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We have studied the effects of interferons (IFNs) on the 
attachment, collagenase IV activity, chemotactic migration 
and in vitro invasion of human melanoma (A205S) cells 
treated for various time periods with human recombinant 
interferon alpha (hrlFN-a) or gamma (hrlFN-y). The cells 
treated with hrlFN alpha for a short time period attached 
more readily t o  purified basement membrane components, 
type IV collagen and laminin, than control cells. The stimu- 
lating effect of hrlFN gamma on the attachment was seen, 
however, when the cells were treated for a longer period of 
time (3 days) with this drug. The short-term treatment with 
hrlFN alpha also enhanced the in vitro invasion of cells 
through a reconstituted basement membrane compared to  
findings with untreated control cells. Pre-treatment of 3 days 
or more was, however, needed for hrlFN gamma to promote 
the invasion of A2058 cells. Both lFNs increased the secretion 
of basement membrane (type IV) collagen degrading metal- 
loproteinase (collagenase IV) activity from human melanoma 
cells. Further, chemotaxis, i.e., directed migration of A2058 
cells to laminin, was enhanced by both IFNs. In contrast, the 
attachment, collagenase IV activity, chemotaxis, and in vitm 
invasion were markedly inhibited when the cells were treated 
for an extended time period (7 days) with the IFNs. Interfer- 
ons also inhibited cell proliferation after 4 days of exposure. 
These results suggest that time of treatment with interferons 
modulates the invasive capacity of human melanoma cells in 
vitro, causing initially a transient enhancement of invasion 
followed by an inhibition of invasive propensity after ex- 
tended exposure to these drugs, and that different biochem- 
ical steps required for successful invasion are regulated in par- 
allel by interferons alpha and gamma. 

Interferons (IFNs) possess several biological activities. In 
addition to their antiviral and antitumoral effects, interferons 
are able to affect such cellular processes as proliferation, dif- 
ferentiation and cell surface receptors (Pestka et al., 1987). 
Several in vitro and in vivo studies show that interferons either 
enhance or suppress the invasive and metastatic potential of a 
number of different tumor cells (Siegal et al., 1982; Brunda et 
al., 1984; Nishimura et al., 1985; Ramani and Balkwill, 1987, 
1989; Ravine and Ledinko, 1986; Lollini et al.,  1987; Mel- 
chiori et al., 1987). However, it is not known how these drugs 
affect the distinct steps of the metastatic cascade. 

Metastasis is a multi-step process involving a variety of 
interactions between tumor cells and the host. Tumor cells 
must traverse basement membranes several times in order to 
metastasize. Tumor cell attachment, proteolysis and migration 
are the 3 essential events that occur during invasion (Liotta et 
al., 1986). Various factors affecting tumor cell invasion have 
been reported. During hematogenous metastasis the blood- 
borne tumor cells can arrest in the capillary bed due to me- 
chanical trapping or attach to basement membrane components 
of target organ, often showing a preference for a specific dis- 
tant site (Nicolson, 1988). The attachment can be mediated by 
specific cell adhesion molecules such as fibronectin, laminin, 
type IV collagen, heparan sulfate proteoglycan and vitronectin 
(Nicolson, 1988). Once attached to and spread on the suben- 
dothelial basement membrane, tumor cells solubilize this ma- 
trix using a variety of degradative enzymes such as collagenase 
IV, stromelysin, plasminogen activator and various cathepsins 
(Liotta et al., 1986; Tryggvason et al., 1987). However, sev- 
eral findings strongly support a major role for a specific type 
IV collagen-degrading metalloproteinase, collagenase IV, in 

tumor cell invasion (Liotta et al., 1980; Thorgeirsson et al., 
1985; Turpeenniemi-Hujanen et al., 1985; Hoyhtya et al., 
1990). Following degradation of the basement membrane, tu- 
mor cells invade the host tissue by active locomotion which 
may be guided by local tissue-specific chemoattractants (Hu- 
janen and Terranova, 1985; Bresalier et al., 1987). In this 
study we have tested the effects of human recombinant inter- 
ferons alpha and gamma on human melanoma cell attachment, 
secretion of collagenase IV, directed migration and in vitro 
invasion. We also studied the effect of these drugs on cell 
growth and protein synthesis. Special emphasis was laid on the 
treatment time of the cells with these drugs. 

