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Abstract
Chronic exposure to low doses of arsenite causes transformation of human osteogenic sarcoma (HOS)
cells. Although oxidative stress is considered important in arsenite-induced cell transformation, the
molecular and cellular mechanisms by which arsenite transforms human cells are still unknown. In
the present study, we investigated whether altered iron homeostasis, known to affect cellular
oxidative stress, can contribute to the arsenite-mediated cell transformation. Using arsenite-induced
HOS cell transformation as a model, it was found that total iron levels are significantly higher in
transformed HOS cells in comparison to parental control HOS cells. Under normal iron metabolism
conditions, iron homeostasis is tightly controlled by inverse regulation of ferritin and transferrin
receptor (TfR) through iron regulatory proteins (IRP). Increased iron levels in arsenite transformed
cells should theoretically lead to higher ferritin and lower TfR in these cells than in controls. However,
the results showed that both ferritin and TfR are decreased, apparently through two different
mechanisms. A lower ferritin level in cytoplasm was due to the decreased mRNA in the arsenite-
transformed HOS cells, while the decline in TfR was due to a lowered IRP-binding activity. By
challenging cells with iron, it was further established that arsenite-transformed HOS cells are less
responsive to iron treatment than control HOS cells, which allows accumulation of iron in the
transformed cells, as exemplified by significantly lower ferritin induction. On the other hand, caffeic
acid phenethyl ester (CAPE), an antioxidant previously shown to suppress As-mediated cell
transformation, prevents As-mediated ferritin depletion. In conclusion, our results suggest that
altered iron homeostasis contributes to arsenite-induced oxidative stress and, thus, may be involved
in arsenite-mediated cell transformation.
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Introduction
Arsenic, a human carcinogen, has been widely used in various professions such as in wood
preservation [1]. For example, the demand for arsenic in the United States. will continue to
correlate closely with demands for new housing and growth in the renovation or replacement
of existing structures using pressure-treated lumber [2,3]. Arsenic compounds were the only
compounds that IARC considered to have sufficient evidence for human carcinogenicity. Some
studies confirm that arsenite is not significantly mutagenic in bacterial or mammalian cell
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detection systems, so it is sometimes considered a tumor promoter and, more recently, was
shown to be a co-carcinogen in mouse models [4,5]. Other studies show that arsenite is a
complete transplacental carcinogen in mice [6], while dimethylarsinic acid, a major metabolite
of arsenic in most mammals, including humans, causes bladder cancer in F344 rats [7]. In
contrast to its weak mutagenicity, arsenite induces cell transformation of various types of cells
to a more malignant phenotype, such as Syrian hamster embryo cells [8], mouse embryo
fibroblasts [9], mouse epidermal JB6 C141 cells [10], rat liver-derived TRL 1215 cells [11],
normal human immortalized prostate epithelium RWPE-1 cells [12], as well as human
osteogenic sarcoma (HOS) cells [13,14]. Many mechanisms involving arsenic-mediated cell
transformation have been proposed. These include genomic instability [9], changes in cell
signaling [10], and DNA hypomethylation [11,15]. Arsenite exposure was found to induce
oxidative stress in cells [16–18]. However, there is not enough cellular evidence linking arsenic
directly to oxidative changes in arsenite-induced cell transformation.

Iron is an essential element, which plays an important role in survival, replication, and
differentiation of cells in animals, plants, and almost all microorganisms [19]. Iron is easily
cycled between two redox states, ferrous ions (Fe2+) and ferric ions (Fe3+), which provide
electrons for enzymatic and free radical reactions [20,21]. Although iron deficiency can cause
anemia leading to decreased oxygen transport [22], its excess can also cause damage leading
to adverse health effects, such as inflammation and cancer [23–32]. The damage caused by
excess iron is thought to be mediated by redox cycling between ferrous and ferric states, via
Haber-Weiss, Fenton, or autoxidation reactions, producing powerful oxygen free radicals
[33–35]. In order to maintain this delicate balance of iron states, organisms must have a timely
way to deliver iron to cells and in necessary amounts, while storing excess iron for times of
need.

