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Progalanin is released from the small cell lung carcinoma line SBC-3A and converted to its active form by
plasmin. To elucidate the role of progalanin activation in the extracellular compartment, matrix metallo-
proteinase (MMP) activity was studied in SBC-3A cells treated with progalanin siRNA, and angiogenesis
was measured in tumor tissue originating from SBC-3A cell transplantation into mice. Progalanin siRNA
caused downregulation of progalanin expression for approximately 8 days. MMP activity and angiogen-
esis were reduced in tumors induced by transplantation of progalanin siRNA-treated SBC-3A cells. In con-
trast, MMP-9 and MMP-2 activity and angiogenesis increased in tumors originating from progalanin
siRNA-treated SBC-3A cells in the presence of galanin and progalanin. Furthermore, injection of tranex-
amic acid, a plasmin inhibitor, more markedly reduced MMP-9 and MMP-2 activity and angiogenesis
in tumors originating from progalanin siRNA-treated SBC-3A cells and in tumor tissue originating from
progalanin siRNA-treated SBC-3A cells in the presence of progalanin. The reduction of MMP-9 and
MMP-2 activity with tranexamic acid was restored by galanin, but not by progalanin. Moreover, tranex-
amic acid reduced angiogenesis in control siRNA-treated SBC-3A cells. These results suggest that the acti-
vation of progalanin by plasmin in the extracellular compartment was involved in MMP-9 and MMP-2
activation and in angiogenesis in tumor tissue.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

Several neuropeptides have been shown to play a role in the
survival of tumor cells, tumor growth, and metastasis. Such neuro-
peptides as bombesin/gastrin-releasing peptide (GRP), galanin,
bradykinin, proopiomelanocortin (POMC) and arginine–vasopres-
sin [1–4] are released from certain types of tumor cells, known
as ectopic neuropeptide-producing cells. Although these peptides
have been identified by radioimmunoassay and RT–PCR, the
molecular forms of the peptides and their activities are poorly
understood. Small cell lung carcinoma cells (SCLCs) release proGRP
and POMC [5,6]. The release of these precursor forms is constitu-
tive and associated with low levels of processing enzymes in tumor
cells [5,6]. Therefore, the physiological significance of the release of
precursor forms from tumor cells remains unclear. The function
of precursors is also unknown. Neuropeptides act on specific
G-protein coupled receptors in the cell membrane. The activation
of G-protein coupled receptors induces cAMP production or cyto-
solic Ca2+ signaling. The somatostatin receptor is expressed in
ll rights reserved.
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some tumor cell lines [7–9] while VIP receptors (VPAC1) are ex-
pressed in breast and lung tumors [10,11], and gonadotropin
releasing hormone (GnRH) receptor is expressed in some breast tu-
mors [12]. It is well known that many neuropeptides including VIP,
GnRH, and galanin serve as tumor cell growth factors [12–16].

Our previous studies have demonstrated that the human SCLC
cell line SBC-3A and the human breast cancer cell lines BT-549
and MDA-MB-436 produce progalanin and release it into culture
media [17–19]. Furthermore, progalanin released from cancer cells
is converted to the active form galanin(1–20) by extracellular plas-
min, a protease [19], which is involved in angiogenic regulation in
tumor tissue. The plasminogen precursor pro-plasmin is converted
to active plasmin by enzymes such as tissue plasminogen activator
(t-PA) and urokinase (uPA), which are abundantly expressed in tu-
mor tissues [20]. Structure–activity relationship studies of galanin
have shown that amino acid sequences 1–15 and 1–16 are essen-
tial for its biological activity [21,22], and it has been shown that
SBC-3A cells express the galanin receptor 2 (GALR2) [18]. We
therefore hypothesized that galanin(1–20) is produced from pro-
galanin in tumor tissue and plays a role in tumor growth.

