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Abstract
Background  High-grade carcinomas, including breast cancer, are associated with angiogenesis and non-angiogenic vascu-
larization. Non-angiogenic vascularization enhances blood flow, tumor growth, and metastasis. Although inhibition of focal 
adhesion kinase (FAK) is a promising anticancer strategy, its effect on non-angiogenic vascularization remains unknown. 
We aimed to determine if defactinib, an oral selective FAK inhibitor, suppresses tumor growth by inhibiting non-angiogenic 
vascularization via reduced cell migration in malignant breast cancer cell lines.
Methods  Non-angiogenic vascularization was evaluated in JIMT-1 and MDA-MB-231 cells. Western blotting, fluorescent 
immunocytochemistry, cell migration assay, time-lapse microscopy, and tube formation assays were performed to evaluate 
the effects of defactinib. Cells were transfected with siFAK to evaluate off-target effects. The in vivo effects were assessed 
in orthotopic mouse tumor models, followed by immunohistochemical staining of excised tumor samples.
Results  Defactinib induced changes in cell morphology, migration, and the formation of vascular-like structures in JIMT-1 
and MDA-MB-231 cells. Phosphorylation of FAK/PTK2 and its downstream effectors was reduced in defactinib-treated cells. 
SiRNA-mediated FAK knockdown produced similar effects. Treatment with defactinib suppressed tumor growth in orthotopic 
mouse tumor models, resulting in tumor shrinkage and reduced macroscopic blood-rich areas. Immunohistochemical staining 
also revealed a significant reduction in the number of vessels characterized by human serpin family E member 2—a poten-
tial indicator of non-angiogenic vascularization—in the defactinib-treated group, with no significant increase in apoptosis.
Conclusions  FAK inhibition was shown to suppress non-angiogenic vascularization. Defactinib has the potential to serve 
as a novel treatment for malignant breast cancer which is resistant to conventional therapies.
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Introduction

Tumor growth and metastasis require adequate oxygen and 
nutrients. In addition to tumor angiogenesis, non-angiogenic 
vascularization is essential for providing the increased oxy-
gen and nutrients required for tumor growth. Bevacizumab, 
an anti-vascular endothelial growth factor inhibitor, is 
widely used as a targeted therapy for various cancers. Since 
2011, the combination of bevacizumab and paclitaxel has 

been approved in Japan for the treatment of inoperable or 
recurrent breast cancer. Bevacizumab reduces tumors and 
temporarily suppresses metastatic breast cancer progression, 
improving progression-free survival (PFS) and response 
rates. However, results from clinical trials suggest that beva-
cizumab does not extend overall survival [1, 2]. This lack of 
overall effect may be due to the increased plasma levels of 
angiogenic- and hypoxia-related inflammatory cytokines in 
non-responders that induce a more aggressive tumor phe-
notype [3].

Non-angiogenic vascularization has emerged as a poten-
tial therapeutic target in aggressive breast tumors, such as 
triple-negative breast cancer (TNBC) and tumors resistant 
to conventional therapies [4]. Two well-characterized forms 
of non-angiogenic vascularization are vasculogenic mimicry 
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(VM) and vessel co-option (VCO). In VM, cancer cells 
acquire endothelial-like properties and form vascular-like 
structures [5], which are associated with rapid tumor growth 
and metastasis [6, 7], leading to a poor prognosis [8, 9]. 
We previously demonstrated that salinomycin, which targets 
breast cancer stem cells (CSCs) [10], inhibits VM activity 
in human epidermal growth factor receptor 2 (HER2)-pos-
itive breast cancer cell lines and clinical samples. Salino-
mycin alters cancer cell cytoskeleton morphology, reduces 
cell migration ability, and potentially suppresses VM [11]. 
However, the toxicity of salinomycin in humans limits its 
clinical application.

Mechanistically, VM differs from traditional angiogenesis 
and may be resistant to conventional antiangiogenic thera-
pies [12]. Research into drugs targeting molecular pathways 
involved in VM formation—such as vascular endothelial 
cadherin, erythropoietin-producing hepatoma receptor A2, 
focal adhesion kinase (FAK) encoded by PTK2, and matrix 
metalloproteinases—is ongoing, but these approaches 
have not yet reached clinical application. The mechanisms 
underlying VM are not yet fully understood, making the 
development of effective diagnostic and therapeutic strate-
gies particularly challenging [13]. VCO also contributes to 
resistance to antiangiogenic therapies [14]. In VCO, cancer 
cells migrate toward and surround pre-existing blood ves-
sels, incorporating them into the tumor architecture [15]. 
Despite the therapeutic potential of targeting non-angiogenic 
vascularization mechanisms such as VM and VCO, effective 
clinical interventions have yet to be developed [16, 17].

We hypothesized that inhibiting cancer cell migration is 
an effective strategy to suppress non-angiogenic vasculari-
zation. To explore this hypothesis, we focused on integrins 
and FAK, which play crucial roles in cancer cell adhesion 
and migration, as potential targets for the pharmacologi-
cal inhibition of non-angiogenic vascularization, including 
VM and VCO. FAK is a cytoplasmic protein tyrosine kinase 
that drives tumor progression and metastasis by regulating 
cancer cells and stromal cells within the tumor microen-
vironment [18, 19]. FAK regulates cell motility, invasion, 
survival, gene expression, and CSC self-renewal via various 
intracellular signaling pathways. In addition, FAK is a key 
downstream signaling molecule of integrin β1 in VM-like 
vascularization. Integrin β1 knockout suppresses tube for-
mation and reduces FAK Y397 phosphorylation in human 
fibrosarcoma cell lines [20].

