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SUMMARY

Hepatocellular carcinoma (HCC) is a prevalent malignant tumor, with a growing
incidence and death rate worldwide. The aims and challenges of treating HCC
include targeting the tumor, entering the tumor tissue, inhibiting the spread
and growth of tumor cells. M27-39 is a small peptide isolated from the antimicro-
bial peptide Musca domestica cecropin (MDC), whereas HTPP is a liver-targeting,
cell-penetrating peptide obtained from the circumsporozoite protein (CSP) of
Plasmodium parasites. In this study, M27-39 was modified by HTPP to form
M(27-39)-HTPP, which targeted tumor penetration to treat HCC. Here, we
revealed that M(27-39)-HTPP had a good ability to target and penetrate the
tumor, effectively limit the proliferation, migration, and invasion, and induce
the apoptosis in HCC. Notably, M(27-39)-HTPP demonstrated good biosecurity
when administered at therapeutic doses. Accordingly, M(27-39)-HTPP could be
used as a new, safe, and efficient therapeutic peptide for HCC.

INTRODUCTION

Hepatocellular carcinoma (HCC) is an important cancer worldwide with over 900,000 new cases in 2020 and
an estimated 830,000 deaths, ranking sixth in incidence and third in mortality globally." The occurrence of
HCC is high in China.”* The number of new cases in 2020 accounted for 46% of the global number of new
cases and the age of onset tended to be younger. Currently, surgery, chemotherapy, and radiation therapy
are well-established therapeutic strategies for HCC.*® However, most patients are diagnosed in the mid-
dle and late stages, and often miss the best treatment opportunity.”® HCC has become a major health
problem worldwide owing to its late detection, increasing incidence, and high mortality.q’” Therefore,
novel, safe, and efficient anti-HCC drugs must be developed and their mechanisms of action must be
elucidated.'”"?

Biological targeted therapy, which uses targeted molecules as carriers to transport radionuclides, toxins, or
chemical drugs as warheads, is gaining attention in cancer research.'”'® The advantages of a targeting
strategy include high specificity, high selectivity, reduced medication dosage, improved pharmacological
efficacy, and reduced toxicity and side effects, which open up a wide range of possibilities for the treatment
of HCC."*"® However, because most targeted drug delivery systems have very large molecular weights,
they have low cell permeability and cannot penetrate the tumor to kill tumor cells.'? Cell-penetrating
peptides (CPPs) are short, less-toxic peptides that can permeate cellular membranes and effectively
deliver bioactive payloads into cells.”®?* For the past 20 years, CPPs have been frequently employed as
ligands in drug delivery systems to improve drug aggregation deep within tumors as a way to treat

cancer.”>?*

Heparin sulfate proteoglycan (HSPG) is a complex macromolecule mainly found on the cell surface and in
the extracellular matrix of liver cells.”” Glypican3 (GPC3) is a member of the HSPG family. Studies have
shown that GPC3 is abundant in HCC tissues, but not in normal liver tissues.”>?” HTPP is a liver-targeting
CPPs derived from the circumsporozoite protein (CSP) of Plasmodium parasites.”®?” Previous studies have
revealed that HTPP can precisely bind to the HSPG to acquire liver-targeting properties and penetrate the
cell membrane.’*" Therefore, we speculated that it might also be targeted to GPC3, and could penetrate
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Figure 1. Evaluation of in vitro targeted uptake of M(27-39)-HTPP

A) Localization of M(27-39)-HTPP in HepG2 cells.

B) Assessment of M(27-39)-HTPP and M27-39 uptake in HepG2 cells (Microscopes).

C) Assessment of M(27-39)-HTPP and M27-39 uptake in HepG2 cells (Flow cytometry).

D) Assessment of M(27-39)-HTPP uptake HepG2, L02, MCF7, HCT116 and A549 cells (Microscopes).

E) Assessment of M(27-39)-HTPP uptake HepG2, L02, MCF7, HCT116 and A549 cells (Flow cytometry).

F) Comparison of penetration of M(27-39)-HTPP and M27-39 into HepG2 tumor spheres.

G) M(27-39)-HTPP colocalizes with GPC3.

H) GPC3 expression after transfection with GPC3 siRNA.

1) HepG2 cells incubated with FITC-HTPP by pre-treating with siRNA interference (Flow cytometry).

J) HepG2 cells incubated with FITC-M(27-39)-HTPP by pre-treating with siRNA interference (Flow cytometry).*p< 0.05;
**p< 0.01; ***p< 0.001. as compared with the negative control group. *p< 0.05; "< 0.01; < 0.001. 4p< 0.05; 4 4p<
0.01; #44p< 0.001. *p< 0.05; **p< 0.01; ***p< 0.001. N.S., not significant. Data are presented as the mean + SD.
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Antimicrobial peptides (AMPs) have several remarkable advantages, including small size, tumor penetra-
tion, and good biocompatibility.” Antimicrobial peptides can destroy cell membranes or act on intracel-
lular targets through cell membranes and have a unique mechanism of action, which makes it challenging
to produce drug resistance against and do not damage normal cells of higher animals.*® Owing to the
unsatisfactory development and clinical outcomes of conventional antibacterial and anti-tumor medica-
tions, the aforementioned features of antimicrobial peptides indicate a good future for their application
and development in cancer therapy.

In a previous study, the antibacterial peptide Musca domestica cecropin (MDC), which has antibacterial
and anti-tumor activities, was screened and obtained from M. domestica larvae.* When its structure-activ-
ity relationship was assessed, the peptide M27-39, with higher anti-HCC activity and smaller molecules, was
mined and obtained.” Therefore, we envisaged the fusion of HTPP and M27-39 to produce a novel peptide
that has the targeted penetration effect of HTPP and anti-tumor effect of M27-39.

Whether the newly synthesized peptides retain the respective structures of HTPP and M27-39 and can
target and penetrate HCC tissue and exhibit anti-tumor actions remains uncertain. Therefore, the purpose
of this study was to develop a cell transmembrane peptide chimera that can target and penetrate HCC
in vitro and in vivo to exert anti-tumor effects and analyze the mechanism of this peptide’s anti-HCC action.

