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Abstract Mitochondrial shape rapidly changes by dynamic balance of fusion and fission to adjust to

constantly changing energy demands of cancer cells. Mitochondrial dynamics balance is exactly regu-

lated by molecular motor consisted of myosin and actin cytoskeleton proteins. Thus, targeting myosin

eactin molecular motor is considered as a promising strategy for anti-cancer. In this study, we performed

a proof-of-concept study with a natural-derived small-molecule J13 to test the feasibility of anti-cancer

therapeutics via pharmacologically targeting molecular motor. Here, we found J13 could directly target

myosin-9 (MYH9)eactin molecular motor to promote mitochondrial fission progression, and markedly

inhibited cancer cells survival, proliferation and migration. Mechanism study revealed that J13 impaired

MYH9eactin interaction to inactivate molecular motor, and caused a cytoskeleton-dependent mitochon-

drial dynamics imbalance. Moreover, stable isotope labeling with amino acids in cell culture (SILAC)

technology-coupled with pulldown analysis identified HSPA9 as a crucial adaptor protein connecting

MYH9eactin molecular motor to mitochondrial fission. Taken together, we reported the first natural

small-molecule directly targeting MYH9eactin molecular motor for anti-cancer translational research.
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Besides, our study also proved the conceptual practicability of pharmacologically disrupting mitochon-

drial fission/fusion dynamics in human cancer therapy.

ª 2021 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical

Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Mitochondria are crucial organelles to produce energy for efficient
maintenance of cell functions1,2. Mitochondria possess capability
of changing self-morphology, which is called mitochondrial dy-
namics, in response to external dangerous stimuli including
oxidative stress, nutrient deprivation, UV radiation, and toxic
chemicals3,4. Mitochondrial dynamics is regulated by two opposed
processes: mitochondrial fission and fusion, which are well
conserved between mammals, flies and yeast5. Appropriate
fission/fusion dynamics is critical to maintain mitochondrial ho-
meostasis, and is accurately controlled in cells6,7. Mitochondrial
fission plays a key role in mitochondrial movement to the regions
that lack of energy by forming smaller fragmented mitochondria.
Meanwhile, mitochondria tend to fuse together under damaged
condition to share nutrients and genetic mtDNA for preserving
normal oxidative phosphorylation and ATP energy supply8. Dys-
regulation of mitochondrial fission/fusion process is widely
implicated in various cell stresses, and seriously affects mito-
chondrial quality control, which has been linked to various human
diseases especially for cancers9e12.

Nowadays, specifically targeting mitochondrial dynamics has
become an attractive issue in cancer therapy13. A consensus has
emerged that increased mitochondrial fission is a pro-tumorigenic
phenotype. Thus, inhibition of mitochondrial fission has been
considered as a potential strategy for cancer treatment10,11,14e17.
However, limited attempts have been reported so far in clinical
studies, implying a potential high risk and uncertainty of this anti-
cancer strategy. Curiously, it has been recently reported that an
excess of fission promotes mitochondrial dysfunction, which may
play an unfavorable role in cancer cell growth18. Therefore,
pharmacological induction of mitochondrial fission could provide
novel insight into anti-cancer therapy, but this concept has not yet
been adequately validated.

Currently, mitochondrial fission/fusion dynamics modulation
mechanism has not been widely clarified19. Accumulating evi-
dence show that molecular motor proteins are master regulators
powering mitochondrial dynamics in living organisms20,21. Of
note, myosin is a crucial molecular motor protein that slides along
actin filaments by utilizing energy from ATP hydrolysis22. Pre-
vious report suggests that myosin and actin could form arche-
typical molecular motor complex to regulate mitochondria fission/
fusion dynamics, morphology and cellular localization23,24. Ge-
netic downregulation of myosin markedly suppresses mitochon-
drial fission to promote elongated mitochondria number25.
Intriguingly, it has been also found that mitochondrial fission
occurs at mitochondria-endoplasmic reticulum (ER) contact sites
with F-actin accumulation, which drives dynamin-related protein
DRP1 recruitment to fuel mitochondrial fission26. Therefore, it is
significant to explore potential strategy for regulating mitochon-
drial fission via targeting myosineactin molecular motor24.

In this study, we discovered a natural-derived small-molecule
J13 from medicinal plant Ablizia julibrissin with obvious anti-
hepatoma carcinoma effects in vitro and in vivo by directly tar-
geting myosin-9 (MYH9)eactin molecular motor. Further inves-
tigation showed that J13 bound to actin-binding motif in MYH9 to
impair MYH9 interaction with actin and induced molecular motor
dysfunction for mitochondrial fission progression. Moreover, heat-
shock protein A9 (HSPA9) was identified as a critical substrate
protein of MYH9eactin molecular motor for modulating mito-
chondrial fission. In addition, high expressions of MYH9 and
HSPA9 were associated with poor progression and prognosis in
liver hepatocellular carcinoma (LIHC). Collectively, for the first
time, our proof-of-concept study revealed that J13 was a novel
molecule template for regulating molecular motor function.
Moreover, MYH9eactin molecular motor may represent a
promising pharmacological therapeutic target of mitochondrial
dynamics-related diseases especially for human cancers.

2. Materials and methods

2.1. Chemicals and reagents

Julibraside J13 was previously separated and purified from Ablizia
julibrissin by our laboratory27, and the purity is above 98% by
HPLC analysis. Fatty acid-free bovine serum albumin (BSA) was
purchased from Equitech-Bio (Kerrville, TX, USA). 3-[4,5-
Dimethylthiazol-2-yl] 2,5-diphenyltetrazolium bromide (MTT)
and recombinant actin and myosin heavy chain were obtained
from Sigma Chemical (Santa Clara, CA, USA). TransDetect
Annexin V-FITC/PI cell kit was obtained from Transgene (Bei-
jing, China). Hoechst 33258 staining kit and mitochondrial
membrane potential assay kit were obtained from Beyotime
(Nanjing, China). Fetal bovine serum (FBS) was from PAN-
Biotech (Logan, UT, USA). High glucose Dulbecco’s modified
Eagle’s medium (DMEM, 4.5 g/L glucose), antibiotics and trypsin
were from Macgene (Beijing, China). Primary antibodies and
secondary antibodies were from Cell Signaling Technology
(Beverly, MA, USA). Chemiluminescent HRP substrate was pur-
chased from Thermo Scientific (Waltham, MA, USA).

