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Abstract: Human skin fibroblasts (HSFs) approximate the multidirectional differentiation potential
of mesenchymal stem cells, so they are often used in differentiation, cell cultures, and injury repair.
They are an important seed source in the field of bone tissue engineering. However, there are a few
studies describing the mechanism of osteogenic differentiation of HSFs. Here, osteogenic induction
medium was used to induce fibroblasts to differentiate into osteoblasts, and the role of the mechan-
ical sensitive element PDLIM5 in microfilament-mediated osteogenic differentiation of human fi-
broblasts was evaluated. The depolymerization of microfilaments inhibited the expression of oste-
ogenesis-related proteins and alkaline phosphatase activity of HSFs, while the polymerization of
microfilaments enhanced the osteogenic differentiation of HSFs. The evaluation of potential protein
molecules affecting changes in microfilaments showed that during the osteogenic differentiation of
HSFs, the expression of PDLIM5 increased with increasing induction time, and decreased under the
state of microfilament depolymerization. Lentivirus-mediated PDLIM5 knockdown by shRNA
weakened the osteogenic differentiation ability of HSFs and inhibited the expression and morpho-
logical changes of microfilament protein. The inhibitory effect of knocking down PDLIM5 on HSF
osteogenic differentiation was reversed by a microfilament stabilizer. Taken together, these data
suggest that PDLIM5 can mediate the osteogenic differentiation of fibroblasts by affecting the for-
mation and polymerization of microfilaments.

Keywords: human skin fibroblasts; osteogenesis; PDLIM5; microfilament; mechanical sensing ele-
ment

1. Introduction

Regenerative medicine is a field that studies the repair and regeneration of damaged
tissues and organs [1,2]. At present, the repair process of bone trauma diseases involves
the use of stem cells [3-5], and osteoblasts play an important role in the healing process.
Among the seed cells from many sources, studies have shown that human fibroblasts ex-
hibit stem cell characteristics and can differentiate into chondrocytes, osteoblasts, and ad-
ipocytes [6,7]. Fibroblasts can further differentiate into osteoblasts and maintain a stable
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phenotype, and play a similar role in osteogenic differentiation as stem cells [8,9], which
are widely used as an ideal source of cell seeds in bone tissue engineering [10,11]. How-
ever, although human fibroblasts have potential therapeutic value, the basic mechanism
of osteogenic differentiation remains to be fully elucidated. Therefore, the study of the
molecular mechanism involved in osteogenic differentiation of fibroblasts can contribute
to a better understanding of the stem cell potential of multi-directional differentiation of
fibroblasts and lays a solid foundation for its clinical application.

PDLIMS (also known as ENH) was first discovered in 1996 by Kuroda et al., using
yeast two-hybrid technology with protein kinase C (PKC) as the bait protein [12].
PDLIMS, a PDZ-LIM family member, functions as a cytoskeleton adaptor protein. Recent
studies have reported that PDLIM5 may be involved in the progression of multiple tumor
types [13-16], and PDLIM5 may also expand its function by remodeling the cytoskeleton
[17]. Advances in the life sciences have led to a deeper understanding of the structure of
PDLIMS protein and its functional roles. PDZ-LIM protein plays a role in the development
and maintenance of skeletal muscle by stabilizing actin cytoskeleton and regulating cell
adhesion through interaction with a-actinin and integrin (aPS2,PS, B1-integrin) [18-20]
and as a muscle-specific scaffold protein to tether PKC molecules to the Z-disk region of
sarcomere [21]. PDLIMS5 is involved in the regulation of proliferation and differentiation
of myoblasts as a target signal of MicroRNA-17-92 [22]. In addition, it has been reported
that PDLIM5 promotes myogenic gene expression in C2C12 cells, thus promoting their
myogenic differentiation [23]. Further, PDLIMS5 can promote the migration, proliferation,
and invasion of the thyroid papillary carcinoma cell line PTC through the RAS-ERK sig-
naling pathway [24]. As a mechanical sensitive element, PDLIM5 shows obvious subcel-
lular localization in mesenchymal stem cells and exhibits tension-dependent shifting in
cells [25]. Furthermore, it regulates the mechanical conduction of the YAP pathway [26].
As anew substrate of AMPK at the ser-177 residue, PDLIM5 promotes its phosphorylation
and mediates cell migration by inhibiting the Racl-Arp2/3 pathway [27]. Therefore, as a
cytoskeleton-related protein, PDLIMS5 plays an important role in the genesis and develop-
ment of cells.

The cytoskeleton is an important cellular component and plays an important role in
the maintenance of cell movement, the reception of external signals, and the effective
maintenance of cell internal structure. There are three basic structures of cytoskeleton:
microfilaments, intermediate filaments, and microtubules [28-30]. Actin is considered to
be a key factor in mediating intracellular and extracellular signal responses [31,32]. Stud-
ies have reported that microfilaments play an important regulatory role in the process of
osteoblastic differentiation, promoting the osteoblastic differentiation of MC3T3 cells
through the p38-MAPK signaling pathway [33,34]. By modulating BMP2-Smad signaling
and the expression of this signaling downstream target gene RUNX2 by regulating the
aggregation state of microfilaments, thus affect osteoblastic differentiation of osteoblasts
[35,36]. It is known that PDLIMS5 plays an important role in cardiovascular system [37],
nervous system [38], and tumor system [39]. However, its role in fibroblasts has not been
specifically elucidated. Therefore, understanding the molecular mechanism of PDLIMS in
osteoblastic differentiation in fibroblasts will help to understand the potential of osteo-
genic differentiation in fibroblasts and provide researchers with seed-derived cells for
studying bone-filling materials.

In this study, human fibroblasts were used as the research model, in which the sta-
bility of microfilaments was disturbed by the exposure to treatment with Jasplakinolide
(JAS, actin polymerization stabilizer) and Cytochalasin D (CytoD, actin polymerization
inhibitor). ALP staining, Western blotting, quantitative real-time polymerase chain reac-
tion (QRT-PCR), and immunofluorescence staining were used to detect the effects of mi-
crofilaments on osteoblast differentiation of human fibroblasts. Lentivirus transfection
was adopted to down-regulate the expression of the cytoskeleton-related protein PDLIM5
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to detect its regulatory effect on microfilaments. Finally, we attempt to explain the molec-
ular mechanism underlying PDLIMS5 activity in regulating the osteogenic differentiation
of fibroblasts by mediating microfilaments.

