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Abstract
Glioblastoma (GBM) is the most aggressive intracranial malignance with poor prognosis, which is
attributed to the extreme invasiveness of the tumor. Enhanced angiogenesis is one of the essential
hallmarks of GBM, which demonstrates extensive microvascular proliferation and abnormal vasculature.
Here, we uncovered the key role of myosin 1b in angiogenesis and vascular abnormality in GBM. Myosin
1b was upregulated in GBM endothelial cells (ECs) compared to their paired non-malignant brain tissue.
Knocking down myosin 1b in human/mouse brain endothelial cells inhibited EC migration, proliferation
and tube formation. Myosin 1b in ECs are affected by vascular endothelial growth factor (VEGF)
signaling through myc. Moreover, myosin 1b promotes angiogenesis via Piezo1 by enhancing Ca2+ in�ux,
in which process VEGF can be the trigger. Our results identi�ed myosin 1b as a key mediator in promoting
angiogenesis via Piezol1; suggested that VEGF/myc signaling pathway may be responsible for driving
the changes of myosin 1b overexpression in GBM ECs.

Highlights
Myosin 1b is overexpressed in endothelial cells of GBM in patients.

Myosin 1b promotes angiogenesis and endothelium integrity.

Myosin 1b regulates angiogenesis via VEGF-myc-myosin 1b-Piezo1 axis.

1. Introduction
GBM is the most common intracranial malignance with devastating prognosis and has not been
substantially improved during the last 30 years. Its ability to invade diffusely into brain parenchyma
makes it di�cult for radical resection. Angiogenesis plays a critical role in GBM progression and
aggression, which develops abnormal vasculature and demonstrates extensive microvessel proliferation
[1][2]. GBM vessels are usually twisted and highly permeable. GBM cells can migrate along the blood
vessels to distant areas or invade their surrounding normal tissues through the highly permeable vessels
[3]. The abnormal GBM vasculature express a series of genes in a different way than normal brain
vessels [4]. For instance, the expression of tight junction molecules and transporters are decreased in
GBM ECs compared to the normal brain tissue [5]. Genes related to vessel permeability that expressed by
ECs can be classi�ed into �ve major subgroups: 1. tight junction molecules, such as Occludin, Claudin-1,
Claudin-3, Claudin-5 Claudin-12, ZO-1 and ZO-2; 2. adherens junctions and related molecules (cadherens,
PECAM, JAMs, ESAM, connexins, annexins and dystrophin); 3. transcytosis related molecules such as
caveolae and clathrim; 4. transporters such as FATP-1 and MFSD2a which transports fatty acids, GLUT1
and SGLT1 which transports glucose, TfR a transferrin and IR which transports insulin [6]; 5. the
extracellular matrix (ECM) enzymes (MMPs). The importance of anti-angiogenic therapy has been
recognized during the last decades and has already been applied in clinical practice in several types of
cancers [7, 8]. However, anti-angiogenic drug bevacizumab yields modest improvement in GBM treatment
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from clinical trials [9]. Therefore, it is fundamental to explore the underlying mechanisms of GBM
angiogenesis and looking for new strategies to improve the clinical effects.

Myosin 1b belongs to the myosin superfamily which affects the motility and morphology of cells and
once was called myosin-1α or myr1 [10]. Myosin 1b is a single-headed isoform associated with actin
which relates to the formation of �lopodia, membrane tra�cking and the formation of post-Golgi carriers
[11]. It is reported that myosin 1b is the most tense-sensitive and widely distributed myosins compared to
the other members of the myosin family [12]. Myosin 1b resists mechanical loads and forward motility
via binding to actin strongly and keeping stall [13]. The function of myosin 1b has not been understood
clearly. Previous studies indicate that aberrant expression of myosin 1b is involved in cancer initiation
and progression. Overexpression of myosin 1b derives cancer toward a more migratory phenotype shown
in cervical cancer, head and neck squamous cell carcinoma (HNSCC) and prostate cancer [14]. In
addition, it was showed that myosin 1b is upregulated in tumors under hypoxia [15] and in the ECs of
tumors [16]. Moreover, we found that myosin 1b is upregulated in ECs of GBM [17]. However, the function
of myosin 1b in tumor vasculature are poorly understood.

Mechanosensitive ion channel component 1 (Piezo1) was �rstly discovered in 2010, which is located on
the cell membrane. Piezo1 forms a homotrimer and adoptes a triple-blade propeller-like structure [18].
Piezo1 is widely expressed in cells of various tissues, which is the ion-conduction pore-formation subunit
of mechanically activated (MA) ion channels [19]. The function of Piezo1 is to sense environmental
signals especially mechanical forces and then activates and ensues intracellular downstream signal
pathways such as: 1. induction of adenosine triphosphate (ATP) release, which subsequently activates
purinergic P2X and P2Y receptors and removes ATP by ATP-scavenging ectonucleotidases; 2. activation
of calpains, which induces Ca2+ in�ux to arouse a series of cellular responses [20]. Piezo1 has been
con�rmed to participate in cell proliferation, migration and angiogenesis [21][22]. Myosin1 superfamily
are actin-based motors which participate in membrane tense sensing and transduction [23]. It has been
reported that myosin1c forms clusters to maintain enough tension for opening of Ca2+-dependent
transduction channels [24]. Myosin1b, as a contractive and tense-sensitive superfamily member of
myosins, was found to promote EC migration and tube formation by our study, which activates us to
explore the relations between myosin1b and Piezo1 [25][26].

