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a b s t r a c t
The current study aims to investigate the antiangiogenic responses and apoptotic death of human umbilical vein
endothelial cells (HUVECs) by a newly synthesized compound named 2-(3′-methoxyphenyl)-6-pyrrolidinyl4-quinazolinone (HMJ-38). This work attempted to not only explore the effects of angiogenesis on in vivo
and ex vivo studies but also hypothesize the implications for HUVECs (an ideal cell model for angiogenesis in
vitro) and further undermined apoptotic experiments to verify the underlying molecular signaling by
HMJ-38. Our results demonstrated that HMJ-38 signiﬁcantly inhibited blood vessel growth and microvessel formation by the mouse Matrigel plug assay of angiogenesis, and the suppression of microsprouting from the rat
aortic ring assay was observed after HMJ-38 exposure. In addition, HMJ-38 disrupted the tube formation and
blocked the ability of HUVECs to migrate in response to VEGF. We also found that HMJ-38 triggered cell apoptosis of HUVECs in vitro. HMJ-38 concentration-dependently suppressed viability and induced apoptotic damage
in HUVECs. HMJ-38-inﬂuenced HUVECs were performed by determining the oxidative stress (ROS production)
and ATM/p53-modulated Fas and DR4/DR5 signals that were examined by ﬂow cytometry, Western blotting,
siRNA and real-time RT-PCR analyses, respectively. Our ﬁndings demonstrate that p53-regulated extrinsic pathway might fully contribute to HMJ-38-provoked apoptotic death in HUVECs. In view of these observations, we
conclude that HMJ-38 reduces angiogenesis in vivo and ex vivo as well as induces apoptosis of HUVECs in vitro.
Overall, HMJ-38 has a potent anti-neovascularization effect and could warrant being a vascular targeting agent
in the future.
© 2013 Elsevier Inc. All rights reserved.
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Angiogenesis is deﬁned as an important physiology process and
emerges as a network of new blood vessels created from pre-existing
capillaries or vasculatures when tumors are promoting growth or metastasis (Kerbel and Folkman, 2002; Tian et al., 2010). Presently, the
strategies for the cellular and molecular mechanisms of antiangiogenic
therapy in cancer treatment are used to interfere with related signal
molecules and directly target tumor vasculature (Ferrara, 2002;
Meissner et al., 2011). VEGF is one of the most critical and speciﬁc
angiogenetic factors to modulate normal physiological and tumor
angiogenesis (Plate et al., 1994; Ferrara, 2002). Alternatively, the angiogenic behavior in various tumors has been shown to be a determinant
of tumor progression during metastasis (Ferrara, 2002; Shuman Moss
et al., 2012). Suppressions of endothelial cell proliferation or activations of cell apoptosis target the tumor vasculature. Therefore, nutrients supported by vasculature and new blood vessel formation are
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necessary for tumor cell viability and growth (Chen and Easton, 2010;
Xuan et al., 2011). Both of the blockage of the new blood vessel formation and killing or destruction of the tumor vasculature are essential for
promising antiangiogenic agents in cancer therapy (Ferrara, 2002;
Xuan et al., 2011). It has been known that HUVECs are the most widely
exploited endothelial cell model, which can be examined through
many processes for antiangiogenic actions and anti-vascular activity
in vitro (Haberzettl et al., 2009; Zheng et al., 2010).
The modulation of endothelial cell apoptosis has been reported to
be one of the central antiangiogenic mechanisms and potential
therapeutic targets in blood vessel effects, leading to endothelial
dysfunction and elimination of cells (Folkman, 2003; Xuan et al.,
2011). Apoptotic signals are strictly regulated by stimulating caspase
cascade and DNA damage that occurs after the downstream of oxidative stress stimuli (Thorburn, 2008; Portt et al., 2011; Ray et al., 2012).
The death receptors are vital for stimulations of extrinsic apoptotic
pathway through binding to cognate death ligands, resulting in activation of caspase-8-mediated cleavage of caspase-3 that executes
cell apoptosis (Ashkenazi and Dixit, 1998; Chen and Easton, 2010).
The previous reports have shown that oxidative stress exhibits the
function of direct or indirect ROS-mediated damage for nucleic acid
to trigger cell apoptosis (Makovski et al., 2012; Ray et al., 2012). It
has been well reported that ROS generation causes oxidative DNA
damage to promote ATM protein kinase through formation of
activating ATM dimers (Alexander et al., 2010; Makovski et al.,
2012), following the regulation of the initiation of phosphorylated
Ser15 of p53 substrate protein (Makovski et al., 2012; Ray et al.,
2012). However, the interaction of p53 and its downstream molecules
during cell extrinsic apoptosis is still not well deﬁned and explored.
HMJ-38 (Supplementary Figure S1) and a series of 2-phenyl-4quinazolinone derivatives have been synthesized by our cooperative
laboratory and were identiﬁed as novel anti-mitotic agents acting at
the tubulin in tumor cells (Hour et al., 2000, 2007). Our earlier study
also demonstrated that HMJ-38 inhibits tubulin polymerization and
exerts notable cytotoxic effects on various types of human cancer cell
lines (Hour et al., 2000; Yang et al., 2004). Alternatively, HMJ-38
promotes G2/M phase arrest and triggers intrinsic caspase-mediated
apoptosis via the extracellular-signal-regulated kinase (ERK) cascade
in a human leukemia cell line (HL-60) (Yang et al., 2004). Strikingly,
numerous reports have consistently described that the microtubule
assembling is suppressed through colchicine-binding site in cancer
chemotherapy by the microtubule-binding drugs which exhibit relevant antiangiogenic and vascular-disrupting activity for the endothelial
cytoskeleton, causing neoplasia-related endothelial cell apoptosis or
eventually attenuation of tumor vasculature (Meng et al., 2008;
Schwartz, 2009; Tsai et al., 2010). To date, the antiangiogenic effects
of this new compound HMJ-38 on the mechanism of HMJ-38supressed angiogenic actions and -induced cytotoxic effects of HUVECs
have not been adequately clariﬁed. The present work was the ﬁrst
study to focus on the HMJ-38-inﬂuenced angiogenesis in vivo and ex
vivo, and we also aimed to elucidate HMJ-38-suppressed tube formation and -triggered induction of cell death by affecting angiogenic effect
and apoptotic signal transduction in HUVECs in vitro. We further
questioned our hypothesis by assessing the impacts on cell apoptosis.
Hopefully, HMJ-38 could be a promising candidate for treating cancer
patients with impaired angiogenesis.
Materials and methods
Chemicals and reagents. Medium 200, Low Serum Growth Supplement (LSGS), Trypsin-EDTA, DAPI, H2DCFDA and CMFDA were purchased from Life Technologies (Carlsbad, CA, USA). CaspaLux8-L1D2
and PhiPhiLux-G1D2 substrate reagent kits were obtained from
OncoImmunin, Inc. (Gaithersburg, MD, USA). Speciﬁc caspase inhibitors
(Z-IETD-FMK, Z-DEVD-FMK and Z-VAD-FMK) were bought from Merck
Millipore (Billerica, MA, USA). Caspase-3, Chk2 and phospho-Chk2
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(Ser19) were obtained from Cell Signaling Technology Inc. (Beverly,
MA, USA). The other primary antibodies used in this study and p53
siRNA were bought from Santa Cruz Biotechnology, Inc. (Santa Cruz,
CA, USA). All other chemicals and reagents were of analytical grade and
commercially available for purchase from Sigma-Aldrich Corp. (St.
Louis, MO, USA) unless otherwise stated. HMJ-38 was synthesized and
provided by Dr. Mann-Jen Hour of School of Pharmacy, China Medical
University, which was dissolved in dimethyl sulfoxide (DMSO) at a
stock concentration of 10 mmol/L and stored at −20 °C freezer before
treatment to further dilute. DMSO was always kept below 0.1% (v/v)
in culture medium in vitro.
In vivo Matrigel plug assay. Forty male nude mice (BALB/cAnN.CgFoxn1 nu/CrlNarl, 5 weeks of age) were purchased from the National
Laboratory Animal Center (Taipei, Taiwan). Animals were housed
in a regular 12-h light/12-h dark cycle and fed commercial diet ad
libitum in constant temperature and humidity. Mice were implanted
by subcutaneous injection with 200 μl BD Matrigel Basement Membrane Matrix (BD Biosciences, Bedford, MA, USA) with or without
100 ng/ml VEGF (Prospecbio, East Brunswick, NJ, USA) as previously
described (Zhang et al., 2005; Pang et al., 2010). Matrigel rapidly
formed a plug in the injected area; all mice were then randomly divided into ﬁve groups, and each one contained eight mice as follows:
Group I: Matrigel only (control). Group II: Matrigel with VEGF.
Groups III and IV: Matrigel with VEGF plus HMJ-38 at 0.5 and
2.5 mg/kg body weight, respectively. Group V: Matrigel with VEGF
plus 2.5 mg/kg docetaxel. HMJ-38 and docetaxel were intraperitoneally given individually once every two days, which started on day 2.
Ten days later, the skin of the mice from each group was easily pulled
back to expose the Matrigel plug which remained intact. The quantitative difference of the plug among ﬁve groups was then noted,
recorded and photographed. Subsequently, the concentration of hemoglobin was measured using the Drabkin's reagent (Sigma-Aldrich
Corp.), a known amount of hemoglobin assayed in parallel to calculate as an indication of blood vessel formation as described elsewhere (Zhang et al., 2005). Our works involving animals were
conducted according to institutional principles (Afﬁdavit of Approval of Animal Use Protocol, No. 100-212-C) approved by the Institutional Animal Care and Use Commit (IACUC) of China Medical
University (Taichung, Taiwan).
Ex vitro rat aortic ring assay. The 48-well plates were pre-coated with
100 μl/well of Matrigel (BD Biosciences) and polymerized in an
incubator for 3 h. Rat aortic ring explant cultures followed previously
described protocols with some modiﬁcations (Pyun et al., 2008).
Aortas were harvested from 6-week old male Sprague–Dawley (SD)
rats obtained from BioLASCO Taiwan Co., Ltd (Taipei, Taiwan). Rats
were cleaned of periadventitial fat, and the connective tissues were
placed in cold PBS and cut into rings of 1 to 1.5 mm in circumference.
The aortic rings were randomized into wells and sealed with Matrigel
overlay before 500 μl Medium 200 with 1, 5 and 10 μM of HMJ-38 or
100 μg/ml docetaxel in the presence and absence of 20 ng/ml VEGF was
individually added into each well. As a control, Matrigel alone was determined, and the fresh medium was exchanged every two days. Six days
later, vessel sprouting was observed and photographed using an inverted
microscope as described elsewhere (Pang et al., 2009). Each data point
was assayed in sextuplet, and image quantiﬁcation was done by the
WimSprout software (Wimasis GmbH, Munich, Germany). All experimental procedures were reviewed and approved by the IACUC of China
Medical University, and we ensured that the study protocols complied
with the institution's guidelines (No. 100-212-C).
Cell culture. We purchased the human umbilical vein endothelial cells
from the ScienCell Research Laboratories (Carlsbad, CA, USA). HUVECs
were cultured in Medium 200 supplemented with LSGS and then
grown in an incubator at 37 °C with a humidiﬁed 5% (v/v) CO2 and
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95% (v/v) air under one atmosphere for further experiments in this condition. The media does not contain antibiotics, antimycotics, hormones,
growth factors or proteins as previously described (Kung et al., 2007).
In vitro tube formation assay. HUVECs (5 × 104 cells/well) were placed
into 24-well ﬂat bottomed plates pre-coated with Matrigel (BD Biosciences) at 37 °C for 30 min and then incubated with or without 2.5, 5
and 10 μM of HMJ-38 containing 20 ng/ml VEGF for a 12-h exposure.
After incubation, cell tube or network formation was expressed and
evaluated using a phase-contrast microscope as described elsewhere
(Pan et al., 2005). Image analysis of the cell covered area was quantiﬁed utilizing the WimTube software (Wimasis GmbH).
Cell migration assay. Boyden chamber transwell assay is applicable to
analyze the cell migration ability as previously described (Goodwin et
al., 2010). Millicell Cell Culture Insert (Millipore, Billerica, MA, USA)
with 8 μm polycarbonate ﬁlters were pre-coated with 30 μg collagen
type I (Merck Millipore) for 2 h at room temperature. HUVECs
(4 × 10 3 cells/0.4 ml medium) were placed in the upper compartment with or without 20 ng/ml VEGF before exposure to 0.5, 2.5
and 5 μM of HMJ-38 for 24 h, and 0.1% (v/v) DMSO in culture medium
served as a vehicle control. At the end of incubation, cells were ﬁxed
with 4% (v/v) paraformaldehyde in PBS and stained with 2% (w/v)
crystal violet. The migrated cells in the lower surface were observed
and counted under a light microscope before quantiﬁcation with
NIH ImageJ version 1.46 for Windows.
Determinations of cell viability and morphological features of HUVECs.
Cells (5 × 10 4 cells/well) were seeded into 24-well plates and treated
with different concentrations of HMJ-38 (1, 2.5, 5 or 10 μM) or only
with vehicle control for 24 h. After treatments, cells were photographed under a phase-contrast microscope before being harvested.
Propidium iodide (PI) exclusion method was exploited for cell viability using a ﬂow cytometer (FACSCalibur, BD Biosciences, San Jose, CA,
USA) equipped with an argon ion laser at 488 nm wavelength as
described elsewhere (Ji et al., 2009; Huang et al., 2010).
Assessment of DAPI staining. HUVECs (5 × 10 4 cells/ml) into 24-well
culture plates were exposed to 0, 1, 2.5, 5 and 10 μM of HMJ-38 for
24 h. Cells were afterwards stained with 1 μg/ml DAPI after ﬁxation
in 4% (v/v) formaldehyde for 15 min and incubation with 0.1%
Triton-X 100 for 10 min. These labeled cells were thereafter
photographed using a ﬂuorescence microscope as previously described
(Chiang et al., 2011; Yu et al., 2011). Quantiﬁcation of ﬂuorescence
intensity for apoptotic cells was carried out utilizing Metamorph Imaging System (Universal Imaging Corp., Downingtown, PA, USA) in three
random ﬁelds from each well.
Analysis for DNA content and sub-G1 population (apoptosis). HUVECs
were seeded at an initial density of 5 × 10 4 cells/ml and incubated
with 5 μM HMJ-38 or only with vehicle control for 24 h. Cells into
each well were then trypsinized, washed with PBS and ﬁxed with
70% (v/v) ethanol overnight at -20 °C. Cells were stained with PI
working solution with 20 μg/ml RNase A and 40 μg/ml PI and 0.1%
(v/v) Triton X-100 for cellular DNA staining at room temperature
for 1 h in the dark room before analysis. All cells were then subjected
to DNA content analysis by ﬂow cytometry as described elsewhere (Ji
et al., 2009; Chiang et al., 2011), and data were analyzed with the
ModFit program (Verity Software House, Inc., Topsham, ME, USA).
Detection of apoptosis utilizing annexin V/PI staining. HUVECs (5 ×
10 4 cells/ml) were maintained into 24-well plates and then treated
with 0, 1, 2.5, 5 and 10 μM of HMJ-38 for 24 h. Cells from each treatment were washed twice with PBS and re-suspended in binding
buffer with Ca 2+ (provided with the kit), following the manufacturer's
directions (FITC Annexin V Apoptosis Detection Kit I, BD Pharmingen,

