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A cell line was generated from U7 cells (a subline of PC12 rat pheochromocytoma cells) that contains a stably
integrated transforming mouse N-ras (Lys-61) gene under the control of the long terminal repeat from mouse
mammary tumor virus. Such cells, designated UR61, undergo neuronal differentiation upon exposure to
nanomolar concentrations of dexamethasone, as a consequence of expression of the activated N-ras gene (1.
Guerrero, A. Pellicer, and D. E. Burstein, Biochem. Biophys. Res. Commun. 150:1185-1192, 1988). Exposure
of URG1 cells to either nerve growth factor (NGF) or basic fibroblast growth factor (bFGF) results in a marked
induction of c-fos RNA, with kinetics paralleling those of NGF- or bFGF-induced expression of c-fos RNA in
PC12 cells. Dexamethasone-induced expression of activated N-ras p21 results in blocking of c-fos RNA
induction by NGF or bFGF in a time-dependent manner. Activated N-ras p21-mediated inhibition of c-fos RNA
induction in URG1 cells is selective for NGF and bFGF and is not due to selective degradation of c-fos RNA.
Normal and transforming N-ras can trans activate the chloramphenicol acetyltransferase gene linked to mouse
c-fos regulatory sequences when transient expression assays are performed. Our observations suggest that
N-ras p21 selectively interacts with pathways involved in induction of c-fos expression which initiate at the

receptors for NGF and bFGF.

The ras genes were initially isolated as the transforming
principle of certain oncogenic retroviruses (reviewed in
reference 3). Cellular counterparts for these genes were
subsequently found. A number of tumors contained ras
alleles with transforming capacity in NIH 3T3 focus-forming
assays, a capacity conferred by point mutations that lead to
the expression of products with single amino acid substitu-
tions (3). More recently, ras genes with transforming capac-
ity for mouse fibroblasts have been shown to induce terminal
differentiation in a number of cellular systems, including
neuronal (4, 28, 49), endocrine (47), and lymphoid (54) cells.

Cellular ras genes code for a protein, p21. whose physio-
logical function is still elusive. There is growing evidence,
however, that ras p21 is involved in the process of signal
transduction for certain growth factor receptors (31). Thus,
ras-transformed fibroblasts show increased membrane phos-
pholipid turnover, leading to accumulation of inositol
triphosphate and diacylglycerol (1, 16). in a fashion similar to
activation of phosphatidylinositol metabolism by several
growth factors (7). Similarly, ras p21 stimulates the metab-
olism of membrane phosphatidylcholine, with accumulation
of phosphocholine (38). Furthermore, p21 binds guanine
nucleotides and contains regions of high homology to the
guanine-binding site of other guanine nucleotide-binding
proteins (32, 41, 45, 48) and, like other members of this class
of proteins, hydrolyzes GTP (17, 60). These characteristics,
together with its subcellular localization on the inner aspect
of plasma membranes, have prompted the inclusion of this
molecule within the category of G proteins involved in signal
transduction for a number of transmembrane receptors (18).
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On the basis of observation of ligand-mimicking effects and
blocking by specific antibodies, several receptors for peptide
growth factors have been proposed as candidates for inter-
action with ras p21, including the receptors for nerve growth
factor (NGF) (4, 28, 29, 49), transforming growth factor 8
(50), and insulin (14, 35).

PC12 rat pheochromocytoma cells undergo neuronal dif-
ferentiation and growth arrest when exposed to NGF (26).
Interaction between this peptide and its surface receptor on
PC12 cells is followed by transcriptional activation of spe-
cific sets of genes which are responsible for the resulting
differentiated phenotype (reviewed in reference 26). NGF-
induced transcriptional activation occurs according to dis-
tinct temporal patterns (39). One of the first genes whose
expression is induced by NGF in PC12 cells is the nuclear
proto-oncogene c-fos (12, 24, 36). In the present study, we
have used transient changes in the level of c-fos RNA as a
marker for signal transduction (12, 24, 35) to analyze possi-
ble functional interactions between the product of oncogene
N-ras and the receptor for NGF. Our observations suggest
that N-ras p21 selectively interacts with pathways involved
in induction of c-fos expression which initiate at the recep-
tors for NGF and basic fibroblast growth factor (bFGF).

