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Abstract

Iron is required for nearly all organisms, playing important roles in oxygen transport and many enzymatic reactions. Excess
iron, however, can be cytotoxic. Emerging evidence suggests that radioresistance can be achieved in lower organisms by
the protection of proteins, but not DNA, immediately following ionizing radiation (IR) exposure, allowing for improved DNA
repair. One potential mechanism for protein protection is controlling and limiting the amount of free iron in cells, as has
been demonstrated in the extremophile Deinococcus Radiodurans, reducing the potential for oxidative damage to proteins
during exposure to IR. We found that iron regulatory protein 1 (IRP1) expression was markedly reduced in human myeloid
leukemia HL60 cells resistant to low linear energy transfer (LET) gamma rays, but not to high LET alpha particles. Stable
knockdown of IRP1 by short-hairpin RNA (shRNA) interference in radiosensitive parental cells led to radioresistance to low
LET IR, reduced intracellular Fenton chemistry, reduced protein oxidation, and more rapid DNA double-strand break (DSB)
repair. The mechanism of radioresistance appeared to be related to attenuated free radical-mediated cell death. Control of
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intracellular iron by IRPs may be a novel radioresistance mechanism in mammalian cells.
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Introduction

Iron is essential for nearly all living organisms, playing a critical
role in oxygen transport in multicellular organisms, as well as in
metabolism and various enzymatic processes. Many enzymes use
iron as a co-factor to catalyze redox reactions owing to its readily
interchangeable ferrous (Fe?*) and ferric (Fe™) states, serving as
either an electron donor or an electron acceptor [1]. As a
consequence, this makes iron one of the most reactive metals in
cells, allowing it to undergo Fenton and Haber-Weiss reactions
whereby free intracellular ferrous irons can react with hydrogen
peroxide (HyO,) and other cellular peroxides to produce ferric
iron, hydroxide (OH "), and the highly-damaging hydroxyl (OH)
radical. Although iron is essential to many reactions, free iron can
be detrimental to cells and must be sequestered and stabilized
within the cell in order to prevent these undesirable reactions [2].
Mammalian cells have therefore developed a rapidly responsive
iron sequestration system achieved primarily through the function
of two key gene products, Iron Regulatory Protein (IRP) 1 and 2.
IRPs control the translation of the mRINA of genes involved in the
uptake and sequestration of iron by binding iron responsive
elements (IRE) in the 5" and 3’ untranslated (UTR) regions of
nascent mRNAs [3,4]. Key targets of IRPs in circulating
hematopoietic cells are transferrin receptor 1 (TfR1), which
imports extracellular iron by receptor-mediated endocytosis [5]
and the ferritin heavy and light chains (FHC and FLC). The latter
proteins combine to form 24 subunit homo- or hetero-polymeric
protein structures that catalytically convert labile ferrous iron to a
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protein-bound, hydrated ferric state where it cannot participate in
dangerous Fenton reactions [6]. By controlling expression of these
gene products, IRPs allow the cell to maintain intracellular iron
homeostasis and sequester excess iron in a non-toxic state. During
times of limited iron availability, IRPs bind the 5" UTR of FLC
and FHC and the 3° UTR of TfRI, thereby increasing
intracellular iron availability. Conversely, under conditions of
iron excess, IRPs will undergo conformational changes that no
longer allow them to bind IREs. Under these conditions, IRP1
becomes a cytosolic aconitase [7] while IRP2 undergoes ubiquitin-
mediated degradation [8]. Thus, intracellular iron excess results in
increased FHC & FLC protein synthesis and reduced TfR1
protein synthesis, bringing iron levels back to homeostatic levels.

An emerging body of evidence indicates that radioresistance in
prokaryotes and other lower organisms is associated with
substantially reduced protein oxidation immediately following
ionizing radiation (IR) exposure, leading to improved DNA repair,
despite nearly uniform induction of DNA double-strand break
(DSB) formation per unit dose and base pair in IR-sensitive and
IR-resistant cells [9,10,11,12]. In one of the most extensively
studied radioresistant microorganisms, Demnococcus Radiodurans,
proteins are thought to be protected following IR due to the
unusually high manganese:iron ratio, relative to IR-sensitive
bacteria. Similarly, many studies have highlighted the potential
difficulties cells may face when utilizing iron. For example, metal-
containing enzymes are inactivated by hydrogen peroxide via
Fenton chemistry when iron is the co-factor, but not if other
transition metals are co-factors [13]. Moreover, the free radical
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superoxide (Oy ), another product of IR, is relatively non-reactive
towards DNA directly but highly reactive to [Fe-S] clusters in
proteins, inactivating their function and indirectly oxidizing
proximal DNA [14,15]. Finally, a number of studies have
demonstrated that increased ferritin expression can lead to
protection against a variety of forms of oxidative stress
[16,17,18,19]. Hence, the production of indiscriminately damag-
ing hydroxyl radicals by free iron, protein-bound iron’s suscepti-
bility to inactivation by peroxides in various enzymes, and the
sensitivity of iron-sulfur clusters to superoxide suggests that
limiting the role of iron within the cell via enhanced sequestration
by ferritin proteins could lead to a survival advantage during
exposure to IR. It has been demonstrated that altering the redox
activity of mammalian cells by perturbing the expression of the
transcription factor Nrf2 also protected against IR by reducing
protein oxidation [20], suggesting that this type of radioprotective
mechanism is not exclusive to simpler organisms.

