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Abstract
Purpose Aminopeptidase N (APN/CD13) is highly
expressed on the surface of cancer cells and is thought to be
involved in cancer growth and metastasis. The research of
APN/CD13 inhibitors is considered as a strategy of cancer
treatment. We aimed to evaluate the eYcacy of CIP-13F, a
novel APN/CD13 inhibitor, using a Lewis lung carcinoma
(LLC) implantation mouse model.
Methods C57BL/6 mice were subcutaneously inoculated
with LLC cells in anterior Xank. Then, 0, 50 and 100 mg/kg
of CIP-13F were injected via vena caudalis. Bestatin was
used as the positive control. Administration of CIP-13F or
bestatin was performed daily for 3 consecutive weeks. Mice
were killed, and the tumors in anterior Xank and metastasis
nodules in lungs were examined. The assays of immunohis-
tochemical staining, immunoXuorescent Xow cytometry and
western blotting were performed to estimate the expression
of APN/CD13 in LLC cells. We carried out the experiments
of Annexin-V/PI staining, DNA fragmentation analysis and
terminal deoxynucleotidyl transferase-mediated dUTP nick
end labeling (TUNEL) staining to determine apoptotic cells
in LLC tissues. Using immunohistochemical staining with

CD34, the antiangiogenesis of CIP-13F was evaluated in
LLC tissue sections.
Results CIP-13F treatment resulted in a signiWcant delay
of LLC growth in anterior Xank. Examination of lungs
showed that the number of metastatic nodules of LLC was
also markedly decreased. The inhibitory eVect of CIP-13F
on LLC growth was further evidenced by the induction of
LLC apoptosis, showing the increases in Annexin-V/PI
staining cells, DNA fragmentation and TUNEL staining
cells. Molecular analyses of LLC tissues in CIP-13F-treated
mice suggested that the decrease in APN/CD13 expression
by CIP-13F might account for its actions of mechanism.
Further, the inhibition of angiogenesis in LLC tissues was
determined, showing the decreases in microvessel density
(MVD) and angiogenic factors including vascular endothe-
lial growth factor (VEGF), basic Wbroblast growth factor
(bFGF) and transforming growth factor-alpha (TGF-�).
Conclusion Our results showed that CIP-13F eVectively
inhibited LLC growth and pulmonary metastasis in mice
and suggested that CIP-13F is a potential drug for the treat-
ment for cancers with positive APN/CD13 expression.

Keywords Aminopeptidase N (APN/CD13) · Lewis lung 
carcinoma (LLC) · Lung metastasis · Apoptosis · 
Angiogenesis · Cyclic-imide peptidomimetics compound

Introduction

Aminopeptidase N (APN/CD13) is a type II membrane-
bound metalloproteinase, which is expressed on several
types of cells including intestinal epithelium, liver, placenta
and lung [1, 2]. APN/CD13 has a variety of functions, such
as inXammatory and immunological responses, signal trans-
duction, antigen processing and cytokine degradation [3, 4].
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High expression of APN/CD13 has been found in skin,
ovary, thyroid, lung, stomach, colon, kidney and prostate
tumors and is considered to correlate with increased malig-
nancy of cancers [5, 6]. A number of reports showed that
APN/CD13 displays a key role in cancer progression by the
regulation of processes such as cell–cell contact, prolifera-
tion, invasion and metastasis, and angiogenesis [7–9]. So
far, bestatin is the only APN/CD13 inhibitor used clinically
as an adjuvant in the treatment for malignancies such as
leukemia and ovarian carcinoma and lung cancers [10, 11].
However, bestatin is not a speciWc inhibitor of APN/CD13;
hence, it has lower eYcacy and signiWcant toxicity for bone
marrow and gastric and intestinal mucosa [12, 13]. Thus,
attempts have been made to design new APN/CD13
inhibitors.

