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Abstract
Background

Graphene oxide (GO) has been proven in many studies to promote the proliferation and differentiation of
a variety of stem cells, but its effect on the apoptosis of adipose-derived mesenchymal stem cells (Ad-
MSCs) is still unclear. Apoptosis is one of the most important factors in the treatment of diabetic wounds
by stem cells. Therefore, we explored its therapeutic effect on diabetic wounds by studying the effect of
GO on the apoptosis of Ad-MSCs.

Methods

qRT-PCR was used to detect the expression of lncRNAs, miRNAs and mRNAs in Ad-MSCs. RNA
immunoprecipitation (RIP), RNA pull-down and luciferase assays were used to detect the interaction of
the speci�c lncRNA, miRNA and mRNA. The effects of Linc00324 on Ad-MSCs cells apoptosis were
explored by �ow cytometer, TUNEL assay and Western blot. Diabetic wound was established to explore
the function of Linc00324 on Ad-MSCs repairing ability in vivo.

Results

GO inhibited the apoptosis of Ad-MSCs caused by high glucose, and Linc00324 was one of the factors
contributing to its effect. In terms of mechanism, RIP and RNA-Pull-down con�rmed Linc00324 could
directly interact with miR-7977, and then acted as a miRNA sponge to regulate the expression of miR-
7977 target gene STK4 (MST1) and downstream signaling pathways. In addition, GO reduced the
apoptosis of Ad-MSCs in wounds and promoted wound healing.

Conclusions

Overall, this study highlights that GO maybe a superior auxiliary material for Ad-MSCs to repair diabetic
wounds via Linc00324/miR-7977/STK4 pathway.

Introduction
The formation of chronic diabetic wounds is related to many factors [1, 2]. In the human body, stem cells
play an important role in wound repair[3]. At present, a variety of stem cells including Ad-MSCs have been
used to treat diabetic wounds[4–6]. After the body is damaged, Ad-MSCs in the body can mobilize and
chemoattract to the injured site, play the role of wound repair[7]. However, in a high glucose environment,
the apoptosis of Ad-MSCs increases, which weakens the ability to repair wounds[8].

GO,an important derivative of graphene[9], has been widely used in biomedical �elds such as disease
detection[10], regenerative medicine[11, 12]. Studies have shown that GO-related materials have
antibacterial effects [13, 14], which makes it promising to be used in the �eld of wound healing. Studies
shown that GO promoted the differentiation of stem cell[15–17] and had effects on structure for the
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adhesion, proliferation of human adipose-derived stem cells[18]. but its effect on cell apoptosis has not
been studied yet. Therefore, we designed relevant experiments to study the role of GO in cell apoptosis
and diabetic wound healing.

The RNA between genes longer than 200bp and does not encode protein is called large non-coding RNA
(LncRNA)[19]. LncRNA has been identi�ed and clearly proved its role in cell proliferation, apoptosis,
invasion. Among them, Linc00324 has been proved to be related to cell proliferation, invasion and
migration in many studies[20, 21], but its role in cell apoptosis is not clear. miRNA is a type of non-coding
RNA with a length of 19–24 nt that exists in eukaryotes[22]. In recent studies, LncRNA has been shown to
act as competing endogenous RNAs (ceRNAs) to bind miRNAs[23]. For example, Linc00324 acts as a
ceRNA to promote proliferation, migration and invasion of colorectal cancer cell via targeting miR-214-
3p[21]. MEG3 acts as a ceRNA to regulate ischemic neuronal death by targeting the miR-21/PDCD4
signaling pathway[24]. However, there is no research report on the role and mechanism of Linc00324 in
Ad-MSCs.

In our present study, we observed that Ad-MSCs apoptosis increased in a high-glucose environment; GO
decreased cell apoptosis in a high-glucose environment via Linc00324. Linc00324 decoyed miR-7977 as
a sponge RNA and regulated the apoptosis of Ad-MSCs through the miR-7977/STK4 axis. Thus, GO
promoted the healing of diabetic wounds by reducing cell apoptosis and was a new way to treat diabetic
wounds.

Materials And Methods

Cell co-culture
Using Graphene Oxide(Xian feng,China) solutions with �nal concentrations of 0.1 mg, 0.2 mg, and 0.4
mg/ml to add to the Ad-MSCs culture medium, culture at 37°C, 5% CO2, and add 40 mM glucose(Although
the results of previous experiments showed that apoptosis was higher at 80 mM glucose concentration, it
was too far from the blood glucose threshold of diabetic patients, so we chose 40 mM concentration for
in vitro experiments.). After 48 hours of incubation, other experiments were performed.

