
 
Supplementary Figure 1. Filtering steps used to define the GA4K proband cohort included in this 
study.  
  



 
 

 
Supplementary Figure 2. Principal components analysis of genotyping data for the full GA4K 
cohort comprising probands and family members (N = 9,028). Dots in color indicate known ancestry 
labels. Principal component 1 is displayed on the x-axis, principal component 2 is displayed on the y-
axis. 
  



 

 
 
Supplementary Figure 3. Histogram showing the proportion of variants in each PGS also available 
in the GA4K imputed genotype callset. Red vertical dashed line indicates median proportion across 
all 1,102 PGS included in the present study. 
  



 
Supplementary Figure 4. Histogram showing the number of HPO terms per proband (N = 2,641 
probands) in the EUR proband cohort used for PGS association testing. 
 
  



 
 
Supplementary Figure 5. Overview of logistic regression model fit (Nagelkerke's R2) for significant  
HPO-PGS pairs (FDR < 20%), summarized by parent HPO and PGS categories. Vertical bars 
indicate median Nagelkerke's R2. 
  



 

 
Supplementary Figure 6. Trans-ancestry replication of PGS liability in HPO case cohorts. A. X-axis 
shows median Z-score for each significantly associated PGS at the indicated FDR cutoff for the EUR 
proband cohort. Y-axis shows median Z-score for each significantly associated PGS at the indicated 
FDR cutoff for AFR (top; N probands = 114), AMR (middle; N probands = 254) and EAS (bottom; N 
probands = 37) cohorts. Pearson correlation coefficient tests (two-sided) and associated P-values 
are indicated in figure. B. Proportion of PGSs with matching direction of effect in EUR and AFR (left), 
EUR and AMR (middle), and EUR and EAS (right) cohorts. 



 
 

Supplementary Figure 7. Principal components analysis of genotyping data for the GA4K and DDD 
probands used in replication analysis (N probands: GA4K, N = 2,462; DDD, N = 1,464). Principal 
component 1 is displayed on the x-axis, principal component 2 is displayed on the y-axis. 
 
  



 
 
Supplementary Figure 8. Replication of PGS liability in HPO case cohorts in an external rare 
disease cohort (N probands = 1,464). A. Median PGS Z-score for each significantly associated PGS 
at the indicated FDR in GA4K (x-axis) and DDD (y-axis) for HPO cohorts with >=5 probands 
available in both GA4K and DDD. Pearson correlation coefficient tests (two-sided) and associated P-
values are indicated on figure. B. Proportion of PGSs with matching direction of effect in both GA4K 
and DDD for HPO cohorts with >=5 probands available in both GA4K and DDD. C. Rate of 
replication in DDD for HPO-PGS pair associations from GA4K as a function of DDD sample size and 
significance threshold (FDR). Replication is defined as a matching coefficient direction of effect in a 
logistic regression test (two-sided), and nominal significance (P < 0.05) in the replication dataset. 
 
  



 
 
Supplementary Figure 9. Differences in PGS for probands with a clinical variant of unknown 
significance (VUS) and unaffected carrier sibling(s). A. Distribution of PGS for probands, unaffected 
carrier (Het) siblings, and unaffected non-carrier (Ref) siblings. PGS with association direction of 
effect less than zero are inverted to enable visualization. Cross bars indicate median, error bars 
indicate standard deviation. P-values are from a Wilcoxon Rank Sum test (two-sided). No 
adjustments were made for multiple comparisons. Results are from 72 HPO:PGS associations 
across three proband/sibling pairs. B. Proband minus sibling PGS Z-score/standard deviation for 
significantly associated PGS in probands with a clinical VUS compared to unaffected carrier (Het) 
and non-carrier (Ref) siblings. Points above zero indicate PGS liability is greater in the proband and 
points below zero indicate PGS liability is greater in the sibling. Pairwise differences for PGS with 
association direction of effect less than zero were inverted to enable visualization. Diamonds denote 
median PGS for PGS linked with VUS HPO(s) for carrier (orange) and non-carrier (blue) siblings. 
Box and violin plots denote distribution of median PGS for randomly selected PGS not associated 
with VUS HPO(s), where – for boxplots - the middle line corresponds to the median, the lower and 
upper edges of the box correspond to the first and third quartiles, the whiskers represent the 
interquartile range (IQR) ×1.5 and beyond the whiskers are outlier points. P-values are derived from 
the empirical distribution of these background PGS (N permutations = 10,000). No adjustments were 
made for multiple comparisons. Results are from 72 HPO:PGS associations across three 
proband/sibling pairs. 
 
