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ABSTRACT

Matrix metalloproteinase-20 (enamelysin,
MMP20) is essential for dental enamel develop-
ment. Seven different MMP20 mutations in
humans cause non-syndromic enamel malforma-
tions, termed amelogenesis imperfecta, and abla-
tion of Mmp20 in mice results in thin brittle
enamel with a dysplastic rod pattern. Healthy
enamel formation requires the sliding movement
of ameloblasts in rows during the secretory stage
of development. This is essential for formation of
the characteristic decussating enamel rod pattern
observed in rodents, and this is also when MMP20
is secreted into the enamel matrix. Therefore, we
propose that MMP20 facilitates ameloblast move-
ment by cleaving ameloblast cell-cell contacts.
Here we show that MMP20 cleaves the extracel-
lular domains of the E- and N-cadherin adherens
junction proteins, that both E- and N-cadherin
transcripts are expressed at significantly higher
levels in Mmp20 null vs. wild-type (WT) mice, and
that in Mmp20 ablated mice, high-level ameloblast
N-cadherin expression persists during the matura-
tion stage of development. Furthermore, we show
that E-cadherin gene expression is down-regulated
from the pre-secretory to the secretory stage, while
N-cadherin levels are up-regulated. This E- to
N-cadherin switch supports epithelial migration in
other tissues and may be an important event neces-
sary for the ameloblasts to start moving in rows
that slide by one another.
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MMP20 Modulates Cadherin
Expression in Ameloblasts as
Enamel Develops

INTRODUCTION

MP20 is a tooth-specific matrix metalloproteinase that is expressed in

odontoblasts and in ameloblasts during the secretory stage of dental
enamel development. As the secretory stage begins, the ameloblasts elon-
gate, form Tomes’ processes at their apical end nearest the forming enamel,
and secrete large amounts of enamel matrix proteins including amelogenin,
ameloblastin, and enamelin (Bartlett and Simmer, 1999). Seven different
human MMP2(0 mutations are known to cause autosomal recessive hypo-
maturation or hypoplastic-hypomaturation amelogenesis imperfecta (Kim
et al.,2005; Ozdemir et al., 2005; Papagerakis et al., 2008; Lee et al., 2010;
Gasse et al., 2013; Wang et al., 2013). Mmp20 null mice have soft brittle
enamel and a dysplastic enamel rod pattern (Bartlett ez al., 2011a). MMP20
cleaves enamel matrix proteins, and we hypothesize that, in addition,
MMP20 may also cleave ameloblast cell-cell junctions to facilitate amelo-
blast movement in rows necessary to form mammalian rod patterns (Bartlett
and Smith, 2013).

Adherens junctions (AJ) mediate cell-cell interactions. The functions of
AlJs include: initiation and stabilization of cell-cell adhesion, regulation of the
actin cytoskeleton, intracellular signaling, and transcriptional regulation.
Cadherins are a major component of AJs. They are calcium-dependent single-
pass transmembrane proteins mediating cell-cell adhesion through their extra-
cellular domains (Wheelock and Johnson, 2003a), and their intracellular
domains are linked to the actin cytoskeleton by catenins (Hartsock and
Nelson, 2008). More than 20 types of cadherins have been identified, each
expressed in various tissues (Saito ef al., 2012). For example, E-cadherin, one
of the most-studied members of the cadherin superfamily, is typically
expressed in epithelial cells, while N-cadherin is primarily expressed in mes-
enchymal cells. During normal embryonic development, cadherins play criti-
cal roles in regulating cell polarity and establishing cell sorting (Patel et al.,
2003; Wheelock and Johnson, 2003b; Gumbiner, 2005). Cadherin switching
occurs when cadherin isoforms change expression levels and in most cases
refers to the down-regulation of E-cadherin and up-regulation of N-cadherin.
This E- to N-cadherin switch was observed during development such as dur-
ing gastrulation, when epiblast cells ingress through the primitive streak and
when neural crest cells emigrate through the neural tube (Wheelock et al.,
2008).

MMPs facilitate cell movement by cleaving the extracellular domain of
cadherins, and cadherin cleavage can release p120-catenin and 3-catenin
from the intracellular cadherin domain. These molecules can enter the cell
nucleus to alter gene expression (Munshi and Stack, 2006). Here we
seek to determine if a lack of MMP20 alters cadherin expression and
abundance.
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MATERIALS & METHODS
Mice

All handling, care, and usage of animals were approved by The
Forsyth Institute. Mice were housed in an AAALAC-approved
facility. The origin of the Mmp20 null mice was as previously
described (Caterina et al., 2002).