CM-Dil staining
CM-Dil (Invitrogen, USA) labels cells by binding to lipid molecules of membrane structure, with strong and
stable red �uorescence (excitation peak 420nm/emission peak 488nm) detected by Xenogen IVIS200
imaging system (Xenogen Corp.).

Western blot
Separate the cell extracts on SDS-polyacrylamide gel, then transfer the protein to nitrocellulose
membrane and incubate with rabbit polyclonal antibodies: anti-STK4, anti-BIM, anti-Bax, anti-BCL-2, anti-
AGO2 (1:500, Cell Signaling Technology), and mouse monoclonal antibody: anti-β-actin (1:1000, Cell
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Signaling Technology). The immunoreactive protein bands were detected with the Tanon scanning
system (Tanon Science & Technology Co., Ltd., Beijing, China).

Flow cytometry
Following treatment, Ad-MSCs were stained with PE Annexin V/7-AAD (BD Roche, USA) at 37°C for 1 h,
then detected with �ow cytometry, and analyzed cell apoptosis with FlowJo_V10 software.

TUNEL assay
Terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) assay (in situ cell death
detection kit; Roche Diagnostics) was used to determine the apoptosis of Ad-MSC. In short, Ad-MSC was
incubated with TdT and �uorescein-labeled dUTP at 37°C for 45 minutes. The percentage of apoptotic
cells was then evaluated.

The establishment of lentivirus packaging and stable cell
lines
The target plasmid (Obio, China) and virus packaging auxiliary plasmids pMD2.G and pSPAX2 (Obio,
China) were co-transfected into 293T cells for virus packaging. The virus supernatant was collected after
48 hours of transfection, and after concentration and puri�cation Infect adipose-derived mesenchymal
stem cells. 72 hours after the virus infects the cells, the �uorescence e�ciency is high.

RNA-Pull Down experiment
Pierce™ magnetic RNA protein pull-down kit (using Thermo Fisher Scienti�c, Massachusetts, USA) is used
for RNA pull-down assay. Biotin-labeled RNAs Transcript Aid T7 high-yield in vitro transcription kit
(Thermo Fisher Scienti�c) and Pierce RNA 3'end desulfurization biotinylation kit (Thermo Fisher
Scienti�c), and then treated with RNase-free DNase I (Thermo Scienti�c). The recovered protein was
detected by Western blot. The procedure is based on the Western blot protocol previously described
according to the manufacturer's instructions and standards.

Establishment of wound model of diabetic nude mice
All procedures were approved by the Animal Care and Use Committee of Xuzhou Medical University
(project number: XYFY2016-KL033). After fasting (free drinking water) for 12 hours, weighing her body
weight and injecting 2% STZ intraperitoneally at a dose of 150 mg/kg. Serum glucose level greater than
16.7 mmol/L for at least 4 weeks was de�ned as successfully developed diabetic mice model. After
anesthetized, a full thickness skin defect of 1.5 cm diameter was made on the back.

RNA binding protein immunoprecipitation
Use Magna RIP™ RNA Binding Protein Immunopuri�cation Kit (Millipore) for RIP analysis. In short, about
5 x 106 MSCs were lysed with RIP lysis buffer. Then incubate rabbit IgG conjugated with anti-AGO2
antibody (Millipore, 03-110) or negative control puri�ed rabbit IgG with RIP buffer containing magnetic
beads. The positive control anti-SNRNP70 antibody was used in the RIP procedure. The sample was



Page 5/21

incubated with proteinase K and the unprecipitated RNA was separated. Precipitate and purify RNA and
perform quantitative PCR to purify and detect the presence of target lncRNA or miRNA.

Fluorescence in Situ Hybridization (FISH)
Genepharma synthesized FITC-labeled probes for detection of Linc00324 and Cy3-labeled probes for
detection of miR-7977. The signal of the probe was detected by a �uorescence in situ hybridization kit
(Genepharma, Shanghai, China) according to the manufacturer's instructions. Images were recorded
digitally using a Lei TCS SP8 laser scanning confocal microscope (Leica Microsystems, Mannheim,
Germany).

qRT-PCR
As mentioned above[25], RNA is extracted and prepared for qRT-PCR. According to the manufacturer's
protocol, the Prime Script reverse transcriptase kit (Takara, Dalian, China) was used to reverse transcribe
total RNA to cDNA. Using SYBR Green chemical reagents, quantitative RT-PCR was carried out by Roche-
Light Cycler 96 sequence detector (Roche, Germany). The speci�c primers are provided Table 1.

