ABSTRACT
HUANG, BO-WEN. Transcriptional Regulation of Ferritin by Arsenic and Hypoxia. (Under
the direction of Dr. Yoshiaki Tsuji).
Antioxidant detoxification genes such as ferritin and NAD(P)H quinone oxidoreductase1 (NQO1) are transcriptionally activated under oxidative stress conditions via a highly
conserved enhancer, termed anti-oxidant responsive element (ARE), to which nuclear factorE2-related factor 2 (Nrf2) binds and activates transcription. Histone modifications play a
cooperative and essential role in transcriptional regulation; however, particular histone
modifications associated with antioxidant gene transcription remain elusive. Here we found
that arsenic exposure activates transcription of ferritin H gene via the ARE concomitant with
increased methylation of histones H4 Arg3 (H4R3) and H3 Arg17 (H3R17).

We

hypothesized that methylation of histone H4R3 and H3R17 are involved in transcriptional
regulation of ferritin H and some other ARE-regulated antioxidant genes.

To test this

hypothesis, two protein arginine methyltransferases (PRMTs) were further investigated;
PRMT1 and PRMT4 (CARM1 (coactivator-associated arginine methyltransferase 1) that
catalyze methylation of H4R3 and H3R17, respectively. After arsenic exposure to human
HaCaT or K562 cells, we found that 1) nuclear accumulation of PRMT1 and CARM1 was
induced, 2) methylation of histone H4R3 and H3R17 were induced proximal to the AREs of
ferritin and NQO1 genes, 3) knocking down PRMT1 or CARM1 did not block Nrf2 nuclear
accumulation but inhibited Nrf2 binding to the AREs, thus diminishing ferritin and NQO1
gene transcription, and 4) PRMT1 and CARM1 knockdown enhanced cellular susceptibility
to arsenic toxicity as evidenced by caspase 3 activation. Collectively, these results suggest
that PRMT1- and CARM1-mediated methylation of histone H4R3 and H3R17 regulate the
ARE and cellular antioxidant response to arsenic.
In addition to transcriptional level, ferritin expression is regulated by iron at the
translational level through the interaction of iron-responsive element (IRE) in the 5’untranslated region (UTR) of ferritin mRNA with iron regulatory protein (IRP). Ferritin was
also shown to be upregulated by hypoxia at the translational level, similar to excess iron,
through decreased IRP binding to the IRE. Cobalt chloride has been used as a hypoxia
mimetic that stabilizes a key transcription factor, hypoxia inducible factor-1α (HIF1-α), and

activates transcription of various genes involved in oxygen homeostasis through binding to a
hypoxia responsive element (HRE). Here we observed that hypoxia and hypoxia mimetic
cobalt chloride induced ferritin expression by two different mechanisms. In K562 cells under
hypoxia, ferritin was upregulated at the transcriptional level through HIF1 during an early
phase of hypoxia. In contrast, cobalt chloride initially activated ferritin transcription through
increased Nrf2 binding to the antioxidant responsive element (ARE) of the ferritin gene,
followed by the translational block of ferritin synthesis through increased IRP binding to the
ferritin IRE. We also identified a functional HRE in the human ferritin H gene. Collectively,
these results suggest that ferritin is a novel HIF1α-dependent gene during hypoxia and the
hypoxia-mimetic cobalt chloride regulates ferritin in a HIF1a-independent manner.
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GENERAL INTRODUCTION

Iron Regulation
Iron is a transition element crucial for cellular homeostasis. Iron regulates essential
cellular processes such as proliferation and metabolism by being involved in a variety of
biological processes including oxygen transport, oxidative phosphorylation, and DNA
synthesis (1,2). As a transition metal, iron can undergo oxidation or reduction between its
ferrous (Fe2+) or ferric (Fe3+) states and works as an important cofactor in a variety of
proteins and enzymes such as hemoglobin, cytochromes, ribonucleotide reductases and
dehydrogenases, all involved in the previously mentioned cellular processes. However,
oxidation of ferrous iron may also result in the production of deleterious hydroxyl radicals
through the Fenton reaction (Fe2+ + H2O2 → Fe3+ + OH− + •OH), resulting in damage to
macromolecules such as lipids, nucleic acids, and proteins (3). Therefore, iron homeostasis
should be tightly regulated to ensure its availability for biosynthesis but preventing excess
level of iron that have potentially detrimental effects.
The regulation of cellular labile iron levels is an elaborate process involving different
proteins that control iron uptake, storage, and export. For example, Fe3+ bound to transferrin
(Tf) is transported through blood and imported into cells by the plasma membrane-bound
transferrin receptor (TfR) through endocytosis; on the other hand, Fe2+enters cells through
the divalent metal transporter 1 (DMT-1) spanning plasma membrane (4). After entering
cells, the iron in the Tf-TfR complex endosome is released from transferrin due to
acidification and then exported into the cytosol also through DMT-1 spanning endosomal
membrane. The labile iron in cytosol is then used in the biosynthesis of proteins such as
hemoglobin and enzymes. Since free iron is available for deleterious Fenton reactions, the
excess cellular iron should be immediately exported by an iron exporter such as ferroportin
(5), or stored by the iron storage protein ferritin (6).
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The Ferritin Gene
Ferritin is the major intracellular iron storage protein, which exists in blood serum as
well (1). Ferritin can sequester excess free iron by converting reactive Fe2+ to Fe3+ through
ferroxidase activity, ultimately storing Fe3+ within its hollow shell; by removing excess
intracellular iron, ferritin prevents iron-mediated production of hydroxyl radicals, thus
preventing lipid, DNA, and protein damage (7). As an iron reservoir, ferritin regulates
intracellular iron homeostasis, achieving the balance between iron bioavailability and
prevention of iron-induced toxicity.
1. Structure, distribution and function of ferritin
Because of its important role in iron storage, ferritin is ubiquitous in the cytoplasm,
nucleus, and mitochondria of cells, as well as in the serum of blood (1). Cytoplasmic ferritin
is composed of 24 subunits of heavy (H) and light (L) chains (8). The H chain subunit has
ferroxidase activity to convert Fe2+ to Fe3+ for storage inside the shell (9); whereas the L
chain stabilizes the overall ferritin structure and aids in cage-like structure formation (10,11).
The ratio of heavy and light chain depends upon tissue and cell type. For example, the ratio
of ferritin H/L expression in heart is 40/60 but in liver, L chain ratio reaches 90% (12). In the
brain, the ratio of ferritin H increases from microglia, oligodendrocyte to neuron cells (1315). The ferritin subunits form a spherical, hollow shell. Regardless of subunit composition,
each ferritin apoprotein can store up to 4500 iron atoms (11).
Nuclear ferritin is composed mainly of ferritin H produced from the same mRNA as
cytosolic ferritin (16). Stressors affect the distribution of nuclear ferritin. For example, ferric
ammonium citrate, cytokines, and hydrogen peroxide (H2O2) affect ferritin localization
between the cytosol and the nucleus in SW1088 human astrocytoma cells; upon stimulation,
ferritin translocates into nucleus, binds to DNA and may be responsible for protection of
iron-mediated oxidative damage of DNA (17).
Ferritin is also found in the serum. Serum ferritin is also identical to cytoplasmic ferritin, but
unlike nuclear ferritin, the primary component of serum ferritin is the ferritin L subunit (18).
The serum ferritin level is usually correlated with the total amount of iron stored in the body
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and is used as a biomarker; for instance, the level of serum ferritin is usually low in iron
deficiency anemia patients (19) but high in patients with acute and chronic liver disease (20).
Mitochondrial ferritin is composed of ferritin H-like proteins, which share 80% homology
with ferritin H and also demonstrate ferroxidase activity (21,22). In human cells, the
expression level of mitochondrial ferritin is very specific, mainly observed in testis but very
little in other tissues (21,23).
As mentioned previously, ferritin also plays an important role in cellular antioxidant defense.
The sequestration of excess intracellular labile iron prevents the production of the reactive
oxygen species (ROS) hydroxyl radical and potential oxidative damage. Transgenic
expression of ferritin H into mice rescued them from Parkinson's-inducing agent 1-methyl-4phenyl-1,2,3,6-tetrapyridine (MPTP) by preventing ROS production (24); inducible
overexpression of ferritin H and L in HeLa stable cells also decreased H2O2-induced
oxidative stress (25). On the other hand, transient knockdown of ferritin H exacerbates H2O2induced cell death (26) and we have demonstrated that knockdown of ferritin H also
exacerbates ROS-induced apoptosis in response to rotenone (27).
2. Regulation of ferritin expression
Ferritin is mediated by both iron-dependent post-transcriptional regulation and ironindependent transcriptional regulation (1). The former has been well investigated over the
past two decades (1,28) but the latter has not been fully elucidated.
A) Iron-dependent post-transcriptional regulation
The post-transcriptional regulation of ferritin genes is controlled translationally in
response to intracellular labile iron (29,30). When iron levels increase, ferritin protein is
upregulated in order to store the excess free iron, while ferritin protein levels decrease in
response to lowered iron levels (31). This regulation is dependent upon the interaction
between the iron responsive element (IRE) located in the 5’UTR of ferritin mRNA, and the
iron regulatory proteins (IRP) 1 and 2 (32); binding of IRPs to the IRE stem loop structure of
ferritin mRNA inhibits ferritin protein synthesis (31). Even though both IRP1 and 2 bind to
the ferritin IRE, they are regulated differently; the aconitase activity of IRP-1 relies on the
formation of a 4Fe-4S iron sulfur cluster (33). Under iron-rich conditions, IRP1 forms 4Fe-
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4S iron sulfur cluster and serves as a cytosolic aconitase but also loses its ability to bind to
the ferritin IRE and inhibit ferritin translation (6). On the other hand, IRP2 doesn’t form an
iron sulfur cluster but is regulated by proteasome-dependent degradation through ironmediated oxidation and ubiquitination (34); therefore, IRP2 is accumulated to inhibit ferritin
translation while iron is scarce. Furthermore, IRP1 and IRP2 distributions differ in different
tissues; IRP1 is more abundant in liver, kidney, intestine, and brain, while IRP2 is rich in
pituitary and a pro–B-lymphocytic cell line (35).
B) Iron-independent transcriptional regulation.
Diverse stimuli such as hormones, cytokines, and oxidative stress have been
demonstrated to regulate ferritin transcription (28). Thyroid hormone induces ferritin H
transcription, probably through a cAMP pathway (28,36). The cAMP-responsive region (the
B-box) of the human ferritin H gene was identified as being regulated by the B-box binding
factors (Bbf) complex, consisting of the transcription factor NFY, the coactivator p300, and
the histone acetylase p300/CBP associated factor (PCAF) (37,38). The adenovirus E1A
oncogene can repress ferritin H expression by suppressing Bbf complex formation (39).
Ferritin is also regulated by cytokines such as tumor necrosis factor alpha (TNF-α) and
interleukin 1 alpha (IL-1α). Alterations in ferritin H expression have been observed in TNFα-related chronic inflammation (40,41). Ferritin H gene expression is upregulated by IL-1α
(42). Located 4.8 kb upstream from the transcription start site of the mouse ferritin H gene
are multiple copies of the nuclear factor κB (NF-κB) consensus sequence, which is
responsible for TNF-α-meditated ferritin H transcription (43). In the case of NF-κB
inhibition of TNF-α-induced apoptosis, NF-κB-mediated ferritin H induction may play an
antioxidant role by sequestering iron to prevent ROS production, thus inhibiting the ROSmediated proapoptotic c-Jun N-terminal kinase (JNK) pathway (44).
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Oxidative Stress and the Antioxidant Response Element (ARE)
The incomplete reduction of O2 forms oxygen radicals, known as reactive oxygen
species (ROS). In order to defend pro-oxidant xenobiotics, dietary components,
chemotherapeutic drugs, cigarette smoke, and ozone cells developed defensive systems to
prevent ROS toxicity (28,45,46). The cellular antioxidant defense system is a complex
system through which the cell maintains redox homeostasis. In addition to controlling
endogenous production of ROS, the antioxidant defense system monitors the cellular redox
state and transforms ROS into less toxic molecules to prevent the generation of ROS (47).
Antioxidant enzymes play a major role in the antioxidant defense system; NAD(P)H quinone
oxidoreductase 1 (NQO1), glutathione-S-transferase (GST), manganese superoxide
dismutase (MnSOD), catalase, and heme oxygenase 1 (HO-1) are examples (47). MnSOD
catalyzes superoxide anion (O2-) into H2O2; H2O2 is then converted into H2O by catalase (48).
Other antioxidant enzymes such as ferritin, NQO1, and HO-1 reduce ROS levels in ways
other than direct reactions with ROS. As previously described, ferritin prevents the
generation of the highly toxic hydroxyl radical (OH•) through the ability of ferritin to
sequester iron. Indeed, previous research has already shown that upregulation of ferritin
expression protects cells from apoptosis by its antioxidant property (26,44,49).
While ROS can act as signaling molecules (31), at high levels they can damage cellular
constituents such as nucleic acids, proteins, and lipids (1). When ROS levels overwhelm the
antioxidant defense system no matter through a rapid increase from exogenous sources, or
through impairment of the antioxidant defense system, it will results in a toxic state known as
oxidative stress. Oxidative stress has been implicated in several disease states, including
neurodegeneration, cancer, and aging (50). Therefore, an effective antioxidant defense
system is essential in preventing cellular damage, and oxidative stress-related disease states.
In order to maintain an effective antioxidant defense, the cell must sustain tight control over
levels of antioxidant enzymes.