Transferrin receptor (TfR) and ferritin are two major proteins that assure homeostasis of
cellular iron [36]. TfR is a dimeric membrane-bound protein that binds iron-containing
transferrin for cellular uptake. Ferritin is an iron-storage protein with a capacity to bind up to
4500 atoms of iron per molecule of ferritin. These two proteins are inversely regulated by iron-
regulatory proteins (IRP) [37–39]. The IRP exhibits posttranscriptional control by binding to
iron-responsive elements (IRE), present in ferritin and TfR mRNA. IRP binding responds to
changes in the intracellular iron level in a coordinate manner by differentially regulating ferritin
mRNA’s translational efficiency and TfR mRNA’s stability [37–40]. The intracellular iron
homeostasis is maintained by the IRP-IRE interaction that up-regulates ferritin synthesis and
down-regulates TfR when cellular iron is high or causing opposite effects when cellular iron
is low [37].

The goal of the present study was to investigate whether arsenite alters iron homeostasis in
cells during the transformation process. Using a previously developed model of a low-dose
and long-term exposure to arsenite [14], we obtained transformed human osteogenic sarcoma
(As-T-HOS) cells, which have exhibited anchorage independence [13]. We found that arsenite
can affect iron homeostasis through an abnormal iron regulation mechanism. Our study
provides a plausible explanation of how altered iron homeostasis can contribute to arsenite-
induced oxidative stress and cell transformation.

Materials and methods
Materials

Sodium arsenite (NaAsO2, As), ferric ammonium citrate (FAC), SITE liquid media supplement
(1.0 mg/ml insulin from bovine pancreas, 0.55 mg/ml human transferrin, 0.5 µg/ml sodium
selenite, and 0.2 mg/µl ethanolamine), 2-mercaptoethanol, monoclonal mouse-anti-β-tubulin
antibodies, tetramethylbenzidine (TMB), bicinchoninic acid kit, caffeic acid phenethyl ester
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(CAPE), and minimum essential medium alpha (α-MEM) were obtained from Sigma Chemical
Company (St. Louis, MO). Fetal bovine serum (FBS) was from Atlanta Biologicals (Norcross,
GA). Ferritin standard, anti-ferritin antibodies, and mouse-anti-TfR antibodies were purchased
from Research Diagnostics Inc. (Flanders, NJ). Other products were as follows: peroxidase-
conjugated anti-mouse antibody (Cell Signaling Technology, Inc., Beverly, MA),
radioimmunoprecipitation assay (RIPA) lysis buffer (Upstate Inc., Lake Placid, NY), complete
proteinase inhibitor cocktail (Roche Molecular Biochemicals Inc., Indianapolis, IN).

Cell culture
HOS cells were purchased from American Type Culture Collection (ATCC, Manassas, VA).
Control parental HOS cells were cultured in α-MEM medium containing 5 or 10% FBS. Two
types of As-treated cells were generated by incubating cells with a low dose of arsenite (0.1
µM), as previously described [13,14]. Cells designated here as As-8w-HOS were cells that
were chronically exposed to NaAsO2 for 8 weeks. These cells exhibit higher growth density
and altered morphology and grow in soft agar. Cells designated as As-T-HOS were As-8w-
HOS cells that were cloned in soft agar and then propagated in normal medium. In this study,
parental HOS cells, As-8w-HOS cells, and As-T-HOS cells were cultured in arsenite-free α-
MEM for over 2 weeks prior to the assessment of the endpoints. After reaching 80–90%
confluence, cells were washed with ice-cold phosphate-buffered saline (PBS) and lysed in
various buffers containing complete protease inhibitor cocktail. After centrifugation, the
supernatants were used for the assays. Protein concentration was determined by the
bicinchoninic acid (BCA) method using bovine serum albumin as the standard.

Investigation of alterations in iron homeostasis
Total iron and arsenite—To determine intrinsic levels of iron and arsenic in parental HOS
and As-8w-HOS cells, cells were lysed with 3.0 ml 0.2% nitric acid (HNO3, optima grade).
Total iron or arsenic present in the supernatants was analyzed by atomic absorption
spectroscopy, using a Graphite Furnace atomic absorption analyzer (Model GF95, Thermo
Electron Corp, Madison, WI) in the NIEHS and Superfund Resource at NYU School of
Medicine. Iron and arsenic were measured at 248.3 and 193.7 nm, respectively.

