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Abstract. Our previous study revealed that metastasis‑asso‑
ciated protein  1  (MTA1), which is expressed in vascular 
endothelial cells, acts as a tube formation promoting factor. 
The present study aimed to clarify the importance of MTA1 
expression in tube formation using MTA1‑knockout  (KO) 
endothelial cells (MTA1‑KO MSS31 cells). Tube formation 
was significantly suppressed in MTA1‑KO MSS31 cells, 
whereas MTA1‑overexpression MTA1‑KO MSS31 cells 
regained the ability to form tube‑like structures. In addition, 
western blotting analysis revealed that MTA1‑KO MSS31 
cells showed significantly higher levels of phosphorylation 
of non‑muscle myosin heavy chain  IIa, which resulted in 
suppression of tube formation. This effect was attributed 
to a decrease of MTA1/S100 calcium‑binding protein A4 
complex formation. Moreover, inhibition of tube formation 
in MTA1‑KO MSS31 cells could not be rescued by stimula‑
tion with vascular endothelial growth factor (VEGF). These 
results demonstrated that MTA1 may serve as an essential 
molecule for angiogenesis in endothelial cells and be involved 
in different steps of the angiogenic process compared with the 
VEGF/VEGF receptor 2 pathway. The findings showed that 
endothelial MTA1 and its pathway may serve as promising 
targets for inhibiting tumor angiogenesis, further supporting 
the development of MTA1‑based antiangiogenic therapies.

Introduction

Metastasis‑associated protein 1  (MTA1), a member of the 
MTA family, was first identified by Toh et  al  (1). MTA1 
expression is reported to be associated with tumor malignancy 
in several cancer types, including esophageal, gastrointestinal, 

non‑small‑cell lung, breast and ovarian cancer (2‑6). In addi‑
tion, MTA1 promotes tumor cell proliferation and invasion, 
and tumor angiogenesis and metastasis (7‑9).

However, the precise functional role of endothelial MTA1 
in angiogenesis remains unclear. Our previous study exam‑
ined the function of MTA1 in endothelial cells by MTA1 
knockdown and found that MTA1 small interfering (si)RNA 
significantly inhibited tube formation but not the proliferation 
and migration of endothelial cells  (10). In addition, it was 
demonstrated that MTA1 knockdown induced a decrease in 
S100 calcium‑binding protein A4 (S100A4) expression and 
an increase in phosphorylated non‑muscle myosin heavy 
chain IIa (NMIIa). This phosphorylation level of NMIIa may 
influence the formation of tube structures via altered cyto‑
skeletal dynamics in endothelial cells (10). To evaluate the 
function of MTA1 further, it is necessary to confirm the inhibi‑
tion of tube formation using MTA1‑knockout (KO) cells and to 
evaluate whether the ability of tube formation is restored by 
re‑expressing MTA1 in the KO cells.

In the present study, MTA1‑KO endothelial cells (MTA1‑KO 
MSS31 cells) were established and examined to clarify the role 
of MTA1 expression in tube formation by endothelial cells. 
The relationship between the inhibition of tube formation in 
MTA1‑KO MSS31 cells and the vascular endothelial growth 
factor (VEGF)/VEGF receptor 2 (VEGFR2) pathway was also 
investigated.

Materials and methods

Cell culture and reagents. Mouse endothelial cells (MSS31 
cells), a gift from Dr  H Endo (The University of Tokyo, 
Tokyo, Japan), and MTA1‑KO MSS31 cells were maintained 
in Dulbecco's modified Eagle's medium (DMEM)/Ham's F‑12 
medium (Nissui Pharmaceuticals Co., Ltd.) supplemented with 
10% fetal bovine serum (FBS; Sigma‑Aldrich; Merck KGaA) 
at 37˚C in a humidified 5% CO2/95% air mixture. MSS31 cells 
and MTA1‑KO MSS31 cells (3x105) were transfected with 
2 µg MTA1 expression vector or empty vector as a negative 
control provided by Dr K Takenaga (Chiba Cancer Center 
Research Institute, Chiba, Japan) using Lipofectamine® 2000 
(Invitrogen; Thermo Fisher Scientific, Inc.) according to the 
manufacturer's protocol at room temperature for 20 min. The 
transfected cells were cultured for 24 h and used in subsequent 
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experiments. When conducting subsequent experiments, each 
experiment had a non‑treatment group.

