are expressed as
means * S.D. To determine statistical significance, the values
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were compared by two group ¢ tests. The differences were con-
sidered as significant if p values were less than 0.05.

RESULTS

Overexpression of Syn in MG63 Osteosarcoma Cells—To
investigate the effect of syn on growth and differentiation of
tumor cells, MG63 osteosarcoma cells were stably transfected
with a- or B-syn cDNA. Three high expressors of a-syn (clones
al, a5, and al5) and B-syn (clones 5, B8, and B13) were
selected on the basis of immunoblot analysis together with
empty vector-transfected cells (clones v2, v5, and v10) (Fig. 14).
For the majority of experiments, clone a1, the high expresser of
a-syn, and clones 85 and v2 were used. Immunoblot analysis
also showed that the immunoreactivities of both a- and B-syn
were almost exclusively those of their monomers (Fig. 14). To
further analyze expression and distribution of syn proteins,
double immunolabeling/LSCM was performed using at least
two antibodies for each syn (Fig. 1B). The immunoreactivity of
a-syn in a-syn-overexpressing cells (a1) was diffuse in the cell
bodies as detected by both monoclonal syn-1 and polyclonal
C-terminal antibodies (4 and ). Immunoreactivity of B-syn in
B-syn-overexpressing cells (85) was also localized diffusely in
the cell bodies by monoclonal anti-B-syn antibody (e) but was
detected with a shift to perinuclear regions by polyclonal anti-
B-syn antibody (f). In none of these cases, inclusion bodies were
detected. Notably, expression levels of a-syn were heterogene-
ous (c), and similar patterns were consistently observed in all
the three clones of a-syn-overexpressing cells (data not shown).
By contrast, immunoreactivities of 8-syn were homogeneous in
B-syn-overexpressing cells (g). No immunoreactivities of syn
proteins were detected in vector-transfected cells (v2) (d and k).

To determine whether cell proliferation was affected by over-
expression of syn, the stable clones were evaluated for their cell
growth rates. The doubling times of cells in log phase of growth
under 10% serum conditions were 20-24 h for a-syn-overex-
pressing cellsand 14 -17.5 h for both B-syn-overexpressing and
vector-transfected cells (data not shown). Cells were then incu-
bated under the low serum (0.1%) for 24 h to synchronize at G,
in cell cycle and then added with 10% serum followed by count-
ing of cell numbers at the indicated times. The result showed
that that the average cell numbers of a-syn-overexpressing cells
at day 4 were significantly decreased compared with both
B-syn-overexpressing and vector-transfected cells (Fig. 1C).

To determine whether decreased cell proliferation of a-syn-
overexpressing cells is due to alteration of cell cycle profile, cell
cycle analysis was performed using flow cytometry at varying
time periods (0, 6, 12, 18, 24, and 96 h) after the addition of 10%
serum to serum-deprived cells. The result showed that com-
pared with both B-syn-overexpressing and vector-transfected
cells, a-syn cells in G,/G, phases were significantly increased
(p < 0.05), whereas those in both S and G,/M phase were
decreased at 24 and 96 h (p < 0.05) (Fig. 1D). Essentially similar
results were observed at 96 h. However, compared with the
profile at 24 h, there were more cells in G,/G, phase, fewer cells
in S phase, and more cells in G,/M at 96 h. One possible reason
for the difference between 24 and 96 h could be that at 24 h
many cells might have not yet reached G,/M phase. Further-
more, a relatively high ratio of cells in G,/G, phase at 96 h could
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FIGURE 1. Analysis of syn expression in transfected MG63 osteosarcoma cells. A, immunoblot analysis of syn proteins. Cell extracts were analyzed by immuno-
blotting using syn-1 (upper panel), anti-B-syn monoclonal antibody (middle panel), and anti-actin antibody (lower panel). Three vector-transfected clones (v2, v5,v10,
lanes 1-3), three high expresser clones for a-syn (a1, a5, @15, lanes 4-6), and B-syn (85, 38, 813, lanes 7-9) are shown. Recombinant a- and B-syn proteins were used
as positive controls (lanes 10 and 11). B,immunofluorescence/LSCM analysis of syn expression. a-Syn-overexpressing cells (a1) (a-c), B-syn-overexpressing cells {85)
(e-g), and vector-transfected cells (v2) (d and h) were immunostained with antibodies against a-syn (green, a-d), 8-syn (green, e-h), and actin (red, c, d, g, and h)
followed by observation by LSCM. a-Syn was diffusely distributed in the cell bodies with a slight shift to cell membrane as detected by both syn-1 (a) and polyclonal
c-terminal antibody (b). B-Syn was similarly detected in the cell bodies by monoclonal anti-B-syn antibody (), but strong stains of perinuclear regions were observed
by polyclonal anti-B-syn antibody (f. Inmunoreactivities of a-syn were heterogeneous (c), whereas those of B-syn were almost even in all cell populations (g). No
immunoreactivities of syn proteins were detected in vector-transfected cells (d and h). Bars represent either 20 um for high magnification (a, b, e, and f) or 50 um for
low magnification (c, d, g,and h). C, evaluation of cell proliferation. Cells (v2,v5,v10, a1, a5, a15, B5, B8,and 813) were incubated at 1 X 10° cells/well in the 6-well plates
under the low serum (0.1%) conditions for 24 h to synchronize. Cells were then treated with 10% serum, and cell numbers were counted at 96 h. Open circles represent
the group mean values. Data shown are the mean *+ S.D. (n = 3).**,p < 0.01. D, flow cytometry for cell cycle analysis. Cells were prepared as described in C, and DNA
contents were analyzed at the indicated times (0, 6, 12, 18, 24, and 96 h) after serum stimulation. The upper figures are a typical cell cycle profile at 24 h for v2, a1,and
B5.The xaxis represents the fluorescent intensities proportional to the amount of DNA, whereas they axis indicates the cell number. The lower column figures show that
Go/G, phases at 24 and 96 h in a-syn cells were significantly increased, whereas those in both S and G,/M phase were decreased compared with both B-syn-
overexpressing and vector-transfected cells. Data presented are the mean * S.D. of triple determinations. *, p < 0.05.
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FIGURE 2. Up-regulation of the expression of osteoblastic differentiation markers in a-syn-overexpres-
sing MG63 cells. A, measurement of ALP activity. Cells (v2, v5, v10, a1, a5, @15, B5, 88, and 313) under the
confluent conditions were harvested, and cell extracts were incubated with p-nitrophenyl phosphate at 37 °C
for 90 min. The amount of released nitrophenol was monitored by absorbance at 415 nm. a-Syn-overexpress-
ing cells (a1) showed significantly higher ALP activity compared with other cell types (v2 and 85). Data shown
aremean * 5.D. (n = 5). % p < 0.05; **, p < 0.01. B, evaluation of ALP activity by staining. Cells (v2, a1, and 35)
were stained with nitro blue tetrazolium chloride/5-bromo-4-chloro-3-indolyl phosphate solution and photo-
graphed. C, immunostaining of osteocalsin. Cells (v2, a1, and 85) were immunostained with anti-osteocalsin
antibody followed by observation with LSCM. The bar represents 50 wm. D, RT-PCR analysis of ALP and osteo-
calcin mRNAs. Cyclophilin mRNA was used as an internal control. E, in vitro mineralization assay. Cells (v2, v5,
v10, al, a5, a15, B5, B8, and B13) were seeded onto 24-well cell culture plates (1 X 10° cells/ml) and main-
tained in a-minimal essential medium containing 10 mm B-glycerophosphate and 50 wg/ml ascorbic acid for 4
weeks. Matrix mineralization was evaluated by either alizarin red staining (middle panel) or von Kossa staining
(right panel). Each clone number is indicated in the squire matrix (left panel). Please note that the strongest

