
E134 J Psychiatry Neurosci 2022;47(2)

© 2022 CMA Impact Inc. or its licensors

Research Paper

The D2R-DISC1 protein complex and associated 
proteins are altered in schizophrenia and normalized 

with antipsychotic treatment

Jijun Wang, PhD*; Ping Su, PhD*; Jian Yang, PhD; Lihua Xu, PhD; Aihua Yuan, PhD; 
Chunbo Li, PhD; Tianhong Zhang, PhD; Fang Dong, MSc; Jingjing Zhou, PhD;  

James Samsom, BSc; Albert H.C. Wong, MD, PhD; Fang Liu, MD, PhD

Introduction

Schizophrenia is a chronic mental illness characterized by epi
sodes of psychotic symptoms, with persistent cognitive and 
social impairments that emerge in early adulthood.  Dopamine 
D2 receptors (D2Rs) are the main target of antipsychotic medi
cations,1,2 but some antipsychotics also block serotonin 2A re
ceptors.3 Unfortunately, current antipsychotics are ineffective 
in many patients, and even with good symptom control, func
tional outcomes remain poor.4,5 Current antipsychotic drugs 
also cause serious adverse effects, including extrapyramidal 
symptoms, tardive dyskinesia, sexual dysfunction, weight 
gain and diabetes.6 A better understanding of the mechanisms 

of antipsychotic action is critical for developing more effective 
antipsychotics that have fewer adverse effects.

D2Rs are Gproteincoupled receptors that also activate 
nonGprotein pathways7 such as βarrestin 2, phosphatase 
2A, Akt and glycogen synthase kinase 3 (GSK3).8 D2Rs are 
regulated by kinasemediated desensitization, endocytosis and 
endosomal trafficking that is initiated by Gproteincoupled re
ceptor kinase phosphorylation. In turn, this leads to the for
mation of a complex with βarrestin, adaptor protein 2 and 
clathrin.9 D2R function is also regulated by various interact
ing proteins that modulate its signalling, trafficking and 
stabil ity.10,11 These D2Rassociated protein complexes are po
tential targets for new antipsychotic treatments.
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Background: For decades, the dopamine D2 receptor (D2R) has been known as the main target of antipsychotic medications, but the 
mechanism for antipsychotic effects beyond this pharmacological target remains unclear. Disrupted-in-schizophrenia 1 (DISC1) is a 
gene implicated in the etiology of schizophrenia, and we have found elevated levels of the D2R-DISC1 complex in the postmortem brain 
tissue of patients with schizophrenia. Methods: We used coimmunoprecipitation to measure D2R-DISC1 complex levels in peripheral 
blood samples from patients with schizophrenia and unaffected controls in 3 cohorts (including males and females) from different hospi-
tals. We also used label-free mass spectrometry to conduct proteomic analysis of these samples. Results: Levels of the D2R-DISC1 
complex were elevated in the peripheral blood samples of patients with schizophrenia from 3 independent cohorts, and were normalized 
with antipsychotic treatment. Proteomic analysis of the blood samples from patients with high D2R-DISC1 complex levels that were nor-
malized with antipsychotic treatment revealed a number of altered proteins and pathways associated with D2R, DISC1 and the D2R-
DISC1 complex. We identified additional proteins and pathways that were associated with antipsychotic treatment in schizophrenia, and 
that may also be novel targets for schizophrenia treatment. Limitations: Sample sizes were relatively small, but were sufficient to detect 
associations between D2R-DISC1 levels, schizophrenia and treatment response. The relevance of leukocyte changes to the symptoms 
of schizophrenia is unknown. The coimmunoprecipitation lanes included several nonspecific bands. Conclusion: Levels of the D2R-
DISC1 complex were elevated in patients with schizophrenia and reduced with antipsychotic treatment. This finding reinforces the in-
dependent role of each protein in schizophrenia. Our results enhanced our understanding of the molecular pathways involved in schizo-
phrenia and in antipsychotic medications, and identified novel potential molecular targets for treating schizophrenia.
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Disrupted in Schizophrenia 1 (DISC1) is a susceptibility 
gene for schizophrenia and other psychiatric disorders;12–19 it 
acts as a scaffold protein, interacting with many important 
signalling molecules, including GSK3.20–26 As a result, the role 
of DISC1 in mental illness involves a complex network of 
inter acting proteins and pathways that have various func
tions depending on developmental stage, signalling pathway 
and brain region.27–30 The Disc1L100P (334T/C) mutant 
mouse has characteristics consistent with schizophrenia: en
larged lateral ventricles, abnormal cortical lamination, abnor
mal prepulse inhibition, disrupted latent inhibition and de
creased social interaction.31,32 These behavioural alterations 
are amel iorated by antipsychotic medications.

