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Abstract
Background:Actin is an essential cellular protein that assembles into micro laments and regulates
numerous processes such as cell migration, maintenance of cell shape, and material transport. In this
study, we explored the effect of actin polymerization state on the osteogenic differentiation of human
adipose-derived stem cells (hASCs).
Methods:The hASCs were treated with different concentrations (0, 1, 5, 10, 20, and 50 nM)of
jasplakinolide (JAS), a reagent that directly polymerizes F-actin.The effects ofthe actin polymerization
state on cell proliferation, apoptosis, migration, and the maturity of focal adhesion-related proteins were
assessed. In addition, western blotting and alizarin red staining assays were performed to assess
osteogenic differentiation.
Results: These results revealed that cell proliferation and migration in the JAS (0, 1, 5, 10, and 20 nM)
groupswashigher than that inthe control group andthe JAS (50 nM) group.The protein expressionof focal
adhesion kinase, vinculin, paxillin, and talinwere highest in the JAS (20 nM) group, whilezyxin expression
was highestinthe JAS (50 nM) group.Western blottingshowed thatosteogenic differentiation in theJAS (0,
1, 5, 10, 20, and 50 nM) groupswas enhanced compared with that in thecontrol group, and was strongest
inthe JAS (50 nM) group.
Conclusions: Our data suggest thatthe actinpolymerization state may promote the osteogenic
differentiation of hASCs by regulating the protein expression of focal adhesion-associated proteins in a
concentration-dependent manner. Our ndings provide valuable information for exploring the mechanism
of osteogenic differentiationin hASCs.

Introduction
Actin, a single polypeptide chain globular protein with a molecular weight of 42kD, is the primary
component of the cytoskeleton. There are two main forms of actin, the globular actin monomers (G-actin)
and the polymeric actin laments (F-actin). Actin plays a crucial role in many biological systems. The
polymerization/depolymerization of actin is closely related to numerous cell activities, including the
maintenance of cell morphology [1], cell movement [2], cytoplasmic streaming [3], material transport,
apical growth, physical, and chemical signal transduction [4–7]. The dynamic remodeling of F-actin plays
a crucial role in many diseases, such as cancer and malaria, and is additionally involved in the wound
healing process, embryonic development, and tissue formation [8, 9].
In recent decades, several substances involved in the regulation of actin polymerization and
depolymerization have been investigated. These include phalloidin [10], cytochalasin D [11], and
latrunculin A, which can alter intracellular actin organization [12]. This group also includes jasplakinolide
(JAS) / jaspamide [13–16] which was originally isolated from marine sponge [17–20]. A major
advantage of JAS is that it is membrane permeable [21], which makes it an ideal tool for stabilizing or
polymerizing actin laments in live cells. It induces the nucleation of actin laments, reduces the rate of
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dissociation of actin subunits from F-actin laments, and prevents co lin from G-actin, resulting in
lament stabilization [20, 22, 23].
Adipose-derived stem cells are a type of adult mesenchymal stem cell derived from fat tissue. They selfreplicate and can differentiate in multiple directions [24–27], including the osteogenic, adipogenic [27–
29], chondrogenic [30], and myogenic [29, 31] routes. ASCs are a good cell source for stem cell research
[26] because they are widely available, easy to isolate, proliferate stably in vitro, and have a low decay
rate [27, 32, 33]. Numerous studies have demonstrated that the polymerization of the actin cytoskeleton
can affect cell migration, proliferation, and differentiation [2, 34]. Recent studies have shown that actin
micro lament expression increased during the process of osteogenic differentiation. These
micro laments are orderly, thick, and arranged in a lamentous shape[12]. However, how osteogenic
differentiation is affected by the extent of actin lament polymerization remains unclear. Therefore, in our
study, human adipose-derived stem cells (hASCs) were treated with different concentrations of JAS
(resulting in different degrees of polymerization) to study the in uence of actin polymerization state on
the osteogenic differentiation of hASCs.

