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ADAM10 is Expressed by 
Ameloblasts, Cleaves the RELT TNF 
Receptor Extracellular Domain and 
Facilitates Enamel Development
Atsushi Ikeda1, Shifa Shahid1, Benjamin R. Blumberg1, Maiko Suzuki2 & John D. Bartlett  1

MMP20 cleaves cadherins and may facilitate cell movement, however MMP20 is not known to cleave 
tight junction or desmosome proteins. Ameloblasts had not previously been screened for membrane 
anchored proteases that could contribute to cell movement. Here we performed a PCR screen for 
proteolyticlly active A Disintegrin And Metalloproteinase (ADAM) family members. These proteinases 
are termed sheddases because they have a transmembrane domain and their catalytic domain on the 
cell surface can function to release anchored proteins. Significantly, ADAMs can be targeted to specific 
substrates on the cell membrane through their interaction with tetraspanins. Six ADAMs (ADAM8, 
9, 10, 15, 17, 19) were expressed in mouse enamel organs. We show that Adam10 expression begins 
in the apical loop, continues through the secretory stage and abruptly ends at the transition stage 
when ameloblast migration ceases. ADAM10 cleaves cadherins and tight junction plus desmosome 
proteins and is well characterized for its role in cell movement. ADAM10 facilitated LS8 cell migration/
invasion through a Matrigel coated membrane and we demonstrate that ADAM10, but not ADAM17 
cleaves the RELT extracellular domain. This striking result is significant because RELT mutations 
cause amelogenesis imperfecta (AI) and this directly links ADAM10 to an important role in enamel 
development.

Enamel formation proceeds through developmental stages. In the rodent incisor, all developmental stages are 
present along the length of the unerupted portion of the continuously erupting incisor. Initially, at the apical 
loop, stem cells produce progeny that proliferate and migrate distally before becoming pre-ameloblasts1. These 
pre-ameloblasts develop into secretory stage ameloblasts that slide by one another to form the decussating 
enamel prism pattern and migrate away as the enamel layer thickens. This movement is not well characterized 
and it remains unknown how cohorts of ameloblasts disengage to move in different directions relative to adjacent 
ameloblast cohorts. Once the enamel layer reaches its full thickness, the ameloblasts permanently stop moving 
relative to each other while transitioning (transition stage) into maturation stage ameloblasts. During these last 
two stages the ameloblast and the entire enamel organ will move distally as the incisor erupts2.

MMP20 is secreted during the secretory stage and will cleave both E- and N-cadherins, which may promote 
ameloblast cell movement3. However, in addition to adherens junctions that contain cadherins, ameloblasts also 
have desmosomes and tight junctions4 and the level of complexity of the ameloblast migration suggests that other 
proteinases are likely involved in ameloblast cell movement.

A Disintegrin And Metalloproteinases (ADAMs) are a family of metalloproteinases that contain transmem-
brane domains that function in cell adhesion, migration, angiogenesis and cell signaling5. ADAMs are primarily 
responsible for “ectodomain shedding”, a process whereby cell surface proteins are cleaved near the membrane 
surface. ADAMs are capable of cleaving type-1 and type-2 transmembrane proteins as well as glycosylphosphati-
dylinositol (GPI) anchored molecules6. Of the 22 different ADAMs that have been identified in humans, only 
12 are active proteinases that have the consensus sequence (HExGHxxGxxHD) required for Zn2+-dependent 
protease activity7.
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Strikingly, ADAM proteinases have not been identified in the enamel organ (EO) of any species. Therefore, we 
sought to determine if ADAMs capable of proteolytic activity are expressed in the mouse enamel organ. We iden-
tified six proteolytically active Adams expressed in the enamel organ. Among those six was Adam10. We opted 
to characterize ADAM10 because, 1. Adam10 was the only ADAM expressed at increased levels in the secretory 
stage compared to maturation stage enamel organ, 2. ADAM10 cleaves a wide range of cell adhesion molecules, 
3. Adam10 expression is strongly associated with cell migration, 4. In the intestinal crypt, ADAM10 is associated 
with stem cell proliferation, homeostasis and renewal5, and 5. Mice with conditional ablation of Adam10 display 
tooth malformation8.

Here we demonstrate that ADAM10 is expressed by mouse incisors starting in the apical loop with contin-
uing expression by pre-ameloblasts and secretory stage ameloblasts. However, ADAM10 expression abruptly 
ceases as ameloblasts enter the transition stage of enamel development. This is when ameloblasts stop moving 
relative to one another. RELT is a member of the tumor necrosis factor receptor superfamily (TNFRSF) and is the 
most recently identified gene that when mutated causes AI9. We also show that recombinant-human ADAM10 
(rhADAM10) cleaves the RELT extracellular domain, implicating ADAM10 as an essential component in enamel 
development.

Results
Adams are expressed in the murine enamel organ. We performed an Adam screen for mouse enamel 
organ by use of qPCR. We discovered that Adams 8, 9,10,15,17 and 19 were expressed in the murine enamel organ 
(Fig. 1). To determine if these Adams were differentially expressed between the secretory and maturation stages 
of development, expression was assessed in first molars from 5 day-old pups (P5, predominantly secretory stage) 
and in molars from P12 pups (predominantly maturation stage). Adam10 was the only Adam expressed at greater 
levels in the secretory stage relative to the maturation stage (Fig. 1). Adam 10 was also previously demonstrated 
to cleave the tight junction proteins, F11R and JAM310, cleave the desmosomal component desomglein-211 and 
also E-cadherin12 and N-cadherin13. Therefore, Adam10 was further characterized for its potential to enhance 
cell movement.

