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Neamine is preferential as an anti-prostate cancer
reagent by inhibiting cell proliferation and angiogenesis,
with lower toxicity than cis-platinum
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Abstract. Hormone therapy is the most commonly used
treatment for prostate cancer, but for androgen-independent
cancer, few effective treatment methods are available.
Therefore, the requirement to develop novel and effective
anti-prostate cancer drugs is extremely urgent. Angiogenin
has been suggested as a molecular target for prostate cancer
treatment; its overexpression contributes to androgen-depen-
dent prostate cancer growth and castration-resistant growth of
androgen-independent prostate cancer. The aim of the present
study was to investigate whether neamine, a low toxicity
angiogenin nuclear translocation inhibitor, has preferential
anti-prostate cancer activity compared with cis-platinum
(DDP) and the mechanisms involved. Immunofluorescence
and MTT assays were used to observe the effect of neamine
on the nuclear translocation of angiogenin and cell prolifera-
tion, and a PC-3 cell transplanted tumor model was used to
investigate the in vivo activity of neamine and DDP. Immu-
nohistochemistry was performed to observe the expression
of angiogenin, cluster of differentiation (CD)31 and Ki-67.
It was found that neamine blocked nuclear translocation of
angiogenin effectively and inhibited angiogenin-induced
human umbilical vein endothelial cell and PC-3 cell prolif-
eration in a dose-dependent manner. Neamine exerted a
comparative antitumor effect, but lower toxicity (weight loss),
in the PC-3 xenograft models treated with DDP. Neamine
consistently reduced the expression of angiogenin and CD31
significantly, but no difference was found in Ki-67 expres-
sion compared with DDP. These data suggested that neamine
may be a promising agent for prostate cancer treatment.
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Introduction

Prostate cancer is the most prevalent malignancy and the
second leading cause of cancer-related mortality in men
worldwide (1). A total of 233,000 new cases and 29,480 asso-
ciated mortalities are projected to occur in the United States
in 2014 (2). Current therapy strategies for prostate cancer
mainly include radical prostatectomy, external beam radia-
tion, cryotherapy, chemotherapy or hormonal therapy. Among
these, hormonal therapy is the most commonly used method,
while for androgen-independent cancer, few effective treat-
ment methods are available (3). Therefore, the requirement
to develop novel and effective anti-prostate cancer drugs is
extremely urgent.

Angiogenesis is an essential step for the formation, progres-
sion and metastasis of numerous types of cancer, including
prostate cancer (4). Previous studies have reported that the
level of several angiogenic factors, such as vascular endothelial
growth factor (VEGF) (5), transforming growth factor-f3 (6),
fibroblast growth factors (FGFs) (7) and cyclooxygenase-2 (8),
are upregulated in prostate cancer. An increasing number of
studies are now focusing on angiogenin, a 14.4-kDa angiogenic
ribonuclease, which was firstly isolated from the conditioned
medium of human colon adenocarcinoma HT-29 cells based
on its angiogenic activity, and which plays a controlling role in
tumor angiogenesis (9). Angiogenin can transfer to the nucleus
to stimulate rRNA transcription, which is an indispensable
process in angiogenesis and cell proliferation pathways, and
is also a crossroad for angiogenesis induced by acidic and
basic FGFs (aFGF, fFGF), VEGF and epidermal growth
factor (10,11). In addition, angiogenin was reported to have an
anti-apoptotic effect by targeting p53 and B-cell lymphoma 2,
thereby accelerating cancer development (12). Angiogenin is
upregulated in a number of cancers, including prostate cancer.
It has been demonstrated that the plasma angiogenin level is
elevated in prostate cancer patients, particularly in hormonal
refractory prostate cancer patients (13), and that serum angio-
genin may be used as a prostate cancer diagnostic tool among
candidates for biopsy (14). Katona et al (15) reported that
angiogenin expression increased as prostate cancer progressed
from a benign phenotype to invasive adenocarcinoma. Using
immunohistochemistry, Yoshioka ef al (16) found that strong
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staining for angiogenin was present in the extracellular matrix
(ECM), cytoplasm and nucleus of prostate cancer tissues, but
that no staining was present in the cytoplasm and nucleus
of normal prostate tissues, with strong staining in the ECM.
Earlier studies indicated that angiogenin antagonists could
prevent HT-29 tumor appearance and growth (17,18). It is
conceivable that an inhibitor targeted to angiogenin may
achieve ideal effects for the treatment of prostate cancer.

