
REGULATION OF RAT DOPAMINE β-HYDROXYLASE GENE
TRANSCRIPTION BY EARLY GROWTH RESPONSE GENE 1
(EGR1)

Shu-Yuan Cheng, Lidia I. Serova, Dina Glazkova, and Esther L. Sabban
Department of Biochemistry and Molecular Biology, New York Medical College, Valhalla, New York
10595

Abstract
Egr1, a transcription factor rapidly induced by various stimuli including stress, can elevate
transcription of genes for the catecholamine biosynthetic enzymes TH and PNMT. To examine if
Egr1 also regulates dopamine β-hydroxylase (DBH) gene expression, PC12 cells were transfected
with expression vector for full length or truncated inactive Egr1 and various DBH promoter-driven
luciferase constructs. While Egr1 elevated TH promoter activity, DBH promoter activity was
reduced. The reduction occurred as early as 4 h and reached maximal inhibition 16–40 h after
transfection. Egr1 also reduced the expression of endogenous DBH mRNA and the induction of DBH
promoter activity by cAMP. These effects were not observed with truncated Egr1 lacking the DNA
binding domain. The first 247, but not 200, nucleotides of DBH promoter are sufficient for this
suppression. Several putative Egr1 motifs were identified, and mutagenesis showed that the motif at
−227/−224 is required. Binding of Egr1 to this region of the DBH promoter was verified by chromatin
immunoprecipitation and electrophoretic mobility shift assays. This study demonstrates that DBH
promoter contains at least one functional Egr1 motif; and indicates, for the first time, that Egr1 can
play an inhibitory role in regulation of DBH gene transcription.
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1. Introductin
Egr1 (Zif268, NGFI-A, TIS8, or Krox24) is a transcription factor with three zinc fingers of the
Cys2His2 class [reviewed by [33]]. Egr1 binds to a GC-rich motif (5′-GCG(T/G)GGGCG-3′)
through its three zinc finger DNA-binding domains [4], and modulates transcription of a
number of genes that participate in various cellular functions [reviewed by [47,53]]. As an
immediate early gene, many stimuli such as growth factors, hormones, neurotransmitters,
stress, and cytokines induce Egr1 expression [5,7,17,23,36]. This response is presumed to have
a key role in orchestrating a second wave of gene expression that underlies long-term effects
of these factors on cell growth and differentiation.
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Egr1, together with catecholamine biosynthetic enzymes, such as tyrosine hydroxylase (TH),
dopamine β-hydroxylase (DBH), and phenylethanolamine N-methyltransferase (PNMT), are
induced in adrenal medulla by different types of stress [23,27,30,34,35,38].

A functional Egr1 binding site on proximal TH promoter was previously identified and shown
to interact with an AP1 motif in the induction of TH promoter activity [29,35]. Egr1 alone, or
together with other factors such as glucocorticoids, also regulates PNMT, the final enzyme in
epinephrine biosynthesis [8,28,52]. The role of Egr1 in transcriptional activation of the DBH
gene has not been previously studied.

DBH (EC 1.14.17.1) catalyzes the synthesis of norepinephrine (NE) from dopamine (DA).
Modulation of DBH activity or expression is implicated in several neuropsychiatric disorders
[reviewed by [6]]. For example, an elevated DA/NE ratio resulting from decreased DBH
expression or activity is associated with increased vulnerability to psychotic depression [26,
41]. Polymorphisms of the human DBH gene have been linked to reactive schizophrenia,
psychotic depression, alcoholism, attention deficit hyperactivity disorders, modulation of
smoking and other reward-seeking behavior, and susceptibility to Parkinson’s disease
[reviewed by [2,6,14]].

DBH gene expression is regulated in response to several pharmacological and physiological
stimuli [1,16,18,25,45]. On the DBH promoter, there are several functional motifs that are
homologous to known cis-acting regulatory elements including Sp1, three homeodomains, an
overlapping cAMP/AP1 response element [(CRE)/AP1], and AP2 motifs [19,20,50]. The three
homeobox motifs can bind Phox2a/Arix, which is important for cell-specific DBH gene
expression. The overlapping CRE/AP1 motif can bind CREB and also AP1 family members
[42,49,51].