Evaluation of wound closure
Before harvesting, the size of the wounded area on each mouse back was measured with a ruler and
recorded on parfocal digital photographs taken at Day 0, 7and 14 after injecting PBS as a blank control or
Ad-MSCs, Linc00324 overexpression Ad-MSCs, Linc00324 knockdown Ad-MSCs, GO + Ad-MSCs, GO + 
Linc00324 overexpression Ad-MSCs, GO + Linc00324 knockdown Ad-MSCs. Wound closure rate was
measured as follows:

Wound closure index (%) = (1- unhealed wound area/original wound area) ×100%

Statistical analysis
The results shown represent an experiment repeated at least three times. All quantitative data are
expressed as average SEM. Statistical analysis was performed using SPSS version 22.0 (SPSS Inc,
Chicago, Il). Through one-way analysis of variance (ANOVA), and then perform post-test, compare the
differences in multiple groups. The difference between the two groups is determined by the student's t-
test. P value < 0.05 is considered statistically signi�cant (*P < 0.05)

Results
GO reduced high glucose induced apoptosis of Ad-MSCs.

We detected the increase in apoptosis of Ad-MSCs in a high glucose environment, which is consistent
with our previous results (FigS1-S3)[8].After co-culturing GO with Ad-MSCs, we used �ow cytometry to
detect the apoptosis of Ad-MSCs, and found that the apoptosis rate was signi�cantly reduced in the
same high glucose environment after co-cultivation(Fig.S4 A, B). Then we used the TUNEL kit for
apoptosis detection, and obtained Similar results (Fig.S4 C, D). Furthermore, with the increase of GO
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concentration, the reduction of apoptotic cells was more obvious. The Western blot experiment results
showed that the expression of pro-apoptotic molecules BAX, BIM, and STK4 decreased with the increase
of GO, and the expression of anti-apoptotic molecule BCL-2 increased with the increase of GO
(Fig.S4E,S5), indicating that GO has inhibition of Ad-MSCs apoptosis in high glucose environment.

GO inhibited the expression of Linc00324 in Ad-MSCs.

As we mentioned, Linc00324 has been proved to be related to cell proliferation, invasion and migration in
many studies[20, 21], but its role in cell apoptosis is not clear. So, we selected Linc00324 to explore its
role in cell apoptosis. After our research, we found that the expression of Linc00324 in Ad-MSCs
decreased after increasing the GO concentration during co-cultivation (Fig. 1A, B). So, we chose to
establish a cell line that down-regulated and over-expressed Linc00324((Fig. 1C, D) and verify them, and
found that under high glucose conditions, the apoptosis of the down-regulated Linc00324 group was
signi�cantly reduced, while the over-expression group had the opposite result (Fig. 1E-H, S6). In order to
further verify whether GO regulates cell apoptosis through Linc00324, we used a cell line overexpressing
Linc00324 to co-culture with GO and found that cell apoptosis did not decrease (Fig. 1J-M). Therefore,
Linc00324 was one of the factors that GO regulated apoptosis.

Linc00324 decoyed miR-7977 as a sponge RNA.

In order to determine the mechanism by which Linc00324 regulates Ad-MSCs apoptosis, we performed
qPCR to detect the location of Linc00324. Linc00324 is mainly located in the cytoplasm (Fig. 2A, B),
which indicates that it may have the function of competing endogenous RNA and can serve as a
molecular sponge for miRNA. A search of the miRDB database revealed the 5 miRNAs with the highest
binding scores (Fig. 2C). We designed qPCR primers for these �ve miRNAs to determine whether they are
regulated by Linc00324. It is worth noting that the level of miR-7977 was signi�cantly reduced in the
Linc00324 overexpression group, but increased in the Linc00324 knockdown group (Fig. 2D).
Subsequently, we used RNA-FISH experiments to locate Linc00324 and miR-7977, and found that miR-
7977 is also mainly located in the cytoplasm (Fig. 2E). In addition, we predicted the possible sites of
Linc00324 in miR-7977, and constructed wild-type (WT) and mutant (MUT) luciferase reporter genes,
including �re�y and Renilla luciferase sequences (Fig. 2F). According to the result of luciferase assay,
miR-7977 mimic reduced the �uorescence of Linc00324 WT, but had no effect on Linc00324 MUT
(Fig. 2G).

