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Abstract

Metallothioneins (MTs) are involved in protection against oxidative stress (OS) and toxic metals and they participate
in zinc metabolism and its homeostasis. Disturbing of zinc homeostasis can lead to formation of reactive oxygen
species, which can result in OS causing alterations in immunity, aging, and civilization diseases, but also in cancer
development. It is not surprising that altered zinc metabolism and expression of MTs are of great interest in the
case of studying of oncogenesis and cancer prognosis. The role of MTs and zinc in cancer development is tightly
connected, and the structure and function of MTs are strongly dependent on Zn?* redox state and its binding to
proteins. Antiapoptic effects of MTs and their interactions with proteins nuclear factor kappa B, protein kinase
C, esophageal cancer-related gene, and p53 as well as the role of MTs in their proliferation, immunomodulation,
enzyme activation, and interaction with nitric oxide are reviewed. Utilization of MTs in cancer diagnosis and therapy
is summarized and their importance for chemoresistance is also mentioned.

Keywords: Apoptosis, cancer, resistance, metallothioneins, zinc, NF-kB, protein p53, prognostic factor, tumor marker

Zinc and its role in cancer and
noncancer cells

Zn(II) ions contribute to a number of biological pro-
cesses, including DNA synthesis, gene expression,
enzymatic catalysis, neurotransmission, and apoptosis.
It is not surprising that zinc, as a trace element, is the
second-most abundant metal in humans. Approximately
90% of zinc(II) ions are tightly bound, mostly by cysteine,
histidine, and asparagine residues of peptides and pro-
teins, and the rest (10%) is bound with relatively low
affinities, forming a reactive zinc(II) pool able to interact
with other intracellular substances and compartments
(Franklin and Costello, 2009). The last, very small frac-
tion (approximately <0.01% of total cellular zinc(II),
ranging from pM to single-digit nM) includes free
zinc(IT) ions (Colvin et al., 2010). Because of the abun-
dance of zinc(II) ions, more than 10% of mammalian

proteome consists of zinc-containing proteins involved
in cell signaling, gene expression, membrane-structure
stability and function, cell respiration, and modulation
of the redox state. From those, zinc is required for the
activity of more than 300 enzymes, interacting with zinc-
binding domains, such as zinc fingers, RING fingers, and
LIM domains (John et al., 2010a).

7Zn?** dysregulation, deficiency, and oversupply are
connected with various pathologiesin the form ofdiseases
of the immune, gastrointestinal (GI), endocrine, and
nervous systems, heart failures, hematologic diseases,
wound healing, ocular functions, and neoplasms
(Gumulec et al., 2011; Babula et al., 2011; Cummings and
Kovacic, 2009). Displacement of Zn?** from zinc-binding
structures, as zinc fingers in DNA-repairing enzymes,
may even be a major mechanism for the carcinogenicity
of other metals, such as cadmium, cobalt, nickel, and
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arsenic (Beyersmann and Hartwig, 2008). The role of
zinc in cancer has received increasing attention. A link
between zinc deficiency and cancer has been shown in
numerous clinical studies (Ames, 2001; Fang et al., 2002),
and itwas found that zinc status is compromised in cancer
patients, compared to healthy people (Dhawan and
Chadha, 2010). This is clearly indicated in the ecological
study, which was conducted using state-averaged
cancer-mortality rate data for white Americans for 1970-
1994 with indices for alcohol consumption, smoking,
Hispanic heritage, urban residence, and dietary factors
for four large U.S. regions. The dietary zinc index was
inversely correlated with 12 types of cancer (Hodgkin’s
lymphoma, bladder, breast, colon, esophageal, gastric,
rectal, laryngeal, nasopharyngeal, oral, skin, and vulvar
cancers) (Grant, 2008). These results were also confirmed
by Zuo et al. and Unal et al., who found decreased zinc
levels in serum of leukemic patients (Zuo et al., 2006)
and in serum of Hodgkin’s disease patients, respectively
(Unal et al., 2001). Moreover, decreased blood levels of
antioxidants (i.e., retinol, a-tocopherol, and p-carotene)
and zinc were found in childhood malignancies (Malvy
et al., 1993, 1997), which could be one of the negative
effects of zinc-metabolism alterations. Zinc deficiency
has also been associated with oxidative stress (OS)
(Eide, 2011) and esophageal, head and neck cancer,
and prostate and other cancer types, especially in their
development and progression (Franklin and Costello,
2007; Hogstrand et al, 2009; Ostrakhovitch, 2011;
Fukada et al., 2011; Pedersen et al., 2009). The cancer risk
resulting from zinc deficiency and OS was also positivelly
correlated with a lack in DNA repairing (Ho, 2004).
One of the possible explanations is that the OS under
the low zinc concentrations is caused by damaging of
the mitochondrial functions, because zinc is necessary
for mitochondrial functions (Eide, 2011). In addition,
cancer patients with zinc deficiency exhibited increased
paraneoplastic cachexia and treatment-associated
morbidity (Cummings and Kovacic, 2009).

One may suggest that excessive zinc supplementa-
tion would be beneficial, but this feature depends on
the type of tumor disease, because Plum et al. and Ko
et al. showed that excessive zinc supplementation may
be immunosuppressive and may therefore increase the
risk of prostate cancer (Plum et al., 2010; Ko et al., 2010)

because of unique prostate cancer zinc metabolism
(Gumulec et al., 2011). In spite of the situation in prostate
cancer, it could be concluded that some supplementation
with zinc(II) ions could be beneficial (Prasad and Kucuk,
2002). However, this is limited by the absence of a marker
of its deficiency, because decreased serum-zinc concen-
trations are a late sign of its deficiency. Depression of
immune-stimulated tumor necrosis factor alpha (TNF-o)
secretion by leukocytes seems to be such a marker, but
there are some technical disadvantages of this method
(Ryuetal., 2011).

It is clear that the role of zinc in tumor diseases is
still not satisfactorily answered and needs to be fur-
ther investigated. One piece of the puzzle could be the
maintaining of zinc homeostasis, which is critical under
healthy and disease conditions (Murakami and Hirano,
2008), because zinc must be available in proper concen-
trations in the right place at the right time. There are no
specific zinc-storage systems, therefore its homeostasis
is achieved by regulation of zinc uptake, distribution,
and excretion (Maret and Krezel, 2007). Membrane
transporters and intracellular regulators, from which
(apo)metallothioneins (apo-MTs) seem to be the most
important ones, are of great interest (Hao and Maret,
2005). Various types of tumor cell lines have been used to
investigate the cellular effects of zinc(II) ions and its con-
nection with metallothioneins (MTs) (Figure 1), because
it still has not been clarified whether zinc may directly
act on cancer cells and what the molecular mechanisms
are that are involved in this effect. Apoptosis belongs to
the mostly targeted issue relating to Zn(II). It was found
that zinc concentrations within the range from 33.7 to 75
puM induced apoptosis in mouse TS/A mammary adeno-
carcinoma cells, and that the induced apoptosis was
associated with the increased production of intracellular
reactive oxygen species (ROS), as well as p53 and Fas/
Fas ligand (FasL) messenger RNA (mRNA) and protein.
Zn?** induced only a faint MT response in cancer cells, in
comparison with mouse lymphocytes. The treatment of
tumor cells with the antioxidant, N-acetylcysteine, was
able to prevent zinc-induced apoptosis, as well as the
increase in p53 and FasL proteins induced by zinc. This
indicates that zinc exerts a direct action on mammary
cancer cells inducing ROS-mediated apoptosis, and
that the effect may be mediated by the ROS-dependent
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Figure 1. Interactions of MTs with zinc(II) ions are influenced by three main conditions: 1) redox state of MT; 2) pH of the environment; and 3)
the presence of NO. If these conditions support the formation of the zinc/metallothionein complex, which is, under the healthy physiological
state, a common phenomenon, MTs can serve as “administrators” of zinc(II) ions for zinc transporters, enzymes, storage proteins, and
transcription factors. As one of the highlighted issues, interactions of Zn-MTs with protein p53 are mentioned.
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induction of p53 and Fas/FasL (Provinciali et al., 2002).
Variability of responses to increased external zinc con-
centration was shown in three colon cancer cell lines,
with different sensitivities to zinc representing different
stages of carcinogenesis. The most sensitive cell lines
exhibited the increased levels of the intracellular free
zinc and the inability to overexpress MTs. Mechanisms
of zinc-induced cell injury and cell death revealed OS as
the most important underlying mechanism activating
stress kinase-dependent signaling, perturbation of mito-
chondria, and plasma membrane damage. In addition,
observed cell death in individual cell populations was
cell-line-dependent and variable, including cells dis-
playing features of apoptosis, necrosis, autophagy, and
other mixed types of cell death (John et al., 2010b). Based
on the above-mentioned facts, there are some connec-
tions between MTs and zinc and/or OS, which are sum-
marized below.