Neomycin, an aminoglycoside antibiotic, was firstly found
to have an inhibitory effect on angiogenin nuclear translocation
in human umbilical vein endothelial cells (HUVECsS) (19), but
its use as a chemotherapeutic agent is limited due to its nephro-
toxicity and ototoxicity. Notably, as a derivative of neomycin,
neamine has equivalent effects but less toxicity than neomycin.
Previous studies demonstrated that neamine could inhibit the
proliferation of human hepatoma H7402 cells (20) and human
oral cancer HSC-2 cells (21). Furthermore, it suppressed the
growth of the established A549 (22) HT-29, MDA-MB-435,
A431 (23), HSC-2 and SAS (21) tumor transplants, and the
formation of Kaposi's sarcoma-associated herpesvirus-positive
primary effusion lymphoma (12).

The human prostate cell line PC-3, is a hormone-indepen-
dent cell line. Hormone therapy is the most commonly used
treatment for prostate cancer; however, chemotherapy is avail-
able for androgen-independent cancer. Cis-platinum (DDP) is
an effective chemotherapeutic drug for prostate cancer, and
there are currently no small-molecule targeted inhibitors for
prostate cancer, so the present study selected DDP as a positive
comparison. The present study investigated the anti-prostate
cancer activity of neamine compared with DDP, and the
mechanism behind this.

Materials and methods

Preparation of neamine. Neamine was obtained from
neomycin through alcoholysis (24). Briefly, 90 g neomycin
sulfate (Sanxia Pharmaceutical Factory, Yichang, Hubei,
China) was reflux in 3 liters of methanol with 1 mM HCI for
10 h. Next, 40 ml ammonia and 3 liters of methanol were
added to conduct ammonification for 2 h. The precipitate was
washed with methanol, purified by recrystallization in an
ethanol:water mixture (9:1) and then dried in an oven; 13 g
neamine was obtained. The structure of neamine (Fig. 1)
was confirmed by nuclear magnetic resonance spectroscopy
(Bruker Corporation, Beijing, China) and the purity (99.67%)
was determined by evaporative light scattering detector-high
performance liquid chromatography (Waters Corporation,
Milford, MA, USA).

Celllines, reagents and mice. HUVECs and the human prostate
cancer PC-3 cell line were kindly provided by the Gynecolog-
ical Oncology Center of Tongji Hospital (Wuhan, China). The
HUVECs were cultured in ECM medium (ScienCell, Carlsbad,
CA, USA) with 5% fetal bovine serum (FBS), 1% endothelial
cell growth supplement and 1% penicillin-streptomycin, and
the PC-3 cells were cultured in RPMI 1640 medium (GE
Healthcare, Logan, UT, USA) supplemented with 10% FBS.
Angiogenin and rabbit anti-human angiogenin polyclonal anti-
body (R113, 10 ug.ml) were donated by Professor Guo-Fu Hu
(Molecular Oncology Research Institute, Tufts Medical
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Figure 1. Structure of neamine.

Center, Boston, MA, USA). Cluster of differentiation (CD)31
rabbit polyclonal antibody (cat no. ab28364; 1:2,000) and
Ki-67 mouse monoclonal antibody (clone, MIB-1; 1:2,000)
were purchased from Abcam (Cambridge, UK) and Dako
(Glostrup, Denmark), respectively. DDP was produced by Qilu
Pharmaceutical Factory (Shandong, China). The 4-week-old,
specific pathogen-free (SPF), male Balb/c nude mice (certifi-
cate number, 43004700004854) were provided by the Human
SJA Laboratory Animal Co. Ltd., (Changsha, China) and
maintained in the SPF-level Experimental Animal Center of
Huazhong University of Science and Technology (Wuhan,
China).

