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Iron overload is a risk factor for hepatocarcinoma,
but the pathways involved are poorly characterized.
Gene expression analysis in immortalized mouse
hepatocytes exposed to iron or the iron chelator
deferoxamine revealed that iron downregulated,
whereas deferoxamine upregulated, mRNA levels of
mouse double minute gene 2 (MDM2), the ubiquitin
ligase involved in the degradation of the oncosup-
pressor p53. Regulation of MDM2 by iron status was
observed at protein levels in mouse hepatocytes and
rat liver, and was associated with specular changes in
p53 expression. Iron dependent regulation of MDM2/
p53 was confirmed ex-vivo in human monocytes, by
manipulation of iron pool and in a genetic model of
iron deficiency, leading to modulation of p53 target
genes involved in the antioxidant response and apo-
ptosis. Iron status influenced p53 ubiquitination and
degradation rate, and the MDM2 inhibitor nutlin in-
creased p53 levels in iron-depleted cells. Further-
more, nutlin enhanced the antiproliferative activity of
deferoxamine in HepG2 hepatoblastoma cells. The
MDM2 �309T > G promoter polymorphism, deter-
mining increased MDM2 and lower p53 activity, was
associated with higher risk of hepatocarcinoma in
cirrhotic patients with hemochromatosis, and with
HFE mutations in patients with hepatocarcinoma
without hemochromatosis, suggesting an interaction
between MDM2 and iron in the pathogenesis of hepa-
tocarcinoma. In conclusion, iron status influences
p53 activity and antioxidant response by modulating

MDM2 expression. MDM2 inhibitors may enhance the
antiproliferative activity of iron chelators. (Am J Pathol

2010, 176:1006–1017; DOI: 10.2353/ajpath.2010.090249)

Hepatocellular iron accumulation, either genetic due to
hereditary hemochromatosis (HH) or acquired due to
alcohol abuse, chronic hepatitis C virus infection, or por-
phyria cutanea tarda, is a frequent cause of liver damage
and has been associated with increased risk of develop-
ing hepatocellular carcinoma (HCC), a leading cause of
cancer related death worldwide.1–4 Furthermore, in-
creased iron stores have been reported to be a risk factor
for other neoplasia, such as breast and colon cancer,5

whereas iron reduction therapy has been associated with
a decreased incidence of cancer.6

A role for iron overload in HCC development is sup-
ported by several lines of evidence including increased
concentrations of iron in non-neoplastic liver tissue of
patients who underwent liver transplantation for liver can-
cer,7 and an augmented risk of developing liver cancer in
patients with HH.5 Epidemiological data have shown that
common mutations of the hemochromatosis gene, HFE,
the gene responsible for HH representing the major in-
herited determinant of iron status in Caucasians, interact
with acquired cofactors, such as chronic viral infections
and alcohol abuse, in the pathogenesis of HCC.1,4

Deregulation of cellular iron metabolism has been shown
to contribute to the malignant phenotype induced by onco-
gene expression,8 and by loss of tumor suppressors,9
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whereas alterations in iron homeostasis progressively de-
termine intracellular iron accumulation during multistep car-
cinogenesis in solid neoplasia.10,11 Hence, iron chelators
are under study as potential antineoplastic drugs.12

Oxidative stress is believed to play a role in iron-
induced carcinogenesis, possibly by regulating Cy-
clinD1, p27 and Cdk2, whereas iron depletion may halt
the cell cycle progression by modulating the expression
of p21 and Cyclin D1.13 However, elucidation of the
complex effects of iron on the expression of molecules
involved in cell cycle control remains in its infancy,13 and
the cellular pathways and molecular targets of iron-in-
duced oxidative stress contributing to the increased risk
of HCC have not been characterized.

Aims of the present study, were I) to identify iron-
regulated gene pathways involved in hepatocarcinogen-
esis by evaluating gene expression profiles in iron sup-
plemented compared with iron depleted immortalized
mouse hepatocytes; II) to confirm these data at protein
levels in vitro in hepatocytes, ex vivo in human monocytes,
and in vivo in rat liver, and to characterize the underlying
molecular mechanisms of regulation; and, III) to assess
the clinical impact of these findings by evaluating the
effect of genetic variants of the identified genes on HCC
risk in patients with iron overload.

The results of our initial analysis of microarrays data
indicated that iron status regulates the expression of
mouse double minute gene 2 (MDM2), which is involved in
the control of p53 activity and degradation through ubiq-
uitination.14 Besides regulating cell cycle and apoptosis,
the oncosuppressor p53 induces antioxidant enzymes,
thus protecting cells from reactive oxygen species-medi-
ated DNA damage and carcinogenesis,15 and is fre-
quently mutated in HCC, in particular in the presence of
oxidative stress and iron overload.16 Our results show
that iron overload-mediated reduction in MDM2 levels
leads to p53 upregulation and consequent induction of
antioxidant enzymes, thereby providing a mechanism to
counteract iron-related oxidative stress. Furthermore, we
observed a synergic effect of the MDM2 �309 promoter
polymorphism, determining higher MDM2 and lower p53
activity,17 and HFE mutations in the determination of HCC
susceptibility in humans. These data shed light on the
mechanisms underpinning iron-induced carcinogenesis
and may be helpful to enhance therapeutic approaches
for cancer based on the use of iron chelators.

Materials and Methods

Cell Culture

SV40 immortalized fetal mouse hepatocytes isolated from
embryonic livers of wild-type mice (henceforth SV40
hepatocytes) were maintained in �-minimal essential me-
dium supplemented with 1 mmol/L L-glutamine, 4% fetal
calf serum, 1% penicillin-streptomycin, and 200 nmol/L
dexamethasone at 37°C in a 5% CO2 incubator.18 Cell
viability was assessed in triplicate by trypan blue exclu-
sion dye test.

