Research

JAMA Psychiatry | Original Investigation

Comparing Copy Number Variations in a Danish Case Cohort

of Individuals With Psychiatric Disorders

Xabier Calle Sdnchez, MS; Dorte Helenius, PhD; Jonas Bybjerg-Grauholm, PhD; Carsten Pedersen, PhD;
David M. Hougaard, MD; Anders D. Bgrglum, PhD; Merete Nordentoft, PhD; Ole Mors, MD;

Preben B. Mortensen, DrMedSc; Daniel H. Geschwind, MD; Simone Montalbano, MS; Armin Raznahan, MD;
Wesley K. Thompson, PhD; Andrés Ingason, PhD; Thomas Werge, PhD

IMPORTANCE Although the association between several recurrent genomic copy number
variants (CNVs) and mental disorders has been studied for more than a decade, unbiased,
population-based estimates of the prevalence, disease risks and trajectories, fertility,

and mortality to contrast chromosomal abnormalities and advance precision health care
are lacking.

OBJECTIVE To generate unbiased, population-based estimates of prevalence, disease risks
and trajectories, fertility, and mortality of CNVs implicated in neuropsychiatric disorders.

DESIGN, SETTING, AND PARTICIPANTS In a population-based case-cohort study, using the
Lundbeck Foundation Initiative for Integrative Psychiatric Research (iPSYCH) 2012 database,
individuals born between May 1, 1981, and December 31, 2005, and followed up until
December 31, 2012, were analyzed. All individuals (n = 57 377) with attention-deficit/
hyperactivity disorder (ADHD), major depressive disorder (MDD), schizophrenia (SCZ),
autism spectrum disorder (ASD), or bipolar disorder (BPD) were included, as well as 30 000
individuals randomly drawn from the database. Data analysis was conducted from July 1,
2017, to September 7, 2021.

EXPOSURES Copy number variants at 6 genomic loci (19211, 15q11.2, 15q13.3, 16p11.2, 17p12,
and 17q12).

MAIN OUTCOMES AND MEASURES Population-unbiased hazard ratio (HR) and survival
estimates of CNV associations with the 5 ascertained psychiatric disorders, epilepsy,
intellectual disability, selected somatic disorders, fertility, and mortality.

RESULTS Participants’ age ranged from 1to 32 years (mean, 12.0 [IQR, 6.9] years) during
follow-up, and 38 662 were male (52.3%). Copy number variants broadly associated with

an increased risk of autism spectrum disorder and ADHD, whereas risk estimates of SCZ for
most CNVs were lower than previously reported. Comparison with previous studies suggests
that the lower risk estimates are associated with a higher CNV prevalence in the general
population than in control samples of most case-control studies. Significant risk of major
depressive disorder (HR, 5.8; 95% Cl, 1.5-22.2) and sex-specific risk of bipolar disorder

(HR, 17; 95% Cl, 1.5-189.3, in men only) were noted for the 1g21.1 deletion. Although CNVs

at 1g21.1 and 15q13.3 were associated with increased risk across most diagnoses, the 17p12
deletion consistently conferred less risk of psychiatric disorders (HR 0.4-0.8), although none
of the estimates differed significantly from the general population. Trajectory analyses noted
that, although diagnostic risk profiles differed across loci, they were similar for deletions and
duplications within each locus. Sex-stratified analyses suggest that pathogenicity of many
CNVs may be modulated by sex.

CONCLUSIONS AND RELEVANCE The findings of this study suggest that the iPSYCH population
case cohort reveals broad disease risk for some of the studied CNVs and narrower risk for
others, in addition to sex differential liability. This finding on genomic risk variants at the level
of a population may be important for health care planning and clinical decision making, and
thus the advancement of precision health care.
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ver the past decades, advances in large-scale geno-

typing and sequencing have led to the identification

of pathogenic genomic variations, such as single
nucleotide variants, indels, and copy number variation (CNV),
greatly expanding our knowledge of genomic disorders and
their links to neuropsychiatric phenotypes.'»? In particular, re-
current de novo CNVs constitute an important type of genetic
variation that confers high risk for severe neurodevelopmen-
tal disorders, such as intellectual disability (ID), autism spec-
trum disorder (ASD), attention-deficit/hyperactivity disorder
(ADHD), and later-onset psychotic disorders, as well as epi-
lepsy and premature death.>

Although CNVs at several distinct loci have been defini-
tively associated with neuropsychiatric disorders in large, case-
control studies of specific mental diagnoses,' accurate popu-
lation prevalence and relative risk estimates are lacking in most
cases, as few reports have been based on epidemiological study
designs examining genomic risk variants in a population. Ac-
curacy in estimation of penetrance across multiple patho-
genic CNVs is crucial for understanding the architecture of
genetic risk in psychiatry and for our capacity to use an indi-
vidual’s CNV status to advance precision psychiatry and
clinical diagnostics. To our knowledge, there have been no
comparative population-based studies of prevalence and pen-
etrance across the major recurrent CNVs that impart risk for
psychopathologic disorders.

