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Disrupted-in-schizophrenia 1 (DISC1) has emerged as a schizophre-
nia-susceptibility gene affecting various neuronal functions. In this
study, we characterized Mitofilin, a mitochondrial inner membrane
protein, as a mediator of the mitochondrial function of DISC1. A
fraction of DISC1 was localized to the inside of mitochondria and
directly interacts with Mitofilin. A reduction in DISC1 function in-
duced mitochondrial dysfunction, evidenced by decreased mito-
chondrial NADH dehydrogenase activities, reduced cellular ATP
contents, and perturbed mitochondrial Ca?* dynamics. In addition,
deficiencies in DISC1 and Mitofilin induced a reduction in mitochon-
drial monoamine oxidase-A activity. The mitochondrial dysfunc-
tions evoked by the deficiency of DISC1 were partially pheno-
copied by an overexpression of truncated DISC1 that is associated
with schizophrenia in human. DISC1 deficiencies induced the ubig-
uitination of Mitofilin, suggesting that DISC1 is critical for the sta-
bility of Mitofilin. Finally, the mitochondrial dysfunction induced by
DISC1 deficiency was partially reversed by coexpression of Mitofi-
lin, confirming a functional link between DISC1 and Mitofilin for the
normal mitochondrial function. According to these results, we pro-
pose that DISC1 plays essential roles for mitochondrial function in
collaboration with a mitochondrial interacting partner, Mitofilin.

IMMT | mitochondrial dysfunctions | hyperdopaminergia |
calcium buffering | psychiatric disorders

Schizophrenia is a mental illness characterized by impairments
in an individual’s perceptions of reality, which are commonly
manifested in the form of hallucinations, paranoid or bizarre
delusions, and/or disorganized speech and thinking (1). The
lifetime prevalence of schizophrenia is 0.55-1% of population,
with up to 80% of genetic inheritance (2). Although the mo-
lecular mechanisms underlying the etiology and pathophysiology
of schizophrenia have yet to be clearly defined, increased do-
paminergic activities in the mesolimbic pathway have been
consistently associated with several of the positive symptoms of
schizophrenia (3).

Disrupted-in-schizophrenia 1 (DISC1) has emerged as a con-
vincing candidate gene that may explain many aspects of
schizophrenia and related mood disorders. Familial mutations in
the DISC1 gene, including t(1;11)(q42.1;q14.3) translocation,
cosegregate with symptoms related to schizophrenia, bipolar
disorders, and recurrent major depression (4). DISC1 plays a
significant role in the processes of neurodevelopment, including
neurite outgrowth, neuronal migration, neurogenesis (5-8), intra-
cellular cAMP signaling (9), and many other neuronal processes
in collaboration with other cellular factors such as nudE nuclear
distribution gene E homolog (A. nidulans)-like 1 (NDEL1) (6).
Additionally, genetic evidence supporting a functional link be-
tween DISC1 and NDELL1 in schizophrenia pathogenesis has
been reported (10).

Mitochondria play critical roles in fundamental cellular pro-
cesses, encompassing energy production, programmed cell death,
Ca”** homeostasis, and monoamine metabolism. Intriguingly,
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mitochondrial dysfunction has been found to be associated with
various psychiatric disorders, including schizophrenia (11). For
example, Maurer et al. (12) reported a deficit in the process of
oxidative phosphorylation in the postmortem brains of patients
with schizophrenia. Deformations and reductions in the number
of mitochondria have also been reported in postmortem studies
(13). Although these observations are critical insights into the link
between schizophrenia and mitochondrial dysfunctions, the un-
derlying molecular mechanisms explaining this relationship have
not been well defined.

In this study, we characterized Mitofilin, also called inner-
membrane protein, mitochondrial (IMMT) (14), as a mitochon-
drial interacting partner of DISCI1, through which DISC1 plays
essential roles in mitochondria. Mitofilin has been well-charac-
terized as an essential component for the functional integrity of
mitochondria (15, 16); thus, the data shown in this study may
provide a mechanistic link between DISC1 and mitochondrial
function, the deregulation of which might have implications in
the pathogenesis of schizophrenia.

