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Transcriptional activation of the immediate early genes c-fos and egr-1 by extracellular signals appears to be
mediated by ternary complex factors {TCFs). In BAC-1 macrophages, growth factor stimulation leads to the
retardation of protein~-DNA complexes containing distinct TCFs. One TCF is recognized by Elk-1 antisera,
whereas the other is immunologically related to SAP-1. The appearance and decay of hyperphosphorylated
TCF/Elk-1-containing complexes after stimulation coincide with the activation of mitogen-activated protein
kinase (MAPK) and the induction and repression of c-fos and egr-1, whereas modified TCF/SAP-1-containing
complexes decay more slowly. Suppression of MAPK activation in macrophages and fibroblasts correlates with
the failure to induce TCF/EIk-1 hyperphosphorylation without blocking TCF/SAP-1 modification.
Accordingly the modified EIk-1 complex is generated in vitro by activated MAPK, whereas that of SAP-1 is
not. Expression of a dominant-negative Ras mutant (Ras**"'”) in BAC-1 cells does not affect CSF-1-induced
TCF/SAP-1 modification while suppressing TCF/Elk-1 phosphorylation. Neither PKC down-regulation by
TPA nor inhibition of G; proteins by pertussis toxin pretreatment influences CSF-1-induced signaling to TCFs.
These data indicate the existence of two separate signaling pathways for the modification of distinct TCFs:
one dependent on Ras and MAPK and converging on TCF/Elk-1, and the other targeting TCF/SAP-1

independently of Ras and MAPK.
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Cell growth, survival, and differentiation are mediated
by extracellular agents that bind to specific receptors at
the cell surface. These receptors, in turn, couple to com-
mon intracellular signaling networks that ultimately
converge on transcription factor activation and thereby
regulate gene expression. In the last few years, some of
the components of these cytosolic signal transduction
pathways have been identified, and many have been
shown to be encoded by cellular proto-oncogenes, like
c-ras, c-src, or c-raf. However, neither the precise nature
of the interactions among cytosolic signal transducers
nor the identity of their nuclear targets is yet fully de-
fined.

The serum response element (SRE) is a regulatory el-
ement mediating the induction of several immediate
early {IE] genes, such as the c-fos proto-oncogene. Geno-
mic footprinting has shown that the c-fos SRE is contin-
uously occupied in vivo throughout growth factor induc-
tion (Herrera et al. 1989; Kénig 1991). The pattern of
DNA-protein interaction at the SRE can be reproduced
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in vitro by binding of a serum response factor (SRF)
dimer (Treisman 1986; Norman et al. 1988; Schroter et
al. 1990} and one molecule of an accessory protein called
ternary complex factor (TCF) (Shaw et al. 1989). The abil-
ities to dimerize, bind DNA, and interact with TCF map
to a subdomain of SRF spanning residues 133-222 {Nor-
man et al. 1988; Mueller and Nordheim 1991).

Two cloned, ETS domain-containing proteins, Elk-1
and SAP-1, have been identified as ternary complex fac-
tors (Hipskind et al. 1991; Dalton and Treisman 1992).
TCFs require SRF or the core subdomain of SRF to bind
to the SRE (Shaw et al. 1989 but can bind directly to
purine-rich DNA motifs, like the Drosophila E74 ETS-
protein recognition sequence (Janknecht and Nordheim
1992; Rao and Reddy 1992). For both Elk-1 and SAP-1,
DNA binding is mediated by an ETS domain located at
the amino terminus of the protein. The formation of ter-
nary complexes additionally depends upon Elk-1/SAP-1
homology domain B. A third shared domain, the car-
boxy-terminal C-box, contains several conserved mito-
gen-activated protein kinase (MAPK) phosphorylation
sites and is therefore an attractive candidate as an accep-
tor of signals generated in response to growth factor
stimulation {Dalton and Treisman 1992; for review, see
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Treisman 1994). In support of this hypothesis, TCF and
Elk-1 can be phosphorylated in vitro by MAPK and by a
42-kD growth factor-regulated kinase (Gille et al. 1992;
Janknecht et al. 1993; Marais et al. 1993). Mitogen stim-
ulation of cells transfected with a fusion protein contain-
ing the Elk-1 C-box leads to Elk carboxy-terminal phos-
phorylation in a manner partially reproduced by MAPK
in vitro (Marais et al. 1993). Similarly, epidermal growth
factor (EGF) and serum induction in vivo cause an in-
creased phosphorylation of endogenous TCF that shows
a tight correlation to c-fos promoter activity (Zinck et al.
1993; Hipskind et al. 1994}, Consistent with a link be-
tween TCF/Elk-1 phosphorylation and c-fos induction,
mutations of the MAPK phosphorylation sites in the
C-box of Elk-1-GAL4 fusion proteins (Janknecht et al.
1993; Marais et al. 1993), of Elk-1 itself {Janknecht et al.
1993), or of Elk-1 mutants with altered binding specific-
ity (Hill et al. 1993) significantly reduce their ability to
mediate trans-activation. Growth factor-mediated mod-
ification of other TCFs, such as SAP-1, has not been re-
ported, and the role they play in mediating induction is
still not clear.

We were interested in dissecting the signal transduc-
tion pathways lying upstream of c-fos induction and par-
ticularly in determining which cytosolic kinases may act
as TCF regulators in vivo. Our model system is a mac-
rophage cell line, BAC-1.2F5 (Morgan et al. 1987), that
strictly depends on colony stimulating factor-1 (CSF-1)
for survival and proliferation {for review, see Baccarini
and Stanley 1990). The cell-surface receptor for CSF-1
(CSF-1R| is a tyrosine kinase encoded by the ¢-fms proto-
oncogene (Sherr et al. 1985). Like most tyrosine kinase as
well as nontyrosine kinase receptors, the CSF-1R is
linked to an intracellular signaling network that in-
volves a functional p217*°. Microinjection of anti-Ras an-
tibodies suppresses the proliferative response to CSF-1
(Smith et al. 1986}, as does the overexpression of the
GTPase-activating protein (GAP) catalytic domain (Bort-
ner et al. 1991).

The product of the proto-oncogene c-raf (for review,
see Rapp 1991) has also been identified as an important
intermediate in the transduction of the CSF-1 mitogenic
signal (Baccarini et al. 1990; Biischer et al. 1993). The
exact mechanism by which RAF-1 is phosphorylated and
activated in response to growth factor stimulation is still
unknown, although p217*° has recently been implicated
in this process (Troppmair et al. 1992; Moodie et al.
1993; van Aelst et al. 1993; Vojtek et al. 1993; Warne et
al. 1993; Zhang et al. 1993). p217¢ also plays a key role in
the phosphorylation and activation of MAPKs (also
known as ERKs or extracellular signal regulated kinases)
and the 85- to 92-kD ribosomal S6 kinases (RSKs)
(deVries-Smits et al. 1992; Thomas et al. 1992; Wood et
al. 1992; Moodie et al. 1993). This may be mediated via
RAF and MEK-1 (MAPK or ERK kinase) because acti-
vated RAF-1 phosphorylates MEK-1 in vitro {Dent et al.
1992; Howe et al. 1992; Kyriakis et al. 1992; Lange-
Carter et al. 1993). In vivo the MEK-1/MAPK signaling
pathway is activated in v-raf-infected NIH-3T3 cells
(Dent et al. 1992; Howe et al. 1992; Kyriakis et al. 1992)
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and in COS-1 cells transiently transfected with activated
RAF (Howe et al. 1992). These observations support the
following potential signaling order: Ras — RAF — MEK-
1 - MAPK.

