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The cytoskeleton dynamics-dependent
LINC complex in periodontal ligament stem
cells transmits mechanical stress to the
nuclear envelope and promotes YAP nuclear
translocation
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Jinlin Song"#*"" and Leilei Zheng'**™f

Abstract

Background Periodontal ligament stem cells (PDLSCs) are important seed cells in tissue engineering and clinical
applications. They are the priority receptor cells for sensing various mechanical stresses. Yes-associated protein (YAP)
is a recognized mechanically sensitive transcription factor. However, the role of YAP in regulating the fate of PDLSCs
under tension stress (TS) and its underlying mechanism is still unclear.

Methods The effects of TS on the morphology and fate of PDLSCs were investigated using fluorescence staining,
transmission electron microscopy, flow cytometry and quantitative real-time polymerase chain reaction (qRT-PCR).
Then gRT-PCR, western blotting, immunofluorescence staining and gene knockdown experiments were performed
to investigate the expression and distribution of YAP and its correlation with PDLSCs proliferation. The effects of
cytoskeleton dynamics on YAP nuclear translocation were subsequently explored by adding cytoskeleton inhibitors.
The effect of cytoskeleton dynamics on the expression of the LINC complex was proved through gRT-PCR and
western blotting. After destroying the LINC complex by adenovirus, the effects of the LINC complex on YAP nuclear
translocation and PDLSCs proliferation were investigated. Mitochondria-related detections were then performed to
explore the role of mitochondria in YAP nuclear translocation. Finally, the in vitro results were verified by constructing
orthodontic tooth movement models in Sprague-Dawley rats.

Results TS enhanced the polymerization and stretching of F-actin, which upregulated the expression of the LINC
complex. This further strengthened the pull on the nuclear envelope, enlarged the nuclear pore, and facilitated
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remodeling, and hindered tooth movement.

YAP's nuclear entry, thus enhancing the expression of proliferation-related genes. In this process, mitochondria were
transported to the periphery of the nucleus along the reconstructed microtubules. They generated ATP to aid YAP's

nuclear translocation and drove F-actin polymerization to a certain degree. When the LINC complex was destroyed,

the nuclear translocation of YAP was inhibited, which limited PDLSCs proliferation, impeded periodontal tissue

Conclusions Our study confirmed that appropriate TS could promote PDLSCs proliferation and periodontal tissue
remodeling through the mechanically driven F-actin/LINC complex/YAP axis, which could provide theoretical
guidance for seed cell expansion and for promoting healthy and effective tooth movement in clinical practice.

Keywords Cytoskeleton, LINC complex, Mechanotransduction, Proliferation, Tissue remodeling, YAP

Background

Periodontal ligament (PDL) is highly specialized connec-
tive tissue between teeth and alveolar bone, which plays
an important role in oral health. It not only protects and
supports teeth, but also helps maintain the stability and
normal function of oral structure [1]. The special posi-
tion of PDL suggests periodontal ligament stem cells
(PDLSCs) may be the preferred cell receptors in response
to various mechanical stimuli, such as tension stress (TS),
compressive stress and fluid shear stress [2—5]. These
stimuli are transmitted into PDLSCs through mecha-
nosensitive receptors, ion channels and focal adhesion
domains, subsequently inducing cell proliferation, apop-
tosis and differentiation [6]. PDLSCs have recently been
recognized as seed cells in tissue engineering, possessing
the potential of self-renewal and regenerating damaged
tissues and organs [7-9]. Recent studies have confirmed
that PDLSCs can release neurotrophic factors and pro-
mote myelination and neuron regeneration [10]. In clin-
ics, sufficient proliferation of PDLSCs is the premise for
maintaining the integrity of PDL, promoting osteogenic
differentiation, and keeping effective orthodontic tooth
movement (OTM) [6, 7, 11]. However, in most cases,
promoting cell proliferation is more challenging than
inducing cell apoptosis [12]. Thus, developing effective
methods to expand PDLSCs is essential.

Yes-associated protein (YAP) is a downstream effector
of the Hippo pathway. Serving as a crucial regulatory fac-
tor in mechanical transduction [13], YAP can promote
the transcription of downstream genes by interacting
with members of the transcriptional enhanced associ-
ate domain (TEAD) family, significantly affecting organ
development, tissue regeneration, tumorigenesis and
metastasis [14, 15]. Typically, YAP shuttles between the
cytoplasm and the nucleus. In certain conditions, such as
sensing hard extracellular matrix or mechanical stimuli,
YAP enters the nucleus to initiate downstream transcrip-
tion [16]. Several studies have confirmed that YAP is
widely involved in the fate regulation of PDLSCs under
mechanical stimuli. Fluid shear stress can promote the
proliferation of PDLSCs via the p38-AMOT-YAP axis
[5]. LRP6 can regulate the osteogenic differentiation

of PDLSCs in response to cyclic stretch stress through
the F-actin/YAP cascade [3]. TS is one of the most fre-
quently perceived mechanical forces of PDLSCs in vivo.
However, it remains unclear whether TS can promote the
proliferation of PDLSCs and whether YAP is involved.
Furthermore, although we know the activation of YAP is
not only related to the typical negative phosphorylation
cascade of the Hippo pathway but also mechanical regu-
lation [3, 5, 17, 18], the exact mechanism of YAP’s entry
into the nucleus induced by mechanical force is not fully
understood.

In recent years, an increasing number of researchers
have begun to focus on the linker of nucleoskeleton and
cytoskeleton (LINC) complex at the nuclear envelope.
The LINC complex consists of an outer nuclear enve-
lope protein that contains the Klarsicht, ANC-1 and Syne
Homology (KASH) domain, and an inner nuclear enve-
lope protein that contains the Sad-1 and UNC-84 (SUN)
domain. The two proteins are bound to each other in the
perinuclear space. There are five types of Nesprin pro-
teins with KASH domain (Nesprinl-4 and KASH5) and
five types of SUN proteins (SUN1-5) in mammals, where
SUN3-5 are specifically expressed only in sperm cells.
This complex anchors the cytoskeletons on the cyto-
plasmic side and connects with the lamin on the nucleo-
plasm side [19-21], forming a continuous path for force
transfer from the cytoskeletons to chromatin [22, 23].
Recently, many functions of the LINC complex have been
confirmed, such as facilitating chromatin transcription,
helping endothelial cell adhesion, and maintaining the
progenitor state of basal keratinocytes [24—27]. However,
the role of the LINC complex in mechanical signal trans-
duction caused by TS, especially its interdependence
with cytoskeletons, remains to be confirmed. In addition,
mitochondria—the cellular energy factories—are often
systematically transported to locations where energy is
needed, providing the necessary ATP for various biologi-
cal processes. Mitochondria also maintain complex con-
nections with the cytoskeletons [28]. Nevertheless, the
specific function of mitochondria under TS stimulus has
not yet been understood.
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This study aimed to explore the appropriate conditions
for TS to promote the proliferation of PDLSCs, elucidate
the relationship between YAP and PDLSCs prolifera-
tion, and focus on investigating the mechanism of YAP
nuclear translocation under TS. We found that appropri-
ate TS both in vitro and in vivo could induce the nuclear
translocation of YAP, thus promoting cell proliferation.
Cytoskeletons and, especially the cytoskeleton dynamics-
dependent LINC complex, played important roles in TS-
induced YAP nuclear translocation. These findings could
provide theoretical evidence for seed cell expansion and
for promoting healthy and effective OTM. Additionally,
the mechanism may also apply to the nuclear transloca-
tion of other nuclear transcription factors under mechan-
ical stress.

