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Abstract

The DISCl-interacting protein CAMDI has been suggested to
promote radial migration through centrosome regulation. However,
its physiological relevance is unclear. Here, we report the genera-
tion and characterization of CAMDI-deficient mice. CAMDI-deficient
mice exhibit delayed radial migration with aberrant neural circuit
formation and psychiatric behaviors including hyperactivity, repeti-
tive behavior, and social abnormality typically observed in autism
spectrum disorder patients. Analyses of direct targets of CAMDI
identify HDAC6 whose a-tubulin deacetylase activity is inhibited by
CAMDI at the centrosome. CAMDI deficiency increases HDAC6
activity, leading to unstable centrosomes with reduced y-tubulin
and acetylated a-tubulin levels. Most importantly, psychiatric
behaviors as well as delayed migration are significantly rescued by
treatment with Tubastatin A, a specific inhibitor of HDAC6. Our
findings indicate that HDAC6 hyperactivation by CAMDI deletion
causes psychiatric behaviors, at least in part, through delayed
radial migration due to impaired centrosomes.
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Introduction

Neuronal migration is a critical phase in nervous system develop-
ment, and the regulation of centrosome stability underlies the
directed migration of cortical neurons [1,2]. The identification of
genes involved in human neuronal migration disorders has advanced
our understanding of the regulatory mechanisms underlying neuronal

migration [3,4]. The classical example is disrupted-in-schizophrenia
1 (DISC1), which is located at the breakpoint of a balanced transloca-
tion identified in a large Scottish family with psychiatric disorders
[S]. DISC1 has been proposed to at least in part control centrosome
function, notably by interacting with NUDEL, LIS1, and dynein [6-8].
Indeed, DISC1 dysfunction disrupts cortical architecture at least in
part through centrosome impairment [9-11]. Thus, the collapse of
centrosome regulation is closely involved in the pathogenesis of
psychiatric disorders.

We previously identified CAMDI (coiled-coil protein associated
with myosin II and DISC1) as a DISCl-interacting protein [12]. The
second coiled-coil domain of CAMDI interacts with the second
coiled-coil domain of DISC1. In utero electroporation assay revealed
that CAMDI is required for radial migration via centrosome regula-
tion during brain development [12]. The CAMDI gene is located at
2q31.2, where genetic linkage regions of autism spectrum disorder
(ASD) are mapped [13-16], suggesting CAMDI dysfunction is
closely associated with psychiatric disorders. Accordingly, in order
to understand the physiological relevance of CAMDI, we analyzed
mutant mice lacking the CAMDI gene.

In the present study, we showed that CAMDI regulates neuronal
migration through the modulation of HDAC6 and that HDAC6 inhi-
bitor rescues delayed neuronal migration and psychiatric behaviors
in CAMDI-deficient mice. Our findings may provide new insights
into the pathogenesis of psychiatric disorders and raise the possibil-
ity of a new approach using HDAC6 inhibitor to treat psychiatric
disorders associated with centrosome dysfunction.

Results

Delayed cortical migration in CAMDI-KO mice

We generated mutant mice lacking the CAMDI gene (Fig EV1A-C).
Homozygous CAMDI-knockout (CAMDI-KO) mice were born at the

expected Mendelian frequency and were viable and fertile; they had
normal body weight at birth and during the juvenile stage

1 Laboratory of Molecular Biochemistry, School of Life Sciences, Tokyo University of Pharmacy and Life Sciences, Hachioji, Tokyo, Japan
2 Laboratory for Animal Resources and Genetic Engineering, RIKEN Center for Developmental Biology, Chuou-ku, Kobe, Japan

*Corresponding author. Tel: +81 42 676 5136; E-mail: tfukuda@toyaku.ac,jp
**Corresponding author. Tel: +81 42 676 7146; E-mail: syanagi@toyaku.acjp

© 2016 The Authors

EMBO reports Vol 17 | No 12 | 2016


http://dx.doi.org/10.15252/embr.201643427

1786

EMBO reports

(Fig EV1D). Adult CAMDI-KO mice had a normal appearance and
exhibited no obvious changes in overall brain weight or morphology
(data not shown). Thus, CAMDI is not required for fundamental
brain development or survival.

To examine the role of CAMDI in cortical migration in vivo, we
compared the expression pattern of Cux1, a molecular marker of the
superficial layers of the somatosensory cortex (layers II-1V) between
wild-type (WT) and CAMDI-KO mice at postnatal day (P) 2.
Comparative analysis of the distribution pattern of Cuxl-positive
cells in the cerebral cortex revealed that some migrating neurons
were significantly delayed in CAMDI-KO mice compared to WT mice
(Fig 1A and B). To corroborate this, histological analyses of radial
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Figure 1. Abnormal neuronal migration in CAMDI-KO mice.
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migration in CAMDI-KO mice were performed by in utero electro
poration assay. In WT mice, almost all EGFP" cells electroporated at
embryonic day (E) 14.5 migrated to layers II/III of the cerebral
cortex at P21, when cortical migration is essentially complete. In
contrast, several EGFP" cells in CAMDI-KO mice remained in the
lower cortical layers (Fig 1C and D). Mislocalization of neurons to
the lower cortical layers in CAMDI-KO mice at P21 was further con-
firmed by other markers such as Cux1 and CTIP2 (Fig EV2A). These
results corroborate our previous observation that CAMDI is required
for cortical migration during neuronal development. The inhibitory
effect of CAMDI KO on cortical migration appears to be milder than
shCAMDI-mediated knockdown by in utero electroporation [12];
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Abnormal distribution of Cux1-positive neurons in CAMDI-KO mice. Expression of Cux1 in the somatosensory cortex was compared between P2 wild-type (WT) and
CAMDI-KO (KO) mice. Scale bar, 100 pm.

Quantification of the number of Cux1-positive neurons. Note the abnormal distribution of neurons in deep cortical layers of CAMDI-KO mice. n = 3 mice/genotype
(WT = 788 cells, KO = 2,139 cells). *P < 0.05, **P < 0.01, ***P < 0.001; two-way ANOVA followed by Scheffe’s post hoc test. Data are presented as mean + SEM.
Delay in neuronal migration by CAMDI deletion. Coronal sections through the somatosensory cortex of P21 WT and CAMDI-KO mice were analyzed following in utero
electroporation of EGFP plasmid at E14.5. Scale bar, 100 pm.

