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The Ras signalling pathway targets transcription factors such as the ternary complex factors that are
recruited by the serum response factor to form complexes on the serum response element (SRE) of the fos
promoter. We have identified a new ternary complex factor, Net-b. We report the features of the net gene and
show that it produces several splice variants, net-b and net-c. net-b RNA and protein are expressed in a variety
of tissues and cell lines. net-c RNA is expressed at low levels, and the protein was not detected, raising the
possibility that it is a cryptic splice variant. We have studied the composition of ternary complexes that form
on the SRE of the fos promoter with extracts from fibroblasts (NIH 3T3) cultured under various conditions and
pre-B cells (70Z/3) before and after differentiation with lipopolysaccharide (LPS). The fibroblast complexes
contain mainly Net-b followed by Sap1 and Elk1. Net-b complexes, as well as Sap1 and Elk1, are induced by
epidermal growth factor (EGF) stimulation of cells cultured in low serum. Pre-B-cell complexes contain mainly
Sap1, with less of Net-b and little of Elk1. There is little change upon LPS-induced differentiation compared
to the increase with EGF in fibroblasts. We have also found that Net-b is a nuclear protein that constitutively
represses transcription. Net-b is not activated by Ras signalling, in contrast to Net, Sap1a, and Elk1. We have
previously reported that down-regulation of Net proteins with antisense RNA increases SRE activity. The
increase in SRE activity is observed at low serum levels and is even greater after serum stimulation, showing
that the SRE is under negative regulation by Net proteins and the level of repression increases during
induction. Net-b, the predominant factor in ternary complexes in fibroblasts, may both keep the activity of the
SRE low in the absence of strong inducing conditions and rapidly shut the activity off after stimulation.

Thirty percent of human cancers contain activated mutant
Ras proteins (29). Ras controls a signalling network that in-
cludes several parallel cascades of mitogen-activated protein
(MAP) kinases. These cascades are conserved through evolu-
tion from yeasts to humans. They lead to phosphorylation of
cellular effectors, including transcription factors of the Ets
family, that have been found to be Ras targets in mammals,
insects, and worms (6, 50). The Ets family is composed of at
least 20 factors that contain the characteristic Ets DNA bind-
ing domain (52). Within the family, the Ras targets include
Ets-1, Ets-2, Net (also called Erp and SAP2), Elk1, Sap1a,
ERM, PEA3, and ERF in mammals; Yan/Pok and Pointed P2
in Drosophila melanogaster; and Lin1 in Caenorhabditis elegans
(1–4, 7, 15, 25, 26, 31–33, 35, 36, 39, 40, 44, 48, 54, 55).

Net, Sap1, and Elk1 have three related sequences, A to C
(Fig. 1A). The A regions are Ets DNA binding domains, the B
boxes mediate interactions with serum response factor (SRF),
and the C elements activate transcription once they have been
phosphorylated by MAP kinases (8, 10, 27, 39). Net also con-
tains an autonomous inhibitory domain (NID) that probably
adopts a helix-loop-helix structure (34). Net, Sap1, and Elk1
are called ternary complex factors (TCFs), since they are re-

cruited by SRF to form ternary complexes (TCs) on the serum
response element of the c-fos promoter. SRF binds tightly to
the CArG box of the SRE, whereas the TCFs cannot bind
alone because of the low affinity of the ets motif (10, 27, 39).
The SRE mediates responses to a large number of extracellu-
lar signals, including serum, growth factors, tetradecanoyl
phorbol acetate, lipopolysaccharide (LPS), and UV irradiation
(24, 53). In vivo the SRE is constitutively occupied by a com-
plex that appears to be a dimer of SRF and a TCF (18, 30).
Extracellular signals are thought to lead to both phosphoryla-
tion of the components of the complex and changes in the
composition due to the exchange of TCFs (9, 21, 46, 56).

The SRE has become a paradigm for the understanding of
how a large number of signals can target a response element on
a promoter and generate a specific response (24). An impor-
tant goal is to identify all of the factors that intervene in the
response. We have identified a new TCF, Net-b, that is ex-
pressed in many mouse tissues. It has the properties of a
constitutive repressor that is not activated by Ras. It appears to
be a major constituent of ternary complexes in fibroblasts and
may keep the activity of the fos promoter low in the absence of
strong inducing conditions (12).

MATERIALS AND METHODS

RNA purification. Total RNA was extracted with the Trizol kit (Gibco BRL),
treated with RQ1 RNase-free DNase (Promega) for 1 h at 37°C, and extracted
with phenol saturated with 100 mM sodium acetate (pH 4) to remove all traces
of genomic DNA.

Reverse transcription-PCR. Total RNA (1 mg) was incubated for one cycle of
5 min at 94°C in 50 ml containing 10 mM Tris-HCl (pH 8.3), 50 mM KCl, 1.5 mM
MgCl2, 0.001% gelatin, 200 mM deoxynucleoside triphosphates, and 500 ng of
each oligonucleotide. After 5 min at 55°C, 2.5 U of Taq polymerase (Perkin-
Elmer Cetus) and 2 U of avian myeloblastosis virus reverse transcriptase (Phar-
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macia) were added and incubation was continued for 25 min at 55°C and 5 min
at 94°C followed by 30 cycles of 30 s at 94°C, 30 s at 60°C, and 30 s at 72°C.
Different pairs of oligonucleotides were used to analyze Net, Net-b, and Net-c
expression. The PCR products were analyzed by electrophoresis on 5% poly-
acrylamide gels, staining with ethidium bromide, and visualization under UV.
Oligonucleotides 1 and 2 amplify net-b and net-c mRNA, 6 and 7 amplify net, 3
and 4 amplify net-b, 5 and 6 amplify net-c, and 8 and 9 amplify G6PD (glucose
6-phosphate dehydrogenase) mRNA. The PCR products were sequenced by the
dideoxynucleotide chain termination method both manually and with an auto-
matic sequencer (Applied Biosystems) to confirm their identity. The oligonucle-
otides are as follows: 1, 59 AATTCCCGGGCCACACCAATGGAGAGTGCA
ATCACGCTGTGG (Net, Net-b, Net-c); 2 59 CCTAAGCTTTCATGACACAG
GTAAACTAGC (Net, Net-b, Net-c); 3, 59 GTCAGGACTGTGATCAGGCAA
(Net-b); 4, 59 GAGGCCAGAAACAGTCCACTTG (Net-b); 5, 59 TCCACTTG
GTGTCTGATCACA (Net-c); 6, 59 AACTACGACAAGCTGAGCAGAGC
(Net-c, Net); 7, 59 AGCGGTCTCGGATGTGGAAGG (Net); 8, 59 ATCTACC
GCATTGACCACTACCTG (G6PD); and 9, 59 CCCACAGAAGACATCCAG-
GATGAG (G6PD).

