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Abstract 
 
Background  

Control of angiogenesis is widely considered a therapeutic strategy, but reliable control methods are 

still under development. Phosphorylation of myosin light chain 2 (MLC2), which regulates actin-

myosin interaction, is critical to the behavior of vascular endothelial cells (ECs) during angiogenesis. 

MLC2 is phosphorylated by MLC kinase (MLCK) and dephosphorylated by MLC phosphatase 

(MLCP) containing a catalytic subunit PP1. We investigated the potential role of MLC2 in the 

pharmacological control of angiogenesis. 

 

Methods and Results  
We exposed transgenic zebrafish Tg(fli1a:Myr-mCherry)ncv1 embryos to chemical inhibitors and 

observed vascular development. PP1 inhibition by tautomycetin increased length of intersegmental 

vessels (ISVs), whereas MLCK inhibition by ML7 decreased it; these effects were not accompanied 

by structural dysplasia. ROCK inhibition by Y-27632 also decreased vessel length. An in vitro 

angiogenesis model of human umbilical vein endothelial cells (HUVECs) showed that tautomycetin 

increased vascular cord formation, whereas ML7 and Y-27632 decreased it. These effects appear to be 

influenced by regulation of cell morphology rather than cell viability or motility. Actin co-localized 

with phosphorylated MLC2 (pMLC2) was abundant in vascular-like elongated-shaped ECs, but poor 

in non-elongated ECs. pMLC2 was associated with tightly arranged actin, but not with loosely 



 2 

arranged actin. Moreover, knockdown of MYL9 gene encoding MLC2 reduced total MLC2 and 

pMLC2 protein and inhibited angiogenesis in HUVECs. 

 

Conclusion 
The present study found that MLC2 is a pivotal regulator of angiogenesis. MLC2 phosphorylation 

may be involved in the regulation of of cell morphogenesis and cell elongation. The functionally 

opposite inhibitors positively or negatively control angiogenesis, probably through the regulating EC 

morphology. These findings may provide a unique therapeutic target for angiogenesis. 

 
 
Abbreviations 
ANGPT2 angiopoietin 2 

DA dorsal aorta 

DLAV dorsal longitudinal anastomotic vessels  

HUVECs human umbilical vein endothelial cells 

ISVs intersegmental vessels 

MLCK MLC kinase 

MLCP MLC phosphatase 

MLC2 myosin light chain 2 

MYPT1 myosin phosphatase targeting subunit 1 

NO nitric oxide 

NOS nitric oxide synthase 

pMLC2 phosphorylated MLC2 

PP1 protein phosphatase 1 

ROCK Rho-associated, coiled-coil containing protein kinase  

ECs vascular endothelial cells  

VEGF vascular endothelial growth factor 

 
 
1 Introduction 
Angiogenesis, the developmental process of a new vascular network from pre-existing vessels in an 

avascular area, is indispensable for tissue and body growth and is related to both health and disease 

throughout life. Angiogenesis has been known to aggravate chronic diseases, including diabetes, 

atherosclerosis, and cancer (for reviews, see [1] [2] [3]). However, in regenerative medicine and tissue 

engineering, angiogenesis is one of the most pivotal steps in the restoration of blood flow to ischemic 

tissue and perfusion of grafted tissues (for a review, see [4]). The control of angiogenesis is therefore a 

challenging issue for therapeutic strategies in angiogenesis-related diseases and regenerative medicine. 
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The interaction between actin and myosin generates cellular contraction and tension in many types of 

cells and is responsible for the mechanical properties related to essential cellular processes, including 

cell motility and morphology [5] (for reviews, see [6][7]). Force generation relies on myosin II, a 

hexameric protein containing two heavy chains, two essential light chains, and two regulatory light 

chains (MLC2, also known as MYL9, LC20, RLC). The affinity of myosin for actin is regulated by 

the phosphorylation of MLC2. MLC2 is phosphorylated by MLC kinase (MLCK) in a 

calcium/calmodulin-dependent manner and dephosphorylated by MLC phosphatase (MLCP), a 

trimeric holoenzyme consisting of a protein phosphatase 1 (PP1) catalytic unit, myosin phosphatase 

targeting subunit 1 (MYPT1) regulatory unit, and a small M20/21 unit (for a review, see [8]). Actin 

cytoskeleton regulation is also critical for angiogenesis. The MLC2 phosphorylation state has been 

highly linked to vascular endothelial cell (EC) behavior during angiogenesis. In in vitro co-culture 

angiogenesis models of human umbilical vein endothelial cells (HUVECs) and human dermal 

fibroblasts, phosphorylated MLC2 (pMLC2) was not detected in HUVECs in the early phase, but was 

then elevated during the formation of elongated vessel-like structures [9] [10]. The deletion of FOXO1 

transcription factor in mice caused embryonic fatality through severe cardiovascular abnormalities, 

including dilated and enlarged vessels, suggesting the crucial role of FOXO1 in vascular development 

[11]. The mouse embryonic stem cell (ESC) differentiation system showed that FOXO1-deficient ECs 

failed to elongate and exhibited abnormal vessel-like structures that were short and thick [11] [12] [13] 

(for reviews, see [14] [15]). Inhibition of AKT signaling induced cell elongation of ESC-derived ECs 

in a FOXO1-dependent manner, and this EC elongation was suppressed by the additional inhibition of 

Rho-associated coiled-coil containing protein kinase (ROCK) by thiazovivin [13]. Recently, we 

demonstrated that pMLC2 is prominent in normal vessel structures of ESC-derived wild-type ECs, 

whereas it is lost in aberrant vessels of FOXO1-deficient ECs [16]. FOXO1 possibly suppresses 

MLCP by transcriptionally upregulating an endogenous PP1 inhibitor PPP1R14C (also known as 

KEPI), resulting in the accumulation of pMLC2, which in turn elongates ECs and promotes 

angiogenesis. These studies indicated that the phosphorylation of MLC2 contributes significantly to 

the establishment of vascular structures. 

 

To examine the potential of MLC2 as a therapeutic target on angiogenesis, this study assessed the 

effects of MLC2 phosphorylation-related inhibitors on angiogenesis using in vivo vascular 

development of zebrafish embryos and an in vitro angiogenesis model of HUVECs, and further 

investigated the role of MLC2 in angiogenesis using knockdown studies. 

 

 
2 Materials and methods 

 



 4 

2.1 Animals  
Animal experiments were conducted with the approval of the Committee on Animal Experimentation 

of Hokkaido University (No. 21-0078) and followed the institutional guidelines consistent with the 

Guidelines for Proper Conduct of Animal Experiments (Science Council of Japan, June 1, 2006) and 

the Law for the Humane Treatment and Management of Animals (Law No. 105, 1973) in Japan. 

Euthanasia was performed in compliance with the guidelines for the euthanasia of animals of the 

American Veterinary Medical Association (AVMA, https://www.avma.org/). We attempted to 

minimize animal suffering and avoid unnecessary trials. 

 

The transgenic zebrafish line Tg(fli1a:Myr-mCherry)ncv1 [17] was provided by the National 

Bioresource Project (NBRP) of Japan. Adult zebrafish were maintained in a 14 h:10 h light/dark cycle 

at 28°C, and fed with a flake fish food (TetraMin, Tetra, Germany) and brine shrimp (EGGS-90, 

Kitamura Co., Ltd, Kyoto, Japan) [18]. Fertilized eggs were obtained by bringing a male fish and two 

female fish together in a breeding tank in the morning on the day of the experiment; the resulting eggs 

were reared at 28°C in E3 solution (5 mM NaCl, 0.17 mM KCl, 0.33 mM CaCl2, 0.33 mM MgSO4, 

pH 7.4) supplemented with 0.00001% methylene blue (Cat. No. 133-06962, Wako) and 0.003% N-

Phenylthiourea (PTU, a tyrosinase inhibitor, prevents pigmentation) (Cat. No. 27429-22, Nacalai 

Tesque inc. Kyoto, Japan). 

 
2.2 Cells 
Human umbilical vein endothelial cells (HUVECs) (Cat. No. C2519A, Lonza, MD USA) were 

cultured on plates coated with gelatin (Cat. No. 077-03155, Wako, Tokyo, Japan) in Endothelial Cell 

Growth Medium Kit (hereinafter referred to as "growth medium", Cat. No. C-22110, Takara Bio Inc., 

Shiga, Japan). Cells from passages between three and seven were used for studies. 

