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Abstract Carcinogenesis induced by environmental metal
exposure is a major public health concern. The exact mecha-
nisms underlying metal carcinogenesis remain elusive. In the
past few decades, the relationship between metal-induced gen-
eration of reactive oxygen species (ROS) and the mechanism
of metal carcinogenesis has been established. The carcinogen-
ic process is a very complex one. In the early stage of metal
carcinogenesis or cell transformation, high levels of ROS are
oncogenic by causing DNA damage, genetic instability, epi-
genetic alteration, and metabolic reprogramming, leading to
malignant transformation. In the second stage of metal carci-
nogenesis or the cancer development of metal-transformed
cells, low levels of ROS are carcinogenic by promoting apo-
ptosis resistance. The metal-transformed cells have the prop-
erty of autophagy deficiency, resulting in accumulation of p62
and constitutive activation of NF-E2-related factor 2 (Nrf2)
and leading to higher levels of antioxidants, decreased levels
of ROS, apoptosis resistance, inflammation, and angiogene-
sis. This review summarizes the most recent development in
the field of metal carcinogenesis with emphasis on the differ-
ence in cellular events between early (cell transformation) and
late (after cell transformation) stages of metal carcinogenesis.
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Introduction

Metal carcinogenesis is a worldwide health concern [1-4].
Metals such as arsenic, cadmium, hexavalent chromium,
and nickel are known human carcinogens. They are wide-
ly present in our living environment, found in food, soil,
and water. Industrial processes and widespread usage have
led to increased environmental human exposures to these
metals [2, 5-7]. Epidemiological studies have demonstrat-
ed that exposure to these metals has carcinogenic effects
on animals as well as humans [8]. Chronic exposure to
these metals has been linked to skin [9], lung [10], gas-
trointestinal [11], liver [12], kidney [13], and prostate can-
cers [14]. Despite well-recognized carcinogenic poten-
tials, the exact mechanisms of metal carcinogenesis re-
main elusive.

Among various mechanisms proposed, the reactive oxygen
species (ROS) generated by carcinogenic metals are believed
to be very important [15, 16]. ROS are chemically reactive
molecules containing oxygen. ROS can be oxygen-containing
free radicals or non-radicals, which include peroxides, super-
oxide, hydroxyl radical, and singlet oxygen. Carcinogenic
metal-generated ROS could lead to a series of consequences
[17]. These consequences include autophagy, apoptosis, an-
giogenesis, inflammation, genetic instability, cancer stem
cells, epigenetic alteration, and metabolic reprogramming.
These aberrant cellular processes contribute to cell ma-
lignant transformation and tumorigenesis. This review
summarizes the most recent development in the role of
ROS in metal carcinogenesis.
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ROS and Metal Carcinogenesis

ROS are generated in a number of reactions essential to life
and are recognized as double-edged sword. On one hand,
ROS are able to play functional roles. For example, at normal
physiological concentrations, ROS can act as secondary mes-
sengers and activate some intercellular and intracellular sig-
naling pathways [18]. These pathways are involved in prolif-
eration, apoptosis, autophagy, inflammation, and other biolog-
ical processes [19]. On the other hand, ROS are toxic to cells.
Unpaired electron endows free radicals highly reactive and
thereby is able to damage biomolecules, such as lipid, protein,
and DNA.

Although the mechanism of metal carcinogenesis remains
to be investigated, ROS are considered to be important [20].
Metal ions produce intracellular ROS via both direct reactions
with cellular molecules and indirect reactions through stimu-
lation of the cells [21]. Most carcinogenic metals have been
shown to produce a whole spectrum of ROS, such as the
superoxide anion radical (O, ), hydrogen peroxide (H,0O,),
and hydroxyl radical (‘OH) [21]. ROS induce intracellular
oxidative stress, which could damage macro biomolecules
and eventually contribute to a variety of diseases including
cancer. Furthermore, oxidative stress can directly or indirectly
be involved in autophagy dysfunction, chronic inflammation,
apoptosis resistance, genetic instability, epigenetic alteration,
and metabolic reprogramming, all of which are documented
contributors to metal-mediated carcinogenesis.

