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Genetics of Schizophrenia in the South African Xhosa

Supplementary Materials and Methods

Recruitment and sample collection

Subjects were individuals with schizophrenia and controls, self-identifying as Xhosa, and
matched for sex, age, education level and region of residence (Table S1). Cases were recruited
from provincial psychiatric hospitals and clinics in the Eastern Cape Province and Western
Cape Province of South Africa, and included both in-patients and out-patients (Table S2).
Participants met DSM-IV diagnostic criteria for schizophrenia or schizoaffective disorder (26)
over at least a two-year period. Controls were recruited from university-affiliated general medical
hospitals and community health centers that draw from catchment areas similar to the

psychiatric hospitals.

A Community Advisory Board was created to protect the rights of research subjects, to aid in the
development of consent processes and recruitment strategies, and to promote the respect and
dignity of research participants and their communities (27). Cases and controls were assessed
using the Structured Diagnostic Interview for DSM-IV Axis | Disorders (SCID-I) (28). Medical
records information was reviewed and incorporated into a consensus diagnosis. All recruitment
and clinical interview materials were administered in isiXhosa, following the World Health
Organization (WHO) translation guidelines (29). In addition to the psychiatric assessment,

participants provided blood samples for DNA analysis and HIV screening.

The study inclusion and exclusion criteria were:
Cases: patients were potentially eligible for the study based on the following: Xhosa speaking;

clinical diagnosis of schizophrenia or schizoaffective disorder; duration of illness at least two



years; age 21-54 years; lived in the appropriate metro region; capable of informed consent

when approached in pre-discharge open wards.

Controls: participants were recruited from community health clinics, and excluded if they
reported an injury requiring hospitalization, a history of brain injury or seizures, a history of self-
injury, or presented with injuries clearly related to alcohol or drug use and previous history of
psychosis. Controls were generally recruited from clinics that provided basic medical care,
including treatments for common conditions such as hypertension and diabetes. Given the
nature of the clinics, we cannot rule out that some controls had subtle cognitive or

neurodevelopmental conditions.

The sample was predominately male (88%), which was unexpected since gender ratios
reported in epidemiological studies of schizophrenia range from approximately equal to a slight
male predominance (30). The sampling strategy may have led to a higher proportion of males,
in that recruitment sites included psychiatric hospitals and institutions. Males with schizophrenia
generally have greater impairment, and are more likely to be chronically institutionalized than

are females (31).

Exome sequencing and genotyping

Whole exome sequencing was carried out on genomic DNA of 1024 cases and 1004 controls at
the Human Genome Sequencing Center (HGSC) at Baylor College of Medicine in 4 waves.
lllumina paired-end pre-capture libraries were constructed using 0.5ug of DNA according to the
manufacturer's  protocol (lllumina  Multiplexing_SamplePrep _Guide_1005361_D)  with
modifications as described in the HGSC protocol (https://www.hgsc.bcm.edu/content/protocols-

sequencing-library-construction). For each capture hybridization, six pre-capture libraries were



pooled and then hybridized in solution to the HGSC VCRome 2.1 design (32) (42Mb,
NimbleGen) essentially according to the manufacturer’s protocol NimbleGen SeqCap EZ Exome
Library SR User’s Guide (Version 2.2). Sequencing was performed using the lllumina HiSeq
2000 platform in paired-end mode, with sequencing-by-synthesis reactions extended for 101
cycles and an additional 7 cycles for the index read. With an average sequencing yield of 7.6

Gb, the samples achieved 95% of targeted exome bases covered to a depth of 20X or greater.

Primary sequence data analysis was performed using the HGSC Mercury analysis pipeline (33)

(https://www.hgsc.bcm.edu/software/mercury) which moves data through various analysis tools
from the initial sequence generation on the instrument to annotated variant calls (SNPs and
intra-read in/dels). The whole exome sequence data from 1024 cases and 1004 controls was
mapped to GRCh37/hg19 human reference genome with BWA-aln v.0.6.235. Aligned reads
were further processed by PICARD v1.93 (broadinstitute.github.io/picard) and GATK v2.5-2
pipeline (34). Variants were called using Atlas-SNP2 and Atlas-Indel2 v1.4.337. Analyses

included all sequence targeted by VCRome capture library probes +20bp.

Raw and processed data were transferred to the University of Washington by secure FTP, for

further quality assessment and interpretation of variants and statistical analysis.

Variant calling and quality control

Genotypes from exome data at sites present in Omni v2.5 were used to determine variant-level
quality thresholds. Based on the comparison of genotypes at Omni sites to genotypes at other
variant sites, quality thresholds were defined as >4 median variant reads, >0.30 median variant
read proportion, >40 median variant quality and Atlas filters PASS in >70% of all variant carriers
(Figure S1). All variants not meeting these thresholds were omitted. We also removed variant
sites that are flagged as problematic by ExXAC and chromosome X variants located in pseudo-

autosomal regions or with heterozygous genotype calls in males.



