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Abstract

Background: Bone tissue possesses strong regenerative potential, but large segmental bone defects often exceed its intrinsic capac-
ity for self-healing. Human adipose-derived stem cells (hASCs) offer a promising cellular basis for bone regeneration owing to their
robust osteogenic differentiation potential. However, the role of PDZ and LIM domain 2 (PDLIM2) play in hASC osteogenesis and
its relationship with the Wnt/β-catenin signaling pathway remain poorly understood. Methods: Western blotting, immunofluorescence
staining, Alizarin Red S staining, alkaline phosphatase activity assays, wound healing assays, and Transwell assays were employed to
assess osteogenic differentiation, osteogenic capacity, and cellular migration. Lentivirus-mediated PDLIM2 knockdown, cytochalasin D
(CytoD) intervention, microfilament stabilizer treatment, and β-catenin activator treatment were used as a means of validating the regula-
tory mechanism. Results: hASCs exhibited the ability to undergo osteogenic differentiation. During this osteogenic process, significant
increases in PDLIM2, β-actin, and β-catenin expression were observed, with PDLIM2 expression reaching 2–3 times that of the control
group on day 14, whereas β-actin and β-catenin levels peaked on day 7 (1.5–2 times those in the control group). Lentivirus-mediated
PDLIM2 knockdown reduced β-actin expression by approximately 5-fold and β-catenin expression by approximately 1.7-fold, accom-
panied by cytoskeletal disorganization and impaired osteogenic differentiation. Actin microfilament integrity was found to regulate
osteogenic marker expression and alkaline phosphatase activity, while CytoD treatment suppressed β-actin and β-catenin expression to
approximately 50% of control levels and inhibited osteogenic differentiation. Knocking down PDLIM2 attenuated the responsiveness of
hASCs to microfilament stabilizers and β-catenin activators. Conclusions: This study demonstrates that PDLIM2 may be functionally
associated with β-catenin nuclear translocation, potentially through the remodeling of the actin cytoskeleton. These findings provide
preliminary mechanistic insight and warrant further validation.
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1. Introduction

Large bone defects resulting from trauma, infection, or
oncologic resection frequently exceed the capacity of bone
tissue for spontaneous healing, thereby requiring surgical
intervention [1,2,3]. However, these interventionsmay lead
to complications such as infection and bleeding [4]. Rapid
advances in the field of regenerative medicine have brought
innovative treatment models to clinical practice, with the
stem cell-based promotion of bone regeneration holding
particular therapeutic promise. Adipose-derived stem cells
(ASCs) exhibit a capacity for multipotent differentiation,
giving rise to a range of progeny cell types [5,6,7]. Impor-
tantly, human ASCs (hASCs) can be harvested readily, and
they demonstrate paracrine activity, rendering them suit-
able for a broad range of wound healing, bone regeneration,
and related applications [8,9]. They are widely viewed as a

promising source of seed cells for bone tissue engineering.
While hASCs offer great therapeutic potential, the mech-
anism through which they differentiate into osteoblasts is
still incompletely understood. Efforts to study the molec-
ular basis for hASC osteogenesis can thus offer valuable
insight into their potential applications while providing a
strong foundation for their use in the clinic. In addition to
chemical stimulation, cells are exposed to a range of me-
chanical stimuli within the body [10], which the exposed
cells convert into biochemical signals that trigger a series
of intracellular reactions [11]. The osteogenic process re-
shapes the capacity of cells for proliferation, migration, and
differentiation. Notably, there is evidence that the applica-
tion of cyclic tensile loading can stimulate the expression
of osteogenic factors, thus stimulating stem cells to develop
into osteogenic cells [12,13].
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Bioinformatics analyses have revealed a notable rise
in the expression of PDZ and LIM domain 2 (PDLIM2) dur-
ing the osteogenic differentiation of hASCs. PDLIM2, also
known as Mystique or SLIM, is a PDLIM family member
that regulates cell proliferation, migration, and differentia-
tion [10,14]. The human PDLIM2 gene is located on chro-
mosome 8p21.2 [15]. Studies have shown that PDLIM2
can indirectly or directly promote interaction with the cy-
toskeleton by regulating the activity of important transcrip-
tion factors, including nuclear factor-kappa B (NF-κB), sig-
nal transducer and activator of transcription (STAT), and β-
catenin. Abnormalities in its function may lead to tumori-
genesis and oncogenic progression [10]. PDLIM2 has also
been reported to play a significant role in a range of dis-
eases. In liver cancer, it can inhibit malignant tumor pro-
gression by regulating the activity of β-catenin [16]. In one
report, WD Repeat and SOCS Box Containing protein was
found to inhibit the expression of PDLIM2 by promoting
the ubiquitination and degradation of Kinesin FamilyMem-
ber 15 through a process that accelerates the accumulation
of liver fat and the development of liver cancer. TheWnt/β-
catenin pathway is a key regulatory pathway in. PDLIM2
can also affect the level of inflammation and bone damage
in periodontitis by modulating signaling pathways, includ-
ing the NF-κB andWnt (Wingless-TypeMMTV Integration
Site Family)/β-catenin pathways [17].

The cytoskeleton is an integral component of cells.
It plays a significant role in maintaining internal cellular
structural integrity, relaying signals between the inside and
outside of cells, and regulating osteogenic differentiation
signaling pathways [18]. The cytoskeleton is composed of
microfilaments, intermediate filaments, and microtubules
[19]. Microfilaments are primarily involved in cell move-
ment, morphological changes, and mechanical induction.
Microfilament polymerization plays a key role in the os-
teogenic differentiation process [20]. Cytochalasin D is a
well-established disruptor of the actin cytoskeleton that can
specifically block actin filament polymerization, thereby
affecting the osteogenic differentiation of cells. TheWnt/β-
catenin pathway is a key regulatory pathway involved in
osteogenic differentiation. When Wnt ligands bind to their
cognate receptors, β-catenin accumulates and translocates
to the nucleus, where it activates the osteogenic transcrip-
tion factor Runt-related transcription factor 2 (RUNX2),
promoting the differentiation of mesenchymal stem cells to-
ward the osteoblast lineage while suppressing adipogenic
differentiation. Activation of the canonical Wnt/β-catenin
signaling pathway effectively facilitates bone defect repair
and accelerates the healing of bone injuries [21]. Dysreg-
ulation of this pathway is associated with a range of bone
diseases, making it an important therapeutic target for bone
regeneration. Previous studies have shown that changes in
actin status can regulate the subcellular localization and sig-
naling activity of β-catenin [22]. As an actin-binding pro-
tein, PDLIM2 may regulate cytoskeletal tension through

its interaction with actin, thereby influencing osteogene-
sis. Therefore, we hypothesize that PDLIM2 may affect
β-catenin nuclear translocation by modulating actin poly-
merization status, ultimately influencing osteogenic differ-
entiation.

