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Although it is well established that members of the Egr family of
transcription regulatory factors are induced in many neuronal
plasticity paradigms, it is still unclear what role, if any, they play
in this process. Because NGF stimulation of pheochromocy-
toma 12 cells elicits a robust induction of Egr family members,
we have investigated their role in mediating long-term effects
elicited by NGF in these cells by using the Egr zinc finger
DNA-binding domain as a selective antagonist of Egr family-
mediated transcription. We report that expression of this Egr
inhibitor construct suppresses neurite outgrowth elicited by
NGF but not by dibutyryl cAMP. To check that this Egr inhibitor

construct does not act by blocking the MEK/ERK pathway,
which is known to mediate NGF-induced neurite outgrowth, we
confirmed that the Egr inhibitor construct does not block NGF
activation of Elk1-mediated transcription, a response that is
dependent on this pathway. Conversely, inhibition of MEK does
not impair Egr family-mediated transcription. Thus, we con-
clude (1) that induction of Egr family members and activation of
the MEK/ERK pathway by NGF are mediated by separate
signaling pathways and (2) that both are required to trigger
neurite outgrowth induced by NGF.
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The ability of neurotransmitters and neurotrophins to elicit rapid,
robust changes in gene expression has generated considerable
interest in the concept that this transcriptional response plays a
key role in mediating long-term changes elicited by these agents
(Sheng and Greenberg, 1990). The demonstration that late phases
of neuronal plasticity are sensitive to nonselective inhibitors of
macromolecular synthesis provided initial support for this hy-
pothesis (Stanton and Sarvey, 1984; Montarolo et al., 1986; Frey
et al., 1988; Abraham and Otani, 1991; Nguyen et al., 1994;
Linden, 1996). Furthermore, the use of more selective ap-
proaches, such as strategies that block expression or activation of
CRE-binding protein, an important regulator of immediate early
gene expression, has provided compelling evidence in favor of
this view (Dash et al., 1990; Guzowski and McGaugh, 1997;
Lamprecht et al., 1997; Ahn et al., 1999).

Although there is now considerable support for the general
concept that the immediate early gene response elicited by neu-
ronal stimulation plays a central role in neuronal plasticity, much
less is known about the role of individual genes induced in these
plasticity paradigms. In previous studies, we and others have
demonstrated that multiple members of the Egr family of tran-
scription regulatory factors are robustly induced in a wide range
of neuronal plasticity paradigms (for review, see O’Donovan et
al., 1999). Although these findings suggest that Egr family mem-
bers play a key role in mediating long-term changes underlying
plasticity, this hypothesis has not been tested directly.

NGF stimulation of pheochromocytoma 12 (PC12) cells in-
duces expression of two Egr family members, Egr1 (also called
NGFI-A, zif268, or Krox24) and Egr4 (also called NGFI-C)
(Milbrandt, 1987; Sukhatme et al., 1988; Crosby et al., 1991).
Therefore, this in vitro paradigm, which has been studied exten-
sively as a model of neuronal differentiation (Greene and Tis-
chler, 1976), represents a convenient preparation for investigating
the role of Egr family members in neuronal plasticity. In recent
studies, Qu et al. (1998) demonstrated that overexpression of
NAB2, a protein initially thought to function solely as a corepres-
sor of Egr-mediated transcription (Svaren et al., 1996), blocks the
ability of NGF to induce differentiation of PC12 cells. However,
subsequent studies have revealed that NAB2 can either potentiate
or inhibit the transcriptional activity of Egr family members
depending on the promoter configuration of the specific target
gene involved (Sevetson et al., 2000). Therefore, it is difficult to
infer from that approach the role that Egr family members play in
this plasticity paradigm. Furthermore, it is conceivable that
NAB2 also exerts its cellular effects by modulating the activity of
other transcription factors outside the Egr family. Because of
these considerations, we sought to use an alternative strategy for
suppressing Egr family-mediated transcription that would enable
us to investigate the role of this transcription factor family in
neuronal plasticity.

Because the four members of the Egr family share a highly
conserved DNA-binding domain (Crosby et al., 1991; Gashler and
Sukhatme, 1995; Swirnoff and Milbrandt, 1995), we reasoned that
a truncated construct containing this domain would be useful as
a dominant-negative inhibitor of transcription mediated by the
Egr family. We have, in this study, used the PC12 cell preparation
to evaluate whether this dominant-negative approach provides an
effective means of blocking transcription driven by Egr family
members. Furthermore, because characterization of the trun-
cated construct confirmed that it is an effective and selective
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inhibitor of Egr family-mediated transcription, we also examined
its effect on phenotypic changes induced by NGF in these cells.