The endogenous binding between miR-7977 and Linc00324 has been veri�ed by RIP and veri�ed by qPCR
analysis. The results showed that compared with the empty vector (MS2) Linc00324 with a mutation
(Linc00324-mut) in the miR-7977 targeting site, the Linc00324 RIP in Ad-MSCs was signi�cantly enriched
for miR-7977. The vector and another lncRNA-ATB without a predetermined miR-7977 targeting site vector
(Fig. 2H). Using biotin-labeled Linc00324 to pull down the a�nity of miR-7977 in vitro further con�rmed
the endogenous binding between miR-7977 and Linc00324 (Fig. 2I).
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It is known that miRNA inhibits translation and degrades mRNA in an AGO2 (Argonaute RISC catalytic
component 2) dependent manner by binding to the target. In order to prove whether Linc00324 can bind
to miR-7977 in this way, we used an RNA pull-down assay to determine whether Linc00324 binds to
AGO2. According to the western blot data, Linc00324 instead of AGO2 combined with the antisense
control (Fig. 2J). RIP analysis was also performed to verify the interaction of Linc00324 and miR-7977.
The enrichment of Linc00324 in the anti-AGO2 group con�rmed the binding between Linc00324 and miR-
7977 (Fig. 2K, L). In order to further prove the binding mode of Linc00324 and miR-7977, anti-AGO2 RIP
was performed in Ad-MSCs with overexpression of miR-7977. The cells transfected with miR-7977 were
speci�cally enriched with endogenous Linc00324 by AGO2 (Fig. 2M), indicating that miR-7977 may be
Linc00324-carrying miRNA. Furthermore, we tested the expression level of Linc00324 in the miR-7977
mimics and inhibitors groups, and found that the expression level of Linc00324 decreased in the miR-
7977 mimics group, but increased in the inhibitors group (Fig. 2N). Therefore, Linc00324 acted as a
sponge for miR-7977.

miR-7977 targeted STK4 to inhibit the apoptosis of Ad-MSCs.

Since Linc00324 and miR-7977 have a competitive endogenous relationship, Linc00324 has been proven
to promote cell apoptosis. It was transferred into miR-7977-mimics and inhibitors in the cells respectively.
It was found that the miR-7977-mimics group decreased cell apoptosis under high glucose environment
and the miR-7977-inhibitors group increased apoptosis by �ow cytometer analysis (Fig. 3A, B) and
TUNEL assay (Fig. 3C, D). The WB experiment results showed that the expression of BAX, BIM, and STK4
decreased with the transfection of miR-7977-mimics while the expression of BCL-2 increased (Fig. 3E, F).
So, miR-7977 reduced the apoptosis of Ad-MSCs. What is the reason why miR-7977 reduces apoptosis?
By predicting the downstream targets of miR-7977 via miRDB MicroRNA Target Prediction (Fig. 4A), we
selected STK4, which is also called MST1,closely related to apoptosis[26]. To con�rm whether miR-7977
targets STK4, we cloned the 3’UTR sequence of STK4 into the psiCHECK™-2 vector. and constructed a
mutant 3'-UTR report that has no binding site to miR-7977(Fig. 4B). The data showed that introduction of
miR-7977 diminished luciferase activity of this reporter and the activity of the mutant 3'-UTR reporter
gene remained unchanged (Fig. 4C). At the same time, it was veri�ed by qPCR and western blot
experiments that miR-7977 had an inhibitory effect on STK4 at mRNA and protein levels (Fig. 4D-F). We
added the STK4 inhibitor XMU-MP-1 to the miR-7977 inhibitor group. Flow cytometry analysis showed
that XMU-MP-1 inhibited miR-7977 inhibitors apoptosis (Fig. 4G, H), which is consistent with the results
of TUNEL analysis (Fig. 4I, J) and Western blot analysis (Fig. 4K, S7). So miR-7977 could directly target
the 3’-UTR of STK4 and downregulate STK4 expression and inhibited the apoptosis of Ad-MSCs.

