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Abstract

Objective—Enamel matrix derivative (EMD), is an extract of porcine developing enamel matrix.
Its commercialised form Emdogain, is claimed to stimulate periodontal regeneration by
recapitulating original developmental processes, although the mechanism remains unclear. Our
objective was to investigate interactions between EMD and human periodontal ligament (HPDL)
fibroblasts in vitro.

Design—HPDL fibroblasts were cultured in the presence of fluorescently labelled EMD and
cellular EMD uptake was monitored using confocal laser scanning microscopy and
immunohistochemistry. Internalised EMD proteins were characterised using SDS-PAGE.

Results—EMD was internalised by HPDL fibroblasts leading to the appearance of multiple,
vesicle-like structure in the cytoplasm. The internalised protein was composed mainly of the major
20 kDa amelogenin component of EMD which was subsequently processed with time to generate
a cumulative 5 kDa component.

Conclusions—Cellular uptake and subsequent intracellular processing of EMD components by
dental mesenchymal cells may play a role in EMD bioactivity and in part explain the turnover of
Emdogain when placed clinically.
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1. Introduction

Emdogain is a commercialised extract of porcine developing enamel derived matrix (EMD)
used clinically to regenerate periodontal tissues reportedly by mimicking the developmental
processes associated with tooth development.1 The molecular mechanism(s) responsible for
EMD’s efficacy are not fully known. Since early immunoassay studies were unable to detect
the presence of growth-factors within EMD the effects of EMD were largely attributed to
amelogenins? which comprise >90% of the proteins in EMD.3 Full-length amelogenin® and
the alternatively spliced variant, leucine rich amelogenin peptide (LRAP), appear capable of
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controlling gene expression.>~8 However, other studies have revealed that EMD does,
indeed, contain growth factor like activity e.g. TGF-B1 and BMP.% 10 Matters are
complicated by reports indicating that EMD also stimulates autocrine production of growth
factors, TGF-p and PDGF.11

Whatever the mechanism, interaction of EMD with cells is critical. Therefore, the aim of the
present work was to investigate the interaction of fluorescently labelled EMD with cultured
human periodontal ligament fibroblasts using confocal laser scanning microscopy and
immunocytochemistry, while internalised proteins were characterised using SDS-PAGE.

2. Materials and methods

2.1. Source of material

EMD was supplied by Biora (Malmd, Scania, Sweden) as a lyophilised preparation without
the PGA vehicle used to deliver it clinically.

2.2. Fluorescein isothiocyanate (FITC) conjugation

Lyopholised proteins (i.e. whole EMD and BSA) were conjugated to FITC (Sigma, Poole,
Dorset, UK) by dissolving in 0.1 M NaHCO3 buffer, pH 9, at a concentration of 4 mg/ml.
FITC was dissolved in anhydrous DMSO at 1 mg/ml and 50 pl of FITC solution was slowly
added in 5 pl aliquots to each millilitre of EMD solution with gentle stirring. The solution
was then incubated in the dark for 8 h at 4 °C. NH4CI was added to a final concentration of
50 mM and the solution incubated for a further 2 h at 4 °C.

The solution was then dialysed (Slide-A-Lyzer® dialysis cassettes Pierce Cramlington,
Northumberland, UK) for 36 h against PBS to remove free FITC. For use in cell culture,
1.25 ml of dialysed FITC labelled proteins (in PBS) were added to 8.75 ml of DMEM
culture medium to give a final concentration of 0.5 mg/ml (assuming no change in volume
during dialysis).

2.3. Size exclusion chromatography of EMD-FITC

Size exclusion fractionation of EMD-FITC was carried out to obtain an EMD-FITC
fraction free of the 5 kDa component and a fraction containing just the FITC labelled 5 kDa
component itself. These two fractions were used to better understand the origin of a 5 kDa
EMD component that was found to accumulate in cells incubated with EMD-FITC.
Fractionation was carried out using a formic acid mobile phase. Briefly, 20 mg of
lyophilized EMD was dissolved in 0.75 ml of 0.125 mol/l formic acid and subjected to size
exclusion chromatography using a 90 cm x 1.6 cm column of Bio Gel P10 (Bio-Rad, Hemel
Hempstead, Hertfordshire, UK) eluted with 0.125 mol/l formic acid at 0.3 ml/min. The
eluant was monitored at 280 nm and 5 ml fractions were collected. Fractions containing
proteins above 5 kDa were pooled to generate a “5 kDa free fraction”. This pooled fraction
and the remaining 5 kDa fraction were lyophilised.