Nuclear translocation of angiogenin. The HUVEC cells or
PC-3 cells (1x10* per well) were cultured in 24-well plates
with slides for 24 h and treated with 100 gmol neamine in the
presence or absence of 1 yg/ml angiogenin for 40 min at 37°C.
The cells were then fixed with methanol at -20°C for 15 min.
The fixed cells were blocked with 5% bovine serum albumin
in phosphate-buffered saline (PBS) and then incubated with
10 pg/ml rabbit anti-human angiogenin polyclonal antibody
R113 at 4°C overnight, washed three times with PBS and incu-
bated with fluorescein isothiocyanate-labeled goat anti-rabbit
immunoglobulin G (1:100) at room temperature for 1 h in
the dark. The cells were washed, dyed with Hoechst 33342,
mounted with 50% glycerol and observed under a confocal
laser scanning microscope (Nikon, Tokyo, Japan).

Cell viability assay. The HUVEC or PC-3 cells were seeded
into 96-well plates (5,000 cells/well) and treated with
1 ug/ml angiogenin in the presence of various concentrations
of neamine (0, 10,25, 50 100 and 200 gzmol) for 48 h. After 4 h
of incubation with MTT, 150 xl DMSO was added to dissolve
the crystals. The absorbance was determined by a Synergy HT
plate reader (Biotek Instruments Inc., Winooski, VT, USA) at
490 nm. The cell viability was calculated relative to the control
cells. The assay was repeated three times.

Invivo study on the growth of PC-3 cell tumor xenografts. This
study was conducted at the SPF-level Experimental Animal
Center of Huazhong University of Science and Technology. All
animal protocols were in accordance with the Chinese animal
protection laws and guidelines for the use of living animals
for scientific purposes and were approved by the Ethical
Committees of Tongji Medical College, Huazhong University
of Science and Technology. All mice were allowed to accli-
mate to new surroundings for 5 days prior to the experiments.
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Figure 2. Neamine blocks the translocation of angiogenin in human umbilical vein endothelial cells (HUVECS) and PC-3 cells. HUVECs and PC-3 cells were
respectively incubated in extracellular matrix (ECM) supplement medium and RPMI 1640 medium for 24 h. The cells were then washed with phosphate-buff-
ered saline, treated with (A) ECM medium or (D) RPMI 1640 medium; (B and E) 1 yg/ml angiogenin; or (C and F) 1 yg/ml angiogenin and 100 ymol neamine
at 37°C for 40 min. The fixed cells were incubated in the appropriate primary and secondary antibody. Magnification, x400.

A total of 5x10° PC-3 cells resuspended in 200 ul serum-free
RPMI 1640 medium and 50% Matrigel (BD Biosciences,
Franklin Lakes, NJ, USA) were injected subcutaneously into
the male Balb/c nude mice. When the average tumor volume
reached ~100 mm?, the mice were randomly divided into three
groups (n=6/group) and treated with an injection of saline into
the tail vein, DDP (2 mg/kg, every other day, 6 times) and
neamine (15 mg/kg, every day, 12 times). The body weights
of the mice, and the length and width of the tumors were
measured every 3 days. The tumor volume (V) was calculated
according to the formula: V = length x width? / 2, while the
body weight change rate was expressed by W, / W, x 100, in
which Wn and W1 represented the body weights measured at
the corresponding day and the first day, respectively.. After
12 days of continuous administration, the mice were sacrificed
sacrificed by cervical vertebra dislocation, and the tumors
were isolated and weighted.

Immunohistochemistry. Immunohistochemistry was
performed as previously described (25), with the following
modifications, sections were incubated with 10 pg/ml
R113 antibody, CD31 (1:2,000) polyclonal antibody and
Ki-67 monoclonal antibody (1:200). Angiogenin was stained
with R113 antibody, neovessels were stained with CD31 and
proliferating cells were stained with Ki-67 monoclonal anti-
body. The mean positive staining density was analyzed in
5 randomly selected areas in each section at x400 magnifica-
tion using image analysis software (Image-Pro plus 7.0; Media
Cybernetics, Inc., Rockville, MD, USA).

Statistical analysis. All tests were performed using the
SPSS 20.0 statistical software package (IBM SPSS, Armonk,
NY, USA). Data are presented as the mean + standard devia-
tion. Analysis of variance and Student's t-test were used to

evaluate statistical significance, and P<0.05 was considered to
indicate a statistically significant difference.

