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ABSTRACT
The missense SNP NC_000004.12:g.102267552C>T (also known as SLC39A8.p.(Ala391Thr), rs13107325) in SLC39A8 encodes a 
zinc transporter. This SNP has been linked to schizophrenia and is the likely causal variant for one of the genome- wide associa-
tion loci associated with the disorder. Using regression analyses, we tested whether the schizophrenia- risk allele at p.(Ala391Thr) 
was associated with schizophrenia- related phenotypes, including positive, negative, and disorganized symptoms, cognitive abil-
ity, educational attainment, and age of psychosis onset, within three schizophrenia cohorts (combined N = 1232) and, with equiv-
alent phenotypes, in a sample of population controls (UK Biobank, N = 355,069). We also used the population controls to test for 
associations with rare protein- truncating and deleterious missense variants within SLC39A8. Within the schizophrenia cohorts, 
after correction for multiple testing, p.(Ala391Thr) was not significantly associated with any schizophrenia- related phenotypes. 
In the unaffected participants from the UK Biobank, the schizophrenia- risk allele at p.(Ala391Thr) was associated with signif-
icantly poorer cognitive ability and fluid intelligence, a lower probability of obtaining GCSEs or a degree- level qualification, 
and fewer years in education. There was no association between p.(Ala391Thr) and self- reported psychotic experiences in this 
cohort. Rare variants in SLC39A8 were nominally associated with poorer cognitive ability, but these associations did not survive 
correction for multiple testing. The schizophrenia- risk allele was associated with poorer cognitive ability, but not psychotic ex-
periences, in a volunteer sample drawn from the general population. We found no evidence that p.(Ala391Thr) was associated 
with symptom severity in schizophrenia. To understand the impact of rare variants in SLC39A8 on cognitive impairment, larger 
independent samples are required.
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1   |   Introduction

The gene SLC39A8 encodes metal cation symporter ZIP8, 
which enables the movement of at least five trace elements 
(manganese, zinc, iron, selenium, and cobalt) from outside 
the cell into the cytosol (Nebert and Liu 2019; Ng et al. 2015). 
SLC39A8 contains a missense single nucleotide polymor-
phism (SNP), NC_000004.12:g.102267552C>T (also known as 
SLC39A8.p.(Ala391Thr) and rs13107325), in which alternative 
alleles encode alanine (Ala; C allele) or threonine (Thr; T allele) 
on chromosome 4 (Costas  2018). In  vitro, the minor allele (T) 
leads to reduced uptake of manganese and cadmium (Fujishiro 
et al. 2022), the latter a toxic environmental pollutant, and de-
creased synaptic uptake of zinc (Tseng et al. 2021).

p.(Ala391Thr) is associated with an increased risk of schizo-
phrenia, a heterogeneous disorder whose presentation in-
cludes delusions, hallucinations, behavioral disturbance, 
social withdrawal, and cognitive impairment. In the most 
recent genome- wide association study (GWAS), of 76,755 
schizophrenia cases and 243,649 controls, the minor al-
lele was associated with increased risk of schizophrenia 
(odds ratio = 1.17, p = 1.92 × 10−21, minor allele frequency in 
schizophrenia cases [MAFcases] = 6.9%, MAFcontrols = 6.0%; 
multi- ancestry meta- analysis) (Trubetskoy et  al.  2022). 
Furthermore, fine- mapping suggested that p.(Ala391Thr) was 
likely to be the causal variant underpinning the association 
with the genomic region containing SLC39A8, the SNP hav-
ing a posterior probability of being causally associated with 
schizophrenia of 99.20%. Only nine out of 255 loci were fine- 
mapped to one causal variant (Trubetskoy et  al.  2022); only 
two of these were missense variants, and only p.(Ala391Thr) 
had a Combined Annotation- Dependent Depletion (CADD) 
score of > 20 (CADD = 23.80) making it one of the 1% most 
deleterious variants in the genome (the other missense variant 
had a CADD score > 10 [CADD = 15.39] making it one of the 
10% most deleterious variants in the genome).

In general population samples, including the UK Biobank, 
p.(Ala391Thr) has not been associated with reported psy-
chotic experiences (Z = 0.99, p = 0.889) (Legge et al. 2019), but 
the schizophrenia risk allele has been associated with lower 
intelligence (Z = −9.49, p = 2.23E- 21) (Savage et  al.  2018), 
fewer years in education (Beta = −0.02, p = 1.08E- 13) (Okbay 
et  al.  2022), and, using a GWAS- by- subtraction design, with 
the cognitive aspect of educational attainment (noncogni-
tive, Z = 2.78, p = 0.005; cognitive, Z = −9.87, p = 5.59E- 23) 
(Demange et al. 2021). However, these studies use a GWA de-
sign and apply strong correction for multiple testing, which 
excludes variants with weaker effects. To date, no studies 
have examined the relationship between p.(Ala391Thr) and 
the clinical presentation or cognitive ability of people with 
schizophrenia.

