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Abstract

We investigated the effects of cellular aging on the expression of cementum and mineralization-specific proteins in human
periodontal ligament (PDL) cells, since this is not well studied. Previously, we showed that STRO-1- and cementum protein
1 (CEMP1) - positive PDL cells behave like cementoblasts, since they can be directed toward cementogenesis. However, the
mineralization characteristics of these cells during aging have not been examined. Thus, we examined mineralization and
expression of the mineralization-related proteins, CEMP1, collagen I (COL I) and osteopontin (OPN) in STRO-1 positive
selected and unselected human PDL cells, control human cementoblastoma cells, and human mesenchymal stem cells (hMSC).
Early (young) and late (aged) passage cells were compared. Aged STRO-1 positive cells exhibited the highest level of miner-
alization as assessed by Alizarin red staining and energy dispersive x-ray spectroscopy. Aged STRO-1 positive PDL cells also
exhibited high levels of CEMP1, OPN, and COL I expression at two weeks compated to all other cells. At eatlier time points,
osteogenic induction significantly enhanced CEMP1 expression in aged STRO-1 positive and parental PDL cells. In contrast,
STRO-1 negative cells exhibited high CEMP1 expression only in young cells. High CEMP1 expression was also present in
young cells derived from cementoblastoma cells and hMSC. Expression of OPN and COL I varied for STRO-1 negative
PDL, cementoblastoma, and hMSC cells. In summary, cellular aging significantly promotes mineralization and expression of
CEMP1, OPN, and COL I in STRO-1 positive PDL cells. These findings may impact petiodontal tissue function and regen-
eration in the context of aging tissues.
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generation of the periodontium [4, 5]. Although cementum was
first described in 1835 and its recognition probably dates back to
1667 [6], it remains pootly understood at the cellular and molecu-

Introduction

The periodontium supports the tooth and consists of the peri-
odontal ligament (PDL), tooth cementum, alveolar bone, and gin- lar level.

giva [1]. The PDL is comprised of a collagenous extracellular ma-

Human cementoma-derived protein, cementum protein 1
(CEMP1) has been associated with cementogenesis [7-12]. Trans-

fection of CEMP1 into human gingival fibroblasts induced miner-

trix and cells, including the cementum- producing cementoblasts
[2]. Disease or injury to the periodontium can result from several
factors |1, 3], however, effects of aging on the periodontium are

not well known. Periodontal regeneration is difficult and requites
reconstitution of several tissues, including root cementum, which
is not predictable. Eatly steps in this process include attachment
of new connective tissue fibers to root surfaces and cementogen-
esis. Cementogenesis is a critical process for homeostasis and re-
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alization and expression of bone and cementum-matrix proteins
[13, 14]. CEMP1 was expressed by cementoblasts and progeni-
tor cells within the PDL. Since discovering residential stem cells
in the PDL, recent studies have focused on their potential role
in cementum formation. Indeed, PDL cells have the potential to
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differentiate into cementoblasts [15-18]. Given these data, pre-
vious studies isolated postnatal stem cells from the PDL using
the mesenchymal stem cell surface marker STRO-1 [15]. Paula-
Silva and colleagues were the first to link STRO-1 and CEMP1
to cementogenesis [17]. Prior to this, molecules responsible for
recruiting mesenchymal cells and inducing their differentiation
into cementoblasts had not been identified. Furthermore, tem-
poral expression and regulation of CEMP1 during mineralization
and cellular aging are not known [7-10]. Cellular aging occurs as
cells undergo multiple cell passages in culture [19-23]. Thus, an i»
vitro cellular aging approach was employed in current studies to
examine expression of mineralization related proteins, including
CEMP1, in selected stromal cells.

