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Kindlin-2 regulates the differentiation of 3T3-L1 preadipocytes: 
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Background: Adipose tissue has been proven to play a crucial role in wound healing, while kindlin-2, an 
integrin-associated protein, has been shown to regulate cell adhesion, migration, and differentiation. This 
study aimed to explore its involvement in the cell differentiation of 3T3-L1 preadipocytes and its role in 
wound healing. 
Methods: Cell adhesion, Cell Counting Kit-8 (CCK-8), Transwell, and in vitro wound healing assays, along 
with adipogenic and osteogenic differentiation induction were performed in 3T3-L1 preadipocytes in which 
kindlin-2 was knocked down or overexpressed. In vivo, kindlin-2 (+/−) transgenic mice were constructed, 
and wound healing was analyzed by immunohistochemistry (IHC) in a mouse dorsal wound model. Real-
time polymerase chain reaction (RT-PCR) and western blotting were performed to analyze the expression of 
adipokines and adipogenic markers in mouse wound tissues. Adipogenic differentiation induction of adipose 
tissue stromal vascular fraction (SVF) were performed, and the expression of adipogenic markers in SVF was 
detected by western blotting. The target signaling pathway highly related to adipogenic differentiation was 
explored by computational biology and verified by western blotting.
Results: Knockdown of kindlin-2 was found to inhibit the adhesion, migration, and adipogenic 
differentiation of 3T3-L1 preadipocytes while promoting their osteogenic differentiation. In contrast, 
kindlin-2 overexpression resulted in increased adhesion, migration, and adipogenic differentiation of 3T3-
L1 preadipocytes while reducing osteogenic differentiation. In vivo, downregulation of kindlin-2 inhibited 
adipogenesis in kindlin-2 transgenic mice, resulting in delayed wound healing by inhibiting inflammation, 
angiogenesis, collagen remodeling, and wound contraction. Mechanistically, we found that kindlin-2 could 
regulate adipogenic differentiation through PI3K/AKT/mTOR signaling pathway. 
Conclusions: Our study revealed the essential role that kindlin-2 has in the differentiation and wound 
healing of 3T3-L1 preadipocytes, which offers a theoretical basis for further research and a novel strategy for 
wound healing.
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Introduction

Wound healing is a coordinated repair process, which 
requires cooperation between multiple cell types to repair 
damaged tissue (1). Any abnormality that occurs will lead to 
poor wound healing, including scar hyperplasia and chronic 
ulcers, which affects about 6.5 million patients and incurs 
costs of over $25 billion USD per year (2). In recent years, 
the role of adipose tissue in wound healing has received 
increasing attention and become a focal point in research in 
the field. Adipose tissue affects wound healing by regulating 
nutrient metabolism and participating in various biological 
processes, including immune response, inflammation, 
angiogenesis, adipogenesis, and bone morphogenesis by 
cytokines (3). Adipocytes can also migrate to wounds to 
clear the wound of cell debris and release antimicrobial 
peptides to fight wound infection (4-6). In addition, the 
dermal adipocytes generate myofibroblasts to repair skin 
damage after lipolysis and release fatty acids into skin 
wounds (7). 

One-third of adipose tissue is composed of mature 
adipocytes, while the rest is a composed of other cells, 
including mesenchymal stem cells (MSCs), endothelial 
progenitor cells (EPCs), pericytes, and preadipocytes (8-10). 
During the process of adipogenesis, MSCs first differentiate 
into preadipocytes, and eventually differentiate into mature 
adipocytes (11). The differentiation of preadipocytes into 
adipocytes is a complex process regulated by a variety of 
transcription factors, including peroxisome proliferators-
activated receptors (PPARs), CCAAT enhancer binding 
protein family (CCAAT enhancer binding proteins, C/
EBPs), fatty acid binding protein 4 (FABP4), and other 
key transcriptional regulators (12). Therefore, it is crucial 
to find a target that promotes the differentiation of 
preadipocytes into adipocytes, thereby promoting wound 
healing.

We noticed that kindlin (or fermitin), a family of focal 
adhesion proteins containing FERM domains, promotes 
integrin cell signaling and plays a key role in various cell 
activities (13). Kindlin-2 is an integrin-associated protein, 
encoded by the KINDLIN-2 gene, which has been shown 
to affect cell adhesion and migration and regulate cell 
differentiation (14). Kindlin-2 is strongly upregulated 
in human dermal fibroblasts (NHFs) and regulates 
adhesion and directed migration of NHFs by mediating 
the formation of focal adhesions (FAs) and stress fibers, 
which emphasizes its important role in wound healing 
and tissue remodeling (15). Our previous study found that 

KINDLIN-2 gene knockdown through injections of adeno-
associated virus with small interfering (si) RNA targeting 
the KINDLIN-2 gene could inhibit wound healing and 
increases neovascular permeability during angiogenesis in 
mice. This suggests that kindlin-2 may have an important 
function in wound healing, but the specific mechanism is 
still unclear (16). In terms of regulating cell differentiation, 
kindlin-2 is essential for chondrogenesis and regulates the 
differentiation of pluripotent cell-derived mesenchymal 
stromal cells (iPSC-MSCs) and bone marrow mesenchymal 
stem cells (BM-MSCs) (17-19). However, whether or not 
kindlin-2 regulates preadipocyte differentiation, its potential 
role in wound healing, and the underlying mechanism 
remain undetermined. 

In this study, we investigated the function and mechanism 
of kindlin-2 regulation on the differentiation of 3T3-L1 
preadipocytes. We utilized kindlin-2 (+/−) hybrid mice and 
a mouse model of wound healing to further explore the 
effect of kindlin-2 on adipogenic differentiation in wound 
healing. Our study confirmed that kindlin-2 plays a critical 
role in the differentiation and wound healing of 3T3-L1 
preadipocytes. These findings may provide a theoretical 
basis for further research and have clinical applications in 
wound healing. 

