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lization buffer [1% Triton X-114 (v/v):0.1 M Tris-HCl (pH 7.0):10%
(w/v) sucrose] as we have previously described (12), and a phase
separation of proteins as described by Bordier (13) was performed. This
technique allows isolation of the intrinsic, hydrophobic plasma mem
brane proteins in Triton X-114 layer after phase separation. The
nonintegral membrane proteins remain in the aqueous layer.

Electrophoretic Proteolytic Substrate Assays. Substrate-containing
polyacrylamide gel electrophoretic techniques were done as previously
described (12) using 0.1% gelatin copolymerized in an 11% polyacryl
amide gel. Substrate-free gels from Coomassie blue staining of proteins
and molecular weight determinations were also run. The phase-sepa
rated Triton X-114 solubilized membrane proteins were brought up to
their original volume with Triton-free solubilization buffer before elec-
trophoresis. Proteolytic enzymes in the preparations were reversibly
inactivated by making the preparations 2.5% (w/v) in sodium dodecyl
sulfate prior to electrophoresis. Due to its non-ionic nature, Triton
does not migrate into the polyacrylamide gels during electrophoresis.
After electrophoresis the gelatin gels were subjected to repeated im
mersions in 2.5% (v/v) Triton X-100 solution to remove the sodium
dodecyl sulfate and reactivate the proteases. The gels were incubated
overnight at 37'C in 0.1 M glycine-NaOH buffer (pH 7.0) with or

without EDTA or leupeptin, and the bands of protease activity were
developed with Amido black staining.

Concentration of Serum-free Medium from A431 Cells. Confluent
A431 cells were washed with 15 ml of sterile Hanks' balanced salt
solution and then fed with 10 ml of serum-free Ham's F-12/Dulbecco's
modified Eagle's medium with or without 34 pM EGF. After 16 h of
incubation, the medium was removed, centrifuged at 4Â°Cfor 20 min at

50,000 x g, passed through a 0.45-fim Millipore (Millipore Corp.,
Bedford, MA) filter, concentrated 100 times by filtration through an
Amicon (Amicon, Danvers, MA) PM10 M, 10,000 cut-off membrane
under 55 lb/in2 of nitrogen, and filter sterilized through a 0.22-/iÂ¿m

Millipore filter.
A431 enzyme-induced RBC cytolysis assays were performed using

the concentrated serum-free medium. Radiolabeled RBC (1 x 10') were

placed in sterile 10- x 75-mm friction capped tubes. To each tube was
added either 0.1 ml of A431 concentrated medium or 0.1 ml of serum-
free medium for the controls. Each tube also received 0.1 ml of 0.9%
(w/v) NaCl solution or, in the appropiate experimental groups, 0.2 ml
of 0.9% NaCl solution containing 100 mM EDTA (pH 7.4). Incubations
were carried out for 40 h at 37Â°Cin 5% CO2 and 95% air. All solutions

and reagents were filter sterilized before use. The RBCs were harvested
by centrifugation, and release indices were calculated as previously
described (9-12).

The effect of inhibitors on A431 cellular protein synthesis was
calculated from the degree of inhibition of the incorporation of [I4C]-

leucine into cellular proteins caused by treatment of the cells with the
inhibitor as compared to untreated controls (11). These assays were
run simultaneously with the related cytotoxicity assays.

Significant differences were calculated using the Student t test.
Protein determinations were done as previously described (12).

RESULTS

Cytotoxicity Assays. Cells grown to confluency in 10% fetal
bovine serum were actively cytolytic even in the absence of
serum during the assay period. Increasing the concentrations
of fetal bovine serum in the assay dishes had no effect on RBC
lysis until a concentration of 0.5% serum was reached, at which
significant inhibition (approximately 30%) of cytotoxicity oc
curred. To assess the role of EGF in A431-induced RBC cyto
toxicity, cells were serum starved for 24 h to remove any serum-
derived growth factors. Table 1 shows the effect of EGF on the
release index after a 24-h serum starvation in Ham's F-
12:Dulbecco's modified Eagle's medium (1:1). Serum starvation

markedly reduced A431 cytolytic activity. EGF at 3.4 pM effec
tively restores this activity. Slight enhancement of cytolysis was
observed at 34 pM EGF concentration.

