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Abstract  
 
Background; We report four patients from three families with schizophrenia who 
were therapy resistant to traditional antipsychotic drug treatment but showed similar 
clozapine responsiveness. To determine if there was any common genetic profile that 
could be linked to the diagnoses and/or to the treatment response, we performed 
whole exome sequencing of the cases and their healthy siblings. For comparison we 
selected 1786 single-nucleotide polymorphism (SNP) that we already knew were 
present in sufficiently fraction of the regional population. 
 
Case presentation: The four patients with schizophrenia, two females and two males 
with early age of onset 12-21 years, as well as three of their healthy siblings followed 
until they reached at least 50 years of age. We examined the 1786 selected SNPs from 
many thousand gene variants identified in the exome sequencing to estimate the 
genetic liability to diagnosis and/or clozapine response.  
 
Results: The genetic analysis implied that two Glutamate ionotropic N-methyl-D-
aspartate (NMDA) type 3B (GRIN3B) gene variants and one Proprotein Convertase 
Subtilisin / Kexin Type 4 (PCSK4) gene variant, both encoded at chromosome 
19p13.3, were jointly present in all four patients but absent in all three unaffected 
siblings. Both GRIN3B and PCSK4 genes are related to the NMDA receptor function, 
but in different ways. The GRIN3B gene is a subunit of the glycine part of the NMDA 
receptor, and PCSK4 protects, inter alia, the NMDA receptor against neurotoxic 
substances such as ketamine by encoding a pro-protein for the production of pituitary 
adenylate cyclase-activating polypeptide protein (PACAP).  
 
Conclusions We have for the first time identified a combination of gene variations 
related to the NMDA receptor function in a subgroup of therapy-resistant, clozapine-
responsive patients with schizophrenia. The finding will possibly have important 
implications for clinical practice. Further examination of the identified gene variants 
in much larger cohorts of clozapine treated patients with psychosis is called for. 
 
Key words: Clozapine; Exome sequencing; Genotype; N-methyl-D-aspartate 
receptor; Schizophrenia; Sub-phenotype; Treatment resistance 
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Introduction 

1.1 Pathophysiology of schizophrenia 
The overall models of schizophrenia pathophysiology implicate synaptic loss in 
hippocampus and frontal cortical regions in the brain. There are still many differences 
reported between brain regions regarding protein loss, suggesting that synaptic 
damage is not uniform in nature or extent in schizophrenia (Osimo et al., 2019). Apart 
from the fact that the proteome in the synapses contain over 1000 conserved proteins 
that are expressed algorithmically in individual synapses, there are potentially 
unlimited numbers of synapse types in the human brain (Grant 2019). Drug 
development for schizophrenia has been hampered by deficient knowledge of disease 
etiology and underlying genetics (Kauppi et al., 2018). Traditional antipsychotics 
bind to several proteins, of which the dopamine D2, the serotonin 2A and recently the 
N-methyl-D-aspartate receptor (NMDAR), as well as D-serine are the most studied 
biological links (Wolosker and Balu, 2020). Identification of risk genes in clinically 
well-characterized psychotic patients, may improve therapy of schizophrenia.  
 
1.2 Treatment resistant schizophrenia 
The fact that the exact nature of the biochemical disorders behind schizophrenia is not 
known makes the classification of the disease challenging. Schizophrenia may be 
divided into subgroups depending on how the patients react to their prescribed drugs. 
Patients who do not improve on traditional drug therapy are classified as Treatment 
Resistant Schizophrenia (TRS). We have followed the consensus guidelines for TRS 
presented by the Treatment Response and Resistance in Psychosis (TRRIP) Working 
Group (Howes et al., 2017). The most common definition of TRS denotes patients 
who, despite at least two adequate trials of classical neuroleptic drugs, have persistent 
moderate to severe positive, or disorganization, or negative symptoms together with 
poor social and work function over a prolonged period of time. This is also 
considering that therapeutic serum levels of antipsychotic drugs are verified (Kyllersø 
et al., 2020). Clozapine is the only medication approved by US Department of Health 
and Human Services for TRS (Kane and Corell 2016). In the present study we 
performed a pharmacogenetic investigation with exome sequencing of four patients 
with schizophrenia in three families who were therapy resistant to traditional 
antipsychotic drugs but showed clozapine responsiveness. Our hypothesis was that 
identical polymorphisms in all four schizophrenia patients, absent in all healthy 
siblings, may constitute a similar clinical psychopharmacological subtype. Gene 
expression profiling could also be differentially regulated in schizophrenia patients 
with TRS (Nucifora et al., 2019). 

