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Members of the Egr family of transcription factors are rapidly
and robustly induced by neurotransmitters and neurotrophins
and have been implicated in mediating enduring changes in
neuronal function elicited by these stimuli. Because we have
found in previous studies that a dominant negative inhibitor of
Egr action, the Egr zinc finger domain (ZnEgr), blocks NGF-
induced neurite outgrowth in PC12 cells, we have used this
preparation to help identify the downstream targets of Egr
proteins involved in plasticity. Our investigation into the mech-
anism of action of ZnEgr indicates that it blocks NGF-induced
neurite outgrowth by suppressing activation of c-Jun, a critical
step in the signaling pathway mediating this response. Al-
though we had assumed that ZnEgr exerts its effects by binding
to the Egr response element (ERE) and thereby blocking target

gene regulation by Egr proteins, this classical mode of action
appears to be too slow to mediate the effects of Egr proteins on
c-Jun activation. In evaluating alternative ERE-independent
mechanisms of Egr (and ZnEgr) action, we found that Egr1 and
c-Jun coprecipitate and that ZnEgr disrupts formation of the
Egr1/c-Jun complex. Furthermore, mutations of ZnEgr that
greatly impair or abolish its ability to bind to the ERE do not
block its ability to suppress c-Jun activation or neurite out-
growth induced by NGF. Accordingly, our studies indicate that
Egr and ZnEgr proteins regulate c-Jun activation via a novel
mechanism, protein–protein interaction with c-Jun, rather than
via their classical mode of action, binding to the ERE.
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Recent studies have provided compelling evidence that the Egr
family of transcription regulatory factors plays a critical role in
mediating enduring forms of neuronal plasticity (O’Donovan et
al., 1999; Wei et al., 2000; Jones et al., 2001). Accordingly, there
has been intense interest in identifying the downstream targets of
Egr proteins that mediate its role in the plasticity process. Be-
cause several studies indicate that Egr proteins play an essential
role in mediating neurite outgrowth elicited by NGF in PC12 cells
(Qu et al., 1998; Harada et al., 2001; Levkovitz and Baraban,
2001), this in vitro paradigm provides a convenient model system
for investigating how Egr proteins contribute to long-term
changes induced by cellular stimulation.

Two members of the Egr family, Egr1 and Egr4, are strongly
induced as part of the immediate early gene response elicited by
NGF in PC12 cells (Milbrandt, 1987; Sukhatme et al., 1988;
Crosby et al., 1991). To examine the role of the Egr family in NGF
signaling, we have used a dominant negative strategy based on the
domain structure of Egr family members (Levkovitz et al., 2001).
All four Egr family members share a highly conserved zinc finger
DNA-binding domain (ZnEgr), which mediates their interaction
with a consensus DNA-binding site, referred to as the Egr re-
sponse element (ERE; Christy and Nathans, 1989; Gashler and
Sukhatme, 1995; Swirnoff and Milbrandt, 1995). We found that

this domain, which blocks the ability of Egr family members to
stimulate ERE-mediated transcription, suppresses the ability of
NGF to elicit neurite outgrowth in PC12 cells. Thus, these results
indicate that one or both members of the Egr family induced by
NGF are essential for mediating this response to NGF. However,
they do not shed light on what role they play in this process. To
address this issue, we have, in this study, examined how dominant
negative Egr constructs affect the signaling pathway linking NGF
receptor activation to neurite outgrowth.

It is well established that NGF-induced neurite outgrowth is
mediated by activation of the ras/mitogen-activated protein ki-
nase–extracellular signal-regulated kinase kinase (MEK)/extra-
cellular signal-regulated kinase (ERK) cascade (Cowley et al.,
1994; Pang et al., 1995; Segal and Greenberg, 1996). Furthermore,
recent studies have identified c-Jun activation, mediated by phos-
phorylation of its N-terminal activation domain (Pulverer et al.,
1991; Smeal et al., 1991; Papavassiliou et al., 1995), as a key
downstream target of this pathway, linking it to neurite outgrowth
(Leppa et al., 1998). Although it has been generally assumed that
phosphorylation of the c-Jun N terminus is mediated by the c-Jun
N-terminal kinase (JNK) family of kinases, rather than ERK
family members (Derijard et al., 1994; Minden et al., 1994; Kyri-
akis and Avruch, 1996; Treisman, 1996), detailed studies of this
point in PC12 cells provide clear evidence that NGF activation of
c-Jun is mediated by ERKs (Leppa et al., 1998). Furthermore,
these investigators obtained compelling evidence that c-Jun acti-
vation is a critical step in the pathway linking NGF receptor
activation to neurite outgrowth; a constitutively active form of
c-Jun is sufficient to trigger neurite outgrowth, and a dominant
negative c-Jun construct blocks neurite outgrowth mediated by
MEK (Leppa et al., 1998).
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In recent studies, we have obtained evidence that Egr proteins
exert a proapoptotic effect in cerebellar granule cells by promot-
ing c-Jun activation (Levkovitz and Baraban, 2001). Accordingly,
we have, in this study, examined the relationship of Egr and c-Jun
in mediating NGF-induced neurite outgrowth. Our results indi-
cate that Egr family members also act upstream of c-Jun activa-
tion in this paradigm. Furthermore, these studies indicate that
Egr proteins regulate c-Jun via a novel mechanism of action,
formation of an Egr/c-Jun complex, rather than by their classical
mode of action, regulating target gene expression via binding to
the ERE.

