1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

N, NIH Public Access

Rrens®

G

3}

Author Manuscript

Published in final edited form as:
Chemn Bial Interact. 2010 November 5; 188(2): 276-288. doi:10.1016/j.chi.2010.04.018.

Chromium genotoxicity: a double-edged sword

Kristen P. Nickens?!, Steven R. Patiernol2:3, and Susan Ceryak1:3"

! Department of Pharmacology and Physiology, The George Washington University Medical
Center, 2300 | Street NW, Washington, DC 20037

2 GW Cancer Institute, The George Washington University Medical Center, 2300 | Street NW,
Washington, DC 20037

3 Department of Medicine, The George Washington University Medical Center, 2300 | Street NW,
Washington, DC 20037

Abstract

Certain forms of hexavalent chromium [Cr(V1)] are known respiratory carcinogens that induce a
broad spectrum of DNA damage. Cr(VI)-carcinogenesis may be initiated or promoted through
several mechanistic processes including, the intracellular metabolic reduction of Cr(VI) producing
chromium species capable of interacting with DNA to yield genotoxic and mutagenic effects,
Cr(VI)-induced inflammatory/immunological responses, and alteration of survival signaling
pathways. Cr(V1) enters the cell through nonspecific anion channels, and is metabolically reduced
by agents including ascorbate, glutathione, and cysteine to Cr(V), Cr(IV), and Cr(I11). Cr(l1l) has a
weak membrane permeability capacity and is unable to cross the cell membrane, thereby trapping
it within the cell where it can bind to DNA and produce genetic damage leading to genomic
instability. Structural genetic lesions produced by the intracellular reduction of Cr(VI1) include
DNA adducts, DNA strand breaks, DNA-protein crosslinks, oxidized bases, abasic sites, and DNA
inter- and intrastrand crosslinks. The damage induced by Cr(VI) can lead to dysfunctional DNA
replication and transcription, aberrant cell cycle checkpoints, dysregulated DNA repair
mechanisms, microsatelite instability, inflammatory responses, and the disruption of key
regulatory gene networks responsible for the balance of cell survival and cell death, which may all
play an important role in Cr(V1) carcinogenesis. Several lines of evidence have indicated that
neoplastic progression is a result of consecutive genetic/epigenetic changes that provide cellular
survival advantages, and ultimately lead to the conversion of normal human cells to malignant
cancer cells. This review is based on studies that provide a glimpse into Cr(VI) carcinogenicity via
mechanisms including Cr(V1)-induced death-resistance, the involvement of DNA repair
mechanisms in survival after chromium exposure, and the activation of survival signaling cascades
in response to Cr(VI) genotoxicity.
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1. Introduction

Certain hexavalent chromium [Cr(V1)] compounds are well established environmental
contaminants and human occupational respiratory carcinogens, primarily generated from
industrial processes [1]. The primary route of exposure is inhalation; however, additional
potential modes include oral ingestion of contaminated water, or by direct dermal contact
with products manufactured using chromium such as pressure treated wood [2]. Worldwide
chromium production is concentrated in a few regions. Of the 16,400,000 tons produced
worldwide, 15,376,000 tons are produced in seven countries: South Africa, India,
Kazakstan, Zimbabwe, Finland, Brazil and Turkey. Although the United States is not a
significant primary producer of chromium, it is one of the world’s leading importers and
producers of chromium compounds with approximately 3,400 facilities producing 170,000
metric tons of chromium-containing compounds. These are used in wood preservation
(52%), leather tanning (13%), metal finishing (13%), paint pigments (12%) and other
applications [3].

Environmental Cr(V1) enters the air through burning of fossil fuels and waste incineration,
and can be discharged into water from chromium-containing waste. In some instances
chromium slag has been used for landfill. At least 386 of the hazardous waste sites on the
National Priority List contain high levels of Cr(V1). This environmental release is estimated
at over 90,000,000 pounds annually [4]. In addition, the burning of one cigarette produces
up to 0.5 pg of chromium. It is estimated that the atmospheric concentration of particulate
chromates in rural or residential areas of the U.S. ranges from 0.2 to 9 ng/m [4]. In urban
areas, especially in areas with a ferrochrome industry presence, those concentrations can
easily be 10-100 fold higher [5]. If one assumes that an urban dweller in a city with a
ferrochrome production facility receives an inhalation exposure of 20 m2 per day of 90 ng/
m3, then the daily lung intake is 1.8 pug/day. This dose of particulates does not distribute
evenly throughout the lung but concentrates at major bifurcations; however, epidemiological
studies assessing lung cancer incidence in ferrochrome workers are inconclusive [2,5].

Epidemiological studies carried out in the U.K., Europe, Japan and the U.S. have
consistently shown that workers in occupations where particulate chromates are generated or
used have an elevated risk of respiratory disease, fibrosis, perforation of the nasal septum,
development of nasal polyps, and lung cancer [6,7]. Chromate workers have been found to
have marked lung burdens of chromium [5,8]. Lung concentrations up to and exceeding
10,000 pg chromium per 100 gm wet weight (1.0-3.0 mM) have been reported [8,9].
Ishikawa et al. have identified “hot spots” of particulate chromium accumulation at the
bifurcations of the bronchi of chromate workers more than 15 years after cessation of
employment [5]. These workers show pathological evidence of lung tissue injury, fibrosis
and in some cases nasal ulceration and perforation. Taken together, extensive studies and
data collection on the industrial and environmental exposure to chromium compounds have
led the National Institute of Occupational Safety and Health (NIOSH) to list chromate
compounds as one of the major causes of occupational lung cancer, and the U.S.
Environmental Protection Agency (U.S. EPA) and the International Agency for Research on
Cancer (IARC) to classify chromium as a human carcinogen, currently making Cr(VI) one
of 33 compounds listed to pose the greatest potential health threat in urban areas [2,10-12].

More recently the potential risks of Cr(\VI) exposure by ingestion in drinking water have
come under increased scrutiny. A number of short-term in vivo studies definitively showed
that Cr(V1)’s potential as a genotoxicant is markedly dose dependent with evidence of a
strong threshold effect due to extracellular detoxification (by reduction to Cr(l11)) prior to
absorption by peripheral organs and tissues [13]. Several studies in mice and rats have
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shown chromosomal aberrations in bone marrow, DNA-protein crosslinks and DNA single
strand breaks in the liver and brain, as well as single and double stranded DNA breaks in
leukocytes, but only following high dose acute and chronic oral administration of Cr(V1) at
levels sufficient to overwhelm the reductive capacity of the extracellular environment [14—
20]. Thus, it has been generally accepted that low or moderate doses of orally ingested
Cr(V1) are non-carcinogenic.

In 2004, the California Department of Health Services reported that 38% of the state’s
drinking water sources contained detectible levels of Cr(\V1) [20-22], and requested that the
National Toxicology Program conduct a large scale in vivo carcinogenicity bioassay of
Cr(V1) in drinking water. Chronic, long-term administration of Cr(\VI)-treated water induced
a low incidence of oral and intestinal tumors [23], but only at very high doses at which both
body weight and water consumption were affected. The small increase in intestinal tumors is
difficult to explain mechanistically since there was no increase in forestomach or stomach
tumors. Nevertheless, similar to the animal genotoxicity studies, these data suggest that
chronic ingestion of very high doses of Cr(VI) may ultimately saturate the extensive
extracellular protective mechanisms in local microenviroments (point of ingestion), thereby
enabling its potential as a genotoxicant and carcinogen.