 
2.3 Inhibitors  
Tautomycetin (Cat. No. 2305, Tocris Bioscience, Ellisville, MS, USA), ML7 hydrochloride (ML7) 

(Cat. No. 4310, R&D System, Inc. Minneapolis, MN, USA), and Y-27632 (Cat. No. HY-10071, 

MedChemExpress, NJ, USA) were commercially obtained. All inhibitors were dissolved in dimethyl 

sulfoxide (DMSO) (Cat. No. D4549, Sigma-Aldrich, St. Louis, MO, USA). Control groups were 

treated with the same amount of DMSO as the maximum dose of the vehicle. 

 

2.4 Inhibitor treatment for zebrafish embryos 
Inhibitor treatment was performed as previously described [19] [20]. Fertilized eggs were reared at 10 

eggs per well in a 24-well plate filled with E3 solution (with methylene blue and PTU) and exposed to 

the inhibitors at 6 hours post-fertilization (hpf). Survival was observed at 24 hpf. At 26 and 28 hpf, 

euthanized embryos were fixed with 4% paraformaldehyde (PFA) in phosphate-buffered saline (PBS) 
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at 4°C overnight. Fluorescence images of trunk vasculature were acquired using an Axio Imager 2 

microscope [Zeiss, Oberkochen, Germany; a dry objective lens (×10, NA 0.3)] and an FV1000D 

confocal laser scanning microscope [Olympus; a dry objective lens (×10, NA 0.40)]. Unsuitable 

broken or non-fluorescent embryos were excluded from the analysis. Brightness and contrast 

adjustments were applied equally for the whole image using ImageJ software version 1.53q [National 

Institutes of Health (NIH), Bethesda, MD, USA], and no other modifications were made. The lengths 

of five intersegmental vessels (ISVs) per embryo were measured by manual tracing using ImageJ. The 

number of ISVs was counted in an anterior part of the middle trunk region.  

 

2.5 Real-time polymerase chain reaction (PCR) 
Total RNA from whole zebrafish embryos was isolated using RNAiso Plus (Cat. No. 9108, Takara 

Bio Inc.) according to the manufacturer's instructions. Reverse transcriptions (RT) were performed 

from 500 ng of RNA in a 10 mL reaction volume using PrimeScript RT Master Mix (Perfect Real 

Time) (Cat. No. RP036A, Takara Bio Inc.). Quantitative real-time PCR was performed using Power 

SYBR Green PCR Master Mix (Cat. No. 4367659, Applied Biosystems, Foster City, CA, USA) for 

the StepOne real-time PCR system (Applied Biosystems). The primer sequences used for real-time 

PCR are described below. 

 

2.6 Primers for real-time PCR  

The following primers for zebrafish gene expression were used: angpt2b fwd 5′-

CCAGGGGTTTCAGTGGTACT-3′ and rev 5′-CGCAAGCTTCAAACCACCAT-3′; vegfaa fwd 5′-

CGACAGAGACACGAAACGTC-3′ and rev 5′-GCTTTGACTTCTGCCTTTGG-3′; vegfab fwd 5′-

GGTGCTGCAATGATGAAATG-3′ and rev 5′-CACCCTGATGACGAAGAGGT-3′; nos2b fwd 5′-

GGCTGGCATCTTAAAGCATC-3′ and rev 5′-CAAGAGAGCATGGCGGTATT-3′; actb1 fwd 5′-

CCCTGAATCCCAAAGCCAAC-3′, and rev 5′-ACAGAGAGAGCACAGCCTG-3′. The following 

primers for human gene expression were used: MYL9 fwd 5'-AAAGCCAAGACCACCAAGAA-3', 

and rev 5'-CCATCACGGTTCTGGTCAAT-3'; ACTB fwd 5'-AGAGCTACGAGCTGCCTGAC-3', 

and rev 5'-AGCACTGTGTTGGCGTACAG-3'. 

 
2.7 Three-dimensional (3D) sandwich culture for in vitro vascular cord formation and 3D 
culture for cell morphology analysis 
In vitro vascular cord structures were formed in the 3D sandwich culture as previously described [21]. 

Type I collagen gel (Collagen gel culture kit, Nitta Gelatin, Osaka, Japan) was used for 3D sandwich 

culture and was prepared according to the instructions. After the bottom layer of the gel had solidified, 

HUVECs were seeded and cultured in growth medium. Four hours after culture, cells were 

sandwiched with an upper layer of gel and cultured in growth medium containing 10 ng/ml VEGF-

A165 (Cat. No. 450-32, Peprotech, Rocky Hill, NJ, USA) with the test inhibitors for two days. A 



 6 

green fluorescent calcein-AM (Cat. No. 06735-81, Nacalai Tesque, Kyoto, Japan) was used for live 

cell staining. Images were obtained using an IX71 fluorescence microscope [Olympus, Tokyo, Japan; 

a dry objective lens (4×, NA 0.13), (10×, NA 0.30)] or an ECLIPSE TS100 inverted microscope 

[Nikon Corporation, Tokyo, Japan; a dry objective lens (4×, NA 0.13), (10×, NA0.30)]. Brightness 

and contrast adjustments were applied equally for the whole image using ImageJ and no other 

modifications were made. Binary images converted from the original images were used for automated 

analysis using ImageJ with the Angiogenesis Analyzer plugin tool [22]. "Cords" in the text include all 

"isolated elements", "branches" and "segments" in the tool. "The average cord length" is the value of 

"the total length of cords"/"the number of cords" for each field.  

 

To analyze cell morphology, the 3D sandwich culture as described above, with slight modifications, 

was used. After the bottom layer of the gel had solidified, an upper layer of gel containing HUVECs, 

at low cell density so that cells exist separately, was overlaid. After the gel solidified, the test 

inhibitors were added in growth medium containing 10 ng/ml VEGF-A165 for 2 days. Images of live 

cells stained with calcein-AM were acquired using a fluorescence microscope, and shape descriptors 

(aspect ratio, circularity, roundness) of each cell were analyzed using the analysis particles tool of 

ImageJ. The shapes of ECs were classified into three types by aspect ratio, the "round " (1 to less than 

1.5) " and "intermediate" (1.5 to less than 2.5) " non-elongated shapes and the "elongated " (2.5 to 

more) " shape.  

 

2.8 Cell viability assay  
HUVECs were seeded on a gelatin-coated plate and cultured in a growth medium. At subconfluent 

cell density, cells were treated with the indicated doses of inhibitors for two days. The cell viability 

assay was determined using iMARK Microplate Reader (Bio-Rad Laboratories, Inc. Hercules, CA, 

USA) with a TetraColor ONE (Seikagaku Corp., Tokyo, Japan). Absorbance was measured at 450 nm 

and the values for each group were presented as a ratio relative to that of the control. 

 

2.9 Migration assay by scratch-wound method 
HUVECs were seeded on a gelatin-coated plate and cultured in a growth medium. At a confluent cell 

density, the cell monolayer was scratched in a straight line using a 1,000 mL pipette-tip and treated 

with the indicated doses of the inhibitors. Images of scratched areas were taken using an TS100 

microscope (Nikon) immediately after scratching (0 h) and at the endpoint (8 h). The original images 

were converted to 8-bit gray images, and brightness and contrast adjustments were applied equally for 

the whole images using ImageJ, and no other modifications were made. Cell-free areas formed by 

scratching were measured by manually tracing each image. For migration ability, closed areas were 

determined as the percentage area of each scratch closure by comparing the 0 h and 8 h images. 
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2.10 Migration assay by transwell insert system 
Migration activity was measured using Transwell with 8.0 µm Pore Polyester Membrane Insert (Cat. 

No. 3464, Corning, NY, USA) in 24-well plates. The insert membrane was coated with gelatin (Cat. 

No. 077-03155, Wako) and hydrated using Endothelial Cell Basal Medium (hereinafter referred to as 

"basal medium, Cat. Na. C-22210, Takara) at 37℃ for at least 2 h. Five hundreds µL of growth 

medium containing 10 ng/ml VEGF-A165, and the inhibitor was placed in each lower chamber. Cells 

were seeded in 0.2 mL of basal medium at 1.2 × 105 cells per insert (for inhibitor experiments) or 0.3 

× 105 cells per insert (for gene knockdown experiments). After 6 h of incubation at 37°C, cells were 

fixed with 2% PFA, and non-migrated cells on the upper side of the insert membrane were removed 

with cotton swabs. Nuclear of migrated cells on the lower side of the insert membrane were stained 

with 4',6-diamidino-2-phenylindole (DAPI, Sigma–Aldrich). Five fields of images from each test were 

taken using a TS100 microscope (Nikon). The cell number was automatically counted using the 

analysis particles tool of ImageJ and presented as a percentage of the control. 