expressing cells but not in other
cell types (Fig. 2C). Furthermore,
RT-PCR analysis revealed that up-
regulation of ALP and osteocalcin in
a-syn-overexpressed cells might be
attributed to increased transcrip-
tion (Fig. 2D). To further corrobo-
rate that cellular differentiation is
accelerated in a-syn-overexpress-
ing cells, we evaluated formation of
mineral deposition in the matrix
that may mimic the calcification by
osteoblasts in vivo. For this purpose,
cells were incubated in the presence
of B-glycerophosphate and ascorbic
acid for 4 weeks followed by staining
with alizarin red to assess calcium
incorporation. The result showed
that mineralization was clearly
detectable in a-syn-overexpressing
cells but not in B-syn-overexpress-
ing nor vector-transfected cells (Fig.
2F). Similar results were obtained
by von Kossa staining for the assess-
ment of bone nodule formation (Fig.
2E). Taken together, a-syn-overex-
pressing cells specifically exhibited
a differentiated phenotype com-
pared with both B-syn-overexpress-
ing and vector-transfected cells.
Alteration of G, Cell Cycle Regu-
lators and Decreased Proteasome

staining was observed in clone a1, the highest a-syn expresser.

be due to the decreased nutrients in the culture medium after
long time culture. Taken together, these results suggested that
overexpression of a-syn, but not of B-syn, suppressed cell pro-
liferation in MG63 osteosarcoma cells.

a-Syn-overexpressing MG63 Cells Exhibit Enhanced Differ-
entiation Phenotype—Based on the apparent decrease of
growth rates and enhanced G,,/G, phases in cell cycle in a-syn-
overexpressing MG63 cells compared with B-syn-overexpress-
ing and vector-transfected cells, we speculated that the former
cells might be shifted to cellular differentiation.

To test this possibility, we evaluated ALP since this molecule
had been widely used as a marker for osteoblastic differentia-
tion. As we suspected, all three clones of a-syn-overexpressing
cells displayed significantly higher activity of ALP compared
with both B-syn-overexpressing and vector-transfected cells
(Fig. 2A). Activation of ALP was also assessed by direct stain of
cells using nitro blue tetrazolium chloride/5-bromo-4-chloro-
3-indolyl phosphate as substrate. The result showed that the
intensity of the staining in a-syn-overexpressing cells was
much stronger than those of B-syn-overexpressing and vector-
transfected cells (Fig. 2B)." Next, we analyzed expression of
osteocalcin, another marker for osteoblastic differentiation.
The immunofluorescence/LSCM study showed that immuno-
reactivity of osteocalcin was strongly observed in a-syn-over-
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Activity in «a-Syn-overexpressing

MG63 Cells—Because prolonged
G, period in cell cycle is prerequisite for cell entry into G, and
further differentiation, it was predicted that expressions and
activities of various G, cell cycle regulators might be altered in
a-syn-overexpressing cells.

To test this possibility, cells were incubated under the low
serum (0.1%) conditions for 24 h to synchronize at G, followed
by 10% serum treatment. Cells were then harvested, and
expression of various cell cycle regulators were analyzed at the
indicated times (Fig. 34). Notably, expression of the cyclin-de-
pendent kinase inhibitor p21, one of the key molecules which
negatively regulate cell cycle progression from G, to S phase,
was significantly up-regulated in a-syn-overexpressing cells. In
these cells p21 was constitutively expressed without serum
stimulation and was further increased in response to serum,
reaching the maximum around 6- 12 h followed by gradual
decrease. By contrast, in vector-transfected cells expression of
p21 was transiently up-regulated at 6 h and immediately
decreased. Consistent with this, phosphorylation of Rb protein
was compromised in a-syn-expressing cells compared with
vector-transfected cells. Furthermore, cyclin B, a marker for
G,/M phase, was up-regulated earlier in vector-transfected
cells than in a-syn-overexpressing cells. As for other cyclin-de-
pendent kinase inhibitors, p15 level was slightly elevated at 24-
and 48-h time points, whereas expression of p27 was not up-
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FIGURE 3. Altered expression of cell cycle regulators and decrease of proteasome activity in a-syn-
overexpressing MG63 cells. A, immunoblot analysis of cell cycle regulators. Vector-transfected (v2) and
a-syn-overexpressing cells (a1) were incubated under the low serum (0.1%) conditions for 24 h to synchronize
and then treated with 10% serum for the indicated times (6, 12, 24,and 48 h). Cells were then harvested, and cell
lysates were analyzed by immunoblotting with anti-p21, Rb, phospho Rb, cyclin (cyc) B, cyclin D1, cyclin-de-
pendent kinase (Cdk4), p15, and ubiquitin. B, evaluation of the stability of p21 protein by cycloheximide
experiments. The synchronized cells (v2 and a1) were treated with 10% serum with or without cycloheximide
(CHX) for the indicated times (1, 2, and 4 h), and cell lysates were analyzed by immunoblotting (upper panel).
Each band was quantified using BioMax 1D image analysis soft ware (Jower panel). Data shown are the mean *
S.D. Similar results were obtained by three independent experiments, C, measurement of proteasome activity.
Cells (v2, a1,and B5) were incubated under the low serum (0.1%) conditions for 24 h and then treated with 10%
serum for the indicated times (6 and 12 h). To evaluate proteasome activity, cell extracts (10 pg) were incubated
with fluorogenic substrate (benzyloxycarbonyl-Leu-Leu-Glu-amidomethylcoumarin) at 37 °C. Released fluo-
rescence (excitation 380 nm, emission 460 nm) was monitored by 5 min intervals up to 60 min. The fluorogenic
value at each time point was plotted, and the slope was calculated. Data shown are the mean = S.D.(n = 3).%,
p < 0.05; **, p < 0.01. D, immunoblot analysis of ubiquitylated proteins. Vector-transfected (v2) and a-syn-
overexpressing cells (a1) were prepared as described in A and analyzed by immunoblotting using anti-ubig-

ties of a-syn-overexpressing cells
were decreased to ~50% of those of
vector-transfected cells, whereas
those of B-syn-overexpressing cells
were little affected (Fig. 3C). Under
the same experimental conditions,
immunoreactivities of polyubiqui-
tylated proteins were significantly
stronger in «-syn-overexpressing
cells compared with those in vector-
transfected and B-syn-overexpress-
ing cells (Fig. 3D and data not
shown). Taken together, expression
of cell cycle regulators such as p21
and phosphorylated Rb were altered
in  a-syn-overexpressing  cells,
which might be attributed to the
decreased proteasome activity.

Proteasome Inhibitors Stimulate
Differentiation of Wild-type MG63
Cells—If suppression of proteasome
activity by a-syn plays a causative
role for stimulation of differentia-
tion in MG63 osteosarcoma cells,
then it is possible that down-regula-
tion of proteasome activity by other
experimental procedures might
similarly stimulate differentiation in
these cells.

