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Research Reports: Biological

Introduction
Nonsyndromic tooth agenesis (TA) is a common birth defect 
characterized by the congenital absence of ≥1 permanent teeth 
(Gorlin et al. 1990). Over the years, numerous genes have been 
accounted for the etiology of TA (e.g., MSX1, PAX9, AXIN2, 
EDA, LRP6, WNT10A, WNT10B). More recently, however, 
WNT10A has been reported as a major etiologic gene suggested 
to account for as much as 50% of all TA cases worldwide (Yin 
and Bian 2015; Williams and Letra 2018). Rare homozygous 
as well as single and compound heterozygous variants in 
WNT10A have been identified in association with variable TA 
phenotypes (van den Boogaard et al. 2012; Arzoo et al. 2014; 
Song et al. 2014; Dinckan et al. 2018). Interestingly, single het-
erozygous variants in this gene have been reported in approxi-
mately 2.5% of individuals without TA (van den Boogaard  
et al. 2012).

In mice, Wnt10a expression in the dental epithelium was 
required for activation of the canonical Wnt signaling pathway 
activation deemed essential for tooth development (Yamashiro 
et al. 2007; Liu and Millar 2010). Wnt10a deficiency resulted 
in skeletal, skin, and tooth defects (e.g., supernumerary teeth and 
abnormal crown morphology) but no missing tooth phenotypes 
(Yang et al. 2015; Xu et al. 2017). In contrast, knockdown of 
wnt10a in zebrafish embryos arrested tooth development by 

day 5 postfertilization (Yuan et al. 2017). While these findings 
support a role for WNT10A in tooth development, a better 
understanding is warranted of how variants in this gene affect 
gene/protein function and contribute to TA.

In this study, we performed bioinformatic and functional 
characterization analysis of WNT10A variants. In silico predic-
tion of deleteriousness of WNT10A variants was performed, as 
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Abstract
Mutations in WNT10A have frequently been reported as etiologic for tooth agenesis (TA). However, the effects of WNT10A variation on 
gene/protein function and contribution to TA phenotypes remain poorly understood. Here, we performed bioinformatic and functional 
characterization analysis of WNT10A variants. In silico prediction of variant function was performed with VIPUR for all WNT10A missense 
variants reported in the Exome Aggregation Consortium database. Functional characterization experiments were then performed for 
selected WNT10A variants previously associated with TA. Expression vectors for wild-type and mutant WNT10A were made and 
transfected into stem cells from human exfoliated deciduous teeth (SHED) for evaluation of gene/protein function, WNT signaling 
activity, and effects on expression of relevant genes. While 75% of WNT10A variants were predicted neutral, most of the TA-associated 
variants received deleterious scores by potentially destabilizing or preventing the disulfide bond formation required for proper protein 
function. WNT signaling was significantly decreased with 8 of 13 variants tested, whereas wild-type–like activity was retained with 
4 of 13 variants. WNT10A-mutant cells (T357I, R360C, and R379C mutants) showed reduced or impaired binding affinity to FZD5, 
suggesting a potential mechanism for the decreased WNT signaling. Mutant cells also had decreased WNT10A protein expression in 
comparison to wild-type cells. mRNA expression of PAX9, MSX1, AXIN2, and RUNX2 (known tooth development genes) was perturbed 
in mutant cells and quite significantly for PAX9 and RUNX2. Transcriptome analysis of wild-type and T357I-mutant cells identified 36 
differentially expressed genes (26 downregulated, 10 upregulated) involved in skeletal system development and morphogenesis and 
pattern specification. WNT10A variants deemed pathogenic for TA likely affect protein folding and/or stabilization, leading to decreased 
WNT signaling and concomitant dysregulated expression of relevant genes. These findings may allow for improved interpretation of TA 
phenotypes upon clinical diagnosis while providing important insights toward the development of future tooth replacement therapies.
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followed by functional characterization experiments of 13 
variants previously associated with TA. Our findings demon-
strate that WNT10A variants deemed pathogenic for TA present 
differential effects on gene/pathway activity and likely affect 
protein folding and/or stabilization.

Materials and Methods

In Silico Prediction of Variant Deleteriousness

We used VIPUR for in silico prediction of WNT10A variant 
function (Baugh et al. 2016). Since there are no structural  
models of WNT10A, modeling was performed with the best 
template model found, based on PDB 4F0A chain B (WNT8 
from Xenopus laevis). This model covers most protein residues 
(positions 76 to 416, 341 of 417 amino acids; Appendix  
Fig. 1). As controls, details of all WNT10A variants reported in 
the Exome Aggregation Consortium database (http://exac.
broadinstitute.org/) were retrieved for comparison. Additional 
details are described in the Appendix.

Expression Constructs

Thirteen TA-associated WNT10A variants were selected for 
functional characterization experiments based on their previ-
ously reported associations with TA and their predicted effects 
as deleterious (Williams and Letra 2018; Table). Constructs for 
each variant were designed with pCDNA-WNT10A-V5 vector 
(Addgene) as wild-type template. Mutant alleles were then 
generated with site-directed mutagenesis and specific primers 
(Appendix Table 1). Direct sequencing was performed to ver-
ify cloning efficiency and confirm the presence of WNT10A 
wild-type and mutant alleles.

Transfection and TCF Reporter Assays

SHED (stem cells from human exfoliated deciduous teeth) 
were cultured as described in the Appendix. At 24 h prior to 

transfection, cells were seeded into 96-well plates and treated 
with 50 ng of either pCDNA-WNT10A-V5 (wild type) or each 
variant construct and 0.15 μL of Lipofectamine Stem 
Transfection Reagent (Invitrogen) in Opti-MEM medium (Life 
Technologies). The TOPFlash/FOPFlash TCF Reporter 
Plasmid Kit (Upstate Biotechnology) was used to detect WNT 
signaling (Xue et al. 2015). Cotransfection of a Renilla lucifer-
ase vector (pRL-TK; Addgene) and an empty vector were used 
as controls. Luciferase activity was measured at 48 h after 
transfection with a Synergy H1 Multi-mode Microplate Reader 
(BioTek) and normalized against Renilla coexpression (Zhao 
et al. 2014; Hu et al. 2019). Results are shown as fold changes 
for the ratio of expression from TOPFlash to expression from 
FOPFlash as a precise measurement of canonical Wnt tran-
scriptional activity.

Details on cell culture, immunocytochemistry, Western blot, 
coimmunoprecipitation, real-time quantitative polymerase chain 
reaction (qPCR), RNA sequencing, and data analysis are described 
in the Appendix.

