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acids 348-597, participates in the interaction
with DBZ (Fievze2). DBZ mRNA was expressed
almost exclusively in the brain, but was not
expressed in peripheral tissues (Tasz1). Although
overexpression of either DBZ or DISCI1 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 function
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 DISC1-DBZ interaction
did not affect the cell viability under our experi-
mental conditions (Ficuze 3). PACAP stimulation
increased both DISC1 and DBZ expression at
24 h after PACAP stimulation: These effects
were inhibited by treatment with the PAC,
receptor inhibitor. The co-immurnoprecipitation
of DISC1 with DBZ in lysates was reduced by
approximately 80% at 1 h after treatment of
PC12 cells with PACAP (100 nM). However,
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Note that both DBZ and DISCT mRNA are expressed in the hippocampus, and especially in the dentate gyrus.
+: Weak positive; ++: Strong; +++: Very strong; DBZ: DISCI-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 (Ficuze 4). Addition of an ERK inhibitor
at 24 h after PACAP treatment resulted in the
inhibition of rebinding of DBZ with DISCI1,
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 ot
DISCI1 alone #n utero causes a delay in the migra-
tion of cortical neurons [SaToM, UNIvERsITY OF FUKUY,
Fuxul, JaPAN, PERS. CoMM.]. These 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) pat-
ticipating in neurite growth. In brains in which
translocation of DISC1 occurs, DBZ would be
unable to bind to DISC1 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 DISCL in PC12
cells induces the neurite extension, whereas
downregulation of DISCI expression inhibits
the neurite outgrowth {10,16). Moreover, PACAP
stimulation also causes the neurite extension.
Therefore, in the brain in which translocation of
DISCT occurs, it is likely that synergy of DISC1
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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.

DISCI-binding zinc-finger protein may pro-
vide a link between DISC1 and PACAP signal-
ing in granule cells of the dentate gyrus in 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
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localized in the entorhinal cortex neurons and
perforating fibers, and PAC, protein is local-
ized in hippocampal mossy fiber terminals [45].
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 DISC1 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 densntometry 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: lmmunoprecrpltatlon PACAP Pntuutary adeny!ate
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
miggation of cortical neurons, and administra-
tion of DBZ reverses this dclay [SaTo M, UNiversITY

of Fuxut, FUKUTL, JAPAN, PERS. COMM.].

Molecular mechanism of PACAP
deficiency-induced

psychiatric illnesses

% 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 DISCI and DBZ is not induced,
and thus the neurite extension of the granular
cells of the dentate gyrus is inhibited. PACAP
deficiency-induced psychiatric illnesses might
be attributed to a dysfunction-of the dissocia-
tion of the DISC1-DBZ intéraction; 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 DISCI 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-
phresia (49-s1]. 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-¢ontaining 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 relared to schizophrenia is the den-
tate gytus. Expression of stathmin! is upregu-
lated in the dentate gyrus both at the mRNA
and- protein levels [s2]. 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)
netirons (Ficure 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 (Fieure 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 stathminl is required for the induc-
tion of LTP in afferent inputs to the amygdala
and is essential in regulating both innate and
learned fear [s53]. Cardinaux ez a/. reported that
brain-derived neurotrophic factor stimulates the
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phosphorylation of stathminl (s4]. Rowlands
et al. showed that stathminl is expressed in the
proliferating cells, while nonproliferating cells
do not express stathminl [55]. These findings
suggest that stathmin1 plays an important role
in brain development. In the future, in order to
establish that abnormal ramification of neurites
caused by an increase of stathminl 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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Figure 6. PACAP-KO induces the upregulation of stathmin1 expression in the neurons of the subgranular layer of the
dentate gyrus. (A) control. (B) The upregulation of stathmin1 expression in the neurons of the subgranular layer of the dentate gyrus
induced by PACAP-KO can be seen (C) control. (D) Note the increase of the number of stathmin1 positive fibers in the hilus of the
PACAP-KO mice. (F,G) Overexpression of stathmin1 induces the abnormal sprouting of axonal fibers in PC12 cells. (E) control.

GFP: Green fluorescent protein; PACAP-KO: Pituitary adenylate cyclase-activating polypeptide knock out.

Adapted from [s2].
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upregulates the expression of inhibitory basic
helix-loop-helix (bHLH) proteins such as
hairy enhancer of split 1 (Hesl) and inhibitor
of DNA binding 3 (Id3). Hesl and Id3 then
inhibit the achaete scute complex homolog 1
(Ascll) expression. Under normal conditions,
Ascll binds to E10, a potential site for bind-
ing to bHLH proteins, in the promoter region
of the stathminl gene, to activate the stath-
minl expression. Therefore, inhibition of Ascll

expression by PACAP via activation of Hesl
and Id3 inhibits stathminl expression (Ficure7).
Finally, it should be noted that we detected an
increase in the expression of stathminl in the
brains of schizophrenic patients but not in
those of bipolar disorder patients, showing that
upregulated stathminl in the dentate gyrus of
PACAP deficiency-dependent psychiatric dis-
orders may produce the abnormal neuronal
circuit that cause the abnormal behavior.
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Figure 7. Molecular cascade of the inhibition of stathmin1 expression by PACAP.
PACAP-KO: Pituitary adenylate cyclase-activating polypeptide.
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# Pathogenesis of schizophrenia
caused by DISC1-DBZ &
PACAP-stathmin1 might be different,
even though both systems are involved
in neuronal development

As shown above, dissociation between DISC1 and
DBZ by PACAP induces the neurite outgrowth.
Therefore, in the brain in which translocation of
DISCI1 occurs, dissociation between DISC1 and
DBZ via PACAP may not be induced, because
DBZ cannot bind to DISC1. PACAP-KQ induces
the upregulation of stathminl in SGZ neurons.
Overexpression of stathmin] in the cultured neu-
ronal cells induced remarkably advanced arbori-
zation of processes from stem neurites, though
the effects of stathmin] on the length of neurites
could not be clearly identified. These findings
show that dysfunction of the DISC1-DBZ sys-
tem causes the inhibition of neurite extension,
while PACAP deficiency induces the abnormal
ramification of branches of neurites, suggesting a
multiplex pathogenesis of schizophrenia according
to the different molecules.

Conclusion & future perspective:
possible novel treatment utilizing
PACAP-DISC1/DBZ/FEZ1 or the
PACAP-stathmin1 pathway

% Are NGF & PACAP new candidate
molecules for the treatment of
schizophrenia & bipolar disease?