Results

1. The effect of different actin polymerization states on the
proliferation of hASCs
We evaluated the effects of different polymerization states of actin on the proliferation of hASCs. Here,
we performed both Ki67 immuno uorescence staining and CCK-8 experiments. The results revealed that
the cell proliferation rate in the JAS (1, 5, 10, 20, and 50 nM) groups was higher than that in the control;
furthermore, it gradually increased with the increasing JAS concentrations, but signi cantly decreased in
the JAS (50 nM) group (p < 0.05, Fig. 1A). The Cell Counting Kit-8 (CCK-8) result and cell counter assay
were consistent with Ki67 results (Fig. 1B, C). These ndings suggest that the actin polymerization
caused by JAS at the lower concentration range (1–20 nM) promoted cell proliferation, while the high
concentrations JAS (50 nM) inhibited it.

2. hASCs apoptosis and its relationship to actin
polymerization state
To investigate the effects of different actin polymerization states on cell apoptosis, we performed the
Annexin V-FITC/PI apoptosis assay. Flow cytometry results con rmed that the cell apoptosis rates of the
JAS (1, 5, 10, and 20 nM) groups were lower than that of the control group. In contrast to this, the cell
apoptosis rate in the JAS (50 nM) group was markedly increased (0.879%) (Fig. 2A), indicating that a
high concentration of JAS promoted cell apoptosis.
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3. The in uence of different actin aggregation states on
hASCs migration
Previous research has demonstrated that the state of actin laments can regulate cell movement [35]. To
study the effect of different polymerization states of actin on cell migration, we conducted wound healing
and transwell experiments, respectively. The wound healing results suggested that the healing speed in
the JAS (1, 5, 10, and 20 nM) groups was faster than that of the control group, while the JAS (50 nM)
group was slower than the control group (Fig. 3A). Transwell results (Fig. 3B) showed that in the JAS (1,
5, 10, and 20 nM) groups, the number of cells in the lower chamber gradually increased but decreased
sharply in the JAS (50 nM) group (which was signi cantly lower than the control group). Transwell results
were generally consistent with the wound healing results. This data demonstrated that actin
polymerization induced by a low concentration of JAS is bene cial for increasing cell migration. In
contrast, a high concentration of JAS induced actin polymerization and negatively regulated cell
migration.

4. Different actin polymerization states and the maturity of
focal adhesions
Studies have shown that the dynamic changes of integrins and focal adhesions are involved in cell
migration [35]. Therefore, we hypothesize that the different polymerization states of actin result in
differences in cell migration because actin polymerization affects the maturity of focal adhesions. To
con rm this, we used western blot analysis to detect the protein expression level of focal adhesion-related
proteins (focal adhesion kinase (FAK), vinculin, talin, paxillin, and zyxin). The results showed that β-actin,
FAK, vinculin, talin, and paxillin were all highly expressed in JAS (1, 5, 10, 20 and 50 nM) groups, but they
were highest in the JAS (20 nM) group, and then subsequently decreased in the JAS (50 nM) group.
However, interestingly, the expression of β-actin and zyxin showed a continuous increase in the JAS (1, 5,
10, 20, and 50 nM) groups, but there was no decrease in the JAS (50 nM) group (Fig. 4A, B). Therefore, we
believe that actin polymerization could in uence the maturity of focal adhesions and that there may be a
difference between the in uence of low and high actin polymerization states.
5. Actin polymerization can promote the localization of yes associated protein (YAP) to the cytoplasm
According to the literature, actin depolymerization can induce the nuclear localization of YAP and regulate
gene expression [36–38]. Therefore, we speculated that different polymerization states of actin might
have different effects on the nuclear localization of the YAP protein. To verify this, we used
immuno uorescence staining to detect the changes in YAP localization. Results revealed that YAP was
mainly concentrated in the nucleus in the control group, but that it began to diffuse into the cytoplasm
after cells were treated with JAS. The higher the concentration of JAS, the more apparent the YAP
cytoplasmic localization (Fig. 5A). We also veri ed this at the protein expression level. The expression of
YAP and p-YAP (Ser127) in the JAS (1, 5, 10, 20, and 50 nM) groups was higher than that in the control
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group (Fig. 5B, C). As the concentration of JAS increased, the ratio of p-YAP to YAP also increased. These
data demonstrated that actin polymerization might potently activate YAP by inducing phosphorylation
and cytoplasm localization.