2.4. Cell culture

Premolars extracted from consenting healthy individuals for orthodontic reasons were used
as a source of HPDL fibroblasts as described previously.12 Only HPDL fibroblasts at
passages 2-5 were used in this study. Cells were grown in DMEM supplemented with 10%
FCS, 100 units/ml penicillin and 100 pg/ml streptomycin (Sigma, Poole, Dorset, UK), in a
humidified atmosphere of 5% CO,, in air at 37 °C.
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2.5. EMD-FITC treated cells viewed by confocal laser scanning microscopy in monolayer
morphology

Cells were grown to confluence on sterile glass coverslips placed in six-well culture flasks
and cultured for 17 h in DMEM containing 0.5 mg/ml FITC labelled EMD as described
above. The coverslip bound cells were then washed (3 x 5 min) with ice-cold PBS and fixed
for 10 min at room temperature in 3.7% formaldehyde. The coverslip bound cells were then
washed (3 x 5 min) in PBS and mounted onto glass microscope slides with Vectashield, an
aqueous-mountant containing anti-fade reagent (\VVector Laboratories Ltd., Peterborough,
Cambridgeshire, UK) and viewed using confocal laser scanning microscopy (FITC
absorption and fluorescence emission maxima: 496 nm and 520 nm respectively; excitation
light source: Green Ar/ArKr laser setting 488 nm).

2.6. Immunocytochemistry

Cells were grown to confluence in T75 culture flasks and then cultured for 17 h in DMEM
containing either 0.5 mg/ml EMD-FITC or 0.5 mg/ml unlabelled EMD (or 0.5 mg/ml BSA-
FITC or 0.5 mg/ml unlabelled BSA in controls) in a humidified atmosphere of 5% CO> in
air at 37 °C. The monolayer was then washed (3 x 5 min) with ice-cold PBS and the cells
detached by trypsinization. The cell suspension was centrifuged for 10 min at 1200 rpm to
produce a pellet. The supernatant was discarded and the pelleted cells were washed 3 times
by repeated resuspension and centrifugation in 3 ml of PBS (3 min at 1200 rpm with final
spin for 10 min at 1200 rpm). The final supernatant (PBS) was discarded. The pellet was
resuspended in 500 ul of 4% gelatin in PBS, and stored at 4 °C for approximately 4 h to set
the gelatin. The cells in gelatin were then fixed overnight in 10 ml of 10% neutral buffered
formalin at 4 °C before being subjected to paraffin embedding and sectioning for analysis.
Paraffin sections were mounted on 3-aminopropyltriethoxysilane (APES) coated glass
microscope slides and probed with rabbit anti-20 kDa-amelogenin primary antibodies (a
kind gift from Biora, Malmo , Sweden). Cross-reactivity was detected by using a DAKO
StreptABComplex/HRP Duet, Mouse/Rabbit Immunoperoxidase kit (Dako UK Ltd., Ely,
Cambridgeshire) used according to manufacturer’s instructions. Controls were run in
parallel in which the primary antibody was omitted.

2.7. Retrieval of FITC labelled protein internalised by cells in culture

Cells were grown to confluence in T75 culture flasks and then cultured in DMEM
containing 0.5 mg/ml EMD-FITC in a humidified atmosphere of 5% CO, in air at 37 °C for
various lengths of time (1 h, 3 h, 6 h and 17 h). In order to recover any internalised EMD—
FITC conjugate for analysis, a substantial amount of contaminating extracellular material
present in an aggregated form first had to be removed. This was achieved by washing with a
low pH buffer which dissolved and removed extracellular EMD-FITC (as determined by
fluorescence microscopy) while leaving cells intact. Following cell treatment with the
EMD-FITC conjugate the culture medium was aspirated off and the cells were washed (3 x
2 min) with PBS and then washed (3 x 5 min) with low pH wash buffer (0.1 M formic acid
(pH 2.2), 0.69% NacCl). The cells were washed again (3 x 2 min) with PBS, then any
residual PBS was aspirated off and the cells lysed by adding 1 ml of SDS sample loading
buffer to the culture flask followed by vigorous shaking for 30 min. The lysate was heated at
~90 °C for 5 min, centrifuged at 20,000 x g for 10 min and the supernatant removed for
SDS-PAGE.

Cells were also incubated in cultured in DMEM containing either an EMD-FITC fraction
devoid of any FITC labelled 5 kDa material or a fraction containing the FITC labelled 5 kDa
material itself (concentration of both fractions equivalent to the relative amount in present in
0.5 mg/ml EMD-FITC (assuming 100% recovery of protein following chromatographic
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preparation of fractions)) in a humidified atmosphere of 5% CO, in air at 37 °C for various
lengths of time (3 h, 6 h and 17 h).

