
application of molecular targeted therapy such as 
epidermal growth factor receptor (EGFR) has im-
proved prognosis. Accordingly, the overall surviv-
al of patients with metastatic NSCLC evidencing 
EGFR mutations has improved to 27–30.5 months 
when treated with EGFR [3]. Therefore, molecular 
targeted therapy for the appropriate population, 
using good predictive markers, is indispensable.

The gene expression profile analysis of hu-
man esophageal cell carcinoma cell lines after early 

Non-small-cell lung cancer (NSCLC) is one 
of the most difficult malignancies to treat. Despite 
years of research, the prognosis for patients with 
lung cancer remains poor, with a five-year surviv-
al rate of 14%. Nevertheless, lung cancer may be 
curable in its early stages and most patients de-
rive some benefit from treatment, such as longer 
survival or amelioration of symptoms  [1]. DNA 
ploidy analysis may be efficient to estimate malig-
nant potential in lung ADCs [2]. Recently, clinical 
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Abstract
Background. Methionine aminopeptidase 2 (MetAP2) is a bi-functional protein that plays a critical role in the 
regulation of post-translational processing and protein synthesis.
Objectives. We studied whether MetAP2 is activated and expressed in human non-small-cell lung cancer (NSCLC) 
tissues and whether inactivation of MetAP2 activity, with its specific inhibitor fumagillin, potentially inhibits pro-
liferation of NSCLC cells.
Material and Methods. The expression and function of MetAP2 were evaluated in NSCLC tissues, primary cell 
cultures and cell lines using immunohistochemistry, RT-PCR, Western blot, aminopeptidase activity assay and 
flow cytometry. MetAP2 expression was also studied in relation to clinicopathological factors.
Results. MetAP2 expression in NSCLS, including adenocarcinoma (ADC) and squamous cell carcinoma (SCC), 
showed a moderate to strong positive reaction while normal appearing bronchial epithelium showed weak stain-
ing and normal alveolar epithelial cells were widely negative. A high MetAP2 mRNA and protein expression was 
found in NSCLC tissues. The aminopeptidase activity in NSCLC was 2-fold higher than that in normal lung tissues. 
In a series of 41 ADC patients, MetAP2 expression was significantly correlated with patient’s outcome or survival 
time. Inhibition of MetAP2 by fumagillin in SCC cell lines revealed a significant increase in caspase-3 activity as 
compared to the control (p = 0.001).
Conclusions. Our results indicate that MetAP2 is involved in NSCLC and is an important regulator of proliferative 
and apoptotic targets. Thus inhibition of MetAP2, such as by fumagillin, may be a potential therapeutic modality 
for prevention of tumor cell growth, development and progression in NSCLC patients (Adv Clin Exp Med 2016, 
25, 1, 117–128).
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response to ionizing irradiation using cDNA mi-
croarray screening disclosed MetAP2 genes that 
were modulated in irradiation  [4]. The MetAP2 
gene may be useful in understanding the molec-
ular basis of radiotherapy and in developing strat-
egies to augment its effect or establish novel, less 
hazardous alternative adjuvant therapies. Over-
expression of MetAP2 in immortalized bronchi-
al epithelial cell line NL20 accelerated growth and 
was reversed using treatment with MetAP2 inhibi-
tors. Thus MetAP2 plays an important role in tu-
mor cell growth and may contribute to tumorigen-
esis [5, 6].

Protein synthesis starts with an initiator me-
thionine in both prokaryotes and eukaryotes. The 
translational process on ribosomes starts with 
methionine. In order for the newly synthesized 
protein to be transported to its exact intracellu-
lar location, the methionine at the NH2-termi-
nal is removed. After the removal of methionine 
via MetAP, protein myristoylation takes place 
by the enzyme N-myristoyl-transferase (NMT). 
NMT is a cytosolic enzyme in eukaryotic cells [7]. 
The process is essential for further amino termi-
nal modifications (e.g. acetylation by N-α acet-
yltransferase and myristoylation of glycine by 
N-myristoyl-transferase). The structural altera-
tions from these modifications are essential in cell 
proliferation [8].

In eukaryotes, two isoforms of MetAP have 
been identified as MetAP1 and MetAP2 [9]. Both 
MetAP1 and MetAP2 are essential components of 
the cell growth machinery. In yeasts and humans, 
two proteins are known to possess MetAP2 activi-
ty and are known as MetAP1 and MetAP2. Down-
regulation of either MetAP1 or MetAP2 protein 
expression by small interfering RNA (siRNA) sig-
nificantly inhibited the proliferation of human en-
dothelial cells [10].

