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Abstract

Objectives The SCHEMA consortium has identified ten genes in which protein truncating
variants (PTVs) confer substantial risk of schizophrenia. This study aimed to determine
whether carrying these PTVs was associated with neuropsychiatric impairment in the
general population.

Methods Phenotype fields of exome-sequenced participants in the UK Biobank who carried
PTVs in these genes were studied to determine to what extent they demonstrated features
of schizophrenia or had neuropsychiatric impairment.

Results Following automated quality control and visual inspection of reads, 251 subjects
were identified as having well-supported PTVs in one of these genes. The frequency of PTVs
in CACNA1G was higher than had been observed in SCHEMA cases, casting doubt on its role
in schizophrenia pathogenesis, but otherwise rates were similar to those observed in
SCHEMA controls. Numbers were too small to allow formal statistical analysis but in general
carriers of PTVs did not appear to have high rates of psychiatric illness or reduced
educational or occupational functioning. One subject with a PTV in SETD1A had a diagnosis
of schizophrenia. one with a PTV in HERC1 had psychotic depression and two subjects
seemed to have developmental disorders, one with a PTV in GRIN2A and one with a PTV in
RBCC1. There seemed to be somewhat increased rates of affective disorders among carriers
of PTVs in HERC1 and RB1CC1.

Conclusions Carriers of PTVs did not appear to have subclinical manifestations of
schizophrenia. Although PTVs in these genes can substantially increase schizophrenia risk,
their effect seems to be dichotomous and most carriers appear psychiatrically well.

This research has been conducted using the UK Biobank Resource.
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Introduction

It is now well-established that copy number variants (CNVs) at a number of specific locations
can substantially increase risk of developing schizophrenia as well as other
neurodevelopmental disorders (Rees et al., 2014) . Although they have large effects, these
CNVs are incompletely penetrant, meaning that not everybody who carries one goes on to
develop a neurodevelopmental phenotype. However a recent analysis of the UK Biobank
sample has illustrated that even apparently unaffected carriers of 12 CNVs implicated in
schizophrenia pathogenesis had on average reduced educational and occupational
functioning and reduced performance on cognitive tests (Kendall et al., 2019). In the BioMe
biobank, carriers of CNVs associated with neurodevelopmental disorders had increased
rates of congenital disorders and major depressive disorder, as well as a number of medical
outcomes including essential hypertension, kidney failure, obstructive sleep apnoea and
morbid obesity (Birnbaum et al., 2022).

A different study of the same UK Biobank sample showed that, even without a diagnosis of
mental illness, subjects with a higher polygenic risk score for schizophrenia were more likely
to report experiencing psychotic symptoms (Legge et al., 2019). Among patients with
schizophrenia, a higher polygenic risk score is associated with greater severity of illness
(Jonas et al., 2019). These findings suggest that common variants may tend to have a
guantitative effect on modifying the frequency and severity of psychotic symptoms for
people both with and without a diagnosis of schizophrenia.

The SCHEMA study of exome-sequenced samples of 24,248 cases and 97,322 controls has
now implicated ultra-rare coding variants in ten genes as conferring substantial risk for
schizophrenia (Singh and The Schizophrenia Exome Meta-Analysis (SCHEMA) Consortium,
2022). For these ten genes, exome-wide statistically significant results were obtained from a
metanalysis of case-control data and de novo variants identified in trios. Protein truncating
variants (PTVs) and damaging missense variants were associated with substantial effects on
risk, with odds ratios ranging from 3 to 50. As well as there being an excess of PTVs in cases
compared with controls, in the trios de novo PTVs in schizophrenia probands were also
observed for all these genes apart from CACNA1G, GRIN2A and HERC1. PTVs in these genes
were rare, being observed a total of 127 times among cases and 78 times among controls.
For all genes except GRIA3 a PTV was observed in at least one control, suggesting
incomplete penetrance, although it must be borne in mind that control exomes were
derived from a variety of cohorts including ExAC and were not all screened for an absence of
psychiatric illness.

