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Limb development genes underlie variation in human

fingerprint patterns

Jinxi Li,}?2" James D. Glover,>?" Haiguo Zhang,*?’ Meifang Peng,?*?’ Jingze Tan,*
Chandana Basu Mallick,®® Dan Hou,® Yajun Yang,* Sijie Wu,“? Yu Liu,? Qiangian
Peng,? Shijie C. Zheng,? Edie I. Crosse, ’ Alexander Medvinsky, ’ Richard A. Anderson,
8 Helen Brown,? Ziyu Yuan, °® Shen Zhou'?, Yanging Xu®!, John P. Kemp,'? Yvonne
Y.W. Ho,'® Danuta Z. Loesch,** Lizhong Wang,*® Yingxiang Li,®® Senwei Tang,®
Xiaoli Wu,*® Robin G. Walters,*® Kuang Lin,*® Ruogu Meng,*" Jun Lv,8 Jonathan M.
Chernus,*® Katherine Neiswanger,?° Eleanor Feingold,® David M. Evans,*? Sarah E.
Medland,*® Nicholas G. Martin,*® Seth M. Weinberg,?*?2 Mary L. Marazita,12%222
Gang Chen,* Zhengming Chen,*® Yong Zhou,?* Michael Cheeseman,® Lan Wang,® Li

Jin,122>28* Denis J. Headon,>?%” Sijia Wang?26:2829"

! State Key Laboratory of Genetic Engineering, Collaborative Innovation Center for Genetics and
Development, School of Life Sciences, and Human Phenome Institute, Fudan University, Shanghai
200438, P.R. China

2 CAS Key Laboratory of Computational Biology, Shanghai Institute of Nutrition and Health,
University of Chinese Academy of Sciences, Chinese Academy of Sciences, Shanghai 200031, P.R.
China

3 The Roslin Institute and Royal (Dick) School of Veterinary Studies, University of Edinburgh,
Edinburgh, UK

4 Ministry of Education Key Laboratory of Contemporary Anthropology, Department of
Anthropology and Human Genetics, School of Life Sciences, Fudan University, Shanghai 200438,
P.R. China

> Centre for Genetic Disorders, Institute of Science, Banaras Hindu University, India

6 Chinese Academy of Sciences Key Laboratory of Tissue Microenvironment and Tumor, Shanghai
Institute of Nutrition and Health, Shanghai Institutes for Biological Sciences, University of Chinese
Academy of Sciences, Chinese Academy of Sciences, Shanghai 200031, P.R. China

7 Centre for Regenerative Medicine, University of Edinburgh, Edinburgh, UK.

8 MRC Centre for Reproductive Health, Queens Medical Research Institute, University of
Edinburgh, Edinburgh, UK

9 Fudan-Taizhou Institute of Health Sciences, Taizhou, Jiangsu 225326, P.R. China

10 Shanghai Foreign Language School, Shanghai 200083, P.R. China

1 Forest Ridge School of the Sacred Heart, Bellevue, WA 98006, USA

12 University of Queensland Diamantina Institute, University of Queensland, Brisbane, Australia



35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

61

62
63
64
65
66
67
68
69
70

13 QIMR Berghofer Medical Rese Institute, Brisbane, Australia

14 Psychology Department, La Trobe University, Melbourne, Australia

15 WeGene, Shenzhen, Guangdong 518040, P.R. China

16 Clinical Trial Service Unit and Epidemiological Studies Unit, Nuffield Department of Clinical
Medicine, University of Oxford, Oxford, UK

17 Center for Data Science in Health and Medicine, Peking University, Beijing 100191, P.R. China

18 Department of Epidemiology and Biostatistics, School of Public Health, Peking University Health
Science Center, Beijing 100191, P.R. China

19 Department of Human Genetics, University of Pittsburgh, Pittsburgh, PA 15261, USA

20 Center for Craniofacial and Dental Genetics, Department of Oral and Craniofacial Sciences,
University of Pittsburgh, Pittsburgh, PA, 15219

21 Department of Anthropology, University of Pittsburgh, Pittsburgh, PA, 15260

22 Clinical and Translational Science, University of Pittsburgh, Pittsburgh, PA 15261

23 Department of Psychiatry, University of Pittsburgh, Pittsburgh, PA, 15261

24 Clinical Research Institute, Shanghai General Hospital, Shanghai Jiao Tong University School of
Medicine, Shanghai, P.R. China

25 Research Unit of Dissecting the Population Genetics and Developing New Technologies for
Treatment and Prevention of Skin Phenotypes and Dermatological Diseases (2019RU058), Chinese
Academy of Medical Sciences, Shanghai 200438, P.R. China

26 Center for Excellence in Animal Evolution and Genetics, Chinese Academy of Sciences,
Kunming 650223, P.R. China

27 These authors contributed equally

28 Senior authors; these authors contributed equally

2 Lead Contact

*Correspondence:  lijin@fudan.edu.cn  (L.J.),  denis.headon@roslin.ed.ac.uk  (D.J.H.),
wangsijia@picb.ac.cn (S.W.)

Summary

Fingerprints are of longstanding practical and cultural interest, but little is known about the
mechanisms that underlie their variation. Using genome-wide scans in Han Chinese cohorts,
we identified 18 loci associated with fingerprint type across the digits, including a genetic
basis for the long-recognized “pattern-block” correlations among the middle three digits.
In particular, we identified a variant near EVI1 that alters enhancer regulatory activity and
established a role for EVI1 in dermatoglyph patterning in mice. Dynamic EVI1 expression
during human development supports its role in shaping the limbs and digits, rather than
influencing skin patterning directly. Trans-ethnic meta-analysis identified 43 fingerprint-

associated loci, with nearby genes being strongly enriched for general limb development
2
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pathways. We also found that fingerprint patterns were genetically correlated with hand
proportions. Taken together, these findings support the key role of limb development genes
in influencing the outcome of fingerprint patterning.

Keywords

Fingerprint pattern, genetics, genome-wide association study, trans-ethnic meta-analysis, limb

development, EVII
Introduction

Dermatoglyphs are parallel ridge formations present on the skin of the palms and fingers of the
hands and on the soles and toes of the feet (Cummins and Midlo, 1926). On the fingertips these
regular patterns of ridges and furrows form fingerprints of three principal pattern types: arch, loop,
and whorl (Figure 1A). Though fingerprints probably evolved to aid grasping (André et al., 2010;
Yum et al., 2020) and for sensing of surface textures (Medland et al., 2007; Scheibert et al., 2009),
since the 19" Century the fingerprint has been widely used for personal identification as the patterns
are unique to every individual, present from birth, and do not change over the lifespan (Galton,
1892).

Dermatoglyphic patterns on fingers begin to develop on the digit tips after the 10" week of
gestation, forming on the skin overlying the swollen and regressing volar pads. By the 14" week,
the configuration of the future fingerprint pattern (arch, loop or whorl) is defined at the epidermal-
dermal junction by the primary ridges (Babler, 1991; Okajima, 1975). Several mechanisms have
been proposed to explain the generation of these repeated patterns of epidermal ridges, including
theories based on the resolution of mechanical strain on the epidermis through buckling (Kiicken,
2007), the arrangement of ridge configurations according to a template set by blood vessels or nerves
(Hirsch and Schweichel, 1973), and the operation of reaction-diffusion signaling processes (Garzon-
Alvarado and Ramirez Martinez, 2011). However, the biological mechanisms underlying the
generation of dermatoglyph patterns and the overall fingerprint configuration remain largely
unknown.

Previous studies have reported population differences (Zhang et al., 2010) and considerable
heritability of fingerprint pattern types (4°=0.3-0.8) (Karmakar et al., 2011; Machado et al., 2010;
Sengupta and Karmakar, 2004). A recent genome-wide association scan (GWAS) with moderate
sample size discovered several loci associated with fingerprint patterns in a European-ancestry
cohort, but none of the loci had previously ascribed functions in either limb or skin development
(Ho et al., 2016), yielding little insight into the underlying biological mechanisms. In the current
study, by performing large-scale GWAS in Han Chinese populations, as well as trans-ethnic meta-
analysis of more than 23,000 individuals, we identified numerous novel loci underlying the

systematic variation in human fingerprint patterns, implicating genes with important roles in
3
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embryonic limb development as the principal determinants of heritable fingerprint variation. We
functionally validated the top signal near EVII as altering enhancer regulatory function, established
the importance of the EVI1 protein in dermatoglyph patterning in mouse models, and assessed EVI1
expression across limb development to dermatoglyph formation in human fetal tissues. We further
found evidence of a shared genetic basis between fingerprint type and hand proportions. Our
findings highlight the importance of limb development genes and processes in defining human

fingerprint patterns.

Results

1. Genome-wide scans identify 18 genomic regions associated with fingerprint patterns

across all digits in Han Chinese cohorts

In the discovery phase, we conducted genome-wide association scans (GWAS) on fingerprint
patterns on all ten digits (D1-5L, D1-5R) in 9,909 individuals from three Han Chinese cohorts: the
Taizhou Longitudinal Study (TZL, n=2,961), the National Survey of Physical Traits (NSPT,
n=2,679), and the Jidong cohort study (JD, n=4,269) (see also Table S1 for the details of cohorts).
The GWAS on the ordinal phenotypes (coded as 0, 1, and 2 for arch, loop, and whorl, respectively;
Figure 1A; STAR Methods) identified 18 genome-wide significant signals after adjusting for
multiple testing (Pagj<1.67x10%; Figure 1B), while the GWAS based on the binary phenotypes (non-
whorl or whorl) showed similar results (Table S2). The majority of signals (17 out of 18) were
replicated in at least one of the two validation cohorts: the China Kadoorie Biobank (CKB, n=1,785)
and the WeGene cohort (WeGene, n=2,152), with consistent allelic effects across all the cohorts
(Table 1). The narrow-sense heritability (estimated using GCTA software; see STAR Methods) of
fingerprint patterns on each digit was between 0.295-0.432 in discovery cohorts. The 18 most
significant SNPs explained 3.06-5.56% of the phenotypic variance (R?; Table S3). We further
conducted GWAS on 66 different derived phenotypes (Pagi<3.57%107, e.g. binary, nominal, ordinal,
and quantitative phenotypes), and found most of the significant associations overlapped with the 18
aforementioned genomic signals, suggesting the simple ordinal phenotypes cover most of the

phenotypic information related to variation of fingerprint pattern (Table S4).
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Figure 1. Genetic variants associated with ordinal fingerprint patterns (arch, loop and whorl)
in Han Chinese (N=9,909)

(A) Pattern-types of fingerprints according to the number of triradii/deltas (triangles) and cores
(circles) (STAR methods). There are three main types: arch, loop and whorl. Each main group
contains two sub-types according to the steepness, direction of ridges and the variable core.

(B) Genome-wide scans of the ordinal arch-loop-whorl phenotype identify 18 genomic regions
associated with fingerprint patterns. The red line indicates the threshold for genome-wide
significance after adjusting for the effective number of independent phenotypes (Pagi<1.67x10%;
STAR Methods). Detailed patterns of adjusted association significance across different fingers are
indicated by black squares for corresponding digits for significant associations (Paqgj<1.67x10%), and
grey squares for marginal associations (Pagi<3.33%10). Notable genes are indicated for each locus
(see Table 1 for selection criteria). Abbreviation: D1-5L/R = digit 1 to 5 of left or right hand. See
also Table S2 and S4.



Table 1. GWAS signals for fingerprint pattern type in Han Chinese discovery and replication populations

QLtf/ (DN'S_°;’9V§;)¥;TZL+NSPT+JD Replication1-CKB (N=1785)° Replication2-WeGene (N=2152)"
Locus Top SNPs allel EAF®  Notable genes® Associated digits® B
e ; P (Top digit)y " pf p: P Vs pf B P
2p243  rs16862838  T/C  0.197 'g"gs‘i[')(el L).DDXLG/GERILUN - by b3l paL,DsL 0106 292x109D3L)  -0.047 32x10%L3)  -0.042  0.083 0086 391x105(L1) / /
2q13  rs371242548  C/A 0054 EDAR(G)RANBP2(G)LIMSL(L) D3R 0184  611x109D3R)  -0.104 7.8x10%L3)  -0.018  0.63 011 146x10%(L1) / /
2311 151460049 AT 0201 E;’g(L)'SP3(G’ LJ.OLALG/GERI by 1r p2LIR 0127 132x109%D2R)  -0.104 46x105L2)  -008  36x10° - - - -
SATB2(GIL),
20331 rs4673509 CIA 0184 FTCDNLLFONG(G/R/L)TYWS( D2L/R,D3L/R 0118 174x109%D2L) 0073  850x10°%(L1)  / / 005  164x10%(L3) 0023 0331
L)
3p143  rs358075 Tic o048 WNTSAGLLRTMIGL).CAC  pa) o byt /R 0222 299x1044D3L)  -0.126 8.10x10°%(L1)  / / 0141 451x10%(L1) / /
NA2D3(GE/RIL)
3pl41 1517072351  G/A 0225  ADAMTSY(G/L),MAGIL(GIL) D4L/R,D5L/R 0133 742x1095(DAL)  -0057 9.40x10°(L1)  / / 0053 330x109(L2) oug  153x10%
30262  rs6444832 AIG  0.459 nEA\ig((S/ RIL).GOLIMAG)EGFE )| RD3L/RDALR 0133  131x10729(D3L) -0.074 2.10x10%(L1)  / / 0048 6.80x10%(L2) oz 0055
3029 rs80252354  T/IC  0.031 3H(EL§1(G/ L).OPAL(GIL)DPPAZP 1y 0238 7.36x109(D4L) 0094  0.068 / / 0115  0.125 / /
6q21  rs28700026  C/T 0254  PRDML(G/L), PREP(G/RIL) DIRDILRDSURDA 012 257x10%(D2R) 0053 52x10%(L3) 0033 018 0043 400x10%(L2) og 0355
70143  rs2075127 CT 0284 (C;E/EFE%G/ L),CHN2(G/L) CRVL( gg;’ RDSLRDALR, 4118 918x104(D3R) 0038  43x10%(L2) 0036  0.063 0058  2.32x109(L2) 0035  4.89x102
89231  rs1494910 CT 0d6l Egzgj(@’ RIANGPTLGLLEL 11| /R paL,DSR 0215  130x10%DIR) 0142 170x107(L2) 013  860x106 0085  137x10%(L3) 0033  0.55
12q12 152731043 CT 0182 %E(ZL()G/ CERILNELL2GILA — pap 0107  806x10°D3R) 0051  230x10%(L1) / / 0028  0.184 / /
12942 7957733 GIC 028  TBX3(GIRIL) DIURDILRDSURD 0111 378xa0'%DSL) 0054  7.8x10%L3) 0032 0082 0075  4.40x105(L2) 0068  4.88x10°
13913 1511618603 GIC 0139 KLHLL(G/L)DACHL(RIL) DILURD2L/RD3LR 0.4 124x10(D3L) 0102  25x104(L3) 002 047 0096  357x10%(L2) 0058  2.71x102
RPGRIP1L(G/GE/R/L),AKTIP(G/ o B Y
16q122  rs5005161 o oas eSS D3L/R 0092  193x1099D3L) 005  15x10%L3) 001 059 0063  195x10%(L1) / /
17p12  rs7208722 GiA 0209 ('\Q;’LZ)Z(G)'HS3ST3'31(G)*CDRT D3R D4R 0.108  463x107(D3R) 0073  15x10%(L3) 0031  0.096 0.045  9.00x10%(L1) / /
18212 1517089876  CIT 0441 %Eg;GE’ RIL).CCDCBBG).T gy jp 0087  146x109D5L) 0033  0.057 / / 0039  155x102(L3) 0027  0.068
18923 152004773 A/G 0382 SALL3(GIRIL) D2L/R D4R D5L/R 0164  6.14x107%DSR) 0059  7.Ax10%L1)  / / 0101  1.89x10°°(L1) / /

2The effect or alternative (Alt) allele frequency of the discovery populations.
"Notable genes are indicated as follows: 1) the two nearest genes within 1000 kb of the most significantly associated SNP annotated by GREAT (G), which uses the subset of the UCSC Known
Genes; 2) the nearest gene mapped by GENCODE (GE) or RefSeq (R); 3) Protein-coding genes within 1000 kb of the most significantly associated SNP in regional LocusZoom plot (L).
Underlining indicates that the best-associated SNP is located within the gene.
°Genome-wide significant level (Paqi<1.67x10, bold font) or suggestive level (Pagi<3.33%10) after multiple-testing adjustment.



