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Abstract 

R-(-)-β-O-methylsynephrine (OMe-Syn) is a naturally occurring small molecule that was identified 
in a previous screen as an inhibitor of angiogenesis. In this study, we conducted two animal model 
experiments to investigate the in vivo antiangiogenic activity of OMe-Syn. OMe-Syn significantly 
inhibited angiogenesis in a transgenic zebrafish model as well as in a mouse retinopathy model. To 
elucidate the underlying mechanisms responsible for the antiangiogenic activity of OMe-Syn, we 
used phage display cloning to isolate potential OMe-Syn binding proteins from human cDNA li-
braries and identified nucleoporin 153 kDa (NUP153) as a primary binding partner of OMe-Syn. 
OMe-Syn competitively inhibited mRNA binding to the RNA-binding domain of NUP153. Fur-
thermore, depletion of NUP153 in human cells or zebrafish embryos led to an inhibition of an-
giogenesis, in a manner similar to that seen in response to OMe-Syn treatment. These data suggest 
that OMe-Syn is a promising candidate for the development of a novel antiangiogenic agent and 
that inhibition of NUP153 is possibly responsible for the antiangiogenic activity of OMe-Syn. 
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Introduction 
Angiogenesis is a physiological process through 

which new blood vessels form from existing vascula-
ture. It is an essential process in embryonic develop-
ment and wound healing and is precisely regulated 
by a number of endogenous regulatory factors [1]. 
However, aberrant regulation of angiogenesis is in-
volved in several diseases, including cancer, reti-
nopathy, and macular degeneration [2, 3]. Thus, reg-
ulation of pathological angiogenesis by pharmaco-
logical agents such as small molecules or monoclonal 
antibodies has become a promising strategy to treat 
angiogenesis-related diseases [4, 5]. 

 We previously conducted an unbiased drug 

screen for angiogenesis inhibitors from a small natural 
product fragment library with improved aqueous 
solubility and membrane permeability profiles [6]. A 
natural product, R-(-)-β-O-methylsynephrine (OMe- 
Syn) isolated from plants from the Rutaceae family 
was one of the most potent hits from the screen and 
was subsequently demonstrated to inhibit vascular 
endothelial growth factor (VEGF)-induced angiogen-
esis in vitro and in the chorioallantoic membrane 
(CAM) in chick embryos [6]. The simple and unique 
chemical structure and good membrane permeability 
of OMe-Syn highlight it as a potentially useful can-
didate in the development of novel antiangiogenic 
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agents. However, a more thorough in vivo demon-
stration of the antiangiogenic activity of OMe-Syn is 
required for further preclinical and clinical develop-
ment of this compound. Moreover, the mechanisms 
through which OMe-Syn suppresses angiogenesis are 
not yet understood. Therefore, in this study, we em-
ployed two animal models of angiogenesis to inves-
tigate the antiangiogenic activity of OMe-Syn in vivo: a 
transgenic zebrafish model and a mouse oxy-
gen-induced retinopathy model. In addition, we syn-
thesized a biotinylated affinity probe of OMe-Syn to 
identify potential cellular binding partners. Using a 
T7 phage display of human cDNA libraries, we iden-
tified nucleoporin 153 kDa (NUP153) as one of the 
potential binding partners of OMe-Syn. 

NUP153 is a component of the nuclear pore 
complex (NPC), which serves as a gated channel to 
regulate macromolecular transport between the cyto-
plasm and the nucleus [7, 8]. Misregulation of this 
gated channel, including modification of the cargo, 
changes in nuclear transport machinery, or refor-
mation of the NPC itself, may influence cellular func-
tion and subsequently lead to tumorigenesis [9]. 
Among the nucleoporins, NUP153 has been high-
lighted as a key player in the NPC. NUP153 plays an 
important role in the export of RNAs and proteins 
from the nucleus to the cytoplasm [10]. A recent re-
port showed that reduced expression of NUP153 re-
sulted in a delay in mitosis and cell cycle progression 
without affecting global nucleocytoplasmic transport 
in cancer cells [11]. Notably, depletion of NUP153 in 
human breast carcinoma cells affected both cell mi-
gration and the cell cycle [12]. These studies indicate 
that NUP153 may have previously unrecognized roles 
in cell proliferation and cancer progression in addi-
tion to its basic function in nucleocytoplasmic 
transport. 

In this study, we show that OMe-Syn effectively 
inhibits angiogenesis in both transgenic zebrafish and 
a mouse retinopathy model. We further report that 
OMe-Syn binds to NUP153, a key component of the 
NPC, and inhibits the binding of RNA to NUP153. 
Depletion of NUP153 in endothelial cells and in 
zebrafish resulted in the inhibition of angiogenesis in 
a manner similar to that seen with OMe-Syn treat-
ment; this observation indicates that NUP153 may be 
a possible molecular target of OMe-Syn. 

