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Figure 3. Stathmin1 expression in the axon and dendrite. (A-B) Immunohistochemical analysis of stathminl in the DG.
Immunohistochemistry of stathmin1 using wild-type mice (A) and Adcyap™~ mice (B). The small photograph is at high magnification. Bars=50 um.
(C) The number of stathmin1 positive cells in the SGZ in wild-type (open column) and Adcyap ™~ mice (closed column) were counted in a set of four
coronal sections along the rostral-caudal range of each hippocampus/DG (n = 3). (D-G) Immunoelectron microscopic analysis of stathmin1-expressing
processes in the SGZ of Adcyap™ ™ mice. (D, E) Stathmin1 positive neurites originating from SGZ neurons extended to the polymorphic layer (D,
bar=>5 pm) and the neurites had the morphology of axon fibers (E, bar=1 um). (F) Stathmin1 positive dot-like fibers in the polymorphic layer
identified as the axon fibers. Bar="1 pm (G) Thick processes found in the granular cell layer could often be traced to the stathmin1 positive cell soma.
Bar="5 um (H, K) Localization of stathmin1 in the rat hippocampal primary neurons. The same cells as in (H) and (K) stained with MAP2 antibody (I) or
anti-Tau antibody (L). (J) and (M) represent the merged image of (H) with (), and (K) with (L), respectively. Bars=50 pum.

doi:10.1371/journal.pone.0008596.g003

arrows, SGZ neurons were identified that expressed both
stathminl protein and PAC, mRNA (Fig. 5C). Thus, stathminl-
expressing neurons in the SGZ also expressed PAC;.

Stathminl gene promoter activity is regulated by basic
helix loop helix (b HLH) proteins. Using to perform a BLAST

?@: PLoS ONE | www.plosone.org

search, we identified the genomic sequence of rat stathminl in a
chromosome 5 contig. We then performed PCR amplification of a
1885 bp genomic DNA fragment that consisted of 1561 nt
upstream of the stathminl transcription start site (+1), exon 1,
and part of intron 1(+325). This fragment was sequenced and
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Figure 4. Stathmin1 over-expression in neurons causes abnormally pronounced arborization of axon fibers. (A, B) Immunohisto-
chemical analysis of stathmin1 in the polymorphic layer. Inmunohistochemistry of stathmin1 using wild-type mice (A) and Adcyap™~ mice (B). White
arrows indicate varicosities. Bars=50 pm. (C) The number of stathmin1 positive dot-like fibers in the polymorphic layer were counted (n=3,
*#*p = 34E~'2 compared with wild-type). Error bars represent +SEM. (D-F) Morphology of hippocampal primary neurons transfected with stathmin1.
Over-expression of GFP (D), GFP-stathmin1 (E) or stathmin1 and GFP (F). The neurons over-expressing stathmin1 have abnormally pronounced
sprouting of axon fibers. Bars =50 um. (G) The number of secondary neurites from axons was increased by over-expression of stathmin1 (GFP; n = 10,
GFP-stathmin1; n=10, **P=25E">, GFP and stathmin1; n=6, ***P =0.00022 compared with GFP). Error bars represent =SEM.

doi:10.1371/journal.pone.0008596.g004

subcloned into the pGL3 luciferase reporter vector. We also
analyzed this fragment for transcription factor-binding sites using
the DNAsis program. The 1.8 kbp rat stathminl 5’ genomic
sequence contained 12 (E1-E12) putative E boxes (CANNTG),
which are potential binding sites for bHLH proteins, including
neuronal transcriptional activators (Fig. 5D). To investigate the

f@: PLoS ONE | www.plosone.org

promoter activity of stathminl, we constructed several expression
plasmids for the luciferase reporter assay (Fig. 5D). We examined
the activity of each construct using the luciferase assay, after
transient transfection in PC12 cells. Constructs with E10 (such as
STMNI-1, STMNI1-2 and STMNI1-3) showed a high level of
luciferase activity compared with control cells, but constructs with
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Figure 5. PACAP inhibits stathmin1 by up-regulation of Ascl1
using p38 and ERK signals. (A) Localization of stathmin1 and PAC,
expressing neurons in the DG of wild-type mice. (B) Hippocampal
section stained with hematoxylin and eosin. Bars=100 pm. (C) shows
the localization of stathmin1 and PAC, expressing neurons in the same
section (arrows). Stathmin1 is visualized by immunohistochemistry
(brown) and PAC; mRNA by in situ hybridization (black grains).
Bars=50 um. (D-J) Involvement of Ascl1 in the promoter activity of
stathmin1. (D) Schematic diagram of the 1.8 kb rat stathmin1 5’
genomic DNA fragments for the luciferase activity assay. These vectors
posses the 5’ regulatory region of stathmin1, the first exon and partial
sequence of the first intron. The different promoter constructs used in
this study are shown. The relative location (not drawn to scale) of
putative E-boxes, and the transcription start site (arrow at +1) are
shown. (E) PC12 cells were transfected in 6-well plates with the
indicated stathmin1 promoter-luciferase plasmids and the Renilla
luciferase plasmid. Firefly and Renilla luciferase activities were measured
using a Dual Luciferase Reporter Assay System (n= 3). Luciferase activity
was measured and data (means=SEM) are shown as relative luciferase
activity (RLA). (F) Activation of the STMN1-1 promoter by Ascl1. STMN1-
1 plasmid and 1 pg of expression vector, which are mixed with empty
vector pCl and the indicated amounts of pCl-Ascl1, were transfected in
triplicate, with 0.2 png. 48 h after PC12 cell transfection, the cells were
collected and the RLA was determined. Data (mean*SEM) show
representative results of least three experiments, *P=0.0165. (G)
Sheared chromatin from PC12 cells was immunoprecipitated with the
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appropriate antibody (anti-Ascl1, control rat anti-lgG). Then DNA
sequences bound to precipitated proteins were isolated. Immunopre-
cipitated DNA was used as template in PCR using E10 primers, E10-E11
primers or negative control primers. (H-J) Localization of stathmin1 (H)
and Ascl1 (I) were demonstrated on the same DG section of wild-type
mice. Arrows indicate SGZ neurons containing both stathmin1 and
Ascl1. Arrow head represents a neuron expressing stathmin1 alone.
Bar=10um.

doi:10.1371/journal.pone.0008596.g005

a stathminl promoter lacking the E10 box (such as STMN1-4) did
not show luciferase activity (Fig. 5E). Therefore, the E10 box was
found to be a key motif that regulates stathminl expression
through bHLH factors.

An activating bHLH protein, Ascll, activates the
stathminl promoter. Among activating bHLH proteins, we
found that Ascll activated the stathminl promoter. Namely, co-
transfection of PC12 cells with the stathmin]-promoter plasmid and
the Ascll expression plasmid induced a dose-dependent increase of
luciferase activity compared with transfection of the stathminl
promoter plasmid alone (Fig. 5F). To examine whether endogenous
Ascll protein in PC12 cells could bind to the stathminl promoter
sequence, sheared chromatin was immunoprecipitated with anti-
Ascl] antibody or with control IgG, followed by PCR amplification
of the corresponding DNA regions using stathminl promoter
specific primers. Analysis of amplified DNA showed that more
sequences were amplified by primers flanking the E10 box
compared with primers flanking the E10- E11 boxes (Fig. 5G). In
addition, co-localization of Ascll and stathminl in SGZ neurons
was demonstrated by immunohistochemistry (Fig. 5H, 1, J). These
results established that endogenous Ascll protein could bind to the
stathminl promoter and act as a major regulator of stathminl
promoter activity.

Inhibitory bHLH proteins, Hesl and Id3, show increased
expression after PACAP stimulation. As mentioned above,
both PACAP and Ascll regulate stathminl expression. In
addition, inhibitory bHLH proteins (Hes family proteins and Id
family proteins) are known to inhibit the bHLH proteins. We
detected an increase of Hesl and Id3 expression after PACAP
stimulation (Fig. 6A, B). To establish the pathway involved, we
next examined the effect of PACAP on Hesl and 1d3 expression in
vitro. Hes] and 1d3 expression increased rapidly after PACAP
stimulation, indicating that expression of bHLH inhibitors (Hesl
and 1d3) was induced by PACAP stimulation. Inhibition of
elements of the PACAP signaling pathway, such as p38 and ERK,
suppresses the effect of PACAP on stathminl expression.
Therefore, we next examined whether the ERK or p38 pathway
regulates the induction of Hesl and 1d3 after PACAP stimulation.
As a result, the increase of Id3 mRNA levels in response to
PACAP stimulation was inhibited by a p38 inhibitor (SB202190),
but not by an ERK inhibitor (PD98059) (Fig. 6C). Induction of
Hesl mRNA by PACAP stimulation was inhibited by an ERK
inhibitor and by a p38 inhibitor. Furthermore, co-administration
of p38 and ERK inhibitors strongly inhibited the induction of
Hesl mRNA by PACAP stimulation (Fig. 6D). Administration of
SB202190 or PD98059 alone did not affect the expression of Hesl
or 1d3 largely. These results were represented as a relative value to
inhibitor alone. These findings suggested that Hesl expression is
regulated by both the PACAP-ERK and PACAP-p38 pathways,
whereas 1d3 expression is mainly controlled by the PACAP-p38
pathway.