As early as 1951, epidemiologists noted that the relatively insoluble Cr(VI) compounds
presented the greatest toxic and carcinogenic risk [reviewed in [24,25]. Numerous studies
have been conducted using inhaled soluble sodium chromate and calcium chromate
administered after complete dissolution. The vast majority of these studies did not yield any
increase in tumor response, except occasionally at extraordinarily high doses, given
repeatedly (fives times weekly for life). In contrast, tumors were produced in nearly every
study utilizing the slightly soluble to highly insoluble particulates such as zinc, lead,
strontium and sintered calcium chromate (administered as a particle suspension). A large
number of published reports show that particulate chromates embody the highest risk
because of adhesion to the cell surface followed by slow but chronic dissolution in the
immediate microenvironment of the cell surface allowing released chromate oxyanions to
escape extracellular reduction and be absorbed into the cell [9,26-37].

Although many researchers agree that Cr(\V1)-induced carcinogenesis results only from
extensive long-term respiratory exposure, a linear extrapolation (non-threshold) application
of epidemiological studies [38,39] suggests that there may be a 25% risk of lung cancer
morbidity resulting from occupational exposure to Cr(V1)-containing dusts and mists under
52 ng/m3 Cr(V1), which was the exposure limit deemed permissible by the Occupational
Safety and Health Administration (OSHA) in 1971 [20]. These levels were readjusted in
2006 to 5 ug/m3, highlighting the fact that environmental and occupational exposure to
chromate continues to loom large as a major public health issue. It should be noted that a
few review articles have suggested that chromium exposure can lead to non-respiratory
cancers, such as bone cancer and leukemia [2,40]. This conclusion is not supported by
application of rigorous epidemiological and statistical methodology.

2. Mode of action of chromium carcinogenesis

The specific mechanism of chromium carcinogenicity remains unclear, however, there exists
an abundance of data supporting the genotoxicity and mutagenicity of Cr(\VI1) in vivo and in
vitro. Here, we will summarize the potential molecular mechanisms of Cr(VI)
carcinogenesis, highlighting the importance of intracellular Cr(VI1) metabolism, Cr(\V1)-
induced oxidative stress, Cr(VI)-induced DNA damage and mutagenesis, Cr(\VI)-induced
inflammation, and tumor formation.
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2.1 Cr(VI) metabolism

Chromium is a transition-group metal on the periodic chart that has several oxidation states
[2]. Under physiological pH and temperature, Cr(V1) is unable to interact with DNA and
lacks genotoxic activity [41]. Prior to cellular entry and reduction, Cr(V1) is considered to be
a pro-carcinogen. The structural similarity of chromates to physiological sulfates and
phosphate ions, enables molecular mimicry and easy entry of Cr(V1) into cells through
nonspecific anion channels [21,42]. Cr(V1) enters the cell as an oxyanion followed by its
metabolic reduction to Cr(V), Cr(IV), and to the final reduced trivalent (111) form. These
reduced forms have been shown to induce a wide range of genomic DNA damage, which
may lead to DNA replication inhibition [43]. At physiological pH, intracellular reduction is
facilitated by several molecules/compounds such as ascorbate, glutathione (GSH), cysteine,
lipoic acid, hydrogen peroxide, NAD(P)H, fructose and ribose [13,20,21,41,44]. The
respective cellular availability and reaction rate with Cr(V1) determines which is the primary
reducing agent. There are studies supporting the significance of both ascorbate and GSH in
Cr(V1) reduction, however most data show that ascorbate is the dominant kinetically favored
biological reductant responsible for around 90% of in vivo Cr(VI) metabolism [21,44].
Interestingly, evidence suggests that in vitro studies may overestimate the genotoxic and
mutagenic effects of Cr(VI) due to lack of biologically relevant levels of ascorbate, which
are at millimolar concentrations in vivo and micromolar concentrations in vitro [21].
Moreover, GSH, which is highly abundant intracellularly and found at millimolar
concentrations, has been identified as a modulator of cell stress induced by Cr(VI)
cytotoxicity. Upon GSH depletion, Cr(VI) induces the overexpression of heme-oxygenase 1
gene expression in human dermal fibroblasts, which can be used as a marker for Cr(VI)-
induced cell stress and cytotoxicity [45].

The final product of chromate reduction, Cr(l11), is biologically stable and has a greater
DNA binding efficiency than that of Cr(VI) [13]. Notably, extracellular reduction of Cr(VI)
to Cr(111) detoxifies the molecule due to the inability of Cr(l11) to cross the cellular
membrane. However, when Cr(V1) is reduced in the cell to Cr(lI1), the weak membrane
permeability of the trivalent form intracellularly traps the molecule, enabling the formation
of stable Cr(I11) complexes with proteins and nucleic acids leading to a large spectrum of
DNA damage [21].

2.2 Cr(VI)-induced oxidative stress

It is hypothesized that the process of carcinogenesis can be triggered by the dysregulation of
gene expression, cellular redox state, and DNA damage as a result of oxidative stress.
Oxidative stress, or the favoring of cellular oxidant production over that of antioxidants,
leads to the formation of reactive oxygen species (ROS), and damage to cellular RNA,
DNA, proteins, and lipids [46]. ROS are derived from endogenous sources such as the
mitochondrial oxidative phosphorylation, cytochrome P450 metabolism, peroxisomes, and
inflammatory cells; as well as, exogenous sources such as radiation, redox cycling
components, and metals [46]. Enzymatic and nonenzymatic antioxidants are intracellularly
produced to counteract the effects of oxidant production, they include, superoxide
dismutase, glutathione, catalase, thioredoxin, and vitamin C and E [46].

The reduction of Cr(V1) has been shown to yield reactive species such as free radicals,
superoxide anions and hydroxyl radicals, possibly through Fenton-like reactions of Cr(V)
and Cr(1V) with hydrogen peroxide [20,47]. Several electron spin resonance (ESR) spin
trapping studies have shown the generation of hydroxy! radicals in conjunction with long-
lived Cr(V) species, following the reduction of Cr(VI) by NADPH and glutathione [47-57].
While the direct relationship between DNA-reactive oxygen species and chromium-induced
DNA damage is heavily debated and unclear, there have been several studies supporting the
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role of ROS in Cr(VI)-induced genotoxicity, cytotoxicity, and oxidative stress [17,57-61].
An example of this debate is evident in the controversy between the identity of the specific
Cr(V) species responsible for the generation of hydroxyl radicals. Kawanishi et al. presented
a “tetraperoxochromate(V) theory of carcinogenesis from chromate,” with data suggesting
that the reduction of Cr(V1) by hydrogen peroxide forms tetraperoxochromate(V), and that
this intermediate species leads to hydroxyl radical and singlet oxygen formation causing
DNA damage [48]. In contrast, Shi et al. reported data supporting, “the Cr(V)-complexation-
Fenton reaction model of carcinogenesis from chromate” theory. In this study, the authors
showed by ESR, that significant levels of hydroxyl radicals were not formed by the reaction
between tetraperoxochromate(V) and hydrogen peroxide, and that significant levels of
tetraperoxochromate(V) species were not formed from chromate reduction by glutathione,
glutathione reductase, ascorbate, NADPH, or vitamin B, [49].