We present the following article in accordance with the 
ARRIVE reporting checklist (available at http://dx.doi.
org/10.21037/atm-21-176).

Methods

Cell culture, transfection, and differentiation

3T3-L1 preadipocytes were purchased from a cell bank 
at the Chinese Academy of Sciences (Shanghai, China). 
Cells were cultured in Dulbecco’s Modified Eagle Medium 
(DMEM, high-glucose, HyClone, USA) containing 
10% fetal bovine serum (FBS, Invitrogen, USA). 3T3-
L1 preadipocytes were transfected with the pLKD-
CMV-G&PR-U6-shRNA vector and the PGMLV-CMV-
KINDLIN2-HA-PGK-blasticidin vector which were 
purchased from OBiO Technology (Shanghai, China) and 
Genomeditech (Shanghai, China), respectively. The pLKD-
CMV-G&PR-U6 vector and the PGMLV-CMV-HA-PGK-
blasticidin were used as negative controls. The transfection 
efficiency was examined by western blot and real-time 
polymerase chain reaction (RT-PCR). For induction of 
adipogenic differentiation, cells were cultured in adipogenic 
differentiation medium kit (Cyagen, Suzhou, China). After 
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being cultured for 21 days according to the protocol, cells 
were fixed in 4% paraformaldehyde solution for 30 minutes 
and then stained with Oil Red O (Cyagen, Suzhou, China) 
for 30 minutes at room temperature. For induction of 
osteogenic differentiation, cells were cultured in osteogenic 
differentiation medium kit (Cyagen, Suzhou, China). After 
being cultured for 21 days according to the protocol, cells 
were fixed in 4% paraformaldehyde solution for 30 minutes 
and then stained with Alizarin Red (Cyagen, Suzhou, 
China) for 5 minutes at room temperature.

Quantitative RT-PCR analysis 

Total RNA was extracted from both tissues and cultured 
cells using TRIzol reagent (Invitrogen, Carlsbad, CA USA) 
and reverse-transcribed into complement DNA (cDNA) 
with a PrimeScript RT Reagent Kit (Takara Bio Inc., Shiga, 
Japan) according to the protocol. SYBR Green Real-time 
PCR Master Mix (Yeasen, Shanghai, China) was used for 
RT-PCR analyses and carried out in an ABI 7500 Real-
Time PCR system (Applied Biosystems, Foster City, CA, 
USA). The relative gene expression level was determined 
using the 2−ΔΔCt method. The primer sequences for RT-PCR 
are shown in Table S1. 

Western blotting analysis

For total protein extraction from tissues, tissues frozen 
from liquid nitrogen were homogenized and incubated on 
ice for 30 min in 500 µL radioimmunoprecipitation assay 
(RIPA) and 5 µL phenylmethylsulfonyl fluoride (PMSF). 
The lysate was centrifuged at 12,000 g for 15 minutes at  
4 ℃. The protein concentration was determined by using a 
bicinchoninic acid (BCA) assay (Thermo Fisher Scientific, 
USA). For total protein extraction from cultured cells, 
and cell lysates were obtained using the RIPA buffer. Total 
protein (15 µg) was injected into Bis-Tris SDS/PAGE gel 
and transferred onto polyvinylidene difluoride (PVDF) 
membranes. After blocking with 5% bovine serum albumin 
(BSA) for 60 min, the membranes were incubated with 
primary antibodies overnight at 4 ℃. The membranes were 
then exposed to the secondary antibody for 60 min. The 
bands were developed with an enhanced chemiluminescence 
(ECL) kit (Beyotime Biotechnology, Shanghai, China) and 
analyzed with an imaging system. Quantification of the 
densitometry was performed by using Image J software 
[National Institutes of Health (NIH), Bethesda, MD, USA]. 
All the antibodies are listed in Table S2.

Adhesion, Cell Counting Kit-8 (CCK-8), Transwell, and 
wound closure assays

For the adhesion assay, the cells were seeded into the 24-
well plate at a density of 105 cells per well with a round cell 
slide previously inserted. The round cell slides were picked 
out at 2, 4, and 6 h, placed in new wells, and fixed with 
4% paraformaldehyde for 30 minutes. The cells were then 
stained with DAPI (Sigma-Aldrich, St. Louis, MO, USA) 
(1:5,000) for 5 min. Fluoromount-G (Southern Biotech, 
Birmingham, AL, USA) was used to prevent fluorescence 
quenching. The numbers of adhesive cells were quantified 
under fluorescence microscope. For the CCK-8 assay, cells 
were inoculated into 96-well plates at a density of 2,000 
cells per well. Then, 10 μL of CCK-8 reagent (Yeasen, 
Shanghai, China) was added to the well at 24, 48, and  
72 h. The plates were incubated for 2 h, and the absorbance 
was determined at 450 nm. For the Transwell assay,  
24-well Transwell plates (8 μm pore size, Corning, Corning, 
NY, USA) were used. Cells (1×104) in serum-free medium 
(200 μL) were seeded in the upper chamber, and 800 μL of 
complete medium was then added to the lower chamber. 
After incubation for 24 and 48 h, the membrane was washed 
briefly with phosphate-buffered saline (PBS), fixed with 
4% paraformaldehyde, and stained with crystal violet for  
5 min at room temperature. The number of stained cells 
was counted under a microscope. For the in vitro wound 
healing assay, scratch wounds were produced by a 200 μL 
pipette tip. The average distance migrated by the cells 
was observed at 0, 2, 4, and 6 h under a microscope and 
measured by Image J software (NIH).

