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Abstract: Keratinocyte differentiation factor 1 (KDF1) is a recently identified and rare candidate gene
for human tooth agenesis; however, KDF1-related morphological characteristics and pathological
changes in dental tissue and the oral epithelium remain largely unknown. Here, we employed whole-
exome sequencing (WES) and Sanger sequencing to screen for the suspected variants in a cohort
of 151 tooth agenesis patients, and we segregated a novel KDF1 heterozygous missense variation,
¢.920G>C (p.R307P), in a non-syndromic tooth agenesis family. Essential bioinformatics analyses and
tertiary structural predictions were performed to analyze the structural changes and functional im-
pacts of the novel KDF1 variant. The subsequent functional assessment using a TOP-flash /FOP-flash
luciferase reporter system demonstrated that KDF1 variants suppressed the activation of canonical
Wnt signaling in 293T cells. To comprehensively investigate the KDF1-related oral morphological
anomalies, we performed scanning electron microscopy and ground section of the lower right lateral
deciduous incisor extracted from #285 proband, and histopathological assessment of the gingiva. The
phenotypic analyses revealed a series of tooth morphological anomalies related to the KDF1 variant
R307P, including a shovel-shaped lingual surface of incisors and cornicione-shaped marginal ridges
with anomalous morphological occlusal grooves of premolars and molars. Notably, keratinized
gingival epithelium abnormalities were revealed in the proband and characterized by epithelial
dyskeratosis with residual nuclei, indistinct stratum granulosum, epithelial hyperproliferation, and
impaired epithelial differentiation. Our findings revealed new developmental anomalies in the tooth
and gingival epithelium of a non-syndromic tooth agenesis individual with a novel pathogenic KDF1
variant, broadening the phenotypic spectrum of KDF1-related disorders and providing new evidence
for the crucial role of KDF1 in regulating human dental and oral epithelial development.
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1. Introduction

Tooth agenesis is a developmental and genetic disease that manifests as a reduced
number of teeth, and it can be accompanied by other systemic dysplasias, or occur indepen-
dently [1-3]. Most affected individuals suffer from variable morphological abnormalities
in their remaining teeth and other craniofacial organs, which consequently cause mas-
ticatory and speech dysfunctions, or even psychological problems [4]. Environmental
disturbances and genetic factors are both involved in the pathogenesis of tooth agenesis,
with the latter playing a predominant role [5,6]. Over the past two decades, continuous
scientific efforts have led to the decoding of a cluster of genes that encode key proteins
of major developmental pathways that are currently accepted to be the etiologies for 90%
of tooth agenesis; these genes include Paired box 9 (PAX9), Msh homeobox 1 (MSX1), Wnt
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family member 10A (WNT10A), ectodysplasin A (EDA), Wnt family member 10 B (WNT10B),
LDL receptor related protein 6 (LRP6), and Axin 2 (AXIN2) [7-19]. However, rarely identified
or unknown pathogenetic genes are observed in approximately 10% of patients with tooth
agenesis, and such cases require further investigation [20].

Keratinocyte differentiation factor 1 (KDF1; OMIM *616758) is the most recently identified,
rare candidate gene for tooth agenesis. In 2013, mutagenesis screening of ENU-induced
mutant mice (shd~/~) led to the mapping of the human gene KDF1 to 1p36.11, which shares
high homology with the mouse KdfI gene [21]. A heterozygous variation in KDF1 was
first reported to cause autosomal dominant syndromic tooth agenesis, namely, ectodermal
dysplasia-12 (ECTD12; OMIM #617337), which manifests as congenital absent teeth, dys-
trophic toenails, hypohidrosis, and hair abnormalities [22]. Subsequently, other researchers
segregated a novel pathogenic KDF1 variation into a non-syndromic tooth agenesis fam-
ily [23]. This previous genetic evidence revealed the relevance of KDF1 variations to tooth
agenesis and suggested an indispensable pathogenic role of KDF1 in tooth agenesis.

Mouse Kdf1 signals are specifically expressed in epidermal cells through epidermo-
genesis and the tooth epithelium during development [21,23], and they were further
proven to participate in regulating the development of skin, craniofacial organs, and limb
buds [24]. Kdfl mutant shd~/~ fetuses present perinatal lethality, and develop defects in
multiple ectodermal-derived organs, such as tight and hyperplastic skin with a damaged
epidermal barrier, lack of a mouth opening, an underdeveloped digestive tract, shortened
and fused limbs, a cleft palate, and a shortened snout. Molecular mechanism studies
preliminarily revealed that Kdfl balances the homeostasis of epidermal progenitor cell
proliferation-differentiation by inhibiting p63 and deubiquitinating IKK« [21,24]. However,
the underlying effects of KDF1 dysfunction on the epithelial-mesenchymal interactions
during tooth morphogenesis, enamel formation, and oral epithelium development have
not been clarified.

In this study, we identified a previously undescribed KDF1 heterozygous missense
variation in one non-syndromic tooth agenesis family using whole-exome sequencing
(WES) and Sanger sequencing. We then used bioinformatic analyses and in vitro functional
assessments to predict the pathogenicity of the identified variant. In addition, we performed
scanning electron microscopy, tooth ground section, and histopathological assessment to
assess the enamel structure and the gingival epithelial structure. Our study elaborated on
the tooth abnormalities that occur with KDF1-related tooth agenesis and identified, for the
first time, oral epithelium defects associated with KDF1-related tooth agenesis.

2. Results
2.1. The Novel Heterozygous Missense KDF1 Variant Was Identified in a Tooth Agenesis Family

Variant analysis of 151 probands with tooth agenesis revealed a proband from family
#285 carrying a novel heterozygous variation (NM_152365.3:c.920G>C; NP_689578.2:p.R307P)
of KDF1. This variation was not observed in the 100 healthy controls. In our study, the
detection rate of the KDF1 variant was 0.66% in patients with tooth agenesis.

