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Inhibition by cAMP of Ras-Dependent
Activation of Raf

Simon J. Cook* and Frank McCormick

Activation of the Raf and extracellular signal-regulated kinases (ERKs) (or mitogen-
activated protein kinases) are key events in mitogenic signaling, but little is known about
interactions with other signaling pathways. Agents that raise levels of intracellular cyclic
adenosine 3',5'-monophosphate (cCAMP) blocked DNA synthesis and signal transduction
in Rat1 cells exposed to epidermal growth factor (EGF) or lysophosphatidic acid. In the
case of EGF, receptor tyrosine kinase activity and association with the signaling molecules
Grb2 and Shc were unaffected by cAMP. Likewise, EGF-dependent accumulation of the
guanosine 5'-triphosphate—bound form of Ras was unaffected. In contrast, activation of
Raf-1 and ERK kinases was inhibited. Thus, cCAMP appears to inhibit signal transmission
from Ras by preventing Ras-dependent activation of Raf-1.

Cyclic adenosine 3’,5'-monophosphate
(cAMP) was the first second messenger to
be identified, and its role in regulating
physiological processes is well established
(1). Hormone receptors increase the intra-
cellular concentration of cAMP by increas-
ing the amount of the free a subunit of the
guanosine triphosphate (GTP) binding pro-
tein G, (Ga*GTP), which activates ade-
nylyl cyclase (2, 3). Despite literature dat-
ing back 25 years (3), the precise role of
cAMP in regulating cell growth and prolif-
eration remains a matter of considerable
debate (3, 4). In some cells, such as Swiss
3T3 cells and thyrocytes, cAMP is a mito-
genic messenger and promotes the G, to S
phase transition in the cell cycle (4). In
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contrast, cAMP inhibits the proliferation of
many cell lines, including fibroblasts, T
cells, neuroblastoma and astrocytoma cells,
and cells transformed by Ras, Src, and
polyoma middle T antigen (3).

Kinetic analysis indicates cAMP exerts a
cytostatic effect in the early G, to G, phase
as well as mid-G, phase (5) and, in a few
cases, G, (3). Cyclic AMP inhibits prolif-
eration by growth factors irrespective of
their ability to activate the polyphospho-
inositide (PI) pathway; therefore, the abil-
ity of cAMP to inhibit full activation of the
PI pathway is unlikely to explain its effects
(5). Because cAMP inhibits proliferation
stimulated by receptor tyrosine kinases or
GTP binding protein—coupled or “serpen-
tine” receptors, it is more likely to exert its
effect downstream of receptor activation
and second messenger generation, where
signal transduction pathways converge.

SCIENCE ¢ VOL. 262 ¢ 12 NOVEMBER 1993

REPORTS

A common point of convergence for
many, if not all, growth factors is the activa-
tion of the Ras proteins (6), which regulate
signals to the mitogen-activated protein ki-
nases ERK1 and ERK2 (7). These are serine-
threonine kinases that require phosphoryla-
tion at both tyrosine and threonine for acti-
vation; both phosphorylation events are cat-
alyzed by the same dual-specificity mitogen-
activated protein (MAP) kinase kinase called
MAP or ERK kinase (MEK) (8). MEK is in
turn regulated by at least two upstream ki-
nases: the c-Raf-1 proto-oncogene product (9)
or MEK kinase (10). The stimulation of
quiescent cells with various growth factors or
phorbol esters or the introduction of onco-
genic Ras proteins leads to the activation of
ERKs within minutes (7). Indeed, Ras is
required for growth factors to fully activate the
Raf-MEK-ERK pathway (7, 11), which sug-
gests that Ras is a common target for growth
factors and that this kinase cascade is impor-
tant for regulating the G, to S phase transi-
tion. In Ratl cells, Ras is a point of conver-
gence for two different classes of growth fac-
tor, lysophosphatidic acid (LPA) or epidermal
growth factor (EGF), to fully stimulate DNA
synthesis and ERK activation (11). Here, we
have examined the effect of cAMP on growth
factor stimulation of ERK1 and ERK2.