We reported previously that D2Rs form a protein complex 
with DISC1 that facilitates D2Rmediated GSK3 signalling.33 
Levels of the D2RDISC1 complex are increased in conjunction 
with decreased GSK3α/β (Ser21/9) phosphorylation in post
mortem brain tissue from patients with schizophrenia. Levels 
of the D2RDISC1 complex are also higher in Disc1L100P mice 
than in wildtype control mice, and those increased levels are 
normalized with haloperidol, a classical antipsychotic drug. 
Agonist activation of D2R with quinpirole also increased D2R
DISC1 complex levels in vitro. Disrupting the D2RDISC1 
complex with an interfering peptide successfully reversed 
schizophreniarelevant behaviours in Disc1L100P mice.

The in vivo effect of antipsychotic medication on the D2R
DISC1 complex remains unclear, because our previous work 
analyzed postmortem brain tissue from patients with schizo
phrenia who had all received antipsychotic medication.34 It is 
also unclear whether the D2RDISC1 complex is detectable in 
peripheral blood, and whether blood would also show in
creased D2RDISC1 levels in patients with schizophrenia. 
Both D2R and DISC1 proteins are expressed in human 
 peripheral blood leukocytes,35,36 so it is probable that the D2
DISC1 complex is also present in these cells.

Analysis of postmortem human tissue is also affected by 
many confounds, such as the agonal state, prescribed medi
cations, substance use and delay in tissue collection, which 
causes variable degrees of degradation that can affect mo
lecular analyses.34,37 There is also a variable interval between 
the last available clinical assessment and the time of death, 
and the generic problem of retrospective diagnostic deter
min ations that hamper the accuracy of associations between 
molecular analyses, histological analyses and psychological 
variables.38 A crucial question is whether antipsychotic medi
cation normalizes alterations in the brains of patients with 
schizophrenia. Answering this question experimentally is 
difficult, because it would require brain tissue from patients 
with schizophrenia who have not been treated with anti
psychotic medication. Untreated patients typically do not re
ceive psychiatric care, and thus it is rare to have a clear diag
nosis of schizophrenia in postmortem analyses.

Several experimental designs can partially compensate for 
this lack of brain tissue from antipsychoticnaive patients with 
schizophrenia. The first is the dose–response strategy, com
paring patients with more or less cumulative exposure to anti
psychotic medication.39 An example of this approach revealed 
that patients treated with higher amounts of antipsychotic 

medication had less abnormal protein expression, suggesting 
that antipsychotics normalized protein levels. The second strat
egy is to identify protein alterations in postmortem human 
brain tissue from (treated) patients with schizophrenia, and 
then to treat animals with antipsychotic medications to deter
mine whether the identified proteins are normalized. Examples 
of this approach have identified reduced expression of the oxy
tocin receptor gene in schizophrenia that was not increased by 
antipsychotic medication in animal models,40 and altered gluta
mate transporter levels in schizophrenia that were partially 
changed with clozapine treatment in rats.41 The third strategy is 
what we have chosen in this paper: to examine peripheral tis
sues in patients with schizophrenia before and after treatment 
with antipsychotic medication. Other groups have also taken 
this approach.42 Each of the above strategies has shortcomings, 
but these are unavoidable because it is so difficult to obtain suf
ficient brain tissue samples from patients with schizophrenia 
who have not received antipsychotic medication.

The current study had 2 objectives, one very specific and 
the other quite broad. The first was to extend our previous 
data from postmortem brain tissue by analyzing peripheral 
blood samples from living participants with schizophrenia. 
This would allow us to determine whether elevated levels of 
the D2RDISC1 complex in the brain are also reflected in the 
blood. More interesting was the question of whether anti
psychotic treatment normalized (lowered) levels of the D2R
DISC1 protein complex in patients with schizophrenia. The 
second, more general, objective was to conduct a proteomic 
screen of peripheral leukocytes in participants with high lev
els of D2RDISC complex that were normalized with anti
psychotic treatment. In this screen, we sought to identify ad
ditional proteins and signalling pathways related to D2R and 
DISC1 that are involved in antipsychotic treatment response.

The aim of these experiments was to link the main treat
ment target for schizophrenia (D2R) with a gene and protein 
(DISC1) that, when mutated, is known to cause schizophre
nia.43 The dopamine hypothesis for schizophrenia has a com
pelling symmetry: excess dopamine signalling causes 
 psychosis, which in turn can be treated with D2R antagon
ists.44 Although evidence of abnormal or excessive dopamine 
neurotransmission in schizophrenia certainly exists,45,46 it is 
also clear that schizophrenia does not primarily arise from 
genetic mutations in dopaminesystem genes.47 Our goal was 
to investigate whether a direct protein–protein interaction 
 between D2R and DISC1 is increased in schizophrenia and 
decreased by antipsychotic medications, as well as to provide 
a direct molecular connection between a cause of psychosis 
and the target of antipsychotic medications.

Methods

Participant recruitment and clinical assessment

All participants provided written informed consent, and their 
capacity to provide consent was assessed by a trained research 
assistant. We obtained informed consent after we had ex
plained the nature and possible consequences of the studies. 
All control participants were recruited through advertisements.
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Shanghai Mental Health Centre
The study protocol was approved by the institutional review 
board at Shanghai Mental Health Centre (SMHC 2013–10). 