Quantification of the number of EGFP-positive neurons. Note the abnormal distribution of neurons in lower cortical layers of CAMDI-KO mice. n = 3 for WT mice (546
cells), n = 4 for KO mice (680 cells). *P < 0.05, ***P < 0.001. Two-way ANOVA followed by Scheffe’s post hoc test. Data are presented as mean + SEM.

Aberrant axonal projection and terminal arbors by CAMDI deletion. Coronal sections through the somatosensory cortex of P21 WT and CAMDI-KO mice were analyzed
following in utero electroporation of EGFP plasmid at E14.5. Representative pictures show an aberrant axonal projection of corticostriatal neurons in CAMDI-KO mice.
Sections were stained with Hoechst 33258 and anti-EGFP antibody. Scale bar, 1 mm.

Quantification of the striatal intensity. n = 3 mice/genotype. ***P < 0.001; one-way ANOVA with Bonferroni’s post hoc test. Data are presented as mean + SEM.
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this finding suggests the existence of a compensatory pathway for
CAMDI deficiency during brain development in CAMDI-KO mice.
The BrdU incorporation assay for labeling newborn neurons
suggested that the overall proliferation rate did not change due to
CAMDI KO (Fig EV2E). Consistently, the total numbers of Cuxl-,
CTIP2-, pHH3-, and TBR2-positive neurons did not change due to
CAMDI KO (Fig EV2B-D). Thus, we conclude that delayed migra-
tion by CAMDI KO is not due to alterations in cell proliferation and
cell fate determination.

Callosal projection neurons connect to the contralateral hemi-
sphere in order to develop proper neural circuits. Axons of upper
layer II/III cells project into the contralateral side via the corpus
callosum, while axons of lower layer V/VI cells project into the
striatum of the ipsilateral side [17,18]. The results show that CAMDI
knockout causes abnormal corticostriatal projection of callosal
neurons. When EGFP expression plasmid was electroporated into
the cerebral ventricle of E14.5 mouse embryos to label layer II/III
neurons, CAMDI-KO mice exhibited not only contralateral projec-
tion, but also several axons projecting into the ipsilateral striatum
both at P21 and P56 (Figs 1E and EV2F). Quantitative analysis indi-
cated a significant increase in the striatal projection of CAMDI-KO
mice (Figs 1F and EV2G-I). This indicates that the layer-specific
innervation patterns of callosal axons are disrupted in CAMDI-KO
mice. As delayed neurons in layer V of CAMDI-KO mice had the
properties of layer II/IIl neurons, these axons are considered to
aberrantly project into the striatum. This finding also corroborates
the finding that CAMDI knockout delays neuronal migration.

Psychiatric behaviors in CAMDI-KO mice

Delayed cortical migration and aberrant axonal projection detected
in CAMDI-KO brains are associated with the pathogenesis of
psychiatric disorders. Therefore, adult CAMDI-KO mice were
submitted to behavioral tests. The open-field test, a widely used
measure of exploratory behavior and general locomotive activity
in mice, revealed CAMDI-KO mice were hyperactive as measured
by the total distance traveled (Fig 2A and B). CAMDI-KO mice
showed an increase in travel time without a velocity change
(Fig EV3A and B) and spent less time in the center of the field
than WT mice (Fig EV3C), suggesting that CAMDI-KO mice are
more hyperactive and anxious than WT mice. Interestingly, the
behavioral differences between WT and CAMDI-KO mice become
reduced in the adult stage. Similarly, the grooming time was
comparable between WT and adult CAMDI-KO mice (Fig EV3D),
suggesting progressive and age-dependent behavioral alterations.
Meanwhile, there were no significant differences between the WT
and CAMDI-KO mice in the olfaction or cage-top hang test
(Fig EV3E and F), suggesting the observed hyperlocomotion is not
due to disturbances of olfactory function or motor units strength.
Consistently, the number of repetitive jumps in an open field was
significantly greater in CAMDI-KO mice than the WT mice
(Fig 2C). We next determined whether CAMDI-KO mice exhibit
disordered social behavior. In the three-chamber social interaction
test, CAMDI-KO mice spent significantly less time interacting with
the strange mouse than WT mice (Figs 2D and EV3G), suggesting
reduced social interaction behavior. Notably, in the resident—
intruder test, CAMDI-KO mice exhibited significantly less sniffing
time during interactions with intruder mice (Fig 2E) but no
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obvious change in aggressive behavior (data not shown). In addi-
tion, the frequencies of times digging and marble burying were
higher in CAMDI-KO mice than the WT mice (Fig 2F and G).
CAMDI-KO mice exhibited repetitive behavior in the marble-
burying test, which is considered to reflect repetitive and persever-
ative behavior [19]. We subsequently submitted the mice to the
forced swimming test, which evaluates behavioral response to
inescapable stress. As mice exhibit a response to escape from
stressful situations, we measured immobility time, which was
interpreted as “behavioral depression”. Compared to the WT mice,
CAMDI-KO mice exhibited greater immobility in the forced swim-
ming test, indicating depression-like behavior (Fig 2H). Consistent
with the result from the open-field test, the light-dark test revealed
an anxiety behavior in CAMDI-KO mice (Fig 2I and J). The hot
plate test revealed sensory hyposensitivity in CAMDI-KO mice
(Fig 2K). Taken together, CAMDI-deficient mice exhibited psychi-
atric behaviors characteristic of ASD, including hyperactivity,
repetitive behavior, anxiety, and social abnormality.

CAMDI interacts with and inhibits HDAC6 a-tubulin deacetylase

To elucidate how CAMDI deficiency leads to delayed cortical
migration and psychiatric behaviors, we performed a yeast two-
hybrid screen of a mouse brain cDNA library using the N-terminal
spectrin domain of CAMDI as a bait. The results identified a frag-
ment containing amino acids 372-1,149 of HDAC6 o-tubulin
deacetylase. Co-immunoprecipitation assay demonstrated a specific
interaction of CAMDI with HDACG6 both in vitro and in vivo (Fig 3A
and B). To determine the region of CAMDI that interacts with
HDACG, various FLAG-tagged CAMDI fragments were generated.
Co-immunoprecipitation assay revealed that the N-terminal region
(amino acids 1-250) of CAMDI specifically recognizes HDACG6
(Fig 3C). On the other hand, CAMDI interacted with the HDACG6
fragment containing the second HDAC domain (Fig 3D). Thus, the
N-terminus of CAMDI directly interacts with the second HDAC
domain of HDACG6 (Fig 3E).