2.8. SDS-PAGE

Lysates of EMD-FITC treated cells were subjected to SDS-PAGE according to Laemmlil3
using 15% mini gels. Samples were loaded at 10 pl per lane along with 10 ug of the original
EMD-FITC conjugate. Gels were viewed using UV transillumination to visualise the
fluorescently labelled EMD.

3. Results

3.1. Interaction of EMD-FITC with HPDL fibroblasts as revealed by confocal laser scanning
microscopy

Fig. 1 shows a confocal laser scanning microscopy image of a HPDL fibroblast cultured
with EMD-FITC conjugate. Strongly fluorescent VVLSs were present throughout the
cytoplasm but were absent from the nucleus. Some VLSs contained a centralised fluorescent
region surrounded by a dark nonfluorescent region. Cells incubated with BSA-FITC
conjugate showed no fluorescence (data not shown).

3.2. Interaction of EMD-FITC with HPDL fibroblasts as revealed by immunocytochemistry

HPDL fibroblasts previously incubated with EMD-FITC conjugate were subjected to
immunocytochemistry using antibodies raised against 20 kDa pig amelogenin. Fig. 2 shows
amelogenin cross reactivity concentrated in globules throughout the cell cytoplasm with no
obvious nuclear staining. The immunostained VVLSs appeared generally larger than
fluorescently stained VLSs in cells derived from the same donor. Inset shows a negative
control section with no primary antiamelogenin antibody. Cells treated with unlabelled
EMD gave identical results (data not shown).

3.3. Biochemical characterisation of intracellular EMD-FITC conjugate recovered following
its uptake by HPDL fibroblasts

Intracellular material recovered from HPDL fibroblasts that had been incubated with EMD-
FITC conjugate for either 1, 3, 6 or 17 h was analysed by SDS-PAGE. Fig. 3 shows the
whole EMD-FITC conjugate as applied to the cells (lane 1) compared to the intracellular
proteins retrieved after culturing the cells with EMD-FITC conjugate for either 1, 3, 6 or 17
h (lanes 2-5). The composition of the intracellular material recovered after 1 h incubation
with EMD-FITC conjugate (lane 2) reflected the composition of the applied EMD-FITC
(lane 1) with the 20 kDa band being most prominent. However, over 17 h there was a
gradual accumulation of protein at 5 kDa which accumulated with time to become the
dominant band present at later time points (lanes 3-5).

To investigate the origin of the accumulating 5 kDa protein, cells were incubated either with
EMD-FITC containing no 5 kDa material or an isolated fraction of the FITC labelled 5 kDa
protein itself. Fig. 4a shows the proteins recovered following incubation with EMD-FITC
lacking the 5 kDa material. Although no fluorescent 5 kDa material was applied to the cells
(lane 1), 5 kDa material clearly accumulated intracellularly with time (lanes 2-5) even
though protein at this molecular weight was absent from the EMD applied to the cells.

Fig. 4b shows the protein recovered following incubation of cells with a protein preparation

containing the FITC labelled 5 kDa fraction alone. The FITC labelled 5 kDa fraction applied
to the cells (lane 1) was not taken up by cells to any great extent as evidenced by the lack of
any 5 kDa fluorescent intracellular material retrieved from the cells at any time point (lanes

2-5).
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It appears therefore, that the intracellular 5 kDa material retrieved from cells following their
incubation with EMD is generated by intracellular degradation of higher molecular weight
EMD components e.g. the 20 kDa component.

