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Background and Objective: During surgical periodontal treatment, EMD is topi-
cally applied in order to facilitate regeneration of the periodontal ligament, acel-
lular cementum and alveolar bone. Suppresion of epithelial down-growth is
essential for successful periodontal regeneration; however, the underlying mech-
anisms of how EMD influences epithelial wound healing are poorly understood. In
the present study, the effects of EMD on gene-expression profiling in an epithelial
cell line (HSC-2) model were investigated.

Material and Methods: Gene-expression modifications, determined using a com-
parative genome-wide expression-profiling strategy, were independently validated
by quantitative real-time RT-PCR. Additionally, cell cycle, cell growth and in vitro
wound-healing assays were conducted.

Results: A set of 43 EMD-regulated genes was defined, which may be responsible
for the reduced epithelial down-growth upon EMD application. Gene ontology
analysis revealed genes that could be attributed to pathways of locomotion,
developmental processes and associated processes such as regulation of cell size
and cell growth. Additionally, eight regulated genes have previously been reported
to take part in the process of epithelial-to-mesenchymal transition. Several inde-
pendent experimental assays revealed significant inhibition of cell migration,
growth and cell cycle by EMD.

Conclusion: The set of EMD-regulated genes identified in this study offers the
opportunity to clarify mechanisms underlying the effects of EMD on epithelial
cells. Reduced epithelial repopulation of the dental root upon periodontal surgery
may be the consequence of reduced migration and cell growth, as well as epithelial-
to-mesenchymal transition.
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Clinical and histological investigations
have demonstrated that intrasurgical
application of porcine EMD results in
the regeneration of various periodontal
tissues, such as alveolar bone, acellular
cementum and new periodontal liga-
ment (1-4). Wound healing following
conventional periodontal therapy fre-

quently does not result in regeneration
but rather in the down-growth of a
long junctional epithelium (1). When
applied to denuded root surfaces,
EMD precipitates to form an extra-
cellular matrix layer, potentially sup-
porting interactions with cells in
adjacent tissues (4). EMD is produced

by Hertwig’s epithelial sheath during
dentinogenesis and is commercially
available from acid extracts of enamel
buds of 6-mo-old pigs. The composi-
tion is rather heterogeneous and
includes concentrated amelogenin
components, degradation products and
specific splicing products, along with



many unknown molecules (5,6). The
complexity of both the composition
and the proteolytic activity of EMD
underscores the difficulty of ascribing
the biological activity to any single
component (6). EMD produces differ-
ential effects on mesenchymal and
epithelial cells; for example, it increases
the proliferation of gingival fibroblasts
in cell cultures (7,8), but retards epi-
thelial cell proliferation (4,8). It was
proposed that the antiproliferative
effect of EMD on epithelial cells is
responsible for the desirable retarded
epithelial down-growth alongside the
dental root during the process of peri-
odontal regeneration (8,9). In contrast,
many clinicians have observed accel-
erated epithelial soft-tissue wound
healing upon intrasurgical application
of EMD (10). The mechanisms of
EMD-mediated epithelial down-growth
inhibition have not yet been clarified,
and studies using epithelial cells are
rare.

Here we analyzed the genome-wide
expression of epithelial cells following
EMD treatment and the effects of EMD
on cell migration and cell growth. A
set of EMD-regulated genes, which
might be responsible for the reduced
epithelial down-growth after EMD
application, was successfully defined
and validated.

Material and methods

Cell culture

The human squamous carcinoma
HSC-2 cell line was provided by the Cell
Resource Centre for Biomedical
Research, Tohoku University (Sendai,
Japan). Cells were cultured in Dulbe-
cco’s modified Eagle’s minimal essential
medium (DMEM; AppliChem, Dar-
mstadt, Germany), supplemented with
10% fetal calf serum (FCS) (Gibco,
Eggenstein, Germany) and 1% penicil-
lin/streptomycin (Gibco), at 37°C in a
5% CO,/air atmosphere. The tissue
culture medium was changed every 2 d.
These transformed cells were chosen as
a model for oral epithelial cells because
they continue to display a moderately
mature epithelial phenotype while at
the same time offering experimental
advantages. All experiments were per-
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formed using cells between passages 6
and 12.