Methods

Cell culture

The extraction procedures of human PDLSCs in this
study were approved by the Ethics Committee of Stoma-
tological Hospital of Chongqing Medical University (No:
2023151) and conducted in accordance with the Decla-
ration of Helsinki. Informed consent was obtained from
the donors and/or their guardians before the tooth col-
lection. Healthy premolars or third molars from young
patients aged 12-25 years old, who were indicated for
tooth extraction, were collected. The PDL from the
middle third of the root was carefully scraped and cut
up, then digested with 3 mg/mL collagenase I (C0130,
Sigma-Aldrich, MO, USA) at 37 °C for 30 min. After cen-
trifuging, the cells were cultured in a humidified atmo-
sphere consisting of 95% air and 5% CO, at 37 °C. The
culture medium used was a-minimum essential medium
(a-MEM; SH30265.01, Hyclone, UT, USA) supple-
mented with 10% fetal bovine serum (FBS; S711-001S,
Lonsera, Uruguay, USA) and 1% penicillin-streptomycin
(SV30010, Invitrogen, CA, USA). Cells from passages 3 to
5 were utilized for subsequent experiments.

TS application in vitro

PDLSCs were seeded into the Bioflex culture plates (Flex-
cell, North Carolina, USA). The cyclic equiaxial TS (12%
elongation, 0.5 Hz) was performed using the Flexcell®
FX-5000 ™ Tension System (Flexcell, North Carolina,
USA) to mimic orthodontic loading in vitro [29]. The
duration of TS loading was either 6 h or 24 h. For the
control group, cells were cultured under identical condi-
tions but without the application of TS.

Chemicals and reagents

Cytochalasin D (CD; 0.2 pM, MedChemExpress,
NJ, USA) was used to depolymerize F-actin, while
Nocodazole (NO; 2 uM, Selleck, Texas, USA) was used
for the depolymerization of microtubules. Oligomycin

Page 3 of 19

A (OA; 10 uM, Selleck, Texas, USA) was used to inhibit
ATP synthase (mitochondrial respiratory chain complex
V). The inhibitors were added to the cultured PDLSCs
30 min before the application of TS.

Cytoskeleton staining and mitochondria-related assays

To stain F-actin, Actin-Tracker Red-Rhodamine (C2207S,
Beyotime, Shanghai, China) and Actin-Tracker Green-
488 (C2201S, Beyotime, Shanghai, China) were utilized.
Microtubules were stained using Tubulin-Tracker Green
(C1051S, Beyotime, Shanghai, China). MitoTracker
Green (C1048, Beyotime, Shanghai, China) and Mito-
Tracker Red (M7512, Invitrogen, CA, USA) were used
to stain total mitochondria, the JC-1 Kit (C2003S, Beyo-
time, Shanghai, China) was employed for mitochondrial
membrane potential (MMP) assessment, and the ATP
Assay Kit (S0027, Beyotime, Shanghai, China) was used
for measuring cellular ATP content. All operations were
performed according to the manufacturer’s instructions.
For ease of observing the cell fluorescence staining in this
study, silicone membranes were cut from Bioflex culture
plates carefully and transferred to Glass Bottom Cell Cul-
ture Dish (BS-20-GJM, Biosharp, China), then rapidly
visualized and captured under the fluorescence micro-
scope (EVOS, USA). The quantitative analysis was per-
formed using Image]J software (NIH, USA).

Transmission Electron Microscopy (TEM)

PDLSCs were collected and centrifuged at 1200 rpm for
10 min. The cell cluster at the bottom was fixed with 2.5%
glutaraldehyde in 0.1 M sodium cacodylate buffer and
was dehydrated with ethanol. Following polymerization,
ultrathin sections of 50 nm were made with uranyl ace-
tate and lead citrate staining. The nuclear pore and distri-
bution of mitochondria were observed by a TEM (JEOL
JEM-1400Plus, Tokyo, Japan). The quantitative analysis
was performed using Image] software.

Flow cytometry

PDLSCs were dissociated into single cells using 0.25%
trypsin (SH30042.01, Hyclone, UT, USA). They were
then centrifuged twice in phosphate buffered saline (PBS;
BL302A, Biosharp, China) at 1000 rpm for 5 min. Finally,
the cells were resuspended in 500 uL PBS for apoptosis
detection. For cycle detection, the cells were resuspended
in 100 pL PBS with 500 pL of precooled 75% ethanol.
Data was acquired using a flow cytometer (CytoFLEX,
Beckman, USA) and analyzed with Flow]Jo software (ver-
sion 10, USA). The proliferation index (PI) was calculated
using the following equation [30]:

(S + G2/M)

PT(%)= (GO/G1 + S + G2/M)

x 100
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Quantitative real-time polymerase chain reaction (qRT-
PCR)

PDLSCs were washed twice with PBS. Total cellular RNA
was extracted using the RNAiso Plus reagent (Takara,
Japan). The cDNA was reverse transcribed by the Prime-
Script ™ RT reagent Kit (Takara, Japan) in a 10 pL system.
Subsequently, qRT-PCR was performed by the CFX96
Touch ™ system (Bio-Rad, Hercules, CA, USA) using
TB Green® Premix Ex Taq ™ II (Takara, Japan). GAPDH
was set as the internal control. The primer sequences of
all the target genes are listed in Additional file 1: Table S1.