In the present study, the effect of the extracellular processing of
progalanin by plasmin on matrix metalloproteinase (MMP) activity
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and angiogenesis were evaluated in progalanin siRNA-treated SCLC
cells. The effect of the extracellular processing of endogenous and
exogenous progalanin was also evaluated in SCLC cells and progal-
anin siRNA-treated SCLC cells after the injection of tranexamic
acid, a plasmin inhibitor.
2. Materials and methods

2.1. Cell lines

The human SCLC cell line SBC-3A [23] was kindly supplied by
Dr. Atsuya Tsujimoto, Nippon Kayaku Inc., Tokyo. SBC-3A cells
were cultured in RPMI-1640 medium (Nissui Pharmaceutical,
Tokyo, Japan) supplemented with 10% (v/v) fetal bovine serum
(FBS, Moretate Biotech, Bulimba, Australia) in a humidified atmo-
sphere of 5% CO2 and 95% air at 37 �C. When cells reached 80% con-
fluency, they were dispersed with 0.05% (w/v) trypsin in
phosphate-buffered saline (PBS) and harvested at a concentration
of 104 cells/ml.
2.2. Animals

All experimental protocols were performed in accordance with
the guidelines for the Care and Use of Laboratory Animals of the
University of Shizuoka. Male KSN/slc mice were purchased from
Nippon SLC Ltd. (Shizuoka, Japan) and housed under standard lab-
oratory conditions (23 ± 1 �C, 55 ± 5% humidity) with access to tap
water and food ad libitum. Lights were automatically turned on at
0800 and off at 2000.
2.3. Recombinant progalanin

Recombinant progalanin was prepared as described previously
[18]. The cDNA encoding rat progalanin was obtained from rat
hypothalamus by RT–PCR. The primers used were 50-GGGG CAT
ATG CCA ACA AAG GAG AAG AGA GG-30 and 50-GGGG CTC GAG
GGA CTG CTC TAG GTC TTC TG-30 to incorporate into the NdeI
and XhoI sites, respectively. The PCR fragment was cloned in plas-
mid pET21-a(+) (Novagen), yielding pET-GAL. Escherichia coli
ER2566 cells containing pET-GAL were grown to an OD600 of 0.6
in 1 L of LB-Amp medium at 37 �C, induced with 0.5 mM IPTG, har-
vested 4 h after culture and frozen. Frozen cells were resuspended
in 50 mM Tris–HCl (pH 7.6), 5 mM EDTA, 10% glycerol and 1 M
NaCl, and disrupted by sonification (Bioruptor, Tohsho Denki,
Japan). After centrifugation at 30,000g for 30 min, the supernatants
were loaded onto columns of Ni–NTA agarose (Qiagen) and recom-
binant progalanin was purified.
2.4. Preparation of culture media and tumor extraction for gel
filtration chromatography

SBC-3A cell culture media were briefly centrifuged at 3000g for
10 min, and the supernatants were lyophilized and subjected to gel
filtration chromatography. Tumor samples were obtained as de-
scribed before [11]. Briefly, KSN/slc mice were implanted with
SBC-3A cells (1 � 106 cells/100 ll PBS(�)) subcutaneously on the
dorsal side. When tumors reached a diameter of 8–10 mm, tumor
samples were excised. The tumors were heated in a boiling water
bath for 10 min in 0.1 M acetic acid. After cooling, the acetic acid
concentration was increased to 1 M and samples were homoge-
nized in a Teflon pestle homogenizer. The homogenates were then
centrifuged at 3000g for 30 min. Supernatants were lyophilized
and used as tumor extracts.
2.5. Gel filtration chromatography

Culture media and tumor extracts were eluted on a Sephadex
G-50 fine column (1.0 � 100 cm, GE Healthcare UK Ltd., England)
using 1 M acetic acid as the eluent. The eluate was collected in
0.9 ml volumes and lyophilized. The lyophilized fractions were dis-
solved in the standard RIA diluent. The column was calibrated with
BSA (molecular weight 69 kDa, void volume), lysozyme (14.4 kDa),
human galanin (3 kDa), and dbcAMP (total volume).

