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Since the middle of the past century, we have serendipitously come across treatment 

regimens that can partially ameliorate psychosis and depression. Nonetheless, the 

mechanisms underlying such severe mental conditions still remain elusive. Such lack of 

mechanistic insight into major mental illnesses has hampered the establishment of precise 

diagnostic framework, precluding further discovery of fundamental treatments for these 

disorders. Meanwhile, understanding of the brain at the molecular level has dramatically 

expanded, in particular by the identification of neurotransmitters and their receptors in the 

second half of the 20th century.

If we retrospectively view the scientific situation when the current century started, we can 

recall how scientists felt serious dilemma in the lack of understanding of several mental 

conditions at the molecular level, although the basic molecular neuroscience had advanced. 

In the year 2000, a group reported a molecule with the fascinating name, Disrupted–in-

Schizophrenia 1 (DISC1), based on the unique finding of a familial aggregation of major 

mental illnesses.1 It was very reasonable that people suddenly jumped onto this fascinating 

molecular lead, given that there had been a long-term gap in understanding molecular 

neuroscience and psychiatry.

DISC1 since 2000: two challenges

The findings were based on only a single Scottish family, and the segregation with 

schizophrenia and other psychiatric disorders due to the same chromosomal abnormality was 

unclear. Nonetheless, many groups suddenly began to explore the function of DISC1 to look 

for a clue for any severe mental condition. After the first paper providing a clear hint of 

DISC1’s role in neurodevelopment,2 many groups have demonstrated the crucial 

involvement of DISC1 in multiple processes of early brain development. The link between a 
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molecule underlying psychiatric manifestation and neural development and signaling was 

featured among the top breakthrough discoveries in 2005.3, 45

Since then, multiple papers were featured in prominent scientific journals for a while.6 

However, when we retrospectively review the history of DISC1 research, we need to point 

out that the biological studies have moved forward by holding uncertainty in two scientific 

questions: first, it is unclear whether genetic variation of DISC1 is involved in sporadic cases 

of schizophrenia; second, although DISC1 is a multifunctional intracellular hub protein, we 

still do not know which specific function of DISC1 underlies each endophenotype or 

phenotype in mental conditions.

To address the first question on genetic validity, Sullivan7 pointed out that DISC1 is unlikely 

to be an important “genetic” factor for schizophrenia defined by the Diagnostic and 

Statistical Manual of Mental Disorders (DSM). This discussion is fairly valid, and we agree 

with this statement and conclude as “No-More Disrupted-in-Schizophrenia.” Regarding the 

second question, Tsuboi et al.8 have recently encouraged the field to reinforce the evidence 

that supports the role for DISC1 in early development.

Critical roles of DISC1 in early brain development: further validation now 

available

In response to the encouragement, a recent collaborative effort by multiple laboratories 

aimed to ascertain the validity of the role of DISC1 in early development of the cerebral 

cortex. In contrast to the Tsuboi group8 that used a mouse model with deletion of exons 2 

and 3 of the Disc1 gene, the new study utilized a model in which a much larger deletion of 

the Disc1 gene was accomplished through encompassing the region before exon 1 to exon 3 

including a large intron 2 and introducing a spontaneous 25 base pair deletion in exon 6 

[Disc1 locus impairment model (Disc1 LI model)].9, 10 DISC1 is known to have many 

isoforms,11 and it is crucial to deplete the genetic locus as long as possible to provide 

rigorous evidence of the maximal perturbation of the Disc1 gene. In the Disc1 LI model, the 

collaborative group now shows clear evidence of defects in progenitor cell proliferation and 

neuronal migration (Supplementary Figures 1 and 2).

Furthermore, the present study precludes potential off-target effects elicited by an RNAi 

construct12, 13 that was used to show the involvement of DISC1 in progenitor cell 

proliferation and neuronal migration: The DISC1 RNAi construct does not affect the 

migration of Disc1 LI mice in which the target sequences of RNAi were genetically depleted 

(Supplementary Figure 3).

Thus far, perturbation of DISC1 in early development has been linked to behavioral and 

cognitive changes in adulthood.6 Thus, further validation of DISC1's role for early brain 

development in the present study reinforces the concept that functions of DISC1 in early 

brain development are very important to account for mental manifestations.
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The bright promise of DISC1 protein as a molecular driver for the biology of 

mental illnesses

In the history of molecular psychiatry, DISC1 emerged as one of the most popular leads to 

explore molecular pathways underlying the pathophysiology of major mental conditions.6 

Although its significance in the unique Scottish pedigree is still undoubted, great advances 

in genome-wide association studies on schizophrenia and other major mental illnesses have 

dramatically changed the landscape in psychiatric genetics,14 and have concluded that 

DISC1 is not valid as a common risk gene for the DSM-diagnosed schizophrenia. However, 

despite the fact that multiple genetic loci have been reported by many genome-wide 

association studies, concrete molecular entry points for investigating biological mechanisms 

of mental illnesses remain obscure.