Immunofluorescence and line-scan analyses revealed CAMDI
overexpression enhanced o-tubulin acetylation in HeLa cells,
which are generally used for the analyses of the cell cycle and
centrosome (Fig 4A), suggesting CAMDI inhibits HDAC6 activity.
Accordingly, to examine the effect of CAMDI on HDACG6 enzy-
matic activity, the centrosomal fraction was isolated from cell
lysates expressing CAMDI and/or HDAC6, and the Ac-tubulin
level was assessed by immunoblot analysis. CAMDI overexpres-
sion alone increased the Ac-tubulin level, and co-expression of
CAMDI blocked the HDAC6-induced deacetylation of o-tubulin
(Fig 4B). Expression of the CAMDI N-terminal domain alone
substantially increased the Ac-tubulin level by inhibiting HDACG6
activity (Fig 4C). Consistently, deletion of the CAMDI N-terminal
domain resulted in the loss of HDAC6 inhibitory activity (Fig 4D).
Thus, the results indicate CAMDI inhibits HDACG6 via its N-terminal
domain. To further verify the specificity, we examined the effect
of CAMDI on tubulin acetylation in the condition of HDAC6
knockdown. As expected, CAMDI had no effect on tubulin acety-
lation in the condition of HDACG6 knockdown (Fig EV4A and B).
We next examined whether CAMDI was a general inhibitor of
HDACG6 or specific to Ac-tubulin. We assessed the level of acety-
lated HSP90, which is known to be a substrate for HDAC6 [20].
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Figure 2. Psychiatric behaviors in CAMDI-KO mice.
A, B Representative traces from adult control (WT) and CAMDI KO (KO) in open-field test. Locomotor activity (A) and distance traveled (B) for 15 min. n = 8 for WT mice,

C

n = 7 for KO mice. *P < 0.05; one-way ANOVA with Bonferroni’s post hoc test (F(1, 13) = 5.53). Data are presented as mean + SEM.

Repetitive jumping behavior in open-field test. n = 8 for WT mice, n = 7 for KO mice. *P < 0.05; one-way ANOVA with Bonferroni’s post hoc test (F(1, 13) = 5.09).
Data are presented as mean + SEM.

Three-chamber social interaction test. The time spent sniffing with stranger mouse. n = 19 for WT mice, n = 15 for KO mice. *P < 0.05, ***P < 0.001; two-way
ANOVA followed by Scheffe’s post hoc test (main effect of genotype F(1, 63) = 5.79, main effect of chamber F(1, 63) = 90.47, interaction F(1, 63) = 5.29). Data are
presented as mean £ SEM.

Resident—intruder test (social sniffing). n = 7 for WT mice, n = 8 for KO mice. *P < 0.05; one-way ANOVA with Bonferroni’s post hoc test (F(1, 13) = 5.15). Data are
presented as mean + SEM.

Resident—intruder test (digging). n = 7 for WT mice, n = 8 for KO mice. **P < 0.01; one-way ANOVA with Bonferroni’s post hoc test (F(1, 13) = 10.97). Data are
presented as mean + SEM.

Marble-burying test. n = 9 for WT mice, n = 25 for KO mice. *P < 0.05; one-way ANOVA with Bonferroni’s post hoc test (F(1, 32) = 5.39). Data are presented as
mean £ SEM.

Forced swimming test. n = 10 for WT mice, n = 13 for KO mice. **P < 0.01, ***P < 0.001; two-way ANOVA followed by Scheffe’s post hoc test (main effect of
genotype F(1, 42) = 84.30, main effect of session F(1, 42) = 33.88, interaction F(1, 42) = 4.92). Data are presented as mean + SEM.

Light—dark test. Time in light chamber (1) and latency to light chamber ()). n = 8 for WT mice, n = 7 for KO mice. *P < 0.05, **P < 0.01; one-way ANOVA with
Bonferroni’s post hoc test, [(I) F(1, 13) = 8.75, (J) F(1, 13) = 9.73]. Data are presented as mean £ SEM.

Hot plate test. n = 8 for WT mice, n = 12 for KO mice. **P < 0.01; one-way ANOVA with Bonferroni’s post hoc test (F(1, 18) = 17.51). Data are presented as
mean + SEM.
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Figure 3. CAMDI interacts with HDAC6 a-tubulin deacetylase.

A Co-expressed FLAG-CAMDI and HDAC6-HA interacted with each other in SH-SY5Y cells. n = 3 independent experiments.

B Endogenous interaction of CAMDI with HDAC6 in the mouse brain. Co-IP assay was performed with the indicated antibodies using E16 mouse brain. n = 3
independent experiments.

C,D N-terminal region of CAMDI recognizes the second HDAC domain of HDAC6. SH-SY5Y cells were co-transfected with HDAC6-HA and each FLAG-CAMDI fragment (C)
(fragment 1, 1-250; 2, 251-500; 3, 501-750; 4, 751-1,000; 5, 1,001-1,451 amino acids) or co-transfected with FLAG-CAMDI and each HDAC6-HA fragment (D)
(fragment 1 (DD1), 1-440; 2 (DD2), 441-840; 3, 841-1,215 amino acids). Co-IP assay was performed with the indicated antibodies. n = 3 independent experiments.
**p < 0.01, ***P < 0.001; one-way ANOVA with Bonferroni’s post hoc test. Data are presented as mean £ SEM.

E Schematic illustration of interaction between CAMDI and HDAC6.

The immunoblot analysis demonstrated that the Ac-HSP90 level
was not changed by CAMDI KO (Fig EV4C), suggesting that CAMDI
specifically inhibits HDAC6-mediated catalysis of Ac-tubulin.

