
INTRODUCTION

Angiogenesis, which is the sprouting of new blood vessels 
from pre-existing vasculature, is a crucial process in tumour 
pathogenesis and invasive tumour growth as well as devel-
opment, wound repair and reproduction (Risau, 1997). Thus, 
anti-angiogenesis-based therapies are useful modalities for 
the treatment of cancer. Angiogenesis is essential for the 
growth and progression of tumours because it enables the de-
livery of oxygen and nutrients to the growing tumour (Li et al., 

2018; Lugano et al., 2020). Vascular endothelial growth factor 
(VEGF) and hypoxia-inducible factor-1α (HIF-1α) play pivotal 
roles in tumour angiogenesis. One of the key mediators of 
blood-vessel formation during development is VEGF, promot-
ing the proliferation, survival, and migration of endothelial cells 
(Ferrara, 2002). Receptors called vascular endothelial growth 
factor receptor-1 (VEGFR-1; Flt-1), VEGFR-2 (KDR/Flk-1), 
and VEGFR-3 (Flt-4) regulate pathological and physiological 
angiogeneses. Interestingly, VEGFR-1 is also a key receptor 
in developmental angiogenesis and does not appear to be an 

506

The imprinted tumour suppressor NOEY2 is downregulated in various cancer types, including ovarian cancers. Recent data sug-
gest that NOEY2 plays an essential role in regulating the cell cycle, angiogenesis and autophagy in tumorigenesis. However, 
its detailed molecular function and mechanisms in ovarian tumours remain unclear. In this report, we initially demonstrated the 
inhibitory effect of NOEY2 on tumour growth by utilising a xenograft tumour model. NOEY2 attenuated the cell growth approxi-
mately fourfold and significantly reduced tumour vascularity. NOEY2 inhibited the phosphorylation of the signalling components 
downstream of phosphatidylinositol-3’-kinase (PI3K), including phosphoinositide-dependent protein kinase 1 (PDK-1), tuberous 
sclerosis complex 2 (TSC-2) and p70 ribosomal protein S6 kinase (p70S6K), during ovarian tumour progression via direct bind-
ing to vascular endothelial growth factor receptor-2 (VEGFR-2). Particularly, the N-terminal domain of NOEY2 (NOEY2-N) had a 
potent anti-angiogenic activity and dramatically downregulated VEGF and hypoxia-inducible factor-1α (HIF-1α), key regulators 
of angiogenesis. Since no X-ray or nuclear magnetic resonance structures is available for NOEY2, we constructed the three-
dimensional structure of this protein via molecular modelling methods, such as homology modelling and molecular dynamic 
simulations. Thereby, Lys15 and Arg16 appeared as key residues in the N-terminal domain. We also found that NOEY2-N acts as 
a potent inhibitor of tumorigenesis and angiogenesis. These findings provide convincing evidence that NOEY2-N regulates endo-
thelial cell function and angiogenesis by interrupting the VEGFR-2/PDK-1/GSK-3β signal transduction and thus strongly suggest 
that NOEY2-N might serve as a novel anti-tumour and anti-angiogenic agent against many diseases, including ovarian cancer.
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essential factor for pathogenic angiogenesis (Hicklin and El-
lis, 2005). By contrast, VEGFR-2 possesses potent tyrosine 
kinase activity and is the main signal transducer for cellular 
events involved in tumour angiogenesis and tumour forma-
tion, including cell proliferation, migration, invasion, metasta-
sis and survival (Spannuth et al., 2009; Wang et al., 2020).

VEGF is activated under hypoxic conditions via the oxygen-
sensing factor HIF-1α. HIF-1 is a heterodimer consisting of 
HIF-1α and HIF-1β subunits and is an important transcription 
factor that mediates new blood vessel formation by regulat-
ing the expression of the angiogenic factor VEGF. Additionally, 
HIF-1 plays a major role in cellular responses to hypoxia in 
healthy and carcinoma cells (Masoud and Li, 2015). Hypoxia 
plays a pivotal role in tumour development, progression of 
vascular-related diseases and subsequent pathological an-
giogenesis involving upregulation of VEGF and VEGF-related 
target molecules. HIF-1α is a well-validated therapeutic target 
protein found in many solid tumours. It is the main regulator 
of several factors pivotal for tumour angiogenesis, involving 
those that modulate tumour progression, embryonic develop-
ment, cell metabolism, apoptotic cell death, and metastasis 
(Wigerup et al., 2016; Jing et al., 2019). HIF-1α is over-ex-
pressed in various human cancers, including brain, cervical, 
ovarian, gastric, bladder, breast, and pancreatic cancers. In 
addition, its cellular activity influences both tumour angiogen-
esis and tumourigenicity (Rankin and Giaccia, 2008).

NOEY2, a small GTP-binding protein belonging to the Ras 
superfamily, shares 60% homology with Ras and Rap (Gas-
per et al., 2010). NOEY2 can exist in a GTP-bound form and 
has various binding partners. NOEY2 harbours a unique se-
quence of 34 amino acids at its N-terminus (NOEY2-N), which 
is not often seen in other members of the Ras family (Luo et 
al., 2003). NOEY2 is expressed in healthy breast and ovar-
ian epithelial cells, but its expression is either lost or down-
regulated in breast and ovarian cancers. NOEY2 can shorten 
signalling via Ras/mitogen-activated protein kinase (MAPK), 
activates c-Jun N-terminal kinase, induces p21WAF1/CIP1, down-
regulates cyclin D1, and can also trigger apoptosis (Bao et 
al., 2002). NOEY2 is a unique tumour suppressor gene of the 
Ras superfamily, unlike other members of the Ras superfamily 
of proto-oncogenes (Yu et al., 1999). Although the molecular 
mechanisms whereby NOEY2 inhibits cell proliferation and 
motility are still vague, the N-terminus, which differentiates 
NOEY2 from other Ras proteins, seems vital for the tumour 
suppressor activity of NOEY2 (Nishimoto et al., 2005).

In this study, we confirmed the anti-tumour and anti-angio-
genic effects of NOEY2 in a mouse model of ovarian cancer. 
We also validated the anti-tumour and anti-angiogenic effects 
of NOEY2-N in vitro by using human umbilical vein endothelial 
cells (HUVECs) and ovarian carcinoma cells. Next, we estab-
lished a molecular model via homology modelling and mo-
lecular dynamic simulations, whereby potential key residues 
in NOEY2-N were identified. We expect that our findings will 
facilitate the discovery of anticancer drugs targeting Ras- fam-
ily oncogenes. 