Protein extraction and western blotting

PDLSCs were washed twice with precooled PBS. Total
cellular protein was extracted using RIPA lysis buffer
(PO013B, Beyotime, Shanghai, China) with 1% PMSF
(ST506, Beyotime, Shanghai, China). Nuclear and cyto-
plasmic proteins were extracted following the instruc-
tions of the Nuclear and Cytoplasmic Protein Extraction
Kit (P0027, Beyotime, Shanghai, China). All protein
extraction processes were performed on ice. Protein con-
centrations were determined by the BCA Protein Assay
Kit (ZJ102, Epizyme Biotech, Shanghai, China). Proteins
were separated by sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE) using appropriate gels
(Epizyme Biotech, Shanghai, China) and then transferred
onto 0.2 pm polyvinylidene fluoride (PVDF) membranes
(ISEQ00010, Millipore, MA, USA). The membranes were
blocked by 5% skim milk at room temperature for 2 h and
then incubated with the primary antibodies overnight at
4 °C. HRP-conjugated secondary antibodies were incu-
bated with the membranes at room temperature for 1.5 h.
The Enhanced Chemiluminescence Kit (§Q201, Epizyme
Biotech, Shanghai, China) was used for detecting the
target protein, and Image] software was used for quan-
tification analysis. GAPDH served as the internal control
for total cellular protein and cytoplasmic protein, and
H3 was used as the internal control for nuclear protein.
Details of the antibodies are provided in Additional file
1: Table S2.

Small interfering RNA (siRNA) transfection

The siRNA targeting YAP was designed and synthesized
by OBiO Biotechnology Co., Ltd. (Shanghai, China).
The siRNA sequences are detailed in Additional file
1: Table S3. The siRNA was transfected into PDLSCs
using Lipo3000 transfection reagent (L3000015, Ther-
moFisher Scientific, USA), following the manufacturer’s
instructions. PDLSCs transfected with a negative con-
trol siRNA served as the control group (siCon), while the
FAM-labeled negative control was utilized to evaluate
the siRNA transfection efficiency. The knockdown effi-
ciency was confirmed by qRT-PCR and western blotting
analysis.
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Adenovirus construction and transfection

The adenovirus was designed and constructed as
described previously [23, 26, 31] by OBiO Biotechnology
Co., Ltd. (Shanghai, China). DNKASH, a dominant nega-
tive protein composed of the KASH domain of Nesprinl,
was combined with mCherry, a red fluorescence pro-
tein, to create ADV-mCherry-DNKASH (sequence from
addgene plasmid 125553). ADV-mCherry, containing
only mCherry, served as a control. Adenovirus trans-
fection was carried out according to the manufacturer’s
instructions. The optimal multiplicity of infection (MOI)
was determined by observing the transfection efficiency
through fluorescence imaging. The TS loading was per-
formed after adenovirus transfection for 48 h.

Osteogenic induction and alkaline phosphatase (ALP)
staining

PDLSCs were cultured in a-MEM, either with or with-
out osteogenic induction ingredients (dexamethasone
(100 nM), p-glycerophosphate (10 mM) and ascorbic
acid (50 pg/ml) (Sigma-Aldrich, MO, USA)) for different
groups. The medium was changed every 2 days. For the
force loading group, TS was applied for 12 h every 12 h,
lasting for 7 days. After 7 days, qRT-PCR was utilized to
detect the expression of osteogenic-related genes, and
ALP staining was performed using the BCIP/NBT Alka-
line Phosphatase Staining Kit (C3206, Beyotime, Shang-
hai, China) according to the manufacturer’s instructions.

Animal model establishment

All animal experiments were approved by the Ethics
Committee of Stomatological Hospital of Chongqing
Medical University (No: 2023151). A total of 45 healthy
Sprague-Dawley (SD) rats (male, 6-week-old, 200+20 g)
were purchased from the Animal Center of Chongqing
Medical University (Chonggqing, China). All the rats were
housed in the SPF-grade rat foster room of Chongqing
Key Laboratory of Oral Diseases, with a 12-hour day/
night cycle. The rats were allowed to eat and drink freely.
All rat cages were placed on the same rack. Following 3
days of adaptive feeding, the rats were randomly assigned
to different groups by the first investigator (the only per-
son aware of the group allocation and responsible for
managing the entire experiments, yet did not perform
any operations), with five rats in each group. Random
numbers were generated using the standard=RAND ()
function in Microsoft Excel. The sample size was deter-
mined based on previous research [3, 32]. The second
investigator was responsible for anesthesia and admin-
istering. Specifically, the rats were weighed first. A 2%
pentobarbital sodium solution was prepared using physi-
ological saline, then the intraperitoneal injection was
administered to the rats at a dose of 0.2 mL/100 g weight;
the anesthetic effect was achieved in about 10 min. The
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model constructions were completed by the third inves-
tigator. The rats were finally included in the analysis only
if they maintained a normal diet, were in a good mental
state, showed no abnormal behavior, and exhibited no ill-
ness or fatalities. Otherwise, they were excluded.

To construct the OTM model, the nickel-titanium ten-
sion spring (0.010 inch X 6 mm, Superline, Shenzhen,
China) delivered a force of 30 g measured by a spring
dynamometer (AOSU, China), was ligated between the
maxillary left first molar and incisor for each rat. The
force was applied for 3, 7 and 14 days (5 rats per group).
The maxillary right dentition served as a control. The
model was checked daily, and any loose springs were
replaced promptly. For intervention experiments, CsCl
purified adenovirus was purchased from OBiO Biotech-
nology Co., Ltd. (Shanghai, China). The adenovirus used
in rats had the same design and function as that used
in cell experiments, but it was more suitable for in vivo
research after CsCl purification. The group injected with
the target adenovirus formed a control with the group
injected with the control adenovirus. The local injec-
tion method and dose for rats were done as described
previously by the second investigator [33, 34]. ADV-
mCherry-DNKASH (the target adenovirus, denoted as
ADV-DNKASH, for distinction from the in vitro adeno-
virus) or ADV-mCherry (the control adenovirus, denoted
as ADV-Con for distinction) was locally injected at four
sites around the maxillary left first molar using a micro-
syringe (25 pL syringe, Hamilton Company, Nevada,
USA), including the mesiobuccal, distobuccal, mesio-
palatal and distopalatal gingival sulcus, and the total
injection dose for each rat was 1.0E+9 PFU. The OTM
model was established 3 days post adenovirus injection,
with the 30 g-force application periods being 3, 7 and
14 days (5 rats per group). During the experiment, all
rats met the inclusion criteria. Therefore, all rat samples
were eventually harvested after euthanasia. The eutha-
nasia procedure was carried out as follows: The eutha-
nasia chamber (transparent, 10 L) was cleaned first, then
the rats were placed inside and the chamber was locked
tightly. The compressed CO, gas cylinder was opened,
and the CO, gas flowmeter was adjusted to fill CO, at a
constant speed of 5-6 L/minute, equivalent to displac-
ing 50-60% of the chamber volume per minute. After
the rats stopped breathing, the CO, continued to flow for
at least 1 min. After the CO, gas flowmeter was turned
off, another 2 min of observation was kept to fully con-
firm the death of the rats (such as cessation of heartbeat
and breathing, stiffness of the body, and dilation of the
pupils). Subsequently, the CO, gas cylinder was closed,
the rats were taken out, and the euthanasia chamber was
cleaned. After the samples were prepared successfully,
alveolar bone height, tooth movement distance and peri-
odontal tissue remodeling were assessed.
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Micro Computed Tomography (micro-CT)

The maxillary bones (with teeth) of rats were fixed in 4%
paraformaldehyde (BL539A, Biosharp, China) for 48 h
and then washed overnight with running water. Subse-
quently, the maxillary bones were scanned with a micro-
CT system (VivaCT40, SCANCO, Switzerland) with
a voxel resolution of 17.5 pm. The three-dimensional
(3D) reconstruction and X-ray images were acquired by
Mimics software (version 21.0, Belgium) to estimate the
alveolar bone height and the tooth movement distance
(the anterior-posterior distance between the first molar
crown and the second molar crown).