Our primary aim was to test whether schizophrenia- risk al-
leles at p.(Ala391Thr) are associated with phenotypes that 
capture the clinical presentation of schizophrenia. We hypoth-
esized that the schizophrenia- risk allele (T) at p.(Ala391Thr) 
would be associated with a more severe clinical presentation, 
poorer cognitive ability and educational attainment, and 
younger age of onset. We expanded the analysis to test for 

similar phenotypic associations in a large sample of the gen-
eral population (UK Biobank unaffected controls). Given that 
there is some evidence that SLC39A8 is also constrained for 
loss of function and missense variants (Genome Aggregation 
Database [gnomAD] v2.1.1; Karczewski et al. 2020), we used 
the UK Biobank to test for phenotypic associations with rare 
protein- truncating and deleterious missense variants within 
SLC39A8.

2   |   Methods

This study followed the guidelines outlined in the STrengthening 
the REporting of Genetic Association Studies (STREGA) (Little 
et al. 2009), an extension of the STROBE Statement (checklist in 
the Supporting Information).

We analyzed data from three cohorts recruited at Cardiff 
University and data from the UK Biobank. Full details on how 
samples were ascertained and how phenotypes were measured, 
calculated, and standardized can be found in the Supporting 
Information. A brief overview is provided below.

2.1   |   Cardiff Schizophrenia Samples

2.1.1   |   Participants

Participants were recruited into three cross- sectional studies, 
all of which have been previously described: CardiffCOGS 
(Legge et  al.  2020), Cardiff F- series (Williams et  al.  2006) 
and Cardiff Affected- Sibs (also known as SibPairs; Williams 
et  al.  1999) samples. The Cardiff Affected- Sibs sample in-
cludes a single affected individual from families with two or 
more siblings diagnosed with schizophrenia or schizoaffective 
disorder. All participants were recruited from in- patient, vol-
untary sector, and community mental health services across 
the UK and underwent a clinical research interview based 
on the Schedules for Clinical Assessment in Neuropsychiatry 
(SCAN), with further information available from clinical re-
cords. For these analyses, we only retained participants who 
met DSM- IV or ICD- 10 criteria for a diagnosis of schizophre-
nia or schizoaffective disorder, depressed type (Dennison 
et al. 2021).

2.1.2   |   Phenotypes

The Scale for the Assessment of Positive Symptoms (SAPS) and 
the Scale for the Assessment of Negative Symptoms (SANS) 
were scored on a lifetime worst basis using information from 
the SCAN interview and lifetime psychiatric clinical records. 
These records were also used to ascertain age at psychosis 
onset. The Measurement and Treatment Research to Improve 
Cognition in Schizophrenia (MATRICS) Consensus Cognitive 
Battery was used as a measure of current cognitive ability in 
the CardiffCOGS sample. As described in Legge et al. (2021), 
a confirmatory factor analysis (CFA) framework was used 
to estimate phenotype- derived factor scores from the symp-
tom and cognitive ratings, which we refer to as symptom di-
mensions. Using all three samples, the best model had three 
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symptom dimensions: positive symptoms (SAPS global hal-
lucinations and SAPS global delusions), negative symptoms 
of diminished expressivity (SANS global affective flattening 
and SANS global alogia), and disorganized symptoms (SAPS 
global positive formal thought disorder and SANS inappropri-
ate affect). As CardiffCOGS was the only sample to have data 
on cognitive ability, a second CFA framework, using only this 
sample, was used to estimate phenotype- derived factor scores 
from the MATRICS domain scores as well as the symptom rat-
ings. The best model had five dimensions: positive symptoms 
(as above), negative symptoms of diminished expressivity (as 
above), disorganized symptoms (as above), negative symptoms 
of motivation and pleasure (SANS global anhedonia/asociality 
and SANS global avolition/apathy), and cognitive ability (all 
MATRICS domains apart from social cognition).

As well as the cognitive domain, which captures current cognitive 
ability, premorbid IQ was assessed in the CardiffCOGS sample 
using the National Adult Reading Test (NART). Educational at-
tainment was measured across all three samples using years in ed-
ucation and highest educational qualification (General Certificate 
of Secondary Education [GCSE]/no GCSE, note GCSEs are taken 
by most UK pupils upon the completion of compulsory education 
[from 1972 to 2013 this was at age 16], and degree/no degree).

2.1.3   |   Genotypes

Genome- wide SNP data for the three samples were curated and 
harmonized as part of DRAGON- Data (Lynham et  al.  2023) 
(see Supporting Information). Genotypes for p.(Ala391Thr) 
(INFO = 0.996) were extracted for each participant. Principal 
components were calculated using pruned SNPs.

