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Abstract

Objectives: To identify the molecular etiology of distinct dental anomalies found in eight Thai 

patients and explore the mutational effects on cellular functions.

Materials and Methods: Clinical and radiographic examinations were performed for eight 

patients. Whole exome sequencing, mutant protein modelling, qPCR, western blot analysis, 

scratch assays, immunofluorescence, confocal analysis, in situ hybridization, and scanning 

electron micrography of teeth were done.

Results: All patients had molars with multiple supernumerary cusps, single-cusped premolars, 

and a reduction in root number. Mutation analysis highlighted a heterozygous c.865A>G; 

p.Ile289Val mutation in CACNA1S in the patients. CACNA1S is a component of the slowly 

inactivating L-type voltage-dependent calcium channel. Mutant protein modeling suggested that 

the mutation might allow leakage of Ca2+ or other cations, or a tightening, to restrict calcium flow. 

Immunohistochemistry analysis showed expression of Cacna1s in the developing murine tooth 

epithelium during stages of crown and root morphogenesis. In cell culture, the mutation resulted in 

abnormal cell migration of transfected CHO cells compared to wildtype CACNA1S, with changes 

to the cytoskeleton and markers of focal adhesion.

Conclusions: The malformations observed in our patients suggest a role for calcium signaling in 

organization of both cusps and roots, affecting cell dynamics within the dental epithelium.

Keywords

calcium homeostasis; hypodontia; root malformation; single-rooted molar; supernumerary cusps; 
tooth development

1 | INTRODUCTION

An important part of tooth development is the folding of the dental epithelium to generate 

cusps, with more folding generating more cusps. This occurs at the cap and bell stages 

and is regulated by the primary and secondary enamel knots, transient structures of non-

proliferative cells, located in the inner dental epithelium. The number, shape, size, and 
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location of cusps determine the morphology of the occlusal surface of a molar (Jernvall 

& Thesleff, 2012). Generally, mutations in tooth-related genes result in teeth with less 

complexity. In mice, loss of sonic hedgehog (Shh) signaling inhibits cusp formation and 

patterning and results in fusion of adjacent teeth (Ahn et al., 2010; Cho et al., 2011; 

Harjunmaa et al., 2012). In contrast, tooth crown complexity can be increased substantially 

after overexpression of pathways. Increased ectodysplasin A (EDA) signaling alone led to 

an increase in cusp number (Kangas et al., 2004; Tucker et al., 2004), while the number of 

cusps was doubled when SHH, EDA, and activin A signaling pathways were experimentally 

manipulated together. An increase in dental complexity may therefore require multiple 

changes in developmental regulation (Harjunmaa et al., 2012). In keeping with this, 

increased number of cusps in humans is rarer than a loss of cusps.

Genetic analysis of five Thai families with additional molar cusps recently identified 

the changes in tooth morphogenesis to be caused by a heterozygous missense mutation 

(c.865A>G; p.Ile289Val) in calcium channel voltage-dependent, L-type, alpha-1S subunit 
(CACNA1S; MIM 114208) (Laugel-Haushalter et al., 2018), highlighting a link between 

calcium channels and tooth morphogenesis. CACNA1S encodes Cav1.1, one of the 

subunits (Cav1.1, 1.2, 1.3, 1.4) of the slowly inactivating L-type voltage-dependent calcium 

channel, known as the dihydropyridine (DHP) channel. The alpha 1 subunit contains four 

homologous repeats, each containing six transmembrane segments (S1–S6) organized in 

clockwise manner into a canonical voltage-gated ion channel fold (Schartner et al., 2017; 

Wu et al., 2016). CACNA1S encodes the pore-forming subunit of the DHP channel. The 

missense mutation in the Thai patients is in the first pore-forming intramembrane domain 

between S5 and S6, close to the three amino acid residues involved in calcium selectivity 