MetAP2 has attracted much more attention 
than MetAP1 due to the discovery of MetAP2 
as a  target molecule of the anti-angiogenic com-
pounds, fumagillin and ovalicin  [11]. Identifica-
tion of MetAP2 as the cellular target of fumagillin 
class molecules, and the significant growth inhibi-
tion observed in cells sensitive to MetAP2 inhibi-
tion suggested the direct involvement of MetAP2 
in the regulation of cell proliferation [12, 13].

Targeting the angiogenesis process has become 
an important strategy for inhibiting tumor growth. 
Fumagillin and its derivatives have been known to 
exert their inhibitory effects by specifically and co-
valently binding to MetAP2 [14, 15]. Inhibitors of 
angiogenesis can be classified into 2 groups, specif-
ic and nonspecific factors. Non-specific inhibitors, 
angiostatin, a  tissue inhibitor of metalloprotein-
ases-2 (TIMP-2), and endostatin have attracted 

interest because of their strong antitumor effect. 
Recently, much research has focused on TNP-470, 
a synthetic analog of fumagillin, and its derivatives 
(IDR-803, IDR-804, IDR-805, CKD-732) [16].

High expression of MetAP2 has been demon-
strated in breast, colorectal and cholangio-carcino-
ma [17–19]. Suppression of hepatoma growth and 
angiogenesis by fumagillin has also been report-
ed [20]. As for NSCLC, moderate-to-high MetAP2 
staining was identified only in lung carcinoma cell 
lines not lung cancer tissues [5]. Here we demon-
strate the first description of increased MetAP ex-
pression in NSCLC tissues, primary cell cultures 
from NSCLC and cell lines. Our findings strongly 
suggest that the inhibition of MetAP2 by fumagil-
lin or its analogs may be a potential target for tu-
mor cell growth, development and progression in 
NSCLC patients.

Material and Methods

Material
We investigated 41 cases of NSCLC histologi-

cally classified as ADC  [21], ranging in age from 
45 to 80 years (mean, 67 years). The age, gender, 
tumor size, histological grading, nodal metastasis, 
staging and patient outcome were evaluated by re-
viewing the medical and pathologic records. Tu-
mor size was evaluated using the greatest perpen-
dicular diameter of each lung lesion. In addition, 
we studied surgical tissues from 8 cases of histolog-
ically classified primary NSCLC including 4 cas-
es of ADC and 4 cases of SCC in order to evaluate 
MetAP2 aminopeptidase enzyme activity, mRNA 
expression, immunohistochemical localization 
and protein expression. Ten cases of normal lung 
tissues freshly obtained from resected benign le-
sions served as control. The other tissue samples 
were fixed in neutral-buffered formaldehyde and 
processed for histological and immunohistochem-
ical evaluation. Furthermore, we studied cell cul-
tures from RERF-LC-AI (well differentiated) and 
LC-1/sq (moderately differentiated) human SCC 
cell lines for MetAP2 inhibition assay by a  novel 
inhibitor of MetAP2, fumagillin.

Methods
Cell Lines and Culture Condition
RERF-LC-AI (well differentiated) and LC-1/sq 

(moderately differentiated) human SCC cell lines 
were purchased from Riken BioResource Center 
(Tsukuba, Japan). The tumor cells were cultured 
in Dulbecco’s modified Eagle’s Medium (DMEM) 
containing 10% fetal bovine serum, 100 IU/mL 
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penicillin, 100 ug/mL streptomycin, and 0.25% 
amphotericin B  at 37°C in a  humidified atmo-
sphere in a 5% CO2 incubator. The cells were treat-
ed with trypsin (0.25%), harvested and processed 
for secondary cultures in the same culture medium 
until they reached 80% confluence.

In this study, tumor cells obtained at the low-
passage cultures (passages at 4–5) were used.

Preparation of Tissues
The tissue samples (mean weight, 300  mg) 

were homogenized in 10 volumes of 0.01  mol/L 
phosphate-buffered saline (PBS) pH 7.4 and son-
icated at 40 amplitudes for 2  min to obtain the 
soluble fraction. After centrifugation at 4°C, the 
supernatants were used to measure MetAP2 ami-
nopeptidase activity and proteins in triplicate. For 
caspase-3 activity assay, primary cell cultures from 
NSCLC and normal lung tissues were harvested by 
centrifugation at 10,000 rpm for 5 min at 4°C and 
counted. For each case, 1 × 106 cells re-suspended 
in ice cold cell lysis buffer, and sonicated at 40 am-
plitudes for 30 s.

The cell lysates were centrifuged at 10,000 rpm 
for 3 min, and the supernatants were transferred to 
a microcentrifuge tube for caspase-3 activity assay.