TfR and ferritin gene expression and their regulation—To investigate chronic effects
of arsenite on iron homeostasis, protein and mRNA levels of TfR and ferritin, as well as IRP
binding, were studied among the three types of HOS cells. Parental HOS, As-8w-HOS, and
As-T-HOS were cultured in α-MEM and then lysed in RIPA cell lysis buffer (50 mM Tris-
HCl, pH 7.4, 150 mM NaCl, 0.25% deoxycholic acid, 1% NP-40, 1 mM EDTA).

TfR levels were determined by Western blotting as follows: cell lysates (30 µg protein) were
subjected to 12% SDS-polyacrylamide gel electrophoresis. After transferring onto
nitrocellulose membranes, the membranes were blocked with 5% nonfat dry milk in Tris-
buffered saline containing 0.05% Tween 20 (TBST), and then probed with antibodies against
TfR (1:500) and β-tubulin (1:3000) together. Antibody banding was visualized with
peroxidase-conjugated anti-mouse antibody using Western Lightning Plus
Chemiluminescence Reagent (Perkin-Elmer).

Levels of ferritin in cell lysates were determined according to previously published protocol
[41]. In brief, antibody to a mixture of human spleen and liver ferritin was used as the capture
antibody to coat an ELISA plate, followed by incubation with cell lysates. The conjugate of
peroxidase and antibody to human spleen and liver ferritin was then added to serve as the
detector to determine the amount of ferritin bound to the capture antibody. TMB was then
added as the substrate for the peroxidase, and the absorbance of the oxidation product of TMB
was determined at 450 nm using a microplate reader (SpectroMax Plus, Molecular Devices,
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Sunnyvale, CA). Total protein in the cell lysates was determined using bicinchoninic acid, and
the results were expressed as naogram of ferritin per milligram of protein.

Levels of TfR and ferritin mRNA were measured as follows: Total RNA was isolated using
TRIzol extraction reagent (Invitrogen Life Technologies, Inc., Carlsbad, CA), and reverse
transcription was carried out following the manufacturer’s instructions. The resultant cDNA
was amplified by semiquantitative RT-PCR as well as quantitative real-time RT-PCR for H-
chain ferritin, TfR, and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) using the
following gene-specific primers: H-ferritin, 5′-CGC CAG AAC TAC CAC CAG GAC-3′ and
5′-GGA AGT CAC CCC ACG GCT ATG-3′; TfR, 5′-CAG CCC AGC AGA AGC ATT
ATC-3′; and 5′-GGA AGT AGC ACG GAA GAA GTC-3′; GAPDH, 5′-CGG AGT CAA CGC
ATT TGG TCG TAT-3′ and 5′-AGC CTT CTC CAT GGT TGG TGA AGA C-3′.

Semiquantitative PCR conditions were previously described [42], while quantitative real-time
PCR was performed using LightCycler – FastStart DNA Master SYBR Green kit and
LightCycler PCR instrument (Roche), according to the manufacturer’s instructions. GAPDH
was an internal control.

The binding activities of IRP to IRE were examined by RNA gel-shift assay. Cells grown in
different medium (5% FBS or serum-free α-MEM) were separately evaluated. The cells were
lysed in a lysis buffer containing10 mM Hepes, pH 7.5, 3 mM MgCl2, 40 mM KCl, 5% glycerol,
0.3% NP-40, and a cocktail of proteinase inhibitors. The 32P-labeled IRE probe was
synthesized by in vitro transcription using the linearized pSPT-fer plasmid as the template (a
kind gift from Dr. L.C. Kuühn, ISREC, Switzerland), which contains human ferritin H chain
IRE. RNA gel-shift assay was performed as previously described [43]. Briefly, samples were
equally divided into two parts; 2-mercaptoethanol (2-ME) was added to one part of the sample
at a 2% final concentration. The addition of 2-ME creates a reducing environment in the sample,
which facilitates maximal binding of all present IRP proteins. The sample with 2-ME (+ME)
was used as the internal control for IRP-binding normalization of the same sample but without
2-ME (−ME). Two parts of the same sample (2 µg proteins each) were incubated with an excess
amount of 32P-labeled IRE probe (4 × 104 cpm) in 20 µl reaction buffer (10 mM Hepes, pH
7.5, 3 mM MgCl2, 40 mM KCl, 5% glycerol, 0.07% NP-40, and Complete Proteinase Inhibitor
Cocktail). After 20 min incubation at room temperature, 1 unit of RNase and 100 µg of heparin
were added, and the mixture was incubated for an additional 10 min. The reaction mixture was
separated on a 5% nondenaturing polyacrylamide gel (Bio-Rad). The gel was dried and the
radioactivity assessed by exposure to X- ray film. The IRP binding was calculated by
comparing the band density of the sample without 2-ME to the same sample with 2-ME added.

