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Abstract The transcription factors Sp1, Sp3, and Egr-1 bind with their zinc finger DNA-binding domains to GC-rich
sequences in the regulatory regions of their target genes. The similarity of the DNA-binding sites of Sp1, Sp3, and Egr-1 has
triggered the hypothesis that they compete for the same DNA-binding site. We have investigated the specificity of
transcriptional regulation by Sp1, Sp3, and Egr-1 using dominant-negative mutants that block the DNA-binding site of Sp1,
Sp3, or Egr-1, respectively. The results show that constitutive transcription of Sp1 regulated reporter genes, containing Sp1
sites derived from the aldolase Cand p21""/“/PT genes, or the long terminal repeat of HIV-1, was impaired by dominant-
negative mutants of Sp1 and Sp3, but not by a dominant-negative Egr-1. Transcription mediated by Egr-1 was induced by
transfection of expression vectors encoding wild-type or mutated Egr-1 or by stimulation of the extracellular signal-
regulated protein kinase pathway via an inducible B-Raf-estrogen receptor fusion protein. In all cases transcription of Egr-
1-regulated reporter genes, containing Egr-1 binding sites derived from the Egr-1 or the synapsin I gene was impaired by a
dominant-negative Egr-1, but not by dominant-negative Sp1 or Sp3 mutants. These results show that there are genuine Sp1/
Sp3 or Egr-1 controlled genes showing no cross-regulation of Sp1/Sp3 and Egr-1 through the same DNA-binding site. This
does not exclude the existence of composite Sp1/Sp3/Egr-1 binding sites, where competition for a common DNA-binding

site occurs. J. Cell. Biochem. 94: 153-167, 2005.
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The transcription factor Spl was originally
discovered as a DNA-binding protein that
interacts with multiple 5-GGGCGG-3' se-
quences (GC boxes) of the SV40 early promoter
[Kadonaga et al., 1987]. Spl is ubiquitously
expressed and single or multiple Spl binding
sites are found in many cellular and viral
promoters. The transcription factor Sp3 shares
several features with Sp1, including the ubiqui-
tous expression, the glutamine and serine/
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threonine rich-domains and the zinc finger
DNA-binding region. The zinc finger domains
of Spl and Sp3 show 90% homology and the
specificity and affinity of Sp1 and Sp3 to bind to
the GC box is very similar [Hagen et al., 1992;
Kingsley and Winoto, 1992]. Spl and Sp3
recognize the classical GC-rich sequence 5'-
GGGCGG-3'. In contrast to the constitutive
expression of Spl and Sp3, synthesis of the zinc
finger transcription factor Egr-1, also known as
zif268, NGFI-A, Krox24, and TIS8 [Lim et al.,
1987; Milbrandt, 1987; Christy et al., 1988;
Lemaire et al., 1988; Sukhatme et al., 1988], is
negligible in unstimulated cells. However, a
variety of environmental signals including
growth factors, hormones, and neurotransmit-
ters induce a robust and transient expression of
Egr-1 [reviewed by Thiel and Cibelli, 2002],
showing that Egr-1 couples extracellular sig-
nals to long-term responses by altering Egr-1
target gene transcription. The DNA-binding
domain of Egr-1 contains three zinc finger mo-
tifs. The structure of a complex formed between
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these three zinc fingers and its cognate DNA-
binding site has been solved [Pavletich and
Pabo, 1991]. Egr-1 preferentially binds to the
GC-rich sequence 5'-GCGGGGGCG-3’ [Christy
and Nathans, 1989; Cao et al., 1993].

The transcription factors of the Spl family,
including Spl and Sp3, compete for DNA-
binding to the GC-box, due to the homology of
their DNA-binding domains. A comparison of
Spl and Egr-1 binding specificities to DNA
reveals that the DNA-binding sites of Egr-1
(GCG GGG GCG=A B A) and Spl (GGG GCG
GGG=B A B) are similar and appear as a
rearrangement of one another (AB Avs.BAB)
[Kriwacki et al., 1992]. In addition, the free
solution structures of the Cyss-Hiss-zince finger
domains 2 and 3 of Sp1 are very similar to those
of Egr-1 [Narayan et al., 1997], further suggest-
ing that Spl and Egr-1 have similar DNA-
binding specificities. These facts provoked the
hypothesis that Egr-1 competes with Spl and
members of the Spl family of transcription
factors for DNA-binding [Huang et al., 1997]
and, in fact, a competition between Sp1 and Egr-
1 has been demonstrated for the gene encoding
the platelet-derived growth factor (PDGF) A
chain. In cultured quiescent vascular endothe-
lial cells, a GC-rich genetic element within the
PDGF A chain promoter is occupied by Spl.
Stimulation of cells with phorbol ester, how-
ever, triggers the biosynthesis of Egr-1 that
subsequently displaces Spl from the GC-rich
sequence motif [Khachigian et al., 1995]. Over-
lapping Sp1/Egr-1 binding sites have also been
described in the regulatory region of the genes
encoding PDGF B chain, adenosine deaminase,
tissue factor, thrombospondin 1, monoamine
oxidase B, ABCAZ2 transporter, and f;-adrener-
gic receptor [Ackerman et al., 1991; Shingu and
Bornstein, 1994; Cui et al., 1996; Khachigian
et al., 1996; Bahouth et al., 2002; Davis et al.,
2003].

In this study, we have used dominant-nega-
tive mutants of Sp1, Sp3, or Egr-1 to investigate
the specificity of transcriptional activation by
Sp1, Sp3, and Egr-1. These mutants contain an
intact DNA-binding region but lack any tran-
scriptional activation function. Thus, putative
Spl, Sp3, or Egr-1 DNA-binding sites are
blocked by these mutants. Given the fact that
Sp1, Spl related transcription factors, and Egr-
1 have been shown to compete for DNA-binding,
the dominant-negative mutants solely copies
nature’s method of competition for a common

DNA-binding site. Moreover, compensation due
to the activity of related and potentially redun-
dant proteins of the Spl or Egr-1 families of
transcription factors that occurs readily in the
case of transgenic mice models, was eliminated
by this approach. The results show that
while Spl and Sp3 generally compete for the
same DNA-binding site, Egr-1 has a distinct
sequence requirement to bind and activate Egr-
1 responsive target genes. This study also
demonstrates that dominant-negative Spl,
Sp3, and Egr-1 proteins are valuable tools to
investigate the impact of Sp1, Sp3, and Egr-1 in
transcriptional regulation of putative Sp1, Sp3,
and/or Egr-1 target genes in living cells.

