Rhol-Haik. ThoRNOnF+%

&0 THREERIT 217> TV <, 2L,

£ DG T D in utero electroporation
EEFATLILITLY, RECEE
OB OBEREREHT 21T 5 B A[HE
ThadLTRIND,

AR THWD
electroporation £ (XPATIBAFZE = TPHH R
Eh, REHFTFHEP THL, ZOF
EIXFEAO~ U ZABRFRICERD
BIGTA2EATAHLNTE, FiE
OFVEHE (E»SRE) TT
ShTWh, YHFEECHEBINLE
M, ZOFEZELT, FFTIAY
a—F 4 U « BT ikTe ¥ OFHN
B/BonTWAYD, HELHAEOHFT
DiFEENLD,

BRAT, FFvARY 2=y v
AR v 2T U b= AOERIT
bhaLEZZOLNEH, Fhb LT
MHRmRAEONS LHffENS,
i, TNOLOEBRRIV G, X550
IZEBE O 5 HIZ% < OFE OB
#TZeMTE, £OL, 25T/
v I XY LIEHEICBEEL - T
LES LI RMEFTH, BREEUTHE
RN FRENITZDHZ L
T, HHYOREH - 0L TORREDORRHT
NESTHLHFEL DS,

Fz. TN6ORIEFAESMAUE
ERZE LTH, KFETHWSF
ENvUABEMEBRFLELZRH

in utero

20

TeFHBICBWVTIE, 1) BRIERS
RET T, Bz FEALRR I WA
CBWTOAREBEFD /) vy 7 XYY
MR Z 572  cell-intrinsic 72 BEAEAIEA
EMITRY DT, 2) BEDOEP)
O, B/ w7 FT U BRIDED,
thoREFEIAOWHSF ICLAIHE
@ redundancy 252 Z Dz W, 2 D
BErhHs, hboMicky, #
BFHRED L 0 BAREIZ 72 5 PTRETEAS
WrrEhns,

A > %A@ I 351 A DISCI DiHE
TR ' O rEMEE R O 228
£ 52V ATREMED VY, S RMED
BOFEFR L LT, ThETICREE
A2 RWERRENS, YT T 2O,
HEHELIZERETOMBERT (Amold
SE, Trojanowski JQ. Recent advances in
the of
schizophrenia. Acta Neuropathol (Berl).
1996 Sep;92(3):217-31), KHEE TP
GABA® V> (Lewis DA et al. Cortical
inhibitory neurons and schizophrenia. Nat
Rev Neurosci. 2005 Apr:6(4):312-24) 72
EEERFRPRESNTVWS,

A Bl 4 [ ZIHI MR MR
Lt E KIMEFMREEF DISCl O
REICEER L. Mt raaia sy ez
BIZFHA LT > T, MFIMEREARRR
BT 5 A kW IEEMRET
DISC1 OH¥HE Z#8HT L 7=, $&KME

defining neuropathology




DFRBRERBL LT, BEF—1I UK
BMAFHTHo 283, FEEBOHEFT
RA6IiE, AMEAERHES O MK
GABA {FE)ME#H M B O BERE(X T 23
B S TS (Lewis DA, er al., Nat
Rev Neurosci. 2005 Apri6(4):312-24.),
GABA 7% 41 L 7= BUEE ¥ i A o> 41
fOFRZIHKESEKMEICHIT S8
BEETOERLLEZLNATVD
(Daskalakis ZJ, er al., Brain Res Rev.
2007 Dec;56(2):427-42.) 1=, A4
EHIZRBIEDLICLY, #EK
PRAEIZ 3517 5 AR K T O /R IR B
BRICERCTHAZ LAWIFFENS, F
TR AKRREMEXZLEZHN
TG EAZRI-= T AL, FOO
LHE L TARKICETAETTHZ L
BHRRETHH -0, 5%, THHE
HroRR B ERORRIT 21T L, & RIE
EFNTTARALLTORHYELHEL
LTWL FETHSD, £7=. GABAF
EhEsnml R R AR LBV
BREZ RS, MBRMERED LY —
WELTEBENTWARED, 5%
noDfMRIZEIT HFEEHNE LI
fehuif, 7= & ZIEREIC BV TR
RO RE M ECBE) - BCE 2
WTHLIRIEEDNIERIELRY
I LRREELN D S,

HimgER P TLMERMET, W
Fob@oRBELYSZEES

21

<. #2890 LBE - FKO
A AEV, ZOHEORKER, &
EOHRIIAKTHD, MEEKMED
REDFRBEAREE T3, AR 72
it EOINEHHLEZOLNT
W5, TRET, ZhbOFKE - 8@
WMEORENREDLIRFFREI
EASWTEZAONFRIRATH - =08,
TAEOR TR % F =m0 6 |
DISCI XL LT HHMERBIED
BhihERREFRRNVEENRTE
TW5, —MREIZIE, KE ORE
BiE—-OREFICEI-THZRZ
ENBDOTIEARL, ZEFEOEMER
CEBTHAL ETREND, LL,
TN nA = — 772 ¥ OBEENER
BIIMTIHREOERL TN RKE
Bl ORGFORREZREL LT
BN, Z5 LEEMREFICIELE
RN ZL OHANELND
LS., DISC1 OfgHT % F43h
Y & LT, M RMEDOEYFRIVE
BIUHREERMRLED T EZNE
£z T35, AEOFKER, DISC1
ST AE R oo K RRLEE ME R R A
D F7p 6T, K M 0%
A LBEEREREREZLTWVWS S
LB LoodH BN, Sk, MK
FMED Y — - LT GABA {E8h4
PRI EE T AL T #
SRBEICH T HE - RIEREREO
BEICORITTWETL,