Periodontal tissue breakdown and tooth loss increase with age.
Studies have described changes of the PDL that occur with aging,
however, these are largely limited to histological investigations |1,
2, 24, 25]. Therefore, understanding the biological changes of the
PDL and its cells during the aging process could help shed light on
the relationship between periodontal breakdown and aging. Previ-
ous studies proposed that CEMP1 is a mediator of periodontal
regeneration and cementogenesis, since it stimulates PDL cell
proliferation migration, and mineralization, and a cementum-like
phenotype in gingival fibroblasts [13, 14, 17|. However, CEMP1
expression in PDL cells in relation to cellular aging has not been
examined. Given an association between a STRO-1 positive phe-
notype and CEMP-1 expression in PDL cells with a regenerative
potential [17], we selected cells expressing these markers to exam-
ine their contribution to cellular aging,

Materials and Methods
Cell Culture

University of Michigan Institutional review board approval was
obtained for this study. Premolars (n=24) extracted for ortho-
dontic reasons were obtained from human subjects ages 12-16
and placed in culture media. PDL cells were harvested from teeth
as previously described and cultured in basal a-minimal essen-
tial media (xMEM) containing 10% fetal bovine serum plus 1%
penicillin/streptomycin [2], then selected by STRO-1 expression.
Human cementoblastoma cells were obtained as previously de-
scribed [7], and cultured in basal «MEM with 10% fetal bovine se-
rum plus 1% penicillin/streptomycin. Human mesenchymal stem
cells (hMSCs) and corresponding basal media were purchased
(Lonza, MD, USA). All cells were prepared to passage 2 and 3
then used for experiments or aged as described below. Five cell
types were used for these investigations: STRO-1 positive PDL
cells, STRO-1 negative PDL cells, parental PDL cells, human ce-
mentoblastoma cells, and hMSC.

Magnetic Bead Cell Isolation

To isolate STRO-1 positive PDL cells, the CELLectin Biotin
Binder Kit and a mouse anti- human STRO-1 antibody (1:20 di-
lution; R&D Systems Inc., Minneapolis, MN) and magnetic Dy-
nabeads (Life Technologies, Grand Island, NY) were used with
passage 3 (P3) PDL cells as previously described [26]. Bead bound
cells were designated as STRO-1 positive cells and unbound cells
were designated as STRO-1 negative cells. Parental PDL cells were
the original starting cells from which STRO-1 positive and nega-
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tive cells were derived.
Immunofluorescence

Standard immunofluorescence was performed to confirm that
magnetic bead isolated cells were STRO-1 positive. Since CEMP-
1 is a presumptive marker of cementoblasts [7-14, 17|, CEMP-1
expression was also examined in these cells. A mouse anti-human
STRO-1 monoclonal IgM antibody (1:200 dilution; BioFx Labs,
MD), and a CEMP1 antibody (1:300 dilution) [13, 14, 17| were
used. Negative controls included using no antibody or a normal
mouse IgG (1:150 dilution). A secondary FITC conjugated goat
anti-mouse IgM antibody (1:300 dilution) and a Texas Red conju-
gated donkey anti-rat IgG antibody (1:300 dilution) were then ap-
plied. DAPI nuclear stain was used at a 1:5000 dilution. Cells were
observed under light microscopy with fluorescence filters. Images
were captured using Q-Capture Pro software and an Evolution
MP digital camera attached to a Nikon TS100 microscope.

Western Blot Analyses

To confirm CEMP1 expression in isolated cells, standard west-
ern blot analyses were performed using an antibody to CEMP1
(described above) and an enhanced chemiluminescence detection
system (West-Pico ECL, Pierce Biotechnology).

Cellular Aging Protocol

STRO-1 positive, STRO-1 negative, parental PDL, and positive
control cementoblastoma cells were cultured in basal «-MEM
and positive control hMSC cells were cultured in basal hMSC
medium to 90% confluency (~2.5x10° cells). Cellular aging was
performed by sub-cultivation according to Hayflick and Goseki
[19, 20, 27]. Cells plated at P2 or P3 were ecither used immediately
or passaged again for specific assays and considered ‘young’ cells
(P3 - P4). For in vitro aging, cells were passaged and sub-cultivated
using a 4:1 ratio. After P10 and P11, the growth rate of the cells
decreased. The resulting cells were split into a 2:1 ratio to achieve
passage 12 or more, and these late passage cells were considered

‘aged” (P11-13).
Osteogenic/Cementogenic Differentiation

Cells were incubated in osteogenic or control basal media for
mRNA analysis, Alizarin Red S staining, and EDS analysis. Os-
teogenic induction media contained L-glutamine, ascorbate,
dexamethasone, and B-glycerophosphate (Lonza, MD) [28]. RNA
analysis was performed in a time course fashion (Oh, 6h, 24h, 72h,
1wk, and 2wk) for both young and aged cells in the presence of
osteogenic or control medium. Following the time course, sam-
ples underwent RNA extraction, reverse transcription and subse-
quent RT-qPCR.

