
[CANCER RESEARCH 58, 3391-3400, August 1, 1998]

Inhibition of Fas (CD95) Expression and Fas-mediated Apoptosis by Oncogenic Ras

Robert G. Fenton,1 Julie A. Hixon, Paul W. Wright, Alan D. Brooks, and Thomas J. Sayers

Department of Experimental Transplantation and Immunology, Division of Clinical Sciences, National Cancer Institute-Frederick Cancer Research and Development Center,
Frederick, Maryland 21702 {K. G. F.], and Intramural Research Support Program, Science Applications International Corporation-Frederick, Frederick, Maryland 21702

IJ. A. //., P. W. W., A. D. B., T. J. SJ

ABSTRACT

The ras oncogene plays an important role in the multistep progression
to cancer by activation of signal transduction pathways that contribute to
aberrant growth regulation. Although many of these effects are cell au
tonomous, the ras oncogene also regulates the expression of genes that
alter host/tumor interactions. We now extend the mechanisms through
which ras promotes tumor survival by demonstrating that oncogenic Ras
inhibits expression of the fas gene and renders Ras-transformed cells
resistant to Fas-induced apoptosis. A panel of Ras-transformed clones

exhibited a marked inhibition in fas niRNA and Fas cell surface expres
sion as compared with untransformed parental cell lines. Fas expression
was induced by culture in the presence of IFN-y + tumor necrosis factor
a; however, the maximal level attained in Ras transformants was â€”¿�10-

fold below the level of untransformed cells. Whereas untransformed cells
were sensitive to apoptotic death induced by cross-linking surface Fas
(especially after cytokine treatment), Ras-transformed cells were very
resistant to Fas-induced death even under the most stringent assay con

ditions. To demonstrate that this resistance was mediated by oncogenic
Ras and not secondary genetic events, pools of Ras-transformed cells were

generated using a highly efficient retroviral transduction technique.
Transformed pools were assayed 6 days after infection and demonstrated
a marked decrease in fas gene expression and Fas-mediated apoptosis.

Oncogenic Ras did not promote general resistance to apoptosis, because
ectopie expression of a fas cDNA in Ras-transformed cells restored sen
sitivity to Fas-induced apoptosis. These data indicate that oncogenic Ras

inhibits basal levels of expression of the fas gene, and although cytokine
signal transduction pathways are functional in these cells, the level of
surface Fas expression remains below the threshold required for induction
of apoptosis. These data identify a mechanism by which Ras-transformed
cells may escape from host-mediated immune destruction.

INTRODUCTION

The multistep progression to cancer involves a series of acquired
mutations that effect critical homeostatic pathways within the cell
and the host organism. This frequently involves the deregulation of
growth-promoting proto-oncogenes such as myc (1) or ras (2) and
the loss of G, restriction point control normally regulated by the
retinoblastoma gene product (3). A second class of common ge
netic changes prevents the activation of apoptosis in response to a
variety of stimuli, including DNA damage, growth factor with
drawal, or oncogene activation. These often involve genes encod
ing p53 (4) and Bcl-2 (5). Many other genes involved in the
regulation of apoptotic pathways have been discovered, and in
some cases the relationships between growth-promoting genes and
those that induce or prevent apoptosis have become intertwined
(6-10).

Fas (CD95 or APO-1) is a type I transmembrane glycoprotein, the

cytoplasmic domain of which encodes a conserved death domain
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homologous to that encoded by other members of the TNF2 receptor
supergene family (11). Binding of Fas ligand or anti-Fas antibodies
induces Fas receptor trimerization and leads to the assembly of a
signal transduction complex that results in activation of the caspase
proteolytic cascade. This occurs by an association between death
domains of Fas and FADD/MORT1 (12, 13), followed by the recruit
ment of caspase 8 (FLICE/MACH) via interactions between death
effector domains (14, 15). Binding of caspase 8 to FADD/MORT1
induces the activation of its proteolytic activity (by mechanisms not
yet determined), as well as downstream caspases.

Fas is ubiquitously expressed in lymphoid and nonlymphoid tissues
(e.g., epithelia) and in many primary tumors and tumor cell lines
(16-18). Recent data indicate that the induction of apoptosis by
ligation of Fas is often markedly reduced in cancer cells, even when
they express Fas (19, 20); in other cases, the level of Fas on tumor
cells appears to be reduced (17, 21, 22). Fas ligand expression was
initially thought to be limited to hematopoietic cells, especially T cells
and natural killer cells; however, it is now clear that it can be detected
on other cell types, including immune-privileged sites (23, 24) and
some tumor cells (25, 26). This has led to the generation of three
models that may help to explain the selection against Fas-expression
observed in human tumors: (a) expression of Fas ligand by tumor cells
is often accompanied by the loss of Fas expression, thus eliminating
the possibility of self-induced apoptosis (26). Significantly, the Fas
ligand-expressing tumor cells may be capable of avoiding host T
cell-mediated immune responses by eliminating activated anti-tumor
T cells (which express relevant levels of Fas; Refs. 25-27); (b) some
chemotherapeutic agents mediate their antitumor activity by the in
duction of Fas and Fas ligand expression on tumor cells, with ensuing
death mediated by the Fas pathway (28). Genetic events that prevent
Fas up-regulation under these circumstances could be of great benefit
to tumor cells; and (c) recent data indicate that cell death induced by
deregulated expression of the myc oncogene occurs through the Fas-
Fas ligand pathway (29). Because deregulated expression of Myc
occurs commonly in human cancers (1), this suggests another mech
anism through which selective pressure could be applied for the loss
of Fas expression. Clearly, genetic mechanisms that alter the suscep
tibility of tumor cells to apoptosis are of great importance in under
standing tumor progression.

The ras oncogene product promotes cell transformation by regu
lating multiple downstream signal transduction pathways (30). These
include the direct binding to Raf with activation of the mitogen-
activated protein kinase pathway (31, 32), induction of the enzymatic-
activity of phosphatidylinositol 3-kinase (33), and activation of other
protein kinase cascades mediated through members of the Rho sub
family of GTPases (34-36). Limited information is available con
cerning the identity of genes whose expression is modulated by
oncogenic Ras during the transformation process. In the course of
studying the expression of Fas in a panel of murine tumor cell lines,
we noted that upon transformation by Ras, a marked down-regulation

2 The abbreviations used are: TNF, tumor necrosis factor; MoAb, monoclonal anti

body; RT-PCR, reverse transcription-PCR; sFasL, soluble Fas ligand; DAPI, 4,6-dia-
midino-2-phenylindole; GST, glutathione S-transferase; GAS, gamma activated site;
NF-KB, nuclear factor-Â«B;JNK, c-jun NH2-terminal kinase; STAT, signal transducers and

activators of transcription; VEGF. vascular endothelial growth factor.
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ONCOGENIC Ras INHIBITS Fas-MEDIATED APOPTOSIS

of the expression of fas mRNA occurred, both under both normal
growth conditions and when cells were cultured in the presence of
inflammatory cytokines that normally up-regulate Fas. In the studies
that follow, we document this finding and demonstrate that Ras-
transformed cells become resistant to Fas-mediated apoptosis through

inhibited expression of the fas gene.