Cell Culture

Ameloblast-lineage cells (ALC) (Nakata et al, 2003) were
grown in Dulbecco’s Modified Eagle’s Medium supplemented
with 10% fetal bovine serum, 4.5 g/L D-glucose, 4 mM
L-glutamine, and 110 mg/L sodium pyruvate (Invitrogen,
Carlsbad, CA, USA), and were harvested 3 days after reaching
100% confluence to allow for sufficient E- and N-cadherin
expression.

Cadherin Cleavage Assay and Immunoblotting

Cells were washed with phosphate-buffered saline and subjected
to lysis in RIPA buffer (50 mM Tris-HCI, pH 7.5, 150 mM NacCl,
1% NP-40, 0.5% sodium deoxycholate) with Halt protease and
phosphatase inhibitor cocktail (EDTA-free) (Pierce, Rockford,
IL, USA). Each 50-uL reaction contained 0.2 ug MMP20 cata-
Iytic domain (Enzo Life Sciences, Farmingdale, NY, USA),
2 mM CaCl,, or 10 mM EDTA, and cell lysate containing E- and
N-cadherin. Reactions were incubated at 37°C for 5 hrs, and
products were fractionated on SDS-PAGE gels. Cadherin frag-
ments were visualized by Western blotting, with mouse mono-
clonal E- or N-cadherin antibodies (BD Biosciences, Franklin
Lakes, NJ, USA) targeting the cytosolic portions of cadherins,
and polyclonal E-/N-cadherin antibodies (R&D Systems,
Minneapolis, MN, USA) targeting their extracellular domains.
To test whether MMP20 cleaves cadherin extracellular domains,
we used recombinant human E- and N-cadherin Fc chimera as
substrates (R&D Systems). Each 25-uL reaction contained
0.05 png MMP20 catalytic domain, 0.5 pg recombinant cadherin
extracellular domain, and cleavage assay buffer (50 mM Tris-
HCI, pH 7.5, 150 mM NaCl, 10 mM CaCl,, and 0.1% Brij-35)
or 10 mM EDTA. Reactions were incubated at 37°C overnight
to ensure full cleavage. Western blotting was performed with
human E- or N-cadherin antibodies (R&D Systems) and anti-
His(C-term) antibody (Invitrogen).

Quantitative Real-time PCR (qPCR)

mRNA from 1-, 5-, or 11-day-old mouse first molar enamel
organs was reverse-transcribed to cDNA. Each qPCR reaction
contained LightCycler 480 SYBR Green I Master (Roche,
Basel, Switzerland), cDNA, and 0.25 uM forward and reverse
primers. Primers were: Cdhl (E-cadherin) forward (5'-CAG
CCTTCTTTTCGGAAGACT-3'), reverse (5'-GGTAGACAG
CTCCCTATGACTG-3'); Cdh2 (N-cadherin) forward (5'-CCA
GCAGATTTCAAGGTGGAC-3"), reverse (5'-TTACAGCTAC
CTGCCACTTTTC-3"); and Rni8s (18S ribosomal RNA) for-
ward (5'-GTAACCCGTTGAACCCCATT-3"), reverse (5'-CC
ATCCAATCGGTAGTAGCG-3'). Reactions were run on a
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Roche LightCycler 480 with the following program: 3 min at
95°C for initial denaturation, and 95°C for 15 sec, 58°C for
15 sec, and 72°C for 15 sec for 40 cycles, followed by a melting
curve. We generated standard curves with each primer set using
control samples prepared by pooling all cDNA samples and
making a 4-fold dilution series covering all sample concentra-
tions. Reaction efficiencies and cadherin gene expression levels
normalized to the reference gene Rnl8s were calculated as pre-
viously described (Pfaffl, 2001). All expression levels are pre-
sented as relative ratios to the WT day 1 data. Each time-point
was obtained by duplicate qPCR analysis, and the experiment
was repeated three times. Statistical significance was assessed
by ¢ tests.

Enamel Organ Protein Extraction

Enamel organs of five-day-old first molars from WT and
Mmp20 null mice were extracted and homogenized in RIPA buf-
fer with Halt protease and phosphatase inhibitor cocktail and
5 mM EDTA. Cell debris was removed by centrifugation, and
the lysate was analyzed by Western blotting with polyclonal
E- or N-cadherin antibodies (R&D Systems).