Hesl and Id3 suppress stathminl promoter activity via
Ascll inhibition. To elucidate whether the stathminl promoter
was regulated by Hesl or 1d3, PC12 cells were co-transfected with
a stathminl promoter plasmid and a Hesl expression plasmid or
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Figure 6. Hes1 and Id3, which are regulated by PACAP, inhibit Ascl1 function. (A, B) Kinetic study of the effect of PACAP on the expression
of Id3 (A} and Hes1 (B) mRNA. PC12 cells were treated with 10 nM PACAP for the indicated times and Id3 and Hes1 expression was quantified by real-
time PCR. Data are expressed as mean percentages *SEM relative to control values at 0 h, Open circle indicates vehicle treatment. Closed circle
represents PACAP: treatment. (C, D) Up-regulation of 1d3 expression: was inhibited by treatment with a p38 inhibitor (S8202190) (n=3, SB202190
*P=0.0202, SB202190 & PD98059 **P=0.0032 compared with control) (C), and expression of Hes1 mRNA was inhibited by treatment with p38
(SB202190) and ERK (PD98059) inhibitors (n=3, $B202190 ***P=1.68x107>, PD98059 *** P=0.000252, SB202190 & PD9I8059 *** P=8.98x10~°
compared with control} (D). PC12 cells were incubated with each inhibitor for 1 h, then treated or not with 10 nM PACAP for 0.5 h. 1d3 and Hes1
expression were quantified by real-time PCR. Data are expressed as mean ratios = SEM relative to control values for inhibitor alone. (E) Effect of over-
expression of Id3 or Hes1 on the promoter activity of stathmin1. PC12 cells were transfected with STMN1-1 promoter-luciferase plasmid alone or with
1d3 expression plasmid, pCi-Id3 or Hes1 expression plasmid, pCl-Hes1. Co-transfection of 1d3 or Hes1 expression plasmids inhibited the activity of
STMN1-1 promoter plasmid (n=3, +pCl- Id3 P=0.0743, +pCl-Hes1 *P=0.0305 compared with +control vector). (F) Id3, but not Hes1, inhibited the
activity of STMN1-1 promoter increased by co-transfection of Ascll expression plasmid, pCl-Asclt (n=3, +pCl-neo +Ascl1 **P =0.00385, +pCl-Hes1
+Ascl1 *P=0.025 compared with +pCi-neo, +pCl- Id3 +Ascl1 # P =0.0454 compared with +pCl-neo +Ascl1). (G) The effect of PACAP on the expression
of AsclT mRNA in PC12 cells. Ascl1 expression was quantified by real-time PCR (n=3, *P=0.048 compared with control). Data are expressed as mean
percentages - SEM relative to control. {H, 1) Effects of down-regulation of Hes1 on the expression level of Asclt mRNA. The effect of siRNAs for Hes1
are shown in (H) (n=3, siRNA1 *P=0.0159, siRNA2 **P =0.00636 compared with control). The éxpression level of Asclt was quantified by real-time
PCR (n=3, siRNAT P=0.076, siRNA2 *P=0.0162 compared with control). Data are expressed as mean ratio =SEM relative to control values.
doi:10.1371/journal.pone.0008596.9006
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an Id3 expression plasmid with or without an Ascll expression
plasmid. Even without exogenous Ascl] expression, a high level of
luciferase activity, due to the stathminl promoter, was detected
(Fig. 6E). Expression of Hesl or Id3 in these cells inhibited
luciferase activity related to the stathminl promoter (Fig. 6E),
showing that Hesl and Id3 blocked stathminl promoter activity
through endogenous Ascll. In PC12 cells transfected with the
stathmin] promoter plasmid and the Ascll expression plasmid,
luciferase activity was higher than that in PC12 cells without the
Ascll expression plasmid (Fig. 6F). Id3 expression in these cells
inhibited the up-regulation of stathminl promoter luciferase
activity, while Hesl expression failed to reduce the luciferase
activity induced by exogenous Ascll (Fig. 6F). These findings
suggested that Id3 inhibits activation of the stathminl promoter by
both exogenous and endogenous Ascll, while Hes! only blocked
the effect of endogenous Ascll. Thus, it is likely that 1d3 regulates
Ascll at the protein level, while Hesl regulates Ascll transcription.
If so, inhibition of Hes! expression should increase the
transcription of Ascll. As expected, up-regulation of Hesl in
PC12 cells by PACAP stimulation led to inhibition of Ascll
expression (Fig. 6G). And a reduction of Hesl expression also
resulted in an elevation of Ascll expression to 1.2-fold the control
level {Fig. 6H, I). These results indicate that Ascll, which controls
stathminl expression, was functionally regulated by Id3 and
quantitatively regulated by Hesl, in response to PACAP signaling.

Stathmin1 expression is increased in the brains of
patients with schizophrenia

Adeyap™ /= mice are known to show behavioral abnormalities,
some of which might have potential relevance to mental disorders
such as schizophrenia [12]. The present study demonstrated that
PACAP inhibits stathminl expression both in vive and in wvitre.
Therefore, we examined whether stathminl mRNA levels were
altered in the brains of patients with schizophrenia. RT-PCR with
stathminl primers (after normalization with GAPDH and PGK1)
showed that the stathminl mRNA level was significantly increased
in schizophrenic patients_compared with age-matched controls
(Fig. 7A). In contrast, stathmin]l was not significantly increased in
the brains of patients with bipolar disorder (Fig. 7B).

Discussion

We searched for genes that showed marked changes of
expression in the dentate gyrus of Adgap™ /" mice, because
PACAP may play a role in schizophrenia and the PAC, receptor is
exclusively expressed in the dentate gyrus of the hippocampus. As
a result, we identified alterations in the expression of stathminl.
This study provides the first i vivo and in vitro demonstration that:
(1) PACAP suppresses stathminl ~expression; (2) increased
expression of. stathminl in. SGZ neurons, due to PACAP
deficiency, causes- abnormal axonal sprouting. and stathminl
over-expression in primary cultured hippocampal neurons induces
abnormal arborization; (3) ascll regulates stathminl expression; (4}
up-regulation of Id3 and Hesl by PACAP stimulation inhibits
Ascll; and (5) stathminl expression was increased in the brains of
patients with schizophrenia.

Increased stathmin1 expression in SGZ neurons due to
PACAP deficiency induces abnormal neurite outgrowth
There are no significant data about the morphological changes
of neurons in the hippocampus in postmortem brains- of
schizophrenia patients. A tendency for dendrite lengths to be
shortened has been reported and the density of spines was reduced
in the cortex of schizophrenia patients {24]. What happens in the
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Figure 7. Expression of stathmin1 is increased in the brain of
schizophrenia patients. Comparison of mRNA levels of stathmin1 in
the postmortem brain of control subjects (open column) and schizo-
phrenia subjects {closed column) (A), or bipolar disorder subjects (B). The
relative expression levels of the gene, normalized to GAPDH or PGK1, are
presented. The expression of stathmint normalized to GAPDH (Mann-
Whitney test, p=0.0082) and PGK1 (Mann-Whitney test, p=0.0047) were
significantly increased in the schizophrenia group, compared with the
control group.

doi:10.1371/journal.pone.0008596.g007

brain after disturbance of the PACAP-PAC,-stathminl cascade?
To investigate this point, the funictions of stathmin! will need to be
explored, because, to date, little is known. It has been reported
that stathminl is required for 'the induction of long-term
potentiation (LTP) in afferent inputs to the amygdala and is
essential for regulating both innate and learned fear [25,26,27].
Cardinaux e al. reported that brain-derived neurotrophic factor
(BDNF) stimulates the phosphorylation of stathmin! [28]. Row-
lands ef al. showed that stathmin] is expressed in proliferating cells,
but not in resting cells {29]. These findings suggest an important
role of stathminl in development, but the details of its actions in
the  brain. are still- obscure. In the present study, stathminl
expression was demonstrated in neurons of SGZ where neuro-
genesis is ongoing, even in adulthood. The SGZ contains neurons
in various stages of neurogenesis and a large number of SGZ
neurons expressed stathminl, suggesting that it is expressed at a
specific stage of neurogenesis. Nestin is a marker of proliferating
neurons [30], but stathminl and nestin were localized in different
populations of neurons. PSA-NCAM and doublecortin (DCX) are
markers of migrating neurons [31,32], whereas NeuN is a marker
of mature neurons [33], and stathminl was co-localized with these
markers of neuronal differentiation (supplementary Fig. S2). These
results indicate that stathminl is not involved in the proliferation
of SGZ neurons, but influences their differentiation. Moreover, we
found stathminl-expressing neurons in the rostral migratory
system, olfactory bulb, and piriform cortex (data not shown)
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where proliferation and differentiation of neurons also occur
during adulthood. Furthermore, PAC, was co-localized with
stathminl in the olfactory bulb and piriform cortex (data not
shown). These findings suggest that PACAP signaling regulates
stathminl expression and controls neurogenesis.

