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Supplementary Fig. 1 | Sequencing analyses of the acheiropodia-associated 
deletion.  
WGS alignments showing the homozygous 12 kb deletion in the acheiropodia proband, 

with red lines indicating truncated reads (upper panel). The deletion appears 

heterozygous in both parents. Sanger sequencing of the breakpoint in the acheiropodia 

proband and her parents using three different primer pairs (lower). Variant 

Chr7(GRCh37):g.156608724_156620764delinsCA is homozygous in the proband and 

heterozygous in the parents. BP: breakpoint; P: proband; M: mother; F: father.  
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Supplementary Fig. 2 | ENCODE histone modification ChIP-seq peaks in the 
acheiropodia-associated deleted region.  
ChIP-seq datasets of ten different histone modifications from 18 different cell lines 

around the 12 kb acheiropodia-associated deletion (highlighted in blue). 
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Supplementary Fig. 3 | ENCODE CTCF ChIP-seq peaks in the acheiropodia-
associated deleted region.  
CTCF ChIP-seq peaks around the 12 kb acheiropodia-associated deletion (highlighted 

in blue) showing the three CTCF sites located in this region. The number of ChIP-seq 

assays that have a significantly enriched CTCF peak versus the number of assays are 

noted for each peak in the track above and below are all the individual assay results.  
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Supplementary Fig. 4 | SHH gene expression levels in the lymphoblastoid cell 
lines.  
SHH gene expression levels from wild type (WT) and acheiropodia (Mut) 

lymphoblastoid cells as determined by qRT-PCR. Each value represents the ratio of 

SHH gene expression to that of hypoxanthine phosphoribosyltransferase 1 gene, and 

values are mean ± standard deviation. The expression value of WT was arbitrarily set at 

1.0. Each dot represents an individual replicate and statistical differences were 

determined using a two-sided unpaired t-test. Source data are provided as a Source 

Data file. *P-value=0.0486. 

  



 9 

 
 
Supplementary Fig. 5 | ChIP-seq and 4C-seq replicate data in the LMBR1-SHH 
locus.  
CTCF (black) and RAD21 (blue) ChIP-seq enrichment in lymphoblastoid cells from 

wildtype (WT) and proband (Mut) at the LMBR1-SHH locus for two technical replicates. 

The ZRS and the acheiropodia-associated deleted region are shown in orange and blue 

vertical lines respectively and CTCF orientations are shown as red triangles.  Below are 

the results from two technical replicates of 4C-seq, showing 4C contact profiles in 

lymphoblastoid cells from wildtype (WT) and proband (Mut). The viewpoint is depicted 
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by a black arrowhead. The median and 20th and 80th percentiles of sliding 2-50 kb 

windows determine the main trend line. The color scale represents enrichment relative 

to the maximum medium value attainable at 12 kb resolution.  
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Supplementary Fig. 6 | ChIP-seq and 4C-seq replicate data around LMBR1.  
CTCF (black) and RAD21 (blue) ChIP-seq enrichment in lymphoblastoid cells from 

wildtype (WT) and proband (Mut) at the LMBR1 locus for two technical replicates. The 

ZRS and the acheiropodia-associated deleted region are shown in orange and blue 

vertical lines respectively and CTCF orientations are shown as red triangles. Below are 

the results from two technical replicates of 4C-seq, showing 4C contact profiles in 

lymphoblastoid cells from wildtype (WT) and proband (Mut). The viewpoint is depicted 
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by a black arrowhead. The median and 20th and 80th percentiles of sliding 2-50 kb 

windows determine the main trend line. The color scale represents enrichment relative 

to the maximum medium value attainable at 12 kb resolution.  
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Supplementary Fig. 7 | CTCF Hi-ChIP Interactions in GM12878 cell line.  
Interactions in the SHH locus from CTCF Hi-ChIP data1. The pink arrow indicates the 

interaction between the SHH promoter and the acheiropodia associated 12 kb region. 
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Supplementary Fig. 8 | Mouse ENCODE histone modification ChIP-seq and ATAC-
seq peaks around Lmbr1.   
Histone modification (H3K4me3, H3K4me1, H3K27ac, H3K9ac, H3K36me3, 

H3K27me3, H3K9me3) ChIP-seq and ATAC-seq peaks from mouse E10.5-E15.5 limbs. 