FAK inhibitors have shown promising results in preclini-
cal models, reducing tumor growth and metastasis with min-
imal side effects [21]. While FAK is recognized as a central 
regulator of angiogenesis in breast cancer, its potential role 
in modulating the tumor microenvironment and promot-
ing non-angiogenic vascularization, such as VM and VCO, 
remains largely unexplored. The precise mechanisms by 
which FAK inhibition affects non-angiogenic vascularization 

require further investigation. To our knowledge, this study 
is the first to examine whether FAK inhibition suppresses 
cancer cell migration and non-angiogenic vascularization, 
thereby impeding tumor progression and metastasis.

Materials and methods

Cell culture

MDA-MB-231 cells were obtained from the American Type 
Culture Collection (Manassas, VA, USA), and JIMT-1 cells 
were obtained from the Deutsche Sammlung von Mikroor-
ganismen und Zellkulturen. We selected JIMT-1 (trastu-
zumab-resistant, HER2-positive) and MDA-MB-231 (triple-
negative) as representative highly malignant breast cancer 
cell lines to investigate the effects of FAK inhibition [11, 
22]. Both cell lines and their derivatives were cultured in 
DMEM/F12 (Sigma-Aldrich, St Louis, MO, USA) supple-
mented with 10% FBS (Sigma-Aldrich). Human umbilical 
vein endothelial cells (HUVECs) were obtained from Pro-
moCell (Heidelberg, Germany) and maintained in Endothe-
lial Cell Growth Medium-2 (PromoCell).

Western blotting

Cells were cultured on Matrigel (Corning, NY, USA) in 
Endothelial Basal Medium-2 (EBM-2; Lonza, Basel, Swit-
zerland). The medium was supplemented with Microvascu-
lar Endothelial Cell Growth Medium-2 SingleQuots Supple-
ments and growth factors (Lonza), hereafter referred to as 
complete EBM-2. Cells were treated with complete EBM-2 
supplemented with or without defactinib (5 μM for JIMT-1 
and 10 µM for MDA-MB-231) for 3 h, collected with Corn-
ing Cell Recovery Solution (Corning), lysed in RIPA buffer 
with protease and phosphatase inhibitors, and analyzed by 
western blotting (10–30 µg protein), as previously described 
[23]. The primary and secondary antibodies are listed in 
Supplementary Table S1.

Actin fiber, FAK, and integrin β1, and confocal 
microscopy

JIMT-1 and MDA-MB-231 cells were seeded onto Matrigel-
coated four-well chamber slides (Thermo Fisher Scientific, 
Waltham, MA, USA) and incubated in complete EBM-2 
medium with or without defactinib (5 μM for JIMT-1 and 
10 µM for MDA-MB-231) for 3 h. After fixation, permea-
bilization, and blocking, the cells were stained for FAK and 
integrin β1 (Antibodies shown in Supplementary Table S1). 
Filamentous actin (F-actin) was visualized using phalloidin-
iFluor 594 reagent (Abcam, Cambridge, UK) for 1 h. The 
nuclei were counterstained with DAPI. Confocal images were 
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captured using an FV3000 confocal microscope (Olympus, 
Tokyo, Japan). F-actin staining per cell was determined using 
ImageJ software (National Institutes of Health, Bethesda, MD, 
USA) and expressed as integrated density. Cell morphology 
was assessed by measuring roundness, calculated using the 
following formula:

where “area” is the surface area of the cell and “major axis” 
refers to the longest axis of the fitted ellipse.

Cell migration assay

Cells were seeded into 35-mm μ-Dishes with a two-well cul-
ture insert (Ibidi, Martinsried, Germany) and cultured over-
night in complete EBM-2 medium. On the following day, the 
cells were treated with DMSO, 5 μM, or 10 µM defactinib for 
3 h. After removing the inserts, phase-contrast images were 
captured over 48 h using a Leica DMi1 microscope (Leica 
Microsystems, Wetzlar, Germany) at 5 ×.

Time‑lapse microscopy

Cells precultured in a standard medium were seeded into 
Matrigel-coated 24-well plates. Cells were cultured in com-
plete EBM-2 medium and treated with 0 µM, 5 µM, or 10 µM 
defactinib under an IX83 inverted microscope (Olympus) 
equipped with a temperature-controlled incubator maintained 
at 37 °C with 5% CO2 and 95% air. Phase-contrast images 
were captured at 2 min and 30-s intervals for up to 24 h after 
cell seeding.

Tube formation assay

JIMT-1, MDA-MB-231, and HUVEC cells precultured in a 
standard medium were seeded into Matrigel-coated plates or 
µ-Slide 15-well 3D chambered coverslips (Ibidi) in complete 
EBM-2 medium for up to 72 h. Phase-contrast images were 
captured using a Leica DMi1 microscope (Leica Microsys-
tems) at 5 ×. The color images were converted to grayscale, 
resized, and sharpened for clarity using the ImageJ software. 
Tube formation was quantified by counting the “number of 
meshes”, an approach similar to that adopted in our former 
study [23]. To determine the IC50, cells were treated with 0, 
1, 3, 10, 30, 100, 300, 1000, 3000, and 10,000 nM defactinib. 
Tube formation was monitored for 72 h using the same imag-
ing and evaluation methods described above.

Roundness =
4 × (area∕π)

(major axis)2
,

MTS assay

JIMT-1 and MDA-MB-231 cells were seeded into 96-well 
plates, with each well containing complete EBM-2 medium 
supplemented with 0, 1, 5, and 10 µM defactinib. Cell viabil-
ity was assessed using the MTS Cell Proliferation Assay 
Kit (Abcam, ab197010), according to the manufacturer’s 
protocol.

