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Background: Identification of regulators for aging-associated
stem cell (SC) dysfunctions is a critical topic in SC biology and
SC-based therapies. Periodontal ligament stem cell (PDLSC),
a kind of dental mesenchymal SC with dental regeneration po-
tential, ages with functional deterioration in both in vivo and ex
vivo expansion. However, little is known about regulators for
PDLSC aging.

Methods: Expression changes of a potential regulator for
PDLSC aging, histone deacetylase 6 (HDAC6), were evaluated
within various models. Senescence-associated phenotypic and
functional alternations of PDLSC in loss-of-function models for
HDAC6 were examined using HDAC6-specific pharmacologic
inhibitors or RNA interference-based knockdown. Involvement
of p27Kip1 in HDAC6-associated aging was demonstrated by
its acetylation and stability changes along with overexpression
or functional inhibition of HDAC6.

Results: Expression of HDAC6 decreased significantly in
replicative senescence and induced SC aging models. Loss-
of-function experiments suggested that pharmacologic inhi-
bition of deacetylase activity of HDAC6 accelerated PDLSC
senescence and impaired its SC activities, which showed re-
duced osteogenic differentiation and diminished migration
capacities. Examination of markers for proliferative exhaus-
tion of SCs revealed that protein level of p27Kip1 was specif-
ically elevated after HDAC6 inhibition. HDAC6 physically
interacted with p27Kip1 and could deacetylate p27Kip1. Im-
portantly, acetylation of p27Kip1 was negatively regulated
by HDAC6, which correlated with alteration of p27Kip1 protein
levels.

Conclusion: Data suggest that HDAC6 plays an impor-
tant role in PDLSC aging, which is dependent, at least par-
tially, on regulation of p27Kip1 acetylation. J Periodontol 2017;
88:e12-e23.
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A
ccumulating damages to various
biologic macromolecules leads
to universal decline of tissue ho-

meostasis and regeneration during aging,
a hallmark of stem cell (SC) exhaustion.1

Similarly, many ex vivo expanded SCs
with the potential for clinical therapies
experience age-dependent functional de-
terioration along with repopulation.2 As
a prototypical adult SC with capacities for
differentiation into a broad class of tis-
sues, mesenchymal SCs (MSCs) are de-
veloping into a promising therapeutic
agent for tissue regeneration. However,
application of MSCs is not exempted
from such vulnerabilities to senescence,
which are believed to be set by both in-
trinsic factors and environmental niche.3

Clinical treatment with MSCs from older
donors was reported to be less effective
than their younger counterparts.4 These
senescent MSCs feature a panel of char-
acteristics, including: 1) morphologically
enlarged cell bodies; 2) slow or halted
cell proliferation; 3) elevated senescence-
associated (SA)b-galactosidase (SA-b-gal)
activity; 4) reduced migration capacity;
and 5) decreased differentiation po-
tential.5 Despite various models and
markers being proposed to explain or
validate the aging state ofMSCs, activation
of tumor suppressors, such as p16INK4a,
p53/p21Cip1, and p27Kip1, is emerging as
a pivotal event in cellular senescence and
SC degeneration.5 In this regard, all these
proteins were reported to be barriers for
induced pluripotency.6-8
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Periodontal ligament (PDL) SC (PDLSC) is a type
of dental MSC isolated from PDL.9 Besides its basic
function to support collagenous fibers in dense
connective tissue of teeth, PDLSC is implicated in the
maintenance of periodontal homeostasis and re-
plenishment of impaired cells during healing of dental
damages. In line with these tissue regeneration ca-
pacities, multipotent PDLSCs are able to differentiate
into neurogenic, cardiomyogenic, chondrogenic, and
osteogenic lineages.10 Accordingly, cell therapy with
PDLSCs is considered to be encouraging for treat-
ment of human periodontitis and other diseases de-
manding dental regeneration.11-14 However, a general
hindrance against clinical application of PDLSCs is
degeneration of SC function of PDLSCs in older in-
dividuals or younger ones with prematurely developed
age-related conditions.15 Indeed, the critical value of
PDLSCs for osteoblastic differentiation has been re-
ported to be severely compromised in the senescent
state after replicative exhaustion or exposure to stress.16

Histone deacetylase 6 (HDAC6) is a member of
Class IIb HDACs, with a unique duplicated deacetylase
domain and ubiquitin-binding domain.17 HDAC6 is
mainly localized in the cytoplasm, and its primary
enzymatic targets include a-tubulin, cortactin, and
chaperone heat shock protein HSP90a.18 Hence,
HDAC6 is broadly involved in many cellular processes,
such as maintenance of cellular shape and polarity,
intracellular transport, and directional movement,
based on its erasure of acetylation of two key cyto-
skeletal components: a-tubulin and cortactin.18 How-
ever, comparedwith its well-defined roles in cancer and
neurodegenerative diseases, little is known about its
effect on SC aging and cellular senescence.