Materials and Methods 
Zebrafish angiogenesis model 

Zebrafish were maintained on a 14-hour 
light/dark cycle at 28 °C. All zebrafish experiments 
were done according to the National Institute of 
Health guidelines. Embryos were collected in Ringer’s 

solution according to standard protocols [13]. For the 
drug treatment, DMSO stock solution of OMe-Syn (10 
mM in DMSO) was diluted in Ringer’s solution to the 
appropriate concentration. The final concentration of 
DMSO did not exceed 1% of the total volume of me-
dia. Embryos at the one-cell stage were added to the 
solutions. For the morpholino (MO) knockdown ex-
periments, zebrafish embryos at the one-cell stage 
were added to Ringer’s solution containing MOs 
(Gene Tools; Philomath, OR, USA) designed to block 
translation (5ʹ-TTTTCCCTCCTCCTGTCGCCGCCAT- 
3ʹ) or splicing (5ʹ-ACATTGAGACATGTTCAGA 
CCTGAT-3ʹ) of NUP153. Tricaine was diluted in 
Ringer’s solution (0.6%, w/v) to anesthetize the em-
bryos for imaging. Zebrafish images were taken with 
a Fluoview FV1000 confocal microscope (Olympus; 
Center Valley, PA, USA). 

Mouse oxygen-induced retinopathy model 
C57BL/6J mice were purchased from Central 

Laboratory Animal Inc. (Seoul, Republic of Korea). 
Protocols for animal care, use, and treatment were in 
agreement with the “ARVO Statement for the Use 
injected intravitreously once with 20 μM OMe-Syn in 
1 μL PBS on P14, when of Animals in Ophthalmic and 
Vision Research.” Mice were kept at room tempera-
ture (~23°C) under a standard 12-hour light/dark 
cycle. For the induction of mouse oxygen-induced 
retinopathy (OIR), we followed a procedure described 
by Smith et al. [14] with some modifications [15]. At 
postnatal day (P) 7, pups were exposed to hyperoxia 
(75 ± 0.5% O2) for 5 days (P7–P12) and then returned 
to normoxia (room air) for 5 days. To assess the anti-
angiogenic activity of OMe-Syn, the pups were retinal 
neovascularization begins after hyperoxia treatment. 
Retinal neovascularization was evaluated at P17, 
when it peaks after hyperoxia treatment. Ten animals 
were used in each group. 

Assessment of retinal neovascularization by 
fluorescein angiography 

Deeply anesthetized OIR mice were intracardi-
ally injected with a fluorescein-conjugated dextran 
(molecular weight = 500,000; Sigma-Aldrich; St. Louis, 
MO, USA) in PBS. After 1 hour of perfusion, the eyes 
were enucleated and fixed in 4% paraformaldehyde in 
0.1 M phosphate buffer for 1 hour. The retinas were 
dissected, flat-mounted and viewed by fluorescence 
microscopy (Eclipse 80i; Nikon Instruments Inc. To-
kyo, Japan) at 40× magnification. 

Quantitative assessment of retinal neovascu-
larization  

After being fixed for 24 hours, the eyes were 
embedded in paraffin after fixation for another 24 
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hours. Sagittal sections (5 μm) were cut at 30 μm in-
tervals through the cornea parallel to the optic nerve. 
The paraffin sections were stained with hematoxylin 
and eosin. To quantify retinal neovascularization, 
vascular lumens on the vitreal side of the inner limit-
ing membrane were counted in 10 sections from each 
eye in a blinded manner and plotted using the 
Graphpad prism software (GraphPad Software, San 
Diego, CA, USA). 

Cell culture and proliferation assay 
Human umbilical vein endothelial cells (HU-

VECs, 7–11 passages) were grown in endothelial cell 
growth medium-2 (EGM-2) using the EGM-2 Bullet 
Kit (Lonza; Allendale, NJ, USA). HeLa (cervical car-
cinoma) cells were grown in Dulbecco’s modified 
Eagle’s medium containing 10% FBS. The cells were 
maintained at 37 °C in a humidified 5% CO2 incuba-
tor. A cell proliferation colorimetric assay was con-
ducted using 3-(4,5-dimethylthiazol-2-yl)-2,5- 
diphenyltetrazolium bromide, and cytotoxicity was 
examined using a trypan blue exclusion assay. 

Biotinylation of OMe-Syn 
OMe-Syn was purified from a member of the 

Rutaceae family as described previously [6] and bio-
tinylated as follows. Biotin-N-hydroxysuccinimide 
(biotin-NHS; 20 mg; Thermo Scientific; Waltham, MA, 
USA) was added to a solution of OMe-Syn (10 mg) in 
methanol (3 mL). The reaction was adjusted to pH 8 
with sodium hydroxide (0.2 M), stirred for 5 hours at 
room temperature, and monitored by LC-MS. Upon 
completion of the reaction, the reaction solvent was 
evaporated. The crude product was subjected to 
chromatography on a Betasil C18 column (5 μm, 150 
mm×21.2 mm) in a gradient of 100% water to 100% 
methanol for 50 min at a flow rate of 10 mL/min to 
produced biotinylated OMe-Syn (biotinyl–OMe-Syn; 
retention time, 23 min; 90% yield. NMR spectra were 
recorded at 30 °C on a Varian Inova 600 MHz spec-
trometer. High-resolution mass measurement was 
acquired on a Bruker Daltonics Apex III 4.7e Fourier 
transform mass spectrometer (Bruker Daltonics; 
Billerica, MA, USA), fitted with an Apollo API source. 
A Betasil C18 column (5 μm, 150 mm×21.2mm) and a 
Phenomenex Luna column (C18, 3 μm, 2.0 mm×150 
mm) were used for semi preparative HPLC and 
LC-MS analysis, respectively. All solvents used for the 
reactions and chromatography were OmniSolv HPLC 
grade, and the water used was filtered using Millipore 
Milli-QPF (Billerica, MA, USA): 1HNMR (600 MHz, 
DMSO-d6, δH), 7.12 (d, 2H, J=8), 6.77 (d, 2H, J=8), 6.42 
(s, 1H), 6.36 (s, 1H), 4.27 (m, 1H), 4.24 (t, 1H, J=7), 4.14 
(m, 1H), 3.56 (dd, 1H, J=8.2,4.6), 3.39 (m, 2H), 3.10 (s, 
3H), 2.85 (m, 2H), 2.81 (s, 3H), 2.22 (m, 2H), 1.61 (m, 