In this study, we examined whether Egr1 can regulate DBH gene expression. Our results show
that Egr1 suppressed DBH promoter activity, and that the region −227/−224 of the promoter
is responsible for this effect. Chromatin immunoprecipitation (ChIP) and electrophoretic
mobility shift assays (EMSA) indicated that this involves specific binding of Egr1 to the DBH
promoter. Our results suggest, for the first time, that Egr1 may play a role in the physiological
regulation of transcription of the DBH gene.

2. Results
2.1 Egr1 reduced the DBH promoter-driven luciferase activity

To determine whether DBH promoter-driven transcription can respond to Egr1, constructs with
various lengths of rat DBH promoter directing the luciferase reporter gene were used. PC12
cells were cotransfected with either an expression vector for Egr1 (pCMV Egr1); or for
truncated inactive Egr1 without the DNA binding domain (pCMV ETTL), and reporter
constructs with luciferase activity under control of the first 1625, 488, or 247 bp upstream of
the cap site (Fig. 1A). As shown in Figure 1B, the luciferase activity was significantly
suppressed (more than 50%) in cells transfected with Egr1 expression vector and with p5′DBH/
Luc (−488/+21) or p5′DBH/Luc (−247/+21). With p5′DBH/Luc (−1625/+21), there was about
a 25% reduction in luciferase activity. Thus, the first 247 nucleotides of DBH promoter are
sufficient for the Egr1-elicited reduction of promoter activity.

As a positive control, we also cotransfected PC12 cells with a TH promoter construct [p5′TH-
Luc (−272/+27)] and with either expression vector pCMV Egr1 or pCMV ETTL. Egr1 was
found to increase the luciferase activity about threefold at 24 h post-transfection (data not
shown). This is consistent with our previous finding showing that Egr1 can upregulate TH
promoter activity [29,35].
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To analyze the time frame required for the effect of Egr1, the responses of DBH promoter
activity were examined at various times post-transfection. As shown in Figure 2, a suppression
of luciferase activity was observed as early as 4 h after transfection. A greater than 50%
reduction was observed at 16–40 h post-transfection. Next, we analyzed whether Egr1 would
also have an effect on stimulated DBH promoter activity. Cells transfected with pCMV Egr1
and p5′DBH/Luc (−247/+21) were treated with the non-hydrolysable cAMP analog (CPT-
cAMP), which led to stimulation of DBH promoter activity. However, CPT-cAMP induced
DBH promoter activity was reduced compared with the control cells transfected with pCMV
ETTL (Fig. 3). Thus, Egr1 also reduced the cAMP-triggered stimulation of DBH promoter
activity.

To examine whether Egr1 had a similar effect on endogenous DBH, the mRNA levels were
determined by real-time RT-PCR from cells transfected with pCMV, pCMV ETTL, or pCMV
Egr1. The results revealed that expression of Egr1 also significantly reduced the level of DBH
mRNA (Fig. 4).

2.2 Mapping the functional Egr1 site
To identify whether the DBH promoter contains an Egr1 motif, which may be mediating the
negative regulation, we used MatInspector Professional Software [37] to analyze the sequence
between −247 to +21. This revealed four potential binding sites for Egr1 at positions −39/−36,
−105/−102, −107/−104, and −227/−224 (Fig. 5A) with the core similarity/matrix similarity
above 0.70/0.70 as compared to consensus Egr1 (Table 1). First we examined whether the Egr1
motif at position −227/−224 is important for regulation of DBH gene transcription. The
truncated DBH promoter construct [p5′DBH/Luc (−200/+21)] was prepared and failed to elicit
any changes in response to Egr1 (Fig. 5B). Thus, the element needed for Egr1-mediated
inhibition is localized at the region between −247 to −200 bp of the DBH promoter.

We further determined whether the putative Egr1-binding element in this region is required
for the Egr1-mediated inhibition of DBH promoter-driven transcription. The mutated construct
DBH mEgr1 with the GGCGT motif replaced with TCATA was generated (Fig. 5A). Mutation
of this site abolished the Egr1 responsiveness of the promoter construct. Luciferase activity
was similar with pCMV Egr1 and pCMV ETTL (Fig. 5C). These results indicate that the
putative Egr1 motif at −227/−224 is needed for Egr1-mediated reduction of DBH promoter-
driven transcription.

