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Supplementary Figure 1, Related to Figure 1 – Flow Diagram Single-point and Gene-based 

Analyses. Flow diagram showing the different analysis and main association results based on stage 

1 analysis with 927 SCOOP cases and 4,057 INTERVAL participants as controls.  
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Supplementary Figure 2, Related to STAR Methods – Manhattan and QQ plots of gene-

based association results. Manhattan plot STRICT analysis (a), Manhattan plot LOF analysis 

(b) Manhattan plot BROAD analysis (c). Genes taken forward for validation in stage 2 

analysis are annotated. QQ plots of association results for gene-based analysis (d): left 

(STRICT analysis), middle (LOF analysis), right (BROAD analysis). 
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Supplementary Figure 3, Related to STAR Methods – GTEX expression profiles of select genes.   

ZNF32 (a), DGKI (b), ZMYM4 (c). 



 
Supplementary Figure 4, Related to Figure 3 - Functional characterisation of WT and mutant forms 

of PHIP. A) Representative western blot depicting the interaction between endogenous PHIP and 

IRS2 upon insulin and leptin stimulation. The 230kDa and 104kDa endogenous PHIP isoforms were 

used as input as shown. B) Representative western blot of endogenous PHIP, pSTAT3 and pERK upon 

leptin stimulation and quantification of PHIP protein expression and STAT3 and ERK phosphorylation 

in different time points. n= 4, mean+/-SEM, ordinary one-way ANOVA multiple comparisons to time 

point 0min, *p<0.05, **p<0.01, ***p<0.001. C) Effect of human PHIP mutants on POMC 

transcription compared to WT in leptin stimulated conditions, n=4-6, mean + SEM, ordinary one-way 

ANOVA multiple comparisons to WT, *p<0.05, **p<0.01, ***p<0.001. Blue line : WT in basal 

conditions D) Dominant negative effect of human PHIP mutants in POMC transcription in leptin 

stimulated conditions, n=3, mean + SEM, ordinary one-way ANOVA multiple comparisons to 0ng 

*p<0.05, **p<0.01, ***p<0.001. 
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Supplementary Figure 5, Related to Figure 3 - Cellular localisation of WT and mutant forms of 

PHIP. A-B) Representative confocal fluorescence microscopy images showing protein localization of 

PHIP mutants in basal (A) and leptin stimulated (B) conditions and (C) quantification of nuclei to 

cytoplasm ratio of PHIP subcellular localization for leptin stimulated conditions, n=3, mean + SEM, 

two-tailed unpaired T-test with Welch’s correction, *p<0.05, **p<0.01, ***p<0.001. 
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Supplementary Figure 6, Related to STAR methods– Phenotyping results in wild-type and  
Dgkiem1(IMPC)Wtsi homozygous mice. Boxplots showing fat mass (a), fat percentage (b), bone mineral 
density (c), lean mass (d), glycerol (e) and alanine aminotransferase (f). Wild-type (WT) and 
Dgkiem1(IMPC)Wtsi homozygous mice (Hom) results are shown.  P-values for genotype effect are shown. 
Numbers included in (a-d) are Males: WT n=229, Hom n=7; Females: WT n=225, Hom n=7, (e) M: WT 
n=228, Hom n=7; Females: WT n=223, Hom n=7; (f) Males: WT n=227, Hom n=7; Females: WT 
n=222, Hom n=7. 
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Supplementary Figure 7, Related to STAR methods– Phenotyping results in wild-type and  

Dgkiem1(IMPC)Wtsi homozygous mice. Boxplots showing NEFA-X (a) and thyroxine (b).  Growth curves 

for male (c) and female (d) mice are shown with mean and standard deviation. Results from ipGTT 

for male (e) and female (f) mice are shown.  Wild-type (WT) and Dgkiem1(IMPC)Wtsi homozygous mice 

(Hom) results are shown.  P-values for genotype effect are shown for (a-b). All genotype effects 