In order to determine the enzymatic specificities of the A431

Table 1 EGF dose response curve for A431 cells after 24 h of serum starvation
A431 cells grown to confluency were washed 3 times with sterile Hanks'

balanced salt solution and then fed with 2 ml of Ham's F-12:Dulbecco's modified
Eagle's medium (1:1) mixture without serum. The cells were incubated for an
additional 24 h at 37'C in 5% CO2 and 95% air to cause serum starvation and

depletion of any EGF remaining on the A431 cell membrane EGF receptors. The
medium was removed and replaced by 1 ml of fresh Ham's F-12:Dulbecco's
modified Eagle's medium containing the indicated concentration of EGF and 1
x IO75*Fe-labeled target RBC. The cells were then incubated for 36 h as above.
At the end of the incubation period, the supernatant fluid was removed and saved.
Cells were washed twice with Hanks' balanced salt solution. The supernatant and
washes were combined and centrifuged at 500 x g for 10 min at 4'C. The

radioactivity in the cell pellet and supernatant was measured separately. The
release index was calculated as follows.

Release index (%) =
radioactivity released into the supernatant x 100

total radioactivity (cell pellet + supernatant)

EGFconcentration

(PM)03.4

13.6
34.0Release

index(%)A431

+RBC17.5
Â±4.0Â°

46.8 Â±3.2*
46.0 Â±2.7*
53.0 Â±2.9*RBC

control11.3

Â±0.8
9.4 Â±1.6

12.4 Â±0.2
17.7 Â±2.9Cell

counts
(x10')1.4

Â±0.4
1.0 Â±0.5
1.5 Â±0.5
0.9 Â±0.1

Â°Mean Â±SD.
* Significantly different from A431 + RBC no EGF controls; P < 0.01.

proteases the effect of inhibitors on A431-induced RBC cyto
lysis and A431 protein synthesis was determined (Table 2).
Leupeptin, an inhibitor of trypsin and cathepsin B-like en
zymes, eliminates A431-induced RBC cytolytic activity without
affecting A431 cellular protein synthesis. 1,10-Phenanthroline,
a chelator of divalent cations and an inhibitor of metallopro-
teases, significantly stimulated cytotoxicity despite the pro
found inhibition of A431 protein synthesis. The stimulation of
cytotoxicity caused by 1,10-phenanthroline was inhibited 75%
by leupeptin. Cyclohexamide, a protein synthesis inhibitor,
inhibited cytotoxicity 51% while abolishing A431 protein syn
thesis. Cyclohexamide did not inhibit the stimulation of cyto
toxicity caused by 1,10-phenanthroline. 1,10-Phenanthroline
effectively stimulated cytotoxicity in the absence of EGF (re
lease index of A431 + RBC + 1 mM 1,10-phenanthroline
without EGF was 86.9 Â±4.7%; mean Â±SD), mimicking the
effect of EGF on A431-induced RBC cytotoxicity. EDTA, also
a chelator of divalent cations, stimulated A431 -induced RBC
cytolysis at 100 HIM concentration (release index of A431 +
RBC + 100 mM EDTA was 73.1 Â±9.4%), and this stimulation
was also inhibited by 1 mM leupeptin (release index of A431 +
RBC + 100 HIMEDTA + leupeptin was 35.9 Â±17.0%).

Since the action of EGF is to activate the EGF receptor
tyrosine kinase activity, the effect of inhibitors of phosphoryl-
ation was examined in the RBC cytolysis assay. Table 3 show
the effects of leupeptin and protein kinase inhibitors on A431-
induced RBC cytolysis following EGF stimulation. As shown
in Table 2, leupeptin eliminates RBC cytolysis. TLCK, which
is a specific inhibitor of trypsin-like serine proteases and a
nonspecific inhibitor of cysteine proteases, is also an in vitro
inhibitor of protein kinases (14, 15). TLCK eliminated A431-
induced RBC cytolysis. Amiloride is also an inhibitor of protein
kinases (16-18) and specifically inhibits growth factor tyrosine
kinases (18). Amiloride has no known protease inhibitor activ
ity. Amiloride was found to eliminate A431-induced RBC cy
tolysis. Both TLCK and amiloride inhibited A431 cellular
protein synthesis.

