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nucleoside antibiotic generated by Streptomyces and an inhib-
itor of N-linked glycosylation and by the formation of N-glyco-
sidic protein-carbohydrate linkages.?® it specifically inhibits
dolichol pyrophosphate-mediated glycosylation of asparaginyl
residues of glycoproteins,”” accumulates the unfolded pro-
teins, and induces ER stress.*>?® To determine the intracellular
mechanisms that induce AP accumulation in RPE, we treated
human retinal pigment epithelial cells, ARPE19 cells, with various
ER-stress inducers, such as TM and TG, and investigated the
responses of the AB accumulation-inducible event.

MATERIALS AND METHODS

Cell Culture

ARPE19 cells were purchased from the American Type Culture Collec-
tion (ATCC, Manassas, VA) and were cultured in Duibecco modified
Eagle medium/F-12 human amniotic membrane nutrient mixture
(DMEM/F-12; Sigma-Aldrich, St. Louis, MO) with 10% fetal bovine
serum (FBS; Sigma-Aldrich) in a humidified incubator at 37°C in an
atmosphere of 5% CO,. The medium was changed every 3 days.

Preparation of Reagents

TG (Sigma-Aldrich) was dissolved in dimethyl sulfoxide (DMSO; Sigma-
Aldrich) at a concentration of 0.5 mM to produce stock solutions.
These solutions were diluted to 1:500 with medium to obtain 1 uM
TG-containing culture medium. To evaluate the effect of DMSO, me-
dium containing only DMSO (1:500 of total volume) was also prepared
for each study. In comparison with TG, 1 uM TM (Sigma-Aldrich) and
0.1 uM staurosporine (STS; Sigma-Aldrich), the bacterial alkaloid that
did not induce apoptosis through the ER,*” were used for each study.
Both TG and TM were reported to upregulate VEGF mRNA expression
in ARPE19 cells.’ The concentrations of TG and TM used to treat
ARPE19 cells were the ones that induced VEGF mRNA expression
maximally in all experiments in this study. The concentration of STS
was selected based on a previous paper.>! Every reagent was exposed
to the ARPE19 cells for 24 hours.

RNA Isolation and cDNA Preparation

Total RNA from ARPE19 cells with exposure to each reagent was
isolated (RNA Easy Xit; Qiagen, Tokyo Japan) and quantified by ultra-
violet spectrometry at 260 nm. One microgram of RNA was transcribed
to cDNA using reverse transcription reagents (Superscript III; Invitro-
gen, Carlsbad, CA).

TABLE 1. Primer Sequences Used in This Study

Amyloid 8 Accumulation 2377

Real-Time RT-PCR

Real-time RT-PCR was performed on a thermocycler (7900HT Se-
quence Detection Systems; Applied Biosystems, Foster, CA) with nu-
clear stain (SYBR Green; Applied Biosystems) reagents according to the
manufacturer’s instructions. Amplification of PCR products was mea-
sured by fluorescence associated with binding of double-stranded DNA
to the SYBR green dye in the reaction mixture. Sequences of the
primers used in this study are listed in Table 1. After an initial dena-
turation step of 50°C for 2 minutes and 95°C for 10 minutes, PCR
involved 40 cycles at 95°C for 15 seconds and at 60°C for 1 minute.
Quantification of each PCR product was expressed relative to GAPDH.

RT-PCR

For semiquantitative experiments, cach PCR amplification was tested
to reach half the saturation curve, and an aliquot of cDNA libraries was
amplified by PCR with specific oligonucleotides for APP isoforms
APP770, APP751, and APPG95 (605, 586, and 418 bp, respectively, of
PCR product). APP primers were designed to flank the alternatively
spliced exons (exons 7 and 8) to detect the expression of the three
major APP isoforms found in the brain. Oligonucleotide sequences
used were as follows: sense, 5-aga gag aac cac cag cat tgc c-3'
(992-1013 bp); antisense, 5'-ggt cat tga gca tgg cit cca ¢-3' (1575~
1596). These sequences were designed from the human APP cDNA
sequences corresponding to GenBank accession number NM_000484.
Amplification was performed in a thermocycler (PCR System 9700;
Applied Biosystems). Conditions of amplification were 30 seconds at
95°C, 30 seconds at 57°C, and 1 minute at 72°C for 28 cycles to detect
APP770 and APP751 or for 33 cycles to detect APP695. Finally, 5%
polyacrylamide gels were stained by ethidium bromide and acquired
with a CCD camera. mRNA levels were quantified using NIH image and
normalized to the GAPDH levels.

Western Blot

Cells were homogenized in lysis buffer (10 mM Tris-HC! [pH 8.0], 1
mM EDTA, 150 mM NaCl, 0.5% NP-40) and were stored in sample
buffer (50 mM TBS containing 2% sodium dodecyl sulfate [SDS], 6%
B-mercaptoethanol, 10% glycerol) at —20°C until use. Quantification of
the protein contents was made by the Bradford method.

Protein samples (15 ug) were separated on SDS-PAGE (12% acryl-
amide) and were transferred to polyvinylidene difluoride filters (Milli-
pore, Bedford, MA). The filters were blocked in 0.1 M PBS containing
5% skim milk and 0.05% Tween 20 for 1 hour at room temperature and
were incubated overnight at 4°C with a monoclonal mouse anti-

Gene Oligo Name Sequence Accession No.

APP Forward ctggec ctg gag aac tac atca NM.000484
Reverse gcg cgg aca tac ttc ttt age a

BACE Forward tca ccc'aag gtc acc aaa caa c NM.012104
Reverse tga agt cct cac cet ttecca t

caspase-4 Forward ctg aag gac aaa ccc aag gtc a U25804
Reverse cac ttccaa gga tge tgg aga g

ECE Forward aac tcc aac age aac gtg ate ¢ NM_001397
Reverse cgg tca geca cet tet cgt Tttt

GAPDH Forward cac tga atc tcec cct cet cac a NM_002046
Reverse tga tgg tac atg aca agg tge g

neprilysin Forward cat ¢gg ¢cat ggt cat agg aca NM_007287
Reverse tgt tgagtc cac cag tca acg a

PEDF Forward gce agg tce aca aag gaa att AF_400442
Reverse adc tttigtt acc cac tge cec

TACE Forward ttc act gga cac gtg gtt ggt NM.002046
Reverse ggc-ccc ate tgt gtt gat tet

TNF-or Forward aac aac cct cag acg cca cat NM_000594
Reverse cag tge tca tgg tgt cet tte e

VEGF Forward aag aag cag ccc atg aca get NM_001025366
Reverse tag gtc ctt tta gge tge acc ¢
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caspase-4 (1:1000; MBL, Nagano Japan) and a polyclonal rabbit anti-
VEGF (1:200; Santa Cruz Biotechnology, Santa Cruz, CA) primary
antibody. After five washes in 0.1 M PBS containing 0.05% Tween 20,
the filters were incubated for 1 hour at room temperature with a
horseradish peroxidase (HRP)-conjugated anti-mouse IgG (1:1000; Cell
Signaling, Beverly, MA) and an anti-rabbit IgG (1:1000; Cell Signaling)
secondary antibody, washed, visualized in ECL solution (Amersham
Biosciences, Arlington Heights, IL) for 10 minutes, and exposed onto
film (X-Omat; Fuji, Kanagawa, Japan) for 7 to 10 minutes. Finally, the
filters were incubated in a stripping buffer (2% SDS, 0.7% B-mercapto-
ethanol, 62.5 mM Tris-HCl, pH 6.8) for 30 minutes at 65°C and were
reprobed with a monoclonal mouse anti-Bactin antibody (1:3000;
Chemicon, Temecula, CA) as loading controls. Our Western blot bands
showed the same band sizes as indicated in the antibody information
sheets. Protein levels were quantified by densitometry and normalized
to the Bactin levels.

Data and Statistical Analyses

Statistical analysis of mRNA and protein expression levels for each
reagent treatment was performed using the Student’s #test in compar-
isons with DMSO treatment (control). Data were expressed as mean *
SE (n = 3).

Intracellular Ca** Measurement

The intracellular Ca®* concentration in retinal pigment epithelial cells
was monitored using the Ca** indicator dye (Fluo-4; Invitrogen). After
3 days in vitro, cells were incubated for 20 minutes: with the cell-
permeant acetomethyl ester form of 5 mM Ca*" indicator dye (Fluo-4;
Invitrogen) diluted in culture medium containing 0.01% pluonic acid
F-127 at 37°C. The cells were subsequently washed three times with
culture medium, and the dye was allowed to deesterify for an addi-
tional 30 minutes in the CO, incubator. Ca?* imaging experiments
were performed using a live cell imaging microscope system (BioSta-
tion IM; Nikon, Tokyo, Japan) with a 20X objective. Fluorescent
images were acquired every 20 seconds. Fluo-4 fluorescence was
produced by excitation from a 130-W mercury-vapor lamp and an
appropriate filter set (B-2A [Nikon]; excitation, 450 - 490 nm; emission,
520-560 nm; dichroic, 510 nm). All- drugs were applied by bath
application after S-minute control observation: Data analysis was per-
formed as follows: off-line analysis of the images was performed using
commercial software (Aquacosmos; Hamamatsu Photonics, Hamamatsu,
Japan). Fluorescence signal was quantified by measuring the average pixel
intensity within cell bodies. Changes in fluorescernice intensity of each cell
were normalized to its baseline fluorescence intensity.