MATERIALS AND METHODS
Reporter Constructs

Plasmids pHIVTATAluc, pEBS1*luc, and
pACE230 luc have been described [Thiel et al.,
2000; Cibelli et al., 2002; Day et al., 2004]. The
minimal Egr-1-responsive reporter plasmid
pEBS2*luc containing four binding sites for
Egr-1 derived from the human synapsin I pro-
moter was constructed by subcloning a Sacl/
Sall fragment derived from plasmid pEBS2*O-
VEC [Thiel et al., 1994] into the Sacl/Xhol
digested plasmid pHIVTATAluc. The minimal
Spl-responsive reporter plasmid pAldGCB*luc
contains four binding sites for Sp1 derived from
the aldolase C promoter. This plasmid was
generated by subcloning a filled-in Xbal/Sacl
fragment derived from plasmid pGCB*CAT
[Cibelli et al., 1996] into pHIVTATAluc. The
transcription units present in the reporter
plasmids pEBS1*luc, pEBS2*luc, and pAldGC-
B*luc contain a minimal promoter consisting of
the human immunodeficiency virus TATA box
and the adenovirus major late promoter in-
itiator element. Plasmid pGL3-HIV-1 LTR
that directs luciferase transcription under the
control of the HIV long terminal repeat (se-
quence from —120 to +83) was a kind gift of
Jakob Troppmair, Julius-Maximilians-Univer-
sity, Wiirzburg, Germany. The p21WAFY/Cipl
promoter/luciferase reporter plasmid p21Pluc
[Datto et al., 1995] was kindly provided by Xiao-
Fan Wang, Cell and Molecular Biology Program,
Duke University (Durham, NC).

Expression Vectors

The expression vectors pEBGN and pEBGN-
Spl encoding glutathione S-transferase (GST)
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and a fusion protein consisting of GST and the
zinc finger DNA-binding domain of Spl, res-
pectively, have been described [Petersohn and
Thiel, 1996; Thiel and Cibelli, 1999]. Similarly,
expression vectors encoding GST-Sp3 or GST-
Egr-1 fusion proteins were generated. The
c¢cDNA encoding human Sp3 was purchased
from ATCC (ATCC # 95505, accession number
M97191). To construct an expression vector
encoding a GST-Sp3 fusion protein, we cloned a
Kpnl fragment encoding the C-terminal DNA-
binding domain of Sp3, into Kpnl cut pEBGN.
The GST-Sp3 fusion protein contains amino
acids 485-653 of Sp3, using the assignment of
Kingsley and Winoto [1992]. The expression
vector pEBGN-Egr-1, encoding a GST-Egr-1
fusion protein, was generated by inserting a
blunt-ended Bglll/Smal fragment of the murine
Egr-1 ¢cDNA into the filled-in Notl site of
pEBGN. The GST-Egr-1 fusion protein contains
amino acids 322—-533 of Egr-1, encompassing
the zinc finger DNA-binding site. The expres-
sion vector of murine Egr-1, pCMVEgr-1,
formerly termed pCMVzif, has been described
[Thiel et al., 1994]. An expression vector encod-
ing a CREB2/Egr-1 fusion protein (C2/Egr-1)
was made by insertion of a filled-in BglII/Smal
fragment derived from the murine Egr-1 cDNA
into EcoRV cut pCMV-FLAG-C2N [Steinmiiller
and Thiel, 2003]. The CREB2/Egr-1 fusion
protein encodes amino acids 1-187 from
CREB2 fused to amino acids 322—533 of Egr-1.
In addition, a triple FLAG tag (sequence
MDYKDHDGDYKDHDIDYKDDDDK) was pre-
sent on the N-terminus. Expression vectors
pRSVP and pSV40lacZ, encoding B-galactosi-
dase under the control of the Rous sarcoma
virus long terminal repeat or the SV40 promo-
ter, have been described [Jlingling et al., 1994;
Schoch et al., 2001].

Cell Culture,
Transfections, and Reporter Gene Assays

The human 293T embryonal kidney cells
were cultured and transfected as described
[Kaufmann et al., 2001]. The amounts of ex-
pression vectors transfected are indicated in the
figure legends. The luciferase reporter plasmids
and the internal reference plasmid pRSVp or
pSV40LacZ were transfected into cells grown on
60 mm plates. Twenty-four hours post-transfec-
tion, the serum concentration was lowered to
0.05% and the cells were incubated for further
24 h. Lysates were prepared using cell culture

lysis buffer (Promega) and B-galactosidase and
luciferase activities were measured [Thiel et al.,
2000]. Each experiment was repeated at least
two times with consistent results. Stimulation
of 293TAB-Raf:ER cells with 4-hydroxytamox-
ifen (40HT, used at a concentration of 200 nM
with ethanol as solvent) was done for 24 h or as
indicated in the figure legend.

Retroviral Gene Transfer

Plasmid pBabepuro3AB-Raf:ER, encoding an
activated form of the protein kinase B-Raf as
a fusion protein with the hormone binding
domain of the murine estrogen receptor (ER™),
was kindly provided by Martin McMahon,
Cancer Research Institute and Department of
Cellular and Molecular Pharmacology, UCSF,
San Francisco, CA. The packaging cell line
Phoenix-Ampho was obtained from Gary Nolan,
Department of Microbiology and Immunology,
Stanford University School of Medicine, Stan-
ford, CA. Cells were transfected with retroviral
vectors using the calcium coprecipitation pro-
cedure. Retroviral infection of 293T cells were
performed as described [Rossler et al., 2004].
293T cells were selected with 0.6 pg puromycin/
ml. Mass pools of stable transfectants were
selected and used for all experiments in order
to eliminate the possibility of specific clonal
effects.