RNA extraction/Reverse Transctiption

RNA extraction was performed using the RNeasy Mini Kit (Qia-
gen, USA). RNA quality and concentration were evaluated on a
Beckman DU-640 spectrophotometer using 260/280 absotbance.
RNA samples underwent reverse transcription with the High
Capacity cDNA Reverse Transcription Kit (Life Technologies,
Carlsbad, CA).
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Quantitative Real-Time Polymerase Chain Reaction (qRT-
PCR) Assays

qRT-PCR assays [8] were performed on quadruplicate cDNA
samples using the TaqMan® Universal PCR Master Mix (Life
Technologies, Carlsbad, CA) and the Vii7 Applied Biosystems
PCR system (Applied Biosystems, Foster City, CA). TaqgMan gene
expression assay identification numbers and probe sequences for
GAPDH, COL1A1, OPN, and CEMP1 are indicated in Table 1.

Alizarin Red S Staining

To assess mineralization, cells were incubated in osteoinduction
or control media for 2 wk then stained and evaluated using the
Alizarin red dye and cetylpyridinium chloride extraction method
as reported previously [17]. Staining was quantified on a spectro-
photometer at 570 nm. Images of samples were scanned using an
Epson double-sided radiograph-scanning machine and an Apple
Mac computer.

SEM and EDS

To further assess mineralization, standard scanning electron mi-
croscopy (SEM) and energy dispersive x-ray spectroscopy (EDS)
were performed as previously described [29]. Samples were
washed in PBS, fixed in ice cold 70% ethyl alcohol and air dried
prior to EDS and SEM analysis. Samples were covered with a thin
(10nm) gold film then analyzed with a Leica-Cambridge 440 scan-
ning electron microscope fitted with a PentaFET energy disper-
sive x-ray microanalysis microprobe. All analyses were performed
at 20 kV for 300 sec.

Statistical Analyses

Student’s ~tests were used for analysis to compare aged versus
young cells. P < 0.05 was considered significant.

Results

To examine cellular aging on select PDL cells, STRO-1 positive
PDL cells were first isolated and examined via immunofluotes-
cence and western blotting (Figure 1). Since CEMP-1 is a pre-
sumptive marker of mineralization and cementogenesis [17], its
expression was also examined in these cells. STRO-1 positive
selected PDL cells and positive control cementoblastoma cells
consistently showed STRO-1 and CEMP1 expression in an over-
lapping pattern (Figure 1B). STRO-1 negative PDL cells failed to
show comparable staining of these markers (Figure 1B). Western
blot analyses confirmed that parental PDL cells, STRO-1 posi-
tive PDL cells, and control cementoblastoma cells all expressed
CEMP1 (Figure 1C). However, STRO-1 negative PDL cells failed
to express CEMP1. Combined immunofluorescence and western
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blot data indicate that bead isolation can be used to successfully
identify STRO-1 positive, CEMP1 expressing cells from a paren-
tal pool of PDL cells.

Selected cells were next examined under osteogenic induction
conditions. Images of cells revealed that osteogenic induction
promoted nodule-like formation in parental PDL, STRO-1 posi-
tive, STRO-1 negative, and cementoblastoma cells to varying de-
grees in both young and aged cells (Supplementary Figure 1).

