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ABSTRACT

The protease inhibitors antipain, leupeptin, Â«,-antitrvpsin, and .-ami-
nocaproic acid were found to inhibit transformation of NIH3T3 cells
after transfection with an activated H-nu oncogene.

Inhibition of focus formation by protease inhibitors was concentration
dependent and maximal at 50% of control values. Transfection of a gene
for neomycin resistance was not affected by protease inhibitors. Antipain
was inactive if present only during the first 2 days of the gene transfer
protocol or only during the final 10 days of the experiment. However,
the full effect was observed when antipain was added at the subculture
step on day 3 and during the subsequent cell proliferation. If cells were
not subcultured, the yield of the foci per Â«Â¿gof DNA was sharply reduced
and addition of antipain did not further suppress the transformation rate.
Subculture of NIH3T3 cells 3 days after transfection at lower cell
densities resulted in higher transformation efficiency. The results suggest
that transformation of NIH3T3 cells by a single mutated oncogene may
involve multiple stages including cell proliferation and that part of this
process is susceptible to inhibition by protease inhibitors.

INTRODUCTION

The transformation of NIH3T3 cells by DNA-mediated gene
transfer, or transfection, has been an important tool in the
identification and characterization of viral and cellular trans
forming oncogenes (1-6). The mechanism by which expression
of a single mutated ras gene transforms NIH3T3 fibroblasts is
not known. Transformation of primary cells requires expression
of at least two active oncogenes (7), a finding that is consistent
with the multistage nature of carcinogenesis /// vim (8).

Proteases have been shown to specifically modify DNA
expression (9) and are involved selectively in DNA amplifica
tion (10). Support for an active role of proteases in carcinogen
esis has come from multiple observations that protease inhibi
tors suppress transformation in vitro and carcinogenesis in
several animal models (11-18). Two laboratories have shown
that mx transformation is enhanced by the tumor promoter
TPA3 (19, 20). Treatment of various cells and tissues with the

tumor promoter induces proteases, including plasminogen ac
tivator (21). The promoting activity of TPA is inhibited by
protease inhibitors in vivo and in vitro (see Ref. 9 for review).

We now report that ras transformation of NIH3T3 cells is
suppressed by four protease inhibitors, antipain, f-aminocaproic
acid, leupeptin, and a, -antitrypsin. The results raise new ques
tions regarding the mechanism of ras oncogene-induced
NIH3T3 cell transformation.

MATERIALS AND METHODS

NIH3T3 cells were routinely grown and subcultured before conflu
ence in DMEM supplemented with 10% fetal bovine serum. The pEJ
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(22) and pS\'M,, plasmids were provided by Dr. A. Pellicer and DNA

was purified according to standard methods (23). The transfection
assay was performed as described previously(24) using 20 /ig NIH3T3
DNA/plate as a carrier for plasmid DNA. The standard protocol for
the assay involvedtransfection of 5 x 10scellswith a calcium phosphate
coprecipitate of plasmid and carrier DNA at day 1. The cells were fed
18 h later (day 2) and were subcultured at 1:3 on day 3. Thereafter cells
were fed twice a week. Plates were randomized and coded after subcul
ture. Protease inhibitors were added as concentrated solutions in sterile
0.1 MNaHPO4-0.15 MNaCl, pH 7.0, directly to the medium at various
times and final concentrations. After 19-21 days, all plates were stained
and scored for foci double blind by two investigators. All data shown
represent means of at least nine replicate plates.

The effects of protease inhibitors on cell proliferation were deter
mined by seeding 5 x 10s cells in replicate 25-cm2 culture flasks.
Twenty-four h later the cells were fed with DMEM or DMEM contain
ing SOÂ¿Â¿g/mlantipain or 75 ng/ml arantitrypsin. At various times
thereafter cells were treated with 2 pCi [3H]thymidine(New England

Nuclear, Boston, MA) for 1 h. Plates were then washed twice with
phosphate-buffered saline and cellswerescraped into 7%trichioroacetic
acid. After two washes with trichioroacetic acid and one with cold
ethanol, pellets were hydrolyzed in 1 ml 0.5 N IK ll)4at 90*C for 30

min, and aliquots were taken for liquid scintillation counting. Cell
numbers were determined by Coulter counting.

The Tl 10 cell line (25) was plated at 1 x 10"cells in 100-mmdishes

in DMEM with 10% FBS and 50 Mg/mlantipain. Dishes were stained
with Giemsa 10 days after confluence.