ROS Play a Major Role in Metal-Induced Malignant
Transformation

ROS are considered to be the most important mechanism in-
volved in metal carcinogenesis [20]. There are multiple re-
ports addressing the oncogenic effects of ROS in normal cells
[10]. Our studies have shown that cells treated with chromium
generate ROS through induction of NADPH oxidase (NOX)
and cause malignant transformation of these cells [10]. Both
short-term and long-term exposures to chromium promote
generation of ROS and the expression of NOX subunits, such
as p47°"°* and p67°"°* [22]. Our studies have also shown that
inhibition of ROS by catalase (antioxidant against H,O,) and
superoxide dismutase (SOD, antioxidant against O, ) de-
creases arsenic-induced cell transformation [23]. Catalase or
SOD decreases the number of colonies, indicating that ROS
are necessary in malignant transformation process. It should
be noted that the inhibition of each individual ROS species
(H,0, or O,7) by respective antioxidant enzyme caused a
significant decrease in arsenic-induced transformation [23].
It is expected that up-regulations of all related antioxidant
enzymes by their general upstream regulator will cause a
much higher degree of inhibition. Our studies showed that

inhibition of ROS overproduction by stable overexpression
of antioxidant enzymes, such as SOD or catalase, or stable
down-regulation of NOX activation by p47°"* short hairpin
RNA (shRNA) abolished chromium-induced malignant trans-
formation and tumor formation [22]. These results indicate
that ROS are generated in metal exposure and are one of
important mechanisms for metal-induced cell transformation.

Decreased ROS Generation in Metal-Transformed
Cells

Since ROS have been viewed as major contributors to cell
carcinogenic process [24], it is very interesting that the basal
ROS levels in the transformed cells are low [15]. Our studies
have shown that transformed cells exhibit a sharply decreased
capability of ROS generation [15]. The decreased production
of ROS contributes to some of the malignant features, such as
fast growth, apoptosis resistance, and anchorage-independent
growth [25]. Low basal ROS levels show an increased surviv-
al of transformed cells. The decreased production of ROS
could be responsible by increased expression of antioxidant
enzymes (to be discussed in a later section). In arsenic-
transformed cells, levels of antioxidants are higher than those
in parent non-transformed cells, which contribute to decreased
ROS generation and apoptosis resistance [15]. Inhibition of
catalase could increase ROS level and then rescue the apopto-
sis capability of these cells [26]. Our previous study showed
that nuclear factor kappa B (NF-kB) family proteins are up-
regulated in transformed cells [15]. The higher level of SOD2
in these transformed cells is an important contributing factor
for the up-regulation of this transcription factor. Taken togeth-
er, it appears that metal-induced ROS generation is oncogenic
by inducing cell transformation in the early stage of metal
carcinogenesis. Decreased ROS generation is oncogenic by
resulting in apoptosis resistance and increased cell survival
(to be discussed in detail in a later section) in the late stage
(tumorigenesis).

Autophagy Deficiency in Metal-Transformed Cells

Autophagy serves as a stress adaptation and is a protective
mechanism in certain circumstances. Autophagy is thought
to play a dual role in carcinogenesis. On one hand, autophagy
promotes tumor cell survival [27]. On the other hand, autoph-
agy plays a key role in maintenance of cellular homeostasis
and in protection against cell transformation. In healthy cells,
such a homeostatic activity constitutes a barrier against vari-
ous degenerative processes that may affect healthy cells, in-
cluding malignant transformation. Thus, autophagy exhibits
cancer-suppressive effects. Carcinogenic metals are able to
induce autophagy in normal cells [26, 28]. The activation of
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autophagy in cadmium- [29] or arsenic-exposed [28] cells is
likely to be the cell self-defense mechanism against metal-
induced oxidative damage. The potency of metal in autophagy
induction is very different in normal and transformed cells.
Metals have limited function to induce autophagy in trans-
formed cells. In arsenic-transformed cells, there are only a
limited number of autolysosomes generated by fuse between
autophagosomes and lysosomes, suggesting that arsenic-
transformed cells are autophagy impaired [30]. A similar re-
sult was observed in cadmium-transformed cells [29].
Autolysosomes are not generated significantly in cadmium-
transformed cells compared with parent non-transformed cells
[29]. These results show that metal-transformed cells have a
property of autophagy deficiency. Autophagy-deficient cells
accumulate damaged mitochondria, which likely contributes
to accumulation of mutation and tumor-initiating capability.
Our published and unpublished data showed that transformed
cells exhibit an increase of p62 because autophagy deficiency
limited the cells to eliminate this protein [29]. The accumula-
tion of p62 increases the level of NF-E2-related factor 2 (Nrf2)
(to be discussed in the next section). The accumulation of p62/
Nrf2 in transformed cells may further contribute to up-
regulated antioxidant enzymes, antiapoptotic proteins, and in-
flammatory factors and angiogenesis proteins, which could
play important roles in metal carcinogenesis. Our ongoing
project shows that autophagy deficiency may originate from
the inhibition of transcription factor EB (TFEB). TFEB is a
master gene for lysosomal biogenesis [31]. Under arsenic ex-
posure, TFEB is inhibited and followed by lysosomal biogen-
esis aberrant. The lack of lysosome may block autophagy flux.
This blockage of autophagy flux could stabilize p62 and
hypoxia-inducible factor 1 « (HIF-1cx) to promote arsenic-
induced carcinogenesis.