A431 cells were grown to confluency in the bottom of trans-
well tissue culture chambers in the presence of 10% fetal calf
serum. In this chamber the target RBC are separated from the
A431 cells by the 0.45-^m Millipore filter which allows only
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Table 2 Effect of inhibitors on EGF-stimulated A43Â¡-inducedRBC cytolysis and on A43I protein synthesis
A431 cells were grown to confluency in tissue culture dishes. After serum starvation, each dish was fed with 1 ml of Ham's F-12:Dulbecco's modified Eagle's

medium (1:1) mixture containing 34 pM EGF and inhibitor as indicated. The dishes were then incubated and harvested as described for Table 1. Inhibition of
cytotoxicity was calculated from the following formula.

% of inhibition of cytotoxicity â€¢â€¢

[release index (RBC + drug-treated A431 cells)
- release index (drug-treated RBC target cells)]

(release index (RBC + A431 control cells)
- release index (RBC control target cells)]

x 100

Each tissue culture dish used for determination of the effect of inhibitors on A431 protein synthesis received 0.1 ml of a solution containing 125 n<Ãōf [l4C]leucine
in Hanks' balanced salt solution and no RBC target cells. These cells were incubated in parallel with the cytotoxicity dishes under the same conditions. At the
conclusion of the incubation period, the A431 cells in these dishes were scraped off the tissue culture dish with a rubber policeman, and then the acid-insoluble protein
was precipitated onto fiberglass filters. Inhibition of the incorporation of radioactive leucine into A431 cell proteins was then calculated.

Inhibitor
(concentration)Control

(34 pM EGF)
Cycloheximide (10 ng/ml)
Leupeptin (1 mM)
O-Phenanthroline (1 mM)
O-Phenanthroline (1 mM) plus cycloheximideRelease

index(%)A431

+RBC46.0
+ 2.2"

26.3 + 6.0*
7.2 + 0.4*

92.6+ 1.1*
94.3 Â±1.3*RBC

control11.5+

1.2
8.9 + 2.0
5.5 + 0.9

20.4 + 0.8
23.8 Â±4.9%

of inhibition (â€”)
or % of stimulation (+)ofCytotoxicity-51.0

Â±18.0
-95.2 Â±2.9

+ 109.6+ 16.0
+ 104.5 Â±21.1Protein

synthesis-90.6

Â±3.9*
-3.6 + 42.5

-96.8+ 1.0*

O-Phenanthroline (1 mM) plus leupeptin
(1 mM)

33.4 Â±3.7* 24.8 Â±1.0 -75.0 Â±11.2

' Mean Â±SD.
* Significantly different from A431 + RBC + 34 pM EGF control; P < 0.01.

Table 3 Effect of leupeptin, TLCK, and amiloride on EGF-stimulated, A4ÃŒ1-
induced RBC cytotoxicity and on A431 protein synthesis

A431 cells were grown to confluency, serum starved, and treated with EGF
and inhibitors as described in Tables 1and 2. The methodology for the cytotoxicity
experiments and the inhibition of A431 protein synthesis were exactly as described
for Table 2.

Inhibitor
(concentration)Control

(34 pM
EGF)

Leupeptin (1 mM)
TLCK (1 mM)
Amiloride (0.5 mM)
No EGF controlRelease

index(%)A431

+ RBC RBCcontrol51.2
Â±2.2Â°12.8+1.86.4

Â±0.2* 14.5 Â±1.5
9.7 Â±3.3* 11.9 Â±0.8
8.8+1.1* 13.3+1.6
9.9 Â±0.1* 10.0 + 0.9%

of inhibition (â€”)
or % of stimulation

(+)ofProtein

Cytotoxicitysynthesis-120.9

Â±4.4
-105.8 Â±9.0 -95.3+ 1.8'
-11 1.7 Â±5.3 -67.9Â±6.2C

â€¢Mean + SD.
* Significantly different from A431 + RBC + 34 pM EGF control; P < 0.01.
' Significantly different from A431 + 34 pM EGF protein synthesis control; P