CIP-13F, a cyclic-imide peptidomimetics compound,
was designed based on the X-ray structure of APN/CD13
and the reference drug bestatin [9, 14]. Our previous studies
suggested that CIP-13F displayed a great inhibitory eVect
on activity and expression of APN/CD13 and ES-2 ovarian
carcinoma growth [9]. CIP-13F has been considered as a
potential candidate compound for the treatment for cancers
with positive activity and expression of APN/CD13. How-
ever, the inhibitory eVect of CIP-13F on cancer growth and
metastasis has not been fully evaluated, and the mechanism
underlying these actions has not been determined. We
aimed to examine the inhibitory eVect of CIP-13F on
growth and pulmonary metastasis of Lewis lung carcinoma
(LLC) using a mouse model.

Materials and methods

Chemicals

CIP-13F, (S)-2-amino-N-((S)-1-(2-(hydroxyamino)-2-oxo-
ethyl)-2,6-dioxopiperidin-3-yl)-3-phenylpropanamide hydro-
chloride, was designed and synthesized as described
previously [9, 14]. The purity of CIP-13F as measured by
high-performance liquid chromatography (HPLC) was 99.8%.
Bestatin, the reference drug, was purchased from Apeloa
Kangyu Pharmaceutical Co. Ltd., China. CIP-13F and bestatin
were dissolved in phosphate-buVered saline (PBS) before use.

Inhibition of tumor growth and metastasis 
in LLC implantation mouse model

C57BL/6 female mice, 5–6 weeks of age, were purchased
from the Animal Center of China Academy of Medical
Sciences (Beijing, China). The animals were housed under
pathogen-free conditions. The procedures were complied
with the protocols approved by the institutional guidelines
of Animal Care and Use Committee at Shandong University.

To establish LLC implantation mouse model, LLC cells
(1 £ 107) were suspended in 0.2 ml of PBS and were
injected subcutaneously into the left anterior Xank of mice
[15]. Next day, 0, 50 and 100 mg/kg of CIP-13F in 0.2 ml
of PBS were injected via vena caudalis. Other mice injected
with bestatin (100 mg/kg) served as positive control. Mice
were weighed weekly and checked daily for any signs of
illness. The tumor in anterior Xank was determined every
3 days by measuring the diameter of the tumors using
calipers. The volume was calculated using formula,
V = (ab2)/2, where a is the long axis and b is the short axis.
Administration of CIP-13F or bestatin was performed daily
for 3 consecutive weeks. The mice were killed, and the
LLC tumors in anterior Xank were removed for weighting
and further analysis. The rates of tumor growth inhibition
were deWned as a percentage of control tumor weight [16].
The tumors were then performed with western blotting
analysis, the assays of immunohistochemical staining and
TUNEL staining. The lungs were removed, and the metas-
tases nodules on the surface of pulmonary lobes were
counted under a dissecting microscope after staining with
Bouin’s solution.

ImmunoXuorescent Xow cytometry assay

An immunoXuorescent Xow cytometry assay was carried
out to evaluate the inhibitory eVect of CIP-13F on APN/
CD13 expression in LLC cells. LLC tissues were dispersed
mechanically and then placed in collagenase–dispase
medium at 37°C for 90 min. Cancer cells were passed
through a 100-�m strainer for analysis. Mouse monoclonal
anti-APN/CD13 (sc-6995, Santa Cruz, USA) was added to
1 £ 106 cells in 100 �l with an irrelevant IgG as a control.
After washing, the cells were incubated with Xuorescein
isothiocyanate (FITC) (100 �l)-conjugated goat anti-mouse
IgG (81-6511, Zymed, USA) for 30 min, washed and resus-
pended in 2% paraformaldehyde. LLC cells (10,000 per
measurement) were analyzed by FACScan using Cell Quest
software (Becton–Dickinson, USA). The expression of
APN/CD13 on cell surface of LLC was determined by
mean Xuorescence intensity (MFI) after subtracting those
of the control antibody-treated cells [17].