In the present study, we explored the mechanisms behind the aberrant overexpression of myosin 1b in
ECs of GBM compared to the normal brain, examined the function of myosin 1b in angiogenesis and
vascular integrity. We clari�ed that VEGF/myc could be the underlying signaling pathways which lead to
aberrant overexpression of myosin 1b in GBM ECs. Furthermore, we demonstrated that myosin1b
promotes angiogenesis by enhancing Piezo1 expression as well as Piezo1-mediated Ca2+ in�ux. Thus,
we suggest that myosin1b plays a pivotal role in GBM angiogenesis and vascular abnormality through
VEGF-myc-myosin 1b-Piezo1 axis. Our study is the �rst step to explore the relationship between myosin
1b and GBM vasculature, which may shed lights on new anti-angiogenic strategies for GBM patients.

2 .Methods
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2.1 Cell lines and culture
The immortalized murine bEnd.3 brain endothelial cell line and human umbilical vein endothelial cell
(HUVEC) line was provided by Shaaxi Normal University (Xi’an, China). Cells were cultured in Endothelial
Cell Medium (ECM) (1001, ScienCell, California, MA, USA), or Dulbecco’s Modi�ed Eagle’s Medium
(DMEM) with 4500 mg/L d-glucose, 110 mg/L sodium pyruvate, 1.5 g/L sodium bicarbonate, and L-
glutamine (31053028, Thermo Fisher Scienti�c, Waltham, MA, USA), supplemented with 10% fetal bovine
serum (10099141C, Thermo Fisher Scienti�c, Waltham, MA, USA), 100 units/mL of penicillin, and 100
µg/mL of streptomycin (15140122, Thermo Fisher Scienti�c, Waltham, MA, USA). Cells are maintained in
a humidi�ed incubator at 37°C with 5% CO2 and 95% air. All experiments were carried out when the
density of cells were 80–90% of con�uence.

2.2 Bioinformatics Analysis of myosin 1b Expression in ECs
Single cell RNA sequencing (scRNA-seq) datasets of ECs from GBM and paired non-malignant control
brain tissue were downloaded from the Gene Expression Omnibus (GEO) database (GSE162631).
Information for cells and samples were obtained in the previous study [17]. Four hundred and sixteen ECs
from peripheral endothelial cell type I (Pe1) cluster were considered as nonmalignant brain endothelial
cells. Six hundred and thirty-four ECs from tumor core endothelial cell type I (Co1) and tumor core
endothelial cell type II (Co2) clusters were considered as tumor endothelial cells.

2.3 Animals, patients tissue and experimental applications.
C57BL6 Gtva;Arf-/- mice were generated by Eric Holland and provided by Lene Uhrbom (Uppsala
University). All experimental applications were carried out in accordance with ARRIVE guidelines. Mice
were housed in speci�c pathogen free (SPF) barrier facilities. C57BL6 Gtva;Arf-/- female mice were
randomly separated into two groups as control group and orthotopically transplanted group. RCAS-
producing DF-1 cells (RCAS-PDGFB-HA) were orthotopically transplanted by stereotaxic injection of 105
cells into 6–8 weeks old mice to induce GBM as described in the previous publication [27]. The control
group were injected with equivalent phosphate-buffered saline (PBS). Mice in all groups were decapitated
under anesthesia via intraperitoneal administration of ketamine (75 mg/kg) plus xylazine (10 mg/kg).
Mice were sacri�ced upon symptoms of illness or at the endpoint of 15 weeks post-injection and were
perfused intracardially with 4% cold paraformaldehyde phosphate buffer (PFA, pH 7.4). Mice brain were
incubated with 4% PFA (pH 7.4) for 4 hours at room temperature, dehydrated by 20%-30% sucrose for 24
hours at 4°C, and then were frozen in OCT Cryomount (4583, Sakura Tissue-Tek, Torrance, CA, USA) for
ulteriorly immunohistochemical staining of myosin1b and CD31. All animal experiments were conducted
in compliance with relevant laws and institutional guidelines, and approved by the Laboratory Animal
Welfare and Ethics Committee of Fourth Military Medical University (permit 20220897).

For Human, patient samples were collected from GBM patients after tumor resection surgery immediately
at Xijing Hospital which contains the tumor tissue and adjacent normal tissue. The research protocol was
performed following the principles of the Declaration of Helsinki. All patients provided their informed
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consents, and the whole process was monitored by the medical ethics o�ce of Xijing Hospital. Patient
samples were incubated with 4% PFA (pH 7.4) for 24 hours at room temperature, dehydrated by 20%-30%
sucrose for 24 hours at 4°C, and then were frozen in OCT Cryomount (4583, Sakura Tissue-Tek) for
ulteriorly immunohistochemical staining of myosin1b and CD31. Ethical permission for using patient
samples was granted by the Medical Ethics Committee of Xijing Hospital (KY20193098).