secreted soluble tissue culture products to diffuse across the
filter but prevents the direct contact of RBC to A431 cells. The
nitrocellulose filter separating the chambers has a maximal
protein binding capacity of 250 fig/cm2 of membrane (1050 ^g
of protein per 4.2 cm2). Thus, prior to the assay, serum proteins

would totally saturate the protein binding capacity of the filter.
During the assay, growth medium was replaced with serum-free
medium containing 34 pM EGF. After an incubation of 48 h at
37Â°C,the RBC were harvested. The supernatant was centrifuged
at 500 x g for 10 min at 4Â°C.The release indices were calculated

as described above. No significant RBC cytolysis was observed.
EGF-stimulated, concentrated serum-free medium from A431
cells was also assayed for its ability to cause RBC cytolysis in
vitro. Serum-free medium containing 125 ^g of secreted A431
proteins did not cause RBC cytolysis (release index = 3.8 Â±
2.1%). These results indicate that direct contact between A431
cells and RBC is necessary for a cytolytic effect and that the
associated proteolytic activity is localized at the cell membrane
of A431 cells.

An enriched cell membrane fraction from A431 cells was
tested in the RBC cytolysis assay (Table 4). As we have previ
ously shown for other cancer cell lines (9-12), the cell mem
brane fraction from the A431 cells was cytolytic for RBC. The

Table 4 A431-enriched, cell membrane-induced RBC cytotoxicity and the effect
of 1,10-phenanthroline and leupeptin at I mM concentration

A431 cells were grown to confluency and serum starved as described in Tables
1 and 2. The tissue culture medium was then replaced with fresh serum-free
medium containing 34 p\i EGF, and the cells were incubated for an additional
18 h at 37Â°Cin 5% CO2 and 95% air. The cells were then harvested by exposure
to 0.1% (w/v) EDTA in sterile phosphate-buffered saline. The harvested cells
were washed 3 times with phosphate-buffered saline without EDTA, resuspended
in cold (4'C) hypotonie lysis buffer [0.025 M sucrose:0.005 M Tris-HCI (pH

7.4):0.0005 M MgCb], and allowed to swell on ice for 20 min. The cells were
ruptured with 40 strokes of a tight-fitting stainless steel Dounce homogenizer
and then centrifuged at 770 x g for 20 min to remove nuclei, unbroken cells, and
large cellular debris. The nuclear pellet was discarded, and the supernatant was
centrifuged at 50,000 x g for 20 min at 4'C to obtain an enriched cell membrane

pellet. The enriched cell membrane pellet was resuspended in normal saline, and
its protein content was determined. The tumor cell membrane-induced RBC
cytotoxicity assay was then performed as we have previously described (9-12).
"Fe-labeled RBC target cells (1 x IO7) in serum-free Ham's F-12:Dulbecco's
modified Eagle's medium were added to 0.2 ml of A431 cell membranes plus
enough medium to make a final volume of 1 ml in 10- x 75-mm sterile tissue
culture tubes. In the indicated tubes, the medium contained 1 mM leupeptin or
1,10-phenanthroline. The mixtures were then centrifuged at 200 x g for 10 min
at 4*C. Incubations were carried out for 18 h at 37*C in 5% CO2 and 95% air.
Cells were then centrifuged at 200 x g for IO min at 4Â°C.The radioactivity in the

cell pellet and supernatant was separately determined, and release indices and the
percentage of inhibition of cytotoxicity were then calculated as described in Tables
1 to 3.

SampleControl

membranes
Membranes + O-phen-

anthroline
Membranes + leupeptinRelease

index(%)A431

+ RBC RBCcontrol50.3
Â±3.9Â° 7.5 Â±1.5

53.3 Â±3.4 7.7 Â±5.729.9

Â±6.6* 4.8 Â±1.3%

of inhibition (-)
or % of stimula

tion (+) of
cytotoxicity+6.5

Â±18.6

-41.3 Â±16.7

Â°Mean + SD.
* Significantly different from A431 membranes + RBC controls; P < 0.01.

metal chelator 1,10-phenanthroline had no effect on A431
membrane-induced RBC cytolysis. Leupeptin significantly in
hibited membrane-induced RBC cytotoxicity.