Furthermore, we explored the role of stathminl in neurite
outgrowth, because over-expression of stathminl by hippocampal
neurons caused pronounced aberrant arborization of axons both in
vive and in vitro. Stathminl knock-out mice show normal neuronal
morphology [25], while over-expression of stathminl after
reduction of PACAP signal induces abnormal arborization of
axons. These findings suggested that stathminl-related proteins,
such as SCG10 [34], can compensate for the lack of stathminl
activity in developing cells, but destabilization of microtubules
(MTs) by an increase of stathminl is unavoidable because it
interacts directly with tubulin [35,36]. It can be suggested that the
regulation of MT stability in the early stage of neurogenesis is
important for the correct formation of neurons. Although we
detected increased in vive arborization of axons in the polymorphic
layer, no obvious morphological changes of the dendrites were
observed. Further investigation is needed to elucidate why
stathminl expression causes the sprouting of axon fibers only.
Previously, Inokuchi ef al. reported the curious finding that both
over-expression and down-regulation of stathminl inhibited the
outgrowth of dendrites from cultured Purkinje cells {35,37].
However, even they found no morphological alterations of the
dendrites of Purkinje cells in stathminl knock-out mice, and
explained this as being due to the compensatory effect of
stathmin]-related molecules [38]. Although it is difficult to explain
the discrepancy between the present and previous findings, it
could be attributable to differences among the neurons studied.
Taken together, the data suggest that regulation of proteins related
to MT stability regulates axon or dendrite formation and that
these proteins are modulated by neurotrophic factors, such as
PACAP.

Molecular mechanism for PACAP inhibition of stathmin1
expression in SGZ neurons

It was previously shown that the expression of stathminl in
PC-3-M cells is predominantly mediated through the E2F family
of transcription factors [39]. From BLAST search, it indicates
that the stathminl promoter region contains multiple bHLH
binding sites. In addition, human and mouse stathminl
promoters have several E boxes, and these transcriptional sites
should be key motifs for regulating stathminl expression. As
mentioned above, stathminl was co-localized with - DCX and
PSA-NCAM in the SGZ. Neuronal transcription factors from the
family, such as Ascll and NeuroD, are expressed before the
migration stage,. which is when expression of DCX:or PSA-
NCAM occurs [40]. We examined the effect of “Ascll and
NeuroD on the stathminl promoter by using a luciferase assay.
Ascll: was shown to: enhance luciferase activity related: to the
stathminl promoter, but NeuroD did not (data not shown). Ascll
and all the members of the bHLH family heterodinierize through
their HLH domain with: ubiquitously expressed bHLH E
proteins, such as E2A gene products (E12 and E47). Heterodi-
mers bind to DNA through their basic domain and activate the
transcription of genes that have an E box in the promoter region
[41]. Thus, it can be suggested that heterodiniers of Ascll and
E47 bind to the E10 box motif of the stathmin] promoter region
and activate stathminl expression.

The present study suggested the molecular cascade by which
PACAP inhibits stathminl expression (Fig. 2, 5 and 6). Neuronal
differentiation is known to be not only regulated by transcriptional
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bHLH activators, but also by inhibitory bBHLH proteins, such as
the Hes and Id family of repressors. We found that Hesl and Id3
were rapidly up-regulated by PACAP, and activation of Ascll was
inhibited by both Hesl and Id3. Hes! expression was increased via
both the PACAP-PAC,-ERK and PACAP-PAC,-p38 pathways,
whereas Id3 was up-regulated via the PACAP-PAC,-p38 pathway
only. We also detected different mechanisms for the inhibition of
Ascll by Hesl and 1d3. First, Hes! regulates the transcription of
Ascll. We observed that Hesl was up-regulated by PACAP, but
Hes5 was unchanged (data not shown). The Hes family can inhibit
gene expression either by directly binding (as homodimers) to
cognate-binding elements known as N-boxes (CACNAG) or
indirectly by dominant-negative regulation (ie., forming non-
functional heterodimers with transcriptional activators) [41]. It has
been shown that the repressive effect of Hesl is directly mediated
by its binding to a class C site in the hAsh] promoter [42]. Hesl is
thought to regulate the onset of neuronal differentiation, at least
partly, by repressing the transcription of downstream positive
factors, such as the neuronal commitment gene, Ascll. Therefore,
Hesl (which was up-regulated by PACAP) binds the Ascll
promoter and inhibits Ascll expression. On the other hand, 1d3
regulates the function of Ascll protein. Id proteins have been
identified as negative regulators of bHLH transcription factors and
1d1 through Id4 have been characterized in mammals. It was
previously shown that Id3 is a cAMP-responsive gene, the up-
regulation of which could be involved in PACAP signaling [43].
We observed that 1d3 was up-regulated by PACAP stimulation,
but Id1, Id2 and Id4 increased at a later phase (data not shown).
These transcriptional regulators inhibit bHLH factors by seques-
tering them in inactive heterodimers, which are unable to bind
with DNA due to the absence of a basic DNA-binding region in
the Id proteins. In addition, previous findings have indicated that
1d1 and E protein levels not only regulate the transcription but also
the stability of Ascll {44]. Thus, our results suggest that Id3 binds
E protein and suppresses Ascll.

The present study indicated that PACAP signaling increased the
levels of Hes! and 1d3, following these inhibitory bHLH proteins
decreased the expression of stathminl (supplementary Fig. S3).

Increased stathmin1 expression in SGZ neurons due to
PACAP deficiency and psychiatric iliness

PACAP and PAC, knock-out mice show abnormal behavior
resembling psychiatric disorders [5] and some SNPs in the vicinity
of the PACAP gene locus are associated with schizophrenia. These
findings suggested that the brains of schizophrenic patients may be
deficient in PACAP and PAC,, resulting in increased expression of
stathminl in the SGZ neurons of the dentate gyrus. In addition,
up-regulation- of stathminl has previously been implicated in
schizophrenia pathogenesis from the results of scanning and from
comparing the anterior cingulate cortex gray matter proteomes
between schizophrenia and control post-mortem human tissue
using two-dimensional gel electrophoresis [45]. As expected, the
present study revealed an increase in the expression of stathminl
mRNA in the brains of schizophrenic patients, but not in the
brains of patients with bipolar disorder. The fold-index indicated
about 1.5 (schizophrenia/control}, which corresponded well to the
level {1.8) in the report above. However, no SNPs displayed any
allelic; genotypic, or haplotypic associations with schizophrenia
(supplementary Table S1).

Recent studies have provided reliable evidence that schizophre-
nia is a neurodevelopmental disease {46,47,48]. The present study
revealed that PACAP deficiency causes increased - stathminl
expression in SGZ neurons and leads to abnormal sprouting of
their axons, showing that PACAP deficiency and consequently
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over-expression of stathminl in SGZ neurons could lead to a
disturbance of the neural circuits in the dentate gyrus. This raises
the possibility that abnormal expression of PACAP and stathmini
could interfere with dentate gyrus functions, leading to an
increased susceptibility to psychiatric illnesses,

Supporting Information

Figure S1 P38 or ERK activation in PC12 cells in response to
PACAP stimulation. PC12 cells were treated with 100 nM
PACAP. After the stimulation, cells were lysed at each indicated
times. Upper 2 panels: Activations of p38 were detected by
immunoblotting analysis using the phosphospecific anti-p38
antibody. To control for loading, Western blotting analyses of
lysates were performed with anti-p38 antibody. Lower 2 panels:
Activations of ERK were also detected by immunoblotting analysis
using the phosphospecific anti-ERK antibody. To control for
loading, Western blotting analyses of lysates were performed with
anti-ERK antibody. Used antibodies as follows; anti-P38 antibody
(Cell Signaling. rabbit polyclonal, 1:1000 dilution), anti-phoso-
pholylated P38 antibody (Cell Signaling. rabbit polyclonal, 1:1000
dilution), anti-ERK antibody (Cell Signaling. rabbit polyclonal,
1:1000 dilution), anti-phosopholylated ERK antibody (Cell
Signaling. rabbit polyclonal, 1:1000 dilution). Note: Both
P38 and ERK were activated at 5-10 minutes after PACAP
stimulation.