Cell transfection with siRNA

JIMT-1 and MDA-MB-231 cells were seeded into 6-well 
plates (3.0 × 106 cells and 2.5 × 106 cells per well, respec-
tively) in antibiotic-free medium and incubated at 37 °C 
in 5% CO2 for 24 h. Cells were transfected with 25 pmol 
FAK Silencer siRNAs (S11485, Ambion, Life Technolo-
gies, Carlsbad, CA, USA) using Lipofectamine RNAiMAX 
(Invitrogen, Carlsbad, CA, USA), following the manufac-
turer’s instructions. Controls were transfected with Silencer 
Select Negative Control No.1 (Cat. 4,390,843, Ambion, Life 
Technologies). After 24 h, the medium was replaced with 
medium supplemented with 10% FBS. On the following day, 
the cells were passaged into 10-cm dishes. On day 7, the 
cells were reseeded onto Matrigel-coated plates in complete 
EBM-2 medium. The cells were monitored for 72 h for tube 
formation assays or lysed after 3 h for analysis, as previously 
described.

Orthotopic tumor models and treatment

Female immunodeficient mice (NOD/SchiJic-scidJcl) pur-
chased from CLEA Japan (Tokyo, Japan) were anesthetized 
and injected with either 1.2 × 10⁷ MDA-MB-231 or 2.0 × 10⁷ 
JIMT-1 cells (prewashed in PBS and mixed with 30 µL 
Matrigel) into the fourth left mammary gland. For each cell 
line, mice were randomly divided into two groups of 10 indi-
viduals: a vehicle group and a defactinib group. Five days 
after cell injection, the mice were treated orally with 25 mg/
kg defactinib (VS-6063) or vehicle, twice daily. Defactinib 
was diluted in 10% DMSO, 40% PEG300, 5% Tween-80, 
and 45% saline. Body weight and tumor volume (caliper 
measurement) were measured every 2 or 3 days. At the study 
endpoint, the tumors were excised and analyzed. Tumor vol-
umes were calculated using the following formula:

where L is the length, W is the width, and H is the thick-
ness of the tumor. Half of the excised tumors were cryopre-
served (immunofluorescence) and half were formalin-fixed 
and paraffin-embedded (FFPE).

V = �∕6 × L × W × H,
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H&E staining and immunofluorescence staining 
of mouse tumors

FFPE mouse tumor sections were stained with H&E to 
examine the tissue structure, cell distribution, and morpho-
logical changes. Tumor proliferation was evaluated via Ki-67 
immunostaining using a mouse MIB-1 antibody (Dako) and 
Histofine Simple Stain MAX PO (M) (Nichirei Bioscience, 
Tokyo, Japan). Detection was performed with 3,3′-diamin-
obenzidine (DAB; Wako, Tokyo, Japan), and sections were 
counterstained with hematoxylin. Ki-67-positive areas were 
identified on a NIKON ECLIPSE Ci-L plus microscope 
(NIKON, Tokyo, Japan) at 10 ×. The highest proliferative 
region (hot spot) was analyzed at 40 ×. The Ki-67 index, 
calculated as the percentage of positive tumor cells in the hot 
spot, was independently assessed by two blinded researchers 
(IS and KK).

For immunofluorescence staining, frozen sections were 
incubated with the following fluorescently labeled primary 
antibodies: human serpin family E member 2 (hSERPINE2, 
Proteintech, Rosemont, IL, USA), mouse platelet endothe-
lial cell adhesion molecule-1 (mPECAM-1, BioLegend, San 
Diego, CA, USA), and TER119 (BioLegend), a marker for 

erythroid cells. The nuclei were counterstained with DAPI. 
Samples were imaged at 40 × using an FV3000 confocal 
microscope (Olympus). The mPECAM-1-positive vessels 
with or without TER119-positive cells inside them were 
quantified. VCO was defined as the presence of vessels in 
direct contact with or surrounded by a layer of hSERPINE2-
positive human breast cancer cells. VCO vessels were also 
quantified as those with hSERPINE2-positive human breast 
cancer cells located within a 50 µm radius.

DNA fragmentation was assessed using the TdT-medi-
ated dUTP Nick End Labeling (TUNEL) assay following 
the manufacturer’s instructions (Merck Millipore, Darm-
stadt, Germany). The nuclei were counterstained with 
methyl green. Whole-tumor composite images were cap-
tured with a BZ-X810 fluorescence microscope (KEY-
ENCE, Osaka, Japan). Four random fields per tumor were 
imaged at 10 × using a NIKON ECLIPSE Ci-L plus micro-
scope (NIKON). TUNEL-positive breast cancer cells were 
quantified and compared between the vehicle and defactinib 
groups.

Statistics

Statistical analyses were conducted using GraphPad 
Prism6 (GraphPad Software, Inc., San Diego, CA, USA) 
and SPSS software (IBM, Armonk, NY, USA). Student’s t 
tests were used for parametric analyses unless stated other-
wise. Mann–Whitney U tests were used for nonparametric 
analyses. Tumor volumes were compared using multivari-
ate analysis of variance (MANOVA). A P value < 0.05 was 
considered statistically significant. All tests were two-tailed.

Results

Defactinib inhibits FAK and its downstream 
components, affecting the cytoskeleton and cell 
motility

Phosphorylation of FAK/PTK2 and its downstream effec-
tors, P130Cas and paxillin, was reduced in defactinib-
treated JIMT-1 and MDA-MB-231 breast cancer cell lines 
compared with DMSO-treated cells. However, no reduction 
in Src expression or phosphorylation was detected (Fig. 1a 
and Supplementary Fig. S1). Defactinib treatment did not 
affect FAK localization but inhibited F-actin fiber elongation 
and lamellipodia formation in JIMT-1 and MDA-MB-231 
cells seeded on Matrigel and fixed during the early stages 
of motility. Defactinib altered the cell morphology. How-
ever, the distribution of integrin β1, an upstream regulator 
of FAK, at the base of the lamellipodia was not changed 
(Fig. 1b). Defactinib reduced cell size, increased cell round-
ness, and decreased F-actin content per cell (Fig. 1b and 