When appropriate, cells were treated with 100
�mol/L deferoxamine (Dfo), 150 �mol/L ferric ammo-
nium citrate (FAC), 0.33 �mol/L insulin (Sigma, St.
Louis, MO), 60/120 �mol/L vitamin E (Sigma), 10
mmol/L N-acetylcysteine (NAC) (Sigma), 10 �mol/L
H2O2 (Sigma). Unless otherwise specified, treatments
were started 24 hours after cell plating.

To evaluate whether the effect of iron on p53 was
mediated by MDM2, cells were treated for 24 hours with
the inhibitor of the MDM2/p53 interaction Nutlin-3 (25
�mol/L for 24 hours),19,20 and with the proteasomal in-
hibitor MG132 (0.5 �mol/L for 24 hours, from Sigma).21

To evaluate p53 degradation kinetics cells were
treated with the protein synthesis inhibitor cycloheximide
(CHX: 40 �g/ml, from Sigma). Cells were pre-incubated
for 24 hours with FAC or Dfo and then treated with CHX
for up to 8 hours. Results were normalized for �-actin.

Total RNA Extraction and Purification

RNA was isolated by a guanidinium isothiocyanate phe-
nol-chloroform procedure using Trizol (Invitrogen, Carls-
bad, CA) and purified using the RNeasy total RNA isola-
tion kit (Qiagen, Valencia, CA).

Gene Expression Profiles Analysis

SV40 hepatocytes were cultured in standard medium or
treated with 150 �mol/L FAC or 100 �mol/L Dfo for 24
hours. Four replicates were performed for each condition
tested, and the whole experiment was repeated in two
independent cell lines isolated from different mice. Biotin-
labeled cRNA was prepared according to the GeneChip
expression analysis technical manual protocol (Af-
fymetrix Inc., Santa Clara, CA). Briefly, 5 �g of total RNA
were converted into double strand cDNA using the Cus-
tom SuperScript Double Stranded cDNA Synthesis Kit
(Invitrogen, Carlsbad, CA). Biotinylated cRNA was gen-
erated by an in vitro transcription reaction using the Enzo
Bioarray high Yield RNA Transcript Labeling Kit (Enzo
Life Science, Inc., Farmingdale, NY) and purified using
the RNeasy total RNA isolation kit (Qiagen, Valencia, CA).
15 �g of fragmented cRNA were hybridized on GeneChip
Mouse Genome U340 Arrays (Affymetrix Inc., Santa
Clara, CA) after quality checking on GeneChip Test 3
Arrays (Affymetrix Inc., Santa Clara, CA). After scanning,
the images were processed using Affymetrix MicroArray
Suite (MAS) 5.0 software to generate gene expression
intensity values. Arrays normalization was performed us-
ing the MAS 5.0 “global scaling” procedure. The genes
whose expression did not vary across the data set were
not considered for further analysis.

To identify genes significantly modulated by treatment
with FAC or Dfo compared with controls in each cell line,
supervised gene expression analysis was performed us-
ing the Genes@work software platform. Genes@work is a
gene expression analysis tool based on the structural
pattern localization analysis by sequential histograms
(SPLASH) algorithm,22 which discovers global gene ex-
pression signatures that are common to an entire set of
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experiments (the support set). Briefly, differentially ex-
pressed genes are identified by comparing an expected
gene expression probability density, empirically com-
puted from the experimental set, with a predefined
threshold (which was set to 0.02). Patterns of differentially
expressed genes are then ranked according to their sta-
tistical significance.23

As a second step, we identified genes that according
to the previous analysis were regulated in opposite ways
(down-regulated and up-regulated or vice versa) by FAC
and Dfo in each cell line. Finally, we selected among the
genes coming out from step two only the ones whose
pattern of regulation was confirmed in both cell lines.

Iron Regulatory Protein Activity Assay

Iron regulator protein (IRP) activity reflecting intracellular
free iron availability (the higher IRP activity the lower iron
availability) was measured by RNA band shift assay as
previously described.24

Western Blot Analysis

Cells were lysed in RIPA buffer containing 1 mmol/L
Na-orthovanadate, 200 mmol/L phenyl-methyl-sulfonyl
fluoride, and 0.02 �g/�l aprotinin. Equal amounts of total
cellular proteins (50 �g) were separated by SDS gel
electrophoresis and transferred electrophoretically to
polyvinylidene difluoride membrane (Bio-Rad, Hercules,
CA). Membranes were incubated with anti-MDM2, p53,
and �-actin antibodies (Santa Cruz Biotechnology, Santa
Cruz, CA). Immunoprecipitation was performed using
anti-p53 antibodies (Santa Cruz Biotechnology, Santa
Cruz, CA). The immunoprecipitated proteins were pro-
cessed for electrophoresis and Western blotting using
anti-ubiquitin antibody (Santa Cruz). For quantitative
analysis gels were scanned and analyzed by ImageJ
Software provided by the national Institute of Health
(Bethesda, MD) as previously described.25

Isolation of Peripheral Blood Monocytes

Peripheral blood monocytes were obtained from patients
with hereditary hemochromatosis homozygous for the
C282Y/C282Y HFE mutation and controls negative for the
C282Y and H63D HFE mutations and with normal iron
parameters by using the Lymphoprep method and anti-
CD14 coated microbeads (Miltenyi Biotech, Bergisch-
Gladbach, Germany), as previously described.26 Mono-
cytes of patients with HH are known to have a defect in
iron retention compared with control cells with wild-
type HFE, thus representing a naturally occurring ge-
netic model of cellular iron deficiency.27,28 Human
monocytes were cultured in RPMI 1640 medium supple-
mented with 1 mmol/L L-glutamine, 10% fetal calf serum,
and 1% Pencillin-Streptomicyn (PS) at 37°C in a 5% CO2

incubator. Cells were treated with 100 or 120 �mol/L Dfo,
150 or 500 �mol/L FAC, 10 �mol/L H2O2.

