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Abstract

DNA variants in or close to the human TBX15 and PAX1 genes have been repeat-
edly associated with facial morphology in independent genome-wide association
studies, while their functional roles in determining facial morphology remain
to be understood. We generated Thx15 knockout (Thx!1 5/ 7) and PaxI knockout
(Pax1™'~) mice by applying the one-step CRISPR/Cas9 method. A total of 75 adult
mice were used for subsequent phenotype analysis, including 38 ThxI5 mice (10
homozygous Thx15~'~, 18 heterozygous Thx15%~, 10 wild-type Thx15* WT lit-
termates) and 37 PaxI mice (12 homozygous Pax] /=15 heterozygous Paxl1 /=
10 Pax1*'* WT littermates). Facial and other physical morphological pheno-
types were obtained from three-dimensional (3D) images acquired with the
HandySCAN BLACK scanner. Compared to WT littermates, the Thx1 57/~ mutant
mice had significantly shorter faces (p = 1.08E-8, R* = 0.61) and their ears were in
a significantly lower position (p = 3.54E-8, R* = 0.62) manifesting a “droopy ear”
characteristic. Besides these face alternations, Thx15~/~ mutant mice displayed
significantly lower weight as well as shorter body and limb length. Pax1~'~ mu-
tant mice showed significantly longer noses (p = 1.14E-5, R* = 0.46) relative to
WT littermates, but otherwise displayed less obvious morphological alterations
than Thx15~'~ mutant mice did. We provide the first direct functional evidence
that two well-known and replicated human face genes, Tbx15 and Paxl, impact
facial and other body morphology in mice. The general agreement between our
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1 | INTRODUCTION

Human facial morphology represents a set of highly vari-
able, multidimensional, highly correlated, symmetrical,
and strongly heritable complex phenotypes. Unveiling the
genetic basis of human facial variation is of fundamental
and applied value in developmental biology, evolutionary
biology, human genetics, medical genetics, and forensic
genetics.

Several independent genome-wide association studies
(GWASs) on human facial morphology highlighted DNA
variants in or closed to TBX15 and PAX1 with genome-wide
significant association with human facial phenotypes.'”’
In particular, Xiong et al. found DNA variants near TBX15
and PAX1 significantly associated with human face length
and nose width, respectively.! Adhikari et al. reported
SNPs in TBX15 to be significantly associated with two
human ear traits, folding of the antihelix and antitragus
size.” Claes et al. and White et al. showed TBX15 and PAX1
intron variants to be significantly associated with human
facial shape.*® Adhikari et al. and Shaffer et al. reported
a significant association of PAX1 intergenic variants with
human nose wing breadth.*>

TBX15 belongs to the T-box family of genes, which en-
code a phylogenetically conserved family of transcription
factors that regulate a variety of developmental processes.®
Tbx15 is expressed in limb mesenchymal cells and has a sig-
nificant function in limb development.’™ Genetic variants
in TBX15 result in cousin syndrome, characterized by cra-
niofacial deformity, scapular hypoplasia, pelvic dysplasia,
and short stature.”>* PAX1 is a member of the paired box
(PAX) family of transcription factors and encodes a tran-
scriptional activator which regulates tissue development
and cellular differentiation in embryos.!> PAXI mutations
cause autosomal recessively inherited otofaciocervical syn-
drome, characterized by facial dysmorphism and external
ear anomalies.'® PAX1 acts as an important regulator of
chondrocyte maturation.'” Deletion of the short arm region
of chromosome 20 including the PAX1 gene locus causes
craniofacial deformities and abnormal vertebral bodies.'®

Taking all available genetic knowledge together allows
concluding that TBX15 and PAX1 play a role in facial mor-
phology in humans. However, direct evidence has been
scarce for the functional involvement of these genes in
the development and determination of facial morphology.

findings in knock-out mice with those from previous GWASs suggests that the
functional evidence we established here in mice may also be relevant in humans.

facial morphology, genetics, genotype, phenotype

Although previous in vivo experiments revealed that
Tbx15 acts as an essential effector in the development of
the skeleton of the limb, vertebral column, and head'® and
Thx15~'~ mutant mice exhibit lower weight, glucose in-
tolerance, and obesity on high-fat diets,'* %! these studies
did not explore the effect of Thx15 on facial morphology in
mice exhaustively. Moreover, no in vivo functional work
has been reported for PaxI in mice facial morphology.

