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Abstract This study evaluated the in¯uence of cytokines
and growth factors on the production of matrix me-
talloproteinase-2 (MMP-2, 72-kDa type IV collagenase,
gelatinase A) and invasion of the human renal cell car-
cinoma (HRCC) cell line KG-2. The cells were treated
with cytokines and growth factors, and the gelatiolytic
activity and in vitro invasion were examined. Basic
®broblast growth factor (bFGF) stimulated MMP-2
production by KG-2 cells to 2.0-, 4.84- and 4.53-fold
that of the untreated group at 0.1, 1.0 and 10 ng/ml,
respectively. Transforming growth factor-b1 (TGF-b1)
at very low concentrations of 10 pg/ml and 100 pg/ml
stimulated enzyme production in KG-2 cells by 1.74-
and 2.83-fold, respectively. In contrast, interferon-c
(IFN-c) decreased MMP-2 production by KG-2 cells at
10 and 100 U/ml to 69% and 41% of the level in the
untreated group, respectively. At those concentrations,
IFN-c did not cause cytostasis in KG-2 cells. Moreover,
bFGF and TGF-b1 (low concentrations) stimulated
in vitro invasion of KG-2 cells, but IFN-c decreased the
invasive activity, which was well correlated with the
levels of MMP-2. However, the expression of MMP-2
mRNA of KG-2 cells treated with 10 ng/ml bFGF,
100 pg/ml TGF-b1 and 100 U/ml IFN-c was shown to
be 3.8-, 3.4- and 0.7-fold, respectively, those in untreated
groups. Thus the production of MMP-2 in HRCC was
in¯uenced by cytokines and growth factors, and MMP-2
plays an important role in the invasion and metastasis of
certain types of HRCC.
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Introduction

In cancer metastasis, extracellular matrix (ECM) deg-
radative enzymes such as matrix metalloproteinases
(MMPs), serine proteinase and cystine proteinase are
necessary to degrade the ECM and vascular basement
membrane [6, 10, 13]. The production of these ECM
degradative enzymes is regulated by an ECM substrate
or cytokines and growth factors that are secreted from
non-neoplastic cells [8]. The relationship of cancer cells
and non-neoplastic cells originating from host tissues is
thus important for cancer metastasis [8]. In the present
study, we examined the in¯uence of cytokines and
growth factors that are secreted from host stromal cells
on the production of matrix metalloproteinase 2 (MMP-
2) in a human renal cell carcinoma (HRCC) cell line. We
also determined the in¯uence of these factors on the
in vitro invasive activity of the cell line.

Materials and methods

HRCC cells

One HRCC cell line (KG-2) was used. This cell line was established
from grade 2, clear cell HRCC; it produced tumors at both the
subcutis (SC; ectopic) and subrenal capsular sites (SRC; ortho-
topic) [4]. The SRC tumors metastasized to the lung and regional
lymph nodes; SC tumors did not metastasize [4]. KG-2 cells were
cultured in Eagle's minimum essential medium (EMEM; Gibco,
Grand Island, N.Y.) supplemented with 10% fetal bovine serum
(FBS), sodium pyruvate, non-essential amino acids and 2-fold
vitamin. For subculturing, cells were treated with 0.25% trypsin/
0.02% EDTA (Sigma, St. Louis, Mo.) for 2±3 min, tapped slightly
and subcultured. The cells were free ofMycoplasma and pathogenic
mouse viruses.

Cytokines and growth factors

All cytokines and growth factors used in this study and their
concentrations are shown in Table 1. All cytokines and growth
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factors were of human origin. Recombinant basic ®broblast growth
factor (bFGF), platelet derived growth factor (PDGF), recombi-
nant epidermal growth factor (EGF; Collaborative Research,
Bedford, Mass.), transforming growth factor-b1 (TGF-b1; R&D
Systems, Minneapolis, Minn.), recombinant interleukin-1b (IL-1b),
tumor necrosis factor-a (TNF-a; Boehringer-Mannheim, India-
napolis, Ind.), recombinant interferon-a 2A (IFN-a; Ho�man-La-
Roche, Nutley, N.J.) and recombinant interferon-c (IFN-c;
Genentech, San Francisco, Calif.) were used. All cytokines and
growth factors were diluted with serum-free F-12/DMEM (Gibco)
to several concentrations.