ADAM10 is expressed by ameloblasts. To identify the cells that express Adam10 transcripts, we per-
formed in situ hybridization on mouse incisors that contain all stages of enamel development. Adam10 was 

Figure 1. Relative expression levels of ADAM family members in murine first molar enamel organs from P5 
(secretory stage) and P12 (maturation stage) mice. qPCR demonstrated that Adam8, 9, 10, 15, 17, and 19 were 
expressed in mouse enamel organs. However, only Adam10 was expressed predominantly in the secretory stage 
when ameloblast movement occurs. Three biological replicates were analyzed for each of three experiments 
(*p < 0.05; **p < 0.01; Ct, cycle threshold).
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expressed within the entire apical loop and continued through the secretory stage with abrupt termination at the 
transition stage. Sporadic Adam10 expression was also observed in the pulp organ. In contrast, Mmp20 expres-
sion was not present in the apical loop14. Mmp20 expression initiates in pre-ameloblasts and odontoblasts prior 
to the ameloblasts entering the secretory stage of enamel development (Fig. 2a). Therefore, Adam10 is expressed 
in the apical loop when stem cells are moving and differentiating into pre-ameloblasts and its expression contin-
ues during the secretory stage when ameloblasts are moving relative to each other. To confirm that ADAM10 is 
expressed as a protein, we first confirmed that P5 molars present in the secretory stage of development express 
ADAM10 transcripts and then we demonstrated by immunofluorescence procedures that those transcripts were 
translated. (Fig. 2b).

Both ALC and LS8 cells express Relt and Adam10. We asked if two different mouse enamel organ 
derived cell lines express Relt and/or Adam10. qPCR demonstrated that both ameloblast-lineage cells (ALC)15 and 
LS8 cells16 expressed Relt or Adam10 transcripts at similar levels (Fig. 3). Although, no significant expression dif-
ferences existed between the cell lines, we chose LS8 cells for further study because they trended towards higher 
expression levels of both Relt and Adam10.

ADAM10 facilitates LS8 cell movement/invasion. As a prelude to determine if ADAM10 facilitates 
movement/invasion of enamel organ derived cells, Immunoblots were performed to demonstrate the presence of 
ADAM10 on/in these cells (Fig. 4a). To inhibit ADAM10 function as a negative control for migration/invasion 
assays, GI254023X was chosen because it is a potent and selective ADAM10 inhibitor with 100-fold selectivity for 
ADAM10 over its structural homolog ADAM1717. MTT assays were performed to assess the toxicity of LS8 cells 
over a broad range of GI254023X concentrations. Cell viability was normalized to the 0.0 concentration point, 
and all points were plotted against the log inhibitor concentration (Fig. 4b). The IC10, IC25 and IC50 were 46.3, 
131.6 and 353.5 µM respectively.

Figure 2. Adam10 expression begins in the apical loop and continues until the ameloblasts reach the transition 
stage of enamel development. (a) In situ hybridization (ISH) demonstrated that in mouse incisors, Adam10 
expression began in the apical loop and abruptly terminated at the transition stage of development. Its 
expression was confined to the inner enamel epithelium layer, including pre- and secretory stage ameloblasts, 
with sporadic expression in the pulp organ. In contrast, Mmp20 expression began in pre-ameloblasts and its 
expression was confined to ameloblasts and odontoblasts. Boxed areas denote regions that were magnified in 
panels below. (b) Secretory stage P5 molars were used to confirm that Adam10 transcripts were transcribed 
into protein. ISH showed that P5 molar ameloblasts also express Adam10 (left panel) and immunofluorescence 
assays (right panel) demonstrated that these molars expressed ADAM10 protein in the ameloblast layer and 
sporadically within the pulp organ as occurred for Adam10 transcript expression.
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Figure 3. ALC and LS8 cells are each mouse enamel organ derived cell lines. Both cell lines were tested for 
Relt and Adam10 expression. qPCR demonstrated that that both ALC and LS8 cells each expressed Relt and 
Adam10. Although, no significant difference in expression of either gene was observed between cell lines, LS8 
cells did trend toward higher expression levels for both genes assayed. Three biological replicates were analyzed 
for each of three experiments. The positive and negative controls also had three biological replicates, but just 
one experiment was performed (Ct, cycle threshold).

Figure 4. Inhibition of ADAM10 expression impairs LS8 cell migration/invasion through a Matrigel coated 
filter. Both LS8 and ALC enamel organ derived cells express ADAM10 as demonstrated by (a) immunoblot 
analyses that show ADAM10 full length and mature forms. (b) GI254023X is a highly specific ADAM10 
inhibitor. To test for toxicity, MTT assays were performed with the following concentrations of GI254023X: 0, 
20, 50, 100, 200, 500, 1000, and 2000 µM. The IC10, IC25 and IC50 was 46.3, 131.6 and 353.5 respectively. Each 
data point was the average of three wells, and experiments were repeated three times. (c) LS8 cells were seeded 
into Boyden chambers with the indicated concentration of GI254023X added to the serum free medium. To 
account for differences in cell proliferation/viability, the number of cells counted that passed through the filter 
were adjusted by dividing by one minus the decreased cell proliferation/viability rate caused by GI254023X 
treatment. This served to mathematically increase the invaded cell count by including in the count the cells that 
had died or that had failed to proliferate. Even with these mathematical adjustments, significant differences were 
noted in all treatment groups (left panel) showing that ADAM 10 plays a significant role in LS8 cell migration/
invasion. This ADAM10-dependant migration/invasion can also be observed in pictures of the actual cells 
(right panels) that passed through the filter (*p < 0.05).
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LS8 cells were added to Boyden Chambers with the indicated concentrations of GI254023X. After 24 h, the 
number of cells that passed through the Matrigel coated membrane were counted for each concentration of 
ADAM10 inhibitor. The numbers of treated cells counted were adjusted by dividing them by one, minus the 
decrease in cell-proliferation/viability rate relative to the untreated control. This mathematically increased the 
number of counted cells by including in the count the percentage of cells that died and/or that failed to prolif-
erate because of exposure to GI254023X. Even with these adjustments, as the ADAM10 inhibitor concentration 
increased, the number of invading cells significantly decreased as observed graphically and by staining of LS8 
cells that passed through the membrane (Fig. 4c). Therefore, ADAM10 plays a role in LS8 migration/invasion.