Samples were removed if their sequences were >3 standard deviations below median average
coverage, percent coverage at 20X, number of variant calls, and number of high quality variant
calls; 54 samples were removed by these criteria. Using PLINK v1.07 software (35) to identify
sample relatedness, we identified and removed any first-degree relatives and included only one

individual from each family.

In parallel to the whole exome sequencing workflow, all samples were independently genotyped
with Human Exome-12v1.2, Human Core Exome-24 v1.0 or Infinium Core Exome-24v1.1
exome arrays to detect possible contamination or sample mislabeling. SNP array and exome
data were analyzed through a locally developed software pipeline to calculate self-concordance
ratios and contamination calculations (www.hgsc.bcm.edu/software/eris). Genotypes from SNP
arrays were compared to the corresponding sites from whole exome data and a concordance
score calculated from each site. A concordance score <0.90 indicated a possible sample swap
and a contamination score >5% a potential sample contamination. No samples passing

previous quality filters had suspicious contamination or concordance values (Figure S2).

In order to avoid biased results due to outliers, we removed samples that harbored a
disproportionately high number of rare variants. For this step, rare variants were defined as a
variant found in only 1 Xhosa participant (case or control), without population filtering. Outliers
were defined as samples carrying >3 standard deviations above the median number of rare
variants for the entire cohort, which corresponded to >135 rare variants per person. The number
of rare variants harbored by samples included in the analyses ranged from 10 to 134, with
median 35.5. Final analyses were then further restricted to Xhosa-specific private variants
(Figure S3). There were no significant differences in the number of private variants within

sequencing waves (Figure S4).



Finally, individuals were removed from the analyses based on diagnostic misclassification
discovered during the data reconciliation process. Overall, 909 cases and 917 controls passed
all quality filters (Figure S2). Distributions of different classifications of variants were similar

across cases and controls (Figure S5).

Population structure and variation
Average heterozygosity for all exome sequence (31.7MB) was calculated for the Xhosa, and for
all other populations in phase 3 of the 1000 Genomes project (36). Heterozygosity was defined

as number of heterozygous sites per 10kb coding basepairs (Figure 1B, main text).

Principal component analysis was carried out to evaluate ancestral relationships between the
Xhosa and other populations. Variant sites in the analysis were those found on the Omni V2.5
SNP platform and located in whole-exome-targeted regions. Genotypes were extracted from
whole exome sequences of the Xhosa cohort, and from Omni V2.5 SNP array data of 1000
Genomes Project (36) and the EGAS00001000959 dataset of the African Genome Variation
Project (AGVP) (37). Only autosomal SNPs were included because the AGVP dataset does not
include genotypes from X or Y chromosomes. Populations from the 1000 Genomes Project
were Afro-Caribbeans from Barbados (ACB), African-Americans from the U.S. southwest
(ASW), Luhya from Kenya (LWK), Maasai from Kenya (MKK), Yoruba from Nigeria (YRI),
Colombians (CLM), Mexican-Americans from Los Angeles (MXL), Peruvians (PEL), Puerto
Ricans (PUR), Chinese Dai (CDX), Han Chinese (CHB) from Beijing, Southern Han Chinese
(CHS), Japanese (JPT), Kinh from Vietnam (KHV), Utah residents of northern and western
European ancestry (CEU), Finns (FIN), British (GBR), Spanish (IBS), Tuscans from ltaly (TSI),

Gujarati Indians living in Houston (GIH). Populations included from the AGVP were Baganda,



Banyarwanda, Barundi, Ethiopia, Kalenjin, and Kikuyu from East Africa; Fula, Ga-Adangbe,

Igbo, Jola, and Wolof from West Africa; and Sotho and Zulu from South Africa.

Analyses included all autosomal SNPs with MAF = 0.01 after removing samples with 25%
missing genotypes and SNPs with 25% genotyping failures. SNPs were then pruned for linkage
disequilibrium using PLINK (35) command ‘indep 50 5 2’. A total of 26,146 common, exonic
SNPs passed these filters and were included in population structure analyses. Principal
components were estimated by multidimensional scaling with Euclidean distance using KING

2.1.2 software (38) (Figures S6, S7).

Ancestral population structures were evaluated using ADMIXTURE v1.3.0 (39) for the Xhosa,
other African populations, and populations from other continents. For African populations, we
constructed an African dataset including 19 African subpopulations from 1000 Genomes, the
AGVP populations, and our data for the Xhosa. Global analyses included all 1000 Genome
populations in addition to the African dataset. The 26,146 common exonic SNPs identified as
above were included, with K values between 2 to 20. The ADMIXTURE software uses an n-fold
cross-validation (CV) procedure to find the best K value that fits the data with minimal CV error.
For our population data, a 5-fold CV procedure generated the best estimate of K, yielding K=6

for African populations and K=11 for global analysis (Figures S8, S9, S10).