2.2. Methods

2.2.1. Cell culture
Human hepatoma cell lines (HepG2/Hepa1-6/Bel7402/
SMMC7721), human umbilical vein endothelial cells (HUVEC),
human embryonic kidney 293 cells (HEK293) and mouse hepa-
toma cell line (H22) were obtained from the State Key Laboratory
of National and Biomimetic Drugs, Peking University Health
Science Centre (Beijing, China), and cultured in DMEM supple-
mented with 10% FBS, 100 U/mL streptomycin at 37 �C in a
humidified incubator with 95% air and 5% CO2.

2.2.2. Plasmids and siRNA
The plasmids of HA-MYH9, His-HSPA9, MYH9 F (83e764 aa)
and MYH9 M (del 654e676 aa) were constructed by Biogot
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Technology (Nanjing, China). Specific MYH9 siRNAs were
designed and synthesized at GenePharma (Shanghai, China) as
listed in Supporting Information Table S1. The indicated plasmids
or siRNAwere transfected into HepG-2 cells using Lipofectamine
2000 (Invitrogen, Waltham, CA, USA) or Lipofectamine RNAi-
MAX (Thermo Scientific, Waltham, MA, USA) respectively.
After 48 h, cells were collected for further experiments.

2.2.3. Cell viability assay
Cell viability was detected via colorimetric MTT assay. After
treatment, MTT solutions (5 mg/mL) were added to each well.
After incubation for 2 h, supernatants were aspirated and for-
mazan crystals were dissolved in DMSO. The amount of purple
formazan was assessed by measuring the absorbance at 570 nm
using Infinite F50 Absorbance Microplate Reader (Tecan, Man-
nedorf, Switzerland).

2.2.4. Hoechst 33258 staining assay
Hoechst 33258 staining assay was used to visualize nuclear
change and apoptotic body formation. After treatment, cells were
washed with PBS and fixed with 4% formaldehyde at 4 �C for
20 min. The fixing solution was removed and cells were washed
twice with PBS before staining with Hoechst 33258 (5 mg/mL).
After 5 min, cells were washed and observed under a fluorescence
microscope (IX73, Olympus, Tokyo, Japan) with excitation at
360 nm and emission at 460 nm.

2.2.5. Terminal deoxynucleotidyl transferase-mediated dUTP
nick-end labeling (TUNEL) assay
TUNEL assay kit (Life, Waltham, MA, USA) was employed to
quantify DNA strand breaks in apoptosis. Briefly, after depar-
affinization, rehydration, permeabilization and blocking, tumor
tissues or HepG2 cells were incubated with TUNEL reaction
mixture at 37 �C for 1 h in a humid and dark condition. For
staining of nuclei, cells were treated with 40,6-diamidino-2-
phenylindole (DAPI) for 15 min at room temperature. After
washing with PBS, tissue or cell samples were imaged by an IX73
fluorescence microscope (Olympus, Tokyo, Japan). DAPI was
visualized at 358 nm (excitation) and 460 nm (emission). FITC
was visualized at 488 nm (excitation) and 516 nm (emission).
Percentage of number of TUNEL-positive cells (green) to total
cells (DAPI-positive cells, blue) was calculated as the percentage
of apoptotic cells.

2.2.6. Mitochondrial membrane potential (MMP) analysis
After treatment, cells were incubated with 10 mg/mL JC-1 solution
for 20 min at 37 �C. Then, cells were washed and observed with
the Olympus IX73 fluorescence microscope (Olympus, Tokyo,
Japan). Green fluorescence was detected with 488 nm (excitation)
and 525 nm (emission) filters, whereas red fluorescence was
visualized with 488 nm (excitation) and 590 nm (emission) filters.

2.2.7. Preparation of J13-tagged beads
Epoxy-actived Sepharose 4B beads (GE Healthcare, Chicago, IL,
USA) were added into stilled water and left overnight to allow
beads completely swelled. Beads were then incubated with J13 or
solvent for 12 h under constant rotation at 37 �C. After remove of
supernatants through centrifugation at 3000 rpm (6380R, Eppen-
dorf, Hamburg, Germany) for 2 min, residual active sites were
quenched using ethanolamine solution (1 mol/L, pH 8.5) for 2 h
with agitation. J13-tagged beads were washed with stilled water
and stored at 4 �C until further use.
2.2.8. Cellular target identification of J13
Cell lysates were incubated with J13-tagged beads at 4 �C for
12 h. Meanwhile, an excess amount of J13 for competition was
added into lysates. Target proteins were specifically bound to J13-
tagged beads and then eluted by boiling in SDS-loading buffer for
10 min. Supernatants were obtained and subjected to SDS-PAGE
followed by silver staining. The bands with obvious difference
upon J13 treatment were separated, trypsin-digested and identified
by LCeMS/MS analysis as described in our previous
publication28.

2.2.9. Cellular thermal shift assay (CETSA)
Cells were collected and freeze-thawed three times using liquid
nitrogen. Cell suspensions were divided into 2 aliquots and treated
with or without J13 (5 mmol/L) for 1 h at room temperature. Each
aliquot was heated at indicated temperature (38e64 �C) for 3 min
followed by cooling for 3 min. Supernatants were isolated and
analyzed by Western blot. Additionally, for living cell CETSA
experiment, cells were treated with or without J13 (5 mmol/L) for
6 h, harvested, and heated separately at indicated temperature
(38e64 �C) followed by 3 min cooling. Cells were collected and
freeze-thawed three times using liquid nitrogen. Supernatants
were analyzed by Western blot.

2.2.10. Surface plasmon resonance (SPR) assay
SPR measurement was performed on Biocore T200 system (GE
Healthcare, Boston, USA) using a carboxymethylated 5 sensor
chip. Recombinant MYH9 and b-actin proteins were dissolved in
running buffer (TriseHCl 50 mmol/L, pH 7.2, 100 mmol/L KCl).
Protein samples were immobilized on chip via amine coupling
chemistry in 10 mmol/L sodium acetate at pH 4.5. Ligand solu-
tions were injected as analytes. Data were analyzed with Biocore
evaluation software (T200 Version 2.0) using 1:1 langmuir model
to fit kinetic data.