Immunofluorescence staining

The cells were immersed in 0.1% Triton X-100 PBS 
for 10 min at room temperature, and were then washed 
three times with PBS. The cells were incubated with 
primary antibodies at 4 ℃ overnight. The cells were 
then washed with PBS and incubated with Alexa Fluor 
594/488-conjugated anti-rabbit secondary antibodies (1:300) 
(Jackson ImmunoReasearch, West Grove, PA, USA) for 
1 h at room temperature. After being washed three times 
with PBS, the cells were then stained with DAPI (1:5,000) 
for 30 min at room temperature. Fluoromount-G was 
used to prevent fluorescence quenching. The numbers of 
immunofluorescence-positive cells were quantified from five 
microscopic fields and the percentages of positive cells were 
quantified by Image J software (NIH).

https://cdn.amegroups.cn/static/public/ATM-21-176-supplementary.pdf
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Immunohistochemistry

The sections were deparaffinized, rehydrated, immersed in 
antigen-retrieval buffer, and treated with diluted hydrogen 
peroxide (0.3%). Then, the sections were incubated with 
primary antibodies (listed in Table S2) at 4 ℃ overnight. 
Subsequently, the sections were stained with horseradish 
peroxidase (HRP)-labeled secondary antibodies (listed 
in Table S2) and diaminobenzidine (DAB, Gene Tech, 
Shanghai, China). Finally, the slides were counterstained 
with hematoxylin, dehydrated, cleared and, coverslipped. 
The images were quantified using Image J software (NIH).

In vivo assay 

C57BL/6 mice (age, 8–9 weeks old; weight, 20–25 g; half 
males and half females) were obtained from the Shanghai 
SLAC Laboratory Animal Co., Ltd. (China) and raised 
in a specific pathogen-free (SPF) animal laboratory at 
Zhongshan Hospital affiliated to Fudan University. 
Kindlin-2 transgenic mice were purchased from the 
Nanjing Biochemical Research Institute (China). The mice 
were divided into two groups: kindlin-2 (+/−) transgenic 
mice formed the experimental group (n=30), while wild-
type (WT) C57BL/6 mice formed the control group (n=30). 

The mice were anesthetized by intraperitoneal injection 
of 50 mg/kg 1% pentobarbital. For the wound model, the 
dorsal skin was shaved and sterilized by 75% ethanol after 
anesthesia. A 6 mm skin drill was used to create a round 
wound, and then the full-thickness skin was removed. For 
10 consecutive days postoperation (from day 1 to day 10), 
the wound healing of each group was recorded daily under 
the same scale with a digital camera. The percentage wound 
area (wound area/day 0 wound area ×100%) was used to 
evaluate the wound healing process. The pictures were 
analyzed with Image J software (NIH).

The wound tissue, along with the normal skin and 
subcutaneous tissues around the wound, was extracted at 
24 h (day 1), 72 h (day 3), 120 h (day 5), and 168 h (day 7)  
after modeling. Some of the tissues were fixed with 4% 
paraformaldehyde for 24 h, gradient alcohol-dehydrated, 
paraffin-embedded, and sectioned for hematoxylin and eosin 
(HE), and immunohistochemistry (IHC) staining. Other 
tissues were placed in liquid nitrogen for RNA extraction 
or western blotting. SVF was isolated from inguinal adipose 
tissue. The inguinal adipose tissue was digested with 
collagenase D (Roche, Shanghai, China). The compound 
was then filtered with 70 µL cell strainers to obtain SVF 

cells. All experimental procedures were approved by the 
Animal Care Committee of Zhongshan Hospital affiliated 
to Fudan University (NO.: 2017-007). Experiments were 
performed in compliance with national guidelines for the 
care and use of animals.

Computational biology analysis

Pubmed2ensembl (http://pubmed2ensembl.ls.manchester.
ac.uk) was used to perform text mining (20). In this study, 
the terms “adipogenic differentiation” and “adipogenesis” 
were queried to search for genes that are highly related 
to adipogenic differentiation or adipogenesis. “Ensembl 
Gene ID” and “Associated Gene Name” under “GENE” 
were selected and “Search for PubMed IDs” and “Filter 
on Entrez: PMID” drop-down menus were chosen in the 
search of every query. Then, the queries returned two lists 
of genes, the intersection of which was then used for the 
next steps. 

The Search Tool for the Retrieval of Interacting 
Genes/Proteins (STRING) (http://string-db.org) was 
used to analyze the protein-protein interactions of the 
selected genes. The genes that were highly related to 
adipogenic differentiation retrieved in the previous step 
and KINDLIN-2 were further analyzed for protein-protein 
interactions, and the signaling pathways highly related to 
adipogenic differentiation were obtained.

Statistical analysis 

All statistical analyses were carried out using the SPSS 
Statistics 21 (IBM Corp., Armonk, NY, USA) and GraphPad 
Prism 7 (San Diego, CA, USA). All in vitro experiments 
were repeated at least three times, and the values are 
presented as the mean ± standard deviation (SD). Student’s 
t-test was used for comparisons between two groups. A P 
value <0.05 was considered statistically significant. 

Results 

Kindlin-2 regulated adhesion and proliferation of 3T3-L1 
preadipocytes 

We first knocked down and overexpressed kindlin-2 
in 3T3-L1 preadipocytes. RT-PCR demonstrated the 
successful transfection of 3T3-L1 preadipocytes (P<0.01)  
(Figure 1A ) .  Correspondingly,  the reduction and 
overexpression of the level of kindlin-2 were confirmed by 

https://cdn.amegroups.cn/static/public/ATM-21-176-supplementary.pdf
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western blotting (P<0.01) (Figure 1B,C).
Cell adhesion assays showed that kindlin-2 regulated 

adhesion of 3T3-L1 preadipocytes. The number of 
adherent cells was decreased after kindlin-2 knockdown 
compared to the corresponding control group and increased 
in the kindlin-2-overexpressing cells compared to the 
corresponding control group at 2, 4, and 6 h after plating. 
This showed that downregulation of kindlin-2 inhibited 
adhesion, whereas upregulation of kindlin-2 promoted 
adhesion of 3T3-L1 preadipocytes (P<0.01) (Figure 1D,E).