2. Materials and Methods
2.1. Cell Culture, Osteogenic Differentiation, and Treatments

Human skin fibroblasts (HSFs) were obtained from skin dermis, which were pur-
chased from the cell bank of Zhonggiaoxinzhou Company (shanghai; China), and human
adipose stem cells (hASCs) were extracted from subcutaneous adipose tissue of healthy
individuals, using the type I collagenase digestion method as described previously [40]:
adipose tissue was digested at 37 °C with 0.1% (w/v) type I collagenase to three times the
volume of adipose tissue. After 40-60 min, digestion was terminated with Dulbecco’s
modified Eagle medium (DMEM) to which 10% fetal bovine serum, 100 U/mL penicillin,
and 100 pg/mL streptomycin were added. After centrifuged at 1000 rpm for 10 min, iso-
lated cells were suspended in growth medium (GM) and incubated at 37 °C in 5% COsz.
Human adipose tissue was donated from the Plastic Surgery Department of Nanfang Hos-
pital. Cells were cultured in growth medium consisting of high-glucose Dulbecco’s mod-
ified Eagle’s medium (DMEM; Gibco, Carlsbad, CA, USA) with 10% fetal bovine serum
(FBS, Gibco, Carlsbad, CA, USA) and 1% penicillin/streptomycin (Gibco). The growth me-
dium was changed every 2 days.

The cells with 7000/cm?density were seeded on a Petri dish. When the cell confluence
reached 80%, the growth medium was replaced by the osteogenic differentiation medium
(OS), which contained 10% FBS, 1% penicillin/streptomycin, 100 nM, dexamethasone, 37.5
mg/L of ascorbic acid, 10 mM -glycerophosphate sodium, and 10 nM VitD3. The medium
was changed every 2 days. On days 1, 4, 7, 14, and 21 of culture samples were taken for
Western blotting, qRT-PCR, and immunofluorescence analyses to detect the osteogenic
differentiation ability and related indexes.

CytoD (0.1 ug/mL) and JAS (10 nM/mL) were added to the osteogenic differentiation
medium, and the corresponding growth medium was replaced every day. The samples
were treated on day 7 of culture.

2.2. Western Blotting

A protein extraction kit (Whole protein extraction kit; Key GEN BioTECH, Nanjing,
China) was used to prepare the cell lysis buffer according to the manufacturer’s instruc-
tions. Adherent cells were washed with precooled PBS three times, and the lysate was
collected following cell lysis for 30 min on ice. The samples were centrifuged at 12,000x g
at 4 °C for 10 min, which was followed by boiling for 5 min at 100 °C. Similarly, nuclear
protein extraction was performed using the cytoplasmic-nuclear protein extraction kit
(nucleoprotein and cytoplasmic protein extraction kit, Key GEN BioTECH, Nanjing,
China) to prepare cytoplasmic and nuclear lysis buffers. The cell precipitates were di-
gested by trypsin and the cytoplasmic lysis buffer was added for 30 min on ice. The su-
pernatant containing the cytoplasmic protein was collected after centrifugation. The nu-
clear lysis buffer was added to the remaining precipitate and the lysate was collected after
precipitates were lysed for 30-60 min at 4 °C. The supernatant containing the nuclear pro-
tein was collected after centrifugation at 12,000 g at 4 °C for 30 min, followed by boiling
at 100 °C for 5 min.

The 10% SDS-PAGE protocol was used to separate the proteins, which were then
transferred to a PVDF membrane (Millipore, Waltham, MA, USA). The PVDF membrane
was blocked for 1 h with 5% milk in tris-buffer salt solution (TBS) containing 0.1% Tween-
20. The membranes were then incubated with the following primary antibodies: anti-
PDLIMS5 antibody (dilution 1:2000; ab85967), anti-a-actininl antibody (dilution 1:1500;
ab68194), anti-osteopontin antibody (dilution 1:1500; ab69498), and anti-alkaline phospha-
tase (ALP) antibody (dilution 1:1000; ab126820), which were purchased from Abcam
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(Cambridge, UK). The PDLIM5 monoclonal antibody (dilution 1:1000; H00010611-MO01)
was purchased from Abnova Company (Taipei, Taiwan). The anti-glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) antibody (dilution 1:5000; AP0063) was purchased
from Bioworld Company (Bloomington, MN, USA). The anti-RUNT-related transcription
factor 2 (RUNX2) antibody (dilution 1:1000; 12556S), anti-B-actin antibody (dilution
1:2000; 4970S), and the anti-YAP antibody (dilution 1:1000; 14074S) were purchased from
Cell Signaling Technology (Danvers, MA, USA). The membranes were washed for 10 min
in TBST three times and then incubated for 1 h with horseradish peroxidase (HRP)-conju-
gated secondary antibodies (dilution 1:5000; Fudebio, Hangzhou, China) in 5% milk at
room temperature. After washes with TBST, the membrane was visualized using FDbio-
Dura ECL kit (Fudebio, Hangzhou, China). The immunoreactive bands were quantita-
tively analyzed using Image] software (V1.4.3.64; National Institutes of Health; Bethesda,
MD, USA), and the relative expression of each immunoreactive band was normalized to
GAPDH.

2.3. RNA Extraction and Quantitative Real-Time PCR

TRIzol reagent (Invitrogen, Carlsbad, CA, USA) was used to extract the total RNA
according to the manufacturer’s instructions. Total RNA (1 pg) was reverse transcribed to
cDNA, using RevertAid First Strand cDNA synthesis kit, (Thermo Fisher, Waltham, MA,
USA). Quantitative real-time polymerase chain reaction (QPCR) was performed using ABI
StepOne Plus System (American Applied Biology Systems Inc. Waltham, MA, USA) with
a fluorescent labeled SYBR dye in triplicate, using specific primers for RUNX2, ALP, OPN,
B-actin, a-actininl, PDLIM5, and GAPDH, which was used as an endogenous control. All
primers used for the analysis are listed in Table 1. Calculation of relative expression of
different gene transcripts was performed using the 2-24¢t method.

Table 1. Primers used in the qPCR.