6. The effects of different actin polymerization states on
alkaline phosphatase (ALP) activity in hASCs
Actin polymerization and depolymerization are involved in the regulation of cell differentiation and other
biological processes [12]. We believe that JAS may guide the differentiation of cells into osteoblasts. ALP
staining and ALP activity assays were performed to explore the effect of actin polymerization on ALP
activity in hASCs. The ALP staining results showed that positive staining gradually increased with
increasing concentrations of JAS, from 0 nM to 20 nM; however, at the concentration of 50 nM, ALP
activity was inhibited (Fig. 6A). The results of the ALP activity assay were approximately consistent with
the results of ALP staining (Fig. 6B). Therefore, our results demonstrate that actin polymerization leads to
an increase in ALP activity and content, which can in uence cell fate, and subsequently, direct cells
towards an osteogenic lineage.

7. Actin polymerization state and osteogenic differentiation
of hASCs
The in uence of different actin polymerization states on the osteogenic ability of hASCs was investigated
by treating the cells with osteogenic induction medium (OS) containing different concentrations of JAS.
The alizarin red assay showed that the positive staining in the JAS (1, 5, 10, 20 and 50 nM) groups was
higher than that in the control group and strongest in the JAS (50 nM) group (Fig. 7A). Western blotting
results demonstrated that osteogenic differentiation markers, such as osteopontin (OPN) and runt-related
transcription factor 2 (RUNX2), were highly expressed in the JAS (1, 5, 10, 20, and 50 nM) groups
compared with that in the control group (Fig. 7B). These results suggest that JAS may stimulate the
osteogenic differentiation of hASCs in a concentration-dependent manner.

Discussion
In this study, we used different concentrations of JAS (an actin polymerization agent) to determine the
effects of varying actin polymerization states on the osteogenic differentiation of hASCs. These results,
including CCK-8, Ki67 immuno uorescence staining, cell apoptosis, wound healing, and the transwell
assay, showed that JAS could promote cell proliferation and migration within a speci c concentration
range. These data indicated that in the JAS (50 nM) group, cell survival rate, cell proliferation, and
migration signi cantly decreased, while the osteogenic differentiation ability increased. Therefore, we
concluded that the polymerization of actin might trigger some osteogenesis-related signaling pathways.
These results revealed that the low states of actin polymerization promoted cell proliferation and that

Page 5/19

high states induced cell apoptosis. This may be due, in part, to JAS cytotoxicity at high concentrations,
and the subsequent triggering of downstream signaling pathways related to cell apoptosis.
Cell migration depends on the activity of integrins and the maturation of focal adhesions. According to
these ndings, the different actin polymerization states resulted in varying focal adhesion maturity
(Fig. 4A, B). It is noteworthy that the expression level of zyxin did not decrease at JAS (50 nM), but
continued to increase. This trend is consistent with the osteogenic differentiation ability of cells in the OS
+ JAS (50 nM) group (Fig. 7A, B). Therefore, zyxin, a member of the focal adhesion, may be a key role for
F-actin to regulate the osteogenic differentiation of cells. In the follow-up research project, we will focus
on this key protein (zyxin). Additionally, under the action of a high concentration of JAS (50 nM), the
mechanism of the decrease of partial adhesion-related protein expression is still unclear, and further
research is urgently needed.
Osteogenic differentiation of hASCs is a complex process in which multiple genes, proteins, and signaling
pathways interact with each other [39–41]. The reorganization of the actin cytoskeleton plays an
essential role during stem cell differentiation. Previous work has shown that both the location and
polymerization of cellular actin aids in the regulation of differentiation. The formation of actin stress
bers is essential for osteogenesis, while its inhibition stimulates lipogenesis [42].

