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A B S T R A C T   

Treatment resistant schizophrenia (TRS) is characterized by repeated treatment failure with antipsychotics. A 
recent genome-wide association study (GWAS) of TRS showed a polygenic architecture, but no significant loci 
were identified. Clozapine is shown to be the superior drug in terms of clinical effect in TRS; at the same time it 
has a serious side effect profile, including weight gain. Here, we sought to increase power for genetic discovery 
and improve polygenic prediction of TRS, by leveraging genetic overlap with Body Mass Index (BMI). We 
analysed GWAS summary statistics for TRS and BMI applying the conditional false discovery rate (cFDR) 
framework. We observed cross-trait polygenic enrichment for TRS conditioned on associations with BMI. 
Leveraging this cross-trait enrichment, we identified 2 novel loci for TRS at cFDR <0.01, suggesting a role of 
MAP2K1 and ZDBF2. Further, polygenic prediction based on the cFDR analysis explained more variance in TRS 
when compared to the standard TRS GWAS. These findings highlight putative molecular pathways which may 
distinguish TRS patients from treatment responsive patients. Moreover, these findings confirm that shared ge
netic mechanisms influence both TRS and BMI and provide new insights into the biological underpinnings of 
metabolic dysfunction and antipsychotic treatment.   

1. Introduction 

Use of antipsychotic drugs in patients with schizophrenia (SCZ) is 
standard treatment and often long-term. However repeated treatment 
failure with inadequate improvement in symptoms occurs in 

approximately 30% of patients treated with antipsychotics. This clinical 
picture is termed treatment-resistant schizophrenia (TRS) (Meltzer, 
1997). The biological mechanisms underlying TRS remain unclear, 
although disease heterogeneity, pharmacokinetics and/or genetic di
versity, are likely of major relevance (Kinon, 2018). Initial genetic 
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studies attempting to better understand the molecular mechanisms of 
TRS produced conflicting results, due in part to differences in the patient 
groups studied as well as the use of the candidate gene approach (Gil
lespie et al., 2017; Lally et al., 2016). Most recently, a genome-wide 
association study (GWAS) of TRS confirmed that it is polygenic in na
ture (estimated SNP-based heritability of 1–6%), despite not identifying 
any genome-wide significant loci (Pardinas et al., 2022). Obtaining a 
better understanding of the underlying mechanisms and early identifi
cation of TRS remain critical priorities in SCZ research. 

Clozapine (CLZ) is superior to other antipsychotics in terms of clin
ical effect and is the only licensed treatment for TRS (Huhn et al., 2019; 
Kumra et al., 2008). Despite this, the mechanism of action underlying 
the superior efficacy of CLZ remains unknown (Pardinas et al., 2021). 
Despite being effective in ~60% of TRS cases however, treatment may 
be accompanied by severe adverse effects such as agranulocytosis, sei
zures and myocarditis, limiting its use as a first line SCZ drug (Gurrera 
et al., 2022; Kumra et al., 2008). Treatment-induced weight gain and 
accompanying dyslipidemia and glucose dysregulation are also major 
adverse effects which may limit adherence and success of antipsychotic 
treatment (Huhn et al., 2019; Leucht et al., 2013; Raben et al., 2017). A 
recent review investigated the effects of 18 different antipsychotics on 
metabolic function and identified large heterogeneity in their effect on 
body weight, body mass index (BMI), cholesterol and glucose concen
trations, with CLZ associated with the largest degree of metabolic 
dysfunction (Pillinger et al., 2020). Improvements in symptom severity 
were associated with increases in body weight, BMI, low-density lipo
protein (LDL) and total cholesterol, highlighting that the most effica
cious treatment options, such as CLZ, also result in the greatest 
metabolic dysfunction (Pillinger et al., 2020). Moreover, higher BMI is 
commonly observed in TRS patients taking CLZ when compared to pa
tients with SCZ responding to antipsychotics other than CLZ (Garriga 
et al., 2022; Pillinger et al., 2020). Findings from a clinical trial indi
cated that for olanzapine and CLZ, therapeutic response was closely 
related to gain in weight and BMI (Czobor et al., 2002). The relationship 
between antipsychotic treatment and metabolic dysfunction is well 
described (Huhn et al., 2019; Leucht et al., 2013; Raben et al., 2017), 
and patients with the best effect of olanzapine or CLZ on symptom levels 
seem to have the largest increase in BMI (Czobor et al., 2002). Still it 
remains unknown whether metabolic disturbances are associated with 
antipsychotic efficacy due to overlapping molecular mechanisms (Pil
linger et al., 2020), or if these observations are due to other factors such 
as increased compliance and off-target effects. 