E. &8

hE Tic, DISC1 LB+ 5%
& L pericentriolar
material-1(PCM1) £ Lk O
Bardet-Biedl syndrome-4 protein
(BBSOAEIEL., @ L7z, iz,
DISC1 (X KfkpE O B
PIAMZ &, KRR BRIt R M AR (=
LEOEBALBO L, AR TR, K
Jid B BT B ) P b AR A B~ 0 B AR -
AEfi % L, KEEMHIPETO
DISC1 DHBHEREAT 21T > 7=, Ml D
REIIHERMIEIZBIT 50 MEEE
ETOERLLBEZX LN TWSID,
AL ESGICRBIEDZ LIz
Y, HERWEIZBIT 5 RHBEER T
DFFEE A X UNAHR B oM
FRHTOHLZ LR END,

F.
Fricg <& Z &2l.




G. BHIEREX

R L

Atsushi  Kamiya, Perciliz L. Tan,
Ken-ichiro Kubo, Caitlin
Engelhard.Koko Ishizuka, Akiharu Kubo,
Ann E.

Kazunori Nakajima, Nicola G. Cascella,

Sachiko Tsukita, Pulver,

Nicholas Katsanis, and Akira Sawa.
Recruitment of PCM1 to the centrosome
by the cooperative action of DISC1 and
BBS4: a candidate for psychiatric illness.
Arch. Gen. Psychiatry, 65 (9), 996-1006

(2008)

g

Kenji Tomita, Ken-ichiro Kubo, Asuka Uto,
Atsushi Kamiya, Akira Sawa, and Kazunori
Nakajima™The analysis of the role of DISC1
in the cortical neuronal migration™ 553 8[5] &
= = — o T ZAEFFEL HHT, 2009
F3H14H

FHRS, AR £A%H, g
—#a KA B E Pt AR AR L Fs T D
DISC1 D RERRYT” B AfZ | #5BH X
o ENTES,. o< X, 20084114

22H

23

Atsushi Kamiya, Minae Niwa, Rina Murai,
Yukihiro Noda, Ken-ichiro Kubo,Hanna
Jaaro-Peled, Saurav Seshadri, Kazunori
Nakajima, Toshitaka Nabeshima,and Akira
Sawa “Genetic disturbance of cortical
development: exploring novel animal models
for schizophrenia via in utero gene
transfer”Society for Neuroscience, 38th
Annual Meeting, 2008.11.15-19,
Washington,D.C., U.S.A.

Toshitaka Nabeshima, Minae Niwa, Rina
Murai, Yukihiro Noda, Ken-ichiro Kubo,
Atsushi Kamiya. Hanna Jaaro-Peled,
Kazunori Nakajima, and Akira Sawa
“Transient knockdown of DISC1 in the
developing cerebral cortex leads to
dopaminergic disturbance and
schizophrenia-like deficits in young adult
mice "Symposium : "Animal models of
neuropsychiatric disorders ? from C. elegans
to monkey -5551[8] H AffR{LFES KRS,
2008.9.11-13, &Il

Kenji Tomita, Ken-ichiro Kubo, Asuka Uto,
Atsushi Kamiya, Akira Sawa, and Kazunori
Nakajima “The analysis of the role of DISC1
in the brain layer formation in vivo”&531[H]
HAMERFERS, B, 20085F7H9-11
H




24




HEREOFIATIC T2 K&

EHK4

WXLEA bNVA

RRER

Atsushi Kamiya, Perciliz L. Tan,
Ken-ichiro Kubo, Caitlin
Engelhard, Koko  Ishizuka,
Akiharu Kubo, Sachiko Tsukita,

Ann  E. Pulver, Kazunori

Nakajima., Nicola G. Cascella,

Nicholas Katsanis, Akira Sawa

Recruitment of PCM1
to the centrosome by
the cooperative action
of DISCI and BBS4: a
candidate for

psychiatric illness

Arch. Gen. Psychiatry,
65 (9), 996-1006 (2008)




ORIGINAL ARTICLI

Recruitment of PCM1 to the Centrosome
by the Cooperative Action of DISC1 and BBS4

A Candidate for Psychiatric Illnesses

Atsushi Kamiya, MD, PhD; Perciliz L. Tan, BSc; Ken-ichiro Kubo, MD, PhD; Caitlin Engelhard, BSc;
Koko Ishizuka, MD, PhD; Akiharu Kubo, MD, PhD; Sachiko Tsukita, PhD; Ann E. Pulver, 5¢D;
Kazunori Nakajima, MD, PhD; Nicola G. Cascella, MD; Nicholas Katsanis, PhD; Akira Sawa, MD, PhD

Context: A role for the centrosome has been suggested
in the pathology of major mental illnesses, especially
schizophrenia (SZ)

Objectives: To show that pericentriolar material 1 pro-
tein (PCM1) forms a complex at the centrosome with dis-
rupted-in-schizophrenia 1 (DISC1) and Bardet-Biedl syn-
drome 4 protein (BBS4), which provides a crucial pathway
for cortical development associated with the pathology
of SZ. To identify mutations in the PCM gene in an SZ
population

Design: [nteraction of DISCI, PCMI1, and BBS proteins
was assessed by immunofluorescent staining and coim-
munoprecipitation. Effects of PCM1, DISC1, and BBS on
centrosomal functions and corticogenesis in vivo were
tested by RNA interference. The PCMI gene was exam-
ined by sequencing 39 exons and flanking splice sites.

Setting: Probands and controls were from the collec-
tion of one of us (A.E.P.).