In family #285, clinical and radiographic examinations of proband II-1, a 21-year-old
woman, revealed the congenital absence of five permanent teeth in the mandibular denti-
tion, retention of three deciduous teeth, and one impacted maxillary canine (Figure 1A,B).
Her father (I-1), 49 years old, showed congenital agenesis of two mandibular canines
symmetrically and one impacted mandibular premolar (Figure 1C,D). Facial features, hair,
skin, and hands were normal. No clinical symptoms were observed in her mother. Us-
ing WES and Sanger sequencing, we identified a novel KDFI heterozygous variation,
¢.920G>C;p.R307P, in proband II-1 and her father I-1 (Figure 1E,F). Our findings indicated
that KDF1 variation ¢.920G>C;p.R307P was inherited in an autosomal-dominant manner in
this non-syndromic tooth agenesis family.
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Figure 1. Clinical characteristics and variational analysis of patients with tooth agenesis from
family #285. (A,C) Front views and intraoral photographs of #285 proband (II-1) and her father
(I-1). (B) Schematic and panoramic radiograph of #285 II-1 showing five permanent teeth miss-

ing. (D) Schematic and panoramic radiograph of #285 I-1 showing two permanent teeth missing.
(E/F) Pedigree and corresponding DNA sequencing chromatograms presenting a novel KDF1 het-
erozygous missense variation (NM_152365.3, c.920G>C;p.R307P) identified as the genetic cause of
the tooth agenesis in #285 proband (II-1), her father (I-1), and her mother (I-2). Black squares in the
schematics and white asterisks in the panoramic radiographs indicate the position of a missing tooth.
Black triangles in the schematics and arrows in the panoramic radiographs indicate the impacted
teeth. Four bases are represented by four different colors in DNA sequencing chromatograms and the
color of green indicates adenine; red indicates thymine; black indicates guanine and blue indicates
cytosine. Max, maxillary; Mand, mandibular.
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The KDF1 variation ¢.920G>C;p.R307P was not listed in the dbSNP, gnomAD, or
1000 Genomes Browser database (Table 1). In silico bioinformatics tools, such as Muta-
tionTaster, PROVEAN, and SIFT, predicted that this variant would cause disease, have
deleterious effects (with a score of —6.14), and produce damage (with a score of 0.000),
which indicated that the variant might damage the normal physiological function of the
KDF1 protein (Table 1). On the basis of current evidence of pathogenicity, the American Col-
lege of Medical Genetics and Genomics (ACMG) guidelines interpret the variant as likely
pathogenic (Table 1), suggesting that further molecular genetic investigations are necessary.

Table 1. Pathogenic prediction of the novel KDF1 variant.

Exon/ Nucleotide/ Mutation gnomAD, Classifcation

Patients on/ Protein Variant utatio PROVEAN SIFT PolyPhen-2 dbSNP, assticatio
Domain Taster (Evidence of
Change 1000 G L.
Pathogenicity)
. Likely pathogenic

#28511-1 ¢.920G>C/ . Disease —6.41 0.000 0.341
#285 1-1 2/DUF4656 p.R307P missense causing Deleterious Damaging Ber\ign Not present PM1 + Pli\gg +PP1+

A

Canis lupus familiaris
Oryctolagus cuniculus
Homo sapiens
Macaca mulatta

Mus musculus

Pan troglodytes

Sus scrofa

Rattus norvegicus

2.2. The KDF1 Novel Variation R307P Impaired the Protein Structure

The variant locus arginine 307 is highly conserved across multiple species (Figure 2A)
and is located in the conserved domain of unknown 4656 (DUF4656) of the KDF1 protein
(Figure 2B). We conducted secondary and tertiary protein structural predictions to analyze
the structural changes and functional impacts of the novel KDF1 variant. In the secondary
structure, the R307P variant led to a substitution of Arg with Pro and resulted in a slight
conversion of the helix-coil-strand configuration to coil-strand-coil from the 297th to 305th
amino acid (Figure 2C). On the basis of the amino acid sequence and the secondary structure,
the tertiary protein structure of wild-type KDF1 was predicted by the AlphaFold algorithm
as a reference, and the average model confidence score (pLDDT) was 0.59 (Figure 2D).
Conformational structural analysis revealed that Arg307 protrudes from the coil and the
R307P variant causes arginine, a positively charged polar amino acid with a long side chain
(Figure 2E), to be substituted by a nonpolar hydrophobic proline with a heterocyclic ring
(Figure 2F). These structural impairments suggested that the R307P variant might severely
affect the biological function of KDF1.
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Figure 2. Conservation analysis, location, and predicted structural consequences of R307P and
three previously reported variations in the DUF4656 domain of KDF1. (A) Analysis of sequence
conservation of the affected amino acid in the KDF1 protein among multispecies. (B) Schematic
diagram of the human KDF1 gene and DUF4656 domain of the KDF1 protein showing all the KDF1
variations reported in patients with tooth agenesis are distributed in the DUF4656 domain. The
novel variation identified in this study is in red, and the previously reported variations are in black.
(C) Secondary structure analysis of the wild-type KDF1 and R307P variant. The solid squares,
representing helix structures, strands, and coils, are drawn in pink, yellow, and grey, respectively.
The variation site is boxed in red, and the structural changes of the affected amino acids are boxed in
green. (D) Tertiary structure of the wild-type KDF1 protein predicted by AlphaFold. (E,F) Predicted
conformational consequences of KDF1:R307P.

2.3. Patients Harboring the KDF1 Variant Showed Distinct Tooth Morphological Anomalies

After a comprehensive evaluation of the permanent tooth morphology by digital
intraoral scanning and cone beam computed tomography (CBCT), we observed typical
shovel-shaped incisors, which were characterized by thickened mesial-distal marginal
ridges, prominent cingulum, and deep lingual fossa on the upper dentitions of the proband
and her father (Figure 3A-C). When compared with the normal control, the upper premolars
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and molars of the two patients also manifested as apparently protuberant mesial and distal
marginal ridges (Figure 3D,F), rounded buccal and lingual cusps (Figure 3E,G), and anoma-
lous morphological occlusal grooves caused by triangular ridge defects (Figure 3D-G), thus
representing cornicione-shaped premolars and molars (Figure 3A-C). Scanning electron
microscopy (SEM) and tooth ground section results showed no obvious abnormalities in
the enamel structure of the proband’s extracted deciduous teeth (Figure 3H-K); however,
the effects of the KDF1 variant on the permanent tooth structure remain unclear. These
results suggest that the KDF1 variant is associated with tooth morphogenesis.
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Figure 3. Evaluation of the permanent tooth morphology and extracted deciduous tooth structure.