2H), 1.45 (m, 2H), 1.30 (m, 2H); 13CNMR (600 MHz, 
DMSO-d6, δC), 172.3, 162.8, 157.2, 129.8, 127.9 (2C), 
115.3 (2C), 80.9, 61.1, 59.2, 56.1, 55.5, 53.6, 40.0, 36.7, 
33.8, 32.4, 28.3, 24.8; and (+) HRESIMS m/z 408.1957 
[M + H]+ (calculated for C20H30N3O4S1, 408.1951, Δ 
1.47 ppm). 

Phage display cloning 
Biotinyl–OMe-Syn was immobilized onto a 

streptavidin-coated plate (Thermo Scientific), and 
phage display was performed using T7 phages en-
coding human cDNA libraries from colon tumors, 
lung tumors, and heart tissue (Millipore) as described 
previously [16]. Specific OMe-Syn–binding phages 
were isolated and analyzed by DNA sequencing. The 
sequence homologies of the obtained sequences were 
compared with sequences in the GenBank database by 
using the BLAST program. 

Cloning and purification of the RNA-binding 
domain of NUP153 

A PCR-amplified N-terminal (amino acids [aa] 
235–326) fragment of NUP153 cDNA (NM_005124) 
was cloned into the EcoRI/SalI site of the pET-28a 
expression vector (Millipore). The plasmid was 
transformed into RosettaTM (DE3) Escherichia coli, and 
the RNA-binding domain (RBD) of NUP153 was pu-
rified using Ni-NTA agarose beads (Qiagen, Valencia, 
CA, USA). Bead-bound protein was eluted with elu-
tion buffer containing a high concentration of imid-
azole, according to the manufacturer's instructions. 

Competitive gel electrophoretic mobility shift 
assay 

The DNA template used to synthesize the RNA 
probe was prepared by hybridizing the following 
DNA oligonucleotides: 5ʹ-TAATACGACTCACTATA 
G-3ʹ and 5ʹ-GGCGGCCGCTCTTGAACTAGTGGAT 
CCCCCGGGCTGCACTATAGTGAGTCGTATTA-3ʹ. 
The resulting template was used for in vitro transcrip-
tion with the T7MEGAscript Kit (Life Technologies; 
Grand Island, NY, USA) and [α-32P]UTP to produce 
an internally labeled version of B38, a 38-nucleotide 
RNA that is derived from pBluescript-SK(+) and has 
been shown to bind to the NUP153-RBD [17]. 
Gel-purified radioisotope-labeled B38 (20 fmol) was 
incubated for 1 hour at 4 °C with the NUP153-RBD (2 
μM), which had been purified by Ni-affinity chroma-
tography as described previously [17], in a total 
volume of 10 μL of binding buffer containing 25 mM 
HEPES (pH 7.5), 100 mM KCl, 0.5% Triton X-100, 0.5 
mg/mL bovine albumin, and 7.5% glycerol. For the 
competitive electrophoretic mobility shift assay 
(EMSA), increasing amounts (0.04, 0.4, and 1.0 mM) of 
NUP153 inhibitors were preincubated with the 
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NUP153-RBD for 1 hour at 4 °C prior to incubation 
with the labeled B38. Samples were electrophoresed at 
4 °C on a pre-run 20% native acrylamide gel. Phos-
phorimage analysis and quantification was performed 
using a Fuji BAS-2500 phosphorimager. The experi-
ment was conducted three times independently. 

RNA interference of NUP153 
The StealthTM RNA Interference Kit (Life Tech-

nologies) was used to synthesize small interfering 
RNA (siRNA) specific to human NUP153. For 
knockdown of NUP153 mRNA, HUVECs were 
transfected with either control siRNA or various 
concentrations of NUP153 siRNA by using the 
LipofectamineTM 2000 transfection reagent (Life 
Technologies) according to the manufacturer's in-
structions. Knockdown efficiency of endogenous 
NUP153 was determined by Western blot analysis. 

Western blot analysis 
The cell lysates were separated by 10% 

SDS-PAGE and then transferred to PVDF membranes 
(Millipore) using standard electroblotting procedures. 
The blots were then blocked and incubated overnight 
at 4 °C with anti-NUP153 (Abcam, Cambridge, MA, 
USA), anti-VEGF (Abcam), anti-basic fibroblast 
growth factor (Abcam), anti-hepatocyte growth factor 
(Abcam), and anti-tubulin (Millipore) primary anti-
bodies. Immunolabeling was detected using an en-
hanced chemiluminescence kit (GE Healthcare, 
Pittsburgh, PA, USA) according to the manufacturer's 
instructions. 

Preparation of conditioned medium (CM) 
from HeLa cell culture 

 HeLa cells (7×104 cells/well) were seeded in a 
12-well plate. Cells were then transfected with a 
scrambled siRNA or siRNA specific for human 
NUP153 for 24 hours. Conditioned medium (CM) 
from each siRNA treated HeLa cells was collected and 
concentrated using the Amicon ultra-0.5 centrifugal 
filter unit (Millipore). The CMs from each culture 
condition of HeLa cells were then used for HUVEC 
experiments in serum-depleted media. 

