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Spinocerebellar ataxia type 14 (SCA14) is an autosomal dominant disease caused by mutations in the gene
encoding protein kinase Cvy (PKCvy). We report an SCA14 family with a novel deletion of a termination-
codon-containing region, resulting in a missense change and a C-terminal 13-amino-acid extension with
increased kinase activity. Notably, one patient with a severe phenotype is the first homozygote for the
mutation causing SCA14. We show the novel molecular consequences of increased kinase activities of
mutants: aprataxin (APTX), a DNA repair protein causative for autosomal recessive ataxia, was found to be
a preferential substrate of mutant PKCv, and phosphorylation inhibited its nuclear entry. The phosphorylated
residue was Thri11, located adjacent to the nuclear localization signal, and disturbed interactions with
importin «, a nuclear import adaptor. Decreased nuclear APTX increased oxidative stress-induced DNA
damage and cell death. Phosphorylation-resistant APTX, kinase inhibitors, and antioxidants may be thera-

peutic options for SCA14.

INTRODUCTION

Spinocercbellar ataxia type 14 (SCA14) is an autosomal domi-
nant cerebellar ataxia, associated with various combinations of
myoclonus; - parkinsonism and dementia. Causative mutations
have been identified in the. PRKCG gene encoding protein
kinase Cvy (PKCy). PKCvy; comprising 697 amino acids with
two: N-terminal - regulatory and two ~ C-terminal catalytic
domains, is a major PKC isoform in cerebellar Purkinje cells
and regulates: certain motor learning functions and cell mor-
phology (1). SCA14 mutations occur outside of essential cataly-
tic sites; and all: tested mutants retain kinase activities (2). A
reported out-of-frame  splice=site mutation (D95D) may be a
benign, splicing-unaffected. polymorphism ' (3), since it has
been found in an expression sequence tag database (NCBI acces~
sion #DC319291 and EL734626). Collectively, retained mutant
activities may be critical to the pathomechanism of SCA14:

Previous studies proposed several contradictory pathome-
chanisms of SCA14, such as haploinsufficiency (loss of half
of kinase activity), dominant negative effects of mutants; or
gain of toxic function; including increased kinase activities
and . aggregation . formation (2,4=6). Moreover, how these
properties: lead to-cell death remains controversial: endoplas-
mic reticulum (ER) stress and disturbed Ca*" homeostasis
may. be involved (5,7). Given that several mutants have no
obvious cytotoxicity in normal cell cultures, pathomechanisms
of SCA14 probably involve other additional factors, such as
oxidative stress, implicated in many neurodegenerative dis-
eases. Addressing these issues is essential for the identification
of pathways capable of being targeted therapeutically.

To “explore common pathological pathways involved in
various hereditary ataxias, extensive effort has been put into
the “establishment of interaction networks for ataxia-related
proteins (8). Such efforts, however, have failed to identify
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ataxia-related PKCry substrates. In contrast, a number of pro-
teins that are not directly associated with ataxia or Purkinje
cell loss have been identified as PKCy substrates, such as
metabotropic glutamate receptor 5, non-muscle myosin
heavy chain II-B, myristoylated alanine-rich C kinase sub-
strate (MARCKS), GSP43/B-50, HMG-I, RC3/neurogranin
and glycogen synthetase (9—13). Nevertheless, accumulating
evidence that either increased or decreased PKCy activity
affects Purkinje cell function suggests the presence of
ataxia-related substrates (14). Identification of new substrates
may clarify the pathogenic roles of mutant PKCvy in known
cellular pathways involving identified proteins.

In this study, we report an SCA14 family with a new type of
mutation, ie. a deletion of a termination-codon-containing
region of the PRKCG gene, producing a mutant PKCy
protein- (M697Iex) with a' missense change (M697I) and a
C-terminal 13-amino-acid extension (Extl13) with increased
kinase activity. Notably, one patient with a severe phenotype
is the first homozygote for the mutation causing SCA14. Our
findings shed new light on the molecular consequences of
increased kinase activities of PKCvy mutants: aprataxin
(APTX), a DNA repair protein: causative for:autosomal reces-
sive ataxia, was found to be a preferential substrate for mutant
PKCr; and the resultant phosphorylation inhibited:its nuclear
entry because of disturbed: interactions with importin «; a
nuclear import adaptor. Decreased nucléar APTX sensitized
cells 'to oxidative stress by increasing  untepaired DNA
damage. Phosphorylation-resistant- APTX, a kinase inhibitor;,
and antioxidants reduced DNA damage and thus cell death:

RESULTS
Identification of a new mutation

PCR and sequence analysis of the PRKCG gene and mRNA
revealed that the proband (Patient 1) was homozygous and
her paternal: grandmother (Patient 2) was heterozygous for a
novel 102 bp ‘deletion: including the termination codon in
exon 18 (Fig. 1A and B). No: other mutation was detected.
This deletion resulted in an amino acid change from the
phylogenetically conserved Met to Ile at the 697 codon and
an extension of 13 amino acids (M697lex). Two hundred
control subjects lacked this mutation. These results suggested
that the parents of the proband were obligate heterozygotes
who remained asymptomatic at the ages of 49 and 45 years:
Because the age at onset in Patient 2 was 60 years, symptoms
of heterozygotes would presumably develop later 1in life.