MATERIALS AND METHODS
Reagents and plasmid constructs. NGF was obtained from Invitrogen
(Gaithersburg, MD). UO126 (Promega, Madison, WI) was dissolved in
DMSO to prepare a 10 mM stock solution. For studies with this drug, a
comparable amount of DMSO was added to control wells. Preparation of
ZnEgr3, an expression construct encoding the zinc finger DNA-binding
domain of Egr3, has been described previously (O’Donovan et al., 2000;
Levkovitz et al., 2001). Cytomegalovirus expression plasmids containing
the zinc finger domains of Egr1(331–427) and Sp1(612–706), ZnEgr1
and ZnSp1, respectively (Chapman and Perkins, 2000), were provided by
N. D. Perkins (Department of Biochemistry, University of Dundee,
Dundee, UK). Expression plasmids encoding hemagglutinin (HA)- or
His-tagged c-Jun, as well as a constitutively active c-Jun construct,
c-Jun(Asp) (Leppa et al., 1998), were provided by D. Bohmann (Euro-
pean Molecular Biology Laboratory, Heidelberg, Germany). A constitu-
tively active MEK1 expression construct, MEK(DD), was provided by
M. Greenberg (Harvard Medical School, Cambridge, MA). The full-
length rat Egr1 expression plasmid was provided by J. Milbrandt (Wash-
ington University, St. Louis, MO).

To monitor expression of ZnEgr1, we prepared an N-terminal myc-
tagged ZnEgr1 construct. To this end, we performed PCR with the full
rat Egr1 cDNA as template and the appropriate primers. The PCR
product was ligated into the PCR3.1-Uni vector (Invitrogen). To gener-
ate ZnEgr1 constructs with point mutations that impair binding to the
Egr response element (ERE), ZnEgr1Y339G and ZnEgr1R358A, we
used the QuikChange site-directed mutagenesis kit (Stratagene, La Jolla,
CA) with the myc-tagged ZnEgr1 as the template. All inserts were
sequenced in their entirety to verify that no inadvertent mutations were
introduced and that the proper reading frame was achieved.

To monitor transcription mediated by the ERE, we used an ERE
reporter plasmid provided by S. J. Kim (National Institutes of Health,
Bethesda, MD) in which luciferase is under the control of an ERE
located in the transforming growth factor �1 promoter (phTG-5), as
described previously (Levkovitz et al., 2001). To monitor transcription
mediated by the transcription factors c-Jun, Elk-1, activating transcrip-
tion factor 2 (ATF2), and cAMP response element-binding protein
(CREB), we used the PathDetect system. This trans reporting system
(Stratagene) uses two plasmids: one encodes a fusion protein composed
of the activation domain of the transcription factor being studied linked
to the GAL4 activation domain (pFA-Elk1, pFA-c-Jun, pFA-ATF2, and
pFA-CREB); and the other plasmid, Pfr-Luc, contains a luciferase re-
porter construct under the control of a GAL4 response element. To
monitor transcription mediated by activator protein-1 (AP-1), we used
the PathDetect AP-1 cis reporting system (Stratagene). The green fluo-
rescent protein (GFP) expression plasmid was obtained from Clontech
(Palo Alto, CA).

Cell culture. hEK293 cells were maintained in 10-cm-diameter dishes at
37°C in 5% CO2 in DMEM supplemented with 10% fetal bovine serum,
2 mM glutamine, and a 50 U/ml penicillin-streptomycin mixture. PC12
cells were maintained in medium containing DMEM, 10% fetal calf
serum, 5% horse serum, and 1% penicillin-streptomycin in an atmo-
sphere of 5% CO2 and 37°C.

Reporter assays. To monitor transcription mediated by the ERE, cells
were cultured in six-well plates and transfected with one of the reporter
plasmids (1–1.5 �g/well) using either the Gene-PORTER2 (Gene Ther-
apy Systems) or LipofectAMINE (Invitrogen) along with expression
plasmids as indicated (0.1–1 �g) and either GFP (0.4 �g) or
�-galactosidase (�-Gal; 50 ng) expression plasmids. Unless indicated
otherwise, the ZnEgr1, ZnEgr1(Y339G), ZnEgr1(R358A), ZnEgr3,
Sp-1, ZnSp-1, MEK(DD), HA-c-Jun, HA-c-Jun(Asp), and His-c-Jun
plasmids were used at 1 �g/well, and “control” cells were transfected

with the same amount of empty vector. 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, GAL4/c-Jun, GAL4/ATF2, and GAL4/
CREB reporter assays, cells were transfected with both Pfr-Luc (1 �g)
and one of the following plasmids (50–100 ng): pFA-Elk1, pFA-c-Jun,
pFA-ATF2, or pFA-CREB. Luciferase activity was measured 2 d after
transfection. Cells were rinsed twice with warm PBS, harvested in 1�
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 �
g. Supernatants were collected, aliquoted, and used for both the lucif-
erase (Promega) and luminescent �-Gal (Clontech) assays, conducted
according to the manufacturers’ protocols. For each well, both luciferase
and �-Gal assays were performed in triplicate, and average values were
used for further analysis. To help control for variability in transfection
efficiency, �-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 performed in at least two independent
experiments.

Neurite outgrowth assay. As described previously (Levkovitz et al.,
2001), PC12 cells were plated in six-well plates precoated with poly-D-
lysine at a confluence of 50–70%, �1.0–1.5 � 10 5 cells/cm 2, and then
cotransfected with the GFP plasmid and the expression plasmid(s) being
assayed at a stoichiometry of 1:5 to increase the likelihood that GFP-
positive cells express the construct being evaluated. On the basis of GFP
detection with standard fluorescence microscopy, transfection efficiency
was in the range of 5–30%. Neurite outgrowth was assessed 48 hr after
addition of NGF (50–100 ng/ml). Processes longer than twice the diam-
eter 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 inde-
pendent experiments.

Immunoblotting. Cell extracts were harvested in lysis buffer containing
(in mM): 20 HEPES, 10 EGTA, 40 glycerophosphate, 2.5 MgCl2, and 2
sodium orthovanadate, supplemented with freshly added 1 mM dithio-
threitol, 10 mg/ml leupeptin, 1 mg/ml aprotinin, and 1 mM phenylmeth-
ylsulfonyl fluoride. The cell extracts were clarified by centrifugation, and
20–40 �g of supernatant protein from each sample was processed for
immunoblotting with one of the following antibodies: Egr1 (C-19, 0.2
�g/ml; Santa Cruz Biotechnology, Santa Cruz, CA), c-Jun (D-11, 0.4
�g/ml; Santa Cruz Biotechnology), His (0.2 �g/ml; Invitrogen), HA
(12CA5, 1 �g/ml; Roche Molecular Biochemicals, Indianapolis, IN), or
myc (0.2 �g/ml; Invitrogen).

