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Abstract

Autonomous production of cytokines such as the hematopoi-
etic colony-stimulating factors (CSFs), IL-1, or IL-6 has been
demonstrated in numerous human and murine neoplasms, and
may be involved in the pathogenesis of several paraneoplastic
syndromes such as leukocytosis, fever, and hypercalcemia.
Because of the high frequency with which mutations in ras
protooncogenes have been detected in human tumors, as well
as evidence linking ras gene products to activation of certain
cellular functions, we investigated whether ras mutations
might influence the regulation of cytokine genes. Normal
human fibroblasts transfected with a mutant val"2 H-ras onco-
gene expressed increased levels of mRNAtranscripts encoding
granulocyte-CSF (G-CSF), granulocyte-macrophage-CSF
(GM-CSF), and IL-1, compared with controls. Humanmeso-
thelioma cells transfected with a mutant asp'2 N-ras oncogene
exhibited similar alterations in cytokine gene expression. Esti-
mates of transcriptional activity by nuclear run-on analysis
revealed a selective increase in transcription only for the IL-1
gene. Analysis of mRNAhalf-life demonstrated a marked in-
crease in the stability of numerous cytokine transcripts, in-
cluding G-CSF, GM-CSF, IL-1, and IL-6. The addition of
anti-IL-I neutralizing antibody to cultures of cells expressing
ras mutants did not block the expression of any of the cyto-
kines examined, suggesting that the baseline expression of
GM-CSF, G-CSF, and IL-6 was not a secondary event due to
the increased transcription of IL-1. These results indicate that
mutations in ras genes may alter expression of several cytokine
genes through both transcriptional and posttranscriptional
mechanisms. (J. Clin. Invest. 1990. 86:1261-1269.) Key
words: colony-stimulating factors * interleukins * mRNAsta-
bility * oncogenes

Introduction
The mechanisms that control the production of hematopoietic
growth factors (HGFs)' such as granulocyte-macrophage col-
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ony-stimulating factor (GM-CSF), granulocyte CSF(G-CSF),
macrophage CSF(M-CSF), IL-l, and IL-6 by human cells are
complex and poorly understood (1-4). These cytokines can be
produced by a wide variety of normal cell types, including T
lymphocytes, monocytes, B lymphocytes, fibroblasts, vascular
endothelial cells, certain epithelial cells, and mesothelial cells
(1-3, 5-14). The production of each of these glycoprotein fac-
tors may be induced in normal cells by exposure to specific
stimuli such as bacterial endotoxin or tumor necrosis factor
(TNF) (5-13, 15-19). After stimulation, cytokine production
is typically short-lived, even in the continued presence of the
inducing stimulus (7, 12). In many cell types, multiple cyto-
kine genes are induced simultaneously in response to activat-
ing stimuli. For example, treatment of endothelial cells or fi-
broblasts with TNFrapidly induces concomitant expression of
GM-CSF, G-CSF, IL-1, and IL-6 (6, 17-19). However, in
other cell types such as T cells, treatment with the same in-
ducing agents stimulates production of only GM-CSF(2, 3,
20). Similarly, treatment of monocytes with interferon-gamma
induces expression of both G-CSF and M-CSF, while treat-
ment with endotoxin selectively induces expression of G-CSF
alone (7, 12). Thus, different mechanisms exist to allow in-
duction of HGFgene expression in various cell types either in
a manner that leads to simultaneous, coordinated production
of multiple cytokines or that selectively enhances expression of
an individual cytokine.

The regulatory mechanisms that control either coordinated
or selective expression of cytokines remain obscure. There is
limited evidence that certain coordinate control mechanisms
might involve transcriptional control of multiple cytokine
genes (21), while posttranscriptional control mechanisms are
also believed to be important. For example, the mRNAprod-
ucts of many cytokine genes have AU-rich nucleotide se-
quences in the 3'-untranslated region that confer instability
upon the mRNAtranscript (22, 23), and cytokine induction
after stimulation is associated with increased mRNAhalf-life
(7, 17, 22).