As named “antioxidant”, these genes share similar

transcriptional regulation in response to oxidative stress through a cis-element called
antioxidant-responsive element (ARE) (51) with the conserved core sequence of
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TGA(C/T)nnnGCA. Therefore, it is not surprising that oxidative stress could mediate an
ARE-dependent transcriptional regulation of the ferritin gene. Ferritin AREs have been
identified in both of human and mouse cells (7,52,53). The ferritin H ARE was first
characterized in mouse NIH-3T3 fibroblast cells, and is located 4.1kb upstream of
transcription start site (TSS) of the mouse ferritin H gene, containing an activator protein 1like (AP1-like), an specificity protein 1-like (SP1-like), and an activator protein 1/ nuclear
factor erythroid-derived 2 (AP1/NF-E2) sequence (53). The human ferritin H ARE, located
4.5kb upstream of the TSS region of human ferritin H gene, consists of bidirectional 55-bp
ARE motifs with an AP-1-like and an AP-1/NF-E2 sequence (7). The NQO1 gene is
regulated by a proximal ARE -520bp upstream of the transcription start site (54). The AREs
can regulate basal expression of antioxidant enzymes as well as inducible expression
activated by a wide variety of stimuli, including ROS, heavy metals, lipid aldehydes,
antioxidant phenols, and hemin (1).
1. Nuclear factor erythroid-derived 2-related factor 2 (Nrf2)
The primary transcription factor involved in the activation of the ARE is nuclear factorE2-related factor 2 (Nrf2). Nrf2 is the key mediator in transcriptional activation of AREcontaining antioxidant genes in response to oxidative stress. Nrf2 regulates expression of
ferritin, NQO1, HO-1, glutathione-S transferase (GST), and glutamate cysteine ligase (GCL)
genes (55). Nrf2 not only regulate inducible expression of ARE-genes, but also basal
expression as well (55). Nrf2 is a member of the Cap’ n’ collar (Cnc) transcription factor
family that share a conserved basic region-leucine zipper structure (bZip) region (56,57).
Nrf2 is comprised of six Nrf2-erythroid Cnc homology (ECH) (Neh) domains (58). The bZip
region, which facilitates dimerization with other bZip family members as well as DNA
binding, is located in the Neh1 region. The Neh3, 4, and 5 regions are transactivation
domains (58), and it has been demonstrated that Neh4 and 5 are responsible for the
interaction of Nrf2 with transcriptional coactivators such as CREB (c-AMP-responseelement-binding-protein)-binding protein (CBP) (59) and receptor-associated coactivator 3
(RSC3) (60). The Neh6 and Neh2 domains mediate Nrf2 degradation; Neh6 is required for
Nrf2 proteasomal degradation under oxidative stress conditions, while degradation under
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homeostatic conditions is mediated by the Neh2 domain (61). The rapid turnover rate of Nrf2
under quiescent conditions (t1/2 < 10 min) result from interaction of the Neh2 domain with
Kelch-like erythroid-derived CNC homology (ECH)-associated protein 1 (Keap1) (62).
Keap1 is a cytosolic protein that sequesters Nrf2 in the cytoplasm by binding both Nrf2 and
the actin cytoskeleton (55). Keap1 also binds the cullin-3 E-3 ubiquitin ligase (Cul3) (63) and
thereby promotes the association of Nrf2 with Cul3, resulting in the ubiquitination and
proteolytic degradation of Nrf2 under homeostatic conditions (64). However, in response to
oxidative stress, Nrf2 is released from the Keap1/Cul3 inhibitory complex resulting in
stabilization of Nrf2 levels. Keap1 contains several redox-sensitive cysteine residues (Cys151, 273, and 288) that are oxidized by ROS (65,66). Oxidation of these residues causes the
release of Nrf2 from Keap1, most likely through conformational changes in Keap1 (67). Nrf2
then translocates into the nucleus; this step is also regulated by ROS through oxidation of
Cys-183 in the Neh5 domain (68). Nuclear Nrf2 forms heterodimers with members of the
small Maf protein family (Maf-F, G, and K) and binds to the ARE (69,70).
2. Transcriptional regulation of the ferritin AREs
While ARE activation is mediated primarily by Nrf2-Maf heterodimers, repression of the
ARE is facilitated by various repressors; we demonstrated that the ferritin H gene is
repressed by activating transcription factor 1 (ATF1) (71). Ferritin H and other ARE-genes
such as heme oxygenase -1 (HO-1) are also constitutively repressed by the bZip family
member BTB and Cnc homology 1 (BACH1) protein (72,73). BACH1 release from the ARE
is regulated by oxidative stress as well; oxidation of BACH1 Cys-574 by ROS results in the
release of BACH1 and translocation into the cytoplasm (74). After the release of BACH1, the
Nrf2-Maf heterodimer binds and activates the ARE, leading to transcription (72,75).
Nrf2 binds and activates the human ferritin H ARE after tert-butylhydroquinone (tBHQ),
hemin, and rotenone treatment (8,27,73). Other transcription factors are involved in ferritin H
ARE as well; in response to H2O2 and tBHQ, JunD is activated by phosphorylation at Serine100 and binds to the human ferritin H ARE (7). Not only restricted to transcription factors,
coactivators have been shown to regulate the ferritin H ARE as well. The mouse ferritin H
ARE was originally identified because of the effect of the adenovirus E1A oncogene, which
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negatively regulated ferritin H gene expression through a FER-1 enhancer element (mouse
ferritin H ARE) (53). The transcriptional coactivator p300/CBP is recruited to the ferritin H
ARE after tBHQ treatment (73) and has been demonstrated to counteract the repression of
E1A and activate ferritin H ARE through histone acetyltransferase activity (76)
Transcription factors can also serve as repressors of the ferritin H ARE. As mentioned
previously, we demonstrated that activating transcription factor 1 (ATF1) repressed ferritin H
gene expression through the ARE; overexpression of ATF1 decreased ferritin H transcription
whereas knockdown of ATF1 conversely increased its expression (71). We have recently
demonstrated that protein inhibitor of activated STAT3 (PIAS3) interacts with ATF1,
antagonizing the repressive function of ATF1 partly by blocking ATF1-ARE interaction (71).
Homeodomain-interacting protein kinase 2 (HIPK2) has been recently shown to activate the
human ferritin H ARE and reverse the repressor role of ATF1, possibly by phosphorylation
at its Serine-198 site (77). Belonging to the CREB/ATF subfamily (78), overexpression of
CREB inhibits the ferritin H ARE (unpublished data), suggesting that CREB may also act as
a human ferritin H ARE repressor. We also demonstrated that tBHQ robustly induced ferritin
H transcription in tumor suppressor phosphatase and tensin homologue deleted on
chromosome 10 (PTEN)-deficient human leukemia Jurkat cells, and restoration of PTEN
reversed this induction (73), suggesting that PTEN negatively regulates the ferritin H ARE.
The human ferritin L ARE contains only one consensus ARE sequence located 1350 bp
upstream from the transcription start site (52) and can be activated by tBHQ, sulforaphane,
hemin, and high levels of iron; to date, transcription factors and coregulators responsible for
ferritin L ARE activation have not been characterized. We have found that arsenite treatment
increases Nrf2 binding to both of the human ferritin L and H AREs, suggesting that AREdependent transcription of ferritin H and L may be regulated in a similar manner (Figure 3,
Page 46, Chapter 1).
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Hypoxia and Hypoxia Inducible Factors (HIFs)
While oxidative stress is an abundance of oxygen radicals, hypoxic conditions, which
can result in oxidative stress by producing ROS (79-81), may also regulate antioxidant genes
such as ferritin and HO1. Indeed, hypoxia has been shown to regulate ferritin at the
translational level (82-84), and activate transcription of HO1 (85).
In mammals, oxygen delivery is in the covalent diatom form of two oxygen atoms (O2).
Red blood cells are responsible for O2 transport via travelling inside of the blood arteries to
ensure each cell in any location of tissues can access O2 without shortage; however, if O2
supply decreases, resulting from malfunctions such as anemia, hemorrhage, heart failure or
stroke (86), the arterial blood O2 pressure reduces, resulting in hypoxemia, and eventually
cause decreasing tissue O2 pressure below physiological levels; it is named, hypoxia (87)
(88). Hypoxia can cause diseases; for example, acute renal injury (89), hypoxic-ischemic
brain injury (90) and several neurodegeneration disease, such as Alzheimer’s, Parkinson’s
and Huntington’s diseases (91) have been shown to be associated with hypoxia. In cells,
hypoxia will force cells go to an anaerobic metabolic pathway, switching from aerobic
electron transport chain to the anaerobic fermentation, resulting in the reduce of cellular ATP
production (92). Furthermore, short of O2 supply will diminish mitochondrial activity,
terminate the electron transport chain and even release electron flow to produce reactive
oxygen species (ROS) including superoxide and hydroxyl radicals ;and reactive nitrogen
species (RNS) such as peroxynitrite (79-81). All of these radicals can directly damage lipids,
nucleic acids, proteins and carbohydrates when overwhelming antioxidant protein system
(81).
1. Hypoxia inducible factors (HIFs)
Since oxygen homeostasis needs tight regulation to ensure appropriate oxygen supply, a
sensitive oxygen responding system is necessary to cope with the change of oxygen
concentration immediately; for example, cells need ATP to maintain almost all kind of
biological process and therefore have to quickly switch to the anaerobic fermentation to
ensure ATP production under hypoxia insults. Hypoxia inducible factors (HIFs) are a group
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of transcription factors that have been shown to quickly respond to hypoxia and regulate
different variety of physiological processes involved in angiogenesis, glucose metabolism,
iron homeostasis, cell proliferation and differentiation (93-95). HIF family contains three
members, HIF-1, -2 and -3. Each member forms a heterodimer composed of one α- and one
β- subunit, both belonging to the basic helix-loop-helix/Per-ARNT-Sim (bHLH/PAS) protein
family and therefore can dimerize with each other through their bHLH/PAS domains (96). βsubunits, originally identified as the aryl hydrocarbon nuclear translocator (ARNT) and
associated with aryl hydrocarbon receptor (AhR), are constitutively expressed regardless of
oxygen concentration no matter under normoxia or hypoxia (97). Different from the βsubunits, α- subunit under normoxia is almost completely undetectable because of its rapid
turnover rate under normoxia (t1/2 < 5 min) (98,99), resulting from an oxygen-sensitive
proteasome degradation system (100). The unique oxygen-dependent degradation domain
(ODDD) in α- subunit is responsible for regulating protein stability of α subunit;
hydroxylation of two consensus proline residues in ODDD domains, Pro -402 and -564 of
HIF-1α;

Pro -405 and -530 of HIF-2α (101−103), by prolyl hydroxylases (PHD) is

prerequisite for polyubiquitination and results in final proteasome-dependent degradation of
α subunit (93). However, PHD can only catalyze hydroxylation in the presence of oxygen
and iron (104), therefore, it will be inactivated under hypoxic condition; in another words,
hypoxia can stabilize α-subunit from oxygen-dependent degradation (105-108) and let α- and
β- subunits be activated by forming a heterodimer. After being stabilized and activated, HIFs
can bind the consensus hypoxia responsive element (HRE) and regulate HIF-targeted genes
(109).
Interestingly, cobalt chloride has been reported to induce hypoxia-like response in cells
(110), probably resulting from stabilization of HIF-α subunit by inactivation of PHD (111).
Furthermore, cobalt chloride was reported to induce HIF-1 binding activity in a similar level
as hypoxia induced (112) and it can induce a variety of HIF-dependent genes such as
erythropoietin and VEGF (113,114). Therefore, cobalt chloride is named the hypoxiamimetic.
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2. Hypoxia in ferritin gene expression
Since HIFs can regulate multifaceted biological processes including iron homeostasis, it
is not surprising that HIFs are involved in transcriptional regulation of proteins responsible
for iron homeostasis through binding to HREs. Indeed, the functional HREs in promoter
regions of transferrin receptor, transferrin, and HO-1 have already been identified
(85,115,116). On the other hand, HIFs can cope with hypoxia-mediated ROS production by
inducing antioxidant genes such as heme oxygenase-1 and glutathione peroxidase (85,117).
Harboring dual characteristics of iron-regulation and anti-oxidation, ferritin could be a
possible novel HIF-dependent gene, in which it regulates iron homeostasis and alleviates
oxidative stress, responding to the exposure of hypoxia. We studied ferritin H promoter
region and identified a putative HRE located 4.3kb upstream of the transcription start site,
supporting the idea that HIF may regulate ferritin transcription. Previous research has shown
that hypoxia can induce ferritin expression thorough reducing IRP-mediated translational
repression (82-84). However, whether hypoxia induces ferritin through transcriptional
regulation or how it regulates ferritin transcription has not been studied yet.
The regulation of the Nrf2-ARE axis by oxidative stress presents a tightly controlled
system by which antioxidant genes are activated in a timely and efficient manner. ROS
control all stages of the Nrf2-ARE axis, from Nrf2 stabilization and nuclear translocation to
release of transcriptional repressors from the ARE. While Nrf2 activation and subsequent
ARE binding leading to transcription of the ferritin H gene has been studied, several
questions still remain unanswered. For example, what are the transcriptional mechanisms
initiated before and after the binding of Nrf2 to the ferritin H ARE? Does ferritin H ARE
activation induce RNA Polymerase II (RNApolII) recruitment to the ferritin H transcription
start site? Or does the ferritin H ARE facilitate the phosphorylation of RNApolII that is
necessary for the initiation and elongation phases of transcription? While studies exploring
the recruitment of transcription factors and co-activators to the ferritin H ARE are providing
a clearer picture of ferritin H ARE activation and transcriptional activation, little research has
been conducted as to the role of the chromatin environment in ferritin H ARE activation and
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ferritin H transcription, which may provide a clearer picture of ferritin H transcriptional
regulation.

Chromatin Remodeling and Histone Modification
The chromatin environment plays a major role in gene regulation. Chromatin is the
nucleic acid-protein complex by which DNA is packaged and condensed in the nucleus.
DNA is wrapped around an octamer of core histone proteins, H2A, H2B, H3, and H4, as the
nucleosome (118). Nucleosomal units are compacted and undergo further condensation and
folding to form chromosomes. Condensed chromatin presents a significant barrier to
transcription. In non-dividing cells the areas of condensed chromatin are called
heterochromatin and the more open and accessible regions are called euchromatin (119).
Euchromatin is formed by alterations in the chromatin environment through nucleosome
shifting or removal, and provides accessible regions for transcriptional complex; ATPdependent chromatin remodelers carry out this process by removing nucleosomes or moving
them along the DNA strand through the use of ATP-hydrolysis (120). In addition to ATPdependent chromatin remodelers, the histones themselves control the chromatin environment.
Histones have N-terminal tails that can be post-translationally modified (121). The
acetylation of histone N-terminal tail lysines can relax chromatin by disrupting the attraction
between the negatively charged DNA phosphate backbone and the positive charge of lysine
residues; methylation can increases the bulk and hydrophobicity to either lysine or arginine
residue and disrupt intra- or intermolecular hydrogen-bond interactions to affect protein
binding partners (122); or increases the positive charge of the lysine, thus increasing
attraction between the histone tail and DNA, resulting in more condensed chromatin
(123,124). Through altering the chromatin environment by ATP-dependent chromatin
remodeling or histone modification, DNA regions such as enhancers or transcription start
sites become accessible to transcription factors and the RNApolII complex. However, the
chromatin environment also plays a major role in transcription by recruiting non-histone
proteins that are transcriptional components themselves, or induce additional chromatin
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remodeling; this occurs through histone modification (125,126). In addition to the
methylation and acetylation of lysines, other post-translational modifications occur as well.
Phosphorylation (127), sumoylation (128), ubiquitination (129), proline isomerization (130),
and arginine methylation (131) of histones have all been demonstrated to regulate
transcription. Histone modifications may recruit ATP-dependent chromatin remodelers, or
additional histone modifiers, to alter the chromatin environment or recruit transcriptional
components such as elongation factors (127). Histone modifications therefore can serve as
binding platforms by which non-histone proteins are recruited and bind through specialized
binding domains, thus regulating transcription. One modification of interest is the
methylation of histone N-terminal tail arginines.

Protein Arginine Methyltransferases and Histone Arginine Methylation
Histone arginine methylation has been reported to be involved in the regulation of
chromatin structure and gene expression (132). They alter chromatin structure, regulating the
accessibility of non-histone proteins that regulate transcription or chromatin insulator activity
(133).
In eukaryotes, arginine methylation occurs in different kinds of proteins such as
transcription factors and histones, which are implicated in a variety of cellular processes such
as RNA processing, ribosomal biosynthesis, DNA repair, signal transduction, and
transcriptional regulation (134). Arginine methylation is catalyzed by a group of enzymes
known as protein arginine N-methyltransferases (PRMTs) (132). PRMTs are ubiquitously
expressed in a wide variety of organisms, such as plants, fungi, yeast, C. elegans, Drosophila,
vertebrate animals, and mammals (135). PRMTs are evolutionarily conserved between
organisms, but differ in the number of family members; for example, four enzymes
(Rmt1/Hmt1, Rmt2, Rmt3, Hsl7/Skb1) have been found in yeast (S. cerevisiae), nine
(DART1–9) in Drosophila (136), and seven (Zf1–7) in the zebrafish (Danio rerio) (137). To
date, 11 PRMT proteins in the human PRMT family have been identified, and except for
PRMT2, PRMT10, and PRMT11, all PRMT family members possess catalytic arginine
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methylation activity (138) and can be classified into two different groups based upon
methylation status: the type-I PRMTs (PRMT1, 3, 4, 6 and 8) catalyze the formation of
asymmetric dimethylarginine, while the type-II PRMTs (PRMT5, 7 and 9) can form
symmetric dimethylarginine (138).
All PRMT members share a common catalytic methyltransferase domain including a
highly conserved core region and subdomains important for binding the methyl donor SAdenosyl-L-methionine (SAM) and their substrates (139). PRMTs have a non-conserved Nterminal domain with distinctive motifs and functions; for example, the Src homology
3 domain (SH3) of PRMT2 can be utilized to interact with the N-terminal domain of PRMT8
(140). PRMT3 harbors an N-terminal zinc-finger domain which is responsible for its
substrate specificity (141). PRMT4 is also known as CARM1 (coactivator associated
arginine methyltransferase1), which has a unique C-terminal domain that serves as an
autonomous activation domain important for CARM1 coactivator function (142); recently,
this domain was shown to be auto-methylated by CARM1 and is important for CARM1mediated transcriptional regulation and pre-mRNA splicing (143).
1. PRMT1 and asymmetric histone H4 arginine 3 di-methylation (H4R3me2a)
PRMT1 was the first identified PRMT family enzyme (144). Homozygous mutation of
prmt1 in mice results in embryonic lethality and the loss of 85% of the whole arginine
methyltransferase activity in the prmt1-/- embryonic stem cells, demonstrating its important
role in physiological functions (145,146). PRMT1 activity and subcellular localization are
dependent upon association with other proteins; for example, the pregnane X receptor (PXR)
can interact with PRMT1, resulting in PRMT1 accumulation in the nucleus (147). B-cell
translocation gene (BTG) 1 and 2 were demonstrated to regulate PRMT1 through direct
binding, resulting in increased PRMT1-mediated methylation (144). PRMT1 predominantly
methylates glycine and arginine rich (GAR) motifs (134) but its substrates are diverse.
PRMT1 has already been shown to mediate transcriptional regulation by controlling the
activity of transcription factors such as estrogen receptor α (ERα) (148), p53 (149) and
forkhead box protein O1 (FOXO1) (150); as well as by regulating histone arginine
methylation (121,151) .