Engineering of guide (g)RNA and CRISPR‑Cas9 vector for 
MTA1 KO. The gRNA for MTA1 KO targeting the first exon of 
MTA1 on the coding strand was engineered using the online 
CRISPR design tool (version 1.3) (http://crispr.mit.edu/). The 
targeted sequence was 5'‑CAGGATTGAAGAGCTTAACA 
AGG‑3'. Complementary guide oligonucleotides (forward, 
5'‑CACCGCAGGATTGAAGACCTTAACA‑3' and reverse, 
5'‑AAACTGTTAAGCTCTTCAATCCTGC‑3') were custom 
synthesized separately by Sigma‑Aldrich (Merck  KGaA), 
annealed and cloned into the BbsI site of pSpCas9(BB)‑2A‑GFP 
(pX458). pX458 was a gift from Feng Zhang (Addgene; cat. 
no. 48138; http://n2t.net/addgene:48138; Research Resource 
Identifiers (RRID; Addgene_48138) (11).

Electroporation and cell sorting. MSS31 cells were harvested 
by trypsinization using 0.1% trypsin and counted using a 
hemacytometer. Thereafter, 1‑2x106 cells were resuspended 
with 3 µg plasmid DNA in 100 ml electroporation buffer, 
transferred to a 0.2 cm cuvette (Nepa Gene Co., Ltd.) and 
electroporated using a square electric pulse generating 
electroporator (NEPA21; Nepa Gene Co., Ltd.) with poring 
pulse (voltage, 150 V; pulse length, 7.5 msec; pulse interval, 
50 msec; number of pulses, 2; decay rate, 10%; polarity, +) 
and transfer pulse (voltage, 20 V; pulse length, 50 msec; pulse 
interval, 50 msec; number of pulses, 5; polarity, +/‑). The 
cells were transferred to DMEM/Ham's F‑12 medium (Nissui 
Pharmaceuticals Co., Ltd.) supplemented with 10%  FBS 
(Sigma‑Aldrich; Merck KGaA) and seeded in 60 mm dishes. 
After 24 h of electroporation, the transfected populations 
were sorted by GFP expression using MoFlo XDP cell sorter, 
equipped with 488 nm blue laser (Beckman Coulter, Inc.). GFP 
was excited by 488 nm blue laser and its emission detected 
using a 529/28 Band pass (BP) filter. Single cells were sorted 
into 384‑well microplates and cultured for >1 month to allow 
for colony formation.

Genomic DNA isolation, PCR and cloning for DNA 
sequencing. Genomic DNA was extracted from cells using the 
Gentra Puregene Cell kit (Qiagen GmbH) according to the 
manufacturer's instructions and PCR analyses were performed 
as follows. The PCR amplification of the targeted regions was 
performed with TaKaRa Ex Taq Hot Start (Takara Bio, Inc.) 
using PCR gene‑specific forward (5'‑CTCTCTGGGCTCTG 
TCCATC‑3') and reverse (5'‑CGGACCCACTCTCAGTC 
TCT‑3') primers. The following temperature protocol was used 
for PCR: 98˚C for 1 min; 40 cycles of 98˚C for 15 sec, 60˚C for 
15 sec and 72˚C for 40 sec; and 72˚C for 7 min. The PCR 
reaction mixture contained each 0.25 µM forward and reverse 
primer, 1.25 units Ex Taq HS polymerase (Takara Bio, Inc.), 
1X Ex Taq Buffer (Takara Bio, Inc.), 0.2 mM each dNTP 
mixture (Takara Bio, Inc.) and 50 ng genomic DNA. PCR 
products were directly sequenced using specific primers and 
cloned into the pCR™4‑TOPO® TA vector (Thermo Fisher 
Scientific, Inc.) using the TOPO™ TA Cloning™ Kit for 
Sequencing, without competent cells (Thermo Fisher Scientific, 
Inc.) following the manufacturer's instructions. Plasmid DNA 
was isolated using the PureYield™ Plasmid Miniprep System 

(Promega Corporation). Plasmids were sequenced using the 
M13 forward primer (5'‑GTAAAACGACGGCCAG‑3') and 
M13 reverse primer (5'‑CAGGAAACAGCTATGAC‑3').

Tube formation assay. For the tube formation assays, 24‑well 
plates were coated with Geltrex (Thermo Fisher Scientific, Inc.), 
which was allowed to solidify overnight at 4˚C. MSS31 cells 
and MTA1‑KO MSS31 cells (8x104 cells/well) were seeded 
and cultured in serum‑free medium or serum‑free medium 
supplemented with VEGF‑A (10 ng/ml; R&D Systems, Inc.). 
Tube formation was evaluated after 4, 5 or 19 h. Images of 
two to three random fields for each sample (magnifica‑
tion,  x4) were captured using an all‑in‑One Fluorescence 
Microscope BZ‑X710 microscope (Keyence Corporation). 
The number of junctions was quantified using an Angiogenesis 
Analyzer (developed by Gilles Carpentier) (https://imagej.
nih.gov/ij/macros/toolsets/Angiogenesis%20Analyzer.txt) in 
ImageJ [version 1.52v (National Institute of Health)]. Each 
experiment was repeated three or four times.