MetAP2 Aminopeptidase 
Activity Assay
MetAP2 aminopeptidase activity was deter-

mined by hydrolysis of methionine L-Leu-p-ni-
troanilide as a substrate, described elsewhere [22]. 
For MetAP2 activity, an assay mixture (500 μL) 
containing 50 mM Tris-HCl at pH 7.5 and 0.25 mM  
methionine L-Leu-p-nitroanilide as a  substrate 
with an appropriate concentration of the enzyme 
was used. The reaction mixtures were incubat-
ed at 37°C for 30 min, left for 15 min on ice, and 
followed by spectrophotometric determination at 
405  nm. The amount of aminopeptidase activity 
that released one micromole of L-Leu-p-nitroan-
ilide per minute under assay conditions was de-
fined as one unit.

Semi-Quantitative RT-PCR Analysis 
of MetAP2 mRNA Expression
The total RNA was extracted using an RNeasy 

mini kit (Quiagen, Hilden, Germany), according 
to the manufacturer’s instructions. Before cDNA 
synthesis, the RNA was incubated with DNase 
and then precipitation was done using 95% etha-
nol. The precipitated RNA was then electropho-
resed on 2.0% agarose-ethidium bromide (EtBr) 
gels to verify the RNA quantity. Subsequently, 
RNA concentration was determined by UV spec-
trophotometry. Total RNA (1.5 μg) was then re-
versely transcribed utilizing the specific primers. 

The following PCR amplification was carried out 
in a  Thermal Cycler (Takara, Tokyo, Japan). In 
each case, the PCR cycles were optimized to con-
firm amplification within the linear phase. For 
each sample, the relative mRNA level was normal-
ized using glyceraldehyde 3-phosphate dehydroge-
nase (GAPDH). The following primer pairs were 
used: MetAP2 sense, 5’ATGGCGGGTGTGGAG-
GAGGTAGCGGCCT-3’ (nucleotides 135-162) 
and anti-sense 5’TTAATAGTCATCTC CTCT-
GCTGACAACT-3’ (nucleotides 1544–1571). The 
expected PCR product for MetAP2 was 1440 bp. 
The internal control was GAPDH. For quantifica-
tion of the PCR bands, we used densitometry with 
Quantity One Software (Bio-Rad Labs, Hercules, 
CA, USA) relative to GAPDH. The results were 
considered as the mean ± SE of three experiments.

Immunostainings for MetAP2
Primary cultures of RERF-LC-AI and LC- 

-1/sq human SCC cell lines were stained using 
an indirect immunofluorescence method. Cells 
(2.5  ×  104) in chamber slides (Nalge Nunc Int., 
Naperville, Illinois) were cultured overnight. Two 
chamber slide sets from LSCC were prepared, one 
of which received 1 ug/mL fumagillin (BIOMOL  
Research Lab, Inc, USA) treatment. After 24 h cul-
ture, we fixed the cells in cold acetone, washed 
in PBS, and treated for 30 min with 10% normal 
horse serum to eliminate non-specific reaction. 
The cells were treated with 1 : 50 dilution of poly-
clonal anti-human MetAP2 antibody overnight 
followed by PBS washes and reaction with FITC- 
-conjugated goat anti-rabbit IgG at 1 : 100 dilu-
tion. Immunoperoxidase reaction for metAP2 was 
done using frozen or deparaffinized sections and 
a  streptavidin-biotin peroxidase complex meth-
od. In brief, endogenous peroxidase was blocked 
by 10% normal goat serum and the sections were 
reacted with 1 : 50 polyclonal rabbit anti-human 
MetAP2 antibody (Zymed Lab Inc, CA) over-
night. After PBS washes, the sections were treated 
with biotinylated goat anti-mouse or anti-rabbit 
IgGs, washed and processed using a streptavidin-
biotin-peroxidase kit (Histofine, Nichirei, Japan). 
The chromogenic reaction was with diaminoben-
zidine. Counterstaining was done with hematox-
ylin. For negative control, the primary antibody 
was omitted or substituted with non-immune 
rabbit serum.

MetAP2 Expression in Lung 
Adenocarcinomas
We studied the relationships between MetAp2 

expression and pathological and clinical features 
(tumor grade, tumor stage, tumor size and nod-
al metastasis). MetAP2 staining was graded by the 
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percentage of staining area of tumor cells as fol-
lows: 0: 0%, 1: 1~25%, 2: 26~50%, 3: 51~75% and 
4: 76~100%. Staining intensity was graded 0: neg-
ative, 1: mild, 2: moderate and 3: strong staining. 
The staining score (0 to 12) was estimated by mul-
tiplying the staining area 0 to 4 (%) by the stain-
ing intensity 0 to 3. We set the low expression of 
MetAP2 intensity as a score of 0 to < 6 and high ex-
pression as a score of 6 to 12.