HDACS inhibition by CAMDI regulates y-tubulin localization to
the centrosome

We subsequently examined whether CAMDI inhibits the HDAC6-
mediated deacetylation of o-tubulin at the centrosome. Immuno-
fluorescence analysis revealed that the intensity of acetylated a-tubulin
at centrin 2-positive foci was significantly reduced by HDAC6
overexpression; this effect was abolished by CAMDI co-expression
(Fig SA and B). Similarly, the intensity of y-tubulin at centrin
2-positive foci was also significantly reduced by HDAC6 overexpression;
this effect was also abolished by CAMDI co-expression (Figs 5C and
D, and EV4D). Immunoblot analysis of the centrosomal fraction also
indicated HDACG overexpression drastically decreased y-tubulin and

© 2016 The Authors

Ac-tubulin; CAMDI co-expression canceled this effect (Fig 5E). In
addition, in utero electroporation assay revealed that CAMDI knock-
down reduced y-tubulin intensity in vivo (Fig 5F). Furthermore,
immunoblot analysis showed CAMDI-KO mouse brains had reduced
levels of y-tubulin and acetylated o-tubulin in the centrosomal
fraction (Fig 5G). These results suggest that the centrosomal
accumulation of y-tubulin is suppressed by a-tubulin deacetylation
by HDAC6 and that CAMDI regulates y-tubulin stability through
HDACG6 inhibition. Therefore, HDAC6 overactivation by CAMDI
deletion inhibits the formation of y-tubulin ring complexes at the
centrosome in CAMDI-KO mice.

HDACS6 inhibitor rescues delayed cortical migration and
psychiatric behaviors

We hypothesized that HDAC6 overactivation results in the abnormal
cortical migration and psychiatric behaviors of CAMDI-KO mice,

EMBO reports Vol 17|No 122016 1789
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Figure 4. HDACG inhibition by CAMDI regulates Ac-tubulin level at the basal bodies.

A CAMDI and CAMDI fragment 1 overexpression enhanced a-tubulin acetylation. HeLa cells overexpressing FLAG-CAMDI and FLAG-CAMDI fragment 1 were
immunostained with anti-FLAG or anti-Ac-tubulin antibodies. Ratio line scans along the line (from x- to y-axis) from images. Scale bar, 10 pm.

B, C

CAMDI blocked HDAC6-mediated a-tubulin deacetylation. (B) Centrosomal fraction was isolated from cell lysates of SH-SY5Y cells expressing each construct, and

Ac-tubulin level was assessed by immunoblot analysis. n = 3 independent experiments. **P < 0.01, ***P < 0.001; two-way ANOVA followed by Scheffe’s post hoc
test. Data are presented as mean + SEM. (C) CAMDI N-terminal domain alone increased Ac-tubulin level. n = 3 independent experiments. **P < 0.01; one-way

ANOVA with Bonferroni’s post hoc test. Data are presented as mean £ SEM.

D Deletion of CAMDI N-terminal domain (1-250 amino acids) failed to inhibit HDAC6. n = 3 independent experiments. N.S., not significant. Two-way ANOVA followed

by Scheffe’s post hoc test. Data are presented as mean + SEM.

raising the possibility that the CAMDI-KO phenotype can be rescued
by treatment with HDACG6 inhibitors. Accordingly, we used
Tubastatin A, a specific HDAC6 inhibitor [21]. Immunohistochemical
analysis revealed that delayed cortical migration in the CAMDI-KO
somatosensory cortex was rescued by a prenatal injection of

EMBO reports Vol 17 | No 12| 2016

Tubastatin A (Fig 6A and B). As expected, immunoblot analysis
revealed enhanced o-tubulin acetylation by Tubastatin A (Fig 6C
and D). Although HDACG6 has been shown to be involved in cell
proliferation [22], there was no significant difference in the number
of Cuxl-positive neurons after treatment with or without Tubastatin

© 2016 The Authors
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Figure 5. HDACS6 inhibition by CAMDI regulates y-tubulin localization to the centrosome.

A Effect of HDAC6 overexpression or CAMDI co-expression on the level of acetylated a-tubulin in the centrosome. Hela cells co-transfected with centrin 2-EGFP with/
without HDAC6-HA and FLAG-CAMDI were immunostained with anti-EGFP (green) and anti-acetylated o-tubulin antibodies (red). Scale bar, 1 um.
B Quantification of intensity of acetylated a-tubulin at centrosome. n = 25, 30, 30 cells. *P < 0.05; one-way ANOVA with Bonferroni’s post hoc test. Data are presented

as mean + SEM.

C Effects of HDAC6 overexpression or CAMDI co-expression on the centrosomal localization of y-tubulin. Hela cells co-transfected with centrin 2-EGFP with/without
HDAC6-HA and FLAG-CAMDI were immunostained with anti-EGFP (green) and anti-y-tubulin antibodies (red). DNA was stained with Hoechst 33258. Scale bar, 1 pm.
D Quantification of intensity of y-tubulin at centrosome. n = 39, 16, 17 cells. *P < 0.05, **P < 0.01; one-way ANOVA with Bonferroni’s post hoc test. Data are presented

as mean + SEM.

E CAMDI stabilizes centrosomal y-tubulin through HDAC6 inhibition. Centrosomal fraction was isolated from cell lysates of SH-SYSY cells expressing each construct,
and y-tubulin level was assessed by immunoblot analysis. n = 3 independent experiments. **P < 0.01; one-way ANOVA followed with Bonferroni’s post hoc test. Data
are presented as mean + SEM.

F Effects of CAMDI knockdown on the centrosomal localization of y-tubulin in vivo. Coronal sections through the somatosensory cortex of E17.5 were analyzed
following in utero electroporation of EGFP and CAMDI-sh plasmid at E14.5. The sections were immunostained with anti-EGFP (green) and anti-y-tubulin antibodies
(red). Representative images of EGFP at cortical plate neuron expressing CAMDI-sh stained for endogenous y-tubulin and with Hoechst (blue). Z-stack number 6
indicates centrosome of EGFP-positive CAMDI-sh-expressing neuron. Z-stack number 19 indicates centrosome of a nearby non-electroporated neuron. Quantification
of y-tubulin intensity. EGFP (=) = 12 cells, EGFP (+) (CAMDI-sh) = 12 cells. *P < 0.05; one-way ANOVA with Bonferroni’s post hoc test. Data are presented as
mean =+ SEM. Scale bar, 5 um.

