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ABSTRACT

Iron deficiency affects 500 million people, yet the molecular
role of iron in gene expression remains poorly characterized.
In addition, the alterations in global gene expression after
iron chelation remain unclear and are important to assess for
understanding the molecular pathology of iron deficiency
and the biological effects of chelators. Considering this, we
assessed the effect on whole genome gene expression of
two iron chelators (desferrioxamine and 2-hydroxy-1-
napthylaldehyde isonicotinoyl hydrazone) that have mark-
edly different permeability properties. Sixteen genes were sig-
nificantly regulated by both ligands, whereas a further 50 genes
were significantly regulated by either compound. Apart from iron-

mediated regulation of expression via hypoxia inducible factor-1a,
it was noteworthy that the transcription factor p53 was also in-
volved in iron-regulated gene expression. Examining 16 genes
regulated by both chelators in normal and neoplastic cells, five
genes (APP, GDF15, CITED2, EGR1, and PNRCT) were signifi-
cantly differentially expressed between the cell types. In view of
their functions in tumor suppression, proliferation, and apoptosis,
these findings are important for understanding the selective anti-
proliferative effects of chelators against neoplastic cells. Most of
the genes identified have not been described previously to be
iron-regulated and are important for understanding the molecular
and cellular effects of iron depletion.

Iron deficiency affects approximately 500 million people.
However, despite the enormity of this problem, very little is
understood concerning the precise molecular roles played by
iron in growth, cell-cycle progression, and apoptosis.

Iron plays essential roles in cells, including DNA synthesis
and cell cycle control (Buss et al., 2003). It is well known that
iron deficiency induced by chelators results in a G,/S arrest
and apoptosis (Buss et al., 2003). The best-characterized role
of iron in proliferation involves its function in the rate-lim-
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iting step of DNA synthesis catalyzed by ribonucleotide re-
ductase (Buss et al., 2003). Iron has also been shown to
regulate the expression of a variety of molecules involved in
cell-cycle control (e.g., p21¢F7/WAFI GADDA45, p53, cyclin D1,
etc.) (Gao and Richardson, 2001; Liang and Richardson,
2003) and metastasis suppression (e.g., N-myc downstream-
regulated gene-1; NDRG-1) (Le and Richardson, 2004). Be-
cause iron is important for mitochondrial heme and iron
sulfur cluster synthesis, it is likely that iron chelation will
also affect basic mitochondrial metabolism and function.
Iron chelators are well known therapeutics for the treat-
ment of iron-overload disease and some of these agents show
potential for cancer therapy (Buss et al., 2003; Whitnall et
al., 2006). In general, lipophilic chelators are more effective
at inhibiting [*H]thymidine incorporation, DNA synthesis,
and proliferation than their hydrophilic counterparts (Rich-

ABBREVIATIONS: 311, 2-hydroxy-1-napthylaldehyde isonicotinoyl hydrazone; DFO, desferrioxamine; IRP, iron-regulatory protein; IRE, iron-
responsive element; UTR, untranslated region; HIF-1, hypoxia-inducible factor-1; HUVEC, human umbilical vein endothelial cell; MEF, murine
embryonic fibroblast; Tet, tetracycline; RT, reverse transcription; PCR, polymerase chain reaction; Dp44mT, di-2-pyridylketone 4,4-dimethyl-3-
thiosemicarbazone; APP, amyloid B (A4) precursor protein; GDF15, growth differentiation factor 15; FAC, ferric ammonium citrate; CON, control
medium alone; TfR1, transferrin receptor 1; BNIP3, BCL2/adenovirus E1B 19-kDa interacting protein 3; CITED2, Cbp/p300-interacting transac-
tivator, with Glu/Asp-rich carboxyl-terminal domain, 2; EGR1, early growth response 1; ERO1L, ERO1-like; GDF15, growth differentiation factor
15; NDRG-1, N-myc downstream regulated gene 1; PNRC1, proline-rich nuclear receptor coactivator 1; PPM1D, protein phosphatase 1D
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ardson et al., 1995). A good example of this is provided by
comparing the activity of the tridentate lipophilic ligand
2-hydroxy-1-napthylaldehyde isonicotinoyl hydrazone (311;
Fig. 1A) and the hexadentate hydrophilic compound desfer-
rioxamine (DFO; Fig. 1A). Both are high-affinity iron(III)
chelators (Richardson and Bernhardt, 1999) that demon-
strate distinct differences in activity (Richardson et al., 1994,
1995; Darnell and Richardson, 1999). In fact, DFO shows
limited permeability and iron chelation efficacy, which leads
to low antiproliferative efficacy, whereas 311 is membrane-
permeable and demonstrates marked antiproliferative ef-
fects (Richardson et al., 1994, 1995; Darnell and Richardson,
1999).

Unlike other cytotoxic chelators, upon binding iron, DFO
and 311 do not generate cytotoxic radicals, their effects being
due to induction of iron depletion (Chaston et al., 2003). In
addition, DFO and 311 up-regulate the iron-regulated gene
transferrin receptor 1 (TfR1) (Darnell and Richardson, 1999).

Important regulators of intracellular iron status are the
iron-regulatory proteins 1 and 2 (IRP1 and -2) that bind
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conserved iron-responsive elements (IREs) in the 3’- and
5’-untranslated regions (UTRs) of mRNAs that play roles in
iron metabolism (Sanchez et al., 2007). Previous studies
showed that DFO and 311 deplete cellular iron and effec-
tively increase IRP-RNA-binding activity (Darnell and Rich-
ardson, 1999). Depending on iron status, the IRPs post-tran-
scriptionally regulate the expression of genes, including
TfR1, which is involved in iron uptake, and ferritin H- and
L-chain, which play crucial roles in iron storage (Sanchez et
al., 2007). However, this is not the only mechanism control-
ling gene expression in response to iron; the other well known
system is mediated by hypoxia-inducible factor-la (HIF-1a)
(An et al., 1998; Semenza, 1999). The expression of the tran-
scription factor p53 can also be regulated by iron (An et al.,
1998; Liang and Richardson, 2003). It is noteworthy that
HIF1-« is thought to stabilize p53 and lead to its up-regula-
tion after iron depletion (An et al., 1998).

HIF-1 is activated under hypoxia and/or iron depletion
and is composed of two subunits, a constitutively ex-
pressed B-subunit and the a-subunit (Semenza, 1999). Un-

Fig. 1. A, structures of the chelators DFO and 311. B, the
effect of various concentrations of 311 (0.25-25 uM) or DFO
(0.1-250 uM) after a 24-h incubation at 37°C on the mRNA
expression of seven genes commonly up-regulated by either
of these ligands (see Table 2) in MCF-7 breast cancer cells.
C, the effect of incubation time (3—24 h at 37°C) with 311
(25 uM) or DFO (250 uM) on the mRNA expression of the
seven genes in B in MCF-7 cells. In B and C, TfR1 expres-
sion has been assessed as a positive control for iron deple-
tion. Results in B and C are representative photographs of
gels from three separate experiments.



der normal oxygen tension and iron levels, HIF-1« is reg-
ulated by prolyl hydroxylase, which allows binding to the
von Hippel-Lindau protein. This protein activates ubiq-
uitin E3 ligase, resulting in HIF-1a degradation via the
proteasome (Semenza, 1999). Under oxygen and/or iron
depletion, prolyl hydroxylase fails to function, leading to
HIF-1a accumulation and nuclear translocation, where it
binds to HIF-1B8 to form the HIF-1 complex, which regu-
lates genes, such as the TfR1 (Bianchi et al., 1999), by
binding to hypoxia response elements (Semenza, 1999).