The ZRS and the acheiropodia-associated deleted region are shown as orange and 

blue vertical lines respectively. 
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Supplementary Fig. 9 | Sanger sequencing and southern blot analyses of the 12 
kb mouse deleted region.  
a, Sanger sequencing results for mouse line 517 and 519. The PAM motif is depicted in 

blue font and gRNA sequences are shaded in gray. b, Location of the BstXI restriction 

enzyme sites (purple lines) in wild type (WT) and knockout (KO) loci. The deletion and 

probe location are shown as blue and orange rectangle respectively. Expected band 

sizes in WT and KO are written to the right of the map. c, Southern blot analyses of wild 

type (WT) and heterozygous knockout mice with the estimated band size written to the 

right of the blot. Southern blot analyses were performed several times using founder 

and F1 generation. 
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Supplementary Fig. 10 | Mouse CTCF ChIP-seq and 4C-seq peaks around the 
Lmbr1-Shh locus.   
Mouse E10.5 limb CTCF ChIP-seq data and 4C-seq data from Paliou et al.2. The Shh 

viewpoint is depicted via a black arrowhead. CTCF site deletions analyzed by Paliou et 

al.2 are marked by purple lines and # and those generated by Williamson et al.3 are 

denoted by yellow lines or gray rectangle, and marked by *. 
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Supplementary Fig. 11 | Mouse ENCODE CTCF ChIP-seq peaks around Lmbr1.  
CTCF ChIP-seq from developing mouse limbs3,2 and ENCODE4 from various 

tissues/cells. CTCF site deletions analyzed by Paliou et al.2 are marked by # and purple 

lines and those generated by Williamson et al.3 are denoted by yellow lines or gray 

rectangle and marked by *. The mouse LSC1 CTCF site is marked by a green line. The 

mouse orthologous sequence for the acheiropodia-associated deletion is depicted by a 

blue rectangle. 
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Supplementary Fig. 12 | Mouse CTCF motifs around the Lmbr1 gene.  
a-b, CTCF motif from JASPAR5 [http://jaspar.genereg.net/] and motif scores, as 

assigned by FIMO6, for 3*/i5# mouse and human LSC2 (a) and mouse CTCF sequences 

analyzed in previous studies3,2 (b). The 5* contains two CTCF sites and shown as 5*-1 

and 2. 
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Supplementary Fig. 13 | Venn diagram showing overlap between human and 
mouse CTCF ChIP-seq peaks.  
a, Venn diagram showing the overlap between CH12 CTCF-ChIP peaks that were 

converted to human (hg19) using the liftOver tool in the UCSC Genome Browser7 with 

human K562 CTCF-ChIP peaks. b, Venn diagram showing the overlap between K562 

CTCF-ChIP peaks that were converted to mouse (mm9) using the liftOver tool in the 

UCSC Genome Browser7 with mouse CH12 CTCF-ChIP peaks.  
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Supplementary Fig. 14 | TAD boundaries in the human LMBR1-SHH locus from 
ten different cell types.  
Hi-C datasets analyzed via the 3D Genome Browser8 for ten different human cells lines 

showing the location of the TAD boundaries in the SHH-LMBR1 locus. Above each Hi-C 

heatmap is the name of the cell type/tissue, gray and orange bars show the TAD 

structure and below are the location of the various genes in this locus.  
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Supplementary Table 1 | Homozygosity mapping results for individual VI-2, 
affected with acheiropodia. 
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In bold: homozygosity region comprising the SHH-LMBR1 locus. CHR: Chromosome; 

SNP1: SNP at start of region; SNP2: SNP at end of region; POS1: Physical position 

(bp) of SNP1; POS2: Physical position (bp) of SNP2; KB: Length of region (kb); NSNP: 

Number of SNPs in run; DENSITY: Average SNP density (1 SNP per kb); PHOM: 

Proportion of sites homozygous; PHET: Proportion of sites heterozygous. 
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Supplementary Table 2 | Coordinates of human and mouse CTCF sites. 
Coordinates for LSC1-7 and i3# are based on ChIP-seq peaks and i5#, ZRS#, i4# and 

CTCF3-5* are based on publications3,2. 

 

Name Coordinate human (hg19) 

LSC1 chr7:156266047-156266716 

LSC2 chr7:156556580-156557319 

LSC3 chr7:156609512-156610181 

LSC4 chr7:156613060-156613729 

LSC5 chr7:156620116-156620785 

LSC6 chr7:156685860-156686529 

LSC7 chr7:156701434-156702103 

  

Name Coordinate mouse (mm9) 

LSC1 chr5:29363224-29363591 

CTCF3* chr5:29619575-29620326 

CTCF4* chr5:29704457-29705661 

CTCF5* chr5:29715776-29716437 
i5# chr5:29619921-29619969 
ZRS# chr5:29641336-29641385 
i4# chr5:29662545-29662612 
i3# chr5:29709136-29709762 
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Supplementary Table 3 |  
Sequence of PCR primers, fosmid probes and sgRNAs used in this study. 