Western Blot Analysis
We extracted proteins from the primary cul-

tures of three cases each of adenocarcinoma and 
SCC of the lung. Each protein sample (20 ug/lane) 
was run on SDS gels, transferred onto Immobi-
lon polyvinylidene difluoride membranes (Bio-
Rad Lab, Hercules, CA, USA) in a  transfer buf-
fer consisting of 0.02% SDS, 25 mM Tris-HCl, pH 
8.3, 192 mM glycine, and 20% v/v methanol, then 
incubated overnight at 4°C with a  blocking buf-
fer (5% nonfat dry milk, 50 mM Tris-HCl, pH 7.5, 
0.1% Tween-20, 150 mM NACI). Two sets of 
membranes were made and incubated with 1 : 500 
polyclonal rabbit anti-human MetAP2 antibodies 
(Zymed Lab Inc, CA, USA) overnight at room tem-
perature. Proteins were extracted from the primary 
cultures of three cases of ADC and SCC of the lung 
and normal lung tissues. The samples were washed 
with 50 mM Tris-HCl, pH 7.5, containing 150 mM 
NaCI and 0.1% Tween 20 and then were treated 
with corresponding secondary antibodies conju-
gated with alkaline phosphatase. The reaction was 
developed with the ProtoBlot NBT and BICP Sys-
tem (Promega, Madison, WI, USA).

Caspase-3 Fluorometric Measurement
Caspases-3 production requires that the active 

enzymes undergo folding from their large and small 
subunit constituents after expressing separately in 
Escherichia coli. The methodological details have 
been described previously [23]. The active enzyme 
was obtained under optimal conditions for each 
enzyme; each subunit from the purified inclusion 
bodies were solubilized in 6 M guanidine HCl and 
subsequently diluted to a 100 μg/mL final concen-
tration at room temperature.

Measurement of the fluorescence counts in 
the wells was done with a  400  nm excitation fil-
ter and 505  nm emission filter. The levels of re-
leased 7-amino-4-trifluoromethyl coumarin were 
measured with a  BioLumin 960 spectrofluorom-
eter (Molecular Dynamics Japan, Tokyo, Japan). 
The specific activity of caspase-3 present was cal-
culated in each sample. The relative absorbance 
was calculated as described according to the man-
ufacturer’s instructions (MBL, Co, LTD, Nagoya, 
Japan).

Flow Cytometric Assay
RERF-LC-AI and LC-1/sq human SCC cells 

obtained from the low-passage cultures (passag-
es at 4–5) were utilized in this study. To measure 
propidium iodide (PI) staining, lung cancer cells 
(1  ×  104) were harvested and stained with FITC- 
-labeled PI (Molecular Probes, Eugene, OR, USA) 
as specified by the supplier. Briefly, cancer cells 
(1 × 104) in 1 mL of medium were cultured as in-
dicated for 21h, washed and then stained with PI-
FITC in a  binding buffer and analyzed with Cel-
lQuest software (BD Bioscience, San Jose, CA, 
USA) with FACSCalibur within 1 h. The data was 
expressed as the mean of three experiments before 
and after treatment.

Statistical Analysis
Statistical analyses for comparisons between 

the clinicopathological findings were performed 
using Fisher’s exact test and Kaplan-Meier sur-
vival analyses. The difference between two related 
groups was examined for statistical significance us-
ing the Student’s t-test for paired data. A p < 0.05 
was recorded as statistically significant.

Results

MetAP2 Expression in Normal 
Lung and NSCLC Tissues

Immunoperoxidase staining for MetAP2 in 
a paraffin section of normal alveolus showed neg-
ative staining (Fig.  1A). Sections from bronchi-
al epithelium showed a  weak degree of staining 
(Fig. 1B). ADC (well differentiated) and SCC cells 
showed moderate to strong intensity (Fig. 1C, D). 
The intensity of MetAP2 expression was greater in 
carcinoma cells as compared to bronchial epithe-
lial tissues. SCC tissues showed stronger staining 
than ADC tissues.

Pathological Features of Lung 
Adenocarcinoma Patients and 
Expression of MetAP2

We studied paraffin-embedded lung tissue sec-
tions of 41 cases of histologically classified ADCs. 
The relationships between pathological and clini-
cal features are shown in Table  1. A  comparison 
between the low expression of MetAP2 intensity 
and high expression of MetAP2 intensity in ADCs 
showed that 21 cases had low expression and  
20 cases had high expression of MetAP2. There was 
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no significant association between the low and high 
expression of MetAP2 and clinical features (tumor 
size, tumor differentiation, nodal metastasis and 

staging), but patient outcome revealed a  signifi-
cant difference between low and high MetAP2 ex-
pressing patients (Table 1; p < 0.04).

