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Cp (ceruloplasmin), a copper containing plasma protein, mainly
synthesized in the liver, is known to be functional between the
interface of iron and copper metabolism. We have reported pre-
viously that Cp is regulated by cellular iron status, but the pro-
cess of the regulation of Cp by copper still remains a subject for
investigation. In the present paper, we show that PDTC (pyrroli-
dine dithiocarbamate), a thiol compound widely known to in-
crease intracellular redox copper, regulates Cp expression in he-
patic cells by a copper-dependent transcriptional mechanism. To
find out the mechanism of induction, chimeric constructs of the
Cp 5′-flanking region driving luciferase were transfected into
human hepatic cells. Deletion and mutational analyses showed the
requirement of a novel APRE [AP-1 (activator protein-1) respon-
sive element] present about 3.7 kb upstream of the translation
initiation site. The role of AP-1 was confirmed by electrophoretic
mobility-shift analysis. Western blot and overexpression studies

detected the AP-1 as a heterodimer of c-jun and c-fos proteins. The
activation of AP-1 was found to be copper-dependent as a specific
extracellular chelator bathocuproine disulfonic acid blocked
PDTC-mediated induction of AP-1–DNA binding and increased
reporter gene activity. Whereas, in a copper-free medium, PDTC
failed to activate either AP-1 or Cp synthesis, supplementation of
copper could reverse AP-1 activation and Cp synthesis. Our fin-
ding is not only the first demonstration of regulation of Cp by
redox copper but may also explain previous findings of increased
Cp expression in cancers like hepatocarcinoma, where the intra-
cellular copper level is higher in a redox compromised environ-
ment.
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INTRODUCTION

Cp (ceruloplasmin) is a copper containing 132 kDa acute phase
protein primarily of hepatic origin and accounts for 95% of the
total circulating copper in healthy adults. The suggested physio-
logical functions of Cp include a role in copper transport, coa-
gulation [1,2], angiogenesis [3], defence against oxidant stress by
scavenging superoxide radicals [4] and sequestering free copper
ions [5], as well as in oxidation of low-density lipoproteins [6–9].
Cp also plays an important role in iron homoeostasis as a ferroxi-
dase by catalysing the conversion of Fe2+ into Fe3+ for binding to
apo-transferrin [10]. The role of Cp in iron homoeostasis is sup-
ported in patients with hereditary Cp deficiency [11] and in mice
with targeted disruption of the Cp gene [12]. These findings,
together with early organ culture and animal studies [10,13], sug-
gest that Cp is required for efficient iron release from cells and
tissues. In contrast, Cp has been shown to increase iron uptake by
iron-deficient cells of hepatic and erythroid origin [14,15] and
by glioblastoma cells [16,17]. Accordingly, we have shown that
iron deficiency and hypoxia regulate Cp synthesis by a trans-
criptional mechanism involving HIF-1 (hypoxia-inducible factor-
1) [18]. In contrast, the regulation of Cp synthesis by copper is
still the subject of much speculation. Very few studies have re-
ported the relationship between cellular copper content and Cp
synthesis, among them are a study of Cp synthesis in copper-
deficient rats [19] and an investigation of increased Cp expression
in liver cells [20] by a non-physiological high level of free copper
(>100 µM).

Copper in its metallic form is transported in to the cell by the
copper transporter CTR1 [21] and regulates MT (metallothionein)
to avoid copper-mediated toxicity [22]. But, when copper binds to
a thiol compound such as PDTC (pyrrolidine dithiocarbamate) it
can be redox active and influence several cellular processes such as
apoptosis [23] and down regulation of p53 DNA binding activity
[24,25] by increasing intracellular redox-active copper. PDTC has
also been shown to inhibit the oxidative activation of the transcrip-
tion factor NFκB (nuclear factor κB) [26] by altering the cellular
content of transition metals. PDTC may also exert either anti-oxi-
dant or pro-oxidant effects by its ability to bind transition metals
like copper, zinc, iron and manganese by its two thiol moieties
[27].