Effect of Iron Status on Cell Proliferation in
HepG2 Cells

HepG2 cells were maintained in RPMI 1640 medium
supplemented with 1 mmol/L L-glutamine, 10% fetal calf
serum, and 1% penicillin-streptomycin at 37°C in a 5%
CO2 incubator.18

Cells were treated with 120 �mol/L deferoxamine
(Dfo), 150 �mol/L FAC in the presence or absence of
Nutlin-3 25 �mol/L for 24 hours. Cells were then de-
tached by trypsinization and live cells were counted.
Cell viability was assessed in triplicate by trypan blue
exclusion dye test.

3H-Thymidine Incorporation Assay

HepG2 cells were cultured in serum free RPMI 1640
medium in the presence or absence of 150 �mol/L FAC
and 120 �mol/L Dfo and 0.33 �mol/L insulin for 24 hours.
Then, 3H-thymidine (1�Ci/dish) (Amersham, Stockholm,
Sweden) was added to the medium and cells were incu-
bated for 3 hours at 37°C. Unbound 3H-thymidine was
removed by rinsing the cells three times with PBS and the
bound radioactivity measured by a �-counter.

Quantitative Real Time PCR

First-strand cDNA was synthesized with equal amounts
(1 �g) of total RNA by the Superscript first strand synthe-
sis system (Invitrogen) with random hexamers. Quantita-
tive real time PCR was performed with TaqMan universal
master mix (1�), plus the assay specific for the genes
analyzed (MyScience; Applied Biosystem, Foster City, CA).
All of the reactions were performed in triplicate in the Opti-
con analyzer (BioRad, Hercules, CA), in a 25 �l final
volume.

Animal Model

Male Sprague-Dawley rats weighing 180 to 200 g
(Charles River, Calco, Italy) were maintained at the pre-
clinical Research Center of the Ospedale Policlinico,
Milan, Italy, in compliance with the Principles of Labora-
tory Animal Care. They were fed ad libitum and kept in a
climate-controlled room with a 12-hour dark-light cycle.
Rats were either iron depleted by daily injections of 200
mg/kg Dfo or injected with vehicle (0.9% saline) for 2
weeks. The experimental protocol was approved by the
local ethical committee. Animals were sacrificed under
anesthesia by exsanguination and samples of liver col-
lected. Blood hematocrit and serum iron levels were
measured by standard methods. Hepatic iron concen-
tration was measured by atomic absorption spectrom-
etry. Quantitative real time PCR and Western blotting
were performed as described above. Results were nor-
malized for �-actin.29
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Genetic Analysis of �309 MDM2 Polymorphism
and HFE Mutations in Patients

The �309 T � G MDM2 promoter polymorphism and the
C282Y and H63D HFE mutations were retrospectively
evaluated in a cohort of 74 patients with cirrhosis due to
HH. These represent all patients with cirrhosis due to HH
in regular follow-up at our center with ultrasonography
and AFP evaluation performed every 4 months for HCC
screening, for at least 1 year. The prevalence of HCC in
this cohort was assessed on January 1, 2008. The control
group included 136 healthy subjects of the same geo-
graphical origin.30 Moreover, the MDM2 promoter poly-
morphism was also evaluated in 143 consecutive pa-
tients with HCC without HH due to mixed causes
(cirrhosis related to chronic hepatitis C virus or hepatitis B
virus infection, or alcohol abuse),1 all from Northern Italy,
who were followed at our center between 2002 and 2008.
In this case-only cohort, a significant association be-
tween risk factors for HCC would suggest the existence
of an interaction in the pathogenesis of this condition.1

Genomic DNA was extracted from EDTA-preserved
whole blood using the phenol-chloroform method. The
�309 T � G MDM2 promoter polymorphism was de-
tected by polymerase chain reaction and restriction anal-
ysis as previously described.17 Genotypes of random
samples were confirmed by sequencing, which was con-
sistent with restriction analysis in each case. HFE genotypes
were determined by restriction analysis.1 Informed written
consent was obtained from each subject analyzed.

Statistical Analysis

We performed descriptive statistics and analysis of vari-
ance using the JMP 6.0 software (SAS Institute Inc, Cary,
NC). Results were expressed as means � SD and com-
pared by analysis of variance and �2 test as required. P
was considered significant when P � 0.05 (two-tailed).

Results

Efficacy of FAC and Dfo Treatments in SV40
Hepatocytes

To confirm that exposure to Dfo and FAC modulated the
intracellular iron pool in SV40 hepatocytes we used a
RNA bandshift assay to measure the activity of the iron
regulatory proteins, IRP1 and IRP2, key regulators of iron
homeostasis that are activated by decreased intracellular
iron availability (Figure 1). As expected, the binding ac-
tivity of both IRPs decreased in cells treated with FAC as
compared with untreated cells, but was remarkably acti-
vated in cells deprived of iron by exposure to the iron
chelator Dfo. We also excluded that these treatments
were toxic for SV40 hepatocytes, as cell viability evalu-
ated by Trypan blue dye test was �95% for each treat-
ment condition for the evaluated times (Figure 1).

Identification of Genes Modulated in Opposite
Ways by Dfo and FAC Treatments in SV40
Hepatocytes

To identify genes regulated in opposite ways by iron
supplementation and iron depletion we performed gene
expression evaluation by high-density oligonucleotide
microarrays in two lines of SV40 hepatocytes. The whole
data set of gene expression profiles is reported in Sup-
plemental Table S1 at http://ajp.amjpathol.org. We identi-
fied five genes whose mRNA levels were oppositely
regulated by iron status (Table 1). All of them were
significantly up-regulated by Dfo and down-regulated by
FAC compared with absence of treatment. Besides p21,
previously shown to be induced by iron deprivation in
cancer cell lines,13 we identified as iron regulated genes
MDM2, an ubiquitin ligase involved in p53 degradation,31

and its co-activator cyclin G1,21 envoplakin, and Ero-1
like, an endoplasmic reticulum oxidase. Importantly, as
compared with iron treatment, exposure to Dfo increased

Figure 1. IRP activity as detected by IRP binding assay with relative densi-
tometric quantification (top) and cell viability as detected by Trypan blue
exclusion (bottom) according to iron status. AU: arbitrary units. SV40 hepa-
tocytes were treated for 24 hours with 100 �mol/L Dfo (Dfo), 150 �mol/L
FAC (FAC) or vehicle (Control). Cell viability was detected by Trypan blue
exclusion and represents the mean � SD of three independent experiments.