Variant annotation

Variants were annotated using Annovar 2018-04-16 (40), with RefSeq as the reference for
transcript definition. Population allele frequencies were drawn from 1000 Genomes, EXAC 3.0,
gnomAD 2.0, and AGVP whole genome sequence (wgs) data. AGVP wgs data consists of
autosomal variants of 100 Baganda individuals from Uganda, 100 Zulu individuals from South

Africa, and 120 Gumuz, Wolayta, Oromo, Somali and Amhara persons from Ethiopia.



The potential impact of missense variants were predicted using PolyPhen-2 v2.2.2 and SIFT
prediction tools (41 ,42), multiple sequence alignment data of 45 vertebrates to human
sequence (multiz46way) and InterPro protein domains. For splice site variants located +2bp of
exon-intron junctions, MaxEnt scores (43) were calculated for splice motifs for reference and
variant sequences. MaxEnt calculates a large range of scores (0-15) for reference splice
junctions. We used a conservative region specific normalization to generate a normalized score
difference for splice variants. For each site we calculated MaxEnt scores for the reference motif
and for all possible mutations within a window defined as splice motif; 3 bases in exon and 6
bases in intron for donor sites and 20 bases in intron and 3 bases in exon for acceptor sites. For
each site we selected the lowest score as the worst possible outcome and used it in the
normalization. The normalized MaxEnt splice score was 1 - (Variant score — lowest score) /
(Reference score — lowest score). This score reflects the strength of a particular mutation in
comparison to reference sequence and other possible mutations at the particular splice junction.
We selected 0.80 as the threshold to classify splice mutations as damaging. We used gene

constraint scores generated from EXAC excluding psychiatric cohorts.

Criteria for variant classification were as follows:

Functional variants: All frame-shifts, nonsenses, splice variants predicted to alter splicing, and
missense variants.

Damaging variants: Nonsense and frame-shift mutations in the first 80% of the protein; splices
at +2bp of junctions and with a normalized MaxEnt score >0.80; missenses predicted damaging
by polyphen-2 (humdiv >0.9, humvar >0.8) and SIFT (<0.05) or by polyphen-2 alone (humdiv
>0.9) if the variant is located in an InterPro protein domain; and for which the variant amino acid
did not appear as the reference residue in any vertebrate.

Damaging mutations in mutation-intolerant genes: Predicted damaging splice, nonsense and



frame-shift variants in genes intolerant to loss of function mutations (pLl 20.5); predicted
damaging missense variants in gene with missense Z score 22.5 (44). For genes with
missense Z scores 24.0, missense variants predicted damaging with any of the algorithms

(PPH2_humdiv 20.9 or PPH2_humvar 20.8 or SIFT <0.05).

Xhosa-specific private mutations

A “private variant” was defined as a variant appearing in only one case or only one control
among our participants and not in other population databases (with the exception of minor allele
frequency <0.00005 on gnomAD (45) to allow for re-occurrence of the same mutation and for
database errors). Associations between Xhosa-specific private mutations and schizophrenia
were tested using Firth’s penalized-likelihood logistic regression model (46), corrected for the
number of Xhosa-specific private variants, gender, sequencing wave, coverage and first ten
principal components. Statistics were generated for each case-control test independently. Odds
ratios (OR) and P values for each gene were obtained using the logistf function implemented in

R.

The distribution of various classes of variants in cases and controls for all Xhosa-specific private
mutations, for private damaging mutations in all genes and for private damaging mutations in
case-only or control-only genes, is presented in Table S3. Rates of mutations in cases and in

controls are compared by logistic regression with the covariates as defined above.

Numbers of cases and numbers of controls were compared for presence of private predicted-
damaging mutations in genes intolerant to such mutations (47). From this set, a subset of genes
was generated with private predicted-damaging mutations only in cases or only in controls. We
identified 2370 private predicted-damaging variants in 1388 mutation-intolerant genes, of which

547 were “case only” genes and 493 were “control only” genes. Thresholds for “case only” and



“control only” genes were set at 1, 2, or 3 variants per gene to create text Figure 2. For this
analysis, we tested the effect of having at least one qualifying variant to case-control status. We
used the presence of a qualifying variant (yes or no) as the dependent variable. We repeated
the analyses using a more conservative pLI threshold of 0.9. The results are virtually identical to

those with pLI threshold of 0.5 (Table S4).

Using the same methods, we also compared numbers of cases versus controls harboring at
least one private benign mutation in mutation-intolerant genes (text Figure 2). Benign variants
were defined as private variants in genes with missense Z-score >2.5 that were not predicted to

be damaging by the criteria above.

To test for an oligogenic model, we assessed whether harboring an increasing number of
qualifying variants predicted case-control status; the dependent variable was the number of

qualifying variants observed in each sample (Table S5).

Tissue expression profiles

Tissue expression profiles were examined for genes harboring private damaging mutations in
cases and controls (Table S6), using a database of genes differentially expressed in 25 different
GTEXx tissues (14). We extracted tissue-specific enriched genes, based on a specificity index
(pSl) threshold <0.01 and compared the number of tissue-specific enriched genes for each

tissue that harbored private damaging mutations in cases and controls.