MTs

MTs are ubiquitous metal-binding proteins that have
been highly conserved throughout evolution. These
proteins were discovered by Margoshes and Valee as
cadmium-binding proteins isolated from horse kidney in
1957 (Margoshes and Vallee, 1957). Subsequently, their
being involved in heavy metal homeostasis, OS coping,
gene-expression and transcription regulation, enzyme
activation, apoptosis, and cell proliferation have been
found (Thirumoorthy et al., 2007; Theocharis et al., 2003).
Four major isoforms (MT-1 through MT-4) have been
identified in mammals (Miles et al., 2000; Simpkins,
2000). MT genes are tightly linked, and, at a minimum,
they consist of 11 MT-1 genes (MT-1A, -B, -E, -F -G, -H,
-1, -], -K, -L, and -X) encoding functional or nonfunctional
RNAs, and one gene for each of the other MTs isoforms
(the MT-2 A, MT-3, and MT-4 genes) (Ghoshal and Jacob,
2001). The nomenclature for MT isoforms has not been
standardized until recently (Ghoshal and Jacob, 2001).
A gene called MT-like 5 (MTL-5) that encodes a testis-
specific MT-like protein called tesmin was described in
the q13 region of chromosome 11 (Olesen et al., 2004).
Tesmin plays a specific role in both male and female
meiotic prophasis (Olesen et al., 2004). The specific func-
tional roles of MT isoforms and their molecular interac-
tions are still unclear (Kagi and Schaffer, 1988). MT-1
and MT-2 are the most widely distributed MT isoforms.
They are expressed in many cell types in different tissues
and organs. Contrarywise, MT-3 and MT-4 demonstrate
a very limited cell-specific pattern of expression. MT-3
represents a unique metalloprotein called also neuronal-
growth inhibitory factor, which inhibits the outgrowth of
neuronal cells (Huang, 2010). In comparison with MT-1
and MT-2, MT-3 shows distinct chemical, structural,
and biological properties (Faller, 2010; Ding et al., 2010;
Brewer, 2009; Bofill et al., 2009; Ba et al., 2009). Moreover,
the connection of MT-3 to neurodegenerative processes
is discussed. In addition, MT-4 belongs to noninducible
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proteins, with its expression primarily confined to certain
squamous epithelia (Vasak and Meloni, 2011).

These cysteine-rich proteins arelocalized in cytoplasm
and some organelles, predominantly in mitochondria,
where their presence is sensitively and strictly regulated
by the oxidative state induced by mitochondrial respira-
tion (Banerjee et al., 1982). Reciprocal regulation of mito-
chondrial ROS production is evident (Suzuki et al., 2005;
Futakawa et al., 2006). In addition, MTs are involved in
the regulation of the permeability of the inner mitochon-
drial membrane (Simpkins et al., 1998). Cell- and tissue-
specific regulation of cellular respiratory and energy
metabolism in liver mitochondria are still discussed (Ye
etal., 2001; Lindeque et al., 2010; Chiaverini and De Ley,
2010). From mitochondria, whose outer membrane pores
admit molecules up to 10kDa, MTs can be transported
to cytoplasm and other target organelles. Lysosomes
represent other places of MTs localization. The presence
of MT, namely MT-3, is related to lysosomal changes
and cell death in neurons under OS (Lee et al., 2010).
The relation between iron-catalyzed intralysosomal
peroxidative reactions, MT-protective effect, and OS is
suggested in a study by Baird et al. (2006). Depending
on the cell state, but especially the presence of OS, MTs
are rapidly translocated to the nucleus through nuclear
pore complexes (Nzengue et al., 2009). MT localized
in the nuclei is oxidized there and is transported to the
cytosol; this system is balanced (Takahashi et al., 2005).
The translocation of MTs to the nucleus is probably con-
nected with the prevention of cells against DNA damage
and apoptosis as well as gene transcription during dif-
ferent stages of the cell cycle (Gunes et al., 1998; Chen
et al., 2004; Formigare et al., 2007a, 2007b; Chen et al.,
2007; Cherian and Apostolova, 2000; Miiller, 2010), but
also with the high extracellular concentration of glucose
in certain cell types, as was demonstrated using human
umbilical vein endothelial cells (Apostolova et al., 2001;
Chen and Song, 2009). In these cells, MT expression is
regulated by endothelin ET-1, whereof elevated levels
were evidenced in diabetes mellitus patients.

In the postgenomic era, it is becoming increasingly
clear that MTs fulfil multiple functions, including the
involvement in zinc and copper homeostasis, protection
againstheavy metal toxicity, and oxidative damage (Adam
et al., 2010). The regulatory power of the redox environ-
ment lies in its capacity to control growth behavior,
spread, and differentiation (McGee et al., 2010; Cai et al.,
1999; Sato and Bremner, 1993). Neoplastic cells adapt to
a wide variety of environmental conditions, including
persistent OS and genomic instability, by shifting their
redox environment to more-reductive conditions, which,
in turn, triggers the upregulation of various redox-sen-
sitive prosurvival pathways, including MT transcription
and translation (Ostrakhovitch, 2011). Therefore, there
must exist some mechanisms for how tumor cells use
MTs for their pathological behavior, including using MTs
as transporters, inhibitors of apoptosis through interac-
tions with some antiapoptotic proteins, stimulators of
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Figure 2. Scheme of connections of MTs with DNA damage,
altered gene expression, apoptosis, protein (in)activation,
immunomodulation, and proliferation leading to carcinogenesis.
Indicated also are mutual associations with ROS, carcinogens,
and low-molecular-mass thiols, including cysteine and reduced
glutathione, toxic metal ions, and zinc.

proliferation, and as immunomodulator and enzyme
activators (Figure 2).

MTs as a binder of metal ions involved in
carcenogenesis

The genes for MTs are clustered and are located on chro-
mosome 16q12-22 in humans (Karin et al., 1984). Gene
transcription is initiated when zinc(Il) ions associate
with metal-regulatory transcription factor-1 (MTF-1).
MTEF-1 is the only known mediator of the metal respon-
siveness of MTs (Ghoshal and Jacob, 2001; Gunes et al.,
1998; Klassen et al., 2004). MTFE-1 binds to metal-respon-
sive elements (MREs) that regulate MT expression. MREs
are located in the promoter regions of MT genes (Gunes
et al.,, 1998) and are present in multiple copies in the
promoter/enhancer regions of almost all metal-induc-
ible MTs (Culotta and Hamer, 1989; Searle et al., 1985).
However, there have been identified other metals, which
are able to induce MT transcription and also pose a
threat to cells because of their ability to promote carcino-
genetic processes, such as Cd** (I'yasova and Schwartz,
2005; Waalkes and Rehm, 1994), Cr®, and Ni** (Seo et al.,
2005; Gumulec et al., 2011). One of their adverse actions
is displacing zinc from zinc-saturated MTs or other zinc-
binding proteins. Zinc binds to MTF-1 and promotes
the formation of a complex containing MTF-1 and p300.
The MTF-p300 complex then binds to DNA and triggers
a transcription apparatus, leading to MT gene transcrip-
tion (Kimura, 2010). Further, Zn?** released as a result of
its replacement with carcinogenic metals then disrupts
zinc-controlled processes (Waisberg et al., 2003; Liu et
al., 2009). Proteins with Zn* replaced by other metals
are not able to perform their biological functions as
zinc-fingers, in which zinc replacing by cadmium exhib-
its up to 10 times the decreased affinity to DNA that is
caused by different conformation of key amino acids

(Namdarghanbarietal., 2011). The generation of ROS and
the altering of protein complex formation belong to other
mechanisms of heavy metal carcinogenity. Cadmium
can also serve as a transcription modulator, which influ-
ences the transcription of the genes involved in apopto-
sis, cell metabolism, cell signaling, and the expression
of stress-response proteins, including MTs (Luparello et
al.,, 2011; Koizumi and Yamada, 2003). Cr®, unlike other
heavy metals, can inhibit MT transcription by preventing
MTEF-1/p300 complex formation, although increases in
intracellular labile zinc concentration led to increased
binding of MTF-1 to DNA. The decreased concentration
of MTs then causes DNA lesions and decreases the direct
reduction of Cr® to Cr* that is not carcinogenic (Kimura,
2010). Moreover, it was found that MTF-1 is elevated in
human breast, lung, and cervical carcinoma-derived cell
lines (Shi et al., 2010). This finding supports the impor-
tance of MTs in carcinogenesis.

Inhibition of apoptosis

The ability of MTs to bind toxic heavy metals and detox-
ify free radicals can be both beneficial and deleterious.
According to the titles of two popular reviews, MT is a
multipurpose protein with two faces (Coyle et al., 2002;
McGee et al., 2010). In healthy cells, MTs protect cells
against heavy metals and ROS action (Klaassen et al.,
2009), but in cancer cells, increased expression of MTs
during chemotherapy or irradiation allows cells to
survive and develop a resistance to chemo- and radio-
therapy (Knipp, 2009; Boulikas and Vougiouka, 2003).
MTs can also help cancer cells to survive by inhibition
of apoptosis (McGee et al., 2010; Dutsch-Wicherek et
al., 2008). The two main roles of MTs are regulation of
intracellular zinc concentration and interaction of MTs
with some proteins involved in apoptosis. Zinc is an
intracellular mediator of apoptosis, which can interfere
with the action of Ca*. Zinc addition prevents DNA
fragmentation and inhibits many proteins connected to
apoptosis, such as caspases and calcium-magnesium-
dependent proteases (Dhawan and Chadha, 2010).
Moreover zinc induces a transcription of the p53 gene,
with increased expression of p53 mRNA and protein
(Fan and Cherian, 2002). Some interactions between
zinc, MTs, and some genes and proteins involved in
apoptosis must be considered, because MTs interact
with the p50 subunits of a nuclear factor kappa B (NF-
kB), with a kinase domain of PKCI, with GTPase Rab3A
and protein p53. Those interactions are important for
tumor growth, because activation and/or inactivation
of these proteins may mediate the antiapoptotic effect
of MTs.