MATERIAL AND METHODS 

Cells and culture conditions 
A2058 human melanoma cells were obtained from Meloy, 

Springfield, VA. The cells were routinely maintained in Dul- 
becco's modified Eagle medium (DMEM) supplemented with 
10% fetal bovine serum (FBS), 2 m~ L-glutamine, and 50 
pg/ml gentamycin at 37°C in a humidified atmosphere of 95% 
air and 5% CO,. Cells were subcultured weekly at a 1:4 split 
ratio. Routine tests showed the tumor cell line to be free from 
Mycoplasma. 

Reagents 
E .  coli-derived human recombinant interferon alpha, hrIFN 

alpha2b (IntronaB), was obtained from Schering (Plough, 
Union, NJ), and had a specific activity of 2 X lo8 IU/mg 
protein on human cells. Lyophilized powder including phos- 
phate buffer and 1 mg of human serum albumin was diluted in 
I ml of distilled water according to the manufacturer's recom- 
mendations. Human recombinant interferon gamma, hrIFN 
gamma, was a generous gift from Boehringer Ingelheim, Ger- 
many, and had a specific activity of 10 x lo6 IU/mg protein 
on human cells. Lyophilized powder containing human serum 
albumin was diluted in phosphate buffered saline (PBS). Both 
IFNs were more than 98% pure, and were stored in aliquots at 
-70°C. Type IV collagen and laminin were prepared from 
EHS tumor (Kleinman et al., 1982). Type IV collagen was 
extracted from the tumor with 2.0 M guanidine in 0.05 M Tris- 
HC1, PH 7.4, containing 0.005 M dithiothreitol. The collagen 
was further purified by DEAE-cellulose column chromatogra- 
phy (Kleinman et al., 1982). Laminin was isolated from the 
0.5 M NaCl extract (Timpl et al., 1979). 

Invasion assay 
In vitro invasion of A2058 cells was measured by the 

method of Terranova et al. (1986). Briefly, reconstituted base- 
ment membrane barriers for cell invasion were placed into a 
modified Boyden chamber onto a type IV collagen-coated Nu- 
clepore filter ( 5  pgifilter, pore size 1.0 pm) which separated 

3To whom correspondence and reprint requests should be sent, at the 
Institute of Dentistry, University of Oulu, Aapistie 3, SF-90220 Oulu, 
Finland. 

Received: August 9, 1990 and in revised form October 26, 1990. 



INTERFERONS ALPHA AND GAMMA IN TUMOR INVASION 577 

the upper and lower compartments. A suspension of tumor 
cells (1 X 10") with or without hrIFN alpha or gamma in 
DMEM containing 2% heat-inactivated FBS and 0.5% bovine 
serum albumin (BSA) was placed into the upper compartment 
and DMEM containing 0.5% BSA was introduced into the 
lower compartment. After a 48-hr incubation at 37°C in 95% 
air and 5% CO,, the barrier was separated from the underlying 
Nuclepore filter. The cells that had penetrated the matrix and 
attached to the upper surface of the Nuclepore filter were de- 
tached with trypsin/EDTA solution (0.05%/0.1%) and 
counted. Results are expressed as the mean percentage of in- 
vading cells k SD. 

Attachment assay 
Bacteriological Petri dishes (35 mm) were coated with type 

IV collagen and laminin. One milliliter of each protein (10 
bgiml) in 0.1 M acetic acid was added to the dishes and al- 
lowed to dry for 24 hr under UV light. 