(A—-C) Digital intraoral scanning images of the maxillary dentition of #285 proband II-1 (A), her
father I-1 (B), and the normal control (C). (A’-C’) Detailed views of scanning images showing shovel-
shaped incisors and cornicione-shaped premolars and molars in patients with the KDF1 variant
(indicated by the blue arrows). (D-G) CBCT images of #285 proband II-1 (D,E) and the normal
control (F,G) in sagittal view showing protuberant mesial and distal marginal ridges and deep
grooves of premolars in patients with the KDF1 variant (D), and images in coronal view showing
rounded buccal and lingual cusps and flat grooves of premolars in patients with the KDF1 variant
(E). (H,I) SEM images of the extracted deciduous tooth from #285 proband II-1 (I) and the normal
control (H). (J,K,J’,K") Tooth ground section images and detailed views of the enamel structure of a
deciduous tooth from #285 proband II-1 and the normal control. CI, central incisor; LI, lateral incisor;
Ca, canine; PM, premolar; M, molar; and EDJ, enamel-dentine junction.
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2.4. KDF1 Variation R307P Resulted in Proliferation and Differentiation Defects in the
Gingival Epithelium

Hematoxylin and eosin (HE) staining showed a disorganized oral epithelium structure
in the proband with KDF1 variant R307P, and it was manifested as epithelial dyskeratosis,
with a large number of residual nuclei in the keratinization layer (Figure 4A,B,A1,B1),
indistinct stratum granulosum (Figure 4A,B,A1,B1), and densely stained cytoplasm of the
stratum spinosum and stratum basal cells (Figure 4A,B,A;,B;,A3,B3). Inmunofluorescence
staining further demonstrated the ectopic expression of epithelial cell differentiation mark-
ers and increased basal cell proliferation in keratinized gingiva samples from the proband,
including the loss of the stratum granulosum cell marker loricrin, which represented the late
differentiation of the epithelium (Figure 4C,D), expansion of stratum spinosum cell marker
keratin 10 and basal cell marker keratin 5 (Figure 4E-H), and significant hyperproliferation
of the basal cells (Figure 41,]). Therefore, these results demonstrated that KDF1 variant
R307P caused proliferation and differentiation defects in the gingival epithelium, and they
suggest that KDF1 is essential for gingival epithelium stratification and development.
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Figure 4. Cont.
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Figure 4. Histopathological assessment of the keratinized gingiva from the KDF1 variant proband
identified in this study. (A) HE staining of keratinized gingival epithelium sections from a nor-
mal control. Scale bars: 50 um. (B) HE staining of keratinized gingival epithelium sections from
the #285 proband II-1. Scale bars: 50 um. (A;—Ajz,B1-B3) Higher magnification fields of stratum
corneum (Aq,B1), stratum granulosum (A1,Bq), stratum spinosum (Ay,B;), and stratum basale (A3,B3).
Green dotted lines denote the boundaries of the stratum corneum and stratum granulosum. Yel-
low dotted lines denote the boundaries of the stratum granulosum and stratum spinosum. White
dotted lines denote the boundaries of the stratum spinosum and stratum basale. Scale bars: 20 um.
(C-H) Keratinized gingival epithelium sections from a normal control (C,E,G) and the #285 proband
II-1 (D,F,H) were immunostained with different epithelial differentiation markers as indicated (Lor:
loricrin, Krt10: keratin 10, Krt5: keratin 5). (LJ) Keratinized gingival epithelium sections from a
normal control (I) and the #285 proband II-1 (J) were immunostained with proliferation marker
PCNA. Scale bars: 40 um. Orange dotted squares denote the zones of interest that were measured
for quantitative statistics. (K-N) Quantitation of loricrin, keratin 10, keratin 5, and PCNA in corre-
sponding interest zones (1 = 3, two-tailed unpaired Student’s ¢-test). Error bar indicates mean + SD,
2% p < 0.0001; *** p < 0.001. Experiments were repeated at least three times. Loricrin-Normal vs.
loricrin-II-1: p < 0.0001; keratin 10-Normal vs. keratin 10-II-1: p < 0.0001; keratin 5-Normal vs. keratin
5-1I-1: p = 0.0003; PCNA-Normal vs. PCNA-II-1: p = 0.0004. epi: epithelium, pro: lamina propria, cor:
stratum corneum, gra: stratum granulosum, spi: stratum spinosum, and ba: stratum basale.

2.5. KDF1 Variant R307P Suppressed Wnt Signaling Activation

To confirm the pathogenicity of the novel KDF1 variant R307P identified in our study,
we performed in vitro functional experiments. Previously reported KDF1 variants, namely,
R303P, I1275L, and F251L were also included for comparison. We constructed variant 293T
cell models by overexpressing the wild type or KDF1 variants in 293T cells.

Fluorescence microscopy revealed that KDF1 was specifically expressed on the mem-
brane of wild-type transfected cells, while extensive green fluorescence expression was
observed in the negative control groups (Figure 5A-A”,B-B”). All four KDF1 variants were
located in the same position as the wild type (Figure 5C-C”,F-F”), suggesting that the
membrane localization of KDF1 was not affected. Western blotting confirmed the successful
expression of GFP fusion proteins at the predicted molecular weight in the wild type and
KDF1 variants (Figure 5G).

A recent report indicated that KDF1 activates the Wnt/ 3-catenin pathway, an impor-
tant regulator of tooth and epithelial-mesenchymal interactions [25]. The impact of KDF1
variants on Wnt signaling activity was evaluated using the TOP-flash/FOP-flash luciferase
reporter system. The results showed that the TOP-flash /FOP-flash transactivation activity
was significantly reduced in the R307P-, R303P-, 1275L-, and F251L-transfected groups
(compared to the wild type, p < 0.001; Figure 5H), suggesting that Wnt signaling activation
was suppressed by the KDF1 variants. These results also suggested that Wnt signaling may
be involved in the pathogenic mechanism of KDF1-related anomalies.
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Figure 5. In vitro functional assessments of the KDF1 variant R307P identified in this study and the
reported KDF1 variants in previous studies. (A—F) Fluorescence microscopy images illustrating the
subcellular localization of the wild type (B) and four KDF1 variants reported to date: R307P (C),
R303P (D), 1275L (E), and F251L (F). An empty vector was used for transfection into 293T cells as
a negative control (A). (A’-F’) Nuclei staining by DAPI. (A”-F”) Merge vision of GFP and DAPL
Scale bars: 5 um. (G) Western blotting detects the expression of wild type and KDF1 variants at
the protein level. (H) TOP-/FOP-flash luciferase assay assessing the activation of Wnt signaling in
the wild type and KDF1 variants group (n = 3, two-tailed unpaired Student’s t-test). The error bar
indicates mean + SD, **** p < 0.0001; *** p < 0.001. Wild type vs. R307P: p = 0.0003; wild type vs.
R303P: p = 0.0001; wild type vs. 1275L: p < 0.0001; wild type vs. F251L: p < 0.0001. Experiments were
repeated at least three times.