Western blotting. Cells were washed in cold PBS and 
lysed in lysis buffer containing 20 mM Tris‑HCl (pH 7.4), 
150  mM  NaCl, 0.1%  SDS, 1% sodium deoxycholate, 
1% Triton X‑100, 1 µg/ml aprotinin and 1 µg/ml leupeptin. 
Lysates were centrifuged at 13,000 x g for 5 min at 4˚C. 
Protein concentrations were estimated using the Bradford 
protein assay (Bio‑Rad Laboratories, Inc.) with bovine 
serum albumin (Fujifilm Wako Pure Chemical Co.) as the 
standard. Proteins were loaded 30 µg per lane and resolved 
by SDS‑PAGE using 8, 10, 12 and 15% gels, and then elec‑
trotransferred to PVDF membranes (MilliporeSigma). After 
being blocked with 5% fat‑free milk for 2 h at room tempera‑
ture, the membranes were blotted using primary antibodies 
overnight at 4˚C, washed using PBS with 1% Tween‑20 and 
then incubated with secondary antibodies for 20 min at room 
temperature. After washing using PBS with 1% Tween‑20, 
the bound antibodies were detected using ECL Prime 
Western Blotting Detection Reagent (RPN2236; Cytiva). 
The primary antibodies used in the present study were: 
Anti‑MTA1 polyclonal antibody (1:2,000; cat. no. ab71153; 
Abcam), anti‑S100A4 polyclonal antibody (1:1,000; cat. 
no. 07‑2274; MilliporeSigma), anti‑NMIIa polyclonal anti‑
body (1:1,000; cat. no.  3403; Cell Signaling Technology, 
Inc.), anti‑phosphorylated (p)‑NMIIa polyclonal antibody 
(1:1,000; cat. no.  5026; Cell Signaling Technology, Inc.), 
anti‑VEGFR2 polyclonal antibody (1:1,000; cat. no. 9698; 
Cell Signaling Technology, Inc.), anti‑p‑VEGFR2 (Tyr 1175) 
polyclonal antibody (1:1,000; cat. no. 3770; Cell Signaling 
Technology, Inc.), anti‑β‑actin monoclonal antibody (1:2,000; 
cat. no. A5441; Sigma‑Aldrich; Merck KGaA). The secondary 
antibodies used in the present study were: Goat anti‑mouse 
IgG‑HRP (1:2,000; cat. no. PM009‑7; Medical and Biological 
Laboratories  Co., Ltd.) and goat anti‑rabbit IgG‑HRP 
(1:2,000; cat. no. sc‑2004; Santa Cruz Biotechnology, Inc.). 
Densitometry was performed using ImageJ (version 1.52v; 
National Institute of Health). For the western blotting for the 
phosphorylation of VEGFR2, wild‑type MSS31 cells and 
MTA1‑KO clones were treated with VEGF (10 ng/ml) for 
30 min and were lysed in lysis buffer. For the western blot‑
ting for MTA1 expression by VEGF treatment, MSS31 cells 
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treated with VEGF (0, 10, 50 or 100 ng/ml) for 24, 48 or 72 h 
and were lysed in lysis Buffer. Each experiment was repeated 
three or four times.

Reverse transcription‑quantitative (RT‑q) PCR. Total 
RNA was extracted using TRIzol® reagent (Thermo Fisher 
Scientific, Inc.) and 1 µg total RNA was reverse transcribed 
into cDNA using the TaKaRa PrimeScript RT master mix 
(Takara Bio, Inc.) according to the manufacturer's protocol. 
Subsequently, 2 µl cDNA was used for quantitative PCR. 
qPCR was performed on a Roche LightCycler 480 (Roche 
Diagnostics) using SYBR Premix Ex Taq II (Tli RNaseH Plus; 
Takara Bio, Inc.). The primer sequences are as follows: MTA1 
forward, 5'‑GCGGCGAATGAACTGGA‑3' and reverse, 
5'‑TTGGTTTCTGAGGATGAGAGCA‑3'; and β‑actin 
forward, 5'‑AGAGGGAAATCGTGCGTGAC‑3' and reverse, 
5'‑CAATAGTGATGACCTGGCCGT‑3'. The following ther‑
mocycling conditions were used for qPCR: 95˚C for 30 sec; 
95˚C for 10 sec; followed by 45 cycles of 95˚C for 10 sec and 
60˚C for 1 min. β‑actin was used as the internal control. The 
results are expressed as the fold change between the expres‑
sion level of each mRNA and the internal reference using the 
2‑ΔΔCq method (12). Each experiment was repeated three times.

