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Abstract

Several studies have now shown evidence of association between common genetic variants
and quantitative facial traits in humans. The reported associations generally involve simple
univariate measures and likely represent only a small fraction of the genetic loci influencing
facial morphology. In this study, we applied factor analysis to a set of 276 facial linear dis-
tances derived from 3D facial surface images of 2187 unrelated individuals of European
ancestry. We retained 23 facial factors, which we then tested for genetic associations using
a genome-wide panel of 10,677,593 single nucleotide polymorphisms (SNPs). In total, we
identified genome-wide significant (p < 5 x 1078) associations in three regions, including two
that are novel: one involving measures of midface height at 6926 within an intron of PARK2
(lead SNP rs9456748; p = 4.99 x 108) and another involving measures of central upper lip
height at 9p22 within FREM1 (lead SNP rs72713618; p =2.02 x 1078). In both cases, the
genetic association was stronger with the composite facial factor phenotype than with any
of the individual linear distances that comprise those factors. While the biological role of
PARK2in the craniofacial complex is currently unclear, there is evidence from both mouse
models and Mendelian syndromes that FREM1 may influence facial variation. These results
highlight the potential value of data-driven multivariate phenotyping for genetic studies of
human facial morphology.

Introduction

A number of studies have reported associations between genetic variants and normal-range
variation in facial morphology. These include candidate gene studies focusing on a small

PLOS ONE | https://doi.org/10.1371/journal.pone.0176566  April 25, 2017

1/13


https://doi.org/10.1371/journal.pone.0176566
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0176566&domain=pdf&date_stamp=2017-04-25
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0176566&domain=pdf&date_stamp=2017-04-25
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0176566&domain=pdf&date_stamp=2017-04-25
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0176566&domain=pdf&date_stamp=2017-04-25
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0176566&domain=pdf&date_stamp=2017-04-25
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0176566&domain=pdf&date_stamp=2017-04-25
https://doi.org/10.1371/journal.pone.0176566
https://doi.org/10.1371/journal.pone.0176566
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.ncbi.nlm.nih.gov/gap
http://www.facebase.org
http://www.facebase.org

@° PLOS | ONE

GWAS of facial morphology

and approval from the FaceBase data access
committee.

Funding: The National Institute for Dental and
Craniofacial Research (http://www.nidcr.nih.gov/)
provided funding through the following grants:
U01- DE020078; U01-DE020057; R01-DE016148;
K99-DE02560. Funding for genotyping was
provided by the National Human Genome Research
Institute (https://www.genome.gov/): X01-
HG007821. Funding for initial genomic data
cleaning by the University of Washington was
provided by contract #HHSN268201200008! from
the National Institute for Dental and Craniofacial
Research (http://www.nidcr.nih.gov/) awarded to
the Center for Inherited Disease Research (CIDR).
The funders had no role in study design, data
collection and analysis, decision to publish, or
preparation of the manuscript.

Competing interests: The authors have declared
that no competing interests exist.

number of genetic loci chosen based on their known roles in craniofacial development or in
genetic syndromes [1-3] and genome-wide association studies (GWASs) that examine mil-
lions of genetic polymorphisms [4-8]. Such findings are anticipated by twin and family studies
demonstrating the heritability of facial features. Notable findings include associations with
PAX3 and nasal root morphology in two independent studies [4,5]. More recently, a GWAS of
nearly 6000 admixed South Americans revealed associations with nasal shape, implicating
DCHS2, RUNX2, GLI3, PAX1 and EDAR [6]. Another recent GWAS by our group [7] identi-
fied seven genetic associations in a European-derived cohort from the US involving 3D linear
distance measures of orbital, nasal, and cranial base breadth and nasal projection, with associ-
ated loci harboring numerous genes involved in craniofacial syndromes (e.g., ALX3). Of inter-
est, this study observed the same association between soft-tissue nasal width and PAX1
reported by Adhikari et al. [6].