Genetic ancestry probabilities were calculated using Ancestry 
Informative Markers (AIMs) derived from the Allen Ancient 
DNA Resource reference panel, linear discriminant analy-
sis (LDA), and biogeographical categories defined by Huddart 
et  al.  (2019). AIMs are genetic variants with highly divergent 
allele frequencies across biogeographical genetic ancestries, 
which can capture genetic associations between an individual 
and a particular (sub)continental population (Bulbul et al. 2016). 
Ancestry groups were determined by assigning individuals to 
their most probable biogeographical category as inferred by 
LDA (determined using Youden's index as optimality criterion), 
with individuals not meeting a probability threshold for any 
category being assigned to an “admixed” group. The schizo-
phrenia risk allele is thought to have been under recent positive 
selection in Europeans (Li et al. 2016); in Phase 3 of the 1000 
Genomes Project, the schizophrenia allele is present in around 
8% of European samples but is reported to be almost absent from 
other populations (Costas  2018). In our data, only Europeans 
carried two copies of the schizophrenia risk allele (see Table S1). 
However, to increase our sample size and improve the general-
izability of our findings, we restricted our sample to participants 
from ancestries where the schizophrenia risk allele was present 
in at least one individual: African American/Afro- Caribbean 
(0.48%), Central/South Asian (1.06%), European (98.21%), 
and Middle Eastern/North African (0.24%) (note the Middle 
Eastern/North African ancestry is referred to as Near Eastern 
in Huddart et al. (2019)).

2.2   |   UK Biobank

2.2.1   |   Participants

Participants were from the UK Biobank (UKBB), a large- scale 
biomedical database of individuals aged between 40 and 69 
who were recruited from across the UK (Sudlow et  al.  2015). 
Participants underwent extensive phenotyping. All UKBB 
field IDs used in this study are reported in the Supporting 
Information. For these analyses, we removed participants with 
a psychotic spectrum disorder (ICD- 10 F20- F29, see Supporting 
Information).

We also restricted our sample to participants who self- reported 
White British or Irish ethnicity, as is consistent with the wider 
literature using the UKBB (Chen et al. 2023; Legge et al. 2024). 
Our phenotypes are derived from data collected from online 
follow- ups, and non- White populations are more likely to be 
lost to follow- up (Homman et al. 2021; Lamers et al. 2012). The 
proportion of self- reported non- White participants in the UKBB 
drops from 5.4% to 3% for the online follow- up mental health 
questionnaire (Davis et al. 2020). Methods (Schoeler et al. 2023) 
and genetically derived variables (e.g., polygenic scores) (Adams 
et al. 2020; Tyrrell et al. 2021) that could hypothetically be used 
to control for participation bias have so far been exclusively de-
veloped using the self- reported White ethnicity subgroup of the 
UKBB. In addition, for our rare variant analysis, we do not be-
lieve that we could accurately define ultra- rare variants in the 
non- European subgroups; our previous work has shown that 
the number of rare variants per participant differs across PC- 
defined strata associated with self- reported ethnicities in the 
UKBB, with self- reported White British or Irish participants 
carrying fewer singletons (Fenner et  al.  2023). Nor would we 
have sufficient statistical power to detect associations between 
rare coding variants and phenotypes in the non- European sub-
groups (Chen et al. 2023).

2.2.2   |   Phenotypes

An abridged version of the Composite International Diagnostic 
Interview psychosis module (lifetime version) was used in the 
online follow- up mental health questionnaire. As in Legge 
et al. (2019), we derived three overlapping binary variables: (i) 
any psychotic experience defined as a positive response to any 
of the four symptom questions; (ii) a distressing psychotic ex-
perience, defined as any psychotic experience that was rated as 
“a bit,” “quite,” or “very” distressing; and (iii) multiple occur-
rences of psychotic experiences, defined as any psychotic experi-
ence that occurred on more than one occasion. The comparator 
group for these three variables was comprised of individuals 
who provided a negative response to all four psychotic experi-
ence symptom questions (see Supporting Information). We also 
looked at delusions of persecution alone (UKBB Field 20,468: 
“Ever believed in an un- real conspiracy against self”) as previ-
ous work has suggested that this phenotype in the UKBB is par-
ticularly enriched for genetic liability for schizophrenia (Legge 
et al. 2019).

Cognitive ability was measured using a general intelligence 
factor, g, which is considered a reliable measure of cognitive 
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ability. As in Fawns- Ritchie and Deary  (2020), g was calcu-
lated using principal component analysis (PCA). Four cogni-
tive tests went into the PCA (numeric memory, reaction time, 
pairs matching, and trail making test (TMT) B, see Supporting 
Information and Tables  S15–S19 for missingness, skewness, 
and correlations of all the cognitive tests). The first PC was 
considered an estimate of g. A positive g score represents bet-
ter cognitive performance. Alongside the g score, the cognitive 
test of verbal and numerical reasoning, also referred to as the 
test for fluid intelligence, was used to measure current cogni-
tive ability. Educational attainment was measured using years 
in education (for those without a college or university degree) 
and highest educational qualification (GCSEs/no GCSEs and 
degree/no degree).

2.2.3   |   Genotypes

Genotype data were curated by the UKBB (Bycroft et al. 2018) 
and as described in Leonenko et  al.  (2021) (see Supporting 
Information). The genotypes for p.(Ala391Thr) (INFO = 1.00) 
were extracted for each participant. Principal components 
provided by the UKBB were used. To further control for 
population stratification, which is present within those of 
white British ancestry in the UKBB (Bycroft et al. 2018), we 
used the first five principal components to identify a subsa-
mple of participants that was relatively genetically homog-
enous. As in Legge et  al.  (2019), we computed a Minimum 
Covariance Determinant (MCD) estimator of location and 
scatter for each participant, and used these to define a hyper- 
ellipsoid in a multi- dimensional space that contains the ma-
jority of MCD points. We used this hyper- ellipsoid to include 
participants within the 90th percentile of the MCD distance 
(see Figure S9).