2.2.11. Tryptophan fluorescence quenching assay
Recombinant MYH9 and b-actin proteins were diluted to
500 mmol/L with PBS, and mixed with gradient concentration of
J13 (0.39e100 mmol/L). Tryptophan fluorescence was monitored
with lex 278 nm and lem 300e500 nm at 1 nm increment on the
PerkinElmer fluorescence spectrophotometer (PerkinElmer EnS-
pire, Waltham, MA, USA). Fluorescence intensities were cor-
rected by buffer contribution.

2.2.12. Co-immunoprecipitation (co-IP) analysis
For co-IP analysis, protein lysates of HepG2 cells were treated
with protein A/G agarose for 1 h at 4 �C and centrifuged to obtain
supernatants. Samples were incubated with specific primary an-
tibodies at 4 �C overnight and subsequent protein A/G agarose
beads for 4 h at 4 �C. Beads were centrifuged and washed five
times with IP buffer (0.01% Triton X-100). The immunoprecipi-
tated proteins were eluted by boiling in SDS-loading buffer for
10 min. Final eluate was subjected to SDS-PAGE and analyzed by
Western blot.

2.2.13. Molecular docking analysis
Three-dimensional structure of J13 was built in Open Babel
software. Since X-ray crystal structures of human b-actin and
MYH9 have not been reported, we searched for Protein Data Bank
(PDB) (http://www.ncbi.nlm.nih.gow/protein/) to find a proper
structural template for homology modeling. We used crystal
structure of human a-actin (PDB ID code: 5JLH, chain A) and
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human MYH14 (PDB ID code: 5JLH, chain F) as input. Ho-
mology model was generated in SWISS-MODEL web server as
the receptor model in docking stimulation. J13 was placed into the
indicated cave which was identified in our study during molecular
docking procedure. All calculations were carried out using
Autodock Vina software, and Pymol software was used to analyze
interaction types of docked proteins with ligand.

2.2.14. Actin polymerization assay
G-actin (200 mg/mL) was mixed with TriseHCl (pH 8.0), 2 mmol/L
FITC-phalloidin methanol solution, 20 mmol/L ATP and different
concentrations of J13 (0e0.1 mmol/L). Reaction was started by
adding actin polymerization solution (50 mmol/L KCl, 1 mmol/L
MgCl2), and continuously detected on the PerkinElmer fluorescence
spectrometer (PerkinElmer EnSpire, Waltham, MA, USA) for
15 min (lex 545 nm, lem 570 nm).

2.2.15. Immunofluorescence and morphological staining
For immunofluorescence staining of G-actin, HSPA9 and COX IV,
cells were fixed with 4% paraformaldehyde and permeabilized with
0.5% Triton X-100. After blocking with 1% BSA in PBS for 20 min,
cells were incubated with primary antibodies at 4 �C overnight.
After incubation, cells were incubated with anti-rabbit IgG
Alexa Fluor 488 or anti-mouse IgG Alexa Fluor 594 for 1 h at
room temperature. Nuclei were stained with DAPI (50 mg/mL,
358 nm/460 nm) for 15 min at room temperature. For morphological
staining of filamentous actin (F-actin), mitochondria and endoplasmic
reticulum (ER), cells were permeabilized and blocked as immuno-
fluorescence staining. Then, cells were incubated with actinetracker
Green (5mmol/L, 496 nm/516 nm),MitoetrackerGreen (200 nmol/L,
490 nm/516 nm) or ERetracker Red (1 mmol/L, 504 nm/511 nm),
according to the manufacturers’ instructions. After being stained with
DAPI, cells were imaged on Leica TCS-SP5 confocal laser-scanning
microscope (Wetzlar, Germany).

2.2.16. Cell migration assay
Migration assay was carried out using a Transwell with an 8 mm
pore size. Briefly, HepG2 cells were seeded onto apical side of
Transwell membrane in serum-free medium with or without J13.
Medium containing 10% serum was added in basolateral side.
Following incubation at 37 �C in 5% CO2 for 48 h, noninvasive
cells were removed by a cotton swab. Membrane containing the
migrated cells was fixed with 4% paraformaldehyde for 20 min
and stained with 1% crystal violet for 20 min at room temperature.
Images were taken in light field by an IX73 fluorescence micro-
scope (Olympus, Tokyo, Japan) and the migrated cells were
quantitated with Image J densitometric software.

2.2.17. Tube formation assay
Matrigel (100 mL, Corning, Kennebunk, ME, USA) was added
into 96-well plate, and polymerized for 30 min at room temper-
ature. HUVECs were seeded into each well with or without J13.
After 6 h incubation, cells were fixed and tube formation was
analyzed by an IX73 fluorescence microscope (Olympus, Tokyo,
Japan).

2.2.18. Chick embryo chorioallantoic membrane (CAM) assay
Anti-angiogenesis study was evaluated through CAM assay.
Windows were cut on egg shells of 8-day-old chick embryos (Vital
River, Beijing, China) and resealed with a transparent film to be
incubated at 37 �C for further 5 days. During the incubation, J13
or solvent was dropped onto chick embryo chorioallantoic
membranes once a day. Then, membranes were fixed with meth-
anol/acetone at ratio of 1:1 for 20 min. Images of the membranes
were obtained by an IX73 inverted microscope (Olympus, Tokyo,
Japan) and vessel ramification rate was counted by Image J
densitometric software.

2.2.19. Western blot assay
Protein samples were separated by SDS-PAGE and transferred
onto PVDF membranes. Then, membranes were incubated with
primary antibodies at 4 �C for 12 h, followed by incubation with
secondary antibody for 1 h at room temperature. Membranes were
washed and developed using enhanced chemiluminescence, and
detected with Tanon 5200 Imaging Analysis System (Tanon,
Shanghai, China).

2.2.20. In vivo anti-tumor studies
2.2.20.1. Animals. Male ICR mice (5e6 weeks old, weight
20e22 g) were obtained from Vital River Laboratories (Beijing,
China), and raised in animal house at 25 � 1 �C under constant
dark and light cycles. ICR mice had free access to standard lab-
oratory food and water. All animal experiments were performed
under the guidelines of EIACUC-PKU (Ethical Institutional An-
imal Care and Use Committee of Peking University).