In this study, HDAC6 is reported to be a critical
regulator of PDLSC aging. Decreased expression of
HDAC6 is evident in various senescence models
including human samples. Inhibition of deacetylase
activity of HDAC6 is observed to impair SC function
of PDLSCs. Linkage between enzymatic activity of
HDAC6 and stability of pivotal senescence protein
p27Kip1 is demonstrated.

MATERIALS AND METHODS

Cell Lines, Cell Culture, and Treatment
This study was carried out from February 1, 2015,
to May 30th, 2016, at Peking University School of
Stomatology, Beijing, China. Human cell samples
were obtained from the School and Hospital of Sto-
matology, Peking University, under approved guide-
lines set by the Peking University Ethical Committee,
with oral informed consent from all patients. PDLSCs
isolated from donors (three males and two females,
aged 13 to 63 years; mean age: 35 years) were cul-
tured according to previously reported protocols with
slight modifications.19,20 PDL tissues were separated

from the mid-third of the root surface and minced into
small tissue cubes. Tissue cubes were digested with
3 mg/mL collagenase (Type I)† with 4 mg/mL dispase‡

in a-minimum essential medium (a-MEM)§ for 15
minutes at 37�C with vigorous shaking. Tissue explants
were plated into culture dishes containing a-MEM
supplemented with 10% fetal bovine serum (FBS),i

0.292 mg/mL glutamine,¶ 100 units/mL penicillin
streptomycin,# and 100 mM ascorbic acid** and further
incubated at 37�C in a humidified atmosphere con-
taining 5% CO2. Gingival SCs (GMSCs) and dental
pulp SCs (DPSCs) were acquired similarly but from
gingiva or dental pulp, respectively. For DNA damage-
induced senescence, PDLSCs at passage 2 (P2) from a
30-year-old donor were treated with 10 mM etoposide
(ETO)†† for 48 hours; a-MEM was replaced with fresh
medium, and cells were further cultivated for 6 days. To
attain replicative exhaustion, continuous culturing of
PDLSCs at P2 from a 30-year-old donor was performed
to reach a morphologic senescence state. For phar-
macologic HDAC6 inhibition, rocilinostat‡‡ and tu-
bastatin A§§ were used at concentrations of 5 mM each.

Flow Cytometric Analysis of Isolated PDLSCs
To validate the identity of isolated PDLSCs, flow
cytometry was used to examine representative sur-
face markers, including CD45, CD34, CD29, CD90,
CD73, and CD146. Aliquots of PDLSCs (>2 · 105)
were fixed with 4% paraformaldehyde, followed
by suspension in phosphate-buffered saline (PBS)
supplemented with 3% FBS and primary antibodies
against normal immunoglobulin G, CD45, CD34,
CD29, CD73, CD90, or CD146.ii After incubation
for 1 hour at 4�C in the dark, cells were washed
and incubated with secondary fluorescent antibodies
for 45 minutes at room temperature. Cell suspensions
without antibodies served as matched controls.
Samples were analyzed with a flow cytometer using an
analysis program according to the manufacturer.¶¶

Measurement of SA Phenotypes
For the SA-b-gal staining experiment, cells fixed with
formaldehyde were incubated in freshly prepared
SA-b-gal staining solution at 37�C overnight followed
by examination with photomicrography as described
previously.21 For colony formation assay, 3 · 103

cells were seeded on six-well plates. After selection,
cells were fixed with formaldehyde and stained with