Treatments

Commercial lyophilized EMD was
provided by the manufacturer (Strau-
mann, Basel, Switzerland) and dis-
solved in 0.1% acetic acid (Carl Roth,
Karlsruhe, Germany) to yield a stock
solution of 10 mg/mL, as recom-
mended by the manufacturer. The
stock solution was aliquoted and
stored at —80°C. If not stated other-
wise, this stock solution was further
diluted in cell culture medium to yield
a concentration of 100 pg/mL of
EMD, which was determined, by pre-
liminary studies (in vitro wound-heal-
ing and proliferation assays), as the
optimal concentration for use in our
experiments. In pilot experiments, we
firmly excluded any appreciable effects
of acetic acid on cell proliferation or on
the in vitro wound healing of HSC-2
cells, treated from 2 h up to 5 d.

Oligonucleotide microarray analysis

In order to apply a comparative gen-
ome-wide expression-profiling strategy,
kits from Affymetrix were used for
target preparation before hybridization
to hgul33 Plus 2.0 microarrays (Af-
fymetrix, Santa Clara, CA, USA).
HSC-2 cells were cultured in six-well
plates (5 x 10% cells per well) at 37°C
for 24 h and subsequently stimulated
with 100 pg/mL of EMD for 2, 20 or
120 h. Cells treated for 120 h were split
after 72 h. There was one single repli-
cate per time-point. Control cells were
treated for 20 or 120 h (split after 72 h)
with DMEM containing 10% FCS.
Total RNA was extracted.

mRNA was prepared using TriRe-
agent (Molecular Research Center,
Cincinnati, OH, USA) and purified by
RNeasy (Qiagen, Hilden, Germany)
according to the manufacturers’
instructions. The quantity and integrity
of mRNA was evaluated by calculating
the 260/280 nm absorbance ratio and
by using Agilent lab-on-a-chip tech-
nology (2100 Bioanalyzer; Agilent,
Palo Alto, CA, USA). Then, 1.5 pg of
high-quality mRNA was processed
into a biotinylated hybridization target
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for microarray analysis, using the cor-
responding kits from Affymetrix, and
hybridized to hgul33 Plus 2.0 micro-
arrays. Fluorescence signal intensities
were determined using the Affymetrix
GeneChip Scanner 3000 and the Gcos
1.2 (Affymetrix),
according to the manufacturer’s rec-
ommendations. Data processing and
analysis were performed using Bio-
conductor packages for the statistical
language R (11). Robust multiarray
analysis was applied for normalization.
Consecutively differentially expressed
genes were determined and tested
for hyper-represented gene ontology
(GO)-terms. A list of 81 probe sets
was used for further analysis, as
described in the Results section. These
81 probe sets were used for GO-anal-
ysis. The GO-analysis was performed
for all three categories of this ontol-
ogy (cellular component, molecular
function and biological process). In
order to identify common regulatory
patterns, hierarchical cluster analy-
sis was applied to the 81 candidate
probe sets.

software version

Data verification by real-time RT-PCR

Seventeen probe sets were excluded
based on unreliable annotation. The
remaining 64 probe sets, corresponding
to 43 genes, were selected for data
validation by quantitative real-time
RT-PCR, using TagMan® low-den-
sity arrays (Applied Biosystems,
Foster City, CA, USA). Five genes
[glyceraldehyde-3-phosphate dehydro-
genase (GAPDH), hypoxanthine
phosphoribosyltransferase 1, transfer-
rin receptor, TATA box binding pro-
tein, phosphoglycerate kinase 1)] were
selected as controls. Total RNA was
extracted from HSC-2 cells, treated
with 100 pg/mL of EMD for 2, 20 or
120 h and reverse transcribed into
complementary DNA (cDNA). These
experiments were performed in tripli-
cate. cDNA was assayed by real-time
RT-PCR using microfluidic cards
(Applied Biosystems assays) and,
again, each sample was applied three
times. One-hundred nanograms of
cDNA was combined with 1x Tag-
Man® Universal Master Mix (Applied
Biosystems) and loaded into each well.
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Table 1. Microarray analysis