Most research focused on PDLIM2 to date comes
from the field of oncology, whereas its mechanistic role in
the regulation of hASC osteogenic differentiation remains
poorly understood. Addressing this gap in knowledge is
crucial to inform the development of bone regeneration-
focused therapies. In this study, hASCs were utilized as
an experimental model and were treated with cytochalasin
D to disrupt their microfilament networks. In order to clar-
ify how these microfilaments influence hASC osteogene-
sis, Western blotting, alkaline phosphatase staining, and im-
munofluorescence staining were conducted. PDLIM2 ex-
pression was also knocked down via lentiviral transduc-
tion to clarify its effects on osteogenic differentiation, and
responses to microfilament polymerization agents and β-
catenin activators were also assessed. Ultimately, the abil-
ity of PDLIM2 to regulate Wnt/β-catenin signaling as a
means of enhancing hASC osteogenic differentiation by
modulating microfilament expression and structure was
evaluated.

2. Materials and Methods
2.1 Cell Source

Primary human adipose-derived stem cells (hASCs)
were isolated from liposuction samples obtained with writ-
ten informed consent from donors. This study was ap-
proved by the Ethics Committee of Southern Medical Uni-
versity (Approval No. Nan Yi Lun Shen [2024] No. 25).
Cells were cultured at 37 °C in a humidified 5% CO2 incu-
bator. The cell lines were authenticated by the flow cytom-
etry technique. An anti-mycoplasma reagent was routinely
added to the culture medium to prevent mycoplasma con-
tamination. All cell lines used in this study were tested for
mycoplasma contamination and confirmed to be negative.

2.2 Cell Culture and Osteogenic Induction
Cell culture: Human adipose-derived stem cells were

isolated from three healthy female donors aged 30–40
years. Based on preoperative screening data, the donors
had no apparent symptoms and were free from systemic
inflammatory diseases, metabolic bone diseases, diabetes
mellitus, malignant tumors, active infections and autoim-
mune diseases, with no history of long-term administra-
tion of glucocorticoids or immunosuppressants. Subcu-
taneous adipose tissue from healthy individuals was ob-
tained, and hASCs were isolated by enzymatic digestion.
Briefly, hASCs were isolated following established proto-
cols [23,24]. When the tissue sample was fully digested,
and the adipose tissue was completely dissolved, an equal
amount of complete medium was added to terminate the
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trypsin reaction. These tissue samples were then cen-
trifuged at 1000 rpm for 10 minutes, the supernatant was re-
moved, and the cell pellet was collected and resuspended in
complete medium before transfer into a culture dish. After
adding an appropriate amount of medium, cells were rou-
tinely cultured at 37 °C in a 5% CO2 incubator. Culture
medium was replaced every 48 h. When cells were 90%
confluent, they were subcultured or cryopreserved, as ap-
propriate [23,24]. Adipose tissue samples were provided
by Nanfang Hospital’s Plastic Surgery Department.

Chemical induction of osteogenic differentiation:
To initiate bone cell differentiation, cells were seeded
into culture plates at 7000 cells/cm2. When they had
grown to 70% confluence, standard medium was replaced
with osteogenic medium containing 10 nM vitamin D3
(V8070-1g, Solarbio, Beijing, China), 10% fetal bovine
serum (10099-141, Gibco, Waltham, MA, USA), 1% an-
tibiotics (15140-122, Gibco, Waltham, MA, USA), 10 mM
β-glycerophosphate (G9422-50G, Sigma, St. Louis, MO,
USA), 37.5 mg/L ascorbic acid (255564, Sigma, St. Louis,
MO, USA), and 100 nM dexamethasone (D4902-25MG,
Sigma-Aldrich, Shanghai, China). The culturemediumwas
refreshed every 48 hours. Samples were taken after 0, 4, 7,
and 14 days for Western blotting and alkaline phosphatase
(ALP) activity assays to analyze cellular differentiation.

Induction of osteogenic differentiation through
mechanical stimulation: Cells were seeded in flexible
6-well plates (FlexCell BioFlex Culture Plate, Cat. No.
BF-3001C, FlexCell International Corporation, Burlington,
NC, USA) at a density of 7000 cells/cm2. When cells had
grown to 70% confluence, these flexible plates were se-
curely mounted onto the base of a tension system. Me-
chanical stimulation was applied using a cell culture tensile
testing system (FX-5000 Tension System, FlexCell Inter-
national Corporation, Burlington, NC, USA), and the en-
tire apparatus was placed in a 37 °C 5% CO2 incubator.
A pre-programmed protocol was used to subject cells to
cyclic mechanical strain at 0.5 Hz with 10% deformation
for 2 hours per day. The culture medium was changed ev-
ery 48 h. Samples were collected after 0, 4, 7, and 14 days
for Western blotting and ALP activity assays to assess os-
teogenic differentiation. ALP activity was detected using
the BCIP/NBT Alkaline Phosphatase Color Development
Kit (Beyotime Biotechnology, Cat. No. C3206, Shanghai,
China).

In appropriate experiments, cultured cells were ex-
posed to 0.2 μg/mL cytochalasin D (MCE) dissolved in
complete medium or osteogenic differentiation medium to
inhibit actin polymerization. After 24 hours of routine cul-
ture, the mediumwas replaced with the corresponding fresh
medium. After culturing for 7 days, cells were used for
downstream experimental procedures.

Alternatively, cultured cells were treated with 5 μM
SKL2001 (MCE) in complete medium. After 24 h of rou-
tine culture, the medium was replaced with the correspond-

ing fresh medium, and subsequent experiments were per-
formed after 7 days of further incubation.