While the formation of chromate intermediates and modes of reactive species production is
controversial, many studies have attempted to investigate the complexities of Cr(VI)-
mediated oxidative stress and damage. Sugiyama et al. have shown Cr(V1) can be reduced to
Cr(V) in the presence of vitamin B, (riboflavin) in Chinese hamster V79 cells, leading to an
increase in hydroxyl radicals, chromosomal aberrations and mutations at the HGPRT locus
[59,62]. Moreover, when pretreated with flavin adenine dinucleotide or vitamin E (a free
radical scavenger), there was a marked decrease in Cr(V1)-induced single-strand breaks and
cytotoxicity [63]. Interestingly, there was no difference in Cr(V1) uptake, Cr(VI)-induced
DNA-protein crosslinks, the levels of glutathione and glutathione reductase activity, or the
formation of Cr(l11) species when pretreated with either vitamin B, or vitamin E. Other in
vitro studies have shown that antioxidant regulation may be dependent on the concentration
of Cr(VI). Asatiani et al. demonstrated in human epithelial like L-41 cells and fetal human
lung fibroblasts, that toxic Cr(VI) concentrations (20 uM) lead to an increase in ROS, and a
significant reduction in catalase, glutathione, and cytosolic Cu/Zn superoxide dismutase
activity [64]. In contrast, there was a marked increase in catalase and glutathione peroxidase
activity following non-toxic doses of Cr(VI) (2 uM), demonstrating the intricacies of
Cr(VI)-induced oxidative stress. Interestingly, a recent report from this laboratory, has
suggested that the most important antioxidant system responsible for cell fate is between the
balance of superoxide dismutase and the hydrogen peroxide degrading enzymes (glutathione
peroxidase and catalase) [64,65].

Furthermore, many reports studying Cr(VI)-mediated oxidative stress investigate its effect
on cell death, or apoptosis. A study by Shi et al. suggests that ROS contributes to the early
effects of Cr(VI)-induced apoptosis via a p53-independent mechanism, whereas the
apoptotic effects could be blocked in the presence of ROS scavengers, such as catalase,
aspirin and N-acetyl-L-cysteine [57]. Bagchi and colleagues have also shown an increase in
ROS production that correlates with apoptotic death in a Cr(\VI) concentration and dose-
dependent fashion [66]. Additionally, a recent in vitro study by Azad et al. has suggested
that Cr(VI1)-induced apoptosis is mediated by the production of superoxide anions and
subsequent proteosomal degradation of the anti-apoptotic regulatory protein, Bcl-2 [60].

Moreover, there have been several studies focusing on the effect of Cr(V1) treatment on the
regulation of oxidative stress-related gene expression. An early report by Dubrovskaya et al.
assessed the steady state mMRNA expression levels of several oxidative stress genes on
Cr(V1)-treated normal human lung LL 24 cells, and human lung adenocarcinoma A549
cells, by RT-PCR and northern blot analysis [67]. Out of the genes analyzed, including,
catalase, glutathione s-transferase, glutathione reductase, Cu/Zn-superoxide dismutase
(CuzZnSOD), Mn-superoxide dismutase (MnSOD), and NAD(P)H:quinone oxidoreductase
and heme oxygenase 1 (HO1), HO1 was the only gene significantly upregulated in the
presence of both low and high doses of Cr(VI) (5-200 puM). This increased gene expression
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was seen only in the LL 24 cells, and did not correlate with intracellular glutathione levels.
The Cr(VI)-induced expression of the HO1 gene has also been shown in other studies [45],
however a report from O’Hara and colleagues contradicts these data [68]. The authors show
no effect of Cr(V1) on basal HO1 mRNA or protein expression levels in human bronchial
epithelial BEAS-2B cells, as well as an inhibition of HO1 gene expression in lung cells of
C57BL/6 mice intranasally exposed to Cr(V1). While a role for HO1 gene expression has
been defined in the cellular response to Cr(VI1)-mediated oxidative stress, other genetic
profiles have been acquired using the global microarray approach. Gene expression analysis
of Cr(VI)-treated A549 cells showed increases in glutathione peroxidase, CuZnSOD, and
MT-II (protects cells from toxicity and oxidative stress) gene expression [69]; while NADH-
ubiquinone oxidoreductase B18 subunit (a subunit of the mitochondrial respiratory chain
complex 1), glutathione peroxidase, and the sodium/potassium-transporting ATPase alpha 1
subunit (an ROS regulator) were upregulated in Cr(\V1)-treated BEAS-2B cells [70].

Although there are many studies reporting on the relationship between oxidative stress and
Cr(VI)-mediated cytotoxicity, genotoxicity, and potential carcinogenesis, due to nonuniform
treatment protocols, conflicting data and controversial methods used for detection of Cr(VI)-
induced oxidative stress, this relationship remains unclear. Martin et al. demonstrated that
the high valence chromium species, bis(2-ethyl-2-hydroxybutyrato)oxochromate(V) [Cr(V)-
EHBA], was able to independently induce the fluorescence of two dyes commonly used to
detect ROS (2',7'-dichlorofluorescin and dihydrorhodamine) in A549 cells, which was not
affected by treatment with radical scavengers [71]. These data suggest that 2',7'-
dichlorofluorescin and dihydrorhodamine are more suitable for the qualitative detection of
Cr(V), rather than ROS production in the presence of Cr(VI).

Moreover, it is likely that any discussion on the potential role of Cr(VI)-induced oxidative
stress needs to include careful consideration of total dose over time and dose rate, as well as
the relative ratios and availability of intracellular reductants and anti-oxidants. Given the
intricate and unclear relationship between apoptosis and oxidative stress, it will be very
difficult to determine whether Cr(V1)-associated oxidative stress is caused by, or causes, the
initiation of apoptosis.

2.3 Cr(VI)-induced DNA damage and mutagenesis

Chromium-induced DNA damage is thought to be the primary mechanism of chromate
genotoxicity and mutagenicity, but it is only clearly observed at doses that are also capable
of producing cell death [72]. Recently, data has been presented to the EPA’s Cancer
Assessment Review Committee (CARC) to support mutagenicity as the initiating step in
Cr(VI)-induced carcinogenesis [73]. Structural genetic lesions produced by Cr(V1) include
DNA adducts, DNA strand breaks, DNA-protein crosslinks, oxidized bases, abasic sites, and
DNA inter- and intrastrand crosslinks [41,74]. The association of chromium with the
phosphodiester backbone of DNA (chromium-DNA adduct) is one of the most abundant
genetic lesions induced by chromium in mammalian cells and is thought to be a primary
cause of Cr(VI) mutagenicity [21]. Cr(l11)-ligand-DNA complexes form binary and ternary
adducts, the latter of which are predominant and more toxicologically relevant [21,41].
There are four types of ternary adducts that primarily persist following Cr(V1) exposure and
intracellular reduction; they are Cr(ll1)-ascorbate-, Cr(I11)-cysteine-, Cr(l11)-histadine-, and
Cr(I11)-glutathione-DNA adducts, respectively [21]. Mutational analysis studies using
SV-40 immortalized human fibroblasts transfected with plasmids extracellularly treated with
Cr(V1), showed that the primary and most mutagenic adduct formed was ternary in nature,
and that the Cr(l11)-cysteine-DNA and Cr(l11)-ascorbate-DNA adducts were more mutagenic
than the binary adducts [75,76]. O’Brien et al. showed significant DNA damage in the form
of DNA-chromium-DNA crosslinks and DNA-chromium-GSH crosslinks following
treatment of DNA with Cr(l11) and Cr(V1) with ascorbate and GSH, respectively [43].
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The damage induced by Cr(V1) can lead to dysfunctional DNA replication and transcription
causing base substitutions and deletions serving as substrates for base excision repair (BER)
and nucleotide excision repair (NER), and promoting genomic instability [77]. Genomic
instability, which can be caused by aberrant cell cycle checkpoints and dysregulated DNA
repair mechanisms via microsatellite instability (MIN), plays an important role in Cr(\V1)
carcinogenesis [75]. There are several lines of evidence suggesting the importance of base
substitutions in Cr(VI) mutagenicity, with G:C substitutions shown to be the primary target
in vitro and in vivo; however, studies supporting the relevance of specific Cr(VI)-induced
base deletions are inconsistent [75].