(Laugel-Haushalter et al., 2018). In muscles, the DHP channel regulates Ca2+ release from 

the sarcoplasmic reticulum with the channel acting as a sensor of depolarization, allowing 

calcium release and diffusion (Schartner et al., 2017). As such, it has a vital role in 

excitation-contraction coupling to generate muscle contraction. Mice and Drosophila with 

defective Cacna1s are embryonically lethal, with a complete absence of skeletal muscle 

contraction (Eberl et al., 1998; Knudson et al., 1989), while the downregulation of Cacna1s 
in adult mice led to muscle atrophy (Piétri-Rouxel et al., 2010). Mutations in the CACNA1S 
gene have been reported in patients with a number of disorders including hypokalemic 

periodic paralysis, thyrotoxic periodic paralysis, and malignant hyperthermia (Schartner et 

al., 2017). In addition to a role in tooth morphogenesis, CACNA1S has been previously 

linked with both timing of tooth eruption and tooth agenesis in genome wide screens (Geller 

et al., 2011; Jonsson et al., 2018), while other calcium channels have also been associated 

with differentiation of dental hard tissues (Duan, 2014).

Here, we report eight Thai patients from three unrelated families affected with very 

unusual dental malformations consisting of multiple supernumerary molar cusps, molars 

with single roots, and single prominent cusped premolars. Confirming the link between 

calcium channels and tooth morphogenesis, we identified the same causative mutation in 

CACNA1S. By investigating the effects of this CACNA1S mutation on patient hard tooth 

tissue and using murine models and cell lines to analyze the effects of the mutation on 

cellular functions, our data provide a novel understanding of how mutation in this key 

calcium channel subunit may impact odontogenesis.
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2 | MATERIALS AND METHODS

2.1 | Ethics statement

The study was conducted in accordance with the Declaration of Helsinki and national 

guidelines. Informed consent was obtained from the patients and/or their parents in 

accordance with the regulations of the Human Experimentation Committee of the Faculty of 

Dentistry, Chiang Mai University.

2.2 | Scanning electron micrography

The tooth that was studied under SEM was an exfoliated primary molar. The tooth was split 

using a dental chisel and hammer, rinsed with water, and hot air dried.

2.3 | Whole exome sequencing

Genomic DNA was extracted from the saliva according to the protocol from the Oragene® 

collecting kit (DNA Genotek Inc.). Five DNA samples of three affected (II-3, III-1, and 

III-3) and two unaffected members (I-1 and II-1) of Family 1 were sequenced by a whole 

exome sequencing (WES) protocol to detect variants within protein-coding genes (Figure 

1a).

Exon capture was performed using the SureSelect target Enrichment system (Marcogen 

Inc.). Pair-end sequencing was then performed on a HiSeq 2000/2500 sequencing machine. 

A Burrows-Wheeler Alignment tool (BWA-0.7.17) was used to align the 100-bp reads from 

the sequencer to the human reference genome (hg19 from UCSC, GRCh37 from NCBI). 

Single-nucleotide variants (SNVs) and small INDEL variants were identified by Picard 

(picard-tool-2.9.0), Genome analysis toolkit (GATKv3.8.1), and Ensembl Variant Effect 

Predictor tool (version 95). Mutation discovery was based on variants called from WES of 

eight family members (three affected and two unaffected members) (Figure 1a).

The details of the variant prioritization process are shown in Figure 2. The 1,284,956 

variants used in this process were identified by Genomics analysis toolkit (GATK) best 

practices (McKenna et al., 2010). These variants were assigned with varying quality scores, 

based on GATK Variant Quality Score Recalibration. The output “CombineGVCF” file 

included variants from three affected probands and two unaffected parents. These variants 

were processed using GENMOD (Magnusson, 2018) to provide variants with mode-of-

inheritance scenarios for the proband, leaving 1,113,248 variants that fit with GENMOD 

segregation models. Note that we only considered variants with high confidence, which are 

defined by having genotype quality >20 and total depth >10 across all affected samples. 