Immunoprecipitation. Cells were washed in PBS and lysed 
in lysis buffer A [25 mM Tris‑HCl (pH 7.5), 420 mM NaCl, 
0.5% Triton X‑100, 5 mM CaCl2, 10 µg/ml aprotinin, 10 µg/ml 
leupeptin and 1 mM phenylmethylsulfonyl fluoride (PMSF)] 
for 30 min at 4˚C. Lysates were diluted 1.8‑fold with lysis 
buffer  B [25  mM Tris‑HCl (pH  7.5), 0.5% Triton  X‑100, 
5 mM CaCl2, 10 µg/ml aprotinin, 10 µg/ml leupeptin and 
1 mM PMSF] and were then centrifuged at 13,000 x g for 
10 min at 4˚C. Immunoprecipitation assays were performed 
using 50 µl of the non‑magnetic sepharose beads (nProtein A 
Sepharose 4 Fast Flow or nProtein G Sepharose 4 Fast Flow; 
(cat. no. 17528001, 17061801; Cytiva) according to the manu‑
facturer's instructions. Briefly, 500 µl of the supernatants 
containing proteins was incubated for 1 h at 4˚C with 3 µg 
anti‑MTA1 polyclonal antibody (cat. no. ab71153; Abcam), 
anti‑S100A4 monoclonal antibody (cat. no. CPTC‑S100A4‑3; 
Developmental Studies Hybridoma Bank), normal rabbit 
IgG (cat. no. 2729; Cell Signaling Technology, Inc.) or normal 
mouse IgG (I‑8765; Sigma‑Aldrich; Merck KGaA). Immune 
complexes were recovered on nProtein A Sepharose beads or 
nProtein G Sepharose beads for 1 h at 4˚C. The immunopre‑
cipitants were washed five times with TBS [50 mM Tris‑HCl 
(pH 7.5), 150 mM NaCl] and then 2X additional buffer [1 M 
Tris‑HCl (pH 6.8), 10% SDS, 100% glycerol, bromophenol 
blue] was added. After boiling for 3 min at 95˚C, the superna‑
tants were used as western blotting samples. Western blotting 
was according to the aforementioned protocol. The experiment 
was repeated four times.

Statistical analysis. The number of samples to be analyzed 
was predetermined based on the requirement of the statistical 
test used. Statistical analysis was performed using a personal 
computer with the program Excel Statistics version  3.0 
(Esumi Co. Ltd.) functioning on the program Excel (Microsoft 
Corporation). Data are shown as the mean ± standard devia‑
tion. Comparisons between two groups were analyzed using 

the unpaired Student's t‑test. Comparisons among multiple 
groups were analyzed using one‑way ANOVA followed by 
Dunnett's post hoc test. The researchers involved were not 
blinded and the samples were not randomized during sample 
collection or data analysis. P<0.05 was considered to indicate 
a statistically significant difference.

Results

Engineering of MTA1‑KO MSS31 clones. To gain deeper 
insight into the functions of MTA1, the present study designed 
gRNA targeting MTA1 and used the CRISPR‑Cas9 system 
to generate MTA1‑KO MSS31 cell lines. A total of two 
colonies (#1 and #2) grown from individual cells were sorted 
via FACS. These colonies were confirmed as MTA1 KO by 
RT‑qPCR (data not shown) and western blotting (Fig. 1A). The 
deletion of MTA1 in the cellular genome of the two colonies 
was also checked by genome sequencing (Fig. 1B). Clone #1 
had a four‑base deletion in one allele and a 116‑base deletion. 
Clone #2 had a five‑base deletion in one allele and a 201‑base 
deletion. A frameshift mutation due to multiple‑base deletion 
in each allele resulted in the loss of wild‑type MTA1 protein 
expression. These results indicated the successful generation 
of MTA1‑KO MSS31 cell clones.