Immunoprecipitation. Extracts were prepared using the same proce-
dure described for immunoblotting and then incubated with protein
A-Sepharose beads (Pierce, Rockford, IL) for 1 hr at 4°C. After these
beads were pelleted, Egr1 antibody (C-19, 0.4 �g/ml; Santa Cruz Bio-
technology) that had been preincubated with protein A-Sepharose beads
was added to the precleared supernatant. After an additional 1 hr
incubation, beads were pelleted by centrifugation in a microfuge and
then processed for immunoblot analysis.

Nickel chelate chromatography. hEK293T cells expressing His-c-Jun
were harvested in lysis buffer (50 mM NaH2PO4, 300 mM NaCl, 10 mM
imidazole, and 1% Triton X-100 supplemented with freshly added 1 mM
dithiothreitol, 10 �g/ml leupeptin, 1 �g/ml aprotinin, and 1 mM phenyl-
methylsulfonyl fluoride, pH 8.0). Extracts were incubated with Ni-
nitrilotriacetic acid resin (Qiagen, Hilden, Germany) for 1 hr at 4°C. The
resin was washed extensively with buffer (in mM: 50 NaH2PO4, 300 NaCl,
and 20 imidazole supplemented with freshly added 1 mM dithiothreitol,
10 �g/ml leupeptin, 1 �g/ml aprotinin, and 1 mM phenylmethylsulfonyl
fluoride, pH 8.0) and then eluted with a buffer containing a high con-
centration of imidazole (in mM: 50 NaH2PO4, 300 NaCl, and 250 imi-
dazole supplemented with freshly added 1 mM dithiothreitol, 10 �g/ml
leupeptin, 1 �g/ml aprotinin, and 1 mM phenylmethylsulfonyl fluoride,
pH 8.0). Eluted proteins were separated by SDS-PAGE and then pro-
cessed for immunoblotting.

Data analysis. Differences between experimental groups were analyzed
for statistical significance using the Student’s t test program in SPSS
version 8.0 (SPSS, Inc., Chicago, IL).

RESULTS
Egr inhibitor construct acts upstream of c-Jun
To help determine whether Egr family members act upstream or
downstream of c-Jun in the signaling pathway linking NGF re-
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ceptor activation to neurite outgrowth, we assessed whether a
dominant negative Egr construct, ZnEgr3 (Levkovitz et al.,
2001), is able to block the ability of a constitutively active c-Jun
construct, c-Jun(Asp), to induce neurite outgrowth (Leppa et al.,
1998). As expected, we found that c-Jun(Asp) induces neurite
outgrowth in a high percentage of transfected cells, comparable
with the level observed after NGF treatment. However, the dom-
inant negative Egr inhibitor ZnEgr3 does not inhibit neurite
outgrowth induced by c-Jun(Asp) (Fig. 1A). Because these find-
ings indicate that Egr family members do not act downstream of

c-Jun, we proceeded by evaluating the alternative possibility, i.e.,
that they exert their critical influence on NGF-induced neurite
outgrowth by acting upstream of c-Jun activation.

To test this possibility, we asked whether the Egr inhibitor
blocks the ability of NGF to stimulate expression of a luciferase
reporter gene that is placed under the control of a tandem repeat
of AP-1 response elements. We found that the Egr inhibitor
construct abolishes the ability of NGF to stimulate this reporter
system (Fig. 1B). The robust inhibitory effect of ZnEgr3 cannot
be attributed to nonspecific suppression of protein synthesis or
luciferase activity, because we have found previously that the Egr
inhibitor construct does not block the ability of NGF to stimulate
a serum response element reporter (Levkovitz et al., 2001). Thus,
these findings indicate that the Egr inhibitor construct blocks
neurite outgrowth by acting upstream of c-Jun.

Egr inhibitor blocks c-Jun activation
In PC12 cells, NGF enhances AP-1-mediated transcription via two
distinct mechanisms, induction and activation (Leppa et al., 1998).
Induction refers to its ability to stimulate expression of protein
components of the AP-1 complex; activation refers to its ability to
stimulate the transcriptional activity of c-Jun-containing complexes
by triggering phosphorylation of the N-terminal activation domain
of c-Jun. To test the possibility that the Egr inhibitor construct
might act by blocking activation of c-Jun induced by NGF, we
examined the effect of the Egr inhibitor construct on a reporter
assay system that is designed to monitor transcription mediated by
the N-terminal activation domain of c-Jun. In this reporter sys-
tem, cells are transfected with two plasmids; one encodes a
chimeric protein containing the N-terminal activation domain of
c-Jun fused to the DNA-binding domain of GAL4, and the other
contains a luciferase reporter gene under the control of GAL4
response elements. In these studies, we found that the Egr inhib-
itor construct markedly inhibits the ability of NGF to stimulate
this reporter system (Fig. 2A).

To assess the specificity of this inhibitory effect, we also exam-
ined the effect of the Egr inhibitor construct on the ability of NGF
to stimulate transcription mediated by the activation domains of
ATF2 and CREB, two other transcription regulatory factors that
are activated by phosphorylation (Gupta et al., 1995; Van Dam et
al., 1995; Shaywitz and Greenberg, 1999). For these assays, we
used reporter systems similar to that used to monitor activation of
c-Jun. Expression plasmids encoding chimeric proteins contain-
ing the activation domain of ATF2 or CREB fused to the GAL4
DNA-binding domain were cotransfected with a luciferase re-
porter gene driven by GAL4 response elements. In contrast to its
strong inhibitory effect on c-Jun activation by NGF, the Egr
inhibitor construct exerts little effect on activation of ATF2 or
CREB by NGF (Fig. 2B). In addition, we have, in a previous study
(Levkovitz et al., 2001), demonstrated that the Egr inhibitor
construct does not block the ability of NGF to stimulate an
Elk1/GAL4 reporter in PC12 cells, providing additional evidence
that its effects on c-Jun activation are selective.

