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Fig. S1. Genomic location and characteristics of conserved elements and Engrailed 1 

Candidate Enhancers (ECE). (A) Coordinates (mm10) of 209 conserved elements within the EN1 

TAD identified by phastCons across placental mammals. Each element has a corresponding 

identifier (N). Criteria used to prioritize conserved elements: overlap with published datasets of 

epigenomic marks associated with enhancer presence (columns 1-3) (1, 2); overlap with DEAF1 

ChIP-seq peaks, which is a transcription factor we recently showed positively regulates Engrailed 

1 in human and mouse keratinocytes (column 4) (3); overlap with annotated human accelerated 

regions (HARs) (column 5) (4–6). Overlap is indicated in red. Prioritized conserved elements which 

were used as kernels for ECEs are highlighted in orange in column 6. (B) Genomic coordinates 
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(mm10) of top 23 ECEs tested in mouse transgenic assays. Conserved elements (N) contained 

within each ECE are listed in column 1. ECEs that induced eGFP-positive clones within the En1-

positive expression domain (basal keratinocytes of volar limb) are indicated by orange color in 

column 2. (C) Human derived substitutions relative to chimp/gorilla, or to chimp are listed as 

absolutes numbers or percentages calculated with respect to the total length in nucleotides of each 

positive ECE. ECE18 is boxed in red.  
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Fig. S2. Enhancer activity of positives ECEs in transgenic mouse skin. In all panels 

representative images of GFP antibody-stained sections of limbs from lentiviral-mediated 
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transgenic mice. Cross-sections of stained ventral mouse limbs (A), and footpads (B) at P2.5 stage 

of positives ECEs identified in this study are shown. The eccrine glands of the footpads in (B) (red 

arrow) are undergoing differentiation as evidenced by their invagination into the dermal layer. (C) 

Representative images of P2.5 dorsal distal autopod skin from mouse, chimpanzee and human 

ECE18 lentiviral-mediated transgenic mice. The large hair follicles (blue arrow) which like eccrine 

glands derive from basal keratinocytes during development (7, 8), and are characteristic of dorsal 

skin are also present. eGFP expression was detected by anti-GFP antibody and HRP/DAB coupled 

immunohistochemistry. GFP positive clones (black arrow). Control images from transgenic skin 

infected with lentivirus carrying minimal promoter and eGFP-reporter cassette alone.  
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Fig. S3. Mapping ECE18 enhancer activity. (A) Multiz alignment of placental mammals centered 

on human ECE18 (hECE18). hECE18 was split into two fragments hECE18FragA and hECE18FragB. 

2xHAR20 (dark grey) is a merged element that contains HACNS56, HAR19 and HAR80 (light grey) 

(6, 9, 10). Conserved elements used as kernels are (#124, #125, #126 and #127) shown in dark 
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blue. (B) Modified Stagia3 bidirectional luciferase lentiviral reporter vector used to test enhancer 

activity in cultured keratinocytes. LTR indicates long terminal repeat; ψ, packaging signal; RRE, 

rev response element; cPPT, central polypurine tract; SV40 polyA, simian vacuolating virus 40 

polyadenylation signal; HSV TK promoter, Herpes simplex virus thymidine kinase promoter; 

cHS4core, insulator core derived from the chicken CHS4 element; Sequence to test; WPRE, 

woodchuck posttranscriptional regulatory element; bGH polyA, bovine growth hormone 

polyadenylation signal. (C) Coordinates of ECE18 mammalian homologs and fragments tested in 

this study. Genome builds are indicated. (D) Representative images of GFP antibody-stained 

sections from P2.5 forelimbs of hECE18FragA lentivirus-mediated transgenic mouse. GFP positive 

clones are visualized by HRP-DAB coupled immunohistochemistry so positive clones appear 

brown (black arrows). Dorsal hair follicle (blue arrow). (E) Comparative quantitative activity of 

mammalian ECE18FragA orthologs in cultured human GMA24F1A keratinocytes. Fold change 

normalized luciferase activity relative to Control (empty vector) is plotted. (F) Allele frequencies of 

polymorphic human variants rs56967129, rs146778681, rs769072620, rs529226880 are shown. 