Linc00324 regulated the apoptosis of Ad-MSCs induced by high glucose through miR-7977/STK4.

We further investigated whether the miR-7977/STK4 axis is involved in the regulation of apoptosis by
Linc00324 in a high glucose environment. We co-transfected Ad-MSCs with miR-7977 mimics and
overexpression Linc00324 and found that miR-7977 mimics can signi�cantly inhibit the apoptosis
caused by overexpression Linc00324 via �ow cytometry analysis (Fig. 5A, B). The TUNEL assay (Fig. 5C,
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D) and Western blot experiment (Fig. 5E, Fig.S8) also got consistent results. In addition, we also used
miR-7977 inhibitors and down-regulated Linc00324 to co-transfect Ad-MSCs. The results showed that the
miR-7977 inhibitors group reversed the decrease in apoptosis caused by downregulation of
Linc00324(Fig. 5F-J, Fig S9). Based on the above data, Linc00324 regulated the apoptosis of Ad-MSCs
induced by high glucose through miR-7977/STK4.

GO inhibited cell apoptosis and promoted wound healing in diabetic nude mice.

In order to further prove the effect of GO on Ad-MSCs-mediated wound healing of diabetic nude mice, we
simulated and established a wound repair model with human skin wounds in diabetic nude mice. We
established a wound with a diameter of 1.5 cm, and injected the treated cells with the �uorescent dye CM-
Dil into the skin of the wound margin of each group of nude mice by intradermal injection, and tested the
cell survival rate after 7 days It was found that the down-regulated Linc00324 and GO mixed culture
group had the highest survival rate(Fig. 6A, B). Then we evaluated the wound healing effect of nude mice
for 14 days. The results suggest that the GO group is better than the blank control group, and the down-
regulated Linc00324 and GO mixed culture group has the best wound healing effect (Fig. 6C, D). Besides,
the HE and Masson staining of tissue sections showed that the best group is still the down-regulation
group Linc00324 and GO mixed culture group (Fig. 6E, F). We further used tissue immuno�uorescence to
detect the angiogenesis (CD31) and in�ammation (TNF-α) of the wound tissue, and found that the
expression of CD31 was high in the down-regulated group and the GO group, while the expression of TNF-
α was low, suggesting good wound healing (Fig. 6G-I). We used the tissue of the wound to perform an
ELISA test to detect the cytokines related to wound healing and obtained similar results (Fig. 6J). The
results of in vivo experiments suggested that GO could inhibit the apoptosis of stem cells in diabetic nude
mice, thereby promoting wound healing.

Discussion
Diabetes wounds are a clinical problem that urgently needs to be solved, and it is also a problem that has
plagued clinicians for many years[27–30]. At present, studies have reported that graphene and stem cells
have an effect on the repair of skin wounds[31]. Graphene provided protection against microbial invasion
and strategies aimed at minimizing the incidence of sepsis, while MSCs can secrete a variety of factors
that have therapeutic effects on the repair of skin damage and tissue regeneration [32]. However, there
has been no relevant research on treatment of diabetic wounds by GO. Therefore, we used GO to repair
wounds, it has antibacterial effects and enhances the repair of seed cells, which is more helpful for the
repair of diabetic wounds.

Apoptosis became the reason that the poor treatment of diabetic wounds by stem cells. We found that
under high glucose environment, the apoptosis of Ad-MSCs increased (Fig S1-S3). So, we designed to
add GO co-cultured with Ad-MSCs and found that GO can reduce the apoptosis of Ad-MSCs under high
glucose environment (Fig S4). In order to further explore the principle of this phenomenon, we turned our
attention to Lnc RNA, which has been shown to have an effect on cell apoptosis in a number of studies
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this year. For example, Lnc IGF2AS regulates human retinal pigment endothelial cell apoptosis induced by
high glucose[33]. In diabetic cardiomyopathy, the down-regulation of LncRNA H19 leads to the oxidative
response in diabetic rats[34]. These provide us with new ideas for studying the mechanism of GO
regulating cell apoptosis. We found that the expression of Linc00324 decreased signi�cantly after co-
cultivation. Subsequently, we found that Linc00324 promotes cell apoptosis in a high glucose
environment. In order to verify whether Linc00324 is a factor of GO regulating cell apoptosis, we designed
to add GO to the Linc00324 overexpression group to co-culture, and found that the anti-apoptotic effect
of GO disappeared.

