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Abstract

Background: Genome-wide association studies have discovered blocks of common variants—

likely transcriptional-regulatory—associated with major depressive disorder (MDD), though the 

functional subset and their biological impacts remain unknown. Likewise, why depression occurs 

in females more frequently than males is unclear. We therefore tested the hypothesis that risk-

associated functional variants interact with sex and produce greater impact in female brains.

Methods: We developed techniques to directly measure regulatory variant activity and sex 

interactions using massively parallel reporter assays (MPRAs) in the mouse brain in vivo, in a cell 

type-specific manner, and applied these approaches to measure activity of >1,000 variants from 

>30 MDD loci.

Results: We identified extensive sex-by-allele effects in mature hippocampal neurons, suggesting 

sex-differentiated impacts of genetic risk may underlie sex bias in disease. Unbiased informatics 

approaches indicated that functional MDD variants recurrently disrupt a number of transcription 

factor binding motifs, including those of sex hormone receptors. We confirmed a role for the latter 

by performing MPRAs in neonatal mice on the day of birth (during a sex-differentiating hormone 

surge) and hormonally-quiescent juveniles.

Conclusions: Our study provides novel insights into the influence of age, biological sex, 

and cell type on regulatory variant function, and provides a framework for in vivo parallel 
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assays to functionally define interactions between organismal variables like sex and regulatory 

variation. Moreover, we experimentally demonstrate that a portion the sex differences seen in 

MDD occurrence may be a product of sex-differentiated effects at associated regulatory variants.

One-Sentence Summary:

Massively parallel assays in vivo identified extensive functional and sex-interacting common 

variants in depression risk loci.

Keywords

Major depressive disorder; sex differences; reporter assay; hippocampus; transcription factors; 
noncoding variation

Introduction

Major depressive disorder (MDD), a profoundly disruptive and sometimes lethal disorder, 

affects women 2–3 times more frequently than men globally (1). Sex differences are 

pervasive in MDD, from symptom profiles (2) and effective drug classes (3) to brain-

wide gene expression (4, 5). Genome-wide association studies (GWASes) have associated 

dozens of linkage regions of numerous single-nucleotide polymorphisms (SNPs) with MDD, 

demonstrating its heritability (6–8). Sex-by-genotype (SxG) analyses of GWASes have 

revealed that MDD risk loci are the same for men and women, yet these loci explain up to 

4-fold greater MDD heritability in females (9, 10). Accordingly, sex-stratified MDD GWAS 

in UK Biobank identified significantly greater female than male overlap of risk variants 

with those influencing hippocampal gene expression (11). These findings suggest that sex 

and perhaps brain region interact with a common pool of SNPs in conferring MDD risk, 

motivating direct functional genomics testing of these hypotheses.

Disease-associated SNPs are seldom found in protein-coding space, complicating prediction 

of their molecular consequences. Instead, these SNPs are found in probable transcriptional 

regulatory elements (REs) predicted from measures such as chromatin marks, accessibility, 

and conformation (12–14). MDD-associated loci and putative target genes are enriched 

for such measures in specific brain regions and cell types, including the hippocampus (7, 

15) and excitatory neurons (16–22), suggesting sites of action for these REs. Notably, the 

hippocampus has been a long-standing structure of interest in MDD given its loss of volume 

in patients (23). Finally, sex influences the biology of the hippocampus throughout the 

lifespan (24, 25), including its gene expression (4) and volume (26) in MDD.

Identifying functional SNPs from MDD-associated regions is the first step toward 

understanding how risk genotypes perturb brain physiology, ultimately via improved 

inference of dysregulated target genes and shared, cross-locus regulatory programs. 

However, studies connecting MDD-associated SNPs to altered gene regulation, even those 

considering sex effects (27), have been limited to indirect functional indicators (e.g., 

chromatin state), or are confounded by linkage disequilibrium (e.g., expression quantitative 

trait loci (eQTLs)). Recently, Massively Parallel Reporter Assays (MPRAs)—methods for 

functionally measuring activity of thousands of REs and variants simultaneously—have 
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enabled large-scale in vitro identification of functional regulatory variants. MPRAs, like 

traditional reporter assays, place REs upstream of an optical reporter (e.g., luciferase), but 

instead quantify many REs’ activity simultaneously through RNA-sequencing of unique, 

RE-identifying “barcode” sequences in the reporter’s 3’ untranslated region. MPRAs have 

identified trait- and disease-associated SNPs affecting REs in disease-relevant cell types in 
vitro (28–31). However, the complexities of brain cell types and the sex hormonal milieu 

cannot readily be emulated ex vivo.

