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A B S T R A C T   

Clozapine is the only licensed medication for treatment-resistant schizophrenia (TRS). Few predictors for vari-
ation in response to clozapine have been identified, but clozapine metabolism is known to influence therapeutic 
response and adverse side effects. Here, we expand on genome-wide studies of clozapine metabolism, previously 
focused on common genetic variation, by analysing whole-exome sequencing data from 2062 individuals with 
schizophrenia taking clozapine in the UK. We investigated whether rare genomic variation in genes and gene sets 
involved in the clozapine metabolism pathway influences plasma concentrations of clozapine metabolites, 
assessed through the longitudinal analysis of 6585 pharmacokinetic assays. We observed a statistically significant 
association between the burden of rare damaging coding variants (MAF ≤ 1 %) in gene sets broadly related to 
drug pharmacokinetics and lower clozapine (β = − 0.054, SE = 0.019, P-value = 0.005) concentrations in plasma. 
We estimate that the effects in clozapine plasma concentrations of a single damaging allele in this gene set are 
akin to reducing the clozapine dose by about 35 mg/day. The gene-based analysis identified rare variants in 
CYP1A2, which encodes the enzyme responsible for converting clozapine to norclozapine, as having the strongest 
effects of any gene on clozapine metabolism (β = 0.324, SE = 0.124, P = 0.009). Our findings support the 
hypothesis that rare genetic variants in known drug-metabolising enzymes and transporters can markedly in-
fluence clozapine plasma concentrations; these results suggest that pharmacogenomic efforts trying to predict 
clozapine metabolism and personalise drug therapy could benefit from the inclusion of rare damaging variants in 
pharmacogenes beyond those already identified and catalogued as PGx star alleles.   

1. Introduction 

Schizophrenia is a chronic psychiatric disorder affecting 7 out of 
1000 people worldwide (McGrath et al., 2008). Between 20–30 % of 
individuals with schizophrenia develop treatment-resistant schizo-
phrenia (TRS), a particularly severe presentation of the disorder in 
which symptoms do not respond to treatment after at least two courses 
of standard antipsychotics (Kane et al., 2019; Siskind et al., 2022). 
Clozapine is a second-generation antipsychotic considered the 
evidence-based treatment of choice for TRS, with good efficacy in tar-
geting refractory symptoms and better outcomes when compared with 

other pharmacological treatments (Wagner et al., 2021). Clinical 
guidelines recommend clozapine initiation for TRS patients at the 
earliest possible opportunity, but the considerable risk of drug-induced 
adverse effects and toxicity hamper the use of clozapine in clinical 
practice, despite its apparent benefits (Wagner et al., 2021). In partic-
ular, due to the risk of agranulocytosis, a haematological adverse drug 
reaction (ADR), individuals treated with clozapine undergo regular 
mandatory blood monitoring. Therapeutic drug monitoring (TDM) 
frameworks have also been recommended to ensure clozapine dosing 
leads to plasma concentrations within the standard “therapeutic range” 
(350–600 ng/mL) that aims to maximise safety and treatment response 
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and minimise the risk of drug-induced adverse effects and toxicity 
(Flanagan et al., 2023a; Siskind et al., 2021). Still, considerable 
inter-individual variability in drug pharmacokinetic processes such as 
absorption, distribution, metabolism, and excretion (ADME) can further 
influence psychiatric medication tolerance and effectiveness (Hiemke 
et al., 2018). It is estimated that a genetic component might explain 
20–30 % of this variability (Kalow et al., 1998), and a better under-
standing of the specific genetic mechanisms linking clozapine meta-
bolism, response, and toxicity may pave the way for safer and more 
efficient use of the drug in TRS clinical management. 

Pharmacogenomic (PGx) research focuses on studying how genetic 
variation influences the response to drugs, with the aim of using 
genetically derived information to deliver personalised care. While 
previous research has indicated that 40 % of the inter-individual vari-
ability in clozapine metabolism is related to demographic, lifestyle and 
clinical predictors (sex, age, body weight and smoking) (Flanagan et al., 
2023b), the few genetic studies performed to date have also found a 
small number of common genetic variants explaining up to an extra 3 %– 
8 % of variance (Pardiñas et al., 2023). As the effects of these genetic 
markers can be additive to those of environmental predictors (Lenk 
et al., 2022), their discovery is a first step towards eventual pre-emptive 
PGx interventions to personalise and improve clozapine treatment 
protocols. 

Most PGx studies of clozapine and other psychiatric medications 
have been based on the “candidate gene” experimental design, investi-
gating well-characterized polymorphisms and haplotypes in genes 
encoding cytochrome P450 enzymes (CYPs), commonly known as “star 
alleles” (Ahmed et al., 2016). These PGx markers are routinely assessed 
by genetic testing companies and, given their functional effects on 
enzyme activity (Bousman et al., 2021), have been proposed as useful to 
guide drug selection and dosing. The hepatic first-pass metabolism of 
clozapine is mainly driven by the CYP1A2 enzyme (with a minor role 
played by CYP2C19, CYP3A4, and CYP2D6), and therefore lifestyle 
factors and concomitant medications influencing the activity of this 
enzyme are commonly discussed in the literature (de Leon et al., 2022; 
Flanagan et al., 2023a). It has also been suggested that differences in 
clozapine metabolism can arise from the presence of variants in these 
and other genes involved in its metabolic processes; however, a clear 
relationship between CYP1A2 genetic variation and clozapine meta-
bolism has not yet been established, and no genetic variants are 
considered relevant for clinical management on recent expert reviews 
(Correll et al., 2022; de Leon et al., 2022) or in the PharmGKB database 
(Whirl-Carrillo et al., 2021). Evidence from previous genome-wide as-
sociation studies (GWAS) suggests that clozapine metabolic traits are 
likely to be influenced by a small number of variants with a relatively 
large effect and could be considered to have an oligogenic genetic ar-
chitecture (Pardiñas et al., 2019; Smith et al., 2020). These studies have 
also not implicated variants within the CYP1A2 gene, although a 13 kb 
upstream variant potentially involved in its regulation, rs2472297, has a 
reported and replicated association (Lenk et al., 2022; Pardiñas et al., 
2019). 