RNase Protection Assay

The template for human Egr-1 cRNA synth-
esis (plasmid pT7-hEgrl-1) has been described
[Kaufmann and Thiel, 2001]. Plasmid T8hp21-1
was generated by subcloning of a Ehel/Bsp1201
fragment from plasmid pCEP-WAF1 [El-Deiry
et al., 1993] into pBluescriptKSII. The plasmid
was used to synthesize a riboprobe specific for
human p21WAFVCIPL The po1WAFLCIPL oxpres-
sion vector pPCEP-WAF'1 was a kind gift of Bert
Vogelstein, Johns Hopkins University, Balti-
more, MD. Plasmid pSP6-G3PDH used for the
synthesis of a human glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH) cRNA probe
was purchased from Ambion. 293Tpac and
293TAB-Raf:ER cells were seeded at a density
of 1.5 x 10° cells/100 mm plate and incubated in
medium containing 10% serum overnight. The
serum concentration was reduced to 0.05% and
the cells were cultivated for another 24 h. Cells
were stimulated with 40HT (200 nM) for 5 or
8 h, washed with cold phosphate-buffered saline
(PBS, 170 mM NaCl, 33 mM KCIl, 40 mM
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NayHPO,, 18 mM KH,PO,, pH 7.2) and har-
vested. Cytoplasmic RNA was prepared and
analyzed by RNase protection mapping as
described [Thiel et al., 2000]. Thirty-microgram
cytoplasmic RNA was used for the analysis of
human Egr-1, and 2.5 ng RNA for the detection
of GAPDH mRNA. Hybridization of Egr-1,
p21WAFLCiPL - o GAPDH mRNAs with these
riboprobes protected fragments of 210, 250, or
417 nucleotides, respectively, from RNase
digestion.

Western Blots

Nuclear extracts were prepared as described
[Kaufmann and Thiel, 2002]. To analyze Egr-1
biosynthesis, 20 pg of nuclear proteins were
separated by SDS—PAGE and the blots were
incubated with an antibody directed against hu-
man Egr-1 (Santa Cruz, Heidelberg, Germany,
#sc-110). Immunoreactive bands were detected
using the ECL plus system (Amersham).

RESULTS

Modular Structure of Dominant-Negative Sp1,
Sp3, and Egr-1 Mutants

Spl is constitutively expressed and is respon-
sible for the constitutive transcriptional activity
of many genes. An analysis of Spl mediated
gene transcription requires therefore a loss-of
function instead of a gain-of function approach.
Some years ago, we designed a dominant-nega-
tive Spl mutant [Petersohn and Thiel, 1996],
consisting of glutathione S-transferase fused to
the DNA-binding domain of Sp1l. Both domains
were separated by a nuclear localization se-
quence to ensure nuclear targeting. This
mutant, which blocks the Spl DNA-binding
site, has been successfully used in several
studies addressing Sp1l-mediated gene transcri-
ption [Petersohn and Thiel, 1996; Lietz et al.,
2003] and biological functions of Sp1 [Kavurma
et al., 2001; Kavurma and Khachigian, 2003].
To extend these studies and to compare the
transcriptional targets of Spl with those of the
zinc finger transcription factors Sp3 and Egr-1,
we designed dominant-negative mutants for
Sp3 and Egr-1. Accordingly, these mutants lack
the N-terminal activation domains. Instead,
glutathione S-transferase was fused to the
DNA-binding domain of Sp3 and Egr-1, respec-
tively. The modular structure of the GST-Spl,
GST-Sp3, and GST-Egr-1 proteins is depicted in
Figure 1A.
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Fig. 1. Modular structure of Sp1, Sp3, Egr-1 and the dominant-
negative mutants GST-Sp1, GST-Sp3, and GST-Egr-1. A: Sche-
matic representation of the modular structure of Sp1, Sp3, Egr-1
and the dominant-negative mutants GST-Sp1, GST-Sp3, and
GST-Egr-1. The zinc finger DNA-binding domains are indicated
by black bars. Sp1 and Sp3 both contain a bipartite glutamine-
rich activation domain on the N-terminus. The Egr-1 protein
contains an extented transcriptional activation domain at the N-
terminus and an inhibitory domain (repression domain, RD)
between the activation and DNA-binding domains that functions
as a binding site for the transcriptional corepressor proteins
NAB1 and NAB2. The mutants GST-Sp1, GST-Sp3, and GST-Egr-
1 consist of an amino-terminal glutathione-S-transferase, a
nuclear localization signal derived from the SV40 large T
antigen, and the zinc finger domains of Sp1, Sp3, and Egr-1,
respectively, on the C-termini. B: Protein sequence alignment of
the zinc finger domains of Sp1, Sp3, and Egr-1. The cysteine and
histidine residues required for zinc coordination are indicated by
stars.
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Figure 1B shows the primary structure of the
three Cyss-Hiss-zinc finger domains of Sp1, Sp3,
and Egr-1. Very obvious is the high homology
between the zinc finger domains of Sp1 and Sp3,
in line with the similar binding affinities of Sp1
and Sp3 to the classical GC-rich sequence 5'-
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GGGCGG-3' that have been previously reported
[Hagen et al., 1992; Kingsley and Winoto, 1992].
The primary structure of the zinc finger
domains of Egr-1 differ substantially from those
of Spl and Sp3. However, the free solution
structures of the zinc finger domains 2 and 3 of
Spl and Egr-1 are very similar [Narayan et al.,
1997] suggesting that both proteins may still
recognize a similar DNA sequence.

