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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):9.156608724_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.
ChlP-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 ChlP-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 gqRT-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.
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Supplementary Fig. 5 | ChlP-seq and 4C-seq replicate data in the LMBR1-SHH

locus.

CTCF (black) and RAD21 (blue) ChlP-seq enrichment in lymphoblastoid cells from
wildtype (WT) and proband (Mut) at the LMBR7-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



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) ChlP-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-ChlIP Interactions in GM12878 cell line.
Interactions in the SHH locus from CTCF Hi-ChIP data®. 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) ChlP-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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PAM gRNA PAM gRNA Deletion size
WT AGAACTGAGCTGAGCTGGAGACGCAAGCCAGGCTCTCCACTTCTAGCTAC /13kb/ CCTCAAACGGATCTTATGAGTTCCAGGCC
Line 517 AGAACTGAGCTGAGCTGGAGACGCAAGCT -~ === == === === === === /13Kb/ -~ ---=---- GATCTTATGAGTTCCAGGCC (13,432 bp+T)
Line 519 AGAACTGAGCTGAGC -~ == == ==== == === =m - mm oo P YA — GATCTTATGAGTTCCAGGCC (13,445 bp)
WT/del.
b Acheiropodia ¢ N o
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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 BstXl 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. ¢, 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 ChlIP-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.? are marked by purple lines and # and those generated by Williamson et al.? are

denoted by yellow lines or gray rectangle, and marked by *.
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Supplementary Fig. 11 | Mouse ENCODE CTCF ChlIP-seq peaks around Lmbr1.

CTCF ChlP-seq from developing mouse limbs®? and ENCODE?* from various

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

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

rectangle and marked by *. The mouse LSC1 CTCEF 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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CTCF motif

EAQCACQA AT IQAQE_A Score

Mouse 3*/i5%: TGGCCACTAGAGG C CCA 17
Human LSC2: .G /CAGTAGAGGGCTCCG 11

b CTCF motif

EQQCACQA AT AQACIﬁ Score

3*/i5%: TGGCCACTAGAGG C CCA 17
ZRS*: ' CCACTAGGG GCACTG 15
i4* ' ACCAGCAGGTGGCAGTA 20
4% T GCC GC GG GGCGG G 8.7
i3#-C G CACTAGGGG CAG A 13
5%.4- ACC CTAGGGGGCGCGA 18
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Supplementary Fig. 12 | Mouse CTCF motifs around the Lmbr1 gene.

a-b, CTCF motif from JASPAR? [http://jaspar.genereg.net/] and motif scores, as
assigned by FIMOS, for 3*/i5* mouse and human LSC2 (a) and mouse CTCF sequences
analyzed in previous studies®? (b). The 5* contains two CTCF sites and shown as 5*-1
and 2.
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79989 19874 60886

Ch12 CTCF K562 CTCF

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 Browser’ 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 Browser” 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 Browser?® 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.

CHR SNP1 SNP2 POS1 POS2 KB NSNP DENSITY  PHOM PHET
1 rs2744778 rs537951 26013252 27374218 1360.966 538 253 0.998 0.002
1 rs10437318 rs272817 35403677 36646491 1242.814 302 4.115 1 0

1 rs7556311 exm58332 49123567 51584465 2460.898 150 16.406 0.993 0.007
1 exm92700 exm95637 147380101 150991132 3611.031 439 8.226 0.991 0.009
1 rs3131323 rs3908502 177719196 180591237  2872.041 631 4.552 0.998 0.002
2 exm201593 exm2255484 72359400 73466812 1107.412 128 8.652 0.984 0.016
2 kgp8786363 exm216367 99554388 100623395 1069.007 198 5.399 0.995 0.005
2 exm260784 exm2254932 209138368 210810644 1672.276 230 7.271 0.987 0.013
3 rs722615 rs2346021 5899967 11700713 5800.746 1360 4.265 0.996 0.001
3 exm319359 exm323508 51968725 52988425 1019.7 727 1.403 0.997 0.003
3 rs11128158 rs1437528 66668365 77950703 11282.338 1552 7.27 0.999 0

3 rs9861237 rs6800203 85402469 86466286 1063.817 103 10.328 0.981 0.019
3 rs1838554 rs16826629 105927328 117017073 11089.745 2040 5.436 1 0

