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Metal ions as regulators of the conformation and function of the tumour
suppressor protein p53: implications for carcinogenesis
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The p53 protein is a multi-function nuclear factor that is activated in response to multiple forms
of stress and controls the proliferation, survival, DNA repair and differentiation of cells exposed
to potentially genotoxic DNA damage. Loss of p53 function by mutation is a frequent event in
human cancer, and is thought to result in the capacity of cells to acquire and accumulate oncogenic
mutations during the progression of neoplasia. The p53 protein is a metal-binding transcription
factor that is inactivated by metal chelation and by oxidationtro. In intact cells, p53 protein

activity is crucially dependent on the availability of Zn ions and is impaired by exposure to Cd, a
metal which readily substitutes for Zn in a number of transcription factors. Inactivation by Cd
suppresses the p53-dependent responses to DNA damage. Overall, these findings indicate that
regulation by metals plays an important role in the control of p53, and that perturbation of this
control may explain the carcinogenic potential of several metal compounds.

Résumé

La protéine p53 est un facteur nucléaire multi-fonctionnel qui est activé en réponse a de multiples
formes de stress et qui contréle la prolifération, la survie, la réparation de I'ADN et la
différenciation de cellules exposées a des agents génotoxiques. La perte de la fonction de p53 par
mutation est un évenement fréquent dans les cancers chez 'homme, et I'on considere que cette
inactivation a pour conséquence de rendre la cellule susceptible d’accumuler rapidement des
mutations oncogéniques au cours de la progression du cancer. La protéine p53 est un facteur de
transcription qui lie les métaux et qui peut étre inactimédtro par chélation des métaux ainsi

gue par oxydation. Dans des cellules en culture, I'activité biologique de la p53 dépend de la bio-
disponibilité en Zn, et est altérée par I'exposition des cellules au Cd, un métal qui se substitue
facilement au Zn dans nombre de facteurs de transcription Zn-dépendants. L’inactivation de p53
par le Cd inhibe les réponses p53-dépendantes suite a la formation de lésions de I'ADN.
Globalement, ces données suggerent que la régulation par les métaux joue un role important dans
le contrdle de la p53, et que des perturbations de ce contrble pourraient contribuer a expliquer le
potentiel carcinogénique de certains composés métalliques.

Tumour suppresser protein p53: Zinc: Cadmium: Carcinogenesis

The p53 tumour suppressor gene encodes a 53 kDa nucledranscription factor to control the expression of several sets
phosphoprotein present in a latent form in most cells andof genes collectively termed p53-induced-genes. The p53
tissues. The protein becomes activated in response to multiprotein also binds to several proteins of the replication—
ple forms of physical and chemical stress, including DNA- transcription—repair processes. Together, these biological
damaging agents of several kinds, oxidants, hypoxia, drugsactivities result in a coordinated control of essential cellular
that deplete ribonucleotide pools or microtubules, and pro-processes such as cell-cycle regulation, apoptosis, DNA
inflammatory cytokines such as tumour necrosis fagtor- repair and differentiation (Agarwat al 1998; Hainaut &

(Fig. 1). Once activated, p53 acts as a multi-functional Hollstein, 1999). The p53 protein thus acts as a regulator of
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Fig. 1. A schematic view of the p53 pathway. p53 acts as a sensor
of multiple forms of stress. After activation by stress, p53 binds DNA
as a sequence-specific transcription factor to activate target genes
collectively termed p53-inducible genes (PIGs). The protein also
forms complexes with other cellular components. These interactions
allow p53 to control a complex network of cellular responses, includ-
ing cell-cycle arrest, apoptosis, DNA repair and differentiation.

