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Supplementary Note 
 
1. Variance components methods performance in simulated phenotypes from real 
genotype data 
 
To investigate potential biases in heritability estimation using two variance components, we simulated 
phenotypes starting from the real genotype data with known proportions from rare and common classes of 
variants. We then employed the variance components model as implemented in GCTA to estimate the 
contribution of the rare and common classes of variants. We partitioned the sequenced SNPs into rare (0.1% < 
MAF < 1.0%) and common (MAF ≥ 1%) classes. Each simulation instance sampled 10,000 SNPs at random 
from the rare and common sets of variants with a proportion  selected from the rare component and  
from the common component. These variants were used as causal variants to simulate phenotypes. Additive 
effects were sampled from a normal distribution with mean 0 and unit variance for each causal variant. Given 

the set of causal variants , continuous phenotypes  were simulated as  where  is 

the standardized genotype at causal SNPs and , with     Unless otherwise 

noted we set  = 0.30. 
 
A I-R E M L has better performance than E M-R E M L in simulations. First, we quantified the performance of 
Average-Information algorithm [1] and Expectation-Maximization [2] in GCTA across 1,000 instances of 
simulated phenotypes from real African ancestry genotype data.  Since the EM algorithm cannot explore 
negative parameter space in the complete-data likelihood we report implicitly constrained results for the EM 
approach [3]. We initially focused on simulations at  (no contribution from rare variation) and  
(as we roughly observe in real phenotype data). In the  case,  estimates for EM, constrained AI-
REML, and standard AI-REML were 0.032, 0.012, and 0.002 (see Supplementary Table 5, Supplementary 
Figure 11). The EM-REML and constrained AI-REML on average produced more conservative standard error 
estimates (SE=0.031 and SE=0.030) compared to the empirical standard deviation (SD=0.016 and SD=0.018). 
AI-REML estimates showed accurate calibration of the estimated SE with empirical SD=0.029 matching the 
theoretical SE=0.029 estimated by GCTA. Estimates for  were closer to the true value (0.30) for all 
methods with 0.291, 0.290, and 0.296 for EM-REML, constrained AI-REML, and AI-REML. Importantly, we 
did not observe any estimate of  from any method in any simulation with  thus showing 
that the empirical p-value for being non-zero in real phenotype data is <0.001. In the case of 

 AI-REML methods performed identically with estimates of  
(SD=0.036) and mean standard error of 0.035. The EM-REML method estimated  (SD=0.034) 
and mean standard error 0.035 (see Supplementary Table 6, Supplementary Figure 11). Estimates for  

were equivalent across all methods with , SD=0.024, and mean SE=0.024. Simulations over 
a wide range of values for  showed similar results (Supplementary Figures 3-10). We proceeded with standard 
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and constrained AI-REML method over EM-REML in all subsequent analyses due to better performance with 
respect to edge-case estimates (i.e.  close to 0). 
 
Genotype dosages attain similar results as best-guess imputed calls. Next, we used simulations to assess 
dosage data versus best-guess imputed data. We see that both types of data give similar performance across all 
levels of . At , standard AI-REML estimates for  yielded 0.000 (SD=0.027) with mean standard 
error 0.027, while dosage estimates attained 0.002 (SD=0.018) with mean SE=0.030. However at , the 
best-guess estimate of  is 0.142 (SD=0.037) and mean SE=0.035 whereas the dosage  estimate 
yields 0.148 (SD=0.036) and mean SE=0.036. We decided to proceed with dosage data due to the slightly better 
performance of estimating  at a value of  closer to what is observed in real phenotype. 
 
L D-adjustment yields increased standard er rors over no L D adjustment. We explored the role of 
accounting for linkage disequilibrium (LD) between SNPs using LD corrected-GRMs as estimated by LDAK 
version 4.2 [4]. Overall, we find that all approaches yield accurate results at all levels of  with LD-adjustment 
showing a slightly worse result than no LD adjustment. For example at , LD-adjustment yielded 

 (SD=0.048) with asymptotical standard error 0.049 whereas not adjusting for LD yielded a smaller 
standard deviation  (SD=0.027) with mean standard error 0.027. Therefore, for all subsequent 
results we used AI-REML without LD adjustments.  
 
Varying the number of causal variants yields similar results. Previous simulations employed 10,000 variants 
as being causal across the rare and common spectrum. To assess the impact of the number of underlying causal 
variants we repeated simulations above using 1,000 causal SNPs. Overall, results were qualitatively similar 
across the 1k and 10k causal variant cases.  When , we estimated  (SD=0.030) with 
asymptotical GCTA standard error of 0.028 using AI-REML compared with  (SD=0.018) with 
mean standard error 0.030 for constrained AI-REML. While both AI-REML methods performed comparably, 
negative variance estimates are difficult to interpret biologically hence we report constrained AI-REML results. 
 
 
2. Variance components methods performance in real phenotype data 
 
Small cumulative genetic effects due to incomplete quality control (QC) could add up to bias heritability 
estimation. Additionally, cryptic relatedness can confound SNP-heritability estimates due to shared 
environment or long-range LD leading to biased results. To understand the effect of various QC we estimated 

 and  under differing thresholds and criteria using real phenotype data. While we investigated 
these effects across all ancestry groups, we focus below on the African ancestry group, which exhibit a 
significantly non-zero estimate for . 
 
Missing-ness does not substantially impact var iance estimation. First we investigated the impact of missing 
data on heritability estimation in our data. We removed all SNPs that showed an association to the case-control 
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status prior to imputation at nominal  under a log-additive model. This reduced the initial set of SNPs 
( , ) to and  in the African ancestry 
group. However, the removal of these SNPs did not significantly affect the  estimates for rare and common 
components. For example, in the African American ancestry group (n=3476, a subset of the African dataset) we 
estimated  for both the initial set (SE=0.05) of SNPs as well as the reduced set (SE=0.06), while 
the estimate  (SE=0.03) remained similar at  (SE=0.04) in the reduced set. Similar results 
were obtained for all other ancestry groups (Supplementary Tables 8, 9 11-18).  
 
Impact of low-coverage sequencing. Errors in sequencing could also bias heritability estimation. Since 
accuracy is a direct function of coverage, we removed SNPs with lower coverage from GRM computation at 
various thresholds. Specifically, we removed SNPs that did not obtain a mean coverage of 0x, 2x, 5x, 7x, and 
10x. Overall, we found no significant decrease in  until a large fraction of the SNPs were discarded 
(coverage 7x; see Supplementary Table 19).  
 
Relatedness does not significantly impact estimates. We next filtered samples at various levels of relatedness 
when restricted to the variant set without differentially occurring SNPs. We determined which individuals to 
remove --rel-cutoff  [5]. Additionally, we expect the relatedness variance in fine-
mapping GRMs to be much higher as the targeted regions are smaller than genome-wide arrays. Therefore, 
individuals were assessed on relatedness based on genome-wide array-based GRMs. As relatedness present in 
the GRM decreases we observe no statistically significant change of  or  across ancestry 
groups (Supplementary Tables 8, 9, 11-18). Indeed, after filtering samples with relatedness greater than 0.025 
we estimated  (SE=0.09) in the African American group compared to our original estimate of 

 (SE=0.05). As these results statistically overlap, we conclude that relatedness is unlikely to 
explain the non-zero  estimates. 
 
L D-aware calling does not bias heritability estimation . Finally, to see the value added from imputation we 
estimated heritability using GRMs computed from the original hard-calls of the same set of variants (with the 
exception of 2 monomorphic SNPs due to missing calls). Again we observe statistically similar results across all 
ancestry groups (Supplementary Tables 9, 12, 14, 16, 18). In the African Americans for example 

, , we estimated  (SE=0.05) and  (SE=0.04).  While 
both estimates for  are significantly non-zero, we see slightly more signal reclaimed from imputation.  
 