2.2.20.2. Anti-tumor effects evaluation in vivo. After 5 days of
acclimatization, H22 cells (1 � 107/mL) were resuspended in
saline (0.2 mL) and injected into the flank of ICR mice to form
subcutaneous tumor. Five days later, mice were sorted to give
different treatments: control-ip (normal saline, intraperitoneal in-
jection), control-ig (normal saline, intragastric administration),
J13-ip (0.5, 1.0 and 2.0 mg/kg per day, intraperitoneal injection),
J13-ig (1.0, 2.0 and 4.0 mg/kg per day, intragastric administra-
tion), and cyclophosphamide (CTX, 30 mg/kg per day, intraperi-
toneal injection). Animal body weights were measured every day.
After 12 days, tumors were weighed, fixed in 4% para-
formaldehyde and embedded in paraffin for HE staining and
immunohistochemistry (IHC) analysis.

2.3. Statistical analysis

Data were represented as mean � standard deviation (SD). Sta-
tistical analysis was performed by one-way ANOVAwith Tukey’s
multiple comparison post-test. Statistical significance between
two groups was performed using Student’s t-test. A probability
value of P < 0.05 was considered as statistically significant.

3. Results

3.1. MYH9eactin molecular motor is a direct cellular target of
anti-cancer small-molecule J13

To identify effective anti-cancer drugs that might disrupt mito-
chondrial dynamics, we previously conducted an activity screen of
a natural compound library consisting of around 4500 small
molecules. Small-molecule J13 was isolated from medicinal plant
Ablizia julibrissin. MTT assay revealed that J13 exerted obvious
anti-hepatoma carcinoma effect in multiple cancer cells (Fig. 1A)
but with low toxicity on normal hepatocytes (Supporting Infor-
mation Fig. S1). We then investigated the mitochondrial
morphology change upon J13 treatment. Strikingly, mitochondrial
ultrastructure analysis illustrated distorted cristae and many
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fragmented mitochondria in response to J13 (Fig. 1B). Moreover,
mitochondrial fission was also determined by Mito-tracker stain-
ing. As shown in Fig. 1C, J13 obviously caused an increase in
mitochondria stained by Mito-tracker from elongated and tubular
mitochondria into dots, implicating that mitochondrial
morphology shifted towards fission. Inhibition of mitochondrial
fission by Mdivi-1 markedly reversed J13-dependent anti-cancer
effects, suggesting that mitochondrial fission is involved in J13-
induced hepatoma carcinoma HepG2 cell death (Fig. 1D). Mito-
chondrial dynamics impairment contributes to mitochondrial
membrane potential (MMP) decrease. Our findings show that J13
significantly upregulated JC-1 green fluorescence in HepG2 cells
(Fig. 1E), reflecting an increase of depolarized mitochondria. In
addition, immunofluorescence analysis indicates that J13 pro-
moted mitochondrial fission protein DRP-1 translocation without
affecting its expression (Supporting Information Fig. S2A and
S2B). Therefore, these observations indicated that J13 exerted
anti-cancer activities by potentially promoting mitochondrial
fission.

To explore direct cellular target of J13, we prepared J13-
coupled agarose beads to capture target proteins from HepG2 cell
lysate. Notably, we identified two obvious protein bands (220 kDa
for MYH9 and 48 kDa for b-actin) by MS/MS in SDS-PAGE
stained with silver (Fig. 1F), which was confirmed by Western
blot. Since MYH9 and b-Actin belong to molecular motor pro-
teins, we then used different surfactants (NP40, Triton and SDS)
to explore the binding characteristic of J13 to MYH9 and b-actin.
As shown in Fig. 1G, rigorous surfactants Triton and SDS obvi-
ously inhibited J13 binding to MYH9 and b-actin, but not for
weak surfactant NP40, indicating non-covalent bindings of J13
with MYH9 and b-actin. Then surface plasmon resonance (SPR)
analysis was performed to show specific bindings of J13 to MYH9
and b-actin (Fig. 1H). Moreover, cellular thermal shift assay
(CETSA) showed that J13 markedly promoted MYH9 and b-actin
protein stability in HepG2 lysate and cultured HepG2 cells (Fig. 1I
and G). Collectively, these findings suggest that J13 directly tar-
geted molecular motor proteins of MYH9 and b-actin in human
hepatoma cells.

3.2. J13 suppresses MYH9eactin interaction to promote
mitochondrial fission

Since molecular motor proteins play crucial roles in mitochondrial
morphology and transport, we then hypothesized that J13 may
promote mitochondrial fission to exert anti-cancer effect in a
MYH9-dependent manner. As shown in Fig. 2A, genetic knock-
down of MYH9 significantly reversed J13-mediated cell viability
decrease. Moreover, downregulation of MYH9 could significantly
blunt J13-induced mitochondrial fission (Fig. S2D), indicating that
MYH9 is of importance for J13-induced anti-cancer effects. Since
MYH9eactin interaction contributes to mitochondrial dynamics,
we thus explored whether J13 regulated MYH9eactin interaction.
Here, co-IP assay suggested that J13 significantly inhibited MYH9
interaction with b-actin in cell lysate and recombinant proteins
mixture (Fig. 2B), underlining the potential importance of
MYH9eb-actin interaction in J13-mediated mitochondrial fission.

To explore the binding site of J13 to MYH9, we hypothesized
that J13 influenced MYH9eactin interaction via actin-binding
motif in MYH9. To this end, we compared the difference of J13
binding capacity with MYH9 full-length (MYH9 F) or MYH9
with actin-binding motif deletion (MYH9 M). As shown in
Fig. 2C, J13 exhibited an obvious binding to MYH9 F, but a
weaker interaction with MYH9 M, demonstrating that actin-
binding motif was essential for J13 interaction with MYH9.
Then, docking analysis showed that J13 spatially bond around
actin-binding motif by forming several hydrogen bonds with
arginine (ARG) 165, methionine (MET) 161, arginine (ARG) 240,
lysine (LYS) 441, glycine (GLN) 443, glycine (GLY) 444,
phenylalanine (PHE) 447 and asparagine (ASN) 663 (Fig. 2D).
Thus, we proposed that J13 may engage the actin-binding inter-
face in MYH9 to impair dynamical MYH9eactin interaction.
Intriguingly, we observed an obvious allosteric regulation effect of
J13 on MYH9 conformation change using fluorescence analysis of
tryptophan (Fig. 2E), indicating that J13 may mediate MYH9
binding to b-actin via a putative conformational mechanism.