2.4 Reagents and plasmids
Dimethyl sulfoxide (DMSO) was purchased from Xi’an Kehao Bioengineering (DH105-2) (Xi’an, China).
Lentivirus plasmids targeting mice or humans containing full-length myc (EX-myc-pEZ-Lv105), myosin 1b
(EX- Myosin 1b-pEZ-Lv151) or their corresponding empty cherry plasmids (EX-pEZ-Lv105 and EX-pEZ-
Lv151) were purchased from Guang-zhou Fulengen (Guangdong, China). Short hairpin myc targeting
mice or humans and its empty scrambled plasmid (CSHCTR001-LVRU6P), as well as short hairpin
myosin 1b targeting mice or humans and its empty scrambled plasmid (CSHCTR001- LVRU6GH) were
purchased from Guangzhou FulenGen.

2.5 Transient transfection
The cells were seeded into six-well plates and transfected with individual plasmids or siRNAs using
lipofectamine 2000 (11668019, Thermo Fisher Scienti�c) followed by the manufacturer’s instructions.

2.6 Cell proliferation assay
bEnd.3 and HUVEC cells were seeded at the density of 1,000 cells/well in 96-well plates in septuplets. Cell
proliferation was estimated using the CCK8 kit (k1018, Apexbio, Boston, MA, USA). To each well, 10 µL
CCK-8 solution were added, the cells were then incubated for 3 hours at 37°C. The absorbance at 490 nm
was measured by using a microplate reader (SH-9000; Hitachi, Tokyo, Japan).

2.7 Western blot analysis
Cells were lysed in radioimmunoprecipitation assay (RIPA) buffer (50 nM Tris-HCl, 150 nM NaCl, 1%
NP40, 0.1% sodium dodecyl sulfate (SDS), 0.5% deoxycholate, and 1 mM phenylmethanesulfonyl�uoride)
for 30 minutes on ice. A total of 30 µg protein was separated by gradient SDS-polyacrylamide gel
electrophoresis (SDS-PAGE) (4%-12% polyacrylamide). Proteins were then transferred to nitrocellulose
membranes. The membranes were blocked, immunoblotted with the indicated primary antibodies, and
subsequently incubated with the corresponding horseradish peroxidase (HRP)-conjugated secondary
antibodies. The signals were detected with the enhanced chemiluminescence system (Tanon 5500,
Tanon Science and Technology, Shanghai, China). The following commercial antibodies were used:
rabbit anti-VE-cadheren (ab205336, Abcam, Cambridge, UK), rabbit anti-E-cadheren (3195T, Cell Signaling
Technology, Danvers, MA, USA), rabbit anti-MMP1 (ab134184, Abcam), rabbit anti-MMP9 (ab76003,
Abcam), rabbit anti-MMP14 (ab51074, Abcam), rabbit anti-ANXA1 (32934T, Cell Signaling Technology),
rabbit anti-ANXA5 (8555S, Cell Signaling Technology), rabbit anti-ANXA6 (29015S, Cell Signaling
Technology), rabbit anti-ANXA10 (ab213656, Abcam), rabbit anti-connexin 4 3 (83469T, Cell Signaling
Technology). rabbit anti-GAPDH (5174S, Cell Signaling Technology), rabbit anti-myosin 1b (EPR16223,
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Abcam), rabbit anti-myc (9402S, Cell Signaling Technology), and HRP-anti-rabbit IgG (7074, Cell Signaling
Technology).

2.8 Quantitative real-time PCR analysis
Total RNA was extracted from bEnd.3 and HUVEC cells by using RNAiso Plus (9109 Takara Bio,Kusatsu,
Japan). The One-Step SYBR PrimeScript RT-PCR Kit (RR820A Takara Bio) was used for qRT-PCR detection
of myosin 1b, myc, or β-actin. The qRT-PCR was conducted by using a Bio-Rad C1000 thermal cycler with
the following conditions: 95°C for 3 minutes, followed by 40 cycles of 95°C for 15 seconds and 60°C for
30 seconds. The primers used in this study were synthesized by Beijing Genomics Institute, and their
sequences are listed in the supplement table1 and table 2. The expression levels were calculated relative
to β-actin as the endogenous control. Relative expression was calculated as 2−(Ct test gene − Ct ACTB)

2.9 Immunohistochemical staining of mouse and patient
samples
Five micrometer tissue sections of mouse or human patient samples were cut with a Leica cryostat
sectioning machine. Tissue sections were incubated overnight at 4˚C with primary antibodies, followed by
incubation with Alexa Fluor-labeled secondary antibodies for 1 h at room temperature and mounted by
DAPI Staining Solution (ab228549, Abcam). Images were acquired through 40× or 20× objectives by
Zeiss Axio Imager M2 microscope. The following antibodies were applied: anti-mouse CD31 (1:500,
MA3105, Thermo Fisher Scienti�c), anti-human CD31 (1:500, AF806, R&D Systems, Minnesota, USA),
rabbit anti-myosin 1b (1:200, ab194356, Abcam), goat anti-armenian hamster Alexa 568 (ab175716,
Abcam), donkey anti-sheep Alexa 555 (A-21436, Thermo Fisher Scienti�c), and donkey anti-rabbit Alexa
488 (ab150073, Abcam).

2.10 Wound healing assay
For the wound healing (scratch wound) assay, 2 × 105 cells/well (three wells per group) were plated into a
6-well plate and incubated to reach the con�uence. The monolayer was scratched by using a �ne pipette
tip and washed with serum-free medium to remove detached cells. The cells were then cultured in
complete ECM medium supplemented with half of the serum supply concentration. Cells were
photographed at 12 h post-wounding. The closure area of wound was calculated as follows: migration
area (%) = (A0 –An)/A0 × 100, where A0 represents the area of initial wound area, An represents the
remaining area of wound at the metering point.