MATERIALS AND METHODS

Cell Lines. C3H10T'/2 fibroblasts were obtained from the American Type

Culture Collection. The transformed clones C3H61L, C3HT24, and C3HR12
were generated by lipofectin-mediated transfection of C3H10T1/2 cells with the
expression vector pZIPneo containing an H-ras cDNA encoding position 61
leucine. position 12 valine, or position 12 arginine, respectively. Neomycin-

resistant parental cell lines were derived from vector alone and exhibited
growth and gene expression characteristics that were identical to the parental
cell lines. The p21, p22, and parental N1H3T3 cell lines were kindly provided
by Dr. J. Buss (Iowa State University, Ames, IA; Ref. 37). Melan-a and its
clonal v-H-ras-expressing derivative, Melan-a-ras (38), were provided by Dr.
Dorothy Bennett (St. George's Hospital, London, United Kingdom). Cell lines

were grown in DMEM supplemented with 5% FCS. Melan-a cells required the
addition of 12-O-tetradecanoylphorbol-13-acetate (final concentration, 200

nM) to culture medium. The ecotropic retrovirus packaging cell line Bosc23
was obtained from the American Type Culture Collection with permission
from the Rockefeller University.

Northern Blot Analysis. RNA was isolated from cells grown under normal
conditions or after overnight culture in medium containing 100 units/ml of
murine IFN-y (Genzyme. Cambridge, MA) and/or murine TNF-a (PeproTech.

Inc., Rocky Hill, NJ). Total cell RNA was isolated using the TRIzol reagent
(Life Technologies. Inc., Gaithersburg, MD) as suggested by the manufacturer.
RNA was size fractionated on denaturing formaldehyde gels and transferred to
nylon membranes. Fas mRNA was detected by hybridization to a full-length
"P-labeled/aj probe (purified by RT-PCR from mouse liver RNA) in Hybrisol

1 (Oncor, Gaithersburg, MD) with final washes performed in 0.5% SSC, 0.1%
SDS at 68Â°C.The VEGF probe was purified by RT-PCR from the Renca tumor

cell line. RNA loading was controlled by stripping filters and hybridizing to a
glyceraldehyde-3-phosphate dehydrogenase probe.

Flow Cytometric Analysis. Cells were grown overnight in the presence of
100 units/ml IFN--y + TNF-a, harvested, and stained with phycoerythrin-

conjugated hamster antimurine Fas MoAb Jo2 (PharMingen, San Diego, CA)
or with an isotype-matched control for 30 min on ice. Cells were washed, fixed

in 1.0% paraformaldehyde, and analyzed using a Coulter Profile Flow Cytom-

eter and MPLUS software (Phoenix Flow Systems, San Diego, CA). Murine
MHC class I expression was determined by staining with MoAb KD-H3

(Accurate Chemical and Scientific Corp., Westbury, NY) directed against
framework determinants shared by many murine MHC class I molecules.

Indium Release Assays. Parental or Ras-transformed cell lines were
grown overnight in the presence or absence of IFN-y + TNF-a. Cells were
harvested, and 2 X IO6 cells from each line were labeled with 10 Â¡j.Ciof
[" 'In]ox (Medi-Physics. Inc., Silver Spring, MD). [" Ã¬n]ox-labeled cells (10")

were added in triplicate to wells of 96-well plates in medium containing the

indicated amounts of Jo2, control MoAb, or recombinant human sFasL
(Alexis, San Diego, CA). In some experiments, P815 cells (IO5) were added to

efficiently cross-link the Jo2 antibody. This method was kindly provided by

Dr. H. Kojima (National Institute of Allergy and Infectious Diseases, NIH,
Bethesda, MD). Cultures were incubated for 16 h at 37Â°C,and supernatants

were harvested for determination of the percentage of specific lysis.
Morphological Analysis of Apoptosis. Cells were cultured at 1 X IO5

cells/well in 6-well plates with or without IFN--y + TNF-a (100 units/ml).

Anti-Fas MoAb Jo2 or isotype-matched control MoAb was added to wells at
the concentration of 0.2-1.0 fig/ml. Some wells received sFasL at 10-50
ng/ml. In some experiments, the apoptosis inhibitor ZVAD-FMK (Enzyme
Systems Products, Livermore, CA) or a control peptide (ZFA-FMK; Enzyme

Systems Products) were added at the indicated concentrations 30 min prior to
the addition of antibody. Cultures were allowed to proceed until parental cells
demonstrated >50% apoptosis (time varied between the C3H10T1/2, NIH3T3,
and Melan-a cell lines), at which time photomicrographs of random fields were

obtained using a Zeiss Axiovert 135M microscope (Carl Zeiss, Thornwood,

NJ) and Kodak Gold Max film. Developed photographs were used to count the
number of cells with normal or apoptotic morphologies, and the percentage of
apoptotic cells was determined. At least 200 cells were counted for each data
point. For staining of nuclear DNA, cells were grown on coverslips, and
cultured as described above were fixed in 3.7% formalin/PBS for 10 min at

room temperature, washed in PBS, and then incubated in 0.2% NP40/PBS for
2 min. Cells were incubated in 0.2 ng/ml DAPI (Sigma Chemical Co., St.
Louis, MO) for 20 min, washed in PBS, and mounted in Vectashield Mounting
Medium (Vector, Burlingame, CA).

Analysis of Cell Death by Trypan Blue Exclusion. Cells were cultured
overnight in the presence or absence of cytokines, after which anti-Fas MoAb

Jo2, isotype control, or sFasL was added at the indicated concentrations.
Cultures proceeded for the indicated time period, at which time adherent and
floating cells were collected and counted in the presence of a 1:1 dilution of
trypan blue. Experiments were performed at least twice, and duplicate wells
were analyzed in each experiment. Data are expressed as the percentage of
dead (apoptotic) cells in the total cell population.

Retroviral Vectors. Cells were transduced with oncogenic ras using a
pBabe-Puro vector encoding a human H-rajV12 cDNA (a gift from Dr. Scott

Lowe, Cold Spring Harbor Laboratory, Cold Spring Harbor, NY). A murine
fas cDNA obtained by RT-PCR of RNA isolated from murine liver was cloned

into the ÃŠcoRI site of pBabe-Puro to generate the pBabe-Fas expression
plasmid. Control cultures received the empty pBabe-Puro vector.

Retroviral-mediated Gene Transfer. Retroviruses were produced as de
scribed (39). Briefly, Bosc23 cells were plated at 2.5 X IO6 cells per 60-mm

plate 24 h before transfection. Fresh growth medium (Minimal Essential
Medium, 10% PCS) was replaced immediately before transfection. Calcium
phosphate transfection was performed as suggested by the manufacturer (Life
Technologies, Inc.). with each dish receiving 10 Â¿igof retroviral DNA. After
overnight culture, medium was changed to growth medium plus 10 mM sodium
butyrate. This was replaced with growth medium 10 h later, and virus-

containing supernatants were collected 48 h after transfection and centrifuged
5 min at 500 x g. On the evening before infection, target C3H10T'/2 cells were
plated at 5 X IO5 cells per 10-cm tissue culture dish. Growth medium was

removed, and each plate received 3 ml of infection cocktail containing 1.5 ml
of retroviral supernatant, 1.5 ml of growth medium, and 4 /ng/ml Polybrene
(Sigma). After 3 h, 7 ml of growth medium were added, and the cells were
cultured overnight, at which time culture was continued in medium containing
2 Â¿tg/mlpuromycin. Pools of cells were generated by combining transfected
cultures, and clones were isolated from dilute cultures using cloning rings.