Patients with schizophrenia were recruited via advertise
ments from the outpatient department of Shanghai Mental 
Health Centre. Inclusion criteria were as follows: ages 16 to 
45 years; a diagnosis of schizophrenia or schizophreniform 
disorder based on the Structured Clinical Interview for 
DSM IVTR; medicationnaive at baseline; and no diagnosis 
of substance abuse, mood disorder, head injury or seizure. 
Healthy controls were medicationfree, and we excluded 
those with Axis I disorders using the Structured Clinical 
Inter view for DSM IVTR.

Schizophrenia symptoms were quantified at baseline and 
after 2 months of treatment with the Chinese version of the 
Positive and Negative Syndrome Scale (PANSS; first 
 cohort),48 or the Brief Psychiatric Rating Scale (second 
 cohort).49 Patients were treated with secondgeneration anti
psychotics (Appendix 1, Tables S1 and S2, available at 
www.jpn.ca/lookup/doi/10.1503/jpn.210145/tabrelated 
content).

Beijing AnDing Hospital
The study protocol was approved by the ethics review com
mittee of the Beijing AnDing Hospital (protocol 2014–68–
201886XG5). 

Patients with schizophrenia were recruited via referral 
from health care professionals. Inclusion criteria were as fol
lows: aged 18 to 65 years; a diagnosis of schizophrenia con
firmed by the MiniInternational Neuropsychiatric Inter
view;50 and no diagnoses of substance abuse, mood disorder, 
head injury, seizure or adverse drug reactions. Patients with 
schizophrenia were not medicationnaive at baseline. Control 
participants met the same criteria but were free of any 
psychi atric diagnosis (DSMIV). 

Schizophrenia symptoms were quantified at the time of 
admission using the PANSS.48

Isolation of leukocytes from peripheral blood samples

Peripheral blood samples were collected in EDTA whole 
blood tubes (BD Biosciences), and leukocytes were isolated 
using FicollPaque PLUS (GE Healthcare) according to the 
manufacturer’s instructions. More details can be found in 
Appendix 1.

Coimmunoprecipitation and Western blot

Fasting blood cell samples were collected in EDTA 
whole blood tubes, and were centrifuged and divided 
into aliquots for storage at −80°C. Coimmunoprecipita
tion and Western blot analyses were performed as previ
ously described.51,52 

Shanghai samples underwent total protein extraction 
with the Hemoglobin Depletion and Protein Enrichment kit 
(Biotech Support Group). Beijing samples underwent total 
protein extraction with lysis buffer. More details can be 
found in Appendix 1.

Mass spectrometry analysis

Total protein (120 µg) extracted from samples in the first 
Shanghai cohort underwent mass spectrometry analysis at 
the National Centre for Protein Science Shanghai and Beijing 
Qinglian Biotech Co., Ltd. After protein precipitation and di
gestion, samples were analyzed by liquid chromatography 
tandem mass spectrometry. After we obtained the raw data, 
we conducted protein identification and quantification, fol
lowed by functional analysis. See Appendix 1 for detailed ex
perimental procedures, mass spectra analysis, quality control 
and assessment, and proteomic data processing.

Statistical analysis

We analyzed coimmunoprecipitation and Western blot data 
using 1way analysis of variance (ANOVA), followed by a 
Tukey post hoc test in Prism 6 (GraphPad). We also per
formed linear regression and correlation analysis of coim
munoprecipitation data with clinical assessment scores using 
Prism 6. Outliers were excluded using a Grubbs test if the 
data were normally distributed.

Results

D2R-DISC1 complex levels in patients with schizophrenia

Shanghai Mental Health Centre
We confirmed that both D2R and DISC1 protein were ex
pressed in peripheral blood leukocytes from control partici
pants (Appendix 1, Figure S1A). 

We used coimmunoprecipitation to measure D2RDISC1 
complex levels, with a fixed amount of D2R antibodies incu
bated with equal amounts of protein extracted from each 
blood sample. The DISC1 protein was coimmunoprecipi
tated together with D2R by D2R antibodies. We then used 
DISC1 antibodies to visualize the coimmunoprecipitated 
protein on Western blots, permitting quantification of the 
D2RDISC1 complex with densitometric analysis of individ
ual bands on each blot. We found higher levels of the D2R
DISC1 complex in peripheral blood samples from patients 
with schizophrenia (n = 34 for each group; F2,99 = 2.447, p < 
0.05; Figure 1A to C).

Antipsychotic treatment for 12 weeks significantly lowered 
D2RDISC1 complex levels (n = 34; F2,99 = 2.447, p < 0.001; 
 Figure 1A to C). These results were consistent with our previ
ous findings in cellular and animal model systems.33 D2R
DISC1 complex levels were correlated with PANSS total 
scores (Pearson r = 0.23, R2 = 0.052, p = 0.031; Figure 1D). 
Anti psychotic treatment was effective in reducing schizo
phrenia symptoms (n = 34; Figure 1E). Details of anti
psychotic treatments are provided in Appendix 1, Table S1. 
Demographic information for patients and controls (first co
hort) is shown in Appendix 1, Table S2.