 

2.11 Fluorescent staining 
HUVECs were maintained in type I collagen gel 3D culture containing VEGF-A165 (10 ng/ml). After 

2 days of culture, the 3D gels were dehydrated and flattened using lens paper and filter paper, and 

fixed in 1.5% PFA in PBS for 15 min at 37 °C, were washed by PBS. Blocking was performed by a 

blocking buffer containing 0.1% Triton X-100 and 1% skim milk in PBS for overnight at 4 °C. After 

blocking, the samples were incubation with Phospho-Myosin Light Chain 2 (Ser19) Mouse 

Monoclonal antibody (mAb) (Cat. No. 3675, Cell Signaling, MA, USA, 1:2000) in a blocking buffer 

overnight at 4 °C. After washing, the samples were incubated with Goat Anti-Mouse IgG H&L 

(DyLight 488) preadsorbed (Cat. No. ab96879, Abcam, Cambridge, UK, 1:10000) as a secondary 

antibody for overnight at 4 °C. Phalloidin-iFluor 555 Reagent (Cat. No. ab176756, Abcam. 1:5000) 

and DAPI (Sigma–Aldrich) was used for the staining of F-actin and nuclei. Fluorescence images were 

acquired using the FV1000D confocal laser scanning microscope (Olympus, Tokyo, Japan) and a 

fluorescence microscope IX71 (Olympus). To observe cell morphology, the original images were 

adjusted for both contrast and brightness equally using ImageJ. The number of cells with co-

localization of pMLC2 with cortical actin or actin stress fibers, as well as cells with tightly or loosely 

arranged cortical actin, was manually counted on fluorescence images and presented as a percentage 

of the total cell number.  

 

2.12 The knockdown of gene expression by siRNA 
The siRNA knockdown of MYL9 gene coding for a MLC2 protein was performed in HUVECs. MYL9 

siRNA for the target sequence, 5'-TCCAATGTCTTCGCAATGTTTGA-3' was designed by the 

siRNA online design site siDirect version 2.0 (http://sidirect2.rnai.jp/), and synthesized at Hokkaido 

System Science Co., Ltd. (Hokkaido, Japan). Silencer Select Negative Control No. 1 siRNA 
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(4390843, Thermo Fisher Scientific, Inc) was used as a control. The siRNA was transfected into 

HUVECs using Lipofectamine RNAiMAX (Cat. No. 13778100, Invitrogen, Carlsbad, CA, USA) 

according to the manufacturer’s protocol. After 1-2 days of transfection, the cells were subjected to 

each experiment. 

 
2.13 Western blotting 

Western blotting was performed, as previously reported [21]. An anti-MLC2 rabbit polyclonal 

antibody (pAb) (Cat. No. 3672, Cell Signaling, 1:200), an anti-phospho-MLC2 (Ser19) mouse mAb 

(Cat. No. 3675, Cell Signaling, 1:1000) and anti-b-actin rabbit pAb (Cat. No. 20536-1-AP, 

ProteinTech, 1:2000), and a horseradish peroxidase (HRP)-conjugated donkey anti-rabbit IgG 

antibody (Cat. No. NA934, Amersham, Buckinghamshire, UK, 1:10000) and HRP-conjugated horse 

anti-mouse IgG antibody (Cat. No. 7076, Cell Signaling, 1:10000) were diluted by Can Get Signal 

Immunoreaction Enhancer Solution 1 or 2 (Cat. No. NKB-201, NKB-301, Toyobo, Osaka, Japan), and 

used as primary or secondary antibodies, respectively.  

 

2.14 Cell count 
HUVECs were seeded at the same density and transfected with the siRNA as described above. After 2 

days of transfection, the cell number was counted manually using a hemocytometer and presented as a 

ratio of the control. 

 

2.15 Cell adhesion and spreading assay  
Cells detached by trypsin treatment were collected and stained with calcein-AM, and seeded at 0.33 × 

104 cells per a well in 0.1 mL of growth medium on 96-Well Cell Imaging Plate with 25 μm film 

bottom (hereinafter referred to as "film bottom plate", Cat. No. 0030741013, Eppendorf, Hamburg, 

Germany), which was pre-coated with gelatin for at least 2 hours at 4°C and hydrated by the medium. 

After incubation for 1 h, plates were gently washed by medium to remove non-adherent cells, and 

adherent cell images were taken using an TS100 microscope (Nikon). Cell number and size were 

automatically counted using the analysis particles tool of ImageJ. The size of cells was classified into 

two types, the "small size" (less than 450 µm2) " and the "large size" (450 µm2 to more).  

 
2.16 Statistical analysis 
An F-test followed by an unpaired, two-tailed t-test were used as statistical tests for the comparison of 

two samples. Dunnett's multiple comparison tests were employed to evaluate significant differences 

between two or more samples using the MEPHAS web tool (http://www.gen-info.osaka-

u.ac.jp/testdocs/tomocom/dunnett-e.html). Results are presented as mean ± standard deviation (SD). A 

P value less than 0.05 was considered statistically significant. 
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3 Results 

 
3.1 Inhibition of PP1 and MLCK shows contrasting effects on vascular development in zebrafish 
embryos 

Zebrafish embryos are nearly transparent, which facilitates observation of tissue development under 

stimulation conditions. Therefore, to examine the effects of inhibitors on angiogenesis in vivo, we used 

a transgenic zebrafish strain, Tg(fli1a:Myr-mCherry)ncv1, which expresses Myr-mCherry in ECs by the 

control of the fli1a promoter. Embryos were exposed to 0, 10, 50 and 100 nM of tautomycetin, a 

specific inhibitor of PP1 (Figure 1A–D) and 0, 0.5, 1 and 10 µM of ML7, a selective MLCK inhibitor 

(Figure 1E-H) from 6 hours post-fertilization (hpf). Zebrafish intersegmental vessels (ISVs) sprout at 

regular intervals along the dorsal aorta (DA) around 20 hpf, and elongate to the dorsal region, 

connecting to the dorsal longitudinal anastomotic vessels (DLAV) that are formed by about 36 hpf 

[23] [24]. In this zebrafish strain, the end of ISVs in the midtrunk region reaches the middle around 26 

hpf and the DLAV position around 28 hpf. Therefore, to clarify the effect of the inhibitors, vascular 

structures were observed in the midtrunk region at 26 hpf for tautomycetin (Figure 1A–D) and 28 hpf 

for ML7 and Y27632 (Figure 1E-H). Embryos exposed to each inhibitor had a high survival rate at 24 

hpf (Figure 1B and F). The number of ISVs was unaffected by these concentrations of each inhibitor 

(Figure 1C and G). In embryos exposed to 50 and 100 nM, but not 10 nM, of tautomycetin, the length 

of ISVs increased and reached the DLAV position compared to the partial sprouting ISVs in the 0 nM 

control group (Figure 1A and D). The length of ISVs in embryos exposed to 0.5, 1 and 10 µM of ML7 

was decreased compared to the ISVs that mostly reached the DLAV position in 0 nM control embryos 

(Figure 1E and H). 

 

ROCK directly phosphorylates MLC2 and further suppresses MLCP activity by phosphorylating 

MYPT1, thereby increasing pMLC2 [25] (for a review, see [26]). The effects of Y-27632, a ROCK 

inhibitor, were also examined in angiogenesis in vivo (Figure 2). High survival rates were maintained 

in embryos exposed to 0, 0.5, 1, and 10 µM of Y-27632 (Figure 2B). The number of ISVs remained 

unaffected by these concentrations of Y-27632 (Figure 2C). In embryos exposed to 1 and 10 µM, but 

not 0.5 µM, of Y-27632, the length of ISVs was reduced and failed to reach the DLAV position 

compared to the ISVs in 0 nM control embryos (Figure 2A and D). These results suggest that PP1 

inhibition by tautomycetin showed pro-angiogenic effects, whereas MLCK inhibition by ML7 and 

ROCK inhibition by Y-27632 showed anti-angiogenic effects in vascular development in vivo.  

