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Abstract

Adolescent depression is a heritable psychiatric condition with rising global prevalence
and severe long-term outcomes, yet its biological underpinnings remain poorly
understood. We conducted the first genome-wide association study of adolescent-onset
depression, comprising 102,428 cases (diagnosis or clinical symptom thresholds) and
286,911 controls, including diverse ancestries. Cross-ancestry meta-analysis identified
52 independent variants across 17 loci; European-only analysis found 61 variants at 29
loci, with a SNP-based heritability of 9.8% . Compar ative analyses revealed two genes
unique to adolescent-onset versus lifetime depression, enriched in neuronal subtypes,
and two genes as potential drug repurposing targets. Polygenic scores were associated
with adolescent-onset depression across ancestries, persistent depression trajectories,
more severe outcomes, as well as reduced cortical volume, surface area and white
matter integrity. Genetic correlation and Mendelian randomisation analyses support
shared genetic liability and causal links with early puberty and modifiable health and
behavioural risk factors. These findings uncover novel genetic loci and refine biological
pathways underlying adolescent-onset depression, revealing age-specific mechanisms
and early inter vention opportunities.
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Introduction

Adolescence is a period marked by rapid biological and psychosocial changes that heighten
vulnerability to mood disorders, particularly depression'™. Adolescent depression is a leading
cause of illness and disability in young people®, and nearly triples the risk of recurrence in
adulthood®. Depression that emerges during this period is linked to long-term psychological,
social, and functional impairments®’, with more severe outcomes compared to later-onset

depression®. Alarmingly, evidence suggests that prevalence is rising®™**

, emphasising the
urgent need to better understand adolescent depression — its developmental causes,
underlying biology, and long-term consequences — to ultimately inform more effective

intervention and prevention strategies.

Twin studies estimate that genetic factors explain up to 40% of the variance in depression

risk, with stronger contributions at younger ages*™*

, Where genetic risk is compounded by
greater exposure to social stressors®. Early-onset depression exhibits higher pedigree-based
(55.1% vs. 43.85)"° and SNP-based (11.2-13.0% vs. 4.3-6.2%)"**® heritability than later-

onset forms, suggesting it may represent a biologically distinct subtype.

Further, given that adolescence is a sensitive period for both pubertal’” and neural
development'®, depression onset during this time likely involves unique pathophysiological
pathways. These age-specific mechanisms may be obscured in genetic studies of lifetime
depression due to confounding by illness chronicity or long-term consequences. Although the
genetics of age-of-onset and early-onset depression have been studied*®**?°, no genome-wide
association study (GWAS) has specifically examined adolescent-onset depression. Prior
genetic research in young people has largely focused on depressive symptoms or internalising
traits in European-only population samples, often with limited power and inconsistent

2122 or on major depressive disorder onset in young adults'®. These studies have

phenotyping
not identified genome-wide significant loci for adolescent-onset depression, highlighting the

need for age-specific genomic research to improve prediction and treatment development.

Here, we present the first GWAS meta-analysis of adolescent-onset depression, including
ancestrally diverse populations which are typically underrepresented in genomic research
(African, American-admixed, East Asian, European and South Asian)?®. We leveraged data

from prospective, retrospective, and clinical cohorts, defining cases based on one of the
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following criteria: (i) self-reported depressive symptoms meeting clinical thresholds between
ages 10-19, (ii) self-reported diagnosis of major depressive disorder (MDD) between ages 10-
19, or (iii) specialist-diagnosed MDD recorded in national health registers before age 25,

used as a proxy for early-onset depression™.

To gain biological insight, we conducted gene-based association and mapping analyses to
identify genes unique to adolescent-onset depression relative to lifetime major depression®,
explored treatment targets via drug-gene interactions, and assessed human tissue- and
neuronal cell-type-specific expression. To examine shared genetic aetiology and potential
causal links, we evaluated genetic correlations and bidirectional Mendelian randomisation
with related psychiatric, behavioural, and physical health traits. We tested the trait-
association of polygenic scores across multiple ancestries and longitudinal adolescent
psychiatric phenotypes. Lastly, we examined how polygenic scores relate to structural brain

features, clinical outcomes, and pubertal timing in prospective longitudinal cohorts.

Cross-ancestry and European GWAS of adolescent-onset depr ession

Our cross-ancestry analysis of adolescent-onset depression included 102,428 cases and
286,911 controls, drawn from 25 cohorts across 12 countries (Supplementary Tables 1-2);
3.8% of individuals were from non-European ancestries. Genome-wide association estimates
of autosomes were meta-analysed, identifying 52 independent genome-wide significant SNPs
located at 17 genomic risk loci (linkage disequilibrium [LD] r? < 0.1, genomic inflation factor
[Aec] = 1.105) (Figure 1, Supplementary Table 3).

As the largest single ancestry group, our European-only sample included 98,160 cases and
276,550 controls. Genome-wide association identified 61 independent lead variants at 29
genomic risk loci (Figure 1, Supplementary Table 4). In European ancestry, liability-scaled
SNP heritability (SNP-h?aniiy) estimated with SBayesS was 9.8% (SE=0.3%) assuming a
population prevalence of 15% and ranged from 7.0% to 10.7% when assuming prevalences
between 5-20%. Agc as estimated with LD score regression (LDSC) was 1.26 with 81% of
inflation likely due to true polygenicity (Supplementary Table 5). X chromosome analysis
of European ancestry cohorts did not reveal any genome-wide significant loci
(Supplementary Figure 1).
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Figure 1. Miami plot of the cross-ancestry (top panel) and European (bottom panel) GWAS meta-
analysis of adolescent-onset depression. The autosomal SNP association srength in the meta-
analyses is indicated by -log;o(p) value on the y-axis. Genome-wide significant loci are depicted as
red diamonds.

Next, we stratified the European ancestry genome-wide association analyses by phenotype
ascertainment type: (i) prospective self-reported symptoms meeting clinical thresholds
between ages 10-19, (ii) retrospective self-reported clinical symptom threshold or diagnosis
between ages 10-19, and (iii) specialist-diagnosed treatment before age 25. The stratified
GWASs identified one genome-wide significant locus in the retrospective sample and one in

the specialist diagnosis sample (Supplementary Figures 2-4).

We also ran meta-analyses within each non-European ancestry (African, American-admixed,
East Asian, South Asian). We identified a single genome-wide significant locus in African
ancestry individuals, but none in the American-admixed, East Asian or South Asian samples,
though some suggestive signals (Supplementary Figur es 5-8). For downstream analyses, we
used the European ancestry only meta-analysis as the largest single ancestry sample, ensuring

compatibility with LD reference panels.
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Correlations and factor model of ascertainment typesin adolescent-onset depression

All ascertainment types showed moderate to strong genetic correlations: prospective with
register-based (r;=0.89 [0.10], Pg=0=5.00x10"°, P,;-1=2.48x10™"), prospective with
retrospective (ry=0.58 [0.09], P,3=0=8.03x10", P4=1=3.72x10"*), and retrospective with
register-based (rg=0.77 [0.04], Prg=0=1.57x10"%* P4=1=4.91x10"%). We used genomic
structural equation modelling® to assess the relative contributions of the different
ascertainment types to the genetic liability underlying adolescent-onset depression by fitting a
one-factor model (Figure 2). We fixed the clinical diagnosis phenotype for register-based
early-onset depression as the primary indicator (factor loading = 1, residual variance = 0.01).
All ascertainment types showed strong positive loadings on the common factor (clinical
diagnosis = 1.0 [reference], prospective = 0.83 + 0.06, retrospective = 0.75 + 0.04). Model fit
showed that the model captured the data structure well ( ?=2.53, p=0.111, CFI=0.997,
SRMR=0.038), indicating that a single factor reflecting the variance in the clinical diagnosis

phenotype adequately explained the shared variance across all phenotypes.