MATERIALS AND METHODS

Cell culture conditions, animals and antibodies
Human ovarian carcinoma cell lines (SKOV-3 and OV-

CAR-3) and human embryonic kidney 293T (HEK293T) cells 

were maintained in accordance with American Type Culture 
Collection (ATCC, Manassas, VA, USA) instructions. HUVECs 
were obtained from Clonetics (Walkersville, MD, USA), and 
were grown in EGM-2 BulletKit medium (Clonetics) on 0.3% 
gelatin (Sigma, St. Louis, MO, USA) coated dishes. Cells were 
seeded in a humidity chamber at 37°C with 5% carbon dioxide. 
Specific pathogen-free BALB/c-nu/nu mice (approximately 5-6 
weeks old) were supplied by Orientbio (Seongnam, Korea). 
All animal studies were approved by the Institutional Animal 
Care and Use Committee (IACUC) at the Research Institute 
of the National Cancer Center (Goyang, Korea). The primary 
antibodies used were anti-caspase-3, anti-Bcl-2 anti-Bcl-xL, 
anti-Bax, anti-p53, anti-VEGFR-1, anti-VEGFR-2, anti-phos-
pho-VEGFR-2 (Tyr-951), anti-phospho-VEGFR-2 (Tyr-1175), 
anti-HIF-1α, anti-survivin, anti-COX-2, anti-PI3K, anti-phos-
pho-PI3K, anti-PDK-1, anti-phospho-PDK-1 (Ser241), anti-
Akt, anti-phospho-Akt (Ser473 and Thr308), anti-mTOR, anti-
phospho-mTOR (Ser2448), anti-TSC2, anti-phospho-TSC2 
(Ser1462), anti-p70S6K, anti-phospho-p70S6K (Thr421) (Cell 
Signaling, Beverly, MA, USA), anti-p27, anti-p21, anti-VEGF, 
anti-Ki67, anti-CD31 (PECAM-1) (Ab-1; Oncogene, Cam-
bridge, MA, USA), anti-PARP, anti-XIAP (BD Biosciences, San 
Jose, CA, USA), anti-cyclin D1, anti-CDK4, anti-NF-κB, anti-
GSK-3β, anti-phospho-GSK-3β (Ser-9) (Santa Cruz Biotech-
nology, Santa Cruz, CA, USA), anti-PCNA (Dako Denmark 
A/S, Glostrup, Denmark), anti-NOEY2 (BD Pharmingen, San 
Diego, CA, USA), and anti-NOEY2 and anti-β-actin (Sigma).

Conduction of NOEY2 overexpressing vector and 
transfection

The full length of NOEY2 was amplified by PCR and cloned 
into the EcoRI and XhoI fragment of the pcDNA3.1 expres-
sion vector. The primers of NOEY2 were designed as follows: 
forward, 5’-ATTGAATTCATGGGTAACGCCAGCTTTGGC-3’; 
reverse, 5’-CGGCTCGAGTCACATGATTATGCACTTGTC-3’. 
Subsequently, the plasmid pcDNA3.1-NOEY2 was transfect-
ed into SKOV-3 cells using Lipofectamine 2000 reagent (In-
vitrogen, Carlsbad, CA, USA), strictly following the manufac-
turer’s instructions. The non-transfected control cells and the 
empty vector transfected (pcDNA3.1 only) cells were evalu-
ated in parallel as a control. The stably transfected cells were 
selected by G418 (1 mg/mL, Invitrogen) after 10-14 days of 
two days post-transfection. 

Xenograft mouse model and immunohistochemistry
In brief, human SKOV-3 ovarian carcinoma cells (2.3×106), 

stably transfected with NOEY2 or empty vector, were injected 
subcutaneously into 5- to 6-week-old BALB/c-nu/nu mice and 
allowed to form tumours 70-100 mm3 in size. Tumour volume 
was calculated in three dimensions using callipers and evalu-
ated by the following formula: tumour volume (mm3)=(a×b2)/2, 
where a=length in mm and b=width in mm. Bodyweight was 
assessed every other day. Tumours were then excised and 
weighed, and half were frozen. Half were fixed in 10% neutral-
buffered formalin (NBF) to generate paraffin blocks for sec-
tioning, haematoxylin and eosin (H&E) staining and immuno-
histochemistry.

For immunohistochemistry, tumour samples from xeno-
grafted mice were collected, fixed and serially sectioned as 
previously reported (Yu et al., 2021). Slides were then incu-
bated with an anti-mouse CD31 (platelet-derived endothelial 
cell adhesion molecule; PECAM-1) (Abcam, Cambridge, UK) 
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overnight at 4°C, followed by a streptavidin-peroxidase com-
plex for 1 h at room temperature. Microvessel density was 
quantified in five randomly selected individual tumour fields 
(at 40× magnification) from each sample. The number of mi-
crovessels was also counted under a high-power microscope 
(at 400× magnification). Additional slides were stained with 
H&E (Sigma) according to the supplier’s instructions. All im-
munochemical analyses were performed using an Axiophot 
2 apparatus (Carl Zeiss MicroImaging Inc., Thornwood, NY, 
USA).

For western blotting analysis, protein lysates were prepared 
from homogenised frozen tumour tissues, and a Bradford 
protein assay was used to determine protein concentration. 
Equal amounts of protein (20 μg) were loaded onto 8-12% 
SDS-PAGE.

Flow cytometric analysis for apoptotic cell death and cell 
proliferation assay

For analysis of the DNA content using flow cytometry, SKOV-
3 and OVCAR-3 cancer cells were grown at a density of ap-
proximately 3.5-4.0×105 in 60-mm plates. Cells were detached 
using trypsin and rinsed twice with phosphate-buffered saline 
(PBS). The pellets were re-suspended with binding buffer and 
incubated with fluorescein isothiocyanate (FITC)-labelled an-
nexin V and propidium iodide (PI) for 15 min according to the 
supplier’s instructions (BD Pharmingen, Mississauga, ON, 
Canada). The labelled cells were analysed using a fluores-
cence activated cell sorting (FACS) Vantage BD FACSCalibur 
flow cytometer (Becton-Dickinson, Franklin Lakes, NJ, USA). 
Cell viability was measured using the CellTiter-Glo lumines-
cent assay kit (Promega, Madison, WI, USA) according to the 
manufacturer’s instructions. In brief, cells were maintained at 
a density of 4.0×103 per well in 96-well plates. After 24 h, cells 
were transfected/treated with control (empty-inserted vector 
only), NOEY2(wt), or three truncated mutants, respectively. 
Cell viability was calculated using CellTiter-Glo reagent (Pro-
mega, Madison, WI, USA).