RESULTS

Structural analysis and synthesis of M(27-39)-HTPP

The various connection modalities of HTPP and M27-39 were examined using ExPASy tools, and computer-
aided targeted antimicrobial peptide chimera creation was applied. By binding HTPP at the C-terminus of
M27-39 without adding a linker peptide in the middle, the original structure of HTPP was preserved. HTPP
consequently joined the C-terminus of M27-39 (Figure STA). The molecular weight of M(27-39)-HTPP was
comparable to the theoretical molecular weight determined by MALDI-MS, and the purity of M(27-39)-
HTPP was 97.46% by RP-HPLC (Figures S1B and S1C). M(27-39)-HTPP was expected to have both the tar-
geted penetration impact of HTPP and the boosting effect of M27-39 on the apoptosis of HepG2 cells
based on the structure of M(27-39)-HTPP.

In vitro and in vivo targeted penetration experiments sections

To determine whether M(27-39)-HTPP selectively bound to HepG2 cells, M(27-39)-HTPP and M27-39 were
labeled with FITC dye. HepG2 cells were treated with these peptides, and the fluorescence in HepG2 cells
was examined. Green (FITC) fluorescence in the M(27-39)-HTPP group was greater than that in the M27-39
group (Figures 1B and 1C). HepG2, L02, MCF7, HCT116, and A549 cells were treated with FITC-M(27-39)-
HTPP. The green (FITC) fluorescence in HepG2 cells was greater than that in other cells. These results
suggest that M(27-39)-HTPP could target HepG2 cells (Figures 1D and 1E). To confirm that M(27-39)-
HTPP had tumor penetration capability, FITC-M(27-39)-HTPP was used to treat HepG2 3D tumor spheroids
to assess the penetration capability; M27-39 was used as a control. After a certain time, CLSM z stack scan-
ning revealed that M(27-39)-HTPP in tumor spheres was markedly higher than that of M27-39 (Figure 1F),
indicating that M(27-39)-HTPP could accumulate more effectively in HepG2 3D tumor spheres. Owing to
the cell-penetrating features of the HTPP peptide, the penetration capability of M(27-39)-HTPP was mark-
edly improved compared with that of M27-39. HepG2 cells were immunofluorescently stained to confirm
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the specific binding location of M(27-39)-HTPP in HepG2 cells. Confocal laser microscopy revealed a clear
yellow color at the coexisting sites of green FITC-M(27-39)-HTPP and red GPC3 (Figure 1G). To rule out
nonspecific binding of HTPP/M(27-39)-HTPP to HepG2 cells, siRNA experiments were performed. GPC3
siRNA transfection significantly reduced the expression level of GPC3 in HepG2 cells (Figure 1H), and
the fluorescence intensity of siRNA + HTPP/M(27-39)-HTPP group was significantly reduced compared
with HTPP/M(27-39)-HTPP group (Figures 11 and 1J). It suggests that M(27-39)-HTPP target HepG2 cells
by binding to GPC3 receptor.

To assess the hepatoma targeting ability of M(27-39)-HTPP in vivo, the VISQUE in vivo Smart-LF imaging
system was used to examine the biodistribution of Cy5.5 labeled M27-39 and M(27-39)-HTPP following
intravenous administration. For M(27-39)-HTPP, a bright spot was observed in a part of the liver from 3 h
post-injection onward, with the fluorescence signal intensity increasing with time, reaching a maximum
at 6 h. A fluorescence signal was still observed at 24 h. For the M27-39 group, the fluorescence signal of
the liver was always weak and almost disappeared at 24 h (Figure 2A). All the main organs, including the
heart, lung, liver, spleen, and kidney, were collected and imaged in vitro é h after injection. From the
in vitroimages, compared with M27-39, M(27-39)-HTPP had a higher accumulation in the hepatoma tissue,
and the fluorescence intensity of the hepatoma tissue was markedly higher than that of other tissues
(Figures 2B-2D). After the animals were killed, frozen sections of the liver tissue were stained to assess
the penetration effectiveness of M(27-39)-HTPP. Similarly M(27-39)-HTPP showed higher accumulation
in tumor tissues (Figure 2E), indicating that M(27-39)-HTPP can penetrate tumors. These results suggested
that M(27-39)-HTPP has a good capacity to target HepG2 cells in vitro and in vivo and enter the interior of
the tumor.

In vitro anti-tumor assays

CCK-8, 3D HepG2 tumor spheroid formation, and colony formation assays were performed to explore the
effects of M(27-39)-HTPP on tumor growth in vitro. Cell viability was evaluated using CCK-8 assay at
different time points after treatment. As shown, M(27-39)-HTPP or M27-39 after treatment caused cell
death, with cell viabilities of 66.35% and 71.58%, respectively, 24 h after treatment. After 48 h of treatment,
cell viability was 37.01% and 42.50%, respectively, suggesting that M(27-39)-HTPP considerably inhibited
the proliferation of HepG2 cells (Figure 3A). In additional, the M(27-39)-HTPP group showed markedly
decreased HepG2 tumor spheroid formation and colony formation abilities compared with the control
groups (Figure 3B). These findings suggest that M(27-39)-HTPP decreased the proliferation, spheroid for-
mation, and colony formation abilities of HepG2 cells. Several methods were used to determine whether
M(27-39)-HTPP decreased HepG2 cell survival by inducing apoptosis. For the apoptosis of HepG2 cells,
when treated with M(27-39)-HTPP, the early apoptosis and late apoptosis stages were 3.31% and 25.1%,
respectively (Figure 3C). However, when treated with M27-39, the early apoptosis and late apoptosis stages
were 3.92% and 18.92%, respectively (Figure 3C). Chromatin was also found to shrink markedly after incu-
bation with M(27-39)-HTPP for 24 h, suggesting cell apoptosis (Figures 3D and 3E). P53, Bax, Caspase-9,
Caspase-3, PARP mRNA and protein expression increased of pro-apoptotic factors; however, Bcl-2
mRNA and protein expression decreased (Figures 4A and 4B). The content of protein Cyt-C (mitochondria
removal) increased after M(27-39)-HTPP treatment (Figure 4B). Clearly, M(27-39)-HTPP had a better ability
to promote the death of HepG2 cells.