Hematoxylin and Eosin (HE) staining

After decalcification in 20% ethylenediaminetetraacetic
acid (EDTA; V900081, Sigma-Aldrich, MO, USA) for 1.5
months, the maxillary bones (with teeth) were embedded
in paraffin (39601095, Leica, Wetzlar, Germany) and cut
into 5 um sections. HE staining was conducted using the
HE Staining Kit (G1120, Solarbio, Beijing, China) accord-
ing to the manufacturer’s instructions.

Immunofluorescence staining

For cell immunofluorescence staining, PDLSCs were
fixed with 4% paraformaldehyde for 15 min at room
temperature. Then 0.5% Triton X-100 (P1080, Solar-
bio, Beijing, China) was used for permeating the cyto-
membrane, and 5% goat serum (C-0005, Bioss, Beijing,
China) was used for blocking the cells. Next, the cells
were incubated with primary antibodies overnight at
4 °C, followed by incubation with fluorescent second-
ary antibodies for 1 h at room temperature. Nuclei were
stained with DAPI (P0131, Beyotime, Shanghai, China).
Finally, the cells were rapidly visualized and imaged
under the fluorescence microscope (EVOS, USA). For tis-
sue immunofluorescence staining, after dewaxing with
xylene and rehydrating with gradient ethanol, the tissue
sections were placed in sodium citrate antigen repair
solution (P0083, Beyotime, Shanghai, China) for 20 min
at 95°C. The subsequent steps were identical to those
for cell immunofluorescence staining. Finally, the tissue
was quickly observed and imaged under the fluorescence
microscope (Zeiss, Germany). The quantitative analysis
was performed using Image] software. Details of the anti-
bodies are provided in Additional file 1: Table S2.

Statistical analysis

GraphPad Prism software (version 9.0, USA) was used
to analyze and graph the data. An unpaired Student’s
t-test was conducted when two independent groups
were analyzed. For multiple comparisons, the one-way
analysis of variance (ANOVA) was performed. The nor-
mality and homogeneity of the data were checked before
performing the one-way ANOVA, which was followed
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(See figure on previous page.)

Fig. 1 TS led to rearrangement in PDLSCs morphology and affected cell life activities. A Schematic diagram of the TS loading system in vitro. B Fluores-
cence staining of cytoskeletons after TS application. Scale bars =200 um in the first and third rows. The second and fourth rows showed enlarged images
of the upper magenta boxes, scale bars=50 um. C Quantitative analysis of the cell projected area corresponding to F-actin (n=38, 38, 30 roi, respectively)
and the perinuclear distribution length of microtubules (n =35 roi per condition) after TS application. The perinuclear distribution length of microtubules
was defined as the longest straight-line distance between two boundary points of microtubules passing through the nucleus. D Fluorescence staining
of the nucleus and quantitative analysis of the nuclear area and nuclear aspect ratio after TS application (n=25 roi per condition). Scale bars=50 um. E
TEM images of the nuclear pores after TS application. Scale bars =200 nm. The lower row showed enlarged images of the upper magenta boxes, with the
magenta arrows and lines indicating the nuclear pores, scale bars=40 nm. F Quantitative analysis of nuclear pore size after TS application (n=5 roi per
condition). G Fluorescence staining of mitochondria after TS application. Scale bars =50 um. H Quantitative analysis of the perinuclear distribution length
of mitochondria after TS application (n =50 roi per condition). The perinuclear distribution length of mitochondria was defined as the longest straight-line
distance between two boundary points of mitochondria passing through the nucleus. 1 The Pl and apoptosis ratio after TS application for 6 h or 24 h.J

The mRNA level of proliferation-related genes after TS application for 6 h

Results

TS led to rearrangement in PDLSCs morphology and
affected cell life activities

PDLSCs were subjected to a tension system for either
6 h or 24 h in vitro (Fig. 1A). Under normal conditions,
the cytoskeletons in PDLSCs were arranged in a regu-
lar pattern. F-actin was mainly distributed inside the
cell membrane, whereas microtubules were primar-
ily located around the nucleus and radiated towards the
cytoplasm (Additional file 2: Fig. S1). After applying TS,
the cell morphology was significantly remodeled. F-actin
became wider and denser, and the cell projected area
increased significantly. The distribution of microtubules
shifted from a long spindle shape to a more extensive and
uniform distribution around the nucleus, and the peri-
nuclear distribution length of microtubules decreased
significantly (Fig. 1B, C). The nuclear area expanded, but
the aspect ratio decreased (Fig. 1D). TEM showed that TS
enlarged the size of the nuclear pore (Fig. 1E, F). Interest-
ingly, the distribution pattern of mitochondria resembled
that of microtubules, and the stress significantly reduced
the length of mitochondrial perinuclear distribution
(Fig. 1G, H). Flow cytometry analysis revealed that apply-
ing TS for 6 h promoted cell proliferation, but continu-
ous application of TS for 24 h inhibited cell proliferation;
neither 6 h or 24 h of TS application significantly induced
cell apoptosis (Fig. 1I). Further qRT-PCR confirmed that
applying TS for 6 h promoted the expression of prolifera-
tion-related genes in PDLSCs (Fig. 1J). Overall, all of the
morphological indices showed significant changes after
TS application for 6 h, with cell proliferation being active.
Therefore, the 6-hour TS application was selected for
subsequent studies.