Table 1. Genes Significantly Regulated in Opposite Ways
by FAC and Dfo in Two Independent Lines of
SV40 Hepatocytes

Gene Dfo/FAC ratio

Mdm-2 3.3
Envoplakin-1 2.7
p21 2.4
CyclinG1 2.3
Ero-1 like 1.5

TfR-1 2.5

The relative mRNA expression in Dfo versus FAC treated cells is
shown on the right; mRNA levels of TfR1 are shown as a control for
iron status. Experimental design. Step I: gene expression evaluation
in iron supplemented, control, and iron depleted cells in two cell
lines. Step II: Identification of genes modulated by iron depletion/
supplementation versus control. Step III: Identification of genes modulated
in opposite ways by iron depletion versus iron supplementation. Step IV:
Identification of genes modulated in opposite ways in both of the two cell
lines evaluated.
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the expression of transferrin receptor-1 mRNA, which is
known to be up-regulated by IRP when intracellular iron
availability is low.28

Effect of Iron Manipulation on MDM2 and p53
Protein Levels in SV40 Hepatocytes

We next confirmed by Western blotting in SV40 hepato-
cytes that incubation with 100 �mol/L Dfo for 24 hours
increased, whereas 150 �mol/L FAC decreased MDM2
protein levels, as compared with untreated cells (Figure
2A). Iron supplementation by FAC was associated with
increased H-ferritin protein levels compared with un-
treated and Dfo-treated cells (Figure 2A). Importantly,
MDM2 up-regulation after Dfo treatment was associated
with down-regulation of p53 protein levels, as compared
with controls, whereas iron supplementation had the op-
posite effect (Figure 2A). Exposure to either FAC or Dfo
did not alter p53 mRNA levels as determined by microar-
rays gene expression analysis (results not shown), sug-
gesting posttranscriptional regulation of p53 protein lev-
els by MDM2. The effect of iron depletion on p53 levels
was dose-dependent. Indeed, increasing concentrations
of Dfo progressively decreased p53 levels, whereas p53
protein content was higher in cells exposed to FAC than
in untreated cells (Figure 2B, upper panel). These alter-
ations in p53 protein levels were associated with specular
changes in MDM2 mRNA expression (Figure 2B, lower
panel).

We next evaluated the time course of p53 expression
after plating in differentiating SV40 hepatocytes cultured
in the presence of 100 �mol/L Dfo and 150 �mol/L FAC
as compared with untreated cells. Expression of p53 was
very low immediately after plating due to decreased p53
mRNA levels, increased after 24 hours, and reached the
highest expression at 48 hours after plating (Figure 2C).
Starting from 24 hours after treatment, FAC induced p53
up-regulation, whereas Dfo decreased p53, as com-
pared with untreated cells independently of p53 mRNA
levels. Cells treated for 72 hours with Dfo were not in-
cluded in this analysis because significant treatment re-
lated toxicity was detected (viability � 90%).

Effect of Iron Depletion by Dfo on MDM2 and
p53 Expression in Rat Liver

To confirm these findings in an in vivo model, we analyzed
the effect of iron depletion on MDM2 and p53 expression
in the liver of iron depleted rats (n � 4), as compared with
untreated rats (n � 5). As expected, exposure to Dfo
decreased serum iron (38 � 13 �g/dl versus 83 � 37
�g/dl, P � 0.03) and hepatic iron concentration (42 � 25
vs. 106 � 88 �g/100 mg dry weight tissue, P � 0.1). In
line with the results obtained in SV40 hepatocytes, Dfo
treatment increased MDM2 while decreasing p53 protein
levels (P � 0.05; Figure 2D).

Additional genes whose altered expression induced
by iron manipulation in at least one line of SV40 hepato-
cytes favored activation of the p53 pathway, p53-depen-

dent DNA damage response, cell cycle control, antioxidant
response, and apoptosis are shown in Supplemental Ta-
ble S2 at http://ajp.amjpathol.org.32–40

Effect of Antioxidants on Iron-Dependent p53
Induction

To evaluate whether p53 induction reflected an antioxi-
dant response to iron, we pretreated SV40 hepatocytes
for 24 hours with NAC (10 mmol/L), able to increase

Figure 2. Effect of iron status on the MDM2/p53 pathway in SV40 mouse
hepatocytes and in rat liver. A: Effect of Dfo and FAC on MDM2 and p53
protein levels in SV40 hepatocytes. Twenty-four hours after plating, cells
were treated with 100 �mol/L Dfo (Dfo) or 150 �mol/L FAC (FAC) or vehicle
for 24 hours and then lysed. MDM2, p53, and H-ferritin were detected in cell
extracts by immunoblot analysis. The blots were reprobed with the antibody
against �-actin as a loading control. B: Dose response relationship between
iron availability and p53 protein levels in SV40 hepatocytes. Ct: control,
untreated hepatocytes. Cells were treated for 24 hours with the indicated
concentrations of FAC and Dfo. The upper part of the figure indicates the
p53/�-actin ratio as detected by densitometry. AU: arbitrary units. Results are
representative of two independent experiments. In the lower part of the
figure the corresponding �-actin normalized MDM2 mRNA levels are shown.
Results are representative of two independent experiments. *P � 0.05 vs.
untreated cells. C: Effect of iron status on p53 protein and mRNA levels and
cell viability in differentiating SV40 hepatocytes, at different days from cell
plating. AU: arbitrary units. p53 AU indicates the p53/�-actin ratio as detected
by densitometry. p53 mRNA levels were normalized for �-actin. *P � 0.05 vs.
untreated cells 24 hours after plating (controls). Results are representative of
two independent experiments. D: Effect of iron depletion by Dfo on serum
iron, hepatic iron concentration, MDM2 and p53 protein levels in rat liver.
White bars: control rats (n � 5), black bars: iron depleted rats (n � 4). Serum
iron and hepatic iron concentration were measured by atomic absorption
spectrometry. Protein expression of p53 and MDM2, was evaluated by den-
sitometry and normalized for �-actin. AU: arbitrary units. *P � 0.05 vs.
control rats.