MATERIALS AND METHODS

Cell cultures. UR61 (27) cells were grown in 85% Dulbecco
modified Eagle medium-109% donor horse serum-5% fetal
bovine serum (complete DMEM), supplemented with peni-
cillin, streptomycin, and G418 (200 pg/ml). U7 cells (9) and
PC12 cells were grown in 85% RPMI 1640 medium-10%
donor horse serum-5% fetal bovine serum. Factors were
added directly to the cells from concentrated stocks. The
factors used were NGF (SUNY Technology Transfer, Al-
bany, N.Y.), epidermal growth factor (Collaborative Re-
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search, Inc., Bedford, Mass.), bFGF (Collaborative Re-
search), and the following products from Sigma Chemical
Co., St. Louis, Mo.): dexamethasone, dibutyryl cyclic
AMP, phorbol-12-myristate-13-acetate, and forskolin.

RNA extraction and analysis. Total cellular RNA was
isolated by the guanidine thiocyanate-cesium chloride
method (10), electrophoresed on 1% agarose—formaldehyde
gels (15 pg per lane), and transferred to nitrocellulose filters
by standard procedures (43). Samples were normalized by
hybridization with a probe for glucose-6-phosphate dehydro-
genase. Filters were hybridized with random primer-labeled
Pstl fragment of pfos-1 (13).

Transfection. For assays of transient expression of the
chloramphenicol acetyltransferase (CAT) gene. we per-
formed transfection experiments as described previously
(27). Briefly, cells were plated on collagen- and poly-L-
lysine-coated petri dishes 24 h prior to transfection. The cells
were then washed with N-2-hydroxyethylpiperazine-N'-2-
ethanesulfonic acid (HEPES)-buffered saline (137 mM NaCl.
5 mM KCl, 5.5 mM glucose, 0.8 mM Na,HPO,. 21 mM
HEPES), and 1 ml of DNA-calcium phosphate precipitate
was added per 10-cm petri dish. After 6 h of incubation in
complete DMEM containing 100 uM chloroquine, cells were
washed and subjected to glycerol shock. For cotransfection
experiments, equimolar ratios of test plasmids were main-
tained. The plasmids used were c-fos-CAT. which contains
mouse c-fos regulatory sequences (from —356 to +109)
linked to the CAT gene (20), and ptll-N-ras (Lys-61) or
ptl1-N-ras (normal), which contain the corresponding
mouse N-ras genes placed after the long terminal repeat
LTR of Moloney murine leukemia virus (28). As a control for
transfection efficiency, 4 pg of plasmid pCH110 (lacZ) was
included in all transient-expression experiments (30). At 24 h
after transfection, cells were harvested and CAT activity
was assayed as described previously (21). The amount of cell
extracts used for these assays was normalized according to
their B-galactosidase activity (30). For generation of the TSH
clone, U7 cells were cotransfected with pMMTV-N-ras (27)
and pIBW3neo (8), by using the same transfection procedure
as above, and colonies were isolated after 2 weeks of
incubation in complete medium plus 400 .M G418. There-
after, clones were grown in complete medium plus 200 pg of
G418 per ml.

NGF binding. NGF binding was assayed as described by
Green et al. (23). Briefly, cells were plated on poly-L-
lysine-coated dishes in complete RMPI 1640 medium. incu-
bated for 60 min with 200 pM !**I-NGF in phosphate-
buffered saline-0.2% bovine serum albumin-0.1% glucose.
and washed with phosphate-buffered saline. Surface-bound
NGF, not internalized, was removed by treatment with 0.5
M NaCl-0.2 M acetic acid and quantitated in a gamma
counter. The remaining cell-associated counts represent the
internalized NGF. Specific binding was determined by incu-
bating labeled NGF (22) with 200 nM unlabeled NGF to
determine nonspecific binding and subtracting this value
from the total binding. The internal-to-external ratio repre-
sents the internal NGF normalized to the amount of NGF
bound to the surface of the cells at steady state (23) and is
thus a measure of the internalization rate.