Results

Mitofilin as an Interacting Partner of DISC1. To elucidate DISC1
functions potentially relevant to schizophrenia, we attempted to
identify components of the DISC1-NDELI1-containing protein
complex by using a yeast two-hybrid screen on a human fetal brain
library using NDEL1 as bait. Then, we tested whether any of the
positives from this screening could interact with DISC1. As a re-
sult, we identified a cDNA clone encoding amino acid residues,
230-758, of Mitofilin, a mitochondrial inner membrane protein.
We noticed that the potential interaction between DISC1 and
Mitofilin has been consistently recognized in the previous reports
describing various potential DISC1 interacting partners, mostly
from yeast two-hybrid screens (17, 18), although it has not been
further analyzed or characterized functionally.

The interactions were confirmed by interaction-dependent
fB-galactosidase activity and growth on selective media (Fig. 14).
In the subsequent interaction analyses using yeast two-hybrid
assays, regions of DISC1, amino acid residues 600-854 and 1-347,
showed interaction-dependent signals with Mitofilin®”'~*° (Fig.
S14). The DISC1°°** region showed strong interaction-de-
pendent signals with Mitofilin®***>*" (Fig. S1B). In addition,
DISC1?**~*% did not interact with Mitofilin®”'*" (Fig. S14) but
showed signal with Mitofilin>*7® (Fig. S1C), suggesting that
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£ Fig. 1. Interactions among DISC1, NDEL1, and Mitofilin. (4)
Interactions of DISC1, NDEL1, and Mitofilin in the yeast two-
hybrid assay. (Upper) Interaction-dependent B-galactosidase
expression. (Lower) Growth on HIS™ selective media contain-
ing 20 mM 3-amino-1,2,4-triazol (3-AT). hDISC1, human
DISC1. (B) Interaction of Mitofilin with DISC1 and NDEL1 in
vitro analyzed by a blot overlay assay. The PVDF membrane
-2 with the purified hDISC1 and NDEL1 protein bands trans-
ferred from an SDS/PAGE was first stained with Coomassie
Blue R250 (Left) and subjected to GST-Mitofilin blot overlay
followed by anti-Mitofilin Western blot analyses (Right).
Dashed lines are the distribution of purified recombinant
proteins with degradation products. WB, Western blotting.
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additional DISC1 interaction regions may exist in the outside of
the 371-590 region in Mitofilin. Mitofilin exhibited significant
interactions with DISC1 only when its N-terminal regions were
deleted (Fig. 14 and Fig. S1C). It is likely because of an intrinsic
limitation of the yeast two-hybrid assay; the hydrophobic trans-
membrane domain and the mitochondrial targeting signal located
in the 1-187 residues may have hindered its localization to the
nucleus of yeast cells and/or stable expression of Mitofilin fusion
protein (14-16).

To further confirm the direct interactions among DISCI,
Mitofilin, and NDELI, a series of blot overlay assays were per-
formed. When recombinant GST-hDISC17%%%* and GST-
NDELI1 proteins were fractionated on the PVDF membrane and
overlaid with recombinant GST-Mitofilin'>*"°%, GST-Mitofi-
1in'*738 was detected at the molecular weight corresponding to
GST-NDEL1 and GST-hDISCI1 (Fig. 1B). Other combinations
of blot overlay assays consistently showed protein bands corre-
sponding to the other binding partners, exhibiting varying affini-
ties to degradation species (Fig. S1D, a and b). Furthermore, in
the GST pull-down assay from differentiated SH-SYS5Y cell
lysates using purified recombinant GST-hDISC1 deletion pro-
teins and GST-NDELI proteins, significant amounts of endoge-
nous Mitofilin were consistently detected in the precipitates with
GST-hDISC1?%4%  GST-hDISC1°*%%* and GST-NDELI,
confirming the capacity of Mitofilin to interact with DISC1 and
NDELL in this condition (Fig. 1C). Consistently, both full-length
hDISCI1 and truncated hDISC1 (amino acid residues 1-598) (19)
were detected in the Mitofilin immunoprecipitates from trans-
fected HEK293 cells (Fig. 1D), indicating that multiple in-
teraction interfaces exist between DISC1 and Mitofilin. To
confirm the potential complex formation between DISC1-Mito-
filin in more physiologically relevant conditions, we performed
coimmunoprecipitation experiments in the lysates from differ-
entiated central adrenergic tyrosine hydroxylase expressing
(CATH) a-differentiated (CAD) (20) (Fig. 1E, i), cultured mouse
neurons (Fig. 1E, ii), and a mouse brain (Fig. 1F). A significant
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amount of endogenous Mitofilin was consistently detected in the
mDISC1 immunoprecipitates. Taken together, these results sug-
gest that DISC1 and Mitofilin interact directly with each other to
form a complex.