Genomic structure. A mouse genomic library, constructed by inserting a par-
tial Sau3A digest of ES cell DNA (D3 line from SV129 strain) in l EMBL3
(BamHI cloning site), was screened with full-length net cDNA. Fragments sub-
cloned in pBluescript SK were restriction mapped and sequenced to establish the
exon-intron boundaries.

Antibodies, Western blots, and nuclear extracts. Net, Net-b, Net-c, Sap1, and
Elk1 antisera were raised in rabbits against the following ovalbumin-MBS-cou-
pled peptides [200 mg/injection, cysteine (C) was added for coupling]: Ab n,
385-(C)HMPVPHPSLDRAPSPVLLSPSSQKS-409 (Net); Ab nbc, 157-(C)AF-
KAIKTEKLEEPCDDSPPVEE-178 (Net, Net-b and Net-c); Ab b, 225-(C)HRT-
DTKWTVSGLESAAAQHTLLEQ-249 (Net-b); Ab c, 196-(C)1CPAYTSGAA
LVRSPHE-211 (Net-c); Ab sap, 109-(C)SIETSSSKDVEYGGKEYGGKERP
PQPGAK-138 (Sap1); and Ab elk, 411-(C)SVDGLSTRVVLSPGPQK-427
(Elk1).

Nuclear extracts (100 to 200 mg of protein) were electrophoresed on sodium
dodecyl sulfate–10% polyacrylamide gels, transferred to 0.2-mm-pore-size nitro-
cellulose membranes, and detected with the serum antibodies and the enhanced
chemiluminescence detection kit (Amersham). NIH 3T3 cells were serum
starved for 48 h and treated with 50 ng of epidermal growth factor (EGF) per ml.

70Z/3 cells were incubated with 15 mg of LPS (serotype O128:B12; Sigma) per
ml. Nuclear extracts were prepared by Nonidet P-40 lysis followed by high-salt
extraction in the presence of protease and phosphatase inhibitors, as described
by Sadowski and Gilman (42). Protein concentrations were determined by the
Bradford assay.

Recombinants. pTL2-net-b and pTL2-net-c were constructed by inserting
XmaI-HindIII fragments generated by RT-PCR with primers 1 and 2 (see
above) in the corresponding sites of the pTL2 expression vector. pGFP.Net,
pGFP.Net-b, and pGFP.Net-c were constructed by KpnI-tagged PCR with, as
templates, pTL2.Net, pTL2.Net-b, and pTL2.Net-c, respectively. The oligonu-
cleotides used were as follows: 59, CGG GGT ACC CCG ATG GAG AGT GCA
ATC ACG CTG TG; and 39, CGG GGT ACC TCA TCA GGA TTT CTG AGA
GCT GGG GC. PCR fragments were clones in the KpnI site of pE.GFP.C1
vector (Clontech).

In vitro transcription and translation. pSG5-derived expression vectors were
transcribed and translated in vitro in TnT rabbit reticulocyte lysates (Promega)
with [35S]methionine and analyzed by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (10% polyacrylamide). The proteins were quantitated by scan-
ning specific bands with a Fuji phosphorimager, taking into account the number
of methionines.

Mobility shift assays. The assay mixtures contained either equimolar amounts
of in vitro-translated proteins (adjusted to 5 ml with mock extracts that had been
incubated without added expression vector) or 30 mg of nuclear extract proteins
from NIH 3T3 or 70Z/3 cells. They were incubated for 60 min at 20°C in 20 ml
of buffer [5 mM HEPES (pH 7.9), 2.5 mM MgCl2, 2.5 mM EDTA, 2 mM
spermidine, 2.5 mM dithiothreitol, 2 mg of bovine serum albumin per ml, and, as
indicated in the figure legends, 1 mg of poly(dI-dC), 250 ng of salmon sperm
DNA, and 20% glycerol or 4% Ficoll], plus 6 ml of antiserum (as indicated) and
excess SRE probe. The samples were loaded on prerun [40 min at 30 mA [150
V]) 3.5% polyacrylamide gels (acrylamide-bisacrylamide ratio, 29:1) in 0.25 3
Tris-borate-EDTA (TBE)–2.5% glycerol (where indicated in the figure legends)
and run for 2 h at 30 mA (150 V) with recirculating buffer at 20°C. Bacterially
expressed recombinant SRF core was prepared by the method of Hipskind et al.
(21).

The oligonucleotides used for mobility shifts were as follows: SRE-WT,
59-ACACAGGATGTCCATATTAGGACATCT; SRE-mut ets, 59-ACACA
ACTTGTCCATATTAGGACATCT; and SRE-mut SRF, 59-ACACAGGATGT

FIG. 1. Proteins encoded by the net gene. (A) The structure of the net gene, exon-intron junction sequences, and Net protein isoforms are illustrated. The numbers
on the proteins indicate the amino acids at the splice junctions. Exons 3.2 and 3.3 for net are introns for net-b and net-c. A, B, and C in the Net protein indicate sequences
that are conserved in other TCFs. The oval in Net shaded with wavy lines is the NID (34). Divergent sequences between Net, Net-b, and Net-c have different shadings.
(B) Amino acid sequences of Net-b and Net-c. The boxed amino acids are at the junction between the common N-terminal and the divergent C-terminal sequences.
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CCATCGGCTGACATCT. The ets and SRF motifs are underlined. Only one
strand of the double-stranded blunt-ended probes is shown. The oligonucleotides
were 59-end labelled with T4 polynucleotide kinase and purified on native 10%
polyacrylamide gels.