Gene Forward Primer (5'—3’) Reverse Primer (3'—5)

RUNX2 GCCTTCAAGGTGGTAGCCC CGTTACCCGCCATGACAGTA

ALP CTATCCTGGCTCCGTGCTC CGCCAGTACTTGGGGTCTTT
PDLIM5 TTAGTGGCACTGGGGAAATC GATCTTCCTTTGGCATCGAC
[B-actin CTTCGCGGGCGACGAT CCACATAGGAATCCTTCTGACC
a-actininl ATTGGCAACGACCCCCAGAA ATGTTGTAACCCATGGAGATCAGG
GAPDH TCGGAGTCAACGGATTTGGT TTCCCGTTCTCAGCCTTGAC

2.4. Immunofluorescence

The cells inoculated on the climbing piece were washed three times with serum-free
DMEM basic medium, then fixed in 4% paraformaldehyde at 25 °C for 10 min and washed
three times with PBS. Cells were then permeated for 5 min at 25 °C in 0.1% TritonX-100 in
PBS and then blocked with phosphate buffer (PBS) containing 2% bovine serum albumin
(BSA) for 1 h at 25 °C. The samples were incubated overnight with the following primary
antibodies at 4 °C: PDLIM5 monoclonal antibody (dilution 1:500; H00010611-M01), anti-
a-actininl antibody (dilution, 1:500; ab68194), and anti-YAP antibody (dilution 1:500;
14074S). After washing three times with PBST, the cells were stained with the correspond-
ing secondary antibody avoiding light sources. The secondary antibodies used were
AlexaFluor488 goat anti-mouse (1:500), Cy3 labeled goat anti-rabbit (1:500), Cy3 labeled
goat anti-mouse (1:500), all purchased from Beyotime Company (shanghai, China). Alexa
Fluor 568 phalloidin (1:500) was purchased from Invitrogen (Carlsbad, CA, USA). Finally,
4',6-diamidino-2-phenylindole (DAPI) was used to label nuclear DNA. The samples were
imaged by confocal microscopy (Carl Zeiss, LSM 880, Jena, Germany).
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2.5. Alkaline Phosphatase Staining

The adherent cells in 6-well plate were washed three times with PBS and fixed by
adding 4% paraformaldehyde for 10 min. The BCIP/NBT working solution (Beyotime,
shanghai, China) was prepared according to the proportion specified by the manufac-
turer’s instructions, and then added for staining for 30 min. The slides were washed in
PBS three times and were then observed under a microscope (Olympus, Tokyo, Japan).

2.6. Lentivirus Transduction

For knockdown of human PDLIMS5 expression, Lentivirus vectors (NM_006457) re-
pressing PDLIM5 (GAGCAACTACAGTGTGTCACT) were constructed and generated by
Genechem (Shanghai, China) (Figure S2). In preliminary experiments (Figure S1), we de-
termined the optimal conditions for lentivirus infection, including inoculation, infection
volume, duration of treatment, and number of cells with multiple infections. To infect
target cells, the virus was diluted in fresh medium in accordance with the transfected cell
density ratio before transduction, and the virus infection enhancer HistransG P was
added. Before infection, the cells were digested and inoculated on the 6-well plate at a
density of 7000/cm?2. The cells were cultured at 37 °C for 16-24 h until the degree of con-
fluence was 20-30%. On the second day, according to cell MOI (multiplicity of infection)
and the virus titer, the corresponding amount of virus and the corresponding infection
enhancement solution were added. After 12 h, the medium was changed to the regular
growth medium. At 72-96 h, the expression efficiency of green fluorescent protein (GFP)
was observed by Olympus microscopy (Tokyo, Japan).

2.7. Cell Proliferation Assay (CCK8 Assay)

Following three washes of the adherent cells using PBS, a 10% CCKS8 working solu-
tion (Cell CountingKit-8) was prepared with serum-free DMEM. The culture plate was
incubated in the incubator for 1 h, and the absorbance of the sample at 450 nm was deter-
mined by an enzyme-labeling instrument (Thermo Fisher, Thermo Scientific Multiskan
FC, Waltham, MA, USA).

2.8. Wound Healing

The cells were inoculated in a 6-well plate and divided into three groups: Con, shScr,
shPDLIMS, the corresponding density of inoculated cells in each group was 5000/cm?,
5000/cm?, and 6000/cm?respectively. The cells were uncovered but immersed in growth
media to make scratches on the plates with 200 pL pipette tips. The old medium was dis-
carded and the cell was washed with PBS three times to remove the detached cells. Next,
serum-free medium was added for culturing. The motor ability of the cells was observed
and photographed after 0 h, 12 h, 24 h, and 48 h.

2.9. Transwell Migration Experiments

Migration chambers were positioned in a 24-well plate and 100 pL of serum-free me-
dium was added to the chambers. Next, 200 uL of medium containing the cell suspension
(2.5 x 10° cells/mL in serum-free medium) was placed in the upper chamber and 750 pL
culture medium (with FBS) was added to the lower chambers. The plate was incubated at
37 °C for 12-16 h. Next, medium was removed from the chambers, the chambers were
washed twice in PBS, and the cells were fixed in 4% formaldehyde for 30 min. The mem-
branes were exposed to crystal violet staining solution (Solarbio Company, Beijing, China)
for 30 min after washing in PBS. Non-migrated cells were scraped away with cotton
swabs, and the migrated cells were observed under an Olympus microscope (Tokyo, Ja-

pan).
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2.10. Statistical Analysis

All experiments were performed at least in triplicate. Data are presented as mean *
standard deviation (SD). T-test (GraphPad Prism 5.0 software, La Jolla, CA, USA) was
used to determine the significant differences, and p <0.05 was considered statistically sig-
nificant.

3. Results
3.1. Cell Culture and Osteogenic Differentiation In Vitro

To verify the ability of osteogenic differentiation of HSFs, hASCs, which have been
proved to be one of the representatives of mesenchymal stem cells with multiple differen-
tiation functions and compared with hMSCs, hASCs have a wide range of sources, are
easy to obtain, simple separation, and are not restricted by ethics, were induced to indi-
rectly observe the osteogenic ability of fibroblasts. hASCs and HSFs completely adhered
to the culture dishes 24 h after inoculation. Both cell types were similar in shape, and were
characterized by long fusiform or oval shapes. The confluence of cells reached 80-90%
after 3648 h, and rapidly grew with a whirlpool-like appearance (Figure 1A). In the con-
dition of osteogenic induction, Western blotting and qRT-PCR were used to detect the
expression of osteogenic marker proteins of hASCs and HSFS as the induction time in-
creased (Figure 1B,C). Furthermore, the osteogenic differentiation ability of HSFs and
hASCs was confirmed by ALP staining, which showed that alkaline phosphatase staining
increased with the increase of osteogenic induction days, and reached the peak on the 14th
day (Figure 1D). Moreover, the results of alizarin red staining showed that on the 21st day
of osteogenic induction, HSFs were weaker than hASCs in bone mineralization nodules
(Figure S3), which may be related to the different differentiation potentials of the two
kinds of cells.
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Figure 1. Morphology and osteogenic differentiation of hASCs and HSFs in vitro. (A) Morphology of hASCs and HSFs obtained
following 48 h of culture. Scale bar = 100 um. Western blotting (B) and RT-qPCR (C) detection of HSFs, and hASCs osteogenic dif-
ferentiation marker protein and mRNA expression. (D) ALP staining analysis of hASCs and HSFs differentiation into osteogenesis.
Scale bar =100 pum. hASCs: human derived adipose stem cells; HSFs: human skin fibroblasts; OS: osteogenic medium; RUNX2: runt
related transcription factor 2; ALP: alkaline phosphatase; OPN: osteopontin, * p < 0.05, ** p < 0.01, *** p <0.001, n=3.