Results

Most WNT10A Missense Variants  
Are Predicted Neutral

A total of 151 WNT10A missense variants were found in the 
Exome Aggregation Consortium database, of which 114 (75%) 
were predicted neutral by VIPUR (Appendix Fig. 1, Appendix 
Table 3). Among the variants of interest in this study (i.e., those 
previously associated with TA), V145M, F228I, C276R, 
W277C, T357I, and R360C obtained confident deleterious pre-
diction scores (VIPUR score >0.5), although only F228I, 
W277C, and R360C are located in highly conserved sites. 
These variants appear to act by general energetic destabiliza-
tion, which manifests as straining the numerous disulfide 
bonds and hence obtaining destabilized disulfide interpreta-
tions (since the wild-type fold cannot accommodate the 

Table. Details of WNT10A Variants Evaluated.

Varianta cDNA Changea dbSNP IDa Base Positiona Functiona GERPb Highest MAFc VIPUR Scored

C107* c.321C>A rs121908119 218,882,368 Stop gained −0.49 <0.01 —
R113C c.337C>T rs141074983 218,882,384 Missense 0.47 <0.01 0.404
V145M c.433G>A rs543063101 218,890,040 Missense 4.12 <0.01 0.548
R171C c.511C>T rs116998555 218,890,118 Missense 2.96 <0.04 0.250
G213S c.637G>A rs147680216 218,890,244 Missense 4.13 <0.04 0.312
F228I c.682T>A rs121908120 218,890,289 Missense 4.13 <0.04 0.675
R232W c.694C>T rs193098360 218,890,301 Missense 3.06 <0.01 0.277
E233* c.697G>T rs121908118 218,890,304 Stop gained 4.13 <0.01 —
C276R c.826T>A rs1011303295 218,892,843 Missense 4.13 <0.01 0.524
W277C c.831G>T rs1234227647 218,892,848 Missense 4.13 <0.01 0.639
T357I c.1070C>T rs750190755 218,893,087 Missense 4.12 <0.01 0.708
R360C c.1079G>T rs893127185 218,893,095 Missense 3.00 <0.01 0.849
R379C c.1135C>T rs1347556761 218,893,152 Missense 4.13 <0.01 0.247

aBased on National Center for Biotechnology Information dbSNP database (GRCh38/hg38 assembly); variants listed represent heterozygous variants 
with the alternate alleles.
bGenomic Evolutionary Rate Profiling score ranges from −12.3 to 6.17, with 6.17 being the most conserved.
cHighest population minor allele frequency observed in any population, as reported in 1000 Genomes phase 3 and gnomAD databases.
dVIPUR scores >0.5 are predicted deleterious.

http://exac.broadinstitute.org/
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destabilizing variant and all disulfides). Therefore, a 
destabilized sulfide suggests that the variant acts by 
destabilization of a canonical disulfide bridge. The 
C276R variant is predicted to directly eliminate a 
disulfide bond, although not located at a highly con-
served site. Variants R113C, G213S, R171C, and 
R379C had neutral predictions but could be disrup-
tive by preventing proper disulfide bond formation, 
as cysteines are directly involved in disulfide 
bridges (Table). Only 2 cysteines in WNT10A are 
not involved in disulfide bridges, and both these are 
farther from the first disulfide bridge, suggesting 
that additional cysteines in the region around 96 to 
416 nucleotides could lead to the formation of aber-
rant disulfide bonds. Out of these variants, R232W 
also had neutral scores despite the egregious change 
to tryptophan (Appendix Table 3). The frameshift 
mutations C107* and E233* were not assessed, as 
VIPUR is limited to analyzing missense mutations.

WNT10A Variants Have Differential  
Effects on WNT Signaling

Constructs for wild-type and mutated WNT10A, as 
well as TOP/FOPFlash plasmids, were cotrans-
fected into SHED to assess for variation in WNT 
signaling activity. TOPFlash contains a luciferase reporter 
gene under the control of a minimum promoter containing 
multiple wild-type TCF-binding sites, which become activated 
in response to Wnt/β-catenin pathway stimulation. As a nega-
tive control, we used FOPFlash, which contains mutant TCF-
binding sites (Xue et al. 2015). Our results showed significantly 
increased WNT transcriptional activity in C107*-mutant cells 
in comparison with wild-type cells (TOP/FOP ratio ~2 ± 0.22). 
In R113C-, V145M-, R171C-, and R379C-mutant cells, WNT 
signaling was decreased, although some activity was retained 
(TOP/FOP ratio, ~1.1 to 1.4 ± 0.1). In contrast, minimal or no 
WNT transcriptional activity was detected in the G213S-, 
F228I-, R232W-, E233-*, C276R-, W277C-, T357I-, and 
R360C-mutant cells (TOP/FOP ratio, ~0.74 to 1.16 ± 0.11; Fig. 
1). These findings suggest that most WNT10A variants lead to 
a truncated protein that perturbs or fails to activate WNT 
signaling.

WNT10A Expression and Activity  
Are Decreased in Mutant Cells

We sought to investigate the effects of the T357I and R360C 
variants due to their predicted ability to destabilize disulfide 
bonds (VIPUR scores, 0.71 and 0.85, respectively) and R379C, 
which, though predicted neutral (VIPUR score, 0.25), could 
disrupt proper disulfide bond formation due to the cysteine 
change at the terminal end of the gene (Appendix Table 3). As 
expected, significantly decreased protein expression was detected 
in T357I-, R360C-, and R379C-mutant cells by immunofluo-
rescence (P ≤ 0.005; Fig. 2A). Western blot analysis confirmed 

the decreased WNT10A expression, particularly in T357I 
mutants (P = 0.006; Fig. 2B). To clarify the potential mecha-
nism of decreased WNT10A expression in T357I-, R360C-, and 
R379C-mutant cells, coimmunoprecipitation experiments 
were performed to evaluate WNT10A-FZD5 binding, as FZD5 
is a known ligand for WNT10A (Voloshanenko et al. 2017). 
Our results demonstrate that FZD5 binding to mutant WNT10A 
was significantly decreased in T357I-, R360C-, and R379C-
mutant cells (0.00003 ≤ P ≤ 0.0001), thereby providing insights 
into the mechanism by which WNT10A variation affects pro-
tein function (Fig. 2C).