ADAM10 cleaves RELT. Recently, mutation of TNF receptor RELT was demonstrated to cause AI9. Relt 
expression begins in pre-ameloblasts, continues through the secretory stage and, like Adam10, abruptly ends as 
the ameloblasts enter the transition stage. Since ADAM10 is a sheddase that can cleave specific TNFRSF mem-
bers and release them from the cell membrane18,19, we asked if ADAM10 can cleave RELT within its extracellular 
domain. To demonstrate rhADAM10 was proteolytically active, we incubated ADAM10 with its known sub-
strate N-cadherin. ADAM10 did cleave rhN-cadherin and ZnCl2 facilitated this cleavage as was expected for a 
zinc-dependent metalloproteinase. rhRELT extracellular domain attached to a glutathione S-transferase (GST) 
tag was assessed to determine if it is a rhADAM10 substrate. rhADAM10 did not cleave the GST tag (not shown), 
but did cleave the RELT extracellular domain and this cleavage was prevented when the ADAM10 inhibitor 
GI250423X was present (Fig. 5a). Note that this RELT ectodomain is composed of 99 amino acids that when 
cleaved, loses the antibody binding site. A motif analysis using Motif Scan (https://myhits.isb-sib.ch/cgi-bin/
motif_scan) for the assessed RELT extracellular domain (aa 26–124), revealed just three questionable or week 
matches to N-myristoylation sites. However, N-myristoylation occurs only on intracellular proteins. Therefore, 
posttranslational modification of the assessed RELT ectodomain domain appears unlikely. Since ADAM17 is best 
characterized for cleaving TNFRSFs, we asked if rhADAM17 also cleaved RELT. Although ADAM17 cleaved 
TNFα, it did not cleave the RELT extracellular domain (Fig. 5b).

Discussion
ADAM10 is one of the best characterized ADAM proteinases. It was first isolated as a membrane-bound metal-
loproteinase that cleaves myelin basic protein20. Deletion of Adam10 is early embryonic lethal (E9.5) and causes 
multiple defects of the central nervous system, somites and cardiovascular system and this is similar to what 
occurs in the absence of Notch/delta signaling6. ADAM10 is well characterized for its role in Notch signaling. 
Notch signaling is an evolutionary conserved pathway that allows adjacent cells to adopt different fates and is 
therefore involved in proliferation, differentiation, and apoptosis during organ formation and morphogenesis21. 
We initially explored the possibility that ADAM10 function in the enamel organ is to regulate Notch signaling. 
However, we found that Adam10 expression initiated in the apical loop and continued only in pre-ameloblasts 
and secretory ameloblasts of the enamel organ. Although Notch is expressed in the stratum intermedium of the 
enamel organ, Notch1, 2 and 3 are apparently not expressed by pre-ameloblasts and ameloblasts22. One possible 
exception is that Notch1 and 2 might be present at the extreme basal end of ameloblasts where they may partic-
ipate in desmosome formation between the ameloblasts and the stratum intermedium23. Even so, the primary 
function of ADAM10 on ameloblast membranes is unlikely to be the shedding of Notch receptors.

However, in addition to Notch receptors, ADAM10 has at least 40 different substrates7 including cadher-
ins, CD44, collagen IV, desmoglein-2, EGF, IL-6 receptor, and the thyrotropin receptor6. One study assessed the 
secretome of primary neurons from E15/E16 brains of control and conditional Adam10 ablated mice. Within 
the secretome, 42 glycoproteins were identified as the most significantly reduced from the Adam10 ablated cells 
when compared to controls. Only 9 of the 42 proteins were previously known ADAM10 substrates and 33 were 
unique24. Separately, we analyzed the functions of all 42 glycoproteins and discovered that 14 of these proteins 
(33%) functioned in cell adhesion. ADAM10 is well characterized for its role in cell adhesion and migration/inva-
sion5. We therefore asked if ADAM10 participates in ameloblast migration. Rodent incisor ameloblasts move with 
the erupting tooth, retreat as the enamel layer thickens, and cohorts of ameloblasts slide by one another to form 
the decussating enamel rod pattern2,25. Previously we demonstrated that MMP20 cleaves E- and N-cadherins 
and we suggested that MMP20 plays a role in ameloblast movement3. This role for MMP20 was supported by 
the observation that when Mmp20 is overexpressed, a massive cell migration occurs into where incisor enamel 
normally forms26. However, MMP20 is not known to cleave desmosome or tight junction proteins present on 
ameloblasts and it is not clear how targeting of specific ameloblast cell-cell junctions occurs, which is necessary 
for cohorts of joined cells to slide by one another. Moreover, MMP20 is not expressed in the apical loop when 
stem cells are migrating distally as they begin differentiating into pre-ameoblasts.

