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Abstract
Kindlin-2 is critical for development and homeostasis of key organs, including skeleton, liver, islet, etc., yet its role in modu-
lating angiogenesis is unknown. Here, we report that sufficient KINDLIN-2 is extremely important for NOTCH-mediated 
physiological angiogenesis. The expression of KINDLIN-2 in HUVECs is significantly modulated by angiogenic factors such 
as vascular endothelial growth factor A or tumor necrosis factor α. A strong co-localization of CD31 and Kindlin-2 in tissue 
sections is demonstrated by immunofluorescence staining. Endothelial-cell-specific Kindlin-2 deletion embryos die on E10.5 
due to hemorrhage caused by the impaired physiological angiogenesis. Experiments in vitro show that vascular endothelial 
growth factor A-induced multiple functions of endothelial cells, including migration, matrix proteolysis, morphogenesis 
and sprouting, are all strengthened by KINDLIN-2 overexpression and severely impaired in the absence of KINDLIN-2. 
Mechanistically, we demonstrate that KINDLIN-2 inhibits the release of Notch intracellular domain through binding to and 
maintaining the integrity of NOTCH1. The impaired angiogenesis and avascular retinas caused by KINDLIN-2 deficiency 
can be rescued by DAPT, an inhibitor of γ-secretase which releases the intracellular domain from NOTCH1. Moreover, we 
demonstrate that high glucose stimulated hyperactive angiogenesis by increasing KINDLIN-2 expression could be prevented 
by KINDLIN-2 knockdown, indicating Kindlin-2 as a potential therapeutic target in treatment of diabetic retinopathy. Our 
study for the first time demonstrates the significance of Kindlin-2 in determining Notch-mediated angiogenesis during 
development and highlights Kindlin-2 as the potential therapeutic target in angiogenic diseases, such as diabetic retinopathy.
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Abbreviations
VEGFA  Vascular endothelial growth factor A
VEGFR2  Vascular endothelial growth factor receptor 2
NICD  Notch intracellular domain

DAPT  N-[N-(3,5-Difluorophenacetyl-l-alanyl)]-
S-phenylglycine t-butyl ester

Hg  High glucose
Ng  Normal glucose
NC  Negative control
ECs  Endothelial cells
HUVECs  Human umbilical vascular ECs
DR  Diabetic retinopathy
BM  Basement membrane
MMP  Matrix metalloprotease
RBP-Jκ  Recombination signal-binding protein Jκ
Dll4  Delta-like 4
FERM  Four-point-one, ezrin, radixin, moesin
TNFα  Tumor necrosis factor α
PECAM-1  Platelet endothelial cell adhesion molecule 1
CD31  Cluster of differentiation 31
CKO  Conditional knockout
IHC  Immunohistochemistry
IF  Immunofluorescence
WB  Western blotting
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AIA  Angiogenesis invasion assay
QRT-PCR  Quantitative real time-polymerase chain 

reaction
IP  Immunoprecipitation
CHX  Cycloheximide
HIF-1α  Hypoxia inducible factor-1α
EdU  5-Ethynyl-29-deoxyuridine
SiRNA  Small interfering RNA

Introduction

Angiogenesis is the sprouting of activated endothelial cells 
(ECs) from the pre-existing vasculature to generate neo-ves-
sels, which is essential for embryonic development, tissue 
reproduction and repair [1, 2]. Mechanically, the pro-angio-
genic factor vascular endothelial growth factor A (VEGFA) 
activates vascular endothelial growth factor receptor type 2 
(VEGFR2) of ECs and induces their subsequent activities. It 
is well demonstrated in previous studies that VEGF-induced 
sprouting, migration, and tube formation competences of 
ECs [3]. Angiogenesis requires the cooperation between tip 
cells and stalk cells, and the two adjacent and functional ECs 
are coordinated by Notch1 signal. In tip cells equipped with 
elongated filopodias, VEGFR2 phosphorylation increases 
Notch ligand Delta-like 4 (Dll4), which mediates the acti-
vation of Notch1 signal to suppress tip cell phenotype in 
the neighboring stalk cells. In contrast, excessive sprouting 
results from the inhibition of Dll4-Notch1 interaction [4].

Physiological angiogenesis responsible for development 
requires the balance of pro-angiogenic factors and anti-angi-
ogenic factors. Disturbance of the balance induces patholog-
ical angiogenesis characterized by endothelial overgrowth, 
thinner and more permeable vascular walls. Consequently, 
excessive and unattenuated angiogenesis occurs in chronic 
diseases such as inflammation and cancers [5, 6]. Therefore, 
exploration of prime mechanisms controlling physiological 
angiogenesis should contribute to maintain the angiogenic 
balance and alleviate the vascular symptoms in diseases.

The evolutionarily conserved focal adhesion (FA) protein 
Kindlin-2 is involved in diverse cellular functions such as 
differentiation, migration, and ECM adhesion. And it is a 
crucial regulator under both homeostasis and diseased sta-
tus via regulating a series of signaling pathways. Studies 
using tissue-specific deletion mouse models have shown that 
knockout Kindlin-2 in different tissues and organs causes 
severe phenotypes in bone, intervertebral disk, cartilage, 
liver, β-cell, smooth muscle and adipose tissue [7–14]. As 
the FA protein, Kindlin-2 was found to interact with integ-
rin complexes via binding to the cytoplasmic tails of the β 
subunit. Especially in endothelium, the matrix ligand Vit-
ronectin recognizing endothelial αVβ3 integrin combines 
with Kindlin-2 which generates outside-in signal to facilitate 

angiogenesis [15]. Angiogenesis deficiency in Kindlin-2 
haploinsufficient mice is mediated by reduced αVβ3 Inte-
grin [16]. After intradermal injection of adeno-associated 
virus (AAV) to knock down Kindlin-2 expression, mice 
exhibit delayed skin wound healing and increased vascular 
permeability [17]. Clinically, high expression of Kindlin-2 
in cutaneous melanoma indicates poor prognosis. Activa-
tion of mTOR/VEGFA pathway is the underlying mecha-
nism of Kindlin-2 on abnormal angiogenesis in tumor tis-
sues [18]. Altogether, these studies implicate Kindlin-2 as 
a potential regulator of angiogenesis. However, it remains 
to demonstrate the role and mechanisms of Kindlin-2 in 
regulating angiogenesis from endothelium-specific level 
[19]. Therefore, we aim to decipher the role and mecha-
nisms of endothelial Kindlin-2 in regulating developmental 
angiogenesis.

Here, we report the important intrinsic role of endothelial 
Kindlin-2 in regulating cell functions during angiogenesis. 
Kindlin-2 expression in HUVECs is amplified by pro-angio-
genic factor VEGFA stimulation and vice versa. In addition, 
the indispensability of Kindlin-2 in angiogenesis is further 
deciphered during embryonic development by using tissue-
specific deletion strategy. Mouse embryos exhibit severe 
hemorrhage and die on E10.5 due to impaired angiogenesis. 
Notch1, which is activated by VEGFA and in turn restricts 
VEGFA/VEGFR2 reaction, is identified as an antagonistic 
target of Kindlin-2 by immunoprecipitation analysis. As a 
substrate of γ-secretase, Notch1 signaling can be blocked by 
γ-secretase inhibitor DAPT [20]. The rescue effect of DAPT 
for angiogenic impairment induced by Kindlin-2 deficiency 
is demonstrated both in vitro and in vivo.