Conclusion
In summary, in this study, we treated hASCs with different concentrations of JAS to maintain actin in
speci c polymerization states. We found that increased polymerization of actin promoted osteogenic
differentiation, and this may have been achieved by regulating the focal adhesion-related proteins
involved in activating YAP. This work forms the basis for further exploration of the mechanisms
underlying the osteogenic differentiation of human adipose-derived stem cells.

Materials And Methods

Cell culture and jasplakinolide assay
Human fat tissue was washed with phosphate-buffered saline (PBS) three times, cut into a chyle shape,
and then incubated in 0.15% collagenase type I (Sigma, NY, USA) at 37 °C, 5% CO2 for 60 min. An equal
volume of growth medium containing 10% FBS (Gibco, NY, USA) and 1% Penicillin-Streptomycin (Gibco,
NY, USA)) was used to terminate digestion. This mixture was centrifuged for 5 min at 250 g (room
temperature), the supernatant was removed, and the pellet was suspended in growth medium and
incubated at 37 °C, 5% CO2. After 24 h, the medium was completely replaced with fresh medium, and
subsequently changed every other day. The cells were passaged at 80% con uence and used between the
3rd -5th passage (plating density = 6,000 cells/cm2). After 24 h, cells were treated daily with a growth
medium containing different concentrations of Jasplakinolide, or control medium containing the same
volume of Dimethyl sulfoxide (DMSO).
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Cell Counting Kit-8 (CCK-8) assay
Cells were washed three times with PBS, then incubated with CCK-8 solution (Dojindo Cell Counting Kit-8)
according to the manufacturer’s instructions (37 °C, 5% CO2 incubator). After 0.5 h, absorbance was
measured at 540 nm using a microplate reader (Bio-Rad, USA).

Immuno uorescence assay
Cells were washed two or three times with PBS, then xed in 4% paraformaldehyde for 10 min, washed
three times with PBS, and permeabilized with 0.1% Triton X-100 for 5 min, and blocked in 2% BSA for 1 h
at room temperature. Next, cells were incubated with primary antibodies (FAK, 1:500, Cell Signaling
Technology, USA; Talin, 1:500, Millipore, USA; Vinculin, 1:1000, Sigma-Aldrich, USA; Paxillin, 1:500, Becton
Dickinson, USA; Zyxin, 1:500, A nity, USA) overnight at 4 °C. The corresponding secondary antibody was
then added to samples and incubated at room temperature for 1 h. These antibodies included Cy3
labeled goat anti-rabbit IgG (H + L), Beyotime, China; Alexa Fluor® 546 goat anti-mouse, Life
Technologies, USA; or Alexa Fluor™ 488 phalloidin, Thermo Fisher Scienti c, USA. After washing three
times with PBS, cells were incubated with DAPI. The images were observed and captured using a
uorescence microscope (Carl Zeiss; German). Data analysis was performed using ImageJ 1.52V (NIH,
USA).

Cell apoptosis
Cells were washed three times with PBS and digested with trypsin (without EDTA). Then cells were
recovered by centrifugation (500 g for 5 min), washed with pre-cooled PBS, and then centrifuged again
(500 g for 5 min). To measure apoptosis, we used the Annexin V-FITC/Propidium Iodide (PI) Apoptosis
Detection Kit (Dalian Meilun Biotechnology, China). We added appropriate volumes of working solution to
the cell pellet, resuspended the cells, and reconstituted the cells at a density of 1 × 106 cells/mL. Next, we
pipetted 100 µL of cell suspension (1 × 105 cells) into a new tube, added both Annexin V-FITC and PI
(5 µL), and incubated at room temperature for 15 min. Lastly, 400 µL of the working solution was added
to each tube, and the level of uorescence was detected by ow cytometry (BD LSR Fortessa X-20, BD,
USA). FlowJo software was used to analyze the data.