Including rest of genome as extra variance component does not impact the result. We repeated the same 
analyses by incorporating an additional component to account for arrayed SNPs outside the targeted regions 
(any SNP at least 0.5 Megabases away from intervals, Supplementary Tables 20, 21). This set was further 
pruned by removing variants within LD with r2 > 0.3. For the African American ancestry group this included 

SNPs. We estimated  of 0.13 (SE=0.06) with  (SE=0.04) and 
 (SE=0.15). As we decreased the relatedness threshold our estimated values for  did not 
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statistically differ from 0 (in part due to the large standard errors). More importantly, we see no depletion in 
estimated values for  and  when estimated jointly with an array component. 
 
Rare-variant risk scores correlate with case/control status in Africans. To see how well genetic risk-scores 
correlated with the trait we computed BLUP estimates using the software GCTA. We implemented a 10-fold 
cross-validation strategy for estimating underlying risk for all ancestry groups and correlated the resulting risk-
score directly with the dichotomous case/control status for samples. Since there exists a linear relationship 
between the underlying liability and observed scales, no adjustment to phenotype is necessary to compute 
correlation values [6]. In the African ancestry group, we observed a correlation of 0.07 (SE=0.02) for the rare 
component and in 0.15 (SE=0.02) for the common (Supplementary Table 45). 
 
Similar results were attained across all ancestry groups. The above analyses were repeated with other ethnic 
groups where we observed similar results (Supplementary Tables 11-18, 22-27). Since the Ugandan samples 
lacked array calls, investigation into the effect of relatedness in inflating  and robustness under SNPs from 
outside the targeted loci could not be performed. 
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Supplementary F igures 

 
Supplementary F igure 1. Squared Pearson correlation r2 of the genotype dosages derived from sequencing and 
hard calls from array data where n is the sample size and m is the amount of SNPs in common. The African 
ancestry group had 1, 637, and 5390 SNPs for each respective bin; European 28, 275, and 4439; Japanese 97, 
226, and 2286; and Latino group 5, 186, 2613 respectively. To estimate accuracy after imputation, we did not 
replace genotypes for 1,172 African samples with GWAS arrays prior to LD-aware calling; we computed an r2 
of 0.92 across these samples after LD-aware calling as opposed to 0.84 before imputation.  
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Supplementary F igure 2. Estimated proportion of rare to total SNP heritability ( ) for continuous 
phenotypes simulated from African ancestry dosage data (cases=2,054, controls=1,952). 10,000 causal SNPs 
were selected at random with a proportion sampled from 58,404 rare sequenced SNPs (57,010 best-guess) and 1 
 proportion sampled from the 64,267 common sequenced SNPs (62,545 best-guess). This procedure was 

repeated 1,000 times for each proportion. Allelic effects for each causal set were sampled from the standard-
normal distribution such that each SNP explains an equal amount of variance in expectation, given . 
Different methods of estimating the GRM, such as GRMs estimated with or without LD correction, and 
constrained versus un-constrained REML estimation are denoted in different colors. GCTA was used to sample 
effects, construct standard GRMs, and estimate . LDAK was used to construct LD-adjusted GRMs. 
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Supplementary F igure 3. Estimated proportion of rare to total SNP heritability ( ) for phenotypes 
simulated from African ancestry dosage data and best-guess calls using 1,000 SNPs as causal.  See Figure S3 
for simulation details. 
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Supplementary F igure 4. Estimated total SNP heritability ( ) for phenotypes simulated 
from African ancestry dosage data and best-guess calls using 10,000 SNPs as causal. See Figure S3 for 
simulation details. 
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Supplementary F igure 5. Estimated total SNP heritability ( ) for phenotypes simulated 
from African ancestry dosage data and best-guess calls using 1,000 SNPs as causal. See Figure S3 for 
simulation details. 
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Supplementary F igure 6. Estimated rare SNP heritability (  for phenotypes simulated from African 
ancestry dosage data and best-guess calls using 10,000 SNPs as causal. See Figure S3 for simulation details. 
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Supplementary F igure 7. Estimated rare SNP heritability (  for phenotypes simulated from African 
ancestry dosage data and best-guess calls using 1,000 SNPs as causal. See Figure S3 for simulation details. 
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Supplementary F igure 8. Estimated common SNP heritability (  for phenotypes simulated from 
African ancestry dosage data and best-guess calls using 10,000 SNPs as causal. See Figure S3 for simulation 
details. 
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Supplementary F igure 9. Estimated common SNP heritability (  for phenotypes simulated from 
African ancestry dosage data and best-guess calls using 1,000 SNPs as causal. See Figure S3 for simulation 
details. 
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Supplementary F igure 10. Density plots for  estimates reported from constrained AI-REML, standard 
AI-REML and EM-REML over 1,000 simulated phenotypes. Dashed blue lines represent the simulated  
0 (A) and 0.13 (B).  
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Supplementary F igure 11. Principal components analysis for all ancestry groups based on GRMs estimated 
from dosage data using all SNPs (rare and common). 
  

Nature Genetics doi:10.1038/ng.3446



Supplementary F igure 12. Density plots for estimates of (off-diagonal) elements in the GRMs. Each row 
corresponds to relatedness over rare, common, and arrayed variants for each population group. 
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Supplementary F igure 13. Relationship between strength of selection,  and allelic effect 

sizes in PrCa using heritability partitioning for the African ancestry sample using two thresholds on MAF (0.01, 

and 0.05) to partition variance components. Figure a) density estimate for  obtained from sequence data 

under normality assumptions resulting from 10,000 sampled points with and  Figure b) 

depicts the influence of  on . Each point represents an estimate of  given phenotypes simulated 

from real genotype under the Eyre-Walker model. Figure c) displays the estimated empirical density of . 

Estimates were obtained by matching a sampled value of from Figure a) with the closest point-estimate 

from Figure b).  
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Supplementary F igure 14. Relationship between strength of selection, coupling parameter , and allelic effect 
sizes in PrCa using heritability partitioning for all ancestry groups. Figure a) shows the density estimate for 

 obtained from real data  Figure b) depicts the mean-value of  as function of . Each point 
represents an estimate of  given phenotypes simulated from real genotype under the Eyre-Walker model. 
Figure c) displays the estimated empirical density of . Estimates were obtained by matching a sampled value of 

from Figure a) with the closest point-estimate from Figure b).  
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Supplementary F igure 15. QQ-Plot of association statistics from SKAT-O tests over non-overlapping sliding 
windows across the targeted regions for the African ancestry group when tested marginally (A) and when 
conditioned on the known risk variants (B). We grouped at most 100 SNPs within each of the 63 regions 
resulting in a total of 601 sets to test for association. Tests were run with PLINKSEQ software version 0.10 
using the best-guess calls.  
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Supplementary F igure 16. QQ-plot for association to prostate cancer log P-values for each ancestry group.  
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Supplementary F igure 17. QQ-plot for log P-values for association to prostate cancer when conditioned on 
the index SNPs for each ancestry Group. 
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Supplementary F igure 18. QQ-plot of the association statistics for the African ancestry group with 95% 
confidence intervals estimated from simulations. We simulated phenotypes starting from the empirical 
genotypes assuming the same contribution of rare and common variants as in the real phenotype data (i.e. 