4The sample sizes vary in GWAS on different phenotypes of digit: N=5415-9909 for discovery cohort (fingerprint patterns on digit 1 are not available in JD cohort), N=1634-1785 for replication
cohort 1 (CKB), and N=2138-2152 for replication cohort 2 (WeGene).

°The associations between the top SNPs and the fingerprint pattern of the most significant digit (i.e. top digit, as indicated in parentheses).

fThe signal was replicated at different levels of association, as following: the most significant replication is exactly the association between the top SNP and the top digit (L1); the most significant
replication is the association between the top SNP and one of the other associated digits, while the association between the top SNP and the top digit is also significant (L2) or not significant
(L3). “--” not available (INDEL polymorphisms are not available in the WeGene cohort).

£The associations between the Top SNPs and Top digits in replication cohorts. The "/" indicate that the associations have the same effect size and p value as the results of the two columns in
front.

Abbreviation: Alt=alternative, ref=reference, EAF=Effect or Alt Allele Frequency, TZL=cohort from Taizhou Longitudinal Study, NSPT=cohort from National Survey of Physical Traits Project,
JD=cohort from Jidong of Hebei Province, CKB=cohort from China Kadorie Biobank, WeGene=cohort from WeGene company. D1-5L/R=digit 1 to 5 of left or right hand.

See also Table S1.
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2. The EVII locus contributes to the “pattern-block” correlation between the middle three

digits on both hands

Fingerprint pattern types on contralateral (left and right) digit pairs are highly correlated, also
with strong genetic correlations among them (0.64-1, Figure 2A). In particular, the patterns on the
middle three digits are more correlated with one another than are the patterns on the other digits,
reflecting the long-recognized “pattern-block™ (also known as “pattern influence”; (Martin et al.,
1982; Nagy and Pap, 2005)) phenomenon. We found that using all SNPs across the genome, genetic
correlations among the middle three digits on both hands (0.93-1) are significantly higher than those
among all ten digits (Figure 2B). To model the common elements underlying such correlations
among the “pattern-block”, we adopted a partial least-square path model (PLSPM, STAR Methods)
to extract the composite phenotype from the middle three digits on both hands. GWAS on this
composite phenotype found 12 signals, 11 of which had been detected in the GWAS on the ordinal
phenotypes; a novel signal at 5p12 was also discovered (Figure 2C, Table S3). This composite
phenotype showed strengthened narrow-sense heritability (h2p=0.52440.039). Its phenotypic
variance could be genetically explained by the top SNPs of the 12 signals with higher proportion
(6.24%) than single phenotype (3.16-4.88%) (R?; Table S3), suggesting a shared genetic basis with
the individual digit phenotypes from which the trait was extracted. The top signal at 3q26.2 was also
effectively strengthened (P=6.41x1022, while P values were between 1.31x102°-2.93x10"!! for
single phenotypes).

The top signal at 3q26.2 is located ~100 kb downstream of the EVII (Ecotropic Viral
Integration Site 1) gene, also termed MECOM (MDS1 and EVII complex locus) (Figure 2D). Fine-
mapping of the 3q26.2 association-enhanced composite phenotype using PAINTOR with functional
annotation (STAR methods) found that the 99% credible set contained two SNPs: rs7646897
(posterior probability=0.383) and rs7623083 (posterior probability=0.617) (Figure 2D top).
Interrogation of ENCODE and REMC databases revealed that the 3q26.2 signal region showed
distinct active enhancer signatures in a range of human cells types (Figure 2D bottom). Further Hi-
C data showed the SNP rs7646897 region and EVI1 gene are located in the same Topologically
Associating Domain (TAD), while other nearby genes are located outside the boundary of this
domain (Figure S1A). There is also chromatin interaction between promoter region of EVI1 gene
and enhancer harboring SNP rs7646897 (Figure S1B). To verify this potential enhancer activity on
the EVII gene, we performed luciferase reporter assays (STAR methods) on rs7646897 and
rs7623083 in HEK293T cells, and detected allele specific differences in enhancer activity only for
157646897 (P=7.00x10*; Figure 2E, 2F and S2A-H). Further assays showed that the alternate SNPs
at rs7646897 modulated the expression of EVII (P=7.50x107), but not the promoters of the closet
up- and downstream genes GOLIM4 (P=0.364) and TERC (P=0.778) (Figure S2I). Independent

experimental repeats showed similar results (Figure S2J).
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Figure 2. Genetic basis of the middle three digit “pattern-block” phenomenon, with top signal
near EVII

(A) “Pattern block” of the middle three digits on both hands revealed by pair-wise phenotypic
correlation (blue) and genetic correlation (red) among the ten digits (N=9,909). The dashed box

indicates high correlations between the same digits of both hands and neighboring digits. The
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correlations from high to low were represented by both color and correlation coefficients (r) in the
figure.

(B) The correlations of fingerprint patterns between the middle three digits on both hands (Pattern-
block pairs) are higher than the correlations of all random pairs of the ten digits (All pairs).

(C) Genome-wide scan on the composite phenotype extracted from the fingerprint pattern of the
middle three digits on both hands. The loading coefficients of the composite phenotype on the six
correlated variables are between 0.719 and 0.792.

(D) Fine mapping of signals at 3q26.2: LocusZoom plot of SNPs at the 3q26.2 region (top) and
mapping of epigenetic marks H3K4mel, H3K27ac, DNase hypersensitivity and conservation
analysis at the same region, based on ENCODE and RMEC project data. SNP rs7646897 and
rs7623083, indicated by red lines, are in a region that exhibits distinct active enhancer signatures
defined by epigenetic marks, such as H3K4mel (green), H3K27ac (blue) histone modifications and
DNase hypersensitivity (purple), and with enhancer function by chromatin state assay (yellow box)
in fibroblast primary cells and in chondrocytes. The phastCon score indicates the evolutionarily
conservation in primates.

(E) Luciferase reporter assays on candidate regulatory elements carrying alternate alleles at SNPs
rs7646897 and (F) rs7623083 in HEK293T cells. pGL3-basic is a negative control plasmid lacking
enhancer activity, pGL3-318 is a positive control derived from the EVII promoter region. Symbols
indicate significance in t test (*P<0.05, **<0.01, ***<0.001). See also Figure S1, Figure S2 and
Table S3.

3. Evil mutation alters mouse dermatoglyph patterns and is expressed through early limb

development stages

The regulatory SNP rs7646897 is intergenic, lying 100 kb from the EVII gene. As regulatory
elements can exert effects at large physical distances, we assessed the importance of the EVII-
encoded protein itself on dermatoglyph pattern formation using mouse models. Based on their
location on the ventral side of digits, their formation prior to birth (Figure S3A, S3B), and their
parallel arrangement of ridges carrying the pores of sweat glands, we analyzed the transverse digital
ridges in the mouse as the closest model phenotype of human dermatoglyphs (see Supplementary
Information for further justifications).

We analyzed dermatoglyph patterns in 21 day old Evi/’*”* heterozygous mutants (encoding
EVIlp.Asn763Ile) and wild type littermate digits 2, 3 and 4 (Figures 3A, 3B, and 3C; Table S5).
Homozygous Evil’**”** embryos die between midgestation and birth, while heterozygotes display a
small spur on digit 5 (Figure 3A) (Parkinson et al., 2006), and slightly decreased digit length (Figure
S4A). Using a mixed ordinal logistic regression model, we found reduced frequency of continuous
ridges in all mutant digits (Pdigitv=0.02; Puigitz=0.0005; Puigis<0.0001), with digits 3 and 4 also
carrying more discontinuous ridges (Paigits=0.03; Puigits<<0.003; Figure 3C). These results
demonstrate directly that EVI1 itself is a modulator of dermatoglyph patterns.
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We assessed Evil expression in intact embryonic mouse limbs by whole mount in situ
hybridization, identifying high expression broadly in the autopod at E12.5, then becoming restricted
to the distal regions of all emerging digits (Figure 3D). RNAscope in situ hybridization permits
transcript detection at later stages on sectioned tissue. This approach identified broad Evil
expression throughout limb mesenchyme at E11.5, becoming restricted to the distal end of the limb
at E13.5, and excluded from the cartilage elements of the digits by E15.5, reducing further by E17.5
(Figure 3E, S4B). Quantification of Evil expression in embryonic mouse limbs (Figure 3F), agreed
with the findings by in situ hybridization, finding a steep decline across the stages of limb bud
outgrowth at embryonic day (E) 11.5, digit emergence (E13.5), digit outgrowth and definition of
dermatoglyph patterns (E15.5 and E17.5). In the distal digit Evil expression was detected in the
same cells as Prrxl, also named Prx/, a marker of limb bud mesenchyme (Chesterman et al., 2001;
Nohno et al., 1993) (Figure S4B).

We determined EVIlI expression during human embryonic development by
immunofluorescence, finding broad expression in the mesenchyme of the early outgrowing limb
bud at Carnegie Stage 17 (CS17, approximately 6 weeks estimated gestation age (EGA)), in contrast
to low or absent expression in the trunk (Figure 3G). By 10 weeks EGA, EVI1 was prominently
expressed in the mesenchyme of the distal ends of the digits, notably under the volar pads, the sites
of later fingerprint formation (Figure 3H). By 13 weeks EGA expression is largely lost, being
present only at the periphery of the distal phalange (Figure 3I), and at 16 weeks EGA, as
dermatoglyphs are emerging as a periodically corrugated epidermis with extending sweat gland
primordia, EVI1 expression is greatly reduced and it is not detected in these structures (Figure 3J).
To further refine the cell population expressing EVII, we assessed its coexpression with general
limb bud mesenchyme marker PRRX1. At week 10 expression is detected in the distal digit and the
deeper parts of the distal volar pad, in the same cells population as expresses PRRX (Figure 3K).
Expression of EVI1 in human development, as in mouse (Figure 3E), is similar on dorsal and ventral
sides of the digit, though broader on the ventral side as it extends into the lower volar pad. As
observed for the protein, EVI] mRNA is not detected in emerging fingerprint ridges at week 16 EGA
(Figure 3L). Thus, in human development EVI1 is expressed broadly in mesenchyme during limb
growth and then under the digit pad upon which the dermatoglyph pattern will form, but expression
is not associated with the epithelial folding of the fingerprint itself.

Early mouse and chicken limbs grow through proliferation from their distal end (Towers and
Tickle, 2009) and we find high levels of cell proliferation, marked by Ki67 immunofluorescence, in
10 week EGA digits in the distal tip mesenchyme (Figure 3M). This region is a major site of EVI1
expression and as the principal function of this transcription factor is to promote proliferation (Hoyt
et al., 1997), it is likely that altered EVII regulation changes patterns of cell growth and thus the
length and shape of the distal limb and digits.

11
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117
118  Figure 3. EVI1 in dermatoglyph patterning and limb development. A) Palmar dermal surface

119  of toluidine blue stained paws from wild type and Evi/’*”* adult mice showing dermatoglyph
120  arrangement. Arrow indicates spur on the mutant digit 5 (D5). B) Schematic depicting transverse
121  ridge categories on mouse digits and ventral surface of D4 of wild type and Evil’***. Regions
122 carrying continuous: C, discontinuous: D, and incomplete: I ridges are indicated. C) Quantification
123 of digit ridge pattern in wild type and Evi//**"* mutants. Continuous ridges are reduced on all mutant
124 digits, while D3 and D4 carry more discontinuous ridges. D) Wholemount in sifu hybridization
125  detecting Evil expression in mouse embryonic forelimbs. Ventral view. E) RNAscope in situ
126  hybridization detecting Evi/ and the limb mesenchyme marker Prrx/ transcripts in mouse
127  embryonic limb and digits between E11.5 and E17.5. F) Quantitative RT-PCR determination of Evil
128  expression in mouse forelimb at E11.5 (whole limb bud), E13.5, E15.5 and E17.5 (autopod only).
129  (G-J) Immunofluorescence detecting EVI1 expression in human embryonic tissue. G) Transverse
130  section of CS17 embryo (~6 week EGA) shows nuclear expression in mesenchymal cells of the
131  limb bud (LB, magnified in lower panel). The neural tube (NT) indicates the dorsal midline. H)
132 Longitudinal section of 10 week EGA digit, arrow indicates the raised volar pad across which

133 fingerprints form. I) 13 week EGA digit and J) 16 week EGA digit detecting EVII and epithelial
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marker K14. Dotted line indicates dermal-epidermal junction. SG: eccrine sweat gland. K, L)
RNAscope in situ hybridization detecting £EVII and PRRX] transcripts in sectioned K) 10 week
EGA and L) 16 week EGA human digit, with a-catenin immunofluorescence. Individual cells co-
express EVII and PRRXI. Asterisks indicates autofluorescent blood cells. M) Detection of
proliferative cell marker Ki67 in 10 week EGA digit. Dorsal (D) and ventral (V) axes are annotated:
Nuclei are stained with DAPI. Scale bars: A=1 mm; D, G upper = 500 um; E, G lower, H, I, J, K
left, M=100 pum; K right, L=20 um. Error bars indicate S.E.M. See also Figure S3, Figure S4 and
Table S5.

4. Trans-ethnic meta-analysis reveals a fingerprint pattern associated gene set enriched for

limb development functions

To more fully understand the genetic architecture of fingerprint patterns, we performed a meta-
analysis of both East Asian (EAS)-ancestry cohorts (TZL, NSPT, JD, CKB and WeGene), and
European (EUR)-ancestry cohorts, including the Avon Longitudinal Study of Parents and Children
(ALSPAC) birth cohort study, the Queensland Institute of Medical Research (QIMR) twin studies,
and the Pittsburgh cohort (Pittsburgh) using the binary phenotypes (non-whorl or whorl) on all ten
digits (Table S1). This large-scale meta-analysis of more than 23,000 individuals identified 43
independent signals mapping to 105 notable genes (Pagj<1.67x1078; Figure 4A, Table S6, see also
Figure S5 for detailed LocusZoom plots), which explained 4.6%-7.9% of the phenotypic variance
by polygenic risk score (STAR Methods). Of these 43 signals, 4 signals were independently
identified in both EAS-ancestry and EUR-ancestry cohorts; 27 were only identified in EAS-ancestry
cohorts, 9 of which were also nominally significant in EUR-ancestry cohorts; 2 were only identified
in EUR-ancestry cohorts, both of which were also nominally significant in EAS-ancestry cohorts;
10 were identified only after trans-ethnic meta-analysis (Figure 4B; Table S6). Among the 18 signals
that were only identified in EAS-ancestry and did not reach nominal significance in EUR-ancestry
cohorts, 9 were either not available or with low minor allele frequency (MAF<0.04, while the other
9 all showed suggestive level of association in EUR-ancestry cohorts (6.61x109<P<5.69x10-3),
with exactly the same effect direction as in EAS-ancestry cohorts (Table S6). Three signals were
genome-wide significant in either the EAS or EUR-ancestry cohorts, but were only nominally
significant in the trans-ethnic meta-analysis (Table S6). These results largely indicated that the
fingerprint related genes are generally the same in European and East Asian ancestry populations,
with some differences that are likely explained by differing allelic effect sizes or frequencies among
populations (Figure S6).