Prior association studies have used several diverse approaches to generate and test facial
shape phenotypes. There is currently no agreement on the optimal phenotyping strategy. The
variety of different measures and approaches used in prior studies makes it difficult to com-
pare results and may partly explain the lack of replication across studies. To date, univariate
tests involving simple linear distances or qualitatively graded facial features have generally
shown the greatest success in GWAS designs. Such measures are often correlated, however, as
the human craniofacial complex shows strong evidence of morphological integration [9]. The
pattern of covariation observed among facial measures is thought to arise out of common
developmental processes that drive morphogenesis and growth [10,11]. Approaches to pheno-
typing designed to capture this covariance structure offer an alternative and promising strategy
to investigate the genetic basis of human facial variation. Unfortunately, the use of such meth-
ods in GWAS has had limited success to date. Paternoster et al. [4] applied factor analysis to a
set of linear distances and landmark coordinate vectors, while Liu et al. [5] based their GWAS
on principal components of shape derived from facial landmark coordinate data. Neither of
these studies detected genome-wide significant associations based on the phenotypes derived.
In both cases, however, only a small number of facial variables were included in the analyses,
potentially rendering the extracted factors/components insufficient to capture key aspects of
facial morphology.

To overcome some of these limitations, we used factor analysis (e.g., a method of pattern
exaction that models correlated observed variables as linear combinations of unobserved latent
variables) to derive composite measures of facial morphology based on a large number of traits
in a well-characterized cohort of US individuals of European ancestry. Specifically, we applied
factor analysis to a set of 276 facial linear distances derived from 3D facial surface images and
then tested the resulting composite phenotypes for genetic associations using a genome-wide
panel of single nucleotide polymorphisms (SNPs).

Materials and methods
Study sample

Our study sample was comprised of 2187 unrelated self-described White individuals of
European ancestry from the United States (833 males and 1354 females). Participants were
recruited at research centers in Pittsburgh, Seattle, Houston and Iowa City as part of the
FaceBase Consortium’s 3D Facial Norms dataset [12]. Participants ranged from three to 40
years of age (mean age was 22.5 years). Exclusion criteria included a personal history of
facial trauma, facial reconstructive or plastic surgery, orthognathic/jaw surgery or jaw
advancement, facial prosthetics or implants, and any palsy, stroke or neurologic condition
affecting the face. In addition, participants were excluded if they had a personal or family
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history of any facial anomaly or birth defect, or a personal or family history of any syn-
drome or congenital condition known to affect the head or face. Institutional review board
(IRB) approval was obtained at each recruitment site and all participants gave their written
informed consent prior to participation; for children, written consent was obtained from a
parent or legal guardian (University of Pittsburgh IRB #PRO09060553 and #RB0405013;
UT Health Committee for the Protection of Human Subjects #HSC-DB-09-0508; Seattle
Children’s IRB #12107; University of lowa Human Subjects Oftice/IRB #200912764 and
#200710721).

Facial imaging and landmarking

3D facial surfaces were captured via digital stereophotogrammetry (3dMD imaging systems,
Atlanta, GA) using published protocols [12,13]. Twenty-four standard facial soft-tissue land-
marks (S1 Fig) were collected on each 3D facial surface and the xyz coordinate locations saved.
These landmarks were chosen because they exhibit high levels of precision when identified on
3D facial surface scans, while simultaneously providing adequate facial coverage. Weinberg
etal. [12] have provided detailed descriptions on the data quality checking and landmarking
error analysis for this dataset.