Biological Activity of Dominant-Negative Sp1,
Sp3, and Egr-1 Mutants Assayed by Constitutively
Active Reporter Genes

The aldolase C gene contains a GC-rich
genetic element that functions as a binding site
for Spl. A reporter gene under control of this
element was shown to be constitutively express-
ed, due to the constitutive expression of Spl. In
contrast, Egr-1 was unable to bind to this
element and to transactivate a reporter gene
under control of this GC box [Cibelli et al., 1996].
We constructed a reporter plasmid that con-
tained four copies of this motif, a TATA box, and
the luciferase open reading frame, as shown in
Figure 2A (plasmid pAldGCB*luc). In addition,
we tested luciferase reporter genes controlled
by either the p21 promoter (plasmid p21Pluc) or
a truncated HIV-1 long terminal repeat (plas-
mid pGL3-HIV-1 LTR), both containing multi-
ple Spl binding sites. Human 293T cells were
transfected with one of the luciferase reporter
plasmids and an expression vector encoding
GST-Sp1, GST-Sp3, or GST-Egr-1, respectively.
As a control, an expression vector encoding a
nuclear-targeted glutathione S-transferase
(GST) was used. In addition, we transfected
plasmid pRSVp, encoding [-galactosidase
under the control of the Rous sarcoma virus

Fig. 2. Dominant-negative mutants of Sp1 and Sp3 block the
constitutive transcriptional activity mediated by the aldolase C-
derived GC-rich box, the p21WAF/CPT promoter or the HIV-1
LTR. The reporter plasmid pAldGCB*luc (A) contains the coding
region for luciferase, a TATA box, and four copies of a GC-rich
motif derived from the aldolase C gene. In the transcription units
present in the reporter plasmids p21Pluc (B) and pGL3-HIV-1
LTR (C) luciferase expression is controlled by the p21WAF/Cip!
gene promoter (B) or a portion of the LTR of HIV-1 (O),
respectively. One of the reporter plasmids pAldGCB*luc,
p21Pluc, or pGL3-HIV-1 LTR (0.5 pg/plate) was transfected into
293T cellstogether with the pRSVp internal standard plasmid and
expression vectors encoding either GST, GST-Sp1, GST-Sp3, or
GST-Egr-1 (250 ng/plate). Luciferase activities were normalized
for transfection efficiency by dividing luciferase light units by B-
galactosidase activities. At least four experiments were per-
formed and the mean £ SD is depicted.
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long-terminal repeat, to correct for variations in
transfection efficiencies. The results show that
the dominant-negative Spl and Sp3 mutants
decreased the constitutive transcriptional act-
ivity of the aldolase C derived GC-rich box, the
p21 promoter and the HIV-1 LTR (Fig. 2A-C),
indicating that both Spl and Sp3 may be
responsible for the constitutive transcriptional
activity of these genes. Thus, a functional inter-
ference of Sp1l and Sp3 through the same DNA-
binding occurred, due to the highly conserved
DNA-binding domains. In contrast, the domi-
nant-negative GST-Egr-1 was unable to block
the constitutive transcriptional activity of the
aldolase C derived GC-rich box, the p21 WAF1/Cipl
promoter and the HIV-1 LTR, indicating that
Sp1/Sp3 and Egr-1 differ in their transcrip-
tional targets.

Activation of Egr-1-Mediated Gene Transcription
Via Expression of Egr-1 or the Egr-1
Mutant C2/Egr-1

The biological activity of Egr-1 is mainly
regulated by the stimulus-induced biosynthesis
of Egr-1. In order to increase the intracellular
Egr-1 concentration, we used an expression vec-
tor encoding Egr-1 (plasmid pCMVEgr-1). Egr-1
is negatively regulated by the co-repressor
proteins NAB1 and NAB2, and also by phos-
phorylation, although this has not been clearly
elucidated. We therefore decided to design an
Egr-1 mutant that contains a constitutive
activation domain derived from CREB2, fused
to the DNA-binding domain of Egr-1. This
mutant lacks the inhibitory domain of Egr-1,
making repression by NAB1 or NAB2 impossi-
ble. The modular structure of this C2/Egr-1
mutant is depicted in Figure 3A, together with
the domain structure of Egr-1 and CREB2. To
test the transcriptional activation by Egr-1,
transfection experiments were performed using
the reporter plasmids pEBS1*luc and pEB-
S2*luc containing luciferase as a reporter gene.
Immediately upstream of the TATA box, four
binding sites for Egr-1, derived from the Egr-1
promoter (plasmid pEBS1%luc) or the human
synapsin I promoter (plasmid pEBS2*luc) were
present (Fig. 3B). One of the reporter plasmids
was transfected into 293T cells together with
the “empty” expression vector pCMV5 (denoted
“—”) or expression vectors encoding Egr-1
(pCMVEgr-1) or C2/Egr-1 (pCMVFLAG-C2/
Egr-1) (denoted “+”). As a reference plasmid
pRSVB was transfected. The results of

the transfection experiments are depicted in
Figure 3C. Expression of wild-type Egr-1
induced reporter gene transcription on the
order of five fold (reporter pEBS1%luc) or eight
fold (reporter pEBS2%luc), indicating that both
reporters were activatable by increased cellular
concentrations of Egr-1. The Egr-1 mutant C2/
Egr-1 was strikingly more active in inducing
transcription from Egr-1-responsive reporters.
Expression of C2/Egr-1 in 293T cells induced
reporter gene transcription on the order of 60-
fold (reporter pEBS1*luc) or 90-fold (reporter
pEBS2%1uc). In contrast to the Egr-1-responsive
reporters, the transcriptional activity of the
Sp1/Sp3 regulated reporters, pAldGCB*luc,
plasmid p21Pluc, or pGL3-HIV-1 LTR, was not
enhanced, following expression of Egr-1 or C2/
Egr-1 (data not shown). Competition experi-
ments with GST-Sp1, GST-Sp3, and GST-Egr-1
revealed that solely GST-Egr-1 showed a sig-
nificant downregulation of reporter gene
transcription, induced by Egr-1 or C2/Egr-1
(Fig. 3D). Thus, while dominant-negative
mutants of Spl and Sp3, but not of Egr-1 were
able to block the constitutive transcriptional
activity from reporter plasmids under the
control of the aldolase C derived GC-rich box,
the p21WAFVCIPL hromoter and the HIV-1 LTR,
only transcription of the Egr-1-responsive
reporter plasmids pEBS1*luc and pEBS2*luc
were blocked by the dominant-negative GST-
Egr-1, but not by GST-Spl or GST-Sp3. These
data indicate that Egr-1 and Sp1/Sp3 function
via distinct genetic elements.