The UK Biobank consists of a sample of 500,000 volunteers from whom a large amount of
phenotypic data has been obtained from a variety of sources, including interviews,
investigations and health records. Sequence data has been provided for 200,632 subjects
who have undergone exome-sequencing, quality control and genotyping by the UK Biobank
Exome Sequencing Consortium using the GRCh38 assembly with coverage 20X at 95.6% of
sites on average (Szustakowski et al., 2021). We investigated this sample to see whether any
subjects carrying PTVs in the ten implicated genes demonstrated evidence for indicators of
neuropsychiatric problems, including impaired educational or occupational performance.

Methods



UK Biobank had obtained ethics approval from the North West Multi-centre Research Ethics
Committee which covers the UK (approval number: 11/NW/0382) and had obtained
informed consent from all participants. The UK Biobank approved an application for use of
the data (ID 51119) and ethics approval for the analyses was obtained from the UCL
Research Ethics Committee (11527/001). All variants were annotated using variant effect
predictor (VEP) (McLaren et al., 2016). GENEVARASSOC and SCOREASSOC were used to
identify subjects carrying variants annotated as PTVs, consisting of stop, frameshift and
essential splice site variants.

For all variants annotated as PTVs, CRAM files were downloaded and calls were rejected if
the read depth was less than 20, if the allele balance did not exceed 0.25 or if Fisher's exact
test for distributions of alleles across strands was significant at p<0.01. Additionally,
snapshots of the reads produced by the Integrative Genomics Viewer (IGV) were inspected
to check that the genotype calls appeared to be well supported (Robinson et al., 2017). For
any that appeared doubtful, for example where another nucleotide differed from the
reference potentially within the same codon, more detailed examination was performed
using IGV interactively.

For subjects carrying a well-supported PTV in one of these genes, R was used to extract
fields containing clinical information regarding diagnosis, treatment and responses to
guestions about mental health, along with information reflecting intellectual and
occupational functioning, as had been done in a previous study of subjects carrying a PTV in
HIRA (R Core Team, 2014; Curtis, 2021). Within the UK Biobank dataset, different fields are
completed for different subjects and attention was focussed on those fields which were
most frequently completed, including fields relating to depression and anxiety, fluid
intelligence, all reported diagnoses, all prescribed medication, educational attainment and
employment status. The full list of fields used to provide this information is shown in
Supplementary Table 1. For key measures, information was summarised on a per gene basis
by reporting the mean in PTV carriers for quantitative phenotypes or, for categorical
variables, the numbers falling into each category. It was noted that a large number of
subjects carried a PTV in CACNA1G, casting doubt on its role as a susceptibility gene, but for
all other genes all extracted fields were inspected on an individual basis in order to identify
subjects who might have intellectual or occupational impairment or might suffer
neuropsychiatric problems.

Results

Across all ten genes a total of 290 variants were initially annotated as PTVs by VEP. Of these,
26 failed the automated QC criteria, of which 22 had also been flagged as possibly
problematic by visual inspection of the IGV snapshots. An additional 26 passed the QC but
the IGV snapshots appeared possibly problematic for one reason or another and they were
subjected to more detailed examination. Of these, there were 6 which were annotated by
VEP as "stop_gained" on the basis of a single nucleotide change but in fact another
nucleotide in the same codon also differed from the reference, meaning that the overall
effect was to produce a non-synonymous amino acid substitution, not a stop codon. An
additional 7 calls were judged to be possibly suspect for a number of reasons, such as a lack
of supporting reads from one or other strand, and these were also rejected. Supplementary
Table 2 provides a list of calls with possibly problematic IGV snapshots along with their read



counts and reasons why they were accepted or rejected. These processes resulted in a total
of 251 subjects judged to have well-supported PTVs in one of the ten genes. All these PTVs
are listed in Supplementary Table 3.