NF-xB MT-1 and MT-2 regulate the level, activity,
and cellular location of the transcription factor, NF-xB
(Butcher et al., 2004; Kim et al., 2003; Abdel-Mageed
and Agrawal, 1998; Wang et al., 1999). NF-xB is neces-
sary to ensure cell protection from the apoptotic cascade
induced by TNF and other stimuli through activation
of antiapoptotic genes and proto-oncogenes, such as
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breast cancer lymphoma 2, c-myc, and TNF receptor-
asscoiated factor 1. Overexpression of MT-2 sensitized
rodent cells to apoptosis induced by a DNA cross-linking
agent through inhibition of NF-xB activation (Papouli
et al., 2002). Zinc has been suggested to be an important
regulator of NF-xB. In HeLa cells, pyrrolidinedithio-
carbamate (PDTC), a zinc ionophore, and zinc itself
inhibited NF-xB activity. When cells were pretreated with
MT inducers, PDTC did not inhibit NF-kB activity. HeLa
cells overexpressing MT-2A did not exhibit an inhibition
of NF-xB activity by PDTC. These results implicate MTs
in the zinc regulation of NF-xB and identify MTs as one
of the potential intracellular modulators of NF-xB activa-
tion (Kim et al., 2003).

Zinc fingers MTs can transfer zinc to zinc fingers of
transcription factors. Therefore, MTs influence the bind-
ing of transcription factors to DNA and thus regulate
transcription (Vallee et al.,, 1991). Zinc transfer from
transcription factor IIIA fingers to thionein clusters was
observed (Zeng et al., 1991; Huang et al., 2004), as well as
at transcription factor IIA (Zeng et al., 1991), zinc-finger
transcription factor Zn(3)-SP1 (Kothinti et al., 2010), and
estrogen receptor zinc finger (Canogauci and Sarkar,
1996). Zinc fingers, in which zinc is replaced with cad-
mium, exhibit lower affinity to DNA as a result of a dif-
ferent conformation of DNA-binding domains (Malgieri
et al., 2011). It was observed that binding of zinc-finger
peptides to DNA can be modulated by the MT/thionein
conjugate pair (Roesijadi et al., 1998).

Protein kinase C (PKC) PKCs contain zinc-finger-like
domains (Kuroda et al., 1996). Interaction of MTs with
zinc fingers is known through zinc administration. It
was found that MT-2A interacts with the kinase domain
of PKC in prostate cancer (Rao et al., 2003). It is believed
that this interaction contributes to the induction of che-
moresistance and/or androgen independence of pros-
tate cancer cells. Moreover, zinc enhances the activity
of PKC that leads to the induction of MT mRNA (Ebadi
etal., 1993).

Esophageal cancer-related gene (ECRG) ECRG2, a
novel candidate of a tumor-suppressor gene in esopha-
geal carcinoma, interacts directly with MT-2A and links
to apoptosis (Cui et al., 2003). The interaction of ECRG2
and MT-2A was confirmed by glutathione S-transferase
pull-down assays in vitro and coimmunoprecipitation
experiments in vivo. ECRG2 colocalized with MT-2A
mostly to nuclei and slightly to cytoplasm, as shown by
confocal microscopy. Transfection of the ECRG2 gene
inhibited cell proliferation and induced apoptosis in
esophageal cancer cells (Cui et al., 2003).

p53 The p53 tumor-suppressor protein has achieved
stardom in molecular oncology because of its frequent
inactivation in a large range of cancers. This apoptosis-
inducing guardian of genome integrity binds to DNA
through a sequence-specific, DNA-binding domain and
is stabilized by the coordination of an atom of zinc within
a Cys,His, cluster (Meplan and Hainaut, 1999). This bind-
ing to DNA is necessary for its function. The structure and
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function of p53 is controlled by zinc-binding and redox
conditions (Hainaut and Mann, 2001). Properties of p53
can be regulated through two integrated biochemical
systems: the redox-sensing capacity of the p53 protein
(as a result of its structural features and its regulation
by redox factors, such as thioredoxin, MTs, or the redox-
repair enzyme, APE1/ref-1) and the expression of p53
as multiple isoforms with antagonist effects (Hafsi and
Hainaut, 2011). Surface plasmon resonance was used to
study the specific interaction of p53 with apo-MT (the
metal-free form of MT). Interaction was originated from
the high binding affinity of free sulfhydryl groups of apo-
MT with Zn* of p53, causing p53 to adopt a “mutant like”
form with loss of sequence-specific, DNA-binding activ-
ity (Xia et al., 2009). In other in vitro studies, apo-MT-1,
but not MT-1 (MT-1 with metal ion), forms a complex
with p53 (Abdel-Mageed and Agrawal; 1998, Knipp et al.,
2005; Ostrakhovitch et al., 2006). Further, recombinant
MT, a metal-chelator protein, was found to modulate
p53 conformation in vitro (Meplan et al., 2000). One
may conclude that in cultured cells, transfection with
the MT gene could modulate p53 transcriptional activity.
Therefore, some data to support this speculation are
needed. Thus, the potential role of p53 in the regulation
of MTs in p53-positive MN1 and parental MCF7 cells was
investigated. Zinc and copper increased the activity of
MREs and MTF-1 expression, and the inactivation of p53
or the presence of inactive p53 inhibited MRE-dependent
reporter gene expression in response to metals (Figure 1).
This indicates that activation of p53 is an important fac-
tor in the metal regulation of MTs (Ostrakhovitch et al.,
2007). In addition, the removal of Zn?* from protein p53
by MTs leads to its inactivation and therefore to inhibi-
tion of p53-mediated apoptosis (Fan and Cherian, 2002)
by inhibition of its binding to DNA (Palecek et al., 1999)
and proteins (Wang and Yang, 2010). Persistent apo-MT
overexpression in cells may therefore promote their
accelerated growth through the induction of a p53-null
state (Kondo et al., 1997).

The hypothesis of interactions between MTs and pro-
tein p53 has also been verified using animal experiments.
In p53-deficient mice with zinc deficiency, which were
exposed to carcinogen 4-nitroquinoline 1-oxide, a sig-
nificantly greater development of tumors was observed.
In those tumors and in preneoplastic lingual and esoph-
ageal lesions, overexpression of cytokeratin 14, cyclo-
oxygenase-2, and MT, which correlates with increased
cellular proliferation, was detected (Fong et al., 2006).
MTs and p53 were colocalized in the nuclei of canine
mammary tumors, subcellular accumulation of p53
protein and MTs was associated with tumor malignancy,
and, in some benign tumors, low to moderate intensity
of MTs and p53 protein was detected. The investigators
found that these results speculated that this expression in
benign tumors would evolve into malignant ones (Vural
etal., 2009).

Analysis of human cancer patients also showed
interesting correlations between p53 and MT gene
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expressions. In pancreatic serous cystadenomas, the
increased expressions of MTs and p53 were observed in
the less-differentiated tumors. Thus, the mRNA expres-
sion of MTs may be a potential prognostic marker for
these tumors (Sliwinska-Mosson et al., 2009). In oral
squamous cell carcinoma, frequent localization of MTs
in nuclei was associated with the increased expression of
the TP53 gene. MT and p53 coexpression can therefore
be considered a sign of the shorter survival of patients
with advanced disease (Cardoso et al., 2009).