Given our limited understanding of the underlying genetics of TRS 
based on the conventional GWAS approach (Pardinas et al., 2022), 
additional statical approaches may be employed to boost statistical 
power for genetic discovery. The conditional false discovery rate (cFDR) 
framework increases discovery and improves polygenic prediction in 
underpowered GWAS by leveraging genetic overlap with a second, more 
powerful GWAS (Andreassen et al., 2013, 2014; Smeland et al., 2020; 
van der Meer et al., 2022). In addition, the cFDR approach is agnostic to 
effect direction, and so is able to leverage shared genetic variants 
regardless of effect direction or genome-wide genetic correlation 
(Smeland et al., 2020). Given evidence that treatment response is 
associated with weight gain and treatment resistance is associated with a 
lack of weight gain, we hypothesized that TRS and measures of meta
bolic function (such as BMI) may have a shared genetic basis. In contrast 
to the TRS GWAS which included only 10,501 TRS cases (Pardinas et al., 
2022), the latest GWAS of BMI includes almost 800,000 individuals and 
identified approximately 100 genome-wide significant loci (Yengo et al., 
2018). Therefore, we sought to utilize the cFDR framework to increase 
power for genetic discovery and improve polygenic prediction of TRS, 
by conditioning on BMI. 

2. Methods 

2.1. GWAS sample description 

Publicly available GWAS summary statistics for TRS, BMI and SCZ 
were obtained. The TRS GWAS sample comprised 10,501 TRS and 
20,325 non-TRS patients (Pardinas et al., 2022), while the latest GWAS 
of BMI included 795,640 individuals (Yengo et al., 2018). Moreover, a 
second GWAS of BMI in 28,681 children at eight years old was also 
obtained for replication analysis (Helgeland et al., 2022). The SCZ 
GWAS sample comprised 53,386 cases and 77,258 controls (Trubetskoy 
et al., 2022) and was only used in the polygenic score analysis as a 
comparator to show the specificity of the TRS GWAS in predicting TRS 
outcome. The SCZ GWAS was not used for cFDR analysis. All GWAS data 
used in these analyses were from individuals of European ancestry. An 
overview of the study design and samples is shown in Fig. 1. The Nor
wegian Institutional Review Board for the South-East Norway Region 
has evaluated the current protocol and found that no additional insti
tutional review board approval was needed because no individual data 
were used. More detailed descriptions are available in the Supplemen
tary methods and original publications (Helgeland et al., 2022; Pardinas 
et al., 2022; Trubetskoy et al., 2022; Yengo et al., 2018). 

2.2. Conditional/Conjunctional false discovery rate 

We conducted cFDR analysis, conditioning genetic associations with 
TRS on BMI, using default settings (Supplementary Methods). cFDR le
verages statistical pleiotropy, the presence of SNP-associations with 
both traits (Watanabe et al., 2019), to identify variants more likely to be 
true associations despite p-values below the genome-wide significance 
threshold. In short, the cFDR procedure re-ranks the test statistics in a 
primary phenotype (TRS) conditional on the associations in a secondary 
phenotype (BMI). Hence, TRS variants jointly associated with BMI will 
attain lower cFDR estimates. An FDR level of 0.01 was set for cFDR, 
corresponding to 1 false positive per 100 reported associations. More 
details are provided in the Supplementary Methods, original publica
tions (Andreassen et al., 2013, 2014) and subsequent review (Smeland 
et al., 2020). 

2.3. Locus definitions and annotations 

Genetic loci were defined based on association summary statistics 
produced with cFDR following the protocol implemented in the Func
tional Mapping and Annotation (FUMA) online platform with default 
parameters (Watanabe et al., 2017). Briefly, independent significant 
genetic variants were identified as variants with cFDR<0.01 and linkage 
disequilibrium (LD) r2<0.6 with each other. A subset of these inde
pendent significant variants with LD r2<0.1 were then selected as lead 
variants. Moreover, for each independent significant variant all candi
date variants were identified as variants with cFDR<0.1 and LD r2≥0.6. 
For a given lead variant the borders of the genomic locus were defined as 
minimum/maximum positional coordinates over all corresponding 
candidate variants. Finally, loci were merged if they were separated by 
less than 250 kb. 