Wound healing assay
The cells were plated on a bronectin-coated 6-well plate. After complete attachment, a vertical scratch
was made at the bottom of the well with a 10 µL pipette tip. After washing the cells three times with PBS,
a complete medium containing different concentrations of JAS was added to each well. The cells were
cultured in an incubator at 37 °C, under 5% CO2. Images of cells were collected using an inverted
microscope (1MT-2-21, Olympus, Japan) and quanti ed with the ImageJ software.

Transwell assay
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We suspended the cells in growth medium without FBS, added 100 µL of the cell suspension to the upper
chamber, and then added medium (20% FBS) with different concentrations of JAS to the lower chamber.
After 24 hours, cells were xed in 4% paraformaldehyde for 10 min and stained with 0.1% crystal violet
(crystal violet-citric acid staining solution, Soleil, China) for 30 min. Images were obtained with an
Olympus microscope.

Alkaline phosphatase activity
Cells were washed three times with PBS and permeabilized with 1% Triton X-100 for 30 min. We followed
the instructions of the Alkaline Phosphatase Detection Kit (Nanjing Jiancheng Bioengineering, China).
The absorbance of each well was measured at 540 nm using a microplate reader (Bio-Rad, USA). The
alkaline phosphatase activity in the sample was calculated from the OD value and the protein
concentration of the sample.

Alkaline phosphatase staining
Cells were xed in 4% paraformaldehyde for 10 min, washed three times with PBS, and incubated with
ALP staining solution (Alkaline phosphatase staining kit, Beyotime, China) for 30 min, and then washed
three times with PBS. An Olympus microscope was used to acquire images.

Alizarin red staining
The cells were xed in 4% paraformaldehyde for 10 min, washed three times with PBS, and incubated
with Alizarin red staining solution at room temperature for 3 min. Cells were then washed three times with
PBS. An Olympus microscope was used to acquire images.

Western blotting
The total protein samples were extracted according to the kit instructions (Whole Protein Extraction Kit,
Beyotime, China). The protein was separated by SDS-PAGE (voltage of 80/120 V) and transferred to
PVDF membranes at a voltage of 60 V for 3 h. The membranes were blocked with 5% nonfat dry milk for
1 h at room temperature, incubated with primary antibody: GAPDH (1:8000, Cell Signaling Technology,
USA); β-actin (1:1000, Bioworld, China); OPN (1:1000, Abcam, USA); RUNX2 (1:1000, Abcam, USA); FAK
(1:500, Cell Signaling Technology, USA); Talin (1:1000, Millipore, USA); Vinculin (1:1000, Sigma- Aldrich,
USA); Paxillin (1:1000, Becton Dickinson and Company, USA); Zyxin (1:700, A nity, USA) overnight at 4
ºC with gentle shaking, and incubated with appropriate secondary antibodies: horseradish peroxidaselabeled goat anti-rabbit IgG (H + L) (1:5000, Fdbio Science, China); horseradish peroxidase-labeled goat
anti-rabbit IgG (H + L) (1:5000, Fdbio science, China) at room temperature for 1 h. Protein expression was
visualized using an exposure instrument (Tanon 5500, Tanon, China). Quanti cation of western blot data
was performed by Gel-pro software.

Statistical analysis
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All experiments were repeated at least three times. All values are expressed as mean ± standard deviation
(Mean ± SD). All data were statistically analyzed using GraphPad software, a t-test was used for
comparison between the two groups, and ANOVA was used for comparison between multiple groups. P <
0.05 was considered to indicate statistically signi cant results.