2.6. Radioimmunoassay

Radioimmunoassay (RIA) was performed at 4 �C as described
previously [24]. R0672 antibodies were raised in rabbits against
synthetic human galanin(1–15), specific for the N-terminal region
of galanin. Briefly, the standard diluent consisted of 0.01 M phos-
phate buffer (pH 7.4), 0.14 M NaCl, 0.025 M EDTA, and 0.5% (w/v)
bovine serum albumin (BSA). In each assay, 0.1 ml of the standard
or sample and 0.1 ml [125I]-human galanin (approximately 3000
counts per minute (cpm)) were incubated with anti-human galanin
serum R0672 (final dilution 1:21,000) for 24 h; normal rabbit ser-
um (final dilution 1:50; 0.05 ml), goat anti-rabbit c-globulin serum
(final dilution 1:10; 0.05 ml) and 5% (w/v) polyethylene glycol
6000 (M.W. 7500; 0.5 ml) were then added to the mixture. After
incubation for 2 h, samples were centrifuged at 2500g for 30 min.
The supernatants were removed and radioactivity in the precipi-
tate was counted with a gamma counter (ARC-100, Aloka, Japan).
Human galanin was iodinated with iodine-125 by the chlora-
mine-T method and separated by HPLC.

2.7. RNAi-induced progalanin knockdown assay

Progalanin siRNA and negative control (scrambled) siRNA were
purchased from Sigma–Aldrich (St. Louis, MO, USA), and INTERFER-
in (Polyplus-transfection, NY, USA) was used to transfect the siRNA
into SBC-3A cells. Progalanin expression in SBC-3A cells was mea-
sured by Western blot analysis.

2.8. Western blot analysis

SBC-3A cell extracts for SDS–PAGE were prepared as follows.
SBC-3A cells were lysed on ice with 100 ll protein extraction buf-
fer (500 mM Tris–HCl, pH 6.8 and 10% sodium dodecyl sulfate) and
centrifuged at 12,000g at 4 �C for 10 min. The protein concentra-
tion of the cell lysates was measured by the Coomassie Brilliant
Blue method using bovine serum albumin (BSA) as the standard.
Samples (5 lg) of the cell lysates were separated on a 15% (w/v)
polyacrylamide gel [25]. Proteins were blotted onto a nitrocellu-
lose membrane (Protran BA85, GE Healthcare UK Ltd.) in a Mini
trans-blot cell 3 (Bio-Rad Laboratories, Hercules, CA, USA) [26].
Nitrocellulose membranes were blocked with 1% (w/v) BSA.
Blocked membranes were incubated with anti-galanin(1–15) rab-
bit antibody (R0672) and then with horseradish peroxidase
(HRP)-conjugated anti-rabbit IgG goat antibody (Biosource, Cama-
rillo, CA, USA). The bands were subsequently visualized on a
chemiluminescent detection system [27].

2.9. Matrigel plug assay

SBC-3A cells transfected with progalanin or negative control
siRNA were dispersed with 0.05% (w/v) trypsin in PBS, and resus-
pended in Matrigel (BD Biosciences, New Jersey, USA) in the pres-
ence or absence of galanin (100 ng/0.5 ml in Matrigel, Peptide
Institute, Inc., Osaka, Japan) or progalanin (100 ng/0.5 ml in Matri-
gel). The cells were implanted into the dorsal sides of KSN/slc mice
subcutaneously with 0.5 ml Matrigel. Tranexamic acid (100 mg/kg,
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Fig. 1. Molecular forms of galanin-like immunoreactivity in culture media from
SBC-3A cells (A) and tumor tissue extract (B) as revealed by gel filtration
chromatography. Culture media from SBC-3A cells and tumor tissue extracts were
loaded onto a Sephadex G-50 column with 1 M acetic acid as an eluent. Collected
samples were assayed with a galanin-specific radioimmunoassay. Void volume (Vo)
and bed volume (Vt) were calibrated using bovine serum albumin and dibutyryl
cAMP, respectively. The eluted position of egg lysozyme and human galanin are
indicated at 14 and 3 K, respectively.
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Fig. 2. Inhibition of progalanin expression by progalanin siRNA. SBC-3A cells were
transfected with control (scrambled) or progalanin siRNA. Cell lysates were
collected 1, 3, 5, 8, 11 and 14 days after transfection, and then separated by SDS–
PAGE, followed by immunoblotting with anti-human galanin(1–15) antibody.
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Tokyo Kasei Kogyo, Tokyo, Japan) was administered intraperitone-
ally once a day for 7 days. Seven days after implantation, tumor tis-
sue was excised and homogenized in a Polytron homogenizer
(KINEMATICA AG, Lucerne, Switzerland). The homogenates were
then centrifuged at 3000g at 4 �C for 30 min. Supernatants were
used for hemoglobin measurement and for gelatin zymography
analysis.