It is important to consider that while both GWAS and candidate gene 
studies are best suited to identify the influences of relatively common 
alleles, rare variants also contribute to differences in medication-related 
traits and sequencing-based methods are required to detect this source of 
genetic variation. Indeed, analysis of exonic and genomic data have 
implicated rare variants in clozapine ADRs (Legge et al., 2017; Narang 
et al., 2022), though genes specifically involved in drug pharmacoki-
netics (“pharmacogenes”) have not been the focus of those studies. 
Pharmacogenes are commonly under low evolutionary pressure, accu-
mulating a large number of genetic variants, of which the majority are 
rare (MAF < 1 %) or very rare (MAF < 0.1 %). Some of these variants 
have strong effects on metabolic phenotypes by altering the expression, 
the structure, or the enzyme function (Ingelman-Sundberg et al., 2018; 
Zhou et al., 2019), and have been found to be responsible for 30–40 % of 
the known functional variability of drug-related enzymes and 

transporter pharmacogenes (Ingelman-Sundberg et al., 2018; Wang 
et al., 2018; Zhou and Lauschke, 2022). The presence of rare variants 
with a functional effect on pharmacogenes involved in the clozapine 
metabolic pathway may contribute to the unexplained variability in 
drug metabolism and ultimately affect medication response, tolerability, 
and other clinical outcomes (Pardiñas et al., 2021; Thorn et al., 2018). 

Owing to the complexity of optimal clozapine prescription and the 
need for careful TDM, the identification of rare pharmacogenomic 
markers could facilitate the management of clozapine treatment in those 
with an atypical metabolism unrelated to known common variants or 
environmental influences. In this study, we build on our previous find-
ings by assessing a different class of genetic variation, rare deleterious 
coding variants obtained from whole exome sequencing (WES) data 
from over 2000 individuals taking clozapine. Our aim was to investigate 
for the first time, whether rare variants (MAF ≤ 1 %) in genes involved 
in the clozapine metabolism pathway affect clozapine pharmacoki-
netics, further explaining the differences in clozapine plasma concen-
trations between individuals. 

2. Experimental procedures 

Participants 

Participants were from the CLOZUK2 study (Pardiñas et al., 2018), 
which received UK National Research Ethics Service approval (ref. 
10/WSE02/15) in accordance with the UK Human Tissue Act. As pre-
viously reported (Pardiñas et al., 2018; Pardiñas et al., 2019), CLOZUK2 
includes clozapine monitoring records from the Zaponex® Treatment 
Access System (ZTAS) and genetic information from anonymised in-
dividuals with TRS taking clozapine in the United Kingdom. Pharma-
cokinetic data derived from the monitoring records consisted of 
clozapine and norclozapine plasma concentrations (also known as 
“levels”) retrieved during 2013–2015. Briefly, data curation was per-
formed as described in another study (Pardiñas et al., 2019), ensuring 
that all pharmacokinetic assays included in our analyses adhered to the 
following criteria: the individual was at least 18 years old and taking 
clozapine doses ≤900 mg/day; blood was drawn at an interval of 6 to 24 
h after their last clozapine dose, and clozapine concentrations did not 
exceed 2000 ng/mL. The final curated dataset contained 3578 in-
dividuals linked to 11407 pharmacokinetic assays. 

Whole exome sequencing 

Samples were prepared for whole exome sequencing (WES) using the 
Nextera® DNA Exome capture kit according to the manufacturer’s 
protocol. Once prepared, the exome-captured library was then 
sequenced in the Illumina HiSeq 3000/4000 platform (Illumina Inc, 
California) using the paired-end method, as previously described (Rees 
et al., 2020). Exome sequences had a median of 83 % of all targeted 
bases covered at ≥10×, raw data was processed to remove adaptors and 
low-quality reads, then aligned to the GRCh37 human reference genome 
with Burrows–Wheeler Aligner v0.7.15 (Li and Durbin, 2009). Whole 
exome sequencing data was retrieved for 2405 CLOZUK2 participants 
linked to curated pharmacokinetic information. 