Caspase-3 activity assay
For caspase-3 activity, cells (2.4×106) were maintained in 

either the absence or presence of NOEY2 for 24 h at 37°C. 
Caspase-3 activity was calculated using actyl-DEVD-7-ami-
no-4-trifluoromethyl coumarin as the substrate, according to 
the supplier’s instructions (BD Pharmingen). In brief, the cells 
were placed with VP-16 (100 μg/mL) for 24 h, lysed in lysis 
buffer, and centrifuged at 4°C for 25 min at 12,000 g. The 
activity was measured in the supernatant fraction according 
to proteolytic cleavage of the colourimetric substrate using a 
Spectramax 340 microplate reader (Molecular Devices, San 
Jose, CA, USA) in fluorescence mode with excitation at 405 
nm and emission at 505 nm (Kang et al., 2012). For analysis 
of poly (ADP-ribose) polymerase (PARP) cleavage, we per-
formed the protocols as described in the previous study (Ma-
harjan et al., 2019). Briefly, 50 μg of protein was incubated 
with 60 μM biotinylated nicotinamide adenine dinucleotide in 
a 50 μL final volume of PARP reaction buffer (50 mM Tris-
HCl, pH 8.0 and 25 mM magnesium chloride) for 1 h at 37°C. 
The reaction was stopped by adding sodium dodecyl sulphate 
(SDS) loading-dye buffer, and the products were separated 
using SDS-polyacrylamide gel electrophoresis (PAGE) and 
autoradiography.

Yeast two-hybrid (Y2H) protein analysis
For bait construction with human NOEY2, cDNA encoding 

full-length human NOEY2 was cloned into the EcoRI and XhoI 
restriction enzyme sites of the pGilda/LexA yeast shuttle vec-
tor. The bait pGilda/LexA-NOEY2-N plasmid was transformed 
into a yeast strain EGY48 using a modified lithium acetate 
protocol (Rho et al., 1999). Human VEGFR-1 and VEGFR-2 
were inserted, with each cDNA encoding a full-length into 
multi-cloning sites (MCS) of the pJG4-5 plasmid vector, which 
included B42 fusion proteins (Clontech, Palo Alto, CA, USA). 
VEGFR-1 or VEGFR-2 cDNAs encoding pJG4-5 fusion pro-
teins were introduced into yeast-competent cells that already 
contained pGilda/LexA-NOEY2-N. At the same times, the 
transformants were selected based on their tryptophan pro-
totrophy (plasmid marker) on a synthetic medium (Ura, His, 
Trp) containing 2% w/v glucose. The binding activity of the in-
teraction was calculated according to the previously described 
methods (Rho et al., 1996).

Co-immunoprecipitation (Co-IP) and western blotting
Co-IP was carried out as described previously (Rho et al., 

2020). Briefly, cells were trypsinised and then centrifuged. Cell 
pellets were washed in cold PBS and re-suspended in lysis 
buffer supplemented with protease inhibitors. The cell lysates 
were incubated with an anti-Flag antibody (Santa Cruz Bio-
technology) and then precipitated with protein A-agarose (Rho 
et al., 1999). About 20-30 μg of precipitated proteins were 
separated by 10-12% SDS-PAGE and transferred to Immobi-
lon P membrane (Millipore Corporation, Billerica, MA, USA). 
After blocking, the membranes were incubated with the indi-
cated specific primary antibodies, including anti-NOEY2 and 
anti-VEGFR-2. The membranes were rinsed three times in 
Tris-buffered saline, and Tween 20 washing buffer for 5 min, 
and then horseradish peroxidase-conjugated secondary anti-
bodies were incubated for 1 h at room temperature. The blots 
were visualised using an enhanced chemiluminescence de-
tection system (GE Healthcare, Piscataway, NJ, USA).

Luciferase reporter-gene analysis
The VEGFR-2 promoter fragment was cloned from human 

placental complementary DNA (cDNA) to evaluate VEGFR-2 
promoter activity by PCR using primers: 5′-TAGCGAGCTCT-
GCCACAAGAAGTCCACACA-3′ (sense); 5′-CACCCGACCT-
GTCTGCCTTCC-3′ (antisense). The domain including the 
VEGFR-2 promoter (from −887 to +295) region was introduced 
between the SacI and XhoI cloning sites of the pGL3 lucifer-
ase reporter expression vector (Promega). In vitro, VEGFR-2 
promoter activity was performed as previously reported (Rho 
et al., 2012). Briefly, cells were transiently transfected with 
each indicated reporter plasmid. After lysis, cell extracts were 
incubated with the luciferase substrate reagent for 30 min at 
room temperature. Then, a 5 μL aliquot of each sample was 
placed into the MicroLumat Plus LB96V luminometer (Berthold 
Technologies, Bad Wildbad, Baden-Württemberg, Germany).

[3H] Thymidine incorporation analysis
To measure endothelial cell proliferation, cells were seeded 

at a density of 3.0×104 per well of gelatinised plates in stan-
dard medium on day 0. Next, [3H] thymidine incorporation 
analysis was carried out as reported previously (Kim et al., 
2015).

Biomol  Ther 29(5), 506-518 (2021) 
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NOEY2 three-dimensional structure generation using a 
molecular modelling method, homology modelling

For the main body, except for N-terminal 34 amino acids, 
three x-ray crystal structures from the Ras superfamily were 
used as a template structure: human Rap1A (Protein Data 
Bank code: 1GUA), Rap2A (3RAP) and H-Ras (1K8R) struc-
tures. However, for the N-terminal domain, only one NMR 
structure was available: human interleukin-6 (1IL6). For ho-
mology-modelling procedures, the MODELER module in the 
INSIGHT II program (Accelrys, Inc., San Diego, CA, USA) was 
used to manipulate sequence and structure and to perform the 
calculations.

Two-domain structure connection using MD simulations: 
computer-based native conformational search

All EM and MD calculations were performed with the DIS-
COVER module in the INSIGHT II program using the consis-
tent-valence force-field (Dauber-Osguthorpe et al., 1988). A 
relatively small integration time step (1 fs) was used for the 
most exacting simulations. All the above MD simulations were 
done with distance-dependent dielectric constant and 12 Å of 
cut-off.

Endothelial cell tubular structure formation analysis
In vitro tube formation analysis was carried out as report-

ed previously (Rho et al., 2020). HUVEC cells were seeded 
in Growth factor-reduced Matrigel (200 μL of 10 mg/mL; BD 
Biosciences) coated 24-well plate and then incubated for 48 
h in M199 containing 1% FBS with/without 10 ng/mL VEGF. 
Morphological changes were photographed at 40× magnifica-
tion. Capillary-like tubular structures were monitored using an 
inverted microscope equipped with a digital charge-coupled 
device camera (Zeiss, Oberkochen, Baden-Württemberg, 
Germany) and quantified using ImageLab imaging software 
(MCM Design, Copenhagen, Denmark).

Site-directed mutagenesis of human NOEY2
Pfu DNA polymerase (Stratagene, La Jolla, CA, USA) was 

employed according to the manufacturer’s recommenda-
tions for all PCR amplifications. EcoRI and XhoI were used to 
cleave the resulting PCR product. The cleaved product was 
then cloned into pcDNA3.1 expression vector (Invitrogen). All 
point mutants of the NOEY2 gene were obtained using the 
QuikChange (Stratagene) site-directed mutagenesis kit, ac-
cording to the supplier’s instructions. The sequences of the 
mutated residues were confirmed by automatic sequencing 
(ABI 373).