RESULTS

NGF, but not stably integrated N-ras, induces endogenous
c-fos RNA in URG1 cells. Interaction of NGF with its surface
receptor on PC12 cells induces rapid transient transcrip-
tional activation of the nuclear proto-oncogene c-fos, with
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FIG. 1. c-fos RNA induction by NGF in U7 and UR61 cells. U7
cells (lanes 1 and 2) and URG61 cells (lanes 3 to 7) were incubated for
the indicated periods with medium containing 50 ng of NGF per ml
and washed. and RNA was extracted for Northern blot analysis of
c-fos expression. Lanes 1 and 3 are control lanes (no NGF added).

increased steady-state RNA levels that peak at 45 to 60 min
(12, 24. 36). U7 cells are a clone derived from PC12 cells
which express high-affinity receptors for NGF (23) and
possess partial responses to its differentiating effects (9).
These cells were used as recipients for transfection of
constructs carrying activated mouse N-ras (Lys-61) under
the transcriptional control of the LTR from mouse mammary
tumor virus (28). owing to their favorable characteristics as
recipients of foreign DNA and faster growth than PC12 cells
(9). One of the clones derived from U7 cells that carries this
dexamethasone-inducible construct was designated UR61
(28). Dexamethasone at nanomolar concentrations induces
N-ras expression and neuronal differentiation of UR61 cells
(28).

Both U7 and URG61 cells showed transcriptional activation
of c-fos in response to NGF, with kinetics similar to those
observed for PC12 cells (Fig. 1). Induction of expression of
N-ras by incubation with dexamethasone, however, did not
induce c-fos expression, measured as steady-state RNA
levels at time points ranging from 15 min to 12 h after the
addition of dexamethasone. Time points corresponding to 60
min, 2 h and 4 h are shown in Fig. 2; no c-fos RNA was
detected at any of the following points after addition of
dexamethasone to the culture: 15-min intervals from 15 min
through 60 min, 30-min intervals from 1 h through 6 h, and
1-h intervals from 6 h through 12 h (Fig. 2) (27; data not
shown).

Reports from other laboratories have shown induction of
c-fos by ras genes or ras products when analyzed in tran-
sient-expression assays (52, 57). We therefore performed
transient-expression assays to evaluate trans activation of
the reporter gene CAT linked to mouse c-fos S’ regulatory
sequences (20) by either cotransfected or dexamethasone-
induced integrated N-ras. The c-fos—CAT construct used in
these experiments includes sequences —356 to +109 from
the mouse c-fos transcription start site (20). This region
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FIG. 2. Inhibition of NGF-triggered c-fos RNA expression in
URG61 cells by dexamethasone-induced N-ras. U7 cells (lanes 1 and
2) and URG61 cells (lanes 3 to 8) were incubated for the indicated
periods in medium containing 1 pM dexamethasone (DEX). In lanes
1, 2 and 6 to 8, NGF (50 ng/ml) was added for the indicated periods
at the end of a 24-h incubation with dexamethasone. After the
incubations, cells were washed and RNA was extracted for North-
ern blot analysis of c-fos expression.

contains the serum-responsive element and the AP-1-binding
site, which are essential for transcriptional activation of c-fos
by serum, 12-O-tetradecanonylphorbol-13-acetate (TPA), and
other factors (20, 53, 62, 63), as well as for autoregulation
mediated by fos and jun products (34, 56). Both activated
N-ras and, to a lesser extent, normal N-ras induce CAT
expression when cotransfected with c-fos—CAT (Fig. 3).
Similarly, when URG61 cells transfected with c-fos-CAT were
incubated with dexamethasone or NGF, CAT activity was
induced (Fig. 3; Table 1). Therefore, N-ras can induce c-fos
expression in transient-expression assays, confirming previ-
ously reported observations.