Genomic enrichment analysis using GREAT V4.0.4 (McLean et al., 2010); see STAR Methods;
Table S6) found that the fingerprint-associated signals were significantly enriched for embryonic-
development and morphogenesis-related Gene Ontology biological processes including “limb
development”, “Embryonic limb morphogenesis”, and “limb morphogenesis” (-log10(P)>8; Figure
4C); while epithelial and skin-related pathways including “morphogenesis of an epithelium” and
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“epithelial tube morphogenesis” did not reach the significance threshold after correction for
multiple-testing (-log10(Pw)=5.42, Figure 4C). Similar patterns of enrichment for limb rather than
skin related terms were observed when using human phenotype annotations and mouse morphology
terms for the analysis (Figure 4C). Enrichment was also observed for expression in mouse limb
tissues at Theiler Stage 17 (E10.5) and 19 (E11.5) when the forelimbs are divided into two regions
indicating proximal limb and autopod, but not in the developing autopod epithelium (Figure 4C).
Network analysis using STRING v11 (Szklarczyk et al., 2019) linked fingerprint-associated
GWAS genes and proteins by known functions and regulatory interactions (see STAR Methods),
showing a network centered around WNTS5A and IRX3 (Figure 4D), suggesting relevant
developmental pathways. Interestingly, both WNT5A and IRX3 were among the GWAS signals of
the composite phenotype of middle three fingers (Figure 2C). Eight proteins from 6 out of the 12
composite phenotype-associated signals appeared within two steps of the centered proteins with
higher degrees in the network (WNTS5A and IRX3), suggesting that these developmental pathways
are relevant to the biological mechanism underlying the “pattern-block” phenomenon. Another
network was centered on NOTCH signaling (NOTCH1, though not itself a GWAS hit), responsible
for maintaining mesenchymal progenitors of the limb in an undifferentiated and proliferative state

during its development (Dong et al., 2010).
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Figure 4. A meta-analysis of fingerprint patterns showing signals enriched in limb
development
(A) A Manbhattan plot showing the results of the meta-analyses combining GWAS of East Asian
(EAS)-ancestry (TZL, NSPT, JD, CKB and WeGene) and European (EUR)-ancestry cohorts
(ALSPAC, QIMR and Pittsburgh) across all ten digits (D1L/R were unavailable in JD and ALSPAC).
There were 43 signals associated with fingerprint patterns of at least one digit (Pug<1.67x108; Table
S6), with gene names in different colors: purple indicating significant in both EAS and EUR; red
and blue indicating only significant in EAS and EUR, respectively; green indicating not significant

in either EAS or EUR, but only significant after the meta-analysis combining both. Bold genes

15



198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220

showed associations with limb phenotypes abnormalities (Table 2). The block map on the right
represented the digits corresponding to the signals on the left. Red and blue triangles indicate
significance in EAS and EUR, respectively, while dark and light colors represented signals that
reached the adjusted genome-wide significant (P.4<1.67x10®) and suggestive levels (Pa<3.33%10
©), respectively. Bold frame indicated genome-wide significant (black) or suggestive (gray)
significant after combined meta-analyses.

(B) Venn diagram summarizing fingerprint-associated signals corresponding to Figure 4A.

(C) Enrichment of annotations across ontologies for the 43 fingerprint-associated signals. The red
asterisk indicates limb-relevant terms that genes are significantly enriched in after Bonferroni
correction (the red dotted lines). Only the top 10 terms ranked after enrichment analysis and top 5
epithelial/skin-related terms are shown.

(D) Fingerprint pattern-associated proteins and their interactions. The nodes represent proteins and
the links represent the existence of protein-protein or regulatory interactions. Edge thickness
was proportional to the weight of the edge (assigned with respect to STRING score). Filled nodes
indicate proteins involved in the interaction network, while empty nodes indicate proteins that are
independent of the network. The two nodes indicated by red arrows (WNTS5A and IRX3) represent
the centered, highly connected proteins. Red nodes denote proteins reported to be involved in limb
development, while blue nodes have not. Grey nodes are extended additional nodes to restrict the
number of direct interactions with input nodes to 10 in the current network. Green triangles indicate
notable genes associated with composite phenotypes (Figure 2C; Table S3). See also Table S6 and
Figure S5 and S6.

Table 2. Functional annotation for notable genes (subset)

@ Syndrome & phenotype description
when mutated, in human (OMIM

@ Syndrome & phenotype description
when mutated, in human (OMIM

Genes number) or @ mouse @ Expression Genes number) or @ mouse @ Expression
site in embryonic limb (mouse, unless site in embryonic limb (mouse, unless
stated) stated)

@ Mutants lack posterior digits, whisker
1p34.1-RNF220 ® Anterior limb bud(Ma et al., 2019) 6021-PRDM1 development; & Limb bud posterior

1p31.3-NFIA

82p24.3-MYCN

2p16.1-BCL11A

P2q13-EDAR

2031.1-SP9

@ Brain malformations with or without
urinary tract defects (613735); (3 Distal
limb bud (Chaudhry et al., 1997)

@ Feingold syndrome; syndactyly and
reduced middle phalanges (164280); ®
Proliferating cells of distal limb bud
mesenchyme (Ota et al., 2007)

@ Dias-Logan syndrome; Intellectual
development disorder with persistent fetal
hemoglobin (61711); 3 Mesenchyme of
early limb bud then autopod, anterior and
posterior margin of proximal limb,
subsequently interdigital (Yamamoto et al.,
2019)

(D Hypohidrotic ectodermal dysplasia;
skin appendages absent, aberrant
dermatoglyphs (224900)

® Apical ectodermal ridge, regulated by
FGF10 (Kawakami et al., 2004)

7p21.2-MEOX2

7p14.3-CREB5

7p12.3-IGFBP3

8021.13-ZFHX4

88(23.1-RSPO2

mesenchyme, including zone of polarizing
activity (Robertson et al., 2007)

@ Mutants have selectively reduced limb
musculature; @3 Limb bud myoblasts
(Mankoo et al., 1999)

® Interdigital condensing mesenchyme
(Lehoczky et al., 2004)

® Interdigital region (van Kleffens et al.,
1998)

(@ Conserved human enhancer drives
reporter expression in mouse limb buds (Ali
etal., 2016)

@ Tetraamelia syndrome 2; absence of
limbs (618021);® Apical ectodermal
ridge (Szenker-Ravi et al., 2018)
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82q31.1-
MAP3K20/ZAK

82033.1-SATB2

2037.3-GPC1

3p22.3-TRIM71
(LIN41)

83p14.3-WNT5A

3p14.1-ADAMTS9

83026.2-EVI1

3027.1-EPHB3

4p15.31-SLIT2

84p15.2-RBPJ

8428.1-INTU

5023.3-ADAMTS19

86p24.3-TFAP2A

@ Split-foot malformation; mesoaxial
polydactyly, nail duplications (616890);
(® Entire early limb bud (Spielmann et al.,
2016)

@ Glass syndrome; digit anomalies,
sparse hair (612313); @ Apical
ectodermal ridge (Sheehan-Rooney et al.,
2010)

® Limb bud mesenchyme (chicken) (Saad
etal., 2017)

® Distal limb and digit mesenchyme
(mouse and chicken) (Lancman et al.,
2005)

(D Robinow syndrome; limb shortening,
brachydactyly (180700); ® Apical
ectodermal ridge and progress zone
('Yamaguchi et al., 1999)

@ Limb specific deletion causes
syndactyl; @ Broadly in early limb
mesenchyme, subsequently digit
perichondrium (McCulloch et al., 2009)

(O RUSAT?2; radioulnar synostosis, digit
defects (616738); 3 Limb bud and digit
pad mesenchyme (Human, Figure 3G-I)

® Limb bud epithelium and
nonchondrogenic mesenchyme (Compagni
et al., 2003)

® Interdigital mesenchyme and digit
lateral margins (Holmes et al., 1998)

@ Adams-Oliver syndrome; scalp and
distal limb defects (short distal phalanges)
(614814)

(D Short-rib thoracic dysplasia 20 with
polydactyly (617925)

® Posterior-proximal limb bud, regulated
by SHH signalling (Lewandowski et al.,
2015)

@ Branchiooculofacial syndrome,
incompletely penetrant polydactyly
(113620); @ Limb bud ectoderm and
distal mesenchyme (Feng et al., 2008)

8024.12-HAS2

89(22.31-ROR2

812¢12-DBX2

812¢12-NELL2

812¢24.21-TBX3

813912.11-FGF9

416q12.2-
RPGRIP1L

€16q12.2-FTO

16012.2-IRX3

b1gq12.1-
MAPRE2

818q21.2-TCF4

18023-SALL3

22q13.31-
CELSR1

@ Short limbs with phalange duplication
and misplaced interphalangeal joints; @
Distal limb bud mesenchyme, regulated by
SHH (Liu et al., 2013)

@ Robinow syndrome; limb shortening,
including brachydactyly (268310); ®
Distal limb mesenchyme (Matsuda et al.,
2001)

(D Deletion at this locus alters hand size,
digit morphology and causes retention of
fetal digital pads (Carlsen et al., 2015); ®
Genes at this locus are coordinately
expressed in distal limb mesenchyme and
embryonic digits(Beccari et al., 2021)

@ Ulnar-mammary syndrome; posterior
digits reduced or absent (181450); ®
Anterior and posterior mesenchyme of
embryonic limb bud and apical ectodermal
ridge (Gibson-Brown et al., 1996)

@ Multiple Synostoses Syndrome 3;
impaired interphalange joint formation,
broadened thumbs (612961);® Apical
ectodermal ridge (Mariani et al., 2008)

@ Meckel syndrome; polydactyly
(611561); 3 Protein located at primary
cilium of embryonic limb mesenchymal
cells; regulates SHH signaling (Gerhardt et
al., 2015)

@ Growth retardation, developmental
delay and facial dysmorphism;
brachydactyly and cutis marmorata
(612938)

@ Smaller limb when mutation combined
with Irx5 mutation; 3 Proximal-anterior
limb bud, interacts with SHH (Li et al.,
2014)

@ Congenital symmetric circumferential
skin creases; excess skin leading to ringed
creases, principally on limbs (616734)

@ Pitt-Hopkins syndrome; persistent fetal
digital pads (610954); @ Peridigital
mesenchyme at distal digit tips (Cho and
Dressler, 1998)

@ Lack of digit development when
mutated with SALL1;(® Distal posterior
mesenchyme, regulated by SHH
(Kawakami et al., 2009)

® Early limb bud with distal bias (Shima
etal., 2002)

2Abnormalities on limb phenotype when gene mutated in human.
®Abnormalities on skin or skin appendage phenotypes when gene mutated in human.
¢Abnormalities on both skin and limb phenotypes when gene mutated in human.

5. Fingerprint patterns are significantly associated with hand proportions, showing strong

genetic correlations with fingerprint pattern type

To further test the hypothesis that embryonic and fetal limb development may influence

fingerprint pattern types, we examined the correlation between fingerprint patterns and limb-related

phenotypes (i.e. hand phenotypes). We measured hand phenotypes (see Figure 5A for hand and digit

length; Figure S7 for distal phalanx length and other hand phenotypes) in NSPT and JD cohorts. We

found broad associations between hand phenotypes and fingerprint patterns (e.g. frequency of

whorls) (Table S7). Higher frequency of whorl patterns was associated with longer little finger (D5)
relative to hand length (ratio of D5 length to hand length (DHRS5); p=0.15, P=2.42x10>, Figure 5B;
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Table S7). This was clearly seen in the direct comparison of DHRS in individuals with whorl and
non-whorl fingerprint patterns on different digits, particularly on D5 (Ppsi=1.74x10"13,
Ppsr=5.85x10"13, Figure 5C). Individuals with whorl pattern on D5 of both hands (56.83+4.34 mm)
had on average a 1.32 mm longer D5 than individuals with no whorl pattern on D5 (55.51+4.52
mm). These phenotypic correlations also showed a strong genetic basis, as significant genetic
correlations were found between DHRS and fingerprint patterns on different digits, especially on
D5 (rgps1=0.31, P=3.89x107'6, r,.psr=0.22, P=1.26x10""!, Figure 5D; Table S8). Indeed, we found
that fingerprint-associated signals (2p24.3-MYCN, 3p14.3-WNT5A, 12q24.21-TBX3 and 18q23-
SALL3) were also associated with the length of D5 or DHRS (Table S6). Apart from the digit length,
we found that the distal phalanx of D2 and D3 (ratio of D2 or D3 distal phalanx length to hand
length (DPHR2 or DPHR3)) were also associated with whorl patterns (Bppur2=-0.31, P=9.13x108,
Bopur3=-0.24, P=2.02x10"!!; Table S7), and with fingerprint-associated signals (2q31.1-SP9,
8923.1-RSPO2, etc.; Table S6). Together, these results provided further evidence that fingerprint

patterns are strongly influenced by the process of limb development.

D5:Y = 0.150X - 0.071, P £ 0.001 ¢
D4:Y =0.021X - 0.010, P = 0.56
D3:Y =-0.001X + 0.0005, P = 0.98
D2:Y =-0.011X + 0.005, P = 0.77
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Figure 5. Association between fingerprint patterns and hand phenotypes (N=6,318)

(A) Diagrammed human hand with measured phenotypes, including hand and digit length. The
digit-hand ratio (DHR) is the ratio of digit length and hand length.

(B) The association between the whorl frequency of eight digits (D2-D5) and the DHR of each digit.
We used Z-score to standardize the mean DHR of left and right hands. Red dots indicate the average

values and short black lines the standard deviation for each group. The arrow indicates the linear
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regression passes the significance test.

(C) Bar plot of fingerprint patterns of each digit (D2-D5) and the mean DHR of DS5. Error bars
indicate S.E.M. *P<0.05, **¥<0.01, ***<0.001.

(D) Genetic correlations between fingerprint patterns and the mean DHR of D5. Estimates and tests
were performed using the bivariate GREML of GCTA software. Error bars indicate S.E.M. See also
Figure S7 and Table S7 and S8.

Discussion

By leveraging a large-scale GWAS, we identified many fingerprint pattern-associated
genetic variants and inferred their associated biological processes. As with other complex traits,
the phenotypic variance explained by the 43 top genetic signals from meta-analysis using
polygenic risk scores was small, and together with the inherent stochasticity of skin patterning
processes (Painter et al., 2012), it is clear that this work will not permit prediction of fingerprint
pattern from an individual’s genotype. This work shows that the enormous diversity of
fingerprint patterns is at a basic level influenced by the dynamics and shaping of the underlying
limb structure.