Western blotting assay

Western blotting assay was performed to evaluate the
expressions of APN/CD13 and angiogenic molecules in
LLC cells. LLC tissues were dispersed mechanically in
PBS, the supernatants were collected and total protein was
determined using the Bradford method [18]. Tumor lysates
(30 �g of protein per lane) were separated by 10% SDS-
PAGE. The proteins were electro-transferred onto nitrocel-
lulose membranes, and the protein levels were determined
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using the dilutions of the primary antibodies. The primary
antibodies included anti-APN/CD13 (sc-6995), anti-vascular
endothelial cell growth factor (VEGF) (sc-7269), anti-basic
Wbroblast growth factor (bFGF) (sc-136255), anti-trans-
forming growth factor-alpha (TGF-�) (sc-27155) (Santa
Cruz, USA) and anti-�-actin (AC-74, Sigma, USA). The
bound antibodies were washed in 0.05% Tween-20/PBS
and then incubated with horseradish peroxidase-conjugated
secondary antibody. The bound antibodies were visualized
using an enhanced chemiluminescence reagent (Millipore,
USA) and quantiWed by densitometry using ChemiDoc
XRS + image analyzer (Bio-Rad, USA). The data are
expressed as the relative density of the protein normalized
to �-actin [19].

Immunohistochemical staining analysis

We performed immunohistochemical staining analysis in
LLC tissue sections to determine APN/CD13 expression and
angiogenesis. For analysis of APN/CD13 expression, anti-
APN/CD13 (sc-6995, Santa Cruz, USA) was used to detect
cell surface of the antigen. For examination of angiogenesis,
anti-CD34 (BA0532, Boster, China) was used to mark the
proliferation of endothelial cells in microvessels in LLC tis-
sues. After incubation at 4°C, LLC tissue sections were
washed and treated with biotinylated anti-immunoglobulin,
reacted with avidin-conjugated horseradish peroxidase H
complex and incubated in diaminobenzidine and hydrogen
peroxide. The sections were rinsed and stained with hematox-
ylin and mounted. For angiogenesis analysis, all morphologi-
cal structures with a lumen surrounded by CD34-positive
endothelial cells were considered as blood vessels [8]. Quanti-
Wcation was carried out at the level of endothelial cells lining
the blood vessels by their brown cytoplasmic staining. Images
were captured and quantiWed by means of computer-assisted
image analyzer for mean vascular density (MVD) [20].

Annexin-V/PI staining assay

Cell surface of phosphatidylserine in apoptotic LLC cells
was quantitatively determined by using Annexin-V/FITC
and PI apoptosis detection kit according to manufacturer’s
instruction (Becton–Dickinson, USA). LLC tissues were
washed and dispersed mechanically and then placed in col-
lagenase–dispase medium at 37°C for 90 min. Cancer cells
were passed through a 100-�m strainer for Xow cytometry
analysis. Apoptotic LLC cells were analyzed on a FAC-
Scan Xow cytometry (Becton–Dickinson, USA).

DNA fragmentation detection

DNA ladder quantiWcation was performed by apoptotic
DNA ladder kit (Roche applied Science, Germany) according

to manufacturer’s instruction. LLC cells from tumor tissues
were lysed on ice for 30 min using lysis buVer (10 mM
Tris–HCl, 10 mM urea, 6 M guanidine-HCl, 20% Triton
X-100), and the lysate was treated with RNase A (50 �g/ml)
and proteinase K (100 �g/ml). DNA was precipitated and
electrophoresed on 1% agarose gel for fragmentation detec-
tion. After staining with ethidium bromide, the gel was
photographed under a UV transilluminator (Tanon, China).

Assessment of apoptotic cells by TUNEL staining

Apoptotic cells in LLC tissue sections were further identi-
Wed by terminal deoxynucleotidyl transferase-mediated
dUTP nick end labeling (TUNEL) staining using TACS
TdT kit (R&D Systems, Minneapolis, MN, USA). Serial
5-�m sections were cut from formalin-Wxed LLC tissues,
and the staining was performed according to manufac-
turer’s instruction. The proportion of the TUNEL-positive
LLC cells were counted in four randomly selected visual
Welds for each treatment. The apoptotic index was calcu-
lated as a ratio of apoptotic nuclei to total nuclei.