Lack of endogenous c-fos induction in UR61 cells by
dexamethasone-induced, integrated N-ras p21 could be re-
lated to basal-level expression of the mutated p21, leading to
continuous stimulation of low levels of c-fos transcription
that would hamper rapid transient increases of expression in
response to the same kind of stimulus (19, 46). Under basal
conditions, however, steady-state levels of c-fos RNA in
URG61 cells were always essentially undetectable (Fig. 1).
Results from the transient-expression assays described
above would suggest that the low levels of c-fos protein
expressed under basal conditions would be sufficient to
cause negative autoregulation of expression of the endoge-
nous gene (56), but not repression of expression from
c-fos—CAT plasmids, multiple copies of which are introduced
into the cells (see Discussion).

N-ras p21 inhibits NGF-induced expression of c-fos. Expo-
sure of U7 cells to 1 phM dexamethasone for 24 h did not
affect the NGF-induced transcriptional activation of c-fos
(Fig. 3). Dexamethasone treatment of UR61 cells, however,
inhibited NGF-induced c-fos expression at least 20-fold (Fig.
3). Since these cell lines differ by the integration of the
mouse oncogene N-ras in UR61 cells, the inhibitory effect
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FIG. 3. trans activation of c-fos—CAT by N-ras. Lanes 1 and 2
correspond to CAT reporter gene activities of transfected pSVOCAT
(lane 1) and pSV2CAT (lane 2) (21). Lanes 4 and S correspond to
cotransfection experiments with the indicated plasmids. Basal-level
expression of fos-CAT is shown in lane 3. At the time of transfection
with ¢-fos—CAT, dexamethasone (DEX) (1 nM) was added to the
cells, until extracts were prepared (lane 6). At 8 h prior to prepara-
tion of extracts, NGF (50 ng/ml) was added to cells transfected with
c-fos-CAT (lane 7). Transfection of UR61 cells and CAT assays
were performed as described in Materials and Methods.

observed must be due to the expression of activated p21.
This is a reflection of lower levels of NGF-induced c-fos
RNA in dexamethasone-treated UR61 cells, and is not
related to a temporal shift in peak levels of steady-state c-fos
RNA, since the low levels of transcription induced by NGF
under conditions that allowed oncogene N-ras expression in
URG61 cells followed similar kinetics in both dexamethasone-
treated and untreated samples (Fig. 3).

Inhibition of NGF-induced expression of c-fos by N-ras
p21 was time dependent, and it was observed after 6 h of
exposure of UR61 cells to dexamethasone (Fig. 4). Activated
p21 is expressed after 2 to 3 h of exposure to dexametha-
sone, reaching peak levels after 6 to 9 h (27; data not shown).
Maximal inhibition of NGF-induced c-fos activation was
seen only after 24 h of incubation. This was partially
reversed at 48 h of exposure to dexamethasone, concomitant
with a decrease in activity of the glucocorticoid-dependent
mouse mammary tumor virus LTR and lower levels of the

TABLE 1. Relative CAT activities in transient-expression
assays with c-fos—CAT

Plasmid Treatment g-fo; »
activation
c-fos—-CAT - 1.0
c-fos—-CAT + N-ras - 2.8
c-fos—CAT + N-ras (Lys-61) - 5.7
c-fos-CAT Dex 3.1
c-fos-CAT NGF 2.8

“ Transfected UR61 cells were grown in medium without factors (=), with
1 pM dexamethasone for 24 h (Dex), or with 50 ng NGF per ml for the last 8 h
prior to extraction for the CAT assay (NGF).