Confirmation of PRKCG gene homozygosity
and stable mRNA

We quantified exon 18 of the PRKCG gene in genomic DNA
of the proband and found that the patient had two copies of
exon 18 (Fig. 1C). RT=PCR with primers on exon 17—18
showed that the mutant transcript ‘was expressed in Patients
1 and 2 (Fig. 1D, left panel). Possible mRNA instability ot
transcriptional inactivation was excluded by the fact that the
amount of total PKCy c¢cDNA in the patients was. equivalent
to that in'a sex-matched: control on quantitative: RT-PCR
with: primers on exon 11-12 (Fig. 1D, right panel), which
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Figure 1. Analyses of the PRKCG gene and mRNA! (A) A family tree of the
index family: (left). Gene analyses: were: performed only. for Patients: I and
2. The parents of Patient | were obligate carriers; The maternal grardmother
(hatched symbol) had late-onset parkinsonism; detailed medical records were
unavailable. PCR-amplification of exon 18 in'the: PRKCG  gene showed that
both patients had a band shorter than a control band (right). Patient: 1. was
homozygous - and Patient. 2" was heterozygous for - this potential ‘deletion
mutation. (B) Sequence analysis of the shorter band revealed a 102 bp deletion
in'the 3'-region, resulting in a novel mutant protein (M697Iex) bearing a mis-
sense change from Met to Ile at the 697 codon and a 13-amino-acid extension.
(C) Real-time PCR of genomic DNA showed that both patients had two copies
of the PRKCG gene. (D) RT-PCR with primers on exons17 and 18 showed
that Patient | had the only mutant transcript and Patient 2 had both normal and
mutant ones (left panel). Real-time RT~PCR with primers on exons Fl.and 12
revealed o significant differences in total. PRKCG mRNA levels between
control subjects and: patients (right: panel).- The bar. represents the: mean 4
SD from five independent experiments.

was confirmed in five additional control individuals (data not
shown). Equivalent mRNA expression from wild-type (WT)
and mutant alleles in Patient 2 was confirmed by the WT or
mutant-specific: real-time  PCR. method using primers on
exon 18 (data not shown).

Increased kinase activities of mufanfs

Immunoblot confirmed that the amounts. of GFP-tag and
untagged mutant PKCry proteins expressed: in human neuro-
blastoma  SH-SYSY cells did ‘not  differ significantly  from
those of WT PKCry (Supplementary Material; Fig. S1), with
equivalent “exogenous 'PRKCG mRNA ' levels (data not
shown), indicating that the mutant proteins were not highly
unstable. Kinase assay of GFP-PKCvy purified by immunopre-
cipitation showed that kinase-dead (KD) proteins ‘had lost
activities but that all other mutants had significantly higher
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Figure 2. Kinase activities of various types of PKCvy and hypersusceptibility to oxidative stress in SH-SYSY cells expressing mutant PKCy. (A) Kinase activities
of various PKCry proteins with or without oxidative stress. After transfection of SH-SY5Y cells with WT or mutant GFP-PKCy ¢cDNAs, cells were treated with or
without I mm BSO, an oxidative-stress inducer, for 12 h, without cell death. GFP-PKCy protein was immunoprecipitated from cell lysates. KD mutants almost
completely lost their activities. All other mutants had significantly higher activities than WT. BSO increased activities in both WT and mutants. The bar rep-
resents the mean + SD from five independent experiments. *P < 0.05, unpaired Student’s /-test as compared with the sample for WT transfection without BSO
treatment. “P < 0.05, unpaired Student’s t-test as compared with the Sﬁmple for WT transfection with BSO treatment. (B) SH-SYSY cells transfected with plas-
mids encoding WT or representative mutant PKCy were treated with BSO for 24 h. Cell survival assay revealed that the viability of cells expressing mutant
PKCvy but not WT was reduced in a BSO-dependent manner. The bar represents the SD from five independent experiments. *P < 0.01, Mann—Whitney
U test as compared with no BSO treatment. (C) The kinase activities of mutant and WT PKCy significantly correlated with the ratios of cell death caused
by 1 mym BSO treatment. The figure symbols arc the same as in (B). (D) SH-SYSY cells were transfected separately with 0~4 pg of M697lex and S1I9F
PKCy plasmid, and treated with 1 mym BSO for 24 h. M697Iex and S119F mutant dose-dependently reduced cell viability. The bar represents the SD from

five independent experiments. *P < 0.01, Mann—Whitney U test as compared with mock transfection.

activities than WT (Fig. 2A). A previous report described that
G360S and V692G mutants had decreased activity and activity
equivalent to WT PKCly, respectively (15). The discrepancy
between the present and previous results may be explained
by the difference in the cells used, i.e. monkey kidney
COS7 cells in the previous study and human neuroblastoma
cells in this study. The activities in our experiment were
increased by treatment with r-buthionine-(S,R)-sulfoximine
(BSO), an oxidative stress inducer. BSO inhibits synthesis of
glutathione, a free-radical scavenger, and thus increases
endogenous reactive oxygen species (ROS). The activity of
M697Iex was higher than that of M6971 or Ext13.

Cotransfection of mutants and WT showed simply additive
effects, rather than dominant negative effects (Supplementary
Material, Fig. S2). Simple additions of the anti-PKC+y antibody
used previously for immunoprecipitation to our assay system
dose-dependently suppressed the kinase activities of WT and
mutant PKCv (Supplementary Material, Fig. S3), sug gestmg
that activities might be further suppressed by immunoprecipi-
tation with this antibody (16,17). Unrelated antibodies, includ-
ing anti-actin antibody and anti-GFP-antibody, did not affect
activity (data not shown).

A similar but mild increase in kinase activities using the
endogenous substrate MARCKS was provided by mutant
PKCvy (S119F and M6971ex) under oxidative stress as com-
pared with that by the WT (Supplementary Material,
Fig. S4). This result, however, was inconsistent with the pre-
vious finding that mutants showed reduced phosphorylation
of MARCKS (18), possibly because different cell lines were

used, i.e. uterine epithelial cancer HeLa cells in the previous
study and neuroblastoma SH-SY5Y cells in the present study.