Aberrant HGFgene regulation has been observed fre-
quently in malignant cells. Abnormal constitutive production
of HGFs has been documented in cells derived from carci-
nomas of the gastrointestinal tract, genitourinary tract, and
lung, as well as sarcomas, multiple myelomas, and many types
of leukemias (24-32). In many of these neoplasms, constitu-
tive production of several HGFs occurs. For example, the
bladder carcinoma cell line 5637 constitutively secretes GM-
CSF, G-CSF, and IL- I, while normal bladder epithelial cells do
not produce HGFsunless stimulated (24). This finding could
be explained by postulating that 5637 cells possess multiple
mutations involving the regulatory regions of each of these
cytokine genes, but it is more likely that a common, trans-act-
ing regulatory mechanism has been perturbed, resulting in co-
ordinate expression of several cytokines.
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During preliminary studies of HGFgene regulation, we
found that human fibroblasts which express an H-ras onco-
gene constitutively produced GM-CSF. Since mutations in the
ras family of protooncogenes are frequently observed in the
same types of neoplasms that produce HGFs(33-38), we have
investigated the effects of introducing ras oncogenes into
human cells that do not constitutively produce HGFs. Pre-
vious studies have shown that the introduction of a mutant
H-ras oncogene alone into normal human cells is generally
insufficient to cause malignant transformation (39), but it may
alter several cell characteristics. For example, expression of ras
mutants in human fibroblasts and mesothelial cells induces
morphologic alterations and a decreased requirement for a
polypeptide growth factor due to secretion of an autocrine
mitogen (40). The studies presented here suggest that expres-
sion of mutant ras genes can stimulate mechanisms which
result in the coordinate expression of multiple cytokine genes,
including GM-CSF, G-CSF, IL-1, and IL-6. Further, the re-
sults suggest that a major component of this profound alter-
ation in cytokine gene regulation is mediated through changes
in mRNAstability that are normally under the strict control of
exogenous signals.

Methods

Cells and culture conditions. The normal diploid human fibroblast
strain R2F, cultured from newborn foreskin, was cultured in Ml99/
MCDB105medium supplemented with 7% fetal calf serum (all pur-
chased from Sigma Chemical Co., St. Louis, MO) as previously de-
scribed (14, 40, 41). The human mesothelioma cell line JMN(gift of
Dr. A. Behbehani) (42) was cultured in RPMI 1640 medium (Gibco
Laboratories, Grand Island, NewYork) supplemented with 10% fetal
calf serum, 2% glutamine, and 1% penicillin/streptomycin. As speci-
fied, additions to the culture media in certain experiments included the
following: recombinant human tumor necrosis factor (Asahi Chemical
Co., New York), recombinant human IL-lIa (gift of Dr. U. Gubler,
Roche Research Institute, Nutley, NJ), recombinant human IL-1:3
(Endogen, Inc., Boston, MA), or polyclonal neutralizing anti-IL- 1 an-
tisera (gift of Dr. R. Chizzonite, Roche Research Institute).

Plasmids and transfections. Early passage R2F human fibroblasts
expressing ras oncogenes were prepared and described in a previous
work (40). In brief, R2F cultures were transfected with plasmid DNA
by calcium phosphate-DNA coprecipitation. G418-resistant clones
were selected from cotransfections of pSV2neo (43) and the human
val'2 mutant H-ras oncogene (44, 45), or by control transfections using
pSV2neo alone. Clones expressing the mutant H-ras gene were ex-
panded, and clones 9, 13, and 19 (40) were examined in this study for
cytokine gene expression.

JMNhuman mesothelioma cells were transfected by electropora-
tion using either pSV2neo alone or a pZIP-derived retroviral vector
(46) encoding both neomycin resistance and the human asp'2 mutant
N-ras oncogene. This mutant N-ras oncogene was derived from the
human teratocarcinoma cell line PA1 (47). Both plasmids were linear-
ized by a Pvu I digestion before transfection. A Cell-porator apparatus
(Bethesda Research Laboratories, Bethesda, MD) was used for the
electroporations. Stable JMN transfectants were selected in medium
containing G418 (Geneticin; Gibco Laboratories), 0.4 mg/ml. G418-
resistant JMNtransfectants were subsequently expanded either as indi-
vidual clones or as pools of cells.

Expression of the mutant p21 ras protein product of the transfected
ras oncogenes was confirmed either by immunoblot detection (40) or
by immunoprecipitation using the rat anti-p2 1ras monoclonal anti-
body Y13-259 (48) (data not shown). Differentiation of normal
p2 Iras proteins from the mutant versions was based upon differences

in electrophorectic mobility of the p21 as proteins, as previously
described (48).

