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Abstract The COL2AI gene encodes the al1(II) chain of

the homotrimeric type II collagen, the most abundant

protein in cartilage. In humans, COL2A1 mutations create

- many clinical phenotypes collectively termed type II col-
lagenopathies; however, the genetic basis of the phenotypic
diversity is not well elucidated. Therefore, animal models
corresponding to multiple type II collagenopathies are
required. In this study we identified a novel Col2al mis-
sense mutation—c.44406A>C (p.D1469A)—produced by

large-scale N-ethyl-N-nitrosourea (ENU) mutagenesis in a
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mouse line. This mutation was located in the C—propeptidé
coding region of Col2al and in the positions corresponding
to a human COL2A1 mutation responsible for platyspondy-
lic lethal skeletal dysplasia, Torrance type (PLSD-T). The
phenotype was inherited as a semidominant trait. The
heterozygotes were mildly but significantly smaller than
wild-type mice. The homozygotes exhibited lethal skeletal

dysplasias, including extremely short limbs, severe spondy-

lar dysplasia, severe pelvic hypoplasia, and brachydactyly.
As expected, these skeletal defects in the homozygotes were
similar to those in PLSD-T patients. The secretion of the
mutant proteins into the extracellular space was disrupted,
accompanied by abnormally expanded rough endoplasmic
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reticulum (ER) and upregulation of ER stress-related
genes, such as Grp94 and Chop, in chondrocytes. These
findings suggested that the accumulation of mutant type I
collagen in the ER and subsequent induction of ER stress
are involved, at least in part in the PLSD-T-like pheno-
types of the mutants. This mutant should serve as a good
model for studying PLSD-T pathogenesis and the mech-
anisms that create the great diversity of type II
collagenopathies.

Introduction

Type II collagen is the most abundant protein in cartilage
and, along with other tissue-specific collagens and prote-
oglycans, provides structural integrity to tissue (Myllyharju
and Kivirikko 2004: Olsen 1995). This fibrillar collagen is
a homotrimer composed of three collagen «l(I) chains
containing segments with a characteristic Gly-X-Y repeat
sequence that forms a triple-helical structure. As with other
_ fibrillar collagen chains, these chains are synthesized as
procollagen, which contains noncollagenous domains at
both the N- and C-termini. The C-terminal noncollagenous
domain, termed C-propeptide, is essential for triple-helical
formation (Doege and Fessler 1986; Khoshnoodi et al.
2006). After being secreted into the extracellular space, the
noncollagenous domains of both ends are cleaved by spe-
cific proteinases. V

COL2A] encodes the collagen ol(Il) chain, and in
humans, heterozygous mutations in this gene lead to many
clinical phenotypes collectively termed type I collagen-
opathles (Kuivaniemi et al. 1997; Nishimura et al. 2005).
Most COL2A1 mutations have been identified in the coding
region of the triple-helical domain. Truncation mutations in
this region produce Sticker dysplasia type-I (STD-I) or
Kniest dysplasia (KND) (Ahmad et al. 1991; Winterpacht
et al. 1993), and missense mutations cause a spectrum of
spondyloepiphyseal dysplasia (SED) or hypochondrogen-
esis (HCG) (Korkko et al. 2000; Nishimura et al. 2005).
Mutations in the C-propeptide coding region are not
common and produce variable clinical phenotypes such as
platyspondylic lethal skeletal dysplasia, Torrance type
(PLSD-T) (Nishimura et al. 2004; Zankl et al. 2005),
spondyloperipheral dysplasia (SPPD) (Zabel et al. 1996),
SED congenital (SEDC) (Unger et al. 2001), and HCG
(Mortier et al. 2000).

The disproportionate micromelia (Dmm) mouse, gener-
ated by radiation-induced mutagenesis, is the only known
example of an animal model possessing endogenous
mutations in the C-propeptide coding region of Col2al
(Brown et al. 1981; Pace et al. 1997). A 3-bp deletion,
substituting Lys and Thr with Asn (p.K1448_T1449de-
linsN), was identified in this mutant (Pace et al. 1997). The
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homozygotes have severe skeletal dysplasia and die at birth
because of thoracic insufficiency. The heterozygotes
appear normal at birth, exhibit only a mild dwarfism
beginning at 1 week of age, and develop early-onset
osteoarthritis (OA) that becomes conspicuous at 3 months
of age (Bomsta et al. 2006). To understand at the molecular
level the phenotypic diversity of type II collagenopathies
with C-propeptide mutations, additional animal models
corresponding to PLSD-T, SPPD, SEDC, and HGG phe-
notypes are required.

In this study we identified a novel Col2al mouse mutant
carrying a missense mutation in the C-propeptide coding
region that was produced by a large-scale N-ethyl-N-nitro-
sourea (ENU) mutagenesis program (Inoue et al. 2004;
Masuya et al. 2005a, b, 2007). The amino acid residue
resulting from this mutation corresponded to that of human
COL2AI mutations responsible for PLSD-T. As expected,
the skeletal defects of the homozygous mice were similar to
those of PLSD-T patients. This mouse will be a good tool for
studying PLSD-T pathogenesis and the mechanisms that
create the great diversity of type II collagenopathies.

Materials and methods"

ENU mutagenesis, inheritance testing, and gene
mapping

The method for mouse ENU mutagenesis is available at
http://www.brc.riken.go.jp/lab/gsc/mouse/ and in previous
reports (Inoue et al. 2004; Masuya et al. 2005a, b, 2007).
C57BL/6] and DBA/2J mice were purchased from CLEA
Japan (Tokyo, Japan). C57BL/6J males administered ENU
(total dosage of 150-250 mg/kg) were crossed to DBA/2J
females. The resultant F1 hybrids (G1 animals) were sub-
jected to screening for various phenotypes at 8 weeks of
age. Examination of adult limb phenotype was performed
as a subtest of the modified-SHIRPA protocol, a compre-
hensive package of screens for morphological and behav-
ioral phenotypes (Masuya et al. 2005a). A complete list of
the subtests is available at the above website. M100856
mouse lines were crossed with wild-type DBA/2J mice to
test for phenotype transmission and for genetic mapping of
the causative genes. Genomic DNA was prepared from the
tail tips of the G2 progeny using the NA-2000 automatic
nucleic acid isolation system (KURABO, Osaka, Japan).
We used the db-SNP website (http://www.ncbi.nlm.nih.
gov/entrez/query.fcgi?db=snp) for single nucleotide poly-
morphisms (SNPs) and the microsatellite markers listed on
the MGI website (http://www.informatics.jax.org/) for
simple sequence length polymorphisms. Polymorphic loci
were examined using TagMan MGB assays on the ABI
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. 7700 and ABI 7900 Sequence Detection Systems (Applied
Biosystems, Foster City, CA, USA).

Mutation screening and genotyping

We searched for Col2al mutations using cDNAs derived
from M100856 lines. We amplified by PCR seven over-
lapping ¢cDNA fragments that cover the entire coding
region and sequenced the PCR products with an ABI 3700
automated sequencer (Applied Biosystems). PCR condi-
tions and primer sequences are available upon request. For
the mutation numbering, +1 corresponds to the A of the
ATG translation initiation codon in mouse Col2al NCBI
reference sequence NM_031163.3. Genotyping of the
identified mutant allele Col2a1R&85¢ was performed by
sequencing the PCR products amplified with the following
primer pair: 5-AAGTTCTAGCAAGCCACCCA-3’ and
5'-AGGACGGTTGGGTATCATCA-3'.