The role of Cp in regulating oxidative stress and iron homoeo-
stasis makes it a strong candidate for regulation by alteration of
cellular redox balance, but surprisingly this has not so far been
studied. Since it is well known that PDTC alters cellular redox by
increasing intracellular copper, we have chosen this compound to
help us understand the regulation of Cp by redox copper. In the
present study, we have demonstrated that treatment of the hepatic
cell lines HepG2 or Hep3B with PDTC increased Cp synthesis
by a transcriptional mechanism. PDTC treatment activates AP-1
(activator protein-1) by a copper-dependent mechanism to bind to
a novel AP-1 site in the Cp 5′-flanking region and transactivates
the Cp gene. The present study is the first to demonstrate the regul-
ation of Cp expression by alteration of cellular redox involving
copper, which may explain the mechanism of increased Cp
expression in cancers [3,28].

Abbreviations used: AP-1, activator protein-1; APRE, AP-1 responsive element; BCEC, bovine cerebral endothelial cells; BCS, bathocuproine disulfonic
acid; Cp, ceruloplasmin; DMEM/F12, Dulbecco’s modified Eagle’s F12 medium; DTT, dithiothreitol; EMSA, electrophoretic mobility-shift assay; HIF-1,
hypoxia-inducible factor-1; HRE, hypoxia response element; NFκB, nuclear factor κB; PDTC, pyrrolidine dithiocarbamate.
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EXPERIMENTAL

Reagents

Human Cp was purchased from Calbiochem. Rabbit polyclonal
anti-human Cp IgG and peroxidase-conjugated anti-rabbit IgG
were obtained from Accurate Chemical and BioRad respectively.
Other reagents were obtained from Sigma unless otherwise indi-
cated.

Cell lines and culture conditions

Human hepatocarcinoma HepG2 and Hep3B cells were obtained
from American Type Culture Collection. The cells were cultured
in DMEM/F12 (Dulbecco’s modified Eagle’s F12 medium; Sigma
D8437; containing 0.0000013 g/l of CuSO4 · 5H2O, or approx.
20 nM of copper) supplemented with 10 % heat-inactivated fetal
bovine serum (Invitrogen), 100 units/ml penicillin and 100 mg/ml
streptomycin. Cells at 50–60% confluence were used in all ex-
periments. Cells were maintained in a humidified atmosphere con-
taining 5% CO2 at 37 ◦C in a chamber (Forma Scientific).

Immunoblot analyses of Cp, c-jun, c-fos and α-actin

To immunoblot Cp, conditioned medium from HepG2 or Hep3B
cells was subjected to SDS/PAGE (7 % gels) and transferred to
Immobilon-P membrane (Millipore). The membrane was incu-
bated with anti-human Cp IgG (1:10000) as the primary antibody,
and then with peroxidase-conjugated secondary antibody (1:
5000). Cp was detected by chemiluminescence using ECL® re-
agent (Amersham). The blot was subsequently incubated with
Coomassie Blue to verify uniform loading of all samples. To ana-
lyse the cellular content of c-jun, c-fos and α-actin, hepatic cell
extracts were prepared as described previously [29]. Cell extracts
(40 µg) were subjected to SDS/PAGE (10% gels) and transferred
to Immobilon-P membrane. The membranes were incubated with
anti-human c-jun (Cell Signaling), anti-human c-fos (Cell Signal-
ing) and anti-human α-actin (Santa Cruz) antibodies at 1:2500
dilutions, and then with a peroxidase-conjugated secondary anti-
body (1:5000). The levels of expression of c-jun, c-fos and α-actin
were detected by chemiluminescence.

RNA blot analysis

RNA blot analysis was performed using total RNA (20 µg) iso-
lated from HepG2 and Hep3B cells by TriPure reagent (Roche) as
described previously [18,30].

Construction of vectors containing the Cp promoter and
enhancer segments

Cp 5′-flanking region/promoter constructs, engineered to contain
SacI and XhoI restriction sites, were made by PCR amplification
using Pfu polymerase (Stratagene), from a 4774 bp fragment of
the 5′-flanking region of the human Cp gene ligated into the
pGL3basic vector (Promega) [18,30]. To make the long con-
structs, the PCR products from two separate amplification re-
actions were ligated to form a single construct. In brief, a proximal
construct was made from −2389 (just upstream of an EcoRI site)
to −1. Several distal constructs were PCR-amplified from 5′-
termini at −4774, −3701 and −3639 to the 3′-terminus at
−2325. The proximal and distal products were ligated at the
EcoRI site and then into the 5′-SacI and 3′-XhoI sites upstream
of luciferase in the pGL3basic vector. Site-directed mutagenesis of
the Cp-APRE [where APRE is the AP-1 (activator protein-1)
responsive element] site (−3684 to −3677) was performed using
the megaprimer method [18,30]. All of the constructs were veri-

fied by sequencing. The c-jun and c-fos expression vector under
the CMV promoter were used as previously described [31].