 

Angiogenesis is intricately regulated by diverse factors released by various types of cells, including 

angiopoietin 2 (ANGPT2), a proangiogenic factor, nitric oxide (NO), an angiogenesis mediator 
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synthesized by nitric oxide synthase (NOS), and vascular endothelial growth factor (VEGF), a strong 

proangiogenic factor [27] [28]. The gene expression of these angiogenesis-related factors was 

elucidated in whole zebrafish embryos exposed to 100 nM of tautomycetin, 10 µM of ML7, and 10 

µM of Y-27632 (Figure 2E-H), at effective concentrations for pro- or anti-angiogenesis, respectively 

(Figures 1 and 2A-D). The expression of zebrafish angpt2, nos2, vegfaa, and vegfab genes coding for 

these angiogenesis-related factors was unaffected by each inhibitor, suggesting that the inhibitors may 

affect angiogenesis by acting directly on MLC2 phosphorylation in ECs without involving other 

signaling pathways. 

 
3.2 Inhibition of PP1 and MLCK shows contrasting effects on angiogenesis in human ECs 
To determine whether the inhibitor directly affects ECs, we used an angiogenesis model of 3D 

sandwich collagen gel culture of HUVECs. Cells were treated with tautomycetin and ML7 at a 

concentration of 0, 3, 5, or 10 nM for 2 days (Figure 3). After calcein-AM staining of live cells, 

vascular cord structures were observed using a fluorescence microscope. Tautomycetin at 3 and 5 nM 

increased the number and total length of cords and the average cord length (Figure 3A–D), showing a 

higher degree of angiogenesis than the 0 nM control. Tautomycetin at 10 nM did not affect 

angiogenesis and was similar to the control. ML7 at 10 nM suppressed angiogenesis compared to the 0 

nM control, and decreased the number and total length of cords and the average cord length, although 

ML7 at 3 and 5 nM did not affect angiogenesis (Figure 3E–H). Furthermore, we examined the effect 

of Y-27632 on angiogenesis of HUVECs (Figure 4). Y-27632 at 5 and 10 nM reduced cord number 

and total length (Figure 4B and C), and the 10 nM treatment reduced the average cord length (Figure 

4D). Consistent with the effects in vivo, tautomycetin upregulated vascular cord formation in human 

ECs, while ML7 and Y-27632 downregulated cord formation at certain concentrations. Notably, the 

change in the average cord length suggests that the inhibitors may affect vessel elongation. 

 

3.3 Inhibition of PP1 and MLCK affects EC elongation, but not cell viability or migration in 
human ECs 

To examine whether the inhibitors affect the angiogenic activity of human ECs, HUVECs were treated 

with tautomycetin, ML7, and Y-27632 at 3, 5, and 10 nM. All inhibitor-treated HUVECs had a high 

cell viability, and were not different from the controls (Figure 5A–C). Cell migration activity by 

scratch-wound assay and transwell insert system was also unaffected by 3 nM of tautomycetin, 10 nM 

of ML7, and 10 nM of Y-27632 (Figure 5D-G), although each concentration affected vascular cord 

formation of HUVECs (Figure 3 and 4).  

 

In 3D culture, the morphology of HUVECs changes from non-elongated to elongated in the presence 

of VEGF. These shifts to elongated shapes were confirmed by analysis of the shape descriptors 

(Supplementary Table1 control). Treatment with 3 nM of tautomycetin caused a higher aspect ratio, 
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and lower circularity and roundness than the control (Supplementary Table1). In contrast, treatment 

with 10 nM of ML7 and 10 nM of Y-27632 decreased aspect ratio, and increased circularity and 

roundness compared with the control. These results indicate that cells become elongated in the 

presence of tautomycetin, and more circular in the presence of ML7 and Y-27632. The cell shapes 

were classified as "round" and "intermediate" non-elongated shapes and "elongated" shape according 

to the aspect ratio (Figure 5H). In tautomycetin, the percentage of elongated-shaped cells was 38.7%, 

which was higher than the 13.3% of control cells (Figure 5I). ML7 and Y-27632 suppressed the shift 

to an elongated shape, lowering them to 2.7% and 3.3%, respectively. Taken together with the 

inhibitor-induced alteration in the average cord length (Figure 3D and H, and Figure 4D), the inhibitor 

at a certain concentration may have a significant effect on cell morphology, rather than cell viability or 

motility. 

 

3.4 EC elongation is accompanied by the interaction between F-actin and pMLC2. 
To determine whether EC morphology is related to the interaction between F-actin and pMLC2, 

fluorescent staining was performed on HUVECs maintained in type I collagen gel 3D cultures 

containing VEGF-A165 (10 ng/ml) for 2 days (Figure 6 and 7). Round and intermediate-shaped ECs 

showed strong cortical actin staining, but some cells did not show pMLC2 (Figure 6A and B control). 

Many of them did not have actin stress fibers with pMLC2. In contrast, many elongated-shaped ECs 

showed cortical actin and obvious actin stress fibers, which were co-localized with pMLC2. These 

findings suggest that the interaction between F-actin and pMLC2 may affect EC elongation. This 

localization of pMLC2 to F-actin was also observed when treated with 3 nM of tautomycetin, 10 nM 

of ML7, and 10 nM of Y-27632, similar to controls (Figure 6B). When considered together with the 

effects of inhibitors on EC shapes (Figure 5I), the cell morphological change may be affected by 

phosphorylation of MLC2, which is modulated by inhibitors.  

 

Furthermore, upon careful observation of the cortical actin arrangement, two distinct patterns were 

identified: "tightly arranged actin", in which actin filaments form closely packed bundles, and "loosely 

arranged actin", in which actin filaments are loosely and randomly arranged (Figure 6A and 7A). 

Tightly arranged actin was co-localized with pMLC2, while many of the loosely arranged actin was 

not. In the round and intermediate-shaped EC populations, there were cells with tightly arranged actin 

(60, 36.7%) and cells with loosely arranged actin (40, 63.3%) (Figure 7B control). Elongated-shaped 

ECs exhibited tightly arranged actin (96.7%) and rarely exhibited loosely arranged actin (3.3%). This 

relationship between actin arrangement and pMLC2 co-localization was also observed when treated 

with 3 nM of tautomycetin, 10 nM of ML7, and 10 nM of Y-27632, similar to controls (Figure 7B). 

The results suggest that a strong correlation exists between pMLC2 and tightly arranged actin 

filaments, which is particularly noticeable in the elongated morphology. 
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3.5 Knockdown of MYL9 suppresses angiogenesis in human ECs. 
Furthermore, to clarify the role of MLC2 in angiogenesis, we used siRNA-mediated knockdown of the 

MYL9 gene, which encodes the MLC2 protein, in HUVECs (Figure 8 and 9A-D). Decreased expression levels of 

MYL9 mRNA and total MLC2 protein were confirmed in MYL9-knockdown HUVECs (Figure 8A-C). The 

protein levels of pMLC2 were also decreased (Figure 8B and D). In the angiogenesis model of 3D sandwich 

collagen gel culture, MYL9-knockdown reduced the number and total length of cords and the average 

cord length, namely suppressed angiogenesis (Figure 8E–H), suggesting that MLC2 is required for 

angiogenesis. MYL9-knockdown did not affect cell proliferation by cell number counting (Figure 8I), but 

decreased cell migration activity in transwell insert system (Figure 8J and K). In morphological 

analysis in 3D culture, MYL9-knockdown decreased aspect ratio, and increased circularity and 

roundness compared with the control (Supplementary Table2). The proportion analysis of cell shapes 

showed that MYL9-knockdown reduced the percentage of elongated-shaped cells (11.3%), compared to 

the 46.7% of the control (Figure 8L).  

 

Myosin II in non-muscle tissue has been reported to be involved in cell adhesion (for a review, see 

[29]). Therefore, cell adhesion and spreading assays were performed. MYL9-knockdown did not affect 

cell adhesion to the gelatin-coated film bottom plate (Figure 9A and B), but reduced the average cell size of 

adherent cells and the percentage of large sized cells (55.3%) compared to 75.3% of control (Figure 9C and D). 

These results suggest that MLC2 may promote angiogenesis though the regulation of cell motility and 

morphology. 