Abbreviations
hASCs
human adipose-derived stem cells; CCK-8:Cell Counting Kit-8; JAS:jasplakinolide; FAK:focal adhesion
kinase; YAP:YES associated protein; ALP:alkaline phosphatase; OPN:osteopontin; RUNX2:Runt-related
transcription factor 2; PBS:phosphate-buffered saline; DMSO:Dimethyl sulfoxide; FITC:Fluorescein
Isothiocyanate; PI:Propidium Iodide;
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Figures
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Figure 1
The effect of different actin polymerization states on the proliferation of hASCs. (A) Control and JAStreatedhASCs stained with Ki67 (green) at day 7. Quanti cation of the Ki67 positive rate was performed
using ImageJ; (B) CCK-8 analysis of hASCs after treatment with JAS for 7 days. Absorbancewas
measured at 540 nm; (C) Cell number was obtained using a blood cell count plate. Results are expressed
as mean ± SD; *p<0.05. Scale bar = 200 µm.
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Figure 2
Flow cytometry analysis of the effects of different actin polymerization states on hASCsapoptosis. Cell
apoptosis was examined by Annexin V-FITC/PI staining. hASCs were treated with JAS for 7 days, and the
expression of uorescence was detected using ow cytometry and analyzed with FlowJo.
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Figure 3
The in uence of different actin aggregation states on hASC migration. (A) hASCs were plated on a
bronectin-coated 6-well plate. When cells were completely attached to the plate, con uent monolayers
were scratched, and images were captured by microscopy at 0, 6, 12, 24, and 48 h after the scratch.
Quanti cation of the wound area at 0 and 24 h was performed using Image J. The wound area was
calculated as the percentage of the initial wound area (0 h). (B) We suspended the cells in complete
medium without FBS, added 100 μL of the cell suspension to the Transwell chamber, and then added
medium (20% FBS)with different concentrations of JAS to the lower chamber. After 24h, cells were
stained with 0.1% crystal violet, and cell counting was performed using Image J. Results are expressed as
mean ± SD; *p<0.05. Scale bar = 100 µm.
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Figure 4
Different actin polymerization states and the maturity of focal adhesions. Western blot analysis was
performed to assess the changes in focal adhesion-related proteins of hASCs cultured in medium
containing different concentrations of JAS. Samples were collected after 1 week in culture. Quanti cation
of western blot data was performed by Gel-pro software. The relative expression of these proteins was
normalized to that of GAPDH. Results are expressed as mean ± SD; *p<0.05.
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Figure 5
Actin polymerization can promote the localization of YAP protein to the cytoplasm. (A) Cells were cultured
inmedium containing different concentrations of JAS. Then, cells were xed and immunostained with
anti-YAP antibodies. Fluorescence for YAP and actin is shown in red and green, respectively. Nuclear
staining is represented in blue. All images were obtained using a 63× oil immersion lens on the confocal
microscope,Scale bar = 20 µm; (B)Western blot analysis for YAP and p-YAP (Ser127) of hASCs cultured in
medium containing different concentrations of JAS; (C)The relative expression of YAP and p-YAP
(Ser127) was normalized to that of GAPDH. Results are expressed as mean ± SD; *p<0.05.
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Figure 6
The effects of different actin polymerization states on ALP activity in hASCs. (A) ALP staining of hASCs
after treatment with JAS for 7 days; (B) Analysis of ALPactivity of hASCs after treatment with JAS for 7
days. Values are mean ± SD; *p<0.05. Scale bar = 100 µm.
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Figure 7
Actin polymerization state and osteogenic differentiation of hASCs. (A) Cells were treated with osteogenic
induction medium (containing different concentrations of JAS). They were then stained with alizarin red.
Scale bar = 100 µm. (B) Western blot analysis for osteogenic markers of hASCs cultured in the osteogenic
induction medium (containing different concentrations of JAS). Samples were collected after one week in
culture. Quanti cation of western blot data was performed by Gel-pro software. The relative expression of
these proteins was normalized to that of GAPDH. Values are mean ± SD; *p<0.05.
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