Microculture tetrazolium assay

An assay for the in vitro antiproliferative e�ect of KG-2 cells
treated by cytokines and growth factors was carried out as de-
scribed by Fan et al. [2]. Cells suspended in EMEM were seeded in
96-well tissue-culture plates (1 ´ 104 cells/well) and incubated for
16 h. The cells were then rinsed and suspended in fresh serum-free
F-12/DMEM, or media containing various concentrations of
cytokines and growth factors. After a 96-h incubation, the anti-
proliferative e�ect was assessed by the microculture tetrazolium
(MTT) microassay. Brie¯y, the cells were incubated for 2 h with
400 lg/ml MTT and then lysed in 100% dimethylsulfoxide. The
conversion of MTT to formazan by metabolically viable cells was
monitored by a Dynatech MR 5000 microplate reader at 570 nm
(Chantilly, Va.). Growth inhibition by cytokines and growth fac-
tors was calculated by the following formula:

Cytostasis �%� � �1ÿ A=B� � 100

where A is absorbance at 570 nm of the test sample treated with
cytokines and growth factors, and B is absorbance at 570 nm of the
control sample in medium alone. Each assay was performed in
triplicate.

Gelatin zymography

KG-2 cells (5 ´ 106 viable cells) were cultured in DMEM media
supplemented with 10% FBS. After 24 h, the dishes were rinsed
with Hanks' balanced salt solution (HBSS) and the KG-2 cell line
cultured in serum-free F-12/DMEM with cytokines or growth
factors at various concentrations for 24 h. The conditioned me-
dium was collected and centrifuged at 800 g for 5 min. Then the
supernatants were centrifuged at 18 000 g for 20 min. Gelatin-
olytic enzymes secreted by cultured KG-2 cells were identi®ed and
quanti®ed by electrophoresis of serum-free conditioned medium in
a gelatin-embedded polyacrylamide gel [9]. The supernatants pre-
pared from serum-free conditioned media (5 ´ 104 KG-2 cells)
were immediately mixed with one-fourth volume of sample bu�er
containing 2% NaDodSO4, 10% glycerol and 0.00125% bromo-
phenol blue in 62.5 mM TRIS-HCl (pH 6.8), and electrophoresed
at 60 mA at 16 °C in a 7.5% polyacrylamide slab gel containing
1 mg/ml gelatin (heat-denatured porcine skin collagen type I:
Sigma). The gel was rinsed twice with 2.5% Triton X-100 in
50 mM TRIS-HCl bu�er (pH 7.5) and incubated at 37 °C for a
certain period in 0.15 M NaCl, 10 mM CaCl2 and 50 mM TRIS-
HCl bu�er (pH 7.5) containing 0.05% NaN3. The gels were
stained with 0.05% Coomassie blue, 10% isopropanol and 10%
acetic acid in deionized water (v/v), then destained with 10%
isopropanol and 10% acetic acid in deionized water (v/v). Gela-
tinolytic enzymes were detected as transparent bands against the
background of Coomassie-blue-stained slab gels. The active and
inactive forms of MMP-2 were shown as bands with di�erent
molecular weights.

Quantitative analysis of the gelatinolytic enzyme was performed
with a Pharmacia LKB UltraScan XL laser densitometer (Uppsala,
Sweden). The area under each peak representing gelatinolytic ac-
tivity was measured and the average integrated intensity from three

independent experiments was calculated. Relative gelatinase pro-
duction was de®ned as the average gelatinase production in the
culture media of KG-2 cells treated with cytokines or growth fac-
tors divided by that in the culture media of KG-2 cells without
treatment.