Dysregulation of WNT10A Perturbs  
Expression of Relevant Genes

Tooth development requires coordinated expression of numer-
ous genes; therefore, we investigated if mutant WNT10A could 
perturb expression of additional tooth development genes 
(AXIN2, MSX1, PAX9, RUNX2). Using real-time qPCR, we 
found significantly reduced PAX9 mRNA expression in T357I-, 
R360C-, and R379C-mutant cells (0.003 ≤ P ≤ 0.01), whereas 
increased RUNX2 expression was detected in R379C-mutants 
(P = 0.01). AXIN2 was upregulated in all mutant cells, although 
no significant differences were found in comparison with wild 
type. MSX1 expression was not significantly affected (Fig. 3).

To understand the downstream effects of mutant WNT10A-
induced gene regulation, we used RNA sequencing for 
genome-wide transcriptome profiling of wild-type and T357I-
mutant cells. The T357I variant was selected for these experi-
ments, as it significantly affected protein expression and we 

A

B

Figure 1. WNT10A gene variants and their effects on WNT signaling. (A) Schematic 
illustration of the human WNT10A gene (NT_005403). Black boxes represent exons, 
and black lines represent introns. Arrows denote location of variants and their 
corresponding amino acid substitutions in the WNT10A protein. (B) TOPFlash/
FOPFlash expression ratios (fold change) in SHED transiently transfected with either 
wild-type pCDNA-WNT10A-V5 or each variant construct and cotransfected with 
TOPFLASH/FOPFLASH and pRL-TK control plasmids. Values are shown as mean ± 
SD of 3 experiments. SHED, stem cells from human exfoliated deciduous teeth.
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had previously identified it as the presumed driver variant in a 
compound heterozygous form (with G213S) leading to an oli-
godontia phenotype (Yuan et al. 2017).

RNA sequencing profiling identified 38 differentially 
expressed transcripts between wild-type and T357I-mutant 
cells, of which 2 were located in pseudogenes and excluded 

from analyses. Of the remaining 36 differentially 
expressed genes, 26 were downregulated and 10 
upregulated in T357I mutants (P < 0.05; Appendix 
Fig. 2A–C). Gene Ontology analyses of the dysregu-
lated genes showed significant enrichment for various 
biological processes, cellular components, and molec-
ular functions (e.g., skeletal system development and 
morphogenesis, pattern specification, response to 
estrogen; P < 0.05; Fig. 4, Appendix Table 5). Reverse 
transcription qPCR validation experiments were also 
performed to confirm expression of differentially 
expressed genes, and they showed overall good agree-
ment between the direction of the dysregulated 
expression (up- or downregulation) identified via 
RNA sequencing and reverse transcription qPCR (25 
of 36 genes; Appendix Fig. 3).

Discussion
In this study, we demonstrate that WNT10A variants 
deemed pathogenic for TA have differential effects 
on gene/protein function, leading to impaired WNT 
signaling and protein expression and dysregulated 
expression of additional relevant genes. WNT10A has 
been the object of numerous genetic studies of TA; 
variants in this gene were associated with a range of 
mild to severe TA clinical phenotypes, despite also 
being found in unaffected individuals (van den 
Boogaard et al. 2012; Song et al. 2014; Yuan et al. 
2017; Dinckan et al. 2018; Magruder et al. 2018). 
Nonetheless, the mechanisms through which these 
variants result in altered gene and/or protein function 
and likely contribute to TA are largely unknown 
(Williams and Letra 2018). Understanding the bio-
logical effects of WNT10A variants will provide 
important insights into the role of this gene in tooth 
development and the variable expressivity of TA.

Overall, the results of our in silico analysis are 
consistent with the expectation that the majority of 
genetic variants found in the general population are 
not deleterious and, indeed, 75% of WNT10A vari-
ants are predicted neutral. Despite this expected 
trend, there were still several deleterious variants 
with relatively high allele frequencies in the general 
population (Appendix Table 3). Out of the 151 mis-
sense variants found for WNT10A, 37 obtained dele-
terious prediction scores in VIPUR, of which 11 had 
been previously reported in association with TA 
(Williams and Letra 2018), and 6 of these (V145M, 
F228I, C276R, W277C, T357I, R360C) obtained 

confident deleterious scores due to predicted effects on desta-
bilization and/or elimination of disulfide bonds in the protein 
structure. Interestingly, variants that consisted of cysteine sub-
stitutions (R113C, R171C, R379C) and were expected to have 
damaging effects by preventing proper disulfide bond forma-
tion received neutral scores. For WNT10A, the fold appears to 

A

B

C

Figure 2. Expression and function of wild-type and mutant WNT10A in SHED. 
(A) Immunocytochemistry analysis of WNT10A expression in T357I-, R360C- and 
R379C-mutant cells. Fluorescence intensity (integrated density) was quantified 
with ImageJ software and expressed as relative values to that obtained in SHED 
transfected with wild-type WNT10A (WT). Scale bar = 10 µm; 60× magnification. 
(B) Western blot analysis of WNT10A and GAPDH in lysates of T357I-, R360C- 
and R379C-mutant cells. Relative intensities of WB bands were quantified with 
ImageJ. (C) Coimmunoprecipitation analysis of FZD5 and WNT10A in wild-type and 
T357I-, R360C- and R379C-mutant cells. Protein band quantification was performed 
with ImageJ software. Data analyses were performed with Student’s t test. Values 
are shown as mean ± SD of 3 experiments. **P < 0.01. ***P < 0.001. SHED, stem cells 
from human exfoliated deciduous teeth.
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be maintained heavily by the numerous disulfide bridges, so 
variants that disrupt this—either by destabilization of the pro-
tein fold that prevents disulfide formation or by introducing a 
new cysteine that can form disulfide bonds—can be disruptive 
and prevent it from folding and interacting properly with its 
downstream binding partners in the WNT signaling pathway.

