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Asian-European differentiation
of schizophrenia-associated genes driven
by admixture and natural selection

Sihan Chen,1,3 Die Tang,1,3 Lian Deng,1,2,* and Shuhua Xu1,2,4,*
SUMMARY

The European-centered genome-wide association studies of schizophrenia (SCZ) may not be well applied
to non-European populations. We analyzed 1,592 reported SCZ-associated genes using the public
genome data and found an overall higher Asian-European differentiation on the SCZ-associated variants
than at the genome-wide level. Notable examples included 15 missense variants, a regulatory variant
SLC5A10-rs1624825, and a damaging variant TSPAN18-rs1001292. Independent local adaptations in
recent 25,000 years, after the Asian-European divergence, could have contributed to such genetic differ-
entiation, as were identified at a missense mutation LTN1-rs57646126-A in Asians, and a non-risk allele
ZSWIM6-rs72761442-G in Europeans. Altai-Neanderthal-derived alleles may have opposite effects on
SCZ susceptibility between ancestries. Furthermore, adaptive introgression was detected on the non-
risk haplotype at 1q21.2 in Europeans, while in Asians it was observed on the SCZ risk haplotype at
3p21.31 which is also potentially ultra-violet protective. This study emphasizes the importance of
including more representative Asian samples in future SCZ studies.

INTRODUCTION

Schizophrenia (SCZ) is a severe chronic psychiatric disorder affecting 0.32% of the world’s population and causes considerable individual and

social burdens. The heritability of SCZ has been estimated to be as high as 80%.1 The clinical and etiologic heterogeneity of SCZ across

geographic regions have been widely recognized,2–4 whereas the genetic architecture of this disease across populations is not currently fully

understood despite great efforts focused on genome-wide association studies (GWASs) that have already substantially increased our knowl-

edge over the past decades. According to the GWAS catalog (https://www.ebi.ac.uk/gwas/efotraits/MONDO_0005090) accessed in Feb

2023, 227 GWASs (including analyses of the ‘‘background traits data’’ and the ‘‘child trait data’’), have been carried out for SCZ, 154 of which

reported findings in populations of European ancestry. In the current collection of SCZ-associated loci from the GWAS catalog, 3,538 (88.7%)

variants were reported in studies of Eurasian populations, including 1,622 (40.7%) variants mapped to 539 (33.9%) genes identified in Euro-

pean (EUR) populations but not in East Asian (EAS) populations, 141 (3.5%) variants mapped to 58 (3.6%) genes identified in EAS populations

but not in any EUR populations, and 1,775 (44.5%) variants in 839 (52.7%) genes reported in multiple populations including EUR and EAS (Fig-

ure S1). The Psychiatric Genomics Consortium (PGC) conducted the largest GWASon SCZ to date, incorporating nearly 70,000 cases and over

200,000 controls of EUR ancestry.5–7 Although EAS populations have the greatest incidence and absolute increase of SCZ,8 they were largely

underrepresented in previous studies. Lam et al. reported the largest SCZ GWAS in individuals of EAS ancestries, and found several shared

risk alleles between EUR and EAS.9 However, the polygenic risk score could not be well-transferred across ancestries.9 In particular, some of

the robust candidate loci identified in EUR populations were not successfully replicated in EAS populations. One notable example is C4A

localized to the major histocompatibility complex (MHC) class III region. The C4A variants have been repeatedly confirmed in EUR.10 How-

ever, Yue et al. claimeddifferent susceptibility variants in theMHC region in individuals of EUR andChinese ancestry11; Lamet al. did not find a

significant SCZ association in the MHC in the EAS populations.9 These observations suggest that there are likely population-specific risk var-

iants driven by different underlying genetic bases of SCZ across ancestries.

The evolutionary paradox of SCZ—it reduces reproduction but is highly prevalent in present-day human populations—brings about a

long-standing discussion on the driving force of SCZ evolution in humans.12–15 It has been hypothesized that SCZ represents, at least in

part, a maladaptive by-product of adaptive changes during human evolution, as evidenced by the significant natural selection identified

on genes potentially increasing the risk of SCZ.16–19 Furthermore, natural selection signatures were consistently found in SCZ-associated
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loci across EAS and EUR populations,9 whereas another study suggested that natural selection has driven genetic differentiation of SCZ-asso-

ciated loci across global populations,20 leading to the failed replication of the associations across ethnic populations. Notable examples of

recent positive selection that occurred in specific populations include SLC39A8 in EUR, and TSPAN18 and ST8SIA2 in the Asian popula-

tions,21–23 supporting the hypothesis that local selective pressures acting on the pleiotropic genes may help to maintain SCZ risk alleles in

the human gene pool. In addition, Neanderthal gene introgression, which contributed to around 2% of the modern human individual

genome,24 could have effects on the genetic architecture of SCZ. Current findings are largely based on the studies of EUR populations,25,26

whereas the genetic footprints of archaic hominin introgression on the SCZ-associated loci in EAS have not been well characterized.

It has beenwell demonstrated and emphasized that a wide variety of population ancestries should be includedwhen investigating the trait

or disease mechanisms from the perspective of population genetics. In this work, we therefore attempted to provide a full characterization of

the differentiated genetic predisposition of SCZ in EUR and EAS populations using the whole-genome sequencing data released by the 1000

Genomes Project Phase III and further investigated how the population admixture and local adaptations could have helped to shape the ge-

netic heterogeneity of SCZ in modern humans. Our findings highlight the genetic differentiation of the SCZ-associated genes across ethnic

populations and provide new insights into the driving forces of SCZ evolution in human populations.
RESULTS

Overview of the genetic differentiation of the SCZ-genes between EAS and EUR populations

We observed a clear separation between EAS and EUR populations on the 3,841 SCZ-associated single nucleotide polymorphisms (SCZ-

SNPs) by principal component analysis (PCA) consistent with the whole-genome analysis (Figure S2). However, the measured genetic differ-

ence between EAS and EUR in this collection of SCZ-SNPs was larger compared to that at the genome-wide level (STARmethods). Compared

with the strict control SNPs (sc-SNPs), the SCZ-SNPs showed larger nucleotide differences for pairwise haplotypes (1289.15 vs. 110.41G 5.98;

p < 2.23 10�16, one-tailed Z test) and a higher FST weighted across variants on the population level (0.106 vs. 0.101G 0.007; p = 1.853 10�11,

one-tailed Z test). Similar observations were obtained from the comparison between the SCZ-SNPs and the relaxed control SNPs (rc-SNPs)

(Table S1; Figure S3). We conducted approximate pruning for the linkage disequilibrium (LD) among the 3,841 SCZ-SNPs, and then validated

the aforementioned findings (Figure S4, STAR methods). Further validations were successfully conducted based on a set of confident SCZ-

SNPs reported in two GWASs with large samples affected with schizophrenia (76,755 and 22,778 cases, respectively),7,9 and 43 SCZ-SNPs

identified in studies with comparable sample sizes for EAS (2,040, 2,413, and 4,384 cases, respectively)27–29 and EUR populations (2,111,

2,413, and 4,528 cases, respectively)30–32 (Table S2; Figure S5). As GWASs tend to identify common variants conferring disease risk in a pop-

ulation, we observed a biased minor allele frequency (MAF) spectrum at the SCZ-SNPs compared with the randomly selected SNPs repre-

senting the genome-wide MAF spectrum, and the EUR populations had fewer SCZ-SNPs at lower MAF than did the EAS populations (Fig-

ure S6A). However, the observed genetic differentiation at the SCZ-SNPs between EAS and EUR populations could not be fully attributed

to the distinct MAF spectrum, as we have confirmed this result based on another set of random SNPs matching the SCZ-SNPs on the

MAF spectrum (p = 6.8 3 10�157, two-sided Z test) (Figure S6B, STAR methods). This finding indicated that the population genetic back-

ground may affect the SCZ risk in EAS and EUR populations.

We next focused on the top 5% highly differentiated SNPs between EAS and EUR populations as indicated by the largest FST between

EAS-EUR population pairs (max-FST(EAS-EUR)). We found that 1,052 of these SNPs were SCZ-associated (dSCZ-SNPs, abbreviated for differ-

entiated SCZ-SNPs), making up 27.4% of the total SCZ-SNPs (Table S2). In total, 1,504 SCZ-genes encompassed 211,699 highly differen-

tiated SNPs, and they were thus designated as dSCZ-genes (abbreviated for the differentiated SCZ-genes) (Figure 1A; Table S3; Figure S7).