Statistical analysis
Data values presented as mean ± standard deviation (SD) 

and statistical comparisons were determined statistically using 
Student’s t-test. A p-value of <0.05 was considered statistically 
significant.

RESULTS

NOEY2 is directly associated with the suppression of 
tumour growth and angiogenesis in vivo

To explore the direct anti-tumour and anti-angiogenic ac-
tivities of NOEY2, we investigated the effects of NOEY2 on 
tumour growth in ovarian tumour xenografts in vivo. A stable 

SKOV-3 ovarian cancer cell line overexpressing NOEY2 was 
established as described in the Materials and Methods. Hu-
man SKOV-3 ovarian cancer cells, stably transfected with 
NOEY2 or the empty vector, were subcutaneously injected 
into nude mice to induce the development of ovarian tumours. 
The tumour volume in the control group was notably increased 
after 14 days (mean volume 100 mm3; Fig. 1A). However, the 
tumour growth in the NOEY2 group was approximately 70% 
less than in the control group (Fig. 1B). Subsequently, the 
tumour sections were stained with haematoxylin and eosin 
staining to observe the histological differences. The tumour 
sections from the control group revealed high-grade carcino-
ma with an irregular cell distribution and mitotic morphology 
(Fig. 1C). However, the tumours from the NOEY2 group had 
late-apoptotic or necrotic cells indicated with arrows (Fig. 1C). 
Additionally, the tissues from the NOEY2 and control group 
were stained for Ki67, a marker of cell proliferation. Ki67 ex-
pression was noticeably lower in the NOEY2 group versus 
the controls. Immunohistochemical findings for cleaved cas-
pase-3 suggested an apoptotic effect of NOEY2 (Fig. 1C). To 
further clarify the cellular mechanisms underlying the growth-
inhibitory effects of NOEY2, the expression of cell-cycle-relat-
ed proteins in the xenografts was evaluated. The expression 
of Ki67, cyclin D1, and CDK4, which is associated with the 
cell-cycle transition from the G1 to S phase, was diminished 
notably, whereas p53 protein level was markedly increased 
in the NOEY2 group (Fig. 1D). To address whether NOEY2 
induces apoptotic cell death, we also performed western blot-
ting to evaluate the expression of a major protease control-
ling apoptosis. The expression of cell death-related proteins, 
such as caspase-3, was significantly enhanced in the NOEY2-
overexpressing tumours versus the controls (Fig. 1D). These 
results indicate that NOEY2 could reduce the tumour growth 
by activating apoptotic cell death in vivo. Accordingly, the ex-
pression of Bax was enhanced in the NOEY2-overexpress-
ing group versus the controls. In contrast, the expression of 
anti-apoptotic, oncogenic, and anti-proliferation markers, such 
as Bcl-2, survivin, cyclo-oxygenase, and X-linked inhibitor of 
apoptosis protein, was conspicuously reduced in NOEY2-
overexpressing tumours (Fig. 1E). Collectively, these results 
indicate that NOEY2 plays a pivotal role in preventing ovarian 
tumour progression. 

 We also confirmed the anti-angiogenic effects of NOEY2 in 
the tumours by counting the number of blood vessels stained 
with an antibody against CD31, a typical marker of endothe-
lial cells. A fourfold reduction in the number of CD31-positive 
blood vessels was found in the tumour sections from the NO-
EY2-overexpressing mice (Fig. 1F). Western blotting results 
also demonstrated that the expression of VEGF and HIF-1α, 
and phosphorylation of VEGFR-2 (Tyr-1175) were markedly 
decreased in the NOEY2-overexpressing tumours versus the 
controls (Fig. 1G). Interestingly, the level of VEGFR-1 phos-
phorylation (Tyr-951) was not changed (Fig. 1G). 

Finally, we assessed the effects of NOEY2 on the activation 
of PI3K since the pro-angiogenic effects of VEGF/VEGFR-2 
are mediated by the PI3K/Akt signalling (Byrne et al., 2005). 
NOEY2 noticeably decreased the phosphorylation of PDK1, 
PI3K, Akt, mTOR, TSC-2, p70S6K, and GSK3β (Fig. 1H). 
These results strongly indicate that NOEY2 induces apoptotic 
cell death and suppresses tumour progression and the PI3K/
Akt signalling pathway. In all, these data show that NOEY2 
potently suppresses tumour growth and angiogenesis in vivo.



510https://doi.org/10.4062/biomolther.2021.121

The N-terminal domain consisting of 34 amino acids 
(NOEY2-N) is necessary for NOEY2 (wild-type; wt)-
mediated tumour growth suppression

NOEY2 can be divided into an N-terminal region unique to 
NOEY2, the main body having five conserved GTP binding 

sites, and the CAAX motif of the C-terminal region (Luo et al., 
2003). In particular, the N-terminal region is unique for not ex-
isting in the RAS protein.

To identify the specific region responsible for the activity of 
anti-tumour effects, we generated three truncated NOEY2 ex-
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Fig. 1. NOEY2 inhibited tumour growth by suppressing angiogenesis in vivo. (A) Growth curves of human ovarian xenografts. NOEY2 sta-
bly transfected human SKOV-3 ovarian tumour cells, or empty vector (pcDNA3.1) stably transfected control cells were injected subcutane-
ously into nude mice to form tumours measuring 70 to 100 mm3. Tumour size was calculated every 3 days. *p<0.05; **p<0.01 versus con-
trol. (B) Tumours excised from control and NOEY2-overexpressed mice on day 28 of tumours measuring were photographed (left panel). 
Tumour weights were measured as the mean of three mice (n=5 per group) (right panel) ± SD. *p<0.05 versus control. (C) Sections of NO-
EY2-overexpressed and control tumours were stained with H&E (left panel), cell proliferation markers Ki67 (middle panel), and cleaved cas-
pase-3 (right panel) to observe cell morphology and apoptotic cell death (indicated with the arrows), respectively. Bars=50 μm. (D, E) 
Whole-protein extracts were isolated from tumours of xenografted mice and analysed by western blotting using indicated antibodies. β-actin 
was used to verify equal loading amounts among samples. (F) Endothelial cells in paraffin-embedded tumour sections were stained using 
anti-CD31 antibodies (left panel). Bar=50 μm. *p<0.05 versus control. (G) Whole-protein extracts from tumours were evaluated the protein 
expression of VEGF, HIF-1α, phosphorylation of VEGFR-2 (Tyr-1175) and phosphorylation of VEGFR-2 (Tyr-951) by western blotting. 
β-actin and VEGFR-2 were used as the loading control. (H) Total cell lysates were prepared and detected by western blotting using anti-
phospho-PI3K, anti-phospho-PDK1, anti-phospho-Akt, anti-phospho-mTOR, anti-phospho-TSC-2, anti-phospho-p70S6K and anti-phospho-
GSK-3β antibodies. Total non-phosphorylated proteins (PI3K, PDK1, Akt, mTOR, TSC-2, p70S6K, and GSK-3β) were used to verify equal 
loading amounts among samples.
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pressing constructs (deletion of the GTP-binding, C-terminal, 
and N-terminal domains) (Fig. 2A, top panel). 