2.3.1 DNA damage response to Cr(VI)—An understanding of the role of DNA repair
mechanisms in Cr(V1) carcinogenesis is important, but fairly limited. Studies from our
laboratory and others, have shown the significance of respective DNA repair mechanisms
paradoxically in the protection against, and promotion of Cr(V1)-induced mutagenesis.
These data revealed the importance of DNA double strand break repair by homologous
recombination in the promotion of cell survival following Cr(V1) exposure in yeast [78]; the
role of Mus81, an enzyme involved in replication fork repair, in the repair of replication-
associated Cr(V1)-induced DNA damage [79]; and the protection of cells from Cr(V1)-
induced DNA damage and mutagenesis by BER and NER [77,80,81]. Interestingly, recent
work has also shown that both a proficient NER-dependent mechanism and DNA
polymerase {-mediated translesion synthesis (TLS) may mediate Cr(V1)-induced
mutagenesis [77,81]. Moreover, as MIN is synonymous with complete loss of a functional
mismatch repair (MMR) mechanism, in vivo studies by Takahashi et al. found a strong
correlation in chromate-exposed lung cancers with an increase in MIN and a decrease in the
mismatch repair genes, hMLH1 and hMSH2, which was significant in hMLH1 expression
[21,82]. In vitro work by Peterson-Roth et al., also support the role of MMR regulation of
Cr(VI)-induced toxicity and carcinogenesis [83]. In keeping with these data, a recent review
by Holmes et al. concluded that the mutagenic capacity of Cr(V1) is not potent enough to
induce sufficient levels of mutations to critical tumor suppressor and oncogenes, such as p53
and ras, that would lead to Cr(VI)-induced multistage carcinogenesis, but supported the
hypothesis that genomic instability could potentiate Cr(\V1) carcinogenesis [21,75].
Conversely, a recent in vitro study showed that chronic exposure to Cr(VI) induced
malignant transformation of human bronchial epithelial cells, which displayed no MIN, up-
regulated expression of hMLH1, and a functional MMR mechanism [84].

2.3.2 Cr(VI)-associated epigenetic alterations—While it is critical to understand the
mutagenic effects of Cr(\VI) on cellular DNA, it is also important to understand and
recognize the role of nonmutagenic, but heritable, epigenetic alterations on chromate-
mediated carcinogenicity. Several forms of epigenetic modifications have been identified,
which include, microRNAs, histone modification, and DNA methylation [85]. One of the
earliest reports of Cr(VI)-induced epigenetic alterations came from Klein et al. The authors
demonstrated the ability of soluble sodium chromate to induce aberrant DNA methylation of
the gpt reporter gene, expressed in mammalian cell lines derived from G212 cells containing
the gpt gene [86]. This methylation was correlated with silencing of the gpt gene expression.
Interestingly, when the cells were treated with insoluble barium chromate, there was no
alteration in DNA methylation. Studies on chromate exposed lung cancer patients have also
correlated with DNA methylation with altered expression of DNA repair and tumor
suppressor genes. Takahashi et al. reported that 62.5% of chromate lung cancer samples had
methylation of the hMLH1 gene, which was correlated to a repression of hMLH1 protein
expression in 80% of the samples studied [82]. Additionally, Kondo et al. showed
methylation and a decrease in protein expression in the p16 tumor suppressor gene in
chromate lung cancer samples [87]. Moreover, an in vitro study using mouse hepatoma
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Hepa-1c1c7 cells showed, that upon coexposure to Cr(VI) and bezo[a]pyrene (an
environmental procarcinogen that activates Cyplal), Cr(VI) caused crosslinking of the
histone deacetylase 1-DNA methyltransferase 1 complex with chromatin, leading to the
inhibition of histone marks such as, acetylation of histones H3 and H4, phosphorylation of
histone H3 Ser-10, and trimethylation of H3 Lys-4, which all contributed to the inhibition of
aryl hydrocarbon receptor-mediated gene transactivation [88]. Finally, a very recent study
from Sun et al. suggested that Cr(V1) is able to affect global and gene promoter specific
histone methylation, which leads to tumor suppressor gene silencing events [89]. The
authors demonstrated that human lung carcinoma A549 cells treated with Cr(V1) exhibited
an increase in the di- and tri-methylation of histone H3 Lys-9 and Lys-4. Interestingly, there
was an enrichment of histone H3 Lys-9 dimethylation in the promoter region of the hMLH1
gene, which correlated to a decrease in mMRNA expression [89].

While all of these data are interesting and shed light on the role of Cr(VI) in epigenetic
modifications, the mechanisms by which these alterations occur are still unclear; and due to
the potential carcinogenic effects of epigenetic changes, it is critical that more data be
gathered pertaining to the area. Moreover, it should be noted that data collected in studies
using A549 cells may not be indicative of carcinogenesis-related events, as they are already
tumorigenic, not normal cells.

2.4 Chromium- induced inflammation

A growing body of evidence suggests that the development of lung cancer could be
attributed to pro-inflammatory conditions in the context of chronic pulmonary inflammation,
particularly in non-smokers [90-92]. Chromium exposure produces a wide range of
immunological reactions depending on the dose, route of exposure, and nature of the
chromium compound [93]. Generally, inhalation of particulate chromium compounds results
in lung injury and a marked inflammatory response in the lung [94-96]. Recently published
studies from our laboratory show a pronounced inflammatory response in the lung to
intranasal (IN) particulate zinc chromate administration [97,98]. Analysis of cells collected
by bronchoalveolar lavage showed an increase in viable cells in the lung airways of BALB/
cJ mice as early as 6 h after Cr(V1) exposure, which persisted for up to 24 h. Flow
cytometric and cytospin studies determined that there was a significant 64.8% increase in
neutrophils present after 6 h Cr(V1) exposure as compared to 9.6% in the saline-treated
control mouse; while at the same time point, there was a significant decrease in the presence
of macrophages from 90.4% in control mice, to 35.2% in Cr(V1)-treated animals [97].
Moreover, protein analysis by ELISA demonstrated that there was a significant increase in
the chemokine IL-8 homolog, GRO-a, as well as an increase in the cytokine IL-6 as early as
2 h after Cr(V1) treatment. The single Cr(V1) exposure administered to the animals induced
lung injury and bronchiolar cell apoptosis, which led to interstitial and alveolar pneumonitis.
Further studies of chronic IN zinc chromate exposure of BALB/c mice by Beaver et al.
found that Cr(VI) treatment induced chronic peribronchial inflammation with alveolar and
interstitial pneumonitis, increased pro-matrix metalloprotease-9, and caused a reactive
proliferative response of airway epithelial cells [99]. Another study exposing the lungs of
tumor susceptible a/j mice, by pharyngeal aspiration, to welding fume particles containing
chromium resulted in significant lung injury, infiltration of neutrophils and histiocytic
peribronchiolar inflammation [94]. The exposure and subsequent airway damage in the latter
study ultimately resulted in fibrosis, bronchiolar epithelial hyperplasia with associated
cellular atypia and broncho-alveolar hyperplasia. Intratracheal exposure of Sprague-Dawley
rats to chromium-containing welding fumes or other particulate air pollutants resulted in an
influx of macrophages, neutrophils and eosinophils to the lungs, which was coincident with
cytotoxic damage to the alveolar capillary barrier [100]. Furthermore, in vitro exposure of
differentiated human epithelial cells of the respiratory tract to mixed particulates that
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contained chromium among other chemicals, resulted in the stimulation of I1L-8 and
amphiregulin, an EGFR ligand [101]. Chronic exposure of the lung to sodium dichromate
alone resulted in the detection of cellular inflammatory foci containing alveolar
macrophages and chronic inflammatory thickening of alveolar septa. The lungs were further
characterized as having fibrotic regions containing residual distorted bronchiolar lumens and
proliferated epithelium [102]. The role of the immune system and inflammation in cancer
development is paradoxical in that it can be both protective and pathological. For instance,
the immune system is thought to be necessary for inhibiting tumor development and
progression; conversely, it has been shown that many cancers arise from sites of chronic
inflammation and that inflammatory microenvironments can be critical for initial neoplastic
processes, along with subsequent tumor survival and/or metastasis [103].