Skeletal analysis

Embryos were eviscerated and fixed in 99% EtOH for
4 days. Alcian blue staining was performed in a solution of
80% EtOH, 20% acetic acid, and 0.015% Alcian blue for
4 days at 37°C. Specimens were rinsed and soaked in 95%
EtOH for 3 days. Alizarin red staining was then performed
in a solution of 0.002% alizarin red and 1% KOH for 12 h

at room temperature. After rinsing with water, specimens

were kept in 1% KOH solution until the skeletons became
clearly visible. For storage, specimens were transferred
into 50, 80, and finally 100% glycerol. ‘

Histological and immunohistochemical analysis

“For histological analysis of mouse embryos, limbs were
fixed in 4% paraformaldehyde (PFA) and decalcified in
10% EDTA for a week at 4°C. Hematoxylin & eosin (HE)
and toluidine blue staining were performed using 6-pm
paraffin sections according to standard protocols. For
immunohistochemistry, paraffin sections were incubated
with rabbit anti-type II collagen (Acris Antibodies, Hid-
denhausen, Germany) or mouse anti-KDEL (MBL,
Nagoya, Japan) antibodies. Primary antibodies were visu-
alized with Alexa-conjugated goat anti-rabbit IgG
(Molecular Probes®, Invitrogen, Carlsbad, CA, USA) and
fluorescein-conjugated goat anti-mouse IgG antibodies
(ICN Pharmaceuticals, Aliso Viejo, CA, USA). Stained
cells were viewed using a fluorescence microscope or a
confocal microscope (FV1000D; Olympus, Tokyo, Japan).

To examine whether Col2a1Re°5%¢ heterozygotes develop

early-onset OA, knee and elbow joint samples from mice at
10 months of age were dissected, fixed in 4% PFA for
24 h, and defatted in alcohol. Then the samples were
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decalcified in 0.3.M EDTA (pH 7.5) for 10 days. Safranin
O staining was performed using 4.5-pum paraffin sections.
The severity of the OA lesion was evaluated using the
modified Mankin scoring system, as described previously
{Mankin et al. 1971; van der Sluijs et al. 1992).

Electron microscope analysis

Limbs were fixed in 0.1 M sodium cacodylate buffer with
2.5% glutaraldehyde, decalcified in a 10% EDTA-Na,
solution, and postfixed in 2% osmium tetroxide. After
dehydration, they were embedded in EPON812. Semithin
sections were stained with 1% toluidine blue to allow the
selection of suitable areas for transmission electron
microscopy. Ultrathin sections were stained with uranyl
acetate and lead citrate. Visualization was performed using
a Hitachi 7100 electron microscope (Hitachi, Tokyo,
Japan) operated at 80 kV.

RT-PCR analysis

Total RNA was extracted from rib cartilages at embryonic
day (E) 18.5 using ISOGEN (Nippongene, Tokyo, Japan).
Equal amounts of total RNA were reverse-transcribed into
cDNA using TagMan Multiscribe Reverse Transcriptase
(Applied Biosystémé). Each reverse transcription reaction
(1 pl) was used as a template for SYBR® Green real-time
PCR (Qiagen, Valencia, CA, USA). The following primers
were used for amplification: 5-TGAAGCTGCAGTA
GAGGAGG-3’ and 5-GGATATAAGCCATGGGGTC
A-3 for Grp94; 5-GAGTCCCTGCCTTTCACCTT-3 and

>5'-CTGTCAGCCAAGCTAGGGAC-3 for Chop; and 5'-A
ACTGGGACGACATGGAGAA-3' and 5'-GGGGTGTITG
AAGGTCTAAA-3 for Actb. SYBR Green PCR and real-
time fluorescence detection were performed using an
ABI PRISM 7700 Sequence Detection System (Applied
Biosystems). '

Results

Identification of a novel Col2al mutation located
in the C-propeptide coding region

ENU is a highly potent chemical mutagen that randomly
induces multiple single-base-pair changes in genomic DNA
at a very high efficiency (approximately 1 x 107> per
locus per gamete) (Hitotsumachi et al. 1985; Nolan et al.
1997). We screened 10,236 G1 mice (generated from
crosses of ENU—mutageniZed males and wild-type female
mice) for abnormal skeletal phenotypes, especially focus-
ing on the limb length transmitted as a dominant trait. We
found one mutant line, termed M100856, that exhibits a
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A

wild-type

M100856

c ACCCATGG XCATTGGAG

wild-type

hetero

homo

Fig. 1 Identification of a novel missense mutation in Col2al in mice
mutagenized with ENU. a Gross appearance of femurs from wild-type
and M100856 mice at E18.5. b Length of femurs from wild-type and
. M100856 mice at E18.5. Data are expressed as the mean & SD
(n = 5). The p value was determined using Student’s #-test. The same
result was obtained from the independent experiment conducted using
E19.5 embryos. ¢ ¢cDNA sequence chromatograms from wild-type

_short-limb phenotype (posted at http://www.brc'.riken‘go.
jp/lab/gsc/mouse/) (Fig. 1a, b).

Linkage analysis using the . 103 backcross progeny
showed that the M100856 locus was localized to a 2.9-cM
region on chromosome 15 (Electronic Supplementary
Fig. 1). We checked the functions of all genes located in
the linkage region and found two genes that have important
functions in skeletogenesis, i.e., Col2al and Vdr. Because
previously reported heterozygous Col2al mutant mice

g

B ’_;' P<0.01
3 )
£ 38 i
£ 36
o
g 34
5 3.2 .
it wild-type  M100856
D
M100856 ?mvﬁm@za AEQEF
mouse naz;as:s@m{;;xgqap
rat IVDIAPMDIGGPDOEF
dog TIDIAPMDIGGPEQEF
human zmm%xapegw
chimpanzee zmzm%mamsﬁ
chicken TIDTAPMOTGGADQEF
fish 1&@&?@16@5{3&&
Xenopus IVDIAPMBIGGADQEF

mice, MI100856 heterozygotes, and MI100856 homozygotes. The
location of the mutation is indicated by the orange arrowhead.
d Comparison of the amino acid sequences around the D1469 residue
in various species. Amino acid residues identical to mouse type II
collagen are represented by blue letters and those not identical by red '
letters. The location of D1469 is indicated by orange shading. D1469
is highly conserved .

Col2a1%%*8%%_ The sequence chromatograms of the cDNA
from Col2al®&*°%%% heterozygotes showed no difference in
expression levels between wild-type and mutant alleles
(Fig. 1c). We sequenced all the coding exons and the
flanking regions of the ‘other candidate gene, Vdr, which

. encodes vitamin D receptor, in M100856 mutants but we

exhibited very mild skeletal phenotypes similar to -

M100856 mouse (Brown et al. 1981; Donahue et al. 2003;
Li et al. 1995), we chose Col2al as the most likely can-
didate gene. Sequencing of Col2al cDNA derived from
'M100856 mutant mouse identified a missense mutation—
c.4406A>C—which is predicted to cause an Asp-to-Ala
substitution at position 1469 (p.D1469A) (Fig. 1c). The
mutation was located in the coding region of the C-pro-
peptide. This Asp residue was strongly conserved
throughout various species (Fig. 1d). Interestingly, the Asp
residue corresponding to mouse D1469 was substituted in
the human COL2AI mutation responsible for PLSD-T, i.e.,
pD1469H (Zankl et al. 2005). The mutation was also
confirmed by sequencing of genomic DNA and was not
found in ten inbred mouse strains. No other alterations in
the Col2al coding region were found. We designated this
novel Col2al mutant allele found in the M100856 line as
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did not find any mutations.
Skeletal and hlstologlcal features of ColZale“gﬁ
mutants

Col2a]Rg“856 heterozygotes were mildly but significantly
smaller than wild-type mice at E18.5 (Figs. 1a, b and 2).
The limbs were disproportionately short (Fig. 2¢), and the
vertebral bodies were slightly hypoplastic (Fig. 2d). We
generated Col2al®#**%°° homozygotes by crossing the
heterozygotes. The homozygotes died at birth, exhibiting
severe dwarfism with shortened limbs and a shortened
snout (Fig. 2a, b). The skeletal specimens also showed a
severe skeletal dysplasia, including extremely shortened
limbs (Fig. 2c), severe spondylar dysplasia (Fig. 2d),
severe pelvic hypoplasia - (Fig. 2e), and brachydactyly
(Fig. 2f). These defective skeletal features of the homo-
zygotes are similar to those observed in PLSD-T patients.