San Diego, CA, USA). All samples were then stained with FITC-annexin
V and PI for 15 min in the dark at room temperature. The ﬂuorescent
annexin V positive cells were immediately determined by ﬂow
cytometric method, and the apoptotic cells were then calculated using
BD CellQuest Pro Software as previously described (Lu et al., 2010a,
2012b).
Flow cytometric analysis for caspase-8/-3 activities. Approximately
5 × 10 4 cells/ml of HUVECs were exposed to 5 μM HMJ-38 for 0, 6,
12 and 24 h for detecting the caspase activities as described elsewhere (Chiang et al., 2011; Lu et al., 2012b). Cells were harvested
and individually incubated with the speciﬁc substrate molecules of
caspase-8 (provided in CaspaLux8-L1D2 kit) and caspase-3 (provided
in PhiPhiLux-G1D2 kit) for 60 min according to the manufacturer's
protocols before ﬂow cytometric measurements.
Protein extraction and Western blotting analysis. HUVECs (5 ×
10 4 cells/ml) were cultured and then treated with 0, 0.5, 2.5 and
5 μM HMJ-38 for 12 or 24 h or exposed to 5 μM HMJ-38 for 3, 6 and
12 h. The total proteins from each treatment were extracted using
the PRO-PREP Protein Extraction Solution (iNtRON Biotechnology,
Seongnam-si, Gyeonggi-do, Korea), and protein concentration was
determined by Bradford assay (Bio-Rad Protein Assay, Bio-Rad Laboratories, Hercules, CA, USA) as previously described (Yang et al.,
2009; Chiang et al., 2011). Equal amounts of protein (35 μg) were
separated by 10–12% (w/v) sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) and transferred utilizing iBlot Dry
Blotting System with polyvinylidene diﬂuoride (PVDF) membranes
(Invitrogen by Life Technologies). The membranes were blocked in
PBS with 0.1% (v/v) Tween 20 and 5% (w/v) nonfat dry milk for 2 h
at room temperature, and hybridized with the speciﬁc primary
antibodies overnight at 4 °C, followed by appropriate horseradish
peroxidase (HRP)-conjugated secondary antibodies (Santa Cruz Biotechnology, Inc.). The enhanced chemiluminescence (ECL) detection
kit (Immobilon Western HRP Substrate, Merck Millipore) and
Amersham Hyperﬁlm ECL (GE Healthcare, Piscataway, NJ, USA)
were then employed to detect blots as previously described (Chiang
et al., 2011; Lu et al., 2012a). To ensure equal protein loading, the
blots were reprobed with an anti-β-Actin antibody (Sigma-Aldrich
Corp.). The relative abundance of each band was quantiﬁed by NIH
ImageJ software version 1.46.
Levels of mRNA expression by real-time RT-PCR. HUVECs at a density of
5 × 10 4 cells/ml were incubated with 5 μM HMJ-38 for 0, 6, 12 or
24 h before total RNA was extracted utilizing the QIAGEN RNeasy
Mini Kit (QIAGEN Inc., Valencia, CA, USA) as described elsewhere (Ji
et al., 2009; Yu et al., 2011). RNA purity was measured by the ratio
of the absorbance at 260 and 280 nm, where a ratio ranging from
1.8 to 2.0 was considered to be pure. RNA sample was then
reverse-transcribed for 30 min at 42 °C with the High Capacity
cDNA Reverse Transcription Kits to make ﬁrst-strand cDNA according
to the standard protocol of the supplier (Applied Biosystems by Life
Technologies, Foster City, CA, USA). Quantitative PCR was performed
by the condition: 2 min at 50 °C, 10 min at 95 °C, and 40 cycles of
15 s at 95 °C, 1 min at 60 °C using 1 μl the template (reversetranscribed cDNA), 2 × SYBR Green PCR Master Mix (Applied
Biosystems) and 200 nM of forward and reverse primers, respectively, as listed in Table 1. Each assay was run on an Applied Biosystems
7300 Real-Time PCR System in triplicate, and expression foldchanges was derived using the comparative threshold cycles (CT)
method. Values were shown to normalize the human GAPDH mRNA
expression as an endogenous/internal control gene.
Determination for the levels of Fas/CD95 expression by ﬂow cytometry.
HUVECs (5 × 10 4 cells/ml) into 24-well plates were incubated with
5 μM HMJ-38 for 0, 6, 12 and 24 h. Cells were then corrected and
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Table 1
Primer sequences for real-time RT-PCR.a
Primer name