REesuLrs

Induction of AB Production-Inducible APP Splice
Variants mRNA Expression in ER-Stress—Treated
ARPE19 Cells

In the amyloidogenic’ pathway, the cleavage of APP by the
B-secretase and presenilin’ complex results in Af production.
APP has several splice variants; Exons 7, 8, and 15 of the APP
gene can be alternatively spliced to produce multiple isoforms.
In the brain; the major isoform’ transcripts result” from the
splicing of exons 7 and 8, which gives rise to APP695, APP751,
and APP770.>° Both 'APP770 anid APP751 contain a “serine
protease inhibitory domain encoded by exon' 7 called the
Kunitz_ protease. inhibitory domain. (KPI).. KPI-'APP has been
shown to be more amyloidogenic than: KPL-deficient APP,*?
In the ARPE19 cells, the exposure of TG, which induces a
depletion of intracellular Ca stores, slightly increased the ex-
pression: of KPLAPP, such as APP751 and APP770 (Fig. 1A).
TM, which inhibits N-linked glycosylation, induced an increase
of KPFAPP expression in ARPE19 cells (Fig. 1A). STS, which is
widely used as an inducer of non-ER stress-induced apoptosis,
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did not induce the expression of KPI-APP (Fig. 1A). Real-time
RT-PCR showed no change in the total APP mRNA expression
of any of the reagent treatments (Fig. 1B). These results indi-
cate that ER stress induces mRNA expression of APP splice
variants, which accelerate A accumulation, in ARPE19 cells.

Decrease of Af3 Metabolism-Related Factors mRNA
Expression in TG-Treated ARPE19 Cells

To find the relationship between ER stress-inducing factors
and cellular mRNA expression of a series of A8 metabolism-
related factors (such as neprilysin, ECE, and BACE) in ARPE19
cells, we performed real-time RT-PCR.

TG-treated ARPE19 cells showed a remarkable decrease in
mRNA expression of neprilysin, which highly degrades AB*>
(Fig. 2A). The mRNA expression of ECE, which degrades Af,
and of BACE, which cleaves APP at the 3 site, was not quan-
titatively changed by TG (Figs. 2B, 2C). The expression of all
investigated AP metabolism-related genes were not affected by
TM or STS treatment (Fig. 2). Because there was a remarkable
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FiGure 1. (A) Transcriptional expression of APP isoforms in cultured
ARPE19 cells induced by TG, TM, and' STS by RT-PCR analysis and
densitometric analyses. Data are expressed as the mean * SE (n = 3).
The results show that TG and TM treatment induced a slight increase
in APP751 and APP770 but not- 4PP695 compared with the control.
**P < 0.05 and *P.< 0.01 for comparison with the control, by Student’s
t-test. (B) Expression of APP mRNA induced by TG, TM, and STS using
real-time RT-PCR analysis. Data are expressed as mean + SE (# = 3).
Expression of APP did not change in all ARPE19 cell samples compared
with the: control.. *P- < 0.01. for comparison with the: control, by
Student’s #-test.



IOVS, June 2008, Vol. 49, No. 6

decrease of neprilysin mRNA observed in only TG-treated cells,
it is suggested that the degradation of ASB is depressed by a
decrease in the expression of neprilysin in ARPE19 cells.

Induction of Angiogenic Factors mRNA
Expression in ER-Stress—Treated ARPE19 Cells

It has been reported that exposure to AB induced the mRNA
expression of VEGF and a reduction of PEDF in ARPE19 cells.'?
We investigated the cellular mRNA expression change of VEGF
and PEDF produced by TG and TM treatment in ARPE19 cells.
In addition, real-time RT-PCR was performed for tumor necro-
sis factor alpha (TNF-a) and TNF-a converting enzyme (TACE).
TNF-a, a macrophage/monocyte-derived polypeptide, stimu-
lates VEGF production in human glioma cells and retinal pig-
ment epithelial cells,>>® and TACE is involved the generation
of soluble TNF-a from membrane-bound TNF-a and promotes
angiogenesis.?”?®

TG and TM exclusively upregulated VEGF mRNA expres-
sion, as reported previously,” as did STS (Fig. 3A). Real-time
RT-PCR showed that TG and STS exclusively downregulated
PEDF mRNA expression, and TM did not change (Fig. 3B). TG
and TM also upregulated the mRNA expression of TNF-«a and
TACE (Figs. 3C, 3D). STS upregulated the mRNA expression of
TNF-¢ but did not change that of TACE (Figs. 3C, 3D). To
confirm the increase of VEGF expression at the protein level,
we performed Western blot analysis for VEGF and showed that
TG and TM also upregulated VEGF protein expression (Fig.
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FIGURE 2. - Expression of Af-metabolic: process-related genes such-as
neprilysin (A); ECE (B), and BACE (C) mRNA induced by TG, TM, and
STS using real-time RT-PCR analysis. Data are expressed as mean * SE
(n' = 3). Expression of ECE (B) and BACE (C) did not change in all
ARPE19 cells sample compared with the control. Expression of nepri-
lysin (A) mRNA decreased in only TG-tréated ARPE19 cells compared
with the control. *P < .01 for comparison with the control,” by
Student’s r-test.
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FicURe 3. Expression of angiogenesis-related genes such as VEGF (A),
PEDF (B), TNF-a (C), and TACE (D) induced by TG, TM, and STS using
real-time RT-PCR analysis. Data are expressed as mean * SE (n = 3).
Graphs show the upregulation of VEGF (A), TNF-a (C), and mRNA in
all ARPE19 cell samples compared with the control. Expression of
PEDF (B) decreased in TG- and STS-induced ARPE19 cell mRNA com-
pared with the control. Expression of TACE (D) increased in TG- and
TM-induced ARPE19 cell mRNA compared with the control. **P < 0.05
and *P < 0.01 for comparison with the control, by Student’s r-test (E)
Expression of VEGF protein induced by TG, TM, and STS using West-
ern blot. Results show the upregulation of VEGF as it was affected by
TG and TM compared with the control. These data were confirmed by
three independent Western blot analyses.

3E). These results suggest that the change in expression of
these angiogenic factors might be the result of a general apo-
ptotic event.

Induction of Caspase-4 Expression in
TG-Treated ARPE19 Cells

Caspase-4 is primarily activated in ER stress-induced apopto-
sis.>® Real-time RT-PCR and Western blot showed that the
expression of caspase-4 mRNA and the active form of its pro-
tein were upregulated by TG treatment (Fig.. 4). Although
expression. of the active form: of caspase-4.protein was also
upregulated by TM treatment, it was much lower than that of
TG-treated . ARPE19- cells: (Fig.- 4).. STS-treated. ARPE19 cells
showed no. change in expression of caspase-4 (Fig. 4).

Induction of Intracellular Ca Elevation in
TG-Treated ARPE19 Cells

TG can inhibit the sarcoplasmic reticulum calcium-ATPase and
can elevate intracellular Ca concentration.”* We performed Ca
imaging  (Fluo-4 and' Fura-2/AM; Invitrogen) to  investigate
whether the intracellular Ca concentration was actually in-
creased in TG-treated ARPE19 cells. TG-treated ARPE19 cells
showed a remarkable increase in intracellular Ca concentration
(Fig. 5 and Supplementary Fig. S1, online at http://www.iovs.
org/cgi/content/full/49/6/2376/DC1). TM- " and - STS-treated
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FIGURE 4. (A) Expression of caspase-f induced by TG, TM, and STS

using real-time RT-PCR analysis. The graph shows the upregulation of
caspase-4 mRNA as it was affected by TG compared with the control.
(B) Expression of the active-form of caspase-4 (cleaved-caspase-4) in-
duced by TG, TM, and STS using Western blot and densitometric
analyses. Results show the activation of caspase-4 as it was affected by
TG and TM compared with the control. Data are expressed as mean *
SE (n = 3). *P < 0.01 for comparison with the control, by Student's
t-test.
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ARPE19 cells showed no change in intracellular Ca concentra-
tion (Fig. 5 and Supplementary Fig. S1).

DiscussioN

Recently, it has been reported that A accumulates in the RPE
of patients with AMD,?~> which is the most common cause of
vision loss in the development of CNV. AB, known as the
hallmark of AD, is routinely produced in the normal brain and
is readily degraded by catabolic enzymes. However, facilitation
of AP production is caused by mutation of the gene responsible
for AD. A then accumulates as the insoluble senile plaques in
the brain. ER stress is considered one of the causative factors
for the accumulation of AB in AD."® To examine the intracel-
lular machinery for A accumulation in the RPE of patients
with AMD, we treated human retinal pigment epithelial cells,
ARPE19 cells, with the ER-stress inducer and investigated
whether A accumulation was inducible. Our results suggested
that AB accumulation-inducible factors were induced by ER
stress in retinal pigment epithelial cells as well as in neural
cells, and angiogenic factors were additively increased in reti-
nal pigment epithelial cells by ER stress under the same con-
ditions.

We showed that ER stress treatment induced an increase in
mRNA expression of Af production-inducible APP splice vari-
ants; only TG treatment further induced a decrease in the
mRNA expression of neprilysin in ARPE19 cells (Figs. 1, 2). It
has been reported that KPI-APP, which increases at the mRNA
level in the brains of persons with AD,"" is more amyloidogenic
than KPI-deficient APP.?? Therefore, it is thought that the
increase in mRNA expression of KPI-APP induced the produc-
tion of AB. On the other hand, neprilysin knockout mice have
been reported to display an approximately 50% increase in the
levels of AB40 and AB42."" Based on these facts, we surmised
that the increased AB production and the decreased AB deg-
radation induced specifically by TG treatment in ARPE19 cells
might be attributed to the A accumulation in ARPE19 cells.