Induction of Egr-1 Biosynthesis and Transcription
of Egr-1-Responsive Reporter Genes by a
AB-Raf-Estrogen Receptor Fusion Protein

The biosynthesis of Egr-1 is induced in
different cell types by the activation of the
classic Ras-Raf-MEK-ERK signaling pathway
[Kaufmann and Thiel, 2001, 2002]. Accordingly,
expression of a constitutively active mitogen-
activated protein kinase kinase, the kinase
responsible for the phosphorylation and activa-
tion of ERK, strongly stimulates Egr-1 promoter
activity [Kaufmann et al., 2001]. To specifically
activate the ERK pathway in 293T cells, we
generated 293T cells expressing a AB-Raf-
estrogen receptor fusion protein using retro-
viral gene transfer (293TAB-Raf:ER cells). As
a control, 293T cells were infected with a
recombinant retrovirus encoding puromycin
acetyltransferase (293Tpac cells). The modular
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promoter initiator element. Immediately upstream of the TATA
box are four binding sites for Egr-1 derived from the Egr-1
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promoter (plasmid pEBS1*luc) or the synapsin | promoter
(plasmid pEBS2*luc). C: One of the reporter plasmids pEBS1*luc
or pEBS2*luc (0.5 pg/plate) was transfected into 293T cells
together with the pRSVp internal standard plasmid and expres-
sion vectors encoding Egr-1 or the CREB2/Egr-1 mutant C2/Egr-1
(50 ng/plate). D: pEBS1*luc and pEBS2*luc reporter gene
transcription induced by the expression of Egr-1 or C2/Egr-1
was challenged by the expression of the dominant-negative
mutants GST-Sp1, GST-Sp3, or GST-Egr-1 (250 ng plasmid/plate)
as indicated. Relative luciferase activities were determined
by measuring B-galactosidase and luciferase activities of the
transfected cells. At least four experiments were performed and
the mean £ SD is depicted.
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structure of the B-Raf protein kinase is depicted
in Figure 4A. B-Raf contains three domains
termed CR1, CR2, and CR3. CR1 is a cysteine-
rich region and functions as binding site for
activated Ras-GTP at the cell membrane. CR2 is
rich in serine and threonine residues and
negatively regulates the biological activity
of the catalytic domain, perhaps via direct
protein—protein interaction with the kinase
domain. CR3 encompasses the protein kinase
domain. Expression of this catalytic domain of
B-Raf as a fusion protein with the ligand
binding domain of the murine estrogen receptor
(ER) keeps the protein kinase in an inactive
state in the absence of hormone, but allows
activation of the mutant B-Raf:ER fusion
protein by the addition of hormone [Picard,
1993]. The use of the estrogen receptor mutant
termed ERTamoxifen Mutant 41]4wed us to use the
synthetic ligand, 4-hydroxytamoxifen (4OHT),

A
Regulatory Kinase
domains domain
[lcri Jcrel | cms | B-Rat
- = - i ] # * 2 -
[T _crs___ ER= ] AB-Raf:er
B 4OHT

o1 3 5 8 24 [n]

Fig. 4. Activation of Egr-1-mediated gene transcription by AB-
Raf:ER, a conditionally active form of B-Raf protein kinase.
A: Modular structure of B-Raf and AB-Raf:ER. The functional
domains of B-Raf (CR3, CR2, and CR1) are depicted. Fusion of the
catalytic CR3 domain to the hormone binding domain of the
estrogen receptor generates the AB-Raf:ER fusion protein.
B: 293TAB-Raf:ER cells were serum-starved for 24 h, and then
treated with 4OHT (200 nM). Nuclear extracts were prepared
from cells incubated with 4OHT for different time points and
subjected to Western blot analysis. The blot was incubated with
an antibody directed against Egr-1. C: 293Tpac cells (left side) or
293TAB-Raf:ER cells (right side) were transfected with one of the
reporter plasmids pEBS1*luc or pEBS2*luc, and the internal
standard plasmid pSV40lacZ. The serum concentration was

—— = -4 Egr-1

for induction. The encoded ligand binding
domain of the estrogen receptor contained a
glycine residue at position 525, instead of an
arginine. As a result, the receptor is largely
insensitive to 17B-estradiol, but is readily acti-
vatable by 40HT [Littlewood et al., 1995]. To
study the effect of AB-Raf:ER on Egr-1 biosynth-
esis, we incubated 293TAB-Raf:ER cells with
40HT. Nuclear extracts were prepared and
analyzed for Egr-1 synthesis. Figure 4B shows
that the biosynthesis of Egr-1 is induced in
40HT stimulated 293TAB-Raf:ER cells. In
contrast to the transient and robust synthesis
of Egr-1 following growth factor stimulation
[Kaufmann and Thiel, 2002; Rossler and Thiel,
2004], we observed a delayed but sustained
synthesis in 40HT treated 293TAB-Raf:ER
cells, reaching highest levels of Egr-1 24 h after
stimulation (Fig. 4B). To analyze the effect of
AB-Raf:ER activation on Egr-1 mediated gene
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lowered from 10% to 0.05% and the cells were incubated for
24 h. Stimulation of the cells with 4OHT (200 nM) was performed
for 24 h. D: Similarly, 293TAB-Raf:ER cells were transfected with
the reporter plasmids pAldGCB*luc, p21Pluc, or pGL3-HIV-1
LTR, in the presence (+) or absence (—) of 4OHT (200 nM).
E: pEBS1*luc or pEBS2*luc reporter gene transcription induced
by 40OHT in 293TAB-Raf:ER cells was challenged by the
expression of the dominant-negative mutants GST-Sp1, GST-
Sp3, or GST-Egr-1 (250 ng expression vector/plate) as indicated.
As a control, an expression vector encoding GST was transfected.
Relative luciferase activities were determined by measuring B-
galactosidase and luciferase activities of the transfected cells. At
least four experiments were performed and the mean£SD is
depicted.