The migration and invasion of HepG2 cells were determined using wound healing and transwell assays,
respectively. After 24 and 48 h of incubation, the width of the wound in cells treated with M(27-39)-
HTPP and M27-39 was relatively narrow compared with that in the control. Furthermore, compared with
the M27-39 group, the M(27-39)-HTPP group had a narrower wound width (Figure 5A). In the transwell
assay, after 48 h, treatment with M(27-39)-HTPP and M27-39 in HepG2 cells decreased the invasion number
of cells, and the number of HepG2 cells in the M(27-39)-HTPP group was lower (Figure 5B). In the adhesion
assay, after 24 h of treatment, M(27-39)-HTPP and M27-39 markedly decreased the adhesion of HepG2
cells (Figure 5C). The mRNA and protein expression levels of in cell migration and adhesion, were detected
by RT-PCR and western blot. M(27-39)-HTPP considerably decreased the mRNA expression of MMP-2,
MMP-9 and integrin 1, and the protein expression of MMP-2 and MMP-9 (Figures 5D and 5E). M(27-39)-
HTPP inhibited the migration, invasion, and adhesion of HepG2 cells. The in vitro anti-tumor results indi-
cated that M(27-39)-HTPP inhibited HepG2 cell growth, promoted apoptosis, and inhibited the migration
and invasion of HepG2 cells.
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Figure 2. In vivo targeted penetration of M(27-39)-HTPP

(A) Imaging of small animals in vivo.

(B-D) Comparison of the fluorescence intensity of each organ in M(27-39)-HTPP group, and comparison of the
fluorescence intensity of liver between M(27-39)-HTPP and M27-39 group.

(E and F) Localization of M(27-39)-HTPP and M27-39 in mouse liver. *p< 0.05; **p< 0.01; ***p< 0.001. as compared with
the negative control group. N.S., not significant. Data are presented as the mean + SD.

In vivo anti-tumor activity analysis

On the basis of in vitro assays, the in vivo inhibitory effect of M(27-39)-HTPP was investigated in mice with
HepG2 hepatoma. As depicted in the image of the livers, large tumors appeared in the control and HTPP
groups; however, the livers in the M27-39 group had markedly smaller tumors than those in the control and
HTPP groups, and in the M(27-39)-HTPP group tumors even less than the M27-39 group (Figure 6C); this is
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Figure 3. In vitro inhibition of HepG2 cells by M(27-39)-HTPP

(A) Cell viability of the HepG2 cells treated with various drugs.

(B) Inhibition of tumor globule and colony formation in HepG2 by M(27-39)-HTPP.

(C) Apoptosis of the HepG2 cells induced by M(27-39)-HTPP, statistical analysis of apoptosis rate.

(D and E) HepG2 cells were stained for apoptotic cells, using and hoechst33324 and TUNEL assay staining; arrows,
representative apoptotic cells with hoechst33324-positive and TUNEL-positive. *p< 0.05; **p< 0.01; ***p< 0.001. As
compared with the negative control group. p< 0.05; #p< 0.01; ##o< 0.001. 4p< 0.05; 44p< 0.01; 44 4p<0.001. N.S.,
not significant. Data are presented as the mean + SD.

an excellent illustration of M(27-39)-HTPP, which suppresses cancerous liver tissues. H&E staining of the
tumor regions confirmed that the tumor tissue in the M(27-39)-HTPP group was considerably suppressed
compared to that in the control group (Figure S2A). Compared with the control or M27-39 groups, immu-
nohistochemical studies revealed increased expression of Caspase-3 and Bax in M(27-39)-HTPP group
HCC tumors in situ (Figure S2A), supporting the conclusion that M(27-39)-HTPP slowed tumor develop-
ment and caused apoptosis. M(27-39)-HTPP also successfully inhibited the proliferation of HCC tumors
in situ, according to the proliferating protein Ki67 immunofluorescence results (Figure S2B). RT-PCR and
western blotting were performed to investigate the molecular mechanisms involved in M(27-39)-HTPP-
induced apoptosis. The results indicated that M(27-39)-HTPP markedly increased the mRNA and protein
levels of P53, Bax, Caspase-9, Caspase-3, and PARP and inhibited Bcl-2 expression in the HCC mice
(Figures S2C and S2D). Moreover, M(27-39)-HTPP performed better than M27-39. According to the results
of an in vivo experiment, M(27-39)-HTPP had a good anti-tumor effect and could effectively inhibit the
growth of HCC in mice.

Anti-tumor mechanism assays

To determine whether M(27-39)-HTPP was localized in the mitochondria of HepG2 cells, M(27-39)-HTPP was
labeled with FITC dye, mitochondria were labeled with Mito Tracker Deep Red FM, HepG2 cells were treated
with M(27-39)-HTPP, and fluorescence in HepG2 cells was examined. An obvious overlap was observed be-
tween green and red fluorescence in HepG2 cells after treatment with M(27-39)-HTPP for 2 h (Figure S3A).
The ultrastructure of mitochondria following M(27-39)-HTPP treatment was investigated using TEM to confirm
whether M(27-39)-HTPP can affect mitochondrial function. The cell membrane of HepG2 cells was incomplete,
and many mitochondria in HepG2 cells treated with M(27-39)-HTPP had anamorphic forms (Figure S3B). A
swollen mitochondrion may be twice the size of a typical mitochondrion. The cristae shrank, swollen, disinte-
grated, shattered, and became disordered in each mitochondrion.

Changes in ROS production, mitochondrial membrane potential, NO production, and ATPase activity, all
of which are closely associated with apoptosis, were assessed to determine the apoptotic mechanism of
M(27-39)-HTPP. To measure alterations in mitochondrial membrane potential, the fluorescent probe,
JC-1, which aggregates in the mitochondria to create a polymer (J-aggregates) with red fluorescence
signaling and high mitochondrial membrane potential, was used. JC-1 is monomeric with green fluores-
cence at low mitochondrial membrane potential. The mitochondrial membrane potential of HepG2 cells
was markedly reduced by M27-39. M(27-39)-HTPP was more effective than M27-39 at inducing a reduction
in the mitochondrial membrane potential (Figures S3C and S3D). The total NO concentration in the control
group was markedly lower than that in the M27-39 or M(27-39)-HTPP-treated groups. M(27-39)-HTPP
considerably increased NO generation in HepG2 cells (Figure S3F). Inhibition of ATPase activity induces
cancer cell death. ATPase activity was assessed in HepG2 cells treated with M(27-39)-HTPP. Compared
to the control group, there was a significant decrease in the activity of Na*/K* ATPase, Ca®*/Mg?*
ATPases, and total ATPases in the M(27-39)-HTPP group (Figure S3G). In addition, M27-39 increased
ROS production, and M(27-39)-HTPP exhibited even better effects (Figure S3E). In summary, M(27-39)-
HTPP increased ROS production, decreased the mitochondrial membrane potential, increased NO pro-
duction, and reduced ATPase activity in HepG2 cells, resulting in apoptosis. M27-39 has therapeutic
effects; however, it is markedly less effective than M(27-39)-HTPP, which may be because of its low water
solubility and poor absorption by HepG2 cells. These experimental findings suggest that M(27-39)-HTPP
causes the apoptosis in HepG2 cells by damaging the mitochondrial structure and function.