Cell culture and transfections. The cells were maintained in Dulbecco’s mod-
ified Eagle’s medium (DMEM) with 10% fetal calf serum. NIH 3T3 cells were
transfected by the calcium phosphate method with, per 100-mm dish, 20 mg of
plasmid DNA containing expression vectors for the factors, 3 mg of pSG5-lacZ
(control for the efficiency of transfection), 2.5 mg of reporters, and completed
with pSG5. Cells that were 30% confluent were incubated with precipitated DNA
for 24 h, washed three times with DMEM, incubated with DMEM plus 10% fetal
calf serum for 24 h, scraped, subjected to three freeze-thaw cycles in solution A
(15 mM Tris-HCl [pH 7.9], 60 mM KCl, 15 mM NaCl, 2 mM EDTA, 0.15 mM
spermine, 1 mM dithiothreitol, 0.4 mM phenylmethylsulfonyl fluoride PMSF),
and centrifuged. The transfection efficiency was corrected for b-galactosidase
activity. Before the chloramphenicol acetyltransferase (CAT) assay, extracts
were heated for 10 min at 65°C. Acetylated chloramphenicol was separated by
thin-layer chromatography with 95% chloroform–5% methanol as the solvent,
and the radioactivity was quantitated with a Fuji PhosphorImager. The experi-
ments were repeated at least three times.

GFP cytofluorescence. NIH 3T3 cells were seeded in six-well cluster dishes
(Costar) containing sterile coverslips and transfected with vectors that express
green fluorescent protein (GFP) fusion proteins. After transfection (see above),
the cells were washed three times with phosphate-buffered saline (PBS) and fixed
with 4% paraformadehyde in PBS for 30 min. The coverslips were then removed
from the wells, washed three times with PBS, and stained with Hoechst dye (5
mg/ml in PBS) to visualize the nuclei. After extensive washing in PBS, the
coverslips were mounted on slides with one drop of mounting solution (50 g of
propylgallate per liter in glycerol, 80%; PBS, 20%). The slides were examined
under a fluorescence microscope.

RESULTS

Identification of the net splice variants net-b and net-c at the
RNA level. During our initial isolation of net RNA from NIH
3T3 cells by RT-PCR with primers complementary to the start
and stop codons (10), we cloned several shorter products that,
upon sequencing, were found to have internal deletions of the
net coding sequence. We further analyzed net RNA in NIH
3T3 cells by RT-PCR with three different pairs of primers. The
PCR products were sequenced directly and found to have the
same sequence as the original cloned fragments. Furthermore,
net-b RNA was also detected by RNase mapping (results not
shown). The net-b and net-c cDNAs have deletions of 325 and
455 bp compared to net (Fig. 1A). These variants of net could
account for some of the different-sized net RNAs detected in
mice (10, 33).

The net gene was analyzed for the presence of splice con-
sensus sequences corresponding to the deletion endpoint. A
lambda EMBL3 phage mouse genomic library was screened
with the 2.6-kbp net cDNA probe (10), and clones containing
at least five exons for net mRNA were isolated (Fig. 1A).
Fragments containing exons 2 to 4 were subcloned, and the
exon/intron boundaries were found to have sequences compat-
ible with the consensus. The sequence deleted in net-b (exon
3.2) is entirely within exon 3 for net mRNA. However, there
are consensus splice junction sequences in net coding se-
quences that correspond precisely to the expected AG-GT and
AG-G sequences at the 59 and 39 boundaries, respectively, and
there is a pyrimidine-rich region in exon 3 (45). The intronic
sequences between exons 3 and 4 are spliced out in the same
manner for net and net-b. Splicing in net-c removes exons 3.2
and 3.3. The 59 splice junction is the same as for net-b mRNA,
and the 39 splice junction is in common with net and net-b. Only
one net gene locus has been identified in a number of studies
(11), indicating that net, net-b, and net-c mRNA are produced
by alternative splicing, rather than transcription of several dif-
ferent genes with different structures.

Expression patterns of net-b and net-c mRNA. Expression of
net RNA was assessed by RT-PCR analysis of total RNAs from
various murine cell lines and tissues with primers specific for
each mRNA (Fig. 2A). The net specific primers amplify se-

quences that are deleted in net-b and net-c. For both net-b and
net-c, one of the primers overlaps the splice junction so that at
stringent temperatures they are specific and do not amplify
full-length net (Fig. 2B; see the controls with the specific prim-
ers [Net-b, second panel; Net-c, third panel] with in vitro syn-
thesized RNAs [Net-b, lane nb, second panel; Net-c, lane nc,
third panel; Net, lanes 12 in the top three panels]). net mRNA
was detected predominantly in thymus, spleen, lung, and NIH
3T3 cells (Fig. 2B, lanes 3, 6, 7, and 9, 464-bp band); there were
lower levels in muscle, small intestine, testis, liver, and 70Z/3
cells (lanes 1, 4, 5, 8, 10, and 11) and no detectable expression
in heart tissue (lane 2). These results were obtained under
limiting PCR conditions, such that increasing the numbers of
cycles further increased the synthesis of the specific products.
When the number of cycles was increased, net-specific products

FIG. 2. Semiquantitative RT-PCR of net, net-b, net-c, and G6PD RNA. (A)
Positions of the primers used for splice-variant specific PCR. The numbers
indicate exons (Fig. 1A). (B) RT-PCR products were analyzed by electrophoresis
on a 5% polyacrylamide gel and staining with ethidium bromide. The arrows
indicate specific bands. RT-PCR mixtures contained 1 mg of total RNA from
mouse skeletal muscle, heart, thymus, small intestine, testis, spleen, lung, liver,
NIH 3T3, 70Z/3, 70Z/3 differentiated with LPS, oligonucleotides without RNA
(ol.), and various in vitro transcribed RNAs: net, net-b (nb), and net-c (nc). The
sizes of the marker bands in the three top panels are 517, 506, 396, 344, 298, 220,
and 201 bp from top to bottom.
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were clearly detected in the samples with lower expression
levels (not shown). net-b was detected in heart, thymus, spleen,
lung, liver, NIH 3T3, and 70Z/3 and 70Z/31 LPS cells (lanes 2, 3,
6, 7, 8, 9, 10, and 11; see the 265-bp net-b band. net-c was detected
only in NIH 3T3 (lane 9; 401-bp band) and FR 3T3 (data not
shown) cells. Control RT-PCRs for G6PD, a housekeeping gene,
gave similar amounts of the specific product (750-bp product,
bottom panel), showing that the differences were not due to
quantitative variations in the amount of total RNA.