mRNA extraction and Northern-blot hybridization analyses

KG-2 cells in 80% con¯uent cultures were rinsed with serum-free
F-12/DMEM and re-fed with serum-free F-12/DMEM with or
without cytokines and growth factors. After 24 h of incubation, the
medium was replaced with fresh serum-free F-12/DMEM with or
without cytokines and growth factors, and the cells incubated for
another 24 h, then harvested for RNA extraction. Total cellular
RNA was extracted from 107 to 108 cells using a guanidinium
thiocyanate hot-phenol method. For Northern blot analysis,
poly(A)+RNA was prepared by oligo(dT)-cellulose chromatogra-
phy and fractionated by electrophoresis on a 1% agarose gel under
denaturing conditions with formaldehyde. RNA (2 lg) was elec-
trotransferred at 0.6 mA to a GreenScreen nylon membrane
(DuPont-NEN, Boston, Mass.) and UV-crosslinked with 120 000
lJ/cm2 using a UV Stratalinker 1800 (Stratagene, La Jolla, Calif.).
The membranes hybridized with 32P-labeled DNA probes were
washed three times at 65°C with 30 mM NaCl and 3 mM sodium
citrate (pH 7.2) containing 0.1% NaDodSO4 (w/v) and exposed to
X-OMAT imaging ®lm (Kodak, Rochester, N.Y.).

Probes for mRNA sequences

Two DNA probes were used: (1) a 1.1-kb EcoRI restriction
endonuclease fragment from the plasmid pH3a representing the
human MMP-2 gene (courtesy of W. G. Stetler-Stevenson, Labo-
ratory of Pathology, National Cancer Institute, Bethesda, Md.);
and (2) a 1.2-kb PstI gene fragment corresponding to glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH). DNA probe frag-
ments were puri®ed by agarose gel electrophoresis, recovered by
GeneClean (BIO 101, LaJolla, Calif.) and radiolabeled by the
random primer technique using [a-32P]deoxyribonucleotide tri-
phosphate. Bands were quanti®ed by an LKB Ultrascan XL laser
densitometer as described above. Relative MMP-2 mRNA
expression was de®ned as the bands of mMMP-2 in KG-2 cells
treated with cytokines or growth factors divided by that in KG-2
cells without treatment.

In vitro invasion assay

The invasion assay was carried out as previously described by
Nakajima et al. [9] using Coster 6.5-mm transwell culture plates
equipped with 8.0-lm pore size polycarbonate membranes (no.
3422; Coster, Cambridge, Mass.) [7]. The upper surface of the
membrane was coated with Matrigel (200 lg protein, Collaborative
Research). The bottom chamber was ®lled with a mixture of 500 ll
of the medium conditioned with normal kidney ®broblasts and
500 ll of EMEM containing 10% FBS. HRCC cells were pre-
treated with or without cytokines and growth factors at various
concentrations in EMEM with 10% FBS for 48 h. The cells were
harvested and cultured in 200 ll of fresh EMEM with 10% FBS
and seeded on the reconstituted Matrigel (5 ´ 105 cells/plate) with
and without cytokines or growth factors. After incubation for 60 h
in the presence or absence of cytokines and growth factors, cells
that penetrated the polycarbonate membrane were harvested from
the bottom chamber and centrifuged at 1000 g for 10 min. The cells
were resuspended in fresh EMEM and counted at least three times
in each chamber. Relative invasion was de®ned as the average
number of KG-2 cells that penetrated the membrane after treat-
ment with cytokines and growth factors divided by the average
number of KG-2 cells that penetrated the membrane without
treatment. Each assay was performed in triplicate.
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Results

E�ects of cytokines and growth factors
on in vitro antiproliferation of HRCC cells

None of the cytokines or growth factors used showed
any signi®cant in vitro antiproliferative e�ect on KG-2
cells (Table 1).