14

Asymmetric histone H4 arginine 3 dimethylation (H4R3me2a) is the major histone
arginine methylation of PRMT1 and highly correlated with transcriptional activation (152).
Indeed, it has been shown that the induction of H4R3me2a is localized at the promoters of
pS2 (153), CITED2 (121), CYP3A4 (147), and the β-globin locus (154) when transcription
occurs. In an example of histone modification “crosstalk,” PRMT1 recruitment and
H4R3me2a potentiate the subsequent histone H3 and H4 acetylation, contributing to the
maintenance of active euchromatin structures (152,154,155). Indeed, a more recent paper has
shown that H4R3me2a provides a binding surface for p300/CBP-associated factor (PCAF)
and directly enhances histone H3 acetylation leading to the recruitment of transcriptional preinitiation complexes (PIC) to active promoters (156). However, acetylation of H4 can inhibit
subsequent arginine 3 methylation by PRMT1 (155,157), suggesting an order existing in
H4R3me2a and histone lysine acetylation. Intriguingly, histone H4R3 can be also
dimethylated symmetrically; opposite to H4R3me2a, symmetric histone H4R3 dimethylation
(H4R3me2s) is correlated with transcriptional repression or gene silencing (158-160).
PRMT5 and PRMT7 have been shown to mediate H4R3me2s (161).
2. CARM1 and asymmetric Histone H3 arginine 17 di-methylation (H3R17me2a)
CARM1 (PRMT4) belongs to the type-I PRMT enzymes and was the first PRMT
identified as a transcriptional regulator and a binding partner for the p160 transcriptional coactivator, glucocorticoid receptor-interacting protein 1 (GRIP1) (162). CARM1 is
ubiquitously expressed in all tissues but with an increasing level in heart, kidney, and testis
(162). Because of the importance of CARM1 in development, Carm1-knockout mice are
smaller than wild type mice and die soon perinatally (163). Similar to PRMT1, CARM is
also involved in transcriptional regulation through interaction with transcription factors; for
example, CARM1 can enhance the nuclear receptor function (162,164,165) or synergistically
cooperate with p300/CBP and PCAF (166). Interestingly, CARM1 has also been showed to
methylate p300/CBP and regulate its acetyltransferase activity (167-169). Posttranslational
phosphorylation has been reported to regulate CARM1 activity; for example, CARM1
methyltransferase activity is negatively regulated through phosphorylation at Serine-228 in
its substrate binding domain and the phosphorylation diminishes its binding activity to

15

methyl donor, SAM (170); on the other hand, phosphorylation at serine-217 of CARM1 not
only blocks SAM accessibility but also causes CARM1 cytoplasmic localization (171).
CARM1 has been shown to cooperate with PRMT1 in STAT5, NF-κB and p53 mediated
transcriptional regulation (121,151).
H3R17me2a is generated by CARM1 (172) and has been shown to be induced in the
transcription of several gene promoters such as pS2, CCNE1, Oct 4, E2F1, Sox2 and
CITED2 (121,173-177). In the estrogen-responsive pS2 promoter, CARM1 is recruited and
correlated with the induction of H3R17me2a (178); at the same time, CBP/p300 is also
recruited and mediated H3K18 acetylation, which is important for CARM1 to increase its
methyltransferase activity rate and conduct H3R17me2a more efficiently (166,179). Also,
H3R17me2a was shown to be correlated with the histone H3S10 phosphorylation during
mitosis (180).
Besides H3R17me2a, CARM1 can also target H3R26me2a, which has not been
extensively studied, but is known to be correlated with stem cell development in the mouse
embryo (181), and also induced at the CCNE1 promoter (176); however, the role of
H3R26me2a is still not clear.
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CHAPTER 1: Transcriptional Regulation of the Human Ferritin Gene by Protein
Arginine Methyltransferases PRMT1 and CARM1
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Background: The chromatin environment plays a cooperative and essential role in gene
transcription; however, particular histone modifications associated with antioxidant gene
regulation remain uncharacterized.
Results: Methylation of histone H4R3 and H3R17 was involved in transcriptional regulation
of ARE-regulated antioxidant genes such as ferritin and NQO1.
Conclusion: Arginine methyltransferases PRMT1- and CARM1-mediated histone H4R3 and
H3R17 methylation regulate the ARE and cellular antioxidant response to arsenic.
Significance: Our finding that specific histone modifications cooperate with Nrf2 for AREdependent transcription may lead to better understanding of antioxidant gene expression and
oxidative stress related diseases.
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ABSTRACT
Antioxidant detoxification genes such as ferritin and NAD(P)H quinone oxidoreductase-1
(NQO1) are transcriptionally activated under oxidative stress conditions via a highly
conserved enhancer, termed anti-oxidant responsive element (ARE), to which nuclear factorE2-related factor 2 (Nrf2) binds and activates transcription. Histone modifications play a
cooperative and essential role in transcriptional regulation; however, particular histone
modifications associated with antioxidant gene transcription remain elusive. Here we found
that arsenic exposure activates transcription of ferritin H gene via the ARE concomitant with
increased methylation of histones H4 Arg3 (H4R3) and H3 Arg17 (H3R17).

We

hypothesized that methylation of histone H4R3 and H3R17 are involved in transcriptional
regulation of ferritin H and some other ARE-regulated antioxidant genes.

To test this

hypothesis, two protein arginine methyltransferases (PRMTs) were further investigated;
PRMT1 and PRMT4 (CARM1 (coactivator-associated arginine methyltransferase 1) that
catalyze methylation of H4R3 and H3R17, respectively. After arsenic exposure to human
HaCaT or K562 cells, we found that 1) nuclear accumulation of PRMT1 and CARM1 was
induced, 2) methylation of histone H4R3 and H3R17 were induced proximal to the AREs of
ferritin and NQO1 genes, 3) knocking down PRMT1 or CARM1 did not block Nrf2 nuclear
accumulation but inhibited Nrf2 binding to the AREs, thus diminishing ferritin and NQO1
gene transcription, and 4) PRMT1 and CARM1 knockdown enhanced cellular susceptibility
to arsenic toxicity as evidenced by caspase 3 activation. Collectively, these results suggest
that PRMT1- and CARM1-mediated methylation of histone H4R3 and H3R17 regulate the
ARE and cellular antioxidant response to arsenic.
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INTRODUCTION
Cells are constantly exposed to harmful xenobiotics from the environment as well as
endobiotics and reactive oxygen species (ROS) produced during various metabolic activities.
To combat and detoxify these harmful chemicals and oxidants, cells evolved antioxidant
systems and activate several key signaling pathways to biotransform them to less toxic
benign molecules (1).

In cells exposed to these chemicals, a battery of antioxidant

detoxification genes including hemeoxygenase-1 (HO-1), NAD(P)H quinone oxidoreductase1 (NQO1), and glutathione S-transferases (GST) are induced at the transcriptional level (2).
In addition to these metabolic enzymes, we previously reported that ferritin, the major iron
storage multimeric protein composed of H and L subunits, is transcriptionally and posttranscriptionally upregulated under oxidative stress conditions (3-6). The H and L subunits
of ferritin play key roles in iron storage through the H subunit’s ferroxidase activity and L
subunit’s structural stabilization involved in the oxidation and efficient incorporation of Fe2+
into a multimeric ferritin shell (7). Iron is an essential element for a wide variety of cellular
activities including metabolism, proliferation, and differentiation; however, excess free iron
is toxic to cells because it catalyzes production of highly reactive hydroxyl radical through
the Fenton reaction, causing various damages to macromolecules including DNA, proteins,
and lipids (7,8). Therefore, transcriptional upregulation of ferritin under oxidative stress is
an important cellular defense mechanism; by chelating excess intracellular free iron thereby
minimizing the hydroxyl radical formation. It should be noted that, when iron is in excess,
ferritin is upregulated at the translational level by iron via the well-characterized IRE-IRP
system, while in cells under oxidative stress, ferritin is upregulated at the transcriptional level
in an iron-independent manner (8-10).

Transcriptional activation of ferritin and other

antioxidant detoxification genes is regulated via a conserved enhancer element, termed the
antioxidant responsive element (ARE) (11).

The core ARE sequence is an AP1-like

TGACnnnGCA motif (11,12), to which nuclear factor-E2-related factor 2 (Nrf2) and small
Maf proteins are recruited and activates transcription of antioxidant genes (2).
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Since DNA is wrapped around core histones (an octamer of H2A, H2B, H3, and H4) and
tightly packed as nucleosomes, dynamic and reversible changes in chromatin structure and
conformation through posttranslational modifications of core histones are necessary to allow
transcription factors access to their specific cis-acting elements and exhibit their functions
properly (13).

One well-studied coactivator that collaborates with various transcription

factors is histone acetyltransferase (HAT). In the activation of an ARE enhancer, we and
others reported that HATs such as p300, CBP (CREB binding protein) (14-16), and MOZ
(monocytic leukemia zinc-finger protein)(17) are involved in transcriptional activation of
ferritin H and GST genes under oxidative stress. N-terminal tails of core histones have
multiple Lysine (Lys), Arginine (Arg), and Serine/Threonine (Ser/Thr) residues that are
subject to reversible posttranslational modifications such as acetylation, methylation, and
phosphorylation (13,18). Indeed, acetylation of histone H3 Lys9 and Lys18 (H3K9 and
H3K18) in conjunction with recruitment of p300 and CBP were associated with t-BHQ (tertbutylhydroquinone)-induced ARE activation (14).

These HATs may play a role in

acetylation of H3K9 and H3K18, as well as direct acetylation of Nrf2 that was shown to
activate Nrf2 transcription function (19,20). In addition, BRG1 (Brahma-related gene 1), a
catalytic subunit of Swi2/Snf2-like ATPase involved in chromatin remodeling, was shown to
interact with Nrf2 and specifically regulates the HO-1 ARE but not NQO1 ARE (21).
Accumulating evidence indicates that posttranslational modifications of histones play a
crucial role in transcriptional regulation; however, particular histone modifications and
enzymes involved in antioxidant gene regulation under oxidative stress remain largely
uncharacterized.
The protein methyltransferases (PMTs), composed of lysine PMTs (PKMTs) and arginine
PMTs (PRMTs), have been characterized as important regulators of gene transcription by
facilitating the transfer of methyl groups to specific Lys and Arg residues, respectively, in
both histones and non-histone proteins (22). N-terminal histone tails contain Lys residues
that may be mono-, di, or tri-methylated, or Arg residues which are mono- or di- (either
symmetric or asymmetric) methylated, thus providing a platform for interaction with methyl-
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Lys or methyl-Arg binding proteins. These proteins contain such binding motifs as Chromo
domain (binding to methyl-Lys) or Tudor domain (binding to methyl-Arg)(23), allowing new
protein-histone interactions that either activate or repress gene transcription in a contextdependent manner (24). For instance, methylation at Lys 4 and Lys 9 on histone H3 by
several PKMTs were characterized as marks of transcriptional activation and repression,
respectively (13).

Similarly, Arg-methylation by PRMTs on histones causes either

transcriptional activation or repression (25). The mammalian PRMT family comprises 11
members (PRMT1- PRMT11), in which type I enzymes such as PRMTs 1, 3, 4 (CARM1), 6,
and 8 catalyze monomethylation and asymmetric dimethylation of Arg, whereas the type II
enzymes such as PRMT5 catalyze monomethylation and symmetric dimethylation of Arg
(25-28). Among them, PRMT1 is the major type I enzyme that catalyzes methylation of
histone H4 Arg 3 (H4R3) (29) that is a mark of transcription activation (30). PRMT4
(CARM1; coactivator associated arginine methyltransferase 1) is another PRMT involved in
transcription-activation that was originally shown to bind steroid receptor coactivators (SRC)
(31) and was subsequently characterized as an enzyme involved in methylation of histone H3
Arg 17 (H3R17) (32).
Arsenic exposure is associated with toxicity in various cell types and incidence of several
cancers including skin, bladder, and lung. The potential mechanism underlying arsenicinduced toxicity and carcinogenicity is mediated by oxidative stress that damages
macromolecules including nucleic acids and proteins (33,34). Oxidative stress is implicated
in various diseases such as cancer and neurodegeneration; therefore, gaining insight into the
molecular mechanism through which antioxidant detoxifying genes are regulated is important
to understand these diseases. In this study we report that transcription of the human ferritin
genes were induced by arsenic treatment via the AREs in several human cell types. During
arsenic treatment, we observed that PRMT1 and CARM1 proteins transiently accumulated in
nucleus, and ChIP assays revealed that methylation of H4R3 and H3R17 was enriched in the
ARE enhancer regions. Knocking down PRMT1 or CARM1 inhibited arsenic-induced Nrf2
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recruitment to the ARE and ferritin mRNA expression, suggesting the importance of PRMT1
and CARM1 in arsenic-induced ferritin transcription through the ARE.
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EXPERIMENTAL PROCEDURES
Cell Culture and chemical reagents- HaCaT human keratinocyte cells (35) were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) containing 10% fetal bovine serum (FBS)
(Mediatech). K562 human erythroleukemia cells (American Type Culture Collection), were
cultured in RPMI1640 medium supplemented with 25 mM Hepes, 0.3g/liter L-glutamine,
and 10% FBS. They were incubated at 37oC in a humidified 95% air, 5% carbon dioxide
incubator. Sodium Arsenite (NaAsO3, Thermo Fisher) and Adenosine dialdehyde (AdOx,
Sigma-Aldrich) were dissolved in distilled water and DMSD, respectively.
Plasmids and antibodies- The -4.5kb ARE(+) and -4.4kb ARE(-) human ferritin H 5’
upstream enhancer and promoter fused to a firefly luciferase reporter gene were described
previously (6). Antibodies used in this work were purchased from the following companies:
anti-ferritin H (sc-25617), anti-NQO1 (sc-32793), anti-hemeoxygenase-1 (sc-7695), antiNrf2 (sc-13032x), anti-rabbit IgG (sc-2027), anti-histone H4 (sc-25260), and anti-RNA
polymerase II (sc-899x), all from Santa Cruz Biotechnology; anti-laminB1 (Ab-1, Oncogene);
anti-lactate dehydrogenase (LDH) (AB1222, Chemicon); anti-CARM1 (3379S), anti-caspase
3 (8G10), and anti-histone H3 (9715) from Cell Signaling Technology; anti-β-actin (A5441,
Sigma); anti-dimethyl histone H4R3 antibody for ChIP assays (39706, Active Motif) and
Western blotting (07-213, Millipore); anti-dimethyl histone H3R17 for ChIP assays (07-214,
Millpore) and for Western blots (ab8284, Abcam).
DNA transfection and luciferase reporter assay- HaCaT cells were transiently transfected
by electroporation (Bio-rad Gene Pluser X-Cell) with -4.5kb ARE(+) or -4.4kb ARE(-)
human ferritin H luciferase reporter plasmids. 10 ng pRL-null (Promega) was co-transfected
as an internal control and incubated for 48 hours. Cells were then treated with sodium
arsenite for 20-24 hours and subjected to luciferase assays using Dual Luciferase reagents
(Promega); Renilla luciferase activity was used to normalize firefly luciferase expression
driven by the ferritin H promoter.
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Histone Extraction – Histone extraction was carried out according to the published method
with minor modifications (36). Briefly, HaCaT cells were suspended and washed with buffer
C (20 mM HEPES (pH 7.9), 0.1% Triton X-100, 1.5 mM MgCl2, 1 mM PMSF and 1 mM
DTT), followed by resuspension in buffer D (10mM HEPES (pH 7.9), 10 mM KCl, 1.5 mM
MgCl2, 1 mM PMSF and 1 mM DTT). Then H2SO4 was added to a final concentration 0.4N
and rocked for 30 minutes. Extracted histone proteins were precipitated with TCA, washed
once with 0.1% HCl/acetone, then with acetone, and dissolved in 2M urea.
Western blotting- Whole cell extracts (WCE) or nuclear and cytosolic fractions were loaded
on 7.5-15% sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (Mini-Protean
3, Bio-rad), transferred to an polyvinylidene difluoride (PVDF) membrane (Pierce),
incubated with a primary antibody at 4oC overnight, followed by a secondary antibodyconjugated with horseradish peroxidase at room temperature for 1.5 hours. Proteins were
visualized using a HyGLO detection reagent (Denville Scientific), ECL prime (GE
Healthcare), or Femtomax (Rockland). Cell fractionation was carried out with a nuclear
isolation kit (Active Motif).
Northern blotting - Total RNA was isolated by using TRI Reagent RT (Molecular Research
Center). 2-10µg of total RNA was separated on 0.7% agarose gel with 5% formaldehyde in
3-(N-morpholino)-propanesulfonic acid buffer, followed by capillary transfer to an
Immobilon-NC nitrocellulose membranes (Millipore).
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p-labeled human ferritin H, ferritin