'Q

1.00 .83 (.06) .75 (.05)
register- . ]
based prospective retrospective
1 1 q
.01 .30 44

Figure 2. GenomicSEM path diagram showing genetic loadings of adolescent-onset depression
phenotype ascertainment on a latent factor. pg = genetic common factor, register-based = register-
based early-onset diagnosis, prospective = prospectively self-reported, retrospective =
retrospectively self-reported. Numbers represent standardised loadings with standard errors in
brackets. The clinical phenotype loading was fixed to 1 as the reference. Salf-directed arrows indicate
variance of pg or the residual variances of each phenotype (u).

Gene mapping and gene-based association
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To prioritise potentially causal genes, we mapped genome-wide significant SNPs to genes
using both positional mapping and expression quantitative trait loci (eQTL) information
(Pebr<0.05) from human brain tissue, via the SNP2GENE function in FUMA v1.6.6%°. SNPs
located within the 29 genome-wide significant loci were positionally mapped to 84 protein-
coding genes (Supplementary Table 6). eQTL mapping further implicated 19 unique genes,
of which 15 overlapped with the positionally mapped genes (Supplementary Table 7).

We next conducted MAGMA gene-based association testing, aggregating SNP-level
association across each protein-coding gene to identify broader gene-level signals. This
analysis identified 23 genes that were significantly associated with adolescent-onset
depression after Bonferroni correction (Ppo:<2.547x10°°; 0.05/19,631 protein coding genes)
(Table 1, Supplementary Figure 9, Supplementary Table 8). Overlap between genes
identified with the three methods is in Supplementary Table 9.

N

Gene Chromosome Start Stop SNPs VA P
SORCS3 10 106400859 107024993 1820 7.5708 1.86E-14
BPTF 17 65821640 65980494 280 6.8334 4.15E-12
DCC 18 49866542 51057784 4590 6.4764 4.70E-11
KPNA2 17 66031635 66042958 36 6.1085 5.03E-10
ZCCHC7 9 37120536 37358146 302 5.8924 1.90E-09
OLFM4 13 53602894 53626192 80 5.8374 2.65E-09
C170rf58 17 65987217 65989765 2 5.7893 3.53E-09
PAX6 11 31806340 31839509 44 5.5679 1.29E-08
LSAMP 3 115521235 117716095 6578 5.4539 2.46E-08
BCL11B 14 99635624 99737861 279 5.4367 2.71E-08
SDK1 7 3341080 4308632 3806 5.324 5.08E-08
TENM2 5 166711804 167691162 2335 5.1744 1.14E-07
PCLO 7 82383329 82792246 1197 5.1642 1.21E-07
MMAB 12 109991542 110011679 92 4.9096 4.56E-07
BANK1 4 102332443 102995969 1893 4.8697 5.59E-07
SEMA6D 15 47476298 48066420 1770 4.8279 6.90E-07
OR2B2 6 27878963 27880174 4 4.8145 7.38E-07
MAP7D1 1 36621180 36646450 29 4.7681 9.30E-07
GABBR1 6 29523406 29601753 284 4.6403 1.74E-06
ZSCAN12 6 28346732 28367511 69 4.6396 1.75E-06
FBXO10 9 37510889 37588871 225 46112 2.00E-06
PDE4B 1 66258197 66840259 1448 4.5989 2.12E-06
RP11-613M10.8 9 37512544 37592466 234 4.5965 2.15E-06

Table 1. Genes sgnificantly associated with adolescent-onset depression based on MAGMA gene-
based analysis. Genomic coordinates refer to hgl9. Z-scores and p-values reflect the strength of
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association across all SNPs assigned to each gene. Shaded rows highlight genes that were not
identified with positional mapping.

To identify shared biological pathways, we conducted gene set enrichment analysis of 17,023
pathways (curated gene sets: 6,494, GO terms: 10,529) from Molecular Signatures Database
MsigDB v2023.1Hs in MAGMA. No gene-sets met the P,,n<0.05 significance threshold,
however, the strongest signal was for the
GOBP_FOREBRAIN_NEURON_FATE_COMMITMENT gene set, which relates to the
developmental commitment of cells to become neurons in the forebrain. The top ten gene sets

are reported in Supplementary Table 10.

Treatment tar gets

Two of the MAGMA-identified genes were linked to six targetable biological entities
according to the DrugBank 6.0 database?’. These biological entities were linked to 11
medicines, and five of them were under the 'Nervous system' ATC classification, where
medications for psychiatric conditions are categorized. Specifically, GABBRL1 is targeted by
medicines for psychiatric conditions, such as clozapine (for schizophrenia) and progabide (for
depression and anxiety). PDE4B is linked with five targetable proteins targeted by eight
medicines, some of which are used for cardiovascular conditions (e.g., amrinone). A list of

linked medicines can be found in Supplementary Table 11.

Tissue-specific and cell-type specific expression

Using MAGMA gene-property analysis, we regressed gene-level association statistics on
expression profiles across 30 general tissue types (GTEx v8) and identified genes
significantly expressed in brain and pituitary gland tissue that were associated with
adolescent-onset  depression  (at  Ppon<1.67x107°)  (Supplementary Figure 11,
Supplementary Table 12). Across 53 specific human tissue types (GTEx v8), genes were
significantly expressed in the cerebellar hemisphere, cerebellum, frontal cortex and cortex
(Pbon<9.43x107*) (Supplementary Figure 11, Supplementary Table 13).

Two genes, BCL11B and MAP7D1, identified through gene-based testing, did not overlap
with any high-confidence genes reported for lifetime MD and were not in LD with those

loci®. To further investigate their biological relevance to adolescent-onset depression, we
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examined their expression in broad cell types, and major cell clusters as identified by? in

adolescent brain tissue (Figure 3, Supplementary Tables 14-15).