Thus, this process filtered out a large number of variants leaving the remaining 4090 variants 

to be annotated using Ensembl Variant Effect Predictor (VEP) build 105 with dbNSFP 

plugin version 4.3a. We considered very rare variants based on public aggregated allele 

frequencies (<0.0001) from 1000G, gnomAD exomes and gnomAD genomes allele and the 

Thai exome database (T-Rex dB) with aggregated allele frequencies <0.01. The very rare 

71 variants were further filtered out, leaving 57 variants by keeping only those predicted to 

have high and moderate impact, which included splice accepter, frameshift, stop gained and 

missense consequences. Next, we considered the 32 autosomal dominant variants with allele 
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balance of heterozygous or variant allele frequency >0.2, leaving 26 variant candidates. 

Finally, we considered only the canonical isoform of these variants that have the predicted 

functions as “(D)eleterious or (D)amaging” by MetaSVM (Dong et al., 2015), MetaLR 

(Dong et al., 2015) and MetaRNN (Li et al., 2022). Only 1 variant remained, and it was 

further validated by Sanger sequencing to support the etiologic hypothesis (Figure 2).

2.4 | Mutation analysis

In order to validate the mutation identified by WES, bidirectional direct sequencing 

(Functional Biosciences) and Sequencher 4.8 Sequence analysis software (Genecodes) were 

used to analyze the presence of variants in all affected and unaffected family members. 

Co-segregation between genotype and phenotype within the family was analyzed.

2.5 | Mutant protein modelling

The structure of Cav1.1 was modeled with the Swiss Model Protein Modeling server 

(Waterhouse et al., 2018) based on the structure of the rabbit Cav1.1 protein (Wu et al., 

2016), which shares a 96% amino acid sequence identity with the human protein and is 

identical in the region of the 1289 residue.

2.6 | Immunohistochemistry

CD-1 strain mice were used in this study. To accurately assess the age of embryos, somite 

pairs were counted, and the stage confirmed using morphological criteria, for example, 

relative sizes of maxillary and mandibular primordia, extent of nasal placode invagination, 

and the size of limb buds. Embryo heads were fixed in 4% buffered paraformaldehyde, wax 

embedded, and serially sectioned at 7 μm. Sections were incubated with an antibody against 

CACNA1S (ThermoFisher; MA3–920). The tyramide signal amplification system was used 

(Parkin Elmer Life Science) to detect the CACNA1S antibody.

2.7 | Cell lines, qPCR, and western blot analysis

CHO lines were made by stable integration of pCDNA3.1, CACNA1S Wt and CACNA1S 
mutant constructs (linearized to increase integration) followed by selection with G418 at 

400 μg/ml. These cells were used to isolate total RNA was isolated using Triazol (Sigma). 

RNA was precipitated, ribosomal bands assessed using gel electrophoresis and the RNA 

quantitated using a nanodrop. qPCR and Western blot analysis were performed as previously 

described (Gao et al., 2015) with antibodies against GAPDH (Santa Cruz) as a control 

protein, and against the FLAG-tag (Abcam) on the recombinant CACNA1S.

2.8 | Scratch assays

Scratch assays were performed on CHO cells and CHO lines pCDNA3.1, CACNA1S WT, or 

CACNA1S mutant DNA, as previously described (Liu et al., 2017). Photos were taken at the 

time of the scratch, 1 and 24 h post scratch. Each condition had four independent wells and 

each well had four scratches. The distance of the scratch was quantitated with imageJ and 

expressed as the rate of scratch migration, in μm/h.
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2.9 | IF and confocal analysis

Untransfected CHO cells or stable lines with pCDNA3.1, CACNA1S WT, or CACNA1S 
mutant DNA were fixed and permeabilized as previously described (Li et al., 2014). 