Proliferation
Proliferation is one of the key processes for a cell. In the
multicolor phenomenon, numerous tightly connected
cascades and pathways are involved. Based on the pub-
lished results, it can be concluded that elevated levels of
MTs found in rapidly growing tissues, such as the neo-
natal liver, have suggested a role of MTs in cell prolifera-
tion, even under physiological conditions (Cherian and
Apostolova, 2000; Ogra and Suzuki, 2000). This is clearly
supported by a study where the investigators located
MTs in the proliferating cells of hair follicles of healthy
skin (Karasawa et al., 1991). There was also found some
connections between MTs and zinc in the proliferating
epidermis during wound healing in mouse skin (Iwata
et al., 1999). The induction of MTs was also associated
with erythropoietin (EPO)-induced cellular prolifera-
tion and inhibition of cell differentiation in the erythroid
progenitor K562 cell line. EPO induced a 3-fold increase
in MT transcripts in K562 cells. Further, the MT-induced
inhibition of differentiation was associated with the
downregulation of EPO receptor transcripts in K562 cells
(Abdel-Mageed et al., 2003). The kinetics of the induc-
tion of MTs is in good correlation with the transition of
the cells from G, to the proliferative fraction. Cells enter-
ing the cell cycle require higher amounts of Zn, whereas
most transcription factors required for the transcription
of enzymes necessary to initiate DNA synthesis need zinc
to form their zinc fingers (Kuppens and De Ley, 2006).
Modulation of MT isoforms was also associated with
collagen deposition in proliferating keloid fibroblasts in
vitro (Toh et al., 2010). It can be concluded that a role
of MTs is connected with redox processes (Wlostowski,
1993) and with protection of DNA from oxidative damage
(Chubatsu and Meneghini, 1993) in cell proliferation.
Considering the fact that MTs are somewhat associ-
ated with cell proliferation, the involvment of MTs in
proliferation has been studied intensively in carcinogen-
esis. MT overexpression in basal cell carcinomas was cor-
related with an infiltrative growth pattern (Rossen et al.,
1997). Based on these results, it was found that expres-
sion of MTs in breast cancer cells was related to cell-
proliferative activity, and dedifferentiation of carcinoma
cells may play a role in the induction of MT expression
(Oyama et al., 1996). The results found from breast cancer
cells are supported by experiments with cell-cycle regu-
lation of MTs in human colonic cancer cells (HT-29). The
investigators observed that the oscillation of cytoplasmic

MTs reached a maximum in the late G, phases and at the
Gl/ S transition, which shows in the involvment of MTs in
the most important cell-cycle stages (Nagel and Vallee,
1995). Moreover, correlation with a proliferative poten-
tial, tissue-zinc levels, and MT expression were found in
nasopharyngeal carcinoma (Jayasurya et al., 2000). From
the point of view of MT isoforms and their specific role
in the cell cycle, it was found that MT-2A participates in
cellular-differentiation processes in megakaryoblastic
leukemia DAMI cells. Cells exhibited differentiation
and increased MT-2A expression after incubation with
PMA (phorbol 12-myristate 13-acetate), which serves
as an inducer of differentiation and polyploidization in
this cell line. Cells exhibited an increase in size, intracel-
lular granulation, and megakaryocytic-specific antigen
expression, such as CD41 and CD42, and arresting cell
proliferation, which have validated the role of MTs in
differentiation in this cell line (Bagheri et al., 2011).
Moreover, MT-2A expression was also associated with
cell proliferation in invasive ductal breast cancer (Jin
et al., 2002). This suggests the great importance of the
study of MT-2A in the case of cell proliferation. In addi-
tion, one may suggest that some stimulation of cancer
development may influence zinc and MT levels. This was
confirmed by a study in which treatment of cells with
a carcinogen (diethylnitrosamine) led to an alteration
of Zn?* and Cu* levels, resulting in early DNA damage,
along with an increase in the expression of MTs. Those
changes may ultimately lead to hepatic cell proliferation
(Chakraborty et al., 2007).

Although MTs are primarily cytoplasmic proteins,
they are also located in the nuclei under several patho-
logical and physiological conditions. Its nuclear location
was found in malignant tumor cells, fetal liver, cells in a
high-glucose medium, and proliferating and differen-
tiating cells (Nartey et al., 1987; Tsujikawa et al., 1991;
Apostolova and Cherian, 2000; Apostolova et al., 2001)
and is also cell-cycle or proliferation-stimuli dependent
(Nagano et al., 2000). This suggests an existence of the
specific nuclear MT-transporting mechanism. It was sug-
gested that this mechanism could be based on the redox
interaction of MTs and cytosolic proteins (Takahashi
et al., 2005). In addition, the presence of MTs outside
of cells as a result of the influence of stressors suggests
that this protein may make important contributions as
a “danger signal” that influences the management of
responses to cellular damage. Extracellular MTs may
operate as a chemotactic factor that governs the traffick-
ing of inflammatory cells that move to resolve damaged
tissues, as a counter to extracellular oxidant-mediated
damage, and as a signal that influences the functional
behavior of wounded cells. A thorough understanding
of the mechanisms of MT release from cells, the condi-
tions under which MTs are released to the extracellular
environment, and the ways in which MTs interact with
sensitive cells may illuminate our understanding of
mechanisms that control stress. Such knowledge should
indicate new opportunities for therapeutic management
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by the manipulation of this pool of extracellular MTs
(Lynes et al., 2006).

Immunomodulation

It was shown that MTs can interact with the cellular
membrane of lymphocytes and modulate their func-
tions (Dutsch-Wicherek et al., 2008). The augmented
humoral immune function in MT-null mice (Crowthers
et al.,, 2000), MT-mediated leukocyte chemotaxis (Yin
et al., 2005), and B-cell-stimulating activity of MT in
vitro (Sugiura and Yamashita, 2000) were observed. MTs
have an effect on the production of antibodies (Lynes
et al., 1993) and functions of macrophages (Youn et al.,
1995). MTs can be also induced by some of the acute
phase cytokines [interleukin (IL)-1, IL-6, TNF-a, and
interferon-gamma). It is possible to consider MTs as
regulators of the immune response suppressing the auto-
immune attack on self-tissues (Krizkova et al., 2009). The
effects of MTs on specific lymphocyte subpopulations
characterize the mechanism of MT-mediated alterations
of immune activity. MTs bind to the membrane of both T
and B lymphocytes and induce the lymphoproliferation
of B cells; for the proliferation of T lymphocytes, costimu-
lation is necessary. Moreover, MTs enhance the capacity
of naive B lymphocytes to differentiate into plasma cells
(Borghesi et al., 1996).

Effects of extracellular MTs on T-cell function may
contribute to the immunosuppression of cell-mediated
immunity. MTs decreased antigen-specific humoral
responses in vivo and inhibited the ability of T cells to
proliferate in response to antigen presented in vitro
(Borghesi and Lynes, 1996). MTs caused dramatic
decreases in murine cytotoxic T lymphocyte (CTL) activ-
ity against allogeneic target cells and reduced the prolif-
erative response of a murine cytotoxic T-cell-derived line
CTLL-2 to cytokines. They also decreased the level of the
major histocompatibility complex class I and CD8 mol-
ecules detectable on the surface of lymphocytes, whereas
they had no significant effect on the level of CD4. These
findings suggested that the immunosuppressive effects
of MTs may, at least in part, interfere with cell-cell
interactions that are important for cell-mediated immu-
nity. Despite this suppressive effect on CTL functioning,
MTs were found to augment mixed lymphocyte reactions
(MLRs) in concert with increased IL-2 receptor (IL-
2R) expression. This MT-augmented proliferation was
observed in both allogeneic and syngeneic MLRs. Taken
together, these results indicate that MTs may increase the
number of immature T cells, but decrease their differen-
tiation to the effector CTL stage (Youn and Lynes, 1999).

The antioxidant, zinc-transport, and regulatory func-
tions of MT are also involved in immunity and aging.
MTs protect from oxidative damage during transient
stress conditions at the young-adult age. This protection
no longer exists in the elderly and in age-related diseases
(e.g., cancer and infections), because the stress condition
is constant, as suggested by a free radical theory of aging.
As such, MTs may constantly deplete zinc from plasma
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and tissues. This phenomenon causes increased MT lev-
els on the one hand, but, on the other hand, induces low
zinc-ion bioavailability for healthy immune responses.
This may be particularly relevant for thymic functions
and natural-killer activity. Therefore, MTs, which are
protective in young adults, may become dangerous.
Physiological supplementation of zinc in aging may cor-
rect central and peripheral immune defects, resulting in
prolonged survival and decreased mortality (50%) from
infections and tumors, especially during middle age
(Mocchegiani et al., 2000).

Interactions of MTs with enzymes, zinc-containing
proteins, and nitric oxide (NO)

MTs may interact either with low-molecular compounds
(e.g., heavy metals, free radicals, NO, or proteins) either
directly through -SH groups or indirectly through Zn*. A
scheme of MT interaction is shown in Figure 3.

Enzymes Thionein/MT controls Zn* availability and
the activity of enzymes (Krezel and Maret, 2008). Possible
mechanisms are by zinc administration, interaction with
proteins by thiol groups, or reduction/oxidation (Maret
et al.,, 1999). It is not surprising that aconitase (Feng
et al., 2005), carboxypeptidase (Maret et al., 2001), glyc-
erol phosphate dehydrogenase (Maret et al., 2001), car-
bonic anhydrase (Krezel and Maret, 2008; Shi et al., 2002;
Ejnik et al., 1999), and superoxide dismutase (Krezel and
Maret, 2008) belong to enzymes, where their activation by
MTs has been studied and found. D-penicillamine cata-
lyzes Zn* transfer from carboxypeptidase A to chelators,
such as thionein and ethylenediaminetetraacetic acid, at
arate constant up to 400-fold faster than the uncatalyzed
release (Chong and Auld, 2007). There were also observed
differences between apo-MTs and MTs containing metal
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redox x
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Figure 3. Schematic representation of the relation between MT
and thiols, zinc transporters, enzymes, transcription factors, other
proteins, and heavy metals. Many of these interactions are driven
by zinc(1I) ions.
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ions from the point of view of their interactions with
enzymes. Relative abilities of cathepsins B, C, and D to
degrade Zn_-MT, Cd7-MT, and apo-MT in vitro were
studied. Although apo-MT was rapidly degraded by all
three cathepsins, cathepsin B degraded apo-MT approxi-
mately 36-fold more rapidly than cathepsin C and 45-fold
more rapidly than cathepsin D. Therefore, under the in
vitro conditions used in this study, the relative potency
of the cathepsins tested was cathepsin B>>cathepsin
C>cathepsin D. In comparison, metal-saturated MT was
more than 1,000-fold more resistant to degradation by
the cathepsins tested (McKim et al., 1992; Klaassen et al.,
1994).