Primer sequence (5′–3′)

Caspase-8

Sense-GGATGGCCACTGTGAATAACTG
Antisense-TCGAGGACATCGCTCTCTCA
Sense-CAGTGGAGGCCGACTTCTTG
Antisense-TGGCACAAAGCGACTGGAT
Sense-TTGGAAGGCCTGCATCATG
Antisense-AGTCTGGTTCATCCCCATTGAC
Sense-GCGCTTGGGTCTCCTACGA
Antisense-TTGCTGCTCAGAGACGAAAGTG
Sense-ACAAAACCGGGCGAGATG
Antisense-CATGAACTTTCCAGAGCTCAACA
Sense-GGGTTAGTTTACAATCAGCCACATT
Antisense-GGGCCTTGAAGTTAGAGAAAATTCA
Sense-ACACCCACTCCTCCACCTTT
Antisense-TAGCCAAATTCGTTGTCATACC

Caspase-3
Fas
DR4
DR5
p53
GAPDH

a
DNA sequence was designed by the Primer Express Software (Applied Biosystems
by Applied Biosystems). Each assay was conducted at least in triplicate to ensure reproducibility. Caspase, cysteine aspartate-speciﬁc protease; Fas, fatty acid synthase; DR4/
5, death receptor 4/5; GAPDH, glyceraldehydes-3-phosphate dehydrogenase.