To test this possibility, wild-type
M@G63 cells were treated with protea-
some inhibitors, including MG132
and lactacystin followed by evaluation
of cellular differentiation. Immuno-

uitin antibody. Both types of cells treated with lactacystin for 6 h were included as positive controls.

regulated in a-syn-overexpressing cells compared with vector-
transfected cells (Fig. 34 and data not shown). Expression of
other cell cycle regulators such as cyclin D1 and cyclin-depend-
ent kinase 4 were not much different between both cell types.
Similar expression patterns of p21 and phosphorylated Rb were
observed between 3-syn-overexpressing cells and vector-trans-
fected cells (data not shown).

Next, to determine whether up-regulation of p21 expression
was due to the stabilization of p21 protein in a-syn-overex-
pressing cells, these cells were treated with cycloheximide to
inhibit protein synthesis 6 h after serum stimulation. Under
these conditions, expression levels of p21 protein quickly
decreased within 2 h of treatment in vector-transfected cells,
whereas expression levels in a-syn-overexpressing cells took
longer to detect (Fig. 3B). Under the same experimental condi-
tions, p21 mRNA was evaluated by real time PCR. However, no
significant differences were observed between a-syn-overex-
pressing and vector-transfected cells (data not shown).

To further determine whether increased stability of p21 was
due to compromised degradation by UPS in a-syn-overex-
pressing cells, syn-transfected cells were analyzed for protea-
some activities. The result showed that the proteasome activi-
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blot analysis revealed that administra-
tion of these reagents at 10 uM clearly
up-regulated p21 expression at 12 h (Fig. 44). Under the same
experimental conditions, ALP activity was significantly up-reg-
ulated, and immunoreactivity of osteocalcin became detectable
(Fig. 4B and data not shown). In addition, the expression of ALP
and osteocalcin mRNA was up-regulated in lactacystin-treated
cells (Fig. 4C). Furthermore, cells were induced to form matrix
mineralization with lower concentrations of proteasome inhib-
itors (0.01— 0.1 um for MG132 and 0.1-1.0 umM for lactacystin)
in long-term cultures. High concentration (10 um) treatment of
these reagents caused prominent cell death within 48 h (data
not shown). By contrast, sublethal concentrations (0.01-0.1
uM) of rotenone, an inhibitor of mitochondria complex I,
caspase I, and I1I inhibitors (0.1-1.0 um), and leupeptin (1-10
um) had little effect on cellular differentiation (Fig. 4D). Taken
together, treatment of wild-type MG63 cells with proteasome
inhibitors resulted in stimulation of cellular differentiation.
Down-regulation of PKC Activity in «-Syn-overexpressing
MG63 Cells—Our hypothesis was that alteration of signal
transduction might be involved in the suppression of protea-
some activity in a-syn-overexpressing cells. In this regard we
especially focused on the potential role of PKC since it was
recently shown that treatment of skeletal muscle by phorbol
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FIGURE 4. Proteasome inhibitors induce cellular differentiation in wild-type MG63 cells. Wild-type MG63
were incubated under the low serum (0.1%) conditions for 24 h and then treated with 10% serum in the
presence of either MG132 or lactacystin. A, immunoblot analysis of p21. Cells were treated with various con-
centrations of either MG132 (0, 0.1, 1.0, 10 uM, lanes 3-6) or lactacystin (0, 1.0, 10, 20 um, lanes 7-10) and
harvested at 12 h. Cell lysates were analyzed by immunoblotting using anti-p21 antibody. Extracts of 293T cells
transfected with or without p21 expression vector are shown as controls (lanes 1 and 2). B, measurement of ALP
activity. Cells were treated with various concentrations (0, 10, 20 um) of lactacystin for 12 h. To evaluate ALP
activity, cell extracts were incubated with p-nitrophenyl phosphate at 37 °C for 90 min. The amount of released
nitrophenol was monitored by the absorbance at 415 nm. Data shown in the left panel are the mean = S.D. (n =
3).* p < 0.05;**,p <0.01.C, RT-PCR analysis of ALP and osteocalcin mRNAs. Cells were treated with lactacystin
(10 um) for 24 h. Cyclophilin mRNA was used as an internal control. D, in vitro mineralization assay. Cells were
treated with various reagents, including MG132 (0, 0.01,0.1 um), lactacystin (0, 0.1, 1.0 m), rotenone (0, 0.1,0.1
M), caspase linhibitor (0, 0.1, 1.0 um), caspase Il inhibitor (0, 0.1, 1.0 um), and leupeptin (0, 1, 10 um) for 4 weeks.
Matrix mineralization was evaluated by alizarin red staining. Please note that positive staining was observed for
cells treated with proteasome inhibitors. Acridine orange/ethidium bromide staining revealed that cells were

Finally, to determine whether
PKC activity was compromised in
a-syn-overexpressing cells, the syn-
transfected cells were treated with
or without PMA and analyzed for
their PKC activities (Fig. 5C). The
result showed that proteasome
activities of a-syn-overexpressing
cells were significantly lower than
those of B-syn-overexpressing and
vector-transfected cells. Impor-
tantly, PMA treatment of a-syn-
overexpressing cells restored the
PKC activity to the basal levels
of those in other cell types. Taken
together, these results suggested
that a-syn might directly suppress
the PKC activity in a-syn-overex-
pressing cells.

Because previous studies sug-
gested an alternative possibility that
a-syn bound with S6 subunit of 19 S
proteasome, leading to interference
with proteasome functions (41—43),
we investigated the association of
a-syn with S6a. The results of co-
immunoprecipitation experiment
confirmed the association of these
molecules (Fig. 54). Double immu-
nolabeling/LSCM  showed that
overlapping of the immunoreactivi-
ties of these molecules was partially
detected in the cell bodies, since S6a

alive during mineralization (not shown).

ester resulted in stimulation of proteasome activity (39) and it
was previously shown that a-syn bound with PKC and down-
regulated the activity of PKC in a-syn overexpressing neuro-
blastoma cells (40).

To determine whether a-syn associates with PKC, a co-im-
munoprecipitation experiment was performed (Fig. 54). Cell
extracts of a-syn-overexpressing cells were immunoprecipi-
tated with syn-1 followed by immunoblotting analysis with
mouse anti- PKCe antibody. In agreement with a previous study
by Ostrerova et al. (40), the result showed that PKCe was spe-
cifically co-immunoprecipitated with a-syn.

Next, to further determine whether a-syn colocalize with
PKC, cells were double-immunolabeled with anti-a-syn rabbit
polyclonal antibody and anti-PKCe antibody followed by obser-
vation with LSCM. As shown in Fig. 5B, immunoreactivities of
a-syn and PKCe considerably overlapped in the cytoplasm of
a-syn-overexpressing cells. We observed that PKCe and PKCA
were highly expressed in addition to moderate expression of
other PKC family of peptides in MG63 cells (data not shown).
Similar results were obtained by both co-immunoprecipitation
and double immunolabeling/LSCM studies for PKCA (data not
shown).
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was considerably localized in the
nucleus (Fig. 5B).

Phorbol Ester Treatment of a-
Syn-overexpressing MG63 Cells Restores Proteasome Activity
and Suppresses Cellular Differentiation—If suppression of
PKC activity by a-syn is causative for down-regulation of
proteasome activity and enhanced differentiation in a-syn-
overexpressing cells, then stimulation of PKC might restore
the proteasome activity and abrogate cellular differentiation
in these cells.