Capillary tube formation assay 
A 48-well plate was coated with Matrigel (10 

mg/mL), which was allowed to polymerize for 1 hour 
at 37 °C. HUVECs (6×104 cells) were then placed on 
the surface of the Matrigel. The CM from 
NUP153-depleted HeLa cells was added the cells and 
the incubation was continued for 4–16 hours at 37°C. 
The HUVEC tube formation was observed under an 
Olympus IX71 microscope and photographed at 100× 
magnification with a DP70 camera (Olympus). 

Chemoinvasion assay 
To examine the invasiveness of HUVECs in vitro, 

we used a Transwell chamber (Corning Costar; 
Tewksbury, MA, USA) system according to the man-
ufacturer’s instruction. Briefly, the lower side of the 
filter was coated with gelatin (10 μL, 1 mg/mL), and 
the upper side was coated with Matrigel (10 μL, 3 
mg/mL). The CM from NUP153-depleted HeLa cells 
was added to the lower part of the chamber, and 
HUVECs (7×105 cells) were placed in the upper part. 
Cells were then incubated at 37 °C for 18 hours, and 
were fixed with 70% methanol and stained with he-
matoxylin and eosin. Cell invasiveness was measured 
by counting the number of cells in the lower side of 
the filter using a microscope at 100× magnification. 

Statistical analysis 
Results are expressed as mean ± standard error 

(SE). Student’s t-test was used to determine statistical 
significance between two groups. To compare the 
mean of the test group with a hypothetical value 
(control), one sample t-test was used. A p-value that 
was <0.05 was considered statistically significant. 

Results 
OMe-Syn inhibits intersegmental vessel angi-
ogenesis in fli1a:EGFP transgenic zebrafish 
embryos 

We previously reported that OMe-Syn inhibited 
VEGF-induced angiogenesis in vitro and in a CAM 
angiogenesis model [6]. In the present study, the 
antiangiogenic activity of OMe-Syn was investigated 
using fli1a:EGFP transgenic zebrafish, a 
well-established model for visualizing angiogenesis in 
zebrafish. Prior to assessing angiogenesis, we tested 
several concentrations of OMe-Syn to find an optimal 
drug dosage for the treatment in zebrafish. Since 
treatment of zebrafish with OMe-Syn at higher than 
10 µM showed a sign of toxicity and morphological 
change, we used 5 µM as a maximal safe dose of 
OMe-Syn for subsequent zebrafish experiments (data 
not shown). Zebrafish embryos (n=30 per group) at 
the one-cell stage were incubated in medium con-
taining DMSO or OMe-Syn (2.5 and 5 µM). Angio-
genesis was assessed by counting the number of 
complete intersegmental vessels (ISV) at 30 hours post 
fertilization (hpf). Treatment of the zebrafish embryos 
with OMe-Syn significantly and dose-dependently 
inhibited ISV formation (Fig. 1A–C). The compound 
at this concentration range was not significantly toxic 
to zebrafish embryos, as assessed by the viability of 
the embryos (Fig. 1D). These data demonstrate that 
OMe-Syn is a potent inhibitor of angiogenesis in a 
zebrafish model. 
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OMe-Syn inhibits retinal neovascularization in 
mice 

To further investigate the in vivo antiangiogenic 
activity of OMe-Syn, we employed a mouse model of 
OIR [14]. This is a well-established animal model for 
stimulating retinal neovascularization with high re-
producibility and is used to assess the activity of 
antiangiogenic agents [18]. OMe-Syn was intravitre-
ously injected once into OIR mice (10 mice per group) 
on P14, and the inhibitory effect of the compound was 
examined at P17. To qualitatively evaluate the effect 
of OMe-Syn on retinal neovascularization, retinal flat 
mounts were evaluated with fluorescein-conjugated 
dextran. Neovascular tufts of intravitreal neovascu-
larization and vascular leakage were observed at the 

border of vascular and avascular retina in control OIR 
mice (Fig. 2A and B). In OMe-Syn-treated OIR mice, 
however, the neovascular tufts and vascular tortuos-
ity were decreased. To quantitatively evaluate the 
effect of OMe-Syn on retinal neovascularization, 
vascular lumens between the posterior surface of the 
lens and the anterior surface of the inner limiting 
membrane were counted in a blinded manner. We 
found that the average number of vascular lumens in 
OMe-Syn-treated OIR mice (12.4 ± 0.9) was signifi-
cantly lower than that in control OIR mice (17.9 ± 2.7), 
suggesting the possibility of OMe-Syn as a new can-
didate treatment for angiogenesis-related diseases 
(Fig. 2C). 

