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Abstract
The molecular basis of neuroendocrine-specific expression
of chromogranin B gene (Chgb) has remained elusive.
Utilizing wild-type and mutant Chgb promoter/luciferase
reporter constructs, this study established a crucial role for
the cAMP response element (CRE) box at )102/)95 bp in
endocrine [rat pheochromocytoma (chromaffin) cell line
(PC12) and rat pituitary somatotrope cell line (GC)] and
neuronal [rat dorsal root ganglion/mouse neuroblastoma
hybrid cell line (F-11), cortical and hippocampal primary
neurons] cells. Additionally, G/C-rich domains at )134/)127,
)125/)117 and )115/)110 bp played especially important
roles for endocrine-specific expression of the Chgb gene.
Co-transfection of expression plasmids for CREB, activator
protein-2 (transcription factor) (AP-2), early growth response
protein (transcription factor) (Egr-1) or specificity protein 1
(transcription factor) (Sp1) with the Chgb promoter constructs trans-activated expression of the Chgb gene. Nuclear extracts from either PC12 or F-11 cells formed specific

Chromogranin B (CHGB), an acidic soluble pro-protein
belonging to the chromogranin/secretogranin family, is ubiquitously expressed in endocrine, neuroendocrine and neuronal
cells (Huttner et al. 1991; Winkler and Fischer-Colbrie 1992;
Feldman and Eiden 2003; Taupenot et al. 2003). The
intracellular functions of CHGB include binding with calcium
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complexes with the Chgb ()110/)87 bp) (CRE) oligonucleotide, which were either supershifted or disrupted by antiCREB antibodies. In addition PC12 nuclear extracts also
formed a specific complex with a Chgb ()140/)104-bp)
oligonucleotide containing three G/C-rich regions, which was
dose-dependently disrupted by anti-AP-2, anti-Egr-1 or antiSp1 antibodies; indeed, any one of these three antibodies
completely abolished the complex, suggesting that all three
factors bind the region simultaneously, at least in vitro.
Chromatin immunoprecipitation assays documented the
binding of the transcription factors CREB, AP-2, Egr-1 and
Sp1 to the chromosomal Chgb gene promoter in vivo in
PC12 cells within the context of chromatin. We conclude
that the neuroendocrine-specific expression of Chgb is
mediated by the CRE and G/C boxes in cis and the transcription factors CREB, AP-2, Egr-1 and Sp1 in trans.
Keywords: cell-type specific, chromaffin, chromogranin,
PC12, transcription factors.
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and the modulation of inositol-1,4,5-trisphosphate (IP3)mediated Ca2+ release (Thrower et al. 2003; Jacob et al.
2005), biogenesis of secretory granules (Huh et al. 2003;
Beuret et al. 2004) and the sorting of secretory proteins to the
regulated secretory pathway (Natori and Huttner 1996). As a
pro-protein, CHGB is cleaved to the antibacterial peptide
secretolytin (bovine CHGB614)626) (Strub et al. 1995) and
other peptides with undetermined biological functions, including SR-17 (porcine CHGB586)602) (Depreitere et al. 2002),
CCB (human CHGB597)653) (Benjannet et al. 1987), GAWK
(human CHGB420)493) (Benjannet et al. 1987) and PE-11 (rat
Chgb552)562) (Kroesen et al. 1996).
CHGB is differentially expressed in several disease states.
Expression of CHGB is low in patients with schizophrenia
(Landen et al. 1999; Nowakowski et al. 2002), Alzheimer’s
disease (Marksteiner et al. 2002), Ammon’s horn sclerosis
(Pirker et al. 2001) and sporadic medullary thyroid carcinoma
(Scopsi et al. 1998). CHGB is over-expressed in individuals
with cortical spreading depression (Shen and Gundlach 1998),
prostate cancer (Angelsen et al. 1997), pheochromocytoma
(Stridsberg and Husebye 1997) or renal cell carcinoma (Edgren
et al. 1996). Expression of CHGB in human plasma may mark
the activity of a genetic locus inﬂuencing exocytotic sympathoadrenal activity (Greenwood et al. 2004). In addition,
polymorphisms in the CHGB gene are believed to be
associated with schizophrenia in Chinese and Japanese
populations (Zhang et al. 2002; Iijima et al. 2004).
We have previously characterized 3 kb of the mouse
chromogranin B gene (Chgb) promoter and found that tissuespeciﬁer elements involved in neuroendocrine-speciﬁc
expression of the Chgb gene reside in the proximal promoter
(from )216 to +34 bp) (Mahapatra et al. 2000). In the
present report we further narrowed down the core neuroendocrine tissue-speciﬁer region of the promoter to )166/
)91 bp, and characterized the identities of the tissue-speciﬁer
elements. Extensive in vitro (gel shift and co-activator
assays) and in vivo (chromatin immunoprecipitation assay)
experiments revealed that a functional consensus cAMP
response element (CRE) at )102/)95 bp and three G/C-rich
boxes between )134/)110 bp in cis and the transcription
factors activator protein-2 (AP-2), CRE-binding protein
(CREB), early growth response protein-1 (Egr-1) and
speciﬁcity protein 1 (Sp1) in trans mediate the neuroendocrine cell type-speciﬁc expression of Chgb.

Materials and methods
Construction, amplification and purification of mouse Chgb
promoter/firefly luciferase reporter plasmids
pGL3-Chgb56, pGL3-Chgb91, pGL3-Chgb107, pGL3-Chgb146
and pGL3-Chgb216
These plasmids contain )56/+34 bp, )91/+23 bp, )107/+23 bp,
)146/+23 bp and )216/+34 bp, respectively, of the mouse Chgb