3. Discussion

Our study identified a novel heterozygous KDF1 variation (c.920G>C;p.R307P) in an
autosomal-dominant inherited non-syndromic tooth agenesis family. This was the first
study to report clinical features related to KDF1, particularly dental and oral epithelium
morphological features. Such features include shovel-shaped incisors, cornicione-shaped
premolars and molars, and oral epithelial defects. Therefore, only three KDF1 variations
have been reported to be associated with ectodermal dysplasia or non-syndromic tooth
agenesis [22,23,26], and our 0.66% variation detection rate further substantiated the rarity
of KDF1 variations that contribute to tooth agenesis. Information about the molecular role
of KDF1 and the association of KDF1 variations with human developmental anomalies is
quite limited. For the first time, we investigated the genetic relationship between KDF1
variations and shovel-shaped incisors and cornicione-shaped premolars and molars, and we
demonstrated that KDF1 may play a crucial role in controlling tooth morphological devel-
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opment. Results from the HE and immunofluorescence staining demonstrated that KDF1
variant R307P could cause striking abnormalities of the keratinized gingival epithelium in
cell proliferation and differentiation, and suggested that KDF1 is essential for the gingival
epithelium development and the oral epithelial stratification. However, a fine dissection of
the biological functions of KDF1 during dental and oral epithelial morphogenesis using
conditional knockout mouse models is urgently required.

Human KDF1 amino acid shares 90% identity with mouse Kdf1 and is highly con-
served among mammals. Our results showed the 307th arginine was multi-species con-
served, which implies the consequent amino acid change p.R307P may have significant
impacts on the biological function of KDF1. Bioinformatic prediction using common online
in silico variant prediction tools also demonstrated the deleterious effects of KDF1:p.R307P
and confirmed its pathogenicity. Nonetheless, considering clinical cases on tooth age-
nesis caused by KDF1 variations are quite limited as yet, additional functional studies,
including in vitro cell transfection with the variant plasmids, multi-omics analyses, or
RNA-sequencing of the attainable tissue from the patients are required to authentically
verify the biological consequences and the pathogenicity of KDF1 variants.

DUF4656 is a member of a domain of unknown function (DUF) family [27,28]. Variant
R307P was identified in this study, and variants F251L, 1275L, and R303P were previously
reported [22,23,26]. All variants are located at the conserved DUF4656 (aa 48-398), revealing
that DUF4656 is a hotspot region for germline variations that can be preferentially screened
for genetic analysis of tooth agenesis patients. The conformational consequences according
to the algorithmic prediction indicated that the R307P variation identified here represents
a substitution of the nonpolar amino acid proline for the polar amino acid arginine at
DUF4656, suggesting that polar amino acids may be important for the structural stability
of DUF4656 and normal physiological function. Our results further imply that DUF4656
has a vital functional role in the KDF1 protein and mainly participates in the development
of epithelial-derived tissues, such as the tooth and oral epithelium. However, the crystallo-
graphic structural analysis of KDF1 and the specific molecular functions of DUF4656 and
its interacting proteins need to be further investigated.

Multipronged studies on tooth development using mouse models have shown that
the reciprocal interactions of oral epithelial-mesenchymal tissues and the early epithelial
signaling centers in the placode play an indispensable role in tooth morphogenesis [29-31].
However, the genetic mechanisms of KDF1 variations in tooth agenesis cases are still
unclear. The early epithelial signaling centers are mediated by four popular signaling
pathways, Wnt, BMP, FGFE, and Shh, and these pathways are particularly significant for
primary enamel knot budding, which further determines tooth crown morphogenesis and
late enamel formation [29,32-37]. A recent study demonstrated that KDF1 can activate
the Wnt signaling pathway to regulate the epithelial-to-mesenchymal transition process in
ovarian cancer [25]. Our results from Wnt luciferase assessments demonstrated that the
novel KDF1 R307P variant and the other three reported variants suppressed Wnt signaling
activation, suggesting that the loss-of-function of the variant allele might be the pathogenic
mechanism of KDF1 variation in tooth agenesis.

4. Methods and Materials
4.1. Recruitment of Studied Individuals

Healthy controls (n = 100) and a cohort of 151 probands, including 130 cases of non-
syndromic tooth agenesis and 21 cases of ectodermal dysplasia, were recruited from the
Department of Prosthodontics at the Peking University School and Hospital of Stomatology
(PKUSS), Beijing, China. Other ectodermal organs, such as hair, skin, sweat glands, and
nails, were also carefully inspected. Written informed consent was obtained from all
participants for the use of blood or saliva samples and clinical data, and the publication of
their photographs.
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4.2. WES, Sanger Sequencing, and Segregation Analysis

Genomic DNA was isolated from peripheral blood using a Blood Genomic DNA
Mini Kit (ComWin Biotech, Beijing, China), or from saliva using a GeneFix' saliva DNA
isolation kit (Isohelix, Cell Projects, Kent, UK). The ANGEN Gene Medicine Technology
Company (ANGEN, Beijing, China) was further commissioned for the WES analysis. In
brief, orodental-related genes were annotated to preliminarily filter the detected gene
variants [38], and then the remaining variants were selected by a minor allele frequency
(MAF) < 0.01 in the gnomAD database, and by the predicted functional impact through in
silico bioinformatics tools (i.e., SIFT, PolyPhen-2, PROVEAN, and MutationTaster). The
pathogenicity scores of the identified variants were determined according to the ACMG
variant classification guidelines [39].

Familial segregation analysis was conducted via Sanger sequencing of attainable
nuclear family members to verify candidate variations. PCR primers for KDF1 coding exons
for Sanger sequencing were designed using Primer-BLAST tools. The primer sequences are
available upon request.