There are various ways to quantify fingerprint phenotypes (see Table S4). Interestingly, we
found that GWAS of the ordinal phenotype (0, 1, and 2 for arch, loop, and whorl, respectively)
provided the most significant and the greatest number of signals, suggesting this ordinal phenotype
might better reflect the underlying genetic mechanisms of pattern formation. It has been proposed
that the morphology (i.e. height, shape, size) of volar pads (Bonnevie, 1924; Wertheim and Maceo,
2002) and the growth stresses on the pad surface (Kiicken, 2007) play important roles to influence
pattern types. In particular, while ridges forming on high volar pads typically conform to the whorl-
type pattern, low volar pads produce arch-type patterns; and asymmetric and intermediate height
volar pads often form loop-type patterns (Babler, 1987; Mulvihill and Smith, 1969). This proposed
link between height of volar pads and type of fingerprint pattern is consistent with the empirical
justification of the ordinal phenotype (regarding loop as an intermediate phenotype between arch
and whorl) in our study.

Of the genes identified in the 43 meta-GWAS signals, only EDAR had previously been
implicated in dermatoglyph formation, with loss of EDAR activity producing highly abnormal
fingerprints as part of the rare condition hypohidrotic ectodermal dysplasia (Kargul et al., 2001;
Verbov, 1970). We found that in Edar mutant mice, the transverse digital ridges are profoundly
aberrant, though, as in humans, limb and digit structure appears normal (Figure S3C). EDAR
signaling in the surface ectoderm is thus likely to influence dermatoglyph patterns directly, in
a manner similar to this pathway’s role in defining hair follicle spatial arrangement (Mou et al.,
2006). Collectively, however, the set of genes implicated from our GWAS represents a strong
signal of limb growth regulation, particularly of the distal limb, evidenced by their
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developmental expression patterns and the anatomical phenotypes induced by their mutation in
humans and mice.

Evil mutation in mice alters the transverse digital ridge pattern, establishing the EVI1
protein as a determinant of dermatoglyph pattern. During human development, we did not
detect EVI1 expression in the epidermal ridges that form the dermatoglyph; rather, expression
was prominent at an earlier stage in the distal ends of the digits and under the transiently raised
pads at the fingertips on which the fingerprints later form. These volar pads, built on a
mesenchymal core, have been postulated to be key determinants of dermatoglyph
characteristics as their variable shapes in the fetus are reported to be correlated with different
dermatoglyph types (Babler, 1991). EVI1 promotes cell proliferation during development
(Hoyt et al., 1997), and its expression in the proliferative mesenchyme of the distal limb
suggests that it may modulate the shape and size of these pads and distal digit elongation by
altering cell production. Volar pads are present but undergoing regression across the period of
fingerprint establishment, though mutation at fingerprint pattern associated genes 7CF4 or the
DBX2 locus are associated with retention of fetal pads into adulthood, indicating a role for these
genes in pad growth and regression (Table 2). EVII is also a proto-oncogene, with increased
expression driving acute myeloid leukemia and pediatric mixed lineage leukemia through
suppression of cellular differentiation and apoptosis in hematopoietic lineages (Glass et al.,
2014). Fingerprint pattern type has been reported to be associated with incidence of leukemia
(Menser and Purvis-Smith, 1969; Rathee, 2014; Rosner, 1969), with the functional EVII
variants we identify potentially explaining some of this phenotypic association. Further clinical
studies are needed to formally test this potential pleiotropic effect of EVII.

Proximal-distal limb growth is driven by proliferation of distal mesenchyme in response
to signals from its overlying apical ectodermal ridge (AER) (Towers and Tickle, 2009). Apically
produced WNTS5A, and its receptor ROR2 (Mikels and Nusse, 2006), RSPO2, and the
downstream regulator TCF4, play roles in B-catenin transcriptional function, which is finely
balanced to achieve appropriate AER maintenance and limb outgrowth (Hill et al., 2006). Our
network analysis of fingerprint pattern associated genes extends this canonical WNT/B-catenin
cluster to the planar cell polarity pathway, arising from the dual roles of WNTSA and ROR2,
and connecting to INTU and CELSR1 as cytoplasmic effector and plasma membrane cell
polarity factors. Planar cell polarity is crucial for coordinating directed limb outgrowth (Gao
and Yang, 2013) and in particular regulating the formation of distal skeletal elements, consistent
with the brachydactyly caused by ROR2 or WNT5A mutation in Robinow syndrome and
polydactyly caused by INTU mutation (Table 2).

A second node of network connectivity centers on IRX3, expressed in the proximal limb

bud and antagonistically regulated by SHH, a key morphogen imparting anterior-posterior
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polarity to the limb (Li et al., 2014). SHH, emanating from the zone of polarizing activity (ZPA)
located in the posterior autopod mesenchyme, coordinates growth and digit identity across the
handplate, resulting in altered digit number when SHH signaling is modulated (Towers and
Tickle, 2009). RPGRIP1L and ADAMTS9 regulate SHH signal reception, by contributing to
the formation and functioning of cilia, which serve as a signal-receiving projection from the
cell surface, with mutations in RPGRIP1L causing formation of extra digits (polydactyly) (Arts
et al., 2007; Delous et al., 2007; Zeng et al., 2010), while ADAMTS9 mutation causes fusion of
adjacent digits (syndactyly) (Dubail et al., 2014; Nandadasa et al., 2019). SHH signaling
regulates the expression of other fingerprint pattern associated genes, including the HAS2 (Liu
et al., 2013), SALL3 (Kawakami et al., 2009) and DBX2 (Pierani et al., 1999) genes, further
implicating the embryonic limb’s anterior-posterior specification system in fingerprint type
determination.

The influence of both the anterior-posterior and the proximal-distal limb development
systems on dermatoglyph type is also supported by our assessment of their correlation with
hand and digit lengths. The proximal-distal length proportions of hand, digit and phalanx are
established during the fetal period, at the stage of fingerprint determination (Hamrick, 2001;
Rao et al., 2019). We found the strongest phenotypic associations between fingerprint type and
the proportions of the anterior-most and posterior-most fingers, substantiating a role for the
anterior-posterior system in their selection. Moreover, 3p21.1-WNT54 (p=6.93x10"°) and
18q23-SALL3 (p=5.07x10") loci, as well as 3q26.2-EVII (p=7.62x10") which was similar to
the mouse finding (Figure S4A), were associated with both fingerprint type and length of digit
5 (Table S6). This is consistent with demonstrated roles for SALL3 as a key regulator of
autopod development (Kawakami et al., 2009) and WNTSA promoting distal limb and digit
outgrowth during embryogenesis (Yamaguchi et al., 1999). Unlike the length proportions of the
mature hand, which reflect their configuration from the stage at which fingerprint patterns were
being established (Rao et al., 2019), other embryonic structures, such as the volar pads, are
transient and their variation is unlikely to be detectable in adult limb proportions. In conclusion,
the limb development genes uncovered in this study and the correlation of hand proportions
with dermatoglyph types demonstrate the key role of embryonic limb growth processes in

defining the intricate surface patterning of the human fingerprint.

Limitations of the study

We performed functional analysis on the most prominent signal of all for the composite
phenotype, adjacent to EVII, finding that the best supported SNP at this locus lies within an
enhancer, with its alternate alleles displaying different regulatory activities. We mapped

enhancer activities from functional datasets using 12 epithelial or mesenchymal and cell types
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similar to those of the developing limb (See STAR Methods). However, this work could be
extended and supported by generating functional datasets for limb cells at various
developmental stages. Since the entire region of the 3q26.2 signal covering all the associated
SNPs appeared in the credible sets using various methods, this region (chr3:168448858-
168948263) is in the same TAD as the EVII gene (chr3:168600000-169520000) (Figure S1A),
and EVII is strongly supported as the most likely causal gene. For our reporter assays we used
the HEK293T cell line, widely used in biology to assay enhancer activity and for other
applications, and used here because mesenchymal cell lines from early limb formation do not
exist. However, being embryonic cells that express developmental regulators, including many
HOX genes, brings HEK293T cells closer to embryonic human limb mesenchyme than cell

lines derived from adult or from other species.
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Figure Titles and Legends

Figure 1. Genetic variants associated with ordinal fingerprint patterns (arch, loop and whorl)
in Han Chinese (N=9,909)

(A) Pattern-types of fingerprints according to the number of triradii/deltas (triangles) and cores
(circles) (STAR methods). There are three main types: arch, loop and whorl. Each main group
contains two sub-types according to the steepness, direction of ridges and the variable core.

(B) Genome-wide scans of the ordinal arch-loop-whorl phenotype identify 18 genomic regions
associated with fingerprint patterns. The red line indicates the threshold for genome-wide
significance after adjusting for the effective number of independent phenotypes (Pagi<1.67x107%;
STAR Methods). Detailed patterns of adjusted association significance across different fingers are
indicated by black squares for corresponding digits for significant associations (Pagi<1.67x10%), and
grey squares for marginal associations (Pagj<3.33%10¢). Notable genes are indicated for each locus
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(see Table 1 for selection criteria). Abbreviation: D1-5L/R = digit 1 to 5 of left or right hand. See
also Table S2 and S4.

Figure 2. Genetic basis of the middle three digits “pattern-block” phenomenon, with top signal
near EVII

(A) “Pattern block” of the middle three digits on both hands revealed by pair-wise phenotypic
correlation (blue) and genetic correlation (red) among the ten digits (N=9,909). The dashed box
indicates high correlations between the same digits of both hands and neighboring digits. The
correlations from high to low were represented by both color and correlation coefficients (r) in the
figure.

(B) The correlations of fingerprint patterns between the middle three digits on both hands (Pattern-
block pairs) are higher than the correlations of all random pairs of the ten digits (All pairs).

(C) Genome-wide scan on the composite phenotype extracted from the fingerprint pattern of the
middle three digits on both hands. The loading coefficients of the composite phenotype on the six
correlated variables are between 0.719 and 0.792.

(D) Fine mapping of signals at 3q26.2: LocusZoom plot of SNPs at the 3q26.2 region (top) and
mapping of epigenetic marks H3K4mel, H3K27ac, DNase hypersensitivity and conservation
analysis at the same region, based on ENCODE and RMEC project data. SNP rs7646897 and
rs7623083, indicated by red lines, are in a region that exhibits distinct active enhancer signatures
defined by epigenetic marks, such as H3K4mel (green), H3K27ac (blue) histone modifications and
DNase hypersensitivity (purple), and with enhancer function by chromatin state assay (yellow box)
in fibroblast primary cells and in chondrocytes. The phastCon score indicates the evolutionarily
conservation in primates.

(E) Luciferase reporter assays on candidate regulatory elements carrying alternate alleles at SNPs
rs7646897 and (F) rs7623083 in HEK293T cells. pGL3-basic is a negative control plasmid lacking
enhancer activity, pGL3-318 is a positive control derived from the EVII promoter region. Symbols
indicate significance in t test (*P<0.05, **<0.01, ***<0.001). See also Figure S1, Figure S2 and
Table S3.

Figure 3. EVI1 in dermatoglyph patterning and limb development. A) Palmar dermal surface
of toluidine blue stained paws from wild type and Evil’*" adult mice showing dermatoglyph
arrangement. Arrow indicates spur on the mutant digit 5 (D5). B) Schematic depicting transverse
ridge categories on mouse digits and ventral surface of D4 of wild type and Evil’***. Regions
carrying continuous: C, discontinuous: D, and incomplete: I ridges are indicated. C) Quantification
of digit ridge pattern in wild type and Evi/’*”* mutants. Continuous ridges are reduced on all mutant
digits, while D3 and D4 carry more discontinuous ridges. D) Wholemount in sifu hybridization
detecting Evil expression in mouse embryonic forelimbs. Ventral view. E) RNAscope in situ

hybridization detecting Evi/ and the limb mesenchyme marker Prrx/ transcripts in mouse
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embryonic limb and digits between E11.5 and E17.5. F) Quantitative RT-PCR determination of Evil
expression in mouse forelimb at E11.5 (whole limb bud), E13.5, E15.5 and E17.5 (autopod only).
(G-J) Immunofluorescence detecting EVI1 expression in human embryonic tissue. G) Transverse
section of CS17 embryo (~6 week EGA) shows nuclear expression in mesenchymal cells of the
limb bud (LB, magnified in lower panel). The neural tube (NT) indicates the dorsal midline. H)
Longitudinal section of 10 week EGA digit, arrow indicates the raised volar pad across which
fingerprints form. I) 13 week EGA digit and J) 16 week EGA digit detecting EVI1 and epithelial
marker K14. Dotted line indicates dermal-epidermal junction. SG: eccrine sweat gland. K, L)
RNAscope in situ hybridization detecting £EVII and PRRX] transcripts in sectioned K) 10 week
EGA and L) 16 week EGA human digit, with a-catenin immunofluorescence. Individual cells co-
express EVII and PRRXI. Asterisks indicates autofluorescent blood cells. M) Detection of
proliferative cell marker Ki67 in 10 week EGA digit. Dorsal (D) and ventral (V) axes are annotated:
Nuclei are stained with DAPI. Scale bars: A=1 mm; D, G upper = 500 um; E, G lower, H, I, J, K
left, M=100 um; K right, L=20 um. Error bars indicate S.E.M. See also Figure S3, Figure S4 and
Table S5.

Figure 4. A meta-analysis of fingerprint patterns showing signals enriched in limb
development

(A) A Manhattan plot showing the results of the meta-analyses combining GWAS of East Asian
(EAS)-ancestry (TZL, NSPT, JD, CKB and WeGene) and European (EUR)-ancestry cohorts
(ALSPAC, QIMR and Pittsburgh) across all ten digits (D1L/R were unavailable in JD and ALSPAC).
There were 43 signals associated with fingerprint patterns of at least one digit (P.g<1.67x10%; Table
S6), with gene names in different colors: purple indicating significant in both EAS and EUR; red
and blue indicating only significant in EAS and EUR, respectively; green indicating not significant
in either EAS or EUR, but only significant after the meta-analysis combining both. Bold genes
showed associations with limb phenotypes abnormalities (Table 2). The block map on the right
represented the digits corresponding to the signals on the left. Red and blue triangles indicate
significance in EAS and EUR, respectively, while dark and light colors represented signals that
reached the adjusted genome-wide significant (P.4<1.67x10®) and suggestive levels (Pa<3.33x10
®), respectively. Bold frame indicated genome-wide significant (black) or suggestive (gray)
significant after combined meta-analyses.

(B) Venn diagram summarizing the fingerprint-associated signals corresponding to Figure 4A.

(C) Enrichment of annotations across ontologies for fingerprint-associated 43 signals. The red
asterisk indicates limb-relevant terms that genes are significantly enriched in after Bonferroni
correction (the red dotted lines). Only the top 10 terms ranked after enrichment analysis and top 5
epithelial/skin-related terms are shown.

(D) Fingerprint pattern-associated proteins and their interactions. The nodes represent proteins and

the links represent the existence of protein-protein or regulatory interactions. Edge thickness
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was proportional to the weight of the edge (assigned with respect to STRING score). Filled nodes
indicate proteins involved in the interaction network, while empty nodes indicate proteins that were
independent of the network. The two nodes indicated by red arrows (WNTSA and IRX3) represent
the centered, highly connected proteins. Red nodes denote proteins reported to be involved in limb
development, while blue nodes have not. Grey nodes are extended additional nodes to restrict the
number of direct interactions with input nodes to 10 in the current network. Green triangles indicate
notable genes associated with composite phenotypes (Figure 2C; Table S3). See also Table S6 and
Figure S4 and S5.

Figure 5. Association between fingerprint patterns and hand phenotypes (N=6,318)

(A) Diagrammed human hand with measured phenotypes, including hand and digit length. The
digit-hand ratio (DHR) is the ratio of digit length and hand length.