The need to address this large gap in knowledge is dem-
onstrated by studies of velocardiofacial syndrome (deletion
22q11.2), which has been known for a quarter of a century and
is among the best characterized of human mutations.* Dele-
tions at 22q11.2 were thought to confer a more than 20-fold
increase in the risk for schizophrenia (SCZ) based on classical
studies in clinically ascertained cohorts.*® However, this pen-
etrance estimate has been substantially revised to an approxi-
mately 2-fold increase by a population-based study of CNVs
at 22ql11.2 in the Danish Lundbeck Foundation Initiative for
Integrative Psychiatric Research (iPSYCH) case cohort.® This
observation, which to our knowledge is from the first popu-
lation-based study of psychiatric CNV penetrance using
nationwide diagnostic registry data, suggests that clinical co-
horts and case-control samples are biased toward carriers who
are severely affected by 22q11.2 deletion and healthy con-
trols, and that clinically unaffected carriers are much more fre-
quent in the general population than anticipated. It is not
known whether similarly major revisions of penetrance would
be seen for population-based analysis of other recurrent CNVs
in psychiatry.

Herein, we used the Danish population-based iPSYCH2012
case cohort®'° to estimate the true population prevalence, early
mortality, and trajectory of disease risk for recurrent CNVs at
6 of the most commonly studied genomicloci (1g21.1,15q11.2,
15q13.3, 16p11.2, 17p12, and 17q12),"*® as well as to directly
compare their penetrance and expressivity (eTable 1 in the
Supplement provides hgl9 coordinates and number of probes
at each locus). This iPSYCH case cohort includes all individu-
als born in Denmark from May 1, 1981, to December 31, 2005
(n = 57377) diagnosed with ADHD, major depressive disor-
der (MDD), SCZ, ASD, or bipolar disorder (BPD), as well
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Key Points

Question What are the population-based prevalence and risk of
psychiatric disorders associated with pathogenic copy number
variations (CNVs) and how do they compare?

Findings In a cohort study including 86 189 individuals, increased
CNV-associated risk of autism, attention-deficit/hyperactivity
disorder, schizophrenia, and major depressive disorder, as well

as bipolar disorder in men for deletion at 1g21.1, was observed.
Population-based penetrance estimates were generally lower
than those from prior studies; time-dependent analyses identified
variegated disease trajectories across genomic loci, whereas
deletions and duplications within each locus had similar trajectory
patterns.

Meaning The findings of this study suggest that population-based
analysis substantially revises prevalence and penetrance estimates
for pathogenic CNVs; precision health care needs to be tailored to
the specific CNV, and to the age and gender of the affected
individual.

as 30 000 population controls randomly drawn from the
same birth cohort, corresponding to roughly 2% of the entire
Danish population born in 1981-2005.1°

Methods

This study was based on the iPSYCH case cohort, which has
been previously described in detail.>° The use of all data in
our study follows the standards of the Danish Scientific Eth-
ics Committee, the Danish Health Data Authority, the Danish
Data Protection Agency, and the Danish Neonatal Screening
Biobank Steering Committee. For this study, the Danish Sci-
entific Ethics Committee has, in accordance with Danish
legislation, waived the need for informed consent in bio-
medical research based on existing biobanks. Data access
was via secure portals in accordance with Danish data pro-
tection guidelines set by the Danish Data Protection Agency,
the Danish Health Data Authority, and Statistics Denmark.
The present study is based on the iPSYCH2012 case
cohort of 86189 individuals from the 1472762 singletons
born between May 1, 1981, and December 31, 2005, in Den-
mark who were residents of Denmark at age 1 year and had a
mother registered in the Danish Civil Registration System®-1°;
data on race and ethnicity are not recorded or used anywhere
in Danish society. The case cohort is made up of 2 compo-
nents: cases and population comparison cohort. Cases
included all individuals (n = 57377) who have been clinically
diagnosed with MDD (International Statistical Classification
of Diseases, Tenth Edition [ICD-10] code F32-33), ASD (ICD-10
code F84), BPD (ICD-10 code F30-31), SCZ (ICD-10 code F20),
or ADHD (ICD-10 code F90) according to inpatient and outpa-
tient discharge diagnoses from all Danish hospitals until
December 31, 2012, obtained from the Danish Psychiatric
Central Research Register.!” The total number of cases is less
than the sum of the subtotal for each diagnosis because some
individuals have more than 1 diagnosis, and the total number
of samples in the study is smaller than the sum of cases and
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cohort because the cohort is a random sample of the popula-
tion and therefore includes a small number of cases (eFig-
ure 6 in the Supplement). Details on DNA extraction and
CNV calling are given in the eMethods and eFigure 1 in the
Supplement.

Statistical Analysis

Primary analyses were weighted Cox proportional hazards
(CPH) regression models, with age at first hospital admission
as an inpatient or outpatient for each of the 5 psychiatric
diagnoses as the outcomes. If individuals did not have a rel-
evant hospital contact by December 31, 2012, or died, immi-
grated, or were lost to follow-up, they were censored at the
appropriate date. For those with epilepsy and ID, we derived
weights and analyzed data in the same way as the ascer-
tained diagnoses, because epilepsy and ID are frequently
comorbid brain disorders, especially with ASD. The presence
of a deletion or duplication was included as an independent
variable, coded as no CNV (ie, both chromosomes intact) as
the reference category. All CPH regression models included
sex at birth as a stratification variable. Inverse probability of
sampling weights was computed as described by Barlow
et al'® and used in analyses to obtain population-unbiased
estimates of relative and absolute risk. A robust estimator of
variance was used for computing SEs of regression coeffi-
cients. Wald statistics using the robust SEs were applied to
test for significance of hazard ratios (HRs) for deletions and
duplications. Sex-specific analyses were done following the
same weighted CPH regression model but each sex was ana-
lyzed separately.