FLAG AB (Cell Signaling, Inc), Phalloidin-TRITC (Sigma Aldrich), Donkey anti-mouse 

A488 (Jackson immunoreagents) and 4’,6-diamidino-2-phenylindole (DAPI) were used for 

this analysis on a Zeiss 680 confocal microscope. The amount of CACNA1S (green) and 

phalloidin (red) was quantitated using ImageJ and compared with the amount of DAPI (blue) 

for multiple staining’s (n = 5 for each).

3 | RESULTS

3.1 | Whole exome sequencing confirmed a mutation in CACNA1S cause supernumerary 
molar cusps

Eight Thai patients from three unrelated families were analyzed as part of the study (Figure 

1a–k). WES was performed in three affected (II-3, III-1, and III-3) and two unaffected 

patients (I-1 and II-1) of family 1. Each patient had similar dental anomalies consisting 

of multiple gigantic cusps resembling the morphology of dens evaginatus, and premolars 

with single prominent cusps (Figure 1d,e,g,h–j; Figure S1) and single-rooted molars (Figure 

1f,k). Both primary and permanent dentitions were affected (Figure 1d–k; Figures S1 and 

S2).

Whole exome sequencing and validation by Sanger sequencing confirmed the heterozygous 

c.865A>G; p.Ile289Val mutation (NM_000069.2; NP_000060.2; rs139920212) in the DNA 

of six affected, but not two unaffected family members of Family 1. This heterozygous 

base substitution co-segregates with the dental phenotype in this family (Figure S3). 

Furthermore, this variant was not found in our in-house exome database constructed from 

925 exome patient data. Sanger sequencing identified the same mutation in the patients 7 

and 8 of families 2 and 3, respectively. All unaffected family members did not carry the 

mutation (Figure S3). This verifies the dental phenotype generated by the heterozygous base 

substitution c.865A>G in CACNA1S, confirming the role of this calcium channel in tooth 

morphogenesis.

3.2 | Structure of the dental hard tissues appeared unaffected by the mutation

Calcium channels have previously been linked to a role in odontoblast differentiation and 

enamel maturation (Duan, 2014), with antibodies against 1.4 DHP highlighting the presence 

of L-type calcium channels accumulating on the apical pole of polarised odontoblasts 

during dentinogenesis (Seux et al., 1994). Mutations in CACNA1C lead to Timothy 

syndrome (OMIM 601005), an autosomal dominant disorder characterized dentally by 

small, misplaced teeth with enamel hypoplasia (Splawski et al., 2004). We therefore 

investigated the structure of the enamel, dentin and cementum of a naturally exfoliated 

tooth from a patient with a CACNA1S mutation using SEM. Normal ultrastructure of the 

enamel, dentin and cementum were observed, suggesting that the CACNA1S subunit does 

not play a role in these later stages of hard tissue formation (Figure 3a,b).
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3.3 | CACNA1S is expressed in the murine dental epithelium during early tooth 
development

Cacna1s has previously been shown to be expressed in mouse incisors and molars at 

embryonic day (E)14.5 using a transcriptomic dataset (Laugel-Haushalter et al., 2018). In 

order to understand the spatial expression of Cacna1s in the tooth we, therefore, turned to 

immunohistochemistry. No significant expression in the developing tooth could be detected 

at E11.5 (Figure 4a). Cacna1s was expressed in the developing dental epithelium at E12.5 

and E13.5, with high levels in the forming musculature of the lower jaw and tongue 

(Figure 4b–d). At E14.5, Cacna1s expression was observed in the dental epithelium, but 

interestingly expression was excluded from the enamel knot (Figure 4e). Cacna1s was 

expressed in both upper and lower molar tooth epithelium at these stages. In addition, 

Cacna1s expression was observed in Hertwig’s epithelial root sheath (HERS) the epithelial 

cells responsible for guiding root development (Figure 4f). This dynamic expression pattern 

suggests a role in both tooth crown and root morphogenesis.