RESULTS

The NIH3T3 focus assay provides a useful quantitative tool
for analysis of the biochemical events associated with rax on
cogene-induced cellular transformation (Fig. 1). A representa
tive dose response for focus formation by pEJ is illustrated in
Fig. 2. As shown in Table 1, the number of transformed foci
induced by transfection with the H-ras oncogene in NIH3T3
cells was reproducibly and significantly decreased to about 50%
of control by addition of protease inhibitors to the media. The
concentration dependence of antipain (Fig. 3) indicates a max
imal effect at 50 tig/ml of ~50% inhibition, with no further
effect at concentrations up to 250 Mg/ml. Both c-aminocaproic
acid and arantitrypsin showed concentration-dependent inhi
bition ot mv induced transformation (Table 1).

In order to determine whether a general effect of the inhibi
tors on the incorporation or expression of exogenous genes in
the gene transfer assay was responsible for the inhibition of ras
transformation, we repeated these experiments using the neo
mycin resistance gene pSVNEO and scored G418 (geneticin)-
resistant colonies. As seen in Fig. 3, there was no significant
depression in the number of (.Â¡41X-resistan t colonies by either
50 or 100 Mg/ml antipain. Similar results were obtained using
a,-antitrypsin (data not shown). The results on inhibition of ri
ras transformation by antipain cannot therefore be explained
by effects on the cellular uptake or stable genomic integration
of the gene. This conclusion is strengthened by experiments in
which antipain was added to the medium during various periods
of the 19-day transformation protocol (Table 1). When antipain
was present only during the first 2 days (before the 1:3 subcul
ture step), no effect on transforming efficiency was seen. On

3159

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/2428220/cr0470123159.pdf by guest on 19 M

ay 2023



PROTEASE INHIBITORS AND ras TRANSFORMATION

Fig. 1. Transfection of NIH3T3 ceils with
pi I (human H-ras) oncogene. Representative
T-25 culture flasks of NIH3T3 cells stained
with Giemsa 19 days after transfection with:
(a) 20 Mg NIH3T3 DNA; (A) 0.1 â€žcpFJ fol
lowed by addition of SOMg/ml antipain; (c) 0.1
MgpFJ. Foci were confirmed microscopically
and counted on a grid. The background num
ber of foci in these experiments was uniformly

<

0.20

Fig. 2. Dose-response relation of pEJ plasmid DNA to foci produced. All
experiments reported were done in the linear range shown here. Transfections
were carried out following the calcium phosphate coprecipitate method of Wigler
i / al. (24) as described in "Materials and Methods." Cells were subcultured at 1:3

48 h posttransfection and scored after staining. Bars, SE.

Table 1 Inhibition of ras gene transformation by protease inhibitors
Unless otherwise noted, inhibitors were added 4 h prior to transfection and

were added to medium at each feeding (twice a week). Antipain was added to the
medium only on days indicated. The gene transfer was done on day 1 and the
subculture step was done on day 3. The average control value for transformation
efficiency was 1405 Â±123 foci/Mg for seven separate experiments.

ProteaseinhibitorNoneLeupeptino-Antitrypsint-Aminocaproic

acidAntipainConditions50

Mg/ml25

Mg/ml
75Mg/ml0.3

mg/ml
1.0 mg/ml
2.0 mg/ml
4.0mg/ml50

Mg/ml (for days 1-19)
50 Â»ig/ml(for days 1-3)
50 /ig/ml (for days 3- 19)
50 Mg/ml (for days 3-9)
50 Mg/ml (for days 9-19)Foci/Mg

DNA
(% ofcontrol)10054*88sr109

76Â°
63Â°
44'54Â«

98
58"65Â°

108
" Statistically significant decrease from control by Student's i test, /' â€¢0.05, n

9.

the other hand, when antipain was present only after the sub
culture step on day 3, the complete inhibitory effect was seen.
It appears that the early stage of this phase is susceptible to the
effects of antipain since addition of the inhibitor starting on
day 9 had no effect on transformation. This suggests that
antipain is unable to reverse the transformed phenotype once it
has been established. In order to further test the ability of
antipain to revert H-ras-transformed cells to a normal pheno
type the Tl 10 line of NIH3T3 cells previously transformed by
transfection with the H-ras oncogene (25) were treated at low
seeding density with antipain (50 Mg/ml) for two weeks. No

100

80

60 -

40 -

20 -

-IU

No. Foci / plate
â€¢ No. Colonies /PlateI*1ii

2500 20 50 100
AP Cone,(ng/ml)

Fig. 3. Concentration dependence of antipain (AP) inhibition of H-ras trans
formation. Two separate experiments represented by either open or solid columns
are shown. D, mean number of transformed foci per transfected plate after
transfection with 0.1 Mgpi .1 â€¢.mean number of surviving colonies after trans
fection with 0.125 MgpSVNEOand selection in G418 medium. Antipain was added
4 h prior to transfection and was added fresh with each medium change twice a
week. Plates were stained and scored after 19 days for the pEJ experiment or
after 14 days for the pSVNEOexperiment. *, statistically significant decrease from
the control (no antipain) value of P < 0.01 by Student's i test. Bars, SE.

morphological evidence of reversion to the normal phenotype
was seen.

