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Abstract
Objectives: Enamel matrix proteins (EMPs) have
been demonstrated to promote periodontal regenera-
tion. However, effects of EMPs on human alveolar
osteoblasts (hAOBs), up to now, have still been
unclear. The purpose of this study was to investigate
influence of EMPs on proliferation, differentiation
and attachment of hAOBs in vitro.
Materials and methods: EMPs were extracted using
the acetic acid method, hAOBswere obtained and cul-
tured in vitro. Cell proliferation, alkaline phosphatase
(ALP) activity,mRNAexpression of osteogenicmark-
ers and cell attachment were measured in the absence
and in the presence of EMPs (50, 100 and 200 lg ⁄ml).
Results: EMPs increased proliferation of hAOBs;
however, they inhibited ALP activity and mRNA
expression of osteogenic markers (collagen I, ALP,
runt-related protein 2, osteocalcin, bone sialoprotein
and osteopontin). Meanwhile, EMPs hindered
hAOBs’ attachment. These effects occurred in EMPs
concentration-dependent manner.
Conclusions: These results indicate that EMPs may
inhibit osteoblastic differentiation and attachment
to prevent ankylosis and allow other cell types to
regenerate periodontal tissues.

Introduction

Enamel matrix proteins (EMPs) secreted by Hertwig’s
epithelial root sheath, play an important role in

periodontal and tooth root development (1). Enamel
matrix derivative (EMD) is a commercial product of
enamel protein extracts from porcine tooth buds. Influ-
ence of EMPs has been demonstrated in clinical and
experimental studies. Clinical investigations have shown
that EMD can promote periodontal pocket depth and
attachment level (2–4). From experimental results, it has
been observed that EMD induces formation of acellular
cementum, periodontal ligament and alveolar bone,
which suggested that EMD might enhance periodontal
regeneration (5,6). However, a variety of research studies
has indicated that EMD fails to promote new bone forma-
tion around titanium implants in rabbit and dog models
(7,8). Periodontal ligament cells (PDLCs), gingival fibro-
blasts, osteoblasts and gingival epithelial cells are
involved in the process of periodontal repair. Currently it
is thought that PDLCs and osteoblasts are helpful for
periodontal regeneration.

Some research surveys have focused on effects of
EMPs on PDLCs and osteoblasts and in vitro EMD stimu-
lates PDLC proliferation, attachment, spreading, alkaline
phosphate (ALP) activity and bone nodule formation (9–
12). However, effects of EMD on osteogenic cells seems
to depend on cell type and culture system. According to
work by Schwartz et al., EMD stimulated proliferation,
but not differentiation of 2T9 cells, inhibited proliferation
and stimulated differentiation of human osteoblast-like
osteosarcoma cell line MG63, increased cell proliferation
and differentiation of human osteoblast NHOst cells (13).
In murine osteoblastic cells (MC3T3-E1), EMD promoted
cell proliferation and increased expression of osteogenic
markers (bone sialoprotein and osteopontin) (14,15), did
not change runt-related protein 2 expression (15), but
inhibited osteocalcin expression (16). Song et al. demon-
strated that new cell cementum-like tissue formed along
EMP-treated root slices, which indicated that EMPs
induced differentiation of porcine bone marrow stromal
cells into cementoblasts (17). In primary culture,
EMD prevented rat calvaria cells from osteoblastic
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differentiation (18). Thus, to date, effects of EMPs on
osteoblasts are controversial.

As a part of periodontal tissue, human alveolar bone
plays an important role in periodontal regeneration and
dental implantation. Over life as a whole, alveolar bone in
maxillae and mandibles continuously remodels, due to
tooth eruption, forces of mastication and periodontal
inflammation. Although alveolar bone appears to resemble
skeletal bone, it has specific characteristics (including
origination from ectomesenchyme) and formation by in-
tramembranous ossification (19–21). As human alveolar
osteoblasts (hAOBs) could directly reflect periodontal
physiological conditions, a primary culture system is use-
ful to elucidate effects of EMPs on alveolar osteoblasts
and explain clinical and experimental results. The purpose
of this study was to investigate effects of EMPs on hAOBs
by determining cell proliferation, ALP activity, mRNA
expression of osteogenesis-associated genes and cell
adhesion.