Accordingly, a-syn-overexpressing cells were treated with
phorbol ester followed by evaluation of proteasome activity.
The results showed that the compromised activity of protea-
some in a-syn-overexpressing cells was significantly improved
by treatment with PMA both at 10 and 50 nMm but not with an
inactive analogue 4aPDD (Fig. 6A). On the other hand,
although proteasome activity of vector-transfected cells was
increased by treatment with 50 nmM PMA, there were little
effects observed at 10 nm PMA (Fig. 6A4). Thus, a-syn-overex-
pressing cells responded more sensitively to PMA treatment,
suggesting the effect of PMA on proteasome was more specific
for a-syn-overexpressing cells, which showed decreased pro-
teasome activity. The stimulatory effects of PMA on the pro-
teasome activity in a-syn-overexpressing cells reached the
maximum at 50 nMm (data not shown) and were completely abro-
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FIGURE 5. Association of a-syn with PKC and down-regulation of PKC
activity in a-syn-overexpressing MG63 cells. A, coimmunoprecipitation
(IP) of a-syn with either PKCe (upper) or S6a (middle). Vector-transfected (v2)
and a-syn-overexpressing cells (a1) were harvested, and cell extracts (300
ug) were immunoprecipitated with anti-a-syn antibody or mouse IgG control
followed by immunoblotting (IB)with either anti-PKCe (upper), anti-Séa (mid-
dle), or syn-1 (low). Cell extracts (5% of input) were used as positive controls.
B, immunofluorescence/LSCM of a-syn association with either PKCe or 56a in
a-syn-overexpressing cells. Cells (a1) were doubly stained with anti-a-syn
antibody (green) and either anti-PKCe or S6a (red) and observed by LSCM.
Please note that a-syn (red) and PKCe (green) were well co-localized in the cell
bodies (c). Bars represent 50 um. C, measurement of PKC activity. Exponen-
tially growing cells (v2, a1, and 85) were treated with or without PMA for 20
min, and cell extracts (10 ug) were analyzed for PKC activity using fluorogenic
peptides as substrates as described under “Experimental Procedures.” Data
shown are the mean = S.D. (n = 3). %, p < 0.05; **, p < 0.01. DMSO, dimethy!
sulfoxide.

p-syn

gated in the presence of PKC inhibitor, chelerythrine chloride
(Fig. 6A), implying that PMA stimulated proteasome activity
through phosphorylation but not through depletion of PKC.
Next, to determine whether PKC stimulation of proteasome
activity modifies differentiation in a-syn-overexpressing cells,
cellular differentiation markers were analyzed. Compared with
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FIGURE 6. Phorbol ester treatment restores proteasome activity and
abrogates differentiation in a-syn-overexpressing MG63 cells. A, meas-
urement of proteasome activity. Vector-transfected (v2) and a-syn-overex-
pressing cells («1) were incubated under the low serum (0.1%) conditions for
24 h and then treated with 10% serum in the presence of any of vehicle (0.1%
Me,SO (DMS0)), PMA (10 and 50 nm), 4aPDD (50 nm), chelerythrine chloride
(PKC inhibitor, 50 nm), or PMA (50 nm) plus chelerythrine chloride (50 nm). Cell
extracts (5 ug) were harvested at 12 h after treatment and incubated with
fluorogenic proteasome substrate at 37 °C. Released fluorescence (excitation,
380 nm; emission, 460 nm) was monitored each 5 min up to 60 min. Fluoro-
genic intensity of each time point was plotted, and the slope was calculated.
Data shown are the mean = S.D. (n = 3). ** p < 0.01. B, measurement of ALP
activity. Vector-transfected (v2) and a-syn-overexpressing cells (a1) were
treated as described in A. Cell extracts at 12 h treatment were incubated with
p-nitrophenyl phosphate at 37 °C for 90 min. The amount of released nitro-
phenol was monitored by the absorbance at 415 nm. Data shown are the
mean * S.D. (n = 3).*, p < 0.05;** p < 0.01. C, in vitro mineralization assay.
a-Syn-overexpressing cells (a1) were treated with either PMA or 4aPDD at
the indicated concentrations (0, 10, 20, 50 nm). Matrix mineralization was then
evaluated by alizarin red staining. Please note that the staining was mitigated
by PMA but not by 4aPDD. Similar results were obtained by three independ-
ent experiments.

treatment with either vehicle or inactive 4aPDD, PMA effi-
ciently reduced ALP activity in a-syn-overexpressing cells (Fig.
6B). Immunoreactivity of osteocalcin was also decreased by
PMA but not by 4aPDD in these cells (data not shown). Finally,
it was confirmed that PMA, but not 4aPDD, significantly
reduced matrix mineralization in a-syn-overexpressing cells as
demonstrated by decreased stains of alizarin red (Fig. 6C).
Taken together, PMA treatment of a-syn-overexpressing cells
restored proteasome activity and abrogation of cellular differ-
entiation in these cells.

Up-regulation of Lysosomal Activity in a-Syn-overexpressing
MG63 Cells—Because a recent study has shown that autoph-
agy-lysosomal pathway may play an important role for aggre-
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gate-prone proteins, including a-syn and Huntingtin (44), it is
reasonable to speculate that down-regulation of proteasome
activity by a-syn might be further modulated by this pathway.

In this context we wondered if lysosomal activity might be
altered due to increased level of a-syn expression in a-syn-
overexpressing cells. To test this hypothesis, cysteine protease
cathepsin B, one of the major protease in lysosome, was eval-
uated. The results showed that cathepsin B was significantly
up-regulated in a-syn-overexpressing cells compared with
vector-transfected and B-syn-overexpressing cells (Fig. 74).
Consistent with this, expression of cathepsin B was up-reg-
ulated at protein and mRNA levels in a-syn-overexpressing
cells (Fig. 7B, data not shown). To investigate the ultrastruc-
ture of lysosome, an electron microscopic study was per-
formed. The results revealed extensive lysosomal pathology,
such as autolysosome and myelinosome, in a-syn-overex-
pressing cells (Fig. 7C, a4, ¢, e, and f). On the contrary, fewer
lysosomes were observed in vector-transfected and B-syn-
overexpressing cells (Fig. 7C, b and d). Taken together, these
results suggested that lysosomal activity was up-regulated in
a-syn-overexpressing cells.

Autophagy-lysosomal Inhibitor Treatment Results in Down-
regulation of Proteasome Activity, Leading to Acceleration of
Cellular Differentiation in a-Syn-overexpressing MG63 Cells—
If up-regulation of lysosomal activity in a-syn-overexpressing
cells may reflect the compensatory mechanism against the
increased level of a-syn, then suppression of autophagy-lysoso-
mal pathways may result in compromised clearance of a-syn,
leading to decrease proteasome activity and accelerate cellular
differentiation in those cells.

We first evaluated expression levels of a- and B-syn proteins
in the presence of autophagy-lysosomal inhibitors. The results
of immunoblot analysis showed that a- and B-syn proteins
were up-regulated by macroautophagy inhibitor 3-MA as well
as by ammonium chloride, which inhibits lysosomal activity
independently of the form of autophagy. By contrast, protea-
some inhibitor lactacystin had little effect on the expression of
both a- and B-syn proteins (Fig. 84). Thus, these results sug-
gested that a- and B-syn were preferentially degraded by auto-
phagy-lysosomal pathway.

Then, to determine whether down-regulation of autophagy-
lysosomal activity affects proteasome function, proteasome
activity was evaluated by treatment with autophagy-lysosomal
inhibitors. The result showed that treatments with autophagy-
lysosomal inhibitors significantly decreased proteasome activ-
ities in a-syn-overexpressing cells but not in other cell types
(Fig. 8B). By contrast, inhibition of proteasome by lactacystin
had little effect on cathepsin B activity (data not shown). Simi-
larly, treatment of PMA, which was shown to stimulate protea-
some activity (Fig. 6), had little effects on cathepsin B activity
(data not shown).