 

4 Discussion 
In this study, we found that the regulation of MLC2 phosphorylation may be a promising target for 

therapeutic angiogenesis. Tautomycetin stimulated vascular development of zebrafish embryos, 

whereas ML7 and Y-27632 inhibited it. Consistent with the in vivo results, the angiogenic effects of 

tautomycetin and the anti-angiogenic effects of ML7 and Y-27632 were shown in an in vitro model of 

HUVECs. Tautomycetin induced a shift to an elongated shape, whereas ML7 and Y-27632 attenuated 

the elongation. Co-localization of pMLC2 with actin structures was more pronounced in elongated 

than in non-elongated ECs. Actin filaments were more tightly arranged when colocalized with pMLC2 

than when not colocalized. These results suggest that inhibition of PP1 by tautomycetin may promote 

EC elongation and angiogenesis by affecting MLC2 phosphorylation, possibly via suppression of 

MLCP activity. Inhibition of MLCK by ML7 and ROCK signaling by Y-27632 may act directly or 

indirectly on MLC2 phosphorylation to suppress EC elongation and angiogenesis (Figure 9E). These 

inhibitors contrastively control angiogenesis by regulating EC morphology. Furthermore, we 

identified the role of MLC2 in angiogenesis using knockdown studies in HUVECs. MYL9-knockdown 

reduced the levels of total MLC2 and pMLC2, suppressed vascular cord formation, and inhibited 
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migration, a shift to an elongated shape, and spreading during cell adhesion. The findings revealed that 

MLC2-mediated regulation of cell motility and morphology is required for angiogenesis.  

 

Tube structures are formed through several mechanisms including cell rearrangement, cell 

recruitment, cell proliferation, and individual cell elongation without cell proliferation (for a review, 

see [30]). In angiogenesis, a computational modeling study reported the importance of EC 

proliferation in vessel growth [31], while in vivo analysis showed that EC proliferation is not always 

necessary for the formation of ISVs and caudal vessels during zebrafish embryogenesis [32]. Our 

previous report showed that FOXO1-dependent MLC2 phosphorylation positively regulates EC 

elongation and angiogenesis [16]. In this study, we found the effects of MLC2 phosphorylation-related 

inhibitors on angiogenesis in vivo and in vitro. Although EC behavior in angiogenesis is complex, 

including survival, proliferation, migration, elongation, and motility, and requires careful 

investigation, these findings indicate that EC elongation via MLC2 phosphorylation may play an 

important role in angiogenesis. 

 

Several animal studies have shown the effects of inhibitors for PP, MLCK and ROCK signaling on 

angiogenesis. Oral administration of a PP1 and PP2A inhibitor okadaic acid (17.80 ± 2.41 μg/kg, 24 h) 

caused structural damage and extensive angiogenesis in the thymus of mice [33]. Treatment with 

okadaic acid (5–50000 fmol/egg, 3 days) increased extra-embryonic blood vessels on the chick 

chorioallantoic membrane (CAM) [34]. However, an inhibitor of Akt kinase, MLCK and stromal 

interaction molecule 1, ML9 (300 μM, 5 days) decreased angiogenesis on CAM induced by fibroblast 

growth factor-1[35]. Y-27632 (5 mg/kg, 7 days) did not affect basal angiogenesis in mouse retina, but 

attenuated angiogenesis induced by advanced glycation end products [36]. In the present study, we 

found that vascular development in zebrafish was increased by tautomycetin (50 and 100 nM, 1 day), 

and decreased by ML7 (0.5-10 µM, 1 day) and Y-27632 (1 and 10 µM, 1 day). These findings suggest 

the functionally contrasting inhibitors of MLC2 phosphorylation may positively or negatively control 

angiogenesis in vivo. 

 

PP1 interacts with a wide range of PP1-regulated proteins and is involved in multiple biological 

process, including the mitogen-activated protein kinase (MAPK) signaling pathway [37], in addition 

to myosin regulation [38]. MAPK signaling is responsible for the gene expression of angiogenic 

factors such as VEGF and ANGPT2 [39] [40]. Tautomycetin has been reported to inhibit the 

activation of RAF1 in MAPK signaling [37]. However, in this study, tautomycetin did not affect gene 

expressions in zebrafish embryos; this may be explained by intricate signaling networks. Activation of 

MAPK signaling regulates gene transcription, and its activity is tuned by an extensive number of 

negative feedback mechanisms [41]. Alternative pathways, such as PI3K-AKT and JAK-STAT 
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signaling, also regulate VEGF gene expression [42]. Therefore, these complex signaling mechanisms 

may have influenced the maintenance of gene expression. 

 
The effect of PP inhibitors on EC behaviors has been studied in vitro. Okadaic acid increased cell 

proliferation of human arterial ECs at a concentration of 0.25-1 nM for 48 h [43], and promoted 

migration in the mouse brain EC line bEnd.3 and human dermal microvascular ECs at a concentration 

of 100 nM for 24 h [44], and in HUVECs at concentrations of 10–20 nM for 16 h [45]. Vessel-like 

formation of HUVECs on matrigel was also enhanced at concentrations of 10 and 100 nM for 24 h 

[45]. Our study showed that PP1 inhibition by tautomycetin (3 and 5 nM, 2 days) promoted vessel-like 

formation, which correlates with EC morphogenesis, but not cell proliferation and migration. These 

studies suggest that inhibition of PP may affect EC behavior and thus regulates angiogenesis, but the 

effects may involve not only MLCP function but also a wide range of other downstream factors of 

PP1. 

 

In our experiments, tautomycetin showed angiogenic effects in vivo zebrafish and in vitro HUVEC 

experiments, but effective concentrations in vivo (50 and 100 nM, 20 h) were higher than those in vitro 

(3 and 5 nM, 2 days). The egg envelope (chorion) of zebrafish shields embryos until approximately 72 

hpf and has been reported to prevent active uptake of substances [46]. In addition, substances may 

interact with other cells and molecules in embryos, which may affect inhibitor concentrations at the 

target cells. Although the exact amount of tautomycetin that passes through the chorion and reaches 

ECs is unclear, exposure to high concentrations of tautomycetin was required to promote ISV length. 

However, the possibility remains that the high concentrations in vivo may inhibit not only PP1 but also 

PP2A [47], suggesting that the in vivo angiogenic effects of tautomycetin may include both effects of 

PP1 and PP2A inhibition. Analysis of in vitro vascular cord formation showed that tautomycetin 

induced angiogenesis at 3 and 5 nM for 2 days, but not at 10 nM, and concentration dependent peak 

response. In mixed lymphocyte reaction assay using splenic lymphocyte, tautomycetin showed the 

tendency to stimulate lymphocyte proliferation at lower concentrations and peaked at 0.001 µg/ml. 

After the peak, the proliferation level decreased slowly at 0.01-0.1 µg/ml, and drastically at higher 

concentrations (1-100 µg/ml) [48]. A dose-dependent biphasic response has been observed in many 

inhibitor molecules in various biological systems, such as cell proliferation and cell death, and is 

known as hormesis. A possible mechanism for causing hormesis in inhibitors acting on enzymes 

involved in dual phosphorylation-dephosphorylation cycles has been proposed using mathematical 

models [49]. The peak response seen at lower concentrations in our study and others suggests that 

tautomycetin may have different effects on cell activities depending on the concentration. On the other 

hand, it has been reported that tautomycetin at a high concentration of 500 nM for 24 h induces a 

rounded morphology in bEnd.3 [50]. The effects of high concentrations may be due to inhibition of 

not only PP1 but also PP2A. This is an important issue to be carefully addressed in future research. 
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The effects of ML7 and Y-27632 on proliferation and migration have been investigated in various cell 

types. These cell functions were inhibited by ML7 (10 µM) in human aortic smooth muscle cells [51] 

and by ML7 (20 µM) in human breast cancer cell lines [52]. The effects of Y-27632 are complicated. 

Proliferation and migration were decreased by Y-27632 (10-40 µM) in human tongue squamous cell 

carcinoma cell lines [53], but increased by Y-27632 (20 µM) in human periodontal ligament stem cells 

[54]. Y-27632 (2-200 µM) had no effect on proliferation in mouse renal fibroblasts, and Y-27632 (10-

100 µM) inhibited migration in RAW 264.7 mouse macrophages [55]. When ECs were stimulated 

with VEGF, ML7 (10 µM) and Y-27632 (10 µM) inhibited proliferation and migration in pulmonary 

arterial ECs [56], HUVECs [57] [58], and human foreskin microvascular ECs [59]. However, there 

was no effect on the basal level in the absence of other stimuli [56] [60]. In line with these findings, in 

this study, ML7 and Y-27632 also showed no effects on the proliferation and migration of HUVECs. 

The effects of inhibitors on EC behaviors may be highly dependent on interactions with other stimuli, 

and requires further study. 