† Sigma-Aldrich, St. Louis, MO.
‡ Sigma-Aldrich.
§ HyClone, GE Healthcare Life Sciences, Pittsburgh, PA.
i HyClone, GE Healthcare Life Sciences.
¶ HyClone, GE Healthcare Life Sciences.
# HyClone, GE Healthcare Life Sciences.
** Sigma-Aldrich.
†† Sigma-Aldrich.
‡‡ Selleck Chemicals, Houston, TX.
§§ Selleck Chemicals.
ii BD Biosciences, San Jose, CA.
¶¶ BD Biosciences.
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crystal violet.## For 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay, cells were
seeded into 96-well plates at a density of 2 · 103 cells/
well. Aliquot of cells was stained with 20 mL of MTT***
(10 mg/mL in PBS) for 3 hours and quantified by
spectrophotometry every 24 hours. For 5-bromo-29-
deoxyuridine (BrdU) incorporation analysis, cells
were incubated at 37�C in presence of 10 mM BrdU
for 4 hours, followed by fixation, permeabilization,
denaturation, and blocking. Immunostaining was
performed using antibodies against BrdU.††† Cells
positive for BrdU were counted under a fluorescence
microscope.‡‡‡

Transwell Assay and Scratch Assay
Transwell assay was performed in a Boyden chamber.
PDLSCs (�1 · 104) in the upper chamber were
maintained in medium without serum, whereas me-
dium containing 10% FBS was kept in the lower
chamber with a chemoattractant function. After 24
hours of incubation, cells that could not penetrate
membranes were wiped out. Resulting membranes
were fixed followed by staining with 0.5% crystal
violet, and were examined using an inverted mi-
croscope.§§§ Scratch assay was performed on the
monolayer of PDLSCs at confluence, which was
wounded by a micropipette tip. The wound healing
process was monitored by photomicrography in
a 24-hour interval.

Coimmunoprecipitation (CoIP) and Western
Blotting Analyses
For CoIP assay, cells were collected and lysed on ice
with lysis buffer containing 0.5% non-ionic detergent.iii

Lysates were precleared by incubation with protein
A beads.¶¶¶ Protein complex was precipitated with
a specific antibody (anti-p27Kip1### or anti-HDAC6****)
conjugated with protein A beads followed by extensive
washing. Resulting materials were analyzed by western
blotting. Formeasurement of p27Kip1 acetylation, FLAG-
p27Kip1 was purified by resin conjugated with antibodies
against FLAG†††† and eluted from beads with excessive
competitive FLAG peptide.‡‡‡‡ Western blotting
analyses were performed as previously described.21

Antibodies for HDAC6,§§§§ p27Kip1,iiii GAPDH,¶¶¶¶

p16INK4a,#### p21Cip1,***** FLAG,††††† and pan-
acetylation‡‡‡‡‡ were used in this study.

Osteogenic Differentiation and Alizarin Red
Staining (ARS) Assay
PDLSCs were cultured in standard medium until they
reached subconfluence. Medium was switched to os-
teogenic differentiation media containing 10% FBS,
50 mg/mL ascorbic acid, 10 nM dexamethasone, and
10 mM b-glycerophosphate. PDLSCs were further
cultured for 3 weeks.22 Medium was changed every 3
days. PDLSCs were fixed and incubated with staining

buffer containing alizarin red§§§§§ followed by visual-
ization using photomicrography.

Quantitative Reverse-Transcription Polymerase
Chain Reaction (qRT-PCR)
Total cellular RNAs were isolatediiiii to serve as
a template for first-strand complementary DNA
synthesis using a reverse transcription system.¶¶¶¶¶

Quantitation of all gene transcripts was performed by
quantitative PCR##### with expression of GAPDH as
internal control. Primers used for qRT-PCR are as
listed: 1) HDAC6 forward (F): tttcaactctgtggctgtgg,
HDAC6 reverse (R): tgtgctgagttccattaccg; 2) alkaline
phosphatase (ALP) F: tgttcgtcatgggtgtgaac, ALP R:
gttgtcatggatgaccttgg; 3) collagen Type 1 alpha 1
(Col1A1) F: ttctgcaacatggagactgg, Col1A1 R: aa-
tccatcggtcatgctctc; 4) bone morphogenetic protein
4 (BMP4) F: tccacagcactggtcttgag, BMP4 R: atg-
ttcttcgtggtggaagc; 5) CCNA2 F: gaatgagaccctgcatttgg;
CCNA2 R: gcccacaagctgaagttttc; 6) p16INK4a F:
GAAGGTCCCTCAGACATCCCC; p16INK4a R: CCCTG-
TAGGACCTTCGGTGAC; 7) p21Cip1 F: atgtggacc-
tgtcactgtcttg, p21Cip1 R: aatctgtcatgctggtctgc; 8)
p27Kip1 F: catttggtggacccaaagac, p27Kip1 R: tgcag-
gtcgcttccttattc; and 9) GAPDH F: tgttcgtcatgggtgt-
gaac, GAPDH R: gttgtcatggatgaccttgg.