Fig. 1   Defactinib inhibits FAK and its downstream components, 
affecting the cytoskeleton and motility. a Western blots of FAK and 
its downstream components in JIMT-1 and MDA-MB-231 from 
the tube formation assay. b Morphology of cells 3 h after treatment 
with DMSO or defactinib. Representative confocal microscopy pho-
tographs of cells stained with iFluor 594-conjugated phalloidin 
for F-actin, Alexa Fluor 488 (Mouse IgG secondary antibody) for 
integrin β1, Alexa Fluor 647 (Rabbit IgG secondary antibody) for 
FAK, and DAPI. Scale bar, 20 µm. c Box plots showing the round-
ness of cells treated with DMSO or defactinib. JIMT-1 cell treated 
with DMSO (n = 24) or 5  µM defactinib (n = 30). MDA-MB-231 
cells were treated with DMSO (n = 15) or 10 µM defactinib (n = 23). 
The whiskers represent the 10th–90th percentiles. P, Mann–Whit-
ney U test. ***P < 0.001. The sizes of cells after treatment with 
DMSO or defactinib. JIMT-1 cells were treated with DMSO (n = 24; 
mean ± SD) or 5 µM defactinib (n = 30; mean ± SD). MDA-MB-231 
cells were treated with DMSO (n = 15; mean ± SD) or 10 µM defac-
tinib (n = 23; mean ± SD). ***P < 0.001. Box plots of the integrated 
density showing the amount of F-actin per cell after treatment with 
DMSO or defactinib. JIMT-1 cells were treated with DMSO (n = 24) 
or 5 µM defactinib (n = 30). MDA-MB-231 cells treated with DMSO 
(n = 15) or 10 µM defactinib (n = 23). The whiskers show the 10th–
90th percentiles. P, Mann–Whitney U test. ***P < 0.001. Left: JIMT-
1. Right: MDA-MB-231. d Cell migration assays after treatment with 
DMSO or 5 µM defactinib in JIMT-1 cells and 10 µM defactinib in 
MDA-MB-231 cells (n = 3; mean ± SD). Representative photographs 
displaying the gap width of each cell line. Left: JIMT-1 cells. Right: 
MDA-MB-231 cells. Scale bar, 0.5 mm. The gap width at 24 h (per-
centage of gap width at 0, 9, 15, and 24 h) for JIMT-1 cells and at 
24 h (percentage of gap width at 0, 15, and 24 h) for MDA-MB-231 
cells treated with DMSO or defactinib (n = 3; mean ± SD). *P < 0.05; 
**P < 0.01. e Time-lapse microscopy showing tube formation in cells 
treated with DMSO or 5 µM defactinib for JIMT-1cells and 10 µM 
defactinib for MDA-MB-231 cells. Left: JIMT-1 cells. Right: MDA-
MB-231 cells. Scale bar, 0.2 mm

◂
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Fig. 1c). Defactinib treatment reduced JIMT-1 and MDA-
MB-231 cell motility compared with DMSO-treated cells 
(Fig. 1d). These findings were verified using time-lapse 
microscopy of tube formation, showing the inhibition of 
cell motility and tube formation in defactinib-treated cells 
(Fig. 1e and Supplementary Videos S1, S2, S3, and S4). Cell 
viability was slightly decreased at 10 µM defactinib (Sup-
plementary Fig. S2).

Inhibition of FAK suppresses tube formation 
in breast cancer cell lines

Tube formation assays confirmed the VM capability of 
JIMT-1 and MDA-MB-231 cells. Dose–response studies 
demonstrated concentration-dependent inhibition of tube 
formation by defactinib. The IC50 values for defactinib-
induced inhibition of tube formation were 73.7  nM in 
JIMT-1 cells and 152.0 nM in MDA-MB-231 cells. Thus, 
JIMT-1 cells (Fig. 2a) were more sensitive to defactinib 
than MDA-MB-231 cells. Notably, defactinib did not inhibit 
tube formation in HUVECs (Fig. 2a). FAK knockdown with 
siFAK reduced the phosphorylation of FAK/PTK2 and its 
downstream factors, P130Cas (encoded by BCAR1) and 
paxillin (Fig. 2b and Supplementary Fig. S3). To rule out 
the potential off-target effects of defactinib, siFAK-mediated 
FAK knockdown was performed. FAK knockdown also sup-
pressed tube formation in JIMT-1 and MDA-MB-231 cells 
(Fig. 2c).

Defactinib inhibits tumor growth in mouse breast 
cancer models

To investigate the effects of defactinib in vivo, JIMT-1 and 
MDA-MB-231 cells were transplanted into immunodeficient 
mice and the tumor sizes and vasculature were evaluated. 
As shown in Fig. 3a, defactinib treatment significantly sup-
pressed tumor growth in mice transplanted with JIMT-1 
or MDA-MB-231 cells compared with vehicle treatment 
(P < 0.05 for both, MANOVA). No significant weight loss 
or health issues were observed in any group. Tumors excised 
from the defactinib-treated mice were smaller and appeared 
less macroscopically blood-rich (Fig. 3b).

Defactinib reduces intratumoral vasculature 
and non‑angiogenic vascularization

Tumors in the defactinib-treated group exhibited fewer 
prominent vascular-like structures—defined as lumens lined 
by a thin layer of cells, with or without the presence of eryth-
rocytes—compared with those in the control group (Fig. 4a). 
Multiplex fluorescence immunostaining for hSERPINE2 
(a potential indicator of non-angiogenic vascularization), 
mPECAM-1 (a mouse vascular marker), TER119 (a mouse 

erythrocyte marker), and DAPI revealed the accumulation 
of hSERPINE2-positive human breast cancer cells around 
the mouse-derived vessels, suggesting VCO (Fig.  4b). 
The number of mouse-derived vessels, VCO-associated 
(hSERPINE2-positive) mouse-derived vessels, and the 
ratio of VCO-associated (hSERPINE2-positive) mouse-
derived vessels to mouse-derived vessels were significantly 
reduced in the defactinib-treated groups compared with the 
vehicle-treated groups (Fig. 4c). VM—defined as TER119-
containing channels within the tumor lined by hSERPINE2-
positive human breast cancer cells mimicking endothelial 
structures—was not distinctly observed.