To overcome existing limitations in functional regulatory SNP (rSNP) identification, 

we delivered an MPRA library of MDD-associated variants (32) into the adult mouse 

hippocampus in vivo. Building on prior brain MPRAs of REs and a variant (33, 34), our 

approach greatly extends in vivo MPRA methods to identify rSNPs, their sex interactions, 

and cell type-specific effects. Hippocampal MPRA was combined with translating ribosome 

affinity purification (TRAP) to simultaneously identify MDD rSNPs in excitatory neurons 

and the broader hippocampus. Further, we test the hypothesis that rSNPs are subject 

to sex-by-genotype (SxG) interactions using mice of both sexes. Finally, to characterize 

the potential role of circulating hormones in sex-differentiated rSNP activity, and to 

functionally replicate predicted fetal brain RE enrichments at MDD SNPs (19, 35–38), 

we likewise delivered the library to the mouse brain in utero. Thus, we additionally 

identify rSNPs neonatally, coinciding with a testosterone surge and critical period for 

establishing sex-specific brain circuitry (39), and observe loss of SxG effects in juveniles, 

when hormonal influences are quiescent. rSNP-enriched transcription factor (TF) motif 

disruptions identified cross-locus ‘predicted altered regulation’ TFs (parTFs), which—along 

with their shared regulators—consistently implicated sex hormone receptors in MDD rSNP 

regulatory networks. Our work illustrates that MPRAs can be leveraged in vivo to directly 

identify not only functional variants, but their context-dependence on age, sex, and cell 

type. Moreover, we experimentally demonstrate that sex interacts with MDD-associated 

functional variants, providing a potential genetic mechanism to explain observations of 

shared risk loci between sexes (9, 10) despite differing degrees of effect on MDD incidence.

Methods

MPRA library design

The MPRA library covered 40 GWAS loci (~1,000 SNPs) in LD R2>0.1 with MDD-

associated tag variants. SNPs were prioritized by their overlap with human brain and neural 

cell type eQTLs, histone marks, enhancer RNA overlap, and chromatin contacts ((32); Data 

Availability; Supplementary Methods). 966 SNPs were from 35 GWAS loci for MDD (6, 

7, 38, 40–45) or related traits (46–49). SNP-centered 126bp genomic sequences for each 

allele were designed with 10 unique 10bp barcodes for internal replication (Fig. S1). These 

were inserted into an AAV plasmid, then cloned to contain an hsp68 minimal promoter (50) 

driving dsRed along with the “woodchuck” hepatitis 3’UTR element to improve recovery of 

reporter RNAs (51), and packaged into AAV9.
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AAV9 delivery and TRAP

The AAV9 library was delivered bilaterally into the hippocampus of Vglut1-TRAP mice 

ages P60-P80 (n=6 per sex), followed by hippocampal dissection and TRAP (Fig. 1A; 

Suppplementary Methods) 28 days later to identify rSNPs and their shared regulatory 

features (Fig. 1B). Immunofluorescence (IF) of hippocampi from additional mice confirmed 

robust dsRed expression 28 days after injection (Fig. 1C). qPCR confirmed that TRAP RNA 

was depleted of other cell type markers, the main expectation for TRAP from an abundant 

cell type (52) (Fig. 1D; Supplementary Results). After quality control, 5 samples per tissue 

fraction and sex were retained for MPRA analysis covering ~1,000 SNPs (Supplementary 

Methods).

MPRA data analysis

We assessed SNPs for allelic effects in each individual sex and RNA fraction, and separately 

for sex-allele interactions in joint-sex datasets, using linear mixed models (LMMs) with 

barcode as a random effect on expression (Supplementary Methods; Fig. S2–S4). Empirical 

p values (pemp) for model coefficient(s) were calculated using the appropriate allele or 

interaction model with 50,000 simulated ‘allelic’ comparisons of random subsets of minimal 

promoter-coupled barcodes (32, 53) to account for technical and barcode-mediated noise. 

This approach is not confounded by sex differences, as promoter activity was not sex-

differential within age/tissue groups (all t-tests of barcode expression p>0.1; Figs. S5–S6). 

Except where noted, significance was called at FDR-corrected pemp<0.2 (plotted alongside 

default LMM p-derived FDRs for each experiment in Fig. S7), a stringency comparable to a 

recent study of sex-interacting eQTLs (27).