Table 1 shows the raw counts of the numbers of subjects carrying PTVs on a per gene basis,
and also depicts this as a prevalence per 100,000 along with the prevalence in controls and
cases in the SCHEMA samples. This makes it clear that for almost all of the genes the
prevalence of PTVs in the UK Biobank sample is similar to that observed in SCHEMA controls
(Singh and The Schizophrenia Exome Meta-Analysis (SCHEMA) Consortium, 2022). The
obvious clear exception is CACNA1G, for which we observe a prevalence of 45.9 per
100,000, much higher than the 13.4 observed in SCHEMA controls and even slightly higher
than the 41.2 observed in SCHEMA cases. This is in part due to the inclusion of a splice site
variant, 17:50619827-G,A, which occurs in 44 UK Biobank subjects but which was not
considered by SCHEMA. The other PTVs seen in CACNA1G are all very rare, with none
occurring in more than 4 subjects and most being seen in just a single subject. Even if only
these rarer PTVs are considered then their cumulative prevalence is 23.9 per 100,000. In the
SCHEMA study the results for CACNA1G only just reached criteria for exome-wide statistical
significance and PTVs in it were associated with a lower OR than for the other nine genes. In
addition, it was one of only three of the implicated genes for which no de novo PTV was
observed in the trio samples. With these uncertainties in mind, for the present study it was
decided not to carry out further detailed investigation of the subjects carrying PTVs in
CACNA1G. For RB1CC1, we observe a prevalence of 12.5 per 100,000, which is three times
the prevalence of 4.1 observed in SCHEMA controls. However this is still much lower than
the prevalence of 37.1 in SCHEMA cases and so does not cast doubt on the claim that
impaired function of RB1CC1 substantially increases schizophrenia risk.

Table 2 presents a summary of the phenotypic features of subjects carrying PTVs in these
genes. Although the numbers involved are too small to allow formal statistical analysis,
overall there is little to suggest that PTVs in these genes cause substantial educational or
occupational impairment. It may be worth noting that the proportion of people reporting
having no qualifications in the whole UK Biobank sample is 0.09 whereas the numbers for
subjects with PTVs in TRIO and GRIN2A are 8/32 and 4/7 respectively. However, carriers of
PTVs in these or the other genes do not in general have obviously impaired occupational
functioning. Carriers of PTVs in SP4 and RB1CC1 have mean fluid intelligence scores of 4.0
and 3.9, one standard deviation below the general sample mean of 6.16. Carriers of PTVs in
HERC1 and RB1CC1 have a somewhat reduced tendency to report excellent or good general
health and are somewhat more likely to report having seen a GP, but not a psychiatrist, for
problems related to anxiety or depression. Carriers of PTVs in GRIN2A and RB1CC1 have
mean BMlIs of 31.0 and 29.7, somewhat higher than the general sample mean of 27.3.

The detailed information for subjects bearing PTVs in all genes apart from CACNAG1 was
examined and findings are summarised below for each gene. Subjects not mentioned
specifically appeared to be essentially normal from a neuropsychiatric point of view. The
details provided in the summaries below are presented in a way aimed at maintaining the
confidentiality of the information.

SETD1A (11 subjects)



One subject had a diagnosis of schizophrenia, was taking an antipsychotic and was unable to
work because of sickness or disability. One subject was taking an antidepressant and
reported minor, persistent affective symptoms with no formal diagnosis and had seen a GP
but not a psychiatrist for mood problems and also had diagnoses of fibromyalgia and
menstrual problems.

CUL1 (2 subjects)

One subject denied a formal diagnosis of bipolar disorder or depression but reported having
had antidepressant medication prescribed for more than two weeks and a number of
features possibly related to a previous affective disorder including racing thoughts,
prolonged, profound depression, thinking life not worth living and extreme irritability.

XPO7 (1 subject)
No suggestion of significant neuropsychiatric problems.
TRIO (34 subjects)

Of seven subjects with no qualifications, one had suffered an episode of major depression
and one reported being unable to work because of sickness or disability, but had
hypertension, bone disorder and ulcers. Another four of these subjects had major recurrent
depression, of whom one had seen a psychiatrist.