4.3. Conservation and Structural Prediction of the KDF1 Protein

For the conservation analysis, the KDF1 amino acid sequences of multiple species
were obtained from the National Center for Biotechnology Information (NCBI), and an
alignment analysis of the affected amino acids was conducted using ClustalX 2.1.

The effects of the KDF1 variant on the secondary protein structure were predicted using
PsiPred 4.0. The referenced tertiary protein structure of wild-type KDF1 was predicted
using the AlphaFold Protein Structure Database (UniProt Accession: Q8NAX2), and the
conformational structural changes caused by the KDF1 R307P variant were analyzed using
the PYMOL Molecular Graphics System (DeLano Scientific, San Francisco, CA, USA).

4.4. Intraoral Scanning and Cone-Beam Computed Tomography (CBCT)

The diagnosis of permanent tooth agenesis was confirmed using panoramic radiogra-
phy. To further examine the morphological characteristics of the remaining teeth, digital
intraoral scanning (3Shape Trios Standard-P11, Copenhagen, Denmark) and CBCT (VGi
evo, NewTom, Verona, Italy) were performed. The voxel resolution of the CBCT was
250 um.

4.5. Assessment of Dental Enamel Structures

To assess the characteristics of the enamel structure, we performed SEM and ground
sections of the lower right lateral deciduous incisors extracted from #285 proband with
KDF1 variation and a normal control. All teeth were fixed in 10% neutral buffered formalin
and rinsed with an ultrasonic cleaner. For the SEM analyses, the teeth were air-dried, split
along the buccolingual direction, mounted on aluminum stubs, and sputter-coated with
gold. The enamel structures of the deciduous teeth of patients with KDF1 variation were
visualized using a scanning electron microscope (HITACHI $4800; HITACHI, Tokyo, Japan).

For ground sections, the teeth were embedded in methyl methacrylate, sectioned
at a thickness of 100 um using a Leitz 1600 (Leica Biosystem, Nuflloch, Germany) along
the longitudinal axis of the tooth, dehydrated in an ethanol series, cleared with xylene,
and mounted in neutral gum. Unstained ground sections of undemineralized teeth were
observed under a microscope.

4.6. Histomorphological Analysis of the Oral Epithelium

For HE staining, the samples were processed and stained according to standard
procedures. The keratinized gingival epithelium was obtained from the proband with the
KDF1 variation and compared with the epithelium from normal controls.

Immunostaining was performed according to the standard procedures [40]. Primary
antibodies against loricrin (Proteintech-55439-1-AP, 1/50, Chicago, IL, USA), keratin 5
(Biolegend-905503, 1/50, San Diego, CA, USA), keratin 10 (Biolegend-905403, 1/50), and
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PCNA (Proteintech-10205-2-AP, 1/100) were used. Alexa Fluor 488 and 594 (ZSGB-BIO-
ZF-0516, Beijing, China) were used for detection. Slides were mounted using a mounting
medium with DAPI (ZSGB-BIO-ZLI-9557), and images were captured using a fluores-
cence microscope. Evaluation of epithelial differentiation and proliferation markers was
performed using Image]J software 1.8.0 (NIH, Bethesda, MD, USA).

4.7. Construction of Plasmids

The full-length coding region of the human KDF1 gene was subcloned into the pEGFP-
N1 expression vector between 5'-Nhel and 3’-BamHI to construct the KDF1 wild-type
plasmid. In vitro, site-directed mutagenesis was performed to generate the newly identified
R307P variant plasmid and three previously reported variant plasmids (F251L, I1275L, and
R303P). All plasmids were synthesized and verified by Tsingke Biotechnology Co. Ltd.
(Tsingke, Beijing, China).

4.8. Cell Culture, Transient Transfection, and Western Blotting

Human embryonic kidney 293T (HEK-293T) cells were cultured in Dulbecco’s modi-
fied Eagle’s medium (Invitrogen, Grand Island, NY, USA) supplemented with 10% fetal
bovine serum (Analysis Quiz, Beijing, China) and 1% penicillin-streptomycin (Beyotime,
Shanghai, China) at 37 °C in the presence of 5% CO, and 95% air. Transient transfections of
wild-type and variant plasmids were performed using Lipofectamine™ 3000 Transfection
Reagent (Invitrogen), according to the manufacturer’s instructions. Forty-eight hours after
transfection, the transfected cells were lysed using RIPA buffer (Solarbio, Beijing, China),
and protein quantification was performed using the bicinchoninic acid protein concentra-
tion assay (BCA) kit (Invitrogen). Western blotting was then performed using 40 pg of
total protein in each group to examine the efficiency. Blots were probed with anti-GFP
(Abcam-ab1218, 1/1000, Cambridge, UK) and anti-B-actin (Sungene-KM9006T, 1/1000,
Tianjin, China) antibodies. Protein bands were visualized using an ECL reagent (NCM
Biotech, Suzhou, China) and imaged.

4.9. Fluorescence Microscopy

293T cells transfected with the KDF1 wild-type and four variant plasmids for forty-
eight hours were fixed with 4% paraformaldehyde and mounted with an antifade mounting
medium containing DAPI (ZSGB-BIO). The subcellular expression pattern was observed
using a Leica TCS-SP8 confocal microscope (Leica, Berlin/Heidelberg, Germany) with a
x40/1.00 numerical aperture oil objective lens.

4.10. Luciferase Activity Detection

KDF1 wild-type 293T cells and four variant 293T cells were co-transfected with either a
TOP-flash or FOP-flash reporter plasmid. All groups were simultaneously transfected with
Renilla reporter plasmids (phRL-TK; Promega, Madison, Wisconsin, USA) as endogenous
controls. After cell transfection, protein lysates were extracted for the measurement of
firefly and Renilla luciferase activities using a Dual-Luciferase Reporter kit (Promega) in
triplicate. The firefly luciferase activity of each group was normalized to that of Renilla
luciferase. Wnt/B-catenin activation was determined as the ratio of TOP-flash firefly
activity to FOP-flash firefly activity. Experiments were repeated at least three times.