Hypersensitivity of cells expressing mutant PKCy
to oxidative stress

We cultured human neuroblastoma SH-SYSY cells transfected
with WT and mutant PKCy ¢cDNAs in a medium with BSO. In
this model of oxidative stress, the endogenous formation of
ROS is largely unopposed, consequently resulting in oxidative
cell damage (19). Treatment with | mv BSO for 24h
decreased the viability of cells with mutant PKCvy to 30—
70% of the base-line level, but did not affect that of cells
with WT-PKCvy (Fig. 2B) or KD-PKCy (not shown). Cell
death, characterized by chromatin condensation and loss of
propidium iodide exclusion (data not shown), started after
18-h incubation with BSO. Linear regression analysis
showed that the kinase activities were positively associated
with the cell death ratios under oxidative stress (Fig. 2C).
Cell viability was reduced by increasing the amounts of trans-
fected M697Iex and S119F mutant cDNAs (Fig. 2D).

Decreased nuclear accumulation of APTX and interaction
of APTX and PKCy

To find PKCv substrates implicated in the pathomechanism of
SCA14, we searched neurodegeneration-associated proteins
and various nuclear proteins whose physiological localization
was affected by mutant PKCy in live SH-SYSY cells, since
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Figure 3. Impaired nuclear localization of APTX by mutant PKCvy and interaction of these proteins. (A) Coexpression of WT or the common mutant
S119F-dsRed-PKCy with various GFP-fused proteins in SH-SY3Y cells. The upper panels (fluorescent images and a graph) show APTX and other neurodegen-
erative disease-causing proteins, although the lower panel (a graph) shows nuclear proteins. Nuclear accumulations of GFP-APTX were significantly lower in
cells expressing S119F-PKCy than in WT-PKCy transfection cells, whereas other GFP-fused proteins showed similar localization patterns in both WT and
S119F-PKCy transfection cells. *P < 0.05, unpaired Student’s t-test as compared with WT transfection cells. (B) Effects of mutant (S119F and M6971ex)
PKCv on endogenous APTX. SH-SYSY cells were separately transfected with WT-, S119F- and M6971ex-GFP-PK Cry plasmids. Endogenous APTX was immu-
nostained with anti-APTX monoclonal antibody and Alexa594-secondary antibody (red). Nuclear accumulation of APTX was reduced in cells expressing mutant
PKCx, but not WT-PKCy. The bar represents the mean + SD from five independent experiments. *P < 0.05, unpaired Student’s ¢test as compared with mock
transfection cells. (C) Interaction of WT/mutant PKCy and endogenous APTX. Immunoprecipitation (TP) with anti-GFP antibody followed by western blot (WB)
with anti-APTX and anti-GFP antibodies showed interaction of endogenous APTX with WT/mutant GFP-PKCy expressed in SH-SY3Y cells (upper left panels).
The converse experiment confinmed the results (upper right panels). KD PKCy proteins considerably decreased the interaction. Nonspecific interactions of
endogenous APTX or GFP-PKCy with rabbit or mouse IgG were excluded by IP with nonspecific 1gG (lower panels).

a very recent study demonstrates that PKC+y inhibits nuclear
import of a possible substrate (20). A fluorescent microscope-
based quantitative analysis, as described previously (19), for
nuclear localization of proteins coexpressed with mutant
PKCy revealed that only nuclear accumulation of APTX
was impaired (Fig. 3A). In contrast, nuclear localization was
not altered in other proteins, such as necurodegenerative
disease-causing [ataxia telangiectasia mutated (ATM),

Xeroderma pigmentosum Group A (XPA), ataxinl, superoxide
dismutase 1| (SODI1), parkin and survival motor neuron |
(SMN1)]. DNA-repair [XRCC1, DNA ligase I, and chromatin
assembly factor 1 (CAF-1)], and cell cycle-related proteins
[cyclin dependent kinase 2 (CDK2), cyclin E and p27/Kip1].
The main subcellular localizations of SODI (cytoplasm),
parkin (ER) and SMNI (cytoplasm and nucleus) were also
unaltered. The nuclear accumulation of endogenous APTX



was also decreased by S119F and M697Iex mutant PKCy
(Fig. 3B). Immunoprecipitation studies confirmed that WT
and mutant PKCy proteins interacted with WT-APTX
(Fig. 3C), which is prerequisite for APTX to be a substrate
of PKCy. A control experiment using nonspecific IgG
showed no interaction between IgG and APTX/PKCry.