Genes were mapped to each identified locus using the Open Targets 
Genetics platform (https://genetics.opentargets.org/) (Ghoussaini et al., 
2021). This platform aggregates human GWAS and functional genomics 
data including gene expression, protein abundance, chromatin interac
tion and conformation data from a wide range of cell types and tissues to 
make robust connections between GWAS-associated loci, variants and 
likely causal genes. To assign likely causal genes for a given variant, a 
disease-agnostic Variant to Gene (V2G) analysis pipeline provides a 
single aggregated V2G score for each variant-gene prediction. For each 
locus we considered the top 3 genes with the highest V2G score. Finally, 
we queried SNPs for known expression quantitative trait loci (eQTLs) 
across multiple tissues using the GTEx portal (GTEx v8) (Consortium, 
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2015), in peripheral blood using the eQTLGen (Vosa et al., 2021) and in 
different brain tissues using the BRAINEAC portal (Hernandez et al., 
2012). We used the LocusCompare online tool to visualize the coloca
liztion of SNPs in the chr15:66,624,854–66,797,492 cFDR locus and 
tissue-specific MAP2K1 gene expression from the GTEx database (Liu 
et al., 2019). 

2.4. Polygenic score analysis and snp annotations 

Polygenic scores (PGSs) were constructed using PRSice-2 (Choi and 
O’Reilly, 2019) from summary statistics from TRS (Pardinas et al., 
2022), BMI (Yengo et al., 2018) and SCZ (Trubetskoy et al., 2022). Using 
the pleioPGS approach (van der Meer et al., 2022), we leveraged our 
multivariate analysis by comparing standard GWAS-ranked lead SNPs 
with cFDR-based ranking, using the same weights derived from the 
original TRS GWAS. We calculated the scores for specific numbers of 
lead SNPs rather than for significance thresholds to allow for direct 
comparison between the approaches, at equal numbers of SNPs in each 
set. We compared the top 100 (approximate number of SNPs p<1E-5 in 
the original TRS GWAS) to 105,000 SNPs (number of independent SNPs 
p<1 in the original TRS GWAS). Sex, age and 10 principal components 
were included as covariates. Functional consequences of the SNPs 
contributing to the PGSs explaining the most variability in TRS status 
were annotated using FUMA (Watanabe et al., 2017). 

The initial PGS target sample (TDM cohort) included patients phe
notyped with TRS (n = 984) or non-TRS (n = 749) from the therapeutic 
drug monitoring (TDM) service at Center for Psychopharmacology in 
Diakonhjemmet Hospital, Oslo, Norway during the period January 2005 
and August 2020 (Fig. 1, Supplementary Table 1). The TRS cohort was 
defined based on the use/prescription of CLZ, the main drug indicated in 
TRS (FDA, 2014), verified by detectable serum concentration of CLZ 
and/or available CLZ dose information in TDM registries. All non-TRS 
patients had only used non-CLZ antipsychotic drug(s) and had never 
been prescribed CLZ as confirmed by their longitudinal TDM profiles. In 
Norway, TDM analyses are used as a tool to aid personalized treatment 

and clinical follow-up in psychiatry. Routine TDM analyses of CLZ is 
performed due its extensive pharmacokinetic variability and narrow 
therapeutic range (Hiemke et al., 2018). The analyses guide physicians 
to optimize dosage for prevention of concentration-dependent severe 
side effects (e.g., tonic-clonic seizures, sedation) while ensuring adher
ence to treatment and optimal clinical effect in relation to the thera
peutic concentration reference range. The validation PGS target sample 
(TOP cohort) included 310 patients with SCZ with reported antipsy
chotic treatment history and RNA microarray data from peripheral 
blood (Fig. 1, Supplementary Methods, Supplementary Table 1). The 
recruitment procedure and clinical evaluation for this study sample are 
described in detail in previous reports (Simonsen et al., 2011; Szabo 
et al., 2022; Werner et al., 2020). Briefly, patients were defined as being 
TRS (n = 89) based on two or more failed trials of antipsychotic treat
ment, each of at least six weeks duration and with therapeutic dosage. At 
least one of the antipsychotics had to be a second-generation antipsy
chotic. All other patients with SCZ (n = 221) were considered non-TRS. 
All individuals in both the TDM and TOP cohorts were of European 
ancestry. 

All participants gave written informed consent and the study was 
approved by the Norwegian Regional Committee for Medical Research 
Ethics and the Norwegian Data Inspectorate. All procedures and 
methods were carried out in accordance with relevant guidelines and 
regulations. 