Northern blot analysis. Cells were scraped from preconfluent cul-
ture plates, pelleted, lysed in 4 Mguanidium isothiocyanate, and
layered over 5.7 Mcesium chloride. The RNApellets were recovered
after ultracentrifugation at 100,000 g at 20'C for 18 h, resuspended in
diethylpyrocarbonate-treated water, and precipitated with ethanol. 10
jig samples of total cellular RNAwere run on 1.2% agarose gels con-
taining 6% formaldehyde. After electrophoresis, the RNAwas blotted
to a synthetic nylon transfer membrane (Gene Screen Plus; E. I. Du-
Pont, Wilmington, DE).

Membranes were prehybridized for 1 h at 650C in a buffer con-
taining 1% SDS, 1 MNaCl, and 10% dextran sulfate, then hybridized
in the same buffer to which 100 jg/ml salmon sperm DNAand 2.5
X 105 cpm/ml 32P-labeled cDNAprobe were added. Membranes were
washed in 2X standard saline citrate (SSC) for 10 min, 2X SSC/1%
SDS for 1 h at 650C, and 0.1 X SSC for 1 h at room temperature.
Autoradiograms were then prepared using intensifying screens.

Plasmids containing cDNAs encoding human M-CSF, G-CSF,
GM-CSF, IL-lI#, IL-3, IL-4, IL-5, and IL-6 were generously supplied
by Dr. Steven Clark and Dr. Gordon Wong(Genetics Institute, Cam-
bridge, MA). A plasmid containing the human IL- l a cDNAwas gen-
erously provided by Dr. Ueli Gubler (Hoffmann-La Roche, Nutley,
NJ). The 4.0-kb M-CSF transcript, the 1.8-kb G-CSF mRNA, the
0.8-kb GM-CSFmRNA, the 1.8-kb IL-1IB mRNA, the 2.2-kb IL-la
mRNA, and the 0.8-kb IL-6 transcript were detected using radiola-
beled cDNA probes. These were labeled with [32P]dCTP to a specific
activity of - 109 cpm/Lg using the random hexanucleotide primer
technique (49). At a later date, blots were rehybridized to a 32P-labeled
,B-actin cDNAprobe as a control for minor variations in RNAsample
loading. Actin hybridization patterns correlated well with visualization
of the 28s and 1 8s ribosomal RNAbands by ethidium bromide stain-
ing (data not shown).

Southern blot analysis. Genomic DNAwas prepared from precon-
fluent cultures using the SDS/proteinase Kmethod with modifications
as previously described (50, 51). After phenol/chloroform extraction
and ethanol precipitation, 15 ,g of DNAwas digested completely with
restriction enzymes (New England BioLabs, Beverly, MA). Electro-
phoresis of the digested DNAwas then performed on 1% agarose gels,
and the DNAwas blotted to Nitroplus-2000 transfer membranes (Mi-
cron Separations, Westborough, MA). Prehybridizations were then
performed overnight at 42°C in buffer containing 50% formamide, 0.8
MNaCl, 4X Denhardt's solution, 0.5% MOPS, 100 ug/ml salmon
sperm DNA, and 0.025% Sarkosyl. Hybridizations were performed
overnight at 42°C in the same buffer used for prehybridizations with
the addition of 5%dextran and radiolabeled probe. Probes were labeled
as per Northern blot technique and used at a final concentration of 3
x 105 cpm/ml. Blots were washed for 30 min at room temperature in
buffer containing 2X SET, 0.1% sarcosine, 0.05% Na pyrophosphate,
then washed again for 1 h at 65°C in buffer containing 0.2X SET, 0. 1%
sarcosine, 0.05% Na pyrophosphate. Autoradiograms were then pre-
pared of the dried blots.

Transcriptional run-on assays. Nascent nuclear RNAtranscripts
were elongated and radiolabeled as previously described (52, 53) with
modifications (7, 54). In brief, cells were permeabilized in situ with
digitonin (Sigma Chemical Co.), washed, scraped, and resuspended on
ice at 108 cells/ml. The permeabilized cell suspension was then incu-
bated for 30 min at 37°C in labeling buffer containing 200 ACi [32p]_
UTP(Amersham Corp., Arlington Heights, IL), 500 ,M each of ATP,
CTP, GTP (Pharmacia Fine Chemicals, Piscataway, NJ), and 20%
glycerol. Cells were then pelletted and resuspended in buffer contain-
ing 10 mMTris, 1 mMEDTA, 100 mMNaCl, 10 mMMgCl2, to
which was added 15 UDNAse I (Promega Biotec., Madison, WI) and 3
U of RNAsin (Promega Biotec.), then incubated further (26°C, 15
min). The samples were then treated with proteinase K, 700 Ag/ml
final concentration (Bethesda Research Laboratories, Bethesda, MD),
in the presence of 0.7% SDS (37°C, 30 min). After extraction with
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phenol and chloroform, the radiolabeled RNAwas ethanol precipi-
tated twice.