In this investigation, we examined the effect of iron chela-
tion on global gene expression after incubation of cells with
either DFO or 311. These studies were initiated to achieve a
more comprehensive understanding of the cellular response
to iron depletion, which remains only preliminary. We iden-
tified a range of iron-regulated genes that play roles in di-
verse biological processes, including tumor suppression, pro-
liferation, and apoptosis. Furthermore, this work was
designed to also investigate further potential reasons for the
selective antiproliferative activity of iron chelators in neo-
plastic relative to normal cells. Five iron-regulated genes
have been identified that were regulated differently in neo-
plastic cells than in normal cells and could play a role in the
selective antitumor effects of chelators.

Materials and Methods

Chelators

311 was synthesized and characterized as reported (Richardson
and Bernhardt, 1999). DFO was from Novartis (Basel, Switzerland).

Cell Culture

Human MCF-7 breast cancer cells, MRC-5 fibroblasts, SK-Mel-28
melanoma cells, DMS53 lung carcinoma cells, and SK-N-MC neuro-
epithelioma cells were from the American Type Culture Collection
(Manassas, VA) and cultured as described previously (Le and Rich-
ardson, 2004). Human fibroblasts were from Corielle (Camden, NJ)
and grown under the same conditions as the cells above. Primary
cultures of human umbilical vein endothelial cells (HUVECs) were a
gift from Mr. Pat Pisansarakit (Heart Research Institute, Sydney,
Australia). The MCF-7 and MRC-5 cells were used in initial exper-
iments as their response to iron chelation by DFO and 311 have been
well studied (Yuan et al., 2004). Murine embryonic fibroblasts
(MEFs) from control and homozygous HIF-1a knockout mice were
obtained from Dr. R. Johnson (University of California, San Diego).
H1299 cells (p53-null) stably transfected with tetracycline (Tet)-
regulated p53 (Stein et al., 2004) were obtained from GenHunter
(Nashville, TN).

Microarray Processing

The MCF-7 cells were incubated with either control medium
(CON; minimum essential medium containing 10% fetal calf serum)
or control medium containing DFO (250 uM) or 311 (25 uM) for 24 h
at 37°C. These concentrations and this incubation period were used
because we demonstrated that under these conditions, the chelators
up-regulate iron-responsive genes (e.g., TfR1) (Darnell and Richard-
son, 1999). Moreover, the higher concentration of DFO was imple-
mented because of its limited ability to permeate membranes (Rich-
ardson et al., 1994; Darnell and Richardson, 1999). Total RNA was
isolated from cells in 1 ml of TRIzol reagent (Invitrogen, Sydney,
Australia). First-strand cDNA synthesis was performed using 15 pg
of RNA by the Affymetrix One Cycle cDNA synthesis kit, and the
c¢DNA products were purified via the Affymetrix GeneChip sample
clean-up kit (Affymetrix, Santa Clara, CA). Using the Affymetrix in
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vitro transcription labeling kit, biotin-labeled cRNA was prepared
from the cDNA.

After purification with the above-mentioned clean-up kit, the
quantity of the products was ascertained using the Nanochip proto-
col on a Bioanalyser 2100 (Agilent Technologies, Santa Clara, CA).
Labeled cRNA (20 pg) was fragmented to 50 to 200 base pairs, and
then its quality was checked again. Samples (cRNA, 0.05 ug/ul) that
passed this checkpoint were then prepared for hybridization to the
Human Genome U133 Plus 430 2.0 array. This consists of >47,000
transcripts from over 38,500 genes. On completion of hybridization
and washing, microarray chips were scanned with the Affymetrix
GeneChip Scanner 3000 (Affymetrix).

Microarray Data Analysis

Gene Expression Analysis. A two phase strategy was used to
identify differentially expressed genes. First, genome-wide screening
was performed using Affymetrix GeneChips. The empirical Bayes
procedure (Suryo Rahmanto et al., 2007) was applied to detect genes
most likely to be differentially expressed between control and chela-
tor-treated samples. Individual p values were then adjusted using
the Holm step-down procedure to reduce false positives (Suryo Rah-
manto et al., 2007). Statistical analyses of data from Affymetrix
Genechips were used to produce a list of genes with p < 0.05. This
analysis was not meant to provide proof of differential expression.
Rather, definitive evidence of differential expression was obtained
from RT-PCR assessment of samples used for the microarray and at
least three other independent samples.

Annotation. Functional annotation of genes was assigned through
Gene Ontology (http://www.geneontology.org) and classifications ob-
tained through the public databases NetAffx (http:/www.affymetrix.
com/analysis/index.affx) and DAVID (http:/david.abce.nciferf.gov)
(Suryo Rahmanto et al., 2007).

Data Availability. The complete data set can be accessed on the
Gene Expression Omnibus (http:/www.ncbi.nlm.nih.gov/geo/) using
accession numbers GSM444834, GSM444835, and GSM444836.

RNA Isolation, RT-PCR, and Western Analysis

Total RNA was isolated using TRIzol (Invitrogen) (Suryo Rah-
manto et al., 2007). Semiquantitative RT-PCR was performed using
the SuperScript III RT/Platinum Taq Mix (Suryo Rahmanto et al.,
2007). RT-PCR was shown to be semiquantitative by an optimization
protocol that demonstrated it was in the log-phase of amplification.
The sequences of the primers implemented are listed in Table 1. The
housekeeping gene, B-actin, was coamplified as an internal stan-
dard. Semiquantitative RT-PCR was used as it provides a sensitive,
reproducible, and rapid estimation of gene expression and was more
economical than quantitative real-time PCR. Protein isolation and
Western analysis were performed using established techniques (Gao
and Richardson, 2001).

Statistical Analysis

Results are expressed as mean + S.D. All experiments were per-
formed at least three times. Excluding the statistical analyses of the
microarray results, all data were compared using the Student’s
t test. Data were considered statistically significant when p < 0.05.

Results

Little is known concerning global changes in gene expres-
sion after iron depletion using chelators. To address this, we
performed whole genome gene array using MCF-7 breast
cancer cells. This was necessary as previous studies using
other methods only examined preselected genes that have
known roles or putative functions in iron metabolism (Muck-
enthaler et al., 2003). Assessment of a whole genome array is
vital for identifying genes regulated by iron and for under-
standing the response to iron depletion. Demonstration of
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these alterations in expression was also essential in elucidat-
ing the effects of iron chelation on cells at the molecular level
and to understand why some ligands show selective antican-
cer activity (Buss et al., 2003; Whitnall et al., 2006).

In our studies, we compared DFO and 311, which show low
and high membrane permeability, respectively (Richardson
et al., 1994). Furthermore, 311 shows greater antiprolifera-
tive activity than DFO and is far more effective at inducing
iron mobilization from normal and neoplastic cells (Richard-
son et al., 1995). Hence, it was important to compare the
difference in response at the molecular level for both com-
pounds. Whereas other chelators, such as di-2-pyridylketone
4,4-dimethyl-3-thiosemicarbazone (Dp44mT), have been de-
signed that show far greater antiproliferative activity than
DFO or 311 (Yuan et al., 2004), they were not included
because of their complex mechanism of action. Indeed, the
cytotoxicity of Dp44mT involves not only iron chelation but
also the generation of cytotoxic radicals from its metal com-
plex (Yuan et al., 2004). This would preclude interpretation
of the effects caused by iron depletion alone.