Motif enrichment and parTF analysis with Enrichr

We assessed motif disruptions using motifbreakR (54) and RSAT var-tools (55) 

(Supplementary Methods) for rSNP sets with allelic (single-sex) or SxG pemp <0.05. 

Enrichment was tested against assayed SNPs without allelic effects (pemp > 0.05); SxG rSNP 

sets were also tested against rSNPs with only main (allele) effects. Motifs perturbed by ≥4 

rSNPs (for P10, ≥5) with enrichment FDR<0.05 were filtered to cognate TFs expressed in 

Genotype-Tissue Expression atlas (v8) hippocampus (adult assays) or midfetal human brain 

(P0) (56) from the corresponding sex.

Results

rSNPs, sex interactions, and their regulatory landscapes: adult hippocampus and 
excitatory neurons

Given molecular and structural associations of MDD with the hippocampus, we sought to 

identify mouse hippocampal rSNPs from broad, MDD-associated linkage disequilibrium 

(LD) regions. First, a feasibility experiment using TRAP to add cell type-specific 

information was performed with a mini-MPRA library of neuron- and glia-specific REs, 

delivered as AAV9 to Snap25-TRAP mice, validating reproducibility and specificity 

(Supplementary Results, Fig S8–S9). We then delivered the AAV9 MDD MPRA library 

stereotaxically to hippocampus in Slc17a7 (Vglut1) TRAP mice. 28 days later, input 
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(hippocampus) and TRAP RNA (Vglut1+) from each sample was collected and sequenced 

(Table S1, Supplementary Methods). Sequencing was replicable at levels of barcode counts 

(pairwise Pearson’s r 0.95–0.99) (Fig. 1E), RE-level expression (r 0.85–0.96) (Fig. 1F), and 

mean allelic fold changes (log2FCs) between conditions (r 0.90–0.94) (Fig. 1G), confirming 

we were able to reliably measure SNP-mediated regulatory effects and differences from a 

defined cell type in vivo.

rSNPs in total hippocampus and hippocampal Vglut1+ neurons—We first 

assessed ~1,000 SNPs for allelic effects in each individual sex and RNA fraction. In 

total hippocampus, we identified 36 (male) and 31 (female) rSNPs, 34 and 31 of which 

were from MDD loci, respectively. While male and female total hippocampi had similar 

numbers of rSNPs, we observed a striking sex difference in the number of rSNPs in Vglut1+ 

cells: 58 (female) vs. 7 (male, all likewise female rSNPs; Fig. S10), indicating that a 

higher proportion of MDD SNPs have discernible allelic effects in excitatory neurons of 

females. Female Vglut1+ and total hippocampal SNP effects were consistent in magnitude 

and direction with an additional (n=3) TRAP cohort (Pearson’s r 0.61–0.77) (Supplementary 

Results, Fig. S11, Data S1). Notable rSNPs from ≥1 condition included rs2563323 and 

rs250427, putative brain and hippocampal (57) eQTLs for SRA1, a noncoding RNA 

which activates nuclear receptors without ligand (58). Also notable were rs301806—an 

MDD GWAS index SNP (41)—and rs301807 (Fig. 2A–B), both of which likely regulate 

the nearby gene RERE (19, 59). Allele betas (log2FC) and significance at 10 different 

thresholds are provided (Data S2).

Sex-interacting rSNPs in hippocampus—Given the role of sex in MDD risk and 

the observed differences in rSNP activity in the adult hippocampus, we next investigated 

whether sex interacts with MDD risk genotypes, identifying 41 sex-allele interaction rSNPs 

in each tissue. We confirmed that sex differences in replicability did not drive Vglut1+ 

results by repeating single-sex analyses without the largest outlier per sex. This identified 30 

and 142 rSNPs for male and female Vglut1+, respectively; SxG analysis without the male 

outlier yielded 23 SxG rSNPs (Data S3).

While only 1 SxG rSNP specifically was shared between total hippocampus and Vglut1+, 

16/18 Vglut1+ SxG loci contained hippocampal SxG rSNPs. The tag locus rs1193510 (40), 

for example, contained 11 sex-interacting rSNPs, including several unique to hippocampus 

(Fig. 2C) or Vglut1+ (Fig. 2D). This locus is rich in neural chromatin contacts (60–65), 

implicating several rSNP target genes. Interestingly, SxG effects in hippocampus and 

Vglut1+ segregated into distinct portions of this LD region (Fig. 2E, see legend). Also 

notable was a near-significant SxG effect in Vglut1+ for rs2400075 (0.20<FDR<0.25), 

recently reported significant in SxG GWASes of several body traits (66).