Plasmids and Small Interference RNA (siRNA)
Transfection
Plasmids were transiently transfected into cells at 70%
to 80% confluence with transfection reagent******
following instructions of the manufacturer. Targeting
sequences of siRNA†††††† were synthesized as fol-
lows: siRNA against HDAC6 (siHDAC6), GUGGCCG-
CAUUAUCCUUAU; non-silencing control (siNC),
UUCUCCGAACGUGUCACGU. Transfections of siRNAs
were performed using a reagent‡‡‡‡‡‡ according to the
instructions of the manufacturer.

## Sigma-Aldrich.
*** Sigma-Aldrich.
††† BD Biosciences.
‡‡‡ Carl Zeiss Microscopy, Jena, Germany.
§§§ Olympus, Tokyo, Japan.
iii NP-40, AMRESCO, OH.
¶¶¶ Sigma-Aldrich.
### Santa Cruz Biotechnology, Dallas, TX.
**** Proteintech, Rosemont, IL.
†††† Sigma-Aldrich.
‡‡‡‡ Sigma-Aldrich.
§§§§ HyClone, GE Healthcare Life Sciences.
iiii Santa Cruz Biotechnology.
¶¶¶¶ Santa Cruz Biotechnology.
#### Santa Cruz Biotechnology.
***** Santa Cruz Biotechnology.
††††† Sigma-Aldrich.
‡‡‡‡‡ Proteintech.
§§§§§ Sigma-Aldrich.
iiiii RNeasy Mini Kit, Qiagen, Venlo, The Netherlands.
¶¶¶¶¶ Promega, Madison, WI.
##### ABI PRISM 7500 sequence detection system, Applied Biosystems,

Thermo Fisher Scientific, Waltham, MA.
****** Lipofectamine 3000, Invitrogen, Thermo Fisher Scientific.
†††††† Shanghai GenePharma, Shanghai, China.
‡‡‡‡‡‡ Lipofectamine 3000, Invitrogen, Thermo Fisher Scientific.
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Statistical Analyses
Statistical analysis was performed using Student
t test or one-way analysis of variance (ANOVA).
Statistical methods and P values are specified in the
relevant figure legend or text. Statistical significance
was considered at P <0.05.

RESULTS

Extraction of Human PDLSCs
PDLSCs were isolated and cultured from human
samples following established protocols. Flow cyto-
metric analysis was performed to validate the identity
of these PDLSCs using antibodies to specific surface
molecular markers. Results suggested that these cells
were negative for hematopoietic markers CD45 and
CD34 but were highly enriched with MSC markers
including CD29, CD73, CD90, and CD146 (Fig. 1),
confirming effective isolation of human PDLSCs.

Expression of HDAC6 Decreases With PDLSC
Aging
In an attempt to identify potential regulators for PDLSC
aging, gene expression levels of candidate genes were
monitored in different PDLSC-based aging models.
DNA damage is an effective inducer for cellular se-
nescence,23 and senescent PDLSCs were successfully
established with etoposide (ETO), a topoisomerase II
poison generating single- or double-stranded DNA
breaks.24 Senescence of PDLSCs was confirmed by
SA-b-gal staining in ETO-treated but not control cells
(Fig. 2A, top panels). Using western blotting and qRT-

PCR, significant decrease of HDAC6 expression was
detected at both protein and messenger RNA (mRNA)
levels in ETO-induced senescent PDLSCs (Fig. 2B).
Such expression changes were assessed in an in-
dependent senescence model. PDLSCs were contin-
uously cultured for 30 passages in vitro until they
entered a morphologic senescent state, validated by
SA-b-gal staining (Fig. 2A, bottom panels). Concor-
dantly, western blotting and qRT-PCR demonstrated
similar downregulation of HDAC6 in the late and early
passage cells (Fig. 2C).

To consolidate this point, PDLSCs were isolated
from four donors aged 13, 23, 45, and 63 years, and
expression changes of HDAC6 were measured along
with chronologic aging. Results indicated that ex-
pressions of HDAC6 in PDLSCs from the 45- and 63-
year-old donors were significantly lower than in those
from the 13- and 23-year-old donors (Fig. 2D,
P <0.05; one-way ANOVA).