3.4 | Mutant protein impacts the functions of the calcium channel

To understand how this mutation impacted the structure of the protein, a model was 

constructed to assess the position of the mutation within the α1 subunit. The structure 

of the rabbit Cav1.1 complex was previously determined (Wu et al., 2016) and the human 

α1 subunit has recently been modelled (Martinez-Ortiz & Cardozo, 2018). The modelling 

highlighted that the loss of a methyl group in the conversion of Ile to Val would cause a 

small change in the hydrophobic packing next to the selectivity filter. Although this might 

be expected to make more space and result in a loosening of the filter to allow leakage of 

Ca2+ or other cations, the repacking could also result in a tightening to restrict calcium flow 

(Figure 3c,d).

To test the effect of the mutation, we investigated the effects of overexpression of the 

wildtype (WT) and mutant proteins on cell behavior. For this, we chose CHO cells, as 

they do not express CACNA1S. Stable lines expressing control DNA, CACNA1S WT and 

CACNA1S mutant constructs were generated, with overexpression confirmed by qPCR 

(Figure 5a). Western blotting was performed to determine the presence and stability of 

protein in the WT and mutant overexpression lines and we were able to confirm that a 

protein of >100 kDa was detected using FLAG antibodies in both WT and mutant lines, 

consistent with the size of CACNA1S (Figure 5b). These results confirm that the constructs 

produce RNA and protein, and that the wildtype and mutant proteins are both stable in CHO 

cells.

Having established the lines, we then tested the impact of the mutation. Calcium influx has 

been linked to changes in the cytoskeleton, thereby impacting migration (Tsai et al., 2015). 

We therefore used a scratch assay to compare the speed of migration in the three lines over 

a 24-h period (Figure 5c,d). The CHO cells migrated slowly, with a clear gap evident after 

24 h. In contrast, the cells over-expressing wildtype CACNA1S, displayed an accelerated 

closure of the gap, and returned to confluency at 24 h (Figure 5c,d). Expression of 

CACNA1S, therefore, stimulated migration, presumably due to enhanced calcium influx into 

the cells. When the experiment was repeated with the mutant construct, no such enhanced 
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migration was evident, the cells showing identical kinetics to the non-transfected cells or 

control transfected cells (Figure 5c,d). The CHO cells expressing the mutant CACNA1S, 

therefore, were not capable of the enhanced migratory potential of the cells expressing WT 

CACNA1S.

3.5 | Overexpression of WT but not mutant CACNA1S impacts the cytoskeleton

Increases in filamentous actin (phalloidin staining) have been shown to be a prerequisite 

for cell migration and scratch closure (Xu et al., 2020). We therefore tested whether 

overexpression of WT CACNA1S, but not mutant CACNA1S, might cause an increase 

in phalloidin staining in CHO cells. Using FLAG Ab, to detect CACNA1S, and Phalloidin-

TRTC, to stain for filamentous actin in our CHO stable lines, we demonstrated that FLAG 

Ab staining is present in both WT and mutant CACNA1S lines as expected. However, 

increased phalloidin staining was only observed after overexpression of the WT but not 

the mutant CACNA1S (Figure 6a). These results were quantified using imageJ (Figure 6b). 

The increase in phalloidin after overexpression of the WT protein was accompanied by a 

downregulation of vinculin and talin, two proteins involved in focal adhesions, while no 

similar loss was observed after overexpression of the mutant protein (Figure 6c).

4 | DISCUSSION

The striking features observed in our patients consist of molars with multiple supernumerary 

cusps, single rooted molars, and premolars with a single prominent cusp. Overall, the 

malformations appear to be the results of disorganization of both cusp and root patterning, 

with no obvious effect on mineralization of the dental hard tissues. All affected patients had 

the heterozygous c.865A>G; p.Ile289Val mutation in CACNA1S while unaffected family 

members did not have it. The same CACNA1S mutation has been reported in unrelated Thai 

patients with similar dental malformations. It is interesting to note that this mutation has 

been reported only in Thai patients. This restriction is most likely the result of a founder 

effect, as previously suggested (Laugel-Haushalter et al., 2018).