We recently discovered that cells made resistant to IR after
exposure to low LET gamma rays, but not high LET alpha
particles, had significantly reduced IRP1 transcript levels, leading
to increased FLC expression (GSE35372). We therefore hypoth-
esized that reduced IRPI transcript in low LET-resistant HL60
cells was a mechanism of radioresistance in these cells by
protecting proteins, but not DNA, from IR-induced oxidative
damage immediately following IR exposure. Here, we present data
indicating that increased expression of ferritin proteins by reduced
IRP1 expression was associated with low LET-specific radioresis-
tance in the myeloid leukemia cell line HL60. The cells were
resistant to ionizing radiation (IR)-induced apoptosis, had reduced
intracellular Fenton chemistry, and increased clonogenic survival
following low LET gamma rays, but not high LET alpha particles,
which kill cells primarily through direct DNA damage that is
highly complex and often irreparable [21,22]. These results
indicated that the effect was free radical-mediated. The increased
survival was associated with lower protein oxidation and more
rapid DSB resolution following IR exposure. Cells with decreased
IRP1 expression also demonstrated significant resistance to
hydrogen peroxide, but not to staurosporine, indicating apoptotic
functions were not perturbed. Iron challenge of cells affected the
IR-induced apoptotic response in IRP1- cells, but not wild type
cells. We conclude that genetic changes that mimic a high iron
environment allowed these human myeloid leukemia cells to
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Table 1. The ten most significant gene expression changes in cells made radioresistant to either alpha particles or gamma rays,
relative to HL60 cells as measured by genome-wide microarray analysis.

Alpha IR-derived cells (RA11) Gamma IR-derived cells (RG8)

Gene ID Fold Change (Relative to HL60 cells) Gene ID Fold Change (Relative to HL60 cells)
UBB -59 UBB -10.2

DYSFIP1 69.9 DYSFIP1 273

ID3 45 DEFA1 —-42

IL23R -59 LOC728358 -32

FOXC1 53 DEFA3 —-34

HSD11B1 -26 MAGED1 —-182

MSRB2 49 CMBL -107

PRSSL1 6.4 ACO1(IRP1) -122

CCDC92 42 ID3 55

CLEC5A -3.1 SPNS3 -27
doi:10.1371/journal.pone.0048841.t001

produce an intracellular environment with less free iron and thus
reduced the cell inactivation potential by oxidative damage during
gamma ray exposure.

Results

IRP1-targeted shRNA specifically reduces mRNA levels of

IRP1 and increases FLC protein expression

HL60 leukemia cell clones resistant to either high LET (RA11)
or low LET (RG8) IR were selected and assayed for whole-
genome expression by microarray analysis (GSE35372). The ten
genes with expression most significantly changed in untreated
RAII and RG8 cells relative to radiosensitive control HL60 cells
are listed (Table 1). Of the genes listed, one in particular, ACO1
(IRP1), appeared to have a potentially direct role in a low LET-
specific radioresistant phenotype, as down-regulated expression of
this gene was observed only in low LET IR-derived radioresistant
cells (RG8), but not in high LET IR-derived radioresistant cells
(RAT1). Other genes whose expression changed significantly did
not appear to have known roles in the biology of radioresistance,
and thus were not studied at this time. We hypothesized that the
reduced IRP1 transcript levels in RG8, but not RA1l cells, could
be a mechanism of radioresistance specific to low LET gamma
rays, due to its role in controlling intracellular iron content.

We sought to model, reproduce, and validate the effect of low
IRP1 in cells using RNAI. Following transduction and puromycin
selection of non-irradiated HL60 cells stably expressing shRNA
targeted to IRP1 (IRPI- cells), we determined the level of IRP1
mRNA using quantitative real-time PCR. Four of five IRPI-
targeted shRNA sequences reduced IRP1 transcript levels to less
than 50% of control cells selected following infection with non-
targeted (scrambled, SCR) shRNA control, relative to beta actin
(Fig. S1A). The fifth sequence did not reduce IRP1 transcripts.
The most effective sequence (IRP1-.2, dubbed IRP1-) was assayed
for IRP1 mRNA levels over several days in culture and found to
lower IRP1 mRNA levels to 32% of control virus levels (Fig. 1A).
Four different commercial antibodies to human IRPI were not
capable of recognizing native IRP1 in HL60 cells at the
appropriate size (although one was capable of identifying IRP1
in Hela cells), and thus IRP1 protein levels could not be
determined.
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Figure 1. shRNA-expressing viral particles reduce the level of
IRP1 mRNA and increase FLC expression. Panel a: following viral
infection and selection on puromycin, cells were assayed by gPCR to
measure IRP1 transcript levels. Results are plotted as ratio of IRP1
transcript to B actin transcript. Results are mean +/— SEM of three
independent experiments. A paired t-test was used to test significance
(*=p<<0.05). Panel b: cell lysates were normalized by protein content
using a Lowry assay and analyzed by western blot analysis with a
antibodies against human FLC (representative image).
doi:10.1371/journal.pone.0048841.9001

Since loss of IRP1 should lead to higher levels of ferritin protein,
we measured the levels of FLC by western blot analysis. FLC
expression was increased relative to cells transduced with SCR
shRNA cells by an average of 3.6+/—0.9 fold from four
independent lysates after normalizing to beta actin (Fig. 1B).
These data indicate that stable knockdown of IRPI increased
intracellular ferritin protein levels, as predicted.