SP4 (6 subjects)

One had seen a GP with what appeared to be minor affective symptoms but no subjects
appeared to have significant neuropsychiatric problems.

GRIA3 (2 subjects)
No suggestion of neuropsychiatric problems.
GRIN2A (8 subjects)

One had no qualifications but was in paid employment. They had seen a GP and psychiatrist
and had been assigned formal diagnoses of depression, anxiety, developmental disorder
and epilepsy along with a number of physical health problems. They were taking an
antidepressant and a sedative antipsychotic as well as medication for physical problems.
Three others also had no qualifications but were all employed or retired and showed no
suggestion of any neuropsychiatric problems.

HERC1 (70 subjects)

29 subjects appeared to have clinically significant depression and/or anxiety, of whom one
had been diagnosed with an episode of psychotic depression and two others were possibly
bipolar.

RB1CC1 (25 subjects)



One subject had been diagnosed with a disorder of scholastic skills, had no qualifications, a
number of anxiety related diagnoses and had prolonged reaction time with low fluid 1Q. Six
other subjects appeared to have clinically significant anxiety and/or depression while
another seven had milder affective symptoms.

In summary, one subject with a PTV in SETD1A had a diagnosis of schizophrenia. one with a
PTV in HERC1 had psychotic depression and two subjects seemed to have developmental
disorders, one with a PTV in GRIN2A and one with a PTV in RBCC1. There seemed to be
somewhat increased rates of affective disorders among carriers of PTVs in HERC1 and
RB1CC1. A number of subjects with PTVs in other genes also had affective disorders but not
clearly at levels which were higher than expected. Aside from this, inspection of the
individual clinical fields did not reveal that subjects with PTVs in these nine genes tended to
have any sub-clinical features of schizophrenia. They were not prescribed antipsychotics and
there were no problems noted which might suggest undiagnosed serious mental illness or
general impairments in educational, occupational or social functioning. From the fields
reporting all diagnoses and prescribed medications there was no suggestion that particular
physical illnesses were especially likely to be seen in PTV carriers, although again the
numbers involved are too small for formal statistical analyses.

Discussion

The high prevalence of PTVs in CACNA1G casts doubt on the previous conclusion that such
variants in this gene have a role in schizophrenia aetiology. This issue will be resolved as and
when additional case-control samples are analysed and will not be considered further here.

With respect to the other nine genes, the overall impression that emerges from studying
this sample of carriers of PTVs among UK Biobank participants is that the effect of PTVs in
these genes tends to be dichotomous. While they may substantially impact the risk of
developing schizophrenia, if this does not happen then most carriers appear to be
phenotypically normal. They do not tend to be somewhat impaired or to suffer from low
grade psychotic symptoms or otherwise to have a sub-clinical manifestation of major
psychiatric illness. There is a suggestion that carriers of PTVs in HERC1 and RB1CC1 may be
at increased risk of developing depression and anxiety disorders but this is a post hoc
observation which would need to be specifically tested in new samples, for example when
sequence data for the remaining UK Biobank participants becomes available.

The UK Biobank participants are relatively older and more healthy than the UK population as
a whole and so people who did suffer from severe consequences of these PTVs would be
less likely to be included. Nevertheless, the results obtained for PTVs in these genes differ
somewhat from those reported using 407,000 UK Biobank subjects for twelve CNVs
impacting schizophrenia risk (Kendall et al., 2019). As stated above, it was shown for each of
these CNVs that carriers on average have impaired educational and occupational
functioning and hence to some extent could be regarded as having a subclinical
manifestation of at least some of the negative features of the disease. Seven of these CNVs
were associated with only mildly impaired cognitive functioning but each had more than
100 carriers, far larger than of PTV carriers for each gene in the current study, and hence the
results were still statistically significant. With the partial exception of the NRXN1 deletion,
all these CNVs impact multiple genes so could be regarded as potentially having a broader