Defactinib does not significantly increase apoptosis

No significant increases in apoptotic cells were detected after 
defactinib treatment. Interestingly, MDA-MB-231 tumors 
in the control group displayed significantly higher levels of 
apoptosis than the defactinib-treated group (Fig. 5a and b). 
In contrast, the Ki-67 index within the tumor hot spots was 
significantly reduced in the defactinib-treated groups com-
pared with the vehicle-treated groups (Fig. 5c and d).

Discussion

FAK inhibition altered the actin cytoskeleton of cancer 
cells, resulting in decreased cancer cell motility and tube 
formation which represents VM capability. The inhibitory 
effects of defactinib on tube formation was dose-dependent. 
HUVECs, as normal endothelial cells, form tubes through 
angiogenesis—a process primarily regulated by the VEGF 
signaling pathway [24]. Therefore, defactinib had no sig-
nificant effect on HUVECs. Although defactinib caused a 
slight decrease in breast cancer cell viability, this effect was 
modest and did not substantially account for the observed 
impairment in tube formation. Defactinib treatment sup-
pressed FAK phosphorylation in breast cancer cells, pre-
venting the maturation of focal adhesions. While it did not 
affect the location of integrin β1 or FAK, it significantly 
decreased lamellipodia formation and increased cell round-
ness. Importantly, defactinib treatment limited tumor growth 
in mouse breast cancer models.

Our findings highlight the role of FAK—a key regula-
tor of cell adhesion and migration—as a potential target to 
inhibit VM, supported by evidence that FAK knockdown 
suppressed tube formation. FAK is involved in multiple sign-
aling pathways that promote cancer growth and metastasis. 
In focal adhesions, the integrin–FAK–actin pathway is a 
cooperative regulatory mechanism between the cytoskeleton 
and integrin/FAK-mediated signaling that plays a crucial 
role in cell motility [25, 26]. Although the precise angio-
genic and drug resistance mechanisms are unclear, integrins 
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Fig. 2   FAK inhibition suppresses tube formation in breast cancer cell 
lines. a Representative photograph showing tube formation in JIMT-1 
and MDA-MB-231 cells capable of vasculogenic mimicry and human 
umbilical vein endothelial cells. Scale bar, 0.5  mm. The concentra-
tion-dependent curve of tube formation inhibition using defactinib 
and IC50 values for each of the three cell lines. b Western blots for 
FAK and its downstream components in siFAK-mediated FAK 

knockdown in JIMT-1 and MDA-MB-231 cells from the tube forma-
tion assay. c Representative photograph demonstrating tube forma-
tion after siFAK-mediated knockdown or negative control in JIMT-1 
and MDA-MB-231 cells. Tube formation assay after siFAK-mediated 
knockdown or negative control in JIMT-1 and MDA-MB-231 cell 
lines for up to 72  h. The number of tubes formed is shown (n = 5; 
mean ± SD). **P < 0.01. Scale bar, 0.5 mm
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promote breast cancer invasion and metastasis by regulating 
integrin β1-FAK signaling and degrading the extracellular 
matrix [27]. Mechanical stress triggers FAK activation by 
exposing its active site for Src-mediated phosphorylation, 
amplifying the signaling pathway [28]. Based on our results, 
FAK inhibition in breast cancer cells regulates the integ-
rin–FAK–actin pathway at the focal adhesion site to control 
cell adhesion and migration. The regulation of cell adhesion 
and migration suppresses cancer progression by inhibiting 
VM. Notably, Src phosphorylation was reduced only follow-
ing siRNA-mediated FAK knockdown, but not by defactinib 
treatment—highlighting FAK's dual role as both a kinase 
and a scaffolding protein.

VM was not observed in our in  vivo mouse model. 
Instead, we detected VCO, another form of non-angiogenic 
vascularization. Tumors in defactinib-treated mice appeared 
less macroscopically blood-rich compared to those in the 

vehicle-treated group, exhibiting fewer blood vessels and 
reduced intratumoral hemorrhage. The anti-tumor effects 
of VCO inhibition were likely due to restricted tumor 
growth—as indicated by reduced Ki67 expression—rather 
than increased apoptosis. One possible explanation for the 
observation of VM in in vitro experiments but not in vivo 
is that although both VM and VCO are forms of non-angi-
ogenic vascularization, they may not occur simultaneously. 
VCO is more commonly observed in early stage tumors 
or metastatic sites [29], while VM typically arises under 
specific conditions, such as hypoxia, cellular stress, or later 
stages of tumor progression [30, 31].

Integrins, especially integrin β1, and Src may contrib-
ute to non-angiogenic vascularization. Therefore, it is 
essential to investigate whether FAK represents the most 
effective therapeutic target [20]. Integrin β1 is known to 
contribute to antiangiogenic therapy resistance, such as in 

Fig. 3   Defactinib inhibits tumor growth in mouse breast cancer mod-
els. a Tumor growth curves in the orthotopic mouse breast cancer 
model (NOD/SchiJic-scidJcl) using JIMT-1 or MDA-MB-231 cells 
from the defactinib-treated (n = 10; mean ± SD) or vehicle-treated 

(n = 10; mean ± SD) groups. Data are presented as mean ± SE with 
95% confidence intervals. P values were calculated by multivariate 
analysis of variance. *P < 0.05. b Photographs of the excised mouse 
tumors. Scale bar, 1 cm
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bevacizumab-resistant glioblastoma [32]. However, integrins 
play complex and often redundant roles not only in can-
cer biology, but also in the maintenance of normal tissue 

homeostasis [33], complicating efforts to target them thera-
peutically. To date, no clinical trials have demonstrated the 
efficacy of integrin inhibitors [34]. Similarly, the efficacy of 