2.10. Gelatin zymography

MMP activity was measured using gelatin zymography [28].
The tumor extracts from the Matrigel plugs were denatured with
SDS and separated with 10% polyacrylamide gel containing 1 mg/ml
gelatin. After electrophoresis, the SDS in the gels was removed
with Tris–HCl buffer (pH 7.4) containing 2.5% Triton X-100, and
then incubated in Tris–HCl buffer for 24 h, allowing digestion of
the gelatin. The gels were visualized using Coomassie Brilliant Blue
R250. The bands were densitometrically analyzed using Scion Im-
age software (Scion corp., Frederick, MD, USA).

2.11. Hemoglobin content in tumor tissue

Angiogenesis was assessed by measuring the hemoglobin (Hb)
content. Hb was measured by the cyanmethemoglobin method
[29] with some modifications. The tumor extracts from the Matri-
gel plugs were diluted with 100 ll 0.5 mM sodium hydroxide, to
which was added 20 ll 2% (w/v) potassium ferricyanide and
20 ll 0.5% (w/v) sodium cyanide. After 30 min incubation, Hb con-
centrations were determined by measuring the absorbance at
550 nm.

2.12. Data analysis and statistics

Data are represented as means ± SEM. Tukey–Kramer tests were
used for statistical analysis.

3. Results

3.1. Characteristics of galanin-like immunoreactivity in culture media
and tumor tissue

Galanin-like immunoreactivity (galanin-LI) was due to the pres-
ence of a 14 kDa protein in cultured SBC-3A cells (Fig. 1A), suggest-
ing that the galanin-LI was caused by antibody binding to
progalanin. In the extracts from tumor tissue, however, galanin-LI
was due to the presence of a protein of around 2 kDa, in addition
to the 14 kDa protein, in agreement with our previous papers
[18,19]. In tumor tissue, the 2 kDa galanin-LI accounted for
58.7 ± 11% of total galanin-LI (n = 3).

3.2. Progalanin expression after progalanin siRNA transfection

We examined progalanin expression in SBC-3A cells transfected
with either progalanin siRNA or control siRNA. Progalanin expres-
sion in SBC-3A cells was determined by Western blot analysis
(Fig. 2). As expected, progalanin expression was inhibited by pro-
galanin siRNA, and this inhibition was maintained for 8 days after
transfection (see Fig. 3).

3.3. Involvement of progalanin activation in MMP activity

We examined the idea that progalanin, after activation by plas-
min, is involved in regulating MMP activity in tumor tissue. MMP
activity was determined by gelatin zymography. The activities of
MMP-9 and MMP-2 were decreased in tumor tissue originating
from progalanin siRNA-treated SBC-3A cells. MMP-9 activity was
increased in tumor tissue originating from progalanin siRNA-
treated SBC-3A cells in the presence of galanin and progalanin. In
contrast, injection of tranexamic acid, a plasmin inhibitor, more
markedly reduced the activities of MMP-9 and MMP-2 in tumor
tissue originating from progalanin siRNA-treated SBC-3A cells
and also in progalanin siRNA-treated SBC-3A cells in the presence
of progalanin. The reduction of MMP-9 and MMP-2 activities with
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tranexamic acid was restored in the presence of galanin, but not in
the presence of progalanin.
3.4. Involvement of progalanin activation in angiogenesis

To assess whether progalanin activation is involved in angio-
genesis, angiogenic activity was examined using the Matrigel plug
assay (Fig. 4), in which Hb content was determined. The Hb content
was 35.5 mg/gel in SBC-3A-scr tumors and was significantly de-
creased in tumor tissue originating from progalanin siRNA-treated
SBC-3A cells (24.0 mg/gel). Furthermore, tranexamic acid, a plas-
min inhibitor, decreased Hb content in tumor tissue originating
from control siRNA-treated SBC-3A cells. Conversely, galanin in-
creased the Hb content both in tumor tissue originating from con-
trol siRNA-transfected SBC-3A cells and in tranexamic acid-treated
tumor tissue originating from progalanin siRNA-transfected SBC-
3A cells. In contrast, progalanin increased the Hb content in tumor
tissue originating from progalanin siRNA- transfected SBC-3A cells,
but not in tranexamic acid-treated tumor tissue originating from
progalanin siRNA- transfected SBC-3A cells.
4. Discussion