We further excluded the FIN and KHV populations that have been proven to be influenced by the population gene flow between Europe

and Asia and found that 990 (94.1%) of the dSCZ-SNPs identified based on the comparison of five EUR and five EAS populations were

confirmed (Table S4). Furthermore, functional annotations revealed that the dSCZ-genes were enriched in iron channel structure and func-

tion (e.g., regulation of postsynaptic cytosolic calcium ion concentration, odds ratio (OR) = 11.8, false discovery rate-corrected (FDR-cor-

rected) p = 0.0001; neurotransmitter-gated ion channel clustering, OR = 7.1, FDR-corrected p = 0.02), synaptic component and function

(e.g., retrograde trans-synaptic signaling, OR = 17.7, FDR-corrected p = 0.004; glutamatergic synapse, OR = 3.5, FDR-corrected p = 4.53 3

10�5), and hormone secretion (e.g., GnRH secretion, OR = 4.3, FDR-corrected p = 0.0001; insulin secretion, OR = 3.2, FDR-corrected p =

0.002) (Figure 1B; Table S5). Among the dSCZ-SNPs, 15 were missense variants (Table 1). The variant rs6083 showed larger differentiation

between EAS and EUR populations (FST(EAS-EUR) = 0.11–0.61, allele frequency difference (AFD) = 0.41) compared to the other missense

variants, and it was reported to affect the cholesterol and triglyceride levels in the Han Chinese population.33 In addition, we found

two missense SNPs, rs3810449 and rs3810450, in perfect linkage to cf. schizophrenia risk,7 and we found that they showed signals of pos-

itive selection (integrated haplotype score (iHS) = 2.25–3.72) in the EAS populations (Table 1). The top two dSCZ-SNPs showing the largest

allele frequency difference between EAS and EUR populations were rs12602286 (FST(EAS-EUR) = 0.63–0.80, AFD = 0.76) and rs959071 in EPN2

(FST(EAS-EUR) = 0.66–0.79, AFD = 0.76) (Figure 1A; Table S2). These two variants were in strong linkage disequilibrium in both EAS and EUR

populations (r2 > 0.8), and may affect the EPN2 expression in the brain according to the Genotype-Tissue Expression (GTEx) data

(Figures S8A and S8B). EPN2 controls notch signaling activation via endocytosis,34 and its high expression is fundamental in the signaling

of the notch pathway,35 which was reported to be associated with SCZ.36 Other outstanding signals included rs732381 which overlapped a

neuronal enhancer located within CACNA1I to cf. schizophrenia risk,37 rs72639203 located in SNORD3A that encodes a long non-coding

RNA implicated in neurogenesis,38 and a cis-expression quantitative trait locus (eQTL) rs12911832 regulating ADAM10 that was shown

affected in patients with Alzheimer’s disease.39
2 iScience 27, 109560, May 17, 2024
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Figure 1. Overview of the genetic differentiation and differentiated selection of SCZ genes between EUR and EAS populations

(A) Allele frequency of the SCZ-SNPs in the EAS and EUR populations plotted on the background of genome-wide allele frequencies. DAF: derived allele; RDAF:

risk derived allele; RAAF: risk ancestral allele.

(B) Functional enrichment of the dSCZ-genes conducted using clusterProfiler version 4.2.2.81 The top 10 enriched categories of the gene ontology (GO)

enrichment and the KEGG enrichment are shown in this plot, and a full list can be found in Table S5. Differentiated selection of the dSCZ-genes assessed

between EUR and EAS populations based on (C) the population branch statistic (PBS), and (D) cross-population extended haplotype homozygosity (XP-EHH)

calculated for EAS using EUR as the reference population. P-values were obtained by the one-tailed Students’ t test.
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Among the X-linked SCZ-SNPs, a missense variant PJA1-rs11539157 (c.1818G>T; p.E606D) showed the largest genetic differences

between EAS and EUR populations (AFD = 0.24). The risk allele A7 was more prevalent in EUR populations than in EAS populations

(AF = 0.24 and 0 in EUR and EAS populations, respectively). PJA1, encoding ubiquitin ligase Ring-H2, is important for polyQ protein degra-

dation and was abundantly expressed in the brain.40 PJA1was reported to have protective potential against neurodegenerative diseases and

variants are associated with numerous X-linked neurodevelopmental disorders.41,42 We particularly checked for several SCZ-SNPs in chromo-

some X reported in the latest PGCGWAS research,7 and found that all these variants showed substantial Asian-European differences (empir-

ical p value <5% across the X chromosome) (Table S6).

Although allele-specific expression (ASE) was reported to have no substantial impact on the SCZ risk,43 several examples have been iden-

tified; for example, rs4702-G downregulated FURIN in psychiatric disorders, and rs1625579-T linked to the miR-137 promoter and
iScience 27, 109560, May 17, 2024 3



Table 1. A list of 15 dSCZ-SNPs with missense variants

SNP Gene FST AFD

Nucletide and amino

acids substitution iHS XP�EHH

rs6083a,b LIPC 0.19/0.04/[0.11, 0.61] 0.41 c.644A>G: p.Asn215Ser [�0.59, 0.76]/[�0.96, �0.23] [�0.5, 0.55]

rs42945a,b NDRG4 0.01/0.02/[0.3, 0.48] 0.41 c.51A>G: p.Gln18Arg -/[0.79, 1.57] [0.56, 0.87]

rs281377a,b FUT2 0/0.03/[0.16, 0.36] 0.37 c.390C>T: p.Asn130Lys [0.06, 0.63]/[�2.01, �1.15] [0.41, 1.06]

rs698761a,b SLC3A1,PREPL 0.06/0.05/[0.05, 0.37] 0.34 c.1854G>A: p.Met618lle [�1.14, 0.08]/[�0.17, 0.51] [�0.47, 0.5]

rs2072736a,b ATXN1 0/0.03/[0.18, 0.36] 0.33 c.474A>G: p.Ser149Gly [�2.32, �1.49]/[�0.09, 0.07] [�1.35, �0.81]

rs57646126a,b LTN1 0.06/0/[0.23, 0.41] 0.31 c.2438C>T: p.Ala813Val [2.08, 3.19]/- [�1.53, �0.82]

rs1635a,b NKAPL 0.04/0.02/[0.1, 0.34] 0.29 c.455C>A: p.Thr152Asn [�1.48, 0.15]/[�2.86, �1.37] [�2.82, �2.11]

rs3764002a,b WSCD2 0.03/0.05/[0.03, 0.31] 0.29 c.797C>T: p.Thr266Ile [0.65, 1.5]/[1.15, 1.52] [1.7, 1.92]

rs11142a,b SORT1 0.04/0.01/[0.11, 0.33] 0.24 c.594T>C: p.Phe198Leu �/� –

rs13306731a,b SOAT1 0.02/0.01/[0.08, 0.26] 0.23 c.1577A>G: p.Gln526Arg [0.5, 1.49]/[�0.26, 0.61] [�0.95, 0.26]

rs950169a,b ADAMTSL3 0.02/0/[0.11, 0.24] 0.22 c.4979C>T: p.Thr1660Ile �/� [�1.02, �0.13]

rs3810450a,b AC002116.7,THAP8 0.02/0.01/[0.08, 0.24] 0.19 c.335A>G: p.Lys112Arg [2.25, 3.72]/- [�1.09, �0.7]

rs3810449a,b AC002116.7,THAP8 0.02/0.01/[0.08, 0.24] 0.19 c.209G>A: p.Arg70His [2.25, 3.72]/- [�1.12, �0.7]

rs16897515a,b POM121L2 0.08/0.1/[0, 0.23] 0.14 c.1738G>T: p.Gly580Cys [�0.66, �0.66]/[�0.91, 0.07] [0.57, 1.48]

rs1801133a MTHFR 0.22/0.07/[0, 0.22] 0.07 c.788C>T: p.Ala263Val [�1.03, 0.35]/[1.1, 2.27] [0.77, 1.48]