2.3 Western Blotting

Cells were washed three times with PBS and then
lysed on ice for 30 minutes using a total protein extraction
kit (KGP250-50te, KeyGen Biotech, Nanjing, China). Af-
ter centrifugation at 12,000 ×g for 15 minutes at 4 °C, the
supernatant was collected, and protein concentration was
determined via BCA assay. Protein samples were mixed
with 5× loading buffer (FD002, Fdbio Science, Hangzhou,
China) and denatured by boiling. A total of 30 μg of
protein per lane was separated by 10% SDS-PAGE and
then wet-transferred onto a PVDF membrane (0.22 μm,
ISEQ00010, Millipore, Burlington, MA, USA). The mem-
brane was blocked with PBS containing 5% non-fat milk
(232100, Becton, Dickinson and Company, Franklin Lakes,
NJ, USA) and 0.1% Tween 20 (T104863-500ml, Aladdin,
Shanghai, China) for 1 hour at room temperature. Mem-
branes were then incubated with primary antibodies di-
luted inWestern primary antibody dilution buffer (P0023A-
100ml, Beyotime, Shanghai, China) overnight at 4 °C. The
primary antibodies used for this study were specific for the
following targets: PDLIM2 (1:3000 Abcam, ab246868),
osteopontin (1:1000 Abcam, ab69498), RUNX2 (1:1000
Cell Signaling, 12556S), β-actin (1:1000 Cell Signaling,
4970S), β-catenin (1:1000 Cell Signaling, 8480S), and
GAPDH (1:5000 Bioworld, AP0063). After washing blots
three times with PBST, they were incubated with HRP-
conjugated secondary goat anti-rabbit IgG (H+L)-HRP
(1:5000, FDR007, Fdbio Science, Hangzhou, China) or
goat anti-mouse IgG (H+L)-HRP (1:5000, FDM007, Fd-
bio Science, Hangzhou, China) for 1 hour at room tempera-
ture. After additional washing, an ECL chemiluminescence
substrate (FD8020, FDbio-Dura ECL Kit, Fdbio Science,
Hangzhou, China) was used for signal development. All
functional experiments were performed with three indepen-
dent biological replicates. Protein expression was normal-
ized toGAPDHas an internal reference, and data were com-
pared between groups with Student’s t-tests.

2.4 Immunofluorescence Staining

Cell samples were washed three times with PBS, fixed
with 4% formaldehyde (DF0135, LEAGENE) for 10 min-
utes, and then washed three more times with PBS. After dis-
rupting the cell membrane with 0.1% Triton-X 100 (9002-
93-1, Solarbio), cells were blocked with 2% BSA and then
incubated overnight at 4 ℃ with the following primary an-
tibodies: PDLIM2 (1:50, Abcam, ab246868) and β-catenin
(1:100, CST, 8480S). After washing three times with
PBST, the cells were stained with Actin-Tracker-Green-
488 (1:500, Beyotime, C2201S) and Alexa Fluor 488/568-
conjugated antibodies (1:500, Invitrogen) and counter-
stained with DAPI. Fluorescence samples were captured
using a confocal microscope (Carl Zeiss, LSM 880, Jena,
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Germany). Fluorescence intensity data were normalized by
dividing the raw values from the control and experimen-
tal groups by the mean fluorescence intensity of the control
group to generate relative fluorescence intensity, followed
by statistical analysis on the normalized data.

2.5 Alkaline Phosphatase Staining
Cells were washed three times with PBS, fixed with

4% formaldehyde for 10 minutes at room temperature,
and then subjected to three additional washes with PBS.
BCIP/NBT substrate working solution (C3206, Beyotime,
Shanghai, China) was prepared and added to the cell sam-
ples, ensuring the complete coverage of all cells. Samples
were then stained for 30 minutes in the dark at 37 °C. Af-
ter washing with PBS, the stained cells were observed and
imaged under a light microscope (Olympus, Tokyo, Japan).

2.6 Lentiviral Transduction
To explore the functional effects of PDLIM2 knock-

down on protein expression, osteogenic differentiation, and
the migratory capacity of hASCs, lentivirus-mediated gene
silencing was performed to stably knock down PDLIM2 in
these cells. The PDLIM2-targeting shRNA lentiviral vector
(sequence No.129418) and empty control lentiviral vector
used for this study were constructed by Gekai Biotechnol-
ogy.

Briefly, hASCs were seeded at a density of 1.5 ×
105 cells per well and incubated for 12 – 16 h. The cul-
ture medium was then replaced with fresh medium supple-
mented with the prepared lentivirus and a transduction en-
hancer reagent. In the sh-PDLIM2 group, the lentivirus was
applied at a multiplicity of infection (MOI) of 30 with a vi-
ral titer of 3 × 109 TU/mL; the empty vector (NC) group
was treated at the identical MOI of 30 with a viral titer of
1 × 109 TU/mL. After 14–16 h of transduction, the virus-
containing medium was discarded and replaced with stan-
dard complete growth medium. At 72 h post-transduction,
lentiviral transduction efficiency was quantified by detect-
ing the proportion of GFP-positive cells via fluorescence
microscopy.

2.7 Wound Healing Assay
After drawing parallel horizontal lines on the under-

side of 6-well culture plates, cells from the NC and sh-
PDLIM2 groups were seeded into these plates at an appro-
priate density and allowed to grow to confluence. Then,
a sterile 200 μL pipette tip was used to generate a scratch
in the monolayer perpendicular to the marked lines. Cells
were washed three times with PBS, and serum-free medium
was then added to each well. Cell migration was observed
and recorded using a microscope at 0 and 36 hours after
plating.

2.8 Transwell Migration Assay
Cells were resuspended in serum-free medium, adding

5000 cells to the upper chamber of a Transwell in-
sert (303597, Corning). Inserts were placed in 24-well
plates, adding 750 μL of complete medium (high-glucose
DMEM supplemented with 10% Australian fetal bovine
serum, 1% penicillin–streptomycin solution, and 0.1% anti-
mycoplasma reagent) to the lower chamber to establish a
chemotactic gradient. After culturing cells in an incubator
for 12 to 16 hours, the migrated cells were fixed with 4%
formaldehyde for 10 minutes. The remaining non-migrated
cells were then wiped off the upper membrane surface with
a cotton swab. After washing the membrane with PBS, the
remaining cells were stainedwith crystal violet (G1062, So-
larbio) for 30 minutes. After using PBS to wash away the
remaining dye, stained cells were counted using an optical
microscope (Tokyo, Japan).