Cell proliferation rate was detected by CCK-8 kit at 24, 
48, and 72 h after plating. The results showed no significant 
difference in the proliferation of each group, implying 
that kindlin-2 did not affect the proliferation of 3T3-L1 
preadipocytes (Figure 1F).

Kindlin-2 regulated the migration of 3T3-L1 
preadipocytes

Transwell assays showed that the number of transmigrated 
cells decreased after kindlin-2 knockdown, which was 
significantly lower than that of the control group both at 24 
and 48 h. The number of transmigrated cells increased in 
the kindlin-2-overexpressing cells, which was significantly 
higher than that in the control group both at 24 and  
48 h (P<0.01) (Figure 2A,B,C). Next, in vitro wound 
healing assays demonstrated that cells in which kindlin-2 
was knocked down closed scratch wounds slower than 
the control group, whereas the migration rate of kindlin-
2-overexpressing cells was significantly higher than that 
of the control group both at 6, 12, and 18 h (P<0.05)  
(Figure 2D,E). 

Kindlin-2 regulated adipogenic differentiation of 3T3-L1 
preadipocytes

After adipogenic differentiation induction, kindlin-2-
knocked down preadipocytes were hardly differentiated into 
adipocytes as revealed by the reduced Oil Red O staining 
area compared with the control group, whereas Kindlin-
2-overexpressing cells were almost fully differentiated into 
adipocytes as revealed by a much greater Oil Red O staining 
area compared with the corresponding control group 
(P<0.01) (Figure 3A,B). 

RT-PCR and western blotting were then performed 
to analyze messenger RNA (mRNA) and protein levels 
of adipogenic markers, including proliferator-activated 
receptor γ (PPARγ), CCAAT/enhancer-binding protein 

α (C/EBPα) and fatty acid-binding protein 4 (FABP4), 
respectively. Consistent with the staining results, both 
mRNA and protein levels of PPARγ, C/EBPα, and FABP4 
were dramatically decreased in kindlin-2-knockdown cells 
compared with those in control group and increased in 
kindlin-2-overexpressing cells compared with those in the 
corresponding control group (P<0.01) (Figure 3C,D,E,F,G). 
Immunofluorescence staining showed that the expression of 
the adipogenic markers, PPARγ and FABP4 in the kindlin-
2-knockdown cells was significantly decreased compared 
with that in the control group, whereas the expression of 
PPARγ and FABP4 in the kindlin-2-overexpressing cells was 
significantly higher than that in the corresponding control 
group (P<0.01) (Figure 3H,I,J,K). 

Kindlin-2 regulated osteogenic differentiation of 3T3-L1 
preadipocytes

Contrary to the results of adipogenic differentiation, 
kindlin-2-knockdown cells were fully differentiated into 
osteocytes after osteogenic differentiation induction as 
revealed by more intense Alizarin Red staining compared 
with the control group, whereas kindlin-2-overexpressing 
cells were hardly differentiated into osteocytes as revealed 
by less intense Alizarin Red staining area compared with the 
corresponding control group (P<0.01) (Figure 4A,B).

RT-PCR and Western blotting were then performed to 
analyze mRNA and protein levels of osteogenic markers, 
alkaline phosphatase (ALP), and Runt-related transcription 
factor 2 (Runx2). Consistent with the staining results, 
both mRNA and protein levels of ALP and Runx2 were 
dramatically increased in kindlin-2-knockdown cells 
compared with those in the control group and decreased 
in kindlin-overexpressing cells compared with those in the 
corresponding control group (P<0.05) (Figure 4C,D,E,F). 

Downregulation of kindlin-2 inhibited adipogenesis in 
vivo

We next investigated the function of kindlin-2 in the 
regulation of adipogenesis in vivo. We first constructed 
kindlin-2 (+/−) transgenic mice, the gene sequence of 
which inserted a +13 or +20 bp fragment and compared 
them with the WT mice (Figure 5A). After modeling the 
full-thickness excisional skin wounds on the dorsum of the 
kindlin-2 (+/−) and WT mice, we observed that WT mice 
showed a significantly smaller wound size as compared with 
the kindlin-2 (+/−) mice during the wound healing process 
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Figure 1 Kindlin-2 regulates adhesion and proliferation of 3T3-L1 preadipocytes. (A) RT-PCR analysis for the expression of kindlin-2 in 
3T3-L1 preadipocytes with kindlin-2 overexpression or knockdown after transfection. (B) Western blotting analysis for kindlin-2 to analyze 
the transfection efficiency. (C) Quantification for protein levels of kindlin-2 relative to that of GAPDH. (D) Cell adhesion assay observed 
by immunofluorescence at 2, 4, and 6 h after plating. The cells were stained with DAPI. Magnification: 200×. (E) The number of adherent 
cells at 2, 4, and 6 h after plating. (F) Cell proliferation rate by CCK-8 kit at 24, 48, and 72 h after plating. **, P<0.01. RT-PCR, real-time 
polymerase chain reaction; GAPDH, glyceraldehyde phosphate dehydrogenase; CCK-8, cell counting kit-8.
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Figure 2 Kindlin-2 regulates migration of 3T3-L1 preadipocytes. (A) Transwell assays on 3T3-L1 preadipocytes after kindlin-2 knockdown 
and overexpression. The cells were stained with crystal violet. Scale bar =200 µm. (B,C) The number of transmigrated cells at 24 and  
48 h. (D) In vitro wound healing assays at 6, 12, and 18 h. Scale bar =200 µm. (E) The migration rate of 3T3-L1 preadipocytes after kindlin-2 
knockdown and overexpression. *, P<0.05; **, P<0.01.
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(Figure 5B). The percentage of wound area in the kindlin-2 
(+/−) mice on days 1–10 was significantly lower than that of 
the WT mice (n=6, P<0.05) (Figure 5C).