In this study, to enhance our functional understanding
of the involvement of Thx15 and Paxl in facial morphol-
ogy in mice, we, respectively, knocked out these genes by
applying the one-step CRISPR/Cas9 method.”> On mu-
tant and wild-type (WT) mice, we acquired 3D images
through the HandySCAN BLACK scanner. Based on the
collected digital imagery, we quantitatively assessed fa-
cial morphology as pairwise Euclidean distances between
a set of anatomically meaningful facial landmarks, and
also quantified other morphological phenotypes such as
weight, body length, fore, and hind limb length. Finally,
the morphological differences between mutant mice and
WT littermates were compared using appropriate statisti-
cal tests.

2 | MATERIALS AND METHODS

2.1 | Samples

The mouse strain was C57BL/6J. Amplify Cas9 and
sgRNAs, purify them, and use them as a template for in
vitro transcription. Fertilized eggs obtained from super-
ovulated females (C57BL/6J, 4 weeks) mated with males
(C57BL/6J, 7-8 weeks) were microinjected with mixtures
of Cas9 mRNA and sgRNA. The injected fertilized eggs
were cultured to day 2 and transferred to female mice.
Finally, positive mice with a 20 bp frameshift mutation in
the second exon of the Thx15 gene were obtained. Positive
mice with the second exon of the PaxI gene completely
knocked out were also obtained. The discrimination cri-
terion was the presence of a 20 bp frameshift mutation in
the second exon of the Tbx15 gene and the second exon of
the Pax1 gene. The mice were raised in a pathogen-free
environment and bred according to SPF animal breed-
ing standards. The ambient temperature was 20-25°C,
and humidity was 40%-70%. The FO generation-positive
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mice were mated with wild-type C57 mice to obtain the
heterozygous F1 generation mice. The heterozygous F1
mice were then mated with a female-to-male ratio of 2:1 to
produce the homozygous F2 generation mice. After eight
months of breeding experiments, we obtained a total of
38 F2 9-weeks adult ThxI5 mice, that is, 10 homozygous
Thx15~' ~, 18 heterozygous Thx15"/ -, 10 wild-type WT,
and 37 F2 9-weeks adult Paxl mice, that is, 12 homozy-
gous Pax1 =15 heterozygous Pax1 */= 10 WT littermates.
Genotypes of all mice were confirmed by PCR amplifica-
tion and subsequent Sanger sequencing. The use of labo-
ratory animals (SYXK 2019-0022) was licensed by the
Beijing Municipal Science and Technology Commission.

2.2 | Genotyping

Mice tail tissue of 0.3 cm® was cut into a 1.5 ml centrifuge
tube, then added with 98 ul of mouse tail lysate and 2 pl of
proteinase K before incubated in a metal bath at 55°C for
30 min for full lysis. After that, the proteinase K was inac-
tivated by placing the tube in a 95°C metal bath for 10 min.
The mixture was centrifuged at 12,000 r/min for 5 min,
and the supernatant was collected as the DNA template for
genotyping. The Thx15 and PaxI primers with sequences
described in Table S2 were used for PCR amplification in a
50 ul of mixture of 25 uL of 2 X Taq Plus Master Mix (Dye
Plus), 2 ul of upstream primer (concentration: 10 uM),
2 ul of downstream primer (concentration: 10 uM), 2 ul
of DNA template, and 19 ul of ultrapure water. The PCR
procedures for both gene fragments were as follows: (1)
Denaturation at 94°C for 5 min; (2) Denaturation at 94°C
for 30 s; (3) Annealing at 60°C for 30 s; (4) with different ex-
tension times for Thx15 at 72°C for 2 min, and PaxI at 72°C
for 75 s; followed by (5) a final extension at 72°C for 7 min,
steps (2-4) were repeated 35 times. Electrophoresis was
performed on a 2% agarose gel with a voltage of 125 V and
a current strength of 400 A for 30 min. The genotypes were
identified with gel electrophoresis and Sanger sequencing.
The mouse genotype identification kit was purchased from
Nanjing Nuoweizan Biotechnology Co., Ltd. The PCR
primers were synthesized by Meiji Biotechnology Co., Ltd.