To strengthen our results by replication, we repeated the 
same experiments in a second cohort of Shanghai patients 
treated for 8 weeks, and found similar results (n = 20 con
trols, n = 28 patients; F2,73 = 1.435, p < 0.05; Figure 2A to C). 
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Figure 1: Antipsychotic medications normalized elevated D2R-DISC1 complex levels in peripheral blood samples from patients with schizophrenia 
(Shanghai first cohort). (A) Coimmunoprecipitation shows that antipsychotic medications reduced D2R-DISC1 complex levels in periphal blood sam-
ples from patients with schizophrenia. (B) Densitometric analysis of DISC1 coimmunoprecipitated by D2R from peripheral blood samples of 
 patients with schizophrenia before and after antipsychotic treatment, and of unaffected controls. *p < 0.05 versus controls. ###p < 0.001 versus pa-
tients with schizophrenia before treatment. One-way analysis of variance followed by a Tukey post hoc test (n = 34 patients with schizophrenia be-
fore and after treatment; n = 34 unaffected controls). (C) Graph displaying D2R-DISC1 complex levels before and after treatment. (D) PANSS total 
score was positively correlated with D2R-DISC1 complex levels in patients with schizophrenia before and after antipsychotic treatment (n = 34 pa-
tients with schizophrenia). (E) PANSS scores for patients with schizophrenia before and after treatment (n = 34 patients with schizophrenia); t test, 
**p < 0.01, ****p < 0.001 versus before treatment. Co-IP = coimmunoprecipitation; D2R = dopamine 2 receptor; DISC1 = disrupted in schizophrenia 
1; IB = immunoblotting; IgG = immunoglobulin G; IP = immunoprecipitation; PANSS = Positive and Negative Syndrome Scale.  
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Figure 2: Antipsychotic medications normalized elevated D2R-DISC1 complex levels in peripheral blood samples from patients with schizophre-
nia (Shanghai second cohort). (A) Coimmunoprecipitation shows that antipsychotic medications reduced D2R-DISC1 complex levels in periph-
eral blood samples from patients with schizophrenia. (B) Densitometric analysis of DISC1 coimmunoprecipitated by D2R from peripheral blood 
samples of patients with schizophrenia before and after antipsychotic treatment, and of unaffected controls. *p < 0.05 versus controls, #p < 0.05 
versus patients with schizophrenia before treatment. One-way analysis of variance followed by a Tukey post hoc test (n = 28 patients with 
schizophrenia before and after treatment; n = 20 unaffected controls). (C) Graph displaying D2R-DISC1 complex levels before and after treat-
ment. (D) BPRS total score was positively correlated with D2R-DISC1 complex levels in patients with schizophrenia before and after anti-
psychotic treatment (n = 28 participants with schizophrenia). (E) BPRS total scores for patients with schizophrenia before and after treatment; 
t test, ****p < 0.001 compared to before treatment. BPRS = Brief Psychiatric Rating Scale; Co-IP = coimmunoprecipitation; D2R = dopamine 2 
receptor; DISC1 = disrupted in schizophrenia 1; IB = immunoblotting; IgG = immunoglobulin G; IP = immunoprecipitation.
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Higher D2RDISC1 complex levels were correlated with a 
higher total score on the Brief Psychiatric Rating Scale 
 (Pearson r = 0.27, R2 = 0.070, p = 0.048; Figure 2D). As in the 
first cohort, antipsychotic treatment was effective in reducing 
schizophrenia symptoms (Figure 2E). Details of antipsychotic 
treatments are provided in Appendix 1, Table S3. Demo
graphic information for patients and controls (second cohort) 
is shown in Appendix 1, Table S4.

Beijing AnDing Hospital
To further replicate the findings above, we examined another 
cohort of participants treated for 4 weeks at Beijing AnDing 
Hospital. Our results were consistent with those for the 
Shanghai cohorts, showing that 4 weeks of antipsychotic 
treatment decreased D2RDISC1 complex levels compared to 
pretreatment levels (n = 12 controls, n = 31 patients; F2,90 = 
1.757, p < 0.001; Figure 3A to C). Posttreatment D2RDISC1 
levels in patients with schizophrenia were comparable to 
those of unaffected controls. Higher D2RDISC1 complex 
 levels were correlated with positive symptoms (Pearson r = 
0.39, R2 = 0.15, p = 0.002; Figure 3D). The mean scores on the 
PANSS positive symptom subscale were 21.26 ± 1.33 before 
treatment and 12.81 ± 0.95 after treatment (Figure 3E). Details 
of antipsychotic treatments are provided in Appendix 1, 
 Table S5. Demographic information for patients and controls 
is shown in Appendix 1, Table S6.