FIGURE 5. Effects of TG and TM on
Ca** elevation in retinal pigment ep-
ithelial cell soma. (A) A representa-
tive experiment showing that TG (1
M) evoked increases in cytosolic
Ca?*. These images are pseudocolor
images of Ca*" indicator dye fluores-
cence (a, 0 min; b, 20 seconds after
TG application). Scale bar, 50 mm.
(B) Representative traces showing
the average changes in Ca*" indica-
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We also confirmed that the upregulation of TNF-a, TACE,
and VEGF and the downregulation of PEDF were induced by
TG treatment in ARPE19 cells at the mRNA level (Figs. 3A-D).
Moreover, VEGF protein expression was upregulated by TG
treatment (Fig. 3E), suggesting that TG treatment induced the
expression not only of A accumulation-promoting factor ex-
pression but also of angiogenic factors in ARPE19 cells.

Because transcription factor 4, activated by ER stress, in-
duced VEGF,#? ER stress has been considered to induce not
only AB accumulation but also angiogenesis. However, our
results showed a pronounced difference in the responses of AB
accumulation-promoting factors and angiogenic factors be-
tween TG and TM, likely because of two reasons. First, there
was a difference in the extent of ER stress-induced apoptosis.
Caspase-4, which is primarily activated in ER stress-induced
apoptosis,*® was shown to be activated in TG-treated ARPE19
cells more than in TM-treated ARPE19 cells (Fig. 4). Second, we
conjectured that the difference in results was attributed to the
mechanism of action of each ER stress inducer. TG-induced ER
stress was caused by the depletion of intracellular Ca stores,>"
whereas TM-induced ER stress was caused by an inhibition of
N-linked glycosylation.?® Differing from both TM- and STS-
treated ARPE19 cells, we showed TG-treated ARPE19 cell ex-
hibited striking increases in intracellular Ca concentration. It
has been reported that insulin-like growth factor-1 stimulates
increased VEGF secretion through the induction of the second
messenger Ca in ARPE19 cells. ™ The elevation of intracellular
Ca levels was also reported to increase A peptide production
through the activation of a protease, which requires Ca, in the
cultured cells.™ Based on these facts, intracellular increases of
Ca by TG treatment may induce AB accumulation and angio-
genic factors in ARPE19 cells more effectively than ER stress
induced by TM.

It has long been known that the elevation of intracellular
free calcium by TG has cytotoxic consequence in many cells
(adipocytes, ™ T lymphocytes,*® parotid acinar cells,”” and
peritoneal macrophages®®) and cell lines (hepatocytes,” Hela
cells,>® and NG115-401L cells®), including ARPE19 cells.>’
TM was used mainly for analysis in N-glycosylation (except that
TM was used as an ER-stress inducer), whereas TG is involved
in various cellular functions, including platelet activation,>?
inflammation, > skin irritation,>¥ protein synthesis inhibition in
human hepatoma cells,>® vascular contractility,>® and tumor
promotion.>® Moreover, it has been reported that TG induced
Bax activation and was involved in mitochondrial caspase-
dependent death.®” It was often said that the low: concentra-
tions (0.5-2 uM) of TG increased the intracellular Ca and high
concentration: (1-10 uM): of TG-induced apoptosis (refer. to
Sigma data sheet). In addition, it has been reported that long-
term (48-hour) exposure of TG led to recovery from upregu-
lation of the intracellular Ca concentration®® and the induction
of celt death.”® In our study, TG was exposed at 1 uM for 24
hours because we wanted to determine the change of various
factors in the viable retinal pigment epithelial cells at early
stages of AB accumulation. Our results were consistent with
those of a previous report™" in the elevation of the intracellular
Ca concentration (Fig. 5). However, the change of BAX expres-
sion was not induced, probably because of the lower concen-
tration and shorter incubation time of TG (data not shown).
Therefore; TG would induce Af3 accumulation and angiogenic
résponses in’retinal pigment epithelial cells. mainly through
induction of the intracellular Ca concentration in- this study.
Further studies would be needed to determine the responses
under various conditions of TG incubation.

It has been reported. that neprilysin inhibits angiogenesis
through the proteolysis of fibroblast growth factor-2 (FGF-2),%?
and neprilysin knockout mice display an upregulation of VEGF
and a downregulation of PEDF in their RPE.'? Therefore, it is
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FiGure 6. Display of the hypothesis that the disturbances in Ca ho-
meostasis involve the pathogenic mechanism of AMD.

possible that the reduction of neprilysin mRNA expression
induces angiogenesis. VEGF, which increases in AD patients,
binds to A with high affinity,** and AS stimulates the angio-
genic response through FGF-2.%' In addition, ApB-treated
ARPE19 cells display an upregulation of VEGF and a downregu-
lation of PEDF.'? Taken together, these reports suggest the
possibility that AB induces angiogenesis. However, in our
study, it was unclear whether A or neprilysin directly affected
angiogenesis because the stress-inducer treatment time was
short.

In the present study, we demonstrated that ER stress could
cause the promotion of Af accumulation-inducible and angio-
genic factors at the mRNA level in ARPE19 cells. Moreover, we
showed that TG induced those factors more effectively than
TM. Therefore, we propose that TG treatment produced an
elevation of the intracellular Ca concentration, which was one
of the responsible factors for the onset or acceleration of Af
accumulation and angiogenesis in the retinal pigment epithelial
cultured cells. Because A exists in the RPE of patients with
AMD and caused a disruption of cellular Ca homeostasis,**%?
we speculate that intracellular Ca homeostasis disturbance in
RPE may be involved in one of the pathogenic mechanism of
AMD (Fig. 6). Detailed analysis of the intracellular responses of
ARPE19 cells to TG might be useful for the mechanism of AMD.
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Abstract

In the previous reports, we showed that the familial Alzheimer’s disease (AD)-linked presenilin-1 (PS1) mutation induced the fragility to the
endoplasmic reticulum (ER) stress and that caspase-4 mediates ER stress-induced- and B-amyloid induced-apoptotic signaling in human cells.
These results suggest the involvement of ER stress and caspase-4 in the cell death observed in AD. In this report, we studied the activation of
caspase-4 in the familial AD-linked PSI mutation (AE9). Cleavage of caspase-4 under ER stress was enhanced by the overexpression of the
familial AD-linked mutation (AE9), showing that caspase-4 is a key caspase involved in the apoptotic signaling of AD. We also showed that the
overexpression of caspase-4 induced cleavage of caspase-9 and caspase-3 without releasing cytochrome-c from the mitochondria. Thus, caspase-4
activates downstream caspases independently of mitochondrial apoptotic signaling and this might contribute to the pathogenesis of AD.

To sum up our data, the familial AD-linked PS1 mutation accelerates the cleavage of caspase-4 under the ER stress and results in the activation

of caspase-9 and caspase-3, apoptosis signal, without releasing cytochrome-c.

«©) 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Missense mutations in the human presenilin-1 (PS1) gene,
which are found on chromosome 14, cause early-onset familial
Alzheimer’s disease (AD) (Sherrington et al., 1995). We have
shown that familial AD-linked PS1 mutations increase
vulnerability to endoplasmic reticulum (ER) stress by altering
the unfolded-protein response (UPR) (Katayama et al., 1999).
Caspase-12 has been shown to be involved in signaling
pathways specific to ER stress-induced apoptosis (Nakagawa
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et al., 2000; Yoneda et al., 2001). Pro-caspase-12, which is
predominantly localized in the ER, is specifically cleaved by
ER stress, and caspase-12-deficient mice show a reduced
sensitivity to amyloid-B (AB) (Nakagawa et al., 2000), which
induces neuronal cytotoxicity (Yankner et al., 1989). Thus,
caspase-12 has been suggested to play a key role in the
pathogenesis of AD. However, it has been controversial
whether similar mechanisms are working in the human
(Katayama et al., 1999; Rao et al., 2001; Fischer et al.,
2002). In humans, although the caspase-12 gene is transcribed
into mRNA, mature caspase-12 protein would not be produced
because the gene is interrupted by a frame shift and a premature
stop codon (Fischer et al., 2002). Thus, human caspase-12 does
not function in ER stress-induced apoptosis such as in AD,
although some other caspases with similar structures might
substitute functionally for caspase-12 in the human. Recently,
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we have revealed that caspase-4 can function as an ER stress-
induced caspase in humans and may be involved in
pathogenesis of AD (Hitomi et al., 2004). However, little is
known about the downstream actions of caspase-4, though
caspase-3 and caspase-9 are suggested to exist downstream
from caspase-12 (Morishima et al., 2002). In the present study,
we found that the familial AD-linked PS1 mutation accelerates
the cleavages of caspase-4 to induce neuronal death, showing
that caspase-4 is involved in the pathogenesis of familial AD.
We also showed that the activation of caspase-4 activates
caspase-3 and caspase-9 without involving the cytochrome-c
pathway.

2. Materials and methods
2.1. Chemicals and antibodies

We used the following antibodies: anti-caspase-4 mAb (4B9; MBL Inter-
national Corporation, Nagoya, Japan), anti-caspase-3 mAb (Cell Signaling
Technology, Beverly, MA), anti-cytochrome-c pAb (MBL International Cor-
poration), anti-B-actin mAb (C4; CHEMICON International Inc., Temecula,
CA), anti-caspase-9 mAb (5B4; MBL International Corporation), anti-PUMA
pAb (Sigma-Aldrich, St. Louis, MO), HRP-conjugated anti-mouse IgG anti-
body (Cell Signaling Technology) and HRP-conjugated anti-rabbit IgG anti-
body (Cell Signaling Technology). All antibodies were diluted to PBS
containing 0.05% Tween-20. The chemical reagents used in this experiment
were tunicamycin, thapsigargin and staurosporine (Sigma—Aldrich).