Phenotyping approach

A set of 276 facial measurements was generated for each individual in the dataset. These 276
measurements represent every possible unique Euclidean distance calculated between the 3D
coordinates of our set of 24 facial landmarks. These distances were calculated using the pro-
gram WinEDMA v1.0.1 [14]. Factor analysis, a method of constructing unobserved latent vari-
ables from correlated observed variables, was applied to the set of linear distances. In brief,
factor analysis works by modeling observed variables as linear combinations of hypothesized
and unobserved latent variables plus error terms, and is intended for datasets where a large
number of observed variables are thought to be governed by a smaller number of underlying
processes. In this regard, factor analysis may be appropriate to the investigation of facial shape.
Given that many of the 276 distances capture similar, but not identical, aspects of facial mor-
phology, an advantage of factor analysis is that it can identify sets of facial measures that
exhibit strong patterns of covariance allowing these correlated traits to be analyzed collectively
(i.e., as factors). This approach can be useful for gene mapping if the covariation reflected in
these factors is due, at least in part, to the effect of genes. Because numerous extrinsic variables
are known to affect facial morphology, prior to the factor analysis each of the 276 linear dis-
tances was adjusted for the effects of sex, age, age®, height, and weight using linear regression.
This resulted in 276 adjusted phenotypes (i.e., residuals), which were entered into the factor
analysis. Visual inspection of the scree plot and parallel analysis were used to determine the
number of factors to retain. Specifically, factors were retained if the observed eigenvalues from
the correlation matrix were greater than the mean obtained from random uncorrelated data
[15]. To aid with interpretation of the factors, varimax rotation was applied. The factor analysis
was performed in SAS 9.4 (SAS, Cary, NC, USA).

Genotyping, imputation, and population structure

Genotyping and data cleaning was performed as previously described [7]. In brief, DNA
extracted from saliva samples was genotyped for 964,193 SNPs on the [llumina (San Diego,
CA) OmniExpress+Exome v1.2 array plus 4,322 custom SNPs. HapMap control samples
(N = 72) were genotyped alongside study participants for quality assurance. Standard data
cleaning procedures and quality assurance analyses were performed as describe previously
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[16]. These included interrogating samples for genetic sex, chromosomal anomalies, related-
ness among participants, missing call rate, and batch effects, and interrogating SNPs for miss-
ing call rate, discordance between duplicate samples, Mendelian errors (as measured in
HapMap control parent-offspring trios), Hardy-Weinberg equilibrium, and differences in
allele frequency and heterozygosity between sexes. Genotyping was performed by the Center
for Inherited Disease Research (CIDR). Data cleaning was performed in collaboration with the
University of Washington Genetics Coordinating Center (UWGCC).

Imputation was performed to capture information on unobserved SNPs as well as sporadi-
cally missing genotypes among genotyped SNPs, using all haplotypes from the 1000 Genomes
Project [17] Phase 3 reference panel (Phase 1 for X chromosome because Phase 3 was not
released for the X chromosome at the time of analysis). First, pre-phasing was performed in
SHAPEIT2 [18], and then imputation of 34,985,077 variants was performed in IMPUTE2
[19,20]. Imputed SNPs with INFO scores less than 0.5 were filtered out of the analysis. For
imputed SNPs retained in the study, imputed genotypes were included in analyses only if the
genotype probability for a given variant in a given participant was greater than 50%. Average
INFO scores were 0.97, 0.93, and 0.87 for SNPs with minor allele frequencies (MAF) greater
than 5%, 2.5% to 5%, and less 2.5%, respectively.

Population structure was assessed with principal component analysis using 96,700 autoso-
mal SNPs pruned from the total panel based on call rate (> 95%), MAF (> 0.05), and LD (pair-
wise r* < 0.1 in a sliding window of 10 Mb). Linear regression, testing the association between
each principal component (PC) and each SNP in the genome, confirmed that none of the first
20 PCs of ancestry were due to local variation in specific genomic regions. Based on the scree
plot and joint distributions, we determined that four PCs were sufficient for capturing the pop-
ulation structure. Joint distributions of the four PCs, and their joint distributions with the 23
factors, are provided in the S2 Fig.

Genetic association analyses

The genetic association analyses were performed using PLINK [21]. Linear models were used
to test for genetic association between each of the extracted factors and each SNP, under an
additive genetic model, while simultaneously adjusting for the first four principal components
of ancestry. On the X chromosome, genotypes in hemizygous males were coded 0/2 so they are
on the same scale as 0/1/2 females. To appropriately model SNP effects, the minor allele was
required to be present in at least 30 participants, corresponding to MAF threshold of 0.6%.
The final number of genotyped SNPs after minor allele filtering was 659,955. The final number
of imputed and genotyped SNPs available for analysis was 10,677,593.