Metal-Induced p62 Accumulation and Constitutive
Nrf2 Activation

Nrf2 is a key transcription factor that regulates antioxidant
proteins to neutralize ROS and to restore cellular redox bal-
ance [32, 33]. It has been reported that Nrf2 has both
antioncogenic and pro-oncogenic functions, which play a dual
role in metal carcinogenesis. In normal cells, Nrf2 is an induc-
ible stress response factor in a ROS-dependent mechanism
[22]. Enhancement of inducible Nrf2 activity, which lessens
oxidative or mutagenic stress, appears to be beneficial during
pre-malignant states [34, 35]. The activation of inducible Nrf2
may inhibit metal-induced malignant transformation by up-
regulation of its target antioxidants. On the other hand, con-
stitutively activated Nrf2 can be oncogenic by protecting can-
cer cells against oxidative stress and chemotherapeutic agents
[36, 37]. Constitutive activation of Nrf2 has been identified in
several types of human cancer cell lines and tumors [34, 38,
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39] as well as arsenic- [30] and cadmium-transformed cells
[29]. Our published and unpublished data indicate that the
constitutively expressed Nrf2 in metal-transformed cells may
lead to p62 accumulation because of autophagy deficiency
[29]. p62 is the positive upstream regulator of Nrf2. Various
studies have shown that p62 is a substrate of autophagy and
that autophagy impairment causes accumulation of this pro-
tein [40, 41]. Recent studies have demonstrated that p62 has a
critical role in an oxidative stress response pathway by its
direct binding to the ubiquitin ligase adaptor Kelch-like
ECH-associated protein 1 (Keapl), an inhibitor of Nrf2. The
binding between p62 and Keapl makes Keap1 unavailable to
inhibit Nrf2, leading to Nrf2 constitutive activation. Our stud-
ies have shown that in cadmium-transformed cells, a high
level of p62 is accumulated due to autophagy deficiency,
resulting in a decreased level of Keapl and constitutive acti-
vation of Nrf2 [29]. It has been reported that Nrf2 is able to
bind to the antioxidant response element (ARE) regions of
p62 gene [30, 42]. Thus, p62 enhances Nrf2 activity through
inactivation of Keapl [43]. Nrf2, in turn, up-regulates p62
expression by binding of Nrf2 to ARE sites on the p62 pro-
moter [30, 42]. Constitutively expressed Nrf2 and p62 form a
positive feedback loop. This loop could increase several
downstream functional proteins, including antioxidant en-
zymes, antiapoptotic proteins, inflammatory factors, and an-
giogenic molecules. The final consequences are reduced ROS
accumulation and enhanced tumorigenesis.