2.2.4   |   Rare Variants

Full methods of rare variant calls are reported in Fenner 
et  al.  (2023). In brief, variants were annotated in Hail 
Team (n.d.) using Ensembl's VEP. Protein- truncating variants 
(PTVs) were defined as splice acceptor, splice donor, stop- gain 
or frameshift variants that were annotated as high confi-
dence for causing loss of protein function by Loss- Of- Function 
Transcript Effect Estimator (LoFTEE; Karczewski et al. 2020). 
Deleterious missense variants were defined as missense vari-
ants with a Rare Exome Variant Ensemble Learner score 
(REVEL; Ioannidis et  al.  2016) > 0.75. We chose this thresh-
old as it has been demonstrated to have high specificity for 
predicting deleterious variants in the Human Gene Mutation 
Database (Ioannidis et al. 2016) and is above the recommended 
threshold of > 0.64 for classifying pathogenic variants (Pejaver 
et al. 2022). PTVs and missense variants were grouped together 
into one “damaging” category for analysis. Rare variants were 
defined as those with allele counts ≤ 5 in the quality controlled 
sample (N = 179,670) of participants from the 200 k exome se-
quencing release tranche (UK Biobank Field 32050) reported 
in Fenner et  al.  (2023). This allele count equates to a MAF 
< 1.4 × 105. We included, as a covariate, the burden of synony-
mous variants that had allele counts ≤ 5 in the sample reported 
in Fenner et al. (2023).

3   |   Statistical Analysis

Each phenotype was regressed onto p.(Ala391Thr) using linear 
or logistic regression models. Sex, age at interview, the first five 
genetic principal components (PCs), and any further PCs which 
were associated with p.(Ala391Thr) (PC 6 and 9 in the Cardiff F- 
Series sample) were included as covariates. For the UKBB data, 
the first 10 genetic PCs and genotype batch were included as co-
variates. For models where a measure of cognitive ability in the 
UKBB was used as the outcome, age at interview squared was 
also included as a covariate (Cornelis et al. 2019); this variable 
was centered before being transformed to prevent the occurrence 
of collinearity (Schielzeth 2010). For the Cardiff schizophrenia 
samples, missing phenotype data were imputed, for each sam-
ple separately, using multiple imputation by chained equations 
(MICE; 100 imputations, 10 iterations in the burn- in period). All 
regression analyses were run in each of the 100 imputed datasets 
separately and then pooled using Rubin's rules (Rubin  2004). 
Model assumptions were checked using the R package “per-
formance” and discussed in the Supporting Information: for 
models were there was evidence of multicollinearity (variance 
inflation factor [VIF] ≥ 10), we removed PCs from the model 
until the VIF for p.(Ala391Thr) was < 10, and for models where 
there was evidence of heteroscedasticity (Breusch- Pagan Test 
p- value < 0.01), we recalculated standard errors, confidence in-
tervals, and p- values using Eicker–Huber–White robust “HC2” 
standard errors. For the Cardiff schizophrenia samples, beta 
values or log(odds) were meta- analyzed, and weighted using 
their standard errors, using the R package “metafor” with a 
fixed- effect inverse- variance weighted model. We corrected for 
multiple testing of phenotypes in the meta- analysis, and within 
each sample, using the Benjamini–Hochberg False Discovery 
Rate (FDR) method and used an alpha level of ≤ 0.05 for the ad-
justed p- values to determine statistical significance. For the rare 
variant analysis, each of the phenotypes was regressed against 
the number of rare variants, and adjusted for the number of rare 
synonymous variants each person carries in SLC39A8, age at in-
terview (and age at interview squared for g and FI), sex, exome 
data PC1- 10, and sequencing batch.

4   |   Results

Phenotype means and proportions, stratified by p.(Ala391Thr) 
schizophrenia- risk allele count, are presented for each sample 
in Tables S5–S7, and S22.

4.1   |   Cardiff Schizophrenia Samples

Data were available for 662 participants from CardiffCOGS 
(mean age at interview [AAI] = 43.31 years, standard deviation 
[SD] = 12.11; 65.75% male), 422 from Cardiff F- Series (mean 
AAI = 42.11 years, SD = 14.08; 70.66% male) and 148 from Cardiff 
SibPairs (mean AAI = 41.68 years, SD = 12.93; 66.21% male). Of 
the total N = 1232 participants, at p.(Ala391Thr), N = 986 partic-
ipants carried zero schizophrenia- risk alleles, N = 234 carried 
one, and N = 12 carried two. The MAF was 10.47%.