Measurement of ferritin in cytoplasm and nuclei of As-treated cells with or without CAPE
To determine the protect effect of CAPE on As-mediated alteration of iron homeostasis as well
as the distribution of ferritin in the cytosolic and nuclear fractions, HOS cells were treated with
0.1 µM arsenite in the presence or absence of CAPE (1 µM) for 8 weeks. After treatment, cells
were collected and fractioned with a nuclear extraction kit (Panomics, Inc., Redwood City,
CA). Ferritin levels in the cytoplasm and nuclei were measured as described above.

Ferritin induction assay
To verify the decreased mRNA levels of ferritin in As-8w-HOS and As-T-HOS cells, the three
types of HOS cells were further challenged with iron to determine whether ferritin induction
varies among the cell types. Parental HOS cells, As-8w-HOS, and As-T-HOS cells were seeded
in 6-well plates at 2 × 106 cells /well in 2 ml complete α-MEM. After attachment, medium was
changed to serum-free SITE liquid medium (Sigma). Cells were then treated with freshly
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prepared FAC at final concentrations of 0, 75, and 300 µM. After incubation for 6 and 18 h,
cell lysates in RIPA cell lysis buffer were used to detect ferritin by ELISA [41].

Time course of As-induced ferritin degradation
Ferritin content in HOS cells was also measured as a function of time of a low dose of arsenite
treatment (0.1 µM). Cells were collected at 2, 4, 6, and 8 week exposure time points and lysed
in RIPA buffer for ferritin measurements.

Statistical analysis
The experimental differences were determined by two-tailed Student’s t test. To assure
reproducibility, the experiments were repeated at least three times (except the IRP-binding
assay). Graphed data represent the means ± SE of three or four experiments. A confidence level
of P < 0.05 was taken to represent a significant difference in all cases.

Results
Chronic arsenite treatment increases total iron content in HOS cells

The effects of arsenite treatment on the total iron content in HOS cells are shown in Fig. 1. The
results showed that 8-week arsenite treatment significantly increases the total iron content in
As-8w-HOS cells (28.8 ± 3.6 ng/mg protein) as compared to parental control HOS cells (17.0
± 2.9 ng/mg protein, P < 0.05). Because As-8w-HOS cells are capable of growth in soft agar,
a significant increase in the total iron content suggests that iron homeostasis has been altered
during the arsenite-induced HOS cell transformation. Since arsenic was undetectable by atomic
absorption in both cell types (As-8w-HOS and As-T-HOS), the increase in total iron content
is an intrinsic property of the arsenite-transformed cells.

Decreased TfR protein levels in As-8w-HOS and As-T-HOS cells
Because of the observed changes in the total iron content, we have assessed whether these
changes are related to iron metabolism proteins. TfR is a protein controlling cellular iron
uptake. Western blotting showed that control HOS cells express TfR (Fig. 2). However, after
8 weeks of treatment with arsenite, the expression of TfR in As-8w-HOS cells was dramatically
decreased (P < 0.05). This decreased TfR expression was stably passed onto As-T-HOS cells
(Fig. 2).

Decreased ferritin and TfR mRNA levels in As-8w-HOS cells
To determine whether decreased TfR in As-8w-HOS cells are the result of decreased mRNA
levels, semiquantitative RT-PCR and quantitative real-time PCR were utilized to determine
TfR mRNA and ferritin mRNA. The results of semiquantitative PCR showed that ferritin
mRNA was dramatically decreased in As-8w-HOS cells (Fig. 3A). However, the TfR mRNA
in As-8w-HOS cells was almost the same as in the parental HOS cells. Real-time PCR
quantitative results showed that ferritin mRNAwas 30% lower in As-8w-HOS cells than in the
parental HOS cells. In contrast, TfR mRNA expression did not significantly differ between the
parental and the As-8w-HOS cells (Fig. 3B).