breast, mutation of one allele of p53 is thought to occur at a
relatively late stage in the sequence of genetic events lead-
ing to cancer, and is generally associated with the loss of the
other allele. However, in other common malignancies, such
as lung cancers and head-and-neck cancers of smokers, p53
mutation is sometimes detectable in pre-cancerous tissues or
in early lesions, and the wild-type allele is often retained.
This observation has led to the notion that some mutations
of p53 could confer to the protein a dominant-negative
phenotype. Thus, inactivation of p53 in cancer does system-
atically obey the classical ‘two-hits’ hypothesis for inactiva-
tion of tumour suppressor gene, as defined by Knudson
(1971) in the case of the retinoblastoma susceptibility gene.
The p53 gene contains eleven exons, the first being non-
coding. About 90 % of p53 mutations described to date fall
within exons 4-9 that encode the specific DNA-binding
domain of the protein. One-third of these mutations cluster
at six ‘hotspot’ codons that are mutated in almost every form
of cancer, including codons 175, 245, 248, 249, 273 and
282. However, the distribution, nature and relative fre-
quency of mutations show great variability from one tumour
type to another. This variability has generated a lot of inter-
est in trying to define tumour-specific mutation patterns that
allow hypotheses to be generated on the aetiology or
pathogenesis of human cancers (Greentdatal 1994;
Hernandez & Hainaut, 1998). For example, in lung cancers
of smokers, transversions from guanine (G) to thymine (T)
occur frequently at base positions that are experimentally
known as sites of formation of DNA adducts by metabolites
of benzo(a)pyrene, one of the major tobacco carcinogens.
Non-melanoma skin cancers often contain tandem transi-
tions from cytosine (C) to T (CC to TT), a typical molecular
signature of mutagenesis by u.v. Mutations induced by the
dietary mutagen aflatoxin B1 have been identified in
hepatocellular carcinomas arising in areas of the world
where this mycotoxin is a common food contaminant.
Alcohol intake, in combination with tobacco, has been
suggested as a risk factor in the formation of p53 mutations

in cancers of the head and neck and of the upper digestive
the proliferation and genomic stability of cells exposed to tract. However, there is good molecular evidence that many
forms of stress that have the potential to create oncogeni@53 mutations may not have an external cause and result
DNA damage. Mice rendered deficient for the p53 gene by from endogenous mutational mechanisms. About 25 % of
homologous recombination show a spectacular increase irall mutations are C to T transitions at CpG dinucleotides, a
the rate of spontaneous tumours at multiple organ sites. Thigype of mutation that occurs by spontaneous deamination of
anti-tumour function has earned p53 the nickname ‘guardianmethylated C (Hainaut & Hollstein, 1999).
of the genome’ (Lane, 1992; Levine, 1997).

The p53 signalling pathways

Mutations of p53 and human cancer The nature of the molecular signals that activate p53

Point missense mutations in the p53 gene are the mosfunctions is now beginning to emerge. DNA-strand break
frequent genetic event identified to date in human cancer.damage is an important common denominator to many p53
Since the identification of the first mutation in 1989, more activators. This form of damage activates kinases such as
than 10000 mutations associated with cancer have beenhe double-stranded DNA-dependent kinase and ATM (the
described. These mutations are compiled in a databas@roduct of the gene responsible for ataxia—telangiectasia, a
maintained at the International Agency for Research onrare autosomal disorder characterized by, among other
Cancer (http://www.iarc.fr/p53/homepage.htm; also, seetraits, cerebellar ataxia and hypersensitivity to ionizing
Hainautet al. 1998). Mutations in the p53 gene are found in radiation). Both these kinases phosphorylate p53 in the
most common forms of invasive or advanced cancers, withN-terminal region (containing the transactivation domain)
frequencies varying from 80 % in some cancers of the upperand disrupt the association of p53 with the protein mdm2
digestive and respiratory tracts, to 1-5 % in malignant mel- (Shiehet al 1997; Silicianoet al 1997; Watermart al
anoma and testicular cancers. In cancers, such as colon ant®98; Wooet al 1998). By binding to the N-terminus,
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mdm2 conceals the transactivation domain of p53 andsupport large loop—helix structures directly involved in
targets p53 for rapid degradation by the proteasome (Olinercontacting target DNA. These loops are bridged together by
et al 1993; Haupet al 1997; Kubbutagt al 1997). Escape  the tetrahedral coordination of a divalent Zn on three
from mdmz2 binding allows p53 to accumulate and to inter- cysteines (residues 176, 238 and 242) and one histidine
act with other cellular factors, including acetyl transferases (residue 179; Fig. 2; Chet al. 1994). Although reminiscent
of the CREB-binding protein/p300 family. These proteins of the classical ‘zinc finger’ of many transcription factors,
mediate the acetylation of specific lysine residues in thethis structure is unique to p53 and shows a high degree of
C-terminus of p53, leading to conformational modifications flexibility. In vitro, exposure of recombinant p53 to metal
of the protein that activate the capacity to bind specifically chelators disrupts the structure of the DNA-binding domain
to defined DNA sequences located in the promoter regionsand abolishes the capacity of p53 to bind specifically to
of target genes (Gu & Roeder, 1997). An additional step in DNA. Metal chelation results in the formation of disulphide-
the regulation of DNA binding includes the reduction of linked p53 complexes, suggesting that removal of the Zn
several important cysteines located within the DNA-binding favours oxidation of cysteines within the DNA-binding
domain. The dual function, redox—repair enzyme Ref-1 may domain. In addition, thiol antioxidants stabilize the structure
be involved in this process (Jayaransaml 1997). of the DNA-binding domain and increase the binding of p53
Activation of p53 may also occur in response to other to DNA. These biochemical features have led to the hypo-
signals. For example, hypoxia induces the expression of thehesis that p53 may be regulated by metal ions and by oxido-
hypoxia-inducible factor Hif-1, which binds p53 and reductionin vivo (Hainaut & Milner, 1993,b).