The multistate model was fitted using the same proce-
dure as in the primary analyses and defined outcomes as the
age at onset for each of the possible transition states: ADHD
alone, ASD alone, ADHD and ASD, ADHD and ID, and ASD and
ID, allowing the baseline hazard to differ for all state transi-
tions. Probabilities were determined from inverse probabil-
ity of sampling-weighted multistate survival models for indi-
viduals with and without CNV calls. In the survival models,
participants were censored if they had not transitioned from
a given state by the end of the study or if they had died, emi-
grated, or otherwise been lost to follow-up.

To study early mortality, we fitted a CPH regression model
with age at death (or date of censoring) as the primary out-
come and CNV status as an independent variable as coded in
the primary analyses. Fertility was studied separately for each
sex using a Poisson regression model with the number of off-
spring as the outcome. Copy number variant status was en-
tered as an independent variable and adjusted for the 5 main
iPSYCH disorders. Copy number variant associations with
172 somatic disorders (available for analysis owing to prior in-
dication of an association with mental disorders) was done
using the CPH regression model in the entire case cohort and
adjusting for the 5 main iPSYCH disorders. Data analysis was
conducted from July 1, 2017, to September 7, 2021. All statis-
tical analyses were performed in R, version 3.3.1 (R Founda-
tion for Statistical Computing), and CPH regression models
were fitted using the R package survival. With 2-tailed test-
ing, findings were significant at P < .05.
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Results

This study leveraged the iPSYCH case cohort (eFigure 6 in the
Supplement). After initial quality control, the random popu-
lation cohort included 25 704 individuals and the case sample
included 49 250 individuals (eTable 2 in the Supplement).}®
Participants were aged 1 to 32 years (mean, 12.0 [IQR, 6.9]
years), 38662 were male (52.3%), and 35261 were female
(47.7%). The number of samples eligible for analysis follow-
ing further locus-specific LRR-SD-based quality control dif-
fered across the 6 CNV loci (eTable 1 and eMethods in the
Supplement). In total, we identified 520 deletions (1 in 142
individuals) and 660 duplications (1 in 122 individuals)
in the overall case cohort for the 6 examined loci (eTable 2 in
the Supplement).

The prevalence of the identified CNVs in the Danish popu-
lation was estimated using the random cohort and ranged from
0.021% (95% CI, 0.008%-0.045%) (1:4865) for the 15q13.3 de-
letion to 0.49% (95% CI, 0.41%-0.59%) (1:203) for the 15q11.2
duplication (Table 1). Duplications were significantly more
frequent than deletions at 1q21.1 (ratio, 4.6; P < 9.1 x 10~%)and
15q13.3 (ratio, 3.0; P < .04), whereas no significant sex differ-
ences in prevalence for any of the CNVs were found (eTable 3
in the Supplement).

For each CNV, we compared observed prevalence rates with
those previously reported in the UK Biobank (UKB)' and
control samples from the largest published meta-analyses
of ADHD,?° ASD,?! SCZ,?2 and BPD?® studies. A meta-analysis
of MDD studies has also been published?*but could not be com-
pared because it did not provide carrier counts by case-control
status. This examination yielded 53 pairwise prevalence-rate
comparisons: 6 of these found a significantly higher preva-
lence in the iPSYCH case cohort, involving 4 CNVs (Table 1).

Overall, the carrier rate was higher in the iPSYCH case
sample than in unaffected individuals from the iPSYCH co-
hort for all CNVs except the deletion and duplication at 17p12
(eTable 4 in the Supplement). The case-cohort design and
the use of inverse probability of sampling weights enabled us
to generate population-unbiased HR estimates of CNV asso-
ciations with risk for the 5 ascertained psychiatric outcomes
(Figure 1 and Figure 2).

Consistent with previous studies, deletions at 1g21.1 and
15q13.3 associated with more diagnoses and showed higher HRs
than their respective reciprocal duplications, whereas associa-
tions and HR patterns were less clear for other tested loci
(Figure1). We noted that the 17p12 deletion, although not signifi-
cantly associated with any of the tested disorders, consistently
showed an HR less than 1 for each disorder (eTable 4 in the
Supplement for HR and 95% CI for each CNV for each diagnosis).

To assess in more detail whether there was a consistent as-
sociation of decreased vs increased gene dosage, we com-
pared deletion and duplication HRs within each locus (eFig-
ure 2in the Supplement). This comparison revealed that 15q13.3
and 1g21.1, the loci with the greatest duplication to deletion
prevalence ratios, were distinctive for deletions, consistently
showing larger HRs for diagnostic outcomes than duplica-
tions (eFigure 2 in the Supplement).
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Table 1. Prevalence of CNVs and Comparison With Previous Population-Based and Case-Control Studies

Deletions, %

Duplications, %

LOCUS iPsych Other? OR® P value iPsych Other? OR® P value
iPSYCH random sample (n = 19 169-25 431) vs UK Biobank total population (n = 421 268)*°