The expression of leptin and adiponectin in wound 
tissues of the kindlin-2 (+/−) mice extracted on day 7 was 
significantly reduced compared with that of the WT mice 
(n=6, P<0.01) (Figure 5D,E). In order to further explore 
whether kindlin-2 affects wound healing by regulating 
adipogenesis, western blotting was performed to analyze 
the protein levels of adipogenic markers, PPARγ, C/EBPα, 
and FABP4 in wound tissues on day 7. Compared with the 
WT mice, the expression of adipogenic markers PPARγ, 

C/EBPα, and FABP4 in the kindlin-2 (+/−) group was 
significantly reduced, which indicated that downregulation 
of kindlin-2 inhibited the adipogenesis of wound healing 
(n=6, P<0.01) (Figure 5F,G).

We further isolated the stromal vascular fraction (SVF) 
of inguinal adipose tissue from WT and kindlin-2 (+/−) 
mice and induced adipogenic differentiation in vitro. 
Oil Red O staining revealed that downregulation of 
kindlin-2 inhibited SVF adipogenic differentiation (n=6, 
P<0.01) (Figure 5H,I). Consistently, the protein levels 
of adipogenic markers, including PPARγ, C/EBPα, and 
FABP4, were all dramatically reduced in SVF of kindlin-2 
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Figure 3 Kindlin-2 regulates adipogenic differentiation of 3T3-L1 preadipocytes. (A) In vitro adipogenesis differentiation and Oil Red O 
staining quantification of kindlin-2-knockdown cells, knockdown control cells, kindlin-2-overexpressing cells, and overexpressing control 
cells. Magnification: 200×. (B) Quantification of the total areas of Oil Red O-positive staining per macroscopic field. (C,D,E) RT-PCR 
analysis for the expression of adipogenic markers PPARγ, C/EBPα, and FABP4 after adipogenic differentiation induction. (F) Western 
blotting analysis for PPARγ, C/EBPα, and FABP4. (G) Quantification for protein levels of PPARγ, C/EBPα, and FABP4 relative to that of 
GAPDH. (H) Immunofluorescence staining with DAPI and PPARγ. Scale bar =200 µm. (I) Quantification of the percentages of PPARγ-
positive cells among total cells. (J) Immunofluorescence staining with DAPI and FABP4. Scale bar =200 µm. (K) Quantification of the 
percentages of FABP4-positive cells among total cells. **, P<0.01. RT-PCR, real-time polymerase chain reaction; PPARγ, proliferator-
activated receptor γ; C/EBPα, CCAAT/enhancer-binding protein α; FABP4, fatty acid-binding protein 4; GAPDH, glyceraldehyde 
phosphate dehydrogenase.
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Figure 4 Kindlin-2 regulates osteogenic differentiation of 3T3-L1 preadipocytes. (A) In vitro osteogenic differentiation and Alizarin Red 
staining quantification of kindlin-2-knockdown cells, knockdown control cells, kindlin-2-overexpressing cells, and overexpressing control 
cells. Magnification: 200×. (B) Quantification of the total areas of Alizarin Red-positive staining per macroscopic field. (C,D) RT-PCR 
analysis for the expression of osteogenic markers ALP and Runx2 after osteogenic differentiation induction. (E) Western blotting analysis for 
ALP and Runx2. (F) Quantification for protein levels of ALP and Runx2 relative to that of GAPDH. *, P<0.05; **, P<0.01. RT-PCR, real-
time polymerase chain reaction; ALP, alkaline phosphatase; Runx2, Runt-related transcription factor 2; GAPDH, glyceraldehyde phosphate 
dehydrogenase.
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(+/−) mice compared with those of WT mice (n=6, P<0.01)  
(Figure 5J,K). 

Effect of the inhibition of adipogenesis on wound healing

To further investigate the effect inhibited adipogenesis on 
wound healing, we observed the inflammatory response 
of wounds on days 1, 3, and 7 by (HE) staining. On day 
1, a large number of inflammatory cells infiltrated around 
the wound of the WT mice, whereas the infiltration of 
inflammatory cells in kindlin-2 (+/−) mice was significantly 
reduced. On day 3, both groups showed a decreasing 
trend in inflammatory response, and the infiltration of 
inflammatory cells in kindlin-2 (+/−) mice was significantly 
less than that of the WT mice. On day 7, the number 
of inflammatory cells in both groups was significantly 
reduced compared to that on day 1 and 3, but there was no 
significant difference between the two groups (n=6, P<0.01) 
(Figure 6A,B).

CD31 IHC staining showed the angiogenesis of wounds 
on days 3, 5, and 7. The number of new blood vessels 

within the granulation tissue in the kindlin-2 (+/−) mice was 
significantly decreased compared with that in the WT mice 
(n=6, P<0.01) (Figure 6C,D).

Masson staining in the wounds of WT mice showed 
a more collagen-rich wound bed, while a sparse collagen 
deposition was noticeable in the wounds of kindlin-2 (+/−) 
wound beds on days 3, 5, and 7 (n=6, P<0.05) (Figure 6E,F).

The contraction ability of wounds was assessed by 
α-smooth muscle actin (α-SMA) IHC staining on days 3, 
5, and 7. The area of α-SMA-positive staining in kindlin-2 
(+/−) mice was significantly decreased compared with that 
in WT mice (n=6, P<0.05) (Figure 6G,H).