2.5. Gene expression analysis 

The TOP cohort was used to assess differences in MAP2K1 mRNA 
levels that were investigated between the TRS and non-TRS patient 
groups, between rs3087660 genotype groups, and between rs3087660 
genotype groups within the TRS and non-TRS patient groups (Fig. 1). 
Details of the microarray analysis and subsequent quality control are 
provided in the Supplementary Methods. Analyses were performed 
using linear regression, adjusting for age and sex. These analyses were 
considered validation of the eQTL analyses described above and so a p- 

Fig. 1. An overview of the study design and the included samples. (A) The conditional false discovery rate (cFDR) approach was used to improve discovery of genetic 
variants associated with treatment resistant schizophrenia (TRS) after conditioning on body-mass index (BMI). (B) Polygenic score (PGS) analyses were conducted to 
determine the variance in TRS explained by common genetic variants. PGSs were constructed from GWAS summary statistics of TRS, BMI and SCZ (i), as well as the 
re-ranked TRS data after conditioning on BMI (ii). (C) The lead SNP rs3087660, associated with TRS after conditioning on BMI, was mapped to genes using the Open 
Targets platform. The identified gene-variant relationships were further queried across numerous expression quantitative trait loci databases. Lasty, the identified 
eQTLs were investigated in the TOP TRS cohort. 
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value threshold of p<0.05 was applied. 

2.6. Statistical analysis 

Statistical analyses were performed in R using the base statistical 
package (R Core Team, 2020). Welch two sample t-tests and chi-squared 
tests were used to compare baseline charactersistcs (age, sex, BMI and 
proportion of TRS patients) between the TDM and TOP cohorts. 

3. Results 

3.1. Genetic overlap and discovery 

Genome-wide genetic correlation (rg=0.048) was calculated be
tween TRS and BMI using linkage disequilibrium score regression 
(Bulik-Sullivan et al., 2015). The conditional quantile-quantile (QQ) 
plots suggest the presence of enrichment for TRS given BMI (Fig. 2A), 
shown by the incremental incidence of association with TRS (leftward 
deflection) as a function of the significance of association with BMI. We 
leveraged this cross-phenotype polygenic enrichment using cFDR ana
lyses and re-ranked TRS SNPs conditionally on their association with 
BMI. At cFDR < 0.01 we identified 2 loci (rs7560232 chr2:207,121, 
329–207,207,137 and rs3087660 chr15:66,624,854–66,797,492) asso
ciated with TRS after conditioning on BMI (Fig. 2B, Table 1, Supple
mentary Table 2). Investigation of these loci in the GWAS catalog 
(Buniello et al., 2019) showed that the locus on chromosome 2 has been 
previously associated with changes in volume of the cerebellar vermal 
lobules (Zhao et al., 2019), lower self-rated health (Harris et al., 2017) 
and age-related hearing impairment (Praveen et al., 2022), while the 
locus on chromosome 15 is only previously associated with BMI (Zhu 
et al., 2018). The top three genes with the highest V2G score for the 
locus on chromosome 2 include ZDBF2, CMKLR2 and ADAM23, and for 
the locus on chromosome 15 include SNAPC5, TIPIN and MAP2K1 
(Fig. 2B, Table 1). As a replication analysis, we similarly re-ranked TRS 
SNPs conditionally on their association with BMI in an independent BMI 
GWAS in children at eight years old (Helgeland et al., 2022) (Supple
mentary Fig. 1 and Supplementary Table 3) and confirmed the associ
ation of the locus on chr15 (cFDR = 9.8E-03; rs11631065 chr15:66,603, 
388–66,797,492) with TRS. We did not observe consistent enrichment 
for BMI given TRS (Supplementary Fig. 2), and so the reverse cFDR 
analysis was not pursued. 

Additional assessment of the variant-gene relationships in the GTEx 
database showed significant associations between the lead SNP 

rs3087660 on chromosome 15 and MAP2K1 gene expression in the 
cerebellum (p = 6.6E-5) and adipose subcutaneous tissues (p = 7.8E-7) 
(Supplementary Figs. 3 and 4). Similarly, the rs3087660 G allele was 
associated with increased MAP2K1 expression in peripheral blood in the 
eQTLGen database (p = 1.5E-11). Although not significant, a similar 
pattern is also observed in the cerebellum in the BRAINEAC database (p 
= 0.15) (Supplementary Fig. 5). LocusCompare results suggest that the 
rs3087660 variant is the most likely eQTL for MAP2K1 in the cere
bellum, while other variants in the locus are stronger eQTLs for MAP2K1 
in adipose subcutaneous tissue, and whole blood (Supplementary 
Fig. 6). We further assessed the associations between rs3087660 geno
type and MAP2K1 gene expression in the TOP cohort of 310 patients 
with SCZ, including 89 TRS and 221 non-TRS patients. MAP2K1 gene 
expression was significantly (p = 0.010) lower in the TRS group 
compared to the non-TRS group (Supplementary Fig. 7A and Supple
mentary Table 4). Like our observations in the GTEx database, greater 
MAP2K1 gene expression was observed in patients with the rs3087660 
GG genotype when compared to those with the GA and AA genotypes, 
although these differences between genotype groups were not signifi
cant (Supplementary Fig. 7B and Supplementary Table 4). Although not 
significant, when MAP2K1 gene expression was compared between 
rs3087660 genotype groups, in TRS and non-TRS patients separately, 
the expected dose effect was greater in the non-TRS group than in the 
TRS group (Supplementary Fig. 7C and Supplementary Table 4). 