Galanin is widely distributed in the central and peripheral ner-
vous systems. It produces biological effects such as neuroprotection
[30], via the three galanin receptors (GALR1, 2 and 3), which belong
to the G protein-coupled receptor superfamily [31]. In neuronal
and endocrine cells, galanin is usually produced from the process-
ing of progalanin by prohormone convertase. In several tumors
such as neuroblastoma, colon carcinomas and squamous cell
carcinomas that express galanin receptors, galanin regulates cell
proliferation [32–37]. SCLC cells are well known to produce galanin
ectopically. Although galanin is released in precursor form from
some SCLC cells, little is known about the nature of precursor
release. Because precursors cannot bind to receptors, they must
first be activated in SCLC cells, which express galanin receptors.
SBC-3A cells express galanin receptors, so it is possible that progal-
anin release from SBC-3A cells is associated with tumor growth. In
the present study, progalanin release was evaluated with respect
to angiogenesis, a requirement for tumor growth.

The major product released from SBC-3A cells that exhibited
galanin-LI was a protein of approximately 14 kDa and was believed
to be progalanin (Fig. 1A). In tumor tissues originating from SBC-3A
cells, however, a protein of approximately 2 kDa exhibited
galanin-LI and was produced in addition to the 14 kDa progalanin,
as reported previously [18]. In structural analysis using MALDI-TOF
mass spectrometry, the 2 kDa protein exhibiting galanin-LI was
identified as galanin(1–20) [18]. Because the production of
galanin(1–20) is inhibited in tumor tissues by administration of
tranexamic acid, a plasmin inhibitor [19], plasmin seems to play
a role in the conversion of progalanin into galanin(1–20). It is
possible that this conversion is important in tumor growth.

Plasmin is an important protease in the mechanisms of angio-
genesis in tumor tissues. A pro-plasmin called plasminogen is con-
verted to active plasmin by enzymes such as tissue plasminogen
activator (t-PA) and urokinase (uPA) in the extracellular compart-
ment. The plasmin-mediated destruction of the extracellular ma-
trix and basement membrane can enable the migration of
endothelial cells and cancer cells [20]. Several studies have re-
ported the effects of plasmin inhibitors like tranexamic acid on
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endothelial cell invasion, angiogenesis, and tumor growth [38–41].
In the present study, in order to elucidate the involvement of the
extracellular processing of progalanin in angiogenesis, MMP activ-
ity and angiogenesis were assessed with the Matrigel plug assay
using SBC-3A cells treated with progalanin siRNA, causing progal-
anin expression to be downregulated for approximately 8 days.
MMP activity and angiogenesis were reduced in tumor tissue orig-
inating from progalanin siRNA-treated SBC-3A cells. In contrast,
MMP-9 and MMP-2 activity, as well as angiogenesis, was increased
in tumor tissue originating from progalanin siRNA-treated SBC-3A
cells in the presence of galanin and progalanin. Furthermore, injec-
tion of tranexamic acid, a plasmin inhibitor, markedly reduced
MMP-9 and MMP-2 activity and angiogenesis in tumor tissue orig-
inating from progalanin siRNA-treated SBC-3A cells, and also in tu-
mor tissue originating from progalanin siRNA-treated SBC-3A cells
in the presence of progalanin. The reduction of MMP-9 and MMP-2
activity by tranexamic acid was restored in the presence of galanin,
but not in the presence of progalanin. Interestingly, tranexamic
acid also reduced angiogenesis in control siRNA-treated SBC-3A tu-
mors. These results suggest that the activation of progalanin by
plasmin in the extracellular compartment is involved in both
MMP-9 and MMP-2 activity regulation and angiogenesis in tumor
tissue originating from SBC-3A cells, a human SCLC cell line.

MMPs detach endothelial cells from adhesive proteins allowing
the development of angiogenesis. In particular, MMP-2 overex-
pression is associated with the invasion of tumor cells and MMP-
2 depletion is associated with the suppression of tumor growth
[42,43]. Therefore, MMP-2 is a key enzyme in cell invasion, tumor
growth and metastasis. In the present study, pro-MMP-2 was
highly expressed in tumor tissue originating from SBC-3A cells.
Galanin induces angiogenesis in a cotton thread-induced granula-
tion assay in rats [44], in which it strongly induces pro-MMP-2
production.