2.5 Tumor formation

Several studies have shown that workers exposed to specific forms of Cr(V1) exhibit a
significant increase in lung cancer risk, and in vivo and cell culture studies have
demonstrated an increased incidence of neoplastic transformation and tumor formation
[1,104,105]. Interestingly, not all Cr(\VI) compounds are carcinogenic at toxicologically
relevant exposure conditions [106]. Several studies have noted that the relatively insoluble,
particulate Cr(\V1) compounds yield the greatest toxicity leading to transformation in mouse
embryo cells and tumor formation in animals [24,25,72,106]. Animal studies using an
inhalation model of soluble sodium and calcium chromate did not yield increased tumor
response, unless toxicologically irrelevant chromium concentrations were chronically
administered. In contrast, tumors were produced in nearly every study utilizing the slightly
soluble to highly insoluble particulates such as zinc, lead, strontium and sintered calcium
chromate. By using intratracheal, intrabronchial, intrapleural and subcutaneous routes of
administration to mice and rats of particulate zinc chromate, lead chromate and strontium
chromate, tumor responses (tumors/animal) were produced in the range of 6/136, 6/80,
25/100, 12/34, 18/24, 8/35, 7/40, 22/33, 3/61, 31/62, 26/40, 31/47, and 17/28 [102,105,107—
115]. It has been presumed that this is likely due to adherence of the particles to the lining of
the respiratory tract and slow in situ particle dissolution delivering a chronic genotoxic insult
to the surrounding tissue leading to tumor formation.

Reported characteristics of cells from human lung tumors associated with Cr(V1) exposure
include aberrant p16!NK4A methylation, low p53 mutation rate, loss of MLH1 expression
and consequently, increased MSI [82,84,87,116]. Moreover, chromosomal damage leading
to aneuploidy, triploidy and tetraploidy, is found in 70-80% of human lung tumors [117].
Notably, studies from the Wise laboratory, employing both soluble and particulate Cr(VI) in
human lung epithelial cells show a concentration-dependent increase in chromosomal
aberrations, consistent with neoplastic transformation [106]. These studies also demonstrate
that particulate Cr(V1) is able to transform human bronchial epithelial cells exhibiting a
concentration-dependent increase in aneuploidy [117]. Due to the lack of access and
availability of chromate-induced lung cancer tissue samples, more studies both in vivo and
in vitro will need to be conducted for a more comprehensive analysis on tumor formation in
chromate-exposed humans.

3. Chromium genotoxicity: a double-edged sword

An initial consequence of genetic injury is cell cycle checkpoint arrest but genotoxicity may
also activate cell death pathways of apoptosis or “terminal” growth arrest. Cellular survival
responses to genotoxic insult may produce intrinsic death-resistance; such a selective growth
advantage may allow for the emergence of a transformed phenotype. The hallmarks of
cancer, as reviewed by Hanahan and Weinberg, are characterized by a multistage process of
transformation and tumorigenesis, and include evasion of apoptosis, self-sufficiency in
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growth signals, insensitivity to antigrowth signals, limitless replicative potential, sustained
angiogenesis, and tissue invasion and metastasis [118]. Several lines of evidence have
indicated that carcinogenesis evolves from consecutive genetic/epigenetic changes that
provide cellular survival advantages, and ultimately lead to the conversion of normal human
cells to malignant cancer cells. The sequence by which these events occur is unknown, and
many of these processes are mechanistically related. The “pre-malignant” process of
carcinogenesis begins with an “initiation” step, wherein exposure to a genotoxin or
genotoxic stress can result in the selection of cells with a specific growth advantage. The
response of a cell to this compromised state is largely epigenetic, involving de- and dys-
regulation of gene networks that govern cell cycle, cell survival and cell death. Here, we will
summarize the results of studies that investigate dysregulation of critical gene networks that
may contribute to mechanisms of chromium-induced genotoxicity and carcinogenicity.

3.1 Death resistance after chromium exposure

Following exposure to a DNA damaging agent, such as Cr(V1), a cell cycle checkpoint
arrest will be induced. As a consequence of irreparable genetic damage, the injured cell will
be eliminated from the proliferating population by the activation of death mechanisms,
either apoptosis or terminal growth arrest. Resistance to death leading to long term survival
is common in most, if not all cancers, and a number of reports have shown the critical role
apoptosis plays in metal-induced disorders such as neurotoxicity, autoimmunity, renal
toxicity, hepatoxicity, and carcinogenesis [119,120]. It has previously been established that
induction of apoptosis is the primary mode of Cr(VI)-induced cell death [29,121], and that
the events leading to apoptosis may be either p53-dependent or p53-independent
[41,119,122]. Escape from or resistance to apoptosis or terminal growth arrest seems to be a
requirement for cells with limitless replicative potential [27]. Moreover, the selection of
cells with the ability to survive after exposure to apoptogenic levels of a DNA damaging
agent, may yield a precursor pool of cells from which neoplastic variants may emerge [27].
With respect to chromium, there are several studies reporting cellular resistance to Cr(VI)
exposure in human, mouse, and bacterial cells. While the studies of enhanced survival and
Cr(VI)-resistance in bacteria are interesting and yield pertinent information regarding the
bioremediation of chromium contaminated areas, we will focus on studies in mammalian
cells in this review (Table 1) [123,124].

3.1.1 Cr(VI) transport-dependent death resistance—One of the earliest studies of
Cr(V1) resistance was reported in 1981. Campbell et al. showed that Chinese hamster mutant
cells made resistant to chromate toxicity by single-exposure selection, exhibited a 10-fold
reduction rate in the uptake of radiolabeled sulfate, indicating that a potential mechanism of
chromate resistance is an insufficient sulfate transport system [125]. These data correlate
with the ability of chromate molecules to gain cellular entry via non-specific anion channels
[126]. Another study employed a Chinese hamster ovary (CHO) cell line, CHO-K1, which
was made resistant to Cr(V1) through chronic exposure to progressively increasing
concentrations of chromium trioxide (CrO3) [127]. In this study, the authors showed
enhanced long term survival after 24 h Cr(VI) treatment in the Cr(VI)-resistant cells as
measured by a clonogenicity assay, which is an indicator of long-term cell survival and
replicative potential. Toxicity analysis demonstrated that the LD50 of the resistant cells to
CrO3 was greater than 25-fold higher than that of the treated parental control cells.
Interestingly, as compared to the parental control cells, the resistant cells showed no
substantial differences in growth rate, chromosomal number, HPRT mutation frequency, or
the expression/activity of the antioxidants glutathione, glutathione S-transferase, and
catalase [127]. These authors concluded that the acquired resistance was due to alterations in
cellular Cr(V1) uptake, which was attenuated in the resistant subclones, as assessed by
measuring sulfate anion uptake. Moreover, the reduced clonogenic lethality was shown to be
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Cr(V1)-specific, as the resistant subclonal populations displayed death sensitivity to
hydrogen peroxide, methanesulfonate methyl ester, and nickel chloride. A more recent
study, also using a model of Cr(V1) resistance by chronic exposure to CrOs, corroborates the
potential involvement of a decreased sulfate anion transport system as a mechanism of death
resistance. Using human 293 embryonic kidney cells made resistant to Cr(V1) (as assessed
by toxicity assays), the authors also showed no difference in cellular morphology between
the Cr(V1)-resistant and -sensitive cell lines. These authors reported a significant reduction
in Cr(VI) uptake in the resistant cells as measured by the uptake of radiolabeled >1Cr [128].
The Cr(VI)- resistant cells displayed a greater sensitivity to density-dependent growth
inhibition and were found to grow at a slower rate than the wild-type sensitive cells, in the
absence of Cr(VI). Moreover, these studies revealed that the observed resistant phenotype
was also Cr(VI)-specific, as the Cr(\VI)-resistant cells were sensitive to treatment with nickel
sulfate. Notably, one draw back of this study of Cr(\/1) resistance is that the wild-type cells
used to create the resistant subclones, were tumorigenic when injected into nude mice [128].
This implies that these cells may already harbor a genetic predisposition to dysregulation of
DNA damage response pathways, leading to Cr(VI) resistance.