Allele frequencies obtained from the 1000 Genomes Project Phase 3, gnomAD genomes r3.0 and 

UK10K datasets (11–13). (G) Fold change normalized luciferase induction relative to Control 

(empty vector) by hECE18FragA containing minor allele at rs56967129, rs146778681, rs769072620 

and rs529226880. (H) Fold change luciferase quantitative activity of hECE18 human: chimp 

chimeric enhancers relative to Control (empty vector). Maps of the human-chimp chimeric 

enhancers are shown (box). (I) Genomic location and alignments of derived human single 

nucleotide substitutions (A-J), derived human-specific insertions (i and ii), and modern human 

polymorphic variants (rs56967129, rs146778681, rs769072620, rs529226880) within hECE18FragA 

are shown. Coordinates in hg38. (J) Fold change normalized luciferase activity of hECE18FragA after 

deletion of derived human insertions i and ii. (K) Fold change luciferase activity relative to Control 

(empty vector) upon mutagenesis of hECE18 human derived variants A-J alone or all together to 

ancestral ape base. (L) Multiz alignments of placental mammals centered on the SP1A and SP1B 

motifs.  A or B human derived variants are highlighted in red and pink, respectively. Human variants 

rs146778681 and rs769072620 are indicated. In panels (E, G, H, J, K) each point represents an 
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individual biological replicate and the median (line), 25%-75% percentiles (box bounds) and min 

and max (whiskers) are plotted. Significance determined by one-way ANOVA and Tukey’s-adjusted 

P-values are shown in heatmaps. All assays performed in cultured human GMA24F1A 

keratinocytes.  
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Fig S4. Effect of hECE18 repression on INSIG2 and CCDC93 expression in human 

keratinocytes. INSIG2 and CCDC93 are the only two protein-coding genes located within the EN1 

topological associated domain (TAD). (A) Fold change expression of INSIG2 and CCDC93 upon 

dCas9-KRAB repression of hECE18 was assessed by qRT-PCR and calculated relative to dCAS9-

KRAB transduction alone. Cr1 and Cr2 guide RNAs target hECE18. In graphs each point 

represents an individual biological replicate, median (line), 25%-75% percentiles (box bounds) and 

min and max (whiskers) are plotted and significance by one-way ANOVA. Tukey-adjusted P-values 

are reported. ** P<0.01, * P<0.05. Data normalized to the human β-ACTIN gene. Experiments 

performed in cultured human GMA24F1A keratinocytes. 
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Fig. S5. Generation and characterization of volar phenotypes of ECE18 knock-out mouse. 

(A) Generation of an ECE18 knock-out mouse (mECE18del) by CRISPR-Cas9 mediated genome 

editing. CRISPR-Cas9 target sequence and genotyping strategy are shown. Correct deletion 

junctions were confirmed by Sanger sequencing of F1 pups. (B) Normalized ratio of C57BL/6J : 

FVB/N allelic expression of En1 from P2.5 volar forelimb of wildtype (C57BL/6J : FVB/N) and 
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mECE18del (C57BL/6J(mECE18del) : FVB/N) F1 hybrid mice. Ratios are normalized to the allelic ratio 

in F1 genomic DNA. Each point represents the mean value across three technical replicates for 

three or four biological samples consisting of pooled P2.5 volar skins from both forelimbs of three 

mice. (C) Quantification of the number of eccrine glands in the forelimb IFP of adult wildtype (+/+), 

mECE18del heterozygous (+/mECE18del) and homozygous mECE18del/ mECE18del mice. Each 

point represents the average number of IFP eccrine glands across both forelimbs of an individual 

mouse. The total number of animals analyzed per genotype (n). In panel (B) significance was 

assessed by a student’s T-test (two-tailed). In panel (C) significance assessed by one-way ANOVA. 

Tukey-adjusted P-values are shown in a heatmap and the median (line), 25%-75% percentiles (box 

bounds) and min and max (whiskers) are plotted. N.S., not significant. 
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Fig. S6. Generation of human ECE18 knock-in (hECE18KI) mice. (A) Detailed overview of the 

generation of a human ECE18 knock-in mouse (hECE18KI). CRISPR-Cas9 technology was used 
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to replace the endogenous mouse ECE18 with the orthologous human ECE18 sequence. A single 

knock-in founder mouse (ID #21) was identified and bred to a C57BL/6J male generate F1 pups. 