Genome Analysis Toolkit (GATK) v3.4 (McKenna et al., 2010) was 
then used for recalibration of base quality scores, realignment around 
indels and variant calling. Variants were jointly called using GATK 
HaplotypeCaller and filtered using the GATK variant quality score 
recalibration tool, VQSR. Processed sequencing data was queried using 
Hail (Hail_Team), and standard quality control procedures were per-
formed, excluding samples where one or more of the following condi-
tions was true: a) less than 70 % of the exome target achieved 10×
coverage; b) mismatch between genetically inferred sex and recorded 
sex; c) presence of another sample with a second degree or closer genetic 
relationship; d) failed sequencing quality control hard filter. Further 
details about the sequencing procedure and quality control are 
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presented in the Supplementary Information. Across all sample QC 
measures (exome coverage and quality, sex-check, ancestry, relatedness, 
and hard filters), we excluded 343 cases, and 2062 individuals were kept 
in the final sample and taken forward in our analysis. 

Variant and gene set selection 

Variants were annotated using the Ensembl Variant Effect Predictor 
v102 (McLaren et al., 2016) and CADD v1.6 (Rentzsch et al., 2021) in 
Hail. We selected three classes of functionally important variants for our 
analyses: synonymous variants, protein truncating variants, and 
missense variants. Variants annotated as stop-gain, frameshift or splice 
donor/acceptor variants were grouped into the protein truncating var-
iants class (PTVs). In addition, missense variants with CADD 
PHRED-score ≥ 20 - a threshold optimised for pharmacogenes (Zhou 
et al., 2019) - were considered putatively damaging missense variants 
and included in the missense variant analyses. Variants included in each 
of those classes (i.e., synonymous, PTVs or damaging missense) with 
MAF ≤1 % in both the filtered CLOZUK2 sample and the European 
subset of gnomAD v2.1.1 controls (‘controls_nfe’) (Karczewski et al., 
2020) were retained for further analyses. Synonymous variants were 
expected to have neutral effects, whereas the protein truncating variants 
and missense classes enrich for variants with putatively deleterious 
impacts on protein function/activity (Ingelman-Sundberg et al., 2018). 

Next, we grouped the variants fulfilling the inclusion criteria into 
genes and subsequently into pathways or gene sets of interest. As only a 
relatively small number of genes have evidence of direct roles in clo-
zapine metabolism (Pardiñas et al., 2021), we assessed gene sets rele-
vant to ADME processes and related to clozapine pharmacokinetics (Sim 
et al., 2011). Four gene sets were selected a priori for analysis: the 
PharmGKB clozapine pathway set, including genes with consensus evi-
dence of involvement in clozapine pharmacokinetics (15 genes); the 
PharmaADME core set, including genes related to general drug meta-
bolism (33 genes); the PharmaADME extended set, incorporating drug 
targets (295 genes); and the CPIC Very Important Pharmacogenes (VIP) 
set, a curated list of genes used to derive pharmacogenomic recom-
mendations for many medications (57 genes). Supplementary Table 1 
details the genes included in each of the gene sets. Note that as genes in 
these sets are involved in similar drug metabolism routes, there is a large 
degree of overlap, and their union represents 321 unique genes (Sup-
plementary Fig. 3). The frequency of variants fulfilling the inclusion 
criteria and present in genes included in the pathways or gene sets of 
interest (Supplementary Table 1) is given in Supplementary Fig. 4. 

Statistical analysis 

All statistical analyses were conducted in R v4.2.2. Rare variants 
located in genes included in the sets listed above were counted and 
aggregated in a burden metric within each of the four gene sets. This 
strategy is considered effective for jointly testing multiple rare variants, 
improving statistical power for association discovery. We then per-
formed burden analysis to assess the relationships between set-based 
rare variant burdens and plasma concentrations of clozapine (active 
parent compound) and norclozapine (main metabolite) using general-
ised linear mixed-effect model (GLMM) regressions. Models were fitted 
using the glmmTMB package (Brooks et al., 2017) in R, which allows for 
defining fixed-effect predictors or covariates for both the outcome mean 
and variance. The covariates included for the mean were: clozapine 
daily dose, the time between the last clozapine dose and blood sample 
collection (TDS), sex, age, age2, 10 genomic principal components 
derived from the exome sequencing data, 4 index SNPs previously 
identified in a clozapine metabolite GWAS of overlapping CLOZUK2 
samples - rs1126545_T, rs2472297_T, rs61750900_T, rs2011425_G 
(Pardiñas et al., 2019), and the burden of synonymous variants across 
the exome at the same MAF threshold. Covariates for the variance 
included: clozapine dose, TDS, sex, age, and age2. One random effect 

predictor per study participant was included to account for the longi-
tudinal nature of the data and prevent confounding due to 
non-independence of the plasma concentrations within individuals. 
Further details about the statistical modelling procedure are given in the 
Supplementary Information. 

Given the high overlap in the genes included in the four gene sets 
tested, as well as in the variant categories (PTVs, missense or both - PTVs 
+ missense), the Benjamini-Hochberg false discovery rate (FDR) method 
was used as a correction for multiple testing at a pFDR ≤ 0.1 threshold 
(van den Oord, 2008). In each regression model, we estimated the 
variance explained by the rare variant burden using the semi-partial R2 

method implemented in the partR2 R package (Stoffel et al., 2021). As 
this method is not implemented for the generalised glmmTMB models 
described above, standard LMMs were fitted using the lme4 framework 
with the same fixed- and random-effect predictors used for this 
procedure. 

