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Abstract

BACKGROUND—Neurodegenerative diseases involving protein aggregation often accompany
psychiatric symptoms. Frontotemporal lobar degeneration (FTLD) associated with TAR DNA-
binding protein 43 kDa (TDP-43) aggregation is characterized by progressive neuronal atrophy in
frontal and temporal lobes of cerebral cortex. Furthermore, patients with FTLD display mental
dysfunction in multiple behavioral dimensions. Nevertheless, their molecular origin for psychiatric
symptoms remains unclear.

METHODS—In FTLD neurons and mouse models with TDP-43 aggregates, we examined co-
aggregation between TDP-43 and disrupted in schizophrenia 1 (DISC1), a key player in the
pathology of mental conditions and its effects on local translation in dendrites and psychiatric
behaviors. The protein co-aggregation and the expression level of synaptic proteins were also
investigated with postmortem brains from FTLD patients (/7=6).

RESULTS—We found cytosolic TDP-43/DISC1 co-aggregates in brains of both FTLD mouse
model and patients. At the mechanistic levels, the TDP-43/DISC1 co-aggregates disrupted the
activity-dependent dendritic local translation through impairment of translation initiation and, in
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turn, reduced synaptic protein expression. Behavioral deficits detected in FTLD model mice were
ameliorated by exogenous DISC1 expression.

CONCLUSIONS—Our findings reveal a novel role of the aggregate-prone TDP-43-DISC1
protein complex in regulating local translation, which affects aberrant behaviors relevant to
multiple psychiatric dimensions.
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INTRODUCTION

Neurodegenerative disorders display multiple types of functional abnormalities, such as
motor, cognitive, and psychiatric deficits (1,2). Patients of frontotemporal lobar degeneration
(FTLD), characterized by atrophy in the frontal and temporal lobes of the brain, frequently
show psychiatric dysfunction in multiple behavioral dimensions (3,4).

In FTLD patient brain, TAR DNA-binding protein 43 (TDP-43) is a major component of
ubiquitin-positive hyper-phosphorylated inclusions (5), suggesting that its aggregation is
implicated in FTLD pathogenesis (6,7). TDP-43 is a heterogeneous ribonucleoprotein
containing two highly conserved RNA recognition motifs that regulate RNA processing,
including exon splicing, mMRNA transport and microRNA biogenesis (8). In neurons,
TDP-43 is also a constituent of RNA granules in dendrites (8,9) where it interacts with RNA
binding proteins including fragile X mental-retardation protein (FMRP) and Staufenl, and
regulates mRNA transport and local translation (9), which are critical for synaptic plasticity
(10-13). Considerable effort has been made to delineate the molecular mechanisms
associated with neurodegeneration and motor dysfunction caused by TDP-43 aggregation
(14). However, it remains unclear how TDP-43 aggregation might mediate abnormal
behaviors associated with FTLD (3,4) and the molecular mechanisms therein.

Causative proteins for neurodegenerative diseases, including TDP-43, often form co-
aggregates with their binding partners (15-18). The functional influences of such co-
aggregation have been investigated mostly in the context of cellular dysfunction and
neuronal death (17,19,20). Yet, it remains elusive how functional effects of co-aggregation
may underlie higher brain functions. Importantly, co-aggregation of disease-associated
proteins is specific (20-23). Such selective co-aggregation suggests that each type of co-
aggregation may impact different signaling pathways, leading to distinct dimensions of
behaviors. DISC1, an important molecule in the pathology of a wide range of brain
conditions (24,25), interacts with 14-3-3 protein, RACK1 and hnRNP-U (26,27), all of
which are also reported to interact with TDP-43 (28-30), shows an aggregation-prone nature
and plays critical roles in mental conditions (24,31,32). Therefore, we focused on DISC1 as
a possible binding and co-aggregation protein with TDP-43. Here, we investigate the novel
hypothesis that, in FTLD, the co-aggregation of DISC1 with TDP-43 may trigger neuronal
dysfunction in dendrites and psychiatric manifestations including social deficits.
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METHODS AND MATERIALS

See the supplement for further detailed Methods and Materials.

Animals and Brain Samples

All animals used in this study were housed at a maximum of 5 per cage and in a temperature
controlled room under a 12-h light/12-h dark cycle with free access to food and water. All of
the experiments were performed in compliance with relevant laws and guidelines issued by
RIKEN.

Postmortem brain samples of FTLD and controls were obtained from Tokyo Metropolitan
Institute of Gerontology and Fukushimura Brain Bank under a protocol approved by the
local research ethics committee of RIKEN. Informed consent was obtained for all human
tissue samples by the Tokyo Metropolitan Institute of Gerontology and Fukushimura Brain
Bank and all the samples were anonymized and cannot be tracked back to individual
patients. All autopsy cases underwent neuropathological evaluation of FTLD and all patients
with FTLD met the clinical diagnostic criteria of FTLD. Subjects that did not carry a
diagnosis of FTLD were used as controls.