3.2. Polygenic prediction 

We compared the top 100–105,000 SNPs using original TRS GWAS p- 
value ranking and cFDR-based ranking (Supplementary Fig. 8), hy
pothesizing that the boosted power from our conditional analysis would 
select more informative variants than standard GWAS, resulting in 
improved PGS performance. The greatest variance explained by any of 
the tested PGS was captured within the first 500 SNPs (Fig. 3). The 
maximum variance explained by the original TRS PGS (liability r2 =

4.96%, p = 0.013) was achieved using the top 500 independent SNPs. 
Interestingly, cFDR-based ranking of TRS conditioned on BMI achieved a 
similar explained variance (liability r2 = 4.77%, p = 0.017) using only 
the top 100 independent SNPs, while the maximum variance explained 
(liability r2 = 5.62%, p = 0.011) required only the top 300 independent 
SNPs and outperformed the original TRS PGS by 1.13 fold. PGSs for BMI 
and SCZ were also plotted for comparison. 

Of the top 100 independent SNPs after cFDR-based ranking of TRS 
conditioned on BMI, only 29 were included in the top 100 independent 

Fig. 2. (A) Conditional QQ plots showing cross-phenotype polygenic enrichment between treatment resistant schizophrenia (TRS) and body-mass index (BMI). 
Plotted are the nominal vs empirical − log10 p values (corrected for inflation) for TRS, below the standard genome-wide association study threshold of p < 5.0 ×
10− 8, as a function of significance of association with BMI at the levels of p ≤ 0.10, p ≤ 0.01, and p ≤ 0.001. The dashed lines indicate the null hypothesis. (B) 
Common genetic variants associated with TRS after conditioning on BMI at conditional False Discovery Rate (cFDR) < 0.01. Manhattan plot showing the –log10 
transformed cFDR values for each SNP on the y-axis and chromosomal positions along the x-axis. The dotted horizontal line represents the threshold for significant 
shared associations (cFDR < 0.01). Independent lead SNPs are encircled in black and are annotated to the top three genes with highest variant-to-gene scores. Further 
details for these loci are provided in Supplementary Table 2. 
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SNPs from the original TRS GWAS, and 46 were included in the top 500 
independent SNPs from the original TRS GWAS (Supplementary 
Table 5). Similarly, when considering the top 300 independent SNPs 
after cFDR-based ranking of TRS conditioned on BMI (which explained 
the most variance; Fig. 3), only 42 were included in the top 100 inde
pendent SNPs from the original TRS GWAS, and 96 were included in the 
top 500 independent SNPs from the original TRS GWAS (Supplementary 
Table 5). 

Assessment of the functional consequences of the SNPs included in 
the PGSs showed enrichment of intronic SNPs (enrichment = 1.29, p =
3.74E-130) and depletion of intergenic (enrichment = 0.846, p = 8.94E- 
60) and ncRNA intronic (enrichment = 0.828, p = 6.86E-13) SNPs in the 
cFDR-based PGS relative to the reference. In contrast, intergenic SNPs 
(enrichment = 1.06, p = 9.62E-11) and ncRNA intronic (enrichment =
1.09, p = 2.41E-4) SNPs were enriched, while intronic SNPs were 
depleted (enrichment = 0.908, p = 3.93E-14) in the original TRS PGS 
relative to the reference panel (Supplementary Fig. 9). 

We sought to validate these results in the smaller TOP cohort of SCZ 
patients used to investigate the differential gene expression of MAP2K1 
as described above. Although the greatest maximum variance explained 
was observed for the original TRS PGS (liability r2 = 0.70%, p = 0.205, 

700 SNPs) and not with the cFDR-based ranking of TRS conditioned on 
BMI (liability r2 = 0.47%, p = 0.299, 600 SNPs), we did observe greater 
explained variance for the cFDR-based ranking for all SNP thresholds 
below 700 SNPs (Supplementary Fig. 10). 