4. Discussion

The present work, based on fluorescently labelled EMD and immunocytochemistry,
demonstrated that EMD components, particularly the 20 kDa EMD component
(corresponding to the major 20 kDa amelogenin processing product P148) were selectively
taken up by cultured HPDL fibroblasts. The absence of any obvious gross aggregates at the
cell membrane suggests that 20 kDa amelogenin was recognised at the cell membrane in its
monomeric form or possibly as small homogeneous complexes similar to previously
reported nanospheres.14 Once internalised, the protein was concentrated in vesicle like
structures, present in the cytoplasm. With time, internalized 20 kDa amelogenin appeared to
be degraded, generating material at 5 kDa. Earlier studies have reported the apparent uptake
of amelogenin by various cell types. For example, amelogenin was immunolocalised to
odontoblast lysosomes!®; FITC labelled recombinant mouse amelogenin was shown to be
taken up by dental epithelial cells (HAT-7 cells) from culture medium and localised to the
perinuclear regionl8; fluorescently labelled EMD and recombinant full length mouse
amelogenin-DsRed hybrid protein were taken up by mouse pre-osteoblast MC3T3-E1 cells
directly into LAMP-1 and CD63 coated vesicles (late endosomes or lysosomes)1’; EMD
was shown to be internalised by primary osteoblasts through a pathway mediated via
clathrin coated pits'8 and amelogenin was shown to be internalised by normal human dermal
fibroblasts possibly via integrin binding.1® Van der Pauw et al.2 showed that HPDL
fibroblasts phagocytised 2 pm beads coated with either EMD or BSA. 13% of cells
phagocytosed EMD coated beads compared with <6% for BSA. Using fluorescently labelled
proteins in solution, the present study indicated almost no uptake of BSA compared with the
20 kDa amelogenin component of EMD (data not shown). This suggests the presence of a
highly selective receptor mediated endocytotic mechanism of for example the 20 kDa
amelogenin uptake rather than non specific phagocytosis or pinocytosis. LAMP-1 and CD63
have been reported to bind amelogenin® 21 and to a limited extent, CD63 and LAMP-1 cycle
from the Golgi via the plasma membrane to late endosomes and lysosomes?2 23 and may
therefore act as the specific cell surface receptors involved in capturing amelogenin and
triggering amelogenin endocytosis.

The role of CD63 as an amelogenin receptor does not invalidate the previously mentioned
report!® that amelogenin uptake is mediated via clathrin coated pits as CD63 can itself be
endocytosed via clathrin coated pits.22 Likewise, LAMP-1 can also be internalised via
clathrin coated pits.24 In other words, amelogenin may be captured at the cell surface by
CD63 and/or LAMP-1 and the resulting complexes internalized through clathrin coated pits.

CD63 also interacts with integrins2®> and a model explaining how ameloblastin regulates
osteogenic differentiation has been suggested wherein CD63 interactions with integrins are
mediated by the initial formation of CD63-ameloblastin complexes.2® Given this, the
previously described report, suggesting that amelogenin uptake may involve integrin
binding1® may actually involve integrin binding with CD63-amelogenin complexes.

Both CD63 and integrins are implicated in signal transduction and it is tempting to speculate
that the bioactivity associated with EMD/amelogenin may be mediated via amelogenin
binding to CD63 and/or integrins resulting in specific signal transduction events. Since both
CD63 and integrin can be subject to clathrin mediated endoytosis?2 27 endoyctosis of
CD63-amelogenin and/or integrin-amelogenin complexes would provide a means of
attenuating amelogenin signalling.
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In the present study, fluorescence did not completely fill the vesicle-like structures and a
dark zone sometimes separated a florescent core from the vesicular boundary. This
separation was not apparent with immunohistochemistry where the anti-amelogenin positive
material extended to the vesicular boundary (hence the perception that immunostained
vesicles were often bigger than fluorescently stained vesicles). This supports the previously
published notion that these vesicles are lysosomal,” since the observed loss of fluorescence
adjacent to the lysosomal membrane may be due to lysosomal membrane proton pumps
acidifying the lysosomal lumen to <pH 5 which abolishes fluorescein fluorescence. The use
of fluorescein labelled probes and pH dependent fluorescence is a well documented
technique for studying the acidification of intracellular compartments.28

Published work on the cellular uptake of amelogenins has not revealed whether amelogenin
uptake is selective i.e. whether certain amelogenin isoforms are taken up preferentially
compared to others or what happens to the amelogenin in the intracellular environment. Xu
et al.16 used recombinant full length amelogenin but SDS-PAGE and Western blotting
showed it contained multiple amelogenin derived molecules and it was not clear which of
these molecules were being internalised by cells. Shapiro et al.1” used a crude cell extract of
their amelogenin-DsRed hybrid protein and it is unclear if the amelogenin part of this
construct remained intact or whether a multitude of hybrid proteins were present exhibiting
amelogenin that had been processed to varying degrees.