2.2. Cell culture

SK-N-SH cells and COS-7 cells were cultured in a-MEM (Invitrogen,
Carlsbad, CA) and DMEM (Invitrogen), respectively, both containing 10%
FBS, at 37 °C under 5% CO,. SK-N-SH neuroblastoma cell lines stably
expressing wild-type PS1 or PSIAE9 have been described previously
(Katayama et al., 1999).

(a) TG 0.51M

2.3. ¢cDNA cloning

The expression plasmids for caspase-4 tagged the FLAG sequence at the 3’
end (the resultant constructs were termed caspase-4-FLAG) and FLAG have
been described previously (Hitomi et al., 2004). We constructed the pcDNA3.1
(+) expression vector (Invitrogen) carrying the full-length human caspase-4
c¢DNA encoding 854 (NM_001225) amino acids fused in-frame with the GFP
sequence at the 3’ end and GFP (the resultant constructs were termed caspase-4-
GFP and GFP, respectively).

2.4. Subcellular fractionation

COS-7 cells cultured on a 10-cm dish were washed twice with PBS, harvested
and suspended in buffer A (50 mM Tris-HCI, pH 8.0, 1 mM EDTA, 0.32 M
sucrose, 0.1 mM PMSF) for 5 min onice. Then the cells were passed through a 25-
gauge needle 13 times and centrifuged at 500 X g for 10 min to collect a crude
nuclear pellet. The supernatant was centrifuged at 1200 x g for 10 min to yield a
mitochondria-enriched pellet and this supernatant was collected as a cytosolic
fraction. The mitochondria-enriched pellets were dissolved in buffer A containing
0.3% triton. An equal volume of each fraction was subjected to Western blotting as
described below, using the indicated antibodies.

2.5. Western blot analysis

Cells treated with the indicated reagents were washed twice with PBS,
harvested, and lysed in TNE buffer (10 mM Tris—HCI, pH 7.8, | mM EDTA,
150 mM NaCl, 1 mM PMSF) containing 0.5% NP-40 and protease inhibitor
cocktail (Roche, Sydney, Australia). Equal amounts of protein were subjected to
12% SDS-PAGE for caspase-4, caspase-9 and caspase-3 or 15% SDS-PAGE for
cytochrome-c and transferred to a PVDF membrane (Millipore, Bedford, MA).
The membrane was blocked with 5% skim milk and incubated with each
primary antibody (anti-caspase-4 mAb, 1:1000; anti-caspase-9 mAb, 1:1000;
anti-caspase-3 mAb, 1:1000; anti-cytochrome-c pAb, 1:200; anti-B-actin mAb,
1:2000; anti-PUMA pAb 1:1000) followed by incubation with an HRP-con-
jugated secondary antibody (anti-mouse IgG antibody, 1:1000; anti-rabbit IgG
antibody, 1:1000). Proteins were visualized with an ECL detection system
(Amersham Biosciences, Piscataway, NJ).
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Fig. 1. FAD-linked mutation accelerates the cleavage of caspase-4 and caspase-3 under ER stress. SK-N-SH cells stably expressing PS1 (PSIWT) (a and b left
panels) and mutant PS1 lacking exon 9 (PS1AEY) (a and b right panels) were treated with 0.5 .M thapsigargin (TG) (a) or 1 pg/ml tunicamycin (TM) (b) followed by
incubation for indicated periods. Equal amounts of cell lysates were analyzed by Western blotting using anti-caspase-4 (upper panels of a and b), anti-caspase-3

(middle panels of a and b) or anti-B-actin (lower panels of a and b) antibody.
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3. Results

3.1. PSI mutation accelerated the cleavage of caspase-4
under ER stress

Familial AD-linked PS1 mutations, such as a deletion of
exon 9 (PS1AEY), increase the vulnerability to ER stress by
altering the UPR. ER stresses induce increased cell death in
cells expressing mutant PS1 as compared with cells expressing
the wild-type PS1. Caspase-4 and caspase-12 localized to the
ER membrane are involved in the pathogenesis of neuronal
death caused by ER stress in humans and rodents, respectively
(Hitomi et al., 2004; Nakagawa et al., 2000). To determine the
effect of PS1 mutation on the cleavage of caspases under ER
stress, we studied the level of the cleavage of caspase-4 and
caspase-3 after treatment with thapsigargin, an ER Ca-ATPase
inhibitor, using wild-type PS1 or PSTAE9 expressing cells.
Before thapsigargin treatment, we pretreated the cells with
fresh medium for more than 1 h to obtain baseline data. After
pre-incubation, the cells were exposed to 0.5 pM thapsigargin
or I pg/ml tunicamycin. In wild-type PS1 cells, the cleaved
form of caspase-4 and caspase-3 could not be identified under
the basal condition and increased gradually after the addition of
thapsigargin (Fig. 1a). In PS1AE9 cells, the cleaved forms of
caspase-4 and caspase-3 were detected in the basal condition
(Fig. 1a). The activation pattern of caspase-4 and caspase-3
under ER stress was correlated with each other, suggesting a
close functional association between caspase-4 and caspase-3.
The acceleration of the cleavage of caspase-4 and caspase-3 in
PS1AE9 expressing cells were also induced by tunicamycin
(Fig. 1b).

3.2. Caspase-4 induced the cleavage of caspase-9 and
caspase-3

Next, we examined whether activation of caspase-4 induces
the cleavage of caspase-3 or caspase-9. Caspase-4-FLAG or
FLAG was overexpressed in COS-7 cells and there were effects
of caspase-4 on the cleavage of caspase-3 and caspase-9. As a
positive control of cleaved caspase-9 or caspase-3, the lysates
of 0.1 uM staurosporin-treated COS-7 cells were used (Fig. 2b
and c). Overexpression of caspase-4-FLAG, which caused the
cleavage of caspase-4 in a self-(auto-)cleavage manner 24 h
after overexpression of caspase-4-FLAG (Fig. 2a), induced
remarkable cleavage of endogenous caspase-9 (Fig. 2b) and
endogenous caspase-3 (Fig. 2c) in a concentration-dependent
manner and such effects could not be detected in the control
vector expressing cells (Fig. 2b and c). These results suggest
that caspase-3 and capase-9 exist downstream from caspase-4.

3.3. Overexpression of caspase-4 did not affect on the
efflux of cytochrome-c

Long exposure to ER stress influences mitochondrial
function via PUMA (the Bcl-2 homology domain 3-only
family member) (Reimertz et al., 2003) and mitochondrial
dysfunction causes the activation of caspase-9 and caspase-3.
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Fig. 2. Overexpression of caspase-4 increases the cleavage of caspase-3 and
caspase-9. (a—) COS-7 cells were transfected with the mixture of expression
vectors for caspase-4-FLAG and FLAG as shown in this figure (0, 0.5, 1, 2 or
4 p.g of caspase-4-FLAG expression vector were mixed with FLAG expression
vector and total volume of each mixtures of the expression vectors was 4 p.g).
Twenty-four hours after transfection, equal amounts of cell lysates were
analyzed by Western blotting using anti-caspase-4 (a), anti-caspase-9 (b) or
anti-caspase-3 (c) antibody. As a positive control of cleaved caspase-9 or
caspase-3, the lysates of 0.1 .M staurosporin (STS) -treated COS-7 cells were
used. (d) Lysates of COS-7 cells transfected with 2 p.g of expression vector for
caspase-4-FLAG or FLAG were analyzed by Western blotting using anti-
PUMA antibody. Overexpression of caspase-4 failed in the induction of PUMA,
while STS treatment increased the expression level of PUMA in comparison
with no treated COS-7 cells (NT) used as a negative control.

Thus, we examined the possibility that cleavage of caspase-9
and caspase-3 induced by the overexpression of caspase-4 is
attributable to the mitochondrial dysfunction via activation of
PUMA, but caspase-4 did not induce PUMA (Fig. 2d). These
findings suggest that activation of caspase-3 and caspase-9 does
not depend on the activation of PUMA, which causes the
mitochondrial dysfunction. Next, we investigated whether
caspase-4 provokes the effluent of cytochrome-c from
mitochondria to cytosol using immunocytochemistry and
Western blotting of subcellular fractionation. Either caspase-
4-GFP or GFP, as a control, was overexpressed in COS-7 cells.
The punctate distribution pattern of cytochrome-c observed in
the cytoplasm of either caspase-4-GFP or GFP expressing
COS-7 cells was similar to that of the no treatment cells
(Fig. 3a). On the other hand, STS-treated cells showed a
diffused distribution of cytochrome-c in cytoplasm (Fig. 3a).
These results suggest that caspase-4 does not cause the release
of cytochrome-c. To confirm this, we collected the cytosolic
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Fig. 3. Overexpression of caspase-4 does not have effects on the efflux of cytochrome-c from mitochondria to cytosol. (a) COS-7 cells were transfected with
expression vector for caspase-4-GFP or GFP vector. 24 h after transfection, the cell were fixed and immunostained with anti-cytochrome-c antibody (red). Nuclei
were visualized by DAPI as blue color. Green signal indicates GFP or caspase-4-GFP expressing cells. Lower panels show enlarged pictures of inserted boxes in each
merged figures. Scale bar indicates 20 pm. (b) The cytosolic fraction and mitchondrial fraction were collected from the FLAG or caspase-4-FLAG expressing COS-7
cells or 0.1 M staurosporin (STS) -treated or no treated COS-7 cells. Equal amounts of cell lysates were analyzed by Western blotting using anti-cytochrome-c
(upper panel: the bands around 15 kDa indicate cytochrome-c) or anti- B-actin (lower panel) antibody.

fraction and mitchondrial fraction from the cells expressing
caspase-4-FLAG or FLAG. Cytochrome-c could not be
detected from the cytosol fraction of these cells (Fig. 3b).
These data, with the previously described data, suggest that
caspase-4 could activate caspase-9 and caspase-3 indepen-
dently of the mitchondria-cytchrome-c pathway.