Statistical analysis

Data were presented as the mean § SD and analyzed by
independent Student’s t test. Multiple comparisons between
the groups were performed using S-N-K method. The limit
of statistical signiWcance was P < 0.05. Statistical analysis
was performed with SPSS/Win13.0 software (SPSS, Inc.,
Chicago, Illinois, USA).

Results

Inhibition of LLC growth in anterior Xank 
and metastasis in lung

The inhibitory eVect of CIP-13F on LLC growth in anterior
Xank was evaluated by weighing the tumor tissues after
remove from mice. At 3 weeks after the injection of LLC
cells, the weight of tumors in anterior Xank developed to
2.72 g on average in control group. CIP-13F treatment
resulted in a signiWcant delay of LLC growth. As shown in
Fig. 1a and Table 1, at doses of 50 and 100 mg/kg of CIP-
13F, the weights of tumors were markedly reduced to
1.92 g (29.4% inhibition, P = 0.019 vs. control) and 1.47 g
(45.8% inhibition, P < 0.001 vs. control), respectively.
Bestatin (100 mg/kg) inhibited LLC growth by 33.2%
(P = 0.021 vs. control). Periodic measurement of the tumor
volume also indicated the inhibitory eVect of CIP-13F on
LLC growth. As shown in Fig. 1b, the volume of LLC in
anterior Xank was 1103 m3 after 21-day growth on average
in control mice. The volume of LLC tissue was reduced to
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769 m3 (30.3% inhibition, P = 0.024 vs. control) and
568 m3 (48.5% inhibition, P = 0.016 vs. control), respec-
tively, by 50 and 100 mg/kg of CIP-13F treatment. There
was a signiWcant diVerence between CIP-13F and bestatin
at the same dosage (100 mg/kg, P = 0.024, between CIP-13F

and bestatin, Fig. 1a and b). CIP-13F treatment was gen-
erally well tolerated by mice with no apparent loss of
body weight (Table 1, F = 0.48, P = 0.99 vs. control)
and other apparent speciWc toxic activity to mice (data
not shown).

Fig. 1 Inhibitory eVect of CIP-13F or bestatin on LLC implantation in
mice. LLC cells were injected subcutaneously into anterior Xank of
mice and then treated daily via vena caudalis with CIP-13F or bestatin
for 3 weeks. a The mice were killed, and the tumors in anterior Xank
were removed for weighting. The rates of tumor growth inhibition
were deWned as a percentage of control tumor weight. b Tumor

volumes were determined every 3 days by measuring the diameter of
tumors using calipers. c The lungs were removed, and the metastases
nodules on the surface of pulmonary lobes were counted after staining
with Bouin’s solution. Data are mean § SD. (n = 8) (right).
**P < 0.001 versus control group
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Table 1 The inhibitory eVect of CIP-13F on LLC tumor growth in anterior Xank of C57BL mice

Established tumors were treated by vena caudalis injection with CIP-13F as described in “Materials and methods”. Body weight was measured
after drug administration. Tumor measurement was made after mice were killed

* P < 0.05, ** P < 0.001 versus control group

Dosage (mg/kg) Mice 
survived (n)

Body weight (g)
(initial/21 days)

Tumor weight 
(g; mean § SD)

Tumor growth
inhibition (%)