This scheme may represent an oversimplification, as
v-raf-mediated activation of the MAPK pathway has
been shown to be a function of the cellular context
(Gallego et al. 1992; Gupta et al. 1992; Wood et al. 1992;
Samuels et al. 1993). In addition, a RAF-independent
MEK-1 kinase (MEKK) has recently been cloned and
shows high homology to the yeast MEK regulators Byr2
and Stell (Lange-Carter et al. 1993). This indicates the
existence of additional, RAF-independent MAPK regula-
tory pathways.

We show in this paper that growth factor-induced ac-
tivation of ERK-1 and ERK-2 correlated temporally with
the hyperphosphorylation of a distinct TCF activity im-
munologically related to Elk-1 (TCF/Elk-1). A second ac-
tivity (TCF/SAP-1), recognized by an antiserum specific
for SAP-1, was also rapidly modified upon stimulation.
v-raf expression in BAC-1 cells suppressed CSF-1-in-
duced ERK-1 and ERK-2 activation and TCF/Elk-1 mod-
ification. Accordingly, c-fos induction was attenuated in
these cells. Decreased ERK-1 and ERK-2 activity corre-
lated with diminished TCF/Elk-1 phosphorylation in
EGF-stimulated fibroblasts carrying a kinase-negative
human EGF receptor and in serum-stimulated NIH-3T3
cells. In contrast, modified TCF/SAP-1 complexes can be
detected in the absence of MAPK activation in the sys-
tems examined. Consistent with this, the mobility of
ternary complexes formed with in vitro-translated SAP-1
was not modified by purified active ERK-2, whereas that
of Elk-1-containing complexes was. Furthermore, induc-
ible expression of a dominant-negative Ras construct
blocked TCF/Elk-1, but not TCF/SAP-1 modification,
indicating that diverging signaling pathways lead to the
modification of TCF/Elk-1 and TCF/SAP-1.

Results

CSF-1 stimulation causes the appearance of TCF
complexes with decreased mobility

We used a mouse macrophage cell line to investigate
whether growth factors induce changes in TCF corre-
sponding to gene activation in myeloid cells. Growth
factor-starved BAC-1 cells were stimulated with CSF-1,
whole-cell extracts were prepared at different times after
stimulation and TCF was analyzed by ternary complex
formation. The binding reactions contained a 32P-labeled
c-fos SRE probe and core SRF, ,,,, which encompasses
the domains necessary for DNA binding and interaction
with TCF (Norman et al. 1989; Mueller and Nordheim
1991). Changes in the mobility of core SRF-directed ter-
nary complexes reflect the modification state of TCF
(Zinck et al. 1993; Marais et al 1993), which in turn
correlates with the activity of the c-fos promoter (Zinck
et al. 1993; Hipskind et al. 1994).

In extracts prepared from CSF-1-starved cells, the core
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SRF-assisted ternary complexes {core cll) appeared as two
bands {Fig. 1A}, the lower of which (*) was not detectably
altered by factor stimulation. Induction with CSF-1
caused the disappearance of the upper uninduced band
{U) and the appearance of two slower ternary complexes
2.5 min after CSF-1 stimulation (Fig. 1A). For this reason
these slower complexes will subsequently be called in-
ducible. The upper inducible complex (I-1} rapidly de-
clined after induction, whereas the lower inducible com-
plex {I-2) could be detected much later. Without core
SRF, temary complexes (cll) were formed on the SRE
probe with endogenous SRF by both uninduced and in-
duced extracts, whereas no complexes appeared at the
core cl and core cll positions (Fig. 1A; data not shown).
All complexes were supershifted upon the addition of an

Separable pathways target distinct TCFs

Figure 1. CSF-1 stimulation causes phosphatase-sensitive
changes in the mobility of TCF-DNA complexes that correlate
with IE gene activation. (A) Mobility-shift analysis of complexes
formed by whole-cell extracts from resting BAC-1 cells (0) or
from cells stimulated with recombinant CSF-1 for the indicated
times. The control reaction contained recombinant human
Elk-1 {rhElk-1). The probe was a 3?P-labeled c-fos SRE. Reac-
tions were supplemented with core SRFy, 544, that spans SRF
residues 90-244. The rhElk-1 lane {right) comes from a shorter
exposure of the same gel. We note that the rhElk-1 complexes
do not comigrate exactly with either I-1 or I-2. {core cI) Core SRF
dimer; (core cllI) ternary complexes; {*} uninducible ternary
complex; (U) uninduced ternary complexes; (I-1, I-2) induced
ternary complexes; {cI] endogenous SRF dimers; (clI) ternary
complexes formed with endogenous SRF. (B) Both induced and
uninduced complexes are affected by phosphatase digestion.
Whole-cell extracts from either unstimulated or CSF-1-stimu-
lated (2.5 min) BAC-1 cells were dialyzed as described in Mate-
rials and methods to remove phosphatase inhibitors. An aliquot
of the dialyzed extract was assayed with the c-fos SRE and core
SRFy, 544 as described in A. Mobility-shift analysis after treat-
ment with bacterial alkaline phosphatase (BAP), purified PP-1q,
and purified PP-2A are shown. A phosphatase inhibitor mix (see
Materials and methods) was added where indicated to block
phosphatase activity and control for nonspecific effects of incu-
bation. The lanes come from different regions of the same gel,
and those marked — contain the dialyzed extract incubated
without phosphatases in the absence of inhibitors. Please note
that under these conditions complex I-1 is lost in the BAP re-
action buffer containing MgCl,,whereas it remains in the PP-1a
reaction buffer that lacks this ion. The arrow designates a novel
complex of unknown identity generated by purified PP-1a and
PP-2A in both uninduced and induced extracts.

antiserum specific for both core SRF and SRF (data not
shown; Hipskind et al. 1991). Recombinant human Elk-1
(thElk-1}, obtained by overexpression in continuously
growing Hela cells (Janknecht and Nordheim 1992},
formed a series of core cll complexes migrating in the
same region of the gel (Fig. 1A), and similar complexes
were also found in nuclear extracts of BAC-1 cells (data
not shown).

Slower migrating direct and ternary complexes have
been shown to arise from an induction-dependent phos-
phorylation of TCF and Elk-1 (Hill et al. 1993; Janknecht
et al. 1993; Marais et al. 1993; Zinck et al. 1993) and
correlate with highly phosphorylated species of TCF in
two-dimensional gels (Zinck et al. 1993). If this is the
case in mouse whole-cell extracts, then phosphatase
treatment should chase the induced complexes back to
the uninduced position. We therefore dialyzed the
mouse whole-cell extracts and incubated them with dif-
ferent phosphatases. Both induced complexes disap-
peared upon incubation with bacterial alkaline phos-
phatase (BAP). Concomitantly, a complex with an elec-
trophoretic mobility similar to complex U became
visible. Furthermore, a second complex (marked with a
black oval] with an electrophoretic mobility faster than
the uninducible complex (*} was observed, which was
also detectable in BAP-treated uninduced extracts. Inter-
estingly complex I-1, but not [-2, was diminished in the
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mock incubation for BAP, suggesting the presence of an
endogenous phosphatase specifically affecting I-1. This
activity required Mg>*, because it was active in the
MgCl,-containing buffer used for the BAP reaction but
not in the PP-1a buffer lacking this ion. Both the puta-
tive endogenous phosphatase and BAP were blocked by
phosphatase inhibitors. Treatment with the serine/thre-
onine-specific phosphatases PP-1a and PP-2A had little
effect on the core clI ternary complexes in the uninduced
extracts. In induced extracts, only PP-2A affected the
induced complexes, causing their faster migration. This
effect was blocked by phosphatase inhibitors (Fig. 1B,
right). The activity of both PP-la and PP-2A was indi-
cated by the appearance of a new complex of unknown
identity in the extracts (arrow, Fig. 1B, right). Thus, the
induced complexes were phosphatase sensitive, al-
though we have not been able to establish a clear pre-
cursor—product relationship between the uninduced and
induced complexes.