Plasmid DNA (containing both the plasmid sequence and the
cDNAcoding inserts) was denatured by heat and alkalinization. Dena-
tured plasmids (5 ug each) were bound to Nitroplus-2000 membranes
(Micron Separations, Westborough, MA) using a slot-blot apparatus
(Schleicher and Schuell, Keene, NH). After prehybridization of the
membranes (650C, overnight), labeled elongated RNAspecies (mini-
mumof 5 X l0' cpm/ml) were hybridized to the membrane-bound
denatured plasmid DNAs in hybridization buffer (10 mMTES, 300
mMNaCi, 10 mMEDTA, 0.02% SDS) at 650C for a minimum of 36
h. The membranes were then washed with 0.2X SSC, 0.1% SDS at
650C for 1 h, treated with RNase A (Sigma Chemical Co.) (10 zg/ml in
2X SSCfor 30 min at 370C), and washed again to a final stringency of
0.2X SSC, 0.1% SDS at 250C for 1 h. Autoradiograms were then
prepared using the dried membranes.

mRNAhalf-life analysis. Actinomycin D (Sigma Chemical Co.)
was added to cultures to a final concentration of 5 Ag/ml. Using a
[3Hluridine incorporation assay, this concentration of actinomycin D
was shown to abolish completely new RNA synthesis in both the
parental cells and the stable transfectants used in these experiments
(data not shown). After addition of actinomycin D to cultures, cells
were collected at the times noted, cooled on ice, and utilized immedi-
ately for RNApreparation.

Densitometric analysis of autoradiograms. Autoradiograms were
scanned with an Ultroscan XL laser densitometer (LKB Produkter,
Uppsala, Sweden). Comparisons between samples, as noted in the text,
were made after normalization to jl-actin mRNAlevels for Northern
blots. In the case of transcriptional run-on assays, quantitative compar-
isons were made following normalization to signals from either ,B-actin
or human repetitive Alu sequences (from the plasmid BLUR8 [55]).

Bioassays for CSA. Cell-free media from subconfluent cultures
were collected, filtered, and assayed for CSFactivity. Purified human
bone marrow mononuclear cells from a normal volunteer were used as
indicator cells for CSFactivity. Conditioned medium (CM) from the
5637 bladder carcinoma cell line (obtained from ATCC, Rockville,
MD), which autonomously produces CSFs, was used as a positive
control. Bone marrow mononuclear cells were cultured at 5 X I04
cells/ml in the overlayer of a double-agar assay system for CFU-GM.
The overlayer contained 0.3% agar and 20% fetal bovine serum in
Iscove's modified Dulbecco's minimal essential medium. The CMto
be tested was incorporated in a 0.5% agar underlayer in Iscove's modi-
fied Dulbecco's minimal essential medium so that the final concentra-
tion of CMin the culture was 10%. CFU-GMwere stained and
counted on day 14.

Results

The ability of normal human dermal fibroblasts to express
selected cytokine genes in vitro after exposure to known in-
ducing stimuli was first evaluated. TNFor bacterial endotoxin
induce normal fibroblasts (strain R2F) to express genes for
IL-lI#, G-CSF, and GM-CSF (Fig. 1; data not shown). The
kinetics of this induction are similar to endotoxin induction of
CSFgene expression in human blood monocytes (7) or mouse
peritoneal macrophages (5). G-CSF and/or GM-CSFtran-
scripts accumulate to peak levels by 2 to 10 h after exposure to
the inducing agent, followed by a decline in transcripts to base-
line levels within 18 to 36 h, despite continued exposure to the
inducer. In contrast, introduction of a mutant val'2 H-ras on-
cogene into R2F fibroblasts (40) was found to induce consti-
tutive expression of several cytokine genes, including G-CSF,
GM-CSF, and IL- I# in three independent subclones (Fig. 1).
M-CSFmRNAwas expressed by the parental fibroblasts, and
its expression was not altered in the cells expressing the mutant

(a)
Control +vall H-ras

X 7

M-CSF -

G-CSF -o

GM-CSF- .