Transient transfection of cells and reporter gene assays

To measure transcriptional efficiency of Cp constructs, HepG2 or
Hep3B cells at approx. 50% confluence in 35 mm dishes were
transiently transfected for 6 h with a reporter plasmid (2 µg)
using LipofectamineTM 2000 (Invitrogen). To monitor transfection
efficiency, a reporter gene construct (0.25 µg) containing β-gal-
actosidase behind an SV40 promoter was co-transfected. Trans-
fected cells were allowed to recover for 6 h in DMEM/F12 con-
taining 10% fetal bovine serum and then were incubated with
PDTC in serum-free medium for 16 h. Luciferase (Promega)
and β-galactosidase (Invitrogen) activities in cell extracts were
determined as described in the manufacturer’s protocol.

Preparation of nuclear extracts

Nuclear extracts were prepared from HepG2 or Hep3B cells as de-
scribed previously [29]. Briefly, 1 × 108 cells were washed twice
with ice-cold PBS and once with Buffer A [20 mM Hepes
(pH 7.9), 20 % glycerol, 10 mM NaCl, 1.5 mM MgCl2, 0.2 mM
EDTA, 1 mM DTT (dithiothreitol), 0.1% Nonidet P40 and
protease inhibitors (PMSF, leupeptin, aprotenin and pepstatin)].
After incubation with Buffer A on ice for 10 min, the cells were
lysed using an homogenizer and the homogenates were cen-
trifuged at 2500 g at 4 ◦C for 2 min. The nuclear pellet was re-
suspended in five volumes of Buffer B [20 mM Hepes (pH 7.9),
20% glycerol, 350 mM NaCl, 1.5 mM MgCl2, 0.2 mM EDTA,
1 mM DTT, 0.1% Nonidet P40 and protease inhibitors (PMSF,
leupeptin, aprotenin and pepstatin)]. The nuclei were lysed by
incubation for 1 h on ice with intermittent tapping. Homogenates
were then centrifuged at 10000 g at 4 ◦C for 15 min, and aliquots
of supernatants were snap frozen at −80 ◦C until use.

EMSA (electrophoretic mobility-shift assay)

Sequences of the sense strands of the oligonucleotide probes used
for EMSA were as follows: 5′-GAC CTG ACT GAT AGG GGA
GAA TAG-3′ (Cp-APRE), 5′-GAC CAG ACA GAT AGG GGA
GAA TAG-3′ (mutated Cp-APRE), 5′-GAT CAA AGC ATG AGT
CAG ACA CCT-3′ (collagenase-1), 5′-TCT GTA CGT GAC CAC
ACT CAC CTC-3′ [Cp-HRE (hypoxia response element)]. The
sense and antisense strands were annealed, gel-purified and end-
labelled with [γ -32P]ATP (NEN Life Science Products) using T4-
polynucleotide kinase (Promega). Unincorporated nucleotide was
removed by gel filtration using G-25 Sephadex columns. To mea-
sure the DNA–protein interaction, 2–5 × 104 c.p.m. of oligonu-
cleotide probe was incubated with 5 µg of nuclear extract and
0.5 µg of sonicated, denatured salmon sperm DNA (Invitrogen)
in 10 mM Tris/HCl (pH 7.8), 50 mM NaCl, 1 mM MgCl2, 1 mM
EDTA, 5 mM DTT and 5% glycerol, for 20 min at 4 ◦C in a
total volume of 25 µl. The reaction mixture was subjected to
electrophoresis (200 V in 0.3 × Tris-buffered EDTA solution at
4 ◦C) using 5% non-denaturing polyacrylamide gels. Dried gels
were subjected to autoradiography for up to 24 h. For competition
experiments, a 100-fold molar excess of unlabelled, annealed oli-
gonucleotide was pre-mixed with radiolabelled probe before
addition to the binding reaction. For gel supershift analysis,
2 µl of a rabbit polyclonal antibody against c-jun or HIF-1α
(Novus Biological) was pre-incubated with nuclear extracts before
addition of the 32P-labelled probes.