Tumor cells cultured for indicated time periods with or with- 
out hrIFN alpha or gamma were detached with 0.1% EDTA in 
PBS, PH 7.4. A I-mi suspension of tumor cells (5 X 105/ml) 
in DMEM containing 0.5% BSA to inhibit non-specific bind- 
ing was added to the coated dishes. After 60, 120 and 180 min 
time periods, incubation media with unattached cells were re- 
moved and the attached cells were washed gently twice with 1 
ml of PBS, detached with trypsinlEDTA (0.05%/0.1%) and 
counted. Data are expressed as the mean percentage of attach- 
ment of triplicate assay plus and minus standard deviation (sD). 

Chemotaxis assay 
Chemotactic migration of tumor cells was determined by 

using a modified Boyden chamber assay. Briefly, type IV col- 
lagen-coated (5 p,g/filter) polycarbonate filters (8 km pores) 
were used to separate the upper and lower compartments of the 
chemotactic chamber. Cells (2-3 X 105/ml) with or without 
hrIFN alpha or gamma in DMEM containing 0.5% BSA were 
placed into the upper compartment and DMEM with or without 
attractant containing 0.5% BSA into the lower compartment. 
After a 5-hr incubation at 37°C in a humidified atmosphere, 
filters were removed and stained. The cells that had not mi- 
grated were removed with cotton swabs. Migration of the cells 
was quantitated by counting 10 randomly selected high-power 
fields (X400) per filter. Data are expressed as the average 
number of migrating cells per high-power field of triplicate 
assay Ifr SD. 

Assay of collageme N 
The type IV collagen-degrading metalloproteinase activity 

was measured as described previously (Tryggvason et al., 
1980; Liotta et al., 1981; Turpeenniemi-Hujanen et al., 1986). 
Subconfluent tumor cell monolayers grown with or without 
hrIFN alpha or gamma for indicated time periods (0, 3 and 7 
days) were washed with DMEM and subsequently incubated in 
serum-free medium (DMEM). Media were collected daily for 
2 days and cell debris was removed by centrifugation at 600 g 
for 5 min. Media were concentrated 100-fold with ammonium 
sulfate precipitation (0-60%) followed by dialysis against 0.05 
M Tris-HCI, PH 7.6, 0.2 M NaC1, at 4°C. The trypsin-activated 
type IV collagen degradation was assayed using soluble 
3H-proline-labelled type 1V procollagen as a substrate. 

Assay of leucine incorporation 
Incorporation of I4C-leucine to the cell proteins or secreted 

proteins was assayed from the A2058 cells grown in the pres- 
ence of hrIFN alpha (2000 IU/ml) or hrIFN gamma (1 00 IU/ 
ml) for various periods of time (0, 3 and 7 days). Cells were 
plated on 35-mm bacteriological dishes ( 5  x lo5 cells/dish) 
and grown for 16 hr to allow them to attach in medium with 
10% FBS which was then replaced by serum-free medium or 

medium with 2% FBS containing 0.5 pCi/ml I4C-leucine (Am- 
ersham, Little Chalfont, UK, 54 mCi/mmol). At indicated time 
intervals, the supernatants were collected and the cells were 
washed 5 times with PBS and scraped off the dishes. Precip- 
itates were formed from both supernatants and the cells with 
10% TCA on ice for 30 minutes and washed 3 times with 5% 
TCA. The radioactivity of the precipitates was determined by 
using a scintillation counter. The results are expressed as cpmt 
1,000 cells (mean 2 SD). 

Assay of cell prolifeation 
The effect of interferons alpha and gamma on cell growth 

was determined by plating the A2058 cells (0.3 x lo5) on 
35-mm tissue culture dishes. After attachment of cells (16 hr) 
the dishes were washed 3 times with PBS and the cells grown 
in DMEM with or without 2% FBS and interferons alpha (2000 
IU/ml) or gamma (100 IU/ml) for 10 days. The cells were 
detached with trypsidEDTA (0.05%/0.1%) after a varying in- 
cubation period and counted. Data are expressed as the average 
number of cells of triplicate assays plus and minus standard 
deviation (sD). 