Biosafety evaluation

CCK8, apoptosis, and ROS in vitro assay results revealed that M(27-39)-HTPP was not obvious toxic to L02,
H9C2, and HBZY-1 cells (Figures S4A-S4C). Moreover, there was no increase in alanine transaminase (ALT),
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Figure 4. Effect of M(27-39)-HTPP on the expression of apoptosis-related genes and proteins in HepG2 cells
(A) Relative mRNA expression of P53, Bcl-2, Bax, Caspase-9, Caspase-3 and PARP in HepG2 cells.

(B) Western blot and relative protein expression of P53, Bcl-2, Bax, Cyt-C, Cleaved Caspase-9, Cleaved Caspase-3 and
Cleaved PARP in HepG2 cells. *p< 0.05; **p< 0.01; ***p< 0.001. As compared with the negative control group. *p<
0.05; "< 0.01; #¥5< 0.001. 4p< 0.05; *4p< 0.01; 444p< 0.001. N.S., not significant. Data are presented as the
mean + SD.

glutamic oxaloacetic transaminase (AST), creatinine (CRE), urea nitrogen (BUN), or body weight loss in the
M(27-39)-HTPP group mice at the therapeutic dose (Figure S4D). H&E staining of the liver, heart, spleen,
lung, and kidney revealed that intravenous injection of M(27-39)-HTPP had no significant influence on the
main organs of mice (Figure S4E). According to these findings, M(27-39)-HTPP has low toxicity and is safe in
animals and cells.

DISCUSSION

Currently, the treatment of HCC is still associated with great challenges, and the clinical use of anti-HCC
drugs leads to remarkable sideeffects.’®*’ In addition to conventional methods and agents for HCC treat-
ment, new molecularly targeted therapies are gaining increasing attention.’® Novel molecularly targeted
therapies that could specifically target tumor cells with the lowest possible toxicity of toward normal cells
and tissues. Therefore, in this study, tumor targeting peptide HTPP was selected to modify tumor therapy
peptide M27-39 to synthesize a novel peptide with precise targeting and treatment of HCC. The connec-
tion mode is crucial for spatial activity of the fused peptide when two short peptides are fused. Bioinformat-
ics analysis revealed that M(27-39)-HTPP effectively preserved the corresponding structures of M27-39 and
HTPP, suggesting that it has the potential for further research.

We evaluated the efficiency of M(27-39)-HTPP targeted uptake of ability. In the cellular uptake test, M(27-
39)-HTPP uptake by HepG2 cells was markedly higher than that of M27-39, and HepG2 cells showed a
higher uptake of M(27-39)-HTPP than L02, MCF7, HCT116, and A549 cells. Tumor spheroids are useful
3D models for assessing tumor biology owing to their form and biological milieu, which are comparable
to those of solid tumors.>” ™' As a result, a 3D HepG2 tumor spheroid model was created to simulate
M(27-39)-HTPP in tumors. When the fluorescence in the cell spheres was evaluated, the M(27-39)-HTPP
group was found to have more aggregation in the HepG2 tumor spheres than the M27-39 group and
penetrated the cell spheres more effectively. In vivo imaging technology is now widely employed in
medical research for tumor diagnosis, tumor targeting, and other purposes.*?*? In both hepatoma model
fluorescence imaging and hepatoma histological section fluorescence imaging, M(27-39)-HTPP showed
substantial accumulation in the hepatoma tissue. Numerous studies have revealed that GPC3 is upregu-
lated in HCC, suggesting its potential significance as a biomarker for the disease.’*> M(27-39)-HTPP
and GPC3 were co-located in laser confocal detection of HepG2 cells, and the binding of M(27-39)-
HTPP to HepG2 cells was also reduced after siRNA transfection, indicating that M(27-39)-HTPP interacts
with HepG2 cells by specific targeting of GPC3. These findings indicate that M(27-39)-HTPP can precisely
target and penetrate the hepatoma tissues.

Tumor cells can continue to split and develop if the signaling mechanisms associated with apoptosis do not
function properly. To effectively treat tumors, tumor cell growth must be stopped and apoptosis should be
promoted. In CCK-8, 3D HepG2 tumor spheroid formation, and colony formation assays showed that M(27-
39)-HTPP had an inhibitory effect on HepG2 cell growth. Further assays, M(27-39)-HTPP markedly
increased the apoptosis of HepG2 cells. Together, immune evasion, invasion, and metastasis make it
difficult to treat HCC.*® Cell scratch, adhesion, and invasion experiments were performed to evaluate
the effects of M(27-39)-HTPP on the metastasis and invasion of HepG2 cells. Based on these results,
M(27-39)-HTPP effectively inhibited metastasis and invasion of HepG2 cells. In a hepatoma model of
HepG2 cells, M(27-39)-HTPP effectively suppressed tumor growth.

The effects of M(27-39)-HTPP on apoptosis and the expression of important proteins in linked pathways were
explored at the molecular level. Mitochondria, as semi-autonomous organelles, not only provide energy to
organisms through oxidative phosphorylation but also engage in the stress-induced intrinsic apoptotic
pathway.”’ Mitochondria have become a focus in cancer treatment because they release cytochrome ¢ to
regulate cell death.”® Bax is a mitochondrial outer-membrane effector protein.”” Bcl-2 is an anti-apoptotic
protein found on the outer membrane of mitochondria that acts as an apoptosis suppressor.” Bcl-2 binds
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Figure 5. Effects of M(27-39)-HTPP on migration, invasion and adhesion of HepG2 cells

(A) Wound healing assay measured the migration of the HepG2 cells.

(B) Transwell assay evaluated the invasion of the HepG2 cells.

(C) Adhesion ability of HepG2 cells.

(D) Relative mRNA expression of MMP-2, MMP-9 and Integrin B1 in HepG2 cells.