Immunohistochemistry (IHC)

WT and Mmp20 null mouse incisor sections were deparaffinized
and rehydrated. Endogenous peroxidase activity was quenched
with 1% H,O, in methanol for 30 min. Sections were either
incubated in blocking serum overnight at 4°C, followed by one-
hour incubation with 1:250 diluted mouse monoclonal
E-cadherin antibody (BD Biosciences), or blocked for 30 min at
RT, and incubated with rabbit polyclonal N-cadherin antibody
(Abcam, Cambridge, England) at a 1:1,000 dilution overnight at
4°C. Sections without primary antibody were used as negative
controls. Antibody binding was visualized with the Vector
M.O.M. Immunodetection Kit for E-cadherin and the Vectastain
Elite ABC Kit for N-cadherin with InmPACT DAB peroxidase
substrate (Vector Laboratories, Burlingame, CA, USA). Sections
were counterstained with 0.1% Fast Green in PBS for 2 min,
dehydrated, and mounted.

RESULTS

MMP20 Cleaves the Extracellular Domains
of E- and N-cadherin

ALC cells expressed both E- and N-cadherin and expressed
elevated levels of E-cadherin when cells become tightly conflu-
ent. Cell lysates were added to the reactions, and products were
fractioned by SDS-PAGE gels. In the absence of MMP20, anti-
E- and anti-N-cadherin antibodies detected intact cadherin pro-
teins at 120 kDa and 130 kDa, respectively. In reactions with
MMP20, the intact cadherin amount became smaller, and a
major 75-kDa extracellular fragment for E-cadherin and a
90-kDa extracellular fragment for N-cadherin were observed
(Fig. 1). The cleavage assay was also conducted in the presence
of 10 mM EDTA, demonstrating that EDTA inhibited MMP20
activity. This is consistent with results expected for a matrix
metalloproteinase (MMP20).



J Dent Res 92(12) 2013

| E-Cadherin | | N-Cadherin |
MMP20 - + + -+ o+
EDTA - - + . -+
__ 150— — - e
a| 100—
| 75— g
3| 37—
2| 150 =
< - w—
g 75— e
-]
Q
S| 50—
=
W] 37—

Figure 1. MMP20 cleaved E- and N-cadherins from ALC cell lysate.
Reactions containing the MMP20 catalytic domain and ALC cell lysate
were run on an SDS-PAGE gel, and cadherin proteins and fragments
were defected by Western blotting. The left side represents anti-E-
cadherin Western blotting and the integral protein runs at 120 kDa,
whereas the right side represents anti-N-cadherin Western blotting with
N-cadherin detected at 130 kDa. The gels were probed by antibodies
targeting both the cytosolic domain (upper panels) and extracellular
domain (lower panels) of cadherins to demonstrate cleavage. MMP20
activity was inhibited by EDTA.

To determine if MMP20 targeted the extracellular domain of
each cadherin, we used recombinant human cadherin extracel-
lular domains as substrates. The extracellular domains were
attached to a C-terminal 6X His-Tag (Fig. 2a). Cleavage prod-
ucts were identified with anti-cadherin antibodies that bind
specifically to extracellular domains and antibodies specific for
the 6X His-Tag. In reactions without MMP20 or with both
MMP20 and ETDA, only the intact cadherin bands were
observed (Fig. 2b), indicating that no cleavage took place. With
MMP20, the intact protein bands disappeared, and the E- and
N-cadherin reactions produced predominant fragments at 75 and
90 kDa, respectively. The anti-His-Tag antibody after MMP20
cleavage revealed a 35-kDa C-terminal fragment from
E-cadherin and a 37-kDa C-terminal fragment from N-cadherin.
The fragments were larger than the human IgG, Fc domain (~27
kDa) plus the 6-amino-acid (IEGRMD) linker (~0.8 kDa) and
6X His-Tag (~0.9 kDa). These results demonstrate that both
cadherins were cleaved within their extracellular domains.