Synaptic genes
Tests of association between Xhosa-specific private mutations and schizophrenia were
repeated for genes encoding synaptic proteins. A synaptic gene was defined using the SynGO

database (36). We identified 425 private predicted-damaging variants in 230 mutation-intolerant



synaptic genes, of which 88 were “case only” and 72 were “control only”. The number of cases
versus controls harboring benign private mutations in synaptic genes was also assessed (text

Figure 2) to serve as a comparison for the analysis.

HIV status

Private damaging mutations, and private damaging mutations in synaptic genes, remained
significantly enriched in cases versus controls when including HIV status as a covariate (Table
S7). We also carried out these analyses excluding subjects who tested positive for HIV, which
required redefining case- and control-specific genes. In all analyses, Xhosa persons with
schizophrenia continued to demonstrate a significant enrichment of private damaging mutations,

including for variants in synaptic genes (Table S7).

Integrating genetic and post-mortem gene expression data

Data from the psychENCODE databases (resource.psychencode.org/) was extracted for the
4096 protein coding genes with significantly altered expression levels in post-mortem brain
tissue of in affected patients with schizophrenia, autism, or bipolar disorder versus controls (16).
Of these 4096 genes, 547 genes harbored private damaging mutations in cases and the 493

genes with private damaging mutations in controls.

Gene level association analysis

Associations between schizophrenia and multiple rare damaging mutations in individual genes
were evaluated using the Sequence Kernel Association Test (SKAT) (17). We tested all
functional variants and all predicted damaging variants with three different minor allele
frequency thresholds: <0.01, <0.005 and <0.001 (Table S8A); controlling for the total number of

variants at each frequency threshold in each analysis, in addition to standard covariates



(gender, coverage, sequencing wave and principal components 1 to 10).

Functional variants were defined as all missense, truncating and splice mutations that are
predicted to alter splicing. In-frame insertions (n=43) and deletions (n=271) were not included in

the functional or damaging groups.

SKAT functions were used to create adjusted Q-Q plots (Figure S11) and to adjust for multiple
tests using resampling (Table S8A). Adjustment for multiple comparisons was based on the
family-wise error rate (FWER). The top 10 genes for each MAF threshold are listed in Table

S8B.

Exome-wide association analyses

Logistic regression models were used to measure association between single SNPs and
schizophrenia, corrected using PLINK for gender, sequencing wave, coverage, and first ten
principal components. We excluded multi-allelic SNPs and SNPs failing Hardy-Weinberg
equilibrium with P < 1E-10 in cases and P < 1E-6 in controls (48). Separate genome-wide
association analyses were carried out for worldwide SNPs (MAF = 0.01, N = 159,801)) and for
African-specific SNPs (MAF 0.01-0.10, N = 73,374) (Figure S12). Only one SNP was significant
after exome-wide multiple comparison adjustment: rs12600437 in the 3’'UTR of zinc finger
protein ZFP3. The four SNPs with MAF > 0.01 with the lowest P-values are listed in Table S9.
None of these SNPs lies within any of the 108 schizophrenia-associated regions reported in

European populations (6).

The sample size of 909 cases and 917 controls is underpowered to detect modest effects.
Given these sample sizes, estimated disease prevalence in the general population of 1%, and

allele frequency >0.2, a relative risk of 1.9 or greater could be detected with power 0.82 at



significance threshold 5.0E-08 (49).

CNV analysis from exome sequence data

CoNIFER was used to normalize read depths and call CNVs in exome data (19). RPKM values
were calculated and normalized to captured regions. CoNIFER was then used to calculate and
transform Z-RPKM values, and to call CNVs. We focused on 15 CNV hotspots known to be
associated with schizophrenia and other neuropsychiatric conditions (50). We evaluated each
hotspot region for CNV calls by plotting the regions and manually evaluating the read depths.

The CNV calls for each chromosomal hotspot are presented in Figure S13.

Analyses of a non-African Population

To compare findings in the Xhosa to those of other populations, we analyzed the data of
Genovese et al (3; data at phs000473.v2) using the same metrics. The Genovese et al data are
a case-control study of schizophrenia in the Swedish population. We applied our sample and
variant level QC criteria to the Swedish dataset. Excluding individuals with high quality variant
calls >3 standard deviation below median number of high quality variant calls of the cohort, first
and second degree relatives and then, samples carrying >3 standard deviations above the
median number of rare variants for the entire cohort, we obtained a dataset of 4436 cases and

5713 controls.

In order to evaluate a sample of Swedish cases and controls comparable to our Xhosa cohort,
we selected subsets of 909 Swedish cases and 909 Swedish controls from the 4436 cases and
5713 controls that passed the filters above. Cases and controls in each Swedish subset were

matched for batch and ancestry insofar as possible using information from phs000473.v2.