To determine which regions of NOEY2 are important to 
induce cytotoxicity in SKOV-3 and OVCAR-3 ovarian cancer 
cells, the cells were transfected with the control (empty-vector 
only), NOEY2(wt), NOEY2 (ΔGTP BD), NOEY2 (ΔC-terminal), 
and NOEY2(ΔN-terminal), respectively. We first investigated 
the colony formation ability. The numbers of colonies formed 
were noticeably enhanced in NOEY2(ΔN-terminal)-only-
transfected SKOV-3 and OVCAR-3 cancer cells, whereas two 
constructs, including NOEY2(wt), inhibited the colony forma-
tion (Fig. 2A, bottom panel). 

Flow cytometric detection was then performed us-
ing labelled annexin V (Fig. 2B). The cells transfected with 
NOEY2(ΔN-terminal) showed no change in the early-stage or 
late-stage apoptotic fraction, as in the control. These observa-
tions suggest that cell growth suppression by NOEY2 results 
from increased apoptotic cell death and the N-terminus of 
NOEY2 (NOEY2-N) is essential to induce apoptosis. We next 
assessed the effects of NOEY2-N on cell viability by using the 
CellTiter-Glo assay kit as described in the methodology. As 
seen in Fig. 2C, the viability of the ovarian cancer cells was 
gradually diminished by treatment with NOEY2-N in a con-
centration-dependent manner. Subsequently, we examined 
whether this effect of NOEY2-N is related to the activation of 
caspase-3. NOEY2-N induced caspase-3 activity as much as 
NOEY2(wt) and significantly more than the control (Fig. 2D). 

Since cleaved caspase-3 can induce the degradation of 
pro-PARP, we investigated whether the activation of cas-
pase-3 induced by NOEY2(wt) or NOEY2-N ultimately induc-
es the cleavage of pro-PARP. As shown in Fig. 2E, NOEY2-N 
induced the degradation of Pro-PARP as much as NOEY2(wt) 
(Fig. 2E).

Collectively, these results indicate that the N-terminal do-
main consisting of 34 amino acids might contribute to the 
apoptotic and anti-proliferative effects of NOEY2 in ovarian 
cancer cells. 

NOEY2-N binds to VEGFR-2 but not VEGFR-1 and 
attenuates VEGF-induced VEGFR-2 phosphorylation (Tyr-
1175)

NOEY2 inhibits tumour angiogenesis. We investigated 
whether NOEY2-N, which mimics the apoptotic effects of 
NOEY2, can also mimic the anti-angiogenic effect of NOEY2 
on tumours. We first assessed the intracellular binding of 
NOEY2-N to VEGFR-1 and VEGFR-2. As presented in Fig. 
3A, β-galactosidase was fully activated (92.19 ± 0.91) upon 
the interaction of NOEY2-N with VEGFR-2 but not with the 
empty vector (vector only: 1.92 ± 0.69) or VEGFR-1 (2.01 ± 
0.72) (Fig. 3A). Therefore, in subsequent experiments, VEG-
FR-1 was used as a negative control. We next employed 
co-immunoprecipitation to confirm the direct interaction be-
tween NOEY2-N and VEGFR-2. DNA constructs express-
ing NOEY2-N (pcDNA3.1/Flag-NOEY2-N) and VEGFR-1 
(pcDNA3.1-VEGFR-1) or VEGFR-2 (pcDNA3.1-VEGFR-2) or 
pcDNA3.1/Flag-NOEY2-N and vector only (pcDNA3.1) were 
co-transfected into HEK293T cells. Immunoprecipitation was 
then performed using an anti-Flag antibody and lysates from 
the transfected cells, and the precipitates were detected using 
an anti-NOEY2, anti-VEGFR-1, or anti- VEGFR-2 antibody. As 
shown in Fig. 3B, pcDNA3.1-VEGFR-2 co-immunoprecipitat-
ed with pcDNA3.1/Flag-NOEY2-N (lane 3 in the right panel), 

but not with VEGFR-1 (lane 3 in the left panel) or pcDNA3.1 
(empty vector only) (lane 2 in the left panel) (Fig. 3B). VEG-
FR-2 is one of the key mediators of VEGF-induced endothelial 
cell function. Therefore, the inhibitory effect of NOEY2-N on 
VEGF-induced VEGFR-2 phosphorylation was evaluated in 
ovarian cancer cells in vitro. Ectopic expression of NOEY2-N 
remarkably suppressed the VEGF-induced VEGFR-2 phos-
phorylation (Tyr-1175) relative to that in the controls (Fig. 
3C). In contrast, VEGFR-1 phosphorylation (Tyr-951) did not 
change (Fig. 3C). These data suggested that NOEY2-N in-
hibited VEGFR-2 phosphorylation in ovarian cancer cells in 
vitro. We examined the effects of NOEY2-N on the expression 
of VEGFR-2 in SKOV-3 and HUVECs by using the luciferase 
reporter assay, which used the VEGFR-2 promoter inserted 
upstream of the luciferase gene. The luciferase activity was 
gradually reduced in both cell lines by transient transfection 
of NOEY2-N in a dose-dependent manner (Fig. 3D). Next, we 
examined the effects of NOEY-N on the expression of VEGF 
and HIF-1α in SKOV-3 cells. As we expected, ectopic expres-
sion of NOEY2-N dramatically suppressed the expression of 
both VEGF and HIF-1α (Fig. 3E). In addition, the VEGF ex-
pression was gradually diminished by NOEY2-N in a concen-
tration-dependent manner (Fig. 3F). 

Collectively, we found that administration of NOEY2-N re-
duced the levels of VEGF, HIF-1α, and phosphorylation of 
VEGFR-2 (Tyr-1175) in ovarian cancer.

Construction of the three-dimensional structure of the 
human NOEY2 and identification of the potential key 
residues in the N-terminal domain

Homology-modelled structures for the main protein body 
and N-terminal domain of the human NOEY2 were firstly 
constructed using MODELER with four available template 
structures--three for the main protein body and one for the 
N-terminal domain (Fig. 4A-4C). Initially, the two separately 
constructed structures were manually connected for the next 
step (Fig. 4D). To generate many different starting conform-
ers, the homology-modelled and manually connected struc-
ture was equilibrated for 50 ps at an abnormally high tempera-
ture (350K). The five selected conformers are shown with a 
starting structure (green coloured in Fig. 4C), and from them, 
the final five conformations were obtained. We compared the 
five structures with each other and found three structures 
with a relatively similar shape. One of these three structures 
was finally chosen as the native conformer. We selected the 
structure whose entire N-terminus interacted with the main 
protein-body regions (Fig. 4D). This final structure is the very 
first three-dimensional structure of the human NOEY2 protein.