Interestingly, ADAM10 does cleave desmosome and tight junction proteins and can be targeted to specific 
substrates by tetraspanins7. Tetraspanins are a superfamily of transmembrane proteins that function with partner 
proteins to regulate cell trafficking, lateral mobility and clustering at the cell surface. Tetraspanins are required 
for ADAM10 to exit the endoplasmic reticulum and they can dictate ADAM10 location and may cause ADAM10 
to adopt distinct conformations that alter ADAM10 substrate specificity27,28. Therefore, tetraspanins may direct 
ADAM10 to cleave cell-cell adhesions in specific ameloblasts, but not others, to allow cohorts of cells to slide by 
one another to facilitate formation of the characteristic decussating enamel prism pattern in rodent incisors. This 
mechanism is an intriguing possibility that requires further study. In support of a role for ADAM10 in ameloblast 
migration, we show that ADAM10 facilitates the migration/invasion of enamel organ derived LS8 cells (Fig. 4c). 
However, pre-ameloblasts are attached to a basement membrane and do not migrate relative to each other. Since 
ADAM10 cleaves type IV collagen, perhaps it plays a role in formation and/or degradation of the basement mem-
brane that separates pre-ameloblasts and pre-odontoblasts. Although we have made a strong case for ADAM10 
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participation in migration, it is likely that ADAM10 is involved in signaling pathways such as that mediated by 
RELT.

The most striking result was that ADAM10 cleaves the RELT extracellular domain. RELT is a TNFRSF mem-
ber that typically binds to members of the tumor necrosis factor superfamily. However, although a study was 
performed to identify RELT ligands29, none were discovered, which means RELT is an “orphan” receptor. RELT 
may function by inducing T-cell proliferation30 and may induce apoptosis31, but as was pointed out previously9, 
secretory stage ameloblasts are terminally differentiated and do not proliferate and, although maturation stage 
ameloblast undergo apoptosis, RELT is not expressed during the maturation stage. Therefore RELT function 
during enamel development remains to be characterized. However, RELT does activate p38 signalling32,33 and 
p38 MAPK conditional knockout mice have enamel with reduced hardness that fractures from their teeth34. 
Therefore, RELT may play a role in ameloblast p38 activation to provide signaling necessary for proper enamel 
formation and this signaling may be modulated by ADAM10-mediated shedding of RELT from the ameloblast 
cell surface. Interestingly, one of the three families known to date who have RELT mutations that cause AI, have 
a splice junction mutation in intron 3 that alters the coding region (c.121-2 A > G) of the RELT extracellular 
domain. It is not certain if this altered transcript undergoes nonsense-mediated decay9, but if this does not occur 
it would demonstrate the importance of this domain to RELT function.

Figure 5. ADAM10, but not ADAM17, cleaves the RELT TNF receptor. Since the developmental expression 
pattern of ADAM10 and RELT are similar and since both are expressed only in the inner epithelium of the 
enamel organ9, we asked if ADAM10 cleaves the RELT extracellular domain. (a) N-cadherin is an ADAM10 
substrate and was used as a positive control for ADAM10 proteolysis. Recombinant human N-cadherin (rhN-
cadherin) was incubated with rhADAM10. rhADAM10 cleaved rhN-cadherin in a zinc dependent manner, 
which is characteristic of metalloproteinases (left panel). This immunoblot was probed with N-cadherin 
antisera. rhRELT extra cellular domain attached to GST protein was used as the substrate for rhADAM10 
proteolysis assays. ADAM10 cleaved RELT, but did not cleave RELT when in the presence of the ADAM10 
inhibitor GI254023X (10 µM) (right panel). This immunoblot was probed with antisera specific for the RELT 
extracellular domain. (b) Since ADAM17 is best known for cleaving TNFs and TNFRs, we tested rhADAM17 
for its ability to cleave RELT. Like ADAM10, ADAM17 did not cleave the GST protein. A positive control 
immunoblot probed with TNFα antisera demonstrated that rhADAM17 does cleave TNFα (left panel). 
However, the RELT immunoblot showed that ADAM17 did not cleave the RELT extracellular domain (right 
panel).
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From the data presented here, we show that RELT and ADAM10 are expressed in pre-ameloblasts and secre-
tory ameloblasts and both RELT and ADAM10 expression abruptly terminate at the transition stage when amelo-
blasts no longer migrate. Since RELT mutations cause AI9, we associate ADAM10 to a substrate that is essential for 
enamel development. This association is supported by the finding that when ADAM10 was conditionally ablated 
by K14-Cre epidermal ADAM10 deletion, the mice had “irregular tooth formation”. Unfortunately, heterozygous 
mice had no phenotype and over 95% of the homozygous ADAM10 ablated mice died within 24 h8. Therefore, 
only a cursory view of erupted mouse incisors was performed to identify irregular tooth formation.

In conclusion, this is the first report demonstrating that ADAM proteinases are expressed in the mammalian 
enamel organ. Furthermore, we show that ADAM10 expression is restricted to the apical loop, pre-ameloblast 
and secretory stage ameloblasts. It is not expressed in the maturation stage when ameloblast movement ceases. 
ADAM10 can cleave E- and N-cadherins plus desmosome and tight junction proteins and is therefore capable of 
cleaving ameloblast cell-cell adhesions. Additionally, ADAM10 is paired with tetraspanins and these protein part-
ners dictate ADAM10 localization and may dictate substrate specificity. This mechanism of ADAM10 regulation 
provides an intriguing possible mechanism for how cohorts of attached ameloblasts slide by one another to form 
the characteristic enamel prism pattern. Finally, ADAM10 may be the primary sheddase for a receptor (RELT) 
that when mutated causes AI. This inexorably links ADAM10 to dental enamel development.