DISC1-Mitofilin Complex in Mitochondria. To examine if the
DISC1-Mitofilin complex is associated with mitochondria, we
performed immunocytochemical analyses in the cultured mouse
primary neurons. For this, Mitofilin-EGFP was overexpressed
because of the limitation that anti-Mitofilin antibody is not ap-
plicable to immunocytochemical experiments using mouse cells.
Endogenous mDISC1 is dispersed throughout the cell (Fig. 24
Top), whereas Mitofilin is localized mainly, if not exclusively, to
mitochondria, as indicated by extensive costaining with mito-
tracker, replicating the localization of endogenous Mitofilin in
mitochondria in previous studies (Fig. 24 Middle) (14-16, 21).
Significant colocalization between endogenous mDISC1 with
Mitofilin~-EGFP was detected in cytosolic area and processes
(Fig. 24 Bottom). Consistently, colocalization of overexpressed
hDISC1 and Mitofilin in mouse primary neurons was observed
(Fig. S24). Also, we performed a set of coimmunoprecipitation
experiments in conjunction with mitochondrial fractionation from
HEK?293 cells expressing flag-hDISC1. Association of hDISC1
and Mitofilin was detected in the hDISC1 immunoprecipitate
selectively from the mitochondrial fraction (Fig. 2B), further
supporting the restricted association of the hDISC1-Mitofilin
complex in mitochondria.

DISCI1 has been consistently observed in the mitochondrion-
associated cellular fractions (9, 22). However, the nature of this
association has not been clearly defined. Because Mitofilin is an
integral mitochondrial inner membrane protein with most of the
protein portion protruding to the intermembrane space of mito-
chondria (15, 16), the interaction of DISC1 with Mitofilin suggests
that DISCI can localize to the inside of mitochondria. To address
this point, we examined the trypsin sensitivity of hDISC1 in par-
allel with that of endogenous Mitofilin on Triton X-100 treatment.
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The trypsin sensitivity of hDISC1 and Mitofilin in the Triton
X-100-treated mitochondrial fraction was similarly increased
compared with those of hDISC1 and Mitofilin in the intact mi-
tochondrial fraction, indicating that a fraction of DISC1 is lo-
calized to the inside of mitochondria (Fig. 2C). Moreover, in the
immuno-gold electron microscopy (IGEM), a significant fraction
of flag-hDISC1 was consistently detected as associated with the
electron-dense area in mitochondria of transfected HEK293
cells (Fig. 2D). Furthermore, in the anti-mDISC1 IGEM analyses,
endogenous mDISC1 was consistently detected in the electron-
dense area within mitochondria both in the differentiated CAD
cells (Fig. S2B) and mouse brain sections (Fig. 2E). Collectively,
these results support the idea that a fraction of DISC1 is localized
to the inside of mitochondria and forms a complex with Mitofilin,
implying a role for DISCI in intrinsic mitochondrial functions.