We randomly sampled the Swedish data 10,000 times to generate subsets of 909 cases and
909 controls. Cases and controls in each subset were matched for the number of private silent
variants to correct batch and ancestry differences between samples. For each Swedish subset
we counted the number of cases and the number of controls harboring qualifying private
mutations exactly as described above for the Xhosa cases and controls. P-values for the
Swedish data were calculated from the median numbers of qualifying cases and qualifying

controls for each threshold using Fisher’'s exact test.

Results for Xhosa and Swedish populations are almost identical for the least constrained
threshold for case-only and control-only genes and when all mutation-intolerant genes are
included in analysis (Table S10). Results for the Xhosa are more influenced than results for the
Swedes by higher thresholds on case-only and control-only genes and by constraining the
analysis to include only synaptic genes. These differences suggest that the greater genetic
variation of the Xhosa population yields more rigorous definitions of case-only and control-only
genes at high thresholds, therefore fewer controls with qualifying mutations in such genes, and

hence higher odds ratios and more significant P values.

In order to explore the effects of larger sample size on our analytic approach, we randomly
selected 4000 Swedish cases and 4000 Swedish controls, each 10,000 times, from the samples

passing our filters, then carried out the same analysis as above.

Higher odds ratios for the same hypotheses were found for the larger sample sizes (Table S10).
While P-values are sensitive to larger sample sizes, this also suggests that greater genetic
variation present in larger samples yields more rigorous definitions of case-only and control-only

genes.
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Figure S5. QC measurements of private benign variants and private damaging variants of intolerant genes in
909 cases and 917 controls.
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Figure S6. First four principal components from the 1000 Genomes and African Genome Variation Project
(AGVP) (top) and from the Xhosa population (superimposed in black on bottom panels).
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Figure S7. First 10 principal components of relationships between Xhosa and other African populations.
(Abbreviations: ASW =American-African; ACB = Caribbean; LWK = Luhya in Webuye, Kenya; MKK = Kenya;
YRI = Yoruba in Ibadan, Nigeria.)
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Figure S8. Cross-validation (CV) error of ADMIXTURE analysis of extended global (left) and African (right)
data-sets for the different number of clusters (K). The CV errors are lowest for K=11 in global populations and
K=6 in African populations, suggesting those numbers of clusters best fit the data.
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Figure S9. ADMIXTURE analysis of 34 populations for K=2 to K=16. The X-axis lists the populations (top) and
sub-populations (bottom) that were included in the analysis. Each row is an independent ADMIXTURE run for
the different number of clusters (K). The Y-axis represents the proportion of each color derived from all
populations. K=4 and subsequent clusters demonstrate the separation of East, West and South African
populations. At K=11 the Xhosa population is distinct from other South African populations (Zulu and Sotho)
and characterized by at least 3 ancestral components with minimal components from East and West Africans.
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Figure $S10. ADMIXTURE analysis of 19 African populations for clusters K=2 to K=8. At K=2 South African
populations are distinct from East and West Africans. K=6 best distinguishes the Xhosa from each of the other

African populations.
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Figure S11. Q-Q plots for gene-by-gene analysis of rare alleles using SKAT.
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Figure $12. Q-Q plots (top) and Manhattan plots (bottom) for case-control analysis of all SNPs with minor
allele frequency (MAF) =0.01 and for African-specific SNPs of 0.01 < MAF < 0.1. Genome-wide (5.00E-08) and
exome-wide (3.50E-07) significance levels are shown as red and blue lines respectively.
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Figure S13. CNVs in cases and controls in genomic hotspots associated with severe mental illness.



Table S1. Demographic and Clinical Characteristics.

Cases (n = 909)

Controls (n =917)

Age (years)

Gender
Males
Females

Site of Recruitment
Western Cape Province
Eastern Cape Province

Treatment Setting
Inpatient
Outpatient
Unknown

HIV status
Reactive
Non-reactive
Unknown/refused

36.0 9.1

799 (88 %)
110 (12 %)

444 (49 %)
465 (51 %)

518 (57 %)
388 (43%)
3 (0.3 %)

48 (5 %)
795 (88 %)
66 (7 %)

35.8+9.0

797 (87 %)
120 (13 %)

437 (48 %)
480 (52 %)

12 (1 %)
902 (99 %)
3 (0.3 %)

146 (16 %)
727 (79 %)
44 (5 %)




Table S2. Recruitment Sites. H = Hospital, CHC = Community Health Centre.