Apoptosis Resistance

It is known that acquired resistance to apoptosis is a critical
cellular event during carcinogenesis, and disruption of apo-
ptosis has been shown to play a major role in tumor formation
and malignant progression [44]. ROS are a key mechanism for
toxic metal-induced apoptosis [21]. As discussed above, in
metal-transformed cells, the basal levels of ROS are decreased
due to up-regulation of antioxidant enzymes. The enhanced
ROS scavenging system could be responsible for apoptosis
resistance in transformed cells [25]. The apoptosis resistance
due to low ROS levels may increase cell proliferation, provid-
ing a favorable environment for tumorigenesis of transformed
cells. It has been shown that in arsenic-transformed cells, in-
hibition of catalase could increase ROS level and rescue the
apoptosis capability [26]. Cadmium-transformed cells are ob-
served to have apoptosis resistance as compared with parental
non-transformed cells, which is correlated with low basal
ROS levels in transformed cells [29]. Nrf2 has been reported
to play a critical role in causing apoptosis resistance of metal-
transformed cells [29]. Nrf2 is able to respond to further oxi-
dative stress by enhancing endogenous antioxidant capacity
that lowers oxidant stress and endows cell survival.
Furthermore, constitutive activation of Nrf2 promotes
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induction of Nrf2 target genes, such as protective enzymes
and antiapoptotic proteins, resulting in resistance of tumor
cells to oxidative stress, apoptosis, and anticancer agents
[45]. It has been reported that Nrf2 is able to bind to ARE
region of Bcl-2 gene, leading to up-regulation of Bcl-2 and
increased cell survival [46, 47]. In concomitant with decreased
ROS and increased Bcl-2, the transformed cells developed
apoptosis resistance as indicated by decreases in cleaved poly
ADP ribose polymerase (C-PARP) and caspase-9 (C-caspase)
and by elevation of antiapoptotic protein Bcl-2 [30]. Nrf2-
dependent increased antiapoptotic proteins along with de-
creased ROS generation might be responsible for apoptosis
resistance in arsenic- and cadmium-transformed cells [29,
30], as well as chromium-transformed cells (unpublished
data).

Metal-Induced Inflammation

Similar to ROS generation and Nrf2 activation, metal-
induced inflammation is another event which showed
difference between metal-transformed cells and their
parent non-transformed ones. Carcinogenic metal expo-
sure would induce inflammation in both types of the
cells. Preliminary studies in our laboratory have shown
that in non-transformed cells, the inflammatory proteins,
such as COX-2, TNF-«, and NF-«B, are generated
through metal-induced ROS reactions. In chromium-
transformed cells, the constitutive activation of Nrf2 is
responsible for the production of these inflammation
regulatory proteins. Recent studies have shown that
p62 is the positive upstream regulator of NF-kB [22].
Silencing of p62 led to significant inhibition of LPS-
induced expression of TNF-«, IL-6, and cathelicidin/
LL-37, as well as NF-kB reporter gene activity in
HaCaT cells [22]. Dominant-negative mutants and the
down-regulation of p62 markedly inhibited activation
of NF-kB by TNF-«, suggesting a critical role for p62
in activation of NF-kB [48]. Our published and ongoing
studies have shown that arsenic-transformed cells exhib-
ited higher levels of COX-2, TNF-«, and NF-kB [15] in
Nrf2-dependent mechanism, creating a chronic inflam-
matory microenvironment in these cells. The sustained
chronic inflammatory microenvironment may contribute
to tumor development through several mechanisms, in-
cluding release of prostaglandin E, (PGE,), which can
suppress antitumor response [49] and facilitating tumor
growth by inducing a range of angiogenic factors [50].
Taken together, metal-transformed cells create an in-
flammatory microenvironment and can also contribute
to apoptosis resistance, tumor angiogenesis, and overall
mechanism of metal carcinogenesis.