We also aimed to assess whether differences in metabolism observed 
in individuals carrying rare damaging variants in those gene sets would 
affect their probability of having clozapine plasma concentrations below 
(<350 ng/mL), within (350–600 ng/mL), or above the therapeutic range 
(>600 ng/mL). Regression models for these classes of clozapine plasma 
concentrations were fitted with ordinal GLMMs assuming a cumulative 
link function for the bins of clozapine plasma concentrations via the 
ordinal R package (Christensen, 2023). This regression included the 
same fixed-effect and random-effect covariates from the models 
described above. 

Lastly, since the set-based rare variant burden was calculated across 
several genes, we also performed gene-based analyses using the same 
method and covariates as the primary analyses in order to disentangle 
gene-specific effects from the overall set-based associations. In this step, 
individual genes carrying fewer than 5 damaging variants were not 
analysed due to lack of power and increased likelihood of false positives. 
Multiple testing was accounted for using a Bonferroni correction cor-
responding to the number of genes being evaluated. 

3. Results 

After phenotypic and genetic quality control, 2062 individuals 
linked to 6585 clozapine plasma concentration assays were retained: 
72.8 % were male (1501 male; 561 female), and the mean age was 43.61 
years (SD = 11.38) at the last available clozapine monitoring measure. 
Over 6000 rare damaging nonsynonymous alleles (MAF ≤ 1 %) affecting 
313 of 321 genes included in the four gene sets were identified (624 
PTVs; 5435 missense SNVs), details about the frequency of rare variants 
included in our analyses are shown in Supplementary Fig. 4. 

Gene set association analyses 

We observed significant associations between the burden of rare 
damaging mutations in the PharmaADME core set and both clozapine 
and norclozapine plasma concentrations (Fig. 1). The combined PTVs +
missense variant set included 837 rare damaging alleles affecting 29 
genes in the core PharmaADME set. Each rare allele in this gene set was 
associated with lower clozapine (β = -0.054, SE = 0.019, P-value =
0.005, R2 = 0.407 %) and norclozapine levels (β = − 0.043, SE = 0.018, 
P-value = 0.015, R2 = 0.332 %) when compared to individuals carrying 
zero damaging alleles, though only the clozapine association remained 
significant after FDR correction. Comparing these coefficient estimates 
with the daily dose predictor in the same statistical model (Supple-
mentary Table 3), we estimate that the impact of a single damaging 
allele in this gene set on clozapine plasma concentrations is akin to a 
reduction in clozapine dose of about 36 mg/day (Supplementary 
Fig. 5). Supplementary Table 2 details the main results for all gene sets 
for both clozapine and norclozapine levels, including the percentage of 
pharmacokinetic variance explained by rare variants in these sets. 

We found that individuals carrying at least one rare damaging 
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variant in PharmaADME core genes were 30 % less likely than non- 
carriers to reach clozapine concentrations within or above the thera-
peutic range throughout their monitoring (OR = 0.694; SE = 0.145; P =
0.012). Fig. 2 shows that those carrying rare damaging alleles were at 
increased likelihood of presenting subtherapeutic clozapine concentra-
tions, requiring doses of 275 mg/day to reach the therapeutic interval 
with at least 50 % probability (50.43 %; SE 2.48 %). Individuals without 
any damaging rare variant had similar probabilities of achieving ther-
apeutic concentrations at 225 mg/day (50.44 %; SE 2.06 %). 

Gene-based association analyses 

Next, we conducted a follow-up gene-based burden analysis focused 
on the genes within the PharmaADME core set (see Supplementary 
Table 1). In total, 26 genes were included in this step, and 3 were 
excluded due to having fewer than 5 rare damaging nonsynonymous 
variants. No single gene was significantly associated with clozapine or 

norclozapine plasma concentrations after multiple testing corrections (α 
= 0.05/26 - Supplementary Tables 4 and 5). We observed that rare 
damaging variants in CYP1A2 displayed the strongest nominally sig-
nificant associations with higher clozapine (β = 0.324, SE = 0.124, P =
0.009, R2 = 0.233 %) and norclozapine (β = 0.320, SE = 0.115, P =
0.005, R2 = 0.235 %) concentrations. Other nominal gene-level associ-
ations observed were UGT1A1 with clozapine levels (β = − -0.258, SE =
0.122, P = 0.034, R2 = 0.144 %) and SULT1A1 with norclozapine (β =
0.281, SE = 0.137, P = 0.041, R2 = 0.036 %). 

Rare alleles in CYP1A2 variants had an opposite direction of effect to 
rare alleles in the full PharmaADME core set (Fig. 3 – Supplementary 
Table 6), that is, they were associated with higher clozapine and nor-
clozapine levels. For this reason, we performed a sensitivity analysis by 
excluding CYP1A2 from the PharmaADME set, recalculating the burden 
scores, and conducting the GLMM regression again. This yielded the 
same result of rare variant burden in the PharmaADME core set being 
associated with clozapine and norclozapine metabolism, and as ex-
pected, the effect sizes were slightly stronger after the removal of 
CYP1A2 (Supplementary Fig. 6). We also tested for additive effects by 
separately considering rare damaging variants in CYP1A2 and the 
remainder of the PharmaADME gene set, showing that adding both 
burdens as individual predictors resulted in an 80.83 % increase in the 
variance of clozapine levels explained by rare genetic variation (CYP1A2 
+ PharmaADME core gene set R2 = 0.736 %). We did not find any ev-
idence of multiplicative (i.e., non-linear) relationships between these 
two predictors in our dataset (interaction test P = 0.470). 