To understand the pathogenic basis for the skeletal
dysplasia phenotype, we investigated the histology of the

» @ Springer
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wild-type

homo

hetero

Fig. 2 Gross appearances and skeletal specimens of Col2al®65%

mutants at E18.5. a Gross appearances. b—f Skeletal specimens of
whole skeleton (b), forelimb (c), lumbar spine (d), ilia (e), and
forepaw (f). The homozygotes exhibited a severe skeletal dysplasia,
including extremely shortened limbs, platyspondyly, severe pelvic
hypoplasia, and brachydactyly -

growth plate cartilage of Col2al®¢*®*S mutants at E19.5

(Fig. 3). The growth plate of wild-type mice is composed
of three distinct layers of chondrocytes—resting,

@ Springer

proliferating, and hypertrophic zones—representing vari-
ous stages of differentiation (Fig. 3A). Proliferating chon-
drocytes were well spaced by extracellular matrix (ECM)
and exhibited typical columnar alignment with a flat shape
(Fig. 3Ab). In the heterozygotes, this columnar alignment
became disordered with reduced ECM spaces (Fig. 3Bb).
In the homozygotes, the total length of the growth plate
was drastically reduced but the diameter was increased
(Fig. 3C). The columnar alignment of proliferating chon-
drocytes was completely lost (Fig. 3Cb), but hypertrophic

- chondrocytes were observed (Fig. 3Cc). The shape of the

chondrocytes changed to a spindle-like cell in the resting
and proliferating zones (Fig. 3Ca, Cb). Staining with
toluidine blue, which binds to proteoglycans present in
cartilage ECM, showed a drastic reduction in cartilage
ECM in the proliferating zone of the homozygotes
(Fig. 3D-F). ’

Characterization of molecular defects
in the chondrocytes of Col2al®¢°*5%® mutants

We investigated the localization of type II collagen in the
cartilage of Col2al®¢*°5°° mutants by immunohistochemi-
cal analysis using the sections from the proliferating zone
of the femur at E19.5. In wild-type mice and the hetero-
zygotes, immunoreactivity of type II collagen was
observed mainly in the extracellular space of chondrocytes
(Fig. 4a, b). In contrast, that in the homozygotes was

_scarcely detected in the extracellular space and was
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detected mainly in the intracellular space (Fig. 4c). Results
of double staining with KDEL, an ER marker, suggested
that a part of the mutant type II collagen was accumulating
in the ER of chondrocytes in the homozygote (Fig. 4i).

We next performed an electron microscope analysis
using samples from the proliferating zone of the femur at
E18.5. In wild-type ECM, the collagen fibers showed dense
and uniform distribution and many proteoglycan aggrega-
tions were found (Fig. 5a). The collagen fibers of the het-
erozygotes seemed to be slightly less dense (Fig. 5b), and
those of the homozygotes were markedly reduced (Fig. 5c¢).
Proteoglycan aggregates were also reduced and irregular in
size in the homozygotes. Proliferating chondrocytes in
wild-type mice contained well-developed organized rough
ER (Fig. 5d). The rough ER was abnormally expanded in
both the heterozygotes and the homozygotes (Fig. Se, f). In
the homozygotes, more expanded rough ER was evident
compared to the heterozygotes.

Abnormally expanded rough ER and subsequent induc-
tion of ER stress have been reported in many mouse lines
expressing mutant ECM proteins (Bateman et al. 2009).
Expanded rough ER was also observed in mice lacking the
ER stress sensor Bbf2h7 (Saito et al. 2009). Therefore, we
measured mRNA levels of two ER stress-related genes,
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Fig. 3 Histology of growth
plate cartilage from
Col2al®e°8 mutants at E19.5.
A~C Hematoxylin & eosin
(HE)-stained sections of the
growth plate cartilage. The
boxed regions (a, b, and

¢) represent the resting,
proliferating, and hypertrophic
zones, respectively. Magnified
views of the boxed regions are
shown in the same columns.
D-F Toluidine blue-stained
sections of the proliferating
zone of the growth plate
cartilage. Note that the total
length of the growth plate
cartilage was drastically
reduced in the homozygotes
(C). The typical columnar
alignment of proliferating
chondrocytes was observed in
wild-type mice (Ab) but became
disordered in the heterozygotes
(Bb). This alignment was
completely lost in the
homozygotes (Cb). Weak
staining by toluidine blue was
evident in the homozygotes (F).
Scale bars 50 pm (A-C) and
10 pm (Aa—Ce and D-F)

wild-type

Grp94 and Chop, using 1ib cartilage. samples at E18.5
(Fig. 6). GRP94 is an ER-resident chaperone, and CHOP is
a transcription factor used as an ER stress marker (Bateman
et al. 2009). Both genes are reported to be upregulated by
ER stress. Their expression levels in both the heterozygotes
and the homozygotes were significantly higher than those in
wild-type mice, suggesting that ER stress was induced in
ColZaIRg“‘g% mutants.
Osteoarthritis phenotypes in Col2aRes85¢
heterozygotes - ‘

Human diseases with COL2A] mutations are associated
with early-onset OA (Loughlin 2001; Vikkula et al. 1993),
and Dmm heterozygous mice develop early-onset OA that
is conspicuous from 3 through 22 months of age (Bomsta
et al. 2006). Therefore, we observed the histological
appearance of the knee and elbow joints from wild-type
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hetero homo

mice and Col2a1%&%° heterozygotes at 10 months of age.
We stained the sections with safranin O (Fig. 7a) and
evaluated OA severity with the modified Mankin scoring
system (Fig. 7b). In both knee (Fig. 7) and elbow sections
(data not shown), there were no significant differences in
the score between wild-type and Col2al®¢*®* heterozy-

gotes. In contrast to Dmm heterozygotes, Col2al®&*%*

heterozygotes did not show more severe degeneration of
articular cartilage than wild-type mice at 10 months of age.