HDAC6 Inhibition Promotes Senescence and SC
Dysfunction in PDLSCs
To test whether reduced HDAC6 function could
contribute to aging of PDLSCs and cause deteriora-
tion of SC functions in PDLSCs, deacetylase activity
of HDAC6 was pharmacologically inhibited by two
highly specific inhibitors, rocilinostat and tubastatin
A.25,26 Western blotting confirmed HDAC6 expres-
sion was effectively blocked by both agents (Fig. 3A).

These drug-treated PDLSCs were expanded, and
their growth was measured by MTT assay. Results

Figure 1.
Cytometric flow analysis of PDLSCs.
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Figure 2.
A) Representative images of SA-b-gal staining for PDLSCs treated with DMSO (ETO-) or ETO (ETO+) (top), and PDLSCs with population doubling
(PD) of 2 or 30 (bottom). Percentage of cells positive for SA-b-gal staining is also shown. *P <0.05; t test. Original magnification ·100; bar = 250 mm.
Expression changes of HDAC6 at protein and RNA levels were determined in PDLSCs treated with ETO or vehicle (B), in PDLSCs with PD2 or PD30
(C), and in PDLSCs isolated for 13-, 23-, 45-, and 63-year-old donors (D). Western blotting (top) and qRT-PCR (bottom) results are shown. *P <0.05;
t test (B, C); *P <0.05; one-way ANOVA (D). Each bar represents mean – SD for triplicate experiments.
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Figure 3.
A) Protein expression level of HDAC6 in PDLSCs treated with rocilinostat, tubastatin A, or DMSO as control was determined by western blotting.
*P <0.05; t test. B) Growth curves of PDLSCs treated with indicated drugs were determined by MTTassay. Each point represents mean – SD for triplicate
experiments. C) Top: PDLSCs treated with indicated drugs were seeded per 30-mm dish for 10 to 15 days followed by fixation and staining with crystal
violet. Bottom: PDLSCs treated with indicated drugs were stained for SA-b-gal activity. Original magnification ·40; bar = 500 mm. D) Colony number
and percentage of SA-b-gal positive cells in Figure 3C; *P <0.05; t test. E) BrdU incorporation analysis was performed in PDLSCs treated with indicated
drugs. *P <0.05; t test. Data represent mean – SD for triplicate experiments. F) ARS of cells cultured with indicated drugs 21 days after induction of
osteogenic differentiation in PDLSCs, GMSCs, and DPSCs. G) Comparison of total areas of mineralized nodules in different groups. *P <0.05; t test.
Original magnification ·40; bar = 500 mm. H) PDLSCs were transfected with siHDAC6 or siNC. Expression of indicated genes was determined using
qRT-PCR. Each bar represents mean – SD for triplicate experiments. *P <0.05; t test.
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indicated that PDLSCs with HDAC6-inhibited by ro-
cilinostat or tubastatin A displayed significantly lower
proliferation rate than cells treated with dimethyl
sulfoxide (DMSO) as control (Fig. 3B). Such in-
hibitory effect was further demonstrated using colony
formation assay, as limited crystal violet staining of
stable clones observed in HDAC6-inhibited cells
versus control cells (Figs. 3C and 3D, top and left,
respectively). Importantly, characteristic morphol-

ogies of senescence, including
elevated SA-b-gal activity, en-
larged and flattened cell size, and
accumulation of granular cytoplas-
mic inclusions, could be observed
in cells treated with rocilinostat or
tubastatin A rather than control cells
(Figs. 3C and 3D, bottom and right,
respectively). Reduced BrdU in-
corporation supported prosen-
escence action of rocilinostat and
tubastatin A (Fig. 3E).

Application of PDLSC in peri-
odontal regenerative medicine
critically depends on its abilities
to reconstitute lost periodontal
structures such as alveolar bone,
PDL, and root cementum, hence
necessitating intact and high-
efficiency osteogenic differentiation
potential from ex vivo expanded
PDLSC.27 Effect of HDAC6 sup-
pression on osteogenic differen-
tiation was tested. HDAC6 was
inhibited, and PDLSC senescence
was induced with tubastatin A as
above, and these PDLSCs were
cultured with control cells in os-
teogenic media to direct osteo-
genic differentiation. ARS assay
results showed that total area of
mineralized nodules was signifi-
cantly decreased in PDLSCs treated
with tubastatin A, implying lim-
ited osteogenic differentiation
when suppressed by HDAC6 (Figs.
3F and 3G). Such an experiment
was performed in two other types
of dental SCs: GMSCs and DPSCs,
which exhibited similar decreased
osteogenic differentiation on tu-
bastatin A treatment (Figs. 3F
and 3G). Using qRT-PCR analy-
sis with mRNA from PDLSCs
transfected with siNC or specific
RNA interference (RNAi) against
HDAC6 (siHDAC6), expression

levels of osteogenic differentiation markers (ALP,
Col1A1, and BMP428,29) and CCNA2,30 a cyclin
gene downregulated along with senescence, were
examined. In line with phenotypic data, all these
genes significantly decreased after HDAC6 removal
(Fig. 3H). These results suggested that suppres-
sion of HDAC6 activity or its expression severely
impaired osteogenic differentiation potential of
dental SCs.