Plasmids and Antibodies

pCSII-CMV, pCAG-HIVgp, and pCAG-VSV-G plasmids were obtained from RIKEN
Bioresource center. An N-terminal truncated (220-414) form (TDP-220C) of the mouse
TDP43 cDNA was subcloned into the pCSII-CMV vector with Venus (K206A) at the N-
terminus. Full-length mouse DISC1 cDNA with a HA tag at the C-terminus or mouse
DISC1 (RNAiI resistant) tagged with HA at the N-terminus and with Flagx3 at the C-
terminus was subcloned into the pCSII-CMV-IRES-mCherry plasmid or CSII-CMV vector,
respectively. The Gaussian luciferase coding region was amplified by PCR using a pCMV-
Gluc control plasmid (New England Biosciences). FUGW-mouse DISC1-Scramble RNAI-
IRES-GFP, FUGW-mouse DISC1RNAI-IRES-GFP and FUGW-mouse DISC1RNAI-IRES-
HA-full-length mouse DISC1 (RNAI resistant) were reported previously (33). DISCL1 rabbit
polyclonal antibodies, m317C, m595C, h316C and h598C were raised against the
recombinant DISC1 protein fragments; residues 317-852 and 595-852 in mouse DISC1 and
316-854 and 598-854 in human DISC1, respectively (Research Resources Center in RIKEN
Brain Science Institute). DISC1 mouse monoclonal antibodies HM6 and M49 were raised
against the recombinant mouse DISC1 protein fragment (residues 317-852) (MBL). The
monoclonal DISC1 antibody 2B3 and polyclonal DISC1 antibodies m317C and h316C are
described previously (23,34,35). The antibody that recognizes the N-terminal domain of
TDP-43 was raised against recombinant full-length mouse TDP-43 (MBL). In this study, we
used the antibodies against TDP-43 (mouse monoclonal FL4, a kind gift from Dr.
Cleveland), TDP-43 (mouse monoclonal, Abnova, H00023435-M01), TDP-43 (rabbit
polyclonal, Proteintech, 10782-2-AP), phosphorylated-Ser409/410 of TDP43 (rabbit
polyclonal, CosmoBio, CAC-TIP-PTD-MO01), FMRP (mouse monoclonal, DSHB, 2F5-1-S),
FUS/TLS (mouse monoclonal, SantaCruz, sc-47711), GFP (mouse monoclonal, Nacalai
Tesque, 04363-24), GFP (rabbit polyclonal, MLB, 598), puromycin (mouse monoclonal,
Millipore, MABE343),, ubiquitin (rabbit polyclonal, DAKO, z045801), NR2B (mouse
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monoclonal, NeuroMab, 75-028), PSD95 (mouse monoclonal, NeuroMab, 75-028), NR1
(mouse monoclonal, NeuroMab, 75-272), GIuR2 (mouse monoclonal, NeuroMab, 75-002),
mGIuR1/5 (mouse monoclonal, NeuroMab, 75-116), CaMKIla (rabbit polyclonal, Sigma),
SV2 (mouse monoclonal, DSHB, SV2) MAP2a/b (mouse monoclonal, NeoMarker), a—
synuclein (mouse monoclonal, Covance, S1G-39720-200) and Tau (mouse monoclonal,
Millipore, MAB361).

Statistical Analysis

RESULTS

The statistical significance of the data was examined by ¢test for analyses of two groups (7=
3 for cell biology data unless otherwise indicated) or by one-way ANOVA with a
Bonferroni’s multiple comparison test for analyses of three or more groups unless otherwise
indicated. The pvalues of <0.05 (*), <0.01 (**) and <0.001 (***) were considered to be
statistically significant.

DISC1 forms co-aggregates with TDP-43

First, we examined co-immunoprecipitation of DISC1 and TDP-43 in vivo. DISC1 formed a
complex with TDP-43 in both mouse and human brain (Figure 1A,B and Supplemental
Figure S1A,B) and the binding was higher in cerebral cortex than in cerebellum (Figure 1C).
Furthermore, we found that DISC1 also bound to fused in sarcoma/translated in liposarcoma
(FUS/TLS) and FMRP (Figure 1D), both of which interact with TDP-43 and are the RNA-
binding proteins associated with dendritic local translation (6,11,36). Therefore, we asked
whether RNA is critical for the interaction. We treated mouse brain homogenates with or
without RNase, followed by co-immunoprecipitation. RNase treatment strikingly abolished
the binding of DISC1 to these RNA-binding proteins (Figure 1D), indicating the RNA-
dependent DISC1 interaction. In sporadic FTLD patients, aggregation of a C-terminal
fragment of TDP-43 in cytosol is a hallmark of FTLD neurons (5). Therefore, we examined
whether DISC1 forms co-aggregates with the C-terminal fragment of TDP-43. First, we
established cultured cortical neurons that expressed an N-terminally Venus tagged C-
terminal fragment (residues 220-414) of TDP-43, termed TDP-220C, using a lentivirus
system. In both cytosol and neurites, TDP-220C formed, ubiquitinated and hyper-
phosphorylated aggregates, which are observed in FTLD patient brains (8) (Figure 1E and
Supplemental Figure S2A,B). Thus, the TDP-220C expressed system used in this study
recapitulates the characteristics of human FTLD. TDP-220C aggregates sequestered
endogenous DISC1 (Figure 1E and Supplemental Figure S2C) while the expression of full-
length TDP-43 did not induce self-aggregation nor aggregation of DISC1 (Supplemental
Figure S2D). In contrast to RNA-dependent binding of DISC1 to TDP-43, the interactions
between DISC1 and TDP-220C aggregates were RNA-independent (Supplemental Figure
S2C,E), indicating that this binding is mediated by protein-protein interactions. Furthermore,
a filter trap assay showed that detergent-resistant insoluble DISC1 was increased in neurons
expressing TDP-220C (Supplemental Figure S2F). These results are consistent with the
aggregation-prone nature of DISC1 (31), although the physiological consequences of DISC1
aggregation are not fully understood.
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DISC1 mediates the initiation step of dendritic local translation