stimulates its activity (Graebet al 1996; Anet al 1998). To further analyse the role of Zn in the control of p53
How p53 ‘senses’ other forms of stress is still not clearly activity, we have exposed cultured cells expressing wild-
understood. type p53 to the cell-permeant metal chelator N;NNN

The p53-induced genes represent a rapidly-growing tetrakis(2-pyridymethyl)ethylenediamine (TPEN). Whereas
group of genes that belong to several distinct families. OneDNA-damaging agents induced p53 to accumulate and
family includes genes that regulate the progression of thestimulate DNA binding, TPEN induced p53 to accumulate
cell cycle in phases G1 (e.g. the &t cyclin kinase inhib- in a form unable to bind DNA. This effect was abolished
itor) and G2 (e.g. the signal transduction protein 14-€8-3  when cells were exposed to TPEN plus Zn, indicating
Another important family includes regulators of cell death that neutralization of the chelator inactivated its inhibitory
(such as the death receptors Fas/APO1/CD95 andeffect (Fig. 3 (A and B); Verhaegbt al 1998). Using
Killer/DR5, and Bax-1, a regulator of mitochondrial mem- conformation-specific antibodies, we have shown that the
brane permeability; Hainaut & Hollstein, 1999). Recently, a inhibitory effect of TPEN correlated with a change in p53
number of new p53-induced genes have been identified inprotein conformation, similar to that observed in recom-
cells undergoing p53-dependent apoptosis; they includebinant p53 exposed to metal chelatorsvitro. Together,
several genes, the products of which are potentially involved
in the production or scavenging of reactive oxygen species
(Polyaket al 1997). This finding raises the possibility that
reactive oxygen species may act as ‘second messengers’ i
some of the signalling pathways that control cell prolif-
eration and survival.

Proteins bound by activated p53 include the replication
protein-A, the basal transcription factor TATA-box-binding
protein and helicases involved in DNA repair such as
ERCC2 and ERCC3. The nature, extent and duration of the
p53-dependent response are dependent on the intensity ¢
the p53-inducing stress and of the type of cell and tissue
considered. In some cell types induction of p53 results in
permanent or transient cell-cycle arrest, which may help in
the completion of extensive DNA repair. In other cells
induction of p53 results in apoptosis, which may facilitate
the elimination of cells that contain genes damaged beyond
repair. Both these mechanisms effectively contribute to the
prevention of the replication of cells exposed to genotoxic
factors, thereby limiting the risk of formation and

propagation of genetic abnormalities leading to cancer Fig. 2. Structure of the metal-binding site in p53. (A) The crystal
(Levine, 1997). structure of the DNA-binding domain of p53 (residues 102-296) in

complex with DNA is shown. DNA is represented by its phosphate

backbone. (@), The zinc atom, that bridges two large loops at the

Role of metals in the control of p53 conformation and protein—~DNA interface. (B) A close-up view of the metal-binding site,
activity showing the tetrahedral coordination of zinc by three cysteines and