1q21.1 0.021 0.027 0.78 .84 0.097 0.042 2.3 6.9 x 1074¢
15q11.2 0.44 0.39 1.1 .30 0.49 0.48 1.0 .84
15q13.3 0.021 0.01 2.1 11 0.062 0.057 1.1 .68
16p11.2 0.052 0.026 2.0 .04 0.11 0.033 3.3 6.5 x 1076¢
17p12 0.051 0.056 0.91 .89 0.024 0.029 0.80 .85

17q12 0.023 0.0021 11 4.3 x 1074 0.023 0.024 0.94 >.99
iPSYCH ADHD cases (n = 12 650-16 427) vs ADHD cases from meta-analysis (n = 8883)2°

1921.1 0.11 0.079 1.4 .53 0.18 0.15 1.2 .63
15q11.2 0.58 0.42 1.4 11 0.58 NA NA NA
15q13.3 0.070 0.14 0.52 .13 0.13 NA NA NA
16p11.2 0.063 0.079 0.80 .79 0.36 0.19 1.9 .03

17p12 <0.024 0.056 <0.43 Not significant <0.024 NA NA NA

17q12 0.048 0 Infinite .05 0.12 0.068 1.7 .29

iPSYCH ASD cases (n = 11 022-14 145) vs ASD cases from published meta-analysis (n = 2120-4315)%*

1q21.1 0.11 0.033 3.2 .33 0.28 0.26 1.1 >.99
15q11.2 0.67 0.094 7.1 3.1x 1074 0.46 NA NA NA
15q13.3 0.074 0.19 0.39 11 0.12 NA NA NA
16p11.2 0.15 0.42 0.37 .004 0.29 0.39 0.73 .34

17p12 <0.028 0.094 <0.30 Not significant <0.028 NA NA NA

17q12 0.072 0.094 0.76 .67 0.056 NA NA NA

iPSYCH SCZ cases (n = 1704-2590) vs SCZ cases from published meta-analysis (n = 21 094)22 ¢

1g21.1 <0.17 0.16 <1.09 Not significant <0.17 0.090 <1.9 Not significant
15q11.2 0.50 0.45 1.1 74 0.46 NA NA

15q13.3 <0.16 0.14 <1.2 Not significant <0.16 NA NA NA
16p11.2 0 0.052 0 >.99 0.35 0.30 1.2 .64

17p12 <0.15 0.057 <2.7 Not significant <0.15 NA NA NA

17q12 <0.19 0.019 <10 Not significant <0.19 0.076 <2.5 Not significant
iPSYCH BPD cases (n = 925-1384) vs BPD cases from published meta-analysis (n = 7250-9129)3 ¢

1g21.1 <0.31 0.033 <9.4 Not significant <0.31 0.099 <3.2 Not significant
15q11.2 <0.33 0.17 <2.0 Not significant 0.42 NA NA NA
15q13.3 0 0.025 0 >.99 <0.30 NA NA NA
16p11.2 0 NA NA 0 0.13 0 .62

17p12 <0.29 0.049 <5.9 Not significant 0 NA NA NA

17q12 0 0 NA 0 NA NA NA

iPSYCH unaffected (n = 18 409-24 408) vs controls from above meta-analyses combined (n = 201 003-358 329)20-23¢

1q21.1 0.022 0.025 0.86 >.99 0.092 0.039 2.3 .001
15q11.2 0.44 0.26 1.7 2.4 x 107°¢ 0.49 NA NA NA
15q13.3 0.021 0.019 1.2 .63 0.060 NA NA NA
16p11.2 0.049 0.035 1.4 31 0.11 0.038 2.9 8.1x107°¢
17p12 0.053 0.029 1.9 .05 0.025 NA NA NA

17q12 0.023 0.0052 4.5 .009 0.023 0.030 0.77 .83

Abbreviations: ADHD, attention-deficit/hyperactivity disorder; ASD, autism
spectrum disorder; BPD, bipolar disorder; CNV, copy number variations;
iPSYCH, the Lundbeck Foundation Initiative for Integrative Psychiatric
Research; MDD, major depressive disorder; NA, not available; OR, odds ratio;
SCZ, schizophrenia.

€ Comparisons in which difference in prevalence was significant (considering
53 comparisons).

9 For CNVs with fewer than 5 SCZ-affected carriers, prevalence and OR
corresponding to less than or equal to 4 carriers are reported.
€ We use prevalence in the unaffected subset of the random sample in

comparison with combined control samples of the published meta-analyses
for ADHD, ASD, SCZ, and BPD.

2 None of the comparison studies provided estimates for all the 12 CNVs.

b An OR greater than 1indicates higher prevalence in iPSYCH than the
comparison study.
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Figure 1. Hazard Ratios (HRs) and 95% Cls at Each Studied Copy Number Variation (CNV) Locus for the 5 Ascertained Diagnoses

Separately and Combined (Any Mental Diagnosis)