Whole-Genome Gene Array Reveals Novel Genes Up- and
Down-Regulated by Iron Depletion

Gene array analysis after a 24-h incubation with DFO (250
uM) or 311 (25 uM) demonstrated that there were 15 common
genes significantly (p < 0.05) up-regulated and one common
gene significantly (p < 0.05) down-regulated (Table 2) by both

TABLE 1

chelators. The expression of these genes was confirmed to be
significantly altered by RT-PCR and the extent of the alter-
ation is listed in Table 2. Because the array can be considered
to be only a screening technique, its analysis alone was not
considered definitive proof of differential expression. Rather,
as stated under Materials and Methods, evidence of signifi-
cant differential expression was obtained from RT-PCR as-
sessment of samples used for the microarray and also at least
three independent samples.

Of the 15 up-regulated genes, only two were previously
reported to be regulated in response to iron. These include
the growth differentiation factor 15 (GDF15) gene, which
plays a role in regulating the hormone of iron metabolism,
hepcidin (Lakhal et al., 2009), and the tumor growth and
metastasis suppressor gene NDRG-1 (Le and Richardson,
2004). The only gene commonly down-regulated by both DFO
or 311 was amyloid B (A4) precursor protein (APP) gene that
contains a type II IRE-motif in its 5'-UTR (Rogers et al.,
2002). The down-regulation of APP mRNA was also con-
firmed by RT-PCR, although the magnitude of the decrease
was not as marked as that found in the array (Table 2).

In general, after 24-h incubation with DFO or 311, the
extent of up- or down-regulation was similar in these chela-
tors (Table 2). This is explained by the fact that although
there was an initial kinetic block to the entry of DFO into
cells, it does gain access after longer incubations of 24 h to
chelate iron (Richardson et al., 1994). Moreover, because

Sequences and accession number of primers used to amplify human and mouse transcripts via RT-PCR.

Oligonucleotides (5'-3")

Organism & Pair No. Primer Name Accession No. Plé)i(ilemt
Forward Reverse
bp

Homo sapiens
1 APP NM_000484 GCGCAGAACAGAAGGACA GGCATCAACAGGCTCAAC 414
2 BHLBH?2 NM_003670 GGATCTCCTACCCGAACA TCTCCCATCGTGAACCTG 519
3 BIM NM_138621.2 CCTACCTCCCTACAGACA AGTAAGCGTTAAACTCGTC 391
4 BNIP3 NM_004052 ACAACCTCCACCAGCACC AGCAAGAAGAGTTTAGTGTACGAAC 623
5 BNIP3L NM_004331 GTATCTGTAGCCCTAACAC ATAACGATACAAAGTGCTAACTAAA 438
6 CCNGI NM_004060.3 ACACGATAATGGCCTCAG ACATGCCTTCAGTTGAGC 448
7 CCNG2 NM_004354.1 ACCATCTGTATTAGCCTTGT GTGTTTGTGCCACTTTGA 413
8 CITED2 NM_006079.3 GGCGGCTCTGGCAGCAGCTC CGGGCAGCTCCTTCGTGCGG 205
9 E2IG5 NM_014367 AAAGGAAGATGAAATCCCAGAG TTTCTCCAAAAGGCTGAGAGGCTAC 459
10 EGR1 NM_001964.2 GACCTGAAGGCCCTCAATAC CATCGCTCCTGGCAAACT 322
11 EROIL NM_014584 TGGCTTCTGGTCAAGGGAC CCAAATGCGTTGAATAATGATACTA 682
12 ERRFI1 NM_018948 GTTGCGTCTTGTTGAGGG GTGAGAGTTTTCAAAGCAGAAAGAT 487
13 GDF15 NM_004864 AGAAGTGCGGCTGGGATC CAAGTCATCATAGGTCTGGAGC 628
14 HIG2 NM_013332 TGAGTTTTGTGGCGGGAAGC ATGGAAGGAGGTCTTATCACATGCT 389
15 JMJDIA NM_018433.3 ACAACGGAGAAGATAAGGG CCAGAGCTGATACGAGGT 696
16 Loc401152 NM_001001701  CAGGAGCGAGATGGAGGTG TAAGAACTTAGCTAGGAATGGGTGA 416
17 NDRG-1 NM_006096 CCCTCGCGTTAGGCAGGTGA AGGGGTACATGTACCCTGCG 370
18 ODC1 NM_002539 ATTGGCGGTGGCTTTCCT GCAACAGTGTAAGCGCCCATGTTTT 476
19 pb3 NM_000546 ACCCAGGTCCAGATGAAG CACTCGGATAAGATGCTGA 422
20 PNRC1 NM_006813.1 GAGATGGCCCGTGTCTGA AAGGTGGATCACTAAACTTTGC 678
21 PPM1D NM_003620 CACAACCTCACAGCGAAAG ACACAGGTCACTATGAAAATACATC 586
22 TFRC NM_003234 GCTCGGCAAGTAGATGGC TTGATGGTGCTGGTGAAG 359
23 B-actin X00351 CCCGCCGCCAGCTCACCATGG AAGGTCTCAAACATGATCTGGGTC 397

Mus musculus
24 Bnip3 BC085237 AACAACAACTGCGAGGAA TAGGGTGTCTGAAATGGAAC 439
25 Eroll AF144695 CCAGACGCTTGGAGGATA GGCATATTTGCGATCAGT 686
26 Gdf15 BC067248 TGCTACTCCGCGTCAACC GCTCCAGCCCAAGTCTTCA 359
27 Hif-1a NM_010431 CGAGAAGAAAAAGATGAGTTCTGAACGTCG  CTGGATGCCGGTGGTCTAGACAG 210
28 Ndrg-1 NM_010884 TGCTTGCTCATTAGGTGTGTGATAGC CCATCCTGAGATCTTAGAGGCAGC 581
29 Ppmld NM_016910 GAGTGAACCGAGTAGTTTGG TGACTTGATTGGTGGTGTAG 545
30 Vegf-1 M95200.1 CCATGCCAAGTGGTCCCAG GTCTTTCTTTGGTCTGCATTCACAT 346
31 Tfre NM_011638 TCCCGAGGGTTATGTGGC GGCGGAAACTGAGTATGATTGA 324
32 B-actin BC040513 CTTCCTTCTTGGGTATGGAATCCTGT CTCAGGAGGAGCAATGATCTTGATCTTC 212

bp, base pair(s).



DFO was used at a higher concentration than 311 (250 ver-
sus 25 uM) to ensure intracellular chelation (see Materials
and Methods), this also probably led to a response of a similar
magnitude.

Apart from the 16 genes that were significantly up- or
down-regulated by both DFO and 311 (Table 2), there were
another 20 and 30 genes that were significantly down- or up-
regulated by DFO or 311 alone, respectively (Tables 3 and 4).
Other commonly known iron-regulated genes such as TfRI
were not listed in these tables because the fold change was
not sufficiently significant compared with the control. This
provides an indication of the very high stringency used to
process these array data. However, TfR1 was identified by
the array to be up-regulated by iron depletion (the average
fold change for 311 and DFO from three different array
probes for each chelator were log, 1.81 and 1.95, respectively;

TABLE 2
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http://www.ncbi.nlm.nih.gov/geo/). As a positive control, in
all samples, RT-PCR demonstrated that TfR1 mRNA was
shown to be significantly up-regulated by 311 (25 uM) and
DFO (250 uM) after a 24-h incubation at 37°C.