L, NQO1, or HO-1 cDNA probe was hybridized with membranes at 42oC overnight and
washed with washing buffer (0.1% SDS in 0.5X SSC) at 52oC. The dried membranes were
subjected to autoradiography. Staining RNA with ethidium bromide was used for evaluation
of equal RNA loading. Quantitation of autoradiography was performed by the software,
Multi Gauge (Fujifilm).
Small interfering RNA (siRNA) transfection- 90% confluent HaCaT cells in 100mm culture
dishes were electroporated with 100 pmol of non-targeting siRNA (siCon) (D-001210-01),
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siPRMT1 (J-010102-07), or siCARM1 (J-004130-05) (Supplemental Table I for siRNA
sequences) by Gene Pluser Xcell in 100µl of siRNA transfection media (sc-36868, Santa
Cruz Biotechnology). After electroporation, cells are incubated at room temperature for 10
minutes, transferred into cell culture dishes with growth media, and incubated at 37oC for 48
hours. Cells were then subjected to sodium arsenite treatment and Northern blotting or ChIP
assay.
Quantitative real time polymerase chain reaction (qPCR) – RNA was reverse transcribed to
cDNA with iScript™ cDNA Synthesis Kit (Bio-rad). cDNA were subjected to SYBR Green
qPCR with iQ™ SYBR® Green Supermix (Bio-rad) by using the primer pairs specific for
detection of target genes. The relative efficiency of each primer set was determined from
RNA standard curve by sequential 10 fold dilutions. Expression of mRNA level of each
gene was normalized to βmicroglobulin (∆Ct) and defined as the change of Ct in treated
samples relative to untreated control or siCon (∆∆Ct). Exponential ∆∆Ct values were
converted to linear values (2–(∆∆Ct) for fold induction.
Chromatin immunoprecipitation (ChIP) Assay- ChIP assays were carried out according to
the fast ChIP method (37). Briefly, HaCaT cells were fixed with 1.42% formaldehyde for
chromatin cross-linking and quenched with 125mM glycine. Cell lysates are sonicated to
shear chromatin DNA. Chromatin immunoprecipitation (ChIP) by immunoglobulin G (IgG)
or specific antibodies against interested proteins were performed at 4oC in sonication bath
(Branson 2510, 40mHz) for 15 minutes and incubated with protein A agarose/ssDNA bead
slurry (16-157, Millipore).

After washing and decrosslinking, the genomic DNA were

subjected to SYBR Green qPCR with iQ™ SYBR® Green Supermix (Bio-rad) by using the
primer pairs flanking ferritin H, NQO1, and HO-1 EN2 (8) AREs or transcription start sites
(sequences in Supplemental Table I).

The relative efficiency of each primer set was

determined using input genomic DNA. The DNA in each immunoprecipitated sample was
normalized to input (∆Ct) and defined as the change of Ct in treated samples relative to
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control (∆∆Ct). Exponential ∆∆Ct values were converted to linear values (2–(∆∆Ct) for fold
induction.
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RESULTS

Arsenic induced transcription of the human ferritin H gene
It has been shown that arsenic causes oxidative stress (33) and induces several antioxidant
detoxification genes such as HO-1 and NQO1 (38). As ferritin encapsulates excess iron and
protect cells from oxidative stress (4,14,39,40), we tested whether arsenic induces ferritin
expression in three human cell types. HaCaT human keratinocytes were treated with 1-10
uM sodium arsenite for 24 hr and mRNA and protein expression for ferritin H and L were
measured. Northern and Western blots showed that arsenic induced ferritin H and L mRNA
and protein in a dose-dependent manner (Fig. 1A). Arsenic also induced NQO1 and HO-1 as
reported previously (38). Similar results were observed in K562 erythroleukemia (Fig. 1B)
and Jurkat T cell-leukemia cells (supplemental Fig. 1S). Since the cellular response to
arsenic on ferritin expression remains largely uncharacterized, the rest of our study focused
on regulation of ferritin H and L expression following arsenic exposure. The human ferritin
H gene contains an ARE, a key oxidative stress responsive enhancer comprised of one AP1like and one AP1/NFE2 site located 4.5 kb upstream from the transcription start site (6). We
therefore tested whether the ARE is responsible for the transcriptional activation of ferritin H
following arsenic exposure.

HaCaT cells were transiently transfected with luciferase

reporters containing or lacking the ARE (4.5kb ARE (+) or 4.4kb ARE (-)) and treated with
0.5 or 1 uM arsenic for 24 hr for luciferase assays. Arsenic induced luciferase expression
driven by the 4.5kb ARE (+) but not by the 4.4kb ARE (-) (Fig. 1C), suggesting that arsenic
induces transcription of the ferritin H gene through the ARE. To confirm the transcriptional
activation

of

the

ferritin

H

gene

by arsenic

treatment,

we

used

chromatin

immunoprecipitation (ChIP) assay to measure the recruitment of RNA polymerase II to the
transcription start site (TSS) of the ferritin H gene. Indeed, RNA polymerase II was recruited
to the ferritin H TSS 4 hr after arsenic treatment in HaCaT cells (Fig. 1D). Collectively, these
results indicate that arsenic activates transcription of the human ferritin H gene through the
ARE.
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Arsenic induced histone methylation along with nuclear accumulation of PRMT1 and
CARM1
To assess the role of methyltransferases in ferritin H gene transcription, we pretreated HaCaT
cells with 50 uM adenosine periodate (AdOx), a general inhibitor of various
methyltransferases, and treated them with arsenic to examine ferritin H mRNA expression.
AdOx indeed inhibited the effect of arsenic on ferritin H mRNA expression (Supplemental
Fig. 2).

Among 11 PRMT members, PRMT1 and CARM1 (PRMT4) have been

characterized as transcriptionally activating PRMTs by catalyzing histone methylation on
H4R3 and H3R17, respectively (29,31,41,42).

In fact, our dimethyl-H4R3 or -H3R17

Western blots showed that arsenic treatment increased dimethylation of H4R3 and H3R17 in
HaCaT cells (Fig. 2A). Furthermore, we observed that PRMT1 and CARM1, localized in
both the cytoplasm and nucleus in HaCaT cells, transiently accumulated in nucleus by 1 hr
after arsenic treatment (Fig. 2B). These results suggest that PRMT1 and CARM1 are
recruited to the nucleus to induce methylation of nuclear proteins in response to arsenic.

Methylation of histone H4R3 and H3R17 preceded or occurred concomitantly with
Nrf2 recruitment to the ferritin AREs following arsenic treatment
We then asked whether methylated histone H4R3 and H3R17 are enriched in the proximity
of the ferritin H ARE, and if so at what time relative to the recruitment of Nrf2 to the ARE
after arsenic treatment. To address these issues, HaCaT cells were treated with 10 uM
arsenic for 15-120 min and ChIP assays for ferritin H ARE were carried out using anti-Nrf2,
anti-dimethyl H4R3, or anti-dimethyl H3R17 antibody. We observed the recruitment of Nrf2
to the ferritin H ARE in 0.5-1 hr after arsenic treatment and continued to increase for 2 hr in
HaCaT cells (Fig. 3). The enrichment of dimethylated H4R3 and H3R17 was seen by 15 min
and 1 hr, respectively, after arsenic treatment, but it was transient and returned to basal level
by 2 hr (Fig. 3). We observed a similar profile of Nrf2 recruitment and dimethylation of
H4R3 in human ferritin L ARE (Fig. 3). These results suggest that methylation of histone
H4R3 and/or H3R17 precedes or occurs concomitantly with Nrf2 recruitment to the ferritin
H and L AREs following arsenic treatment.
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Nrf2 binding to the ferritin H ARE, but not Nrf2 nuclear accumulation, was inhibited
after PRMT1 or CARM1 knockdown.
These results suggest that there may be a causal association between Nrf2 activation and
methylation of histone H4R3 and/or H3R17. To explore further, we transfected siRNA to
knock down PRMT1 or CARM1 in HaCaT cells, then treated with arsenic for 2 hr and
measured Nrf2 nuclear translocation and the recruitment of Nrf2 to the ferritin H and L
AREs. Knocking down PRMT1 or CARM1 showed only marginal effects on arsenic-induced
nuclear accumulation of Nrf2 (Fig. 4A); however, ChIP assay showed that it inhibited Nrf2
binding to the ferritin H and L AREs (Fig. 4B). NQO1 ARE also showed decreased Nrf2
binding under PRMT1 or CARM1 knockdown condition (Fig. 4B). In contrast, we observed
only a marginal effect on Nrf2 recruitment to the HO-1 ARE under the same condition
(Supplemental Fig. 3). We then measured expression of ferritin under PRMT1- or CARM1deficient condition. Indeed, induction of mRNA and protein expression of ferritin H and L
by arsenic treatment was inhibited by either PRMT1 or CARM1 knockdown in HaCaT (Fig.
5A) as well as K562 cells (Fig. 5B). Collectively, these results suggest that PRMT1 and
CARM1 are important in Nrf2 binding to the ferritin H and L AREs that increases these
mRNA levels in cells exposed to arsenic.

PRMT1 and CARM1 knockdown enhanced cellular susceptibility to arsenic toxicity
Ferritin as well as other antioxidant genes regulated by Nrf2 were demonstrated to be
cytoprotective against oxidative stress. Arsenic-mediated oxidative stress induces apoptosis
(34). To understand the role of PRMT1 and CARM1 in cellular defense against oxidative
stress, we knocked down PRMT1 or CARM1 in HaCaT cells and assessed cellular
susceptibility to arsenic toxicity by examining caspase 3 cleavage, a hallmark of apoptosis.
Under significant knockdown of PRMT1 and CARM1 in HaCaT cells (Fig. 6), we observed
increased cleavage of caspase 3 following arsenic treatment for 12 hr (Fig. 6). These results
indicate that PRMT1 or CARM1 deficiency sensitizes cells to arsenic-mediated apoptosis,
suggesting these histone methyltransferases playing a cytoprotective role.
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DISCUSSION
Arsenic is a widely contaminated human carcinogen that causes oxidative cell damage. To
understand the cellular defense program elicited by arsenic exposure, we characterized the
molecular mechanism through which antioxidant genes are coordinately regulated by the
Nrf2 transcription factor along with histone modifications proximal to an ARE enhancer
element of antioxidant genes. In this study we found that arsenic is a potent inducer of
ferritin, the major intracellular iron-storage protein, in various cell types. The induction of
ferritin H by arsenic was regulated at the transcriptional level via activation of the ARE (Fig.
1), which we previously identified as serving both a basal and an oxidative stress-responsive
enhancer of the mouse (3,43) and human ferritin H gene (6). We also observed ferritin L
induction by arsenic exposure (Fig. 1), which may be regulated in the same manner as ferritin
H because the mouse and human ferritin L gene was also shown to be transcriptionally
regulated through an ARE (12,44). Iron plays an essential role in cell proliferation and
transformation (45). Therefore, upregulation of ferritin in arsenic-treated cells appears to be
an adaptive response to alleviate arsenic toxicity by chelating more intracellular free iron into
ferritin, thereby decreasing the risk of both iron-catalyzed hydroxyl radical formation as well
as cell proliferation and transformation. However, it was shown that human osteogenic
sarcoma transformed after long-term exposure of arsenic exhibited higher total iron levels
than the normal counterpart, in which ferritin expression in arsenic-transformed cells was not
increased but decreased (46). This observation suggests that iron homeostasis appears to be
adjusted during long-term exposure of arsenic in transformed cells through alteration of gene
expression of ferritin and some others involved in iron metabolism. We also observed that
expression of HO-1 and NQO1 was induced by arsenic in HaCaT cells and two other human
cells K562 and Jurkat (Fig. 1 and supplemental Fig. 1), consistent with our understanding of
these well-characterized antioxidant genes known to be induced by arsenic (38,47,48). Since
arsenic was shown to activate an ARE (38), our finding characterizes ferritin as another new
antioxidant gene transcriptionally induced by arsenic.
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Arsenic is known to activate Nrf2 (38), the major transcription factor involved in AREregulated gene transcription. However, in spite of accumulating evidence for the importance
of the chromatin environment in gene transcription, how Nrf2 and histone modifications
proximal to an ARE regulate each other remains elusive. Our results showing that AdOx, a
broad histone methyltransferase inhibitor, blocked arsenic-induced ferritin H expression
(Supplemental Fig. 2) led us to investigate the role of PRMTs in particular PRMT1 and
CARM1 that are transactivation-associated PRMTs (25) in ARE regulation by arsenic. In
our experiments, PRMT1 and CARM1 proteins were localized in both the cytoplasm and
nucleus in HaCaT cells, and nuclear PRMT1 and CARM1 transiently accumulated following
arsenic exposure (Fig. 2). To our knowledge, this is the first report showing increased levels
of these PRMTs in the nucleus when cells were placed under a particular stress condition.
However, it should be noted that pregnane X-receptor (PXR) was shown to interact with
PRMT1 and their interaction determines PRMT1 subcellular compartmentalization (49). In
addition, phosphorylation of CARM1 was shown to cause CARM1 cytoplasmic localization
(50). Further investigation will be necessary to better understand the molecular mechanism
by which nuclear accumulation of PRMT1 or CARM1 is regulated under arsenic exposure.
In conjunction with nuclear accumulation of PRMT1 and CARM1 following arsenic
treatment, we observed increased methylation of H4R3 or -H3R17 proximal to the ARE in
the ferritin H and L gene (Fig. 3). However, this change does not appear to be specific to the
ARE region because core promoter of the human ferritin H gene also showed higher
dimethyl-H4R3 or -H3R17 (unpublished observation). Gene-wide distribution of histone
modifications was previously observed in many other genes (51-53). Since we did not
observe the recruitment of PRMT1 or CARM1 to the ferritin ARE after arsenic treatment
(unpublished observation), these results suggest that global increases in dimethyl-H4R3 or H3R17 may be induced by arsenic exposure. The broad methylation distribution pattern of
histone H4R3 or H3R17 by PRMT1 or CARM1 appears to enable Nrf2 to bind more
efficiently to the ARE and activate transcription of the ferritin gene. This is supported by the
results showing increased methylation in histone H4R3 and H3R17 preceding or occurring
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concomitantly with Nrf2 recruitment to the ARE following arsenic treatment (Fig. 3), and
more importantly, PRMT1 or CARM1 deficiency by knocking down with siRNA did not
affect Nrf2 nuclear accumulation induced by arsenic but blocked the binding of Nrf2 to the
ferritin H and L AREs (Fig. 4). We also observed a similar effect on the NQO1 ARE (Fig.
4). In contrast, we did not obtain evidence of the contribution of PRMT1 or CARM1 in
activation of the HO-1 ARE following arsenic treatment (Supplemental Fig. 3). Although
the ARE sequences are highly conserved and its regulatory mechanism appears to be largely
shared (12), nucleosome occupancy of each ARE may differ, and as a result, will
significantly affect the transcriptional process. Indeed, there are several cases representing a
particular regulatory mechanism applied only to a specific ARE (20,21,54,55).
Our results suggest that PRMT1- and CARM1-mediated histone methylation is likely to be
involved in facilitating Nrf2 binding to the ARE. However, another possibility cannot be
ruled out; that is, PRMT1- or CARM1-mediated protein Arg methylation of non-histone
proteins.

It was demonstrated that PRMT1 methylates and activates STAT1 (signal

transducers and activators of transcription) transcriptional activity by altering its interaction
with an inhibitor protein PIAS1 (56).