The proportion of non- missing data ranged across variables 
from 69% to 100% (86%–100% CardiffCOGS; 88%–100% Cardiff 
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F- Series; 69%–100% Cardiff SibPairs; see Table  S4). Overall, 
missing data imputation performed well; for all variables, im-
puted data were within the range of the observed data and ker-
nel density estimates of the imputed and observed data showed 
comparable distributions.

p.(Ala391Thr) was not associated with positive symptoms, neg-
ative symptoms, or disorganized symptoms derived in either 
CFA model (Tables 1 and 2). p.(Ala391Thr) was not associated 
with current cognitive ability in CardiffCOGS; however, it was 
nominally associated with a lower NART IQ score, but this asso-
ciation did not survive correction for multiple testing (Table 2). 
Although I2 should be interpreted cautiously in meta- analyses of 
only a few studies (von Hippel 2015), there does not appear to be 
evidence of between- study heterogeneity after meta- analyzing 
phenotypes that were present in all three samples (Table  1). 
When analyzing each sample separately, no associations sur-
vived correction for multiple testing (Tables S8–S10) and p.(Al-
a391Thr) accounted for very little of the variance explained 
(Tables S11–S13).

4.2   |   UK Biobank

Data were available for N = 355,069 participants from UKBB 
who did not have a psychotic spectrum disorder (mean 
AAI = 56.92 years, SD = 7.96; 46.25% male). At p.(Ala391Thr), 
N = 304,253 participants carried zero schizophrenia- risk alleles, 
N = 48,907 carried one, and N = 1909 carried two. The MAF 
was 7.43%.

The proportion of non- missing data ranged across variables 
from 15% to 100% (see Table  S21). N = 354,509 indicated that 
they were willing to attempt the cognitive tests and N = 116,935 
completed the online follow- up mental health questionnaire. 
As such, 31% of the participants had data on reported psychotic 
experiences. Fluid intelligence was available for 33% of partici-
pants and years in education for 68%. g could only be calculated 
for 15% of participants. 78% and 94% of participants had data on 
GCSEs and degree level qualifications, respectively.

p.(Ala391Thr) was not associated with reported psychotic expe-
riences. However, the schizophrenia- risk allele was associated 
with a lower g score (β = −0.05; 95% CI, −0.07 to −0.02; FDR- 
adjusted p- value = 8.61 × 10−5), a lower fluid intelligence score 
(β = −0.05; 95% CI, −0.07 to −0.04; FDR- adjusted p- value = 3.35 
× 10−10), a lower likelihood of obtaining GCSEs (OR = 0.96; 95% 
CI, 0.94–0.98; FDR- adjusted p- value = 6.21 × 10−5) or a degree- 
level qualification (OR = 0.95; 95% CI, 0.93–0.97; FDR- adjusted 
p- value = 6.03 × 10−6) and fewer years in education (β = −0.03; 
95% CI, −0.05 to 0.00; FDR- adjusted p- value = 0.035) (Table 3).

Rare variant calls were available for N = 134,370 (37.84%) of 
the participants included in the current study. N = 46 carried 
rare synonymous variants and N = 13 carried rare damag-
ing variants (N = 6 PTVs and N = 7 missense carriers; mean 
AAI = 55.54 years, SD = 9.92; 46.15% male). Most participants 
with quality controlled exome sequencing data had missing phe-
notype data; the proportion of non- missing data ranged across 
variables from N = 22,476 (6%; for g) to N = 126,333 (36%; for 
highest educational qualification, degree).

TABLE 1    |    Fixed- effect meta- analysis of adjusted regression models of p.(Ala391Thr) using the observed/imputed data from the CardiffCOGS 
(N = 662), Cardiff F- Series (N = 422), and Cardiff SibPairs (N = 148) samples.