LncRNA has different functions due to different distributions. In order to further explore the mechanism
of Linc00324 regulating cell apoptosis, we conducted localization experiments on Linc00324 and found
that it is mainly distributed in the cytoplasm, while cytoplasmic LncRNA mainly plays a role through
ceRNA. Then through bioinformatics prediction, we found miRNA-miR-7977 that has a binding site with
Linc00324. miRNAs interacted with the AGO protein family to suppress translation or degrade mRNA.
Then we combined the RIP and RNA-pull-down experiments to prove that Linc00324 can bind to the
AGO2 protein. The luciferase reporter assay further veri�ed that Linc00324 can inhibit the expression of
miR-7977. qRT-PCR was performed in the miR-7977-inhibitors group and found that Linc00324 was
increased. It con�rmed that Linc00324 decoyed miR-7977 as a sponge RNA.

miRNA is involved in the regulation of post-transcriptional gene expression in cell biology. In blood
diseases, miR-7977 is believed to be transferred to bone marrow mesenchymal stromal cells (MSCs) and
reduce the proliferation ability of MSCs stem/progenitor cells by reducing PCBP1 protein, leading to AML
and MDS Normal hematopoietic dysfunction[35].Chen found that miR-7977 is closely related to the
occurrence and development of lung cancer, and can suppress tumor cell invasion and migration[36].
Since Linc00324 sponged miR-7977 as a ceRNA, we studied role of miR-7977 on Ad-MSCs apoptosis and
found that miR-7977 reduced apoptosis.

In order to better elucidate the apoptosis effect of miR-7977 in regulating Ad-MSCs, we predicted and
detected the target gene STK4 of miR-7977 through bioinformatics, and through experiments proved that
miR-7977 can target STK4 and inhibit it at the transcription and translation level. Its expression. STK4 is
a serine/threonine kinase. As a key component of the Hippo signaling pathway, STK4 plays a key role in
organ size control and tumor suppression by limiting proliferation and promoting apoptosis[37, 38]. We
veri�ed that Linc00324 regulates the apoptosis of Ad-MSCs through miR-7977/STK4, thus elucidating the
mechanism which GO can reduce the apoptosis of Ad-MSCs in a high glucose environment.
Subsequently, animal experiments veri�ed the role of GO in reducing apoptosis and promoting wound
healing. After down-regulating Linc00324, co-cultivation with GO achieved the best repair effect.

Conclusion
In summary, GO reduced the expression of Linc00324, while Linc00324 increased cell apoptosis in a high-
glucose environment via miR-7977 as a ceRNA,and regulated STK4 to apoptosis of Ad-MSCs. Therefore,
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GO as an emerging biomaterial, is resistant to diabetic wound healing has a good therapeutic prospect
and is expected to become a new treatment option.
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Name       Sequence                     

Linc00324   F-GACGAGCCCTCCTTTACCTT

R-CTGGGGATTGAGATGCTTTCT

miR-7977    F-CGCGCGTTCCCAGCCAAC

R-ATCCAGTGCAGGGTCCGAGG

miR-7977    5-GTCGTATCCAGTGCAGGGTCCGAGGTA TTCGCACTGGATA

RT primer:   CGACTGGTGC-3

GAPDH:    F-GAAGGTGAAGGTCGGAGTC, R-GAAGATGGTGATGGGATTTCC;

U6:         F-CTCGCTTCGGCAGCACA

R-AACGCTTCACGAATTTGCGT;

U6 RT primer: 5-GGGCAGGAAGAGGGCCTA-3

STK4:       F-AGAGTTGGACAGTGGAGGACCTTC

R-GCCGCTTGGACTGGTACTTCTG

Figures
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Figure 1

GO inhibited the expression of Linc00324 in Ad-MSCs. A. The expression of Linc00324 in Ad-MSCs after
co-cultivation with GO was detected under high glucose environment. B. The expression of Linc00324
under normal environment. C, D. Fluorescence of down-regulated Linc00324 and overexpressing
Linc00324, verify the effect of down-regulating Linc00324 and overexpressing Linc00324. Scale bar = 50
μm. E, F. Under high glucose environment, �ow cytometry was used to detect Ad-MSCs apoptosis and
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statistical analysis. G, H. The TUNEL assay detected cell apoptosis and statistical analysis.i.Western blot
experiment detected apoptosis-related proteins BAX, BIM, STK4, BCL-2.Scale bar = 50 μm.Values shown
are mean ± S.D. from three independent experiments, *p < 0.05, **p < 0.01, ***p < 0.001. Linc00324OE,
overexpression of Linc00324; Linc00324KD, knockdown of Linc00324.