Transcriptional-regulatory systems across hippocampal rSNPs and SxG 
rSNPs—To test for common transcriptional-regulatory mechanisms underlying 

hippocampal rSNP effects, enrichment analysis was performed to identify TF binding 

motifs perturbed more frequently by rSNPs than expected by chance (Data S4A) (32). 

To ensure adequate depth for enrichment analysis, a relaxed significance threshold of pemp 

< 0.05 was used, identifying dozens of parTFs for both male and female hippocampus 
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(Fig. 3A; Supplementary Results). To gain network-level insights into these cross-variant 

effectors, we examined known interactors and upstream regulators of the parTFs using 

Enrichr (Data S4B–C; Supplementary Results). Among Vglut1+ rSNPs, many parTFs were 

shared (e.g., DLX1, POU3F1/2/3; Fig. 3B). POU3F2 has been previously shown to be a 

highly centralized, cross-disorder hub gene in postmortem brain co-expression analysis by 

PsychENCODE (67). Additionally, parTFs from male glutamatergic neurons were enriched 

in four known protein-protein interaction networks: SMAD3 and SMAD4 (5/16 parTFs 

each), consistent with neuronal enrichment by TRAP, and more surprisingly, sex hormone 

receptors: estrogen receptor α (ESR1; 4/16) and AR (3/16).

Using a similar approach to that above, we investigated parTFs enriched at sex-allele 

interaction rSNPs (pemp<0.05) (Fig. 3A). We identified only 8 parTFs enriched among 

total hippocampal SxG rSNPs (ZNF410 and five FOX TFs with shared motifs). However, 

we identified 57 parTFs at glutamatergic SxG rSNPs, including six of those from total 

hippocampus, suggesting coherent regulatory dynamics spanning MDD loci in this cell type. 

SxG parTFs included several KLF members, nuclear receptors (NR4A3, NR2C1, NR1H2), 

and the retinoid receptor RARA.

Enrichr analysis of the Vglut1+ SxG parTFs revealed striking enrichments, including for 

parTF upstream regulation by CREB1 (15/57), PPIs with AR (11/57), ESR1 (11/57), and 

HDAC2 (12/57) (Fig. 3B), and the MsigDB term “estrogen response early” (5/57). (The 

small hippocampal SxG parTF set yielded no notable Enrichr results.) These Vglut1+ SxG 

regulators implicate sex hormones and histone acetylation in both establishing sex-divergent 

MDD risk from upstream, e.g., via ESR1 (5/57), and actuating it downstream via rSNP-

enriched parTFs and their protein interactors (AR, ESR1, HDAC2, ZBTB7A). Both sex 

hormones (68) and histone (de-)acetylases (69) have been highlighted in reviews of sex 

differences in MDD.

Identification of rSNPs in developing whole mouse brain

Given the role of hormones in sexual differentiation of the brain (39), we investigated 

whether MDD risk variants were subject to sex-differential regulation during vs. after the 

physiologic perinatal testosterone surge. This surge—exerting acute activational and long-

lasting organizational effects (39)—is underway at P0, while sex hormones are effectively 

absent by P10. Together, these two timepoints allowed assessment of activational hormone 

effects on MDD SNPs. The AAV9 library was thus delivered intracerebroventricularly 

to embryonic day 15 (E15) mice before collection at postnatal day 0 (P0) or P10 

(Supplementary Methods).

IF verified that dsRed expression was detectable at P0 and P10 following in utero delivery 

despite the short incubation time (Fig. 4A–D; Fig. S12–S13), consistent with prior reports 

(70). We subsequently collected whole brains (except cerebellum) for RNA isolation and 

MPRA sequencing. DNA from n=4 brain samples was sequenced to verify consistent 

distribution of delivered MPRA barcodes between replicates (r 0.86–0.94) and compared 

to input virus (r 0.88–0.91) (Fig. 4E). n=15 P0 (6 female/9 male) and n=13 P10 (6 female/7 

male) RNA samples were retained for analysis (Supplementary Methods). Replicates from 
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each condition had well-correlated barcode counts (PCC 0.86–0.98) and RE expression 

values (PCC 0.58–0.96) (Fig. 4F–H).