stained with FITC-conjugated anti-human CD95 (BD Biosciences
Pharmingen) for 1 h according to the manufacturer's instruction.
Cells with ﬂuorescent staining were measured immediately by ﬂow
cytometry as described elsewhere (Onodera et al., 2005).
Assays for intracellular ROS production and cellular GSH depletion. Approximately 5 × 10 4 cells/ml of HUVECs seeded into 24-well plates
were treated with 5 μM HMJ-38 for 1, 3 and 6 h. Cells were harvested,
washed twice, and re-suspended in 500 μl of 10 μM H2DCFDA (an
ROS indicator) or 10 μM CMFDA for GSH detection at 37 °C for
30 min. Flow cytometric analysis was used to measure the inﬂuences
of DCF ﬂuorescence on the levels of ROS production and negative CMF
cells for GSH deletion as previously prescribed (Han and Park, 2009;
Yu et al., 2011).
Effects of speciﬁc inhibitors for cell apoptosis on viability and
protein alterations induced by HMJ-38. HUVECs at a density of 5 × 104
cells/ml into 24-well plates were pre-incubated with or without the
10 μM Z-IETD-FMK (a caspase-8 inhibitor), 10 μM Z-DEVD-FMK (a
caspase-3 inhibitor), 10 μM Z-VAD-FMK (a general caspase inhibitor),
5 mM NAC (an ROS scavenger) and 2 mM caffeine (an ATM/ATR inhibitor), respectively, for 2 h before the ﬁnish of 5 μM HMJ-38 treatment
for the indicated incubation time (Yang et al., 2010; Lu et al., 2012b).
Subsequently, cell viability and DNA content analysis were determined
by ﬂow cytometry, or the protein expression was investigated by immunoblotting as mentioned above.
siRNA transfection for cytotoxicity and abundance of extrinsic protein
levels provoked by HMJ-38. HUVECs (5 × 10 4 cells/ml) into 12-well
plates were grown to 70% of conﬂuency and transfected with
100 nM p53 siRNA or control vector siRNA molecules using
Lipofectamine 2000 Reagent (Invitrogen by Life Technologies) for
16 h according to the manufacturer's guidelines (Yang et al., 2010).
After being transfected, cells were seeded and treated with 5 μM
HMJ-38 for indicated intervals of time. Cells were then determined
for cell viability and caspase-8 activity, and cell lysates were
subjected to Western blotting as detailed above.
Statistical analysis. All data were presented as the mean ± standard
deviation (S.D.) from at least three independent experiments. All statistical analyses were carried out by one-way analysis of variance
(ANOVA) followed by Dunnett's test, and p value less than 0.05 is
considered statistically signiﬁcant.
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Results
HMJ-38 suppresses angiogenic effects in the Matrigel plug model
Initially, we performed a mouse Matrigel plug assay, an established
in vivo angiogenesis model, to explore whether HMJ-38 has an
antiangiogenic activity. Angiogenesis can be induced to appear dark
and ﬁlled with intact erythrocytes, indicating that functional vasculatures has formed inside in the Matrigel plugs through VEGF stimulation
(Plate et al., 1994; Ferrara, 2002; Pang et al., 2010). We further determined the effects of HMJ-38 on VEGF-induced angiogenesis in the
Matrigel plugs in vivo. Our results indicated that the intraperitoneal
treatment with 0.5 and 2.5 mg/kg of HMJ-38 dramatically inhibited
vascular formation induced by VEGF in Matrigel plugs when compared
with only VEGF-triggered neovessels inside the Matrigel (Fig. 1A), and
these actions were in a dose-dependent manner (Fig. 1B). We also
gained that blood vessels rarely occurred in Matrigel plugs without
VEGF stimulation. The group of docetaxel at 2 mg/kg was acting as a
positive control. Collectively, neovessels containing intact red blood
cells (hemoglobin) were decreased by HMJ-38 exposure in VEGFtriggered angiogenic vessels in Matrigel plugs, and here we present
the ﬁrst evidence that HMJ-38 possesses a potent antiangiogenic property in vivo.
HMJ-38 attenuates VEGF-induced vessel sprouting ex vivo
The aortic ring assay is unique and recapitulates all of the key steps
in these processes (matrix degradation, migration and proliferation),
while most in vitro assays are designed to study a particular step in
the angiogenetic conditions (Stiffey-Wilusz et al., 2001). Hence, we investigated the rat aortic endothelial cells after HMJ-38 treatments or
docetaxel (positive control) in response to the aortic ring vessel
sprouting of the dissection procedure. VEGF stimulated microvessel
sprouting, leading to a network formation of vessels around the aortic
rings. As illustrated in Fig. 1C, microvessels sprouting from aortic rings
in the presence of HMJ-38 (1, 5 and 10 μM) were dramatically
inhibited in comparison to the VEGF-stimulated alone sample. As
seen in Fig. 1D, quantiﬁcations of sprouts area by the WimSprout software were observed, and we found that this impact was displayed in a
concentration-dependent action. Based on these ﬁndings, it is suggested that HMJ-38 exhibits the antiangiogenic ability for suppression
of microvessel sprouting from the rat aortic ring ex vivo.
HMJ-38 disrupts tube formation and inhibits cell migration in HUVECs
To assess the antiangiogenic response of HMJ-38 in vitro, its inhibitory inﬂuences on VEGF-induced tube formation and migration of
HUVECs were evaluated by tube formation analysis and Boyden
chamber transwell assay, respectively. HUVECs were placed into the
layer of Matrigel to form a genuine reconstituted basement membrane with or without VEGF, and the supernatant was added to the
ﬁnal concentrations of 2.5, 5 and 10 μM of HMJ-38 for 12 h to determine the tube formation by endothelial cells. The results indicated
that HMJ-38-treated HUVECs decreased the tube-like structures and
network formation in a concentration-dependent response (Figs. 2A
and C). To examine whether HMJ-38 affects the migratory behavior,
our data from transwell migration assay demonstrated that HMJ-38
concentration-dependently suppressed cell migration in HUVECs
(Figs. 2B and D). Hence, we conclude that HMJ-38 reduces tube formation and cell migration of HUVECs. Overall, HMJ-38 exposure
possibly suppresses angiogenesis in endothelial cells in vitro.
HMJ-38 triggers apoptotic death in HUVECs in vitro
It is reported that apoptosis of endothelial cells exerts a destructive method for angiogenetic effects on new blood vessels during
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A

B

C

D

Fig. 1. HMJ-38 produces antiangiogenic responses in vivo and ex vivo. (A) HMJ-38-inhibited hemoglobin generation of angiogenesis in vivo was performed by the Matrigel plug
assay. The nude mice were subcutaneously given with Matrigel in the presence or the absence of 100 ng/ml VEGF, and HMJ-38 (0.5 and 2.5 mg/kg) or positive control (docetaxel
2 mg/kg) were injected in the midventral abdominal region (eight mice per group) (scale bar = 0.5 cm). (B) After ten days, representative Matrigel plugs were removed and
photographed before the hemoglobin from each group for observations of blood vessel formation was determined. Columns, mean (n = 8); bars, ±S.D. *p b 0.05 versus
VEGF-treated only group. (C) The morphological tube-like structures formed from representative aorta rings for a 6-day culture in different groups and then photographed
under a microscope (bar = 200 μm). Respective samples contained control, 20 ng/ml VEGF only stimulated group, HMJ-38 (1, 5 and 10 μM) treatment with VEGF and
100 μg/ml docetaxel with VEGF. The arrow bar (↑) indicates microvascular sprouting from rat aortic ring as compared to the VEGF only group. (D) Quantitative analysis for microvascular sprouting was observed as described in the Materials and methods section. Each point was performed as the mean ± S.D. of three independent experiments. The symbol
(+) means with VEGF stimulation. *p b 0.05 versus VEGF only treatment sample.