Actin -o

(b)
Control +va 12H-ras
C TNF C TNF

Id IL-1 3

S
I

__MW
_ *- Acti n

Figure 1. Northern blot analysis of mRNAexpression of several cy-
tokine genes in control and ras-transfected human fibroblasts, strain
R2F. (a) Baseline expression of CSFtranscripts in control R2F fibro-
blasts and a stable clone of R2F cells which express the mutant val'2
H-ras oncogene. While there was some variability in the levels of
G-CSF and GM-CSFtranscripts noted between different clones of
stable ras-transfectants, these patterns were reproduced in at least
four separate experiments. The unmarked band at 3.3 kb (be-
tween the M-CSFand G-CSF bands) has been previously observed in
blots hybridized to this cDNAprobe for GM-CSF(26), and its signif-
icance remains unknown. (b) Baseline and TNF-induced expression
of IL, I, transcripts in control R2F fibroblasts and a stable clone of
R2F cells expressing the mutant val'2 H-ras oncogene. C, control cul-
ture conditions; TNF, cells exposed to TNF, 100 U/ml X 22 h.
These results are representative of three separate clones examined in
at least four experiments.

H-ras gene. The pattern of cytokine gene expression in fibro-
blasts transfected with pSV2neo alone was unchanged from
that seen in the parental R2F cells. In contrast to the regulated
induction and suppression of CSFgenes characteristic of nor-
mal cells, exposure to TNF did not further augment the high
level autonomous expression of G-CSF and IL- 1B transcripts,
while GM-CSFexpression was minimally increased by TNF
(Fig. 1 b; data not shown).

The secretion of biologically active CSFs by the mutant
ras-transfected R2F cells was confirmed by a semiquantitative
cell proliferation bioassay which would detect both G-CSFand
GM-CSF; IL-l activity was not measured (Table I). Condi-
tioned media from each of the mutant ras-transfected fibro-
blast clones tested contained higher levels of CSFactivity than
media from control cells. This is consistent with work in other
systems, in which production of biologically active CSFs is
associated with increased levels of detectable mRNAtran-
scripts on Northern blots (26).

Further studies of the association between mutant ras ex-
pression and alterations in cytokine gene expression were un-
dertaken in a second cell type with a different ras oncogene in
order to test the generalizability of the results obtained in the
R2F fibroblasts. Wehave previously characterized the regula-
tion of CSF genes in normal human mesothelial cells and
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Table I. Secretion of Biologically Active Colony-stimulating
Factors by Clones of Transfected R2FFibroblasts

Source of conditioned media* CFU-GM/5 X 104 cells*

R2F-neo control transfectants 25
R2F-Ras, clone 9 47
R2F-Ras, clone 19 67
5637 cell line 190

* Cells were grown to subconfluent concentrations, and cell-free
media were collected, filtered, and assayed for CSFactivity.
t Bone marrow mononuclear cells from normal volunteers were used
as indicator cells for CSFactivity as noted in the text. Conditioned
medium from the 5637 bladder carcinoma cell line, which constitu-
tively secretes HGFs, was used as a positive control. CFU-GMwere
stained and counted on day 14. The results listed represent the mean
of triplicate cultures with a standard error of . 20% for each value.

mesothelioma cell lines (14). The human mesothelioma cell
line JMN, was chosen as a model system for several reasons:
JMNcells express only M-CSFtranscripts under baseline con-
ditions in vitro, but can be stimulated to express high levels of
mRNAfor other cytokines including G-CSF, GM-CSF, IL-lI3,
and IL-6; and the parental JMNcell line did not possess en-
dogenous codon 12 mutations in the native p2 l I protein (40).
JMNcells were transfected by electroporation with either
pSV2neo alone or a pZIP-derived vector encoding both neo-
mycin resistance and a mutant N-ras oncogene. G418-resis-
tant cells were then selected and expanded as either individual
clones or as grouped pools of stable transfectants. Southern
analysis of DNA from clonal transfectants revealed a single
copy of the neo gene incorporated per clone, while similar
analysis of DNAfrom pools of transfectants yielded a smear
pattern rather than a single distinct band, consistent with a
series of random insertion sites for the incorporated neo gene
in different individual transfected cells (data not shown).