TS triggered YAP nuclear translocation in PDLSCs and PDL
tissue and promoted cell proliferation

We explored the response pattern of YAP, a transcrip-
tion factor sensitive to mechanical stimuli, in PDLSCs
and PDL tissue. The in vitro results indicated that TS
promoted the mRNA expression of YAP (Fig. 2A) and
YAP target genes (Additional file 2: Fig. S2A), yet had
little effect on the total protein expression of YAP within

6 h (Fig. 2B). Immunofluorescence staining and western
blotting results showed that TS significantly promoted
the nuclear translocation of YAP (Fig. 2C, D). When
YAP was knocked down by siRNA (Additional file 2: Fig.
S2B-D), the TS-induced proliferation of PDLSCs was sig-
nificantly downregulated, and the application of TS no
longer promoted the expression of proliferation-related
genes (Fig. 2E). These findings demonstrated that TS pro-
moted the nuclear translocation of YAP, subsequently
promoting the proliferation of PDLSCs. Unsurprisingly,
TS was also found to encourage osteogenic differentia-
tion of PDLSCs (Additional file 2: Fig. S3). Furthermore,
we established the rat OTM model (Additional file 2:
Fig. S4). The micro-CT analysis confirmed that the con-
tinuous force loading of 30 g for 14 days was appropri-
ate. There was no significant loss of alveolar bone height
(Fig. 2F). The distance of OTM increased with time
(Fig. 2G). HE staining revealed that within 14 days, the
PDL on the tension side gradually reverted to its nor-
mal width from rapid stretching, and similarly, the PDL
on the pressure side also returned to its normal width
from rapid compression. By the 14th day, periodontal tis-
sue had remodeled completely, with bilateral periodontal
fibers appearing continuous and dense (Fig. 2H). Immu-
nofluorescence staining of the tension side PDL tissue
revealed that YAP nuclear translocation occurred on
the 3rd day following force loading, peaking on the 7th
day (Fig. 21 and Additional file 2: Fig. S5A). Similarly, the
proliferating cell nuclear antigen (PCNA)-positive cells
emerged on the 3rd day and reached the peak on the 7th
day (Fig. 2] and Additional file 2: Fig. S5B).

F-actin dynamics participated in TS-induced YAP nuclear
translocation in PDLSCs

As mentioned above, applying TS for 6 h led to a dramatic
reconstruction of the cytoskeletons in PDLSCs. This
led us to speculate that the cytoskeleton changes might
be linked to the TS-induced YAP nuclear translocation.
To test this hypothesis, we depolymerized microtubules
with NO or depolymerized F-actin with CD for subse-
quent research. Fluorescence staining confirmed that the
depolymerization of one cytoskeleton did not affect the
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arrangement of the other cytoskeleton (Fig. 3A). Further
findings revealed that although the depolymerization
of the two cytoskeletons did not alter YAP mRNA level
under TS (Fig. 3B), the depolymerization of F-actin sig-
nificantly inhibited YAP nuclear localization (Fig. 3C-F),
as well as the mRNA expression of proliferation-related
genes (Fig. 3G). Interestingly, we noticed that TS appli-
cation somewhat upregulated F-actin both inside and
outside the nucleus, whereas the addition of CD down-
regulated F-actin both in the cytoplasm and nucleus,
although these differences were not significant (Fig. 3H).
These results fully confirmed that F-actin dynamics par-
ticipated in TS-induced YAP nuclear translocation in
PDLSCs. In addition, we observed that the depolymer-
ization of F-actin significantly reduced the nuclear area
and increased the nuclear aspect ratio (Fig. 3I). This
indicated that the nuclear morphology was regulated by
F-actin dynamics and was closely related to YAP nuclear
translocation.

The F-actin dynamics-dependent LINC complex was
indispensable for TS-induced YAP nuclear translocation in
PDLSCs

It has been established that F-actin dynamics participated
in TS-induced YAP nuclear translocation and affected
the nuclear morphology of PDLSCs. Considering that the
LINC complex serves as an important bridge connecting
the cytoskeleton and the nucleus, our research shifted
focus to this complex. We discovered that TS significantly
upregulated mRNA level of Nesprinl and Nesprin2, but
had little effect on Nesprin3 and Nesprin4 (Fig. 4A). Also,
TS promoted the mRNA expression of SUN1 and SUN2
(Additional file 2: Fig. S6). Due to the similar expression
pattern after TS application and the homology between
Nesprinl and Nesprin2, we chose Nesprinl for further
research. The addition of CD significantly decreased
the mRNA and protein expression of Nesprinl under
TS, while NO had a negligible impact on it (Fig. 4B, C).
Subsequently, we transfected PDLSCs with adenovirus
(Additional file 2: Fig. S7). Immunofluorescence stain-
ing showed that ADV-mCherry-DNKASH prevented the
localization of Nesprinl on the nuclear envelope, which
meant the LINC complex was successfully disrupted,
while ADV-mCherry did not alter Nesprinl’s localization
(Fig. 4D). Subsequent immunofluorescence staining and
western blotting results showed that TS-induced YAP
nuclear translocation in ADV-mCherry-DNKASH-trans-
fected PDLSCs was significantly inhibited for the disrup-
tion of the LINC complex (Fig. 4E-H). Correspondingly,
the mRNA level of proliferation-related genes under TS
was significantly downregulated following the disruption
of the LINC complex (Fig. 4I). These findings unequivo-
cally confirmed the indispensable role the LINC complex
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played in TS-induced YAP nuclear translocation, high-
lighting its dependence on F-actin dynamics.

The disrupted LINC complex prevented TS-induced YAP
nuclear translocation in PDL tissue and hindered tooth
movement

To further elucidate the essential role of the LINC
complex for YAP nuclear translocation in vivo, we
administered local injections of adenovirus to rats and
subsequently established OTM models (Fig. 5A). HE
staining confirmed that the adenovirus had no adverse
effects on the vital organs of the rats, including the
heart, liver, spleen, lung and kidney (Additional file 2:
Fig. S8A). The 3D reconstruction and X-ray images indi-
cated no significant loss in the height of alveolar bone
between the groups within 14 days (Fig. 5B). While tooth
movement distances in the ADV-Con groups gradually
increased over time, the ADV-DNKASH groups exhib-
ited small differences between adjacent time points.
Notably, on days 7 and 14, tooth movement distances
in the ADV-DNKASH groups were significantly less
than those observed in the ADV-Con groups (Fig. 5C).
The HE staining of periodontal tissue of the first molar
revealed that in the ADV-Con groups, normal tis-
sue remodeling occurred, similar to what was observed
without adenovirus injection (Fig. 2H). Conversely, in
the ADV-DNKASH groups, bilateral periodontal tis-
sues failed to undergo normal remodeling. On the ten-
sion side, the PDL remained stretched, with periodontal
fibers appearing loose and discontinuous. On the pres-
sure side, the PDL remained compressed, and periodon-
tal fibers showed signs of discontinuity and local necrosis
(Fig. 5D). Immunofluorescence staining of the tension
side PDL tissue revealed obvious YAP nuclear translo-
cation in the ADV-Con groups on the 3rd and 7th days,
peaking on the 7th day. By contrast, the ADV-DNKASH
groups showed no evident YAP nuclear translocation at
any time point (Fig. 5E). The average nuclear YAP fluo-
rescence intensity in the ADV-DNKASH groups was sig-
nificantly lower than that in the control groups, except
on the 14th day (Additional file 2: Fig. S8B). The pat-
tern observed in PCNA immunofluorescence staining
of the tension side PDL tissue was similar to that of YAP
(Fig. 5F), where the number of PCNA-positive cells in
the ADV-DNKASH groups was significantly lower than
that in the control groups on the 3rd and 7th days (Addi-
tional file 2: Fig. S8C). These findings conclusively dem-
onstrated that disrupting the LINC complex significantly
inhibited TS-induced YAP nuclear translocation in PDL
tissue, subsequently inhibiting cell proliferation, affect-
ing normal periodontal tissue remodeling, and hindering
tooth movement.
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Meng et al. Stem Cell Research & Therapy (2024) 15:284