promoter DNA between the KpnI and XhoI sites of the ﬁreﬂy
luciferase reporter plasmid pGL3-Basic (Promega, Madison, WI,
USA). Promoter position numbering is denoted in bp either
upstream (–, 5¢) or downstream (+, 3¢) of the cap (transcription
initiation, exon 1 start) site on the sense strand. Constructions of
these plasmids were described in detail in our previous report
(Mahapatra et al. 2000).
pGL3-Chgb166
pGL3-Chgb697 (Mahapatra et al. 2000) was digested with KpnI and
SanDI, the 5¢- and 3¢- overhangs were blunt-ended with mung bean
nuclease and the linear DNA was circularized by ligation. This
plasmid contains )166 to + 34 bp of the Chgb promoter.
pGL3-Chgb98
pGL3-Chgb146 was digested with KpnI and AatII, the 5¢- and 3¢overhangs were blunt-ended with mung bean nuclease, and the
linearized DNA was circularized by ligation. This plasmid contains
)98/+23 bp of the Chgb promoter.
pGL3-Chgb-mut146
To mutate the long G/C-rich sequence between )146 and )107 bp
of the mouse Chgb promoter (substituting eight A/T base pairs for
eight wild-type G/C base pairs), we synthesized the following DNA
sequence and its complementary strand. The sense oligonucleotide
contains an added KpnI (GGTACC) site near the 5¢ end, and an
internal AatII (GACGTC) site near the 3¢ end; added restriction sites
are shown underlined. The sense oligonucleotide was: 5¢-CGGGGTACC[)146 bp]
CTGGCTGTGCTTCt(C)GCa(C)CGCTGt(G)
a(C)GCa(C)Ga(C)CTCt(G)Ga(G)GCTGCTCCGTGACGTCAGGGCTG[)89 bp]-3¢. Mutations introduced into the G/C-rich region
are indicated by bold lowercase letters, followed by the wild-type
letters in parentheses. The two oligonucleotide strands were
annealed, digested with KpnI and AatII followed by ligation
between the KpnI and AatII sites of the pGL3-Chgb146 plasmid.
The resulting plasmid thus contains )146/+23 bp of the Chgb
promoter with mutations between )146 and )107 bp.
pGL3-Chgb56 plus () 166/)146) and pGL3-Chgb56 plus
()134/)107)
We transferred two upstream promoter domains (either )166/
)146 bp or )134/)107 bp) in the correct (normal, 5¢ ﬁ 3¢)
orientation, just upstream of the Chgb promoter base at )56 bp. The
forward and reverse strands of the )166/)146- and )134/)107-bp
regions of the mouse Chgb promoter were synthesized (Genset
Corp., La Jolla, CA, USA), annealed together and digested with
KpnI (added at the 5¢-end of the oligonucleotides) and SmaI (added
at the 3¢-end of the oligonucleotides). The DNA fragments were
then ligated with the large fragment of the KpnI- and SmaI-digested
and calf intestinal phosphatase (New England Biolabs, Beverly,
MA, USA)-treated vector pGL3-Chgb697. The resulting plasmids
contain the regions from )166 to )146 bp and from )134 to
)107 bp immediately upstream of )56 bp of the Chgb promoter; in
the downstream promoter region, these plasmids span up to +34 bp.
pGL3-Chgb()134/)107) and pGL3-Chgb()107/)134)
The forward and reverse strands of the )134/)107-bp region of the
mouse Chgb promoter, with added XhoI sites at both ends, were
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synthesized by Operon Technologies (Alameda, CA, USA),
annealed together, digested with XhoI and inserted at the SalI site
of the pGL3-Basic vector. Two orientations of insert were obtained –
one type has the )134/)107-bp (sense) orientation, whereas the
other type has the )107/)134-bp (reverse) orientation of this 28-bp
region at the downstream end (SalI site) of the SV40 late poly A
signal for the ﬁreﬂy luciferase reporter gene sequence.
Correct structures and orientations of all the constructs and
inserts were veriﬁed by DNA sequencing using pGL3-Basic vector
speciﬁc primers, e.g. RVprimer3, GLprimer2 and RVprimer4
(Promega).
Plasmid constructs were ampliﬁed in Escherichia coli DH5a, and
supercoiled plasmid DNA molecules for transfection were puriﬁed
using Qiagen columns (QIAGEN Inc., Chatsworth, CA, USA).
Cell culture and transfection
Cell lines
Rat pheochromocytoma (chromafﬁn) PC12 cells at passage 8
(Greene and Tischler 1976) were obtained from Dr David Schubert
(Salk Institute, La Jolla, CA, USA). The cells were grown in
Dulbacco’s modiﬁed Eagle/high-glucose medium supplemented
with 5% heat-inactivated fetal bovine serum, 10% heat-inactivated
horse serum (Gemini Bio-products, Woodland, CA, USA),
100 U/mL penicillin G and 100 lg/mL streptomycin (Invitrogen,
Carlsbad, CA, USA) at 37C, 6% CO2, in either 10-cm plates or
12-well plates. The rat pituitary somatotrope cell line GC (Tashjian
et al. 1968) was obtained from Dr Michael Karin (University of
California, San Diego, CA, USA). The rat dorsal root ganglion/
mouse neuroblastoma hybrid cell line F-11 (Francel et al. 1987) was
obtained from Dr G. Dawson (University of Chicago, IL, USA).
As a control cell line, the monkey kidney ﬁbroblast cell line COS-1
(SV40 T antigen-transformed kidney ﬁbroblast cells) was obtained
from the ATCC. GC, F-11 and COS-1 cell lines were grown
in DME/high-glucose medium supplemented with 10% heatinactivated fetal bovine serum and 100 U/mL penicillin G and
100 lg/mL streptomycin at 37C, 6% CO2.
Mouse hippocampal and cortical neurons in primary culture
Plates (12-well) were coated overnight with 0.5 mg/mL polyethyleneimine (Sigma, St Louis, MO, USA) followed by 5 mg/mL
laminin (BD Biosciences, Bedford, MA, USA) for 2 h. Hippocampus was dissected from postnatal day 1 mice (129SvJ/C57BL
background) brain and kept in cold GBP medium [0.45% glucose
and 0.1% bovine serum albumin (BSA; Sigma) in phosphatebuffered saline (PBS; Gibco-Invitrogen, Gaithersburg, MD,
USA)]. Hippocampi were incubated with papain (10 U/mL)
(Worthington, Lakewood, NJ, USA) and DNase I (5 mg/mL)
(Sigma) in GBP for 20 min at 37C. Cells were dissociated using
a heat-polished Pasteur pipette and incubated at 37C suspended
in 10% fetal calf serum (FCS; Gemini Bio-Products, Woodland,
CA, USA) and 1% penicillin-streptomycin-glutamine (PSG;
Gibco-Invitrogen) in Dulbecco’s modiﬁed Eagle’s medium
(DMEM; Gibco-Invitrogen) (FCS-PSG-DMEM). After 2 h cells
were suspended in 2% Neurobasal-supplement (B-27; GibcoInvitrogen) and 1% PSG in Neurobasal medium (Gibco-Invitrogen), plated at 5 · 104 cells in 0.5 mL/well and incubated (in a
5% CO2 incubator) for 4 days at 37C. Cells were washed with
Neurobasal media (1 mL/well) before experiments.