A previous study implicated a role of DISC1 in translation (37) although DISC1’s role in
translation has never been investigated. Furthermore, TDP-43 and FMRP are reported to be
associated with the translational machinery and interact with polyribosomes (38,39). Since
we found that DISC1 can interact with both TDP-43 and FMRP, we examined whether
DISC1 is also associated with the translational machinery by polysome gradient
centrifugation analysis. DISC1 was detected in polyribosome fractions and co-migrated with
ribosomal S6 (RS6), TDP-43 and FMRP after either EDTA or RNase treatment (38),
demonstrating that DISC1, as well as TDP-43 and FMRP, can interact with polyribosomes
(Figure 2A and Supplemental Figure S3A). Next we examined whether DISC1 interacts
with stalled ribosomes and suppresses translation, as suggested for FMRP (40,41). When
neurons were treated with hippuristanol, an inhibitor of elF4A to induce ribosome run-off
(41), a large population of FMRP remained in polyribosome fractions as previously
observed (41). However, the amount of DISC1 in polyribosome fractions was significantly
reduced (Supplemental Figure S3B), showing that DISC1 is not associated with stalled
ribosomes and hence DISCL is not a negative regulator of translation.

In addition to the repression of translation by stalling translating ribosomes, FMRP is known
to impair translation initiation by inhibiting binding of elF4G to elF4E on 40S ribosome
during initiation (42). Since a substantial amount of DISC1 co-sediments with the 40S
ribosome fraction as observed for FMRP (Figure 2A), we next examined whether DISC1
also plays a role in translation initiation. We first isolated 40S ribosome subunit fraction and
examined whether DISCL1 interacts with initiation factors in the 40S ribosome subunit.
DISC1 interacted with the initiation factors elF4G, elF2a and elF1 in the 40S ribosome
subunit fraction (Figure 2B), suggesting that DISC1 plays a critical role in translation
initiation. Furthermore, we examined whether DISC1 and TDP-43 forms a complex in the
40S ribosome subunit fraction and found that TDP-43 also resides within this fraction and
interacts with DISC1 and elF4G, suggesting that TDP-43 may also play a role in translation
initiation together with DISC1 (Supplemental Figure S3C).

To further investigate whether DISC1 is functionally involved in translation initiation, we
next examined how the distribution of mMRNAs was altered by DISC1 knockdown. After
fractionating the lysates of control and DISC1-knockdown mouse neuroblastoma (N2a) cells
by sucrose gradient experiments, we quantified the amounts of B-actin and PSD95 mRNAs,
both of which are known to be localized in dendrites (43,44), in each fraction by RT-gPCR.
Inhibition of translation initiation was expected to shift the position of the target mMRNAs
from monosome and polysome fractions to those of ribosome-free or 40S subunit fractions
whereas inhibition of peptide chain elongation would increase an amount of the target
mRNAs in polysome fractions (45,46). We found that the target mRNA levels were reduced
in monosome and polysome fractions while increased in ribosome-free, 40S and 60S subunit
fractions by depletion of DISC1 (Figure 2C), suggesting that DISC1 plays a functional role
in translation initiation.

To further confirm that DISCL1 is functionally involved in translation initiation, we
performed an /n vitrotranslation assay using N2a cells whose translation activity is
detectable compared to neurons. When an equal amount of /in vitro transcribed reporter
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mRNA bearing a 5”-end cap structure, whose translation requires formation of translation
initiation complex, was added to the lysates of control and DISC1-knockdown cells, more
than 80% of /in vitro translation products were reduced by DISC1 depletion and the
compromised translation was restored by co-expression of the RNAi-resistant form of
DISC1 (Figure 2D). Together, these results directly show that DISC1 indeed plays a role in
translation and promotes the initiation step.

To gain further insights into the possible roles of DISC1 in local translation in dendrites, we
examined whether DISCL1 regulates translation in neurons by Surface Sensing of Translation
(SUNSET). This method monitors global protein synthesis by the incorporation of
puromycin into newly synthesized polypeptides (47). Neuronal stimulation induces local
protein synthesis in dendrites (48,49). Therefore, we knocked down endogenous DISC1 in
cultured cortical neurons by lentiviral infection of DISC1 RNAI (Supplemental Figure S4A)
to examine the effects of DISC1 depletion on protein synthesis induced by neuronal
stimulation. Stimulation with depolarizing KCI (9,50) increased the amounts of DISC1 and
phosphorylated RS6 in ribosome-enriched fractions (Supplemental Figure S4B), suggesting
the involvement of DISC1 in translation activated by neuronal stimulation. We then
evaluated the amount of newly synthesized proteins in the isolated synaptosomal fraction
(Supplemental Figure S4C) with or without neuronal stimulation with KCI. In basal culture
conditions without stimulation (5 mM KCI), the amount of newly synthesized proteins was
similar between control and DISC1-knockdown neurons (Figure 3A). Neuronal stimulation
with 55 mM KCI in control neurons enhanced new protein synthesis, which did not depend
on transcription but translation activity (Supplemental Figure S4D,E), but this increased new
protein synthesis was not observed in DISC1-knockdown neurons (Figure 3A). To avoid any
off-target effects of RNAI (25), we co-expressed an RNAi-resistant form of DISC1 (RNAI
+Resist), which restored the suppressed new protein synthesis by DISC1 depletion (Figure
3A). Furthermore, contrary to the effect of DISC1 depletion in the synaptosomal fraction,
the DISC1 depletion had no significant effect on new protein synthesis in the total fraction
upon neuronal stimulation (Supplemental Figure S5A). These results indicate that DISC1
plays a role in translation in dendrites when translation rates are enhanced by neuronal
stimulation.