» Fold induction of CAT activity over the activity of transfected c-fos—-CAT
alone. Values are averages of two independent experiments.
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FIG. 4. Time dependence of ras-mediated inhibition of c-fos
transcriptional activation. UR61 cells were incubated for the indi-
cated periods in medium containing 1 pM dexamethasone (DEX).
NGF (50 ng/ml) was added for the last 60 min of incubation.
Subsequently. cells were washed and RNA was extracted for
Northern blot analysis of c-fos expression. Lane 1 was the control
lane (no factors added).

mutated N-ras p21 (J. C. Lacal, A. Cuadrado, J. E. Jones,
R. J. Trotta, D. E. Burstein, T. M. Thomson, and A. Pel-
licer, submitted for publication). The latter phenomenon can
be explained by the negative transcriptional effects of ras
p21 on the mouse mammary tumor virus LTR transcription
(32). Thus, inhibition of NGF-induced transcriptional acti-
vation of c-fos in UR61 cells correlates with the level of
activated N-ras p21.

Binding of NGF to URG61 cells is not altered by ras induction.
Exposure of PC12, U7, or UR61 cells to 1 uM dexametha-
sone for 24 h did not alter NGF binding levels in any of the
cell lines (Table 2). Therefore, the observed inhibitory effect
on NGF-induced c-fos transcription is not due to down
regulation of surface NGF receptors on UR61 cells. Al-
though levels of NGF binding remained constant, our data
indicated a small change in the rate of NGF internalization in
UR61 cells following a 24-h exposure to dexamethasone.

TABLE 2. 'I-NGF-binding assay on UR61 cells
exposed to dexamethasone

Amt of NGF bound”

Incubation h
Cell line I::{at(;f time (h) with (fmol/mg of protein) VE
dexamethasone* External Internal
UR61 9 0 60.4 =+ 1.9 292 +19 048
UR61 9 24 60.6 * 4.5 38.0 + 1.7 0.63
u7 9 0 75.1 £ 3.7 61.7 = 3.3 0.8
u7 9 24 78.0 = 6.4 594 =38 0.76
PC12 3 0 306 2.0 1053 7.1 3.45
PC12 3 24 345+27 1290+ 54 3.74

“ Incubation in medium containing 1 uM dexamethasone.
® Values shown are the means * standard errors.
< Ratio between internal and external counts (see Materials and Methods).
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This effect may be due to metabolic changes in the cells
resulting from ras expression, since it was not seen in
dexamethasone-treated U7 cells. However, since our obser-
vations showed an increase rather than a decrease in inter-
nalization rate, it is unlikely to be a cause of decreased NGF
responsiveness.

N-ras p21-mediated inhibition of c-fos induction is selective
for NGF and bFGF. Many other factors that exert their
actions through diverse mechanisms are known to induce
transcriptional activation of c-fos (24, 25). Thus, we wished
to test whether c-fos activation by other factors would be
affected in URG61 cells by expression of the oncogene N-ras.
Of several factors tested, only bFGF-induced expression of
c-fos RNA was inhibited by incubation of UR61 cells with 1
pM dexamethasone for 24 h (Fig. 5). In contrast, N-ras
expression did not affect c-fos activation by epidermal
growth factor, phorbol-12-myristate-13-acetate, dibutyryl
cyclic AMP, forskolin, and 50 mM K* (which depolarizes
PC12 membranes). Thus, activated p21-dependent inhibition
of c-fos RNA induction in UR61 cells is selective for NGF
and bFGF.

Inhibition of NGF induction of c-fos RNA in other sublines.
Other cell lines carrying oncogenic N-ras were analyzed for
NGF-induced transcriptional activation of c-fos. TSH and
UR17 cells are, like UR61 cells, clones of U7 cells that
contain integrated copies of mouse N-ras (Lys-61) under the
control of mouse mammary tumor virus LTR. TSH cells
show relatively high levels of basal expression of this gene
and, as a consequence, show a partially differentiated phe-
notype in normal culture medium (T. M. Thomson and
A. Pellicer, unpublished observations). UR17 cells show a
limited phenotypic response to incubation with dexametha-
sone (27). The NGF-induced increase in c-fos RNA was not
affected by dexamethasone in control U7 cells, whereas it
was inhibited in UR17 cells (Fig. 6). TSH cells did not show
aresponse even in the absence of dexamethasone induction,
consistent with the high levels of basal expression of mu-
tated p21.