. . . . o one histidine. Crystal structure data are from Cho et al. (1994), with
Transition metals play an important role in maintaining the modifications. The structure was visualized using RasMol 2-6

tertiary structure of the DNA-binding domain of p53. This software (Research Collaboratory for Structural Biolnformatics;
domain is made of a complex array of two beta-sheets thatttp:/mww.rcsb.org).
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Fig. 3. Inhibition of the p53 protein in intact cells by the metal
chelator N,N,N’,N’-tetrakis(2-pyridymethyl)ethylenediamine (TPEN).
The breast cancer cell line MCF7, which expresses wild-type p53,
was cultured for 2 h in the presence of TPEN (40 pum), zinc (100 pm)
or TPEN plus zinc. Hydrogen peroxide, a classical DNA-damaging
agent that induces p53, was used as positive control. (A) Western
blot analysis of p53 protein levels using the monoclonal antibody
DO7, showing p53 protein levels. (B) DNA gel shift assay using a
radiolabelled oligonucleotide containing a specific p53 binding site
(Funk et al. 1992). Nuclear cell extracts were incubated with the
oligonucleotide according to a protocol described elsewhere
(Verhaegh et al. 1998) and the radiolabelled DNA was resolved on a
non-denaturing gel electrophoresis. (<) Complexes between p53 and
specific DNA. (<)A band corresponding to a protein other than p53
that binds DNA in a non-sequence-specific manner. *Free DNA
probe (from Verhaegh et al. 1998, with permission).

these findings indicate that chelation of Zn inactivates p53

in intact cells (Verhaegét al 1998).

when the culture medium containing TPEN was replaced by
a metal-free medium. However, addition of trace amounts of
Zn to this metal-free medium was sufficient to fully restore
p53 activity (C Méplan and P Hainaut, unpublished results).
As exposure to TPEN induced p53 to accumulate, removal
of TPEN resulted in a dramatic increase in DNA-binding
activity, with increased transcription of target genes such as
p2atl and transient cell-cycle arrest at the G1/S border
(Verhaeghet al. 1998).

Additional evidence for a role for metals in the control of
p53 was obtained using a class of antioxidants that are well-
known regulators of several redox-dependent transcription
factors, the dithiocarbamates. Similar to TPEN, we found
that dithiocarbamates inhibited the DNA-binding activity of
p53. Measurement of the intracellular concentration of
metal ions revealed that inhibition of p53 was correlated
with intracellular accumulation of Cu ions, a well described
effect of dithiocarbamates. Blocking Cu intake with
bathocuproine disulphonic acid, a chelator that does not
penetrate into the cells, prevented the inhibition of p53 by
dithiocarbamates (Verhaegh al 1997). These results are
in agreement witln vitro data showing that Cu ions bind to
p53 and disrupt its native conformation (Hainatt al
1995). Overall, our results provide good experimental
evidence that p53 is metallo-regulated in intact cells.

Inhibition of p53 by cadmium, a carcinogenic metal

The experimental data described previously led us to
postulate that several metals may exert carcinogenic effects
through their capacity to interact with p53 and to impair its
function, thus producing a biological effect comparable with
mutation in the p53 gene. To test this hypothesis, we
examined the effects of Cd, a metal which is chemically
close to Zn and which is a demonstrated carcinogen in
human subjects and animals (International Agency for
Cancer Research, 1993). Exposure of cells expressing wild-
type p53 to Cd resulted in a dose-dependent inhibition of the
DNA-binding and gene transactivation activities of p53, and
this inhibition was at least partially reversible on removal of
Cd from the culture medium. Furthermore, Cd at a relatively
low level (10um) significantly decreased the extent of p53
protein induction after exposure to DNA-damaging agents
(Fig. 4). Finally, Cd was shown to abolish the p53-
dependent cell-cycle arrest in phases G1 and G2 inducted by
y-irradiation, thus allowing cells to continue to proliferate
under genotoxic stress conditions that normally trigger a
protective cell-cycle arrest response (Fig. 5). These findings
suggest that Cd disrupts the metal-dependent control of p53
function, a mechanism that may account for some of its so
far unexplained carcinogenic effects (C Méplan, K Mann
and P. Hainaut, unpublished results).