>
vy)

© ®1 - ‘:'S‘,;“ e ?] e
CE I Es6] 1
[oX
Z 41 23 _|.
DE: | ns Z< 44
2 ns — 0=Z
Q 2- - ! =1
Ll E EE R T
0]
m 0 ﬁl N T T T m 0_
N & & & St P P
& ee?Q & ee?Q o° o
D mCherry DAPI Merge

g

2

(&)

g

>

o

<

£x

52

ES

3%

<

‘ ADV-mCherry ‘

ADV-mCherry
+6 h

ADV-mCherry-
DNKASH+6 h

ADV-mCherry-
DNKASH+6 h

Page 11 of 19

ns

-

(4]
1

*

Con 6 h
Nesprin1 m’¥ “L b

GAPDH| st s s s |37 kDa

-
o
1

o
[
!

Relative Nesprin 1
protein expression

©
o
N

S O
oS o

ADV-mCherry
ADV-mCherry+6 h
ADV-mCherry-DNKASH+6 h

== ADV-mCherry
ADV-mCherry+6 h
== ADV-mCherry-DNKASH+6 h

3
%%k % %k kk 2 O * *ok
hel Vg —
[ ¥
<= oo
>0 <2 1.5
2 >® L
35 =
0o 5. 1.0
58 3 T
25 3245
= z2V9q
=
0.0-
G Cytoplasmic Nuclear
Force 6h - + + - + +
ADV-mCherry-DNKASH - - + - _ +
ADV-mCherry + + - + + _
Yap | 70 0

| 37 kDa

GAPDH [ enun e | |

H3 | | | o o |17 kDa
| == ADV-mCherry
*k k% ADV-mCherry+6 h
2.5 il == ADv-mCherrnyy-DNKAsms h
E e * %k *k
§204 I
215 ‘ +
Z
IS
S 1.0 g3
< 0.5
x
T T T
PCNA CCNB1 CCNE1

Fig. 4 The F-actin dynamics-dependent LINC complex was indispensable for TS-induced YAP nuclear translocation in PDLSCs. A The mRNA level of
Nesprin1-4 after TS application. B The mRNA level of Nesprin1 after adding cytoskeleton inhibitors. C The protein expression of Nesprin1 and quantitative
analysis after adding cytoskeleton inhibitors. D Immunofluorescence staining showed Nesprin1’s nuclear envelope localization after adenovirus transfec-
tion. The mCherry was self-fluorescence of adenovirus. Scale bars=25 um. E Immunofluorescence staining of YAP after adenovirus transfection. The low-
est row showed the cells with restricted YAP nuclear translocation were just the cells whose LINC complex was destroyed (the magenta arrows indicated).
Scale bars=50 um. F Quantitative analysis of nuclear/cytoplasmic YAP fluorescence ratio after adenovirus transfection (n=30 roi per condition). G, H The
nuclear and cytoplasmic protein expression of YAP and quantitative analysis after adenovirus transfection. I The mRNA level of proliferation-related genes

after adenovirus transfection

TS enhanced mitochondrial dynamics to provide ATP for
YAP nuclear translocation in PDLSCs

Our above findings indicated that TS induced the repo-
sitioning of mitochondria around the nucleus. Further
investigation demonstrated a close positional correlation
between mitochondria and microtubules, as evidenced

by fluorescence co-localization staining (Additional file
2: Fig. S9). TS promoted the perinuclear aggregation
of mitochondria, and the addition of NO resulted in a
scattered distribution of mitochondria (Fig. 6A), sug-
gesting that TS-induced mitochondrial repositioning
was triggered by microtubule remodeling. TEM further
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Fig. 5 The disrupted LINC complex prevented TS-induced YAP nuclear translocation in PDL tissue and hindered tooth movement. A Schematic diagram
of adenovirus local injection and rat OTM model construction. B The representative 3D reconstruction and X-ray images of rat maxillary bones after force
loading 3 days, 7 days and 14 days. The arrow indicated the direction of tooth movement. Scale bars=2 mm. C Quantitative analysis of tooth movement
distance in each group of rats (n=5). D Representative HE staining of the distal buccal root of the maxillary first molar in each group of rats. The arrow
indicated the direction of tooth movement, and dotted lines marked the boundary of PDL. Ab, Alveolar bone; P, PDL; R, Root; Pu, Pulp. Scale bars=100 um.
E YAP immunofluorescence staining of the tension side PDL tissue in each group of rats. Scale bars =20 um. The last column showed enlarged images of
the left magenta boxes. Ab, Alveolar bone; P, PDL; R, Root. Scale bars=4 um. F PCNA immunofluorescence staining of the tension side PDL tissue in each
group of rats. Scale bars =20 um. The last column showed enlarged images of the left magenta boxes. Ab, Alveolar bone; P, PDL; R, Root. Scale bars=4 um

confirmed the perinuclear aggregation of mitochon-
dria after TS application (Fig. 6B). At the same time, TS
not only enhanced MMP (Fig. 6C, D) but also enhanced
mitochondrial biogenesis, as well as mitochondrial fis-
sion and fusion dynamics (Fig. 6E). Given mitochondria’s
role as cellular energy generators, we hypothesized that
these changes prepared mitochondria to supply energy

for YAP nuclear translocation. This hypothesis was sup-
ported by the significant increase of ATP level in PDLSCs
after TS application (Fig. 6F). Upon employing OA, an
ATP synthase inhibitor, to inhibit ATP production under
TS (Fig. 6G), we observed a notable limitation in TS-
induced YAP nuclear entry (Fig. 6H, I and Additional
file 2: Fig. S10A), and the corresponding decrease in the
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bars=100 um. K Fluorescence intensity analysis of cytoskeletons after adding ATP synthase inhibitor. L The protein expression of Nesprin1 and quantita-

tive analysis after adding ATP synthase inhibitor

expression of proliferation-related genes (Additional
file 2: Fig. S10B), which further validated our hypoth-
esis. Interestingly, inhibiting cellular ATP synthesis with
OA significantly reduced the intensity of F-actin under