 

 
Figure 1. The effect of R-(-)-β-O-methylsynephrine on angiogenesis in fli1a:EGFP transgenic zebrafish embryos. Zebrafish embryos (n=30 per group) at the one-cell stage were 
used for the compound treatment. (A) Light microscopic images of whole embryos at 30 hours post fertilization (hpf) are shown. (B) Fluorescence images show dose-dependent 
suppression of intersegmental vessel (ISV) formation (indicated by arrows) by R-(-)-β-O-methylsynephrine (OMe-Syn). (C) Complete ISVs were counted at 30 hpf and quantified 
using Graphpad Prism software; ∗∗p<0.01 versus control (Student’s t-test). (D) The viability of zebrafish embryos at 30 hpf upon treatment with OMe-Syn is shown.  
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Figure 2. The effect of R-(-)-β-O-methylsynephrine on retinal angiogenesis in mice with oxygen-induced retinopathy. The compound was intravitreously injected once into the 
mice (10 mice per group) on P14, and the inhibitory effect of the compound was examined at P17. (A) Retinal vasculatures in control and R-(-)-β-O-methylsynephrine (OMe-Syn; 
20 μM)-treated mice with oxygen-induced retinopathy (OIR) were evaluated with fluorescein angiography. Neovascular tufts of intravitreous region were observed at the border 
of vascular and avascular retina. Scale bar: 500 μm. (B, C) Vascular lumens were counted to quantify retinal neovascularization in OIR mice. Cross-sections were prepared from 
postnatal day 17 control and OMe-Syn (20 μM)-treated mice for hematoxylin and eosin staining. Arrows indicate the vascular lumens of new vessels growing into the vitreous 
region. The number of vascular lumens was counted in randomly selected images under 200× magnification. Scale bar: 100 μm; ∗∗p<0.01 versus control (Student’s t-test). 

 

OMe-Syn binds to the RNA-binding domain of 
NUP153 

OMe-Syn has a simple but unique phenethyla-
mine core structure (Fig. 3A) that is distinct from 
other known angiogenesis inhibitors, implying that it 
may have a unique mechanism of action in endothe-
lial cells. To explore possible mechanisms of action for 
OMe-Syn, we attempted to identify OMe-Syn binding 
proteins from human cDNA libraries using phage 
display cloning, which is a well-established affini-
ty-based method for the identification of small mole-
cule target proteins [16, 19, 20]. We first synthesized 
biotinyl-OMe-Syn by coupling NHS-biotin to the 
amino group of OMe-Syn (Fig. 3A). To test whether 
biotinyl-OMe-Syn retains its original biological activ-
ity, we examined the compound in endothelial cell 
proliferation assays. Biotinyl–OMe-Syn inhibited the 
proliferation of HUVECs in a dose-dependent manner 
similar to that shown by OMe-Syn (Supplementary 
Fig. S1), suggesting that this compound is a suitable 
molecular probe for identifying OMe-Syn binding 
proteins. Biotinyl–OMe-Syn was then immobilized on 

a streptavidin-coated plate, and T7 phages encoding 
human cDNAs (a combined pool of cDNAs from co-
lon tumor, lung tumor, and heart tissues) were incu-
bated on the immobilized OMe-Syn to isolate proteins 
that bind OMe-Syn. These T7 phages typically display 
50-200 amino acid protein fragments on the surface of 
the capsid, which provides the secondary structure of 
the protein for binding to the small molecule. Phage 
particles specifically bound to biotinyl-OMe-Syn were 
enriched through four rounds of biopanning and the 
resulting phage plaques were randomly selected for 
sequencing analysis of their cDNA inserts. Total 18 
phage clones were selected for sequencing and the 
results were summarized in the Supplementary Table 
1. Among the 18 phage clones sequenced, two of them 
had an open reading frame (ORF) that encodes 82 
amino acids identical to the N-terminal region 
(245-326aa) of human NUP153. Interestingly, the 
coding region is the RNA-binding domain (RBD) 
within the N-terminal region of NUP153 (Fig. 3B). 
Based on the sequencing data, only three genes in-
cluding NUP153 (2 clones), calmodulin (2 clones) and 
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mesencephalic astrocyte-derived neurotrophic factor 
precursor (ARMET, 7 clones) were properly inserted 
into the phage plasmid (Supplementary Table 1). The 
other two genes including Sjogren's syn-
drome/scleroderma autoantigen 1 (1 clone) and pu-
tative p150 (2 clones) were frame-shifted in the phage 
plasmid and therefore were not studied further. The 
sequences of the remaining 4 clones had no significant 
sequence similarity found from the database, thus 
being removed from further analysis (data not 
shown). The NUP153, calmodulin and ARMET phage 
clones were individually subjected to the bioti-
nyl-OMe-Syn binding assays and only the NUP153 
phages showed a reproducible binding to the immo-
bilized biotinyl-OMe-Syn (Fig. 3C). In a phage com-
petition assay, pre-incubation of NUP153-RBD phages 
with OMe-Syn blocked the binding of the phages to 
the immobilized biotinyl-OMe-Syn in a 
dose-dependent manner (Fig. 3D), further demon-
strating the specific binding of OMe-Syn to 
NUP153-RBD. These data suggested that NUP153 is a 

possible binding protein of OMe-Syn in mammalian 
cells. 

OMe-Syn inhibits RNA binding to NUP153 
NUP153 plays an important role in nuclear ex-

port of several classes of RNA [10]. The RBD was 
identified within N-terminal region of NUP153 
(amino acids 250-400 in human NUP153), which is 
responsible for binding to RNA [21]. To examine ef-
fect of OMe-Syn on RNA binding to NUP153-RBD, we 
expressed a recombinant NUP153-RBD protein and 
performed a competitive EMSA with the radioiso-
tope-labeled B38 RNA. The ability of the radioiso-
tope-labeled RNA probe to bind to the RBD of 
NUP153 was characterized in detail in a previous 
study [17]. As a result, OMe-Syn dose-dependently 
inhibited the binding of B38 RNA to NUP153-RBD, 
whereas synephrine, a biologically inactive analogue 
of OMe-Syn did not significantly block the binding 
except at the highest concentration (Fig. 4A and B). 
These data demonstrated that OMe-Syn blocked RNA 
association to NUP153 in vitro. 