Summary
In the Western blots used to generate the data above, equal 
amounts of protein from each sample were incubated with 
antiD2R antibody, and the precipitated proteins were 
immuno blotted with either DISC1 or D2R antibody. Each 
blot included 4 samples from each group, and results for each 
sample are presented as the percentage of the mean of 4 con
trol samples on the same blot. These data from multiple co
horts confirmed that D2RDISC1 complex levels were ele
vated in schizophrenia and normalized with antipsychotic 
treatment, in conjunction with symptom improvement.

Proteomic analysis of peripheral blood samples of patients 
with schizophrenia from Shanghai Mental Health Centre

To search for additional proteins associated with anti psychotic 
treatment response in schizophrenia — especially those pro
teins associated with D2R and DISC1 — we performed pro
teomic analysis of blood samples from 6 patients with schizo
phrenia before and after 12 weeks of anti psychotic treatment. 
We also analyzed blood samples from 6 unaffected controls. 
The 12 participants in this analysis were a subset of the first co
hort of 34 patients recruited in Shanghai. The 6 samples from 
patients with schizophrenia were chosen based on the fact that 
they showed significant changes in D2RDISC1 complex levels 
after treatment  (Appendix 1, Figure S1B; n = 6 for each group; 
F2,15 = 9.699, p < 0.01). As before, antipsychotic treatment was 
effective in reducing symptoms of schizophrenia (Appendix 1, 
Figure S1C). Demographic information is shown in 
Appendix 1, Table S7. We conducted all analyses using the 
same mass spectrometer with internal standards. Our goal was 

to identify proteins that were present at significantly higher or 
lower levels in patients with schizophrenia, and that were nor
malized with antipsychotic treatment; we paid special atten
tion to proteins known to be associated with D2R and DISC1.19

Quality control assessment of data from the labelfree mass 
spectra analysis showed that 20 886 of 28 953 peptides had 
0 missed cleavage, indicating appropriate reduction, alkyla
tion and digestion (Appendix 1, Figure S2). The labelfree 
mass spectra analysis identified 2964 proteins from all sam
ples tested. Compared to controls, 194 proteins had signifi
cantly lower levels and 190 proteins had significantly higher 
levels in patients with schizophrenia before treatment (base
line; Appendix 1, Figure S3A). After 12 weeks of anti
psychotic treatment, 320 proteins had significantly lower 
 levels than before treatment, and 234 proteins had signifi
cantly higher levels. Also after 12 weeks of treatment, levels 
of 285 proteins were significantly lower and 224 proteins 
were significantly higher than in patients with schizophrenia 
compared to controls. Among these proteins, 99 were signifi
cantly higher in patients before treatment and decreased sig
nificantly with treatment (Figure 4A). Similarly, 87 proteins 
were lower in patients before treatment and increased after 
treatment (Figure 4B). These 186 proteins (99 + 87) are of in
terest because they were altered in patients with schizophre
nia and normalized with antipsychotic treatment.

To predict and classify the functions of the identified 
proteins, we searched in the Clusters of Orthologous 
Groups (COG) database. Overall, we grouped proteins into 
25 COG function classifications (Figure 4C). The top 5 were 
as follows: signal transduction mechanisms (T: 453, 
15.86 %); posttranslational modification, protein turnover 
and chaperones (O: 369, 12.92 %); general function predic
tion only (R: 360, 12.60 %); intracellular trafficking, secre
tion and vesicular transport (U: 259, 9.07 %); and cytoskele
ton (Z: 181, 6.34 %). Hierarchical clustering analysis 
showed that the proteins with significantly higher or lower 
levels in patients before treatment (and normalized after 
treatment) were associated with a reduction in score on the 
PANSS positive scale, as well as a decrease in D2RDISC1 
complex levels (coimmunoprecipitation; Figure 5). One 
sample with outlier data from each group was excluded, 
because its heatmap was obviously different from the other 
samples in the same group.