To further assess mineralization potential, Alizarin red staining
was evaluated in these cells (Figure 2). All young and aged STRO-
1 positive, parental PDL, and cementoblastoma cells exhibited
significant Alizarin red staining under osteogenic treatment con-
ditions. STRO-1 positive cells exhibited the highest level of Aliza-
rin red staining compared to all cells under osteogenic conditions.
STRO-1 negative PDL cells showed low levels of Alizatin red
staining under osteogenic conditions (Figure 2). Interestingly,
aged STRO-1 negative PDL cells exhibited higher Alizarin red
staining than young STRO-1 negative cells under osteogenic con-
ditions, suggesting that aging promotes mineralization even in
cells not exhibiting the STRO-1 stemness marker (Figure 2).

EDS analysis revealed that the calcium to phosphate ratio (Ca/P)
of mineral deposited by osteogenically induced cells was greatest
for STRO-1 positive aged cells (Figure 3). STRO-1 positive aged
cells exhibited Ca™ and P energy peaks with an atomic petrcent-
age of 65.4 and 34.6, respectively, for a total 1.89 Ca/P. This value
corresponds with that of biological hydroxyapatite [30]. Control
hMSC exhibited Ca™ and P energy peaks with an atomic pet-
centage of (2.8 and 37.2, respectively, for a total 1.68 Ca/P. This
value also corresponds well with that of biological hydroxyapatite.
STRO-1 positive young cells revealed low peaks for Ca™ and P
(53.0 and 47, respectively) with a 1.13 Ca/P. Patental PDL cells
showed even lower peaks for Ca™ and P (52.2 and 47.7, respec-
tively) with a 1.09 Ca/P. STRO-1 negative cells showed very low
energy peaks for Ca*? and P (23.9 and 76.0, respectively) with a
0.31 Ca/P. SEM images showed corresponding mineral deposi-
tion. The mineralization pattern for aged STRO-1 positive cells
appeared distinct from that of other cells.

The effect of #n vitro cellular aging on the RNA expression of
CEMP1 and other mineralization-related genes, osteopontin
(OPN) and collagen I (COL I), was evaluated next using a time
course approach and osteogenic or control media conditions. Fold
increase and decrease RNA expression levels for CEMP1, OPN,
and COL I are listed (Supplementary Tables I to IV). Evaluation
of CEMP1 expression in aged parental PDL cells treated with
and without osteogenic induction medium revealed a progressive
increase in CEMP1 expression over time (Figure 4A). There was
a 3-fold upregulation in CEMP1 expression for induced/treated
and untreated aged cells at 24 h, a peak 7- fold upregulation for
treated aged cells at 72 h, and a peak 12-fold upregulation at 1 wk

Table 1. TagMan gene expression assay identification numbers and probe sequences for GAPDH, COL1A1, OPN, and CEMP1.

Gene Assay ID Probe Sequence
GAPDH Hs02758991_¢gl | GACTCATGACCACAGTCCATGCCAT
COL1A1 Hs00164004_ml | AAGACGAAGACATCCCACCAATCAC
SPP1 / OPN | Hs00959010_ml | TCGCAGACCTGACATCCAGTACCCT
CEMP1 Hs04185363_sl | TCCCTGCCTGGGAGCCCTGGCAAGA
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Figure 1. STRO-1 selected periodontal ligament (PDL) cells. A. Phase contrast images of PDL tissue giving rise to PDL cell outgrowths.
Images of post-bead isolated PDL cells that have undergone selection with anti-human STRO-1 antibody. Note the STRO-1 positive
cells attached to the gold Dynabeads (arrow). B. Immunofluorescence images of STRO-1 positive (STRO-1+) selected, non-selected

STRO-1 negative (STRO-1-) PDL cells, and cementoblastoma (TCN) cells stained for STRO-1 and CEMP1 expression. STRO-1 selected

and unselected young (P3) PDL cells and TCN cells were stained with an anti-human STRO-1 antibody then a subsequent FITC (green)