Discussion

Through phenotype-based screening in a large-scale ENU
mutagenesis program, we identified a novel Col2al mutant
allele—Col2a18**5% The mouse with Col2al™#*%* is the
second mutant with an endogenous C-propeptide mutation
in Col2al and the first animal model of PLSD-T. In the
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Fig. 4 Immunohistochemistry
of type I collagen in the
cartilage of Col2al1®&*8*
mutants at E19.5. a—c¢ The
sections of the proliferating
zone were stained with a type 11
collagen antibody. d—f Sections
were stained with a KDEL (an
ER marker) antibody. g Merge
of a and d. h Merge of b .and
e. i Merge of ¢ and f. Note that
the immunoreactivity of type II
collagen in wild-type mice

(a) and the heterozygotes

(b) was observed mainly in the
extracellular space. In contrast,
that in the homozygotes was in
the intracellular space (c). Scale
bars 10 pm

‘Col2

KDEL

merge

wild-type

. -

Fig. 5 Electron microscope images of the extracellular matrix
(ECM) and chondrocytes from the proliferating zone in Col2a1%65°%%
mutants at E18.5. a—c The images of the ECM are shown. Arrows
indicate the proteoglycan aggregates. d—f The images of the
chondrocytes are shown. Arrows show abnormally expanded rough

chondrocytes of Col2al®¢°°3%% mutants, secretion of mutant

type II collagens into the extracellular space is disrupted,
accompanied by abnormally expanded ER and upregula-
tion of ER stress-related genes. These findings strongly
. suggested that ER stress is induced in the mutants.

@ Springer

wild-type

hetero
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hetero - homo

homo

endoplasmic reticulum (ER). Note that the collagen fibers of the
homozygotes are markedly reduced (c¢). Abnormally expanded rough
ER was found in the heterozygotes (e) and homozygotes (f). More
expanded rough ER was evident in the homozygotes. Scale bars 1 um
(a—) and 2 pm (d-f)

Two mouse lines possessing an endogenous Col2al
mutation have been established. Until now, the Dmm
mouse was the only known animal model with an endog-
enous C-propeptide mutation in Col2al (Brown et al. 1981;
Pace et al. 1997). Although the substituted amino acid in
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Grp94/Actb x 102
o SR N -]

wildtype  hetero  homo

Fig. 6 Expression of mRNA encoding ER stress-related molecules in
the rib cartilages of Col2a1"¢**%*® mutants at E18.5. GRP%4 is an ER-
resident chaperoné and CHOP is a transcription factor used as an ER
stress marker. Data were normalized with the expression levels of

Actb. Data are expressed as the mean == SE’ (n = 5). The p value was

A wild-type hetero

Fig. 7 Histological and histochemical evaluation (modified Mankin
score) of articular cartilage in Col2al®&%°® heterozygotes at
10 months of age. a Sections of the knee joint were stained with
safranin O. b Modified Mankin score using the sections of knee joint.
Data are expressed as the mean + SE [wild type: n = 5 (two males
and three females), Col2al1®8°¢5% heterozygous: n = 4 (two males

Col2al®&856 mutants (D1469) is located close to that in
Dmm mice (K1448_T1449) in the C-propeptide region,
there are phenotypic differences between the two mutants.

At the newborn stage, the body size of Dmm heterozygotes .

is normal, but Col2al®&**®*¢ heterozygotes were signifi-
cantly smaller than wild-type mice. Dmm heterozygotes
show more severe degeneration of articular cartilage than
wild-type mice at 10 months of age (Bomsta et al. 2006),
‘but Col2alR&%5 heterozygotes did not. Detailed pheno-
typic distinction between the two mutants is required. On
the other hand, Sedc mice, a spontaneous mutant, carry a
Col2al missense mutation (c.3574C>T, p.R1192C) located
near the C-terminus of the triple-helical domain (Donahue
et al. 2003). Because this mutation causes the same amino

acid substitution in SEDC patients, the mutant allele was

named as Sedc. Sedc homozygotes are smaller than wild-
type mice but can survive to adulthood and be fertile. Adult
Sedc homozygotes exhibit mild skeletal dysplasia, reti-
noschisis, and hearing loss. Sedc mutants offer a valuable
model to examine SEDC pathogenesis and the effect of
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wild-type
determined by one-way ANOVA followed by Bonferroni’s test.
*p < 0.05, #* p <0.01. The same result was obtained from the
independent  experiment conducted using E19.5 embryos. The
expression levels of the two genes in Col2a17¢°%%% mutants were
significantly. higher than those in wild-type mice
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and three females)]. The p value was determined by the Mann-
‘Whitney U test. There was no significant difference between wild-
type mice and Col2al®6*8% heterozygotes. The same result was
obtained in the analysis using sections from the elbow joint. Scale bar
100 pm :

mutations that substitute the amino acid residue in the X
position of the Gly-X-Y repeat in the triple-helical domain.
All human type II collagenopathies are inherited as an
autosomal dominant trait; however, Col2al®&°*% Dmm,
and Sedc heterozygotes exhibit very mild phenotypes,
indicating that the effect of COL2AI mutations in humans
is greater than that in mice. Several transgenic mouse lines
that overexpress various mutant type II collagen molecules
have also been studied (Arita et al. 2002; Maddox et al.
1997; Metsaranta et al. 1992). Because the large amount of
mutant proteins from transgenes generally results in strong
dominant-negative effects, most traﬂsgenic mouse lines
“exhibit embryonic lethality.

PLSD-T is a rare skeletal dysplasia characterized by
platyspondyly, extremely short limbs, severe pelvic hypo-
plasia, and mild brachydactyly (Nishimura et al. 2004;
Zankl et al. 2005). This disease is caused by heterozygous
COL2A] mutations in the C-propeptide coding region
and is generally lethal in the perinatal period, although a
few long-term survivors have been reported. Because
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of a number of phenotypic similarities, Col2al®*5>
homozygotes offer a better model to examine PLSD-T
pathogenesis. Indeed, the homozygotes showed skeletal
features similar to those of PLSD-T patients. Further-
more, abnormally expanded rough ER was observed in
both Col2a1®e°°®% homozygotes and PLSD-T patients
(Freisinger et al. 1996; Zankl et al. 2005). Our results from
immunohistochemistry and electron microscope analyses
indicated that in the homozygotes, mutant type II collagens
accumulated in the expanded rough ER of chondrocytes
and were poorly secreted into the extracellular space. The
upregulation of ER stress-related genes (Grp94 and Chop)
suggested that ER stress was induced in Col2al®&*%%°
mutants. These defects may disrupt the ECM network and
zonal structure of growth plate cartilage and lead to severe
skeletal dysplasia. The same molecular events may occur
in PLSD-T pathogenesis.

The C-propeptide of fibrillar collagen plays a crucial
role in triple-helical formation (Doege and Fessler 1986;
Khoshnoodi et al. 2006). Once procollagen chains trans-
locate into the lumen of the ER, they associate via their
C-propeptides to form a trimer. This initial association is
stabilized by intra- and interchain disulfide bonds. Triple-
helix formation then occurs from the carboxyl- to the
amino-terminal end. Intracellular accumulation of mutant
proteins was observed in Col2a1*#°°5°® homozygotes, and an
abnormally expanded ER was observed in both the homo-
zygotes and the heterozygotes. These results indicated that
the D1469 residue substituted in the Col2aI™¢****° allele is
essential for the function of the C-propeptide. Intracellular
accumulation of mutant proteins seems to be common to
both Col2a17&*35¢ and Dmm mutants (Fernandes et al. 2003;
Seegmiller et al. 2008). Mutations in the Col2al®¢°*%°® and
Dmm alleles are located close to each other, between the last
two cysteine residues involved in the formation of intrachain
disulfide bonds. The amino acid substitution in the Dmm
allele (p.K1448_T1449delinsN) is predicted to change the
local secondary structure from coil to strand (Fernandes et al.
2003). On the other hand, the substitution in the
Col2a1®&*%%% allele (p.D1469A) is predicted to cause a
drastic polarity change. These varied effects may generate
the phenotypic differences between the two mutants.
C-propeptide is also known as chondrocalcin, which accu-
mulates in the ECM of the hypertrophic zone of growth plate
cartilage and seems to promote mineralization (Van der Rest
et al. 1986); however, little else is known about this protein.
Col2a1®&°%® mutants may also be useful to investigate
C-propeptide functions as chondrocalcin.