Patients in the TDM cohort (mean age = 49.04 ± 16.13) were 
significantly older (p<2.2E-16) when compared to those in the TOP 
cohort (mean age = 30.42 ± 9.36), although no differences were iden
tified between TRS and non-TRS patients in either cohort (Supplemen
tary Table 1). Moreover, the proportion of TRS patients was significantly 
greater (p<2.2E-16) in the TDM cohort (n = 984/1733) than in the TOP 
cohort (n = 98/310) (Supplementary Table 1). 

4. Discussion 

Here we applied the cFDR method to boost discovery of genetic 
variants associated with TRS, and identified two novel loci associated 
with TRS after conditioning on BMI. These results provide evidence for a 
genetic overlap between TRS and BMI. Identified specific loci may 
provide insights into the shared genetic mechanisms influencing TRS 
and BMI and inform on their biological underpinnings. In addition, we 
showed that the polygenic prediction of TRS is improved by leveraging 

Table 1 
Novel loci for treatment resistant schizophrenia (TRS) after conditioning on body-mass index (BMI).  

Chr Range Lead SNP A1/ 
A2# 

Mapped Genes$ Functional category p-value 
TRS 

OR 
TRS 

Rank 
TRS 

p-value 
BMI 

Beta 
BMI 

cFDR 

2 207,121,329 - 
207,207,137 

rs7560232 G/A ZDBF2, CMKLR2, 
ADAM23 

Intergenic 1.9E-06 0.898 4th 1.1E-09 0.011 1.6E- 
03 

15* 66,624,854 - 
66,797,492 

rs3087660 G/A SNAPC5, TIPIN, 
MAP2K1 

5′ UTR (ZWILCH), 
Intronic (RPL4) 

3.1E-06 0.899 13th 1.3E-10 0.011 2.7E- 
03 

Lead SNPs in independent genomic loci associated with TRS after conditioning on BMI at cFDR < 0.01, after merging regions <250 kb apart into a single locus. The 
table presents chromosomal position (Chr), mapped genes and functional category, as well as p-values and effect sizes (odds ratios (OR) and betas) from the original 
summary statistics on TRS (Pardinas et al., 2022) and BMI (Yengo et al., 2018). The effect sizes are given with reference to allele 2 (A1). For more details and a list of all 
candidate variants in these loci, see Supplementary Table 2. #A1 is effect allele. Rank TRS: p-value based rank of the SNP in the original TRS GWAS. *Locus replicated 
with analysis using independent BMI GWAS data, see Supplementary Table 3. $Genes listed here are the top 3 genes with the highest variant to gene score in the Open 
Targets Genetics platform (Ghoussaini et al., 2021). 

Fig. 3. Explained variance (on the liability scale) of treatment resistant schizophrenia (TRS, orange), body-mass index (BMI, purple), TRS after conditioning on BMI 
(cond TRS|BMI, green) and schizophrenia (SCZ, pink) polygenic scores (PGS) (Liability r2, y-axis) for top 100- 500 independent variants from the TRS GWAS 
summary statistics. The results of explained variance for all SNP ranges test (100 – 105,000 SNPs) are presented in Supplementary Fig. 6. 
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the identified genetic overlap with BMI. 
Using the cFDR approach, we identified two novel loci (rs7560232 