(E) Western blot and relative protein expression of MMP-2 and MMP-9 in HepG2 cells.*p< 0.05; **p< 0.01; ***p< 0.001. as compared with the negative
control group. *p< 0.05; #p< 0.01; #*o< 0.001. 4p< 0.05; 4 4p< 0.01; 44 4p< 0.001. N.S., not significant. Data are presented as the mean + SD.

to Bax and prevents it from causing the opening of the mitochondrial voltage-dependent anion channel
(VDAC), which prevents the release of cytochrome ¢ from the mitochondria.”" Increased Bax levels can
rupture the outer mitochondrial membrane, causing the release of cytochrome c. Cytochrome c triggers
caspase-9 in the cytoplasm, which causes the formation of apoptotic bodies.” " Apoptotic bodies promote
the activation of caspase-3, which is the main executioner of apoptotic death, further activating PARP, and
sending a DNA break signal to induce cell apoptosis.>> Traditionally, P53, a tumor suppressor protein, has
been thought to be a crucial factor in tumor suppression because it promotes apoptosis, cellular senescence,
and cell cycle progression.”® M(27-39)-HTPP enhanced apoptosis through P53 overexpression. Through the
Bax-induced caspase-mediated pro-apoptotic signaling pathway, M(27-39)-HTPP markedly improves the
anti-cancer activity. The expression levels of pro-apoptotic proteins from the Bax pathway, including cyto-
chrome ¢, Cleaved Caspase-9, Cleaved Caspase-3, and Cleaved PARP, were elevated, whereas the expres-
sion of anti-apoptotic Bcl-2 decreased. In addition, M(27-39)-HTPP effectively inhibited the expression of
Ki67 in tumor tissues. Therefore, M(27-39)-HTPP effectively inhibited HCC growth in mice so as to achieve
the purpose of treating HCC.

Mitochondria are essential for cellular energy metabolism, and tumor cells have a higher energy demand.
Therefore, the destruction of mitochondrial structure and function triggers the mitochondrial apoptosis
pathway, thereby promoting tumor cell apoptosis.”’*® Thus, M(27-39)-HTPP has a superior therapeutic
ability against HepG2 cells owing to mitochondrial swelling and deformation, high ROS generation, dam-
age to the mitochondrial membrane, low ATPase activity, NO generation, and activation of the caspase-
related cell apoptosis pathway. According to our findings, M(27-39)-HTPP triggers apoptosis by activating
the mitochondrial pathway.

Owing to low cell selectivity or other reasons, the existing anti-tumor drugs will also have great toxicity to
normal cells while treating tumors, thus causing toxic side effects in other organs or even the whole body.
Therefore, preliminary evaluations of the safety and toxicity of M(27-39)-HTPP were performed. M(27-39)-
HTPP has low toxicity and is safe as a potential anti-tumor medication.

In conclusion, we report a targeting transmembrane peptide M(27-39)-HTPP of HCC that exhibits good
biosecurity. M(27-39)-HTPP has been demonstrated to target hepatoma, penetrate tumors, inhibit the
proliferation of HepG2 cells, and promote the apoptosis of HepG2 cells in vitro and in vivo. These findings
suggest that the M(27-39)-HTPP peptide may be a safe and effective therapeutic strategy for HCC.

Limitations of the study

In this study, although M(27-39)-HTPP has good targeting ability for HCC, the specific targeting mechanism
has not been thoroughly studied. Future studies are needed to investigate the pharmacokinetics of M(27-39)-
HTPP in mice, because it s critical for its in vivo safety and dosing interval. In addition, to further study the anti-
HCC effect of M(27-39)-HTPP, a variety of HCC cell lines should be selected for future research.
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Detailed methods are provided in the online version of this paper and include the following:
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Figure 6. Anti-tumor effect of M(27-39)-HTPP in vivo

(A and B) Growth status and body weight of nude mice (n = 6).

(C) Hepatoma size in nude mice (n = 6). *p< 0.05; **p< 0.01; ***p< 0.001. as compared with the negative control group.
< 0.05; o< 0.01; #p< 0.001. 4p< 0.05; 44p< 0.01; 44 4p< 0.001. N.S., not significant. Data are presented as the
mean + SD.
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O GPC3 siRNA transfection
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O 3D HepG2 tumor growth assay
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O Wound healing assays
O Adhesion assay
O Transwell invasion assays
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O Transmission electron microscopy (TEM) imaging of the mitochondrial ultrastructure
O Mitochondrial membrane potential detection
O ROS measurement
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O In vivo fluorescence imaging
O In vivo anti-tumor activity and histological analysis
O Histology and immunohistochemistry (IHC)
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Antibodies

Rabbi Polyclonal Bax Boster Cat#BA0315-2

Rabbit monoclonal Bcl-2 Abcam Cat#ab182858; RRID:AB_2715467
Rabbit monoclona Cyt-C Abcam Cat#ab133504; RRID:AB_2802115
Rabbit monoclonal P53 Abcam Cat#ab32389; RRID:AB_776981
Rabbit monoclonal Caspase-9 Abcam Cat#ab202068; RRID:AB_2889070
Rabbit monoclonal Caspase-3 Abcam Cat#ab184787; RRID:AB_2827742
Rabbit monoclonal PARP Abcam Cat#ab191217; RRID:AB_2861274
Rabbit monoclonal GPC3 Abcam Cat#ab66596; RRID:AB_1141042
Mouse monoclonal Ki67 Boster Cat#M00254-8

Rabbit monoclonal MMP-9 Abcam Cat#ab76003; RRID:AB_1310463
Rabbit monoclonal MMP-2 Abcam Cat#ab92536; RRID:AB_10561597
Mouse monoclonal B-actin Beyotime Cat#AA128; RRID:AB_2861213
Goat Anti-Rabbit Beyotime Cat#A0239; RRID:AB_2893355
Goat Anti-Mouse Beyotime Cat#A0216; RRID:AB_2860575
Cy3-Goat Anti-Rabbit Beyotime Cat#A0516; RRID:AB_2893015
Cy3-Goat Anti-Mouse Beyotime Cat#A0521; RRID:AB_2923334

Chemicals, peptides, and recombinant proteins

M(27-39)-HTPP

Beijing Scilight Biotechnology Ltd

Ac-VAQQAANVAATLKNSRSLGENDDGNNEDNEKLR-NH,

M27-39 Beijing Scilight Biotechnology Ltd Ac-VAQQAANVAATLK-NH,
HTPP Beijing Scilight Biotechnology Ltd Ac-CNSRSLGENDDGNNEDNEKLR-NH,
GPC3 siRNA Guangzhou Agee Biotechnology Co., Ltd. 5-GGCUCUGAAUCUUGGAAUUTT-3'
Doxorubicin (DOX) MP Biomedicals LLC Cat#92-1101