cancer treatment (Sakamaki, 2004; Tozer et al., 2005). We further
showed that HUVECs were treated with or without different concentrations (1, 2.5, 5 and 10 μM) of HMJ-38 for 24 h and collected for
measuring the survival of HUVECs. Percentage of viable cells and
morphological features were presented in Figs. 3A and B. The results
revealed that the potential cytotoxic effects and viability of
HMJ-38-challenged HUVECs were veriﬁed using ﬂow cytometric
assay, and we also conﬁrmed them by a Trypan blue exclusion method. Our data revealed that HMJ-38 decreased the viability of HUVECs
in a concentration–response effect (Fig. 3A), and the HMJ-38 concentration of 5 μM, a close to IC50 (50% inhibitory concentration) value
for a 24-h treatment, was selected for further experiments in this
study. Also, HMJ-38-induced apoptotic morphological changes (such
as cell rounding and shrinkage) in HUVECs were photographed
(Fig. 3B). To clarify if HMJ-38 induces apoptosis in HUVECs, cells were
treated with 1, 2.5, 5 and 10 μM of HMJ-38 for a 24-h exposure and collected for determining apoptotic evidence. Fig. 3C reveals that HMJ-38 at
5 and 10 μM triggered HUVECs to undergo concentration-dependent
chromatin condensation (an apoptotic characteristic). Alternatively, the
mean ﬂuorescence intensity (MFI) from DAPI staining was quantiﬁed in
comparison to the control sample (Fig. 3D). Subsequently, HUVECs after
HMJ-38 treatment for 24 h were investigated for DNA content by ﬂow cytometry. As can be seen in Fig. 3E, the sub-diploid population (sub-G1
peak) from 0.85% increased to 38.12% in HMJ-38-treated HUVECs. Also,
annexin V assay was applied to measure the apoptotic cells, and Fig. 3F
displays that annexin V positive cells were concentration-dependently

increased in HUVECs after HMJ-38 exposure for 24 h. These results demonstrated that HMJ-38 could fully induce cell apoptosis in HUVECs in
vitro.

HMJ-38 enhances the extrinsic caspase cascade-dependent pathway in
HUVECs
We further focused on whether HMJ-38-induced apoptosis is
involved in these crucial caspase proteases related with extrinsic inducers in HUVECs. Cells were exposed to 5 μM HMJ-38 for 6, 12 and
24 h, and we determined the caspase activities in HUVECs. Our results
indicated that HMJ-38 stimulated caspase-8 (Figs. 4A and C) and
caspase-3 (Figs. 4B and D) activities in a time-course effect. However,
there is no signiﬁcant alteration in caspase-9 activity in HMJ-38treated HUVECs (Supplementary Figure S2). To conﬁrm whether
HMJ-38-provoked cell apoptosis is mediated through caspase-8 and
caspase-3-dependent signaling, HUVECs were individually pretreated
with 10 μM of speciﬁc inhibitors, Z-IETD-FMK (for caspase-8),
Z-DEVD-FMK (for caspase-3) and Z-VAD-FMK (for the general caspase)
in response to 5 μM HMJ-38 treatment for 24 h. Our results shown in
Fig. 4E demonstrated that the three speciﬁc caspase inhibitors substantially reduced HMJ-38-induced cell death when compared to the
HMJ-38-treated alone in HUVECs. Importantly, we also gained that
these inhibitors signiﬁcantly attenuated HMJ-38-stululated cleaved
caspase-8/-3 protein expressions compared with treated only HUVECs
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Fig. 2. HMJ-38 inhibits capillary-structure formation and migratory potential of HUVECs in vitro. (A) HMJ-38 treatment suppressed VEGF-induced tube formation of HUVECs. The inhibitory
effect of HMJ-38 in the presence of 20 ng/ml VEGF on capillary tube formation in HUVECs with Matrigel was assessed. Twelve hours later, the cell morphological changes were captured with an
inverted microscope at a 200× magniﬁcation, and representative endothelial tubes were observed. (B) Effects of HMJ-38 treatment on the cell migratory ability of HUVECs were analyzed
through a Boyden chamber assay and Matrigel-coated transwell after cells migrated to the underside of the porous polycarbonate membrane. Scale bar = 25 μm. The tube formation and
cell mobility were determined and represented the average of three experiments. (C) The levels of tube length and (D) migrated cell number were measured as mentioned in the Materials
and methods section. Each bar is representative of mean ± S.D. of three independent samples for each treatment. *p b 0.05 versus VEGF-treated only control.

(Supplementary Figure S3). Hence, the activations of caspase-8/-3
might contribute to HMJ-38-triggered apoptotic death in HUVECs.
HMJ-38 alters abundance of extrinsic apoptosis-associated protein and
mRNA levels in HUVECs
To further explore the possible pathway for induction of apoptosis
in HUVECs, cells were exposed to various concentrations (0, 0.5, 2.5
and 5 μM) of HMJ-38 for 12 or 24 h to examine the extrinsic molecular
regulators. Our data displayed that HMJ-38 increased the protein expressions of cleaved caspase-8, cleaved caspase-3 (Fig. 5A), Fas/CD95,
DR4, DR5 and FADD (Fig. 5C) but it decreased the protein level of
XIAP (Fig. 5A). It is also found that caspase-7 protein level had no signiﬁcant effect in HMJ-38-treated HUVECs (Fig. 5A). Moreover, HMJ38 promoted the mRNA levels of caspase-8, caspase-3 (Fig. 5B), Fas/
CD95, DR4 and DR5 (Fig. 5D) gene expressions. To test whether
HMJ-38 provokes apoptosis of HUVECs through Fas/CD95-mediated
regulation of extrinsic pathway, we used ﬂow cytometric analysis to
determine Fas/CD95 expression in tested cells. Results showed that
HMJ-38 dramatically stimulated the expression of Fas/CD95 in 6, 12
and 24 h, and the ﬂuorescence intensity of FITC-conjugated Fas/CD95
markedly increased and moved to the right as can be seen in Fig. 5E.
Owing to these results, we propose that HMJ-38-promoted apoptosis
in HUVECs might be carried out through mainly Fas/CD95 and death
receptor-modulated extrinsic caspase signaling.
HMJ-38 promotes ROS production and GSH depletion in HUVECs
One of the synergistic cell death mechanisms of the combination
therapy as the previous studies have found is through intracellular