Finally, it was shown that treatment with both 3-MA and
ammonium chloride significantly stimulated ALP activity,
osteocalcin expression, and matrix mineralization in a-syn-
overexpressing cells compared with other cell types (Fig. 8, C
and D, data not shown). Taken together, inhibition of autoph-
agy-lysosomal activity in a-syn-overexpressing cells resulted in
down-regulation of proteasome activity, leading to stimulate
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MG63 cells. A, measurement of cathepsin B activity. Cell extracts (10 ng) were
prepared as described under “Experimental Procedures” were analyzed for
cathepsin B activity using fluorogenic substrates. Released fluorescence
(excitation, 380 nm; emission, 460 nm) was monitored each 5 min up to 60
min. Fluorogenic intensity of each time point was plotted, and slope was
calculated. Data shown are the mean = S.D. (n = 3).*,p < 0.05; **, p < 0.01.
B, immunoblot analysis of cathepsin B. Cell extracts (v2, a1, and B5) were
analyzed by immunoblotting using anti-cathepsin B antibody (upper panel)
and anti-actin antibody (fower panel). C, electron microscopic analysis. Typi-
cally, a-syn-overexpressing cells (a1: a, ¢, e, and f) exhibited numerous
enlarged electron-dense lysosomes (white arrowheads), vacuoles that might
have already discharged their contents (white arrows), autolysosome-like
body (black arrow), and myelinosome-like structures (black arrowheads). The
enclosed area in panel e is magnified in panel f. Fewer lysosomal structures
were found in vector-transfected cells (v2, b) and B-syn-overexpressing cells
(B5, d). Bars represent 8 um (a and b, x1500), 2 um (c and d, X 5000), 1 um (e,
% 13000), or 0.5 um (f, X 26000).

cellular differentiation. Thus, these results suggest that autoph-
agy-lysosomal pathway may mitigate the down-regulation of
proteasome activity by a-syn, therefore leading to abrogate cel-
lular differentiation by a-syn.

DISCUSSION

Although a-syn was previously shown to be expressed in the
brain tumors that preferentially displayed differentiation rather
than proliferation, little has been documented regarding the role of
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pressing and vector-transfected
cells (Fig. 3), it was assumed that
down-regulation of proteasome
activity by a-syn could be at play for
accelerated cellular differentiation
in a-syn-overexpressing cells. Sup-
porting this notion, expression lev-
els of p21 were up-regulated due to
increased stability at the protein
level. Furthermore, high molecular

(&) , ;I——] (1)

weight proteins with polyubiquity-
lation were also significantly accu-
mulated (Fig. 3). Thus, it was inter-
preted that decreased proteasome
activity might result in prolonged
G, phase of cell cycle, which could
be prerequisite for proliferating

cells to escape from cell cycle and
proceed to differentiation. Indeed, it
has been well described that protea-
some inhibitors stimulated cellular
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differentiation in a variety of cell
types, including osteoblastic cells
(45), PC12 cells (46, 47), and oligo-

FIGURE 8. Autophagy-lysosome inhibitor treatment decreases proteasome activity and stimulates cel-
lular differentiation in a-syn-overexpressing MG63 cells. A, immunoblot analysis of syn proteins. Cells (a1,
and B5) were incubated under the low serum (0.1%) conditions for 24 hand then treated with 10% serumin the
presence of lactacystin (10 pm), ammonium chloride (NH,CI) (20 mm), and 3-MA (10 mw) for 24 h. Cell lysates
were analyzed by immunoblotting using syn-1 (upper panel) and anti-g-syn monoclonal antibody (low panel).
Blots were reprobed with anti-actin antibody. Similar results were obtained by three independent experi-
ments. B, measurement of proteasome activity. Cells (v2, a1, and B5) were prepared as described in A. Cell
extracts (5 ng) were harvested and incubated with fluorogenic proteasome substrate at 37 °C. Released fluo-
rescence (excitation, 380 nm; emission, 460 nm) was monitored each 5 min up to 60 min. Fluorogenic intensity
of each time point was plotted, and slope was calculated. Data shown are the mean =+ S.D. (n = 3). Please note
that proteasome activity was significantly decreased in a-syn-overexpressing cells by ammonium chloride
treatment (*, p < 0.05). C, measurement of ALP activity. Vector-transfected (v2) and a-syn-overexpressing cells
(1) were prepared as described in A. Cell extracts at 12 h of treatment were incubated with p-nitrophenyl
phosphate at 37 °C for 90 min. The amount of released nitrophenol was monitored by the absorbance at 415 nm.

Data shown are the mean * S.D. (n = 3).*, p < 0.05; **, p < 0.01. D, in vitro mineralization assay. Vector-transfected
(v2) and a-syn-overexpressing cells (a1) were treated with ammonium chloride (10 mwm), 3-MA, (10 mm), or lactacys-

tin (1 um) for 2-4 weeks (2W-4W). Matrix mineralization was then evaluated by alizarin red staining. Please note that
the stammg was stimulated by ammonium chloride and to a lesser extent by 3-MA in a-syn-overexpressing cells but
not in vector-transfected cells. Similar results were obtained by three independent experiments.

dendrocytes (48). For example, pro-
teasome inhibitors induced osteo-
blastic differentiation and bone
formation in vitro and in vivo, which
were associated with up-regulation
of bone morphogenetic protein-2
(45). It was also shown that protea-
some inhibitors stimulated neurite
outgrowth in PC12 cells through
activation of c-Jun NH,-terminal
kinase signaling pathway (46, 47).
We also confirmed that treatment
of wild-type MG63 cells with pro-
teasome inhibitors, such as MG132

a-syn for tumor differentiation. The present study showed that
a-syn-overexpressing MG63 osteosarcoma cells specifically
exhibited phenotype of osteoblastic differentiation. Compared
with both B-syn-overexpressing and vector-transfected cells,
a-syn-overexpressing cells were characterized by decreased
growth rates, associated with increased expression of p21 and
reduced phosphorylated Rb (Figs. 1 and 3), indicating that the pro-
gression from G, to S phase was compromised in these cells. The
prolonged G, phase would be prerequisite for transition from G,
to G, and subsequent cellular differentiation. Consistent with this
view, osteoblastic differentiation markers, including ALP and
osteocalcin, were significantly up-regulated in a-syn-overexpress-
ing cells compared with other cell types (Fig. 2). Furthermore,
a-syn-overexpressing cells, but not other cell types, were induced
to form matrix mineralization during long-term cultures (Fig. 2).
Taken together, our results using osteosarcoma cells support the
contention that a-syn might stimulate tumor differentiation.
Because proteasome activity was significantly lower in
a-syn-overexpressing cells compared with both 3-syn-overex-
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and lactacystin, resulted in similar
differentiation phenotype as characterized by increased expres-
sion of p2l, up-regulation of ALP and osteocalcin, and
enhanced matrix mineralization (Fig. 4).