MATERIALS AND METHODS
Reagents and plasmid constructs. The following reagents were obtained
from commercial sources: NGF (Life Technologies, Gaithersburg, MD),
dibutyryl-cAMP (db-cAMP; Sigma, St. Louis, MO), UO126 (Promega,
Madison, WI), and DNA oligonucleotides containing the consensus
binding sites for AP-1 and Sp1 (Santa Cruz Biotechnology, Santa Cruz,
CA). UO126 was prepared in DMSO as a stock solution of 10 mM. For
studies with this drug, a comparable amount of DMSO was added to
control wells.

To generate the D(1-249)Egr3 insert by PCR, we used the forward
primer 59-CGG GGT ACC ATG CCG CTT ACT CTC AAG CCC ATC
CGG, and the reverse primer 59-CGC GGA TCC TCA GGC GCA GGT
GGT GAC CAC AGG GGC, with the full-length rat Egr3 cDNA as
template. The PCR product was digested with BamHI and EcoRI and
ligated into the PCR3.1-Uni vector (Invitrogen, San Diego, CA). The
insert was sequenced in its entirety to verify that no inadvertent muta-
tions were introduced and that the proper reading frame was achieved.

Other plasmids used in this study have been described previously. A
plasmid expressing a fusion protein composed of the GAL4 DNA-
binding domain and the N-terminal segment of Egr3, GAL4/Egr3(1-
104), was prepared in our laboratory (O’Donovan et al., 2000). The
cytomegalovirus-driven eukaryotic expression vector PCB6 containing
the full-length Egr3 or Egr1 insert (Russo et al., 1995) and the luciferase
reporter construct containing two Egr response elements (2XERE)
(Crosby et al., 1991) were provided by J. Milbrandt (Washington Uni-
versity, St. Louis, MO). Reporter constructs based on segments of the
TGFb1 promoter (TG5, phTG7, and phTG7-4) were provided by S. J.
Kim (National Institutes of Health, Bethesda, MD). A constitutively
active MEK1 expression construct [MEK(DD)] was provided by M.
Greenberg (Harvard Medical School, Boston, MA). The Path Detect Elk
Trans-Reporting System, which uses both the pFA2-Elk1 plasmid and
Pfr-Luc, was purchased from Stratagene (La Jolla, CA). The pFA2-Elk1
plasmid encodes a fusion protein composed of the GAL4 DNA-binding
domain and the C-terminal activation domain of Elk1. A reporter
construct driven by a segment of the rat Egr1 promoter containing four
SRE sites, 4XSRE (Kumahara et al., 1999), was obtained from D. Saffen
(University of Tokyo, Tokyo, Japan). The green fluorescent protein
(GFP) expression plasmid was obtained from Clontech (Palo Alto, CA).

Cell culture. Human embryonic kidney 293 (HEK293) cells were main-
tained in 10-cm-diameter dishes at 37°C in 5% CO2 in DMEM supple-
mented with 10% fetal bovine serum, glutamine (2 mM), and a penicil-
lin–streptomycin mixture (50 U/ml). PC12 cells were maintained in
medium containing DMEM, 10% fetal calf serum, 5% horse serum, and
1% penicillin–streptomycin in an atmosphere of 5% CO2 and at 37°C.

Electrophoretic mobilit y shif t assays. Gel-shift assays used to monitor
binding of the truncated Egr3 construct to the ERE have been described
previously (O’Donovan and Baraban, 1999). In brief, HEK293 cell ex-
tracts (15–20 mg of protein) were incubated with double-stranded oligo-
nucleotides (;0.5 nM; 3–5 3 10 4 cpm) containing the canonical ERE
sequence, 59-CTA GGA GCG GGG GCG CTC ATG-39 (bold letters
indicate the ERE sequence), that had been end-labeled and purified. For
competition studies with the unlabeled wild-type or mutant ERE (59-
CTA GGA GCG GGT GCG CTC ATG-39), these double-stranded
oligonucleotides were preincubated with the cell extracts 15 min before
adding the same concentration of labeled probe. Additional competition
studies were performed with double-stranded oligonucleotides contain-
ing the consensus sequences of the AP-1 or Sp1 response elements. The
concentration of these oligonucleotides was 500-fold higher than that of
the ERE probe.

Reporter assays. To monitor transcription mediated by the ERE or
SRE, cells were cultured in six-well plates and transfected with one of the
reporter plasmids (1 mg/well) using either the calcium phosphate method
(HEK293 cells) (Chen and Okayama, 1987) or lipofectamine (PC12
cells; Life Technologies) along with expression plasmids as indicated
(0.1–1 mg) and either GFP (0.4 mg) or b-galactosidase (b-gal; 50 ng)
expression plasmids. Unless indicated otherwise, the D(1-249)Egr3 plas-
mid was used at 0.6–0.8 mg/well, and “control” cells were transfected
with the same amount of empty vector. For ERE reporter studies
conducted in HEK293 cells, we used the 2XERE reporter construct used
previously (O’Donovan and Baraban, 1999; O’Donovan et al., 2000). In
pilot studies, we had difficulty detecting a robust response of this reporter
to NGF stimulation of PC12 cells; therefore for ERE reporter studies