Transcriptional Regulation by Sp1, Sp3, and Egr-1

D
pAIdGCB*luc
2 207
2 o -
O
& % 151
Q 0
&t
8 = 101
55
2 2 5
g
T -
3 E
- + 4OHT
p21Pluc
Z5 61
&
% ]
§% °
2L 4
© c
o = 3
23
3 24
0 &
23 14
s L
- +4+ 4OHT
pGL3-HIV-1 LTR
> 100
2z o
o »
=
8 2 50
Ele
o = 25
2 D
|
3 &
- + A4OHT
Fig. 4.

transcription, we transfected 293Tpac and
293TAB-Raf:ER cells with the reporter plas-
mids pEBS1*luc, or pEBS2*uc. Figure 4C
reveals that 40HT enhanced transcription of
the Egr-1-responsive reporter genes following
activation of the AB-Raf:ER fusion protein by
40HT. In contrast, 4OHT had no effect on
reporter gene transcription in 293Tpac cells
lacking AB-Raf:ER. Likewise, no transcrip-
tional activation was observed following trans-
fection of the Spl/Sp3-responsive reporter
plasmids pAldGCB*luc, p21Pluc, or pGLS3-
HIV-1LTR into 293T-AB-Raf:ER cells, followed
by stimulation with 4OHT (Fig. 4D). Thus,
sustained activation of the ERK signaling path-
way has no impact in Sp1/Sp3 regulated gene
transcription. To test the functional relevance
of Egr-1 in AB-Raf:ER induced transcriptional
activation of pEBS1*luc or pEBS2*luc reporter
gene transcription, we performed competition
experiments. 293TAB-Raf:ER cells were trans-
fected with the indicated reporter plasmids and

E

161

pEBS141uc
40HT
Za 87 I
5%
@ x 6 -
O »n
(2
Sc
8 2 44
) i
mé 2
£ 3
s &
~ [o2) —
5 5 Q. [o3 o
6 6o 9 @ >
N
[4)] 8 ('7)
o (O]
pEBSZ4luc
A0QHT
25 87 [ |
2%
T x
O 0
O A=
[
5 >
5
2 &
2 =
£3
o
@E
5 £ =2 @ T
3 8§ 2 @ B
[
3 8 &
[0}
(Continued)

expression vectors encoding GST, GST-Spl,
GST-Sp3, and GST-Egr-1, respectively. The
transfected cells were serum-starved for 24 h
and then stimulated with 40HT for 24 h. The
results depicted in Figure 4E show that only the
dominant-negative GST-Egr-1 interfered with
AB-Raf:ER induced activation of reporter gene
transcription. Expression of GST, or the fusion
proteins GST-Sp1 or GST-Sp3 in the nucleus did
not impair AB-Raf:ER-mediated transcription
of Egr-1-responsive reporter genes, indicating
that Spl and Sp3 are not capable to block the
Egr-1 DNA-binding present in these reporter
genes.

Lack of Correlation Between Egr-1 Biosynthesis
and p21"AF1/CiPT Gene Transcription in
Stimulated 293TAB-Raf:ER Cells

The regulation of the p21WVAF1/CiP1 gepe by
Sp1 and Sp3 has been well documented [Prowse
et al., 1997; Pagliuca et al., 2000; Koutsodontis
et al., 2002] and these data are in perfect



162 Al-Sarraj et al.

agreement with our results showing that domi-
nant-negative mutants of Spl and Sp3 blocked
constitutive p21WAFVCIPL promoter activity.
However, a recent report proposed that the
p21WAF1/Cipl gane is also regulated by Egr-1
[Ragione et al., 2003]. We have been unable to
detect elevated p21WVAFYCIPL promoter activ-
ities, using different strategies to increase the
Egr-1 concentration in the cells. To directly test
a correlation between Egr-1 synthesis and
p21WAF1/Cipl gane transcription, we perform-
ed RNase protection mapping. 293Tpac and
293TAB-Raf:ER cells were stimulated with
40HT for 5 or 8 h. The cytoplasmic RNA was
prepared and hybridized to highly specific
cRNAs for Egr-1, p21WVAFVCIPL 1. glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH).

293Tpac 293TAB-Raf:ER

riboprobe

Egr-1
mRNA

p21
mRNA

GAPDH
“4 RNA

40HT [h]

0 5 8 0 5 8

Fig. 5. p21"AF1/CirT gane expression is not modulated by Egr-1.
293Tpac and 293AB-Raf:ER cells were stimulated with 4OHT
(200 nM) for 5 or 8 h. Cytoplasmic RNA was isolated and
analyzed by RNase protection mapping using cRNAs specific for
Egr-1, p21WAF/CPT and GAPDH. An aliquot of the undigested
riboprobes is shown. Size marker Mspl—cut PUC19 are shown in
lane M.

The results show that the levels of Egr-1 mRNA
are strikingly increased following stimulation of
293TAB-Raf:ER cells with 40HT (Fig. 5). In
addition, we already showed that Egr-1is trans-
criptionally active under these circumstances
(Fig. 4C). However, p21WVAFVCIPL mRNA was
hardly detectable and there was no significant
difference between p21WAFVCPl 1y RNA levelsin
293Tpac or 293TAB-Raf:ER cells. In contrast,
Egr-1 was not expressed in resting or stimu-
lated 293Tpac cells. These results confirm the
data obtained in the analysis of the p21 VAF1/Cipl
promoter and indicate that the p21WAF!/Cipl
gene is not transactivated by high concentra-
tions of Egr-1 in 293TAB-Raf:ER cells.