Our study is of great significance, which indicates that 
endothelial Kindlin-2 could serve as the angiogenic switch 
and a potential target for the treatment of angiogenic 
diseases.

Materials and methods

Animal studies

The generation of the Kindlin-2fl/fl mice was previously 
described [10]. The Tie2-Cre mice were primarily estab-
lished as the endothelial-specific receptor tyrosine kinase 
(Tie2) promoter driving the expression of Cre recombinase 
[21]. Tie2-Cre mice were bred with Kindlin-2fl/fl mice to gen-
erate Tie2-Cre; Kindlin-2fl/fl mice for this study. Pregnant 
mice were euthanized by compressed  CO2 for asphyxiation 
[22]. Then, embryos were collected at the indicated days 
after the emergence of vaginal plug date and then photo-
graphed by a high-resolution digital camera. The background 
of all mice used in this project were C57BL/6. Mice were 
kept at 20–24 °C with a humidity of 40–60% and exposed to 
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a 12-h light/12-h dark cycle. Protocols for all animal stud-
ies were approved by the Institutional Animal Care and Use 
Committee of Southern University of Science and Technol-
ogy. The protocols are also in accordance with the National 
Institutes of Health (NIH) Guidelines for the care and use 
of laboratory animals. In this study, Primer sequences used 
in PCR genotyping were listed in Supplementary Table 1.

Cell culture and cell stimulation

Human umbilical vein endothelial cells (HUVECs) from 
ATCC (Manassas, VA, USA) were maintained in DMEM/
F12 (1:1) growth medium (GIBCO BRL, Grand Island, NY, 
USA, Cat#: C11330500BT) has no VEGF and contains anti-
biotics at 37 °C in a 5%  CO2 humidified atmosphere [23]. 
Cells were seeded in complete medium at 3 ×  105 cells per 
well in 6-well plates for western blotting and qRT-PCR 
analysis, and at 2 ×  104 cells on glass coverslips in 24-well 
plates for immunofluorescence staining. For stimulation, 
human recombinant VEGFA121 (used at 50 ng/ml in all 
experiments) was obtained from Abcam (Cambridge, MA, 
USA, Cat#: EPR16637-121). TNFα (used at 50 ng/ml in all 
experiments) was obtained from Invitrogen (Carlsbad, CA, 
USA, Cat#: PHC3015). DAPT (used at 10 μM in all experi-
ments) was obtained from (Selleck Chemicals, Houston, TX, 
USA, Cat#: S2215) [24–26]. IF images were taken using a 
fluorescence microscope (Nikon confocal A1R with FLIM).

Cell transfection with siRNA and plasmid

SiRNA sequences targeting human KINDLIN-2 and a 
negative control (NC) were constructed by GenePharma, 
Suzhou, China. SiKINDLIN-2 and negative control were 
transfected into HUVECs with Lipofectamine™ RNAiMAX 
Transfection Reagent (Invitrogen, Carlsbad, CA, USA, 
Cat#:13778150) according to standard protocols. For plas-
mid transfection, NC plasmid or KINDLIN-2 expressing 
plasmid (OBiO Technology Corp., Ltd, Shanghai, China, 
Cat#:) were transfected to HUVECs by Lipofectamine™ 
3000 Transfection Reagent (Invitrogen, Carlsbad, CA, 
USA, Cat#: L3000015) according to protocols we previously 
reported. SiRNA sequences used in this study were listed in 
Supplementary Table 2.

Quantitative real‑time PCR (qRT‑PCR)

Cells were homogenized in Trizol reagent and total RNA 
was extracted using the RNeasy kit (Vazyme, Nanjing, 
China, Cat#: RC112-01) following the manufacturer’s proce-
dure. Transcripts (1 μg) were reverse-transcribed using high-
capacity cDNA Reverse Transcription kit ((Takara, Tokyo, 
Japan, Cat#: RR047A)). cDNAs were amplified using 
primers listed in Supplementary Table 3. Finally, qRT-PCR 

analysis was performed to measure the relative mRNA levels 
using SYBR Green kit (Bio-Rad Laboratories Inc, Hercules, 
CA, USA, Cat: 1725124). The expression levels of genes 
examined were normalized to GAPDH expression.

In situ matrix degradation assay

For the gelatin degradation assay, operations were performed 
in the dark place. Briefly, glass coverslips were coated with 
Oregon-green-488 gelatin (Carlsbad, CA, USA, Invitro-
gen™. Cat. No. G13186) diluted to 0.1% in PBS at RT for 
30 min, washed with PBS and fixed with 0.5% glutaralde-
hyde (Aladdin, Shanghai, China. Cat#: 111-30-8) for 15 min 
in the dark place. After washing with PBS, coverslips were 
incubated in 5 mg/ml sodium borohydride (Sigma-Aldrich, 
St. Louis, MO, USA, Cat#: 452882) for 30 min with agita-
tion (250 rpm) followed by PBS washing for three times and 
sterilizing by 75% ethanol for subsequent operation. After 
adhesion, cells were treated with or without VEGFA/DAPT 
for 24 h, then fixed and processed for immunofluorescence 
staining. Quantification of degradation areas was performed 
on 5 randomly picked fields on each coverslip. Then, areas 
of degradation were quantified by ImageJ software as pre-
viously described [27]. Degraded areas were thresholded 
according to the intensity of the degradation and the loss 
of matrix-based fluorescence was measured by the Analyze 
Particles function. Total degradation area (μm2) was then 
normalized to the number of cells (degradation index). Con-
trol values were taken as 1.

Co‑immunoprecipitation assay

According to a previously described method [28], IP assays 
were performed to identify Kindlin2–NICD interactions. 
Briefly, cultured HEK293T or HUVECs were transiently 
co-transfected with the plasmids of target genes using trans-
fection reagent (Thermo Fisher Scientific, Waltham, MA, 
USA, Cat#: 13778-150) according to the manufacturer’s 
instructions. After 48 h, cells were collected and lysed in 
IP buffer (50 mmol/l Tris–HCl (pH 8.0), 150 mmol/l NaCl, 
0.5% sodium deoxycholate, 1% NP-40, and a protease inhibi-
tor cocktail (Roche)) on ice. The cell lysates were primarily 
precleared with Protein A/G-agarose beads (Thermo, Fisher 
Scientific, Waltham, MA, USA Cat#: 88802) and then incu-
bated with the corresponding antibodies overnight at 4 °C. 
The immunocomplex was collected and blotted with indi-
cated 1st and 2nd antibodies. For the ubiquitination assay, 
HUVECs were co-transfected with HA-ubiquitin constructs 
and plasmids for 48 h. Then, cells were treated with MG132 
(10 μM) for 6 h and harvested in cold IP buffer plus 1% 
sodium dodecyl sulfate (SDS). Pulled down samples were 
immunoblotted with corresponding antibodies to detect the 
polyubiquitinated protein bands under different conditions. 
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Antibodies used in this study were listed in Supplementary 
Table 4.