G Reduced y-tubulin in the centrosome fraction of CAMDI-KO brain. The centrosomal fraction was isolated from brain lysates of WT and CAMDI-KO mice and y-tubulin
level was assessed by immunoblot analysis. n = 3 independent experiments. **P < 0.01; one-way ANOVA followed with Bonferroni’s post hoc test. Data are presented

as mean + SEM.
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A Rescue of a delayed cortical migration in CAMDI-KO mice by Tubastatin A. Immunohistochemical analysis of Cux1 expression in the somatosensory cortex at P2 after
intraperitoneal injections of Tubastatin A into pregnant CAMDI-KO mice from E12.5-17.5. Scale bar, 100 pm.

B Quantification of the number of Cux1-positive neurons. Note the abnormal distribution of neurons in deep cortical layers of CAMDI-KO mice. n = 3 mice/genotype
(WT (vehicle) = 3,628 cells, KO (vehicle) = 2,816 cells, WT (Tubastatin A) = 1,847 cells, KO (Tubastatin A) = 2,364 cells). *P < 0.05, **P < 0.01; two-way ANOVA

followed by Tukey HSD test. Data are presented as mean £ SEM.

C Enhanced a-tubulin acetylation at PO by Tubastatin A. Ac-tubulin level was assessed by immunoblot analysis.
D Quantification of the a-tubulin acetylation. n = 3 independent experiments. *P < 0.05; two-way ANOVA followed by Scheffe’s post hoc test. Data are presented as

mean £ SEM.

A (Fig EV4E), suggesting that the rescue of delayed migration by
Tubastatin A was not due to the change in cell proliferation.
Juvenile CAMDI-KO mice at P21 also exhibited psychiatric behaviors
including hyperactivity, repetitive jumping, and decreased grooming
time. These psychiatric behaviors were significantly rescued by
Tubastatin A injection into pregnant CAMDI-KO mice from E12.5-17.5
(Fig 7A-D). Similarly, abnormal behaviors of adult CAMDI-KO mice
were also rescued by prenatal Tubastatin A treatment (Fig 7E and F).
However, the time spent sniffing was not altered by Tubastatin A
treatment (Fig EV4F). These results suggest that Tubastatin A can
improve hyperactivity, impulsive behavior, and diminished environ-
mental adaptation, but not social behavior. The results collectively
indicate that HDAC6 overactivation by CAMDI deletion causes
psychiatric behaviors at least in part through delayed radial
migration due to centrosome impairment.

Discussion

We previously reported that the rapid downregulation of CAMDI by
in utero electroporation impairs radial migration with disorientated
centrosome. However, it remained unknown whether CAMDI is
essential for neuronal migration in vivo, because losses of target
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genes can often be compensated by other genes in knockout mice.
For instance, DISC1-KO mice exhibit no significant delay in radial
migration, suggesting a compensatory mechanism in these mice [23].
In the present study, radial migration was delayed in CAMDI-KO
mice, although the extent of the delay of neuronal migration by
CAMDI knockout was much milder than that induced by CAMDI
knockdown, suggesting insufficient compensation in CAMDI-KO
mice (Fig 1A-D). As a result of delayed migration, an aberrant
neural circuit formation was observed in CAMDI-KO cerebrum
(Fig 1E). Indeed, corpus callosum thinning was observed in patients
with ASD [24,25], suggesting that long-distance disconnection is a
pathophysiological state in ASD [26,27]. Therefore, the results
indicate CAMDI plays a critical role in neuronal migration in vivo.
DISC1 has been shown to be involved in neuronal migration via
centrosome regulation [9,28-30]. Indeed, cortical architecture is
disrupted in in vivo analyses of DISC1 mutant mice and when DISC1
or DISCl-associated proteins are downregulated by shRNA [31-34].
On the other hand, postmortem studies on the brains of patients
with schizophrenia or autism as well as in mice with the responsible
genes knocked out demonstrate abnormal neuronal migration
[35-40], indicating a causal relationship between psychiatric disor-
ders and aberrant neuronal migration. In the present study, CAMDI-
KO mice exhibited psychiatric behaviors including hyperactivity,

© 2016 The Authors



Toshifumi Fukuda et al

A WT KO
o _
(8]
£
> gt
<
=
©
»
4]
O
>
|_
C
*% *%k%

N
o

;

IE

i

Number of jumping
N
o

Vehicle Tubastatin A

*%* *%*

F W KO

N
o

Distance (m)
N
o

o

Vehicle Tubastatin A

Figure 7. Rescue of psychiatric behaviors by HDAC6 inhibition.

CAMDI regulates radial migration via HDAC6 inhibition

EMBO reports

€ 15

j

Distance (
S

Vehicle Tubastatin A

D = *kk *%x OWT
é 200 T H KO
IS
8
5 O

Vehicle Tubastatin A

F
1507 *x x  OWT
25100 B W Ko
> Q0
S8
L T
5 0

Vehicle Tubastatin A

A Representative traces from control (WT) and CAMDI-KO (KO) mice in the open-field test at P21. Sample traces of locomotor activity were shown.
B Distance traveled for 10 min. n = 13 for WT (vehicle) mice, n = 13 for KO (vehicle) mice, n = 5 for WT (Tubastatin A) mice, and n = 16 for KO (Tubastatin A) mice.
**p < 0.01, ***P < 0.001. Two-way ANOVA followed by Scheffe’s post hoc test (main effect of genotype F(1, 43) = 6.25, main effect of drug F(1, 43) = 2.14, interaction

F(1, 43) = 12.68). Data are presented as mean £ SEM.

C Repetitive jumping behavior. n = 13 for WT (vehicle) mice, n = 27 for KO (vehicle) mice, n = 5 for WT (Tubastatin A) mice, and n = 18 for KO (Tubastatin A) mice.
**p < 0.01, ***P < 0.001. Two-way ANOVA followed by Scheffe’s post hoc test (main effect of genotype F(1, 59) = 5.04, main effect of drug F(1, 59) = 10.13, interaction

F(1, 59) = 4.98). Data are presented as mean + SEM.