2.11 Transwell permeability assay
Transwell insert (0.8µm, for 24-well plate) (3422, BD bioscience, Franklin Lakes, NJ, USA) were coated
with ECM gel (3536-005-02, R&D) and incubated for 3 hours in incubator. Approximately 3000 cells of
bEnd.3 or HUVEC were seeded in the transwell. Sixteen hours post seeding, the cells were transiently
transfected with lentivirus plasmids containing full-length of myosin 1b or their corresponding empty
cherry plasmids, and 36 hours post transfection, the medium of the upper chamber is changed to be
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medium containing 0.5% �uorescent- microsphere (234340, Sigma Aldrich). Two hours later, take 100 µL
medium per well to measure. The permeability was calculated as follows: permeability rate (%) = An/A0 ×
100, where A0 represents the �uorescence absorbance value of the medium from the upper chamber, An

represents the �uorescence absorbance value of the medium in the wells.

2.12 Transwell migration assay
Transwell migration assay was performed by using transwell inserts (3422, BD bioscience) with a �lter of
8 µm pore which were coated with ECM gel (3536-005-02, R&D). 4×104 cells in serum-free medium were
seeded into the upper chamber of the insert and complete medium was added to the lower chamber. After
36 h incubation, the cells were �xed with methanol and stained with Giemsa. Then cells on the top
surface of the membrane were wiped off, and cells on the lower surface were examined with Zeiss Axio
Imager M2 microscope at 20× magni�cation. 4 random �elds were photographed for counting purposes
and the average number of migrated cells was used as a measure of migration capacity.

2.13 Immuno�uorescent staining of endothelial cells
Endothelial cells cultured on coverslips were �xed, permeabilized and followed by blocking as previously
described. The cells were then stained with Phalloidin-iFluor 488 (ab176753, Abcam) for 1 hour at room
temperature, and nucleus was stained with Hoechst 33258 (94403, Sigma-Aldrich).

2.14 Intracellular calcium content detection
Endothelial cells were cultured at 6-well plates. Change medium at the con�uence of 80% and incubate
the cells in a humidi�ed incubator at 37°C with 5% CO2 and 95% air. After 24 hours incubation, wash the
cells with PBS and then the intracellular calcium was determined according to the manufacturer’s
procedure of the intracellular calcium content detection kit (s1603s, Beyotime).

2.15 Tube formation assay
In vitro tube formation assay was performed by using the Angiogenesis Assay Kit (Abcam, AB204726)
according to the manufacturer’s procedure..

2.16 Image Analysis
Imaging of immuno�uorescent staining was done by using the Zeiss Axio Imager M2 microscope and the
ZEN 3.5 software. Images were analyzed by using the Image J 1.45s software (National Institute of
Health, Bethesda, MD, USA).

2.17 Statistical analysis
Statistical analysis was performed by using GraphPad Prism software and R software. For comparison
of two-group dataset, 2-sided, unpaired t-test was applied. In this study, n represents individual samples.
Error bars in the graphs represent the standard deviation (SD). Statistical signi�cance was de�ned as P < 
0.05, *; P < 0.01, **; P < 0.001, ***; P < 0.0001, ****.
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3. Results

3.1 Myosin 1b is upregulated in the endothelial cells of GBM
To investigate the expression of myosin 1b in GBM ECs, we reanalyzed a recently published dataset of
scRNA-seq of ECs from tumors and its paired nonmalignant brain tissue in 4 GBM patients (Student’s t-
test; p < 0.0001) [17] (Fig. 1A). Upregulation of myosin 1b in tumor vasculature was further con�rmed at
protein level by immunohistochemical staining of patient GBM and mouse GBM samples (Fig. 1B-1C).
Taken together, these results demonstrated that myosin 1b is upregulated in GBM ECs, which indicates
that myosin 1b may play a crucial role in GBM vasculature.

 

3.2 Myosin 1b promotes angiogenesis and protects the
integrity of endothelium
To investigate whether myosin 1b affects angiogenesis, we chose two endothelial cell lines for further
study. Mouse brain endothelial cells (bEnd.3) and human endothelial cells (HUVEC) cells were transfected
with siRNA to knock down myosin 1b. Then the ability of cell migration and proliferation were examined.
The knockdown e�ciency of myosin 1b was con�rmed by real time PCR and western blot (Fig. 2A and
2B). The ECs transfected with myosin 1b siRNA exhibited poorer ability in migrating examined by wound
healing assay and transwell migration assay (Fig. 2C and 2D). CCK-8 assay revealed that the proliferating
ability of the ECs with myosin 1b knocking down is decreased compared to the control (Fig. 2E). In
addition, tube formation assay was performed, which showed that myosin1b promotes angiogenesis
(Fig. 2F). Therefore, our �ndings suggest that myosin 1b promotes angiogenesis.