Activation of the canonical Wnt signaling pathway is criti-
cal for tooth development, and Wnt10a appears to be a key 
mediator in this process (Yamashiro et al. 2007; Liu and Millar 
2010). To characterize the functional impact of WNT10A vari-
ants, we overexpressed wild-type and mutant WNT10A in 
SHED. SHED are highly proliferative and capable of differen-
tiating into many cell types, including neural cells, adipocytes, 
and odontoblasts (Miura et al. 2003; Sakai et al. 2010). They 
express key components of the Wnt signaling pathway and are 
capable of responding to signaling initiated by Wnt, therefore 
constituting an excellent in vitro model system for testing the 
effects of TA-associated variants (Zhang et al. 2016). Our 
results of the luciferase reporter assays suggest that most 
TA-associated variants (G213S, F228I, R232W, E233*, 
C276R, W277C, T357I, R360C) affect gene/protein function, 
possibly leading to perturbed or lack of WNT signaling. The 
C107* variant, predicted to result in a premature stop codon, 
was still able to retain signaling activity, indicating that com-
pensating mechanisms may exist to rescue the variant-induced 
suspected loss of function. Collectively, these findings are in 
general agreement with our in silico predictions and previous 
reports (Dinckan et al. 2018; Grejtakova et al. 2018). The vari-
ants R113C, V145M, R171C, and R379C also appear to retain 
some wild-type–like activity able to sustain protein function. 
To explore a potential mechanism for the altered WNT signal-
ing in WNT10A mutant cells, we assessed the ability of T357I-, 
R360C-, and R379C-mutant cells to bind to FZD5. FZD5 has 
been reported to interact with numerous WNT proteins, includ-
ing WNT10A, and activate signaling cascades in various cellu-
lar and developmental processes (Voloshanenko et al. 2017; 
Agostino and Pohl 2019). Our results showed reduced binding 
affinity to FZD5 in WNT10A-mutant cells, hence suggesting a 
plausible mechanism by which WNT10A variants may nega-
tively affect WNT signaling. Given the complexity of WNT 
signaling, it is possible that binding of mutant WNT10A to 
other WNT receptor genes (e.g., LRP5/6 and KREMEN1/2) may 
also be impaired, therefore warranting additional investigation.

Tooth development is complex and requires coordinated 
and reciprocal expression of numerous genes in the dental epi-
thelium and mesenchyme (Thesleff et al. 1996). In this context, 
we wanted to investigate if WNT10A variation affected the 
expression of additional tooth development genes. Dysregulation 
of WNT10A expression in mutant cells led to altered expres-
sion of AXIN2, MSX1, PAX9, and RUNX2, for which a role in 
tooth development is well established (Yin and Bian 2015). In 
the presence of the 3 WNT10A variants tested, expression of 
PAX9 was significantly decreased whereas RUNX2 was 
increased. PAX9 and RUNX2 are transcription factors required 
for activation of odontogenic signals in the early tooth mesen-
chyme to drive tooth morphogenesis. Mice lacking Pax9 or 
Runx2 exhibit tooth developmental arrest at the early and late 

bud stages, respectively (Peters et al. 1998; D’Souza et al. 
1999). Furthermore, in Pax9-null mice, altered expression of 
several Wnt ligands and receptor genes has been described (Jia 
et al. 2017). Moreover, mutations in Pax9 were shown to result 
in defective interactions that disrupt the expression and/or 
function of additional genes (e.g., Wnts) required for tooth 
development (Mostowska et al. 2003; Nakatomi et al. 2010). 
These findings support our observations that coordinated 
expression of PAX9 and WNT10A is required for proper tooth 
development and, in contrast, dysregulated expression of either 
gene may disrupt this process and lead to defects of tooth 
development. Previous studies also support a relationship 
between Runx2 and Wnt10a, with Wnt10a being identified as a 
Runx2-dependent gene during bone and tooth development 
and with additional Wnt genes found to act upstream of Runx2 
to trigger activity (Bennett et al. 2005; Gaur et al. 2005; James 
et al. 2006). Our findings corroborate these previous observa-
tions and suggest that WNT10A variation disrupts expression 
of PAX9 and RUNX2 (and possibly other tooth development 
genes) and/or essential genetic interactions, thereby contribut-
ing to TA.

When comparing the transcriptomes of wild-type and 
T357I-mutant cells, we uncovered additional genes/pathways 
that may have a role in tooth development and in TA. We previ-
ously identified this variant as the likely driver variant in a 
compound heterozygous form (with G213S) leading to an oli-
godontia phenotype (Yuan et al. 2017). Further, the T357I vari-
ant is located in a very constrained region in the WNT10A 
protein, near 3 disulfide bonds and a N-acetylglucosamine 
modification site, and the resulting threonine-to-isoleucine 
substitution appears to destabilize the protein fold, thus inhibit-
ing normal protein function (Yuan et al. 2017). Our findings in 
the present study further support a functional role for this vari-
ant in dysregulation of WNT10A protein function. The results 
of our RNA sequencing analysis in wild-type and T357I-
mutant cells revealed 36 differentially expressed genes, with 
roles in biological processes or molecular pathways essential 
for pattern specification, regionalization, and skeletal system 

Figure 3. mRNA expression levels of PAX9, MSX1, AXIN2, and RUNX2 
in WNT10A wild-type and mutant cells obtained by quantitative real-time 
reverse transcriptase polymerase chain reaction. Data analysis was 
performed with the ∆∆CT method. Results are shown as fold changes 
per expression of each target gene relative to endogenous GAPDH 
mRNA expression. Values are shown as mean ± SD of 3 experiments. 
*P < 0.05. **P < 0.01. 



6 Journal of Dental Research 00(0)

development and morphogenesis. Of these, previous evidence 
supports the role of DUSP9 (dual specificity phosphatase 9), 
SOX2 (sex determining region Y-box 2), and PAPPA2 (pappa-
lysin 2) in craniofacial and/or tooth development. Phenotypes 
associated with mutant SOX2 and PAPPA2 in humans and/or 
mice include craniofacial and dental defects, such as creased 
cranium length, abnormal mandible morphology, short mandi-
ble, supernumerary teeth, and retention of deciduous teeth 
(Numakura et al. 2010; Christians et al. 2013). DUSP9 belongs 
to the DUSP gene family and acts as negative regulator of the 
MAPK family (mitogen-activated protein kinase). Activation 
of MAPK signaling by numerous stimuli (i.e., growth factors, 
cytokines, cellular stress) regulates essential cellular processes, 
such as proliferation, differentiation, survival, migration, or 
production of soluble factors (Bermudez et al. 2010). In a pre-
vious study, we found variations in another DUSP gene, 
DUSP10 (dual specificity phosphatase 10), as significantly 
associated with TA. Furthermore, we showed for the first time 
that this gene was expressed during murine tooth development 
(Williams et al. 2018). Although the exact function of these 
differentially expressed genes in tooth development remains to 
be elucidated, these findings provide solid evidence that varia-
tion in WNT10A may regulate the expression and function of 
genes involved in tooth formation.