, ) over 1,000 causal variants. For each simulation, we binned SNPs based on 
their expected log10 p-values and estimated the empirical 95% interval for that bin using the [2.5%, 97.5%] 
percentiles across 1,000 simulations.  
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Supplementary F igure 19. Functional enrichment for 20 functional annotations previously involved in PrCa. 
The Each point corresponds to a functional category, the x-axis shows the proportion of SNPs within the 
category and the y-axis denotes the proportion of causal SNPs within that annotation as estimated by 
PAINTOR. The color indicates marginally significant enrichment (p<0.05).  
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Supplementary F igure 20. Example fine-mapping results using PAINTOR. Candidate sites a) rs78416326 
(chr3:170074517, p-value=8.18E-06) and b) rs10486567(chr7:27976563, p-value=2.87E-07) both exhibited 
posterior probabilities > 0.99 to be causal. 
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Supplementary F igure 21. Histogram of the arrayed SNPs across chromosomes for each ancestry group.  
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Supplementary F igure 22. for the 
simulated African phenotypes. Results were partitioned by different values of . Effects were averaged over 
1,000 simulations.  
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Supplementary F igure 23. -sense heritability ( ) 
for simulated heritability estimates for African dosage data assuming all 122,671 SNPs are causal. Effects were 
simulated using the Eyre-Walker model linking selection with strength of the effect. As in other simulations, 
initial values were set to 30% when simulating effects. The dashed line represents the observed proportion of 
rare in the empirical African data (~43%).  
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Supplementary F igure 24. -sense heritability ( ) 
for simulated in African dosage data. In order to simulate effects, 10k causal SNPs were selected at random. 
Effects were simulated using the Eyre-Walker model coupling selection with strength of the effect. Initial 

values were set to 30% when simulating effects. The dashed line represents the observed proportion of rare 
in the empirical African data (~43%).  
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Supplementary Tables 
 

Locus Targeted Region (hg19) Region 
Length 

Total 
Targeted 

Bases 

Covered 
Bases 

Proportion 
Covered 

Sites 
Discovered 

M ean Sample 
Coverage (std) 

1q32 204398938-204632481 233544 257048 205586 0.80 3177 10.19 (2.96) 
2p24 20877537-20893246 15710 27403 30183 1.10 257 12.89 (3.79) 
2p21 43448658-43630459 181802 194739 157540 0.81 2480 9.74 (2.80) 
2p15 62802407-63428571 626165 626166 454560 0.73 5998 9.54 (2.86) 
2p11 85731890-85884384 152495 261035 192380 0.74 1729 7.89 (2.29) 
2q31 173296624-173404804 108181 119562 96325 0.81 1584 9.15 (2.63) 
2q37 238353513-238454154 100642 137516 117997 0.86 1822 8.17 (2.34) 
2q37 242072015-242153671 81657 127662 106745 0.84 1168 6.41 (1.83) 
3p12 87087944-87173324 85381 101936 83902 0.82 1179 8.27 (2.46) 
3p11 87408634-87587508 178875 268894 201074 0.75 2720 10.84 (3.27) 
3q13 106926122-106982317 56196 158498 119766 0.76 750 13.34 (4.00) 
3q13 112948559-113318460 369902 467873 357035 0.76 4803 10.39 (3.08) 
3q21 127715196-128138129 422934 464069 401248 0.86 5189 9.58 (2.76) 
3q23 141030543-141338641 308099 333558 279486 0.84 3960 11.96 (3.55) 
3q26 170042811-170160493 117683 160749 106689 0.66 1344 8.59 (2.57) 
4q13 73856466-74548474 692009 692046 525840 0.76 8216 10.08 (3.02) 
4q22 95389193-95597814 208622 216527 178147 0.82 2596 9.13 (2.68) 
4q24 106042948-106212562 169615 171944 139028 0.81 1942 9.88 (2.91) 
5p15 1236690-1359938 123249 174159 150204 0.86 2966 14.31 (4.29) 
5p15 1887982-1900829 12848 19294 18960 0.98 245 10.30 (3.04) 
5q12 44130776-44396015 265240 356140 281819 0.79 3464 10.77 (3.24) 
6p21 30932068-31312326 380259 388800 7854 0.02 18 0.04 (0.01) 
6p21 32030284-32339076 308793 351837 37962 0.11 3 0.11 (0.03) 
6p21 41504126-41573871 69746 94113 92582 0.98 1029 11.01 (3.32) 
6q21 109276321-109500213 223893 309560 236999 0.77 2736 11.00 (3.18) 
6q22 117081588-117243260 161673 174271 135939 0.78 1871 8.78 (2.59) 
6q25 153363869-153504165 140297 212793 159582 0.75 1815 11.10 (3.30) 
6q25 160705167-160980330 275164 283734 216170 0.76 4010 11.66 (3.39) 
7p15 20968341-21051042 82702 244859 203996 0.83 1342 13.29 (3.99) 
7p15 27940608-27996570 55963 79584 78613 0.99 831 12.91 (3.78) 
7q21 97695363-97853184 157822 169861 132700 0.78 2047 8.66 (2.50) 
8p21 23417091-23478809 61719 67336 57772 0.86 1081 11.41 (3.29) 
8p21 23482464-23549423 66960 80222 65148 0.81 1081 9.26 (2.68) 
8p21 25875310-25935389 60080 214157 180141 0.84 1008 9.93 (2.89) 
8q24 127730818-128540818 810001 827112 654606 0.79 12403 11.25 (3.27) 

10q11 51457562-51561799 104238 111577 67363 0.60 962 5.74 (1.63) 
10q24 104239100-104537034 297935 336612 236926 0.70 2883 7.93 (2.29) 
10q26 122805547-122888555 83009 173390 143988 0.83 1290 12.20 (3.56) 
10q26 126681688-126734419 52732 75374 76260 1.01 1042 9.12 (2.63) 
11p15 2213166-2238574 25409 46917 47327 1.01 730 5.14 (1.48) 
11q12 58667154-59037217 370064 406674 204823 0.50 3117 7.88 (2.31) 
11q13 68810837-69041847 231011 253782 216792 0.85 4023 7.90 (2.24) 
11q22 102387691-102418118 30428 169378 123639 0.73 423 13.05 (3.90) 
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12q13 49366890-49937813 570924 570925 369720 0.65 5421 7.43 (2.15) 
12q13 53228880-53364233 135354 317634 241121 0.76 1749 6.34 (1.81) 
12q21 82011500-82337901 326402 473879 365640 0.77 4016 10.55 (3.24) 
12q24 114608145-114692626 84482 175880 161397 0.92 1622 15.57 (4.58) 
13q22 73706017-73749745 43729 65341 55276 0.85 661 9.80 (2.84) 
14q22 53289808-53420350 130543 351515 251002 0.71 1824 10.95 (3.27) 
14q24 69074684-69136881 62198 180971 157972 0.87 959 10.49 (3.01) 
16p13 4285078-4353057 67980 198984 139153 0.70 686 4.97 (1.42) 
17p13 464832-700020 235189 341885 228010 0.67 3461 7.31 (2.09) 
17q12 36068728-36084261 15534 45129 49284 1.09 238 13.51 (3.98) 
17q12 36086689-36122227 35539 38118 31646 0.83 480 7.97 (2.29) 
17q21 47318157-47477146 158990 302166 207698 0.69 1779 7.99 (2.35) 
17q24 69077078-69242932 165855 177942 146251 0.82 2676 9.19 (2.69) 
18q23 76756673-76808210 51538 174489 139537 0.80 722 7.94 (2.35) 
19q13 38708970-38903099 194130 219780 152746 0.69 2239 6.24 (1.78) 
19q13 41949474-42063675 114202 317526 204618 0.64 1510 5.02 (1.44) 
19q13 51353402-51379893 26492 75209 71831 0.96 484 12.37 (3.47) 
20q13 62225094-62401143 176050 311452 229944 0.74 2267 4.45 (1.25) 
22q13 40389007-40527858 138852 368560 292566 0.79 1718 9.61 (2.78) 
22q13 43494731-43505695 10965 37229 37812 1.02 104 5.69 (1.68) 

Summary 	  	   11305695 15153375 11114920 0.78 2189.68 9.27 (2.72) 

Supplementary Table 2. Coverage statistics for each of the 63 targeted regions. 
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Ancestry Number of 
SNPs Proportion not in 1K G 