Site

Type of care Setting

City/Town

Western Cape
Valkenberg H
Lentegeur H
Vangaurd CHC
Khayelitsha site B CHC
Mfuleni CHC
Crossroads CHC

Michael Mpongwana CHC

Gugulethu CHC
False Bay H OPD

Eastern Cape
Cecilia Makiwane H
Nontyatyambo CHC
Tower H
Fort England H
Joza Clinic
Settlers' Day H
Elizabeth Donkin H
Gqgebera CHC
KwaNobuhle CHC
Dora Nginza H
Dora Nginza CHC
Empilweni CHC
KwaZakehlele CHC
Motherwell CHC
Komani H
Nomzano Clinic
Philani CHC

In-patient

In-patient

Out-patient
Out-patient
Out-patient
Out-patient
Out-patient
Out-patient
Out-patient

Out-patient
Out-patient
In-patient

In-patient

Out-patient
Out-patient
In-patient

Out-patient
Out-patient
In-patient

Out-patient
Out-patient
Out-patient
Out-patient
In-patient

Out-patient
Out-patient

Urban

Urban

Urban

Urban informal
Urban informal
Urban informal
Urban informal
Urban informal
Peri-urban

Urban informal
Urban informal
Peri-urban
Peri-urban
Peri-urban
Peri-urban
Peri-urban
Urban informal
Urban informal
Urban informal
Urban informal
Urban informal
Urban informal
Urban informal
Peri-urban
Peri-urban
Peri-urban

Cape Town area
Cape Town area
Cape Town area
Cape Town area
Cape Town area
Cape Town area
Cape Town area
Cape Town area
Simons Town, Cape Town

East London

East London

Fort Beaufort
Grahamstown (Makhanda)
Grahamstown (Makhanda)
Grahamstown (Makhanda)
Port Elizabeth

Port Elizabeth

Port Elizabeth

Port Elizabeth

Port Elizabeth

Port Elizabeth

Port Elizabeth

Port Elizabeth
Queenstown

Queenstown

Queenstown




Table S3. Variants, by type, in Xhosa cases and controls.

Variant type Cases Controls OR P value
All Xhosa specific private variants

Missense 15439 (16.98) 15165 (16.54) 1.01 0.50
Silent 7193 (7.91) 7216 (7.87) 0.98 0.32
Nonsense 502 (0.55) 495 (0.54) 1.00 1.00
Splice 278 (0.31) 248 (0.27) 1.10 0.28
Frameshift 156 (0.17) 147 (0.16) 1.04 0.70
Inframe 83 (0.09) 76 (0.08) 1.09 0.59
Stoploss 16 (0.02) 18 (0.02) 0.78 0.49
All variants 23,667 (26.04) 23,365 (25.48) 1.01 0.88
All damaging mutations in intolerant genes

Missense 1052 (1.16) 998 (1.09) 1.07 0.13
Nonsense 94 (0.10) 97 (0.11) 0.93 0.66
Splice 56 (0.06) 31 (0.03) 1.96 0.003
Frameshift 27 (0.03) 15 (0.02) 1.97 0.03
All damaging variants 1229 (1.35) 1141 (1.24) 1.10 0.03
Damaging mutations in case only control only genes

Missense 543 (0.60) 456 (0.50) 1.25 0.001
Nonsense 79 (0.09) 78 (0.09) 0.97 0.84
Splice 42 (0.05) 29 (0.03) 1.50 0.10
Frameshift 25 (0.03) 12 (0.01) 2.35 0.01
All qualified variants 689 (0.76) 575 (0.63) 1.25 0.0002




Table S4. Enrichment of private damaging mutations in cases and controls with different pLI thresholds.

pLI20.5 All case genes or control genes Synaptic case genes or control genes
Threshold 1 2 3 1 2 3
Cases (N=909) 483 219 75 109 52 29
Controls (N=917) 436 135 45 78 14 6
Genes mutant in cases 547 106 22 88 21 9
Genes mutant in controls 493 62 14 72 6 2
Mutations in cases 689 248 79 120 53 29
Mutations in controls 575 143 47 80 14 6
O.R. 1.27 1.89 1.73 1.46 3.89 5.01
95% CI [1.05-1.54] [1.48-2.43] [1.17 -2.57] [1.07-2.01] [2.19-7.34] [2.24 -13.05]
P-value 0.015 2.53E-07 0.0054 0.02 1.28E-06 3.50E-05
O.R, per event, oligonic model 1.25 1.51
95% CI [1.11-1.41] [1.14 - 2.02]
P-value 0.0002 0.004
pLI=0.9 All case genes or control genes Synaptic case genes or control genes
1 2 3 1 2 3
Cases (N=909) 453 210 74 102 50 29
Controls (N=917) 419 140 48 74 14 6
Genes mutant in cases 498 101 22 82 20 9
Genes mutant in controls 453 64 15 68 6 2
Mutations in cases 634 237 78 113 51 29
Mutations in controls 538 148 50 76 14 6
O.R. 1.21 1.70 1.56 1.44 3.74 5.01
95% CI [0.99-1.46] [1.33-2.18] [1.06-2.30] [1.04-1.99] [2.10-7.09] [2.24 -13.05]
P-value 0.057 1.84E-05 0.023 0.026 3.16E-06 3.50E-05
O.R, per event, oligonic model 1.23 1.49
95% CI [1.09 - 1.39] [1.11-2.00]
P-value 0.001 0.007




Table S5. Private damaging mutations per person in cases and controls.