Kindlin-2 regulated adipogenic differentiation through 
PI3K/AKT/mTOR signaling pathway

According to the data mining strategy described in  
Figure 7A, 424 genes on the pubmed2ensembl database 
were found that were related to adipogenic differentiation 
and adipogenesis. The protein-protein interaction network 
of the 424 genes and KINDLIN-2 were demonstrated by 
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Figure 5 Downregulation of kindlin-2 inhibits adipogenesis in vivo. (A) DNA amplification and sequencing of the tail of transgenic mice. 
(B) Representative wound images at days 0, 1, 3, 5, 7, and 9 postoperation. (C) The wound healing rate of kindlin-2 (+/−) and WT mice. 
(D and E) RT-PCR analysis for the expression of adipokines, leptin and adiponectin, in the wound tissues on day 7 of kindlin-2 (+/−) and 
WT mice. (F) Western blotting analysis for PPARγ, C/EBPα, and FABP4 in wound tissues on day 7 of the kindlin-2 (+/−) and WT mice. 
(G) Quantification for protein levels of PPARγ, C/EBPα, and FABP4 relative to that of GAPDH. (H) In vitro adipogenesis differentiation 
and Oil Red O staining quantification of the SVF of inguinal adipose tissue from WT and kindlin-2 (+/−) mice. Magnification: 200×. (I) 
Quantification of the total areas of Oil Red O-positive staining per macroscopic field. (J) Western blotting analysis for PPARγ, C/EBPα, 
and FABP4 in SVF of WT and kindlin-2 (+/−) mice. (K) Quantification for protein levels of PPARγ, C/EBPα, and FABP4 relative to that of 
GAPDH. *, P<0.05; **, P<0.01. RT-PCR, real-time polymerase chain reaction; PPARγ, proliferator-activated receptor γ; C/EBPα, CCAAT/
enhancer-binding protein α; FABP4, fatty acid-binding protein 4; GAPDH, glyceraldehyde phosphate dehydrogenase; SVF, stromal vascular 
fraction.
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Figure 6 Effect of inhibition of adipogenesis on wound healing. (A) The inflammatory response of wounds on days 1, 3, and 7 showed by 
(HE) staining. Scale bar =100 µm. (B) Quantitative analysis of inflammatory cells infiltrated around the wound. (C) CD31-positive new blood 
vessels by CD31 IHC staining within the granulation tissue of WT and kindlin-2 (+/−) mice wounds on days 3, 5, and 7. Scale bar =50 µm. (D) 
Quantitative analysis of CD31-positive vessels. (E) Collagen deposition analyzed by Masson staining on days 3, 5, and 7. Scale bar =50 µm. (F) 
Quantitative analysis of collagen deposition. (G) α-SMA staining of WT and kindlin-2 (+/−) wounds on days 3, 5, and 7. Scale bar =50 µm. (H) 
Quantitative analysis of α-SMA-positive area. *, P<0.05; **, P<0.01. HE, hematoxylin and eosin; IHC, immunohistochemical staining; WT, 
wide type; α-SMA, α-smooth muscle actin.
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Figure 7 Kindlin-2 regulates adipogenic differentiation through PI3K/AKT/mTOR signaling pathway. (A) Overall data mining process. A 
total of 424 genes were found to be related to adipogenic differentiation through a pubmed2ensembl database text mining process; protein-
protein interaction analysis was then performed by using STRING. (B) The protein-protein interaction network of the 425 targeted genes 
using STRING. (C) Pathways highly related to adipogenic differentiation by STRING. (D,E) Western blotting analysis and quantification 
for the protein levels of p-PI3K, AKT, p-AKT, mTOR, and p-mTOR in wound tissues of WT and kindlin-2 (+/−) mice. (F,G) Western 
blotting analysis and quantification for the protein levels of p-PI3K, AKT, p-AKT, mTOR, p-mTOR, PPARγ, C/EBPα, and FABP4 in 
kindlin-2-knockdown cells, kindlin-2-overexpressing cells, and their corresponding control cells after adipogenic differentiation induction. 
(H,I) Western blotting analysis and quantification for the protein levels of p-PI3K, AKT, p-AKT, mTOR, p-mTOR, and PPARγ in kindlin-
2-knockdown cells, the corresponding cells, and kindlin-2-knockdown + LY294002 cells after adipogenic differentiation induction. (J,K) 
Western blotting analysis and quantification for the protein levels of p-PI3K, AKT, p-AKT, mTOR, p-mTOR, and PPARγ in kindlin-2-
overexpressing cells, the corresponding cells, and kindlin-2-overexpressing + LY294002 cells after adipogenic differentiation induction. **, 
P<0.01; ^, P<0.01 vs. sh-K2. PI3K, phosphatidylinositol 3-kinase; AKT, protein kinase B; mTOR, mammalian target of rapamycin; WT, 
wide type; PPARγ, proliferator-activated receptor γ; C/EBPα, CCAAT/enhancer-binding protein α; FABP4, fatty acid-binding protein 4; 
GAPDH, glyceraldehyde phosphate dehydrogenase.
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STRING (Figure 7B). The pathways highly related to 
adipogenic differentiation included PI3K-AKT signaling 
pathway, MAPK signaling pathway, Wnt signaling pathway, 
FoxO signaling pathway, and other pathways, among 
which PI3K-AKT signaling pathway showed the highest 
correlation and was thus selected as the target pathway for 
this study (Figure 7C).

To determine if  kindlin-2 regulates adipogenic 
differentiation through PI3K/AKT/mTOR signaling 
pathway in vivo, western blotting was performed to analyze 
the protein level of upstream and downstream molecules of 
PI3K/AKT/mTOR signaling pathway of the wound tissues 
extracted from the WT and kindlin-2 (+/−) mice on day 7.  
Compared with the levels in the WT mice, the protein 
levels of p-PI3K, p-AKT, and p-mTOR in the kindlin-2 
(+/−) group were reduced, indicating that downregulation 
of kindlin-2 inhibits PI3K/AKT/mTOR signaling pathway 
in wounds (n=6, P<0.01) (Figure 7D,E).