 
Figure 3. Phage display cloning to identify R-(-)-β-O-methylsynephrine binding proteins expressed by human cDNA libraries. (A) Chemical structures of 
R-(-)-β-O-methylsynephrine (OMe-Syn) and its biotinylated analog are shown. (B) Domain structure of nucleoporin 153 kDa (NUP153) and the phage coding region within the 
NUP153 RNA-binding domain (RBD) are shown. (C) The binding of NUP153-encoding phages to biotinylated OMe-Syn (biotinyl–OMe-Syn) is shown. Other candidates, including 
calmodulin-encoding phages (CaM) or mesencephalic astrocyte-derived neurotrophic factor precursor-encoding phages (ARMET) do not show significant binding to bioti-
nyl-OMe-Syn. Data represent mean ± standard error from four independent experiments; ∗∗p<0.01 versus N-hydroxysuccinimide biotin-NHS (Student’s t-test). (D) A phage 
competition assay using NUP153-encoding phages is shown. NUP153-encoding phages were preincubated with DMSO or OMe-Syn (50 or 100 μM), and the resulting mixture 
was used for a binding assay on immobilized biotinyl–OMe-Syn. Data represent mean ± standard error from four independent experiments; ∗p<0.05 and ∗∗p<0.01 versus control 
(Student’s t-test). 
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Figure 4. The effect of R-(-)-β-O-methylsynephrine on the association of RNA with the RNA-binding domain of nucleoporin 153 kDa. (A) A competitive electrophoretic mobility 
shift assay was performed using a radiolabeled B38 RNA and the purified recombinant RNA-binding domain (RBD) of nucleoporin 153 kDa (NUP153). Various concentrations 
of R-(-)-β-O-methylsynephrine (OMe-Syn) and its inactive analog synephrine were tested for the competition of binding between B38 RNA and the NUP153-RBD. The rep-
resentative image from three independent experiments is shown. (B) The relative intensity of the signals from the RNA–protein complexes was analyzed by phosphorimager. 
Data represent mean ± standard error from three independent experiments; ∗∗p<0.01 versus no compound control (One sample t-test). 

 

NUP153 depletion inhibits angiogenesis in vitro 
Although NUP153 has been known to be in-

volved in cancer cell mitosis and cancer progression, 
its functional association with endothelial cell prolif-
eration and angiogenesis has not been reported yet. 
To test whether inhibition of NUP153 function is re-
sponsible for the antiangiogenic activity of OMe-Syn, 
we knocked down NUP153 in human cancer and en-
dothelial cells and then assessed their angiogenesis 
phenotypes. HeLa cells were treated with siRNA 
against NUP153, and then the protein levels of angi-
ogenic growth factors including VEGF, basic fibro-
blast growth factor (bFGF), and hepatocyte growth 
factor (HGF) were analyzed. Surprisingly, NUP153 
depletion in HeLa cells suppressed the expression of 
VEGF, bFGF, and HGF (Fig. 5A) in a manner similar 
to that seen with OMe-Syn treatment (Supplementary 
Fig. S2). Next, CM from HeLa cells in which NUP153 
had been depleted was used to treat HUVECs, and 
then in vitro angiogenesis was assessed through tube 
formation and chemoinvasion assays. The CM from 
HeLa cells that had been treated with scrambled 
siRNA was used as a control. Compared to the control 
CM, the CM from NUP153-depleted HeLa cells re-
sulted in a dose-dependent decrease in tube formation 
and chemoinvasion in HUVECs (Fig. 5B and C). The 
CM from NUP153-depleted HeLa cell culture also led 
to a decrease in HUVEC proliferation compared to the 
CM from scrambled siRNA-treated HeLa cells (Sup-
plementary Fig. S3). Next, HUVECs were treated with 
siRNA for NUP153 and examined its effect on cell 
proliferation. Depletion of NUP153 in HUVECs re-
duced the level of VEGF and suppressed HUVEC 
proliferation (Fig. 6A and B). To determine whether 
the cell growth inhibition by OMe-Syn was dependent 
on the inhibition of NUP153, the effect of OMe-Syn on 

the proliferation of NUP153-depleted HUVECs was 
examined. Treatment with OMe-Syn resulted in 
weaker growth inhibition in NUP153-depleted HU-
VECs than in wild type HUVECs; this result indicates 
that the inhibition of HUVEC proliferation by 
OMe-Syn was at least in part through the inhibition of 
NUP153 (Fig. 6C). 

NUP153 depletion inhibits angiogenesis in 
zebrafish 

We further examined the possible involvement 
of NUP153 in angiogenesis in a zebrafish angiogenesis 
model. We used two different MOs specific to 
NUP153 to inhibit NUP153 protein expression in 
zebrafish, as follows. NUP153-specific MOs that block 
NUP153 splicing (n=31) or translation (n=28) were 
injected into fli1a:EGFP transgenic embryos at the 
one-cell stage. The blockade of NUP153 splicing in 
zebrafish was monitored by RT-PCR (Supplementary 
Fig. S4). Angiogenesis was assessed by counting the 
number of completely formed ISVs in zebrafish em-
bryos. Treatment of the zebrafish embryos with either 
type of MO significantly inhibited ISV formation in 
the embryos at 30 hpf (Fig. 7A–C). The inhibitory ef-
fect of NUP153-specific MOs on zebrafish angiogene-
sis was much stronger than that of OMe-Syn (Fig. 1B 
and C), suggesting that the MOs acted more specifi-
cally on NUP153 than the small molecule OMe-Syn. 
There were subtle decreases in the viability of 
zebrafish embryos upon treatment with higher con-
centrations of NUP153-specific MOs, although the 
decreases were not statistically significant (Fig. 7D); 
this observation is presumably because developmen-
tal angiogenesis is more strongly inhibited by MOs 
than by OMe-Syn. These data demonstrate that inhi-
bition of NUP153 was sufficient to block angiogenesis 
in vivo. 
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Discussion 
Natural products are useful sources for drug 