Zinc-containing proteins Zinc-binding proteins func-
tion as storage proteins, transcription factors, and repli-
cation proteins besides their enzymatic role (Coleman,
1992; Frederickson et al., 2005; Jamieson et al., 2003;
Porteus and Carroll, 2005). Their structure and function
is dependent on zinc binding in their structure (Maret,
2005; Vallee et al., 1991). MTs can transfer zinc to these
zinc fingers of transcription factors. Moreover, MTs
would act as a zinc reservoir for proteases, such as matrix
metalloproteinases (MMPs) (Ribeiro et al., 2011). MMPs
are important for tumor biology, particularly for angio-
genesis and metastasis. Activation of MMPs by MTs is
also discussed (Haga et al., 1996; Zitka et al., 2010), but
the mechanism of this activation is unknown. MTs may
either interact with pro-MMPs through its thiol groups,
leading to uncovering its active site, or directly administer
zinc to MMP molecules (Haga et al., 1996, 1997). MT-2A
overexpression increases the expression of MMT-9 and
thus invasivity of breast cancer cells (Kim et al., 2011).
One may suggest applying this mechanism even for other
cancer types. Moreover, zinc and MMPs are also involved
in inflammation and wound healing. It was found that
exogenous MT-2A promotes accelerated healing after a
burn wound in mice (Morellini et al., 2008).

Interaction of MTs with NO NO is an important low-
molecular cellular signaling molecule involved in many
physiological and pathological processes, such as vaso-
dilatation and neurotransmission, and is also produced
by phagocytes as a part of immune response. There has
been described several mechanisms by which NO affects
the biology of living cells. These include oxidation of
iron-containing proteins, such as ribonucleotide reduc-
tase and aconitase, activation of the soluble guanylate
cyclase, adenosine diphosphate ribosylation of proteins,
protein sulfhydryl group nitrosylation, and iron-regula-
tory factor activation (Shami et al., 1995). NO has been
demonstrated to activate NF-xB in peripheral blood
mononuclear cells (Kaibori et al., 1999).

It was also found that NO releases intracellular zinc
from prokaryotic MT in Escherichia coli (Binet et al.,
2002), from eukaryotic MTs (Kroncke et al., 1994), and
that it mediates intracytoplasmic and nuclear zinc
release (Berendji et al., 1997). St Croix et al. proved that
NO-induced changes in intracellular zinc homeosta-
sis are mediated by MT/thionein (St Croix et al., 2002).

Zinc-finger proteins may serve as molecular targets for
NO-mediated gene regulation (Kroncke, 2001).

MTs in cancer diagnosis

Current knowledge of MTs is juxtaposed with our under-
standing of the pathogenesis of disease (Capdevila
etal., 2012). MT is known to modulate three fundamental
processes: 1) the release of gaseous mediators, such as
hydroxyl radicals or NO; 2) apoptosis; and 3) the binding
and exchange of metals, such as zinc, cadmium, or cop-
per. Associations of MTs with several diseases, including
cancer, circulatory and septic shock, coronary artery dis-
ease, and Alzheimer’s disease, have been found. Further,
strong evidence exists that MTs modulate the immune
system, as stated above (Simpkins, 2000).

A tumor stimulates the remodeling of its microenvi-
ronment for its own survival. To protect its own growth
and induce angiogenesis, the tumor changes the struc-
ture of extracellular matrix and the function of existing
cells; it thus chemoattracts immune-system cells, alter-
ing their function. MT, because of its antiapoptotic,
pro-proliferative, and immunomodulating functions,
is discussed as a potential marker of tumor microenvi-
ronment remodeling. Most likely, the expression of this
protein by the fibroblasts of the tumor microenviron-
ment is related to the remodeled phenotype of these cells
because of the tumor influence on cancer-associated
fibroblasts (Dutsch-Wicherek, 2010).

Great attention is paid to the study of MTs in tumors
(Jasani and Schmid, 1997; Theocharis et al.,, 2004;
Cherian et al., 2003; Eckschlager et al., 2009). Most work
is focused on the immunohistochemical determination
of MTs in tumors (Adam et al., 2008; Babula et al., 2011;
Eckschlager et al., 2009; Gumulec et al., 2011; Krejcova et
al., 2012; Krizkova et al., 2008, 2009, 2010, 2012; Sochor
et al., 2012), but also on its determination in serum by
various methods, such as Brdicka’s reaction or enzyme-
linked immonosorbent assay (Eckschlager et al., 2009;
Krizkova et al., 2010). MT can serve as a prognostic
marker in central nervous system tumors of childhood
and adolescence (Rickert and Paulus, 2005; Rickert,
2004), osteosarcoma (Trieb and Kotz, 2001), breast can-
cer (Woolston et al., 2010; Jin et al., 2004; Gomulkiewicz
et al., 2010), pancreatic islet cell tumors (Tomita, 2002),
and tongue squamous-cell carcinoma (Theocharis et
al., 2011). MT can also serve as a serum tumor marker
in prostate cancer (Krizkova et al., 2011; Masarik et al.,
2011), head and neck tumors (Krejcova et al., 2012),
childhood solid tumors (Krizkova et al., 2010), and mela-
noma (Krizkova et al., 2008). Expression of MT may help
to distinguish between benign and malignant tumor, as
shown in thyroid tumors (Krolicka et al., 2010), prostatic
lesions (El Sharkawy et al., 2006), GI stromal tumors, and
gastric carcinomas (Soo et al., 2011). At isoform levels,
MT expression in breast and prostate cancers, renal
tumors, and papillary thyroid cancer was reviewed by
Thirumoorthy et al., who found that expression of MT
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isoforms was down- and upregulated differentially in
dependence on a cancer type (Thirumoorthy et al., 2011;
Ghoshal et al., 2002). Arriaga et al. have described that
expression of different MT isoforms in colorectal cancer
is relevant for tumor progression and patient survival
(Arriaga et al., 2012).

MTs in cancer therapy

MTs, because of their roles in tumors, can be targeted
for cancer therapy (Lai et al., 2011). Silencing of MT by
short interfering RNA (siRNA) was published by Tarapore
et al.,, who used phage Phi29 motor pRNA as a vehicle
to carry siRNA specifically targeted to MT-2A mRNA
in ovarian cancers (Tarapore et al., 2011), and by Lai et
al., who reported that silencing of the MT-2A gene by
siRNA induces entosis (a process involving the invasion
of one cell into another, and internalized cells are either
degraded by lysosomal enzymes or released) in adher-
ent MCF-7 breast cancer cells (Lai et al., 2010). Targeting
unique mRNA molecules using antisense approaches,
based on sequence specificity of double-stranded
nucleic acid interactions, should, in theory, allow for
the design of drugs with high specificity for intended
targets. Antisense-induced degradation or inhibition
of translation of a target mRNA is potentially capable of
inhibiting the expression of any target proteins (Jason et
al., 2004). Downregulation of MTs by antisense RNA is
known to inhibit growth of the tumor cell. This strategy
for downregulation of the MT gene in tumors is possible
to inhibit their growth and metastasizing in breast cancer
cells (Abdelmageed and Agrawal, 1997), leukemia P388
cells, Ehrlich’s carcinoma, sarcoma 180 cells (Takeda
et al., 1997), and nasopharyngeal cancer (Tan et al.,
2005). Antisense MT mRNA may induce sensitivity of
cancer cells to a heavy-metal-based cytostatic (Kennette
et al., 2005). Some strategies are shown in Figure 4.

Aberrant DNA methylation in histologically healthy
mucosae has attracted attention as an indicator of past
exposure to carcinogens and as a marker for future risk
prediction. Methylation and epigenetics of MT isoforms
are also studied with their potential use in cancer therapy
(Lee et al., 2011). MT-1M was methylated in squamous-
cell carcinoma (Lee et al., 2011), and MT-1E was very
commonly methylated in melanoma tissues. Increase
in MT gene methylation was observed to correlate with
melanoma development (i.e., only rarely is methylated in
benign naevi), more frequently in primary tumors, and
the most frequently in metastases. The resulting silencing
might also play a role in the resistance of melanoma to
cisplatin, as shown by in vitro experiments (Perez, 1998).
This finding is at odds with most other studies, which,
in turn, is increasing at MTH cells resistant to cisplatin
(Faller et al., 2010).