Gel Substrate Electrophoresis Assay. Gelatin-polyacrylamide
electrophoresis assays were performed to determine the enzy
matic activities and specificities of proteolytic enzymes present
in the cell membrane fraction and in growth-conditioned me
dium of A431 cells. To test the sensitivity of this assay, the
relative electrophoretic mobilities of commercially purified en
zymes were first determined. The proteolytic activities of tryp-
sin (A/r 24,000), bacterial collagenase (M, 105,000), and papain
(A/, 23,400) were detected at protein concentrations of 1 ng of
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trypsin, 0.1 ng of collagenase, and 2.7 ng of papain (Fig. 1). It
was noted that three additional protease contaminants were
present in the papain preparation. However, they were only
detectable at high protein concentrations (0.27 mg).

Fig. 2 shows the effect of EDTA on proteases localized in
membrane preparations. Cells were grown to confluency in
Dulbecco's modified Eagle's medium supplemented with 10%

fetal bovine serum then incubated 24 h in serum free medium.
Serum-starved cells were then treated with 34 pM EGF. Mem
brane preparations were solubilized in Triton X-114, and pro
teases were separated into detergent-phase and aqueous-phase
soluble fractions. Following gel electrophoresis, gel slices con
taining the appropriate proteases were treated with 100 HIM
EDTA or with glycine buffer. In the absence of EDTA, two M,
24,000 and 25,000 bands were detected (Fig. IK). Treatment
with EDTA resulted in the appearance of four additional pro
teases of approximate molecular weights of 49,000, 53,000,
58,000, and 62,000 (Fig. 2C).

When membrane proteases separated into detergent-soluble
(hydrophobic) and aqueous-soluble (hydrophilic) proteins, the
two M, 24,000 and 25,000 proteases again appeared in the
Triton X-114 phase (Fig. 2D). Treatment with EDTA resulted
in the appearance of additional bands of molecular weights of
46,000, 51,000, 57,000, and 62,000 (Fig. 2F). In contrast,
proteases of molecular weights of 20,000, 24,000, 25,000,
27,000, 30,000, and 53,000 were visible in the aqueous phase

E F G

B H

Fig. 1. Gel substrate and nonsubstrate polyacrylamide electrophoresis of com
mercially purified proteases. Gel slabs containing 11% polyacrylamide, 0.1% (w/
v) sodium dodecyl sulfate, and 0.1% (w/v) 225 bloom gelatin in 0.37 M Tris-HCl
(pH 8.8) and measuring 140 x 130 x 0.75 mm were made. The stacking gel was
made of 3% polyacrylamide in 0.19 M Tris-HCl (pH 6.8). The running buffer was
0.025 M Tris:0.192 M glycine (pH 8.5):0.1% (w/v) sodium dodecyl sulfate.
Electrophoresis was performed at 4'C at 15 mA of constant current for l h and

then raised to 20 mA for the remainder of the electrophoresis. At the conclusion
of each experiment, the gels were soaked in 200 ml of 2.5% (v/v) Triton X-l00
for 20 min 3 times. The gels were then cut into individual lanes and placed in
buffer with or without an inhibitor. The gel slices were then placed in 100 ml of
0.1 M glycine-NaOH buffer (pH 7.0) with or without 0.5 mM leupeptin or 100
mM EDTA for 16 h at 37"C. Gels were stained with a solution containing 0.1%