To confirm the involvement of DISC1 in local translation in dendrites, we visualized
puromycin-conjugated nascent polypeptides. We found the DISC1 depletion reduced new
protein synthesis in dendrites under stimulation (Figure 3B), consistent with the observation
in Figure 3A. Furthermore, the stimulation with brain derived neurotrophic factor (BDNF)
also enhanced new protein synthesis in control neurons, which was impaired by DISC1
depletion (Supplemental Figure S5B). These results indicate a novel function of DISC1 in
regulating dendrite translation that is dependent on neuronal activity. Total MRNA levels in
the synaptosomal fraction were not altered by the loss of DISC1 (Figure 3C). Thus, it is
unlikely that the impaired global new protein synthesis in stimulated DISC1-knockdown
neurons (Figure 3A,B) was simply due to the reduced mMRNA levels in dendrites. Rather, the
decrease in translation activity by DISC1 depletion (Figure 2D) was associated with reduced
global new protein synthesis in N2a cells (Supplemental Figure S5C). These results suggest
that the decreased translation activity is primarily responsible for the reduced SUnSET
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signals in dendrites of DISC1-depleted neurons (Figure 3A,B). Taken together, DISC1 plays
a major novel role in regulating translational activity in neurons.

Next, since various synaptic genes are translated locally in dendrites (10,11), we examined
whether the decreased translation activity by DISC1 depletion causes a reduction of synaptic
protein levels. The knockdown of DISCL1 significantly decreased protein levels of NR1,
PSD95, GluR2, NR2B, PSD95 and Shanka3 in the synaptosomal fraction (Figure 3D). In
contrast, the protein levels of CaMKIlla whose mRNA is reported to be localized in
dendrites (44) and presynaptic SV2 were not affected by the knockdown of DISC1.
Moreover, we observed that the DISC1 depletion reduced the protein levels of surface-
localized neuronal receptors (Supplemental Figure S6). Together, these results indicate that
DISC1 positively regulates local translation in dendrites through promotion of translation
initiation.

DISC1-TDP43 co-aggregation impairs dendritic local translation

Since endogenous DISC1 is readily sequestered into TDP-220C aggregates (Figure 1E), we
hypothesized that the co-aggregation of DISC1 with TDP-220C might have pathological
effects similar to DISC1 depletion, including impaired dendritic local translation
(Supplemental Figure S7). As expected, the TDP-220C aggregation in neurons
(Supplemental Figure S8A) caused a reduction of protein levels of synaptic genes and
surface-localized neuronal receptors (Figure 4A and Supplemental Figure S8B). Importantly,
the co-expression of DISC1 normalized the reduction of synaptic protein levels and surface-
localized neuronal receptors (Figure 4A and Supplemental Figure S8B). Moreover, the
TDP-220C aggregation in neurons decreased the induction of new protein synthesis in the
synaptosomal fraction by neuronal stimulation, which could be restored by co-expression of
DISC1 (Figure 4B). This rescue effect was not caused by the decrease in TDP-220C protein
level due to the co-expression of DISC1 (Supplemental Figure S8C). Our results revealed
that the loss of functional DISC1 mediates the local translation defects caused by the
TDP-220C aggregation. Taken together, the findings support that co-aggregation of DISC1
with TDP-220C impaired the role of DISC1 in dendritic local translation.

DISC1 co-aggregation with TDP-43 in FTLD patient brain

Next, we explored whether neurons in human FTLD brain, which are known to contain
TDP-43 aggregates, recapitulate the observation in cultured cortical neurons with TDP-220C
aggregates. In control human brain, TDP-43 was localized mainly in nucleoli whereas
DISC1 was localized both in the nucleus and cytosol. By contrast, in FTLD forebrain,
TDP-43 was depleted from nucleoli and TDP-43 aggregates were observed in cytosol, which
is a hallmark of FTLD molecular pathology (5). DISC1 was colocalized with TDP-43
aggregates in FTLD patient brains (Figure 5A and Supplemental Figure S9). Furthermore,
detergent-resistant insolubility of both DISC1 and phosphorylated TDP-43 was detected
while a soluble DISC1 level was reduced in FTLD patient brains (Figure 5B-D), indicating
that functional DISC1 was significantly lost by co-aggregation with TDP-43. Finally, we
examined whether protein levels of synaptic genes in FTLD brains were reduced or not,
likewise in cultured cortical neurons with TDP-220C aggregates. Protein levels of several
synaptic genes showed a significant decrease in FTLD patient brains compared with control
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brains (Figure 5E). Together, these results from human FTLD brain are consistent with the
observations in cultured cortical neurons with TDP-220C aggregates.