Other roles of MT in cancer therapy is its protective
action during chemotherapy (Volm, 1998). Cells with
developed resistance to heavy-metal-based cytostatics
have increased expression of MTs (Naito et al., 1999;
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Figure 4. MT can be used in both the diagnosis and therapy
of malignancies. In the case of therapy, targeted gene therapy,
including using antisense mRNA, siRNA, microRNA, and DNA
methylation, can be considered. Further, levels of MTs can be used
for diagnostic purposes.

Bredel, 2001; Perez, 1998; Chao, 1996; Scanlon et al.,
1991). Targeting of MTs with antisense RNA for reversal of
multidrug resistance was proposed (Gosland et al., 1996).

Conclusions and future directions

Zinc(II) ions contribute to a number of biological pro-
cesses, such as DNA synthesis, gene expression, enzy-
matic catalysis, neurotransmission, and apoptosis. Both
zinc deficiency and zinc overload elicit OS, which can
lead to cell death. These pro-oxidant functions contrast
with pro-antioxidant functions in a range of physiologi-
cal zinc concentrations. Oxidative or nitrosative stress
can cause a release of zinc from proteins containing zinc
fingers and cluster motifs and its redistribution, thereby
altering the functions of those proteins, from which it is
released and/or to which it binds. The transduction of
redox signalsinto zinc signals, and vice versa, affects mito-
chondrial functions and signaling pathways, including
alterations in NF-kB, p53, and AP-1 activities and levels.
Zinc sensors for cellular and organ physiology, improved
analytical tools to approach zinc proteome, biomarkers
of zinc deficiencies, methods for zinc imaging, obtaining
more complex information on polymorphisms in zinc
transporters, importers, and binding proteins, and on
methods of targeting specific subcellular pools of zinc
will be needed to be developed for achieving this goal
(John et al., 2010a; Krizkova et al., 2012).

Based on the above-mentioned facts, MTs belong to
the important maintainers of the zinc pool and there-
fore could be considered as one of the targets for future
diagnostic strategies. MT overexpression could be used
as a predictive marker of worse prognosis and as a sign
of higher grade in selected tumors. Changes of different
MT isoforms seem to be important for carcinogenesis,
and their detection may be useful in clinical diagnostics
(Arriaga et al., 2012). The role of MTs in the development
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of chemoresistance is not yet fully understood. Platinum
drug resistance is caused by a combination of different
mechanisms, and MT overexpression seems to be one of
them. Prediction of chemoresistance to platinum drugs,
based on MT expression, needs to be confirmed by
experiments and by larger clinical studies. Examination
of MT levels detected by the electroanalytical method
in serum, which may be used as a tumor marker (Figure
4), seems to be promising for clinical practice. One may
speculate that the pharmacological inhibition of MTs
may reverse chemoresistance to platinum drugs and may
induce cell death in some cancer cells.

Declaration of interest

Financial support from CYTORES GA CR P301/10/0356,
CEITEC CZ.1.05/1.1.00/02.0068, IGA TP 6/2012 and proj-
ect for conceptual development of research organization
00064203 is greatly acknowledged.

References

Abdel-Mageed, A. B., Agrawal, K. C. (1998). Activation of nuclear factor
kappa B: potential role in metallothionein-mediated mitogenic
response. Cancer Res 58:2335-2338.

Abdel-Mageed, A. B., Zhao, E S., Rider, B. J., Agrawal, K. C. (2003).
Erythropoietin-induced metallothionein gene expression: role in
proliferation of K562 cells. Exp Biol Med 228:1033-1039.

Abdelmageed, A. B., Agrawal, K. C. (1997). Antisense down-regulation
of metallothionein induces growth arrest and apoptosis in human
breast carcinoma cells. Cancer Gene Ther 4:199-207.

Adam, V,, Blastik, O., Krizkova, S., Lubal, P, Kukacka, J., Prusa, R., et
al. (2008). Application of the Brdicka reaction in determination of
metallothionein in patients with tumours. Chem Listy 102:51-58.

Adam, V., Fabrik, 1., Eckschlager, T., Stiborova, M., Trnkova, L., Kizek,
R. (2010). Vertebrate metallothioneins as target molecules for
analytical techniques. TRAC-Trends Anal Chem 29:409-418.

Ames, B. N. (2001). DNA damage from micronutrient deficiencies is
likely to be a major cause of cancer. Mutat Res 475:7-20.

Apostolova, M. D., Chen, S. L., Chakrabarti, S., Cherian, M. G. (2001).
High-glucose-induced metallothionein expression in endothelial
cells: an endothelin-mediated mechanism. Am ] Physiol Cell
Physiol 281:C899-C907.

Apostolova, M. D., Cherian, M. G. (2000). Delay of M-phase onset
by aphidicolin can retain the nuclear localization of zinc and
metallothionein in 3T3-L1 fibroblasts. J Cell Physiol 183:247-253.

Arriaga, J. M., Levy, E. M., Bravo, A. 1., Bayo, S. M., Amat, M., Aris, M.,
et al. (2012). Metallothionein expression in colorectal cancer:
relevance of different isoforms for tumor progression and patient
survival. Hum Pathol 43:197-208.

Ba, L. A., Doering, M., Burkholz, T., Jacob, C. (2009). Metal trafficking:
from maintaining the metal homeostasis to future drug design.
Metallomics 1:292-311.

Babula, P., Kohoutkova, V., Opatrilova, R., Dankova, 1., Masarik, M., Kizek,
R. (2011). Pharmaceutical importance of zinc and metallothionein
in cell signalling. Chim Oggi Chem Today 28:18-21.

Bagheri, P. M., Govaerts, 1., De Ley, M. (2011). Role of metallothionein
in differentiation of leukemia cells. Mol Biol Rep 38:3017-3022.

Baird, S. K., Kurz, T., Brunk, U. T. (2006). Metallothionein protects
against oxidative stress-induced lysosomal destabilization.
Biochem ] 394:275-283.

Banerjee, D., Onosaka, S., Cherian, M. G. (1982). Inmunohistochemical
localization of metallothionein in cell-nucleus and cytoplasm of
rat-liver and kidney. Toxicology 24:95-105.

Berendji, D., Kolbbachofen, V., Meyer, K. L., Grapenthin, O., Weber, H.,
Wahn, V,, et al. (1997). Nitric oxide mediates intracytoplasmic and
intranuclear zinc release. FEBS Lett 405:37-41.

Beyersmann, D., Hartwig, A. (2008). Carcinogenic metal compounds:
recent insight into molecular and cellular mechanisms. Arch
Toxicol 82:493-512.

Binet, M. R. B., Cruz-Ramos, H., Laver, J., Hughes, M. N., Poole, R. K.
(2002). Nitric oxide releases intracellular zinc from prokaryotic
metallothionein in Escherichia coli. FEMS Microbiol Lett
213:121-126.

Bofill, R., Capdevila, M., Atrian, S. (2009). Independent metal-binding
features of recombinant metallothioneins convergently draw a step
gradation between Zn- and Cu-thioneins. Metallomics 1:229-234.

Borghesi, L. A., Lynes, M. A. (1996). Nonprotective effects of extracellular
metallothionein. Toxicol Appl Pharmacol 139:6-14.

Borghesi, L. A., Youn, J., Olson, E. A., Lynes, M. A. (1996). Interactions
of metallothionein with murine lymphocytes: plasma membrane
binding and proliferation. Toxicology 108:129-140.

Boulikas, T., Vougiouka, M. (2003). Cisplatin and platinum drugs at the
molecular level. (Review). Oncol Rep 10:1663-1682.

Bredel, M. (2001). Anticancer drug resistance in primary human brain
tumors. Brain Res Rev 35:161-204.

Brewer, G. J. (2009). Zinc and tetrathiomolybdate for the treatment of
Wilson’s disease and the potential efficacy of anticopper therapy
in a wide variety of diseases. Metallomics 1:199-206.

Butcher, H. L., Kennette, W. A., Collins, O., Zalups, R. K., Koropatnick, J.
(2004). Metallothionein mediates the level and activity of nuclear
factor kappa B in murine fibroblasts. J Pharmacol Exp Ther
310:589-598.

Cai, L., Satoh, M., Tohyama, C., Cherian, M. G. (1999). Metallothionein
in radiation exposure: its induction and protective role. Toxicology
132:85-98.

Canogauci, D. E, Sarkar, B. (1996). Reversible zinc exchange between
metallothionein and the estrogen receptor zinc finger. FEBS Lett
386:1-4.

Capdevila, M., Bofill, R., Palacios, O., Atrian, S. (2012). State-of-the-art
of metallothioneins at the beginning of the 21st century. Coord
Chem Rev 256:46-62.

Cardoso, S. V., Silveira, J. B., Machado, V. D., De-Paula, A. M. B., Loyola,
A. M., De Aguiar, M. C. E (2009). Expression of metallothionein
and p53 antigens are correlated in oral squamous cell carcinoma.
Anticancer Res 29:1189-1193.

Chakraborty, T., Chatterjee, A., Rana, A., Srivastawa, S., Damodaran, S.,
Chatterjee, M. (2007). Cell proliferation and hepatocarcinogenesis
in rat initiated by diethylnitrosamine and promoted by
phenobarbital: potential roles of early DNA damage and liver
metallothionein expression. Life Sci 81:489-499.