2.3 Egr1 interacts with the DBH promoter encompassing the region of −227 to −224
To examine whether Egr1 is associated physically with the putative binding site at the position
−227/−224 in vivo, chromatin immunoprecipitation (ChIP) analysis was used. ChIP assay was
performed on PC12 cells co-transfected with pCMV Egr1 expression vector and p5′DBH/Luc
(−247/+21) reporter vector. Protein-DNA complexes were cross-linked with formaldehyde,
and immunoprecipitated with antisera to Egr1 or normal rabbit IgG, as a negative control for
non-specific antibody binding. PCR was performed to amplify the specific DNA fragments
pulled down by the anti-Egr1 antibody or normal IgG using primers spanning the putative Egr1
binding site (−247/−204). Agarose gel electrophoresis showed amplification of DBH DNA
fragments (−247/−204) in the input sample and in the sample immunoprecipitated with the
Egr1 antibody, but not in the negative control (normal rabbit IgG) (Fig. 6).

Amplifications for the positive control (TH −192/−68), which contains the known Egr1 binding
site [34,35], was also seen in Egr1 immunoprecipitated samples. As an additional negative
control, we used a luciferase coding region (Luc 1231/1275) that would also be present in the
p5′DBH/Luc (−247/+21) plasmid. These data showed that in the cellular environment, Egr1
selectively binds the DBH promoter in a region spanning nucleotides −247 to −204.
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The DNA-protein interaction was further studied in vitro by electrophorectic mobility shift
assays (EMSA). The nuclear extracts from pCMV Egr1 transfected cells formed several
specific complexes with the 32P-labeled double-stranded DBH Egr1 oligonucleotides spanning
−243 to −210 (Fig. 7A, lane 2). The specific complexes were competed with excess unlabeled
oligonucleotides (lane 3). Preincubation with antibody against Egr1 (lanes 4 and 5) reduced
formation of several complexes (shown by *). These may represent complexes with various
phosphorylated forms of Egr1.

To further characterize the specificity of the binding, this oligonucleotide (−243/−210 of DBH
promoter) was used for competition with 32P-labeled consensus Egr1 oligonucleotide (Fig.
7B). This consensus Egr1 probe formed several bands with the nuclear extracts from pCMV
Egr1 transfected cells (lane 2). The Egr1 specific complexes were identified. Excess mutated
consensus Egr1 oligonucleotide (lane 4) did not compete for formation of several complexes
(shown by *), compared with the excess consensus Egr1 oligonucleotide (lane 3).
Preincubation of the consensus Egr1 oligonucleotide with excess DBH Egr1 oligonucleotide
(−243/−210) also competed for these same complexes (lane 5), indicating that it is able to bind
Egr1 and thus compete for specific Egr1 motifs.

3. Discussion
This is the first study to characterize the effect of Egr1 on DBH gene expression. We found
that Egr1 can play an inhibitory role on DBH promoter activity; it also can reduce endogenous
DBH mRNA. Mutation of the promoter indicated that the site at −227/−224 is involved in this
inhibition. Both in vitro and in vivo binding studies confirmed the presence of an Egr1 binding
site in this region of the proximal DBH promoter.

The Egr1 gene is one of the early response genes dramatically and rapidly induced upon
stimulation with many environmental signals including growth factors, hormones, and
neurotransmitters [13,17,23,40]. Egr1 functions as a convergence point for many signaling
cascades and is thought to couple extracellular signals with long-term responses by altering
gene expression of Egr1 target genes [47].

Under the same conditions whereby TH promoter activity was elevated by Egr1, DBH promoter
activity and mRNA levels were reduced. The Egr1-mediated inhibition of DBH promoter-
driven luciferase activity was evident as early as 4 h post-transfection (earliest time examined),
and achieved the maximal reduction at 16–40 h post-transfection. The cAMP-triggered
stimulation of DBH promoter activity was also lower in the presence of Egr1.

The suppression of DBH promoter activity by Egr1 was evident with several lengths of the
promoter, with the proximal 247 nucleotides being sufficient. With the longest construct tested
[p5′DBH/Luc (−1625/+21)], Egr1 also reduced DBH promoter activity, but not as much as
with shorter constructs. In this regard, Afar et al. [1] also observed that elevation of reporter
activity with 1 kb DBH promoter in response to cAMP was not as great as the responses with
the shorter promoter constructs (−210, −190, and −173). It is possible that there is a more
dominant regulatory element in the distal region of the first kb of the promoter. Alternatively,
the conformation of the promoter may restrict access to Egr1 and other regulatory elements in
the longer promoter, leading to an attenuated response.