2.3 | Phenotyping

The 9-week-old F2 mice were weighed with an electronic
scale and sacrificed by cervical dislocation. The hair of the
mice was removed with a razor and Weiting depilatory
cream. Prior to phenotyping, depilated mice were kept in
an incubator with ice to maintain a good temperature and
air humidity to prevent dryness and other reasons from
affecting the facial morphology of mice. Phenotyping was
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carried out and finished within 1 h after depilation. Mice
were fixed on a holder in a way that the jaw is fully exposed
and limbs were fixed. Checks were performed to ensure
that the mouth was closed and the upper and lower jaws
snap tightly; the ears were not sticky and maintained a nor-
mal shape. Body length and limb length of the depilated
mice were measured with a Chenguang millimeter ruler.
The HandySCAN BLACK scanner was used to scan the
three-dimensional surface of depilated mice and 3D images
were obtained in the obj format with a resolution of 0.3 mm
and an accuracy level of 0.03 mm. The 3D coordinates of
facial landmarks were obtained using the Geomagic Wrap
3D scanning software which is independent of the manu-
facturers. Landmark positions were visually examined and
images with abnormal landmarks were rescanned.

2.4 | Protein sequence analysis

The Thx15 and PaxI protein sequences were obtained from
the UniProt database.”*** Multiple alignments of amino
acid sequences were performed using the DNAMAN soft-
ware. The analysis of the protein conserved domains was
performed using the PfamScan software.*

2.5 | Statistical analyses

We targeted 17 anatomically meaningful facial landmarks,
among which, 9 were homologous of the 13 human facial
landmarks as described in the previous face GWAS by Xiong
et al.' The remaining eight were all on the mouse ears, and
there were no corresponding landmarks in previous GWASs
of the human face and ear morphology. A generalized
Procrustes analysis (GPA) was used to remove affine varia-
tions due to shifting, rotation, and scaling. After GPA, a total
of 136 Euclidean distances between all pairs of the landmarks
and the centroid size were derived. A principal component
analysis (PCA) was carried out using the 136 inter-landmark
distances as the input. Linear regressions were used to test
the genetic association considering the genotype as the ex-
planatory variable, the phenotype as the dependent variable,
and sex as the covariate, testing for an additive allele effect,
thatis, the phenotypic change due to each additional mutant
allele. Non-parametric Mann-Whitney U test was used for
comparing phenotype PCs and the centroid size between dif-
ferent genotype groups. Unsupervised K-means clustering
was used for clustering different genotype groups. Multiple
testing was corrected using Bonferroni correction of the ef-
fective number of independent phenotypes, which was esti-
mated using the Matrix Spectral Decomposition (matSpD)
method.”® All statistical analyses were conducted using R
version 3.5.1 unless otherwise specified.
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3 | RESULTS

The sgRNA sequences, the primer sequences, and the
characteristics of 75 mice are detailed in supplemen-
tary tables (Table S1-S3). Gene knockout strategy, PCR,
and Sanger sequencing results for genotyping are de-
tailed in Figure 1. The birth rate of Thx15~'~ mice was
significantly lower than WT littermates during a 6-
month period (mean birth rate 0.26 vs. 0.74, p = 0.04,
Figure S1A,B), suggesting an important role of Thx15
in embryonic development. The birth rate of Pax1™/~
mice was also lower than that of WT littermates, but not
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statistically significantly so (Figure S1C,D). In all WT
littermates, the facial phenotypes were largely normally
distributed (Table S4), and no general differences be-
tween males and females were observed (Table S5). As
expected, symmetric facial phenotypes showed higher
correlations than non-symmetric ones (Table S6), fur-
ther supporting the reliability of the obtained pheno-
type dataset. Raw landmark coordinates from all mice
showed systematic differences in position, orientation,
and scaling (Figure 2A, Figure S2A). They were super-
imposed onto a consensus 3D Euclidean space based on
GPA (Figure 2B, Figure S2B).
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FIGURE 1 Complete deletion of Thx15 and PaxI in mice by CRISPR/Cas9. (A) Clones from the tail were sequenced and analyzed.
Schematic of sgRNA-targeting sites in Thx15 and PaxI gene. The sgRNA target sequences and PAM sequences are labeled in green and red,
respectively. Hyphens represent deleted nucleotides and omitted regions are indicated by dash lines. (B) The indel frequencies show that
Tbx15 and PaxI were mutated completely in all mice. The number of clones is denoted above the column. (C) Genotype identification for
Tbx15 mice by PCR and Sanger sequencing. (D) Genotype identification for PaxI mice by PCR and Sanger sequencing
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FIGURE 2 Example of mice image.
(A) Landmarks pattern in 2D mice image.
(B) Landmarks pattern in 3D mice image.
(C) 2D image of Thx15 mice. (D) 2D image
of PaxI mice