Patients: Thirty-two probands with SZ from families that
had excess allele sharing among alfected individuals at
Bp22 and 219 white controls,

Main Outcome Measures: Proicin interaction and re-
cruitment at the centrosome in cells; neuronal migra-
tion in the cerebral cortex; and vanant discovery in PCM1
in patients with SZ.

Resvlts: PCM| forms a complex with DISC1 and BB54
through discrete binding domains in each protein. DISCI
and BBS4 are required for targeting PCM 1 and other cargo
proteins, such as ninein, to the centrosome in a syner-
gistic manner. In the developing cerebral cortex, sup-
pression of PCM1 leads to neuronal migration defects,
which are phenocopied by the suppression of either DISCI
or BBS4 and are exacerbated by the concomitant sup-
pression of both. Furthermore, a nonsense mutation
that segregates with SZ spectrum psychosis was found
m 1 family.

Conclusions: Our data further support for the role of
centrosomal proteins in cortical development and sug-
gest that perturbation of centrosomal function contrib-
utes to the development of mental diseases, including SZ.

Arch Gen Psychiatry. 2008;65(9):996-1006

Author Affiliations are listed at
the end of this article

ECENT GENETIC STUDIES
have suggested that centro-
somal dyslunction under-
lies risks for various neu-
ropsychiatric disorders,
because variants in some genes that en-
code centrosomal proteins have been as-
sociated with schizophrenia (SZ) and
bipolar disorder (BP)."* These genes in-
clude pericentriolar material 1 (PCM1) on
chromosome 8p22,? one of the reproduc-
ible linkage loci for SZ and BP,”® and dis-
rupted-in-schizophrenia 1 (DISC1).”* The
centrosome plays a role in organizing mi-
crotubules, contributing to cell cycle pro-
gression, cell polarization, and ciliogen-
esis.*!* Consequently, the centrosome is
required for proper neurodevelopment, es-
pecially in the cerebral cortex. "'

PCM1 isa component of centriolar sat-
ellites and acts as a scaflold to target sev-
eral proteins to the centrosome in a dynein
motor-dependent manner and regulate mi-
crotubular dynamies.'** PCM1 also inter-
acts with Bardet-Bied| syndrome 4 protein
(BBS4), which is encoded by one of the
causative genes [or Bardet-Biedl syn-
drome (BBS), an inherited disorder char-
acterized by renal dysfunction, obesity,
polydactyly, and diverse neuropsychiatric
symptoms,’* Bardet-Bied| syndrome is ge-
netically heterogeneous, with 12 genes
identified 1o date, but mutations in each of
these genes lead to similar pathology in hu-
mans, suggesting that BBS proteins func-
tion through a common molecular path-
way. Consistent with this notion, all BES
proteins investigated to date localize pri-
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marily at the centrosome and the basal body of ciliated cells,
where they contribute to the maintenance of microtubu-
lar dynamics, as well as intracellular transport and ciliary
function,®*

We have reported previously that DISCI1, a major sus-
ceptibility factor for SZ and BP, plays a crucial role at the
centrosome,*'** while another group has reported con-
sistently that DISC] interacts with kendrin, a compo-
nent of pericentriolar material ** Consequently, DISCI
is required for neurite outgrowth and proper develop-
ment of the cerebral cortex, such as neuronal migration
and dendritic arborization.’ Therefore, we hypoth-
esized that PCM1, DISCI1, and the BBS proteins may in-
teract and play a role in the centrosome and that such
interactions might be relevant both to the DISC-
associated neurodevelopmental functions and to the etio-
pathology of SZ.

Herein, we provide biological and genetic evidence that
PCM1-DISC1-BBS proteins form a centrosomal path-
way, potentially associating with major mental ill-
nesses, such as SZ. These proteins form a complex at the
centrosome through discrete binding domains. DISC1 and
BBS4 act synergistically to recruit PCM1 and associated
proteins to the centrosome. Disruption of the PCM1-
DISC 1-BBS4 pathway leads to profound defects in neu-
ronal migration during cortical development. Finally, we
report a pedigree in which a nonsense mutation in the
PCMI gene segregates with SZ spectrum psychosis.

— .

PLASMIDS AND ANTIBODIES

All the deletion DISC] and PCM1 expression constructs were
made by polymerase chain reaction-based mutagenesis proto-
col.”* The deletion BBS4 expression constructs were made as
described previously.”! pEGFP-F was purchased from BD Bio-
science Clontech (Mountain View, California). Rabbit poly-
clonal antibodies against PCM1. ninein, BBS1. BBS4, and BBSS
antibody were prepared as described previously ***'#**" The
following antibodies were also used: mouse monoclonal anti-
bodies against B-ubulin and y-tubulin (Sigma-Aldrich,
St Louis, Missouri); mouse monoclonal antibodies against
HA-tag and myc-tag (BAbCO, Berkeley. California); rabbit
polyclonal antibody against HA-1ag (Clontech); rabbit poly-
clonal antibody against myc-tag (Santa Cruz Biotechnology.
Santa Cruz, California); affinity-purified rabbit antiserum
against green fluorescent protein (GFP) (Molecular Probes,
Eugene, Oregon); and mouse monoclonal antibody against
GFP (Nacalai Tesque, Kyoto, Japan). The rabbit polyclonal
anti-DISC] antibody (D27) was a gift from Nicholas ]. Bran-
don, PhD (Wyeth Discovery Neuroscience). Plasmids express-
ing interfering short hairpin RNA (shRNA)™ were generated 10
suppress endogenous DISC1, PCM1, and BBS4 protein expres-
sion. Their target sequences were as follows: DISC1 RNA inter-
ference (RNAi), 5'-GGCAAACACTGTGAAGTGC-3'; PCM1
RNAi, 5'-TCAGCTTCGTGATTCTCAG-3": and BBS4 RNAI,
5 -GCAGCTATCAGCTGCCTAA-3.