To mimic the situation of myosin 1b overexpression in the GBM ECs which has been shown in patients
and to identify the function of myosin 1b in GBM vasculature, bEnd.3 (mouse brain) and HUVEC (human)
ECs were transfected with plasmids for myosin 1b overexpression (ORF). Transwell permeability assay
was then performed. The permeability readout (ratio of �uorescence) was normalized to the negative
control group which was coated with only ECM but no cells. The results showed less transmigrated
�uorescent-microsphere in the myosin 1b overexpressed endothelial cells, which indicate that myosin 1b
promotes vascular integrity (Supplemental Fig. 1A). Overexpression of myosin 1b in bEnd.3 and HUVEC
cells were con�rmed by real-time PCR in comparation with their corresponding empty plasmids transfect
group (Supplemental Fig. 1B). To further explore the mechanisms that myosin 1b overexpressing
promotes vascular integrity, we selected and checked 36 genes which are related to the vesssel integrity.
These molecules in maintaining the integrity of blood vessels can be classi�ed to �ve major subgroups:
the tight junction molecules (occludin, claudins, and ZO), transcytosis (caveolae and clathrim),
transporters (MFSD2a, FATP1, GLUT1, SGLT1 and TfR), the adherens other junctions (cadherens, PECAM,
JAMs, ESAM, connexins, annexins and dystrophin), and the ECM enzymes (MMPs) which can degrade
basement membranes of the vessel [28]. According to our results, the transcriptional level of claudin1,
claudin12, Zo2, Mmp1, Mmp9, Mmp14, Fatp1, Sglt1, Glut1, TfR, VE-cadheren, E-cadheren, Dystrophin,
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Connexin hemichannels Cx30, Jam-A, Cx43, Annexin5 and Annexin12 were enhanced in mouse brain ECs;
and the level of occludin, claudin3, claudin12, ZO1, MMP1, MMP9, MMP14, FATP1, SGLT1, TfR, VE-
cadheren, Dystrophin, Connexin hemichannels CX30, JAM-A, JAM-B, PECAM-1, CX43, ESAM, Annexin5
and Annexin12 were enhanced in human ECs, both of which indicates that myosin 1b is involved in
vascular integrity in an overall protecting manner (Supplemental Fig. 1C-1F).

We also checked some of the gene changes upon myosin 1b overexpression at the protein level. They are
E-cadheren, VE-cadheren, MMP1, MMP9, MMP14, Annexin 1, Annexin 3, Annexin 5, Annexin 6, Annexin 10
and connexin 43. Western blot assay veri�ed that myosin 1b promotes the expression of E-cadheren, VE-
cadheren, MMPs, Annexins and connexin 43 in both human and mouse ECs, while MMP1, Annexin 5 and
10 are upregulated in only human ECs; MMP1, MMP9, Annexin 3, 5, 6, and 10 are upregulated in only
mouse brain ECs. These results indicate that myosin 1b participates actively in protecting the integrity of
endothelium.

Above all, our �ndings indicate that myosin 1b promotes angiogenesis and shows an overall protection
function in vascular integrity.

3.3 VEGF promotes myosin 1b expression in ECs, of which
pathway myc is indispensable
We next explored which signaling pathway might be involved in mediating myosin 1b overexpression in
GBM ECs. Hypoxia takes place frequently in tumors including GBM due to the con�icts between rapid
tumor growth and insu�cient blood vessels and triggers gene expression changes. Vascular endothelial
growth factor (VEGF) is a key responding molecule to hypoxia [29], which plays critical roles in
vasculogenesis during embryonic stages and angiogenesis in the adults [30]. We have shown that
myosin 1b is upregulated in the ECs of GBM compared to the normal brain. We therefore speculated and
investigated if VEGF signaling mediates myosin 1b expression in GBM ECs. We analyzed the expression
of myosin 1b in both bEnd.3 and HUVEC cells upon stimulation of VEGFA. Cells were treated with VEGFA
at different concentration for different time length. The effects of VEGFA on myosin 1b reaches the
maximum at the concentration of 25 µM for 48 hours in HUVEC and the same concentration for 24 hours
in bEnd.3 cells (Fig. 3A), of which conditions were used in the following experiments. Both western blot
analysis showed that VEGFA promotes myosin 1b expression in human and mouse brain ECs (Fig. 3B).

The downstream signaling of VEGF which regulates myosin 1b expression in brain ECs is still unknown.
By analyzing the structure of MYOSIN promoter, it is suggested that MYOSIN contains binding sites for
Myc, Max, CEBPB and GATA-2 at the promoter region according to the previous study [31]. Among all the
binding motifs, Myc caught our sight. Myc, a crucial transcription regulator, involves in various
physiological process including genetic control of aging, apoptosis, stress resistance and energy
e�ciency. Importantly, it is also an oncogene that has been implicated in GBM tumors [32]. We therefore
investigated if myc is functioning as a transcription factor to modulate myosin 1b expression. We
performed transient transfection to bEnd.3 and HUVEC cells to establish myc overexpression or
knockdown in ECs. The results show that the protein expression of myosin 1b was increased by
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overexpressing myc and decreased by knocking down myc in both human (Supplemental Fig. 2A and 2B)
and mouse brain (Supplemental Fig. 2C and 2D) ECs. We also con�rmed this at the transcriptional level
by qualitative real-time PCR (Supplemental Fig. 2E for human ECs and 2F for mouse ECs). These results
suggested that myc is a transcription factor for myosin 1b expression in brain ECs. Interestingly, we could
show that myc is responding simultaneously as myosin 1b by VEGFA stimulation (Fig. 4A-4B). To
determine whether VEGF stimulated myosin 1b upregulation in ECs is via myc, myc was knocked down in
HUVEC and bEnd.3 cells respectively and the cells were then treated with VEGFA. We could show that the
effect of VEGFA on myosin 1b is diminished when myc is lacking (Fig. 4C). The results from the real-time
PCR are consistent with western blot assay (Fig. 4D). Therefore, we conclude that VEGF promotes myosin
1b expression in ECs via myc. Our results suggest that activated VEGF signaling could be the reason for
myosin 1b overexpression in GBM ECs, in which process myc is involved. 