TS, whereas microtubule intensity appeared unaffected
(Fig. 6], K). Besides, adding OA had little effect on the
mRNA and protein expression of Nesprinl (Fig. 6L and
Additional file 2: Fig. S10C). These findings suggested
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Fig. 7 Mechanism diagram. During the OTM process, PDLSCs on the tension side received continuous TS stimulus, which enhanced the polymerization
and stretching of F-actin and then upregulated the expression of the LINC complex, thus strengthening the pull on the nuclear envelope, enlarging the
nuclear pore and facilitating YAP's entry into the nucleus. At the same time, the mitochondria were activated and moved towards the nucleus along the
reconstructed microtubules under the stress state, producing ATP to assist YAP nuclear translocation and to drive F-actin polymerization to a certain
extent. YAP further promoted the expression of downstream proliferation-related genes after entering the nucleus, thus promoting cell proliferation and

finally leading to effective tooth movement

that the active mitochondrial dynamics enhanced by TS
not only supplied ATP for YAP nuclear translocation but
also supported the polymerization of F-actin to a certain
extent.

Discussion

PDLSCs were first discovered by Professor Seo’s
team in 2004 [35]. Since then, numerous studies
have confirmed that PDLSCs possess strong poten-
tial for self-renewal and multi-directional differentia-
tion, exhibiting broad therapeutic prospects in tissue
regeneration [7—10]. However, the rarity of PDLSCs
has hindered their further application [5]. TS is one
of the most commonly perceived mechanical stresses
of PDLSCs in vivo. If the application of appropriate
TS can effectively expand PDLSCs, it will undoubt-
edly play a pivotal role in advancing both funda-
mental research and clinical practice. YAP is a key
effector of the Hippo pathway, which is highly sensi-
tive to mechanical stimuli. The role of YAP in cell

proliferation and tissue regeneration has been widely
confirmed [14, 15]. Recent studies have found that
YAP participates in the fate regulation of PDLSCs
under mechanical stimuli [3, 5]. As is well known,
YAP typically undergoes nuclear translocation under
the negative regulation of the Hippo pathway kinase
cascade, thereby promoting the expression of down-
stream genes [16]. A study in 2019 suggested that
YAP may be regulated by mechanisms independent of
the Hippo pathway kinase cascade [36]. A 2023 study
proposed that how YAP enters the nucleus in the
mechanical microenvironment to control the fate and
renewal of stem cells is still unknown [37]. Therefore,
this study aimed to explore the appropriate conditions
for TS to induce the proliferation of PDLSCs and to
clarify the mechanical regulation mechanism of YAP
nuclear translocation in promoting the proliferation of
PDLSCs under TS.

Previous studies have shown that both internal and
external physical forces can influence local mechanical
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properties and cellular behavior via cytoskeletons [38,
39]. When cells are subjected to mechanical stimuli,
the biomechanical and biochemical signals are ulti-
mately transmitted through cytoskeletal complexes
to the nucleus, thereby triggering relevant changes
in cell function and gene expression [40]. Therefore,
this study began with experiments of cytoskeletons to
understand the mechanical response of PDLSCs under
TS. Initially, we subjected PDLSCs to TS (12% elonga-
tion, 0.5 Hz) for 6 h or 24 h, using an in vitro tension
system. We observed significant cytoskeleton remod-
eling, where F-actin became broader and denser, while
microtubules redistributed widely around the nucleus.
This may be due to the adaptive changes resulting
from the TS pulling the cells. The nuclear area and
nuclear pore size increased significantly, likely due to
the enhanced and more divergent cytoskeletons exert-
ing greater force on the nucleus. Further investigation
revealed that 6 h of TS application promoted PDLSCs
proliferation, whereas 24 h of continuous TS applica-
tion resulted in the opposite result. This indicated that
the positive response to mechanical stimulus may be
time-sensitive, highlighting the need to maintain force
application within an optimal timeframe to promote
seed cell expansion.

YAP plays a pivotal role in the mechanical microen-
vironment of stem cells. Various biophysical stimuli
from external forces, such as shear stress, extracellu-
lar matrix stiffness and adhesion area, can dictate stem
cell fate by activating YAP [41-44]. A study found that
oral squamous cell carcinoma cells promote their pro-
liferation through the YAP/PIEZO1 axis [45]. Another
study demonstrated that PPARa can activate and regu-
late the expression of YAP and its downstream target
genes, regulating liver size and promoting regenera-
tion [46]. Our research revealed that 6 h of TS applica-
tion promoted YAP nuclear entry and upregulated the
expression of proliferation-related genes. Conversely,
YAP knockdown via siRNA rendered TS ineffective in
promoting PDLSCs proliferation. These results con-
firmed that YAP directly participated in the regulation
of PDLSCs proliferation under TS. The OTM model,
known for its simple operation and stable results, can
simultaneously capture the mechanical effects on both
the TS side and the compression stress side, making
it a popular choice as an animal model for verifying
orthodontic force loading results in vitro [3, 47, 48].
Therefore, we constructed OTM models of SD rats to
verify the reliability of in vitro experiments. The sub-
sequent results indicated that the nuclear localization
of YAP and the number of PCNA-positive cells in the
tension side of PDL tissue increased over time after
force application, peaking on the 7th day and normal-
izing by the 14th day. The in vivo experiments yielded
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the same results as the in vitro experiments, that is,
appropriate TS promoted YAP nuclear translocation
and subsequently cell proliferation. For in vivo condi-
tions, sufficient PDLSCs proliferation was a prerequi-
site for the remodeling of PDL tissue.

The correlation between F-actin and YAP nuclear
translocation has been explored in several stud-
ies [49, 50]. Gao et al. demonstrated that stress led
to F-actin depolymerization, RhoA downregulation,
and LPARI1 inactivation, facilitating YAP’s cytoplas-
mic translocation through super-resolution imaging
[49]. Li et al. confirmed that matrix stiffness could
induce CD44-mediated YAP nuclear translocation in
fibroblasts, requiring RhoA activity and F-actin cyto-
skeleton polymerization [50]. Our study further con-
firmed that the depolymerization of F-actin, rather
than microtubules, greatly inhibited the nuclear trans-
location of YAP. The decrease in nuclear area and the
increase in nuclear aspect ratio after adding CD indi-
cated that nuclear shape was controlled by F-actin. It
was confirmed that cell spreading and the stimulation
of fibronectin can promote the formation of F-actin
in the nucleus [51]. Our results revealed that TS not
only promoted cytoplasmic F-actin expression but also
upregulated the nuclear F-actin expression. This indi-
cated that nuclear F-actin was highly sensitive to both
physicochemical and mechanical stimuli. In short,
these findings collectively affirmed that TS-induced
YAP nuclear localization was strongly supported by
F-actin dynamics.