Results

Neamine blocks the translocation of angiogenin. Immuno-
fluorescence was used to observe the effects of neamine on the
translocation of angiogenin. As shown in Fig. 2, it presented
stronger staining of angiogenin in the nucleus of the HUVECs
(Fig. 2B) and PC-3 cells (Fig. 2E) when exogenous angiogenin
was added compared with the control group without exog-
enous angiogenin stimulation (Fig. 2A and D). In the presence
of 100 ymol neamine (Fig. 2C and F), the nuclear expression
of angiogenin was markedly decreased.

Neamine reduces cell viability in HUVEC and PC-3 cells. As
shown in Fig. 3, it was demonstrated that exogenous angio-
genin promoted HUVEC and PC-3 cell proliferation, and that
neamine inhibited angiogenin-mediated HUVEC and PC-3 cell
proliferation and viability in a dose-dependent manner in the
range of 10-200 gmol. With regard to the HUVECs, exogenous
angiogenin promoted 37.4% cell proliferation compared with
the control wells (without angiogenin), and 50 gmol neamine
completely inhibited angiogenin-induced cell proliferation.
However, for the PC-3 cells, in the presence of angiogenin,
there was only a 15% cell proliferation promotion rate, which
was lower than that in the HUVECs. Additionally, 50 gmol
neamine inhibited angiogenin-induced proliferation activity
by 75%, and the full inhibition was achieved at 200 gmol
neamine.

Neamine has a comparative antitumor effect, but lower
toxicity (weight loss), compared with DDP in PC-3 xeno-
graft models. As shown in Fig. 4A, continuous intravenous
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Figure 3. Inhibition of human umbilical vein endothelial cell (HUVEC) and PC-3 proliferation by neamine. HUVEC and PC-3 cells were treated with

a gradient concentration of neamine in the presence or absence of 1 yg/ml angiogenin for 48 h. The percentage of cell viability at given concentrations
compared with untreated control cells was measured according to MTT assay. Data are presented as the mean + standard deviation. "P<0.05, “P<0.01 and
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Figure 4. Neamine displays in vivo inhibition of tumor growth in PC-3 cell xenograft models. PC-3 cells were inoculated into the left flank of nude mice, and
treatment was started on day 5 post-inoculation. (A) Tumor volume of the saline control group (-e-), the cis-platinum (DDP) group (--m--) and the neamine
group (--a--) at different post-treatment times. (B) Changes in body weight of the tumor-bearing mice in each group. Tumor sizes and body weight were mea-
sured every 3 days. (C) Tumor weight of each group at the end of the experiment. Values are presented as the mean + standard deviation. "P<0.05, “P<0.01 and
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P<0.001 vs. saline control group.

administration of DDP and neamine significantly suppressed
the tumor size and volume from 3 days post-treatment
until the end of the experiment. As indicated in Fig. 4B,
an irregular decrease in body weight was presented in all
groups, and there was a significant difference between DDP
and the saline control group during the whole process, while
no marked difference was observed between the neamine
group and the saline control group. The average weight of
the harvested tumors in the saline group was 128+8.86 mg
(Fig. 4C), whereas the average tumor weights in the DDP
and neamine groups were 69.38+5.51 and 79.26+9.59 mg,
respectively. There was no marked difference in tumor
growth and weight between the neamine and DDP groups,
but lower toxicity (weight loss) was found in the neamine
group compared with the DDP.

Expression of angiogenin, CD31 and Ki-67 in tumors in
the DDP and neamine groups. As shown in Fig. 5, strong
angiogenin staining was present in the nucleus and cyto-
plasm of the tumors from the saline control group; the
expression was focused mainly in the cytoplasm, with little
in the nucleus following neamine-treatment, but strong

nuclear expression was still present in the tumors of the
DDP group, showing that neamine effectively restrained
the nuclear translocation of angiogenin. The mean density
of CD31 in the saline control, DDP and neamine groups
was 0.41+0.06, 0.37+0.09 (P=0.512 vs. control) and
0.11+0.01 (P=0.002 vs. control; P=0.003 vs. DDP), respec-
tively, indicating that neamine decreased tumor angiogenesis,
but that DDP exhibited no significant effect on tumor angiogen-
esis. The percentage of Ki-67-positive cells was 55.23+3.36%
in the saline control group, 12.97+2.21% (P<0.001 vs. control,
P=0.009 vs. neamine) in the DDP group and 21.43+2.59%
(P<0.001 vs. control) in the neamine group, which represented
a 76.5 and 61.2% decrease in tumor cell proliferation in the
DDP and neamine groups, respectively.