Determination of STATI Activation by Immunoprecipitation/Western
Blot Analysis. Subconfluent cultures of parental and Ras-transformed clones
were cultured for 0, 15, or 30 min in the presence of IFN-y + TNF-a (100

units/ml). Cells were washed in cold PBS and lysed in modified RIPA buffer
[150 mM NaCl, 1% NP40, 0.25% sodium deoxycholate, 1 mM EGTA, and 50
mM Tris-HCl (pH 7.4)] containing 5 fig/ml aprotinin and leupeptin, 1 mM

sodium fluoride, 1 mM phenylmethylsulfonyl fluoride, 10 mM sodium PPÂ¡,and
1 mM sodium orthovanadate for 10 min on ice. Five hundred /xg of protein
were precleared with protein A-Sepharose, followed by the addition of 2.5 /xg
of rabbit polyclonal antibody directed against STATI p84/p91 (E-23; Santa
Cruz Biotechnology, Santa Cruz, CA). After overnight incubation at 4Â°C,

immune complexes were collected using protein A-Sepharose and analyzed by
SDS-PAGE on 4-20% Tris-glycine gels. Proteins were transferred to Immo-
bilon-P membranes (Millipore, Bedford, MA) and blotted with anti-phospho-

tyrosine MoAb 4G10 as recommended by the manufacturer (Upstate Biotech
nology, Lake Placid, NY). Filters were washed six times in TEST (Tris-

buffered saline containing 1.0% Tween 20). Specific binding was determined
using enhanced chemoluminescence (ECL; Amersham Corp., Arlington
Heights, IL). The level of STATI p84 and p91 proteins present in the
immunoprecipitates was determined after stripping filters by two 15-min
incubations in stripping buffer [100 mM 2-mercaptoethanol, 2% SDS, and 62.5
mM Tris-HCl (pH 6.7)] at 50Â°C.Filters were then reblocked and incubated

overnight with anti-STATl polyclonal serum (Santa Cruz), followed by ECL

analysis.
JNK Kinase Assays. Cell extracts were prepared as described above ex

cept that TNF-a (100 units/ml) was added for the indicated culture period. Cell
extracts (250 /xg) were immunoprecipitated with anti-JNK polyclonal antibody
(C-17; Santa Cruz Biotechnology). Immune complexes were resuspended in 40

iul of kinase buffer containing 20 mM HEPES (pH 7.5), 20 mM MgCl2, 20 mM

3392

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/58/15/3391/2467194/cr0580153391.pdf by guest on 19 M

ay 2023



Ras INHIBITS Fas-MEDIATHD APOPTOSIS

ÃŸ-glycerophosphate, 2 itiM DTT. 0.1 mM sodium orthovanadate, 0.5 mM
sodium fluoride, 2.5 fiCi [7-32P]ATP (3000 Ci/mMol), 20 /Â¿Mcold ATP. and

2 /ig of GST-c-Jun (1-79) (Santa Cruz Biotechnology). Reactions were incu
bated at 30Â°Cfor 30 min and terminated by the addition of 3x loading buffer

and boiling for 5 min. Samples were size fractionated on 10% Tris-glycine gels
and transferred to Immobilon-P membranes. Radioactivity in GST-c-Jun was

quantified using a Phosphorlmager (Molecular Dynamics, Sunnyvale, CA).
Transient Transfections and Reporter Assays. Cells were plated at

1 X IO5 cells in six-well plates 1 day before transfection. Transfections were

performed by the calcium phosphate procedure (Life Technologies, Inc.). Each
well received I /Â¿gof indicator plasmid (8xGAS-LacZ or ON407.18r3) and 0.5
Â¿igof pCMV-luciferase to normalize transfection efficiency. The plasmid
8xGAS-LacZ (a gift of Dr. Chris Glass. University of California at San Diego,

La Jolla, CA) contains eight repeats of the consensus GAS upstream of the
minimal prolactin promoter. Plasmid ON407.18r3 (obtained from Dr. Scott
Durum. National Cancer Institute, Frederick, MD) encodes three NF-KB bind
ing sites upstream of the lac-Z gene. One day after transfection, medium was
changed to growth medium containing either IFN--y or TNF-a (each at 100

units/ml) for an additional overnight incubation. Extracts were prepared and
assayed for ÃŸ-galactosidase and luciferase activity as described by the manu

facturers (Tropix, Bedford. MA; Promega Corp., Madison, WI).
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i il ilâ€”in n

Cytokines: - + -+--

FAS-
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RESULTS

Ras-transformed Cells Express Greatly Reduced Levels of fas

RNA. The ras oncogene activates signal transduction pathways that
act in a cell autonomous manner to induce cellular transformation. In
addition. Ras alters the expression of genes involved in host-tumor
interactions, such as those encoding VEGF, matrix metalloprotein-

ases, and inhibitors of matrix metalloproteinases (40, 41). These
observations prompted us to examine the effect of oncogenic Ras on
fas gene expression, both under normal growth conditions and in the
presence of inflammatory cytokines that are known to up-regulate/ai

expression. Cell lines were examined in which the lineage between
Ras-transformed clones and the specific parental cells was clearly

established. Expression of fas mRNA was determined after cells were
stimulated overnight in the presence or absence of IFN-y and TNF-a

(each at 100 units/ml). Culture in the presence of these cytokines had
no discernible toxic effects on any of the cell lines studied. As shown
in Fig. 1A, C3H10T'/2 fibroblasts expressed low, basal levels of fas

mRNA that were greatly increased by culture in the presence of
cytokines. We examined three clones derived from C3H10T'/2 that
express H-ras oncogenes harboring position 12 arginine (C3HR12).

valine (C3HT24), or position 61 leucine (C3H61L) mutations. In each
case, basal levels of fas RNA were undetectable by Northern blot
analysis, and cytokine-induced expression was greatly reduced com

pared with the parental line. Similar results were obtained with the
murine melanocyte cell line Melan-a and the Ras-transformed clonal
derivative Melan-a-ras (Fig. IÃŸ).A more detailed analysis of the

effects of individual cytokines was undertaken for NIH3T3 and its
Ras-transformed clones p21 and p22 (Fig. 1C). Parental NIH3T3 cells
expressed low levels oÃfas RNA, which was up-regulated by treat
ment with either IFN-'y or TNF-a, and maximally by the combination

of these cytokines. In contrast, fas RNA was only detected in the p21
and p22 lines after combined cytokine treatment, and the level was
much less than that produced by NIH3T3. To clearly contrast the
inhibitory effects of Ras on fas mRNA levels with other genes known
to be induced by Ras, we examined the expression of i-eg/'mRNA in

these cells (40). Comparison of the level of vegf RNA in NIH3T3 cells
receiving no cytokine with uninduced p21 and p22 cultures shows a
marked increase in veg/expression upon Ras transformation (compare
lanes labeled "None" in Fig. 1C). Cytokines had a minimal effect on

this expression in the Ras clones but significantly increased vegf
expression in the parental cells. These data demonstrated that the raÃ
oncogene differentially regulates the expression of/a.y and vegf UNAs