Then, what is the mechanism through which a-syn sup-
presses proteasome activity? In this regard several reports have
already documented a possibility that a-syn may directly inter-
fere with the proteasome. Based on two-hybrid screening,
a-syn was shown to bind to S6', a component of the 19 S sub-
unit in the 26 S proteasome, in cell cultures (41). Subsequently,
it was shown that aggregated a-syn, but not its monomeric
form, efficiently inhibited the activity of the 26 S proteasome
under the cell-free conditions (42, 43, 49). Using a-syn-overex-
pressing MG63 cells, we observed that S6a was co-precipitated
with a-syn by co-immunoprecipitation experiment, although
immunofluorescence/LSCM study revealed that these mole-
cules were partially colocalized in the cytoplasm (Fig. 5).
Although we failed to observe any evidence of aggregated a-syn
by both immunoblotting and immunofluorescence/LSCM (Fig.
1B, a and b), one possible explanation for supporting the pos-
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sibility of the direct suppression of proteasome by a-syn could
be that misfolded monomer of a-syn rather than SDS-resistant
oligomers/high molecular aggregates might be at play for the
suppression of proteasome functions in a-syn-overexpressing
MG63 cells. In contrast to a-syn, B-syn, a less aggregate-prone
protein that is non-amyloidogenic under the physiological con-
ditions, had little effect on proteasome activity. The result is
consistent with the previous report by Snyder et al. (49).

An alternative possibility that we favor is that alteration of
signal transduction might play an important role for suppres-
sion of proteasome activity in a-syn-overexpressing cells.
Indeed, it has been shown that various signaling molecules in
mitogen-activated protein kinase and phosphatidylinositol
3-kinase pathways were altered by accumulation of a-syn in a
variety of cell cultures (35, 50). In the present study the role of
the PKC signaling pathway was addressed for the regulation of
proteasome activity because it was recently shown that treat-
ment of skeletal muscle with phorbol ester stimulated protea-
some activity (39). Consistent with a previous study using neu-
roblastoma cells and human brains (40), a-syn was shown to
bind with PKC, thereby down-regulating the activity of this
molecule in a-syn-overexpressing MG63 cells (Fig. 5). Further-
more, treatment of a-syn-overexpressing cells with PMA sig-
nificantly restored the proteasome activity and abrogated dif-
ferentiation in these cells (Fig. 6). Thus, proteasome activities
were inversely correlated with the extent of differentiation,
reinforcing the concept that suppression of proteasome activity
by a-syn may accelerate differentiation. Although the precise
mechanism by which the proteasome is activated by PKC stim-
ulation requires further investigation, it is possible that phos-
phorylation might be involved. Supporting this notion, it was
recently shown that phosphorylation of « subunits of 20 S pro-
teasome by various stimuli, such as y-interferon and casein
kinase II, was important for the regulation of the stability of 26
S proteasome complexes in mammalian cells (51). Taken
together, proteasome activity may be regulated through phos-
phorylation by signal transduction pathways, including PKC,
which may be down-regulated by accumulation of a-syn.

Given the emerging role of autophagy-lysosomal pathway for
the degradation of a-syn (52, 53), it is probable that alteration of
this pathway may affect a-syn-mediated suppression of protea-
some activity. Indeed, the present study showed that the lyso-
somal activity was significantly up-regulated in a-syn-overex-
pressing cells compared with other cells (Fig. 7). Furthermore,
in a-syn-overexpressing cells, inhibition of the autophagy-lyso-
somal pathway resulted in down-regulation of proteasome
activity associated with up-regulation of a-syn, whereas inhibi-
tion of proteasome activity had little effect on autophagy-lyso-
somal activity with little change of a-syn, suggesting that auto-
phagy-lysosomal pathway is dominant to negatively regulate
proteasome activities in these cells (Fig. 8). Together, these
results suggest that lysosomal activity was up-regulated due to
the compensatory mechanisms against increased level of a-syn.
It has been recently shown that the autophagy-lysosomal path-
way has pleiotropic roles in the regulation of cancer (54). For
example, this pathway may be indispensable to tumors that
must frequently survive under the nutrient-poor environ-
ments. Conversely, loss of function of this pathway might be
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beneficial because of accumulation of genotoxic substances in
the cytoplasm that could promote mutation and, hence, tumor-
igenesis. The present study may provide a novel mechanism
that the autophagy-lysosomal degradation pathway might neg-
atively modulate the UPS-regulated cellular differentiation in
a-syn-overexpressing tumors.

Because the identification of gene mutations of parkin in
recessive familial PD and further characterization of this mol-
ecule as a ubiquitin E3 ligase, it has been extensively shown that
dysfunction of UPS may be one major pathogenic pathway for
PD and related neurodegenerative disorders. In this context,
much literature has described that overexpression of a-syn was
shown to result in decreased proteasome activities in a variety
of biological system, including yeast (55) and the inducible
expression system in PC12 cells (56), whereas some studies
described that suppression of proteasome activity was not
observed either in transgenic mice or in some cell cultures,
including PC12 and 293 cells (37). Our results are in line with
the former reports and further suggest that down-regulation of
UPS by a-syn may play an important role for cells to escape
from cell cycle and commit to cellular differentiation. Although
little has been documented regarding the role of a-syn for cell
cycle, Lee et al. (57) previously showed that inducible expres-
sion of a-syn in PC12 cells resulted in enhanced proliferation
rates through stimulation of ERK pathway whereby cells were
enriched in the S phase associated with increased accumulation
of cyclin B and down-regulation of Rb (57). The reason for the
apparent discrepancy between the report by Lee et al. (57) and
our present study is obscure. However, one possible explana-
tion is that effects of a-syn on growth and differentiation might
be cell type-specific. Indeed, it was shown that inducible expres-
sion of a-syn in neuro2A cells resulted in inactivation of ERK and
other mitogen-activated protein kinase signals (58). Taken
together, although our results using MG63 osteosarcoma cells
suggest a role of a-syn for tumor differentiation, further investiga-
tion is required to confirm our current findings in vivo.

In conclusion, our results showed that accumulation of a-syn
might result in down-regulation of proteasome activity, leading
to accelerate cellular differentiation in osteosarcoma cells. This
process is further modulated by various factors, including PKC
signaling pathway as well as autophagy-lysosomal activity.
Moreover, because a recent study has shown that many of other
PD-related molecules are directly or indirectly involved in the
regulation of UPS (59), it is possible that the PD-related mole-
cules might converge to regulate the activity of UPS in tumor
differentiation. Thus, comprehensive understanding of the
common pathway shared by both neurodegenerative disease
and cancer have a great potential to provide a novel insight into
the mechanism of these distinct categories of diseases.
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Abstract

Low-density lipoprotein receptor-related protein 5 (LRP5), a co-receptor of Wt signaling, is an important regulator of bone development and
maintenance. Recently we identified correlation between an intronic single-nucleotide polymorphism (SNP) in the LRP5 gene and vertebral bone
mineral density (BMD), indicating that a genetic ground exists at this locus for determination of BMD. In the study reported here, we searched for
nucleotide variation(s) that might confer susceptibility to osteoporosis among an extended panel of 387 healthy subjects recruited from the same
hospital (Group-A), as well as among 384 subjects from the general population in eastern Japan (Group-B). We basically focused on two
potentially functional variations, Q89R (c.266A > G) and A1330V (c.3989C > T), whose functional effects by the amino-acid changes were
estimated by the SIFT software program; it predicted the 1330 V allele as deleterious (“intolerant™) although the minor allele of Q89R was
questionable. By analyzing associations between the variant alleles and the BMD, reproducible association of the minor variant of A1330V to
lower adjusted BMD levels was detected; i.e., In Group-A subjects 1330-V significantly associated with the spinal BMD Z-score (P = 0.034), and
in Group-B it associated with low radial BMD (P = 0.019). From haplotype and linkage disequilibrium (LD) analysis for 29 SNPs, we detected
two separate LD blocks within the entire 137-kb LRPS locus, basically consistent with a previous report on Caucasians. One of the second block
haplotype significantly associated with adjusted BMD (r = 0.15, P = 0.004). Possible combined effect of Q89R and A1330V belonging to
different LD blocks was denied by multiple regression analyses. Our results indicate that genetic variations in LRPS5 are important factors affecting
BMD in adult women and that 1330 V may contribute to osteoporosis susceptibility, at least in Japanese.
© 2007 Published by Elsevier Inc.