The complete list of genes (Tables 2—4) in which expression
was significantly altered after incubation with chelators was
then assessed using gene ontology software. This was done to
determine whether iron depletion affected any specific bio-
logical processes in particular (Table 5). The classification of
these processes was defined by the functional annotation of
genes assigned by the Gene Ontology Consortium (Suryo
Rahmanto et al., 2007). Examining the processes associated
with the differentially up-regulated genes induced by 311
and DFO demonstrated that, in general, each chelator had a
similar effect (Table 5). For both chelators, the largest pro-
portion (28-30%) of up-regulated genes was of “unknown

Common statistically significant (p < 0.05) alterations in the up- and down-regulation of genes after incubating MCF-7 cells for 24 h at 37°C with

311 (25 uM) or DFO (250 pM).

Gene Array (log,) RT-PCR (logy)
Affymetrix ID Gene Title Gene Symbol
311 DFO 311 DFO
Up-regulated genes
201170_s_at Basic helix-loop-helix domain containing, class B, 2 BHLHB2 4.01 3.82 2.89 2.08
201848 _s_at BCL2/adenovirus E1B 19-kDa interacting protein 3 BNIP3 3.38 3.33 3.31 3.82
221479_s_at BCL2/adenovirus E1B 19-kDa interacting protein 3-like BNIP3L 3.48 3.55 3.48 2.87
207980_s_at Cbp/p300-interacting transactivator, with Glu/Asp-rich carboxy- CITED2 3.63 3.65 4.13 2.90
terminal domain, 2
220942 _x_at Growth and transformation-dependent protein E2IGS5 2.43 2.35 1.18 1.75
227404 _s_at Early growth response 1 EGR1 4.07 3.88 1.08 1.21
222646_s_at ERO1-like (S. cerevisiae) EROIL 2.29 2.22 3.72 6.14
224657 _at ERBB receptor feedback inhibitor 1 ERRFI1 2.93 3.25 0.79 0.49
221577_x_at Growth differentiation factor 15 GDF15 2.78 2.87 1.25 2.38
218507_at Hypoxia-inducible protein 2 HIG2 3.42 3.21 0.43 0.64
212689_s_at Jumonji domain containing 1A JMJDIA 3.31 3.40 0.99 0.23
224602_at HCV F-transactivated protein 1 LOC401152 1.99 2.17 2.73 1.46
200632_s_at N-myc downstream regulated gene 1 NDRG-1 3.73 3.90 2.00 3.17
209034 _at Proline-rich nuclear receptor coactivator 1 PNRC1 3.37 3.41 1.73 1.53
204566_at Protein phosphatase 1D magnesium-dependent, § isoform PPM1D 1.50 1.61 0.44 0.36
Down-regulated genes
222013 _x_at Amyloid B (A4) precursor protein (peptidase nexin-II, Alzheimer =~ APP -3.72 —4.02 -0.98 -0.72
disease)
TABLE 3
Statistically significant (p < 0.05) down-regulated genes after incubating MCF-7 cells with 311 (25 uM) or DFO (250 uM) for 24 h at 37°C.
Ratio (logy)
Affymetrix ID Gene Title Gene Symbol
311 DFO
243958_at Mannosyl (a-1,3-)-glycoprotein -1,4-N-acetylglucosaminyltransferase, isozyme A MGAT4A —6.16
242396_at LOC440312 LOC440312 -4.16
207090_x_at Zinc finger protein KIAA0961 KIAA0961 —4.04
228762_at Lunatic fringe homolog (Drosophila) LFNG -3.99
242828_at Fidgetin FIGN -3.61
204554 _at Protein phosphatase 1, regulatory subunit 3D PPP1R3D -3.25
232075_at WD repeat domain 61 WDR61 -3.14
222760_at Zinc finger protein 703 ZNF703 -3.01
200768_s_at Methionine adenosyltransferase II, alpha MAT2A —2.77
46665_at Sema domain, immunoglobulin domain (Ig), transmembrane domain (TM) and SEMA4C —2.62
short cytoplasmic domain (semaphorin) 4C
201368_at Zinc finger protein 36, C3H type-like 2 ZFP36L2 —-2.57
222504_s_at COX4 neighbor COX4NB -5.17
221909_at Hypothetical protein FLJ14627 FLJ14627 —4.72
218300_at Chromosome 16 open reading frame 53 Cl6orf53 —4.37
219451_at Methionine sulfoxide reductase B2 MSRB2 —4.27
225834 _at Family with sequence similarity 72, member A FAM72A —4.00
202240_at Polo-like kinase 1 (Drosophila) PLKI -3.57
202870_s_at CDC20 cell division cycle 20 homolog (S. cerevisiae) CDC20 —3.48
200790_at Ornithine decarboxylase 1 ODC1 -3.38
207165_at Hyaluronan-mediated motility receptor (RHAMM) HMMR -3.33
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function.” The second largest group of up-regulated genes
(16—17%) after incubation with DFO or 311 were those af-
fecting “nucleic acid-binding,” whereas the third largest
group of up-regulated genes (11%) belonged to the group of
“nonreceptor Ser/Thr protein kinases” (Table 5).

Some differences between chelators were also observed,
with 6% of up-regulated genes in the 311-treated cells be-
longing to the group of “guanyl nucleotide exchange factor”
genes, 4% being “protein kinase” genes, 3% being “select
regulatory molecules,” and 3% being “signaling molecule
genes.” None of these gene classes was identified as up-
regulated in DFO-treated cells. Likewise, “microtubule-bind-
ing motor binding” genes (4%), “DNA helicase” genes (3%),
“exoribonuclease genes” (3%) and “receptor genes” (3%) were
identified in DFO-treated cells, whereas none of these were
identified to be up-regulated in cells incubated with 311
(Table 5).

The major group of genes down-regulated by both DFO and
311 (20 and 24%, respectively) was the “nucleic acid-binding”
class (Table 5). The second group of genes commonly down-
regulated by DFO and 311 were the “KRAB box transcription
factor” series, which represented 12 and 16% of all genes,
respectively. As found for the up-regulated genes, there was
some discordance in gene expression between the two chela-
tors. For instance, only in 311-treated cells was there a
decrease in the expression of “G-protein modulator” genes,
which represented 12% of the total (Table 5). Given the large
number of genes identified as being regulated by iron chela-
tion, we concentrated on those commonly and significantly
modified by both DFO and 311 (Table 2).

TABLE 4

Differential Gene Expression Depends on Chelator
Concentration, and Incubation Time and Is Reversible by
Adding Iron

From the 16 genes showing significantly altered expres-
sion after incubation with either DFO or 311 and then
independently confirmed by RT-PCR (Table 2), we chose
seven to further investigate and characterize in detail. The
seven genes assessed (i.e., BNIP3, EGR1, EROIL, GDF15,
NDRG-1,PPM1D, and PNRC1) were chosen on the basis of
1) their functional relevance to cellular proliferation, iron
metabolism, and cellular survival and 2) whether antibod-
ies were available for assessing protein levels.