Statistical analysis 

by Student's t-test. 
The significance of differences in the assays was determined 

RESULTS 

We have studied the effects of interferons alpha and gamma 
on the in vitro invasion of human melanoma cells with special 
reference to the time of treatment. The most important events 
in the process of metastasis, namely the attachment of tumor 
cells to basement membrane components, expression of colla- 
genase IV activity and directed migration of melanoma cells, 
were all studied separately in order to determine the specific 
step of invasion susceptible to the effects of interferons. 

Effects of interjierons alpha and gamma on the in vitro invasion 
of A2058 cells 

An in vitro invasion assay (Terranova et al., 1986), using a 
reconstituted basement membrane, was utilized to study the 
effects of IFN treatment on the invasive capacity of human 
melanoma cells. A short-term treatment with hrIFN alpha (0-3 
days) caused a significant enhancement of invasion of A2058 
cells (p < 0.05) (Fig. l a ) .  With hrIFN gamma, a pre- 
treatment of 3 days was required to affect the invasion of the 
cells, after which a significant enhancement of invasion was 
seen with this drug (p < 0.05) compared to untreated control 
cells (Fig. lb).  However, when the cells were treated for a 
longer time (7 days) with the interferons, the penetration was 
markedly decreased (Figs. la,b). Interferons had no effect on 
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FIGURE 1 - Effect of interferons alpha and gamma on the in vitro 
invasion of A2058 human melanoma cells through a reconstituted 
basement membrane. Interferon was added to the cells in the begin- 
ning of the assay (= 0 days) or cells were pre-treated for various time 
periods (3 days, 7 days) with (a) interferon alpha (5000 IUkhamber) 
or (b) interferon gamma (100 IUlchamkr). Bars, SD. 
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cell viability at the concentrations used during the same time 
period as in the assay indicated by the Trypan blue exclusion 
test. 
Effects of interjerons alpha and gamma on the attachment of 
A2058 cells 

Cells attached more avidly to type IV collagen- and laminin- 
coated polystyrene dishes compared to uncoated dishes (not 
shown) as has been reported with other malignant cells (Ter- 
ranova et al., 1980). The attachment was markedly increased 
when hrIFN alpha was added directly to the assay solution (no 
pre-treatment) compared to control cells (Fig. 2a). However, a 
significant decrease in the attachment was observed when the 
cells were exposed to hrIFN alpha for a longer period of time 
(a 7-day treatment), whereas a shorter exposure (3 days) 
caused only a slight reduction in the attachment (Fig. 2a). 
Further, 100 IU/ml of hrIFN gamma also stimulated the at- 
tachment of human melanoma cells to purified basement mem- 
brane components but the stimulating effect was not seen until 
on the 3rd day of exposure. When the cells were treated for a 
longer time (7-day treatment) with hrIFN gamma, a significant 
inhibition of attachment was noted (Fig. 26). 

Effects of interferons alpha and gamma on the collagenase N 
activity ofA2058 cells 

It has been shown (Turpeenniemi-Hujanen et al., 1986) that 
collagenase IV represents the major type IV collagen-degrad- 
ing enzyme activity in A2058 human melanoma cells upon 
examination of the cleavage products of the substrate by SDS- 
PAGE. Concentrating the medium before the assay of enzyme 
activity does not produce any inhibiting factors which would 
affect the enzyme activity, and the state of confluence does not 
affect the production of the enzyme in the medium of this cell 
line (Turpeenniemi-Hujanen et al., 1986). 

Figure 3a shows the effect of various concentrations of 
hrWN alpha on collagenase IV activity. The drug was added to 
the cells when starting the collections of serum-free culture 
media for the enzyme assay. Interferon alpha caused a signif- 
icant increase in the enzyme activity, the effect being concen- 
tration-dependent up to 5 X lo4 IU/ml. We selected, however, 
the concentration of 2,000 IU/ml of hrIFN alpha for use in this 
study because concentrations of 5 X lo3 IU/ml or more would 
hardly correspond to any pharmacological concentration 
present in vivo during the treatment of melanoma with hrIFN 
alpha. 