(B) The association between the whorl frequency of eight digits (D2-D5) and the DHR of each digit.
We used Z-score to standardize the mean DHR of left and right hands. Red dots indicate the average
values and short black lines the standard deviation for each group.

(C) Bar plot of fingerprint patterns of each digit (D2-D5) and the mean DHR of DS5. Error bars
indicate S.E.M. *P<0.05, **<0.01, ***<0.001.

(D) Genetic correlations between fingerprint patterns and the mean DHR of D5. Estimates and tests
were performed using the bivariate GREML of GCTA software. Error bars indicate S.E.M. See also
Figure S7 and Table S7 and S8.

Tables with Titles and Legends

Table 1. GWAS signals for fingerprint pattern type in Han Chinese discovery and replication
populations

aThe effect or alternative (Alt) allele frequency of the discovery populations.

®Notable genes are indicated as follows: 1) the two nearest genes within 1000 kb of the most
significantly associated SNP annotated by GREAT (G), which uses the subset of the UCSC
Known Genes; 2) the nearest gene mapped by GENCODE (GE) or RefSeq (R); 3) Protein-coding
genes within 1000 kb of the most significantly associated SNP in regional LocusZoom plot (L).
Underlining indicates that the best-associated SNP is located within the gene.

‘Genome-wide significant level (Pagi<1.67x10%, bold font) or suggestive level (Pagj<3.33%10)
after multiple-testing adjustment.

4The sample sizes vary in GWAS on different phenotypes of digit: N=5415-9909 for discovery
cohort (fingerprint patterns on digit 1 are not available in JD cohort), N=1634-1785 for replication
cohort 1 (CKB), and N=2138-2152 for replication cohort 2 (WeGene).

“The associations between the top SNPs and the fingerprint pattern of the most significant digit (i.e.
top digit, as indicated in parentheses).

T The signal was replicated at different levels of association, as following: the most significant
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replication is exactly the association between the top SNP and the top digit (L 1); the most significant
replication is the association between the top SNP and one of the other associated digits, while the
association between the top SNP and the top digit is also significant (L2) or not significant (L3). “-
-” not available (INDEL polymorphisms are not available in the WeGene cohort).

£The associations between the Top SNPs and Top digits in replication cohorts. The "/" indicate that the
associations have the same effect size and p value as the results of the two columns in front.
Abbreviation: Alt=alternative, ref=reference, EAF=Effect or Alt Allele Frequency, TZL=cohort
from Taizhou Longitudinal Study, NSPT=cohort from National Survey of Physical Traits Project,
JD=cohort from Jidong of Hebei Province, CKB=cohort from China Kadorie Biobank,
WeGene=cohort from WeGene company. D1-5L/R=digit 1 to 5 of left or right hand.

Table 2. Functional annotation for notable genes (subset)
3Abnormalities on limb phenotype when gene mutated in human.
®Abnormalities on skin or skin appendage phenotypes when gene mutated in human.

¢Abnormalities on both skin and limb phenotypes when gene mutated in human.

STARY Methods

Key Resources Table
Resource Availability

Lead Contact

Further information and requests for resources should be directed to Sijia Wang
(wangsijia@picb.ac.cn), Li Jin (lijin@fudan.edu.cn) and Denis Headon

(denis.headon@roslin.ed.ac.uk).
Materials Availability
This study did not generate new unique reagents.

Data and Code Availability

All raw chip array data of discovery cohorts generated during this study are available at NODE
(http://www.biosino.org/node). The accession number for the data reported in this paper is NODE:
OEPO000198. This study did not generate any unique code. All software is freely or commercially
available and is listed in the STAR Methods description and Key Resources Table.

Experimental Model and Subject Details

Human subjects
There are in total 23,966 samples from 8 independent cohorts (Table S1). In discovery stage,

27


mailto:wangsijia@picb.ac.cn
mailto:lijin@fudan.edu.cn
mailto:denis.headon@roslin.ed.ac.uk

576
577
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592

593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613

the Taizhou longitudinal (TZL) cohort includes 2961 adults (1059 males and 1902 females, aged
31-81 years); the National Survey of Physical Traits (NSPT) cohort comprises 2679 individuals
from three different regions of China (1045 males and 1634 females, aged 18-83 years); the Jidong
(JD) cohort includes 4269 adults (2104 males and 2165 females, aged 20-82 years). Two cohorts for
replication: the Chinese Kadoorie biobank (CKB) includes 1785 adults (596 males and 1189 females,
aged 36-55 years), and the WeGene cohort comprises 2152 unrelated individuals (954 males and
1198 females, aged 6-68 years). In trans-ethnic meta-analyses, the Pittsburgh cohort includes 1480
volunteers (690 males and 790 females, aged 0-86 years), the Avon Longitudinal Study of Parents
and Children (ALSPAC) cohort includes 5339 individuals, and the Queensland Institute of Medical
Research (QIMR) cohort includes 3301 individuals. All participants provided written informed
consent, and all study protocols were approved by the institutional review boards of the pertinent
research institutions. For detailed information about study populations, donor enrollment, blood
extraction, specification of fingerprint patterns and hand traits review the Methods Details.

Cell lines and cultures

Luciferase reporter plasmids were transfected into HEK293T cells. HEK293T cells were
cultured in DMEM (Gibco) supplemented with 10% fetal bovine serum (FBS, Gibco) and 1%
Penicillin-Streptomycin (Gibco) and incubated at 37°C in 5% CO2. Plasmids construction and cell
culture are indicated in the Methods Details.

Mice

FVB, Tabby (Eda™) and downless mutants (Edar™® and Edar®’") mice were bred at the
Roslin Institute. Junbo mice were bred in both the Roslin Institute and MRC, Harwell centres. Junbo
mice are congenic on a C3H/HeH genetic background (European Mouse Mutant Archive; EM:
00091) and maintained by crossing Junbo heterozygote males with C3H/HeH females. They bear a
mutation in the transcription factor Evil/Mecom and are therefore referred as Evil’*°. This mouse
model with altered EVI1 function through amino acid substitution ensures that Evil itself is the
modified gene. downless mice (Edar p.E379K) were maintained by intercrossing Edar®™" mice.
Homozygous Edar™“¥ represents a loss of function mutation, with mice having a sparse hair coat
and hairless tail, whereas Edar”/* mice have an appearance identical to wild-type. Both Eda and
Edar mutant strains were maintained on the FVB genetic background. The effect of Evil mutation
was studied at the age of P21 (postnatal 21 days) and for other mouse samples the age is specified.
16 Evil’* and 10 wild type mice were used (Table S5). Mice were killed by cervical dislocation
and DNA from tail tips were used for determining the genotypes. Forelimbs were dissected at the
distal end of the zeugopod. Evil’**" mutants are characterized by the presence of an extra spur on
digit 5, present in either left, right or both the forelimbs. The study was performed under UK Home
Office license and approved by the Roslin Institute Animal Welfare and Ethical Review Body.
Mouse embryonic tissue for in situ hybridization and gRT-PCR was obtained by timed mating of
FVB/N male and female mice. Noon on the day of copulation plug detection denoted embryonic
day 0.5.
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Fetal tissue collection

Fetal tissue samples, no gender requirement, used in immunofluorescence were obtained after
elective medical termination of pregnancy from the Royal Infirmary of Edinburgh, UK with
informed consent (approved by the Lothian Research Ethics Committee, Ref: 08/S1101/1). All were
morphologically normal and gestational age was determined according to Carnegie Stages (CS) of

human development for embryos <10 weeks or by ultrasound >10 weeks gestation.

Methods Details

Ethics statement

All participants provided written informed consent, and all study protocols were approved by
the institutional review boards of the pertinent research institutions. The Taizhou Longitudinal Study
(TZL) was approved by the Ethics Committee of Human Genetic Resources at the Shanghai institute
of life Sciences, Chinese Academy of Sciences (ER-SIBS-261410). The Jidong cohort (JD) was
approved by the Ethics Committee of Human Genetic Resources at the Shanghai Institute of Life
Sciences, Chinese Academy of Sciences (ER-SIBS-261410-A1801). The National Survey of
Physical Traits (NSPT) is the sub project of The National Science & Technology Basic Research
Project which was approved by the Ethics Committee of Human Genetic Resources of School of
Life Sciences, Fudan University, Shanghai (14117). The CKB ethics approval was obtained from
the Institutional Review Board (IRB) at the Peking University (IRB00001052-13055). Participants
of WeGene cohort provided informed consent and participated in the research online, under a
protocol approved by the Ethical Committee of WeGene. The ethical approval of ALSPAC birth
cohort study was obtained from the ALSPAC Ethics and Law committee and the Local Research
Ethics Committees. The QIMR study has been approved by QIMR Berghofer Human Research
Ethics Committee (P193 & P455). The Pittsburgh cohort ethics approval was obtained locally at
each recruitment site, including the University of Pittsburgh, which served as the coordinating center
for this project (IRB0405013). Written informed consent was granted for each participant before
enrollment in the study. We confirm that our study is compliant with the Guidance of the Ministry
of Science and Technology (MOST) for the Review and Approval of Human Genetic Resources.
Ethical approval for analysis of human fetal tissue was obtained from Lothian Research Ethics

Committee (study code LREC 08/S1101/1), with informed written consent.

Study population and design

The overall design in current study is shown in Figure S7. This study is based on data from
eight independent cohorts (Table S1). Study participants in discovery stage were from three cohorts:
1) Taizhou, Jiangsu Province, as part of the Taizhou Longitudinal Study (TZL)(Wang et al., 2009).
In total, 2961 Han Chinese individuals (including 1059 males and 1902 females) who were aged

31-81 years were enrolled in 2014; 2) four sub-cohorts collected from three different regions of
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China in different years: 15HanTZ, 17HanZZ, 18HanNN, and 19HanTZ. These four sub-cohorts
from The National Survey of Physical Traits (NSPT) were part of the National Science &
Technology Basic Research Project. Totally the NSPT cohort consisted of 1045 males and 1634
females, aged 18-83 years; 3) 2104 males and 2165 females, aged 20-82 years from Jidong of Hebei
Province (JD). The summary statistics of fingerprint patterns for replication analysis were from two
other independent Chinese Han cohorts consisting of: 1) 596 males and 1189 females, aged 36-55
years, as part of the China Kadoorie Biobank (CKB); 2) WeGene cohort of 2152 unrelated
participants (954 males and 1198 females) who received the Personal Genome Service of WeGene,
aged 6-68 recruited primarily online including organic posts on WeGene’s Wechat social media
channels and website. The GWAS summary statistics of three European-ancestry populations
(ALSPAC, QIMR and Pittsburgh cohorts) also were included in the large-scale meta-analysis stage.
Data from the ALSPAC and QIMR studies have been described in detail in a previous study (Ho et
al., 2016). The Pittsburgh cohort comprised 1480 participants (690 males and 790 females) who
were age 0-86 years. These individuals were recruited from a number of international sites as part
of the larger Pittsburgh Orofacial Cleft Study (Weinberg et al., 2006), a collaborative effort to
investigate the genetics of orofacial clefts. Participants include individuals with orofacial clefts,
their unaffected relatives, and individuals from control families without a history of clefting.
Recruitment of the participants in this study took place in the United States (N = 630), Hungary (N
= 678), Spain (N = 117), and Argentina (N = 55).

Specification of fingerprint patterns and hand traits

Fingerprints were collected using rolled ink prints on paper, or using an electronic fingerprint
scanner in TZL (Greenbit DactyScan26) and NSPT (DactyScan40i) cohorts. The images of the
palmar surface of the hands were collected using an electronic scanner (EPSONScanV370) in NSPT
and JD cohorts. As the full patterns of the thumbs were not clearly visible for JD samples, we
excluded DIL and DIR digits from analyses in JD study. Fingerprint patterns were visually
categorized by two investigators according to the number of triradii/delta (triangles) and core
(circles) (Cummins, 1969; Holt and Penrose, 1968): a) Arch pattern which has 0 triradii and 0 core
with gentle (Simple Arch, As) or steep (Tented Arch, At) lines; b) Loop pattern which has 1 triradius
and 1 core. Its ridge opens away from the triradius towards the radial or ulnar side and are sub
classified as either Radial Loop (Lr) or Ulnar Loop (Lu), respectively; ¢) Whorl pattern which has
2 triradii and 1 (Simple Whorl, Ws) or 2 (Double Whorl, Wd) cores because of the highly variable
inside. For highly correlated phenotypes, we extracted their composite phenotype by a partial least
square path model using the “plspm” package in R. The bootstrap confidence interval test (bootstrap
resampling times = 1000, significance level = 0.05) was applied to test the significance of each path
coefficient. Further 66 derived phenotypes (e.g. binary, nominal, ordinal, and quantitative
phenotypes) review Table S4. Hand traits were measured by manually calibrating feature points on
palmar images which were collected using electronic scanner (EPSONScanV370) in NSPT and JD
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cohorts. The digit length, distal phalanx length, palm length and palm width were calculated by
coordinates of landmarks using MATLAB_R2019a. Further derived ratio phenotypes (e.g., the ratio
of digit length to hand length (DHR), the ratio of distal phalanx to hand length (DPHR)) are detailed
in Table S8.

In CKB cohort, fingerprints were collected using an electronic fingerprint scanner
(Hanlintongxin PU-JY500U) and categorized fingerprint patterns as both ordinal and binary
phenotypes. Fingerprint patterns were obtained twice by manual work (two trained investigators).
When two results were inconsistent, a third independent investigator would make final judgments.
In WeGene cohort, the same judgments criteria were given to the participants who replied with their
self-reported fingerprint patterns both ordinal and binary phenotypes. Within the ALSPAC sample
(Boyd et al., 2013; Fraser et al., 2013), pattern type for each digit was scored from photocopies of
the palmar surface of the hands, which were collected for the purpose of measuring digit ratio
(Medland et al., 2010). Pattern type was manually coded into arch, loop, and whorl. Arches were
not analyzed in ALSPAC study. Thumbs were excluded from analyses because the full patterns were
not clearly visible. After initial quality control analyses, 8 variables were included in the study: the
presence of whorls across all digits, except DIL and D1R digits. Please note the study website
contains details of data available through a fully searchable data dictionary,

http://www.bris.ac.uk/alspac/researchers/data-access/data-dictionary/). In  QIMR  cohort,

fingerprints were collected using rolled ink prints on paper, and or using an electronic rolled
fingerprint scanner (Smiths Heimann Biometrics ACCO1394) (Medland et al., 2007). The
fingerprint patterns were then manually coded. Arches were also not included in analysis. Presence
of whorls across D4 and D5 were unavailable for QIMR adult sample. So these four digits have
smaller sample size than others. For the Pittsburgh cohort, fingerprints for all 10 digits were
collected on paper using standard ink-based methods. Three raters independently classified each
pattern as an arch, loop, or whorl. A few patterns (0.14%, from 157 people) could not be easily
classified and were treated as missing data. In the discovery (TZL, NSPT, JD) and replication GWAS
(CKB, WeGene), we considered fingerprint pattern as an ordinal phenotype according to the ordinal
number of triradii. The same ordinal phenotype was previously used to estimate heritability (Arrieta
etal., 1991; Reed et al., 1975). In the trans-ethnic meta-analyses, the binary phenotype according to

the absence or presence of whorl type was used for comparability reason across the cohorts.
Genotyping, quality control, and imputation

Genotyping was performed in separately in the eight cohorts (Table S1). For TZL cohort, DNA
was extracted from peripheral blood samples using GENEray™ DNA extraction kit and genotyped
along with HapMap Phase 1-3 and 1000 Genome Project samples for 776,213 SNPs on the Illumina
HumanOmniZhongHua-8 chip. Genetic data cleaning and quality control was done using PLINK
1.9 (Purcell et al., 2007). In brief, samples were interrogated for sex, chromosomal aberrations,
relatedness, and genotype call rate (>5% excluded). SNPs were interrogated for call rate (>5%
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excluded), discordance, Mendelian errors, deviations from Hardy-Weinberg equilibrium (HWE;
P<1x107) and differences in minor allele frequencies (MAF<1% excluded) and heterozygosity. The
chip genotype data were firstly phased using SHAPEIT (Delaneau et al., 2011). IMPUTE2 (Howie
et al., 2009) was then used to impute unobserved variants using the 1000 Genomes Project (1KGP)
Phase 3 (International HapMap et al., 2010) as the reference. SNPs with an imputation quality scores
(INFO) less than 0.8, MAF less than 1% or a missing rate of more than 2% of genotypes were
eliminated from further analyses. Finally, a total of 7,057,720 SNPs from 2961 individuals were
passed quality control and were used for further analyses.