Decreased IRP-binding activity in As-8w-HOS cells
The insignificant differences in TfR mRNA levels led us to assess IRP-binding activities in
the parental HOS and As-8w-HOS cells. Fig. 4A shows that IRP-binding activities are very
different in the two cell types grown in either 5% FBS or serum-free medium. In general, the
two human IRPs do not separate during gel-shift analyses. Hence, the detected effect was on
the total IRP (IRP1 plus IRP2)-binding activity (Lanes 1 and 3 of the parental HOS cells). It
is interesting to note that there are two bands in As-8w-HOS cells (Lanes 2 and 4). Based on
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the IRE–IRP complex position in the control parental HOS cell, it is thought that the lower
band is an IRE–IRP complex of As-8w-HOS.

The IRP activity in different samples was quantified by normalizing the IRP activities measured
in the absence of 2-ME to the total IRP that was determined in the presence of 2-ME. Fig. 4B
demonstrates that regardless of whether control HOS cells or As-8w-HOS cells were used, IRP
activities were higher in serum-free (SF) medium than in 5% FBS supplemented medium.
Since SF mediums represent an iron deprivation state, the increased IRP activity is expected.
Fig. 4B also demonstrates that IRP activity was markedly repressed in As-8w-HOS when
compared to control HOS cells in both types of media (SF and 5% FBS).

Ferritin in cytoplasm and nuclei of As-treated cells with or without CAPE
Table 1 shows that arsenite treatment depletes ferritin in both cytoplasm and nuclei as compared
to the control HOS cells. Interestingly, the ferritin levels were much more significantly depleted
by As in cytoplasm than in nuclei, suggesting that the defense system against oxidative stress
in cytoplasm is impaired by a long-term low-dose As treatment. CAPE, a naturally occurring
antioxidant, which was previously shown to prevent As-mediated HOS cell transformation
[14], also partially prevented As-mediated ferritin depletion in cytoplasm and completely
restored ferritin levels in nuclei. In the absence of As, CAPE had no effect on ferritin levels in
HOS cells as compared to the untreated control cells.

Ferritin induction under iron challenge
Ferritin levels induced by iron were measured in the three types of HOS cells. Table 2 shows
that parental and As-8w-HOS cells can produce ferritin in response to iron after 6 and 18 h of
treatment. However, the degree of that induction was much lower in As-8w-HOS cells than in
parental control HOS cells. Further, it appears that As-T-HOS cells lost the ability to produce
ferritin under iron challenge. In parental HOS cells, the ferritin induction by iron was time
dependent. For example, ferritin levels induced by 75 µM iron after 18 h were up to 10-fold
higher than after a 6-h exposure. Moreover, parental HOS cells produced much more ferritin
than the As-8w-HOS or As-T-HOS cells at the same time point and iron concentration.

Changes in ferritin levels during the process of As-mediated cell transformation
As previously described, HOS cell transformation occurred only after 8 weeks of low-dose
arsenite treatment [13,14]. Ferritin levels in the parental HOS cells were measured as a function
of time of exposure to 0.1 µM arsenite. The results showed that ferritin levels did not change
at 2, 4, and 6 weeks (Fig. 5). However, after 8 weeks of exposure ferritin levels were
dramatically decreased in comparison to the parental HOS cells grown in culture for the same
amount of time but without arsenite treatment. The characteristic of low ferritin in As-8w-HOS
cells was heritable because ferritin was also nondetectable in the As-T-HOS cells (HOS cells
stably transformed by arsenite).