A scrambled sequence without homology to any known
messenger RNA was used to produce the control RNAL. The
efficiency of all ShRNAs was tested by the extent of suppres-
sion in endogenous target protein in rat PC12 cells by West-
ern blotting.

CELL CULTURE AND TRANSFECTION

HEK 293 cells were mainuined in Dulbecco’s modified Eagle
medium with 10% fetal bovine serum and 1% penicillin-
streptomycin. PC12 cells were maintained in Dulbecco’s modi-
fied Eagle medium with 10% fetal bovine serum, 5% horse se-
rum, and 1% penicillin-streptomycin. Transfection of expression
constructs or RNAI constructs was carried owt with Lipofect-
amine 2000 (Invitrogen, Carlsbad, California) for PC12 cells
and with PolyFect Translection Reagent (Qiagen. Valencia, Cali-
fornia) for HEK293 cells. The molar ratio of pEGFP-F 1o RNAi
plasmid(s) was 1:3 for the transfection. Rodent primary corti-
cal neurons were prepared as described previously. "

COIMMUNOPRECIPITATION AND
CELL EXTRACTION

Immunoprecipitation

Cells were lysed in a RIPA buffer (50mM TRIS-hydrogen chlo-
ride, pH 7.4, 150mM sodium chloride, SmM magnesium
chloride, 5mM dithiothreitol, ImM phenylmethylsulfonyl fluo-
ride, ImM ethylene diamine tetraacetic acid, 1% Triton X-100,
and protease inhibitor mixture [Roche, Basel, Switzerland])
Precleared supernatants (500 pg) from crude cell lysates cen-
trifuged at 14 000 X g for 10 minutes were incubated with pri-
mary antibodies (1 pg/mL of rabbit polyclonal antibody against
HA-tag or against myc-tag) overnight, which was followed hy
the addition of TrueBlot anti-Rabbit Ig 1P Beads (eBioscience,
San Diego, California) (30 pL) or Protein G Plus/Protein A Aga-
rose (Calbiochem, Darmstadt, Germany) (30 pL) for 1 hour
The immunoprecipitates were washed 3 times by a TRIS-
buffered saline-based buffer with 0.05% Tween 20 and ana-
lyzed with sodium dodecyl sulfate polyacrylamide gel electro-
phoresis (SDS-PAGE)/Western blotting. In the stringent wash
conditions, we added sodium chloride up to the final concen-
tration at 500mM. ProFound Mammalian HA Tag IP/Co-1P Kit
(Pierce, Rocklord, lllinotis) was also used.

Cell Extraction

Cells were sonicated in ice-cold lysis buffer (50mM TRIS-
hydrogen chloride, pH 7.4, 130mM sodium chloride, 1% NP-
40, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate,
and a protease inhibitor mixture). Extracted cells were mixed
with SDS-PAGE loading buffer after protein concentrations were
measured, Each protein sample (10 pg) was analyzed with
SDS-PAGE followed by Western blotting

IMMUNOFLUORESCENT STAINING

Cells were fixed with ice-cold methanol at -20°C 3 days after
transfection. After blocking with 1.5% bovine serum albumin
and 0.5% normal goat serum in phosphate-buffered saline, cells
were treated with primary antibodies (dilution: y-ubulin, 1:100;
DISCI, 1:200; PCMI, 1:500; ninein, 1:500; BBS1. 1:300; BBS#.
1:500; BBSS, 1:500) for 1 hour followed by the reaction with
secondary antibodies conjugated 1o Rhodamine Red-X (dilu-
tion, 1:300) and Cy3 (dilution, 1:300) ( Jackson ImmunoRe-
search, West Grove, Pennsylvania) for | hour. Hoechst 33258
(Molecular Probes) was used at 1:500 dilution for 3 minutes
to visualize nuclei. Confocal microscopy (LSM 510 Meta; Zeiss,
Grottingem, Germany) was used for epifluorescent image col-
lection. To obtain clearer images of cell morphology under
methanol fixation, cells were cotransfected with RNAI con-
structs together with pEGFP-F, a membrane-attached isoform
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of GFP as a transfection marker. To quantify the distribution
ol PCM1 and ninein at the centrosome, a circle with 3-pm di-
ameter was drawn centering on the y-tubulin and defined as
the area, including the centrosome. In all experimental groups,
the immunointensity of PCM1 or ninein in the whole cell area
vs centrosome area was quantified with Image | (hup//rsb.info
nih.gov/ij/). The intensity ratio of the signal of more than 30
cells per group was analyzed in 3 independent experiments in
ablinded manner. Statistical analyses were conducted with 1-way
analysis of variance followed by post hoc testing. Values de-
picted are mean (SEM).

IN UTERO ELECTROPORATION
AND IMMUNOHISTOCHEMISTRY

In utero electroporation was performed as described previ-
ously "™ Validated shRNA plasmids in cell cultures (at a con-
centration of 4 pg/l in 1-2 pl) were introduced directly into
the ventricular zone by in utero electroporation of embryonic
day 15 embryos as reported previously.® To confirm the speci-
ficity of the effects, dilution series of each RNAi plasmid in 1 o
2 pL were introduced, and their dose-correlated elfects were
confirmed. A GFP expression vector with CAG promoter was
cotransfected with RNAi constructs at a concentration of 2
pg/ml. Coronal slices of the developing cercbral cortex were
prepared at postnatal day 0 as described previously ™ Briefly,
the brains were fixed with 4% paraformaldehyde and sectioned
with a cryostat at 20 jim on postnatal day 0. Green [luorescent
images were captured after i fluorescent ing with
an anti-GFP antibody (dilution, 1:500). Nuclei were labeled
with propidium lodide (Molecular Probes). Slice images were
acquired with a confocal microscope (LSM 510; Zeiss and
FV300: Olympus Optical, Cemter Valley, Pennsylvania).