It is unclear why the disruption of DISC1 by
translocation selectively causes psychiatric dis-
eases despite the fact that DISC1 is ubiquitously
expressed throughout the whole body. DISC1 has
been proposed to be a multifunctional protein that
interacts with multiple proteins of the centrosome
and cytoskeletal system at distinct domains such
as Nudel, FEZ1, pericentrin Band DBZ. The lat-
ter three proteins bind to an area near the break-
point of DISCI. The expression of FEZL is highly
specific to the brain, and that of DBZ is somewhat
specific to the brain. We have revealed that both
the DISCI-FEZ1 interaction and the DISCI1-
DBZ interaction play a crucial role in the devel-
opment of the mammalian nervous system. This
raises the possibility that dysfunction of DISCI
may lead to abnormal development of the nervous
system, and thereby susceptibility to: psychiatric
illness. We further demonstrated that NGF upreg-
ulates the DISC1-FEZ1 interaction and PACAP
induces the transient dissociation of the DISC1-
DBZ interaction. In‘individuals carrying the
chromosomal translocation that segregates men-
tal diseases, the truncated mutant DISCI protein
would be produced or the expression of DISC1

protein would be reduced. In the case of trun-
cated mutant protein expression, FEZ1 and DBZ
would not be able to interact with DISC1. Loss
of DISCI protein expression could lead to neurite
outgrowth by disrupting the DISC1-FEZ1 and
DISC1-DBZ interaction. If DISCI expression
is reduced, and only a small amount of DISC1
is produced in the carrier of the chromosomal
translocation of DISCI, NGF and PACAP could
have potential as a novel treatment for schizo-
phrenia or bipolar disease caused by dysfunc-
tion of DISC1, because both NGF and PACAP
upregulate DISCI expression. From this point
of view, agonists of the PAC, receptor or NGF
receptors are also possible candidares. However,
there are many high hurdles to be cleared before
realizing such treatments, such as examination of
the effects of NGF or PACAP on model animals.
In addition, such treatments could cause a wide
range of side effects, since NGF, PACAP, PAC,
and NGF receptors are widely and abundantly
distributed throughout the entire body.

& |s regulation of PACAP/stathmint
function a new target for the
treatment of schizophrenia or

bipolar disease?

In PACAP-KO mice, expression of stathminl is
increased, causing an abnormal arborization of
axonal fibers of SGZ neurons in the dentate gyrus.
In addition, stathminl expression is upregulated
in the brains of schizophrenic patients but not in
the brains of patients with bipolar disease, show-
ing that dysfunction of the PACAP-stathmin1
pathway is specifically related to schizophrenia.
In addition, stathminl is expressed preferen-
tially in the brain: Therefore; control of stath-
minl expression is a good target for treatment of
schizophrenia: toward this end, a range of inves-
tigations are needed, including promoter analysis
of the stathminl gene to search for molecules
that could downregulate stathminl expression.
In addition, it will be important to identify mol-
ecules that belong to the inhibitory bBHLH family
and localize specifically in the brain, because these
molecules inhibit stathminl expression.
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Disrupted-in-schizophrenia 1 (DISC 1 binds to different molecules at various intracellular sites, revealing its
multifunctional nature
= DISCT has been identified as a potential susceptibility gene for major psychiatric disorders.

> Interactions between DISC1 and FEZ1; DISC1 and DBZ; and DISC1 and pericentrin B are involved in neural development.
Pituitary adenylate cyclase-activating polypeptide (PACAP) regulates the DISC1/DBZ interaction: a new mechanism that
contributes to psychiatric disorders

= DBZ may provide a link between DISC1 and PACAP signaling in granule cells of the dentate gyrus in vivo.

Molecular mechanism of PACAP deficiency-induced psychiatric illnesses

Conclusion & future perspective

Katayama, Hattori, Yamada, Matsuzaki & Tohyama

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 schizophrenia, bipolar affective disorder and recurrent major depression in a large
Scottish family.

DISC1 binds to fasciculation and elongation protein zeta-1 (FEZ1), pericentrin B (kendrin), DISC1-binding zinc-finger protein (DBZ),
NUDEL and lissencehphaly-1 (LIS1). The former three proteins bind to the regions near the translocation site.

PACAP markedly and transiently reduces the association between DISC1 and DBZ in PC12 cells, which in turn may induce the
neurite extension.

The effects of PACAP on the DISC1-DBZ interaction occur via the PAC, receptor and the ERK pathway.

DISC1-DBZ interaction plays a crucial role in brain development.

PACAP knock-out mice exhibited prominent behavioral abnormalities that included hyperactivity with impaired habituation to novel
situations, increased novelty-seeking behavior and reduced anxiety, as well as evidence of neuronal dysfunction, such as impairment of
prepulse inhibition and hippocampal long-term potentiation.

PAC, receptor (PAC,)-deficient mice also demonstrated an increase in locomotor activity, reduced anxiety-like behavior and abnormal
social behavior, as well as impairment of hippocampal long-term potentiation.

Some SNPs of the PACAP gene have an association with schizophrenia.

PACAP deficiency-induced psychiatric ilinesses could be attributed to a dysfunction of the DISC1-DBZ interaction.
PACAP deficiency induces upregulation of stathmin1 in the subgranular zone of the dentate gyrus.
Overexpression of stathmin1 induces abnormal sprouting of the axon fibers both in vivo and in vitro.

Stathmin1 gene promoter activity is regulated by the basic helix-loop-helix protein.

PACAP is a new candidate molecule for treatment of schizophrenia and bipolar disease.
Regulation of PACAP/stathmin1 function may be a new target for treatment of schizophrenia or bipolar disease.
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Pericentrin, a centrosomal protein related to
microcephalic primordial dwarfism, is required for
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ABSTRACT The Drosophila pericentrin-like protein
has been shown to be essential for the formation of the
sensory cilia of chemosensory and mechanosensory
neurons by mutant analysis in flies, while the in vivo
function of pericentrin, a well-studied mammalian cen-
trosomal protein related to microcephalic primordial
dwarfism, has been unclear. To determine whether
pericentrin is required for ciliogenesis in mammals, we
generated and analyzed mice with a hypomorphic mu-
tation of Pent encoding the mouse pericentrin. Immu-
nofluorescence analysis demonstrated that olfactory
cilia of chemosensory neurons in the nasal olfactory
epithelium were malformed in the homozygous mutant
mice. On the other hand, the assembly of motile and
primary cilia of non-neuronal epithelial cells and the
formation of sperm flagella were not affected in the
Pent-mutant mice. The defective assembly of olfactory
cilia in the mutant was apparent from birth. The mutant
animals displayed reduced olfactory performance in
agreement with the compromised assembly of olfactory
cilia, Our findings suggest that pericentrin is essential
for the assembly of chemosensory cilia of olfactory
receptor neurons, but it is not globally required for cilia
formation: in- mammals.—Miyoshi, K., Kasahara, K.,
Miyazaki, L, Shimizu, S., Taniguchi, M., Matsuzaki, S.,
Tohyama, M., Asanuma, M. Pericentrin; a centrosomal
protein related to microcephalic primordial dwarfism,
is required for olfactory cilia assembly in mice. FASEB
J- 23, 3289-3297 (2009). www.fasebj.org
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PERICENTRIN (PCNT), ALSO referred to as kendrin, and
CG-NAP, also referred to as AKAP350 or AKAP450, are
mammalian centrosomal proteins with: partial amino
acid-sequence homology (1-4).-These two giant pro-
teins share a pericentrin/AKAP450 centrosomal targee
ing (PACT) domain in their C termini(5) and have
been implicated in recruiting several proteins to the
centrosome (6, 7). It has been reported that mitosis-
specific anchoring of the vy-tubulin complex to the