Tube formation assay

A pre-chilled 96-well plate was filled with 50 μl matrigel 
(Shanghai Nova Medical Technology Co. Ltd. Ref 082701) 
without growth factor and incubated at 37 °C for 30 min 
to let Matrigel coagulates. Thereafter, 2 ×  104 HUVECs in 
100 μl complete medium were seeded into each well and 
incubated at 37 °C for 2–4 h to allow formation of tubular 
structures and further analyzed by microscopy using a Nikon 
Eclipse TE2000-E (Nikon Ltd) under 4 × magnification. The 
angiogenic response was measured by image analysis. The 
closed polygons and branching points formed were counted 
manually.

Wound healing assay

To investigate cell migration, HUVECs were seeded in 
24-well plates at the density of 1 ×  105 cell/well, and then 
cultured in complete medium until confluence. The HUVECs 
were carefully scratched by a pipette tip (20–200 μl) to cre-
ate an artificial wound. Cell debris was removed by PBS 
washing. Then, cells were cultured with serum free medium 
for 24 h. Phase-contrast figures were acquired to calculate 
the area of the scratched area.

IncuCyte ZOOM™ assay

After HUVECs were confluent in 24 well plates, a Wound-
Maker™ (Essen BioScience) was used to create straight 
and identical scratches in all wells. Then, the wells were 
washed twice with pre-warmed PBS to thoroughly remove 
cell debris and then supplied with serum deprived medium 
with or without VEGFA. Then, the plate was placed into 
IncuCyte ZOOM™ live cell imaging system (Essen BioSci-
ence, MI USA) and images of the collective cell spreading 
were captured at 0 h and 24 h. The scratched area was cal-
culated by Image J software.

Angiogenesis invasion assay (AIA)

AIA was performed as previously reported [6]. After being 
sterilized, a cut yellow tip was placed in the center of a 
3.5 cm confocal dish (JingAn Biological, China) and filled 
with pure growth factor-reduced Matrigel (66.5 µl) plus 
3.5 µl concentration VEGFA to create a BM-like matrix 
barrier. Matrigel plugs were then allowed to polymerize for 
30 min in the incubator at 37 °C, 5%  CO2 and the yellow 
tip was carefully removed. HUVECs (3 ×  105 cells/dish in 
2 ml complete medium) were seeded around the matrigel 
plot. After overnight incubation, samples were fixed with 

2% PFA for 30 min, followed by permeabilization with 0.2% 
Triton X-100 for 1 h and blockage with 3% BSA for 1 h. 
Samples were incubated in Alexa fluor-488 labeled phal-
loidin (Abclonal, Wuhan, China, Cat#: 02836) for 3 h at 
room temperature. After washing by PBS for 3 × 5 min, the 
system was then stained with DAPI reagent (Abcam, Cam-
bridge, MA, USA, Cat#: ab104139). To quantify the number 
of sprouts invading the matrigel plug, mosaic images were 
obtained by phase-contrast microscope at 4 × magnification. 
To quantify filopodia number, z-stack series of optical sec-
tions (x/y/z = 146.25 × 146.25 × 0.1 μm) were acquired using 
a laser scanning fluorescence microscope (Zeiss LSM 980 
Meta inverted) equipped with a 63X oil immersion objective.

Immunofluorescence (IF) staining for cells

Sub-confluent cells grown on glass coverslips were fixed for 
30 min at room temperature in 4% (w/v) paraformaldehyde, 
then treated for 15 min at room temperature in permeable 
solution from Beyotime, 1 h at room temperature in block-
ing solution from Beyotime, 1 h at room temperature with 
primary antibodies diluted at 1/100 in blocking buffer. The 
antibody against Kindlin-2 (MAB2617) is from Millipore 
(Billerica, MA, USA). HEY1 (A16110) is from Abclonal 
(Wuhan, China). Cleaved Notch1 (4147S) is from Cell Sign-
aling Technology (Danvers, MA, USA). Then, cells were 
incubated by fluorescent anti-mouse (Invitrogen, Carlsbad, 
CA, USA, Cat#: A11008) and anti-rabbit secondary anti-
bodies (Invitrogen, Carlsbad, CA, USA, Cat#: A11036) 
for 1 h at room temperature. The coverslips were mounted 
on microscope slides with ProLong Gold Antifade reagent 
containing DAPI (Abcam, Cambridge, MA, USA, Cat#: 
ab104139). Images were acquired using a laser scanning 
fluorescence microscope (Zeiss LSM 980 Meta inverted). 
Antibodies used in this study were summarized in Supple-
mentary Table 4.

Histology, immunofluorescence, 
immunohistochemistry, and confocal analysis

5 μm embryos paraffin sections were used for IHC stain-
ing with CD31 (Huabio, Hangzhou, China, Cat#: ER31219) 
Antibody and the EnVision + System-HRP (DAB) kit (Dako 
North America Inc, Carpinteria, CA, USA, Cat#:SK-4100). 
For IF staining, sections were incubated in fluorescent anti-
rabbit secondary antibodies (Invitrogen, Carlsbad, CA, USA, 
Cat#: A11036) and fluorescent anti-rat secondary antibod-
ies (Abclonal, Wuhan, China, Cat#: AS019). Kidneys were 
isolated from wild type SD rats. Paraffin sections were then 
used for IF staining with fluorescent anti-rabbit secondary 
antibodies (Abclonal, Wuhan, China, Cat#: A11036) and 
fluorescent anti-mouse secondary antibodies (Invitrogen, 
Carlsbad, CA, USA, Cat#: A11001). Results were acquired 
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using a laser scanning fluorescence microscope (Zeiss LSM 
980 Meta inverted). Methods is as we previously described. 
Antibodies used in this study were summarized in Supple-
mentary Table 4. All the analyses were done blinded.

ECs isolation from embryonic mice

Embryos at E10.5 were isolated from maternal mice and 
sliced into 1–2 mm pieces. Meanwhile, PBS with colla-
genase (0.5 mg/ml, Type II Collagenase, Worthington, Cat#: 
CLS-2) was pre-warmed in 37 °C incubator. After being 
rinsed by PBS, the tissue pieces were incubated for 45 min 
at 37 °C in 10 ml of pre-warmed PBS with collagenase with 
shaking until a single cell suspension was obtained. During 
this incubation, the cells were dissociated at 10-min intervals 
by pipetting. DMEM (GIBCO by Thermo Fisher Scientific, 
Waltham, MA, USA, Cat#: 61965059) containing 10% FBS 
(GIBCO by Thermo Fisher Scientific, Waltham, MA USA, 
catalog Cat#: 10270106) was added to the cell suspension to 
neutralize the collagenase activity. Then, cells were gently 
pelleted, rinsed with PBS and filtered through a 40 mm cell 
strainer (Corning Life Sciences, Corning, NY USA, Cat#: 
352340). Cells were re-suspended in PBS and screened 
by nano-sized MicroBeads. CD45 MicroBeads (Miltenyi 
Biotec, Bergisch Gladbach, DE, Cat#: 130-052-301) was 
primarily used to retain the CD45-negative cell fraction, 
which was then pelleted and screened by CD31 MicroBeads 
(Miltenyi Biotec, Bergisch Gladbach, DE, Cat#: 130-097-
418).  CD45−/CD31+ cell fraction is identified as ECs.