2.9 Statistical Analysis
All experiments were performed using hASCs isolated

from three independent healthy female donors. For each
donor, cells were used at passage 3–4, and all experimental
conditions were tested in parallel. Data are presented as the
mean ± SD from three biological replicates, with each repli-
cate representing cells from a distinct donor. Two-tailed t-
tests were used to analyze data in GraphPad Prism 5.0, with
p < 0.05 as the significance threshold.

3. Results
3.1 Osteogenic Differentiation Capacity of hASCs

To validate the capacity of hASCs for osteogenic dif-
ferentiation, this differentiation process was chemically in-
duced, and cells were analyzed after 0, 4, 7, and 14 days.
Western blotting revealed an increase in the expression of
the osteogenic markers RUNX2 and osteopontin (OPN)
with the prolongation of osteogenic induction (Fig. 1A).
Alkaline phosphatase and Alizarin Red S staining intensi-
ties also increased gradually (Fig. 1B,C). Upon mechanical
stimulation-based induction of osteogenic differentiation in
hASCs, RUNX2 and OPN expression also progressively
increased with the extension of induction time (Fig. 1D),
together with the gradual enhancement of alkaline phos-
phatase staining (Fig. 1E). These results demonstrate that
both chemical induction and mechanical stimulation can
promote hASC differentiation into bone tissue.

3.2 Cytochalasin D Can Reduce PDLIM2, β-Actin, and
β-Catenin Expression and Hinder hASC Osteogenic
Differentiation

Next, we sought to use these hASCs to assess the reg-
ulatory impacts of microfilament organization on the ex-
pression of PDLIM2, β-actin, and β-catenin in hASCs and
to determine whether these effects alter osteogenic differ-
entiation efficiency. To that end, we treated hASCs with
cytochalasin D (Cat. No.: HY-N6682, MedChemExpress,
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Fig. 1. Osteogenic differentiation of human adipose-derived stem cells (hASCs). (A) Western blotting results and corresponding
quantification of osteogenesis-related proteins in chemically induced hASCs. (B) ALP staining results for chemically induced osteogenic
differentiation in hASCs. (C) Alizarin Red S staining results for chemically induced osteogenic differentiation in hASCs. (D) Western
blotting results and corresponding quantification for mechanically stimulated hASCs. (E) ALP staining images for mechanically induced
osteogenic differentiation in hASCs. Scale bar, 200 μm (n ≥ 3, **p < 0.01, ***p < 0.001). ALP, alkaline phosphatase.

USA), which led to significant reductions in PDLIM2, β-
actin, and β-catenin protein levels in these cells, consistent
with the marked disruption of the microfilament cytoskele-
tal structure. Cytochalasin D inhibited the ability of hASCs
to differentiate into osteoblasts, as was further confirmed by
alkaline phosphatase and Alizarin Red S staining. These re-
sults suggest that inhibiting microfilament polymerization
can inhibit the osteogenesis of hASCs. The inhibition of
cytoskeletal polymerization also resulted in a decrease in
the expression of PDLIM2. Based on these results, we hy-

pothesize that PDLIM2 interacts with the microfilament cy-
toskeleton to modulate the osteogenic differentiation poten-
tial of hASCs (Fig. 2).

3.3 hASC Osteogenic Differentiation Coincides With
Changes in Microfilaments and β-Catenin

Next, the roles that PDLIM2, β-actin, and β-catenin
play during the osteogenic differentiation of hASCs were
examined via Western blotting to explore changes in pro-
tein expression throughout this process. Quantitative anal-
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Fig. 2. Effects of cytochalasin D on the osteogenic differentiation of human adipose-derived stem cells (hASCs) and related protein
expression. (A,D) Western blotting analysis and corresponding quantification of the effects of cytochalasin D on protein expression and
osteogenesis. (B,C) Immunofluorescence results showing the effects of cytochalasin D on the expression of PDLIM2, β-catenin, and
F-actin. (E,F) ALP and Alizarin Red S staining results for the osteogenic differentiation of hASCs treated with cytochalasin D. Scale
bar, 10 μm (B,C); 200 μm (E,F); 100 μm (insets in F) (n ≥ 3, **p < 0.01, ***p < 0.001). PDLIM2, PDZ and LIM domain 2.

yses revealed progressive increases in β-actin and β-catenin
levels throughout the differentiation period, peaking on day
7. While these levels declined slightly on day 14, they re-
mained significantly elevated compared with those at base-
line. The expression of PDLIM2 exhibited a continuous
upward trend throughout the differentiation process. Im-
munofluorescence staining further confirmed these results,

demonstrating that osteogenic differentiation significantly
upregulated PDLIM2, β-actin, and β-catenin expression,
leading to cytoskeletal remodeling. These findings suggest
that PDLIM2 and β-actin may play important regulatory
roles in the osteogenic differentiation of hASCs (Fig. 3).
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Fig. 3. Protein expression during the osteogenic differentiation of human adipose-derived stem cells (hASCs). (A,D) Expres-
sion of PDLIM2, β-actin, and β-catenin during the chemically and mechanically induced osteogenic differentiation of hASCs. (B,E)
Immunofluorescence staining results for PDLIM2 and F-actin during the chemically and mechanically induced osteogenic differentia-
tion of hASCs. (C,F) Immunofluorescence staining results for β-catenin and F-actin during the chemically and mechanically induced
osteogenic differentiation of hASCs (n ≥ 3, *p < 0.05, **p < 0.01, ***p < 0.001). Scale bar, 10 μm.