Net-b protein is expressed in the NIH 3T3 and 70Z/3 cell
lines. The alternative splicing in net-b and net-c RNAs changes
the reading frame. Net-b and Net-c are 249- and 212-amino-
acid proteins, respectively, that have different C-terminal se-
quences from Net; in particular, they lack the C domain (Fig.
1B), the target for the Ras signalling pathway. In common with
Net, they have the Ets domain, the B domain that interacts
with SRF, and the helix-loop-helix motif of the Net inhibitory
domain NID (amino acids 151 to 184). Expression of the vari-
ant proteins was studied with rabbit polyclonal antibodies
raised against peptides (see Materials and Methods). Ab b and
Ab c specifically recognize C-terminal sequences unique to
Net-b and Net-c, respectively (Fig. 3A). Ab nbc has been de-
scribed previously (PAb 376, [34]) and recognizes a sequence

next to the B domain common to Net, Net-b, and Net-c. Ex-
tracts from NIH 3T3 and 70Z/3 cells (with or without LPS) and
control transfected COS cells were used in Western blots. Ab
nbc detected the expected 46-kDa band of exogenous Net in
COS extracts and endogenous Net in NIH 3T3 and 70Z/3
extracts (Fig. 3B, lanes 1 and 4 to 6). It also revealed predicted
32- and 28-kDa proteins in Net-b- and Net-c-transfected COS
extracts, respectively (lanes 2 and 3). The 32-kDa band was
detected in NIH 3T3, 70Z/3, and 70Z/31LPS extracts as the
lower band of a doublet (lanes 4 to 6), whereas a 28-kDa
protein was not detected. Ab b revealed uniquely the 32-kDa
band in net-b transfected COS, NIH 3T3, 70Z/3, and 70Z/
31LPS extracts (Fig. 3C, lanes 1 to 4). Ab c did not detect a
28-kDa band in NIH 3T3, 70Z/3, or 70Z/31LPS extracts (data
not shown). These results show that NIH 3T3 and 70Z/3 cells
express Net and Net-b proteins and that differentiation with
LPS does not affect this expression. Net-c was not detected at
the RNA level in most of the cell types tested or at the protein
level in both Western blots and supershifts (see below) in NIH
3T3 cells, suggesting that it was expressed at most at low levels
and/or in a very restricted manner.

Net, Net-b, and Net-c form TCs with SRF and the SRE in
vitro. The capacity of Net-b and Net-c to form TCs was com-
pared with that of Net, Sap1a, and Elk1. Equal amounts of in
vitro-synthesized proteins were used in band shifts with the
SRE DNA probe, either alone or in the presence of constant
amounts of SRF or core SRF (Fig. 4). Like Net, Sap1a, and
Elk1, Net-b and Net-c did not bind alone to the SRE (lanes 1
to 6) but did form complexes with the near-consensus PEA3*
probe (data not shown). They formed retarded mobility com-
plexes in the presence of SRF and core SRF (compare lanes 10
and 11 with lanes 7 and 9, and compare lanes 17 and 18 with
lanes 14 and 16) with greater efficiently than Net or Sap1a
(lanes 8, 12, 15, and 19) and as efficiently as Elk1 (lanes 13 and
20). These results show that Net-b and Net-c function as TCFs,
as expected from the presence of the B domain.

Effects of stimuli of growth and differentiation on TC for-
mation. EGF stimulates the growth of NIH 3T3 cells, and LPS
induces the differentiation of 70Z/3 cells. Their effects on TC

FIG. 3. Western blots of Net, Net-b, and Net-c. (A) Epitopes recognized by
Ab nbc, Ab b, and Ab c. Ab nbc interacts with the NID present in Net, Net-b, and
Net-c (circle with wavy lines), and Ab b and Ab c interact with sequences that are
unique to Net-b and Net-c, respectively. (B and C) Western blots of extracts from
COS cells transfected with the indicated expression vectors (B, lanes 1 to 3; C,
lane 1), NIH 3T3 cells (100 mg) (B, lane 4; C, lane 2), 70Z/3 cells (200 mg) (B,
lane 5; C, lane 3), and 70Z/3 cells stimulated with LPS (200 mg) (B, lane 6; C,
lane 4). The membranes were probed with Ab nbc (B) or Ab b (C).

FIG. 4. Net-b and Net-c require SRF to bind to the SRE, similar to the other
TCFs. Equal amounts of [35S]methionine-labelled proteins synthesized in rabbit
reticulocyte lysates (RL) were used. The band shift contained Net, Net-b, Net-c,
Sap1a, Elk1, SRF, and core SRF (amino acids 132 to 222). The slanted arrow-
heads point to TCs, and the horizontal arrowheads point to binary complexes
containing SRF (lanes 7 to 13) or core SRF (lanes 14 to 20). The incubation
mixture included 20% glycerol, 1 mg of poly(dI-dC), and 250 ng of salmon sperm
DNA, and the gels contained 2.5% glycerol.

5670 GIOVANE ET AL. MOL. CELL. BIOL.



formation were studied in cell extracts. Serum-starved NIH
3T3 extracts formed predominantly one major band and a
smaller amount of lower-mobility complexes with the SRE
probe (Fig. 5A, lane 7). The major band is probably an SRF-
SRE complex, since it comigrated with the SRF-SRE complex
formed with in vitro-translated proteins (lane 1) and was de-
tected when the ets motif was mutated (lanes 16 and 10) but
not when the SRF motif was altered (lanes 25 and 19). The
lower-mobility bands correspond to TCs, since they comigrated

with the in vitro complexes (lanes 2 to 6) and required intact ets
and SRF motifs (compare lane 16 with lanes 11 to 15 and
compare lane 25 with lanes 20 to 24). EGF stimulated the
formation of both TCs (compare lanes 8 and 9 with lanes 17
and 18 and lanes 26 and 27) and SRF-SRE complexes (com-
pare lanes 17 and 18 with lanes 26 and 27). In uninduced 70Z/3
cell extracts, the TCs were the major form (Fig. 5B, compare
lanes 1, 5, and 9), and LPS did not affect complex formation
(lanes 2 to 4, 6 to 8, and 10 to 12). These results show that the
amount of TC formation increases upon stimulation of growth
but not induction of differentiation. We used supershifts to
study the components of the TCs.