I-1 contains an Elk-1-related TCF, and the TCF
in I-2 is immunologically related to SAP-1

TCFs have been shown to generate core SRF/SRE and
wild-type SRF/SRE ternary complexes, as well as direct
complexes with the Drosophila E74-binding sites. Simi-
larly the BAC-1 whole-cell extracts formed a series of
complexes with the E74 probe, some of which disap-
peared upon induction, along with the appearance of two
slower migrating complexes (data not shown). To con-
firm the interrelationship of the direct and core SRF ter-

nary complexes formed in the BAC-1 extracts, we added
cold E74-binding site to the ternary complex reactions. A
progressive increase in the concentration of this compet-
itor prevented the appearance of the core cll complexes
(Fig. 2A). This competition was specific, because a mu-
tant E74 sequence incapable of forming direct complexes
had no effect, even at a 2000-fold molar excess, and nei-
ther oligonucleotide affected the formation of the core
SRF binary cI complexes (Fig. 2A). This indicates that the
proteins forming ternary complexes with core SRF and
the SRE also bind directly and specifically to the E74
ETS—protein recognition sequence.

In addition, neither uninduced nor induced ternary
complexes were formed on a probe containing a muta-
tion in the DNA sequence upstream of the SRF-binding
site {data not shown) necessary for TCF binding in vitro
and activation of reporter constructs in vivo (Shaw et al.
1989; Graham and Gilman 1991; Shaw 1992). Further-
more, BAC-1 whole-cell extracts were capable, like hu-
man TCF (Mueller and Nordheim 1991, Hipskind et al.
1991}, of forming ternary complexes on the SRE with
core MCML. This yeast transcription factor is homolo-
gous to SRF in its DNA-binding domain and is impli-
cated in the pheromone signaling pathway in Saccharo-
myces cerevisiae. The induced and uniduced complexes
formed with core MCM1 resembled those formed with
core SRF (data not shown). Thus, the core cIl complexes
contain bona fide TCFs.

In human cells the major TCF activity is indistin-
guishable from Elk-1 (Hipskind et al. 1991; Zinck et al.
1993; R. Hipskind, unpubl.). In BAC-1 extracts, an Elk-
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Figure 2. Characterization of TCF activity in BAC-1 whole-cell extracts. (A) Temary complex formation on the SRE is inhibited by
the E74 ETS-binding sequence. Mobility-shift analysis of ternary complexes formed by extracts of CSF-1 stimulated cells in the
presence of the indicated molar excess of either unlabeled E74 oligonucleotide or a mutated derivative incapable of binding TCF or
Elk-1. (B) Immunological characterization of I-1 and I-2. {Left) I-1, but not I-2, reacts with an anti-Elk-1 serum. Binding reactions
contained whole-cell extracts from serum-induced HeLa cells, rhElk-1, or whole-cell extracts from uninduced and CSF-1-stimulated
BAC-1.2F5 cells, along with 3?P-labeled c-fos SRE and core SRFy; 54, They were supplemented with either an anti-Elk-1 serum
{a-Elk-1) or with preimmune serum (PIS). The HeLa and rhEIk-1 lanes come from a shorter autoradiographic exposure of the same gel.
(Right) I-2 contains a protein immunologically related to SAP-1. Whole-cell extracts were prepared from the cells indicated, either prior
to induction or after stimulation with the factor shown above the lanes. Nonimmune serum (0.5 pl}, or 1 pl of a SAP-1-specific rabbit
serum was added before the extract. Reactions were performed as described in the legend to Fig. 1.
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1-related mRNA could be readily detected with a human
Elk-1 probe (data not shown). We therefore tested
whether any of the ternary complexes formed by these
mouse macrophage cells contained Elk-1-related pro-
teins by adding anti-Elk-1 antiserum to the binding re-
actions (Hipskind et al. 1991). Preimmune serum did not
influence TCF binding (Fig. 2B, left). In contrast, the
anti-Elk serum significantly reduced a subset of the ter-
nary complexes formed by the BAC-1 extracts. In the
uninduced extract (0 min), the amount of the complex
marked with an asterisk (*) was lowered, and the unin-
duced complex (U) was slightly affected. After induction
{2.5 min), the upper inducible complex I-1 was virtually
eliminated by the Elk-1 antiserum, whereas the other
inducible complex (I-2} was insensitive to this treat-
ment. The same amount of serum significantly de-
creased the formation of ternary complexes by rhElk-1
and whole-cell extracts prepared from serum-induced
HeLa cells. Two other Elk-1 antisera, directed against
the ETS domain (amino acids 1-83) and the carboxy-
terminal 120 amino acids (Zinck et al. 1993), also block
these ternary complexes {data not shown).

Three separate Elk-1-specific antisera did not react
with the I-2 complexes, indicating that they contain a
TCEF distinct from Elk-1. Because Northern analyses in-
dicated the presence of mRNA hybridizing to a human
SAP-1 probe (data not shown), we wondered whether
these complexes might contain SAP or a related protein.
To determine this, we used an antiserum that specifi-
cally immunoprecipitates SAP-1 but not Elk-1 or SAP-2
(A. Rogers, S. Dalton, and R. Treisman, unpubl.}. This
serum eliminated almost all of the uninduced (U) and
some of the uninducible (*) complex (Fig. 2B, right, NIH-
3T3 and BAC-1} and blocked most of the lower induced
complex I-2 (BAC-1 induced lanes). Interestingly, serum-
induced NIH-3T3 cells contained mainly I-2 complexes.
On the contrary, human cell lines contained much more
I-1 than I-2 activity, and the I-2 complex was also sensi-
tive to the SAP-1 antiserum {Fig. 2B, HeLa lanes; R. Hip-
skind and M. Baccarini, unpubl.). Because the U and 1-2
complexes both reacted with the SAP-1 antiserum, I-2
might arise from induction-dependent modification of
the TCFs forming complex U. As expected, the SAP-1
antiserum did not affect the upper inducible complex I-1
recognized by the Elk-1 antisera. The complementary
pattern of inhibition observed with the Elk-1 and SAP-]
antisera indicates that the induced complexes contain
distinct TCFs. Because of their reactivity with these an-
tisera, the factors forming complexes I-1 and I-2 will be
referred to as TCF/Elk-1 and TCF/SAP-1, respectively.

As described above, both TCF/Elk-1- and TCF/SAP-1-
containing complexes were phosphatase sensitive. To
obtain direct evidence of growth factor-induced phos-
phorylation of TCF/Elk-1 and TCF/SAP-1, we labeled
BAC-1 cells in vivo with *?P-labeled orthophosphate.
Immunoprecipitation with the Elk-1 ETS domain-spe-
cific antiserum and the SAP-1-specific serum yielded
phosphorylated bands with apparent molecular masses
of 75 and 52 kD, respectively (data not shown). CSF-1
induction led to a 2.2-fold increase in the phosphoryla-

Separable pathways target distinct TCFs

tion of the 75-kD band (uninduced, 4390 cpm Cerenkov;
induced, 9595 cpm Cerenkov) and to a 1.75-fold increase
in the phosphorylation of the 52-kD band (uninduced,
1115 cpm Cerenkov; induced, 1925 cpm Cerenkov).
Tryptic phosphopeptide maps of TCF/Elk-1 were very
similar to those of overexpressed recombinant human
Elk-1 (Janknecht et al. 1993) and clearly differed from the
tryptic phosphopeptide pattern of TCF/SAP-1 (data not
shown). Thus, the antibodies reacting specifically with
both uninduced and induced ternary complexes formed
by BAC-1 whole-cell extacts recognize distinct phos-
phoproteins whose degree of phosphorylation is affected
by growth factor induction.