Either PC12 cells or primary neurons were transfected with the
Chgb promoter/ﬁreﬂy luciferase reporter constructs by the polycationic method (Superfect; QIAGEN Inc.) as described previously
(Mahapatra et al. 2000). In some experiments transcriptional
activator expression plasmids were co-transfected: pCI-CREB
(Costa et al. 2000), which contains human CREB cDNA under
the regulation of the CMV promoter, obtained from Dr Robert
Medcalf (Monash University, Victoria, Australia); pCMV-Egr-1
(Gupta et al. 1991), containing the entire human Egr-1 cDNA under
the control of CMV promoter, obtained from Dr Dona Wong
(Harvard Medical School, Boston, MA, USA); pEVR2/Sp1 (Hagen
et al. 1994), containing the human full-length Sp1 cDNA fused to
the CMV promoter, from Dr Guntram Suske (Institut für Molekularbiologie und Tumorforschung, Philipps-Universität Marburg,
Marburg, Germany); and pSAP-2, encoding human AP-2 under the
control of the b-globin promoter, provided by Dr Lee Helman
(National Cancer Institute, Bethesda, MD, USA). In the cotransfection experiments, either pCI-Neo (Promega) or pFC2-dbd
(Stratagene, La Jolla, CA, USA) were used as balancing plasmids to
make the DNA quantities equal among the different transfection
mixtures.
To control for transfection efﬁciency, we co-transfected the pRLTK plasmid (Promega) in which the herpes simplex virus thymidine
kinase (HSV-TK) promoter drives the expression of Renilla
luciferase. A mass ratio of 100 : 1 for Chgb promoter/ﬁreﬂy
luciferase reporter plasmids: pRL-TK promoter/Renilla luciferase
plasmid was used in these co-transfection experiments. The ﬁreﬂy
and Renilla luciferase activities were measured using the Dual
Luciferase reporter assay system (Promega) as described previously (Mahapatra et al. 2000).
Preparation of nuclear extracts
Cells were grown in 10-cm diameter tissue culture plates and
nuclear extracts were prepared using a nuclear extract kit (Active
Motif, Carlsbad, CA, USA) with slight modiﬁcations. In brief, after
aspiration of the medium, cells were washed once with ice-cold
PBS/phosphatase inhibitor buffer (that contained 6 mM NaF, 12 mM
b-glycerophosphate, 12 mM para-nitrophenyl phosphate and 1.2 mM
NaVO3), scraped off the plates, collected in 1.5 mL of ice-cold PBS/
phosphatase inhibitor buffer, and centrifuged at 100 g for 3 min.
The cell pellet was resuspended in 0.5 mL hypotonic buffer (20 mM
Hepes, pH 7.5, 5 mM NaF, 10 lM Na2MoO4 and 0.1 mM EDTA),
incubated on ice for 15 min, vortexed and lysed for 10 s with 25 lL
of 10% Nonidet P-40, centrifuged for 30 s at 21 000 g at 4C. The
pellet containing the nuclei was suspended by pipetting and
vortexing in 50 lL of manufacturer’s complete lysis buffer, which
included protease inhibitors and dithiothreitol (DTT). The suspension was incubated on ice for 30 min with vortexing for 10–15 s
every 10 min. After a ﬁnal vortexing of 30 s, the suspension was
centrifuged for 10 min at 21 000 g at 4C. The nuclear extract
supernatants were stored at )70C in aliquots until use. Protein
concentrations of the nuclear extracts were measured by the Bio-Rad
coomassie blue protein assay reagent (Bio-Rad Laboratories,
Hercules, CA, USA).
Electrophoretic mobility shift assay (EMSA)
The following oligonucleotides and their complementary strands
were synthesized and polyacrylamide gel electrophoresis (PAGE)-
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puriﬁed by Genset Corp. (now Sigma-Proligo, Boulder, CO, USA):
Chgb ()110/)87), 5¢-CTGCTCCGTGACGTCAGGGCTGAG-3¢
(in which the CRE sequence TGACGTCA shown in bold); mutated
Chgb ()110/)87), 5¢-CTGCTCCGTG–GTCAGGGCTGAG-3¢ (in
which the di-nucleotide AC was deleted from the CRE site as shown
by –); and Chgb ()140/)104), 5¢-GTGCTTCCGCCCGCTGGCGCCGCCTCGGGGCTGCTCC-3¢ (in which the G/C-rich
sequences shown in bold are potential binding sites for the
transcription factors AP-2, Egr-1 and Sp1).
An oligonucleotide with two consensus binding sites (shown in
bold) for Egr-1 (5¢-GGATCCAGCGGGGGCGAGCGGGGGCGA-3¢) and its complementary strand were also synthesized and
PAGE-puriﬁed by Genset. The oligonucleotides and their complementary strands were annealed as previously described (Mahapatra
et al. 2003). The following double-stranded oligonucleotides with
consensus binding sites (shown in bold) for the transcription factors
AP-1 (5¢-CGCTTGATGAGTCAGCCGGAA-3¢), AP-2 (5¢-GATCGAACTGACCGCCCGCGGCCCGT-3¢), CREB (5¢-AGAGATTGCCTGACGTCAGAGAGCTAG-3¢) and Sp1 (5¢-ATTCGATCGGGGCGGGGCGAGC-3¢) were purchased from Promega. The
double-stranded oligonucleotides were end-labeled with [c-32P]ATP
using T4 polynucleotide kinase (Promega) and puriﬁed as described
previously (Mahapatra et al. 2003).
For EMSA, 2 lg of a nuclear protein extract was pre-incubated
with binding buffer (10 mM Tris-HCl, pH 7.5, 50 mM NaCl, 1 mM
MgCl2, 0.5 mM EDTA, 0.5 mM DTT, 0.05 lg/lL poly-dI-dC and
5% glycerol) for 10 min at room temperature (20C), followed by
incubation with 20 fmol of radiolabeled oligonucleotide for 20 min
at room temperature (20C). In competition experiments, nuclear
extracts were incubated for 10 min with excess cold oligonucleotides prior to the addition of the labeled oligonucleotide.
The reaction mixtures were then analyzed on 1-mm thick,
non-denaturing polyacrylamide (5% acrylamide, 37.5 : 1 acrylamide : bisacrylamide) gels that contained 2.5% glycerol and 0.5X
TBE. The gels were ﬁxed, dried and autoradiographed.
For supershift/inhibition studies, the following ‘TransCruz’
antibodies (speciﬁcally formulated for gel shift experiments) from
Santa Cruz Biotechnology (Santa Cruz, CA, USA) were used:
anti-AP-2a (C)18; afﬁnity puriﬁed rabbit polyclonal antibody
that recognizes AP-2a, AP-2b and AP-2 c); anti-CREB-1 (C-21;
afﬁnity puriﬁed rabbit polyclonal antibody that recognizes CREB1 p43, ATF-1 and CREM-1); anti-CREB-1 (24H4B; mouse
monoclonal antibody that reacts with CREB-1 p43); anti-Egr-1
(588; afﬁnity puriﬁed rabbit polyclonal antibody that speciﬁcally
reacts with Egr-1) and anti-Sp1 (PEP 2; rabbit afﬁnity puriﬁed
polyclonal antibody that recognizes both p95 and p106 Sp1
proteins). Nuclear protein extract with binding buffer was
incubated with 1–2 lL of an antibody for between 45 min and
1 h at 4C, followed by incubation with the radiolabeled
oligonucleotide for 20 min at room temperature (20C). The
reaction mixtures were then electrophoresed; gels were dried and
autoradiographed.
Chromatin immunoprecipitation (ChIP) assay
Chromatin in PC12 cells was fragmented by Sau3AI and ﬁxed with
formaldehyde. Immunoprecipitation was carried out using the ChIP
assay kit from Upstate Biotechnology (Lake Placid, NY, USA)
following the procedure described previously (Mahapatra et al.

2003). The following afﬁnity-puriﬁed rabbit antibodies from Santa
Cruz Biotechnology were used for immunoprecipitation: anti-AP-2a
(C)18), anti-CREB-1 (C-21); anti-Egr-1 (588), anti-Sp1 (PEP 2).
Pre-immune rabbit IgG (Santa Cruz Biotechnology) was used as
control.
The immunoprecipitated DNA samples were analyzed by PCR
using the primer pair: 5¢-GATCTACAGCACCTGGCGTCC-3¢ and
5¢-TGAAGGGCAGGCGGGGTG-3¢. The amplicon encompasses
the CRE (at )102/)95 bp) and three potential binding sites for AP-2,
Egr-1 or Sp1 (at )134/)127, )125/)117 and )115/)110 bp). As a
negative control for PCR, water was added instead of the immunoprecipitated chromatin fragments.
Data presentation and statistics
Promoter/reporter transient transfections were carried out either
three or four times and results were expressed as mean ± SEM.
Statistical signiﬁcance was calculated using the student’s t-test and
signiﬁcance was determined at the p < 0.05 level. The EMSA and
ChIP experiments were repeated at least three times and one
representative result was shown for each set of experiments.