Western blot analyses

Cells were transfected with siRNA as indicated and har-
vested in Laemmli sample buffer and separated on a 10% 
SDS-PAGE gel at 80 V for 120 min. Proteins were trans-
ferred onto Immobilon polyvinylidene difluoride membranes 
(Merck Millipore, Billerica, MA, USA, Cat#: ISEQ00010) at 
300 mA for 2 h. Membranes were blocked for 1 h in 5% non-
fat powdered milk in Tris-buffered saline containing 0.1% 
Tween 20 at room temperature, followed by an overnight 
incubation with primary antibodies at 4 °C. Those primary 
antibodies used for western blotting in this study were sum-
marized in Supplementary Table 4. Then, membranes were 
incubated with HRP-conjugated anti-mouse (ORIGENE, 
Rockville, MD, USA, Cat#: ZB2305) or anti-rabbit second-
ary antibodies ((ORIGENE, Rockville, MD, USA, Cat#: 
ZB-2301)) for 1 h at room temperature. Finally, blots were 
developed with an enhanced chemiluminescence (ECL Kit, 
Millipore Billerica, MA, USA, Cat#: S6010L) and exposed 
with ChemiDoc XRS chemiluminescence imaging system 
(Bio-Rad, Hercules, CA, USA). For 9EG7 and 12G10, West-
ern blot analyses were performed using a non-reducing con-
dition [29].

EdU staining

HUVECs proliferation was measured by a 5-ethynyl-
29-deoxyuridine (EdU) incorporation assay. Experiments 
were conducted according to the manufacturer instructions 
from the EdU assay kit (RiboBio, Guangzhou, China. Cat#: 
C10310-1). EdU-labeled cells were manually counted in five 
randomly selected fields in one 96-well to calculate the posi-
tive percentage.

CCK8 assay

HUVECs in 100 μl medium were treated with DAPT for 
24 h and 48 h, 10 µl of CCK-8 solution (AboRo, ShenZhen, 
Guangdong, China, Cat#: RC0501) was added to each well 
of the plate. After incubation for 2 h, absorbance at 450 nm 
was measured using a microplate reader.

Intravitreal injections and whole retina 
immunofluorescence

Hypothermia is used to anesthetize C57BL/6J at postnatal 
day 3 (P3) as previously described [30]. Mice were intra-
vitreally injected with 1 μl of scrambled siRNA, Kind-
lin2 siRNA, scrambled siRNA + DAPT and Kindlin2 
siRNA + DAPT (both siRNAs were from GenePharma, 
Suzhou, China). All were reconstituted in sterile PBS with 
1% DMSO to a final concentration of 1 μg/μl siRNA and 
100 µmol/l DAPT.[31, 32] Injections were performed using 
a 30-gauge needle placed on a 10-μl Nanofl syringe con-
trolled by a UMP3 pump controller. 2 days later (P5), mice 
were anesthetized as mentioned above for eyeball collection, 
which were subsequently fixed in 4% paraformaldehyde for 
2 h at 4 °C. Retinas were dissected and incubated for 2 h at 
room temperature in blocking buffer (PBS, 2% BSA, 0.2% 
Triton X-100). After three washes (each time lasts 20 min) 
in Pblec buffer (PBS supplemented with 1 mM MgCl2, 
1 mM M nCl2, 1 mM CaCl2 and 1% Triton X-100), retinas 
were incubated overnight at 4 °C with anti-CD31 antibody 
(Huabio, Hangzhou, China, Cat#: ER31219) diluted in 
blocking buffer. Then, retinas were washed three times with 
Pblec buffer and incubated with species-specific fluorescent-
labeled secondary antibodies diluted in blocking buffer for 
2 h at room temperature. After three washes in PBS, whole 
retinas were fat-mounted in ProLong Gold Antifade rea-
gent (Life Technologies) containing DAPI and analyzed 
with a laser scanning fluorescence microscope (Zeiss LSM 
980 Meta inverted). Protocols for all animal studies were 
approved by the Institutional Animal Care and Use Commit-
tee of Southern University of Science and Technology. The 
protocols are also in accordance with the National Institutes 
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of Health (NIH) Guidelines for the care and use of labora-
tory animals. SiRNA target sequences used in this study 
were listed in Supplementary Table 1.

Statistics

Statistical analysis was performed with GraphPad Prism 
8 (GraphPad Software, Inc., San Diego. CA, USA). Data 
represent at least 5 independent experiments. Graphs are 
presented as mean values ± SD (bars) and individual values 
(dots) (scatter plot with bar). Significance was determined 
by using the Student’s t test or the two-way ANOVA, fol-
lowed by Tukey’s post-tests. p values < 0.05 were considered 
statistically significant.

Results

Kindlin‑2 is expressed in endothelial cells

To identify potential roles of Kindlin-2 in angiogenesis, 
we exposed HUVECs to factors VEGFA and TNFα, which 
are important for angiogenesis [33, 34], and measured the 
expression level of KINDLIN-2 in HUVECs. After exposed 

to VEGFA, KINDLIN-2 expression in HUVECs was sig-
nificantly elevated at both mRNA level and protein level 
(Fig. 1A–C). On the contrary, its expression was signifi-
cantly suppressed after TNFα treatment (Fig. 1D–F). Thus, 
these results suggested that Kindlin-2 might be involved in 
in vitro angiogenesis. Using immunofluorescence staining, 
we then explored the in vivo expression of Kindlin-2 in ECs 
of rat kidneys. Kindlin-2 is extensively distributed in vari-
ous solid tissues [11, 35] and the result showed that CD31 
positive ECs were also positive for Kindlin-2 expression 
(Fig. 1G). Based on the above findings, we aim to dem-
onstrate the roles of endothelial Kindlin-2 in angiogenesis.

Kindlin‑2 is indispensable for physiological 
angiogenesis

To investigate the in vivo role of Kindlin-2 in angiogenesis, 
we crossed Kindlin-2fl/fl mice to Tie2-Cre mice to specifi-
cally delete Kindlin-2 in ECs (Tie2-Cre; Kindlin-2fl/fl mice, 
referred to as cKO hereafter). From a total of 187 mice (from 
33 l), no live cKO mice (1/4 probability, based on Mendel's 
laws of inheritance) were born, indicating that these mice 
die during embryogenesis. Embryos were then collected at 
different time points after mating. At E9.5, the cKO embryos 