4. Discussion 

To our knowledge, this is the largest sequencing study seeking to 
evaluate the effects of rare pharmacogenomic variants in clozapine 
metabolism. Using longitudinal clozapine monitoring data, we evalu-
ated WES data to discover genes and gene sets harbouring rare variants 
associated with inter-individual variability in drug metabolism. We 
provide evidence that the burden of deleterious rare variants in phar-
macogenes can significantly affect clozapine metabolism, leading to 
different metabolite plasma concentrations for individuals prescribed 
the same drug dose. 

In this retrospective analysis of data from a real-world clinical 
setting, we identified that a greater burden of rare damaging variants in 

Fig. 1. Estimated effect sizes and confidence intervals for the different variant 
classes in each of the four gene sets analysed. Supplementary Table 2 gives the 
full results for all gene sets for both clozapine and norclozapine levels, including 
the percentage of variability explained by rare variants in each of the sets. 

Fig. 2. Marginal effects derived from an ordinal mixed model regression for the 
probability of achieving clozapine concentrations in or out of the therapeutic 
range for individuals carrying none or at least one rare damaging variant in the 
PharmaADME core gene list. Shaded areas indicate a 95 % confidence interval. 
Supplementary Fig. 5 details effects for individuals carrying different numbers 
of rare damaging variants in the PharmaADME core gene set in the relationship 
between clozapine doses and plasma concentrations. 

Fig. 3. Marginal effects representing the relationship between clozapine doses 
and plasma concentrations in individuals carrying or not rare damaging vari-
ants in the CYP1A2 gene. Shaded areas highlight a 95 % confidence interval for 
the estimates. 
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the PharmaADME core gene set, which contained 30 genes involved in 
general drug metabolism (Supplementary Table 1), was associated 
with significantly lower clozapine and norclozapine plasma concentra-
tions (Fig. 1). We estimate that the burden of rare variants in this set 
explains 0.40 % of the variability of this phenotype, a similar figure to 
the 0.61 % variance explained by a PRS generated from genome-wide 
significant loci in a recent clozapine metabolism GWAS performed in 
this sample (Pardiñas et al., 2023). The variability in clozapine plasma 
levels explained by the presence of these rare variants is small, which is 
expected since this metric is dependent on the frequency of such alleles 
in the population, however, they follow the pattern expected for other 
pharmacogenomic predictors of drug concentrations (Nelson et al., 
2016). Despite this, at an individual level, the effect of carrying rare 
damaging alleles in this set on clozapine levels is comparable in 
magnitude to other known clinical and demographic variables, with the 
effect sizes being similar to a 36 mg reduction in clozapine daily dose 
(Supplementary Table 3). As our models assume a linear additive effect 
for the mutation burden, carriers of multiple rare alleles (the maximum 
seen in our study was 3) would require further dose adjustments to 
match the levels expected in non-carriers (Supplementary Fig. 5). A 
context for this result is the observation that metabolic networks have 
properties that make them resistant to deactivation by deleterious ge-
netic variation (Khurana et al., 2013), which in turn makes them more 
likely to tolerate protein-damaging variants. Our findings suggest that 
individuals accumulating several rare damaging variants (as assessed in 
the gene set burden scores) might have impaired biochemical functions 
relevant to drug response or even downstream disease risk (Bomba et al., 
2022). Similarly, other studies have shown that the burden of rare 
variants in pharmacogenes could be a predictor of pharmacological 
treatment outcomes (De Mattia et al., 2023; De Mattia et al., 2022; Gray 
et al., 2022; Xiao et al., 2020). 

Furthermore, through ordinal mixed-model regression analysis, we 
also observed that carriers of at least one damaging allele affecting genes 
in the PharmaADME core set (N = 627) were 30 % less likely than non- 
carriers to reach the therapeutic range (350–600 ng/mL) of plasma 
concentrations of clozapine (OR = 0.694; SE = 0.145; P = 0.012; Fig. 2). 
The clinical management of individuals being treated with clozapine 
often focuses on maintaining clozapine plasma concentrations within 
the standard therapeutic range (Flanagan et al., 2023a; Siskind et al., 
2021); some guidelines suggest that this can be better achieved by 
stratifying dosing according to known predictors of clozapine meta-
bolism (Correll et al., 2022; de Leon, 2022; de Leon et al., 2022). Using 
this approach, we observed that by stratifying individuals according to 
the presence of rare variants, individuals not carrying any damaging 
rare variant had a 50 % probability of achieving clozapine concentra-
tions within the therapeutic range at a dose of 225 mg/day, while in 
carriers of damaging rare alleles in the PhamaADME genes, the corre-
sponding dosage was 275 mg/day. 

We further analysed the burden of rare variants within specific genes 
included in the PharmaADME core gene set. Although no single gene 
was significantly associated with clozapine or norclozapine plasma 
levels after Bonferroni correction for multiple testing, the most signifi-
cant gene in this analysis was CYP1A2 (P = 0.009). However, in-
dividuals carrying rare variants in CYP1A2 showed higher plasma 
clozapine levels when taking the same clozapine dose as non-carriers 
(Fig. 3). This was contrary to the PharmaADME core gene set results 
and prompted us to test for individual contributions to clozapine 
metabolism of rare variants within and outside CYP1A2 (Supplemen-
tary Fig. 6). CYP1A2 encodes the main catalyst enzyme of the clozapine 
to norclozapine biotransformation, and while common variants in its 
proximity have been previously associated with clozapine metabolite 
levels (Pardiñas et al., 2019; Smith et al., 2020), no such association yet 
exists for coding SNVs. 