Fig. 4   Defactinib reduces 
intratumoral vasculature and 
non-angiogenic vasculariza-
tion. a Representative pho-
tographs of H&E staining in 
tumor sections excised from 
mice treated with vehicle or 
defactinib (n = 10; mean ± SD). 
The black arrowheads: vascular-
like structures within the 
mouse tumor. Scale bars, 0.5 
and 0.1 mm. b Representative 
photographs of the immunofluo-
rescence staining for hSER-
PINE2 (CoraLite 594; red), 
mPECAM-1 (Alexa Fluor 647; 
white), TER119 (Alexa Fluor 
488; green), and DAPI (blue) 
in the tumor frozen sections. 
Scale bar, 0.1 mm. The area 
surrounded by a broken line: 
mouse-derived vessels. White 
arrowheads: hSERPINE2-
positive tumor cells adjacent to 
mouse endothelial cells. c The 
number of vessels, the number 
of vessels with VCOs, and their 
ratios of JIMT-1 and MDA-
MB-231 tumors excised from 
mice treated with vehicle or 
defactinib (n = 10; mean ± SD). 
The upper row: JIMT-1. The 
lower row: MDA-MB-231. 
***P < 0.001
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Src inhibitors in targeting non-angiogenic vascularization 
remains unclear, with no significant clinical success reported 
[35, 36]. Given the results of our study, along with evidence 
that defactinib has shown a tolerable safety profile in Phase Ⅰ 
clinical trials [37, 38], defactinib could be a viable candidate 
for clinical application.

Determining if FAK inhibitors should be administered 
alone or in combination with other medications in a clini-
cal setting is crucial. Given the heterogeneity of breast can-
cer, targeting FAK alone may not be sufficient. Preclinical 
studies suggest that FAK inhibition lowers CSC activity 
and self-renewal potential. Combining FAK inhibitors with 
adjuvant treatments (lapatinib or paclitaxel) further reduces 
CSC activity in HER2-positive and TNBC cell lines, pre-
senting a promising treatment strategy for high-risk patients 
[39, 40]. Defactinib may be an effective treatment option 
for patients with breast cancer who are resistant to existing 
antiangiogenic medicines, and combination therapy with 
bevacizumab may be possible.

Several limitations of this study should be considered. 
First, while VM is commonly assessed using the in vitro 
tube formation assay, there is currently no well-established 
method for evaluating non-angiogenic vascularization. Thus, 
determining the effects of defactinib on non-angiogenic vas-
cularization such as VM and VCO is challenging. Despite 
the lack of standardized markers or evaluation procedures, 
we believe that our experimental results provide strong 
evidence that tumor growth suppression was achieved by 
inhibiting non-angiogenic vascularization. Future research 
should focus on developing more reliable in vitro methods 
for assessing both VM and VCO, as well as in vivo models 
incorporating intravital imaging to quantify intratumoral 
blood flow. Further studies are needed to determine the 
conditions under which VM, in addition to VCO, can be 
observed in vivo. Additionally, the potential effects of defac-
tinib on angiogenesis should be assessed.

In conclusion, high-grade breast cancers, such as trastu-
zumab-resistant HER2-positive breast cancer and TNBC, 

Fig. 5   Defactinib does not significantly increase apoptosis. a, b 
Representative photographs of TUNEL staining counterstained 
with methyl green. Scale bar, 0.1 mm. Inset: a magnified image of a 
TUNEL-positive apoptotic cancer cell. Scale bar, 50 µm. The number 
of TUNEL-positive apoptotic cells from tumors excised from mice 
treated with vehicle or defactinib (n = 10; mean ± SD). ns., not signifi-

cant; ***P < 0.001. c, d Representative photographs of the hot spot 
of immunohistochemical staining for Ki-67 (DAB) counterstained 
with hematoxylin. Scale bar, 0.1 mm. The Ki-67 positivity index of 
tumors excised from mice treated with vehicle or defactinib (n = 10; 
mean ± SD). *P < 0.05; **P < 0.01
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exhibit rapid tumor growth and spread due to increased 
blood flow acquisition via non-angiogenic vascularization. 
Existing drug therapies are not sufficiently effective; hence, 
the development of novel strategies targeting VM and VCO 
is needed. Our findings demonstrate that FAK inhibition 
reduces cancer cell motility and tube formation in vitro, 
and suppresses tumor growth in mouse models by inhib-
iting non-angiogenic vascularization. Defactinib may be a 
promising treatment for patients with breast cancer who are 
resistant to current antiangiogenic medicines. For practical 
clinical application, further research is required.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s12282-​025-​01792-6.

Acknowledgements  The authors would like to thank the Center for 
Medical Research and Education for their technical assistance.

Author contributions  M.M. conducted the investigation, developed 
the methodology, performed the analysis, wrote the original draft, and 
acquired funding. M.S. conceived the study, developed the method-
ology, performed the analysis, provided the resources, reviewed and 
edited the manuscript, and participated in the administrative and fund-
ing support. I.S. and K.K. conducted the investigation and performed 
the analysis. K.A., N.M., C.M., M.T., T.Y., Y.S., T.M., and T.T. were 
responsible for interpreting the data and revising the discussion. K.S. 
supervised the study and reviewed and edited the manuscript. All 
authors have read and approved the final manuscript.

Funding  This work was supported in part by a Grant-in-Aid for Scien-
tific Research (C) from the Japan Society for the Promotion of Science 
(Grant Nos. 22K08711, 20K08980, and T22K11803).

Data availability  The data generated in this study are available upon 
request from the corresponding author.

Declarations 

Conflict of interest  The authors declare no competing interests.