The results showed that HPDL fibroblasts take up EMD components. The dominant protein
internalised corresponds to the 20 kDa amelogenin (P148). This, with time, was degraded to
a 5 kDa molecule. When EMD free of any 5 kDa protein was applied to cells, there was still
an intracellular accumulation of 5 kDa material indicating that this 5 kDa material is an
accumulating intracellular degradation product of larger EMD components taken up
(notably the 20 kDa amelogenin). When the FITC labelled 5 kDa fraction from FITC-EMD
was added to cells no uptake was observed within the limits of detection (Fig. 3). Although
this does not rule out the possibility that some 5 kDa component can be taken up directly, it
supports the notion that the intracellular levels of the 5 kDa protein can in part at least be
due to degradation of a larger precursor. This intracellular 5 kDa degradation product is
most likely to be TRAP (tyrosine rich amelogenin peptide — corresponding to residues 1-45
of the 20 kDa amelogenin P148). We base this assumption on the fact that the intracellular 5
kDa protein was fluorescent and must therefore contain the N-terminal of its precursor
protein and/or the single lysine residue (residue 24) present in the 20 kDa amelogenin (since
fluorescein labelling is via primary amines either at the N-terminal or on the side chains of
internal lysine residues). The 20 kDa amelogenin is well known to be sensitive to cleavage
between residues 44 and 45.2° This particular cleavage occurs in the developing enamel
matrix during amelogenesis and it appears that this processing step is mimicked here in the
intracellular environment of the HPDL fibroblast.

The question regarding the mechanism of EMD action, particularly with regard to the role of
specific molecules, is still unresolved. It is clear that, albeit poorly characterised,
amelogenins, derived by proteolytic processing of recombinant amelogenin, are taken up by
HAT-7 cells in culture and can influence amelogenin gene expression by stabilising
amelogenin mRNA.16 However, this would require amelogenin to be released from the
vesicles described here and elsewherel” or by amelogenin being taken up and released
directly into the cytoplasm. EMD has been shown to affect the expression of multiple
genes30 and it remains unclear to what extent cell surface receptor (e.g. CD63) activation
and/or internalisation of EMD proteins influence gene expression. Interestingly, CD63 is
capable of transducing signals across the cell membrane in association with serine protein
kinase activity.31 Amelogenin binding to cell surface CD637 may trigger a kinase based
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signal transduction mechanism leading to specific intracellular events that give rise to
EMD’s bioactivity.

In summary, HPDL cells selectively take up amelogenin from EMD and internalise it in
cytoplasmic vesicle like structures. With time, a 5 kDa peptide (which may be TRAP)
accumulates in the cells following degradation of EMD initially taken up. The effect of
internalised amelogenin on cell function remains to be clarified but it may be important in
terms of the bioactivity associated with EMD.
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Fig. 1.

Periodontal fibroblasts treated with EMD-FITC and viewed by confocal laser scanning
microscopy. A typical image of confluent HPDL fibroblasts incubated in culture for 17 h
with 0.5 mg/ml EMD-FITC and viewed in monolayer by confocal laser scanning
microscopy. Multiple, strongly fluorescent vesicle like structures (VLSs) were observed
within the cytoplasm of the cells. Some vesicles exhibited a dark non florescent area
surrounding a fluorescent central region.
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Fig. 2.

Paraffin sections of EMD-FITC treated HPDL fibroblasts probed with anti-20 kDa-
amelogenin antibodies. Cells were counterstained with haematoxylin and eosin. Multiple,
strongly cross-reactive VLSs were evident within the cytoplasm (arrowed). Inset shows
negative control (no primary antibody). No significant cross-reactivity observed.

Arch Oral Biol. Author manuscript; available in PMC 2014 April 01.




1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnuey JoyIny vd-HIN

Leesetal. Page 12

FITC-EMD

applied to Intracellular FITC-EMD
cells recovered from cells

A

1h 3h 6h

20kDa—>»

SskDa—>

Fig. 3.

SDS-PAGE of whole EMD-FITC (as applied to the cells) and lysates of cells exposed to
EMD-FITC for 1-17 h (viewed by UV transillumination). The composition of the
intracellular material recovered after 1 h incubation with EMD-FITC conjugate (lane 2)
reflected the composition of the applied EMD-FITC (lane 1) with the 20 kDa band being
most prominent. Over 17 h there was a gradual accumulation of proteins, especially the 5
kDa protein which accrued to become the dominant band present at later time points (lanes
3-5).
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Fig. 4.

(a) SDS-PAGE of retrieved intracellular protein following incubation of the cells with
EMD-FITC containing no 5 kDa protein. Although no 5 kDa protein was applied to the
cells, material at this molecular weight still accumulated with time presumably due to
intracellular degradation of a larger precursor (e.g. the 20 kDa protein). (b) SDS-PAGE of
retrieved intracellular proteins following incubation of the cells with FITC labelled 5 kDa
EMD fraction. No uptake was detected.
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