Although genetic factors that account for a significant proportion of 
the inter-individual variability in antipsychotic drug metabolism have 
been suggested as useful to improve therapeutic response and avoid 

ADRs (Yoshida and Müller, 2019), an effective model for the clinical 
implementation of this information in guiding treatment choices is not 
yet available, and recent revisions of clozapine treatment guidelines do 
not currently consider genetic variants relevant for clinical management 
(Correll et al., 2022; de Leon, 2022; de Leon et al., 2022). Our results 
suggest convergence of rare and common variants in genes involved in 
pharmacokinetic pathways affecting clozapine first-pass metabolism 
and implicate novel variants in generating atypical metaboliser status. 
In doing so, it supports the view that, in the future, a precision psychi-
atry framework might benefit from taking into account (pharmaco)ge-
netic variation beyond the traditional PGx star allele definitions assessed 
by candidate gene studies and commercial genetic testing companies 
(Ingelman-Sundberg et al., 2018; Pardiñas et al., 2019; Zhou and 
Lauschke, 2022). While our study is not powered to assess the strength 
of specific rare variants, and external replication and validation is 
needed to understand how these genetic markers are associated to drug 
metabolism, the effects we detect for the mutational burdens are of a 
sufficient magnitude to be relevant for particular subsets of the popu-
lation of those on clozapine, such as those who only tolerate low drug 
doses or people initiating treatment, as serious adverse effects are more 
common in the initial phases of clozapine treatment and could be 
potentially ameliorated by a personalised dose titration scheme (Fla-
nagan et al., 2020). This knowledge, added to that coming from common 
variant analyses, might be incorporated into clozapine prescribing 
guidelines that at present rely on non-genetic characteristics to 
personalise dosing (de Leon et al., 2022). In the meantime, proactive 
therapeutic drug monitoring strategies remain a tried-and-tested 
approach for navigating the large inter-individual variability of cloza-
pine metabolism and achieving beneficial clinical outcomes (Flanagan 
et al., 2023a; Molden, 2021). 

One limitation of this study is that rare variant analyses require a 
large sample size to allow identifying of single rare variants that are 
associated with complex traits. Although we had access to WES data, we 
chose to focus our efforts on a relatively small number of genes with 
robust a priori evidence of their involvement in drug metabolism, 
attempting to avoid limiting the power of our statistical testing through 
multiple testing. This strategy followed the rationale and results from 
other genomic studies of drug metabolism, showing that these traits are 
likely influenced by a small number of variants in relevant genes, each 
presenting with a relatively large effect (Pardiñas et al., 2019; Timpson 
et al., 2018). However, unlike candidate studies, which often have 
included variants with experimentally derived functional activity in-
formation, we selected variants based on in-silico functional approaches 
such as protein impact prediction algorithms, and thus most of them 
have not yet been functionally assessed (Supplementary Table 7). This 
is a PGx-informed approach to variant prioritisation, selecting rare 
variants putatively affecting enzyme and transporter function (Bush 
et al., 2016; Zhou et al., 2019), but can still include markers with little or 
no impact on gene product while omitting other potentially important 
variants. Thus, assessing and collecting more information on the func-
tional genetic makeup of pharmacogenes, through either bioinformatics 
or direct experimental approaches (Brunk et al., 2018; Kim et al., 2022), 
will be valuable to update these analyses and for further research into 
developing PGx biomarkers for metabolite pharmacokinetics and drug 
response. 

Another limitation is that, the regression models fitted for gene- and 
set-based analyses assume that all rare variants included in the burden 
scores follow a similar direction of effects (Li and Leal, 2008). This is 
known not to be the case in disease studies (i.e., both risk-increasing and 
protective variants can exist) and is likely a simplification for meta-
bolism as well. While, again, our sample size limits the testing we can 
reliably perform for individual genes, results from gene-based analyses, 
particularly for CYP1A2, suggest that future studies might benefit from 
statistical methods allowing for testing variants with multiple directions 
of effect. 

Finally, due to the limited phenotypical data available for CLOZUK2, 
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information was not available on a number of important factors known 
to influence clozapine metabolism, such as cigarette smoking, concom-
itant use of other medications, and dosing frequency regimen. These 
factors are associated to inter-individual differences in clozapine meta-
bolism and thus might mediate some of our results. The fact that we 
could not directly ascertain these predictors is a clear limitation of our 
study; however, some of the covariates already included in our regres-
sion models might capture some of the variance due to these exposures. 
For example, previous studies have found that sex can be a partial 
marker of oral contraceptive use and smoking, both interactors of 
CYP1A2, capturing some of their effects on drug metabolism (Diaz et al., 
2005; Ramsey et al., 2016). A related issue is that even though the 
CLOZUK2 cohort is derived from the diverse current population of the 
UK, the majority of individuals for which both WES and clozapine levels 
monitoring data were available were of European ancestry. Given that 
individuals of other biogeographical ancestries are known to have 
different clozapine pharmacokinetic profiles (Pardiñas et al., 2023), our 
study cannot assess a potential rare variant contribution to those known 
ancestral differences, and its results might not be straightforwardly 
transferrable to non-European populations. We note, however, that 
consistency of variant effect sizes across populations is a reasonable 
assumption for pharmacogenes (Nagar et al., 2020) and that the 
occurrence of deleterious variation in these gene sets is frequent (though 
individually rare) across continental ancestries (Scharfe et al., 2017). 
Thus, the association between rare damaging burden and clozapine 
metabolism identified here could be relevant beyond the European 
sample in which it was discovered. 