Methods
Mice. All animals used in this study were housed in Association for Assessment and Accreditation of 
Laboratory Animal Care International (AAALAC)-accredited facilities and were treated humanely based on 
protocols approved by The Ohio State University Institutional Animal Care and Use Committee. Experimental 
protocols were designed along University and National Institutes of Health (NIH) guidelines for the humane use 
of animals.

Real-time quantitative PCR (qPCR) analyses. Total RNA from cells or tissues were isolated using 
Direct-zol RNA Mini Preps (Zymo Research). Total RNA was reverse-transcribed and cDNA was quantified by 
qPCR with mRNA specific primers (Table 1). Relative expression levels of Adam proteases and Relt were calcu-
lated by the 2−ΔΔCt method using Gapdh or 18s rRNA Ct values as the housekeeping gene control35 (*p < 0.05; 
**p < 0.01).

Western blot analyses. Total protein from cells and tissues were extracted with RIPA buffer contain-
ing protease inhibitor cocktail and EDTA. Proteins were electrophoresed and transferred to membranes as 
described previously36. The membranes were then blocked with 5% Blotting-Grade Blocker (Bio-Rad) in TBS-T 
(50 mM Tris, 138 mM NaCl, pH 7.4, 0.1% Tween-20) and subsequently incubated at 4 °C overnight with rabbit 
anti-ADAM10 polyclonal antibody (LifeSpan BioSciences,) or rabbit anti-α-tubulin polyclonal antibody (Cell 
Signaling Technology) followed by incubation with horseradish peroxidase (HRP)-conjugated secondary anti-
bodies (Bio-Rad).

In situ hybridaization (ISH). ISH was performed as described previously9. Briefly, teeth were fixed with 4% 
paraformaldehyde for 24 hours and were decalcified in a solution of 150 mM NaCl/10% acetic acid. The samples 
were then embedded in paraffin, sectioned and deparaffinized. The antisense Adam10 and Mmp20 mRNA probes 
were from Advanced Cell Diagnostics and were used per the manufacture’s protocol.

ADAM10 immunofluorescence. Immunofluorescence was performed as described previously37. Briefly, 
paraffin sections from maxillae containing developing molars harvested from P5 pups were prepared as for ISH. 
After deparaffinization sections were boiled in 10 mM sodium citrate solution pH 6.0 for 20 minutes, followed 
immersion in fresh 2% NaBH4 (Sigma-Aldrich) in PBS for 30 minutes x3 to quench endogenous autofluorescence. 
Slides were incubated with primary antibody (goat anti-Adam10 ectodomain, R&D Systems) overnight at 4 °C, 
followed by addition of fluorescent-labeled secondary antibody (R-Phycoerythrin conjugated donkey anti-goat 
IgG, Santa Cruz Biotechnology) for 1 hour at RT.

MTT and transwell invasion assays. To assess cell proliferation/viability after treatment with the 
ADAM10 inhibitor, GI254023X (Sigma-Aldrich), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) assays were performed. LS8 cells were plated at 2 × 104 cells per well in 96-well plates (Corning) 

Gene name Forward Primer Reverse Primer

18s rRNA GTAACCCGTTGAACCCCATT CCATACCAATCGGTAGTAGCG

Adam8 CCACTCCCAGTTCCTGTTTATG TTGACCTGCTTGGGTTTCAG

Adam9 GCCACCTGGGCATGGAAA TATTTTCGGTTGTGGTGGAGGT

Adam10 ATGACTGGAGTAGAGGAAGGAG TCTTTCAGCCAGAGTTGTGC

Adam15 CCCGCCGCTGCCAAATATAG GATCCACTCAGCGTCCTCTC

Adam17 GGGATCTACAGTCTGCGACA CCACCACCACGACTCTCAAG

Adam19 AGCTTTACCTGGTGGCTGATTA TTCAGGGAGCGGTAAAACTTAT

Gapdh ACTGGCATGGCCTTCCG CAGGCGGCACGTCAGATC

Relt CTGATGATGAAGCGGACCTTG GGAGTTATTGGTGTTGGAGTGG

Table 1. Primers Used for Real-Time quantitative PCR Results.
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and cultured for 24 hours. Culture media was changed to MEMα supplemented with 0.1% bovine serum albumin 
(BSA) to which GI254023X was added. After 24 hours, the MTT assay (Sigma-Aldrich) was performed. To test 
for toxicity, the following concentrations of GI254023X: 0, 20, 50, 100, 200, 500, 1000, and 2000 µM were assessed. 
The IC10, IC25 and IC50 was 46.3, 131.6 and 353.5 respectively. Each data point was the average of three wells, 
and experiments were repeated three times.

For invasion assays, we used 24-well Corning BioCoat Matrigel Invasion Chambers (8 μm pore size). LS8 cells 
were seeded into chambers at 1 × 105 cells containing MEMα supplemented with 0.1% BSA with the indicated 
concentration of GI254023X. Each well contained MEMα with 10% FBS. After 24 hours culture, the invaded cells 
were fixed and stained. Cells were counted in five random fields per membrane and the results were averaged as 
described previously38. To account for differences in cell proliferation/viability caused by GI254023X treatment, 
the numbers of cells counted that passed through the filter were adjusted by dividing by one minus the decreased 
cell proliferation/viability rate as identified by the MTT assay for each concentration of GI254023X. This served 
to mathematically increase the invaded cell count by including in the count the cells that had died or that had 
failed to proliferate at a given concentration of GI254023X. For example, the IC50 dose was 353.5 µM. Therefore, 
1.0–0.5 = 0.5. So if 100 cells passed through the filter (100/0.5 = 200) the cell count was increased to 200. This 
effectively nullified the 50% difference in cell proliferation/toxicity between the 0.0 and 353.5 µM GI254023X 
treatment groups (*p < 0.05).