For NSPT and JD cohorts, genomic DNA was extracted from blood samples using the MagPure
Blood DNA KF Kit. All samples were genotyped using the Illumina Infinium Global Screening
Array that analyzes over 710,000 SNPs. It is a fully custom array designed by WeGene
(https://www.wegene.com/). Genetic data cleaning and quality control was done using PLINK v1.9
(Purcell et al., 2007). We excluded subjects with more than 5% missing data, duplicated subjects,
and subject samples that failed the X-chromosome gender concordance check. We excluded SNPs
that had >2% missing data, MAF <1%, or a deviation from Hardy-Weinberg equilibrium (P<1x10
%), leaving 707,146 SNPs from 4269 individuals in JD cohort and 2679 individuals in NSPT cohort
for further analyses. Imputation of unobserved variants was performed using haplotypes from the
1000 Genomes Project Phase 3 as the reference. The chip genotype data was firstly phased using
SHAPEIT. IMPUTE2 was then used to impute genotypes. SNPs with an imputation quality scores
(INFO) less than 0.6, MAF <1% or a missing rate >1% of genotypes were eliminated from further
analyses. Finally, a total of 8,039,700 SNPs were passed quality control and were used for further
analyses.

The genotyping of the CKB cohort was performed using custom-designed 800K-SNP
Affymetrix Axiom arrays (Axiom CKB 1 and Axiom CKB 2). Genetic data cleaning and QC
procedures utilised PLINK v1.9. Subjects of non-East Asian ancestry, mismatch with reported
gender, with genotype heterozygosity > 3xSDs from the mean and X/Y aneuploidy were excluded.
The selected SNPs are of > 98% call rate and with less than 20% allele frequency difference from
the 1KGP East Asian population. SNPs with HWE P< 1x10 were manually examined. The hard-
genotyped data were prephased using SHAPEIT3 and imputed using IMPUTE4. SNPs with 0 MAF
in the 1KGP East Asian population were ignored.

For WeGene cohort, DNA extraction and genotyping were performed on saliva samples.
Genotyping was performed on the Affymetrix WeGene V1 Arrays covering 596,744 SNPs at the
WeGene genotyping centre, Shenzhen. Quality control (QC) was performed in PLINK V1.07.
Ancestry was assigned using self-reported ancestry obtained from customer surveys and further
checked with principal components analysis. Unrelated filtering was done by checking pair wisely
for all the samples and where identity by descent (IBD) scores of >0.125 (3™-degree relative) were
identified with one from each such pair removed. Individuals with discordant sex information were

removed. The individuals with genotype call rate of <95% and outlying heterozygous rate were
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excluded. To minimize the influence of bias, the following SNP were discarded: (1) sites with
unbalanced call rate in case and controls, (2) sites that failed the Hardy-Weinberg Equilibrium test
(P <1x107%), and (3) MAF <1%. The 1000 Genomes Project Phase 3 data was used as imputation
reference panel. Phasing and imputation on the autosomes were carried out using SHAPEIT2 and
IMPUTE2. Post-imputation filtering were done by removing SNPs with imputation quality scores
(INFO) less than 0.5, MAF less than 1% or missing rate more than 2%. The combined application
of these filters left us with a data set of 7,124,171 SNPs and these data set was used for further
analyses.

ALSPAC participants were genotyped using the Illumina HumanHap550 quad genome-wide
SNP genotyping platform by the Wellcome Trust Sanger Institute, Cambridge, UK and the
Laboratory Corporation of America, Burlington, NC, US. Genotype data were cleaned using
standard thresholds (SNPs excluded if MAF< 1%, call rate <95% and P-value from an exact test of
Hardy-Weinberg equilibrium <5x1077). Individual samples were excluded on the basis of incorrect
sex assignment, minimal or excessive heterozygosity, and high levels of missingness or cryptic
relatedness. We combined child’s genotypes with cleaned genome-wide SNP data from 9,048
ALSPAC mothers (Fatemifar et al., 2013) and removed subjects due to potential sample mismatches.
ALSPAC samples were imputed using the Hapmap2 r22.36 CEU reference. Single nucleotide
polymorphisms (SNPs) that had a MAF >0.01 and could be imputed with confidence (R?> 0.3)
were used in these analyses.

Participants in the QIMR cohort were genotyped on the Illumina Human610-Quad SNP chip.
These samples were genotyped in the context of a larger genome-wide association project that
resulted in the genotyping of 28,028 individuals59 using the Illumina 317, 370, 610, 660,
Core+Exome, PsychChip, Omni2.5 and OmniExpress SNP chips which included data from twins,
their siblings and their parents. Genotype data were screened for genotyping quality (< 0.7), SNP
and individual call rates (<0.95), HWE failure (P <1x10°°) and MAF (< 0.01). As these samples
were genotyped in the context of a larger project, the data were integrated with the larger QIMR
genotype project and the data were checked for pedigree, sex and Mendelian errors and for non-
European ancestry. QIMR samples were imputed using the Hapmap?2 r22.36 CEU reference. Single
nucleotide polymorphisms (SNPs) that had a minor allele frequency >0.01 and could be imputed
with confidence (R?> 0.3) were used in these analyses.

For the Pittsburgh cohort, DNA samples primarily from blood or saliva were assayed for
557,577 SNP genotypes (including 15,890 SNPs of custom content) with the Illumina
HumanCore+Exome platform at the Center for Inherited Disease Research. The University of
Washington Genetics Coordinating Center performed cleaning and quality control analysis, which
included investigation of genetic sex, chromosomal anomalies, relatedness, call rate, and batch
effects. 455,449 SNPs initially passed filters that included call rate, deviation from Hardy-Weinberg
equilibrium, difference by sex in allele frequency or heterozygosity, discordance in duplicate

samples, and Mendelian errors in controls. Genotypes for 34.4 million additional SNPs were
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imputed to the 1000 Genomes Project Phase 3 worldwide reference panel using IMPUTE2 after
phasing with SHAPEIT. Imputed SNPs were filtered out for low info score (< 0.5), evidence of
extreme deviation from HWE, and low MAF (<5%). Individual genotypes with low probability (<
0.9) were treated as missing. After filtering, about 6.7 million SNPs were available for GWAS.

Population stratification analysis

We corrected the effects of possible population stratification within cohort using
EIGENSTRAT (Price et al., 2006) utility from the EIGENSOFT package. 102,284 SNPs in low
linkage equilibrium (r><0.2) were selected for analysis. TZL cohort was compared with YRI, CHB,
and CEU from 1000 Genomes Phase 3 (International HapMap et al., 2010) and principal component
(PC) analysis did not find any outliers. Here, we also adjusted top 4 PCs to further avoid inflation
from different genetic background. The similar criteria were used in NSPT and JD cohorts and
adjusted top 5 PCs for further analyses and without any inflation.

PCs of CKB (and 1KGP) subjects were obtained using the PLINK implementation of the
GCTA algorithm (Yang et al., 2011). After the removal of high-LD regions, 142,165 SNPs with low
linkage equilibrium (r? <0.2) were selected for the PCA of CKB. We used the combination of CKB
and 1KGP for the detection of CKB subjects of non-East Asian ancestry. Eight PCs were employed
for the further association studies.

For WeGene cohort, we selected 308 unrelated samples from the YRI, CEU and CHB
populations (1IKGP Phase 3), and then chose SNPs using following criteria: (1) MAF=0.05 and
HWE P>107%, in each of the populations YRI, CEU and CHB, (2) pairwise r><0.1 to exclude SNPs
in high LD (calculated using PLINK indep-pairwise function with a step window of size 1000 bp),
(3) remove C/G and A/T SNPs to avoid unresolvable strand mismatches. With the remaining 38,144
SNPs, we computed PCA for the combined samples. Ten PCs were employed in further association
studies.

For Pittsburgh cohort, participants comprised a subset from a large, multiethnic study. PCs of
ancestry were calculated for all participants in the larger study and then projected for the subset
included here. Because there were no outlier, association studies were performed without adjusted
genetic PCs.

As there was no evidence of systematic inflation in the ALSPAC dataset (A = 1.007-1.034),
results were not corrected for ancestry informative PCs.

For QIMR cohorts, EigenSoft (version 6.0.1) was used to perform principal component
analysis. The QIMR data were combined with Genome-EUTWIN and HapMap Phase 3 populations.
The EUTWIN and HapMap populations were used to produce the internal axes, and PCA
coordinates were calculated on those axes for those populations and the QIMR participants.
Individuals more than 6 standard deviations from the PC1 or PC2 means of European populations
were excluded and we included the first 4 PCs as covariates to further avoid inflation from and

residual population related effects in QIMR cohort.
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Association analyses

Genome-wise association analyses were conducted separately in TZL, NSPT, JD, CKB,
ALSPAC, QIMR, Pittsburgh, and WeGene cohorts and sex was adjusted for in all analyses (Table
S1). Initial genome-wide association analyses on ordinal phenotype (coded as 0, 1, and 2 for arch,
loop, and whorl, respectively) were performed in PLINK 1.9 (Purcell et al., 2007), using multiple
linear regression model of additive allelic effects with additional 4 genetic PCs, 5 genetic PCs, and
5 genetic PCs as covariates in TZL, NSPT, and JD cohorts, respectively. Then we conducted
genome-wide association analyses on different variety and derived phenotypes (e.g. binary, nominal,
ordinal, and quantitative phenotypes), using a linear or logistic regression model also incorporating
sex and 4 genetic PCs as covariates. All Manhattan plots and quantile-quantile plots were created
using ggman package in R software (Turner, 2014). Quantile-quantile plots were used for all
association tests to assess systematic inflation from population stratification or other systematic
causes of bias. The genomic control factor A in all tests did not showed any sign of inflation (<1.03,
Table S1). The narrow-sense heritability of fingerprint patterns was estimated using GCTA and then
estimated the contribution of SNPs to phenotypic variance of ordinal fingerprint patterns using
linear regression model (R?). GWAS within in CKB were performed using BOLT-LMM v.2.3.2 with
the linear mixture model. The covariates used are gender, regions, genotyping array versions and
the 8 genetic PCs. For WeGene cohort, genome-wide association analyses were performed with
PLINK 1.07 combined with top 10 principal components (PC1-10) generated from GCTA. A
genomic inflation factor was generated on the basis of the y2-values obtained from PLINK results
using R programming (<1.021). Genome-wide analyses were conducted for each digit in each cohort
using merlin-offline (QIMR) or Mach2dat (ALSPAC) (Abecasis et al., 2002). Both studies adjusted
for sex, with the former also adjusting for 4 genetic PCs. Information in details have been described
in a previous study (Ho et al., 2016). For Pittsburgh cohort, all association analyses were performed
with the linear mixed model software EMMAX (Kang et al., 2010), which tests the additive effect
of each allele while using the subjects’ kinship matrix to account for relatedness and ancestry. Sex
was included as a covariate. For each of the ten fingers, both an ordinal phenotype (coded as 0, 1,
and 2 for arch, loop, and whorl, respectively) and a binary phenotype (presence vs. absence of a

whorl) were analyzed. Strong evidence of inflation was not observed (< 1.018).
Meta-analyses

To avoid batch effects from different SNP chip products, meta-analyses were performed in the
discovery stage. Then to maximize the statistical power to detect associated genetic variants of small
effect, we conducted trans-ethnic meta-analyses for TZL, NSPT, JD, WeGene, CKB, ALSPAC,
QIMR, and Pittsburgh cohorts based on the summary results of binary phenotypes (presence vs.
absence of a whorl). GWAS results based on binary phenotype for each study were combined via

sample-size-weighted fixed-effects analysis using METAL (Willer et al., 2010). In addition, the
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heterogeneity of the associations across the different cohorts was assessed by the 1> and Cochran’s
Q statistics as reported by METAL. For SNPs with significant heterogeneity, a random effects model
was applied for meta-analysis using METASOFT (Han and Eskin, 2011).

Multiple-testing corrections

Given the burden of multiple comparisons, a strict significance threshold of P < 5x10°® was
used to declare ‘genome-wide significance’, which corresponds to a Bonferroni correction for 1
million independent tests. Given that we tested fingerprint patterns variation as one of many derived
phenotypes separately, the multiple-comparisons burden was magnified. Therefore, we also
determined a more stringent threshold for declaring ‘study-wide significance’ (Claes et al., 2018)
corresponding to an additional adjustment for the effective number of independent test (Li and Ji,
2005). The eigenvalues of pairwise multivariate corrections of 10 ordinal/binary phenotypes on ten
fingers determined a total of 3 effective independent tests (the number of eigenvalues greater than
1 is the number of independent tests) in the discovery cohorts with available phenotype data.
Therefore, the study-wide significance threshold was determined to be 1.67x108 (i.e., 5x10%/3).
The same threshold applied to meta-analyses when binary phenotype was used. In addition, when
66 different derived phenotypes were further tested, they were also not strictly independent to each
other and the eigenvalues of pairwise multivariate corrections of these phenotypes determined 14
effective independent tests. Therefore, the “study-wide significance” threshold for the association

tests of the 66 different derived phenotypes was determined to be 3.57x10 (i.e., 5x10%/14).
Fine-mapping credible set analysis

First, we created a 3¢26.2 signal (GWA SNPs) space including SNPs with P<5x10® associated
with composite phenotype. The online tool HaploReg (V4.1) was used to explore the function,
chromatin states and the nearest genes for each SNP in the signal space. These SNPs were located
in non-coding region and some of them showed potential regulatory function annotated in the
reference epigenomes of 127 human tissues and cell types obtained from the NIH Roadmap
Epigenomics Mapping Consortium (Bernstein et al., 2010). Then we performed fine mapping
analysis to detect the potential causal variants for a 500 kb genomic interval flanking the top SNP
(250 kb upstream and 250 kb downstream) of 3q26.2 locus using PAINTOR (Kichaev et al., 2014).
For each SNP within the 500-kb window, we calculated the posterior probability of driving the
association, and then constructed 99% credibility set. We created credibility sets by using combined
TZL, NSPT, and JD data sets. We also integrated the linkage disequilibrium information and
functional annotation data including seven highlighted epigenomic marks (H3K4me3, H3K4mel,
H3K36me3, H3K27me3, H3K9me3, H3K27ac and H3K9ac) for 12 epithelial or mesenchymal cell
types (from ectoderm and mesoderm, possibly fingerprint-relevant types) of 127 human tissues and

cell types above. Each annotation data was enter the model independently according to the suggested
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pipeline. The top one (with the highest sum log bayes factors) was selected for further analyses to
compute trait-specific posterior probabilities for causality. A 99% credible set was then constructed
by variants (going down the sorted list by posterior probability) whose cumulative posterior

probability of representing the causal variant at each locus exceeded 0.99.