3.4 Myosin 1b promotes both Piezo1 expression and the calcium in�ux in ECs and VEGFA can be the
trigger

Myosin 1b is a slow tense-sensing motor depolymerase, belongs to the myosin superfamily of actin-
based motors which were found to take part in membrane tense sensing and transduction [23]. Piezo1 is
located on the cell membrane and transmits mechanical stimuli into biological cues, which induces
calcium in�ux to promote cell proliferation and migration [19]. In addition, Piezo1 has been reported to
promote angiogenesis [33]. Therefore, we explored if myosin 1b promotes angiogenesis via Piezo1.We
�rst established cell lines with stable myosin1b overexpression or knockdown. We examined the
expression of Piezo1 by WB assay and found that Piezo1 was upregulated by myosin 1b overexpression
and suppressed when myosin1b was knocked down (Fig. 5A-5B). The RT-PCR results were consistent
with the WB assay, both of which suggested that Piezo1 is regulated by myosin 1b (Fig. 5C-5D). Piezo1 is
known as a mechanosensitive ion channel. We have shown that myosin 1b affects Piezo1 expression.
Therefore, we would like to check if the ion in�ux especially the Ca2+ in the ECs are affected by myosin 1b
stimulated changes of Piezo1. To explore this, intracellular level of calcium were detected in cells with
constitutive myosin 1b overexpression or knockdown, by which we could show that the Ca2+ in�ux were
associated with myosin 1b induced Piezo1 expression. To investigate if VEGFA has a similar effect on the
Ca2+ in�ux in the ECs since we have shown that VEGFA upregulates myosin 1b, cells were treated with
VEGFA for 48 hours (for HUVEC) and 24 hours (for bEnd.3), we could see that VEGFA upregulates Ca2+

in�ux in the ECs and knockdown of myosin 1b diminished the effect (Fig. 5E). These results identi�ed
that myosin 1b promotes Piezo1 expression and Ca2+ in�ux in ECs, and VEGFA can be the trigger.

3.5 Myosin1b promotes angiogenesis via Piezo1 and
VEGFA could be the trigger
We further explored the mechanisms of the effect that myosin1b promotes angiogenesis. HUVEC and
bEnd.3 cells were treated with Piezo1 channel agonist (yoda1) or antagonists (dooku) at different
concentrations for 48 hours (HUVEC) or 24 hours (bEnd.3), which is the optimal time of VEGFA treatment
identi�ed preciously. Then the level of calcium content is examined. It’s found that the effect of Yoda1
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reaches the maximum at the concentration of 2µM for HUVEC and 4µM for bEnd.3 and the effects of
dooku1 reaches the maximum at the concentration of 4µM for HUVEC and 2µM for bEnd.3, which
concentrations were used for further examination (Fig. 6A-6B). To identify if myosin 1b mediated EC tube
formation is dependent on Piezo1 activity, HUVEC or bEnd.3 cells with constitutive myosin1b
overexpression or knockdown were treated with yoda1 or Dooku1 when the tube formation assay was
performed. The results showed that EC tube formation was inhibited by lacking of myosin 1b but was
rescued when yoda1 was added. In consistent with this, overexpression of myosin 1b promoted EC tube
formation, but the effect was abolished when adding dooku1 (Fig. 6C-6D). These results demonstrated
that myosin 1b induces EC tube formation via Piezo1. We have also checked if VEGFA induces EC tube
formation through myosin 1b, since we have shown that myosin 1b was regulated by VEGFA. To identify
this, ECs with or without constitutive myosin1b knockdown were treated with VEGFA when tube formation
assay was performed. According to the results, we could show that VEGFA induces EC tube formation
which is dependent on myosin 1b. Thus, we could reach the conclusion that VEGFA promotes EC tube
formation via myosin 1b, which exerts its effect through activating Piezo1. Above all, we suggest that
myosin 1b promotes angiogenesis via activating Piezo1, in which process VEGFA could be the trigger.

4. Discussion
Increased angiogenesis is a hallmark of GBM [34]. GBM vessels are abnormal which is usually tangled,
unorganized, highly permeable and leaky, signi�cantly larger in diameter, and with thickened basement
membrane [35]. Vessels provide oxygen and nutrients for tumor growth and also guide tumor cell
migration [36]. The extent of glioma vascularization is consistent with the malignant degree of tumors
and the prognosis [37]. Therefore, anti-angiogenic therapy is considered as an important strategy for
GBM although it was failed in the phase-  clinical trials [38]. Side effects such as limited approach of
anti-angiogenic drugs appeared after a temporary remission of the cancer by using bevacizumab [9]. To
focus on neovessel normalization, blood �ow restoring and vessel permeability inhibition of anti-
angiogenic therapy, and to combine with other therapeutics, may provide bene�ts, for example to promote
immune cells to in�ltrate and take functions or bene�t drug delivery [39]. Deep insights and novel
therapeutic strategies to improve anti-angiogenic treatment is in urgent needs.