NIH 3T3 p21 p22

Cytokines:

FAS-Â»

VEGF-

GAPDH- Â§â€¢â€¢â€¢â€¢â€¢â€¢Â«â€¢â€¢â€¢.

pBpuro Ras 1 Ras 2 Ras 3 Ras 4

Â»â€¢â€¢Â»â€¢1

Cytokines: -

FAS-

VEGF-

GAPDH-

Fig. I. Ras transformation inhibits constitutive and cytokine-induced expression of fas
mRNA but up-regulales vegf mRNA. RNA was isolated from cell lines grown under
normal growth conditions ( â€”¿�)or in the presence of IFN-y 4- TNF-a ( + ) or individual

cytokines as indicated. Northern blot analysis was performed and hybridi/ed to the
indicated probes. In A. cell lines used were the C3H10T1/2 parental lines and transformed
clones C3HR12. C3HT24. and C3H61L. RNA from liver (L) and the cell line RAW 267.4
(fi) served as positive controls for fas mRNA expression. B. RNA analysis of the
melanocyte cell line Melan-a and its Ras-transformed derivative Melan-a-ras. RNA from
the CTLL-2 T cell line (O served as a negative control. In C. NIH3T3 cells and
Ras-transformed clones p2l and p22 were grown in each cytokine alone or in combination
as indicated. In D. C3H10T'/; cells were infected with control pBabe-puro (pBpuro) or
pBabe-Ras retroviruses. and RNA was isolated from pools of puromycin-resistant cells 6
days after infection. Gene expression was evaluated in four independent Ras-transformed
pools. GAPDH, glyceraldehyde-3-phosphate dehydrogenase.

under normal growth conditions and in response to cytokine treat
ment.

Inhibition of Fas Expression Is a Direct Result of Ras Trans
formation. The cell lines described above had been passaged exten
sively in vitro, raising the possibility that the effects on Fas expression
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ONCOGENIC Ras INHIBITS Fas-MEDIATED APOPTOSIS

Fig. 2. Cell surface expression of Fas by parental or
Ras-transformed cell lines and pools. Parental cells and
Ras-transformed derivatives were grown overnight in
the presence ( + ) or absence (-) of IFN--y + TNF-a

and stained for the presence of cell surface Fas (^4, B,
and D) or MHC class I (Q. Isotype control (O is
shown for cells after cytokine treatment; this did not
differ from normal growth conditions (data not shown).
In D, the left panel compares Fas expression in a
control C3HpBpuro pool and C3H-pBRas-3 pool cul

tured in the absence of cytokines. Right panel. Fas
expression in these lines after overnight culture in the
presence of IFN--y + TNF-a.
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were due to secondary genetic events rather than Ras transformation.
To test this, we used a highly efficient retrovirus packaging system
(39) to generate pools of Ras-transformed cells that were cultured for
only 6 days before assaying the status of Fas expression. The retro-
viral vector pBabe-Ras was transiently transfected into Bosc23 cells,
and ecotropic retrovirus supernatants were recovered. C3H10T'/2 fi-

broblasts were infected with this virus, or control virus containing the
empty pBabe-puro vector, and selected in medium containing 2 /xg/ml
puromycin. Within 48 h, the entire cultures of pBabe-Ras-infected

cells appeared morphologically transformed, whereas the control cul
tures remained flat. The efficiency of this technique is further attested
to by the observation that few cells in infected cultures were killed by
growth in puromycin at concentrations (2 jitg/ml) that totally elimi
nated uninfected parental cultures. Six days after infection, RNA was
prepared from the control C3H-pBpuro pool or four independent
Ras-transformed pools. As shown in Fig. ID, the control virus-
infected C3H-pBpuro cells expressed levels of constitutive and cyto-
kine-induced/as RNA comparable to that observed in the C3H10T'/2
cell line. All four Ras-transformed pools (Rasi through Ras4) dem

onstrated a marked diminution of fas RNA under both culture condi
tions. The status of vegf RNA expression was also examined. Ras-

transformed pools expressed high levels of vegf RNA compared with
the control C3H-pBpuro cells, and this appeared to be down-regulated

by cytokines. These data indicate that decreased levels oÃfas RNA
occur as a direct result of Ras transformation and are not due to
secondary genetic events.

The Level of Cell Surface Fas Expression Correlates with RNA
Levels. The untransformed cell lines and their transformed clones
were cultured overnight in normal growth medium or in medium
containing IFN-y + TNF-a and stained with anti-Fas MoAb Jo2. As
shown in Fig. 2, A and B, C3H10T'/2 and NIH3T3 expressed above-

background levels of Fas under basal conditions, and this level was
induced ~ 10-fold by the addition of cytokines. In contrast, Ras
transformants express basal levels of Fas that were ~ 10-fold less than

parental levels and barely above the level of isotype control (espe
cially p21 and p22). Treatment of the Ras-transformed lines with
cytokines did up-regulate Fas expression, but the maximal level of

expression only approximated the basal level observed in parental
lines and remained a log below the cytokine-induced levels observed
in the parental cell lines. Ras-transformed cells were not refractory to

expression of other cell surface molecules because the expression of
MHC class I was expressed at equal levels in C3H10T'/2 and the
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ONCOGENIC Ras INHIBITS Fas-MEDIATED APOPTOSIS

Fig. 3. Ras-transformed clones of C3H10T'/2 and NIH3T3
are resistant to Fas-mediated killing. In A, C3H10T'/2 and its
transformed derivatives C3H61L and C3HT24 were cultured
overnight in the presence (dosed symbols) or absence (open
symbols) of INF-y + TNF-a. Cells were labeled with
[" 'Inlox, and IO4targets were plated in 96-well plates. Cells
were cultured for 16 h in medium containing 0.002-1.0
/xg/ml anti-Fas antibody Jo2 (squares), 0.002-1.0 fig/ml
Jo2 + P815 cells (triangles), or 1.0-50 ng/ml of sFasL
(circles). Specific release was determined in triplicate, and
the percentage of cytotoxicity was calculated. Bars, SE. In B,
cultures of NIH3T3 and its Ras-transformed clones p21 and
p22 were treated as described in A. For all transformed lines,
data are shown only for cells grown in the presence of
cytokines; in the absence of cytokine treatment, specific
release was equal to background (data not shown). Bars. SE.

B

O- Â»otFas
-Ã»--*-oFas+P815
0-Â»-sFasL

C3H61L

0.002/10 002/20 1/50

0.002/10 0.02/20
antiFas ( ng/ml ) / sFasL (tig/ml)

1/50 0/1 0.002/10 0.02/20 1/50
antiFas ( IIJMIII)/ sFasL (n.g/ml)

1/50

0.002/10 002/20
antiFas ( ng/ml ) / sFasL (tig/ml)

1/50 0/1 0.002/10 0.02/20 1/50
antiFas ( u.g/ml) / sFasL (r|g/ml)

C3H61L and C3HT24 cell lines (Fig. 2Q. In Fig. 2D. the levels of
cell surface Fas expression were compared in the Ras-retrovirus
transformed C3H-pBRas-3 pool and the control C3H-pBpuro pool.