accumulation of ROS (Yodkeeree et al., 2009; Prasad et al., 2011)
and alteration of cellular GSH (Han and Park, 2009). We proposed
that if HMJ-38-induced apoptosis is mediated via induction of
intracellular ROS and reduction of cellular GSH in HUVECs. Cells
were exposed to 5 μM HMJ-38 for 1, 3 and 6 h to measure the effects
of ROS production and GSH depletion. Our ﬁndings showed that
HMJ-38 enhanced both of the amounts of DCF positive cells
(Figs. 6A and B) and CMF negative cells (Figs. 6C and D) in HUVECs.
Thus, these data demonstrated that ROS production and GSH depletion might be required for crucial apoptotic events controlled by
HMJ-38. To check whether HMJ-38-reduced cell viability is regulated
by oxidative stress, we explored and found that NAC (an ROS scavenger) is effective at suppressing HMJ-38-induced a decrease of viability
(Fig. 6E) and an increase of sub-G1 population (Fig. 6F) in HUVECs in
comparison to HMJ-38-treated only cells. Alternatively, cell death induced by members of the death receptor family has been considered
to be redox regulated or dependent upon ROS (Buttke and Sandstrom,
1994; Goossens et al., 1999). Therefore, we strongly suggest that
HMJ-38-enhanced apoptosis of HUVECs might be involved in mainly
ROS generation-regulated extrinsic pathway.
p53/ATM protein response-activated extrinsic signaling is associated
with the induction of apoptosis in HMJ-38-treated HUVECs
It is well known that ROS levels are accompanied by activations of
ATM and Chk2, and enhancement of p53 level caused progressive modiﬁcation or degradation, leading to DNA damage and cell apoptosis
(Ropolo et al., 2009; Alexander et al., 2010; Makovski et al., 2012).
We reasoned to investigate the possible relationships between p53/
ATM expression and apoptotic death in HMJ-38-incubated HUVECs.
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Fig. 3. HMJ-38 potentiates apoptotic death in HUVECs in vitro. Cells were seeded in the presence of different concentrations of HMJ-38 after a 24-h exposure. (A) Cell viability was
determined utilizing a PI exclusion method and by ﬂow cytometric analysis. (B) Cells were then checked for the cells' morphological changes and photographed. Scale bar = 15 μm.
The red symbol (↑) shows the shrinkage and rounding of apoptotic cells. (C) Examined cells were stained, and DNA was then labeled by DAPI staining to analyze chromatin condensation (a catachrestic of apoptosis). The arrow bar (↑) reveals the higher ﬂuorescence intensity was due to DNA condensation in apoptotic cells when compared to the control
group. The images were observed and captured using a ﬂuorescent microscope. Bar = 15 μm. (D) Quantitative values of MFI for apoptotic cells were carried out when compared to
the vehicle control group (fold of control). (E) HUVECs with hypodiploid DNA contents (%) represented the fractions undergoing apoptotic DNA degradation by ﬂow cytometry and
the Modﬁt program. Data are representative of three independent experiments that yield similar results. (F) Annexin V positive cells were determined utilizing the FITC Annexin V
Apoptosis Detection Kit I and measured by ﬂow cytometry. Each assay was detailed in the Materials and methods section. Each value is shown as mean ± S.D. of three independent
experiments. *p b 0.05 versus vehicle control. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

The aim of this advanced study focused on oxidative stress (cellular
ROS production), and the important ATM/p53-related inducer that
was correlated with HMJ-38-induced apoptosis. Therefore, HUVECs
were treated with 5 μM HMJ-38 for 3, 6 and 12 h to determine protein
expression. Results from immunoblotting analysis showed that the
protein levels of ATM, p-ATMSer1981, Chk2, p-Chk2Ser19, p53 and
p-p53 Ser15 were up-regulated (Fig. 7A). To ﬁnd evidence of whether
ATM affects the downstream of p53 signal, we next pretreated with
caffeine (an ATM/ATR inhibitor) and examined its inﬂuences on
p-p53 Ser15 protein level and cell viability of HUVECs in the presence
or the absence of HMJ-38. Caffeine decreased HMJ-38-induced
p-p53 Ser15 protein expression in concordant extents (Fig. 7B, top
panel). Importantly, HMJ-38-decreased cell viability was attenuated
by caffeine when compared with treated alone HUVECs (Fig. 7B, bottom panel). To evaluate whether HMJ-38 modulates p53 gene expression, we analyzed p53 mRNA level from HMJ-38-challenged HUVECs.
Results from real-time RT-PCR experiment demonstrated that the
levels of p53 transcript were up-regulated in HUVECs after 6 and
12-h HMJ-38 exposures (Fig. 7C). Thus, the data was consistent with
a cause–effect relationship between p53/ATM and ROS-mediated apoptosis induced by HMJ-38 in HUVECs. Since p53 tumor suppress gene is
a transcription factor that enhances the several transducing signals, its

phosphorylation at Ser15 (p-p53Ser15) has been linked to cell apoptosis
and often executed through Fas/CD95 and caspase-8 pathway (Haupt
et al., 2003; Jiang et al., 2004; Chiu et al., 2011). We sought to deﬁne
how p53 plays a critical event for the induction of apoptosis by
HMJ-38 in HUVECs. Both of p53 protein expression and cell viability
were examined after transfecting p53 siRNA in treated and untreated
cells. As shown in Fig. 7D, we could ﬁnd that knockdown of p53 expression was observed (top panel), and HMJ-38-reduced viability was
nearly increased (bottom panel) after transfection with p53 siRNA
when compared with HMJ-38-treated alone HUVECs. We did this to
test the hypothesis that p53 is causally linked to the Fas/death receptor
and caspase-8 activation triggered by HMJ-38 treatment. After p53
siRNA transfection, we also detected Fas/CD95, DR4 and DR5 protein
expressions as well as caspase-8 activity. Fig. 7E demonstrates that
p53 knockdown cells showed less sensitivity to death receptor signals
(Fas/CD95, DR4 and DR5) prior to HMJ-38 incubation than that of the
parental cells. The change of caspase-8 activity was accompanied by
similar extents of attenuation in p53 siRNA plus HMJ-38-treated
HUVECs (MFI: 63.29) in comparison to that in control vector plus
HMJ-38 cells (MFI: 169.54) as illustrated in Fig. 7F, leading to the reduction of the overall apoptosis. Taken together, these ﬁndings from
our experimental approaches conclude that HMJ-38 is responsible for
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Fig. 4. HMJ-38 causes cell apoptosis in HUVECs through the extrinsic signaling pathway. Cells were incubated with 5 μM HMJ-38 for different periods of time, and then harvested for
investigating caspase activities. Respective proﬁles were shown using BD CellQuest Pro Software, and the activities of (A) caspase-8 and (B) caspase-3 in HMJ-38-treated HUVECs
were determined by ﬂow cytometry. Quantitative results were performed for (C) caspase-8 and (D) caspase-3 activities. (E) HUVECs were individually pretreated with 10 μM of
each speciﬁc caspase inhibitor (Z-IETD-FMK for caspase-8, Z-DEVD-FMK for caspase-3 or Z-VAD-FMK for the general caspase) for 2 h prior to treatment with 5 μM HMJ-38 for
24 h. Cells were harvested for measuring the percentage of viable cells as described in the Materials and methods section. Results are calculated as mean ± S.D. of three experiments, *p b 0.05 versus untreated control and #p b 0.05 versus HMJ-38 alone sample.

cell apoptosis through ROS production and p53/ATM-modulated Fas/
death receptor-mediated extrinsic caspase-8 signaling towards apoptosis in HUVECs in vitro.
Discussion
Our earlier study found that HMJ-38 exhibits an anti-mitotic function for interference of tubulin-targeted site as well as has notable cytotoxic activity and antitumor effects in vitro (Hour et al., 2000; Yang
et al., 2004). In addition, HMJ-38 induces G2/M phase arrest and provokes intrinsic apoptosis in human leukemia HL-60 cells (Yang et al.,
2004). The previous studies have reported that alkaloids with