F1 pups were screened to confirm transmission of the knock-in allele and correct targeting in 2 

pups validated to have correct junctions and insert sequence were used to generate two hECE18KI 

lines. Each founder F1 mouse was bred onto C57BL/6J for two more generations prior to 

phenotypic analyses.  Phenotypic analyses reported are based on progeny derived from both F1 

founder lines at the N3 generation. CRISPR-Cas9 targets sequence, and primers used are listed. 

(B) Representative agarose gel for genotyping hECE18KI mice. Sequences of genotyping primers 

used are shown. (C) Schematic of secondary Southern and long-range PCR/species specific 

restriction digest strategies to validate single homologous integration of hECE18 into hECE18KI 

mice. KpnI and NotI sites are shown. (D) Genotyping PCR to determine genotype of mice used as 

source of genomic DNA for the southern blot in E and long-range PCR in F. Primers for genotyping 

listed in B and are species specific. (E) Autoradiograph of genomic southern blot using P32 labelled 

Probe 1 is shown. Sequences of primers used to amplify Probe 1 are shown and Probe target 

sequence is shown in C. Due to sequence conservation, probe against ECE18 (Probe1) cannot 

distinguish between mouse and human sequence, however hECE18 contains a unique NotI site 

that is not present in the orthologous mouse ECE18 genomic sequence. Thus, digest with NotI was 

used to validate integration of hECE18 in KI and het mouse genomic DNA. Presence of uncut KpnI 

fragment in KI and het lanes is due to incomplete NotI digest of genomic DNA. This is likely the 

result of partial CpG methylation of the hECE18 sequence, which blocks NotI cleavage, and is 

consistent with the observation that the enhancer is inactive in some tissues used as the source 

material for genomic DNA (tail biopsies). (F) A secondary strategy was used in F to confirm identify 

of sequence within swapped region. Enzymatic digestion of the long-range PCR amplified DNA 

fragment from WT, KI (hECE18KI/ hECE18KI) and het (+/hECE18KI) mice. Primers used to amplify 

the genomic DNA fragments are listed. NotI enzyme cut uniquely in the human fragment. WT, wild 

type. KI, hECE18 knock-in homozygote. het, hECE18 KI heterozygote. 
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Fig. S7. Effect of hECE18KI and En1KO alleles on mouse En1 expression and interfootpad 

eccrine gland number. (A) Spatial En1 mRNA expression in Control (+/+) and hECE18KI 

(hECE18KI/hECE18KI) mice. Representative images of the ventral limb, and the hairy dorsal limb at 

P2.5 stage is shown for both genotypes. En1 mRNA transcripts are detected using anti-DIG alkaline 
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phosphatase coupled antibody and appear in purple. (B) Effect of hECE18 on IFP eccrine gland 

number in a wildtype genetic background. IFP eccrine gland number in the forelimb adult wildtype 

(+/+), +/hECE18KI and hECE18KI/hECE18KI mice is plotted. (C) Effect of En1KO allele on eccrine 

gland number. The number of eccrine glands in the forelimb IFP of adult +/+; +/+, En1KO/+; +/+, 

and En1KO/+; +/hECE18KI mice is plotted. Values for animals carrying En1KO are also reported in 

the main text in Fig.3g. In panels (B, C) each point represents the average number of IFP eccrine 

glands across both forelimbs of an individual mouse and median (line), 25%-75% percentiles (box 

bounds) and min and max (whiskers) are plotted. The total number of animals analyzed per 

genotype (n). Significance was assessed by one-way ANOVA and Tukey-adjusted P-values are 

reported in heatmaps. +, wildtype allele. KI, knock-in. KO, knock-out. N.S., not significant. 
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Table S1: Primers used to subclone ECEs in mouse transgenic assays# 

 