Fig. 1  Kindlin-2 is strongly expressed in endothelial cells. A, B 
HUVECs were treated by VEGFA (50  ng/ml) or not for 24  h and 
cell extracts were prepared. Representative Western blotting results 
show increased protein level of KINDLIN-2 in VEGFA-stimulated 
HUVECs (N = 5 independent experiments, mean ± SD is shown. 
Student’ t test, **p < 0.01 vs control). C QRT-PCR results show 
increased mRNA level of KINDLIN-2 in VEGFA-stimulated 
HUVECs (N = 6 independent experiments, mean ± SD is shown. 
Student’ t test, **p < 0.01 vs control). D, E HUVECs were treated 

by TNFα (50 ng/ml) or not for 48 h and cell extracts were prepared. 
Representative Western blotting results show reduced protein level 
of KINDLIN-2 in TNFα-stimulated HUVECs (N = 5 independent 
experiments, mean ± SD is shown. Student’ t test, ****p < 0.0001 vs 
control). F qRT-PCR results show reduced mRNA level of KIND-
LIN-2 in TNFα-stimulated HUVECs (N = 5 independent experiments, 
mean ± SD is shown. Student’ t test, ****p < 0.0001 vs control). G 
Co-localization of CD31 and KINDLIN-2 was detected in the kidney 
vasculature of rats. Scale bars: 200 μm
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appeared no observable differences; however, at E10.5, the 
cKO embryos exhibited impaired angiogenesis compared 
with the control ones (Fig. 2A). And at E10, the cKO mice 
still had heartbeat (Supplementary video), suggesting that 
the cKO embryos died from impaired angiogenesis rather 
than from heart failure. Deletion of endothelial Kindlin-2 
induced hemorrhage at E10.5 because of the insufficient 
vasculature (Fig. 2B), and there was no heartbeat detected 
at this time point. At E11.5, mutant embryos exhibited 
embryonic shrinkage (Fig. 2A). To further examine the 
cause of hemorrhage of cKO embryos at E10.5, we sec-
tioned the embryos and stained with anti-CD31 antibody 
to identify vessels. Compared with negative controls, IHC 
staining revealed that vascular structure was irregular and 
disordered in the embryonic tissues of cKO mice (Fig. 2C). 
Therefore, ECs lacking Kindlin-2 in vivo had no capacity 
of morphogenesis and led to aberrant embryonic develop-
ment. The co-localization of CD31 and Kindlin-2 illustrated 
the successful deletion of endothelial Kindlin-2 in sections 
of cKO embryos which caused insufficient vasculature 
(Fig. 2D). It is reported that Tie2 is also expressed in peri-
cytes; however, the level is much lower than in ECs [36]. 
Since pericytes also contribute to angiogenesis and NG2 is 
the marker of pericytes [37], we detected the expression of 
Kindlin-2 in  NG2+ cells in embryos of control group and 
cKO group to determine if Kindlin-2 expression in peri-
cytes was affected in cKO mice. Results showed that the 
co-localization between Kindlin-2 and NG2 was not evi-
dently changed (Fig. S1). Thus, the above results establish 
the indispensable intrinsic role of endothelial Kindlin-2 in 
regulating developmental angiogenesis.

Kindlin‑2 regulates endothelial basement 
membrane degradation and cell sprouting

To further explore the fundamental roles of Kindlin-2 in 
angiogenesis, we altered KINDLIN-2 levels in HUVECs 
and evaluated the variation of their features in vitro. Char-
acterized by the basement membranes (BMs) proteoly-
sis caused by invasive tip cells [38], the primary stage of 
angiogenesis is matrix proteolytic response. Using green 
fluorescence labeled gelatin, we examined the matrix deg-
radation capacity of cells with altered KINDLIN-2 by the 
measurement of black areas from the green fluorescence 
[6]. After being transfected by KINDLIN-2 overexpressing 
plasmid or siRNA, which was verified by Western blotting 
(Figs. S2L, 3J). HUVECs were seeded on green gelatin and 
stimulated with VEGFA or not, respectively. Compared with 
the control group, cells with KINDLIN-2 overexpression 
degraded more gelatin, and it was not further strengthened 
by VEGFA treatment (Fig. S2A, B). KINDLIN-2 Knock-
down showed an opposite result (Fig. 3A, B). Furthermore, 
using 3D angiogenesis invasion assay (AIA), we examined 

whether Kindlin-2 participate in the specification between 
tip cells and stalk cells. Matrigel plug deprived of growth 
factors was supplemented with VEGFA and was set in the 
central tank of the culture dish. Confluent HUVECs were 
seeded around matrigel in a monolayer manner and gener-
ated endothelial sprouts along the matrigel-HUVECs inter-
face [6]. In response to VEGFA stimulation, these tip-cell 
like structures can stretch out filopodias and invade into 
Matrigel [6]. Apparently, ECs formed sprouts at a higher 
frequency with KINDLIN-2 overexpression (Fig. S2C–F). 
By taking the advantage of assembling more filopodias, 
endothelial sprouts of ECs richer in KINDLIN-2 were more 
prone to migrate toward VEGFA origin and embodied as 
longer sprouts. Conversely, KINDLIN-2 knockdown reduced 
the length and quantity of invasive sprouts (Fig. 3C–F), indi-
cating an overall shortage of sprouting angiogenesis. Based 
on these results, we hypothesized that the diverse invasion 
extent of KINDLIN-2 overexpressing cells in matrigel may 
be caused by the alteration of VEGFA-induced chemotaxis.

Kindlin‑2 regulates endothelial cell migration 
and tube formation in vitro

Given that the number and length of endothelial sprouts in 
matrigel are positive to KINDLIN-2 expression, next we 
performed wound healing assay to assess migration abil-
ity of HUVECs through the operation of incucyte. Com-
pared with control group, cells overexpressing KINDLIN-2 
exhibited faster healing of artificial gaps between two con-
fluent cell crowds. Compared with positive control, VEGFA 
failed to further accelerate the wound healing of cells rich 
in KINDLIN-2 (Fig. S2G, H). After breaking through the 
obstacles of BMs and interstitial components, activated ECs 
form tube-like structures in the late stage of angiogenesis 
after producing and adhering to the BMs constituents. The 
morphogenesis is crucial to form the trunk of neo-vessels 
and is simulated in vitro by seeding ECs on matrigel, which 
is the BMs-mimic structure. Being immersed in matrigel, 
ECs are aligned end-to-end and elongate to form network 
by anastomosing function [6]. Results in Fig. S2I–K showed 
that the above process was promoted by the overexpression 
of endothelial KINDLIN-2, which was verified by Western 
blotting (Fig. S2L). In contrast, compared with the con-
trol group, confluent HUVECs with KINDLIN-2 knock 
down failed to merge the gap timely in wound healing 
assay (Fig. 3G, H). Furthermore, sub-confluent HUVECs 
with KINDLIN-2 knockdown had impaired migration even 
though under the stimulation of VEGFA. And HUVECs with 
KINDLIN-2 knockdown lost the tube formation competence 
(Fig. 3I). The transfection effect of siRNA KINDLIN-2 
was shown in Fig. 3J. Altogether, endothelial impairment 
induced by the absence of KINDLIN-2 was not efficiently 
recovered with the involvement of VEGFA. In conclusion, 
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Fig. 2  Kindlin-2 specific deletion in endothelial cells causes embry-
onic lethality of mice. A Tie2-cre; Kindlin-2fl/fl (cKO) and Kindlin-
2fl/fl (Ctrl) embryos collected at E9.5, E10.5 and E11.5. N = 8 embryos 
in each group. Scale bars: 2 mm. B Vasculature in Tie2-cre; Kindlin-
2fl/fl (cKO) and Kindlin-2fl/fl (Ctrl) embryos at E10.5. N = 8 embryos 
in each group. Scale bars: 200 μm. C IHC staining of E10.5 embryos 

with CD31, sections shown are the head and tail parts of embryos. 
N = 4 embryos in each group. Scale bars: 100  μm. D Immunofluo-
rescent staining of E10.5 embryos with CD31 (green) and Kindlin-2 
(red). Sections shown are the back part of embryos. N = 4 embryos in 
each group. Scale bars: 500 μm and 100 μm
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the KINDLIN-2-dependent endothelial properties that we 
analyzed from 2D cultured HUVECs were in accordance 
with sprouting behaviors in 3D assays in vitro. Thus, the 
decisive effect of Kindlin-2 on each stage of sprouting angio-
genesis was clearly demonstrated in this study.