3.2. Microfilaments and Related Proteins Were Involved in Osteogenic Differentiation of HSFs

To examine the effects of microfilaments on the osteogenic differentiation potential
of HSFs, we detected the expression of 3-actin-, a-actininl-, and cytoskeleton-related pro-
tein PDLIM5 by RT-qPCR and Western blotting analyses in the osteogenic differentiation
of HSFs. The results showed that the expression of RUNX2, ALP, OPN, -actin, a-actininl,
and PDLIMS5 were significantly upregulated in osteogenic medium (OS) (Figure 2A,B). It
is suggested that the osteogenic differentiation of HSFs can increase the expression of actin
cytoskeleton and its related proteins (such as PDLIMS5) (Figure 2A,B), thus affecting the
changes of cytoskeleton. Further, it has also been speculated that cytoskeleton and related
protein PDLIMS5 may play a role in the osteogenic differentiation of HSFs. Thus, the cells
were further treated with microfilament inhibitor (CytoD) and stabilizer (JAS) and cul-
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tured in OS to observe the effects of microfilament on the osteogenic differentiation po-
tential of HSFs. Western blotting was used to evaluate the expression of (3-actin and oste-
ogenesis-associated proteins. The results showed that the expression levels of RUNX2,
ALP, and (-actin were significantly upregulated by OS. In the OS + CytoD group, the
expression levels of RUNX2, ALP, and p-actin were significantly inhibited, and in the OS
+JAS group, the inhibitory effects in the OS + CytoD treatments on the osteogenic marker
protein RUNX2 and other proteins were offset (Figure 2C). ALP staining at 14 and 21 days
after osteogenic induction showed that the OS + CytoD group decreased the staining in-
tensity, while the OS + JAS group increased the staining intensity (Figure 2D). These re-
sults indicated that the disassembly of microfilaments inhibited the osteogenic ability of
HSFs, while the polymerization of microfilament cytoskeleton molecules can promote the
osteogenic ability of HSFs.

The expression of PDLIM5 decreased during the depolymerization of microfilament
cytoskeleton (Figure 2C). It has been speculated that PDLIM5 may play a synergistic role
with the microfilament cytoskeleton to regulate the osteogenic differentiation ability of
HSFs. Therefore, we examined the cellular localization of PDLIM5. Immunofluorescence
analysis showed the co-localization of PDLIM5 and F-actin in osteogenic differentiation
of HSFs (Figure 2E). Furthermore, immunofluorescence also showed that PDLIMS5 and a-
actininl specifically co-localized to stress fibers (Figure 2F). We hypothesized that
PDLIMS5 may mediate the functional changes of cytoskeletal microfilaments by binding
with a-actininl, and thus affect the osteogenic differentiation of HSFs. Nonetheless, the
relationship between PDLIM5 and a-actininl needs to be further verified. To test this hy-
pothesis, we evaluated the effects of PDLIM5 on the osteogenic differentiation of micro-
filaments and observed that down-regulation of PDLIMS5 occurred in HSFs.
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Figure 2. Microfilaments and related proteins are involved in osteogenic differentiation of HSFs. Detection of (3-actin, a-actininl,
PDLIMS5, and osteogenesis-associated gene expression by (A) Western blotting and (B) RT-qPCR analyses of HSFs treated with
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tion medium containing 10 nM/mL of JAS for 7 days, respectively. Densitometric quantification of the Western blotting bands nor-
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polymerization agonist.
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3.3. PDLIM5 Knockdown Inhibited the Proliferation, Movement, and Migration Ability of HSFs

To investigate the function of PDLIM5 in HSEFS, a lentiviral vector with deletion of
the PDLIMS5 target gene was transfected and integrated into HSFs, which down-regulated
PDLIMS5 expression in human fibroblasts. Green fluorescent protein (GFP) expression was
observed by fluorescence microscopy and we determined that the transfection efficiency
of lentivirus transfection was about 90% (Figure 3A). The knockdown of PDLIM5 in HSFs
was further assessed by RT-qPCR, Western blotting, and immunofluorescence analyses
(Figure 3B-D). The CCK8 assay, wound-healing assay, and cell migration tests using the
transfected HSFs showed that after knocking down of PDLIMS, the proliferation and mo-
bility of fibroblasts were significantly inhibited (Figure 3E-G). These results indicated that
PDLIMS5 was involved in the growth and differentiation process of HSFs and may affect
the biological behavior of cells as a key regulatory factor.
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Figure 3. PDLIM5 knockdown inhibits the proliferation, movement, and migration ability of HSFs. (A) HSFs fluorescence intensity
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3.4. PDLIM5 Knockdown Attenuated the Osteogenic Differentiation of HSFs Mediated by
Microfilament

To examine the effects of PDLIMS5 on osteogenic differentiation of HSFs, the expres-
sion of osteogenesis-associated genes was assessed by RT-qPCR and Western blotting
analyses after knocking down PDLIM5. The results showed that, compared with the neg-
ative control group (shScr), the expression levels of osteogenic marker protein and mRNA
in the down-regulated PDLIMS5 group (shPDLIM5) were significantly decreased, and pro-
tein and mRNA levels of B-actin and a-actininl also decreased after knock-down of
PDLIMS5 expression (Figure 4A,B). Consistent with these results, PDLIM5 knockdown
weakened the alkaline phosphatase (ALP) staining during osteogenic differentiation of
HSFs (Figure 4C). In addition, we also found that knocking down PDLIM5 not only inhib-
ited the expression of actin on osteogenesis, but also changed the morphology of micro-
filaments. Immunofluorescence analysis at 7 days post-osteogenic induction of HSFS
showed that, compared with the shScr negative control group, the microfilaments in the
shPDLIM5 group changed from their original neatly arranged filaments to short, wide,
and thick filaments (Figure 4(Db)), while in the uninduced group, the morphology of
microfilaments did not change before or after the down-regulation of PDLIM5 expression
(Figure 4(Da)). These results suggest that PDLIMS5 may exert a similar role as the depoly-
merizing agent of microfilaments, thereby inhibiting the expression of microfilaments and
mediating changes in microfilaments stability so as to regulate the osteogenic differentia-
tion of cells.