AFD denotes the allele frequency difference between EUR and EAS calculated based on the combined dataset of populations from each continent. The max-

FST(EAS), max-FST(EUR), and the range of FST(EAS-EUR) are split by slashes (/) in the column named FST. The range of iHS(EAS) and that of iHS(EUR) are split by slashes (/) in

the column named iHS. The range of XP-EHH(EAS-CEU) is shown in the column named XP-EHH. The superscribed letters a and b indicate that the cross-continental

genetic differentiation at a variant can be validated using the high-coverage 1000 Genomes data and the HGDP data, respectively.
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downregulated its expression.44,45 In our data, rs4702 showed small genetic differentiation between EAS and EUR populations (max-FST(EAS-

EUR) = 0.026), whereas rs1625579was identified as a dSCZ-SNP (max-FST(EAS-EUR) = 0.161). Moreover, we identified three additional dSCZ-SNPs

in the MHC region showing ASE, and the max-FST(EAS-EUR) was estimated to be 0.121 at BTN3A2-rs12214031, 0.141 at BTN3A2-rs13218591,

and 0.265 at PBX2-rs1004095 (Figure S9). We found rs12214031-T and the risk allele rs13218591-T46 at BTN3A2 were preferentially expressed

in EAS and EUR populations (represented by Han Chinese and British, STAR methods). It was reported that the increased expression of

BTN3A2 might cf. risk for schizophrenia by altering excitatory synaptic function,47 and we inferred that ASE could be one of the underlying

mechanisms. However, the non-risk allele rs1004095-A46 at PBX2 had higher expression in the EUR populations than the risk allele. PBX2 is a

key transcription factor of multiple gene regulatory networks and regulates embryonic development, and the dysregulation of PBX2 can lead

to various diseases, such as cancer.48 Therefore, the differential ASE may act as a predisposing factor for schizophrenia and show differences

in EAS and EUR populations.
Screening for dSCZ-SNPs with small within-continent variations

When speculating the genetic differentiation within each continent, we found higher FST values of the SCZ-SNPs across EAS populations as

compared to the EUR populations (average FST = 0.008 vs. 0.006, p = 0.026, one-tailedWilcoxon rank-sum test; weighted FST = 0.009 vs. 0.006)

(Figure S10). To determine possible contributors to the genetic heterogeneity of SCZ between EAS and EUR populations, we controlled for

the within-continental variations by excluding SNPs showing large population differentiation in either continent (STAR methods). Only 43 of

the 1,052 dSCZ-SNPs showed small within-continental variations (designated as filtered dSCZ-SNPs; fdSCZ-SNPs), in which 26 are with known

risk alleles (Table S2), but 38.9% of the dSCZ-genes (n= 586) contained 7,392 SNPs showing large between-continent differentiation but small

within-continent differentiation, and they were thus designated as filtered dSCZ-genes (fdSCZ-genes) (Figure 1A). Following Yang et al.,49 we

performed a two-sided Fisher’s exact test for genome-wide variations and found that all the fdSCZ-SNPs could tell the between-continent

differences in allele frequency (p< 0.05 after adjusting for the false discovery rate). The enriched functional categories of the 586 fdSCZ-genes

were similar to those of the 1,504 dSCZ-genes (Figure S11; Table S7).

In the protein-coding genes, the top fdSCZ-SNP was rs1950829, located in LRFN5 (max-FST(EAS) = 1.633 10�4, max-FST(EUR) = 5.663 10�4,

FST(EAS-EUR) = 0.422–0.528, AFD= 0.502), which is a brain-specific gene needed for synaptic development and plasticity50 (Table 1). Among the

other fdSCZ-genes, SLC5A10 was the most outstanding, attributing to rs1624825 (FST(EAS-EUR) = 0.7–0.82; AFD = 0.79) (Table 2). SLC5A10 en-

codes a member of the solute carrier superfamily, and it plays a vital role in neuropsychiatric mechanisms by affecting transport expression,

function, and regulation in the neurotransmitter systems.51 Importantly, rs1624825 located at the 30-UTR region is a microRNA target site, and

mounting evidence has implicated the importance of microRNAs in the pathology of schizophrenia.52 In addition, we found the likely

damaging variant rs1001292 (FST(EAS-EUR) = 0.49–0.58; AFD = 0.6; Combined Annotation Dependent Depletion (CADD) = 17.6; Genomic

Evolutionary Rate Profiling (GERP) = 3.1) in TSPAN18 of the candidates variants. TSPAN18 was previously shown to be the top dSCZ-gene
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Table 2. Top 10 protein-coding dSCZ genes with small within-continental variation

Gene Top SNP AFD PBSEAS PBSEUR iHS XP-EHH Gene function

SLC5A10a rs1624825 0.79 0.07 0.61 �/[1.41, 1.79] [�1.45, �0.33] It encodes the solute carrier (SLC) superfamily

which plays a vital role in neurodegenerative

disorders.51

IQGAP2a rs10037956 0.68 0.53 �0.08 [1.24, 1.62]/

[�0.34, 0.03]

[1.68, 1.68] It acts as a key regulator of dendritic spine

number, and plays an important role during

neuronal signal transmission and neuron

connectivity.83

SLC8A1 rs7590169 0.67 0.08 0.35 [�0.65, 0.82]/

[0.17, 0.64]

[�0.54, �1.14] It encodes the solute carrier (SLC) superfamily

which plays a vital role in neurodegenerative

disorders.51

DACH1a rs1981738 0.66 0.09 0.31 �/� �/� It encodes a transcription factor acting as a

neurogenic cell-fate determining factor.84

UTRN rs4305737 0.64 0 0.38 [�0.51, 0.45]/

[1.93, 2.7]

[�1.82, �1.94] It involves in neuronal cytoskeleton

organization and intracellular transport.85

SMYD3 rs985919 0.62 �0.01 0.39 [�0.67, �0.27]/

[�2.92, �2.58]

[�1.86, �1.47] The gene is amethyltransferase responsible for

methylation of H3K4 which has been

investigated in postmortem brain tissues.86

ATP2B2a rs2111751 0.61 0.49 �0.09 -/[�1.71, �1.19] [0.26, 0.74] It encodes the plasma membrane calcium-

transporting ATPase 2 which plays an essential

role in intracellular calcium homeostasis and is

reported to confer schizophrenia.61

CNTNAP5a rs34728680 0.61 0.54 �0.14 -/[�0.69, �0.5] [1.12, 1.89] It encodes proteins functioning in the nervous

system as cell adhesion molecules and

receptors, and is reported to confer

susceptibility to autism spectrum disorder.87

FOXP1 rs1053797 0.59 0.07 0.31 -/[�2.03, �0.68] [�1.09, 0.18] It shows association signals in a cross-disorder

meta-analysis of ASD and genome-wide

association studies in SCZ.46

PRICKLE2a rs61868826 0.56 0.25 0.11 [�0.31, 0.68]/

[1.22, 2.06]

[�2.47, �2.12] The gene is involved in human neuronal

development and that pathogenic variants in

the gene cause neurodevelopmental delay,

behavioral difficulties and epilepsy in

humans.88

The range of iHS(EAS) and that of iHS(EUR) are split by slashes (/) in the column named iHS. The range of XP-EHH(EAS-CEU) is shown in the column namedXP-EHH. The

superscribed letters a indicate that a dSCZ-gene with small within-continental variation can be validated using the high-coverage 1000 Genomes data.
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and the target of selection in the EAS populations, but only intronic variants with possibly benign consequences were identified to be dSCZ-

SNPs in this gene.21 Based on the GTEx data, we found these two variants, rs1624825 and rs1001292, showed correlations with the expression

of SLC5A10 and TSPAN18, respectively, in the brain cortex (Figures S8C and S8D). Despite that all of the fdSCZ-SNPs were predicted to be

non-coding variants, we found onemissense variant rs76082815 (max-FST(EAS) = 0.001, max-FST(EUR) = 0.006, min-FST(EAS-EUR) = 0.052) by exam-

ining the top 5% of SNPs with larger min-FST(EAS-EUR) values (>0.048) than the other genome-wide SNPs. The missense Pro-Leu variant

rs76082815 (c.2393C>T; P798L) located in LMO7 at 13q22.2 was identified to be associated with the intermediate phenotypes for psychotic

disorders.53 These findings again highlight the essential role of genetic ancestry in susceptibility to schizophrenia, and demonstrate the po-

tential of genetic ancestry prediction based on the schizophrenia genetic architecture.
Stronger selection signals on the SCZ genes in EAS than in EUR populations