Kindlin-2 is one of the crucial proteins of focal adhesions, 
which is critical in regulating integrin activation. Therefore, 

we examined if the expression or activation of β1 integ-
rin was regulated by Kindlin-2 alteration. We isolated ECs 
from embryos at E10.5 and tested the deleting efficiency of 
Kindlin-2. WB analyses showed that protein level of Kind-
lin-2 was evidently decreased in ECs of cKO mice com-
pared with that of control mice. However, the activation of 
mouse β1 integrin (9EG7) [29, 39, 40] was not changed (Fig. 

Fig. 3  Kindlin-2 deficiency impairs endothelial basement membrane 
degradation, cells sprouting, migration, and tube formation. A, B 
Representative images of gelatin degradation of HUVECs transfected 
with siNC and siK2 (N = 6 independent experiments, mean ± SD 
is shown. ***p < 0.001, vs siNC. Two-way ANOVA Bonferroni 
multiple comparison test, #p < 0.05). Scale bars: 500  μm. C Higher 
magnification images show ECs sprouting into matrigel and filopo-
dias on activated sprouts. Scale bars: 1  μm. Statistics of number 
(D) and length (E) of ECs sprouts (N = 6 independent experiments, 
mean ± SD is shown. Student’ t test, ***p < 0.001 vs siNC). Statistics 

of filopodias assembled on sprouts (F) (N = 6 independent experi-
ments, mean ± SD is shown. Student’ t test, ***p < 0.001 vs siNC). 
G Representative phase-contrast images taken at 0 h and 24 h after 
scraping the confluent monolayer cells showed the wound width 
and their statistics (H) (N = 8 independent experiments, mean ± SD 
is shown. *p < 0.05, vs siNC. Two-way ANOVA Bonferroni multi-
ple comparison test, #p < 0.05). Scale bars: 1  mm. I Representative 
images of tube formation. N = 5 independent experiments. Scale bars: 
1 mm. J Western blotting results of KINDLIN-2 in HUVECs trans-
fected by siK2 or siNC. N = 5 independent experiments
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S3A and D). WB analyses revealed that the activation of 
hominine β1 INTEGRIN (12G10) [41] was not affected by 
KINDLIN-2 knockdown or overexpression (Fig. S3B and 
C). Furthermore, we examined if the level of the other two 
KINDLIN family members, KINDLIN-1 or KINDLIN-3 
was regulated by KINDLIN-2 alteration in HUVECs. We 
found that KINDLIN-3 was positively regulated by KIND-
LIN-2, indicating no compensatory expression of KIND-
LIN-3 in response to KINDLIN-2 knockdown. KINDLIN-1 
was increased when KINDLIN-2 was knocked down and 
KINDLIN-1 was decreased when KINDLIN-2 was overex-
pressed in HUVECs (Fig. S3E and F), indicating that there 
were compensatory alterations in Kindlin-1 expression 
associated with alterations of Kindlin-2 levels. Moreover, 
as an important angiogenic factor and downstream protein of 
Notch signaling [42–44], TWIST was negatively regulated 
by KINDLIN-2 in HUVECs (Fig. S3G). Meanwhile, com-
pared with control embryos, the protein level of Twist in ECs 
of cKO embryos was also increased (Fig. S3H).

Endothelial Kindlin‑2 controls angiogenic 
competence via Notch1 signaling

Preceding results displayed that the angiogenic functions of 
HUVECs strongly lie on KINDLIN-2. Angiogenic occur-
rence relies on the correct specification between tip cells and 
stalk cells. During angiogenesis, specification between tip 
cells and stalk cells is orchestrated by VEGF/Notch1 path-
way. Initiation of Notch1 signal is derived from the cleav-
age and production of Notch1 intracellular domain (NICD), 
and subsequent transcriptional activation of Hey1 and Hes1, 
etc. [45–47]. The unbalance of this negative feedback loop 
causes pathological angiogenesis and aberrant vasculature 
[48–50]. Therefore, we estimated the possible relationship 
between VEGF/Notch1 pathway and Kindlin-2 during vas-
cular growth. HUVECs with KINDLIN-2 overexpression 
exhibited lower levels of NICD, HEY1 and HES1, while 
NOTCH1 was increased (Fig. S4A, B). qRT-PCR analy-
ses revealed that HES1 and HEY1 but not NOTCH1 were 
reduced at mRNA level by KINDLIN-2 overexpression (Fig. 
S4C). In addition, the suppression effect of KINDLIN-2 on 
crucial proteins of NOTCH1 pathway was also demonstrated 
through immunofluorescence (IF) staining (Fig. S4D–F). 
EdU staining showed that proliferation of HUVECs with 
KINDLIN-2 overexpression was decreased, which was 
possibly mediated by the impaired NOTCH1 pathway [51, 
52] (Fig. S4G, H). On the contrary, inhibition of KIND-
LIN-2 promoted NOTCH1 pathway, and cellular prolifera-
tion (Fig. 4A–H). Mice suffered from endothelial Kindlin-2 
deletion only survived to E10.5. We stained the sections of 

E10.5 embryos with antibodies against CD31 and Notch1 
signaling proteins. Compared with the control group, more 
NICD, Hey1 or Hes1 were detected in CD31 positive cells, 
which was accompanied by impaired vasculature in mutant 
embryos (Fig. 4I–K). Therefore, strengthened Notch1 sig-
nal is responsible for the vascular deficiency in the absence 
of endothelial Kindlin-2. Altogether, by inhibiting Notch1 
pathway, Kindlin-2 plays an essential role in angiogenesis 
both in vivo and in vitro.

Kindlin‑2 limits Notch1 signaling by interacting 
with NICD and preventing the cleavage of Notch1