Mitochondrial Dysfunctions Induced by DISC1 and Mitofilin Deficiencies.
We next tested the potential impact of reduced DISC1 on various
aspects of mitochondrial function. For this, we generated siRNA
constructs against mouse forms of Mitofilin and DISC1 and con-
firmed their knockdown efficiencies (Fig. S3 4 and B). We carried
out a series of experiments to assess potential mitochondrial dys-
function in DISC1 and Mitofilin knockdown conditions. First, we
examined the activity of mitochondrial NADH dehydrogenase,
a key component in the mitochondrial electron transport chain.
As shown in Fig. 34, the mitochondrial NADH dehydrogenase
activity, measured by a colorimetric assay (23), was significantly
reduced in both mDISC1 and Mitofilin shRNA-transfected dif-
ferentiated CAD cells. Notably, a mild but significant reduction of
mitochondrial dehydrogenase activity was detected in the differ-
entiated CAD cells overexpressing truncated mDISC1 (Fig. 3B).
Consistently, ATP contents in the lysates of the cells transfected
with mDISC1 shRNA, Mitofilin shRNA, or truncated mDISC1
constructs were significantly reduced (Fig. 3 C and D). A simul-
taneous knockdown of both DISC1 and Mitofilin did not seem to
cause considerable further decrease of the NADH dehydrogenase
activity or ATP levels (Fig. S4). Also, these DISC1 and Mitofilin
knockdown phenotypes were partially, but effectively, rescued by
coexpression of human forms of DISC1 and Mitofilin, removing

Fig. 2. Localization of the DISC1-Mitofilin com-
plex in mitochondria. (A) Colocalization of Mito-
filin and DISC1 in mitochondria. Mouse primary
neurons in culture were transfected with Mitofi-
lin—EGFP plasmid on the DIV3 (green; Middle and
Bottom), treated with mitotracker (red; Top and
Middle) on the DIV4 as indicated, and applied to
immunocytochemistry using goat anti-mDISC1
antibody (N-16; Santa Cruz; Top and Bottom), and
Mitofilin-EGFP was detected by fluorescence
from EGFP (Middle and Bottom). (Scale bar: 10
pum.) (B) Coimmunoprecipitation of Mitofilin with
DISC1 from the mitochondrial fraction. The mi-
tochondrial and cytosolic fractions from HEK293
cells transfected as indicated were subjected to
immunoprecipitation followed by Western blot-
ting. The same membrane was reprobed for
Tom20, a mitochondrial marker, and o-tubulin.
(C) Increased trypsin sensitivity of mitochondrial
DISC1 by Triton X-100 treatment. The mitochon-
drial fraction was prepared from flag-hDISC1-
transfected HEK293 cells en masse and divided
into aliquots for the treatments of Triton X-100
(final 2%) and trypsin followed by Western blot-
ting. (D) Localization of overexpressed DISC1 to
the inside of mitochondria. HEK293 cells trans-
fected with the flag-hDISC1 construct (Left) along

the off-target effect of shRNA constructs (Fig. S4). These results
indicate that the loss of DISC1 or overexpression of a pathogenic
form of DISC1 can result in mitochondrial dysfunctions related
to mitochondrial bioenergetics.

It is well-known that monoamine oxidases (MAOs), key com-
ponents in the monoamine catabolic pathway, are located in mi-
tochondria, which makes the mitochondrion a critical organelle in
the maintenance of monoamine homeostasis. To determine
whether DISC1 and Mitofilin deficiencies compromise MAO
function, the activity of the MAO-A was examined in differenti-
ated SN4741 cells, a rodent neuronal cell line with catechol-
aminergic properties (24). We confirmed expression of MAO-A
(Fig. S54) and association of DISC1 and Mitofilin in this cell line
by coimmunoprecipitation experiments (Fig. S5B). As shown in
Fig. 3E, MAO-A activity was markedly reduced in both mDISC1
and Mitofilin knockdown cells, implying that the monoamine
homeostasis can be compromised by reduced DISC1 and Mito-
filin function. We see a consistent tendency to a decrease in MAO
activity with the truncated DISC1 overexpression, but the extent
of the reduction did not reach a statistically significant level. Be-
cause the mitochondrial dysfunctions induced by truncated
DISC1 are generally weaker than those by DISC1 knockdown,
truncated DISC1 may be hypomorphic to complete DISCI1 loss of
function in mitochondria, and MAO-A phenotype may exemplify
this notion. It is also possible that the truncated DISC1 may still
retain the capacity to regulate MAO-A activity.

We also examined the DISCI1 deficiency-induced mitochon-
drial dysfunction in the cultured mouse primary neurons using
lentiviruses containing mDISC1 and Mitofilin shRNA constructs
(Fig. S3C). Similar reductions of NADH dehydrogenase activi-
ties and ATP contents were observed in the virus-infected neu-
rons (Fig. 3F), strengthening the physiological relevance of
mitochondrial function of DISCI.