3.1.2 Cr(VI) transport-independent death resistance—One notable similarity
among the previously reported models of Cr(V1) resistance is the specificity of the resistance
to Cr(VI). While Cr(V1) itself is a well known carcinogen, there is evidence that it may also
act as a cocarcinogen [21]. In a study by Pritchard et al., Cr(\VI)-resistant sub-populations of
telomerase-transfected human foreskin fibroblasts (BJ-hTERT), were derived, which
displayed apoptotic resistance not only to apoptogenic doses of Cr(\V1), but also to hydrogen
peroxide, as assessed by phosphatidylserine translocation [27]. In these studies, BJ-hTERT
cells, seeded at low densities, were exposed to a single dose of Cr(V1) (5 uM) for 24 h,
which led to 99% clonogenic lethality. The surviving cells were clonogenically expanded
into a viable cell line (B-5Cr) that exhibited marked resistance to Cr(V1)-induced clonogenic
lethality and apoptosis [27]. Notably, there was no difference in Cr(V1) uptake in the B-5Cr
death-resistant cells as compared to control BJ-hTERT cells, while the stability of p53
protein was maintained following Cr(V1) treatment. This latter point is consistent with
reports that Cr(\V1)-induced apoptosis can be mediated via p53-independent mechanisms
[27,82-84,87,116]. Moreover, gene expression analysis following Cr(V1) treatment of the
BJ-hTERT and B-5Cr cells, showed a lack of induction in the expression of cell death/
growth arrest pathway regulators such as, GADD45 and caspase 3, in the B-5Cr cells.
Additionally, there was an observed upregulation of the gene expression of the anti-
apoptotic protein, Bcl-X, and altered expression levels of DNA damage response genes,
XPF and UV-RAG, after Cr(VI) exposure, which may be involved in the promotion of cell
survival in the B-5Cr cells [27].

Recent studies in our laboratory were carried out in clonally expanded cell lines of the
aforementioned B-5Cr cells, as compared to a clonogenic control (untreated but clonally
expanded). Of note, the death resistant phenotype was maintained and shown to be
dependent on resistance to mitochondrial-mediated apoptosis. Intriguingly, data from these
studies suggest that death resistance after a single exposure to Cr(VI) may involve
deregulation of mitochondrial respiration and bioenergetics (Nickens, unpublished data).

3.2 The involvement of DNA repair mechanisms in survival after chromium exposure

Alterations in the expression of key DNA repair proteins have been shown to be critical in
the promotion of tumorigenesis. Ha et al. showed that normal dermal fibroblasts exposed to
Cr(V1) trigger the activation of the DNA repair protein, ataxia telangiectasia mutated (ATM)
[129]. Moreover, the downstream targets of ATM, i.e., p53 and Chk2, were phosphorylated
after Cr(VI) exposure. The ability of Cr(VI) to activate the ATM pathway was also reported
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by other laboratories [130]. In the study by Ha et al., the effect of Cr(\V1) on cells deficient in
ATM (ATM—/-) was explored [129]. The ATM—/— cells, as compared to wild-type control
cells, displayed significant resistance to Cr(VI)-induced apoptosis, as determined by
decreased annexin V staining and the lack of caspase 3 cleavage. Paradoxically, the ATM—/
— cells exhibited markedly increased sensitivity to Cr(V1)-induced terminal growth arrest as
compared to wild-type cells, indicating that ATM is required for recovery from Cr(VI)-
induced cellular growth arrest.

The role of mismatch repair proteins in Cr(V1) resistance was highlighted in a study by
Peterson-Roth et al., using the human colon cell lines, HCT116 and DLD1, as well as mouse
embryonic fibroblasts (MEFs), which were all deficient in MMR (MMR-). The MMR—
cells showed significant resistance to Cr(VI)-induced apoptosis when compared to control
cells as assessed by DNA fragmentation, annexin V staining, caspase activation, and PARP
cleavage [83]. Cells lacking the MMR genes MLH1, MSH6, and PMS2, exhibited increased
survival when treated with Cr(VI) as compared to MMR control cells (MMR+). As shown in
previous studies, MMR— cells appear to be relatively uniquely resistant to Cr(VI)-induced
toxicity, as there was no difference in toxicity between the MMR— and MMR+ cells after
treatment with hydrogen peroxide, formaldehyde, and mitomycin C. Also consistent with
other reports, there was no difference in p53 stability or phosphorylation upon Cr(VI)
treatment between the MMR— and MMR+ cells. These data were supported by siRNA
silencing of the MMR genes in human lung epithelial (H460) and primary human lung
(IMR90) cells followed by a Cr(\V1) challenge in the presence or absence of the critical
reducing agent, ascorbate [131]. The results of this study showed that Cr(V1) exposure in the
presence of ascorbate potentiated cell death, however MMR— cells exhibited increased
survival after Cr(VI) treatment, while the effect of ascorbate to increase Cr(VI)-mediated
cell death was abrogated. Taken together, these studies suggest a role of MMR in Cr(V1)
resistance. A hypothesis was proposed in light of these data suggesting that chronic
exposure to Cr(VI) may select cells lacking proficient MMR, yielding high levels of
spontaneous mutations and microsatellite instability (MSI), which are characteristic of
chromate-induced lung cancer [21,82]. Interestingly, a recently published study by
Rodrigues et al., investigated whether the malignant phenotype of the Cr(VI)-transformed
BEAS-2B human bronchial epithelial cell line (RenG2) was due to the selection of MMR
deficient-, Cr(V1) resistant-genomically instable cell populations [84]. However, in contrast
to the study by Peterson-Roth, the RenG2 cells showed consistently upregulated expression
of crucial DNA repair genes after Cr(VI) treatment, such as RAD51, XRCC3, OGG1,
XRCC1, XRCC5, and MLHL1. Due to the finding of increased expression of the MMR gene,
MLHZ, in this latter study, RenG2 cells were analyzed for MSI, however there was no
difference in MSI when compared to the control cells. Notably, the RenG2 cells were found
to be tumorigenic when injected into nude mice. Moreover, consistent with other studies, the
RenG2 cells showed upregulation of key survival genes such as, c-MYC, HIFla,, LDH-A,
EGFR, JNK, ERK, and p38, as well as marked karyotypic alterations in the form of
aneuploidy. While this study did not support a role for MSI in the transformation of this
human bronchial epithelial cell line, the importance of the appropriate microenvironment for
suitable selection and propagation of resistant cells was highlighted. The authors
demonstrated that very low density culture conditions in the presence of Cr(VI) were
required for the observed phenotypic alterations resembling malignant transformation, such
as foci formation and decreased cell-cell interaction. These alterations were not observed in
control cells cultured at very low density in the absence of Cr(V1), concluding that proper
microenvironmental conditions play a key role in death resistance acquired after chromium
exposure; which in turn may affect the incidence of chromate-induced lung cancer.
Interestingly, these results prompt speculation that normal, intact (dense) cellular tissue
architecture acts as a strong anti-carcinogen which needs to be overcome by doses of
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chromate (or other toxic agents) high enough to produce cell death and tissue damage,
before carcinogenic progression can ensue.