DISCUSSION

Our results show that expression of the integrated, dex-
amethasone-inducible activated p21 in PC12 sublines results
in inhibition of NGF- and bFGF-induced c-fos transcrip-
tional activation. This N-ras p21-mediated effect correlated
with levels of p21. Thus, the inhibitory effect was seen only
after 6 h of incubation of UR61 cells with dexamethasone,
and it was maximal after 24 h. This correlated well with the
kinetics of expression of p21 in UR61 cells (27). The ob-
served reversal of inhibition after 48 h of exposure to
dexamethasone also coincided with a decrease in the expres-
sion of mouse mammary tumor virus LTR-driven N-ras,
probably as a consequence of the negative transcriptional
effect of activated p21 on the mouse mammary tumor virus
LTR (33). The p21 dependence of the inhibitory effect on
c-fos activation is further confirmed by the observation that
NGF failed to induce c-fos expression in a clone which
expressed relatively high basal levels of transforming p21
even in the absence of added dexamethasone (Fig. 6).

Dexamethasone induction of integrated activated N-ras
does not result in a detectable increase in c-fos RNA. It is
possible that integrated N-ras, under the transcriptional
control of the mouse mammary tumor virus LTR, is ex-
pressed at low levels in UR61 cells under the usual (basal)
conditions of culture. This would induce sufficient levels of
c-fos protein to achieve a transcription-repressive effect on
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FIG. 5. Factor specificity of ras-mediated inhibition of c-fos transcriptional activation. UR61 cells were incubated for 24 h in complete
medium without or with 1 pM dexamethasone (DEX). Subsequently. medium containing one of the following factors was added: NGF (50
ng/ml), dibutyryl cyclic AMP (db cAMP) (1 mM). phorbol-12-myristate-13-acetate (PMA) (50 nM). forskolin (FK) (1 uM). 50 mM KCl.
epidermal growth factor (EGF) (10 ng/ml). or bFGF (10 ng/ml). as indicated. After 1 h of incubation. cells were washed and RNA was
extracted for Northern blot analysis of c-fos expression. Lanes 1 in panels A and C were control lanes (no factors added).

its own gene (34, 53, 56) and to produce a refractory state
(46) to further induction in response to increased levels of
mouse mammary tumor virus LTR-driven N-ras. These
basal levels of c-fos would be below the detection limits in
our Northern (RNA) blots. That N-ras, both normal and
transforming, can activate c-fos-directed expression, is
shown by transient-expression assays (Fig. 3). Under the
conditions used in these experiments. basal levels of c-fos
protein already present in UR61 cells. which are sufficient
for autoregulation of the endogenous c-fos gene, would not
be sufficient for negative regulation of c-fos transcription
from the multiple copies of the c-fos—CAT plasmid.

In contrast to the lack of detectable c-fos activation by
dexamethasone-induced expression of N-ras, NGF induced
high levels of c-fos RNA in URG61 cells. Thus, NGF and
other stimuli seem to induce factors that activate the tran-
scription of c-fos through interaction with regulatory ele-
ments of the c-fos promoter. These stimuli would exert their
positive activity at different sites from those blocked by
negative regulators induced by ras.

Increased expression of the mouse mammary tumor virus
LTR-driven N-ras, while failing to induce detectable c-fos
RNA, is able to block NGF- and bFGF-induced activation of
c-fos transcription. The selectivity of this effect and its close
correlation to levels of p21 suggest that it is due to more
direct interactions between N-ras p21 and the receptors or
other elements directly involved in signal transduction rather
than through factors that affect c-fos transcription. Thus, it is
possible that normal ras p21 can undergo reversible dissoci-
ation-reassociation cycles with other elements in the trans-
duction pathway: these cycles would be activated upon
ligand interaction in a fashion similar to G protein subunit
activation and dissociation-reassociation (18). Transforming
p21, being in active conformation in a constitutive manner
(3), would bind putative substrate molecules (44) in compe-

tition with normal ras p21. The resulting effect would be the
sequestering of substrate by constitutively activated ras p21
from physiologically activated pathways. This model could
also explain ras p21-mediated uncoupling of ligand-receptor
interactions observed in other systems, in which the molec-
ular markers used represent some of the first events involved
in such interactions. namely. products of membrane phos-
pholipid metabolism (1. 15. 55). prostaglandines (5. 6), and
cytosolic Ca*" concentration (42).