Quiescent Ratl cells were incubated
with 1 mM dibutyryl cAMP for 10 min
before stimulation with LPA or EGF, and
ERK activation was assayed on protein im-
munoblots by the appearance of activated,
hyperphosphorylated forms with retarded
mobility on SDS—polyacrylamide gel elec-
trophoresis (SDS-PAGE). Dibutyryl cAMP
alone had no effect on the activation of
ERK1 and ERK?2 in Rat1 cells, but a 10-min
treatment with dibutyryl cAMP completely
inhibited the LPA- or EGF-induced mobil-
ity shift (Fig. 1A); 8-bromo-cAMP was also
effective (12). With a more sensitive im-
mune complex kinase assay (13), we found
that the ability of the phorbol ester PMA
(phorbol 12-myristate 13-acetate) to acti-
vate MAP kinases, albeit a submaximal
activation compared with that of EGF, was
also inhibited by dibutyryl cAMP (Fig. 1B).
These effects were not due to contamina-
tion of dibutyryl cAMP with butyrate or
metabolic release of butyrate within the cell
because butyrate itself (up to 1 mM) did not
inhibit ERK1 (Fig. 1B) or DNA synthesis
(12). Furthermore, a 10-min exposure to
dibutyryl cAMP did not affect the amount
of immunoreactive ERK1 and ERK2 (Fig.
1A), so the loss of ERK activity (Fig. 1B)
did not result from a decreased amount of
the enzyme. The 50% inhibition concen-
tration (IC,,) of dibutyryl cAMP upon
LPA- or EGF-stimulated ERK1 was approx-
imately 0.1 to 0.2 mM, which agreed with
that for inhibition of DNA synthesis (12).

The adenosine diphosphate (ADP) ribo-
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syl transferase activity of cholera toxin (CT)
specifically adds an ADP ribose group to
Ga,, which results in inhibition of the in-
trinsic guanosine triphosphatase (GTPase)
activity of Ga;*GTP and constitutive acti-
vation of adenylyl cyclase (14). Treatment
of Ratl cells with increasing concentrations
of CT resulted in a dose-dependent inhibi-
tion of subsequent ERK1 activation by EGF
measured by the ability of the immunopre-
cipitated ERK1 to phosphorylate myelin ba-
sic protein (MBP) (Fig. 2A). The IC,, for
the effect of CT (0.17 £ 0.15 ng/ml) fell
within the range of the IC;, for CT-mediat-
ed inhibition of DNA synthesis by EGF
(0.03 = 0.01 ng/ml) (Fig. 2B). The effect of
submaximal doses of CT on EGF-stimulated
ERK activation was greatly potentiated by
the cAMP phosphodiesterase inhibitor
3-isobutyl-1-methylxanthine (IBMX) (50
wM), which resulted in a shift of the CT
dose-response curve to the left by one to
one and a half orders of magnitude (Fig.
2A). This potentiation of low doses of CT
by IBMX was also noted for its inhibition of
EGF- or LPA-stimulated DNA synthesis
(12) and represents the ability of IBMX to
block metabolic conversion of cAMP,
thereby resulting in more persistent and
increased concentrations of cAMP even
with small amounts of CT (15). The fact
that both ERK activation and DNA synthe-
sis were inhibited by both cAMP analogs
and CT, together with the observed synergy
between IBMX and small doses of CT,
strongly suggests that CT exerts its effects
through elevation of cAMP in this system.