Angiogenesis

It is well known that HIF-1« is important in angiogenesis and
in cancer development [51-53]. HIF-1« is a transcription fac-
tor regulator vascular endothelial growth factor (VEGF),
which plays a key role in angiogenesis, tumorigenesis, and
metastasis [54]. HIF-1« levels are elevated in more than half
of human cancers and their metastases [55]. HIF-1« is acti-
vated in the blood of metal-exposed populations [56]. An
increase of HIF-1o expression in the lung tumor tissue from
a non-smoking worker occupationally exposed to chromium
for 19 years has also been detected in our preliminary re-
search. Our studies have shown epidermal growth factor re-
ceptor (EGFR)-dependent activations of HIF-1oc and VEGF
in chromium-transformed cells [57]. In arsenic- and
chromium-transformed cells, HIF-1o expression is constitu-
tive and its level is much higher than that in non-transformed
cells (unpublished). These results suggest that in metal-
transformed cells, HIF-1 is activated through signaling pro-
teins, which could lead to angiogenesis. It is believed that Nrf2
is likely the transcription factor linking HIF-1x and EGFR. In
chromium-transformed cells, Nrf2 is constitutively activated,
the inhibition of EGFR reduces Nrf2 activation, and the inhi-
bition of Nrf2 inhibits HIF-1« (unpublished). The high levels
of COX-2, TNF-«, and NF-kB create an inflammatory micro-
environment in arsenic-transformed cells, which could facili-
tate tumor growth by inducing a range of angiogenic factors,
such as VEGF, endothelin-2, and urokinase-type plasminogen
activator (uPA) [50, 58]. Both HIF-1« and Nrf2 are activated
in animals exposed to arsenic or chromium via drinking water
[59]. The increased expression of HIF-1a in arsenic- or
chromium-exposed lung tissues suggests that angiogenesis is
able to be activated and may contribute to metal carcinogen-
esis [59].

Tumorigenesis of Metal-Transformed Cell

Tumorigenesis is the late stage of metal carcinogenesis. It is
widely accepted that tumorigenesis is a multistep process, the
progression of which depends on the degree of malignancy
within the transformed cells [60]. The most commonly used
method to measure tumorigenicity is nude mouse tumor xe-
nograft model [61]. We have investigated tumorigenesis of
arsenic- [10], chromium- [28], and nickel-transformed cells
(unpublished). Results have shown that transformed cells
cause tumorigenesis, while the cells without metal exposure
do not show any tumor formation, confirming that non-
transformed cells are not malignant. In metal carcinogenesis
studies, tumorigenesis studies are very useful to investigate
the role of metal-induced autophagy deficiency, p62/Nrf2 ac-
cumulation, apoptosis resistance, chronic inflammatory mi-
croenvironment, and angiogenesis in tumor formation. In
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metal-transformed cells, these disturbed cellular events work
together to promote transformed cells to develop into tumor.
In our preliminary studies, p62 is at the crossroads of oxida-
tive stress, autophagy, apoptosis, and cancer. This protein is an
emerging regulator of tumorigenesis. The roles of p62 in tu-
morigenesis of arsenic-transformed cells could be determined
by tumor sizes under various treatments and control [30]. It
has been demonstrated that increase of p62 level is critical for
tumorigenesis, as overexpression of p62 in cells leads to in-
creased tumor volume in mouse xenograft experiments [41].
Our unpublished results also show that suppression of p62 by
shRNA decreases tumorigenesis of arsenic-transformed cells.
Similar studies could be done to alter expression of key apo-
ptosis regulatory proteins, such as Bcl-2, Mcl-1, and Bax, to
change transformed cell apoptosis resistance. As discussed
above, several important proteins are involved in metal carci-
nogenesis. Manipulated cells with altered expression of
TFEB, COX-2, TNF-«, HIF-1, VEGF, and Nrf2 are useful
in investigating the roles of these autophagic, angiogenic, and
inflammatory proteins in tumorigenesis of metal-transformed
cells (unpublished). Taken together, the relationship of ROS,
autophagy, apoptosis, inflammation, angiogenesis, and tumor-
igenesis in metal carcinogenesis is shown in Fig. 1.

Metal, ROS, and Genetic Instability

Genome instability is a hallmark of cancer [44]. Genomic
instability is a high frequency of mutations, chromosomal re-
arrangements, or aneuploidy. It is believed that in the compli-
cated process of carcinogenesis, genomic instability is the
initial step of the processes that facilitates activation of onco-
genes and inactivation of tumor suppressor and DNA damage
repair genes. Most of carcinogenic metals have the ability to
influence genome stability via different mechanisms. Arsenic,
cadmium, chromium, and some other carcinogenic metals
have been reported to initiate DNA damage, inhibit DNA
repair, change epigenetic modification, and increase and alter
telomere length and then followed by mutagenesis. ROS play
an important role as mediators between carcinogenic metals
and genome instability both directly and indirectly. As men-
tioned above, carcinogenic metals could induce ROS produc-
tion, suggesting that these metals play a crucial role in induc-
ing genome instability. ROS may interact with DNA, leading
to modification and potentially mutant for the cell. Most car-
cinogenic metals, except of chromium, have been shown to
have little mutagenic effect in bacterial systems or small mu-
tagenic responses in mammalian cells [62], suggesting that
metal-induced genome instability may be linked indirectly to
DNA damage caused by ROS and oxidative damage.