0892-6638/09/0023-3289 © FASEB

centrosome by Pcnt controls the organization of the
mitotic spindle, a highly dynamic structure composed
of microtubules (8). In flies, the Drosophila pericentrin-
like protein (D-PLP) has been found as the only PACT
domain-containing protein and is believed to be the
Drosophila equivalent of Pcnt or CG-NAP (5, 9, 10),
since Pcnt, CG-NAP, and D-PLP have similar coiled-coil
organizations and share a conserved region of 40 aa
located in their N-terminal halves. A study using D-plp-
mutant flies has demonstrated that D-PLP is not essen-
tial for mitosis, but rather for the formation of the
cilium (9), a cell surface organelle containing a mem-
brane-bound microtubule axoneme at its center. The
mutant flies displayed malformed sensory cilia in the
mechanosensory and chemosensory neurons, resulting
in disturbed neuronal function and a severely uncoor-
dinated phenotype, while mitosis was not dramatically
perturbed in D-pip-mutant cells. In Drosophila, these
sensory neurons and sperm are the only ciliated cells.
In mammals, ciliated sensory neurons can be found in
the olfactory epithelium as olfactory chemosensory
neurons that mediate odorant detection, while other
somatic cell types are also ciliated. Individual olfactory
neurons - project a single dendrite to the epithelial
surface and an axonal process to the olfactory bulb.
Ten to twenty sensory. cilia arise from the dendritic
knob, a swelling at the apical ending of the dendrite
containing multiple basal bodies. These olfactory cilia
are embedded in a mucus layer. Diverse odorant recep-
tor proteins, members of the G protein-coupled recep-
tor family, detect odorants at the olfactory epithelium,
and type IIl'adenylyl cyclase (ACIII) has been identified
as the olfactory epithelium-specific isoform involved in
odorant detection (11). Odorant receptors, a hetero-
trimeric G-protein subunit (Golf), ACIII, a cyclic nucle-
otide-gated channel, and a Ca®*-activated Cl~ channel
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are localized at the ciliary membrane of olfactory
neurons and are involved in several steps of the che-
moelectrical transduction sequence. Odorants dissolve
in the mucus and bind to odorant receptors that
stimulate Golf, which, in turn, activates ACIII. The
subsequent elevation in intralumenal cAMP activates
the ion channels, thereby leading to depolarization of
membrane voltage and electrical excitation of the
neuron. The deletion of each component in the olfac-
tory signaling cascade results in anosmia (12-14). A
fine ciliary structure having a high surface-volume ratio
is thought to allow efficient signal amplification in the
olfactory transduction system. It is well recognized that
multiple motile cilia generating fluid flow are present
on epithelial cells of the respiratory and the reproduc-
tive tract and the ependyma, while most G, cells through-
out the mammalian body are known to have a nonmotile
primary cilium, which singly extends like an antenna into
the environment surrounding the cell and possibly trans-
duces sensory stimuli to the cell body.

In our previous study, we analyzed in vivo expression
of Pcnt in mouse embryos; Pent was shown to be
localized at the base of primary cilia in embryonic
tissues (15). If Pcnt is essential for ciliogenesis in
diverse mammalian cell types, Pent dysfunction might
result in widespread disruption of cilium-mediated
events. Inhibited ciliogenesis by down-regulation of
Pcnt expression using RNA interference has been
shown in cultured mammalian cells (16), while the
in vivo function of Pent remains to be determined.
Recently, homozygous truncating mutations in human
PCNT were shown to cause two types of microcephalic
primordial dwarfism (17, 18). It is noteworthy that
PCNT is likely to be dispensable for most aspects of
human development (17), while the absence of the
functional PCNT protein causes short stature and re-
duced brain size. In this study, we have established and
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Figure 1. Structure of the Pent™

analyzed mice harboring a hypomorphic mutation in
the Pcnt gene to investigate the implication of Pent in
ciliogenesis of olfactory chemosensory neurons and
other cell types in mammals.

MATERIALS AND METHODS
Animals

Random insertional mutagenesis in mouse embryonic stem
cells with a gene trap vector, pU-17, employing the Cre-
mutated lox system was carried out at TransGenic, Inc. (Kobe,
Japan) (19-21). Clones of a mixed CBA/JN Crj and
C57BL/6] genetic background carrying a single copy of the
trap vector were selected by analysis of the integration pat-
terns on Southern blots (19). The genomic loci of the vector
insertion were determined by 5-RACE analysis, and one
clone with genomic integration of the vector into the Peni
gene was identified. Germline-transmitting chimeras were
generated and crossed to wild-type C57BL/6] females to
establish a mutant mouse line. The resultant F1-heterozygous
mice were backcrossed to the C57BL/6]-strain mice for 8
generations. Experiments were performed in compliance
with the Guidelines for Animal Experiments of Okayama
University Advanced Science Research Center.

Determination of the vector insertion site and genotyping

Genomic DNA was extracted from mouse tail tips using
Wizard SV Genomic DNA Purification System (Promega,
Madison, WI, USA) according to the manufacturer’s instruc-
tions. The precise genomic insertion site of the trap vector
was determined by genomic PCR using Ex Tagq Hot Start
Version (Takara, Kyoto, Japan) and the following primers: P1,
ctgetegtettccatetecacetggget and P2, ccatacagtccteticacalccat-
getg (Fig. 1B). PCR included an initial denaturation at 95°C
for 3 min, followed by 30 cycles of denaturation at 95°C for
30 s, annealing at 68°C for 30 s, elongation at 72°C for 1 min,
and final elongation at 72°C for 5 min. The reaction mixture

allele and its effects on transcript and protein production. A) Structure of the trap vector

pU-17. pU-17 is a 9074-bp vector coniaining 1.8 kb of an intron and a splice acceplor (SA) sequence from the mouse Engrailed
2 gene, the B-galactosidase/neomycin-resistance fusion (B-geo) gene, and a polyadenylation signal (pA). A lox71 site is located within
the intron sequence, and: loxP, 10x22'72, and. loxb11 sites are located in the downstream of the B-geo, pA, and pSP73 vector
sequences, respectively. B) Integration pattern of the trap vector. Open boxes represent the first 4 exons (ex1-4) of the Pent
gene. ATG start codon and direction of Penf transcription are indicated. Vector sequence was inserted into the 5’ untranslated
region of the first exon (226 bp upstream from the start codon), but in reverse orientation of Peni. Arrowheads labeled P1-3
represent primers used in PCR-based genotyping. C) Representative PCR analysis for genotyping. Three primers (P1-3 in B)
were used in the same reaction: Wild (+/+), heterozygous (+/ocd), and homozygous (ocd/ocd) genotypes and their
corresponding PCR products are shown. DNA fragments of 752 bp from the wild-type allele and 585 bp from the inserted allele
were amplified by primer sets P1/P3 and P1/P2, respectively. D) Northern blot containing poly(A) + RNAs from whole neonates
at postnatal day 1 from each genotype was hybridized with a riboprobe for Pent (top). Blot was stripped and then hybridized with
a riboprobe for Gapdh as a loading control (bottom). Positions of the two Pen/ transcripts of 9.5 and 6.9 kb and the Gapdh
transcript are indicated: E) Western blot of whole-cell lysates of embryonic fibroblasts prepared from fetuses carrying each
genotype was probed with antibodies to Pent (top) or GAPDH as a loading control (bottom). Positions of the two Pcnt isoforms
with masses of 360 and 250 kDa and the GAPDH protein are indicated.
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was then subjected to agarose gel electrophoresis with visual-
ization of DNA by ethidium bromide staining, The DNA
fragment was purified using the Geneclean kit (Biol0Ol, La
Jolla, CA, USA), subcloned into the pGEM-T vector (Pro-
mega) and sequenced. PCR was also performed for genotyp-
ing of mice with the same protocol using primers P1 and P3,
(cgactctgtacatigaagegtglgegtg) to detect the wild-type allele
and primers P1 and P2 to detect the inserted allele (Fig. 1B).
The primer sets P1/P3 and P1/P2 gave 752-bp and 585-bp
DNA fragments in reaction, respectively (Fig. 1C).