conducted in these cells, we used the ERE reporter plasmid described by
Kim et al. (1994). In examining whether TGFb1 is a target gene regu-
lated by the Egr family in PC12 cells, they demonstrated that NGF is able
to stimulate expression of a reporter gene driven by the ERE contained
in the TGFb1 promoter. Accordingly, we used this reporter construct
(TG5) for our PC12 cell studies. To insure that this response is mediated
by the ERE, we confirmed that truncated segments of the promoter that
retain or lack the ERE display the expected response to NGF or expres-
sion of Egr3. In reporter assays monitoring the response to NGF, cells
were harvested 6–8 hr after addition of NGF (100 ng/ml).

For the GAL4/Elk1 reporter assay, cells were transfected with both
Pfr-Luc (1 mg) and pFA2-Elk1 (50 ng). Luciferase activity was measured
2 d after transfection. Cells were rinsed twice with warm PBS, harvested
in 13 reporter lysis buffer (Promega), and placed in 1.5 ml tubes on ice.
Extracts were vortexed for 10 sec and centrifuged for 5 min at 14,000 3
g. Supernatants were collected, aliquoted, and used for both the lucif-
erase (Promega) and luminescent b-gal (Clontech) assays, conducted
according to the manufacturers’ protocols. For each well, both luciferase
and b-gal assays were performed in triplicate, and average values were
used for further analysis. To help control for variability in transfection
efficiency, b-gal activity or the number of GFP-positive cells was used to
normalize the luciferase values obtained. In each reporter experiment,
three or more sister wells were transfected with the constructs being
assayed. All reporter assays were conducted in at least two independent
experiments.

Neurite outgrowth assay. PC12 cells were plated on six-well plates
precoated with poly-D-lysine at a confluence of 50–70% (;1.0–1.5 3 10 5

cells per cm 2) and then cotransfected with the GFP plasmid and the
expression plasmid being assayed at a stoichiometry of 1:5 to increase the
likelihood that GFP-positive cells express the construct being evaluated.
Based on GFP detection with standard fluorescence microscopy, trans-
fection efficiency was in the range of 2–5%. Neurite outgrowth was
assessed 2–4 d after addition of NGF (100 ng/ml) or db-cAMP (0.5 mM).
Processes longer than twice the diameter of the cell body were scored as
neurites. To evaluate effects on neurite outgrowth, GFP-positive cells
were scored in 10 fields from each of two wells. Morphological effects
were evaluated in at least two independent experiments. To test the
effect of MEK inhibition, cells were placed in serum-free media and then
exposed to UO126 (15 mM) or DMSO 30–40 min before addition of
NGF.

RESULTS
Characterization of the Egr inhibitor construct
In previous studies, we found that Egr3 contains two independent
transcriptional activation domains, referred to as A1 and A2 (Fig.
1A), and that a truncated construct, D(1-214)Egr3, that is devoid
of transcriptional activity retains its ability to bind to the ERE
(O’Donovan et al., 2000). Accordingly, this or related constructs
might be useful as inhibitors of Egr family-mediated transcription
because they should block the ability of endogenously expressed
Egr family members to bind to the ERE. In selecting a truncation
site for generating an inhibitor construct of this type, we opted to
delete the R1 domain, the binding site for NAB proteins that are
able to modulate transcription by Egr family members (Russo et
al., 1995; Svaren et al., 1996; Sevetson et al., 2000). Accordingly,
we prepared the D(1-249)Egr3 construct that lacks both activation
domains found in Egr3, as well as the R1 domain (Fig. 1A).

Before testing whether this truncated construct is able to func-
tion as an inhibitor of ERE-mediated transcription, we first con-
firmed that it retains the ability to bind to the ERE. To do so, we
expressed this truncated Egr3 construct in HEK293 cells and
examined its ability to bind to a radiolabeled probe containing the
consensus ERE sequence in a standard gel-shift assay (Fig. 1B).
We found that the gel-shift complex formed by the truncated Egr3
construct is potently displaced by the unlabeled ERE, confirming
that the inhibitor construct retains high affinity for the ERE
sequence. In contrast, a mutant ERE, which contains a single-
base pair change that drastically reduces its affinity for Egr family
members (Christy and Nathans, 1989a; Swirnoff and Milbrandt,
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1995; O’Donovan et al., 1999), does not inhibit formation of the
gel-shift complex. As a further check on the specificity of the
truncated construct, we also confirmed that its gel-shift complex is
not displaced by double-stranded oligonucleotides containing
AP-1 or Sp1 consensus sequences even when used at concentra-
tions 500-fold higher than the ERE probe (Fig. 1B).