Although these specificity studies indicate that the Egr inhibi-
tor selectively suppresses c-Jun activation, it is conceivable that
this effect is a general feature of zinc finger DNA-binding do-
mains rather than being specifically related to blocking the activ-
ity of Egr family members. To address this question, we examined
whether the closely related zinc finger DNA-binding domain
found in Sp1 (ZnSp1; Nardelli et al., 1991) mimics the effects of
the Egr inhibitor construct and found that it does not (Fig. 2B).
To check whether this suppressive effect is shared by the zinc

Figure 1. The Egr inhibitor construct ZnEgr3 acts upstream of c-Jun. A,
The Egr inhibitor ZnEgr3 does not block the ability of a constitutively
active c-Jun construct, c-Jun(Asp), to induce neurite outgrowth. In these
studies, PC12 cells were transfected with a GFP expression plasmid, and
the expression plasmids are listed below each bar. As shown in the lef t bar,
nearly all cells transfected with GFP extend neurites after exposure to
NGF (100 ng/ml). A comparable response is induced by c-Jun(Asp) in the
absence of NGF. ZnEgr3 does not reduce the percentage of neurite-
bearing cells induced by c-Jun(Asp). The low percentage of cells that
extend neurites after transfection with ZnEgr3 is comparable with that
seen in control cells not exposed to NGF (data not shown). In this set of
experiments, cells were treated with NGF 36 hr after performing the
transfection procedure, and then GFP-positive cells were scored for
neurite outgrowth 2 d after NGF treatment. Similar results were obtained
in three independent experiments. B, The Egr inhibitor ZnEgr3 blocks
NGF stimulation of an AP-1 reporter construct. PC12 cells were trans-
fected with an AP-1/ luciferase reporter plasmid and either the ZnEgr3
expression plasmid or the corresponding amount of empty vector. Cells
were treated with NGF (100 ng/ml) 36 hr after transfection and then
processed for luciferase assays 6 hr after NGF exposure. NGF produces a
robust stimulation of AP-1 reporter activity (Control vs NGF; p � 0.02)
that is suppressed by ZnEgr3 (NGF vs NGF � ZnEgr3; p � 0.007). Error
bars shown in this and subsequent figures indicate SEM. Similar results
were obtained in three independent experiments. RLU, Relative lucif-
erase units.
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finger domains found in other Egr family members, we examined
the effect of a truncated Egr1 construct, ZnEgr1, which contains
the corresponding zinc finger DNA-binding domain located in
Egr1. As expected, we found that ZnEgr1 mimics the ability of
the ZnEgr3 construct to suppress c-Jun activation (Fig. 2B).
Thus, these studies indicate that the highly conserved zinc finger
domain shared by Egr family members selectively suppresses
c-Jun activation.

An implicit assumption regarding the Egr inhibitor constructs
is that they exert their effects by blocking the action of endoge-
nous Egr family members that are expressed in PC12 cells. Thus,
our findings predict that full-length Egr family members, such as
Egr1, which is strongly induced in PC12 cells by NGF, should
have a stimulatory effect on c-Jun activation. To test this predic-
tion, we examined the effect of Egr1 on the GAL4/c-Jun reporter
assay. We found that Egr1 does not stimulate the GAL4/c-Jun
reporter system in the absence of NGF. However, Egr1 enhances
c-Jun activation by NGF (Fig. 2C). Thus, these findings support
our assumption that the Egr inhibitor constructs suppress c-Jun
activation by blocking the actions of endogenous Egr family
members.

Egr inhibitor acts downstream of the
MEK/ERK cascade
Because these studies demonstrate that the Egr family plays a key
role in regulating c-Jun activation, we turned our attention to
determining which portion of the signaling cascade linking NGF
receptor activation to c-Jun activation is influenced by the Egr
family. Previous studies have provided compelling evidence that
the MEK/ERK cascade, which is robustly activated by NGF
receptor stimulation, plays a primary role in mediating c-Jun
activation in PC12 cells (Leppa et al., 1998). Thus, although
ERKs are notoriously poor at phosphorylating the N terminus of
c-Jun in vitro compared with JNKs, ERKs mediate this response
to NGF in PC12 cells. To confirm this point, we checked whether
NGF stimulation of the GAL4/c-Jun reporter assay is blocked by
UO126, a selective inhibitor of MEK (Favata et al., 1998). Con-
sistent with previous results (Leppa et al., 1998), we found that
UO126 completely suppresses the ability of NGF to stimulate the
GAL4/c-Jun reporter system (Fig. 3A).

Because the MEK/ERK cascade mediates c-Jun activation
induced by NGF, we wanted to determine whether the Egr
inhibitor construct suppresses c-Jun activation by acting upstream

Figure 2. Selective blockade of c-Jun activation by Egr inhibitor con-
structs. A, ZnEgr3 blocks NGF stimulation of the GAL4/c-Jun reporter
system. PC12 cells were transfected with a GAL4/luciferase reporter
plasmid and an expression vector encoding a chimeric protein composed
of the GAL4 DNA binding domain and the c-Jun N-terminal activation
domain. One group of cells was also transfected with the ZnEgr3 plasmid.
Cells were treated with NGF 36 hr after transfection and then processed
for luciferase assays 6 hr later. NGF stimulates the activity of the GAL4/
c-Jun reporter [control (Con) vs NGF; p � 0.05], and this effect is blocked
by ZnEgr3 (NGF vs NGF � ZnEgr3; p � 0.05). Similar results were