MMP20 Regulates E- and N-cadherin Levels in vivo

qPCR was performed on enamel organs isolated from first
molars of post-natal day 1 (pre-secretory), day 5 (secretory), and
day 11 (maturation) mice for assessment of E- and N-cadherin
expression levels. E-cadherin gene expression level was signifi-
cantly down-regulated from the pre-secretory to the secretory
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Figure 2. MMP20 cleaved the extracellular domain of E- and
N-cadherins. (a) Schematic representation of human recombinant
E-/N-cadherin extracellular domains. The N-terminal extracellular
domains are linked to human IgG; Fc fragment through a é-amino-acid
linker IEGRMD, and a 6X HisTag is present at each Cterminus. (b)
Reactions were fractionated on SDS-PAGE gels, and cadherin proteins
were probed by Western blotting with both anti-cadherin antibodies
and anti-His-Tag antibody. The former detects N-erminal fragments
and the latter detects Cterminal fragments. Integral E- and N-cadherin
recombinant proteins were run as doublets at 120 and 130 kDaq,
respectively. The cleaved fragments detected by the anti-His-Tag
antibody were too large fo contain just the linker plus IgG, Fc fragment
plus 6X His-Tag, so the cut sites were in the extracellular cadherin
domains.

stage, while N-cadherin was up-regulated (Fig. 3a), indicating
that cadherin switching occurred during the secretory stage,
when MMP20 was secreted. Unexpectedly, the Mmp20 ablated
mice expressed significantly more E- and N-cadherin transcripts
than WT for all but the E-cadherin maturation stage (Fig. 3a).
The difference between genotypes was greatest for N-cadherin
expressed during the secretory stage. This suggests that cleav-
age of cadherin extracellular domains by MMP20 served to
regulate cadherin expression indirectly. Perhaps this occurred
through the subsequent release of catenins when the cleaved
cadherin intracellular domains were removed.

Since the qPCR results showed the biggest difference
between genotypes in cadherin expression during the secretory
stage, these enamel organs were collected from WT and Mmp20
null mice, and total protein was extracted in RIPA buffer. E- and
N-cadherin levels were analyzed by Western blotting. Intact E-
and N-cadherins were detected in both WT and null samples
(Fig. 3b). N-cadherin protein levels were elevated approxi-
mately three-fold in Mmp20 ablated enamel organs when com-
pared with WT.

Localization of Cadherin Proteins to the
Ameloblasts of the Enamel Organ

Mouse incisors erupt continuously, and therefore contain every
enamel developmental stage. We performed immunohistochem-
istry on incisors from both WT and Mmp20 null mice to visualize
cadherin protein location at each stage. Both E- and N-cadherin
were localized to the ameloblasts of the enamel organ. However,
their patterns of expression differed. Pre-secretory ameloblasts
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Figure 3. E- and N-cadherins were over-expressed in Mmp20 ablated mice. (a) Pools of tissue
consisting of first molar enamel organs from five 1-day-old, five 5-day-old, and four 11-day-old
mice for each genotype were collected for mRNA extraction and qPCR analysis. gPCR results
demonstrate that, during the secretory stage, E- and N-cadherin transcripts were significantly
increased in first molar enamel organs from Mmp20 ablated mice vs. WT controls. During the
maturation stage, N-cadherin transcripts from ablated mice were also significantly increased
over those of controls (*p < .05; **p < .005; ***p < .0001). In addition, an E- to N-cadherin
swifch at the transcript level was observed from the pre-secretory (day 1) to the secrefory stage
(day 5). (b) Total protein extracts from 5-day-old (secretory stage) first molar enamel organs of
six WT and Mmp20 null mice were analyzed by Western blotting, and 3 of each are shown
in this Fig. E-/N-cadherins were probed by antibodies recognizing their extracellular domains.
a-Tubulin was used as a loading control to ensure that the same amount of total protein was
loaded in each lane. Higher levels (approximately three-fold) of full-length N-cadherin were
observed in Mmp20 null samples compared with WT controls (p = .040).

expressed E-cadherin strongly, and expression was greatly
diminished in the secretory stage. Conversely, N-cadherin had
little to no expression in pre-secretory ameloblasts but was
strongly expressed in the secretory stage (Fig. 4). This confirms
our qPCR result as the hallmark of a cadherin switch that may
allow for ameloblast movement during the secretory stage.

Interestingly, the strong E-cadherin staining observed in the
Mmp20 null papillary layer (maturation stage) located above the
ameloblasts was absent in the WT section. In several sections of
maturation-stage ameloblasts from Mmp20 ablated mice,
N-cadherin expression was not down-regulated. These short-
ened maturation-stage ameloblasts sometimes appeared to elon-
gate and proceed back to the secretory stage (Fig. 4, lower right
panel), where they may again be expected to express N-cadherin.
Alternatively, a lack of N-cadherin cleavage during the secre-
tory stage may result in its accumulation into the maturation
stage.