Interaction of PKCvy with APTX, and phosphorylation
of APTX at Thr1l1

To confirm phosphorylation of APTX and identify a phos-
phorylation site, threonine and/or serine residues near the
nuclear localization signal in APTX (Thrlll and Serll8)
were mutagenized to phosphorylation-resistant alanine.
In vitro kinase assay showed that the Km, kcat and kcat/Km
(the catalytic efficiency of the enzyme) values, using recombi-
nant WT-APTX substrate, were, respectively, 155.0 +
143 pM, 82+ 1.0min~', and 529 +6.5 mv~ ' min~!
(mean + SD) for WT-PKCy, 382+82puM, 54+
0.4min~', and 141.4 + 10.5 mm ' min~! for S119F, and
80.6 + 7.5 uM, 6.2 + 0.4 min~', and 76.9 + 5.0 mmM~ ' min~!
for M6971ex. These measures were unobtainable for the sub-
strate T111A-APTX because oftoo little phosphorylation. Poly-
acrylamide gel electrophoresis of end products after sufficient
incubation to allow complete phosphorylation of various types
of recombinant-APTX showed that WT- and S118A-APTX,
but not T111A-APTX, were phosphorylated by both WT- and
mutant (S119F and M6971lex) PKCry (Fig. 4A). Phosphorylation
at Thr111 was confirmed by the experiment using the synthetic
peptides, excluding the possibility that Thrlll is a
phosphorylation-permitted residue, i.e. a site that is not phos-
phorylated itself but permits near-by phosphorylation. The
immunocytochemical analysis showed reduced nuclear
accumulation of WT- and S118A-APTX, but not of
T111A-APTX in the presence of mutant PKCy (Fig. 4B).
KD-S119F-PKCy failed to affect the nuclear import. Partly
impaired nuclear import was found in phosphomimetic
T111E-APTX without PKCvy, presumably because the one
increased negative charge of glutamate in T111E (-COO7) is
smaller than the three negative charges induced by phosphoryl-
ation (—PO3™). The PKC specific inhibitor calphostin C restored
impaired nuclear import of APTX. The results of in vivo phos-
phorylation in SH-SYSY cells, subcellular fractionation, and
immunoprecipitation showed that GFP-WT-APTX was phos-
phorylated profoundly by mutant (S119F and M6971Iex)
PKCvy and mildly by WT-PKC+y and was present in the cyto-
plasm (Fig. 4C). In contrast, GFP-T111A-APTX was not phos-
phorylated and was present in the nucleus. Mutant PKCy
(S119F and M6971ex) phosphorylated WT-APTX considerably
more than did WT-PKCx. Calphostin C inhibited phosphoryl-
ation and promoted nuclear entry of WT-APTX. Collectively,
phosphorylation occurred at Thr1l1, reducing nuclear APTX.

Phosphorylation at Thr111 inhibited interaction of APTX
with importin o

Importin « is an adaptor that facilitates nuclear import of
APTX and other proteins bearing a classic nuclear localization
signal. Unphosphorylated and/or phosphorylated dsRed-APTX
by mutant (S119F and M697lex) PKCy expressed in

Human Molecular Genetics, 2009, Vol. 18, No. 19 3537

SH-SYS5Y cells was immunoprecipitated with anti-APTX
monoclonal antibody and subjected to western blot with anti-
importin « and anti-APTX antibodies. Conversely, importin
a was immunoprecipitated, and APTX and importin «
were detected by western blot (data not shown). The
results showed that unphosphorylated WT-APTX and
phosphorylation-resistant  T111A-APTX interacted with
importin « (Fig. 4D). In contrast, phosphorylated WT-APTX
and S118A-APTX considerably reduced and phosphomimetic
TI1UE-APTX mildly reduced interactions of APTX with
importin o.

Restoration of DNA damage and cell death caused by
mutant PKCy with a kinase inhibitor, antioxidants and
expression of phosphorylation-resistant APTX

SH-SYSY cells were transfected with plasmids encoding
dsRed-APTX/untagged LacZ and/or untagged mutant PKCy
and cultured overnight. After 10-h treatment with | mM BSO
(without cell death), cells were fixed briefly in 4% paraformal-
dehyde, immunostained with anti-7,8-dihydro-8-oxoguanine
(8-0x0G) monoclonal antibody (19), and analyzed with the
use of a fluorescence microscope. Expression of WT-APTX
alone reduced immunostained 8-oxoG, induced by BSO
(Fig. 5A). Coexpression of mutant (SI119F and M697Iex)
PKCvy reduced nuclear WT-APTX and increased 8-0xo0G,
both of which were restored by the kinase inhibitor calphostin
C. The coenzyme Qp-derivative antioxidant decylubiquinone
(DEC) did not revert impaired nuclear accumulation of APTX,
but decreased 8-ox0G, suggesting that reduced oxidative stress
cannot block phosphorylation of APTX by mutant PKCr, but
that even a small amount of nuclear APTX may be adequate to
deal with the reduced DNA damage after treatment with DEC.
Phosphorylation-resistant T111A mutation reduced DNA
damage, presumably because T111A-APTX retained catalytic
activity due to an intact active site (101% of WT) (21).
Consistently, cell death was also reduced by T111A-APTX
transfection as well as by calphostin C treatment (Fig. 5B
and C). The involvement of reduced APTX in oxidative-
stress-induced cell death was also supported by BSO-
hypersensitivity of SH-SYS5Y cells with an siRNA-mediated
reduction in endogenous APTX (data not shown). Antioxi-
dants also contributed to cell survival. In contrast, cotransfec-
tion of parkin or treatment with z-ATAD-fmk, an ER-stress
blocker, did not affect cell survival.