Found at: doi:10.1371/journal. pone.0008596.5s001 (0.40 MB TIF)

Figure 82 Localisation of stathmin with markers of various stages
in neurogenesis in dentate gyrus of 8 week-mice. A-C. Mouse
hippocampus (dentate gyrus) was stained with anti-stathminl and
anti-nestin antibodies (A, stathminl: green, B, nestin: red, C, merged
image). D-G. With anti-stathminl and anti-PSA-NCAM antibodies
(D,E, stathminl: green, D,F, PSA-NCAM: red, D,G, merged
image). E-G: Higher magnification of D. scale bar = 50mm. H-K.
With anti-stathminl and anti-doublecortin (DCX) antibodies (H,1,
stathminl: green, H,J, DCX: red, H,K, merged image). I-K: Higher
magnification of H. scale bar = 50mm. L. Merged image with anti-
stathminl and anti-NeuN antibodies (stathminl: green, NeuN: red)
scale bar = 50mm. Mice under deep pentobarbital anesthesia were
perfused transcardially with 30-50 ml of 4% paraformaldehyde
solution. Brain was removed and infused with 30% sucrose overnight
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Figure 83 Schematic drawing of the molecular pathway of
PACARP regulation on stathmin] expression shown in this study. A
schematic representation of the pathway which PACAP regulates
expression of stathminl by suppressing the function and
expression of Ascll after increasing the expression of Hesl and
1d3 by activating ERK and p38.

Found at: doi:10.1371/journal.pone.0008596.5003 (2.51 MB TIF)

Table S1 Single SNP transmission disequilibrium test (TDT)
results of stathminl SNPs
Found at: doi:10.1371/journal.pone.0008596.s004 (0.37 MB TIF)
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In the previous reports, we showed that caspase-4, which has high homology to caspase-12, plays an
important role in the neural cell death via the endoplasmic reticulum (ER) stress. In addition, we
elucidated the involvement of the familial Alzheimer's disease (AD)-linked presenilin-1 (PS1) mutation
and 3-amyloid induced-apoptotic signaling in human neural cells in the activation (cleavage) of caspase-
4. These results suggest the involvement of caspase-4 in the cell death observed in AD. To elucidate the
mechanism of the cleavage of caspase-4 under ER stress, we used EGTA, a Ca®* chelator, because the

g:i’[‘;‘:’sredj cleavage caspase-12 has reported to be regulated by the calpain. As the results, EGTA inhibited the
Calpain: EGTA cleavage of caspase-4 in a concentration-dependent manner. In addition, inhibitors of calpain, which are
Ca homeostasis activated by the Ca?*, also inhibited the cleavage of caspase-4. Furthermore, EGTA and caplain inhibitors
Cell deat rescued the neural cell death under the ER stress. These results suggest that the disturbance of Ca?*

Alzheimer's disease homeostasis induced by ER stress should cause the activation of caspase-4 resulting in the neural cell

death.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Caspase-12 has been shown to be involved in signaling pathways
specific to ER stress-induced apoptosis (Nakagawa 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). After that, several reports have shown that the
abnormal calcium homeostasis caused by ER stress activate calpain
resulting in the cleavage of caspase-12. 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

* Corresponding author at: Department of Child Development & Molecular Brain
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(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, 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) and that the
familial AD-linked PS1 mutation accelerates the cleavages of
caspase-4 and that the activation of caspase-4 activates caspase-3
and caspase-9 without involving the cytochrome-c pathway
(Yukioka et al., 2008). These results suggest that the initiation of
cleavage of caspase-4 is one of the keys for the pathogenesis of AD.

Previous study showed the involvement of calpain in the
cleavage of caspase-12 (Nakagawa and Yuan, 2000). Our previous
suggests that impairment of Ca homeostasis might be involved in
the cleavage of caspase-4 (Hitomi et al., 2004; Koyama et al., 2008).
In the present study, we investigated the initiation of cleavage of
caspase-4 and elucidated that the Ca-calpain pathway should be
profoundly involved in the cleavage of caspase-4.

2. Experimental procedures
2.1. Chemicals and antibodies

We used the following antibodies: anti-caspase-4 mAb (4B9; MBL International
Corporation, Nagoya, Japan), anti-caspase-3 polyclonal antibody (#9662 Lot11; Cell
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Signaling, Beverly, MA), monoclonal anti-f3 actin antibody (Chemicon, Temecula,
CA, USA) and HRP-conjugated anti-mouse or anti-Rabbit IgG antibody (Cell
Signaling Technology). The chemical reagents used in this experiment were
tunicamycin (TM), thapsigargin (TG), calpain inhibitor-I (CI-I), calpain inhibitor-II
(CI-II) and EGTA (Sigma-Aldrich, St. Louis, Mo) and Cytotoxic peptides, AB25-35,
and its reverse peptides, AB35-25 were purchased from Sigma-Aldrich.

2.2. Cell culture

SK-N-SH cells were cultured in DMEM (Invitrogen, Carlsbad, CA) containing 10%
FBS, at 37 "C under 5% CO,. EGTA and calpain inhibitors were treated 1.5 h before
TM/TG stimulation.

2.3. Western blot analysis

Cells treated with the indicated reagents were washed twice with PBS, harvested,
and lysed in TNE buffer (10 mM Tris-HCl, pH 7.8, 1 mM EDTA, 150 mM NaCl)
containing 0.5% NP-40 and protease inhibitor cocktail (Roche, Sydney, Australia).
Equal amounts of protein were subjected to 12% SDS-PAGE and transferred to a
PVDF membrane (Millipore, Bedford, MA). The membrane was blocked with 5%
skim milk and incubated with each primary antibody, followed by incubation with
an HRP-conjugated secondary antibody. Proteins were visualized with an ECL
detection system (Amersham Biosciences, Piscataway, NJ). The immunoblotting
experiments were performed at least three times and they were quantitatively
analyzed by capturing images on films using a scanner (Epson, Tokyo, Japan) in
conjunction with the Image] software (version 1.34 s, National Institutes of Health,
USA). The data was expressed at the mean + SEM for at least three independent
experiments. Statistical analysis was performed by Students’ t-test. P-values reported
are two tailed.

2.4. Cell viability assay (WST-1 activity assay)

3 x 10% of SK-N-SH cells were plated onto a 96-well plate 36 h before the cell
viability assay. Before the assay, the medium was changed to DMEM (D1145,
SIGMA) and the cells were pretreated for 1.5 h with EGTA or calpain inhibitors at the
indicated concentrations and added 3 pM TG. 3 h after TG stimulation with or
without pretreatment of each regent, WST-1 was added to the medium and
cultured for 3 h (totally the cells were stimulated by TG for 6 h). The signals of WST-
1 were measured as the absorption of A 450-650 nm. The data was expressed as the
mean =+ SEM for at least three independent experiments.

3. Results

3.1. Thapsigargin (TG) cleaved caspase-4 more effectively than
tunicamycin (TM)

In the previous reports, we indicated the possibility that
caspase-4 should be more cleaved by TG than TM. To confirm this,
we compared the cleavage of caspase-4 caused by TG and that by
TM by the western blotting. As shown in Fig. 1a, TG cleaved
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Fig. 1. TG causes the cleavage of caspase-4 faster than TM. (a) SK-N-SH cells were
treated with 2 pg/ml tunicamycin (TM) or 1 .M thapsigargin (TG) followed by
incubation for indicated periods. Equal amounts of cell lysates were analyzed by
western blotting using anti-caspase-4 (upper panel) or anti-f3-actin (lower panel)
antibody. (b) Data are shown as a ratio to the control. Data represent mean + SEM
(n=3).

caspase-4 earlier than TM. These experiments were repeated and
the averaged data were shown in Fig. 1b. These results suggest the
possible involvement of the impairment of Ca homeostasis in the
cleavage of caspase-4 because TG directly works on Ca®* pump and
increase the cytosolic Ca?* concentration just after TG stimulation.