4

obtained in three independent experiments. B, Selectivity studies. The
selectivity of the effect shown in A was analyzed in two ways: (1) ZnEgr3
was tested against NGF stimulation of activation domains present in
ATF2 and CREB; and (2) other zinc finger domains, ZnSp1 and ZnEgr1,
were tested against NGF stimulation of the c-Jun activation domain. As
shown in the two lef t bars, ZnEgr3 does not inhibit NGF stimulation of
GAL4/ATF2 or GAL4/CREB reporter systems. In addition, the zinc
finger domain from Sp1, ZnSp1, does not mimic the ability of ZnEgr3 to
suppress NGF stimulation of the GAL4/c-Jun reporter system, whereas
the zinc finger domain from Egr1, ZnEgr1, does. Results shown were
obtained in at least two independent experiments. C, Egr1 potentiates
NGF activation of c-Jun. To examine the effect of Egr1 on c-Jun activa-
tion, PC12 cells were transfected with the GAL4/c-Jun reporter system
plasmids along with either an Egr1 expression vector or the corresponding
empty vector. On the second day after transfection, two groups of cells
were exposed to NGF, as indicated below the bars, and then processed for
luciferase assays 6 hr later. Although Egr1 expression alone does not
increase reporter activity (data not shown), it potentiates the effect of
NGF (NGF � Egr1 vs NGF; p � 0.05). Similar results were obtained in
three independent experiments. RLU, Relative luciferase units.
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or downstream of MEK. To achieve this goal, we assessed the
effect of ZnEgr3 on c-Jun activation induced by a constitutively
active MEK construct, MEK(DD). In previous studies, we have
shown that MEK(DD) mimics the ability of NGF to stimulate an
ERE reporter in PC12 cells, indicating that Egr proteins could act
distal to MEK (Levkovitz et al., 2001). To test this possibility, we
assessed the effect of ZnEgr3 on the ability of MEK(DD) to
induce c-Jun activation. We found that ZnEgr3 completely abro-
gates this response, indicating that Egr proteins play a key role in
allowing MEK to activate c-Jun (Fig. 3B).

To check whether ZnEgr3 exerts a general inhibitory effect on
the MEK/ERK cascade or whether it selectively affects its ability
to activate c-Jun, we assessed the effect of this Egr inhibitor
construct on the ability of MEK(DD) to activate Elk1, a tran-
scription factor known to be regulated by ERK kinases (Gille et
al., 1992; Marais et al., 1993; Johnson et al., 1997). In contrast to
its blockade of c-Jun activation, ZnEgr3 does not affect Elk1
activation by MEK(DD) (Fig. 3C). Thus, these findings demon-
strate that ZnEgr3 selectively affects c-Jun activation mediated by
the MEK/ERK cascade (Fig. 3D). Furthermore, they suggest that
the ability of NGF to elicit c-Jun activation is dependent on both
activation of the MEK/ERK cascade and induction of Egr pro-
tein expression.

Identification of an Egr1/c-Jun complex
In considering how Egr proteins could control c-Jun activation
elicited by NGF, we found it difficult to understand how newly
induced Egr proteins could trigger changes in target gene expres-
sion quickly enough to influence this relatively rapid response. As
reported by Leppa et al. (1998), c-Jun phosphorylation becomes
detectable by 15–30 min after NGF exposure. Thus, although Egr1
protein is also induced that quickly by NGF (Milbrandt, 1987;
Kumahara et al., 1999), it seems unlikely that there would be
sufficient time for Egr target genes to mediate this effect. Accord-
ingly, we considered an alternative view, i.e., that Egr family
members might regulate c-Jun activation via protein–protein in-
teractions rather than via their interaction with the ERE.

To investigate the possibility that Egr proteins associate with
c-Jun, we conducted immunoprecipitation studies on extracts
prepared from PC12 cells. Because basal levels of Egr1 are
extremely low in these cells, we treated cells with NGF for 1 hr to

Figure 3. Egr inhibitor construct blocks MEK-induced activation of
c-Jun selectively. A, Activation of c-Jun by NGF is mediated by the
MEK/ERK cascade. Using the GAL4/c-Jun reporter system, we assessed
the effect of the selective MEK inhibitor UO126 (15 �M) on NGF
activation of c-Jun. PC12 cells were treated with NGF 36 hr after trans-
fection with the reporter plasmids and then processed for luciferase assays
6 hr after NGF treatment. Cells being treated with UO126 were prein-
cubated with this drug 40 min before adding NGF. UO126 completely

4

blocked stimulation of this reporter assay by NGF (NGF vs NGF �
UO126; p � 0.05). B, ZnEgr3 blocks MEK-induced activation of c-Jun.
PC12 cells were transfected with the GAL4/c-Jun reporter plasmids and
either empty vector (Control ) or the other expression vectors indicated,
i.e., a constitutively active MEK construct, MEK(DD), with or without
ZnEgr3. Cells were processed for luciferase assays 2 d after transfection.
Cotransfection of ZnEgr3 with MEK(DD) suppresses its ability to stim-
ulate the GAL4/c-Jun reporter [MEK(DD) vs MEK(DD) � ZnEgr3; p �
0.005]. C, ZnEgr3 does not block MEK-induced activation of Elk1. To
assess the selectivity of ZnEgr3, parallel experiments were performed
with the GAL4/Elk1 reporter system. In contrast to its marked suppres-
sion of GAL4/c-Jun reporter activity, ZnEgr3 does not inhibit GAL4/
Elk1 reporter activity. Results shown A–C are representative of three
independent experiments. D, Selective inhibition of c-Jun activation by
ZnEgr. The schematic diagram illustrates the selective inhibitory effect of
ZnEgr on c-Jun activation. The constitutively active MEK construct,
MEK(DD), activates both c-Jun and Elk1. However, ZnEgr selectively
suppresses activation of c-Jun, indicating that it does not act as a general
inhibitor of the MEK/ERK cascade. The diagram also shows that the
MEK/ERK pathway induces endogenous Egr protein expression. Ac-
cording to this model, activation of c-Jun by the MEK/ERK pathway is
dependent on both its induction of Egr proteins and direct phosphoryla-
tion of c-Jun by ERK. RLU, Relative luciferase units.
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induce Egr1 expression. Under these conditions, but not in con-
trol cells, we found that antibodies to Egr1 also precipitate c-Jun
(Fig. 4A). To confirm that precipitation of c-Jun was attributable
to its association with Egr1 rather than cross-reactivity of Egr1
antibodies with c-Jun, we also conducted coprecipitation studies
using extracts of hEK293 cells that had been transfected with
expression plasmids encoding His tagged-c-Jun, Egr1, or both
(Fig. 4B). Using nickel chelate chromatography to isolate His-c-
Jun, we found that Egr1 coelutes with c-Jun. Furthermore, we
checked that its binding to the nickel resin is dependent on its
coexpression with His-c-Jun. If the ability of Egr proteins to
control c-Jun activation is mediated by formation of an Egr1/
c-Jun complex, then ZnEgr constructs that block c-Jun activa-
tion should interfere with formation of the complex. Consistent
with this scenario, we found that the Egr dominant negative
construct ZnEgr1 blocks association of Egr1 with c-Jun.