FIGURE 3
facial morphology with humans. (A)
The effect of Thx15 on human facial
morphology.® (B) The effect of Pax1

Comparison of mice

on human facial morphology.” (C) The
effect of Tbx15 and Pax1 on human facial
morphology.! (D) The effect of Thx15 on
mice facial morphology. (E) The effect of
Pax1 on mice facial morphology
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(%) Thxl5-/- (D)

Paxl1-/-

Thx15 WT

3.1 | Differences in facial phenotypes
between mutant and wild-type mice

In the 38 Thx15 mice, that is, 10 homozygous Thx15~/ -, 18
heterozygous Thx15"'~, 10 WT Thx15"'*, the Thx15 geno-
type was significantly associated with a total of 34 facial
phenotypes derived from GPA-transformed landmarks
(Bonferroni adjusted p < 0.05). Compared with their WT
counterparts, the Thx15~'~ mutant mice had significantly
shorter faces, which affected 22 phenotypes as character-
ized by shorter distances between ear root and nose, mouth
landmarks, and their ears had a significantly lower posi-
tion, manifesting a “droopy ear” characteristic. (12 phe-
notypes, including L1-L8, Figures 2C and 3D, Table S7).
The most significant face shortening effect in the Thx15
mutant mice was observed for L6-L15 (ear-nose length),

for which the Thx15 genotype accounted for 61% of the
phenotype variance (0.64 mm per mutant allele). The
most significant effect on the ear was observed for L2-L5
(0.95 mm per mutant gene, Figure 3D, Table S7). A PCA
analysis of all 136 facial phenotypes resulted in a total of
136 PCs. The top two PCs explained 49.73% of the total
phenotype variance. An unsupervised clustering analysis
of the top two PCs could completely separate Thx157'~
and WT littermates (Figure 4A). A Mann-Whitney test of
PC1 also showed significant differences between Thx1 5t/=
and the WT (p < 0.001) as well as between Thx15"~ and
Thx15~'~ (p < 0.001, Figure 4B), although the centroid
size was not significantly different between WT and
Thx15~' “(Figure S3A). These results overall demonstrated
significant facial differences between Thx15~'~, Thx15"~
and WT. Repeating the association analysis using the
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FIGURE 4 Genotypes classification
based on principal components (PCs)

of 136 facial distances. (A) Genotypes
classification in Thx15 mice. (B) PC1
differences between Tbx15 groups. (C)

Genotypes classification in PaxI mice. (D)
PC1 differences between PaxI groups
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original landmarks before GPA also revealed highly sig-
nificant differences between Thx15 genotype groups for 35
facial phenotypes (Figure S4A).

In the 37 PaxIl mice, that is, 12 homozygous Paxl™’ -,
15 heterozygous Pax1*/~, 10 WT littermates PaxI*'*, the
Pax1 genotype was significantly associated with facial vari-
ation for only one phenotype after Bonferroni correction
(adjusted p < 0.05). Compared with the WT littermates,
the nose length of the Paxl =/~ mutant mice was signifi-
cantly increased (L13-L15, Figures 2D and 3E, Table S8).
The PaxI genotype explained 46% of the phenotype
variance in the Paxl mutant mice (0.28 mm per mutant
gene). The clustering analysis of the major PCs could not
separate WT, Paxl + ~, and PaxlI -/= groups. However, the
Mann-Whitney test of the PC1 showed a significant differ-
ence between the WT and Pax1™'~ groups (Figure 4C,D).
Centroid size was not significantly different between any
Pax1 genotype groups (Figure S3B). Repeating the associa-
tion analysis using the original landmarks before GPA also
revealed significant differences between PaxI genotype
groups for three facial phenotypes (Figure S4B).