Previous analyses showed that gene loci associated with SCZ are significantly more prevalent in genomic regions that are likely to have un-

dergone recent positive selection in humans.18 Consistently, we observed a significant excess of SCZ-SNPs in the genome-wide candidate

adaptive regions indicated by iHS over those associated with several other traits, e.g., Alzheimer’s disease (p = 2.673 10�5, the Fisher’s exact

test), bipolar disorder (p = 5.39 3 10�6), Body Mass Index (p = 2.53 3 10�6), and cardiovascular disease (p = 2.50 3 10�4) (Table S8, STAR

methods). To investigate the magnitude of allele frequency changes of the variants in the dSCZ-genes in the EAS and EUR populations
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Table 3. The SCZ-SNPs show outstanding signals of selection measured by iHS in EAS and EUR, respectively

SNP Gene

EAS EUR

CHB CHS CDX JPT KHV CEU GBR TSI IBS FIN

rs142972412 - �6.26* �6.27* �8.71* �5.46* �4.72* �8.01* �7.95* �7.00* �7.66* �9.52*

rs9274657a - �1.75 �1.04 2.80* �5.11* �1.28 �3.72* �3.48* �0.90 0.93 �3.49*

rs191239160 HLA-DRB6 �0.98 �1.75 �5.05* �3.99* �1.62 �3.67* �2.25* �0.78 �1.07 �3.40*

rs9274623a,b HLA-DQB1 3.77* 4.78* 2.37* – 3.94* 0.78 3.71* 3.30* 2.94* 1.42

rs9274390 HLA-DQB1 1.14 4.27* 0.35 2.60* 2.79* �5.84* �1.02 �1.38 0.36 �1.17

rs9269271 - �1.02 �1.50 �4.21* �0.96 0.01 �1.90 �1.05 �0.26 �0.32 �2.29*

rs77296290a HLA-DQB1 0.43 3.16* 1.40 4.13* 0.30 0.67 3.61* 2.04* 0.04 �1.84

rs140849564 HLA-DRB5 �2.42* �3.48* �4.11* �2.27* �0.29 �1.47 0.16 1.04 0.56 �6.81*

rs9270074 HLA-DRB1 0.17 �0.97 �4.07* �1.30 0.32 �1.94 �0.12 �0.11 0.30 �2.49*

rs184538485 HLA-DRB5 �0.38 �2.28* �3.95* �2.67* �0.46 �4.39* �5.20* �0.76 �1.52 �8.54*

rs9274299 HLA-DQB1 �1.32 – – – – �4.50* 0.90 �1.02 �1.12 –

rs4075330a,b ALG12 �2.17* �2.54* �1.65 �2.88* �3.17* �4.46* �3.90* �3.69* �4.27* �3.35*

rs5769765 ZBED4 �2.07* �2.25* �2.02* �2.98* �3.23* �3.10* �3.40* �3.50* �4.11* �3.31*

rs2596500 - – – – – – 3.97* 3.86* 3.48* 3.32* 2.77*

rs2760981 - �3.10* �2.66* �3.82* �2.14* �1.14 �2.49* �2.55* �2.17* �1.41 �3.94*

rs7719676 ZSWIM6 – – – – – 3.89* 3.33* 3.21* 3.54* 3.29*

The top ten SNPs with the highest maximum iHS value in the EAS or EUR populations are shown in this table, and a full list can be found in Table S9. The most

significant iHS values among the EAS or EUR populations are bolded, and those that reach the significance level at p < 0.05 are indicated with asterisks. The

superscribed letters a and b indicate that natural selection at an SCZ-SNP can be validated using the high-coverage 1000 Genomes data and the HGDP

data, respectively.
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relative to their divergence from the African population, we calculated the population branch statistic54 (PBS) for each continental group using

the African YRI population as an outgroup. Interestingly, the EAS populations showed a significantly greater excess of PBS compared with the

EUR populations (meanEAS�meanEUR = 0.041; p < 2.2 3 10�16, one-tailed Student’s t test) when compared with the genome-wide level

(meanEAS�meanEUR = 0.002; p < 2.2 3 10�16, one-tailed Student’s t test), indicating that these loci may be under selective pressure in the

EAS populations (Figure 1C). Moreover, this finding was further confirmed by the haplotype-based estimation of recent selective sweeps.

Although the 3,841 SCZ-SNPs collectively showed a similar extent of recent positive selection in the EAS and EUR populations (Figure S12),

the 211,699 highly differentiated variants in the dSCZ-genes showed higher cross-population extended haplotype homozygosity (XP-EHH)

values for the EAS populations when using CEU as a reference population (Figure 1D). This result was supported by the analyses on a subset

of the dSCZ-SNPs, which were reported in the latest GWASs of SCZwith a large sample size7,9 (Figure S13). We did not find any preference for

natural selection acting on functional variants or non-functional variants associated with SCZ (Figure S14).

In general, selective sweeps identified in the SCZ genes were quite different across populations in either continent, and most of the ad-

aptations likely occurred in a single or a fewpopulations (Table 3; Figures S15A and S15B; Table S9). For example, rs11038172 at TSPAN18was

reported to have experienced recent positive selection in the combined EAS population of the 1000 Genomes dataset.21 However, we tested

for each EAS population separately and found no sign of adaptation at this variant in CHS (Figure S15C; Table S9). We also found that CAC-

NA1I-rs8139773 showed a signature of selection in three of the EAS populations (iHS = �2.04 to �2.01 for CHB, CHS, and JPT; max-FST(EAS-

EUR) = 0.167). CACNA1I is involved in the calcium channel functions and might contribute to the risk of schizophrenia in the Chinese popu-

lation.55CADM2was detected with signals of positive selection in the southern Chinese populations (CHS and CDX) (Figure S15D). This gene

encodes amediator of synaptic signaling enriched in the brain. It was reported to be a potent regulator of systemic energy homeostasis,56 and

showed possible influence on vitamin D concentrations in animal studies.56 We did not find signals of positive selection on the haplotypes at

EPN2, the top gene showing the largest differentiation between EAS and EUR populations. However, this gene showed an excess of rare

variants over common variants in EUR populations (Tajima’s D = �2.27 and p = 5.42 3 10�3), which also indicated footprints of directional

selection (Figure S16). All of these results suggested that local adaptation might play a role in shaping the difference in the genetic basis

of SCZ between EAS and EUR populations.
Validation of the dSCZ-SNPs using the high-coverage genomes from the 1000 Genomes Project and the Human Genome

Diversity Project

We further validated the dSCZ-SNPs primarily identified in the 1000Genomes Project data sequencedwith amean depth of 7.63by using the

updated genome sequences with a mean depth of 303. Most of the SCZ-SNPs showed similar allele frequencies between the two versions of
6 iScience 27, 109560, May 17, 2024
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B

Figure 2. Signatures of recent selection at LTN1 and ZSWIM6

(A) Signals of recent selective sweeps in the EAS popultions and allele frequency distribution at LTN1-rs57646126.. (B) Signals of recent selective sweeps in the

EUR populations and allele frequency distribution at ZSWIM6-rs72761442. In each plot, the left panel shows the estimates of iHS at each SNP (blue dots: SNPs

with |iHS| > 2; red triangles: the key adaptive SNP associated with SCZ), and the right panel shows the allele frequency distribution of the key adaptive SNPs

obtained via PGG.SNV (https://pog.fudan.edu.cn/pggsnv/).
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the 1000 Genomes data (Figure S1). We found 990 in the 1,052 dSCZ-SNPs could be supported by the high-coverage genome data, including

the 15 missense dSCZ-SNPs and the top dSCZ-SNPs (rs12602286 and rs959071 in EPN2) (Table S2). We also referred to the population data

sequenced to 303 on average released by the Human Genome Diversity Project (HGDP) as they represent greater EAS and EUR population

diversity than the 1000 Genomes Project, and confirmed 931 dSCZ-SNPs including 14 missense variants. More importantly, two additional

missense dSCZ-SNPs, SECISBP2L-rs11854184 and DMKN-rs12460932, were identified in both validation datasets. SECISBP2L is specifically

expressed in differentiating oligodendrocytes and the autonomous regulation of oligodendrocytes differentiation is mediated by the