PRMT1 also methylates FOXO1 within an Akt

phosphorylation motif, resulting in inhibition of FOXO1 phosphorylation by Akt thereby
blocking FOXO1 degradation (57). In addition, the activity of a transcriptional coactivator
PGC1α (peroxisome proliferator-activated receptor g coactivator 1α) was increased by
PRMT1-mediated multiple Arg methylation in the C-terminal PGC1α (58). In the context of
an ARE regulation, several transcription factors are involved, including Nrf2 and other b-zip
transcription factors such as small Maf proteins (MafF, MafK, MafG), Bach1, and AP1
family members (2). In addition, several transcriptional coactivators were shown to be
involved in the regulation of an ARE enhancer activity, including p300/CBP (14-16), MOZ
(17), and BRG1 (21). Therefore, in regard to the possibility of involvement of non-histone
protein methylation, these ARE-interacting transcription factors and/or coactivators might
also be regulated by PRMT1 or CARM1 in response to arsenic exposure.
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Arsenic is metabolized by oxidative methylation along with glutathione conjugation (59).
The methylation step catalyzed by arsenic methyltransferase utilize S-adenosylmethionine
(SAM) as a methyl donor, resulting in decreased SAM pools. Thus arsenic causes global
hypomethylation in genomic DNA (60); however, it is known that arsenic induces genespecific DNA hypermethylation by unknown mechanism that is thought to contribute to gene
expression changes (61). We believe that arsenic-induced histone Arg methylation may be a
situation similar to specific DNA hypermethylation, in which cells exposed to arsenic recruit
PRMT1 and CARM1 to nucleus and increase histone H4R3 and H3R17 methylation even
under decreased SAM pools, which appears to be a cellular antioxidant response to arsenic
toxicity by allowing Nrf2 to upregulate specific ARE-regulated antioxidant genes such as
ferritin and NQO1.
In summary, this work demonstrated that 1) ferritin is a new arsenic-responsive gene,
transcriptionally regulated through activation of the ARE, 2) arsenic induces histone H4R3
and H3R17 methylation along with nuclear accumulation of PRMT1 and CARM1, 3)
methylation of histone H4R3 and H3R17 precedes or accompanies Nrf2 recruitment to the
ARE following arsenic treatment, and 4) PRMT1 or CARM1 deficiency inhibits Nrf2
recruitment to the ferritin H and L AREs and their transcriptional activation by arsenic
treatment, and 5) PRMT1 or CARM1 knockdown increased cellular susceptibility to arsenicmediated apoptosis.

Collectively, these results suggest that PRMT1 and/or CARM1 is

important for arsenic-mediated ARE activation and the antioxidant cellular defense program.

33

ACKNOWLEDGEMENTS
This work was supported in part by the NIH grant R01GM088392 from the National Institute
of General Medical Sciences to Y. Tsuji. P.D Ray was supported by the NIH training grant
ES-007046 from the National Institute of Environmental Health Sciences.

34

REFERENCES
1.

Ray, P. D., Huang, B. W., and Tsuji, Y. (2012) Cell Signal 24, 981-990

2.

Motohashi, H., and Yamamoto, M. (2004) Trends Mol. Med. 10, 549-557

3.

Tsuji, Y., Ayaki, H., Whitman, S. P., Morrow, C. S., Torti, S. V., and Torti, F. M. (2000)
Mol. Cell. Biol. 20, 5818-5827

4.

MacKenzie, E. L., Ray, P. D., and Tsuji, Y. (2008) Free Radic Biol Med 44, 1762-1771

5.

MacKenzie, E. L., and Tsuji, Y. (2008) Biochem J 411, 107-113

6.

Tsuji, Y. (2005) Oncogene 24, 7567-7578

7.

Arosio, P., and Levi, S. (2002) Free Radic. Biol. Med. 33, 457-463

8.

MacKenzie, E. L., Iwasaki, K., and Tsuji, Y. (2008) Antioxid Redox Signal 10, 997-1030

9.

Torti, F. M., and Torti, S. V. (2002) Blood 99, 3505-3516

10.

Theil, E. C. (2006) J Inorg Biochem 100, 2074-2078

11.

Rushmore, T. H., Morton, M. R., and Pickett, C. B. (1991) J Biol Chem 266, 11632-11639

12.

Wasserman, W. W., and Fahl, W. E. (1997) Proc. Natl. Acad. Sci., USA 94, 5361-5366

13.

Li, B., Carey, M., and Workman, J. L. (2007) Cell 128, 707-719

14.

Sakamoto, K., Iwasaki, K., Sugiyama, H., and Tsuji, Y. (2009) Mol Biol Cell 20, 1606-1617

15.

Katoh, Y., Itoh, K., Yoshida, E., Miyagishi, M., Fukamizu, A., and Yamamoto, M. (2001)
Genes Cells 6, 857-868

16.

Tsuji, Y., Moran, E., Torti, S. V., and Torti, F. M. (1999) J. Biol. Chem. 274, 7501-7507

17.

Ohta, K., Ohigashi, M., Naganawa, A., Ikeda, H., Sakai, M., Nishikawa, J., Imagawa, M.,
Osada, S., and Nishihara, T. (2007) Biochem. J. 402, 559-566

18.

Latham, J. A., and Dent, S. Y. (2007) Nat Struct Mol Biol 14, 1017-1024

35

19.

Kawai, Y., Garduno, L., Theodore, M., Yang, J., and Arinze, I. J. (2011) J Biol Chem 286,
7629-7640

20.

Sun, Z., Chin, Y. E., and Zhang, D. D. (2009) Mol Cell Biol 29, 2658-2672

21.

Zhang, J., Ohta, T., Maruyama, A., Hosoya, T., Nishikawa, K., Maher, J. M., Shibahara, S.,
Itoh, K., and Yamamoto, M. (2006) Mol. Cell. Biol. 26, 7942-7952

22.

Greer, E. L., and Shi, Y. (2012) Nat Rev Genet 13, 343-357

23.

Chen, C., Nott, T. J., Jin, J., and Pawson, T. (2011) Nat Rev Mol Cell Biol 12, 629-642

24.

Kim, J., Daniel, J., Espejo, A., Lake, A., Krishna, M., Xia, L., Zhang, Y., and Bedford, M. T.
(2006) EMBO Rep 7, 397-403

25.

Bedford, M. T., and Clarke, S. G. (2009) Mol Cell 33, 1-13

26.

Nicholson, T. B., Chen, T., and Richard, S. (2009) Pharmacol Res 60, 466-474

27.

Litt, M., Qiu, Y., and Huang, S. (2009) Biosci Rep 29, 131-141

28.

Teyssier, C., Le Romancer, M., Sentis, S., Jalaguier, S., Corbo, L., and Cavailles, V. (2010)
Trends Endocrinol Metab 21, 181-189

29.

Strahl, B. D., Briggs, S. D., Brame, C. J., Caldwell, J. A., Koh, S. S., Ma, H., Cook, R. G.,
Shabanowitz, J., Hunt, D. F., Stallcup, M. R., and Allis, C. D. (2001) Curr Biol 11, 996-1000

30.

Koh, S. S., Chen, D., Lee, Y. H., and Stallcup, M. R. (2001) J Biol Chem 276, 1089-1098

31.

Chen, D., Ma, H., Hong, H., Koh, S. S., Huang, S. M., Schurter, B. T., Aswad, D. W., and
Stallcup, M. R. (1999) Science 284, 2174-2177

32.

Schurter, B. T., Koh, S. S., Chen, D., Bunick, G. J., Harp, J. M., Hanson, B. L., HenschenEdman, A., Mackay, D. R., Stallcup, M. R., and Aswad, D. W. (2001) Biochemistry 40,
5747-5756

33.

Barchowsky, A., Klei, L. R., Dudek, E. J., Swartz, H. M., and James, P. E. (1999) Free Radic
Biol Med 27, 1405-1412

36

34.

Chen, Y. C., Lin-Shiau, S. Y., and Lin, J. K. (1998) J Cell Physiol 177, 324-333

35.

Boukamp, P., Petrussevska, R. T., Breitkreutz, D., Hornung, J., Markham, A., and Fusenig,
N. E. (1988) J Cell Biol 106, 761-771

36.

Shechter, D., Dormann, H. L., Allis, C. D., and Hake, S. B. (2007) Nat Protoc 2, 1445-1457

37.

Nelson, J. D., Denisenko, O., and Bomsztyk, K. (2006) Nat Protoc 1, 179-185

38.

Pi, J., Qu, W., Reece, J. M., Kumagai, Y., and Waalkes, M. P. (2003) Exp Cell Res 290, 234245

39.

Kaur, D., Yantiri, F., Rajagopalan, S., Kumar, J., Mo, J. Q., Boonplueang, R., Viswanath, V.,
Jacobs, R., Yang, L., Beal, M. F., DiMonte, D., Volitaskis, I., Ellerby, L., Cherny, R. A.,
Bush, A. I., and Andersen, J. K. (2003) Neuron 37, 899-909

40.

Pham, C. G., Bubici, C., Zazzeroni, F., Papa, S., Jones, J., Alvarez, K., Jayawardena, S., De
Smaele, E., Cong, R., Beaumont, C., Torti, F. M., Torti, S. V., and Franzoso, G. (2004) Cell
119, 529-542

41.

Bauer, U. M., Daujat, S., Nielsen, S. J., Nightingale, K., and Kouzarides, T. (2002) EMBO
Rep 3, 39-44

42.

Wang, H., Huang, Z. Q., Xia, L., Feng, Q., Erdjument-Bromage, H., Strahl, B. D., Briggs, S.
D., Allis, C. D., Wong, J., Tempst, P., and Zhang, Y. (2001) Science 293, 853-857

43.

Tsuji, Y., Akebi, N., Lam, T. K., Nakabeppu, Y., Torti, S. V., and Torti, F. M. (1995) Mol.
Cell. Biol. 15, 5152-5164

44.

Hintze, K. J., and Theil, E. C. (2005) Proc. Natl. Acad. Sci., USA 102, 15048-15052

45.

Huang, X. (2003) Mutat Res 533, 153-171

46.

Wu, J., Eckard, J., Chen, H., Costa, M., Frenkel, K., and Huang, X. (2006) Free Radic. Biol.
Med. 40, 444-452

47.

Alam, J., Camhi, S., and Choi, A. M. K. (1995) J Biol. Chem. 270, 11977-11984

37

48.

Reichard, J. F., Motz, G. T., and Puga, A. (2007) Nucleic Acids Res 35, 7074-7086

49.

Xie, Y., Ke, S., Ouyang, N., He, J., Xie, W., Bedford, M. T., and Tian, Y. (2009) J Biol Chem
284, 9199-9205

50.

Feng, Q., He, B., Jung, S. Y., Song, Y., Qin, J., Tsai, S. Y., Tsai, M. J., and O'Malley, B. W.
(2009) J Biol Chem 284, 36167-36174

51.

Huang, S., Litt, M., and Felsenfeld, G. (2005) Genes Dev 19, 1885-1893

52.

Ceschin, D. G., Walia, M., Wenk, S. S., Duboe, C., Gaudon, C., Xiao, Y., Fauquier, L.,
Sankar, M., Vandel, L., and Gronemeyer, H. (2011) Genes Dev 25, 1132-1146

53.

Barski, A., Cuddapah, S., Cui, K., Roh, T. Y., Schones, D. E., Wang, Z., Wei, G., Chepelev,
I., and Zhao, K. (2007) Cell 129, 823-837

54.

Zhang, J., Hosoya, T., Maruyama, A., Nishikawa, K., Maher, J. M., Ohta, T., Motohashi, H.,
Fukamizu, A., Shibahara, S., Itoh, K., and Yamamoto, M. (2007) Biochem. J. 404, 459-466

55.

Zhao, R., Hou, Y., Xue, P., Woods, C. G., Fu, J., Feng, B., Guan, D., Sun, G., Chan, J. Y.,
Waalkes, M. P., Andersen, M. E., and Pi, J. (2011) Environ Health Perspect 119, 56-62

56.

Mowen, K. A., Tang, J., Zhu, W., Schurter, B. T., Shuai, K., Herschman, H. R., and David,
M. (2001) Cell 104, 731-741

57.

Yamagata, K., Daitoku, H., Takahashi, Y., Namiki, K., Hisatake, K., Kako, K., Mukai, H.,
Kasuya, Y., and Fukamizu, A. (2008) Mol Cell 32, 221-231

58.

Teyssier, C., Ma, H., Emter, R., Kralli, A., and Stallcup, M. R. (2005) Genes Dev 19, 14661473

59.

Reichard, J. F., and Puga, A. (2010) Epigenomics 2, 87-104

60.

Zhao, C. Q., Young, M. R., Diwan, B. A., Coogan, T. P., and Waalkes, M. P. (1997) Proc
Natl Acad Sci U S A 94, 10907-10912

61.

Rossman, T. G. (2003) Mutat Res 533, 37-65

38

FIGURE LEGENDS

Figure 1: Arsenic induced transcription of the human ferritin H and L genes.
Total RNA and whole cell lysate (WCL) were isolated from A) HaCaT or B) K562 cells
treated with 0, 1, 3 or 10 µM sodium arsenite for 24 hr. RNA was subjected to Northern
blotting (left panels) and hybridized with 32P-labeled human ferritin H, ferritin L, NQO1, or
HO-1 cDNA probe. An equal amount of RNA loading was confirmed by staining RNA with
ethidium bromide. WCL was subjected to Western blotting (right panels) using anti-ferritin
H, ferritin L, NQO1, HO1 or β-actin antibodies. C) HaCaT cells were transfected with
luciferase reporter plasmids containing 4.5kb ARE(+) or 4.4kb ARE(-) 5’- promoter region
of the human ferritin H gene, and treated with sodium arsenite (0.5 or 1 µM) or t-BHQ (1 or
5 µM) for 24 hr. pRL-null renilla luciferase reporter was cotransfected and used as an
internal transfection efficiency control. The firefly luciferase activity normalized with renilla
luciferase activity from cells with no treatment (0) was defined as 1. Means ± standard errors
were shown from 3 independent experiments. D) HaCaT cells were treated with 10 µM
sodium arsenite for 4 or 8 hr, and ChIP assays for RNA polymerase II (RNAPII) binding to
the ferritin H transcription start site (TSS) were performed. The level of RNAP II (gray bar)
bound to ferritin H TSS with no treatment was defined as 1 (control). Control IgG in the
same ChIP assays were shown in white bar. Means from two independent experiments were
shown.

Figure 2: Arsenic induces histone methylation along with nuclear accumulation of
PRMT1 and CARM1.
A) HaCaT cells were treated with 10µM sodium arsenite for 0, 0.5, 1, 2 and 4 hr and
extracted histone was analyzed for asymmetric di-methylation of histone H4R3 (H4R3me2a)
and H3R17 (H4R17me2a) by Western blotting. Histone H4 and H3 Western blots are shown
for loading control. B) HaCaT cells were treated with 10µM sodium arsenite for 0, 0.25, 0.5,
1, 2 and 6 hr and cytosolic and nuclear fractions were analyzed for PRMT1 and CARM1
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expression by Western blotting. Lamin B1 and lactate dehydrogenase (LDH) were used for a
nuclear and cytoplasmic marker, respectively, and for loading control.

Figure 3: Methylation of histone H4R3 and H3R17 precedes or occurs concomitantly
with Nrf2 recruitment to the ferritin AREs following arsenic treatment.
HaCaT cells treated with 10µM sodium arsenite for indicated times were analyzed for protein
binding to ferritin H ARE (FH ARE) or ferritin L ARE (FL ARE) by ChIP assays using
rabbit IgG, Nrf2, dimethylated histone H4R3 (H4R3me2a) or H3R17 antibodies
(H3R17me2a). Protein binding to FH ARE or FL ARE in untreated cells with each specific
antibody was set to 1. ARE binding of dimethylated histone H4R3, H3R17, or Nrf2 were
shown in gray columns and control IgG in white columns. Means ± standard errors of
triplicate samples from three independent experiments are shown.

Figure 4: Knocking down PRMT1 or CARM1 does not affect Nrf2 nuclear
accumulation but inhibits Nrf2 binding to the ferritin and NQO1 AREs.
Non-target siRNA (no siPRMT1, no siCARM1), siPRMT1, or siCARM1 was transfected
into HaCaT cells. A) Cells were then treated with 10 µM sodium arsenite for 12 hr. Nuclear
fraction was analyzed by Western blotting with anti-Nrf2, anti-lamin B1, anti-PRMT1, antiCARM1, or anti-β-actin antibody. B) cells were then treated with 10 µM sodium arsenite for
2 hr, and Nrf2 binding to ARE in ferritin H (FH ARE), ferritin L (FL ARE) or NQO1 ARE
was analyzed by ChIP assay.

Binding of Nrf2 to each ARE in arsenite-treated (gray

columns) or untreated cells (white columns) is shown as non-target siRNA (siCon) and
arsenic treated cells as 100%.

Means ± standard errors of were shown from three

independent experiments. *P<0.05, as determined by a Student’s t-test.

Figure 5: Knocking down PRMT1 or CARM1 inhibits arsenic-induced ferritin
expression.
Non-target siRNA (no siPRMT1, no siCARM1), siPRMT1, or siCARM1 was transfected
into A) HaCaT cells or B) K562 cells followed by treatment with 10 µM sodium arsenite for
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12 hr. Protein and mRNA expression of ferritin H (FH) and ferritin L (FL) were measured
by Western blotting (top) or Northern blotting (middle).