Conclusion: toxicological significance of p53 redox- and
metallo-regulation

Free radicals play important regulatory roles in the

Removal of TPEN from the culture medium allowed p53 signalling pathways upstream and downstream of p53. They
to fold back in the native conformation and to recover DNA- patrticipate in p53 protein induction through their capacity to

binding activity. Refolding required the presence ofZn

create DNA-strand break damage. In turn, p53 activates

the culture medium, as p53 remained essentially inactiveseveral genes that regulate the production of reactive oxygen
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100 - —— species. In this context, the intrinsic redox- and metal-
o sensitivity of the p53 protein may be seen as part of a com-
g 80+ plex autoregulatory feedback network that modulates the
3 o] fine-tuning of p53 activity.
<Z'< > 60F The data summarized here have two important potential
a3z implications. First, metal ions such as Zn might play a role
58 40 as signalling molecules in the control of p53 protein
£ function. Second, disruption of this control by a humber of
8 20 biochemical mechanisms might result in impaired p53
& function, and thus contribute to cancer. Mechanisms that
0 f can perturb p53 metallo-regulation include exposure to
CdCl, (um).... 05 10 20 30 0 5 10 2030 strong thiol oxidants such as NO (Calmetsl 1997), or to
+ActD —ActD metals that bind reactive thiols and can displace Zn, such as

Cd and Cu. A consequence of this hypothesis is that a

Fig. 4. Inhibition by cadmium of p53 protein induction by actino- . . >
number of cellular factors involved in the regulation of

mycin D (Act D). MCF7 cells were exposed for 2 h to cadmium chlo-

ride at the indicated concentration, followed or not by exposure for intracellular metal fluxes may also act as regulators of p53
4h to the topoisomerase | (EC 5.99.1.2) inhibitor Act D (2-5ng/ml), a activity. These factors include metallothioneins, a class of

classical inducer of DNA-strand breaks that activates p53. Nuclear small, cysteine-rich metal-binding proteins that act as

extracts were then prepared and analysed using the gel-shift assay biological metal chelators to protect cells against toxic metal

(Funk et al. 1992). The intensity of the band corresponding to p53— stress and to regu'a‘[e a number of physio'ogical metal-
DNA complexes was measured by densitometry. Results are transfer reactions (Vallee, 1991).

expressed as a percentage of the amount of p53-DNA complexes Cd is a widespread environmental pollutant that is present

detected in cells exposed to Act D in the absence of cadmium. . K . . .
P at high levels in several carcinogenic mixtures, as for

example in tobacco smoke. The results presented here
suggest that Cd may act as a co-carcinogen that sensitizes
cells to the genotoxic effects of other endogenous or
exogenous mutagens (Fig. 6). This model may also hold for

(a) Untreated (c) 10um CdCl, (e) 30um CdCl,
- %g

Gl gé

|

§
§

|

Fig. 5. Impaired cell-cycle arrest after y-irradiation in cells exposed to cadmium. Control MCF7 cells or cells cultured in
the presence of cadmium at 10 or 30-um were y-irradiated (5 Gy) and cell-cycle distribution was analysed 24 h later by flow
cytometry using a FacsCalibur (Becton-Dickinson, San Jose, CA, USA) after labelling with propidium iodide. (a) The cell-
cycle distribution of untreated cells showing the position of cell-cycle phases G1, S and G2/M. In cells irradiated in the
absence of cadmium (b), cell-cycle arrestin G1 and in G2/M is detected by the relative accumulation of the cells in the G1
and G2/M peaks, and by the decrease of cells in S-phase. Culture in the presence of cadmium (c, e) reduces the cell-cycle
arrest. At 30 pm-cadmium, irradiated (f) and non-irradiated cells (e) show identical cell-cycle profile, indicating the cadmium
has suppressed the cell-cycle arrest induced by irradiation.
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