Number of mutations per person Cases Controls
5 1 0
4 3 0
3 31 22
2 129 94
1 319 320
0 426 481

Number of mutations in synaptic genes per Cases Controls

person
3 1 0
2 9 2
1 99 76
0 800 839

Case status is significantly associated with harboring an increasing number of private rare damaging mutations
in intolerant genes (odds ratio 1.25, 95% C.I. [ 1.11 - 1.41], P = 0.0002, for each additional mutation); and for
harboring an increasing number of private damaging mutations in the subset of synaptic genes (odds ratio
1.51, 95% C.1. [1.14 - 2.02], P = 0.004, for each additional mutation). The analyses were corrected for the total
number of private variants per person to control for outliers.



Table S6. Cases versus controls harboring private damaging mutations in genes enriched for brain expression
(pSI < 0.01).

Tissues

All genes Cases Controls OR 95 % ClI P value

(pS1<0.01)

Brain 1094 80 47 1.81 [1.24 - 2.68] 0.002
Esophagus 229 2 9 0.25 [0.04 - 0.96] 0.043
Testis 1862 34 21 1.75 [1.00 - 3.13] 0.048
Uterus 155 10 3 2.92 [0.92 - 11.78] 0.070
Pituitary 665 40 24 1.61 [0.96 - 2.76] 0.072
Lung 336 1 7 0.25 [0.03 - 1.21] 0.089
Breast 141 1 6 0.25 [0.03 - 1.23] 0.093
Adipose tissue 174 1 5 0.32 [0.03 - 1.64] 0.18
Thyroid 252 3 8 0.44 [0.11 - 1.51] 0.20
Colon 401 7 13 0.56 [0.21 - 1.37] 0.21
Adrenal gland 289 10 5 1.93 [0.69 - 5.99] 0.21
Vagina 280 6 2 2.38 [0.58 - 13.37] 0.24
Pancreas 239 6 11 0.60 [0.21 - 1.59] 0.31
Fallopian tube 66 2 3 0.48 [0.08 - 2.64] 0.39
Muscle 351 7 12 0.67 [0.25 - 1.68] 0.40
Prostate 190 1 4 0.48 [0.05 - 2.63] 0.42
Kidney 372 6 5 1.47 [0.46 - 4.88] 0.51
Nerve 278 8 12 0.81 [0.32 - 2.00] 0.65
Skin 488 10 7 1.24 [0.47 - 3.42] 0.66
Blood 582 20 16 1.13 [0.58 - 2.25] 0.72
Liver 457 5 4 1.26 [0.35 - 4.80] 0.72
Stomach 216 3 4 0.83 [0.17 - 3.92] 0.82
Blood vessel 202 8 10 0.93 [0.35 - 2.40] 0.89
Heart 241 7 7 0.93 [0.32 - 2.75] 0.90
Ovary 184 8 8 0.96 [0.35 - 2.64] 0.93

Analysis is based on tissue enriched expression analysis (http://genetics.wustl.edu/jdlab/tsea/) in 25 GTEx
tissues. “All genes” refers to the total number of genes that are more highly expressed in the specified tissue
relative to other tissues. The statistical comparison is between the number of cases versus controls harboring
one or more private damaging mutations in a tissue enriched gene.



Table S7. Enrichment of private damaging mutations in cases and controls, controlling for HIV status.

All samples All case genes or control genes Synaptic case genes or control genes
Threshold 1 2 3 1 2 3
Cases (N=909) 483 219 75 109 52 29
Controls (N=917) 436 135 45 78 14 6
O.R. 1.27 1.89 1.73 1.46 3.89 5.01
95% Cl [1.05-1.54] [1.48-2.43] [1.17-2.57] [1.07-2.01] [2.19-7.34] [2.24-13.05]
Without HIV P-value 0.015 2.53E-07 0.0054 0.02 1.28E-06 3.50E-05
status as a
covariate O.R (oligogenic) 1.25 1.51
95% Cl [1.11-1.41] [1.14 - 2.02]
P-value 0.0002 0.004
O.R. 1.27 1.84 1.71 1.36 3.61 4.57
95% Cl [1.05-1.55] [1.43-2.36] [1.15-2.55] [0.99-1.87] [2.02-6.84] [2.04-11.86]
P value 0.015 1.18E-06 0.007 0.058 5.63E-06 0.0001
With HIV status
as a covariate
O.R (oligogenic) 1.24 1.40
95% Cl [1.10 - 1.40] [1.05 - 1.88]
P-value 0.0005 0.02

Excluding all HIV positive individuals

All case genes or control genes

Intolerant synaptic genes

Threshold 1 2 3 1 2 3
Cases (n=861) 451 208 70 107 51 28
Controls (n=771) 368 119 39 73 13 6
OR. 1.21 1.79 1.64 1.36 3.64 4.38
95% Cl [0.99 - 1.48] [1.39-2.33] [1.09-2.50] [0.99-1.89] [2.02-7.01] [1.95-11.42]
HIV non- P-value 0.07 6.96E-06 0.02 0.06 7.26E-06 0.0002
reactive
samples O.R (oligogenic) 1.22 1.41
95% Cl [1.08 - 1.38] [1.06 - 1.90]
P-value 0.002 0.02