It has been reported that deficiency in Mitofilin can slightly in-
crease apoptosis in proliferating HeLa cells (15). Thus, we tested if
the observed down-regulation of mitochondrial function associ-
ated with mDISC1 and Mitofilin knockdown is because of a de-
crease in the contents of cells in samples. The levels of Tim17,
a mitochondrial marker that reflects the cellular contents of mi-
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Fig. 3. Compromised mitochondrial function by deficiencies in DISC1 and
Mitofilin. (A) Down-regulation of mitochondrial NADH dehydrogenase ac-
tivity by mDISC1 or Mitofilin knockdown. CAD cells were transfected with
shRNA constructs and differentiated for an additional 5 d. Media were
replaced with the assay solution, and the time-dependent conversion of
soluble formazan from a tetrazolium salt was measured at OD495. Error bars
are mean + SEM. ***P < 0.001, two-tailed t test (n = 6). (B) Down-regulation
of mitochondrial NADH dehydrogenase activity by an overexpression of
truncated mDISC1. CAD cells were transfected with plasmids as indicated
and differentiated for 72 h before NADH-dehydrogenase activity assay. In-
cubation time was 10 min. Error bars are mean + SEM. **P < 0.01; ***P <
0.001, two-tailed t test (n = 6). (C) Reduction of ATP contents in the mDISC1
or Mitofilin knockdown cells. CAD cells were transfected with shRNA con-
structs and differentiated for an additional 5 d. ATP contents in the cell
lysates were measured. Error bars are mean + SEM. ***P < 0.001, two-tailed
t test (n = 6). (D) Reduction of ATP contents by an overexpression of trun-
cated DISC1. CAD cells were transfected with full-length mDISC1 or trun-
cated mDISC1, and after 72 h of differentiation in serum-free media, the ATP
contents in lysates were measured. Error bars are mean + SEM. *P < 0.05; **P
< 0.01, two-tailed t test (n = 6). (E) Decreased monoamine oxidase-A (MAO-
A) activities in the mDISC1 or Mitofilin knockdown cells. SN4741 cells were
transfected with shRNA constructs and differentiated for an additional 5 d.
Lysates were subjected to an MAO-A activity assay. Error bars are mean +
SEM. *P < 0.05; **P < 0.01, two-tailed t test (n = 6). (F) Reduction of NADH
dehydrogenase activity and ATP contents by DISC1 and Mitofilin knockdown
in cultured primary neurons. Cultured mouse cortical neurons (DIV2) were
infected with lentiviruses containing mDISC1 or Mitofilin shRNA and cul-
tured for an additional 6 d before the NADH dehydrogenase activity assays
() and ATP measurement (ii). Error bars are mean + SEM. **P < 0.01; ***P <
0.001, two-tailed t test (n = 6). (G) Unaltered mitochondrial contents in
mDISC1 and Mitofilin knockdown cells. CAD cells were transfected with
mDISC1 and Mitofilin shRNAs and differentiated for 5 d. The Tim17 levels in
mitochondrial and a-tubulin in corresponding cytosol fractions were ana-
lyzed. Ratios of Tim17/a-tubulin were subjected to statistical analysis. Error
bars are mean + SEM. NS, not significant, two-tailed t test (n = 4).

tochondria, were not altered in the shRNA-transfected differen-
tiated CAD cells (Fig. 3G). Also, no significant decrease in the
total number and mean diameter of mitochondria was detected in
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Fig. 4. Abnormal mitochondrial Ca®* buffering by deficiencies in DISC1 and
Mitofilin. (A) A schematic diagram of mt-GCaMP, a mitochondrial Ca®*
sensor. (B) Restricted expression of mt-GCaMP in mitochondria. Mitotracker
(red) and anti-GFP antibody (green) in differentiated CAD cells. (C) Time-
lapse mitochondrial Ca®* imaging. CAD cells were cotransfected with mt-
GCaMP constructs in combination with shRNA constructs (mt-GCaMP:shRNA
plasmid = 1:5, molar ratio), and changes in fluorescence in response to
ionomycin treatment were measured by time-lapse imaging 5 d after
transfection. (i) Examples of time-lapse images for 495 s. Numbers, the time
elapsed in seconds; green arrows, time point of ionomycin addition. (ii) In-
dividual mitochondrial Ca?* in response to ionomycin; six representative
measurements of each are shown. Fluorescence intensity was normalized by
fluorescence at the resting condition. (iii) Mean values of the curves shown
in ji. Error bars are mean + SEM. (D) The increased fraction of the cells
showing abnormal fluctuation of Ca®* (M-type curves) in mDISC1 and
Mitofilin shRNA-transfected cells. ***P < 0.001, Fisher’s exact test (n = 16 for
CTL shRNA, n = 23 for mDISC1 shRNA, n = 10 for Mitofilin shRNA).