Statistics

All experiments were performed at least three times with similar
results, and representative experiments are shown. Densitometric
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Figure 1 Copper-dependent regulation of Cp expression by PDTC in hepatic cells

(A) HepG2 cells were incubated with PDTC (0–100 µM). After 16 h of incubation conditioned medium were subjected to immunoblot analysis of Cp. (B) Hep3B cells were incubated with PDTC
(100 µM). BCS (50 µM) was added 30 min before the addition of PDTC. After 16 h, immunoblot analysis of Cp was performed with the conditioned medium. (C) HepG2 cells were grown in
DMEM/F12 with 10 % fetal bovine serum and then incubated in RPMI-1640 before treatment with PDTC (100 µM), PDTC (100 µM) + CuSO4 (20 nM), CuSO4 (20 nM) alone or no treatment.
Conditioned medium was collected and subjected to Western blot analysis as described previously. The results are representative of a minimum of three separate experiments.

results are normalized with respect to internal controls and are ex-
pressed relative to the results in untreated controls. Results are
expressed as means +− S.D. To test significance the Student’s t test
was performed using Sigma Plot version 8. P values <0.05, 0.01
and 0.001 are represented as ∗, ∗∗, and ∗∗∗ respectively.

RESULTS

Human hepatic cell lines HepG2 and Hep3B are well-established
cellular models to study Cp regulation [14,18]. To find out
whether PDTC had any influence on the expression of Cp, HepG2
cells were treated with PDTC (10–100 µM) for 16 h and an
immunoblot analysis of the conditioned medium was performed.
The steady-state synthesis and secretion of the Cp was increased
by addition of up to 100 µM PDTC (Figure 1A). Densitometric
analysis revealed an approx. 3-fold increase in Cp in the con-
ditioned medium with 100 µM PDTC treatment. To find out
whether PDTC also regulated Cp expression in Hep3B, cells were
treated with PDTC (100 µM) for 16 h. A similar extent of increase
in Cp expression (approx. 2.9-fold) as HepG2 was detected by
Western blot analysis in conditioned medium (Figure 1B), indicat-
ing that the regulation may apply to hepatic cells in general. Since
the increase in Cp expression by PDTC was found in both HepG2
and Hep3B cells, we have reported further experiments either
in HepG2 or Hep3B cells, although all of the experiments were
performed in both cell lines with similar results. To understand
the role of copper, Hep3B cells were pretreated with the non-
permeable cuprous ion chelator BCS (bathocuproine disulfonic
acid) 30 min before the addition of PDTC. BCS addition almost
completely blocked the PDTC-induced Cp expression, suggesting
a role of copper in the process (Figure 1B). RPMI-1640 is well
known as a metal-free medium [6,32]. To further confirm the
role of copper, HepG2 cells were treated with PDTC in metal-
free RPMI-1640 (Sigma, R7388). PDTC failed to increase the
synthesis of Cp (Figure 1C), but when 20 nM of copper sulfate
(a similar concentration present in DMEM/F12) was added along
with PDTC in RPMI-1640, Cp expression was found to increase
approx. 2.5-fold (Figure 1C). The addition of copper alone in
the absence of PDTC had no effect on Cp synthesis (Figure 1C,
lane 3) strongly suggesting the role of redox-active copper in Cp
expression.

Figure 2 Increase in Cp mRNA expression by PDTC in Hep3B

Hep3B cells were treated with PDTC (0–100 µM) for 16 h. Total RNA was isolated and Cp mRNA
expression was determined by Northern blot analysis (upper panel). UV detection of the 28 S
ribosomal subunit served as a loading control (middle panel). In the bottom panel densitometric
analysis of the experiment is provided.