3.4 PDLIM2 Knockdown Inhibits the Proliferation,
Migration, and Differentiation of hASCs

To investigate the functional role of PDLIM2 in
hASCs, lentiviral-mediated knockdown was initially per-
formed to reduce its expression. Confocal microscopy
(LSM 880, Zeiss, Germany) revealed approximately 80%
transduction efficiency, and both Western blotting and im-

munofluorescence staining confirmed successful knock-
down of this protein. Using the resulting PDLIM2 knock-
down cells, we performed wound healing and Transwell
migration assays. A pronounced decrease in cellular pro-
liferation and migration was observed following PDLIM2
knockdown relative to control. To elucidate the mecha-
nistic importance of PDLIM2 in osteogenic differentiation,

7
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Fig. 4. Confirmation of PDLIM2 knockdown and evaluation of its effect on osteogenic differentiation. (A) GFP fluorescence
images confirming PDLIM2 knockdown. (B) Western blotting confirmation of PDLIM2 knockdown. (C) Immunofluorescence confir-
mation of PDLIM2 knockdown. (D) Transwell migration assays following PDLIM2 knockdown. (E) Wound healing assay following
PDLIM2 knockdown. (F) Western blotting analysis of the effects of PDLIM2 knockdown on β-actin and β-catenin. (G) Immunofluo-
rescence staining for F-actin after PDLIM2 knockdown. (H) Immunofluorescence staining for β-catenin after PDLIM2 knockdown. (I)
Quantification of protein levels following PDLIM2 knockdown and 7 days of chemical osteogenic induction. (J) Alkaline phosphatase
staining result corresponding to PDLIM2 downregulation after 7 days of chemical osteogenic induction. (K) Quantification of protein
levels following PDLIM2 knockdown and 7 days of mechanical osteogenic induction. (L) Alkaline phosphatase staining result corre-
sponding to PDLIM2 downregulation after 7 days of mechanical osteogenic induction. Scale bar, 200 μm (A,D,E,J,L); 10 μm (C,G,H).
(n ≥ 3, *p < 0.05, **p < 0.01, ***p < 0.001). GFP, Green fluorescent protein.
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Fig. 5. Effects of PDLIM2 knockdown. (A–D) Western blotting and corresponding quantification of the expression of the indicated
proteins at 7 days following (A) chemically induced osteogenic induction, (B) mechanically induced osteogenic induction, (C) microfil-
ament polymerizer treatment, and (D) β-catenin activator treatment 7 days after PDLIM2 downregulation (n ≥ 3, *p < 0.05, **p < 0.01,
***p < 0.001).

we treated PDLIM2-knockdown hASCs with osteogenic
induction medium (high-glucose DMEM supplemented
with 5% Australian fetal bovine serum, 1% penicillin–
streptomycin solution, 0.1% anti-mycoplasma reagent, 10

nM vitamin D3, 37.5 mg/L ascorbic acid, 100 nM dexam-
ethasone, and 10 mM β-glycerophosphate disodium salt)
or subjected them to mechanical loading. Western blot-
ting and alkaline phosphatase staining confirmed a signifi-
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Fig. 6. This schematic presents the proposed mechanistic role of PDZ and LIM domain 2 (PDLIM2) in the osteogenic differen-
tiation of human adipose-derived stem cells (hASCs). Our findings establish PDLIM2 as a key driver of hASC osteogenesis through
its ability to orchestrate β-actin-mediated Wnt/β-catenin signaling, thus offering novel insights that may inform the development of new
bone regeneration strategies. The schematic was independently redrawn using Adobe Illustrator.

cant reduction in the capacity of these cells for osteogenesis
following PDLIM2 knockdown. The present results sug-
gest that PDLIM2 expression levels are closely correlated
with changes in the proliferative capacity, migratory poten-
tial, and differentiation processes of hASCs. In addition,
PDLIM2 expression is associated with alterations in stem
cell fate-related cellular activities (Fig. 4).

3.5 PDLIM2 Downregulation Impairs Osteogenic
Differentiation and Attenuates Responses to
Jasplakinolide (JAS) and β-Catenin Activation

In light of the observation that changes in PDLIM2
expression closely parallel the osteogenic differentiation of
hASCs, we next examined the functional characteristics of
PDLIM2 more broadly across a range of experiments. Af-
ter using lentivirus-mediated gene silencing to downregu-
late PDLIM2 expression, cells were subjected to various
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treatments, including chemical-induced osteogenic differ-
entiation, mechanical stimulation-induced osteogenic dif-
ferentiation, and Jasplakinolide (Cat. No.: J4580, Sigma-
Aldrich, USA) and β-catenin activation. In these assays,
PDLIM2-knockdown cells exhibit much weaker responses
to all four stimuli as compared to control cells. Specifically,
cells with reduced PDLIM2 expression exhibited signifi-
cantly decreased production of β-actin and β-catenin at the
protein level (Fig. 5). Based on these data, we hypothe-
sized that the loss of PDLIM2, as an actin-binding protein,
may lead to impaired integrity or dynamic imbalance of the
actin cytoskeleton. Such actin cytoskeleton abnormalities
can, in turn, affect multiple osteogenesis-related signaling
pathways, potentially including the Wnt/β-catenin pathway
[25]. PDLIM2 may also be involved in JAS-induced actin
polymerization. In the absence of normal PDLIM2 expres-
sion, JAS cannot effectively exert its actin-stabilizing ef-
fect, thereby weakening its ability to promote osteogenic
differentiation. Similarly, the abnormal actin polymeriza-
tion status that results from PDLIM2 knockdown may hin-
der the efficient nuclear entry of β-catenin. Consistently,
upon exogenous treatment with a β-catenin activator (Cat.
No.: HY-101085, MedChemExpress, USA), impaired β-
catenin nuclear translocation was found to coincide with
reduced downstream transcriptional activity, supporting a
correlative relationship between these events.

4. Discussion
When used in the context of bone regenerative

medicine, ASCs offer unique benefits over bone marrow
mesenchymal stem cells, primarily due to the abundance of
sources from which ASCs can be readily harvested [8,9].
Under specific induction conditions, ASCs can differenti-
ate into a range of cell types. In this study, the mechanisms
through which PDLIM2 regulates the osteogenic differen-
tiation of hASCs were explored. To that end, the mutual
regulatory relationships between PDLIM2 and the actin cy-
toskeleton (particularly β-actin), as well as the β-catenin
signaling pathway, were systematically investigated in the
context of osteogenesis in an effort to establish a novel the-
oretical foundation and to identify relevant targets to guide
bone tissue regeneration.