(w/v) Amido black, 30% (v/v) methanol, and 10% (v/v) acetic acid for l h at
room temperature. Destaining was accomplished using a solution of 30% meth
anol and 10% acetic acid. Unstained bands of proteolytic digestion of the gelatin
were apparent after 2 to 4 h in the destaining solutions. The lanes represent from
left to right: A, Coomassie blue staining of low-molecular-weight markers; B,
Coomassie blue staining of 20 /ig of commercially purified trypsin (M, 24,000);
C, 0.01 units (10 ng of protein) jV-benzoyl-L-arginine ethyl ester of tryptic activity
in the gelatin gel; D, 0.01 A^-benzoyl-L-arginine ethyl ester units of tryptic activity
in the presence of 0.5 mM leupeptin; E, Coomassie blue staining of 20 ng of
commercially purified bacterial collagenase (M, 105,000); F, 8 x 10~*A'-benzoyl-
L-arginine ethyl ester units of collagenase activity (0.8 ng of protein) in the gelatin
gel; G, 8 x 10~" A'-benzoyl-L-arginine ethyl ester units of collagenase activity in

the presence of 100 mM EDTA; H, 270 Mgof commercially purified papain in
the gelatin gel. Four bands of protease activity with molecular weights of 57,000.
45,000, 23,000, and 22,000 were detected.

92.5

66.2

46

31

21.5

14

Fig. 2. Gelatin gel electrophoresis of A431 -enriched membrane proteases. The
cells were grown to confluency in Dulbecco's modified Eagle's medium supple

mented with 10% fetal bovine serum followed by 24 11serum starvation and
treatment with 34 pM EGF. The membranes were solubilized in Triton X-114
and then phase separated. Two hundred ;<nof total or phase-separated protein
were loaded per lane. At the conclusion of electrophoresis, the gel slices were
incubated in 0.1 M glycine buffer with or without 100 itiM EDTA. Lanes represent
from left to right: A, molecular weight markers; B, A431-solubilized proteins (M,
24,000 and 25,000); C, same as in B plus 100 mM EDTA (M, 24,000, 25,000,
49,000, 53,000. 58,000, and 62,000); D, A431 detergent phase membrane proteins
(M, 24,000 and 25,000); E, A431 aqueous phase membrane proteins (M, 20,000,
24,000, 25,000, 27,000, 30,000, and 53,000); F, Same as in D plus 100 mM
EDTA (M, 24,000, 25,000, 46,000, 51,000, 57,000, and 62,000); G, same as in
E plus 100 min EDTA (M, 24,000).

(Fig. 2E). Addition of EDTA resulted in inhibition of all these
proteases except the Mr 24,000 protein (Fig. 2(7). All proteases
detected in either the organic or the aqueous phase were com
pletely inhibited by 1 mM leupeptin (data not shown). The
protease inhibitors diisopropyl fluorophosphate, soybean tryp
sin inhibitor, epsilon amino-caproic acid, and TLCK had no

effect on these proteases.
Fig. 3 shows the proteases that were visible in A431 serum-

free conditioned medium. Cells were cultured for 18 h in serum-
free medium and then were treated with either EGF or phen-
anthroline. In control experiments, cells were kept in serum-
free medium. After 18 h of further incubation at 37Â°C,medium

were removed, centrifuged at 50,000 x g, and concentrated
about 100-fold by ultrafiltration. Following gelatin gel electro

phoresis, gel slices containing appropriate concentrations were
treated with either EDTA or leupeptin in glycine buffer. As
shown in Fig. 3C, a M, 20,000 protease was detected in medium
from EGF-treated cells. Addition of 100 mM EDTA to incu

bation buffer resulted in the appearance of three additional
proteases with molecular weights of 95,000,93,000, and 80,000
(Fig. 3E). Phenanthroline (1 HIM)had no effect on the activity
of the low-molecular-weight enzyme (M, 20,000) (Fig. 3/J);
however, it greatly activated protease activity detected in the
presence of EDTA when added to cells during conditioning of
medium (Fig. 3F). EDTA also activates the phenanthroline-
induced protease but to a lesser extent (Fig. 3G). Leupeptin
completely inhibited all proteases (Fig. 3H).