mDISC1 or Mitofilin shRNA-transfected CAD cells (Fig. S6).
Moreover, the total cell numbers were not significantly altered in
the equivalent conditions (Fig. S74). Also, the extent of apoptotic
cells in this population of cells, monitored by the TUNEL assay
and generation of cleaved caspase-3, did not increase on the
transfection of mDISC1 or Mitofilin shRNA constructs (Fig. S7 B
and C). However, we detected a slight increase in the number of
mitochondria with morphological abnormalities in the DISC1 and
Mitofilin knockdown cells, which is reminiscence of morphological
defects linked to Mitofilin deficiency in HeLa cells (Fig. S8) (15).
Collectively, these results indicate that potential changes in cel-
lular contents of mitochondria, cell proliferation, and/or apoptosis,
if any, did not exert significant impacts on the experimental set-
tings used in this study, leaving the possibility of involvement of
morphological defect in the DISC1 and Mitofilin knockdown cells.

Perturbed Mitochondrial Ca?* Dynamics Induced by DISC1 and
Mitofilin Deficiencies. The Ca®*-buffering function of mitochon-
dria is particularly important in the nervous system in that long
neuronal processes require local Ca®™ stores in proximity to cope
with transient and local changes in Ca®* induced by various
neuronal activities (11). As such, we test if loss of DISC1 function
has an impact on Ca”*-buffering capacity of mitochondria. For
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Fig. 5. Down-regulation of Mitofilin by aberrant DISC1 function. (A) Down-
regulation of Mitofilin protein levels by knockdown of DISC1. CAD cells were
transfected with control or mDISC1 shRNA constructs and differentiated for
5 d. Mitochondrial fraction was isolated, and endogenous Mitofilin protein
levels were analyzed by anti-Mitofilin Western blotting. Error bars are mean
+ SEM. **P < 0.01, two-tailed t test (n = 6). (B) Down-regulation of Mitofilin
protein levels by overexpression of truncated DISC1 protein. CAD cells were
transfected with constructs of flag-mDISC1, truncated flag-mDISC1 (amino
acid residues 1-598), and Mitofilin-myc and were differentiated for 72 h.
Whole-cell lysates were analyzed. Ratios of Mitofilin/GAPDH were subjected
to statistical analyses. Error bars are mean + SEM. **P < 0.01, two-tailed t
test (n = 4). (C) Unaffected Mitofilin mRNA level in DISC1 knockdown cells.
CAD cells were transfected with shRNA constructs and differentiated for 5 d.
mDISC1 and Mitofilin mRNA levels were measured by RT-PCR. Error bars are
mean + SEM. **P < 0.01, two-tailed t test (n = 4). (D) Increased ubiquitina-
tion of Mitofilin by DISC1 knockdown or overexpression of truncated DISC1.
(i) CAD cells were cotransfected with shRNA, HA-Ub, and Mitofilin-myc
constructs, and after 68 h of differentiation, anti-Myc immunoprecipitates
from the cell lysates were analyzed by anti-Ub Western blotting. (i) CAD
cells were transfected with truncated mDISC1 or full-length mDISC1 along
with Mitofilin-myc constructs, differentiated, and analyzed as in a. A lower
exposure blot of input is also shown. Brackets indicate ubiquitinated Mito-
filin. (E) Inhibition of down-regulation of Mitofilin by a proteasome in-
hibitor. CAD cells were transfected with control or mDISC1 shRNA constructs
and differentiated for 5 d. MG132 (Sigma, 25 uM) was treated for 8 h ahead
of the preparation of lysates. Error bars are mean + SEM. *P < 0.05; ***P <
0.001, two-tailed t test (n = 4). (F and G) Partial rescue of the DISC1 knock-
down-mediated reduction of NADH dehydrogenase activity and ATP con-
tents by coexpression of Mitofilin. CAD cells were transfected with the
constructs as indicated and differentiated for 5 d, and NADH dehydrogenase
activity (F) and ATP contents (G) were measured. Error bars are mean + SEM.
**P < 0.01; ***P < 0.001, NS, not significant, two-tailed t test (n = 6).