1010 Dongiovanni et al
AJP February 2010, Vol. 176, No. 2



cytoplasmic antioxidant capacity by raising GSH levels,
and the lipid-soluble membrane antioxidant � tocopherol
(60 and 120 �mol/L), or a combination of both. Treatment
with the antioxidant NAC partially prevented the iron in-
duced increase in p53 expression (Figure 3). On the
other hand, � tocopherol alone did not show significant
effects. However, association of the two antioxidants
more effectively blunted the iron induced increase in p53
protein levels. Overall, these data suggest that the effect
of iron on p53 induction is mediated by oxidative stress.

Effect of Iron Status on MDM2/p53 and Target
Genes Expression in Human Monocytes

To confirm these results in humans we evaluated the
effect of manipulation of iron status on p53 expression in
human monocytes. Cells were cultured for 24 hours in the
presence of FAC (150 and 500 �mol/L), Dfo (100 and 120
�mol/L) and H2O2 (10 �mol/L). Iron addition increased
p53 expression in a dose-dependent manner compared
with control cells, whereas Dfo reduced p53 expression
(Figure 4A). Treatment of cells with H2O2 to cause oxida-
tive stress significantly increased p53 expression, as
compared with untreated cells.

To verify that modulation of MDM2/p53 is actually
caused by iron depletion and not simply related to some
unknown effect of the exposure to Dfo, we next isolated
monocytes from patients with HH due to homozygosity for
the C282Y HFE mutation, which have been shown to be
iron-deficient,28 and from healthy control subjects without
HFE mutations and with normal iron parameters. The
iron-poor phenotype of monocytes of patients with HH
was confirmed by the strong up-regulation of transferrin
receptor-1 (about tenfold) as compared with monocytes
of control subjects (Figure 4B).

When we analyzed iron deficient human monocytes,
we found increased MDM2 expression, both at mRNA
and protein levels, associated with decreased p53 pro-
tein, but not mRNA levels (Figure 4, B and C). These data

confirm that p53 protein levels are decreased by post-
transcriptional regulation very likely related to MDM2 in-
creased levels.

In addition, in iron-deficient monocytes we also ob-
served down-regulation of p53 target genes involved in
apoptosis (such as Bax) and oxidative stress manage-
ment (such as Aldh4a1 and Sod2),15 thus suggesting a
functional consequence of decreased p53 levels (Fig-
ure 4B).

Effect of Iron Status on p53 Protein Levels in
Human Monocytes Is Related to Alteration of
MDM2-Mediated Ubiquitination and
Degradation

Given that in vitro assessment of MDM2 specific activity
would not reveal changes related to altered transcription
of this protein,41 to confirm that iron status regulates p53
protein levels and activity through modulation of MDM2
expression and MDM2-mediated p53 ubiquitination and
proteasomal degradation,31 we first assessed whether

Figure 3. Effect of antioxidants on p53 protein levels in SV40 hepatocytes.
After plating, cells were treated for 24 hours with or without NAC and
�-Tocopherol, and then 150 �mol/L FAC was added to the culture medium
for additional 24 hours. Ct: control, untreated cells, NAC: N-acetyl-cysteine 10
mmol/L, �-Toc: �-Tocopherol 60 �mol/L (�), 120 �mol/L (��). p53 levels
AU (arbitrary units): indicates the p53/�-actin ratio as detected by densitom-
etry in two independent experiments. *P � 0.05 vs. untreated cells. **P � 0.05
vs. cells treated with FAC 150 �mol/L alone. The Western blot shown in the
lower part of the figure is representative of two independent experiments.

Figure 4. Effect of iron status on the MDM2/p53 pathway in human mono-
cytes. A: Effect of iron status on p53 protein levels. Twenty-four hours after
plating, after removal of lymphocytes, cells were treated as indicated for 24
hours. Ct: control, untreated monocytes. H2O2 is shown as positive control.
�-actin is shown as a loading control. AU (arbitrary units): indicates the
p53/�-actin ratio as detected by densitometry. Results are representative of
two independent experiments. B: Expression of mRNAs of transferrin recep-
tor-1 (up-regulated by iron depletion), MDM2, p53, and p53 target genes
(including Bax, Aldh4a1, Sod2) in monocytes of subjects with C282Y �/�
HH (n � 6, black bars), and subjects with normal iron parameters negative
for HFE mutations (n � 6, white bars). *P � 0.05 vs. control subjects. AU:
mRNA levels, arbitrary units. C: MDM2 and p53 protein expression, as
detected by Western blotting, in subjects with C282Y �/� HH, and in
subjects with normal iron parameters negative for HFE mutations. Three
representative subjects are shown for each group. �-actin is shown as a
loading control.
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inhibition of the MDM2/p53 interaction modified the effect
of changes in iron availability on p53 protein levels. To
this end, human monocytes were incubated with 150
�mol/L FAC or 100 �mol/L Dfo in the presence or ab-
sence of Nutlin-3, a MDM2 inhibitor. The presence of
Nutlin-3 increased p53 protein levels in all treatment con-
ditions, and exposure to Dfo did not decrease p53 levels
in Nutlin-3 treated cells, whereas treatment with FAC in
the presence of Nutlin-3 was associated with a stronger
upregulation of p53 (Figure 5A).

Next, we directly evaluated whether iron manipulation
modified p53 ubiquitination status by immunoprecipita-
tion in monocytes treated with the proteasomal inhibitor
MG132. Results of one experiment and quantification of
two independent experiments are shown in Figure 5B.
Blotting of p53 immunoprecipitates with anti-ubiquitin an-
tibody demonstrated that incubation with FAC signifi-
cantly decreased the relative level of p53 ubiquitination,
while Dfo increased p53 ubiquitination compared with
control cells. As expected, Nutlin-3 decreased p53
ubiquitination.