As customary in the field, we accounted for the issue of multiple testing by considering
p < 5% 107® (i.e., Bonferroni correction for 1 million tests) the threshold for genome-wide sta-
tistical significance. Because this threshold is conservative and the overall approach here can
be considered hypothesis-generating, we also reported “suggestive” evidence of association at
p < 5 x 107 in the Supplemental Material. In order to account for multiple GWAS scans cor-
responding to the 23 factors, we consider p < 2.17 x 10~ (i.e., Bonferroni correction for 23
million tests) the strict threshold for study-wide significance.

Results
Factor analysis of facial morphology

A total of 276 factors were extracted, 23 of which were retained. These 23 factors captured
approximately 94% of the variation. The first four factors alone captured over 54% of the varia-
tion. As expected, moving from the first to the last factor revealed a general shift away from
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more global aspects of facial variation to more localized regional effects. Factor 1, for example,
described 36% of the variation and involved multiple measures capturing the overall horizontal
breadth of the face. In contrast, factor 21explained 0.6% of the variation and involved measure-
ments comprised of only two landmarks on the nasal alae. Table 1 provides an interpretation of
each factor based on the specific measurements and landmarks involved. Many of the factors
captured aspects of facial variation commonly measured with clinical facial anthropometry. For
example, factors 3, 4, 6, 9 and 17 all described different aspects of vertical facial height, whereas
factors 1, 5,7, 10, 14 and 15 captured commonly measured aspects of facial breadth. In contrast,
other factors (e.g., 2, 8, 13, and 21) captured complex aspects of facial variation. Factor 8, for
example, described the horizontal and vertical position of the exocanthion landmarks relative to
more centrally located structures, which may relate, in part, to the inclination of the palpebral
fissures. Six of the 23 factors could not be easily interpreted due to weak loadings of many linear
distances; these six factors each explained 1% or less of the variation. The loading of each dis-
tance on each factor is provided in S1 Table.

Genetic association analysis

Among the 23 facial morphology factors, we identified seven genome-wide significant associa-
tions (Table 2). At three loci (6926, 9p22, and Xq13), multiple SNPs reached or approached
genome-wide significance. Factor 9, which involved measures of facial height containing the
landmark nasion, was associated with a locus on 6q26 (Fig 1A). The lead SNP (rs9456748;

p = 4.99 x 10~®) was located within a narrow LD block within an intron of PARK2, a gene that
spans 1.3Mb (Fig 1B). Factor 17, which involved measures of upper lip vermillion height (Fig
2A), was associated with a 100Kb region of 9p22 within FREM1 (Fig 2B; lead SNP rs72713618;
p =2.02 x 107®). Factor 14, which captured the horizontal spacing of the inner canthi of the
orbits (Fig 3A), was associated with a region spanning 1Mb on Xq13 (Fig 3B; lead SNP
rs11093404; p = 1.07 x 10™®). The four remaining association signals at 8q12 (factor 21; top
SNP: rs113036800; p = 1.20 x 10~°), 12q24.2 (factor 3; top SNP: rs117438382; p = 3.68 x 10°%),
16p12.1 (factor 7; top SNP: rs62031988; p = 2.01 x 10~%), and Xp11.3 (factor 22; top SNP:
rs138440928; p = 1.85 x 10~°) involved isolated imputed SNPs (S3 Fig) with imputation INFO
score less than 0.9, and therefore we advocate caution in interpreting these. Manhattan plots
for all the 23 factors are included in S4 Fig. Due to the fact that the cohort spans broad range of
ages (3-40 years), as a sensitivity analysis, we reran association for our top hits in the subset of
participants 16-40 years. Results (beta-coefficient and p-values) were not meaningfully differ-
ent (see S2 Table).

For three of the seven genome-wide significant signals, we observed that genetic associa-
tions with the factors were stronger than with any of the constituent linear distances that com-
prised the factors. For example, the association between rs9456748 and factor 9 was 4.99 x
107%, whereas the p-values for association tests with the 16 constituent linear distances ranged
from 2.27 x 107* to 1.75 x 10, These results are shown in S3 Table. We also observed a large
number of “suggestive” signals (p < 5 x 107°), which are detailed in S4 Table.