4. Discussion

Since caspase-12 has been shown to be involved in signaling
pathways specific to ER stress-induced apoptosis (Nakagawa
et al., 2000), caspase-12 has been believed to be involved in the
pathogenesis of AD. However, since mature caspase-12 protein
is not produced in humans (Fischer et al., 2002), caspase-12
does not function in ER stress-induced apoptosis such as AD,
and some other caspases may play a key role in humans.
Recently, we have found that caspase-4 can function as an ER
stress-induced caspase in humans and may be involved in the
pathogenesis of AD (Hitomi et al., 2004). The present study
revealed that the familial AD-linked mutation (PS1AE9)
enhances the cleavage of caspase-4 (Fig. 1) suggesting that
caspase-4 plays a key role in the pathogenesis of AD.

Caspase-12-deficient mice show a reduced susceptibility to
AP toxicity (Nakagawa et al., 2000). In humans, in which
caspase-12 protein is not produced, caspase-4 functions
similarly to mouse caspase-12 and is cleaved specifically by
ER stress and AR treatment (Hitomi et al., 2004). Cell death
induced by A treatment is also partially inhibited by RNAI to
caspase-4 (Hitomi et al., 2004). Thus, it is probable that in the

human brain caspase-4 is involved in AB-induced cell death.
From the aspect of A, it could be concluded that activation of
caspase-4 by ER stress and familial AD-linked mutations
elevate the vulnerability of neurons to apoptosis, and is
involved in the pathogenesis of AD.

Downstream events from caspase-4 are not fully understood.
The present study has revealed that overexpression of caspase-4
results in the cleavage of caspase-3 and caspase-9 without the
release of cytochrome-c from the mitochondria (Figs. 2 and 3).
These findings indicate that caspase-4 functions using similar
signaling pathways to caspase-12, which has been reported to
activate downstream caspase-9 independently of cytochrome-c¢
release (Morishima et al., 2002). But a clear mechanism of
cleavage of caspase-3 and caspase-9 by ER stress is still
obscure. PUMA, one of the BH3-only proteins, is induced via
the p53 cascade under long term ER stress (Reimertz et al.,
2003; Li et al., 2006). Induction of PUMA causes the
dysfunction of mitochondria and the efflux of cytochrome-c
from mitochondria to the cytosol, resulting in cell death through
the activation of caspase-3 (Li et al., 2006). Accordingly,
activation of caspase-3 and caspase-9 by the ER stress-induced
cleavage of caspase-4 might be attributable to PUMA.
However, in the present study, the overexpression of
caspase-4 failed to induce the expression of PUMA, suggesting
a lesser involvement of PUMA in the activation of caspase-3
and caspase-9 via caspase-4 (Fig. 2d). A faint relationship
between mitochondrial function and capase-4 was also
demonstrated by our previous study (Hitomi et al., 2004).
Cleavage of caspase-4 is not affected by the overexpression of
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Bcl-2, which prevents signal transduction on the mitochondria.
In addition, the overexpression of caspase-4 failed to induce the
efflux of cytochrome-c from mitochondria to cytosol (Fig. 3).
Thus, caspase-4 could directly cleave caspase-3 and caspase-9
and induce cell death without involvement of mitochondrial
apoptotic machinery.

In addition to AD, we have established that neuronal death
caused by ischemia is also attributable to ER stress (Bando
etal., 2003). Recently, the involvement of ER stress in neuronal
death in Huntington’s disease (Kouroku et al., 2002),
Parkinson’s disease (Ryu et al., 2002) and amyotrophic lateral
sclerosis (Atkin et al., 2006) has been reported. Based upon
these findings, it is likely that the activation of caspase-4
mediates neuronal cell death, not only in the AD, but also other
neurodegenerative disorders. Accordingly, caspase-4 could be a
potential target for the development of treatments for
neurodegenerative diseases. For this purpose, it is important
to screen the proteins interacting with pro-caspase-4.
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Gene and Expression Analyses Reveal Enhanced
Expression of Pericentrin 2 (PCNT2) in Bipolar Disorder
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Yasuhide Iwata, Katsuaki Suzuki, Yoshimoto Sekine, Hideo Matsuzaki, Masayoshi Kawai, Ko Miyoshi,
Taiichi Katayama, Shinsuke Matsuzaki, Kousuke Baba, Akiko Honda, Tsuyoshi Hattori, Shoko Shimizu,
Natsuko Kumamoto, Masaya Tohyama, Takeo Yoshikawa, and Norio Mori

Background: DISC1 has been suggested as a causative gene for psychoses in a large Scottish kindred. PCNT2 has recently been identified
as an interacting partner of DISC1. In this study, we investigated the role of PCNT2 in bipolar disorder, by gene expression analysis and
genetic association study.

Methods: By TagMan real-time quantitative reverse transcriptase polymerase chain reaction (qRT-PCR), we examined the messenger RNA
(mRNA) levels of PCNT2 in the postmortem prefrontal cortex of bipolar disorder (n = 34), schizophrenia (n = 31), and control subjects (n =
32), obtained from Stanley Array Collection. We also compared the mRNA levels of PCNT2 in the peripheral blood lymphocytes of bipolar
disorder (n = 21), schizophrenia (n = 21), depression (n = 33), and control subjects (n = 57). For the association study, 23 single nucleotide
polymorphisms (SNPs) were analyzed in 285 bipolar disorder patients and 287 age-and gender-matched control subjects, all of Japanese
origin. The genotypes were determined by TagMan assay.

Results: Significantly higher expression of PCNT2 was observed in the brain samples of bipolar group, compared with the control (p =.001)
and schizophrenia (p = .018) groups. In the peripheral blood lymphocytes also, a significantly higher expression of PCNT2 was observed in
the bipolar group, compared with the control subjects (p = .043). However, none of the SNPs analyzed in our study showed a significant

association with bipolar disorder; a weak tendency toward association was observed for two intronic SNPs.

Conclusions: Our findings suggest that elevated levels of PCNT2 might be implicated in the pathophysiology of bipolar disorder.

Key Words: Association study, bipolar disorder, DISC1, PCNT2,
peripheral blood lymphocytes, postmortem prefrontal cortex

disability (1), affects approximately 1% of the population

worldwide (2). The molecular pathophysiology of the
illness has been controversial, although the contribution of
genetic factors has been evidenced by family, twin, and adoption
studies (3).

Disrupted-in-schizophrenia 1 (ISCT) has been identified as a
disrupted gene by a balanced translocation (1; 11)(q42.1; q14.3)
that co-segregated with major psychiatric disorders in a large
Scottish kindred (4-7): the translocation carriers in the family
manifested a wide spectrum of psychiatric phenotypes including
schizophrenia, bipolar disorder, and recurrent major depression

B ipolar disorder, which is the sixth highest cause of global
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(4). A subsequent independent study by Devon et al. (8) of a
Scottish family affected with schizophrenia and bipolar disorder
failed to detect either co-segregation with the disease status or
significant association involving any of the markers of the DISC7
gene. Nevertheless, recent studies report the association of
DISCT polymorphisms with schizophrenia (9-12) and with bi-
polar disorder (13,14). Hence, DISCT might be involved in the
pathophysiology of only a limited subset of major psychiatric
disorders.

Recently, it has been proved that DISC1 is a multifunctional
protein interacting with several cytoskeletal and centrosomal
proteins via distinct domains (15-19). Thus, a signaling pathway
involving DISC1 and its interacting proteins rather than the
DISC1 molecule per se might be involved in the pathology of
major psychiatric disorders.

The fasciculation and elongation protein-zeta 1 (FEZ1) (18)
and kendrin or pericentrin 2 (PCNT2) (20) have recently been
identified as interacting partners of DISCI. DISC1 has been
shown to participate in neurite outgrowth through its interaction
with FEZ1 (18); the PCNT2-binding region of DISC1 overlaps
with the region interacting with FEZ1 (20). A study by Yamada
et al. (21) had suggested that FEZ1 might be associated with
schizophrenia in Japanese cohorts.

The PCNT2 gene is located on 21g22.3. which has been
identified as a bipolar disorder susceptibility region (22). In this
study, we compared the messenger RNA (mRNA) expression
levels of PCNT2 in samples from the postmortem prefrontal
cortex of bipolar disorder patients and schizophrenia patients,
obtained from the Stanley Array Collection. Because lympho-
cytes are now considered to be a convenient and accessible
alternative to brain samples for biochemical and genetic investi-
gations of the functions of the central nervous system (CNS) (23),
we further compared the mRNA levels of PCNT2 in the periph-
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Table 1. Demographic Characteristics of the Control, Schizophrenia, and Bipolar Groups Examined in Brain

mRNA Analysis
Control Schizophrenia Bipolar

Variables n=32 n=31 n=34 p
Age (yrs) (mean = SD) 442 = 7.69 428 +7.83 453 * 105 51
Male/Female 23/9 26/8 16/18 .02°
Race 32 White 30 White; 1 Hispanic 33 White; 1 Black 646°
Postmortem Interval (hours) 299 =133 312 16,5 370 177 167
Brain pH 6.63 £ .25 6.47 £ .24 6.42 = .30 .01°
Lifetime Dose of Antipsychotics® — 89,360 * 10,5400 10,040 * 22,900 .0003¢

mRNA, messenger RNA.

“One-way analysis of variance.

by test.

‘Fisher’s Exact test.
9Fluphenazine equivalents.
°t test.

eral blood lymphocytes of bipolar disorder, schizophrenia, and
depression cases. Because PCN12 expression was found to be
enhanced in bipolar disorder, we also performed an association
study of PCN12 in bipolar disorder.