Results

Promoter domains that mediate the tissue-specific
expression of Chgb
We reported that )216/+34 bp region of the mouse Chgb
promoter was sufﬁcient for cell-type-speciﬁc expression of
the gene in endocrine, neuroendocrine and neuronal cell lines
(Mahapatra et al. 2000). To reﬁne the minimal sequence
required for tissue speciﬁcity, we examined the expression of
Chgb promoter deletion/ﬁreﬂy luciferase reporter constructs
downstream of )216 bp in endocrine (PC12 and GC),
neuronal (F-11, primary cultures of mouse cortical and
hippocampal primary neurons) and control (COS-1) cells/
lines. We found that the )166/+23-bp construct displayed
essentially the full promoter activity in all cells except the
control COS-1 ﬁbroblast cells, which showed insigniﬁcant
activity among the promoter deletion constructs (Fig. 1).
The three crucial domains )166/)147, )146/)108 and
)107/)92 bp differed in their expressions between endocrine
and neuronal cells: the )166/)147-bp domain displayed 1.4–
1.6-fold and 2.4–2.5-fold higher expressions over )146/
)108 bp in endocrine and neuronal cells, respectively;
whereas the )146/)108-bp domain showed 2.5–2.8-fold
higher expressions over )107/)92 bp in endocrine cells, the
expression in neuronal cells did not differ between these
domains; the )107/)92-bp domain displayed higher expressions (3.3–4.4-fold) over the )91/)57-bp domain in endocrine
and neuronal cells (Fig. 1). Note that the consensus CRE motif
(the binding site for the transcription factor CREB) at )102/
)95 bp (TGACGTCA) resides within the )107/)92-bp
domain (see Fig. 1 for a schematic representation).
To get a better insight into the functional signiﬁcance of
motifs in these particular promoter regions, we transferred
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Fig. 1 Activity of mouse Chgb 5¢-promoter
deletion/luciferase reporter constructs in
endocrine (PC12 and GC) and neuronal
(F-11, cortical and hippocampal primary
neurons) vs. control fibroblast COS-1 cell
lines. Chgb promoter deletion/luciferase
reporter constructs were transfected into
the cells, along with the control plasmid
pRL-TK expressing the Renilla luciferase.
Cells were harvested 18–20 h after transfection and luciferase assays on the cell
extract were performed using the Dual
Luciferase assay kit (Promega). The results
are expressed as ratios of firefly/Renilla
luciferase activities and are the mean ±
SEM (n ¼ 3 transfections for each construct). RLU, relative light units.

either the )166/)146-bp region or the )134/)107-bp region
directly upstream of a minimal TATA-containing Chgb
promoter ()56/+34 bp) fused to a luciferase reporter; the
basal expression of the )56/+34-bp promoter/reporter
(pGL3-Chgb56) is no more than the promoterless vector
pGL3-Basic denoted as ‘none’ in Fig. 2. In the mouse Chgb
promoter, the TATA box (TTCATAA) is at )33/)27 bp
upstream of the cap site. When neuronal F-11 cells were
transfected, pGL3-Chgb56 plus ()166/)146) showed 3.0fold higher luciferase activity than pGL3-Chgb56 alone, but
less augmentation (1.6-fold increase) for pGL3-Chgb56 plus
()134/)107) was observed (Fig. 2). In either the endocrine
PC12 or GC cells (Fig. 2), pGL3-Chgb56 plus ()134/)107)
showed 3.5–4.3-fold higher expression, whereas the effects
of pGL3-Chgb56 plus ()166/)146) were more modest (1.5–
2.2-fold). In the non-neuroendocrine COS-1 cells, no signiﬁcant effects of either )166/)146 or )134/)107 bp on Chgb

expression were detected (Fig. 2). These results suggest the
particular importance of the )166/)146-bp region for
neuronal cells (F-11), whereas the )134/)107-bp region
seems to be more important for endocrine (PC12 and GC)
cells. Of note, these regions contain G/C-rich boxes (which
are likely to be binding sites for the transcription factors
AP-2, Egr-1 and Sp1) within the )146/)108-bp domain, but
no consensus transcription factor binding sites lie within the
)166/)147-bp domain. Therefore, we concentrated our
studies on the )146/)108-bp and )107/)92-bp promoter
domains.
The CRE box is a necessary tissue-specific element for
Chgb expression in endocrine and neuronal cells
To evaluate the role of the CRE, we used three promoter/
reporter constructs (Fig. 3) containing: the intact CRE
[)102]TGACGTCA[)95] in pGL3-Chgb107; a half-CRE
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Fig. 2 Effect of the Chgb promoter domains
)134/)107 bp and )166/)146 bp on promoter activity in PC12, GC and F-11 cells
vs. control fibroblast COS-1 cell lines. Promoter fragment/luciferase reporter constructs were transfected into the cells, along
with the control plasmid pRL-TK expressing
the Renilla luciferase. Cells were harvested
18–20 h after transfection and luciferase
assays were performed. Schematic maps of
these constructs are shown at top of the
figure. The results are expressed as ratios
of firefly/Renilla luciferase activities and are
the mean ± SEM (n ¼ 3 transfections for
each construct). RLU, relative light units;
‘None’, promoterless vector, pGL3-Basic.

[)98]GTCA[)95] (pGL3-Chgb98); or deletion of the CRE
(pGL3-Chgb91).
Deletion of the CRE box (in pGL3-Chgb91) caused major
decrements in Chgb expression in PC12 (70%), GC
(70%) or F-11 (74%) cells as compared with the
expression of pGL3-Chgb107 (with intact CRE).
Half-CRE diminished Chgb expression (as compared with
the intact CRE) in PC12 (50%), GC (60%) or F-11
(30%) cell lines (Fig. 3). No noticeable change in the very
low basal Chgb expression was seen after transfection of
these constructs into the control COS-1 cell line (Fig. 3).
Each of these results reinforces the role of the CRE as a
necessary tissue-speciﬁc element for Chgb expression in
endocrine and neuronal cells.

The G/C-rich region, encompassing )146/)108 bp,
confers tissue-specific expression of the Chgb gene
in endocrine cells, but not in neurons.
The Chgb promoter region )146/)108 bp contains three G/Crich domains that extend from )134/)127, )125/)117 and
)115/)110 bp (Figs 1 and 4). These G/C-region bases in
pGL3-Chgb146 were systematically mutated to either A or T
(yielding pGL3-Chgb-mut146) to probe the role of such
domains in conferring tissue-speciﬁc expression of the Chgb
gene (Fig. 4). PC12, GC, F-11 and COS-1 cells were
transfected with wild-type (pGL3-Chgb146) and G/C-mutated
(pGL3-Chgb-mut146) plasmids. The G/C ﬁ A/T mutations
substantially diminished (60–70%) the Chgb promoter
strength in endocrine (PC12 and GC) cells, but no signiﬁcant
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crine PC12 and GC cells (by 2.4–4.2-fold, compared with the
luciferase reporter vector pGL3-Basic alone) (Fig. 5a). However, no signiﬁcant increase in the luciferase activity was
observed in either F-11 or COS-1 cells (Fig. 5a), suggesting
speciﬁcity of the enhancer element in the )134/)107-bp
domain of the Chgb promoter for endocrine (though not
neuronal) cells. The differential effect of the G/C-rich region to
augment Chgb promoter expression in endocrine (PC12) >
neuronal (F-11) cells also found a parallel in neurite differentiated PC12 cells by nerve growth factor (NGF) (Fig. 5b): the
motif (in either orientation) increased expression by 5-fold in
naive PC12 cells, but the increase was far less pronounced
(indeed, diminished by 42–45%) after NGF treatment.
Interaction of nuclear proteins with Chgb promoter
domains