development owing to their structural diversity and 
low toxicity. Of the wide variety of natural products, 
we were particularly interested in groups of com-
pounds with favorable physicochemical properties for 
drug development, such as high water solubility and 
absorption rate. Therefore, we assembled a small 
natural product fragment library under following 
criteria: MW<250, clogP≤4, hydrogen bond donor≤4, 
hydrogen bond acceptor≤5, percentage polar sur-
face<45, and rotational bond ≤6 [6]. From this library, 
we have previously identified OMe-Syn as a novel 
antiangiogenic natural product. Here, we investigated 
the in vivo efficacy of the OMe-Syn using two 
well-established animal models of angiogenesis: 
zebrafish and mouse OIR. OMe-Syn significantly in-
hibited angiogenesis in both animal models without 
apparent systemic toxicity. These results demon-

strated the in vivo therapeutic efficacy of OMe-Syn. 
The zebrafish model is used to study angiogenesis 
and vasculogenesis during embryo development, 
hence enabling the assessment of physiological angi-
ogenesis. In contrast, the OIR mouse model is used to 
study the pathological angiogenesis occurring mainly 
during the development of retinopathy of prema-
turity [22]. Interestingly, OMe-Syn inhibited angio-
genesis in both the developmental model and the 
pathological model. These results suggest that this 
compound inhibits fundamental step(s) in angiogen-
esis. Here, we have shown that OMe-Syn decreases 
expression levels of VEGF, bFGF, and HGF, which are 
angiogenic growth factors responsible for activating 
receptors on endothelial cells. This could partially 
explain how OMe-Syn inhibited both types of angio-
genesis. However, the underlying mechanisms that 
lead to a decrease in angiogenic growth factors by 
OMe-Syn in cancer or in endothelial cells remained to 
be elucidated. 

 
Figure 5. The effect of nucleoporin 153 kDa knockdown via small interfering RNA on angiogenesis in cancer cells in vitro. (A) HeLa cells were treated with small interfering RNA 
against nucleoporin 153 kDa (siNUP153), and then the protein levels of nucleoporin 153 kDa (NUP153), vascular endothelial growth factor (VEGF), basic fibroblast growth factor 
(bFGF), and hepatocyte growth factor (HGF) were analyzed by Western blot. Scrambled small interfering RNA (Scramble) was used as the negative control. Quantitation of each 
protein level is shown in the bar graph. The level of β-actin protein expression was used for normalization; ∗p<0.05 and ∗∗p<0.01 between 0 vs 10 nM siNUP153 or 10 nM siNUP 
vs scrambled siRNA (Student’s t-test). (B, C) Human umbilical vein endothelial cells (HUVECs) were incubated with the conditioned media (CM) from HeLa cells treated with 
either siNUP153 or Scramble, and then tube formation (B) and invasion (C) assays were performed. HUVEC tube formation and invasion were quantified and plotted using 
Graphpad Prism (right panels). Arrows indicate broken tube networks following NUP153 knockdown. Data represent mean ± standard error from four independent experi-
ments; *p<0.05 and **p<0.01 versus control (One sample t-test). 
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Figure 6. The effect of nucleoporin 153 kDa knockdown via small interfering RNA on cell proliferation in endothelial cells. (A) Human umbilical vein endothelial cells (HUVECs) 
were treated with small interfering RNA against nucleoporin 153 kDa (siNUP153), and then the protein levels of nucleoporin 153 kDa (NUP153) and vascular endothelial growth 
factor (VEGF) were analyzed by Western blot. Scrambled small interfering RNA (Scramble) was used as the negative control. Quantitation of each protein level is shown in the 
bar graph. The level of tubulin was used for normalization; ∗p<0.05 and ∗∗p<0.01 between 0 vs 10 nM siNUP153 or 10 nM siNUP vs scrambled siRNA (One sample t-test for 
NUP153 and Student’s t-test for VEGF). (B) HUVECs were treated with various concentrations of Scramble or siNUP153for 48 hours, and then cell proliferation was assessed 
using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; *p<0.05 and **p<0.01 versus control (One sample t-test). (C) HUVECs were treated with 10 nM Scramble or 
siNUP153 for 24 hours. The cells were then treated with various concentrations of R-(-)-β-O-methylsynephrine (OMe-Syn) for 72 hours, and then cell proliferation was assessed. 
The values were normalized to the no-drug control from each siRNA treatment; *p<0.05 between the indicated two groups (Student’s t-test). 