Discussion
Arsenic’s health effects, especially its carcinogenicity, have been a public concern for decades.
Although arsenite does not react directly with DNA, it induces oxidant production and
oxidative DNA damage [44], which is considered to be a contributor to arsenic-mediated
carcinogenesis [4]. The chemical structure of iron and its capacity to drive one-electron
reactions make iron a major component in the production and metabolism of free radicals in
biological systems [45]. Our results suggest that iron homeostasis is altered by arsenite and
could be involved in arsenite-mediated human cell transformation.
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Intracellular iron homeostasis is maintained primarily by TfR and ferritin. Proliferating cells
acquire iron through the endocytosis of iron carrier protein, transferrin bound to TfR. Generally
speaking, cellular iron uptake is controlled by TfR, while excess iron is stored in ferritin in
order to prevent iron-induced oxidative stress [37]. As shown under Results, the total iron was
increased in As-8w-HOS cells as compared to parental HOS cells (Fig. 1). Because As-8w-
HOS cells exhibit malignant characteristics, such as growth in soft agar that is lacking in
parental HOS cells, these results indicate that transformed HOS cells need more iron to continue
their growth [24]. Based on these initial findings, we postulated that the increased iron levels
in As-8w-HOS cells are accompanied by an increase in ferritin and a decrease in TfR, a normal
mechanism controlling iron homeostasis. Surprisingly, ELISA and Western blotting results
showed that both ferritin and TfR are lower in As-8w-HOS as well as in As-T-HOS cells than
in parental HOS cells. Combining the results of increased total iron and decreased ferritin, one
could speculate that levels of “free” iron are higher in As-8w-HOS cells than in the parental
HOS cells. Therefore, oxidative damage also could be higher in As-8w-HOS cells. Indeed, our
preliminary data showed that levels of lipid peroxidation as well as 8-oxo-dG are higher in the
As-8w-HOS cells (data not shown). These results suggest that altered iron homeostasis
contributes to the observed arsenite-induced oxidative stress [4]. Considering that the chemical
properties of arsenite do not favor direct oxidant formation, our finding of altered iron
homeostasis provides a plausible explanation of one of the mechanisms by which arsenite
increases oxidative stress. This point of view is strengthened by the fact that the significant
decrease in ferritin levels, particularly in the cytoplasm (Table 1), the first line against oxidative
stress, was accompanied by their growth in soft agar. CAPE, a product of the propolis of
honeybee hives, possesses antioxidant and anti-inflammatory capabilities and was previously
shown to prevent As-mediated HOS cell transformation [14]. Interestingly, CAPE is also able
to completely prevent As-mediated ferritin depletion in the nuclei and partially in the cytoplasm
(Table 1). Moreover, cells exposed to arsenite for less than 8 weeks (2–6 weeks) exhibited
normal ferritin levels and did not grow in agar (Fig. 5). Overall, these results indicate that
altered iron homeostasis contributes to As-induced oxidative stress and cell transformation.

The syntheses of ferritin and TfR usually are inversely controlled at the translational level by
binding of the iron regulatory proteins to the iron-responsive elements located at the mRNA
stem loop regulatory control sites [37–39]. At low cellular iron levels, IRP interaction with an
IRE in the 5′-untranslated region (UTR) of ferritin’s subunit mRNA prevents full assembly of
the ribosomal apparatus and blocks ferritin synthesis [46]. On the other hand, IRP interaction
with multiple IREs in the 3′-UTR of the TfR mRNA protects that mRNA from degradation
and allows continued translation of the message and synthesis of TfR protein [38]. The
intracellular iron homeostasis is maintained by the iron-mediated IRP–IRE interaction that
inversely regulates ferritin and TfR [47]. When iron levels are high, an iron–sulfur cluster (4Fe–
4S) forms in the core of IRP-1 and prevents IRE binding [48,49], whereas IRP2 is rapidly
degraded [8,48,49]. This results in a decreased IRP–IRE interaction, leading to an increased
ferritin synthesis and TfR mRNA degradation.