Regulated genes (n)

Duration of

treatment with EMD Total Up-regulated Down-regulated
2h 118 69 49
20 h 216 154 62
120 h 430 237 193

EMD was used at 100 pg/mL.

The microfluidic cards were cycled at
50°C for 2 min and 94.5°C for 10 min,
followed by 40 cycles at 97°C for 30 s
and 59.7°C for 1 min. Data were
collected and analysed using the sps
2.1 software (Applied Biosystems)
Table 1.

In vitro wound-healing assay

The effects of EMD on HSC-2 cell
migration were analysed using an
in vitro wound-healing model (12).
HSC-2 cells were seeded at a density of
11.5 x 10* cells into each well of a six-
well plate and incubated for 24 h at
37°C until confluent. Using a yellow
pipette tip, a scratch (1 mm in diame-
ter) was created through the centre of
the cell layer. Detached cells were
removed by washing three times with
phosphate-buffered saline (PBS) and
the remaining adherent cells were trea-
ted with DMEM containing 2% FCS
(negative control), or with DMEM
containing 2% FCS and 100 pg/mL of
EMD. Lower FCS concentrations were
used to minimize cell proliferation and
to induce cell migration, as previously
described (12). The cells were photo-
graphed every 2 h, using an inverted
light microscope equipped with a
charge coupled device camera. Experi-
ments were performed in triplicate.

Cell growth analysis

The influence of EMD on HSC-2 cell
proliferation was determined by the
nonradioactive, colorimetric MTT
[(3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide] assay (Pro-
mega, Madison, WI, USA). HSC-2
cells were seeded at a density of 1 x 10*
cells into each well of 96-well plates
and incubated at 37°C. After 24 h, the
cells were treated with 100 pg/mL of
EMD for 2, 20, 72 or 120 h. Cells

treated for 120 h were split after 72 h.
Control cells for all time-points were
treated with DMEM supplemented
with 10% FCS. Then, 0.45 mg/mL of
MTT was added consecutively to each
well and the cells were incubated at
37°C for a further 4 h. At the end of
this incubation period, the cells were
incubated for a further 2h with
the solubilization reagent (200 pL of
dimethyl sulphoxide). The test absor-
bance at 570 nm and reference absor-
bance at 630 nm were measured using
an ELISA plate reader (Corning
Costar, Corning, NY, USA). Experi-
ments were performed in triplicate.

Cell cycle analysis measured by
propidium iodide staining

HSC-2 cells were cultured in six-well
plates (at a density of 5 x 10* cells per
well) at 37°C for 24 h and subsequently
stimulated with 100 pg/mL of EMD
for 2, 20, 72 or 120 h. Cells treated for
120 h were split after 72 h. Control
cells for all time-points were treated
with DMEM supplemented with 10%
FCS. The cells were harvested by
trypsinization and resuspended in
1 mL of DMEM containing 10% FCS.
The cell suspensions were washed with
I mL of PBS, fixed with 2.5 mL of
70% ethanol and incubated on ice for
1 h. The cell pellet was resuspended in
500 pL of propidium iodide solution
(Sigma, Deisenhofen, Germany), sup-
plemented with 0.1 mg/mL of RNase
A (Fermentas, St Leon-Rot, Germany)
and 0.1% Triton X-100 (Sigma), and
incubated for 15 min at 37°C. Then,
the cells were washed, resuspended in
PBS and analyzed in a FACSCalibur
flow cytometer (BD Bioscience, Hei-
delberg, Germany), using the software
FrowJo (Tree Star San Carlos, CA,
USA). The experiments were per-
formed in triplicate.