Characterization of antibodies for supershifts. The antibod-
ies were initially tested in in vitro experiments, to ascertain
their specificity and effect on complex stability. The antibodies
displayed their expected specificities (Fig. 6A), displacing the
cognate TCs (Fig. 6B, compare the indicated lanes with the
equivalents containing heterologous antibodies, and see Fig.
4). We found that (i) Ab n supershifted Net (lane 1); (ii) Ab
nbc supershifted Net, Net-b, and Net-c (lanes 6 to 8); (iii) Ab
b supershifted Net-b (lane 12); (iv) Ab c supershifted Net-c
(lane 18); (v) Ab sap supershifted Sap1a (lane 24); (vi) Ab elk
supershifted Elk1 (lane 30); and (vii) Ab srf, directed against
the C terminus of SRF, supershifted all the TCs (lanes 31 to

FIG. 5. TC formation by extracts from NIH 3T3 (A) and 70Z/3 (B) cells. The
band shifts contained in vitro-synthesized proteins (A, lanes 1 to 6, 11 to 15, and
19 to 24) and nuclear extracts from NIH 3T3 cells (30 mg) (A, lanes 7 to 9, 16 to
18, 25 to 27) or 70Z/3 cells (B, lanes 1 to 12). The probes were SRE wild type
(SRE-WT), SRE mutated in the ets site (SRE-mut Ets), and SRE mutated in the
SRF site (SRE-mut SRF). The in vitro-synthesized proteins were SRF, Net,
Net-b, Net-c, Sap1a, and Elk1. The NIH 3T3 cell extracts were serum starved (A,
lanes 7, 16, and 25) or treated with EGF for 15 min (A, lanes 8, 17, and 26) or
30 min (A, lanes 9, 18, and 27). The 70Z/3 extracts were untreated (B, lanes 1,
5, and 9) or treated with LPS for 15 min (B, lanes 2, 6, and 10), 30 min (B, lanes
3, 7, and 11), or 240 min (lanes 4, 8, and 12). SRF, SRF complexed with the SRE.
The incubation mixes included 20% glycerol, 1 mg of poly(dI-dC), and 250 ng of
salmon sperm DNA, and the gels contained 2.5% glycerol.
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35). All the antibodies completely shifted the TCs, except for
Ab elk, which displaced about 50% (compare lanes 1, 6 to 8,
12, 18, 24, and 31 to 35 with lane 30). This was taken into
account in the studies described below, by increasing the quan-
tity of antibodies and controlling with in vitro-synthesized pro-
teins. Ab n and Ab srf generated predominantly one major
complex of similar intensity as the starting TC (lanes 1 and 31
to 36), whereas Ab c and Ab sap gave mainly one complex of
lower intensity than the uncomplexed TC (lanes 18 and 24). Ab
nbc and Ab b gave two major bands (lanes 6 to 8 and 12).
Antibody binding to the TCFs was not sufficient to induce
complex formation with the SRE in the absence of SRF (data
not shown). This analysis suggests that the antibodies can be
used to unambiguously identify the TCFs in the TCs. However,
they have different effects on the complexes, and consequently
the relative intensities of the supershifts for different factors
are not a direct measure of their relative levels.

Composition of TCs under a variety of growth conditions
and in different cell types. Initially, continuously growing NIH
3T3 cell extracts were tested in supershift experiments (Fig. 7),
using both the consensus ets motif (PEA3*) and SRE probes.
With the consensus ets probe, we detected a specific complex
(Fig. 7A, lane 3) that comigrated with in vitro-synthesized
Net-b (lane 1) and that was supershifted with antibodies that
interact with Net-b (Ab nbc [lanes 7 and 9] and Ab b [lanes 10
and 12]) but not those that bind specifically to Net or Net c (Ab
n [lanes 4 and 6] and Ab c [lanes 13 and 15]). A complex with
the mobility of Net-c was not detected (lanes 2, 3, 5, 6, 8, 9, 11,
12, 14, and 15). The band that migrated more slowly and just
above Net-b is not due to a TCF. It does not comigrate with
Elk1 and Sap1 and is not displaced by any of our TCF anti-
bodies (data not shown). These results demonstrate that Net-b
can be detected in NIH 3T3 cell extracts by supershift exper-

FIG. 6. Characterization of the antibodies used for supershift experiments. (A) Epitopes recognized by the antibodies. Ab nbc interacts with Net, Net-b, and Net-c;
Ab n interacts with Net; Ab b interacts with Net-b; Ab c interacts with Net-c; AI elk interacts with Elk1; and Ab sap interacts with SAP1 (both isoforms). A, B, and
C are related domains in the TCFs. (B) TCs formed between SRF and Net, Net-b, Net-c, Sap1a, and Elk1 were incubated with Ab n, Ab nbc, Ab b against Net-b, Ab
c, Ab sap, Ab elk, or Ab srf against the C terminus of the SRF protein. The supershifted complexes are indicated by arrowheads. The incubation mixes included 20%
glycerol, 1 mg of poly(dI-dC), and 250 ng of salmon sperm DNA, and the gels contained 2.5% glycerol.
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iments as well as Western blots (see above) whereas Net-c is
not detected by either method.

In experiments with the SRE probe, the effects of the anti-
TCF sera (Fig. 7B, lanes I) were compared with the corre-
sponding preimmune sera (lanes P). In the absence of anti-
bodies, two complexes were observed, CI and CII (lane 1). CI
migrated at the same level as SRF and SRF plus Net-b, and CII
migrated at the same level as SRF plus Sap1a and SRF plus
Elk1 (compare with Fig. 5A and 6B, using in vitro-synthesized
proteins). Ab srf displaced both the CI and CII complexes,
showing that they all contain SRF (Fig. 7B, compare lanes 1
and 2). Ab n had little effect on either complex (lanes 3 and 4,
with the preimmune and immune serum, respectively). Both
Ab nbc and Ab b decreased the intensity of the CI band by at
least 50% (lanes 5 to 8). Ab c has no effect (lanes 9 and 10),
consistent with the absence of detectable amounts of Net-c
protein in these cells. Ab sap displaced more than 50% of CII
(lanes 11 and 12), whereas Ab elk decreased the CII band to a
smaller but detectable extent in different experiments (lanes 13
and 14 and data not shown). These results suggest that CI is
composed of free SRF and SRF plus Net-b whereas CII has
both SRF plus Sap1 and SRF plus Elk1. This was confirmed
with combinations of antibodies. Ab sap with various combi-
nations of Net-b-targeted antibodies decreased the intensities
of both the CI and CII bands (lanes 15, 17, and 20). This was
not merely the effect of mixing two antibodies, since, as ex-
pected, Ab nbc plus Ab b only decreased CI and the pattern of
supershifted bands was altered (lane 16). Combining antibod-

ies against the three different TCFs (Net-b, Sap1, and Elk1)
decreased CI and abolished CII (lanes 19 and 21), whereas the
mere combination of three antibodies without Elk1 antibodies
was not sufficient to completely remove CII (lane 20).