ECE Forward sequence Reverse sequence 

mouse-ECE1 accaattgctcgaggGTGCATTTATCATCCTATTACT gtcaagcttccattatatagTTACACAGAGGCTAGATTGG 

mouse-ECE2 tcgatagtcgaccaattgctcgaggCCCAAATCCCTGCCGCTTCT cccttgctcaccatggtggcTCTTTGCTTTTTTGCAGGGAGAGCGC 

mouse-ECE3 accaattgctcgaggCCTTTGCTGGAGCACCTA gtcaagcttccattatatagGTCACTCCTCCACATTAA 

mouse-ECE4 accaattgctcgaggCAATCAGGGCGACAG gtcaagcttccattatatagTGGTCGCCACACAGTA 

mouse-ECE5 accaattgctcgaggGAGAACTGCCTGTCCCGT gtcaagcttccattatatagCACCAGGCTCTGTATGTA 

mouse-ECE6 cgaccaattgctcgaggCTAGGAGACAGCCTTCCTGGAGG cggtcaagcttccattatatagTGGCATGCCCTGCAAGTCTGAC 

mouse-ECE7 accaattgctcgaggGTACTCACTGGATCTGAA gtcaagcttccattatatagACTGCCTGAGTCATCTCC 

mouse-ECE8 accaattgctcgaggATAACTGAGTTTGGTTTA gtcaagcttccattatatagTGCTCAGCCCCTCCTCAG 

mouse-ECE9 accaattgctcgaggACTGAGCTACATCCGTGG gtcaagcttccattatatagTCTGTCATATACTTCTCG 

mouse-ECE10 accaattgctcgaggCAGAACCTTCTGTATTTA gtcaagcttccattatatagCAAGTGCTCTCTCACAGG 

mouse-ECE11 agtcgaccaattgctcgaggCTCAGTGAGTCTCTGACAAGCC tccggtcaagcttccattatatagGTGATTCTCTGACCTCTGCATGC 

mouse-ECE12 accaattgctcgaggGCTCCTCTTTCCCAACAA gtcaagcttccattatatagCATGATTGTCACTGGTCC 

mouse-ECE13 accaattgctcgaggCTTATTGATTGGATATATG gtcaagcttccattatatagCCAGTGAGCATAGCAGTGG 

mouse-ECE14 agtcgaccaattgctcgaggTGAGGACCTGAGTTCAAATCCC tccggtcaagcttccattatatagCCATATAGACAGGCACATGCAC 

mouse-ECE15 accaattgctcgaggCCTTTGCAGACCTAGAAT gtcaagcttccattatatagGGAGAACAAACCACCCAG 

mouse-ECE16 agtcgaccaattgctcgaggCCATCCTGAGTCAAGGGCGG gtcaagcttccattatatagCTTCAGAACTCAGAGTAGGGTCAAGC 

mouse-ECE17 accaattgctcgaggCATGCATTATATTTACATCA gtcaagcttccattatatagGGAAGTACCAATGAATCACA 

mouse-ECE18 agtcgaccaattgctcgaggTGTGTTTGCCTCCTACAATGGGAGGATA gtcaagcttccattatataGCTGAAGTTTTCCTTTCTGTTTACCAGGAAG 

chimp-ECE18 accaattgctcgaggCCTGTTTGCCTCCCATAATA gtcaagcttccattatatagCAGAAGTTTTCTTTTCTGTT 

human-ECE18 accaattgctcgaggCCTGTTTGCCTCCCATAATA gtcaagcttccattatatagCAGAAGTTTTCTTTTCTGTT 

mouse-ECE19 agtcgaccaattgctcgaggTGTTGGAATAAGGGCACACC  tccggtcaagcttccattatatagGACACTGCTGCCTTCTCTATTC 

mouse-ECE20 accaattgctcgaggCACATTCAAGGTCAATG gtcaagcttccattatatagGCAGCAGTGAGTGTG 

mouse-ECE21 accaattgctcgaggCACAATTGCCTCTTTTAGGT gtcaagcttccattatatagCAAGGATGTTTTCAAATTAG 

mouse-ECE22 agtcgaccaattgctcgaggCCTGACCTATCTGCCATCTCC tccggtcaagcttccattatatagGCCTACACGTTAAGCAATAGGGT 

mouse-ECE23 accaattgctcgaggTCTCTGCATAACAGCCCT gtcaagcttccattatatagGCACTTTAATCACTAAGC 
#Lower case sequence indicates homology arms to Stagia3 vector 
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Table S2: Primers used to clone ECE18 orthologs into bidirectional luciferase reporter vector# 

 