3.5. Stable Microfilaments Reversed the Inhibitory Effect of Knockdown PDLIM5 on Osteogenic
Differentiation of HSFs

To determine the effects of PDLIM5 on the microfilament skeleton, the cells were
treated with a microfilament stabilizer (JAS) and treated in OS medium for 7 days with or
without PDLIM5-knockdown. Western blotting analysis showed that JAS reversed the in-
hibition of knocked-down PDLIM5 on ALP, RUNX2, 3-actin, a-actin 1, and PDLIMS5 lev-
els (Figure 4E). ALP staining showed that the JAS reversed the inhibitory effect of PDLIM5
knockdown on HSFs osteogenesis (Figure 4F). Taken together, these results suggested that
PDLIMS5 was involved in mediating osteogenic differentiation of fibroblasts by influenc-
ing the expression of microfilament cytoskeleton proteins and morphological changes.
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Figure 4. PDLIM5 knockdown attenuates the osteogenic differentiation of HSF mediated by microfilaments. HSFs treated with
osteogenic differentiation medium (OS) with or without knock-down of PDLIMS5 at 7 days. 3-actin and osteogenesis-associated
gene expression by (A) RT-qPCR and (B) Western blotting analyses. Densitometric quantification of the Western blotting bands
normalized to GAPDH. * p <0.05, ** p < 0.01, **p < 0.001, n = 3. ALP staining (C) at 14 days. Scale bar = 100 um. The effect of knock-
ing down PDLIM5 on the morphology of microfilament skeleton was detected by immunofluorescence (D), a: knockdown PDLIM5
in GM (undifferentiated) group; b: knockdown PDLIMS5 in osteogenic medium group for 7 days, Scale bar = 10 um. (E) The effect of
JAS on the osteogenic differentiation of HSF after knocking down PDLIM5. Densitometric quantification of the Western blot nor-
malized to GAPDH. * p <0.05, ** p <0.01, ** p <0.001, n = 3. ALP staining (F) at 14 days of HSFs osteogenic medium with JAS after
knocking down PDLIM5 expression. Scale bar =100 pm.
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3.6. PDLIM5-Knockdown Inhibited the Nuclear Localization of YAP

In the process of HSFs osteogenesis induced by chemical stimulation, we found that
YAP protein expression tended to increase (Figure 5A). Immunofluorescence analysis
showed that the distribution of YAP protein in the GM group was reduced, and the nuclei
appeared not clearly defined, while in the OS 7d treatment group, the nuclei containing
YAP protein were increased, and the nuclei were clearly formed (Figure 5B). These results
indicated that YAP could be induced to enter the nucleus in the osteogenic environment
of HSFs. Therefore, to further understand the role of YAP in osteogenesis of HSFs, we
examined the expression of YAP during the osteogenic differentiation of HSFs by knock-
ing-down PDLIM5 expression. Western blotting analysis showed that the nuclear YAP
protein expression level in the shPDLIM5 group was significantly decreased compared
with the negative control shScr group (Figure 5C). Immunofluorescence analysis showed
that nuclear YAP expression was lower in the shPDLIM5 group, in which the nuclear
shape and outline were not clearly defined, while in the blank control group and empty
plasmid control (shScr) group the nuclear YAP expression was marked, and the nuclear
shape was clearly demarcated (Figure 5D). The results indicated that knockdown of
PDLIMS5 expression reduced the nuclear localization of YAP in osteogenic induction of
HSFs.

0d 4d 7d 14d 21d

RUNX2 s s s s -55KD

.
ALP S badkanl -80KD

- -B0KD
OPN —-—-_— -“

GM

YAP - --. -T8KD

0sS 7D

AP DH e s . -37KD

C D

Con

Cytoplasm HNucleus

N |

Histone H3

Nuclear YAP expression levels
Normalized to Histone H3

-
GAPDH ! y '{ -3TKD é
korg "169 té, "Jég A &-,06’ g
T L £ & q.@"
& 5 §

shPDLIM5

Figure 5. PDLIM5 knockdown inhibited nuclear localization of YAP. YAP gene expression by (A) Western blotting analyses in oste-
ogenic medium (OS) of HSFs at0d, 4 d, 7 d, 14 d, and 21 d. (B) The expression of nuclear YAP in HSFs with GM or OS for 7 days
by immunofluorescence. The expression of nuclear YAP in HSFs treated with osteogenic differentiation medium with or without
knocking down PDLIMS5 at 7 days by (C) Western blotting analyses. Densitometric quantification of the Western blotting bands
normalized to Histone 3. ** p <0.01, n = 3. PDLIM5-knock-down reduced the nuclear localization of YAP and was detected by (D)
immunofluorescence. Scale bar = 10 um.
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4. Discussion

Fibroblasts present the same morphology as human mesenchymal stem cells (hMSC)
and are derived from many different tissues. Studies have shown that fibroblasts express
the same markers as hMSC and have the ability to differentiate into different lineages
[41,42]. Fibroblasts have attracted attention for their potential application in bone tissue
engineering [10]. In this study, the role of PDLIMS5 in osteogenic differentiation of HSFs
was detected, and the potential mechanisms involving PDLIM5-F-actin interaction in os-
teogenic differentiation were identified, as was the effect of PDLIM5 on YAP activity by
osteogenic signals.

A few studies are available on investigating the molecular mechanism of osteogenic
differentiation of fibroblasts. Actin is the most abundant cytoskeleton protein and is con-
sidered to be a key factor in mediating intracellular and extracellular signal responses
[43,44]. Studies have shown that microfilaments mediate the osteogenic differentiation of
stem cells and regulate the transduction of the osteogenic signal pathway [45,46]. How-
ever, the mechanism involved in microfilaments regulating osteogenic differentiation of
fibroblasts is not completely clear. In this study, microfilaments in the depolymerized
state significantly inhibited the osteogenic ability of HSFs, while polymerization could
promote the osteogenic ability of HSFs. This is consistent with the results of osteogenic
differentiation of stem cells mediated by microfilaments [47]. Interestingly, during the de-
polymerization of the microfilament skeleton, the expression of PDLIMS5 in osteogenic
differentiation also decreased. Western blotting and qRT-PCR also showed that protein
and mRNA levels of PDLIM5 were increased during the osteogenic differentiation of
HSFs, suggesting that PDLIMS5 may act as a regulatory factor affecting the osteogenic abil-
ity of cells.