TC formation was also studied with exogenous core SRF,
which forms smaller TCs that can be resolved more easily (Fig.
7C). The mobilities of the core TCs were determined with in
vitro-translated proteins (Fig. 7C, lanes 1 to 4). NIH 3T3 cell
extracts gave bands of higher mobility that comigrated with
Net-b–core and bands of lower mobility running at the level of
SAP1-core and Elk1-core complexes (lane 5). There was a
trace amount of an intermediary band at the level of Net-core.
Antibodies were used to confirm their composition. Ab n su-
pershifted the control Net complex and had little overall effect
on the complexes from cell extracts (lanes 6 and 7). However,
a faint Net supershift was observed, especially upon longer
exposure of the autoradiograms (data not shown), indicating
that there is a small amount of Net. Ab nbc displaced both the
Net and Net-b complexes, forming major supershifted com-
plexes with different mobilities (lanes 8 and 9). With cell ex-
tracts, Ab nbc eliminated the faster-migrating complex (core–
Net-b, lane 10) and formed the expected supershifted Net-b
band (lanes 9 and 10). Ab b also specifically eliminated the
same complex and formed the expected supershifted Net-b
bands (lanes 11 and 12). Ab sap specifically decreased the
intensity of the lower-mobility complex by over 50% and
formed supershifted complexes that comigrated with Sap1a
(lanes 13 and 14). Ab elk specifically decreased the intensity of

FIG. 7. Supershifts of TCFs from NIH 3T3 cells. (A) NIH 3T3 nuclear extracts and in vitro-synthesized Net-b and Net-c were incubated with the PEA3* probe and
analyzed by mobility shift assays in the absence of specific antibodies or after incubation with Ab n, Ab nbc, Ab b, and Ab c. The Net-b and Net-c complexes are
indicated by arrowheads, and the position of the specific complex formed with cell extracts is indicated by a dot. The incubation mixes included 20% glycerol, 1 mg of
poly(dI-dC) and 250 ng of salmon sperm DNA, and the gels contained 2.5% glycerol. (B) NIH 3T3 nuclear extracts (30 mg) were incubated with the SRE probe and
preimmune sera (P) or immune sera (I,) that interact with SRF (Ab srf), Net (Ab n), Net plus Net-b plus Net-c (Ab nbc) Net-b (Ab b), Net-c (Ab c), and antibodies
against Sap1 (Ab sap), Elk1 (Ab elk), Net-b plus Sap1 (Ab b), Net plus Net-b plus Net-c (Ab nbc 1 Ab b), Net plus Net-b plus Net-c plus Sap1 (Ab nbc 1 Ab sap),
Net plus Net-b plus Net-c plus Sap1 (Ab nbc 1 Ab b 1 Ab sap), Net-b plus Sap1 plus Elk1 (Ab b 1 Ab sap 1 Ab elk), Net plus Net-b plus Sap1 (Ab n 1 Ab b 1
Ab sap), and Net plus Net-b plus Sap1 plus Elk1 (Ab n 1 Ab b 1 Ab sap 1 Ab elk). CI and CII (indicated by arrowheads) are specific bands, and supershifts altered
mobility complexes displaced by antibodies. The incubations included 250 ng of salmon sperm DNA and 4% Ficoll [without poly(dI-dC) and glycerol)], and the gels
did not contain glycerol. (C) Band shifts with added core SRF (amino acids 132 to 222, all lanes), in vitro-translated Net, Net-b, Sap1a, Elk1, and 30 mg of NIH 3T3
nuclear extracts. The reaction mixtures contained the following immune sera: Ab n, Ab nbc, Ab b, Ab sap, and Ab elk. Arrowheads point to the indicated complexes,
and the line indicates the region of the gel with supershifted complexes. The incubations included 250 ng of salmon sperm DNA and 4% Ficoll [without poly(dI-dC)
and glycerol], and the gels did not contain glycerol.
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the same band, showing that it also contains Elk1 complexes
(lane 15). Ab elk displaced virtually all of the in vitro complex
without forming an equivalent amount of supershifted complex
(compare lanes 15 and 4), indicating that Ab elk dissociates the
complex. Combinations of antibodies gave the expected re-
sults. Ab sap plus Ab elk specifically and completely eliminated
the upper complex (lane 17), whereas Ab sap with a non-Elk1
antibody (Ab n) did not (lane 18). Combining Ab sap and Ab
elk with Ab nbc or Ab b eliminated both complexes (lanes 20
and 21). We estimate by scanning these and other autoradio-
grams that TCs formed with extracts from continuously grow-
ing NIH 3T3 cells contain about 60% Net-b, 25% Sap1, and
15% Elk1. We estimate that they account for at least 90% of
the TCFs that can form stable complexes under our conditions.

TC composition in NIH 3T3 cells that were serum starved
and stimulated with EGF was studied. EGF increased the
amount of both the CI and CII complexes after 30 and 90 min
of treatment (Fig. 8A, lanes 1 to 3; Fig. 5A). Ab srf super-
shifted both CI and CII (Fig. 8A, lanes 4 to 6). Ab n had little
overall effect on the complexes but produced a detectable and
reproducible supershift (lanes 7 to 9). Individually, Ab nbc and

Ab b decreased the intensity of CI (lanes 10 to 15), and Ab sap
and Ab elk decreased the intensity of CII (lanes 16 to 21). Ab
sap with Ab b decreased the intensities of both CI and CII
(lanes 22 to 24). Adding Ab elk eliminated CII (lanes 25 to 27),
whereas adding Ab n did not (lanes 28 to 30). With added core
SRF, three TCs were detected, corresponding to core with
Net-b, Net, and a mixture of Elk1 and Sap1. Ab n supershifted
the faint Net complex (Fig. 8B, lanes 4 to 6, compare especially
lanes 5 and 6 with lanes 2 and 3). Ab nbc and Ab b displaced
the Net-b complex (lanes 7 to 12), Ab sap and Ab elk affected
the Sap1-plus-Elk1 band (lanes 13 to 15 and 16 to 18, respec-
tively), and the combination of antibodies against all of the
TCFs (Ab nbc plus Ab sap plus Ab elk) displaced all of the
ternary complexes (lanes 19 to 21). These results show that in
serum-starved and EGF-stimulated NIH 3T3 cell extracts, the
TCs contain Net-b . Elk1 $ Sap1 . Net (about 60:20:15:5).
EGF stimulation for 30 and 90 min led to similar increases in
the amounts of all three factors. The relative levels of the TCFs
were not strikingly different from those in continuously grow-
ing NIH 3T3 cells.