The expression of Cacna1s was identified in the tooth epithelium from early bud stages 

(E12.5) to postnatal (P5). No expression was observed at earlier stages of tooth development 

(E11.5), when the tooth placodes are initiated, suggesting that this calcium channel is 

involved in morphogenesis rather than induction and budding.

E14.5 is a key stage for tooth morphogenesis in mice with the formation of the primary 

enamel knot and the bending of the dental epithelium to create the cusps (Yamada et 

al., 2019). Interestingly, Cacna1s was expressed in the epithelial cells around the enamel 

knot but not in the knot itself, suggesting an interesting relationship with this group of 

non-dividing cells. Changes in calcium influx may, therefore, cause the initiation of more 

enamel knot areas in the molars, potentially triggering the extra cusps observed in patient 

molars. The morphology of the early tooth germ has been shown to be driven by differential 

proliferation and dynamic movement of epithelial cells (Yamada et al., 2019). Interestingly, 

overexpression of CACNA1S in CHO cells led to an increased migratory behavior and 

upregulation of phalloidin, linking changes in calcium influx to changes in cell behavior. 

Importantly, the mutant CACNA1S was unable to elicit such responses. The mutation in 
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patients might, therefore, lead to a reduced capacity of the dental epithelial cells to migrate. 

In our patients, molars became more complex, but the premolars became less complex as the 

result of the mutation. The differences in dental complexity may be due to the differences in 

tissue sensitivity to the mutation. As mice do not have premolars differences in expression 

between molars and premolars cannot be assessed.

Patients also showed root defects, with taurodontic teeth. Our study showed the expression 

of Cacna1s in HERS at postnatal day 5, suggestive of its role at the early stage of root 

morphogenesis. The mutation might disrupt the migration of the epithelial HERS, and, 

therefore, the invagination of the epithelial diaphragm, resulting in single-rooted molars in 

our patients, similar to that observed in ectodermal dysplasia models (Fons Romero et al., 

2017).

The different subunits of the DHP channel appear to be expressed differentially during 

murine development, with CACNA1G expressed in the mesenchyme around the forming 

teeth, while CACNA1A and B were not expressed in the teeth during morphogenesis at 

E13.5 or E15.5 (Allen Brain atlas, https://developingmouse.brain-map.org/). These different 

patterns of expression can explain the different phenotypes associated with mutations in 

these different components (Duan, 2014). Muscular Dysgenesis (mdg) mice have a single 

nucleotide deletion in the α1 subunit (Knudson et al., 1989). These mice die at birth and 

their muscle and jaw phenotypes have been studied in detail (Chaudhari, 1992; Herring & 

Lakars, 1982). Whether these mice have a dental phenotype, however, has not been reported. 

The mdg mice, therefore, provide an interesting avenue for studying potential dental defects 

in more detail, and for assessing potential mechanisms that link calcium to additional cusps.

In conclusion, we demonstrate that defects in calcium signaling, due to a mutation in 

CACNA1S, lead to a variety of defects in dental development. Dental malformations can, 

therefore, be part of a calcium channelopathy. The mutation is likely to disrupt calcium 

flux, interfere with calcium homeostasis and subsequent calcium signaling in the cell, which 

is predicted to have a knock-on effect on cell dynamics and disrupt the normal induction/

distribution of enamel knots. Since the clinical features of the malformation caused by 

the CACNA1S mutation described here resemble dens evaginatus but with larger cusps, 

we would like to coin the term “dens evaginatus giganticus” for this CACNA1S mutation-

associated dental malformation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1. 
Multiple supernumerary cusps and root defects in three Thai families. Pedigrees of (a) 