(combined male and female are non-significant for growth (c-d): week 4 (p=0.530), week 9 

(p=0.400), week 13 (p=0.076), week 16 (p=0.101). P-values for genotype effects (combined male and 

female) for blood glucose concentration (e-f): T0 (p=0.354), T15 (p=0.040), T30 (p=0.913), T60 

(p=0.462), T120 (p=0.366).  Numbers included are (a) Males: WT n=221, Hom n=7; Females: WT 

n=220, Hom n=7;  (b) Males: WT n=227, Hom n=7; Females: WT n=7, Hom n=222; (c) WT n=230, 

Hom n=7; (d) WT n=226, Hom n=7; (e) WT n=189, Hom n=6;  and (f) WT n=180, Hom n=5. 

 
 
 
 
 
 
 
 
  
 



 SCOOP gnomAD strict / syn lof / syn 

gene strict LoF syn strict LoF syn scoop gnomad p-value scoop gnomad p-value 

DGKI 7 1 6 46 7 102 1.167 0.451 1.05E-01 0.167 0.069 4.78E-01 

ERC1 2 0 6 88 15 83 0.333 1.06 1.35E-01 0 0.181 1.65E-01 

GSG2 5 4 3 37 21 73 1.667 0.507 1.09E-01 1.333 0.288 5.72E-02 

HEPACAM 5 0 1 28 1 39 5 0.718 4.41E-02 NA 0.026 NA 

NASP 1 0 9 19 4 76 0.111 0.25 4.12E-01 NA 0.053 NA 

PHIP 9 4 5 47 5 129 1.8 0.364 4.96E-03 0.8 0.039 4.93E-04 

VIL1 6 4 4 89 17 161 1.5 0.553 1.25E-01 1 0.106 4.99E-03 

ZMYM4 7 6 4 58 10 123 1.75 0.472 3.77E-02 1.5 0.081 7.10E-05 

ZNF32 4 1 2 8 1 33 2 0.242 2.14E-02 0.5 0.03 9.92E-02 

ST3, Related to STAR Methods - ProxECAT results for the 9 genes. Column headers are: gene -gene symbol; strict -number of alternate alleles in STRICT 
category; LoF - number of alternate alleles in LoF category; syn - number of synonymous alternate alleles; strict / syn - ratio of strict to synonymous 
alternate alleles ; lof / syn - ratio of strict to synonymous alternate alleles; p-value - ProxECAT p-value testing for association with the gene region. 
 
  



 
 

Gene Analysis p-value # variants 

Allele 
counts 
Cases 

Allele 
counts 
1958BC 

OR [95% CI] 
(adjusted) 

DGKI very rare (MAF<0.025%) & STRICT 0.8230 2 1 3 0.76 [0.08-7.32] 

DGKI very rare (MAF<0.025%) & LOF 0.1307 1 1 0 
Inf (6.85 [0.28-

168.44]) 

PHIP very rare (MAF<0.025%) & STRICT 0.9138 3 1 2 1.14 [0.1-12.6] 

PHIP very rare (MAF<0.025%) & LOF - 0 0 0 - 

ZMYM4 very rare (MAF<0.025%) & STRICT 0.1725 3 2 1 4.57 [0.41-50.41] 

ZMYM4 very rare (MAF<0.025%) & LOF - 0 0 0 - 

ST4, related to STAR Methods - Results from gene-based analyses in UK10K-Adult Obese versus 1958BC controls for 3 selected genes (PHIP, DGKI and 
ZMYM4). There were no LOF or STRICT variants with MAF<0.025%  for analysis in ZNF32. Column headers are: Gene - Gene symbol; Analysis - Analysis 
performed; p-value - burden test p-value; # variants - Number of variants contributing to the gene-based test; Allele counts Cases - Allele counts in adult 
obese cases; Allele counts 1958BC - Allele counts in 1958BC controls; OR [95% CI] (adjusted) - Odds ratio [95% confidence interval]. If allele count was 0 in 
cases or controls, an adjusted OR and its CI was computed by adding 0.5 to each of the 2 by 2 table cell.