Protein cleavage assays. Substrates rhN-cadherin extracellular domain (R&D Systems), GST protein 
(Abnova), rhTNFα (LifeSpan BioSciences) and rhRELT extracellular domain (LifeSpan BioSciences) Proteases 
were rhADAM10 and rhADAM17 (R&D Systems). Substrates (0.25 μg) and proteinases (0.25) μg with or with-
out GI254023X in cleavage assay buffer (50 mM Tris, 150 mM NaCl, 10 mM CaCl2 and 1 mM ZnCl2, pH 7.5)39 
were incubated at 37 °C overnight3. Immunoblots were performed as listed above. Antibodies were, sheep 
anti-N-cadherin polyclonal antibody (0.2 μg/ml; R&D Systems), mouse anti-RELT monoclonal antibody 
(1:1000; Thermo Fisher Scientific) and rabbit anti-GST polyclonal antisera (1:1000 Cell Signaling Technology). 
Secondary antibodies were, anti-sheep IgG, HRP-conjugated (1:4000; Thermo Fisher Scientific), anti-mouse IgG, 
HRP-conjugated (1:3000; Cell Signaling Technology) and anti-rabbit IgG, HRP-conjugated secondary antibodies 
(1:3000; Bio-Rad).

Statistical analyses. Results were expressed as mean ± standard deviation (SD). qPCR data were analyzed using 
Student’s t-test or one-way analysis of variance (ANOVA) and Tukey’s honestly significant difference (HSD) test.

Data Availability
The datasets generated during in this study are available from the corresponding author on reasonable request.

References
 1. Li, C. Y. et al. E-cadherin regulates the behavior and fate of epithelial stem cells and their progeny in the mouse incisor. Dev. Biol. 

366, 357–366, https://doi.org/10.1016/j.ydbio.2012.03.012 (2012).
 2. Bartlett, J. D. Dental enamel development: proteinases and their enamel matrix substrates. ISRN dentistry 2013, 684607, https://doi.

org/10.1155/2013/684607 (2013).
 3. Guan, X. & Bartlett, J. D. MMP20 modulates cadherin expression in ameloblasts as enamel develops. J. Dent. Res. 92, 1123–1128, 

https://doi.org/10.1177/0022034513506581 (2013).
 4. Bartlett, J. D. & Smith, C. E. Modulation of cell-cell junctional complexes by matrix metalloproteinases. J. Dent. Res. 92, 10–17, 

https://doi.org/10.1177/0022034512463397 (2013).
 5. Dempsey, P. J. Role of ADAM10 in intestinal crypt homeostasis and tumorigenesis. Biochim Biophys Acta Mol Cell Res 1864, 

2228–2239, https://doi.org/10.1016/j.bbamcr.2017.07.011 (2017).
 6. Reiss, K. & Saftig, P. The “a disintegrin and metalloprotease” (ADAM) family of sheddases: physiological and cellular functions. 

Semin. Cell Dev. Biol. 20, 126–137, https://doi.org/10.1016/j.semcdb.2008.11.002 (2009).
 7. Matthews, A. L. et al. Regulation of Leukocytes by TspanC8 Tetraspanins and the “Molecular Scissor” ADAM10. Front. Immunol. 9, 

1451, https://doi.org/10.3389/fimmu.2018.01451 (2018).
 8. Weber, S. et al. The disintegrin/metalloproteinase Adam10 is essential for epidermal integrity and Notch-mediated signaling. 

Development 138, 495–505, https://doi.org/10.1242/dev.055210 (2011).
 9. Kim, J. W. et al. Mutations in RELT cause autosomal recessive amelogenesis imperfecta. Clin. Genet. 95, 375–383, https://doi.

org/10.1111/cge.13487 (2019).
 10. Wetzel, S., Seipold, L. & Saftig, P. The metalloproteinase ADAM10: A useful therapeutic target? Biochim Biophys Acta Mol Cell Res 

1864, 2071–2081, https://doi.org/10.1016/j.bbamcr.2017.06.005 (2017).
 11. Bech-Serra, J. J. et al. Proteomic identification of desmoglein 2 and activated leukocyte cell adhesion molecule as substrates of 

ADAM17 and ADAM10 by difference gel electrophoresis. Mol. Cell. Biol. 26, 5086–5095, https://doi.org/10.1128/MCB.02380-05 
(2006).

 12. Maretzky, T. et al. ADAM10 mediates E-cadherin shedding and regulates epithelial cell-cell adhesion, migration, and beta-catenin 
translocation. Proc. Natl. Acad. Sci. USA 102, 9182–9187, https://doi.org/10.1073/pnas.0500918102 (2005).

 13. Reiss, K. et al. ADAM10 cleavage of N-cadherin and regulation of cell-cell adhesion and beta-catenin nuclear signalling. EMBO J. 
24, 742–752, https://doi.org/10.1038/sj.emboj.7600548 (2005).

 14. Begue-Kirn, C., Krebsbach, P. H., Bartlett, J. D. & Butler, W. T. Dentin sialoprotein, dentin phosphoprotein, enamelysin and 
ameloblastin: tooth-specific molecules that are distinctively expressed during murine dental differentiation. Eur. J. Oral Sci. 106, 
963–970 (1998).

 15. Nakata, A. et al. Establishment and characterization of a spontaneously immortalized mouse ameloblast-lineage cell line. Biochem.
Biophys.Res Commun. 308, 834–839 (2003).

 16. Chen, L. S., Couwenhoven, R. I., Hsu, D., Luo, W. & Snead, M. L. Maintenance of amelogenin gene expression by transformed 
epithelial cells of mouse enamel organ. Arch. Oral Biol. 37, 771–778 (1992).