Statistical analysis

GO and GOstats bioconductor pack-
ages were used for oligonucleotide
microarray analysis. Hypergeometric
p-values for over-representation of the
selected genes were calculated by
comparison with all GO terms in the
induced GO graph. The association
between the regulation values of the
microarray and quantitative real-time
RT-PCR data was assessed via the
generation of regression lines and the
calculation of Pearson correlation
coefficients for each probe set individ-
ually, and for overall data comparison.
Differences in cell growth and cell
cycle analyses were analyzed using
the Student’s r-test. Probability levels
of < 0.05 were considered to indi-
cate statistical significance. Statistical
calculation was carried out using
VassARSTATS® VASSAR COLLEGE,
Poughkeepsie, NY, USA.

Results

Oligonucleotide microarray analysis

A total of five expression profiles were
generated from samples treated with
EMD for 2, 20 or 120 h, and from two
controls. Differentially expressed genes
were detected upon comparison of
normalized expression data from EMD-
treated cells with that of control cells.
Differential expression was based on
M-value cut-off selection. Overall, the
number of regulated genes was not very
high. Therefore, in order not to lose
potential candidate genes, we used a
lower threshold of M < -0.7 or
M > 0.7, instead of M > 1 or
M < -1, as used in the original anal-
ysis. M-values of 0.7/-0.7 correspond
to 1.6-fold induction/repression. Com-
paring both of the controls, we found
only two genes (interferon-induced
protein 44-like and retinoic acid
receptor, alpha) that were regulated
more than 1.6-fold. A total of 669
probe sets were regulated at least once
in the comparisons. However, only
90 of these were regulated at two out
of the three time-points. Four genes
(NADPH oxidase 4, wingless-type
MMTYV integration site family, mem-
ber 5B, protein tyrosine phosphatase,
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Fig. 1. Regression and correlation.

Relationship between the fold-regulation values,

obtained by RT-PCR (y-axis) and by the Affymetrix microarray (x-axis), of 43 commonly
regulated genes after 2, 20 or 120 h of treatment of HSC-2 cells with 100 ug/mL of EMD.
Pearson correlation coefficient » = 0.700. Data sources are provided in Table 3.

receptor type, K, and transmembrane,
prostate androgen induced RNA) were
up-regulated at all time-points, whereas
claudin 1 was down-regulated at all
time-points. Selection criteria for can-
didate probe sets to be reconfirmed
using an independent RT-PCR-based
technique were: regulation of > 1.6-
fold; regulation at two out of the three
time-points; and concordant up- or

down-regulation. Applying these crite-
ria resulted in a candidate probe set list
of 81 probe sets (Table S1).

Data validation by quantitative
real-time RT-PCR

Seventeen probe sets were excluded
based on unreliable annotation. The
remaining 64 probe sets, which corre-
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219773_at  NOX4
201626_at  INSIG1
201627_s_at  INSIG1 Lt
201625_s_at  INSIG1 .
204984 _at  GPC4
209765_at  ADAM19
201426_s_at  VIM .
205822 s_at  HMGCS1
203889_at  SCG5

211719 x_at  FN1
210495 x_at  FN1
212464 s at  FN1
216442 x_at  FN1

206117_at  TPM1
206084_at PTPRR
211981"at  COL4A1
209118 s at TUBA3
212488 at  COL5A1
208083 s at ITGB6
206116_s_at  TPM1
210986 s at  TPM1
213725 x_at  XYLT1
221750_at HMGCS1
207601 _at  SULT1B1
226237 at  COLSA1
212912_at RPS6KA2
226158 at  KLHL24
230831 _at FRMD5
243543 at  SCAMOL
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spond to 43 genes, were selected for
data validation by real-time RT-PCR
using TagMan® low-density arrays
(Applied Biosystems). The expression
of 32 regulated genes correlated well
with the regulation found in the
microarray data, yielding a Pearson
correlation coefficient, r, of > 0.6
(Table S1). For the 43 genes assayed,
the overall Pearson correlation coeffi-
cient was 0.700 for all microarray vs.
RT-PCR analyses (Fig. 1).