Accumulation of misfolded mutant proteins in the ER
induces ER stress (Ron and Walter 2007; Schroder and
Kaufman 2005). In response to ER stress, eukaryotic cells
increase transcription of genes encoding ER-resident
chaperc;nes such as BiP/GRP78 and GRP94; this system is
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termed the unfolded protein response (UPR). CHOP is a
UPR-induced transcription factor used as an ER stress
marker. The UPR is initially a response to relieve ER stress
but if unresolved, it can lead to apoptotic cell death.
Recently, misfolded mutant ECM proteins such as colla-
gens, COMP, and matrilin 3 have been shown to induce ER
stress and UPR (Bateman et al. 2009). It has been reported
that the type I procollagen chains with the C-propeptide
mutations identified in patients with osteogenesis imper-
fecta bind to BiP and upregulate the expression of both BiP
and GRP94 (Chessler and Byers 1993). Type X procolla-
gen chains with C-terminal noncollagenous (NC1) domain
mutations identified in patients with metaphyseal chon-
drodysplasia (Schmid type) are unable to assemble into
homotrimers and perform extracellular secretion (Wilson
et al. 2005). These mutants have upregulated BiP and a
spliced form of mRNA of the X-box binding protein 1
(XBP1I), another key marker for the UPR. Activation of the
UPR has been confirmed in transgenic mice expressing
type X collagen with a 13-bp deletion within the NC1
domain (Tsang et al. 2007). Type II collagen chains with a
triple-helical mutation—p.R989C—identified in SEDC
patients upregulate and bind to BiP (Hintze et al. 2008).
Furthermore, cells overexpressing the p.R989C mutant
undergo apoptosis. It has also been reported that BiP and
CHOP are upregulated in Col2al transgenic mice
expressing the triple-helical mutant p.G904C (Tsang et al.
2007). We demonstrated that Grp94 and Chop expression

- was upregulated in Col2al1®¢°®*¢ mutants, suggesting that
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ER stress and the UPR is also induced in PLSD-T patients.
It should be elucidated how the UPR and its downstream’
consequences, such as apoptosis and altered gene expres-
sion, relate to PLSD-T pathogenesis.

OA is the most common joint disease characterized by
progressive degeneration of articular cartilage. COL2AI
mutations have been identified in various types of skeletal
dysplasias, some of which include OA in their phenotype
(Loughlin 2001; Vikkula et al. 1993). Several studies
suggest an association of COL2AI polymorphisms with
OA (Ikeda et al. 2002). Dmm heterozygotes develop pre-
mature OA that is conspicuous from 3 through 22 months
of age (Bomsta et al. 2006). In contrast, Col2al®&*4*
heterozygotes did not show a more severe degeneration of
articular cartilage than wild-type mice at 10 months of age.
Therefore, the Dmm allele should make a larger contribu-
tion to the OA phenotype than the Col2al®&°°%%¢ allele.
Combinational use of Dmm and Col2al®6°%% heterozy-
gotes may lead to an understanding of the relationship
between the functional defect of the C-propeptide and the
development of OA.

We have described skeletal and histological features of
Col2al®&°®5 mutant mice that should become useful as a
model of PLSD-T. Collection of more mutant alleles of
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Col2al would lead to a better understanding of the
mechanisms responsible for creating the great diversity of
type II collagenopathies.
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Abstract

Background: Multiple protein kinases have been shown to be involved in
the apoptotic neuronal loss of Alzheimer’s disease (AD). Although some
studies support the role of protein kinase C (PKC) in amyloid precursor
protein processing as well as in tau phosphorylation, a direct role for PKC in
apoptotic neuronal death remains to be clarified. In the present study, we
report on the possible role of PKC in cell survival during conditions of stress
through 'phosphorylation of the X-linked inhibitor of apoptosis protein (XIAP).
Methods: Phosphorylation of XIAP at Ser87 was confirmed by western
blot analysis employing phosphorylation dependent anti-XIAP antibody after

“incubation of recombinant XIAP with active PKC in vitro. And increased

phosphorylation of XIAP at the site was also confirmed in SH-SY5Y cells
treated with PKC activator, phorbol 12-myristate 13-acetate (PMA). A mutant
XIAP construct in which Ser87 was substituted by Ala, was prepared, and
transfected to cells. After the transfection of wild or mutant XIAPR, cells .
viability was evaluated by counting: living and dead cells treated with PMA

~during etoposide-induced apoptosis.

Key words: apoptosis, neuronal cell,
neuroprotection, phosphorylation, protein kinase C,
K-linked inhibitor of apoptosis protein.

INTRODUCTION

Results: Recombinant XIAP was phosphorylated at Ser®” by PKC in vitro
and treatment of XIAP-transfected SH-SY5Y cells with a PKC activator,
phorbol 12-myristate 13-acetate (PMA) induced phosphorylation of XIAP at
Ser¥. Pulse chase experiments revealed that, when phosphorylated at Ser®,
wild-type XIAP is more stable than XIAP with a Ser87Ala substitution, which
is degraded faster. Importantly, the phosphorylation of XIAP at the site by
PKC significantly increased cell survival up to approximately 2.5 times under
the condition of apoptosis induced by 25 pg/ml etoposide.

Conclusion: The findings of the present study indicate a role for PKC,
through phosphorylation of XIAP at Ser® and its stabilization, in cell
survival under conditions of stress and lend strength to the idea that PKC
is crucial in regulating neuronal homeostasis, which may be impaired
in AD.

and changes in both apoptotic and anti—époptotic’

In neurodegenerative diseases, such as Alzheimer’s factors have been reported.' Inhibitors of apop-
disease (AD), neuronal loss is, in large part, the con- tosis proteins (IAPs) are endogenous anti-apoptosis

sequence of the activation of apoptotic
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cascades regulators and, to date, eight IAPs have been
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identified in humans (neurcnal apoptosis inhibitor

protein [NAIP], cellular-inhibitor of apoptosis of pro-
tein [c-lAP]1/human inhibitor of apoptosis protein
[HIAP]-2, c-IAP2/HIAP-1, X-linked inhibitor of apopto-
sis protein (XIAP)/human |AP-like protein [hILP]-1,
hiLP-2/testis specific inhibitor of apoptosis protein
[Ts-IAP], Survivin, melanoma-inhibitor of apoptosis
protein [ML-IAP)/Livin, and Apollon/Bruce).>” Of
these IAPs, XIAP is the- most potent inhibitor
of apoptosis and it suppresses apoptosis by inhi-
biting the activation of caspases-3, -7. and -9.5%
We have reported previously that the expression
of XIAP in SH-SY5Y cells is significantly reduced
in a concentration-dependent manner when the
cells are exposed: to low concentrations of
B-amyloid." ‘

It has been shown that phosphorylation of XIAP

by protein kinase (PK) B reduces XIAP ubiquitination

and degradation, and that increased levels of XIAP
-are associated with protection against cisplatin-
stimulated apoptosis in A2780S ovarian cancer
cells.’? However, PKC is one of the most abundant
cellular protein kinases and it is found in high levels in
the brain. In addition, decreased levels of PKC and a
reduction in the phosphorylation of PKC substrates
‘are biochemical characteristics of AD post-mortem
brain tissue,®'® suggesting that dysregulation of PKC
activity may represent a crucial step in the pathology
of AD. Importantly, it has been demonstrated that
XIAP is ubiquitinated and degraded when PKC acti-
vation is suppressed.” However, whether PKC has a
neuroprotective effect by stabilizing XIAP through its
phosphorylation, which could be severely impaired
in AD, is not known. Thus, we hypothesized that
phosphorylation of XIAP by PKC is an important
physiological mechanism for cell survival under stress
conditions and that regulation of PKC activity may be

central in neurodegenerative processes by modulat- -

ing XIAP stability. Here, we show that XIAP is directly
phosphorylated by PKC and that XIAP phosphory-
- lated at Ser®” by PKC is resistant to degradation,
protecting SH-SY5Y cells from apoptosis-inducing
stress.