As the main component of the cytoskeleton, actin
participates in signal transduction inside and outside cells
while also serving as a central regulator of stem cell dif-
ferentiation into osteoblasts by influencing the activities
of crucial molecules in bone formation-related pathways
[18,26]. During the course of hASC osteoblastic transfor-
mation, we observed a marked increase in PDLIM2 pro-
duction. Interestingly, when we disrupted microfilaments
using cytochalasin D, the capacity of these hASCs for bone
formation was greatly reduced, as evidenced by decreased
levels of key markers associated with bone formation. This
phenomenon suggests that the polymerization state of the
microfilament skeleton plays a significant regulatory role

in the osteogenesis of hASCs. These results imply that the
constant rearrangement of the cellular skeleton is integral
to how efficiently hASCs differentiate into cells that form
bone and that PDLIM2 may interact with actin in this pro-
cess.

As a PDLIM family protein, PDLIM2 has been es-
tablished as an important cytoskeleton-related protein that
participates in the regulation of cell differentiation and
various disease processes while also being closely related
to the microfilament cytoskeleton [27]. In the present
study, we found that knocking down PDLIM2 expression
in hASCs was accompanied by the significant inhibition of
cell growth and motility, decreased microfilament expres-
sion, disrupted cell morphology, reduced β-catenin levels,
and impaired osteogenic capacity. These parallel changes
suggest a potential correlative link among PDLIM2, micro-
filament organization, β-catenin expression, and osteogenic
progression in hASCs. To further verify this mechanistic
link, we treated PDLIM2 knockdown cells with microfila-
ment stabilizers and β-catenin activators. We found that,
while all treatments increased the levels of PDLIM2, β-
actin, and β-catenin in hASCs, the observed increases in
β-actin and β-catenin levels were notably smaller in cells
with reduced PDLIM2 expression as compared to the con-
trol group. PDLIM2 appears to regulate key signaling path-
ways involved in bone formation by modulating microfila-
ment activity, which in turn controls how hASCs grow and
develop (Fig. 6). Research on PDLIM2 to date has primar-
ily focused on the oncology field, where PDLIM2-mediated
regulation of Wnt/β-catenin signaling plays a role in cancer
development and progression. The Wnt/β-catenin signal-
ing pathway is also one of the key regulatory pathways in-
volved in osteogenic differentiation. Previous studies have
shown that changes in actin status can regulate the subcel-
lular localization of β-catenin. Therefore, we hypothesize
that PDLIM2, as an actin-binding protein, may modulate
actin polymerization status, thereby regulating β-catenin
nuclear translocation and ultimately influencing osteogenic
differentiation. Immunofluorescence results confirmed the
close colocalization of PDLIM2 with microfilaments, sug-
gesting a potential interaction. However, the precise mode
of interaction between PDLIM2 and microfilaments, be it
one mediated by direct binding or the actions of intermedi-
ate molecules, remains uncertain. Further research is also
needed to clarify themechanisms throughwhich it regulates
β-catenin, with potential transcriptional regulation, protein
stabilization, or subcellular localization changes requiring
additional experimental approaches such as colocalization
and co-immunoprecipitation. The in-depth study of these
mechanisms will provide a more comprehensive theoretical
basis for understanding the role of PDLIM2 in the process
of bone regeneration.
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5. Limitations and Future Perspectives
The present results offer confirmation of the role of

PDLIM2 in the regulation of the osteogenic differenti-
ation of hASCs while also offering preliminary insight
into its correlative associations with the β-catenin signal-
ing pathway. However, the observed relationships between
PDLIM2, actin remodeling, and β-catenin nuclear translo-
cation were solely correlative and do not necessarily indi-
cate any causal associations. Multi-level mechanistic anal-
yses are still required, as the transcriptional regulation of
β-catenin by PDLIM2 was not examined in detail, nor were
any efforts made to detect PDLIM2-mediated changes in β-
catenin post-translational modifications or protein stability,
and the mechanisms governing the subcellular localization
and nucleocytoplasmic shuttling of β-catenin remain to be
further elucidated. In addition, only PDLIM2 knockdown-
mediated loss-of-function experiments were performed in
this study, whereas rescue and gain-of-function validation
were not conducted due to experimental constraints. In ad-
dition, no in vivo analyses were performed to confirm these
results. These limitations restrict current understanding of
the PDLIM2-β-catenin regulatory network, and themolecu-
lar mechanism by which PDLIM2 regulates the osteogenic
differentiation of stem cells requires further characteriza-
tion.

6. Conclusion
These results indicate that dynamic changes in

PDLIM2 expression are closely associated with the os-
teogenic differentiation of hASCs. During osteogenesis,
β-actin-mediated cytoskeletal remodeling and the activ-
ity of the canonical Wnt/β-catenin signaling pathway ex-
hibit synchronous parallel changes. These changes suggest
that PDLIM2 regulates hASC osteogenic differentiation at
least in part via the canonical Wnt/β-catenin signaling path-
way. However, the process of osteogenic differentiation is
complex and synergistically regulated by multiple signal-
ing pathways. Rather than acting solely through the Wnt
pathway, PDLIM2 may also engage in molecular crosstalk
with other key osteogenic signaling pathways, including the
BMP/SMAD, MAPK, Hippo/YAP-TAZ, and NF-κB path-
ways, to collectively govern the osteogenic fate of stem
cells.

Abbreviations
PDLIM2, PDZ and LIM domain 2; hASCs, human

adipose-derived stem cells; ASCs, adipose-derived stem
cells; GAPDH, glyceraldehyde-3-phosphate dehydro-
genase; DAPI, 4′,6-diamidino-2-phenylindole; PBS,
phosphate-buffered saline; PBST, phosphate-buffered
saline with Tween-20.

Availability of Data and Materials
All study data can be requested by contacting the cor-

responding author.

Author Contributions
Concept and design: TF, RQ, GW, XL, JD and JO;

data collection and analysis: YS, JL, ZF, TF, RQ, GW,
XL and HW; drafting the article: YS, TF, RQ, GW, and
XL; critical revision of the article: JD and JO; study su-
pervision: JD and JO. All authors contributed to editorial
changes in the manuscript. All authors read and approved
the final manuscript. All authors have participated suffi-
ciently in the work and agreed to be accountable for all as-
pects of the work.

Ethics Approval and Consent to Participate
All experimental methods and protocols performed in

this study were approved by the Biomedical Ethics Com-
mittee of Southern Medical University. Approval number:
[2024] 25. Patients provided written informed consent for
the use of samples. All experimental methods and protocols
performed in this studywere in accordancewith the relevant
guidelines and regulations (Declaration of Helsinki).