Abundant cytoplasmic APTX in Purkinje cells

Both conventional and fluorescent staining methods showed
that Purkinje cells of control cerebellum had relatively high
levels of APTX and PKCy, as compared with granular
neurons (Fig. 6A). APTX was localized in both the cytoplasm
and nucleus of Purkinje cells, which was further confirmed by
immunostaining with another line (A3) of monoclonal anti-
APTX antibody (data not shown). Although PKCy was pri-
marily localized in the cytoplasm, it was present partially in
the nucleus, which seems at least partly consistent with a pre-
vious finding in rats (22). These results were essentially
reproduced in two additional control brains (data not
shown). In contrast, a previous finding from a single patient
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PKCv, using recombinant WT-APTX substrate, are shown above the autoradiographic images. Autoradiograms of the electrophoresed end products after com-
plete phosphorylation revealed that both WT- and mutant (S119F and M697Iex) PKC+ phosphorylated WT- and S118A-APTX, but not TIL11A-APTX (middle
panels). Similarly, phosphorylation of peptides around the Thri11 without Ser!18 residue was seen in WT-APTX, but not in TI11A-APTX (lower panel). (B)
WT-dsRed-APTX was localized to the DAPI-stained nuclei in SH-SYS5Ycells without PKCy expression, but was localized to the cytoplasm in
S119F-GFP-PKCy transfected cells. The decreased nuclear accumulations of APTX were restored by calphostin C (Cal), a sclective PKC inhibitor.
S118A-APTX, but not Ti111A mutant, showed nuclear import failure in S119F-PKCy transfected cells. TIIE-APTX, mimicking phosphorylated APTX,
reduced nuclear import without PKCvy expression. KD-S119F PKCy did not affect the nuclear import. M697Iex had slightly mild effects on APTX nuclear
accumulation, as shown in the graph. The bar represents the mean £ SD from five independent experiments. *P < 0.05, unpaired Student’s f-test as compared
with the sample for WT-APTX transfection alone. (C) In vivo phosphorylation of APTX in SH- SYSY cells. WT- and T111A-GFP-APTX plasmids were sep-
arately cotransfected with WT-, S119F- or M697lex-dsRed-PKCry plasmid, and were labeled with [3*P]phosphate. Cytoplasmic (C) and nuclear (N)-fractionated
and immunoprecipitation (IP)-purified proteins were subjected to autoradiography and western blotting (WB). WT-APTX was phosphorylated and present in the
cytoplasm, although T111A-APTX was not phosphorylated and was present in the nucleus (upper panels). Mutant PKCy (S119F and M697Iex) phosphorylated
WT-APTX considerably more than did WT-PKCy. Calphostin (Cal) inhibited phosphorylation and promoted nuclear entry of WT-APTX. (D) Impaired inter-
action between phosphorylated APTX and the nuclear import adaptor importin a. Immunoprecipitation assay showed that importin « interacted with unpho-
sphorylated WT-APTX and phosphorylation-resistant T111A-APTX, but had significantly reduced interactions with WT- and S118A-APTX phosphorylated
by mutant (S119F and M697lex) PKCy and a mildly reduced interaction with phosphomimetic TH1E-APTX.
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with SCA14 showed that PKCy as well as ataxinl was
reduced in cerebellar Purkinje cells (14). However, ataxinl
mutation, known to suppress PKCy levels in ataxinl-
transgenic mice, was not specified in this particular case
because DNA analysis was not performed. In addition,
because the time between death and tissue fixation could not
be established, the reported reduction in PKC+y might be attrib-
uted to post-mortem degradation. However, firm conclusions
must await further studies.

Cytoplasmic localization of APTX during neuronal
differentiation in pheochromocytoma 12 cells

To monitor subcellular localization of APTX during neuronal
differentiation with or without BSO-mediated oxidative stress,
rat pheochromocytoma 12 (PC12) cells were used, since
all-frans-retinol, a drug for differentiation of SH-SYS5Y, func-
tions as an antioxidant and blunts the effects of BSO. PC12
cells were differentiated with nerve growth factor and were
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Figure 5. Effects of APTX phosphorylation on DNA damage and cell death. (A)
DNA damage in SH-SYSY cells expressing mutant PKCy and effects of various
APTX mutants. Cells were transfected with dsRed-WT/TITIA/THIIE/
S118A-APTX/LacZ gene [APTX(-)] with or without untagged mutant (S119F)
PKCy cDNA, and treated with 1 my BSO for 10 h, without cell death. An oxida-
tively damaged nucleotide {8-oxoguanine: 8-0x0G) was immunostained and visu-
alized with FITC (green). Cells with reduced nuclear localization of WT- and
S118A-APTX with mutant PKCy showed nuclear accumulation of 8-oxoG.
T111E without mutant PKCy mildly reduced nuclear APTX and increased
8-oxo(i. Treatment with the kinase inhibitor calphostin C (Cal) increased
nuclear APTX and reduced 8-0x0G. In contrast, treatment with the antioxidant
decylubiquinone (DEC) did not affect APTX localization, but reduced 8-oxoG.
M697lex had milder effects on 8-0x0G accumulation as shown in the graph.
The bar represents the mean + SD from five independent experiments. *P <
0.05, unpaired Student’s -test as compared with a sample for dsRed-WT-APTX
transfection and BSO-treatment. (B) Calphostin C dose-dependently blocked
cell death caused by 1 mm BSO for 24 h in SH-SYSY cells expressing M697lex
and S119F mutant PKCy. *P < 0.01, Mann—Whitney U test as compared with
no calphostin C treatment. (C) BSO-induced cell death for nutant (S119F and
M697Iex) PKCy expression was also blocked by coexpression of
phosphorylation-resistant TL1LA-APTX and by treatments with antioxidants
(DEC and all-frans-retinol [VA]), but not by WT or $118A-APTX or by parkin
expression. Treatment with the caspase 12 inhibitor z-ATAD-fink had also no
effect on cell viability. *P < 0.01, Mann—Whitney U test as compared with
expression of mutant (S1 19F or M697lex) PKCy alone.

treated with or without I mM BSO. Differentiated cells treated
with BSO were further treated with or without calphostin
C. Endogenous WT-APTX was localized in the nuclei of
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undifferentiated PC12 cells (Fig. 6B). BSO did not affect
APTX localization, suggesting that endogenous WT-PKCy
activated by BSO in undifferentiated PC12 cells was insuffi-
cient to phosphorylate APTX. In differentiated PC12 cells,
APTX became localized in both cytoplasm and nuclei.
Nuclear APTX was further decreased by transfection-induced
dsRed-M6971ex expression and by BSO treatment. The kinase
inhibitor calphostin C increased nuclear APTX. Western blot
showed that APTX also increased in differentiated PC12
cells, but the increment was smaller than that of PKCy
(Fig. 6C). These results indicated that the cytoplasmic distri-
bution of APTX in differentiated PC12 cells was at least
partly due to increased PKCy expression.

Aggregation of PKCy

Various PKCy cDNAs were transfected into SH-SYSY cells,
and aggregation was assessed under a fluorescent microscope.
Consistent with previous findings (2,7), aggregation was much
more frequent in cells with mutant PKCy (Supplementary
Material, Fig. S5). Calphostin C treatment and KD-mutant
PKCry proteins considerably reduced aggregation.