The Overlapping Sp3/Egr-1 Site Within
the Angiotensin-Converting Enzyme Promoter

So far, we have reported on gene promoters
responsive to either Sp1/Sp3 or Egr-1. However,
these results do not exclude the existence of
composite Sp1/Sp3/Egr-1 binding sites, where
competition for a common DNA-binding site
occurs. In fact, we recently reported that hepa-
tocyte growth factor or phorbol ester stimula-
tion of the human angiotensin-converting
enzyme gene promoter involved a composite
Sp3/Egr-1 binding [Day et al., 2004]. We there-
fore used the ACE promoter in this study as an
example for a composite Sp3/Egr-1 binding site.
The reporter gene pACE230luc is depicted in
Figure 6A. Transfection experiments of 293T
cells revealed that Egr-1 and the Egr-1 mutant
C2/Egr-1 transactivated the angiotensin-con-
verting enzyme gene promoter/luciferase repor-
ter gene consisting of the proximal portion of the
ACE promoter fused to the luciferase open
reading frame (Fig. 6B top panel). Moreover,
stimulation of Egr-1 biosynthesis in 40OHT
treated 293TAB-Raf:ER cells led to an upregu-
lation of ACE promoter activity (Fig. 6B, bottom
panel), thus confirming previous observations
that the ACE gene is a target for Egr-1 [Day
et al., 2004]. Competition experiments revealed
that GST-Sp1, GST-Sp3, and GST-Egr-1 coun-
teracted transcriptional upregulation of the
ACE promoter by overexpression of Egr-1 or
C2/Egr-1 (Fig. 6C, top panel). The fact that
dominant-negative Spl or Sp3 impaired Egr-1
mediated gene transcription indicates a compe-
tition between Spl, Sp3, and Egr-1 for binding
to the ACE promoter. Interestingly, GST-Sp1
was less active than GST-Sp3 to compete with-
Egr-1, suggesting that the GC-rich sequence
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A pACEziO'“" of the ACE promoter functions as a binding site
for Sp3 rather than for Spl. This assumption
was supported by the next experiment. 293TAB-
Raf:ER cells were transfected with the ACE
52 promoter/luciferase plasmid pACE230luc and
@eecaGeaGEECaEEaGECEGEGETE expression vectors encoding GST, GST-Spl,
GST-Sp3, or GST-Egr-1. Cells were stimulated
40 with 40HT to induce the Raf-MEK-ERK signal-
ing pathway leading to the synthesis of Egr-1.
Figure 6C (bottom panel) shows that expression
of GST-Sp3 and GST-Egr-1 completely abro-
gated 40HT induced reporter gene transcrip-
tion. In contrast, GST-Spl did not compete,
supporting the view that the GC-rich region of
-+ - Egr the ACE promoter contains rather an over-
- - + C2Egr lapping Sp3/Egr-1 binding site than a composite
Sp1/Sp3/Egr-1 site. Collectively, the data show
293Tpac  293TAB-Raf:ER that Egr-1 transactivates the ACE gene, using
! H ! transfection of Egr-1 expression vectors or
40 stimulation of the extracellular signal-regu-
30 - lated protein kinase pathway via an inducible
B-Raf-estrogen receptor fusion protein (AB-
Raf:ER) as the trigger to activate Egr-1 synth-
esis. Competition experiments revealed that a
N + - 4  4OHT dominant-negative Egr-1 abrogated Egr-1-in-
duced upregulation of the ACE promoter. In
addition, in 293T cells a dominant-negative Sp3
0. Egr-1 195 - C2/Egr-1 was also able to compete with wild-type Egr-1
T, for binding to the DNA.
30
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Fig. 6. The angiotensin-converting enzyme gene promoter
contains an overlapping Sp3/Egr-1 binding site. A: Reporter
plasmid pACE230luc. The sequence of the composite Sp3/Egr-1
site is depicted. B: The ACE promoter/luciferase reporter gene is
transactivated by Egr-1. Egr-1 synthesis was induced by transfec-
tion of 293T cells with expression vectors encoding Egr-1 or C2/
Egr-1 (0.5 pg/plate) (top), by stimulation of 293TAB-Raf:ER cells
with 4OHT (bottom). Relative luciferase activities were deter-
mined by measuring B-galactosidase and luciferase activities of
the transfected cells. C: Competition experiments with dominant
= negative Sp1, Sp3, and Egr-1. 293T cells (top) and 293TAB-Raf:ER
(bottom) were transfected with the reporter plasmid pACE230luc
(0.5 pg/plate) together with the pSV40lacZ internal standard
plasmid and expression vectors encoding either GST, GST-Sp1,
GST-Sp3, or GST-Egr-1 as indicated. We used 250 ng/plate of
expression vectors encoding one of the GST fusion proteins to
compete with Egr-1 synthesized as a result of 4OHT. 2 pg/plate of
expression vectors encoding one of the GST fusion proteins were
required to compete with Egr-1 or C2/Egr-1 synthesized in 293T
cells as a result of transfection of expression vectors. Luciferase
activities were normalized for transfection efficiency by dividing
luciferase light units by B-galactosidase activities.
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this protein family is the ubiquitously expressed
Spl protein. A variety of signaling cascades
induced by hormones, cytokines, neurotrans-
mitters, or cytotoxic chemicals converge on the
synthesis of Egr-1, thus making it very inter-
esting to identify those Egr-1 target genes that
continue the initial signaling cascades and are
most likely responsible for the effects of Egr-1in
the control of cellular growth, differentiation,
and death [Thiel and Cibelli, 2002]. The hypoth-
esis that Egr-1 and Spl compete for a similar
GC-rich DNA-binding site suggests that many
Spl regulated genes are putative targets for
Egr-1. The objective of this study was to analyze
the transcriptional regulation of Spl, Sp3,
and Egr-1 on selected Spl or Egr-1-regulated
transcription units using the expression of
dominant-negative mutants. We chose to mea-
sure transcriptional activation instead of DNA-
binding, because although DNA-binding is
necessary and required for a subsequent tran-
scriptional activation by Sp1, Sp3, or Egr-1, an
enhanced binding activity of a transcription
factor to DNA, monitored by an in vitro binding
assay, does not necessarily prove an enhanced
transcriptional activation potential of this pro-
tein. We showed, for example, by in vitro
electrophoretic mobility-shift assay that Egr-1
binds specifically to a GC-rich sequence of the
synaptobrevin II promoter. However, in intact
cells, Spl1 blocks this site and Egr-1 has no
access to the regulatory region of the synapto-
brevin II gene for activation of transcription
[Petersohn and Thiel, 1996].