MTA1 expression contributes to tube formation in vitro. 
Previously, we reported that suppression of MTA1 in endo‑
thelial cells inhibited tube formation in vitro (10). The present 
study performed a tube formation assay using wild‑type 
MSS31 cells and two MTA1‑KO clones to determine the 
effect of tube formation in MTA1‑KO clones. Images were 
captured of MSS31 cells and two MTA1‑KO clones at 
5 h after the cells were plated onto Geltrex  (Fig. 2A) and 
analyzed using the Angiogenesis Analyzer. An example of 
the computer‑adjusted image to evaluate tube formation and 
junction is shown in Fig. 2B. At 5 h after the cells were seeded, 
wild‑type MSS31 cells showed tube formation spanning the 
entire well. Compared with the wild‑type MSS31 cells, the two 
MTA1‑KO clones showed significantly impaired tube forma‑
tion (Fig. 2A and C).

It was also hypothesized that diminished tube formation in 
MTA1‑KO clones could be recovered by MTA1 overexpres‑
sion. After MTA1 overexpression in MTA1‑KO MSS31 clones 
transfected with MTA1 expression vector [MTA1‑KO + over‑
expression (OE) MSS31 clones] was confirmed by RT‑qPCR 
and western blotting (Fig. S1A and B), a tube formation assay 
was performed using MTA1‑KO clones and MTA1‑KO + OE 
MSS31 clones. At 5  h after the cells were seeded, tube 
formation was not observed in the MTA1‑KO + OE MSS31 
clones (Fig. S2). At 19 h after the cells were plated onto Geltrex, 
short and incomplete tube‑like structures were observed in 
MTA1‑KO + OE MSS31 clones; however, no tube formation 
was observed in MTA1‑KO clones that were transfected with 
empty vector or remained untransfected (Fig. 3A and B). These 
results indicated that the inhibition of tube formation caused 
by MTA1 KO was recovered by MTA1 overexpression.

Involvement of MTA1/S100A4 interaction and p‑NMIIa in 
tube formation in MTA1‑KO and MTA1‑KO + OE MSS31 
cells. We previously reported the mechanism of tube formation 
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by MTA1, wherein MTA1 interacts with S100A4 and changes 
the phosphorylation state of NMIIa (10). Therefore, the present 
study examined whether inhibition of tube formation by MTA1 
KO and its restoration by MTA1 overexpression was associated 
with the MTA1/S100A4 interaction and the phosphorylation 
state of NMIIa. First, the MTA1/S100A4 interaction was 
found to have disappeared in MTA1‑KO MSS31 cells, but 
was detected in MTA1‑KO + OE MSS31 cells, as determined 
via immunoprecipitation using anti‑MTA1 or anti‑S100A4 
antibodies (Fig. 4A and B). Moreover, the phosphorylation 
of NMIIa was found to be increased by MTA1 KO compared 
with wild‑type MSS31 cells (Fig. 5A and B). The increased 
NMIIa phosphorylation in MTA1‑KO clones was slightly 
inhibited by MTA1 overexpression; however, the difference 
was not statistically significant (Fig. 5A and B). Thus, it was 
proposed that the altered tube formation abilities of MTA1‑KO 
and ‑OE cells were caused by MTA1/S100A4 interaction and 
NMIIa phosphorylation.

Relationship between MTA1 and VEGF in MTA1‑KO MSS31 
cells. Following our previous report that MTA1 knockdown 
suppressed tube formation (10), the present study revealed 
that MTA1 knockout also inhibited tube formation in vitro. 
Angiogenesis is influenced by numerous angiogenic path‑
ways, including the VEGF‑VEGFR2 pathway  (13‑15). 
Therefore, the present study examined whether the 
suppressed tube formation in MTA1‑KO MSS31 cells could 
be rescued by stimulation with VEGF. It was first confirmed 
that VEGFR2 was phosphorylated following VEGF stimula‑
tion in both wild‑type MSS31 cells and MTA1‑KO MSS31 
cells  (Fig.  S3A). In addition, VEGFR2 expression levels 
were not notably altered by MTA1 KO. Tube formation was 
promoted in wild‑type MSS31 cells treated with VEGF 
compared with untreated cells (Figs. 6A, B and S3A). By 
contrast, despite the phosphorylation of VEGFR2 by VEGF 
treatment, tube formation could not be rescued in MTA1‑KO 
MSS31 cells treated with VEGF (Figs.  6A,  B  and  S3A). 

Figure 1. Generation of MTA1‑knockout MSS31 cell lines (MTA1‑KO MSS31 cell lines) using the CRISPR/Cas9 system. (A) Western blotting of MTA1 
protein expression levels in two MTA1‑KO clones compared with those in wild‑type MSS31 cells (n=3). The arrow represents the disappearance of MTA1 
expression by MTA1 knockout. (B) Alignment of the genomic region including the target sequence of gRNA in the genomic DNA of wild‑type MSS31 cells, 
MTA1‑KO clone #1 and MTA1‑KO clone #2. The arrow represents the gRNA binding site. The first ATG codon is surrounded by a rectangle in the sequence. 
MTA1, metastasis‑associated protein 1; KO, knockout; gRNA, guide RNA.
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In addition, MTA1 expression was not affected by VEGF 
stimulation (Fig. S3B). These results indicated that VEGF 
stimulation could not promote tube formation in MTA1‑KO 
MSS31 cells, implying that the role of MTA1 in tube forma‑
tion may be independent of VEGF.