At P0, we identified 5 rSNPs in females and 12 rSNPs in males, respectively, four of which 

were shared between sexes with concordant effect direction. By contrast, there were 105 

female and 72 male rSNPs at P10, with 42 rSNPs identified in both sexes (all concordant). 

Three rSNPs shared significance and effect direction across all four age-sex conditions (two 

illustrated, Fig. 4I, J). These rSNPs also have rich chromatin contact evidence supporting 

gene regulatory roles in fetal, adult, and cultured human neural cell types (Fig. 4K and 4L, 

respectively), consistent with their detection as rSNPs in whole brain tissue and highlighting 

the robustness of in utero MPRA delivery for neurodevelopmental functional-regulatory 

assays.

To test our hypothesis of sex hormone-dependent variant effects, SxG models were 

performed for P0 and P10. At P0, we identified 31 SxG rSNPs (e.g., Fig. 4M–N). eQTLs 

from human whole brain (56) during the midfetal testosterone surge (71) significantly 

overlapped the union of SxG, P0 female, and P0 male rSNPs (33/43 rSNPs; OR=1.19, p 

< 0.011, Fisher’s exact test). By contrast, we identified no SxG interactions at P10 (pemp 

FDR<0.25). This finding held when repeating the SxG analysis with the least variable 5 

samples per sex (despite similar n and replicability to P0) (Data S5). These findings further 

support the role of sex hormones in shaping rSNP effects suggested by our adult parTF/

Enrichr analyses.

Postnatal whole-brain transcriptional-regulatory systems shared across 
postnatal whole brain rSNPs—67 parTFs were identified across the four age-

sex conditions (Fig 5A, Supplementary Results) and analyzed with Enrichr (Fig 5B; 

Supplementary Results). Notably, male P10 parTFs were enriched for interactors of 

ZBTB7A and RARG; retinoids have been implicated in local sex hormone synthesis in 

the brain at this age (75). Moreover, 6 P0 parTFs are sex-differentially expressed in human 

midfetal brain (72): E2F2, FOXJ3, NR2C2, REST, SP3, and ZBTB17. P0 SxG parTFs were 

enriched for PPI targets of ESR1 (as were P0 female parTFs), while only SxG parTFs were 

enriched for PPI targets of AR and ESR2 (Fig. 5B, Data S2D–E), confirming activational 

hormone roles in MDD SNP function.

Landscape of functional variation differs broadly across age, sex, and brain region/cell 
type

Overrepresentation of SxG interactions at MDD loci in hippocampus and its 
Vglut1+ neurons—If increased prevalence of MDD in females is in part caused by 

interactions between risk genetics and sex, then the number of SxG interactions observed 

should exceed chance expectations. We therefore randomly scrambled sex labels and 

repeated our analyses to define a null distribution for the number of SxG rSNPs at a pemp 

FDR of 0.2. Chance expectations of SxG rSNP count were not exceeded at P0 or P10 (Fig. 

5C–D), while they were significantly exceeded in adult total hippocampus (Fig. 5E) and 

Vglut1+ (Fig. 5F).
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Risk loci are characterized by multiple functional variants—Overall, we found 

the majority of loci to contained multiple functional, context-dependent SNPs, in contrast 

to the concept of a singular “causal variant” driving a given GWAS association. Indeed, 

there was a modest, significant correlation between effect sizes of ≥50 directly genotyped 

MDD GWAS (7) variants and MPRA allele effects in hippocampus and Vglut1+, supporting 

the notion that functional variants beyond beyond GWAS tags and their near neighbors 

influence disease risk (73) (Fig S14).

Altogether, our analyses identified 280 rSNPs from 31 LD regions (28 depression-

associated), with up to 13 rSNPs in a single locus within a single condition (Fig. 5G). Only 

64 rSNPs were functional in more than one sex/age/cell type combination, with sex having 

stark effects on SNP functionality. 113 rSNPs were identified only in one sex study-wide 

(excluding interactions), and 109 SNPs had SxG effects (Supplementary Results). In other 

words, only 21% of rSNPs showed sex-invariant activity in vivo. Finally, our prior MPRA 

of this library in mouse neuroblastoma cells (28) identified a significant proportion of the 

rSNPs discovered here (Supplementary Results); however, analogous motif perturbation 

analyses in those assays did not implicate sex hormone receptors, highlighting the ability of 

in vivo MPRA to discern regulatory variants subject to effects not easily modeled in vitro.