The period of antipain efficacy in inhibition of NIH3T3 cell
transformation corresponds to a period of cell proliferation
after the 1:3 subculture step at day 3. Neither antipain or a\-
antitrypsin had any effect on the viability or proliferation of
NIH3T3 cells (Fig. 4). The possibility that protease inhibitor
action involves the growth stage following subculture was tested
further. When cells were not subcultured 3 days after transfec
tion, the yield of foci was dramatically reduced compared to
that seen following the normal protocol of 1:3 subculture, and
antipain exerted no inhibition of transformation (Table 2).
These data support the idea that protease inhibitors act during
cell proliferation and only block transformation of that fraction
of cells which require division in order to express the trans
formed phenotype.

The observation that subculture and concomitant cell division
increased transformation efficiency after transfection of
NIH3T3 cells with a single active ras oncogene resembles effects
described by Kennedy and others of X-ray and chemically
induced transformation in other cell systems (26). We extended
this observation by comparing the transfection efficiency of the
ras gene in NIH3T3 cells subcultured at different densities. As
seen in Table 2, splitting cells at day 3 to lower cell densities
(resulting in a greater number of cell divisions) yielded increased
numbers of foci per jtg of DNA.

DISCUSSION

The NIH3T3 line of established mouse fibroblasts is exquis
itely sensitive to transformation by the ras family and other
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Hours After Seeding

Fig. 4. Effects of antipain and a,-antitrypsin on proliferation rate of NIH3T3
cells. Cells were treated with a pulse of 2 M<Â¡[3H]thymidine for l h before
harvesting and determination of acid-insoluble radioactivity. â€¢,untreated; O, cells
treated with SOfig/ml antipain starting 24 h postseeding (arrow); A, cells treated
with 75 fig/ml at-antitrypsin 24 h postseeding. Cells reached confluence about 3
to 4 days (72 to 96 h) after seeding at 5 x 10s cells/25-cm2 flask.

Table 2 Effects of subculture on transfection efficiency
In experiment 1, cells were either subcultured according to the standard

protocol at 1:3,48 h after transfection, or simply fed with fresh medium. Antipain
was present (or absent) throughout the experiment. For experiment 2, cells were
subcultured at different densities after transfection.

Experiment12ProtocolNo

subcultureNo
subculture *antipain(50

Â¿.g/ml)Subculture
at1:3Subculture
at 1:3 -I-anti-pain

(50/jg/ml)Subculture

at1:3Subculture
at1:6Subculture
at 1:12Foci/plate"35.3

Â±8.031.6
Â±3.970.1

Â±3.945.3
Â±4.338.8

Â±3.735.6
Â±4.730.4
Â±2.9Foci/Mg

DNA31728318871219116421363648

" Mean Â±SEM of number of foci/plate scored. Since subculture results in a

greater number of scored plates, the efficiency of transfection (foci/Vg DNA) is
proportionally higher. Approximately O.I UKpEJ was used in each of these
experiments.

cellular oncogenes. This fact has led to use of these cells in
assays for detection of activated oncogenes from human and
animal tumors (1-6). Since expression of mutant ras genes does
not transform primary rodent fibroblasts or other established
cell lines with similar efficiency (27), it has been assumed that
NIH3T3 cells are somehow "primed" for transformation by

ras. For example, it may be postulated that in these cells, other
complementary genes required for conversion to the trans
formed phenotype (such as myc or related genes) are already
activated, and only the mutated ras function is required to
produce fully transformed cells. The mechanism(s) by which
mutated ras can transform cells as well as the precise role of
the A/, 21,000 ras gene product in mammalian cells are not
understood.