Having demonstrated that the truncated construct D(1-
249)Egr3 is able to bind to the ERE consensus sequence with
high affinity and specificity, we next examined its ability to inhibit
transcription driven by full-length Egr family members by the use
of a conventional, luciferase-based ERE reporter assay. We found
that the truncated construct strongly suppresses the ability of
Egr3 to stimulate expression of the luciferase reporter (Fig. 1C).
Furthermore, as expected, the truncated construct is devoid of
transcriptional activity in this assay. To check that the inhibition
displayed by the truncated construct does not merely reflect

nonspecific suppression of transcription, we assessed the effect of
the D(1-249)Egr3 on transcription driven by a GAL4 fusion
protein, in which the GAL4 DNA-binding domain has been fused
to one of the activation domains of Egr3, GAL4/Egr3(1-104)
(O’Donovan et al., 2000). As expected from the specificity dis-
played in the gel-shift assays, the truncated construct did not
impair the activity of the GAL4/Egr3(1-104) fusion protein in
this assay (Fig. 1D). Thus, this initial characterization of the
truncated Egr3 construct confirmed that it possesses the ability to
block transcription mediated by Egr family members selectively.

Egr inhibitor construct blocks NGF activation of ERE-
mediated gene expression
Because we wanted to use the Egr inhibitor construct D(1-
249)Egr3 in PC12 cells to investigate the role of the Egr family in
mediating long-term changes elicited by NGF, we used similar

Figure 1. Characterization of the Egr inhibitor construct D(1-249)Egr3. A, Top, The bar shows a schematic diagram of Egr3 that contains three zinc
finger motifs near its C terminal that mediate its interaction with the ERE, two distinct activation domains, A1 and A2, and a modulatory domain, R1,
that serves as a binding site for NAB1 and NAB2. Bottom, The bar illustrates the Egr inhibitor construct D(1-249)Egr3 designed to retain the
DNA-binding domain without the upstream activation or modulatory domains. B, The autoradiogram illustrates that the Egr inhibitor construct forms
a gel-shift complex with the ERE oligonucleotide probe. Formation of this complex is blocked by addition of unlabeled ERE [wild-type ERE (wt ERE)]
but not a mutant ERE (mut ERE) in which a single base pair has been changed. (Wild-type and mutant ERE oligonucleotide sequences are provided
in Materials and Methods.) Unlabeled ERE oligonucleotides were added at the same concentration as the ERE probe (;0.5 nM). In addition, neither
AP-1 nor Sp1 oligonucleotides inhibit binding of the Egr inhibitor construct to the ERE, when added at 500-fold higher concentration than the ERE
probe. C, HEK293 cells were transfected with a luciferase reporter plasmid containing a tandem repeat of ERE sites in its promoter as well as with the
other expression plasmids listed under each column of the bar graph [Egr3 plasmid, 0.5 mg/well; D(1-249)Egr3, 0.5 mg/well]. The ability of Egr3 to
increase luciferase activity in extracts from these cells was blocked by the Egr inhibitor construct. As expected, the Egr inhibitor construct was unable
to increase luciferase activity compared with that in control cells that only received the ERE luciferase reporter plasmid. D, HEK293 cells were
transfected with a luciferase reporter plasmid containing a tandem repeat of GAL4 response elements in its promoter as well as with the other expression
plasmids listed under each column. GAL4/Egr3(1-104) refers to a chimeric protein generated by fusing the GAL4 DNA-binding domain with the A1
activation domain of Egr3. In contrast to its ability to block stimulation of reporter gene expression by full-length Egr3, the Egr inhibitor construct
[D(1-249)Egr3; 0.5 mg/well] does not block the increase in luciferase activity driven by the GAL4/Egr3(1-104) construct (0.5 mg/well) acting on a GAL4
reporter plasmid. In C and D and the figures that follow, “D 1-249” refers to D(1-249)Egr3. Error bars shown in this and subsequent figures represent
the SEM. Data shown in C and D are presented in relative luciferase units (RLU).
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approaches to check its efficacy and specificity in these cells. In
particular, we wanted to assess whether the inhibitor construct is
able to block the ability of endogenous Egr family members,
induced by NGF, to stimulate transcription. As expected, we
found that D(1-249)Egr3 markedly suppressed the ability of Egr3
to stimulate the ERE reporter (Fig. 2A) but did not affect the
activity of a GAL4 reporter construct that was stimulated by
cotransfection with the GAL4/Egr3(1-104) construct described
above (Fig. 2B). Furthermore, the Egr inhibitor construct mark-
edly reduced the ability of NGF to stimulate ERE-mediated
transcription, demonstrating that it is also highly effective at
blocking the activity of endogenously expressed Egr family mem-
bers (Fig. 2C).