In this study, we focused on myosin 1b, an aberrantly expressed protein in the ECs of GBM compared to
the normal brain, to explore its function on GBM vessels. Myosin 1b belongs to the myosin superfamily
that affects the motility and morphology of cells [10][13], which is located at the membrane ru�es to
connect the actin cytoskeleton with the membrane [40][41]. Myosin 1b is associated with the actin
�lament translocation, in which process the motility function of myosin 1b is regulated by calcium ion by
binding to the IQ motifs of myosin 1b [13][27][42][43]. The slow kinetics ensures myosin 1b to modulate
actin rearrangement by responding to tense stimulation [44][45]. Moreover, myosin 1b is widely involved
in the proliferation, migration, and �lipodia formation of cells [13]. Previous studies indicated that myosin
1b regulates the initiation and progression of various tumors such as cervical cancer, head and neck
squamous cell carcinoma and prostate cancer [14][46]. In addition, negative association between myosin
1b expression and the prognosis of GBM patients has been reported [47]. In contrast, our study has been
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focused on the ECs other than tumor cells. We could show that myosin 1b is upregulated in GBM ECs. To
explore the relationship between myosin1b and angiogenesis, experiments were carried out to
demonstrate that myosin1b can promote EC proliferation, migration, and tube formation. In addition, we
have elucidated the function of myosin 1b in protecting vessel integrity. We showed that there are less
�uorescent microspheres passing through the EC layers when myosin 1b is overexpressed. We also
checked the vascular permeability related genes affected by myosin 1b, which showed that myosin 1b
regulates the gene expression of VE-cadheren, E-cadheren, GLUT1, MFSD2a, MMPs, etc. Both results
suggest myosin 1b promote endothelium integrity. Above all, our �ndings provide new understanding of
the role of myosin 1b in GBM angiogenesis and vascular integrity. Hypoxia is considered as the key factor
to trigger angiogenesis [48]. VEGF is an important mediator of hypoxia-induced angiogenesis [49]. A
previous study indicated that myosin 1b expression is upregulated under hypoxia [15]. We have shown
that myosin 1b is upregulated in the ECs of GBM which could be often under hypoxic situation. Therefore,
VEGF signaling has drawn our attention to connect to the aberrantly expressed myosin 1b in GBM ECs.
We could show that VEGF stimulates myosin 1b expression. To further uncover the downstream mediator
of VEGF which regulates myosin 1b, we proposed myc as the transcription factor based on the structure
of myosin 1b promoters by one study [31]. In addition, myc is a widely accepted transcription regulator in
a plenty of tumors including GBM [50], which regulates gene expression via binding to the promoters
involved in the process of proliferation, migration and invasion [51]. Moreover, myc has been implicated
in VEGF signaling in a previous study [52]. Therefore, we have checked if myc is involved in VEGF induced
myosin 1b expression. Firstly, we demonstrated that myc is essential for myosin 1b expression in ECs.
And then we showed that the upregulation of myosin 1b by VEGF stimulation can be blocked by knocking
down myc. These together revealed that myosin 1b in ECs is modulated via VEGF-myc-myosin 1b axis.

The underlying mechanism behind myosin1b induced angiogenesis remains to be identi�ed. We focused
our sight on a mechanosensitive ion channel component named as Piezo1. Piezo1 belongs to the piezo
superfamily. The function of piezo family was �rstly found in 2010 [53], which is to translate mechanical
stimuli into biological cues and then induce the calcium in�ux. In most mammals, Piezo1 is widely
expressed in a variety of organs and tissues which faces extra mechanical stimuli such as lung, skin and
kidneys [53]. Piezo1 plays critical roles in angiogenesis. According to the publication, global Piezo1
knockout mice exhibit lethal pathological vessel formation, dying at 14.5 weeks after production for poor
circulation [21]. In adults, Piezo1 assembles in ECs to sense the blood pressure and control the release of
nitric oxide (NO) to maintain proper perfusion [21]. It is recognized that Piezo1 is an indispensable loop in
angiogenesis. However, the mechanism is still in need of further investigation. We suggested Piezo1 as
the downstream molecule in myosin1b induced angiogenesis based on the following facts: myosin1b is
a contractive tense-sensing motor [23]; Piezo1 as a mechanosensitive ion channel was involved in
angiogenesis[21]. In our study, we for the �rst time identi�ed that myosin1b can upregulate Piezo1 at
both transcriptional and protein level. In addition, the Ca2+ in�ux in ECs is positively regulated by
myosin1b expression level, which indicates that myosin1b may affect the ion channel activity of Piezo1.
VEGFA can also promote Ca2+ in�ux in ECs which is mediated by myosin 1b. In order to identify whether
myosin1b promotes angiogenesis through Piezo1, tube formation assay was performed on ECs with or
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without constitutive myosin1b knockdown or overexpression when treated with VEGFA, Yoda1 (piezo1
agonist) or Dooku1 (piezo1 antagonist). According to the results, we concluded that myosin1b promotes
angiogenesis through modulating Piezo1 activity, and VEGFA could be one of the upstream stimulators
of this process.