IRP1- cells have significantly decreased reactive oxygen
species formation following exposure to hydrogen
peroxide

Conventional assays to measure iron, such as the ferrozine
method and the metal-sensitive calcein fluorescent probes, were
not sensitive enough to determine the amount of free intracellular
iron in as many as 10° cells. Therefore, we indirectly determined
free iron content by assaying for iron-induced Fenton chemistry.
The cell-permeant probe 2,7, dichlorohydrofluorescein diacetate
(Ho-DCFDA) becomes trapped inside living cells by esterase
activity, and becomes fluorescent upon oxidation [23]. We loaded
cells with this probe then measured the increase in fluorescence
upon treatment with hydrogen peroxide (HyOy). While the
hydrogen peroxide itself will increase fluorescence in any cell,
hydroxyl radicals produced by Fenton chemistry will contribute to
brighter overall fluorescence. HyOo-induced fluorescence was
significantly decreased in IRPI- cells compared to SCR cells,
suggesting that intracellular free iron is reduced in IRPI- cells

(Fig. 2A-B).

Knockdown of IRP1 reduces IR-induced protein oxidation

There is a strong link between lack of protein oxidation
following IR and radioresistance [9,12,20]. To assess whether
IRP1 knockdown, with resultant reduced reactive intracellular
iron, prevented IR-induced protein oxidative damage in HL60
cancer cells, we assayed for protein peroxyl adducts in cells
following large doses of gamma rays. Despite the high doses
required to achieve measurable signals, we found that IRPI- cells
had significantly reduced protein peroxidation compared to
control cells (Iig. 3). The level of protein carbonylation relative
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to untreated controls was also reduced by 30% in IRP1- cells at
3 kGy. These data suggest that knockdown of IRP1 protects cells
from protein damage following gamma IR, which could lead to
improved cell survival.

Knockdown of IRP1 reduced IR-induced apoptosis and
improves clonogenic survival following low LET IR
exposure

To see if knockdown of IRP1 led to changes in IR-induced cell
death, we assayed for apoptosis following IR from both gamma
rays and alpha particles. IR-induced apoptosis was significantly
reduced following both types of radiation at 48 h post-IR in IRP1-
cells (Fig. 4A-B), where apoptosis in HL60 cells is near maximal
(Fig. S2). These data indicate that reducing IRP1 expression led to
less early IR-induced cell death via apoptosis, an important form
of cell death in the HL60 cell line. These results were confirmed
for gamma IR with the Alamar Blue viability assay (Fig. 4C) and
by measuring executioner caspase activity 24 h post-IR (Fig. 4D),
where IRP1- cells were found to have a 30% increase in caspase
activity at a dose of 9 Gy, compared to a >500% in control cells,
indicating that caspase-mediated apoptosis following IR is
substantially reduced in IRP1- cells. To ensure these results were
not an artifact of this specific shRNA sequence targeted to IRP1,
we irradiated HL60 cells transduced with virus expressing all four
of the effective IRP1-targeted shRNA sequences, where we found
all sequences significantly reduced apoptosis to gamma rays
compared to cells transduced with control SCR shRNA (Fig. S1B).

To confirm if knockdown of IRP1 led to reduced mitotic death
following IR, we performed clonogenic assays. IRP1- cells had
significantly increased cell survival following low LET gamma
rays, but showed no significant resistance to high LET alpha
particles (Iig. 4E-T). Because alpha particles induce direct DNA
damage, which is also more complex and thus more difficult to
repair [24], the data suggest that IRP1’s role in protein protection
or IR-induced apoptosis is only sufficient to protect cells against
gamma rays, but cannot repair the complex, multiply-damaged
sites (MDSs) alpha particles produce in DNA.

IRP1- cells have improved DNA DSB foci resolution

To determine if the lack of protein oxidation leads to improved
repair of DNA damage following IR, we measured the formation
and elimination of phospho-S139 H2A.X (YH2A.X), a biochem-
ical marker of DNA DSBs [25]. While the number of positive cells
(defined as nuclei containing 11 or more foci) 30 minutes after
2 Gy gamma IR was higher in IRP1- cells relative to control cells,
at 4 h post-IR the number of foci-positive cells in IRP1- cells were
lower. Thus, the resolution of IR-induced YH2A X foci in IRP1-
cells was moderately improved relative to control cells (Figs. 5A
and S3). These data suggest that more rapid DNA repair may be
taking place in IRP1- cells relative to control cells. The initiation of
DSB formation immediately following IR was complemented by
data from the neutral comet assay, where we observed slightly
higher mean and median comet tail-moments in IRPI- cells
(Fig. 5B), suggesting that initial DSB formation is not lower in
IRP1- cells. The unexpected observation of higher 4n—-8n DNA
content in IRPI- cells (Fig. S4) explains the slightly elevated
number of DSBs in IRPI- cells immediately after IR. Thus,
knockdown of IRP1 did not decrease the initial formation of
DSBs, as expected.