An increase in collagenase IV production was found when 
the A2058 cells were pretreated with hrIFN alpha for 3 days (3 
d) prior to the assay or when the drug was added to the cells at 
the beginning (0 d) of the 2-day collections of serum-free me- 
dia for the enzyme assay (Fig. 3b). The differences in enzyme 
activity were statistically significant (Student’s t-test) when !::k Y 40 ‘ 
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FIGURE 2 - Time-course for the attachment of interferon-treated 
A2058 human melanoma cells to purified basement membrane com- 
ponents. Cells were grown for indicated time periods with (a) inter- 
feron alpha (2000 IU/ml) or (b)  interferon gamma (100 IWrnl). 
(0-0) control; (U) Od; (0-0) 3d; (B-m) 7d. Bars, SD. 

compared to enzyme production for untreated control cells 
(p < 0.05). However, when the cells were pretreated for a 
longer time (7 days) with hrIFN alpha, the collagenase IV 
activity was markedly lower than that of cells treated for a short 
time or of untreated cells (p < 0.01) (Fig. 3b). The exposure 
of A2058 cells to hrIFN gamma also stimulated the collagenase 
IV activity. However, the activating effect with hrIFN gamma 
was not seen until on the 3rd day of the treatment when com- 
pared to untreated control cells (p < 0.05). In contrast, a sig- 
nificant inhibition of enzyme activity was noted when the cells 
were exposed to this drug for extended time periods (7-14 
days) when compared to cells with a 3-day pre-treatment 
(p < 0.01). Here again, the inhibiting effect of hrIFN gamma 
appeared later (after a 7-day treatment) than with hrIFN alpha 
(Fig. 3b,c). 

Effects of interferons alpha and gamma on the chemotactic 
migration of A2058 cells 

Laminin and its receptor promote the migration of A2058 
human melanoma cells (Wewer et al., 1987). Therefore, we 
tested the effect of interferons alpha and gamma on the che- 
motactic migration of human melanoma cells to laminin. In- 
terferons themselves as attractants had no effect on the directed 
movement (not shown). Interestingly, chemokinesis, i.e., ran- 
dom migration of A2058 cells, was greatly increased when the 
same concentrations of interferons were added to both com- 
partments of the chemotactic chamber (not shown). Laminin 
alone stimulated the chemotaxis of A2058 cells about %fold at 
the concentration of 100 p&ml compared to control cells (Fig. 
4a). Interferons alpha and gamma appeared to stimulate the 
chemotaxis of these cells to laminin when these drugs were 
added directly to the upper compartment of the chamber con- 
taining the assay solution with the cells (Fig. 4a). The differ- 
ence, however, was not statistically significant (p = 0.165 for 
IFN alpha, and p = 0.228 for IFN gamma). In contrast, ex- 
tended exposure (7 days) of the cells to hrIFN alpha sig- 
nificantly inhibited the laminin-induced chemotaxis when 
compared to the untreated cells (p = 0.034) or to the cells to 
which hrIFN alpha was added in the beginning of the assay 
(p = 0.004) (Fig. 4a). A longer pre-treatment time (7 days) 
with hrIFN gamma also suppressed the chemotactic migration 
of A2058 cells (p = 0.004) when compared to the cells with- 
out pre-treatment (0 days), but again the inhibiting effect of 
hrIFN gamma seemed to appear somewhat later than with 
hrIFN alpha, so that a 7-day pre-treatment with hrIFN gamma 
did not totally abolish the laminin-induced chemotaxis as did 
the corresponding treatment with hrIFN alpha (Fig. 4b). 