3 rs990739 rs11919380 142926765 148993158 6066.393 842 7.205 1 0

3 rs4856678 rs13082820 162092216 164926605 2834.389 285 9.945 0.996 0.004
3 rs6778567 rs12489012 192611340 197833758  5222.418 1286 4.061 0.998 0

4 rs7693293 rs13152405 5093523 14497339 9403.816 1995 4.714 0.997 0.001
4 rs7693369 exm431870 158778839 159894391 1115.552 191 5.841 0.99 0.01
5 exm-rs9292862 rs4866772 43028221 44208106 1179.885 143 8.251 0.993 0.007
5 rs1011814 rs7293455 44335820 46399093 2063.273 107 19.283 0.991 0.009
5 rs6888236 exm476641 130215911 131649405 1433.494 197 7.277 0.99 0.01
5 rs437220 exm2261872 160545841 164306736 3760.895 418 8.997 0.998 0.002
6 exm2270422 exm584615 145677803 146755072 1077.269 127 8.482 0.984 0.016
7 rs6956395 rs1425132 28072245 37562368 9490.123 1642 5.78 0.999 0.001
7 rs17139634 newrs148500031 64902831 66458309 1555.478 105 14.814 1 0

7 rs12719966 rs1985369 155149037 159119220 3970.183 715 5.553 0.999 0.001
8 exm687695 rs10958798 22031177 43791691 21760.514 4002 5.437 0.999 0

8 rs7836486 rs10111120 46942842 51564759 4621.917 383 12.068 0.997 0.003
8 rs1560846 rs4739127 77529466 78749262 1219.796 140 8.713 1 0

8 exm711859 indel.101907 99168279 101020788  1852.509 265 6.991 0.989 0.011
8 rs10093778 exm716475 112488761 113563079 1074.318 111 9.679 0.991 0.009
9 rs7023466 rs10046802 93005808 94437294 1431.486 201 7.122 0.995 0.005
9 exm772873 rs3750473 115336625 121468282  6131.657 1426 43 0.999 0.001
11 exm869284 rs7933771 193146 3851383 3658.237 1720 2127 0.999 0.001
11 rs747190 exm2271460 8360804 9383450 1022.646 264 3.874 0.992 0.004
11 rs1228020 rs7944067 47953477 51525878 3572.401 340 10.507 0.991 0.009
11 rs34944111 exm909841 54794237 56310621 1516.384 639 2373 0.997 0.002
11 rs6590849 rs2509689 101218094 102368719  1150.625 202 5.696 0.99 0.01
11 exm959555 exm963044 118037610 119290776 1253.166 671 1.868 1 0

13 rs861014 rs9538147 30629904 59200490 28570.586 4734 6.035 0.999 0

13 59542637 rs9516998 71849406 98318333 26468.927 3392 7.803 0.999 0

13 exm2267622 rs7991842 105386176 111056745 5670.569 999 5.676 0.999 0

14 rs10132552 rs10149476 101301012 107287663 5986.651 1201 4.985 0.999 0.001
15 exm1156252 exm1157672 43767774 44918698 1150.924 284 4.053 0.996 0.004
15 rs12594225 rs2163369 56102536 57164889 1062.353 171 6.213 0.982 0.012
15 rs4369593 rs736827 59697016 79358866 19661.85 4248 4.628 0.999 0

15 exm1182904 rs1256424 82336141 83524257 1188.116 174 6.828 0.983 0.017
16 exm2274844 rs11075685 66511561 68625435 2113.874 907 2331 0.999 0.001
16 rs9783747 exm1255596 69458193 71319312 1861.119 432 4.308 0.988 0.009
16 rs9319574 rs2244455 82843167 84910657 2067.49 917 2.255 0.998 0.001
17 rs8082686 rs8067558 12545054 14598385 2053.331 410 5.008 0.998 0

17 exm1324419 exm1888089 40556776 41926141 1369.365 571 2.398 0.996 0.004
17 rs3921965 rs7209936 72031792 80926215 8894.423 3985 2232 1 0