E�ects of cytokines and growth factors
on MMP-2 production by HRCC cells

KG-2 cells produced and secreted MMP-2 into the cul-
ture medium without secreting matrix metalloprotein-
ase-9 (MMP-9, 92-kDa type IV collagenase, gelatinase
B)(Fig. 1). bFGF increased the production of MMP-2
(72-kDa type IV collagenase, gelatinase A) by KG-2
cells to 2.0-, 4.84- and 4.53-fold that detected in medium
alone at concentrations of 0.1, 1.0 and 10 ng/ml, res-
pectively (Table 1, Fig. 1). Zymography of conditioned
medium from KG-2 cells treated with 1.0 ng/ml and
10.0 ng/ml bFGF showed both an active band and an
inactive band. The major band of MMP-2 on zymo-
graphy was an active form of 64 kDa; an indistinct band
was an inactive form of 72 kDa (Fig. 1). Moreover,
TGF-b1 at the low concentrations of 10 pg/ml and
100 pg/ml, respectively, increased production of MMP-2

of KG-2 cells to 1.74- and 2.83-fold the level in the
untreated group (Table 1, Fig. 2). IFN-c decreased
MMP-2 production by KG-2 cells at 10 U/ml and
100 U/ml to 69% and 41% of the level in the untreated
group, respectively (Table 1, Fig. 3). At those concen-
trations, IFN-c did not cause cytostasis in KG-2 cells.
Other cytokines and growth factors used in this study
did not show any e�ect on MMP-2 production by KG-2
cells.

MMP-2 mRNA level in KG-2 cells
treated with cytokines and growth factors

Northern blot hybridization of KG-2 cells revealed the
expression of a 3.1-kb MMP-2 mRNA transcript and a
2.5-kb transcript (Fig. 4, lanes 1, 3 and 5). This addi-
tional transcript was not observed in any other human
cell type analyzed including colon carcinoma cells and
other HRCC cells (data not shown). mRNA levels were
measured by densitometric scanning and normalized by
levels of GAPDH mRNA expression as an internal
control for possible loading di�erences. Treatment of
KG-2 cells for 48 h with either 10 ng/ml bFGF or
100 pg/ml TGF-b1 resulted in an increase in MMP-2
mRNA expression (Fig. 4, lanes 2 and 4). The cells
treated with 10 ng/ml bFGF and 100 pg/ml TGF-b1
demonstrated respectively 3.8 and 3.4 times the steady-
state expression of MMP-2 speci®c mRNA transcripts
in the untreated control. Treatment of KG-2 cells with

Table 1 Growth inhibition, re-
lative gelatinase production and
relative in vitro invasive activity
of KG-2 cells treated with cy-
tokines and growth factors

aAll cytokines and growth
factors used in this study are of
human origin
bRelative gelatinase productio-
n = average gelatinase pro-
duction in the conditioned
media of KG-2 cells treated
with the cytokines or growth
factors/average gelatinase pro-
duction in KG-2 cell culture
medium without treatment
cRelative invasive activi-
ty = average number of KG-2
cells penetrated through poly-
carbonate membrane when
treated with cytokines or
growth factors/average number
of KG-2 cells penetrated
through the membrane without
treatment. Each assay was
performed in triplicate

Cytokines and Concentrations Growth Relative gelatinase Relative invasive activityc

growth factors inhibition (%) productionb (mean � SD)
(mean � SD) (mean � SD)

None ± 100 1.00 1.00

bFGF 0.1 ng/ml 98 � 5 2.00 � 0.12 1.83 � 0.08
1 108 � 8 4.84 � 0.32 4.00 � 0.19
10 112 � 6 4.53 � 0.28 4.25 � 0.34

TGF-b1 1.0 pg/ml 115 � 11 1.07 � 0.11 0.97 � 0.04
10 98 � 7 1.74 � 0.18 2.05 � 0.23
100 112 � 13 2.83 � 0.23 3.15 � 0.24

EGF 1.0 ng/ml 95 � 5 1.10 � 0.08 1.00 � 0.06
10 112 � 11 1.24 � 0.15 1.30 � 0.05
100 130 � 3 1.13 � 0.18 1.20 � 0.17

PDGF 1.0 ng/ml 105 � 6 1.10 � 0.12 1.00 � 0.06
10 110 � 7 0.90 � 0.15 1.10 � 0.07
100 115 � 4 1.00 � 0.08 1.15 � 0.10