Amelioration of behavioral deficits in multiple psychiatric dimensions by DISC1 co-
expression in TDP-220C mice

We examined /n vivo consequences of DISCL/TDP-220C co-aggregation. We stereotaxically
injected adeno-associated virus (AAV) encoding N-terminally Venus-tagged TDP-220C into
the frontal cortex of mice (hereafter termed TDP-220C mice) at 6 weeks old. The AAV
infection induced the formation of highly phosphorylated TDP-220C aggregates in neurons
in frontal cortex (Supplemental Figure SI0A-D). Endogenous DISC1 and full-length
TDP-43 were sequestered into TDP-220C aggregates (Supplemental Figure S10C,D).
Protein levels of postsynaptic genes showed a reduction in TDP-220C mice (Figure 6A),
consistent with the results from cultured neurons (Figure 4A). Importantly, the reduced
protein levels in the synaptosomal fraction of TDP-220C mice were normalized by co-
expression of DISC1 without any effect on the expression level of TDP-220C (Figure 6A
and Supplemental Figure S10E). These results show that a loss of DISC1 function mediates
the reduced abundance of postsynaptic proteins in TDP-220C mice.

Next, we examined a selected behavioral repertoire of TDP-220C mice two weeks after
AAV injection. TDP-220C mice showed significantly increased locomotor activity
(hyperactivity) but not in the time spent in a center region in the open field test (Figure 6B).
Next we investigated social interactions with the three-chamber test. Control mice interacted
more with an unfamiliar stranger mouse than a familiar mouse, but TDP-220C mice did not
show significant differences (Figure 6C, right). The time spent in each area of the two
resident mice was comparable for control and TDP-220C mice, indicating that the social
interaction defect of TDP-220C mice was not caused by their hyperactive phenotypes
(Figure 6C, left). Importantly, the hyperactivity and social deficits were rescued by DISC1
co-expression (Figure 6B,C), indicating that restoration of DISC1 function was critical for
behavior in these dimensions. In contrast, in the Morris water maze test, TDP-220C mice
showed a learning impairment but co-expression of DISC1 did not normalize the learning,
indicating that the defect in the hippocampal-dependent learning task in TDP-220C mice is
independent of DISC1 dysfunction (Supplemental Figure S10F). As an additional control,
the grip strength test confirmed that defects of neuromuscular function which might affect
the behavioral tests had not yet been observed in TDP-220C mice (Figure 6D). Collectively,
the hyperactivity and disturbed sociability in TDP-220C mice are selectively mediated by
the loss of DISCL1 function, providing experimental support for the role of TDP-43-DISC1
interactions in FTLD-related behavioral symptoms in FTLD mice.

DISCUSSION

In this study, we found that TDP-43, a causal factor in FTLD, forms co-aggregates with
DISC1, which lead to impaired activity-dependent dendritic local translation and mental
deficits in FTLD models (Supplemental Figure S7). Importantly, abnormal behaviors in
some dimensions in FTLD mice were normalized by exogenous expression of DISC1 in
frontal cortex, demonstrating that the loss of soluble functional DISC1 due to co-aggregation
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is causally responsible for the behaviors. In this study, we established both cultured cortical
neurons and mice that express TDP-220C as FTLD models, which faithfully recapitulate the
formation of hyper-phosphorylated, ubiquitinated and cytoplasmic aggregates that are the
main hallmarks of pathophysiological FTLD (6). Future studies with a full-length TDP-43
model from the endogenous locus will address the influence of TDP-43-DISC1 co-
aggregation on broader aspects of TDP-43 proteinopathy.

The impaired activity-dependent local translation in dendrites could be caused by defects of
two distinct functions of DISCL, transport of mRNASs, a previously reported function of
DISC1 (27) and translation activity, a novel function reported here. Our SUnSET
experiments using neurons showed a complete deficiency of neuronal stimulation-dependent
translation by DISC1 depletion (Figure 3A,B) whereas DISC1-depleted cells showed an
approximately 80% decrease in cap-dependent translation activity in the /in vitro translation
assay (Figure 2D). These results suggest that the reduced translation activity contributes to
about 80% of the overall decrease in dendritic local translation in DISC1-kncokdown
neurons (Figure 3A,B). Importantly, the /n vitrotranslation assay showed that the loss of
DISC1 significantly impaired translation initiation. Since we found that DISC1 interacts
with elF1, elF2a and elF4G on a 40S ribosome subunit (Figure 2B) but does not have
significant effects on elF4F complex formation (Supplemental Figure S11), DISC1 is likely
to participate in scanning on mRNA to initiate translation. Taken together, although further
studies will decipher how DISC1 mediates local translation of a specific cohort of synaptic
genes, DISC1 plays critical role in translation activity through the initiation step, compared
to the transport of mMRNAs (27), in dendrites of translationally active neurons.