on chromosome 2 and rs3087660 on chromosome 15) associated with 
TRS after conditioning on BMI, one (rs3087660) of which replicated 
using an independent BMI GWAS (Helgeland et al., 2022). The top three 
genes mapped to this locus (rs3087660) include SNAPC5, TIPIN and 
MAP2K1. Of these, MAP2K1 is of particular interest since it forms part of 
the MAPK/ERK pathway activated by antipsychotics (de Bartolomeis 
et al., 2022). Activation of this pathway results in the phosphorylation of 
proteins involved in several biological processes including, transcrip
tional and translational regulation, cellular excitability, dendritic or
ganization, long-term potentiation and depression, neuronal survival, 
synaptogenesis and neurotransmitter release (Engel et al., 2009), and 
ERK activation specifically contributes to synaptic plasticity and con
nectivity (Harrison and Weinberger, 2005; Konradi and Heckers, 2001). 
The MAP2K1 gene was recently shown to be downregulated in periph
eral blood of SCZ patients prior to treatment, when compared to healthy 
controls, and upregulated after treatment with antipsychotics (Wang 
et al., 2022). Moreover, a strong positive correlation between deme
thylation of the MAP2K1 gene promoter region and lifetime antipsy
chotic use was identified in frontal cortex postmortem tissue samples 
collected from patients with SCZ (Mill et al., 2008). Investigation of the 
rs3087660-MAP2K1 relationship in the GTEx database suggests that this 
variant may influence MAP2K1 gene expression, particularly in the 
cerebellum and adipose subcutaneous tissues where the rs3087660 G 
allele increases expression. Comparable findings were also confirmed in 
peripheral blood and the cerebellum in the eQTLGen and BRAINEAC 
databases, respectively. Further evaluation of this relationship in our 
naturalistic TOP cohort of TRS and non-TRS SCZ patients showed a 
similar pattern in peripheral blood samples, where patients with the GG 
genotype had greater MAP2K1 gene expression when compared to pa
tients with the GA or AA genotypes. Moreover, stratifying this cohort by 
TRS status suggests that this effect may be greater in non-TRS patients 
than in TRS patients. Our cFDR findings show that the rs3087660 G 
allele is associated with reduced risk of TRS. It is tempting to speculate 
that the increase in MAP2K1 activity expected after treatment with 
conventional antipsychotics may be facilitated by the presence of the 
rs3087660 G in non-TRS patients, and that MAP2K1 activity is reduced 
in TRS patients regardless of rs3087660 genotype. Interestingly, 
although CLZ is also shown to increase MAP2K1 activity (Browning 
et al., 2005), the mechanism is distinct from other antipsychotics (Per
eira et al., 2012). Thus, response to CLZ in TRS patients may, in part, be 
due to the specific and unique manner in which CLZ influences MAP2K1 
gene expression. These results provide a novel target mechanism that 
should be explored to better understand the mechanism of action un
derlying the superior efficacy of CLZ. Less is known about how the two 
other genes mapped to rs3087660, SNAPC5 and TIPIN, may relate to 
TRS. 

Genes mapped to the other identified locus (rs7560232) include 
ZDBF2, CMKLR2 and ADAM23. The ZDBF2 gene is mostly expressed in 
the nucleus accumbens (Puighermanal et al., 2020), and has been shown 
to be downregulated in SCZ (Glatt et al., 2011; Stock et al., 2021), but it 
is not known how ZDBF2 expression relates to TRS. A recent study has 
shown reduced appetite and consequent reduced body weight gain after 
birth in ZDBF2 knock-out mice providing some evidence for how this 
locus relates to BMI (Glaser et al., 2022). Moreover, this locus has pre
viously been implicated in other complex health-related traits including 
volume of the cerebellar vermal lobules (Zhao et al., 2019), lower 
self-rated health (Harris et al., 2017) and age-related hearing impair
ment (Praveen et al., 2022). Interestingly, the effects of both lead SNPs 
(rs3087660 and rs7560232), as well as all other candidate SNPs within 
these loci in LD with the lead SNPs, are in line with the observed rela
tionship between antipsychotic treatment and metabolic dysfunction 
(Huhn et al., 2019; Leucht et al., 2013; Raben et al., 2017), that these 
variants reduce risk of TRS while increasing risk of higher BMI. More
over, the receptor encoded by the CMKLR2 gene, mostly expressed in the 

central nervous system (CNS) (Helfer and Wu, 2018), has been shown to 
bind chemerin (De Henau et al., 2016; Helfer and Wu, 2018), an adi
pokine involved in inflammation, cell expansion, and angiogenesis in 
adipose tissue (Helfer and Wu, 2018). Chemerin activates hypothalamic 
stem cells to increase food intake, and has been positively associated 
with BMI, obesity, and metabolic disorders. Like CLZ, CMKLR2 activates 
the ERK1/2-MAPK pathways, which has been related to the superior 
efficacy of CLZ compared to other antipsychotics (Aringhieri et al., 
2017). The other gene mapped to rs7560232, ADAM23, is widely 
expressed in the CNS and has also been involved in both immune 
(Elizondo et al., 2016) and adipocytes functions (Kim et al., 2012). 
Taken together, these findings suggest that similar underlying biological 
processes contribute to antipsychotic response and metabolic dysfunc
tion, such as increased BMI, and supports the concept that metabolic 
disturbances may be a component underlying antipsychotic drug effi
cacy and not the result of off-target actions (Pillinger et al., 2020). This 
hypothesis, which needs to be investigated in more detail in future 
studies, is in line with the fact that CLZ exhibits the best clinical response 
in TRS but is also associated with the highest BMI increase (Pillinger 
et al., 2020). 