Since mitochondrial dynamics interferes with mitochondria-
ER communication to cause ER stress, we also investigated
whether J13-mediated mitochondrial dynamics imbalance
impaired ER-mitochondria contact and fueled ER stress. As
shown in Fig. 2F, J13 significantly suppressed ER (red)-mito-
chondria (green) coupling in a time-dependent manner, which was
indicated by a decreasing overlap of red/green fluorescence. The
reduction of ER-mitochondria contact sites may synergistically
enhance J13-induced effects by inducing ER stress. To confirm
whether J13-mediated mitochondrial fission contributed to ER
stress, we performed MTT assays with ER stress inducers. As
shown in Fig. 2G, we observed a notable synergistic inhibition
effect of J13 on HepG2 cells with tunicamycin (Tu), thapsigargin
(Th) and calcium ionophore III (CI), demonstrating that ER stress
may be also a crucial driver for J13-dependent anti-cancer effect.
Moreover, we performed MTT assay with two classic ER stress
inhibitor TUDCA and 4-PBA, with or without J13, respectively.
As shown in Fig. 2H, ER stress inhibitors efficiently reversed J13-
induced cell viability decrease in HepG2 cells, further confirming
our previous speculation that ER stress indeed is induced by J13
treatment for anti-cancer effect.

3.3. HSPA9 is a MYH9eactin molecular motor substrate
protein for controlling mitochondrial dynamics

To explore the inter-mediators connecting MYH9eactin molecu-
lar motor to mitochondrial dynamics, we performed SILAC-based
co-IP experiment to capture potential binding proteins (Fig. 3A).
As shown in Fig. 3B, a 74 kDa heat-shock protein A9 (HSPA9)
was identified as the most specific interacting protein of MYH9,
which was confirmed by co-IP assay with specific antibodies
(Fig. 3C). Immunofluorescence analysis also revealed an inter-
esting phenomenon that J13 promoted cytoplasm translocation of
HSPA9 to increase its co-location with MYH9 (Fig. 3D). More-
over, we performed cytoplasmic and nuclear fractions separation
and found that HSPA9 was preferentially located in the nuclear
fraction of control cells. However, upon J13 treatment, HSPA9
was considerably increased in cytosol, and thereby promoting co-
location of MYH9 with HSPA9 (Fig. 3E). This observation was
supported by previous reports that HSPA9 was a ubiquitously
expressed mitochondrial chaperon which facilitated ER membrane
interaction with mitochondrial outer membrane29. Then, we
observed that J13 significantly decreased fluorescence intensity
and disrupted fluorescence distribution of mitochondrial mem-
brane protein cytochrome c oxidase subunit IV (COXIV), indi-
cating an increase of mitochondrial fragmentation (Fig. 3F). To
explore whether HSPA9 was involved in J13-meidated decrease of
cell viability, HSPA9 inhibitor MKT-077 was used in our study.
As shown in Fig. 3G, MKT-077 showed obvious antagonistic



Figure 1 MYH9-actin molecular motor is a direct cellular target of anti-cancer small-molecule J13. (A) J13 inhibited cell viability of HepG2,

SMMC7721, Hepa1-6 and Bel7402 cells (n Z 6). (B) J13 induced mitochondrial fission in HepG2 cells. Mitochondrial morphology of HepG2

after J13 treatment was detected by transmission electron microscopy scanning (scale bar Z 100 nm). (C) J13 caused mitochondrial fragmen-

tation in HepG2 cells, which was visualized by Mito-tracker staining (scale bar Z 10 mm). (D) Inhibition of mitochondrial fission by Mdivi-1

markedly reversed J13-dependent anti-cancer effects by MTT assay (nZ 6). (E) J13 induced mitochondrial depolarization by JC-1 staining (scale
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Figure 2 J13 suppresses direct MYH9eactin interaction to promote mitochondrial fission. (A) MYH9 knock-down reversed J13-dependent cell

viability decrease in MTT assay. N.C.: knock-down negative control. (B) J13 suppressed the interaction of MYH9 with b-actin by co-IP assay. (C)

Pull-down assay revealed that J13 interacted with actin-binding motif of MYH9. MYH9 F and M: full length MYH9 and mutated MYH9 with a

deletion of 23 amino acids (654e676). (D) Docking analysis shows the amino acid residues which may form hydrogen bonds with J13 including

ARG165, MET161, ARG240, LYS441, GLN443, GLY444, PHE447, and ASN663. (E) J13 induced allosteric effect of MYH9 by tryptophan

fluorescence scanning analysis. (F) J13 suppressed the co-location of ER with mitochondria by double fluorescence staining analysis (ER-tracker,

red; Mito-tracker, green; scale bar Z 10 mm). (G) ER stress inducers including tunicamycin (Tu), thapsigargin (Th), and calcium ionophore III

(CI) exacerbated J13-dependent anti-tumor effect by MTT assay. (H) ER stress inhibitor TUDCA and 4-PBA efficiently reversed J13-induced cell

viability decrease in HepG2 cells. All data are presented as mean � SD, n Z 6; *P < 0.05, **P < 0.01.
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effect against J13-mediated decrease of cell viability, suggesting
that HSPA9 was a crucial signal hub in regulating MYH9eactin
molecular motor-dependent cell survival. Taken together, HSPA9
may serve as a support (scaffold) or “sponge” to provide a plat-
form for protein interactions, more precisely, inactivating the
interaction between MYH9 and b-actin.
bar Z 25 mm). (F) MYH9 and b-actin were identified as J13-binding pro

silver staining. (G) Non-covalent bindings of J13 with MYH9 or b-actin we

Triton, and SDS. (H) Dissociation constants (KD) of J13 with MYH9 or b-

and (J) Cellular thermal shift assays (CETSA) were performed to confirm t

living cells. Data are presented as mean � SD from independent experim
Previous reports have revealed that BCL-2 family proteins are
regulated by HSPA9 for mitochondrial function control30.
STRING analysis suggested that BCL-2 family proteins may be
functionally associated with HSPA9 (Supporting Information
Fig. S3A). In our study, J13 obviously increased BAX and p-BAD
levels, meanwhile decreased BCL-2 and BCL-XL levels in a
teins using pull-down assay, followed by LCeMS/MS analysis with

re confirmed by immunoblotting assay with different surfactants NP40,

actin were detected by surface plasmon resonance (SPR) analysis. (I)

he binding specificity of J13 with MYH9 or b-actin in cell lysates and

ents; *P < 0.05, **P < 0.01.