ECE Forward sequence Reverse sequence 

cat-ECE18 agagatttagaatgacaggcGAGGGATAGGAATAGAAAAGGCCC tcaagcttccattatatagaattccAAGTTTTCTTTGCTGTTTACCGG 

cat-ECE18-FragA gaaagagagatttagaatgacaggcCAACATATCGGGCTTACAAATTATC tcaagcttccattatatagaattccAAGTTTTCTTTGCTGTTTACCGG 

mouse-ECE18 agagatttagaatgacaggcTGTGTTTGCCTCCTACAATGGG gcttccattatatagaattccCTGAAGTTTTCCTTTCTGTTTACCAGG 

mouse-ECE18-FragA gaaagagagatttagaatgacaggcCAACATATCGCGCTTACAAATTATC gcttccattatatagaattccCTGAAGTTTTCCTTTCTGTTTACCAGG 

bushbaby-ECE18 agagatttagaatgacaggcCGTGTTTGCCTCCCACAATAAGAGG cttccattatatagaattccGGAAAGTTTTCTTTTCAGTTTACCAAGGAG 

marmoset-ECE18 agagatttagaatgacaggcCCTGTTTGCCTCCCACAATAAGAG cttccattatatagaattccCAAAAGTTTTCTTTTCTGTTTACCGGGG 

macaque-ECE18 agagatttagaatgacaggcCCTGTTTGCCTCCCATAGTAAGAGG agcttccattatatagaattccCAAAAGTTTTCTTTTCTGTTTGTCGGGG 

macaque-ECE18-FragA agagatttagaatgacaggcCAACATATCGCGCTTACAAATTAT agcttccattatatagaattccCAAAAGTTTTCTTTTCTGTTTGTCGGGG 

gorilla-ECE18-FragA agagatttagaatgacaggcCAACATATCGCGCTTACAAATTAT cttccattatatagaattccCAGAAGTTTTCTTTTCTGTTTACCGGG 

chimp-ECE18 agagatttagaatgacaggcCCTGTTTGCCTCCCATAATAAGAGG cttccattatatagaattccCAGAAGTTTTCTTTTCTGTTTACCGGG 

chimp-ECE18-FragA agagatttagaatgacaggcCAACATATCGCGCTCGCAAA cttccattatatagaattccCAGAAGTTTTCTTTTCTGTTTACCGGG 

human-ECE18 agagatttagaatgacaggcCCTGTTTGCCTCCCATAATAAGAGG cttccattatatagaattccCAGAAGTTTTCTTTTCTGTTTACCGGG 

human-ECE18-fragA agagatttagaatgacaggcCAACATATCGCGCTTACAAATTAT agcttccattatatagaattccCAGAAGTTTTCTTTTCTGTTTACCGGGGAGGGGAG 

human-ECE18-fragB agagatttagaatgacaggcCCTGTTTGCCTCCCATAATAAGAGG gtcaagcttccattatatagaattccTTGTTTTCTCAGCGGGCCCG 
#Lowercase sequence indicates homology arm to vector. 
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Table S3: Primers used mutagenesis of ECE18# 

 