CIP-13F

0 8 17.9 § 1.2/21.7 § 0.9 2.72 § 0.67 –

50 8 18.9 § 1.4/22.1 § 1.4 1.92 § 0.98* 29.4

100 8 18.8 § 2.2/21.3 § 1.2 1.47 § 0.86** 45.8

Bestatin

100 8 18.3 § 0.8/20.6 § 1.6 1.82 § 1.05* 33.2
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The inhibitory eVect of CIP-13F on LLC growth was
further evidenced by the decrease in metastasis in lung. As
shown in Fig. 1c, the metastases nodules on the surface of
pulmonary lobes were 58.5 on average each mouse in con-
trol group. The number of metastases nodules was mark-
edly reduced to 27.9 (52.2% inhibition, P < 0.001 vs.
control) and 10.9 (81.3% inhibition, P < 0.001 vs. control),
respectively, by 50 and 100 mg/kg of CIP-13F treatment.
Bestatin (100 mg/kg) inhibited the pulmonary metastasis by
53.6% (P < 0.001 vs. control, Fig. 1c, right). A signiWcant
diVerence existed between CIP-13F and bestatin at the
same dosage (100 mg/kg, P = 0.028, between CIP-13F and
bestatin).

Decrease in APN/CD13 expression in LLC cells

We evaluated the inhibitory eVect of CIP-13F on APN/
CD13 expression using various methods. LLC cells were
incubated with anti-APN/CD13 and then were analyzed the
mean Xuorescence intensity (MFI) on a FAC-Scan Xow
cytometry. As shown in Fig. 2a, the MFI of APN/CD13 in
LLC cells was markedly decreased by CIP-13F treatment,
when compared to the MFI of control LLC cells. The rates
of inhibition by 50 and 100 mg/kg of CIP-13F were 38.0
and 69.4% of control, respectively (P < 0.001 vs. control).
Figure 2b showed the expressions of APN/CD13 in LLC
cells as estimated by western blotting analysis. The levels
of APN/CD13 were signiWcantly decreased by 38.1 and
79.5% (P < 0.001 vs. control), respectively. Figure 2c
showed APN/CD13 expression in LLC tissues as estimated
by immunohistochemical staining method. APN/CD13 was
chieXy observed in the membrane of LLC cells, and the
levels of expression were evidently decreased by CIP-13F
treatment (Fig. 2c). At doses of 50 and 100 mg/kg of CIP-
13F, the rates of inhibition were 40.5 and 55.7% of control,
respectively (P < 0.001 vs. control). Bestatin (100 mg/kg)
decreased APN/CD13 expression by 45.8% (Fig. 2c,
P = 0.034, between CIP-13F and bestatin).

Induction of apoptosis in LLC tissues

The inhibitory eVect of CIP-13F on LLC growth was fur-
ther evidenced by the induction of apoptosis in LLC tis-
sues. LLC tissues were incubated in collagenase–dispase
medium, and then the LLC cells were passed through a
100-�m strainer for Xow cytometry analysis. As shown in
Fig. 3a, the Annexin-V-positive cells were signiWcantly
increased in CIP-13F-treated tumors. In 50 and 100 mg/kg
of CIP-13F, the percentages of apoptotic cells were 7.8%
(P = 0.041 vs. control) and 18.4% of control (P = 0.026 vs.
control), respectively. We then analyzed the chromosomal
DNA fragmentation in LLC cells by agarose gel electro-
phoresis. The increase in DNA fragmentation was

obviously detected in CIP-13F-treated tumors, showing the
characteristic of DNA ladder (Fig. 3b). Further analysis
with TUNEL staining in LLC tissues showed that the
TUNEL-positive cells were markedly increased in CIP-
13F-treated tumors, which recognized by their purple/black
nuclear staining (Fig. 3c). The rates of apoptotic cells by 50
and 100 mg/kg of CIP-13F were 15.3% (P = 0.038 vs. con-
trol) and 32.8% of control (P = 0.023 vs. control), respec-
tively. Bestatin (100 mg/kg) induced TUNEL-positive cells
by 17.2% (P = 0.016, between CIP-13F and bestatin,
Fig. 3c).