Finally, to evaluate whether manipulation of iron status
and the consequent alteration in p53 ubiquitination af-
fected p53 stability, we evaluated the effect of iron status
on p53 protein degradation kinetics by measuring p53
levels after CHX mediated protein synthesis inhibition
(Figure 5C). Preliminary experiments (results not shown)
showed that exposure to CHX did not affect cell survival
until 8 hours after treatment. As compared with control
cells in which p53 remained stable after 8 hours of incu-
bation in the presence of CHX, the degradation of p53
(relative to that of �-actin) was accelerated by Dfo treat-
ment with a marked decrease in relative protein levels
after 8 hours of CHX incubation. In contrast, in iron
supplemented cells p53 degradation was significantly
delayed.

These data suggest that regulation of p53 protein lev-
els by iron status is at least partially mediated by alter-
ation of MDM2 protein levels, p53 ubiquitination, and
proteasomal degradation.

Effect of Iron Status and of Modulation of
MDM2/p53 Interaction on Cell Proliferation in
HepG2 Hepatoblastoma Cells

Despite the fact that iron induced the p53 pathway ac-
tivity (see Figure 2 and Figure 4), iron supplementation
promoted cell proliferation in SV40 hepatocytes and in
HepG2 cells, a well-differentiated hepatoblastoma cell
line, thus representing the possible underlying cause of
the promoting effect of iron on carcinogenesis and neo-
plastic cell growth (Figure 6, A and B). Indeed, as shown
in Figure 6A, Dfo inhibited cell growth in HepG2 cells
cultured in the presence of insulin, known to induce cell
proliferation (see Figure 6A, solid bars), whereas FAC
was able to induce cell growth to levels similar to that
those induced by insulin treatment in HepG2 cells cul-
tured in the absence of growth factors (Figure 6A, open
bars). A list of genes whose expression was significantly
affected by manipulation of iron status in at least one of

Figure 5. Effect of iron status on p53 expression is mediated through MDM2.
A: Effect of Nutlin-3 on iron mediated regulation of p53 levels. The effect of
manipulation of iron status with FAC and Dfo on p53 is compared in cells
exposed or not to Nutlin-3. Human monocytes isolated from a healthy
subject with normal iron parameters and negative for HFE mutations were
cultured for 24 hours after removal of lymphocytes in the presence or in the
absence of 25 �mol/L Nutlin-3, 100 �mol/L Dfo, and 150 �mol/L FAC.
�-actin is shown as a loading control. p53 levels normalized for �-actin, as
detected by densitometry, are shown in the upper part of the figure. Results
are representative of two independent experiments. B: Effect of iron status
on p53 polyubiquitination during inhibition of proteasomal activity. Human
monocytes isolated from a healthy subject with normal iron parameters and
negative for HFE mutations were cultured for 24 hours in the presence or not
of 25 �mol/L Nutlin-3, 100 �mol/L Dfo, and 150 �mol/L FAC in the presence
of the proteasomal inhibitor MG132. Proteins were immunoprecipitated with
p53 antibody and pull-downs blotted with antibodies against ubiquitin (up-
per panel) and p53 (lower panel). The histogram shows the average levels of
ubiquitylated/total p53 as determined by densitometric analysis of two inde-
pendent experiments. *P � 0.05. C: Iron status affects p53 degradation
kinetics. Human monocytes isolated from a healthy subject with normal iron
parameters and negative for HFE mutations were cultured for 24 hours after
removal of lymphocytes in the presence or not of 120 �mol/L Dfo, and 150
�mol/L FAC for 24 hours and then treated with CHX 40 �g/ml for 1 to 8
hours. Western blot analysis and densitometric analysis were performed for
p53 levels, which were normalized for �-actin. Thus, relative expression �1
compared with baseline means that protein degradation was slower, whereas
relative expression �1 means that protein degradation was faster than that of
�-actin. Results represent means and SDs of two independent experiments.
*P � 0.05 compared with controls.
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the two evaluated lines of SV40 hepatocytes, and which
may be involved in iron dependent promotion of cell
growth and hepatic carcinogenesis are shown in Supple-
mental Table S3 at http://ajp.amjpathol.org.42–68

To evaluate whether modulation of the p53 pathway
may influence proliferation and survival in hepatoblas-
toma cells in response to iron deprivation, we next treated
HepG2 cells with Dfo in the presence or absence of
Nutlin-3 (Figure 6B). Despite the fact that iron increased
p53 protein levels (Figure 6C), FAC supplementation pro-
moted cell proliferation, whereas iron chelation with Dfo
inhibited cell growth but reduced p53 protein levels.
Treatment with Nutlin was associated with a significant

up-regulation of p53 protein levels, although p53 levels
were not restored to control levels in Dfo treated cells,
suggesting the existence of additional mechanisms that
contribute to the down-regulation of p53 by iron depletion
in HepG2 cells (Figure 6C). Nutlin by itself did not stunt
cell growth, but it significantly enhanced the effect inhib-
itory of Dfo on cell proliferation. These data suggest that
down-regulation of p53 improves cell survival/prolifera-
tion in the presence of iron depletion, and that inhibition
of MDM2 may increase the antiproliferative effect of iron
chelators by increasing p53 activity.

Association between the �309 T � G MDM2
Promoter Polymorphism and the Progression to
HCC in Patients with Cirrhosis and Iron
Overload

To evaluate whether regulation of p53/MDM2 by iron
status may be clinically significant in patients with liver
disease, we first tested whether the �309 T � G MDM2
promoter polymorphism associated with higher MDM2
expression and inhibition of p53,17 influenced the risk of
developing HCC in 72 patients with liver cirrhosis due to
HH (Table 2).