Figure 4.
A) PDLSCs were treated with DMSO or tubastatin A and subjected to cell invasion assays. Invaded
cells were stained with crystal violet and counted. *P <0.05; t test. Original magnification ·100;
scale bar = 500 mm. B) The scratch was made on a confluent adherent layer of PDLSCs treated
with indicated drugs. Microscopic images were taken at 24-hour intervals during the wound healing
process (top). Ratio of healed area at indicated time points relative to initial scratch area are shown
as mean – SD for triplicate experiments. Original magnification ·40; bar = 500 mm.
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Suppression of HDAC6 Impedes PDLSC Migration
Periodontal regeneration in situ demands local re-
cruitment of naive SCs or progenitors adjacent to
a periodontal defect, which migrate and proliferate
in response to damaging biologic cues.27 Effect of
HDAC6 inhibition on PDLSC migration, given by
critical roles of cytoskeleton in cellular movement,
was examined.31 Transwell assay was performed in
PDLSCs treated with tubastatin A. Results indicated
that HDAC6-inhibited cells showed much lower mi-
gratory capacities than control cells, as fewer cells
treated with tubastatin A penetrated the filter (Fig.
4A). In vitro scratch assay was performed in the
PDLSC monolayer, and images were captured at 24-
hour intervals during PDLSC migration to close the
scratch. HDAC6 inhibition by tubastatin A or rocili-
nostat greatly suppressed PDLSC movement, which
wasmost obvious 48 hours after creation of the scratch
(Fig. 4B). Therefore, data implied that HDAC6 in-
hibition negatively regulates migratory activity of
PDLSCs along with cells approaching senescence.

Suppression of HDAC6 Activates p27Kip1

A hallmark of senescence is the stable and long-term
loss of proliferation for primary cells during in vitro

culturing.5 Such cell cycle arrest is mechanistically
associated with activation of key tumor suppressors,
including p53/p21Cip1, p16INK4a, and p27Kip1.5,21,32

Expression patterns of p16INK4a, p21Cip1, and
p27Kip1 were analyzed by western blotting during
HDAC6-mediated PDLSC aging. As shown in Figure
5A, protein levels of p27Kip1 progressively elevated
when PDLSC was treated with increasing dosages of
tubastatin A, whereas protein levels of p16INK4a and
p21Cip1 remained unchanged. qRT-PCR analyses
demonstrated mRNA levels of all three genes were
nearly unaffected in cells treated with tubastatin A
(Fig. 5B). Elevated protein levels of p27Kip1 in
HDAC6-depleted PDLSCs were observed when using
sequence-specific RNAi against HDAC6 (Fig. 5C).
These results imply that suppression of HDAC6
promotes PDLSC aging probably by upregulating or
stabilizing p27Kip1 posttranscriptionally.

HDAC6 Interacts With p27Kip1 and Regulates
p27Kip1 Acetylation
To gain mechanistic insights into posttranscriptional
regulation of p27Kip1 by HDAC6, p27Kip1 association
with HDAC6 was examined. Physical interaction
between endogenous p27Kip1 and HDAC6 was vali-

dated using antibodies against
p27Kip1 in PDLSCs (Fig. 6A, top
panel). Reciprocal CoIP with anti-
bodies against HDAC6 also con-
firmed their interaction in PDLSCs
(Fig. 6A, bottom panel). This point
was strengthened with their evi-
dent interaction in GMSCs and
DPSCs (Fig. 6B).