ECE Unique primer 

hECE18-Mut-A GGAAATGAAAATCTTCTCCGCCTtTCACGTCGCCGCTGCG 

hECE18-Mut-B CGCCTCTCACGTCGCCaCTGCGCCTTCAAATCCTCTGC 

hECE18-Mut-C CCTCACCTAATGCAAATGGAaCGGAGGCCTCTGTTATTGTATT 

hECE18-Mut-D CCTCACCTAATGCAAATGGAGtGGAGGCCTCTGTTATTGTATT 

hECE18-Mut-E TTAATCCGGCTTAGCtCGCTTAATGATGCCA 

hECE18-Mut-F AATCCGGCTTAGCCCaCTTAATGATGCCACT 

hECE18-Mut-G ATCGGGCCCGCTGAGAAAAtAAGTGACACAAAAAGTGGGCG 

hECE18-Mut-H CGCCCGCGATGGCGCtGATGGCTGATGCCGCGATTACGCC 

hECE18-Mut-I CTATCTCCGATCTCCCCGCCaGGTTTTTCATACTGATATTCTTTGCACCCC 

hECE18-Mut-J GGTTTTTCATACTGATATTaTTTGCACCCCGTAACACAGG 

hECE18-FragA-rs56967129 C>T TTTCATACTGATATTtTTTGCACCCCGTAAC 

hECE18-FragA-rs146778681 T>A AAAATCTTCTCCGCCaCTCACGTCGCCGCTG 

hECE18-FragA-rs769072620 C>G CTCCGCCTCTCACGTgGCCGCTGCGCCTTC 

hECE18-FragA-rs769072620 C>A CTCCGCCTCTCACGTaGCCGCTGCGCCTTCA 

hECE18-FragA-rs529226880 C>T CCTTCAAATCCTCTGtGAGCAGACTGGCCTC 

hECE18-del-insertion_i CGGCCCCCTCCCGGGCTCCCTCCCCGGTAAACAGAAAAGA 

hECE18-del-insertion_ii GAAGAGATTTATATTTTTTTGTTGTCAGGAAATGAACAAA 

  

gECE18-Mut1 GCGGAGAAGTCTATgAACTACTTCCATTAAAATGC 

gECE18-Mut2 CGCCGCCCGCGATGGCGCtGgTGGCTGATGCCGCG 

gECE18-Mut3 TGAAGAGATTTATATTTTTTTGTTGTCAGGAAATG 

gECE18-Mut4 CTTCTCCGCCTtTCACGTCGCCaCcGCGCCTTCAA 

gECE18-Mut5 CACCGGCCCCtTCCCGGGCTCCCTCCCCGGTAAAC 

  

hECE18_FragA-del_in_human_SP1A CCCGTAACACAGGAAATGAAAATCTCACGTCGCCGCTGCGCCTTC 

hECE18_FragA-del_in_human_SP1B CTTCTCCGCCTCTCACGTCGCCAAATCCTCTGCGAGCAGACTGG 

mECE18_FragA-add_in_mouse_hSP1A_B GAAATGAAAATCTTCTCCGCCTCTCACGTCGCCGCTGCGCCTTCAAATCCTCTGCGAACA 

mECE18_FragA-add_in_mouse_hSP1A TGAAAATCTTCTCCGCCTCTCAGTCTCCACTGTATCTCCAAATCC 

mECE18_FragA-add_in_mouse_hSP1B CAGGAAATGAAAATCTTCTCCATTCACGTCGCCGCTGCGCCTTCAAATCCTCTGCGAACA 

  

Chimera-5’-human-chimp-3’-F CGCCGATGGCTGATGCCGCGATTACGCCGGCGGGGGCGGCCCGC 

Chimera-5’-human-chimp-3’-R GCCGCCCCCGCCGGCGTAATCGCGGCATCAGCCATCGGCGCCATC 

  

Chimera-5’-chimp-human-3’-F CGCTGATGGCTGATGCCGCGATTACGCCGGCGGGGGCGGCCCGC 

Chimera-5’-chimp-human-3’-F GCCGCCCCCGCCGGCGTAATCGCGGCATCAGCCATCAGCGCCAT 
#Lowercase nucleotide indicates the base changed in mutagenesis. 
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Table S4: ChIP-qPCR and qRT-PCR primer sequences 
 

Name Specie Forward sequence Reverse sequence 

SP1A/B (hECE18) Human TGAAAATCTTCTCCGCCTCTCACG CCAGTCTGCTCGCAGAGGAT 

HBG2 promoter Human CCAAGGTCATGGATCGAGTT ACACTGTGACAGCTGGGATG 

En1 Mouse GTGGTCAAGACTGACTCACAGC GCTTGTCTTCCTTCTCGTTCTT 

Rpl13a Mouse CAGTGCGCCAGAAAATGC GAAGGCATCAACATTTCTGGAA 

EN1 Human  TTCGGATCGTCCATCCTCC GCTCCGTGATGTAGCGGTTT 

INSIG2 Human TTGCTGGAGGCATAACAATGGG TGCCTTCTTCATTCCTGATGAGATT 

CCDC93 Human TGAACGACCAGTACTTGGAGCTG GGATGTTCAGGAGGCCTTCG 

Beta-ACTIN Human CATGTACGTTGCTATCCAGGC CTCCTTAATGTCACGCACGAT 
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