BCL11B showed enriched expression in inhibitory interneurons (INs) in adolescents,
specifically in ID2 and LAMP5-NOSIL subtypes from the caudal ganglionic eminence, and in
parvalbumin-expressing (PV), PV-SCUBE3 and SST INs from the medial ganglionic
eminence. PV-SCUBE3 INs showed significantly higher expression of BCL11B than PV or
SST INs (P=7.49x10™° & 2.93x10°® respectively). BCL11B was also expressed in deep-layer
excitatory projections neurons (PNs) (L5/6-THEMIS and L5/6-TLE4), consistent with its role

in neuronal development®*®,

MAP7D1 was broadly expressed in INs and excitatory neurons, with significantly higher
expression in INs than in PNs (P=2.96x10®) or non-neuronal cells (P<2.2x10™*%). MAP7D1
was also enriched in oligodendrocytes (Oligo) compared to astrocytes (Astro), microglia
(Micro), oligodendrocyte precursor cells (OPC) and vasculature associated cells (Vas)
(P<2.2x10™*® for Astro, Micro, Oligo and OPC; and P=1.15x10""® for Vas), though no major

cell-subtype-specific differences were observed.
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Figure 3. Expresson patterns of BCL11B and MAP7D1 across neuronal subtypes in adolescent
brain tissue. Violin plots show the distribution of expression levels for BCL11B (a) and MAP7D1 (b)
across three broad cell classes: inhibitory neurons (red), non-neuronal cells (grey), and excitatory
neurons (blue). Panels (c) and (d) depict expression of BCL11B and MAP7D1, respectively, across 15
specific brain cell subtypes (major clusters). The y-axis represents the log normalised expression level
for each cell.

Relationships with other traits

We investigated genetic correlations (rg) between our GWAS of adolescent-onset depression
and a range of psychiatric and non-psychiatric health and behavioural traits using bivariate
LD-score regression®! (Figure 4 and Supplementary Tables 16-17). Strong positive
correlations (0.6<ry>1.0) were observed between adolescent-onset depression and multiple
psychiatric traits including lifetime major depression and anxiety. Moderate positive
correlations (0.4<ry>0.59) were observed with autism, neuroticism, ADHD, and bipolar

disorder, loneliness and long sleep duration.
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We also tested genetic correlations between each trait and phenotype ascertainment types
(Supplementary Table 16, Supplementary Figure 12), and with lifetime MD* for
comparison with adolescent-onset depression (Supplementary Table 16, Supplementary
Figure 13).

Lifetime major depression el

Child-adolescent internalising symptoms d
Lifetime anxiety disorder ——
Loneliness ——
Autism spectrum disorder ——
Neuroticism —a—
Attention deficit hyperactivity disorder ——
Bipolar disorder —e—
Long sleep duration e
Schizophrenia —a—
Insomnia ——
Anorexia nervosa ——
Short sleep duration ——
Smoking initiation ——
Obsessive compulsive symptoms —_——
Cigarettes per day ——i
Body mass index .
Drinks per week —e—
Intelligence o
Educational attainment —e—|
Height -
Age at menarche —e—i
Age of smoking initiation ——

Age at first birth ——

-0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0
rG (95% Cl)

Figure 4. Genetic correlation results for the main meta-analysis with a range of psychiatric and
non-psychiatric traits. Point estimates represent the genetic correlation value and error bars show
95% confidence intervals. All genetic correlations were significant after accounting for FDR, except
the genetic correlation for intelligence.

We performed two-sample Mendelian randomization (MR) to test for potential bidirectional
causal relationships between hypothesis-based traits and adolescent-onset depression (Figure
5). Analyses used the TwoSampleMR R package (v0.6.17)%, with inverse-variance-weighted
(IVW) regression as the primary method and sensitivity analyses including the weighted
median (WMedian), weighted mode (WMode), and MR Egger intercept test to assess
horizontal pleiotropy. Associations were considered putatively causal if the VW estimate

survived FDR correction, the WMedian and WMode estimates were directionally consistent
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with the IVW estimate, and the MR Egger intercept was nonsignificant. To minimise bias
from sample overlap, MR analyses were restricted to UK Biobank (UKB) traits, excluding
UKB participants from the adolescent-onset depression GWAS.

Our MR analyses provided putative evidence for causal effects of higher BMI, shorter sleep
duration, earlier age of menarche, fewer years of education, poorer self-reported health,
current smoking, and greater loneliness on adolescent-onset depression, with loneliness
showing the strongest effect (betanw=2.835, [1.763, 3.909], Prpr=1.06x10"°). Additional
putatively causal effects were observed for less confiding in others, lower household income,
and lower physical activity, although these traits showed some evidence of horizontal
pleiotropy (P>0.054). (Supplementary Table 18).

In the other direction, we observed putative evidence for a causal effect of adolescent-onset
depression on higher BMI, poorer self-reported health, current smoking, higher alcohol intake
frequency, greater loneliness, lower confiding in others and lower household income, with
confiding in others (betaw=-0.166, [-0.238, -0.093], Prpr=2.50x10"") and higher alcohol
intake frequency (betanw=0.138, [0.066, 0.210], Prpr=3.98x10"%) showing the strongest
effect sizes. There was putative evidence for a causal effect of adolescent-onset depression on
lower physical activity, however this also showed some evidence of horizontal pleiotropy
(P=0.084). (Supplementary Table 18).
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Figure 5. Bi-directional Mendelian randomization (MR) between traits and adolescent-onset
depression on the beta/log odds scale. a, MR edtimates for the effect of traits on adolescent-onset
depression. For ‘No Physical Activity’, the upper 95% CI for the IVW extends to 7.742. b, MR
estimates for the effect of adolescent-onset depression on traits. * indicates that the IVW method was
sgnificant at the FDR level, and the effect size was in the same direction for both the Weighted
Median and the Weighted Mode methods. IVW: inverse-variance weighted method. WMedian:
weighted median method. WMode: weighed mode method. MR Egger intercepts are given in
Supplementary Table 18.

Polygenic scor e prediction acr oss psychiatric, developmental and brain phenotypes

Cross-ancestry out-of-sample PGS prediction

We used SBayesRC® to generate polygenic scores (PGSs) for adolescent-onset depression

based on leave-one-out versions of both the cross-ancestry and European-only meta-analyses,
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applying a fixed effects VW standard error model. We chose the fixed effects model over the
MR-MEGA cross-ancestry meta-analysis because it provides SNP effect sizes and standard
errors, required for PGS prediction, although it is less powerful for cross-ancestry

discovery®*.

We tested PGS association with case-control status in 2,071 African, 2,523 American-
admixed and 5,950 European ancestry individuals from the Adolescent Brain and Cognitive
Development (ABCD-US) study, and 1,971 African, 986 American-admixed, and 5,727
European individuals from the National Longitudinal Study of Adolescent to Adult Health
(Add Health). Fixed-effects meta-analysis was applied across both cohorts within each

ancestry group (Figure 6a, Supplementary Table 19).

Our PGSs derived from the cross-ancestry GWAS significantly predicted case-control status
across all ancestry groups tested, though performed better in the European sample: European
ancestry (OR=1.76 [95% ClI: 1.57,1.97], P=1.05x10%, ARZjiiity=0.8-1.9%), American-
admixed ancestry (OR=1.64 [1.32, 2.04], P=9.54x10"%, ARZipiiiy=0.4-1.1%), and African
ancestry (OR=1.24 [1.06, 1.44], P=5.98x10"", ARZui,=0.3%). We observed similar
predictive performance using PGS derived from European ancestry only summary statistics

(Supplementary Table 19, Supplementary Figure 13).

PGS association with structural brain phenotypes
To investigate how genetic risk for adolescent-onset depression relates to adolescent brain
structure, we tested cross-ancestry PGS associations with 5 global and then 158 regional

neuroimaging phenotypes in 7,490 participants aged 9-10 years from the ABCD-US study.