Our data suggest that multistep mechanisms including cell
proliferation are involved in a significant fraction of NIH3T3
cells tranformed by the ras oncogene. A similar conclusion was
recently published by Hsiao et al. (28) based on promotion of
H-ras-induced transformation of rat embryo cells by TPA.
Furthermore, protease inhibitors appear to block this prolifer
ation-associated process. Two lines of evidence argue against

interference by protease inhibitors with the uptake or expres
sion of the exogenous gene during transfection: (a) the trans
fection efficiency of another, nontransforming gene was not
affected by antipain; (b) antipain present only 4 h before, during,
and 48 h after transfection did not inhibit transformation. In
contrast, when antipain was present during the period of cell
proliferation following subculture, focus formation was repro-
ducibly suppressed. Since subculture involves use of trypsin and
antipain is added directly after replating of trypsinized cells, it
is formally possible that some residual trypsin activity is re
sponsible for enhanced transformation, and this is blocked by
the inhibitors. This seems unlikely since cells are exposed to
minimal levels of trypsin for only 3 min, and any residual
trypsin activity should be halted by the protease inhibitors
present in serum. This question will be definitively resolved
when other protease inhibitors including non-trypsin inhibitors
are tested in this assay and by alternative methods of subculture.
Nevertheless, whether cell proliferation or some more specific
stimulus is responsible for protease inhibitor-sensitive transfor
mation, it is apparent that the entire process may require several
steps.

The unexpected finding of a maximal inhibition at 50% of
the normal transformation efficiency of H-ras by antipain sug
gests the possibility that there are two populations of potential
transformed cells. It may be hypothesized that some fraction of
the cells which have taken up and expressed the activated ras
gene requires no further mechanistic steps to proceed to trans
formation and focus formation, or that if other steps are re
quired, they are not affected by protease inhibitors. Another
fraction of ros-transfected cells apparently does require the
involvement of other events (which our data indicate occur
during cell proliferation) for complete transformation and one
or more of these events are protease inhibitor sensitive.

The 50% maximum inhibition value would suggest that one-
half of the transfected cells are in the "complete transforma
tion" pathway. The experiments on subculture show that indeed

elimination of the cell proliferation phase following subculture
results in a 50% reduction of foci per flask scored (Table 2).
However, when the data are corrected for transformation effi
ciency per Mg DNA transfected the decrease is closer to only
20% of the control (1:3 subculture) value. This apparent incon
sistency may be explained by the fact that from 1 to 2 rounds
of cell division occur between transfection of the subconfluent
cultures on day 1 and the subculture step 48 h later. This will
result in a 2- to 4-fold expansion of the transfected cells. When
these cells are trypsinized, mixed, and reseeded, the ultimate
number of foci in the scored flasks will depend on the degree
of cell division between transfection and subculture. If an av
erage of ~ 1.5 cell divisions are assumed to occur during this
time, then in order to compare transfection efficiencies in
subcultured versus nonsubcultured cells (in which such division
will not yield new foci, since the cells are never reseeded) the
latter value must be corrected by a factor of 3 (2 x 1.5). If this
is done with the data in Table 2, it can be seen that the actual
number of originally transformed cells in the nonsubculture
experiment is one-half that of the subcultured cells. The value
of 1.5 cell divisions is a reasonable approximation based on
growth curves (data not shown).

Protease inhibitors, such as a Â«2-niacroglobulin, Â«^-protease
inhibitor, and <>,-irypsin inhibitor, are major constituents in
human plasma amounting to about 10% of the total proteins.
The lack of artrypsin inhibitor formation in certain families
leads to an early onset of emphysema (29). Some plasma
protease inhibitors control the functions of biologically impor-
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tant processes such as thrombin, plasminogen activator, plas
mili, and complement activation (29). These and other pro
teases have been shown to contribute to the metastatic potential
of cancer cells (30). Protease inhibitors capable of inhibiting
collagenase or of blocking the protease cascade which leads to
its activation were shown to block metastatic progress (31, 32).

Recently, antipain was shown to inhibit expression of the c-
myc oncogene in C3H10T'/2 fibroblasts (9) and selective DNA

amplification through inactivation of DNA polymerase a in
SV40-transformed Chinese hamster ovary cells (10). The bio
chemical demonstration of lower levels of myc RNA in anti-
pain-treated fibroblasts (9) may be relevant to the functional
effects of protease inhibitors described here, especially consid
ering the evidence that activation of oncogenes from the ras
and myc complementation groups are necessary to transform
primary cells (7, 33). The idea that ros-induced transformation
of NIH3T3 cells may be a multistep phenomenon resembles
certain aspects of multistage carcinogenesis in vivo.

If the proliferation of NIH3T3 cells during transfection has
a promoter-like effect on transformed focus production, then
inhibition of transformation by protease inhibitors may involve
mechanisms similar to those operating in vivo and in cell
transformation systems. The potential for ra.v-induced NIH3T3
cell transformation to serve as an alternative system for assay
of stage-specific inhibitors (or stimulators) of carcinogenesis is
intriguing since the assay takes only 2 to 3 weeks instead of 6
to 13 weeks for other cell transformation systems, is easy to
score, and gives statistically reproducible results.

Elucidation of the specific biochemical mechanism by which
protease inhibitors suppress transformation by an activated ras
oncogene should provide important information regarding the
carcinogenic process.
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