A dose- and time-dependent response was observed for all
seven genes, expression increasing as a function of chelator
concentration (Fig. 1B) and incubation time (Fig. 1C). For
both EGRI and NDRG-1, a slight decrease in expression
relative to the control was repeatedly observed at 311 con-
centrations between 0.25 and 1.0 uM (Fig. 1B). Collectively,
these data confirmed the results of the gene array that was
done at one concentration (311, 25 uM; DFO, 250 uM) and
time point (24 h; Table 2).

It was also important to assess whether the alteration in
gene expression after iron depletion using DFO or 311 could
be reversed by the addition of iron as ferric ammonium ci-
trate (FAC; 100 ug/ml), that donates iron to cells (Le and
Richardson, 2004). This was necessary to demonstrate that
the effect observed was due to iron depletion per se and could
be reversed by adding iron. For all seven genes assessed, 311
or DFO significantly (p < 0.05) increased expression, and

Statistically significant (p < 0.05) up-regulated genes after incubating MCF-7 cells for 24 h at 37°C with either 311 (25 uM) or DFO (250 uM).

Ratio (log,)

Affymetrix ID Gene Title Gene Symbol

311 DFO
202912_at Adrenomedullin ADM 5.96
203725_at Growth arrest and DNA-damage-inducible, « GADD45A 4.23
202464 _s_at 6-Phosphofructo-2-kinase/fructose-2,6-biphosphatase 3 PFKFB3 4.16
202887_s_at DNA-damage-inducible transcript 4 DDIT4 3.37
201464_x_at v-Jun sarcoma virus 17 oncogene homolog (avian) JUN 3.36
223394 _at SERTA domain containing 1 SERTAD1 3.31
211456_x_at Similar to 60S ribosomal protein L35 LOC440737 3.17
203394_s_at Hairy and enhancer of split 1 (Drosophila) HES1 3.14
208581_x_at Metallothionein 1X MTI1X 2.98
203282 _at Glucan (1,4-a-), branching enzyme 1 (glycogen branching enzyme, GBE1 2.93

Andersen disease, glycogen storage disease type IV)
201846_s_at RING1 and YY1 binding protein RYBP 2.66
202769_at Cyclin G2 CCNG2 2.51
212185_x_at Metallothionein 2A MT2A 2.22
201406_at Ribosomal protein L36a RPL36A 0.43
200869_at ribosomal protein L.18a similar to ribosomal protein L18a;60S ribosomal RPLISALOC390354 0.34
protein L.18a

201010_s_at Thioredoxin interacting protein TXNIP 3.06
217996_at Pleckstrin homology-like domain, family A, member 1 PHLDA1 2.90
227897_at RAP2B, member of RAS oncogene family RAP2B 2.65
200738_s_at Phosphoglycerate kinase 1 PGK1 1.38
208980_s_at Ubiquitin C UBC 1.15
200650_s_at Lactate dehydrogenase A LDHA 0.88
217733_s_at Thymosin, 810 TMSB10 0.83
200966_x_at Aldolase A, fructose-bisphosphate ALDOA 0.63
200748 _s_at Ferritin, heavy polypeptide 1 FTHI 0.63
203012_x_at Similar to 60S ribosomal protein L23a LOC130773 0.53
206559_x_at Eukaryotic translation elongation factor 1 al EEF1A1 0.49
205009_at Trefoil factor 1 (breast cancer, estrogen-inducible sequence expressed in) TFF1 0.48
212391 _x_at Ribosomal protein S3A RPS3A 0.47
200834_s_at Ribosomal protein S21 RPS21 0.47
200088_x_at Ribosomal protein L12 RPLI12 0.47




this was reversed to control levels or in some cases to signif-
icantly less (p < 0.05) than the control by a secondary incu-
bation with FAC (Fig. 2). Secondary incubation with CON
alone also reduced the chelator-mediated increase in expres-
sion, because the medium also contains some iron.

The reversibility of gene expression mediated by adding
iron demonstrated that the up-regulation was due to iron
depletion and not to some other property of the chelator.
However, the extent of regulation was more notable for some
genes (e.g., BNIP3) than others (e.g., EROIL). The pattern of
regulation observed after iron depletion followed by iron sup-
plementation was similar to that of the positive controls,
TfR1 and NDRG-1, which are known iron-regulated genes
(Le and Richardson, 2004) (Fig. 2).

Regulation of Gene Expression by the IRE-IRP
Mechanism, HIF-1«, and p53

Regulation via the IRE-IRP Mechanism. A number
of mechanisms could induce alterations in gene expression
after iron depletion, including the IRP-IRE interaction
(Sanchez et al., 2007). In addition, transcriptional pro-
cesses mediated by HIF-1«a and/or p53 have been shown to
be regulated by iron (An et al., 1998; Liang and Richard-
son, 2003) and could also be involved. In our studies, three
online software packages [m-fold (http://mfold.bioinfo.
rpi.edu/cgi-bin/rna-form1.cgi), RNAfold (http://rna.tbi.
univie.ac.at/cgi-bin/RNAfold.cgi), and the University of
Wuerzburg Bioinformatics RNA Analyser (http:/www.
biozentrum.uni-wuerzburg.de/rnaanalyzer.html)] were
used to assess the presence of IREs in the 3’-UTRs of the

TABLE 5

Biological processes associated with statistically significant (p < 0.05)
differentially expressed genes identified from the Affymetrix Human
Genome U133 Plus 2.0 gene array after incubation of MCF-7 cells for
24 h at 37°C with 311 (25 uM) or DFO (250 pM).

311 DFO
%
Up-regulated genes
Unknown functions 28 30
Nucleic acid-binding 16 17
Nonreceptor serine/threonine protein kinase 11 11
Transcription factor 8 7
Other functions 7 7
Ribosomal protein 5 7
Small GTPase 5 5
Zinc finger transcription factor 4 3
Guanyl-nucleotide exchange factor 6
Protein kinase 4
Select regulatory molecule 3
Signaling molecule 3
Microtubule-binding motor protein 4
DNA helicase 3
Exoribonuclease 3
Receptor 3
Down-regulated genes

Nucleic acid-binding 24 20
KRAB box transcription factor 16 12
Zinc finger transcription factor 11 12
Other functions 11 7
Guanyl-nucleotide exchange factor 10 8
Transcription factor 10 8
Unknown functions 6 9
G-protein modulator 12
Non-motor actin-binding protein 8
Nonreceptor serine/threonine protein kinase 9
Transferase 7
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15 genes identified to be significantly up-regulated after
iron depletion by both chelators (Table 2).

Stem-loop structures were identified in the 3’-UTR of
NDRG-1 and HIG2 (Fig. 3A). However, none of these was
similar to those previously characterized within the UTRs of
TfR1, ferritin etc. (Sanchez et al., 2007). Furthermore, none
of the stem-loops identified contained the conserved, canon-
ical IRE containing the six-nucleotide loop 5'-CAGWGH-3’,
where W is adenosine or uridine and H is adenosine, cyto-
sine, or uridine (Sanchez et al., 2007). Moreover, although
the stem was thermodynamically stable in the NDRG-1 and
HIG2 structures (Fig. 3A), it was not typical of that in other
IREs (e.g., see TfR1; Fig. 3A). In fact, in the canonical IRE,
the apical loop is found on a stem of five paired nucleotides
containing a small asymmetrical bulge with an unpaired
cytosine on the 5’-strand and an additional lower stem of
variable length (Sanchez et al., 2007). Hence, IREs are highly
conserved structures, and the stem-loops found in NDRG-1
and HIG2 would not be conducive to IRP-binding (Sanchez et
al., 2007).