Globally, higher adolescent-onset depression PGS was associated with reduced whole brain
cortical surface area (beta=-0.023 [95% CI: -0.04, -0.004], P=0.02), cortical volume (beta = -
0.020 [-0.04, -0.002], P=0.03), and global fractional anisotropy (FA) of white matter tracts
(beta = -0.015 [-0.03, -0.001], P=0.03) (Figure 6b). Associations were marginally stronger
with PGS derived from the European ancestry-only meta-analysis (Supplementary Figure
14).

In specific regions, higher adolescent-onset PGS was associated with reduced bilateral

cortical volume in the paracentral lobule (beta=-0.04 [-0.06, -0.01], Prpr=0.03), precuneus
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(beta=-0.03 [-0.05, -0.01], Prpr=0.04), and rostral anterior cingulate cortex (ACC) (beta=-
0.04 [-0.06, -0.01], Prpr=0.03). It was associated with reduced FA in the bilateral superior
corticostriate tract (beta=-0.03 [-0.05, -0.01], Prpr =0.02) and right hemisphere portion of the
corticospinal tract (beta=-0.03 [-0.05, -0.01], Pepr =0.02) (Figure 6c). Four additional brain
regions were significantly associated with the PGS based on the European ancestry-only
meta-analysis: subcortical volume of the hippocampus and ventral diencephalon and reduced
surface area of the fusiform gyrus and rostral ACC (Supplementary Figure 15).
Associations between the cross-ancestry and European adolescent-onset PGSs with all 163

brain features are in Supplementary Table 20.

PGS association with adolescent psychiatric traitsand puberty

We tested associations between the European ancestry-only adolescent-depression PGS with
a range of prospective adolescent psychiatric phenotypes in the Avon Longitudinal Study of
Parents and Children (ALSPAC) around age 18. Higher adolescent-onset depression PGS
was associated with greater odds of a diagnosis of depression (OR=1.33 [95% CI 1.17, 1.51],
Pror=2.33x10%, ARZimiiy=4.59%) and anxiety (OR=1.35 [1.17, 1.57], Pror=7.68x10-,
ARZjiaility=6.26%), alongside more severe psychiatric phenotypes including ever having self-
harmed before age 18 years (OR=1.37 [1.25, 1.50], Prpr=2.04x10", ARZjampiity=3.28%),
psychotic like experiences (OR=1.33 [1.17, 1.51], Prpr=2.40x10%, ARZiailiy=4.20%), and a
greater number of depressive episodes between age 10 and 19 years (IRR=1.14 [1.11, 1.19],
Pror=1.61x10=, AR?*=0.47%) (Figure 6d, Supplementary Table 21).

We modelled latent class trajectories of depressive symptoms between the ages of 10 and 28
years. Adolescent-onset depression PGS was associated with a greater likelihood of
adolescent-onset (RRR=1.35 [1.25, 1.46], Prpr=3.58x10+) and adolescent-persistent
trajectories (RRR=1.48 [1.31, 1.66], Prpr=3.44x10~) compared to the stable low trajectory.
Higher PGS also distinguished between adolescent-limited and adolescent-onset trajectories
(RRR=1.21[1.09, 1.36], Prpr=5.60x10+) (Figure 6e, Supplementary Table 21).

Finally, a higher PGS for adolescent-onset depression was associated with earlier puberty
onset, as evidenced by an association with an earlier age of menarche in females (beta=-0.018
[-0.027, -0.008], P=.001, R?*=0.5%) and an earlier age at peak height velocity in males (beta=-
0.020 [-0.036, -0.004], P=.010, R?=0.6%).
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Figure 6. Polygenic score prediction across psychiatric, development and sructural brain
phenotypes. a, Meta-analysed effect (odds ratio) of the cross-ancestry PGS on adolescent-onset
depression case-status in the ABCD-US and Add Health cohorts for African, American-admixed, and
European ancestries (95% confidence interval). b, Cross-ancestry PGS association with structural
brain features in the ABCD-US study. Bars plotted on the y-axis represent the standardised
regression coefficients with 95% confidence interval error bars. ¢, Cross-ancestry PGS association
with regional brain features in the ABCD-US study. The y-axis represents the within-modality FDR
corrected (q < 0.05) standardised regression coefficients with 95% confidence intervals. Features are
split by imaging modalities plotted along the x-axis. Solid dots represent features significantly
associated with PGS after FDR correction. d, European PGS effects (odds ratio) on adolescent
psychiatric traits in ALSPAC (95% confidence interval). e, PGS association with depression symptom
trajectories in the ALSPAC cohort between the ages of 10 and 28 years (11 occasions). The reference
category isthe low trajectory for relative risk ratios (RRR).
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Discussion

We present the first large-scale GWAS of adolescent-onset depression, identifying 52 novel
SNPs in our cross-ancestry analysis and 61 in our European ancestry-only analysis. Two
genes (BCL11B and MAP7D1) identified in the European-only analysis appear specific to
adolescent-onset, independent of lifetime major depression. Our results provide new and
robust evidence for common variant contributions to adolescent-onset depression, addressing
limitations of previous underpowered childhood-adolescent studies?*. By combining multiple
ascertainment methods and incorporating multiple ancestries, we increased discovery power

and enabled downstream analyses and biological interpretability.

SNP-based heritability in the European ancestry group was 9.8%, higher than the 8.5%
reported for lifetime depression®® supporting stronger genetic influences in adolescent-onset

Case813,35,36

. Cross-ancestry analysis revealed loci absent from European ancestry-only
analyses, highlighting its value, though fewer loci overall were detected, likely due to
heterogeneity and smaller sample sizes per ancestry. Importantly, <5% of participants were of
non-European ancestry, emphasising the need for ongoing data collection efforts to expand

data from across the ancestry spectrum.

A latent factor model showed that prospective, retrospective, and clinical diagnosis
phenotypes all contributed to shared genetic liability for adolescent-onset depression,
highlighting the value of integrating multiple ascertainment methods. Despite a strong latent
factor loading (0.75), the retrospective phenotype correlated only moderately with the
prospective phenotype (r;=0.58) and showed weaker, less consistent associations with
external traits (Supplementary Figure 12). By contrast, prospective and clinical phenotypes
displayed more robust genetic correlations with psychiatric and behavioural traits,
particularly ADHD and loneliness, suggesting better capture of core neurodevelopmental and
social impairments. Retrospective depression correlated more strongly with schizophrenia,
bipolar disorder, and educational attainment, potentially reflecting recall bias, older reporting

age, or inclusion of more severe or atypical cases.

Two genes — BCL11B and MAP7D1 — emerged as unique to adolescent-onset depression,
which could act on age-sensitive biological pathways such as cortical maturation and

myelination. BCL11B, a transcription factor implicated in cortical development and immune
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regulation®’, with links to neurodevelopmental conditions®, showed enriched expression in
adolescent brain tissue across inhibitory interneurons and deep-layer excitatory neurons,
consistent with its role in cortical circuit formation. MAP7D1, though less well-characterised,

is involved in microtubule organisation during neuronal development®**

, and was expressed
across inhibitory and excitatory neurons, with notable enrichment in oligodendrocytes —

suggesting possible relevance to myelination and white matter maturation.