By leveraging the identified genetic overlap between TRS and BMI, 
and re-ranking genetic variants according to the TRS|BMI cFDR values, 
we also show a 1.13 fold improvement in TRS polygenic prediction in 
the TDM cohort. This pleioPGS approach outperformed the standard 
GWAS-based ranking, utilizing less SNPs in the PGS, despite using the 
same SNP weightings. We hypothesized that improved PGS performance 
would be due to the inclusion of more informative SNPs, based on cFDR 
re-ranking, in the PGS model. This is supported by the successive in
clusion of more highly ranked cFDR SNPs in the PGS constructed from 
the original TRS GWAS, and corresponding increase in explained vari
ance observed, as more SNPs are added to the PGS model. Annotation of 
the variants contributing to the PGSs with greatest variance explained 
showed enrichment of intronic SNPs and depletion of intergenic and 
ncRNA intronic SNPs within those contributing to the cFDR PGS, while 
SNPs contributing to the original TRS PGS showed the opposite pattern 
with enrichment of intergenic and ncRNA intronic SNPs and depletion of 
intronic SNPs. Recent evidence suggests that intronic regions are 
enriched for regulatory elements of expression of genes involved in 
tissue-specific functions, while housekeeping genes are more often 
controlled by intergenic enhancers (Borsari et al., 2021). This suggests 
that the pleioPGS method may be prioritizing tissue-specific regulatory 
variants more likely to be involved in TRS etiology and therefore more 
predictive of the outcome. 

To validate these findings, we repeated this PGS analysis in the in
dependent TOP cohort. We observed the expected greater variance 
explained by the TRS|BMI PGS compared to the standard TRS PGS for all 
SNP thresholds below 700 SNPs, however the greatest variance 
explained was by the standard TRS PGS at 700 SNPs. Variance explained 
by PGS in this validation cohort (maximum variance explained =
0.70%) was also considerably less than for the initial test cohort 
(maximum variance explained = 5.62%). This may be due to the smaller 
sample size of the TOP cohort, as well as, the difference in TRS defini
tions used. The TDM cohort TRS definition was based on CLZ use, 
matching the definition used in the TRS GWAS (Pardinas et al., 2022), 
while for the TOP cohort the TRS definition was based on two or more 
failed trials of antipsychotic treatment. Thus, the phenotype for the TDM 
cohort better matches the discovery GWAS from which PGS SNP weights 
were assigned. 

The results of the cFDR analysis highlight how data from small 
GWAS might still be used to understand genetic architecture and overlap 
between traits. However, despite identifying novel loci for TRS, larger 
GWAS of TRS are still required to better understand the underlying 
genetic etiology. One limitation that the cFDR method inherits from the 
GWASs it draws upon is that it is agnostic regarding the specific causal 
variants underlying the overlapping genomic loci. These overlapping 
loci could result from both shared or separate causal variants, or 
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“mediated pleiotropy”, where one phenotype is causative of the other 
(Solovieff et al., 2013). Another limitation to the cFDR approach is that 
the cross-trait enrichment both reflects the extent of polygenic overlap 
between the phenotypes and the power of the two GWASs analyzed and 
therefore, cross-trait enrichment will be harder to detect if one or both 
investigated GWASs are inadequately powered (Smeland et al., 2020). 
Moreover, the FDR values generated from the cFDR method cannot be 
used in a number of post-GWAS analyses which require p-values as 
input, such as MAGMA (de Leeuw et al., 2015) and colocalization 
(Giambartolomei et al., 2014; Hormozdiari et al., 2016). In addition, the 
predictive ability of the PGS remains far from being clinically relevant, 
and larger GWAS of TRS will also improve SNP weights for polygenic 
prediction. Moreover, these analyses were limited to European-ancestry 
participants due to available data and differences in linkage disequi
librium between ancestral groups. Larger, more diverse TRS samples, as 
well as new trans-ancestral methods and analyses are required to in
crease the generalizability of these findings. Finally, although other 
measures, such as waist-to-hip ratio, adiposity and body fat distribution 
may be considered more optimal markers of metabolic function (Okor
odudu et al., 2010), BMI was investigated due to the power of the 
available GWASs for these traits. Thus, the shared genetic architecture of 
TRS and other measures of metabolic function should be investigated 
when more well powered data become available. 

In conclusion, we identified two novel loci associated with TRS and 
showed improved prediction of TRS, by leveraging genetic overlap be
tween TRS and BMI. In addition, we identified a novel target mechanism 
that should be explored to better understand the mechanism of action 
underlying the superior efficacy of CLZ. These findings confirm that 
shared genetic mechanisms influence both TRS and BMI and provide 
new insights into the biological underpinnings of metabolic dysfunction 
and response to antipsychotic treatment. 
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