 17. Hundhausen, C. et al. The disintegrin-like metalloproteinase ADAM10 is involved in constitutive cleavage of CX3CL1 (fractalkine) 
and regulates CX3CL1-mediated cell-cell adhesion. Blood 102, 1186–1195, https://doi.org/10.1182/blood-2002-12-3775 (2003).

 18. Mezyk-Kopec, R. et al. Identification of ADAM10 as a major TNF sheddase in ADAM17-deficient fibroblasts. Cytokine 46, 309–315, 
https://doi.org/10.1016/j.cyto.2009.03.002 (2009).

https://doi.org/10.1038/s41598-019-50277-y
https://doi.org/10.1016/j.ydbio.2012.03.012
https://doi.org/10.1155/2013/684607
https://doi.org/10.1155/2013/684607
https://doi.org/10.1177/0022034513506581
https://doi.org/10.1177/0022034512463397
https://doi.org/10.1016/j.bbamcr.2017.07.011
https://doi.org/10.1016/j.semcdb.2008.11.002
https://doi.org/10.3389/fimmu.2018.01451
https://doi.org/10.1242/dev.055210
https://doi.org/10.1111/cge.13487
https://doi.org/10.1111/cge.13487
https://doi.org/10.1016/j.bbamcr.2017.06.005
https://doi.org/10.1128/MCB.02380-05
https://doi.org/10.1073/pnas.0500918102
https://doi.org/10.1038/sj.emboj.7600548
https://doi.org/10.1182/blood-2002-12-3775
https://doi.org/10.1016/j.cyto.2009.03.002


9Scientific RepoRtS |         (2019) 9:14086  | https://doi.org/10.1038/s41598-019-50277-y

www.nature.com/scientificreportswww.nature.com/scientificreports/

 19. Yang, W. S., Moon, S. Y., Lee, M. J., Lee, E. K. & Park, S. K. Diosgenin, an Activator of 1,25D3-MARRS Receptor/ERp57, Attenuates 
the Effects of TNF-alpha by Causing ADAM10-Dependent Ectodomain Shedding of TNF Receptor 1. Cell. Physiol. Biochem. 43, 
2434–2445, https://doi.org/10.1159/000484396 (2017).

 20. Howard, L. & Glynn, P. Membrane-associated metalloproteinase recognized by characteristic cleavage of myelin basic protein: assay 
and isolation. Methods Enzymol. 248, 388–395 (1995).

 21. Mitsiadis, T. A., Graf, D., Luder, H., Gridley, T. & Bluteau, G. BMPs and FGFs target Notch signalling via jagged 2 to regulate tooth 
morphogenesis and cytodifferentiation. Development 137, 3025–3035, https://doi.org/10.1242/dev.049528 (2010).

 22. Mitsiadis, T. A., Lardelli, M., Lendahl, U. & Thesleff, I. Expression of Notch 1, 2 and 3 is regulated by epithelial-mesenchymal 
interactions and retinoic acid in the developing mouse tooth and associated with determination of ameloblast cell fate. J. Cell Biol. 
130, 407–418, https://doi.org/10.1083/jcb.130.2.407 (1995).

 23. Jheon, A. H. et al. Inhibition of Notch Signaling During Mouse Incisor Renewal Leads to Enamel Defects. J. Bone Miner. Res. 31, 
152–162, https://doi.org/10.1002/jbmr.2591 (2016).

 24. Kuhn, P. H. et al. Systematic substrate identification indicates a central role for the metalloprotease ADAM10 in axon targeting and 
synapse function. Elife 5, https://doi.org/10.7554/eLife.12748 (2016).

 25. Smith, C. E., Hu, Y., Hu, J. C. & Simmer, J. P. Quantitative analysis of the core 2D arrangement and distribution of enamel rods in 
cross-sections of mandibular mouse incisors. J. Anat. 234, 274–290, https://doi.org/10.1111/joa.12912 (2019).

 26. Shin, M., Suzuki, M., Guan, X., Smith, C. E. & Bartlett, J. D. Murine matrix metalloproteinase-20 overexpression stimulates cell 
invasion into the enamel layer via enhanced Wnt signaling. Sci. Rep. 6, 29492, https://doi.org/10.1038/srep29492 (2016).

 27. Matthews, A. L., Szyroka, J., Collier, R., Noy, P. J. & Tomlinson, M. G. Scissor sisters: regulation of ADAM10 by the TspanC8 
tetraspanins. Biochem. Soc. Trans. 45, 719–730, https://doi.org/10.1042/BST20160290 (2017).

 28. Saint-Pol, J. et al. Regulation of the trafficking and the function of the metalloprotease ADAM10 by tetraspanins. Biochem. Soc. 
Trans. 45, 937–944, https://doi.org/10.1042/BST20160296 (2017).

 29. Bossen, C. et al. Interactions of tumor necrosis factor (TNF) and TNF receptor family members in the mouse and human. J. Biol. 
Chem. 281, 13964–13971, https://doi.org/10.1074/jbc.M601553200 (2006).

 30. Sica, G. L. et al. RELT, a new member of the tumor necrosis factor receptor superfamily, is selectively expressed in hematopoietic 
tissues and activates transcription factor NF-kappaB. Blood 97, 2702–2707 (2001).

 31. Cusick, J. K., Mustian, A., Goldberg, K. & Reyland, M. E. RELT induces cellular death in HEK 293 epithelial cells. Cell. Immunol. 
261, 1–8, https://doi.org/10.1016/j.cellimm.2009.10.013 (2010).