Acknowledgment
Not applicable.

Funding
Funding for this research was provided by a National

Natural Science Foundation of China Grant (31370994).

Conflicts of Interest
The authors declare no conflicts of interest.

References
[1] Majidinia M, Sadeghpour A, Yousefi B. The roles of signaling

pathways in bone repair and regeneration. Journal of Cellular
Physiology. 2018; 233: 2937–2948. https://doi.org/10.1002/jcp.
26042

[2] Misch CM. Autogenous Bone is Still the Gold Standard of Graft
Materials in 2022. The Journal of Oral Implantology. 2022; 48:
169–170. https://doi.org/10.1563/aaid-joi-D-22-Editorial.4803

[3] Zhao D, Saiding Q, Li Y, Tang Y, Cui W. Bone Organoids:
Recent Advances and Future Challenges. Advanced Healthcare
Materials. 2024; 13: e2302088. https://doi.org/10.1002/adhm
.202302088

[4] Salhotra A, Shah HN, Levi B, Longaker MT. Mechanisms
of bone development and repair. Nature Reviews. Molecu-
lar Cell Biology. 2020; 21: 696–711. https://doi.org/10.1038/
s41580-020-00279-w

[5] Bartold M, Gronthos S, Haynes D, Ivanovski S. Mesenchymal
stem cells and biologic factors leading to bone formation. Jour-
nal of Clinical Periodontology. 2019; 46: 12–32. https://doi.or
g/10.1111/jcpe.13053

[6] Rastegar F, Shenaq D, Huang J, Zhang W, Zhang BQ, He BC,
et al. Mesenchymal stem cells: Molecular characteristics and

12

https://doi.org/10.1002/jcp.26042
https://doi.org/10.1002/jcp.26042
https://doi.org/10.1563/aaid-joi-D-22-Editorial.4803
https://doi.org/10.1002/adhm.202302088
https://doi.org/10.1002/adhm.202302088
https://doi.org/10.1038/s41580-020-00279-w
https://doi.org/10.1038/s41580-020-00279-w
https://doi.org/10.1111/jcpe.13053
https://doi.org/10.1111/jcpe.13053
https://www.imrpress.com


clinical applications. World Journal of Stem Cells. 2010; 2: 67–
80. https://doi.org/10.4252/wjsc.v2.i4.67

[7] Pittenger MF, Discher DE, Péault BM, Phinney DG, Hare JM,
Caplan AI. Mesenchymal stem cell perspective: cell biology to
clinical progress. NPJ Regenerative Medicine. 2019; 4: 22. http
s://doi.org/10.1038/s41536-019-0083-6

[8] Qin Y, Ge G, Yang P, Wang L, Qiao Y, Pan G, et al. An Up-
date onAdipose-Derived StemCells for RegenerativeMedicine:
Where Challenge Meets Opportunity. Advanced Science (Wein-
heim, Baden-Wurttemberg, Germany). 2023; 10: e2207334.
https://doi.org/10.1002/advs.202207334

[9] Si Z, Wang X, Sun C, Kang Y, Xu J, Wang X, et al.
Adipose-derived stem cells: Sources, potency, and implica-
tions for regenerative therapies. Biomedicine & Pharmacother-
apy = Biomedecine & Pharmacotherapie. 2019; 114: 108765.
https://doi.org/10.1016/j.biopha.2019.108765

[10] Guo ZS, Qu Z. PDLIM2: Signaling pathways and functions
in cancer suppression and host immunity. Biochimica et Bio-
physica Acta. Reviews on Cancer. 2021; 1876: 188630. https:
//doi.org/10.1016/j.bbcan.2021.188630

[11] Cheng Y, Guo ZL, Gu YF, Li WL, Zhang WB. YAP in synovial
macrophages mitigates mechanically-induced osteoarthritis by
preserving mitochondrial fusion. Cellular Signalling. 2026; 143:
112430. https://doi.org/10.1016/j.cellsig.2026.112430

[12] Kang T, Yang Z, Zhou M, Lan Y, Hong Y, Gong X, et al. The
role of the Piezo1 channel in osteoblasts under cyclic stretching:
A study on osteogenic and osteoclast factors. Archives of Oral
Biology. 2024; 163: 105963. https://doi.org/10.1016/j.archoral
bio.2024.105963

[13] Yu L, Cai Y,WangH, Pan L, Li J, Chen S, et al. Biomimetic bone
regeneration using angle-ply collagen membrane-supported cell
sheets subjected to mechanical conditioning. Acta Biomateri-
alia. 2020; 112: 75–86. https://doi.org/10.1016/j.actbio.2020.
05.041

[14] Healy MD, Collins BM. The PDLIM family of actin-associated
proteins and their emerging role in membrane trafficking. Bio-
chemical Society Transactions. 2023; 51: 2005–2016. https:
//doi.org/10.1042/BST20220804

[15] Loughran G, Healy NC, Kiely PA, Huigsloot M, Kedersha NL,
O’Connor R. Mystique is a new insulin-like growth factor-
I-regulated PDZ-LIM domain protein that promotes cell at-
tachment and migration and suppresses Anchorage-independent
growth. Molecular Biology of the Cell. 2005; 16: 1811–1822.
https://doi.org/10.1091/mbc.e04-12-1052

[16] Jiang X, Chu Z, Cao Y, Tang Y, Shi Y, Shi X. PDLIM2 pre-
vents the malignant phenotype of hepatocellular carcinoma cells
by negatively regulating β-catenin. Cancer Gene Therapy. 2021;
28: 1113–1124. https://doi.org/10.1038/s41417-020-00257-6

[17] Ma Y, Jia R, Chen S, Ma J, Yin L, Pan X, et al. Ubiquitin-

Proteasome System in Periodontitis: Mechanisms and Clini-
cal Implications. Cell Proliferation. 2025; 58: e13781. https:
//doi.org/10.1111/cpr.13781

[18] Mao X, Chen Z, Luo Q, Zhang B, Song G. Simulated micro-
gravity inhibits the migration of mesenchymal stem cells by re-
modeling actin cytoskeleton and increasing cell stiffness. Cy-
totechnology. 2016; 68: 2235–2243. https://doi.org/10.1007/
s10616-016-0007-x