The assay was performed 6 days after retroviral infection and con
firms that Fas surface expression is a direct result of Ras transforma
tion.

Ras-transformed Cells Are Resistant to Fas-induced Apoptosis.

A critical question was whether the inhibition of Fas expression by
oncogenic Ras was biologically relevant. This was tested in a number
of distinct functional assays that measured apoptosis induced by
cross-linking cell surface Fas. In the initial assay, C3H10T'/2,
NIH3T3, and two Ras-transformed clones derived from each, were
labeled with ['"ln]ox, and incubated in the presence of increasing

doses of sFasL (10-50 ng/ml), anti-Fas antibody Jo2 (0.002-1.0
pig/ml), or Jo2 plus FcR-expressing cell line P815. The percentage of
specific lysis was determined after a 16-h incubation. As shown in
Fig. 3A, cytokine-treated C3H10T'/2 cells were killed in a dose-

dependent manner, with the combination of Jo2 and P815 demonstrat
ing the greatest killing (P815 alone or in combination with control
antibody had no effect; data not shown). In the absence of cytokines,
minimal killing of C3H10T'/2 was observed. The Ras-transformed

clones C3H61L and C3HT24 were totally resistant to killing, even
after cytokine treatment and even in the presence of Jo2 plus P815.
Similar results were obtained with the NIH3T3 lineage cells (Fig. 3ÃŸ).
In this case, however, killing of NIH3T3 cells was also noted in the
absence of cytokines but only when the potent Jo2 + P815 combi
nation was used. The Ras-transformed clones p21 and p22 were quite

resistant to attempts to induce Fas death, even after culture in the
presence of cytokines. For both C3H10T'/2 and NIH3T3, no killing of
cytokine-treated cultures was observed in the absence of Fas-cross-

linking (Fig. 3, leftmost data points).
The susceptibility of the Melan-a and Melan-a-ras lines to apoptosis

was assayed by culture in the presence or absence of cytokines,
followed by the addition of Fas-cross-linking reagents. Photomicro

graphs of cultures were taken at the indicated times, and apoptotic
cells were identified by membrane blebs, retraction of cytoplasm, and
cell shrinkage. The untransformed parental Melan-a cell line under
went apoptosis in a time-dependent manner in response to anti-Fas

antibody Jo2 and to sFasL, but only after treatment with cytokines

(Table 1). Death was apoptotic, because it was markedly inhibited by
the addition of the caspase inhibitor ZVAD-FMK but not the control
inhibitor ZFA-FMK. No apoptosis was observed in cytokine-treated

cultures when control antibody was added. In contrast, the Melan-a-
ras line was completely resistant to Fas-induced apoptosis, even after
24 h in culture with cytokines and cross-linking agents. This assay
yielded similar results with the C3H10T'/2 cell line and its Ras-

transformed clones (Fig. 4). Cytokine-treated C3H10T'/2 cells were

efficiently killed by treatment with Jo2 or sFasL. C3H61 L and
C3HT24 were again resistant to killing. The morphology of
C3H10T'/2 cells induced to undergo apoptosis by culture in the

presence of cytokines and Jo2 is shown in Fig. 5, A-D. Similarly
cultured C3H61 L cells (Fig. 5, E-H) exhibited a normal morphology
and continued to grow to high density, despite the presence of anti-Fas

antibody.

Table 1 Inhibition of FAS-induced apoptosis by oncogenic Ras

CelllineMelan-aMelan-a-rasMelan-aMelan-a-rasTimeTreatmentCytokine"8

h 1 (ig a-FAS+Control
antibody+1

(ig a-Fas (ZVAD)'+1
(ig a-Fas (ZFA)+1
(iga-FASsFasL

+sFasL8

h 1 (ig a-FAS+Control
antibody+sFasL

+24
h \ fig a-FAS+Control

antibody+1
(iga-FASsFasL

+sFasL24

h 1 (ig a-FAS+Control
antibody4-sFasL

+%

apoptosis*31

Â±2.50.6
Â±0.42.5
Â±0.533
Â±3.11.2
Â±1.034
Â±4.40.5
Â±0.40.8
Â±0.61.3
Â±1.02.0
Â±0.450
Â±3.80.8
Â±0.6063

Â±5.80.3
Â±0.31.1

Â±0.80.5
Â±0.50.9
Â±0.6

" Cells were cultured in the presence of IFN-y and TNF-a (100 units/ml eachl added

18 h prior to and during treatment.
h Determined by cell morphology on light microscopy and confirmed by DAPI nuclear

fluorescence.
' ZVAD-FMK or the control ZFA-FMK were added to cultures at 25 JU.M30 min prior

to the addition of a-Fas antibody Jo2.
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Fig. 4. Assay of Ras-induced apoptosis by morphological analysis of treated cells.
C3H10T'/2. C3H61 L, and C3HT24 were cultured overnight in the presence or absence of
IFN-y + TNF-a as indicated and then in medium containing anti-Fas antibody Jo2 (1.0

or 0.2 /ig/ml). isotype matched control antibody (C; 1.0 fig/ml), or sFasL (SFL; 50 ng/ml).
Photographs of cultures were taken 2 and 24 h later, and the percentage of cells displaying
an apoptotic morphology was determined. Bars, SE.

Ras transformation per se Induces Resistance to Fas-mediated
Apoptosis. We next tested the sensitivity of the pools of retrovirus-
infected C3H10T'/2 cells that had been used to evaluate fas RNA
expression levels (Fig. ID). C3H-pBRas pools or C3H-pBpuro con

trol pools were tested 6 days after infection by overnight culture in the
presence or absence of cytokines, followed by the addition of Jo2
MoAb. As shown in Table 2, when the control C3H-pBpuro pool was

cultured in the presence of cytokines and 1 fÂ¿g/mlof Jo2, high levels
of apoptosis were noted (69.5%). Two independently derived Ras-
transformed pools, C3H-pBRas-3 and C3H-pBRas-4, demonstrated

much less killing (19.7 and 27.2%, respectively), although this level
of killing was greater than expected given the previous data. Clonal
cell lines were derived from the C3H-pBRas-3 pool, and killing assays

were performed (Table 2). The majority of clones were morphologi
cally transformed and highly resistant to killing. However, â€”¿�10-20%
of the clones derived from the Ras-3 pool were not morphologically
transformed. One example is C3H-pBRas-13, which was morpholog

ically flat, and was killed with great efficiency. This suggested that the
higher than expected level of Fas-mediated killing of the Ras-3 pool

was due to a minor population of untransformed cells within the pool.
To test this hypothesis, IO6 cells of the C3H-pBRas-3 pool were

injected s.c. into syngeneic C3H/HeJ mice. Tumors grew rapidly in all
animals (>10 X 10 mm2 within 4 weeks; no growth was observed

when C3H-pBpuro cells were injected). Representative tumors were

excised from four animals and used to derive cell lines that were
tested for susceptibility to Fas-mediated apoptosis. As shown in Table
2, whereas the parental C3H-pBRas-3 pool again demonstrated a

significant level of apoptosis (15.2%), the in vivo passaged cell lines
were now completely resistant. These data are most consistent with an
in vivo selection against the minor fraction of nontransformed cells,
with highly malignant Ras transformants growing into tumor nodules.