We initially identified four putative Egr1 binding sites (−39/−36, −105/−102, −107/−104, and
−227/−224) on the DBH proximal promoter. The deletion and mutagenesis experiments
indicate that the motif at −227/−224 is required for Egr1-elicited reduction in DBH promoter
activity. It remains to be determined whether the other motifs also contribute to the regulation.
Since pCMV ETTL had no effect on DBH promoter-driven transcription or on endogenous
mRNA levels, the Egr1 binding domain must be required for the suppression of DBH
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transcription. Both ChIP and EMSA experiments revealed that Egr1 could bind to a region of
the DBH promoter within −247 to −204. An oligonucleotide containing this sequence was able
to compete for binding of a consensus Egr1 oligonucleotide.

How might Egr1 suppress DBH transcription? There are several mechanisms whereby Egr1
may be mediating the decreased DBH promoter activity. It could be due to Egr1 directly binding
to DNA or Egr1 indirectly interacting with other transcriptional coactivators, such as the
cAMP-response-element-binding protein (CREB)-binding protein (CBP). Egr1 has been
shown to interact with CBP/p300 physically and functionally [48]. CBP/p300 are large
multifunctional nuclear proteins and their levels are limited [reviewed by [11]]. Egr1, when
over-expressed, might compete with other transcriptional factors for a limited amount of CBP/
p300. However, this does not appear to be the case for TH, which is elevated by over-expression
of Egr1 under the same conditions.

It is also possible that Egr1 might be inhibiting the activation of DBH promoter-driven
transcription by decreasing the availability of other transcription factors, such as Sp1. Egr1 has
been implicated in inhibition of c-met expression by sequestering Sp1 as a transcriptional
activator of c-met. The Sp1/Egr1 complex that was formed presumably resulted in a decreased
availability of unbound Sp1 as a transcriptional activator [56]. Therefore, over-expressed Egr1
could repress DBH promoter-driven transcription by decreasing free Sp1.

DBH gene transcription is also regulated by AP1 proteins, especially c-Jun and JunD [51].
Over-expressed Egr1 has been shown to suppress the c-Jun mRNA expression induced by
interleukin-17 [9]. Levkovitz and Baraban [22] showed that the zinc finger domain of Egr1
interacts with c-Jun, and then reduces transcriptional activation by c-Jun in response to nerve
growth factor. Therefore, sequestration of c-Jun protein may mediate the Egr1-elicited
reduction of the basal level of DBH gene expression.

The newly identified Egr1 binding site at −227/−224 is very close to the DBH silencer site
[46]. Even though the DBH silencer site is only functional in non-catecholaminergic cells, it
remains to be determined if an interaction between Egr1 and the DBH silencer site plays a role
in the repression of DBH promoter activity observed here. In this regard, the DNA sequences
near the Egr1 binding site were also shown to be important in determining whether Egr1
regulates gene transcription positively or negatively [10].

What is the impact of the ability of Egr1 to reduce DBH gene expression? It was surprising
that Egr1 attenuates DBH gene transcription, while it was previously found to elevate
transcription of TH and PNMT genes. A reduction of DBH gene expression might increase the
dopamine levels in noradrenergic cells. In this regard, an elevated DA/NE ratio resulting from
decreased DBH expression or activity is associated with increased vulnerability to psychotic
depression [26,41]. Interestingly, with a single exposure of rats to immobilization stress, TH
and PNMT mRNA in the adrenal medulla are elevated (transiently) as high as with repeated
exposures to this stress [31,54,55], while induction of DBH mRNA is not as high as with
repeated stress [21,24]. Both single and repeated stress induce Egr1 expression in the adrenal
medulla [34], but there are additional transcriptional changes with repeated stress. These
include prolonged phosphorylation of CREB and induction of Fra-2 [32,39], which might
overcome any inhibition of DBH by Egr1. Moreover, in the locus coeruleus, where Egr1 is not
induced by immobilization stress [15], DBH gene transcription is raised to a similar extent
with both single and repeated exposures [44].