Serum-free medium conditioned by growth of A431 cells and
Triton X-114 membrane solubilized proteins were also run on
polyacrylamide gel. One hundred times concentrated serum-
free medium from EGF-treated cells contained 2 major bands

(Fig. 4B). Treatment of the cells with phenanthroline resulted
in the appearance of many bands of protein in the serum-free

medium (Fig 4D) that correspond in mobility to those induced
by EGF (Fig. 4B). The Triton X-l 14-solubilized cell membrane
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92.5
66.2

49

31

21.5

14

Fig. 3. Gelatin gel electrophoresis of A431 cell-conditioned serum-free me
dium. The cells were cultured for 18 h in serum-free Ham's F-12:Dulbecco's
modified Eagle's (1:1) medium and were then fed with either serum-free medium,
medium containing 34 pM EGF, or medium containing l IHM1,10-phenanthro-
line. The cells were cultured for an additional 18 h at 37Â°Cin 5% CO2 and 95%
air. The culture media were removed, centrifuged at 50,000 x g for 20 min at 4'C
and then filtered through a sterile 0.22-fim Millipore filter. The medium was
concentrated 100 times by ultrafiltration through an Amicon PM10 M, 10.000
cutoff ultrafiltration membrane at 4Â°Cunder 55 lb/in2 of nitrogen. Electrophoresis

and staining were performed as described in Figs. 1 and 2. Lanes are from left to
right: A, molecular weight standards; B, control A431 serum-free growth medium
(60 jig of protein); C, growth medium plus 34 pM EGF (60 ng of protein); D,
growth medium plus 1 m\i 1,10-phenanthroline (60 eg of protein); Â£,same as in
B plus 100 mM EDTA in the gel incubation buffer, F, same as in C plus 100 mM
EDTA in the gel incubation buffer; G, same as in D plus 100 mM EDTA in the
gel incubation buffer; //, same as in B plus 100 mM EDTA and 1 mM leupeptin
in the gel incubation buffer. The molecular weight of the low-molecular-weight
protease in Lanes B to F was estimated to be 20,000. The molecular weights of
the high-molecular-weight proteases in Lane E were 80,000, 93,000, and 95,000,
respectively.

B

21.5 -
14 -

Fig. 4. Polyacrylamide gel electrophoresis of A431 Triton X-114-solubilized
membrane proteins. A, molecular weight markers; B, 34 pM EGF-treated cells
(500 ng of proteins from serum-free conditioned medium); C, 500 fig of proteins
of Triton X-114 cell membrane preparation; D, 500 ng of serum-free medium of
A431 cells treated with 1,10-phenanthroline.

preparation contained many protein bands as expected (Fig.
4C). The nature of these proteins is yet to be determined.

DISCUSSION

The A431 human epidermoid carcinoma cell line has been
extensively used to study, characterize, and purify the receptor
for epidermal growth factor (4-8). We have been interested in
the role of growth factors and growth factor receptor tyrosine
kinase activity in the regulation of cancer cell proteases. This

interest has been heightened by the recent clinical correlations
of HER 21neu gene amplification and breast cancer progression
in humans (19, 20). The HER 21neu gene codes for an EGF-
like receptor (19).

The A431 cell line has been shown to respond in vitro to
EGF by enhanced cell proliferation (8). The approximately
30% inhibition of RBC cytotoxicity caused by 0.5% fetal bovine
serum suggested that there was a serum inhibitor of a secreted
cellular protease. However, we could not document any cyto-
lytic activity for the cell-free medium secreted from EGF-
stimulated cells. Serum-free medium from cells treated with
EGF or 1,10-phenanthroline and concentrated 100 times by
ultrafiltration contained a leupeptin-inhibitable protease. This
suggests the secretion of a protease which is active only in the
microenvironment at the tumor cell membrane. The similarity
of effect of EGF and 1,10-phenanthroline on RBC cytotoxicity
and protease secretion suggests a possible role for calcium in
the action of EGF on protease activity.

In the absence of EGF, serum-starved A431 cultures were
not cytolytic for RBC. Addition of 3.4 pM EGF fully restored
the cytolytic activity of the A431 cells towards RBC. The
protease inhibitor leupeptin eliminated the cytolytic activity of
the EGF-stimulated A431 cells, suggesting the action of a
cytolytic cysteine or serine protease. These results indicate that
EGF may be involved in tumor cell cytolytic activity. The metal
chelating agent 1,10-phenanthroline markedly stimulated the
RBC cytolytic activity of the A431 cells despite profoundly
inhibiting A431 cellular protein synthesis. This stimulation was
significantly inhibited by leupeptin. These results also suggest
the activation of a membrane-bound cysteine protease-like en
zyme.