In view of intrinsic enzymatic
activities of HDAC6, the possi-
bility that p27Kip1 could be de-
acetylated by HDAC6 was tested.
HEK293 cells were transfected
with FLAG-p27Kip1, and cells were
treated with tubastatin A or rocili-
nostat to inhibit deacetylase ac-
tivities of HDAC6. FLAG-p27Kip1

was purified by FLAG-M2 resin
and eluted from beads with ex-
cessive competitive FLAG pep-
tide. Acetylation state of p27Kip1 was
measured by western blotting using
antibodies against pan-acetylation.
With comparable p27Kip1 enriched
by this method, significantly in-
creased acetylation was observed
when HDAC6 was inhibited by ei-
ther agent (Fig. 6C). Concordantly,
interaction between p27Kip1 and
HDAC6 was severely impaired in

Figure 5.
Total protein and RNA expression of indicated SA genes by western blotting (A) and qRT-PCR (B).
*P <0.05; t test. C) PDLSCs transfected with siHDAC6 or siNC were harvested for western blotting
assay to probe the expression pattern of p27Kip1. GAPDH served as loading control. *P <0.05; t
test. Each bar represents mean – SD for triplicate experiments.
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HDAC6-inhibited cells (Fig. 6C).
Using RNAi-based knockdown
of HDAC6, increased acetyla-
tion of p27Kip1 and decreased
interaction between HDAC6 and
p27Kip1 were observed inHDAC6-
depleted cells compared with
control cells (Fig. 6C). To further
consolidate this observation,
HDAC6 was overexpressed, and
significantly decreased p27Kip1

acetylation was found on HDAC6
overexpression (Fig. 6D). Ec-
topic expression of HDAC6 also
resulted in downregulation of
p27Kip1 proteins (Fig. 6E). Sta-
tistical analyses in Figure 6F
quantified the inverse regula-
tion of p27Kip1 acetylation or
total protein level by HDAC6 as
in Figures 6C through 6E. To-
gether with data in Figure 5,
these results suggest that p27Kip1

is a novel substrate of HDAC6
and its cytoplasmic stability is
regulated by HDAC6-dependent
deacetylation.

DISCUSSION

Circumvention from time-
dependent functional decline of
SCs in chronologic aging and
ex vivo culturing is crucial
for availability of SCs in tissue
regeneration.1 Despite the ex-
pectation of autologous PDLSC-
based therapeutics for periodontal
regeneration, incomplete for-
mation of new bone and cemen-
tum at denuded root surfaces is
often observed in aged donors
with decreased matrix content
and exhausted proliferation.15,33

Hence, identification of a maneu-
verable target of PDLSC aging
demands control of such func-
tional decay. Recently, Vozzi
et al.34 found that p16INK4a and
p53 were involved in replicative
senescence of periosteum-derived
progenitor cells. In the current
study, HDAC6 was characterized
as a novel target in aging of
PDLSCs, and its expressional
decline and functional causality
were validated in this process.

Figure 6.
A) CoIP was performed in PDLSCs with antibodies against p27Kip1 (top) or HDAC6 (bottom).
Precipitated complex was resolved on sodium dodecyl sulfate-polyacrylamide gel electrophoresis and
blotted with indicated antibodies. B) CoIP assay as in Figure 6A was performed with p27Kip1 antibody
in GMSCs (top) and DPSCs (bottom). C) HEK293 cells transfected with FLAG-tagged p27Kip1 were
challenged with HDAC6 loss-of-function either by pharmacologic inhibition using tubastatin A or
rocilinostat or by RNAi-mediated knockdown. Cell extracts were subjected to CoIP assay using anti-
FLAG resin. Levels of FLAG-tagged p27Kip1 and acetylated p27Kip1 were analyzed by western blotting
using anti-FLAG and antipan-acetylation (Ac-K) antibodies, respectively. D) Plasmid for HDAC6
expression or control vector was cotransfected with FLAG-tagged p27Kip1 in HEK293 cells. Cell lysate
was subjected to CoIP assay and western blotting analysis as in panel C. E)Whole cell lysate from
HEK293 cells transfected with HDAC6 or control vector was subjected to western blotting analysis. F)
Relative signal densities of acetylated-p27Kip1 in Figures 6C and 6D or total p27Kip1 in Figure 6E were
quantified and are shown as mean – SD for triplicate experiments. *P <0.05; t test.
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HDAC6 is distinguished from other HDACs owing
to its unique cytoplasmic localization and tubulin de-
acetylase activity that has effects on a broad class of
cellular functions mediated by microtubules.35,36 Of
them, HDAC6-associated regulation of proteostasis
and apoptosis is critically connected with aging and is
defined as a hallmark therein.1 This aspect of regu-
lation merits further investigations in the aged condi-
tion. This study focuses on migration and unexplored
osteogenic differentiations regulated by HDAC6, given
by their direct and crucial implications in PDLSC-
based periodontal regeneration. Severely impaired
transwell invasion and low-efficient closure of the
scratch by inhibition of HDAC6 deacetylase activity,
which was accompanied by downregulated BMP4
mRNA levels, were observed. These findings re-
semble results from transforming growth factor b1-
mediated epithelial–mesenchymal transition in
a tumor microenvironment, reflecting necessity of
HDAC6-dependent deacetylation of a-tubulin for
cell motility and invasiveness.37 In this regard,
overexpression of HDAC6 leads to global deace-
tylation of a-tubulin and promotes chemotactic cell
movement.36 Indeed, impediments to mobility of
PDLSCs suppress their responsiveness to mecha-
noinduction and other physical stimuli and affect
healing and regeneration of damaged cells.38,39 In line
with this, aged MSCs were described as possessing
a less dynamic cytoskeleton and lower migratory
speed with fewer cells capable of homing to site of
injury, leading to a decrease in regeneration capac-
ity;15 accordingly, data from the current study sug-
gested key roles of HDAC6 in this process.