Stage 1 
   Analysis BROAD STRICT LOF 

AC INTERVAL (N=4057) 29 6 0 

AC SCOOP (N=927) 14 9 4 

AC SCOOP with DD (N=226) 7 4 2 

AC SCOOP without DD (N=701) 7 5 2 

p-value SCOOP v controls 0.0059 3.67E-05 2.84E-05 

p-value SCOOP with DD v controls 1.48E-10 8.67E-07 2.06E-09 

p-value SCOOP without DD v controls 0.0880 0.0040 0.0007 

OR SCOOP v controls 2.11 [1.12-4] 6.57 [2.34-18.45] Inf(39.41 [2.12-732.02]) 

OR SCOOP with DD v controls 4.33 [1.9-9.9] 11.98 [3.38-42.45] Inf(89.83 [4.31-1871.85]) 

OR SCOOP without DD v controls 1.4 [0.61-3.19] 4.82 [1.47-15.81] Inf(28.95 [1.39-602.99]) 

Stage 2 (post sequence validation) 
   Analysis BROAD STRICT LOF 

AC FENLAND (N=2647) 9 3 0 

AC SCOOP (N=1810) 20 5 3 

AC SCOOP with DD (N=411) 4 2 2 

AC SCOOP without DD (N=1399) 16 3 1 

p-value SCOOP v controls 0.0032 0.2070 0.0361 

p-value SCOOP with DD v controls 0.0210 0.0814 0.0003 

p-value SCOOP without DD v controls 0.0021 0.4267 0.1689 

OR SCOOP v controls 3.28 [1.49-7.2] 2.45 [0.59-10.27] Inf(10.26 [0.53-198.57]) 

OR SCOOP with DD v controls 2.9 [0.89-9.42] 4.34 [0.72-25.95] Inf(32.28 [1.55-672.63]) 

OR SCOOP without DD v controls 3.39 [1.5-7.68] 1.9 [0.38-9.43] Inf(5.69 [0.23-139.57]) 

META-ANALYSIS (post sequence validation) 
  Analysis BROAD STRICT LOF 

AC controls (N=6704) 38 9 0 

AC SCOOP (N=2737) 34 14 7 

AC SCOOP with DD (N=637) 11 6 4 

AC SCOOP without DD (N=2100) 23 8 3 

p-value SCOOP v controls 0.0002 9.81E-05 1.23E-05 

p-value SCOOP with DD v controls 3.75E-07 3.75E-06 3.19E-10 

p-value SCOOP without DD v controls 0.0030 0.0091 0.0006 

OR SCOOP v controls 2.49 [1.57-3.96] 4.35 [1.88-10.06] Inf(39.74 [2.27-695.83]) 

OR SCOOP with DD v controls 3.81 [1.95-7.46] 8.54 [3.04-23.99] Inf(95.01 [5.11-1765.21]) 

OR SCOOP without DD v controls 2.19 [1.3-3.68] 3.18 [1.23-8.25] Inf(26.95 [1.39-521.79]) 

ST7, Related to Figure 2 - Results from PHIP gene-based analyses stratifying cases according the presence or 
absence of developmental delay. Column headers: AC  -allele count, i.e. number of the rare alleles; N - Total 
number of alleles; DD - developmental delay,refers to analyses limitesd to obesity cases who also have 
developmental delay, or to those that are obese without developmental delay (without DD); OR -  odds ratio 
and [95% CI]. If allele count was 0 in cases or controls, an adjusted OR and its CI was computed by adding 0.5 
to each of the 2 by 2 table cell; Stage1, Stage 2- refer to analyses performed in Stage 1 and Stage 2 
participants with either BROAD, STRICT or LOF tests. 

 