3.2. Chelate of Ca®* by EGTA reduced the cleavage of caspase-4
in a concentration-dependent manner

To confirm the involvement of Ca®* in the cleavage of caspase-4,
we observed the effect of EGTA, a Ca®* chelator, on the cleavage of
caspase-4. As shown in Fig. 2a and c, EGTA showed significant
reduction of the cleavage of caspase-4 in a concentration-
dependent manner. These results suggest the involvement of
Ca®* in the cleavage of caspase-4 (Fig. 2a and c).

3.3. Calpain inhibitors reduced the cleavage of caspase-4
as well as EGTA

Calpain, whose enzymatic activity is regulated by Ca®*, has been
reported to cleave caspase-12 and our results suggest the
involvement of Ca®* in the cleavage of caspase-4. Thus, we
observed the effect of calpain inhibitors, CI-I and CI-II, on the
cleavage of caspase-4. Both calpain inhibitors showed significant
reduction of the cleavage of caspase-4 (Fig. 2b and c). These results
suggest the involvement of calpain in the cleavage of caspase-4.

3.4. Reduction of cleavage of caspase-4 by EGTA and calpain inhibitors
results in the inhibition of neural cell death under ER stress via the
inhibition of caspase-4 activation

So far, we showed the involvement of Ca®* and calpain activity
regulated by Ca®' in the cleavage of caspase-4. Previously we
suggest the importance of caspase-4 at the cell death under ER
stresses. Thus, we investigated the effect of EGTA and calpain
inhibitors on the neural cell viability under TG stimulation. First of
all, we examined the effect of EGTA or calpain inhibitors on the cell
death. They did not affect on the cell viability at all (Supplementary
data). Next, we examined the effect of EGTA, CI-I and CI-2 on TG
induced cell death. Corresponding to their effects on the cleavage
of caspase-4, 1 mM EGTA, CI-I and CI-2significantly inhibited the
cell death, but 0.1 mM EGTA did not (Fig. 3a).

In the previous paper, we showed that caspase-4 should be
directly involved in the activation of caspase-3 (Yukioka et al.,
2008) and we showed that calpain inhibitors and EGTA caused the
inhibition of caspase-4 cleavage resulting in the reduction of cell
death under TG stimulation in this paper. Thus, we examined if the
reagents affect on the caspase-3 activation under TG stimulation.
As shown in Fig. 3b, EGTA pretreatments showed significant
reduction of the cleavage of caspase-3 in a concentration-
dependent manner and both calpain inhibitors showed significant
reduction of the cleavage of caspase-3.

3.5. EGTA and calpain inhibitors also inhibit the cleavage of caspase-4
caused by AB

Previously we showed that knock down of caspase-4 by siRNA
reduced cell death caused by AP as well as ER stress inducer
(Hitomi et al. 2004). We also show that EGTA and calpin inhibitors
could be the inhibitor for caspase-4 activation in this paper. Finally
we investigated the effects of them on AR induced activation of
caspase-4. We used AP25-35 as toxic peptides and reverse
peptides Af335-25 were used as a control. AB25-35 induced the
cleavage of caspase-4 and the cleavage was inhibited by EGTA or
calpain inhibitors (Fig. 4). The reverse peptides AB35-25 did not
show the cleaved caspase-4.
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Fig. 2. Calpain inhibitors reduced the cleavage of caspase-4 as well as EGTA. (a and b) SK-N-SH cells were treated with 1 uM TG for 9 h with or without 1.5 h pretreatment of
EGTA at the indicated concentration (0.1, 1 mM) (a) or calpain inhibitors (10 .M calpain inhibitor-I, CI-1 or 50 M calpain inhibitor-II, CI-11) (b). The cells were lysed and
subjected to Western blot analysis using anti-caspase-4 (upper panel) or anti-B-actin (lower panel) antibody. As the control, DMSO treated cells were used. (c) Quantitative
data were obtained by densitometry of the bands and the data was expressed as the means + SEM for at least three independent experiments (shown as a ratio to control). P-
value was compared with the control (no treatment: NT) and calculated by Student's t-test. 0.1 mM EGTA showed P-value <0.03 compared with control. 1 mM EGTA, 10 .M calpain
inhibitor-1 (CI-1) and 50 .M calpain inhibitor-1I (CI-11) showed P-value <0.01 compared with control.
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Fig. 3. Inhibition of the cleavage of caspase-4 by EGTA or calpain inhibitors causes the reduction of cell toxicity. (a) Cell viability was measured 3 h after 3 M TG stimulation
with or without 1.5 h pretreatment of EGTA at the indicated concentration (0.1 or 1 mM)or calpain inhibitors (10 .M calpain inhibitor-I, CI- or 50 M calpain inhibitor-11, CI-
1I). DMSO was used for the control. Quantitative data was expressed as the means + SEM for at least three independent experiments. P-value was compared with the NT, which
was stimulated by TG without any pretreatment, and calculated by Student's t-test. (b) SK-N-SH cells were treated with 1 .M TG for 9 h with or without 1.5 h pretreatment of EGTA
at the indicated concentration (0.1, 1 mM) or calpain inhibitors (10 .M calpain inhibitor-1, CI-I or 50 pM calpain inhibitor-1I, CI-1I). The cells were lysed and subjected to Western
blot analysis using anti-caspase-3 antibody.

4. Discussion

4.1. The impairment of Ca?* homeostasis is involved in the cleavage of
caspase-4 via the activation of calpain

In addition to AD, we have established that neuronal death
caused by ischemia is also attributable to ER stress (Bando et al.,
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; Yamagishi et al., 2007) has been reported. Our previous
studies showed the importance of caspase-4 in the ER stress-
induced neural cell death (Hitomi et al.,, 2004; Yukioka et al., 2008).
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 and that the regulation of the
cleavage of caspase-4 should be possible treatment for neurode-
generative diseases via the inhibition of cell death.

We suggested the involvement of the impairment of Ca*
homeostasis in the cleavage of caspase-4 in the previous studies
(Hitomi et al., 2004; Koyama et al.,, 2008) and we examined the
participation of Ca®* in the activation of caspase-4 in this paper. It
is known that TG-mediated irreversible inhibition of ER Ca®*
ATPases can also cause the induction of Ca?* leakage from ER to
cytoplasm, further facilitate the depletion of Ca?* within the ER,
and result in the increase in cytoplasmic Ca%* levels. In the previous
study, we showed that TG treatment cause the intracellular Ca
elevation faster than TM treatment (Koyama et al., 2008). As shown
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Fig. 4. Inhibition of AB induced cleavage of caspase-4 by EGTA or calpain inhibitors. SK-N-SH cells were treated with 25 pM AB25-35 peptides or 25 p.M AB35-25 peptides for
24 h. Equal amounts of cell lysates were analyzed by western blotting using anti-caspase-4 (upper panel) or anti-B-actin (lower panel) antibody.

in Fig. 1, caspase-4 was easily cleaved under TG stimulation
comparing to TM stimulation. These results suggest the involve-
ment of Ca?" in the activation of caspase-4. In addition,
pretreatment of EGTA caused the reduction of the cleavage of
caspase-4 in a concentration-dependent manner (Fig. 2a and c).
These results strongly support the hypothesis.

In the previous study, the regulation of the activation of
caspase-12 by calpain, which regulated by the Ca concentration,
has reported (Nakagawa and Yuan, 2000). We reported that
caspase-4 might be human homolog for caspase-12 because of its
homology to caspase-12 (Hitomi et al., 2004). Thus, we hypothe-
sized that the cleavage of caspase-4 should be regulated by calpain
activated by ER stress-induced Ca. To examine this hypothesis, we
observed the effect of calpain inhibitors on the cleavage of caspase-
4. As shown in Fig. 2b and c, both calpain inhibitors significantly
reduced the cleavage of caspase-4. These results suggest that
caspase-4 should be cleaved by calpain activated by the
intracellular Ca elevation under ER stress.

4.2. Inhibition of the cleavage of caspase-4 results in the reduction
of neural toxicity

We have reported that caspase-4 is one of the key factors for
neural death under ER stresses and that knock down of caspase-
4 caused the reduction of ER stress-induced neural death
(Hitomi et al., 2004; Yukioka et al., 2008). It is well known that
elevation of intracellular Ca®* induced by the perturbation in
Ca?" homeostasis is the main signal for activation of calpain
(Sorimachi et al., 1997) and induce the cell death (Chan and
Mattson, 1999). Thus, we investigated the effect of Ca-calpain
pathway on the neural death. Ca®* chelator, EGTA, showed the
inhibition of neural death in the concentration-dependent
manner. In addition, calpain inhibitors showed the reduction
of neural toxicity under ER stress as well as EGTA (Fig. 3a).
Moreover, the activation of caspase-3 under TG stimulation was
inhibited by inhibition of Ca-calpain pathway (Fig. 3b). These
findings suggest that elevation of intracellular Ca®* induced by
the perturbation in Ca?* homeostasis causes activation of
calpain, sequentially calpain activates caspase-4 and active
caspase-4 cleaves caspase-3 resulting in cell death.