SECISBP2L-DIO2-T3 pathway during myelin development.57 Using the high-coverage 1000 Genomes data, we found two eQTLs in VPS45

to be dSCZ-SNPs (FST(EAS-EUR) = 0.16–0.22, AFD = 0.20 for rs12138231; FST(EAS-EUR) = 0.13–0.20, AFD = 0.17 for rs2318763). VPS45 encodes

proteins that have roles in early to late endosome maturation58 and in recycling back to the plasma membrane.59 Endosomal trafficking is

critical for processes thought to be disrupted in SCZ as alterations in endocytic trafficking can have dramatic effects on postsynaptic function

and plasticity.60 Regarding the 43 fdSCZ-SNPs, 19 were validated in the high-coverage 1000 Genomes data (Table S2), amongwhichATP2B2-

rs9879311 showed the largest differentiation between EAS and EUR (FST(EAS-EUR) = 0.36–0.42). ATP2B2 encodes the plasma membrane cal-

cium-transporting ATPase 2, which plays an essential role in intracellular calcium homeostasis and is reported to cf. schizophrenia.61 In partic-

ular, the aforementioned missense variant SECISBP2L-rs11854184 and regulatory variant VPS45-rs12138231 showed as fdSCZ-SNPs in this

data. Moreover, we confirmed the top signal of between-continent differentiation at EPN2 in the HGDP data. The HGDP EUR population

showed signals of positive selection (represented by rs959071 with iHS = 2.27 and FST(EAS-EUR) = 0.664), consistent with our primary findings

(Tajima’s D = �2.27 and p = 5.42 3 10�3 in EUR).
Differential natural selection at LTN1 and ZSWIM6

Some dSCZ-genes showed consistent selective sweeps in all of the populations from one continent but were neutral in the other continental

populations. One notable example is LTN1, which plays a role in ribosome quality control and was reported to have a significantly higher

expression in the peripheral blood in SCZ patients than in the healthy controls.62 We observed an excess of haplotype extension at a 61.7

kb region around LTN1 in the EAS populations (Figures 2A and S17A). The frequency of the adaptive haplotype reached >0.23 in the EAS

populations but was very rare in the EUR populations. We found that the adaptive haplotype carried a missense SCZ-SNP rs57646126

(c.2438C>T; A813V) reported to be associated with SCZ in EUR populations with large population differences between EAS and EUR pop-

ulations (FST(EAS-EUR) = 0.225–0.410). The derived allele frequency (DAF) at rs57646126 was higher in CHB (0.408) compared with other EAS
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Table 4. Differentiated Altai Neanderthal introgression detected at the SCZ-related loci

Region (Mb)

Length

(Kb) Genes SCZ-SNP AFD

max-

FST(EAS)

max-

FST(EUR)

max-

FST(EAS-EUR)

Potential

effects

on SCZ

Modern human

detected with

introgression

TMRCA (KYA,

mean G sd)

Chr1:150.00–

150.15

149 VPS45, PLEKHO1 rs140505938 0.168 9.38 3

10�5

6.63 3 10�3 0.198 Non-risk EUR 51.56 G 5.09

Chr1:150.27–

150.51

244.2 MRPS21, RPRD2,

PRPF3

rs11587682 0.137 9.38 3

10�5

0.018 0.181 Unknown EUR 68.23 G 5.56

Chr3:50.19–

50.42

230.2 SEMA3F, RASSF1,

GNAT1, GNAI2,

SEMA3B, HYAL3,

HYAL2, ZMYND10,

CACNA2D2, IFRD2,

NPRL2, SLC38A3,

TUDC2, NAA80,

NAT6, HYAL1,

TMEM115,

LSMEM2

CYB561D2

rs9882618 0.607 0.068 0.043 0.692 Risk EAS 54.67 G 8.32

Chr10:65.01–

65.26

249.1 JMJD1C rs7901794 0.205 0.112 0.015 0.320 Risk EAS 68.95 G 1.90

Chr2:68.36–

68.50

138 WDR92, PPP3R1 rs12052801 0.026 0.030 0.070 0.00 Non-risk EAS, EUR 35.27 G 6.21
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populations (0.237–0.308). We then estimated the iHS statistic to detect the presence of a signal of recent selection in EAS populations. The

SCZ-SNP rs57646126 showed consistent signals of positive selection in all five EAS populations (iHS = 2.07–3.19), indicating that the derived A

allele had an unusually long extended haplotype as compared to the ancestral allele G. And the onset of selection at this region was inferred

to be 23,759 (95% confidence interval (CI): 21,872–25,812) years ago, as estimated from the missense SCZ-SNP.

Furthermore, we found a EUR-specific adaptive haplotype spanning 213.9 kb at ZSWIM6 (Figures 2B and S17B). Knockout mouse studies

have shown that ZSWIM6 was expressed in the key brain regions involved in the pathogenesis of schizophrenia,63 and it might regulate the

morphology of striatal neurons andmotor function.64 The adaptive haplotype was carried by 43.9% of the EUR individuals but was very rare in

EAS individuals. We found a non-risk allele rs72761442-G in the adaptive haplotype. The association between rs72761442 and SCZ was re-

ported in populations with European ancestry.46 It showed a large genetic differentiation difference between EAS and EUR (FST(EAS-EUR) =

0.158–0.306). ZSWIM6 also showed consistent signals of positive selection in all five EUR populations, and the non-risk allele rs72761442-G

could be one of the targets (iHS = 2.78–3.22). Strikingly, this candidate adaptive allele was confirmed in all the EUR populations in the

high-coverage 1000 Genomes data and the combined EUR population in the HGDP data (Figure S18) The onset of selection of this variant

was estimated to be 14,152 years ago (95% CI: 12,316–15,955), after the split of EUR and EAS populations.
Adaptive introgression increases the SCZ risk in EAS

According to theAltai Neanderthal introgressed segments (spanning a total of 439.5Mb in EUR, and 451.3Mb in EAS) and alleles (n=519,546 in

EUR; n = 592,014 in EAS) detected using ArchaicSeeker 2.0,65 we found 179 (6.9%) and 205 (7.9%) LD-pruned SCZ-SNPs affected by the intro-

gressed segments in the EUR and EAS populations, respectively, in which only 12 (6.7%) and 7 (3.4%) were identified to be introgressed loci

(STARmethods) (Table S10). We quantified the relationship between SCZ and Altai Neanderthal introgression using stratified-LD score regres-

sion but observed no enriched heritability for SCZ in either population (enrichment = 0.77, p = 0.414) or EUR (enrichment = 0.78, p = 0.229)

groups. To assess the direction of effects on SCZ across the Altai Neanderthal-derived variants that have survived in the modern human

genome, we applied the signed LD profile regression. We predicted the protective effects of the Altai Neanderthal introgressed variants on

SCZ in the EUR populations (functional correlation = �0.0037, p = 1.1 3 10�5) as was reported in a previous study,26 whereas the effect in

the EAS populations tended to be in the opposite direction but it did not reach the significance level (functional correlation = 0.0007, p = 0.64).