Effects of interferons alpha and gamma on the protein synthesis 
of A2058 cells 

Protein synthesis and the amount of secreted newly synthe- 
sized proteins in the media were studied using a 14C-leucine 
incorporation test (see “Material and Methods”). The aim of 
the experiment was to assess protein synthesis under the assay 
conditions used (with or without 2% FBS) as well as to study 
the influence of the extended treatment time with IFNs on the 
cells. Interferon alpha increased leucine incorporation only into 
the medium proteins after short-term treatments (no pre- 
treatment, p < 0.05, and a 3-day pre-treatment, p < 0.01). In 
the presence of 2% serum, an increase in leucine incorporation 
in the cells without pre-treatment with hrIFN alpha was not 
statistically significant @ = 0.078) (Table IA). Interferon 
gamma decreased the leucine incorporation in the cells and in 
the medium after a 7-day pre-treatment. However, the differ- 
ence between the values in the serum-free medium and in the 
untreated control cells was not statistically significant 
(p = 0.128) (Table IB). Neither was the decrease in the leu- 
cine incorporation in the cells with 2% serum after a 3-day 
pre-treatment with hrIFN gamma statistically significant 
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FIGURE 3 - Effect of interferons alpha and gamma on collagenase IV activity. (a) Effect of varying concentrations of interferon alpha. 
Collagenase IV activity of A2058 cells pretreated for various time periods (0 days, 3 days, 7 days) with (b), interferon alpha (2000 IU/ml) and 
( c ) ,  interferon gamma (100 IU/ml). Bars, SD. 

200 
P s 

3 

LL 

m L 

LL 
f 
P 100 
I 

m a 
L 

Y) 

0 
0 

- - 

0 

A 

T I 
contr IFN-a LN LN+ LN+ LN+ 

IFN-w IFN-.r IFN-a 
Od Od Od Od 3d 7d 

200 
0 
P 
Y 

al 
L 

g a 
f 
p 100 
I 

al Q 

Y) - - 
m 
V 

0 

B 

COntr  IFN-8 LN LN+ LN+ LN+ 
IFN-8 IFN-8 IFN-8 

Od Od Od Od 3d 7d 

FIGURE 4 - Effect of interferon treatment on the chemotaxis of A2058 human melanoma cells to laminin. Interferon was added to the cells 
at the beginning of the assay ( = 0  days) or cells were pre-treated for extended time periods (3 days, 7 days) with (a) ,  interferon alpha (2000 
IUlml) or (b) interferon gamma (100 IU/ml). The data are expressed as a mean number of migrating cells per high-power field (~400)  of 
triplicate assays. Bars, SD. 

TABLE IA,B - EFFECTS OF INTERFERONS ALPHA AND GAMMA ON ''C-LEUCINE INCORPORATION OF A2058 CELLS. A, IFN ALPHA; B, IFN GAMMA 

he-treatment 
time (days) 

- Serum (10') 

Medium Cells 

+ 2% Serum (10') 

Medium Cells 

2.08 f 0.23 16.41 f 5.90 Control 1.42 2 0.15 10.77 * 3.91 
0 1.98 f 0.23l 12.81 f 0.45 2.66 f 0.33 30.35 f 3.67 
3 3.66 f 0.192 14.89 f 0.57 1.77 f 0.59 20.14 f 10.06 
7 1.78 f 0.31 6.01 f 0.50 2.32 f 0.47 24.82 * 3.32 

B 

Pre-treatment - Serum (I@) + 2% Serum (10') 

Medium Cells Medium Cells time (days) 

Control 2.57 f 0.81 18.31 f 3.71 2.05 f 0.12 24.92 f 6.91 
0 2.44 f 0.32 19.50 f 0.13 3.09 f 0.35' 20.35 f 3.74 
3 2.88 f 0.70 12.20 f 0.07 3.80 f 0.611 13.83 f 2.59 
7 1.28 f 0.24 4.42 f 0.71' 1.31 f 0.20' 3.77 f 0.21' 

Cells were grown in the presence of IFN alpha (2000 IU/ml) or gamma (100 IUlml) for various time periods. ''C-leucine incorporation was determined after 24 hr of 
incubation from the cells and culture media with or without 2% FBS. The results are expressed as cpm/1,000 ce l l s 'p  < 0.05. -'p < 0.01 relative to control. 