Inhibition of angiogenesis in LLC tissues

We evaluated the inhibitory eVect of CIP-13 on angiogene-
sis in LLC tissues using immunohistochemical staining
method. Anti-CD34 was used as a marker to indicate the
proliferation of endothelial cells and represented as MVD
(Fig. 4a). The number of MVD in LLC tissues of control
was 25.8. At doses of 50 and 100 mg/kg of CIP-13F, MVD
was reduced to 18.6 (27.9% inhibition, P < 0.001 vs. con-
trol) and 14.9 (41.9% inhibition, P < 0.001 vs. control),
respectively. Bestatin reduced MVD by 17.6 (31.7% inhibi-
tion, P = 0.027, between CIP-13 and bestatin, Fig. 4a).

Further, we examined the expressions of angiogenic
molecules in LLC tissues by western blotting analysis. As
shown in Fig. 4b–d, the expressions of VEGF, bFGF and
TGF-� were obviously inhibited in LLC tissues of CIP-
13F-treated mice. The rates of decrease by 50 and 100 mg/kg
of CIP-13F were 97.3 and 90.6%, respectively, for VEGF;
70.2 and 80.6%, respectively, for bFGF; and 43.5 and
70.2%, respectively, for TGF-�. The inhibitory eVects of
CIP-13F were stronger than those of bestatin. Bestatin
(100 mg/kg) decreased the expressions of VEGF, bFGF
and TGF-� by 34.2, 43.7 and 38.5%, respectively
(P = 0.019, between CIP-13F and bestatin).

Discussion

In previous study, CIP-13F was found to display the inhibi-
tory eVect on APN/CD13 activity and cancer growth of
human OVCA and hepatocellular carcinoma cell lines
[9, 21]. The inhibitory eVect of CIP-13F was greater than
that of bestatin. In this study, a LLC cell line bearing in
mice, which has positive APN/CD13 expression, was used
to further evaluate the inhibitory eVect of this novel com-
pound. The results revealed that CIP-13F eVectively inhib-
ited LLC growth in anterior Xank as well as pulmonary
metastasis in mice. Further examination showed that the
induction of apoptotic LLC cells might account for its
inhibitory action because CIP-13F did not show apparent
speciWc toxic activity to mice [9], showing the induction of
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Annexin-V-positive cells, DNA fragmentation and TUNEL
staining in LLC tissues. The molecular analysis suggested
that the mechanism behind action of CIP-13F might associ-
ate with the decrease in APN/CD13 expression on the
surface of LLC cells. In addition, our results showed that
CIP-13F eVectively inhibited angiogenesis in LLC tissues
and the decreases in angiogenic molecules were also
observed. These results suggested that CIP-13F hold a high
eYcacy on growth and metastasis of LLC tissues, indicating
that CIP-13F might be an eVective agent in the treatment
for cancers with positive expression of APN/CD13.

Aminopeptidase N (APN/CD13), a Zn2+-dependent
ectopeptidase localized on cell surface, is a transmembrane
protein that cleaves N-terminal neutral amino acids of
various peptides and proteins [1, 2]. In a classic report, a

signiWcant correlation between APN/CD13 expression and
metastasis of lung carcinoma was observed in patients with
squamous cell carcinoma and ovarian cancer. High expres-
sion of APN/CD13 was showed to play an important role in
tumor invasion and extracellular matrix degradation [10].
APN/CD13 degrades the extracellular matrix, which is
associated with tumor cell motility and metastasis, and
improves angiogenesis. Pasqualini et al. reported APN/
CD13 to be a receptor for NGR peptides in tumor vascula-
ture, while it is also involved in angiogenesis, thus suggest-
ing that APN/CD13 can serve as a target for delivering
drugs into tumors and for inhibiting angiogenesis [22].
Lewis lung carcinoma (LLC) implantation mouse has been
recognized as a standard experimental model for study can-
cer growth and metastasis. Recent reports suggested that

Fig. 2 Inhibition of APN/CD13 expression on the surface of LLC
cells by CIP-13F or bestatin. a LLC cells were incubated with anti-
APN/CD13, and the MFI was estimated by Xow cytometric analysis.
b LLC cells were incubated with anti-APN/CD13, and the levels were

estimated by western blotting assay. c LLC tissue sections were incu-
bated with anti-APN/CD13, and the expressions were determined by
immunohistochemical staining (magniWcation £200)