Northern blot analysis was performed to investigate whether
the increase in Cp synthesis was due to an increase in Cp mRNA.
Treatment of Hep3B cells with increasing concentrations of PDTC
showed a maximum 3.2-fold increase in Cp mRNA with 100 µM
of PDTC treatment (Figure 2). A similar result was also obtained
with HepG2 cells (results not shown). Since we have shown
previously that the half-life of Cp mRNA in hepatic cells is more
than 10 h [14], we assumed that the increase in Cp mRNA by
PDTC was due to transcriptional mechanisms. To confirm this
and to find out the regulatory sequence(s) responsive to PDTC,
a 4774 bp 5′-flanking fragment cloned into the pGL3basic vector
was transfected into HepG2 cells and tested for PDTC-induced
activation of luciferase activity. A more than 3-fold increase in
luciferase activity by PDTC treatment was detected compared
with untreated controls (Figure 3A). This result indicates the pre-
sence of cis-acting sequence(s) that confer sensitivity to PDTC
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Figure 3 Determination of the PDTC-responsive element of the Cp gene
5′-flanking region by deletion and mutation analysis

(A) Chimaeric pGL3-basic vectors containing the proximal 4774, 3701 or 3639 bp (upstream of
the translation initiation site) of the Cp gene 5′-flanking region were transiently transfected into
HepG2 cells (with a plasmid containing β-galactosidase to correct for transfection efficiency)
using LipofectamineTM 2000. After recovery, the transfected cells were incubated with 100 µM
PDTC (striped bars) for 16 h or were untreated (dotted bars). Luciferase (LUC) activity
in cell extracts was measured and normalized for β-galactosidase activity. Shown are the
means +− S.D. n = 3, *P < 0.05, **P < 0.01 and ***P < 0.001. (B) The Cp 5′-flanking region
containing the putative Cp-APRE was mutated. The constructs were transiently transfected (with
a β-galactosidase plasmid) into Hep3B cells. After recovery, cells were incubated with 100 µM
PDTC (striped bars) for 16 h or were left untreated (open bars). Luciferase (LUC) activity in cell
extracts was measured and normalized for β-galactosidase activity. Shown are the means +− S.D.
n = 3, **P < 0.01 and ***P < 0.001.

within the 4774 bp 5′-flanking region of human Cp. To identify
the responsive site(s), a series of fragments was constructed with
progressively larger 5′-deletions. HepG2 cells were transfected
with these constructs and incubated for 16 h with PDTC. Trans-
activation of the entire 4774 bp construct was increased approx.
3.3-fold, consistent with the relative increases in Cp protein and
Cp mRNA levels. Similarly, PDTC transactivated a chimaeric
construct (Cp−3701,−1 Luc) approx. 3.4-fold. However, the ac-
tivation by PDTC was completely abrogated in a construct con-
sisting of 3639 bp (Cp−3639, −1 Luc) (Figure 3A). These results
suggest that the increase in Cp synthesis is due to transcriptional
mechanisms and that one or more element(s) may be present in
this region of the Cp 5′-flanking region (−3701 to −3639) that
is responsible for PDTC-induced transactivation of the Cp gene.

Previously, PDTC has been shown to activate AP-1 [33], thus
we considered the possibility of the involvement of AP-1 in the
activation of Cp. A search for a consensus AP-1 element revealed
one putative AP-1 binding site in this region (5′-CTGACTGA-3′).
To discover the involvement of this APRE we mutated the APRE
(Cp-APRE) and transfected it into Hep3B cells. In comparison
with a more than 3-fold increase for the wild-type, the increase in
luciferase activity in the mutated Cp-APRE construct was almost
completely blocked, indicating an essential role of this site in
PDTC-mediated activation of Cp.

EMSAs were performed to identify the transcription factor
complex that binds to the functional AP-1 binding site. Nuclear
extracts prepared from PDTC-treated Hep3B or HepG2 cells were
incubated with a radiolabelled 24 bp probe containing the Cp-
APRE site of human Cp. In response to increased concentrations
of PDTC, specific formation of a radiolabelled complex with
increased intensity was observed (Figure 4A). Addition of 10%

Figure 4 Specific binding of a PDTC-stimulated transcription factor
complex to Cp-APRE