Fixed effect Heterogeneity

Beta/OR
Lower 
95% CI

Upper 
95% CI

Standard 
error p I2 (%) H2 Q Q p

Three- factor dimensions

Positive symptoms 0.01 −0.18 0.19 0.09 0.958 0.00 0.16 0.32 0.854

Negative symptoms 
of diminished 
expressivity

0.02 −0.27 0.31 0.15 0.9 0.00 0.00 0.00 0.999

Disorganized 
symptoms

0.03 −0.19 0.24 0.11 0.818 0.00 0.09 0.17 0.918

Years in education −0.09 −0.61 0.43 0.27 0.726 0.00 0.23 0.46 0.794

Educational 
qualification: GCSE

0.82 0.46 1.46 0.3 0.494 0.00 0.02 0.04 0.98

Educational 
qualification: Degree

1.01 0.46 2.22 0.4 0.972 0.00 0.11 0.22 0.895

Age at psychosis onset −0.16 −1.26 0.94 0.56 0.776 0.00 0.53 1.06 0.59

Note: Beta coefficients indicated by italic. I2 is the percentage of the variability in effect estimates that is due to heterogeneity rather than sampling error (chance) and is 
used to quantify the magnitude of heterogeneity. H2 is another metric to quantify the magnitude of heterogeneity and defined as the relative excess in Q over its degree 
of freedom or, in other words, the ratio of variability in effect estimates that is due to heterogeneity rather than sampling error to the sampling variability. Q is the 
chi- squared statistic and assesses whether observed differences in results are compatible with chance alone (a low p value provides evidence of heterogeneity of effects, 
that is, variation in effect estimates beyond chance) but does not quantify the extent of heterogeneity. No False Discovery Rate (FDR) adjusted p- values (adjusted for 13 
tests) were statistically significant at an alpha level ≤ 0.05.
Abbreviations: CI, confidence interval; OR, odds ratio.
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Rare variants in SLC39A8 were nominally associated with 
lower g (N rare variants = 2; β = −1.67; 95% CI, −2.93 to −0.42; 
p- value = 0.009), lower fluid intelligence (N rare variants = 1; 
β = −2.31; 95% CI, −4.25 to −0.38; p- value = 0.019), and a lower 
likelihood of obtaining GCSEs (N rare variants = 10; OR = 0.24; 
95% CI, 0.05–0.72; p- value = 0.044), but these associations did 
not survive correction for multiple testing (Table 4). By inclusion 
in our sample, none of the rare variant carriers had a psychotic 
spectrum disorder, but we also confirmed that none of the car-
riers had a diagnosis of Bipolar Disorder (ICD- 10 Codes F30 or 
F31), Intellectual Disability (ICD- 10 Codes F70, F71, F72, F78, 
or F79) or a disorder of glycoprotein metabolism (ICD- 10 Code 
E77) identified from the hospital, death, primary care, and self- 
report records.

As the schizophrenia- risk allele has been previously associated 
with responding to questions in the UKBB with “prefer not to 
answer” and “I don't know” (Mignogna et al. 2023), we tested 
whether p.(Ala391Thr) was associated with willingness to at-
tempt the cognitive tests or the mental health questionnaire. 
p.(Ala391Thr) was not associated with attempting to complete 
the baseline cognitive tests, but the schizophrenia- risk allele was 
associated with not attempting the mental health questionnaire.

5   |   Discussion

In this study, we found that the schizophrenia- risk allele at p.(Al-
a391Thr) was associated with poorer cognitive ability, but not 

psychotic experiences, in a volunteer sample drawn from the 
general population without psychotic spectrum disorders. The 
schizophrenia- risk allele was also nominally associated with 
lower premorbid IQ in patients with schizophrenia; although 
larger independent samples are required to confirm this result. 
Exploratory analysis of rare variants in SLC39A8 in our subsample 
of the UKBB suggested that rare variants are nominally associated 
with poorer cognition but were not decisive due to the low number 
of rare variant carriers with phenotype data.

Although understanding the potential pathophysiological mech-
anisms of variants identified by GWAS is challenging, there has 
been an increasing focus on p.(Ala391Thr) in the context of the 
etiology of schizophrenia (Costas  2018) as well as the mecha-
nisms of action by which it may impact cognition. p.(Ala391Thr) 
is thought to lead to synaptic glutamate receptor hypofunction, 
in part, because of downregulated surface localisation of GluA1, 
GluA2/3, GluN1, and GluN2A (Tseng et al. 2021). The latter are 
subunits of the N- methyl- d- aspartate (NMDA) receptor and the 
hypofunctioning of NMDAR has been implicated in the etiol-
ogy of schizophrenia and specifically impaired learning and 
memory (Nakazawa and Sapkota 2020). The schizophrenia- risk 
allele at p.(Ala391Thr) has also been associated with lower man-
ganese levels (Fujishiro et al. 2022; Mealer et al. 2020; Moksnes 
et al. 2023), an essential trace element transported by ZIP8 and 
involved in glycosylation, the process by which branched sugar 
polymers are covalently attached to proteins and lipids (Pradeep 
et  al.  2023). Glycosylation is dysregulated in schizophrenia 
(Pradeep et  al.  2023) and disrupted by the schizophrenia- risk 

TABLE 2    |    Adjusted regression models of p.(Ala391Thr) using the observed/imputed data and the phenotypes only present in the CardiffCOGS 
sample (N = 662).

Beta
Lower 
95% CI

Upper 
95% CI

Standard 
error p R2 (SNP)

R2 adj. 
(SNP) RMSE

Five- factor dimensions

Positive 
symptoms

−0.05 −0.14 0.04 0.04 0.264 1.05% (0.20%) −0.16% 
(0.05%)

0.469

Negative 
symptoms of 
diminished 
expressivity

0.00 −0.09 0.09 0.05 0.991 3.05% (0.00%) 1.86% 
(−0.15%)

0.4901

Disorganized 
symptoms

−0.02 −0.07 0.04 0.03 0.52 0.64% (0.03%) −0.58% 
(−0.12%)

0.2972

Negative 
symptoms of 
motivation and 
pleasure

0.02 −0.09 0.13 0.05 0.711 2.98% (0.01%) 1.79% 
(−0.14%)

0.5811

Cognitive ability −0.12 −0.26 0.02 0.07 0.095 17.19% (0.11%) 16.18% 
(−0.02%)

0.7429

NART IQ −0.21 −0.39 −0.03 0.09 0.021 7.51% (1.12%) 6.38% 
(0.99%)