4.11. Quantitative Analysis

Quantification of epithelial differentiation or proliferation markers was performed us-
ing GraphPad Prism software. Student’s t-test was used to evaluate statistically significant
differences (p < 0.05). Data are presented as the mean + SD (1 = 3).
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5. Conclusions

In this study, we identified the previously undescribed KDF1 heterozygous missense
variation ¢.920G>C;p.R307P in two individuals segregated from one non-syndromic tooth
agenesis family. Our study describes unprecedented anomalies in tooth morphology
and gingival epithelial structure caused by the pathogenic heterozygous KDF1 missense
variation ¢.920G>C;p.R307P. Our results broaden the KDFI-related genotype and phe-
notype spectrum, and they suggest a genetic association of KDF1 with tooth and oral
epithelial morphogenesis.

Author Contributions: Conceptualization, M.Y., H.L. (Haochen Liu) and D.H.; methodology, H.L.
(Hangbo Liu), M.Y. and Y.L.; software, M.Y., H.L. (Hangbo Liu) and J.Z.; validation, H.L. (Hangbo
Liu), M.Y., H.L. (Haochen Liu) and D.H.; formal analysis, ].W. and H.L. (Hangbo Liu); investigation,
Y.L. and D.H,; resources, H.L. (Haochen Liu) and D.H.; data curation, M.Y. and K.S.; writing—original
draft preparation, M.Y., H.L. (Hangbo Liu), H.L. (Haochen Liu) and D.H.; writing—review and
editing, M.Y., H.L. (Hangbo Liu), H.L. (Haochen Liu) and D.H.; visualization, M.Y.; supervision, H.F.;
project administration, H.E,; funding acquisition, H.L. (Haochen Liu), M.Y,, Y.L., and D.H. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China, grant
numbers 81970902, 82100976, 81600851 and 81600846.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the Ethics Committee of Peking University School and Hospital of
Stomatology (PKUS-SIRB-202162021).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The variations identified in this study were submitted to the ClinVar
database (submission ID SCV001984771). WES data are available from the SRA database (accession
number PRJNA782853).

Acknowledgments: We acknowledge the patients and their family members for their participation
in this study. We thank Tao Cai at the National Institutes of Health for careful assessments of our
genetic analyses.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. De Santis, D.; Sinigaglia, S.; Faccioni, P.; Pancera, P.; Luciano, U.; Bertossi, D.; Lucchese, A.; Albanese, M.; Nocini, PF. Syndromes
Associated with Dental Agenesis. Minerva Stomatol. 2019, 68, 42-56. [CrossRef]

2. Nieminen, P. Genetic Basis of Tooth Agenesis. ]. Exp. Zool. Part B Mol. Dev. Evol. 2009, 312B, 320-342. [CrossRef]

3. Zhou, M.; Zhang, H.; Camhi, H.; Seymen, F; Koruyucu, M.; Kasimoglu, Y.; Kim, J.-W.; Kim-Berman, H.; Yuson, NM.R,;
Benke, PJ.; et al. Analyses of Oligodontia Phenotypes and Genetic Etiologies. Int. J. Oral. Sci. 2021, 13, 32. [CrossRef] [PubMed]

4.  Balic, A. Biology Explaining Tooth Repair and Regeneration: A Mini-Review. Gerontology 2018, 64, 382-388. [CrossRef]

5. Al-Ani, A H.; Antoun, ].S.; Thomson, W.M.; Merriman, T.R.; Farella, M. Hypodontia: An Update on Its Etiology, Classification,
and Clinical Management. Biomed Res. Int. 2017, 2017, 9378325. [CrossRef]

6. Ye, X.; Attaie, A.B. Genetic Basis of Nonsyndromic and Syndromic Tooth Agenesis. |. Pediatr. Genet. 2016, 5, 198-208. [CrossRef]

7. Chu, K.-Y;; Wang, Y.-L.; Chou, Y.-R.; Chen, J.-T.; Wang, Y.-P.; Simmer, ].P.; Hu, ].C.-C.; Wang, S.-K. Synergistic Mutations of LRP6
and WNT10A in Familial Tooth Agenesis. J. Pers. Med. 2021, 11, 1217. [CrossRef]

8.  Huang, Y.-X,; Gao, C.-Y.; Zheng, C.-Y,; Chen, X,; Yan, Y.-S.; Sun, Y.-Q.; Dong, X.-Y,; Yang, K.; Zhang, D.-L. Investigation of a Novel
LRP6 Variant Causing Autosomal-Dominant Tooth Agenesis. Front. Genet. 2021, 12, 688241. [CrossRef] [PubMed]

9.  Jonsson, L.; Magnusson, T.E.; Thordarson, A.; Jonsson, T.; Geller, F; Feenstra, B.; Melbye, M.; Nohr, E.A.; Vucic, S.; Dhamo, B.; et al.
Rare and Common Variants Conferring Risk of Tooth Agenesis. J. Dent. Res. 2018, 97, 515-522. [CrossRef] [PubMed]

10. Kantaputra, PN.; Hutsadaloi, A.; Kaewgahya, M.; Intachai, W.; German, R.; Koparal, M.; Leethanakul, C.; Tolun, A.;
Ketudat Cairns, J.R. WNT10B Mutations Associated with Isolated Dental Anomalies. Clin. Genet. 2018, 93, 992-999. [CrossRef]

11. Kimura, R.; Yamaguchi, T.; Takeda, M.; Kondo, O.; Toma, T.; Haneji, K.; Hanihara, T.; Matsukusa, H.; Kawamura, S.; Maki, K; et al.
A Common Variation in EDAR Is a Genetic Determinant of Shovel-Shaped Incisors. Am. J. Hum. Genet. 2009, 85, 528-535.
[CrossRef] [PubMed]

12. Lammi, L.; Arte, S.; Somer, M.; Jarvinen, H.; Lahermo, P.; Thesleff, L.; Pirinen, S.; Nieminen, P. Mutations in AXIN2 Cause Familial

Tooth Agenesis and Predispose to Colorectal Cancer. Am. J. Hum. Genet. 2004, 74, 1043-1050. [CrossRef] [PubMed]


http://doi.org/10.23736/S0026-4970.18.04129-8
http://doi.org/10.1002/jez.b.21277
http://doi.org/10.1038/s41368-021-00135-3
http://www.ncbi.nlm.nih.gov/pubmed/34593752
http://doi.org/10.1159/000486592
http://doi.org/10.1155/2017/9378325
http://doi.org/10.1055/s-0036-1592421
http://doi.org/10.3390/jpm11111217
http://doi.org/10.3389/fgene.2021.688241
http://www.ncbi.nlm.nih.gov/pubmed/34306029
http://doi.org/10.1177/0022034517750109
http://www.ncbi.nlm.nih.gov/pubmed/29364747
http://doi.org/10.1111/cge.13218
http://doi.org/10.1016/j.ajhg.2009.09.006
http://www.ncbi.nlm.nih.gov/pubmed/19804850
http://doi.org/10.1086/386293
http://www.ncbi.nlm.nih.gov/pubmed/15042511