Fig. 3 Effect of mutation within the CRE box of the Chgb promoter on
the promoter activity in PC12, GC and F-11 cells vs. control fibroblast
COS-1 cell lines. Plasmid pGL3-Chgb107 contains the intact CRE
box, at ) 102/)95 bp, and in pGL3-Chgb98 the 5¢ portion of the
CRE box is deleted (TGAC, at ) 102/)99 bp). In pGL3-Chgb91 the
entire CRE box is deleted. The plasmid constructs were transfected
into the cells, along with the control plasmid pRL-TK expressing the
Renilla luciferase. Cells were harvested 18–20 h after transfection and
luciferase assays were performed. The results are expressed as ratios
of firefly/Renilla luciferase activities and are the mean ± SEM (n ¼ 3
transfections for each construct). RLU, relative light units. The upper
panel shows schematic maps of the constructs indicating the specific
differences in the CRE domain. The lower panel shows the expression
of these constructs in different cell types.

reduction of promoter activity in either the neuronal F-11 or
kidney ﬁbroblast COS-1 cells was observed (Fig. 4).
Enhancer elements in the Chgb promoter domain
from )134 to )107 bp
To explore whether the crucial endocrine tissue-speciﬁer
domain from )134 to )107 bp (Fig. 2) harbors ‘enhancer’
elements, we transfected PC12, GC, F-11 and COS-1 cell
lines with pGL3-Chgb() 134/)107) and pGL3-Chgb() 107/
)134): Chgb promoter/luciferase reporter constructs that
contain the domain )134/)107 bp (or )107/)134 bp, in the
reverse orientation) at the distant SalI site 268-bp downstream of the luciferase stop codon in the pGL3-Basic vector,
schematically shown in Fig. 5(a).
Even at a distance, and in either orientation, the G/C-rich
)134/)107-bp element enhanced luciferase activity in endo-

Endocrine PC12 cells
As the CRE and G/C-rich domains appeared to be important
for the expression of Chgb in endocrine cell lines (Figs 1–5),
we evaluated the binding of PC12 nuclear extract proteins to
double-stranded oligonucleotides representing these domains
(Figs 6–8).
Radiolabeled Chgb ()110/)87 bp) (containing the CRE site
at [-102 bp]TGACGTCA[-95 bp]) oligonucleotide formed
two speciﬁc (displaceable) complexes with PC12 nuclear
proteins (Fig. 6). The formation of speciﬁc complexes was
dose-dependently inhibited either by an excess of unlabeled
Chgb ()110/)87-bp) oligonucleotide (Fig. 6a, lanes 2–5) or
by a consensus CRE oligonucleotide (Fig. 6a, lane 8), but
neither by even a 90-fold molar excess of the unlabeled
Chgb-mut()110/)87-bp) oligonucleotide (in which the CRE
site is mutated by the deletion of the di-nucleotide
[)100 bp]AC[)99 bp]; Fig. 6a, lane 6), nor by a 90-fold
molar excess of unlabeled consensus AP-1 oligonucleotide
(Fig. 6a, lane 7), indicating the CRE speciﬁcity of those two
complexes. As the formation of a third, faster-migrating
complex was abolished by the addition of a 90-fold molar
excess of the unlabeled Chgb-mut() 110/)87-bp) oligonucleotide we consider this complex to be non-speciﬁc with
respect to CRE motif/CREB binding (Fig. 6a, lane 6),
although other factors might be binding speciﬁcally to nonCRE portions of the oligonucleotide. Moreover, when PC12
nuclear extract was incubated with radiolabeled Chgb
()110/)87 bp) in the presence of anti-CREB antibodies, the
speciﬁc complexes were either ‘supershifted’ by antibody
24H4B (Fig. 6b, lane 2 ﬁ 3) or almost completely inhibited
by antibody anti-CREB-1 (Fig. 6b, lane 2 ﬁ 4). These
observations clearly suggest an important role of the transcription factor CREB in PC12 cells for Chgb expression.
We also investigated the binding of PC12 nuclear
proteins to the more proximal G/C-rich promoter region
(radiolabeled Chgb )140/)104 bp), containing potential
binding sites for the transcription factors AP-2/Egr-1/Sp1 at
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Fig. 4 Effect of mutations at the potential
AP-2/Egr-1/Sp1 binding sites in the Chgb
promoter on gene expression in PC12, GC
and F-11 cells vs. control fibroblast COS-1
cell lines. The plasmid constructs were
transfected into the cells, along with the
control plasmid pRL-TK expressing the
Renilla luciferase. Cells were harvested 18–
20 h after transfection and luciferase
assays were performed. The results are
expressed as ratios of firefly/Renilla luciferase activities and are the mean ± SEM
(n ¼ 3 transfections for each construct).
RLU, relative light units. The upper panel
shows schematic maps of the constructs
indicating the wild-type as well as mutated
AP-2/Egr-1/Sp1 binding sites. Mutated
nucleotides are shown in bold. The lower
panel shows the expression of these constructs in different cell types.

)134/)127, )125/)117 and )115/)110 bp. We observed
formation of a speciﬁc protein/DNA complex that was
dose-dependently inhibited by unlabeled Chgb ()140/
)104 bp) oligonucleotide (Fig. 7a, lanes 2–5), but not by
unlabeled consensus CRE oligonucleotide used as a negative control (Fig. 7a, lane 6). The G/C-rich complex
formation was substantially (70–90%) inhibited by a 90fold molar excess of unlabeled consensus AP-2, Egr-1 or
Sp1 oligonucleotides (Fig. 7a, lanes 7–9), and the displacement was especially marked for Egr-1 (Fig. 7a, lane 9).
Complex formation between Chgb )140/)104 bp and
PC12 nuclear proteins was dose-dependently inhibited
(Fig. 7b) by the anti-AP-2 (60–95% inhibition), antiEgr-1 (80–95% inhibition) or anti-Sp1 (70–95%
inhibition) antibodies, suggesting the involvement of the
transcription factors AP-2, Egr-1 and Sp1 in the neuroendocrine expression of Chgb. At a low dose (1 lg) of
antibody, disruption of the complex was most apparent for
anti-Egr-1 (Fig. 7b, lane 5). However, any one of the three
antibodies (against Sp1, Egr1 or Ap2) could abolish the
entire complex, suggesting that all three factors bind at once
to the )140/)104-bp region, at least in vitro.
Neuronal F-11 cells
As the CRE region appears to be crucial for the expression of
Chgb in F-11 cells (Figs 1 and 3), we evaluated the binding
of F-11 nuclear cell extracts with a double-stranded radiolabeled Chgb ()110/)87-bp) oligonucleotide. We found the
formation of two speciﬁc complexes that were inhibited by
either the unlabeled Chgb ()110/)87 bp) oligonucleotide
(Fig. 8a, lanes 2–5) or the unlabeled consensus CRE
oligonucleotide (Fig. 8a, lane 8), but neither by the unlabe-