CNV decreases i CNV increases CNV decreases : CNV increases
Phenotype HR (95% CI) risk of illness : risk of illness Phenotype HR (95% Cl) risk of illness : risk of illness
1q21.1 16p11.2
Any mental diagnosis Any mental diagnosis
Deletion 5.1(1.8-14.5) ——— Deletion 2.2(1.0-4.8) ——
Duplication 2.4(1.4-4.3) —o— Duplication 2(1.1-3.4) ——
SCz SCz
Deletion 3.3(0.3-32.3) Deletion 0(0.0-0.0)
Duplication 1.5(0.3-7.6) —_—— Duplication 2.7 (1.0-7.4) e
BPD BPD
Deletion 9.1(0.9-89.8) Deletion 0(0.0-0.0)
Duplication 1.7 (0.2-14.2) L Duplication 0(0.0-0.0)
MDD MDD
Deletion 5.8(1.5-22.2) —_—— Deletion 1.7 (0.4-6.8) —_——
Duplication 1.7 (0.8-3.7) ——— Duplication 1.3(0.6-2.7) —
ASD ASD
Deletion 5.1(1.6-15.8) ——— Deletion 2.6(1.2-6.0) ——
Duplication 3.5(1.9-6.4) —— Duplication 2.7(1.5-4.8) ——
ADHD ADHD
Deletion 5.4(1.8-16.6) —— Deletion 1.2(0.4-3.2) ——
Duplication 2.4(1.3-4.7) —— Duplication 3.2(1.8-5.6) ——
15q11.2 17p12
Any mental diagnosis Any mental diagnosis
Deletion 1.3(1.0-1.7) o Deletion 0.6(0.3-1.2) ——
Duplication 1.2(0.9-1.6) Q- Duplication 0.6 (0.2-1.8) ———
SCz SCz
Deletion 1(0.5-2.0) —— Deletion 0.6 (0.1-4.6) —
Duplication 1.2(0.6-2.5) —— Duplication 3.3(0.8-14.3) —
BPD BPD
Deletion 0.7 (0.3-2.0) —— Deletion 0.8(0.1-6.5)
Duplication 1.1(0.4-2.7) — Duplication 0.0(0.0-0.0)
MDD MDD
Deletion 1.2(0.9-1.8) —0— Deletion 0.6 (0.2-1.6) —
Duplication 1.2(0.8-1.7) —0— Duplication 0.5(0.1-1.6) ———
ASD ASD
Deletion 1.4(1.0-2.0) —@— Deletion 0.6 (0.2-1.9) ——
Duplication 1.1(0.8-1.5) —o— Duplication 1.2(0.3-5.1) —_—
ADHD ADHD
Deletion 1.2(0.9-1.7) -0 Deletion 0.4(0.1-13) ———o——
Duplication 1.3(1.0-1.8) - Duplication 0.9 (0.2-3.5) —
15q13.3 17q12
Any mental diagnosis Any mental diagnosis
Deletion 3.1(1.0-9.2) ——— Deletion 2.8(0.7-11.8) ——
Duplication 2.6(1.2-5.4) —— Duplication 2.6 (0.9-7.8) ——
SCz SCz
Deletion 8.2(1.7-39.7) Deletion 4.2 (0.3-65.0)
Duplication 2.8(0.7-10.2) — Duplication 5(0.9-26.7) ————
BPD BPD
Deletion 0(0.0-0.0) Deletion 0(0.0-0.0)
Duplication 2.7 (0.5-14.0) —_— Duplication 0(0.0-0.0)
MDD MDD
Deletion 3.2(0.8-13.3) e Deletion 0.3(0.0-5.0) «—o——
Duplication 2.5(0.9-6.5) —— Duplication 1.2 (0.3-5.3) —
ASD ASD
Deletion 3.6(1.1-12.1) ———— Deletion 6.8(2.0-22.9) ——
Duplication 2.5(1.1-5.7) —— Duplication 2.8(0.8-10.1) —
ADHD ADHD
Deletion 3.4(1.1-11.0) ———— Deletion 4.4(1.2-15.9) e
Duplication 2.6(1.1-5.8) —— Duplication 5.4(1.8-15.8) ——
T AL AR T T AR IR T
0.1 1 10 50 0.1 1 10 50

HR (95% CI) HR (95% CI)

ADHD indicates attention-deficit/hyperactivity disorder; ASD, autism spectrum disorder; BPD, bipolar disorder; MDD, major depressive disorder;
and SCZ, schizophrenia. The x-axis is on a logarithmic scale.

for 1sex with no indication of an association with the other sex
at 5 of the 6 loci for 4 of the 5 disorders. Deletion at 16p11.2
selectively increased the HR in females and duplication at 16p11.2

We also estimated sex-specific HRs for the 5 ascertained
diagnoses. Although distinct baseline hazard functions prevent
direct comparisons between sexes, we noted significant HRs
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Figure 2. Hazard Ratios (HRs) and 95% Cls Across the 12 Copy Number Variations (CNVs) for Each of the 5 Ascertained Disorders
and Combined (Any Mental Diagnosis)

@ Any mental diagnosis

CNV

CNV decreases

HR (95% Cl) risk of illness

1q21.1 del
22q11.2 dup
15q13.3 del
1712 del
17q12 dup
15q13.3 dup
1g21.1 dup
22q11.2 del
16p11.2 del
16p11.2 dup
15q11.2 del
15q11.2 dup
17p12 dup
17p12 del

ASD

CNV

5.1(1.8-14)
3.1(1.7-5.8)
3.1(1.0-9.2)
2.8(0.66-12) —
2.6 (0.85-7.8) <
2.6 (1.2-5.4)
2.4(1.4-4.3)
2.3(0.94-5.6)
2.2(1.0-4.8)
2.0(1.1-3.4)
1.3(1.0-1.7)
1.2(0.94-1.6)
0.64 (0.23-1.8)
0.55 (0.25-1.2)

- e
- e

CNV increases
risk of illness

- e
—
S
P e
R
[ —
—
N
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— —

—
.-

0.1 1 10 30
HR (95% ClI)