Lineage specification of naive MSCs is extremely
sensitive to tissue-level elasticity.40 A recent study
highlighted the role of stiffness in triggering expres-
sion of osteogenic genes.41 It is reported that soft
matrices mimicking the brain direct neurogenic dif-
ferentiation of MSCs; much higher stiffness is obli-
gated for its commitment to osteoblasts.40 In view of
this notion, computational analysis on a cell ten-
segrity model indicated that microtubules function as
compression-supporting elements to balance tension
raised from actomyosin contraction and conse-
quently determinemaximal cell sensitivity to stiffness
in mechanotransduction.42 It is conceivable that
HDAC6 regulates osteogenic commitment of PDLSCs
both by maintenance of appropriate cytoskeleton or-
ganization and by its adaption to different mechanical
signals. Osteogenic differentiation was found to be
greatly impaired after inhibition of deacetylase activity
of HDAC6.

Despite the complexity of diverse causes of aging,
including toxic metabolites, genomic instability,
mitochondrial dysfunction, and telomere attrition,1

these converge during aging on the clock for cell

proliferation and individually or cooperatively arrest
the cell cycle. Interestingly, in the current study, cell
cycle regulator p27Kip1 but not p53, p16INK4a, or
p21Cip1 is specifically upregulated or stabilized in
aging models associated with HDAC6 inhibition.
Lack of mRNA level change of p27Kip1 implied
posttranscriptional regulation of p27Kip1 by HDAC6
in PDLSC aging. Data from this study validated this
possibility, showing their physical interaction and
elevated p27Kip1 acetylation when HDAC6 was
suppressed by drugs or siRNA-mediated knockdown.
HDAC6-asscociated deacetylation of p27Kip1 has
no connection with acetylation of nuclear p27Kip1

as shown in a previous report.43 Nuclear p27Kip1

is a component of a transcriptional coregulator
complex and is acetylated by p300/CREB binding
protein associated factor in its K100 residue, which
induces degradation of p27Kip1 by proteasome.43

Suppression of HDAC6, localized exclusively in the
cytoplasm,36 enhances its stability, implying acetyla-
tion of cytoplasmic p27Kip1 might be catalyzed by
another acetyltransferase, and this modification is
a stabilizer contrary to its roles in the nucleus.
Although it is possible that HDAC6 regulates pro-
liferation exhaustion of PDLSCs through indirect
routes, identification of p27Kip1 as its substrate
expanded knowledge on pathways intersecting
with HDAC6 and also added another function in
HDAC6-involved cancer biology.44

CONCLUSION

Data suggest that HDAC6 orchestrates proliferation,
mobility, and osteogenic differentiation of PDLSCs,
which is impaired along with decreased HDAC6 ex-
pression during aging of PDLSCs.

ACKNOWLEDGMENTS

The authors are grateful to Prof. Xiaomei Liao (School
of Life Science, Central China Normal University,
Wuhan, China) for providing the pcDNA3.1-HDAC6
plasmid. The authors also thank Dr. Yu Zhang (Peking
University Health Science Center, Beijing, China) for
helpful proposal and stimulating discussion. This work
was supported by the International Science & Technol-
ogy Cooperation Program of China (#2015DFB30040)
to Yunyan Zhu, and the National Natural Science Foun-
dation of China (#81470717 to Yunyan Zhu and #
81502345 to Qian Li. The authors report no conflicts
of interest related to this study.

REFERENCES
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