Keywords: Single-nucleotide polymorphism; LRP5; Low-density lipoprotein receptor-related protein; Bone mineral density; Association study; Quantitative trait

Introduction

Osteoporosis is a common, multi-factorial disease character-
ized by reduced bone mass, microarchitectual deterioration of
bone tissue, and increased risk of fragility fractures. Achievement
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ku, Tokyo, Tokyo Medical and Dental University, Medical Research Institute,
Department of Molecular Pharmacology. Fax: +81 3 5280 8067.

E-mail address: ezura.mph@mri.tmd.ac.jp (Y. Ezura).

8756-3282/% - see front matter © 2007 Published by Elsevier Inc.
doi; 10, 1016/]. bone. 2005.06.025

of high peak bone mass before maturation, as well as avoidance of
postmenopausal bone loss, is important for prevention of
osteoporosis [1]. Since complicated processes during periods of
development, maturation, and aging are regulated through
multiple endocrine and local systems, many aspects of the
mechanisms affecting control of bone mass remain to be clarified.

Wnt signaling is likely to be one of the most important
systems involved in regulating developmental and homeostatic
control of the skeletal system [2—4]. Low-density lipoprotein
receptor-related protein 5 (LRP5) is a co-receptor for Wnt [5,6],
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and by studies on osteoporosis pseudoglioma syndrome
(OPPG) family, causative mutations were identified in the
LRPS5 gene [7,8]. On the other hand, certain mutations in LRP3
cause an inherited trait of high bone mass in some families
[9,10], and autosomal-dominant osteopetrosis in others [11].
These observations strongly suggest an important general role
of LRPS in acquisition and/or maintenance bone mass.

Genes responsible for monogenic inherited diseases sometimes
also play roles in the phenotypic manifestations of common
diseases [12—14], and thus are first-choice candidates for testing
associations. Previously we suggested a possible contribution of
LRP5 in determination of BMD, after detecting an intronic
nucleotide variation of the LRP5 gene (IVS17-1677C > A)
associated with age-adjusted values of spinal BMD (Z-score) in a
set of adult Japanese women. Although no definitive responsible
variation(s) were established at that time [15], three other groups
subsequently reported association of different missense nucleotide
variations in LRP5 with bone mineral density among Asian
populations (Korean and Japanese; Q89R and A1330V [16,17])
and in Caucasians (V667M [18)). Although the significance levels
and the suggested responsible variations were different, the reports
were consistent in implicating the LRPS5 locus.

To examine in more detail the possibly responsible variation(s)
of that gene in terms of BMD, we investigated multiple genetic

variations within the LRPS5 locus in two independently recruited
subject groups, comprising a total of 771 adult women in Japan.
We constructed haplotypes, analyzed linkage disequilibrium
(LD), and searched for mutations in these subjects.

Materials and methods
Subjects

The 308 subjects recruited for the previous report [15] were from an
outpatient clinic in Nagano prefecture (Research Institute and Practice for
Involutional Diseases). Although BMD levels distributed in a wide range without
skewness, these subjects were not from a population-based panel, and thus
adjustment by multiple regression was not applicable. However instead,
quantitative association analysis was possible using spinal BMD Z-scores, and
we detected significant association with an intronic variant of LRP5. To verify
that association, extended panel of 387 adult female was recruited from the same
clinic (Group-A); these are basically healthy individuals who visited the same
clinic up to December 2003. Mean ages and body mass indices (BMI) with
standard deviations (SD) were 64.6 + 10.8 (range 25-89) years and 22.2 + 2.9
(range 14.3-32.9) kg/m”, respectively. The BMD of lumbar vertebral bodies
(from L2 to L4, expressed in g/em?) was measured in each participant by DXA
using DPX-L (GE Medical Systems Lunar Corporation, Madison WI).
Coefficients of variation (CV) for the anteroposterior view of the lumbar BMD
was 0.5 + 0.5% (CV + SD) as described [40]. Z-scores were calculated using
installed software (Lunar DPX-L) on the basis of data from 20,000 Japanese
women [19]. Eight of the subjects had remarkably high BMD (Z-scores > 3.0),

Table |
Summary of LRP5 polymorphisms analyzed among 384 adult women in the general Japanese population
No. SNP name nt. cSNP dbSNP-ID* Allele frequency n® Distance Genotyping
characteristics | (%-Heterozygosity) (bp) * method
1 IVS1 + 4689C > G G/IC rs312014 0.53:0.47 (45) 378 9469 TagMan
2 IVS] + 14158G > A G/A rs312024 0.44:0.56 (46) 383 310 Invader
3 IVS1 + 14468T > C T/IC rs634008 0.26:0.74 (41) 367 7259 Sd-PCR
4 IVSI-13315A > G G/A 3606989 0.91:0.09 (16) 378 9089 TagMan
) IVS1-4226T/C TE 1574744 0.09:0.91 (18) 384 3832 Invader
6 IVS1-394A/G A/G rs312782 0.09:0.91 (17) 369 567 Sd-PCR
7 Q89R A/G (c.266A > G) - 0.93:0.07 (13) 383 3075 Invader
8 IVS2 +2852T > C T/IC rs312783 0.09:0.91 (18) 381 197 Sd-PCR
9 IVS2 +3049T > C T/IC 13312784 0.11:0.89 (21) 375 3535 Sd-PCR
10 IVS2 +2823T > G T/G rs312788 0.09:0.91 (18) 384 9317 Invader
11 IVS4 + 201G > A AIG rs178352 0.91:0.09 (18) 377 21,779 TagMan
12 IVS5-393C >T CT rs3781592 0.06:0.94 (11) 381 5761 Sd-PCR
13 IVS7 +1632G > A G/A rs3781590 0.09:0.91 (16) 374 11,224 Invader
14 IVS7-575T > C T/IC rs685095 0.30:0.70 (40) 382 7134 Sd-PCR
15 c2220C>T CT Silent rs2306862 0.26:0.74 (36) 3N 218 Sd-PCR
16 IVS10+ 120T > C rs667126 0.30:0.70 (40) 384 907 Invader
17 IVS10-269C > T CcrT 1s583545 0.33:0.67 (45) 370 33 Sd-PCR
18 IVS10-236A > G A/G 1523691 0.34:0.66 (42) 381 498 Invader
19 IVSI1 + 78G > A G/A rs689179 0.30:0.70 (41) 378 13,524 Sd-PCR
20 ¢3357A>G AIG Silent rs556442 0.42:0.58 (51) 73 6662 Sd-PCR
21 IVS17-1718G/del Gidel rs3837372 0.39:0.61 (46) 383 41 Invader
22 IVS17-1677C > A C/A rs3781586 0.28:0.72 (41) 375 941 Sd-PCR
23 IVS17-376G > A G/A rs3781585 0.05:0.95 (10) 379 110 Sd-PCR
24 IVS17-626G > A G/A rs3781584 0.05:0.95 (10) 383 101 Invader
25 IVS17-525C>T CT rs3781583 0.05:0.95 (10) 384 750 Invader
26 A1330V CT (c.3989C>T) rs3736228 0.26:0.71 (40) 384 1285 Invader
27 IVS18 + 1274A > G A/G rs638076 0.39:0.61 (44) 377 2998 Sd-PCR
28 IVS19-336T > C T/C rs901823 0.36:0.64 (44) 370 4140 Sd-PCR
29 IVS21 +2334T>C T/C rs3781579 0.19:0.83 (28) 375 - Sd-PCR

* Number of nucleotides to the next SNP (bp).