The relative levels of the TCFs in 70Z/3 cells before and

FIG. 8. Composition of TCs from EGF-stimulated NIH 3T3 cells and LPS-differentiated 70Z/3 cells. (A) Nuclear extracts (30 mg) from NIH 3T3 that were serum
starved (lanes 0) or stimulated with EGF for 30 min (lanes 309) or 90 min (lanes 909) were incubated with the SRE probe. Incubations were performed without
antibodies or with Ab srf, Ab n, Ab nbc, Ab b, Ab sap, Ab elk, Ab b plus Ab sap, Ab b plus Ab sap plus Ab elk, and Ab n plus Ab b plus Ab sap. Arrowheads indicate
the bands CI and CII, and the line indicates supershifted complexes. The incubations included 250 ng of salmon sperm DNA and 4% Ficoll [without poly(dI-dC) and
glycerol], and the gels did not contain glycerol. (B) Band shifts with added core SRF (amino acids 132 to 222, all lanes) and 30 mg of nuclear extracts from NIH 3T3
cells that were serum starved (lanes 0) or incubated with EGF for 30 min (lanes 309) or 90 min (lanes 909). The reaction mixtures contained the following immune sera:
Ab n, Ab nbc, Ab b, Ab sap, Ab elk, and Ab nbc plus Ab sap plus Ab elk. Arrowheads point to the indicated complexes, and the line indicates supershifted complexes.
The incubations included 250 ng of salmon sperm DNA and 4% Ficoll [without poly(dI-dC) and glycerol], and the gels did not contain glycerol. (C) The band shifts
contained core SRF (amino acids 132 to 222, all lanes) and nuclear extracts (30 mg) from either 70Z/3 or NIH 3T3 cells. The 70Z/3 cells were either unstimulated (0
h) or incubated with LPS for 30 min (0.5 h) or 240 min (4 h), and the NIH 3T3 cells were either serum starved (0 h) or incubated with EGF for either 30 min (0.5
h) or 90 min (1.5 h). Incubations either lacked antibodies or contained Ab n, Ab nbc, Ab sap, or Ab elk. The arrows point to the indicated complexes, and the line
indicates the supershifted bands. The incubations included 250 ng of salmon sperm DNA and 4% Ficoll [without poly(dI-dC) and glycerol], and the gels did not contain
glycerol.
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after treatment with LPS were also studied (Fig. 8C). Core
SRF formed three TC bands that comigrated with the charac-
terized complexes from NIH 3T3 cells (compare lanes 1 to 3
with lanes 16 to 18). The assignment of the bands was con-
firmed with antibodies (Ab n [lanes 4 to 6], Ab nbc [lanes 7 to
9], Ab sap [lanes 10 to 12], and Ab elk [lanes 13 to 15]). The
relative amounts of the TCFs in the TCs, estimated from the
relative intensities of the bands and from the effects of Ab sap
and Ab elk (lanes 10 to 15), were SAP1 . Net-b . Elk1 . Net
(quantitated to about 55:30:10:5). The absolute and relative
amounts of the complexes did not change substantially after
LPS treatment (less than twofold [Fig. 2B, 3B, 3C, and 5B]).
These results show that 70Z/3 pre-B cells express less Net-b
relative to Sap1 than do NIH 3T3 fibroblasts.

Net-b is nuclear and is an inhibitor of transcription. Net-b
and Net-c lack the Ras-inducible C domain of Net yet retain
the essential helix-loop-helix motif of the Net inhibitor domain
NID (10, 34). Net-b and Net-c were shown to be nuclear
proteins, using GFP-Net fusion proteins expressed in NIH 3T3
cells. Unfused GFP gave a diffuse fluorescence throughout the
cell (Fig. 9A, compare the fluorescence with the Hoechst nu-
clear staining), whereas GFP–Net, GFP–Net-b, and GFP–
Net-c gave bright nuclear fluorescence. The three unfused Net
proteins were also found to be nuclear when they were ex-
pressed in both COS and NIH 3T3 cells and detected by
immunocytochemistry with specific antibodies (data not
shown). The transcriptional activities of Net-b and Net-c were
tested in transfection assays in NIH 3T3 cells with SRE-CAT

FIG. 9. Cellular localization (A) and effects of serum (B) and Ras (C) on the transcriptional activities of Net, Net-b, and Net-c. (A) NIH 3T3 cells were transfected
with expression vector encoding either GFP (pE.GFP.C1), GFP-Net (pGFP.Net), GFP-Net-b (pGFP.Net-b), or GFP-Net-c (pGFP.Net-c). They were examined under
a fluorescence microscope with either an FITC filter for green fluorescence from the GFP fusion proteins (left panels) or a UV filter for Hoechst nuclear staining (right
panels). (B and C) The transfections contained 2.5 mg of pTL2-based vectors that express Net, Net-b, or Net-c; 3 mg of reporters with the wild-type SRE (B,
pBLCAT4-SRE) or eight palindromic ets motifs (C, pBLCAT4-Pal) or lacking a specific response element (B and C, pBLCAT4); 3 mg of pSG5-lacZ to control for
transfection efficiency; and pEMBL to fill up to 20 mg. (B) NIH 3T3 cells were transfected and incubated with (1) or without (2) serum for 24 h. (C) The transfection
mixtures contained 2.5 mg of either an expression vector for mutated Ha-Ras (pRCBx2, 1Ras) or a control vector (pDRCBx2, 2Ras).
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and ets motif Pal-CAT reporters (10). As reported previously,
Net expression inhibited SRE-driven CAT expression, under
both low-serum conditions and after induction of SRE activity
with high serum levels (Fig. 9B). Net-b and Net-c also inhibited
transcription under both conditions. We have shown previously
that Net inhibits the ets motif reporter and Ras switches Net to
a positive activator, mainly through effects on the Ras-induc-
ible activation domain, the C domain (10, 34) (Fig. 9C). Net-b
and Net-c inhibited transcription from the ets motif reporter in
both the absence and presence of the Ras signal (Fig. 9C), as
expected from the lack of the C domain and the presence of
the helix-loop-helix motif. It is unlikely that inhibition results
from squelching of general transcription factors, since Net-b
and Net-c lack the C activation domain, or that it results from
an indirect effect from the cytoplasm, since they are localized
in the nucleus. In conclusion, Net-b and Net-c behave as con-
stitutive inhibitors of transcription.