Taken together, our results suggest that WNT10A variants 
may affect gene/protein function in a variant-specific manner, 
through direct effects on WNT signaling or indirectly through 
effects on additional genes. It is also possible that the location 
of WNT10A variants may be correlated with the phenotypic 

variability and/or severity of TA. In a recent meta-analysis on 
the dental phenotypes of 522 patients with TA, the most fre-
quently reported patterns of WNT10A-associated TA pheno-
types include a variable number of missing teeth, with third 
molars being the most frequently affected teeth (78%), fol-
lowed by mandibular premolars (71%) and maxillary lateral 
incisors (60%; Fournier et al. 2018). These TA patterns, how-
ever, are not unique to WNT10A variation and match previ-
ously reported missing tooth types in the general population 
(Polder et al. 2004). The C107*, R113C, and F228I mutations 
have been described as hotspots for TA with overlapping 
TA-associated patterns, whereas a preferential association 
between the G213S variant and maxillary canine agenesis was 
noted (Fournier et al. 2018). In agreement with these findings, 
we and others have identified the F228I mutation—as single or 
compound heterozygous forms or segregating with variants in 
other genes—in individuals with mild and severe TA and over-
lapping phenotypes (van den Boogaard et al. 2012; Arzoo et al. 
2014; Song et al. 2014; Dinckan et al. 2018; Du et al. 2018). 
These studies show that the TA phenotypes associated with 
WNT10A mutations are highly variable, and while individuals 
presenting the same variant (e.g., F228I, V145M) may have 
distinct TA phenotypes, significant overlap in missing tooth 
patterns is also observed. Interestingly, evidence of multilocus 
genomic variation (i.e., the cosegregation of variants in differ-
ent genes) was recently suggested to explain complex pheno-
types (e.g., Bardet-Biedl syndrome), including tooth agenesis 
(Posey et al. 2017; Dinckan et al. 2018; Du et al. 2018). These 
studies highlight the heterogeneity of the condition and, 

Figure 4. Transcriptome analysis of WNT10A wild-type and T357I-mutant cells with RNA-seq. (A) Volcano plot shows the number of differentially 
expressed genes. Vertical dashed lines correspond to 2-fold changes in expression (log2 scaled); the horizontal dashed line represents a P value of 0.05. 
Red and green dots represent significantly up- and downregulated genes, respectively. (B) Hierarchical clustering heat map of differentially expressed 
genes. Intensity of expression is shown from blue (relatively lower expression) to red (relatively higher expression). (C) Gene Ontology (GO) analyses 
of differentially expressed genes. Dot map of the top 20 significantly enriched GO terms in biological processes, cellular components, and molecular 
functions. “Count” is the number of differentially expressed genes concerning each GO term. “GeneRatio” is the ratio between the number of 
differentially expressed genes in each GO term and all differentially expressed genes that can be found in the GO database. Adjusted P values are 
represented by a color scale from purple (relatively lower significance) to red (relatively higher significance).
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importantly, indicate that identification of WNT10A mutations 
should not be considered as the basis for exclusion in molecu-
lar diagnosis of TA patients.

The limitations of this study include the selected set of 
WNT10A variants for evaluation, leaving additional potential 
functional variants to be investigated. Furthermore, transiently 
transfected genes are expressed for a limited period, so it may be 
possible that transiently transfected genetic materials can be lost 
by exogenous factors and cell division. However, this method is 
safe and reliable and ensures high transfection efficiency, low 
toxicity, and reproducibility (Kim and Eberwine 2010).

Thus far, it seems plausible that WNT10A variants deemed 
pathogenic for TA likely affect protein folding and/or stabiliza-
tion, leading to decreased WNT signaling and concomitant 
dysregulated expression of relevant genes: the more deleteri-
ous the effects, the stronger likelihood of contributing to more 
severe TA phenotypes. Understanding the effects of WNT10A 
variants in gene/protein function may allow for improved 
interpretation of TA phenotypes upon clinical diagnosis while 
providing important insights toward the development of future 
tooth replacement therapies.
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FUNCTIONAL CHARACTERIZATION OF ATF1, GREM2 AND WNT10B VARIANTS 

ASSOCIATED WITH TOOTH AGENESIS 

 

ABSTRACT 

 

OBJECTIVE: To determine the functional effects of ATF1, WNT10B and GREM2 gene variants 

identified in individuals with tooth agenesis (TA). 

SETTINGS and SAMPLE POPULATION: Stem cells from human exfoliated deciduous teeth 

(SHED) were used as an in vitro model system to test the effect of TA-associated variants. 

MATERIALS AND METHODS: Plasmid constructs containing reference and mutant alleles 

for ATF1 rs11169552, WNT10B rs833843 and GREM2 rs1414655 variants were transfected into 

SHED for functional characterization of variants. Allele-specific changes in gene transcription 

activity, protein expression, cell migration and proliferation, and expression of additional tooth 

development genes (MSX1, PAX9, and AXIN2) were evaluated. Data analyses was performed 

using one-way ANOVA, Student’s t-test, and Student-Newman-Keuls post-hoc test. P-values  

0.05 were considered statistically significant.  

RESULTS: Mutant variants resulted in significantly decreased transcriptional activity of 

respective genes (p<0.05), although no changes in protein localization were found. Expression of 

MSX1 was significantly decreased in ATF1- and GREM2-mutant cells, whereas PAX9 or AXIN2 

mRNA expression was not significantly altered. Mutant WNT10B had no significant effect on the 

expression of additional TA genes. ATF1- and GREM2-mutant cells presented increased cell 

migration. Cell proliferation was also affected with all three mutant alleles.  A
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CONCLUSIONS: Our results demonstrate that ATF1, WNT10B, and GREM2 mutant alleles 

have modulatory effects on gene/protein function that may contribute to TA. 

KEY WORDS: genetic variation, hypodontia, oligodontia, functional assays 

 

 

 

 

 

 

INTRODUCTION 

Tooth agenesis (TA) is the most common anomaly of the human dentition, and is characterized 

by the absence of one or more permanent teeth.
1
 The prevalence of TA ranges from 1-10% in the 

general population, and up to 20% when missing third molars are included, with 70-80% of the 

cases missing one to two teeth.
2
 TA can present as familial or sporadic forms; most familial 

cases are characterized by autosomal dominant inheritance, however X-linked and autosomal 

recessive inheritance has also been reported.
1
 While TA may at first appear to be a harmless 

condition, individuals often experience psychosocial, esthetic, and functional consequences, 

making it a public health concern. TA has variable expressivity resulting in either hypodontia 

(missing 1-5 teeth), oligodontia (missing 6 or more teeth), or anodontia (the complete absence of 

any permanent teeth).
2
  

The etiology of TA is mostly genetic and damaging mutations in numerous genes (e.g. 