We further determined how Kindlin-2 modulates Notch1 
signaling. IF staining revealed the co-localization of KIND-
LIN-2 and NOTCH1 or NICD in HUVECs (Fig.  5A). 
Next, immunoprecipitation (IP) assays demonstrated that 
KINDLIN-2 interacted with NICD in HEK293T cells by 
protein overexpression (Fig. 5B, C). Moreover, interaction 
of endogenous KINDLIN-2 and NICD was also confirmed 
in HUVECs (Fig. 5D, E). Proteasome-mediated protein 
degradation is one of the main pathways for protein deg-
radation within cells. We then examined if the interaction 
between KINDLIN-2 and NICD would affect NICD stabil-
ity. HUVECs were treated with MG132, which blocked the 
proteasome degradation pathway and led to accumulation 
of KINDLIN-2 and NICD proteins. Results showed that 
KINDLIN-2 knockdown increased NICD protein level both 
in presence or absence of MG132 (Fig. 5F, G), indicating 
that NICD was degraded by proteasome-mediated pathway, 
and MG132 treatment didn’t affect NICD increase in ratio 
caused by KINDLIN-2 deficiency. Cycloheximide (CHX) 
experiment showed that KINDLIN-2 knockdown had no 
obvious effect on NICD protein stability but the initial pro-
duction in HUVECs (Fig. 5H, I). Treatment of DAPT, a 
known γ-secretase inhibitor [53], totally blocked the NICD 
enhancing effect of Kindlin-2 deficiency (Fig. 5J, K). To 
identify which region of Kindlin-2 molecule is essential for 
the interaction with NICD, a serials of Kindlin-2 deletion 
plasmids were constructed and transfected into HEK293T 
cells, followed by IP assays. Results showed that KIND-
LIN-2 fragment of aa 1–569 region sustained the interaction 
between NICD and KINDLIN-2. Fragment of aa 570–680 
or 1–239 abolished the interaction above, indicating that 
KINDLIN-2 fragment aa 240–560 is necessary for NICD 
interaction (Fig. 5L). Collectively, these data demonstrate 
that KINDLIN-2 decreases NICD production through bind-
ing to and preventing the cleavage of NOTCH1 to release 
NICD without affecting NICD protein stability.
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Fig. 4  Endothelial KINDLIN-2 controls angiogenic competence via 
NOTCH1 signaling. A, B Western blotting results of NICD, HEY1, 
HES1 and NOTCH1 in KINDLIN-2 siRNA transfection group (siK2) 
or control group (siNC) (N = 5 independent experiments, mean ± SD 
is shown. Student’ t test, **p < 0.01, ***p < 0.001 vs siNC). C 
qRT-PCR of NICD, HEY1 and HES1 (N = 5 independent experi-
ments, mean ± SD is shown. Student’ t test, *p < 0.05, **p < 0.01, 
***p < 0.001 vs siNC). D–F Immunofluorescence staining and fluo-

rescence intensity of NICD and HEY1 (N = 8 independent experi-
ments, mean ± SD is shown. Student’ t test, **p < 0.01, ***p < 0.001 
vs siNC). Scale bars: 50 μm. G, H Proliferation reflected by EdU pos-
itive cells (N = 5 independent experiments, mean ± SD is shown. Stu-
dent’ t test, ***p < 0.001, vs siNC). Scale bars: 200 μm. I–K Immu-
nofluorescence of NICD, Hey1 or Hes1 (red) co-staining with CD31 
(green) in mouse embryos of Tie2-cre; Kindlin-2fl/fl (cKO) and Kind-
lin-2fl/fl (Ctrl). N = 5 independent experiments. Scale bars: 200 μm
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DAPT treatment reverses the impaired angiogenic 
functions of HUVECs caused by endothelial 
KINDLIN‑2 inhibition

Through intensifying the NOTCH1 pathway, KINDLIN-2 
deficient HUVECs hardly degrade the surrounding matrix 
components, migrate, and generate tubular structures. Next, 
we examined if NOTCH1 inhibitor DAPT could reverse 
the impaired angiogenesis capacity of HUVECs caused by 
KINDLIN-2 deficiency. Firstly, we stimulated HUVECs 
with DAPT for 24 h and 48 h. The morphology of HUVECs 
was not changed, and CCK8 assay demonstrated that DAPT 
had no obvious cytotoxicity (Fig. S5H, I). Results showed 
that the increase of NICD, HEY1, HES1 caused by KIND-
LIN-2 knock down was reversed by the treatment of DAPT 
(Fig. 6A–E). Subsequently, we also demonstrated that the 
decreased degradation of matrix, migration, formation of 
tube-like structures and sprouting by HUVECs deficient of 
KINDLIN-2 were reversed by DAPT treatment (Figs. 6I, 
S5A–G). In the absence of KINDLIN-2, the increased pro-
tein level of NICD in nucleus and HEY1 in cytoplasm were 
reversed by the DAPT treatment (Fig. 6F–H). Collectively, 
these results indicate that acute blockage of NOTCH1 signal 
in ECs at least partially rescues the angiogenic dysfunction 
caused by KINDLIN-2 deficiency.

Since the impaired angiogenic functions of HUVECs 
caused by KINDLIN-2 deficiency could be reversed by 
DAPT treatment, we further explored the inhibitory effect 
of DAPT in retinas vascular network. Vascular plexus of 
neonatal mice originates from optic nerves and extends to 
the periphery of retinas. Vascular network can cover all the 
surface layer of retinas at P7 [54, 55]. Intravitreal injection 
of siKindlin-2 and DAPT were performed at P4. Results 

showed that after 48 h, retinal angiogenesis of P6 mice was 
dramatically inhibited by Kindlin-2 inhibition revealed by IF 
staining of CD31, which could be largely rescued by DAPT 
treatment (Fig. 6J).

Altogether, these data demonstrate that pathological 
angiogenesis manifested as excessive sprouting could be 
prevented by endothelial Kindlin-2 inhibition. Finally, Kind-
lin-2 regulation of angiogenesis and the underlying mecha-
nism was depicted in the diagram (Fig. 6K).

KINDLIN‑2 deficiency attenuates excessive 
angiogenesis caused by high glucose (HG) 
treatment

To evaluate whether targeting endothelial Kindlin-2 can 
prevent excessive angiogenesis induced by HG, we per-
formed the in vitro HG model. Results showed that KIND-
LIN-2 in HUVECs was increased by HG (Fig. 7A–D). Due 
to the positive relationship between the level of Kindlin-2 
and angiogenesis demonstrated in this study, vascular over-
growth occurs during HG treatment is possibly caused by 
increased expression of endothelial KINDLIN-2. To confirm 
the hypothesis, we performed HG treatment on HUVECs 
with or without KINDLIN-2 knockdown. The strengthened 
functions of HUVECs by HG treatment, such as gelatin 
degradation, migration and morphogenesis, were disrupted 
by the inhibition of endothelial KINDLIN-2 (Fig. 7E–I). 
In 3D cultured system, KINDLIN-2 deficiency reversed 
the increase of number, length and filopodia assembly of 
endothelial sprouts in HG-treated HUVECs (Fig. 7J–N).

Discussion

Although previous studies have suggested the potential 
role of Kindlin-2 in angiogenesis, the role of Kindlin-2 in 
developmental angiogenesis has not been reported from the 
endothelial level. Our work represents the first systematic 
study of the functions of Kindlin-2 in developmental angio-
genesis. In this study, we decipher that endothelial Kind-
lin-2 determines the dynamic switch between tip cells and 
stalk cells by interacting with Notch directly to modulate 
developmental angiogenesis. The critical roles of endothelial 
Kindlin-2 in angiogenesis defined in our study highlight the 
possibility of Kindlin-2 as a potential target for the treatment 
of angiogenic diseases.