There are molecules that play critical roles in a wide range of brain pathological conditions 

beyond specific diagnostic classification in categorical approaches, such as the DSM. For 

example, the microtubule-associated protein Tau is the most crucial biological lead to study 

the pathology of Alzheimer's disease, and is also involved in other neurodegenerative 

conditions. Nonetheless, extensive human genetic studies have not provided any strong 

evidence that the Tau gene provides a common genetic risk for sporadic cases of Alzheimer's 

disease. This is pretty analogous to DISC1 in mental illness (weak “genetic” validity in 

sporadic cases of a specific disorder, but strong as a tool to study “biology” underlying a 

range of brain conditions). Interestingly, like the Tau protein,15 phosphorylation of the 

DISC1 protein has a crucial role in brain function.12 In summary, as of 2016, we can build 

further research on the bright promise of DISC1 “protein” as a molecular driver for the 

biology of mental illness (Figure 1).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

We thank Dr. Nao J. Gamo and Ms. Nada Rendradjaja for critical reading of the manuscript. This work was 
supported by NIH [MH-094268 Silvio O. Conte center (AS and AK), MH-084018 (AS), MH-069853 (AS), 
MH-085226 (AS), MH-088753 (AS), MH-092443 (AS), MH-105660 (AS), DA-040127 (AS and MN), MH-091230 
(AK), and AT008547 (AK)], NARSAD (AS, AK, and MN), Stanley (AS), RUSK/S-R foundations (AS), JST 
PRESTO (MN), KAKENHI [16H06482 (KN), 15H02355 (KN), 15H01293 (KK), and 26430075 (KK)], Takeda 
Science Foundation (KN), and Naito Foundation (KN).

References

1. Millar JK, Wilson-Annan JC, Anderson S, Christie S, Taylor MS, Semple CA, et al. Disruption of 
two novel genes by a translocation co-segregating with schizophrenia. Hum Mol Genet. 2000; 
9:1415–1423. [PubMed: 10814723] 

2. Ozeki Y, Tomoda T, Kleiderlein J, Kamiya A, Bord L, Fujii K, et al. Disrupted-in-Schizophrenia-1 
(DISC-1): mutant truncation prevents binding to NudE-like (NUDEL) and inhibits neurite 
outgrowth. Proc Natl Acad Sci U S A. 2003; 100:289–294. [PubMed: 12506198] 

3. Millar JK, Pickard BS, Mackie S, James R, Christie S, Buchanan SR, et al. DISC1 and PDE4B are 
interacting genetic factors in schizophrenia that regulate cAMP signaling. Science. 2005; 310:1187–
1191. [PubMed: 16293762] 

Niwa et al. Page 3

Mol Psychiatry. Author manuscript; available in PMC 2017 June 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



4. Kamiya A, Kubo K, Tomoda T, Takaki M, Youn R, Ozeki Y, et al. A schizophrenia-associated 
mutation of DISC1 perturbs cerebral cortex development. Nat Cell Biol. 2005; 7:1167–1178. 
[PubMed: 16299498] 

5. Breakthrough of the year: the runners-up. Science. 2005; 310:1880–1885.

6. Brandon NJ, Sawa A. Linking neurodevelopmental and synaptic theories of mental illness through 
DISC1. Nat Rev Neurosci. 2011; 12:707–722. [PubMed: 22095064] 

7. Sullivan PF. Questions about DISC1 as a genetic risk factor for schizophrenia. Mol Psychiatry. 
2013; 18:1050–1052. [PubMed: 24056909] 

8. Tsuboi D, Kuroda K, Tanaka M, Namba T, Iizuka Y, Taya S, et al. Disrupted-in-schizophrenia 1 
regulates transport of ITPR1 mRNA for synaptic plasticity. Nat Neurosci. 2015; 18:698–707. 
[PubMed: 25821909] 

9. Shahani N, Seshadri S, Jaaro-Peled H, Ishizuka K, Hirota-Tsuyada Y, Wang Q, et al. DISC1 
regulates trafficking and processing of APP and Abeta generation. Mol Psychiatry. 2015; 20:874–
879. [PubMed: 25224257] 

10. Seshadri S, Faust T, Ishizuka K, Delevich K, Chung Y, Kim SH, et al. Interneuronal DISC1 
regulates NRG1-ErbB4 signalling and excitatory-inhibitory synapse formation in the mature 
cortex. Nat Commun. 2015; 6:10118. [PubMed: 26656849] 

11. Nakata K, Lipska BK, Hyde TM, Ye T, Newburn EN, Morita Y, et al. DISC1 splice variants are 
upregulated in schizophrenia and associated with risk polymorphisms. Proc Natl Acad Sci U S A. 
2009; 106:15873–15878. [PubMed: 19805229] 

12. Ishizuka K, Kamiya A, Oh EC, Kanki H, Seshadri S, Robinson JF, et al. DISC1-dependent switch 
from progenitor proliferation to migration in the developing cortex. Nature. 2011; 473:92–96. 
[PubMed: 21471969] 

13. Kubo K, Tomita K, Uto A, Kuroda K, Seshadri S, Cohen J, et al. Migration defects by DISC1 
knockdown in C57BL/6, 129X1/SvJ, and ICR strains via in utero gene transfer and virus-mediated 
RNAi. Biochem Biophys Res Commun. 2010; 400:631–637. [PubMed: 20807500] 

14. Biological insights from 108 schizophrenia-associated genetic loci. Nature. 2014; 511:421–427. 
[PubMed: 25056061] 

15. Selkoe DJ, Hardy J. The amyloid hypothesis of Alzheimer's disease at 25 years. EMBO Mol Med. 
2016; 8:595–608. [PubMed: 27025652] 

Niwa et al. Page 4

Mol Psychiatry. Author manuscript; available in PMC 2017 June 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
DISC1 is an intracellular hub for protein/RNA networks that regulates progenitor 

proliferation, neuronal migration, dendritic spine formation, synaptic regulation, and 

neuronal signaling. Many lines of evidence have indicated that deficits of these neuronal 

processes, in particular those in early development, underlie circuitry and behavioral 

(endo)phenotypes relevant to a wide range of mental illness.
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