In conclusion, we have found that Egr1 can play an inhibitory role on DBH promoter-driven
transcription. This inhibition requires a newly identified Egr1 response element at the −227/
−224 region of DBH promoter. This inhibition appears to result from Egr1 directly bound to
the DBH promoter. We speculate that Egr1 may reduce DBH gene transcription in vivo, thereby
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leading to altered DA/NE ratio. Further studies should determine the functional role of Egr1
in conjunction with other transcription factors in the regulation of DBH gene expression in
catecholaminergic neuronal systems.

4. Experimental procedure
4.1 Cell culture

Rat pheochromocytoma (PC12) cells were grown as described previously [12,25]. For
experiments, cells were plated at a density of 3 × 105 per well in 6-well tissue culture dishes
(Falcon) on the day prior to transfection.

4.2 Plasmids and transfections
The p5′DBH/Luc (−1625/+21) and p5′DBH/Luc (−247/+21) constructs were generated from
p5′DBH/Luc (−2236/+21) [43] by digestion with Kpn1 restriction enzyme (New England
Biolabs, Ipswich, MA, USA) for DBH/Luc (−1625/+21) or with Kpn1 and Pst1 (New England
Biolabs) for DBH/Luc (−247/+21) followed by religation.

Mutant reporter constructs p5′DBH/Luc (−200/+21) and DBH mEgr1 (−228 GGCGT −224 to
−228 TCATA −224) with mutated Egr1 at this position were prepared from wild type p5′DBH/
Luc (−247/+21) as the template for PCR using the QuikChange® site-directed mutagenesis kit
(Stratagene, La Jolla, CA, USA) according to the supplier’s protocol. The following primers
were used in the mutagenesis procedure. For p5′DBH/Luc (−200/+21): Sense 5′-
CGAGGTCGACGGTATCATGGCCATTCTGCTTC-3′; Antisense 5′-
GAAGCAGAATGGCCATGATACCGTCGACCTCG-3′; for DBH mEgr1: Sense 5′-
AGAGAGTAGCTGTTTCCAACATCATACAGAGATCCATTGGAGGACATG-3′;
Antisense 5′-
CATGTCCTCCAATGGATCTCTGTATGATGTTGGAAACAGCTACTCTCT-3′.

The plasmids pCMV Egr1 and pCMV ETTL, which express a full-length and a truncated
inactive Egr1 protein respectively, were kind gifts from Dr. Dona Wong (Harvard Medical
School). In pCMV ETTL, the translation is terminated after serine 170, which removes the
DNA binding domain [13].

The β-galactosidase (pSV β-gal) plasmid used as a control for transfection efficiency was
purchased from Promega (Madison, WI, USA). The TH promoter construct was previously
described [29].

All plasmids were isolated using EndoFree Plasmid Maxi Kit (Qiagen, Valencia, CA, USA)
and dissolved in TRIS/Ethylenediaminetetraacetic acid (TE) buffer. The mutations were
confirmed by sequencing (Davis Sequencing, Davis, CA, USA).

For transfection, 1 μg of each plasmid DNA was used for each culture well. The plasmid DNAs
were mixed with SuperFect™ (Qiagen) according to the manufacturer’s instructions. At 16 h
after transfection, some cells were treated with 200 μM 8-(4-chlorophenyl-thio) adenosine 3′,
5′-cyclic monophosphate (CPT-cAMP) (Sigma-Aldrich, St. Louis, MO, USA) for 24 h. Cells
were then harvested into 1 ml of PBS and collected by centrifugation at the indicated time
points.

The PC12 cells were lysed with 100 μl of 1x Reporter Lysis Buffer (Promega). Firefly luciferase
activity was determined using Luciferase Reporter Assay System (Promega) according to the
manufacturer’s instructions. Luminescence was measured immediately with Luminometer,
model TD-20/20 (Turner, Sunnyvale, CA, U.S.A.). As a control for transfection efficiency,
β-galactosidase activity was performed as directed by the manufacture’s protocol (Promega).
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Briefly, 50 μl of the serially diluted standards and the lysates were added to 50 μl Assay 2x
Buffer and the mixtures were incubated at 37°C for 2 h. Then, after adding the stop solution
(150 μl of 1 M sodium carbonate), the absorbance of the samples and standards were measured
at 420 nm in a microplate reader (Model Synergy HT, Bio-Tek Instruments, Inc., Winooski,
VT, USA) and analyzed by KC4™ Signature software (Bio-Tek Instruments, Inc.). Luciferase
activity was normalized to β-galactosidase activity.