The major elements required for func-
tional coupling of the EGF receptor
(EGFR) to ERKs have been identified
(16). The Src homology 2 (SH2)-SH3
adaptor protein Grb2 recruits the Ras
exchange factor Sos to the activated
EGFR at the plasma membrane where it

Fig. 1. Effect of dibutyryl A
cAMP on the activation of

Control | cAMP.
p42ERK2
ERK1 and ERK2 in Rat1 ST ECLE

cells. (A) Inhibition of LPA-

or EGF-stimulated phosphorylation of ERK1 and ERK2
by dibutyryl cAMP. Quiescent Rat1 cells were incubat-
ed with Dulbecco's modified Eagle's medium (DME)
(control) or DME containing dibutyryl cAMP (1 mM) for
10 min before the addition of DME (C) or DME con-
taining LPA (10 uM) (L) or 10 nM EGF (10 nM) (E) and
incubated for a further 5 min. Detergent lysates were
resolved by SDS-PAGE, transferred to nitrocellulose,
and blotted with antibodies to ERK1 and ERK2 (MK12; 0
Transduction Labs). (B) Inhibition of activation of

ERK1 by dibutyryl cAMP but not sodium butyrate.

activates Ras (16). We studied the effect
of cAMP on EGFR phosphorylation and
signaling complex assembly by assaying
the binding of the activated EGFR to the

glutathione-S-transferase—Grb2 fusion
protein (GST-Grb2) in vitro (17). Cell
lysates from control or EGF-treated Ratl
cells previously incubated with or without
CT were incubated with GST-Grb2.
Bound proteins were detected by protein
immunoblotting with monoclonal anti-
bodies to phosphotyrosine (PY20 and
PY69; ICN, Irvine, California).
Phosphotyrosine-containing  proteins
were not detectable in GST precipitates
from either control or EGF-stimulated cells
(12, 18). In GST-Grb2 precipitates, we
observed the association of several phos-
photyrosine-containing proteins with GST-
Grib2 in an EGF-dependent manner, in-
cluding a broad, heavily phosphorylated
band at approximately 170 to 180 kD. This
protein appears to be the autophosphoryl-
ated EGFR because it comigrated with the
human EGEFR in similar experiments done
in HER14 cells (12). We also observed
other tyrosine phosphoproteins (p52, p55,
p66, and p116) that coprecipitated with the
EGFR in an EGF-dependent manner. Pro-
tein immunoblotting of the same samples
resolved on the same gel with a polyclonal
antibody to Shc confirmed the identity of
two of these proteins as p52°* and p66s
Shc is an SH2 domain—containing protein
that is implicated in the coupling of recep-
tor-and nonreceptor tyrosine kinases to Ras
and that can transform cells when overex-
pressed (19). Thus, EGF stimulation results
in the assembly of multimeric signaling
complexes at the EGFR that include Grb2,
Shc, and other phosphoproteins. In cells
pretreated with CT, we observed no inhi-
bition of EGFR autophosphorylation or as-
sociation of EGFR signaling complexes

100,000

B Control
B EGF

80,000 0 PMA

60,000 F

40,000

*P incorporated into MBP (cpm) @

20,000

Sodium
butyrate

Control cAMP

Quiescent Rat1 cells were incubated with DME (control) or DME containing dibutyryl CAMP (1 mM)
or sodium butyrate (1 mM) for 10 min before addition of DME (black bars) or DME containing EGF
(10 nM, hatched bars) or PMA (100 nM, stippled bars) for a further 5 min. Detergent lysates were
immunoprecipitated with E1.2 antiserum, which specifically recognizes ERK1 (77), and kinase
activity was assayed against MBP in the immune complex. Results are expressed as the amount of
32P incorporated into MBP (counts per minute) and are from a single experiment representative of

three that gave similar results.
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with GST-Grb2 (Fig. 3A).

EGF activation of ERK1 and ERK2 pro-
ceeds through a Ras-dependent pathway (7,
11), and EGF treatment of Ratl cells for 5
min resulted in an increase in the percentage
of Ras in the GTP-bound form from 12 to 30
to 35%. Treatment of Ratl cells with 1 mM
dibutyryl cAMP for 10 min had no effect on
the ability of EGF to increase the amount of
Ras*GTP in Ratl cells (Fig. 3B). Thus,
under conditions in which EGFR phospho-
rylation, EGFR signaling complexes, and
EGEFR signaling to Ras were all intact, the
ability of EGF to activate ERK1 and ERK2
was completely inhibited.