The kinetics of growth factor-induced activation
of MAPKs correlate with TCF/Elk-1 modification
and gene induction

The kinetics of MAPK activation following induction of
BAC-1 cells with either CSF-1 or lipopolysaccharide
(LPS) were investigated by an in-gel kinase assay {Chao
et al. 1992). This technique allowed us to measure
MAPK activity in the same whole-cell extracts used for
the DNA-binding experiments. The extracts were re-
solved by SDS-PAGE in a gel containing myelin basic
protein (MBP). After renaturation, the activities of ERK-1
and ERK-2, as well as other MBP kinases, were visual-
ized by the transfer of radioactive phosphate to MBP.
The two phosphorylated bands comigrate with proteins
reacting with a MAPK-specific antiserum, as shown by
Western blotting; furthermore, activation measured in
the MAPK assay strictly correlated with tyrosine phos-
phorylation of immunoprecipitated ERK2 (data not
shown). Lysates of CSF-1-starved BAC-1 did not contain
active ERK-1 or ERK-2. CSF-1 induction led to a very
rapid activation of these kinases that subsequently de-
clined but did not disappear completely (Fig. 3A, BAC-1).
The kinetics of ERK-1 and ERK-2 activation correlate
well with the appearance of the induced ternary com-
plexes (Fig. 1A). Equivalent amounts of ERK-1 and ERK-2
were present at each time point, as measured by immu-
noblotting (data not shown).

To test whether the kinetics of MAPK and TCF/Elk-1
activation and repression correlate with the induction of
SRE-driven genes, we isolated RNA from whole-cell ex-
tracts and hybridized slot blots with c-fos, egr-1 and
GAPDH probes, followed by densitometric quantitation
(Table 1). As expected, the induction and repression ki-
netics of c-fos and egr-1 lagged just behind those of
MAPX activation and TCF/Elk-1 modification {Tables 1
and 2; data not shown). As noted above, TCF/SAP-1 also
appears with rapid kinetics, but its decay does not cor-
respond with promoter or MAPK inactivation.

Decreased MAPK activation correlates with a lack
of TCF/EIk-1 but not of TCF/SAP-1 modification
in mouse macrophages and fibroblasts

Constitutive v-raf expression in BAC-1 cells relieves
their dependence on CSF-1 and leads to autonomous
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Figure 3. MAPK activation and I-1 formation are impaired in v-raf-expressing BAC-1 cells. (A} In-gel kinase assay of MAPK activity
in whole-cell extracts from CSF-1-stimulated BAC-1.2F5, Vrb-B, and Vrb-6 cells. Cells were either left untreated (0} or incubated with
CSF-1 (6.3 nm at 37°C) for the indicated times. Vrb-B and Vrb-6 cell lines are growth factor-independent cell lines derived from
BAC-1.2F5 cells after infection with a v-raf retrovirus. In each lane, 7.5 pg of protein from whole-cell extracts was loaded. The
separating gel contained 0.2 mg/ml of MBP. Arrows indicate the positions of ERK-1 and ERK-2. (B} Mobility-shift analysis of com-
plexes formed by whole-cell extract from resting and CSF-1-stimulated Vrb-B and Vrb-6 cells. Cells were either left untreated {0) or
stimulated with CSF-1 {6.3 nM at 37°C) for the indicated times. Reactions contained 3?P-labeled c-fos SRE and core SRFyq ,44. The

designation of the complexes is described in the legend to Fig. 1A.

growth in the absence of autocrine growth factor produc-
tion (Biischer et al. 1993). We investigated two CSF-1-
independent clones derived from BAC-1 cells, Vrb-B and
Vrb-6, that were obtained in two independent infections
with v-raf retroviral vectors. The level of expression of
the v-raf protein is twofold (Vrb-B) or fivefold (Vrb-6) that
of the endogenous RAF-1 product (Biischer et al. 1993).
v-raf expression in the BAC-1 cell background did not
cause constitutive ERK-1 and ERK-2 activation; on the
contrary, CSF-1 stimulation resuited in a slightly re-
duced MAPK activation in Vrb-B cells relative to BAC-1,
whereas in the Vrb-6 clone little if any activation of
ERKs was detectable (Biischer et al. 1993; Fig. 3A, Vrb-B,
Vrb-6). Western blots showed comparable amounts of
MAPK protein in all instances (data not shown). Thus,
suppression of ERK-1 and ERK-2 activation correlated
with the amount of v-raf expressed by the clones.

We used these clones to determine the effect of im-
paired MAPK activation on the appearance of the in-

Table 1. Relative IEG induction in BAC-1 cells

duced ternary complexes. Analysis of ternary complex
formation (Fig. 3B) showed that whole-cell extracts from
CSF-1-starved Vrb-B and Vrb-6 cells formed uninduced
core cIl complexes, consistent with the fact that MAPK
is not activated by v-raf expression in these cells. Upon
CSF-1 induction, complex I-2, containing modified TCF/
SAP-1, still appears in Vrb-6 extracts, albeit in reduced
amounts (Fig. 3B). A much stronger reduction has oc-
curred in complex I-1, which is barely visible. Thus, lit-
tle TCF/Elk-1 hyperphosphorylation is detectable when
MAPK activation has been strongly suppressed. In Vrb-B
cells, ERK-1 and ERK-2 activation was only partially im-
paired, and the amounts of inducible complexes I-1 and
I-2 were comparable to those detected in BAC-1 extracts
after CSF-1 (Fig. 3B).

Consistently, quantitation of Northern blots showed
that induction of c-fos and egr-1 mRNA by CSF-1 was
strongly attenuated in Vrb-6 cells, whereas it was only
slightly reduced in Vrb-B cells (Table 2; Biischer et al.

Table 2. Relative c-fos induction after CSF-1 stimulation

Time {min) Time (min)
Probe Inducer 2.5 5 15 30 60 Cells 0 30 90
c-fos CSF-1 0.8 0.9 23 8.9 2.0 BAC-1 1.0 84 0.9
egr-1 CSF-1 1.0 0.7 23 19 6.1 Vrb-B 3.7 69 1.0
Vrb-6 2.5 27 0.9

RNA (2.5 pg) isolated from whole cell extracts was slot-blotted
onto nylon and hybridized sequentially with c-fos, egr-1, and
GAPDH probes. The 0-min time point was taken as 1.0 arbi-
trary units. Essentially identical values were obtained in two
separate measurements.
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Total RNA (10 pg) isolated from whole cell extracts was ana-
lyzed by Northern blotting with a c-fos and GAPDH probe. The
values are presented relative to the BAC-1 0-min time point.
Two separate Northern analyses yielded similar results.
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1993). The degree of attenuation corresponded to the
amount of v-raf protein expressed and to the degree of
impairment of MAPK activation and TCF/Elk-1 modifi-
cation. This attenuation of IEG activation has been ob-
served in 12 separate v-raf-expressing BAC clones, as
well as in v-raf-transformed fibroblasts (Biischer et al.
1993; Yu et al. 1993).