As Spl-responsive targets, we chose the
aldolase C and p21WAFVCPL phromoters and
the LTR from HIV-1. For a GC-rich region of
the aldolase C gene, we showed by in vitro DNA-
binding experiments as well as by transient
transfections that Spl interacts with this site
[Cibelli et al., 1996]. Here, we confirmed these
data and showed in addition that constitutive
transcription of a reporter gene having four
copies of this GC-rich motif from the aldolase C
gene in its regulatory region is also impaired by
a dominant-negative Sp3. Likewise, the regula-
tion of a reporter gene controlled by a proximal
portion of the HIV-1 LTR was controlled by Sp1
and Sp3, but not by Egr-1. Several studies have
shown that the gene encoding the cyclin-
dependent protein kinase inhibitor p21WAF/Cipl
is positively regulated by Spl and Sp3 [Prowse
et al., 1997; Pagliuca et al., 2000]. In fact, a
recent analysis revealed that Spl and Sp3

bound with high affinity to five of the six GC-
rich motifs of the proximal p21VAFYCiP! promo-
ter [Koutsodontis et al., 2002]. Accordingly, we
found that dominant-negative mutants of Spl
and Sp3 blocked constitutive p21WVAFVCIPL pro.
moter activity. Recently, a report claimed that
the p21WAF1/CiPl gene is regulated by Egr-1,
following treatment of erythroleukemic cells
with resveratrol [Ragione et al., 2003]. We have
been unable to detect elevated p21WAFLCipl
promoter activities, following several distinct
strategies to increase the Egr-1 concentrations
in the cells. Moreover, a direct comparison
between the Egr-1 and p21WVAFVCiPl mRNA
levels present in resting or stimulated 293Tpac
and 293TAB-Raf:ER cells confirmed the results
obtained in the analysis of the p21WAFL/Cipl
promoter and showed that p21WAF/CiP1 gene
expression is not modulated by Egr-1.

As Egr-1-responsive targets, we used reporter
genes containing Egr-1 binding sites derived
from the Egr-1 and synapsin I promoters. Egr-1
transactivates reporter genes having one of
these genetic elements in the regulatory region
[Thiel et al., 1994, 2000; Cibelli et al., 2002].
Egr-1 immunoreactivity is hardly detectable in
unstimulated cells. Accordingly, the basal acti-
vity of the Egr-1-responsive transcription units
present in plasmids pEBS1*luc and pEBS2*luc
was low. To achieve induction of Egr-1 gene
transcription, we adopted two strategies, first,
the overexpression of wild-type and chimeric
Egr-1 via transient transfection of expression
vectors, and second, the stimulation of engi-
neering 293T cells expressing a 4OHT inducible
AB-Raf:ER fusion protein. The activation of
the ERK signaling pathway via stimulation of
the chimeric AB-Raf:ER protein triggered a
sustained synthesis of Egr-1. Transcription of
Egr-1-sensitive reporter genes was activated in
all cases, and repressed by a dominant-negative
Egr-1 mutant. The fact that the chimeric
CREB2/Egr-1 mutant displayed a higher tran-
scriptional activity may be explained by the
strength of the CREB2-derived activation
domain in comparison to the Egr-1 activation
domain. Alternatively, the lack of NAB1/NAB2
binding sites in C2/Egr-1 may avoid repressive
constraints due to residual NAB1/2 expression.
The lack of transcriptional repression by domi-
nant-negative Spl or Sp3 mutants indicates
that these transcription factors are unable to
bind to the Egr-1 cognate sites present in the
reporter plasmids pEBS1*luc and pEBS2%luc.
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Recently, criteria have been proposed for the
identification of Egr-1 target genes [Adamson
and Mercola, 2001]. These “levels of certainty”
include a correlation of Egr-1 expression with
the indicated gene (level 1) using Egr-1 induci-
ble signal molecules or Egr-1 expression vec-
tors, the in vitro identification of Egr-1 binding
to the promoter of the gene (level 2), and the
verification of Egr-1 binding by chromatin
immunoprecipitation. We propose to add, as a
further criterion, the inhibition of stimulus-
induced target gene transcription or target gene
promoter activity by a dominant-negative Egr-
1. The additional expression of the dominant-
negative Spl and Sp3 mutants may also help to
distinguish between target genes regulated
solely by Egr-1 or target genes having composite
Spl/Egr-1 or Sp3/Egr-1 motifs. Recently, we
successfully used this approach to show that
the hepatocyte growth factor induced stimula-
tion of the angiotensin converting enzyme
gene transcription in pulmonary artery endo-
thelial cells is regulated by an overlapping
Sp3/Egr-1 motif [Day et al., 2004]. Here, we
tested transactivation of an ACE promoter/
reporter gene by Egr-1 and confirmed that
ACE promoter activity is upregulated by
Egr-1. A dominant-negative Egr-1 mutant
blocked this upregulation. Competition experi-
ments involving dominant-negative Spl and
Sp3 showed that Sp3 competes with Egr-1
for a common binding site. The dominant-
negative Spl provided little if any impairment
indicating that the GC-rich sequence of the ACE
promoter binds rather Sp3 than Spl. Taken
together, the analysis of the ACE promoter
demonstrated the value of dominant-negative
Spl, Sp3, and Egr-1 proteins to unravel the
impact of a particular transcription factor in
gene transcription.

In summary, we have shown that distinct Sp1/
Sp3 and Egr-1 binding sites exist and that no
competition for binding to these sites between
Spl/Sp3 and Egr-1 occurs. However, some
genes contain overlapping Spl/Egr-1 or Sp3/
Egr-1 binding sites, and the actual concentration
of the different zinc finger proteins decides, which
discrete sets of genes are turned on or off. This
study shows furthermore that the dominant-
negative Spl, Sp3, and Egr-1 mutants are
remarkable tools for the study of Sp1/Sp3 or
Egr-1-regulated transcription and the analysis
of putative Spl/Egr-1 composite sites in living
cells.
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