" Nucleotide positions in the coding sequence are indicated for missense cSNPs.

* IDs are from dbSNP of NCBI (http://www.ncbi.nlm.nih.gov/SNP/).
§ Number of genotyped subjects.

IV -41



Y Ezura et al. / Bone 40 (2007) 997-1005 999
Table 2
Association analysis of adjusted BMD in Groups-A and -B
SNP Genotype Group-A (n = 387) ' i Group-B (n = 384) P
(spinal BMD Z-score) value?® (radial-adjusted BMD) value®
Mean + SD n Mean + SD n
Q89R Q ~-0.15+ 1.50 332 0.85 0.401 £+ 0.055 333 0.052
QR -0.14 + 1.54 35 0.387 + 0.049 48
R -0.57+ 1.10 3 0.360 + 0.059 2
A1330V A -0.04 + 1.61 178 0.034* 0.405 + 0.053 195 0.019*
AV 35+ T:38 174 0.395 + 0.059 155
\'"A"% —0.47+ 1.47 35 0.385 + 0.041 34
MCI17-1677C > A CC —0.01 + 1.42 166 0.005 ** 0.405 £ 0.053 194 0.055
(before expansion) CA —0.35+ 1.44 118 0.395 + 0.059 152
A —0.78 £ 1.36 24 0.390 + 0.040 29

+Data were from the previous study before subject expansion.
# P values were calculated for the linear regression.
* P <0.05.

e pP< 001,

and four had remarkably low BMD (Z-scores < —3.0). For distribution analysis,
we selected 91 subjects with Z-scores > +1.0 and 139 with Z-scores < —1.0.
Among those women, the Z-score was greater than 2.0 in 33 and smaller than
—2.0in 34 of them. Biochemical markers of bone turnover including serum intact
osteocalcin, urinary pyridinoline, and deoxypyridinoline were measured in most
of the 387 subjects ascertained from the Institute; each had given informed
consent prior to the study.

DNA samples for a population-based analysis were obtained from peripheral
blood of 384 adult Japanese women [20,21]. In this group (Group-B), mean ages
and body mass indices (BMI) with standard deviations (SD) were 58.4 + 8.6
(range 32-69) years and 23.7 + 3.61 (range 14.7-38.5) kg/mz, respectively. The
BMD of radial bone (expressed in g/cm®) of each participant was measured by
dual energy X-ray absorptiometry (DXA) using DTX-200 (Osteometer
Meditech Inc., Hawthorne, CA, USA) and was normalized for differences in
age, height, and weight by multiple linear regression analysis [21]. Forearm
BMD in the distal radius was measured according to the Guidelines for
Osteoporosis Screening in a health check-up program in Japan [22]; the
instruments (DTX-200) were calibrated at every measurement, and the
coefficients of variation were kept within the 1.0 + 0.5% (CV + SD). No
participant had medical complications or was undergoing treatment for
conditions known to affect bone metabolism [21]. All were non-related
volunteers, and written informed consent was obtained from each of them. The
ethical committee of the Institutional Review Board approved the entire project.

Mutation search, SNP selection, and genotyping

Mutation analysis of all 23 exons and flanking regions was carried out in
DNA from the 12 subjects with the highest (>3.0, n = 8) and lowest (<—3.0,

n = 4) Z-scores by direct sequencing of PCR products in the ABI Prism 377
DNA system (Applied Biosystems).

As potentially functional SNPs, two previously reported missense coding-
SNPs, A1330V (¢.3989C > T) and Q89R (c.266A > G), were selected for testing
association of BMD levels, but a third, V667M, was eliminated because it was
undetectable among our subjects (Table 1). Another intronic variation
previously reported to associate with low BMD also was tested for association.
For LD analysis, we first tested more than 40 variations within the LRP3 locus,
including all 38 polymorphic variations archived in the JSNP-database (http://
snp.ims.u-tokyo.ac.jp/index.html), dbSNP, and from the literature [11,23].
However, since some of the variations showed minor allele frequencies of <0.05
among our Group-B 384 subjects, we chose to use only 29 SNPs for LD
analysis.

Genotypes for these 29 selected SNPs were determined either by the Sd-
PCR method [20], Invader assay (Third Wave Technologies, Madison, W1) [24],
or TagMan Assay (Applied Biosystems). The Sd-PCR method was used for 16
SNPs, according to a protocol described previously [20]. In brief, the Sd-PCR
reaction was carried out using two allele-specific primers (AS-primers) and one
reverse primer in a standard reaction mixture containing fluorescence-labeled
dCTP. Discrimination of alleles, on the basis of by five-base differences between
the AS-primers, was achieved using an ABI Prism 377 DNA system [21]. The
Invader assay was applied for 10 other SNPs, according to the manufacturer’s
protocol. In brief, 1 ul of the diluted PCR product (1:333 in distilled water) of
the region flanking each SNP was used as template in a 6-p1 reaction mixture in
384-well plates, and fluorescent signals for FAM and Redmond Red were
detected by a plate-reader after standard 1-h incubation [25]. The other three
SNPs were genotyped by TagMan Assay according to the manufacturer’s
protocol.

Table 3
Physical and clinical characteristics of the subjects in Group-A (healthy subjects from a clinic)
Group-A subjects (n = 387) Al330V P
A AV vV value *
Number 178 174 35 -
Age (Years) 65.6 + 10.1 (41-86) 64.1 + 10.4 (33-89) 59.3 + 15.0 (25-87) 0.012
Weight (kg) 51.1 £ 7.9 (34-74) 50.0 + 7.9 (33-76) 50.2 + 8.1 (34-70) NS
BMI (kg/m?) 225+3.0(164-32.9) 21.9+2.7(14.3-31.8) 21.9+3.2(15.3-29.5) NS
Height (cm) 150.8 + 6.2 (135-167) 150.8 + 6.7 (134-172) 151.1 + 5.4 (140-162) NS
Spine BMD (g/cm?) 0.914 + 0.215 (0.387-1.732) 0.878 + 0.188 (0.400-1.506) 0.898 + 0.196 (0.518-1.310) NS
BMD Z-score —-0.03 + 1.62 (-3.1-7.1) —0.35 + 1.38 (-3.5-5.3) —0.45 + 1.47 (-2.9-3.1) 0.034
Intact-OC (ng/ml)" 7.18+3.16 (n=117) 8.40 + 3.82 (n=118) 8.87+3.81 (n=18) 0.004
Pyridinoline (pmol/umol crea.) 342+ 111 (n=138) 33.6+11.2 (n=133) 345+ 114 (n=20) NS
Deoxypyridinoline (pmol/umol crea.) 7.20 + 2,50 (n=139) 7.29+2.42 (n=133) 7.85+3.01 (n=20) NS

* P values are calculated for regression analysis with ANOVA F-test.
" Serum intact osteocalcin level.