impact on development, some also being associated with physical abnormalities. Several are
also associated with intellectual disability and overall they are more commonly found in
subjects with schizophrenia who have below normal IQ (Lowther et al., 2017). In
comparison, PTVs in SETD1A are associated with developmental disorder as well as
schizophrenia but this does not seem to be the case for PTVs in the other nine genes
implicated by SCHEMA (Singh and The Schizophrenia Exome Meta-Analysis (SCHEMA)
Consortium, 2022). Instead, de novo missense variants rather than PTVs in TRIO, CACNA1G
and GRIN2A were noted to be associated with developmental disorder. Thus it seems that
PTVs in these genes seem to confer a relatively specific risk for schizophrenia.

These results suggest that carriers of these PTVs who do not have schizophrenia do not in
general have some degree of impairment which falls below the threshold for diagnosis.
Although we may use schizophrenia liability in statistical analyses when this is convenient
we must avoid the temptation to think that this implies that schizophrenia itself is a
guantitative trait or that risk factors which have additive effects in a logistic regression
model necessarily act to make people more or less severely affected. We have shown
elsewhere that the distribution of psychotic traits in the general population and among
subjects with schizophrenia is very much not compatible with the conception of
schizophrenia as simply representing the extreme of a trait which is normally distributed in
the population (Curtis and Derks, 2018). The current findings reinforce further that
schizophrenia is an illness which, doubtful cases aside, one either does or does not have.
PTVs in these genes have large effects on risk but carrying one does not make somebody "a
little bit schizophrenic" just as smokers do not have "a little bit of lung cancer" - they have
lung cancer or they do not. The notion that risk factors can have big effects on probability of
developing disease rather than necessarily affecting severity of disease fits well with the
medical model of illness. In this model, a number of genetic and environmental risk factors,
when combined with processes which may be essentially stochastic, may result in a set of
pathological changes which then result in a characteristic set of signs and symptoms
qualitatively different from a normal phenotype (Mitchell, 2018). The presence of a risk
factor enhances the probability of these events occurring but may not itself have an overt
effect on the phenotype if the full process leading to illness development does not occur.

The PTVs implicated in the SCHEMA study have large ORs compared to common variants
and if a patient with schizophrenia were found to carry such a PTV then it could legitimately
be regarded as being causal for that patient. Nevertheless, if we assume a background
lifetime prevalence for schizophrenia of 1% then for any PTV with OR less than 50 a carrier is
more likely to be unaffected than affected. Most carriers of these PTVs will not develop
schizophrenia and the present work seems to show that the overwhelming majority of these
unaffected carriers do not suffer from subclinical levels of impairment but rather that in
terms of neuropsychiatric symptoms they appear to be similar to the general population.
These results may contribute to our understanding of the nature of schizophrenia and may
have important practical implications, for example for genetic counselling.
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Table 1 Table showing the number of carriers of protein truncating variants (PTVs) in ten genes implicated in schizophrenia risk along with the carrier

prevalence in UK Biobank and among SCHEMA cases and controls.

Gene Gene name Number of |Prevalence per 100,000
symbol carriers in UK
Biobank
UK Biobank [SCHEMA SCHEMA
Cases Controls
SETD1A |SET Domain Containing 1A, Histone Lysine Methyltransferase 11 5.5 61.9 3.1
cuLi Cullin 1 2 1.0 33.0 1.0
XPO7 Exportin 7 1 0.5 49.5 1.0
TRIO Trio Rho Guanine Nucleotide Exchange Factor 34 16.9 74.2 16.4
CACNA1G |Calcium Voltage-Gated Channel Subunit Alphal G 92 45.9 41.2 13.4
SP4 Sp4 Transcription Factor 6 3.0 53.6 6.2
GRIA3 Glutamate lonotropic Receptor AMPA Type Subunit 3 2 1.0 20.6 0.0
GRIN2A  |Glutamate lonotropic Receptor NMDA Type Subunit 2A 8 4.0 371 2.1
HERC1 HECT And RLD Domain Containing E3 Ubiquitin Protein Ligase 70 34.9 115.5 32.9
Family Member 1

RB1CC1 |RB1 Inducible Coiled-Coil 1 25 12.5 37.1 4.1

11
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Table 2

Table summarising key phenotypic characteristics of subjects carrying protein-truncating variants (PTVs) in ten genes implicated in schizophrenia risk. For
guantitative variables, the mean for each gene is shown along with the mean and SD in the whole UK Biobank sample. For categorical variables raw counts for
each gene are shown along with the proportions of UK Biobank subjects falling into each category.