Discussion

The present study illustrates SxG interactions across MDD-associated variants, providing 

a possible explanation for the greater impact of risk loci on female disease. Functional 

differences between sexes at MDD-associated SNPs are marked in the hippocampus, its 

excitatory neurons, and the whole brain during and after its sexual differentiation. These 

discoveries expand observed clinical and population-genetic sex differences in MDD to 

direct identification of sex-interacting variants.

The application of statistical methods controlling for several aspects of experiment- and 

design-specific technical noise (namely, empirical p-values and random-effect modeling 

of barcodes) allowed us to obtain results supported by a wide variety of orthogonal 

datasets, including reporter assays and human brain epigenomic datasets. For example, 

MDD-associated SNP rs1467013 was functional in luciferase reporter assays (74); indeed, 

we find this to be an rSNP in hippocampal Vglut1+ neurons of both sexes. A separate 

in vitro MPRA identified rs301807, but not rs301806, as an rSNP (32), while both were 

identified as functional here. This highlights the importance of the in vivo context for 

obtaining relevant insights about functional variation within GWAS loci—in this case, 

revealing two rSNPs in close (~2kb) proximity that likely influence expression of the same 

target (RERE).

Human datasets further support the translatability of our mouse approach in identifying 

regulatory SNPs and sex interactions. Four rSNPs identified here were recently identified 

as chromatin accessibility QTLs in human midfetal neural progenitors and/or neurons 

(Supplementary Results) (75), consistent with the allele-differential regulatory activity we 

observed. Intriguingly, an early attempt to identify sex-interacting GWAS loci for MDD 

(76) found suggestive significance (GWAS p < 1×10−5) for a tag SNP rs1345818, near 
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TMEM161B and MEF2C, since been sex-agnostically associated to MDD (6). The adult 

MPRAs identified three SxG variants in LD with rs1345818, confirming that this risk 

locus indeed has sex-dependent regulatory activity (Supplementary Results). In terms of 

population genetics, it has recently been demonstrated that heritable variant SxG interactions 

display “amplification”, acting via the same loci with sex-modulated magnitudes (but not 

directions) of effect (77). Consistent with thisseveral rSNPs had effects shy of significance 

in one sex but not the other; for example, of the 58 rSNPs with FDR<0.2 in female Vglut1+, 

32 were also near-significant (0.2 < FDR < 0.25) in male Vglut1+, all with shared direction 

of effect.

Downstream analyses supported both rSNP findings themselves and suggest novel candidate 

TFs/regulatory networks underlying sex interactions at MDD loci. Our SxG-enriched parTF 

sets were rich in sex hormone receptors and interactors, indicating a role for sex hormone 

receptors in co-regulation of MDD risk variants. Our hippocampal analyses revealed male-

specific roles for AR: male rSNPs were enriched for binding sequences of ZMIZ1, an 

AR co-activator, while an AR co-repressor, ZBTB7A (78), was identified as a shared 

upstream regulator of these parTFs. Notably, ZBTB7A also regulates human non-coding 

RNA LINC00473 (79), which was recently shown to have sex-differentiated effects on 

depressive mouse behaviors when overexpressed in cortex (80). Similarly, AR itself has been 

shown to play a direct and sex-differential role in modulating hippocampal CA1 efferents, 

impacting depressive-like behaviors (81). Identification of P0—but not P10—SxG rSNPs, 

their parTFs, and enriched interactors (ESR1, ESR2, AR) verified that our approach recovers 

known transcriptional regulators where/when expected, and further confirmed the key role 

of circulating sex hormones in MDD variant function implicated by the adult MPRAs. 

Steroid receptors have similar binding motifs; as such, these results cannot define which 

hormone(s)/receptor(s) matter (and when). Nonetheless, the findings are broadly consistent 

with the idea that sex hormone receptors may underlie an SxG mechanism for increased 

MDD risk in females.

These experiments have certain limitations, especially in terms of integrated interpretation. 