18 rs11875045 rs4798481 5193132 6693107 1499.975 241 6.224 1 0

18 rs4891065 rs12456851 73089473 78014582 4925.109 893 5.515 1 0

19 rs308054 exm1414040 3105987 6467966 3361.979 1291 2.604 0.998 0.001
19 rs10420999 rs2264683 22798253 24490299 1692.046 143 11.832 1 0

20 exm2260923 exm1533489 29419620 31619515 2199.895 419 5.25 0.99 0.007
20 rs6059703 newrs139021763 32768431 34055380 1286.949 384 3.351 0.997 0.003
20 exm1556774 exm1562040 61288242 62904863 1616.621 862 1.875 1 0

X exm1625831 rs6527891 2700157 13686375 10986.218 1215 9.042 0.999 0.001
X rs4333771 rs4313320 14167680 15424686 1257.006 119 10.563 0.992 0.008
X rs2050064 rs5971539 29503266 31029701 1526.435 142 10.75 1 0

X exm1637108 rs6520404 47917867 49049285 1131.418 208 5.44 0.99 0.01
X rs4826654 exm1640749 50628606 53457578 2828.972 136 20.801 0.993 0.007
X rs12841749 rs5965551 62620778 67555179 4934.401 268 18.412 1 0

X rs28521091 indel.108442 76638703 77913836 1275.133 113 11.284 0.982 0.009
X rs1841135 exm1656858 124669231 129058951  4389.72 322 13.633 0.997 0.003
X exm2273223 rs11152537 181779 3582703 3400.924 150 22.673 1 0
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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 CTCEF sites.

Coordinates for LSC1-7 and i3# are based on ChIP-seq peaks and i5#, ZRS#, i4# and
CTCF3-5* are based on publications3?.

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-F1 ATGATGCAGGTTGTAACTACAG
LMBR1 wild-type allele

LMBR1-R1 GTGATTTGTGAGCATTGCCT

LMBR1-F2 CTCAATAGACACCGCATTTCCT
LMBR1 wild-type allele

LMBR1-R2 TGGTGAGATTTTGGATTTGATCT

LMBR1-F1 ATGATGCAGGTTGTAACTACAG
LMBR1 deleted allele

LMBR1-R2 TGGTGAGATTTTGGATTTGATCT

ZRS-F1 GAGGTATAACCTCTGGCCAGTG
ZRS

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 LacZ-F GCTGCAGGAATTCGATATCAAAAATTCAAATTCTTCTCTAGATGTCAAAGT
associated 12 kb

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 hSHH2-2step-4C-F

TACACGACGCTCTTCCGATCTAGGAGCAGAGTTAAGCTGAGATC

for SHH promoter viewpoint hSHH2-2step-4C-R

ACTGGAGTTCAGACGTGTGCTCTTCCGATCTTCCTCAATCCTCCGAGGCAC

ACACTCTTTCCCTACACGACGCTCTTCCGATCT

CAAGCAGAAGACGGCATACGAGATACATCGGTGACTGGAGTTCAGACGTGTGCT

CAAGCAGAAGACGGCATACGAGATATCCACTCGTGACTGGAGTTCAGACGTGTGCT

CAAGCAGAAGACGGCATACGAGATCACTGTGTGACTGGAGTTCAGACGTGTGCT

4C-2nd-Univ-F
4C-index2-R
2nd round PCR .
for adopter/index AC-index23-R
4C-index5-R
4C-index6-R

CAAGCAGAAGACGGCATACGAGATATTGGCGTGACTGGAGTTCAGACGTGTGCT

Custom-reading-

Hiseq4000 SE50 sequencing primer

CTTCCGATCTAGGAGCAGAGTTAAGCTGAGATC
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dgRNA 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

gPCR primer
Amplicon Name Sequence 5'>3'
ACCCCGACATCATATTTAAGGA

Mouse Shh mRNA ShhFw

ShhRev TTAACTTGTCTTTGCACCTCTGA

) Actb-F GGCACCACACCTTCTACAATG

Mouse Beta-Actin mRNA

Actb-R GGGGTGTTGAAGGTCTCAAAC

- GGAAGCAGCCTCCCGATTT

Human SHH mRNA hSHH-F2

hSHH-R2 AGTGGACATCACCACGTCTG

- TCCTTGGTCAGGCAGTATAATCC

Human HPRT mRNA hHPRT-F

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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