METHODS

Antibodies _
The following antibodies were used in the present
study: anti-hILP/XIAP (BD Bioscience, San Jose, CA,
USA), anti-phosphorylated (p-) Ser®” XIAP (Abcam,
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Cambridge, MA, USA), and anti-C-terminus XIAP
(ProSci, Poway, CA, USA).

Plasmid construct and cell culture

The XIAP gene, a generous gift from Dr J. D. Ashwell
(National Institutes of Health, Bethesda, MD, USA),
was cut with BamH| and Notl restriction enzymes and
inserted with a linker into the pcDNAS3.1(+) vector
(Invitrogen, Carsbad, CA, USA) after cutting with Nhel
and Xhol. The XIAP-Ser87A mutant construct was

- generated ‘by cloning in the oligonucleotides 5'-

gaaagtagccccaaatigcaga-3’ and 3’-tctgcaatttgggget
actttc-5” using a QuikChange Il XL Site-Directed
Mutagenesis Kit (Stratagene, La Jolla, CA, USA)
according to the manufacturer’s instructions.

SH-SY5Y neuroblastoma cells, a kind gift from Dr
J. L. Biedler (Sloan Kettering Institute, New York, NY, -
USA), were cultured in Dulbecco’s modified Eagle’s
medium (DMEM)/F12 medium (Gibco, Carlsbad, CA,
USA) with 10% fetal bovine serum (JRH, Lenexa, KA,
USA) and 10 units/mL penicillin plus 10 pg/mL strep-
tomycin (Gibco) at 37°C under 5% CO.. Cells were
transfected with the appropriate DNA, using Lipo-
fectamine LTX (Invitrogen) according to the manufac-
turer's instructions. Stably transfected cells were
selected and maintained in selective medium supple-
mented with 400 pg/mL G418 (Invitrogen).

Phosphorylation of recombinant XIAP in vitro

The XIAP gene was cut with BamH| and Xhol res-
triction enzymes and inserted with a linker into the
pET-22b(+) vector (Novagen, Darmastadt, Germany).
The XIAP-harboring pET-22b was transformed into
Escherichia coli BL21 (DES) for expression of recom-
binant XIAP. In vitro phosphorylation of XIAP by PKB
and PKC was achieved by incubating XIAP (0.5 ug/ulL)
for 2 h at 37°C with the following reaction mixtures:

(i) for PKB, 40 ng/uL active Akt1/PKBo. (Upstate, Laka

Placid, NY; USA; 30 mmol/L Tris, pH 7.4, 10 mmol/L
MgCle, 10 mmol/L NaF, 1 mmol/L NasVOs, 2 mmol/
L EGTA, 10 mmol/L B-mercaptoethanol, 0.2 mmol/L
ATP, 4 mmol/L dithiothreitol); (ii) for PKC, 6 ng/uL
active PKC (Sigma, St Louis, MO, USA; ADBII Buf-
fer (Millipore, Billerica, MA, USA), 0.2 mmol/L ATP,
71 ug/mL PKC Lipid Activator (Millipore), 10 mmol/L
MgCl). To terminate enzymatic reactions, samples
were boiled with an equal volume of sodium dodecyl
sulfate (SDS) sample buffer for 5 min.
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Immunoprecipitation and western blot analysis

To activate PKC, SH-SY5Y cells stably transfected
with wild-type XIAP were treated with 100 nmol/L
Phorbol myristate acetate (PMA; Sigma) for 6 h. The

treated cells were scraped in lysis buffer (50 mmol/L.

* Tris-HCI (pH 7.3), 150 mmol/L NaCl, 1% TritonX-100,
1 mmol/L EGTA, 0.1% SDS, supplemented with phos-
phatase inhibitor cocktail (Thermo Scientific, Rock-
ford, IL, USA), protease inhibitor cocktail (Sigma),
and 1 mmol/L benzylsulfonyl fluoride (Wako, Osaka,
Japan)) and then left on ice for 30 min. The superna-
tant was collected after centrifugation at 20 000 g for
15 min. Protein concentrations were determined using
the bicinchoninic acid assay (BCA; Thermo Scientific).
Anti-XIAP antibody (2 pg) was added to 1.5 mg lysate
and mixtures were rotated overnight at 4°C. Protein G
agarose beads were added (GE Healthcare, Tokyo,
Japan), followed by rotation for 1.5 h at 4°C. The
beads were washed four times using ice-cold Tris-
buffered saline (TBS) and then eluted with SDS
sample buffer before analysis by western blotting.
Equal amounts of proteins were fractionated on SDS-
polyacrylamide gels and blotted onto Hybond-ECL
(GE Healthcare). After blocking with 4% Block Ace
(Dainippon Seiyaku, Osaka, Japan), membranes were
probed with relevant antibodies and developed with
an ECL Plus Western Blotting Detection System
(GE Healthcare) using a Fuji Film Image Scanner
(LAS3000; Fuji Film, Tokyo, Japan).

Pulse-chase labeling assay

Cells were plated on a 10-cm dish and -cultured
until 70% confluence, after which the culture medium
was changed to DMEM (met/cys-free) for 40 min at
37°C. After methionine depletion, 10% dialysed FBS
(Invitrogen) containing 100 nmol/L PMA was added to
the culture for 1.5 h. Cells were then radiolabelled
for 2 h with pulse medium containing 1850 MBg/ml
[*3S]-methiunine. The medium was removed and the
labeling was terminated by the addition of normal
culture medium. Radiolabelled protein was harvested
by washing the cells three times with phosphate-
buffered saline (PBS) and then lysing the cells in lysis
buffer, as described above. Cell lysates were cleaned
by centrifugation at 13 000 g for 10 min at 4°C. For
immunoprecipitation, cell lysates were precleaned
using 20 uL protein G sepharose (GE Healthcare) for
2 h. Then, 200 ug cleaned lysates was incubated with
0.5 pg anti-hILP/XIAP and 20 pL protein G sepharose
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with continuous rotation overnight at 4°C. Immuno-
complexes were pelleted by centrifugation at 3500 g
for 3 min at 4°C, washed in lysis buffer four times, and
resuspended in 30 uL. SDS sample buffer. Samples
were boiled for 5 min and 15-ulL aliquots were sub-
jected to electrophoresis. Signals were detected and
qguantified using a densitometer (Fluor Chem [S-8000;
Astec, Fukuoka, Japan).