In our study, calpain inhibitors significantly inhibited the ER
induced cell as well as 1 mM EGTA (Fig. 3a). These results for cell
toxicity correspond to the inhibition of caspase-4 and caspase-3
(Figs. 2 and 3). In addition, we reported the effect of caspase-4 on
caspase-3 activation. Thus, regulation of caspase-4 should be
important in the neural cell death. However, our data also suggests
that inhibition of caspase-4 activation by EGTA or calpain
inhibitors did not perfectly rescue the cells from TG toxicity. In

accordance with these results, we showed that knock down of
caspase-4 caused about 50% reduction of neural death caused by
ER stress in the previous study (Hitomi et al., 2004). These findings
suggest that not only Ca-calpain pathway but also other pathways
contribute to the cell death signal under ER stress. On the other
hand, the correspondence between calpain and knockdown of
caspase-4 to the effect on the cell death suggests the importance of
caspase-4 in the Ca-calpain induced neural death.

4.3. Inhibition of Ca-calpain pathway inhibits the cleavage
of caspase-4 caused by Ap

Previously we showed that AP stimulation caused the cleavage
of caspase-4 and that knock down of caspase-4 partially inhibit the
cell toxicity of AB (Hitomi et al, 2004). Then we examined the
effect of Ca-caplain pathway in the activation of caspase-4. As
shown in Fig. 4, the inhibition of Ca-calpain pathway inihibited the
cleavage of caspase-4. These results show that the regulation of
caspase-4 via Ca-calpain pathway could rescue the neural death
observed in AD brain.

Finally, we conclude that the initiation of the caspase-4
activation should be the activation of calpain via the impaired
Ca homeostasis and that the regulation of calpain activity might be
the treatment of neurodegenerative diseases via the inactivation of
caspase-4 and caspase-3.

Supplementary material

EGTA and calpain inhibitors themselves did not affect on cell
viability. (a) Cell viability was measured 6 h after the treatment of
1 mM EGTA or calpain inhibitors (10 M calpain inhibitor-I, CI-I or
50 wM calpain inhibitor-II, CI-II). No treatment cells (NT) were
used for the control. Quantitative data was expressed as the
means + SEM for at least three independent experiments. The cell
viability of the each regent treated group did not show significant
difference to NT.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.neuint.2009.11.007.
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Role of the PACAP-PAC -DISC1 and PACAP-

PAC —stathmin1 systems in schizophrenia and

bipolar disorder: novel treatment mechanisms?

Two pituitary adenylate cyclase-activating polypeptide (PACAP)-signaling pathways linked to schizophrenia
were reviewed. One pathway regulates the association between disrupted-in-schizophrenia 1 (DISC1) and
DISC1-binding zinc-finger protein via PACAP, and the other inhibits stathmin1 expression via PACAP. PACAP
reduces the association of the binding between DISC1 (a potential susceptibility gene for major psychiatric
disease) and DISC1-binding zinc-finger protein (which binds to DISC1 near the translocation site) to induce
neurite outgrowth. In addition, an association between SNPs of the PACAP or PACT genes and schizophrenia
has been reported. On the other hand, expression of stathmin1, which induces abnormal axonal arborization,
is upregulated in PACAP-knock out mice and the brains of patients with schizophrenia. Thus it is likely
that, in the schizophrenic brain, the neural development depending on these two systems has been
disturbed. The possibility that the regulation of these two systems could lead to new treatments for

schizophrenia is also discussed.

KEYWORDS: DBZ DISC1 neural development PACAP schizophrenia stathmini

DISC1 binds to different molecules at
various intracellular sites, revealing
its multifunctional nature
Schizophrenia is a debilitating mental disease
that affects approximately 1% of the popula-
tion. At present, however, effective drugs for
schizophrenia have not been established. The
major reason is that the underlying mecha-
nisms have not been adequately explored at
the molecular level. However, a growing body
of evidence suggests that schizophrenia is a
multifactorial disorder influenced by genetic,
neurodevelopmental and social factors [1-6].
Disrupted-in-schizophrenia 1 (DISCI) has
been identified as a potential susceptibility gene
for major psychiatric disorders. Disruption of
this gene by a balanced (1;11)(q42.1;q14.3)
translocation results in a predicted C-terminal
truncation of the open reading frame, and this
anomaly has been associated with schizophre-
nia, bipolar affective disorder and recurrent
major depression. in a large Scottish fam-
ily 17.81. In addition, a frameshift mutation
of DISCI has been identified in an American
family with schizophrenia and schizoaffective
disorders [9]. In our previous investigations of
the relationship of DISCI to susceptibility to
psychiatric disorders and. brain function, we
identified fasciculation and clongation pro-
tein zeta-1. (FEZ1) {1011}, pericentrin B (also
known as kendrin) (12,13 and DISC1-binding
zinc-finger protein (DBZ, also known as

SU48) (4] as DISCl-interacting molecules by
yeast two-hybrid screening of a human brain
complementary DNA (cDNA) library (Bicure 1).
DISC1 and FEZ1 co-localize in growth cones
in association with F-actin. The interaction
of DISCI and FEZ1 is markedly enhanced,
along with neurite extension in PC12 cells, by
NGF stimulation [10,15]. DISC1 and DBZ are
co-localized diffusely in the cytoplasm and are
involved in neurite extension [14]. The bind-
ing between DISCY and DBZ is regulated by
pituitary adenylate cyclase-activating poly-
peptide (PACAP). DISC1 and pericentrin B
localize in the centrosome to play a key role
in the microtubule dynamics {13). These find-
ings show that DISCI. plays crucial roles in
brain development, including roles in neurite
outgrowth and neural maturation through its
interaction. with FEZ1, DBZ or pericentrin B.
In support of these findings, downregulation
of DISC1 has been shown to lead to the accel-
erated morphological development of newly
generated granule cells [16].

A co-immunoprecipitation study and yeast
two-hybrid assay have shown that amino acids
348597 of DISCI act as the FEZ1- and DBZ-
binding region; and amino acids 446553 of
DISC1 -are vita] for the interaction with peri-
centrin B (Ficure 2) [10,12-14}. These results suggest
that the regions of DISCI near the translocation
breakpoint (amino acid 598) participate in the
interaction with DBZ, FEZ1 and pericentrin B,
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DBZ: DISC1-binding zinc-finger protein; DISC1: Disrupted-in-schizophrenia 1; PACAP: Pituitary

adenylate cyclase-activating polypeptide.

and that FEZ1, DBZ and pericentrin B bind to
overlapping (but different) regions of DISCI.
Furthermore, Millar e al. reported that the
hypothesized truncated DISC1 protein does
not exist in translocation-carrying individu-
als 17]. Accordingly, it is likely that in the major
psychiatric disorders derived from translocation
of the DISCI gene, the pathogenesis could be
attributed to loss of the binding of FEZ1, DBZ
and pericentrin B with DISC1, which results in
delayed neural development (Ficure 1). In support
of this, previous studies have demonstrated asso-
ciations between SNPs of the FEZI gene and
schizophrenia, between schizoaffective disorder
and bipolar disorder [18], between certain SNPs
of the PACAP or PACI gene schizophrenia [19]
and between SNPs of the pericentrin B gene and
bipolar disease [20-21] or major depression [22].
On the other hand, several other reports found
no association between these molecules and
psychiatric diseases [23-25].