DISCUSSION

Complexity of the TCF family. We have determined the
structure of the net gene and shown that it encodes a novel
alternative splice product, Net-b. The mouse net gene has
certain features in common with the recently published elk1
gene (13). Most of the Ets domain (about 70 amino acids) is
encoded by the first coding exon. The middle (almost 300
amino acids) of Net and Elk1 is encoded by one complex or
two exons, respectively. The C domain and C terminus are
formed from two exons, the first of which is quite short, coding
for about 40 amino acids.

net-b RNA was detected by both RNase mapping and splice
junction-specific PCR. It is found in a wide range of tissues. Its
levels relative to net vary, most notably in mouse heart and liver
and the pre-B-cell line 70Z/3. The protein was detected in
several cell lines with two antibodies raised against distinct
epitopes. Two techniques were used, Western blotting and
supershifting of proteins bound to specific DNA probes. The
supershifts show that it is one of the major TCFs that com-
plexes to SRF and the c-fos SRE. In continuously growing NIH
3T3 cells, it is more abundant than Sap1, which was previously
thought to be the major TCF in these cells (22).

We also detected a second potential splice product, Net-c.
However, net-c mRNA was detected only in NIH 3T3 and rat
3T3 cells, and the protein was not detectable with our antibod-
ies. net-c might be expressed at very low levels and/or in a very
restricted manner. The same splice junctions are used for other
RNAs, suggesting that net-c RNA may be a low-efficiency by-
product of splicing with no functional consequences. A cryptic
splice product has also been described for the elk1 gene (13).
It remains to be seen if net-c RNA and Net-c protein are
expressed at appreciable levels in other cells.

Net-b has both similarities to and differences from the other
TCFs. Net-b, like Sap1b, lacks the Ras-inducible C domain
that is found in Net, Sap1a, and Elk. It contains the helix-loop-
helix that mediates repression by Net (34). As predicted, Net-b
is an inhibitor of transcription in NIH 3T3 cells, both with and
without a Ras signal. Net is converted from a repressor to an
activator by Ras. In the same cells, without Ras, Sap1a is
inactive whereas Elk1 stimulates. Ras activates Sap1a and to a
small extent Elk1 (10, 34). Sap1b has not been characterized,
but it is predicted to be a passive competitive inhibitor of the
other factors. The interesting and unresolved question is why
are there so many factors to mediate the transcription regula-
tion of the fos promoter through the SRE.

Role of negative factors in the regulation of the fos pro-
moter. Genomic footprinting of the c-fos promoter around the

SRE shows that it is continuously occupied by proteins in vivo,
suggesting that TC formation is not required for growth factor
induction (18, 30). However, the composition of the complex
may vary. The in vivo footprint is identical to the TCF-SRE
pattern generated in vitro, suggesting that it does not detect
differences in composition. TC formation is a dynamic process
in vitro, suggesting that there could be exchange in vivo and
that the components of the complex may vary under different
conditions (reviewed in reference 53). We have studied the
composition of TCs formed in vitro with cell extracts, which
may reflect the composition of TCs in vivo.

Extracts from continuously cycling as well as serum-with-
drawn NIH 3T3 fibroblasts form TCs that contain predomi-
nantly Net-b and less Sap1 and Elk1. The fos promoter is
inactive under these conditions (12), suggesting that it is re-
pressed by factors such as Net-b. We have found that down-
regulation of Net proteins with net antisense RNA stimulates
SRE activity in actively growing and serum-starved cells (10,
11a), as would be expected if Net-b actively represses the
promoter. A role for negative factors in keeping a promoter
inactive is suggested by the work of Price et al. (38). They
found that UV activation of the c-fos promoter through the
TCFs requires both the ERK and p38 kinase pathways, sug-
gesting that the promoter will respond only to a certain thresh-
old level of activation. The promoter may be dampened against
random low-level activating signals, and this could be achieved
by negative factors such as Net-b that keep it inactive until
there is a strong positive signal.

Activation with EGF increases the amount of all of the
complexes that form on the SRE, including those that contain
just SRF. SRF is known to respond to signalling cascades
independently of the TCFs (19, 20, 28, 41). A somewhat sur-
prising observation is that EGF stimulates negative as well as
positive TCFs. We have shown previously that net antisense
increases SRE activity in cells that have been starved of serum
as well as stimulated by serum and that the effect of antisense
is greater in serum-stimulated cells than in serum-starved cells
(10). We propose that the balance between positive and neg-
ative factors is necessary for both the rise and the subsequent
rapid fall in the activity of the SRE. Activation is probably
mediated by phosphorylation of TCFs such as Sap1 and Elk1.
The increase in the level of Net-b would contribute to the
decrease in SRE activity.

A variety of observations suggest that SREs could be in-
volved in the regulation of development (5, 14, 47, 51). Net is
highly expressed in pre-B cells but not in mature B cells (33).
To explore the potential role of Net-b in B-cell development,
we studied the pre-B cell line, 70Z/3, which can be induced to
differentiate with LPS. LPS is known to stimulate SRE activity
(24), Fos-Jun DNA binding activity (43), and p38 MAP kinase
(16, 17). We found that LPS induction of 70Z/3 pre-B-cell
differentiation increases TC-forming activity to a small extent.
The complexes contain SAP1 with a smaller amount of Net-b
and very little Elk1. In contrast to 70Z/3, there is more Net-b
than SAP1 in NIH 3T3 cells. The composition of TCs is dif-
ferent in a number of cell types, including epithelial cells
(HeLa [references 23 and 37 and data not shown], macro-
phages [BAC-1] [22], and astrocytomas [A431] [49]). These
results suggest that the TCFs play cell-type-specific roles.
There are at least five TCFs, including the new factor, Net-b,
that we describe in this report. Elucidating the roles of the
plethora of TCFs should provide important insights into how
signal transduction through the Ras signalling network is re-
solved into specific physiological responses.
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