D Grooming time in small open-field test. n = 13 for WT (vehicle) mice, n = 13 for KO (vehicle) mice, n = 5 for WT (Tubastatin A) mice, and n = 16 for KO (Tubastatin A)
mice. **P < 0.01, ***P < 0.001. Two-way ANOVA followed by Scheffe’s post hoc test (main effect of genotype F(1, 43) = 11.18, main effect of drug F(1, 43) = 7.23,

interaction F(1, 43) = 9.34). Data are presented as mean + SEM.

E Distance traveled for 15 min. n = 10 for adult WT (vehicle) mice, n = 5 for KO (vehicle) mice, n = 6 for WT (Tubastatin A) mice, and n = 11 for KO (Tubastatin A)
mice. **P < 0.01; two-way ANOVA followed by Scheffe’s post hoc test (main effect of genotype F(1, 28) = 1.73, main effect of drug F(1, 28) = 3.96, interaction

F(1, 28) = 11.80). Data are presented as mean + SEM.

F Light—dark test. Time in latency to the light chamber (latency). n = 10 for adult WT (vehicle) mice, n = 5 for KO (vehicle) mice, n = 6 for WT (Tubastatin A) mice, and
n = 11 for KO (Tubastatin A) mice. *P < 0.05; two-way ANOVA followed by Scheffe’s post hoc test (main effect of genotype F(1, 28) = 2.34, main effect of drug

F(1, 28) = 3.82, interaction F(1, 28) = 10.64). Data are presented as mean + SEM.

repetitive behavior, anxiety, and social abnormality. The psychiatric
behaviors in CAMDI-KO mice are considered to be at least in part
due to delayed radial migration. To examine whether CAMDI-KO
mice show few other brain phenotypes relevant to psychiatric disor-
ders, we performed qRT-PCR to address the expression levels of
TNF-o, IL-1B, IL-6 (inflammation related molecules), and myelin
basic protein (oligodendrocyte marker), and assessed the number of
parvalbumin-positive cells. The TNF-o expression was increased in
CAMDI-KO mice, but other parameters were comparable to those of
WT mice. (Fig EV5). Hence, we conclude CAMDI-KO mice are suit-
able model for studying the molecular mechanisms underlying
psychiatric disorders induced by aberrant neuronal migration.

© 2016 The Authors

During radial migration, the centrosome rapidly moves toward
the cortical plate and away from the nucleus in the leading
process; it is subsequently immobilized by the microtubules and
actomyosin cytoskeleton, which can support subsequent nuclear
movement [41-43]. Therefore, centrosome stability may be regu-
lated in conjunction with neuronal migration, possibly by a simi-
lar mechanism responsible for centrosome
proliferating cells. Centrosomes comprise two orthogonally
arranged centrioles surrounded by the pericentriolar material,
which contains proteins responsible for microtubule nucleation
and anchoring, including y-tubulin and pericentrin. Interestingly,

acetylated o-tubulin is localized at the centrosome in mammalian

regulation in
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cells [44-46]. The expression of K40A o-tubulin mutant, a domi-
nant-negative o-tubulin form that cannot be acetylated, disrupts
redial migration during development [47], suggesting that
disrupted migration is partially due to centrosome impairment by
this mutant. Therefore, acetylated a-tubulin is likely required not
only for microtubule stabilization, but also for centrosome func-
tion. Furthermore, a microtubule-associated a-tubulin deacetylase,
HDAC6, localizes at the centrosome [48-51], suggesting that
HDAC6 is a key enzyme that regulates centrosome function via
the deacetylation of acetylated o-tubulin and that HDACG6 inhibi-
tion at the centrosome is a pivotal step for stabilizing the centro-
some. However, the regulatory mechanism underlying HDAC6
activity in the centrosome is unclear. The present study demon-
strates for the first time that CAMDI inhibits HDAC6 in the centro-
some and that HDACG6 inhibitor restores migration delayed by
CAMDI deletion. Hence, CAMDI regulates radial migration via
centrosome stability by HDAC6 inhibition. DISC1 has also been
shown to accumulate in the centrosome and regulate centrosomal
function as well as neuronal migration. Since we previously
suggested that CAMDI translocates to the centrosome in a DISCI-
dependent manner, it is possible that CAMDI and DISC1 coordi-
nately regulate the centrosome stability during cortical migration.

As no fundamental therapies are available, psychiatric disorders
are mainly treated by symptom-targeting therapy using drugs to
correct imbalances in neurotransmitter levels (e.g., dopamine and
serotonin). In the present study, we identified HDAC6 as a target
molecule of CAMDI and found that microtubule stability is
increased by HDAC6 suppression in vivo. Furthermore, treatment
of CAMDI-KO fetuses with the HDAC6-specific inhibitor Tubastatin
A, which is reported to prevent neuronal cell death [21], rescued
abnormal psychiatric behaviors such as hyperactivity and impaired
adjustment to a new environment. Tubastatin A could rescue some
behaviors, but not all behavioral defects such as social behaviors
in CAMDI-KO mice. In this study, Tubastatin A was administered
to pregnant mice only during E12.5-E17.5. Since social behaviors
are generally acquired through various experiences after birth, they
may not be rescued by recovered migration during the prenatal
period. If Tubastatin A was administered continuously after birth,
all behaviors may have been rescued. Alternatively, besides HDAC6
inhibition, CAMDI may have other function(s) such as dendrite
formation and spine maturation in the adult stage, because CAMDI
interacts with myosin regulatory light chain 2a. If so, not all behav-
iors might be rescued even if Tubastatin A was administered contin-
uously after birth. Taken together, HDACG inhibitors may be
effective for some psychiatric diseases caused by centrosome
dysfunction. Moreover, the results suggest HDAC6 dysregulation
causes abnormal neuronal development and psychiatric diseases.
Therefore, we propose normalization of centrosome impairment by
HDAC6 inhibition as a therapeutic strategy for psychiatric disorders
on the basis of a new perspective of their pathogeneses.