Discussion

Angiogenin, as a key angiogenic factor, can transfer into the
cell nucleus and then bind to the rRNA gene to stimulate rRNA
transcription (11), which is essential for angiogenesis and cell
proliferation. The elevated expression of angiogenin has been
reported in a number of cancer types, and prostate cancer is
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Figure 5. Expression of angiogenin, cluster of differentiation (CD)31 and Ki-67 in the tumors. Sections (4 ym) were cut and stained with (A-C) anti-human
angiogenin antibody, (D-F) anti-CD31 antibody and (G-I) anti-Ki-67 antibody. The black arrows in (A) indicate the nuclear expression of angiogenin.
Microvessel density and the Ki-67-positive rate were calculated in five areas at x400 magnification. The values are presented as the mean + standard deviation.

no exception. Previous studies indicated that the expression of
angiogenin increased along with the progression of prostate
cancer (15), and that the plasma angiogenin level was elevated
in prostate cancer patients, particularly in hormonal refractory
prostate cancer patients (13). Neomycin and neamine were
found to inhibit the nuclear translocation of angiogenin (26),
but neamine had much less toxicity than neomycin (27,28).
PC-3 cells are a type of hormone-independent prostate cancer
cell, and in the present study, it was demonstrated that neamine
blocked the translocation of angiogenin in the PC-3 cells, with
an effect that was comparable to DDP in PC-3 xenografts, but
with much lower toxicity. Therefore, neamine may hold great
potential as a potent agent against prostate cancer, particularly
the hormone-independent type.

In theory, the translocation of angiogenin could enhance
rRNA transcription and further promote cell proliferation.
The cell viability results in the present study indicated that
angiogenin-stimulated cell proliferation of the HUVECs
and PC-3 cells rather than basal level cell proliferation was
inhibited by neamine, and also that the HUVECs were more
sensitive to neamine than the prostate cancer PC-3 cell line.
Thus, it may be concluded that neamine may not induce drug
tolerance and cytotoxicity based on its main pertinence for
endothelial cells and angiogenin upregulated cancer cells.

In the present study, it was confirmed that exogenous angio-
genin underwent nuclear translocation in the PC-3 cells and
HUVECsS, and that neamine effectively blocked this process. The

nuclear expression of angiogenin was significantly decreased in
the neamine-treated tumors compared with the saline controls.
Treatment with neamine decreased CD31 expression to a
greater extent than DDP, but Ki-67 expression to a lesser extent
than DDP. This proved that neamine exhibited a dual effect by
suppressing tumor angiogenesis and cancer cell proliferation,
but that DDP exhibited no marked effect on angiogenesis.

As observed in the present animal experiments, treat-
ment with neamine or DDP inhibited the progression of
established PC-3 transplanted tumors in Balb/c nude mice.
However, although DDP achieved better results, it exhibited
a bigger adverse impact on body weight and more side-effects
compared with neamine in the whole process.

Angiogenesis is a major step for the growth, spread and
metastasis of solid tumors, therefore anti-angiogenesis agents
may have great potential in targeting malignancy. A variety
of anti-angiogenesis drugs have been used in clinical or
pre-clinical research, with the greatest success being Avastin,
which has been approved to be used in the treatment of
metastatic colorectal cancer (29). The present results showing
the significant effect of neamine against prostate cancer also
highlight the potential of neamine as an anti-angiogenesis
drug. However, the combination of an anti-angiogenesis drug
and a chemotherapeutic drug may be more effective in halting
the progression of cancer. Just as indicated in Fig. 5, neamine
exhibited a better effect on angiogenesis, but a weaker effect
on cell proliferation compared with DDP, while DDP exhibited
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a better effect on cell proliferation, but a weaker effect on
angiogenesis compared with neamine. Thus, future clinical
experiments will investigate the synergistic effect of neamine
and DDP against prostate cancer.
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