Figure 3 HSPA9 is a crucial MYH9eactin molecular motor substrate protein for controlling mitochondrial dynamics. (A) Schematic illus-

tration of MYH9-binding proteins identification using pull-down coupled with SILAC analysis. (B) HSPA9 was identified as a binding protein of

MYH9. (C) J13 promoted the interaction of HSPA9 with MYH9 by co-IP assay. (D) J13 promoted MYH9 interaction with HSPA9 in nucleus. (E)

J13 treatment promoted cytosol translocation of HSPA9, and thus increased co-location of MYH9 with HSPA9. (F) J13 induced mitochondrial
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fragmentation by disrupting COXIV fluorescence distribution. (G) HSPA9 inhibitor MKT-077 (0.5 mmol/L for 24 h) reversed J13-induced cell

viability decrease by MTT assay. (H) J13 significantly induced BAX and p-BAD expressions, and inhibited BCL-2 and BCL-XL expressions. (I)

J13 induced cytochrome c translocation from mitochondria to cytoplasm. (J) J13 activated caspase-9/3-dependent apoptosis pathway. (K) MYH9

knock-down reversed J13-dependent mitochondrial depolarization (scale bar Z 25 mm). (L) MYH9 knock-down rescued J13-dependent cell

apoptosis by Hoechst 33258 staining assay (scale bar Z 25 mm). All data are presented as mean � SD from independent experiments (G: n Z 6,

HeJ: n Z 3; *P < 0.05, **P < 0.01.

Figure 4 J13 inhibits actin-dependent cell migration and angiogenesis. (A) J13 induced allosteric effect of actin in tryptophan fluorescence

scanning analysis. (B) J13 induced excessive G-actin assembly which was detected by G-actin polymerization assay. (C) J13 induced G-actin

granulation aggregation in cells which was detected by immunofluorescence staining (scale barZ 10 mm). (D) J13 destroyed F-actin cytoskeleton

formation which was detected by fluorescent phalloidin staining (scale bar Z 25 mm). (E) MYH9 knock-down reversed J13-dependent F-actin

cytoskeleton collapse (scale barZ 25 mm). (F) J13 suppressed CAM microvessels formation, cell migration and capillary-like tube formation. All

data are presented as mean � SD from independent experiments performed in triplicate. *P < 0.05, **P < 0.01.
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concentration-dependent manner (Fig. 3H), indicating that BCL-2
family members might be affected by J13 for mitochondrial
dysfunction. This finding was also supported by the promotion
effect of J13 on cytoplasm translocation of cytochrome c from
mitochondria (Fig. 3I). Moreover, J13 induced mitochondria-
dependent caspase-9/3 apoptosis pathway activation by up-
regulating cleaved caspase-9/-3/PARP expressions (Fig. 3J and
Fig. S3B‒S3D). Next, we sought to explore whether MYH9 was a
crucial determinant of mitochondrial function. Genetic knock-
down of MHY9 markedly reversed JC-1 green fluorescence
(Fig. 3K), indicating that MYH9 plays a fundamental role in J13-
dependent MMP decline. MYH9 knockdown also markedly sup-
pressed J13-mediated apoptosis in HepG2 cells (Fig. 3L). In
summary, these observations suggest that HSPA9eBCL-2 family
signal axis is critical to MYH9 mediated-mitochondrial dynamics
for apoptosis.

3.4. J13 inhibits actin-dependent cell migration and
angiogenesis

Next, we investigated whether J13 regulated the function of mo-
lecular motor protein actin. Fluorescence analysis of tryptophan
revealed that the fluorescence intensity of J13eactin complex
significantly decreased as J13 concentration increased, suggesting
exposure and quenching of more tryptophan residues of proteins,
Figure 5 J13 showed anti-tumor effects in vivo. (A) J13 inhibited liver tu

injection (ip). (B) J13 inhibited liver tumor weight growth of H22-bearing

liver tumor size in H22-bearing ICR mice in vivo by intraperitoneal injec

in vivo by intragastric administration (ig). (E) J13 destroyed cell structure

number (scale bar Z 50 mm), and promoted TUNEL-positive cell apoptos

staining, decreased Ki67-positive cells number, and promoted TUNEL-pos

positive cells number and promoted cleaved-caspase 3 (c-CASP3) express

number and promoted c-CASP3 expression (scale bar Z 50 mm) by ig.

(AeD: n � 8, EeH: n Z 3); *P < 0.05, **P < 0.01.
and thus indicating an allosteric regulation effect of J13 on actin
(Fig. 4A). Quantitative analysis of actin assembly dynamics
showed that polymerized actin filaments rapidly formed as indi-
cated by increasing phalloidin fluorescence after J13 treatment
(Fig. 4B). Moreover, actin dynamics measurement in living cells
also confirmed that monomeric G-actin was uniformly distributed
in cells and formed irregular granulation aggregation upon J13
treatment (Fig. 4C). Actin-tracker for specific F-actin staining was
used to explore cytoskeletal structures and result showed that J13
caused significant F-actin cytoskeletal organization collapse
(Fig. 4D). Since myosin engages with F-actin to drive the align-
ment and compaction of F-actin cytoskeleton, we then detected
whether MYH9 was involved in J13-mediated F-actin cytoskeletal
organization. As shown in Fig. 4E, genetic MYH9 knockdown
reversed J13-dependent F-actin cytoskeletal collapse, indicating a
crucial role of MYH9 in J13-mediated F-actin cytoskeletal
organization.