Hierarchical cluster analysis

In order to delinecate a potentially
underlying pathway, we determined
patterns of co-regulation by hierarchi-
cal clustering of the regulation values
of the 81 candidate probe sets. Thereby
we identified five clusters of genes
(Fig. 2), three clusters of up-regulated
genes and two clusters of down-
regulated genes. Forty-two probe sets
were up-regulated in EM D-treated cells
at all-time points (2, 20 and 120 h).
Among these, two clusters were coreg-
ulated genes that showed increasing

=

8
209720_s_at SERPINB3
207935_s_at KRT13
209719 _x_at SERPINB3
39248_at AQP3
218182_at CLDN1
235150_at MRNA
242906_at MRNA
210095_s_at IGFBP3
212143_s_at IGFBP3
205623 _at ALDH3
209792_s_at KLK10
210004 _at OLR1
211361_s_at SERPINB13
218559_s_at MAFB
226869 _at -
219909_at MMP28
206561_s_at AKR1B10
224435 _at C100rf58
205858_at NGFR
206164_at CLCA2
217272_s_at SERPINB13
222549 _at CLDN1
226899 _at UNC5B
39249 _at AQP3

Fig. 2. Hierarchical clustering. The relative expression levels of the genes in HSC-2 cells treated with 100 pg/mL of EMD for 2, 20 or 120 h are

shown in dendrograms. By hierarchical clustering, a two-dimensional table of genes (rows) and experiments (columns) was produced in which
genes that show a similar pattern of regulation (clustering M-values) or a pattern of similar expression (clustering expression values) over the
experiments become arranged closely together. (A) Genes that were up-regulated when compared with the control are marked red. Among

those, two groups of genes showed increasing regulation with time (green clusters). A similar regulation pattern was found in all members of the
blue cluster. However, this was not as pronounced as in the green cluster. (B) A group of four genes was increasingly down-regulated with time
(red cluster). This pattern was also found in a larger cluster (orange); therefore, the maximal regulation of these genes was less pronounced.
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regulation with time. The first clus-
ter (dark green) included INSIGI,
NOX 4 and GPC4. The second cluster
(light green) included ADAM19, VIM,
HMGCS1, SCG5 and FNI. An increas-
ing up-regulation with time was also
found in an additional 29 probe sets
(blue cluster). However, this was not as
pronounced as in the other two clus-
ters. A group of genes — SERPINB3,
KRTI3 and AQP3 (red cluster) — was
increasingly down-regulated with time.
Again, this pattern was found in a
larger cluster (24 probe sets), but the
maximum regulation of these genes was
weaker (yellow cluster).

GO-analysis

GO-analysis was performed to identify
known specific pathways regulated by
treatment with EMD in epithelial cells.
Hypergeometric testing was used to
determine over-represented GO-terms
attributed to the regulated genes com-
pared with the total number of genes
included in the microarray analysis.

Table 2. Gene ontology (GO) analysis

Over-represented terms of the category
‘biological process’ (Table 2) were dis-
tributed in various pathways. Biologi-
cal processes with only one regulated
gene were excluded, except for those in
which only a single gene of the related
process was probed. The individual
highest gene distribution was seen in the
category of ‘developmental process’
(Table 2) (G0O:0032502, 12 regulated
genes, p = 0.027), which includes,
amongst others, the biological processes
regulation of cell size (GO:0008361,
three regulated genes, p = 0.014), cell
growth (GO:0016049, three regulated
genes, p = 0.014) and regulation of
cell growth (GO:0001558, three regu-
lated genes, p = 0.007). The second
category with over-represented genes
was locomotion (GO:0040011, three
regulated genes, p = 0.043), including
the processes locomotory behaviour
(GO:0007626, three regulated genes,
p = 0.046) and cell motility (GO:0048870,
three regulated genes, p = 0.043).
Other regulated pathways were anion
transport (GO:0006820, three regulated