To find or predict the key residues in the N-terminal domain, 
the selected final structure (Fig. 4D) was carefully investi-
gated. Two different views of the final native structure (Fig. 
4E, 4F) provide the relative position between the N-terminal 
domain and the main body. By checking the position of each 
residue in the N-terminal domain, residues 15 and 16 can 
easily be seen in the hinge region of the N-terminal domain. 
Therefore, Lys15 and Arg16 can be regarded as potential key 
residues in the N-terminal domain. Lys15 interacts with the 
side chains of the two main body residues through the back-
bone oxygen atom. The distances from the oxygen atom of 
Lys15, to NE2 of Gln189 and to CZ2 of Trp57 are 3.14 Å and 
3.27 Å, respectively (Fig. 4G). Arg16 interacts with the main 
body in a very different way than Lys15 does. Arg16 uses the 
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Fig. 2. N-terminal domain consisting of 34 amino acids is necessary for NOEY2(wt)-mediated tumour growth. (A) To assess the inhibitory 
effect, we generated three truncated NOEY2-expressing constructs (deletion of GTP-binding domain, deletion of C-terminal and deletion of 
N-terminal). Ovarian tumour cells were transfected with control (empty-inserted vector only), NOEY2(wt), NOEY2 (ΔGTP BD), NOEY2 (ΔC-
terminal) or NOEY2(ΔN-terminal), respectively. Transfected cells were re-plated in 100-mm diameter dishes and grown for 14 days. Num-
bers of crystal violet-stained colonies were counted. Data are presented as mean ± SD from three independent experiments. *p<0.05; 
**p<0.01 compared to control. (B) Cell distribution of early-stage and late-stage apoptotic cell death was calculated using FACScalibur. Cells 
were maintained on 60 mm-diameter plates and transfected with control (empty-inserted expression vector only), NOEY2(wt), NOEY2 
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(C) Cell proliferation was evaluated using the CellTiter-Glo assay system. SKOV-3 cells were grown at a density of 4.5×103 per well in 96-
well plates. After 24 h, cells were transfected with various concentrations of NOEY2-N. Each data point represents triplicate samples, and 
bars indicate mean ± SD. *p<0.05 versus zero concentration. (D) Caspase-3 activity was measured using a microplate reader in fluores-
cence mode with 400 nm (excitation wavelength) and 505 nm (emission wavelength). Enzyme activity was evaluated and indicated as fluo-
rescence by the formula supplied by the manufacturer. The data shown represent three independent experiments. *p<0.05 compared to 
control. (E) PARP cleavage activated by control, NOEY2(wt) or NOEY2-N transfection. Soluble protein extracts were prepared and visual-
ised by western blotting for cleaved PARP. Experiments were repeated at least three times with similar results. β-actin was used as a load-
ing control.
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side-chain atom, whereas Lys15 uses the backbone atom for 
the interaction. Additionally, Arg16 interacts with the backbone 
atoms from the main-body residues, whereas Lys15 interacts 
with the side-chain atoms from the main-body residues (Fig. 
4H). For Arg16, the distance between the NH2 and oxygen of 
Gly79 is 2.80 Å, and the distance between NE and oxygen of 

His82 is also 2.80 Å (Fig. 4H).

The K15 and R16 residues are essential for apoptosis and 
angiogenesis

The mutants 15KR16 of NOEY2-N by Ala, Asn, Asp, and Ser 
scanning mutagenesis were first determined by testing their 

L
e
x
A

-N
O

E
Y

2
-N

�
-g

a
la

c
to

s
id

a
s
e

a
c
tiv

ity
(u

n
it)

Vector only VEGFR-1 VEGFR-2

1.92 + 0.69 2.01 + 0.72 92.19 + 0.91

VEGFR-1

NOEY2-N

�-actin in WCL

W
B

Input 2 3 IP: anti-flag

VEGFR-2

NOEY2-N

�-actin in WCL

W
B

Input 2 3 IP: anti-flag

VEGFR-2

ControlUntreated NOEY2-N

VEGF (10 ng/mL)
9

8

7

6

5

4

3

2

1L
u
c
if
e
ra

s
e

a
c
ti
v
it
y

(f
o
ld

)

0
VEGRF-2 (ng)

NOEY2-N (ng)

+ +

+

+

++

+

+++

VEGRF-2-Luc (SKOV-3)
9

8

7

6

5

4

3

2

1L
u
c
if
e
ra

s
e

a
c
ti
v
it
y

(f
o
ld

)

0
VEGRF-2 (ng)

NOEY2-N (ng)

+ +

+

+

++

+

+++

VEGRF-2-Luc (HUVECs)

*

*

*

*

*

*

100

80

60

40

20

R
e
la

ti
v
e

V
E

G
F

p
ro

te
in

le
v
e
l
(%

)

0

Control

NOEY2-N

VEGF

HIF-1�

�-actin

ControlUntreated NOEY2-N

VEGF (10 ng/mL)