In conclusion, we found that the burden of rare damaging variants 
within genes in drug metabolism pathways was associated with differ-
ences in clozapine metabolite plasma concentrations, explaining part of 
the genetic variability in clozapine metabolism phenotypes. These dif-
ferences were comparable to those inferred for other genetic and non- 
genetic predictors in ours and other studies (Flanagan et al., 2023b; 
Pardiñas et al., 2023), and despite the rarity of these variants at the 
population level they could be individually meaningful for their carriers. 
Our results suggest that pharmacogenomic efforts trying to predict 
clozapine metabolism and personalise drug therapy could thus benefit 
from including rare damaging variants in pharmacogenes beyond those 
already identified and catalogued as PGx star alleles. Further investi-
gation is warranted to confirm and replicate these findings before they 
can be evaluated in prospective trials or considered in clinical settings. 
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Laux, G., Messer, T., Mössner, R., Müller, M.J., Paulzen, M., Pfuhlmann, B., 
Riederer, P., Saria, A., Schoppek, B., Schoretsanitis, G., Schwarz, M., Gracia, M.S., 
Stegmann, B., Steimer, W., Stingl, J.C., Uhr, M., Ulrich, S., Unterecker, S., 
Waschgler, R., Zernig, G., Zurek, G., Baumann, P., 2018. Consensus guidelines for 
therapeutic drug monitoring in neuropsychopharmacology: update 2017. 
Pharmacopsychiatry 51, 9–62. 

Ingelman-Sundberg, M., Mkrtchian, S., Zhou, Y., Lauschke, V.M., 2018. Integrating rare 
genetic variants into pharmacogenetic drug response predictions. Hum. Genomics 
12, 26-26.  

Kalow, W., Tang, B.K., Endrenyi, L., 1998. Hypothesis: comparisons of inter- and intra- 
individual variations can substitute for twin studies in drug research. 
Pharmacogenetics 8, 283–289. 

Kane, J.M., Agid, O., Baldwin, M.L., Howes, O., Lindenmayer, J.P., Marder, S., 
Olfson, M., Potkin, S.G., Correll, C.U., 2019. Clinical Guidance on the Identification 
and Management of Treatment-Resistant Schizophrenia. J. Clin. Psychiatry 80. 

Karczewski, K.J., Francioli, L.C., Tiao, G., Cummings, B.B., Alfoldi, J., Wang, Q., 
Collins, R.L., Laricchia, K.M., Ganna, A., Birnbaum, D.P., Gauthier, L.D., Brand, H., 
Solomonson, M., Watts, N.A., Rhodes, D., Singer-Berk, M., England, E.M., Seaby, E. 
G., Kosmicki, J.A., Walters, R.K., Tashman, K., Farjoun, Y., Banks, E., Poterba, T., 
Wang, A., Seed, C., Whiffin, N., Chong, J.X., Samocha, K.E., Pierce-Hoffman, E., 
Zappala, Z., O’Donnell-Luria, A.H., Minikel, E.V., Weisburd, B., Lek, M., Ware, J.S., 
Vittal, C., Armean, I.M., Bergelson, L., Cibulskis, K., Connolly, K.M., Covarrubias, M., 
Donnelly, S., Ferriera, S., Gabriel, S., Gentry, J., Gupta, N., Jeandet, T., Kaplan, D., 
Llanwarne, C., Munshi, R., Novod, S., Petrillo, N., Roazen, D., Ruano-Rubio, V., 
Saltzman, A., Schleicher, M., Soto, J., Tibbetts, K., Tolonen, C., Wade, G., 
Talkowski, M.E., Genome Aggregation Database, C., Neale, B.M., Daly, M.J., 
MacArthur, D.G., 2020. The mutational constraint spectrum quantified from 
variation in 141,456 humans. Nature 581, 434–443. 

Khurana, E., Fu, Y., Chen, J.M., Gerstein, M., 2013. Interpretation of genomic variants 
using a unified biological network approach. PLoS Comput. Biol. 9. 

Kim, H., Im, I., Jeon, J.S., Kang, E.H., Lee, H.A., Jo, S., Kim, J.W., Woo, D.H., Choi, Y.J., 
Kim, H.J., Han, J.S., Lee, B.S., Kim, J.H., Kim, S.K., Park, H.J., 2022. Development of 
human pluripotent stem cell-derived hepatic organoids as an alternative model for 
drug safety assessment. Biomaterials 286. 