1.3 Design to test the hypotheses  
The aim was to determine whether the schizophrenic clozapine-responsive patients 
differed genetically from their healthy siblings. To test our hypothesis, we used the 
results of a previous whole exome sequencing study of 21 individuals from the same 
geographic region in Sweden where at least four individuals with intellectual 
deficiency carried the same specific SNPs (Lindholm Carlström et al., 2019). We thus 
singled out 1786 SNPs from several thousand gene variants identified in the exome 
sequencing to estimate the genetic liability in patients with clozapine responsiveness.  
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2. Case presentation and methods 
 
2.1. Family history 
In this project, we present a follow-up that included whole exome sequencing in three 
families containing four patients with a similar clinical phenotype diagnosed with 
therapy-resistant schizophrenia and three of their healthy siblings. All participants 
were born in Sweden. The families belonged to the same geographic region in 
Northern Sweden (Book et al., 1978). Multiple family members shared similar 
phenotypic features. Patient 1 had one sister and Patient 2 had two sisters with a 
history of schizophrenia (See Fig. 1). One of the sisters to Patient 2 with early onset of 
schizophrenia displayed TRS and was also responsive to clozapine but was not 
available for the present study since she died more that 10 years ago following a 
rapidly progressing breast cancer. 
 
2.2. Medical history 
Two experienced psychiatrists diagnosed schizophrenia based on a structured 
interview (OPCRIT) (Wetterberg & Farmer 1991). The patients have been classified 
as having a schizophrenia diagnosis during the whole clinical observation period. For 
over 20 years, the patients’ main symptoms were thought disorders, hallucinations, 
and paranoid delusions. All four patients full filled the TRS criteria by the Treatment 
Response and Resistance in Psychosis Working Group when treatment was switched 
to clozapine. At multiple neuropsychological tastings the patients performed worse at 
the cognitive examination with somewhat lower results for patient 4. All patients had 
evident difficulties in the visuospatial memory tests even when easier types than the 
more complex variant of Rey’s test were used. The tests primarily assess short-term 
visuospatial working memory, which indicates that our four patients had severe 
impairments related to episodic memory processes. The developmental timing was 
also similar, with early symptoms of schizophrenia at age 12 and 19 years of age in 
the two females (1 and 2). Both males (3 and 4) had early periods as teenagers with 
low energy level. They became more rapidly exhausted while working with ordinary 
practices on the family farm, than their siblings and could express short unexplained 
bursts of aggressive behavior towards their close family members. The latent 
psychotic symptoms of the two male brothers became overt during their military 
service at age 20 and 21 years of age, when they were discharged for psychiatric care 
and treatment. All four patients had long periods with serious sleep disturbances with 
short “seizures” of undefined type. While the repeated EEG were generally within 
“normal range”, all patients showed during some periods “sparing beta activity with 
low amplitude.” The finding of beta spectral power changes is in line with the 
“aberrant salience” hypothesis in schizophrenia confirming an unreasonable 
“assignment” of the significance to nonsignificant stimuli as described by Liddel et 
al., (2016). Following the start of clozapine treatment, the overall disease symptoms 
decreased, and the patients improved dramatically with no or rare involuntary 
treatments, and only slight residual symptoms compared to previous treatment period. 
 
2.3 Informed consent to participate in the study 
After providing oral and written informed consent to participate on a voluntary basis 
in a follow-up, the four patients were included in this study. Approval to perform the 
present genetic studies was obtained from the Ethical review board at Uppsala, 
Sweden (#2014/263). For pedigrees of the three families see Fig, 1. 
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Fig. 1 Pedigree of the four affected individuals with schizophrenia numbered 1-4 and 
three of their unaffected siblings (a-c). Each sibship contained at least one more 
sibling diagnosed with schizophrenia, indicating a genetic module in the families. The 
ancestors of all three families have, according to the birth records, been settled in the 
same geographic region over more than 200 years back in time. The same four allele 
variants in the genes Glutamate Ionotropic Receptor NMDA type 3B (GRIN3B), and 
Proprotein Convertase Subtilisin/ Kexin Type 4 (PCSK4) were jointly present in all 
four patients, but in none of their three healthy siblings. 
 