Actin filaments are responsible for diversified cell functions
including cell migration and angiogenesis. Therefore, we inves-
tigated whether J13 mediated vascular endothelial cells
(HUVECs) migration using matrigel-coated Transwell chambers.
As shown in Fig. 4F, J13 strikingly suppressed HUVECs migra-
tion and impaired the formation of capillary-like tube structures of
HUVECs on matrigel. Furthermore, J13 markedly inhibited neo-
vascularization in chicken embryo chorioallantoic membrane
mor weight growth in H22-bearing ICR mice in vivo by intraperitoneal

ICR mice in vivo by intragastric administration (ig). (C) J13 inhibited

tion (ip). (D) J13 inhibited liver tumor size of H22-bearing ICR mice

by HE staining (scale bar Z 50 mm), decreased Ki67-positive cells

is (scale bar Z 20 mm) by ip. (F) J13 destroyed cell structure by HE

itive cell apoptosis (scale bar Z 20 mm) by ig. (G) J13 reduced CD31-

ion (scale bar Z 50 mm) by ip. (H) J13 reduced CD31-positive cells

All data are presented as mean � SD from independent experiments



Figure 6 MYH9 and HSPA9 expressions are highly associated with poor survival of liver hepatocellular carcinoma (LIHC) patients. (A) MYH9

and HSPA9 had high expression levels in a variety of malignancies [Log2 (TPMþ1) �2], including liver hepatocellular carcinoma LIHC from

TCGA database. (B) The expression levels of MYH9/HSPA9 in LIHC were positively associated with advanced tumor stage determined by TCGA

database. (C)MYH9 expression was positively correlated with LIHC patient overall survival (PZ 0.013), while HSPA9 expression was positively

related with disease free survival of LIHC patients (P Z 0.041) based on GEPIA database. (D) A correlation between MYH9 and HSPA9 mRNA

expression levels was shown by scatter plot (PZ 0.00071) based on two-tailed Pearson’s correlation analysis. (E) and (F) The expression levels of

MYH9/HSPA9 were markedly increased in LIHC tissues (n Z 40) compared to adjacent normal tissues (n Z 41), as shown in representative

immunohistochemical images (scale bar Z 100 mm) and mean staining scores (P < 0.001, nonparametric ANOVA). *P < 0.05, **P < 0.01.
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(CAM, Fig. 4F). Taken together, these data indicate that J13
affected actin cytoskeletal structures to inhibit cell migration and
angiogenesis.

3.5. J13 showed anti-tumor effects in vivo

We further investigated the effect of J13 on tumor growth of
mouse H22 hepatocarcinoma cells-bearing mice. As shown in
Fig. 5AeD, both intraperitoneal injection and intragastric
administration of J13 induced significant tumor regression,
without obvious immunosuppressive side effects (Supporting In-
formation Fig. S4). Further pathological examinations including
HE, Ki67 IHC and TUNEL staining revealed that J13 effectively
destroyed cell structure, reduced Ki67 positive cells number, and
promoted TUNEL-positive cells increase in tumor tissues (Fig. 5E
and F). Moreover, J13 significantly decreased CD31 and increased
cleaved caspase-3 (c-CASP3) expressions in tumors of xenograft
model, indicating that J13 effectively inhibited tumor angiogen-
esis and activated tumor apoptosis in vivo (Fig. 5G and H). To sum
up, J13 exhibited an obvious anti-tumor effect in vivo through
suppression of tumor proliferation and angiogenesis as well as
induction of tumor cell apoptosis.

3.6. MYH9 and HSPA9 expressions are highly associated with
poor survival of liver hepatocellular carcinoma (LIHC) patients

To further clarify the relationship between MYH9/HSPA9 ex-
pressions and LIHC, we analyzed clinical samples from TCGA
and GTEx databases which are widely used in oncology
research31,32. According to TCGA database, MYH9 and HSPA9
showed high expressions in a variety of malignancies, including
LIHC [Log2(TPMþ1)�2; Fig. 6A]. Additionally, HSPA9 expres-
sion was positively associated with advanced tumor stage, espe-
cially for the patients with stage 4. Meanwhile, high expression of
MYH9 was significantly related with LIHC patients with stages I
to III (Fig. 6B and Supporting Information Fig. S5A). Moreover,
MYH9 and HSPA9 were found to be closely associated with the
prognosis of LIHC patients. As shown in Fig. 6C, the patients with
high MYH9 expression had poor overall survival; meanwhile,
those with high HSPA9 expression showed shorter disease free
survival. Furthermore, we analyzed the correlation of MYH9 and
HSPA9 mRNA expressions, and found MYH9 was positively
correlated with HSPA9 (Pearson correlation coefficient,
P Z 0.00071; Fig. 6D). Patient tissue biopsy specimens of LIHC
also supported that MYH9 and HSPA9 had high expression levels
in LIHC tissues compared with adjacent normal tissues (Fig. 6E
and F). Taken together, these results suggest that MYH9 and
HSPA9 are highly associated with LIHC progression, and can be
used as prognostic biomarkers for the disease.

4. Discussion

Albizia julibrissin, also called mimosa or Persian silktree, is a
member of the family Leguminosae. Albizziae cortex (AC), the
stem bark of Albizia julibrissin, has been widely used for the
treatment of insomnia in traditional Chinese medicine as a seda-
tive and anti-inflammatory agent33. It has also been used as a vital
composition of clinical anti-tumor prescriptions34e36. Previous
studies have reported that the chemical compositions of AC
include saponins, flavonoids, alkaloids and polysaccharides. Of
note, triterpenoid saponins are considered to be the major anti-
tumor components37e40. Julibroside J13 was one of the most
abundant saponin components in AC, and has been identified by
our laboratory41. The molecular structure of J13 promotes it to be
a suitable lead compound for anti-cancer reagents development.
However, the underlying anti-cancer mechanisms still remain to
be elucidated.

In this study, we used J13 as a molecule probe to explore the
anti-hepatoma carcinoma targets. Particularly, we deeply investi-
gated the regulatory mechanism of J13 on target proteins function
and associated molecular signaling pathways. Therefore, J13 may
serve as a lead compound for further drug development by activity
improvement via structural modification.