Knockdown of PRMT1 and

CARM1 were validated in Western blotting with anti-PRMT1 or anti-CARM1 antibody. βactin and staining RNA with ethidium bromide were used for loading control. Quantitative
results of Northern blots from three independent experiments were shown in the graphics
(bottom).

Ferritin mRNA levels in cells transfected with SiCon (= no siPRMT1, no

siCARM1) treated with 10µM arsenite was defined as 100%. Gray columns in cells treated
with arsenic and black columns with no treatment. *P<0.05, as determined by a Student’s ttest.

Figure 6: PRMT1 and CARM1 knockdown enhanced cellular susceptibility to arsenic
toxicity
HaCaT cells transfected with non-target siRNA (no siPRMT1, no siCARM1), siPRMT1, or
siCARM1 were treated with 10 µM sodium arsenite for 12 hr and whole cell lysates were
isolated and analyzed by Western blotting with anti-Caspase 3 antibody. Knockdown of
PRMT1 and CARM1 were verified by Western blots with anti-PRMT1 and anti-CARM1
antibodies. β−actin as a loading control
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FIGURES

Fig. 1 Arsenic induced transcription of the human ferritin H and L genes
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Fig. 2 Arsenic induces global histone methylation along with nuclear accumulation of
PRMT1 and CARM1.
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Fig. 3 Methylation of histone H4R3 and H3R17 precedes or occurs concomitantly with
Nrf2 recruitment to the ferritin AREs following arsenic treatment.
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Fig. 4 Knocking down PRMT1 or CARM1 does not affect Nrf2 nuclear accumulation but
inhibits Nrf2 binding to the ferritin and NQO1 AREs.
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A)

Fig. 5 Knocking down PRMT1 or CARM1 inhibits arsenic-induced ferritin expression.
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Fig. 6 PRMT1 and CARM1 knockdown enhanced cellular susceptibility to arsenic
toxicity
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SUPPLEMENTAL FIGURE LEGENDS

Supplemental Figure 1: Arsenic induces expression of the antioxidant genes in Jurkat T
cells.
Total RNA and whole cell lysate (WCL) were isolated from Jurkat cells treated with 0, 0.3, 1,
3 or 10 µM sodium arsenite for 24 hr. RNA was subjected to Northern blotting (left panels)
and hybridized with
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P-labeled human ferritin H, ferritin L or NQO1 cDNA probe. An

equal amount of RNA loading was confirmed by staining RNA with ethidium bromide.
WCL was subjected to Western blotting (right panels) using anti-ferritin H, NQO1, or β-actin
antibody.

Supplemental Figure 2: Adenosine dialdehyde blocks arsenic-induced ferritin H gene
expression.
Total RNA was isolated from HaCaT cells pretreated with a methyltransferase inhibitor,
adenosine dialdehyde (AdOx), for 1 hr followed by 10 µM sodium arsenite treatment for 14
hr. RNA was subjected to Northern blotting and hybridized with 32P-labeled human ferritin
H probe. An equal amount of RNA loading was confirmed by staining RNA with ethidium
bromide.

Supplemental Figure 3: Knocking down PRMT1 or CARM1 does not inhibit Nrf2
binding to the HO1 ARE.
Non-target siRNA (siCon), siPRMT1, or siCARM1 was transfected into HaCaT cells and
treated with 10 µM sodium arsenite for 2 hr. Nrf2 binding to HO1 ARE was analyzed by
ChIP assay. Binding of Nrf2 to HO1 ARE in arsenite-treated (gray columns) or untreated
cells (white columns) is shown as non-target siRNA (siCon) and arsenic treated cells as
100%. Means ± standard errors of were shown from three independent experiments.
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SUPPLEMENTAL FIGURES

Supplemental Fig. 1 Arsenic induces expression of the antioxidant genes in Jurkat T
cells.
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Supplemental Fig. 2 Adenosine dialdehyde blocks arsenic-induced ferritin H gene
expression.
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Supplemental Fig. 3 Knocking down PRMT1 or CARM1 does not inhibit Nrf2 binding
to the HO1 ARE.
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SUPPLEMENTAL TABLES

Supplemental Table I

Sequence of Primers and SiRNAs
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ABSTRACT
Oxygen and iron are vital elements that maintain a variety of physiological
functions. Ferritin is the major iron storage protein that copes with excess iron and
ultimately determines intracellular iron availability. Ferritin expression is regulated by iron
at the translational level through the interaction of iron-responsive element (IRE) in the 5’untranslated region of ferritin mRNA with iron regulatory protein (IRP). Ferritin was also
shown to be upregulated by hypoxia at the translational level, similar to excess iron, through
decreased IRP binding to the IRE. Cobalt chloride has been used as a hypoxia mimetic that
stabilizes a key transcription factor, hypoxia inducible factor-1a (HIF1-a), and activates
transcription of various genes involved in oxygen homeostasis through binding to a hypoxia
responsive element (HRE). Here we observed that hypoxia and hypoxia mimetic cobalt
chloride induced ferritin expression by two different mechanisms. In K562 cells under
hypoxia, ferritin was upregulated at the transcriptional level through HIF1a stabilization
during an early phase of hypoxia. In contrast, cobalt chloride initially activated ferritin
transcription through increased Nrf2 binding to the antioxidant responsive element (ARE) of
the ferritin gene, followed by the translational block of ferritin synthesis through increased
IRP binding to the ferritin IRE. We also identified a functional HRE in the human ferritin H
gene. Collectively, these results suggest that ferritin is a novel HIF1a-dependent gene during
hypoxia and the hypoxia-mimetic cobalt chloride regulates ferritin in a HIF1a-independent
manner.
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INTRODUCTION
All organisms from bacteria to human beings need oxygen for survival. In mammals, oxygen
is gathered from the cardiovascular, hematopoietic, and respiratory systems and delivered to
cells as a substrate in oxidative phosphorylation, which synthesizes ATP (1). Therefore,
maintaining oxygen homeostasis is crucial; failure to tightly regulate oxygen levels results in
insufficient generation of ATP and the production of harmful reactive oxygen species (ROS),
which damage proteins, lipids, and DNA (2). Therefore, cells employ various mechanisms to
maintain oxygen homeostasis in which hypoxia-inducible factors (HIFs) serve as the master
regulators of oxygen homeostasis. HIFs sense oxygen change and mediate developmental
and physiological pathways that either deliver O2 to cells or allow cells to survive
O2 deprivation (3). The HIF family contains 3 members, HIF-1, 2, and 3; each HIF member
consists of an α- and β-subunit (4). The β-subunit is constitutively expressed but the αsubunit is regulated in an oxygen-dependent manner (5). In normoxia, the α-subunit is
degraded through a degradation system that recognizes hydroxyl prolines located in the
oxygen-dependent

degradation

domain

(ODD);

under hypoxic conditions, prolyl

hydroxylation is inhibited and this allows the α-subunit to dimerize with the β-subunit
through a basic helix-loop-helix (bHLH) and regulate HIF-targeted genes through binding to
the hypoxia-responsive element (HRE) (3). Not restricted to the pathways involved in
regulation of oxygen homeostasis, HIFs are multifaceted transcription factors can mediate a
diverse range of physiological regulations such as proliferation, differentiation, cell survival,
angiogenesis, energy metabolism, and iron homeostasis (6).
In iron homeostasis regulation, the major iron storage protein ferritin plays a crucial role as
an iron reservoir to store excess labile iron and release it later when needed.

Ferritin is a

cage-like protein composed of 24 subunits of heavy (H) and light (L) chains, in which ferritin
H harbors ferroxidase activity to transfer Fe2+ to Fe3+ for storage, while ferritin L supports the
overall ferritin structure (7). Ferritin gene expression is regulated by both translational and
transcriptional mechanisms. Translational regulation is through interaction between iron
regulatory proteins (IRPs) and the 5’ ferritin iron-responsive element (IRE), by which blocks
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recruitment of the translational machinery and repress ferritin translation (8). Translational
control of ferritin expression is well studied as compared to transcriptional regulation (7).
NF-κB was shown to regulate ferritin transcription after TNF-α treatment (9), and an
antioxidant-responsive element (ARE) has been identified 4.4 to 4.5kb upstream of the
ferritin H transcription start site (10). The ferritin H ARE is an important enhancer element
regulated by transcription factors such as c-Jun, JunD, ATF1, and Nrf2 in response to
different types of stressors (10-13); however, the molecular mechanisms of transcriptional
regulation of the ferritin gene is still not completely understood.
Previous research has demonstrated that hypoxia can induce ferritin expression mainly
through translational regulation; in human oligodendroglioma cells, hypoxia induces the
synthesis of ferritin and the translation inhibitor cycloheximide blocks ferritin synthesis, but
not transcription inhibitors such as actinomycin D, suggesting that hypoxia induces ferritin
protein expression by translational regulation (14). In mouse peritoneal macrophages, the
ferritin protein expression was increased by diminishing the IRE binding activity of IRP-1
during hypoxia (15). However, whether hypoxia induces ferritin through transcriptional
regulation or how it regulates ferritin transcription has not been studied yet. Here we show
that ferritin H may be a novel HIF-1-targeted gene during hypoxia. In our research, we found
a putative HRE sequence located in 4.3kb upstream of the ferritin H transcription start site.
The hypoxia mimetic cobalt chloride transcriptionally upregulated ferritin gene expression by
activating the ARE, but not the HRE. Nuclear translocation of the major ARE transcription
factor Nrf2 was induced after cobalt chloride treatment. Surprisingly, IRP-mediated
translational repression decreased ferritin H protein expression after cobalt chloride treatment,
counteracting ferritin H transcriptional upregulation. Protein expression of other non IREregulating antioxidant genes, NQO1, thioredoxin, and glutathione-S-transferase-π were
upregulated. On the other hand, hypoxia induced ferritin H gene expression in both K562 and
SH-SY5Y cells and concomitantly stabilized HIF-1α; furthermore, expression of HIF-1α
activated the ferritin H promoter through the HRE, suggesting HIF-1 α is involved in
transcription of the ferritin H gene through a HRE-dependent pathway
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RESULTS

Cobalt chloride transcriptionally regulates the human ferritin H gene through the
antioxidant responsive element
It has been shown that cobalt chloride can serve as a hypoxia-mimetic by inducing HIF-1
binding activity similarly to hypoxia (16), producing hypoxia-like responses in cells (17). We
used cobalt chloride to mimic hypoxia to test whether it induces ferritin expression. K562
cells were treated with 20-200 µM cobalt chloride for 20 hours; mRNA and protein
expression of ferritin H were measured and HIF-1α was used to validate our model of cobaltmimicked hypoxia. We observed that ferritin H mRNA was induced in a dose-dependent
manner by cobalt chloride treatment (Fig. 1A), and HIF-1α accumulated in the nucleus (Fig.
1A), suggesting that cobalt chloride successfully produces a hypoxia-like response and
upregulates ferritin gene expression. Since HIF-1 usually regulates gene transcription
through binding to HRE, we searched the ferritin H promoter and found a putative hypoxia
responsive element (HRE) located 4.3 kb upstream of the 5’ promoter region of the ferritin H
gene. To address whether cobalt chloride induces ferritin H mRNA expression by
transcriptional regulation and if the putative HRE is a functional HRE during cobalt chloride
treatment, K562 cells were transiently transfected with luciferase reporters constructed with
different lengths of the ferritin H promoter, containing the ARE and/or putative HRE (4.5kb
ARE(+)/HRE(+), 4.4kb ARE(-)/HRE(+), 4.0kb ARE(-)/HRE(-), and TATA box)), followed
with cobalt chloride treatment (10, 100 and 250 µM) for luciferase assays. Cobalt chloride
dose-dependently induces luciferase expression driven by the 4.5kb ARE(+)/HRE(+) but not
4.4kb ARE(-)/HRE(+), 4.0kb ARE(-)/HRE(-) or TATA box (Fig. 1B), suggesting that cobalt
chloride induces transcription of the ferritin H gene mainly through the ferritin H ARE. To
confirm whether cobalt chloride regulates ferritin H transcription through the ARE, we tested
if Nrf2, the major transcription factor of AREs, is activated by cobalt chloride. In figure 1C,
western blotting showed that Nrf2 accumulates in the nucleus after cobalt chloride treatment,
suggesting that Nrf2 is activated and accumulates in the nucleus, and is involved in ferritin H
ARE activation.
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Cobalt chloride specifically represses ferritin H protein expression through IRPmediated translational repression
To address if cobalt chloride induces other antioxidant genes or only specifically on ferritin
H, K562 cells were treated with cobalt chloride (20, 100 and 200 µM) and protein expression
of the antioxidant genes ferritin H, NQO1, thioredoxin, and glutathione-S-transferaseπ, were measured. Western blotting showed that cobalt chloride dose-dependently
upregulates protein expression of NQO1 and thioredoxin at 12 and 24 hours; glutathione-Stransferase-π in 12 hours, but surprisingly cobalt chloride downregulated the expression
level of ferritin H in opposition to other antioxidant genes (Fig. 2A). Indeed, we observed
that cobalt chloride induced ferritin transcription in figure 1A; however, ferritin gene
expression can be also mediated through IRP-dependent translational regulation. To assess
whether cobalt chloride increases IRP-IRE interaction resulting in translational repression,
K562 cells were transfected with a luciferase reporter containing the 5’UTR of the ferritin H
gene, which contains the IRE of mRNA, then treated with cobalt chloride (20, 100 and 250
µM) and harvested for luciferase assays. Cobalt chloride repressed ferritin H IRE-driven
luciferase expression in a dose dependent manner similar to the iron chelator deferoxamine
(DFO). (Fig. 2B), suggesting that cobalt chloride induces IRP-IRE interaction, resulting in
translational repression of the ferritin H gene and thus counteracting transcriptional
activation.