0.9593

Note: Adjusted for age at first interview, sex, and principal components (PC) 1–5. No False Discovery Rate (FDR) adjusted p- values (adjusted for 13 tests) were 
statistically significant at an alpha level ≤ 0.05. (SNP) is the difference between the variance explained by the full model and the variance explained by a covariate- only 
model and can thus be interpreted as the variance explained by the SNP alone. Tjur's R2 is an alternative to other pseudo- R2 values like Nagelkerke's R2 or Cox- Snell 
R2 and can be read like any other (pseudo- )R2 value. RMSE is the square root of the variance of the residuals and indicates the absolute fit of the model to the data 
(difference between observed data to model's predicted values). It can be interpreted as the standard deviation of the unexplained variance, and is in the same units as 
the response variable. Lower values indicate better model fit.
Abbreviation: CI, confidence interval.
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allele at p.(Ala391Thr) (Mealer et  al.  2022). Individuals with 
Congenital Disorders of Glycosylation can present with cogni-
tive impairment (Pradeep et al. 2023), but there is no consistent 
linear association between lower blood manganese concentra-
tions and poorer cognitive ability (Vollet et  al.  2016). Finally, 
the schizophrenia- risk allele is also associated with impaired 
zinc uptake and transportation, and decreased cortical den-
dritic spine density (Li et  al.  2022). Developmental synaptic 
pruning has been postulated as a risk mechanism for schizo-
phrenia either through a loss of balance between synaptogen-
esis and elimination or abnormal activity- dependent plasticity 
(Kasai et al. 2010). Decreased dendritic spine density has been 
observed in individuals with schizophrenia (Radhakrishnan 
et al. 2021) while dendritic spine plasticity is thought to under-
lie the cognitive resilience of older adults who, despite having 
Alzheimer's pathophysiology, have not developed dementia 
(Boros et al. 2017). People with schizophrenia are 8.5 times more 
likely to develop dementia than age- matched controls (Liou 
et al. 2023) and 5.2 times more likely to have dementia listed as 
a cause of death than age-  and sex- matched population controls 
(John et al. 2018).

Our findings support the idea that p.(Ala391Thr) plays a role in 
cognition, but we found no evidence to support our hypothesis 
that the schizophrenia- risk allele is associated with schizophre-
nia symptom severity. This may be due to limitations in our 
phenotype definitions and/or to power to detect small effects 
conferred by single variants (see below). An alternative expla-
nation is that it may reflect postulated differences between the 
genetic architectures of liability to disorder and those of clin-
ical symptom severity, particularly positive symptom severity. 
Consistent with that hypothesis, previous studies have generally 
not found a relationship between positive symptom severity and 
liability to schizophrenia, using either family history or poly-
genic risk scores as indices of liability (Owen et al. 2023), both 
of which capture considerably more variance in overall liabil-
ity to the disorders than does any single variant. We also note 
that within people with schizophrenia, cognitive ability is only 
weakly correlated with the severity of clinical symptoms (Legge 
et al. 2021), and therefore alleles that influence cognition are not 
necessarily expected to influence symptom severity. Consistent 
with that, while there is robust evidence that polygenic scores 
based on alleles that influence cognitive ability in the general 
population are associated with cognition in schizophrenia, they 
are not associated with symptom severity (Legge et al. 2019).

p.(Ala391Thr) has been reported to be a highly pleiotropic vari-
ant and is associated, at genome- wide significance levels, with 
24.16% (129/534) of the traits curated by Open Targets Genetics 
(Mountjoy et  al.  2021); the schizophrenia- risk allele has been 
associated with lower HDL cholesterol, lower blood pressure, 
lower levels of apolipoprotein A1, calcium, aspartate amino-
transferase, urate, gamma- glutamyl transferase, and serum 
albumin, as well as higher body mass index and body fat mea-
sures, but a lower risk of hypertension and cardiovascular dis-
ease. Notably, other than in schizophrenia, p.(Ala391Thr) has 
not been associated—in GWAS—with psychiatric (Bipolar 
Disorder, MDD), neurodevelopmental (Autism, Attention defi-
cit hyperactivity disorder), or neurodegenerative (Alzheimer's 
Disease, Parkinson's Disease) disorders (see Buniello 
et al. (2019) and Table S1). In the most recent GWAS of alcohol 

use disorders, the schizophrenia- risk allele was associated with 
being a control (Zhou et  al.  2023). In phenome- wide associa-
tion studies (PheWAS) using the UK Biobank (UKBB), p.(Al-
a391Thr) has been associated with diseases of the esophagus, 
musculoskeletal conditions, metabolic and digestive biomark-
ers, blood pressure, and dietary and lifestyle factors includ-
ing weight gain and drinking alcohol (Mitchell et  al.  2019; 
Moksnes et  al.  2023, http:// www. neale lab. is/ uk-  bioba nk/ ). In 
a brain MRI PheWAS of the UKBB (Hermann et al. 2021), the 
schizophrenia- risk allele was associated with greater putamen 
gray matter volume, reduced cortical thickness, and reduced 
white matter integrity, MRI phenotypes which have been iden-
tified in participants with schizophrenia. Although pleiotropy 
has benefits for translational research, for example by cutting 
across current diagnostic categories, the diversity of phenotypes 
suggests that SLC39A8 may not impact schizophrenia and/or 
cognition through the disruption of a single key biological pro-
cess; rather, it may influence multiple processes, not necessarily 
all within the brain.