Northern blot analysis

c¢DNA fragments of mouse Pent (NM_008787, 3838~4629 nt)
and of the entire open reading frame of Gapdh encoding
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were
subcloned into the pBluescript SK(+) vector (Stratagene, La
Jolla, CA, USA). Digoxigenin-labeled antisense riboprobes
were ‘generated by in vitro transcription using the cDNA
fragments. as” templates: in: the presence of digoxigenin-la-
beled dUTP (Roche Diagnostics; Basel, Switzerland). North-
ern blot analysis was performed according to the DIG Appli-
cation Manual for Filter Hybridization (Roche Diagnostics).
Briefly; on postnatal day 1, whole neonates from each geno-
type were homogenized in TRIzol Reagent (Invitrogen, Carls-
bad, CA; USA) with a Polytron homogenizer (Kinematica,
Luzern, Switzerland). Total RNA was: then isolated  using
RNeasy Lipid Tissue Midi Kit (Qiagen, Valericia, CA, USA),
and poly (A)+ RNA was purified using an mRNA Purification
Kit (GE Healthcare, Piscataway, NJ, USA). Eighty nanograms
per well of poly(A)+ RNA from each sample was loaded and
separated by electrophoresis on a 1% agarose MOPS/form-
aldehyde gel. Separated RNA was transferred to a Hy-
bond-N+ nylon membrane. (GE Healthcare) by capillary
transfer and fixed to the membrane by baking at 80°G for 2 h.
The membrane was then 'prehybridized in: DIG Easy Hyb
(Roche Diagnostics) at 68°C for 30 min and hybridized in the
same buffer with the digoxigenin-labeled Pentriboprobe (100
ng/ml) at 68°C for 16 h. After rinsing in 0.1% SDS and 2X
SSC for 10 min at room: temperature and in 0.1% SDS and
0.1X SSC for 30 min at 68°C, the membrane was incubated
with alkaline phosphatase-conjugated anti-digoxigenin anti-
body (Roche Diagnostics) ata dilution of 1:10,000 for 30 min
al room temperature. The result was visualized by chemilu-
minescence using CDP-Star: (Roche Diagnostics). The mem-
brane was stripped in 50% formamide, 5% SDS; and 50 mM
Tris-HCI (pH 7.5) at 80°C for 60 min twice and rehybridized
with the Gapdh riboprobe.

Preparation of embryonic fibroblasts

Embryonic fibroblasts were prepared from individual embryos
bearing each genotype at embryonic day 14.5. The head and
internal organs were removed, and: the torso was minced and
dispersed.. in' 0.25% trypsin: for 40 min at 37°C. Embryonic
fibroblasts were grown in Dulbecco’s modified Eagle’s medium
(Invitrogen) supplemented with 10% fetal bovine serum; 2 mM
glutamine, 100 U/ml penicillin, and 100 pg/ml streptomycin.

Western blot analysis

Embryonic fibroblasts from each genotype were lysed in TNE
buffer (150 mM NaCl,.1 mM-EDTA, and 20 mM Tris-HCIl, pH
7.5). containing 1% Nonidet P-40 in the presence of protease
inhibitors and incubated for 1 h over ice. The whole-cell lysates
were centrifuged: at. 16,000 g for 20. min, and: the resulting
supernatants were collected. Prepared lysate samples containing

PERICENTRIN AND OLFACTORY CILIA ASSEMBLY

30 pg of total protein were boiled with SDS sample buffer for 5
min, subjected 1o SDS-PAGE, and transferred to a PVDF mem-
brane. After blocking with 5% membrane blocking agent (GE
Healthcare), the membrane was incubated with a mouse mono-
clonal antibody to Pent (611814; BD Transduction Laborato-
ries, Lexington, KY, USA) at a dilution of 1:500 or to GAPDH
(sc-32233, Santa Cruz Biotechnology, Santa Cruz, CA, USA)
at a dilution of 1:1,000 for 2 h at room temperature. The
membrane was then incubated with HRP-conjugated anti-
mouse IgG antibody (Chemicon, Temecula, CA, USA) at a
dilution of 1:5000 for 1 h at room temperature. The result was
visualized by chemiluminescence using the ECL kit (GE
Healthcare).

Immunofluorescence

Six-week-old mice from each genotype were perfusion-fixed
with 4% paraformaldehyde in 20 mM PBS. Nasal cavities were
decalcified by incubation in 10% EDTA (pH 7.4) for 11 d at
room: temperature. Postnatal day 1 pups from each genotype
were immersion-fixed in 4% paraformaldehyde in 20 mM
PBS. The samples were then dehydrated through a graded
series of ethanol, cleared in xylene, and embedded in paraf-
fin. Sections were cut at a thickness of 3 pm, mounted onto
slides and subjected to immunofluorescence. Deparaffinized
sections were. postfixed in ice-cold methanol for' 10 min,
heated in citrate buffer; and permeabilized with 0.3% Triton-
X100 in 20:mM PBS. After blocking with Image-iT EX Signal
Enhancer (Invitrogen);: the sections were incubated with the
following primary antibodies for 1 h-at room temperature:
mouse monoclonal anti-acetylated tubulin (T6793; Sigma, St.
Louis, MO, USA; 1:1,000), mouse monoclonal anti-Pent (1:
200), rabbit polyclonal anti-Pcnt (PRB-432C, 1:500; Covance,
Richmond, CA, USA), rabbit polyclonal ant-ACIII (sc-588;
1:100; Santa Cruz Biotechnology) and goat polyclonal ant-
IFT88 (EB07088; 1:100; Everest Biotech, Upper Heyford,
UK): After being washed with 20 mM PBS, the sections were
incubated with the following secondary antibodies for 1 h
at room temperature; Alexa Fluor 488- or 594:conjugated
goat anti-mouse IgG, Alexa Fluor 488- or 594-conjugated
goat anti-rabbit IgG, Alexa Fluor 488-conjugated: donkey
anti-mouse 'IgG, and Alexa Fluor-594-conjugated donkey
anti-goat IgG (1:500; Invitrogen). The primary and second-
ary antibodies were diluted in 0.1 M PBS containing 0.3%
Triton-X100 and 3% BSA. Finally, the sections were stained
with 10 pg/ml:Hoechst 33342 (Invitrogen) for 2 min to
visualize DNA.