Int. . Mol. Sci. 2022, 23, 12465 14 0of 15

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Sun, K.; Yu, M; Yeh, I; Zhang, L.; Liu, H.; Cai, T.; Feng, H.; Liu, Y.; Han, D. Functional Study of Novel PAX9 Variants: The Paired
Domain and Non-Syndromic Oligodontia. Oral Dis. 2021, 27, 1468-1477. [CrossRef]

Wong, S.-W.; Han, D.; Zhang, H.; Liu, Y.; Zhang, X.; Miao, M.Z.; Wang, Y.; Zhao, N.; Zeng, L.; Bai, B.; et al. Nine Novel PAX9
Mutations and a Distinct Tooth Agenesis Genotype-Phenotype. J. Dent. Res. 2018, 97, 155-162. [CrossRef]

Yu, M.; Fan, Z.; Wong, SSW.; Sun, K.; Zhang, L.; Liu, H.; Feng, H.; Liu, Y.; Han, D. Lrp6 Dynamic Expression in Tooth Development
and Mutations in Oligodontia. J. Dent. Res. 2021, 100, 415-422. [CrossRef]

Yu, M.; Liu, Y,; Liu, H.; Wong, S.-W.; He, H.; Zhang, X.; Wang, Y.; Han, D.; Feng, H. Distinct Impacts of Bi-Allelic WNT10A
Mutations on the Permanent and Primary Dentitions in Odonto-Onycho-Dermal Dysplasia. Am. . Med. Genet. A 2019, 179, 57-64.
[CrossRef]

Yu, P; Yang, W.; Han, D.; Wang, X.; Guo, S.; Li, J.; Li, E; Zhang, X.; Wong, S.-W.; Bai, B.; et al. Mutations in WNT10B Are Identified
in Individuals with Oligodontia. Am. . Hum. Genet. 2016, 99, 195-201. [CrossRef] [PubMed]

Zheng, J.; Yu, M,; Liu, H.; Cai, T.; Feng, H.; Liu, Y.; Han, D. Novel MSX1 Variants Identified in Families with Nonsyndromic
Oligodontia. Int. J. Oral Sci. 2021, 13, 2. [CrossRef]

Zeng, Y.; Baugh, E.; Akyalcin, S.; Letra, A. Functional Effects of WNT10A Rare Variants Associated with Tooth Agenesis. J. Dent.
Res. 2021, 100, 302-309. [CrossRef]

Yu, M.; Wong, S.-W.; Han, D.; Cai, T. Genetic Analysis: Wnt and Other Pathways in Nonsyndromic Tooth Agenesis. Oral Dis.
2019, 25, 646—651. [CrossRef]

Lee, S.; Kong, Y.; Weatherbee, S.D. Forward Genetics Identifies Kdf1/1810019]16Rik as an Essential Regulator of the Proliferation-
Differentiation Decision in Epidermal Progenitor Cells. Dev. Biol. 2013, 383, 201-213. [CrossRef]

Shamseldin, H.E.; Khalifa, O.; Binamer, Y.M.; Almutawa, A.; Arold, S.T.; Zaidan, H.; Alkuraya, F.S. KDF1, Encoding Keratinocyte
Differentiation Factor 1, Is Mutated in a Multigenerational Family with Ectodermal Dysplasia. Hum. Genet. 2017, 136, 99-105.
[CrossRef]

Zeng, B,; Lu, H.; Xiao, X; Yu, X.; Li, S;; Zhu, L.; Yu, D.; Zhao, W. KDF1 Is a Novel Candidate Gene of Non-Syndromic Tooth
Agenesis. Arch. Oral Biol. 2019, 97, 131-136. [CrossRef]

Li, Y; Tang, L.; Yue, J.; Gou, X,; Lin, A.; Weatherbee, S.D.; Wu, X. Regulation of Epidermal Differentiation through KDF1-Mediated
Deubiquitination of IKK«. EMBO Rep. 2020, 21, e48566. [CrossRef]

Zhu, C.; Liu, Y;; Tong, R.; Guan, J. KDF1 Promoted Proliferation and Metastasis of Epithelial Ovarian Cancer via Wnt/Beta-Catenin
Pathway: TCGA-Based Data Mining and Experimental Validation. Front. Genet. 2022, 13, 808100. [CrossRef] [PubMed]
Manaspon, C.; Thaweesapphithak, S.; Osathanon, T.; Suphapeetiporn, K.; Porntaveetus, T.; Shotelersuk, V. A Novel de Novo
Mutation Substantiates KDF1 as a Gene Causing Ectodermal Dysplasia. Br. J. Dermatol. 2019, 181, 419—420. [CrossRef] [PubMed]
El-Gebali, S.; Mistry, J.; Bateman, A.; Eddy, S.R.; Luciani, A.; Potter, S.C.; Qureshi, M.; Richardson, L.J.; Salazar, G.A,;
Smart, A.; et al. The Pfam Protein Families Database in 2019. Nucleic Acids Res. 2019, 47, D427-D432. [CrossRef] [PubMed]
Mudgal, R.; Sandhya, S.; Chandra, N.; Srinivasan, N. De-DUFing the DUFs: Deciphering Distant Evolutionary Relationships of
Domains of Unknown Function Using Sensitive Homology Detection Methods. Biol. Direct. 2015, 10, 38. [CrossRef]

Balic, A.; Thesleff, I. Tissue Interactions Regulating Tooth Development and Renewal. Curr. Top. Dev. Biol. 2015, 115, 157-186.
[CrossRef]

Xu, X.; Jeong, L.; Han, J.; Ito, Y.; Bringas, P.; Chai, Y. Developmental Expression of Smad1-7 Suggests Critical Function of
TGF-Beta/BMP Signaling in Regulating Epithelial-Mesenchymal Interaction during Tooth Morphogenesis. Int. ]. Dev. Biol. 2003,
47,31-39. [CrossRef]