EMSAs were carried out to determine the Cp-APRE complexes. (A) HepG2 cells were treated
for 2 h with increasing concentrations of PDTC. S denotes treatment with 10 % fetal bovine
serum. (B) Hep3B cells were treated with 100 µM PDTC for different time periods. In both (A)
and (B), after the treatment, nuclear extracts were prepared and incubated with a 32P-labelled
double-stranded 24-mer probe containing the Cp-APRE. Probe-bound complexes were resolved
by 5 % nondenaturing PAGE and visualized by autoradiography.

fetal bovine serum also increased the binding of the complex that
had the same electrophoretic mobility as that found by PDTC
treatment, indicating that AP-1 might be involved in this process
(Figure 4A). The induction of a putative AP-1 complex was de-
tected as maximal between 1–2 h (Figure 4B) and remained in-
duced up to at least 4 h after treatment. Competition experiments
were performed to show the specificity of binding of the complex
to the Cp-APRE probe. The binding of the radiolabelled Cp-
APRE probe to the putative AP-1 complex in nuclear extracts
from PDTC-treated HepG2 cells was effectively competed by a
100-fold molar excess of unlabelled probe as well as a classical
unlabelled AP-1 probe, collagenase-1 (Figure 5A). Interestingly,
the complex formed by the nuclear extracts from untreated cells
was also competed out, indicating the presence of a basal level of
AP-1 in the hepatic cells. However, unlabelled competitor probe
containing a mutation in the Cp-APRE binding site was ineffective
even at 100-fold molar excess (Figure 5B). Similarly, when 100-
fold molar excess of unlabelled Cp-HRE probe was used as a non-
specific competitor, no reduction of AP-1 binding was detected,
indicating the specificity of the binding (Figure 5C). To further
confirm the complex as AP-1, a supershift analysis was performed.
A rabbit polyclonal anti-c-jun antibody blocked the formation of
the complex but it was not blocked by an anti-HIF-1α antibody
(Figure 5D). These results confirmed that a previously unreported
active AP-1 binding site is present in the distal 5′-flanking region
of the Cp gene, which binds AP-1 in response to PDTC in hepatic
cells.

The increase in AP-1 by PDTC treatment in hepatic cells might
be due to an increase in its components like c-jun and/or c-fos.
To investigate whether any of the two components were increased,
HepG2 cells were treated with 100 µM of PDTC for 2 h and the
expression of c-jun and c-fos in the cell extracts was tested
by Western blot analysis. The protein levels of c-jun and c-fos
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Figure 5 Identification of the PDTC-induced transcription factor as AP-1

HepG2 cells were treated with 100 µM PDTC for 2 h and nuclear extracts were prepared.
The radiolabelled double-stranded 24-mer Cp-APRE probe was pre-mixed with unlabelled,
annealed, 24-mer oligonucleotide competitors at 100-fold molar excess before addition to
the nuclear extracts. The competitor probes were wild-type CpAPRE and the collagenase-1
APRE (Col APRE) (A), mutated Cp APRE (mAPRE) (B), and Cp-HRE as the non-specific probe
in (C). (D) For supershift analysis, before subjecting nuclear extracts to electrophoresis, the
mixture containing the 32P-labelled double-stranded 24-mer probe containing the Cp-APRE
was incubated with 2 µl of either anti-c-jun or anti-HIF-1α and probe-bound complexes were
identified by autoradiography. CONT, control.

were found to be elevated (2.7- and 2.85-fold respectively) when
compared with untreated cells (Figure 6A). Similarly, the over-
expression of c-jun and c-fos along with Cp −3701,−1 Luc, in-
creased luciferase activity approx. 4.5-fold, even without treat-
ment with PDTC (Figure 6B), confirming the contribution of
PDTC in the increase of c-jun and c-fos expression. Overexpress-
ion of c-jun elevated the luciferase activity marginally, whereas,
c-fos alone failed to have an effect on the luciferase activity. These
experiments strongly suggest that PDTC induces c-jun and c-fos
to form the active AP-1 to regulate the expression of Cp.