50 mg/kgcontrol 100 mg/kgbestatinC

control

50 mg/kg

100 mg/kg
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APN/CD13

β-actin

50 100 mg/kgbestatincontrol
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positive APN/CD13 expression in LLC cells correlated
with malignant behavior, such as proliferation, angiogene-
sis, invasive ability and metastasis. Inhibition of APN/
CD13 expression in LLC cells could eVectively inhibit
migration, invasion and metastasis of LLC cells in lungs
[23–25]. Thus, LLC implantation mouse model was used to
evaluate the eYcacy of CIP-13F targeting APN/CD13.
These results suggested that CIP-13F eVectively suppressed
APN/CD13 activity and expression in LLC cells. Conse-
quently, the number and growth of metastases nodules in
lungs was decreased in mice.

Many studies suggested that high expression of APN/
CD13 could protect cancer cells from induction of apopto-
sis [12, 26]. The mechanism of apoptosis may relate to the
phosphorylation of mitogen-activated protein kinases, such
as ERK1/2, JNK and p38 [27–29]. Previous reports showed
that bestatin could induce apoptosis or increase sensitivity
to anticancer agents [30, 31]. The increase in IL-8 in vascular

endothelial cells by bestatin resulted in the enhancement of
apoptosis in leukemic cells [32]. Many reports also sug-
gested that APN/CD13 contributes to the chemoresistance
through proteolytically modifying peptides involved in the
anti-apoptotic signaling. Therefore, APN/CD13 inhibitors
could trigger apoptotic pathways in cancer cells with posi-
tive APN/CD13 expression. Bestatin was found to induce
apoptosis through the inhibition of APN/CD13 in leukemic
cell lines and increase the radiation-induced apoptosis in
HeLa cells [12]. Accordingly, in this study, the possible
explanation for these results is that CIP-13F may inhibit
APN/CD13 expression, and thereby trigger the apoptotic
signaling pathway in LLC cells.

A growing number of reports suggested that APN/CD13
is an important regulator of angiogenesis where its expres-
sion on cancer cells and the activated blood vessels is
induced by angiogenic signals [33, 34]. High expressions of
angiogenic molecules could induce the transcription of

Fig. 3 Induction of apoptosis in LLC cells by CIP-13F or bestatin.
a LLC cells were stained with Annexin-V/PI, and then the apoptotic
cells were detected by Xow cytometry analysis. b Fragmentation of

DNA in LLC cells was measured by DNA ladder kit. c The apoptotic
cells were detected by TUNEL staining, which was recognized by their
purple/black nuclear staining (magniWcation £200)

control bestatin 50 mg/kg 100 mg/kg2.1% 13.7% 7.8% 18.4%

A

50 100 mg/kgbestatincontrolmarker

CIP-13FB C control bestatin

50 mg/kg 100 mg/kg
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APN/CD13 in vascular endothelial and cancer cells. APN/
CD13 is transcriptionally activated by angiogenic signals,
mediated by the rennin-ang system/MAPK/Ets-2 signaling
pathway and is essential for endothelial morphogenesis and
capillary tube formation [9]. Studies also suggested that the
suppression of APN/CD13 interfered with endothelial cell
morphogenesis, thus resulted in decrease in capillary tube
formation [8]. These Wndings implicate APN/CD13 as a
molecular target for the suppression of angiogenesis. In this
study, the activity and expression of APN/CD13 on cell
surface of LLC were inhibited, and the angiogenic signal
pathway was consequently inhibited by CIP-13F. Thus, we
observed a decrease in the mean vascular density (MVD) in
LLC tissues following CIP-13F treatment. We suggested
that the suppression of APN/CD13 activity contributed to

the delay of LLC growth via the inhibition of angiogenesis.
However, current results did not mean that the inhibition of
APN/CD13 activity was solely responsible for the anti-
angiogenic property of CIP-13F treatment. CIP-13F might
also inhibit angiogenesis by a decrease in angiogenic sig-
nals in addition to the inhibition of APN/CD13 activity.
Anyway, we suggested that antiangiogenesis of CIP-13F
was considered to be involved in the inhibition of LLC
growth and metastasis in lungs.