Because it is conceivable that blockade of this response to NGF
could be caused by unintended interference by the inhibitor
construct with NGF receptor activation or expression, we also
monitored the effect of the Egr inhibitor construct on the ability
of NGF to stimulate the transcriptional response mediated by the
C-terminal activation domain of Elk1, a ternary complex factor
that binds with the serum response factor (SRF) to the SRE
(Gille et al., 1992; Marais et al., 1993; Price et al., 1996; Johnson
et al., 1997). In this assay, a fusion protein composed of the GAL4
DNA-binding domain fused to the C-terminal activation domain
of Elk1 is used to drive expression of a luciferase reporter gene
under the control of a GAL4 response element. In contrast to its
marked suppression of the ability of NGF to stimulate the ERE
reporter, the Egr inhibitor construct did not affect NGF’s activa-
tion of the GAL4/Elk1 reporter, indicating that the Egr inhibitor
construct does not produce a nonspecific blockade of NGF recep-
tor activation (Fig. 2D).

These initial studies characterizing the selectivity of the Egr
inhibitor construct demonstrate that it blocks transcription medi-

ated by the ERE but not by the GAL4 response element. To
provide additional assurance that the Egr inhibitor construct
selectively blocks ERE-mediated transcription, we also checked
its effect on transcription mediated by another response element,
the SRE. To this end, we used a reporter driven by a fragment of
the Egr1 promoter that contains multiple SREs (Christy and
Nathans, 1989b; Kumahara et al., 1999). NGF stimulation of this
reporter was not blocked by the Egr inhibitor construct D(1-
249)Egr3, providing further evidence that it selectively inhibits
ERE-mediated transcription (Fig. 3).

Egr inhibitor construct suppresses NGF-induced
neurite outgrowth in PC12 cells
Because we found that the Egr inhibitor construct was able to
block the ability of NGF to stimulate ERE-mediated transcription
in PC12 cells, we examined its effect on NGF-induced neurite
outgrowth in these cells. For these studies, cells were transfected
with a GFP expression plasmid and either the inhibitor construct
or the same expression plasmid without an insert. The inhibitor
construct produced a marked reduction in the percentage of
GFP-positive cells having one or more neurites when examined
2 d after initiation of NGF treatment (Figs. 4, 5A). When cells
were examined after 72 or 96 hr of NGF treatment, we obtained
similar results; only 27 6 4% (mean 6 SEM) or 33 6 6% of
GFP-positive cells, respectively, scored as neurite bearing.

To check whether the inhibitory effect on neurite outgrowth
produced by the Egr inhibitor construct might be caused by
interference with neurite outgrowth per se rather than by the
intended blockade of ERE-mediated transcription, we also exam-
ined the effect of the Egr inhibitor construct on neurite outgrowth
induced by db-cAMP (Gunning et al., 1981a,b). In contrast to
NGF that elicits slow development of stable neurites, db-cAMP

Figure 2. The Egr inhibitor construct selec-
tively blocks ERE-mediated transcription in
PC12 cells. A, PC12 cells were transfected
with a luciferase reporter plasmid (TG5) that
is driven by a segment of the TGFb1 pro-
moter containing an ERE site. As found in
HEK293 cells, the Egr inhibitor construct
blocks the increase in luciferase activity in-
duced by Egr3. B, The Egr inhibitor construct
does not block the increase in luciferase ac-
tivity displayed by cells transfected with the
GAL4/Egr3(1-104) expression construct and
the GAL4 reporter plasmid. C, In PC12 cells
transfected with the ERE reporter, NGF in-
duces a strong increase in luciferase activity
that is suppressed by the Egr inhibitor con-
struct. Cells were harvested 6 hr after addi-
tion of NGF. D, PC12 cells were cotrans-
fected with a GAL4 reporter plasmid and
an expression plasmid encoding a chimeric
protein generated by f using the GAL4
DNA-binding domain with the C-terminal
activation domain of Elk1 (Path Detect Elk
Trans-Reporting System, Stratagene). Stimu-
lation of these cells with NGF (6 hr) triggers
a robust increase in luciferase activity that is
not blocked by cotransfection with a third
plasmid encoding the Egr inhibitor construct.
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triggers a more rapid, transient form of neurite outgrowth that is
independent of RNA synthesis. As expected, the Egr inhibitor
construct did not impair the ability of db-cAMP to induce neurite
outgrowth (Figs. 4, 5B).

Although NGF still induced neurite outgrowth in approxi-
mately one-fourth of GFP-positive cells that were cotransfected
with the D(1-249)Egr3 construct, careful inspection of this pop-

ulation of cells indicated that they elaborated fewer neurites.
Thus, the Egr inhibitor construct appeared to be exerting an effect
on this population of cells even though they were still scored as
neurite bearing. To test this impression, we conducted a quanti-
tative analysis of the effect of the Egr inhibitor construct on the
distribution of neurite number among cells exposed to NGF or
db-cAMP. This analysis confirmed that the Egr inhibitor con-
struct reduces the number of neurites among the minority of
NGF-treated cells scored as neurite positive (Fig. 5C). In con-
trast, the Egr inhibitor construct did not affect the distribution of
neurite number after db-cAMP stimulation (Fig. 5D).