[19] Sluysmans S, Vasileva E, Spadaro D, Shah J, Rouaud F, Citi S.
The role of apical cell-cell junctions and associated cytoskeleton
in mechanotransduction. Biology of the Cell. 2017; 109: 139–
161. https://doi.org/10.1111/boc.201600075

[20] Sun B, Qu R, Fan T, Yang Y, Jiang X, Khan AU, et al.
Actin polymerization state regulates osteogenic differentia-
tion in human adipose-derived stem cells. Cellular & Molec-
ular Biology Letters. 2021; 26: 15. https://doi.org/10.1186/
s11658-021-00259-8

[21] Huang K, Cai S, Fu T, Zhu Q, Liu L, Yao Z, et al. Wnt10b regu-
lates osteogenesis of adipose-derived stem cells through Wnt/β-
catenin signalling pathway in osteoporosis. Cell Proliferation.
2024; 57: e13522. https://doi.org/10.1111/cpr.13522

[22] Hall ET, Hoesing E, Sinkovics E, Verheyen EM. Actomyosin
contractility modulatesWnt signaling through adherens junction
stability. Molecular Biology of the Cell. 2019; 30: 411–426. ht
tps://doi.org/10.1091/mbc.E18-06-0345

[23] Fan T, Liu W, Qu R, Zhu J, Shi Y, Liu J, et al. Actin polymer-
ization regulates the osteogenesis of hASCs by influencing α-
tubulin expression and Eg5 activity. Genes & Diseases. 2025;
12: 101380. https://doi.org/10.1016/j.gendis.2024.101380

[24] Fan T, Qu R, Jiang X, Yang Y, Sun B, Huang X, et al. Spa-
tial organization and crosstalk of vimentin and actin stress fibers
regulate the osteogenic differentiation of human adipose-derived
stem cells. FASEB Journal: Official Publication of the Federa-
tion of American Societies for Experimental Biology. 2021; 35:
e21175. https://doi.org/10.1096/fj.202000378RR

[25] Gjorgjieva T, Xie X, Commins P, Pasricha R, Mahmood SR,
Gunsalus KC, et al. Loss of β-Actin Leads to AcceleratedMiner-
alization and Dysregulation of Osteoblast-Differentiation Genes
during Osteogenic Reprogramming. Advanced Science (Wein-
heim, Baden-Wurttemberg, Germany). 2020; 7: 2002261. https:
//doi.org/10.1002/advs.202002261

[26] Svitkina T. The Actin Cytoskeleton and Actin-Based Motility.
Cold SpringHarbor Perspectives in Biology. 2018; 10: a018267.
https://doi.org/10.1101/cshperspect.a018267

[27] Sun F, Xiao G, Qu Z. PDLIM2 is a novel E5 ubiquitin lig-
ase enhancer that stabilizes ROC1 and recruits the ROC1-
SCF ubiquitin ligase to ubiquitinate and degrade NF-κB RelA.
Cell & Bioscience. 2024; 14: 99. https://doi.org/10.1186/
s13578-024-01281-x

13

https://doi.org/10.4252/wjsc.v2.i4.67
https://doi.org/10.1038/s41536-019-0083-6
https://doi.org/10.1038/s41536-019-0083-6
https://doi.org/10.1002/advs.202207334
https://doi.org/10.1016/j.biopha.2019.108765
https://doi.org/10.1016/j.bbcan.2021.188630
https://doi.org/10.1016/j.bbcan.2021.188630
https://doi.org/10.1016/j.cellsig.2026.112430
https://doi.org/10.1016/j.archoralbio.2024.105963
https://doi.org/10.1016/j.archoralbio.2024.105963
https://doi.org/10.1016/j.actbio.2020.05.041
https://doi.org/10.1016/j.actbio.2020.05.041
https://doi.org/10.1042/BST20220804
https://doi.org/10.1042/BST20220804
https://doi.org/10.1091/mbc.e04-12-1052
https://doi.org/10.1038/s41417-020-00257-6
https://doi.org/10.1111/cpr.13781
https://doi.org/10.1111/cpr.13781
https://doi.org/10.1007/s10616-016-0007-x
https://doi.org/10.1007/s10616-016-0007-x
https://doi.org/10.1111/boc.201600075
https://doi.org/10.1186/s11658-021-00259-8
https://doi.org/10.1186/s11658-021-00259-8
https://doi.org/10.1111/cpr.13522
https://doi.org/10.1091/mbc.E18-06-0345
https://doi.org/10.1091/mbc.E18-06-0345
https://doi.org/10.1016/j.gendis.2024.101380
https://doi.org/10.1096/fj.202000378RR
https://doi.org/10.1002/advs.202002261
https://doi.org/10.1002/advs.202002261
https://doi.org/10.1101/cshperspect.a018267
https://doi.org/10.1186/s13578-024-01281-x
https://doi.org/10.1186/s13578-024-01281-x
https://www.imrpress.com

	1. Introduction
	2. Materials and Methods
	2.1 Cell Source
	2.2 Cell Culture and Osteogenic Induction
	2.3 Western Blotting
	2.4 Immunofluorescence Staining
	2.5 Alkaline Phosphatase Staining
	2.6 Lentiviral Transduction
	2.7 Wound Healing Assay
	2.8 Transwell Migration Assay
	2.9 Statistical Analysis

	3. Results
	3.1 Osteogenic Differentiation Capacity of hASCs
	3.2 Cytochalasin D Can Reduce PDLIM2, β-Actin, and β-Catenin Expression and Hinder hASC Osteogenic Differentiation
	3.3 hASC Osteogenic Differentiation Coincides With Changes in Microfilaments and β-Catenin
	3.4 PDLIM2 Knockdown Inhibits the Proliferation, Migration, and Differentiation of hASCs
	3.5 PDLIM2 Downregulation Impairs Osteogenic Differentiation and Attenuates Responses to Jasplakinolide (JAS) and β-Catenin Activation

	4. Discussion
	5. Limitations and Future Perspectives
	6. Conclusion
	Abbreviations
	Availability of Data and Materials
	Author Contributions
	Ethics Approval and Consent to Participate
	Acknowledgment
	Funding
	Conflicts of Interest
	References