3.2 | Consistency with previous facial
variation GWAS in humans

For both genes, the trends of the facial differences observed
between mutant and WT littermates were largely consist-
ent with the genetic association effects observed in previ-
ous human GWASs (Figure 3).""%*" In particular, TBX15
variants previously showed a significant association effect
on multiple facial phenotypes in humans (Figure 3A)° and

Tbx15 mutant mice had shorter faces as demonstrated
here. The droopy ear characteristic, however, which we
observed in Thx15 mutant mice had no strict correspond-
ence with findings in previous human GWASs, although
Adhikari et al. reported Thx15 variants associated with ear
helix rolling and antihelix.” Interestingly, Xiong et al. found
that SNPs at Thx15 had asymmetrical effects on human fa-
cial morphology (Figure 3C)." In our in vivo mice experi-
ments, Thx15~'~ mice showed highly symmetrical effects
on decreasing ear-mouth distances (1.00E-8 < p < 1.66E-
4, Figures 2C and 3D, Table S7). The failure of observing
an asymmetric effect of Tbx15 in our experiments might be
explained by a pronounced effect of gene silencing com-
pared with the potential regulatory effects of the SNPs. For
Pax1, previous GWASs on facial shape in humans mainly
found effects on nose width (Figure 3B,C)."* In our ex-
perimental mice study, although no direct changes in nose
width (L14-L15) were observed in Pax~/“mice, we found
that Paxl mutant mice had a significantly increased nose
length (L13-L15) which is partly a representation of nose
width (L14-L15, Figure 2D, Figure 3E, Table S8). No direct
changes in nose width were observed in mice, probably
due to insufficient sample size and facial structure differ-
ences between mice and humans.

3.3 | Differences in other physical
phenotypes between mutant and wild-
type mice

Next to the effects of Tbx15 and PaxI gene editing on facial
phenotypes in mice, we additionally investigated the effects
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on other physical morphological phenotypes such as body
weight, body length, and length of fore and hind limbs.
Compared with WT littermates, Thx15~'~ mice had signifi-
cantly lower body weight (p < 0.01), shorter body length
(p < 0.001), and shorter limb length (p < 0.01, Figure 5).
For PaxI, the body weight, body length, limb length of the
mutant mice were also reduced compared to WT litter-
mates, but not statistically significantly so (Figure S5).

3.4 | Protein sequence conservation
between mice and humans

The Thx15 protein sequences are composed of 602 amino
acid sequences in both humans and mice. An amino acid
sequence alignment analysis revealed that the amino
acid sequences in both species had a very high identity
(98.67%) and the same very long conserved T-box domain
was found in humans and mice. The high level of evolu-
tionary conservation between mice and humans, together
with the significantly lower birth rate of TbhxI 57/"in mice,
confirms an important role of Tbx15 in the early develop-
ment of embryogenesis, both in humans and in mice.
The PaxI protein is composed of 534 amino acids se-
quence in mice and 446 amino acids in humans with a rela-
tively high level of identity (73.41%), but considerably lower
than seen for Thx15. Furthermore, the two species shared a
common set of domains in Pax1, including a “Paired box”
domain, a homeodomain-like domain, and a winged helix-
turn-helix conserved domain. The relatively high sequence
conservation may suggest a vital role of PaxI in the early
development of embryogenesis in both species.

ASEB&0Advances _—- V1 LEYM

4 | DISCUSSION

Our in vivo gene editing experiments in mice for two
well-replicated human face Thx15 and Pax1 genes provide
novel evidence on the functional involvement of these two
genes in facial and other physical morphology in mice,
at least. The general agreement between our findings in
knock-out mice with those from previous GWASs sug-
gests that the functional evidence we established here in
mice may also be relevant in humans, which is of value in
developmental biology, evolutionary biology, human ge-
netics, medical genetics, and forensic genetics.