To ensure that more rapid DNA repair in IRP1- cells was not a
result of changes in expression of important DNA repair pathway
proteins, we probed for select DNA repair proteins; DNA-PKcs,
ATR, and APEI. Our results indicated that, relative to B-actin,
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Figure 2. Hydrogen peroxide-induced ROS formation is decreased in IRP1- cells. Panel a: cells were loaded with 100 nM H,-DCFDA and
then assayed for increases in fluorescence by flow cytometry following indicated doses of hydrogen peroxide, plotted as fold increase over control.
Data are mean +/— SEM of three independent experiments. Two-way ANOVA was used to test significance at each dose (*=p<<0.05). Panel b:

Representative histograms treated with 0 and 100 uM hydrogen peroxide.

doi:10.1371/journal.pone.0048841.9g002

the expression of these proteins was similar in wild-type and IRP1-
cells (Fig. S5). Thus, the data indicate that expression of these
repair proteins per se was not responsible for improved survival

following IR.

Radioresistance in IRP1- cells is mediated by a free radical
mechanism

While H,O4 would be expected to damage proteins and DNA,
leading to apoptotic death, less free iron should lead to protection
of cells because the formation of the highly damaging hydroxyl
radicals would be decreased. Whereas cells can catabolize HyO9
with the enzyme catalase, hydroxyl radicals produced by Fenton
chemistry cannot be directly cleared enzymatically and will lead to
increased cellular damage, including DSBs. IRP1- cells showed
significant resistance to HoOy at 24 h post treatment with a shift in
1C5¢ of approximately 4-fold (Fig. 6A). Other groups have
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Figure 3. IRP1 knockdown reduces IR-induced protein perox-
ide content. Inmediately following IR exposure at indicated doses,
cells were washed and then frozen in —80°C ethanol before processing
lysates for protein peroxide content by the PCA-FOX assay. Data are
plotted as pmol of peroxide per microgram of protein from a hydrogen
peroxide standard curve. Data are mean +/— SEM of a representative
experiments performed three times. Student’s t-test was used to test
significance (*=p<<0.05).

doi:10.1371/journal.pone.0048841.g003
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reported that the lack of mitochondrial iron sufficiency affects
mitochondrial function [26]. Since mitochondria play a major role
in apoptosis from a variety of stimuli, we treated cells with
staurosporine, a cytotoxic molecule not dependent on reactive
oxygen species (ROS). Staurosporine induces apoptosis partially
through mitochondria [27]. We found that there was no difference
in staurosporine-induced apoptosis between cell lines (Fig. 6B).
These results indicated that knockdown of IRP1 does not prevent
apoptosis generally to cytotoxic agents that kill via apoptosis.
Rather, the protection of cells from apoptosis via IRP1 knockdown
appears specific to free radical-based cellular insults. We also
measured mitochondrial mass versus polarization states in control
and IRP1- cells using the cell-permeable dye 5,5',6,6'-tetrachloro-
1,1',3,3'-tetracthylbenzimidazolylcarbocyanine  iodide  (JC-1)
(mass to polarization ratios of 2.05 and 1.85, respectively). These
data also support the notion that radioresistance in IRPI- cells is
not due to mitochondrial dysfunction.

To further test a free-radical mediated mechanism of radiore-
sistance in IRP1- cells, we pretreated cells with 4-Hydroxy-2,2,6,6-
tetramethylpiperidine 1-oxyl (Tempol) before IR, which has been
shown to protect cells and animals from ROS-mediated cytotox-
icity, including radiation, due to its ability to quench certain types
of free radicals [28,29]. A non-toxic, 15 m pre-incubation with
10 mM Tempol prior to IR exposure protected wild-type but not
IRPI1- cells from gamma ray-induced apoptosis (Figs. 6CG-D),
suggesting that free-radical protection from IR is saturated in
IRP1- cells.

Finally, we pre-loaded cells with empty or iron-bound purified
human transferrin in serum free medium and irradiated cells with
gamma rays. We found that treatment of IRPI- cells with 1 mg/
mL of transferrin 6 h prior to IR caused significant increases in
gamma IR-induced apoptosis compared to controls cells at
equitoxic radiation doses above each cell line’s ICs5, radiation
dose (Fig. 6E), relative to apo-transferrin-treated cells (the IC5( for
IRPI1- cells is two-fold higher than wild-type cells, hence the
doubling of the IR doses used for IRPI- cells in this assay).
Assuming control cells are iron-replete, these data suggest that
knockdown of IRPl mediates IR resistance at least partially
through intracellular iron content. Collectively, these data argue
that protection against IR-induced oxidative stress related to
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Figure 4. IR-induced apoptosis is reduced and clonogenic survival following low LET IR is improved in IRP1- cells. Cells were exposed
to indicated doses of gamma IR (panel a, ¢, & d) or alpha IR (panel b) and assayed for apoptosis by annexin V & PI staining (panels a-b) at 48 h post-IR,
Alamar Blue assay at 48 h post-IR (panel c), or executioner caspase activity at 24 h post-IR (panel d). Data are mean +/— SEM of at least two
independent experiments. Two-way repeated measures ANOVA was used to measure statistical significance at each dose (**=p<0.01,
*** = p<0.001). Panels e-f: clonogenic survival assays approximately 14 d following gamma IR (panel e) or alpha IR (panel f). Data are mean +/— SEM
of three independent experiments. Curve fits compared by a paired t-test were found to be significantly different following gamma IR (p<<0.01) but
not alpha IR.

doi:10.1371/journal.pone.0048841.9g004

intracellular iron content is an important factor of radioresistance Similarly, the time-dependent checkpoint release following 6 Gy
in IRPI- cells. of gamma rays (Fig. S6B) was similar in control and IRP1- cells.