 
 
 
 
  



 
 

Supplementary Figure 10. Integrating PGS and clinical observation data in DDD (N probands = 
766). Individual height observations for DDD probands indicate height Z-scores and are displayed on 
the y-axis. Individual scores for a significantly associated height PGS are displayed on the x-axis. 
Red horizontal line indicates short stature threshold (CDC). Blue horizontal line indicates tall stature 
threshold (CDC). Probands with a short stature HPO in DDD are indicated by a red triangle if 
observed height value passes CDC threshold for short stature, or a red cross if not passing this 
threshold. Probands with tall stature HPO are indicated by a blue triangle if observed height value 
passes CDC threshold for tall stature, or a blue cross if not passing this threshold. Gray indicates 
control (no short or tall stature HPO terms present in DDD). Pearson correlation coefficient test (two-
sided) and associated P-value is indicated in figure. Pearson correlation coefficient P = 3×10−26. 

 



 
 
Supplementary Figure 11. Enrichment for diagnostic or candidate diagnostic rare disease variants 
in associated PGS genes. A. Enrichment for HPO cases versus controls (proband N = 538) for 
probands with a diagnostic or candidate (VUS) rare disease variant in an associated PGS gene with 
indicated effect rank percentile in PGS, across significance (FDR) thresholds. Dots indicate the odds 
ratio from logistic regression (two-sided), error bars indicate 95% confidence interval. P-values for 
PGS gene rank percentile: FDR 20%: All, P = 0; 90, P = 3×10-127; 95, P = 5×10-89; 99, P = 1×10−45 ; 
99.5, P = 1×10−31; 99.9, P = 1×10−17; FDR 10%: All, P = 0; 90, P = 2×10-95; 95, P = 7×10-62; 99, P = 
1×10-42; 99.5, P = 2×10-30; 99.9, P = 1×10-20; FDR 5%: All, P = 1×10-227; 90, P = 2×10-58; 95, P = 
2×10-40; 99, P = 6×10-39; 99.5, P = 6×10-30; 99.9, P = 1×10-19. No adjustments were made for multiple 
comparisons. B. Enrichment as in (A.) for large effect size PGS genes (gene rank percentile = top 
0.01% genes) in GA4K (proband N = 438) and DDD (proband N = 836) probands for subset of HPO-
PGS pairs available in both cohorts at indicated significance (FDR) threshold. Dots indicate the odds 
ratio from logistic regression (two-sided), error bars indicate 95% confidence interval. P-values: FDR 
20%: GA4K, P = 3×10-15; DDD P = 9×10-15; FDR 10%: GA4K, P = 4×10-18; DDD P = 3×10-17; FDR 
5%: GA4K, P = 6×10-18; DDD P = 4×10-17. No adjustments were made for multiple comparisons. 
 

 
 
 
 
  



 
 
Supplementary Figure 12. Overlap in non-disease matched putative core/key PGS genes (eQTS 
genes) for cases compared to controls for rare variants prioritized in to ACMG severity categories 2 
or 3. P-values are derived from logistic regression (two-sided), testing for an interaction between 
case/control cohort and PGS Z-score on rare variant burden in indicated eQTS gene set. Ext. 
denotes maximum outlier PGS cutoff that could be assessed where the cohort contained at least one 
case with a selected rare variant in an eQTS gene. 



 
Supplementary Figure 13. Overlap in non-disease matched putative core/key PGS genes (eQTS 
genes) for cases compared to controls for rare variants prioritized in to ACMG severity categories 2 
or 3. P-values are derived from logistic regression (two-sided), testing for an interaction between 
case/control cohort and PGS Z-score on rare variant burden in indicated eQTS gene set. Ext. 
denotes maximum outlier PGS cutoff that could be assessed where the cohort contained at least one 
case with a selected rare variant in an eQTS gene.  
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