Most studies have shown that PDLIMS5 and its family members play key roles in the
differentiation and functioning of various cell types through PDZ and LIM domains. For
example, RIL is an actin-associated protein that stimulates actin binding by interacting
with the actin cross-linking protein a-actininl to increase its affinity with filamentous ac-
tin [48]. Following binding to a-actinin, the PDZ-LIM protein CLP-36 was found to be
localized in the actin stress fibers via its PDZ domain [49]. These results revealed the rela-
tionship between PDZ-LIM protein and microfilaments. As a member of the PDZ-LIM
family, PDLIMS5 was clearly shown to be an actin skeleton-related protein. It plays an in-
dispensable role in the functional activity of cell biology [27,39]. In the present study,
knocking down PDLIMS significantly inhibited the proliferation, movement, and migra-
tion of fibroblasts, suggesting that PDLIMS participates in the biological function of HSFs.
To verify the role of PDLIMS5 in osteogenic differentiation of HSFs, we examined the ef-
fects of PDLIM5 knockdown on the expression of osteogenesis-related genes. The results
showed that knockdown of PDLIMS5 significantly inhibited the expression of 3-actin and
osteogenesis-related genes. Furthermore, PDLIM5 knockdown also changed the morphol-
ogy of microfilaments, suggesting that PDLIM5 may mediate the osteogenic differentia-
tion of HSFs by affecting the activity of microfilaments. To further investigate the effects
of PDLIM5 on microfilaments of the cytoskeleton, cells were treated with a microfilament
stabilizer after lentivirus down-regulation of PDLIM5 expression. The results showed that
the microfilament stabilizer could reverse the inhibitory effect of missing PDLIM5 expres-
sion on osteogenesis. Thus, these findings suggested that PDLIM5 may mediate the oste-
ogenic differentiation of fibroblasts by affecting the expression of microfilament cytoskel-
eton protein and inducing morphological changes. In this study, we preliminarily dis-
cussed the role of PDLIMS5 in chemical osteogenesis induction. The specific signaling
pathway of PDLIM5-mediated microfilaments involved in osteogenic differentiation
needs to be further evaluated in future research. In addition, as a mechanical sensitive
element, how PDLIMS5 plays a role in other mechanical stimuli is the direction we need to
further explore. Therefore, our next step is to investigate how PDLIMS5 participates in the
mechanical signal transduction of osteogenic differentiation through cytoskeleton under
mechanical stimulation by applying mechanical stimulation under Flexcell tensiometer.
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We also showed that knockdown of PDLIMS5 significantly reduced the expression of
YAP in the nucleus and its nuclear localization. The YAP pathway has been shown to be
involved in the process of cell osteogenesis [50,51]. YAP signaling is one of the more stud-
ied and complex pathways involved in osteogenic differentiation. It has been reported
that F-actin polymerization enhances the expression of RhoA and transcription factor
YAP/TAZ, which promotes the osteogenic differentiation of mesenchymal stem cells [52].
In addition, through the response to different ECM stiffness, Yap and TAZ move in and
out of the nucleus under the control of MT1-MMP, where YAP/TAZ can be activated on
the hard matrix to make the cells differentiate into osteoblasts [53,54]. Thus, we hypothe-
sized that PDLIM5 may mediate the transcriptional activity of the key osteogenic tran-
scription factor RUNX2 through the regulation of YAP access to the nucleus, thereby par-
ticipating in the osteogenic differentiation of cells. As a protein closely related to the actin
skeleton, PDLIM5 needs further research on YAP signaling to improve the influence of
the signal axis of PDLIM5-F-Actin-YAP on the osteogenic differentiation of fibroblasts.

In conclusion, the present study showed that human skin fibroblasts present an os-
teogenic differentiation potential as adipose stem cells, but the osteogenic differentiation
of fibroblasts may be delayed and the bone-forming capacity is lower than hASCs. This
potential can be reduced by the effect of PDLIM5 on the expression and morphology of
microfilaments. These data provide more theoretical basis for the study of the seed source
of fibroblasts in the field of bone tissue engineering, and propose novel ideas for the study
of bone tissue engineering.

Supplementary Materials: The following are available online at www.mdpi.com/2218-
273X/11/5/759/s1, Figure S1: Determination of Lentiviral pre-Transduction Effect, Figure S2: Struc-
ture of PDLIMS virus vector: Ubi-MCS-3FLAG-CBh-gcGFP-IRES-puromycin, Figure S3: Alizarin
red staining of hASCs and HSFs on 21 days under osteogenic induction medium, (Scale bar = 100
pum).

Author Contributions: Conceptualization and methodology:J.O., S.Z., and J.D.; investigation: X.H.,
YP,RQ,YY,TF,BS, AUK, SW., KW, CX, formal analysis: X.H., ].D.; writing—review and
editing: X.H., J.D. All authors have read and agreed to the published version of the manuscript.

Funding: This study was funded by the National Key R&D Program of China (#2017YFC1105000),
Guangdong Provincial Key Laboratory of Medical Biomechanics Opens Operation
(#2017B030314039) and the Sanming Project of Medicine in Shenzhen (#52SM201612019).

Institutional Review Board Statement: All subjects gave their informed consent for inclusion before
they participated in the study. The study was conducted according to the guidelines of the Declara-
tion of Helsinki, and approved by the Ethics Committee of the School of Basic Medical Sciences,
Southern Medical University (No. NFYKDXJCYXY2016031002).

Informed Consent Statement: Not applicable.
Data Availability Statement: All the supporting data can be downloaded.

Acknowledgments: The authors thank Feng Lu (Southern Medical University, Guangzhou, China)
for help in providing human fat tissue.

Conflicts of Interest: The authors declare no conflict of interest.

1. Umezawa, A. Regenerative Medicine. Arerugi 2016, 65, 987-989.

2. Trohatou, O.; Roubelakis, M.G. Mesenchymal Stem/Stromal Cells in Regenerative Medicine: Past, Present, and Future. Cell.
Reprogram. 2017, 19, 217-224.

3.  Walmsley, G.G.; Ransom, R.C.; Zielins, E.R.; Leavitt, T.; Flacco, ].5.; Hu, M.S,; Lee, A.S.; Longaker, M.T.; Wan, D.C. Stem Cells
in Bone Regeneration. Stem Cell Rev. Rep. 2016, 12, 524-529.

4.  Wang, X;; Wang, Y.; Gou, W; Lu, Q.; Peng, J.; Lu, S. Role of mesenchymal stem cells in bone regeneration and fracture repair: A
review. Int. Orthop. 2013, 37, 2491-2498.

5. Fu, X Liu, G; Halim, A; Ju, Y.; Luo, Q.; Song, A. G. Mesenchymal Stem Cell Migration and Tissue Repair. Cells 2019, 8, (8):784.



Biomolecules 2021, 11, 759 17 of 18

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.
32.

33.

34.

Takahashi, K.; Yamanaka, S. Induction of pluripotent stem cells from mouse embryonic and adult fibroblast cultures by defined
factors. Cell 2006, 126, 663-676.

Takahashi, K.; Tanabe, K.; Ohnuki, M.; Narita, M.; Ichisaka, T.; Tomoda, K.; Yamanaka, S. Induction of pluripotent stem cells
from adult human fibroblasts by defined factors. Cell 2007, 131, 861-872.

Chang, Y.; Li, H.; Guo, Z. Mesenchymal stem cell-like properties in fibroblasts. Cell. Physiol. Biochem. 2014, 34, 703-714.
Christy, B.A.; Herzig, M.C.; Delavan, C.; Cantu, C.; Salgado, C.; Bynum, J.A.; Cap, A.P. Human primary fibroblasts perform
similarly to MSCs in assays used to evaluate MSC safety and potency. Transfusion 2019, 59, 1593-1600.