Cell culture studies have shown that chromium picolinate
is able to damage DNA directly [63], cause chromosomal
aberrations [64], and induce mutations [65] at physiologically
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relevant doses. Cadmium is unable to induce direct DNA
damage. Current evidences indicate that cells exposed to cad-
mium exhibit genomic instability, which refers to accumula-
tion of alterations in the genome during the life cycle of cells,
and this genomic instability is considered as a major driving
force in carcinogenesis [66]. It is very interesting that cadmi-
um showed a much higher activity in causing genomic insta-
bility in the human-hamster hybrid (A;) cell system [67].
Arsenic-induced genomic instability is essentially multifacto-
rial in nature and involves cross-talk among several cellular
pathways and is modulated by a number of endogenous and
exogenous factors. Arsenic and its metabolites generate oxi-
dative stress, which, in turn, induces genomic instability
through DNA damage, irreversible DNA repair, telomere dys-
function, mitotic arrest, and apoptosis. In addition to genetic
alteration, epigenetic regulation through promoter methyla-
tion and microRNA (miRNA) expression alters gene expres-
sion profile, leading to a more vulnerable and unstable ge-
nome toward cancer risk. Our unpublished data using big blue
transgenic mice show that arsenic is able to induce mutagen-
esis in mouse lung and liver. These in vivo results suggest that
genome instability could contribute to overall mechanism of
arsenic carcinogenesis.

Metal-Induced Cancer Stem Cells

The use of cancer stem cells is a relatively new approach in
metal carcinogenesis studies [68]. To date, there is no report
on low basal levels of ROS in metal-induced cancer stem
cells. However, some studies reported low levels of ROS in
different types of stem cells. It has been reported that hemato-
poietic stem cells [69] and central nervous system stem cells
[70] exhibit lower levels of ROS compared to their more ma-
ture progeny. Our unpublished study shows that in nickel-
induced cancer stem-like cells, superoxide dismutase (SOD)
and catalase are up-regulated, leading to a reduced ROS level
and contribution to stemness properties. This study also shows
that overexpression of SOD1 could increase stemness proper-
ties. Pharmacological depletion of SOD1 functions markedly
decreases the accumulation of cancer stem-like cells in nickel-
induced transformed cells. The fact that cancer stem cells have
lower ROS levels suggests that ROS scavenging systems are
important to keep self-renewal functions and cancer-initiating
capabilities of cancer stem cells. The lower ROS levels and
enhanced ROS scavenging systems in cancer stem cells may
be key factors which cause resistance to therapy [71].

Metal Exposure and Heritable Epigenetics

Epigenetics describes the study of mitotically and meiotically
heritable changes in gene expression without changing the
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Fig. 1 The schematic diagram
shows the relationship of free
radical, autophagy, apoptosis,
inflammation, angiogenesis, and
tumorigenesis in metal
carcinogenesis. Inducible Nrf2 is
anticarcinogenic by inducing
antioxidant enzymes and
decreasing free radical (early
stage). After transformation (late
stage), the cells have the property
of autophagy impairment and a
constitutive Nrf2. The
constitutive Nrf2 activation is
oncogenic, which leads to
tumorigenesis

Late stage

1

Free radicals =9 Apoptosis resistance

Cell proliferation, migration, and

DNA sequence [30]. Epigenetic regulation of gene expression
can be influenced by a variety of environmental factors in-
cluding carcinogenic metals, while dysregulations of epige-
netic factors potentially contribute to carcinogenesis [72].
Inorganic arsenic compounds could affect DNA methylation
status in the cells [73]. For example, it has been reported that
arsenic could cause hypermethylation of the p53 gene [74].
In vivo, arsenic is able to be metabolized into a methylated
form by using S-adenosyl methionine (SAM) as the methyl
donor. This metabolism of arsenic may reduce intracellular
methyl group storage, which could result in genome-wide
hypomethylation [75]. Besides arsenic, many other carcino-
genic metals have been reported to be able to alter DNA meth-
ylation. Histone modification also changed under exposure to
carcinogenic metals [76—78]. Some in vitro studies focused on
miRNAs for their role in promoting metal carcinogenesis.
Studies have indicated that miRNAs play an important role
in augmenting or suppressing the carcinogenic effects of arse-
nic [16], chromium [41], and cadmium [79].