Among genes shared between adolescent-onset and lifetime major depression, SORCS3 was
the top hit. SORCS3 encodes a hippocampal receptor regulating synaptic plasticity and
AMPA receptor trafficking’®*!, is involved in neurotrophin signalling, and has been

implicated in multiple neuropsychiatric and neurodevelopmental conditions****

, suggesting it
may be an early marker of depression. BPTF also showed strong association, with roles in T-
cell function®® and neurodevelopmental conditions*, and genetic overlap with COVID-19
severity and neuropsychiatric traits™. These associations with BPTF and BCL11B point to
potential shared immune-neurodevelopmental pathways, consistent with evidence that
childhood inflammation increases later depression risk**’. We also identified two genes,
GABBR1 and PDE4B, which encode proteins targeted by existing compounds (e.g. clozapine
for schizophrenia® and theobromine in cocoa and tea linked to improved cognitive
performance®), pointing to opportunities for treatment repurposing and broader relevance to

neuropsychiatric pathways.

Our PGSs explained up to 2% of variance (ARZimility) in the European ancestry group — a
substantial improvement over previous scores for adolescent internalising symptoms
(0.03%)! but lower than for lifetime MD (5.8%)%*. While cross-ancestry prediction remains
limited by allele frequency and LD differences®®, we observed moderate transferability to
American-admixed ancestry (up to ARZiaiiity=1%) and African ancestry individuals (up to
ARZjiaility=0.3%). Given low variance explained and unequal performance, clinical use
remains premature and may risk exacerbating disparities®®>. Future work should prioritise

52,53

using ancestry-matched GWASs for PGS training””° and integrate environmental risk factors

as an important source of variance in depression risk>**,

Genetic liability for adolescent-onset depression was associated with reduced cortical
volume, surface area, and white matter integrity in 9-10-year-olds, suggesting early

neurodevelopmental differences. Affected regions are relevant for emotion, cognition, self-
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referential processing, and motor function. These results support the hypothesis that genetic
risk manifests in brain structure prior to symptom onset® and extend previous neuroimaging

studies®”®,

Our adolescent-onset depression PGS was associated with other psychiatric and behavioural
traits in adolescence, including anxiety, self-harm, smoking, and psychotic-like experiences.
Together, with genetic correlations and Mendelian randomisation methods, these findings
suggest that shared genetic aetiology and potential causal pathways are likely to underpin the
complex relationship between adolescent-onset depression and many related psychological,
social and behavioural traits®>*°. Importantly, our findings highlight opportunities for targeted,
potentially modifiable interventions — such as improving sleep, education and social support
at the population level, and reducing loneliness and increasing physical activity (the strongest
MR signals) through educational settings. Targeting adolescent depression itself could also
mitigate downstream outcomes, including poorer health, substance use, and poorer economic
position, maximising both individual and societal benefit. Future work should extend these
MR analyses to additional datasets and traits, such as neurodevelopmental conditions like
ASD and ADHD, which share genetic overlap and may be affected by horizontal
pleiotropy®. Findings should also be triangulated using complementary observational and

other causal approaches.

Genetic risk is also more likely to underpin the course and persistence of depression in early
development. Higher PGS was associated with more depressive episodes and greater
likelihood of persistent depression trajectories, supporting the role of genetic risk in shaping
depression severity and course across adolescence and young adulthood®*®°%2. Our
adolescent-onset PGS distinguished between adolescent-limited and adolescent-persistent
symptom trajectories, suggesting higher genetic risk could differentiate between individuals

likely to recover and those at risk of chronic depression post adolescence.

Genetic risk was also associated with earlier pubertal timing in both sexes, consistent with
genetic correlations and MR evidence suggesting a causal effect of early puberty on
adolescent-onset depression. We also identified gene expression in pituitary tissue, which
secretes hormones regulating pubertal onset, and was absent in recent GWASs of lifetime
MD**® suggesting adolescent-onset specific effects. These findings extend prior

observational and causal work implicating puberty in adolescent depression onset®®*,
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providing the first evidence from adolescent-specific genetic markers that may influence

neurodevelopment and hormonal change.

Together, our findings refine the genetic architecture of adolescent-onset depression, wherein
genetic risk intersects with pubertal timing, psychosocial risk factors such as loneliness, brain
maturation, and immune processes. By revealing partially distinct genetic components from
lifetime major depression and integrating analyses from genes to brain to developmental
biomarkers, our study advances understanding of adolescent depression’s biological basis.
With rates of adolescent and young adult mental health in decline at present, these findings
offer important insights to help identify target points for early treatment and preventative

intervention.
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OnlineMethods

GWAS meta-analysis overview

Our study aimed to identify genetic variants associated with adolescent-onset depression
through a large-scale genome-wide association (GWAS) meta-analysis. The final cross-
ancestry meta-analysis included data from 24 cohorts comprising 102,428 cases and 286,911
controls (Supplementary Table 1). Most individuals in this sample (96.2%) were of
European ancestry. We performed two main meta-analyses: 1) cross-ancestry meta-analysis
with all cohorts and 2) European ancestry only meta-analysis. In the European ancestry
group, we took a stepwise approach based on combining phenotype ascertainment types.
First, we meta-analysed prospective and retrospective cohorts independently, and then both
samples together with a large clinical sample. We also performed ancestry-stratified meta-
analyses for each non-European ancestry group. For all cohorts in the analyses, cohort
descriptions, phenotype information, and ethics statements are in the Supplementary Note.

Genotyping information is outlined below and in Supplementary Table 2.
European ancestry samples and phenotype
Prospective adolescent sample

The prospectively ascertained data consisted of individuals from 19 samples from 15 cohorts
(with some cohorts providing multiple samples from different batches or waves), many of
which were recruited from the EAGLE consortium®. 20,432 prospective cases and 57,349
controls were assessed for depression onset between 10-19 years. Cases were individuals who
met self-reported clinical symptom threshold cut-off for depression, and controls as those
who did not. We chose self-reported symptoms rather than maternal-reported as this
ascertainment type demonstrated higher heritability in a previous study?’. Instruments
included the Brief Problem Monitoring (BPM) scale®, the Centre for Epidemiological
Studies Depression scale (CESD)®, the Child and Adolescent Psychiatric Assessment
(CAPA)®, the Short Mood and Feelings Questionnaire (SMFQ)®, the Strength and
Difficulties Questionnaire (SDQ)™, the Somatic and Psychological Health Report
(SPHERE)™, and the Youth Self Report (YSR)"® (Further information in Supplementary
Tablel).