Despite similar demographic features, iron parame-
ters, and length of follow-up, patients positive for the G
allele displayed a significantly higher prevalence of HCC
at the end of follow-up (39% vs. 15%, P � 0.037), sug-
gesting that genetic factors determining increased MDM2
levels facilitate carcinogenesis in the presence of hepato-
cellular iron overload.

Next, to assess whether this may hold true also for
patients with cirrhosis and iron overload not related to
HH, we evaluated the association between the �309 T � G
MDM2 polymorphism, iron overload, and HCC in 143
patients with HCC due to different causes. Despite similar
demographic features and prevalence of viral hepatitis,
the MDM2 mutated G allele was significantly associated
with alcohol abuse (P � 0.02) and the presence of HFE
mutations (P � 0.05), known risk factors for iron overload
in patients with cirrhosis4,69 (Table 3). These data sug-
gest an interaction between high MDM2 levels, low p53
activity, and iron overload in the pathogenesis of HCC.

Figure 6. Effect of iron status and of modulation of MDM2/p53 on cell
proliferation in HepG2 human hepatoblastoma cells. A: Effect of iron status
on H3-Thymidine incorporation in HepG2 cells untreated (Control) and
treated for 24 hours with 150 �mol/L FAC (FAC) or 100 �mol/L Dfo (Dfo) in
the presence or absence of insulin 0.33 �mol/L. Results are mean � SD of
three independent experiments. cpm: counts per minute. *P � 0.05 vs.
untreated cells in the absence of insulin. B: Effect of iron status and of
MDM2/p53 modulation on cell number in HepG2 cells untreated or treated
for 24 hours with 150 �mol/L FAC (FAC) or 80/120 �mol/L Dfo (�/�� Dfo)
in the presence or absence of 25 �mol/L nutlin (Nutlin). The horizontal line
indicated the number of cells plated at the beginning of the experiment. *P �
0.05 vs. untreated cells in the absence of nutlin, **P � 0.05 vs. untreated cells
in the presence of nutlin. C: Effect of iron status and of MDM2/p53 modu-
lation on p53 protein levels in HepG2 cells untreated or treated for 24 hours
with 150 �mol/L FAC (FAC) or 120 �mol/L Dfo (Dfo) in the presence or
absence of 25 �mol/L nutlin (Nutlin). AU: protein levels normalized for
�-actin, arbitrary units. Results are representative of two independent exper-
iments. *P � 0.05 vs. untreated cells in the absence of nutlin, **P � 0.05 vs.
untreated cells in the presence of nutlin.

Table 2. Clinical Features and HCC Risk in 74 Patients
with Liver Cirrhosis Due to HHC According to the
�309 MDM2 Genotype

�309 MDM2

T/T T/G or G/G

N 33 41
MDM2 activity � ��/���
p53 activity ��� ��/�
Age, years 53 � 9.6 51.5 � 12
Sex, M 28 (93) 39 (93)
Transferrin saturation % 79.4 � 21.6 77.9 � 11.9
Ferritin, ng/ml 2183 � 2408 2641 � 2297
Iron removed, g 10.7 � 8.3 12.1 � 10.6
Follow-up, years 12 � 8 12 � 8
Hepatocarcinoma* 5 (15) 16 (49)

*P � 0.037; (): % values.
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Discussion

Increased hepatic iron concentration is considered a risk
factor for HCC in patients affected by chronic liver dis-
eases. Iron is believed to induce carcinogenesis by
promoting oxidative stress,1,5 but the molecular path-
ways underpinning iron-driven cell-cycle progression
and transformation are still under definition.13 To investi-
gate the mechanisms whereby, we evaluated the effect of
iron manipulation on gene expression profiles in immor-
talized mouse hepatocytes.

Our results confirmed previous findings indicating that
up-regulation of p21waf1 mRNA levels may be involved in
cell cycle arrest induced by iron depletion,13 and strongly
pointed to a modulation of the p53 pathway by changes
in iron levels. Indeed, among the genes most significantly
regulated by iron we identified both MDM2, involved in
regulation of p53 activity and stability by ubiquitination,31

and its co-activator Cyclin G1.70 Iron supplementation
decreased MDM2 and Cyclin G1 mRNA levels, as com-
pared with untreated cells, whereas iron chelation had
the opposite effect. These findings were replicated at the
protein level, and variations of MDM2 induced by iron
were associated with opposite changes in p53, ie, iron
supplementation increased, whereas chelation decreased
p53 levels. Moreover, the effect of iron availability on p53
protein levels appeared to be dose dependent and con-
sistent at all time points during cell differentiation.

Importantly, since p53 itself induces MDM2 as a feed-
back control mechanism,71 our data showing opposite
regulation of these two genes indicate that the strong
effect of iron status on the regulation of MDM2 mRNA
levels is not mediated by p53. The inhibition of iron-
dependent up-regulation of p53 obtained with antioxi-
dants suggest that modulation of the redox status plays a
role, but the precise characterization of the molecular
mechanism involved needs further investigations.

The oncosuppressor p53 is involved in the regulation
of cell cycle and apoptosis, but also plays a key role in
the induction of a number of genes, including DNA repair
and antioxidant enzymes.15 Since exposure to iron did
not stunt cellular growth, but on the contrary in immortal-
ized hepatocytes and hepatoblastoma cells promoted
cell proliferation, which was associated with up-regu-
lation of oncogenes potentially involved in hepatocar-
cinoma pathogenesis, the induction of p53 may be

particularly relevant for the prevention of neoplastic
transformation in cells exposed to excess iron. Therefore,
our results suggest that down-regulation of MDM2 may
allow activation of p53 and induction of antioxidant, DNA
repair, cell cycle control and eventually apoptotic re-
sponses to iron.15

This view is apparently in contradiction with previously
reported data on the effect of intracellular iron chelators
being tested as antineoplastic agents in cell lines.13