P0/P10 and adult findings could not be compared directly (e.g., sex-by-age interactions), as 

adult experiments were limited to the hippocampus while developmental assays were brain-

wide. Unfortunately, hippocampal morphogenesis is postnatal, precluding a hippocampus-

specific P0 assay. Experimental differences also confound interpretation of distinct rSNPs 

at P0/P10 vs. adult, which could result from age- or region-specific factors. Future 

approaches could incorporate pre-and post-pubertal onset (i.e., in defined regions with 

a physiologic hormone-negative and hormone-positive condition). Another limitation is 

that, while benchmark studies indicate comparability, episomal AAVs may not capture all 

regulatory information of a genome-integrated assay. Lentivirus is much lower titer than 

AAV and spreads little when delivered intracranially, and base editing methods would 

be constrained by mouse-human orthology and in vivo efficiency/throughput. While these 

approaches are tractable in cell lines, such lines cannot be used to generate fully mature, 

differentiated cells like those studied here (organoids can only transcriptionally approximate 

prenatal/infant brain (82)), nor would they reproduce the hormonal milieu, precluding an in 
vitro study or replication of sex effects. Finally, results might be influenced by use of either 

a different minimal promoter or longer fragments if nearby elements interact with the rSNPs. 
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However, none of the limitations above would be expected to create spurious sex effects, 

indicating the SxG interactions that were central to supporting our primary hypothesis are 

likely to be robust. It would, however, be interesting to know if such SxG effects were 

specifically enriched in MDD loci, or represent a general mechanism leading to sex biases 

in other psychiatric diseases. Lastly, we note that human gender is a complex variable that 

model organisms cannot currently emulate, placing possible gender identity effects on SxG 

interactions beyond the scope of approaches such as ours.

Nonetheless, the presented in vivo MPRAs indicate that critical biological and 

environmental factors involved in brain gene regulation and regulatory variation can be 

studied using a high-fidelity model of development, cell types, and biological signals. Our 

approach provides a framework for direct, functional study of psychiatric risk genetics and 

interactions with such contexts—along with potential future applications to environmental 

factors—all of which are imperfectly modeled in vitro. Future uses of this approach 

could include direct identification of variants subject to other important psychiatric gene-by-

environment interactions, such as early life adversity or chronic stress.

Our results provide a novel, experimental demonstration of sex effects on noncoding MDD 

risk variants, especially during life stages with circulating sex hormones. Consistent with 

a study showing top female (but not male) MDD risk SNPs were enriched in hippocampal 

eQTLs (11), we find that the hippocampus and its excitatory neurons are foci of significant 

sex interactions for MDD variants. Given the broad sharing of risk loci across psychiatric 

disorders (37, 38, 83), our findings may well implicate similar molecular processes behind 

sex differences in other disorders; more directly, we identify and highlight SxG interactions 

in the brain as a potential mechanistic underpinning of sex differences in MDD incidence.
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Figure 1. Experimental design, analysis plan, and quality control: adult mouse hippocampus and 
its excitatory neurons.
(A) Adult male and female C57BL/6J mice received bilateral stereotactic injections into the 

hippocampus delivering the AAV9-packaged MPRA. TRAP yielded two RNA fractions 

per sample: “input” (total hippocampal) and TRAP (Vglut1+). (B) Analyses identified 

regulatory SNPs (rSNPs), transcription factor (TF) binding sites (TFBSes) enriched at 

rSNPs, shared protein interactors among these TFs, and shared regulators of these TFs’ 

expression. (C) IF of Vglut1-TRAP mouse hippocampus 28 days after MPRA-AAV9 

delivery, illustrating strong TRAP (GFP) co-expression with dsRed reporter, confirming 

RNA from the latter is present in the cell type of interest. (D) qPCR confirmed depletion 

of glial genes (Gfap, P2ry12) and modest enrichment of excitatory neuron marker Gria1 
in Vglut1+ RNA. (E) Barcode count correlations between replicates. Each point represents 

the cross-correlation between one sample of the type on the x-axis and one of the color-

coded type. (F) Correlation of mean barcode expression between replicates. (G) Correlation 
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of samplewise allelic differences in expression. PCC: Pearson correlation coefficient (or 

Pearson’s r).
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Figure 2. Adult hippocampus rSNPs and complex context-dependent, polygenic architecture of 
the RSRC1 locus.
Boxplots show single-barcode (BC) expression levels adjusted for random effects across 

analyzed replicates. Center bars: median; boxes: 25–75% quantile; whiskers: observations 

spanning box edges to ± 1.5*interquantile range (IQR); single points: observed values 

outside whisker range. Notched regions span ± 1.58 * IQR / sqrt (n measurements), 

approximating the 95% confidence interval for comparing median BC expression (84). 