Regulated  Genes
Biological process p-value  genes on array
Developmental process GO0:0032502  0.027 12 1586
Anatomical structure morphogenesis  G0O:0009653  0.036 9 1090
Cell morphogenesis GO:0000902  0.033 3 166
Regulation of developmental process  GO:0050793  0.027 3 154
Sensory organ development GO:0007423  0.004 1 1
Growth GO0:0040007  0.025 3 149
Regulation of cell size GO:0008361 0.014 3 120
Cell growth GO0:0016049  0.014 3 120
Regulation of cell growth GO:0001558  0.007 3 92
Regulation of growth GO:0040008  0.009 3 101
Cell adhesion GO0:0007155  0.001 8 514
Locomotion GO:0040011  0.043 3 185
Cell motility GO0:0048870  0.043 3 185
Locomotory behaviour GO:0007626  0.046 3 190
Anion transport GO:0006820  0.018 3 132
Inorganic anion transport GO:0015698  0.011 3 110
Phosphate transport GO:0006817  0.002 3 63
Proteolysis GO:0006508  0.046 5 468
Cellular protein catabolism GO:0044257  0.046 5 468
Steroid metabolic process GO:0008202  0.002 4 123
Activation of MAPKK activity GO0:0000186  0.004 1 1

Absolute frequencies of biological process terms of the GO-trees over-represented after
stimulation of HSC-2 cells with EMD. The frequency of occurrence of related genes was
summed up and compared with the overall chance that they would be found to be regulated
on this microarray. Hypergeometric p-values for over-representation of the selected genes to
all GO-terms in the induced GO graph were calculated. The biological processes of one tree

were arranged together.

MAPKK, mitogen-activated protein kinase kinase.

genes, p = 0.018) and proteolysis
(GO:0006508, five regulated genes,
p = 0.046), but nodes with over-repre-
sented genes of these pathways were not
at the same level of the GO-tree as the
other two pathways. The same statisti-
cal algorithm was applied to the
GO-terms of the category cellular
component. This analysis suggested a
strong involvement of genes that are
involved in extracellular matrix metab-
olism (GO: 0031012, p < 0.001), and
in sheet-forming (GO:0030935, p <
0.001) and in fibrillar collagen (GO:
0005583, p = 0.047) metabolism.

In vitro wound healing, cell growth
and cell cycle analyses

In order to measure the antimigratory
effects of EMD on epithelial (HSC-2)
cells, HSC-2 cells were tested using
the scratch assay. After 14 h, control
cells showed complete closure of the
scratch. In vitro wound healing was
clearly inhibited in cells treated with
100 pg/mL of EMD + 2% FCS
for 14 h (Fig. 3). EMD-treated cells
achieved complete closure of the
scratch after 20 h (data not shown).
The MTT assay revealed that treat-
ment with 100 ug/mL of EMD for 20,
72 or 120 h significantly (p < 0.05;
p < 0.01; p < 0.05) inhibited the
proliferation of HSC-2 cells (Fig. 4).
According to cell cycle analysis, there
was no difference between control cells
and those treated with EMD for 2 or
20 h (data not shown). In contrast,
treatment with 100 pg/mL of EMD for
72 or 120 h induced significant arrest
in G1 (Fig. 5).

Discussion

In clinical praxis, EMD seems to have
a paradoxical effect on epithelial cells.
On the one hand, it has a desirable
inhibitory effect on epithelial down-
growth alongside the dental root
during the early regenerative stages
following surgery (9); on the other
hand, however, accelerated epithelial
soft tissue wound healing was
observed upon the intrasurgical appli-
cation of EMD (10). In order to
accumulate more consolidated knowl-
edge regarding the effect of EMD on
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EMD

Fig. 3. Effect of EMD on the in vitro wound healing of HSC-2 cells. Cells were scratched
with a plastic pipette tip through the confluent monolayer of HSC-2 cells. Cultures were
incubated for 14 h at 37°C in the presence of 0 (Control) or 100 pg/mL of EMD in Dul-
becco’s modified Eagle’s minimal essential medium (DMEM) containing 2% fetal calf serum

(FCS).