Retrospective adult sample
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The retrospective data consisted of 31,902 cases and 120,060 controls from 8 samples from 7
cohorts. Cases were individuals who retrospectively reported a depression episode between
10-19 years (inclusive), and controls were those who never reported an onset of depression in
their lifetime. Retrospective instruments included the Composite International Diagnostic
Interview (CIDI)”, the Mini International Neuropsychiatric Interview (MINI)™* and the
Structured Clinical Interview for DSM Disorders (SCID)” (Further information in

Supplementary Table 1).
Early-onset clinical diagnosis sample

This sample, described in detail previously®®, was from a recent GWAS meta-analysis of
46,708 cases and 106,824 controls. The study assigned cases and controls based on clinical
diagnosis of early-onset depression who made contact for treatment up to age 25 years in a
meta-analysis of cohorts from five Nordic countries: Denmark, Estonia, Norway, Sweden,
and Finland. The early-onset age threshold of 25 was chosen based on prior meta-analytic
findings indicating that the 25th percentile of age at onset (AAQO) for depression falls around
age 21, and on average, the onset predates first diagnosis by 5 years?. Therefore, individuals
were classified as early-onset MDD cases if they had their first psychiatric treatment contact
for MDD < age 25 (approximate to AAO p25 at age 20-21)'°. We used a leave-one-out
sample, removing the Norwegian MoBa cohort to prevent sample overlap as it was already

included as a prospective cohort, which resulted in 45,826 cases and 99,141 controls.
Non-European ancestry samples and phenotype definition

Non-European genetic data were available for 4 samples of American-Admixed ancestry
(2,136 cases and 3,701 controls), 4 samples of African ancestry (1,475 cases and 3,607
controls), 2 samples of East Asian ancestry (340 cases, 586 controls), 2 samples of South
Asian ancestry (251 cases and 1481 controls) and 2 samples of admixed ancestry (66 cases
and 986 controls) from a total of 8 cohorts (Supplementary Table 1). All cohorts had
prospective reports of adolescent-onset depression, except for one which was retrospectively
reported (UK Biobank). Instruments for depression case-control assignment included BPM,
CAPA, CDI-2, CESD-5, CIDI, SDQ, SMFQ and YSR.

Cohort-level GWAS— quality control, imputation and association analyses
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A standard operating procedure was distributed to analysts for all participating cohorts
advising the following quality control (QC) steps. Participants were excluded for low call
rate, excess autosomal heterozygosity, duplicates, males with excessive X-chromosome
homozygosity and chromosomal abnormalities. Related individuals were excluded unless the
analysis was performed using software which can handle relatedness. Genotype QC was
instructed to filter for minor allele frequency (MAF) < 0.01, minor allele count (MAC) < 20,
a call rate of < 95%, Hardy-Weinberg Equilibrium (HWE) of p < 1e-06 and all other standard
QC exclusions (e.g. evidence of poor clustering, strand ambiguous variants). Most cohorts
followed the exact specifications with a handful performing different but nearing filtering
thresholds. Full cohort-level quality control and imputation parameters are in
Supplementary Table 2. Imputation panels varied across cohorts and included TOPMed,
1000 Genomes Phase Il and the Haplotype Reference Consortium panels. Cohort-level
GWAS were performed with REGENIE (15 samples), PLINK2 (8 samples) or SAIGE (2
samples) (Supplementary Table 2). Covariates included sex, year of birth, the first (4-10,
depending on the cohort) principal components and any other relevant cohort-level
covariates. The X chromosome was available in 10 cohorts and genotypes were coded 0 or 2

in males and 0, 1 and 2 in females.

Single ancestry GWAS meta-analyses and identification of significant SNPs

All individual cohort summary statistics were aligned with the dbSNP reference panel

(http://www.ncbi.nlm.nih.gov/SNP) to check that chromosome, base position and alleles

match and were labelled consistently across cohorts. Variant chromosome, position and
alleles were aligned with the Genome Reference Consortium Human Build 37
(GRCh37/hg19). Where necessary, liftover from other genome builds was performed,
prioritising rsID matching and subsequently using CrossMap v0.6.1"® with NCBI dbSNP 155
patch 13.

We then used METAL' software to perform a fixed effects inverse-variance weighted (IVW)
standard error meta-analysis of the samples specifying the ‘SCHEME STDERR’ and
‘ANALYZE HETEROGENEITY’ commands.
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For European ancestry, this was performed in two stages. First, we performed two
independent meta-analyses of the prospective cohorts and retrospective cohorts. We then
removed SNPs with MAF < 0.01 and SNPs that were present in < 50% of the contributing
cohorts. In the second stage, we combined the prospective, retrospective and the register-
based early-onset meta-analysed summary statistics into a single meta-analysis of all
Europeans and removed SNPs with MAF < 0.005.

For non-European ancestry cohorts, we used the same model (fixed effects IVW standard
error) in METAL to perform one meta-analysis within each of the following ancestries:
African, American-admixed, East Asian, and South Asian. We then removed SNPs with
MAF < 0.005.

For all sets of meta-analysed summary statistics, significant genomic risk loci and SNPs were

identified with FUMA (https://fuma.ctglab.nl) using the conventional genome-wide

significance threshold of P < 5x10®. We used ancestry specific LD reference panels from
1000 Genomes provided in FUMA. Independent significant SNPs are defined as SNPs
reaching the significance threshold and independent from each other (r* = 0.6). This is
equivalent to clumping GWAS tagged SNPs with the same P-value and r? Independent
significant SNPs were further clumped (r* = 0.1) to define lead SNPs. Genomic risk loci —
regions that represent all independent signals that are physically close — are identified by
merging independent significant SNPs that are dependent on each other at r* >= 0.1 and

closer than 250kb distance with the top lead SNP representing each locus.
Cross-ancestry GWAS meta-analyses

Though limited by the current availability of genetic data in non-European ancestries, we
investigated whether association signals generalise and if we could capture variants beyond
European ancestry. The cross-ancestry analysis was performed using the ancestry-aware MR-
MEGA software®. MR-MEGA handles heterogeneity in allelic effects of differing genetic
ancestries in an inverse-variance weighted random-effects meta-regression and has been used
previously in one of the largest multi-ancestry studies of major depression in adults™. This
software also allowed the inclusion of the 2 samples of admixed ancestry. We included the

first 4 principal components for population stratification as standard practice with this
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software. Post-hoc QC involved the same filtering out of SNPs with MAF < 0.005.
Significant SNPs and loci were identified with FUMA but using the 1000 Genomes ‘ALL’

reference panel.
Estimation of liability scaled SNP-based heritabilities

In the European ancestry group, we used SBayesS (GCTB v2.5.2) to determine the SNP-
based heritability (SNP-h?) of the summary statistics and converted results to the liability
scale”® for a range of population prevalence estimates from 5-20%%°. SBayesS uses shrunk
sparse linkage disequilibrium (LD) matrices for >2.8 million UK Biobank variants. In non-
European ancestry groups, we applied linkage disequilibrium score regression (LDSC)*,
within each independent ancestry group. Ancestry-specific LD reference panels were used
from the 1000 Genomes Project and heritability was converted to the liability scale.
However, due to small sample sizes, non-European SNP—hznabmty were either negative or had

large standard errors (crossing the null), limiting interpretability.
Calculation of inflation dueto polygenicity

Using LDSC, we further calculated the genomic inflation factor (Asc) for each set of
summary statistics and, if present, determined the proportion of inflation due to polygenicity
vs. confounding. This was derived using the attenuation ratio: 1 — (LDSC intercept — 1 / Agc —
1) (Supplementary Table5).

GenomicSEM of phenotype ascertainment on a common factor

We used Genomic Structural Equation Modelling (GenomicSEM)? to conduct multivariate
modelling of the three ascertainment phenotypes (prospective, retrospective and clinical
early-onset) in the European ancestry meta-analysis to see if they were reflective of a single
underlying genetic factor. For each phenotype, we first munged summary statistics and then
performed LDSC using the HapMap3 (Broad Institute) reference file for allele alignment. We
then constructed a common factor model. In this model, a single overarching latent factor
loads onto all three phenotypes and explains the shared covariance among them. We fixed the

clinical early-onset phenotype to 1 as the reference and restricted its variance to 0.01 to
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prevent negative residual variances. From the model output we reported factor loadings,
variances and model fit indices (chi-squared [x?], p, comparative factor index [CFl],

standardised root mean square residual [SRMRY]).