MSX1, PAX9, AXIN2, EDA, EDARADD, LRP6, GREM2, TSPEAR, WNT10A, WNT10B) have 

been identified as causal for the condition.
3
 In previous studies, we replicated the association of 

WNT10A, WNT10B and GREM2 genes with TA phenotypes.
4
 We also identified ATF1 as a novel 

candidate gene for TA and showed its temporal-spatial expression during murine tooth 

development
5
. While the function of some TA-associated variants and their respective genes has 

been previously established, the role of the more recently identified variants on gene/protein 

function remains to be elucidated. Understanding the impact of genetic variants on gene/protein 

function might allow for improved interpretation of genotype-phenotype relationships.
5
 

In this study, we performed functional characterization experiments of variants located in 

putative regulatory regions of ATF1, WNT10B, and GREM2 genes and previously associated A
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with TA. Our findings show that all three variants may contribute to dysregulation of 

gene/protein function with further implications in TA. 

 

MATERIALS AND METHODS 

Details of the selected variants in ATF1, GREM2 and WNT10B are presented on Table 1.   

 

Cell Culture 

Stem cells from human exfoliated deciduous teeth (SHED) were kindly provided by Dr. Songtao 

Shi, University of Pennsylvania, under IRB-approved protocols (HSC-DB-18-0765). SHED were 

characterized and cultured as previously described
6
. Briefly, single-cell suspensions were 

cultured in α-minimum essential medium (α-MEM, Gibco #12571048)), supplemented with 15% 

fetal bovine serum (FBS, Equitech Bio Inc.), penicillin/streptomycin 10,000U/mL each 

(Invitrogen), L-ascorbic acid phosphate 0.1mM (Wako Chemicals), and glutamine (2mM, 

Invitrogen). 

 

Generation of Plasmid Constructs 

For each variant, constructs were made by amplifying the target gene region containing the 

reference alleles from human genomic DNA samples as described elsewhere.
7 

 Mutant alleles 

were then obtained using site-directed mutagenesis.
8
 Primers for PCR amplification of target 

regions were designed using Primer3 software
9 

(Supplementary Tables 1 and 2). The resulting 

ATF1 and WNT10B constructs, containing either rs11169552-C (reference) or rs11169552-T 

(mutant) alleles, and either rs833843-C (reference) or rs833843-T (mutant), respectively, were 

then inserted between NheI and HindIII restriction sites of pGL4.10[luc2] vector (Promega).  

The resulting GREM2 3’-UTR constructs containing rs1414655-T (reference) or rs1414655-C 

(mutant) were inserted between the XbaI and NheI restrictive sites of pLight-switch_3’UTR 

vector (Switchgear Genomics). DNA sequencing was used to confirm cloning efficiency.
7
  

 

Luciferase Reporter Gene Assays 

SHED were seeded at a density of 15,000 cells/well into 96-well plates and cultured for 24 hours 

to reach 80% confluence. Cells were then transfected with 300 ng of either wild type or each 

variant construct, and co-transfected with a pGL4.74[hRluc/TK] control plasmid, in a 20:1 ratio A
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of firefly luciferase reporter to renilla luciferase reporter in Opti-MEM medium (Life 

Technologies, Grand Island, NY, USA) and 0.3 μL of Lipofectamine Stem Transfection Reagent 

(Invitrogen, Carlsbad, CA, USA) for 48 hours at 37° C. Cells transfected with empty 

pGL4.10[luc2] or pLight-switch_3’UTR vectors were used as controls. Cells were incubated 

with 100 μL Dual-Glo Reagent for 10 min. Luciferase activity was measured using a microplate 

reader (Synergy H1, BioTek Instruments, Winooski, VT, USA) and then 100 μL of Dual-Glo 

Stop & Glo reagent was added and incubated for 10 min. Renilla luciferase activity was 

measured with Synergy H1 Multi-Mode Microplate reader (BioTek Instruments). Measurements 

obtained for firefly luciferase activity were divided by renilla luciferase activity to control for 

transfection efficiency, and normalized by the expression from empty vectors.
7 

mRNA Expression Analysis 

Reverse transcription qPCR (RT-qPCR) was used to investigate whether variant alleles might 

perturb expression of the known tooth development genes AXIN2, PAX9, and MSX1. Cells were 

transfected with reference and mutant variant alleles as described, followed by total RNA 

extraction using Quick-RNA Mini Prep Kit (Zymo Research, Tustin, CA, USA). cDNA 

synthesis was performed using PowerUp SYBR Green Master Mix (Thermo Fisher Scientific, 

Waltham, MA, USA). Reactions were performed using SYBR green chemistry and specific 

oligonucleotides (Supplementary Table 3) in a ViiA7 Sequence Detection Instrument (Life 

Technologies). Reaction conditions were: 95°C for 10 minutes, followed by 40 cycles at 95°C 

for 15 sec, and 55°C for 1 min. Experiments were performed in triplicates and repeated twice. 

Data analysis was performed using the 2
-∆∆CT

 method
10

 considering target gene expression levels 

normalized to that of GAPDH as endogenous control gene. 

        

Cell Migration 

SHED were seeded at a density of 3 x 10
3

 per well into 6-well plates and incubated for 24 hours 

at 5% CO2 and 37°C. Cells were then transfected with either reference or mutant alleles for each 

variant and incubated for 24 hours. Empty pGL4.10 vector and pLight-switch 3’UTR vector 

were used as controls. After 24 hours, fresh serum-free Opti-MEM was added and cells were 

incubated to reach 90-100% confluence. Next, a sterile micropipette tip was used to produce a 

vertical scratch on each well as previously described.
11

 To remove free-floating cells, wells were 

washed with Opti-MEM and incubated in fresh Opti-MEM medium at 37°C. Cell migration was A
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documented at 24 and 48 hours under phase contrast microscopy (Nikon Instruments Inc, 

Melville, NY, USA). ImageJ software was used to measure wound closure.
12

  

 

Cell Proliferation 

Cells were transfected with either reference or mutant alleles for each variant and incubated for 

24 hours. Cells were then plated at a density of 3 x 10
3
 per well into a 96-well plate and 

incubated at 37°C for 0, 24, 48 and 72 hours, for use in cell proliferation and viability assays 

(CCK-8) following manufacturer’s instructions. In each well, 10 µl of CCK-8 reagent (Dojindo 

Molecular Technologies, Rockville, MD) was added and cells were incubated for 2 hours at 

37°C. The number of viable cells in each well was assessed by measurement of absorbance at 

450 nm using a microplate reader (BioTek Instruments).  