Cell viability assay

The live/dead cell viability assay kit (Molecular Probes,
Invitrogen, Carsbad, CA, USA) was used according to
the manufacturer’s instructions. Briefly, SH-SY5Y cells
were grown on a 96-well-plate (Ilwaki, Tokyo, Japan)
and treated with 0 or 100 nmol/L PMA for 1 h, following
treatment with 0, 5 or 10 pg/mL etoposide for 24 h.
After treatment of 25 ug/mL of etoposide for 24 h,
SH-SYS5Y cells, stably expressing wild-type XIAP or
S87A XIAP, were pretreated with 0 or 1 umol/L G66983
(Sigma) for 30 min and then treated with 0 or
100 nmol/L PMA for 1.5 h. After combined treatment,
cells were then incubated with 2 umol/L. calcein AM
and 4 umol/L ethidium homodimer for 30 min at room
temperature. Green fluorescent cells, resulting from
mitochondrial cleavage of calcein AM, were counted
as living cells and red fluorescent cells, resulting from
binding of the cell-impermeable fluorescent dye
ethidium homodimer to nuclei, were counted as dead
cells using an All-one Type Fluorescence Microscope
BZ8000 (KEYENCE, Osaka, Japan). The total cell
population was calculated as the sum of living cells
(green cytoplasm) with dead cells (red nuclei).

RESULTS

PKC phosphorylates XIAP at Ser® in vitro and

in cultured cells

As mentioned previously, XIAP has been shown to be
phoshprylated by PKB,'? and protein sequence analy-
sis has evidenced that PKB and PKC share a common
‘consensus phosphorylation sequence (RXXS/T) at
residue Ser®” of XIAP. Thus, to examine whether PKC
directly phosphorylates XIAP at Ser® in vitro, we incu-
bated recombinant XIAP and active PKC in a reaction
mixture. The antibody against p-Ser®” XIAP specifi-
cally recognizes phosphorylated Ser® in XIAP and, as
shown in Fig. 1a, Ser®” was directly phosphorylated
by PKC in vitro. We also used active PKB as a positive
control to confirm phosphorylation at Ser®.
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Figure 1 X-Linked inhibitor of apoptosis protein (XIAP) is phospho-
rylated by protein kinase C (PKC) at Ser® in vitro and phorbol
myristate acetate (PMA) increases phosphorylation of XIAP at Ser®
in cultured cells. (a) Recombinant XIAP was incubated with active

~ PKC or PKB in the reaction mixture for 2 h at 37°C. Total XIAP was
detected with anti-hiLP/XIAP and phosphorylated Ser®” in XIAP was
detected with anti-pSer®” XIAP. (b) Wild-type XIAP stably expressing
SH-SY5Y cells were treated with and without PMA, as indicated, for
6 h followed by solubilization in lysis buffer. Lysateswere immuno-
precipitated with anti-hiLP XIAP mouse monoclonal antibody and
immunoprecipitates were examined by western blot with rabbit
polyclonal anti-C terminus XIAP antibody or rabbit polyclonal anti-
pSer87 XIAP antibody. Representative data are shown. (c) The
intensities of the bands immmunotained in the experiments of panel
(b) (n = 6) were quantified, and mean and standard deviation (SD)
were calculated. Therefore the data of anti-pan XIAP and anti-pS87
XIAP are corresponding to toal XIAP levels and phosphorylated
XIAP in, respectively, in wild-type XIAP stably expressing SY5Y
cells treated with and without PMA. *P < 0.02.

Next, we examined the possibility of phosphoryla-
tion of XIAP at Ser®” by PKC in cultured cells. To
activate PKC, we treated wild-type XIAP-expressing
SH-SY5Y cells with 100 nmol/L PMA, a well known
activator of PKC,'®"° for 6 h. Total XIAP levels were
constant among the samples, but p-Ser® XIAP levels
were increased in XIAP-expressing SH-SY5Y cells
treated with PMA (Fig. 1b). Quantification of the data
showed that PKC activation significantly increased
phosphorylation of XIAP at Ser¥ (Fig. 1c). These data
indicate that XIAP is a physiological substrate for PKC.

PKC-phosphorylated XIAP at Ser®” has greater
stability in SH-SY5Y cells

To determine whether specific phosphorylation of
XIAP at Ser®” accounts for the stabilizing effect of
PKC on XIAP levels, we performed pulse chase
experiments. We transfected SH-SY5Y cells with
wild-type XIAP and non-phosphorylatable S87A

© 2011 The Authors
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Figure 2 Phosphorylation of X-linked inhibitor of apoptosis protein
(XIAP) at Ser® increases its stability. Wild-type or S87A mutant XIAP
stably expressing SY5Y cells treated with phorbol myristate acetate
were radiolabeled for 2 h. Radiolabeled XIAP was immunoprecipi-
tated with anti-hiILP XIAP antibody, then subjected to sodium
dodecy! sulfate-polyacrylamide gel electrophoresis. Signals were
detected and quantified. Data are the mean £ SD. *P < 0.01.

* mutant XIAP, which was generated by converting the

Ser®” residue to alanine. Cells were treated with PMA
to activate PKC and then labeled metabolically with
[¥*S]-methionine. Immunoprecipitation was performed
with anti-hILP/XIAP antibody and the same amount of
labeled XIAP was visualized by SDS~polyacrylamide
gel electrophoresis and autoradiography. As shown in
Fig. 2a,b, non-phosphorylatable S87A mutant XIAP
was degraded more rapidly than wild-type XIAP. The
data suggest that PKC increases XIAP stability by
phosphorylation of Ser®” in SH-SY5Y cells.

Phosphorylation of XIAP at Ser® increases cell
survival in etoposide-induced apoptosis

To examine whether increased XIAP stability after
PKC activation protects cells from apoptosis, we
exposed cells to etoposide, a topoisomerase inhibitor
that causes mitochondrial damage followed by down-
stream caspase activation.?? SH-SY5Y cells were pre-
treated with PMA to activate PKC and then incubated
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Figure 3 Phorbol myristate acetate (PMA) treatment increases the
viability of SH-SY5Y cells after etoposide treatment. SH-SY5Y cells
were exposed to 0, 5, or 10 ug/mL etoposide for 24 h after pre-
treatment with 0 or 100 nmol/L PMA. To distinguish living from dead
cells, cells were incubated with 2 umol/L calcein AM and 4 UM
ethidium homodimer for 30 min at room temperature. Living cells
(green) and dead cells (red) were visualized. In the lower graph, data
are corrected for duplicate determinations from four independent
experiments in the absence (O) and presence (g) of 100 nmol/L
PMA and show the mean £ SD. *P < 0.003.

with etoposide to induce apoptosis. Cell survival
was evaluated by the live/dead cell viability assay.
Green fluorescent cells, resulting from mitochondrial
cleavage of calcein AM, were counted as living cells
and red fluorescent cells, resulting from binding
of the cell-impermeable fluorescent dye ethidium
homodimer to nuclei, were counted as dead cells.
As shown in Fig.3, PMA pretreatment prevented
‘etoposide-induced cell death. Although SH-SY5Y
cells that were not pretreated with PMA exhibited a
dose-dependent reduction in cell survival rate after

etoposide treatment, PMA-treated SH-SY5Y cells had

a significantly higher cell survival rate. This suggests
that PMA-dependent activation of PKC protects cells
against etoposide-induced apoptosis.