led Chgb-mut() 110/)87-bp) oligonucleotide (Fig. 8a,
lane 6) nor by the unlabeled consensus AP-1 oligonucleotide
(Fig. 8a, lane 7). The major speciﬁc complex was completely
abolished and the minor speciﬁc complex was partially
inhibited by anti-CREB antibody (Fig. 8a, lane 9), suggesting the participation of the transcription factor CREB in the
neuronal expression of Chgb.
Control COS-1 cells
We tested the binding, if any, of nuclear proteins from COS-1
ﬁbroblasts with the double-stranded radiolabeled Chgb ()110/
)87-bp) oligonucleotide. A non-speciﬁc complex is formed
that is completely inhibited not only by the unlabeled Chgb
()110/)87-bp) oligonucleotide (Fig. 8b, lanes 2–5) and the
unlabeled consensus CRE oligonucleotide (Fig. 8b, lane 8),
but also by the unlabeled Chgb-mut() 110/)87-bp) oligonucleotide (Fig. 8b, lane 6) and by the unlabeled consensus AP-1
oligonucleotide (Fig. 8b, lane 7). The complex formation was
only partially affected by anti-CREB antibody (Fig. 8b,
lane 9). Likewise, no speciﬁc complex formation took place
when COS-1 nuclear extract was incubated with radiolabeled
Chgb ()140/)104-bp) oligonucleotide (data not shown).
These observations are consistent with the promoter/reporter
results (Figs 1–5) and our previous ﬁndings (documenting an
absence of Chgb mRNA in COS-1 cells by northern blot
analysis; Mahapatra et al. 2000), which indicate that the
expression of Chgb in COS-1 cells is minimal.
Transcription factors CREB, AP-2, Egr-1 and Sp1 transactivate Chgb promoter activity in endocrine PC12 cells
Because the crucial promoter domains for the endocrine cell
type-speciﬁc expression of Chgb spanned the consensus
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binding site (at )102/)95 bp) for CREB and the likely
binding sites for AP-2, Egr-1 and Sp1 (between )134/
)110 bp), we explored whether co-transfection of transacting factor expression plasmids would enhance Chgb
promoter activity in PC12 cells.
We tested the effect of co-transfection of the CREBexpression plasmid pCI-CREB (CMV promoter driving
CREB expression) with pGL3-Chgb107 in addition to the
pRL-TK plasmid for control of transfection efﬁciency. As the
(a)

‘balancing’ plasmid (to assure equivalent total quantities of
DNA in each transfection), the ‘empty’ vector pCI-Neo
(Promega) was used in these experiments. We found that
pCI-CREB dose-dependently increased (2.3–4.8-fold) the
expression of the Chgb promoter (Fig. 9a).
In another set of experiments, we transfected PC12 cells
with pGL3-Chgb146 along with pSAP-2 (b-globin promoter
driving AP-2 expression), pCMV-Egr-1 (expressing Egr-1)
or pEVR2/Sp1 (CMV promoter driving the expression of
Sp1), and measured reporter expression (luciferase activity).
We co-transfected pRL-TK plasmid (Promega) as a control
for transfection efﬁciency. As a ‘balancing’ plasmid in these
transfections, the ‘empty vector’ pFC2-dbd (Stratagene) was
used. Over-expression of each of these transcription factors
augmented Chgb promoter activity in a dose-dependent
fashion: 1.7–5.2-fold for AP-2, 2.4–9.9-fold for Sp1 and 1.5–
5.5-fold for Egr-1 (Figs 9b–d).
These results suggest that multiple transcription factors
(CREB, AP-2, Egr-1 and Sp1) are functional in triggering
neuroendocrine cell type-speciﬁc expression of Chgb.
Binding of transcription factors to the chromosomal/
endogenous Chgb promoter: ChIP assays
To investigate whether the transcription factors CREB, AP-2,
Egr-1 and Sp1 bind with the chromosomal (endogenous) Chgb
promoter in endocrine cells (i.e. in the context of chromatin
in vivo), we utilized ChIP assays with formaldehyde crosslinked chromatin fragments from PC12 cells. Afﬁnity puriﬁed
antibodies (recommended for immunoprecipitation experiments by the manufacturer) raised against each of these
transcription factors (viz. CREB-1, AP-2a, Egr-1 and Sp1)
precipitated the endogenous Chgb promoter fragment, as

(b)

Fig. 5 (a) The presence of cell type-specific enhancer elements in the
Chgb promoter. The plasmid constructs were transfected into the
cells, along with the control plasmid pRL-TK expressing the Renilla
luciferase. Cells were harvested 18–20 h after transfection and luciferase assays were performed. The results are expressed as ratios of
firefly/Renilla luciferase activities and are the mean ± SEM (n ¼ 3
transfections for each construct). RLU, relative light units. The upper
panel shows schematic maps of the constructs indicating the orientations of the region between )134 and )107 bp of the Chgb promoter
at the SalI site of the vector. Ampr, ampicillin resistance marker; luc,
luciferase gene; MCS, multi cloning site. The lower panel shows the
expression of the vector plasmid pGL3-Basic and the constructs in
different cell types. (b) The effect of NGF treatment on the endocrine
cell type-specific enhancer elements. PC12 cells were treated with
NGF (100 ng/mL) for 4 days and transfected with the constructs
pGL3-basic, pGL3-Chgb()134/)107 bp) and pGL3-Chgb()107/
)134 bp) along with the transfection control plasmid pRL-TK. NGF
treatment was continued and the cells were harvested 18–20 h after
transfection for firefly and Renilla luciferase assays. PC12 cells without NGF treatment were also transfected in parallel to demonstrate the
effect of NGF. The results were expressed as the mean ± SEM (n ¼ 4
transfections per condition) firefly/Renilla luciferase activities.
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(a)

(a)

Radiolabeled Chgb (-140/-104 bp) oligonucleotide:
10x unlabeled Chgb (-140/-104 bp) oligonucleotide:
30x unlabeled Chgb (-140/-104 bp) oligonucleotide:
90x unlabeled Chgb (-140/-104 bp) oligonucleotide:
90x unlabeled consensus CRE oligonucleotide:
90x unlabeled consensus Sp1 oligonucleotide:
90x unlabeled consensus AP-2 oligonucleotide:
90x unlabeled consensus Egr-1 oligonucleotide:

(b)

(b)

-

Fig. 6 Electrophoretic mobility shift assays demonstrating complex
formation between the CRE domain of the Chgb promoter and the
nuclear protein CREB in PC12 cells. (a) A competition experiment with
unlabeled oligonucleotides. Lane 1, no nuclear protein; lane 2, no
unlabeled competitor; lanes 3–5, 10–90-fold molar excess of unlabeled Chgb ()110/)87 bp) oligonucleotide (containing the CRE site);
lane 6, unlabeled mutated Chgb ()110/)87 bp) oligonucleotide (in
which the di-nucleotide [)100 bp]AC[)99 bp] was deleted from the
CRE site); lane 7, unlabeled consensus AP1 oligonucleotide; lane 8,
unlabeled consensus CRE oligonucleotide. The specific (displacable)
and non-specific (non-displacable) nuclear protein–oligonucleotide
complexes are indicated by arrows. (b) ‘Supershift’ (or inhibition) of
nuclear protein–oligonucleotide complex. Lane 1, no nuclear extract;
lane 2, no antibody; lane 3, anti-CREB-1 (24H4B), which recognizes
CREB-1 p43, ATF-1 and CREM-1; lane 4, anti-CREB-1 that reacts
with CREB-1 p43. Specific and non-specific nuclear protein–oligonucleotide complexes, as well as ‘supershifts’ of the specific complexes,
are indicated by horizontal arrows (ﬁ).

detected by subsequent PCR ampliﬁcation of the )215/)30-bp
region of the Chgb promoter (Fig. 10, lanes 4–7). The identity
of the PCR-products were conﬁrmed by DNA sequencing.
Speciﬁcity of the antibody-transcription factor complexes
was conﬁrmed by the observation that pre-immune IgG
failed to precipitate the Chgb fragment (Fig. 10, lane 3). As a
positive control, all the chromatin fragments prior to
immunoprecipitation (‘input DNA’) were used in a PCR
reaction that ampliﬁed the 186-bp DNA fragment (Fig. 10,
lane 2). On the other hand, as another negative control, when
water was added to the PCR mixture instead of the
immunoprecipitated chromatin fragments no product was
obtained (Fig. 10, lane 8).