TNF-a 1.0 U/ml 95 � 3 1.10 � 0.06 1.10 � 0.06
10 86 � 10 1.00 � 0.15 1.10 � 0.05
100 83 � 13 1.20 � 0.13 1.05 � 0.15

IL-1b 1.0 U/ml 103 � 8 1.10 � 0.06 0.95 � 0.13
10 115 � 5 1.00 � 0.11 0.95 � 0.10
100 118 � 6 1.20 � 0.25 1.10 � 0.11

IFN-a 1.0 U/ml 96 � 8 1.10 � 0.18 1.15 � 0.23
10 90 � 3 0.90 � 20 1.20 � 0.28
100 82 � 11 1.21 � 16 1.18 � 0.21

IFN-c 1.0 U/ml 97 � 8 1.10 � 0.08 1.20 � 0.23
10 91 � 7 0.69 � 0.11 0.58 � 0.10
100 87 � 10 0.41 � 0.09 0.30 � 0.06
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100 U/ml IFN-c resulted in a decrease in MMP-2
mRNA expression (Fig. 4, lane 6) to 0.7-fold that of the
untreated control. Other cytokines and growth factors
used in the present study did not a�ect MMP-2 mRNA
expression (data not shown).

E�ects of cytokines and growth factors
on in vitro invasive activity of HRCC cells

In vitro invasive activity induced by treatment with cy-
tokines and growth factors is shown in Table 1. Treat-
ment with bFGF at 0.1 ng/ml, 1.0 ng/ml and 10 ng/ml
increased in vitro invasiveness of KG-2 cells to 1.83-,
4.00- and 4.25-fold that of untreated cells, respectively
(Table 1). Treatment with TGF-b1 at 10 pg/ml and
100 pg/ml increased the in vitro invasive activity of KG-

2 cells to 2.05- and 3.15-fold that of the untreated group,
respectively (Table 1). The invasive activity of KG-2
cells following treatment with TGF-b1 was well corre-
lated with enzyme production. Treatment with IFN-a
did not show any e�ect on the in vitro invasive activity
of KG-2 cells. However, treatment of KG-2 cells with
IFN-c at 10 U/ml and 100 U/ml decreased the in vitro
invasive activity to 58% and 30% that of control KG-2
cells, respectively (Table 1).

Discussion

Metastasis is a complex process consisting of sequential
and selective steps [3]. To metastasise, cancer cells have
to degrade ECM or endothelial basement membranes

Fig. 1 Identi®cation of matrix metalloproteinase-2 (MMP-2) secreted
by control KG-2 human renal cell carcinoma (HRCC) cells or by cells
treated with basic ®broblast growth factor (bFGF). Lane 1 untreated
(control), lane20.1ng/ml, lane31.0ng/ml, lane410ng/ml.Thenumbers
on the right indicate the size of the molecule (kDa). The numbers at the
bottom indicate the percentage relative gelatinase production as
described in Materials and methods. The 64-kDa and 72-kDa bands
indicate an active and an inactive form of MMP-2, respectively.

Fig. 2 Identi®cation of MMP-2 secreted by control KG-2 cells or by
cells treated with transforming growth factor-b1 (TGF-b1). Lane 1
untreated (control), lane 2 1.0 pg/ml, lane 3 10 pg/ml, lane 4 100 pg/ml.
The number on the right indicates the size of the molecule (kDa). The
numbers at the bottom indicate the percentage relative gelatinase
production. The 64-kDa band indicates an active form of MMP-2.