In vitro, we induced adipogenic differentiation of 3T3-
L1 preadipocytes in kindlin-2-knockdown cells, knockdown 
control cel ls ,  kindlin-2-overexpressing cells ,  and 
overexpressing control cells by the method described above. 
Western blotting was then performed to analyze the protein 
levels of the molecules of PI3K/AKT/mTOR signaling 
pathway and adipogenic markers. Consistent with in vivo 
results, the protein levels of p-PI3K, p-AKT, p-mTOR, 
PPARγ, C/EBPα, and FABP4 were dramatically decreased 
in kindlin-2-knockdown cells compared with those in the 
control group and increased in kindlin-2-overexpressing 
cells compared with those in the corresponding control 
group (P<0.01) (Figure 7F,G). 

Next, we treated knockdown and overexpressing 3T3-
L1 preadipocytes with the PI3K inhibitor, LY294002, and 
then induced adipogenic differentiation. Western blotting 
showed that the protein levels of p-PI3K, p-AKT, p-mTOR, 
and PPARγ were significantly decreased in the kindlin-2-
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knockdown cells and kindlin-2-knockdown + LY294002 
cells compared with those in the corresponding group. 
However, there was no significant difference between the 
kindlin-2-cells and the kindlin-2-knockdown + LY294002 
cells (Figure 7H,I). Conversely, overexpression of kindlin-2 
markedly increased the p-PI3K, p-AKT, p-mTOR, and 
PPARγ expression levels, demonstrating that kindlin-2 
could activate the PI3K/AKT/mTOR pathway and 
promote adipogenic differentiation. However, LY294002 
significantly reversed these effects. Taken together, these 
results confirmed the role of kindlin-2 in regulating 
adipogenic differentiation through PI3K/AKT/mTOR 
signaling pathway (P<0.01) (Figure 7J,K). 

Discussion

Adipose tissue has been proven to play a crucial role in 
wound healing by regulating nutrient metabolism, secreting 
cytokines, and directing differentiation (5). However, 
whether a target exists that promotes adipogenesis, thereby 
promoting wound healing, remains unclear. Kindlin-2, a 
component of cell-extracellular matrix adhesions, activates 
integrin by binding with the cytoskeletal protein, talin 
and regulates cell adhesion, migration, proliferation, and 
differentiation (21). Recently, evidence has emerged that 
kindlin-2 holds great potential in wound healing and 
cell differentiation (17-19). The present study identified 
kindlin-2 as a key determinant of the differentiation of 
3T3-L1 preadipocytes in wound healing and delineated the 
underlying signaling mechanism. 

To begin, we verified the effect of kindlin-2 on the 
biological function of 3T3-L1 preadipocytes and found 
that kindlin-2 is positively correlated with the adhesion 
and migration of 3T3-L1 preadipocytes. Kindlins bind 
to α-actin, migflin, or integrin-linked kinase through 
the FERM domain and adhere to β cytoplasmic chain 
to activate integrin, leading to actin remodeling, cell 
migration, and the formation of plate-like pseudopods (22). 
Our study demonstrated that downregulation of kindlin-2 
inhibits adipogenic differentiation and promotes osteogenic 
differentiation both in cultured 3T3-L1 preadipocytes and 
kindlin-2 (+/−) mice, whereas upregulation of kindlin-2 
promotes 3T3-L1 preadipocyte adipogenic differentiation 
and inhibits osteogenic differentiation. The important role 
of kindlin-2 in determining cell processes has been reported 
in recent years. Wu et al. and Guo et al. demonstrated that 
depletion of kindlin-2 in MSCs inhibits cartilage formation, 
damages bone development, induces adipogenesis, and 

inhibits osteogenesis through controlling Yes-associated 
protein 1 (YAP1) and Taffazzin (TAZ) which are key 
signaling intermediates that link adhesive and mechanical 
cues to MSC differentiation (17,19). In iPSC-MSCs, 
overexpression of kindlin-2 leads to increased proliferation 
and decreased apoptosis, and inhibits their differentiation 
into osteocytes, adipocytes, and chondrocytes (18). 
Noticeably, we observed that kindlin-2 has the opposite 
effect of inducing adipogenesis and osteogenesis in 3T3-
L1 preadipocytes. In vivo, we verified that downregulation 
of kindlin-2 reduces the level of leptin and adiponectin 
which are two effective osteogenesis inhibitors. Therefore, 
the reduction of leptin and adiponectin may contribute to 
increased osteogenic differentiation (23-26).

To illustrate the molecular mechanism by which kindlin-2 
controls the cell fate decision of 3T3-L1 preadipocytes, 
we used computational biology and identified PI3K/AKT/
mTOR signaling pathway as having the highest correlation 
with adipogenesis as the target pathway. We demonstrated 
that kindlin-2 regulates adipogenic differentiation 
through PI3K/AKT/mTOR signaling pathway. First, 
downregulation of kindlin-2 markedly reduced the levels 
of p-PI3K, p-AKT, and p-mTOR, and the adipogenic 
markers both in vitro and in vivo, whereas overexpression 
of kindlin-2 promoted the expression levels of p-PI3K, 
p-AKT, and p-mTOR, and the adipogenic markers, 
indicating that kindlin-2 controls the level of PI3K/
AKT/mTOR signaling pathway as an upstream molecule. 
However, LY294002, a specific PI3K inhibitor, significantly 
reversed the effects of overexpressing kindlin-2; that is, 
the inhibition of adipogenic differentiation. Collectively, 
these results confirmed that kindlin-2 regulates adipogenic 
differentiation through PI3K/AKT/mTOR signaling 
pathway. Studies have reported that adipogenesis can be 
mediated, at least in part, by PI3K/AKT/mTOR signaling 
pathway (27-29). Decreased expression of mTOR and AKT 
induced by kindlin-2 decrease could lead to adipose tissue 
reduction in mutant mice, indicating that these signaling 
pathways are essential for the development of adipose tissue 
(30-32). AKT signaling is necessary for adipogenesis, with 
AKT1 being necessary for adipogenic differentiation in 
3T3-L1 preadipocytes and embryonic fibroblasts (33-35).  
Depletion of mTOR reduces lipid accumulation and 
inhibits adipocyte differentiation, and PPARγ can reverse 
the impaired adipogenesis caused by mTOR deletion (30). 
In addition, the mTOR-specific inhibitor, rapamycin, can 
inhibit adipogenic differentiation (36-38).