conjugated secondary. The same cells were stained with anti-human CEMP1 antibody then a subsequent Texas Red (red)-conjugated
secondary antibody. These cell images were then merged to show the overlapping expression of STRO-1 and CEMP1 plus DAPI nuclear
staining in blue. C. Western blots showing expression of CEMP1 in parental PDL (PDL), STRO-1+, STRO-1-, TCN. Samples were nor-
malized to the beta actin control.
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Figure 2. STRO-1+ PDL cells exhibited the highest level of Alizaren red staining under osteogenically induced conditions. A. Images of
young (P3-4) PDL cells grown in osteogenically-induced (Tx) and control media (UT) for 2 weeks (a, parental PDL cells, b, STRO-1 posi-
tive PDL cells, ¢, cementoblastoma cells (TCN), d, STRO-1 negative PDL cells). Images of aged (P11-13) PDL cells grown in osteogen-
cially induced and control media for 2 weeks (a, parental PDL cells, b, STRO-1 positive PDL cells, ¢, cementoblastoma cells, d, STRO-1
negative PDL cells). B. Graphs of quantification of images in A. Comparisons determined by t-tests* p<0.05, ** p<0.01, ***p<0.001.
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for untreated aged cells (p<<0.05). An increase in CEMP1 expres-
sion was also noted for aged STRO-1 positive PDL cells with a
2-fold and 5-fold upregulation at 1 wk for treated and untreated
cells, respectively (p<0.05) (Figure 4B). CEMP1 expression for
STRO-1 negative aged cells was low overall compared to all other
cell types. A significant 3-fold downregulation for CEMP1 was
noted for aged untreated STRO-1 negative cells at 24 h (p<<0.05)
and a 19-fold and 2.9-fold downregulation at 1 wk for both
treated and untreated aged STRO-1 negative groups, respectively
(p<0.05) (Figure 4C).

Cementoblastoma cells exhibited a unique pattern of CEMP1 ex-
pression. Young cementoblastoma cells exhibited higher CEMP1
expression levels in earlier time points through 24 h. This pattern
then switched, and aged cementoblastoma cells exhibited higher
levels of CEMP1 expression at 1 wk (Figure 4D). HMSC exhib-
ited elevated CEMP1 expression in young cells especially at later

time points (Figure 4E).

Aged parental PDL cells showed a progressive increase in osteo-
pontin expression with peak expression at 1 wk of treatment (Sup-
plementary Figure 2A). STRO-1 positive aged cells also showed a
progressive increase in osteopontin expression from 24 h to 1 wk
with a peak 55-fold upregulation at 1 wk for induced/treated cells
(p<0.05) as well as a significant upregulation at 1 wk for untreated
control cells (p<0.015) (Supplementary Figure 2B). STRO-1 posi-
tive aged cells exhibited the highest level of osteopontin expres-
sion at 1 wk under treatment compared to all other cells. STRO-1
negative aged cells also showed increasing osteopontin expression
over time under both treated and untreated conditions, except at
1 wk of treatment where young cells exhibited higher levels (Sup-
plementary Figure 2C). Cementoblastoma cells showed mixed ex-
pression with peak levels noted at 72 h for both aged and young
cells (Supplementary Figure 2D). Young hMSC exhibited increas-
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Figure 3. SEM (left) and EDS (right) images of osteoinduced cells showing mineral formation. Imaged cells included mesenchymal stem
cells (MSC), STRO-1+ (aged), STRO-1+ (young), parental PDL cells, and STRO-1-negative cells.
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Figure 4. Time course assays showing CEMPI expression in young and aged parental PDL, STRO-1 positive, STRO-1 negative, cemento-
blastoma (7CN), and human mesenchymal stem (hMSC) cells under osteogenic and control media conditions. The graphs show the rela-
tive expression of CEMP1 (Y-axis) as assessed by real-time quantitative reverse transcription PCR from 0 hr through one week (X-axis)
comparing control untreated cells (UT) and osteogenically induced cells (Tx). “indicates significant upregulation or downregulation of
aged cells P< 0.05.
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Figure 5. Two week evaluation of CEMP1, COL I, and OPN mRNA expression normalized to GAPDH in young (P 3-4) PDL cells, aged
(P 11-13) PDL cells, parental PDL cells, and cementoblastoma cells (TCN). A. Expression of CEMP1, B. Expression of COL I, C. Ex-
pression of OPN. " indicates significant upregulation or downregulation of aged cells P< 0.05.
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ing osteopontin expression that peaked at 1 wk (Supplementary Discussion

Figure 2E).