African 122,743 0.28 

European 86,828 0.39 

Japanese 69,915 0.41 

Latino 92,373 0.27 

M eta 196,786 0.44 
Supplementary Table 3. SNPs identified through sequencing. 
the 1KG dataset if either the position was not called, or if the alternative allele frequency was estimated to be 
0.0 for each respective ancestry group. 
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Ancestry Sample Size  (SE)  (SE)  (SE) 

A frican  4006 0.31 (0.04) 0.12 (0.05) 0.17 (0.03) 

European 1753 0.34 (0.07) 0.00 (0.06) 0.27 (0.06) 

Japanese 1770 0.23 (0.06) 0.05 (0.07) 0.13 (0.04) 

Latino 1708 0.18 (0.06) 0.00 (0.06) 0.14 (0.05) 

Supplementary Table 4. Constrained AI-REML	  estimates of  (standard errors) for a single component over 
all SNPs compared to the estimates partitioned by MAF. The point-estimates are slightly biased upward for the 
single-component results; however, they fall within the standard error levels based on the sum of rare and 
common components. GRMs were estimated using dosage data in GCTA.  
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 Rare ( ) Common   

 
# Samples M ean 

 
SD  

 
G C T A 

SE 
M ean 

 
SD  

 
G C T A 

SE 

EM-REML 4006 0.032 0.016 0.031 0.291 0.023 0.027 

AI-REML 
constrained 4006 0.012 0.018 0.030 0.290 0.024 0.027 

AI-REML 4006 0.002 0.029 0.029 0.296 0.024 0.027 

Supplementary Table 5. Summarized heritability estimates on 1,000 simulated phenotypes from African 
ancestry genotype data with % of phenotypic variation due to rare alleles. Joint REML estimation was 
performed with EM, constrained AI, and standard AI algorithms for rare and common components given each 
simulated phenotype. We report the mean SNP-heritability attributable to each component along with the 
sample standard deviation and mean estimated standard error (GCTA SE).  
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 Rare ( ) Common  

  
# Samples M ean  SD  

 
G C T A 

SE 
M ean 

 
SD  

 
G C T A 

SE 

EM-REML 4006 0.131 0.034 0.035 0.168 0.024 0.024 
AI-REML 
constrained 4006 0.126 0.036 0.035 0.168 0.024 0.024 

AI-REML 4006 0.126 0.036 0.035 0.168 0.024 0.024 

Supplementary Table 6. Summarized heritability estimates on 1,000 simulated phenotypes from African 
ancestry genotype data with 43% of phenotypic variation due to rare alleles ( . Joint REML 
estimation was performed with EM, constrained AI, and standard AI algorithms for rare and common 
components given each simulated phenotype. We report the mean SNP-heritability attributable to each 
component along with the sample standard deviation and mean estimated standard error (GCTA SE).  
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Ancestry Sample Size  (SE)  (SE) 

A frican  4006 0.14 (0.06) 0.38 (0.04) 

European 1753 0.08 (0.09) 0.17 (0.09) 

Japanese 1770 0.01 (0.08) 0.03 (0.07) 

Latino 1708 0.06 (0.09) 0.27 (0.09) 

Supplementary Table 7. Constrained AI-REML estimates of rare and common SNP-heritability for each 
ancestry group using GRMs adjusted for linkage disequilibrium. LD adjustment was computed using LDAK 
using best-guess genotype calls from sequencing data.  
  

Nature Genetics doi:10.1038/ng.3446



 

Variant F ilter ing Relatedness 
Threshold # Samples # Rare # Common  SE  SE 

Initial Set 
 and MAF  - 3476 58699 63972 0.13 0.05 0.18 0.03 

W/o Diff Miss 0.5 3073 54995 58366 0.13 0.06 0.17 0.04 

W/o Diff Miss 0.25 3066 54995 58366 0.12 0.06 0.17 0.04 

W/o Diff Miss 0.1 2982 54995 58366 0.11 0.06 0.16 0.04 

W/o Diff Miss 0.075 2909 54995 58366 0.11 0.06 0.16 0.04 

W/o Diff Miss 0.05 2762 54995 58366 0.13 0.06 0.16 0.04 

W/o Diff Miss 0.025 2073 54995 58366 0.21 0.09 0.22 0.05 
Supplementary Table 8. Constrained AI-REML SNP-heritability estimates at various quality control criteria 
from genotype dosage calls for the African American ancestry group. The Initial Set refers to the set of variants 
that passed  and MAF . The large drop in sample size from initial set relatedness threshold is 
the result of only having n=3078 samples with array data. We proceeded to remove the set of variants that were 
found to have missing-ness correlated with disease status at nominal p-value of 0.01 in the hard calls before 
imputation . Estimates were recomputed using stricter relatedness thresholds.  
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Variant F ilter ing Relatedness 
Threshold # Samples # Rare # Common  SE  SE 

Initial Set 
 and MAF  - 3476 55963 66706 0.11 0.05 0.20 0.04 

W/o Diff Miss 0.5 3073 52510 60849 0.12 0.06 0.19 0.04 

W/o Diff Miss 0.25 3066 52510 60849 0.12 0.06 0.19 0.04 

W/o Diff Miss 0.1 2982 52510 60849 0.10 0.06 0.19 0.04 

W/o Diff Miss 0.075 2909 52510 60849 0.09 0.06 0.19 0.04 

W/o Diff Miss 0.05 2762 52510 60849 0.11 0.06 0.19 0.04 

W/o Diff Miss 0.025 2073 52510 60849 0.19 0.09 0.25 0.06 
Supplementary Table 9. Constrained AI-REML SNP-heritability estimates at various quality control criteria 
from genotype hard calls prior to imputation for the African American ancestry group. The Initial Set refers to 
the set of variants that passed  and MAF . The large drop in sample size from initial set 
relatedness threshold is the result of only having n=3078 samples with array data. We proceeded to remove the 
set of variants that were found to have missing-ness correlated with disease status at nominal p-value of 0.01 

. Estimates were recomputed using stricter relatedness thresholds.  
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Rare Relatedness 
Ancestry Sample Size (0,0.05] (0.05,0.25] (0.25,0.5] (0.5,1] > 0.5 

African 4006 7,953,656 67,530 817 12 - 
European 1753 1,525,070 9,818 657 82 1 
Japanese 1770 1,557,485 7,711 335 13 21 
Latino 1708 1,443,409 13,863 440 37 29 

Common Relatedness 
Ancestry Sample Size (0,0.05] (0.05,0.25] (0.25,0.5] (0.5,1] > 0.5 

African 4006 7,695,080 326,930 5 - - 
European 1753 1,454,989 80,625 14 - - 
Japanese 1770 1,357,348 208,210 7 - - 
Latino 1708 1,302,503 155,273 2 - - 

A rray Relatedness 
Ancestry Sample Size (0,0.05] (0.05,0.25] (0.25,0.5] (0.5,1] > 0.5 

African 3078 4,716,054 19,449 - - - 
European 1627 1,322,697 53 1 - - 
Japanese 1674 1,400,103 196 2 - - 
Latino 1642 1,343,538 3,722 1 - - 

Supplementary Table 10. Tally of the off-diagonal entries in GRMs binned by absolute value of relatedness. 
We see slightly increased relatedness across rare variation when compared against common and arrayed SNPs. 
The proportion of pairs having relatedness at most 0.05 accounts for greater than 0.99 for rare SNPs, 0.96 for 
common SNPs, and greater than 0.99 for the genome-wide array SNPs. Rare and common GRMs were 
estimated from dosage data, while the array-based GRM was estimated using hard calls.  
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Variant F ilter ing Relatedness 
Threshold # Samples # Rare # Common  SE  SE 

Initial Set 
 and MAF   - 530 58699 63972 0.00 0.17 0.20 0.15 

Supplementary Table 11. Constrained AI-REML SNP-heritability estimates at various quality control criteria 
from genotype dosage calls for the Ugandan ancestry group. The Initial Set refers to the set of variants that 
passed  and MAF . Since no Ugandan samples had array results, samples were not filtered on 
relatedness.  
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Variant F ilter ing Relatedness 
Threshold # Samples # Rare # Common  SE  SE 