Discussion

In this study, we performed a GWAS of composite facial traits in a sample of 2187 unrelated
healthy individuals. To derive these traits, we applied factor analysis to 276 facial linear distances
calculated between the 3D coordinates of 24 facial surface landmarks. Analysis of 23 distinct fac-
tors, accounting for 94% of the variation, revealed seven genetic associations exceeding the strict
threshold for genome-wide statistical significance (p < 5 x 107%).
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Table 1. Description of the 23 extracted factors describing facial morphology.

Factor | Variation explained | Cumulative variation |Description Key landmarks'
(%) (%)
1 36.2 36.2 Breadth of the lateral portion of the upper face Tragion
2 10.2 46.4 Vertical position of the orbits relative to the midface Endocanthion & exocanthion
3 8.4 54.8 Length of the philtrum Crista philtri & labiale superius
4 6.2 60.9 Facial height related to the vertical position of gnathion Gnathion
5 5.3 66.2 Width of the mouth relative to the central midface Chelion
6 3.8 70.1 Height of the vermilion lower lip Labiale inferius
7 3.6 73.6 Width of the cartilaginous portion of the nose Alare, alar curvature point, subalare, &
subnasale
8 2.6 76.2 Orbital inclination due to the vertical and horizontal Exocanthion
position of exocanthion
9 2.5 78.7 Facial height related to the vertical position of nasion Nasion
10 2.1 80.9 Width of the nasal floor Subalare
11 1.7 82.5 Projection of the nose Pronasale
12 15 84.0 Vertical position of the sublabial sulcus relative to the Sublabiale
central midface
13 1.4 85.5 Vertical position of the alar curvature point relative to the | Alar curvature point
upper lip
14 1.1 86.6 Intercanthal width Endocanthion
15 1.1 87.6 Philtrum width Crista philtri
16 1.0 88.7 Not defined *
17 .09 89.6 Height of the vermilion upper lip Stomion
18 .08 90.3 Not defined *
19 .07 91.1 Not defined *
20 .07 91.7 Not defined *
21 .06 92.4 Depth of the nasal alae Alare & Alar curvature point
22 .06 93.0 Not defined *
23 .06 93.6 Not defined *

1 see S1 Fig for landmark locations
*No measures showed meaningful loading on these factors

https://doi.org/10.1371/journal.pone.0176566.t001

We observed a novel association between SNPs in FREMI and a factor capturing the height
of the central portion of the upper lip. FREM1I encodes a basement membrane protein involved

Table 2. Genome-wide significant results for seven facial factors.
Trait Lead SNP Locus BP Minor allele® |Major allele | MAF n Beta (SE) p INFO

Factor3 |rs117438382° |12g24.2 | 119414564 | A c 0.009 2184 |0.887(0.161) |3.76x1078 |0.659
Factor7  |rs62031988° |16p12.1 | 27017495 |C T 0.015 |2185 |0.700(0.124) |2.01x1078 |0.713
Factor9 |rs9456748 6926 162590018 |G A 0.441 |2187 |0.165(0.030) |4.99x1078 |0.99

Factor14 | rs11093404 Xq13 72289467 | A G 0.248 |2187 |0.175(0.030) |1.07x1078 |0.997
Factor17 |rs72713618 9p22 14883254 | A G 0.021 |2187 [-0.592(0.105) [2.02x108 |0.98

Factor21 |rs113036800° |8q12 58449027 | T C 0.015 2187 |0.691(0.121) | 1.20x10°® |0.839
Factor22 |rs138440928° |Xp11.3 | 44350343 | A C 0.011 2187 |0.650(0.115) | 1.85x1078 |0.522

BP = Base position; MAF = Minor allele frequency; INFO = Info score
&The minor allele is the risk allele
P the lead SNP is the only variant showing evidence of association at this locus

https://doi.org/10.1371/journal.pone.0176566.t002

PLOS ONE | https://doi.org/10.1371/journal.pone.0176566  April 25, 2017 6/13


https://doi.org/10.1371/journal.pone.0176566.t001
https://doi.org/10.1371/journal.pone.0176566.t002
https://doi.org/10.1371/journal.pone.0176566