To test whether the strong correlation between MAPK
activation and TCF/Elk-1 modification described above
was restricted to cells of the macrophage lineage, we
used two different mouse fibroblast cell lines, B82L cells
expressing human EGF receptor (hEGFR) mutants and
NIH-3T3. In the B82L cells, EGF stimulation caused
MAPK activation by the wild-type hEGFR and by the
carboxy-terminal truncated hEGFR mutant C973 (Fig.
4A). This mutant lacks all of the autophosphorylation
sites and does not undergo internalization but actively
transduces EGF mitogenic signals (Chen et al. 1988). In
contrast, stimulation of a kinase-negative receptor
(M721; Chen et al. 1988] led to dramatically reduced
MAPK activation (Campos-Gonzilez and Glenney 1992,
Selva et al. 1993). This mutant is also incapable of acti-
vating RAF-1 (Baccarini et al. 1991). Surprisingly, MAPK
activation following serum induction of NIH-3T3 cells
was extremely poor relative to the wild-type and C973-
B82L cells or to stimulated BAC-1 cells (Fig. 3A). The
level of MAPK activation observed in serum-induced
NIH-3T3 cells was similar to that detected in EGF-in-
duced M721-B82L cells {Fig. 4A). The a-MAPK Western
blot shows that all of the cell lines contained comparable
amounts of ERK-1 and ERK-2 (Fig. 4A).

These same extracts were tested for core SRF-directed
ternary complex formation. I-1 (TCF/Elk-1) was barely
induced in both NIH-3T3 and M721 cells, whereas it was

"In Gel” Kinase Assay
BH2ZL BE2L
NIH
hEGFR wi M721 C973 373 wi M721
ECF = + - 4 - + - 4 SeTUM = 4 = 4 -
- - D == .
=
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-

a-MAPKs Western

C973
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Separable pathways target distinct TCFs

readily formed in extracts from cells activating MAPK
upon stimulation (Fig. 4B). This complex is sensitive to
the Elk-1-specific antiserum (data not shown). In con-
trast to I-1, I-2 appeared upon induction irrespective of
whether or not MAPK is activated (Fig. 4B). In all these
extracts, [-2 formation was blocked by the SAP-1 antise-
rum (Fig. 2B; data not shown), indicating that in both
myeloid and fibroblastic cells a SAP-1-related TCF is
modified upon induction.

MAPK alters the mobility of EIk-1- but not
SAP-1-containing ternary complexes

Our results, as well as those from other groups (Gille et
al. 1992; Hill et al. 1993; Janknecht et al. 1993; Marais et
al. 1993}, suggested that Elk-1 is in the MAPK signaling
pathway and is a substrate for MAPK. In contrast, TCF/
SAP-1 phosphorylation can still occur when MAPK ac-
tivation is impaired. To directly test the effect of MAPK
on the two TCFs, human Elk-1 and SAP-1a prepared by
coupled in vitro transcription/translation (IVT) were in-
cubated with activated ERK-2 in the presence of MgCl,
and [y->?P]ATP, subjected to immunoprecipitation with
the respective antisera, and analyzed by SDS-PAGE fol-
lowed by autoradiography.

An ERK-2-dependent phosphorylation of IVT Elk-1
and IVT SAP-la was detectable in SDS-PAGE |Fig. 5,
left). The addition of ERK-2 also led to the Mg?*- and
ATP-dependent appearance of slower migrating IVT Elk-
1-containing ternary complexes that comigrate with
mouse- and human-induced ternary complex I-1 {Fig. 5,
right). On the other hand, IVT SAP-1 formed two SRF-
assisted complexes that did not comigrate with complex
I-2 and were hardly affected by ERK-2 treatment (Fig. 5,

B

probe SRE + coreSEF,

90244
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Figure 4. MAPK activation and TCF modification in resting or induced mouse fibroblasts. {A) In-gel kinase assay of MAPK activity
in whole-cell extracts from B82L and NIH-3T3 cells. B82L cells expressing wild-type hEGFR (wt}, a kinase negative mutant (M721),
and a carboxy-terminal truncation (C973) were either left untreated { — ) or incubated with EGF [100 nMm for 5 min at 37°C { +)]. NIH-3T3
cells were either left untreated (-} or induced with 10% FCS [7.5 min, 37°C ( +]]. In each lane, 15 pg of protein from whole-cell extracts
was loaded. MBP (0.2 mg/ml) was polymerized in the separating gel. Arrows indicate the position of ERK-1 and ERK-2. (B} Mobility-
shift analysis of various whole-cell extracts. Reactions contained 3*P-labeled c-fos SRE and core SRFoqs 544 as described in the legend

to Fig.1A.
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Figure 5. ERK-2 treatment of in vitro-
translated human Elk-1 and SAP-la. Hu-
man Elk-1 and SAP-1a were generated by
coupled IVT. (Left) In vitro phosphoryla-
tion of Elk-1 and SAP-1 by activated ERK-
2. Equal amounts of IVT 25S-labeled pro-
teins were incubated with MgCl, and
[v3?P]ATP in the absence or presence of
activated ERK-2, as indicated above the
lanes. After immunoprecipitation, proteins
were analyzed by 10% SDS-PAGE. The gel
was exposed to two films. Only the second
film, documenting **P incorporation in the
presence or absence of activated ERK-2, is
shown. Size standards are shown at left as
kilodaltons. (Right) Mobility-shift analysis
of in vitro-phosphorylated proteins. Kinase
reactions were assembled {with cold ATP)
as shown above the lanes, with cold IVT
proteins. Aliquots were then used in mo-
bility-shift reactions containing 32P-la-
beled c-fos SRE and core SRFgg 544-

35.IVT Protein
activ. ERK-2

MgCIz -[y32P]ATP

07—~ §
76— |

B2

36.8—

right). We note that ternary complexes formed by IVT
SAP-1b, a splice variant lacking the carboxy-terminal
MAPK consensus sites (Dalton and Treisman 1992}, did
not comigrate with any of the mouse complexes and
were unaffected by ERK-2 treatment (data not shown).

Modification of TCF/EIk-1, but not of TCF/SAP-1,
is dependent on Ras activation

The experiments described above implied the existence
of two distinct signal transduction pathways targeting
TCF/Elk-1 and TCF/SAP-1, respectively, and diverging
at the level of MAPK activation. To test whether these
pathways differed in their requirements for intracellular
signal transducers upstream of this divergence point, we
assayed the dependence of TCF/Elk-1 and TCF/SAP-1
modification on Ras function, protein kinase C (PKC)
function, and on the function of G, proteins. BAC-
1+ Ras®*"!7 cells were obtained by transfection. Clones
inducibly expressing the recombinant proteins were se-
lected and tested for their ability to support the modifi-
cation of TCF/Elk-1 and TCF/SAP-1 upon stimulation
with CSF-1. Dexamethasone-mediated induction of the
Ras®*"!” mutant suppressed I-1 formation, whereas I-2
was unaffected (Fig. 6). Thus, TCF/Elk-1, but not TCF/
SAP-1, modification was a Ras-dependent phenomenon.

BAC-1 cells contain three PKC isozymes, namely 3, e,
and {. PKC 3 is hyperphosphorylated following CSF-1
treatment, and both PKC 8 and e are effectively down-
regulated by prolonged exposure to TPA (G. Varga and
M. Baccarini, unpubl.). PKC down-regulation negatively
affects CSF-1 mitogenic signal transduction (Imamura et
al,, 1990]. This treament, however, did not affect the
CSF-1-induced modification of TCF/Elk-1 or TCF/SAP-
1, indicating that TPA-sensitive PKCs are not involved
in this process (data not shown). Likewise, inhibition of
G, proteins by pertussis toxin treatment, reported previ-
ously to affect CSF-1 signal transduction (Imamura et al.
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1990), did not reduce TCF/Elk-1 or TCF/SAP-1 phospho-
rylation (data not shown).