Discussion

MTA1 expression in tumor cells is reported to exert multiple 
functions associated with cancer progression, including prolif‑
eration, migration, invasion and tumor angiogenesis  (7‑9). 
However, the role of MTA1 in endothelial cells remains to 
be elucidated. Our group previously reported that MTA1 is 
involved in tumor angiogenesis via the MTA1/S100A4/NMIIa 
axis in endothelial cells (10). Therefore, the present study aimed 
to confirm the function of endothelial MTA1 in angiogenesis 

using MTA1‑KO MSS31 cells generated with the CRISPR‑Cas9 
system.

The phosphorylation level of NMIIa was decreased in 
the MTA1‑KO + OE MSS31 cells compared with the corre‑
sponding phosphorylation level in MTA1‑KO MSS31 cells and 
MTA1‑KO cells transfected with an empty vector. Although 
the protein expression level of MTA1 in MTA1‑KO + OE 
MSS31 cells was lower than that in the wild‑type MSS31 
cells, the interaction between MTA1 and S100A4 occurred 
in a similar way to that seen in the wild‑type MSS31 cells. 
These results indicated that low levels of MTA1 were suffi‑
cient to alter angiogenesis via the interaction with S100A4. 
Concerning the association between MTA1, NMIIa and tube 
formation, MTA1‑KO MSS31 cells showed an increase in 
NMIIa phosphorylation and a decrease in tube formation. 
However, whether the level of the NMIIa phosphorylation 

Figure 2. MTA1‑KO clones showed inhibition of tube formation at 5 h after seeding wild‑type MSS31 cells and two MTA1‑KO clones. (A) Wild‑type MSS31 
cells and two MTA1‑KO clones were seeded onto Geltrex and tube formation was photographed after 5 h. Scale bar, 200 µm. (B) Enlarged phase contrast 
image of the area contained within the black box in 2A (left panel). An example of a phase contrast image with the superposition of vectorial objects 
obtained using the Angiogenesis Analyzer for ImageJ. The arrows represent junctions as shown in red surrounded by blue (right panel). Scale bar, 200 µm. 
(C) Quantification of the number of junctions in wild‑type MSS31 cells and MTA1‑KO clones. Wild‑type MSS31 cells, n=7; MTA1‑KO clones, n=6. *P<0.05. 
MTA1, metastasis‑associated protein 1; KO, knockout.
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directly affected the ability of tube formation was not investi‑
gated. Therefore, a mutated form of the phosphorylation site of 
NMIIa should be generated to investigate this further.

The present study observed that MTA1‑KO MSS31 cells 
displayed impaired tube formation at 5 h after seeding cells 
and the tube structure disappeared at 19  h. By contrast, 
MTA1‑KO + OE MSS31 cells partly formed tube‑like struc‑
tures at 19 h, but this was not observed at 5 h, possibly because 
the direct use of MTA1 expression vector‑transfected cells in 
the tube formation assay caused differences in MTA1 expres‑
sion levels among the MSS31 cells. These results indicated 
that endothelial MTA1 may serve an important role in tube 
formation and maintenance.

Angiogenesis involves multiple steps, including protease 
production, endothelial migration and proliferation, vascular 
tube formation and blood vessel maturation, that are regulated 
by numerous angiogenic pathways (13,16,17). A number of 
signaling pathways are associated with this process, whereby 
VEGF/VEGFR2 signaling is the most commonly known and 
serves as an important key pathway (14,18,19). Therefore, the 

present study examined the association between MTA1 and 
VEGF in vitro. The tube formation ability was not recovered 
by treatment of MTA1‑KO MSS31 cells with VEGF, although 
the phosphorylation of VEGFR2 was confirmed in those cells 
treated with VEGF. These data suggested that the involvement 
of the MTA1/S100A4/NMIIa pathway in angiogenesis was 
distinct from the regulation by the VEGF/VEGFR2 signaling 
pathway. However, the proangiogenic factors and pathways, 
including the VEGF/VEGFR2 pathway and fibroblast growth 
factor (FGF)/FGF receptors pathway, primarily control the 
survival, migration and proliferation of vascular endothelial 
cells in previous studies (14,15,18).