To verify that redox-active copper is actually required for AP-1
activation, Hep3B cells were incubated with 50 µM of BCS prior
to PDTC treatment. Presumably, BCS can compete with PDTC
for extracellular copper and reduce the influx of copper ions medi-
ated by PDTC. The addition of BCS blocked the PDTC-mediated
activation of AP-1, as found by EMSA using the Cp-APRE probe
(Figure 7A). Similarly, when HepG2 cells transfected with the
Cp −3701,−1 Luc construct were pretreated with BCS before
PDTC treatment, the increase in luciferase activity was blocked al-
most completely (Figure 7B). To further prove the role of copper
in PDTC-induced activation of AP-1, we took advantage of
copper-free medium RPMI-1640 [6,32] as described previously
for Figure 1(C). When HepG2 cells were treated with PDTC in
RPMI-1640, no activation of AP-1 was detected either by EMSA
or by luciferase activity in Cp −3701,−1 Luc-transfected cells
(Figures 8A and 8B respectively). The activation of AP-1 can
be restored by the addition of 20 nM copper in the presence of
PDTC (Figures 8A and 8B) but not by copper alone. In contrast,
addition of up to 100 nM of zinc sulfate failed to influence the
activity (results not shown), indicating the specificity of copper
in the activation of AP-1 by PDTC in hepatic cells.

DISCUSSION

Dithiocarbamates, particularly PDTC, have been shown to in-
crease intracellular copper by virtue of its binding with the thiol
moiety [23–25,27]. In the present study we have demonstrated that
PDTC increased the expression of Cp in the human hepatic cell

Figure 6 PDTC-induced activation of AP-1 involves c-jun and c-fos

(A) Cell extracts (40 µg) from 100 µM PDTC-treated HepG2 cells (2 h) were subjected to
SDS/PAGE (10 % gels) followed by immunoblot analysis using polyclonal rabbit anti-human
c-jun, c-fos and α-actin IgG. (B) Overexpression of c-jun and c-fos increased the transactivation
of the AP-1 containing Cp 5′-flanking region. Hep3B cells were transiently transfected with a
chimaeric construct containing the proximal 3701 bp of the Cp gene 5′-flanking region driving
luciferase in pGL3-basic vectors along with cDNAs of c-jun and c-fos driven by a CMV promoter.
All cells were co-transfected with a β-galactosidase plasmid to correct for transfection efficiency.
After recovery, the luciferase activity in cell extracts of transfected cells was measured by
chemiluminescence and normalized for β-galactosidase activity. Shown are the means +− S.D.
n = 3, **P < 0.01 and ***P < 0.001.

lines HepG2 and Hep3B by a copper-dependent mechanism. The
PDTC-mediated intracellular influx of copper activates the redox
sensitive transcription factor AP-1. Subsequently, AP-1 binds to
an active APRE about 3.7 kb 5′ upstream of the translation start
site and stimulates Cp expression. The presence of this particular
AP-1 site has never been reported before. To show that copper
is critically involved in this process, we used the membrane im-
permeable copper chelator BCS to block both the induction of
AP-1 and Cp expression. To further establish the role of copper
we used RPMI-1640 medium, which is devoid of transition metals
such as iron, copper, zinc or manganese [6,32]. Treatment of
HepG2 or Hep3B cells by PDTC in RPMI-1640 medium failed
to activate AP-1 or increase Cp expression, but simultaneous
addition of copper effectively activated AP-1 and increased Cp
expression. The maximal activation of AP-1 in these conditions
was achieved by 20 nM copper, whereas zinc, the other transition
metal shown to regulate NFκB along with PDTC, was ineffective
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Figure 7 The extracellular copper chelator BCS blocks PDTC-induced
activation of AP-1

(A) Hep3B cells were pretreated with BCS (50 µM) 30 min before PDTC (100 µM) treatment.
Nuclear extracts were prepared after 2 h of PDTC treatment and mixed with a radiolabelled
Cp-APRE probe to perform EMSA. (B) HepG2 cells were transiently transfected with a chimaeric
construct containing the proximal 3701 bp of the Cp gene along with β-galactosidase. After
recovery, the cells were pretreated with 50 µM of BCS, 30 min before PDTC (100 µM)
treatment. After 16 h, luciferase activity was determined by chemiluminescence and normalized
for β-galactosidase activity. Means +− S.D. n = 3, *P < 0.05, **P < 0.01 and ***P < 0.001.

even at 100 nM concentrations. Our study is the first to show that
the physiological concentration of copper may have a significant
role in regulating Cp expression, particularly when it becomes
redox-active.