QUANTITATIVE BIN ANALYSIS
OF BRAIN SLICES

To quantify the pattern of migration, the numbers of GFP-
positive cells in the developmemal cerebral cortex, including
the ventricular zone, the subventricular zone/intermediate zone,
and the cortical plate, were counted from 3 independent sec-
tions. We quantified the RNAi effect on neuronal migration sta-
tus by bin analysis, in which the developing cerebral cortex was
divided into 10 equal spaces (10 bins) and the percentage of
GFP-positive cells in each bin was determined. The numbers
of neurons in each category from more than 5 independent ex-
periments were counted in a blinded manner, Migration dis-
tance was defined as the relative distance of each cell migra-
tion (from the surface of the ventricle) to the radial thickness
of the cerebral cortex where the cells were located. Image | was
used for the assay. Statistical analyses were conducted with 1-way
analysis of variance followed by post hoc testing. Values de-
picted are mean (SEM).

SEQUENCE ANALYSIS OF PCMI
IN PATIENTS WITH 5Z

We analyzed DNA from 32 unrelated patients with SZ, from
families that have been reported previously to have excess al-
lele sharing among affected individuals at 8p22." for exonic varia-
tions in PCM1. DNA samples were extracted according to stan-
dard protocol. Details about the clinical assessment of the
samples are available in our previous study ” We also screened
219 white control samples, matched for ethnicity to the pa-
tients with SZ and evaluated for the absence of mental ill-
nesses (DSM-IV criteria). For all the subjects (both controls and
cases), we used 2 independent genotyping methods: first, we

performed polymerase chain reaction and then bidirectional se-
quencing using BigDye Primer v.1 and the ABI377 sequencer
{Applied Biosystems, Foster City, California), and second, we
screened by custom TagMan SNP genotyping assays (Applied
Biosysiems ).

—

INTERACTION OF PCM1, DISCI,
AND BBS PROTEINS AT THE CENTROSOME

To explore a possible functional relationship among
PCM1, DISCI, and BBS proteins, we [irst tested whether
these molecules could interact with each other. Exog-
enous protein interactions were tested by coimmuno-
precipitation in HEK293 cells. HA-tagged PCMI copre-
cipitated with myc-tagged DISC1 but not with
glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
(Figure 1A). HA-tagged DISCI coprecipitated with all
the BBS proteins we tested that were tagged with myc
(BBS1, BBS2, BBS+, BBS3, BBS6, BBST7, and BBS8) but not
with GAPDH (Figure 1B). This result suggests that DISC]
might be an important component in the BBS common
pathway. Our previous study had already demonstrated
an interaction of BBS4 and PCM| proteins at the centro-
some. Thus, we tested colocalization of DISC1, PCM1,
BBS1, and BBS4 proteins at the centrosome in immature
cortical neurons (Figure 1C). DISC1, BBS1, and BBS4 co-
localized almost perfectly with y-tubulin, an estab-
lished centrosomal marker, whereas PCM1 localized as
granular structures at and around the centrosome in a
manner reminiscent of its distribution in fibroblasts and
other cell types."”

PCMI1, DISC1, AND BBS4 INTERACT WITH
FACH OTHER THROUGH
DISTINCT BINDING DOMAINS

To characterize DISC1 domains crucial for the interac-
tion with PCM1 and BBS proteins, we expressed 3 HA-
tagged DISC] fragments in HEK293 cells. Endogenous
BBS1, BBS4, and BBS8 coprecipitated commonly with the
middle portion of DISC] containing amino acids 340 1o
600 (DISC1 |349-600]) but not the N-terminal (DISC]
[N-348]) nor the C-terminal DISC1 fragments (DISCI
[601-C]) (Figure 2A). By contrast, the N-terminal
(DISC1 [N-348]) and C-terminal (DISC1 [601-C]) do-
mains, distinct from the domain for BBS proteins, me-
diated the interaction between DISCL and PCMI
(Figure 2A). The C-terminal domain of DISCI for bind-
ing with PCM]1 is distinct from the domain for NDELLI
binding, demonstrated by the interaction of PCMI to
DISC1 lacking the NDELI binding site (DISC1A[802-
835]) (Figure 2B).*! BBS# is required for the recruit-
ment of PCM1 to the centrosome.*' We therefore
focused on BBS4 for further analysis of the DISCI1-PCM1-
BBS protein interaction. The BBS4 protein is composed
of 13 tandem tetratricopeptide repeat (TPR) motifs,
flanked with short N- and C-terminal sequences. Se-
quential deletion of BBS4 protein from the N terminus
indicated that HA-tagged DISC] could interact with a BBS4
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protein that maintains the portion from the second TPR
to the C terminus but failed to bind to BBS4 once the
second TPR was lost (Figure 2C). In contrast, the same
sequential deletion of BBS4 for testing interaction with
PCM] revealed that deletion ol the third TPR dramati-
cally reduced the PCM1-BBS4 binding (Figure 2D). The
domain of PCM1 for binding 1o DISCI was tested by
using 3 PCM1 [ragments, indicating that the middle
portion of PCM1 (amino ac ids 741-1420) was required
for the PCM1-DISC] interaction (Figure 2E), which
given that the C-terminal portion of PCMI1 (amine acid
1913 to the C terminus) is required for binding to
BBS4,"' suggests that the PCMI1-DISC] interaction is
discrete from the PCM1-BBS4 interaction. Overall
based on these pairwise binding data between the 3 pro-
teins, we conclude that PCM1, DISCI, and BBS4 likely
interact with each other through distinet bhinding

domains (Figure 2F)