 

Despite having no effect on cell proliferation and migration, in the present study, low concentrations 

(10 nM) of ML7 and Y-27632 in the present study inhibited EC elongation and reduced vascular cord 

formation in 3D culture containing VEGF. Differences in drug responses in diverse culture systems 

have been reported. The breast cancer cell line JIMT1 was more sensitive to a number of drugs in 

matrigel 3D culture systems than in 2D cultures [61]. Analysis of gene expression profiling showed a 

large number of differentially expressed genes between 3D and 2D cultures in JIMT1 cells [61] and 

primary human fallopian tube secretory epithelial cells [62]. These reports provide insight into the 

differences in drug sensitivity and cellular response under cell culture conditions, particularly in 2D 

and 3D environments. Furthermore, in a 2D culture system, ECs are maintained as a flat monolayer on 

a plastic surface with or without stimulation by growth factors, including VEGF [63], whereas in a 3D 

culture system ECs can form vascular cord structures in the presence of VEGF. This difference in cell 

behavior and morphology may have a significant impact on the reactivity to inhibitors. Taken 

together, these findings suggest that MLC2 phosphorylation-related inhibitors may be able to regulate 

angiogenesis by directly modulating ECs, although their effects on EC behavior vary depending on 

experimental conditions. 

 

In this study, a 3D culture assay was required to demonstrate the effects of inhibitors on cell 

morphology. Therefore, in 3D cultures under the same conditions, we analyzed the relationship 

between morphological changes and MLC2 phosphorylation. In non-elongated cells, many cells lost 

pMLC2 in cortical actin and actin stress fibers. In contrast, most elongated cells have prominent 

pMLC2. These correlations between cell morphology and pMLC2 imply that induction of a shift 
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toward an elongated shape by tautomycetin would theoretically increase pMLC2, whereas inhibition 

of the shift by ML7 and Y-27632 would decrease pMLC2.  

 

MLC2 is an essential component to control cytoskeletal dynamics through the interaction between 

actin and myosin, and regulates not only cell contraction but also various cell functions such as cell 

proliferation, migration, adhesion, and establishment of cell shape (for a review, see [29]). 

Knockdown experiments of the MYL9 gene, which encodes MLC2, showed decreased growth in 

several cancer cell lines such as human pancreatic ductal adenocarcinoma [64] and human colorectal 

cancer cells [65]. However, in this study, MYL9-knockdown did not affect the proliferation of 

HUVECs. Cancer cells differ from normal cells in various ways, including uncontrolled rapid growth, 

lack of contact inhibition, and altered metabolism (for a review, see [66]). Therefore, our results 

indicate that normal EC proliferation may be independent of MLC2. Migratory activity has been 

reported to be reduced by MYL9-knockdown in a colorectal cancer cell line [65] and human squamous 

cervical cancer cell lines [67]. Consistent with these reports, MYL9-knockdown HUVECs exhibited 

decreased migratory activity. 

 

Actomyosin networks are recognized as a major regulator in cell adhesion (for a review, see [29]). 

Several reports have shown that early nascent adhesions form independent of myosin II activity [68] 

[69]. First, actin filaments apparently assemble at new adhesions, which are subsequently matured and 

stabilized by the association with myosin II. In this study, cell adhesion and spreading assays revealed 

that MYL9-knockdown had no effect on the adherent cell number of HUVECs and increased adherent 

cell spreading on the gelatin-coated film surface. These findings appear to be consistent with the 

known adhesion process. That is, initial adhesion, which is independent of myosin II activity, was 

unaffected by MYL9-knockdown, but subsequent cell spreading, which requires myosin II activity, 

was inhibited.  

 

MYL9 knockdown in HUVECs inhibited vascular cord formation and suppressed the transition to an 

elongated shape, similar to the results of treatment with ML7 and Y-27632. MYL9-knockdown 

reduced total MLC2 protein levels, with a concomitant decrease in pMLC2 levels. Therefore, these 

results indicate the crucial role of MLC2 phosphorylation in altering or maintaining EC morphology. 

The present study suggests that MLC2 phosphorylation may be essential for endothelial motility and 

elongated morphogenesis, thereby actively regulating angiogenesis. 

 

How does actin-myosin interaction contribute to EC elongation? The most prominent function of 

actin-myosin system is cellular contraction, which has largely been demonstrated in studies using 

muscle cells (myocytes) with abundant the contractile unit sarcomeres. However, actin-myosin system 

is also involved in a variety of dynamics in non-muscle cells, including cell division, cell movements, 
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cell adhesion, and even cell shape change (for reviews, see [6] [7] [29] [70]). In cytokinesis in the 

process of cell division, the contractile ring, a strong assembly of actin filaments and myosin under the 

cell membrane, gradually squeezes the cytoplasm and pulls the membrane inwards, causing the cell to 

divide into two (for a review, see [71]). Observations in Ciona notochord cells show that an 

actomyosin ring forms at the front of the cell and then migrates toward the center, contributing to cell 

elongation [72]. Stress fibers are anchored at their ends to the extracellular matrix at the focal 

adhesions, so that contractility provides the tension force. When cells are repeatedly stimulated to 

stretch, the long axis of the cell and the stress fibers are oriented perpendicular to the direction of 

stretch [73] [74]. Longitudinal orientational order and stability of actin filaments are acquired and 

enhanced in response to environmental conditions, such as shear stress, cyclic strain and stiff 

substrates [75] [76] (for a review, see [77]). Cell shape has been reported to interact with stress fibers 

formation and physical forces [78] [76] [74]. We expect that the above findings from previous 

research will be applicable to EC morphogenesis in 3D culture. One idea is that the contractile ring-

like structure first forms within round-shaped ECs activated by angiogenic stimuli, which gradually 

compresses the cytoplasm (Supplementary Figure 1). The contractile force by the actin-myosin system 

in a ring-like state at the center of the cell may cause the cell to deform, perhaps into an elongated 

shape via a cylindrical shape. Longitudinal stress fibers, which arranged parallel to the long axis of the 

cell, may then form in response to the physical forces generated by cell deformation in the 3D gel 

matrix, allowing the elongated cell shape to be maintained. However, many aspects of actomyosin 

system during cell morphological changes, especially spatio-temporal events, remain unclear, and 

further research is needed to determine the mechanisms. 

 

When keratinocytes become morphologically polarized, i.e., change from a flat, spread cell shape to a 

tall, cuboidal cell shape, the localization of pMLC2 increases at the cell periphery, and the array of 

loose actin filaments gradually narrows [68]. Myosin function is essential for the formation of the 

cuboidal morphology, as inhibition of myosin II ATPase activity by blebbistatin reduces lateral 

domain height during polarization [68]. In this report, we observed EC morphology in a 3D 

angiogenesis model. Non-elongated ECs showed loosely aligned cortical actin, few actin stress fibers 

and poor pMLC2 localization, whereas elongated ECs showed tightly arranged cortical actin bundles, 

strong actin stress fibers and clear localization of pMLC2. These studies in non-muscle cell 

morphogenesis suggest that pMLC2 may play a role in bundling and stabilizing loose pre-existing 

actin filaments present in each part of the cells (A schematic model in Figure 7A).  

 

Signaling molecules with potent effects on angiogenesis, such as VEGF, are the main targets for both 

pro- and anti-angiogenic therapies [79] (for a review, see [3]). However, the limitations of the 

effectiveness and negative issues have also been shown (for reviews, see [4] [80]). Experimental 

alterations of VEGF signaling in zebrafish have been reported to cause severe morphological 
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abnormalities in vascular structure; overexpression of vegf induced ectopic vessels [81], and the 

knockdown caused vessel loss [82]. Our in vivo studies demonstrated the possibility of 

pharmacologically controlling angiogenesis by positively or negatively regulating MLC2 

phosphorylation. Notably, the effects were not associated with vascular dysplasia and retained intact 

vascular structures. Moreover, our in vitro study revealed the direct cell effects of inhibitors and the 

role of MLC2 on EC morphology. MLC2 phosphorylation may be useful as a unique target for 

therapeutic angiogenesis.  
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Figure 1. Inhibition of PP1 and MLCK shows contrasting effects on vascular development in 
zebrafish embryos. 

Tg(fli1a:Myr-mCherry) zebrafish embryos at 6 hpf were exposed to a protein phosphatase 1 (PP1) 

inhibitor tautomycetin (A–D) and a myosin light chain kinase (MLCK) inhibitor ML7 (E-H) at 

concentrations of 0, 10, 50, or 100 nM. Vascular structure in the middle trunk region was observed at 

26 hours post-fertilization (hpf) (A–C) and 28 hpf (E–G). (A and E) Representative fluorescence 

images. ISV: intersegmental vessel, DA: dorsal aorta, DLAV: dorsal longitudinal anastomotic vessel. 