3.3 Survival signaling after chromium exposure

Dysregulation of the complex balance between cell growth and cell death is a determinant
for neoplastic progression. Thus, inappropriate activation/inactivation of key signals that
control cell survival after genotoxic insult can contribute to autonomous growth and
neoplastic transformation.

3.3.1 Cr(VI) effects on gene expression—Studies have shown that positive and
negative regulation of gene expression by metals such as chromium is dependent on the
structures of cellular DNA and proteins [132-135]. Ye et al., performed an extensive
examination of gene regulation following 2 h exposure to 300 uM Cr(V1) in human alveolar
basal epithelial carcinoma A549 cells [69]. The authors found altered gene expression in
genes involved in redox stress mechanisms, energy metabolism, protein synthesis, cell cycle
and carcinogenesis. The Src-related genes cytoplasmic tyrosine kinase (Cy1) and HYL
tyrosine kinases were upregulated, as well as MAPKAP kinase, Jun-B, and the Raf
oncogene. Cell cycle and cell growth related genes that were upregulated upon Cr(V1)
exposure included, the cdc42 interacting protein 4 (CIP4), proliferation-associated gene,
retinoblastoma binding protein 2 (RBP2), Cdk5 activator isoform p39, and the INK4p19
gene. Downregulated cell growth and cell cycle related genes, in response to Cr(VI)
exposure, included p34Cdc2, Cdc25h, Cdc47, and casein kinase 11 alpha subunit. Notably,
the concentrations of Cr(VI) used in this study are very high and likely exceed the threshold
for Cr(VI) toxicity in vitro [13]. Moreover, many years of experimentation in our laboratory
has led us to observe that acute, short-term exposure (2-3 h) to high Cr(\V1) doses results in
different modes of cell death, and therefore different mechanisms of cell death; as compared
to chronic exposure (12-48 h) to lower doses that ultimately produce the same degree of
clonogenic death [13]. This strongly implies an intracellular threshold that affects the
response of the cell to Cr(VI1) depending on the nature of the initial insult. Doses between 1-
10 uM, administered over 24 h are likely to be more relevant to human exposure conditions
yielding between 50-90% cell survival in vitro [28,74,78,129,136].

Also using A549 cells, Castorina and colleagues showed that exposure to 10 uM Cr(VI) at 1
and 4 h, significantly reduced the expression of the epidermal growth factor receptor
(EGFR) and the human epidermal growth factor receptor 2 (Her2/ErbB2) [137].
Interestingly, following 24 h exposure the ErbB2 receptor was significantly upregulated and
the EGFR receptor expression returned to basal levels. These data suggest that Cr(VI)
transiently and selectively regulates gene expression. Another global analysis investigating
the effects of Cr(VI)-induced toxicity on gene expression was reported using BEAS-2B
transformed human bronchial epithelial cells and primary smooth muscle cells [70]. These
data showed that after 4 h exposure to 10 uM Cr(V1), both cell types downregulated the
expression of c-myc, cyclin K, cyplbl, MAPKNPK-2, PP1A, FGFR1, HSP90, and Aktl.
Kondo et al. conducted an in vivo study on the involvement of cell cycle regulatory gene
expression in human lung cancers associate with chromate exposure [87]. These authors
found that 86% of chromate lung cancers presented with the methylation of the cell cycle
inhibitor gene p16, which was directly correlated with a decrease in p16 protein expression.
Conversely, in vitro data from our laboratory using normal human lung fibroblasts exposed
to Cr(VI) showed no alteration in the gene expression pattern of p16 [74], suggesting that
perhaps the epigenetic changes observed by Kondo et al. are seen at a later stage of the
carcinogenic process. Although there were no changes in p16 or p27 in our study, Cr(VI)
exposure of human lung fibroblasts induced various transiently altered gene expression
patterns. Of note, 9 uM Cr(VI) exposure lead to an increase in gene expression of p21,
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GADDA45, and p15; while cyclin A gene expression was decreased. Moreover, there was a
decrease in the pro-survival Bcl-2 proteins, Bcl-yy, Bcl-y( , and Bcl-2 [74].

Studies investigating the gene regulatory networks after Cr(\VI) exposure are critical to the
elucidation of the molecular mechanisms that enable survival pathway activation. Activation
of these pathways can promote cellular survival, potentially in the presence of genomic
instability resulting from DNA damage, and offer significant insight into the field of
molecular carcinogenesis. Signaling pathways of interest include the mitogen activated
protein kinase (MAPK) family, Src family of proto-oncogenic tyrosine kinases, and the Akt
family of protein kinases.

3.3.2 Cr(VI) effects on survival signaling pathways—Several studies have found
that MAPK signaling is activated following exposure to Cr(V1); however, the activation
seems to be concentration-dependent [138]. For example, in human airway epithelial cells
exposed to concentrations of Cr(V1) exceeding 10 uM, the MAPKSs, extracellular signal-
regulated kinase (ERK) and the p38 MAPK, are activated [138,139]. It is critical to
contextualize this study, due to the use of highly toxic Cr(VI) concentrations. These high
Cr(V1) doses not only increase reactive oxygen species production, but most likely trigger a
toxic mechanism leading to altered gene regulation and activation. Evidence supporting
these data was found in a recent report in which mouse embryonic stem cells were exposed
to 50 uM Cr(V1), resulting in the activation of INK1/2, p38, and ERK1/2 [140]. At non-
toxic concentrations, Cr(V1) exhibited selective activation of the MAPK kinase, c-Jun N-
terminal kinase (JNK), in A549 cells [138]. Conversely, studies from our lab have shown
that after exposure to 6 uM Cr(V1), human lung fibroblasts exhibited ERK activation [74].
However, after inhibition of ERK, it was revealed that this MAPK kinase is not involved in
Cr(VI) toxicity, as indicated by its lack of effect on gene expression and on clonogenicity
following Cr(VI) exposure. These data are supported by other studies that have shown that
ERK activation is not a mediator of Cr(VI)-induced cytotoxicity [74,140-142].

Nemec et al. further studied the effects of Cr(\VI) and nickel (Ni) on signaling activation in
BEAS-2B cells [143]. They found that Ni stimulated both ERK and phosphoinositide 3
kinase (PI3K), leading to downstream activation of Src kinase. This latter kinase
transactivates AP-1 and the signal transducer and activator of transcription 3 (STAT3),
followed by downstream activation of the hypoxia inducible factor 1 alpha (HIF1a) and the
Spl human transcription factor, culminating in the increased transcription of the vascular
endothelial growth factor (VEGF). Interestingly, Cr(V1) was able to inhibit the induction of
this signaling cascade [143]. VEGF is a major mediator of angiogenesis and plays a role in a
number of respiratory disorders such as asthma, fibrosis and cancer (for review, see
[144,145]). It is overexpressed in lung cancers and its presence in serum is prognostic and
correlates with decreased survival [146-148]. In contrast, a study in a DU145 human
prostate carcinoma cell line found that Cr(V1) alone was able to stimulate VEGF expression
and secretion [149]. Importantly, Nemec et al. showed that Cr(\VI)-induced expression of the
signal transducer and activator of transcription 1 (STAT1) is necessary to suppress both SP1
and VEGF-A transcription; concluding that STATL is the rate limiting factor in Cr(V1)-
mediated gene regulation [143].