CNV decreases

HR (95% ClI) risk of illness

1q21.1 del
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15q13.3 dup 2.5(1.0-6.6) ———
1g21.1 dup 1.7 (0.76-3.7) ———
22q11.2 del 1.4 (0.40-4.9) ——
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22q11.2 dup 2.6(0.7-9.2) ——
15q13.3 del 8.2 (1.7-40) —_— >
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15q13.3 dup 2.8 (0.7-10) ——
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16p11.2 del 0(0-0)
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1g21.1 del 9.1(0.93-90) —>
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17q12 del 0(0-0)
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16p11.2 del 0(0-0)
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15q11.2 del 0.7 (0.25-2.0) —
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ADHD indicates attention-deficit/hyperactivity disorder; ASD, autism spectrum disorder; BPD, bipolar disorder; MDD, major depressive disorder; and
SCZ, schizophrenia. The x-axis is on a logarithmic scale.

selectively increased the HR in males, most notably for ASD; how-
ever, the 1g21.1 deletion was associated with BPD only among
males (HR, 17; 95% CI, 1.5-189.3) (eFigure 3 in the Supplement).
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calculating the state transition probabilities as a function
of age using a multistate survival model.?> The probability
of being assigned a diagnosis of ASD, ADHD, or ID before age
32 years was increased among carriers for all of the tested
CNVs, except the 17p12 deletion (1.1% vs 2.9% of individuals
without CNV) with the highest probabilities seen for the
1q21.1 deletion (10.7%) and 17q12 duplication (10.6%)
(Figure 3). A considerable increase in the risk of ID comorbid
with ASD or ADHD was observed for deletions and duplica-
tions at 15q13.3 and 17q12; a minor increase was seen for
deletions and duplications at 15q11.2 and 16p11.2 and for the
duplication at 17p12. Comorbidity between ASD and ADHD
was substantially increased for the 1q21.1 deletion and
16p11.2 duplication and slightly increased for duplications
at 1q21.1 and 17q12 and deletion of 15q13.3 (Figure 3). We
also assessed weighted hazards for epilepsy and ID and
found HRs for epilepsy to be significantly increased for
16p11.2 (deletion and duplication) and in carriers of the
17p12 duplication (eTable 4 in the Supplement).

The observations detailed herein hint at the possibility
of differential psychiatric risk profiles across CNVs. To test
this hypothesis, we ranked the CNVs according to their over-
all pathogenicity (ie, by HR for any mental diagnosis)
(Figure 1), including the 22ql11.2 deletion and duplication in
these analyses that have also been previously examined
(Figure 2).° Although the rank order of the 14 CNVs across
all diagnoses was largely recapitulated for ASD and ADHD,
differences were observed for MDD, SCZ, and BPD. In
fact, increased risk of MDD, SCZ, and BPD was mainly
observed for CNVs that also conferred a high risk of ASD
and ADHD. Again, 17pl2 deletion carriers consistently
showed a lower risk of disease than those without any of the
tested CNVs.

Subsequent analyses found reduced fertility (ie,
reduced number of offspring until age 32 years) only in male
carriers of 15q11.2 duplications, and a trend for reduced fer-
tility among male carriers of 1g21.1 duplication and female
carriers of the 16pl11.2 deletion (eFigure 4, eTable 5 in the
Supplement). Early mortality hazards (age, 1-32 years) could
be estimated only for CNVs at 15q11.2 and were not signifi-
cantly increased (duplication [n < 5]: mean [SD] age, 18.9
[2.2] years; HR, 1.23; 95% CI, 0.39-3.87; P = .72 and deletion
[n < 5]: mean [SD] age, 23.0 [5.0] years; HR, 1.44; 95% CI,
0.47-4.45; P = .52).

In addition, to explore CNV association with specific
somatic disorders, we selected disorders that were observed
in at least 2 carriers of 1 of the 12 CNVs (n = 18) (eTable 6 in
the Supplement) for formal comparison in the case cohort.
We observed 9 nominally significant associations involving
7 CNVs (Table 2; eFigure 5 in the Supplement). Most mark-
edly, the 15q13.3 deletion was associated with thyroiditis
(HR, 44.8; 95% CI, 10.8-185.4; P< .001), 16p11.2 duplication
with febrile seizures (HR, 2.7; 95% CI, 1.5-4.9; P< .001), and
17p12 duplication with gastrointestinal infection (HR, 4.4;
95% CI,1.9-9.9; P< .001). Also, gastrointestinal infections
and febrile seizures were significantly overrepresented
among carriers of the 17ql2 deletion (eFigure 5 in the
Supplement).
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Discussion

This is, to our knowledge, the first unbiased, population-
based, comparative study of the prevalence of psychiatric ill-
ness in individuals with CNVs at the 6 tested loci. For these
CNVs, we estimated age-dependent and sex-specific HRs for
5 major psychiatric disorders in a sample truly representative
of the Danish population. To our knowledge, we provide the
first evidence that the 1g21.1 deletion confers risk for MDD
and, in men only, for BPD. Although our study was well pow-
ered for MDD (n = 20 084), the observation of risk of BPD was
unexpected given the considerably smaller sample size
(n = 1272) and possible only owing to the large effect size.