Next, we evaluated whether this cell protection
after PMA treatment depended on specific phospho-
rylation of XIAP at Ser® by PKC. Thus, wild-type or
S87A mutant XIAP-expressing cells were exposed

9%

to etoposide (Fig. 4) in the presence and absence
of PMA and the cell survival rate was determined. We
verified that, in both groups, the cell survival rate
was reduced to 30% after exposure to etoposide.
However, treatment with PMA significantly rescued

- wild-type XIAP-expressing SH-SY5Y cells from

apoptosis, but not cells expressing the S87A XIAP

- mutant. :

Furthermore, pretreatment of PMA-treated cells
with the PKC specific inhibitor G&6983 comple-
tely suppressed the PMA-associated rescue of cell
survival in wild-type XIAP-expressing SY5Y cells

- exposed to etoposide (Fig. 4.). '

These results suggest that specific activation of
PKC protects cells, at least in part, against apoptosis
induced by etoposide by specific phosphorylation of
XIAP at Ser?® (Fig. 5).

DISCUSSION
There is growing evidence that PKC plays essential -
roles in the brain. The PKC family is composed of
classical (cPKCs; PKCa, PKCB, and PKGCy), novel
(nPKCs; PKC8, PKCg, PKCn, and PKC6) and atypical
(aPKCs; PKC{ and PKC)) PKC isoforms. Among these
PKCs, PMA activates cPKCs and nPKCs. Of.rele-
vance to AD, PKC can activate o-secretase.?2
The activation of a-secretase results in the cleavage
of amyloid precursor protein ether directly by activa-
tion of PKC isozymes o and &, or by indirect activa-
tion of extracellular signal-regulated kinase 1/2.2%
Phorbol ester-induced activation of a-secretase
apparently involves translocation of PKCo from
the cytosol to the membrane compartment and
translocation of PKCe from the cytosol to Golgi-like
structures.?* Conversely, B-amyloid peptide (AB) can

“inactivate PKC: AB contains a putative PKC pseu-

dosubstrate site (AB28-30) that is critical for a direct
interaction between AR and PKC.?® It has been
reported that AR degrades PKCo. in nomal human
fibroblasts and PKCy in AD patient fibroblasts.?® Addi-
tion of AR+ peptide to cultured B103 cells reduced
the activated forms of PKCo and PKCe. It is also .
inhibited phorbol ester-induced membrane transloca-
tion of PKCo. and & without altering their expression
levels, indicating that activation of intracellular PKC
is inhibited by treatment with AB peptide.?* In addi-
tion, PKC has been shown to inhibit the formation
of AD-related neurofibrillary tangles, which are com-
posed of highly phosphorylated tau, via inactivation
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Figure 4 Phosphorylation of X-linked
inhibitor of apoptosis protein (XIAP) at
Ser® by protein kinase (PK) C protects
cells against apoptosis induced by etopo-
side. Wild-type or Ser87A mutant XIAP
~ stably expressing SH-SY5Y cells were pre-
treated with 1 mmol/L G&6983 for 30 min
and then treated with 0 or 100 nmol/L
phorbol myristate acetate (PMA) for 1.5 h,
followed by the induction of apoptosis with
25 png/mL etoposide. To distinguish living
from dead cells, cells were incubated
with 2 umol/L calcein AM and 4 pmol/L
ethidium homodimer for 30 min at room )
temperature. Living cells (green) and dead 0
cells {red) were visualized. Data are cor-
rected for triplicate determinations from
two independent experiments and show
the mean £ SD in the wild-type (B) and
S87A mutant () groups. *P < 0.002.
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’ Deg radatlon
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Figure 5 Phosphorylation of X-linked inhibitor of apoptosis pro-
tein (XIAP) at Ser®” by protein kinase (PK) C increases cell viability.

In living cells, XIAP is degraded, whereas XIAP phosphorylated -

at Ser®” escapes the degradation processes and suppresses
dpoptotic cell death. )

of glycogen synthase kinase 3 (GSK3), a well-known -

tau kinase.?” An immunohistochemical study revealed
PKCM/u within tau-positive neurofibrillary inclusions
in AD, progressive supranuclear palsy, corticobasal
degeneration, and Pick disease, ‘within a-synuclein-
positive Lewy bodies in idiopathic Parkinson’s disease
and dementia with Lewy bodies, as well as within
glial inclusions in multisystem atrophy.?® In addition,
PKCM is closely associated with the inactivated form
of GSK3p.% Although many studies have been under-
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taken to assess the role of PKC in amyloid precursor
protein (APP) processing and tau phosphorylation,
evidence of a direct relevance of PKC in cell survival
has not been provided.

In the present study, we investigated whether PKC
activation modulates XIAP stability through phos--
phorylation of Ser¥ and, thus, affects cell survival.
Our data demonstrate that PMA-dependent activa-
tion of PKC leads to XIAP phosphorylation at Ser®
(Fig. 1), which stabilizes XIAP levels (Fig. 2), leading to
increased SH-SY5Y cell survival after etoposide treat-
ment (Fig. 3). Substitution of the serine residue with
alanine at position 87 (S87A) markedly attenuated
protection of cell survival after PMA induction (Fig. 4),
indicating that the Ser® epitope is a specific target
of PKC, playing a role in cell survival under stressful
conditions. To further validate the specific contri-
bution of PKC activation in the protection against
etoposide-induced apoptosis, we pretreated wild-
type XIAP-expressing SH-SY5Y cells with the PKC
specific inhibitor G66983 prior to treatment with PMA
and etoposide. The failure to rescue cell survival
with PMA after pretreatment with G66983 supports
the notion that specific PKC activation is required for
XIAP-directed cellular protection against apoptosis.

It has been shown in small lung cancer cells that
overexpression of PKCe increases XIAP levels and cell
viability through the formation of a specific multipro-
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tein complex that comprises B-Raf, PKCe, and S6K2

“and promotes cell survival.*® In addition, phosphory-
lation of XIAP at Ser®” by PKB stabilizes XIAP and
contributes to cell survival under CISplatln -induced
apoptotic conditions in A2780S ovarian cancer cells.’
Thus, it is possible that PKC function is |mpa|red in
AD pathology, affecting neuronal survival through
abnormal control of XIAP stability. Although numerous
studies have shown a neuroprotective role of PKC by
activation of o-secretase,®™® a direct effect of PKC-
dependent XIAP phosphorylation on cell survival had
not been reported to date. '

Qur results are consistent with prev;ous work

in which the anti-Parkinson/monoamine oxidase
(MAQ)-B inhibitor rasagiline decreased apoptosis by
upregulation of PKCa. and PKCe mRNA%*. Downregu-

lation of XIAP induced by serum starvation appears to .

be mediated by inactivation of the PKCo/B pathway.*
We have demonstrated previously that treatment. of
SH-SY5Y cells with ARz lowered levels of XIAP. The
addition of AP+ peptide to cultured B103 cells

reduced the activated forms of PKCa. and PKCe.?* We

have not identified the specific isoform(s) of PKC that
may be responsible for the results in our experiments
and this remains to be elucidated. ‘

" Although AD pathology involves not only amyloid
burden, but also other aging or inflammatory factors
leading to stress conditions, our finding of involvement
of PKC in the regulation of XIAP may be helpful for
understanding the vulnerability in neuronal cells in the
AD brain. In fact, significantly decreased PKC activity
has been reported in the aged rat brain,* therefore
increased vulnerability of neuronal cells in the aged
brain 'may be explained, in part, by decreased PKC
activity through its phosphory!atlon of XIAP.

In summary, our results support the lmportance
of PKC, through phosphoryiatlon of XIAP at Ser®” and
its stabilization, in cellular survival under stressful con-

ditions that may lead to apoptosis in neuronal cells.

Further studies are needed to elucidate the role of this
neuroprotective in differentiated neurons exposed to
stressful conditions, such as ABi-s, and in the brain of
AD patients, as well as to identify the specific PKC
isoform involved in this process.
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