Table S8A

SKAT analysis of Xhosa-specific variants with threshold P-values

thresmélg Variants Genes FVXEOE Bonferroni S'gngécr?:;
Damaging 0.001 14,392 8231 3.30E-04 6.07E-06 none
Damaging 0.005 17,615 9247 4.61E-05 5.41E-06 none
Damaging 0.01 18,099 9383 3.46E-05 5.33E-06 none
Table S8B
SKAT Analysis: Top 10 genes for each minor allele frequency (MAF) threshold
Gene P-value Numberof oo ces Controls
variants tested

MAF 0.001

MEGF6 0.003 4 2 4
IGFN1 0.003 3 3 3
KAT6B 0.005 2 3 2
ATF7IP2 0.005 2 0 4
SH3BP1 0.005 4 2 3
TTC28 0.006 4 0 8
SEPSECS 0.007 2 1 3
MMP8 0.008 2 0 4
FREM2 0.009 7 4 3
VPS13A 0.009 5 3 4
MAF 0.005

EXO1 0.00005 1 0 14
PTPN22 0.0001 1 15 1
SYT6 0.0002 1 15 1
GNRHR 0.0005 1 13 0
DLG1 0.0008 4 2 5
SPICE1 0.001 2 14 2
GPATCH1 0.002 3 6 12
FATA1 0.003 14 18 24
UBA7 0.003 5 9 19
OR10G3 0.003 2 1 7
MAF 0.01

EXO1 0.00005 1 0 14
PTPN22 0.0002 1 15 1
SYT6 0.0002 1 15 1
GNRHR 0.0005 1 13 0
DLG1 0.0008 4 2 5
SPICE1 0.001 2 14 2
GPATCH1 0.002 3 6 12
COL14A1 0.002 9 26 11

FATA1 0.003 14 18 24
UBA7 0.003 5 9 19

Adjustment for multiple comparisons was based on the family-wise error rate (FWER).



Table S9. The common SNPs with smallest P-values in the exome-wide association analysis (MAF = 0.01).

MAF in Xhosa MAF in 1000G MAF in AGVP
Coordinate Alleles SNP id Gene Variant Context Orggz P value Cases Controls AFR EUR EAS SAS South East
chr17:4,997,433 G>A rs12600437 ZFP3 c.*1125G>A 3'UTR 0.60 1.73E-07 0.12 0.19 0.10 0.16 047 0.55 0.18 0.13
chr17:35,538,304 G>C rs6607364 ACACA ¢c4777-7C>G Intronic 0.63 1.33E-06 0.14 0.20 0.07 0.02 0.06 0.01 0.15 0.07
chr21:35,138,326 A>G rs2248815 ITSN1 c.926+10A>G Intronic 1.93 3.74E-06 0.09 0.05 0.14 018 0.14 0.11 0.09 0.11
chr12:67,706,466 G>A rs1060350 CAND1 c.G3549A Silent 1.47 1.68E-05 0.21 0.16 022 059 032 0.50 0.17 0.31




Table $10. Comparison of Xhosa and Swedish cohorts.

Xhosa population

All case genes or control genes

Synaptic case genes or control genes

Threshold 1 2 3 1 2 3
Cases (n=909) 483 219 75 109 52 29
Controls (n=917) 436 135 45 78 14 6
O.R. 1.25 1.84 1.74 1.47 3.91 5.00
95% CI [1.04 - 1.51] [1.44 - 2.35] [1.17 - 2.61] [1.07-2.02] [2.12-7.70] [2.03-14.80]
P-value (Fisher) 0.017 4 44E-07 0.0045 0.017 1.07E-06 5.61E-05
Swedish
population

All case genes or control genes Synaptic case genes or control genes
Threshold 1 2 3 1 2 3
Cases (n=909) 506 220 80 115 51 20
Controls (n=909) 458 184 65 93 37 14
O.R. 1.24 1.26 1.25 1.27 1.40 1.44
95% CI [1.02 - 1.49] [1.00-1.58] [0.88-1.79] [0.94-1.72] [0.89-2.22] [0.69 - 3.10]
P-value (Fisher) 0.03 0.05 0.23 0.12 0.16 0.39
Cases (n=4000) 1139 625 300 174 105 59
Controls (n=4000) 904 403 161 127 63 30
OR 1.36 1.65 1.93 1.39 1.68 1.98
95% Cl [1.23-1.51] [1.44-1.89] [1.58-2.37] [1.09-1.77] [1.22-2.35] [1.25-3.19]
P value (Fisher) 1.92E-09 1.28E-13 2.59E-11 0.007 0.001 0.003
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