Fig. 3 Identi®cation of MMP-2 secreted by control KG-2 cells or by
cells treated with interferon-c (IFN-c). Lane 1 untreated (control),
lane 2 1.0 U/ml, lane 3 10 U/ml, lane 4 100 U/ml. The number on the
right indicates the size of the molecule (kDa). The numbers at the
bottom indicate the percentage relative gelatinase production. The 64-
kDa band indicates an active form of MMP-2

Fig. 4 Northern blot analyses of MMP-2 mRNA transcripts in KG-2
cells treated or untreated with bFGF, TGF-b1 and IFN-c. Lanes 1, 3
and 5 untreated, lane 2 10 ng/ml bFGF for 48 h, lane 4 100 pg/ml
TGF-b1 for 48 h, lane 6 100 U/ml IFN-c for 48 h. The numbers on
the right indicate the size of the molecule (kb). The numbers at the
bottom indicate the relative MMP-2 mRNA expression. GAPDH
glyceraldehyde-3-phosphate dehydrogenase (internal control)
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and intravasate into the vessels, then extravasate from
the vessels at metastatic sites [6, 10, 13]. Liotta et al. [6]
reported that the expression of MMPs in cancer cells
was well correlated with their metastatic potential, and
they demonstrated that this enzyme plays important
roles in cancer invasion and metastasis. There are two
types of MMP with di�erent molecular weights; MMP-
2, and MMP-9 [8]. In the present study, we demon-
strated that KG-2 cells produced MMP-2. KG-2 cells,
which were obtained from clear cell renal cell carcinoma,
metastasized only from SRC sites. We previously dem-
onstrated that the production of MMP-2 by KG-2 SRC
tumours was much higher than that by KG-2 SC tu-
mors, and that the di�erence in metastatic potential
between SRC and SC tumors is due to di�ering pro-
duction of MMP-2 [5]. Hence, MMP-2 could be an
important enzyme in the invasion and metastasis of
KG-2 cells.

MMP production is regulated by several cytokines
and growth factors. Normal stromal cells, including ®-
broblasts, produced cytokines and growth factors such
as bFGF, IL-1, EGF, TGF-b1, PDGF and IFNs. Fabra
et al. [1] have demonstrated that collagenase production
by human colon cancer cells is decreased by IFN-b and
increased by IL-1, which are secreted by skin and colon
®broblasts, respectively, indicating that ®broblasts from
di�erent organs in¯uence collagenase production by
colon cancer cells and metastasis. Overall et al. [11]
demonstrated that TGF-b1 increased the production of
MMP-2 by human ®broblasts. A study by Welch et al.
[14] revealed that a low concentration of TGF-b1
(50 pg/ml) increased production of MMP-2 and MMP-9
by rat 13762NF mammary carcinoma MTLn3 cells, and
pretreatment of the tumor cells with TGF-b1 enhanced
their metastatic potential. Our present results demon-
strated that treatment of KG-2 cells with bFGF or
TGF-b1 enhanced the production of MMP-2 and
in vitro invasive activity; the degree of in vitro invasion
of KG-2 cells was well correlated with production of the
enzyme. Moreover, our results indicate that the up-
regulation of MMP-2 expression by bFGF or TGF-b1 is
caused by gene transcriptional expression. Therefore,
our results indicate that MMP-2 is important for inva-
sion of KG-2 cells. In a previous study, the treatment of
human alveolar macrophages with IFN-c decreased the
production of MMP-9, interstitial collagenase and
stromelysin [12]. Similarly, in the present study, IFN-c
decreased the production of MMP-2 by KG-2 cells.
Moreover, the downregulation of MMP-2 gene expres-
sion by IFN-c is caused by transcriptional inhibition.
The in vitro invasive activity of cells also decreased
in parallel with decreased levels of MMP-2 following
treatment with IFN-c. However, IFN-a did not a�ect
production of the enzyme or the invasiveness. Our re-
sults suggest that IFN-c would be useful in preventing
HRCC metastasis. Our results indicate that the inva-
siveness and metastatic potential of certain HRCC cell

lines are in¯uenced by cytokines and growth factors
secreted from host stromal cells.

In conclusion, in certain types of HRCC cells, MMP-
2 production and invasive activity were in¯uenced by
TGF-b1, bFGF and IFN-c: TGF-b1 and bFGF stimu-
lated the production of MMP-2 and invasive activity,
while IFN-c decreased enzyme production and inhibited
invasion. Therefore drugs which inhibit the production
of TGF-b1 and bFGF, or IFN-c, could be useful for
preventing HRCC metastasis.
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