DISCUSSION

MMPs were previously shown to cleave cadherins. For exam-
ple, MMP-3, -7, and -9 cleave the extracellular domain of
E-cadherin to facilitate cell movement, cell invasion, and cell
proliferation (Lochter et al., 1997; McGuire et al., 2003;

nificant, because the ameloblast E- to
N-cadherin switch occurs at the begin-
ning of the secretory stage, when amelo-
blasts start moving to form mammalian
rod patterns. It follows that N-cadherin
cleavage and re-attachment would be
necessary for ameloblast movement.

The results demonstrating that
Mmp20 ablated mice have increased E-
and N-cadherin transcript levels within
their enamel organs were unexpected.
Cell-cell adhesion is a highly dynamic
process, and extensive remodeling
occurs among junctional complexes
(Shen et al., 2011). Perhaps when a cad-
herin is cleaved and the intracellular domain is disassembled,
some of the released catenins migrate to the nucleus to play a
regulatory role by suppressing cadherin expression for the pur-
pose of facilitating cell movement. Further research is necessary
to identify this mechanism.

The E- and N-cadherin protein levels (Western blots) from
WT and Mmp20 null mouse enamel organs did show an approx-
imately three-fold increase in N-cadherin for ablated mice in the
secretory stage, which was likely the product of increased
expression levels and decreased N-cadherin cleavage. The
Western blot results were significant because immunodetection
of proteins from multiple tissues can be inefficient. It is not
practical to remove ameloblasts from first molar enamel organs,
so the stratum intermedium, stellate reticulum, and outer enamel
epithelium were also present in the protein extraction. We did
not see a protein-level difference for E-cadherin, perhaps
because of interference from the multiple tissues and/or its
reduced expression due to the cadherin switch that occurs at the
beginning of the secretory stage.

The immunohistochemical results demonstrated a pro-
nounced E- to N-cadherin switch from the pre-secretory to the
secretory stage of enamel development. This occurred regard-
less of the presence of MMP20. However, the most striking
result showed that, in the Mmp20 ablated mice, but not WT,
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Figure 4. Localization of E- and N-cadherins to the ameloblast layer of mouse enamel organs. Thin sections of pre-secretory, secretory, and
maturation-stage enamel organs were stained by immunohistochemical procedures with E- and N-cadherin antibodies. A strong E- to N-cadherin
switch from the pre-secretory to the secretory stage was observed in WT and Mmp20 ablated ameloblasts. In WT samples, staining of both
cadherins declined in the maturation stage, while in Mmp20 null samples, strong staining for N-cadherin persisted into the maturation stage. All

images were taken at 200X magnification.

N-cadherin protein persisted in the ameloblasts during the matu-
ration stage. Previously, we showed that Mmp20 null amelo-
blasts abnormally extend, retract, and later re-extend their
Tomes’ processes (Bartlett et al., 2011b), indicating that the
ameloblasts did not fully enter the maturation stage. Therefore,
one interpretation of persistent N-cadherin expression in Mmp20
ablated maturation-stage ameloblasts is that the ameloblasts
have not fully entered the maturation stage and therefore still
express N-cadherin. This was reflected by the elongation of the
Mmp20 ablated maturation-stage ameloblasts to a more “secre-
tory stage-like” morphology. Alternatively, the lack of
N-cadherin cleavage by MMP20 may have inhibited cadherin
turnover and increased N-cadherin expression (qPCR and
Western blot results), causing the accumulation of N-cadherin
that persisted into the maturation stage.

In summary, we show that MMP20 cleaves the extracellular
domains of the E- and N-cadherin adherens junction proteins, that

both E- and N-cadherin transcripts are expressed at significantly
higher levels in Mmp20 null vs. wild-type (WT) mice, that a pro-
found cadherin switch occurs from E- to N-cadherin when amelo-
blasts progress from the pre-secretory stage into the secretory
stage of enamel development, and that, in Mmp20 ablated mice,
high-level ameloblast N-cadherin expression persists during the
maturation stage of development. Analysis of these data suggests
that, in addition to the fundamental role of MMP20 in cleaving
enamel matrix proteins, MMP20 may also cleave the junctional
complexes necessary for ameloblast cell movement.
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