Hypoxia induces ferritin H mRNA expression through a HIF-1/HRE-dependent
pathway
Since cobalt chloride may mediate ferritin H gene transcription through a HRE-independent
pathway, to address whether hypoxia may regulate ferritin H transcription through the HRE,
the human neuroblastoma cell line, SH-SY5Y, and the human erythroleukemia cell line,
K562, were incubated under hypoxic conditions for the indicated times (0.5-12 hr) and
ferritin H gene expression was measured. In SH-SY5Y cells, Northern and Western blotting
revealed that ferritin H mRNA and protein were induced between 2 to 6 hours and HIF-1α
was accumulated concomitantly, and both of them gradually returned to basal levels at 12
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hours in respectively (Fig. 3A). Similar results were observed in K562 cells, in which the
protein level of ferritin H was upregulated in a time dependent manner, increasing from 2 to
8 hours, and mRNA level was slightly induced starting at 30 minutes and increasing with
maximum induction at 2 hours (Fig. 3B). These results suggest that hypoxia may activate
HIF-1, resulting in ferritin H transcription. To further confirm the role of HIF-1 in ferritin H
transcription, K562 cells were cotransfected with HIF-1α expression vector and luciferase
reporters containing different ferritin H promoters with or without the putative HRE (4.5kb
ARE(+)/HRE(+), 4.0kb ARE(-)/HRE(-), and TATA box)) were subjected to luciferase
assays. Expression of HIF-1α showed dose-dependent induction in luciferase expression
driven by the 4.5kb ARE(+)/HRE(+), but marginally in 4.0kb ARE(-)/HRE(-) and no effect
in TATA box (Fig. 4A), suggesting that HIF-1 can activate the ferritin H gene promoter and
the ARE and/or HRE plays an important role in this regulation. To exclude the involvement
of the ARE and confirm a role of the HRE in HIF-1-mediated ferritin H promoter activation,
K562 cells were cotransfected with HIF-1α expression vector and luciferase reporters
containing the ferritin H promoter without ARE (4.4kb ARE(-)/HRE (+)) or with mutant
ARE (4.5kb mARE/HRE(+)), in which ARE function was abolished. Luciferase assays
showed that HIF-1 can activate both ferritin H promoters, which contains no ARE (4.4kb
ARE(-)/HRE(+)) or mutant ARE (4.5kb mARE/HRE(+)) (Fig. 4B), suggesting that the
ferritin ARE is not necessary for hypoxia-mediated ferritin H transcription. These results
suggest that HIF-1 can activate the ferritin H gene promoter through the ferritin HRE but not
the ARE enhancer element.
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DISCUSSION
Living organisms including human beings require both oxygen and iron in a variety of
processes such as oxidative phosphorylation, synthesis of enzymes and cofactors, wound
healing and posttranslational modifications to maintain growth (18,19). Aberrant oxygen and
iron homeostasis will diminish ATP production and also cause oxidative stress, which is
involved in harming proteins, lipids, and DNA by oxidation(5). Hypoxia-inducible factors
(HIFs) play important roles in the regulation of oxygen homeostasis and also in a variety of
processes such as proliferation, differentiation, and iron homeostasis (6). Previous research
has shown that hypoxia induces ferritin gene expression through translational regulation
(14,15). Here we reported that ferritin H is a new HIF-dependent gene in response to hypoxia,
and that the hypoxia mimetic, cobalt chloride, regulates ferritin H gene expression through a
combination of transcriptional and translational regulation.
Originally we attempted to use cobalt chloride to mimic hypoxic conditions to answer if
ferritin H transcription is induced by hypoxia. Indeed, we observed upregulation of ferritin H
mRNA and HIF-1α accumulation after cobalt chloride treatment (Fig. 1A), suggesting cobalt
chloride successfully induces “chemical hypoxia” and transcription of the ferritin H gene;
however, the results of luciferase assays demonstrated that deletion of the ferritin H ARE
(ARE(-)/HRE(+)) abolished activation of the ferritin H promoter induced by cobalt chloride
treatment (Fig. 1B), suggesting that cobalt chloride-mediated ferritin H transcription is
mainly regulated by the ARE but not the HRE; also, the major transcription factor of the
ARE, Nrf2, accumulated in nucleus after cobalt chloride treatment (Fig. 1C), suggesting Nrf2
is involved in the activation of ferrtin H ARE after cobalt chloride treatment. However, we
can not exclude the possibility that both the HRE and ARE are involved in cobalt chloridemediated transcription; to further study the role of ARE and HRE in cobalt chloride mediated
transcription, a luciferase reporter containing the ferritin H promoter with a mutant HRE
(ARE(+)/mHRE) region should be constructed to address if the HRE is important for cobalt
chloride-mediated ferritin H transcription. In addition, knockdown of Nrf2 or HIF-1α,
followed by cobalt chloride treatment can answer which transcription factor(s) is involved in
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the cobalt chloride-mediated pathway. Furthermore, ChIP assays employing anti-Nrf2 and
anti-HIF-1α antibodies and RT-PCR with primers flanking the ferritin H ARE and HRE can
be utilized to answer if these two transcription factors bind to the ARE or HRE and regulate
ferritin H transcription in response to cobalt chloride treatment.
To confirm the role of ARE in cobalt chloride-mediated regulation, we analyzed gene
expression of other antioxidant genes such as NQO1, thioredoxin, and glutathione-Stransferase-π along with ferritin H and found that protein expression of NQO1, thioredoxin,
and glutathione-S-transferase were upregulated by cobalt chloride treatment while ferritin H
was repressed in a cobalt chloride dose-dependent manner (Fig. 2A). This is paradoxical,
considering our observation that cobalt chloride induced ferritin H transcription (Fig. 1).
Since ferritin H is also regulated by IRP-mediated translational regulation, we asked if cobalt
chloride differentially regulates transcription and translation of the ferritin H gene. Luciferase
assays supported this idea and showed that cobalt chloride repressed ferritin H IRE-driven
luciferase activity (Fig. 2B), suggesting that cobalt chloride increases IRP-IRE interaction
and results in translational repression of ferritin H protein expression. To directly
demonstrate this, IRP-IRE binding assays should be conducted to demonstrate that cobalt
chloride increases IRP-IRE interaction and represses ferritin H protein expression.
Knockdown of IRP-1 or IRP-2 followed with cobalt chloride treatment will help to clarify
which particular IRP protein is involved in the translational repression of ferritin H protein
expression.
We demonstrated that hypoxia induces ferritin H gene expression, upregulating both ferritin
H mRNA and protein expression, and concomitantly stabilizes HIF-1α in SH-SY5Y and
K562 cells (Fig. 3). Furthermore, luciferase assay results showed that expression of HIF-1α
activates the ferritin H promoter via an ARE and/or HRE- dependent pathway (Fig. 4A), but
ARE deletion constructs had no effect on activation, excluding the role of ARE in HIF-1αmediated ferritin H promoter activation (Fig. 4B). These results suggest that hypoxia may
stabilize HIF-1α, and induce ferritin H transcription through a HRE-dependent pathway. The
role of HIF-1 in hypoxia-mediated ferritin H transcription needs to be further clarified by
knocking down HIF-1 during hypoxia since expression of HIF-1α is physiologically artificial.
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Hypoxia is a complicated physiological stressor and has been shown to be involved in the
activation of a large battery of transcription factors such as NF-κB, AP-1, and ATF1 (20-22)
as well as HIF-1 stabilization. AP-1 and ATF-1 have been shown to regulate the ferritin H
ARE but the role of ferritin H ARE in hypoxia is still elusive and it is unknown whether Nrf2
is involved in hypoxia-mediated pathway. ChIP assays using anti -HIF-1α, -Nrf2, and -ATF1
antibodies with primers flanking the ferritin H ARE and HRE can be performed to delineate
the network of these transcription factors in ARE and HRE activation in hypoxia-mediated
ferritin H transcription.
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MATERIALS AND METHODS

Cell Culture, Culture condition and Chemical reagents- K562 human erythroleukemia cells
(American Type Culture Collection) were cultured in RPMI1640 medium (Mediatech)
supplemented with 25 mM Hepes, 0.3g/liter L-glutamine, and 10% FBS (Mediatech). SHSY5Y human neuroblastoma cells (American Type Culture Collection) were cultured a 1:1
mixture of Eagle’s minimum essential medium and F12 medium (Mediatech) supplemented
with nonessential amino acids and 10% FBS. These cells were incubated at 37°C in a
humidified 5% carbon dioxide atmosphere. For hypoxic stimulation, the culture plates were
incubated in a modular incubator chamber (Billups-Rothenburg, Del Mar, CA) and pumped
with a gas mixture (Airgas National Welders) containing 1% O2, 5% CO2, and 94% nitrogen
b as indicated time. Cobalt chloride (CoCl2) was purchased from Mallinckrodt Baker and
dissolved in water.
Plasmids and Antibodies- The 4.5kb ARE(+)/HRE(+), 4.4kb ARE(-)/HRE(+), 4.0kb ARE()/HRE(-) , 4.5kb mARE/HRE(+) and TATA box human ferritin H 5’ upstream enhancer and
promoters fused to a firefly luciferase reporter gene were described previously (10). 5’UTR
sequence containing the IRE of ferritin H mRNA was described (23) and constructed into
ferritin H TATA box luciferase reporter. Antibodies utilized in Western blotting were
purchased from the following companies: anti-HIF-1α (NB100-479), Novus Biologicals;
anti-ferritin H (SC-25617), anti-NQO1 (sc-32793), anti-Nrf2 (SC-13032) and antithioredoxin (FL-105), Santa Cruz Biotechnology; anti-glutathione-S-transferase-π (610718),
BD Biosciences; and anti-β-actin (A5441), Sigma-aldrich.
Cell extracts and Western blotting- Whole cell lysates (WCL) were prepared by washing
cells with 1X cold PBS and lysed with cell lysis Buffer A (150mM NaCl, 10mM Na2HPO4,
1% Triton-X, 0.5% Deoxycholic Acid, 0.1% SDS, 0.2% Sodium Azide; pH 7.4). Nuclear
extracts were prepared using a nuclear extraction kit (Active Motif) by following the
manufacturer’s direction. Cell lysates were electrophoretically separated on sodium dodecyl
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sulfate (SDS)-polyacrylamide gels then transferred to polyvinylidene difluoride (PVDF)
membranes (Thermo Fisher Scientific) and probed with primary antibodies. After overnight
incubation, membranes were washed and incubated at room temperature with horseradish
peroxidase conjugated secondary antibody (Calbiochem) and subsequently incubated in
chemiluminescent HyGlo reagent (Denville Scientific) and visualized by exposure to x-ray
film (Denville Scientific).
Northern blotting- Total RNA was isolated with TRI Reagent RT (Molecular Research
Center) according to manufacturer’s protocol. 5-10µg of total RNA was separated on 1.1%
agarose gel with 5% formaldehyde in 3-(N-morpholino)-propanesulfonic (MOPS) acid
buffer, followed by overnight capillary transfer to a Protran BA85 nitrocellulose transfer
membrane (Whatman). 32P-labeled human ferritin H cDNA probe prepared with MegaPrime
DNA Labeling Kit (GE Healthcare) was hybridized with the membrane at 42°C overnight
and washed with buffer (0.1% SDS in 0.5X SSC buffer) at 52°C. The dry membranes were
subjected to autoradiography and visualized on x-ray film (Denville Scientific). Staining
RNA with ethidium bromide was used for equal RNA loading.
DNA transfection and luciferase reporter assay- K562 cells were transiently transfected by
electroporation (Bio-rad Gene Pluser X-Cell) with indicated human ferritin H luciferase
reporter or HIF-1α expression plasmids. Cells were then treated with cobalt chloride for 24
hours after overnight incubation and subjected to luciferase assays using Luciferase assay
system (Promega), or directly incubated for 36 hours in HIF-1α coexpression experiment.
Statistics- All statistics were conducted with SPSS Statistics19 (IBM).
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FIGURE LEGENDS

Figure 1: Cobalt chloride regulates the human ferritin H antioxidant responsive
element
Total RNA and nuclear protein extract were isolated from K562 cells treated with 0, 20, 100
or 200 µM of cobalt chloride for 24 hours. A) RNA was subjected to Northern blotting (top
panels) and hybridized with

32

P-labeled human ferritin H probe. Equal amount of RNA

loading was confirmed by staining RNA with ethidium bromide. Nuclear extracts were
subjected to Western blotting (bottom panels) using anti-HIF-1α antibody. β-actin blots were
used as loading controls. B) K562 cells were transfected with luciferase reporter plasmids
containing 4.5kb ARE(+)/ HRE(+), 4.4kb ARE(-)/ HRE(+), 4.0kb ARE(-)/ HRE(-), or TATA
box 5’- promoter region of the human ferritin H gene, and treated with cobalt chloride (0, 10,
100, or 250 µM) for 24 hr. The firefly luciferase activity from untreated cells transfected with
4.5kb ARE(+)/ HRE(+) 5’- promoter reporter was defined as 1. Mean ± standard errors were
shown from 3 independent experiments. One-way ANOVA test indicated significance in
4.5kb ARE(+)/ HRE(+) (p-value< 0.001); * indicated p-value < 0.001 in post-hoc test when
compared with no cobalt chloride treatment. C) Nuclear protein extract isolated from K562
cells treated with 0, 20, 100 or 200 µM of cobalt chloride for 24 hours was subjected to
Western blotting using anti-Nrf2 antibody. β-actin blots were used as loading control.
Figure 2: Protein expression of ferritin H is inhibited by IRP-mediated translational
repression.
A) K562 cells were treated with 0, 20, 100, or 250 µM of cobalt chloride for 12 or 24 hours
and whole cell lysates were analyzed for ferritin H, NQO1, thioredoxin and glutathione-Stransferase-π by Western blotting. β-actin Western blot was used for loading control. B)
K562 cells were transfected with luciferase reporter driven by the 5’UTR of ferritin H gene
containing the IRE, treated with 20, 100, or 250 µM of cobalt chloride or deferoxamine
(DFO) for 24 hr. The firefly luciferase activity from untreated cells was defined as 100%.
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Mean ± standard errors were shown from 3 independent experiments. One-way ANOVA test
indicated significance in both of groups treated with CoCl2 and DFO (p-value< 0.001); *
indicated p-value < 0.001 in post-hoc test when compared with either no CoCl2 or DFO
treatment.
Figure 3: Hypoxia induces ferritin H gene expression and HIF-1α
α accumulation
concomitantly.
Total RNA, nuclear extract and whole cell lysates from A) SH-SH5Y and B) K562 cells
treated with hypoxic condition for the indicated time (30 minutes to 12 hours) were isolated.
RNA was subjected to Northern blotting (top panels of both A and B) and hybridized with
32

P-labeled human ferritin H probe. An equal amount of RNA loading was confirmed by

staining RNA with ethidium bromide. Nuclear extracts were subjected to Western blotting
(bottom panels of A) using anti-HIF-1α antibody. Lamin B1 blotting was shown as loading
control. Whole cell lysates were analyzed with anti- ferritin H antibody (middle panels of A
and bottom panels of B), and β-actin blotting shown as loading control.
Figure 4: HIF-1 activates the ferritin H promoter by regulating the HRE but not the
ARE
K562 cells were cotransfected with HIF-1α expression vector (0, 200, or 400 ng) A) plus
luciferase reporters containing 4.5kb ARE(+)/HRE(+), 4.0kb ARE(-)/HRE(-), or TATA box
5’-promoter region of the human ferritin H gene for 36 hr. The firefly luciferase activity from
cells transfected with 4.5kb ARE(+)/HRE(+) reporter with no HIF-1α expression vector (0)
was defined as 1; or B) cotransfected plus luciferase reporter plasmids containing 4.4kb
ARE(-)/ HRE(+) and 4.5kb mARE/ HRE(+) promoter region of the human ferritin H gene.
The firefly luciferase activity from cells with no HIF-1α expression vector (0) was defined as
1 individually. Mean ± standard errors were shown from 3 independent experiments. Oneway ANOVA test indicated significance in 4.5kb ARE(+)/ HRE(+) (p-value< 0.05); *
indicated p-value < 0.01 in post-hoc test when compared with no HIF-1α expression vector.
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FIGURES

Fig. 1: Cobalt chloride regulates the human ferritin H antioxidant responsive element
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Fig. 2: Protein expression of ferritin H is inhibited by IRP-mediated translational
repression.
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Fig. 3: Hypoxia induces ferritin H gene expression and HIF-1α
α accumulation
concomitantly.
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Fig. 4: HIF-1 activates the ferritin H promoter by regulating the HRE but not the ARE
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GENERAL DISCUSSION