Discussion

Two distinct TCFs are modified upon in vivo
stimulation of mouse cells

Extracts from BAC-1, B82L, and NIH-3T3 cells contain

c-fos SRE + coreSRFgp 544
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Figure 6. TCF modification in BAC-1 cells expressing induc-
ible Ras®*®!7 constructs. Mobility-shift analysis of complexes
formed by whole-cell extract from resting and CSF-1-stimulated
BAC-1 and BAC-1+Ras®*"!7 cells. Cells were either left un-
treated or stimulated with CSF-1 (5 min at 37°C). Where indi-
cated, dexamethasone (0.5 pM final concentration) was added to
the cultures during growth factor starvation. Reactions con-
tained 32P-labeled c-fos SRE and core SRFgq 544-
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two distinct activities capable of forming ternary com-
plexes on the c-fos SRE. The properties of these two
TCFs are identical in four respects: (1) They both bound
the E74 ETS recognition sequence directly; {2} both were
unable to form ternary complexes on SRE probes carry-
ing a mutation of the TCF contact points; (3) they both
formed ternary complexes with core SRF or core MCM1;
and (4) they were hyperphosphorylated when the cells
were stimulated in vivo. The two activities could be dis-
tinguished, on the basis of their reactivity with specific
antisera, as Elk-1- and SAP-1-related TCFs. Both TCE/
Elk-1 and TCF/SAP-1 could be detected in the mouse
cell lines tested, where the relative proportion of TCE/
SAP-1 was much higher than in a number of human cell
lines (Fig. 2B; R. Hipskind and M. Baccarini, unpubl.).

Extracts from uninduced mouse cells contained two
ternary complexes, labeled U and *, and U disappeared
after in vivo stimulation of the cells. As judged by the
effects of the Elk-1 and the SAP-1 antisera, the U com-
plexes contain more TCF/SAP-1 than TCF/Elk-1, which
seems to be present in both complexes U and *. Upon
stimulation, ternary complexes appeared that migrated
with discrete mobilities and contained predominantly
TCEF/SAP-1 or TCF/Elk-1. Both complexes were induced
concomitantly, but the modified TCF/SAP-1 complex
persisted long after the TCF/Elk-1 complex had decayed.
The antisera used to identify the components in the ter-
nary complexes immunoprecipitated distinct phos-
phoproteins from BAC-1 cell lysates. Consistent with
the induction-related appearance of altered ternary com-
plexes, TCF/Elk-1 and TCF/SAP-1 are hyperphosphory-
lated after CSF-1 induction.

We did not observe obvious changes in the binding
affinity of either TCF upon stimulation. Because the pat-
tern of DNA contacts in ternary complexes containing
either SAP-1 or Elk-1 are identical (Dalton and Treisman
1992), these data are consistent with the observation
that the genomic footprint at the c-fos SRE remains un-
changed throughout growth factor stimulation (Herrera
et al. 1989; Ko6nig 1991). Thus, it is possible that Elk-1 or
SAP-1 may bind interchangeably to the SRE in cells ex-
pressing both of these TCFs.

Separate signal transduction pathways are involved
in TCF/Elk-1 and TCF/SAP-1 modification

Phosphorylation of TCF/Elk-1 correlates temporally
with c-fos induction in vivo {Zinck et al. 1993}, and
MAPK has been shown to phosphorylate both TCF and
human Elk-1 in vitro (Fig. 5; Gille et al. 1992; Janknecht
et al. 1993; Marais et al. 1993). Furthermore, mutation of
the conserved MAPK-phosphorylation sites in the car-
boxyl terminus of Elk-1-GAL4 fusion proteins reduces
their in vivo trans-activating ability (Janknecht et al.
1993; Marais et al. 1993). These data corroborate those
showing that TCF helps mediating c-fos activation in
vivo {Shaw et al. 1989; Graham and Gilman 1991) and
define Elk-1 as a growth factor-regulated transcription
factor (Janknecht et al. 1993; Marais et al. 1993). In CSF-
1-stimulated BAC-1 cells, the activation and repression

Separable pathways target distinct TCFs

kinetics of ERK-1/ERK-2 and the transient phosphoryla-
tion of TCF/Elk-1 could be tightly correlated. Further-
more, growth factor-independent, v-raf-expressing BAC-1
cells showed suppression of MAPK activation and TCF/
Elk-1 modification, seemingly as a function of the
amount of viral protein expressed (Bilischer et al. 1993).
In contrast, modified TCF/SAP-1 persisted long after
MAPK and TCF/Elk-1 had returned to their basal state
after CSF-1 stimulation of BAC-1 cells and could still be
detected in v-raf-expressing cells upon growth factor
stimulation.

Likewise, in fibroblasts expressing hEGFR or mutants
thereot, only hEGFR forms capable of activating MAPK
led to TCF/Elk-1 modification. In contrast, TCF/SAP-1
was modified upon EGF stimulation irrespective of
MAPK and RAF-1 activation. Essentially similar results
were observed in NIH-3T3 cells, in which ERK-1 and
ERK-2 are weakly active 7.5 min after serum induction
[Fig. 4A}. Accordingly, modification of TCF/SAP-1, but
not of TCF/Elk-1, was detected in extracts prepared from
induced NIH-3T3 cells. Nevertheless SRE-driven IE
genes are serum-inducible in NIH-3T3 cells, indicating
that transcription of these genes may be stimulated via a
MAPK-independent signaling pathway targeting a dis-
tinct ternary complex. Alteratively, TCF may not be
essential for IE gene expression in fibroblasts, as sug-
gested by the observation that c-fos promoters carrying
mutations in the TCF recognition site retain nearly full
serum inducibility in these cells (Graham and Gilman
1991; Koénig 1991).

Qur results, while supporting the view that Elk-1
phosphorylation is mediated by MAPK in vivo, imply
the existence of a distinct TCF/SAP-1 kinase. This was
surprising, given the homology between human Elk-1
and human SAP-1. All of the MAPK phosphorylation
sites required for transcriptional activation by the Elk-1
carboxy-terminal region are conserved in the C-box of
SAP-la (Dalton and Treisman 1992; Treisman 1994).
SAP-1a was phosphorylated by activated MAPK in vitro;
nevertheless, the mobility of SAP-1a terary complexes
was barely modified. Together with the results obtained
in vivo, these data indicate that MAPK activation is nei-
ther necessary nor sufficient for TCF/SAP-1 modifica-
tion.

In an effort to elucidate the pathway leading to TCF/
SAP-1 activation, we blocked the activation of different
molecules involved in CSF-1 signal transduction. Both
TCF/SAP-1 and TCF/Elk-1 were resistant to TPA-medi-
ated PKC down-regulation and to inhibition of G; pro-
teins by pertussis toxin treatment. Interestingly, how-
ever, TCF/SAP-1, but not TCF/Elk-1, was resistant to
Ras inactivation by the expression of the dominant-neg-
ative Ras®*™'7 mutant. Thus, the pathways leading to
TCF/SAP-1 and /Elk-1 activation already diverge at the
level of Ras activation.

Implications for signal transduction and for

the induction of SRE-driven IE genes

The strong correlation among Ras activity, ERK-1/
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ERK-2 activity, TCF/Elk-1 phosphorylation, and IE gene
transcription (Zinck et al. 1993; R. Hipskind, M. Baccar-
ini, and A. Nordheim, in prep.) indicates that the
Ras —» MAPK — TCF/Elk-1 signaling cascade is one of
the primary ways by which the CSF-1 signal reaches the
nucleus.

RAF-1 has been implicated as an intermediate in this
pathway (Dent et al. 1992; Howe et al. 1992; Kyriakis et
al. 1992; Lange-Carter et al. 1993; Moodie et al. 1993;
van Aelst et al. 1993). However, the pathways leading to
ERK-1/ERK-2 activation in BAC-1 cells are down-regu-
lated by v-raf expression, seemingly because of the v-raf-
dependent, constitutive expression of a phosphatase im-
plicated in MAPK regulation (S. Krautwald, D. Biischer,
and M. Baccarini, in prep.; Alessi et al. 1993). The exis-
tence of this negative feedback loop underscores the
complexity of intracellular signaling pathways.