In conclusion, the present study is the first to demonstrate that
galanin is involved in angiogenesis via the production of MMPs in
tumor tissues and that the extracellular processing of progalanin
via plasmin is a novel mechanism in tumor growth.

References

[1] S. Weber, J.E. Zuckerman, D.G. Bostwick, K.G. Bensch, B.I. Sikic, T.A. Raffin,
Gastrin releasing peptide is a selective mitogen for small cell lung carcinoma
in vitro, J. Clin. Invest. 75 (1985) 306.

[2] K. Yamaguchi, K. Abe, I. Adachi, S. Kimura, M. Suzuki, A. Shimada, T. Kodama, T.
Kameya, T. Shimosato, Peptide hormone production in primary lung tumors,
Recent Results Cancer Res 99 (1985) 107–116.

[3] T.W. Moody, C.B. Pert, A.F. Gazdar, D.N. Carney, J.D. Minna, High levels of
intracellular bombesin characterize human small-cell lung carcinoma, Science
214 (1981) 1246–1248.

[4] P.J. Woll, E. Rozengurt, A neuropeptide antagonist that inhabits the growth of
small cell lung cancer in vitro, Cancer Res. 50 (1990) 3968–3973.

[5] Y. Miyake, T. Kodama, K. Yamaguchi, Pro-gastrin-releasing peptide (31–98) is a
specific tumor marker in patients with small cell lung carcinoma, Cancer Res.
54 (1994) 2136–2140.

[6] X.Y. Bertagna, W.E. Nicholson, G.D. Sorenson, O.S. Pettengill, C.D. Mount, D.N.
Orth, Corticotropin, lipotropin, and beta-endorphin production by a human
nonpituitary tumor in culture: evidence for a common precursor, Proc. Nat.
Acad. Sci. 75 (1978) 5160–5164.

[7] M. Papotti, U. Kumar, M. Volante, C. Pecchioni, Y.C. Patel,
Immunohistochemical detection of somatostatin receptor types 1–5 in
medullary carcinoma of the thyroid, Clin. Endocrinol. 54 (2001) 641–649.

[8] R. Panetta, Y.C. Patel, Expression of mRNA for all five human somatostatin
receptors (hSSTR1-5) in pituitary tumors, Life Sci. 56 (1995) 333–342.

[9] J.C. Reubi, J.C. Schaer, B. Waser, G. Mengod, Expression and localization of
somatostatin receptor SSTR1, SSTR2 and SSTR3 mRNAs in primary human
tumors using in situ hybridization, Cancer Res. 54 (1994) 3455–3459.

[10] A. Valdehita, A.M. Bajo, A.B. Fernández-Martínez, M.I. Arenas, E. Vacas, P.
Valenzuela, A. Ruíz-Villaespesa, J.C. Prieto, M.J. Carmena, Nuclear localization
of vasoactive intestinal peptide (VIP) receptors in human breast cancer,
Peptides 31 (2010) 2035–2045.
[11] M. Szilasi, A. Buglyo, A. Treszl, L. Kiss, A.V. Schally, G. Halmos, Gene expression
of vasoactive intestinal peptide receptors in human lung cancer, Int. J. Oncol.
39 (2011) 1019–1024.

[12] K. Morgan, C. Meyer, N. Miller, A.H. Sims, I. Cagnan, D. Faratian, D.J. Harrison,
R.P. Millar, S.P. Langdon, GnRH receptor activation competes at a low level
with growth signaling in stably transfected human breast cell lines, BMC
Cancer 11 (2011) 476.

[13] T.W. Moody, Peptide hormones and lung cancer, Panminerva Med. 48 (2006)
19–26.

[14] T.W. Moody, D. Chan, J. Fahrenkrug, R.T. Jensen, Neuropeptides as autocrine
growth factors in cancer cells, Curr. Pharm. Des. 9 (2003) 495–509.

[15] E. Rozengurt, J.H. Walsh, Gastrin, CCK, signaling, and cancer, Annu. Rev.
Physiol. 63 (2001) 49–76.