Raf-1 has been defined genetically and
biochemically as being a likely target of Ras
(20), and Ras is critical for activation of

000001 Q001 001 Q1 1

W 32P incorporated into MBP (cpm) 3>

5,000

0 Q001 001 01 1 10

100 1000

[3H]Thymidine incorporation (cpm)

[CT] (ng/m)

Fig. 2. Effects of CT on EGF-stimulated ERK1
activity and DNA synthesis in Rat1 cells. (A)
Inhibition by CT of EGF-stimulated ERK1 acti-
vation in Rat1 cells. Quiescent cells were incu-
bated for 1 hour with various concentrations of
CT alone (W) or in the presence of IBMX (50
rM) (O) before stimulation with 10 nM EGF for
5 min. After lysis, ERK1 immunoprecipitates
were assayed for MBP kinase activity. Results
are expressed as the amount of 32P incorporat-
ed into MBP (counts per minute) and are from a
single experiment representative of three that
gave similar results. (B) Inhibition of EGF-stim-
ulated DNA synthesis in Rat1 cells by CT.
Quiescent cells were stimulated with 10 nM
EGF in the presence of increasing concentra-
tions of CT. [*H]Thymidine (3 wM unlabeled
thymidine) was added for the last 2 hours, and
the reactions were terminated after 22 hours by
addition of 5% trichloroacetic acid (77). Results
are expressed as mean + SD in counts per
minute of [3H]thymidine incorporated into acid-
precipitable material and are from a single
experiment representative of three that gave
similar results.



Raf-1 by growth factors (7). Fractions from
Raf-1-transformed cells have MEK kinase
activity (9), and Raf-1 activates MEK in
vitro (21); thus, Raf is likely to be the link
between Ras and the ERK cascade. Stimu-
lation of Ratl cells with LPA or EGF
resulted in the activation of Raf-1, as mea-
sured by the phosphorylation of recombi-
nant, catalytically inactive MEK B in im-
munoprecipitates of antibodies to Raf-1
(anti-Raf-1) (22); irrelevant pre-immune
antiserum precipitated no MEK kinase ac-
tivity (Fig. 4). LPA was-at best half as
effective at activating Raf-1 as was EGF
(Fig. 4), and this correlates with the smaller
increase in Ras*GTP activated with LPA
compared to that activated with EGF (11).
Treatment of Ratl cells with CT (100
ng/ml) resulted in a complete inhibition of
EGF- or LPA-stimulated Raf activation
measured in anti-Raf immune complexes
(Fig. 4). Thus, cAMP appears to inhibit
ERK activation by uncoupling Ras-GTP
from the activation of Raf-1.

The effects of cAMP are similar to those
of the Rapla or Krevl Ras-related GTPase,
which can revert Ras transformation when
overexpressed (23, 24): Rap inhibits acti-
vation of ERKs by either LPA or EGF (11)
by inhibiting the coupling of Ras*GTP to

Flg. 3. Signal transduction from the EGFR to Ras
is not impaired by cAMP. (A) EGFR autophos-
phorylation and in vitro binding of GST-Grb2 and
Shc in Rat1 cells. Quiescent Rat1 cultures were
incubated with CT (100 ng mi=" for 1 hour)
before stimulation with EGF (10 nM) for 5 min.
Duplicate cleared lysates were incubated with
GST-Grb2, and bound proteins were resolved by
SDS-PAGE, transferred to PVDF membranes,
and immunoblotted with either antibodies to
phosphotyrosine (anti-pTyr) (PY20 and PY69,
left) or antibodies to Shc (right). The positions of
prestained molecular size markers (in kilodal-
tons), the GST-Grb2 fusion protein, and p52sh¢
and p66°© are indicated. (B) Lack of effect of
CAMP on the EGF-stimulated increases in the
percentage of Ras in the GTP-bound state. Ele-
vated cAMP does not impair EGF-stimulated
increases in Ras-GTP. Quiescent Rat1 cultures
were metabolically labeled with [32P]PO, for 3
hours and received DME or DME containing 1