For collagen expression, aged parental PDL cells exhibited peak
values at 1 wk. (Supplementary Figure 3A). STRO-1 positive aged
PDL cells showed a progressive and significant upregulation of
collagen I expression over time for all time points for both treated
and untreated cells (Supplementary Figure 3B). Increased colla-
gen I expression for STRO-1 positive aged cells began at 6 h and
peaked at 1 wk, with an 18-fold increase in expression (p< 0.05).
This collagen upregulation preceded the CEMP1 increased ex-
pression in these cells, suggesting that CEMP1 expression may
be collagen dependent and important for late stages of miner-
alization. In contrast, young cells for the STRO-1 negative group
showed the highest levels of collagen I expression (Supplemen-
tary Figure 3C). This collagen I expression peaked at 72 h then de-
clined. Cementoblastoma cells showed peak collagen I expression
at 24 h. Aged cementoblastoma cells showed higher collagen I
expression under treatment conditions at 72 h and 1 wk, whereas
young cells exhibited higher collagen I expression levels in the
absence of treatment at 1 wk (Supplementary Figure 3D). Com-
pared to young hMSC cells, aged hMSC cells consistently showed
higher collagen I expression levels at all time points under treated
or untreated conditions (Supplementary Figure 3E).

Examination of gene expression at 2 wk revealed a 208-fold up-
regulation of CEMP1 expression in aged STRO-1 positive PDL
cells (P<0.05) (Figure 5A). There was a trend toward downregula-
tion of CEMP1 expression in aged parental PDL, cementoblas-
toma, and STRO-1 negative cells, which was not statistically sig-
nificant (P>0.05). In terms of collagen expression, aged STRO-1
positive cells again exhibited the highest levels of expression at
the 2 wk mark (Figure 5B). Parental PDL cells and STRO-1 nega-
tive cells exhibited the next highest levels of collagen I expression
at 2 wk. For osteopontin expression, STRO-1 positive cells again
exhibited the highest levels along with parental PDL cells (Figure
5C).

Despite various methods and agents employed for periodontal
regeneration [5, 31-35], none have consistently promoted cemen-
togenesis. Our previous work indicated that CEMP1 and STRO-1
may serve as markers of cementum forming cells or cemento-
blasts [17]. Cementoblasts are thought to produce cementum
during regenerative processes [1, 4, 32, 33]. The PDL contains
a subset of progenitor cells that are thought to give rise to ce-
mentoblasts [2, 24, 36]. These pluripotent cells have been isolated
previously using the STRO-1 marker and magnetic beads as in the
present study [37]. In current studies, we isolated STRO-1 positive
PDL cells to examine the effects of 7 vitro aging on CEMP1 tem-
poral expression. This is the first report showing that CEMP1 ex-
pression increases with zz vitro cellular aging. Expression of other
mineralization associated genes, OPN and COL I, also increased
significantly with cellular aging in these cells, indicating a general
propensity toward mineralization with » vitro aging in pluripotent
PDL cells. These data could have significant implications for peri-
odontal tissue function and regeneration in the context of aging.

Osteogenic induction of aged STRO-1 positive cells promoted
mineralization with features similar to that of biological hy-
droxyapatite [30]. However, the morphology of STRO-1 positive
aged cells differed from that of other cells. These morphological
differences could indicate alterations in underlying mineraliza-
tion processes. In addition, the Ca/P ratio (1.89) of aged STRO-
1 positive cells approximates that of cellular cementum (1.97)
[9]. The hMSC Ca/P ratio (1.68) is similar to that of osteoblasts
(1.628) [9]. These data suggest that aged STRO-1 positive PDL
cells that express CEMP1 may be cementoblasts that can produce
cementum-like mineral. The concept of CEMP1 regulating min-
eral deposition is not new [12, 17].

Cells aged in culture exhibit alterations in gene expression. Aged
PDL cells exhibited decreased STRO-1, collagen XII and ten-
emodulin expression by P3, and further reduction in expression
by P6 [22]. Similatly, in vitro aging of PDL cells and gingival fibro-
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