Figure 2

Linc00324 decoyed miR-7977 as a sponge RNA. A, B. Detected the expression of Linc00324, U6, GAPDH.
C. microRNAs had binding relationship with Linc00324 in databases. D. Detected microRNAs by qRT-PCR.
(E). FISH detections demonstrated them colocalized in cytoplasm. F. The wild-type Linc00324 bound miR-
7977. G. The schematic diagram of GFP-MS2-RIP. H, I. Detected microRNAs associated with Linc00324.
J. RNA pull-down assay shown the interaction between Linc00324 and AGO2. K. Results of the RIP assay.
L. Levels of Linc00324, miR-7977 in the IgG group and the anti-AGO2 group. M. Anti-AGO2 RIP detected
Linc00324 associated with AGO2. N. The mRNA of Linc00324 was detected. Scale bar = 20 μm.Values
shown are mean ± S.D. from three independent experiments, *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 3

miR-7977 inhibited the apoptosis of Ad-MSCs. A, B. Flow cytometry was used to detect the apoptosis of
Ad-MSCs and statistical analysis in a high glucose environment. C, D. TUNEL was used to detect the
apoptosis of Ad-MSCs and statistical analysis under high glucose environment. E, F. Western blot
experiment detected apoptosis-related proteins BAX, BIM, STK4, BCL-2 and statistical results. Scale bar =
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50 μm.Values shown are mean ± S.D. from three independent experiments, *p < 0.05, **p < 0.01, ***p <
0.001.

Figure 4

miR-7977 targeted STK4 to regulate apoptosis of Ad-MSCs. A. The predicted target STK4 of miR-7977
found in the miRDB database. B, C. miR-7977 bound STK4 for dual luciferase assays were shown. D-F.
The protein and mRNA expression of STK4 was veri�ed by Western blot and qRT-PCR after transferring
miR-7977 mimics and inhibitors into Ad-MSCs. G, H. After transferring the miR-7977 inhibitors and adding
STK4 inhibitor XMU-MP-1 to Ad-MSCs, the apoptosis of the cells was detected by �ow cytometry. I, J. The
apoptosis of the cells was detected by TUNEL assay. K. Western blot experiment detected apoptosis-
related proteins BAX, BIM, STK4, BCL-2. Scale bar = 50 μm.Values shown are mean ± S.D. from three
independent experiments, *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 5

Linc00324 regulated the apoptosis of Ad-MSCs induced by high glucose through miR-7977/STK4. A, B.
The miR-7977 mimics plasmid was transferred into Ad-MSCs and the apoptosis of Ad-MSCs was
detected by �ow cytometry and statistical analysis. C, D. TUNEL assay detected the apoptosis and
statistical analysis. e. Western blot experiment detected proteins BAX, BIM, STK4, BCL-2. F, G. The miR-
7977 inhibitors plasmid was transferred into Ad-MSCs and the apoptosis of Ad-MSCs was detected by
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�ow cytometry and statistical analysis. H, I. TUNEL assay detected the apoptosis and statistical analysis.
J. Western blot experiment detected proteins BAX, BIM, STK4, BCL-2. Scale bar = 50 μm.Values shown are
mean ± S.D. from three independent experiments, *p < 0.05, **p < 0.01, ***p < 0.001.

Figure 6

GO inhibited cell apoptosis and promoted wound healing in diabetic nude mice. A, B. Ad-MSCs stained
with CM-Dil were injected into nude mice, analyzed the survival of Ad-MSCs. C, D. The healing situation
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was observed 14 days after injection of different treatment �uids. E, F. On the 14th day, HE and Masson
staining were performed to calculate the thickness of the newborn skin and analyze it statistically. Scale
bar = 10 μm. G-I. The neonatal epidermis was taken for tissue �uorescence staining, including TNF-α
(green), CD31 (red), and cell nucleus (blue). Scale bar = 50 μm. J. Elisa detected EGF, VEGF, IL10, and IL6.
Values shown are mean ± S.D. from three independent experiments, *p < 0.05, **p < 0.01, ***p < 0.001.
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