Gene mapping, functional annotation and genomic enrichment analyses

The top SNPs found at association loci were used to query the evidence of the candidate genes
based on physical distance, biological pathways, the tissue location of expression and whether other
traits affected by the mutations in these genes in NCBI (Sherry et al., 2001), UCSC genome browser
(Fuyjita et al., 2010) and Ensemble genome browser 89 (Aken et al., 2016). We used HaploReg
V4.1(Ward and Kellis, 2011), an integrative database browser combined of histone modification
(ChIP-seq tracks) and ChIA-PET (Chromatin Interaction) from ENCODE and Roadmap

Epigenomics Project, e€QTLs from GTEx, and conserved regions from GERP and Phastcons to

identify more regulatory annotations of genetic variants. 3D genome browser (Www.3dgenome.org)
were used to visualize the chromatin interaction of genome (Wang et al., 2018). Further, we
performed genomic enrichment analyses by using the Genomic Regions Enrichment of Annotation
Tool (GREAT, abbreviated as G) to identify whether the mapped genes (Table S6) nearby both
coding and non-coding genomic regions within 1000kb of top SNPs were enriched with relevant
annotations across GO biological processes, human or mouse morphology, and gene expression
(McLean et al., 2010). Gene regulatory domains utilized for region annotation were defined as the
two nearest genes, and extended up to 1000 kb to the nearest gene’s Transcription Start Site (‘Two
nearest genes’ option). The Gene Ontology (GO) Biological Process had 13,145 terms (significant
threshold after Bonferroni correction 3.80x107°) (Ashburner et al., 2000), Human Phenotypes 6,672
terms (7.49x107%), Mouse Phenotypes 9,554 terms (5.23x10°) (Dickinson et al., 2016), and gene
expression from the MGI (Mouse Genome Informatics) database 9,337 terms (5.35x10) (Eppig et
al., 2017). Enrichment was tested against the whole human genome (hgl9) using standard

parameters.
Protein network

To build a meaningful network, the genes (Table S6) which showed limb related by literature
for each locus and all notable genes if none of them has been shown to be limb-related for that locus

were used as input into the STRING (Szklarczyk et al., 2019) (http://string-db.org/) with specifying

Homo sapiens in organism. STRING tool was used to construct a PPI (protein-protein interaction)
network with an interacting confidence scores of > 0.4 designated as the cutoff and limiting the
number of interactions that directly connect with input by setting the 1st shell to 10. STRING is one
of the largest databases of known and predicted protein-protein interactions. In STRING, the

functional associations are derived from four sources: genomic context, high-throughput
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experiments, conserved coexpression, and previous knowledge. The network was produced in

STRING and recolored in Cytoscape 3.8.1 (Kohl et al., 2011) (http://apps.cytoscape.org/), which is

an open source platform for visualizing complex networks. cytoHubba plugin in Cytoscape was
used to extract the top 2 hub genes (not include extended additional ones) from the PPI network

based on maximal clique centrality (MCC) algorithm.
Gene-phenotype associations

Genes and their associated disorders in human were taken from Online Mendelian Inheritance
in Man (OMIM) database. Gene name was used to search OMIM and if associated with a Mendelian
condition then the description of phenotypic condition and OMIM code were collected. Literature
was searched for embryonic expression and mouse phenotypes using Google Scholar. Gene names
were searched together with digit, finger, limb, skin, or dermatoglyph. Embryonic limb expression
data were summarized for the table if expression was determined using a spatially explicit method

(RNA in situ hybridization, immunodetection, or in vivo reporter) only.
Genetic correlation estimation

The pairwise genetic correlation (7,) values among fingerprint patterns on ten digits in
discovery cohorts (genotype available) and genetic correlation between fingerprint and hand traits
in NSPT and JD cohorts were calculated using bivariate GCTA-GREML (Lee et al., 2012; Yang et
al., 2011) where phenotypes are measured in the same sample. This approach estimates the extent
to which genetic similarities correlate with phenotypic similarities. Then we calculated the average
r¢ values of overall pairs (CZ) and the middle three digits pairs (CZ). The significance test between
genetic correlations values of overall pairs and the middle three digits (D2, D3, and D4) pairs was

conducted using t test in R.
Polygenic Risk Score (PRS) Analysis

We calculated the polygenic risk score for fingerprint patterns of ten digits by PRSice-2
software (Choi and O'Reilly, 2019). The PRS is a method which is the sum of the trait-related SNPs
at multiple genetic loci and weighted according to the effect size estimated by genome-wide
association studies. In this study, the "base" data was obtained from GWAS summary statistics of
fingerprint-associated 43 SNPs of meta-analysis. The "target" data was individual-level genotype
(PLINK format) and ordinal or binary fingerprint phenotypes from three EAS cohorts (TZL, NSPT
and JD). Sex was included as a covariate, for p-value thresholds using a lower bound of p = 0.0001,

an upper bound of = 0.5 and an increment of 5e-05.
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Correlation between fingerprint patterns and hand traits

We used linear regression to analyze the correlation between digit or distal phalanx length and
fingerprints on eight digits (statistical significance level at P < (0.05). Wilcoxon tests were performed
to compare the difference of digit five (D5) length and distal phalanx length of digit two (DP2) and
three (DP3) between whorl types and non-whorl types fingerprint (significant threshold at P <
0.00083 (i.e. 0.05/60) after FDR correction). To evaluate the performance of 43 independent
genomic signals significantly associated with fingerprints in the GWAS results of hand phenotypes,
we use the p value, 0.0042 (i.e. 0.05/12), adjusted by eigen as the threshold. All statistical analysis

was done with R.

Plasmids construction, cell culture and luciferase assay

The promoter region of EVII gene was amplified from genomic DNA of an unspecified
participant in  TZL  cohort using the  primers EVII pro-318-F (5°-
ATCGAGATCTAAAGTCTGGGCGATGTG-3") and EVIl pro-318-R (5°-
ATCGAAGCTTAAACCGACGGACAGAGACA -3’). The 303 bp fragment was cloned into pGL3-
promoter vector digested with Bgl II and Hind III, resulting in the replacement of the SV40 promoter
with the human EVII promoter, yielding the EVII promoter vector pGL3-318. The human TERC
promoter fragment was subcloned in the luciferase reporter pGL3-promoter with Bgl 11/Nco |,
which resulted in the replacement of SV40 promoter with the 867 bp TERC promoter, namely
pGL3-TERC. The construction of TERC promoter is based on the previous study (Zhao et al., 2005)
which has been proven to be functional. The human GOLIM4 promoter fragment was subcloned in
the luciferase reporter pGL3-promoter with Sac | and Mlu I, which resulted in the replacement of
SV40 promoter with the 1021 bp GOLIM4 promoter (upstream of transcription start site), namely
pGL3-GOLIMA4.

The genomic fragment that contains the SNP rs7646897 was amplified from, genomic DNA of
an unspecified participant, who was verified as homozygous at rs7646897 by Sanger sequencing
using the primers rs7646897-cloning-F (5’-ATCGACGCGTACTGCCATCTCAAGACTAAGC-3’)
and rs7646897-cloning-R (5’-AGCTAGATCTCATCCTGCACATGTACCTCTG-3’), then the 1469
bp fragment was cloned into pGL3-promoter vector. The same approach was applied with SNP
rs7623083. The genomic fragment containing the rs7623083 SNP was amplified using the primers
1rs7623083-cloning-F (5’-ATCGACGCGTGAGATGACCCCAAAGGATGGG-3’) and 1s7623083-
cloning-R (5’-AGCTCTCGAGGTCACTGCCTTAATAGCTCCCC-3), then the 1415 bp fragment
was cloned into pGL3-promoter vector with restriction enzymes Mlul and Bgl II. SNP rs7646897
is at the position of 786bp in its fragment and SNP rs7623083 is at the position of 752bp in its
fragment. Individual mutations were incorporated using site-directed mutagenesis (Yeasen). The
inserts in each construct were verified by Sanger sequencing. Luciferase reporter plasmids were

transfected into HEK293T cells (200ng), using Lipofectamine2000 (Invitrogen) according to
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1009  manufacturer’s instructions. HEK293T cells were cultured in DMEM (Gibco) supplemented with
1010 10% fetal bovine serum (FBS, Gibco) and 1% Penicillin-Streptomycin (Gibco) and incubated at 37°C

1011  in 5% CO2. Firefly luciferase expression was normalized to values from co-transfected Renilla
1012 luciferase plasmid (10 ng pRL-TK). Cells were harvested 48 h after transfection. Luminescence
1013  activity was measured with a Lumat LB 9508 Single Tube Luminometer. Data were represented at
1014  least three independent experiments.

1015 Visualization and measurement of dermal structure of mouse forelimbs

1016 Mouse forelimbs were collected and fixed in 4% formaldehyde for 72 hours. The fixed limbs
1017  were treated with 5% KOH at 37°C overnight to remove the epidermis. Limbs were washed using
1018 1X PBS and tubes containing the forelimb vortexed to remove residual epidermis. Each forelimb
1019  was dipped in 0.05% Toluidine Blue solution for 45 seconds, placed immediately in 1X PBS and
1020  visualized using Stereo microscope (Olympus SZX10) and images recorded. Images were used for
1021  measurement of digit length using Image].

1022 Categorization of transverse digital ridges

1023 We observed four different categories of transverse digital ridges and they were defined as
1024  follows (Figure 3B-C). Pads running continuously across the digit were referred as continuous (c),
1025  those running discontinuously across the digit along a single line were referred to as discontinuous
1026  (d), and pads originating only at one side of the digit were coded as incomplete (i). Scoring was
1027  done for transverse ridges of the middle three digits (D2, D3 and D4) for each forelimb. Both right
1028  (R) and left (L) forelimb was scored for each individual mouse. In total, 4 litters were analyzed
1029  (Table S5). Two pups of FVB mice were collected at postnatal day 0 (P0), P4, P8 and P12 to study
1030  the development of transverse digital ridge patterning (Figure S2B).

1031  Statistical analyses on transverse digital ridge patterns

1032 The effect of genotype on three transverse digit ridge patterns (continuous(c), discontinuous
1033  (d), and incomplete (i)/half (h)) was analyzed using a mixed ordinal logistic regression model fitting:
1034  genotype, digit, side (L/R), digit x genotype and digit x side interaction were included as fixed
1035  effects and litter and line were fitted as random effects. All the statistical analyses were performed
1036  using statistical package SAS.

1037  Gene expression analyses

1038 For quantitative RT-PCR, total RNA was isolated from mouse embryonic limb buds using the
1039  RNEasy micro kit (Qiagen) following disruption of the tissue in RLT buffer (Qiagen) using a
1040  handheld homogeniser. cDNA was synthesized from 1 pg of total RNA using random primers and
1041  Superscript III reverse transcriptase (Life Technologies). cDNA was diluted 20-fold and 3 pl used
1042  as atemplate for each qRT-PCR using the Universal SYBR Green Master Mix (Life Technologies),
1043  according to manufacturer’s instructions. gqRT-PCRs were performed using a Stratagene MX 3000p
1044  with primer annealing temperatures of 60°C for 40 cycles. Reactions were performed in triplicate,

1045 with at least three biological replicates used to determine each data point. Relative expression levels

40



1046  were determined from cDNA dilution standard curves, and normalized to Gapdh values. Sequences
1047  of oligonucleotides used as primers were:

1048  Evil F: 5’-GCTATGATCAGCACAACCTTGTTG-3’

1049  Evil R: 5>-TGTCTGCGACTACTCGGTAGAATATC-3’

1050  Gapdh F: 5’-CGTATTGGGCGCCTGGTCAC-3’

1051  Gapdh R: 5’-ATGATGACCCTTTTGGCTCC-3’

1052 For Evil whole mount in situ hybridization, mouse embryos were fixed in 4% PFA overnight
1053  at 4°C. Samples were dehydrated into 100% methanol, bleached in 5:1 MeOH: 30% H2O,
1054  rehydrated, treated with 20 pg/ml proteinase K then fixed in 4% PFA, 0.2% glutaraldehyde. Samples
1055  were hybridized with a digoxigenin-labeled riboprobe synthesized from expressed sequence tag
1056  clone IMAGpP998F2411055Q (Source Bioscience) at 60°C overnight in 50% formamide, 5 X saline
1057  sodium citrate (SSC), 1% sodium dodecyl sulfate (SDS), 50 pg/mL heparin, and 50 ug/mL yeast
1058  RNA. Samples were washed to remove unbound probe and signal detected by incubating with
1059 alkaline phosphatase conjugated anti-digoxigenin antibody (Sigma Aldrich, 1:1000) overnight at
1060 4°C followed by a subsequent 5-bromo-4-chloro-3'-indolylphosphate/nitro-blue-tetrazolium
1061  (BCIP/NBT) (Sigma) color reaction.

1062

1063  RNA in situ hybridization

1064  Formaldehyde-fixed forelimb or digit samples embedded in paraffin were sectioned at 6 pm and
1065  processed using the RNAscope Multiplex fluorescent reagent kit according to manufacturer’s
1066 instructions. Probes were species-specific Evil(Mecom) and Prrx1 (see STAR table). Digits 1 and
1067 5 were excluded from analyses. Positive and negative (dapB) control probes were used for both
1068  mouse and human sections. After in situ hybridisation sections were blocked (5% goat serum/TBST)
1069  and incubated overnight at 4°C with primary antibodies (see STAR table) in blocking buffer.
1070  Detection was with fluorescent secondary antibodies diluted in blocking buffer, followed by
1071  counterstaining with DAPI and mounting in Prolong Gold. Sections were imaged using a Zeiss LSM
1072 880 confocal microscope.

1073

1074 Immunofluorescence

1075 Fetal tissue samples were fixed overnight at 4°C in 10% neutral buffered formalin, or, for CS14
1076  and CS17 specimens, were embedded in OCT for cryosectioning. 10, 13 and 16 week estimated
1077  gestational age samples were embedded in paraffin. Digits 1 and 5 were not included in analyses.
1078  For immunofluorescence, cryosections were incubated in PBS for 30 minutes at 37°C to remove
1079  gelatin; paraffin sections were dewaxed, rehydrated and antigen retrieved in sodium citrate (pH 6)
1080  using Bio-retriever2000 (Aptum Bio, Southampton, UK). Tissue sections were permeabilized in 0.1%
1081  Triton X-100/PBS, washed with PBS and treated with TrueBlack (Biotium). Sections were
1082  blocked in 5% goat serum/PBS then incubated at 4°C with rabbit anti-EVI1 antibody (1:200, Cell
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Signalling Technologies #2593). Sections were washed with PBS, incubated with goat anti-rabbit
IgG Alexafluor 546 (1:500 in blocking buffer, ThermoFisher Scientific #A-11035) at RT and washed
with PBS, then counterstained with DAPI (Sigma Aldrich) and mounted in Prolong Gold
(ThermoFisher Scientific). Fluorescent images were collected using a Zeiss LSM710 inverted

confocal microscope.
Quantification and Statistical Analysis

Details on statistical tests, n numbers, and significance cutoffs can be found in the figures or legends.

