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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
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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 1 in VM-like
vascularization. Integrin f1 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 (HUVECSs) 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 pM for JIMT-1
and 10 uM 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 ug protein), as previously described
[23]. The primary and secondary antibodies are listed in
Supplementary Table S1.

Actin fiber, FAK, and integrin B1, 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 pM for JIMT-1 and
10 uM for MDA-MB-231) for 3 h. After fixation, permea-
bilization, and blocking, the cells were stained for FAK and
integrin f1 (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
Image] 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:

4 X (area/m)

Roundness = - —
(major axis)

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 p-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 pM, or 10 uM defactinib for
3 h. After removing the inserts, phase-contrast images were
captured over 48 h using a Leica DMil microscope (Leica
Microsystems, Wetzlar, Germany) at 5 X.

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 O uM, 5 uM, or 10 uM
defactinib under an IX83 inverted microscope (Olympus)
equipped with a temperature-controlled incubator maintained
at 37 °C with 5% CO, 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
p-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 DMil microscope (Leica Microsys-
tems) at 5 X. 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 IC, 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.
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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 pM 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 10° cells and 2.5 x 10° cells per well, respec-
tively) in antibiotic-free medium and incubated at 37 °C
in 5% CO, 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/Schilic-scidJcl) pur-
chased from CLEA Japan (Tokyo, Japan) were anesthetized
and injected with either 1.2 x 10’ MDA-MB-231 or 2.0x 107
JIMT-1 cells (prewashed in PBS and mixed with 30 uL
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:

V=nr/6XLXWXH,

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).



Breast Cancer (2026) 33:188-199 191
a
JIMT-1 MDA-MB-231
Phospho-Paxillin
DMSO + - + - (Y118) h H u -
Defactinib = + - + .
Phospho-FAK — -n » 4
(S732) b v i Paxillin -aa o
. - P oy
rroorera (98 | [ e
.. - - Phospho-Src A ﬁ R
(Y419) —
- )
FAK | y™ wemy | | YN >
Phospho-P130 ’ 4 » Src A A F -
Cas (Y410) - i ’ v
P130Cas | ‘e wnst | ‘ — R I L ——
b c
JIMT-1 15 Fkk 1.5 okl
Integrinf1 F-actin FAK DAPI » ” ]
173 7]
o 1.0 2 1.0
c [
L&t Ll=T
2 305 305
= 14 [
o
0 0
DMSO Defactinib DMSO Defactinib
o e Kk
£
'g 50 == 60 =
® P P
a g 40 = g-
= 2 40 =
g 27 g
MDA-MB-231 % 27 % 20
O 10 =— o
Integrinp1 F-actin FAK DAPI 0 0 =
DMSO Defactinib DMSO Defactinib
o *kk
g Fkk
= =~ 8= =~ 12 -
22 29
2* 5 gx
84 g4 s
2 335 4 33
2 5% 58 4-
£ 58 - oS
(o] Qx o=
S L ££
a ) ——.'_'_ s 0 =
DMSO Defactinib DMSO Defactinib
d
05 o DMso 0hr 15 hr 24 hr 05 o oMo
: £ 04 4 W Defactinib : : T 04 —8— Defactinib
gl £ H .
=1 s 03 < 03
o o o
5 © <
0.2 0.2
H ]
-3 -3
Y o 041 o 0.1
0 0
K] | | | 1
3 0 10 20 30 0 10 20 30
: Time (hour) Time (hour)
e
0hr 6 hr 24 hr 0hr 6 hr 24 hr

Defactinib

@ Springer



192

Breast Cancer (2026) 33:188-199

«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 B1, Alexa Fluor 647 (Rabbit IgG secondary antibody) for
FAK, and DAPI. Scale bar, 20 um. ¢ Box plots showing the round-
ness of cells treated with DMSO or defactinib. JIMT-1 cell treated
with DMSO (n=24) or 5 uM defactinib (n=30). MDA-MB-231
cells were treated with DMSO (n=15) or 10 uM 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 pM defactinib (n=30; mean+SD). MDA-MB-231
cells were treated with DMSO (n=15; mean+SD) or 10 uM 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 uM defactinib (n=30). MDA-MB-231 cells treated with DMSO
(n=15) or 10 uM 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 uM defactinib in JIMT-1 cells and 10 uM 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 uM defactinib for JIMT-1cells and 10 uM
defactinib for MDA-MB-231 cells. Left: JIMT-1 cells. Right: MDA-
MB-231 cells. Scale bar, 0.2 mm

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 X. The highest proliferative
region (hot spot) was analyzed at 40 X. 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 (hRSERPINE2,
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
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erythroid cells. The nuclei were counterstained with DAPI.
Samples were imaged at 40 X 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 hNSERPINE2-
positive human breast cancer cells. VCO vessels were also
quantified as those with hSERPINE2-positive human breast
cancer cells located within a 50 pm 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 10X 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 ¢
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/PTK?2 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 1, 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
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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 uM 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 ICs, 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 BCARI) 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. 2¢).

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 (hRSERPINE2-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.
HUVEC:s, 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 Pl 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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promote breast cancer invasion and metastasis by regulating
integrin p1-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
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(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

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 1, 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 B1 is known to
contribute to antiangiogenic therapy resistance, such as in
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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 hNSER-
PINE2 (CoraL.ite 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. ¢ 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.
k%P <(0.001
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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
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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
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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 um. The number
of TUNEL-positive apoptotic cells from tumors excised from mice
treated with vehicle or defactinib (n=10; mean + SD). ns., not signifi-

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.
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cant; ***P<0.001. ¢, 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

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,
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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.
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