The mechanism of CIP-13F targeting APN/CD13 and
high activity of inhibitory eVects on cancer growth and
metastasis has not been fully determined. CIP-13F, (S)-2-
amino-N-((S)-1-(2-(hydroxyamino)-2-oxoethyl)-2,6-diox-
opiperidin -3-yl)-3-phenylpropanamide hydrochloride, was
designed based on the X-ray structure of APN/CD13 and

Fig. 4 Inhibition of angiogenesis and decreases in angiogenic
molecules in LLC tissues. a LLC tissue sections were incubated with
anti-CD34, and angiogenesis was estimated by measurement of CD34-
positive endothelial cells. Angiogenesis was quantiWed by means of
computer-assisted image analyzer for mean vascular density (MVD)
(magniWcation £200). b–d Decreases in VEGF, b-FGF and TGF-� in

LLC tissues treatment with CIP-13F. Total proteins from LLC tissues
were fractionated and incubated with anti-VEGF, anti-b-FGF and anti-
TGF-�, respectively. The bound antibodies were then incubated with
second antibody and visualized using an ECL system and quantiWed by
densitometry using an electrophoresis image analysis system. Data are
mean § SD (n = 3)

CIP-13F

control bestatin 50 mg/kg 100 mg/kgA

β-actin

VEGF

50 100 mg/kgbestatincontrol

B

β-actin

b-FGF

50 100 mg/kgbestatincontrol

CIP-13F

C

50 100 mg/kgbestatincontrol

CIP-13F

β-actin

TGF-αD
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the reference drug bestatin. Using ES-2 cells, we examined
the activity of APN/CD13 by quantitating the enzymatic
cleavage of substrate L-leucine-p-nitroanilide. The results
suggested that CIP-13F might directly inhibit APN/CD13
activity and expression on cell surface of ovarian carci-
noma [9]. The possible explanation for these observations
is its structure. We then analyzed the structure of CIP-13F
and compared it to bestatin. As indicated in these reports,
the chemical structure of CIP-13F is composed of three
parts, the backbone of cyclic-imide peptidomimetics, side
chain of amino acid and NHOH group [9]. The structure–
activity analysis suggested that cyclic-imide peptidomimet-
ics which linked with zinc-binding group (ZBG) coordinate
with zinc ion in enzyme active site [35]. The side chain of
amino acid which correspond to phenyl group of bestatin
can interact with the anion-binding site of enzyme S1 that
contain Glu264 and Glu121 residues, as these residues are
of great importance during the recognition of substrates or
inhibitors by enzyme. The NHOH group in structure can
form hydrogen bond interaction with His297 in enzyme
S’1, which are the essential amino acids of the conserved
sequence (HEXXHX18E) in catalytic domain that is well
conserved in peptidase M1 family, and Asp327 and Arg293
as well [9, 36, 37]. These structures in CIP-13F might
accommodate the active pockets S1 and S’1 of APN/CD13
and improve the selectivity with respect to APN/CD13.
Therefore, the activity and expression of APN/CD13 on the
surface of LLC cells were eVectively decreased exposure to
CIP-13F. CIP-13F might hold more potently than those of
bestatin [9]. Further works on other cancer cell lines as well
as in-depth studies of the mechanism are currently under-
way.

In conclusion, CIP-13F is a novel cyclic-imide pepti-
domimetics compound with a great inhibitory eVect on
APN/CD13 expression. Administration of CIP-13F in mice
delayed the growth of LLC and metastasis in lung without
apparent toxicity. These results suggest that CIP-13F is a
potential APN/CD13 inhibitor for the treatment for cancers
with positive activity and expression of APN/CD13.
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