Our results indicate that DISC1 regulates translation of critical synaptic genes, some of
which are associated with psychiatric disorders (Figure 3D). Among these, Shank3 is a
scaffold protein that organizes macromolecular complexes at the postsynapse (51) and a
mutation in SHANK3is strongly linked to psychiatric disorders including schizophrenia and
autism spectrum disorders (52,53). Likewise, TDP-43 aggregation might also disturb
DISC1-FMREP interactions, resulting in the misregulation of various FMRP-target mMRNAs
in FTLD. Recent genome wide association studies of schizophrenia highlighted FMRP-
target genes that play critical roles in postsynaptric functions (54,55).

Several lines of DISC1 mutant mice with diverse behavioral phenotypes have been
previously reported (56). Among these DISC1 mutant mice, dominant negative transgenic
mice (57), point mutant mice (58) and exon2/3-deleted mice (59) showed some phenotypic
overlap with TDP-220C mice, including increased locomotion and social impairment.
Notably, TDP-220C mice are not phenotypically the same as the previously reported DISC1
mutant mice. Such phenotypic differences may be caused by the gain-of-function of DISC1
and other proteins by their co-aggregation with TDP-220C. DISC1 is proposed to regulate
synaptic plasticity and cognitive behavior (27,33,56), but its underlying molecular
mechanisms have not fully elucidated yet. Given that regulation of mMRNA transport and
dendritic local translation are suggested to be critical for synaptic function and plasticity as
well as cognitive function, our findings provide a candidate molecular basis for impaired
synaptic plasticity and behavioral deficits relevant to psychiatric conditions observed upon
functional modulation of DISC1 in neurons and mice (33,56,59,60).
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Given that dendritic local translation is a critical process for higher brain functions (12,61),
our co-aggregation model suggests a resolution to the long-standing puzzle of why mental
disorders are frequently observed in many neurodegenerative disorders. The co-aggregation
model might also help to explain the complex heterogeneous nature in neuropsychiatric
diseases including FTLD (3,4) because co-aggregates could sequester a range of
aggregation-prone proteins that might also include other risk factors for psychiatric diseases
such as DISC1 but likely involving other disease candidate molecules. The species and
amounts of aggregation-prone proteins sequestered into insoluble or soluble aggregates may
differ between patients and these inter-individual differences may partly explain the intrinsic
heterogeneity of phenotypic penetrance of psychiatric symptoms.
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DISC1 binds to and forms co-aggregates with TDP-43 in neurons. (A) TDP-43 interacts
with DISC1 /n vivo. DISC1 (m317C) or TDP-43 was immunoprecipitated from
homogenates of wild-type mouse cerebral cortex, followed by western blotting (2B3 for
DISC1). (B) DISC1 was immunoprecipitated (h598C) from healthy human temporal lobes,
followed by western blotting (HM6-5 for DISC1). (C) The binding of DISC1 to TDP-43 is
more dominant in cerebral cortex and striatum than that in cerebellum. DISC1 was
immunoprecipitated with an anti-DISC1 antibody (m595C) from homogenates of wild-type
mouse cerebral cortex, striatum or cerebellum, followed by western blotting (M49 for
DISC1) (Left). Co-immunoprecipitated TDP-43 was normalized to immunoprecipitated
DISC1 and the binding between DISC1 and TDP-43 is expressed as the relative ratio to
cerebral cortex (Right) (=4, A2,9)=16.87, £=0.0009, one-way ANOVA; **/<0.01,
Bonferroni’s multiple comparison test post hoc). Error bars represent S.E.M. (D) DISC1
binds to TDP-43, FMRP and FUS/TLS in an RNA-dependent manner. Mouse brain (wild-
type) homogenates were treated with or without 200 pg/ml RNase A, followed by
immunoprecipitation with an anti-DISC1 antibody (m317C) and western blotting (2B3 for
DISC1). (E) Cultured cortical neurons were infected with a lentivirus expression vector
encoding Venus-TDP-220C (green) and endogenous DISC1 was immunostained with an
anti-DISC1 antibody (HM6-5) (red). Nuclei were stained with DAPI (blue) and dendrites
were stained with an anti-MAP2 antibody (blue). A representative image is shown for the
whole neuron (Top) and dendrite (Bottom), respectively. 85% of neurons contained
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TDP-220C aggregates both in soma and dendrites, and 91% of TDP-220C aggregates were
DISC1-positive (17=216). Scale bar represents 5 um.
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Figure 2.

DISC1 binds to initiation factors and regulates translation initiation. (A) The polysome
gradient analysis using lysates of cultured cortical neurons that were treated with or without
30 mM EDTA prior to centrifugation. A representative absorption profile of sucrose gradient
at 254 nm is shown (left). The inset shows the overall view of the absorption profile.
Fractions were collected and analyzed by western blotting with indicated antibodies (M49
for DISC1) (right). DISC1 showed the co-migration with polysomes both before and after
the EDTA treatment. “inp” denotes input. (B) DISC1 binds to elF4G, elF2a and elF1 in the
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40S ribosome fraction. DISC1 was immunoprecipitated (m595C) from 40S ribosome
fractions purified from wild-type mouse cerebral cortex, followed by western blotting. The
right top panel shows the absorption profile of sucrose gradient at 254 nm and the collected
fractions were analyzed by western blotting with an anti-RS6 antibody. (C) Ribosome-free
(Free), 40S, 60S, 80S monosome and polysome fractions were obtained from N2a cell
lysates by sucrose gradient centrifugation. mRNA levels of B-actin and PSD95 in each
fraction were analyzed by RT-gPCR. The percentages of mRNA distribution in Free + 40S
+ 80S and monosome + polysome fractions are shown. (7=3, p-actin: A3,8)=19.85,
P=0.0005; PSD95: A3,8)=18.68, £=0.0006, one-way ANOVA, *£<0.05, ***P,<0.001
Bonferroni’s multiple comparison test post hoc). (D) /n vitro translation using N2a cell
lysates. /n vitro transcribed mRNA encoding Gaussian luciferase (Gluc) driven by the
m7GpppG cap structure was added to cell lysates and incubated for 5 hours followed by
measurement of luciferase activity. The luciferase activity of /n vitro translated Gluc is
expressed as the relative ratio to control cells (=4, A2,9)=36.46, P<0.0001, one-way
ANOVA,; *F<0.05, ***£<0.001, Bonferroni’s multiple comparison test post hoc).
Throughout the figures, error bars represent S.E.M.
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Figure 3.