Materials and Methods
Mice

CAMDI flox/flox mice (Accession No. CDBO0658K: http://
www.cdb.riken.jp/arg/mutant % 20mice % 20list.html) were crossed
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with CAG-Cre mice [52]. The recombination occurs in all over the
body. The CAMDI-knockout mice are viable and fertile. The
CAMDI-KO mice were backcrossed for at least 10 generations onto
C57B/6N mice (Japan SLC). The day of vaginal plug detection was
designated as E0.5 and the day of birth as P0O. Genotype was con-
firmed by tail tipping mice at around 28 days. Mice were genotyped
for knockout mice using PCR primers F1, 5-GTG ATT CTC AGA
GAG GCA GCG CTT GGA G-3'; F2, 5'-GCC CCA GAT TCT TGT GGC
GAA GAC TGA C-3’; and R, 5-GGC CAG CTC ATT CCT CCC ACT
CAT GAT C-3'. All animals were maintained under the university
guidelines for the care and use of animals. The experiments were
performed after securing Tokyo University of Pharmacy and Life
Sciences Animal Use Committee Protocol approval. In pharmacolog-
ical experiments, mice received intraperitoneal injections with either
cone oil or the Tubastatin A (25mg/kg body weight, Active
Biochem) daily from E12.5 through E17.5 [53,54].

Southern blotting

Genomic DNA was digested with AflIl and hybridized with a 762-
bp-long probe by PCR using the primer, forward, 5-GCAC
CAATCCCTTGGTCACAGG and reverse, 5-GGCAGGAACCAGCAG
GAGATGC.

Antibodies

Anti-CAMDI antibody was described previously [12]. Anti-FLAG
M2 monoclonal, anti-acetyl-tubulin, anti-a-tubulin, anti-actin, and
anti-y-tubulin monoclonal antibodies were obtained from Sigma-
Aldrich. Anti-HA high affinity antibody was obtained from Roche
Applied Science. Anti-GFP rabbit polyclonal antibody and
secondary antibodies conjugated with Alexa Fluor 350, 488, and
594 were obtained from Invitrogen. Anti-GFP mouse monoclonal
and polyclonal antibodies were purchased from Clontech. Anti-
Cux1l (CDP) rabbit polyclonal antibody was obtained from Santa
Cruz Biotechnology. Anti-HDACG6 rabbit monoclonal antibody,
anti-TBR2 rabbit polyclonal antibody, and anti-CTIP2 rat poly-
clonal antibody were obtained from Abcam. Anti-pHH3 rabbit
polyclonal antibody was obtained from Merck Millipore. Anti-BrdU
mouse monoclonal antibody was obtained from DAKO. Anti-
HSP90 and anti-Ac-HSP90 rabbit polyclonal antibodies were
obtained from Rockland. Hoechst 33258 was obtained from
Nacalai Tesque.

Plasmids

The rat full-length CAMDI was previously described [12]. The
mouse HDAC6 was derived from mouse brain total RNA by RT-PCR
and cloned to pCDNA3.1 plasmid. CAMDI-sh plasmid was estab-
lished previously [12]. HDAC6 shRNA target sequences are shown
below (with an order of sense, loop (underlined), antisense):
5'-gccaaggatataccatcaatttcaagagaattgatggtatatccttgge-3'.

Yeast two-hybrid screening
The Matchmaker Two-Hybrid System kit (Clontech) was used for

detecting specific proteins interacting with CAMDI, according to the
information supplied by the manufacturer.

© 2016 The Authors
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Cell culture and transfections

SH-SYS5Y and HeLa cells were obtained from the American Type
Culture Collection. The cells were maintained in Dulbecco’s modi-
fied Eagle’s medium supplemented with 10% fetal bovine serum at
37°C, in 5% CO,, in a humidified chamber. Transfection was carried
out using Lipofectamine 2000 (Invitrogen).

Centrosome isolation

Centrosomes were isolated from cells as previously described [55].
We obtained a single cell suspension from papain-treated PO brain.
This preparation included treatment of cells with microtubule- and
actin filament-disrupting reagents (10 pg/ml nocodazole, 5 pg/ml
cytochalasin D for 60 min) prior to lysis at low ionic strength in the
presence of a neutral detergent. Centrosomes are harvested by
centrifugation through a discontinuous (70, 50 and 40%) sucrose
gradient.

Immunoprecipitation and western blotting

Culture cells were lysed in Nonidet P-40 lysis buffer (20 mM Tris—
HCl, pH 7.2, 2 mM EDTA, 0.5% Nonidet P-40, 8% sucrose,
80 mM dithiothreitol). The lysate was clarified by centrifugation
at 15,000 g for 10 min and immunoprecipitated with the appropri-
ate antibody. Immunoprecipitates were washed three times with
lysis buffer. After boiling for 3 min, equal protein amounts of the
lysates were subjected to SDS-PAGE and transferred to polyvinyli-
dene difluoride membranes (Immobilon P; Millipore). Membranes
were blocked for 1 h at room temperature in 5% skim milk in
PBST with gentle shaking and incubated with primary antibodies
overnight at 4°C. After washing the membranes three times with
PBST, they were incubated with secondary antibody conjugated to
horseradish peroxidase for 1 h at room temperature. The blotted
membranes were developed using the Immobilon Western Chemi-
luminescent HRP Substrate (Millipore) according to the manufac-
turer’s instructions.

Immunofluorescence

Cells were fixed for 20 min in PBS containing 4% paraformaldehyde
or cold methanol and permeabilized with 0.2% Triton X-100. After
incubation in PBS containing 1% bovine serum albumin for 30 min,
the cells were reacted with first antibody for overnight at 4°C,
followed by incubation with secondary antibody. The staining was
analyzed by confocal microscope (Olympus FV1000-D). The images
were analyzed using ImageJ (National Institutes of Health) software.
The intensity of acetylated o-tubulin and y-tubulin in the centro-
some was analyzed by measuring the intensity of a circle around
the centrosome with a fixed area of 32 pixels. The centrosomal
region was determined by the pericentrin co-staining. Background
value is measured from same-sized circle as a circle including the
centrosome in an adjacent region.

Immunohistochemistry

For immunohistochemical analysis, brains were fixed by immer-
sion in 4% paraformaldehyde in 0.1 M PBST (phosphate-buffered
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saline containing 0.1% Tween-20), cryoprotected in 20% sucrose,
frozen in OCT compound, and stored at —80°C until sectioning.
Coronal sections (20 um) were cut with a cryostat and stored at
—20°C prior to use. Tissue sections were blocked for 1 h at room
temperature in PBS containing 5% horse serum and then incu-
bated overnight at 4°C with primary antibody. For analysis of
neuronal morphology and dendrite spine number in vivo, three-
dimensional reconstructions of each EGFP-positive neuron were
produced by Z-series stacks of confocal images. The projection
images were automatically traced with ImageJ software (National
Institutes of Health).