At least four cell culture replicates were used for each treatment. All experiments were
performed at least twice with similar results.

4. 3 RNA isolation and real time quantitative RT-PCR
Total RNA was isolated by using RNA-STAT 60 (Tel-Test, Friendswoods, TX, USA) and
quantified by using Quan-it™ Ribo-Green® RNA assay kit (Molecular Probes, Eugene, OR,
USA). RNA (300 ng) was reverse-transcribed with AMV reverse transcriptase (Roche Applied
Science, Indianapolis, IN, USA) and 1 μM specific reverse transcription primer (1285/1268)
for rat DBH gene (5′-GCACAGTAATCACCTTCC-3′) in 5 μl of reverse transcription mixture.
Reverse transcription was carried out at 42°C for 1 h followed by 10 min at 85°C.

Real-time quantitative PCR was performed as described previously [3] by using
LightCycler® 1.2 System (Roche Applied Science) with LightCycler® FastStart DNA Master
SYBR Green I (Roche Applied Science) with the following primers: forward primer, 5′-
CACCACATCATCATGTATGAGG-3′ (745/766); reverse primer, 5′-
CCTGTCTGTGCAGTAGCCAG-3′ (1194/1175). For quantification assays, a standard curve
was used and produced by amplification of several 10-fold dilutions of linearized plasmids
containing DBH cDNA.

4.4. Chromatin immunoprecipitation (ChIP) assay
ChIP analysis was performed on PC12 cells transfected with pCMV-Egr1 expression vector
and p5′DBH/Luc (−247/+21) reporter vector according to the manufacturer’s EZ-ChIP
immunoprecipitation kit protocol (Millipore, Billerica, MA, USA). In brief, cells were cross-
linked with 1% formaldehyde for 10 min, and the reaction was terminated by the addition of
0.25 M glycine. Cells were washed twice in ice-cold PBS, harvested with 1 ml cold PBS
containing 1 x Protease inhibitor cocktail II (Millipore), then spun at 700 × g at 4°C for 5 min
to pellet cells. Pellets were resuspended in ChIP SDS lysis buffer containing 1 x Protease
inhibitor cocktail II and then sonicated to shear chromatin into 200–1000 bp fragments. The
samples were pre-cleared with 60 μl of Protein G Agarose and subsequently incubated
overnight with rotation either with 5 μg of rabbit anti-Egr1 antibody (Santa Cruz
Biotechnology, Santa Cruz, CA, USA) or with 1 μg of normal rabbit IgG (Santa Cruz
Biotechnology) as a negative control for non-specific antibody binding at 4°C.
Immunocomplexes were recovered with Protein G Agarose and washed consecutively with
low salt immune complex wash buffer, high salt immune complex wash buffer, LiCl immune
complex wash buffer, and TE buffer. Protein-DNA complexes were then eluted with ChIP
elution buffer. The complexes (200 μl) were uncross-linked at 65°C overnight in 0.2 M NaCl,
followed by 1 μl RNase A for 30 min at 37°C and 4 μl 0.5 M EDTA, 8 μl 1 M Tris-HCl, and
1 μl proteinase K for 2 h at 45°C. DNA fragments were then captured by an activated silica
membrane filter column to separate from proteins and eluted to isolate the purified DNA. The
ChIP-purified DNA fragments were screened by PCR for the rat DBH promoter region (−247/
−204) encompassing the putative Egr1 binding sequence, the positive control (TH Egr1 −192/
−68) with known Egr1 binding element, and negative control (Luc) lacking Egr1 binding
element (pGL3/Luciferase basic vector 1231/1275). PCR reagents were purchased from
Sigma-Aldrich (St. Louis, MO, USA). For the DBH Egr1, the PCR conditions were an initial
denaturation cycle (2 min, 94°C), 35–40 cycles of denaturation (20 sec, 94°C), annealing (20
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sec, 52.5°C), and extension (25 sec, 72°C), followed by a final extension cycle (2 min, 72°C)
terminating at 4°C. For the positive control (TH Egr1), the PCR conditions were an initial
denaturation cycle (2 min, 94°C), 35 cycles of denaturation (20 sec, 94°C), annealing (20 sec,
57°C), and extension (25 sec, 72°C), followed by a final extension cycle (2 min, 72°C)
terminating at 4°C. For the negative control (Luc), the PCR conditions were an initial
denaturation cycle (2 min, 94°C), 35 cycles of denaturation (20 sec, 94°C), annealing (20 sec,
53.5°C), and extension (25 sec, 72°C), followed by a final extension cycle (2 min, 72°C)
terminating at 4°CThe sequence for oligonucleotide primers were:

DBH Egr1: sense 5′-GAGAGTAGCTGTTTCCAAC-3′;
antisense 5′-TGTCCTCCAATGGATC-3′

Positive control (TH Egr1): sense 5′-GGTGCCTGTGACAGTGGAT-3′;
antisense 5′-TCCTACCTCCTGCGCATC-3′

Negative control (Luc): sense 5′-CTGGGCGTTAATCAAAGAGG-3′;
antisense 5′-CATAGGACCTCTCACACACA-3′

The PCR products were visualized on 2% agarose gels in 1 × TAE buffer stained with ethidium
bromide.

4.5 Preparation of nuclear extracts and electrophoretic mobility shift assay (EMSA)
Nuclear extracts were prepared as described previously [35] from PC12 cells transfected either
with pCMV Egr1 or with pCMV empty vectors. Protein concentrations were determined with
the Bio-Rad Bradford assay kit (Hercules, CA, USA).

EMSA was performed with the following oligonucleotide and its complementary strand
synthesized by Integrated DNA technologies, Inc. (Coralville, IA, USA):

DBH Egr1, 34 bp 5′-AGCTGTTTCCAACAGGCGTCAGAGATCCATTGGA-3′ (−243 to
−210). Egr1 consensus (5′-GGATCCAGCGGGGGCGAGCGGGGGCGA-3′) and mutated
consensus oligonucleotides (5′-GGATCCAGCTAGGGCGAGCGGGGGCGA-3′) from
Santa Cruz Biotechnology.

The experiments were conducted as described before [35]. PC12 nuclear extracts (4 μg) were
incubated in 15 μl of reaction buffer containing 10 mM HEPES, pH 7.5, 2.5 mM MgCl2, 50
mM NaCl, 0.5 mM DTT, 4% glycerol, 1 μg of double-stranded poly(dI-dC), 1 μg BSA, and
radiolabeled double-stranded oligonucleotide probes (40,000 cpm/reaction) for 30 min at room
temperature. In the competition experiments, the unlabeled double-stranded oligonucleotide
probes were added prior to the addition of nuclear extracts. For the supershift experiments, the
nuclear extracts were incubated with anti-Egr1 antibody for 30 min at room temperature first,
and then mixed with reaction buffer containing the radiolabeled double-stranded
oligonucleotide probes. Protein-DNA complexes were analyzed on 6% nondenaturing
polyacrylamide gels.