Raf (25). Increased concentrations of
cAMP result in protein kinase A (PKA)-
mediated phosphorylation of Rapla and
Rap GTPase activating protein (24); thus,
Rap may itself be a mediator of the effects of
cAMP in this system. However, our prelim-
inary results indicate that dibutyryl cAMP
does not increase the percentage of Rap in
the GTP-bound form in Ratl cells (12). An
alternative and simpler model is that PKA
phosphorylates Raf, thereby inhibiting its
activation. Raf-1, but not A-Raf or B-Raf,
contains a PKA phosphorylation consensus
site in the NH,-terminal regulatory do-
main, and preliminary experiments have
confirmed that PKA is able to phospho-

“rylate recombinant Raf-1 in vitro (12).

Our results are consistent with a model
in which cAMP inhibits growth of Ratl
cells by inhibiting Raf activation, although
cAMP is also likely to affect cell regulation
through other Raf-independent mecha-
nisms (26, 27). Analogs of cAMP inhibit
the growth of Ras- and Src-transformed
cells (3), which suggests that the targeted
use of tissue-specific hormones that increase
the intracellular concentration of cAMP
may represent a possible avenue of research
for therapeutics directed against the Ras
pathway.

A Anti-pTyr Anti-Shc
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mM dibutyryl cAMP for the last 5 min. Cells were then stimulated with EGF, and the amount of Ras
in the GTP-bound state was determined as described (77). Results (mean + SD of duplicates) are
from a single experiment representative of three that gave identical resuits.

Fig. 4. Cyclic AMP inhibits activation of Raf. Quies-
cent Rat1 cells were incubated for 1 hour with DME
alone (control) or DME containing CT (100 ng/ml)
before stimulation with LPA (L) (10 uM) or EGF (E)
(10 nM) for 5 min. Proteins from cell lysates were
immunoprecipitated with irrelevant antiserum or an-
tiserum to Raf-1 and assayed for MEK kinase activ-
ity in the immune complex. Samples were resolved

Pre-immune Anti—Raf-1
Control Control| CT
Ho '] - "
I
™ Q..
™| e=e - FMEK
304 -

CLE CLECLE

by SDS-PAGE and detected by autoradiography. The positions of catalytically inactive MEK, the
immunoglobulin heavy chain (Ig HC), and pre-stained molecular size markers (in kilodaltons) are
indicated. Results are from a single experiment representative of three that gave similar results. C,

control, no stimulation.
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Unidirectional Coupling of Gap Junctions
Between Neuroglia

Stephen R. Robinson,* Edith C. G. M. Hampson, Mark N. Munro,
David I. Vaney

Gap junctions permit the passage of ions and small molecules between cells, thereby
providing a basis for direct intercellular communication. In the rabbit retina, the low
molecular weight dyes Lucifer yellow and biocytin passed readily from astrocytes into
adjacent astrocytes, oligodendrocytes, and Miiller cells. However, the dyes rarely
passed from either oligodendrocytes or Miiller cells into astrocytes. Unidirectional pas-
sage of dye suggests the presence of an asymmetric barrier to the movement of
molecules through heterologous gap junctions and indicates the potential for a hierarchy

of command between interconnected cells.

Many vertebrate and invertebrate cells are
connected by “gap junctions” that provide
a route for intercellular communication
(1). Cellular coupling can be revealed by
the intracellular injection of a membrane-
impermeant dye of low molecular weight,
such as Lucifer yellow (457 daltons) (2) or
biocytin (373 daltons) (3, 4). The assump-
tion that molecules can pass through gap
junctions equally in both directions was
challenged by Flagg-Newton and Loewen-
stein’s (5) experiments on cocultures of
Balb/c and B fibroblasts. They reported that
dye injected into B cells diffused readily
into neighboring Balby/c cells but that little,
if any, dye transferred from injected Balb/c
cells into neighboring B cells. This remark-
able finding has not been replicated, and its
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functional significance is unclear because
the two cell lines are unlikely to encounter
each other outside a petri dish. We now
report that asymmetric diffusion of dye oc-
curs between different types of neuroglia
(astrocytes, oligodendrocytes, and Miiller
cells) in the myelinated band of the intact
rabbit retina (6).