Sanger sequence for acheiropodia family  
Amplicon Name Sequence 5'>3' 

LMBR1 wild-type allele 
LMBR1-F1 ATGATGCAGGTTGTAACTACAG	

LMBR1-R1 GTGATTTGTGAGCATTGCCT	

LMBR1 wild-type allele 
LMBR1-F2 CTCAATAGACACCGCATTTCCT	

LMBR1-R2 TGGTGAGATTTTGGATTTGATCT	

LMBR1 deleted allele 
LMBR1-F1 ATGATGCAGGTTGTAACTACAG	

LMBR1-R2 TGGTGAGATTTTGGATTTGATCT	

ZRS 
ZRS-F1 GAGGTATAACCTCTGGCCAGTG	

ZRS-R1 CGCTTCCACCTGGTCAGTCC		

	   

Cloning for LacZ transgenic assay  
5' and 3' end of 12 kb are in bold. 
LacZ vector overlapping sequences for NEBuilder HiFi DNA Assembly cloning are italicized. 
Amplicon Name Sequence 5'>3' 

Acheiropodia  
associated 12 kb 

LacZ-F GCTGCAGGAATTCGATATCAAAAATTCAAATTCTTCTCTAGATGTCAAAGT	

LacZ-R CGAGGTCGACGGTATCGATACGTACTTCCTCCCATGACTGGAGAAGC	

	   
4C-seq   
1st round PCR: Genomic regions are in bold.  
2nd round PCR: P5 adapter (green), P7 adapter (blue), index (brown) 
  Name Sequence 5'>3' 

1st round PCR 
for SHH promoter viewpoint 

hSHH2-2step-4C-F TACACGACGCTCTTCCGATCTAGGAGCAGAGTTAAGCTGAGATC	

hSHH2-2step-4C-R ACTGGAGTTCAGACGTGTGCTCTTCCGATCTTCCTCAATCCTCCGAGGCAC	

2nd round PCR 
for adopter/index 

4C-2nd-Univ-F AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT	

4C-index2-R CAAGCAGAAGACGGCATACGAGATACATCGGTGACTGGAGTTCAGACGTGTGCT	

4C-index23-R CAAGCAGAAGACGGCATACGAGATATCCACTCGTGACTGGAGTTCAGACGTGTGCT	

4C-index5-R CAAGCAGAAGACGGCATACGAGATCACTGTGTGACTGGAGTTCAGACGTGTGCT	

4C-index6-R CAAGCAGAAGACGGCATACGAGATATTGGCGTGACTGGAGTTCAGACGTGTGCT	

Hiseq4000 SE50 sequencing Custom-reading-
primer 

CTTCCGATCTAGGAGCAGAGTTAAGCTGAGATC	
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gRNA for generating knockout mice 
 

Name PAM motif Sequence 5'>3' 

gRNA-1 TGG GTAGCTAGAAGTGGAGAGCC	

gRNA-2 AGG GAACTCATAAGATCCGTTTG	
	   

Sanger sequencing for knockout mice  
Amplicon Name Sequence 5'>3' 

Mouse acheiropodia  
associated 12 kb 

mLMBR12kb-KO/WT-F GCATAGCCTAAGTGGCACAGGA	
mLMBR12kb-KO/WT-
R TGTGACTTGCTGACTTATCCCT	

	   
qPCR primer   
Amplicon Name Sequence 5'>3' 

Mouse Shh mRNA ShhFw ACCCCGACATCATATTTAAGGA	

ShhRev TTAACTTGTCTTTGCACCTCTGA	

Mouse Beta-Actin mRNA Actb-F GGCACCACACCTTCTACAATG	

Actb-R GGGGTGTTGAAGGTCTCAAAC	

Human SHH mRNA hSHH-F2 GGAAGCAGCCTCCCGATTT	

hSHH-R2 AGTGGACATCACCACGTCTG	

Human HPRT mRNA hHPRT-F TCCTTGGTCAGGCAGTATAATCC	

hHPRT-R GTCAAGGGCATATCCTACAACAAA	

	   
Fosmid probes   
Region Fosmid ID Coordinates (mm9) 

SHH G248P82324G11 Chr7: 155585515-155620891  

LSC1 G248P83074E9 Chr7: 156248055-156288749 

LSC2 G248P80007C10 Chr7: 156537478-156580173 

LSC3-5 G248P8090C7 Chr7: 156591166-156630143 
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