We did not observe an increased risk of mental disorders
inindividuals carrying the 17p12 deletion; rather, for all ascer-
tained diagnoses, the 17p12 deletion showed HRs below 1 and
was ranked as less pathogenic than all other CNVs. Our find-
ings support previous reports of the 16p11.2 duplication in-
creasing risk for ASD," ADHD,?° and epilepsy?*-?” (HR, 2.7-
6.6), and of a high risk of SCZ (HR, 8.2) conferred by the 15q13.3
deletion.® Our risk estimates for SCZ, ASD, and ADHD were
generally lower across the examined CNVs than previously
reported.?°-2? The main exceptions from this trend are the
1g21.1deletion (ASD and ADHD) and 17q12 duplication (ADHD),
conferring a 2- to 3-fold higher risk in our study.

Although these discoveries may in part be associated with
large, homogeneous patient samples, in particular for ASD,
ADHD, and MDD, the overall trend for reduced risk estimates
relative to previous studies seems in large part to be associ-
ated with a higher CNV prevalence in unaffected individuals
from the iPSYCH case cohort compared with control groups in
the previous studies2°-?3 (the same trend was seen in the com-
parison of prevalence between the iPSYCH cohort and the UKB
database!®) (Table 1). This difference in prevalence, and sub-
sequently in risk estimates, most likely arises from the iPSYCH
case cohort being ascertained in a different way than the
samples of the other studies. In fact, our analysis provides es-
timates as if we had analyzed the whole Danish population un-
der the assumption that quality control is independent of CNV
carrier status and diagnosis. In contrast, the UKB sample is
based on voluntary participation, with participants aged 40 to
69 years at the time of recruitment with a response rate of only
5.5%.%% In addition to the survival bias caused by the partici-
pants’ relatively older age at recruitment, the UKB sample
isunderrepresentative of individuals who smoke, have a high
rate of alcohol use, and are of low socioeconomic status?°—all
features associated with mental illness. Clinical case-control
studies also rely on voluntary participation, with control par-
ticipants often having been screened for a history of mental
disorders.

The population-representative case-cohort design of the
present study allowed us to compare and rank CNVs across mul-
tiple diagnoses as well as between sexes in a single and con-
sistent set of analyses. First, within-locus analyses revealed
more duplications than deletions (ratio 1.33:1); this ratio in-
creased further (to 1.88:1) when discounting the relatively com-
mon 15q11.2 CNVs. These ratios are very similar to those seen

JAMA Psychiatry January 2022 Volume 79, Number 1
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Table 2. Somatic Disorders Observed Significantly More Frequently in CNV Carriers Than the General Population

Without diagnosis, No. With diagnosis, No.

Locus Type Diagnosis HR (95% CI) P value Noncarrier Carrier Noncarrier Carrier
1921.1 Deletion Infection (otitis) 2.41(1.19-4.9) .02 63588 38 6493 9
15q11.2 Deletion Juvenile arthritis 4.26 (1.76-10.38) .001 65426 347 225 5
Thrombocytopenic purpura 4.73(1.16-19.29) .03 65572 350 79 <5
15q13.3 Deletion Thyroiditis 44.78 (10.81-185.4) 2.12E-07 71756 35 83 <5
16p11.2 Deletion Asthma 2.378(1.19-4.74) .014 49461 30 6340 9
Deletion Gastrointestinal (infection) 2.14(0.10-4.6) .05 49598 31 6203 8
Duplication Febrile seizures 2.71(1.5-4.88) <.001 53319 97 2482 12
Duplication Otitis (infection) 1.73 (1.04-2.85) .03 50542 91 5259 18
17p12 Duplication Infection (gastrointestinal) 4.4 (1.96-9.88) <.001 66821 11 8451 6
Duplication Syncope 4.23(1.32-13.59) .02 72027 14 3245 <5
17q12 Deletion Infection (gastrointestinal) 3.41(1.46-7.9) .005 58048 14 7312 7
Febrile seizures 4.21(1.42-12.5) .009 62478 17 2882 <5
Duplication Febrile seizures 3.07 (1.16-8.09) .02 62478 31 2882 5

Abbreviations: CNV, copy number variation; HR, hazard ratio.

in the UKB (1.46:1 for the 6 loci, and 1.67:1 without 15q11.2) and
consistent with previous observations that deletions are more
pathogenic and therefore less viable and/or less frequently
transmitted than duplications. However, among the loci in-
vestigated, we saw no clear trend for more reduced fertility
among deletion carriers than duplication carriers (eTable 5 in
the Supplement), nor did we find that deletions consistently
appeared to confer a higher risk of mental disorders than du-
plications (eFigure 2 in the Supplement). Also, we did not ob-
serve increased mortality among deletion carriers, although
the mortality as well as fertility analyses were limited in power
by the younger age of the case cohort (1-32 years). It is notable
though that duplication-to-deletion ratios were greatest for
the 15q13.3 and 1g21.1 loci because these are also the 2 loci
in which disparity in psychiatric risk between deletions and
duplications is greatest and consistently associated with
greater risk in the deletions across diagnoses (eFigure 2 in
the Supplement).