Initial Set 
 and MAF   - 530 58699 63972 0.01 0.16 0.19 0.15 

Supplementary Table 12. Constrained AI-REML SNP-heritability estimates at various quality control criteria 
from genotype hard calls prior to imputation for the Ugandan ancestry group. The Initial Set refers to the set of 
variants that passed  and MAF . Since no Ugandan samples had array results, samples were 
not filtered on relatedness.  
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Variant F ilter ing Relatedness 
Threshold # Samples # Rare # Common  SE  SE 

Initial Set 
 and MAF  - 1753 33606 53164 0.00 0.06 0.27 0.06 

W/o Diff Miss 0.5 1627 33028 51859 0.00 0.08 0.25 0.06 

W/o Diff Miss 0.25 1626 33028 51859 0.00 0.09 0.25 0.06 

W/o Diff Miss 0.1 1620 33028 51859 0.00 0.09 0.24 0.06 

W/o Diff Miss 0.075 1615 33028 51859 0.00 0.09 0.25 0.06 

W/o Diff Miss 0.05 1582 33028 51859 0.00 0.09 0.22 0.06 

W/o Diff Miss 0.025 1132 33028 51859 0.00 0.14 0.21 0.07 
Supplementary Table 13. Constrained AI-REML SNP-heritability estimates at various quality control criteria 
from genotype dosage calls for the European ancestry group. The Initial Set refers to the set of variants that 
passed  and MAF . The large drop in sample size from initial set relatedness threshold is the 
result of only having n=1627 samples with array data. We proceeded to remove the set of variants that were 
found to have missing-ness correlated with disease status at nominal p-value of 0.01 in the hard calls before 
imputation . Estimates were recomputed using stricter relatedness thresholds.  
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Variant F ilter ing Relatedness 
Threshold # Samples # Rare # Common  SE  SE 

Initial Set 
 and MAF  - 1753 28950 57820 0.00 0.06 0.28 0.06 

W/o Diff Miss 0.5 1627 28487 56409 0.00 0.08 0.26 0.06 

W/o Diff Miss 0.25 1626 28487 56409 0.00 0.08 0.26 0.06 

W/o Diff Miss 0.1 1620 28487 56409 0.00 0.08 0.26 0.06 

W/o Diff Miss 0.075 1615 28487 56409 0.00 0.08 0.27 0.06 

W/o Diff Miss 0.05 1582 28487 56409 0.00 0.09 0.24 0.06 

W/o Diff Miss 0.025 1132 28487 56409 0.00 0.12 0.27 0.08 
Supplementary Table 14. Constrained AI-REML SNP-heritability estimates at various quality control criteria 
from genotype hard calls prior to imputation for the European ancestry group. The Initial Set refers to the set of 
variants that passed  and MAF . The large drop in sample size from initial set relatedness 
threshold is the result of only having n=1627 samples with array data. We proceeded to remove the set of 
variants that were found to have missing-ness correlated with disease status at nominal p-value of 0.01 W/o 

. Estimates were recomputed using stricter relatedness thresholds.  
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Variant F ilter ing Relatedness 
Threshold # Samples # Rare # Common  SE  SE 

Initial Set 
 and MAF  - 1770 29121 40742 0.05 0.07 0.13 0.04 

W/o Diff Miss 0.5 1674 29029 40545 0.06 0.08 0.13 0.04 

W/o Diff Miss 0.25 1662 29029 40545 0.06 0.08 0.13 0.04 

W/o Diff Miss 0.1 1596 29029 40545 0.07 0.08 0.12 0.04 

W/o Diff Miss 0.075 1575 29029 40545 0.06 0.08 0.11 0.04 

W/o Diff Miss 0.05 1519 29029 40545 0.08 0.09 0.10 0.04 

W/o Diff Miss 0.025 1357 29029 40545 0.09 0.10 0.11 0.05 
Supplementary Table 15. Constrained AI-REML SNP-heritability estimates at various quality control criteria 
from genotype dosage calls for the Japanese ancestry group. The Initial Set refers to the set of variants that 
passed  and MAF . The large drop in sample size from initial set relatedness threshold is the 
result of only having n=1674 samples with array data. We proceeded to remove the set of variants that were 
found to have missing-ness correlated with disease status at nominal p-value of 0.01 in the hard calls before 
imputation . Estimates were recomputed using stricter relatedness thresholds.  
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Variant F ilter ing Relatedness 
Threshold # Samples # Rare # Common  SE  SE 

Initial Set 
 and MAF  - 1770 26413 43450 0.01 0.07 0.14 0.04 

W/o Diff Miss 0.5 1674 26339 43233 0.01 0.08 0.15 0.04 

W/o Diff Miss 0.25 1662 26339 43233 0.01 0.08 0.14 0.04 

W/o Diff Miss 0.1 1596 26339 43233 0.03 0.08 0.13 0.04 

W/o Diff Miss 0.075 1575 26339 43233 0.01 0.08 0.13 0.04 

W/o Diff Miss 0.05 1519 26339 43233 0.03 0.08 0.12 0.04 

W/o Diff Miss 0.025 1357 26339 43233 0.01 0.09 0.14 0.05 
Supplementary Table 16. Constrained AI-REML SNP-heritability estimates at various quality control criteria 
from genotype hard calls prior to imputation for the Japanese ancestry group. The Initial Set refers to the set of 
variants that passed  and MAF . The large drop in sample size from initial set relatedness 
threshold is the result of only having n=1674 samples with array data. We proceeded to remove the set of 
variants that were found to have missing-ness correlated with disease status at nominal p-value of 0.01 W/o 

. Estimates were recomputed using stricter relatedness thresholds.  
  

Nature Genetics doi:10.1038/ng.3446



Variant F ilter ing Relatedness 
Threshold # Samples # Rare # Common  SE  SE 

Initial Set 
 and MAF  - 1708 46373 45932 0.00 0.06 0.14 0.05 

W/o Diff Miss 0.5 1642 46282 45762 0.00 0.07 0.14 0.05 

W/o Diff Miss 0.25 1641 46282 45762 0.00 0.07 0.13 0.05 

W/o Diff Miss 0.1 1616 46282 45762 0.00 0.07 0.13 0.05 

W/o Diff Miss 0.075 1579 46282 45762 0.00 0.07 0.12 0.05 

W/o Diff Miss 0.05 1505 46282 45762 0.00 0.07 0.15 0.05 

W/o Diff Miss 0.025 1132 46282 45762 0.00 0.09 0.14 0.06 
Supplementary Table 17. Constrained AI-REML SNP-heritability estimates at various quality control criteria 
from genotype dosage calls for the Latino ancestry group. The Initial Set refers to the set of variants that passed 

 and MAF . The large drop in sample size from initial set relatedness threshold is the result of 
only having n=1642 samples with array data. We proceeded to remove the set of variants that were found to 
have missing-ness correlated with disease status at nominal p-value of 0.01 in the hard calls before imputation 

. Estimates were recomputed using stricter relatedness thresholds.  
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Variant F ilter ing Relatedness 
Threshold # Samples # Rare # Common  SE  SE 