Thx15~'~ mice showed a shortened facial length and
manifesting a droopy ear characteristic. In addition, they
showed reduced weight, shortened body and limb length
which is consistent with the findings from a previous
mice study.”” The TBX15 gene plays a major role in the
development of the mesoderm of all vertebrates.”® The
complete inactivation of the mouse Tbx15 in mice and
TBX15 mutations in humans lead to severe bone defor-
mities.'***? Notably, previous literature also showed that
Tbx15 affects the development of the skeleton of the limb,
vertebral column, head, limbs, vertebrae, and ribs by con-
trolling the number of mesenchymal precursor cells and
cartilage cells,'®* while the Thxl5 effect on the face in
mice was few studied before. Our new findings together
with previous ones support our conclusion, that Thx15
plays an important role in the development of facial and
limb morphology in mice. Because the facial shape effects
we observed in the ThxI5~'~ mutant mice are largely in
line with the Thx15 association effects in humans previ-
ously reported in different GWASs, we suggest that the
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functional impact of Tbx15 on the facial shape we re-
vealed here in mice also exists in humans, which needs to
be confirmed by future work.

Moreover, Paxl1™'~ mice showed an increased nose
length in our study. Earlier studies revealed that Paxl
is a key transcription factor affecting cartilage develop-
ment and regulates the expression of cartilage-related
genes in the early stages of development.'” Meanwhile,
previous studies of the Paxl/Pax9 multiple allele KO
mutants uncovered their synergistic roles in axial skel-
eton development, demonstrating a clear gene-dosage
effect of Pax9 in the absence of Pax1, with increasing se-
verity of the vertebral column malformations, whereby
Pax1~/"Pax9™'~ mutants exhibit a complete loss of
vertebral bodies and intervertebral discs, deformed
proximal parts of the ribs and a lack of caudal verte-
brae.***! Pax1™/~exhibit variably severe morphological
alterations of the vertebral column, sternum, scapula,
skull, and thymus, with reduced adult survival and
fertility and some heterozygotes show milder skeletal
abnormalities.>** In our study of PaxI~'~ mice, these
phenotypes appeared much weaker from surface ap-
pearance. Only one out of 10 Pax1~'~ mice manifested
obvious deformation of coccyx (Figure S6). However,
the observation of weaker phenotypes from the sur-
face appearance is not in conflict with previous studies
which used micro-CT images for capturing subtle vari-
ation in the skeleton. Since the nasal bone contains a
cartilage component, our findings of PaxI determining
nose morphology in mice may be explained by its ef-
fect on the development of nose cartilage, which needs
to be further explored. We did observe reduced body
weight, body length, and limb length in the Pax1™/~
mice compared to WT littermates, but the effect was not
statistically significant, may be because of small effect
and thus insufficient sample size. Although the facial
shape effects we observed in the Pax1~'~ mutant mice
are not fully consistent with PaxI associations effects in
humans previously reported in different GWASs, as in
humans PaxI associations were seen with nose width,
while our in vivo data show that Paxl affects nose
length in mice, in both species this gene is involved in
nose-related phenotypes. Therefore, we suggest that the
functional effect of PaxI on the facial shape we revealed
here in mice is similar to the effect of Paxl in humans,
which also needs to be confirmed by future work.

Our approach has several advantages. We selected
the 9-week-old F2 generation mice because nine weeks
is an acceptable time point for adult-like craniofacial
form in mice and their skeletal is maturated in this
time.*>> Furthermore, we selected littermate mice of
different genotypes for phenotype observation and
our littermate-born design prevented potential noises

caused by unobserved environmental factors. Moreover,
the inclusion of the heterozygote mice in the analysis
further expanded the sample size and was helpful in
observing potential trend effects. In addition, compared
to previous phenotyping methods, our phenotyping
method focusing on 3D surface appearance may have
certain advantages. For example, Kaustubh et al. an-
alyzed the effect of EDAR on ear morphology in mice
by taking 2D photographs of superior and lateral views
of the head and then acquired 2D coordinates for mor-
phological analysis.” Compared to 2D landmarks, 3D
landmarks are more robust against shifting, rotation,
and scaling. Compared with the studies using micro-CT
images, 3D surface images may capture additional in-
formation from facial soft tissue thickness.’

In conclusion, we provide the direct functional ev-
idence that two well-known and replicated human face
genes, Thx15 and Paxl, impact facial and other body mor-
phology in mice. Tbx15 seems to affect the face globally,
while PaxI is mainly affecting the nose, with such a pat-
tern being similar in both mice and humans. In future
research studies, functional effects of other human face
genes highlighted in previous GWASs should be investi-
gated to take our increasing knowledge on human face
genetics from the statistical associational level to the next
level of functional proof.
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