Methods and Materials

Gene Expression Analysis

Brain RNA. The RNA from the dorsolateral prefrontal cortex
(DLPFC; Brodmann's area 46) was donated by The Stanley
Medical Research Institute (SMRI; http://www .stanleyresearch.
org/programs/brain_collection.asp) (24). The RNA from 31
schizophrenia patients, 34 bipolar disorder patients, and 32
control subjects was used for the study; demographic details of
the subjects are shown in Table 1. The schizophrenia patients
were medicated: among the bipolar disorder group, 24 patients
were medicated, and 10 were not medicated. All the schizophre-
nia patients exhibited psychotic features; in the bipolar disorder
group. 21 patients showed psychotic features, and 11 were not
psychotic. Because the RNA samples were coded, the diagnoses
of the subjects were masked while the assays were performed.
The study was approved by the Ethics Committee of Hamamatsu
University School of Medicine.

Lymphocyte RNA. We obtained blood samples from 21
drug-naive schizophrenia patients, 21 medicated bipolar disorder
patients, and 57 healthy control subjects. Because all the bipolar
disorder patients were inevitably medicated owing to the course
of the disorder, we also included samples from 33 drug-naive
major depressive patients in this study.

All the control and patient samples were of Japanese origin.
Patient groups were recruited from the Hamamatsu University
Hospital, Japan, during the period from April 1, 2002 to Septem-

ber 30, 2003. The patients were diagnosed according to the
DSM-1V (25), by senior psychiatrists (NK, 1Y, SK); the severity of
symptoms was evaluated with the Brief Psychiatric Rating Scale
(BPRS) (26) for patients with schizophrenia and with the Ham-
ilton Depression Rating Scale (HAM-D) (27) for patients with
depression. All the major depressive patients belonged to the
single episode category (DSM-IV-Text Revision 296.2) (28).
Among the 21 bipolar disorder patients, 14 were in remission
states, 2 each were in hypomanic and manic states, and 3 in
depressive state. Remission for bipolar disorder patients was
defined as the absence of any apparent affective symptoms for a
minimum of 6 months, without recurrence (25); this was verified
via a direct interview with patients along with a review of clinical
records.

Although patients with schizophrenia and those with depres-
sion had, by definition, never received medication, all the
patients with bipolar disorder had been taking antipsychotic
drugs; their lifetime doses of antipsychotic drugs were calculated
in terms of chlorpromazine equivalents. Some of the patients had
been taking antidepressant drugs and/or lithium also.

The healthy control subjects consisted of the staff at the
hospital and volunteers from the community; they were recruited
by poster advertisements and word of mouth in and around
Hamamatsu city. Demographic details of the subjects who par-
ticipated in the study are shown in Table 2. All of the subjects
were presented with a complete description of the study, and
their written informed consent was obtained for participation.
The study was approved by the Ethics Committee of Hamamatsu
University School of Medicine.

Peripheral blood (20 mL) was drawn from the cubital vein
into ethylenediaminetetraacetic acid (EDTA)-containing plastic

Table 2. Demographic Characteristics of the Control, Schizophrenia, Bipolar and Depression Groups Examined in Lymphocyte mRNA Analysis

Control Drug-Naive Schizophrenia Medicated Bipolar Drug-Naive Depression
Variables n=:57 n=21 n=21 n=33 p
Age (yrs) (mean = SD) 29.8 = 8.11 331117 473 +16.7 36.8 = 13.2 <.001¢
Male/Female 46/11 14/7 10/11 23/10 040
Lifetime Dose of Antipsychotics® — — 252 + 539 —
Lithium = — 760 * 472 —
Antidepressants — — 798 =114 —

mRNA, messenger RNA.
“One-way analysis of variance.
by test.

‘Chlorpromazine equivalents.

www.sobp.org/journal



680 BIOL PSYCHIATRY 2008;63:678—685

o 2
& &
§ &
g g
¢ ¥
1 1

{

|

22

32249057
e m2839227
66516280
52073378

- 182186350
26518291
- 11543756
2039251

o

152249060
19223
52639224
152039227 -
183737428
762250
52268524

g
g
g

;

syringes. Lymphocytes were isolated from blood samples by the
Ficoll-Paque gradient method; total RNA was extracted with
RNAzolIB reagent (Sawady. Tokyo. Japan). according to the
manufacturer’s instructions. We had been collecting blood sam-
ples at approximately the same time (10:00 aM) on the days
assigned for sample collection: lymphocyte isolation and RNA
extraction were done immediately thereafter. Thus, we main-
tained similar conditions during the collection and processing of
all the samples. The RNA samples were quantified by analyzing
the absorbance at 260 nm in a UV-spectrophotometer. Comple-
mentary DNA (cDNA) was synthesized by first strand reverse
transcriptase reaction (RT) with Random Primer and M-MLV
reverse transcriptase (Invitrogen. Carlsbad, California).

Quantitative Reverse Transcriptase Polymerase Chain
Reaction. Real-time quantitative reverse transcriptase poly-
merase chain reaction (qRT-PCR) analysis was performed with
the ABI PRISM 7900 Sequence Detection System (Applied
Biosystems, Foster City, California). TagMan primer/probes
for PCNT2 (NM_006031) and for glyceraldehyde-3-phosphate
dehydrogenase (GAPDH: NM_002046), which served as the
endogenous reference, were purchased from Applied Biosys-
tems (Assay-on-Demand gene expression products Hs00195774
and Hs99999905, respectively). All reactions were performed in
duplicate, according to the manufacturer's protocol. A comparative
threshold cycle (C;) method validation experiment was done to
check whether the efficiencies of target and reference amplifica-
tions were approximately equal (the slope of the log input
amount vs. AC. < .1). One sample was randomly chosen as the
calibrator and was amplified in each plate, to correct for exper-
imental differences among consecutive PCR runs. The amounts
of PCNT2 mRNA were normalized to the endogenous reference
and expressed relative to the calibrator as 2744 (comparative
C,; method).

Statistical Analysis. Statistical calculations were performed
with the SPSS statistical package, version 11.0.1 (SPSS, Tokyo,
Japan). One-way analysis of variance (ANOVA) was used to
examine the variability in the distribution of demographic vari-
ables across groups. Variability in PCN12 expression across the
groups was analyzed with one-way ANOVA, followed by a post
hoc analysis with the Tukey Honestly Significant Differences
(HSD) test: to control for potential confounding factors, analysis
of covariance (ANCOVA) was used. Any effect of various demo-
graphic variables upon PCNT2 expression was examined by
Pearson’s correlation coefficient.

Association Study

Sample Information. We analyzed 285 bipolar disorder
patients (age 48.0 = 13.5 years [mean * SDJ]: 157 male /128
female) and 287 age- and gender-matched healthy control sub-
jects (age 48.0 £ 12.3 years, 146 male / 141 female). All the
subjects were recruited from a geographical area located in the
center of the mainland of Japan. Best-estimate lifetime diagnoses
of patients were made by direct interview with two experienced
psychiatrists, according to DSM-IV criteria (25), and with all
available information from medical records, hospital staff, and

www.sobp.org/journal
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Figure 1. Genomic structure of PCNT2, and locations of
single nucleotide polymorphisms (SNPs). Exons are indi-
cated by boxes; SNP positions are denoted by arrows.

152070426 =

family informants. Control subjects were recruited from hospital
staff and company employees, documented to be free from any
psychiatric problems. and were further interviewed by expe-
rienced psychiatrists to exclude any psychiatric disorders. This
study was approved by the Ethics Committees of Hamamatsu
University School of Medicine and RIKEN Brain Science
[nstitute: written informed consent was obtained from all the
participants.

Marker Selection. The genomic structure of PCN12 is based
on the UCSC May 2004 draft assembly of the human genome
(http://www.genome.ucsc.edu). The gene consists of 47 exons,
spanning a genomic stretch of 121,587 bases (mRNA size 10,501
bases) (Figure 1). Single nucleotide polymorphisms (SNPs) for
the association study were selected with the Applied Biosystems
software SNPbrowser 3.5; we also referred to several databases
for SNP information, including the National Centre for Biotech-
nology Information (NCBI dbSNP: http://www.nchi.nlm.nih.
gov/SNP) and Japanese Single Nucleotide Polymorphisms (JSNP:
http://snp.ims.u-tokyo.ac.jp). On the basis of their genomic
locations and minor allele frequencies (MAF > 0.1) in Japanese
population, 23 SNPs were chosen for our analysis, to span the
PCNT2 gene as evenly as possible. We aimed at an average
spacing of one common SNP at every 3-5 kb: however, this was
not always possible, or practical. In some cases, there were long
gaps with no validated common SNPs at the time we performed
this study; furthermore, it was not possible to design suitable
assays for some other SNPs. In addition to genotyping a common
SNP at every possible 3—5 kb, we also checked the association of
exonic SNPs within these intervals, to examine the possibility of
cis-acting polymorphisms contributing to the altered expression
of PCNT2.

Genotyping. Genomic DNA was extracted from whole
blood with the QIAamp DNA blood kit (QIAGEN, Germantown,
Maryland). The quality and quantity of DNA were estimated in a
UV-Spectrophotometer.

Assay-on-Demand SNP genotyping products (Applied Biosys-
tems) were used to score SNPs, on the basis of the TagMan assay
method (29). Genotypes were determined in the ABI 7900
Sequence Detection System (SDS) (Applied Biosystems) and
analyzed with SDS v 2.0 software (Applied Biosystems).

Statistical Analysis. All the genotyping results were tested
for Hardy-Weinberg Equilibrium (HWE). Any difference in allelic
or genotypic distributions between patients and control subjects
was evaluated with Fisher's exact test.