Fig. 2 represents typical results of Northern analysis of
cytokine gene expression in parental, neo-only, and N-ras/
neo-transfected JMNcells. No differences were noted between
the cytokine gene expression of clonal transfectants versus
pooled groups of transfectants (data not shown). Neither the
parental JMN cells nor those transfected with pSV2neo ex-
pressed levels of mRNAfor either IL-1# or GM-CSFdetect-
able by Northern blotting. In contrast, the N-ras/neo-trans-
fected JMNcells expressed high levels of transcripts for both of
these cytokines, as well as for mRNAencoding G-CSF, IL- l a,
and IL-6 (Fig. 4; data not shown). Northern analysis of RNA
from the parental JMNcells or either transfectant revealed no
transcripts for several other cytokines examined, including
IL-3, IL-4, IL-5, and TNF.

To estimate transcriptional activity in the JMNcells, nu-
clear run-on assays were performed. As shown in Fig. 3, base-
line transcriptional activity for several cytokine genes was evi-
dent in the parental JMNcells and both stable transfectants,
despite the lack of detectable transcript levels by Northern
analysis in the parental JMN cells and the pSV2neo-only
transfectants. This is consistent with previous reports of the
importance of posttranscriptional control for cytokine mRNA
transcripts and the relatively low sensitivity of Northern analy-

sis (7, 17). The level of nonspecific background hybridization
was higher in both the pSV2neo and the pZIP-N-ras transfec-
tants studied in three separate experiments. This may reflect
the fact that the cDNA inserts were not digested out of the
plasmids before denaturation and adherence to the hybridiza-
tion membrane. Transcription of either the f#-actin gene or
human Alu repetitive sequences were used as controls for nor-
malization following densitometric quantification of autora-
diograms; equivalent results were obtained when either was
used for normalization. No changes were noted in the rates of
transcription for GM-CSF, G-CSF, M-CSF, or IL-6 between
the parental JMN cells, the pSV2neo transfectants, and the
pZIP-N-ras transfectants studied. However, there was a > 20-
fold increase in the estimated rate of transcription for IL-I,
and a 3-fold increase in the rate of IL- l a transcription noted in
the JMNtransfectants expressing the mutant N-ras oncogene
compared with the parental cells. JMN cells expressing neo
only, showed no increase in the transcription of IL-lI3 and a
minor (twofold) increase in the transcription of IL-la. Thus,
the increased expression of the IL- 1# gene in cells expressing a
mutant p2 I' involved transcriptional activation, at least in
part. No such increase in transcription was evident to explain
the aberrantly high baseline levels of transcripts for G-CSF,
GM-CSF, and IL-6 in the ras transfectants. This suggested that
posttranscriptional mechanisms may be important.* 2 3

< IL-1lB

_*- GM-CSF

28s Ethidium
Bromide

18s Staining

Figure 2. Expression of a mutant asp'2 N-ras oncogene in JMN
human mesothelioma cells associated with increased expression of
the IL- Il and GM-CSFgenes. Northern blot of RNAfrom parental
cells (lane 1), pooled cells stably transfected with pSV2neo (lane 2),
and pooled cells stably transfected with the pZIP vector encoding the
N-ras oncogene, as noted in Methods (lane 3). (Insert) Ethidium bro-
mide staining pattern of gel.
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3 sidered the possibility that the ras oncogenes were specifically
inducing IL-1, which then secondarily induced GM-CSFand
G-CSF by transducing a signal through activated endogenous
IL-I receptors. Both IL-I a and IL- 1: were found to induce

are ~~~expression of IL-I1/, IL-ila, GM-CSF, G-CSF, and IL-6 in
JMNcells (data not shown). Wetherefore attempted to block
the action of secreted IL-I1: by incubating the ras-transfected
JMNcells with a high concentration of polyclonal neutralizing
anti-IL- I antiserum. No changes in the levels of cytokine tran-
scripts in the ras-transfected JMNcells were noted in the pres-
ence of anti-IL-I antisera for time periods up to 48 h compared
to ras-transfected cells incubated without anti-IL-I antibodies
(data not shown). The concentration of antiserum was suffi-
cient to neutralize > 1,000 U/ml of IL- I activity. It is possible,
however, that IL-i produced in an autocrine manner might
bind to intracellular IL-i receptors and not be blocked by
anti-IL-I antibodies.