:@.’ PLOS | ONE GWAS of facial morphology

A

10 2 | 100

0.8
0.6

rs9456748

—logyo(p-value)

(Q/o) Bles UolUIGUIoOdY

< PARK2
T T T T T
162.2 162.4 162.6 162.8 163
Position on chr6 (Mb)

Fig 1. Phenotype and association results for facial factor 9. (A) Face showing the linear distances (in dark yellow) associated with factor 9;
(B) LocusZoom plot showing the association (left y-axis; log10-transformed p-values) with factor 9. Genotyped SNPs are depicted by stars and
imputed SNPs are depicted by circles. Shading of the points represents the linkage disequilibrium (2, based on the 1000 Genomes Project
Europeans; gray indicates unknown LD) between each SNP and the top SNP, indicated by purple shading. The blue overlay shows the
recombination rate (right y-axis). Positions of genes are shown below the plot. Note, gray points near the lead SNP are insertion-deletion
variants in high LD (r2 = 0.91 and 0.77) with the lead SNP in our cohort.

https://doi.org/10.1371/journal.pone.0176566.9001

in epithelial-mesenchymal transformations and maintenance of epidermal adhesion [22].
Frem] is expressed in several murine craniofacial structures including the eyelids, ears,
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Fig 2. Phenotype and association results for facial factor 17. (A) Face showing the linear distances (in light green) associated with factor 17; (B)
LocusZoom plot showing the association (left y-axis; log10-transformed p-values) with factor 17. Genotyped SNPs are depicted by stars and imputed
SNPs are depicted by circles. Shading of the points represents the linkage disequilibrium (%, based on the 1000 Genomes Project Europeans; gray
indicates unknown LD) between each SNP and the top SNP, indicated by purple shading. The blue overlay shows the recombination rate (right y-axis).
Positions of genes are shown below the plot. Note, the gray point near the lead SNP is an insertion-deletion variant in high LD (r2 = 0.82) with the lead
SNP in our cohort.

https://doi.org/10.1371/journal.pone.0176566.g002
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Fig 3. Phenotype and association results for facial factor 14. (A) Face showing the linear distances (in red) associated with factor 14; (B)
LocusZoom plot showing the association (left y-axis; log10-transformed p-values) with factor 14. Genotyped SNPs are depicted by stars and
imputed SNPs are depicted by circles. Shading of the points represents the linkage disequilibrium (%, based on the 1000 Genomes Project
Europeans; gray indicates unknown LD) between each SNP and the top SNP, indicated by purple shading. The blue overlay shows the
recombination rate (right y-axis). Positions of genes are shown below the plot. Note, the gray point near the lead SNP is an insertion-deletion
variant in high LD (r2 = 0.97) with the lead SNP in our cohort.

https://doi.org/10.1371/journal.pone.0176566.g003

forehead, and midface [22-24]. Of particular relevance for our reported phenotypic associa-
tion, Alazami et al. [23] reported strong Frem1 expression in the midline where the left and
right medial nasal processes fuse. In humans, the medial nasal processes contribute to both the
central portion of the nose but also the philtrum and central portion of the vermilion lip [25].
These are the same anatomical regions captured by factor 17 in our analysis (Fig 2A). In
humans, mutations in FREM1 result in several Mendelian conditions with affected midline or
para-midline craniofacial features, including BNAR (bifid nose with or without anorectal and
renal anomalies) syndrome [23], Manitoba oculotrichoanal syndrome [26], and trigonoce-
phaly [24]. Frem] mutant mice have similar phenotypic features including reduced snout pro-
jection and a shorter philtrum [26]. These findings provide biological support for common
variants in FREM1 influencing normal variation in philtrum and central upper lip morphology
in humans.