Recently, studies on heritable epigenetics have obtained
considerable attention. Heritable epigenetics or epigenetic in-
heritance occurs when phenotypic variations are transmitted
to subsequent generations of cells or organisms without
change in DNA base sequences [80]. A previous study
showed that transgenerational effects of environmental toxins
were transferred through the male germ line to nearly all males
of all subsequent generations examined [81]. Carcinogenic
metals have the potential to reprogram the germ line and to
promote a transgenerational disease such as carcinogenesis in
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a heritable epigenetic way. One of our ongoing projects sug-
gests that arsenic may induce heritable epigenetic modifica-
tion. When exposed to arsenic in utero, the F1 and F2 gener-
ations of mice obtain different DNA methylations as well as
histone protein modifications. If metal-induced heritable epi-
genetic alteration is real, it would have significant implications
in the field of metal carcinogenesis.

Metabolic Reprogramming

Cancer cell metabolism is characterized by increased glycol-
ysis and decreased oxidative metabolism, which is very dif-
ferent from normal cell metabolism [82]. Recently, metabolic
reprogramming is recognized as a hallmark of cancer [44].
There are several singling pathways involved in metal-
induced metabolic reprogramming, such as phosphoinositide
3-kinase (PI3K)/protein kinase B (AKT) pathway [83], HIF-
1o pathway [84], and liver kinase B1 (LKB1)/AMP-activated
protein kinase (AMPK) pathway [23]. Activated PI3K/Akt
leads to enhanced glucose uptake and glycolysis [83]. It has
been well documented that carcinogenic metals could induce
PI3K/Akt and HIF-1¢ activation via ROS-dependent path-
ways [15, 26, 57]. Though none of these reports is focused
on metabolic reprogramming, it is still very possible that car-
cinogenic metals could have influence on metabolic
reprogramming, given the function of PI3K/AKT on cell me-
tabolism. A recently proposed concept is that the primary
functions of activated oncogenes and inactivated tumor
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suppressors reprogram cellular metabolism. Altered metabo-
lism may be a primary feature selected for tumorigenesis [85].
The works on fructose-1,6-bisphosphatase 1 (FBP1) may sup-
port this hypothesis. It has been reported that loss of FBP1
resulted in metabolic reprogramming synergizing with the
loss of E-cadherin to sustain cancer stem cell-like properties
during dissemination and metastasis [86]. Our unpublished
data show that FBP1 is down-regulated in chromium-
transformed cells, which suggests that chromium carcinogen-
esis may relate to metabolic reprogramming. Similar to FBP1,
one of our ongoing projects shows that ATP citrate lyase
(ACLY) is up-regulated by chromium, suggesting that chro-
mium may involve in lipid metabolism reprogram. The stud-
ies on metabolic reprogramming make it possible to identify
some classic metabolic enzymes as cancer markers or key
regulators of carcinogenesis. The novel functions of these
metabolic enzymes could improve our understanding of the
mechanism of carcinogenesis induced by metal or other envi-
ronmental factors.

Summary and Future Perspectives

For decades, chronic exposure to carcinogenic metals resulting
in cancer has been the subject of extensive studies. The rela-
tionship between metal-induced ROS generation and carcino-
genesis has been well established. Increasing evidences indi-
cate that ROS generated by these metals mediate the carcino-
genesis process, even for some non-redox active metals. Metal
carcinogenesis is a very complicated process. As discussed in
this review, different cellular responses are involved. These
responses act in different carcinogenic stages. In the early stage,
metal-induced ROS generation may lead to stress response,
genetic instability, epigenetic alteration, and metabolic
reprogramming. These aberrant processes work together to ini-
tialize malignant transformation. Once carcinogenesis pro-
gresses into late stage (cancer development of transformed
cells), a series of oncogenic steps are initiated, including au-
tophagy deficiency, oncogenic protein accumulation, lower
ROS generation, apoptosis resistance, chronic inflammation,
and angiogenesis. These oncogenic activities promote cancer
development of these malignantly transformed cells.
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