The present study focused on this difference between the 
functions of MTA1 and VEGF in the angiogenic process. The 
angiogenic process can be roughly divided into two steps: 
Degradation of the basement membrane, proliferation, migra‑
tion and sprout formation (step 1); and vascular tube formation 
and maturation (step 2; Fig. 7) (13,16,17). Based on this model, 
the VEGF/VEGFR2 signaling pathway controls the first step of 
the angiogenic process. Conversely, the MTA1/S100A4/NMIIa 

Figure 3. MTA1‑KO MSS31 cells transfected with MTA1 expression vector (MTA1‑KO + OE MSS31 cells) can partly recover tube formation. (A) Tube 
formation assays were performed using MTA1‑KO MSS31 cells and MTA1‑KO + OE MSS31 clones, and images were captured after 19 h. Scale bar, 200 µm. 
(B) Quantification of the number of junctions in MTA1‑KO MSS31 cells (non‑treatment), MTA1‑KO cells transfected with EV and MTA1‑KO cells transfected 
with MTA1 expression vector (MTA1‑KO + OE MSS31 cells). Non‑treatment, n=6; EV, n=6; OE, n=8. *P<0.05. MTA1, metastasis‑associated protein 1; 
KO, knockout; OE, overexpression; EV, empty vector; non, non‑treatment.
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axis primarily regulates tube formation in the second step. In 
other words, MTA1 and VEGF are involved in the angiogen‑
esis process, but the point at which they exert their functions 
may be different.

Tumor angiogenesis is an appealing therapeutic target (20). 
Antiangiogenic therapy has been applied clinically and has 
emerged as one of the viable treatment options for cancer (21). 
Due to the pivotal role of the VEGF/VEGFR2 pathway in 
pathological angiogenesis, most approved antiangiogenic drugs 
target VEGF‑A or its receptors, including VEGFR2 (22,23). 
Although these treatment strategies have provided substan‑
tial clinical benefits in cancer therapeutics, their effects are 
limited by the development of resistance (24,25). The present 
study revealed that the MTA1/S100A4 axis in endothelial cells 
may serve as an important pathway for tube formation and 
was functionally distinct from the VEGF/VEGFR2 pathway 
at the site of action in angiogenesis. Thus, therapies targeting 
the endothelial MTA1/S100A4 axis may provide a novel 
therapeutic strategy distinct from conventional therapies. In 

other words, the axis may serve as a useful target molecule 
for treating patients who manifest VEGF‑resistance or show 
poor responses to VEGF inhibitors because it may be possible 
to inhibit angiogenesis by blocking step 2 with or without 
activation of step 1 (Fig. 7). In addition, the combination of 
antiangiogenic drugs targeting the VEGF/VEGFR2 pathway 
and the MTA1/S100A4 pathway may induce additive or 
synergistic effects in the inhibition of tumor angiogenesis and 
tumor growth, resulting in improved therapeutic outcomes. 
These possibilities, such as the alternative for the treatment of 
VEGF‑resistance and the enhancement of the antiangiogenic 
effect using VEGF inhibitors, could be the benefits of targeting 
the MTA1/S100A4 pathway.

However, there are problems with using MTA1 as a 
therapeutic target. Since MTA1 forms complexes with other 
proteins and regulates a number of genes, such as myeloid 
differentiation factor 88 and cryptochrome  1  (26,27), 
suppressing MTA1 itself using MTA1 inhibitors may have 
negative effects on other pathways. In addition, hypertension 

Figure 4. Formation of the MTA1/S100A4 complex in MTA1‑KO MSS31 cells and MTA1‑KO MSS31 cells transfected with the MTA1 expression vector 
(MTA1‑KO + OE MSS31 cells). (A) WB with anti‑S100A4 antibody after IP with the indicated antibodies using wild‑type MSS31 cells, MTA1‑KO MSS31 
cells (non‑treatment), MTA1‑KO cells transfected with EV and MTA1‑KO cells transfected with MTA1 expression vector (MTA1‑KO + OE MSS31 cells). 
Input represents 10% of the cell lysate. Normal rabbit IgG was used as a negative control (n=3). (B) WB with anti‑MTA1 antibody after IP with the indicated 
antibodies using cell lysates. Normal mouse IgG was used as a negative control (n=4). MTA1, metastasis‑associated protein 1; S100A4, S100 calcium‑binding 
protein A4; KO, knockout; OE, overexpression; IP, immunoprecipitation; EV, empty vector; non, non‑treatment; WB, western blotting.
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and impaired wound healing, which are known side effects 
of antiangiogenic therapy (14,28), may also occur. Therefore, 
suppressing MTA1 function using molecules that specifically 
act on the MTA1/S100A4 pathway in antiangiogenic treatment 
strategies targeting MTA1 is important.