[16] T. Gudermann, S. Roelle, Calcium-dependent growth regulation of small cell
lung cancer cells by neuropeptides, Endocr. Relat. Cancer 13 (2006) 1069–
1084.

[17] M. Ogata, F. Kajiyama, K. Iguchi, T. Mochizuki, M. Hoshino, Production and
secretion of galanin-related peptides in human small cell lung carcinoma, in:
N. Fujii (Ed.), Peptide Science, Japanese Peptide Society, 2000, pp. 213–216.

[18] H. Yamamoto, K. Iguchi, S. Ohno, T. Yokokawa, K. Nishikawa, M. Hoshino,
Activation of large form galanin-LI by extracellular processing in small cell
lung carcinoma tissue, Protein Pept. Lett. 18 (2011) 1058–1064.

[19] H. Yamamoto, S. Ben, S. Saitoh, K. Kamata, K. Iguchi, M. Hoshino, Plasmin: its
role in the extracellular processing of progalanin in tumor tissue, Protein Pept.
Lett. 18 (2011) 1204–1211.

[20] Y. Jiang, I.D. Goldberg, Y.E. Shi, Complex roles of tissue inhibitors of
metalloproteinases in cancer, Oncogene 21 (2002) 2245–2252.

[21] G. Fisone, M. Berthold, K. Bedecs, A. Undén, T. Bartfai, R. Bertorelli, S. Consolo, J.
Crawley, B. Martin, S. Nilsson, T. Hökfelt, N-terminal galanin-(1–16) fragment
is an agonist at the hippocampal galanin receptor, Proc. Natl. Acad. Sci. U.S.A.
86 (1989) 9588–9591.

[22] J.A. Narváez, Z. Diaz, J.A. Aguirre, S.G. Barón, N. Yanaihara, K. Fuxe, P.B.
Hedlund, Intracisternally injected galanin-(1–15) modulates the
cardiovascular responses of galanin-(1–29) and the 5-HT1A receptor agonist
8-OH-DPAT, Eur. J. Pharmacol. 257 (1994) 257–265.

[23] H. Miyamoto, Establishment and characterization of anadrianycun- resistant
subline of human small cell lung cancer cells, Acta Med. Okayama 40 (1986)
65–73.

[24] A. Habu, T. Ohishi, S. Ohkubo, Y.M. Hong, T. Mochizuki, N. Yanaihara, Isolation
and sequence determination of galanin from the pituitary of yellowfin tuna,
Biomed. Res. 15 (1994) 357–362.

[25] U.K. Laemmli, Cleavage of structural proteins during the assembly of the head
of bacteriophage T4, Nature 227 (1970) 680–685.

[26] W.N. Burnette, Western blotting: electrophoretic transfer of proteins from
sodium dodecyl sulfate-polyacrylamide gels to unmodified nitrocellulose and
radiographic detection with antibody and radioiodinated protein A, Anal.
Biochem. 112 (1981) 146–203.

[27] A.F. Yakunin, P.C. Hallenbeck, A luminol/iodophenol chemiluminescent
detection system for western immunoblots, Anal. Biochem. 258 (1988) 146–
149.

[28] A. Ito, S. Nakajima, Y. Sasaguri, H. Nagase, Y. Mori, Co-culture of human breast
adenocarcinoma MCF-7 cells and human dermal fibroblasts enhances the
production of matrix metalloproteinases 1, 2 and 3 in fibroblasts, Br. J. Cancer
71 (1995) 1039–1045.

[29] E.J. van Kampen, W.G. Zijlstra, Standardization of hemoglobinmetry II The
hemoglobincyanide method, Clin. Chim. Acta 6 (1961) 538–544.

[30] S.A. Hobson, A. Bacon, C.R. Elliot-Hunt, F.E. Holmes, N.C. Kerr, R. Pope, P.
Vanderplank, D. Wynick, Galanin acts as a neuroprotective factor to the
hippocampus, Cell. Mol. Life Sci. 65 (2008) 1806–1812.

[31] T.P. Iismaa, J. Shine, Galanin and galanin receptors, Results Probl. Cell Differ. 26
(1999) 257–291.