Fig. 1. 
Immunohistochemical 
analysis of human normal 
lung and cancer tissues 
(A-D, magnification ×100). 
MetAP2 in paraffin sec-
tion from normal alveolus 
showed negative staining 
(Fig. 1A). Bronchial epithe-
lium showed a weak degree 
of staining (Fig. 1B, arrow). 
ADC (well-differentiated) 
and SCC cells showed 
moderate to strong inten-
sity (Fig. 1C, D)

Table 1. Pathological features of lung adenocarcinoina patients and expression of MetAP2

Variables No. MetAP2 expression

low high p-value

Age
≤ 70
> 70

24
17

13
 8

11
 9

0.756

Gender
male
female

30
11

15
 6 15

 5
1.000

Tumor size
≤ 30 mm
> 30 mm

16
25

 9
12

 7
13

0.751

Tumor differentiation
w/d & m/d
p/d

28
13

14
 7

14
 6

1.000

Node metastasis
negative
positive

27
14

16
 5

11
 9

0.197

Pathological stage
stage I
stage II & III

28
13

14
 7

10
10

0.350

Patient outcome
alive
dead

10
31

 3
18

 9
11

0.043

* w/d & m/d – well differentiated & moderately-differentiated; ** p/d – poorly differentiated.
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MetAP2 Activities in Normal 
Lung and NSCLC Tissues
Using methionine-p-nitroanilide as a  sub-

strate, we measured the spectrophotometric de-
termination of the hydrolysis of methionine p-ni-
troanilide in their soluble and membrane-bound 
forms in surgically removed lung carcinoma tis-
sues and normal lung tissues freshly obtained from 
resected benign lesions, serving as the control. The 
mean aminopeptidase activity was 80.6  ±  13.4 in 
normal lung tissue vs. 156.9  ±  20.8 in lung car-
cinoma tissue. Compared to normal lung tissue, 
carcinoma tissue had a  remarkably higher activi-
ty (Table 2). In 4 cases of ADC, each case showed 
a significantly higher aminopeptidase activity than 
an unaffected normal tissue counterpart (Fig. 2A) 
and overall, ADC cases had 2  times higher activ-
ity than normal tissue counterparts (97.3 ± 16.51 
vs. 45.4 ± 8.6; p < 0.03, Fig. 2B). Likewise, 6 cas-
es of SCC tissues had 196.7 ± 20.1 aminopeptidase 
activity vs. 104.2 ± 15.2 activity in unaffected adja-
cent normal lung tissues (Fig. 2C) with an overall 
significant difference (p < 0.04; Fig. 2D).

Fig. 2. Spectrophotometric determination of hydrolysis of methionine p-nitroanilide in their soluble and membrane-
bound forms in surgically-removed lung carcinoma tissues and unaffected adjacent surrounding tissues. Comparison 
of the expression level of MetAP2 between 4 cases of ADC and 4 cases of normal lung tissues separately (A) and in 
combination (B). Comparison of the expression level of MetAP2 between 6 cases of SCC and 6 cases of unaffected 
adjacent normal lung tissues separately (C) and in combination (D)

Table 2. Aminopeptidase activities in normal lung and 
NSCLC* tissues

Case** Age/Sex Aminopeptidase activity (unit/L)

normal tumor

 1 82 / M  29.311.8  73.3 ± 3.3

 2 77 / F  38.7+1.8 129.3 ± 5,2

 3 65 / F  69.7± 1.5 122 ± 5.3

 4 71 / M  43.7± 2.0  64.7+3.2

 5 77 / M 102.7± 5.5 115.7± 5.S

 6 64 / M 149.7 ± 2.6 174 ± 3.5

 7 78 / M  50± 1.7 247 ± 7.8

 8 76 / M 102 ± 3.6 226.7± 9.5

 9 60 / M 141 ± 3.8 182.3 ± 4.6

10 74 / M  79.7 ± 2.0 234.3 ± 7.4

* NSCLC – non-small cell lung cancer; ** cases 1–4 – ade-
nocarcinoma and 5–10 – squamous cell carcinoma (SCC); 
the data presented as mean ± S.E.
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Semi-Quantitative RT-PCR 
and Western Blot Analysis 
of MetAP2 in Normal Lung 
and NSCLC Tissues

To assess the mRNA expression levels of 
MetAP2, we studied surgical operating tissues 
from 7 cases of histologically classified prima-
ry NSCLC as 4 ADC and 3 SCC patients. Normal 
lung tissues were obtained from surgically resect-
ed benign lesions.

The mRNA levels of MetAP2 in the four cases 
of ADC were significantly different compared to 
normal lung tissues (Fig. 3A; p < 0.008). Also, the 
three cases of SCC had a significant upregulation 
of the MetAP2 gene as compared to normal lung 
tissues (Fig. 3B; p < 0.002).