Local translation in dendrites is regulated by DISCL1 in neurons. (A) The isolated
synaptosomal fraction was subjected to western blotting with an anti-puromycin antibody
for detection of puromycin-incorporated newly synthesized proteins. The signal intensities
of puromycin-labeled polypeptides were normalized to those of GAPDH and then expressed
as the relative ratio of control neurons (right) (=4, A5,18)=28.06, £<0.0001, one-way
ANOVA; ***P<0.001, Bonferroni’s multiple comparison test post hoc). (B) Neurons were
immunostained with anti-puromycin (gray) and anti-MAP2 (red) antibodies. The fluorescent
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intensities in MAP2-labeled dendrites were measured and normalized by those in 5 mM KCI
treated-control neurons (right). (7=19,18,25,21 for Scramble RNAI + 5 mM KCI, DISC1
RNAI + 5 mM KCI, Scamble RNAI + 55 mM KCI and DISC1 RNAI + 55 mM KClI
respectively. A3,79)=74.17, P<0.0001, one-way ANOVA; ***p<0.001, Bonferroni’s
multiple comparison test post hoc). Scale bar represents 25 pM. (C) Total mRNA levels in
the synaptosomal fraction were not affected by DISC1 knockdown. A synaptosomal fraction
was isolated from neurons in which indicated lentivirus was infected. Total mMRNA levels in
the synaptosomal fraction were measured by a fluorometer and normalized to total RNA
levels. The levels of total MRNA relative to those in control neurons are shown (/7=3,
H2,6)=0.5678, P=0.5945, one-way ANOVA,; Bonferroni’s multiple comparison test post
hoc). (D) The protein levels in the synaptosomal fraction were examined by the knockdown
of DISCL1. The levels of synaptic proteins relative to those in control (Scramble RNAI)
neurons are shown (right) (=4 for CaMKIlla,, 7=3 for Shank3 and n=6 for rest of genes,
NR1: A2,15)=176.7, P<0.0001, PSD95: A2,15)=5.386 ~P=0.0173, GIuR2: A2,15)=30.71
F£<0.0001, Shank3: F(2,6)=11.22 P£=0.0094, mGIuR1/5: A2,15)=7.155, £=0.0066, one-way
ANOVA,; *F<0.05, ***<0.001, Bonferroni’s multiple comparison test post hoc).
Throughout the figures, error bars represent S.E.M.
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Figure 4.

Co-aggregation of TDP43 and DISC1 impairs DISC1-mediated local translation. (A)
Indicated synaptic proteins in the synaptosomal fraction of cultured cortical neurons infected
with indicated lentivirus were detected by western blotting (top). The levels of synaptic
proteins relative to those in control neurons are shown (bottom), (/=3 for NR2B /=4 for rest
of genes, NR1: A2,9)=15.60, £=0.0012; PSD95: A?2,9)=41.39, £<0.0001; GIuR2:
R?2,9)=16.17, P=0.0010; NR2B: A2,9)=10.50, £=0.0110, one-way ANOVA, */<0.05,
**p<0.01, ***<0.001, Bonferroni’s multiple comparison test post hoc). (B) Co-expression
of DISC1 restored the decrease in neural stimulation-dependent protein synthesis by
TDP-220C aggregation. Cultured cortical neurons were stimulated with 55 mM KCl,
followed by the treatment with 10 pg/ml puromycin. The puromycin-labeled proteins in the
isolated synaptosomal fraction were detected by western blotting with an anti-puromycin
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antibody. The signal intensities of puromycin-incorporated polypeptides were normalized to
those of GAPDH and then expressed as the relative ratio of control neurons (right) (7=4,
A5,18)=18.99, ~<0.0001, one-way ANOVA,; *£<0.05, **P<0.01, Bonferroni’s multiple
comparison test post hoc). Throughout the figures, error bars represent S.E.M.
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Figure 5.
TDP-43 aggregates sequestered endogenous DISC1 in FTLD patient brain. (A) DISC1 and