[32] A. Berger, R. Santic, D. Almer, C. Hauser-Kronberger, M. Huemer, C.H.
Stockhammer, W. Sperl, B. Kofler, Galanin and galanin receptors in human
gliomas, Acta Neuropathol. 105 (2003) 555–560.

[33] A. Berger, R. Santic, C. Hauser-Kronberger, F.H. Schilling, P. Kogner, M.
Ratschek, A. Gamper, N. Jones, W. Sperl, B. Kofler, Galanin and galanin
receptors in human cancers, Neuropeptides 39 (2005) 353–359.

[34] I. Rauch, B. Kofler, The galanin system in cancer, EXS 102 (2010) 223–241.
[35] A. Berger, R. Lang, K. Moritz, R. Santic, A. Hermann, W. Sperl, B. Kofler, Galanin

receptor subtype GalR2 mediates apoptosis in SH-SY5Y neuroblastoma cells,
Endocrinology 145 (2004) 500–507.

[36] E.S. Magdy, S. Anna, Direct effects of octreotide, galanin and serotonin on
human colon cancer cells, Oncol. Rep. 10 (2003) 1723–1728.

[37] H.B. Kal, H. Struikmans, M.F. Gebbink, E.E. Voest, Response of rat prostate and
lung tumors to ionizing radiation combined with the angiogenesis inhibitor
AMCA, Strahlenther. Onkol. 180 (2004) 798–804.

[38] Y. Kikuchi, I. Kizawa, K. Oomori, E. Kuki, K. Kato, The inhibitory effect of
tranexamic acid on human ovarian carcinoma cell grown in vitro and in vivo,
Gynecol. Oncol. 24 (1986) 183–188.

[39] Y. Kikuchi, I. Kizawa, K. Oomori, M. Miyauchi, T. Kita, M. Sugita, Y. Tenjin, K.
Kato, Establishment of a human ovarian cancer cell line capable of forming
ascites in nude mice and effects of tranexamic acid on cell proliferation and
ascites formation, Cancer Res. 47 (1987) 592–596.

[40] J. Suojanen, T. Sorsa, T. Salo, Tranexamic acid can inhibit tongue squamous cell
carcinoma invasion in vitro, Oral Dis. 15 (2009) 170–175.



1004 H. Yamamoto et al. / Biochemical and Biophysical Research Communications 430 (2013) 999–1004
[41] T. Kanazawa, K. Misawa, T.E. Carey, Galanin receptor subtypes 1 and 2 as
therapeutic targets in head and neck squamous cell carcinoma, Expert Opin.
Ther. Targets 14 (2010) 289–302.

[42] D. Trudel, Y. Fradet, F. Meyer, F. Harel, B. Têtu, Significance of MMP-2
expression in prostate cancer: an immunohistochemical study, Cancer Res. 63
(2003) 8511–8515.
[43] T. Itoh, M. Tanioka, H. Yoshida, T. Yoshioka, H. Nishimoto, S. Itohara, Reduced
angiogenesis and tumor progression in gelatinase A-deficient mice, Cancer
Res. 58 (1998) 1048–1051.

[44] H. Yamamoto, T. Arai, S. Ben, K. Iguchi, M. Hoshino, Expression of galanin and
galanin receptor mRNA in skin during the formation of granulation tissue,
Endocrine 40 (2011) 400–407.


	Involvement of plasmin-mediated extracellular activation of progalanin  in angiogenesis
	1 Introduction
	2 Materials and methods
	2.1 Cell lines
	2.2 Animals
	2.3 Recombinant progalanin
	2.4 Preparation of culture media and tumor extraction for gel filtration chromatography
	2.5 Gel filtration chromatography
	2.6 Radioimmunoassay
	2.7 RNAi-induced progalanin knockdown assay
	2.8 Western blot analysis
	2.9 Matrigel plug assay
	2.10 Gelatin zymography
	2.11 Hemoglobin content in tumor tissue
	2.12 Data analysis and statistics

	3 Results
	3.1 Characteristics of galanin-like immunoreactivity in culture media and tumor tissue
	3.2 Progalanin expression after progalanin siRNA transfection
	3.3 Involvement of progalanin activation in MMP activity
	3.4 Involvement of progalanin activation in angiogenesis

	4 Discussion
	References