If the ability of the Egr inhibitor to block NGF-induced neurite
outgrowth were caused by its ability to block ERE-mediated
transcription, then one would predict that both of these effects of
the inhibitor would display similar concentration–response pro-
files. To test this prediction, we examined the effect of varying the
amount of the Egr inhibitor plasmid used for transfection on both
of these parameters. Although we found that they display similar
response profiles, the ERE reporter assay was more sensitive than
was the neurite outgrowth assay to the Egr inhibitor (Fig. 6),
suggesting that nearly complete inhibition of ERE-mediated tran-
scription is required to inhibit neurite outgrowth.

Figure 3. Selectivity of the Egr inhibitor construct. Top, PC12 cells were
transfected with a luciferase reporter plasmid driven by a segment of the
Egr1 promoter that contains four SRE sites. Bottom, NGF treatment
increases luciferase activity in extracts prepared from these cells. This
increase is not blocked by cotransfection with the Egr inhibitor construct.

Figure 4. The Egr inhibitor construct selectively blocks neurite out-
growth induced by NGF. PC12 cells were transfected with a GFP expres-
sion plasmid with or without D(1-249)Egr3, and cell morphology was
monitored by fluorescence microscopy. Top, The typical small, round, and
flat morphology found in undifferentiated PC12 cells (lef t; control) is
shown. After treatment with NGF (right), cells elaborate one or more
neurites. Middle, The Egr inhibitor construct, which does not induce
neurite outgrowth (lef t), blocks neurite outgrowth triggered by NGF
[right; NGF 1 D(1-249)Egr3]. Bottom, Neurite outgrowth can also be
induced by db-cAMP (lef t) that is not affected by cotransfection with the
Egr inhibitor construct [right; db-cAMP 1 D(1-249)Egr3]. Images shown
were obtained 2 d after addition of NGF or db-cAMP.

Figure 5. Quantitative analysis of effects of the Egr inhibitor construct
on neurite outgrowth. A, PC12 cells expressing GFP were scored as either
neurite bearing or not. Exposure to NGF elicits neurite outgrowth in
;80% of cells, indicating that expression of the GFP construct does not
alter this response to NGF. Cotransfection with the Egr inhibitor con-
struct markedly reduced the percentage of neurite-bearing cells observed
after NGF
treatment (NGF 1 D1-249). B, The Egr inhibitor construct does not re-
duce the percentage of neurite-bearing cells induced by exposure to
db-cAMP (dbcAMP 1 D1-249). C, GFP-positive cells were grouped
according to the number of neurites present after NGF treatment. Co-
transfection with the Egr inhibitor construct produces a marked shift
toward lower neurite number. D, The Egr inhibitor construct does not
affect the distribution of neurite number after db-cAMP treatment.
Values shown in C differ slightly from those in A because they are based
on independent counts. Data presented in this figure are from cells
counted 2 d after NGF or db-cAMP treatment. Over 500 cells were scored
for each experimental condition.
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Egr inhibitor and MEK blockade suppress neurite
outgrowth by acting on distinct signaling pathways
Because MEK activation plays a central role in mediating NGF-
induced neurite outgrowth (Cowley et al., 1994) and the MEK-
signaling pathway has been implicated in activating immediate
early gene expression (Segal and Greenberg, 1996), we tested
whether NGF induction of Egr family members is mediated by
MEK. If this were the case, then blockade of MEK activation
might suppress neurite outgrowth, in part, because it blocks
induction of Egr family members by NGF. To test this model (Fig.
7A), we examined whether MEK inhibition, which blocks NGF-
induced neurite outgrowth in PC12 cells (Pang et al., 1995),
blocks the ability of NGF to stimulate ERE-mediated transcrip-
tion. As expected, we found that UO126 (15 mM), a selective
MEK inhibitor (Favata et al., 1998), suppressed NGF-induced
neurite outgrowth (Fig. 7B). However, this drug did not diminish
the ability of NGF to stimulate the ERE reporter (Fig. 7C). To
study an additional positive control on the efficacy of this com-
pound to inhibit the MEK–ERK pathway in these experiments,
we confirmed that UO126 abolished the ability of NGF to stim-
ulate the Elk1 reporter (Fig. 7C), a response mediated by the
MEK–ERK pathway (Segal and Greenberg, 1996; Johnson et al.,
1997). Taken together, these experiments indicate that the ability
of NGF to stimulate ERE-mediated transcription is insensitive to
MEK inhibition. Accordingly, these findings indicate that NGF is
able to induce Egr family member expression via an MEK-
independent pathway.