2.4 Clozapine and desmethylclozapine analyses  
were performed by Chromatographic method with mass spectrometric detection (LC-
MS / MS) at Clinical Pharmacology Karolinska Hospital, Stockholm, Sweden as 
described by Smith et al., (2017). 
 
2.5 Blood analysis for concentration of Beta neutrophils  
was performed by the clinical chemistry units at the local hospital of the Norrbotten 
county in Sweden.  
 
2.6 DNA extraction 
DNA was extracted from blood using a phenol chloroform protocol as described by 
Southern (1975) and the extracted DNA was stored at –70°C.  
 
2.7 Whole exome sequencing (WES)  
Exome sequencing was performed in seven individuals, four patients and three 
healthy siblings (see Fig. 1). The sequencing was performed at Uppsala Genome 
Center. The samples were prepared using the Sure Select Human All Exon Kit 
(Agilent Technologies, Santa Clara, CA, USA) and sequenced using the Ion 
Proton™ System. Reads were mapped to the human reference genome UCSC 
hg19 using the TMAP 5.0 (Life Technologies) software. Single nucleotide 
variants (SNVs) and small insertion/deletion variants were detected using Torrent 
Suite 5.0 (Life Technologies). To evaluate the variants further we performed a 
selection of any SNPs present in all four patients and absent in all three 
unaffected siblings. The variants that were detected in the exome sequencing 
analysis were already recorded by others at ClinVar (http://www.clinvar.com). 

http://www.clinvar.com/
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Results 
 
3.1 Similar clinical and pharmacogenetic phenotype  
Four patients, two women and two men, with early onset of schizophrenia at 12 to 21 
years of age were followed during treatment, mostly in hospital between 43 and 48 
years. They were all treated by clozapine since more than 20 years. The doses of 
clozapine and the corresponding blood concentrations in our patients were within the 
standard range for treatment of schizophrenia (Table 1).  
 
3.2 Biallelic mutations in Glutamate-ionotropic receptor NMDA-type subunit 3B 
(GRIN3B) OMIM 60651 
Two single nucleotide variants (SNVs) (rs76827013 and rs61740285) in the GRIN3B 
gene, encoded on chromosome19p13.3, were identified by exome sequencing. The 
GRIN3B is a calcium regulating subunit of the NMDA receptor. Both variants were 
located in coding sequence, but without any change in the amino acid sequence, one 
at p.Ala403Ala, c.1209A>G and the other at p.Thr562Thr, c.1686 G>A (Table 2). The 
frequency in Genome Aggregation Database (gnomAD) seems to be 0.003 in 
Europeans for these variants. In other databases like TopMed and 1000 Genomes they 
are more frequent at 0.02. The reference allele frequency in European population is 
0.997 for both these GRIN3B variants according to gnomAD.  
 
3.3 Missense mutation in Proprotein Convertase Subtilisin / Kexin Type 4 
(PCSK4) OMIM 600487  
The four patients carried the variant rs36123574 in the Proprotein Convertase 
Subtilisin / Kexin Type 4 (PCSK4) at p.Thr267Met, c.800C>T. For patient 4 this 
occurred in homozygote form. The p.Thr267Met variant was not present in any of the 
three healthy siblings. The reference allele frequency for the PCSK4 variant in 
European population is 0.952 and the mutation is thus 50 times more common than 
the two GRIN3B gene variants.  
 