Regulation via HIF-1a. All 16 genes regulated by both
chelators (Table 2) had potential hypoxia response elements
(G/C/T ACGTGC G/C) (Liu et al., 1995) within their promot-
ers as indicated by analysis using the Genomatix program
(Suite 3; Genomatix, Munich, Germany) (Table 6). Further-
more, evidence from the literature suggested regulation of
these genes by HIF-1a under a variety of conditions (Table 6).
Considering this, the role of HIF-1« in the regulation of the
seven genes up-regulated by iron chelation (Fig. 1, B and C)
was examined using HIF-1a knockout [HIF-1a(—/—)] MEFs
compared with their wild-type controls [HIF-1a(+/+); Fig.
3B]. As a control, assessment of HIF-1« mRNA was exam-
ined, which demonstrated that it was only present in HIF-
Ta(+/+) cells.

Incubation of MEF's with DFO (250 uM) or 311 (25 uM) led
to an overall expression response to the iron chelators (Fig.
3B) similar to that found in MCF7 breast cancer cells (Fig.
2B). In fact, these chelators significantly (p < 0.01) increased
BNIP3, EGR1, and EROI1L expression in HIF-1a(+/+) cells
relative to cells treated control medium alone (CON),
whereas no significant increase was found in HIF-1a(—/—)
cells incubated under the same conditions (Fig. 3B). This
indicated that an HIF-la-dependent mechanism was in-
volved in their up-regulation after iron chelation. In terms of
the effect of hypoxia (0.5% O,), BNIP3 and ERO1L expres-
sion were significantly (p < 0.01) increased in HIF-1a(+/+)
cells only. In contrast, hypoxia significantly (p < 0.05) in-
creased EGR1 in both HIF-1a(+/+) and HIF-1a(—/-) cells.

For NDRG-1 and PNRCI1, significant up-regulation oc-
curred after incubation with chelators or hypoxia in the pres-
ence or absence of HIF-1a (Fig. 3B). This demonstrated that
HIF-la-dependent and -independent mechanisms could be
involved in regulating these genes. Chelators significantly
(p < 0.05) up-regulated GDF-15 and PPM1D expression in
the presence or absence of HIF-1«, whereas hypoxia had no
effect in the case of PPM1D but significantly (p < 0.05)
increased GDF15 in HIF-1a(+/+) cells only.

Regulation via p53. Assessment of p53 response ele-
ments (A/C A/C A/C C A/T A/T G G/T G/T G/T) (el-Deiry et al.,
1992) in the promoter of the 16 genes that were regulated by
both chelators (Table 2) using the Genomatix program led to
their identification in the promoters of APP, EGR1, GDF15,
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NDRG-1, and PPM1D (Table 6). This was supported by a
literature search, which indicated that these genes can be
regulated by p53 via a variety of stimuli (Table 6). Because
p53 expression can be regulated by intracellular iron levels
(An et al., 1998; Liang and Richardson, 2003), we examined
the role of p53 in the up-regulation of the seven genes exam-
ined after iron depletion (Fig. 1, B and C). This was done by
implementing H1299 cells (p53-null) transfected with wild-
type p53 under the control of a Tet-responsive promoter.
Only cells containing the p53 construct incubated with Tet
led to detectable p53 mRNA (Fig. 4). The addition of Tet to
H1299 transfected with the empty vector alone led to no p53
expression. It is noteworthy that incubation of H1299 cells

transfected with wild-type p53 together with the chelators
increased p53 expression. The mechanism involved in this
effect is unclear but may involve the effect of iron depletion
on stabilizing p53 mRNA leading to increased translation.
The expression of GDF15, NDRG-1, and PPM1D was sig-
nificantly (p < 0.05) increased in the presence of chelators
in cells expressing p53, although no influence was observed
in cells not expressing this transcription factor (Fig. 4). This
suggested that for these genes the increase in expression was
p53-dependent. Surprisingly, in p53-null H1299 cells, there
was no up-regulation of NDRG-1 after incubation with chela-
tors (Fig. 4). This was unexpected, because these cells are
HIF-1a(+/+) and should respond as in the studies shown in
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Fig. 3. However, this result may suggest that both p53 and NDRG-1 in these cells. In fact, HIF-1a is known to be able to
HIF-1a are necessary for chelator-mediated up-regulation of stabilize p53 (An et al., 1998), which may explain these
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observations. For all other genes, their expression was in-
creased after incubation with chelators in the presence or
absence of p53, indicating p53-dependent and -independent
mechanisms.

Iron-Regulated Gene Expression in Neoplastic Cells
Compared with Normal Cells

Considering the significant (p < 0.05) differential regula-
tion of 16 genes in Table 2 by both DFO and 311 in MCF-7
cells, studies assessed whether this effect was also observed
in normal cells incubated with the same concentration of
chelators (Fig. 5, A and B). In these experiments, we com-
pared neoplastic MCF-7 cells with normal MRC-5 fibroblasts.
This was done because we showed that proliferation of
MCF-7 cells is highly sensitive to chelators relative to normal
MRC-5 cells (Yuan et al., 2004) and that these ligands lead to
iron mobilization from both cell types (Liang and Richardson,
2003; Yuan et al., 2004). Thus, an analysis of the expression
of these 16 genes in both cell types may lead to improved
understanding of the reason for the known antiproliferative
efficacy of chelators against neoplastic relative to normal
cells (Buss et al., 2003).

Five of the sixteen genes in Table 2 (namely APP, CITED?2,
EGRI1,GDF15, and PNRC1) displayed differential regulation
between MCF-7 and MRC-5 cells (Fig. 5A), whereas the re-
maining 11 genes showed similar up-regulation in both cell
types (Fig. 5B). Hence, the differential gene expression ob-
served between these cells could be important for under-
standing the sensitivity of cancer cells to chelators (Buss et
al., 2003). Considering these results, it was essential to de-
termine whether these differences in expression were evident
in multiple tumor and normal cell types (Figs. 6 and 7).

To determine this, we examined the mRNA and protein
expression of the five genes above that were differentially
regulated between MCF-7 and MRC-5 cells in three other
cancer cell lines (DMS53 lung cancer cells, SK-Mel-28 mela-
noma cells, SK-N-MC neuroepithelioma cells) and two other
normal cell types (HUVECs and fibroblasts; Figs. 6 and 7).

At the mRNA level, CITED2, EGR1, GDF15, and PNRC1
were significantly up-regulated by chelators to a significantly

TABLE 6
Genes regulated by p53 and HIF-1«a

(p < 0.05) greater extent in neoplastic cells than in normal
cells (Fig. 6). Differential regulation of these genes was even
more marked when assessing protein levels, CITED2, EGR1,
and GDF15 being significantly (»p < 0.005) up-regulated by
both chelators in neoplastic cells with either no effect or
down-regulation occurring in normal cells (Fig. 7). The anti-
body available for PNRC1 did not lead to reproducible re-
sults; thus, these data were not included. For all cell types,
the positive control TfR1 was significantly up-regulated by
chelators, demonstrating that iron depletion had occurred
(Fig. 7).

It of interest that for the five genes analyzed in Figs. 6 and
7, mRNA levels were not always predictive of protein levels.
For example, this is true of CITED2 and GDF15 in at least
two of the three normal cell lines. Indeed, for the latter two
molecules, protein levels were the opposite of what one would
anticipate based upon RNA analyses. This difference can be
rationalized by post-transcriptional and post-translational
processing.