Hee, C.K,; Nicoll, S. Induction of osteoblast differentiation markers in human dermal fibroblasts: Potential application to
bonetissue engineering. Conf. Proc. IEEE Eng. Med. Biol. Soc. 2006, 2006, 521-524.

Tour, G.; Wendel, M.; Tcacencu, I. Human fibroblast-derived extracellular matrix constructs for bone tissue engineering applica
tions. |. Biomed. Mater. Res. A. 2013, 101, 2826-2837.

Kuroda, S.; Tokunaga, C.; Kiyohara, Y.; Higuchi, O.; Konishi, H.; Mizuno, K.; Gill, G.N.; Kikkawa, U. Protein-protein interaction
of zinc finger LIM domains with protein kinase C. J. Biol. Chem. 1996, 271, 31029-31032.

Eeckhoute, J. A cell-type-specific transcriptional network required for estrogen regulation of cyclin D1 and cell cycle progression
in breast cancer. Genes Dev. 2006, 20, 2513-2526.

Edlund, K.; Lindskog, C.; Saito, A.; Berglund, A.; Pontén, F.; Goransson-Kultima, H.; Isaksson, A.; Jirstrom, K.; Planck, M.;
Johansson, L.; et al. CD99 is a novel prognostic stromal marker in non-small cell lung cancer. Int. . Cancer 2012, 131, 2264-2273.
Heiliger, K.; Hess, J.; Vitagliano, D.; Salerno, P.; Braselmann, H.; Salvatore, G.; Ugolini, C.; Summerer, I.; Bogdanova, T.; Unger,
K.; et al. Novel candidate genes of thyroid tumourigenesis identified in Trk-T1 transgenic mice. Endocr.-Relat. Cancer 2012, 19,
409-421.

Li, Y,; Gao, Y.; Xu, Y.; Sun, X,; Song, X.; Ma, H.; Yang, M. Retracted: Si-RNA-Mediated Knockdown of PDLIM5 Suppresses
Gastric Cancer Cell Proliferation in Vitro. Chem. Biol. Drug Des. 2015, 85, 447-453.

Liu, X.; Chen, L.; Huang, H.; Lv, ].M.,; Chen, M,; Qu, E.J.; Pan, X.W.; Li, L.; Yin, L.; Cui, X.G,; et al. High expression of PDLIM5
facilitates cell tumorigenesis and migration by maintaining AMPK activation in prostate cancer. Oncotarget 2017, 8, 98117-98134.
Krcmery, J.; Camarata, T.; Kulisz, A.; Simon, H.G. Nucleocytoplasmic functions of the PDZ-LIM protein family: New insights
into organ development. Bioessays 2010, 32, 100-108.

Loughran, G.; Healy, N.C.; Kiely, P.A.; Huigsloot, M.; Kedersha, N.L.; O'Connor, R. Mystique is a new insulin-like growth
factor-I-regulated PDZ-LIM domain protein that promotes cell attachment and migration and suppresses Anchorage-independ-
ent growth. Mol. Biol. Cell 2005, 16, 1811-1822.

Jani, K.; Schock, F. Zasp is required for the assembly of functional integrin adhesion sites. ]. Cell Biol. 2007, 179, 1583-1597.
Nakagawa, N.; Hoshijima, M.; Oyasu, M.; Saito, N.; Tanizawa, K.; Kuroda, S. ENH, Containing PDZ and LIM Domains,
Heart/Skeletal Muscle-Specific Protein, Associates with Cytoskeletal Proteins through the PDZ Domain. Biochem. Biophys. Res.
Commun. 2000, 272, 505-512.

Qiu, H;; Liu, N.; Luo, L.; Zhong, J.; Tang, Z.; Kang, K.; Qu, ].; Peng, W.; Liu, L.; Li, L.; et al. MicroRNA-17-92 regulates myoblast
proliferation and differentiation by targeting the ENH1/Id1 signaling axis. Cell Death Differ. 2016, 23, 1658-1669.

Ito, J.; Takita, M.; Takimoto, K.; Maturana, A. Enigma homolog 1 promotes myogenic gene expression and differentiation of
C2C12 cells. Biochem. Biophys. Res. Commun. 2013, 435, 483-487.

Wei, X.; Zhang, Y.; Yu, S.; Li, S; Jiang, W.; Zhu, Y.; Xu, Y.; Yang, C; Tian, G.; Mi, ].; et al. PDLIMS5 identified by label-free
quantitative proteomics as a potential novel biomarker of papillary thyroid carcinoma. Biochem. Biophys. Res. Commun. 2018,
499, 338-344.

Ajeian, J.N.; Horton, E.R.; Astudillo, P.; Byron, A.; Askari, J.A.; Millon-Frémillon, A.; Knight, D.; Kimber, S.J.; Humphries, M.].;
Humpbhries, ].D. Proteomic analysis of integrin-associated complexes from mesenchymal stem cells. PROTEOMICS —Clin. Appl.
2016, 10, 51-57.

Elbediwy, A.; Vanyai, H.; Diaz-De-La-Loza, M.; Frith, D.; Snijders, A.; Thompson, B.]. Enigma proteins regulate YAP mecha-
notransduction. J. Cell Sci. 2018, 131, s221788.

Yan, Y.; Tsukamoto, O.; Nakano, A.; Kato, H.; Kioka, H.; Ito, N.; Higo, S.; Yamazaki, S.; Shintani, Y.; Matsuoka, K.; et al. Aug-
mented AMPK activity inhibits cell migration by phosphorylating the novel substrate Pdlim5. Nat. Commun. 2015, 6, 6137.
Sluysmans, S.; Vasileva, E.; Spadaro, D.; Shah, J.; Rouaud, F.; Citi, S. The role of apical cell-cell junctions and associated cyto-
skeleton in mechanotransduction. Biol. Cell 2017, 109, 139-161.

Tang, D.D.; Gerlach, B.D. The roles and regulation of the actin cytoskeleton, intermediate filaments and microtubules in smooth
muscle cell migration. Respir. Res. 2017, 18, 54.

Mohan, R.; John, A. Microtubule-associated proteins as direct crosslinkers of actin filaments and microtubules. IUBMB Life 2015,
67, 395-403.

Svitkina, T.M. Ultrastructure of the actin cytoskeleton. Curr. Opin. Cell Biol. 2018, 54, 1-8.

Gourlay, C.W.; Ayscough, K.R. The actin cytoskeleton: A key regulator of apoptosis and ageing? Nat. Rev. Mol. Cell Biol. 2005,
6, 583-589.