DISCUSSION

We here provide clinical and experimental evidence that
mutant PKCy had dose-dependent toxicity, primarily associ-
ated with increased kinase activities. Mutants preferentially
phosphorylated APTX, a DNA repair protein causative for
autosomal recessive ataxia, inhibited nuclear import of
APTX, and thus sensitized cells to oxidative stress-induced
DNA damage, leading to cell death.

Dose-, mutant- and oxidative-stress-dependent increases in
kinase activity of mutant PKCry

The novel mutant protein (M697lex) had increased kinase
activity, attributed additively to a missense change and a
sequence extension. We speculate that a presumed 2-fold
increase in activity in the homozygote leads to earlier
disease onset than in heterozygotes. This possible clinical
dosage effect was supported by experimental dose-dependent
toxicities of M697Iex and the common mutant S119F.
Notably, the mutant toxicities seemed to parallel the increased
kinase activities in vifro. In contrast, dominant-negative
effects of mutants suggested previously seem unlikely in our
family, since the homozygote lacked WT protein to be inhib-
ited. In addition, no dominant negative effects were observed
experimentally (Supplementary Material, Fig. S2). This mech-
anism potentially leading to loss of PKCvy function is further
discouraged by findings that complete loss of PKCry in knock-
out mice does not induce cerebellar degeneration (1). These
clinical and experimental findings may thus fit the
gain-of-function mechanism for SCA14.

Our findings suggested that oxidative stress unmasked or
enhanced mutant toxicity, since cell viability was reduced by
all PKCvy mutants tested here under oxidative stress, but not
by several previous mutants without stress (2). This is partly
attributed to oxidative stress-induced kinase activation of
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Figure 6. Distribution of APTX in ncurons. (A) Pathological specimens of the control human cerebellum. Conventional horseradish peroxidase-based immu-

nostaining (without nuclear counterstaining) showed that Purkinje cells had hi

gh levels of PKCy and APTX predominantly in the cytoplasm with small

amounts of both proteins in nuclei (first and second columns). Coimmunostaining followed by confocal microscopic imaging reproduced the results (r‘.maining
columns). Scale bar represents 50 pm. (B) Confocal microscopic analyscs of PC12 cells showed that immunostained endogenous APTX was distributed in the

nucleus in undifferentiated cells, but in both the cytoplasm and nucleus in diffe

rentiated cells. BSO treatment (1 mr for 12 h without cell death) as well as

dsRed-M697Iex expression by transfection decreased nuclear APTX in differentiated PC12 cells. Calphostin C (Cal) increased nuclear APTX. Scale bar rep-
resents 10 pm. *P < 0.03, unpaired Student’s f-test as compared with the sample for undifferentiated PC12 cells without BSO treatment. #p < 0.05, unpaired
Student’s r-test between samplcs for differentiated PC12 cells as compared with the sample without BSO, Cal or M6971ex. (C) Immunoblot showed thdt differ-

entiation increased PKCy and APTX levels in PC12 cells, with a larger effect on
undifferentiated PC12 cells.

mutants. However, a few studies demonstrated that oxidative
stress increased the activity of only WT (16,17). This discre-
pancy might be explained by different kinase assay systems
employing distinct antibodies for immunoprecipitation-
purification; previously used antibodies against PKCvy inhib-
ited kinase activities (Supplementary Material, Fig. §3),
which may lead to underestimation of mutant activities. Our
notion that oxidative stress increased mutant kinase activities

—43

PKCy. *P < 0.05, unpaired Student’s z-test as compared with the sample for

and cell death was further supported by the observed reduction
in cell death by a specific PKC inhibitor.

Mutant PKC+y phosphorylated APTX and inhibited
nuclear import of APTX

Our fluorescent imaging study revealed that only APTX, a DNA
repair protein responsible for autosomal recessive ataxia, was



mislocalized by mutant PKCvy in cytoplasm. Mislocalization was
confirmed with endogenous APTX. Kinase assay demonstrated
that APTX is potentially an intrinsic substrate for both WT and
mutant PKCw, but a preferential one for mutant, since the Km
values of mutants (38.2—80.6 um) and WT PKCry (155.0 pm)
were between those of known substrates (15—550 pM) with
smaller Km values for mutants (9). Fluorescent imaging and
in vitro and in vivo phosphorylation studies revealed that APTX
was phosphorylated and present in the cytoplasm and that the
phosphorylation site was the Thrlll residue. Phosphorylation
at this residue adjacent to the nuclear localization signal (residues
112-117) reduced interaction of APTX with importin «, a
nuclear import adaptor protein. Our recent study demonstrates
that APTX is involved in the repair of oxidative-stress-induced
DNA damage in vivo and that cell death in ataxia is caused by
APTX mutations per se (23). Furthermore, nuclear import
failure of APTX is associated with another neurological disorder,
triple A syndrome (19). All these facts suggest that loss of nuclear
APTX preferentially phosphorylated by mutant PKCy is at least
partly involved in the pathomechanism of SCA14.

How mutant-PKCvy-mediated loss of nuclear APTX leads to
oxidative stress-induced cell death is critical to establishing
treatment. We found that DNA damage (8-0x0G) accumulated
before cell death, but was restored by increasing nuclear
APTX, such as by kinase inhibitor treatment and
phosphorylation-resistant APTX transfection. The involve-
ment of DNA damage is also supported by our previous find-
ings that reduced APTX in the nucleus or in general induced
DNA damage, including 8-0x0G, before cell death in neurode-
generative diseases (19,23).