Initial Set 
 and MAF  - 1708 43786 48520 0.00 0.06 0.15 0.05 

W/o Diff Miss 0.5 1642 43682 48351 0.00 0.07 0.14 0.05 

W/o Diff Miss 0.25 1641 43682 48351 0.00 0.07 0.14 0.05 

W/o Diff Miss 0.1 1616 43682 48351 0.00 0.07 0.14 0.05 

W/o Diff Miss 0.075 1579 43682 48351 0.00 0.07 0.12 0.05 

W/o Diff Miss 0.05 1505 43682 48351 0.00 0.07 0.16 0.06 

W/o Diff Miss 0.025 1132 43682 48351 0.00 0.10 0.13 0.07 
Supplementary Table 18. Constrained AI-REML SNP-heritability estimates at various quality control criteria 
from genotype hard calls prior to imputation for the Latino ancestry group. The Initial Set refers to the set of 
variants that passed  and MAF . The large drop in sample size from initial set relatedness 
threshold is the result of only having n=1642 samples with array data. We proceeded to remove the set of 
variants that were found to have missing-ness correlated with disease status at nominal p-value of 0.01 in the 
hard calls before imputation . Estimates were recomputed using stricter relatedness 
thresholds.  
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Coverage # Rare 
SNPs 

# Common 
SNPs 

 (SE)  per 
SNP 

 (SE)  per 
SNP 

 58699 63972 0.12 (0.05) 2.13E-06 0.17 (0.03) 2.71E-06 
 58427 60734 0.12 (0.05) 2.13E-06 0.18 (0.03) 2.94E-06 
 49189 48068 0.11 (0.04) 2.27E-06 0.17 (0.03) 3.50E-06 
 41031 39806 0.08 (0.04) 1.85E-06 0.17 (0.03) 4.16E-06 

 29817 28776 0.07 (0.04) 2.39E-06 0.14 (0.03) 4.99E-06 
Supplementary Table 19. Constrained AI-REML estimates of SNP-heritability for the African ancestry group 
controlled for coverage. Any SNP that had a sample mean coverage less than the threshold was removed from 
the GRM estimation. GRMs were estimated using the dosage data.  
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Variant 
F iltering 

Relatedness 
Threshold # Samples # Rare # Common # A rray  SE  SE  SE 

Initial Set 
 and 

MAF  
- 3078 58699 63972 251919 0.13 0.06 0.17 0.04 0.02 0.15 

W/o Diff Miss 0.5 3073 54995 58366 251919 0.12 0.06 0.16 0.04 0.02 0.15 

W/o Diff Miss 0.25 3066 54995 58366 251919 0.11 0.06 0.16 0.04 0.02 0.16 

W/o Diff Miss 0.1 2982 54995 58366 251919 0.09 0.06 0.15 0.04 0.00 0.16 

W/o Diff Miss 0.075 2909 54995 58366 251919 0.09 0.06 0.15 0.04 0.00 0.17 

W/o Diff Miss 0.05 2762 54995 58366 251919 0.12 0.06 0.16 0.04 0.00 0.18 

W/o Diff Miss 0.025 2073 54995 58366 251919 0.19 0.08 0.21 0.05 0.30 0.24 

Supplementary Table 20. SNP-heritability estimated from multiple random effects model fitting rare, common 
and array genetic effects using constrained AI-REML  for African Americans with rare, common and array 
components computed from imputed dosages. The Initial Set refers to the set of variants that passed  
and MAF . We proceeded to remove the set of variants that were found to have missing-ness correlated 
with disease status at nominal p-value of 0.01 in the hard calls before imputation . Estimates 
were recomputed using stricter relatedness thresholds.  
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Variant 
F iltering 

Relatedness 
Threshold # Samples # Rare # Common # A rray  SE  SE  SE 

Initial Set 
 and 

MAF  
- 3078 58699 63972 251919 0.12 0.06 0.19 0.04 0.01 0.16 

W/o Diff Miss 0.5 3073 54995 58366 251919 0.12 0.06 0.19 0.04 0.00 0.16 

W/o Diff Miss 0.25 3066 54995 58366 251919 0.12 0.06 0.19 0.04 0.00 0.16 

W/o Diff Miss 0.1 2982 54995 58366 251919 0.08 0.06 0.18 0.04 0.00 0.17 

W/o Diff Miss 0.075 2909 54995 58366 251919 0.07 0.06 0.17 0.04 0.00 0.18 

W/o Diff Miss 0.05 2762 54995 58366 251919 0.11 0.06 0.19 0.04 0.00 0.18 

W/o Diff Miss 0.025 2073 54995 58366 251919 0.18 0.09 0.25 0.06 0.30 0.25 

Supplementary Table 21. SNP-heritability estimated from multiple random effects model fitting rare, common 
and array genetic effects using constrained AI-REML  results for African Americans with rare, common and 
array components computed from hard calls prior to imputation. The Initial Set refers to the set of variants that 
passed  and MAF . We proceeded to remove the set of variants that were found to have 
missing-ness correlated with disease status at nominal p-value of 0.01 . Estimates were 
recomputed using stricter relatedness thresholds. 
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Variant 
F iltering 

Relatedness 
Threshold # Samples # Rare # Common # A rray  SE  SE  SE 

Initial Set 
 and 

MAF  
- 1627 33606 53164 182983 0.00 0.09 0.25 0.06 0.18 0.16 

W/o Diff Miss 0.5 1627 33028 51859 182983 0.00 0.09 0.25 0.06 0.18 0.16 

W/o Diff Miss 0.25 1626 33028 51859 182983 0.00 0.09 0.25 0.06 0.17 0.16 

W/o Diff Miss 0.1 1620 33028 51859 182983 0.00 0.09 0.25 0.06 0.22 0.17 

W/o Diff Miss 0.075 1615 33028 51859 182983 0.00 0.09 0.26 0.06 0.23 0.17 

W/o Diff Miss 0.05 1582 33028 51859 182983 0.00 0.09 0.23 0.06 0.20 0.17 
W/o Diff Miss 0.025 1132 33028 51859 182983 0.00 0.14 0.25 0.08 0.16 0.23 

Supplementary Table 22. SNP-heritability estimated from multiple random effects model fitting rare, common 
and array genetic effects using constrained AI-REML  for Europeans with rare, common and array components 
computed from imputed dosages. The Initial Set refers to the set of variants that passed  and MAF 

. We proceeded to remove the set of variants that were found to have missing-ness correlated with 
disease status at nominal p-value of 0.01 in the hard calls before imputation . Estimates were 
recomputed using stricter relatedness thresholds. 
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Variant 
F iltering 

Relatedness 
Threshold # Samples # Rare # Common # A rray  SE  SE  SE 

Initial Set 
 and 

MAF  
- 1627 28950 57820 182983 0.00 0.08 0.28 0.06 0.18 0.17 

W/o Diff Miss 0.5 1627 28487 56409 182983 0.00 0.08 0.28 0.06 0.18 0.17 

W/o Diff Miss 0.25 1626 28487 56409 182983 0.00 0.08 0.28 0.06 0.17 0.17 

W/o Diff Miss 0.1 1620 28487 56409 182983 0.00 0.08 0.28 0.06 0.22 0.17 

W/o Diff Miss 0.075 1615 28487 56409 182983 0.00 0.08 0.29 0.06 0.22 0.17 

W/o Diff Miss 0.05 1582 28487 56409 182983 0.00 0.09 0.26 0.06 0.19 0.17 

W/o Diff Miss 0.025 1132 28487 56409 182983 0.00 0.12 0.30 0.09 0.18 0.24 

Supplementary Table 23. SNP-heritability estimated from multiple random effects model fitting rare, common 
and array genetic effects using constrained AI-REML  for Europeans with rare, common and array components 
computed from hard calls prior to imputation. The Initial Set refers to the set of variants that passed  
and MAF . We proceeded to remove the set of variants that were found to have missing-ness correlated 
with disease status at nominal p-value of 0.01 . Estimates were recomputed using stricter 
relatedness thresholds. 
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Variant 
F iltering 