In addition, several independent studies
have shown that cytoskeleton-related proteins
such as NUDEL, lissencehphaly-1 (LIS1),
glycogen synthase kinase 3 (GSK3), 14-3-3¢
and phosphodiesterase 4B (PDE4B) are pos-
sible partners, interacting with the DISCI
protein [26-32). NUDEL, LIS1 and the motor
protein dynein form a molecular complex
involved in neuronal migration [33-36]. DISC1
maintains the NUDEL-LIS1-dynein complex

Pharmacogenomics (2009) 10(12)

at the centrosome [37). Furthermore, DISC1
is also involved in the transport of either the
NUDEL-LIS1-dynein complex or growth
factor receptor-bound protein 2 (Grb2) to the
axonal tips through its interaction with kine-
sin-1 [38-39]. Thus, while it is certain that many
proteins binding to DISCI are involved in neural
development, it remains to be clarified how these
DISC1 binding partners regulate brain devel-
opment as a whole. In addition, although these
proteins are also abundantly expressed in the
adult brain, their function there is also unclear.
PACAP regulates the DISC1-DBZ
interaction: a new mechanism that
contributes to psychiatric disorders
Pituitary adenylate cyclase-activating poly-
peptide is a neuropeptide expressed in the
brain as well as in the neurons of a number
of peripheral organs, and it has a role in vari-
ous neurobiological functions, such as neuro-
transmission and neural plasticity, as well as
a neurotrophic effect via three heptahelical
G-protein-linked receptors, one of which is
specific for PACAP (the PAC, receptor) and
the other two of which are shared by vasoactive
intestinal polypeptide (the VPAC, and VPAC,
receptors) [40-41). Recently, mice lacking the
Adcyapl gene encoding PACAP (Adcyapl™)
were developed (PACAP knock-out mice).
PACAP knock-out mice exhibited prominent

future science group 158
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behavioral abnormalities that included hyperac-
tivity with impaired habituation to novel situ-
ations, increased novelty-secking behavior and
reduced anxiety, as well as evidence of neuronal
dysfunction, such as impairments of prepulse
inhibition and hippocampal long-term poten-
tiation (LTP) [42-44). PAC, receptor-deficient
mice also demonstrated an increase of locomo-

DISC1-binding zinc-finger protein was iso-
lated as a DISC1-binding protein, and is iden-
tical to human KIAA0844 (accession num-
ber: AB020651) [14]. The open reading frame
encoded a putative 407 amino acid protein
that had no significant homology to any other
known protein and that was predicted to have
one C,H, zinc-finger domain (amino acids

26-51) and several stretches of amino acids that
could possibly form coiled-coil domains (amino
acids 169-297) (Ficure 2). We therefore desig-
nated this protein the DBZ. In mammalian cells
(HEK293T and PC12 cells) and in rat brain
extracts, the region of DISCI near the break-
point of the (1;11)(q42.1;q14.3) translocation,
particularly the region encompassing amino

tor activity, reduced anxiety-like behavior and
abnormal social behavior, as well as impairment
of hippocampal LTP [45-47]. Moreover, some
SNPs of the PACAP gene have been associated
with schizophrenia [19]. These observations show
the potential clinical relevance of PACAP signal-
ing dysfunction to neuropsychiatric disorders,
particularly to schizophrenia.
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Figure 2. Predicted structure of human DBZ and DISC1, and immunoprecipitation showing the association between DBZ
and DISC1. (A) Shows CH, (black box) and coiled coil (gray box) domains in the predicted structure of human DBZ. (B) DISC1 has a
globular N-terminal domain (light gray box) and a helical C-terminal region that contains three coiled-coil domains (gray boxes). The
dashed line indicates the breakpoint of the balanced (1:11)(q42.1;q14.3) translocation at amino acid 598, which segregates with major
psychiatric disorders. The horizontal lines indicate the DISC1 regions used as bait in the yeast two-hybrid assay as well as the expression
vectors encoding DISC1(348-633)-FLAG, DISC1(348-597)-FLAG and DISC1(598-854)-FLAG. (C) The results of an immunoprecipitation
assay using lysates of HEK293T cells expressing recombinant DBZ and DISC1. HEK293T cells were transfected with DISC1-FLAG
combined with DBZ-GFP or GFP. (D) Deletion analysis of the domain of DISC1 interacting with DBZ. HEK293T cells were transfected with
DBZ-GFP, either alone or in combination with DISC1(446-633)-FLAG, DISC1(348-597)-FLAG or DISC1(598-854)-FLAG.

(E) Detection of DBZ protein by WB analysis with a specific antibody. Lysates of PC12 cells and HEK293T cells expressing DBZ or
DBZ-FLAG were subjected to WB with anti-DBZ antibody or anti-FLAG antibody. The arrow indicates DBZ. (F) IP obtained by antibodies
to tag proteins (FLAG or GFP) (C,D), antiODBZ antibody or nonspecific rabbit 1gG (F) as well as 1% (rat brain) or 5% (HEK293T cells and
PC12 cells) dilutions of each lysate, were subjected to WB with the antibodies indicated.

(+) represents positive binding; (-) represents negative binding; DBZ: DISC1-binding zinc-finger protein; DISC1: Disrupted-in-
schizophrenia 1; GFP: Green fluorescent protein; IP: Immunoprecipitation; WB: Western blot.

Adapted from [14].
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Data from [14).

Expression level (DBZ mRNA)
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acids 348-597, participates in the interaction
with DBZ (Fievre 2). DBZ mRNA was expressed
almost exclusively in the brain, but was not
expressed in peripheral tissues (Tastz1). Although
overexpression of either DBZ or DISC1 alone
had no effect, overexpression of both proteins
resulted in a significant reduction in the num-
ber of neurite-bearing PC12 cells after PACAP
stimulation, but not after NGF stimulation [14].
The region of DBZ encompassing amino acids
152-301 interacts with DISC1. We therefore
used this fragment to examine the funcrion
of the DISC1-DBZ interaction. Expression
of DBZ(152-301)~internal ribosome entry
site—green fluorescent protein resulted in a sig-
nificantly shorter neurite of PC12 cells treated
with PACAP and rat primary culture hippocam-
pal neurons, whereas DISCI-DBZ interaction
did not affect the cell viability under our experi-
mental conditions (Ficure 3). PACAP stimulation
increased both DISCI and DBZ expression at
24 h after PACAP stimulation. These effects
were inhibited by treatment with the PAC,
receptor inhibitor. The co-immunoprecipitation
of DISC1 with DBZ in lysates was reduced by
approximately 80% at 1 h after treatment of
PC12 cells with PACAP (100 nM). However,

Cortex

Hippocampus

Dentate gyrus

Thalamus

Substantia nigra +
Offactory bulb +++
Cerebellum +4

schizophrenia 1.
Data from {14,

Note that both DBZ and DISC1 mRNA are expressed in the hippocampus, and especially in the dentate gyrus.
+: Weak positive; ++: Strong, +++. Very strong, DBZ: DISC1-binding zinc-finger protein; DISC1: Disrupted-in-

this reduction was transient and was followed
by a gradual increase, with a return to the con-
trol level occurring by 24 h after PACAP treat-
ment (Ficure 4). Addition of an ERK inhibitor
at 24 h after PACAP treatment resulted in the
inhibition of rebinding of DBZ with DISCI,
while an inhibitor of adenyl cyclase failed to
influence the DISC1-DBZ binding, showing
that PACAP regulates DISC1-DBZ binding
through the ERK cascade but not through
the cAMP cascade. The expression of DBZ is
specific to the brain, and marked elevation of
both DBZ and PAC, was observed during the
perinatal stage.

Furthermore, downregulation of DBZ or
DISC1 alone in utero causes a delay in the migra-
tion of cortical neurons [SaroM, UNiversiTy of Fukvi,
Fuku1, JaraN, PErs. Comm.]. T hese ﬁndings show that
DBZ binds to DISCI near the translocation
breakpoint to cause the inhibition of neurite out-
growth; PACAP causes a marked but transient
reduction in the association between DISC1
and DBZ in PC12 cells, and this reduction
may induce the neurite extension; the effects of
PACAP on the DISC1-DBZ interaction occur
via the PAC, receptor and ERK pathway; and
the DISC1~DBZ interaction plays a crucial role
in brain development. During the dissociation,
DISCI might change the binding partner(s) par-
ticipating in neurite growth. In brains in which
translocation of DISC1 occurs, DBZ would be
unable to bind to DISCI and thus the dissocia-
tion between DISC1 and DBZ via PACAP that
causes neurite extension may not be induced.
However, another possibility should also be
mentioned. Overexpression of DISC1 in PC12
cells induces the neurite extension, whereas
downregulation of DISC1 expression inhibits
the neurite outgrowth [10,16]. Morcover, PACAP
stimulation also causes the neurite extension.
Therefore, in the brain in which translocation of

DISCT occurs, it is likely that synergy of DISC1

4
+
+
+
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Figure 3. Neurite outgrowth was inhibited by the DISC1-binding domain of DBZ

(DBZ[152-301]-IRES-GFP). (A) PC12 cells were transfected with DBZ(152—301)-IRES-GFP or GFP

alone at 2 days after plating. After 24 h, cells were starved of serum for 4 h and treated with 100 nM
PACAP for 48 h. Phase contrast and fluorescence microscopy images are shown. Diagrams are from
three independent experiments. (B) GFP-positive cells were assessed for apoptosis by the TUNEL
assay. Data are expressed as the mean = standard error of mean of at least three independent
experiments. (C) Rat hippocampal neurons were transiently transfected with DBZ(152-301)-IRES-GFP
or the GFP expression vector. Cells were immunostained with anti-Blll-tubulin antibody at 24 h after
transfection. Low power (left) and high-power (center) views of fluorescence microscopy images are
shown. The diagrams show the total neurite length for transfected rat primary hippocampal neurons
(right). Approximately 50 cells were randomly counted in three independent experiments.