Transmission electron microscopy

We dissected 2.5% glutaraldehyde/2% paraformaldehyde-
fixed olfactory mucosae under astereomicroscope. After
being incubated with 1% osmium tetroxide, the mucosae
were dehydrated in a graded series of ethanol solutions and
embedded:: Ultrathin (70-90 nm) sections were prepared
using an ultramicrotome, stained with uranyl acetate and lead
citrate, ‘and ' then examined with an electron microscope
(H-7100; Hitachi High-Technologies, Tokyo, Japan) operat-
ing at 75 kV.

Olfactory performance test

Single-housed. 6-wk-old Pent®** mice: and. wild-type litter-
mates were food deprived for 18 h. After a piece of corn chip
(0.1 g; Tohato, Tokyo; Japan) was buried in the home cage (3
cm under the bedding), the mouse was allowed to search for
the food. The time needed to localize the food was measured.
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Figure 2. Compromised formation of olfactory cilia in Pent®“** mice. A) Pent
expression and cilia assembly were examined in olfactory epithelia of
wild-type (wt) and Pent”* mice at 6 wk of age by immunofluorescence
staining. In the wild-type mice, Pcnt displayed a punctate staining pattern
below the layer of olfactory cilia labeled by the antibody to acetylated tubulin
(ac.tubulin), a marker for ciliary axonemes. Down-regulated expression of
Pcnt at the apical surface and a severely reduced olfactory ciliary layer were
observed in homozygous mutants. B) In respiratory epithelium of the nasal
cavity in wild-type mice, Pcnt was recognized mainly below the layer of
motile cilia and also at ciliary tips (inset, arrowheads). Expression level of
Pcnt in mutant mice was also down-regulated in the respiratory epithelium as in the olfactory epithelium, whereas
motile cilia formation was not compromised in Penl mutants, in contrast to decreased assembly of olfactory cilia in
mutant olfactory epithelium. C) In wild-type olfactory epithelium, the IFT88 subunit of the IFT particle was detected
mainly at the apical surface, below the ciliary layer labeled by the acetylated tubulin antibody. In mutants, much of the IFT88
(continued on next page)
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The test was terminated after the successful localization of the
food or after 10 min of unsuccessful searching.

RESULTS

Inhibitory effects of the mutated Pent allele on
transcript and protein production

In the process of random insertional mutagenesis in
mouse embryonic stem cells (19-21), one clone with
genomic integration of a trap vector into Penf was identi-
fied, and the mutated Pcnf allele, provisionally named
PenfCTAsat7ocd) 1N77Tgp ( prp ocd. olfactory cilia defective),
was introduced into a C57BL./6] background by multiple-
generation backcrossing. The trap vector was revealed to
be inserted into the 5’ untranslated region of the first
exon of the Pent gene, but with a reverse orientation of
Pent (Fig. 1A, B). Polyadenylation trapping by the vector
was then thought to be unable to disrupt the Pcn! expres-
sion, whereas an unknown overlapping gene with an
opposite transcriptional orientation might be trapped.

We then explored the possibility that integration of
the antisense vector sequence over 9 kb would cause a
reduced expression level of Pent by interfering with Pent
transcription in the mutant mouse tissues. Two Pcnl
transcripts of 9.5 and 6.9 kb were recognized on the
wild-type neonate Northern blot (Fig. 1D). The 9.5kb
message encoding the fulllength protein of 360 kDa
was diminished in the heterozygous mutant and
scarcely detectable in the homozygous mutant (Fig.
1D). The smaller 6.9-kb transcript that is abundantly
expressed in the heart and the skeletal muscle but is
scarce in other tissues (22, 23) displayed a lower
expression level in the homozygous mutant than in the
wild-type or heterozygous mice (Fig. 1D).

Western blot analysis was then performed to examine
the expression level of the Pcnt protein in whole cell
lysates of the embryonic fibroblasts prepared from the
fetuses carrying each genotype. The embryonic fibro-
blasts derived from the homozygous mutant showed
very faint Pcnt expression, and the embryonic fibro-
blasts from the heterozygous embryo had a lower level

of expression than the wild-type cells (Fig. 1E). Note
that the 250-kDa isoform is thought to be derived from
the processing of the 360-kDa protein (23). These
results indicated that down-regulated expression of the
Pcnt protein was achieved by the reverse-oriented vec-
tor insertion in the Pent locus.

The offspring from crosses between mice that were
F8-heterozygous for the insertional mutation were geno-
typed using a PCR-based method (Fig. 1C). Wild-type,
heterozygous (Pent*/*?), and homozygous (Pen(*¥*)
pups were born at the expected 1:2:1 Mendelian fre-
quency (39 wild-type, 82 Pent™* and 86 Penf¥* of 157
animals analyzed). Pent”*“ mice displayed primordial
short stature and microcephalus (report in preparation),
common features of the two types of the microcephalic
primordial dwarfism caused by biallelic loss-of-function
mutations in human PCNT (17, 18).

Defective assembly of olfactory cilia in Pcnt**?/**

mice

Pent has been believed to be the mammalian equivalent
of D-PLP of Drosophile (5, 9, 10), and D-plp-mutant flies
have been shown to display malformed sensory cilia in
the mechanosensory and chemosensory neurons (9).
Ciliated chemosensory neurons are also present in
mammals as olfactory neurons, which are the special-
ized neuron type for odorant detection. Thus, we first
investigated the formation of olfactory cilia of olfactory
neurons in the Pentmutant mice.

Sagittal sections of the nasal cavity from 6-wk-old
wild-type and Pent®* mice were investigated by im-
munofluorescence study. Olfactory (Fig. 24) and adja-
cent respiratory (Fig. 2B) epithelia were double-stained
for Pent and acetylated tubulin, a marker for the ciliary
axoneme, Pcnt staining yielded a punctate pattern
consistent with the distribution of basal bodies in the
dendritic knob below the ciliary layer in the wild type
(Fig. 2A). The down-regulated expression of the Pent
protein at the apical surface in homozygous mice (Fig.
24) revealed the hypomorphic effect of the Pcnt™?
allele in the olfactory epithelium. Acetylated tubulin