DMF Aladdin Cat#68-12-2

DMSO Aladdin Cat#909910-43-6

DifcoTM Skim Milk BD Difco Cat#232100

Bovine serum albumin (BSA) Beyotime Cat#ST2249

Cy5.5-NHS Apoptosis and Epigenetics Company Cat#A8103

Critical commercial assays

One-step TUNEL kit Beyotime Cat#C1089

DCFH-DA Beyotime Cat#S0033S

JC-1 Beyotime Cat#C2003S

Annexin V Alexa Fluor 647/P| apoptosis kit 4A Biotech Cat#FXP023

DAPI Beyotime Cat#C1002

Hoechst 33342 Beyotime Cat#C1025

Mito-Tracker Red CMXRos Beyotime Cat#C1049B

NO assay kit Beyotime Cat#S0021S

Oligonucleotides

B-actin-F Tsingke Biotechnology GGCTGTATTCCCCTCCATCG
B-actin-R Tsingke Biotechnology CCAGTTGGTAACAATGCCATGT
Bcl-2-F Tsingke Biotechnology GTCGCTACCGTCGTGACTTC
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Bcl-2-R Tsingke Biotechnology CAGACATGCACCTACCCAGC
Bax-F Tsingke Biotechnology TGAAGACAGGGGCCTTTTTG
Bax-R Tsingke Biotechnology AATTCGCCGGAGACACTCG
P53-F Tsingke Biotechnology AAGACAGGCAGACTTTTCGC
P53-R Tsingke Biotechnology CACGAACCTCAAAGCTGTCC
caspase-3-F Tsingke Biotechnology ATGGAGAACAACAAAACCTCAGT
caspase-3-R Tsingke Biotechnology TTGCTCCCATGTATGGTCTTTAC
caspase-9-F Tsingke Biotechnology GACGCTCTGCTGAGTCGAG
caspase-9-R Tsingke Biotechnology GGTCTAGGGGTTTAACAGCCTC
PARP-F Tsingke Biotechnology GGCAGCCTGATGTTGAGGT
PARP-R Tsingke Biotechnology GCGTACTCCGCTAAAAAGTCAC
MMP 9-F Tsingke Biotechnology GAGACTCTACACCCAGGACG
MMP 9-R Tsingke Biotechnology GAAAGTGAAGGGGAAGACGC
MMP 2-F Tsingke Biotechnology GTGTTCTTTGCAGGGAATGAAT
MMP 2-R Tsingke Biotechnology ACGACGGCATCCAGGTTATC
Integrin B1 F Tsingke Biotechnology CAAGCAGGGCCAAATTGTGG
Integrin B1 R Tsingke Biotechnology CCTTTGCTACGGTTGGTTACATT

Biological samples

Fetal Bovine Serum

DMEM medium

Bioind
Gibco

Cat#04-007-1A
Cat#11995-065

Experimental models: Cell lines

HepG2 cells China Center for Type N/A
Culture Collection

Experimental models: Organisms/strains

Male athymic Balb/c mice Guangdong Medical Animal N/A

Experiment Center

Software and algorithms

ImageJ
GraphPad Prism8.0.2

Schindelin et al.

GraphPad

https://imagej.nih.gov/ij/
https://www.graphpad.com/

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the lead contact, Xuemei Lu (luxuemei@gdpu.edu.cn).

Materials availability

This study did not generate new unique reagents.

Data and code availability

Data reported in this paper will be shared by the lead contact upon request. This paper does not report
original code. Any additional information required to reanalyze the data reported in this paper is available
from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECTDETAILS
Cell lines and cell culture

The human HCC cell line HepG2 and L02 were provided by the China Center for Type Culture Collection,
Wuhan University (Wuhan, China). HBZY-1, H9C2, A549, HCT116, and MCF7 cells were provided by the
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Shanghai Cell Bank of the Chinese Academy of Sciences (Shanghai, China). All cells were cultured in DMEM
supplemented with 10% FBS and 1% penicillin/streptomycin (GIBCO, New York, NY, USA) at 37°C/5% CO5.

Animals

The use of the animals and experimental protocols were approved by the Guidelines for the Care and Use
of Experimental Animals, the Guangdong Pharmaceutical University (SYXK (Yue) 2017-0125), and the
Guangdong Pharmaceutical University Animal Care and Use Committee, China). 4-6 weeks old Male
athymic Balb/c nude mice (4-6 weeks old) weighing approximately 15-18 g of were purchased from the
Guangdong Medical Animal Experiment Center and maintained in an SPF animal housing facility.

METHOD DETAILS
Structural analysis and synthesis of M(27-39)-HTPP

ExPASY tools were used to investigate the structures of M27-39 and HTPP, the ligations of the two peptides
were examined and the subsequent synthesis was carried out.

In vitro cellular uptake

HepG2 cells (5 x 10° cells/well) were seeded in 6-well plates and cultured overnight. The cells were then
treated with FITC-M(27-39)-HTPP (320 pg/mL) and culture medium containing FITC-M27-39 (120 pg/mL)
and cultured for another 30 min HepG2, L02, MCF7, HCT116, and A549 cells (5 x 10° cells/well) were
seeded in 6-well plates and cultured overnight. The cells were then treated with culture medium containing
FITC-M(27-39)-HTPP and cultured for another 30 min. Finally, fluorescence intensity was detected using an
inverted microscope (LEICA, Wetzlar, Germany) and flow cytometry (BD FACSCalibur, New Jersey, USA).

3D HepG2 tumor spheroid penetration

HepG2 cells (1,000 cells/well) were seeded in 96-well clear round bottom ultra low attachment microplate
(Corning, New York, USA) and grown at 37 °C for 7 days to attain a diameter of approximately 200 um. Dur-
ing culture, the medium was changed every three days. FITC-M(27-39)-HTPP (320 pg/mL) and M27-39
(120 pg/mL) were added to cell culture medium and incubated for 1 h. After washing with PBS and fixing
with 4% paraformaldehyde, 3D tumor spheroids were scanned from the top to the middle at 10-um inter-
vals using a confocal microscope (Olympus, Tokyo, Japan).

GPC3 siRNA transfection

GPC3 siRNA sequence 5-GGCUCUGAAUCUUGGAAUUTT-3 was transfected to HepG2 cells before they
were added to FITC-HTPP/M(27-39)-HTPP and incubated for 30 min. The HepG2 cells were treated with
negative control (NC, scrambled sequence). The cells were digested and gathered for flow cytometry
examination.