 
Figure 7. The effect of morpholino-based knockdown of nucleoporin 153 kDa (NUP153) in zebrafish on in vivo angiogenesis. (A) Bright-field microscope images of whole 
embryos are shown at 30 hours post fertilization (hpf). Two types of morpholinos (MO) were used to knockdown NUP153 in zebrafish: 5ʹ-MO, which is a translational inhibitor 
of NUP153, and sp-MO, which is a splicing inhibitor of NUP153. (B) Zebrafish intersegmental (ISV) formation at 30 hpf was observed under a confocal microscope. (C) Complete 
ISVs were counted at 30 hpf and quantified using Graphpad Prism software; ∗∗p<0.01 versus control (Student’s t-test). (D) Viability of zebrafish embryos at 30 hpf upon treatment 
with the MOs. 
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 The phage display cloning approach has been 
successfully employed for identification of small 
molecule binding partners [16, 19, 20]. It is particu-
larly useful for identifying small molecules with low 
binding affinities [16, 20]. As this approach utilizes the 
“enrichment” of binders, it also makes it possible to 
identify binding partners that are expressed at a very 
low level. Using phage display cloning with bioti-
nyl–OMe-Syn as the affinity probe, we found that the 
NUP153-RBD is a binding partner of OMe-Syn. Spe-
cific binding of OMe-Syn to the NUP153-RBD was 
verified through binding competition assays. To test if 
the binding of OMe-Syn to NUP153 affected the func-
tion of NUP153, we used purified recombinant 
NUP153-RBD to conduct an isotope-labeled RNA 
binding assay, which is a well-established system for 
studying the RNA transport function of NUP153 [17]. 
OMe-Syn, but not its inactive analog, competitively 
inhibited the binding of B38 RNA to the recombinant 
NUP153-RBD, thus demonstrating the inhibitory ef-
fect of OMe-Syn on the association of RNA with 
NUP153. Although we showed that OMe-Syn binds to 
NUP153-RBD and inhibits its RNA-binding capacity, 
it is unclear whether NUP153 is the primary binding 
protein responsible for the biological activity of 
OMe-Syn. In this study, we were unable to show the 
binding of OMe-Syn to the endogenous full-length 
NUP153 in whole cell lysates. However, this assay 
was quite challenging to perform because OMe-Syn 
has a low affinity (micromolar concentration range) 
for NUP153-RBD and does not have covalent modifier 
functional groups that could be used to successfully 
pull down the full-length protein. Therefore, the de-
velopment of a photo affinity linker conjugated 
OMe-Syn will greatly help in verifying whether 
NUP153 binds to endogenous full-length NUP153. 

To test whether the inhibition of NUP153 func-
tion by OMe-Syn is sufficient to cause antiangiogenic 
activity, NUP153 was depleted using siRNA in cul-
tured cells or MOs in zebrafish embryos, and the re-
sulting angiogenesis phenotypes were observed. The 
depletion of NUP153 in cancer or endothelial cells 
caused a decrease in the levels of angiogenic growth 
factors, including VEGF, bFGF, and HGF, and inhib-
ited angiogenesis in CM-based assays. The depletion 
of NUP153 in zebrafish embryos also resulted in a 
striking degree of angiogenesis inhibition. These in 
vitro and in vivo results demonstrated that inhibition 
of NUP153 was sufficient to suppress angiogenesis. 
To determine whether there was a causal relationship 
between the antiangiogenic activity of OMe-Syn and 
inhibition of NUP153, NUP153-depleted cells were 
treated with OMe-Syn. Compared to wild type en-
dothelial cells, NUP153-depleted cells showed a sig-
nificant degree of resistance to OMe-Syn treatment 

with respect to cell proliferation. These data strongly 
suggest that OMe-Syn inhibits angiogenesis, at least 
in part, through the inhibition of NUP153. 

Although we have provided substantial evi-
dence to show that OMe-Syn binds to the 
NUP153-RBD and that depletion of NUP153 inhibits 
angiogenesis, it is unclear how the regulation of glob-
al RNA transport could specifically affect angiogene-
sis. This is a critical question that will be addressed in 
subsequent studies. Previously, in an unbiased ge-
nome-wide RNAi screen, NUP153 was identified as a 
regulator of mitosis [23]. Depletion of NUP153 caused 
a delay in mitosis and cell cycle progression without 
affecting global nucleocytoplasmic transport [11]. It is 
interesting to speculate that NUP153 may play an 
important role in endothelial cell mitosis and cell cy-
cle progression independently of its roles in global 
nucleocytoplasmic transport. On the other hand, the 
fact that either OMe-Syn treatment or NUP153 deple-
tion caused a decrease in the levels of angiogenic 
growth factors indicates an involvement of gene ex-
pression regulation in response to NUP153 inhibition. 
NUP153 is located on the surface of the basket struc-
ture of nuclear pore and hence is one of the first pore 
components that mRNA cargo binds during export 
[10]. Because mRNA export is one of essential steps in 
gene expression in eukaryotic cells, the inhibition of 
NUP153RBD could largely impact the expression of 
certain genes, especially those genes whose messages 
or products have a short half-life. The half-lives of 
growth factors such as VEGF and bFGF are known to 
be relatively short (several tens of minutes) [24-26]. 
Further studies on endothelial cell mitosis and global 
nucleocytoplasmic transport upon treatment with 
OMe-Syn or depletion of NUP153 will help to deci-
pher the underlying mechanisms in greater detail. 

In conclusion, the present study shows that 
OMe-Syn has promise as a novel antiangiogenic agent 
and suggests that NUP153 is a possible molecular 
target mediating the antiangiogenic activity of 
OMe-Syn. With its simple structure and potent bioa-
vailability, OMe-Syn is an excellent lead compound 
for the development of antiangiogenic agents; thus, 
further investigation into its optimization with respect 
toNUP153 binding is warranted. 
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