protein was removed from the apical surface of the olfactory epithelium carrying reduced olfactory cilia. D) In the respiratory
epithelium, staining for the motile ciliary layer and IFT88 was comparable between wild-type and mutant mice. Arrowheads
(G, D; insets) indicate ciliary localization of IFT88. £} Immunostaining for ACII, a ciliary membrane protein required for signal
amplification, labeled the olfactory ciliary layer in wild-type olfactory epithelium. Assembly of olfactory cilia positive for ACII
was markedly compromised in mutants, F) Antibody to ACIII failed to label cilia in the respiratory epithelium, in agreement with
the lack of a signal amplification system in the motile cilia. G} Hematoxylin-and-eosin (H&E) staining of olfactory epithelia from
6wk-old: wild-type and Peri™° mice revealed decreased thickness of the cilia layer (asterisks) in mutants. Dendritic knobs
(arrows) were observed at the apical surface in both wild-type and mutant mice. H) In respiratory epithelia stained with H&E,
cilia layer (asterisks) was comparable between wild-type and mutant mice. /) In the superior part of the nasal cavity of the
wild-type pup at postnatal day 1, olfactory cilia assembly was demonstrated by expression of ACIIL (green). close to punctate
staining of Pent (red) at the apical surface. In homozygous mutant pups, immunoreactivity for ACHI and Pcnt was rarely
observed in the nasal cavity. J) Olfactory epithelium of wild-type neonates displayed developing cilia Iabeled by the antibody to
acetylated tubulin (green) and contiguous localization of IFT88 (red) at the apical surface. Both olfactory cilia assembly and
IFT88 localization were diminished in Pentmutant pups. Nuclei were labeled with Hoechst (blie) (A-F, I, /). Scale bars = 5 pum.
K) Six-week-old Pent” ™" mice (white bar; n=13) revealed a significantly increased mean latency in finding a hidden food
morsel compared with wild-type littermates: (black bar; n=14) in the olfactory performance test; P < 0.01, Student’s { test. Data
are means *. SE.
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staining demonstrated that the formation of olfactory
cilia was markedly compromised in the mutant olfac-
tory epithelium (Fig. 2A4). The respiratory epithelium
of the nasal cavity bears multiple motile cilia that
transport mucus to remove ingested bacteria and dust.
The Pcnt protein was recognized mainly at the base of
these motile cilia and also at the ciliary tips in wild-type
mice (Fig. 2B). The expression level of Pcnt in the
homozygous mutants was down-regulated in the respi-
ratory epithelium (Fig. 2B), as well as in the olfactory
epithelium. Formation of motile cilia in the respiratory
epithelium was, however, not compromised by the
hypomorphic mutation of Pent (Fig. 2B), in contrast to
the decreased assembly of olfactory cilia in the mutant
olfactory epithelium. Intraflagellar transport (IFT) is a
highly conserved system and essential for the assembly
and maintenance of flagella and motile and nonmotile
cilia (24, 25). IFT particles, protein complexes com-
posed of several different subunits, transport cargo
along microtubules by motor proteins, such as kinesin
and dynein, between the cell body and the tip of the
cilium/flagellum. Localization of the IFT88 subunit of
the IFT particle was then investigated in the olfactory
(Fig. 2€) and respiratory (Fig. 2D) epithelium. In the
wild-type mice, IFT88 was detected mainly at the apical
surface of the olfactory (Fig. 2C) and respiratory (Fig.
2D) epithelium below the ciliary layer labeled by the
antibody to acetylated tubulin. In addition, a fraction of
the IFT88 subunit was localized within the ciliary layer
of the wild-type epithelia (Fig. 2C, D). In the mutant
mice, much of the IFT88 protein was removed from the
apical surface of the olfactory epithelium (Fig. 2C),
while IFT88 localization in the respiratory epithelium
was not affected by the hypomorphic mutation of Pent
(Fig. 2D). The antibody to ACIIHI also labeled the ciliary
layer in the wild-type olfactory epithelium, while ACIII-
positive olfactory cilia were markedly decreased in the
mutant (Fig. 2F). In the respiratory epithelium, motile
cilia were undetectable by the ACIII antibody (Fig. 2F),
in agreement with the lack of the signal amplification
system required for odorant detection. Structural de-
fects of the olfactory cilia layer and proper formation of
respiratory cilia in the mutant mice were confirmed by
hematoxylin-and-eosin staining of the nasal cavity sec-
tions (Fig. 2G, H). Ultrastructural observation by trans-
mission electron microscopy showed the thinned ciliary
layer with impaired development of the distal segments
of the olfactory cilia in the mutant olfactory epithelium
(Supplemental Fig. 1).

Sagittal sections of the nasal cavity from postnatal day
1 newborn pups were next double-stained for ACIII and
Pent (Fig. 21). In the wild-type neonates, assembly of
olfactory cilia was demonstrated by the expression: of
ACIII close to the punctate staining of Pent at the apical
surface. In' contrast, immunoreactivity for  ACIII and
Pcnt was rarely observed in the homozygous mutant
pups. Improperly formed cilia labeled by the antibody
to acetylated tubulin and decreased localization  of
IFT88 at the apical surface were also- observed in the
olfactory epithelium of the mutant pups (Fig. 2)).
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These observations indicate that the defective ciliogen-
esis is apparent from birth in the mutant mice.

To test whether the Pentmutant mice had impaired
olfaction, an olfactory performance test was carried out
at 6 wk of age. Pent”“*? mice took approximately 3
times as much time to locate a hidden food morsel as
their wild-type littermates (Fig. 2K), in accordance with
the defective assembly of olfactory cilia.

Unaffected assembly of cilia and flagella in body
regions other than the olfactory epithelium in
Pent**”*! mice

It is established that dysfunction of motile cilia of the
ependymal cells and the bronchiolar epithelial cells, as
well as primary cilia of the renal tubular epithelial cells,
is linked to the pathogenesis of human disorders, such
as hydrocephalus, respiratory tract infections, and poly-
cystic kidney disease (25). Ciliary assembly of the
ependymal cells (Fig. 34) and the bronchiolar (Fig. 3B)
and renal tubular (Fig. 3C) epithelial cells was not
affected by the hypomorphic mutation of Pent. Anom-
alies of sperm flagella, which share the “9 + 2” micro-
tubule architecture with motile cilia, are known to
cause male infertility (25). In the Pcnémutant male
mice, proper assembly of sperm flagella was observed in
the epididymis (Fig. 3D). These results are in accor-
dance with our observation that none of the Pent
mutant mice tested in the study suffered from hydro-
cephalus or renal cysts, even in the late stage of life, and
that the mutant male mice were fertile (unpublished
data). Dysfunction of specialized nonmotile cilia that
connect the inner and outer segments of photorecep-
tor cells has been suggested to underlie human retinal
degenerative diseases (25). The retina of Peniocd/ocd
mice appeared to be intact, with normal outer nuclear
and photoreceptor layers (Fig. 3E).

DISCUSSION

Our results have shown that integration of a trap
vector into the first exon in the reverse direction
produced a hypomorphic allele of the Pcnl gene.
Low-level residual Pcnt immunoreactivity in the ho-
mozygous mutants (Figs. 1E and 2A, B, I) seems to
reflect incomplete disruption of Pent gene expression
by ‘the vector insertion. The mutation decreased
expression levels of 9.5- and 6.9-kb Pcnt transcripts,
with a preferential effect on the former (Fig. 1D),
most likely because the 6.9-kb transcript arose.from
the utilization of an alternative transcription initia-
tion ‘site located ~20 kb downstream of the vector
integration site (23). Homozygous insertion of the
vector sequence into the 5’ untranslated region did
not completely inhibit transcription of the 9.5-kb
message (Fig. 1B, D). The residual expression of the
9.5-kb transcript in the homozygous mutant (Fig. 1.D)
might be obtained due to a downstream: shift in
transcription initiation. Multitissue analysis has re-