Legge, S.E., Hamshere, M.L., Ripke, S., Pardinas, A.F., Goldstein, J.I., Rees, E., 
Richards, A.L., Leonenko, G., Jorskog, L.F., Chambert, K.D., Collier, D.A., 
Genovese, G., Giegling, I., Holmans, P., Jonasdottir, A., Kirov, G., McCarroll, S.A., 
Maccabe, J.H., Mantripragada, K., Moran, J.L., Neale, B.M., Stefansson, H., 
Rujescu, D., Daly, M.J., Sullivan, P.F., Owen, M.J., O’Donovan, M.C., Walters, J.T.R., 
2017. Genome-wide common and rare variant analysis provides novel insights into 
clozapine-associated neutropenia. Mol. Psychiatry 22, 1502–1508. 

Lenk, H.C., Smith, R.L., O’Connell, K.S., Jukic, M.M., Kringen, M.K., Andreassen, O.A., 
Ingelman-Sundberg, M., Molden, E., 2022. Impact of NFIB and CYP1A variants on 
clozapine serum concentration-A retrospective naturalistic cohort study on 526 
patients with known smoking habits. Cts.-Clin. Transl. Sci. 

Li, B., Leal, S.M., 2008. Methods for detecting associations with rare variants for common 
diseases: application to analysis of sequence data. Am. J. Hum. Genet. 83, 311–321. 

Li, H., Durbin, R., 2009. Fast and accurate short read alignment with Burrows-Wheeler 
transform. Bioinformatics 25, 1754–1760. 

McGrath, J., Saha, S., Chant, D., Welham, J., 2008. Schizophrenia: a concise overview of 
incidence, prevalence, and mortality. Epidemiol. Rev. 30, 67–76. 

McKenna, A., Hanna, M., Banks, E., Sivachenko, A., Cibulskis, K., Kernytsky, A., 
Garimella, K., Altshuler, D., Gabriel, S., Daly, M., DePristo, M.A., 2010. The genome 
analysis toolkit: a MapReduce framework for analyzing next-generation DNA 
sequencing data. Genome Res. 20, 1297–1303. 

McLaren, W., Gil, L., Hunt, S.E., Riat, H.S., Ritchie, G.R., Thormann, A., Flicek, P., 
Cunningham, F., 2016. The Ensembl variant effect predictor. Genome Biol. 17, 122. 

Molden, E., 2021. Therapeutic drug monitoring of clozapine in adults with 
schizophrenia: a review of challenges and strategies. Expert Opin. Drug Metab. 
Toxicol. 17, 1211–1221. 

Nagar, S.D., Conley, A.B., Jordan, I.K., 2020. Population structure and pharmacogenomic 
risk stratification in the United States. BMC Biol. 18. 

Narang, A., Lacaze, P., Ronaldson, K.J., McNeil, J.J., Jayaram, M., Thomas, N., 
Sellmer, R., Crockford, D.N., Stowe, R., Greenway, S.C., Pantelis, C., Bousman, C.A., 
2022. Whole-genome sequencing analysis of clozapine-induced myocarditis. 
Pharmacogenomics J. 22, 173–179. 

Nelson, M.R., Johnson, T., Warren, L., Hughes, A.R., Chissoe, S.L., Xu, C.F., 
Waterworth, D.M., 2016. The genetics of drug efficacy: opportunities and challenges. 
Nat. Rev. Genet. 17, 197–206. 

Pardiñas, A.F., Holmans, P., Pocklington, A.J., Escott-Price, V., Ripke, S., Carrera, N., 
Legge, S.E., Bishop, S., Cameron, D., Hamshere, M.L., Han, J., Hubbard, L., 
Lynham, A., Mantripragada, K., Rees, E., MacCabe, J.H., McCarroll, S.A., Baune, B. 
T., Breen, G., Byrne, E.M., Dannlowski, U., Eley, T.C., Hayward, C., Martin, N.G., 
McIntosh, A.M., Plomin, R., Porteous, D.J., Wray, N.R., Caballero, A., Geschwind, D. 
H., Huckins, L.M., Ruderfer, D.M., Santiago, E., Sklar, P., Stahl, E.A., Won, H., 
Agerbo, E., Als, T.D., Andreassen, O.A., Bækvad-Hansen, M., Mortensen, P.B., 
Pedersen, C.B., Børglum, A.D., Bybjerg-Grauholm, J., Djurovic, S., Durmishi, N., 
Pedersen, M.G., Golimbet, V., Grove, J., Hougaard, D.M., Mattheisen, M., Molden, E., 
Mors, O., Nordentoft, M., Pejovic-Milovancevic, M., Sigurdsson, E., Silagadze, T., 
Hansen, C.S., Stefansson, K., Stefansson, H., Steinberg, S., Tosato, S., Werge, T., 
Harold, D., Sims, R., Gerrish, A., Chapman, J., Abraham, R., Hollingworth, P., 
Pahwa, J., Denning, N., Thomas, C., Taylor, S., Powell, J., Proitsi, P., Lupton, M., 
Lovestone, S., Passmore, P., Craig, D., McGuinness, B., Johnston, J., Todd, S., 
Maier, W., Jessen, F., Heun, R., Schurmann, B., Ramirez, A., Becker, T., Herold, C., 
Lacour, A., Drichel, D., Nothen, M., Goate, A., Cruchaga, C., Nowotny, P., Morris, J. 
C., Mayo, K., O’Donovan, M., Owen, M., Williams, J., Achilla, E., Barr, C.L., 
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MacCaba, J., Malhotra, A.K., McCrone, P., Meier, S.M., Mill, J., Nöthen, M.M., 
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