Second, the consistent rank order of HRs across diagno-
ses suggests that the examined CNVs influence the risk of
ASD and ADHD similarly and supports the notion that CNVs
perturb neurodevelopmental processes common to different
mental disorders. However, notwithstanding wide 95% ClIs in
HR estimates, our findings suggest that some CNVs may pose
risks for particular diagnostic outcomes that are out of keep-
ing with the risk they impose for others. Most notably, 17q12
deletion and duplication appear similarly penetrant across
most index diagnoses, except MDD, where we saw no trend
for increased risk. The hazard rank order also suggests that
CNV-conferred risk of adult-onset disorders is linked with a
high risk of childhood-onset disorders, possibly informing on
part of the clinical heterogeneity of adult mental disorders.

Third, we provide preliminary evidence that CNV-
conferred risk of psychopathology differs between sexes, with
examples involving most of the tested CNVs and disorders.
The finding that CNVs at the 16p11.2 locus affect risk of ASD
differently, with increased hazards conferred in women by the
deletion and in men by the duplication, is particularly inter-

jamapsychiatry.com

esting given the considerable difference in the baseline haz-
ard for ASD between sexes and may represent an experimen-
tal framework important for the identification of disease
mechanisms in ASD and more generally in mental disorders.

To gain clinically relevant insight into the developmental
dynamism of mental disorders between CNVs, we considered
transition probabilities between diagnoses by age, including
ID, although this diagnosis was not directly ascertained in the
case cohort. The risk of comorbid ID seemed locus- rather
than CNV-dependent, being prominent at the 15q13.3 and 17q12
loci and negligible at the otherwise pathogenic 1q21.1 locus.
The age dependence of diagnoses and comorbidities in CNV
carriers also hints that ASD and ADHD are diagnosed earlier if
comorbid with ID. Although this age dependence might re-
flect more severe forms of the 2 disorders, it could also result
from observation bias following the diagnosis of ID, which
would suggest that ASD and ADHD in the absence of ID could
be diagnosed earlier in life, benefiting affected children and
their parents.

We also tested for enrichment of specific somatic disor-
ders in CNV carriers, correcting for mental disorders. The
most significant enrichment was found for thyroiditis
among 15q13.3 deletion carriers. To date, case series of
15q13.3 deletion syndrome have documented 1 case of con-
genital hypothyroidism,3° but we are otherwise not aware of
a previously documented association between 15q13.3 and
thyroid disease. It remains to be seen whether this associa-
tion is replicable in other cohorts and whether it reflects a
direct primary outcome of haploinsufficiency at 15q13.3 or is
a secondary consequence of other factors associated with
this CNV (eg, medication treatment). We also found signifi-
cant associations with different CNVs of other immune-
related disorders, including infections, juvenile arthritis, and
thrombocytopenic purpura. Although some of these out-
comes have been reported to be associated broadly with
mental disorders® and may reflect secondary effects of ill-
ness, our finding may point toward a primary CNV associa-
tion with immune system function.
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Although the iPSYCH case cohort is still relatively young
and therefore not yet well powered to estimate CNV-specific
associations with fertility, we saw a trend for reduced fertility
among female carriers of the 16p11.2 deletion and male carri-
ers of the1g21.1and 15q11.2 duplication. We noted that the point
estimates of the former 2 CNVs suggest a greater association
with fertility than that of the more common 15q11.2 duplica-
tion. A previous study on fertility of CNV carriers found the
strongest reduction for the 16p11.2 deletion, although more pro-
nounced in male than female carriers, consistent with this CNV
possibly being under particularly strong negative selection
(the previous study did not test the 15q11.2 duplication).>?

Limitations

This study has limitations. Although the uniqueness of the
iPSYCH case cohort lies in the genuine representativeness of
the Danish population, allowing for estimation of age-dependent
absolute risk, our findings must be considered in light of several
limitations. First, we were not able to capture subdiagnostic out-
comes, which could potentially lead to an underestimation of
CNV penetrance for clinically significant psychopathologic
outcomes. Second, although our study is the largest population-
based analysis of CNV penetrance, the base rate of CNVs and dis-
ease outcomes is such that 95% Cls around our point estimates
are still wide. Third, although we applied rigorous quality con-
trol and validation of CNV calls, it is possible that errors in geno-
typing and CNV calling could be limiting our precision in risk

Comparing Copy Number Variations in a Danish Case Cohort of Individuals With Psychiatric Disorders

estimation. Future expansion of population-based studies will
be an important step forward in this regard.

. |
Conclusions

Notwithstanding the abovementioned limitations, our study up-
dates the understanding of genetic risk for psychopathologic dis-
orders in several directions. First, we showed that population-
based analyses generally increase prevalence estimates for most
studied CNVs and decrease penetrance estimates for most stud-
ied outcomes. Second, we noted a trend toward 17p12 dele-
tion, potentially imparting some protection against risk for psy-
chopathologic disorders. This finding warrants careful targeted
follow-up because, if confirmed, it may ultimately point to-
ward new therapeutic opportunities. Third, comparative analy-
sisindicated that the balance of risk between deletions and du-
plications can vary between loci. Fourth, we observed a largely
consistent rank ordering of CNVs by risk across various diag-
nostic outcomes, with notable exceptions. Fifth, we found evi-
dence that the penetrance of a CNV for psychopathologic dis-
orders may also be modulated by carrier sex, offering potential
inroads into the broader phenomenon of sex differences in the
prevalence of psychiatric disorders. Sixth, by looking beyond
psychiatric outcomes, we noted that some of the CNVs studied
appeared to modify risk for selected somatic disorders, which
identified new disease associations for future research.
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