(A,C) Arrows indicate GFP-positive transfected cells. ‘p < 0.05 (Student’s t-test). Scale bars = 20 pm.

(D) GFP-positive cells were assessed for apoptosis by the TUNEL assay. Data are expressed as the
means + standard error of mean of at least three independent experiments.

DBZ: DISC1-binding zinc-finger protein; GFP: Green fluorescent protein; IRES: Internal ribosome entry
site; PACAP: Pituitary adenylate cyclase-activating polypeptide; TUNEL: Terminal deoxynucleotidyl

transferase-dUTP nick end labeling.
Adapted from [14].

and PACAP function causes the hyperplasia of
neurites, though direct evidence demonstrating
this is lacking at present.

DISC1-binding zinc-finger protein may pro-
vide a link between DISC1 and PACAP signal-
ing in granule cells of the dentate gyrus i vivo.
In rats, the overlapping areas that exhibit both
DISC1 and DBZ expression are the hippo-
campus, olfactory tubercle, cerebral cortex and
striatum. In addition, co-expression of DBZ
and PAC, mRNA is detected in the granule
cells of the dentate gyrus, where a high level
of DISCI mRNA expression was also observed
in both young and adult rat brains. PACAP is

22 future science group

localized in the entorhinal cortex neurons and
perforating fibers, and PAC, protein is local-
ized in hippocampal mossy fiber terminals [4s].
Therefore, regulation by PACAP of the asso-
ciation between DISCI and DBZ may occur
at the synapse between PACAP-containing
perforating fibers and PAC -expressing mossy
fibers (FIGURE 5).

As mentioned above, PACAP dissociates the
binding between DISCI and DBZ to cause
neurite outgrowth in the granular cells in the
dentate gyrus, and development of the granular
cells may be inhibited in the DISCl1-translocated
brain, suggesting that schizophrenia, bipolar
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Figure 4. PACAP causes transient inhibition of the endogenous DISC1-DBZ interaction in PC12 cells. The results of IP and WB
analysis (with anti-DISC1 or anti-DBZ antibodies) of PC12 cell lysates collected at the indicated times after stimulation with 100 nM
PACAP by the same method are shown. Immunoprecipitates obtained with anti-DBZ antibodies (DBZ), as well as 5% of each lysate (5%
input), were subjected to WB analysis with the antibodies indicated. Quantitation of the relative band densities for DISC1 co-
immunoprecipitated with DBZ as well as for total DISC1 or DBZ protein was performed by scanning densitometry. Data are expressed as
the means + standard error of mean of at least three independent experiments.
‘p < 0.05 versus the control at time 0 (Student's t-test).

DBZ: DISC1-binding zinc-finger protein; DISC1: Disrupted-in-schizophrenia 1; IP: Immunoprecipitation; PACAP: Pituitary adenylate
cyclase-activating polypeptide; WB: Western blot.

Adapted from [14].

affective disorder and recurrent major depres-
sion are neurodevelopmental diseases. In regions
other than the dentate gyrus, DBZ has also been
shown to play a role in cerebral neurogenesis.
Knock-down of DBZ causes a delay in the
migration of cortical neurons, and administra-
tion of DBZ reverses this dclay [SATO M, UNIVERSITY

oF Fukul, Fukul, JAPAN, PERs. CoMM.].

Molecular mechanism of PACAP
deficiency-induced

psychiatric ilinesses

# PACAP-PAC ~DBZ system

In PACAP-knock out (KO) mice and PAC,-KO
mice, the PACAP signal is not transmitted
from the presynaptic site to the postsynaptic
element. Therefore, in these animals, dissocia-
tion between DISC! and DBZ is not induced,
and thus the neurite extension of the granular
cells of the dentate gytus is inhibited. PACAP
deficiency-induced psychiatric illnesses might
be attributed to a dysfunction of the dissocia-
tion of the DISC1-DBZ interaction, though the
possibility that other downstream pathways not
involving the DISC1-DBZ interaction could
account for abnormalities seen in these mice
could not be excluded. At present, there are no
reports showing the association of DISC1 and
DBZ SNPs with psychiatric illness.

# PACAP-stathmin1 cascade
However, little is known in regard to the
mechanism of PACAP deficiency-induced

psychiatric illnesses. The localization of the
neurons expressing PAC, mRNA in rat and
mouse brains has been examined by in situ
hybridization histochemistry [48). Neurons
expressing intense signals for PAC mRNA were
found in the olfactory bulb, dentate gyrus of the
hippocampus, second layer of the cerebral cor-
tex and several hypothalamic areas in these spe-
cies. In addition, cytoarchitectural change in
the hippocampus has been reported in schizo-
phrenia [49-51]. Thus; the overlapping area that
expresses PAC, and is related to schizophrenia
is the dentate gyrus. In addition, as described
above, granular cells in the dentate gyrus receive
the PACAP-containing inputs from the ento-
thinal cortex-as perforating fibers. Therefore,
in order to clarify the molecular mechanism
of PACAP-dependent psychiatric disorders,
we have first attempted to isolate the PACAP
deficiency-regulated gene in the dentate gyrus
of the mice using a differential display method,
because the overlapping area that expresses
PAC, and is related to schizophrenia is the den-
tate gyrus. Expression of stathminl is upregu-
lated in the dentate gyrus both at the mRNA
and protein levels [s521. In addition, PACAP
stimulation inhibits the stathminl expression
in PC12 cells. Subsequent analysis by means
of in situ hybridization histochemistry and
immunohistochemistry showed that stathminl
is upregulated in the subgranular zone (SGZ)
neurons (Ficvze 6A & By. In addition, we have
found that increased expression of stathminl
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in the neurons of the SGZ and primary cul-
tured neurons from the hippocampus induces
the abnormal arborization of the processes both
in vivo and in vitro (Ficure 6C, D, F& G). An in vivo
analysis demonstrated that they are distributed
in the hilus (Ficure 6C & D), while analysis by
immunoelectron microscopy demonstrated that
the sprouting processes are axons. In support
of these findings, several previous studies have
shown that stathminl plays a neurodevelop-
mental role in the brain. A previous report
showed that stathmin] is required for the induc-
tion of LTP in afferent inputs to the amygdala
and is essential in regulating both innate and
learned fear [53]. Cardinaux ez a/. reported that
brain-derived neurotrophic factor stimulates the
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PACAP neurons in the
entorhinal cortex

phosphorylation of stathminl [s4]. Rowlands
et al. showed that stathmin] is expressed in the
proliferating cells, while nonproliferating cells
do not express stathminl [55]. These findings
suggest that stathminl plays an important role
in brain development. In the future, in order to
establish that abnormal ramification of neurites
caused by an increase of stathmin] expression is
involved in the abnormal behavioral phenotype
of PACAP-KO and PAC -KO mice, it would be
useful to examine whether or not stathminl
transgenic mice exhibit a phenotype similar to
PACAP-KO or PAC -KO mice. In our previous
study, we also posited the following molecu-
lar mechanism by which PACAP may regulate
stathminl expression [52]. PACAP stimulation
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Figure 5. A possible PACAP-containing pathway related to regulation of the DISC1-DBZ interaction. In the normal side PACAP
leads to temporal dissociation of DISC1 and DBZ binding, which in turn leads to normal neurite outgrowth. On the schizophrenia side,
illustrated by DISC1 either being truncated or absent completely, DISC1-DBZ binding does not occur (left pathway in schizophrenia side).
In this case, the PACAP signal may proceed without inhibition. If DBZ mutation occurs, DISC1-DBZ binding does not occur (right pathway
in schizophrenia side). In this case, neurite outgrowth may proceed excessively not only from the PACAP signal but also the DISC1 signal.
DBZ: DISC1-binding zinc-finger protein; DISC1: Disrupted-in-schizophrenia 1; PACAP: Pituitary adenylate cyclase-activating polypeptide.
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