We observed a novel association between SNPs in the PARK2 gene and a factor capturing
aspects of midfacial height (Fig 1A). PARK2 encodes a protein involved in proteasomal degra-
dation and is primarily known for its role in juvenile-onset Parkinson disease, which is caused
by homozygous point mutations or deletions in this gene [27]. However, PARK2 also spans
1.3Mb on 6q26 resulting in association signals with multiple ostensibly unrelated phenotypes
including disc degeneration [28], cholesterol levels [29], leprosy [30], and, from the present
study, midfacial height. It is difficult to speculate how these associated SNPs contribute to
facial morphology. The only evidence that PARK2 is expressed in the face is a weak signal in
the olfactory epithelium in TS22 mouse embryos [31]. Similarly, other genes within the same
topological domain (e.g. QKI and PDE10A) do not exhibit strong craniofacial expression.
Finally, this interval is largely devoid of chromatin signatures for regulatory elements and bio-
informatic analysis of the top SNPs did not reveal compelling annotations. Despite a strong
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statistical signal at this locus, there is currently little biological evidence pointing toward a pos-
sible mechanism by which these SNPs influence midfacial height.

The other major association involved the Xq13 locus and factor 14, which involved the hor-
izontal spacing of the inner canthi of the eyes (Fig 3A). Associated SNPs span a 1Mb interval
that includes several genes, many of which have not been studied in detail. We recently identi-
fied an association between this locus and intercanthal distance using the same study sample
[7]. In that study we suggested that the relevant gene might be HDACS8, which is associated
with Cornelia de Lange syndrome-a condition characterized by hypertelorism. As is evident
on the LocusZoom plot (Fig 3B), the HDACS gene is located almost 500kb centromeric to the
top SNP in the current analysis. Another interesting gene is NAPIL2, a nucleosome assembly
protein required for neurulation, a developmental process that includes formation of neural
crest cells [32]. Abnormalities in neural crest development cause several disorders with mid-
line defects including frontonasal dysplasia and Waardenburg syndrome.

The other four associations on 12q24, 16p12.1, 8q12, and Xp11.3 were more difficult to
interpret as they involved a limited number of imputed SNPs (S3 Fig). The association at
12q24.2 with factor 3 involved a single isolated and imputed SNP and no genes in the region
were known to have a craniofacial function. The association at 16p12.1with factor 7 again
involved only a handful of isolated imputed SNPs, although nearby gene KDM8 may play a
role in midface development [33]. The associations at 8q12 and Xp11.3 were with factors 21
and 22, respectively. These factors each explained very small proportions of the variation and
showed little or no evidence of meaningful factor loadings (S1 Table). The associated SNP at
Xp11.3 was upstream from KDM6A, mutations in which are known to cause Kabuki syndrome
[34]. Thus, while these loci could contain relevant genes, deciphering their role in facial mor-
phology will depend on independent confirmation of these results

For three of the results described above, including FREM1 and PARK2, genetic associations
with the factors were stronger than with any of the individual distance measures that com-
prised the factors. This suggests that factor analysis, at least in some instances, is better able to
capture biologically relevant aspects of facial morphology compared with simple univariate
distance measures. Because the factors are data-driven phenotypes reflecting the covariance
structure of the human face, they are potentially less biased than conventional measures,
which are selected a priori for reasons that may have little to do with biology. One explanation
for the covariance within and among facial features is that the growth and development of the
face is a highly coordinated process. This coordination may be driven in part by genes influ-
encing, either directly or indirectly, one or more parts of the face. Factor analysis is one
approach that allows us to leverage this genetically influenced covariance and examine its basis
through genetic association analysis.

A major challenge in gene-mapping studies is making the jump from associated locus to
causal variant. Though we describe biologically plausible candidates (e.g., FREMI and PARK2)
based on physical proximity and known biology, the tasks of determining exactly which causal
variant accounts for an association signal, which gene the variant impacts, and through what
mechanism the variant acts, are difficult. Typically observational evidence, alone, is insufficient
in identifying a putative causal allele, and additional experimental work is usually necessary to
understand the mechanism. Therefore, more work is needed, beginning with replication of
these genetic associations in independent cohorts, in order to truly understand the contribu-
tions of associated variants to human facial morphology.