Table 1. Demographic and clinical data of four patients with schizophrenia carrying 
allele mutations of Glutamate ionotropic receptor NMDA type subunit 3B (GRIN3B) 
and Proprotein Convertase Subtilisin/Kexin Type 4 (PCSK4) 
Items Patient 1  

 
F 

Patient 2  Patient 3  Patient 4  

Sex Female Female Male Male 

Age of onset in years 12 19 21 20 

Duration of illness in years 46 42 42 48 

BMI kg/m2 25.7 26.6 26 29.9 

Clozapine mg/day 350 400 550 500 

Clozapine nmol/L  1800 2100 2500 1800 

Desmethylclozapine nmol/L 1300 1700 1700 1600 

Desmethylclozapine/ 
clozapine ratio, reference 0.5-1.0 

0.7 0.8 0.7 0.9 

Clozapine treatment number of months  312 324 348 276 
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4. Discussion 
It remains unclear if the three identified gene variants might contribute to the 
schizophrenic phenotype or to the proposed clozapine responsiveness, or to both. 
Although the genetic findings require replication studies, they provide a novel set of 
candidate gene loci that may be of potential clinical use. All patients with 
schizophrenia differ from their healthy siblings in the gene variants GRIN3B and 
PCSK4. None of these genes were observed in earlier and recent systematic review on 
genotypes and clozapine treatment (Kane et al., 1988, Samanaite et al., 2018).  
 
4.1 Biallelic variants in Glutamate-ionotropic receptor NMDA-type subunit 3B 
(GRIN3B) 
The protein encoded by GRIN3B was cloned less than 20 years ago (Andersson et al., 
2001, Nishi et al., 2001). It is important for regulation of calcium ion flux in the 
NMDA receptor (Matsuda et al., 2002, 2003). GRIN3B reduces the Ca(2+)-
permeability as well as the overall occurrence of the receptor response and may thus 
protect against excitotoxicity. Knockout of GRIN3B caused deficits in coordination, 
motor learning and activity, and in altered social behavior (Niemann et al., 2007). It 
was clear that GRIN3B knockout animals also showed non-motoneuronal phenotypes 
not readily accountable by the motoneuronal expression. The same research group 
later tested whether genetic dysfunction of GRIN3B was implicated in the 
pathogenesis of amyotrophic lateral sclerosis (ALS) (Niemann et al., 2008). 
 
Table 2. Gene variants of Glutamate ionotropic receptor NMDA type subunit 3B 
(GRIN3B) and Proprotein Convertase Subtilisin/Kexin Type 4 (PCSK4) in four 
patients diagnosed with schizophrenia (PATIENTS 1-4) and three unaffected healthy 
siblings (CONTROLS a-c). 
Gene 
location 
and 
ACGT 

SNP 
cluster ID 
rs and 
Start 
number 

Amino 
acid  
 
[Codon] 

PATIENTS 
 

CONTROLS 

1 2 3 4 a b c 

GRIN3B 
19p13.3 
 
 

rs76827013 
1004709 

A [GCA] > 
A [GCG] 

c.1209A
>G 
p.A403A 

c.1209A
>G 
p.A403A 

c.1209A
>G 
p.A403A 

c.1209A
>G 
p.A403A 

† † 
 

† 
 

Cytosine 
(C) 

  20 2 20 10 0 0 0 

GRIN3B 
19p13.3 

rs61740285 
1005186 

T [ACG] > 
T [ACA] 

c.1686G
>A 
p.T562T 

c.1686G 
>A 
p.T562T 

c.1686G
>A 
p.T562T 

c.1686G
>A 
p.T562T 

† † † 

Adenine 
(A) 

  23 40 32 33 0 0 0 

PCSK4 
19p13.3 
 
 

rs36123574 
1487195 

T [ACG] > 
M [ATG] 

c.800C>
T 
p.T267M 

c.800C>
T 
p.T267M 

c.800C>
T 
p.T267M 

c.800C>
T 
p.T267M
‡ 

† 
 

† 
 

† 
 

Adenine 
(A) 

  12 1 11 15 0 0 0 

† Wild type reference alleles  
‡ Patient 4 was homozygote for the rare PCSK4 variant 
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Fig. 2  NMDA receptor with GRIN3B on the glycine binding subunit. The four 
patients with schizophrenia carried two rare base shift mutations (rs76827013  
and rs1740285) in the Glutamate-ionotropic receptor NMDA-type subunit 3B 
(GRIN3B) that is encoded on chromosome19p13.3. The GRIN3B is a calcium 
 flow regulating subunit of the NMDA receptor. Both mutations were base shifts 
without change of the amino acids, one p.Ala403Ala, c.1209A>G and the other  
at p.Thr562Thr, c.1686 G>A (Table 2). The frequency in Genome Aggregation 
Database (gnomAD) seems to be 0.003 in Europeans for these variants. In other 
databases like TopMed and 1000 Genomes they are more frequent at 0.02.  
 