Figure 1. Pericentriolar material 1 (PCM1), disrupted-in-schizophrenia 1 (DISC1), and Bardet-Bled syndrome (BBS) proteins Interact, localkzin

input of each protein ks also shown (middie and bottom panels). GAPDH-myc
DISC1 in colmmunoprecipitation (Co-IP) In HEK293 calls. Myc-tagged BBS1 (BBS1- -myc), 2, 4,5, 6,7, and 8 all bind to HA-tagged DISC1
S0mM sodium chioride [NaCI]) washing condition (upper panels) as well as a
high-stringency (500mM MaCl) washing condition (lower panelg), The input of each protein is shown in the middie and bottom panels C, Localization of BBS1
BBS4, DISC1, and PCM1 In immature cortical neurons at 3 days in vitro. Endogenous BBS1, BBS4, and DISC1 (red) are colocalized with y-tubulin at the
centrosome (arrowheads), Endogenous PCM1 (red) malnly occurs just adjacent to +-tubulin with slight overlap with each other Blue indicates the nucleus. green

with y-lubulin al
DISC1-myc) In HEK elis. Cell

with an anti-myc antibody {upper panel)
-phosphate dehydroganase B, BBS

ye-tagped DISC

icates myc-tagged gly anlrlen,dr

DISC1 AND BBS4 ACT SYNERGISTICALLY
TO INFLUENCE RECRUITMENT OF PCM]I
AND NINEIN TO THE CENTROSOME

We reported previously that DISCI plays a role in re-
cruiting dynein motor proteins, such as dynein interme-
diate chain and dynactin p150¢*, to the centrosome.’
We also showed that BBS4 binds to p150#“* that is re
quired [or recruiting PCM1 to the centrosome.*' Be-
cause PCM1 interacts with DISC1 and BBS4 through dis-
tinct domains, we hypothesized that DISC1 and BBS4 may
act synergistically to recruit PCM1 to the centrosome
To test this idea, we used RNAI against each of DISCI,
BBS4, and PCMI (Figere 3A) and examined the el-
fects in PC12 cells (Figure 3B). Knockdown expression
of DISC] reduced accumulation of PCM1 to the centro-
some. Consistent with our previous findings in Hela
cells,® knockdown expression of BBS4 resulted in
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Figure 2. Pericentriokar material 1 (PCM1), disrupted-in-schizophrenia 1 (DISC1), and Bardet-Bled| syndrome 4 (BBS4) interact with each other through distinct binding
domains. A, The middie portion of DISC1 (amino acids 349-600) is crucial for DISG1-BBS4 protein interaction. The N-terminal portion (amino acids 1-348) and the
C-terminal portion (amino acids 601-854) of DISCY are important for the DISC1-PCM1 binding. Three HA-tagged DISC protein fragments (DISC1 [N-348]-HA. DISC1
[349-600]-HA. and DISC1 [601-C]-HA) were expressed in HEK293 cells for coimmunogrecipitation (Co-1P) with an anti-HA antibody. The middia portian of DISC1, but
niot the N- nor C-terminal DISC1, binds to each of BBS1, 4, and 8, whereas the N- and C-terminal DISC1 bind to PCM1 (upper panels). The inputs of each protein are
shown at the right and bottom panels. IB Indicates antibodies used for Western biotting, GAPDH-HA, HA-tagged glyceraldehyde- dehydrogenase;

T1, transtection. B, The C-terminus domain of DISCY for interaction with PCM1 is distinct from the NDEL1 binding domain of DISC1. Deletion of the DISG1-NDEL1
hinding region (DISC1A[B02-835]) had no effect on the interaction of DISCY with PCM1. The inputs are shown in tha middie and bottom panels. PCM1-HA Indicates
HA-tagged PCM1; DISC1-myc, myc-tagged DISC1; DISC1.A(802-835)-myc, myc-tagged DISC1 A(B02-835), GAPDH-myc, myc-tagged GAPDH. IF, immunoprecipitation
(. The second tandem tetratricopeptide repeat (TPR) motil of BBS4 is crucial for the BES4-DISC1 interaction. A series of myc-tagged BBS4 (BBS4-myc) truncation
mutants were coexpressed with DISC1-HA in HEK293 cells for Co-IP with an anti-HA antibody. Deletion of the N-terminal region in BBS4 (1-13-C) and further deletion of
the first TRP motif {BBS4 [2-13-C|) does not atfect the BBS4-DISC1 interaction. By contrast, BBS4 mutants with turther deletion of the secand TRP motif (BBS4
[3-13-C) and BBS4 [4-13-C]) did not bind with DISC1. BBSA lacking the C-terminal region (BBS4 [N-1-8]) binds 1o DISC1. The inputs are also shown (middie and
bottom paneis). D, The third TPR motif of BBS54 is important for the BBS4-PCM1 interaction. Deletion of the third TPR motil (BBS4 [4-13-C]) dramatically weakened the
interaction of BBS4-myc with PCM1-HA. An anti-HA antibody was used for Co-IP. The inputs are shown in the middie and bottom panels. E. The middie portion of PCM1
s important for DISC1-PCM? interaction. Myc-tagged DISC1 was coexpressed with PCM1-HA protein fragments in HEK293 celis for Co-IP with an anti-myc antibody
PCM1 (741-1420) has stronger binding affinity to DISC1 than PCM1 (N-740) and PCM1 (1421-C). The inputs of sach protein are also shown in the middie and bottom
panels. F, Schematic of DISC1, BRS4, and PCM1 interaction shows that these proteins may interact with each other through distinct binding domains. N indicates