4-quinazolinone nuclei from various types of plants possess biological
actions and activities (Hour et al., 2007). There are many investigations addressing the antitumor effects of 2-phenyl 6-pyrrolidinyl-4quinazolinone derivatives on many types of cancer cell lines (Yang
et al., 2004, 2010; Chung et al., 2007; Hour et al., 2007; Lu et al.,
2012a,2012b). However, there has been no report for evaluating
whether or not HMJ-38 inhibits angiogenetic effects and triggers induction of endothelial cell apoptosis. Therefore, the current study is
the ﬁrst and is programmed to explore the proﬁles of biochemical
and pharmacological activities by HMJ-38 regarding the destruction
of tumor microvascular networks and to promote cell apoptosis of
HUVECs, an in vitro anti-vascular cell line model for angiogenesis.
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Fig. 5. HMJ-38 triggers apoptotic death in HUVECs through activations of abundances for related proteins and mRNA levels in the extrinsic pathway. Cells were exposed to 0.5, 2.5
and 5 μM of HMJ-38 for 12 or 24 h and HMJ-38 (5 μM) for 0, 6, 12 or 24 h. Following cells were harvested and lysed before the total proteins were prepared as described in the
Materials and methods section. Levels of associated protein expressions were illustrated for (A) caspase-8, caspase-3, XIAP and caspase-7; (C) Fas/CD95, DR4, DR5 and FADD.
mRNA gene was ampliﬁed using real-time RT-PCR as detailed in the Materials and methods section. The results were shown for the levels of (B) caspase-8 and caspase-3;
(D) Fas/CD95, DR4 and DR5. GAPDH is employed as an internal control gene to normalize the value to gene expression data. Each result is represented as mean ± S.D. of three experiments, *p b 0.05 versus untreated control (0 h). (E) Flow cytometry analysis was applied to observe HMJ-38-induced Fas/CD95 activation of HUVECs, and respective proﬁles
from CellQuest Pro Software were shown as described in the Materials and methods section. All images and data are taken from three independent experiments with similar results.

Angiogenesis means the growth of new blood-vessel from preexisting capillaries and post-capillary microvessels (Ferrara, 2002).
Tumor growth requires an increment of vascular growth to support
nutrients when that is angiogenesis-dependent (Plate et al., 1994;
Ferrara, 2002; Kanjoormana and Kuttan, 2010). Our results presented
here clearly displayed that HMJ-38 signiﬁcantly inhibited VEGFdependent formation of numerous blood vessels in the Matrigelplug animal model (Figs. 1A and B). Furthermore, all animals after
intraperitoneal injection with HMJ-38 were also estimated by not
only biochemistry analyses and complete blood count (CBC) assessment but also survival rate and the weights of body, spleen and
liver from nude mice. We observed that HMJ-38 exerted less
drug-related toxicity for the safety, and no signiﬁcant difference was
noted in the report of clinical biochemistry and CBC proﬁles when
compared to the control group (normal mice) (Supplementary Figure
S4 and Table S1). It is worthy to note that the novel HMJ-38 was
found to have no adverse effect on the levels of hepatic, renal and
blood responses as well as limited toxicity.
It has been well documented that aortic angiogenesis is regulated
by endogenous angiogenic factors, extracellular matrix molecules and
proteolytic enzymes produced by cells of the vessel wall (Nicosia et
al., 2011). Aortic ring assay has been generally recognized to be

unique for investigating angiogenesis process (Stiffey-Wilusz et al.,
2001). We further elucidated HMJ-38-impacted antiangiogenic
achievement of the rat aortic ring ex vivo, and our study revealed
that HMJ-38 blocked VEGF-stimulated network of vessels and
microvessel sprouting around the aortic rings (Figs. 1C and D). It is
reported that VEGF is focused on the application of current concepts
to develop new anticancer and antiangiogenetic therapies (Plate et
al., 1994; Ferrara, 2002; Lu et al., 2010b), which is capable of provoking angiogenesis through interacting with its two receptor tyrosine
kinases [vascular endothelial growth factor receptor 1 (VEGFR-1;
Flt-1) and VEGFR-2 (Flk-1)] expressed on endothelial cells (Zhang
et al., 2010; Meissner et al., 2011). Our observations regarding
HMJ-38-attenuated VEGF signals also showed that HMJ-38 was
docked into the VEGFR-2 target site by the restricted de novo design
strategy, and the data demonstrated that the interactions between
HMJ-38 and VEGFR-2 were a possible binding mode (Supplementary
Figure S5A). We also indicated that HMJ-38 signiﬁcantly suppressed
the phosphorylated Tyr1175 of VEGFR-2 and VEGF protein expressions stimulated by VEGF (Supplementary Figure S5B), suggesting
that HMJ-38 might exert antiangiogenic behaviors by targeting
VEGFR-2 and could impair its associated downstream signal transduction cascade. Our result is in agreement with previous reports
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Fig. 6. HMJ-38 enhances ROS production and GSH depletion in HUVECs. Cells were treated with 5 μM HMJ-38 for 0, 1, 3 and 6 h before being harvested and re-suspended in 500 μl of
(A) 10 μM H2DCFDA for quantitative DCF ﬂuorescence index (ROS measurement) and (C) 10 μM CMFDA for GSH examination by ﬂow cytometry. All proﬁles were thereafter expressed
to quantify utilizing BD CellQuest Pro Software for (B) DCF positive cells and (D) CMF negative cells. HUVECs were pretreated in the presence or absence of 5 mM NAC (an ROS scavenger) for 2 h prior to incubation with 5 μM HMJ-38. After a 24-h treatment, cells were harvested for examining (E) viability and (F) sub-G1 population (apoptosis) as described in the
Materials and methods section. Values are plotted as mean ± S.D. of three separated experiments. *p b 0.05 versus the untreated control.

addressing the functions of vascular endothelial cells for VEGFR-2
signal, following the initiation of downstream molecules during angiogenic response (Liu and Agarwal, 2010; Zhang et al., 2011). Consequently, these ﬁndings speculated that HMJ-38 might suppress
microvessel formation and angiogenic effects, which could be an
antiangiogenic agent for cancer treatment.
Accumulating evidence reports that apoptotic death of endothelial
cells has been reported to act as a vital disrupting way for new blood
vessels in tumor microenvironment and to represent the ability of
antiangiogenesis through suppressing cell proliferation or migration,
following the restriction of tumor progression (Folkman, 2003;
Sakamaki, 2004; Tozer et al., 2005). In the current study, we chose
HUVECs to explore the possible effects of cell apoptosis induced by
HMJ-38 and its associated signaling. Herein, we provided the ﬁrst biological actions showing that HMJ-38 blocked endothelial cell functions,
including the tube formation and cell migration (Fig. 2). Moreover, we
observed that HMJ-38 not only reduced cell viability but also enhanced
chromatin condensation (a typical catachrestic of apoptosis) as well as
the population of sub-G1 phase and annexin V binding capacity in
HUVECs (Fig. 3). Caspase family protease-modulated apoptotic death
is a variety of physiological processes, and extrinsic pathway related