Materials and methods

Reagents

Hank’s balanced saline (HBS), a-minimum essential med-
ium (a-MEM) with 2 mmol ⁄ml L-glutamine, fetal bovine
serum (FBS), antibiotics-antimycotics (Gibco-BRL,
Gaithersburg, MD, USA); 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyl tetrazolium bromide (MTT), dimethyl sulph-
oxide (DMSO), ascorbic acid, b-glycerophosphate, dexa-
methasone, Triton X-100, r-nitrophenol phosphate in 2-
amino-2-methyl-1-propanol buffer, silver nitrate, sodium
thiosulphate, bovine serum albumin (BSA) (Sigma-
Aldrich, St Louis, MO, USA); Trizol reagent, Super-
ScriptTM III First-strand Synthesis System (Invitrogen,
Carlsbad, CA, USA); SYBR� Premix Ex TaqTM real-time
PCR kit (TaKaRa Biotechnology Co, Dalian, China) were
used in this study. EMPs were extracted from porcine
tooth buds and dissolved in acid water (5 mM acetic acid).

Subjects

Approval for human tissue specimens was obtained from
the Committee of Ethics in Research of School of Medi-
cine, Shanghai Jiao Tong University. Informed consent
was obtained from every dental patient who was undergo-
ing an oral surgical procedure. Discarded alveolar bone
was collected from these dental operations. All donors
were young adults (five women and four men, aged from
22 to 36 years), non-smokers, of normal healthy condition
without systemic disease, but with clinical periodontal
inflammation. Sites from which alveolar bone was
collected were not inflammed.

Cell culture

The method to explants such cultures has been described
previously (22). In brief, alveolar bone explants were
washed in sterile HBS, cleaned of adherent soft tissues,
minced into small pieces and cultured in a-MEM
supplemented with 10% FBS, antibiotics-antimycotics
(100 U ⁄ml penicillin G, 100 mg ⁄ml streptomycin sul-
phate and 0.25 mg ⁄ml amphotericin B). They were then
incubated in a humidified atmosphere of 95% air and 5%
CO2 at 37 �C. Cells were not collected and serially
passaged until �80% confluence was achieved. Subse-
quently, cells at 2nd–3rd passage were used in all
experiments.

Preparation of porcine enamel matrix proteins

Porcine EMPs were extracted according to previously
described methods (17). In brief, dental germs were dis-
sected freshly from jaws of 6-month-old pigs. Porcine
EMPs were extracted from unmineralized enamel matrix
using acetic acid, and then lyophilized. Total lyophilized
powder was dissolved in 5 mM acetic acid at a concentra-
tion of 4 mg ⁄ml, sterilized by filtration and stored at
)80 �C.

Cell viability assay

Cells were seeded at 4 · 104 ⁄ml in 96-well plates (Corn-
ing Inc., Corning, NY, USA) and cultured in a-MEM con-
taining 10% FBS. After 24 h, media were replaced with
various concentrations of EMPs (50, 100 and 200 lg ⁄ml)
in six duplicate wells. In the control group, EMPs solvent
was used. Culture media were changed every 3 days and
cells were re-stimulated with EMPs. Cell viability was
determined by adding MTT at concentration of
0.5 mg ⁄ml. After being incubated at 37 �C for 4 h, MTT
was converted into purple formazan product by viable
cells only. Medium was then decanted and DMSO was
used to dissolve formazan salts. Finally, absorbance was
measured at 490 nm.

Cell population growth assay

Cells were plated in 24-well culture plates (Corning Inc.)
at density of 2 · 104 cells ⁄well in 2 ml of a-MEM sup-
plemented with 10% FBS. Cells were allowed to attach
and spread for 24 h, and media were replaced with various
concentrations of EMPs (50, 100 and 200 lg ⁄ml) in qua-
druplicate. After treatments with four experimental condi-
tions for 0, 1, 3, 5, 7 and 9 days, cells were harvested with
0.05% trypsin and 0.02% EDTA in PBS, and counted
using Z2� Coulter Counter� Cell and Particle Counter
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(Beckman Coulter Inc, Fullerton, CA, USA). Data are
expressed as number of cells.