The haplotype frequencies of SNPs were estimated with the
software COCAPHASE 2.403 (http://www.lithio.org/) (30). This
software performs likelihood ratio tests under a logistic regres-
sion model of the probability that an allele or haplotype belongs
to the case rather than the control group. The expectation
maximization (EM) algorithm was used to resolve uncertain
haplotypes, infer missing genotypes, and provide maximum-
likelihood estimation of frequencies. Haplotype associations
were also examined with this software.
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Figure 2. Post hoc pairwise comparison (Tukey Honestly Significant Differ-
ences) of PCNT2 messenger RNA levels in the postmortem brains (Brodmann’s
area 46) from control, schizophrenia, and bipolar groups. A significant differ-
ence in PCNT2 expression was observed between 1) control-bipolar (p =
001) and 2) schizophrenia-bipolar (p = .018) groups.

Results

Brain Samples

No significant difference in age [F(2,97) = .69; p = 51], race
distribution (Fisher’s exact test p = .640), or postmortem intervals
[F(2,94) = 1.84; p = .16] was observed across the control,
schizophrenia, and bipolar disorder groups. However, there was
a significant group difference in gender distribution [x*(2) =
7.44; p = .02] and in brain pH [F(2,94) = 5.23; p = .01} (Table 1).
The control and schizophrenia groups had more men compared
with the bipolar disorder group; brain pH was lower in the
schizophrenia and bipolar disorder groups than that in the
control group. In addition, the lifetime dose of antipsychotic
drugs in the schizophrenia group was significantly higher than
that in the bipolar disorder group [#(32) = 4.10; p = .0003].

There was a significant difference in PCNI2 expression across
the three groups [F(2,94) = 7.23; p = .001] (Figure 2). Subse-
quent post hoc pairwise comparison with Tukey HSD revealed a
significantly higher expression of PCN12 in the bipolar disorder
group (5.26 * 5.47 Imean £ SDD), compared with the control
(2.22 = 1.06; p = .001) and schizophrenia (2.91 * 1.33; p = .018)
groups, The PCNT2 expression did not differ between the control
and schizophrenia groups (p = .70). After adjusting for gender
and brain pH as potential. confounders, with ANCOVA, the
difference in PCNT2 expression across the three groups re-
mained significant [F(2,92) = 3.77; p = .027]. The bipolar
disorder group had a significantly higher expression of PCN72 in
comparison with the control group (p = .045) but not in
comparison ‘with the schizophrenia group (p = .077). The
difference in PCNT2 expression between schizophrenia and
bipolar disorder groups was significant (p = .017) when lifetime
dose of antipsychotic drugs was considered as a confounding
factor.

There was no significant difference [#(30) = —1.114; p = .274]
in PCNT2 expression between the psychotic and non-psychotic
groups of bipolar disorder patients. In addition, there was no

BIOL PSYCHIATRY 2008;63:678-085 681

significant difference in PCNT2 expression [#(32) = —1.71; p =
.097] between the medicated and non-medicated groups of
bipolar disorder patients. There were no significant correlations
between PCNT2 expression and age of onset or duration of
illness, in patients with bipolar disorder.

Lymphocyte Samples

With regard to demographic characteristics, there was a
significant difference in the distribution of age [#(3,127) = 11.82;
< .001] and gender [x*(3) = 8.29; p = .04] across the control,
drug-naive-schizophrenia, medicated bipolar disorder, and drug-
naive depression groups (Table 2). The bipolar disorder group
was comparatively older and had a higher proportion of women,
when compared with the other three groups.

A significant difference in PCNT2 expression was observed
across the four groups [F(3,128) = 6.46; p < .001] (Figure 3). Post
hoc pairwise comparison with Tukey HSD showed a significantly
higher expression of PCN72 in both the bipolar disorder group
(1.14 * .38; p = .043) and the depression group (1.22 £ 48; p =
.001) than in the control group (.88 * .32). However, PCN12
expression in the schizophrenia group (.93 % .35) did not differ
from and was, in effect, almost identical to that of the control
group (p = 935). In addition, individuals with bipolar disorder in
a remission state (1.11 * .34) showed a significantly higher
expression of PCNT2, compared with the control group (p =
.022).

When age and gender were adjusted for as potential con-
founders, with ANCOVA, the difference in PCNT2 expression
across the four groups remained significant [F(3,125) = 3.82; p=
.003]; a significantly higher expression of PCNT2 was observed in
the bipolar disorder group (p = .010) and in the depression
group (p < .001) than in the control group. Because the bipolar
disorder group was, by definition, all medicated and received
antipsychotic medication previously and/or at the time of the
study, we examined the correlation between the lifetime dose of
antipsychotic drugs and PCN12 expression in this group. There
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Figure 3. Post hoc pairwise comparison (Tukey Honestly Significant Differ-
ences) of PCNT2 messenger RNA levels in the lymphocytes from control,
drug-naive schizophrenia (Schizo), medicated bipolar (BD), and drug-naive
depression (Dep) groups. A significant difference in PCNT2 expression was
observed between 1) control-bipolar {(p = .043) and 2) control-dep (p =
.001) groups.
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Table 3. Allelic and Genotypic Distributions of PCNT2 SNPs

Marker dbSNP ID Samples Allele (%) P Genotype (%) p
SNP1 rs2839212 C T C/C /T T
Intron 2 BP 428 (75.89) 136 (24.11) 833 165 (58.51) 98 (34.75) 19(6.74) 515
T 431 (75.35) 141 (24.65) 160 (55.94) 111 (38.81) 15 (5.24)
SNP2 152839215 G A G/G G/A A/A
Intron 3 BP 425 (75.62) 137 (24.38) 756 163 (58.01) 99 (35.23) 19 (6.76) .706
cT 428 (74.83) 144 (25.17) 159 (55.59) 110 (38.46) 17 (5.94)
SNP3 rs9981892 G A G/G G/A A/A
Intron 5 BP 423 (75.00) 141 (25.00} 49N 162 (57.45) 99 (35.11) 21 (7.45) .56
T 439 (76.75) 133 (23.25) 168 (58.74) 103 (36.01) 15 (5.24)
SNP4 rs2249057 C A c/C C/A A/A
Exon 10 BP 320 (56.74) 244 (43.26) .985 90 (31.91) 140 (49.65) 52(18.44) 932
(Sitent) T 326 (56.79) 248 (43.21) 94 (32.75) 138 (48.08) 55(19.16)
SNP5 rs2249060 C T C/C /T v
Exon 10 BP 428 (75.89) 136 (24.11) 386 163 (57.80) 102 (36.17) 17 (6.03) 472
(Missense) cT 448 (78.05) 126 (21.95) 172 {59.93) 104 (36.24) 11{3.83)
SNP6 rs2839222 A G A/A A/G G/G
Intron 12 BP 424 (75.44) 138 (24.56) 349 163 (58.01) 98 (34.88) 20(7.12) 321
cT 445 (77.80) 127 (22.20) 171 (59.79) 103 (36.01) 12 (4.20)
SNP7 152839223 A G AA A/G G/G
Exon 13 BP 430 (75.97) 136 (24.03) 446 165 (58.30) 100 {35.34) 18 (6.36) .506
(Missense) T 447 (77.87) 127 (22.13) 172 (59.93) 103 (35.89) 12 (4.18)
SNP8 152839224 G A G/G G/A A/A
intron 13 BP 427 (75.98) 135 (24.02) 468 165 (58.72) 97 (34.52) 19 (6.76) 402
(@) 445 (77.80) 127 (22.20) 171 (59.79) 103 (36.01) 12 (4.20)
SNP9 152839227 A G A/A A/G G/G
Exon 15 BP 428 (75.62) 138 (24.38) .582 164 (57.95) 100 (35.34) 19 (6.71) 640
{Missense) cT 442 (77.00} 132 (23.00) 169 (58.89) 104 (36.49) 14 (4.88)
SNP10 rs6518289 C T c/C (@2) T
Exon 15 BP 425 {75.62) 137 (24.38) 534 164 (58.36) 97 (34.52) 20(7.12) 421
(Missense) cr 440 (77.19) 130 (22.81) 168 (58.95) 104 (36.49) 13 (4.56)
SNP11 152073378 C G Cc/C /G G/G
Intron 16 BP 428 (76.43) 132 (23.57) 983 165 (58.93) 98 {35.00) 17 (6.07) 74
T 439 (76.48) 135 (23.52) 166 (57.84) 107 (37.28) 14 (4.88)
SNP12 153737438 C T c/C (o) 1)
Exon 21 BP 295 (51.94) 273 (48.06) 158 79 (27.82) 137 (48.24) 68 (23.94) 307
(Silent) cT 322 (56.10) 252 (43.90) 89 (31.01) 144 (50.17) 54 (18.82)
SNP13 152268522 G A G/G G/A A/A
Intron 21 BP 407 (72.16) 157 (27.84) A2 149 (52.84) 109 (38.65) 24 (8.51) 126
cT 390 (67.94) 184 (32.06) 128 (44.60) 134 (46.96) 25 (8.71)
SNP14 15762250 G C G/G G/C c/C
Intron 21 BP 407 (72.16) 157 (27.84) 12 149 (52.84) 109 (38.65) 24 (8.51) 126
cT 390 (67.94) 184 (32.06) 128 (44.60) 134 (46.69) 25(8.71)
SNP15 152186350 A G A/A A/G G/G
intron 21 BP 409 (72.52) 155 (27.48) .08 150 (53.19) 109 (38.65) 23(8.16) 19
T 389 (67.77) 185 (32.23) 128 (44.60) 133 (46.34) 26 (9.06)
SNP16 6518291 A G A/A A/G G/G
Exon 26 BP 430 (76.79) 130 (23.21) .958 167 (59.64) 96 (34.29) 17 (6.07) 705
(Missense) CT 440 (76.66) 134 (23.34) 167 (58.19) 106 (36.93) 14 (4.88)
SNP17 1s1543756 G A G/G G/A A/A
Intron 27 BP 435 (76.86) 131 (23.14) 827 169 (59.72) 97 (34.28) 17 (6.01) 637
cT 438(76.31) 136 (23.69) 165 (57.49) 108 (37.63) 14 (4.88)
SNP18 152268524 C T c/C s) T
Intron 31 BP 295 (52.30) 269 (47.70) 144 81 (28.72) 133 (47.16) 68 (24.11) 214
cT 325(56.62) 249 (43.38) 90 (31.36) 145 (50.52) 52(18.12)
SNP19 152839251 C T c/C (¥a) T
Intron 31 BP 432 (76.33) 134 (23.67) .83 167 (59.01) 98 (34.63) 18 (6.36) 507
T 435 (75.78) 139 (24.22) 162 (56.45) 111 (38.68) 14 (4.88)
SNP20 r$2070426 C G c/C C/G G/G
Exon 37 BP 410(72.70) 154 {27.30) 104 150 (53.19) 110 (39.01) 22 (7.80) 107
(Missense) cT 392 (68.29) 182 (31.71) 128 (44.60) 136 (47.39) 23 (8.01)
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Table 3. (continued)
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Marker dbSNP ID Samples Allele (%) p Genotype (%) p
SNP21 rs2073376 G A G/G G/A A/A
Exon 38 BP 410 (72.44) 156 (27.56) 125 150 (53.00) 110 (38.87) 23 (8.13) 107
(Missense) «) 392 (68.29) 182 (31.71) 128 (44.60) 136 (47.39) 23 (8.01)
SNP22 rs2051190 T C /T T/C c/C
Intron 41 BP 413 (72.71) 155 (27.29) 102 152 (53.52) 109 (38.38) 23 (8.10) .081
cT 392 (68.29) 182 (31.71) 128 (44.60) 136 (47.39) 23 (8.01)
SNP23 rs2073380 A C A/A A/C c/C
Exon 45 BP 293 (51.77) 273 (48.23) 142 79 (27.92) 135 (47.70) 69 (24.38) 225
(Missense) cT 322 (56.10) 252 (43.90) 88 (30.66) 146 (50.87) 53 (18.47)