Studying p.(Ala391Thr) could improve our understanding of the 
cognitive impairments in people with schizophrenia and aid in 
the prediction of treatment response. Within studies of cogni-
tive remediation therapy (CRT) in schizophrenia, although on 
average patients with poorer premorbid IQ and fewer years in 
education show greater improvement after CRT, some studies 
have shown the opposite (Vita et al. 2021) and there is emerg-
ing literature examining whether genetic variants can account 
for this differential improvement (Penadés et al. 2020). For ex-
ample, one study examined SLC1A2, a high- affinity glutamate 
transporter that encodes EAAT2, and found that the minor al-
lele at NC_000011.10:g.35419429T>G (rs4354668), which has 
previously been associated with lower EAAT2 expression and 
poorer cognition in healthy controls and patients with schizo-
phrenia, was associated with poorer improvement after CRT 
(Spangaro et  al.  2018). p.(Ala391Thr) could be a candidate for 
future stratification studies.

6   |   Limitations

This is the first study to test the relationship between p.(Ala-
391Thr) and schizophrenia- related phenotypes in participants 
with the disorder. However, our cohorts of schizophrenia par-
ticipants were small, and it may be that larger sample sizes 
are needed to detect the small effects attributable to a single 
variant. Given a sample size of N = 1232, an alpha level of 0.05, 
and an R2 = 0.03 (the proportion of variance explained by p.(Al-
a391Thr) for the g score in the UKBB), our power was 16.42%. 
We also note that there was more missing data in the Cardiff 
SibPairs sample compared to the other Cardiff schizophrenia 
samples. Although missing data imputation performed well, 
using imputed datasets, while recommended over complete- 
case analysis, may not reflect the real- world variability in 
these variables because imputed data were within the range 
of observed data. In addition, our analysis of rare variants in 
SLC39A8 may not be representative because of the small num-
ber of rare variant carriers driving the associations. Gene- based 
burden tests usually apply a cut off to exclude genes with a low 
a number of carriers (Chen et al. 2023), which, in our sample, 
would have excluded SLC39A8 from a pipeline for exome- wide 

http://www.nealelab.is/uk-biobank/
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gene- based burden tests. Our rare variant results should there-
fore be used to inform future studies rather than be interpreted 
in isolation. It is also possible that our findings will not general-
ize to participants of non- European ancestry. Previous work has 
described p.(Ala391Thr) as having an almost negligible MAF 
in non- European populations (Costas 2018). In our schizophre-
nia cohorts, only Europeans carried two copies of the schizo-
phrenia risk allele, but three other ancestry groups (African 
American/Afro- Caribbean, Near Eastern, and Central/South 
Asian) contained participants with one copy, so we chose to in-
clude them in our analysis. Nevertheless, less than 2% of the 
schizophrenia cohorts were of non- European ancestry, and our 
sample from the UKBB was comprised solely of people with 
European ancestry.

Another caveat is that it is unclear whether psychotic experi-
ences measured in the UKBB are a good proxy for psychotic ex-
periences experienced by people with schizophrenia. Although 
there is a shared genetic liability between psychotic experiences 
and schizophrenia, the genetic correlation is weak (rg = 0.21; 
Legge et al. 2019), and psychotic experiences were more strongly 
correlated with ADHD (rg = 0.24), autism spectrum disor-
der (rg = 0.39), and major depressive disorder (rg = 0.46) than 
schizophrenia, suggesting that these phenotypes capture gen-
eral psychopathology rather than schizophrenia- specific psy-
chosis. There is also the possibility of measurement error in 
the psychotic experiences phenotypes; firstly, because they are 
measured retrospectively by self- report, and, secondly, because 
of biases in those who attempt to complete the online follow- up 
mental health questionnaire. Legge et  al.  (2019) found that 
participants who completed the mental health questionnaire 
had significantly higher intelligence and lower schizophrenia 
polygenic risk scores, adding to existing evidence of a “healthy 
volunteer” selection bias in the UKBB (Fry et  al.  2017; Legge 
et  al.  2024) which can affect the results of GWAS (Schoeler 
et  al.  2023). In our data, the schizophrenia- risk allele was as-
sociated with not attempting the mental health questionnaire. 
This suggests that the psychotic experiences phenotypes in the 
UKBB are not completed by participants with a higher genetic 
load for schizophrenia, and our analyses may be affected by col-
lider bias.

Finally, we note that educational attainment is strongly influ-
enced by environmental factors, such as an individual's person-
ality and the social system in which they were educated, as well 
as noncognitive genetic variants (Demange et al. 2021). Indeed, 
sampling differences in geography and time moderate genetic 
effects on educational attainment (Tropf et al. 2017). As such, 
educational attainment should be considered a related but dis-
tinct phenotype of, or a distant proxy for, cognitive ability.

7   |   Conclusions

The schizophrenia- risk allele at p.(Ala391Thr) is associated with 
poorer cognitive ability in a sample of the general population 
with European ancestry. Larger and more ancestrally diverse 
studies of participants with schizophrenia are required to deter-
mine whether p.(Ala391Thr) and ZIP8 can aid genomic stratifi-
cation of treatment response for cognitive impairment in those 
with the disorder.
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