 

Immunocytochemistry 

Transfected cells were assessed for expression of ATF1, WNT10B and GREM2 proteins using 

immunocytochemistry.
13

 The following antibodies were used: for ATF1 [rabbit monoclonal anti-

ATF1 (Abcam, ab#76085, 1:100 dilution) and goat anti-Rabbit IgG (H+L) Cy5 secondary 

antibody (Invitrogen, A#10523, 1:200 dilution)], for WNT10B [rabbit polyclonal anti-WNT10B 

(Abcam, #ab70816, 1:100 dilution) and goat anti-Rabbit IgG (H+L) Alexa Fluor 488 secondary 

antibody (Invitrogen, A#11008; dilution 1:200)], and for GREM2 [rabbit polyclonal anti-

GREM2 (Invitrogen, #PA5-78559; dilution 1:100) and goat anti-Rabbit IgG (H+L) Alexa Fluor 

488 (Invitrogen, A#11008, dilution 1:200)]. Signals were detected at 48 hours post-transfection 

and assessed using a confocal laser scanning microscope (Nikon C2+, Nikon Instruments Inc., 

Melville, NY, USA) with 60x magnification. Images were analyzed using ImageJ software.
12

 

 

Data Analyses 

Data analyses were performed using GraphPad Prism v.5 (GraphPad Inc). All values are 

represented by mean ± standard deviation (SD) and all P values reported are calculating from a 

two-sided Student’s t test.  

 

RESULTS 

Mutant alleles decrease gene transcription activity A
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Figure 1 presents the results of dual luciferase assays for evaluation of ATF1, WNT10B and 

GREM2 gene transcriptional activities in the presence of respective reference and mutant alleles.  

ATF1 rs11169552-T resulted in a 1.35-fold decrease in promoter activity when compared with 

the reference-C allele (p < .001). WNT10B rs833843-T resulted in a 1.5-fold decrease (p < .05) in 

promoter activity when compared with the reference-C allele. GREM2 rs1414655-C resulted in a 

1.3-fold decrease (p < .001) in gene expression when compared with the reference T-allele. Our 

findings suggest that all three mutant alleles impacted gene transcription. 

 

Protein expression 

We assessed for allele-specific changes in protein expression in ATF1-, WNT10B-, and 

GREM2- reference and alternate allele transfected cells using immunocytochemistry. Our results 

showed positive expression of all proteins with both reference and alternate alleles, although 

decreased expression was observed with ATF1-T, WNT10B-C and GREM2-T alleles (p=.002, 

p=.02, and p=.02, respectively) (Figure 2). 

 

Allele-specific cell migration and proliferation 

At 24h post-transfection, GREM2 T allele-transfected cells showed slightly lower cell migration 

in comparison to C allele (p=.03), meanwhile no significant allele-specific differences were 

found for ATF1 and WNT10B variants. At 48h post-transfection, ATF1 T allele-transfected cells 

showed increased cell migration when compared to the C allele (p=0.01) whereas no significant 

differences were detected for WNT10B and GREM2 variants (Figure 3). 

 With regards to cell proliferation, ATF1-mutant cells showed increased proliferation rates 

at all time points in comparison with empty vector-transfected cells and cells transfected with the 

reference allele (p<.05). For WNT10B, differences in proliferation rates between reference and 

mutant-allele transfected cells were seen at 48h and 72h (p<.05). GREM2 mutant allele T 

resulted in decreased cell proliferation at 24h and 72h (p<.05, respectively) in comparison to 

reference allele (Figure 4). 

 

Expression of additional tooth development genes 

Figure 5 presents the results of MSX1, AXIN2 and PAX9 mRNA expression analysis in SHEDs 

transfected with each variant reference and mutant allele constructs. Expression of MSX1 was A
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significantly decreased in ATF1- and GREM2-mutant cells (p=.001 and p=.04, respectively), 

whereas PAX9 or AXIN2 mRNA expression was not significantly altered (p > .05). WNT10B had 

no significant effect on the expression of MSX1, AXIN2 or PAX9 (p > .05) (Figure 5). 

 

DISCUSSION 

Numerous genes have been implicated in the etiology of TA,
6,14,15

 although the biological effects 

of putatively pathogenic TA variants on gene/protein function are not fully understood. 

Understanding the impact of genetic variants on gene/protein function might allow for improved 

clinical diagnosis and interpretation of genotype-phenotype relationships.
6
 

ATF1, WNT10B and GREM2 were recently suggested as candidate genes for TA,
5,8,16

 and 

replicated in independent studies.
4,17,18

 In this study, we assessed the potential allele-specific 

effects of the TA-associated variants ATF1 rs11169552, WNT10B rs833843 and GREM2 

rs1414655, located in the regulatory regions of their respective genes and with potential 

functional effects on gene activity. We used SHEDs as a TA-relevant in vitro model system due 

to their source location (obtained from human exfoliated deciduous teeth), and because they are 

easily accessible, multipotent, and highly proliferative.
6
 Tooth development is a complex process 

and requires the coordinated expression of numerous genes and transcription factors in the dental 

epithelia and subjacent mesenchyme as well as their interactions for proper tooth formation. 

Therefore, any disturbances in gene/protein expression and/or function may perturb this tightly 

controlled mechanism leading to arrest of tooth development.
15

 

ATF1 is a transcription factor that regulates a variety of target genes involved in different 

cellular processes and which bind the consensus ATF/CRE site ‘TGACGTCA’.
19

 Importantly, 

ATF1 has been strongly implicated in increased predisposition to colorectal cancer,
20

  and 

independently associated with isolated TA.
5
 Further, we showed for the first time, that Atf1 was 

expressed in the developing mouse teeth, reinforcing the role of this gene during tooth 

development. In the initiation phase of tooth development, Atf1 expression was detected in the 

oral epithelium and adjacent ectomesenchymal cells when the epithelium begins to thicken. 