Determination of cell viability

Cell Count kit-8 (CCK8) assay was performed to measure cell proliferation. The liver cancer cell line, HepG2,
was seeded into 96-well plates at a density of 5 x 10% cells/well. Cells were cultured in high-glucose DMEM
for 24hat 37 °C and 5% CO,. Dox (2 pg/mL), HTPP (200 ng/mL), M27-39 (120 ng/mL), and M(27-39)-HTPP
(320 pg/mL) were added to cells and incubated for 24 and 48 h. Thereafter, 10 uL of CCK8 (APExBIO,
Houston, Texas, USA) was added to each well. OD values were determined using a microplate reader at
a wavelength of 490 nm.

3D HepG2 tumor growth assay

HepG2 cells (1000 cells/well) were seeded in a 96-well clear round bottom ultra low attachment microplate
(Corning, New York, USA) and grown at 37 °C with 5% CO,. Dox (2 ng/mL), HTPP (200 pg/mL), M27-39
(120 pg/ml), and M(27-39)-HTPP (320 ng/mL) were added to the cells three days later and incubated for
10 days. An inverted microscope (LEICA, Wetzlar, Germany) was used to obtain images from various wells.

Colony formation assay

HepG2 cells were seeded in é-well culture plates and grown in equal quantities. Dox (2 ng/mL), HTPP
(200 ng/mL), M27-39 (120 png/mL), and M(27-39)-HTPP (320 ng/mL) were added to the cells three days later
and incubated for 15 days. The solution was changed every three days during incubation. Cells were fixed in

18 iScience 26, 106766, May 19, 2023

iScience



iScience

4% paraformaldehyde and stained with 0.1% crystal violet at 37 °C for 15 min. Images were captured and
saved for subsequent analysis.

Apoptosis of HepG2 cells

HepG2 cells were seeded in 6-well culture plates at similar numbers and allowed to develop. The cells were
treated with Dox (2 ng/mL), HTPP (200 png/mL), M27-39 (120 ng/mL), and M(27-39)-HTPP (320 ng/mL).
Hoechst 33342 (Beyotime, Shanghai, China) staining was used to assess nuclear changes in HepG2 cells.
Images from numerous wells were obtained using an inverted microscope (LEICA, Wetzlar, Germany).
To confirm whether M(27-39)-HTPP could induce apoptosis, HepG2 cells were cultured in a medium con-
taining M(27-39)-HTPP for 24 h. The cells were then stained using the Annexin V Alexa Fluoré47/PI
apoptosis kit (4A Biotech, Beijing, China) and analyzed by flow cytometry (BD FACSCalibur, New Jersey,
USA). One-step TUNEL kit (Beyotime, Shanghai, China) was used to detect the apoptosis of HepG2 cells
after 24 h of drug treatment.

Wound healing assays

HepG2 cells were seeded in é-well plates at a density of 1 x 10° cells/well and allowed to reach approxi-
mately 95% confluence after 24 h of growth. Cells were scraped with a 10 uL pipette tip to generate a
scratch wound and rinsed twice with PBS. The cells were then treated with culture medium containing
M(27-39)-HTPP (320 pg/mL), M27-39 (120 pg/mL), HTPP (200 pg/mL), and Dox (2 ng/mL) and the gap
distance was measured at the beginning and after 24 or 48 h. Images were captured in different wells using
an inverted microscope (LEICA, Wetzlar, Germany). The gap distance was quantitatively evaluated using
ImageJ software (Rawak Software Inc., Stuttgart, Germany).

Adhesion assay

HepG2 cells were seeded in 6-well plates. The cells were treated with culture medium containing HTPP
(200 pg/mL), M(27-39)-HTPP (320 ng/mL), M27-39 (120 ug/mL), Dox (2 pg/mL) and cultured for another
24 h. The 96-well plates were pre-coated with 80 pL of 1 mg/mL Matrigel (BD, New Jersey, USA) for 4 h.
The cells were digested and seeded in 96-well plates at a density of 5 x 10* cells/well for 2 h. Thereafter,
10 uL of CCK8 (0.25 mg/mL) was added to each well. OD values were determined using a microplate reader
at a wavelength of 490 nm. Adhesion rate = OD value of administration group/OD value of the blank
group X 100%.

Transwell invasion assays

The upper chamber was pre-coated with 80 puL of 1 mg/mL Matrigel (BD, New Jersey, USA) for 12 h. There-
after, 1 x 10° HepG2 cells were resuspended in 200 uL of DMEM without FBS and seeded in the upper well
of a Transwell chamber. DMEM supplemented with 20% FBS was added to the lower chamber. The cells
were cultured at 37 °C and 5% CO; for 48 h. The non-migrated cells were removed and the migrated cells
were fixed with 4% paraformaldehyde for 30 min. Migrated cells were stained with 0.5% crystal violet for
15minat 37 °C. The number of migrated cells was determined under an inverted microscope (LEICA, Wet-
zlar, Germany).

Mitochondrial colocalization

HepG2 cells (5 x 10°cells/well) were seeded in a glass-bottomed cell culture dish and co-cultured with
culture medium containing FITC-M(27-39)-HTPP (320 ng/mL). After staining with Mito Tracker Deep Red
FM (Beyotime, Shanghai, China), the HepG2 cells were fixed with 4% paraformaldehyde. Laser confocal im-
aging was performed using a confocal laser scanning microscope (LEICA, Wetzlar, Germany).

Transmission electron microscopy (TEM) imaging of the mitochondrial ultrastructure

HepG2 cells were seeded in cell culture flasks at a density of approximately 95%. M(27-39)-HTPP (320 ng/
mL) was added to the cells and incubated for 24 h. Thereafter, 2.5% glutaraldehyde was added and the cells
were fixed overnight at 4 °C. Changes in mitochondrial microstructure were observed using TEM (Jeol, To-
kyo, Japan).

Mitochondrial membrane potential detection

The mitochondrial membrane potential of HepG2 cells was assessed using a mitochondrial membrane po-
tential assay kit with the JC-1 (Beyotime, Shanghai, China). Briefly, 5 x 10° cells were harvested and stained
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with JC-1 dye for 20minat 37 °C. The cells were then washed twice and analyzed using fluorescence micro-
scopy (LEICA, Wetzlar, Germany) and flow cytometry (BD FACSCalibur, New Jersey, USA). The ratio of red
to green fluorescence intensity was calculated.

ROS measurement

HepG2 cells were seeded in 6-well plates (5 x 10° cells/well) and treated with HTPP (200 ng/mL), M27-39
(120 ng/ml), or M(27-39)-HTPP (320 pg/mL) for 24 h. After treatment, the cells were incubated with 20 pL
2,7-Dichlorodi-hydrofluorescin diacetate (DCFH-DA, Beyotime, Shanghai, China) in DMEM for 25minat
37 °C. The cells were immediately analyzed using a flow cytometer (BD FACSCalibur, New Jersey, USA).