SNP, single nucleotide polymorphism; BP, bipolar; CT, control.

was no significant correlation between the lifetime dose of
antipsychotic drugs and PCNI2 expression (rr = —.0006, p =
.784). In addition. no significant correlation was found between
lithium doses and PCNT2 expression (1 = —.349, p = .132) or
between antidepressant doses and PCNT2 expression (1= 412,
p=.071).

In patients with bipolar disorder and depression, there were
no significant correlations between PCN12 expression and 1) age
of onset, 2) duration of illness, or 3) HAM-D scores.

Association Study

Genotypic distributions of all the SNPs were found to be in
HWE for the bipolar disorder group and its control subjects.

The allelic and genotypic frequencies of the 23 SNPs of
PCNT2 in the bipolar disorder and control groups are summa-
rized in Table 3. None of the SNPs showed any significant
difference in allelic or genotypic frequencies between the bipolar
disorder and control groups. Tendencies for allelic and genotypic
associations were observed for rs2186350 (SNP15) (p = .0802)
and for rs2051190 (SNP22) (p = .0814), respectively. However,
taking into account the multiple testing involved, these values
become irrelevant. Haplotype analysis also failed to show any
significant association.

Discussion

In this study, we observed a significantly higher expression of
PCN12 in the brain and peripheral blood lymphocytes of bipolar
disorder patients, when compared with the control subjects. The
enhanced expression of PCNT2 remained significant even after
adjusting for the effect of various confounding variables: in
addition, no correlation was observed between any of the
medication doses and PCN72 expression. The lymphocyte sam-
ples from remission bipolar disorder patients and drug-naive
depression patients also showed elevated PCNT2 expression. To
our knowledge, this is the first study that has investigated PCNT2
expression in the brain and peripheral blood lymphocytes of
bipolar disorder patients.

Our findings lead us to hypothesize that PCNT2 overexpres-
sion in the brain might contribute to the pathophysiology of
bipolar disorder or could be the downstream result of some other
aspect of the illness. PCNT2 has been proved to be essential for
microtubule organization during cell division. In association with
protein kinase A-anchoring proteins (AKAPs) and y-tubulin ring
complex (y-TuRC), PCNT2 acts as a structural and regulatory
scaffold at the centrosome, for those proteins that regulate cell
cycle events (31-37). PCNT2 overexpression has been found to
induce G2/antephase arrest of the cell cycle, followed by apo-
ptosis, in COS cells. It has been proposed that the loss of the

PCNT2-mediated anchoring mechanism due to its overexpres-
sion might elicit a checkpoint response that prevents mitotic
entry and triggers apoptotic cell death (38). The exact molecular
pathway involved in this process has yet to be identified. It is
possible that PCNT2 overexpression might lead to some kind of
apoptotic process in the brain, leading to its dysfunction. There
are several studies that implicate apoptotic processes in the brain
of bipolar disorder patients. At the histopathological level, strik-
ing reductions in neuronal density have been observed in the
anterior cingulate cortex (ACCx) of bipolar disorder brains
compared with schizophrenic brains (39). In addition, DNA
fragmentation, which is a hallmark of apoptosis, has also been
found to be increased in the ACCx of bipolar disorder subjects
compared with schizophrenic subjects (40). Decreased glial
number and density as well as decreased neuronal density have
been reported in several regions of the frontal lobes. especially in
the ACCx, of bipolar disorder brains (41). The recent hypothesis
is that apoptosis might play a role in bipolar disorder and
schizophrenia; however, considering the DNA damage. apopto-
sis is more likely to result in cell death in bipolar disorder patients
but not in those with schizophrenia, in whom a more subtle
perturbation in intracellular signaling might contribute to neuro-
nal dysfunction (42). Abnormalities of PCNT2 can lead to defects
in microtubule function, resulting in alterations in neuronal
migration, axonal extension, and neurite outgrowth, thus leading
to impaired neurodevelopment. Morphometric studies suggest
that the pathophysiology of bipolar disorder includes anatomic
abnormalities in the neural circuits interconnecting the prefrontal
cortex, medial temporal lobe, and basal ganglia (43—45). In
addition, recent studies provide evidence for a neurodevelop-
mental model of bipolar disorder, even though the effect might
not be as pronounced as in the case of schizophrenia (46-52).

In this study, we found that the PCNT2 expressions in
peripheral blood lymphocytes were significantly higher in bipo-
lar disorder and depressive patients than in control subjects.
Lymphocytes are now considered to be a convenient and
accessible alternative to brain samples for biochemical and
genetic investigations of the functions of CNS, owing to the
expression of neuroactive proteins and processes in lymphocytes
and to altered lymphocyte functions in neuropsychiatric disor-
ders; in addition, there are similarities of hormonal effects on the
nervous system processes and lymphocyte physiology (23).
Thus, the activity of the circulating blood leucocytes might be
suggested to reflect the brain function. The expression of PCNT2
in the peripheral blood lymphocytes might, therefore, be a useful
biological marker of mood disorders.

The SMRI Online Genomics Database (http://www.
stanleyresearch.org/brain/) reports reduced expression of
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PCNTZ2in bipolar disorder brain samples. The exact reason for
this discrepancy with our results cannot be pointed out now.
One possibility might be the difference of methodological pro-
cedures. The SMRI data are based on microarray analysis,
whereas, our study was carried out with the TagMan gRT-PCR
method. The differences in sample processing might also have
affected the results. The SMRI database reports the use of fixed
and frozen tissue samples, whereas, we used the extracted RNA
samples that were readily available from SMRI. PCN72 is re-
ported to have approximately 20 alternate splice forms. There-
fore, the probes used for the expression study might also account
for the variation in results. However, our results from brain
samples were concordant with that from lymphocyte PCNT2
expression analysis, in which we again observed a significantly
higher expression of PCN12 in the bipolar group, compared with
the control subjects. Thus, we obtained consistent results with
RNA samples from two different tissue sources.

Even though we observed an altered expression of PCNT2 in
the bipolar disorder samples, none of the SNPs analyzed in the
study showed a significant association with bipolar disorder. The
PCNT2 gene is 121.6 kb long and consists of 47 exons; 433 SNPs
are reported in the gene, of which 37 are in the coding region. In
our study, we selected only those SNPs that had a MAF > .1 in
the Japanese population and those for which TagMan assays
were possible; the 3 regulatory region and other regulatory
elements were not analyzed, thus precluding the definitive
exclusion of PCNT2 as a candidate gene for bipolar disorder.
More SNPs in the coding and regulatory regions of the gene have
to be analyzed to determine whether the altered expression of
the gene can be attributed to cis-acting polymorphisms; it might
also be possible that the expression of PCNI2 gene is regulated
by additional trans-acting factors. In the 21q22.3 region, multiple
studies have replicated the positive linkage with bipolar disorder
(53-61). In addition, reduced expression of TRPC7 (transient
receptor potential-related channels), also located in this region,
has been observed in bipolar disorder-1 patients (62).

In conclusion, this is the first report relating PCNT2 with a
psychiatric disorder. Our findings suggest that énhanced expres-
sion’ of PCNT2 might be implicated in the pathophysiology of
bipolar disorder: the levels of PCN72 mRNA in lymphocytes
might be a useful biological marker of bipolar disorder. Further
studies: are required as follows: -1) an association: study involving
more SNPs and using samples of different ethnic origins, and 2)
functional studies to elucidate the role of PCNT2 in CNS activities.
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