MIYOSHI ET AL



wit
wit

Pcn t ocdfocd
Pcnt ecdlod
Pcnt ocdiocd

wt

Pcnt ecdiocd

Figure 3. Unaffected assembly of cilia and flagella in cell types other than olfactory neurons in Pent®*/*“ mice. A-C) Sections
of ependyma of lateral ventricle (A), bronchiole (B), and renal tubule (C) from wild-type (wt) and Pent®/* mice at 6 wk of
age were immunostained with antibodies to acetylated tubulin. Mutant mice displayed normal assembly of ependymal and
bronchiolar motile cilia and of renal primary cilia. D) Sperm flagella in the epididymis were stained with antibodies to acetylated
tubulin. Flagellar formation was comparable between wild-type and mutant mice. Arrowheads indicate cilia and flagella (C, D).
Nuclei were labeled with Hoechst (blue). £) H&E staining of retinal sections from wild-type and Pent” ¥ mice revealed intact
photoreceptor cells in the mutants. RPE, retinal pigment epithelium; OS, outer segment; IS, inner segment; ONL, outer nuclear

layer; INL, inner nuclear layer. Scale bars = 5 pm.

vealed expression of the 6.9-kb message to be largely
confined to heart and skeletal muscle in mice (22, 23).

Polyadenylation trapping by the vector might dis-
rupt the expression of an unknown overlapping gene
with a reverse transcriptional orientation of Pent. No
reverse-oriented genes have been annotated on the
genomic contigs in the 5’ region of Pent (data not
shown), while a noncoding RNA gene may exist in
the region (21). We therefore cannot exclude the
possibility that abnormalities observed in Pen(*/*
mice reflect the altered expression of the overlap-
ping gene. It has been reported that integration of
the trap vector into the promoter region in reverse
orientation generated a hypomorphic allele of the
Kpnbl gene (26).

Hypomorphic mutation of Pcnl resulted in dis-
turbed cilia assembly of olfactory chemosensory neu-
rons (Fig. 2). Diminished IFT88 labeling in the
mutant olfactory epithelium (Fig. 2C, J) can be
considered as a consequence of impaired develop-
ment of olfactory cilia. The adult mutant mice dis-
played reduced olfactory performance but were still
able to locate a hidden food pellet (Fig. 2K). Insuf-
ficiency of olfactory cilia was apparent from birth
(Fig. 21, J), while mutant pups showed nipple-search
behavior and were raised to weaning (unpublished
data). These observations indicate that olfactory per-
formance was not completely compromised by the
homozygous mutation and that improperly formed
cilia still maintained some olfactory function in the
mutants. Assembly of cilia in ependymal cells (Fig.
3A) and nasal respiratory (Fig. 2B, D), bronchiolar
(Fig. 3B) and renal tubular (Fig. 3C) epithelial cells
was comparable between the homozygous mutants
and wild-type animals. In addition, the Pent-mutant
mice revealed normal formation of sperm flagella
(Fig. 3D) and intact photoreceptors (Fig. 3E). These
results suggest that Pcnt is dispensable or that a
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decreased level of Pcnt expression is sufficient for
ciliogenesis in these cell types. It is noteworthy in this
regard that flies with a mutation in the gene encod-
ing D-PLP, the Drosophila equivalent of Pent, dis-
played malformed sensory cilia in the chemosensory
and mechanosensory neurons (9), suggesting that
these PACT domain-containing proteins might play a
conserved role, from invertebrates to vertebrates,
preferentially in the assembly of specialized sensory
cilia at the apical end of sensory neurons.

In contrast to the lack of severe pathological
abnormalities in the Pcni-mutants, Tg737‘"/"" mice
that harbor a hypomorphic mutation in the gene
encoding IFT88 display hydrocephalus, renal cysts,
and ductal abnormalities in the pancreas and the
liver and normally die within 2 wk of birth (27-31).
Tg737°"/”" mice display stunted primary cilia in renal,
biliary, and pancreatic epithelia and underdeveloped
ependymal cilia (28-31), showing that general dis-
ruption of the IFT machinery results in systemic and
lethal abnormalities. Selective structural defects in
chemosensory cilia of olfactory neurons have also
been found in mice with disruption of causative
genes for Bardet-Biedl syndrome (BBS), a pleiotropic
genetic disorder characterized by obesity, retinal
degeneration, polydactyly, renal and limb malforma-
tions, learning disabilities, and hypogenitalism (25).
The molecular basis of BBS remains unclear, while
BBS proteins encoded by 14 responsible genes
(BBS1-14) so far identified are located in the basal
body and cilia. BBS patients have partial or complete
anosmia (32), and Bbsl-, Bbs2-, Bbs4-, and Bbs6-null
mice reveal impaired olfactory function (32-34). The
severe reduction of the ciliated border of the olfac-
tory, but not the respiratory, epithelium was observed
in Bbsl-, Bbs4-, and Bbs6-null mice (32, 34). On the
other hand, BbsI- and Bbs4-null mice displayed nor-
mal renal cilia (25, 35). Seven of the most conserved
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BBS proteins form a stable complex that binds
pericentriolar material 1 (PCM-1) (36), and PCM-1 is
associated with Pcnt (4, 37) and plays a critical role in
ciliogenesis (36, 38). Many questions remain con-
cerning the mechanisms by which impairment of a
particular cilia-related component affects some par-
ticular subset of ciliary structural or functional fea-
tures, while leaving others intact (39).

In humans, biallelic truncating mutations in PCNT
cause two types of microcephalic primordial dwarf-
ism (17, 18). Dwarf patients with PCNT mutation
have not been reported to have reduced olfactory
performance, though restricted olfaction occurring
at birth might not be recognized without olfactory
tests. Some genes involved in assembly or function of
cilia may have additional functions unrelated to cilia
(39), and it remains to be determined whether
microcephalus and dwarfism caused by PCNT muta-
tion are cilia-related or -unrelated symptoms. Cul-
tured cells from dwarf patients with biallelic mutations
in PCNT have been shown to display defective ataxia-
telangiectasia and Rad3-related (ATR)-dependent DNA
damage signaling (17) or disorganized mitotic spindles
and missegregation of chromosomes (18), raising the
possibility that perturbation of cell division or reduced
cell survival results in globally reduced cell number and
growth restriction causing primordial dwarfism. As ex-
pected, Pent®¥d mice replicated primordial short stat-
ure and microcephalus (report in preparation). Fur-
ther analysis of Pent“”**! mice may provide insight into
cellular pathways responsible for the brain and body
size phenotypes.