NOEY2-N concentration ( g)�

0.2 0.5 0.8 1.0 1.2

*

*

* *

A B

C D

E F

Fig. 3. NOEY2-N directly binds with VEGFR-2 but not VEGFR-1 and reduces VEGF-induced VEGFR-2 phosphorylation (Tyr-1175). (A) 
Positive interactions were validated by monitoring cell growth on a medium lacking leucine (upper panel) and forming blue colonies (lower 
panel) on X-gal plates, including 2% galactose. β-galactosidase activity (unit), evaluated by adding ONPG, is presented below the corre-
sponding lanes. Data are presented as mean ± SD from three independent experiments. (B) Co-IP of NOEY2-N with VEGFR-1 or VEG-
FR-2. Immunoprecipitation (IP) was performed using anti-Flag antibodies in lysates from transfected HEK293T cells, followed by western 
blotting with anti-NOEY2, anti-VEGFR-1, and anti-VEGFR-2 antibodies. (Left panel) lane 2, pcDNA3.1 (expression vector only) and pcD-
NA3.1/Flag-NOEY2-N transfectant; lane 3, pcDNA3.1/Flag-NOEY2-N and pcDNA3.1-VEGFR-1 transfectant. (Right panel) lane 2, pcD-
NA3.1 (expression vector only) and pcDNA3.1/Flag-NOEY2-N transfectant; lane 3, pcDNA3.1/Flag-NOEY2-N and pcDNA3.1-VEGFR-2 
transfectant. (C) SKOV-3 cells were treated with VEGF and then control-transfected or transfected with NOEY2-N. NOEY2-N significantly 
reduced phosphorylation of VEGFR-2 (Tyr-1175) triggered by VEGF. Phosphorylation of VEGFR-2 (Tyr-951 or Tyr-1175) was assessed by 
the specific antibody. VEGFR-2 was used as the loading control. (D) Inhibitory effect of VEGFR-2-dependent transcription by NOEY2-N. 
SKOV-3 and HUVECs were co-transfected with 500 ng of a VEGFR-2 expression plasmid (pcDNA3.1/VEGFR-2), 500 ng of VEGFR-2-Luc, 
and increasing concentrations of plasmid-encoding NOEY2-N (pcDNA3.1/Flag-NOEY2-N) (50, 250 and 500 ng). Data are presented as 
mean ± SD from three independent experiments. *p<0.05 compared to control. (E) SKOV-3 cells were incubated with/without 10 ng/mL 
VEGF stimulator and were then control (expression vector only)-transfected or transfected with NOEY2-N. Expression levels of VEGF and 
HIF-1α were then visualised by immunoblotting. Experiments were repeated at least three times with similar results. (F) SKOV-3 cells were 
seeded to a confluence of 80%. Exponentially growing cells were transfected with increased concentrations of NOEY2-N (0.0-1.2 μg). Ex-
pression levels of VEGF were calculated by scanning densitometry and normalised to levels of loading control. Each data point represents 
triplicate samples, and bars indicate mean ± SD. *p<0.05 compared to control.
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effects on the proliferation and death of endothelial cells. In 
general, VEGF enhanced the DNA synthesis of the un-trans-
fected cells, and the cells transfected with the empty vector 
were comparable to non-induced cells (Plate et al., 1992). 
HUVECs were treated with each of the mutants, and cell pro-
liferation was monitored by incorporating [3H] thymidine. The 
N-termini of the NOEY2 mutants involved K15A, K15D, K15N, 
K15S, R16D, R16N and R16S, which suppressed cell prolif-
eration to approximately 50-60% of that of the controls, where-
as the R16A mutant did not have any effect (Fig. 5A). The 
N-termini of the NOEY2 mutants K15A, K15D, K15N, K15S, 
R16D, R16N, and R16S induced the apoptosis of SKOV-3 
cells, whereas R16A again did not (Fig. 5B), as determined 
by observing apoptotic cell morphology (data not shown) and 
caspase-3 activity (Fig. 5C). Subsequently, to confirm the an-
giogenic effects of these various mutants, we conducted the 
capillary-like structure formation assay on Matrigel, an in vitro 
angiogenesis model, by using HUVECs. 

As seen in Fig. 6A, the un-transfected or control cells incu-
bated with VEGF formed a capillary-like tubule structure on 
Matrigel. In contrast, the K15A, K15A, K15D, K15N, K15S, 
R16D, R16N, and R16S mutants, including NOEY2-N (posi-
tive control), completely disrupted the VEGF-induced capil-
lary-like tubular structure, but the R16A mutant did not (Fig. 
6B). Finally, we examined the effects of the NOEY2 mutants 
on the expression of VEGF and HIF-1α by immunoblotting. 

As expected, the N-termini of the NOEY2 mutants, including 
K15A, K15D, K15N, K15S, R16D, R16N, and R16S, dramati-
cally suppressed the expression of both VEGF and HIF-1α, 
whereas R16A did not (Fig. 6C). 

Taken together, these results strongly suggest that the R16 
residue within the N-terminal region is a key residue involved 
in the apoptotic and anti-angiogenic activities of NOEY2. 

DISCUSSION

Currently, ovarian cancer remains the most fatal of the gyn-
aecological malignant tumours in women worldwide, and its 
incidence increases every year (Sung et al., 2021). Typically, 
the prognosis is poor because ovarian cancer often metasta-
sises early before it is diagnosed. Ovarian cancer metastases 
cannot grow to >1 mm without blood vessel formation and are 
thought to arise from epithelial cells in >90% of the cases. The 
endothelial cells of tumour vessels depend on pro-angiogenic 
components for proliferation and can proliferate more quickly 
than the vessels of healthy tissues, thus providing a target for 
anti-angiogenic therapy (Bamberger and Perrett, 2002; Cont-
educa et al., 2014). Generally, cytoreductive surgery and che-
motherapy with platinum compounds are the suggested stan-
dard treatments for advanced ovarian cancer (Tuninetti et al., 
2020). Unfortunately, more than half of patients with advanced 
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Fig. 4. Constructing three-dimensional structure of NOEY2 by homology modelling and prediction of the potential key residues in the N-ter-
minal domain of human NOEY2. (A) Four x-ray and NMR structures were used as template structures for homology modelling of NOEY2. 
A-I, Rap1A (PDB code: 1GUA), A-II, Rap2A (3RAP), A-III, H-Ras (1K8R), A-IV, interleukin 6 (1IL6). In panel A, structures in green are used 
for the main body of the NOEY2 model, and the orange-coloured structure is a reference for the N-terminal domain. (B) Manually connected 
initial model of NOEY2. N-terminal domain is shown in cyan, with grey showing the main body. (C) Five different conformations of the N-ter-
mini domain were selected from a 50 ps equilibration run for the production run (in salmon colours). The starting structure is green; the blue-
coloured N-terminal conformation in the Figure was used for further detailed analysis. (D) Final simulated structure for human NOEY2 pro-
tein. N-terminus and the main body of the protein are coloured blue and grey, respectively. This structure was time evolved from one of five 
conformers (blue colour in panel C). The Figure was generated with PYMOL (http://pymol.sourceforge.net). (E, F) Two different angle views 
of key residues in the ribbon diagram, main body and N-terminus domain, are shown in grey and blue colour, respectively. Key residues are 
highlighted as a stick model with element colours. (G) Interaction of backbone oxygen atoms in carboxyl group of Lys15 with the two side 
chains of Trp57 (3.27 Å) and Gln189 (3.14 Å). (H) Interaction of side chain Arg16 with the two backbone oxygen atoms of Gly79 (2.80 Å) 
and His82 (2.80 Å). Hydrogen bonds are shown as a yellow line. The backbone of the key residues highlighted in golden yellow. Atom co-
lours in stick model: red – oxygen, blue – nitrogen, and green – carbon. INSIGHT II program (Accelrys, Inc., San Diego, CA, USA) was used 
to produce the Figures.
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ovarian cancer will eventually progress with recurrence and 
chemoresistance to platinum (Lheureux et al., 2019). There-
fore, a new treatment strategy for ovarian cancer is urgently 
required. 

NOEY2 is an imprinted tumour suppressor gene whose 
expression is lost or downregulated in ovarian and breast 
cancers; in this sense, this gene is different from the Ras on-
cogene. NOEY2 may be vital for tumour suppression. The 
VEGF-mediated Ras signal transduction in endothelial cells 
is also essential for angiogenic responses (Nishimoto et al., 
2005). Over-expression of NOEY2 in mice results in reduced 

body size and impaired development in multiple organs. Bast 
et al. have reported that NOEY2 suppresses the STAT activity 
in breast and ovarian cancers, and lack of NOEY2 results in 
upregulation of the STAT activity, contributing to oncogenesis 
(Lu et al., 2008). 