Taken together, our data suggested the key role of myosin 1b in GBM angiogenesis and vascular integrity
and identi�ed the underlying mechanisms.
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Figure 1

Myosin 1b is upregulated in GBM ECs. (A) Bar plots showing myosin 1b expression in endothelial cells in
GBM (red) and non-malignant brain endothelial cells (blue) (GSE162631) (Student’s t-test; p < 0.0001). (B-
C) The expression of myosin 1b and CD31 in normal and tumor tissues were detected in patient (tumor
n=10; normal n=6) and in mice (tumor n=10; normal n=10) GBM samples by immunohistochemical
staining. The data are presented as the mean ± SD. P < 0.001, ***; P < 0.0001, ****.
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Figure 2

Myosin 1b promotes brain EC proliferation, migration and tube formation. (A and B) HUVEC and bEnd.3
cells transfected with myosin 1b knock-down or empty control plasmids were investigated by real-time
PCR and western blot assay (for HUVEC, n=3 respectively; for bEnd.3, n=3 respectively). (C, D and E)
Regulation of myosin 1b on proliferation and migration were con�rmed by wound healing analysis (for
HUVEC, n=3 respectively; for bEnd.3, n=3 respectively), transwell assay (for HUVEC, n=4, 6, 6, 5



Page 21/26

respectively; for bEnd.3, n=3, 4, 6, 7 respectively) and cck-8 analysis (for HUVEC, n=3 respectively; for
bEnd.3, n=3 respectively). (F) Tube formation of HUVEC or bEnd.3 cells were tested after myosin 1b
overexpressing or silencing. Nucleus is in blue. The data are presented as the mean ± SD. P < 0.05, *; P <
0.01, **; P < 0.001, ***; P < 0.0001, ****.

Figure 3
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VEGF promotes myosin 1b expression in human and mouse brain ECs (A) The expression level of myosin
1b was evaluated by western blot in HUVEC or bEnd.3 cells after treatment with VEGFA at different
concentrations and time points . (B) HUVEC cells were treated with VEGFA at the concentration of 25
ng/ml for 48 hours; bEnd.3 cells were treated with VEGFA at the concentration of 25 ng/ml for 24
hours.The expression level of myosin 1b was then detected by western blot (n=3 respectively for all
quanti�cations)
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Figure 4

VEGF promotes myosin 1b expression via myc. (A) HUVEC cells were treated with VEGFA at the
concentration of 25 ng/ml for 48 hours; bEnd.3 cells were treated with VEGFA at the concentration of 25
ng/ml for 24 hours.The expression level of myosin 1b and myc was then detected by western blot (n=3
respectively). (B) The transcriptional level of myosin 1b and myc was evaluated in HUVEC (n=6
respectively) and in bEnd3 cells (n=4 respectively) after VEGFA treatment by real-time PCR. (C) HUVEC
cells were transiently transfected with shmyc-2 and then treated with VEGFA at 25 ng/ml for 48 hours;
bEnd.3 cells were transiently transfected with shmyc-1 and then treated with VEGFA at 25 ng/ml for 24
hours. The expression level of myosin 1b and myc were analyzed by western blot assay (n=3
respectively). (D) The transcriptional level of myosin 1b and myc was detected by real-time PCR in HUVEC
(C) (n=4 respectively) and bEnd.3 cells (n=6, 6, 5 respectively). The data are presented as the mean ± SD.
P < 0.05, *; P < 0.01, **; P < 0.001, ***; P < 0.0001, ****.
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Figure 5

Myosin 1b promotes Piezo1 expression and calcium in�ux in ECs. (A) The expression level of Piezo1 was
detected by western blot in HUVEC cells with constitutive myosin1b overexpression or knockdown (n=3
respectively for the columns of the quanti�cation). The myosin 1b expression is veri�ed in the HUVEC
cells. (B) The expression level of Piezo1 in bEnd.3 cells with constitutive myosin1b overexpression or
knockdown was detected by western blot (n=3 respectively for the columns of the quanti�cation). The



Page 25/26

myosin 1b expression is veri�ed in the bEnd.3 cells. The transcriptional level of myosin 1b and Piezo1
was detected by real-time PCR in HUVEC (C) (n=6 respectively) and bEnd.3 cells (D) (n=6 respectively).
The level of intracellular Ca2+ content was detected in the speci�ed conditions in HUVEC (F) or  bEnd.3
cells (F). Data are presented as the mean ± SD. P < 0.05, *; P < 0.01, **; P < 0.001, ***; P < 0.0001, ****.

Figure 6



Page 26/26

Myosin1b promotes angiogenesis via Piezo1 and VEGFA can be the trigger. (A) HUVEC cells were treated
with Yoda1 and Dooku1 for 24 hours at different concentration. The level of intracellular calcium content
was determined according to the optical density (OD) value(n=6 respectively). (B) bEnd.3 cells were
treated with Yoda1 and Dooku1 for 24 hours at different concentration. The intracellular calcium content
was detected. (n=6 respectively). (C) and (D) ECs with or without constitutive myosin1b knockdown or
overexpression were treated with VEGFA at 25 ng/ml, Yoda1 at 2μM for HUVEC and at 4μM for bEnd.3, or
Dooku1 at 4μM for HUVEC and at 2μM for bEnd.3. Cells were incubated in a humidi�ed incubator at 37 °C
with 5% CO2 and 95% air for 24 hours for the tube formation assay. Data are presented as the mean ± SD.
P < 0.05, *; P < 0.01, **; P < 0.001, ***; P < 0.0001, ****.
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