2.0
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Fig. 4. Effect of 100 pg/mL of EMD on
HSC-2 cell growth. After 20, 72 and 120 h
of treatment, EMD-treated cells showed
significantly reduced proliferation rates vs.
control cells. *p < 0.05, **p < 0.01.

epithelial cells, we analyzed the chan-
ges in gene expression following EMD
treatment and generated an expression
profile of EMD-regulated genes in
HSC-2 cells. Genome-wide transcrip-
tome analysis is a powerful screening
method for studying the molecular
basis of interactions. However, the
amount of tissue obtained from clini-
cal experiments, and the complexity of
these tissue samples, limit the appli-
cation potential of this technique.
Therefore, a human squamous carci-
noma cell line was used in this study.
Within the limitations of microarray
technology (the presence of an appro-

priate probe set on the array), a set of
regulated genes, possibly responsible
for the effect of EMD treatment on
epithelial cells, could successfully be
identified. To our knowledge, this is
the first expression profile of epithelial
cells at different time-points (2, 20 or
120 h) of EMD treatment. A single
replicate per time-point was performed
for microarray analysis. However,
gene-expression profiles were con-
firmed using an independent tech-
nique, namely real-time RT-PCR.
Thus, these experiments represented
independent biological repeats of the
experiment. Real-time RT-PCR was
performed for 43 genes in control and
EMD-treated HSC-2 cells in three
independent experiments. The positive
correlation of 32 regulated genes
between microarray and quantitative
real-time RT-PCR results (R > 0.6)
strengthened the validity of our pri-
mary data acquired by the Affymetrix
gene analyses. The overall quantitative
correlation between Affymetrix and
real-time PCR data was only partial.
Nevertheless, this was not a surprising
finding as it is known that these two
techniques display different sensitivi-
ties. The problems associated with
analyzing expression data from a
large number of genes lead to the
development of alternative statistic
approaches and tools (13). Cluster
analysis became a popular tool for the
analysis of expression array data (13).
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Using hierarchical clustering we iden-
tified five clusters with similar gene-
expression patterns (Fig. 2). Pathway
analysis identified two clusters of
mainly transforming growth factor-1
(TGFB1) up-regulated genes, as deter-
mined by literature research. Although
TGF-B1 has not been identified in
EMD (5,14), many recent publications
reported increased endogenous pro-
duction of TGF-BI in different cell
types after EMD stimulation (4,15-
18). In our data set, 20 out of the 43
EMD-regulated genes have been
reported to be TGF-f1-dependent in
different epithelial cell types (Table 3).
Considering the possibility that the
endogenous production of TGF-B1 is
a result of epithelial-to-mesenchymal
transition, we decided to search our
data for a set of genes associated with
this process. To our surprise, eight of
the EMD-regulated genes — CLDNI
(19), CTGF (20,21), FNI (22), THBS1
(23), TPM1 (24,25), VIM (21), SRPX
(26) and WNT5b (27) — have previ-
ously been reported to be associated
with epithelial-to-mesenchymal transi-
tion. As EMD is a product of the
developing tooth root, one might
hypothesize that reduced epithelial
repopulation of the tooth root after
periodontal surgery is the result of cell
conversion from an epithelial to a
mesenchymal phenotype (which is a
normal process of embryonic devel-
opment) rather than reduced epithelial
down-growth. This hypothesis was
supported by the GO-analysis identi-
fying the individual highest gene
distribution in the developmental
pathways. This is not surprising, as
EMD contains various amelogenins
involved in the formation of peri-
odontal attachment during tooth
development (5,6). Nevertheless, GO
analysis should be interpreted with
caution because of the low number of
probe sets. The processes of cell
growth and regulation were over-rep-
resented among the developmental
pathways. Therefore, a cell growth
assay was performed to further inves-
tigate the effect of EMD on HSC-2
cells. Our cell-proliferation data con-
firmed the results of previous studies
by Kawase et al. (8,28,29), that EMD
had an antiproliferative effect on
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Fig. 5. Effect of EMD on cell cycle distribution in HSC-2 cells. HSC-2 cells were incubated
with 100 pg/mL of EMD for 2, 20 (data not shown), 72 (A) or 120 h (B) and then stained
with propidium iodide. Data represent the percentage of total cells (measured by flow
cytometry) in G1, S and G2 phases of the cell cycle at each time-point. Average val-
ues + standard deviation (SD) of three replicate experiments are shown. *p < 0.05,