 32. Moua, P. et al. RELT family members activate p38 and induce apoptosis by a mechanism distinct from TNFR1. Biochem. Biophys. 
Res. Commun. 491, 25–32, https://doi.org/10.1016/j.bbrc.2017.07.022 (2017).

 33. Polek, T. C., Talpaz, M. & Spivak-Kroizman, T. The TNF receptor, RELT, binds SPAK and uses it to mediate p38 and JNK activation. 
Biochem. Biophys. Res. Commun. 343, 125–134, https://doi.org/10.1016/j.bbrc.2006.02.125 (2006).

 34. Greenblatt, M. B. et al. p38alpha MAPK is required for tooth morphogenesis and enamel secretion. J. Biol. Chem. 290, 284–295, 
https://doi.org/10.1074/jbc.M114.599274 (2015).

 35. Livak, K. J. & Schmittgen, T. D. Analysis of relative gene expression data using real-time quantitative PCR and the 2(-Delta Delta 
C(T)) Method. Methods 25, 402–408, https://doi.org/10.1006/meth.2001.1262 (2001).

 36. Suzuki, M., Ikeda, A. & Bartlett, J. D. Sirt1 overexpression suppresses fluoride-induced p53 acetylation to alleviate fluoride toxicity 
in ameloblasts responsible for enamel formation. Arch. Toxicol. 92, 1283–1293, https://doi.org/10.1007/s00204-017-2135-2 (2018).

 37. Suzuki, M., Bandoski, C. & Bartlett, J. D. Fluoride induces oxidative damage and SIRT1/autophagy through ROS-mediated JNK 
signaling. Free Radic. Biol. Med. 89, 369–378, https://doi.org/10.1016/j.freeradbiomed.2015.08.015 (2015).

 38. Guan, X., Xu, M., Millar, S. E. & Bartlett, J. D. Beta-catenin is essential for ameloblast movement during enamel development. Eur. 
J. Oral Sci. 124, 221–227, https://doi.org/10.1111/eos.12261 (2016).

 39. Conant, K. et al. Matrix metalloproteinase activity stimulates N-cadherin shedding and the soluble N-cadherin ectodomain 
promotes classical microglial activation. J. Neuroinflammation 14, 56, https://doi.org/10.1186/s12974-017-0827-4 (2017).

Acknowledgements
We thank Dr. James P. Simmer for reviewing the manuscript, Drs. Shunjiro Yamakawa and Noriyasu Hosoya 
(Tsurumi University) for assistance with experimental procedures, Dr. Malcom L. Snead (University of Southern 
California) for use of his LS8 cells, and Dr. Toshihiro Sugiyama (Akita University) for use of his ALC cells. This 
research was supported by The Ohio State University, College of Dentistry and by the National Institute of Dental 
and Craniofacial Research of the National Institutes of Health under award number R01DE 028297 (J.D.B.).

Author Contributions
A.I. and J.D.B. design the project; A.I., S.S., B.R.B. and M.S. performed experiments; all authors contributed to 
data analyses, A.I. and J.D.B. drafted the manuscript. All authors approved the final version of the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-019-50277-y.
Competing Interests: The authors declare no competing interests.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019

https://doi.org/10.1038/s41598-019-50277-y
https://doi.org/10.1159/000484396
https://doi.org/10.1242/dev.049528
https://doi.org/10.1083/jcb.130.2.407
https://doi.org/10.1002/jbmr.2591
https://doi.org/10.7554/eLife.12748
https://doi.org/10.1111/joa.12912
https://doi.org/10.1038/srep29492
https://doi.org/10.1042/BST20160290
https://doi.org/10.1042/BST20160296
https://doi.org/10.1074/jbc.M601553200
https://doi.org/10.1016/j.cellimm.2009.10.013
https://doi.org/10.1016/j.bbrc.2017.07.022
https://doi.org/10.1016/j.bbrc.2006.02.125
https://doi.org/10.1074/jbc.M114.599274
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1007/s00204-017-2135-2
https://doi.org/10.1016/j.freeradbiomed.2015.08.015
https://doi.org/10.1111/eos.12261
https://doi.org/10.1186/s12974-017-0827-4
https://doi.org/10.1038/s41598-019-50277-y
http://creativecommons.org/licenses/by/4.0/

	ADAM10 is Expressed by Ameloblasts, Cleaves the RELT TNF Receptor Extracellular Domain and Facilitates Enamel Development
	Results
	Adams are expressed in the murine enamel organ. 
	ADAM10 is expressed by ameloblasts. 
	Both ALC and LS8 cells express Relt and Adam10. 
	ADAM10 facilitates LS8 cell movement/invasion. 
	ADAM10 cleaves RELT. 

	Discussion
	Methods
	Mice. 
	Real-time quantitative PCR (qPCR) analyses. 
	Western blot analyses. 
	In situ hybridaization (ISH). 
	ADAM10 immunofluorescence. 
	MTT and transwell invasion assays. 
	Protein cleavage assays. 
	Statistical analyses. 

	Acknowledgements
	Figure 1 Relative expression levels of ADAM family members in murine first molar enamel organs from P5 (secretory stage) and P12 (maturation stage) mice.
	Figure 2 Adam10 expression begins in the apical loop and continues until the ameloblasts reach the transition stage of enamel development.
	Figure 3 ALC and LS8 cells are each mouse enamel organ derived cell lines.
	Figure 4 Inhibition of ADAM10 expression impairs LS8 cell migration/invasion through a Matrigel coated filter.
	Figure 5 ADAM10, but not ADAM17, cleaves the RELT TNF receptor.
	Table 1 Primers Used for Real-Time quantitative PCR Results.