A weakness of the current study was the lack of an appropriate cohort for independent rep-
lication. A persistent challenge in the area of human facial genetic studies is the lack of consis-
tent phenotyping across existing cohorts, making replication difficult. The availability of
automated facial landmarking methods may offer a potential solution to this problem in the
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future. Consistent phenotyping may also aid in exploring facial morphology across ancestry
groups. Whereas the current study was limited to self-reported non-Hispanic whites, facial
shape exhibits variation both within and between racial and ethnic population; therefore,
future work may permit analyses that combine samples of diverse ancestry to investigate the
commonalities and differences in the genetic architecture of facial morphology across
populations.

Another limitation of this study was the sparse set of facial landmarks that can only capture
limited information about complex facial features and cannot adequately capture the morphol-
ogy of facial regions like the cheeks and forehead. Although 276 facial measures were included
in our factor analysis, these linear distances were derived from just 24 facial landmarks, and
represent only part of the dense information contained within 3D facial images. Moreover, fac-
tor analysis is only one possible method of analysis, and it ultimately seeks to reduce the
dimensionality of the data, leading to loss of information. These limitations may be overcome
through the development of phenotyping methods that better utilize the morphological rich-
ness contained within the full 3D facial surface [3].

In conclusion, we identified novel genetic associations with composite facial variation phe-
notypes, which were not observed in our previously GWAS of selected linear distances
between facial landmarks. These results showcase the benefit of data-driven phenotyping for
gene discovery of complex traits. Among the associated loci were genes, such as FREMI and
HDACS, with corroborating evidence for roles in facial variation based on human syndromes
or model organisms. Other associations pointed to genes, such as PARK2, not previously
implicated in facial variation. This study contributes to our understanding of the genetic basis
of human facial variation and underscores the need for advances in phenotyping methods that
capture the biologically relevant variation in human facial morphology.
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S1 Table. The loading of all 276 linear distances on each of the 23 retained factors.
(XLSX)

$2 Table. Comparison of top associations in all participants and the subset of participants
ages 16-40 years.
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$3 Table. P-values for the seven factors with significant associations compared to the indi-
vidual linear distances that comprise those factors.
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$4 Table. All SNPs associated with the 23 factors at p < 5 x 107°,
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S1 Fig. The location of the 24 standard facial landmarks used to generate the 276 linear
distances. Landmarks are labeled as follows: n = nasion; prn = pronasale; sn = subnasale;

Is = labiale superius; sto = stomion; li = labiale inferius; sl = sublabiale; gn = gnathion;

en = endocanthion; ex = exocanthion; al = alare; ac = alar curvature point; sbal = subalare;
cph = crista philtri; ch = chelion; and t = tragion. For bilateral landmarks, left and right indi-
cated by _land _r after the landmark abbreviation.

(PDF)

S2 Fig. Joint distribution of the four PCs of ancestry and 23 factors. All pairwise combina-
tions of Eigenvectors (EV; i.e., the values associated with each PC) and factors are depicted via
scatterplots. Pearson correlation coefficient (r) and significance of the correlation (p) are
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$3 Fig. LocusZoom plots showing genome-wide significant associations observed for Fac-
tor 3 (A), Factor 21 (B), and Factor 22 (C). LocusZoom plots show the association (left y-
axis; log10-transformed p-values) with each factor. Genotyped SNPs are depicted by stars and
imputed SNPs are depicted by circles. Shading of the points represents the linkage disequilib-
rium (r2, based on the 1000 Genomes Project Europeans) between each SNP and the top SNP,
indicated by purple shading. The blue overlay shows the recombination rate (right y-axis).
Positions of genes are shown below the plot.

(PDF)

S4 Fig. Manhattan plots for the 23 factors showing all genotyped and imputed SNPs. Chro-
mosomes are arranged in order along the x-axis. The y-axis shows the log base 10 p-value.
Lines for p-value thresholds set at 5 x 10™® for genome-wide significance and 5 x 10~ for sug-
gestive significance.
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