N*s

M-CSF _.1
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Figure 3. Nuclear run-on assay to estimate rates of transcription of
various genes in parental JMNcells (lane 1), pooled JMNcells stably
transfected with pSV2neo (lane 2), and pooled JMNcells stably
transfected with the mutant asp'2 N-ras oncogene (lane 3). Plasmids
containing cDNAinserts encoding the human gene sequences listed
in the left margin were denatured and slot-blotted onto a support
membrane, then radiolabeled RNAfrom the cells were hybridized to
the membranes as listed in Methods. These data are representative of
three separate run-on assays. 290 represents a plasmid backbone
without any human coding insert; both pSV2neo and ras-transfected
cells exhibited increased background signals as evidenced by binding
to 290 sequences. The JMNcells expressing the mutant ras oncogene

consistently exhibited increased transcription of the IL- Il gene

(> 20-fold). Minimally increased transcription (twofold) of IL- a was

also evident in pSV2neo and ras-transfected cells. Densitometric
analysis of all remaining signals normalized to either fl-actin or

human ALU sequence signals revealed no differences between con-

trol or transfected JMNcells.

Possible changes in mRNAstability due to alterations in
posttranscriptional processing were examined by estimating
transcript half-lives, using actinomycin-D to block new RNA
synthesis (Fig. 4). The estimated half-lives were > 10 h for
several cytokine transcripts examined in the ras-transfected
JMNcells, including IL- I/, GM-CSF, and IL-6. In compari-
son, half-life analysis of mRNAtranscripts from the JMNcells
transfected with pSV2neo alone, could be performed only after
the cells were stimulated by exposure to phorbol ester, since
the uninduced cells showed no detectable transcripts for IL- I1/,
GM-CSF, or IL-6 by Northern blotting (Fig. 4, b and c). After
exposure to PMA, JMNcells expressing neo alone had tran-
scripts for GM-CSFwhich had an estimated half-life of 2.5 h,
consistent with previous reports of the PMA-induced increase
in stability of this cytokine transcript (7, 17).

Since IL- I is known to induce expression of GM-CSFand
G-CSF in fibroblasts and other cell types (8-11, 59), we con-

Discussion

In this study, we have investigated the effects of mutant ras

oncogene expression on a commonly observed phenotypic
property of neoplastic cells, aberrant cytokine production. Our
results demonstrate that expression of a mutant ras oncogene

in at least two different cell types, fibroblasts and mesothelial
cells, is associated with significant alterations in the regulation
of genes encoding several cytokines, including IL- I a, IL- 1 ,

G-CSF, GM-CSF, and IL-6. Further, our data suggest that the
mechanism is likely to involve activation of signal transduc-
tion pathways which normally regulate expression of numer-

ous cytokine genes, rather than individual mutational events
in multiple cytokine genes.

The mechanisms that control production of cytokines by
normal human cells are complex (1). Posttranscriptional pro-

cessing of mRNAtranscripts represents a significant control
point for gene expression, as does the rate of gene transcrip-
tion. Nuclear run-on assays have indicated that normal human
fibroblasts constitutively transcribe the GM-CSFgene, al-
though GM-CSFmRNAis undetectable by Northern analysis
in unstimulated cells (7, 11, 17). Exposure of fibroblasts to
TNFor LPS results in the accumulation of GM-CSFmRNA,
mediated by increases in both mRNAstability and the rate of
transcription (17). Murine peritoneal macrophages induced by
inflammatory mediators accumulate GM-CSFmRNApri-
marily by posttranscriptional mechanisms (5). Posttranscrip-
tional regulation is also critical for G-CSFand M-CSFproduc-
tion by human monocytes (7).

Our data indicate that the aberrant cytokine gene expres-

sion associated with expression of mutant ras oncogenes is the
result of alterations in both transcriptional activity (in the case

of IL- 1/3) and posttranscriptional processing (IL- 1/3, GM-CSF,
G-CSF, and IL-6). Examination of individual clones of stable
transfectants revealed one copy of the transferred gene per

clone with apparently random insertion sites. This suggests
that the transcriptional activation of IL- I3 was not due simply
to insertion of promoter elements near the IL-1 gene. This
remains a formal possibility, however, and insertional activa-
tion of cytokine genes by retroviruses has previously been re-

ported (60). The small increase in the rate of IL-I a transcrip-
tion noted in the ras transfectants is of unclear significance,
since a small increase in IL-I a transcription was also seen in
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the control nec-only transfectants, which did not exhibit aber-
rant cytokine gene expression. The increased background hy-
bridization noted in nuclear run-on assays of both the neo-
only and ras-transfected cells may be due to binding of plas-
mid sequences transcribed into cellular RNAto the plasmid
DNAattached to the support membrane.