Relatedness 
Threshold # Samples # Rare # Common # A rray  SE  SE  SE 

Initial Set 
 and 

MAF  
- 1674 29121 40742 96711 0.06 0.08 0.13 0.04 0.02 0.14 

W/o Diff Miss 0.5 1674 29029 40545 96711 0.06 0.08 0.13 0.04 0.02 0.14 

W/o Diff Miss 0.25 1662 29029 40545 96711 0.06 0.08 0.13 0.04 0.00 0.13 

W/o Diff Miss 0.1 1596 29029 40545 96711 0.07 0.08 0.12 0.04 0.07 0.17 

W/o Diff Miss 0.075 1575 29029 40545 96711 0.06 0.08 0.11 0.04 0.05 0.16 

W/o Diff Miss 0.05 1519 29029 40545 96711 0.08 0.09 0.10 0.04 0.07 0.17 
W/o Diff Miss 0.025 1357 29029 40545 96711 0.09 0.10 0.11 0.05 0.04 0.17 

Supplementary Table 24. SNP-heritability estimated from multiple random effects model fitting rare, common 
and array genetic effects using constrained AI-REML  for Japanese with rare, common and array components 
computed from imputed dosages. The Initial Set refers to the set of variants that passed  and MAF 

. We proceeded to remove the set of variants that were found to have missing-ness correlated with 
disease status at nominal p-value of 0.01 in the hard calls before imputation . Estimates were 
recomputed using stricter relatedness thresholds. 
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Variant 
F iltering 

Relatedness 
Threshold # Samples # Rare # Common # A rray  SE  SE  SE 

Initial Set 
 and 

MAF  
- 1674 26413 43450 96711 0.01 0.08 0.15 0.04 0.03 0.14 

W/o Diff Miss 0.5 1674 26339 43233 96711 0.01 0.08 0.15 0.04 0.03 0.14 

W/o Diff Miss 0.25 1662 26339 43233 96711 0.01 0.08 0.14 0.04 0.01 0.13 

W/o Diff Miss 0.1 1596 26339 43233 96711 0.03 0.08 0.14 0.04 0.07 0.17 

W/o Diff Miss 0.075 1575 26339 43233 96711 0.01 0.08 0.13 0.04 0.05 0.16 

W/o Diff Miss 0.05 1519 26339 43233 96711 0.03 0.08 0.12 0.04 0.07 0.18 

W/o Diff Miss 0.025 1357 26339 43233 96711 0.01 0.09 0.14 0.05 0.04 0.17 

Supplementary Table 25. SNP-heritability estimated from multiple random effects model fitting rare, common 
and array genetic effects using constrained AI-REML  for Japanese with rare, common and array components 
computed from hard calls prior to imputation. The Initial Set refers to the set of variants that passed  
and MAF . We proceeded to remove the set of variants that were found to have missing-ness correlated 
with disease status at nominal p-value of 0.01 . Estimates were recomputed using stricter 
relatedness thresholds. 
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Variant 
F iltering 

Relatedness 
Threshold # Samples # Rare # Common # A rray  SE  SE  SE 

Initial Set 
 and 

MAF  
- 1642 46373 45932 109118 0.00 0.07 0.09 0.04 0.00 0.19 

W/o Diff Miss 0.5 1642 46282 45762 109118 0.00 0.07 0.09 0.04 0.00 0.19 

W/o Diff Miss 0.25 1641 46282 45762 109118 0.00 0.07 0.08 0.04 0.00 0.19 

W/o Diff Miss 0.1 1616 46282 45762 109118 0.00 0.06 0.01 0.03 0.00 0.20 

W/o Diff Miss 0.075 1579 46282 45762 109118 No Convergence 

W/o Diff Miss 0.05 1505 46282 45762 109118 No Convergence 
W/o Diff Miss 0.025 1132 46282 45762 109118 0.00 0.09 0.14 0.06 0.12 0.29 

Supplementary Table 26. SNP-heritability estimated from multiple random effects model fitting rare, common 
and array genetic effects using constrained AI-REML  for Latino with rare, common and array components 
computed from imputed dosages. The Initial Set refers to the set of variants that passed  and MAF 

. We proceeded to remove the set of variants that were found to have missing-ness correlated with 
disease status at nominal p-value of 0.01 in the hard calls before imputation . Estimates were 
recomputed using stricter relatedness thresholds. Optimization failed for several values by oscillating endlessly 
between the same several values. 
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Variant 
F iltering 

Relatedness 
Threshold # Samples # Rare # Common # A rray  SE  SE  SE 

Initial Set 
 and 

MAF  
- 1642 43786 48520 109118 0.00 0.07 0.10 0.05 0.00 0.20 

W/o Diff Miss 0.5 1642 43682 48351 109118 0.00 0.07 0.10 0.05 0.00 0.20 

W/o Diff Miss 0.25 1641 43682 48351 109118 0.00 0.07 0.09 0.04 0.00 0.20 

W/o Diff Miss 0.1 1616 43682 48351 109118 0.00 0.07 0.03 0.04 0.00 0.20 

W/o Diff Miss 0.075 1579 43682 48351 109118 No Convergence 

W/o Diff Miss 0.05 1505 43682 48351 109118 No Convergence 

W/o Diff Miss 0.025 1132 43682 48351 109118 No Convergence 

Supplementary Table 27. SNP-heritability estimated from multiple random effects model fitting rare, common 
and array genetic effects using constrained AI-REML  for Latino with rare, common and array components 
computed from hard calls prior to imputation. The Initial Set refers to the set of variants that passed  
and MAF . We proceeded to remove the set of variants that were found to have missing-ness correlated 
with disease status at nominal p-value of 0.01 . Estimates were recomputed using stricter 
relatedness thresholds. Optimization failed for several values by oscillating endlessly between the same several 
values. 
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Ancestry Sample 
Size  Index SNPs 

  

(0.1%  M A F < 1%) 

  

(M A F  1%) 

African 4,006 0.06 (0.01) 0.12 (0.05) 0.17 (0.03) 

Non-Ugandan 3,476 0.07 (0.01) 0.13 (0.05) 0.18 (0.03) 

Ugandan 530 0.08 (0.04) 0.00 (0.17) 0.20 (0.15) 

African (No 8q24) 4,006 0.04 (0.01) 0.12 (0.04) 0.09 (0.03) 

Non-Ugandan 3,476 0.04 (0.01) 0.13 (0.05) 0.09 (0.03) 

Ugandan 530 0.03 (0.04) 0.01 (0.16) 0.11 (0.14) 
African  
(non-standardized 
genotypes in G R M) 

4,006 - - 0.10 (0.03) 0.11 (0.02) 

Supplementary Table 28. Constrained AI-REML	  estimates of  (standard errors) using sequencing data 
when adjusting for possible population stratification from Ugandan ancestry. The analyses were repeated with 
the 8q24 region removed. Lastly, to account for possible bias in differing underlying effect distributions, REML 
analysis was performed on non-standardized genotypes for GRM computation. 
	  
	   	  

Nature Genetics doi:10.1038/ng.3446



Ancestry Sample Size 
 

(0.1%  M A F < 1%) 

 

(1%  M A F < 5%) 

 
(M A F  5%) 

African 4006 0.12 (0.05) 0.10 (0.03) 0.08 (0.02) 

European  1753 0.00 (0.06) 0.10 (0.06) 0.14 (0.04) 

Japanese 1770 0.06 (0.08) 0.00 (0.04) 0.10 (0.03) 

Latino 1708 0.00 (0.06) 0.04 (0.04) 0.08 (0.03) 

Supplementary Table 29. Constrained AI-REML	  estimates of  (standard errors) with three variance 
components (corresponding to rare sequenced SNPs, uncommon sequenced SNPs, and common sequenced 
SNPs).  
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Ancestry Sample Size Jack-knife  (SE) Jack-knife  (SE) 

A frican 4006 0.13 (0.06) 0.17 (0.04) 

European 1753 -0.07 (0.05) 0.31 (0.06) 

Japanese 1770 0.05 (0.11) 0.13 (0.05) 

Latino 1708 -0.04 (0.07) 0.17 (0.06) 