Functional annotation: genes, tissues and cells

To functionally interpret genome-wide significant loci, we performed gene-mapping, gene-
based association testing and gene expression enrichment analyses using tools integrated in
FUMA v1.6.6 for the European ancestry meta-analysis®®. Loci were defined by independent
lead SNPs and their corresponding LD blocks (r* > 0.6, based on 1000 Genomes Phase 3
European reference panel). Functional mapping and annotation were conducted using the
SNP2GENE pipeline in FUMA. We used two gene-mapping strategies. In positional
mapping, SNPs were mapped to protein-coding genes if located within 10kb of the gene
boundary (based on GRCh37/hgl19 coordinates). For eQTL mapping, SNPs were mapped to
genes if they were significantly associated with gene expression in human brain tissues (FDR
< 0.05) based on data from GTEXx v8.

We used MAGMA v1.10 (implemented in FUMA) to perform gene-based association testing,
aggregating SNP-level p-values into gene-level statistics using the SNP-wise mean model.
SNPs were assigned to 19,631 protein-coding genes based on NCBI 37.3 gene definitions.
Bonferroni correction was applied to correct for multiple testing, with the significance
threshold set at P < 2.547x10°® (0.05/19,631 genes).

To identify shared biological pathways, we performed gene set enrichment using 17,023
curated gene sets and Gene Ontology (GO) terms from the Molecular Signatures Database
MsigDB v2023.1Hs in MAGMA, and results were Bonferroni-corrected. To identify tissue-
specific expression, we used MAGMA gene-property analysis for 30 general tissue types and

53 specific tissues from GTEXx v8, correcting for multiple tests.

To examine cell-type enrichment, we identified genes uniquely associated with adolescent-
onset depression by selecting those that reached significance in our MAGMA gene-based
analysis but did not overlap with ‘high confidence’ genes identified in lifetime major
depression®”. Single nucleus RNA sequencing (snRNA-seq) data were obtained”® (GEO:
GSE168408). Filtered feature HDF5 files for adolescent donors (aged >10 and <20 years),
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along with metadata, were imported, integrated and analysed using Seurat v5. Cells of poor
quality and those labelled as developmental were excluded from downstream analyses.
Statistical comparisons reported in Supplementary Tables 14-15 were conducted using the

Wilcoxon rank-sum test.

Treatment target analysis

We focused on the genes identified by MAGMA and sought to identify medicines associated
with these genes, leveraging datasets from the DrugBank 6.0%. We mapped genes to
molecular entities and then used entities to identify medicines using the ‘bonds’ table. The
data contains information for pairwise binding relationships between medicines and
biological entities (mainly proteins, see details of the table in the URL:

https://docs.drugbank.com/csv/#bonds). The binding relationships include: 1) targets of

medicine actions, 2) enzymes that are inhibited, induced, or involved in medicine
metabolism, and 3) & 4) carrier or transporter proteins that take part in the transportation of

medicines across biological membranes.

Proteins encoded by the genes for adolescent-onset MD were listed as biological entities.
Ensembl annotation was used to map genes and proteins in the human genome (‘biomaRt' R
package version 2.64.0). Six entities were mapped to the targetable genome listed in the
database. We identified all the medicines associated with the entities, which were annotated
according to the Anatomical Therapeutic Chemical (ATC) classification using the 'drugs’

table from DrugBank 6.0 (see details in the URL.: https://docs.drugbank.com/csv/#drugs).

L D genetic correlations

We estimated genetic correlations (rg) using LDSC*. Genetic correlations were calculated
between each stratified ascertainment type for the European ancestry meta-analysis
(prospective, retrospective, diagnosis), and between the meta-analysis and each ascertainment
type for a range of other traits. We selected psychiatric and non-psychiatric traits based on
reports of associations within the literature (Supplementary Table 17). We applied the false
discovery rate (FDR) with g < 0.05 to correct for multiple testing.

Mendelian randomization (M R)
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We performed two-sample Mendelian randomization (MR) to examine potentially causal
relationships between traits and adolescent-onset depression in the European ancestry meta-
analysis®'. Further details regarding the assumptions and criteria for MR are given here®’. MR
uses genetic variation as instruments to examine causal relationships, with two-sample MR
using only GWAS summary statistics. We selected multiple biological and socially driven
traits that have been shown to be either risk factors for or consequences of adolescent
depression. We examined bi-directional relationships by estimating the effect of these traits
on adolescent-onset depression and then of adolescent-onset depression on these traits. We
used the TwoSampleMR v0.6.17 R package® primarily relying on the inverse-variance-
weighted (IVW) regression method. Associations were considered putatively causal if the
IVW estimate passed FDR correction, both the weighted-median test (WMedian)® and
weighted-mode (WMode)* estimates were concordant in direction with the IVW estimate
and the MR Egger intercept was not significant from the null, suggesting minimal bias from

directional horizontal pleiotropy™.

Due to potential bias from sample overlap in MR ®, we performed MR analyses using
instruments from UK Biobank (UKB) only and removed UKB from our adolescent-onset
depression GWAS. We selected traits that have previously been associated with adolescent
depression in observational and MR analyses or postulated to be associated with adolescent
depression®*®%1%387 e obtained UKB GWAS summary statistics for various traits from the
MRC IEU OpenGWAS data repository®®, these are given in Supplementary Table 18. When
examining all traits as exposures, we restricted to independent variants using the
‘clump_data’ function with an r” < 0.001, to avoid bias due to linkage disequilibrium. We
then used the *harmonise_data’ function to ensure genetic variants were available in both the

exposure and outcome data and that alleles were aligned.
Polygenic score (PGS) analyses
PGS out-of-sample prediction

Polygenic scores (PGSs) were evaluated in two multi-ancestry internal validation cohorts:
ABCD (N =10,554) and Add Health (N = 9,121) (cohort details in Supplementary Note).


https://doi.org/10.1101/2025.09.26.25335972
http://creativecommons.org/licenses/by-nc-nd/4.0/

medRxiv preprint doi: https://doi.org/10.1101/2025.09.26.25335972; this version posted September 26, 2025. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.

It is made available under a CC-BY-NC-ND 4.0 International license .

Cross-ancestry GWAS of adolescent-onset depression

In ABCD, individuals were assigned to ancestry groups (European, African, American-
admixed, East Asian) using the first four principal components (PCs) from 1000 Genomes
reference panel superpopulations via a random forest classifier. Genotyped participants
included 2,071 African, 2,523 American-admixed, and 5,950 European ancestry individuals;

the East Asian ancestry group (N = 94) was excluded due to small sample size.

In Add Health, PCs were generated using EIGENSTRAT in an unrelated subset. The
remaining participants and HapMap3 references were projected into this space. The sample
included 1,971 African, 986 American-admixed, 437 East Asian, and 5,727 European
ancestry individuals. The East Asian group was again excluded from PGS analyses (N =
437).