We intersected the SCZ-SNPs and their linked loci (r2 > 0.8) with the introgressed variants and found some examples of the inconsistent

effect of Altai Neanderthal introgression on SCZ in different continental populations (Table 4; Figure S19). For example, we identified a region

spanning around 150 kb at 1q21.2 (Chr1:150001632-150150601) with a large genetic differentiation between EUR and EAS populations rep-

resented by the SCZ-SNP rs140505938 (max-FST(EAS) = 9.383 10�5, max-FST(EUR) = 6.633 10�3, FST(EAS-EUR) = 0.121–0.198; AFD = 0.168). The

European version of haplotypes in this regionwas likely inherited from the Altai Neanderthal introgression, and the archaic allele was in strong

linkage disequilibrium (r2= 0.8–1) with the rs140505938 allele that predicted to reduce the risk of SCZ6 (Figure 3A). However, the Asian version
8 iScience 27, 109560, May 17, 2024
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Figure 3. Examples of differentiated archaic introgression at the dSCZ-genes

The top to the bottom panels show signals of natural selection, haplotype networks, and nucleotide sequences at two Altai Neanderthal introgressed regions: (A)

1q21.2 (Chr1:150001632–150150601) and (B) 3p21.31 (Chr3:50190110–50420317). Statistic tests for neutrality in these regions were provided by the 1000Genomes

Selection Browser 1.0.82 Haplotype networks were constructed based on the archaic introgressed variants and the linked variants (r2 > 0.8). AIS: archaic

introgressed segments. Nucleotide polymorphisms are indicated by the dashes (‘‘–’’).
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of haplotypes in this region carrying the non-archaic alleles showed strong signals of selective sweep indicated by Fu and Li’s F* (�7.44 to

�5.45, p = 2.51 3 10�4–4.17 3 10�3) and Tajima’s D (�2.73 to �2.27, p = 7.59 3 10�5–8.91 3 10�3) (Figure 3A). VPS45 and PLEKHO1

were affected by the Altai Neanderthal introgression in this region. PLEKHO1 is a previously identified ubiquitination-related molecule

that specifically targets the linker region between the WW domains of Smurf1 to promote the ubiquitination of Smad1/5,66 which disrupts

osteoblastic bone formation.67 It has been suggested that increased PLEKHO1 suppressed Smad-dependent BMP signaling to inhibit

bone formation during aging. In addition, we observed Altai Neanderthal-like adaptive haplotypes at 3p21.31 (Chr3:50190110–50420317)

specifically in the EAS populations (Figure 3B). The Altai Neanderthal-like haplotypes also carried an SCZ risk allele rs9882618-T.68 We found

that the risk allele frequency at rs9882618 reached 0.486 in the EAS populations but remained very rare (<0.045) in the EUR populations.

Among the five EAS populations, the frequency of rs9882618-T was lower in JPT (0.486) than in the other four populations (0.602–0.677). Local

adaptation at 3p21.31 was reported in the EAS populations, possibly driven by the latitude-dependent ultraviolet-B irradiation.69 Interest-

ingly, we found the SCZ risk allele was in strong linkage with the reported adaptive alleles (r2 = 0.98) and showed signals of positive selection

in the HGDP EAS population (iHS = �2.48) (Figure S20). Consistent with a previous study,69 the extended haplotype homozygosity (EHH)

analysis showed that the haplotype carrying the risk allele had decayedmuchmore slowly than the haplotype carrying the non-risk allele (Fig-

ure 3B). We inferred the onset of positive selection at this region to be around 6,000 years in EAS populations, according to the allele fre-

quency trajectories in the ancient genomes (Figure S21). We also detected Altai Neanderthal-like haplotypes at another region of 1q21.2

(Chr1:150265619–150509820) in the EUR populations carrying the SCZ-SNP rs1158768270 (Figure S22). The archaic haplotypes in this region

showed EHH, indicating possible positive selection. The positive selection of the archaic haplotypes may contribute to the genetic differen-

tiation between EAS and EUR populations at this locus (max-FST(EAS) = 9.38 3 10�5, max-FST(EUR) = 0.018, FST(EAS-EUR) = 0.089–0.182; AFD =

0.137). Among the genes encompassed by this introgression segment, RPRD2 encodes a constitutively expressed protein that potently

restricts HIV replication during reverse transcription71; abnormal PRPF3 expression is potentially associated with carcinogenesis, such as he-

patocellular carcinoma.72 Recapitulating the aforementioned findings, we propose that the evolution of SCZ in humans could have been par-

alleled with positive selections acting on some other human traits, such as several protective traits in response to latitude-dependent

ultraviolet-B irradiation, immunological disease, and cancer.
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DISCUSSION

Our analyses indicated considerable heterogeneity of SCZ in human populations based on the reported genotype-phenotype associations.

We observed a substantial excess of cross-continental population differentiation in the SCZ-SNPs compared to the genome-wide level.

Furthermore, we revealed 1,052 SCZ-SNPs and 1,504 SCZ genes that were highly differentiated between EAS and EUR populations, and

most of them were validated with the high-coverage 1000 Genomes data and the HGDP data. Notable examples include the top-ranked

gene EPN2 under directional selection in the EUR populations, missense variants in LTN1 and THAP8 showing consistent selection signals

in EAS populations, and several ASEs in BTN3A2 and PBX2. After adjusting for the within-continental variation, we further screened 43

SCZ-SNPs and 7,349 other SNPs in the SCZ genes with the potential of indicating population genomic ancestry and distinguishing the

EAS and EUR populations. These loci might have experienced parallel or convergent evolution among populations from either continent,

and could be considered common signatures for disease risk prediction or therapeutic targets on the continent level. In particular, some

of the variants that had no reported association with SCZ were highlighted in our results, such as the regulatory variant SLC5A10-

rs1624825 showing the most outstanding west-east divergence, and the damaging variant TSPAN18-rs1001292 that provides novel insights

into a previously identified gene with evolutionary significance in EAS populations.21 In addition to the predicted functional importance of the

highly differentiated variants in these reported SCZ-genes, these two signals also showed potential regulatory effects according to the gene

expression in brain tissues in the GTEx database. ASE was identified at several variants but was not observed at the top signals. Considering

that the ASE analysis was conducted based on the gene expression data in whole blood, wewould expectmore findings when nervous tissues

are analyzed in the future.

We further explored the evolutionary driving forces of the observed genetic differentiation. We inferred that the differentiated natural se-

lection on the SCZ-SNPs between EAS and EUR populations, especially the selective preference acting on the SCZ risk allele in the EAS pop-

ulations, could be driven by the trade-off in the evolution of other human traits or diseases. Moreover, we hypothesized that ultra-violet ra-

diation or its related phenotypes influenced SCZ evolution, as evidenced by two adaptive loci in EAS. One is the Altai Neanderthal

introgressed region at 3p21.31. The adaptive haplotype may increase the SCZ risk but also affects the cellular response to the

ultraviolet-B irradiation.69 The other is CADM2, at which we observed latitude-related local adaptations. This gene plays a role in regulating

the vitamin D concentration, which is closely related to ultraviolet-B irradiation.56 Ultraviolet-B irradiation was demonstrated to be a con-

founding variable of humandisease severity and seasonal variance, including SCZ, by causing damage toDNA in an embryo.73Other research

suggested that vitamin D status is highly correlated with the manifestation of clinical symptoms and treatment response in patients with psy-

chiatric disorders,74,75 possibly via its action on the regulation of inflammatory and immunological processes.76 We should also note that SCZ

has correlations with various traits, especially some non-cognitive traits, such as body mass index and obesity,77 and we cannot rule out their

potential interactions with SCZ in this study.

The extreme divergence of the SCZ-SNPs between EUR and EAS populations suggests that differential population histories may serve as

one of the primary reasons for failed replications of the reported GWAS-significant SNPs for SCZ among ethnic populations, and this

reasoning can be applied to multiple psychiatric disorders. Some of the dSCZ-genes identified have pleiotropic effects on SCZ and

other psychiatric disorders, including TRANK1, which is related to bipolar disorder (represented by a cis-eQTL of TRANK1, rs3732386,

FST(EAS-EUR) = 0.25), and FURIN, which is related to autism spectrum disorder (represented by rs8032315 associated with autism spectrum dis-

order, FST(EAS-EUR) = 0.20).