Determination of ALP activity

Cells were cultured in a-MEM containing 10% FBS,
50 mmol ⁄ml ascorbic acid, 10 nmol ⁄ml dexamethasone
and 10 mmol ⁄ml b-glycerophosphate. They were incu-
bated in humidified atmosphere of 95% air, 5% CO, at
37 �C for 7 days. Differentiation media were changed
every 2–3 days. Cells were seeded as cell suspension (at
4 · 104 ⁄ml) in 24-well plates (Corning Inc.). After 24 h,
media were replaced with or without various concentra-
tions of EMPs (0, 50, 100 and 200 lg ⁄ml). Triplicate
cultures were set up in each group. ALP activity was
determined in cell lysates. After treatment with EMPs
for 0, 4, 8, 12, 16 and 20 days, cells were harvested,
washed twice in PBS and lysed with 1% Triton X-100
at 4 �C for 1 h. Replicate aliquots from each lysate were
added the substrate r-nitrophenol phosphate in 2-amino-
2-methyl-1-propanol buffer and incubated at 37 �C for
1 h in dark. Then, 0.5 N NaOH was added to stop the
reaction. Amount of ALP activity was measured by
reading absorbance at 405 nm on a Microplate Reader
(Bio-Tek, Winooski, VT, USA). ALP activities were nor-
malized by cell protein content and expressed as OD
value ⁄h.mg protein.

Reverse transcriptase real-time polymerase chain reaction
analysis

After 7 and 14 days in EMP-treated media (0, 50, 100 and
200 lg ⁄ml) as above, in six-well plates (Corning Inc.),
RNA was isolated using Trizol reagent according to the
manufacturer’s instructions. RNA was reverse transcribed
into cDNA using SuperScriptTM III First-strand Synthesis
System according to the manufacturer’s instructions.
Real-time polymerase chain reaction (PCR) was per-
formed in triplicate for mRNA expression of osteogenic
markers using SYBR� Premix Ex TaqTM real-time PCR
kit according to manufacturer’s instructions. Gene-specific
primers used were: forward AGGGCCAAGACGAAGA-
CATC and reverse AGATCACGTCATCGCACAACA for
collagen 1 (Col 1); forward ACCATTCCCACGTC-
TTCACATTTG and reverse AGACATTCTCTCGTTCA-
CCGCC for ALP; forward ATGAGAGCCCTCAC-
ACTCCTCG and reverse GTCAGCCAACTCGTCA-
CAGTCC for osteocalcin (OCN); forward CTGGCAC-
AGGGTATACAGGGTTAG and reverse ACTGGTGC-
CGTTTATGCCTTG for bone sialoprotein (BSP); forward
TTGCAGCCTTCTCAGCCAA and reverse GGAGG-
CAAAAGCAAATCACTG for osteopontin (OPN); for-
ward TCTGGCCTTCCACTCTCAGT and reverse

GACTGGCGGGGTGTAAGTAA for runt-related protein
2 (Runx2); forward GCACCGTCAAGGCTGAGAAC
and reverse ATGGTGGTGAAGACGCCAGT for glycer-
aldehyde-3-phosphate dehydrogenase (GAPDH). The
following conditions were used for amplification:
pre-denaturation 95 �C for 30 s, denaturation at 95 �C
for 5 s, followed by annealing and extension at 58–60 �C
for 30 s by 40 cycles. GAPDH served as an internal
control.

Cell attachment assay

The method modified from Hebert (23) was performed to
test for cell adhesion. In brief, 24-well culture plates
(Corning Inc.) were coated with 1 ml ⁄well PBS contain-
ing EMPs (0, 50, 100 and 200 lg ⁄ml) at 4 �C. There were
six duplicate wells in each group. After 24 h, plates were
washed three times in PBS, and 0.02% BSA in a-MEM
without FBS and antibiotics was used to block non-
specific binding sites for 1 h at 37 �C. Cells were seeded
at density of 2.4 · 105 cells ⁄well in EMP-coated plates
and incubated for 1.5, 3.5 and 6.5 h at 37 �C in 5% CO2.
After incubation, unattached cells were gently removed
with 1 ml PBS. Attached cells were harvested with trypsin
and counted in a Beckman Coulter Counter as described
above. Cells in uncoated plates were used as negative
control. Data are expressed as percentage of attached cells
compared to initial cells.