Discussion

Despite the fact that iron-deficiency anemia remains a
severe global problem, little is known concerning the role of
iron in regulating mammalian gene expression. Further-
more, the use of chelators for the treatment of iron overload
disease and their use in the treatment of other conditions
such as cancer (Buss et al., 2003), necessitates knowledge of
how alterations in cellular iron levels affect gene expres-
sion. In fact, several chelators are being developed for
cancer treatment (Buss et al., 2003); one of these, 3-ami-
nopyridine-2-carboxaldehyde thiosemicarbazone (Triap-
ine), has entered a variety of phase II clinical trials (Buss
et al., 2003; Yu et al., 2009). Some of these investigations
have shown that 3-aminopyridine-2-carboxaldehyde thio-
semicarbazone is not highly effective and justifies the de-
velopment of more effective ligands (e.g., Dp44mT) (Yu et
al., 2009).

In this study, we used whole-genome gene array to assess
alterations in gene expression after incubation with two well

The presence (+) or absence (—) of p53 and/or HIF-1a, either in the literature (as regulating molecules) or in the sequence search using Genomatix [as p53 binding sequence

or hypoxia response element (HRE)], is indicated.

Literature Genomatix
Gene Symbol Function
p53  HIF-la References p53 HRE
APP Cell proliferation and oxidative stress + + Ozaki et al., 2006; Wang et al., 2006; Zhang et al., 2007. + +
BHLHB?2 Cell growth and differentiation — + Ivanova et al., 2001; Miyazaki et al., 2002; Chakrabarti et al., — +
2004; Currie et al., 2004; Yamada and Miyamoto, 2005
BNIP3 Apoptosis — + Guo et al., 2001; Dayan et al., 2006; Lee and Paik, 2006 — +
BNIP3L Apoptosis - + Fei et al., 2004 - +
CITED2 Transcription and development — + Freedman et al., 2003; van den Beucken et al., 2007. — +
E2IG5 Cell growth and differentiation - — - +
EGR1 Tumor suppressor + — Yan et al., 1999; Liu et al., 2001; Rong et al., 2006 + +
EROIL Disulfide bond formation - + May et al., 2005. - +
ERRFI1 Tumor suppressor - + Saarikoski et al., 2002; Packer et al., 2007 - +
GDF15 Cell growth and differentiation + + Morrish et al., 2001; Secchiero et al., 2006; Yang et al., 2006 + +
HIG2 Autocrine growth factor - + Denko et al., 2000; Togashi et al., 2005 - +
JMJDIA cell signaling - — - +
LOC401152 Cell cycle regulation, metabolism and - — - +
cell apoptosis

NDRG-1 Metastasis suppressor + + Le and Richardson, 2004; Stein et al., 2004 + +
PNRC1 Tumor suppressor - - - +
PPM1D Cell cycle regulation + - Lu et al., 2004, 2005 + +




characterized iron(III) chelators, DFO and 311, that have
contrasting properties of cell permeability, iron chelation
efficacy, and antiproliferative activity (Darnell and Richard-
son, 1999; Richardson and Bernhardt, 1999). For the first
time, we identify a wide range of genes that have not been
described previously as being regulated by intracellular iron
levels. In fact, there were 16 genes significantly regulated by
both 311 and DFO (Table 2) and a further 50 genes signifi-
cantly regulated by one or the other chelator (Tables 3 and 4).
These genes represent molecules with various functions,
those of the nucleic acid-binding class being the most com-
monly up- or down-regulated (Table 5). Although DFO and
311 are well characterized iron(III) chelators, their different
permeability characteristics and iron chelation efficacy (Dar-
nell and Richardson, 1999; Richardson and Bernhardt, 1999)
lead to some variation in response (Table 5).
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Of the sixteen genes commonly and significantly regulated
by both chelators (Table 2), seven were further characterized
for reasons of practicality. All seven were confirmed to be
reversibly regulated after iron depletion by the addition of
FAC (Fig. 2), which is well known to replenish iron pools (Le
and Richardson, 2004). Hence, the effects of the chelators on
altering the expression of these genes cannot be interpreted
to be due to another effect separate from iron binding.

By and large, the regulation of gene expression by iron in
mammalian cells has been described to be via IRE-IRP and,
to a lesser extent, HIF-la mechanisms (Semenza, 1999;
Sanchez et al., 2007). However, there is evidence that the
transcription factor p53 is up-regulated by iron depletion (An
et al., 1998; Liang and Richardson, 2003), and this could
occur via HIF-1a, which stabilizes p53 (An et al., 1998).
Furthermore, it has been shown that p53 can post-transcrip-
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Fig. 4. Examination of the role of p53 in the
chelator-mediated increase in gene expression.
H1299 cells (p53-null) and H1299 cells stably
transfected with a tetracycline-regulated p53
* construct (Tet-on system) were incubated for
24 h at 37°C with either CON alone or CON
containing DFO (250 uM) or 311 (25 uM). The
mRNA was extracted, RT-PCR (described under
Materials and Methods) and densitometry were
performed, and gene expression was then calcu-
lated relative to the B-actin loading control. Re-
sults are mean *= S.D. of three or four experi-
ments. *, p < 0.05; #*, p < 0.01; #++, p < 0.001
compared with the relevant CON alone for each
cell type.
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tionally regulate iron homeostasis (Zhang et al., 2008).
Hence, it was important to examine whether any of the
alterations in gene expression observed could be due to these
mechanisms. None of the up-regulated genes in Table 2 con-
tained canonical IREs in the 3" UTR; thus, IRE-IRP binding
could probably not explain the up-regulation observed. How-
ever, both chelators led to significant up-regulation of three
(BNIP3,EGR1, and ERO1L) of the seven genes characterized
in Fig. 1, B and C, by a HIF-1a-dependent mechanism (Fig.
3B). It is noteworthy that these genes have been shown to be
regulated by HIF-la under other experimental conditions
(Bruick, 2000; Gess et al., 2003; Tai et al., 2009).

The products of BNIP3, EGR1, and EROI1L are involved
in apoptosis (Bruick, 2000), the increased expression of
multiple tumor suppressors (TGFB1, PTEN, p53, and fi-
bronectin) (Baron et al., 2006) and redox homeostasis
(Sevier and Kaiser, 2008), respectively. Thus, their in-
creased expression could participate in the antiprolifera-
tive activity of iron chelators. Furthermore, EGR1 is nec-
essary for trans-activation of the HIF-Ia promoter
(Sperandio et al., 2009), potentially resulting in a positive
feed-forward loop in response to iron depletion, leading to
increased HIF-1«a, which then increases EGR1.

A

MCF-7 MRC-5

o=l 3=2 smlil orFo[]
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In additional studies, we examined the role of p53 in the
response to iron depletion using H1299 cells (p53-null) trans-
fected with wild-type p53. Chelator-mediated up-regulation
by a p53-dependent mechanism was identified for GDF15,
NDRG-1, and PPM1D. These genes were not up-regulated by
the ligands in the absence of p53, indicating the specificity of
the response. All of these genes contain a consensus p53-
binding element within the promoter and have been shown
previously to be regulated via p53 by a range of other stimuli
(Table 6). Considering their functions, GDF15, NDRG-1, and
PPM1D play roles in apoptosis (Jutooru et al., 2009), growth
and metastasis suppression (Le and Richardson, 2004), and
the regulation of p53, respectively (Lu et al., 2007). Hence,
their effects on inhibiting tumor growth are notable when
considering the antiproliferative activity of chelators.