Scale bars indicate 100 μm. White arrowheads indicate the developing ISVs. White arrows indicate 

the ISVs that have reached the DLAV position. Similar results were obtained from three independent 

experiments. (B and F) The ratio of survived and dead embryos at 24 hpf. (C, G and D, H) The 

number (C and G) and the length (D and H) of ISVs. Error bars indicate mean SD. The results 

compared with the 0 nM control were analyzed by Dunnett's test (*P < 0.05). No significant difference 

was found in (C and G). The total number of embryos (B, C and F, G) and ISVs (D and H) measured 

in three independent experiments is indicated in the brackets.  
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Figure 2. Inhibition of ROCK suppresses vascular development in zebrafish embryos. 
(A-D) Tg(fli1a:Myr-mCherry) zebrafish embryos at 6 hpf were exposed to a rho-associated coiled-coil 

forming kinase (ROCK) inhibitor Y-27632 at concentrations of 0, 0.5, 1, or 10 µM. Vascular structure 

in the middle trunk region was observed at 28 hpf. (A) Representative fluorescence images. Scale bars 

indicate 100 μm. White arrows indicate the ISVs that have reached the DLAV. White arrowheads 

indicate the developing ISVs. Similar results were obtained from three independent experiments. (B) 

The ratio of survived and dead embryos at 24 hpf (C and D). The number (C) and the length (D) of 

ISVs. Error bars indicate mean SD. The results compared with the 0 μM control were analyzed by 

Dunnett's test (*P < 0.05). No significant difference was found in (C). The total number of embryos (B 

and C) and ISVs (D) measured in three independent experiments is indicated in the brackets. (E-H) 

Tg(fli1a:Myr-mCherry) zebrafish embryos at 6 hpf were exposed to 100 nM of tautomycetin, 10 μM 

of ML7, and 10 μM of Y-27632. At 28 hpf, the total RNA was extracted and applied for analysis using 

real-time PCR. Expression levels of the target genes normalized by actb1 expression are presented as 

a fold change relative to the control. Error bars indicate mean SD. The results were analyzed by 

Dunnett's test (n = 5 from five independent experiments). No statistically significant differences were 

found in any of the comparisons (E–H).  
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Figure 3. Inhibition of PP1 and MLCK shows contrasting effects on angiogenesis in human ECs. 
In type I collagen gel 3D sandwich culture containing VEGF-A165 (10 ng/ml), human umbilical vein 

endothelial cells (HUVECs) were treated with tautomycetin (A–D) and ML7 (E–H) at concentrations 

of 0, 3, 5, or 10 nM for 2 days. (A and E) Vascular cord formation. Representative fluorescence 

images with calcein-AM (upper) and binary images (lower) of cord structures. Scale bars indicate 500 

μm. (B–D and F–H) The number (B and F) and total length (C and G) of cord structures, and the 

average cord length (D and H) per field. Error bars indicate mean SD. The results compared with the 0 

nM control were analyzed by Dunnett's test (n = 6 fields, *P < 0.05). Similar results were obtained in 

three independent experiments. 
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Figure 4. Inhibition of ROCK suppresses angiogenesis in human ECs. 
In type I collagen gel sandwich culture containing VEGF-A165 (10 ng/ml), HUVECs were treated 

with Y-27632 at concentrations of 0, 3, 5, or 10 nM for 2 days. (A) Vascular cord formation. 

Representative fluorescence images with calcein-AM (upper) and binary images (lower) of cord 

structures. Scale bars indicate 500 μm. (B–D) The number (B) and total length (C) of cord structures, 

and the average cord length (D) per field. Error bars indicate mean SD. The results compared with the 

0 nM control were analyzed by Dunnett's test (n = 6 fields, *P < 0.05). Similar results were obtained in 

three independent experiments.  
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Figure 5. Inhibition of PP1 and MLCK affects cell morphology, but not cell viability or 
migration 

(A-C) Cell viability assay was performed in HUVECs treated with tautomycetin (A), ML7 (B), and Y-

27632 (C) at concentrations of 0, 3, 5, or 10 nM for 2 days. The cell viability is presented as a ratio 

relative to the 0 nM control. Error bars indicate mean SD. Data were analyzed using Dunnett's test (n 

= 5). No significant difference was found in all experiments, compared with the control. Similar 

results were obtained in three independent experiments. (D and E) Migration assay by scratch-wound 

method was performed in monolayers of HUVECs treated with 3 nM of tautomycetin, 10 nM of ML7, 

and 10 nM of Y-27632 for 8 h. (D) Images at 0 h and 8 h after scratching. Scale bars indicate 200 μm. 

Similar results were obtained in three independent experiments. (E) Closed area for migration ability 

is presented as a ratio relative to the control. Error bars indicate mean SD. Data were analyzed using 

Dunnett's test (n = 5). No significant difference was found in all experiments, compared with the 

control. (F and G) Migration assay using transwell insert system was performed in HUVECs. Cells 

were seeded on the upper side of the transwell insert filled with basal medium, and the lower chamber 

was filled with growth medium containing 10 ng/ml VEGF-A165 with 3 nM of tautomycetin, 10 nM 

of ML7, and 10 nM of Y-27632. Cells were allowed to migrate into the bottom of the insert membrane 

for 6 h. (F) Nuclear DAPI staining of the migrate cells. Scale bars indicate 200 μm. (G) Relative ratio 

of migrate cells per field. Error bars indicate mean SD. Data were analyzed using Dunnett's test (n = 

5). No significant difference was found in all experiments, compared with the control. Similar results 

were obtained in three independent experiments. (H and I) Cell morphology analysis was performed in 

HUVECs maintained in type I collagen gel 3D cultures containing VEGF-A165 (10 ng/ml), and added 

3 nM of tautomycetin, 10 nM of ML7, or 10 nM of Y-27632 for 2 days. (H) Images of three types of 

EC shapes are shown: the "round" and "intermediate" non-elongated shapes, and the "elongated" 

shape, which are defined by their aspect ratio (each range is shown below). Scale bars indicate 40 μm. 

Similar results were obtained in three independent experiments. The lower panel is a schematic 

representation of cellular aspect ratio determination. (I) The proportion of the three types of EC 

shapes. The total number of ECs indicated in the brackets was obtained from three independent 

experiments. 
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Figure 6. EC elongation is accompanied by interaction between F-actin and pMLC2.   
Localization analysis of F-actin and pMLC2 was performed in HUVECs maintained in type I collagen 

gel 3D cultures containing VEGF-A165 (10 ng/ml) for 2 days. (A) Fluorescent images after staining 

with F-actin (red), pMLC2 (green) and DAPI (blue). Images of three types of EC shapes are shown: 

the "round" and "intermediate" non-elongated shapes, and the "elongated" shape. Scale bars show 

30 µm. A single asterisk indicates tightly arranged cortical actin. Double asterisks indicate loosely 

arranged cortical actin. White edged arrowheads indicate "non-elongated shapes" of ECs with cortical 

actin that was co-localized with pMLC2 and actin stress fibers that were not co-localized with 

pMLC2. White arrowheads indicate "non-elongated shapes" of ECs with actin structures that were not 

co-localized with pMLC2. White arrows indicate "elongated shape" of ECs with cortical actin and 

actin stress fibers that were co-localized with pMLC2. Similar results were observed in three 

independent experiments. (B) Co-localization analysis of pMLC2 with cortical actin and actin stress 

fibers in three types of EC shape. The total number of ECs indicated in the brackets was obtained from 

three independent experiments.  
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Figure 7. Tightly arrangement of actin filaments is associated with pMLC2 
Analysis of F-actin arrangement and pMLC2 co-localization was performed in HUVECs maintained 

in type I collagen gel 3D cultures containing VEGF-A165 (10 ng/ml) for 2 days. (A) Fluorescent 

images after staining with F-actin and pMLC2. Images of three types of EC shapes are shown: the 

"round" and "intermediate" non-elongated shapes, and the "elongated" shape. Scale bars show 50 µm. 

A single asterisk indicates tightly arranged cortical actin. Double asterisks indicate loosely arranged 

cortical actin. White edged arrowheads indicate ECs with cortical actin co-localized with pMLC2. 