Statistical analysis

Each experiment was repeated at least twice. Real-time
data analysis was performed by relative quantification
using the 2)DDCT method, according to Livak and
Schmittgen (24). Gene expression was normalized by
gene expression of GAPDH and then described as x-fold
expression over control.

Data were statistically analysed using analysis of vari-
ance (ANOVA). Differences at P < 0.05 were considered
statistically significant.

Results

To reveal effects of EMPs on human alveolar osteoblasts
(hAOBs), we detected cell proliferation, differentiation
and adhesion after hAOBs were treated with EMPs.

First, the effect of EMPs on human alveolar osteoblast
proliferation was assessed by MTT assay and cell popula-
tion growth assay. EMPs significantly increased viability
and replication of hAOBs when compared to negative
controls (P < 0.05), in a concentration-dependent manner
in EMPs-treated groups (Figs 1 and 2). Although cell
viability decreased gradually in all groups after 8 days, it
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was still higher in EMP-treated groups than in controls
(P < 0.05) (Fig. 1).

Human alveolar bone plays an important role in peri-
odontal tissue repair; hence, we detected osteogenic differ-
entiation of hAOBs after being treated with EMPs. Effects
of EMPs on ALP activity was explored. At the beginning
of culture, there was no difference in ALP activity
between all groups (P > 0.05). However, ALP activities
significantly decreased in EMPs-treated groups compared
to controls at 4, 8, 12, 16 and 20 days, especially in the
200 lg ⁄ml EMP-treated group (P < 0.05) (Fig. 3).

Furthermore, we measured mRNA expression of oste-
ogenic markers with real-time PCR. There was no signifi-
cant difference in mRNA expression of Col 1 among all
groups on day 7 (P > 0.05); 200 lg ⁄ml EMP suppressed
Col I expression on day 14 (P < 0.05) although only a
slight, not significant, decrease in Col I expression was

found in 50 and 100 lg ⁄ml EMP groups (P > 0.05)
(Fig. 4a). EMPs suppressed ALP in a concentration-
dependent manner throughout the experimental period, as
shown in Fig. 4b (P < 0.05). Figure 4c shows that EMPs
inhibited Runx 2 mRNA expression on day 14 in a con-
centration-dependent manner (P < 0.05); however, only
200 lg ⁄ml EMP had this inhibitory effect on mRNA
expression of Runx 2 on day 7 (P < 0.05). At early stages,
OCN expression was very low in all groups, which
showed no significant difference between them
(P > 0.05); however, EMPs markedly suppressed mRNA
expression of OCN on day 14 (P < 0.05) (Fig. 4d). EMPs
stimulated mRNA expression of OPN on day 7
(P < 0.05), but mRNA levels of OPN decreased at late
stages in EMP-treated groups (P < 0.05) (Fig. 4e). On
day 7, only 200 lg ⁄ml EMPs obviously decreased BSP
expression (P < 0.05); furthermore, inhibitory effects of
EMPs were more obvious in a concentration-dependent
manner on day 14 (P < 0.05) (Fig. 4f).

Cell adhesion plays an important role in wound tissue
repair. Attachment of hAOBs appeared to be inhibited in a
concentration-dependent manner after application of
EMPs (Fig. 5). At 1.5 h, 50 lg ⁄ml EMPs increased
hAOB attachment compared to controls (P < 0.05), but at
3.5 and 6.5 h, cell attachment in the 50 lg ⁄ml EMP-trea-
ted groups was significantly lower than in controls
(P < 0.05); 100 and 200 lg ⁄ml EMPs inhibited cell
attachment at any time point (P < 0.05) (Fig. 5).

Discussion

In this study, we demonstrated the effects of EMPs on
proliferation, differentiation and attachment of human
alveolar osteoblasts.

Cell proliferation plays an important role in the wound
healing process, which enhances cell population over a

Figure 1. MTT assay. Human alveolar osteoblast viability by MTT
assay during continuous 9-day culture. Results are presented as
means ± SD. *Statistically significant compared to control: P < 0.05.