Family 1 and (b) Family 2. (c) Family 3. (d, e) Dental phenotypes in mixed dentition 

of patient III-1 of Family 1 (patient 1) at age 11 years. Multiple supernumerary cusps in 

molars. Single prominent cusp in premolars. (f) Patient 1. Panoramic radiograph taken at 

age 11 years. Note prominent supernumerary cusps in molars and premolars. Single-rooted 

molars are observed. Agenesis of the maxillary right first and second premolar and the 

maxillary left second premolar. (g–k) Patient 7 age 25 years. (g–j) Teeth are in permanent 

dentition. Molars have multiple supernumerary cusps. Premolars have single prominent 

cusps. (k) Panoramic radiograph showing prominent supernumerary cusps in molars and 

premolars. Single-rooted molars are observed.
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FIGURE 2. 
The prioritization workflow to identify the etiologic mutation from WES data.
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FIGURE 3. 
Ultrastructure of a tooth and mutant protein modelling. (a, b) Scanning electron micrographs 

of an exfoliated deciduous molar. Note normal enamel and dentin layers. (c, d) Mutant 

protein modelling showing position of the mutation in the Cav 1 α-subunit structure. (c) The 

overall structure of the alpha subunit of Cav1.1 (Martinez-Ortiz & Cardozo, 2018; Wu et 

al., 2016). The I289 residue is shown in violet and the adjoining “selectivity filter” region is 

shown in salmon. (d) Close-up of the end of the 6th membrane helix (cyan) with the I289 

residue and selectivity filter. The methyl group deleted in the I289V mutation is circled in 

red. The selectivity filter (pink) contains the ends of two short transmembrane helices and 

the short loop in-between, with the identical sequence: TMEGWTDV, in both proteins.
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FIGURE 4. 
Cacna1s expression during tooth development in mice. Frontal sections show Cacna1s 

expression in wild-type mice at Embryonic day (E) (a) 11.5, (b) E12.5, (c, d) E13.5, (e) 

E14.5, and (f) Postnatal day 5. Red arrows in figure (a–c) indicate tooth germs. Yellow 

arrow in (d) indicates the developing tongue. Yellow arrowhead in figure (e) indicates the 

enamel knot. Red arrowhead in figure (f) indicates the epithelial HERS. (a) No significant 

expression in the developing tooth is detected at E11.5. (b–d) Cacna1s is expressed in the 

developing dental epithelium at E12.5 and E13.5 in both upper and lower tooth germs, with 

high levels in the forming musculature of the lower jaw and tongue. (e) At E14.5, Cacna1s 

expression is observed in the dental epithelium, but not in the enamel knot. (f) In addition, 

Cacna1s expression is observed in the HERS at postnatal day 5 (f).
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FIGURE 5. 
Analysis of mutant and WT CACNA1S functions. (a) qPCR for CACNA1S expression in 

CHO cells stable lines. (b) Western blot showing GAPDH loading control (34 kDa) and 

recombinant CACNA1S using FLAG AB (>100 kDa). Robust antibody binding is evident in 

the WT and Mut OE lanes with no reactivity in the control lane, confirming the constructs 

are expressed. (c) Scratch/migration assay. Representative photos at T0, 12 h, and 24 h 

shown. (d) ImageJ analysis of the diameter of the open scratch in mm at 0, 12, and 24 h after 

the scratch was made (n = 5). *p > 0.05 **p > 0.01.
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FIGURE 6. 
Cytoskeletal changes after overexpression of mutant and WT CACNA1S. (a) Cells 

grown on coverslips were fixed and stained with DAPI (blue), FLAG/CACNA1S (green), 

and Phalloidin-TRTC (red). Image shown is a representative of many experiments. (b) 

Quantitation using ImageJ of phalloidin staining, three images for each cell and each color 

(n = 3) *p > 0.05. (c) qPCR was performed on CHO cells expressing control, CACNA1S 

WT or CACNA1S Mut to look at molecules shown to be involved in migration (Talin, 

Vinculin, Brck1 and Actb). Each bar is expressed as fold using ΔΔCT of the listed genes 

versus Beta tubulin and represents the results of three independent RNA isolation/cDNA 

reactions. N = 3, *p value => 0.05.
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