Chao, C. C. K. (1996). Molecular basis of cis-
diamminedichloroplatinum(II) resistance: a review. ] Formos Med
Assoc 95:893-900.

Chen, M. D., Song, Y. M. (2009). Tissue metallothionein concentrations
in mice and humans with hyperglycemia. Biol Trace Elem Res
127:251-256.

Chen, W. Y, John, J. A, Lin, C. H., Chang, C. Y. (2007). Expression
pattern of metallothionein, MTF-1 nuclear translocation, and its
DNA-binding activity in zebrafish (Danio rerio) induced by zinc
and cadmium. Environ Toxicol Chem 26:110-117.

Chen, W. Y, John, J. A, Lin, C. H,, Lin, H. E, Wu, S. C,, Chang, C. Y.
(2004). Expression of metallothionein gene during embryonic and
early larval development in zebrafish. Aquat Toxicol 69:215-227.

Cherian, M. G., Apostolova, M. D. (2000). Nuclear localization of
metallothionein during cell proliferation and differentiation. Cell
Mol Biol 46:347-356.

Cherian, M. G., Jayasurya, A., Bay, B. H. (2003). Metallothioneins in
human tumors and potential roles in carcinogenesis. Mutat Res
533:201-209.

Chiaverini, N., De Ley, M. (2010). Protective effect of metallothionein on
oxidative stress-induced DNA damage. Free Radic Res 44:605-613.

Drug Metabolism Reviews



Chong, C. R.,, Auld, D. S. (2007). Catalysis of zinc transfer by
D-penicillamine tosecondary chelators.J Med Chem 50:5524-5527.

Chubatsu, L. S., Meneghini, R. (1993). Metallothionein protects DNA
from oxidative damage. Biochem J 291:193-198.

Coleman, J. E. (1992). Zinc proteins—enzymes, storage proteins,
transcription factors, and replication proteins. Annu Rev Biochem
61:897-946.

Colvin, R. A., Holmes, W. R., Fontaine, C. P.,, Maret, W. (2010). Cytosolic
zinc buffering and muffling: their role in intracellular zinc
homeostasis. Metallomics 2:306-317.

Coyle, P, Philcox, J. C., Carey, L. C., Rofe, A. M. (2002). Metallothionein:
the multipurpose protein. Cell Mol Life Sci 59:627-647.

Crowthers, K. C., Kline, V., Giardina, C., Lynes, M. A. (2000). Augmented
humoral immune function in metallothionein-null mice. Toxicol
Appl Pharmacol 166:161-172.

Cuij, Y. P, Wang, J. B,, Zhang, X. Y., Lang, R. G,, Bi, M. X,, Guo, L. P, et
al. (2003). ECRG2, a novel candidate of tumor suppressor gene in
the esophageal carcinoma, interacts directly with metallothionein
2A and links to apoptosis. Biochem Biophys Res Commun
302:904-915.

Culotta, V. C., Hamer, D. H. (1989). Fine mapping of a mouse
metallothionein gene metal response element. Mol Cell Biol
9:1376-1380.

Cummings, J. E., Kovacic, J. P. (2009). The ubiquitous role of zinc in
health and disease. ] Vet Emerg Crit Care 19:215-240.

Dhawan, D. K., Chadha, V. D. (2010). Zinc: a promising agent in dietary
chemoprevention of cancer. Indian ] Med Res 132:676-682.

Ding, Z. C., Ni, F. Y., Huang, Z. X. (2010). Neuronal growth-inhibitory
factor (metallothionein-3): structure-function relationships. FEBS
], 277:2912-2920.

Dutsch-Wicherek, M. (2010). RCAS1, MT, and Vimentin as potential
markers of tumor microenvironment remodeling. Am J Reprod
Immunol 63:181-188.

Dutsch-Wicherek, M., Sikora, J., Tomaszewska, R. (2008). The possible
biological role of metallothionein in apoptosis. Front Biosci
13:4029-4038.

Ebadi, M., Elsayed, M. A., Aly, M. H. M. (1993). Actions and regulation
of protein-kinase-C in brain. Neuroendocrinol Lett 15:69-88.
Eckschlager, T., Adam, V., Hrabeta, J., Figova, K., Kizek, R. (2009).

Metallothioneins and cancer. Curr Protein Pept Sci 10:360-375.

Eide, D. J. (2011). The oxidative stress of zinc deficiency. Metallomics
3:1124-1129.

Ejnik, ], Munoz, A., Gan, T, Shaw, C. E, Petering, D. H. (1999).
Interprotein metal ion exchange between cadmium-carbonic
anhydrase and apo- or zinc-metallothionein. J Biol Inorg Chem
4:784-790.

El Sharkawy, S. L., Abbas, N. E, Badawi, M. A., El Shaer, M. A. (2006).
Metallothionein isoform II expression in hyperplastic, dysplastic,
and neoplastic prostatic lesions. J Clin Pathol 59:1171-1174.

Faller, P. (2010). Neuronal growth-inhibitory factor (metallothionein-3):
reactivity and structure of metal-thiolate clusters. FEBS ]
277:2921-2930.

Faller, W. J., Rafferty, M., Hegarty, S., Gremel, G., Ryan, D., Fraga, M.
E, et al. (2010). Metallothionein 1E is methylated in malignant
melanoma and increases sensitivity to cisplatin-induced
apoptosis. Melanoma Res 20:392-400.

Fan, L.Z., Cherian, M. G. (2002). Potential role of p53 on metallothionein
induction in human epithelial breast cancer cells. Br J] Cancer
87:1019-1026.

Fang, Y. Z., Yang, S., Wu, G. Y. (2002). Free radicals, antioxidants, and
nutrition. Nutrition 18:872-879.

Feng, W., Cali, J., Pierce, W. M., Franklin, R. B., Maret, W., Benz, E W.,
et al. (2005). Metallothionein transfers zinc to mitochondrial
aconitase through a direct interaction in mouse hearts. Biochem
Biophys Res Commun 332:853-858.

Fong, L.Y.Y,, Jiang, Y. B., Farber, J. L. (2006). Zinc deficiency potentiates
induction and progression of lingual and esophageal tumors in
p53-deficient mice. Carcinogenesis 27:1489-1496.

© 2012 Informa Healthcare USA, Inc.

Metallothioneins and zinc 297

Formigare, A., Irato, P., Santon, A. (2007a). Zinc, antioxidant systems,
and metallothionein in metal mediated-apoptosis: biochemical
and cytochemical aspects. Comp Biochem Physiol C Toxicol
Pharmacol 146:443-459.

Formigari, A., Santon, A., Irato, P. (2007b). Efficacy of zinc treatment
against iron-induced toxicity in rat hepatoma cell line H4-1I-E-C3.
Liver Int 27:120-127.

Franklin, R. B., Costello, L. C. (2007). Zinc as an anti-tumor agent in
prostate cancer and in other cancers. Arch Biochem Biophys
463:211-217.

Franklin, R. B., Costello, L. C. (2009). The important role of the apoptotic
effects of zinc in the development of cancers. J Cell Biochem
106:750-757.

Frederickson, C.J., Koh, J. Y., Bush, A 1. (2005). The neurobiology of zinc
in health and disease. Nat Rev Neurosci 6:449-462.

Fukada, T., Yamasaki, S., Nishida, K., Murakami, M., Hirano, T. (2011).
Zinc homeostasis and signaling in health and diseases. ] Biol Inorg
Chem 16:1123-1134.

Futakawa, N., Kondoh, M., Ueda, S., Higashimoto, M., Takiguchi, M.,
Suzuki, S., et al. (2006). Involvement of oxidative stress in the
synthesis of metallothionein induced by mitochondrial inhibitors.
Biol Pharm Bull 29:2016-2020.

Ghoshal, K., Jacob, S. T. (2001). Regulation of metallothionein gene
expression. Prog Nucleic Acid Res Mol Biol 66:357-384.

Ghoshal, K., Majumder, S., Jacob, S. T. (2002). Analysis of promoter
methylation and its role in silencing metallothionein I gene
expression in tumor cells. Redox Cell Biol Genetics Pt B
353:476-486.

Gomulkiewicz, A., Podhorska-Okolow, M., Szulc, R., Smorag, Z., Wojnar,
A., Zabel, M., et al. (2010). Correlation between metallothionein
(MT) expression and selected prognostic factors in ductal breast
cancers. Folia Histochem Cytobiol 48:242-248.

Gosland, M., Lum, B., Schimmelpfennig, J., Baker, J., Doukas, M. (1996).
Insights into mechanisms of cisplatin resistance and potential for
its clinical reversal. Pharmacotherapy 16:16-39.

Grant, W. B. (2008). An ecological study of cancer mortality rates
including indices for dietary iron and zinc. Anticancer Res
28:1955-1963.

Gumulec, J., Masarik, M., Krizkova, S., Adam, V., Hubalek, J., Hrabeta,
J., et al. (2011). Insight to physiology and pathology of zinc(II)
ions and their actions in breast and prostate carcinoma. Curr Med
Chem 18:5041-5051.