Proteins were extracted from subconfluent 
primary cultures of three representative cases of 
ADC and SCC and normal lung tissue counter-
parts. The levels of MetAP2 in the three cases of 

ADC (Fig.  3C) and three cases of SCC (Fig.  3D) 
showed a significant difference in the quantitative 
measurement of the protein expression compared 
to normal lung tissues (p < 0.05; respectively).

MetAp2 Immunofluorescence 
Intensity, Caspase-3 Activity and 
Cell Death Effect of Fumagillin 
in Cultured SCC Cell Lines
We assessed the effect of fumagillin as an in-

hibitor of MetAP2 on cell proliferation activity and 
cell death population using caspase-3 fluorometric 
and PI (propidium iodide) flow cytometric analy-
sis. We used the primary cultures of RERF-LC-AI 
(well differentiated) and LC-1/sq (moderately dif-
ferentiated) human SCC cell lines.

The immunofluorescence intensity of MetAP2 
in moderately differentiated SCC cells was de-
creased after fumagillin (1 µg/mL) treatment for 24 h  
(Fig.  4A). Also, caspase-3 activity was markedly 

Fig. 3. MetAP2 mRNA and protein expression in ADC and SCC. (A) The mRNA levels of MetAP2 by RT-PCR in 
4 cases of ADC compared to 4 cases of normal lung tissues showed significant increase in ADC (p < 0.008). (B) The 
protein levels of MetAP2 by Western blot in 3 cases of ADC compared to 3 cases of normal lung tissues showed signif-
icant increase in ADC (p < 0.05). (C) The mRNA levels of MetAP2 by RT-PCR in 3 cases of SCC compared to 3 cases 
of normal lung tissues showed significant increase in SCC (p < 0.002). (D) The protein levels of MetAP2 by Western 
blot in 3 cases of SCC compared to 3 cases of normal lung tissues showed significant increase in SCC (p < 0.05)
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increased in fumagillin-treated well and moder-
ately differentiated SCC cells (Fig. 4B) (p < 0.028 
and p < 0.001, respectively) compared to no-treat-
ment control SCC cells. In the moderately differ-
entiated SCC cells, caspase-3 activity was more 
increased than in the no-treatment SCC control 
cells (Fig. 4B). In addition, regarding cell death ef-
fect, the fumagillin-treated well and moderately 
differentiated SCC cells showed significantly in-
creased cell death (Fig. 4C; p < 0.003 and p < 0.001, 
respectively).

Discussion
Despite aggressive therapy, patients with ad-

vanced stage NSCLC demonstrate a  poor surviv-
al with significant long-term morbidity in disease 
survivors. High-risk disease features are strongly 
correlated with tumor vascularity, suggesting that 
angiogenesis inhibitors may be a useful addition to 
current therapeutic strategies [24].

In the past, NSCLCs were seen together with-
out paying attention to the more specific molecular 
pathological types. This was thought to be appro-
priate, because different therapeutic procedures 
were not available for the treatment of the subtypes 
of NSCLC such as ADC and squamous cell carci-
nomas. Since the time the first special EGFR muta-
tion was identified, the situation has changed and 

nowadays this rapidly evolving field provides new 
results  [25]. EGFR mutations have been reported 
as a predictive factor for favorable prognosis of ge-
fitinib-treated patients with lung ADC. Patient’s 
sex and smoking status were not significantly as-
sociated with longer overall survival and progres-
sion-free survival according to EGFR mutation 
status  [26]. Patients with advanced NSCLC who 
were selected on the basis of EGFR mutations im-
proved progression-free survival with acceptable 
toxicity but those with no EGFR mutation did not.

In all living cells, protein synthesis is initiat-
ed with either methionine (in the cytosol of eu-
karyotes) or formylmethionine. MetAP activi-
ty is essential for cellular growth and viability. 
In yeasts, knockout of either MetAP1 or MetAP2 
causes a  decrease in growth rates while elimina-
tion of both genes is lethal, indicating that the two 
MetAPs play essential functions and are together 
essential for yeast proliferation  [27, 28]. MetAP2 
has attracted more attention than MetAP1 by the 
discovery of MetAP2 as a  target molecule of the 
anti-angiogenic compounds, fumagillin and ovali-
cin  [13]. A  novel MetAP2 inhibitor, fumagillin, 
strongly inhibits the growth of human colon can-
cer HT29 cells, melanoma B16F10 cells and neu-
roblastoma CHP-134 cells [29–31]. MetAP2 is the 
molecular target of angiogenesis inhibitors, such as 
fumagillin, which can also inhibit cancer cell pro-
liferation, implying that MetAP2 may play a quite 

Fig. 4. Inhibition of MetAP2 by addition of fumagillin in WDSCC and MDSCC cell cultures. (A) 
Immunofluorescence staining of MetAP2 in untreated and treated (plus fumagillin, 1 µg/mL) MDSCC cell culture 
showed decrease in fluorescence intensity in treated cells (magnification ×200). (B) Caspase-3 fluorometric assay after 
exposure of MDSCC cells to fumagillin. Both well-differentiated SCC and moderately-differentiated SCC cells showed 
significantly increased caspase-3 activity. (C) Cell death effect using propidium iodide stain and flow cytometry on 
MDSCC cells. Both WDSCC and MDSCC cells showed significantly increased cell death by propidium iodide staining
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complex role in tumor progression under which 
MetAP2 enzyme activity is inactivated through co-
valent modification [32, 33].