Limitations of the study

Several factors may have limited our understanding of the differentiated genetic architecture of SCZ across population ancestries. The

collected SCZ-SNPs were mainly reported in the EUR-based GWASs, and the transferability of these associations across ancestries remains

unclear. These priori candidates are enriched with common variants, which could explain at most 24% of the genetic liability to SCZ in EUR

populations.19 However, the rare variants were not fully investigated in this study. Furthermore, it is challenging to link the genetic variations to

the phenotypic diversity without any functional validation. We explicitly demonstrated evidence of positive selection and archaic hominin

gene flow that occurred in the SCZ-SNPs, whereas the causal variants and their phenotypic contributions remain ambiguous, and the real

scenario would be much more complicated than the cases we show here. Particularly for the complex genomic regions, such as the human

MHC region and those locatedwith structural variations, advanced sequencing technologies, and functional experimentsmay be essential for

further explorations of their contributions to SCZ. Although efforts are made in this study to uncover the SCZ genetic diversity in multiple

geographical populations from Eurasia, we acknowledge that the coverage of population genetic diversity in the 1000 Genomes dataset

is still insufficient.78 In particular, population stratification in East Asia is very complex.79,80 There is thus a need for additional efforts incorpo-

rating diverse ethnic groups and fine maps of high-quality sequence data to determine the genetic mechanisms of SCZ in humans to further

facilitate precision and personalized medicine.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

NHGRI-EBI GWAS Catalog (As of 2023-02-08) NHGRI-EBI https://www.ebi.ac.uk/gwas/efotraits/MONDO_0005090

1000 Genomes Project Phase III (low-coverage) EMBL-EBI89 https://ftp.ncbi.nlm.nih.gov/1000genomes/

ftp/release/20130502/

1000 Genomes Project Phase III (high-coverage) EMBL-EBI90 http://ftp.1000genomes.ebi.ac.uk/vol1/ftp/

data_collections/1000G_2504_high_coverage/

working/20190425_NYGC_GATK/

Human Genome Diversity Project Bergström et al.91 ftp://ngs.sanger.ac.uk/production/hgdp/hgdp_wgs.20190516/

Altai Neanderthal genome Prüfer et al.24 https://www.ebi.ac.uk/ena/browser/view/ERP002097

Denisovan genome Reich et al.92 https://www.ebi.ac.uk/ena/browser/view/ERP000318

Ancient DNA data (As of 2022-11-21) Mallick et al.93 https://reich.hms.harvard.edu/allen-ancient-dna-

resource-aadr-downloadable-genotypes-present-

day-and-ancient-dna-data

Genotype-tissue expression data The GTEx Consortium94 https://gtexprotal.org

1000 Genomes Selection Browser 1.0 Pybus et al.82 https://hsb.upf.edu

Software and algorithms

VCFtools Danecek et al.95 https://vcftools.sourceforge.net/

ClusterProfiler v4.2.2 Yu et al.81 https://bioconductor.org/packages/

release/bioc/html/clusterProfiler.html

Python 3.6.10 Python Software Foundation https://python.org/

Selscan v1.2.0 Szpiech et al.96 https://github.com/lasugden/selscan

PLINK v1.9 Chang et al., 201597 https://www.cog-genomics.org/plink/1.9/

Startmrca Smith et al.98 https://github.com/jhavsmith/startmrca

ArchaicSeeker 2.0 Yuan et al.65 https://github.com/Shuhua-Group/ArchaicSeeker2.0

LDSC (LD Score) v1.0.1 Finucane et al.99 http://www.github.com/bulik/ldsc

SLDP (Signed LD profile) regression Reshef et al.100 http://www.github.com/yakirr/sldp

NETWORK v10 Fluxus Technology Ltd https://www.fluxus-engineering.com/
RESOURCE AVAILABILITY

Lead contact

Further information about this manuscript and requests for resources will be fulfilled by the lead contact, Shuhua Xu (xushua@fudan.edu.cn).
Materials availability

This study did not generate new unique reagents.
Data and code availability

� Data: All data analyzed in this study are publicly available with accession numbers provided in the key resources table.
� Code: This study does not report any original code.
� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

This study did not use any experimental model or subject.
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METHOD DETAILS

Genome data collection of present-day and ancient samples

We downloaded the genome data of 1,007 unrelated individuals from five EAS populations and five EUR populations released by the 1000

Genomes Project Phase III (https://ftp.ncbi.nlm.nih.gov/1000genomes/ftp/release/20130502/).89 The EAS populations included CDX (Chi-

nese Dai in Xishuangbanna, China; n = 93), CHB (Han Chinese in Beijing, China; n = 103), CHS (Southern Han Chinese, China; n = 105),

JPT (Japanese in Tokyo, Japan; n = 104), and KHV (Kinh in Ho Chi Minh City, Vietnam; n = 99); the EUR populations included CEU (Utah res-

idents with northern and western European ancestry; n = 99), GBR (British in England and Scotland; n = 91), FIN (Finnish in Finland; n = 99), TSI

(Toscani in Italy; n = 107), and IBS (Iberian population in Spain; n = 107). The African YRI (Yoruba in Ibadan, Nigeria; n = 108) population was

used as an outgroup. We filtered the multiallelic sites and used 77,818,183 biallelic sites in subsequent analyses.

Wealsoobtained twohigh-coveragegenomedatasets for validationanalyses, including theupdated1000Genomesdatawithameandepth

of 303 (http://ftp.1000genomes.ebi.ac.uk/vol1/ftp/data_collections/1000G_2504_high_coverage/working/20190425_NYGC_GATK/),90 and

the HGDP data (ftp://ngs.sanger.ac.uk/production/hgdp/hgdp_wgs.20190516/).91 The HGDP data analyzed included 241 EAS individuals

from China, Japan, Cambodia, and Siberia, and 161 EUR individuals from France, Russia, Italy, and Orkney islands. Totally 91,796,551 and

63,540,915 biallelic variants in these two datasets, respectively, were used in subsequent analyses.

To investigate the allele dynamics in human history, we obtained the high-coverage genomes of anAltai Neanderthal24 and aDenisovan,92

and 8,872 worldwide Neolithic-to-Paleolithic ancient human genomes (Allen Ancient DNA Resource, https://reich.hms.harvard.edu/allen-

ancient-dna-resource-aadr-downloadable-genotypes-present-day-and-ancient-dna-data,93 last accessed November 21, 2022, version

54.1).93 Samples from each continent were grouped according to the date to ensure a sufficient sample size (>40 for each group) for allele

frequency estimation. The ancestral alleles were determined according to the GRCh37 e71 ancestral sequence. We used the reference alleles

to represent the ancestral alleles for single nucleotide polymorphisms (SNPs) without determining ancestral or derived allele states.
A compiled list of the SCZ-associated genes

Weobtained 3,987 SCZ-associated SNPs (SCZ-SNPs) on the autosomes under the trait term ‘‘schizophrenia’’ from the GWAS catalog (https://

www.ebi.ac.uk/gwas/efotraits/MONDO_0005090), including the ‘‘background traits data’’ and the ‘‘child trait data’’. We found that 3,841 of

the 3,987 SNPs were genotyped in the 1000 Genomes dataset used in the primary analyses.7,9 According to the Ensembl 96 genome anno-

tation (GRCh37), the SCZ-SNPs are located in 1,592 genes, which were thus considered SCZ-associated genes (SCZ-genes). A full description

of the SCZ genes and SNPs can be found in Figure S1. In the high-coverage 1000 Genomes data and the HGDP data, 3,634 SCZ-SNPs located

in 1,278 genes and 3,770 SCZ-SNPs located in 1,235 genes were detected, respectively. In this study, we analyzed all of the SNPs located in the

SCZ-genes (collectively known as SCZ-related SNPs), and focused on 2,401 SNPs with determined phenotypic effects (risk or non-risk for SCZ)

in previous association studies (Table S11). In addition, we extracted a subset of SCZ-SNPs, including 442 SCZ-SNPs reported in two latest

GWASs of SCZ conducted on large samples,7,9 to validate the genetic differentiation of SCZ between population ancestries.