w=p < 0.01.

Table 3. Transforming growth factor-p1 (TGF-B1)-regulated genes (according to previously

published data)

Gene Regulation Regulation
Affymetrix probeset ID symbol microarray by TGF-B1  References
209765_at ADAMI19 Up Up (30)
39248 at, 39249 at AQP3 Down Up 31)
218182_s_at, 222549 _at CLDNI Down Down (30)
211981 _at COL441 Up Up (30,31)
212488 _at COL541 Up Up (32)
209101 _at CTGF Up Up (32)
210495 _x_at, 211719_x_at, FNI Up Up (31)
212464 _s_at, 216442 _x_at
210095_s_at, 212143 _s_at IGFBP3 Down Down (33)
208083_s_at ITGB6 Up Up (30)
207935_s_at KRTI3 Down Up (31)
219909 _at MMP28  Up Up (34)
202149 _at NEDD9 Up Up (30)
233609_at, 233770_at PTPRK Up Up (35)
203889_at SCGS Up Up (36)
201416_at, 201417_at, 213668_s_at SOX4 Up Up (30)
201107_s_at, 235086_at THBS1 Up Up (31)
217875_s_at, 222449 _at, 222450_at, TMEPAI Up Up (30,31)
237166_at

206116_s_at, 206117 _at, 210986_s_at TPM1 Up Up (25)
209118 _s_at TUBA3 Up Up (31)
201426_s_at VIM Up Up 31)

Down, down-regulated; Up, up-regulated.

the HSC-2 epithelial cell line. The
antiproliferative effect was further
confirmed by cell cycle analyses. In
accordance with the studies performed
by Kawase et al. (8,29), EMD induced
cell cycle arrest after 72 and 120 h. In
biological process GO-analysis, the
pathway of locomotion showed three
nodes with significantly over-repre-
sented genes. Therefore, an in vitro
wound-healing assay was performed to
investigate the effect of EMD on the

migration of HSC-2 cells. EMD had an
inhibitory effect on in vitro wound
healing. In vitro wound-healing assays
are often defined as migration assays,
but in vitro wound healing involves
several steps: spreading of the cells,
migration and proliferation. Because of
the very low levels of FCS, as described
by Liang et al. (12), the proliferation
rate in our in vitro wound-healing
assays was reduced. Additionally, when
studying proliferation assays of HSC-2

cells, we observed that cell division
started only after 20 h, but that the
closure of the scratch in our in vitro
wound-healing assays had already been
accomplished after 14 h. Nevertheless,
adhesion and spreading of the cells
might have a considerable contribution
to these findings.

Further studies focusing on the
effects of EMD during epithelial
wound healing would be necessary to
investigate the possible involvement of
the TGF-B-regulated pathway upon
EMD treatment and also to define the
bioactive factors that cause the desir-
able inhibition of epithelial down-
growth alongside the root without
epithelial wound-closure impairment.

Conclusion

Our study provides the first validated
comprehensive gene-expression profile
of EMD-treated human squamous
epithelial cells. This profile may serve
as a foundation to gain new insights
into the mechanism of epithelial
wound healing upon periodontal
regeneration following EMD treat-
ment and may, in the longer term,
therefore also open up new opportu-
nities for modified treatments.
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