Previous studies in our laboratory have indicated that cell cycle These results were confirmed by the micronucleus assay (Fig.
perturbations can be an important contributor to radioresistance S6C-D). Therefore, changes in checkpoint activity were not
in HL60 cells (under review). We therefore performed the mitotic responsible for the radioresistance we observed in IRP1- cells.

index assay on these cells [30]. We found that the dose-dependent
mitotic re-entry was similar at 24 h in both cell lines (Fig. S6A).
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doi:10.1371/journal.pone.0048841.9g005

Discussion

We have demonstrated here a role for perturbations in cellular
iron homeostasis as a cause of radioresistance in myeloid leukemia
cells via the loss of function of IRP1. The reduction of this
regulator of mRNA translation led to increased ferritin expression
and reduced intracellular labile iron, which correlated with
reductions in IR-induced protein damage, increases in DSB
repair, reduced apoptosis, and improved clonogenic survival
following IR. These latter results were specific to low LET IR
and hydrogen peroxide, both of which elicit their cytotoxic effects
primarily through free radicals. The radioresistance was related to
mtracellular iron, since pre-loading IRPI- cells with excess iron
was able to partially revert the radioresistant phenotype.

These characteristics are not a trivial, non-physiologic result of
an RNAi-mediated knockdown, because the initial observation of
decreased IRP1 transcript levels was made in a cell line made
resistant to gamma rays. Importantly, IRP1 reduction was not
observed in a cell line made radioresistant by repeated alpha
particle exposure, which kills cells via complex DNA damage
elicited through direct nuclear traversals of alpha particles. In the
gamma resistant RG8 cells (Table 1), we found decreased
mtracellular Fenton chemistry, overexpression of FLC, and more
rapid DSB foci resolution compared to control cells, similar to the
results reported here in IRPI- cells. In contrast, none of these
characteristics were observed, or were substantially lower, in alpha
particle-derived RAI1 cells. Overall, the data suggest that
intracellular iron homeostasis and protection of proteins play a
significant role in radioresistance in myeloid leukemia, similar to
mechanisms previously described in radioresistant microorgan-
isms. Although alpha particle-induced apoptosis was also reduced
in IRPI1- cells, clonogenic survival following alpha particles was
not significantly improved, confirming that these protective
mechanisms are related to the quality of cellular damage, rather
than damage per se, as alpha particles cause predominantly direct
DNA damage that is usually irreparable despite fully functioning
cellular repair systems. Although these data are somewhat
contradictory, it can be explained by 1) the substantially decreased
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dependence on apoptosis in overall cell death from high LET IR
[31], 1) the complex interplay of DNA damage, checkpoint
activation, apoptosis, and post-mitotic death following exposure of
cells to IR, or some combination thereof.

Furthermore, given the important role of secondary ROS in
overall damage to biomolecules in cells during exposure to low
LET IR, it is reasonable that we observed down-regulation of the
expression of the IRP1 gene in cells chronically irradiated with
gamma rays, but not in cells irradiated with high LET alpha
particles. However, in those studies we found that both types of
resistant cell lines were cross-resistant to the other type of
radiation, and that there were many additional perturbations in
these resistant cell lines due to many DNA mutations. As a result,
we conclude that the loss of IRP1 is one of several potential
mechanisms for radioresistance for cells exposed to gamma rays.
By studying the role of this gene in radioresistance in isolation, in
comparison to isogenic, non-irradiated HL60 cells, we could
dissect its function more precisely. Our results presented here
agree with the hypothesis that down-regulation of IRPI protects
predominantly against gamma rays, but not high LET alpha
particles in assays for clonogenic cell death, and that the effect is
likely due to control of iron metabolism and not a general anti-
apoptotic phenomenon. Due to the strong evidence that supports
sequestration and limitation of intracellular iron as a protective
mechanism against IR in some microorganisms [32], our results
indicate that a similar mechanism of radioprotection is possible in
human cancer cells as well.