Why nervous systems, particularly cerebellar Purkinje cells,
are predominantly affected in SCA14 remains unclear, partly
because autopsy studies of the brains of patients with SCA14
are scant; only one case has been reported (14). Our findings
in control brains and neuronal differentiated cultured cells
suggest high expression levels of PKCrvy in Purkinje celis and
increased PKCry levels during differentiation in cultured cells.
Accordingly, nuclear accumulation of APTX was already
reduced in these cells and further decreased by mutant PKCy
with increased activity. In addition, neuronal cells have high
requirements for ATP and are therefore exposed to high
amounts of oxidative stress generated during mitochondrial oxi-
dative phosphorylation. Such high oxidative stress produces
more DNA damage than that in other cells. Collectively, we
speculate that the predominant involvement of nervous
systems is ascribed to PKCy-increase-mediated loss of
nuclear APTX and oxidative stress-induced DNA damage.

Another question is whether phenotypic similarities are seen
in SCA14 and APTX-related ataxia since both diseases are
probably associated with loss of nuclear APTX. These dis-
eases are characterized by progressive ataxia, cognitive
impairment and involuntary movement (24), with similar
brain MRI (predominant cerebellar atrophy with a preserved
brainstem) and pathological findings (severe loss of cerebellar
Purkinje cells). These similarities may conversely support a
common neurodegenerative mechanism.

Recent studies have demonstrated that aggregate formation
of mutant PKCvy induces ER stress, leading to cell death.
However, our results suggested that aggregate formation was
secondary to increased kinase activity, since a kinase inhibitor
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and KD-mutant PKCy significantly reduced aggregation (Sup-
plementary Material, Fig. S5). In addition, ER stress blockets
such as caspase 12 inhibitor z-ATAD-fink (10—50 puwm) and
parkin did not reduce cell death in our system. Collectively,
aggregation-induced ER stress may not be the primary patho-
mechanism of SCAIl14, as partly supported by a previous
finding that the brain of a previous patient with SCAl4
showed no PKC+y aggregation (14).

In conclusion, our study suggests that increased kinase
activity is primarily involved in the pathomechanism of
SCA14. Oxidative stress further increases kinase activities
and augments nuclear import failure of the DNA repair
protein APTX. The resultant DNA damage, which is beyond
the limited capacity of reduced APTX in the nucleus, may par-
ticipate in triggering cell death. However, we cannot exclude
the possibility that increased phosphorylation of other PKCy
substrates, including MARCKS (Supplementary Material,
Fig. S4), may also play a critical role in the pathomechanism
of SCAl4. Nevertheless, our finding that increased nuclear
APTX caused by a phosphorylation-resistant form reduced
oxidative stress-induced DNA damage and cell death suggests
that APTX may play an essential role in the pathogenesis of
SCA14. Kinase inhibitors and antioxidants may be therapeutic
options for SCA14, currently an incurable disease.

EXPERIMENTAL PROCEDURES
Patients and genetic analyses

The proband (Patient 1), a 20-year-old woman, developed pro-
gressive cerebellar ataxia at the age of 7 years, and generalized
truncal and limb myoclonus at 18 years. Detailed clinical infor-
mation and real-time-PCR methods are described in the Sup-
plemental Experimental Procedures. Her father, 49 years, and
mother, 45 years, remained asymptomatic. Despite no apparent
consanguinity, the grandparents lived in the same prefecture.
The 86-year-old paternal grandmother (Patient 2) had progress-
ive ataxia without myoclonus, starting at 60 years. The maternal
grandmother, whose medical records were not available, had
late-onset parkinsonism and died at 78 years. After obtaining
written informed consent, genetic testing was performed
using lymphocytes of Patients 1 and 2. The parents declined
testing. Abnormal triplet repeat expansions in the genes for
SCA 1,2,3,6,7, 8,12 and 17, and DRPLA were negative.
PCR-direct sequencing showed no mutations in the APTX
gene (25). The PRKCG gene was sequenced as described pre-
viously (24). The PRKCG gene and ¢cDNA in lymphocytes
were quantified by real-time-PCR methods.

Vector construction, cell culture and transfection

N-terminal GFP-parkin and WT (Q30) ataxinl plasmids were
generated from the cloned ¢DNAs kindly donated by
Drs Hattori and Zoghbi. Plasmid vectors expressing
C-terminal-GFP-WT-PKCy, and N-terminal GFP-XPA,
ATM, CAF-1, SMN1 and DNA ligase T were generously
donated by Drs Howell, Vermeulen, Khanna, Yasui, Matera
and Leonhardt, respectively (26). Detailed information on
other plasmids used and on cell culture is described in the Sup-
plemental Experimental Procedures.
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Immunoblot analyses

Whole cell lysates from SH-SY5Y cells 24 h after transfection
with cDNAs encoding untagged or GFP-PKCv proteins were
immunoblotted with antibodies to PKCy (Invitrogen Corp.,
Carlsbad, CA, USA), GFP, or actin antibodies (Santa Cruz
Biotech., Inc., Santa Cruz, CA, USA). Expression levels of
mRNA encoding GFP- and untagged PKCy were quantified
by real-time-RT—PCR after DNase treatment to eliminate
plasmid DNA contamination. Whole cell lysates from PC12
cells were subjected to western blot with anti-PKCy,
anti-APTX and anti-GAPDH antibodies. Phosphorylation
of MARCKS was assessed by immunoblotting with anti-
MARCKS (Santa Cruz Biotech., Inc.) and anti-phosphorylated
MARCKS (Chemicon, Millipore Corp., Temecula, CA, USA)
antibodies, using SH-SYSY cells expressing WT, ST119F, or
M6971ex-GFP-PKCy proteins for 24 h after transfection,
with or without 1 mm BSO treatment for 12h. Relative
amounts of proteins were calculated with the use of a
chemiluminescence-based method and an LAS-1000 lumino-
image analyzer (Fuji Film, Tokyo, Japan).