Retinae from adult rabbits were stained
with Hoechst 38317 (7), and labeled peri-
axonal astrocytes (8) were injected with
Lucifer yellow (9). We photographed 91
periaxonal astrocytes that had been inject-
ed, and in every instance dye had diffused
into the majority (>90%) of stained cells
within their dendritic fields (mean number
of coupled cells, 70; range, 20 to 200; Fig.
1, A and B). Many of these coupled cells
(50 to 70%) were neighboring periaxonal
astrocytes, whereas the remainder were ei-
ther oligodendrocytes (Fig. 1, E and F) or
astrocytes belonging to other classes. In
addition, 58 periaxonal astrocytes were in-
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jected with biocytin (10). They were cou-
pled to 30 to 300 cells (mean number of
coupled cells, 156; Fig. 1G), of which 50 to
70% were periaxonal astrocytes, and the
remainder were either oligodendrocytes or
astrocytes from other classes.

Some periaxonal astrocytes were also
coupled to Miiller cells (radial glia): 10 of
the 91 injected with Lucifer yellow were
coupled to 1 to 12 Miiller cells (mean
number of coupled cells, 5), whereas 40 of
the 58 filled with biocytin were coupled to
1 to 20 Miiller cells (mean number of
coupled cells, 3). These Miiller cells could
be found up to 250 pm from the soma of an
injected astrocyte. Because the lateral pro-
cesses of rabbit Miiller cells are only about
25 um long (11), such labeling must be due
to the diffusion of dye through gap junc-
tions between astrocytes and Miiller cells
rather than to inadvertent impalement of
Miiller cell processes. We injected more
than 100 Miiller cells with Lucifer yellow or
biocytin, but they were never coupled to
other Miiller cells or to astrocytes.

Oligodendrocytes were identified by
their characteristic morphology (12) (Fig.
1, C, D, F, and H) and by their absence of
immunoreactivity to glial fibrillary acidic
protein. Approximately half of the stained
nuclei at the margin of the myelinated band
were oligodendrocytes. Of the 92 oligoden-
drocytes injected with Lucifer yellow, 90
exhibited no dye diffusion into adjacent
cells (Fig. 1, C and D). The remaining 2
oligodendrocytes were surrounded by 8 to
10 lightly labeled oligodendrocytes and
Miiller cells. Similarly, 49 of the 70 oligo-
dendrocytes injected with biocytin were not
coupled. The remaining 21 oligodendro-
cytes were surrounded by lightly labeled
oligodendrocytes and astrocytes (mean
number of coupled cells, 49; range, 1 to
150; Fig. 1H).

Our results show that, when periaxonal
astrocytes are injected with Lucifer yellow
or biocytin, most of the nearby oligoden-
drocytes and some Miiller cells fill with dye.
By contrast, when oligodendrocytes are in-
jected, few (if any) of the nearby astrocytes
show coupling. Furthermore, when Miiller
cells are injected, nearby astrocytes are
never labeled with dye (Fig. 2).

It is conceivable that the unidirectional
spread of dye is attributable simply to dam-
age to the oligodendrocytes (and Miiller
cells) caused by the injection procedure and
consequent closing of their gap junctions.
To investigate this possibility, oligodendro-
cytes were injected with either Lucifer yel-
low or biocytin, and nearby astrocytes were
immediately injected with the other dye
(13). Of the 23 successful fills, 21 oligoden-
drocytes were double-labeled. In these 21
cases, dye had passed from astrocytes into
oligodendrocytes after the oligodendrocytes