Table 3. The seven glutamate ionotropic subunit genes of the N-methyl-D-aspartate 
(NMDA) receptor with their chromosomal locations 
Gene Location Name 
GRIN1 9q34.3 Glutamate Ionotropic Receptor NMDA Type Subunit 1 
GRIN2A 16p13.2 Glutamate Ionotropic Receptor NMDA Type Subunit 2A 
GRIN2B 12p13.1 Glutamate Ionotropic Receptor NMDA Type Subunit 2B 
GRIN2C 17q25.1 Glutamate Ionotropic Receptor NMDA Type Subunit 2C 
GRIN2D 19q13.33 Glutamate Ionotropic Receptor NMDA Type Subunit 2D 
GRIN3A 9q13.1 Glutamate Ionotropic Receptor NMDA Type Subunit 3A 
GRIN3B 19p13.3 Glutamate Ionotropic Receptor NMDA Type Subunit 3B 
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Interestingly from our point of view, they found exactly the same two rare sequence 
variants p.Ala403Ala, c.1209A>G and p.Thr562Thr, c.1686 G>A in four of their 
ALA patients as we did in our four patients with schizophrenia. There is likely a 
genetic relationship between ALS and schizophrenia as reported from Denmark in a 
cohort of 5808 ALS cases and in 580,000 controls (Trabjerg et al., 2020). One recent 
hypothetical link between ALS and schizophrenia is by glutamate upregulation of P-
glycoprotein in endothelial cells via activation of N-Methyl-D-Aspartic acid (NMDA) 
receptors (Mohamed et al., 2019). Schwieler et al., (2008) reported that clozapine 
interacts with the glutamatergic mechanisms via the glycine subunit of the NMDA 
receptor (see Fig. 2). Harm to the NMDA receptor may serve critical role in the 
pathogenesis of schizophrenia and it is conceivable that increased levels of glycine in 
the synaptic cleft may help potentiate NMDA receptor function and alleviate the 
symptoms of schizophrenia. However, combining clozapine with adjunctive high 
doses of glycine in TRS was not effective in decreasing symptoms (Potkin et al., 
1999, 2020) and clozapine alone without adjunctive glycine reduced the positive 
symptoms. An attempt to boost NMDA receptor function by Bitopertin as glycine 
reuptake inhibitors (GlyT1s) also failed to demonstrate clinically significant effects as 
an adjunctive to antipsychotics (Umbricht et al., 2014). Further studies of glycine 
reuptake inhibitors are ongoing (Curtis et al., 2020, Hudson et al., 2020, Marques et 
al., 2020). 
 
Clinical studies show that defects in NMDA postsynaptic signalling might play 
important role in the pathogenesis of schizophrenia (Kristiansen et al., 2007, Lin et 
al., 2014). A naturally occurring null variant of the NMDA type glutamate receptor 
GRIN3B subunit is a risk factor of schizophrenia (Matsuno et al. 2015). Hornig et al 
(2017) reported a family with history of psychotic disorders. They found a mutation in 
the GRIN3B gene in all affected – but not in any unaffected – family members. Yu et 
al. (2018) described four ultra-rare GRIN3B gene variants that might contribute to the 
risk of schizophrenia but did not report on the pharmacogenetic preferences. 
Tarabeux et al., (2011) found high rate of mutations in GRIN3B in schizophrenia but 
truncating mutations in GRIN3B were identified in both subjects and controls, and the 
GRIN3B function was thus not deeper explored. Tarabeux et al. (2011) also identified 
two de novo mutations in patients with sporadic schizophrenia in GRIN2A and 
concluded that influence of genetic variants seems to have different effects on the 
NMDAR subunits.  
 