This work was supported by Grants-in-Aid for Scientific
Research (Kakenhi; grant 19591355).
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Abstract

An increase in serum tumor necrosis factor-o. (TNF-4) levels is
closely related to the pathogenesis of major depression.
However, the underlying molecular mechanism between this
increase and impairment of brain function remains elusive. To
better understand TNF-o/TNF receptor 1 signaling in the
brain, we analyzed the brain distribution and function of tumor
necrosis factor receptor-associated protein 1 (TRAP1). Here
we show that TRAP1 is broadly expressed in neurons in the
mouse brain, including regions that are implicated in the
pathogenesis of major depression. We demonstrate that small
interfering RNA-mediated knockdown of TRAP1 in a neuronal
cell line decreases tyrosine phosphorylation of STAT3, fol-
lowed by a reduction of the transcription factor E2F1, resulting
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in a down-regulation of N-cadherin, and affects the adhesive
properties of the cells. In addition, in cultured hippocampal
neurons, reduced expression of N-cadherin by TRAP1
knockdown influences the morphology of dendritic spines. We
also report a significant association between several single
nucleotide polymorphisms in the TRAP1 gene and major dep-
ression. Our findings indicate that TRAP1 mediates TNF-o/
TNF receptor 1 signaling to modulate N-cadherin expression
and to regulate cell adhesion and synaptic morphology, which
may contribute to the pathogenesis of major depression.
Keywords: cell adhesion, N-cadherin, small interfering RNA,
synaptic morphology, tumor necrosis factor receptor, tumor
necrosis factor receptor-associated protein 1.
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Tumor necrosis factor-o. (TNF-o), which initiates inflamma-
tory immune responses, has been implicated in the patho-
genesis of major depression by several lines of evidence
(Lanquillon et al. 2000; Reichenberg et al. 2001; Hestad
et al. 2003; Jun et al. 2003; Tuglu et al. 2003; Simen ef al.
2006; Irwin and Miller 2007). For example, a number of
studies have reported that the plasma level of TNF-a is
elevated in patients with major depression and can be cor-
rected by anti-depressants in therapy-responders (Lanquillon
et al. 2000; Hestad ef al. 2003; Tuglu et al. 2003). Infec-
tious and autoimmune diseases are also known to up-
regulate serum TNF-o and results in depressive symptoms
(Reichenberg ef al. 2001; Irwin and Miller 2007). Moreover,
polymorphisms in the 7NF-o gene confer susceptibility to
major depression (Jun ef al. 2003). However, little is known
about how TNF-o influences neuronal function in the brain.
Tumor necrosis factor-o is a multifunctional cytokine that
plays key roles in inflammation, immune response, cell
differentiation, proliferation and apoptosis (Pan et al. 1997;
Baud and Karin 2001). TNF-o is thought to exert its
physiological activity through binding to two distinct recep-
tors: type I tumor necrosis factor receptor (TNFR1) and type Il
tumor necrosis factor receptor (TNFR2). The TNF-o/TNFR1
signaling system has been well documented; it activates
several signal transduction pathways including c-Jun
N-terminal kinase, nuclear factor-kB and caspases (Wallach
et al. 1999; Baud and Karin 2001; Karin and Lin 2002).
Tumor necrosis factor receptor-associated protein 1
(TRAP1) was initially identified as an interacting protein
that binds the intracellular domain of TNFRI1 in vitro (Song
et al. 1995). However, the role of TRAP1 in signal
transduction through TNFR1 is unknown. TRAPI is a
member of the heat shock protein 90 (HSP90) family and
possesses ATPase activity, but lacks chaperone activity (Felts
et al. 2000). TRAP1 has also been reported to interact with
the retinoblastoma protein and tumor suppressors EXT1 and
EXT2, but the functional implications of these interactions
are unsolved (Chen et al. 1996; Simmons et al. 1999).
Here we report that TRAP1 works synergistically with
TNFR1 to modulate the expression of the cell adhesion
molecule N-cadherin, and alters inter-cellular adhesion of
neuronal cells. Furthermore, we demonstrate that TRAPI
regulates the morphology of dendritic spines in cultured
hippocampal neurons. In addition, we found four single
nucleotide polymorphisms (SNPs) changes in the TRAPI
gene which may predispose patients to major depression.

Materials and methods

In situ hybridization

In situ hybridization was performed as described previously with
minor modifications (Furukawa ef al. 1997). Details are available in
the Appendix S1.
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Cell culture

Cell cultures were performed as previously described (Kubota et al.
2009). Primary hippocampal cultures were prepared from EI18
Wistar rat embryos.

Preparation of siRNAs and transfection

Small interfering RNAs (siRNAs) specific to human TRAPI
(SiGENOME SMART pool siRNA, M-010104-00, GE Healthcare,
Buckinghamshire, England), human TNFRSF1A (M-005197-00, GE
Healthcare), human TNFRSFIB (M-003934-00, Thermo Fisher
Scientific, Waltham, MA, USA) and rat TRAP1 (Accell siRNA,
A-08280409, Thermo Fisher Scientific) were purchased. The
non-targeting siRNAs for the human genome (siCONTROL Non-
Targeting siRNA #1, GE Healthcare) or the rat genome (Accell
Non-targeting siRNA #1, Thermo Fisher Scientific) were used as a
control. siRNA transfection was performed with Lipofectamine
RNAIMAX (Invitrogen, Carlsbad, CA, USA) according to the
manufacturer’s protocol. SH-SY5Y cells were grown to 20-30%
confluenceina 3.5 cm dish, transfected with 25 nM or 50 nM siRNA
against TRAP1, 50 nM siRNA against TNFR1, TNFR2, or control
siRNA, and then incubated for 24, 48 and 72 h. Cultured hippocam-
pal neurons were transfected with 100 nM siRNA specific for TRAPI1
mRNA at day 17 in vitro (DIV17) and then incubated for 72 h.

Western blot analysis and Immunocytochemistry

Western blot analysis and Immunocytochemistry were done as
described (Kubota ef al. 2009). Antibodies used are listed in the
Appendix S1. Cells were fixed with cold methanol for 20 min at
—20°C or with 2.5% paraformaldehyde/phosphate buffered saline
(PBS) for 20 min for staining of TRAP1 or N-cadherin, respectively.
All experiments were performed at least three times.

Cell aggregation assay

The cell aggregation assay was performed as previously described
(Takeichi and Nakagawa 2001) with minor modifications. Mono-
layer cultures of SH-SY5Y cells were prepared by incubating them
for 72 h after siRNA transfection. Single cells were harvested in
HEPES-buffered Ca®'-, ng-free salt solution (10 mM HEPES-
NaOH in Ca®*-and Mg**-free saline, pH 7.4) containing 0.01%
trypsin and 10 mM CaCl, for 30 min at 37°C. The cells were
centrifuged for 3 min at 800 g and suspended at 5 x 10* cells/ml
in HEPES-buffered Ca*-, Mg**-free salt solution containing
I mM CaCl,. Five hundred pl of cells were added to each well
of a bovine serum albumin-coated 24 well tissue culture plate.
EGTA was added at 1| mM where indicated. Then the plate was
shaken on a gyrating shaker (4630JPN, Bamstead International,
Dubuque, [A, USA) for 30 min at 37°C. The aggregation process
was examined using a fluorescence microscope (IX71, Olympus,
Tokyo, Japan).

Real-time RT-PCR

Forty-eight hours after transfection, total RNA was extracted from
the cells using the RNeasy Mini Kit (QIAGEN, Hilden, Germany),
and cDNAs were synthesized from 1 pg of total RNA with oligo dT
primers using the Omniscript RT kit (QIAGEN). Quantitative RT-
PCR was performed using ABI PRISM 7000 (Applied Biosystems,
Foster City, CA, USA) according to the manufacturer’s instructions.
The PCR primers used are as follows:
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