Kinase assay of PKCy

Vatious GFP-PKCvy proteins 24 h after transfection to
SH-SYSY cells with or without 1 mM BSO treatment for
12 h were immunoprecipitated with anti-GFP-antibody and
subjected to kinase assay, using a peptide substrate-based
PKC assay kit (Upstate, Millipore Corp.) (5). Phosphorylation
of full-length human APTX was measured using WT
and mutant (T111A and S118A) APTX, synthesized in
Escherichia coli, purified by GST column, and cleaved by Pre-
cision protease (GE Healthcare) to remove GST (21,27). Km
and kcat values were calculated with the Michaelis—Menten
equation. The following peptides around Thr11l were gener-
ated and used as substrates: WT, KNPGLETHRKRKR and
T111A, KNPGLE4AHRKRKR (Medical & Biological Labora-
tories Co., Ltd, Nagoya, Japan). Phosphorylated APTX pro-
teins and peptides were then electrophoresed on 5-20 and
20% polyacrylamide gels, respectively, dried, and exposed
to X-ray films. To examine dominant negative effects,
kinase activitics of WT coexpressed with mutant GFP-PKCy
were compared with those coexpressed with GFP. Inhibitory
activities of the anti-PKCvy antibody (BD Biosciences., San
Jose, CA, USA) previously used for kinase assay (6) were
measured by adding various concentrations of the antibody
to our assay solution.

In vivo phosphorylation

Phosphorylation of APTX in cells was performed essentially
according to the previous method (28). SH-SY5SY cells, 2 x
10°, were sceded on 100-mm plates. WT, S119F and
M6971lex~-dsRed-PKCy plasmids were separately cotransfected
with WT or T111A-GFP-APTX to the cells and incubated for
24 h with or without 6 h-treatment with calphostin C. Cells
were washed twice with phosphate-free DMEM (Invitrogen,
#11971025) and then incubated for 3 h in the same medium
containing 10% dialyzed fetal bovine serum and 300 pCi
{3?PJorthophsophate (Amersham Pharmacia Biothech).

Cells were washed with PBS and lysed with buffers in
NE-PER kit to separate nuclear and cytoplasmic fractions
(Thermo Fisher Scientific Inc., Rockford, IL, USA). Lysates
were subjected to immunoprecipitation with anti-GFP anti-
body. Purified GFP-APTX was electrophoresed, dried and
exposed to X-ray films. The same samples were immuno-
blotted with anti-APTX antibody. In this assay condition
(>10 min exposure), signals of chemiluminescence from
immunoprecipitated APTX were much stronger than those of
labeled radioisotope, which might affect the immunoblotting
results. Separated lysates before immunoprecipitation (input)
were also immunoblotted with antibodies against APTX,
histone H3 (a nuclear marker), and GAPDH (a cytoplasmic
marker) to ensure successful subcellular fractionation.

BSO-susceptibility and rescue of cells expressing mutant
PKCy

Cells transfected separately with WT and mutant PKC+y plasinids
were treated with 0—1 mm BSO for 24 h and subjected to MTS
assay. Cell viability was confirmed by propidium iodide exclu-
sion assay. Correlations between cell death ratios and kinase
activities under oxidative stress were assessed by linear
regression analyses. Dosage effects of M697lex and S119F
were assessed by transfection with 0—4 g cDNA. Total
plasmid DNA amounts were adjusted using additional GFP
vector (0—3 pg) to maintain a constant transfection efficiency.

Nuclear accumulation of APTX, 8-0xoG immunoreactivity,
and cell viability in SH-SY5Y cells expressing S119F mutant
PKCv in the presence of 1 mm BSO were observed after the fol-
lowing treatments: the selective PKC inhibitor calphostin C
(SIGMA) for 6 h, and the caspase 12 inhibitor z-ATAD-fmk
(BioVision, Inc., Mountain View, CA, USA), DEC (SIGMA),
and all-trans-retinol (SIGMA) for 24 h. Similar variables
were measured on cotransfection with WT/mutant APTX and
parkin. For control, SH-SYSY cells were transfected with
APTX si576 plasmid and treated with 1 my BSO.

Fluorescent imaging

Detailed methods are described in the Supplemental Exper-
imental Procedures. Briefly, live SH-SYSY cells 24 h after
transfection with plasmids encoding dsRed-APTX and/or
untagged PKCvy and treated with 0—1 mm BSO for 10h
were quantitatively observed using a fluorescent microscope.
For 8-0x0G immunostaining, cells were fixed in 4% parafor-
maldehyde. The cerebellum of controls, who had died of myo-
cardial infarction, was immunostained with APTX and PKCy.
PC12 cells were treated with or without BSO. Differentiated
cells were further treated with or without calphostin C. After
fixation, immunostained endogenous APTX was visualized
using a confocal microscope.

Immunoprecipitation of APTX and PKCvy/importin «

GFP-PKCy expressed in SH-SY3Y cells was immunoprecipi-
tated with anti-GFP antibody, and immunoblotted with
anti-GFP antibody and monoclonal anti-APTX antibody to
detect endogenous APTX. Immunoprecipitation of endogen-
ous APTX with the monoclonal antibody and subsequent



immunoblotting with anti-GFP antibody and rabbit polyclonal
anti-APTX antibody (Bethyl Laboratories, Inc., Montgomery,
TX, USA) was conversely performed.

Unphosphorylated and/or phosphorylated dsRed-APTX
expressed in SH-SYSY cells was immunoprecipitated with
anti-APTX monoclonal antibody and subjected to western
blot with antibodies to APTX and endogenous importin .
Conversely, endogenous importin o was immunoprecipitated,
and APTX and importin « were detected by western blot.
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