We also generated sets of random SNPs (with a comparable number of random SNPs to that of the SCZ-SNPs in each set) using two stra-

tegies (100 SNP sets by each strategy) to evaluate the genetic diversity of the SCZ-genes in a genome-wide context. For the first ‘‘relaxed’’

strategy, we randomly selected SNPs from the whole genome, and these sets of SNPs were designated as relaxed control SNPs (rc-SNPs). For

the second ‘‘strict’’ strategy, we first selected random genes with matching sizes and biological types of the SCZ-genes, and then conducted

variant sampling from these strict control genes (sc-genes) according to the SCZ-SNP density distribution in the SCZ-genes. These SNPs were

thus designated as strict control SNPs (sc-SNPs). The two sampling strategies are illustrated in Figure S1. In addition, we randomly sampled a

set of SNPs that matched the SCZ-SNPs on the minor allele frequency (MAF) spectrum in EUR and EAS populations, with a frequency bin size

of 0.05.
Principal component analysis (PCA) and estimation of the genetic differentiation

We carried out approximate pruning for possible linkage disequilibrium (LD) of the SCZ-related SNPs by selecting an SNP in each of the

200-kb non-overlapping windows, and PCA was performed on the remaining 1,899 SNPs using PLINK version 1.997 with all of the options

set to the default. As a measure of genetic differentiation on the individual level, we calculated the nucleotide difference for pairwise indi-

viduals between or within continents; on the population level, we measured the overall genetic divergence for pairwise populations by calcu-

lating the SNP-based FST
101 for pairwise populations and the combined continental groups using VCFtools.95 All of these analyses were car-

ried out independently for the target and control sets of SNPs.
Identification and annotation of the highly differentiated SCZ-related SNPs between EAS and EUR populations

For each SNP in the autosomes, we calculated the FST
101 for all of the Eurasian population pairs, and determined a candidate SNP if the

maximum FST between EAS and EUR populations (max-FST(EAS-EUR)) at this locus reached the top 5% significance level (empirical p < 5%)

of the autosomal SNPs. Based on these candidate SNPs, we further screened for the SNPs that were genetically similar within each continent

by calculating the largest FST value within each continent (denoted as max-FST(EAS) and max-FST(EUR) for EAS and EUR, respectively) at each

locus. We selected candidate SNPs with lower max-FST(EAS) and max-FST(EUR) compared to the genome-wide average in EAS and EUR pop-

ulations, respectively. In addition, SNPs with a lowermax-FST(EAS-EUR) (lower than the genome-wide averagemax-FST(EAS-EUR)) were considered

to be less differentiated between EAS and EUR populations. Functional consequences and pathogenicity of the candidate SNPs were further
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assessed using Variant Effect Predictor (VEP).102 Combined Annotation Dependent Depletion (CADD) could score the deleteriousness of

SNPs and insertion or deletion variants. Genomic Evolutionary Rate Profiling (GERP) identifies constrained elements in multiple alignments

by quantifying substitution deficits. Gene functional enrichment was carried out using ClusterProfiler version 4.2.2.81

We independently analyzed the X chromosome. We calculated the allele frequency of the X-linked SNPs using PLINK version 1.997 given

the gender information, and determined the candidate highly differentiated X-linked SNPs between EAS and EUR populations using the top

5% cutoff.
Gene expression analysis

We explored possible regulatory effects of the highly differentiated SCZ-related SNPs using the gene expression data in brain tissues

released by the Genotype-Tissue Expression (GTEx, https://gtexprotal.org) Project. In addition, we analyzed the allele-specific expression

(ASE) at the SCZ-genes. The SNP-based ASE data for the EAS and EUR populations, represented by 39 Han Chinese samples and 94 GBR

samples, respectively, were generated using phASER v3.22.0103 in a previous study.104 One ASE locus was defined as a false discovery

rate (FDR) < 5% in the binomial test and allelic imbalance R 0.2. Homozygous sites and heterozygous sites with <10 reads were excluded.

The allelic imbalance was calculated as follows:

�
�
�
�

ref

ref+alt
� 0:5

�
�
�
�:

where ref and alt are the numbers of mappable reads of the reference and alternative alleles, respectively.
Testing for natural selection

To detect recent or ongoing positive selection, we calculated the integrated haplotype score (iHS)105 for the polymorphic sites in each of the

EAS and EURpopulations, and estimated the cross-population extended haplotype homozygosity (XP-EHH)106 for EUR-EASpopulation pairs.

Both analyses were performed using Selscan version 1.2.0,96 and the outputs were normalized across 100 frequency bins. Finally, we deter-

mined the candidate adaptive SNPs using a criterion of |iHS| > 2 or |XP-EHH| > 2. To determine the candidate genome regions of a selective

sweep, we calculated the proportions of candidate adaptive SNPs for a sliding window (50 kb in length, stepping 25 kb,R20 SNPs) across the

genome. Candidate regions of positive selection with empirical p < 0.005 were selected from each group.

To examinewhether the SCZ-SNPs aremore prevalent in candidate regions of positive selection than those associatedwith other traits, we

downloaded SNPs associated with Alzheimer’s disease, bipolar disorder, body mass index, and cardiovascular disease from the GWAS Cat-

alog, and tested for the enrichment of trait-associated SNPs in the candidate regions of positive selection using one-sided Fisher’s exact test.

We also tested for the enrichment of candidate regions of positive selection at the functional or non-functional sites. The functional variants

included missense variants and conserved variants with CADD >15 or GERP >2 annotated using VEP, and eQTLs reported by the GTEx Proj-

ect. The p-values were also obtained by the one-sided Fisher’s exact test.

We also calculated estimators of nucleotide diversity (qp), number of segregating sites (qK), and Tajima’s D107 to test for neutrality with a

sliding window of 50 kb along the chromosome, stepping by 10 kb. The empirical p-value was estimated by ranking the statistical values of

each gene among all of the regions across the genome. For some local genomic regions of interest, we referred to the 1000 Genomes Se-

lection Browser82 (https://hsb.upf.edu) for signatures of natural selection by comprehensive statistics, including Tajima’s D107 and Fu and

Li’s F*.108
Estimating the selection time

We used startmrca98 to estimate the onset of selection of a beneficial allele by investigating its 1-Mb surrounding region. A mutation rate of

1.6 3 10�8 per site per generation was used in accordance with a previous study.109 We ran 15,000 iterations and retained the last 6,000 it-

erations as the final results.
Quantifying the effects of Altai Neanderthal introgression on the SCZ-genes

The introgressed segments and alleles from Altai Neanderthal in the EAS and EUR genomes inferred using ArchaicSeeker 2.0 were reported

by Yuan et al.65 To quantify the proportion of SCZ-associated loci potentially influenced by the Altai Neanderthal introgression, we obtained

2,579 LD-pruned blocks with a between-SNP-distance <50 kb for any adjacent SCZ-SNPs in one block. If a block contained an SCZ-SNP with

likely archaic origin, it was determined to be influenced by the archaic introgression. To test whether the introgressed variants were enriched

for the heritability of SCZ, we applied the Stratified-LD Score Regression v1.0.199 to the summary statistics of the association test in the EAS

and EUR populations, respectively9 (downloaded from https://www.med.unc.edu/pgc/), following the procedures and parameters used by

McArthur et al.26We then applied signed LDprofile regression100 to quantify the directional effect of archaic introgression on SCZ. The signed

annotations were generated by calculating themaximum LD (measured by r2) between the Altai Neanderthal introgressed variants and others

in the 1000 Genomes Phase III dataset.
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Constructing the haplotype networks

We constructed and visualized the haplotype networks using NETWORK v10 (https://www.fluxus-engineering.com/). For the archaic intro-

gressed regions, the haplotype networks were constructed based on the archaic introgressed variants and the linked variants (r2 > 0.8).

We first calculated the median-joining network,110 and then used the maximum-parsimony algorithm111 to identify and remove the unnec-

essary median vectors and links.

Estimating the time to the most recent common ancestor (TMRCA)

We estimated the TMRCA of the archaic-like haplotypes in the introgressed regions of populations. We conducted 100 replicated runs, each

conducted on 80% of the sequences, to obtain the confidence interval (CI) of the estimates. For a given segment from a to b, we first calcu-

lated the average pairwise nucleotide differences of sequences (p) in the region as follows:

p =
23

Pn� 1
i = 1

Pn
j = i+1 pij

ðn+1Þ3 n

Where n is the number of sequences analyzed in this region, and pij is the nucleotide difference between the ith sequence and jth sequence.

We then estimated the local mutation rate (mab) in this region as:

mab =
dHum�AncHumChimp

lab 3THum�HumChimp

where the lab is the segment length, dHum�AncHumChimp is the nucleotide difference between the human reference genome and that of the

most recent common ancestor of humans and chimpanzees in this region, and THum�HumChimp is the divergence time between humans

and chimpanzees, which is assumed to be 13 million years in this study. The TMRCA can be estimated as:

TMRCA =
p

23mab 3 lab
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