Retroviral Transduction of a fas cDNA Reverts Ras-trans-

formed Cells to Fas Sensitivity. The previous data suggested that
resistance to Fas-mediated apoptosis in Ras-transformed cells was due

to the inhibition of expression of the endogenous fas gene. However,
it remained possible that oncogenic Ras could induce changes in other
critical components of the apoptotic regulatory machinery that would
contribute to the resistant phenotype. To discriminate between these
possibilities, experiments were performed in which a fas cDNA was
ectopically expressed in Ras-transformed cells, and the susceptibility
of the resulting clones to Fas-induced apoptosis was determined. The

Fig. 5. Relroviral transduction of ufas cDNA restores
Fas-mediated killing in Ras-transformed cells. In A-D.
C3H-pBpuro cells were cultured in the presence of IFN-
y + TNF-a overnight and then for 8 h in the presence of

1.0 Â¿ig/mlcontrol antibody (A and C) or 1.0 Â¿ig/ml
anti-Fas antibody Jo2 (B and D). At that time, photomi
crographs were taken of cell cultures or of fixed, DAPI-
stained cells. E-H. C3H61L-pBpuro cells treated as de

scribed above. Cells in E and G were treated with control
antibody, and F and H with Jo2. l-L, C3H61L-pBFas

clone #27 cells were grown in the absence of cytokines
and then cultured for 8 h in medium containing 1 fig/ml
control antibody (/ and K) or in 1 /ig/ml Jo2 (J and L).
Light microscopy was performed at X320, and DAPI
stained photos are shown at X400.
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Table 2 Ras transformation is sufficient for inhibition of Fas-mediated killing

%apoplosis"Culture

conditions'Cell

linesPrimary
pools'C3H-pBpuro

poolC3H-pBRas-3
poolC3H-pBRas-4

poolC3H-pBras
clones''C3H-pBRas-lC3H-pBRas-2C3H-pBRas-8C3H-pBRas-10C3H-pBRas-12C3H-pBRas-13In

vivo-passagedlines'C3H-pBras-3

pool(control)C3H-pBRas-I.ine
AC3H-pBRas-Line
BC3H-pBRas-Line
CC3H-pBRas-Line

DaFas

( +)69.5

Â±2.919.7
Â±3.427.2
Â±3.82.3

Â±0.73.0
Â±0.87.1
Â±1.02.9
Â±0.93.7
Â±1.193.4
Â±1.415.2

Â±1.52.9
Â±0.61.4
Â±0.62.0
Â±0.62.5
Â±0.7Control

Ab ( +)5.15.34.11.00.90.20.61.60.61.22.02.62.01.4Â±

1.2Â±
1.3Â±
1.1Â±0.4Â±0.4Â±0.1Â±0.4Â±0.8Â±0.3Â±0.5Â±0.6Â±0.7Â±0.6Â±0.5aFas

(-)6.1

Â±1.52.7
Â±1.02.8
Â±1.1NDfNDNDN

DNDNDNDNDNDNDND

" Cells were cultured under the indicated culture conditions for 6 h. and the percentage

of apoptosis was determined by trypan blue exclusion of treated cells.
* Cells were grown in the presence of 1 fig/ml of Â«FasMoAb Jo2 or control antibody.

Where indicated ( + ). media contained 100 units/ml of IFN-y and TNF-a.
' Cells were analyzed 6 days after infection with the pBabe-Ras retrovirus.

Clones were derived from the C3H-pBRas-3 pool.
' ND. not done
7C3H/HeJ mice received injections s.c. with IO6 cells of the C3H-pBRas-3 pool. Two

weeks later, cell lines were derived from four independent tumors (~ 1-cm diameter), and

apoptosis was determined after 4 days of growth in vitro in the absence of puromycin
selection.

Table 3 Apoptolic death of CJH6IL-pBFas clones

%apoptosis"Clone

no.1424192013327286211pBpuro-6(

+)pBpuro-6(
- )MFI*2.16.69.511.713.840.767.067.31031732187315Control

Ab'0.4

Â±0.30.6
Â±0.41.5
Â±0.70.3
Â±0.20.7
Â±0.50.8
Â±0.50.9
Â±0.50.4
Â±0.32.9
Â±1.10.4
Â±0.31.2

Â±0.6NDNDaFas'1.0

Â±0.62.3
Â±0.93.0
Â±1.06.3
Â±1.36.5
Â±1.712.6
Â±1.962.2
Â±2.4(OV48.0
Â±2.8(1.3)''58.3

Â±2.766.4
Â±2.680.0
Â±2.7(17.6)''54.9
Â±2.4(14.3)''2.4

Â±0.9
" The percentage of apoptosis was determined by trypan blue exclusion.
b Mean fluorescence intensity of Jo2 staining of individual clones as determined by

FACS analysis.
' Anti-Fas MoAb Jo2 or isolype-matched control antibody were added to culture media

at 1 ng/ml.
d Percentage of apoptosis in the presence of 25 fiM ZVAD-FMK.

murine fas cDNA was introduced into the Ras-transformed cell line
C3H61L by infection with the pBabe-Fas retrovirus. Puromycin-

resistant clones were isolated and shown to express a wide range of
membrane-associated Fas as determined by flow cytometric analysis

(Table 3 and Fig. 6). The susceptibility of this panel of cells to
Fas-induced apoptosis was proportional to the level of Fas expressed
(Table 3). C3H61L-pBFas clones that expressed low levels of Fas

(i.e., clones 14, 24, and 19) were very resistant to killing. However, as
the level of Fas increased, for instance beginning with clone 3, the
level of killing increased. Of importance, clones 27 and 28 expressed
levels of Fas that were similar to that observed in the cytokine-
induced C3HpBpuro-6 control cell line (mean fluorescence intensity

of 73); these clones were killed as efficiently as the control cell line.
Death was apoptotic, because it was abrogated by culture in the
presence of ZVAD-FMK. The morphological appearance of clone 27
in response to Fas cross-linking is shown in Fig. 5 (I-L). Compared

with control C3H61L-pBpuro cells, clone 27 cells demonstrated cy-

toplasmic blebbing, cell contracture, and nuclear changes character
istic of apoptosis. Because the fas cDNA is expressed from the viral
long terminal repeat promoter, cytokines had no effect on Fas expres
sion levels in the C3H61L-pBFas clones (data not shown). These data

demonstrate that the forced expression of Fas leads to reversion of
Ras-transformed cells from Fas resistance to sensitivity and provides

genetic evidence suggesting that inhibition of expression of the en
dogenous fas gene by oncogenic Ras is the sole mechanism of this
resistance.