Supplementary Table 30. Leave-one-out jack-knife estimates for rare and common SNP-heritability. Estimates 
were obtained by dropping each sample once and re-estimating SNP heritability using standard AI-REML. The 
reported values are the mean SNP-heritability across estimates and jack-knife adjusted standard error given by 
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Ancestry Sample Size 
  

(0.1%  M A F < 1%) 

  

(M A F  1%) 

Non-Ugandan 
African 1,753 0.13 (0.06) 0.15 (0.04) 

Supplementary Table 31. Mean unconstrained REML	  estimates of  (standard errors) for down-sampled 
sequencing data on the African-ancestry group. The estimates shown are the mean values of estimates across 
100 subsamples. Each instance contained 1,753 genotype/phenotype pairs from the 3,476 non-Ugandan 
Africans.  
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Ancestry Sample Size 
  

(0.1%  M A F < 1%) 

  
(M A F  1%) 

African 4006 0.12 (0.05) 0.17 (0.03) 

European  1753 -0.07 (0.04) 0.31 (0.06) 

Japanese 1770 0.05 (0.08) 0.14 (0.04) 

Latino 1708 -0.04 (0.05) 0.15 (0.04) 

Supplementary Table 32. Standard AI-REML	  estimates of  (standard errors) using dosages from 
sequencing data.	  
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Ancestry Sample Size 
  

(0.1%  M A F < 1%) 

  
(M A F  1%) 

African 4006 0.12 (0.05) 0.17 (0.03) 

European  1753 0.00 (0.06) 0.26 (0.05) 

Japanese 1770 0.03 (0.07) 0.13 (0.04) 

Latino 1708 0.00 (0.06) 0.14 (0.04) 

Supplementary Table 33. Constrained AI-REML	  estimates of  (standard errors) using best-guess calls from 
sequencing data. 	  
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Ancestry Sample Size 
  

(0.1%  M A F < 1%) 

  
(M A F  1%) 

African 4006 0.11 (0.05) 0.16 (0.03) 

European  1753 -0.07 (0.04) 0.30 (0.06) 

Japanese 1770 0.03 (0.07) 0.13 (0.04) 

Latino 1708 -0.04 (0.05) 0.17 (0.05) 

Supplementary Table 34. Standard AI-REML	  estimates of  (standard errors) using best-guess genotypes 
from sequencing data.  
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Ancestry Sample 
Size 

 Joint Rare + Common Joint Rare + Common + Array 
  

(0.1%  M A F < 1%) 
  

(M A F  1%) 
  

(0.1%  M A F < 1%) 
  

(M A F  1%) 
 

African  3078 0.11 (0.16) 0.13 (0.06) 0.17 (0.04) 0.13 (0.06) 0.17 (0.04) 0.02 (0.15) 

European 1627 0.27 (0.17) 0.00 (0.08) 0.25 (0.06) 0.00 (0.09) 0.26 (0.06) 0.19 (0.16) 

Japanese 1674 0.01 (0.14) 0.06 (0.08) 0.13 (0.04) 0.06 (0.08) 0.13 (0.04) 0.02 (0.14) 

Latino 1642 0.00 (0.19) 0.00 (0.07) 0.14 (0.05) 0.00 (0.07) 0.09 (0.04) 0.00 (0.19) 

Supplementary Table 35. Constrained AI-REML	  estimates of  (standard errors) with three variance 
components (corresponding to rare sequenced SNPs, common sequenced SNPs, and genotyped array SNPs). 
Sample sizes differ from earlier estimates, as not all individuals were genotyped utilizing arrays in addition to 
sequencing. Baseline estimation was performed with rare and common variance components limited to the 
individuals with array-based SNPs. 
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Effective 
Population Size Sample Size M ean  95% Confidence Interval 

5000 4006 0.49 0.18 0.77 

7500 4006 0.46 0.21 0.78 

10000 4006 0.48 0.17 0.79 

15000 4006 0.49 0.18 0.77 

Supplementary Table 36. Sensitivity analysis for effective population size in estimating  for the African 
ancestry group under our simulation-based pipeline. 
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Ancestry M ean number of SNPs per 

locus 

M ean -log10  
p-value 

Index variant 
M ean -log10 p-value at top variant 

 0.1%  M A F < 1% M A F  1%  No Conditioning A fter Conditioning on 
Index SNPs 

A frican 1,239 1,353 1.2 3.7 3.4 

European 701 1,123 1.1 3.2 2.9 

Japanese 606 861 1.2 2.9 2.5 

Latino 965 971 0.9 2.9 2.7 

M eta-analysis 2,257 1,898 2.5 4.4 3.4 

Supplementary Table 38. Average association signal at the fine-mapped loci across the 4 ethnic groups using 
two thresholds on MAF.	  
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RS ID Chromosome 
& Position 

Poster ior 
Probability P Value Annotations 

rs78416326 3:170074517 >0.99 2.51E-05 
LNCaP.DNaseI.ENCODE.plusminusAndrogen, 

LNCaP.H3K4me3.DHT, 
LNCaP.FOXA1.plusminus.DHT 

rs7808935 7:27977363 >0.99 4.72E-06 LNCaP.FOXA1.plusminus.DHT 

NA 14:53309727 >0.99 6.51E-05   

rs7642887 3:87172632 0.99 3.41E-05  

rs2005983 22:43432319 0.99 6.08E-03 LNCaP.DNaseI.ENCODE.plusminusAndrogen, 
LNCaP.FOXA1.plusminus.DHT 

NA 1:204462686 0.93 4.35E-03 LNCaP.DNaseI.ENCODE.plusminusAndrogen, 
LNCaP.H3K4me3.DHT 

rs10866527 5:1891800 0.91 2.11E-05 LNCaP.DNaseI.ENCODE.plusminusAndrogen 

rs115020225 6:32371731 0.91 8.27E-03  
rs6470499 8:128123394 0.91 1.15E-17 LNCaP.FOXA1.plusminus.DHT 

Supplementary Table 43. Sequenced variants with posterior probabilities for causality > 0.90 under a joint 
model consisting of the top 4 functional categories (those with p-value < 0.05). Each row corresponds to a 
variant described by its rs ID (if available) in addition to chromosome and position, its posterior probability to 
be causal, and association-statistic p-value, along with the associated functional annotations in the joint 
PAINTOR model.  
  

Nature Genetics doi:10.1038/ng.3446



	  	   African   Japanese   Latino   European  

Disease  Stage   n  (%)   n  (%)   n  (%)   n  (%)  

Localized  Disease   1427   0.66 819   0.86 730   0.82 780   0.85 

Regional  Disease   236   0.11 83   0.09 90   0.10 80   0.09 

Metastatic  Disease   60   0.03 23   0.02 24   0.03 26   0.03 

Unspecified     93   0.04 26   0.03 38   0.04 25   0.03 

Missing   336   0.16 3   <0.01 8   0.01 7   0.01 

Gleason  Grade     	  	     	  	     	  	     
<5   73   0.03 45   0.05 50   0.06 71   0.08 

5-7   1081   0.50 442   0.46 560   0.63 497   0.54 

   749   0.35 450   0.47 244   0.27 324   0.35 

Missing   249   0.12 17   0.02 36   0.04 26   0.03 

Supplementary Table 44.  Stage and grade of all prostate cancer cases brought forward for QC and analysis 
split by ancestry.  
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Ancestry  Rare (SE) p-value  Common (SE) p-value 

A frican 0.07 0.02 2.11E-06 0.15 0.02 2.20E-16 

European -0.02 0.02 4.83E-01 0.18 0.02 1.08E-13 

Japanese -0.02 0.02 5.11E-01 0.11 0.02 5.54E-06 

Latino -0.01 0.02 8.17E-01 0.10 0.02 2.72E-05 

Supplementary Table 45. Pearson correlation ( ) between total risk score as computed from BLUP estimates 
with true dichotomous case/control status. Allelic effects were estimated from a single GRM over all SNPs and 
partitioned when computing risk scores using 10-fold cross-validation. 
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