Dissociation of ERE binding and suppression of
c-Jun activation
Although these studies demonstrate that the Egr inhibitor con-
struct binds to c-Jun and blocks formation of the Egr1/c-Jun
complex, this construct also blocks the ability of Egr proteins to
regulate target gene expression via the ERE. Accordingly, these
findings do not help distinguish between these alternative mech-
anisms. The relatively rapid time course of c-Jun phosphorylation
after NGF stimulation favors a role for the Egr1/c-Jun complex.
However, this line of evidence cannot be considered definitive,
because it is conceivable that basal levels of Egr proteins, al-
though they are extremely low, are sufficient to drive expression
of one or more target genes that enable c-Jun activation to occur.
Accordingly, we wanted to determine whether the ability of the
Egr inhibitor to block c-Jun activation is dependent on its ability
to bind to the ERE. To achieve this goal, we tested the effects of
two mutant ZnEgr1 constructs containing point mutations,
ZnEgr1(Y339G) and ZnEgr1(R358A), in residues that are es-
sential for ERE binding (Matheny et al., 1994; Elrod-Erickson
and Pabo, 1999).

After confirming that these mutant ZnEgr1 constructs are
unable to block activation of the ERE reporter by NGF (Fig. 5A),
we checked that they retain the ability to bind to the c-Jun
complex (Fig. 5B). After this initial characterization of the mu-
tant ZnEgr1 constructs, we tested their effects on NGF-induced
activation of the GAL4/c-Jun reporter and found that they retain
the ability to block this response (Fig. 5C). Accordingly, we infer
that the ability of the Egr inhibitor construct to block c-Jun
activation is not mediated by its blockade of ERE-mediated
changes in target gene expression. Instead, these results favor the
alternative view that it is mediated by its interaction with c-Jun.
Last, we also checked the effects of the mutant ZnEgr1 constructs
on NGF-induced neurite outgrowth (Fig. 5D). We found that they
retain the ability to block this response to NGF, suggesting that
the ability of ZnEgr to block c-Jun activation is sufficient to
suppress neurite outgrowth, and that neither of these effects is
dependent on blocking changes in target gene expression medi-
ated via the ERE.

DISCUSSION
To help define the role of Egr proteins in mediating NGF-
induced neurite outgrowth, we have investigated how a dominant
negative Egr construct suppresses this response. Our analysis of
the actions of ZnEgr has yielded several major findings. First, our
results demonstrate that ZnEgr blocks neurite outgrowth by

Figure 4. Coprecipitation of Egr1 and c-Jun. A, Endogenous Egr1 and
c-Jun coprecipitate from PC12 cell extracts. Extracts were prepared from
either control or NGF-treated (100 ng/ml, 1 hr) PC12 cells and processed
for immunoprecipitation with Egr1 antibodies. Immunoblotting of pellets
with antibodies to Egr1 or c-Jun demonstrate that these proteins copre-
cipitate from extracts of NGF-treated cells but not control cells, which
have negligible levels of Egr1. B, Coprecipitation of Egr1 and c-Jun from
hEK293 cells: inhibition by ZnEgr1. hEK293 cells were transfected with
the expression vector(s) indicated above each lane. His-c-Jun and associ-
ated proteins were isolated from cell extracts by nickel chelate chroma-
tography. Aliquots of the samples incubated with the resin (Offered) and
eluted from the resin (Eluate) were processed for immunoblotting. Im-
munoblots probed with His antibodies confirm that c-Jun is expressed at
comparable levels across different experimental groups and that the
isolation procedure is effective. Furthermore, Egr1 immunoblots demon-
strate that Egr1 is detected in the eluate from the nickel resin only when
coexpressed with His-c-Jun. Furthermore, association of Egr1 with c-Jun
is eliminated by cotransfection with ZnEgr1. The results shown in A and
B are representative of three independent experiments. Con, Control.
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suppressing c-Jun activation, a key step in the signaling pathway
linking NGF receptor stimulation to neurite outgrowth. Second,
our studies with mutant ZnEgr constructs indicate that this do-
main suppresses c-Jun activation via its protein–protein interac-
tion with c-Jun and not via its intended mode of action, binding to
the ERE. Furthermore, because both Egr1 and ZnEgr1 bind to
c-Jun and have opposing effects on c-Jun activation, we propose
that Egr proteins promote c-Jun activation and neurite outgrowth
via this novel mechanism rather than via their interaction with
the ERE.

This parsimonious model is attractive for three reasons. First,
it explains how mutant ZnEgr1 constructs, which have negligible
ERE-binding activity, suppress c-Jun activation and neurite out-
growth. Second, this direct mechanism fits well with the time
course of Egr protein induction and c-Jun phosphorylation. In
contrast, the alternative ERE-based model does not appear to
leave sufficient time for Egr proteins to act indirectly via regula-
tion of target gene expression. Third, the direct interaction of Egr
proteins with c-Jun provides a convenient means of explaining
how these proteins regulate c-Jun activation selectively, without
affecting activation of Elk1, another ERK substrate.