N terminal; C, G terminal
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decreased enrichment of PCM1 to the centrosome. Of
most importance, knockdown of both DISCI and BBS4
had a significantly stronger influence on the distribu-
tion of PCMI than either single knockdown, consistent
with the hypothesis that DISC] and BBS4 cooperate 1o
regulate the recruitment of PCMI1 to the centrosome.
PCM1 plays a role in further recruiting other centro-
somal proteins, such as ninein.'* We therefore tested
whether DISC1 and BBS4 also influence PCMI-
associated molecular recruitment to the centrosome in
a synergistic manner by examining the effects of RNAi
on DISCI, BBS4, and PCM1 with respect to the localiza-
tion of ninein (Figure 3C). Knockdown expression of
either PCM1 or both DISC1 and BBS4 similarly reduced
the amount of ninein at the centrosome in PC12 cells.

KNOCKDOWN EXPRESSION OF PCMI,
DISC1, AND BBS4 LEADS TO NEURONAL
MIGRATION DEFECTS IN THE DEVELOPING
CEREBRAL CORTEX IN VIVO

To evaluate the physiological relevance of our findings,
we tested the influence of PCMI, DISCI, and BBS4 in
vivo by suppressing their expression in the developing
cerebral cortex by in utero gene transfer.”* Embryos were
electroporated with shRNA at embryonic day 15, and the
effect of suppression was evaluated by immunohisto-
chemistry, [ollowed by a bin distribution analysis of neu-
rons at postnatal day O (Figure 4 and the eFigure, hitp:
/iwww.archgenpsychiatry.com). Brain slices
electroporated with control RNAI together with a GFP
marker showed that 25% of GFP-labeled cells com-
pleted migration through the cortical wall and formed
the superficial layers of the cortex that corresponded to
bins 9 and 10. By contrast, in brain slices electroporated
with DISC1 RNAI, radial neuronal migration was sig-
nificantly delayed, as reported previously.” Suppres-
sion of either BBS4 or PCM1 phenocopied the DISC1 phe-
notype in neuronal migration. Importantly, concomitant
suppression of both DISC1 and BBS4 led to significantly
more severe impairment in migration compared with that
of DISC1 alone.

A CANDIDATE PATHOGENIC PCM1
MUTATION IN AN SZ FAMILY

Our data have shown that DISC] and BB54 are neces-
sary for targeting PCMI 1o the centrosome, with con-
comitant targeting effects for ninein and likely other
molecules for their transport to the centrosome, in a
PCM1-dependent manner. Consistent with this notion,
a recent study reported association of PCM1 haplotypes
with SZ and volumetric defects in the gray matter of the
orbitofrontal cortex.” although a causative mutation has
not been found to date. We therefore examined the PCM1
gene for mutations in a SZ cohort by focusing on the cod-
ing region of the gene, since variations there would be
less challenging to interpret. An emerging hypothesis in
the field of SZ is that a portion of the genetic load may
be contributed by rare, possibly strong, alleles.” We there-
fore focused on testing primarily for rare alleles by per-
forming direct bidirectional sequencing of the 39 exons

and flanking splice sites in 32 probands.” In addition to
synonymous single-nucleotide polymorphisms (SNPs)
that are unlikely to affect the PCMI transcript or pro-
tein, we found 2 previously known missense mutations
in our cohort (Table). The first allele, SNP rs370420 (en-
coding a T15431 change), has been reported to be asso-
ciated with SZ_* Different from the data by Gurling etal.*
we failed 1o find any association between this SNP and
SZ, probably because of our small sample size. Like-
wise, for a second missense allele (rs412750; S159N at
the amino acid level), we failed to detect allelic associa-
tion, which is consistent with previous work * The ge-
notypic frequency of this variant is significantly differ-
ent in patients with SZ (Fisher exact test, P=.01) (Table).
We think it unlikely that this represents a genotyping er-
ror inherent to the assay, since we saw no deviation from
Hardy-Weinberg equilibrium in the large control group
(P=.33); nonetheless, to confirm this result, we regeno-
typed all individuals from both cases and controls with
a TaqMan assay. There was no genotyping error ob-
served since the genotypes were attained in 2 different
methods that had the same result. We found additional
evidence of a relationship between PCM1 and SZ. In |
individual, we found a heterozygous 4057G—T muta-
tion that introduced a premature termination codon
(E1353X) in exon 24, which leads to either truncation
of the protein, eliminating 672 residues from the C ter-
minus, or, more likely, triggers the nonsense-mediated
decay by virtue of the introduction of a premature ter-
mination codon.* This allele was not present in any of
219 ethnically matched controls, whereas segregation
analysis showed that the E1353X allele was also present
in the heterozygous state in the affected mother and the
allected sibling of the proband but not in the unalfected
members of the maternal and paternal sibship (Figure 5).
This result supports a possible role for this PCMI
loss-of-function allele for SZ in this family, Clearly, a
mutation in a single family with a prion linkage to the
8p region is not sufficient 1o generalize the causal link
between PCM loss of function and SZ. However, the com-
bination of this result with the previous association
of PCM1 with 5Z* and, importantly, the biochemical
relationship of PCM1 to DISCI as it pertains 1o key
neurodevelopmental processes pose a compelling
argument.

— I

In the present study, we provide 2 lines of evidence that
support a role for the centrosome in the pathology of SZ.
Biological data indicate a centrosomal pathway that in-
cludes the PCM1, DISC1, and BBS proteins playing a role
in proper cortical development, Genetic data further con-
firm the notion that PCM| is a risk factor for SZ by pro-
viding a nonsense mutation that segregates with SZ spec-
trum psychosis in a pedigree.