PGS were derived from both European ancestry-only and cross-ancestry meta-analyses. As
MR-MEGA (used for cross-ancestry discovery) does not produce SNP effect sizes, we
conducted an additional inverse-variance weighted meta-analysis in METAL to obtain
summary statistics for PGS derivation (Supplementary Figure 16). Each PGS was computed

using a leave-one-out approach to avoid overlap between discovery and target samples.

PGS construction used SBayesRC (GCTB v2.5.2), incorporating functional annotations and
high-density SNPs *%. Ancestry-specific LD reference panels were used for European,
African, and East Asian ancestries (UK Biobank), along with S-LDSC BaselineLD v2.2
annotations®. Due to lack of an American-admixed LD panel, the European panel was used
as a proxy™. PGS were generated using SNP weights from SBayesRC and target genotype
data via PLINK v1.9 (https://www.cog-genomics.org/plink/1.9/).

Finally, within each ancestry and cohort, logistic regression was used to assess PGS
association with case-control status, adjusting for the first 4 genetic PCs and sex. Results
were meta-analysed across cohorts using inverse-variance weighted fixed-effects models
(meta R package). To calculate the incremental increase in variance explained by the PGS,
we ran both a full model (PGS + PCs + sex) and a covariate only model (PCs + sex) using
linear regression. We then calculated the AR2 between these models and converted it to the

liability scale (ARznabimy)79 assuming a population prevalence of 15%.

PGS association with structural brain phenotypes
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The ACBD-US study collects imaging data capturing measures of brain development across
childhood and adolescence (further cohort detail in the Supplementary Note). We tested for
association between adolescent-onset depression PGS with 5 global and 158 regional
structural brain phenotypes in ABCD-US study participants. Brain imaging data were
acquired and processed by the ABCD-US team. Data was acquired using a 3-T Siemens
Prisma, General Electric 750 or Philips scanner and data were harmonised between sites and
scanners using a unified protocol. Quality control and data preprocessing steps have been
described in detail previously®®®!. Global features included cortical volume, thickness and
surface area, and white matter tract fractional anisotropy (FA) and mean diffusivity (MD).
Regional imaging features included: bilateral cortical thickness (N = 34), bilateral cortical
surface area (N = 34), bilateral cortical volume (N = 34), bilateral subcortical volume (N =
12), unilateral subcortical features (N = 10), bilateral FA white matter tracts (N = 14),
bilateral MD white matter tracts (N = 14), unilateral FA white matter tracts (N = 3), bilateral
MD white matter tracts (N = 3).

We evaluated associations between polygenic risk for adolescent-onset depression and
structural brain features using SBayesRC-derived PGS from the cross-ancestry meta-analysis,
in a subset of 7,490 individuals with baseline imaging data (aged 9-10 years). Linear
regression analyses were conducted using the statsmodels Python package (v0.14.4), with
PGS as the predictor and brain phenotypes as outcomes, applying a two-sided significance
threshold of P < .05.

For global and unilateral brain features, we used general linear models (GLMs) including
covariates for biological sex, age, age?, and imaging device ID. For bilateral features, we
applied repeated-measures linear models with the same covariates and hemisphere included
as a repeated measure. We also tested for PGS-by-hemisphere interaction effects; for
structures showing significant interaction (FDR-corrected q < 0.05), lateralised GLMs were
run separately for each hemisphere. All brain phenotypes were standardised (zero mean, unit
variance), allowing effect sizes to be interpreted as standardised beta coefficients. Global
measures were tested first, followed by regional analyses, with multiple comparisons

controlled using FDR correction (q < 0.05).

PGS association with adolescent psychiatric phenotypesin ALSPAC
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We tested associations between the adolescent-onset depression PGS (derived from a leave-
ALSPAC-out version of the European ancestry meta-analysis) with a range of adolescent
psychiatric phenotypes from the Avon Longitudinal Study of Parents and Children
(ALSPAC), a longitudinal and prospectively assessed cohort in the United Kingdom (cohort
information in the Supplementary Note). The PGS in ALSPAC was created using
SBayesRC as described above and was standardised to have a mean of 0 and a standard
deviation of 1. We explored associations between the adolescent-onset depression PGS and
the following phenotypes: 1) a diagnosis of depression measured through the Clinical
Interview Schedule — Revised (CISR)* assessed at around age 18, 2) self-reported depressive
symptoms, assessed through the short mood and feelings questionnaire (SMFQ)®® around age
18, 3) the number of depression episodes, assessed by the number of times an individual
surpassed the clinical cutoff of the SMFQ (>=11) between the ages of 10 and 19 years (max 6
occasions), 4) a diagnosis of anxiety measured through the CISR around age 18, 5) a history
of self-reported self-harm up to the age of 18, 6) presence of suspected or confirmed
psychosis like experiences assessed through the Psychotic Like-Symptoms Interview
(PLIKS)* assessed around age 18, 7) self-reported daily smoking assessed around the age of
18 and 8), and self-reported alcohol use measured by the Alcohol Use Disorders
Identification Test (AUDIT) * around age 18.

Leveraging ALSPACs key feature of repeated assessments of depression, we also examined
how the adolescent-onset PGS was associated with trajectories of depressive symptoms from
childhood through early adulthood. We estimated trajectories of depressive symptoms using
the clinical cutoff of the SMFQ (>=11) for up to 11 occasions between the ages of 10 and 28.
We restricted our analytical sample to those who had at least 1 occasion of the SMFQ
between the ages of 10 and 18 and between the ages of 19 and 28. We used latent class
growth analysis (LCGA)* to estimate trajectories using MPlus v8.11. To model the
trajectories, we used a linear piecewise model accounting for two developmental phases: late
childhood to mid adolescence and then mid adolescence to early adulthood, as per previous
research in this cohort®’. Missing data were handled using Full Information Maximum
Likelihood. We estimated trajectories (or latent classes) comparing 1 through 6 class
solutions and selected the best trajectories based upon several established criteria including
entropy, likelihood ratio tests, class size and interpretation (Supplementary Figure 17,
Supplementary Table 21). We used multinomial logistic regression to examine the

association between the trajectories and the adolescent-onset depression PGS, adjusting for
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sex (coded as O for female, 1 for males) and the first 10 principal components for ancestry.
Our main analysis used the low symptom-level trajectory as the reference category, but in
sensitivity analysis, we changed the reference trajectory to allow comparisons between more
at risk trajectories (Supplementary Table 21). Genotyping information and quality control
for ALSPAC have been previously described®, with a summary in Supplementary Table 2.

PGS association with timing of pubertal onset in ALSPAC

We tested association of adolescent-onset depression PGS (derived from the European
ancestry meta-analysis and the SBayesRC methods as per above) with markers of pubertal
timing in ALSPAC, stratified by sex. We used prospectively assessed markers of age of
menarche as the pubertal marker in females and age at peak height velocity in males (i.e., the
age where height is increasing at the fastest rate). Further details of how these phenotypes
were derived have been reported previously®. We performed a linear regression adjusting for

the first 10 principal components of ancestry.

Data Availability
Summary statistics will be made available on the PGC data-download page

(https://pgc.unc.edu/for-researchers/download-result).
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