NOEY2 enhances autophagy by suppressing the Akt/
mTOR-signalling pathway or by directly participating in the 
autophagy initiation complex through regulation of the nu-
clear localisation of the autophagy-associated transcription 
factor FOXO3 (Lu et al., 2014; Sutton et al., 2019). Zhong 
et al. (2019) have reported that NOEY2 downregulates the 
oncogenic Ras and induces autophagy via the Ras/Akt/mTOR 
pathway in glioblastoma. Recently, a novel mechanism of NO-
EY2-mediated inhibition of angiogenesis has been uncovered 
(Mao et al., 2019). NOEY2 is a new potent anti-angiogenic 
and anti-tumour protein that targets VEGF, HIF-1α,  and p53. 
Here, we suggest a possible mechanism of NOEY2-mediated 
inhibition of angiogenesis and tumour growth. This mecha-
nism, which involves direct binding of NOEY2 to VEGFR-2, 
whereby the PI3K-activated mTOR-signalling is inhibited.

In xenograft mouse models, tumour growth and angiogene-
sis are associated with HIF-1α expression. In addition, HIF-1α 
protein synthesis is controlled by promoting the PI3K/Akt and 
extracellular signal-regulated kinase (ERK)/MAPK-signalling 
pathways and is involved in tumour growth (Majmundar et al., 
2010; Shi et al., 2021). Similar findings have been reported in 
studies on ovarian and brain cancers and indicated a regulato-
ry role of HIF-1α in initiating angiogenesis via interactions with 
pro-angiogenic factors such as VEGF (Zagzag et al., 2000; 
Birner et al., 2001). 

The over-expression of the tumour suppressor p53 under 
hypoxia may be linked to the HIF-1α-dependent pathway 
that initiates apoptosis. Furthermore, p53-independent path-
ways may provoke apoptotic cell death via the Bcl-2 pathway 
(Meadows et al., 2001). As shown in Fig. 1D, the levels of 
p53 protein and its transcriptional target p21 were markedly 
increased in NOEY2-transfected xenograft mice. However, 
the expression of the anti-apoptotic proteins Bcl-2 and Bcl-xL 
was strikingly decreased (Fig. 1E). Similarly, western blotting 
results demonstrated that the expression of VEGF and HIF-1α 
and the phosphorylation of VEGFR-2 (Tyr-1175) were mark-
edly decreased in the NOEY2-treated tumours versus controls 
(Fig. 1G). In contrast, the level of VEGFR-2 phosphorylation 
(Tyr-951) did not change (Fig. 1G).

Finally, we used western blotting analysis to assess the ex-
pression of PI3K, a signalling factor downstream of VEGFR-2 
in NOEY2-treated tumours. Treatment with NOEY2 noticeably 
decreased the phosphorylation, but not total levels, of PDK1, 
Akt, mTOR, TSC-2, p70S6K, and GSK-3β (Fig. 1H). These 
results strongly indicate that NOEY2 induces changes in the 
VEGFR-2 related PI3K/Akt signalling pathway. 

Expression of VEGF has been proposed to be associated 
with the prognosis in ovarian cancer (Horikawa et al., 2017; 
Shen et al., 2017; Guo and Lu, 2018). VEGF exerts an an-
giogenic activity by directly interacting with VEGFR-2. The 
tumour suppressor NOEY2-N directly binds to VEGFR-2 but 
not VEGFR-1 (Fig. 3A, 3B). As shown in Fig. 3C, the ecto-
pic expression of NOEY2-N diminished the VEGF-stimulated 
VEGFR-2 phosphorylation (Tyr-1175). In contrast, the VEG-
FR-2 phosphorylation of Tyr-951 was not suppressed. These 
results suggested that NOEY2-N mimics the anti-angiogenic 
effects of NOEY2. 
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Fig. 5. NOEY2-N and eight mutants induce apoptosis via a cas-
pase-3-dependent pathway. (A) The growth-inhibitory effect of NO-
EY2-N and eight mutants on endothelial cell proliferation. Cells 
were maintained and incubated for 3 days with/without VEGF. 
Counts per minute of [3H] thymidine were calculated using a liquid 
scintillation counter. Each data point represents triplicate samples, 
and bars indicate mean ± SD. *p<0.05; **p<0.01 compared to con-
trol. (B) Cell proliferation was estimated using the CellTiter-Glo as-
say system. SKOV-3 cells were maintained at a density of 4.3×103 
per well in 96-well plates. After 24 h, cells were transfected with 
NOEY2-N or various mutants. Data are presented as mean ± SD 
from three independent experiments. *p<0.05; **p<0.01 versus 
control. (C) Caspase-3 activity was estimated using a Spectramax 
340 microplate reader (Molecular Devices, Sunnyvale, CA, USA) 
in fluorescence mode 400 nm (excitation) and 505 nm (emission) 
according to the manufacturer’s instructions. Enzyme activity was 
evaluated from fluorescence values according to the formula pro-
vided by the manufacturer. Each data point represents triplicate 
samples, and bars indicate mean ± SD. *p<0.05; **p<0.01 com-
pared to control.
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Through homology modelling of NOEY2, we predicted that 
K15 and R16, which reside in the hinge region of the N-ter-
minal domain, are important for the intramolecular interaction 
with the main domain (Fig. 4). The importance of these two 
residues for the apoptosis and anti-angiogenic effects of NO-
EY2-N was evaluated through site-directed mutagenesis (Fig. 
5, 6). We found that the R16 residue of NOEY2-N is important 
for the apoptotic and anti-angiogenic effects.

It has been reported that NOEY2-N can inhibit the RAS/
MAPK signalling by directly binding to K-ras and H-ras (Sutton 
et al., 2019). These observations suggest the possibility that 
NOEY2-N may act as a RAS inhibitor. Our findings, which NO-
EY2-N directly binds to VEGFR2 and inhibits the downstream 

signalling, confirm and expand the importance and usefulness 
of NOEY2-N.

In summary, we propose that NOEY2 may overcome the 
deficiencies of the existing therapies that target VEGF, HIF-
1α, p53, or the associated signalling pathways. With over-
expression of NOEY2-N and its binding with VEGFR-2, it was 
observed that VEGF-induced endothelial cell was significantly 
diminished via inhibition of the VEGFR-2/mTOR/HIF-1α sig-
nalling pathway. NOEY2-N can have a greater inhibitory effect 
on tumour cells and tumour vessels with over-activated VEGF 
and HIF-1α signalling pathways. In particular, the R16 residue 
within the N-terminal region of NOEY2 is involved in the activa-
tion of apoptosis. The interaction of NOEY2-N with VEGFR-2 
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offers a useful mechanism for inhibiting oncogenesis. Further 
research on NOEY2-N and its tumour-suppressing character-
istics may lead to effective anticancer therapies in the future.
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