Taylor et al., (2016 and 2017) investigated eight polymorphisms in the NMDA 
receptor subunit GRIN2B in response to clozapine in 175 European patients with 
schizophrenia who were considered resistant or intolerant to treatment. However, they 
observed no relationship between the GRIN2B variants and the response to clozapine. 
The postnatal development of NMDA receptor subunits in rat brain stem nuclei 
showed that expression of GRIN3B increased with age (Liu and Wong-Riley 2010). 
This can be interpreted that GRIN3B might be of importance for modulation of 
NMDA receptor into puberty and adult life. There are several recent reports about 
possible mechanisms for a hypothetical hypofunction of the NMDA receptor in 
schizophrenia (Erhardt et al., 2917, Bygrave et al., 2019, 2020, Snyder et al., 2020 
and Tsavou et al., 2019). One report demonstrates that clozapine can normalize 
glutaminergic transmission abnormality in the thalamocortical pathway, caused by an 
impaired NMDA receptor. This ability might contribute to the unique clinical profile 
of the drug (Fukuyama et al., 2019). The rare biallelic GRIN3B variants in our 
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patients might cause impairment of the NMDA receptor. If the two variants we found 
in GRIN3B have developed independently, since only one in about 1,000,000 
Europeans would carry both these variants (see Table 2). However, it seems that the 
two GRIN3B variants may actually be in linkage disequilibrium, i.e. if there is one 
variant there will also be one variant of the other and they make thus up one 
haplotype.  
 
4.2 Episodic memory and NMDAR signaling 
Furthermore, unlike traditional antipsychotic drugs such as haloperidol, clozapine has 
been shown to normalize the cognitive dysfunctions caused by glutamate NMDAR 
blocking drugs (Beraki et al., 2008). All patients had evident difficulties in short-term 
visuo-spatial tests, which indicates that they had severe impairments related to 
episodic memory processes. It is of special interest, almost as a retro-translational 
note from bedside to bench, that the episodic memory impairments seen in the 
patients are most likely related to instabilities in glutamate-NMDAR signaling 
(Santos-Gómez et al., 2020). In this context the similarity between the human data 
and the results in mice using an episodic visuo-spatial task are prominent. Clozapine 
may have complex interactions with several synaptic proteins with diverse binding 
profiles interacting with the glutamatergic NMDA receptor system. In addition, the 
regulation of calcium influx into the postsynaptic neuron via the NMDA receptor is at 
the transcriptional level also dependent on the gene expression (Puri, 2020). A 
GRIN3B mutation might enable increased calcium levels at the NMDA receptors, 
with improved memory, learning and initiative, and even protection for prenatal 
hypoxia (Zhuravin et al., 2019). Consequently, monoallelic individuals might have 
greater fitness than individuals with normal reference alleles. Thus, individuals with a 
single mutation in one GRIN3B allele may actually be at an advantage in the complex 
environment of modern society, a hypothesis for testing in future studies. 

4.3 Proprotein convertase subtilisin/kexin type 4 (PCSK4) gene and the NMDA 
receptor 
The PCSK4 gene is located adjacent to GRIN3B at chromosome 19p13.3 and plays a 
role in the proteolytic activation of secretory precursor proteins into bioactive protein 
forms (Li et al., 2000). The PCSK4 gene encodes for a calcium-dependent serine 
endoproteinase localized to the testicular germ cells and sperm (Gyamera-
Acheampong et al., 2006). PCSK4 also encodes the protein required to produce 
pituitary adenylate cyclase-activating polypeptide protein (PACAP), which protects 
the NMDA receptor from neurotoxic ketamine (Mansouri et al., 2017). Further 
studies show that PACAP can also protect NMDAR subunits after oxygen-glucose 
deprivation-reperfusion injury (Kaneko et al., 2018). The PCSK4 protein initially 
undergoes an autocatalytic process in the endoplasmic reticulum (ER) (Gyamera-
Acheampong et al., 2011). The protease plays a crucial role in conception, 
fetoplacental growth and embryonic development and processes several prohormones. 
Additionally, PCSK4 is the only known gene involved both in gametogenesis and 
proliferation of germ cells associated with infertility (Gyamera-Acheampong et al., 
2006).  