Figure 2. Cell population growth assay. Human alveolar osteoblast
growth by counting cell number. Results are presented as means ± SD.
*Statistically significant compared to control: P < 0.05.

Figure 3. Alkaline phosphatase activity assay. Comparison of human
alveolar osteoblast ALP between different EMP-treated groups. *Statisti-
cally significant compared to control: P < 0.05.
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wounded space at early stages and is a prerequisite for
tissue formation at later stages. Some studies have shown
that EMPs enhance various activities of different cell
types. EMD at a concentration of 100 lg ⁄ml increases

proliferation of MC3T3-E1 and rat bone marrow stromal
cells (14,25); Guida has indicated that EMD (12.5, 25 and
50 lg ⁄ml) enhanced proliferation of human bone marrow
stromal cells (hBMSCs) (26). In our previous study, EMPs
(50, 100, 200 and 300 lg ⁄ml) promoted proliferation of
hBMSCs (27); however, the effect of 300 lg ⁄ml EMP
was lower than that of 200 lg ⁄ml EMP. According to our
previous results, we chose concentrations of EMPs (50,
100 and 200 lg ⁄ml) in this study. hAOBs treated with
EMPs (50, 100 and 200 lg ⁄ml) increased hAOB prolifer-
ation in a time and dose-dependent manner. Although
mechanisms of how EMPs promote proliferation is not
clear, enhancement of cell proliferation is clearly crucial
for wound healing.

Although EMPs can enhance cell proliferation, effects
of EMPs on differentiation of osteoblastic cell lines have
been shown to be variable among different cell types
and ⁄or culture conditions (13–18,25–29). According to
our findings, EMPs inhibited ALP activity and osteogenic
differentiation of hAOBs, and the inhibitory effects on dif-
ferentiation are consistent with further studies (16,18,26).
We explored mechanisms of the inhibitory effects and

Figure 4. Real time quantity PCR. mRNA expression of Col I, ALP, Runx2, OCN, OPN and in hAOBs incubated with EMPs. Gene expression was
normalized to GAPDH and is presented as percentage of relative expression level in untreated cells at the same time points. ALP, alkaline phosphatase;
BSP, bone sialoprotein; Col I, collagen type I; OCN, osteocalcin; OPN, osteopontin; Runx2, Runt-related protein 2. *Statistically significant compared
to control: P < 0.05.

Figure 5. Cell attachment assay. Comparison of hAOB attachment to
EMP-coated surface at different concentrations. Data are expressed as
percentage of attached cells compared to initial cells. Mean values are
shown with standard deviation. *Statistically significant compared to
control: P < 0.05.
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found decrease in osteogenic differentiation markers
regulated by EMPs.

Collagen I is the main protein in bone formed by
osteogenic cell lineages. From our data, 200 lg ⁄ml
EMPs reduced mRNA expression of Col I, consistent
with other research on human bone marrow stromal cells
(26), but low concentration (50 and 100 lg ⁄ml) had no
significant inhibitory effects, in agreement with van den
Dolder’s research on rat marrow stromal cells (25). Some
studies have reported that EMD increased expression of
Col I in MC3T3-E1 cells (14) and primary human
osteoblasts from femur and tibia (28). From the above
mentioned studies, it is observed that inhibitory effects
of EMPs on Col I depends on concentration and cell
species.

As a membrane-bound enzyme, alkaline phospha-
tase is involved in hydroxyapatitic crystal deposition
during mineralization. From our results, it is observed
that EMPs inhibited ALP activity in a concentration-
dependent manner, which confirmed previous research
(16,18,26); however, our results did not agree with
some others (14,28,29), in which EMD increased ALP
activity or mRNA expression. Also, van den Dolder
reported that there was no difference in ALP activity
between EMD-treated groups and EMD-negative
groups (25). Species of cell origin in these experiments
were different from those in our study, which could
result in such a discrepancy. As ALP is considered to
be an early marker of osteoblast differentiation, we
speculate that EMPs inhibit initial repopulation of
osteoblasts.