Chapter 1: Transcriptional Regulation of the Human Ferritin Gene by Protein
Arginine Methyltransferases PRMT1 and CARM1
Several years ago, we started this project from the research of how histone modifications
and chromatin remodeling regulates the antioxidant responsive element enhancer (ARE)
activity. Very limited information was found in the research field of ARE regulation. Until
now, typing key words “antioxidant responsive element” with “histone” in PubMed links
only 16 publications; with “chromatin”, 40 publications are found but most of them only
mention histone acetylation briefly; however, with “transcription factors”, 1493 publication
are found. We thought the research will be exciting and also improve the knowledge how
ARE is regulated during transcription by the dynamic chromatin structure and posttranslational modifications of histones such as acetylation, phosphorylation and methylation.
Our laboratory has been interested in transcriptional regulation of the ferritin gene and
found hemin-mediated ferritin H transcriptional regulation during erythroid cell
differentiation (8). At the same time, we found that hemin induces several histone
modifications including histone H4R3 asymmetric dimethylation (H4R3me2a), global
histone H4 acetylation, histone H3K9 and K14 acetylation in the ferritin H ARE. Compared
with the role of histone acetylation, which is relatively well studied and involved in gene
activation with almost no doubt (50,128-131), the research of histone arginine methylations
in transcriptional regulation was just attracting attention and the mechanism was still not
completely understood. Therefore, we thought it will be a good field to explore. Indeed,
H4R3me2a has already been shown involved in transcriptional activation (152,156,182) so
its induction in the ferritin H ARE may play a role on ferritin H transcription after hemin
treatment; therefore, we asked if it regulates ferritin transcription during hemin treatment.
Pretreated with the PRMT family inhibitor, AMI-1, the hemin-mediated induction of ferritin
H mRNA and ferritin H ARE luciferase promoter activity was attenuated in a dose dependent
manner; suggesting PRMTs are involved in the transcriptional regulation of ferritin H gene.
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Expression of PRMT1, the only methyltransferase found to mediate H4R3me2a, induced
ARE-dependent ferritin H promoter activity, narrowing down the importance of PRMT1 in
ferritin H transcription after hemin treatment. However, knockdown of PRMT1 did not
clearly inhibit hemin-mediated ferritin H transcription. Meanwhile, we found previous
research showed that PRMT1 can cooperate with another PRMT member, CARM1, and
synergistically regulate gene transcription (121,151); and also, oxidative stress were shown
to upregulate PRMTs and increase asymmetric dimethylarginine (183-185). Therefore, we
wonder if PRMT1 and CARM1 are both involved in ferritin H gene transcription and a
potent oxidative stressor may give us a clearer answer to whether histone arginine
methylations are involved in ferritin H transcriptional regulation.
Arsenic is a potent oxidative stressor, involved in carcinogenesis (186-189) and has been
shown to regulate antioxidant genes such as NQO1 and HO-1 through activating Nrf2, the
major transcription factor involved in ARE-regulated gene transcription (186,190) but has
not been shown to regulate the ferritin gene. We first tested if arsenic upregulate the ferritin
gene transcription and if the regulation is mediated through PRMT1 and CARM1. We found
arsenic upregulated transcription of the ferritin genes (Fig. 1) and knockdown of PRMT1 or
CARM1 attenuated arsenic-mediated ferritin transcription showing in both of mRNA and
protein expression at least in part (Fig. 5). Therefore, we would like to elucidate the
molecular mechanism in which PRMT1 and CARM1 are involved in ferritin transcriptional
regulation.
Since we have already confirmed that PRMT1 and CARM1 are involved in ferritin
transcription after arsenic treatment, the first question we would like to ask how arsenic
mediates PRMT1 and CARM1 in the pathway. We thought arsenic may activate PRMT1
and CARM1 result in 1) increasing their methyltransferase activity to induce their substrate
methylation; 2) nuclear translocation of PRMT1 and CARM1 to mediate their substrates such
as histones and transcription factors. Indeed, we observed the inductions of both global (Fig.
2A) and the ARE-associated (Fig. 3) histone H4R3 and H3R17 methylations after arsenic
treatment, suggesting these two methyltransferase are activated and methylate their substrates,
histone H3 and H4. Also, in vitro methylation assays by immunoprecipitation of endogenous
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PRMT1 and CARM1 from HaCaT cells treated with 10 µM arsenite showed that CARM1 is
activated and able to induce methylation of its substrate, histone H3 (unpublished data);
however, we did not observe activation of PRMT1 in the same assay. We further studied the
molecular mechanism how arsenic activates PRMT1 and CARM1; CARM1 protein was
upregulated 1 to 6 hours (Fig. 2B) after arsenic treatment, suggesting the increasing level of
protein may also increase CARM1 methyltransferase activity, which is consistent with our in
vitro methylation assay and previous research that oxidative stress upregulates PRMTs
expression (183,184). Also, arsenite started to induce nuclear accumulation of PRMT1 and
CARM1 in 15-30 minutes (Fig.2B), which precedes or occurs concomitantly with the
methylation of ferritin ARE H4R3 (starting from 15 minutes) and H3R17 (starting in about
30-1hr), suggesting arsenite-induced nuclear accumulation of PRMT1 and CARM1 may
result in methylation of histone H4R3 and H3R17 in the ferritin H ARE. The above results
implied that arsenite may upregulate protein expression level and mediate nuclear
accumulation of PRMT1 and CARM1, activate them and result in downstream histone
arginine methylations.
Previous research showed that distribution of PRMT1 is dynamic and can shuttle
between the cytosol and nucleus. Inhibition of methylation by general methyltransferase
inhibitor, adenosine dialdehyde (AdOx) induces nuclear translocation of PRMT1, and let
PRMT1 bind its unmethylated substrates such as core histones until the methylation reaction
is complete again, suggesting nuclear translocation of PRMT1 may be critical for PRMT1 to
access and methylate its nuclear substrates including histones (191). Also, cellular
distribution of PRMT1 and CARM1 is cell type specific; for example, PRMT1 and CARM1
are predominantly cytoplasmic in HEK293 and UOS2, but nuclear in HeLa and MCF7 cell
lines (192). Pregnane X-receptor (PXR) was shown to interact with PRMT1 and their
interaction direct PRMT1 nuclear localization (147).

In addition, phosphorylation of

CARM1 was shown to cause CARM1 cytoplasmic localization (171). These reports suggest
distribution of PRMT1 and CARM1 may be varied in different types of cells and tissues;
furthermore, protein-protein interaction and post-translational modifications of PRMT1 and
CARM1 may effect their localization. Further investigation will be necessary to better
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understand the molecular mechanism of arsenic-mediated nuclear accumulation of PRMT1
or CARM1.
Even though the evidence of the importance of the chromatin environment in gene
transcription has been accumulated, how Nrf2 and histone modifications in ARE regulate
each other still remain unexplored. Similar timing of the induction of H4R3 and H3R17
methylation and Nrf2 binding to the ferritin ARE (Fig. 3) let us ask if they regulate each
other during arsenic treatment. The methylation of histone H4R3 or H3R17 by PRMT1 or
CARM1 probably enables Nrf2 to bind to the ARE and activate transcription of the ferritin
gene. This idea is supported by the results that knockdown of PRMT1 or CARM1 did not
affect Nrf2 nuclear accumulation induced by arsenic but blocked the binding of Nrf2 to the
ferritin H and L AREs (Fig. 4). Previous research showed that H4R3 methylation provides
binding surface for PCAF binding to chromatin, supporting the idea that histone arginine
H4R3 and H3R17 methylations may facilitate Nrf2 binding after arsenic treatment. To
further research the possibility, peptide binding assay by using synthetic methyl- or nonmethyl histone H3 and H4 peptides to study the affinity of Nrf2 with these peptides should be
performed to address the question.
However, another possibility cannot be ruled out: PRMT1- or CARM1-mediated
arginine methylation of other non-histone proteins such as Nrf2, p300/CBP and other
coactivator which may regulate Nrf2 binding activity. It has been shown that PRMT1 can
methylate and regulate the activity of other transcription factors such as STAT1 (signal
transducers and activators of transcription), FOXO1 and PGC1α (peroxisome proliferatoractivated receptor g coactivator 1α) (150,193,194). The idea that PRMT1 and CARM1 may
methylate Nrf2 directly and increase its binding activity can be supported by the histone
acetyltransferase p300/CBP, which was shown to acetylate Nrf2 and increase its binding
activity to the NQO1 ARE (195). Also, CARM1 has been showed to methylate p300/CBP
and regulate its activity (167-169); therefore, it is also possible that PRMT1 and CARM1
indirectly regulate Nrf2 binding activity through p300/CBP. Besides Nrf2, several
transcription factors including small Maf proteins (MafF, MafK, MafG), Bach1, and AP1
family members (196) and transcriptional coactivators such as p300/CBP (59,73,197), MOZ
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(198), and BRG1 (199) are involved in ARE regulation. Therefore, these ARE-interacting
transcription factors and coactivators might also be regulated by PRMT1 or CARM1 in
response to arsenic exposure.
Ferritin and other antioxidant genes were demonstrated to be cytoprotective against
oxidative stress (1). Arsenic-mediated oxidative stress has been shown to induce caspase-3dependent apoptosis (200). Knockdown of PRMT1 or CARM1 enhanced arsenic-mediated
caspase-3 cleavage (Fig. 6), suggesting the cytoprotective role of PRMT1 and CARM1
probably through regulating antioxidant genes. However, it is also possible that PRMT1 and
CARM1 are involved in the regulation of apoptosis directly without mediating antioxidant
genes.
PRMT1 and CARM1 have been shown to be either apoptotic or anti-apoptotic by
methylating their substrates. For example, knockdown of CARM1 can induce apoptosis in
prostate cancer cells (201) and PRMT1 negatively regulates apoptosis signal-regulating
kinase 1 (ASK1) by methylation two arginine residue-78 and 80 and suppresses paclitaxelinduced apoptosis in breast cancer cells (202), suggesting the anti-apoptotic role of PRMT1
and CARM1. On the other hand, PRMT1 can be also proapoptotic mainly through
antagonize PI3K-Akt survival pathway based on the research of Fukamizu’s group. First,
PRMT1-mediated methylation of BCL-2 antagonist of cell death (BAD) blocks the following
phosphorylation by Akt, induces BAD accumulated in mitochondrial and bound to the
antiapoptotic protein, BCL-X(L), resulting in apoptosis (203). Second, methylated FOXO1
by PRMT1 inhibits FOXO1 cytosolic localization and degradation, resulting from PI3K-Aktdependent phosphorylation and induces the downstream proapoptotic protein, Bcl-2interacting mediator (Bim), resulting in apoptosis (150).
PRMT1 and CARM1 are known to be necessary coactivators of p53 in the regulation of
its target gene, GADD45 (149), which is a stress sensor regulates cell cycle arrest, DNA
repair, cell survival or apoptosis, suggesting the possible role of PRMT1 and CARM1
involved in p53-dependent apoptosis. It should be addressed that HaCaT keratinocytes have
p53 point mutations in codon-179 of exon 5 and CC to TT mutations in codons-281 and -282
of exon 8 (204). However, silencing the mutated p53 can still attenuate apoptosis in HaCaT
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cells in response to UV exposure, suggesting the mutant p53 in HaCaT cells is still functional
in mediating apoptosis at least in part (205). Furthermore, arsenite still induces apoptosis in
both of p53+/+ MEFs and p53-/- MEFS in different pathways: in the p53+/+ MEFs as a p53dependent apoptosis pathway, but in the p53-/- MEFs through a p53-independent but Noxadependent pathway (206), arguing the possibility that there is still p53 independent apoptosis
pathway if p53 in HaCaT cells completely lose its function.
Regarding histone modifications by arsenic, crosstalk between different histone
modifications have been discovered and gradually understood by accumulative research.
Since histone phosphorylation and their protein kinases activated by arsenic exposure were
shown to be associated with gene transcription (207-210) it will be interesting to ask whether
phospho histone H3 Serine (H3S10P), the major histone H3 phosphorylation, regulates
transcription of antioxidant genes during arsenic exposure. My colleague, Paul D. Ray,
recently showed that arsenic induces H3S10P at the HO-1 promoter concomitantly and
upregulates HO-1 gene expression; furthermore, Nrf2 may mediate H3S10P through an
oxidative stress-JNK dependent pathway (unpublished manuscript). Integrating both of our
research will give us a more intact picture of how histone modifications interplay with Nrf2
in ARE-mediated transcriptional regulation after arsenic treatment. Our results suggest that
after arsenic exposure, nuclear translocation of PRMT1 and CARM mediates H4R3 and
H3R17 methylation, result in Nrf2 binding to the ARE; binding of Nrf2 may serve as an
anchor to recruit protein kinases such as JNK and finally induce histone H3S10
phosphorylation.
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Chapter 2: Transcriptional Regulation of the Human Ferritin Gene in Response to
Hypoxia
We started this project while I was doing my oral preliminary examination. In the
beginning of the research, we found one interesting observation that some proteins involved
in iron homeostasis such as transferrin, transferrin receptor, divalent metal transporter 1 and
heme oxygenase-1 harbors hypoxia responsive element (HRE) (85,115,116,211), and on the
other hand, hypoxia inducible factor-2α has 5’ iron regulatory element (IRE) (212). By
researching the ferritin H promoter sequence, we found that the ferritin H promoter has an
HRE at 4.3kb upstream of the transcription start site. Furthermore, an iron chelator,
deferoxamine (DFO), could stabilize HIF-1α by the inhibition of PHD enzymes in SHSY5Y
cells (213) and PMA-mediated ferritin expression may be involved in stabilization of HIF-1α
in THP cells (214,215), suggesting that sequestration of iron by ferritin could protect HIF-1
from degradation. These observations brought us an idea that if iron and oxygen homeostasis
crosstalk to each other by the reciprocal regulation of HIF-1 and ferritin, where HIF-1
upregulates ferritin expression through binding to the ferritin HRE and ferritin upregulation
in turn maintain HIF-1 stabilization.
First, we tried to use cobalt chloride to mimic hypoxic conditions to answer if ferritin H
transcription is induced by hypoxia. Cobalt chloride successfully induces “chemical hypoxia”
and transcription of the ferritin H gene (Fig. 1A) but mainly via the ferritin H ARE but not
the HRE (Fig. 1B), possibly through Nrf2 activation (Fig. 1C). Further researching protein
expression of different antioxidant genes, we found ferritin H behaved different from other
antioxidant genes including NQO1, thioredoxin, glutathione-S-transferase-π, and was
repressed because of IRP-IRE mediated translational repression (Fig.2). Previous research
showed that low serum ferritin is associated with increasing level of cobalt concentration in
women with anemia (216); (Co2+)transferrin reduced ferritin protein expression in HuH7
human hepatoma cells (217) and cobalt chloride can prevent IRP2 degradation (84,218) and
increase IRP-1 binding resulting in repression of ferritin expression (219), suggesting that
cobalt chloride may downregulate ferritin protein expression through IRP-dependent
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translational repression in K562 cells. No similar research has been shown that cobalt
chloride mediates both of transcriptional and translational regulation of the ferritin gene;
however, in the regulation of another iron mediator protein, transferrin receptor; cobalt
chloride decreased IRP-IRE interaction in the 3’UTR of transferrin receptor to destabilize
transferrin receptor mRNA, but at the same time, it also induce HIF-dependent transcription,
resulting in final increase of transferrin receptor mRNA in Hep3B cells (220).
We demonstrated that hypoxia induces ferritin H gene expression, upregulates both of
ferritin H mRNA and protein expression; and stabilize HIF-1α in both SH-SY5Y and K562
cells (Fig. 3). Furthermore, the luciferase assay suggested that hypoxia may stabilize HIF-1α,
and induce ferritin H transcription through an HRE-dependent pathway (Fig.4). Besides HIF1, hypoxia has been shown to regulate a lot of transcription factors such as NF-κB, AP-1, and
ATF1 (221-223). It is possible that hypoxia regulates the ferritin H ARE through activating
AP-1 and ATF-1, which are involved in regulation of the ARE (7,71). Our laboratory
identified ATF1 as a ferritin H ARE repressor (71); however, ATF1 in most of situations is a
transcriptional activator (224-228). We thought the possibility if ATF1 can be turned into an
activator in the ferritin H ARE regulation after hypoxia treatment. Recently, ATF1 has been
shown as a hypoxia-mediated transcription factor and activate gene transcription probably
through a p38MAPK-dependent Ser-63 phosphorylation pathway in skeletal muscle cells
(223); therefore, ATF1 is possible to be activated in response to hypoxia. Also, ATF1 can
form a heterodimer with HIF-1α (229) and has been shown to be able to recognize HRE
sequence (230). These bring another possibility that both HIF-1α and ATF1 may be activated
by hypoxia and cooperate with each other in the regulation of ferritin H ARE and/or HRE.
In terms of hypoxia-mediated ferritin gene expression, IRP-mediated post-transcriptional
regulation should be also taken into consideration besides transcriptional regulation.
Hypoxia has already been shown to induce protein expression of ferritin through posttranscriptional regulation (82). Furthermore, protein expression of ferritin was induced by
diminishing the IRE binding activity of IRP-1 during hypoxia in both mouse peritoneal
macrophages and human kidney epithelial 293 cells (83,84) and also hypoxia can either
downregulate (231) or upregulate (84,232) IRP-1 expression; however, protein level of IRP-1
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does not necessarily represent its binding activity since it can incorporate with iron-sulfur
cluster to produce aconitase; therefore, cobalt may upregulate protein expression of IRP1 but
also induce IRP1 assembled with iron-sulfur cluster, eventually resulting in decrease of IRP1 binding activity (33). Unlike IPR1, IPR2 protein level is usually consistent with its binding
activity; hypoxia has been shown to induce IPR2 protein level and binding activity in
different cells (84,232-235). In response to hypoxia, IRP-1 and IRP-2 seem to conflict to
each other; IRP1 and IRP2 can preferentially bind different IRE structure (236,237). In
addition, IRP1 can bind IRE in a more extensive manner than IRP2, including the IREs of the
ferritin, transferrin receptor, and erythroid-aminolevulinate synthase mRNAs but IRP2 is
limited to ferritin IREs (238). Further research will be needed to characterize how IRPmediated post-translational regulation interplay with transcriptional regulation in ferritin
gene expression responding to hypoxia.
Cobalt chloride is a well-known hypoxic-mimetic (111); however, it regulated the
expression of the ferritin H gene different from hypoxia treatment in our research. We
observe that cobalt chloride-mediated ferritin H transcription is involved with the ARE
regulation (Fig. 1) but that hypoxia-mediated transcription with the HRE (Fig. 4). Similar
observation in which cobalt chloride and hypoxia regulate mRNA induction differently has
been shown in another antioxidant gene, heme oxygenase-1 (HO1), which possesses both of
functional ARE and HRE regulations. In HIF activity-deficient and wild type CHO
cells, cobalt chloride induces HO1 transcription through Nrf2-ARE pathway but hypoxia
induces mRNA accumulation not through transcriptional regulation in wild type CHO cells
(239). This result is consistent with our observation that as a hypoxia mimetic, cobalt
chloride may still regulate gene expression differently from hypoxic condition.
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