In this study, we demonstrated that the downregulation 
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of kindlin-2 inhibited wound healing. The levels of 
adipokines, leptin, and adiponectin, were significantly 
reduced in kindlin-2 (+/−) mice, suggesting that deficient 
wound healing may be related to the inhibitory effect 
of kindlin-2 on adipogenesis. Leptin, the first protein 
discovered to be secreted by adipocytes, plays an important 
role in wound healing by promoting angiogenesis, re-
epithelialization, collagen synthesis, and proliferation of 
keratinocytes, and fibroblasts (39-43). Another adipokine, 
adiponectin, is a potent mediator in the regulation of 
wound healing. Shibata et al. demonstrated that wound 
closure was significantly delayed in adiponectin-deficient 
mice, while keratinocyte proliferation and migration 
were also impaired in adiponectin-deficient mice (44). 
Jin et al. showed that adiponectin promotes preadipocyte 
proliferation and migration (45). Furthermore, PPARγ and 
C/EBPα, which are key transcriptional regulators, were 
significantly reduced in kindlin-2 (+/−) mice, suggesting 
poor adipogenesis which contributes to delayed wound 
healing after the downregulation of kindlin-2. Similarly, 
the results of analyzing SVF extracted from adipose 
tissue further confirmed that downregulation of kindlin-2 
inhibited adipogenic differentiation in mice. 

To determine how the inhibition of adipogenic 
differentiation by kindlin-2 affects wound healing, we 
observed the suppression of the key steps in wound healing, 
including inflammation, angiogenesis, collagen remodeling, 
and wound contraction. In each stage of wound healing, 
various cell types including inflammatory cells, vascular 
endothelial cells, fibroblasts, etc. play different roles. 
Downregulation of kindlin-2 has been proven to impair 
integrin activation, reducing the actin network, affecting cell 
migration, and destroying the adhesion function between 
cells and extracellular matrix (14,15,46,47). Previous studies 
have shown that kindlin-2 regulates adhesion and migration 
of NHFs and endothelial cells (15,48). Thus, we speculated 
that downregulation of kindlin-2 may inhibit the migration 
and adhesion of inflammatory cells and myofibroblasts, 
thereby inhibiting inflammation, collagen remodeling, 
and wound contraction in wound healing. The specific 
mechanism needs to be further studied, however.

Conclusions

Our studies have identified the key role of kindlin-2 in the 
differentiation of 3T3-L1 preadipocytes and wound healing, 
as well as the underlining mechanism. We found that 
kindlin-2 regulates the adipogenic differentiation of 3T3-

L1 preadipocytes through PI3K/AKT/mTOR signaling 
pathway. Downregulation of kindlin-2 inhibits wound 
healing and adipogenesis in mice. Given the importance of 
adipogenesis in 3T3-L1 preadipocytes, our findings may 
provide a novel therapeutic approach in wound healing.
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Table S1 Sequences of primers used for real-time polymerase chain reaction 

Gene FORWARD primer (5'-3') REVERSE primer (5'-3')

KINDLIN2 CGAGGTTTCAAGGCGGCAAGAG TTTGATGGCGTCACCTGTGCTG

PPARG GAACGTGAAGCCCATCGAGGAC GGAGCACCTTGGCGAACAGC

CABPA TCGGTGGACAAGAACAGCAACG TCGGTGGACAAGAACAGCAACG

FABP4 TCACCGCAGACGACAGGAAGG AGGCTGTCAGTCCACCAAGGG

Leptin CAGGATCAATGACATTTCACACA GCTGGTGAGGACCTGTTGAT

Adiponectin GTCTCCGTGCTTCCGATGAA GGTCAAACTGGACTTGGGGT

β-actin GTCGTACCACAGGCATTGTGATGG GCAATGCCTGGGTACATGGTGG

Table S2 List of antibodies

Antibody Manufacturer Cat. No.

Kindlin-2 Sigma-Aldrich, MO, USA K3269

PPARγ Cell Signaling Technology, MA, USA 2435

C/EBPα Cell Signaling Technology, MA, USA 8187

FABP4 Abcam, Cambridge, UK ab92501

ALP Abcam, Cambridge, UK ab83259

Runx2 Abcam, Cambridge, UK ab112259

PI3K Cell Signaling Technology, MA, USA 4249

p-PI3K Cell Signaling Technology, MA, USA 17366

AKT Cell Signaling Technology, MA, USA 4685

p-AKT Cell Signaling Technology, MA, USA 4058

mTOR Cell Signaling Technology, MA, USA 2983

p-mTOR Cell Signaling Technology, MA, USA 5536

GAPDH Abcam, Cambridge, UK ab8245

Anti-mouse IgG, HRP-linked antibody Cell Signaling Technology, MA, USA 7076

Anti-rabbit IgG, HRP-linked antibody Cell Signaling Technology, MA, USA 7074
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