rSNPs corresponding to RERE locus (38) tag variants (A) rs301806 and (B) rs301807 are 
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shown. (C, D) Sex-interacting SNPs from the RSRC1 locus (40) included (C) rs67446837 

and (D) rs1048243. (E) rSNPs identified in the RSRC1 locus and their regulatory target 

genes in human tissues ascertained by Hi-C. A plot of rSNP effects, colored by most 

significant condition, is embedded with its x-axis in human genomic (hg19) coordinates; 

chromatin contacts between the SNPs and distal gene promoters are illustrated below 

(60–64). Curve heights correspond to −log10pemp for the plotted rSNP. iPSC: Induced 

pluripotent stem cell; DG: dentate gyrus; Ctx: cortex. *: pemp-derived FDR < 0.25; **: <0.2; 

‡ < 0.15; ‡‡ < 0.1; & < 0.05.
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Figure 3. Shared regulatory architecture of rSNPs by sex, cell type, and sex-interacting SNP 
type.
(A) TFs with binding motif disruptions by ≥ 4 nominally significant (empirical p < 

0.05) rSNPs or sex-interacting rSNPs, enriched relative to nonfunctional SNPs. Number 

of rSNPs associated to a given binding site are shown. (B) Terms from Enrichr (85) 

analysis, identifying shared upstream regulators (TFs controlling expression of several of 

the TFs in panel A), brain regions enriched for expression of the rSNP-enriched TFs, protein 
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interactors enriched among rSNP-enriched TFs, and MSigDB pathway term enrichment for 

rSNP-enriched TF sets. Bolded enrichments are discussed in the text.
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Figure 4. Validating the in utero MPRA delivery method, and identification of rSNPs and 
sex-interacting rSNPs in the developing brain.
(A, B) IF of P0 brain after E15 MPRA-AAV delivery. (C, D) IF of P10 brain after 

MPRA-AAV delivery. (E) Comparability of barcode counts in recovered brain DNA and 

original AAV. (F) Color legend for panels G-H. (G) BC count correlation between samples. 

(H) Sequence expression correlation between samples. (I, J) rSNPs (I) rs61985706 and 

(J) rs62444919 showed effects consistent across sexes and ages. (K, L) Putative target 

genes of the respective rSNPs from Hi-C in human fetal, adult, and cultured neural 
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tissues. (M) Example P0 SxG SNP with comparatively small sex difference in allele 

effect size. (N) Example P0 SxG SNP with magnitude of sex difference in allelic effect 

comparable to smaller (female) allelic effect itself. GZ: germinal zone; CP: cortical plate 

(86); IPC: intermediate progenitor cell; iN: inhibitory neuron (19); Ast: astrocyte (61); 

dlPFC: dorsolateral prefrontal cortex; DA: dopamine neurons of substantia nigra and ventral 

tegmental area (65); Ctx N: cortical neuron (60); LMN: lower motor neuron; eN: excitatory 

neuron (61); iPSC N: iPSC-derived neuron (62). *: pemp-derived FDR < 0.25; **: <0.2; ‡ < 

0.15; ‡‡ < 0.1; & < 0.05.
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Figure 5. Regulatory architecture of rSNPs at P0 and P10, permutation analysis evaluating the 
number of detected SxG rSNPs, and the context-dependent landscape of MDD loci.
(A) TFs with binding motif disruptions by ≥5 nominally significant (pemp < 0.05) rSNPs 

or SxG rSNPs, enriched relative to nonfunctional SNPs. (B) Enrichr analysis findings for 

rSNP-enriched TFs in P0 and P10. Color key is shared with panel G. (C-F) Distribution of 

significant (FDR < 0.2) SxG rSNPs in 1, 000 permutation analyses per condition (400 for 

P10); red lines: number of SxG rSNPs identified experimentally; overlaid p-values indicate 

the probability of observing as many SxG rSNPs by chance. Only conditions italicized 
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in legend are shown in this panel. (G) Six exemplary MDD loci (tag SNPs), with bars 

representing the percentage of analyzed variants that were rSNPs or SxG rSNPs for each 

condition at pemp-derived FDR<0.2. Color key shared with panel B; columns are in the same 

order as the legend. *: all-female MDD GWAS locus (43); **: near-genome-wide significant 

loci for first-episode MDD in males over age 50 (42); ‡: collapsed results from LD partners 

of five tag SNPs, comprising two GWAS significant tags and several weaker association 

peaks covering a span of ~5Mb around the gene TCF4 (6).
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