this purpose, we generated a mitochondrion-targeted protein Ca**
sensor (mt-GCaMP) by adding the presequence of yeast cyto-
chrome C oxidase 4 (yCOX4) (25) to the N terminus of GCaMP
(Materials and Methods) (Fig. 44) (26). The targeting of the
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mt-GCaMP to mitochondria was confirmed by extensive colocali-
zation of mt-GCaMP expression with mitotracker (Fig. 4B).

A time-lapse imaging technique was used to assess mitochon-
drial Ca®* concentration in response to acutely increased in-
tracellular Ca** concentrations by ionomycin treatment (Fig. 4C).
In CAD cells cotransfected with control shRNA and mt-GCaMP
constructs, ionomycin treatment transiently increased the Ca**-
dependent fluorescence, but it decreased and stabilized to the
basal level within 5 min (designated as A-type curves) (Fig. 4C, i
Top and i Left graph). In contrast, in the majority of mDISC1 or
Mitofilin shRNA-transfected CAD cells, a characteristic pattern
of fluorescence fluctuation was observed (designated as M-type
curves) (Fig. 4C, i and ii right graphs, and iii). When quantified,
over 60% of the mDISC1 or Mitofilin shRNA-transfected CAD
cells showed an M-type curve pattern with abnormal fluctuation
of mitochondrial Ca®* concentrations (Fig. 4D). Collectively,
although the mechanistic nature of the changes in mitochondrial
Ca?* dynamics in DISC1-deficient cells should be studied further,
the data clearly show that a reduction in DISC1 and Mitofilin
functions perturbs mitochondrial Ca?*-buffering activity in re-
sponse to acutely elevated intracellular Ca®* concentrations.

Potential Role for DISC1 in the Stability of Mitofilin. To understand
the mode of which DISC1 affects Mitofilin function, we examined
Mitofilin expression when DISCI function was reduced. Notably,
knockdown of mDISCI1 caused a significant reduction in Mitofilin
protein levels in the mitochondrial fraction from differentiated
CAD cells (Fig. 5A4). Interestingly, an overexpression of truncated
mDISC1, which serves to mimic the pathogenic form of DISC1
found in the Scottish pedigree (19), also reduced heterologously
expressed Mitofilin protein in the differentiated CAD cells (Fig.
5B). This phenomenon is not caused by transcriptional changes in
Mitofilin expression, because Mitofilin mRNA levels were not
significantly altered in the mDISC1 knockdown cells (Fig. 5C).

Proteasome-mediated proteolysis is known to be a key check-
point by which excess or misfolded mitochondrial proteins can be
eliminated (27). Therefore, we attempted to assess the ubiquiti-
nation level of Mitofilin proteins in the mDISC1 knockdown or
truncated mDISC1 overexpression conditions. As shown in Fig.
5D, the ubiquitinated Mitofilin was increased in these conditions.
Furthermore, the down-regulation of Mitofilin was significantly
blocked by MG132, a proteasome inhibitor (Fig. SE). These
results indicate that the impaired DISC1 function facilitates
ubiquitination of Mitofilin and presumably, proteasome-medi-
ated degradation of Mitofilin.