The present study had several limitations. First, the investi‑
gation of the MTA1/S100A4 interaction was not complete. The 
present study reported that this interaction was serial (i.e., the 
two proteins were associated with each other) as it focused on 
the formation of the MTA1/S100A4 complex as a mechanism 
of angiogenesis. However, the possibilities that this interaction 
is serial, parallel (i.e., the two proteins function independently) 
or both should be considered. Second, the results are insuffi‑
cient to definitively conclude whether MTA1 may be involved 
in angiogenesis regulated by the VEGF/VEGFR2 pathway. The 
present study demonstrated that the angiogenic process cannot 
occur normally if MTA1 is absent in vascular endothelial cells 
even when the cells were stimulated by VEGF. With only this 
result, the question as to how MTA1 is involved in angiogenesis 
compared with VEGF cannot be clearly answered. To answer 

these points, a screening assay should be generated to search 
for the candidate molecules that inhibit the formation of the 
MTA1/S100A4 complex. Once the candidate molecules are 
determined, it is expected that the MTA1/S100A4 interaction 
and the functions of MTA1 and VEGF in angiogenesis could 
be shown more clearly by comparing the results of tube forma‑
tion using MTA1‑KO MSS31 cells, MTA1‑S100A4 inhibitors 
and VEGF inhibitors.

Using MTA1‑KO MSS31 cells, the present study not only 
reconfirmed that MTA1 expression in endothelial cells served a 
crucial role in tube formation and that the mechanism involved 
the MTA1/S100A4 axis, but also demonstrated that MTA1 was 
functionally distinct from VEGF in its site of action in angio‑
genesis. These results were a novel finding and emphasized 
the importance of MTA1 in angiogenenic process. Based on 
these findings and the results of our previous study (10), the 
MTA1/S100A4/NMIIa pathway in endothelial cells may serve 
as a potential target for suppressing angiogenesis and tumor 
growth via a mechanism of action different from that of VEGF 
inhibitors.

Figure 5. Changes in the phosphorylation status of NMIIa in wild‑type MSS31 cells and MTA1‑KO MSS31 cells transfected with the MTA1 expression vector. 
(A) Western blotting of wild‑type MSS31 cells, MTA1‑KO MSS31 cells (non‑treatment), MTA1‑KO cells transfected with EV and MTA1‑KO cells transfected 
with MTA1 expression vector (MTA1‑KO + OE MSS31 cells) (n=6). (B) p‑NMIIa expression levels were measured using ImageJ software and normalized to 
β‑actin (n=6). *P<0.05 vs. wild‑type MSS31 cells. Data are presented as the mean ± SD. NMIIa, non‑muscle myosin heavy chain IIa; MTA1, metastasis‑asso‑
ciated protein 1; KO, knockout; OE, overexpression; EV, empty vector; non, non‑treatment; p, phosphorylated.
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Figure 6. Interaction between MTA1 and VEGF in MTA1‑KO MSS31 cells. (A) Tube formation assays were performed using wild‑type MSS31 cells and 
MTA1‑KO clones, which were treated with VEGF or untreated. Images were captured after 4 h. Scale bar, 200 µm. (B) Quantification of the number of 
junctions in wild‑type MSS31 cells and MTA1‑KO clones. VEGF(‑), n=16; VEGF(+), n=20. *P<0.05. MTA1, metastasis‑associated protein 1; VEGF, vascular 
endothelial growth factor; KO, knockout; NS, not significant.

Figure 7. Schematic diagram of the process of tumor angiogenesis. New blood vessels are generated from pre‑existing blood vessels through angiogenic growth 
factors secreted by tumor cells. The vascular endothelial cells in pre‑existing blood vessels degrade the basement membrane, proliferate, migrate and form 
sprouts after the activation of angiogenic stimuli (step 1). Subsequently, these sprouts lead to vascular tube formation, followed by blood vessel maturation 
to complete the tube structure through which blood can flow (step 2). VEGF stimulates endothelial proliferation and migration in step 1, whereas MTA1 is 
primarily associated with vascular tube formation in step 2. VEGF, vascular endothelial growth factor; VEGFR, VEGF receptor 2; PDGF, platelet‑derived 
growth factor; bFGF, basic fibroblast growth factor; FGFR, FGF receptor; PDGFR, platelet‑derived growth factor receptor; MTA1, metastasis‑associated 
protein 1; S100A4, S100 calcium‑binding protein A4.
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