In utero electroporation

In utero electroporation was previously described [12]. Briefly,
in utero electroporation to dorsal neocortex was performed by
injecting the DNA plasmid solution (5 mg/ml) plus 1% Fast Green
using a glass capillary into the E14.5 mouse ventricle. DNA mixture
was 2-3-fold higher than that of the EGFP plasmid, which was
the electroporation marker. Electroporation was performed using a
CUY-21 electroporator (NEPA GENE) and the following para-
meters: four 50-ms-long pulse separated by 950-ms-long intervals
at33 v.

Behavioral studies

Male mice between the ages of 8-10 weeks and P21 (juvenile test)
were used for behavior studies. Mice were tested in the wire hang,
food hidden, open field, novel cage, marble burying, hot plate,
three-chamber social interaction, light-dark test, resident-intruder
test, and forced swim test. The experimenters were blind of the
genotype of the tested animals for data collection and analyses. The
number of mice in each behavioral test was different because dif-
ferent groups of mice were used for the behavioral tests.

Cage-top hang test

The strength of the motor units was examined in a basic cage-top
hang test. Mice at 8 weeks of age were placed on a wire cage lid,
which was then inverted that the mouse gripped the wire. Mice are
subjected to a 60 s.

Olfactory test

Mice were chow food deprived for 24 h. A piece of biscuit was
placed in a randomly chosen area on the cage floor with clean
bedding. The experimenter manually scored the latency to find the
biscuit was recorded during 15 min.

Open-field test

Locomotor activity was measured using an open-field test
(40 x 40 x 25 cm). Mice were placed in the center of apparatus,
and mouse movements were recorded with a video camera for
15 min: total distance traveled, vertical activity, time spent in
the center (20 x 20 cm), and the stereotyped jumping behaviors.
The arena was cleaned with 70% ethanol solution between the
subjects.
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Marble burying

Empty home cages were filled with 5 cm of bedding and 9 black
glass marbles were evenly positioned in the cage. Mice were placed
in the cage freely for 15 min, and the number of marbles buried was
counted. A marble was defined as “buried” by < 25% of the marble
visible.

Hot plate sensitivity

The hot plate sensitivity was conducted as described previously
[56]. Mice were placed on a black, anodized, constant temperature
plate of 55°C (HP-4530, As One). Latency to lick any paw was
measured. The cutoff time was set at 30 s.

Three-chamber social interaction test

A subject mouse was placed into the middle chamber of the divided
(45 x 45 x 30 cm) apparatus. An empty, inverted wire cup was
placed in each of the two outer compartments. After habituation, a
mouse was placed in the central chamber of the apparatus and was
given the choice to interact with either an empty wire cup (located
in one side chamber) or a similar wire cup with an unfamiliar
C57BL/6N mouse inside (located in the opposite chamber) for
10 min. The time spent in each compartment was collected in video
file and sniffing time was measured.

Light-dark test

Mice were placed into the dark side of a two-chambered appara-
tus allowed to move freely explore for 5 min between the
darkened and lighted chambers. The score behaviors comprised
the latency to enter the lighted chamber, time spent in the light
chamber, and number of crossings between lighted and darkened
chambers.

Resident-intruder test

Social response to unfamiliar mouse (intruder) was assessed by the
resident-intruder test. Wild-type and CAMDI-KO mice were housed
individually for 2 weeks before the test to establish dominance in
their home cage. C57BL/6N mice were served as intruder. In the
test, an intruder mouse was introduced into the home cage of a test
mouse (resident). For 10 min, behaviors of the resident mouse were
video-recorded and examined in terms of the time spent in investi-
gation of digging.

Forced swim test

Mice were gently placed in 2-1 glass beakers filled with tap water
(25°C) to a depth at which the tail could not contact the bottom of
the beaker, and they remained in the beakers for 5 min (pretest).
After 24 h, test was performed (posttest). The duration of immobil-
ity, which was defined as floating in an upright position without
additional activity other than that necessary for the animal to keep
its head above water, was recorded. Mice were videotaped and
scored manually by an observer blind to genotype. The total time
spent immobile was measured by the observer.
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Juvenile test

Mice at age P21 were placed in a cage on self-directed behaviors,
After 10-min habituation, its behavior was video-recorded for
10 min. We recorded the movement distance, repetitive jumping,
and the time spent self-grooming.

Quantitative reverse transcriptase-PCR

Total RNA was extracted from adult brain by using RNeasy kit (Qia-
gen). For RT-PCR, total RNA was reverse-transcribed to cDNA by
using ReverTra Ace qPCR RT Kit (TOYOBO) following the manufac-
turer’s protocol. PCR was performed using a THUNDERBIRD SYBR
gPCR Mix (TOYOBO). The following program was used for RT-PCR:
95°C for 1 min followed by 40 cycles at 95°C for 15 s, 58°C for 30 s,
72°C for 40 s. The following primers were used: TNF-o, sense, 5'-GA
CCCTCACACTCAGATCTTCT-3', antisense, 5'-CCACTTGGTGGTTTG
CTAGCA-3'; IL-1B, sense, 5-GGACCCATATGAGCTGAAAGC-3/, anti-
sense, 5-TCGTGGCTTGGTTCTCCTTGT-3'; IL-6, sense, 5-TGGAGT
CACaGAAGGAGTGGCTAAG-3', antisense, 5-TCTGACCACAGTGAG
GAATGTCAA-3'; myelin binding protein (MBP), sense, 5-CCTGCC
CCAGAAGTCGC-3/, antisense, 5'-CTTGGGATGGAGGTGGTGTTC-3';
and GAPDH, sense, 5-AACTTTGGCATTGTGGAAGG-3/, antisense,
5-GGATGCAGGGATGATGTTCT-3'.

Statistical analyses

All results are expressed as mean + SEM. For cell quantifications
and behavioral tests, either one-way ANOVA with Bonferroni’s post
hoc test or two-way ANOVA with repeated measures followed by
Scheffe’s post hoc test or Tukey HSD test was used.

Expanded View for this article is available online.
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