Several studies have demonstrated that the 
metastasis-associated gene product S100A4 inter-
acts with the angiogenesis-related protein MetAP2. 
Other studies also support this conclusion  [34]. 
Recently, small molecule protein p67/MetAP2 was 
shown to have a greater affinity toward ERK1/2 ki-
nases, and its N-terminal p26 segment will mask 
the phosphorylation sites on ERK1/2 to block the 
activation and activity of ERK1/2. This will then 
lead to inhibition of the cell cycle activated through 
the growth factor-mediated cell signaling pathway 
and thus cell growth and proliferation [35].

 Major components of the cell signaling path-
ways, the ras/mitogen-activated protein kinase 
(MAPK) systems are altered in lung cancer cells 
by oncogenes through overexpression or muta-
tion, leading to dysregulated cell signaling and cell 
proliferation [36]. It has been reported that NCI-
H-460 (large cell carcinoma), H1299, A549 (ADC) 
and Calu6 (anaplastic carcinoma) cell lines cause 
inhibition of tumor cell growth on three distinct 
chemical classes of MetAP2 inhibitors as follows: 
TNP-470, A800141, and A-357300.

This data prompted us to examine the possi-
ble new treatment roles of MetAP2 in lung can-
cers. There was no significant association of low 
and high expression of MetAP2 and clinical fea-
tures (tumor size, tumor cell differentiation, nod-
al metastasis and staging) (Table  1). But medi-
an survival time of the low and high expression 
of MetAP2 disclosed a  significant difference  
(Table  1, p  =  0.043). Survival rate was more in-
creased in low MetAP2 expression patients (85.7%) 
than high MetAP2 expression patients (55%). 
MetAP2 may play quite a  complex role in tumor 
progression, which inactivates MetAP2 enzyme 
activity through covalent modification [32, 33].

Additionally, we measured the spectrophoto-
metric determination of the hydrolysis of methi-
onine p-nitroanilide in their soluble and mem-
brane-bound forms in surgically removed lung 
carcinoma tissues and unaffected adjacent normal 
surrounding tissues. Total average aminopeptidase 
activity was 80.6 ± 13.4 in normal lung tissue ver-
sus 156.9 ± 20.8 in lung carcinoma tissue (Table 2). 
Compared to normal lung tissue, carcinoma tissue 
had significantly higher activities. Histologically, 
SCC demonstrated higher MetAP2 activity than 
ADC. These results were further confirmed by the 
semi-quantitative RT-PCR analysis of MetAP2 
mRNA expression in normal lung and NSCLC 
tissues. The mRNA levels of MetAP2 in four cas-
es of ADC showed significant differences in the 
quantitative extent of MetAp2 gene expression as 

compared to normal lung tissues (p = 0.008). Also, 
three cases of squamous cell carcinomas had sig-
nificant upregulation of the MetAP2 gene as com-
pared to normal lung tissues (p = 0.002). In seven 
cases of NSCLC, MetAP2 mRNA expression levels 
were upregulated as compared to normal lung tis-
sues (p = 0.001) (data not shown). Also, the levels 
of MetAP2 in three cases of ADC and three cas-
es of squamous cell carcinomas showed signifi-
cant differences in the quantitative extent of pro-
tein expression compared to normal lung tissues 
(p = 0.05, respectively). MetAP2 proteins were in-
creased in ADC and SCC cases compared to nor-
mal lung tissues, according to Western blot anal-
ysis. Higher expression of the MetAP2 protein in 
human cancers further supports the contention 
that MetAP2 plays a  role in cancer development. 
We saw moderate-to-strong staining of MetAP2 
in all ADC cases examined [37]. S100a4 protein is 
a calcium-binding agent that regulates tumor me-
tastasis and a  variety of cellular processes via in-
teraction with different target proteins, including 
MetAP2, a main regulator of the proliferative and 
apoptotic pathways in mesothelioma cells [33, 34].

Interestingly, the normal bronchial epitheli-
um showed a  weak degree of staining; therefore, 
the frequent MetAP2 expression in NSCLC seems 
to be categorized as an aberrant expression. This 
finding correlates to the finding that colorectal 
normal mucosa far from the cancer shows a mild 
degree of MetAP2 staining [11].