We also conducted Gene Ontology (GO) term enrichment 
analysis to group proteins with similar functions and associa
tions. These differentially expressed proteins were enriched 
into 8286 GO terms for biological processes, cellular compon
ents and molecular functions. In the proteins that were de
creased with treatment, we identified the top 40 terms for 
20 biological processes, 13 cellular components and 7 mo lecu
lar functions. Of these 40 GO terms, transport, vesiclemedi
ated transport and signal transduction were the 3 most en
riched. GO terms from the cellular component showed many 
proteins involved in cytoplasm, membrane and extracellular 
regions. Enrichment in the molecular function group was for 
proteins involved in metal ion binding and receptor binding. 
In the proteins increased by treatment, we identified the top 40 
GO terms for 20 biological processes, 14 cellular components 
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Figure 3: Antipsychotic medications normalized elevated D2R-DISC1 complex levels in peripheral blood samples from patients with schizo-
phrenia (Beijing cohort). (A) Coimmunoprecipitation shows that antipsychotic medications reduced D2R-DISC1 complex levels in peripheral 
blood samples from patients with schizophrenia. (B) Densitometric analysis of DISC1 coimmunoprecipitated by D2R from peripheral blood 
samples of patients with schizophrenia before and after antipsychotic treatment, and of unaffected controls. **p < 0.01 versus controls. 
###p < 0.001 versus patients with schizophrenia before treatment. One-way analysis of variance followed by a Tukey post hoc test (n = 31 pa-
tients with schizophrenia before and after treatment; n = 12 unaffected controls). (C) Graph displaying D2R-DISC1 complex levels before and 
after treatment. (D) PANSS positive scale score was positively correlated with D2R-DISC1 complex levels in patients with schizophrenia be-
fore and after antipsychotic treatment (n = 31 patients with schizophrenia). (E) PANSS scores for patients with schizophrenia before and after 
treatment (n = 31 patients with schizophrenia before and after treatment; n = 12 unaffected controls); t test, *p < 0.05, ****p < 0.001 compared 
to before treatment. Co-IP = coimmunoprecipitation; D2R = dopamine 2 receptor; DISC1 = disrupted in schizophrenia 1; IB = immunoblotting; 
IgG = immunoglobulin G; IP = immunoprecipitation; PANSS = Positive and Negative Syndrome Scale.  
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and 6 molecular functions. In these 40 terms, many proteins 
were involved in biological processes, including transport, sig
nal transduction and vesiclemediated transport, similar to the 
proteins decreased by treatment, above. Cytoplasm, nucleus 
and membrane proteins were the top 3 terms for the cellular 
component. GO terms for molecular functions were metal ion 
binding, receptor binding and signal transduction, again simi
lar to proteins decreased by treatment (Figure 6).

Finally, we used the KEGG (Kyoto Encyclopedia of Genes 
and Genomes) database53 to group differentially expressed 

proteins into pathways. We mapped all proteins to the ref
erence pathway in the KEGG database; in total, they were 
involved in 312 pathways (Appendix 1, Figure S3B). Based 
on our previous studies of the D2RDISC1 complex and its 
associated downstream pathways, as well as studies on the 
D2Rmediated signalling pathway, we focused on mitogen
activated protein kinase (MAPK), cyclic adenosine mono
phosphate (cAMP), the PI3KAkt signalling pathway and 
the dopamine synapse. We prepared diagrams of protein–
protein interaction networks by uploading to the STRING54 

Figure 4: Identification, expression and COG analysis of proteins detected in mass spectrometry of blood samples from patients with schizo-
phrenia before and after treatment, as well as unaffected controls. (A) Number of proteins with significantly higher levels in patients with 
schizophrenia versus controls, and with significantly lower levels in patients with schizophrenia after treatment versus before treatment. 
(B)  Number of proteins with significantly lower levels in patients with schizophrenia versus controls, and with significantly higher levels in 
 patients with schizophrenia after treatment versus before treatment. (C) COG analysis of all the proteins identified in mass spectrometry analy-
sis; 2964 proteins were grouped into 25 COG function classifications. COG =  Clusters of Orthologous Groups. 
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database the proteins involved in these pathways that were 
differentially expressed in patients after treatment versus 
before treatment. As shown in Figure 7A, multiple proteins 
in these pathways were altered with antipsychotic treat
ment, further supporting conclusions of previous studies 
from our laboratory and others that these pathways are in
volved in the pathophysiology of schizophrenia.8,33,55–61

For a more focused analysis, we specifically examined 
proteins known to be part of D2R or DISC1interacting 
pathways (Figures 7A and B). According to the BioGRID62 
and IntAct63 databases, 98 proteins interact with D2R,64 and 
we detected 15 of those in our assay. Two of the 15 were 
significantly changed by treatment in our samples 
(Appendix 1, Figure S4A). These 2 proteins are specifically 
involved in 7 pathways, of which 6 were nominally signifi
cant (p < 0.05), as was the dopamine synapse pathway 
(Figure 7A). Similarly, we identified 547 proteins that di
rectly or indirectly interacted with DISC1 from both data
bases and the literature.19,64–70 Of these, 134 were detected by 
mass spectrometry and 23 were significantly altered by anti
psychotic treatment (Appendix 1, Figure S4B). These 23 pro
teins are specifically involved in 15 pathways, of which 9 

were nominally significant (Figure 7B). Furthermore, as 
shown in the volcano plots of proteins detected by mass 
spectrometry (Appendix 1, Figure S5), MAP2K1 (MEK1) 
was downregulated in patients with schizophrenia before 
treatment (compared to controls), and upregulated after 
anti psychotic treatment. To further validate these results, 
we confirmed expression levels of MEK1/2 from the above 
pathways in the Shanghai second cohort using Western blot 
analysis. As shown in Figures 7C and D, the alterations in 
MEK1/2 were consistent with  mass spectrometry findings 
(n = 19 controls, n = 22 patients; F2,60 = 13.83, p < 0.01).