During the cap and bell stages of tooth development, Atf1 was expressed within the inner dental 

epithelium, stratum intermedium and is scattered throughout the dental papilla. At late bell stage, 

Atf1 expression is seen in the Tome’s process and in the cytoplasm of polarized ameloblasts.
5
   A
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WNT10B belongs to the WNT/ß-catenin signaling gene family and has been implicated in 

regulation of cell fate and patterning during embryogenesis and oncogenesis.
21,22

 Mutations in 

WNT10B have been reported in unrelated Chinese and Brazilian individuals with nonsyndromic 

TA, and suggested to play a role in agenesis of the permanent upper lateral incisors due to 

decreased activation of Wnt signaling which in turn did not effectively induce endothelial cell 

differentiation.
4,23

 Notably in mice, Wnt10b expression was restricted to the epithelium around 

the area of the presumptive developing tooth and then at the cap stage of tooth development, 

especially in the incisor region.
8,24

 

Variation in GREM2 was first identified as a putative cause of isolated TA in a Thai 

population,
16 

and successfully replicated in Caucasian populations.
4,25

 GREM2 is a negative 

regulator of BMP signaling
26,27

 and may interfere with the function of BMP4 which is known to 

play a role in tooth formation.
28,29

 During murine tooth development, Grem2 expression was 

seen in the mesenchymal cells beneath the thickening of the epithelium in the oral cavity prior to 

the bud stage, in the dental papilla during the cap stage, and weak expression in the cervical loop 

and the mesenchymal cells adjacent to the cervical loop during the bell stage of murine tooth 

development.
16

 Grem2 knockout mice show malformation of the upper and lower incisors 

resulting in smaller and deformed teeth when compared to the wild type.
30

 

Overall, our findings support a functional role for ATF1, GREM2 and WNT10B variants, 

located in putative regulatory regions of their respective genes with allele-specific effects on 

gene transcription activity, cell migration and proliferation, as well as expression of additional 

tooth development genes. The results of our luciferase assays showed that ATF1, GREM2 and 

WNT10B mutant alleles resulted in decreased gene transcription. ATF1 protein expression was 

also significantly decreased with the mutant allele T, meanwhile WNT10B and GREM2 protein 

expression were increased with the mutant alleles; this suggests that compensating mechanisms 

may exist to fulfill the activity of these molecules. 

 Cell migration and proliferation are essential processes during tooth development, and 

interruptions in these events have been shown to affect normal tooth formation. It has been 

shown that specific inhibiting of FGF and SHH signaling causes TA by interrupting cellular 

migration.
31

 Our results suggested allele-specific effects on cellular migration and proliferation 

with each of the investigated variants at different time points. For all variants, cell migration and 

proliferation increased with time; cell proliferation peaked at 48h post transfection for both A
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reference and mutant alleles, decreasing thereafter. Our most significant findings at 24h include 

that GREM2 mutant cells (T allele) migrated less/slower and proliferated less than those with the 

reference allele; whereas ATF1 T allele-transfected cells presented increased cell migration and 

proliferation when compared to the C allele. In this context, numerous studies showed that ATF1 

overexpression resulted in increased cell proliferation in various cancers.
20,32,33

 However, those 

effects seem to be site-specific, as other studies demonstrate that ATF1 might also act as a tumor 

suppressor such as in breast cancer.
34

 Moreover, increased ATF1 expression in colorectal cancer 

tumor samples was associated with better prognosis for overall survival.
20

 GREM2 also has a 

documented role in altering gastric cancer stem cell proliferation and migration
35 

and in 

inhibiting the canonical BMP pathway resulting in the proliferation of cardiac progenitor cells.
36

 

Taken together, these observations suggest that ATF1 and GREM2 variation exert tissue-specific 

effects on cell migration and proliferation, and could potentially impact normal tooth 

development. 

 To further explore the role of ATF1, WNT10B, and GREM2 variants in tooth 

development, we assessed the expression of MSX1, PAX9, and AXIN2, for which a role in tooth 

development and TA has been established,
14,37–39

 in reference and mutant allele-transfected cells. 

Overall, our results suggest that only MSX1 expression is altered, with significantly decreased 

expression in the presence of ATF1 and GREM2 mutant alleles. Additional studies are warranted 

to clarify if direct interactions exist between MSX1, ATF1 and GREM2. 

 

CONCLUSION 

Our results demonstrate that ATF1, WNT10B, and GREM2 variants have functional effects on 

gene regulation and reveal possible mechanisms by which these variants may affect tooth 

development thereby leading to TA. Further, our findings expand current knowledge on the 

genetic etiology of TA which may provide insights into genotype-phenotype correlations in TA. 
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Table 1. TA variants studied. 

†
 Based on NCBI dbSNP GRCh38 assembly; alternate alleles shown in bold 

‡
 Minor allele frequency based on European Caucasian (CEU) population 

 

 

 

 

 

Gene SNV Id.
†
 Base position

†
 Location in 

gene
†
 

Base change 
‡
 Reference 

ATF1 rs11169552 Chr12:50761880 5’ near promoter C/T  Williams et al. 2018
5 

GREM2 rs1414655 Chr1:240465161 Downstream 3’ C/T Magruder et al. 2018
4 

WNT10B rs833843 Chr12:48970608 5’ near promoter C/T Magruder et al. 2018
4 
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Figure Legends 

 

Figure 1. Results of dual luciferase reporter assays in ATF1-, WNT10B-, and GREM2-mutant 

cells compared with reference alleles. Plasmid constructs for ATF1 (rs11169552_C or _T), 

WNT10B (rs833843_C or _T), and GREM2 (rs1414655_C or _T) were respectively co-

transfected with a pGL4.74 renilla luciferase vector (control) into SHED. Firefly luciferase 

activity was normalized to that of renilla luciferase activity. Results are presented as the average 

of three independent experiments ± SD. *p < .05, ***p < .001. 

 

Figure 2. Immunocytochemistry analysis of ATF1, WNT10B, and GREM2 expression. Plasmid 

constructs for ATF1 (rs11169552_C or _T), WNT10B (rs833843_C or _T), and GREM2 

(rs1414655_C or _T) were respectively co-transfected with a pGL4.74 renilla luciferase vector 

(control) into SHED. Fluorescence intensity (integrated density) was quantified with ImageJ 

software. Results are presented as the average of three independent experiments ± SD. Scale bar A
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= 10 um; 60X magnification. 

 

Figure 3. Representative images and migration index of wound closure in SHEDs transfected 

with ATF1, WNT10B and GREM2 wild-type and mutant constructs. Cells transfected with empty 

vectors (pGL4.10 for A and B, pLightswitch-3’UTR for C) were used as controls.  Cell 

migration was monitored every 12 hours for 48 hours. Results are presented as the average of 

three independent experiments ± SD. * p<.05. 

 

Figure 4. Cell proliferation assays in ATF1-, WNT10B- and GREM2-wild-type and mutant cells. 

Cells transfected with empty vectors (pGL4.10 for A and B, pLightswitch-3’UTR for C) were 

used as controls. Cells were counted at 0, 24, 48, and 72 hours. Results are presented as the 

average of three independent experiments ± SD. * p<.05. 

 

Figure 5. Reverse transcription qPCR analysis of AXIN2, PAX9, and MSX1 in wild-type and 

mutant SHED. Expression levels of target genes were normalized to GAPDH expression. Results 

are presented as the average of three independent experiments ± SD. *p < .05, ***p < .001.  
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