TDP-43 are mislocalized and co-aggregated in the cytosol in FTLD patient brains. DISC1
and TDP-43 were immunostained using anti-DISC1 antibody (h598C) and anti-TDP43
antibodies, respectively, in control (Control, top panels) and FTLD patient brains (FTLD,
bottom panels). Brain samples from three different FTLD patients were stained. In neurons
containing TDP-43 aggregates, 89% of TDP-43 aggregates were DISC1-positive (17=27).
Other images immunostained with another anti-DISC1 antibody (HM6-5) are shown in
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Supplemental Figure S8D. Scale bar represents 5 um. (B-D) Insoluble DISC1 levels were
increased while soluble DISC1 levels were decreased in FTLD patient brains. (B) 125 ug of
the homogenates of temporal lobes from control (#=5) and FTLD (/=5) subjects were
incubated with 2% sarkosyl and amounts of insoluble proteins were analyzed by the filter-
trap assay, followed by immunoblotting with indicated antibodies (h598C for DISC1). The
levels of each genes relative to those in control are also shown (below) (TDP43: £=7.833,
***0,0001; pSerd09/410: £12.928, ***£<0.0001; DISC1: £4.051, **P=0.0037,
unpaired two-tailed £tes). (C) The homogenates of temporal lobe from control (/7=6) and
FTLD (7=5) subjects were incubated with 2% sarkosyl and then centrifuged at 100,000xg.
The resulting sarkosyl-insoluble pellets and the input were analyzed by western blotting
with indicated antibodies (h598C for DISC1). Arrowheads indicate the band position of each
monomeric protein. The levels of each genes relative to those in control are shown (right)
(TDP43: £3.246, **P=0.0098; pSer409/410: £3.415, **P=0.0077; DISC1: £3.253,
**pP=0.0099, unpaired two-tailed #test). (D) The homogenates of temporal lobe from control
(m=6) and FTLD (/=5) subjects were incubated with 2% sarkosy! and then centrifuged at
100,000%g. The resulting sarkosyl-soluble supernatans and the input were analyzed by
western blotting with an anti DISC1 antibody (h598). The signal intensities of DISC1 in
supernatants were once normalized to those in the input and then expressed as the relative
ratio of control brains (right). (£5.798, ***P=0.0003, unpaired two-tailed #test). (E)
Homogenates of temporal lobes from control (7=5) and FTLD patient brains (/7=5) were
subjected to western blotting with indicated antibodies (left). GAPDH was used as a loading
control. The signal intensities of each gene relative to those in control brains are shown
(right) (NR2B: £=2.689, *P=0.0275; PSD95: £=2.404, *P=0.0429; mGIulR1: £=2.369,
*P=0.0453; GIuR2: =2.964, *P=0.0181, unpaired two-tailed #test). Throughout the figures,
error bars represent S.E.M.
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Figure 6.
Psychiatric symptoms in TDP-220C mice are rescued by exogenous DISC1 expression. (A

to D) AAV encoding indicated genes was stereotaxically injected into mouse prefrontal
cortex. (A) Indicated synaptic proteins in the synaptosomal fraction were detected by
western blotting (left). The levels of synaptic proteins relative to those in control neurons are
shown (right) (7=4, NR2B: A3,12)=5.231, P=0.0154; GIuR2: A3,12)=25.59, P<0.0001;
PSD95: A3,12)=4.819, P=0.0199; SV2: A3,12)=0.9337, P=0.4545, one-way ANOVA,
*£<0.05, **F<0.01, ***P<0.001, Bonferroni’s multiple comparison test post hoc). (B) In the
open field test, TDP-220C mice showed hyperactivity, which was restored by the co-
expression of DISC1 (left). The time spent in a center region was not altered between all
mice groups (right). /=17, 17, 17, 18 for EGFP (white), TDP-220C+EGFP (black),
TDP-220C+DISC1 (dark gray), DISC1+EGFP (light gray) mice, respectively
(A3,65)=6.371, P=0.0007, one-way ANOVA, *P<0.05, **F<0.01, ***/,<0.001,
Bonferroni’s multiple comparison test post hoc). (C) In the social interaction test,
TDP-220C mice were less interested in novel stranger mice, which was rescued by the co-
expression of DISC1. During the first encounter, all mice group spent more time in the area
with first stranger mice (S1) compared to empty cage (E). During the second encounter,
EGFP control mice spent more time with novel, unfamiliar mice (S2) than with familiar
mice (F) whereas TDP-220C mice spend equal time with unfamiliar and familiar mice. This
behavior was normalized by co-expression of DISCL. =23, 23, 21, 24 for EGFP (white),
TDP-220C+EGFP (black), TDP 220C+DISC1 (dark gray), DISC1+EGFP (light gray) mice,
respectively (EGFP: A5,132)=9.048, A<0.0001; TDP-220C+EGFP: A?5,132)=4.875,
P=0.0004; TDP 220C+DISC1: A5,120)=3.666, P=0.004; DISC1+EGFP: A5,138)=19.95,
F£<0.0001, one-way ANOVA, *£<0.05, **F<0.01, ***F<0.001, Bonferroni’s multiple
comparison test post hoc). (D) Measurement of forearm grip strength. Grip strength was
comparable between all mice groups. =, 12, 11, 12, 12 for EGFP (white), TDP-220C
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+EGFP (black), TDP 220C+DISC1 (dark gray), DISC1+EGFP (light gray) mice,
respectively. No statistical differences were detected (A3,39)=2.796, P=0.0528, one-way
ANOVA). Throughout the figures, error bars represent S.E.M.
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