Yu, T.; Klein, O.D. Molecular and Cellular Mechanisms of Tooth Development, Homeostasis and Repair. Development 2020, 147,
dev184754. [CrossRef]

Du, W.; Du, W,; Yu, H. The Role of Fibroblast Growth Factors in Tooth Development and Incisor Renewal. Stem Cells Int. 2018,
2018, 7549160. [CrossRef]

Graf, D.; Malik, Z.; Hayano, S.; Mishina, Y. Common Mechanisms in Development and Disease: BMP Signaling in Craniofacial
Development. Cytokine Growth Factor Rev. 2016, 27, 129-139. [CrossRef] [PubMed]

Hosoya, A.; Shalehin, N.; Takebe, H.; Shimo, T.; Irie, K. Sonic Hedgehog Signaling and Tooth Development. Int. . Mol. Sci. 2020,
21, 1587. [CrossRef] [PubMed]

Li, J.; Xu, J; Cui, Y.; Wang, L.; Wang, B.; Wang, Q.; Zhang, X.; Qiu, M.; Zhang, Z. Mesenchymal Sufu Regulates Development of
Mandibular Molars via Shh Signaling. J. Dent. Res. 2019, 98, 1348-1356. [CrossRef]

Xiong, Y.; Fang, Y.; Qian, Y,; Liu, Y,; Yang, X.; Huang, H.; Huang, H.; Li, Y.; Zhang, X.; Zhang, Z.; et al. Wnt Production in Dental
Epithelium Is Crucial for Tooth Differentiation. J. Dent. Res. 2019, 98, 580-588. [CrossRef]

Yuan, Q.; Zhao, M.; Tandon, B.; Maili, L.; Liu, X.; Zhang, A.; Baugh, E.H.; Tran, T.; Silva, R.M.; Hecht, ].T.; et al. Role of WNT10A
in Failure of Tooth Development in Humans and Zebrafish. Mol. Genet. Genom. Med. 2017, 5, 730-741. [CrossRef]

Prasad, M.K.; Geoffroy, V.; Vicaire, S.; Jost, B.; Dumas, M.; Le Gras, S.; Switala, M.; Gasse, B.; Laugel-Haushalter, V,;
Paschaki, M.; et al. A Targeted Next-Generation Sequencing Assay for the Molecular Diagnosis of Genetic Disorders with
Orodental Involvement. J. Med. Genet. 2016, 53, 98-110. [CrossRef]


http://doi.org/10.1111/odi.13684
http://doi.org/10.1177/0022034517729322
http://doi.org/10.1177/0022034520970459
http://doi.org/10.1002/ajmg.a.60682
http://doi.org/10.1016/j.ajhg.2016.05.012
http://www.ncbi.nlm.nih.gov/pubmed/27321946
http://doi.org/10.1038/s41368-020-00106-0
http://doi.org/10.1177/0022034520962728
http://doi.org/10.1111/odi.12931
http://doi.org/10.1016/j.ydbio.2013.09.022
http://doi.org/10.1007/s00439-016-1741-z
http://doi.org/10.1016/j.archoralbio.2018.10.025
http://doi.org/10.15252/embr.201948566
http://doi.org/10.3389/fgene.2022.808100
http://www.ncbi.nlm.nih.gov/pubmed/35281796
http://doi.org/10.1111/bjd.18007
http://www.ncbi.nlm.nih.gov/pubmed/30977908
http://doi.org/10.1093/nar/gky995
http://www.ncbi.nlm.nih.gov/pubmed/30357350
http://doi.org/10.1186/s13062-015-0069-2
http://doi.org/10.1016/bs.ctdb.2015.07.006
http://doi.org/10.1387/14
http://doi.org/10.1242/dev.184754
http://doi.org/10.1155/2018/7549160
http://doi.org/10.1016/j.cytogfr.2015.11.004
http://www.ncbi.nlm.nih.gov/pubmed/26747371
http://doi.org/10.3390/ijms21051587
http://www.ncbi.nlm.nih.gov/pubmed/32111038
http://doi.org/10.1177/0022034519872679
http://doi.org/10.1177/0022034519835194
http://doi.org/10.1002/mgg3.332
http://doi.org/10.1136/jmedgenet-2015-103302

Int. . Mol. Sci. 2022, 23, 12465 150f 15

39. Richards, S.; Aziz, N.; Bale, S.; Bick, D.; Das, S.; Gastier-Foster, J.; Grody, WW.; Hegde, M.; Lyon, E.; Spector, E.; et al. Standards
and Guidelines for the Interpretation of Sequence Variants: A Joint Consensus Recommendation of the American College of
Medical Genetics and Genomics and the Association for Molecular Pathology. Genet. Med. 2015, 17, 405-424. [CrossRef]

40. Jamora, C.; Lee, P.; Kocieniewski, P.; Azhar, M.; Hosokawa, R.; Chai, Y.; Fuchs, E. A Signaling Pathway Involving TGF-Beta2 and
Snail in Hair Follicle Morphogenesis. PLoS Biol. 2005, 3, e11. [CrossRef]


http://doi.org/10.1038/gim.2015.30
http://doi.org/10.1371/journal.pbio.0030011

	Introduction 
	Results 
	The Novel Heterozygous Missense KDF1 Variant Was Identified in a Tooth Agenesis Family 
	The KDF1 Novel Variation R307P Impaired the Protein Structure 
	Patients Harboring the KDF1 Variant Showed Distinct Tooth Morphological Anomalies 
	KDF1 Variation R307P Resulted in Proliferation and Differentiation Defects in the Gingival Epithelium 
	KDF1 Variant R307P Suppressed Wnt Signaling Activation 

	Discussion 
	Methods and Materials 
	Recruitment of Studied Individuals 
	WES, Sanger Sequencing, and Segregation Analysis 
	Conservation and Structural Prediction of the KDF1 Protein 
	Intraoral Scanning and Cone-Beam Computed Tomography (CBCT) 
	Assessment of Dental Enamel Structures 
	Histomorphological Analysis of the Oral Epithelium 
	Construction of Plasmids 
	Cell Culture, Transient Transfection, and Western Blotting 
	Fluorescence Microscopy 
	Luciferase Activity Detection 
	Quantitative Analysis 

	Conclusions 
	References