Radiolabeled Chgb (-140/-104 bp) oligonucleotide:
anti-Sp1 (1 µg/reaction):
anti-Sp1 (2 µg/reaction):
anti-Egr-1 (1 µg/reaction):
anti-Egr-1 (2 µg/reaction):
anti-AP-2 (1 µg/reaction):
anti-AP-2 (2 µg/reaction):

Fig. 7 Electrophoretic mobility shift assays demonstrating complex
formation between the G/C-rich, potential Sp1/Egr-1/AP-2 binding domain of Chgb promoter and the nuclear proteins Sp1, Egr-1 and AP-2 in
PC12 cells. (a) A competition experiment with unlabeled oligonucleotides. Lane 1, no nuclear protein; lane 2, no unlabeled competitor;
lanes 3–5, 10–90-fold molar excess of unlabeled Chgb ()140/)104 bp)
oligonucleotide; lane 6, unlabeled consensus CRE oligonucleotide
(used as a control); lane 7, unlabeled consensus Sp1 oligonucleotide;
lane 8, unlabeled consensus AP-2 oligonucleotide; lane 9, unlabeled
consensus Egr-1 oligonucleotide. The specific nuclear protein–oligonucleotide complex is indicated by a horizontal arrow ( ﬁ ). (b) The
inhibition of nuclear protein–oligonucleotide complex. Lane 1, no
nuclear extract; lane 2, no antibody; lanes 3 and 4, anti-Sp1 (which
recognizes both p95 and p106 Sp1 proteins); lanes 5 and 6, anti-Egr-1
(which specifically reacts with Egr-1); lanes 7 and 8, anti-AP-2 (which
recognizes AP-2a, AP-2b and AP-2c). The specific nuclear protein–
oligonucleotide complex is indicated by an arrow ( ﬁ ).

Discussion

Overview and the role of G/C-rich elements in Chgb
expression
The important ﬁnding about Chgb transcription in these
studies is that the proximal G/C-rich domain ()146/)108 bp;
with likely binding sites for the transcription factors AP-2,
Egr-1 and Sp1) of the promoter plays a crucial role in the
expression of the Chgb gene in endocrine (PC12 and GC)
cells, as conﬁrmed by deletion (Fig. 1), domain transfer
(Figs 2 and 5) and point mutation (Fig. 4) studies. By
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(a)

(b)

Fig. 8 Electrophoretic mobility shift assays to test binding of nuclear
proteins from the neuronal F-11 cells vs. control fibroblast COS-1 cells
with the CRE domain of the Chgb promoter. (a) Formation of specific
complexes between F-11 nuclear extract and the CRE sequence
containing oligonucleotide. Lane 1, no nuclear protein; lane 2, no
unlabeled competitor; lanes 3–5, 10–fold molar excess of unlabeled
Chgb ()110/)87 bp) oligonucleotide; lane 6, unlabeled Chgbmut()110/)87 bp) oligonucleotide (in which the di-nucleotide
[)100 bp]AC[)99 bp] was deleted from the CRE site); lane 7,
unlabeled consensus AP-1 oligonucleotide; lane 8, unlabeled consensus CRE oligonucleotide; lane 9, anti-CREB-1 antibody. The
specific and non-specific nuclear protein–oligonucleotide complexes
are indicated by arrows ( ﬁ ). (b) No specific complex is formed between COS-1 nuclear extract and the CRE sequence containing
oligonucleotide. Lane 1, no nuclear protein; lane 2, no unlabeled
competitor; lanes 3–5, 10–90-fold molar excess of unlabeled
Chgb ()110/)87 bp) oligonucleotide; lane 6, unlabeled Chgbmut()110/)87 bp) oligonucleotide (in which the di-nucleotide
[)100 bp]AC[)99 bp] was deleted from the CRE site); lane 7,
unlabeled consensus AP-1 oligonucleotide; lane 8, unlabeled consensus CRE oligonucleotide; lane 9, anti-CREB-1 antibody. One nonspecific complex is formed, which is completely inhibited not only by
excess unlabeled Chgb ()110/)87 bp) oligonucleotide (lanes 3–5)
and the consensus CRE oligonucleotide (lane 8), but also by
unlabeled Chgb-mut()110/)87 bp) oligonucleotide (lane 6); the
complex is also partly inhibited by the unlabeled consensus AP-1
oligonucleotide (lane 7) and anti-CREB antibody (lane 9).

contrast, only the more distal G/C-rich domain ()166/
)146 bp) affects the expression of the Chgb gene in neuronal
(F-11 DRG, cortical and hippocampal) cells (Fig. 1).
The Chgb gene is thus distinct among the chromogranin/
secretogranin family of proteins in relying substantially on
G/C-rich domains for its endocrine speciﬁc expression (Wu
et al. 1995; Canaff et al. 1998; Desmoucelles et al. 1999;
Mahata et al. 1999; Scammell et al. 2000). In particular,
Scg2 does not have functional G/C-rich domains in its
proximal promoter (Mahata et al. 1999). The Chga promoter
has not been so carefully examined for the importance of its
G/C-rich domains (Wu et al. 1994; Wu et al. 1995).
G/C-boxes have been reported to activate the transcription
of many genes that are expressed in endocrine tissues, such
as the human cholecystokinin type-A receptor (Takata et al.
2002), human ret proto-oncogene (Itoh et al. 1992), human
Vgf (Canu et al. 1997), human cytochrome b561 (Srivastava
1995), cathepsin L (Charron et al. 2003), SNURF (Hirvonen
et al. 2002), and human prohormone convertase 2 (Bargou
and Leube 1991; Ohagi et al. 1992).
Deletion of the more distal G/C-rich (Fig. 2) region
between )166/)147 bp (Fig. 1) also resulted in a relatively
greater loss of expression in neuronal cells (up to 2.5-fold) as
compared with endocrine (up to 1.6-fold) cells, suggesting
that motifs between )166/)147 bp (Fig. 2) also contribute
differentially to neuronal expression of Chgb, a conclusion
supported by domain transfer experiments in Fig. 2.
PC12 nuclear extracts also formed a speciﬁc complex with
the Chgb )140/)104-bp G/C-rich oligonucleotide (that
encompasses multiple potential binding sites for AP-2, Egr1 or Sp1), and the complex was dose-dependently inhibited
by anti-AP-2, anti-Egr-1 or anti-Sp1 antibodies (Fig. 7). Of
note, any one of the three antibodies (against Sp1, Egr-1 or
AP-2) could completely abolish the entire complex, suggesting that all three factors bind simultaneously to this G/C-rich
region, at least in vitro. These ﬁndings re-enforce the notion
that each of these three factors (AP-2, Egr-1 and Sp1) can
play a role in the endocrine-speciﬁc expression of Chgb.
We have not yet probed the role of particular subdomains,
by selective deletions, point mutations or motif transfers,
within the extended G/C-rich region of the proximal Chgb
promoter () 134/)107 bp).
The transcription factor AP-2 is expressed in neural crestderived tissues (Mitchell et al. 1991), where it regulates the
expression of the dopamine b-hydroxylase gene Dbh (Greco
et al. 1995), the tyrosine hydroxylase gene Th (Kim et al.
2001) and the phenylethanolamine N-methyl transferase gene
(Pnmt) (Ebert et al. 1998). The transcription factor Sp1 may
also contribute to the expression of neuroendocrine genes
such as chromogranin A Chga (Raychowdhury et al. 2002),
Dbh (Kim et al. 1998), vesicular monoamine transporter 2
(Gerhard et al. 2001) and the tryptophan hydroxylase gene
that encodes the rate-limiting enzyme of serotonin biosynthesis (Cote et al. 2002), whereas the transcription factor
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(a)