The MAPK regulatory network involves at least two
distinct, possibly independently regulated kinases, MEK
kinase and RAF-1, both capable of phosphorylating
MEK-1 in vitro (Lange-Carter et al. 1993 and references
therein). In addition, Ras-independent pathways can par-
ticipate in MAPK activation in vivo {de Vries-Smits et al.
1992). Thus, the activation of MAPK and thereby TCF/
Elk-1 phosphorylation represents a point of convergence
for multiple signals activating IE gene expression.

Our data show for the first time that a ternary complex
formed by a TCF immunologically related to SAP-1 is
modified upon factor stimulation in vivo. Notably, the
enzyme phosphorylating TCF/SAP-1 is distinct from
MAPK and independent of Ras activity. Furthermore,
the persistence of the modified TCF/SAP-1 complexes
long after the decay of the modified TCF/Elk-1 com-
plexes also implies that TCF/SAP-1 is not a substrate for
the phosphatase activity likely to be responsible for
down-regulation of TCF/Elk-1 (Fig. 1B, also see Zinck et
al. 1993). The signaling molecules targeting TCF/SAP-1
after in vivo stimulation of mouse cells are therefore
distinct from those acting on TCF/Elk-1.

TCF/SAP-1 represents the second example of a tran-
scription factor phosphorylated by Ras-independent
mechanisms upon growth factor stimulation. The nu-
clear factor p91, originally described as an interferon-
induced DNA-binding activity, is phosphorylated on ty-
rosine in a Ras-independent manner following stimula-
tion with EGF, platelet-derived growth factor (PDGF),
and CSF-1 (Silvennoinen et al. 1993). However, the path-
ways leading to TCF/SAP-1 and p91 modification are
very likely different. A truncated EGFR lacking the five
autophosphorylation sites fails to activate p91 (Silven-
noinen et al. 1993) but is still fully capable of supporting
TCF/SAP-1 modification (Fig. 4B). Interestingly, p91 also
binds to a regulatory element in the c-fos promoter, the
SIE (sis-inducible element).

We do not know at present what role, if any, TCF/
SAP-1 plays in IE gene induction. This factor is the major
activity in serum-induced NIH-3T3 cells, in M721-B82L
cells, and in CSEF-1-stimulated BAC-1+RASA%*7 and
Vrb-6 cells. IE genes are activated under these condi-
tions, albeit to different degrees (Honegger et al. 1987;
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Biischer et al. 1993). Therefore, one attractive possibility
is that TCF/EIk-1 functions as signal acceptor of Ras/
MAPK-dependent pathways, whereas TCF/SAP-1 and
p91 operate in Ras-independent cascades to mediate the
induction of different sets of IE genes. Additionally,
TCF/SAP-1 may functionally substitute for TCF/Elk-1
in situations where the signal transduction pathways
leading to the activation of the latter factor are not op-
erating.

Materials and methods
Cell culture

BAC-1.2F5 cells (Morgan et al. 1987) and derived clones were
cultured in Dulbecco’s modified Eagle medium (DMEM) sup-
plemented with 15% fetal calf serum (FCS) and 0.63 nm purified
mouse recombinant CSF-1 (Krautwald and Baccarini 1993) or
15% L-cell conditioned medium (Stanley 1985) as a source of
murine CSF-1. BAC-1 + RAS#*"!7 cells were generated by elec-
troporating BAC-1.2F5 cells with the plasmid pMMTVrasH
(Asn-17) (Cai et al. 1990), kindly provided by Dr. G. Cooper.
Several clones were obtained and tested for inducible construct
expression by Western blot analysis and immunochistochemis-
try. Clones showing the strongest inducible expression were
selected and used in this study. HeLa, NIH-3T3 cells, and per-
manent clonal B82L transfectants expressing the various EGFR
constructs (Chen et al. 1989) were cultured in DMEM supple-
mented with 10% FCS.

Growth factor stimulation

Confluent cultures of BAC-1.2F5, Vib-B, or Vrb-6 cells (107
cells/100-mm tissue culture dish] were cultured in medium
without CSF-1 for 18 hr to up-regulate receptors prior to stim-
ulation with recombinant CSF-1 {6.3 nM mouse recombinant
CSF-1) for different periods of time. In selected experiments,
down-modulation of PKC was performed by treating the cul-
tures with 5x 10~ % M phorbol 12-myristate 13-acetate (Sigma) in
dimethylsulfoxide (14 mm final concentration) or with dimeth-
ylsulfoxide alone for 24 hr. Pertussis toxin-sensitive G-proteins

" were inhibited by treating the cells with pertussis toxin (Sigma,

100 ng/ml final concentration) for 4 hr before stimulation with
CSF-1. BAC-1+RAS”*"!7 cells were starved in DMEM/15%
FCS supplemented with dexamethasone (0.5 uM; Sigma) to in-
duce the expression of the Ras construct. NIH-3T3 cells were
starved in 0.05% FCS for 18 hr prior to stimulation with 10%
FCS. B82L transfectants were starved in 0.05% FCS, 1 pM meth-
otrexate, for 18 hr prior to stimulation with 100 nm EGF. HeLa
cells were fully serum-deprived for 15-18 hr before serum in-
duction. Incubations were terminated by aspirating the medium
and washing five times with ice-cold PBS. Cells were lysed in
solubilization buffer {10 mm Tris-Cl, 50 mM NaCl, 1% Triton
X-100, 30 mM sodium pyrophosphate, 50 mm NaF, 100 pM
NazVO,, 2 uM ZnCl,, 1 mm PMSF). Insoluble material was re-
moved by centrifugation (15,000 rpm for 30 min at 4°C}.

Western blotting

Cell lysates (20 pg/lane) were separated by 7.5% SDS-PAGE
prior to electrophoretic transfer onto Hybond C super (Amer-
sham Buchler GmbH and Co. KG, Braunschweig, Germany).
The blots were blocked with 5% nonfat dry milk (Bio-Rad) and
incubated with a rabbit polyclonal antiserum raised to the pep-
tide ITVEEALAHPYLEQYYDPTFDEPV, based on the ERK-1 se-
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quence (Adams and Parker 1991) to detect MAPKs. The blots
were subsequently incubated for 1 hr at room temperature with
donkey-anti-rabbit horseradish peroxidase-conjugated antibod-
ies prior to exposure to the ECL substrate. All Western blotting
reagents were from Amersham.

In-gel kinase assay

Samples containing 7.5 pg (BAC-1, Vrb.B, and Vrb-6 cells) or 15
ng of protein were made to 62.5 mm Tris-HCl (pH 6.8), 2.3%
SDS, 5 mm EDTA, 10% glycerol, and 100 mm DTT and heated
at 85°C for 5 min before SDS-PAGE. The separating gels were
polymerized with 0.2 mg/ml of myelin basic protein (Sigma)
and after electrophoresis denatured in 6 M guanidine-HCl, rena-
tured, and assayed for kinase activity as described in Chao et al.
(1992).