Because MEK activation is sufficient to induce neurite out-
growth, we wanted to know whether Egr-mediated transcription
is also involved in this process. To assess this possibility, we first
checked whether a constitutively active MEK construct (Cowley
et al., 1994) stimulates the activity of the ERE reporter and found
this to be the case (Fig. 8A). As expected, this increase is blocked
by the Egr inhibitor construct. Furthermore, the ability of MEK
to trigger neurite outgrowth is also inhibited by the Egr inhibitor
construct (Fig. 8B). Thus, neurite outgrowth triggered by either
NGF or activated MEK is dependent on ERE-mediated tran-
scription (Fig. 8C). However, induction of Egr family members
alone does not appear to be sufficient to trigger neurite out-
growth, because transfection of PC12 cells with an Egr1 expres-

sion vector did not significantly increase the percentage of cells
displaying neurite outgrowth (control, 10 6 3%, vs Egr1, 14 6
5%; mean 6 SEM).

DISCUSSION
The two major goals of this study were (1) to determine whether
the highly conserved DNA-binding domain shared by Egr family
members could be used as an inhibitor of ERE-mediated tran-
scription and, if so, (2) to use this Egr inhibitor construct to
investigate the role of Egr family members in mediating the
effects of NGF on PC12 cells. Initial characterization of this
putative inhibitor construct, D(1-249)Egr3, in HEK293 and PC12
cells confirmed its inhibitory properties. Biochemical studies
demonstrated that the truncated protein binds to the ERE with
high affinity and selectivity; functional studies established that
this truncated construct selectively blocks expression of a reporter
gene under the control of the ERE. On the basis of these encour-
aging results, we proceeded to examine the effect of this Egr
inhibitor construct on the response of PC12 cells to NGF and
found that it caused a marked decrease in neurite outgrowth.
Thus, this set of experiments indicates that the Egr family of
transcription factors plays a key role in mediating the long-term
phenotypic changes induced by NGF in these cells.

This inference is supported by several additional control ex-
periments aimed at excluding the possibility that suppression of

Figure 6. Parallel effects of the Egr inhibitor construct in blocking
neurite outgrowth and ERE-mediated transcription by NGF. A, The
amount of Egr inhibitor plasmid used for transfection was varied from 0
to 1000 ng/well. To keep the total amount of transfected DNA constant,
we added appropriate amounts of pCB6 plasmid. The bar graph presents
the increase in luciferase activity detected in cell extracts harvested 6–8
hr after treatment with NGF. B, The effect of varying the amount of Egr
inhibitor plasmid on the percentage of cells scored as neurite bearing
after NGF exposure is presented in this bar graph. In the absence of
NGF, 9 6 6% (mean 6 SEM) of cells were scored as bearing neurites.

Figure 7. Effect of MEK inhibition on neurite outgrowth and transcrip-
tional responses stimulated by NGF. A, This schematic diagram depicts a
scenario in which Egr induction is located downstream of MEK activation
by NGF. In this model, UO126, an MEK inhibitor, and the Egr inhibitor
construct D(1-249)Egr3 block at sequential steps in the signaling pathway
linking NGF receptor activation to neurite outgrowth. B, The bar graph
presents the effect of pretreating cells with UO126 (15 mM) on neurite
outgrowth induced by NGF. C, The bar graph shows the effect of UO126
(15 mM) on the ability of NGF to stimulate ERE-mediated and Elk1-
mediated transcription.
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NGF-induced neurite outgrowth might be caused by unintended
effects of this construct rather than by its ability to block ERE-
mediated gene expression. First, its inhibitory effects on NGF-
induced neurite outgrowth cannot be attributed to global sup-
pression of NGF signaling or macromolecular synthesis because it
did not suppress the ability of NGF to stimulate other reporter
constructs. Second, because NGF activation of the Elk1 reporter
is mediated by the MEK–ERK pathway, the inability of the Egr
inhibitor construct to suppress this response to NGF also implies
that its blockade of neurite outgrowth is not caused by inhibition
of the MEK–ERK pathway. Third, the ability of db-cAMP to
induce neurite outgrowth is unimpaired by the Egr inhibitor
construct, indicating that it does not interfere with neurite out-
growth per se. Last, comparison of the concentration–response
profiles for blockade of neurite outgrowth and the ERE reporter
assay confirmed that they are similar, bolstering the conclusion
that the observed blockade of NGF-induced neurite outgrowth is
caused by suppression of ERE-mediated transcription.

Although it is generally assumed that the zinc finger domains
found in Egr family members affect transcription exclusively by
interacting with their cognate DNA response element, recent
studies have provided evidence that they may also influence
transcription via direct protein–protein interactions with other
transcription regulatory factors. For example, the zinc finger
domain of Egr1, as well as full-length Egr1, has been shown to
inhibit transcription mediated by NF-kB, apparently via a direct
interaction of the zinc finger domain with p65 RelA (Chapman
and Perkins, 2000). However, it seems unlikely that inhibition of
NF-kB accounts for the ability of the Egr inhibitor construct to
block neurite outgrowth, because this effect is not shared by
full-length Egr1 (Y. Levkovitz, unpublished observations). Of
note, we also found that overexpression of Egr1 does not trigger
neurite outgrowth, indicating that Egr family member expression
is necessary, but not sufficient, for eliciting neurite outgrowth.