Ethical approval  All animal studies were conducted in accordance with 
the Animal Care and Use Guidelines of The University of Osaka and 
were approved by the Ethics Committee of The University of Osaka 
Graduate School of Medicine.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

	 1.	 Goldfarb SB, Hudis C, Dickler MN. Bevacizumab in metastatic 
breast cancer: when may it be used? Ther Adv Med Oncol. 
2011;3:85–93.

	 2.	 Andre F, Deluche E, Bonnefoi H. Bevacizumab: the phoenix of 
breast oncology? Lancet Oncol. 2015;16:600–1.

	 3.	 Ueda S, Saeki T, Osaki A, Yamane T, Kuji I. Bevacizumab 
induces acute hypoxia and cancer progression in patients with 
refractory breast cancer: multimodal functional imaging and mul-
tiplex cytokine analysis. Clin Cancer Res. 2017;23:5769–78.

	 4.	 Xu J, Yang X, Deng Q, Yang C, Wang D, Jiang G, et al. TEM8 
marks neovasculogenic tumor-initiating cells in triple-negative 
breast cancer. Nat Commun. 2021;12:4413.

	 5.	 Hendrix MJC, Seftor EA, Hess AR, Seftor REB. Vasculogenic 
mimicry and tumour-cell plasticity: lessons from melanoma. 
Nat Rev Cancer. 2003;3:411–21.

	 6.	 Wagenblast E, Soto M, Gutiérrez-Ángel S, Hartl CA, Gable 
AL, Maceli AR, et al. A model of breast cancer heterogene-
ity reveals vascular mimicry as a driver of metastasis. Nature. 
2015;520:358–62.

	 7.	 Maniotis AJ, Folberg R, Hess A, Seftor EA, Gardner LMG, 
Pe’er J, et al. Vascular channel formation by human melanoma 
cells in vivo and in vitro: vasculogenic mimicry. Am J Pathol. 
1999;155:739–52.

	 8.	 Cao Z, Bao M, Miele L, Sarkar FH, Wang Z, Zhou Q. Tumour 
vasculogenic mimicry is associated with poor prognosis of 
human cancer patients: a systemic review and meta-analysis. 
Eur J Cancer. 2013;49:3914–23.

	 9.	 Luo Q, Wang J, Zhao W, Peng Z, Liu X, Li B, et al. Vascu-
logenic mimicry in carcinogenesis and clinical applications. J 
Hematol Oncol. 2020;13:19.

	10.	 Gupta PB, Onder TT, Jiang G, Tao K, Kuperwasser C, Weinberg 
RA, et al. Identification of selective inhibitors of cancer stem 
cells by high-throughput screening. Cell. 2009;138:645–59.

	11.	 Hori A, Shimoda M, Naoi Y, Kagara N, Tanei T, Miyake T, 
et al. Vasculogenic mimicry is associated with trastuzumab 
resistance of HER2-positive breast cancer. Breast Cancer Res. 
2019;21:88.

	12.	 Angara K, Borin TF, Arbab AS. Vascular mimicry: a novel neo-
vascularization mechanism driving antiangiogenic therapy (AAT) 
resistance in glioblastoma. Transl Oncol. 2017;10:650–60.

	13.	 Kirschmann DA, Seftor EA, Hardy KM, Seftor REB, Hendrix 
MJC. Molecular pathways: vasculogenic mimicry in tumor 
cells: diagnostic and therapeutic implications. Clin Cancer Res. 
2012;18:2726–32.

	14.	 Kuczynski EA, Vermeulen PB, Pezzella F, Kerbel RS, Reyn-
olds AR. Vessel co-option in cancer. Nat Rev Clin Oncol. 
2019;16:469–93.

	15.	 Liu Z-L, Chen H-H, Zheng L-L, Sun L-P, Shi L. Angiogenic 
signaling pathways and antiangiogenic therapy for cancer. Sig 
Transduct Target Ther. 2023;8:198.

	16.	 Kuczynski EA, Reynolds AR. Vessel co-option and resistance to 
antiangiogenic therapy. Angiogenesis. 2020;23:55–74.

	17.	 Frentzas S, Simoneau E, Bridgeman VL, Vermeulen PB, Foo S, 
Kostaras E, et al. Vessel co-option mediates resistance to antian-
giogenic therapy in liver metastases. Nat Med. 2016;22:1294–302.

	18.	 Jean C, Chen XL, Nam J-O, Tancioni I, Uryu S, Lawson C, et al. 
Inhibition of endothelial FAK activity prevents tumor metastasis 
by enhancing barrier function. J Cell Biol. 2014;204:247–63.

	19.	 Miyazaki T, Kato H, Nakajima M, Sohda M, Fukai Y, Masuda N, 
et al. FAK overexpression is correlated with tumour invasiveness 
and lymph node metastasis in oesophageal squamous cell carci-
noma. Br J Cancer. 2003;89:140–5.

https://doi.org/10.1007/s12282-025-01792-6
http://creativecommons.org/licenses/by/4.0/


199Breast Cancer (2026) 33:188–199	

	20.	 Kawahara R, Niwa Y, Simizu S. Integrin β1 is an essential fac-
tor in vasculogenic mimicry of human cancer cells. Cancer Sci. 
2018;109:2490–6.

	21.	 Sulzmaier FJ, Jean C, Schlaepfer DD. FAK in cancer: mecha-
nistic findings and clinical applications. Nat Rev Cancer. 
2014;14:598–610.

	22.	 Tanner M, Kapanen AI, Junttila T, Raheem O, Grenman S, Elo 
J, et al. Characterization of a novel cell line established from a 
patient with Herceptin-resistant breast cancer. Mol Cancer Ther. 
2004;3:1585–92.

	23.	 Chihara Y, Shimoda M, Hori A, Ohara A, Naoi Y, Ikeda J, et al. A 
small-molecule inhibitor of SMAD3 attenuates resistance to anti-
HER2 drugs in HER2-positive breast cancer cells. Breast Cancer 
Res Treat. 2017;166:55–68.