Mean (SD) or | Gene
proportion
giving
response in
whole UK
Biobank
sample
SETD1A CcuL1 XPO7 TRIO | CACNA1G SP4 | GRIA3 | GRIN2A | HERC1 | RBi1CC1
Number of PTV carriers in UK 11 2 1 34 92 6 2 8 70 25
Biobank
Body mass index (BMI) 27.3(4.77) 28.5 28.7 29.0 26.2 27.9| 2838 27.6 31.0 27.9 29.7
Age completed full time education 16.7 (2.34) 19.2 15.0 18.0 17.3 17.2 16.8 17.5 15.7 16.5 17.0
Qualifications
College or University degree 0.18 6 1 0 6 31 1 0 1 19 4
A levels/AS levels or equivalent 0.14 0 0 0 6 4 1 0 1 6 3
O levels/GCSEs or equivalent 0.25 3 0 1 5 20 1 1 1 21 6
CSEs or equivalent 0.07 0 0 0 3 6 1 1 0 10 3
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NVQ or HND or HNC or equivalent 0.10 2 3 5 0
Other professional qualifications 0.15 2 8 0 0
eg: nursing, teaching
None of the above 0.09 8 20 9 9
Prefer not to answer 0.01 1 0 0 0
Current employment status
In paid employment or self- 0.52 12 54 35 10
employed
Retired 0.32 17 28 24 10
Looking after home and/or family 0.05 2 4 1 2
Unable to work because of 0.04 1 2 6 2
sickness or disability
Unemployed 0.02 1 2 2 1
Doing unpaid or voluntary work 0.03 0 1 1 0
Full or part-time student 0.01 0 1 0 0
None of the above 0.01 0 0 1 0
Prefer not to answer 0.00 0 0 0 0
Overall health rating
Excellent 0.16 6 14 5 6
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Good 0.58 6 1 1 19 54 4 1 2 38 10
Fair 0.21 4 1 0 7 19 2 0 4 23 6
Poor 0.05 0 0 0 1 4 0 0 0 4 2
Do not know 0.00 0 0 0 0 0 0 0 0 0 1
Prefer not to answer 0.00 0 0 0 0 1 0 1 0 0 0
Seen doctor (GP) for nerves,
anxiety, tension or depression
No 0.65 5 1 1 20 58 4 1 6 32 11
Yes 0.34 6 1 0 13 32 2 0 2 37 14
Do not know 0.01 0 0 0 0 1 0 0 0 0 0
Prefer not to answer 0.00 0 0 0 0 1 0 1 0 1 0
Seen a psychiatrist for nerves,
anxiety, tension or depression
No 0.88 9 1 1 29 75 5 1 7 56 21
Yes 0.12 2 1 0 4 13 1 0 1 13 4
Do not know 0.00 0 0 0 0 2 0 0 0 0 0
Prefer not to answer 0.00 0 0 0 0 2 0 1 0 1 0
Neuroticism score 4.12 (3.27) 5.9 1.5 6.0 5.0 4.9 3.6 1.0 2.0 4.7 5.7
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Number of incorrect matches in 2.33(3.12) 0.4 2.0 0.8 0.7 0.5 0.6 0.6 0.7
round

Mean time to correctly identify 562.8 (117.6) 523.2 588.0 477.0 588.8 581.1 | 505.3 538.5 617.7 592.6 602.3
matches

Fluid intelligence score 6.16 (2.15) 6.5 5.5 5.5 6.1 4.0 6.0 6.2 3.9