The global actin organization played a significant
role in direct cellular tension and focal adhesion regu-
lation, yet the impact of actin organization on down-
stream signaling remains unclear [52]. The LINC
complex, bridging the cytoplasmic and nuclear skele-
tons, anchors cytoskeletons to the nucleus, facilitating
stable nuclear positioning [53, 54]. In non-muscle cells,
the interaction between Nesprinl/2 and the actin cyto-
skeleton is emphasized [55, 56]. The LINC complex
can act as both a direct mechanical sensor and a con-
duit for mechanical transduction to affect gene expres-
sion [57, 58]. However, the role of the LINC complex
in YAP nuclear translocation has been less explored. In
our in vitro part, 6 h of TS application upregulated the
expression of the LINC complex; adding CD signifi-
cantly reduced Nesprinl expression, which indicated
the expression of the LINC complex was dependent
on F-actin dynamics. Adopting the methods of Denis
and Zhang et al. [26, 31], we constructed an adenovi-
rus (ADV-mCherry-DNKASH) that coupled mCherry
to the overexpressed dominant negative KASH pep-
tide of Nesprinl, to disrupt the LINC complex. Nor-
mally, Nesprin proteins bind to SUN proteins in the
perinuclear space through the KASH domain. The
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overexpressed dominant negative KASH peptide can
bind to available binding sites on the SUN proteins,
thereby replacing endogenous Nesprin proteins on
the outer nuclear envelope [31, 59]. This adenovirus
can replace all endogenous Nesprin proteins without
causing compensation from other Nesprin subtypes
[26]. The loss of Nesprinl localization on the nuclear
envelope in PDLSCs transfected with ADV-mCherry-
DNKASH indicated that this method of disrupting the
LINC complex was feasible. Our further results con-
firmed that the disrupted LINC complex inhibited TS-
induced YAP nuclear translocation, thereby inhibiting
YAP-regulated cell proliferation, indicating the indis-
pensability of the LINC complex. The in vivo part also
confirmed the disrupted LINC complex inhibited YAP
nuclear localization and decreased cell proliferation in
PDL tissue, thus hindering periodontal tissue remod-
eling and tooth movement. Our findings thoroughly
demonstrate that the F-actin dynamics-dependent
LINC complex was indispensable for TS-induced YAP
nuclear translocation. Previous studies have described
that YAP is highly sensitive to any mechanical defor-
mation affecting the nucleus, and even a slight stretch-
ing can cause the transport from active to passive,
given that the molecular weight of YAP is equal to the
critical value of the nuclear pore complex when it is
not deformed [25, 60, 61]. Their theory aligned with
our results, further confirming the critical role of
the LINC complex in transmitting TS to the nuclear
envelope.

The functional response of mitochondria under TS
needs to be confirmed. Our research discovered that
the distribution of mitochondria was consistent with
the distribution trend of microtubules, both under TS
and with the addition of a microtubule inhibitor, sup-
porting the fact that microtubules serve as tracks for
mitochondrial transport within the cell [28, 62, 63].
Additionally, we observed that TS not only enhanced
MMP but also activated mitochondrial dynamics. Pre-
vious studies have illustrated that mitochondrial local-
ization shapes the cellular energy gradient to satisfy
local energy demands [63, 64]. This led us to specu-
late whether these mitochondrial alterations were
poised to supply energy for YAP nuclear translocation.
ATP levels in PDLSCs significantly increased after TS
application; however, adopting OA to inhibit intra-
cellular ATP production significantly inhibited YAP
nuclear translocation, thus confirming our conjec-
ture. Studies have confirmed that cytoskeletons affect
mitochondrial quality control, ATP production and
calcium homeostasis [28]. Surprisingly, in our study,
the polymerization intensity of F-actin decreased
when intracellular ATP production was inhibited. This
suggested a complex reciprocal interaction between
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mitochondria and cytoskeletons. However, inhibit-
ing ATP synthesis did not seem to affect the cell pro-
jected area corresponding to F-actin, nor did it affect
the expression of Nesprinl under TS, indicating that
there may exist more important factors driving F-actin
polymerization under TS; warranting further investi-
gation into the underlying mechanism.

There are still some limitations in this study. For
instance, while we focused our discussion on the YAP
nuclear translocation triggered by physical structures
under TS, we neglected to explore the potential influ-
ence of biochemical responses on the distribution of
YAP between the nucleus and cytoplasm. Addition-
ally, the nuclear pore serves as the essential gateway
for YAP to enter the nucleus. However, the poten-
tial changes in the composition and structure of the
nuclear pore complex under TS have yet to be thor-
oughly investigated. All of these need to be further
discussed in the follow-up research. Besides, although
noteworthy outcomes were achieved in our animal
experiments, large variations in tooth movement dis-
tances were observed among rats within the same
group. These disparities could be attributed to dispari-
ties in the actual application of force as well as individ-
ual differences among the rats themselves. To acquire
more reliable and stable findings, it is necessary to
appropriately increase the sample size, while always
maintaining ethical standards.

Taken together, we demonstrated that appropriate
TS promoted PDLSCs proliferation via the mechani-
cally driven F-actin/LINC complex/YAP axis (Fig. 7).
TS augmented F-actin polymerization and stretching,
which upregulated the expression of the LINC complex.
This resulted in an increase in tension on the nuclear
envelope, enlargement of the nuclear pore, and promo-
tion of YAP entry into the nucleus, ultimately facilitat-
ing PDLSCs proliferation. Concurrently, mitochondria
became active and migrated towards the nucleus along
the reconstructed microtubules, supplying ATP for YAP
nuclear translocation and, to a certain extent, driving
F-actin polymerization. The indispensable role of the
LINC complex was validated through both in vitro and
in vivo experiments. Our findings confirmed that the
application of appropriate TS was an effective method
to expand PDLSCs. By precisely controlling strain
magnitude and duration, PDLSCs proliferation can be
promoted, and a healthy OTM environment can be
maintained. We focused on elucidating the mechanical
mechanism of TS-induced YAP nuclear translocation
and could provide insights into the nuclear entry of other
nuclear transcription factors under mechanical stress.
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Conclusions

In this study, we have confirmed that the application of
TS (12% elongation, 0.5 Hz) for 6 h in vitro can induce
YAP nuclear translocation in PDLSCs, thereby pro-
moting cell proliferation. The TS-induced YAP nuclear
translocation was achieved through the polymeriza-
tion of F-actin, upregulation of the LINC complex
expression, tension transmission to the nuclear enve-
lope and enlargement of nuclear pores, assisted by suf-
ficient ATP. Our study can provide a theoretical basis
for the expansion of seed cells in tissue engineering
and the acceleration of tooth movement in orthodon-
tic clinics, while also offering insights into the nuclear
translocation of other nuclear transcription factors
under mechanical stress.
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