In the present study, we found that levels of both ferritin and TfR were decreased in As-8w-
HOS and As-T-HOS cells. These results suggest that iron uptake in these two cell types is
abnormal. Ferritin functions as an iron-storage protein; its molecule consists of a spherical
protein shell made of 24 subunits with a variable amount of iron at its core. H-chain ferritin
accepts and releases iron more readily than L-chain ferritin, and H-rich ferritin shells turn over
more rapidly than L-rich ferritin shells. This difference led to the suggestion that the H subunit
of ferritin plays a key role in the intracellular traffic of iron [50]. Our RT-PCR results show
that the H-ferritin mRNA level is lower in As-8w-HOS cells than in the control HOS cells,
whereas TfR mRNA levels are virtually the same in both cell types (Fig. 3). The decreased H-
chain ferritin mRNA level in As-8w-HOS cells is likely the reason for the low level of ferritin
protein in As-8w-HOS cells.
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Since TfR mRNA levels were not altered by the chronic low dose arsenite treatment, we then
compared the IRP-binding activities between the parental and As-8w-HOS cells (Fig. 4). It can
be seen that As-8w-HOS cells exhibit a greater decline in IRP binding than the parental HOS
cells (Fig. 4). Although we do not understand yet the detailed mechanisms of why IRP binding
is decreased or why the binding pattern is changed in As-8w-HOS cells, it is reasonable to
assume that the decreased IRP binding is responsible for the observed decline in TfR protein
in As-8w-HOS cells. The clearly defined function of TfR is to mediate cellular uptake of iron
from transferrin. As compared to normal cells, neoplastic cells have significantly higher levels
of TfR [51] and, thus, take up iron from transferrin rapidly [52,53]. Several cell lines lacking
TfR have been produced [54,55] and they grow as fast as the parental cells [56]. Similarity,
our results suggest that As-8w-HOS and As-T-HOS cells are capable of incorporating iron
through non-TfR pathway(s). Divalent metal transporter (DMT), a protein that can transport
as many as eight metals [57], may participate in the iron incorporation into the cells. This awaits
further investigation.

It appears that iron homeostasis was altered at the same time as the arsenite-mediated HOS
cell transformation that occurred at the end of 8 weeks of exposure. Our results suggest that
the arsenite-induced decline in ferritin is one of the key factors involved in its cell-transforming
potential. In fact, it was reported that the down-regulation of H-chain ferritin expression is
required for cell transformation [58]. In order to confirm the role of ferritin, parental, As-8w-
HOS, and As-T-HOS cells were challenged with ferric ammonium citrate. We found that HOS
cells have a higher potential to produce ferritin than As-8w-HOS and As-T-HOS cells. As
noted earlier, ferritin is an iron-storage protein, which can sequester “free” iron and, thus,
protect cells from oxidative DNA damage [59,60]. It is likely that the decrease in the ability
to produce ferritin in As-8w-HOS and As-T-HOS cells makes these cells more vulnerable to
the free radical formation and consequently to DNA damage, which cumulatively contribute
to arsenite-induced carcinogenesis.

Based on all the results, altered iron homeostasis is most likely involved in arsenite-mediated
human cell transformation, which provides a novel view of arsenic’s carcinogenesis. These
results also suggest that iron supplementation of high arsenite exposure populations should be
reexamined.

Abbreviations

CAPE caffeic acid phenethyl ester

HOS human osteogenic sarcoma

As-T-HOS arsenic-transformed HOS

As-8w-HOS HOS cells treated for 8 weeks with arsenite

DMT divalent metal transporter

FAC ferric ammonium citrate

FBS fetal bovine serum

IRE iron-responsive element

IRP iron regulatory protein

ME mercaptoethanol

MEM minimum essential medium

RIPA radioimmunoprecipitation assay

SF serum free
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TfR transferrin receptor