Whereas toxic doses of iron chelators increased p53
levels in neoplastic cells, in our experiments exposure to
Dfo did not affect cell viability; therefore, the p53 induc-
tion by iron chelation reported in previous experiments
may represent an epiphenomenon correlated to irrevers-
ible cellular damage and induction of apoptosis. To ad-
dress this issue, we checked the effect of iron depletion
on the MDM2/p53 pathway in vivo. In line with our findings
in immortalized hepatocytes, exposure to Dfo concentra-
tions causing moderate iron deficiency increased MDM2
expression and consequently decreased p53 protein lev-
els in rat livers. Furthermore, the effect of iron manipula-
tion on p53 levels was replicated in monocytes isolated
from humans with normal iron parameters, which were
chosen to evaluate the physiological regulation of p53 by
iron stores in non-neoplastic cells because of their easy
availability. To evaluate whether the effect of iron deple-
tion on p53 could be replicated in a model not depending
on a chemical iron chelator, we exploited a naturally
occurring model of cellular iron deficiency due to an
inherited mutation.27,28 Monocytes of individuals ho-
mozygous for the C282Y HFE mutation that are relatively
iron poor due to inability to retain iron28 had higher MDM2
mRNA and protein and lower p53 protein, but not mRNA
levels, than their normal counterpart. These data suggest
that in this ex vivo model iron deficiency decreases p53
protein levels by a post-transcriptional mechanism asso-
ciated with increased MDM2 expression. Furthermore,
decreased p53 levels were associated with down-mod-
ulation of target genes involved in regulation of redox
status, cell cycle, and apoptosis.

Mechanistic data were also provided indicating a
causal relationship linking MDM2 regulation by iron to
modulation of p53 activity. First, iron dependent modula-
tion of p53 was abrogated in the presence of Nutlin-3, a
small molecule that inhibits MDM2-mediated degradation
of p53 and has antineoplastic activity.19,20,72,73 Second,
iron supplementation decreased whereas iron depletion
increased p53 ubiquitination status, and, third, manipu-
lation of cellular iron availability was associated with sig-
nificant changes in the degradation kinetics of p53, con-
sistently with the observed changes in expression of
MDM2.31 All in all, these data suggest that iron induces
p53 activity by decreasing MDM2 expression, which in
turn leads to reduced p53 ubiquitination, proteasomal
targeting and degradation, whereas iron deprivation has
the opposite effect.

However, since we did not measure specific MDM2
activity, we cannot discern whether modulation of p53
ubiquitination by manipulation of iron status is a conse-
quence of transcriptional regulation of MDM2 expression,
or iron manipulation has also an influence on MDM2

Table 3. Clinical and Genetic Features of 143 Patients with
HCC Due to Mixed Causes According to the
MDM2 �309 Genotype

�309 MDM2

T/T T/G G/G

n 50 70 23
MDM2 activity � �� ���
P53 activity ��� �� �
Age, years 66.1 � 9 64.5 � 8 65.1 � 8
Sex, M 38 (76) 51 (73) 19 (83)
Alcohol abuse* 16 (32) 15 (21) 12 (52)
HCV and / or HBV 32 (64) 52 (74) 17 (74)
HFE mutations** 9 (18) 20 (28) 10 (43)

*P � 0.02; **P � 0.05; (): % values.
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enzymatic activity. However, we would like to point out
that iron is not a cofactor required for MDM2 enzymatic
activity, and post-translational modification of MDM2 de-
termined by manipulation of intracellular iron status would
be difficult to reproduce in vitro to measure the effect of
iron status on MDM2 activity.32

Rather than challenging evidence supporting the anti-
neoplastic activity of iron chelators,13 we believe our
results suggest the use of combination therapy with
MDM2 inhibitors, such as Nutlin-3, to maximize effects
and overcome resistances, at least for cancers maintain-
ing some expression of functional p53. Interestingly,
combined treatment with Dfo and Nutlin-3 appeared to
increase p53 protein levels compared with baseline lev-
els in our experimental conditions, and Nutlin-3 en-
hanced the inhibitory effect of Dfo on cell growth in
HepG2 hepatoblastoma cells. Furthermore, MDM2 has
been demonstrated to promote carcinogenesis also in-
dependently of p53, by regulating retinoblastoma, hyp-
oxia inducible factor-1�, and E2F1.72,74,75 Additional
work is required to test the synergistic effect of iron
chelation and MDM2/proteasome inhibitors and to iden-
tify possible clinical applications.

Finally, to test the clinical relevance of MDM2 down-
regulation by iron, we analyzed the effect of the MDM2
�309 promoter polymorphism17 on the risk of developing
HCC in patients with cirrhosis due to HH, which repre-
sents the leading cause of death in these patients.76,77 In
line with our hypothesis, we observed that the G allele,
previously linked to increased MDM2 expression and
lower p53 activity,78,79 was associated with increased
cancer risk, indicating that a preserved ability to down-
regulate MDM2 expression may protect from iron-induced
carcinogenesis through p53 upregulation. Moreover, the
MDM2 �309G allele was significantly associated with the
presence of HFE mutations in a case-only cohort of Italian
patients with HCC, suggesting an interaction between
iron overload and the failure to adequately down-regulate
MDM2 expression in the pathogenesis of the disease in a
subset of patients.1 These results await confirmation in
future prospective studies including larger series of pa-
tients with cirrhosis.

Thus, down-regulation of MDM2 induced by iron
seems to play a protective role on HCC development,
and the likely mechanism involves up-regulation of p53
and of antioxidant, cell cycle regulation, and pro-apop-
totic genes. Interestingly, p53 has recently been shown to
contribute to growth arrest by reducing iron uptake and
intracellular iron through the interaction with IRPs,80 thus
potentially providing a feed-back mechanism to control
cellular iron availability.

All together, our data obtained in vitro, ex vivo and in
vivo, show that iron status modulates p53 activity by
MDM2 mediated ubiquitination. Moreover, an interaction
favoring iron-related oxidative damage may occur be-
tween the HFE—mutated in hemochromatosis—and
MDM2 genes in the pathogenesis of HCC in humans.
MDM2 is involved in the protection from iron induced
oxidative stress and carcinogenesis.
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