Cytokine Signal Transduction Pathways Are Intact in Ras-

transformed Cells. Constitutive expression oÃfas RNA was very low
in the Ras-transformed cell lines, and although cytokine treatment did

increase fas mRNA expression, the maximal level of expression was
still significantly below that of untransformed cell lines. This raised
the question of whether Ras transformation led to a partial inhibition
of cytokine-mediated induction oÃfas mRNA expression. This did not
appear be the case for the C3H10T'/2-derived clones C3H61L and

C3HT24, because culture in the presence of these cytokines did
efficiently up-regulate the cell surface expression of MHC class I

molecules (Fig. 2C). However, no induction of MHC class I was noted
in the NIH3T3-derived clones, and the Melan-a-ras line was interme

diate (data not shown). Therefore, we directly tested the functionality

|

4)
O

C3H-pBabePuro C3H61L-pBabeFas-14

C3H61L-pBabeFas-24 C3H61L-pBabeFas-27

C3H61L-pBabeFas-28 C3H61L-pBabeFas-6

Log Fluorescence Intensity

Fig. 6. Ectopie expression of Fas in C3H61L Ras-transformed cells. C3H61L cells
were infected with the pBabe-Fas retrovirus. and puromycin-resistant clones selected.
Expression of cell surface Fas by individual clones was determined using FITC-Jo2
anti-Fas antibody. In A, the C3H-pBpuro untransformed control line was grown in the
presence ( + ) or absence ( â€”¿�)of cytokines and stained with Jo2 or control (C) antibody.
This demonstrates the level of Fas expression in the cytokine-induced untransformed
parental cell line. B-F, staining of five C3H61L-pBFas clones that express different levels
of Fas. These cells were grown in the absence of cytokines.
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Fig. 7. Cytokine-mediated signal transduction pathways are functional in Ras-trans-
formed cell lines. In A, NIH3T3 and the Ras-transformed clone p21 were cultured for 0.
15, or 30 min in 100 units/ml of IFN-y, and cells were lysed in modified RIPA buffer.
STATI was immunoprecipitated from 500 /ig of protein. Immunoblot analysis of size
fractionated proteins was performed with MoAb 4G10 directed against phosphotyrosine.
Specific binding was detected by ECL. The filter was then stripped and reanalyzed using
antibody directed against STATI p91 and p84 isoforms. Lane I, NIH3T3, no IFN-y
treatment; Lane 2, NIH3T3, 15 min IFN-y; Lane 3. NIH3T3, 30 min IFN-y; Lane 4, p21,
no IFN-y; Lane 5, p21, 15 min IFN-y; Lane 6, p21, 30 min IFN-y treatment. In B,
NIH3T3 or p21 cells were cultured in TNF-a (100 units/ml) for 0, 15, or 30 min, and
JNK/stress-activated protein kinase was immunoprecipitated from cell extracts. Immune
complexes were cultured with the substrate GST-cJun, and phosphorylated GST-cJun was
isolated by SDS-PAGE. Lanes 1-3. NIH3T3 cells cultured for 0, 15, or 30 min in TNF-a:
Lanes 4-6. p2I cells cultures for 0, 15, or 30 min in TNF-a. In C. NIH3T3 or p21 cells
were transiently transfected with the SxGAS indicator plasmid (IFN-y-responsive) or I8r3
plasmid (TNF-a-responsive). Cells were then cultured overnight in the presence of IFN-y
or TNF-a as indicated, and the activity of ÃŸ-galactosidase was determined and normalized

to luciferase expression from a control plasmid. These data are presented as fold increase
in ÃŸ-galactosidase expression compared with control cultures. Experiments were per

formed twice, each with two independent transfections for each data point. Bars, SE.

of the IFN-y and TNF-a signal transduction pathways in these cell
lines. As shown in Fig. 7A, culture of NIH3T3 and the Ras-trans
formed clone p21 in the presence of IFN-y led to the rapid tyrosine

phosphorylation of STATI (42). Thus, proximal signaling via the
IFN-y receptor and JAK1 and JAK2 kinases remained intact in these
cell lines. Similarly, when these cell lines were exposed to TNF-a,
there was a rapid, transient activation of JNK/stress-activated protein

kinase in both cell lines (Fig. IB). Downstream signaling events were
tested by transient transfection assays using indicator plasmids con
taining DNA binding sites for STATI or NF-xB. NIH3T3 and its
Ras-transformed clone p21 were cotransfected with 1 jtg of indicator

plasmid and a luciferase expression vector to control for transfection
efficiency. Transfected cells were cultured in the presence or absence
of IFN-y or TNF-a, and the level of induction of ÃŸ-galactosidase

activity was determined. As shown in Fig. 1C, transfection of NIH3T3
and p21 with the GAS plasmid resulted in a IFN-y-specific activation

of the indicator gene. Similarly, p21 cells were as responsive to
TNF-a-mediated induction of NF-xB activity. Consistent with pub
lished data (43), the basal level of NF-xB activity was significantly
greater in the Ras-transformed clones than in corresponding parental

lines (data not shown). We obtained similar transfection data with
C3H10T'/2 and its Ras-transformed clones. These data indicate that

Ras does not inhibit signal transduction pathways induced by IFN-y
or TNF-a.

DISCUSSION

The multistep progression to cancer occurs by the acquisition of
genetic lesions that enable the cell to traverse the cell cycle in a
manner deregulated from normal environmental growth controls. An
other key element is the strong selection for genetic changes that
enable aberrant cells to escape homeostatic programs that result in
apoptosis. Some well-characterized tumor suppressors and oncogenes

are known to function in this manner, including p53 (4), bd-2 (5), and
bcr-abl (44). In this study, we demonstrated that expression of the ras
oncogene caused a down-regulation of expression of the Fas death

receptor, resulting in a loss of sensitivity to apoptosis mediated by this
pathway.

The experiments were performed with two independent fibroblast
lines of mesenchymal origin, a melanocyte cell line (ectodermal
origin), and their clonally derived Ras transformants. For all three
groups of cell lines, the differences in Fas expression between un-
transformed cells and their Ras-transformed derivatives were very
consistent. In all cases, Ras-transformed clones expressed barely

detectable levels of Fas when cultured in normal growth medium.
Basal expression was up-regulated 5-10-fold by cytokines, but the

maximal level of Fas expression was consistently one log below the
level observed in untransformed parental cell lines. Fas gene expres
sion was regulated at the RNA level, and this correlated directly with
the levels of cell surface Fas protein. A number of independent assays
were used to document susceptibility to Fas-mediated death in re
sponse to receptor cross-linking with antibody or natural ligand.

Untransformed cell lines grown in the absence of cytokines were
generally resistant to Fas-mediated killing (NIH3T3 was an excep

tion) but were rendered sensitive by culture in cytokines. This ap
peared to be due to an up-regulation of surface Fas expression levels
to a threshold required for efficient cross-linking under the experi
mental conditions used. In contrast, Ras-transformants expressed low

levels of Fas, even after culture in the presence of cytokines, and this
level was below the threshold for Fas-induced death, even under the

most stringent assay conditions used. We have not detected the
expression of Fas ligand in any of the parental or Ras-transformed cell

lines described in this report (data not shown).
The inhibition of Fas expression was shown to be a direct result of

transformation by oncogenic Ras. Using retroviral gene transfer, we
were able to generate and test pools of Ras-transformed C3H10T'/2

fibroblasts (each pool containing thousands of independent infection
and integration events) within 1 week of infection; these data mimic
transient transfection assays, although the resultant cells were stable
transformants. Both by RNA analysis and functional assays of sus
ceptibility to apoptosis, the cell pools transformed by pBabe-Ras
expressed lower levels of Fas and were resistant to Fas-induced

apoptosis as compared with control parental cells. Clones derived
from the pools supported these results because Fas expression was
markedly inhibited in all morphologically transformed clones.