The mammalian Src family of kinases includes, Src, Yes, Fyn, Fgr, Lck, Hck, BIk, Lyn, and
Frk [150]. These signal transducers have been shown to be involved in the progression of
malignant cancer [150]. O’Hara et al. found that Cr(V1) treatment of A549 cells selectively
activates Fyn and Lck [142]. Moreover, in vitro studies using purified Fyn, demonstrated
that Cr(VI1)-induced direct activation of this Src kinase was not dependent on reactive
oxygen species generation. Furthermore, a recent study has uncovered a Cr(V1)-specific
mechanism leading to the selective activation of Fyn and the initiation of an interferon-like
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signaling mechanism leading to STAT1-dependent gene transactivation [151]. The authors
show that Cr(V1) exposure of BEAS-2B cells leads to a cascade of selective transactivation
beginning with the activation of the STAT-response interferon-stimulated response element
(ISRE), which further transactivates the interferon regulatory factor 7 (IRF7), an innate
immune response gene. Interferon signaling has been shown to be regulated by STAT1,
which is required for the activation of innate immune responses [151-154]. Moreover,
knockdown of the Src-related gene, Fyn, in the BEAS-2B cells, inhibited the Cr(VI)-induced
activation of STAT1-mediated IRF7 transactivation [151].

Akt is a serine/threonine kinase, and is the mediator of the PI3-kinase survival signal [155],
for review, see [156]. There is a growing body of evidence that underlines the central role of
the Akt pathway in death resistance as related to the pathogenesis of both pulmonary fibrosis
and lung cancer [157-161]. Additionally, efforts have been made to exploit this pathway for
therapeutic purposes in proliferative diseases of the lung [161-163]. Indeed, a recent report
has shown that activated Akt can overcome a G2/M checkpoint arrest induced by DNA
damage [164]. Lal et al. has recently reported that Akt-1 activation was sufficient to override
the Cr(VI)-induced G1/S cell cycle checkpoint in human lung fibroblasts [165]. Moreover,
the involvement of Akt in Cr(VI)-induced genotoxicity was confirmed in in vivo studies
where BALB/cJ mice were intranasally administered a single dose of particulate basic zinc
chromate [97]. Interestingly, in vivo chromate exposure in mice induced a rapid (by 1 h) and
persistent increase in the number of lung airways immunoreactive for active Akt
(phosphorylated at Ser-473).

3.3.3 Tyrosine phosphorylation-regulated survival signaling and cellular
response to Cr(VI) exposure—The chromium-induced dysregulation of both pro-and
anti-survival genes illustrates the complexity of the effect of Cr(VI) on the transcriptional
regulation of cell cycle-inhibiting and apoptosis-inducing genes. Moreover, studies have
shown that the phosphorylation of proteins that regulate these processes provides a critical
molecular switch for rapid control of signaling pathways that includes, but is not limited to,
proliferative protein tyrosine kinase cascades, cell death/cell growth-arresting tyrosine
phosphatases, and serine/threonine protein kinases that sense DNA damage and activate p53.
Reports have shown that dysregulated protein tyrosine phosphatase (PTP) activity is
responsible for the maintenance of survival signals in the early stages of neoplastic
progression [26]. A recent study by Bae et al., has demonstrated that Cr(VI)-induced growth
arrest can be bypassed by the inhibition of PTPs [26]. PTP inhibition by the broad range
inhibitor, sodium orthovanadate (SOV), in human lung fibroblasts in the presence of Cr(VI)
led to enhanced clonogenic survival, decreased expression of cell cycle inhibiting genes,
increased expression of cell cycle promoting genes, and an increase in forward mutations at
the HPRT locus. Moreover, with further examination, the authors found that the increase in
clonogenic survival potentiated by PTP inhibition in the presence of Cr(VI), was mediated
by a MEK/ERK-independent and a Ras/c-Raf-dependent signaling pathway [166]. This is
consistent with the previously discussed study showing that Erk-mediated signaling is not
involved in the molecular mechanisms regulating the effects of Cr(\V1) on human lung
fibroblasts.

4. Conclusion

This review has focused on studies which address the various mechanisms by which
chromium can alter the critical homeostatic balance of cellular death and survival. The
spectrum of cellular effects of Cr(\V1) begins with its intracellular metabolism leading to the
formation of Cr-DNA adducts, genomic damage and mutagenesis, reactive oxygen species
production, and alteration of survival signaling pathways. The resulting biological responses
in turn may lead to the selection of cells with the ability to survive in the face of genotoxic
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stress. We hypothesize that following exposure to levels of Cr(V1) capable of eliciting some
manifestation of toxicity, a cell will undergo a transient checkpoint arrest, and repair of any
damage will ensue. If the damage is irreparable, the cell will undergo terminal growth arrest
or apoptosis; however, a small population of cells may survive.

Death resistance may be provoked by the micro-environmental milieu generated by tissue
damage and architectural disruption caused by a Cr(VI)-stimulated inflammatory response.
The exact mechanism by which cells become resistant to Cr(\V1)-induced death is unknown,
however, data suggests the involvement of aberrant DNA repair mechanisms and the
dysregulation of critical survival signaling pathways and transcriptional repatterning (Figure
1). Studies have shown that even in the presence of proficient DNA repair mechanisms,
genomic instability may develop, and that cells lacking repair genes such as ATM, MLH1,
MSHS6, and PMS2, exhibit significant resistance to Cr(VI) exposure (Table 1)
[43,81,83,129]. Moreover, along with altered DNA repair gene expression in Cr(VI)-
resistant cells, the same cells have been shown to exhibit alterations in key survival genes,
such as ERK, c-MYC, VEGF, and AKT [27,83]. The transcriptional regulation of survival
genes and the signaling pathways they control have proven to be critical in the survival of
Cr(VI)-exposed cells. Taken together, survivors of Cr(V1) exposure harboring altered repair
and survival signaling mechanisms may form the basis for the development of a population
of neoplastic precursor cells, which may lead to tumor cell formation.

The process by which chromium is able to induce neoplastic progression is both complex
and fairly elusive. Data can be found on each end of the spectrum, either supporting or
refuting the many mechanisms proposed in the involvement of Cr(V1) carcinogenesis,
thereby arguing the need for further research on the subject. Further research on the
mechanisms of Cr(VI)-induced carcinogenesis may provide a more complete understanding
by which not only human exposure to Cr(V1), but also other metals, can lead to neoplastic
progression.
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Figure 1.

Cellular resistance to Cr(VI)-induced death and early stage carcinogenesis. Upon exposure
to relevant doses of Cr(V1), a normal cell will undergo a transient checkpoint arrest in an
attempt to repair damaged DNA. Cells that are unable to repair the damage will undergo
apoptosis or terminal growth arrest (replicative death); however a small population of cells
may survive. These survivors may have acquired an intrinsic mechanism(s) of death
resistance through dysregulated DNA repair mechanisms and/or dysregulated survival
signaling and transcriptional repatterning. Direct damage to the cells from Cr(VI) exposure
can led to tissue injury and severe inflammatory responses, which may further contribute to
the micro-environmental milieu potentiating the death resistant phenotype. Cells that are
phenotypically resistant to Cr(VI)-induced death may be predisposed to pre-malignant
progression thereby propagating early stage carcinogenesis, which may over time lead to the
malignant conversion of the predisposed precursor cells to tumor cells.
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