Our first purpose is to verify the indispensable roles of 
endothelial Kindlin-2 during developmental angiogenesis 
in vivo. We failed to obtain any live cKO mice since they 
died at E10.5. This phenomenon overwhelmingly supports 

Fig. 5  KINDLIN-2 sustains the NOTCH1 stability by interacting 
with NICD and preventing the cleavage of NOTCH1. A Immuno-
fluorescence staining of NOTCH1 or NICD (red) and KINDLIN-2 
(green) of HUVECs. N = 6 independent experiments. Scale bars: 
10  μm. B, C Co-IP assays of V5-NICD and Flag-KINDLIN-2 in 
HEK293T cells. N = 5 independent experiments. D, E co-IP assays of 
NICD and KINDLIN-2 in HUVECs. N = 5 independent experiments. 
F, G MG132 assays of HUVECs transfected by siNC and siK2. The 
cells were pre-treated by MG132 (10  μg) for 6  h before harvested. 
N = 5 independent experiments. H, I CHX (100 μg/ml) experiments 
of HUVECs transfected with siK2 or siNC, samples were harvested 
at various time points. Protein level of NICD was examined by West-
ern Blotting. N = 5 independent experiments. J, K DAPT treatment of 
HUVECs transfected with siK2 or siNC, samples were harvested at 
different time points. Protein level of NICD was detected by Western 
Blotting. N = 5 independent experiments. L CO-IP assays of NICD 
and full-length or truncated KINDLIN-2, HUVECS were transfected 
with full-length or truncated KINDLIN-2 for 48 h, and cell extracts 
were harvested for CO-IP assays. N = 5 independent experiments

◂
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our results of in vitro experiments, which clearly reveal 
the impaired angiogenic capacity of HUVECs caused by 
KINDLIN-2 deficiency. Hierarchical plexus generated dur-
ing embryonic development is achieved by two dynamic 
and distinct processes: vasculogenesis and angiogenesis 
[56]. Unlike angiogenesis occurring in the pre-existing 
vessels, vasculogenesis refers to de novo assembly of ves-
sels. Angioblasts, originated from lateral plate mesoderm, 
can be organized into cord-like primitive vessels, which 
are expanded to fulfill the mature network. The growth of 
embryonic mice from E6.5 to E9.5 is nourished by vascu-
logenesis and then by angiogenesis [57]. In consideration 
of the similar embryonic morphology between cKO and 
control embryos at E9.5, it is possible that angioblasts 
are not affected by Kindlin-2 deletion in endothelial cells 
and the cKO embryos have normal vasculogenesis before 
E9.5. However, for the following angiogenesis, the cKO 
embryos cannot form neo-vessels effectively to ensure sur-
vival and die at E10.5.

The role of Kindlin-2 in regulating angiogenesis arouses 
our interest because of the varying KINDLIN-2 expression 
in HUVECs after treated with angiogenic factors. Results 
strongly demonstrate that adequate endogenous KINDLIN-2 
in HUVECs guarantees matrix degradation, migration and 
tube formation capacities required for sprouting angiogen-
esis [58]. We for the first time establish the direct inhibi-
tion of Kindlin-2 on Notch1 pathway, which serves as the 

underlying mechanism above. Conversely, rescuing effect of 
Notch1 inhibition on angiogenic impairment caused by defi-
ciency of endothelial Kindlin-2 demonstrates that Notch1 
pathway plays a major role in response to Kindlin-2. Para-
doxically, VEGFA activates the Notch1 pathway to set up 
a negative regulatory loop to sustain the permanent angio-
genesis [59], and the involvement of elevated Kindlin-2 is 
revealed in this study.

To ascertain whether the mouse phenotype caused by 
Kindlin-2 knockout in our study is mediated by integrin 
activation, we conducted WB analysis using the 9EG7 
and 12G10 antibodies on mouse endothelial cells derived 
from control and cKO mice (Fig. S3A) and HUVECs (Fig. 
S3B, C). Additionally, we performed further confirmation 
through IF staining on tissue sections (Fig. S3D). Both 
results of WB analyses and IF staining lead to the conclu-
sion that Kindlin-2 alterations in endothelial cells do not 
affect integrin activation states.

Furthermore, there are indeed many publications show-
ing that Kindlin-2 alterations affect integrin activation 
states; however, there are also publications proving that 
Kindlin-2 can control organogenesis and homeostasis 
through integrin-independent mechanisms [12, 60–62].

Angiogenesis is considered as a double-edged sword. 
Despite that physiological angiogenesis is essential for 
organ development and homeostasis, aberrant angiogen-
esis is closely related to serious complications. Therefore, 
abnormal vasculature is deemed as the target of effective 
therapy especially for patients who are not suitable for 
surgery. Due to probable off-target side effects and drug 
resistance of anti-VEGF/VEGFR agents, it emphasizes the 
significance of further studying the molecular mechanisms 
controlling angiogenesis [63]. Our study demonstrates the 
vital roles of Kindlin-2/Notch1 signaling in physiologi-
cal angiogenesis, which is in favor of the normal embry-
onic development. Importantly, we identify Kindlin-2 as a 
potential switch for regulating angiogenic balance during 
physiological or pathological processes.

In summary, we for the first time report the key role of 
endothelial Kindlin-2 in controlling angiogenesis, and we 
demonstrate that Kindlin-2 is a potential therapeutic target 
for treatment of angiogenic diseases, such as retinal angio-
proliferative disorders. There are still some limitations in 
our study. Firstly, the effect of enhanced endothelial Kind-
lin-2 on angiogenesis is not identified in vivo. Secondly, 
although Kindlin-2 is the key regulator to fine-tune the 
physiological angiogenesis, the involvement and underly-
ing mechanism of endothelial Kindlin-2 in pathological 
angiogenesis are not revealed. We plan to carry out these 
investigations in our future study.

Fig. 6  Impaired angiogenic functions caused by endothelial KIND-
LIN-2 inhibition is reversed by treatment of NOTCH inhibitor 
DAPT. A–C Western blotting of NICD, HEY1. HUVECs were trans-
fected with siK2 or siNC for 48 h and treated with or without DAPT 
(N = 5 independent experiments, mean ± SD is shown. **p < 0.01, 
***p < 0.001, ****p < 0.0001 vs siNC. Two-way ANOVA Bonferroni 
multiple comparison test, ####p < 0.0001). D, E qRT-PCR of HEY1 
and HES1. HUVECs were transfected with siK2 or siNC for 48  h 
and treated with or without DAPT (N = 5 independent experiments, 
mean ± SD is shown. ****p < 0.001 vs siNC. Two-way ANOVA Bon-
ferroni multiple comparison test, ####p < 0.0001). F–H Immunofluo-
rescent staining of NICD and HEY1. Cells transfected with siK2 or 
siNC for 48 h and treated with or without DAPT (N = 8 independent 
experiments. mean ± SD is shown. *p < 0.05, ***p < 0.001, vs siNC. 
Two-way ANOVA Bonferroni multiple comparison test, #p < 0.05, 
####p < 0.0001). Scale bars: 50  μm. I Tube formation of HUVECs, 
cells were transfected with siK2 or siNC for 48  h and treated with 
or without DAPT. N = 4 independent experiments. Scale bars:1 μM. 
J CD31 stained retinal wholemounts from P6 mice. Intravitreally 
injected with the siNC, siK2 or DAPT at P4. N = 4 mice in each 
group. Scale bars: 1  mm. K Working model of Kindlin-2 limiting 
Notch1 signaling. During angiogenesis, endothelial Notch1 is cleaved 
by γ-secretase. Free Notch1 Intracellular Domains (NICD) are trans-
ferred to nucleus to direct the transcription of Hey1 and Hes1. Kind-
lin-2 interacts with NICD and prevents the cleavage of Notch1. In 
contrast, Kindlin-2 deficiency facilitates Notch1 signal

◂
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