4. 6 Data analysis
Statistical significance was determined by Student’s t-test for experiments with two groups or
by performing an analysis of variance (ANOVA) followed by Tukey post-test examination for
experiments with more than two groups. A level of p < 0.05 was considered statistically
significant. Statistical analyses were performed using GraphPad Prism and InStat Programs
(GraphPad Software, Inc., San Diego, CA, USA).
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Figure 1.
Effect of Egr1 on DBH and TH promoter-driven luciferase activity. (A) Rat DBH promoter
constructs used in this study are shown schematically. (B) PC12 cells were transfected with
DBH promoter construct and either pCMV Egr1 or pCMV ETTL (truncated Egr1 without
DNA binding domain) expression vector and pSV β-galactosidase, as a transfection efficiency
control. Cells were harvested at 16 h after transfection. Luciferase activity was determined and
normalized to β-galactosidase activity. * p < 0.001 versus respective pCMV ETTL group. Two-
way ANOVA revealed analysis significant effect of Egr1 (p < 0.0001), and interaction with
DBH promoter length (p = 0.0196). One way ANOVA analysis showed significant inter-group
differences between various lengths of DBH promoter in the cells transfected with pCMV Egr1
(F2,11 = 19.65, p < 0.05).
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Figure 2.
Time course of inhibition of DBH promoter activity by Egr1. PC12 cells were transfected with
p5′DBH/Luc (−247/+21) and either pCMV Egr1 or pCMV ETTL expression vector and pSV
β-galactosidase. Cells were harvested at different time points after transfection as indicated.
Luciferase activity was determined and normalized to β-galactosidase activity. * p < 0.001
versus respective pCMV ETTL group.
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Figure 3.
Effect of Egr1 on induction of DBH promoter activity by cAMP. PC12 cells were transfected
with p5′DBH/Luc (−247/+21) and either pCMV Egr1 or pCMV ETTL expression vector and
pSV β-galactosidase. At 16 h after transfection, cells were treated with 200 μM CPT-cAMP
and harvested 24 h later. Luciferase activity was determined and normalized to β-galactosidase
activity. * p < 0.001 versus respective pCMV ETTL group.
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Figure 4.
Egr1 reduced endogenous DBH mRNA levels. PC12 cells were transfected with either pCMV,
pCMV ETTL, or pCMV Egr1 expression vector. Total RNA was isolated and analyzed by
real-time RT-PCR. Relative DBH mRNA levels are shown with the means ± S.E.M. relative
to the pCMV group taken as 100. * p < 0.0001 versus the pCMV and pCMV ETTL groups.
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Figure 5.
Mapping the region of DBH promoter responsible for Egr1-mediated effect. A diagram of DBH
(−247/+21) promoter regulatory elements is shown schematically (A). It includes the sequence
of four potential Egr1 binding sites: −39/−36, −105/−102, −107/−104, and −227/−224. PC12
cells were transfected with various DBH promoter constructs: p5′DBH/Luc (−247/+21) and
p5′DBH/Luc (−200/+21) (B), or the mutant DBH promoters construct (DBH mEgr1, −228
GGCGT −224 mutated to −228 TCATA −224) (C), and either pCMV Egr1or pCMV ETTL
expression vector and pSV β-galactosidase. Luciferase activity was measured at 16 h after
transfection. Data (mean ± S.E.M) are normalized to β-galactosidase activity. * p < 0.001 versus
the respective pCMV ETTL group.

Cheng et al. Page 18

Brain Res. Author manuscript; available in PMC 2009 February 8.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6.
Egr1 binds to DBH promoter in vivo at the region spanning nucleotides −247 to −204. ChIP
assay was carried out as described in the methods. PCR was performed to amplify the DNA
fragment bound with Egr1 antibody (αEgr1) or normal IgG (as a negative control for the non-
specific antibody binding), and the samples not immunoprecipitated (Input) by using specific
primers for the putative DBH Egr1 binding site (−247/−204), the positive control (TH Egr1
motif at −192/−68) and the negative control (Luc at 1231/1275). A representative gel from 3
separate experiments is shown with PCR for either 35 (35×) or 40 (40×) cycles.
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Figure 7.
Egr1 in vitro interacts with the putative Egr1 binding motif on the DBH promoter. (A) 32P-
labeled DBH Egr1 double-stranded oligonucleotide (−243/−210) was incubated with nuclear
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extract from pCMV Egr1-transfected cells alone (lane 2), with 100 × excess unlabeled double-
stranded oligonucleotide (lane 3), or with 4- or 2 μg specific Egr1 antibody (lanes 4 and 5).
Lane 1 is the labeled DBH Egr1 oligonucleotide alone. Bands are indicated by * to show the
displacement of the bands by Egr1 antibody. (B) 32P-labeled double-stranded consensus Egr1
oligonucleotide was incubated with nuclear extracts from pCMV Egr1-transfected cells alone
(lane 2), with 100 × excess unlabeled double-stranded consensus oligonucleotide (lane 3), with
100 × excess unlabeled double-stranded mutated consensus Egr1 oligonucleotide (lane 4), or
with 700 × excess unlabeled double-stranded DBH Egr1 oligonucleotide (−243/−210) (lane
5). Lane 1 is the labeled consensus Egr1 oligonucleotide alone. Bands are indicated by * to
show the displacement by consensus Egr1 and DBH Egr1 oligonucleotides (−243/−210), but
not by the oligonucleotide with mutated Egr1. Right panel is the amplified image of the
representative gel.
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