Although NGF-induced activation of c-Jun is mediated by the
MEK/ERK cascade, and the constitutively active MEK construct
is able to induce Egr protein expression, it is important to point
out that pharmacological blockade of MEK does not inhibit the
ability of NGF to stimulate ERE reporter activity (Levkovitz et
al., 2001). Thus, ZnEgr constructs and MEK inhibitors act on two
distinct pathways (Fig. 6). The ability of MEK inhibitors to block
c-Jun activation is not attributable to suppression of Egr protein
induction, and, conversely, the blockade of c-Jun activation by
ZnEgr cannot be attributed to a global suppression of the MEK/

Figure 5. Mutations that disrupt ZnEgr1 binding to the ERE do not
interfere with its suppression of c-Jun activation or neurite outgrowth. A,
Effect of wild-type and mutant ZnEgr1 constructs on ERE reporter
activity. To confirm that the point mutations introduced into ZnEgr1
block its ability to inhibit ERE reporter activity, these constructs (Y339
and R358A) or wild-type ZnEgr1 were transfected into PC12 cells along

4

with the ERE reporter plasmid. After 2 d, cells were exposed to NGF (100
ng/ml) to stimulate ERE reporter activity and then processed for lucif-
erase assays 6 hr later. In contrast to wild-type ZnEgr1, which suppresses
ERE reporter activity induced by NGF (NGF vs NGF � ZnEgr1; p �
0.001), both mutant ZnEgr1 constructs are unable to block this response.
Similar results were obtained in two independent experiments. B, Effect
of ZnEgr1 mutations on the association of ZnEgr1 with c-Jun. To check
whether these mutant ZnEgr1 constructs are still able to associate with
c-Jun, the wild-type or mutant ZnEgr1 constructs were expressed with
His-c-Jun in hEK293 cells. Cell extracts were then processed for nickel
chelate chromatography, and proteins eluted from the resin were ana-
lyzed by immunoblotting. Because the ZnEgr1 constructs are myc-tagged,
the presence of these constructs was detected by immunoblotting with myc
antibodies (top panel ). The presence of c-Jun in the eluate was confirmed
by immunoblotting with His antibodies (bottom panel ). C, ZnEgr1 mu-
tants block c-Jun activation. To assess the ability of the mutant ZnEgr1
constructs to inhibit c-Jun activation by NGF, PC12 cells were transfected
with either wild-type or mutant ZnEgr1 constructs along with the GAL4/
c-Jun reporter assay plasmids. Two days after transfection, cells were
exposed to NGF (100 ng/ml) and then processed for luciferase assays 6 hr
later. NGF elicits a robust increase in c-Jun reporter activity that is
suppressed by both wild-type and mutant ZnEgr1 constructs. Similar
results were obtained in three independent experiments. D, ZnEgr1
mutant constructs block NGF-induced neurite outgrowth. To assess the
effect of the ZnEgr1 mutations on NGF-induced neurite outgrowth, PC12
cells were transfected with either wild-type or mutant ZnEgr1 constructs
along with a GFP expression vector. Two days after transfection, cells
were treated with NGF (100 ng/ml), and then GFP-positive cells were
scored for the presence of neurites 2 d later. Both the wild-type and
mutant ZnEgr1 constructs markedly suppress neurite outgrowth. Similar
results were obtained in two independent experiments. Statistical analyses
of the data shown in C and D confirm that the group treated with NGF is
significantly different from each of the other experimental groups. Con,
Control. RLU, Relative luciferase units.
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ERK cascade, because it does not affect activation of Elk1 by
MEK(DD). Furthermore, in previous studies, we have confirmed
that Elk1 activation induced by NGF is abolished by UO126 and
not affected by ZnEgr (Levkovitz et al., 2001). Thus, together
these results indicate that NGF induction of Egr proteins and
stimulation of ERKs act in concert to mediate c-Jun activation.

The key features of this model of Egr action fit well with our
previous findings indicating that Egr proteins play a critical role
in mediating cerebellar granule cell apoptosis induced by potas-
sium deprivation (Levkovitz and Baraban, 2001). In that study,
we demonstrated that potassium deprivation induces Egr protein
expression in these cells and that ZnEgr constructs block apo-
ptosis in this paradigm. Furthermore, our analysis of Egr function
in cerebellar granule cells indicated that Egr proteins act by
potentiating c-Jun activation, a critical step in the signaling path-
way linking potassium deprivation to apoptosis (Watson et al.,
1998). As found in PC12 cells, transfection of an Egr1 expression
plasmid does not increase c-Jun activity in cerebellar granule cells
but does potentiate the rise in c-Jun activity induced by switching
to low potassium. Thus, we infer that Egr proteins are not
sufficient to stimulate c-Jun activity by themselves but work to-
gether with a cofactor, such as ERKs, to potentiate c-Jun activa-
tion. It is noteworthy that c-Jun activation in the potassium
deprivation paradigm appears to be mediated by JNK or p38
mitogen-activated protein kinases (Watson et al., 1998; Yama-
gishi et al., 2001) and not ERKs. Thus, these findings indicate
that Egr proteins play a general role in potentiating c-Jun activa-
tion by a variety of upstream kinases, not just ERKs.

Our inference that Egr proteins work in concert with ERKs in
PC12 cells may be relevant to understanding the disparate phe-
notypic effects elicited by NGF and epidermal growth factor
(EGF) in these cells; EGF elicits a proliferative response,
whereas NGF triggers differentiation. This striking difference in
phenotypic responses appears to be attributable to distinct pat-
terns of ERK activation induced by these agents (Qiu and Green,
1992; Nguyen et al., 1993; Marshall, 1995; Yamada et al., 1996).
Whereas EGF triggers a brief burst of ERK activation that lasts

only a few minutes, NGF elicits sustained ERK activation that
lasts for several hours. Although EGF, like NGF, also induces Egr
gene expression (Kujubu et al., 1993), it appears likely that the
transient ERK activation elicited by EGF is too short-lived to
overlap with Egr protein expression. In contrast, the sustained
ERK activation triggered by NGF would enable ERKs to collab-
orate with Egr proteins in mediating c-Jun activation. This pro-
posal fits well with the observation in PC12 cells that NGF, but
not EGF, stimulates AP-1 response elements located within the
c-jun promoter (Groot et al., 2000).