Although we did not find any amino acid substitution in the GRIN3B or PCSK4 gene 
variant they may still affect gene regulation and contribute to the treatment resistance 
observed in the four patients since most schizophrenia risk variants identified by 
genome-wide association studies are located in non-coding regions (Huo et al., 2019). 
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4.4 Schizophrenia and breast cancer with a shared locus at chromosome 19p13 
One of the sisters to Patient 2 had early onset schizophrenia and displayed TRS and 
was also responsive to clozapine but was not available for the present study since she 
died following a breast cancer operation. An association between schizophrenia and 
breast cancer was recently reported based on a genome-wide association study of a 
Swedish population cohort (Lu et al., 2020). Interestingly enough these authors also 
located the breast cancer and schizophrenia gene to chromosome 19p13.11. This is 
however 18 megabases (Mb) from our GRIN3B/PCSK4 gene locus at 19p13.3 and 
thus probably just a coincidence that both findings happen to end up on chromosome 
19p13. 
 
4.5 More gene variants encoding for the ionotropic glutamate NMDA receptor 
subunits reported in mental disorders 
Lately, GRIN gene variants, encoding for the ionotropic glutamate NMDA receptor 
subunits (NMDA-Rs), have been connected to GRIN-related disorders (GRDs). 
GRDs are clinical phenotypes in children with GRIN protein truncating variants of 
disease-associated GRIN genes hypothetically provoking NMDAR hypo functionality 
(Santos-Gómez et al., 2020). NMDA-Rs, are distributed throughout the central 
nervous system, and essential mediators of synaptic transmission and neuronal 
plasticity (Oka et al., 2020). NMDA-Rs are tetrameric and composed of two essential 
GluN1 subunits along with two GluN2 or GluN3 subunits, which have four GluN2A - 
GluN2D and two subtypes GluN3A and GluN3B, respectively. These NMDA-R 
subtypes differ in their subunit composition, which alters during development. The 
protein name mirrors the gene name, GRIN2D translates to GluN2D, GRIN3B 
translates to GluN3B. It is reasonable to assume that all seven GRIN genes listed in 
Table 3 are instrumental for normal brain development and function. To fully test this 
assumption receptor blocking agents for all GRIN receptor subunits must be 
developed.  
 
We suggest that the newly discovered auto-antibody association to GRIN2D (Just et 
al., 2020) may contribute to NMDA-Rs dysfunction in schizophrenia together with 
the GRIN3B gene variants reported in the present study. Both GRIN genes merit 
further examination in patients with psychosis since they may represent different 
clinical subtypes of “the group of schizophrenias” (Bleuler 1911). 
 
4.6 Consensus statement on the use of clozapine during the COVID-19 pandemic 
A Treatment Response and Resistance in Psychosis working group developed the 
following recommendations about clozapine treatment as a consensus statement 
related to the COVID-19 pandemic (Siskind et al., 2020). Clozapine is the most 
effective anti-psychotic for reducing positive symptoms, hospital admissions and all-
cause mortality in patients with treatment refractory schizophrenia.  Region specific 
limits on outings and clinical resource constraints during the COVID-19 pandemic 
may create challenges for patients to access routine clozapine-associated care and 
testing required for dispensing. Discontinuing clozapine, especially abruptly, creates 
significant risk of relapse or exacerbation of severity of illness and needs to be 
avoided. Dragoi et al. in November 2020 state that “Therapy must be continued with 
the proper monitoring, and the clozapine dose decreased by half until three days after 
the fever breaks; psychiatrists and healthcare providers must act together”. 
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5. Conclusions 
First, we identified three families with a specific pharmacogenetic phenotype based 
on the clinical observation that the family members with schizophrenia were 
clozapine responders. Second, we performed a whole exome sequencing of DNA of 
four patients with schizophrenia and three of their healthy siblings. Third, we exclude 
potential latent illnesses in the healthy siblings, by follow-up until they reached at 
least 50 years of age. Fourth, we discovered that the rare polymorphisms in GRIN3B 
and PCSK4 separated the patients from their healthy siblings genetically. The 
noteworthy genetic contribution to both traits, possibly via the NMDA receptor 
function, and highlighted by a shared locus at 19p13.3, has the potential to shed light 
on the common biology underlying clozapine responsiveness and psychosis. A first 
priority is to study the incidence of the gene variants in larger cohorts of clozapine 
treated patients with schizophrenia. 
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