(p = 0.074). In contrast, when medium was supplemented 
with 2% serum, the secretion of newly synthesized proteins in 
the medium was markedlv increased after short-term treat- 

must be emphasized that these cells did not grow very well in 
serum-free medium over long periods of time. 

ments (no pre-treatment, p' < 0.05; and 3-day pre-treatment, 
a < 0.05) (Table IB). DISCUSSION 

. .  
Tumor cell attachment, secretion of collagenase IV and di- 

rected migration are thought to play an important role in the 
spread of cancer. The purpose of this study was to determine 
the effect of interferons on these distinct steps of invasion by 
tumor cells. Here, we show that human recombinant interfer- 
ons alpha and gamma possess a dual effect on the invasive 
capacity of human melanoma cells in vitro. Our results show 
that a short-term pre-treatment with these drugs enhanced the 

Eflects of interferons alpha and gamma on the growth of 
A2058 cells 

The growth of A2058 cells was tested in the presence or 
absence of 2% FBS. Control cells or cells treated with hrIFN 
alpha or gamma proliferated little during the first 4 days in 2% 
serum (Fig. 5). However, both interferons significantly inhib- 
ited the growth of these cells after the 4th day of incubation. It 
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FIGURE 5 - Effect of interferons alpha and gamma on the growth of 
A2058 human melanoma cells. Cells were first plated as described in 
“Material and Methods”. After incubation in 2% serum for indicated 
time periods (0-10 days) with or without hrIFN alpha or gamma, the 
cells were trypsinized and counted. The data are expressed as the 
average number of cells of triplicate assays plus and minus SD. 
(0-0) control; (H-H) hrIFN alpha; (A-A) hrIFN gamma. 

metastatic propensity of the cells including cell attachment, 
secretion of collagenase IV, cell migration and in vitro inva- 
sion through a reconstituted basement membrane, whereas 
long-term exposure (7 days) of the cells to the IFNs markedly 
inhibited these cellular activities implicated in invasion in vivo. 

Tumor cells adhere preferentially to type IV collagen via 
laminin as they penetrate the basement membranes (Terranova 
et al., 1980). Several laminin binding proteins (integrins) have 
been identified on a variety of cell types (Rao et al., 1983; 
Gehlsen et al., 1988), and also on human melanoma cells 
(Gamer et al., 1989). Since interferons can alter the expres- 
sion of cell surface antigens (Pestka et al., 1987), it is possible 
that the increased attachment to basement membrane compo- 
nents of the short-term interferon-treated melanoma cells was 
due to enhanced expression of laminin binding proteins on the 
cell surface. 

The expression of collagenase IV activity in culture and the 
in vivo metastatic potential of tumor cells have been correlated 
in several studies (Liotta et al., 1980; Turpeenniemi-Hujanen 
et al., 1985; Thorgeirsson et al., 1985). Duncan and Bergman 
(1989) showed that a 48-hr treatment of human dermal fibro- 
blasts with human recombinant interferon alpha, beta or 
gamma markedly increased collagenase type I production by 
these cells. Similarly, the ability of IFN alpha and beta to 
increase the production of trypsin-activatable collagenase for 
the type IV collagen by Ewing sarcoma cells reported by Siegal 
et al. (1982) supports our finding that interferon alpha and 
gamma can enhance collagenase IV secretion from cancer cells 
in short-term treatments. These data suggest that enhanced 
collagenase activity in interferon-treated cells may be due to 
elevated interferon-induced expression of collagenase IV gene 
rather than increased autoactivation of latent collagenase pro- 
duced by interferon-treated cells. The data from the biphasic 
effect of interferons on all the steps required for the invasion of 
melanoma cells support the previous suggestion that the ge- 
netic control of the expression of collagenase IV might be 
linked to the control of other biochemical properties in cancer 
cells required for metastasis (Turpeenniemi-Hujanen et al., 
1985; Thorgeirsson et al., 1985). 