The action of PDTC as a copper ionophore has been shown to
modulate several cellular functions. PDTC treatment modulates
p53 activity by increasing intracellular copper, which leads to oxi-
dation of p53 cysteine residues, resulting in alteration of p53
DNA-binding activity [24,25]. Similarly, in thymocytes and the
breast cancer cell line MCF-7, the PDTC-mediated increase in
intracellular copper results in apoptotic cell shrinkage and chro-
matin fragmentation [23]. Pax-8 and thyroperoxide expression
was affected in thyroid follicular cells by an increase in intra-
cellular copper by PDTC treatment [34]. PDTC has been shown
to modulate NF-κB and AP-1 activities. Whereas the inhibition
of NF-κB activity by PDTC was found to be zinc-dependent
[35,36], with the exception of one study [33], no other attempt has

Figure 8 Activation of AP-1 by PDTC in a copper-free medium by the
addition of copper salt

(A) HepG2 cells were originally grown in DMEM/F12. Before treatment with 100 µM PDTC,
cells were transferred in to copper-free RPMI-1640 medium without serum. Copper sulfate
(20 nM) was added along with PDTC. After 2 h, nuclear extracts were prepared and mixed with a
32P-labelled Cp-APRE probe to perform EMSA. (B) Subconfluent Hep3B cells were transiently
transfected with a chimaeric construct containing the proximal 3701 bp of the Cp gene 5′-flanking
driving luciferase along with β-galactosidase. The cells were recovered in DMEM/F12 with
10 % fetal bovine serum. After recovery, the cells were transferred into RPMI-1640 medium
and treated similarly with 100 µM PDTC and 20 nM CuSO4. After 16 h luciferase activity was
assayed and normalized with β-galactosidase. Means +− S.D. n = 3, *P < 0.05, **P < 0.01
and ***P < 0.001.

been made to understand the contribution of transition metals in
PDTC-mediated AP-1 activation. Kim et al. [33] have shown that
PDTC activates AP-1 in the presence of zinc (200 µM) in BCEC
(bovine cerebral endothelial cells). In BCEC, PDTC-mediated
maximal activation of AP-1 was found at 6 h compared with
2 h in the present study. Interestingly, in the previous study [33]
the role of copper was not considered. In the present study,
addition of zinc up to 100 nM was found to be ineffective,
whereas copper activated AP-1 even at 20 nM concentrations. The
discrepancy in these findings may be attributed to cell specificity.
The recent demonstration of activation of JNK (c-Jun N-terminal
kinase) by PDTC and/or hydrogen peroxide in a copper-dependent
mechanism [37] in several types of cell also supports the current
finding of copper-dependent activation of AP-1.

A recent study has shown the role of AP-1 in the regulation
of Cp [38]. The study demonstrated the presence of one consti-
tutively active AP-1 binding site in the position −248 to −240
from the translation initiation site in ovarian cancer cells, but
was not found active in Chang liver cells. In the present study,
we checked the activity of the same AP-1 site using a construct
containing 300 nt of the Cp promoter coupled with the pGL3
vector but found it was not inducible either by PMA (a positive
regulator of AP-1) or PDTC (results not shown), confirming the
previous finding that the particular AP-1 site is not active in
hepatic cells. Interestingly, the previous study [38] reported that
the increase in Cp expression in ovarian cancer cells was 79-fold
compared with normal cells whereas the increase in promoter

c© 2007 Biochemical Society



Regulation of ceruloplasmin by redox active copper 141

activity was found to be far less. The variability in the magnitude
of Cp mRNA expression with the promoter study in ovarian
cancer cells could be explained by considering the active presence
of the novel AP-1 site reported in the present study. Given the
crucial role played by AP-1 in cellular growth, differentiation and
tumorigenesis [39,40], the finding of AP-1-mediated regulation
of Cp may explain the previous reports of increased Cp synthesis
in hepatic, breast and several other cancers [3,28]. The present
results of copper-mediated activation of AP-1 and the subsequent
increase in Cp expression could also explain increased Cp
expression in hepatic cancers, where copper levels were found to
be elevated from 11.43 +− 4.74 µg/g tissue to 15.53 +− 5.90 µg/g
in cirrhotic tissue [41] in a redox compromised environment.
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