Discussion

In this study we confirmed and extended our previous find
ings showing that the D2RDISC1 protein complex is ele
vated in patients with schizophrenia compared to unaffected 
controls.33 Our previous study examined postmortem brain 
tissue, in which almost all patients with schizophrenia had 
been treated with antipsychotic medications. In the current 
study, we analyzed peripheral blood leukocytes from 3 sep
arate cohorts of patients and controls recruited at 2 different 

Figure 5: Hierarchical clustering analysis of differentially expressed proteins of 5 function groups in COG analysis (Figure 4). One sample with 
outlier data was excluded from each group. The left panel shows analysis of proteins that had lower levels in patients with schizophrenia be-
fore treatment versus controls. The right panel shows proteins with higher levels in patients with schizophrenia before treatment versus con-
trols. Differential expression thresholds were a fold change > 1.2 and p < 0.05. Each row indicates a protein, and each column represents a 
sample. The proteomic profile was associated with clinical assessment of positive symptoms (PANSS positive scale score; P_Score) and 
D2R-DISC1 complex levels (CO_IP). The heatmap depicts the relative abundance of proteins. Biological functions related to these proteins 
are denoted on the left (for a key, see Figure 4). Group A: patients with schizophrenia before treatment; group B: patients with schizophrenia 
after treatment; group C: unaffected controls. COG =  Clusters of Orthologous Groups; D2R = dopamine 2 receptor; DISC1 = disrupted in 
schizophrenia 1; PANSS = Positive and Negative Syndrome Scale. 
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centres and compared samples from patients with schizo
phrenia before and after antipsychotic treatment. We con
firmed that D2RDISC1 complex levels were elevated in pa
tients with schizophrenia compared to unaffected controls. 
We also found that antipsychotic treatment normalized the 
elevated levels, bringing them to levels similar to that of the 
controls. The 3 cohorts were treated for different periods of 
time before the second blood sample was drawn, but they 
yielded convergent results. In a proteomic screen, we identi
fied a number of other proteins present at abnormal levels in 
patients with schizophrenia that were normalized with anti
psychotic treatment. Many of these proteins function in path
ways known to be connected to dopamine signalling or the 
network of DISC1interacting proteins, providing convergent 
evidence that the D2RDISC1 protein complex plays a role in 
both schizophrenia and antipsychotic treatment response.

Our results suggest that D2RDISC1 complex levels are 
related to schizophrenia symptoms and provide clinical 
evidence that the D2RDISC1 complex is involved in anti
psychotic effects. Previously, we had shown in cellular and 

animal model systems that the D2RDISC1 complex facili
tates GSK3 signalling through decreased GSK3α/β (Ser21/9) 
phosphorylation, and that it inhibits agonistinduced D2R 
internalization. The human clinical observations in the cur
rent study provide additional insights into the mechanisms 
by which antipsychotic medications exert their therapeutic 
effects in schizophrenia. GSK3 is a well known downstream 
target of antipsychotic medication treatment,8 and our cur
rent findings reinforce the importance of this signalling path
way for antipsychotic effects. DISC1 also interacts with 
phosphodiesterase 4B (PDE4B), which metabolizes cAMP, 
an important second messenger of dopamine receptors. 
PDE4B has also been associated with schizophrenia,71 and 
rolipram, a drug targeting PDE4B, has antipsychoticlike 
 effects in rodent models.72 One potential next step is to inves
tigate how the D2RDISC1 complex interacts with the 
DISC1PDE4B complex to modulate psychotic symptoms 
and antipsychotic treatment.

In our proteomic analysis, we identified a number of D2R 
and DISC1related proteins that were altered in patients with 

Figure 6: Analysis of the differential expression of GO-enriched proteins in patients with schizophrenia after treatment versus before treat-
ment. Left: GO enrichment of decreased proteins in patients with schizophrenia after treatment versus before treatment. Right: GO enrichment 
of increased proteins in patients with schizophrenia after treatment versus before treatment. The graph shows the GO term for each row and 
the number of differentially expressed proteins on the x axis. The green bars represent biological processes, the orange bars represent cellu-
lar components and the blue bars represent molecular functions. *p < 0.05, **p < 0.01, ***p < 0.001. GO = Gene Ontology. 
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schizophrenia and normalized with antipsychotic treatment. 
These data provide a starting point for further investigation of 
the molecular pathways through which antipsychotic medica
tions exert their effects. For example, our results showed that 
MP2K1 (MEK1) was decreased in patients with schizophrenia 
before treatment and increased with treatment. MP2K1 protein 
directly inhibits GSK3 signalling,73 and the D2RDISC1 complex 
activates GSK3.33 The functional categories of proteins that were 

altered in schizophrenia and normalized with antipsychotic 
medications were the same regardless of the direction of change 
(higher or lower in schizophrenia compared to controls).