Tumor cell migration is one of the important cellular activ- 
ities implicated in invasion. Transformed cells are able to move 
towards the source of a chemo-attractant, and tumor cells pos- 
sess specific surface receptors for chemo-attractants. Changes 
in cell movement and in the cytoskeleton can be induced by a 
variety of agents such as polypeptide growth factors (response 
modifiers), tumor promoters, transforming viruses, and elec- 
trical fields. Laminin, a basement-membrane-specific glyco- 
protein, exhibits various biological activities including promo- 
tion of cell attachment, growth and differentiation. It also ap- 
pears to be involved in the directional movement of a variety of 
normal and transformed cells, including melanoma cells (Mc- 
Carthy et al., 1984; Situ et al., 1984), probably through an 
interaction with its receptor (McCarthy et al., 1984). Interfer- 
ons inhibit chemotaxis of non-transformed (Tamm et al. ,  1981; 
Brouty-Boy6 and Zetter, 1980) and of several transformed cells 
(Melchiori et al., 1987) in vitro. Our results show that inter- 
feron alpha and gamma are able to modulate the directed mi- 
gration of these cells to laminin, depending on the treatment 
time. In addition, these data raise the possibility that interfer- 
ons alpha and gamma may regulate the number of laminin 
receptors (integrins) on the cell surface. 

In our studies interferons alpha or gamma themselves were 
not chemotactic for human melanoma cells. However, 
chemokinesis, i .e. ,  random movement of the cells, was mark- 
edly increased. This observation may be of clinical importance 
in terms of tumor cell detachment from the primary tumor and 
subsequent formation of distant metastases, since the detach- 
ment of cells from the tumor bulk is one of the prerequisites for 
metastasis. 

A critical property of malignant cells is their capacity to 
invade basement membranes, an essential step in metastasis. 
Several studies report either stimulatory or inhibitory effects of 
interferons on tumor cell invasion and metastasis (Siegal et al., 
1982; Brunda et al., 1984; Nishimura et al., 1985; Lollini et 
al., 1987; Ramani and Balkwill, 1987, 1989). In other studies, 
a pre-treatment of malignant or transformed cells with inter- 
ferons has inhibited invasion in vitro (Ravine and Ledinko, 
1986; Melchiori et al., 1987). Our results, however, show that 
interferons alpha and gamma enhanced the invasive capacity of 
human melanoma cells in vitro after a short pre-treatment. Also 
in agreement with our findings is an investigation by Siegal et 
al. (1982) who showed a considerable enhancement of the 
invasiveness in vitro of Ewing sarcoma cells treated with IFN 
alpha and beta. The metastatic potential of cancer cells was 
increased also in vivo by using pre-treatments with gamma IFN 
(Ramani and Balkwill, 1987; Lollini et al., 1987). The en- 
hanced metastasis also correlated to an increase in major his- 
tocompatibility complex (MHC) expression (Lollini et al., 
1987). Taken together, these data suggest that the enhanced 
metastatic potential of interferon-treated cells may be related to 
antigen-inducing effects of interferon in vivo and may also be 
due to a short exposure of the cancer cells to the drugs. 

Our in vitro studies demonstrate that, after a transient en- 
hancement of invasive propensity, interferons alpha and 
gamma markedly suppress the cellular functions of human mel- 
anoma cells, including their ability to invade. This effect of 
interferons, however, needs a treatment time of 7 days or 
more. After this time, the interferons have also a strong inhib- 
itory effect on the cell growth and the amount of newly syn- 
thesized proteins in the cells. This kind of biphasic effect of 
interferons on the invasive behavior of melanoma cells in our 
model may be due to the possibility that these drugs are able to 
modulate the metabolism of their own receptors. 

Different species of interferons have divergent effects on 
cellular functions (Krown, 1986). Our study shows that the 
effect of interferons alpha and gamma on the distinct steps of 
invasion appear to be parallel except that the stimulatory effect 
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of interferon gamma on cell attachment and secretion of col- 
lagenase IV appears later than with interferon alpha, and that 
treatment time with interferons plays an important role in the 
modulation of cellular functions implicated in invasion. Our 
results support the clinical use of interferons alpha and gamma 
in the treatment of cancer in combination therapy in which 
another systemic drug should be used, at least at the beginning 
of the treatment, in order to avoid adverse stimulating effects 
of interferons. 
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