The mechanism by which expression of a mutant p2 1'
protein induces IL- I, gene transcription is of interest. It has
recently been reported that the product of the val'2 H-ras on-
cogene stimulates c-fos transcription by activating the fos
serum-response element via a pathway independent of both
protein kinase C (PKC) and protein kinase A (61). However,
other data suggest that ras proteins modulate transcriptional
activity through PKC (62). Activation of PKC by phorbol
diesters is known to stimulate IL-I,3 transcription (1, 58) and
expression of multiple cytokine genes (1, 7, 17, 22). Further
studies of the role of PKCin the induction of HGFgene ex-
pression associated with ras oncogenes are warranted.

Wealso observed that the expression of a ras oncogene
results in markedly increased stability of the mRNAspecies
encoding IL-I/3, IL-la, GM-CSF, G-CSF, and IL-6. Precise
measurement of very long mRNAhalf-lives (> 10 h) is diffi-
cult, since prolonged culture with actinomycin D is toxic. Nev-
ertheless, given the reproducible finding in this study of ex-
tremely long mRNAhalf-lives, we conclude that increased
mRNAstability of multiple cytokines is likely to be the major
mechanism leading to the observed increase in HGFgene ex-
pression.

The coordinate induction of G-CSF, GM-CSF, and IL-l
genes seen in these mutant ras-transfected cells may relate to
the fact that the mRNAfor these cytokines share a common
repeated motif (AUUUA) in the 3'-untranslated ends of the
mRNAswhich has been shown to confer message instability
(22). M-CSF lacks this AUUUAmotif in its mRNA, and no
changes in M-CSFmRNAlevels were noted in the ras-trans-
fectants. One possible explanation of our results is that the
expression of mutant ras proteins leads to increased RNAsta-
bility of all transcripts with the AUUUAsequences. If so, cells
with ras mutations may exhibit increased expression of a vari-
ety of other genes that are normally regulated by mechanisms
such AU-rich sequences in the 3'-untranslated regions, includ-
ing other proto-oncogenes and cell cycle control genes (63).

Other mechanisms must exist to increase mRNAstability
which do not involve recognition of common AUUUAse-
quences. For example, the production of both G-CSF and
M-CSF by human blood monocytes is regulated by mRNA
stability; depending on the stimulus, these genes can be ex-
pressed either coordinately or individually (7). Similarly,
Schuler and Cole (64) have reported data in a mouse model
system that suggests that cells can differentially recognize the
AU-rich 3'-untranslated control sequences from different
genes, including GM-CSF, c-myc, and c-fos. The cellular
mechanisms that result in the increases in mRNAstability of
several cytokine genes in ras-transfected human mesenchymal
cells require further investigation.

The protein products of the members of the ras gene fam-
ily, p21ras, are structurally related to G-proteins and are
thought to play a role in signal transduction (65). It is not
possible to determine from the present data whether the codon
12 mutations in the H-ras and N-ras oncogenes used in these
studies were required for the effects reported here. In this re-

gard, it would be of interest to overexpress a normal c-H-ras
protooncogene and evaluate the effects on cytokine gene regu-
lation. In other systems, overexpression of a normal ras pro-
tooncogene may produce biological effects similar to the ex-
pression of a mutant ras gene product (61, 65).

Weconsidered the possibility that our results could be ex-
plained by the induction of IL-I# secretion as the primary
event. IL-l has been shown to increase the stability of GM-
CSFmRNAtranscripts (66). Weattempted to block secreted
IL-1 by adding anti-IL-1 neutralizing antiserum. No differ-
ences were observed in the level of cytokine gene expression by
ras-transfected cells. However, this does not rule out the possi-
bility that the ras-transfectants may be activated by internal
binding of endogenously produced IL- I to intracellular recep-
tors. For example, it has been shown that the product of the
v-sis oncogene can bind and activate intracellular PDGFre-
ceptors (29, 67, 68).

In summary, our data indicate that the expression of mu-
tant ras genes is closely linked to aberrant cytokine gene ex-
pression in two different human cell types. Further elucidation
of the mechanism by which ras mutations result in dysregula-
tion of cytokine gene expression will lead to a better under-
standing of the biologic effects of these genetic alterations in
cancer cells.
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