When relevant, further details are found in the method details for the specific measurement.
Supplemental Information

Transverse digital ridges as a murine model of human dermatoglyphs

We examined the structures on the ventral side of the mature mouse forepaw to assess candidate
structures for modelling the human dermatoglyph ridges. Chemical removal of the epidermis
followed by staining with toluidine blue reveals the arrangement of the uppermost dermal structures.
In mouse this approach leads to visualization of different types of dermal structures in the forepaw
(Tsugane and Yasuda, 1995). The contact surface of the foot sole has large pads, which have been
termed cobblestone, interdigital, or carpal pads. The digits themselves have a series of transverse
parallel ridges, some complete, some interrupted and some partial. The digit tips have a single pad
with very fine reticulated network of dermal ridges under the epidermis (Tsugane and Yasuda, 1995),
which differs from the other dermal structures detected in that they are not present in the topology
of the skin surface, which is smooth. This provides a range of candidate structures for comparison
to human dermatoglyph ridges.

As human fingerprint patterns are established before birth, we explored the developmental
origin of dermatoglyphs in mouse embryos. We found that the transverse digit ridges are apparent
prior to birth, at embryonic day 17.5 (E17.5), as a set of stripes visualized in the WNT reporter
TCF/LEF::H2B-GFP line (Ferrer-Vaquer et al., 2010) (Figure S2A). Thus the ridge patterns in
mouse digits emerge prenatally and prior to physical functioning of the digits, as do the
dermatoglyph ridges in human. Newborn pups at postnatal day 1 (P1) already have both continuous
and discontinuous ridges, which become more distinct by toluidine blue staining in the subsequent
stages (Figure S2B).

In humans, a profound distortion of dermatoglyph pattern is a characteristic of the condition
hypohidrotic ectodermal dysplasia, such that ridges are reduced and distorted, with fingerprint
patterns sometimes indecipherable (Kargul et al., 2001; Verbov, 1970). This condition is caused by
mutations in the EDA, EDAR or EDARADD genes, and also causes reduction or absence of hairs,

teeth and a number of types of glands. We investigated dermal structures on the forelimb of Eda™
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and Edar“*"'**/ mutant mice, these being models of human hypohidrotic ectodermal dysplasia
(Headon and Overbeek, 1999; Kowalczyk-Quintas and Schneider, 2014; Monreal et al., 1999;
Srivastava et al., 1997). The cobblestone pads of the palmar surface and the fine patterns at the digit
tips were not notably altered in these mutants when compared to control mice, but the transverse
digital ridges were markedly distorted and diminished (Figures S2C). This supports the transverse
digital ridges as the closest identifiable homologs of human dermatoglyphs, due to their shared and
selective requirement for EDA function for their normal development.

Based on their location on ventral side of digits, prenatal formation, parallel periodic
arrangement transverse to the long axis of the digit, presence of Merkel cells from early in
development (data not shown), carrying of eccrine sweat gland pores, and selective disruption of
their pattern by EDA or EDAR pathway mutations, we conclude that transverse digital ridges in
mouse serve as the best model of human dermatoglyphs. These transverse ridges in mouse cover
only approximately the proximal two-thirds of the digit, with the distal portion having a smooth
surface. Thus these transverse ridges are akin to the ridges running across the proximal two

phalanges on the human digit, rather than the more complex patterns of the human digit tip.
Supplemental Figures Titles and Legends

Figure S1. Visualizing chromatin interaction between EVI1 gene, Enhancer and rs7646897
region, related to Figure 2

(A) Visualization of genome structure by Hi-C data as a heatmap indicated that the rs7646897 region
and EVI1 are located within the same TAD surveyed in 3D genome browser.

(B) Combined with three methods implemented in 3D Genome browser: Virtual 4C (Circular
chromosomal conformation capture, top) that surveys for one-vs-many interactions in the genome,
DNase | Hypersensitivity Site linkage (middle) that detects distal-proximal DHSs pairs, and ChlA-
PET (bottom) that detects long-range interactions between genomic regions, chromatin interactions
were identified between the promoter region of EVI1 gene and enhancer harboring SNP rs7646897
(primarily supported by the DHS-linkage data).

Figure S2. Independent luciferase reporter assays on candidate regulatory elements carrying
alternate alleles at SNPs rs7646897 in HEK293T cells.

(A-D) Four independent luciferase reporter assays to test the changes of rs7646897 modulating the

expression of EVII. Three out of four experiments confirmed the regulatory activity.

(E-H) Four independent luciferase reporter assays to test the changes of rs7623083 modulating the

expression of EVII. The effect of r1s7623083 on modulating expression EVI] isinconsistent.

(I-J) Two independent luciferase reporter assays to test whether SNP rs7646897 modulates the

expression of other closest up- and downstream genes GOLIM4 and TERC.

pGL3-basic is a negative control plasmid lacking enhancer activity, pGL3-EVI1, pGL3-GOLIM4
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and pGL3-TERC are the positive controls derived from EVI1, GOLIM4 and TERC promoter region,
respectively. Symbols indicate significance in t test (*P<0.05, **<0.01, ***<0.001).

Figure S3. Development of digit ridge pattern in mouse, Related to Figure 3

(A) Embryonic origin of digit ridge pattern in mouse. Ventral views of forelimbs of mice carrying a
TCF/Lef::H2B-GFP WNT pathway reporter gene at embryonic day 17.5 (E17.5) and newborn (P1).
Transverse digital ridges (examples indicated by arrows) are apparent from E17.5. Scale bar = 500
um. (B) Development of mouse digital ridge patterning through different time points starting from
PO (at birth) followed by post natal days P4, P8 and P12. (C) Altered digit ridge patterns in EDA
pathway mutant mice. Palmar dermal surface of toluidine blue stained right forepaws from wild
type, Eda™, Edar™’% and heterozygous Edar™™”* mice at postnatal day 21, showing footpad and
digit pad types.

Figure S4. Evil’® effect on digit proportions and coexpression with PrrxI, Related to Figure 3
(A) Digit length in wild type (blue) and Evil’*°'* heterozygous (red) adult mice. Digits are shorter
in mutant animals. (B) RNAscope in situ hybridization detecting £vi/ and the limb mesenchyme
marker Prrx] transcripts in mouse E13.5 embryonic limb. Right panels are higher magnification
views of area indicated by the arrow on the left panel. Dotted line demarcates epithelium, as defined
by immunofluorescent detection of KERATIN14 (K14). Evil and Prrxl are coexpressed in
individual mesenchymal cells, with Evil also expressed in prominently in mesenchymal cells
condensing to form cartilage of the digits, as in human limb development. No expression is detected

in epithelium. Nuclei are counterstained with DAPI. Scale bar = 100 pm.

Figure SS5. Regional plots of 43 loci associated with fingerprint patterns observed in the meta-
analysis across all eight cohorts, Related to Figure 4

Regional association and linkage disequilibrium plot are shown for each locus around the lead SNP
(purple diamond) and the color of the remaining markers reflects the linkage disequilibrium (7°)
with the lead SNP. The recombination rate (right-side y axis) is plotted in blue and is based on the
ASN 1000 genome population for Han Chinese. Vertical bars on the bottom represent the exons for

each gene available from the hg19 UCSC Genome Brower.

Figure S6. Effect sizes (regression coefficients) for the derived allele at top SNPs in the genome
regions associated with fingerprint patterns, Related to Figure 4

Estimates obtained in each cohort are shown as blue boxes. Box size is proportional to allele
frequency of reference allele. Horizontal bars indicate confidence intervals representing 2xstandard
errors. Intervals that include zero (that is, non-significant effects) intersect the dashed vertical line.
The estimates obtained in the Asian cohorts are shown in red boxes and those obtained in the

European cohorts in blue boxes. Diamonds represent the beta and the error bars indicate the 95%
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confidence interval.

Figure S7. Association between fingerprint patterns and hand phenotypes, Related to Figure
5

(A) Diagrammed human hand with measured phenotypes, including hand and distal phalanx length.
The distal phalanx-hand ratio (DPHR) is the ratio of distal phalanx length to hand length.

(B) The association between the whorl frequency on eight digits and the DPHR of each digit. We
used Z-score to standardize the mean DPHR of left and right hands. Solid dots indicated the average
values and black short lines were standard deviation for each group.

(C-D) Bar plot of fingerprint patterns of each digit (D2-D5) and the mean DPHR of D2 or D3. Error
bars indicate S.E.M. * P<0.05, ** <0.01, *** <0.001;

(E-F) Genetic correlations between fingerprint patterns and the mean DPHR of D2 or D3. Estimates
and tests were performed using the bivariate GREML of GCTA software. Error bars indicate S.E.M.

Figure S8. Flow chart of analyses conducted in the study of fingerprint patterns.

Flowchart depicting strategy for the association analysis and functional validation, as well as
numbers of samples and SNPs by stage. The yellow diamonds represent bioinformatics tools and
software, the green box indicates the main results of the analysis, and the purple box (asterisk)
summarizes the conclusions of this study. Abbreviation: TZL = cohort from Taizhou Longitudinal
Study, NSPT = cohort from National Survey of Physical Traits Project, JD = cohort from Jidong of
Hebei Province, CKB = cohort from China Kadorie Biobank, WeGene = cohort from WeGene
company, ALSPAC = The Avon Longitudinal Study of Parents and Children cohort, QIMR = The

Queensland Institute of Medical Research cohort.
Supplemental Tables with Titles and Legends

Table S1. Characteristics of cohorts and summary of imputation methods and quality
control filters, Related to Table 1
sex difference test P *. <0.05; **. <0.01; ***,<0.001

[T

not available

Table S2. The performance of signals in Han Chinese discovery and replication
populations based on ordinal and binary fingerprint patterns, Related to Figure 1

NA, no TopSNP found.

aThe effect or alternative (Alt) allele frequency of the discovery population.

®The two nearest genes within 1000 kb of the most significantly associated SNP annotated by
GREAT (http://great.stanford.edu/public/html/index.php), which uses the subset of the UCSC
Known Genes.

°Bold font means this SNP association was replicated (P<0.05).
45



1229
1230
1231
1232
1233
1234
1235
1236
1237
1238
1239
1240
1241
1242
1243
1244
1245
1246
1247
1248
1249
1250
1251
1252
1253
1254
1255
1256
1257
1258
1259
1260
1261
1262
1263
1264
1265
1266

Abbreviation: FP_c3_Significant = The SNP only reached the genome-wide significance level
(P<5x108) in the ordinal (arch, loop and whorl) fingerprint patterns;

FP_c2_Significant = The SNP only reached the genome-wide significance level (P<5x107%) in the
binary (nonwhorl & whorl) fingerprint patterns;

FP_both_Significant = The SNP reached the genome-wide significance level (P<5x10) in both
binary and ordinal fingerprint patterns.

D1L/R = digit 1 of left or right hand; D2L/R = digit 2 of left or right hand; D3L/R = digit 3 of left
or right hand;

D4L/R = digit 4 of left or right hand; D5L/R = digit 5 of left or right hand.

Table S3. Association results of the composite phenotype (extracted from the middle three
digits of both hands), Related to Figure 2

aNotable genes indicate the same meaning as in Table 1.

bThe effect or alternative (Alt) allele frequency of the discovery population.

°Narrow-sense heritability estimated by GCTA, and standard error in brackets

dExplained variance (R2) for total variance estimated using linear regression model, and R2 is under
adjusted

Abbreviation: CP = composite phenotype extracted from the fingerprint pattern of middle three
digits on both hands, D1L/R = digit 1 of left or right hand; D2L/R = digit 2 of left or right hand;
D3L/R = digit 3 of left or right hand; D4L/R = digit 4 of left or right hand; D5L/R = digit 5 of left
or right hand.

Table S4. The 66 additional phenotypes derived from fingerprint patterns used in this
study, Related to Figure 1

aGenome-wide significance after multiple-testing correction (Padj <3.57x10-9, see STAR Methods)
®Novel signals associated with derived fingerprint pattern. CNTNG is a glycosylphosphatidylinositol
(GPI)-anchored neuronal membrane protein that functions as a cell adhesion molecule. It may play
a role in the formation of axon connections in the developing nervous system. Participates in
oligodendrocytes generation by acting as a ligand of NOTCH1. ADAMTS19 expressed in posterior-
proximal limb bud. FGF18 played an important role in the regulation of cell proliferation, cell
differentiation and cell migration and required for normal ossification and bone development.
EPHB3 controled other aspects of development through regulation of cell migration and positioning,
and expressed in limb bud epithelium and nonchondrogenic mesenchyme. Data from GeneCard
database (https://www.genecards.org).

We found 202 significant associations for 66 phenotypes.Among them, 190 (94.1%) overlapped
with the 18 aforementioned signals identified on ordinal arch-loop-whorl phenotypes.

T3 1)

no significant signal was found.
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Table S5. Transverse digit pad patterning in Evil’ mice, Related to Figure 3
c: continuous transverse digital ridge; Continuous transverse digital ridge =3

d: discontinuous transverse digital ridge; Discontinuous transverse digital ridge =2

h: half transverse digital ridge; Incomplete/half transverse digital ridge = 1

I: incomplete transverse digital ridge

Y: Presence of the extra digit on digit 5

N: Presence of the extra digit on digit 5 NOT SEEN

R: Right forepaw

L: Left forepaw

Table S6. The performance of 43 signals after meta-analysis of eight populations (the top SNP
in each locus was displayed), Related to Figure 4

aSignals showed genome-wide significant association (Pagj<1.67x10) with fingerprint patterns in
European (ALSPAC, QIMR, and Pittsburgh) populations or East Asian (TZL, NSPT, JD, CKB, and
WeGene) populations and suggestive significant association (Pagj<3.33x10) in meta-analyses of
eight cohorts.

Population frequency of allele Al in AFR (African), EAS (East Asian), and EUR (European)
populations from 1000 Genomes Project phase 3.

¢The associations between the top SNPs and the fingerprint pattern of the most significant digit (i.e.
top digit, as indicated in parentheses).

9Top SNPs associated fingerprint pattern of digits passed genome-wide significant (Pagj<1.67x10,
bold font) or suggestive (Paj<3.33x10°°) level after multiple-testing adjustment. Meta-analysis on
D1 were conducted in cohorts exclude JD and ALSPAC.

®Notable genes indicate the same meaning as in Table 1. Bold genes showed associations with limb
phenotypes abnormalities (Table 2). Underline indicates that the SNP is located within the gene.
The associations between the top SNPs and hand traits. Significant level (Pag <5.6x107) after
multiple-testing adjustment, see Table S7 for abbreviations of hand traits.

Abbreviation: TZL = cohort from Taizhou Longitudinal Study, NSPT = cohort from National
Survey of Physical Traits Project, JD = cohort from Jidong of Hebei Province, CKB = cohort from
China Kadorie Biobank, WeGene = cohort from WeGene company.

(T3]

no significant associations.

Table S7. Single-factor regression analysis between hand traits and whorl frequency of
eight digits (except the thumbs) in the Chinese Han populations (N=6,318, JD+NSPT),
Related to Figure 5

aBold indicates below the significance level (P<0.05).

bThe region contains JD cohort and three sub-groups (17HanZZ, 18HanNN, and 19HanTZ) from
NSPT cohort.
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Table S8. Genetic correlation (rg) based on SNP between fingerprint and hand traits in
the Chinese Han populations (N=6,318, JD + NSPT), Related to Figure 5

8Bold indicates below the significance level (P<0.05).

bAbbreviation: WhorlFrg=Whorl frequency of eight digits (except for the thumbs of both hands)

T3

not available (might be due to the small sample size).
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