	24.	 Lamalice L, Le Boeuf F, Huot J. Endothelial cell migration during 
angiogenesis. Circ Res. 2007;100:782–94.

	25.	 Mierke CT, Fischer T, Puder S, Kunschmann T, Soetje B, Ziegler 
WH. Focal adhesion kinase activity is required for actomyosin 
contractility-based invasion of cells into dense 3D matrices. Sci 
Rep. 2017;7:42780.

	26.	 Yu H, Gao M, Ma Y, Wang L, Shen Y, Liu X. Inhibition of cell 
migration by focal adhesion kinase: time-dependent difference in 
integrin-induced signaling between endothelial and hepatoblas-
toma cells. Int J Mol Med. 2018;41:2573–82.

	27.	 Yousefi H, Vatanmakanian M, Mahdiannasser M, Mashouri L, 
Alahari NV, Monjezi MR, et al. Understanding the role of integ-
rins in breast cancer invasion, metastasis, angiogenesis, and drug 
resistance. Oncogene. 2021;40:1043–62.

	28.	 Bauer MS, Baumann F, Daday C, Redondo P, Durner E, Jobst 
MA, et al. Structural and mechanistic insights into mechano-
activation of focal adhesion kinase. Proc Natl Acad Sci USA. 
2019;116:6766–74.

	29.	 Donnem T, Hu J, Ferguson M, Adighibe O, Snell C, Harris AL, 
et al. Vessel co-option in primary human tumors and metastases: 
an obstacle to effective antiangiogenic treatment? Cancer Med. 
2013;2:427–36.

	30.	 Qiao L, Liang N, Zhang J, Xie J, Liu F, Xu D, et al. Advanced 
research on vasculogenic mimicry in cancer. J Cell Mol Med. 
2015;19:315–26.

	31.	 Tang H, Chen L, Liu X, Zeng S, Tan H, Chen G. Pan-cancer dis-
section of vasculogenic mimicry characteristic to provide potential 
therapeutic targets. Front Pharmacol. 2024;15:1346719.

	32.	 Carbonell WS, DeLay M, Jahangiri A, Park CC, Aghi MK. β1 
integrin targeting potentiates antiangiogenic therapy and inhibits 
the growth of bevacizumab-resistant glioblastoma. Cancer Res. 
2013;73:3145–54.

	33.	 Leask A. Integrin β1: a mechanosignaling sensor essential for 
connective tissue deposition by fibroblasts. Adv Wound Care. 
2013;2:160–6.

	34.	 Bell-McGuinn KM, Matthews CM, Ho SN, Barve M, Gilbert L, 
Penson RT, et al. A phase Ⅱ, single-arm study of the anti-α5β1 
integrin antibody volociximab as monotherapy in patients with 
platinum-resistant advanced epithelial ovarian or primary perito-
neal cancer. Gynecol Oncol. 2011;121:273–9.

	35.	 Eom K-Y, Cho BJ, Choi EJ, Kim J-H, Chie EK, Wu H-G, et al. 
The effect of chemoradiotherapy with SRC tyrosine kinase inhibi-
tor, PP2 and temozolomide on malignant glioma cells in vitro and 
in vivo. Cancer Res Treat. 2016;48:687–97.

	36.	 Gucalp A, Sparano JA, Caravelli J, Santamauro J, Patil S, Abbru-
zzi A, et al. Phase II trial of saracatinib (AZD0530), an oral SRC-
inhibitor for the treatment of patients with hormone receptor-nega-
tive metastatic breast cancer. Clin Breast Cancer. 2011;11:306–11.

	37.	 Jones SF, Siu LL, Bendell JC, Cleary JM, Razak ARA, Infante 
JR, et al. A phase I study of VS-6063, a second-generation focal 
adhesion kinase inhibitor, in patients with advanced solid tumors. 
Invest New Drugs. 2015;33:1100–7.

	38.	 Shimizu T, Fukuoka K, Takeda M, Iwasa T, Yoshida T, Horobin 
J, et al. A first-in-Asian phase 1 study to evaluate safety, phar-
macokinetics and clinical activity of VS-6063, a focal adhesion 
kinase (FAK) inhibitor in Japanese patients with advanced solid 
tumors. Cancer Chemother Pharmacol. 2016;77:997–1003.

	39.	 Timbrell S, Aglan H, Cramer A, Foden P, Weaver D, Pachter 
J, et al. Fak inhibition alone or in combination with adjuvant 
therapies reduces cancer stem cell activity. NPJ Breast Cancer. 
2021;7:65.

	40.	 Dawson JC, Serrels A, Stupack DG, Schlaepfer DD, Frame MC. 
Targeting FAK in anticancer combination therapies. Nat Rev Can-
cer. 2021;21:313–24.

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.


	Targeting focal adhesion kinase inhibits cell migration and non-angiogenic vascularization in malignant breast cancer
	Abstract
	Background 
	Methods 
	Results 
	Conclusions 

	Introduction
	Materials and methods
	Cell culture
	Western blotting
	Actin fiber, FAK, and integrin β1, and confocal microscopy
	Cell migration assay
	Time-lapse microscopy
	Tube formation assay
	MTS assay
	Cell transfection with siRNA
	Orthotopic tumor models and treatment
	H&E staining and immunofluorescence staining of mouse tumors
	Statistics

	Results
	Defactinib inhibits FAK and its downstream components, affecting the cytoskeleton and cell motility
	Inhibition of FAK suppresses tube formation in breast cancer cell lines
	Defactinib inhibits tumor growth in mouse breast cancer models
	Defactinib reduces intratumoral vasculature and non-angiogenic vascularization
	Defactinib does not significantly increase apoptosis

	Discussion
	Acknowledgements 
	References