Despite accumulating studies on mitochondrial fission/fusion
in cancer pathological processes, little is known about potential
therapeutic target proteins for mitochondrial dynamics modula-
tion17,42. Myosin is actin-based molecular motor protein using
ATP energy to maintain mitochondrial dynamics. Interaction of
myosin with actin effectively powers mitochondrial fission/fusion
process to drive cancer cells division, proliferation, and motility43.
Thus, targeting myosineactin molecular motor may be a potential
strategy for anti-cancer44. However, until nowadays, this hypoth-
esis has not been well explored for its pharmacological application
in cancer therapeutics. Thus, we performed a proof-of-concept
investigation with natural small-molecule J13, and revealed that
myosineactin molecular motor can be used as a druggable target
for anti-cancer effects.

Alterations in mitochondrial dynamics due to chemical regu-
lations may advance the development of novel anti-cancer strat-
egy45. However, there has been lack of precise and reliable
chemical agents to effectively modulate mitochondrial fission/
fusion dynamics46. Our finding has provided important clues that
mitochondrial dynamics can be regulated by targeting
myosineactin molecular motor using a small-molecule J13. Thus,
J13 may represent the first small-molecule lead compound tar-
geting myosineactin molecular motor for further candidate drug
structure optimization and structure-guided anti-cancer drug
design. Curiously, previous reports have suggested that contacts
between mitochondria and ER are vital for ER homeostasis47.
Meanwhile, ER wraps around mitochondria and regulates mito-
chondrial constriction at ERemitochondria contact sites. In this
study, we observed that J13 caused mitochondrial fission by
inhibiting MYH9eactin interaction, and disturbed
ERemitochondria contacts which resulted in ER stress. Thus, our
observation provides a promising avenue for therapeutic in-
terventions for anti-cancer by synergistically using molecular
motor-targeting molecules with ER regulators.

As a highly conserved heat-shock chaperone, HSPA9 possesses
several binding partners with multiple biological functions espe-
cially for cell stress. HSPA9 is also involved in various human
diseases including cancers, Alzheimer’s disease and Parkinson’s
disease48,49. Here, HSPA9 was identified as a substrate protein of
MYH9. Further study showed HSPA9 was a crucial functional
linker of molecular motor and mitochondrial fission. Meanwhile,
HSPA9 has previously been found to regulate BCL-2 family
protein expressions to modulate mitochondrial homeostasis50.
Therefore, HSPA9eBCL-2 family signal is a key molecular
pathway for controlling mitochondrial function. Here, we
observed that J13 induced an obvious cytoplasm translocation of
HSPA9 and overlapped with MYH9. Although there still lacks
enough evidence, we tend to speculate that MYH9 might interact
with HSPA9 and impair HSPA9eP53 interaction, further dis-
turbing P53-dependant transcriptional regulation and BCL-2
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family gene expressions in cancer cells. Of course, this needs
further investigation.

Mitochondrial morphologies are dynamically changed between
fission/fusion balances and highly associated with mitochondrial
‘health’ status6. Therefore, mitochondrial fission/fusion dynamics
contributes to mitochondrial quality control51,52. We propose that
J13 induced mitochondrial fission to cause mitochondrial mem-
brane potential (MMP) decrease and resultant caspase-dependent
apoptosis signal activation. Notably, genetic knockdown of
MYH9 reversed J13-dependent MMP decrease, indicating MYH9
is a key regulator for controlling mitochondrial quality as well as
homeostasis. One possible mechanism may be that J13 impaired
mitochondrial dynamics by targeting MYH9, and inhibited mito-
chondrial self-renewal by excessively promoting its fission pro-
cess. Meanwhile, J13 may also mediate MYH9eHSPA9eBCL-2
family signal axis to induce BAX/p-BAD increase and BCL-2/
BCL-XL downregulation. Since previous reports have revealed
that HSPA9 is closely associated with P53, RAF/MEK, and HIF-
1a53,54, thus we speculate these interactions can regulate
mitochondria-related genes expression for maintaining MMP and
mitochondrial function.

We note that J13 also showed direct actin-binding effect to
regulate actin dynamics, contributing to a great number of cellular
processes including cell polarity, morphogenesis, and motility.
This indicates that J13 may regulate myosineactin molecular
motor function by targeting multiple players on molecular motor.
Moreover, actin filaments are polarized polymers in conjunction
with myosin, and myosin movement along actin filaments corre-
lates with mitochondrial fission/fusion dynamics55. Thus we
speculate that J13 may promote mitochondrial fission by targeting
actin filaments and impair myosin movement. Meanwhile, mito-
chondria migrate along protein filaments to different cellular lo-
cations with energy demands56. Our data suggest that J13
markedly affected mitochondrial distribution in cells, hinting that
mitochondria attachment to protein filaments may be strictly
regulated by pharmacological targeting filament proteins57.

Mitochondrial fission/fusion imbalance is well documented in
LIHC; however, treatment strategies for LIHC by targeting
mitochondrial fission/fusion dynamics still remain unclear. In this
study, based on bioinformatics and immunohistochemical analysis
of clinical samples, we found that MYH9/HSPA9 expressions
were significantly upregulated in LIHC tissues, which could be
considered as independent prognostic factors for LIHC patient
survival. Unexpectedly, HSPA9 expression was barely related with
LIHC patient overall survival. We speculate that there is a loss of
LIHC patients to follow-up by 40th month. Thus, we analyzed the
relationship between HSPA9 expression and disease free survival,
which is widely used as an early surrogate endpoint for overall
survival58. Moreover, a positive correlation between MYH9 and
HSPA9 levels in LIHC indicated that MYH9/HSPA9 may be
regulated in the same signaling pathway. In that scenario, com-
bination therapy of MYH9- and HSPA9-inhibitors may synergis-
tically improve cancer outcomes. Collectively, these data indicate
that MYH9 and HSPA9 are positively correlated with LIHC
progression, which is of clinical significance for the diagnosis and
management of LIHC.
5. Conclusions

Taken together, we identified the first small-molecule J13 which
can directly target myosineactin molecular motor to promote
mitochondrial fission for cancer therapy. Therefore, our study puts
forward a conceptual framework for novel anti-cancer strategy of
pharmacologically regulating mitochondrial dynamics by target-
ing myosineactin molecular motor.
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