Liu, Q.; Zhuang, Y.; Ouyang, N.; Yu, H. Cytochalasin D Promotes Osteogenic Differentiation of MC3T3-E1 Cells via p38-MAPK
Sig naling Pathway. Curr. Mol. Med. 2019, 20, 79-88.

Khan, AU,; Qu, R; Fan, T.; Ouyang, J.; Dai, ]J. A glance on the role of actin in osteogenic and adipogenic differentiation of
mesenchymal stem cells. Stem Cell Res. Ther. 2020, 11, 283.



Biomolecules 2021, 11, 759 18 of 18

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.
54.

Dai, Z.; Wu, F,; Chen, J.; Xu, H,; Wang, H.; Guo, F.; Tan, Y.; Ding, B.; Wang, J.;, Wan, Y.; et al. Actin microfilament mediates
osteoblast Cbfal responsiveness to BMP2 under simulated micrograv ity. PLoS ONE 2013, 8, e63661.

Xu, H;; Wu, F; Zhang, H.; Yang, C.; Li, K;; Wang, H.; Yang, H.; Liu, Y.; Ding, B.; Tan, Y.; et al. Actin cytoskeleton mediates
BMP2-Smad signaling via calponin 1 in preosteoblast under simulated microgravity. Biochimie 2017, 138, 184-193.

Nakatani, M.; Ito, J.; Koyama, R.; lijima, M.; Yoshimoto, N.; Niimi, T.; Kuroda, S.; Maturana, A.D. Scaffold protein enigma
homolog 1 overcomes the repression of myogenesis activation by inhibitor of DNA binding 2. Biochem. Biophys. Res. Commun.
2016, 474, 413-420.

Lasorella, A.; Iavarone, A. The Protein ENH Is a Cytoplasmic Sequestration Factor for Id2 in Normal and Tumor Cells from the
Nervous System. Proc. Nat. Acad. Sci. USA 2006, 103, 4976-4981.

Yuda, A.; Lee, W.S; Petrovic, P.; McCulloch, C.A. Novel proteins that regulate cell extension formation in fibroblasts. Exp. Cell
Res. 2018, 365, 85-96.

Mcintosh, K.; Zvonic, S.; Garrett, S.; Mitchell, ].B.; Floyd, Z.E.; Hammill, L.; Kloster, A.; Di Halvorsen, Y.; Ting, ]J.P.; Storms,
R.W; et al. The immunogenicity of human adipose-derived cells: Temporal changes in vitro. Stem Cells 2006, 24, 1246-1253.
Denu, R.A.; Nemcek, S.; Bloom, D.D.; Goodrich, A.D.; Kim, J.; Mosher, D.F.; Hematti, P. Fibroblasts and Mesenchymal Stro-
mal/Stem Cells Are Phenotypically Indistinguishable. Acta Haematol. 2016, 136, 85-97.

Soundararajan, M.; Kannan, S. Fibroblasts and mesenchymal stem cells: Two sides of the same coin? ]. Cell Physiol. 2018, 233,
9099-9109.

Drabek, K.; van de Peppel, J.; Eijken, M.; van Leeuwen, ].P. GPM6B regulates osteoblast function and induction of mineralization
by controlling cytoskeleton and matrix vesicle release. J. Bone Miner. Res. 2011, 26, 2045-2051.

Sen, B.; Xie, Z.; Uzer, G.; Thompson, W.R.; Styner, M.; Wu, X.; Rubin, J. Intranuclear Actin Regulates Osteogenesis. Stem Cells
2015, 33, 3065-3076.

Wang, Y.K;; Yu, X.; Cohen, D.M.; Wozniak, M.A.; Yang, M.T.; Gao, L.; Eyckmans, J.; Chen, C.S. Bone morphogenetic protein-2-
induced signaling and osteogenesis is regulated by cell shape, RhoA/ROCK, and cytoskeletal tension. Stem Cells Dev. 2012, 21,
1176-1186.

Fan, T.; Qu, R;; Jiang, X.; Yang, Y.; Sun, B.; Huang, X.; Zhou, Z.; Ouyang, ].; Zhong, S.; Dai, ]. Spatial organization and crosstalk
of vimentin and actin stress fibers regulate the osteogenic differentiation of human adipose-derived stem cells. FASEB ]. 2021,
35, 10.1096/£}.202000378RR

Martins, C.S.; Ferraz, E.P.; De Castro-Raucci, L.M.; Teixeira, L.N.; Maximiano, W.M.; Rosa, A.L.; De Oliveira, P.T. Changes in
actin and tubulin expression in osteogenic cells cultured on bioactive glass-based surfaces. Microsc. Res. Tech. 2015, 78, 1046—
1053.

Guryanova, O.A.; Drazba, J.A.; Frolova, E.I,; Chumakov, P.M. Actin cytoskeleton remodeling by the alternatively spliced iso-
form of PDLIM4/RIL protein. J. Biol. Chem. 2011, 286, 26849-26859.

Vallenius, T.; Luukko, K.; Makela, T.P. CLP-36 PDZ-LIM protein associates with nonmuscle alpha-actinin-1 and alpha-actinin-
4. ]. Biol. Chem. 2000, 275, 11100-11105.

Yang, Y.; Wang, B.K,; Chang, M.L.; Wan, Z.Q.; Han, G.L. Cyclic Stretch Enhances Osteogenic Differentiation of Human Perio-
dontal Ligament Cells via YAP Activation. Biomed. Res. Int. 2018, 2018, 2174824.

Du, Y.; Montoya, C.; Orrego, S.; Wei, X.; Ling, J.; Lelkes, P.I.; Yang, M. Topographic cues of a novel bilayered scaffold modulate
dental pulp stem cells differentiation by regulating YAP signalling through cytoskeleton adjustments. Cell Prolif. 2019, 52,
e12676.

Tong, Z.; Liu, Y.; Xia, R;; Chang, Y.; Hu, Y.; Liu, P.; Zhai, Z.; Zhang, J.; Li, H. F-actin Regulates Osteoblastic Differentiation of
Mesenchymal Stem Cells on TiO2 Nanotubes Through MKL1 and YAP/TAZ. Nanoscale Res. Lett. 2020, 15, 183.

Pocaterra, A.; Romani, P.; Dupont, S. YAP/TAZ functions and their regulation at a glance. J. Cell Sci. 2020, 133, s230425.

Tang, Y.; Rowe, R.G,; Botvinick, E.L.; Kurup, A.; Putnam, A.].; Seiki, M.; Weaver, V.M.; Keller, E.T.; Goldstein, S.; Dai, J.; et al.
MT1-MMP-dependent control of skeletal stem cell commitment via a betal-integ rin/YAP/TAZ signaling axis. Dev. Cell 2013,
25, 402-416.