Recent studies have focused attention on another major differ-
ence between NGF and EGF responses in these cells. NGF
induces robust induction of Fra-2, whereas EGF does not (Boss et
al., 2001). Accordingly, it may be interesting in future studies to
examine whether suppression of Egr or c-Jun function or both
blocks this delayed response to NGF or whether the increase in
Fra-2 expression is mediated by a distinct signaling pathway.

Because the ZnEgr domain blocks the ability of full-length
Egr1 to associate with c-Jun, it is tempting to assume that it exerts
its suppressive effect by disrupting this interaction. An interesting
corollary of this assumption would be that c-Jun activation is
strongly dependent on its association with Egr proteins. However,
at present, we cannot rule out the possibility that the ZnEgr
domain exerts a direct inhibitory effect on c-Jun activation, i.e.,
that it possess inverse agonist activity. In this scenario, the pro-
found suppression of c-Jun activation by ZnEgr would exceed
that produced by passively blocking association of endogenous
Egr proteins with c-Jun. According to this view, association of
full-length Egr proteins with c-Jun potentiates its activation,
whereas disruption of this complex would block this enhance-
ment. However, a key feature of the “inverse agonist” model is
that Egr protein would not be required for c-Jun activation to
occur.

Because we have found that ZnEgr does not block the ability of
c-Jun(Asp) to trigger neurite outgrowth or to stimulate AP-1-
mediated transcription (Y. Levkovitz, unpublished observations),
these results suggest that formation of the Egr/c-Jun complex may
regulate c-Jun activation by facilitating or stabilizing c-Jun phos-
phorylation. However, it may also regulate the localization or
stability of c-Jun, an alternative possibility that needs to be
considered as well.

Despite these uncertainties regarding the precise mode of
action of ZnEgr, our findings provide compelling evidence that
c-Jun activation is a key downstream target of Egr proteins and
that the Egr zinc finger domain mediates its interaction with
c-Jun, as well as with the ERE. Of note, there are several reports
that zinc finger domains of the C2H2 type found in Egr proteins
mediate protein–protein interactions between transcription fac-
tors (Merika and Orkin, 1995; Srivastava et al., 1998; Chapman
and Perkins, 2000). Accordingly, it is reasonable to infer that the
ZnEgr domain enables Egr proteins to exert downstream effects
via either protein–protein or protein–DNA interactions.

Because the Egr zinc finger domain mediates binding to the
ERE and to a c-Jun complex, one possibility that needs to be
considered is that the Egr/c-Jun complex detected biochemically
represents binding of Egr and c-Jun to segments of DNA that
contain cis elements recognized by both these proteins. However,
it is difficult to argue that formation of the Egr/c-Jun complex is
mediated by Egr binding to the ERE, because ZnEgr1 mutants
with negligible affinity for the ERE still coprecipitate with c-Jun.
In addition, we have also found that Egr does not coprecipitate
with c-Jun(Asp) (Levkovitz, unpublished observations), although

Figure 6. NGF activation of c-Jun: role of the MEK/ERK cascade and
Egr proteins. The schematic diagram illustrates the signaling pathways
linking NGF receptor stimulation with c-Jun activation. According to this
model, c-Jun activation is dependent on both activation of the MEK/
ERK cascade and expression of Egr family members induced by NGF in
PC12 cells, i.e., Egr1 and Egr4. Thus, c-Jun activation by NGF can be
suppressed by selective inhibitors of either pathway, i.e., UO126 or ZnEgr
constructs. An arrow connecting MEK/ERK and Egr1 has been included,
because MEK(DD) stimulates the ERE reporter. In addition, an arrow
connecting NGF directly to Egr1 has been included, because previous
studies indicate that NGF can induce Egr proteins in PC12 cells via a
MEK-independent pathway (Kumahara et al., 1999; Levkovitz et al.,
2001).
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this construct binds to AP-1 sites with high affinity. Together,
these findings support the conclusion that the Egr zinc finger
domain mediates two distinct binding interactions.

Recent studies in PC12 cells suggest that p35, an activator of
cdk5, is a target gene regulated by Egr1 that mediates NGF-
induced neurite outgrowth (Harada et al., 2001). Accordingly,
our findings raise the possibility that Egr proteins regulate p35 via
their interaction with c-Jun, ERE, or both. It is important to
emphasize that our studies demonstrate that blockade of ERE-
mediated transcription is not needed to suppress NGF-induced
neurite outgrowth. However, they do not rule out the formal
possibility that blockade of the ERE might be sufficient to inhibit
this phenotypic response. Resolving this question will depend on
developing Egr constructs that do not block c-Jun activation but
retain the ability to inhibit ERE-mediated transcription.

In summary, our studies indicate that Egr proteins can function
as coactivators of c-Jun. Thus, in addition to regulating target
gene expression via binding to the ERE, they can also influence
gene expression controlled by AP-1 sites via their interaction with
c-Jun. Because Egr proteins have been implicated in a wide
variety of phenotypic effects, ranging from Schwann cell and
muscle spindle differentiation (Topilko et al., 1994; Tourtellotte
and Milbrandt, 1998; Nagarajan et al., 2001) to learning and
memory (Wei et al., 2000; Jones et al., 2001) and neuronal
apoptosis (Catania et al., 1999; Park and Koh, 1999; Levkovitz
and Baraban, 2001), it will be interesting to determine which of
these cis elements or whether both mediate the effects of Egr
proteins in these plasticity paradigms.
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