Measurement of nitric oxide (NO), ATPase activity measurement

The total NO concentration was determined by measuring the concentrations of nitrate and nitrite, a stable
metabolite of NO, using the Griess assay and the total nitric xxide assay kit (Beyotime, Shanghai, China).
ATPase levels were estimated using a standard kit (Nanjing Jiancheng Bioengineering Institute, Nanjing,
China). The activities of Na*/K*-ATPase, Ca?*/Mg”*-ATPase, and total ATPase were estimated.

Establishment of a mouse hepatoma model

All animal experimental protocols were approved by the Ethics Committee for the Use of Experimental
vwAnimals of the Guangdong Pharmaceutical University. To establish an orthotopic tumor model, mice
were injected with 2 X 10° HepG2 cells in the left lobe of the liver. Mice were treated with 5 mg/kg Dox
or 35 mg/kg HTPP or 20 mg/kg M27-39 or 55 mg/kg M(27-39)-HTPP via caudal vein once every 48 h for
4 weeks.

In vivo fluorescence imaging

Cy5.5 labeled samples were prepared in the following manner: 5 mg of M(27-39)-HTPP or M27-39 was
mixed with 0.6 mg of Cy5.5-NHS ester and 5 mL of DMF in the dark at 25 °C for 6 h Cy5.5 labeled M(27-
39)-HTPP or M27-39 was collected via ultrafast centrifugation at 12000 rpm and purified five times with
ethanol/water (3:1, v/v) before vacuum drying. HCC mice were subsequently administered a tail vein injec-
tion of 0.2 mL of Cy5.5 labeled M(27-39)-HTPP (320 ng/mL) or M27-39 (120 pg/mL). The in vivo fluorescent
signals at 1, 3, 6, 12, and 24 h were recorded using a VISQUE In Vivo Smart-LF imaging system. At 6 h, the
mice were killed and their major organs (heart, liver, spleen, lung, and kidney) were collected for ex vivo
imaging.

In vivo anti-tumor activity and histological analysis

Tumor volume is a therapeutic index and the body weight of mice is a measure of toxicity. The tumor size
was determined using the following equation:

tumor volume (mm?) = length xwidth2/2

The main organ tissues (heart, liver, spleen, lung, and kidney) were collected, washed with saline, immersed
in 4% paraformaldehyde, dehydrated, fixed, embedded in paraffin, sectioned, and stained with hematox-
ylin-eosin (H&E). Finally, the histopathological changes were also observed.

Histology and immunohistochemistry (IHC)

Specimens were fixed overnight in 10% formalin, dehydrated in a graded ethanol series, and embedded in
paraffin. Histological analysis was performed using 5 um paraffin-embedded sections stained with H&E.
IHC was performed using the antibodies listed in key resources table. Antigen retrieval was achieved by
warming deparaffinized sections in 10 mM citrate buffer (pH 6.0) for 10 min, followed by a 10-min incubation
in 10% H,O, dissolved in methanol to quench the endogenous peroxidase activity. The slides were then
incubated with primary antibodies overnight at 4 °C, followed by incubation with secondary HRP-conju-
gated antibodies for That 37 °C. The slides were counterstained with hematoxylin and images showing pro-
tein expression were obtained using a microscope.

Immunofluorescence (IF)

Immunofluorescence analysis was performed using antibodies listed in key resources table. HepG2 cells
were seeded on coverslips in 24-well plates for immunofluorescence analysis. After overnight incubation,
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cells were treated with FITC-M(27-39)-HTPP (320 pg/mL) and fixed with cold 100% methanol for 20 min. At
37 °C, nonspecific sites were blocked with 1% BSA, followed by overnight incubation with the primary
antibody. The cells were washed with PBS, incubated for 1hat 37 °C with Cy3-conjugated secondary anti-
bodies, and then washed with PBS. Cell nuclei were stained with DAPI (Meilunbio, Dalian, China) for 5 min
before washing with PBS. Finally, fluorescence microscopy (LEICA, Wetzlar, Germany) was used to detect
the fluorescence intensity.

Antigen retrieval was achieved by warming deparaffinized sections in 10 mM citrate buffer (pH 6.0) for
10 min, followed by a 10-min incubation in 10% H,O, dissolved in methanol to quench the endogenous
peroxidase activity. At 37 °C, nonspecific sites were blocked with 1% BSA, followed by overnight incubation
with the primary antibody. The cells were washed with PBS, incubated for That 37 °C with Cy3-conjugated
secondary antibodies, and washed with PBS. Cell nuclei were stained with DAPI for 5 min before washing
with PBS. Finally, fluorescence microscopy was used to detect fluorescence intensity.

Quantitative RT-PCR

RNA isolation and RT-PCR were performed according to the manufacturer’s protocol. Total RNA extracted
from each tumor was quantified and subjected to reverse transcription as previously described. Fold
changes in the mRNA levels of the target genes relative to the endogenous cyclophilin control were calcu-
lated. Briefly, the cycle threshold ('/,Ct) value of each target gene was subtracted from that of the Ct value
of the housekeeping gene (DCt). The target gene DDCt was calculated as the DCt of the target gene minus
the DCt of the control. Thefold change in mRNA expression was calculated as 2DDCt. The primer se-
quences used are listed in key resources table.

Western blot

HepG2 cells and hepatoma tissues were lysed in lysis buffer. After quantifying the lysate protein concen-
tration using a BCA Kit (Beyotime, Shanghai, China), the proteins were loaded for sodium dodecyl sul-
fate-polyacrylamide gel electrophoresis and transferred to a PVDF membrane (Merck Millipore, Germany).
Subsequently, the membranes were blocked with 5% nonfat milk for 1 h and incubated with the primary and
secondary antibodies listed in key resources table. The samples were analyzed using BeyoECL Moon (Be-
yotime, Shanghai, China).

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantification of wound healing, Western blot, IHC and IF single plane images was performed using Im-
ageJ software (Rawak Software Inc., Stuttgart, Germany). GraphPad Prism (GraphPad Software Inc., San
Diego, CA, USA) 8.0.2 software tool was used for statistical analysis. The experimental results are
reported as the mean + SD. One-way analysis of variance (ANOVA) was used to compare the groups.

*p< 0.05; **p< 0.01; ***p< 0.001. as compared with the negative control group. N.S., not significant.
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