Part of the rationale of this investigation was to decipher
alterations in gene expression by chelators that could help
explain the sensitivity of neoplastic cells to these agents
relative to normal cells (Buss et al., 2003; Yu et al., 2009). In
fact, CITED2, EGR1, GDF15, and PNRC1, were significantly
up-regulated by DFO and 311 in four different neoplastic cell
lines relative to three normal cell types. Each of these mole-
cules has antiproliferative effects, and their collective activ-
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Fig. 5. Presence (A) or absence (B) of differential gene
expression at the mRNA level between neoplastic (MCF-7
cells) and normal (MRC5 fibroblasts) after incubation for
24 h at 37°C with either CON alone or CON containing

e = #actin 2 0 ) 4
Fold Change (Log,) Relative to Control
B
MCF-7 MRC-5
%:8 5:8 3ml] orFo[]
OmAO OmAO

BT 25

DFO (250 uM) or 311 (25 uM). The mRNA was extracted,
RT-PCR and densitometry were performed, and gene ex-
pression (log,) was calculated relative to the p-actin load-
ing control. Results are a typical experiment from two
performed.

e B croL

— — — N — — [T
(— — — W — — — W)
B B roc401152

MCF-7
MRC-5
MCF-7
MRC-5

I BN VDRG-1
MCF-7

[
|
[
%
N ELE
|
|
|
=R Frvip [ MCET

- 2 0 2 4

6

Fold Change (Log,) Relative to Control



ity could be significant in terms of the antitumor efficacy of
chelators (Buss et al., 2003). For instance, the transcriptional
modulator CITED2 arrests cell growth and is also related to
reduced expression of matrix metalloproteinase-13, which is
linked to metastasis (Bai and Merchant, 2007). As described
above, EGR1 and GDF15 have antitumor activity, and the
chelator-mediated increase in expression is dependent on
HIF-1a and p53, respectively. In fact, EGR1 is associated
with susceptibility to apoptosis (Zagurovskaya et al., 2009)
and expression of p21 (Choi et al., 2008), which inhibits
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proliferation. GDF'15 is also known as nonsteroidal anti-
inflammatory drug-activated gene-1 or macrophage inhibi-
tory cytokine-1/prostate-derived factor and is a putative tu-
mor suppressor (Yoshioka et al., 2008) the expression of
which is increased by antitumor agents. As such, this mole-
cule has been suggested to be a target for cancer treatment
(Martinez et al., 2006). Furthermore, PNRC1 interacts with
the Grb2-adaptor protein involved in growth factor/Ras-me-
diated pathways, and PNRC1 overexpression can inhibit can-
cer cell proliferation (Zhou et al., 2004).

Fig. 6. Comparative data analysis of
iron-regulated genes at the mRNA level
showing differential expression be-
tween neoplastic cell lines (DMS-53,
MCF-7, SK-Mel-28, and SK-N-MC) and
normal cells (HUVECs, MRC-5, and fi-
broblasts) after incubation for 24 h at
37°C with either DFO (250 uM) or 311
(25 uM) compared with CON alone. The
mRNA was extracted and RT-PCR and
densitometry then performed. Gene ex-
pression (log,) was calculated relative
to the B-actin loading control for each
cell type and is placed at the bottom of
the figure for clarity. The gel photo-
graphs are representative of at least
three to six separate experiments per-
formed, and the densitometry results
are expressed as mean + S.D. of three to
six experiments. *, p < 0.05; #x, p <
0.01; #*%, p < 0.001 compared with the
relevant CON for each cell type.
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Apart from the up-regulation of the genes described
above in neoplastic cells, it was also of interest that APP
was generally expressed to a higher extent at the mRNA
and protein levels in normal relative to tumor cells after
incubation with chelators. Hence, the lower expression of
APP after Fe chelation in tumor cells may lead to inhibi-
tion of proliferation, in that this molecule is known to
promote cancer growth (Takayama et al., 2009).

A subset of the 16 genes identified in Table 2 were simi-
larly regulated by iron chelation in both normal and neoplas-
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tic cell types (Fig. 5B). Considering this, after iron chelation
therapy is given to patients for iron-overload disease, it can
be expected that some of the alterations in gene expression
reported herein could potentially be observed. Hence, the
work described here is also important for understanding the
response of both normal and neoplastic cells to iron chelation.

It is of interest that iron chelators affect a wide variety of
targets, and the differential expression and function of the
genes identified here must be considered in conjunction with
the effects of the ligands on a variety of other molecules,

Fig. 7. Comparative data analysis of iron-
regulated proteins showing differential
expression between neoplastic cell lines
(DMS-53, MCF-7, SK-Mel-28, and SK-N-
MC) and normal cells (HUVECs, MRC-5,
and fibroblasts) after incubation with ei-
ther DFO (250 uM) or 311 (25 puM) for
24 h at 37°C compared with CON. The
protein was extracted, and Western anal-
ysis and densitometry were then per-
formed. Gene expression (log,) was calcu-
lated relative to the pB-actin loading
control for each cell type and is placed at
the bottom of the figure for clarity. The
photographs of Western blots are repre-
sentative of at least three to six separate
experiments performed, and the densi-
tometry results are expressed as mean =
S.D. of three to six experiments). *, p <
0.05; #*, p < 0.01; **%, p < 0.001 com-
pared with the relevant CON for each cell

type.



including cyclin D1, the cyclin-dependent kinase inhibitor
p21CIPUWAFL GADD45 (Darnell and Richardson, 1999; Gao
and Richardson, 2001), ribonucleotide reductase, NDRG-1
(Le and Richardson, 2004), etc. The importance of iron chela-
tors having multiple molecular targets could be significant
for understanding why these agents inhibit tumor growth. In
fact, the effect of iron depletion on activation of HIF-1a has
been linked to the stimulation of tumor angiogenesis and
resistance to chemotherapy. For example, Elstner et al.,,
(2007) showed that DFO-induced iron depletion significantly
enhanced glioblastoma cell invasion in vitro. However, apart
from its tumor-stimulating activity, HIF-1a can also poten-
tially have antitumor effects by up-regulating the pro-apop-
totic molecule BNIP3 (Bruick, 2000) and the potent tumor
suppressor p53 (An et al., 1998). The fact that potent iron
chelators markedly prevent tumor growth in vivo (Buss et al.,
2003; Yu et al., 2009) indicates that their antitumor effects
rather than pro-tumor activity predominates. This may be
true not only via the paradoxical activity of HIF-1a but also
through the many other molecular targets of iron chelators
(ribonucleotide reductase, etc.).

In conclusion, for the first time, we have identified a
wide range of genes significantly regulated by chelation of
cellular iron pools. In addition to iron-mediated regulation
of expression of BNIP3, EGR1, and EROIL via a HIF-1a-
dependent mechanism, we also showed that p53 played a
role in the iron-mediated regulation of GDF15, NDRG-1,
and PPM1D. Sixteen genes were identified to be commonly
regulated by DFO and 311. Of these, five were differen-
tially regulated in tumor cells relative to normal cells.
These molecules have antitumor functions, and their up-
regulation could be significant in explaining the sensitivity
of cancer cells to chelators. Moreover, these studies
achieve a more comprehensive understanding of the di-
verse cellular responses to iron depletion.
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