apoptotic events are required to coordinate modiﬁcation within cellular apoptosis (Gupta, 2003; Portt et al., 2011). Our study indicated
that HMJ-38 activated caspase-8 and caspase-3 molecular cascades,
causing extrinsic signal-mediated cell apoptosis in HUVECs; their
speciﬁc caspase inhibitors were used to conﬁrm this response (Fig. 4
and Supplementary Figure S3). To further estimate our notion that
the cellular extrinsic response was provoked by HMJ-38, our results
clearly displayed that HMJ-38 altered the abundance of extrinsic related protein expressions and inﬂuenced gene levels in HUVECs
(Figs. 5A-D). Intriguingly, we observed that Fas/CD95 expression was
dramatically increased after HMJ-38 exposure within 6 h (Fig. 5E).
Consequently, we suggest that Fas/CD95 signal is a vital contributor
to regulate cell apoptosis in HMJ-38-treated endothelial cells. Collectively, these data clearly demonstrated that Fas/casapse-8-mediated
subsequent extrinsic cascade could be responsible for HMJ-38triggered apoptosis of HUVECs in vitro.
Intracellular oxidative stress or ROS (e.g., hydrogen peroxide and superoxide anion) has been previously reported to be a critical modulator
for cell death and acts as a progressive modiﬁcation via degradation of
cellular biochemicals during apoptosis-based behaviors and approaches
to pharmacophore discovery in cancer treatment (Yodkeeree et al.,
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Fig. 7. HMJ-38 stimulates ATM/p53/Fas and death receptor signals in HUVECs in vitro. Cells were exposed to 5 μM HMJ-38 for the indicated periods of time to clarify the protein and
gene expressions for induction of apoptosis. (A) Whole-cell protein lysates were prepared from HMJ-38-treated HUVECs, and the protein levels of ATM, p-ATMser1981, Chk2,
p-Chk-2ser19, p53 and p-p53ser15 were performed. (B) HUVECs were pretreated with or without 2 mM caffeine (an ATM/ATR inhibitor) for 2 h and further incubated with 5 μM
HMJ-38. After a 6-h exposure, proteins were subjected to immunoblotting, and p-p53ser15 protein expression (a downstream of ATM/ATR signal) was observed (top panel). Cell
viability was calculated by ﬂow cytometry after HMJ-38 treatment for 24 h (bottom panel). (C) Levels of mRNA quantiﬁcation for p53 gene expression in HMJ-38-stimulated
HUVECs were examined utilizing real-time RT-PCR analysis. (D) HUVECs after being transfected with or without control vector or p53 siRNA were exposed to 5 μM HMJ-38. To
conﬁrm the knockdown of p53, cells after p53 siRNA transfection were lysed for immunoblots of p53 protein level (top panel). Transfected HUVECs following exposure to
HMJ-38 for 24 h was determined for cell viability (bottom panel) as described in the Materials and methods section. Data are expressed as overall mean ± S.D. from three independent experiments. *p b 0.05 versus the untreated control; #p b 0.05 versus HMJ-38-treated alone sample. (E) Western blotting analysis for death receptor-associated protein
expressions (Fas/CD95, DR4 and DR5) and (F) caspase-8 activity by ﬂow cytometry were performed in transient transfection of HUVECs after 5 μM HMJ-38 treatment for 12 or 24 h.
All methods indicated as detailed in the Materials and methods section, and these data are carried out and representative of three independent experiments with similar results.

2009; Prasad et al., 2011). However, the intracellular GSH content
underwent imbalance with ROS, leading to detoxify toxic metabolites
of drugs since GSH level is a decisive effect or an apoptotic response
(Buttke and Sandstrom, 1994; Goossens et al., 1999; Han and Park,
2009). We reasoned therefore that ROS levels were increased, whereas
the GSH content was decreased in HUVECs after exposure to HMJ-38
within 1 h (Figs. 6A–D). We also showed that pretreatment with NAC
(an ROS scavenger) signiﬁcantly increased the cell viability and decreased the number of sub-G1 population (apoptotic cells) in comparison to that in HMJ-38 alone treatment sample (Figs. 6E and F). Thus, this
supports the notion that intracellular ROS caused by HMJ-38 in HUVECs
plays an important role in eliciting an early response in apoptosis.
As previously mentioned, ROS production by chemotherapeutics is
known to cause DNA damage and to be associated with the regulation
of p53/ATM signaling (Makovski et al., 2012; Ray et al., 2012). The previous studies have shown that autophosphorylation of ATM target

substrate at a residue of Ser1981 occurs during cell apoptosis or DNA
damage (Bakkenist and Kastan, 2003; Chiu et al., 2011). Alternatively,
ATM-phosphorylated Ser19 site in the amino-terminal domain of
Chk2 contributes to p53 nuclear accumulation and regulatory function
(Zhang et al., 2004; Antoni et al., 2007; Ropolo et al., 2009). The p53
protein has a major task for monitoring genome integrity and the interactions, and p53 stimulates the pro-apoptotic genes and enhances cell
apoptosis through death receptor-dependent signals (Haupt et al.,
2003; Zhou et al., 2008), resulting from related initial phosphorylation
of p53 substrate protein at Ser15 residue (Meek, 1999) and p53dependent transcriptional activation (Bates and Vousden, 1999). To approach this question, our data was consistent with the previous works
and demonstrated that HMJ-38 promoted the protein expressions of
ATM, p-ATM Ser1981, Chk2, and p-Chk2 Ser19, p53 and p-p53 Ser15 levels,
and caffeine subsequently attenuated the p-p53Ser15 protein expression and prevented against HMJ-38-caused cell death in HUVECs
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(Figs. 7A and B). On the other hand, we also gained that the level of p53
mRNA expression was induced by HMJ-38 within 6 h (Fig. 7C). These
ﬁndings gave reason to speculate that p53/ATM signal was required
and a major mechanism of HMJ-38-provoked apoptosis in HUVECs in
vitro. Furthermore, p53/ATM signaling cascade has been reported to
enhance the death receptor signals (DR4, DR5 and Fas/CD95) (Bates
and Vousden, 1999), which led to recruitment of the adaptor protein
FADD and activation of initiator caspase-8 to form the death-inducing
apoptotic signaling complex (Ramaswamy et al., 2004). However,
there have been no reports addressing how p53 stimulates the downstream of extrinsic signaling during apoptosis in HMJ-38-treated epithelial cells. We further conﬁrmed p53-modulated induction of
apoptotic molecular signaling using p53 siRNA in transfected HUVECs.
In this study, our results displayed that HUVECs after p53 siRNA transfection efﬁciently suppressed p53 expression and increased viability in
HMJ-38-challenged cells (Fig. 7D). After that, the protein expressions of
Fas/CD95, DR4 and DR5 were clearly inhibited and caspase-8 activity
was dramatically blocked in the p53 siRNA transfected cells after
HMJ-38 exposure (Figs. 7E and F). Our data strengthens the hypothesis
that HMJ-38-triggered extrinsic apoptotic death is mediated by p53/
ATM signaling in HUVECs.
This novel insight is the ﬁrst report to our knowledge to elucidate
that HMJ-38 exhibited the angiogenic efﬁcacy in the mouse Matrigel
plugs in vivo and rat aortic ring microvessel sprouting to disrupt microvasculature ex vivo. We further deem that HMJ-38 not only
suppressed tube formation and cell migration but also provoked cytotoxic and pro-apoptotic effects on treated endothelial cells in vitro.
We strongly support our hypothesis that HMJ-38 provoked apoptosis
in HUVECs through p53/ATM-mediated extrinsic pathway. Taken together, we herein report how HMJ-38 interacts and targets the p53/
death receptor signaling molecules during induction of apoptosis in
HUVECs and this is an attractive concept. Collectively, our novel synthetic quinazolinone HMJ-38 provides convincing evidence to be a
promising potential chemotherapeutic approach in good progress
and optimizes the antiangiogenic strategies as a vascular targeting
agent for cancer treatment.
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