Analysis of the signaling pathways linking NGF receptor acti-
vation to neurite outgrowth indicates that this phenotypic re-
sponse is mediated via ras activation of the MEK–ERK cascade
(Cowley et al., 1994; Segal and Greenberg, 1996). Because the
MEK–ERK pathway plays a key role in regulating transcription
via the SRE and the Egr1 promoter contains multiple SREs, we
had assumed initially that Egr family induction by NGF would be
downstream of MEK–ERK activation. However, because we
found that the MEK inhibitor UO126 does not block the ability of
NGF to activate the ERE reporter, we are forced to infer that
there is a parallel, MEK-independent pathway linking NGF re-
ceptor activation to Egr family induction (Fig. 8C).

Because the ERE reporter assay we used in this study would be
expected to respond to induction of either Egr1 or Egr4, it is
conceivable that Egr1 induction is MEK dependent but that Egr4
induction via an MEK-independent pathway masks this blockade.
However, this does not appear to be the case, because recent
studies conducted in a variant of PC12 cells, referred to as
PC12D, demonstrated that the NGF-induced rise in Egr1 mRNA
is not inhibited by the MEK inhibitor PD098059, even at rela-
tively high concentrations shown to block ERK activation com-
pletely in these cells (Kumahara et al., 1999). Furthermore, we
have found in gel-shift studies conducted in PC12 cells that
PD098059 does not suppress the ability of NGF to induce bands
that correspond to either Egr1 or Egr4 (Levkovitz, unpublished
observations). Thus, taken together, these studies indicate that
there is an MEK-independent pathway linking NGF receptor
activation to Egr family induction. This response to NGF could

Figure 8. MEK stimulation of ERE-mediated transcription: role in neurite
outgrowth. A, The ERE reporter plasmid was used to monitor the effects of
a constitutively active MEK1 construct [MEK(DD); 0.5 mg/well] on ERE-
mediated transcription in PC12 cells. Cotransfection with the activated MEK
construct increased luciferase activity in extracts from these cells. This
increase is abolished when the MEK construct is cotransfected with the Egr
inhibitor construct. B, Transfection with the MEK(DD) expression plasmid
elicits neurite outgrowth that is blocked by cotransfection with the Egr
inhibitor construct. C, The schematic diagram presents a model of signaling
pathways mediating NGF-induced neurite outgrowth that incorporates the
results presented in this report. A key feature of this model is that separate
signaling pathways link NGF receptor stimulation to induction of Egr family
members and activation of MEK. This inference is based on our finding that
NGF stimulation of ERE-mediated transcription is not blocked by inhibition
of MEK. These findings suggest that both of these responses to NGF are
required for NGF to trigger neurite outgrowth, because blockade of either
pathway suppresses the ability of NGF to elicit neurite outgrowth. However,
at first glance, the assertion that both MEK activation and Egr family
induction are required for neurite outgrowth appears to be at odds with the
observation that constitutively activated MEK is sufficient to induce neurite
outgrowth. This ostensible discrepancy is explained by our observation that
the constitutively active MEK construct stimulates ERE-mediated transcrip-
tion, allowing it to comply with both requirements for neurite outgrowth
stipulated by this model. Further confirmation of this scenario is provided by
the ability of the Egr inhibitor construct to block neurite outgrowth induced
by the constitutively active MEK construct. However, it appears that induc-
tion of Egr family members is not sufficient to induce neurite outgrowth
because transfection of these cells with Egr1 does not trigger neurite out-
growth. Therefore, the model shown includes a second arrow emanating from
MEK leading to neurite outgrowth.
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be mediated via MEK-independent pathways leading to the SRE
(Kumahara et al., 1999; Hirabayashi and Saffen, 2000) or, con-
ceivably, via other response elements.

As shown schematically (Fig. 8C), our findings indicate (1) that
stimulation of MEK and induction of Egr family members by
NGF are mediated by separate signaling pathways and (2) that
both are required to trigger neurite outgrowth by NGF. Further-
more, the ability of constitutively active MEK to induce neurite
outgrowth fits with this model, because (1) this construct activates
the ERE reporter and (2) the Egr inhibitor construct blocks the
ability of MEK to induce neurite outgrowth.

In summary, these results provide compelling evidence that the
Egr family of transcription factors plays a central role in mediat-
ing the long-term effects of NGF. Because multiple members of
this family are robustly induced in a wide variety of neuronal
plasticity paradigms, our findings also suggest that the dominant-
negative inhibitor strategy used in this in vitro preparation may
also be useful for investigating the role of this transcription factor
family in neuronal plasticity in vivo. Furthermore, this strategy
should be helpful in defining the downstream targets of the Egr
family in neurons.
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