Mobility-shift assays

Reactions (7.5 pl) contained the following components: 2.5 pg
of poly[d(I-C)], 250 ng of salmon sperm DNA, 5% glycerol, 66
mM NaCl, 10 mm Tris-HCI (pH 7.5}, 1 mm EDTA, 0.35% Triton
X-100, 0.05% low-fat milk, 15 mm DTT, 10,000-15,000 cpm of
32p.1abeled probe {0.2 ng/4 fmole), and 5-10 pg of protein. The
high concentration of phosphatase inhibitors in the whole-cell
extracts ensured inhibition during the binding reaction. After
30 min at room temperature, the entire reaction was loaded on
a 4% polyacrylamide (29:1 acrylamide/bis) gel containing 0.5X
TBE and run at 1 mA/cm for 34 hr. Gels were dried and the
complexes visualized by autoradiography with intensifying
screens. Competitions were performed with wild-type (core se-
quence CCGGAAG) or mutant (core sequence CCCCAAG) E74
double-stranded oligonucleotides as described (Janknecht and
Nordheim 1992; Zinck et al. 1993). core SRFqq 544 was produced
in HeLa cells using a recombinant vaccinia virus {Hipskind et
al. 1991; R. Hipskind, J. Schmitt, H. Stunnenberg, and A. Nord-
heim, in prep.), core MCM1 was produced by coupled transcrip-
tion/translation as described {Mueller and Nordheim 1991}, and
recombinant human Elk-1 was generated by overexpression in
HeLa cells {Janknecht and Nordheim 1992). The Elk-1 and
SAP-1 antisera were added to the reactions before addition of
the extracts. The specificity of the Elk-1 antiserum has been
documented elsewhere {Hipskind et al. 1991). The SAP-1 an-
tiserum, graciously provided by Dr. R. Treisman, was raised
against a glutathione S-transferase (GST) fusion protein includ-
ing the entire sequence of clone 18 described by Dalton and
Treisman (1992). It does not cross-react with Elk-1 or SAP-2 in
immunoprecipitation experiments (A. Rogers, S. Dalton, and R.
Treisman, unpubl.). All probes were prepared from fragments
subcloned in front of a G-free cassette plasmid (Hipskind and
Nordheim 1991). After EcoRI and Narl digestion, the ends were
labeled by a Klenow fill-in reaction containing [a-3?P]JdATP and
cold dCTP, dGTP, and TTP. The fragments were isolated from
polyacrylamide gels by electroelution. The same amount of ex-
tract protein was used in each reaction within experiments to
allow direct comparison between lanes.

Phosphatase treatment

For BAP treatment extracts were dialyzed against 10 mm Tris-
HCI (pH 8.0}, 50 mMm NaCl, 5 mm MgCl,, and 20 pg/ml of
aprotinin. Dialyzed extracts were incubated at 30°C for 45 min
in this buffer either without or with 130 nanounits of BAP
(Sigma). For PP-la and PP-2A the extracts were dialyzed against
20 mm Tris-HCI (pH 7.4), 50 mm NaCl, 0.1 mm EGTA, 0.5 mm
DTE, and 0.5 mM benzamidine. Reactions were incubated as

Separable pathways target distinct TCFs

described in Zinck et al. {1993) with 0.6 milliunits of the re-
spective phosphatase, both of which were kindly provided by
Dr. G. Mieskes. Addition of 15 mm NaF, 30 mM B-glycerophos-
phate, 15 mM p-nitrophenol phosphate, 100 um NazVO,, and 1
uM okadaic acid inhibited the phosphatases and controlled for
nonspecific loss of TCF activity. After incubation at 30°C for 30
min, reactions were stopped by adding the inhibitor mixture
listed above, and an aliquot was added to a normal mobility-
shift reaction. The reactions in lanes marked with the minus
(Fig. 1B] were assembled with the dialyzed extract without in-
cubation at 30°C. The same phosphatase inhibitor mixture de-
scribed above was used in the control reactions.

In vitro kinase reactions

Human Elk-1 and SAP-1a cRNAs were synthesized from linear-
ized vectors by use of the appropriate RNA polymerases. The
SAP-1 cDNA subclones {Dalton and Treisman 1992) were gen-
erously provided by Dr. R. Treisman. After the quality of the
cRNA was confirmed, proteins were synthesized in vitro with
nuclease-treated rabbit reticulocyte lysates as described (Hip-
skind et al. 1991). Proteins were either labeled with [3*S|methio-
nine {for the in vitro kinase assays) or synthesized cold with
unlabeled amino acid mixes to avoid the presence of °S clouds
in the gels for the mobility-shift analysis. SDS-PAGE showed
similar amounts of Elk-1 and SAP-1a per microliter of transla-
tion mix. For the mobility-shift analysis, 1 ul of a 10-fold dilu-
tion of each protein was mixed with 1x mobility-shift buffer
plus 20 mm Tris-HCI (pH 7.3}, 10 mm MgCl,, protease and phos-
phatase inhibitors, activated ERK-2 (where indicated; 6.25 ng/
reaction; sp. act.: 4 mmoles of phosphate transferred to MBP/
min per mg-activated ERK-2), and 1 mm cold ATP in a 7.5-pl
reaction. After incubation at 30°C for 60 min, 2 pl of this mix-
ture was used in a mobility-shift reaction, and the rest was
analyzed by SDS-PAGE. Mobility-shift reactions were also as-
sembled with unincubated in vitro-translated proteins and un-
induced and induced BAC-1 and HeLa whole-cell extracts. For
the in vitro kinase assays, equivalent amounts of 3°S-labeled
proteins were incubated in the presence or absence of activated
ERK-2 as described above, except that 300 nm [y-3?P]JATP (Am-
ersham; sp. act. 3000 Ci/mmole) was used instead of 1 mm cold
ATP. After incubation at 30°C for 60 min, the reactions were
diluted with 300 pl of solubilization buffer and incubated with
a 1:40 dilution of either an ETS-domain-specific anti-Elk-1 se-
rum (Zinck et al. 1993) or an anti-SAP-1 (A. Rogers, S. Dalton,
and R. Treisman, unpubl.) serum for 3 hr at 4°C. Immunocom-
plexes were collected by reaction (45 min at 4°C) with protein
A-Sepharose beads. The beads were washed four times in ice-
cold lysis buffer and eluted by boiling in Laemmli sample buffer.
The eluates were separated on 10% SDS-PAGE, and the gels
were subjected to autoradiography at 4°C by use of Kodak XAR
5 films.

Bacterial ERK-2 was activated in vitro by incubation with
activated MEK-1 (purified from insect cells coinfected with bac-
ulovirus recombinant viruses encoding Ras, Src, and MEK-1; sp.
act.: 0.2 umole of phosphate transferred to catalytically inactive
ERK-2/min per mg of MEK-1), purified, and stored in 50% glyc-
erol at a concentration of 12.5 ng/ml. The activity of this prep-
aration of activated ERK-2 is greater than or equal to the activity
of ERK-2 conventionally purified from stimulated eukaryotic
cells. Activated ERK-2 was kindly provided by Dr. P. Dent.

RNA isolation and analysis

Aliquots of whole-cell extracts were mixed with an equal vol-
ume of 0.2 m Tris-HCI (pH 7.5), 0.44 M NaCl, 2% SDS, and 25
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mMm EDTA. Proteinase K was added to 0.2 mg/ml, and the mix-
ture was incubated at 37°C for 30-60 min (Greenberg 1989).
After organic extraction the RNA was collected by ethanol pre-
cipitation. Total RNA {10 pg per lane) was loaded on formalde-
hyde-agarose gels, while 2.5 ng RNA/slot was blotted onto pos-
itively charged nylon membranes in cold 10 mm NaOH, 1 mm
EDTA. These filters were then processed as for the Northern
transfers, which have been described previously along with the
hybridization protocol (Zinck et al. 1993). After hybridization
the filters were stripped for 30 min at room temperature in three
changes of 30 mm NaOH, 1% SDS, washed in 25 mm NaPQ, (pH
6.8), followed by 0.2x SSC, 1% SDS, and then reprobed. The
riboprobes corresponded to the first exon of the human c-fos
gene, the entire rat GAPDH c¢DNA, and a Bg/II fragment from
the mouse EGR-1 cDNA. RNA was quantitated by scanning
X-ray films and normalized to the GAPDH signal.
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