(c)

(b)

(d)

Fig. 9 The activation of the Chgb promoter
expression by the over-expression of the
transcription factors CREB, AP-2, Sp1 or
Egr-1 in neuroendocrine PC12 cells. PC12
cells were transiently transfected with
increasing quantities (0.5–2.0 lg/well) of
expression plasmids for the transcription
factors CREB (a), AP-2 (b), Sp1 (c) or Egr-1
(d), as well as 1.0 lg/well of the Chgb promoter construct either pGL3-Chgb107 or
pGL3-Chgb146, along with the control
plasmid pRL-TK expressing the Renilla luciferase. Cells were harvested 18–20 h
after transfection and luciferase assays on
the cell extract were performed using the
Dual Luciferase assay kit (Promega). The
results are expressed as ratios of firefly/
Renilla luciferase activities and are the
mean ± SEM (n ¼ 3 transfections for each
construct).

gene (Jansen et al. 1997). In addition, it has been demonstrated that an Sp1/Egr-1 motif regulates transcription of the
Th gene in the rat adrenal gland (Papanikolaou and Sabban
1999) and in PC12 cells (Papanikolaou and Sabban 2000;
Nakashima et al. 2003). Microarray analysis in prostate
carcinoma cells identiﬁed several neuroendocrine-associated
genes (including neuron-speciﬁc enolase and neurogranin) as
the Egr-1 target genes (Svaren et al. 2000).
Although we cannot conclude that AP-2, Sp1 and Egr-1
are all needed simultaneously for the expression of Chgb,
nonetheless Chgb emerges as unusual among chromogranins
(especially in contrast with Chga and Scg2) in relying
prominently on the G/C-binding transcription factors AP-2,
Egr-1 and Sp1, in addition to CREB for neuroendocrinespeciﬁc expression.
Fig. 10 Binding of the transcription factors CREB, AP-2, Sp1 and Egr1 to the endogenous/chromosomal Chgb promoter in PC12 cells, as
revealed by the chromatin immunoprecipitation assay. Immunoprecipitation of chromatin fragments was carried out with anti-AP-2
(lane 4), anti-CREB-1 (lane 5), anti-Sp1 (lane 6), anti-Egr-1 (lane 7) or
pre-immune rabbit IgG as a negative control (lane 3). After de-crosslinking, the purified DNA fragments were subjected to PCR, using
primers to amplify an 186-bp segment (spanning the CRE site and the
binding sites for AP-2, Sp1 and Egr-1) of the Chgb promoter. Input,
DNA (used as a positive control) from fragmented chromatin prior to
immunoprecipitation (lane 2). Lane 8, negative control for PCR (a
reaction without any DNA was carried out). Lane 1, DNA size standards (100-bp DNA ladder).

Egr-1 confers either gastrin or phorbol ester-induced transcription of Chga in enteroendocrine cells (Raychowdhury
et al. 2002). Egr-1 has also been shown to regulate the
tissue-speciﬁc expression of the prohormone convertase 2

Role of CRE and CREB
Results from our previous study (Mahapatra et al. 2000) as
well as the present study indicate that the CRE is essential for
Chgb expression in endocrine and neuronal cells, a viewpoint
conﬁrmed by deletion mutation studies (Figs 1 and 3).
Although the CRE is indispensable for neuroendocrinespeciﬁc expression of Chga (Wu et al. 1995; Canaff et al.
1998) and secretogranin II (Desmoucelles et al. 1999; Mahata et al. 1999; Scammell et al. 2000), a serum-response
element (SRE) is also necessary for Scg2 expression (Mahata
et al. 1999). Within the sympathochromafﬁn system, the
CRE region is also critical in the cell type-speciﬁc expression
of the catecholamine biosynthetic enzymes Th (Cambi et al.
1989; Kim et al. 1993; Lazaroff et al. 1995; Tinti et al.
1997; Lewis-Tufﬁn et al. 2004) and Dbh (Seo et al. 1996).
The neurotrophin-inducible Vgf gene also requires CRE for
its neurospeciﬁc expression (Di Rocco et al. 1997).
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Although many transcription factors can recognize the CRE
in vitro, the best-characterized protein that recognizes this
sequence in vivo is CREB (Brindle and Montminy 1992; Hurst
1994). Gel mobility shift assays with nuclear extracts from
endocrine PC12 and neuronal F-11 cells detected the formation
of two speciﬁc complexes with the Chgb-CRE oligonucleotide
(Chgb )110/)87 bp) that were largely supershifted by antiCREB antibody 24H4B and disrupted by anti-CREB antibody
anti-CREB-1 (Figs 6 and 8a). CREB is a widely distributed
transcription factor belonging to the bZIP superfamily (Brindle
and Montminy 1992; Hurst 1994). Proteins of this family bind
to DNA as dimers, and dimerization is mediated by the leucinezipper motif (Hurst 1994). CREB has been shown not only to
homodimerize but also to heterodimerize with bZIP family
members such as ATF1. The two speciﬁc complexes (Figs 6a
and b) formed here by Chgb CRE and nuclear extracts
containing the bZIP family of proteins may represent both
homodimers (e.g. CREB/CREB) and heterodimers (e.g.
CREB/ATF). The Chga gene promoter CRE also displayed
the formation of both homodimeric and heterodimeric complexes with bZIP family proteins including CREB (Wu et al.
1995). Consistent with the above ﬁndings it has been reported
previously that the Th promoter CRE also formed two
complexes with PC12 cell nuclear extracts (Kim et al. 1993).
Stimulation of Chgb transcription by discrete factors in
trans
Consistent with the above observations, increments in the
intracellular concentrations of the transcription factors
CREB, AP-2, Egr-1 or Sp1 (by co-transfection of expression
plasmids pCI-CREB, pSAP-2, pCMV-Egr-1 or pEVR2/Sp1
along with Chgb promoter/luciferase reporter constructs)
augmented luciferase activity in PC12 cells (Fig. 9).
These in vitro ﬁndings were placed into cellular context by
the ChIP assay results, showing that the transcription factors
CREB, AP-2, Egr-1 and Sp1 bind with the chromosomal/
endocrine Chgb promoter for transcriptional activation in
neuroendocrine PC12 cells, in the environment of chromatin
in vivo (Fig. 10, lanes 4–7).
Conclusions

In summary, this study examined the molecular basis of cell
type-speciﬁc expression of Chgb in endocrine and neuronal
(vs. non-neuroendocrine, control) cells. We conclude that a
consensus CRE plus three G/C boxes in cis, coupled with the
transcription factors CREB, AP-2, Egr-1 and Sp1 in trans
mediate the neuroendocrine cell-type speciﬁc expression of
Chgb.
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