White arrowheads indicate ECs with cortical actin not co-localized with pMLC2. Round (1) and 

Intermediate (1) show tight actin bundles with pMLC2. Round (2) and Intermediate (2) show loosely 

arranged actin without pMLC2. Elongated (1) and (2) show tight actin bundles with pMLC2. Similar 

results were observed in three independent experiments. Right, schematic model indicates tightly 

arranged actin co-localized with pMLC2, and loosely arranged actin non-co-localized with pMLC2. 

(B) Co-localization analysis of pMLC2 with tightly and loosely arranged cortical actin in three types 

of EC shape. ND not detected. The total number of ECs indicated in the brackets was obtained from 

three independent experiments.  
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Figure 8. Knockdown of MYL9 gene encoding MLC2 suppresses angiogenesis in human ECs.   
HUVECs were transfected with MYL9 siRNA (100 nM), or control siRNA (100 nM), which indicated 

as follows: siMYL9 and siControl. (A) The MYL9 mRNA expression level at 1 day after transfection 

was analyzed using real-time quantitative PCR analysis. Expression levels normalized by ACTB are 

presented as a fold change relative to siControl. Error bars indicate mean SD. The results were 

analyzed an F-test followed by an unpaired, two-tailed t-test (n = 3, *P < 0.05). Similar results were 

obtained from three independent experiments. (B-D) The total MLC2 and pMLC2 protein expression 

levels at 2 days after transfection was analyzed using a western blot analysis. (B) Western blot images. The 

comparable band images of siControl and siMYL9 are from the same single western blot image. (C) Expression 

levels normalized by b-actin are presented as a fold change relative to siControl. Error bars indicate 

mean SD. The results were analyzed an F-test followed by an unpaired, two-tailed t-test (n = 3 from 

three independent experiments, *P < 0.05, **P < 0.01). (E-H) Cells were maintained in type I collagen 

gel sandwich culture containing VEGF-A165 (10 ng/ml) for 2 days. (E) Vascular cord formation. 

Representative fluorescence images with calcein-AM (upper) and binary images (lower) of cord 

structures. Scale bars indicate 500 μm. (F–H) The number (F) and total length (G) of cord structures, 

and the average cord length (H) per field. Error bars indicate mean SD. The results were analyzed an 

F-test followed by an unpaired, two-tailed t-test (n = 5, *P < 0.05, **P < 0.01). Similar results were 

obtained in three independent experiments. (I) Cell number was counted manually at 2 days after 

transfection and presented as a ratio relative to siControl. Error bars indicate mean SD. The results 

were analyzed an F-test followed by an unpaired, two-tailed t-test (n = 3). No significant difference 

was found. Similar results were obtained in three independent experiments. (J and K) Migration assay 

using transwell insert system was performed at 1 day after transfection. Cells were seeded on the 

upper side of the transwell insert filled with basal medium, and the lower chamber was filled with 

growth medium containing VEGF-A165 (10 ng/ml). Cells were allowed to migrate to the bottom of 

the insert membrane for 6 h. (J) Nuclear DAPI staining of the migrate cells. Scale bars indicate 200 

μm. (K) Relative ratio of migrate cells per field. Error bars indicate mean SD. The results were 

analyzed an F-test followed by an unpaired, two-tailed t-test (n = 5, ***P < 0.001). Similar results 

were obtained in three independent experiments. (L) Cell morphology analysis was performed in cells 

maintained in type I collagen gel 3D cultures containing VEGF-A165 (10 ng/ml) for 2 days, as 

described in Figure 5H. The proportion of the three types of cell shapes are presented. The total 

number of cells indicated in the brackets was obtained from three independent experiments.  
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Figure 9. Knockdown of MYL9 gene inhibits cell spreading of human ECs.   
(A-D) Cell adhesion and spreading assay was performed in HUVECs 1 day after transfection with 

MYL9 siRNA, or control siRNA. Cells detached by trypsin treatment were allowed to adhere to 

gelatin-coated film bottom plates for 1 h. (A and B) Analysis of adherent cell numbers. (A) Calcein-

AM fluorescence images of adherent cells. Scale bars indicate 200 μm. (B) The number of adherent 

cells per field is presented as a ratio relative to siControl. Error bars indicate mean SD. The results 

were analyzed an F-test followed by an unpaired, two-tailed t-test (n = 15). No significant difference 

was found. Similar results were obtained in three independent experiments. (C and D) Analysis of 

adherent cell size. (C) Calcein-AM fluorescence images of adherent cells. Scale bars indicate 90 μm. 

White arrows indicate the "small size" of cells". White arrowheads indicate the "large size" of cells. 

(D) The average size of adherent cells (upper panel) and the proportion of the two types of adherent 

cell size (lower panel). The total number of cells indicated in the brackets. In the upper panel, error 

bars indicate mean SD, and the results were analyzed an F-test followed by an unpaired, two-tailed t-

test (***P < 0.001). Similar results were obtained in three independent experiments. (E) Schematic 

model for control of angiogenesis via phosphorylation of MLC2. Phosphorylation of MLC2 by MLCK 

or ROCK signaling stimulates actin-myosin interaction, leading to angiogenesis associated with 

vascular endothelial elongation. MLCP, a holoenzyme comprised of a PP1 catalytic subunit, 

regulatory subunit MYPT1 and M20/M21, dephosphorylates pMLC2, and its activity is inhibited by 

ROCK signaling. Inhibition of PP1 by tautomycetin probably inactivates MLCP, thereby inhibiting 

the dephosphorylation of pMLC2. MLCK Inhibition by ML7 and ROCK inhibition by Y-27632 

suppresses phosphorylation of MLC2. Knockdown of the MYL9, the gene encoding the MLC2 

protein, suppresses phosphorylation of MLC2 along with total MLC2. MLCP: myosin light chain 

phosphatase, PP1: protein phosphatase 1, MYPT1: myosin phosphatase targeting subunit 1, MLC2: 

Myosin regulatory light chain 2, ROCK: Rho/Rho associated coiled coil-forming protein kinase, 

MLCK: myosin light-chain kinase. 

 



Inhibitor Aspect ratio Circularity Roundness
Control 1.785±0.808 0.884±0.132 0.647±0.213
Tautomycetin 2.545±1.338* 0.77±0.182* 0.489±0.214*
ML7 1.339±0.385* 0.957±0.066* 0.792±0.166*
Y-27632 1.389±0.435* 0.95±0.072* 0.768±0.17*
The results compared with control were analyzed by Dunnett's test (*P <
0.05, n=150 in three independent experiments.

Supplementary Table1. Shape descriptors of vascular endothelial
cells. HUVECs were cultured in type I collagen gel 3D cultures containing
VEGF-A165 (10 ng/ml), and treated with 3 nM of tautomycetin, 10 nM of
ML7, or 10 nM of Y-27632 for 2 days.



Aspect ratio Circularity Roundness
siControl 2.598±1.128 0.75±0.175 0.468±0.216
siMYL9 1.407±0.575*** 0.941±0.098*** 0.787±0.203***

Supplementary Table2. Shape descriptors of MYL9-knockdown
vascular endothelial cells. MYL9-knockdown HUVECs (siMYL9) were
cultured in type I collagen gel 3D cultures containing VEGF-A165 (10 ng/ml)
for 2 days.

The results compared with the control (siControl) were analyzed by an F-
test followed by an unpaired, two-tailed t-test  (***P < 0.001, n=150 in three
independent experiments.)
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Supplementary Figure 1.  

A hypothetical model of cell morphological change in three-dimensional gel matrix. 

(A) Vascular endothelial cells are round in a 3D gel matrix and become elongated when activated by 

angiogenic stimuli such as VEGF-A. (B and C) Cytoplasm is represented as a sphere for easily 

understanding of the physical objects. (B) Actin and myosin system in cell cortex acts like a 

contractile ring (contractile ring like structure), gradually compressing the cytoplasm. The cells are 

deformed by the contractile force and become elongated. (C) Cross section image. Cell deformation 

by the contractile ring like structure is likely to generate action and reaction forces. These forces 

induce stress fibers, which parallel to the long cell axis, and contribute to the development and 

maintenance of the elongated cell shape. (D) A model of forces in stress fibers. Stress fibers are 

represented as elastic ropes for easily understanding of the physical property. (a) The ends of stress 

fiber are anchored at the extracellular matrix via the focal adhesions. (b) The stress fiber is stretched 

by a force. (c) Contractile forces are generated by the actin-myosin system, and the stress fiber wants 

to return to its original state. (a') Actin bundles are aligned, and the stress fiber is enhanced, probably 

depending on myosin activity. The resulting stress fibers may be key contributors to cell 

morphogenesis and maintenance. 