TMB tetramethylbenzidine

UTR untranslated region
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Fig. 1.
Difference in the total iron content between parental HOS and As-8w-HOS cells. HOS cells
were continuously cultured and passaged for 8 weeks in the absence (HOS controls) or presence
of 0.1 µM sodium arsenite (chronic As exposure) in α-MEM completed with 10% FBS. Both
parental HOS and As-8w-HOS cells were subsequently cultured in α-MEM with 5% FBS
arsenite-free media for over 2 weeks prior to the measurement of total iron by atomic
absorption. Results are presented as means ± SE from four independent experiments.
*Significantly different from parental HOS cells (P < 0.05).
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Fig. 2.
Effects of chronic arsenite exposure on TfR expression. Western blotting analysis was
performed on cellular lysates prepared from the parental HOS, As-8w-HOS, and As-T-HOS
cells using specific TfR and β-tubulin antibodies (A). The densities of TfR and β-tubulin signals
were analyzed by the UN-SCAN-IT software version 4.1 (Silk Scientific Corp. Orem, UT) and
the ratio of TfR/β-tubulin was calculated (B). Data represent the means ± SE from three
independent experiments. *Significantly different from parental HOS cells (P < 0.05).
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Fig. 3.
Ferritin and TfR mRNA levels in parental HOS and As-8w-HOS cells. Panel A is a
representative gel photograph of semiquantitative RT-PCR. Lane 1, DNA markers; Lane 2,
parental HOS cells; Lane 3, As-8w-HOS cells; and Lane 4, non-reverse-transcribed DNA
template. Panel B depicts quantitative results from the real-time RT-PCR using GAPDH as an
internal control. Samples used for the real-time RT-PCR are different from samples used in
semiquantitative RT-PCR. The patterns of ferritin and TfR mRNA alterations were similar in
the two types of RT-PCR. Note: Relative mRNA level (Y axis) crosses X axis at 50%.
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Fig. 4.
Effects of chronic arsenite exposure on IRP-binding activity. Cytoplasmic lysates were
incubated with an excess of 32P-labeled IRE probe in the presence (+) or absence (−) of 2% 2-
mercaptoethanol (ME). RNA–protein complexes were separated on nondenaturing 6%
polyacrylamide gels and visualized by autoradiography (A). Lane 1, the parental HOS cells,
and Lane 2, As-8w- HOS cells, both in 5% FBS medium; Lane 3, parental HOS cells, and Lane
4, As-8w-HOS cells, both maintained in serum-free (SF) medium. The quantification of IRP-
binding activity is shown in Panel B. The data in Panel B represents mean value of two
independent determinations.
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Fig. 5.
Changes in ferritin levels as a function of time of arsenite exposure. HOS cells were cultured
and passaged continuously in the absence or presence of 0.1 µM arsenite. Total proteins were
extracted at the end of weeks 2, 4, 6, and 8 and ferritin content was measured. For comparison,
ferritin was also determined in As-T-HOS cells. Data are presented as means ± SE from three
independent experiments. ND: nondetectable. *Significantly different from the 8-week
cultured parental HOS cells (P < 0.05).

Wu et al. Page 16

Free Radic Biol Med. Author manuscript; available in PMC 2010 October 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Wu et al. Page 17

Table 1

Distribution of ferritin in cytoplasm and nuclei with or without arsenite and CAPE

Treatment Ferritin (ng/mg protein)

Cytoplasm Nuclei

Control HOS 240.0 ± 22.7 29.4 ± 3.1

HOS + As 1.0 ± 0.3a 13.6 ± 1.3a

HOS + As + CAPE 35.4 ± 5.8a,b 28.6 ± 7.0

HOS + CAPE 248.3 ± 28.1 34.2 ± 2.6

Parental HOS cells were continuously treated with arsenite (0.1 µM) and/or CAPE (1 µM) for 8 weeks. After collection, cells were fractionated and
ferritin levels determined as described under Materials and methods. Results are presented as the means ± SE from three independent experiments.

a
Significantly different from control HOS cells (P < 0.05).

b
Significantly different from As-treated HOS cells (P < 0.05).
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Table 2

Differences in ferritin induction among three types of HOS cells

Cell type Time (h) Dose of iron (µM)

0 75 300

HOS 6 6.69 ± 0.69c 29.74 ± 1.07a,c 34.95 ± 3.25a,c

18 6.57 ± 0.15c 289.77 ± 50.69a,b,c 175.11 ± 34.42a,b,c

As-8w-HOS 6 2.52 ± 0.20 5.20 ± 0.67a 5.61 ± 0.58a

18 2.18 ± 0.08 7.46 ± 0.53a 6.64 ± 0.40a

As-T-HOS 6 1.05 ± 0.53 0.87 ± 0.44 0.77 ± 0.47

18 0.82 ± 0.43 0.92 ± 0.46 1.25 ± 0.65

Parental HOS cells, As-8w-HOS, and As-T-HOS cells were treated with different concentrations of FAC in serum-free media. Cells were lysed in
RIPA buffer and ferritin was measured by ELISA. Results are presented as the means ± SE from three independent experiments and shown as ng
ferritin per mg protein.

a
Significantly different from control HOS cells (P < 0.05).

b
Significantly different from 6-h iron treatment (P < 0.05).

c
Significantly different from the As-8w-HOS and As-T-HOS cells under the same experimental conditions (P < 0.05).
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