Despite the apparent correlation between Ras transformation and
inhibition of Fas expression, resistance to Fas-induced death might

have been mediated by other pathways that were simultaneously
regulated by oncogenic Ras. For instance, it was reported recently that
induction of NF-xB activity was required as a survival mechanism

during Ras transformation (43). In these experiments, inhibition of
NF-xB activity using a dominant inhibitory form of IkBa resulted in
apoptosis of Ras-transformed cells (43). Consistent with these results,
the Ras-transformed clones used in our experiments also expressed an
elevated level of NF-xB activity compared with parental cell lines
(data not shown). It was therefore possible that this NF-xB activity
was responsible for resistance to Fas-induced death. However, this

was shown not to be the case. Using retroviral gene transfer, a murine
fas cDNA was introduced into Ras-transformed C3H61L cells under

transcriptional regulation of the viral long terminal repeat. Stable
clones were isolated that expressed different levels of cell surface Fas.
In these clones, Fas-induced death was proportional to the level of Fas

expression. Furthermore, clones that expressed levels of Fas compa
rable with that of the cytokine-induced parental line were equally
sensitive to Fas-mediated apoptosis. These results would not be ex
pected if NF-xB regulated a downstream pathway that blocked Fas-
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induced apoptosis. Similar logic suggests that Ras-mediated inhibition
of Fas killing is not due to altered expression of Fas-inhibitory

proteins such as FLIP (45) or FAP (46) or by mechanisms that render
cells more resistant to apoptosis in general (such as up-regulation of
Bcl-2 or Bcl-XL). Supporting this idea, the Ras-transformed clones of
NIH3T3 and C3H10T'/2 were as sensitive as parental cell lines to

killing by Adriamycin, a topoisomerase II inhibitor that induces
apoptosis by causing DNA damage (data not shown). These data
suggest that resistance to Fas-induced apoptosis is conferred solely by

the inhibition of fas gene expression mediated by oncogenic Ras. (A
caveat is that the forced, ectopie expression of Fas could alter the
levels of other gene products that positively or negatively regulate
death pathways.) The \-Abl and bcr-abl oncogenes have also been
shown to render cells resistant to Fas-mediated apoptosis; however,

inhibition occurs at a point downstream of Fas, because ectopie
expression of Fas in Bcr-abl-expressing cells did not confer sensitivity
to killing by cross-linking of Fas (44). Thus, oncogenes can inhibit
Fas-induced death by a variety of mechanisms.

The molecular mechanism by which oncogenic Ras inhibits fas
gene expression is presently under investigation. Oncogenic Ras in
hibited constitutive levels of fas gene expression when cells were
cultured under standard growth conditions. It did not appear to inter
fere with the 5-10-fold increase in Fas expression induced by cyto-
kines, and this was confirmed by direct analysis of the IFN-y and
TNF-a signal transduction pathways in Ras-transformed cells. Our

data indicate that regulation of Fas expression occurs at the RNA
level, and because oncogenic Ras alters cell phenotype primarily by
inducing changes in the normal program of gene transcription, we
expect that it inhibits fas gene expression by transcriptional regulation
of the fas promoter. The 5' regulatory region of the human fas

promoter has been cloned and shown to encode potential binding sites
for many transcription factors (47, 48). We predict that oncogenic Ras
disrupts the assembly of the basal transcription machinery on this
promoter in a manner that significantly inhibits its level of expression.
Presumably, up-regulation by cytokines involves recruitment of active
STATI, NF-KB, AP-1, or other transcription factors to this promoter

region (or other regulatory elements) in a manner that enhances
formation of a stable initiation complex (49). We cannot exclude
regulation at the levels of transcript elongation or mRNA stability,
although experiments presently in progress should distinguish be
tween these possibilities.

The down-regulation of Fas expression and Fas-induced apoptosis

by oncogenic Ras could have important implications for tumor biol
ogy. Antitumor immune responses can be mediated by CD4+ or
CDS"1"T cells or natural killer cells, all of which express Fas ligand

and can kill target cells by activation of the Fas-death pathway. In the

setting of an ongoing immune response, tumor cells lacking Fas would
have a survival advantage, especially against tumor antigen-specific
CD4+ T cells that lack the perform pathway of target cell lysis. The

role of Fas in tumor development in vivo has been demonstrated in
experiments with transgenic mice expressing the L-myc oncogene

under the transcriptional regulation of the immunoglobulin enhancer
(50). When the E/x L-myc transgene was crossed into an Ipr/lpr
background, the incidence and rate of onset of T- and B-cell lympho-

mas were markedly increased as compared with control animals in
which the L-myc transgene was expressed in normal syngeneic ani
mals. Interestingly, similar experiments using thep/m-/ oncogene did

not show this effect, suggesting that the cooperation between onco
genes and Fas in the induction of tumors may be oncogene specific
(51).

Inhibition of Fas expression by the ras oncogene may play a role in
another phenomenon that has been known for many years, i.e., the
cooperation of the myc and ras oncogenes in transformation in vitro

and in vivo. Growth-promoting oncogenes like myc or the adenovirus

EIA gene product often send two conflicting signals to cells. They are
potent inducers of cell cycle progression but at the same time lead to
the induction of apoptosis if cell survival factors, such as growth
factors (e.g., insulin-like growth factor 1 or platelet-derived growth

factor), are limiting (6, 52). Until recently, the mechanism by which
Myc promoted apoptosis was unknown, but data now indicate that this
occurs through the Fas-FasL death pathway (29). The molecular

details of the events regulating this remain to be elucidated and could
include changes in the levels of expression of Fas or FasL or by
Myc-induced suppression of a downstream inhibitor of the Fas path
way (29). The requirement of cell surface Fas expression for Myc-

induced apoptosis suggests that the inhibition of Fas expression by the
ras oncogene could abrogate the Myc-induced apoptosis pathway in

cells that expressed both oncogenes. The contrasting growth patterns
of mammary tumors arising in MMTV-myc, MMTV-ras, and
MMTV-myc/ras double transgenic mice indicate that this could be

true in vivo (53).
In summary, the data presented in this report indicate that the ras

oncogene potentiates tumor cell survival by inhibiting the expres
sion of the Fas death receptor, thus rendering Ras-transformed
cells resistant to Fas-induced apoptosis. Because mutations in the
ras oncogene occur in â€”¿�30%of human cancers arising in a wide

variety of tissues, it will be important to determine whether the
observations made in this report extend to naturally occurring
human tumors. It is likely that in different cell types, the interac
tions between the myriad pathways regulating apoptotic programs
in response to various stimuli will differ. It has been noted that Fas
expression is decreased in some malignant cells compared with
adjacent normal cells (17); however, the mechanism involved
remains to be determined. Furthermore, the sensitivity of cells to
Fas-induced apoptosis does not always correlate with the level of

expression of cell surface Fas (20, 54). This is not surprising, given
the growing complexity of regulation of the Fas pathway and the
potential to block its death signal at a variety of points downstream
of Fas. The genetic heterogeneity of human tumors will make the
analysis of contributions of various apoptosis regulators to apop
tosis of human tumors complex. This report demonstrates that the
ras oncogene can promote tumorigenesis by inhibiting apoptosis
and identifies a new mechanism by which this can occur.
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