Osteocalcin is expressed at late stages of osteoblastic
differentiation and is associated with mineralization. In
our findings, inhibition of OCN appeared in EMP-treated
groups, which is in agreement with some studies
(16,18,26). However, it has been demonstrated that EMD
(50 lg ⁄ml) could increase OCN expression in human
osteoblasts (28) but that EMD (100 lg ⁄ml) had no effect
on OCN expression on rat bone marrow cells (25). This
discrepancy of results may be due to different culture sys-
tems and cell lines.

Osteopontin is a non-collagenous protein of the extra-
cellular matrix in calcified tissues. It has been reported
that OPN expression has been found at margins of newly
formed cementum and bone in periodontal regeneration
research (30). According to our data, EMPs stimulated
mRNA expression of OPN in a concentration-dependent
manner at day 7; however, they inhibited OPN expression
at later stages, which is consistent with one piece of
research (18), but inconsistent with another (15). As OPN
is a multifunctional factor involved in bone modelling,
immunity, infection and inflammation, its functions
require further study in periodontal regeneration.

As a non-collagenous extracellular matrix protein,
bone sialoprotein is associated with mineralization of
tissues and is involved in nucleation of hydroxyapatite
during bone formation (30). It has been demonstrated that
BSP could play a major role during formation and remod-
elling of bone and cementum (31–33). Weishaupt has
reported that EMD increased mRNA expression of BSP
(15), which is a result different from our data. Some work
has demonstrated that EMD can regulate the promoter of
BSP and increase BSP transcription in vitro (34,35).
According to Lamour’s research (36), Runx 2 has the
capacity to bind to the promoter of BSP and increases its
expression. In our findings, mRNA expression of Runx 2
was inhibited by EMPs, which could explain the decrease
in mRNA expression of BSP in our experiments. Runx2
has dual regulatory activity, which represses and activates
osteogenic gene expression. These effects depend on mat-
urational stage of cells and cofactors involved at that stage
(36). As the mechanism of EMP regulation on Runx 2 in
human alveolar osteoblasts is still unclear, it needs to be
further explored.

In tissue repair and regeneration, cell adhesion on
extracellular matrix substrata is critical for organization of
tissues. As Karring mentioned (37), ankylosis would not
occur if cells derived from alveolar bone were to be
excluded to reach and contact with root surfaces. Effects
of EMPs on attachment of cells are still controversial.
Lyngstadaas (11) found that attachment level of PDL cells
over early hours increased nearly five times when the cul-
ture dish was coated with EMD, but Gestrelius (9) indi-
cated that EMD had no significant effect on attachment of
PDL cells. van der Pauw (38) noted that human periodon-
tal ligament fibroblasts attached within 24 h, whereas
human gingival fibroblasts barely attached on EMP-
coated substrata. Our previous studies have indicated that
EMPs did not increase attachment levels of hBMSCs (27).
Such conflicting results probably arose from different
kinds of cells or EMPs being used by the various investi-
gators. In our present study, EMPs at 50 lg ⁄ml enhanced
cell attachment at 1.5 h, but later, EMPs at this concentra-
tion inhibited cell attachment. We speculate that EMPs at
low concentration only as particles provide a wider sur-
face for cell adhesion. From our data, we observed that
EMPs hindered hAOB attachment in vitro, which is possi-
bly due to decrease in BSP. As a member of the SIBLING
(small integrin binding ligand, N-linked glycoproteins)
family of proteins, BSP is commonly found in mineralized
tissues. According to a study of Bernards et al., BSP
enhance osteoblasts’ adhesion to cell culture polystyrene
surface (39). Although the mechanism of inhibiting hAOB
adhesion by EMPs needs to be further explored, this
inhibitory effect is helpful for regenerating periodontal
apparatus and preventing ankylosis formation.
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In summary, EMPs significantly increased hAOB pop-
ulation growth, but decreased their osteoblastic differenti-
ation and attachment. Inhibitory effects suggest that EMPs
may function to allow other cell types to regenerate peri-
odontal tissue by inhibiting osteoblastic differentiation
and attachment, which could partly explain formation of
periodontal apparatus but ankylosis after clinical and
experimental application of EMPs for periodontal defects.
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