We found that DISCI interacts with several BBS pro-
teins (BBS1, BBS2, BBS4, BBSS, BBS6, BBS7, and BBSS)
and that DISCI1 may possess a common binding domain
for at least BBS1, BBS4, and BBSB. Our data on the in-
teraction of DISC1 with all BBS proteins tested suggest
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Table, List of PCAMT Variants in Our Cohort of Patients With SZ and Controls®

e Genotype Frequency, % (Sample Size)
Exon Change Nucleotide Change | AAIRSZ  AainSZ  sainSZ  AAinContol  AainConirol 2an Control
5 S150ND ATBGTACAT (15412760)  75(24)  94(3) 66(5) 5750128  320(72) 96 (21)
24 E1353K 4057G—T 069(31) 3101 0 100 (219) 0 0
8 TI543 4628CT (15370429 @BB[@Y) 622 0 922 (202) 78017} 0

Abbreviations: A, corresponds to the major allele found in NM_006197; a, corresponds to the minor allele found in NM_006197, 52, schizophrenia.

The distribution of genotypes for the controls for both rs412750 and rs370429 did not deviale significantly from Hardy-Weinberg equilibrium (P= .35 and 91,
respectively).

EThere are no alislic associations between rs412750 and S2 in this sample set, afthough the genotypic frequency of S159N s significantly different in patients
with 52 (Fisher exact test, P = .01) compared with controts

“The nonsense mutation (E1353X) was found in a single patient with SZ and no controls

Vi w1 Vi )

éé o O

wiiwl wiiwt wiwl WHE 353X Wil wiiwl witwt
Major Aleotil Senophients Substance
Dapression Abwse Abuse

D g i M Do s o

witE1353X wiE1353X
Schizophrenis Schimaftective
Disorder

I\

U

Figure 5. A nonsense mutation in FCMT in a tamily with schizophrenia and schizoatfective disorder. Mutation analysis of a white family. JHU37007 shows a
eterazygous 4057G—T fon In exon 24 of PCMY, introducing a premature termination codon (E1353X); genotypes are shown below each Individual, as are
sequence traces. The psychiatric phenotype (if any) of each family member is also shown. wi Indicates wild type

mulation of ninein to the centrosome, whereas such treat- neuronal migration. For instance, DISC] is a multifunc-
ment affects the localization change of PCM1. This may tional protein localized at the centrosome, mitochondria,
be because accumulation of ninein to the centrosome is postsynaptic densities, and the nucleus.” Future studies
allected only when the levels of PCMI at the centro- might address this issue by coelectroporation of RNAi and
some [all below the threshold by the synergistic effects expression constructs of DISC1 in which coexpression of
of both DISCI and BBS4 RNAL. wild-type DISCI rescues the phenotypes resulting from

Neuronal migration defects were observed when we DISC1 RNAI, whereas mutant DISC1 selectively deficient
knocked down DISC1, BBS#, or PCMI in the developing in the binding domains for BBS4 or PCM1 may not rescue
cerebral cortex, which is consistent with the notion of the the pathology. That PCM1 knockdown has a weaker in-
role of the centrosome in corticogenesis. We believe that fluence on migration defects than does coknockdown of
interpretation of the data should be viewed with caution, BBS4 and DISC] might be explained by considering that
however, because the knockdown of these proteins may knockdown of DISC1 and BBS4 may potentially affect their
potentially affect their other cellular functions related 1o other cellular functions related 1o neuronal migration,
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whereas PCM1 has more restricted function associated with
the centrosome.

In addition to DISCI presenting the most compelling
genetic argument for participation in SZ,** 2 centrosome-
related genes, PCM1 and NDE1, have also been proposed
as potential SZ susceptibility genes.'* Nonetheless, it is dif-
ficult to identify the causal mutation(s), in part because of
allelic heterogeneity. Herein, we have identified a bona fide
loss of function mutation (a nonsense allele), which seg-
regates with SZ spectrum psychosis. Given our functional
data, we speculate that haploinsufficiency at the PCM1 lo-
cus will lead to compromised, but not abolished, PCM1-
associated centrosomal functions, which can potentially lead
to more subtle neurodevelopmental effects. Notably, pa-
tients with SZ who showed an association with PCM1 had
gray matter deficits in the orbitofrontal cortex.” Lesions in
this brain region are likely Lo compromise mechanisms that
support reward-related processes and motivated behav-
iors." These are consistent with the finding that families
with evidence for linkage to 8p21-22 had significantly more
affective deterioration, poorer outcome, more thought dis-
order, and fewer depressive symptoms than did affected in-
dividuals from non-8p21-22-linked families.** Taken to-
gether, we speculate that genetic variations of PCM1 are
associated with a subtype of SZ that primarily displays nega-
tive symptoms, referred to commonly as deficit SZ.** None-
theless, the chromosome locus of 8p21-22 has linked to
both 5Z and mood disorders.** Thus, PCM1 may also be a
risk factor for affective disorders by participating in some
aspects of the pathophysiology of the diseases.

Our data also suggest that BBS genes might also be po-
tential candidates contributing susceptibility alleles for ma-
jor mental illnesses. Consistent with this notion, recent epi-
demiological findings have shown that patients with BBS
are at least twice as likely to develop SZ compared with the
general population and have various psychiatric condi-
tions at high prevalence (>30%).** Intriguingly, BES and
SZ also share other phenotypes, such as olfaction deficits,
obesity, and type 2 diabetes mellitus #*##4
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