Our findings suggest that IRPs and other iron-controlling
proteins could serve as targets for cellular radioprotection, such as
during nuclear accidents and after detonation of radiation-
containing devices. The identification of small molecules that
could affect the activity and conformation of IRP proteins could
serve as radioprotective agents during incidences of radiation
exposure, as such molecules could mimic the downregulaton of
IRP proteins and the resultant radioprotective effects described in
this work. More studies are warranted to determine if IRP proteins
could serve as suitable targets for these purposes.
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Figure 6. Radioresistance in IRP1- cells is associated with iron availability and a free radical-mediated mechanism. Panels a-b: IRP1-
and control cells were treated with indicated doses of chemicals and assayed for apoptosis by annexin V & Pl staining at 24 h post H,0, treatment
(panel a) or 48 h post staurosporine treatment (panel b). Data were fitted to a non-linear variable slope sigmoidal response curve. Panels c-d: cells
were treated with 10 mM Tempol for 15 m at 37°C before exposure to indicated doses of gamma rays. Cells were immediately washed and cultured
in regular medium for 48 h then assayed for apoptosis by annexin V & Pl content. Two-way repeated measures ANOVA with Bonferroni post-tests was
used to measure statistical significance at each dose (**=p<0.01). Panel e: cells were treated with 1 mg/mL of purified human apo-transferrin
(control) or transferrin for 6 h in serum-free medium and exposed to equitoxic doses of gamma rays (doses were terminated at 7.5 Gy for control cells
because cells were 80% dead or more beyond this dose). Cells were immediately washed and placed in regular culture medium and assayed for
apoptosis at 48 h by annexin V & PI content. Data were normalized to viability from apo-tansferrin treated cells and analyzed for significance at
equitoxic IR doses using a two-way repeated measures ANOVA with Bonferroni post-tests (*=p<<0.05). All data are mean +/— SEM from three
independent experiments.

doi:10.1371/journal.pone.0048841.9g006

Materials and Methods 100 ug/ml streptomycin and grown in a 37°C  humidified
incubator containing 5% COj. Cell densities were maintained at
Cell Culture 5x10* to 1x10° cells/ml.

HL60 human myelocytic leukemia cells were obtained from the
American Type Culture Collection (ATCC, Mannasas, VA) and Development of LET-specific resistant cell clones
were maintained in RPMI medium containing 10 mM HEPES HL60 cells were irradiated fifteen times over the course of
buffer, 2 mM  L-glutamine, 10% fetal bovine serum (FBS), approximately 150 days with equitoxic, escalating doses at a
100 uM non-essential amino acids, 100 ug/ml penicillin-G, and density of 10° cells in 2 mL of regular medium with either a 1375
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source or an 2*'Am source [33] for low and high LET resistant
cells, respectively. Unirradiated HL60 control cells were kept in
culture throughout the approximately 150 day selection process as
a control. Following each round of irradiation, cell viability was
monitored by the trypan exclusion technique until >95% cell
viability was achieved, after which cells were immediately treated
with another round of irradiation. Doses began at levels leading to
90% cell death and were escalated to a dose that achieves
approximately 99.9% cell death in naive HL60 cells. Following the
final round of irradiation, individual cell clones from the irradiated
progeny and unirradiated HL60 cells were selected after two weeks
of growth in semi-solid methylcellulose medium. These colonies
were expanded then aliquotted for long-term liquid nitrogen
storage.

Microarray

Total RNA was collected from unirradiated, 8 Gy gamma ray-,
or 2 Gy alpha particle-treated cells on three independent days
using the Qiagen (Valencia, CA) RNeasy Protect isolation kit per
manufacturer’s protocol. Transcriptomes were analyzed on
Ilumina HT-12 microarray plates described in detail in the

GEO accession # GSE35372.

Gamma-H2A.X foci counting

Following IR, cells were fixed in 2% paraformaldehyde (Sigma,
St. Louis, MO) for 15 m in the dark, blocked for 30 m with 2%
bovine serum albumin (BSA) in phosphate buffered saline (PBS),
then incubated for 1 h with a monoclonal antibody anti-phospho-
H2A.X (clone JBW301) (Millipore, Temecula, CA) at a 1:1000
dilution. The slides were extensively washed with PBS, then
probed with secondary antibody goat anti-mouse IgG conjugated
to Alexalluor-488 in PBS plus 2% BSA at 1:1000 dilution for
30 m in the dark. After extensive washing, cells were mounted in
ProLong anti-fade mounting solution (Invitrogen) containing 4',6-
diamidino-2-phenylindole (DAPI) and imaged by widefield
microscopy (Mirax). Foci size and threshold were adjusted to fit
the images and all samples were quantified by automated analysis
using VolocityTM with Identical exposure times and threshold
settings.

Neutral Comet Assay

Ceells were irradiated on ice at 10° cells/mL in PBS with various
doses of gamma IR and immediately processed for DSB formation
using the comet assay kit (Trevigen, Gaithersburg, MD) according
to manufacturer’s protocol via the neutral electrophoresis method.
Images were analyzed using CometScore ™ (TriTek Corporation,
Sumerduck, VA) software. The tail moments were reported for at
least 100 cells per sample.

Annexin V and Propidium lodide (Pl) apoptotic assay
The annexin V apoptosis kit (BD Pharmingen) was used to
quantitate early cell death and used according to manufacturer’s
protocol. 2x10* events were acquired on a C6 Accuri flow
cytometer (Accuri Cytometers, Ann Arbor, MI) for each sample.