The frequent and aberrant MetAP2 expres-
sions in biliary epithelial cells might have ac-
quired MetAP2 through their dysplasia-carcinoma 
sequence. Positive MetAP2 expression was ob-
served in a small population of non-dysplastic bili-
ary epithelial cells. Thus, it has been reported that 
MetAP2 is a novel biomarker for the early detec-
tion of cholangiocarcinoma [19].

In the present study, we asked whether MetAP2 
is activated and expressed in human NSCLC tis-
sues or inactivation of MetAP2 activity with fuma-
gillin (an angiogenesis inhibitor) may potentially 
inhibit proliferation of lung cancer cell lines.

The expression level of MetAP2 was signifi-
cantly higher in the 6 cases of SCC than 4 cases of 
ADC. Also, semi-quantitative MetAP2 mRNA and 
protein levels showed higher expression in SCC 
than in ADC. Thus, we chose the SCC cell lines 
to assess the effect of fumagillin as an angiogen-
esis inhibitor on cell proliferation activity and cell 
death population using caspase-3 flow cytomet-
ric analysis. The immunofluorescence intensity of 
MetAp2 in the moderately differentiated SCC cell 
line was decreased after treatment with fumagillin 
for 24 h (Fig. 4A) and caspase-3 activity was mark-
edly increased (Fig. 4B; p = 0.001) as compared to 
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well-differentiated SCC cells (Fig. 4B; p = 0.028). 
In addition, the cell death effect was also increased 
in fumagillin-treated moderately differentiated SCC 
cells (Fig. 4C; p = 0.001) as compared to well-dif-
ferentiated SCC cells (Fig.  4C; p  =  0.003). These 
results indicate that fumagillin as an angiogenesis 
inhibitor has potentially inhibited lung cancer cell 
proliferation.

The mechanism by which inhibition of MetAP2 
might lead to growth inhibition may be through 
both tumor cell intrinsic and extrinsic mecha-
nisms. A defect in the removal of N-terminal me-
thionine caused by metAP2 inhibition might lead 
to aberrant levels of proteins important for cell 
proliferation and apoptosis  [33]. In a mechanism 
that remains to be completely elucidated, inhibi-
tion of MetAP2 by small molecule inhibitors led 
to the transcriptional activation of p53, which in 
turn activates the expression of p21 that inhibits 
cycline E/Cdk2, accounting for the cell cycle block-
ade by these inhibitors [38]. Fumagillin is likewise 
a  eukaryotic initiation factor 2-associated glyco-
protein, p67. Fumagillin increases the stability of 
p67 and affinity to ERKs 1 and 2 and causes the 
inhibition of the phosphorylation of ERKs 1 and 2 
[38,  39]. MetAP2 inhibitors IDR-803, IDR-804, 
IDR-805 and CDK-732, as well as fumagillin an-
alogs, strongly inhibit the growth of cancers in 
a  model of nude mouse xenograft. Inhibition of 
angiogenesis is emerging as a  promising strate-
gy for the treatment of cancer [41]. Choosing the 
most appropriate time of day for TNP-470, a syn-
thetic analogue of fumagillin, administration will 
aid in the treatment of tumors.

The transcription of MetAP2 mRNA is reg-
ulated by clock gene proteins of the mCLOCK: 
mBMAL1 heterodimer in sarcoma180-bearing 
mice  [42]. Interestingly, MetAP2 was expressed 
in many cell types, including fibroblasts in idio-
pathic pulmonary fibrosis. In the bleomycin in-
duced acute lung injury in mice, fumagillin atten-
uated the deposition of collagen [43]. This finding 
was further confirmed when it was found that PPl- 
-2458, a member of the fumagillin class of irrevers-
ible MetAP2 inhibitors, potently inhibits the pro-
liferation of human fibroblast-like synoviocytes 
derived from rheumatoid arthritis in the late G1 
phase of the cell cycle [44]. Further, we report the 
first study on MetAP2 expression and function in 
NSCLC tissues and cell lines.

A high MetAP2 mRNA and protein expres-
sion as well as activity was found in NSCLC tissues 
and cell lines and the expression of MetAP2 cor-
related with patient’s outcome. The higher con-
centration of MetAP2 in NSCLC tissues than the 
corresponding normal bronchial epithelial cells 
suggests a greater dependence on this enzyme by 
malignant cells for their function and prolifer-
ation. Hence, a  reduction in the enzyme activity 
may be more harmful to cancer cells than normal 
epithelial cells. The evaluation of specific inhibi-
tors of MetAP2 in animal models should provide 
justification for future selection and evaluation of 
MetAP2 inhibitors in clinical trials for NSCLC pa-
tients. MetAP2 is an important regulator of prolif-
erative and apoptotic pathways and its inhibition 
may provide a  potential therapeutic intervention 
for lung cancer.
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