Finally, we attempted to directly test whether the reduction of
Mitofilin proteins associated with DISC1 deficiency is linked to
the mitochondrial DISC1 function. Remarkably, a coexpression
of Mitofilin can partially reverse the reduction of mitochondrial
NADH dehydrogenase activity and ATP contents caused by
DISCI1 knockdown (Fig. 5 F and G), whereas overexpression of
Mitofilin alone did not significantly alter the mitochondrial
function (Fig. S9). However, the rescue is partial, especially for
the NADH dehydrogenase activity. Although it is possible that
mDISC1 knockdown may have additional effects other than the
ones mediated by Mitofilin, it is also likely that technical diffi-
culties in generating absolute complementation of Mitofilin in all
of the mDISC1 knockdown cells may be involved. In sum, these
results strengthen the interpretation that mitochondrial function
of DISC1 is tightly associated with Mitofilin.

From a mechanistic point of view, the potential roles of NDEL1
in mitochondrial function of DISC1 seemed interesting. However,
our initial attempt to detect NDEL1-Mitofilin complex in cellular
environments was not successful (Fig. S104), although a small
fraction of overexpressed NDEL1 was detected in the mito-
chondrial fraction (Fig. S10B). Also, the knockdown or over-
expression of NDELI in the differentiated CAD cells did not
significantly alter mitochondrial functionalities monitored by
NADH dehydrogenase activity and cellular ATP contents
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(Fig. S10 C and D). Thus, it is unclear whether NDELI1 also
participates in the mitochondrial function of DISCI1.

Discussion

In this study, we showed the evidence that DISC1 plays roles for
intrinsic mitochondrial functions through regulation of the stability
of Mitofilin, a mitochondrial interacting partner. This is intriguing,
because the aberrant functioning of mitochondria has been linked
to the pathogenesis of schizophrenia without a clear mechanistic
basis. For example, a reduction in the number of mitochondria, an
abnormal morphology of mitochondria, and likely, as a conse-
quence, defects in oxidative phosphorylation have been reported in
postmortem brain studies of schizophrenia patients (12, 13). More
recently, gene expression studies using the postmortem brains of
schizophrenia patients also suggest a role of mitochondrial dys-
function in the development of schizophrenia (28). Furthermore,
the Mitofilin gene is located in a genomic region, in which chro-
mosomal abnormalities have been linked to schizophrenia (29, 30).
Thus, the role of DISC1 in normal mitochondrial function, in
conjunction with Mitofilin, may provide a molecular insight into
the mitochondrial hypothesis of schizophrenia.

Mechanistic links between the reduced function of DISC1-
Mitofilin complex and a wide range of mitochondrial defects re-
main to be further understood. Intriguingly, it has recently been
shown that Mitofilin is associated with the general protein complex
involved in the import of mitochondrial proteins such as sorting
and assembly machinery component 50 homolog (SAMS50), met-
axinl, and metaxin2 (31). Mitofilin has actually been implicated in
the mitochondrial localization of poly-ADP ribose polymerase-1
(PARP-1) (32). Thus, we can speculate a possibility that the
function of DISC1 in mitochondria is linked to the mitochondrial
protein import machinery through Mitofilin.
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Although correlations between mesolimbic hyperdopaminergia
and the positive symptoms of schizophrenia are relatively well-
established, the causative cellular basis for this association is not
clearly defined (33). In this regard, it is noteworthy that the
knockdown of DISC1 can cause reductions in mitochondrial
MAO-A activity. MAO-A has been considered to be involved in
human psychopathologies, including schizophrenia, because of its
activity in the catabolic pathway of biogenic amines, including
dopamine (34). Down-regulation of MAO-A by compromised
functioning of the DISC1-Mitofilin complex, which is likely to
cause up-regulated monoamine contents in monoaminergic neu-
rons, may help explain the cellular basis underlying schizophrenia-
associated neurochemical disturbances. Thus, a direct link be-
tween abnormalities of DISC1 and dopamine homeostasis should
be of immediate interest.

Materials and Methods

SI Materials and Methods has descriptions of the following experimental
procedures and reagents, including yeast two-hybrid screening and in-
teraction analyses, antibodies, GST pull-down assays, blot overlay assays,
immunoprecipitation, immunocytochemistry, IGEM, trypsin sensitivity assay,
NADH dehydrogenase activity assay, ATP measurement, MAO-A activity as-
say, mitochondrial Ca®* imaging, and ubiquitination analysis.
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