Alamar Blue cell viability assay

Cells were irradiated in regular medium at a density of 5x10*
cells per mL and plated in quadruplicate in a 96 well plate at
100 uL per well. Cells were incubated at 37°C for 24 h before
adding 10 uL. per well of Alamar Blue reagent (AbD Serotec,
Raleigh, NC). After an additional 24 h at 37°C, fluorescence was
measured at 535ex/585em.
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Executioner caspase assay

Cell lysates were prepared in non-denaturing conditions,
normalized by protein content, and incubated with fluorogenic
substrate Ac-DEVD-AMC (Calbiochem, Darmstadt, GER) at
37°C for 90-120 m and fluorescence was measured at 485ex/
535em in a 384 well black plate.

Alpha particle exposure

The design of the 7mCi **'Am source has been described in
detail elsewhere [33,34]. The flux of alpha particles per unit area
using the CR-39 plastic etching technique was found to be 198+/
—14 particles mm 2 from a 0.25 s exposure. All cell samples were
settled on the irradiator for 20 m prior to exposure to ensure a
uniform cell layer on the mylar cell culture surface. Mean incident
LET of the alpha particle is estimated at 132 keV/pm. A 1 Gy
nuclear dose of alpha particles is conservatively estimated at four
traversals per nucleus, according to the measured nuclear area of
HL60 cells and the methods of Charlton and Sephton [35].

Gamma ray exposure

Cells were exposed to low LET IR by a Shepherd Mark I
irradiator (JI. Shepherd, Glendale, CA) with a '*’Cs source at
either ~2 Gy/min at room temperature and to a 37°C standard
cell culture incubator or ~50 Gy/min with a ®°Co source on ice
and immediately processed for protein oxidation.

Mitotic index assay
At indicated times, cells were fixed and assayed for mitotic index
as described [36].

Micronucleus assay

Following IR treatment, cells were treated with 10 pg/mL
cytocholasin B for 20 h under normal cell growth conditions and
assayed for micronucleus formation as described previously [37].

Clonogenic survival assay

Cells were adjusted to ten times plating concentration and
gently mixed 1:10 with aliquots of methylcellulose (Stemcell
Technologies) containing 40% methylcellulose, 10% FBS, 2 mM
L-glutamine, and 50% RPMI with a blunt ended 16 gauge needle
(Stemcell Technologies) before plating 1.1 mL per 35 mm? dish in
triplicate for each sample. Following ~14 days in a 37°C
humidified incubator, samples were blinded and colonies enu-
merated by counting colonies containing greater than 50 cells.

Measurement of iron-induced reactive oxygen species
formation

The production of iron catalyzed reactive oxygen species (ROS)
was measured using the ROS-reactive probe 2,7, dichlorohydro-
fluorescein diacetate (Hy-DCFDA) according to manufacturer’s
protocol. Approximately 10° cells were incubated with 100 nM of
Hy-DCFDA in 1 mL of PBS for 30 m at 37°C. Cells were then
washed twice with PBS before resuspension in 500 pL of cold PBS
containing various concentrations of HyO,. Cells were incubated
on ice for 5> m before acquisition on a flow cytometer. Mean peak
fluorescence was recorded for each sample and plotted as fold
increase over controls.

Determination of protein oxidation following IR

Cells were irradiated on ice in PBS at 10° cells/mL and spun
down for 5 m at 400 g before freezing in a dry ice ethanol bath.
Lysates were prepared in a 10 mM HEPES buffer with protease
inhibitors and lysed by homogenization. Lysates were spun in a
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cold room centrifuge for 10 m at max speed and protein was
quantified by Lowry method. Carbonyl content was measured
using the Oxyblot kit (Millipore, Temecula, CA) and protein
peroxides were measured following precipitation by perchloric
acid (PCA, Sigma Chemicals, St. Louis, MO) using the PCA-FOX
assay described elsewhere [38]. Data were reported as picomoles
of peroxide per microgram of protein from a hydrogen peroxide
standard curve. Due to the sensitivity of the assays, high doses
were necessary to achieve good signal-to-noise ratios.

IRP1-targeted shRNA knockdown viral production and
infection

MISSION™ targeted sShRNA constructs were obtained from
Sigma for the ACOIl (IRP1) gene (product # SHCLNG-
NM_002197). The primary, pre-validated IRP1-specific sequence
used in this study was 5'CCGGGCAGGATTGTTAGCAAA-
GAAACTCGAGTTTCTTTGCTAACAATCCTGCTTTTTGY,
while the control non-targeted sequence used was 5'CCGGCAA-
CAAGATGAAGAGCACCAACTCGAGTTGGTGCTCTTCA
TCTTGTTGTTTTT3'. Other IRP1 targeted sequences used in
this study to confirm these results were 5’CCGGCCAGGAAA-
GAAATTCTTCAATCTCGAGATTGAAGAATTTCTTTCC
TGGTTTTTGY', 5'CCGGCGTATATCAAATCACCAC-
CATCTCGAGATGGTGGTGATTTGATATACGTTTTTGY',
5'CCGGCCTACAAGAAAGCGGAGTCATCTCGAGATGAC
TCCGCTTTCTTGTAGGTTTTTG. shRNA-containing plas-
mid constructs were packaged with lentiviral plasmids per
manufacturer’s protocol using the cell line HEK293T (ATCC,
Mannassas, VA). Viral soups were titered using the HIV-1 p24
antigen ELISA assay kit (Zeptometrix, Buffalo, NY). Target cells
were incubated overnight with virus at a multiplicity of infection of
10. Cells were then washed and placed in standard growth
medium for another 24 h before selection on 5 pg/mlL puromycin
for ten days with frequent replenishment in standard cell culture
conditions before being returned to normal growth medium.