Another significant implication of this work is that de
spite the heterogeneous genetic etiology of schizophrenia, 
common molecular changes were associated with treatment 
response. How central the dopamine system is to the etiol
ogy of schizophrenia has been an ongoing controversy. It is 

Figure 7: PPI networks of D2R- and DISC1-interacting proteins detected in mass spectrometry, and expression levels of MEK1/2 in samples 
from the second cohort. (A) PPI network diagram showing D2R-interacting proteins with significantly different levels in patients with schizo-
phrenia after treatment versus before treatment. The red nodes represent increased protein levels, and the green nodes represent decreased 
protein levels. (B) PPI network diagram showing DISC1-interacting proteins with significantly different levels in patients with schizophrenia 
 after treatment versus before treatment. The red nodes represent increased protein levels and the green nodes represent decreased protein 
levels. (C and D) Representative Western blot images and densitometric analysis of MEK1/2 levels in unaffected controls and patients with 
schizophrenia before and after treatment (Shanghai second cohort). MEK1/2 levels were normalized to the control-group average on the same 
blot after normalization to β-actin levels. *p < 0.05 versus controls. ##p < 0.01 versus patients with schizophrenia before treatment. One-way 
analysis of variance followed by a Tukey post hoc test (n = 19 unaffected controls; n = 22 patients with schizophrenia before and after treat-
ment). D2R = dopamine 2 receptor; DISC1 = disrupted in schizophrenia 1; IB = immunoblotting; ERK = extracellular signal–regulated kinase; 
HIF-1 = hypoxia-inducible factor 1; MAPK = mitogen-activated protein kinase; MEK1/2 = MAPK/ERK 1/2; PPI = protein–protein interaction. 
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well accepted that targeting D2R is necessary for anti
psychotic medication to be effective, and there are numer
ous reports of alterations in the dopamine system in schizo
phrenia, most notably at the level of dopamine release.45,74 
However, the extent to which alter ations in the dopamine 
system are responsible for symptoms of the illness is still 
unclear. Our data provide support for the notion that the 
dopamine system, specifically the D2RDISC1 complex, is 
involved in the origin of schizophrenia symptoms and in 
antipsychotic treatment effects. It is also notable that we 
saw broad improvements in all schizophrenia symptoms — 
not only in the positive symptom domain.

Limitations

A limitation of this study was that it was unclear how and 
if the D2RDISC1 complex in peripheral blood leukocytes 
contributed to schizophrenia. Our previous analysis of this 
protein complex was in postmortem brain tissue from pa
tients with schizophrenia and controls.33 It would be prefer
able to analyze brain tissue in participants with a psychiat
ric disorder such as schizophrenia, but postmortem tissue 
analyses do not permit withinsubject comparisons to 
exam ine the effects of antipsychotic treatment. Postmortem 
analyses are necessarily crosssectional and static, and a 
main aim of the current study was to determine whether 
the D2RDISC1 complex varied dynamically in conjunction 
with the psychiatric symptoms of schizophrenia. Our pro
teomic analysis revealed that some leukocyterelated path
ways were altered significantly by antipsychotic treatment, 
including proteins involved in systemic lupus erythema
tosus, complement and coagulation cascades, T cell recep
tor signalling, natural killer cell mediated cytotoxicity, 
platelet activation, and p53 signalling, which may be asso
ciated with adverse effects of antipsychotic treatment such 
as agranulocytosis. Another potential limitation of our 
study was a lack of information about substance use, which 
could have affected protein levels.

The coimmunoprecipitation lanes had several nonspecific 
bands, which could have occurred for a variety of reasons, in
cluding incorrectly titrated antibodies, excessive lysate 
loaded, impurities in the antibodies, degraded protein sam
ples and the presence of different splice variants that share 
similar epitopes. However, the band we measured was of the 
predicted protein size, and all samples underwent the same 
experimental procedures, so these nonspecific bands should 
not have affected the main findings.

DISC1 is an important schizophrenia susceptibility gene 
because the drastic translocation mutation in the Scottish 
family in which DISC1 was first identified is almost certainly 
causal of mental illness in mutation carriers. However, as in 
most rare mutations with large effects, common mutations 
in the same gene in the general population do not have 
strong effects on schizophrenia risk.75–77 Nevertheless, DISC1 
is of interest as an entry point into the biology of schizophre
nia, and this is reinforced by the data presented here, show
ing that the D2RDISC1 complex varies dynamically in con
junction with schizophrenia symptoms. This protein 

complex thus provides a direct molecular link between the 
origins of schizophrenia and antipsychotic treatment.

Conclusion

Our results provide support for the longstanding dopamine hy
pothesis of schizophrenia — not directly through the core ele
ments of the dopamine system such as the receptors or dopa
mine synthesis machinery, but through DISC1, a protein that 
interacts directly with D2Rs. Although the overall explanation 
for how pharmacological D2R antagonists have antipsychotic ef
fects remains elusive, the data presented here bring us one step 
further by identifying another molecular component in this pro
cess. With ongoing work, it may be possible to use this informa
tion to begin exploring other treatment targets for schizophrenia.
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