The fact that N-ras-mediated inhibition of c-fos activation
was selective for NGF and bFGF may be a reflection of the
use of common mediators of actions triggered by both
factors in PC12 cells. Both NGF and bFGF are capable of
inducing neuronal differentiation in PC12 cells (61) and can
promote the survival of certain neurons in vitro (66). indi-
cating that their receptors share at least some of the path-
ways involved in such processes. Divergent pathways would
account for effects specific for each of these factors. In this
regard, it appears that NGF may use at least two signaling
pathways (59). Other studies have shown that activated p21.
in addition to inhibiting growth factor receptor induction of
c-fos expression, affects transcriptional activation of c-fos
by phorbol-12-myristate-13-acetate, dibutyryl cyclic AMP,
and calcium ionophores (11. 40). In those reports, cell lines
long transformed by ras were used, rather than transient or
inducible systems. Thus, constitutive expression of high
levels of the activated ras product could lead to long-term
metabolic alterations by ras p21 that could result in alter-
ations in other second-messenger pathways, thus making it
more difficult to interpret effects that are directly due to
activated p21.

Previous work had suggested that activation of protein
kinase C in PC12 cells uncouples signal transduction for
muscarinic receptors (65). Since there is evidence that ras
p21 uses protein kinase C-mediated pathways in certain cell
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FIG. 6. N-ras-mediated inhibition of c-fos transcriptional activa-
tion in clones other than UR61. U7 cells (lanes 1 to 4), TSH cells
(lanes S to 8), and UR17 cells (lanes 9 to 12) were incubated for 24
h in medium without or with 1 uM dexamethasone (DEX). as
indicated. NGF (50 ng/ml) was added (even lanes) or not added (odd
lanes) during the last 60 min of incubation. Subsequently, cells were
washed and RNA was extracted for Northern blot analysis of c-fos
expression.

types (37), it is conceivable that such an interaction in PC12
cells can regulate signal transduction. In this regard, cell
type specificity must be taken into account to interpret our
observations, since p2l can modulate protein kinase C
expression and activity in PC12 cells (R. J. Trotta, T. M.
Thomson, J. C. Lacal, A. Pellicer, and D. E. Burnstein, J.
Cell. Physiol., in press; Lacal et al., submitted).

It could be argued that the use of dexamethasone as the
inducing agent for conditional expression of N-ras repre-
sents a potential problem of our system. Glucocorticoids
drive PC12 cells toward differentiation to chromaffin cells (2,
64) and can repress transcription of certain genes (51),
including genes induced by NGF and bFGF (58). In our
experiments, however, NGF induction of c-fos in parental
U7 cells (which do not contain dexamethasone-inducible ras
oncogenes) was not impaired by prolonged exposure to
dexamethasone (Fig. 2) (data not shown). Moreover, inhibi-
tion of c-fos RNA induction by NGF was observed in a clone
expressing high constitutive levels of activated N-ras in the
absence of added dexamethasone. Therefore, the dexam-
ethasone-induced effects of UR61 cells reported here are a
consequence of the conditional expression of activated N-
ras and are not a direct effect of dexamethasone.

Evidence for involvement of p21, the product of proto-
oncogene ras, in the process of signal transduction in the
NGF receptor system is based on NGF mimicking pheno-
typic effects of the transforming variants of this molecule (4,
27, 28, 49) and on blocking by antibody microinjection (29).
Our observations lend further support to involvement of ras
p21 in the process of signal transduction and specific gene
activation by NGF and bFGF in PC12 cells. Our results.
together with evidence for involvement of p2l in the early
events that follow ligand-receptor interaction (1, 5, 6, 15,
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54), indicate a close interaction between N-ras p21 and the
receptors for NGF and bFGF and/or molecules critical for
signal transduction and gene activation.
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