Quantitative real time polymerase chain reaction

RNA was isolated from ~10° cells per sample using the RNeasy
mini kit (Qiagen) according to the manufacturer’s protocol.
Between 0.5-1.0 pug of total RNA was used as a template for
cDNA synthesis using Superscript III first-strand synthesis kit
(Invitrogen) according to manufacturer’s protocol. Universal PCR
master mix (Roche) was used with IRP1 sequence-specific primers
and FAM-labeled probes (product # Hs00158095_ml) for
quantitative PCR analysis in a Fast 7500 Real-time PCR system
(Applied Biosystems). Expression levels were normalized to B actin
primer and probe mixtures (product # HS99999903_m1).

Western blot analysis

20 ug of cell lysate per lane were run on 4-15% gradient Tris-
HCL polyacrylamide gels (Bio-Rad) for 40 m at 180 V. 100 ng of
purified human ferritin from liver was used as a positive control
(Sigma Chemicals). Proteins were transferred to PVDF mem-
branes for 2 h at 30 V in a Tris-Glycine buffer. Membranes were
blocked for 30 m in 4% non-fat milk in tris buffered saline (TBS)
before incubation overnight at 4°C with mouse monoclonal
antibody to FLC (Santa Cruz Biotechnology) in 4% milk in
TBS. Membranes were washed twice for 5 m at room temperature
with TBS containing 0.05% Tween-20 (I'BST) before incubation
with goat anti-mouse-HRP secondary antibody (Santa Cruz
Biotechnology) and goat anti-rabbit-HRP at 1:2000 for 2 h at
room temperature. Membrane wash was repeated before addition
of HRP substrate solution (Pierce) for film exposure. Antibodies
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used to test for IRP1 expression that were not capable of
recognizing the protein in HL60 lysates were from Sigma (Cat#
HPAO019371 & 536-550), Santa Cruz Biotechnology (sc166022),
and Abcam (ab54718). The first antibody recognized native IRP1
in Hela lysates but only unknown fragments in HL60 lysates.
Antibodies for DNA repair were obtained from Novus Biologicals
# NB100-308 (ATR) and # NB100-504 (APE1), and from Santa
Cruz Biotech #sc-5282 (DNA-PK). Beta actin control antibodies
were obtained from Thermo Scientific #MA1-91399.

Supporting Information

Figure S1 Multiple IRPl-targeted shRNA constructs
were capable of reducing IRP1 transcript levels and
reducing gamma ray-induced apoptosis. Panel a: mRNA
was isolated from stably-expressing shRNA constructs and assayed
for IRP1 transcript by gPCR. Data are mean +/— SEM from two
independent experiments. Panel b: different constructs were
irradiated with indicated doses of gamma rays and assayed for
apoptosis 48 h post-IR by annexin V and PI staining. Data are
mean +/— SEM from two independent experiments. * =p<<0.05
for the least significant cell line relative to SCR by two-way
ANOVA with Bonferroni post-tests.

(TIFF)

Figure S2 Time-dependence of IR-induced apoptosis in
HL60 cells. Cells were irradiated with indicated doses of gamma
rays and assayed for apoptosis at indicated times post-IR by
annexin V & PI staining. Data are mean +/— SEM from three
independent experiments.

(TIFF)

Figure S3 Representative YH2A.X foci images in irra-
diated SCR and IRP1- cells. Cells were treated with indicated
doses of gamma IR and fixed at indicated times before staining for
phosphorylated S139 H2A.X and imaged by confocal microscopy.
(TTF)

Figure S4 Baseline cell cycle analysis indicates slightly
higher percentage of cells containing 4n—8n DNA content
in IRP1- cells. Baseline cell cycle distributions were analyzed by
PI content on fixed cells and analyzed by flow cytometry. Live cells
were gated and plotted and PI height vs width content to
determine cells with 2n-8n DNA content for SCR (panel a) and
IRP1- (panel b) cells. Percentages of cells with 2n—4n DNA content
are indicated.

(TTF)

Figure S5 Baseline DNA repair protein expression does
not differ in IRP1- and SCR cells. 25 g of cell lysates were
run on polyacrylamide SDS-PAGE gels, transferred to PVDF
membranes, and probed for indicated proteins by western blot.

(TIF)

Figure S6 Late G2 checkpoint accamulation and dura-
tion is similar in IRP1- and SCR cells. Panel a: Cells were
irradiated with indicated doses of gamma IR and collected at 24 h
post-IR and assayed for the number of cells in mitosis. Panel b:
Cells were irradiated 6 Gy gamma rays and assayed for mitotic
index at indicated timepoints following IR. Panel c: The percent of
binucleated cells were quantified in greater than 500 cells per
sample 20 h following 0 or 4 Gy of gamma rays. Panel d: percent
micronuclei were quantified in at least 50 binucleated cells. Data
are mean +/— SEM from two independent experiments.

(TIFF)
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