Since the primary action of EGF on the A431 cell is to
stimulate the tyrosine kinase activity of the cell membrane EGF
receptors, inhibitors of protein kinases were tested in the RBC
cytolysis assay. Amiloride and TLCK are both inhibitors of
cellular kinases including tyrosine kinases. Both of these agents
profoundly inhibited A431-induced RBC cytolysis. However,
they significantly inhibited A431 protein synthesis as well. The
protein synthesis inhibitor cycloheximide also inhibited cyto
lysis. The effect of tyrosine kinase inhibitors on growth factor-
stimulated A431 cells is to cause inhibition of cell growth and
division. Inhibition of protein synthesis after a period of hours
would be expected as a result. Therefore it is difficult to estab
lish whether the inhibition of protein synthesis or other cellular
activities by protein kinase inhibitors is responsible for the
inhibition of cytotoxicity or whether the inhibition of phospho-
rylation is responsible for this effect. However, 1,10-phenan
throline profoundly inhibited A431 protein synthesis while
stimulating cytotoxicity. This suggests that inhibition of protein
synthesis need not be the mechanism of inhibition of cytotox
icity.

Cell membranes prepared from EGF-treated A431 cells were
cytolytic for RBC as we have reported for other cancer cells (9-
12). The A431 cell membrane-induced RBC cytotoxicity was
inhibited by leupeptin as predicted by experiments with whole
A431 cells. 1,10-Phenanthroline did not stimulate membrane-
induced RBC cytolysis, demonstrating that the effect of the
chelator required intact cells despite the fact that the drug
profoundly inhibits protein synthesis. This supports the hy
pothesis that 1,10-phenanthroline acts through the activation
and relocalization of cellular proteases on or to the cell mem
brane in intact cells as discussed below.

In the gelatin substrate-containing polyacrylamide gel elec
trophoresis assay for proteases, we have demonstrated that
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A431 cells contain Hydrophobie membrane-bound proteases.
The proteases were activated by metal chelators and were
inhibited by leupeptin which parallels with the results obtained
with the whole cells and with serum-free medium. These results
suggest that these proteases may be novel enzymes, either
cysteine proteases or trypsin-like serine proteases, which are
activated by metal chelators, are active at neutral pH, and are
responsible for A431-induced RBC cytolysis.

The amplified EGF receptors in the A431 cells appear to
control the expression of the RBC cytolytic activity and prote-
olytic activity of the cells. It is interesting to speculate that the
increase in intracellular free calcium ions that is caused by
growth factor receptor activation might activate and/or relocate
cellular proteases on and to the cell membrane. This hypothesis
would fit the observation that direct tumor cell-target cell
contact appears to be essential for RBC cytolysis to occur, as
well as a requirement for whole A431 cells to obtain the
stimulatory effect of 1,10-phenanthroline.

Thus, it appears that EGF stimulation of protease activity
and RBC cytolysis is a characteristic activation of A431 cells.
To our knowledge no other cell line expresses increased prote-
olytic/cytolytic activity in response to EGF. Furthermore, A431
cells which have been previously deprived of EGF are not
cytolytic (release index of approximately 17%). Treatment with
EGF increases the cytolytic activity (release index of 51%).
Further evidence is provided in recent literature where NIH
3T3 cells cloned with the EGF receptor gene (21) (an analogous
situation of A431-amplified EGF receptor gene) are rendered
cytolytic upon treatment with physiological concentrations of
EGF (release index increases from 20.7 Â±1.7% to 73.4 Â±
9.1%). The parental cell type which exhibits only an EGF
growth response causes an RBC release index of 9.22 Â±2.53%.4

EGF, therefore, appears to regulate both A431 cell division and
protease activity. Studies to ascertain whether the cellular pro
teases are substrates for the EGF receptor tyrosine or nonty-
rosine kinases stimulated by the EGF receptor (for example,
protein kinase C) are in progress.
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