Gunes, C., Heuchel, R., Georgiev, O., Muller, K. H., Lichtlen, P,
Bluthmann, H., et al. (1998). Embryonic lethality and liver
degeneration in mice lacking the metal-responsive transcriptional
activator MTF-1. EMBO ] 17:2846-2854.

Hafsi, H., Hainaut, P. (2011). Redox control and interplay between p53
isoforms: roles in the regulation of basal p53 levels, cell fate, and
senescence. Antioxid Redox Signal 15:1655-1667.

Haga, A., Nagase, H., Kito, H., Sato, T. (1996). Effect of metallothioneins
on collagenolytic activity of tumor gelatinase B. Cancer Res Ther
Ctrl 5:17-22.

Haga, A., Nagase, H., Kito, H., Sato, T. (1997). Invasive properties of
cadmium-resistant human fibrosarcoma HT-1080 cells. Cancer
Biochem Biophys 15:275-284.

Hainaut, P, Mann, K. (2001). Zinc binding and redox control of p53
structure and function. Antioxid Redox Signal 3:611-623.

Hao, Q., Maret, W. (2005). Imbalance between pro-oxidant and
pro-antioxidant functions of zinc in disease. ] Alzheimers Dis
8:161-170.

Ho, E. (2004). Zinc deficiency, DNA damage, and cancer risk. ] Nutr
Biochem 15:572-578.

Hogstrand, C., Kille, P., Nicholson, R. L., Taylor, K. M. (2009). Zinc
transporters and cancer: a potential role for ZIP7 as a hub for
tyrosine kinase activation. Trends Mol Med 15:101-111.

Huang, M., Shaw, C. E, Petering, D. H. (2004). Interprotein
metal exchange between transcription factor Illa and apo-
metallothionein. J Inorg Biochem 98:639-648.



298 S.Krizkova et al.

Huang, Z. X. (2010). Neuronal growth-inhibitory factor
(metallothionein-3): a unique metalloprotein. FEBS J 277:2911.

II'yasova, D., Schwartz, G. G. (2005). Cadmium and renal cancer. Toxicol
Appl Pharmacol 207:179-186.

Iwata, M., Takebayashi, T., Ohta, H., Alcalde, R. E., Itano, Y., Matsumura,
T. (1999). Zinc accumulation and metallothionein gene expression
in the proliferating epidermis during wound healing in mouse
skin. Histochem Cell Biol 112:283-290.

Jamieson, A. C., Miller, J. C., Pabo, C. O. (2003). Drug discovery with
engineered zinc-finger proteins. Nat Rev Drug Discov 2:361-368.

Jasani, B., Schmid, K. W. (1997). Significance of metallothionein
overexpression in human. Histopathology 31:211-214.

Jason, T. L. H., Koropatnick, J., Berg, R. W. (2004). Toxicology of
antisense therapeutics. Toxicol Appl Pharmacol 201:66-83.

Jayasurya, A., Bay, B. H., Yap, W. M., Tan, N. G., Tan, B. K. H. (2000).
Proliferative potential in nasopharyngeal carcinoma: correlations
with metallothionein expression and tissue zinc levels.
Carcinogenesis 21:1809-1812.

Jin, R. X., Huang, J. X., Tan, P. H., Bay, B. H. (2004). Clinicopathological
significance of metallothioneins in breast cancer. Pathol Oncol Res
10:74-79.

Jin, R. X,, Chow, V. T. K., Tan, P. H., Dheen, S. T., Duan, W., Bay, B. H.
(2002). Metallothionein 2A expression is associated with cell
proliferation in breast cancer. Carcinogenesis 23:81-86.

John, E., Laskow, T. C., Buchser, W. ], Pitt, B. R., Basse, P. H., Butterfield,
L. H,, et al. (2010a). Zinc in innate and adaptive tumor immunity.
] Transl Med 8:1-16.

John, S., Briatka, T., Rudolf, E. (2010b). Diverse sensitivity of cells
representing various stages of colon carcinogenesis to increased
extracellular zinc: implications for zinc chemoprevention. Oncol
Rep 25:769-780.

Kagi, J. H. R., Schaffer, A. (1988). Biochemistry of metallothionein.
Biochemistry 27:8509-8515.

Kaibori, M., Sakitani, K., Oda, M., Kamiyama, Y., Masu, Y., Nishizawa,
M., et al. (1999). Immunosuppressant FK506 inhibits inducible
nitric oxide synthase gene expression at a step of NF-IsB activation
in rat hepatocytes. ] Hepatol 30:1138-1145.

Karasawa, M., Nishimura, N., Nishimura, H., Tohyama, C., Hashiba, H.,
Kuroki, T. (1991). Localization of metallothionein in hair-follicles
of normal skin and the basal-cell layer of hyperplastic epidermis—
possible association with cell-proliferation. J Invest Dermatol
97:97-100.

Karin, M., Eddy, R. L., Henry, W. M., Haley, L. L., Byers, M. G., Shows,
T. B. (1984). Human metallothionein genes are clustered on
chromosome-16. Proc Natl Acad Sci U S A 81:5494-5498.

Kennette, W., Collins, O. M., Zalups, R. K., Koropatnick, J. (2005). Basal
and zinc-induced metallothionein in resistance to cadmium,
cisplatin, zinc, and tertButyl hydroperoxide: studies using MT
knockout and antisense-downregulated MT in mammalian cells.
Toxicol Sci 88:602-613.

Kim, H. G., Kim, J. Y,, Han, E. H., Hwang, Y. P,, Choi, J. H., Park, B. H.,
et al. (2011). Metallothionein-2A overexpression increases the
expression of matrix metalloproteinase-9 and invasion of breast
cancer cells. FEBS Lett 585:421-428.

Kim, C. H., Kim, J. H,, Lee, J., Ahn, Y. S. (2003). Zinc-induced NF-kappa
B inhibition can be modulated by changes in the intracellular
metallothionein level. Toxicol Appl Pharmacol 190:189-196.

Kimura, T. (2010). Molecular mechanisms of zinc-mediated
induction and chromium(VI)-mediated inhibition of mouse
metallothionein-I gene transcription. ] Health Sci 56:161-166.

Klaassen, C. D., Choudhuri, S., McKim, J. M., Lehmanmckeeman,
L. D., Kershaw, W. C. (1994). In-vitro and in-vivo studies on
the degradation of metallothionein. Environ Health Perspect
102:141-146.

Klaassen, C. D., Liu, J., Diwan, B. A. (2009). Metallothionein protection
of cadmium toxicity. Toxicol Appl Pharmacol 238:215-220.

Klassen, R. B., Crenshaw, K., Kozyraki, R., Verroust, P. J,, Tio, L.,
Atrian, S., et al. (2004). Megalin mediates renal uptake of heavy

metal metallothionein complexes. Am ] Physiol Renal Physiol
287:F393-F403.

Knipp, M. (2009). Metallothioneins and platinum(II) anti-tumor
compounds. Curr Med Chem 16:522-537.

Knipp, M., Meloni, G., Roschitzki, B., Vasak, M. (2005). Zn(7)
metallothionein-3 and the synaptic vesicle cycle: interaction of
metallothionein-3 with the small GTPase Rab3A. Biochemistry
44:3159-3165.

Ko, Y. H,, Woo, Y. J,, Kim, J. W., Choi, H., Kang, S. H,, Lee, J. G., et al.
(2010). High-dose dietary zinc promotes prostate intraepithelial
neoplasia in a murine tumor induction model. Asian J Androl
12:164-170.

Koizumi, S., Yamada, H. (2003). DNA microarray analysis of altered
gene expression in cadmium-exposed human cells. ] Occup
Health 45:331-334.

Kondo, Y., Rusnak, J. M., Hoyt, D. G,, Settineri, C. E,, Pitt, B. R., Lazo, J.
S. (1997). Enhanced apoptosis in metallothionein null cells. Mol
Pharmacol 52:195-201.

Kothinti, R., Blodgett, A., Tabatabai, N. M., Petering, D. H. (2010). Zinc
finger transcription factor Zn(3)-SP1 reactions with Cd(2+). Chem
Res Toxicol 23:405-412.

Krejcova, L., Fabrik, 1., Hynek, D., Krizkova, S., Gumulec, J., Ryvolova,
M., et al. (2012). Metallothionein electrochemically determined
using Brdicka reaction as a promising blood marker of head and
neck malignant tumours. Int J Electrochem Sci 7:1767-1784.

Krezel, A., Maret, W. G. (2008). Thionein/metallothionein control
Zn(11) availability and the activity of enzymes. J Biol Inorg Chem
13:401-409.

Krizkova, S., Fabrik, 1., Adam, V., Hrabeta, P., Eckschlager, T., Kizek, R.
(2009). Metallothionein—a promising tool for cancer diagnostics.
Bratisl Med J 110:93-97.

Krizkova, S., Fabrik, I., Adam, V., Kukacka, J., Prusa, R., Chavis, G.]., et al.
(2008). Utilizing of adsorptive transfer stripping technique Brdicka
reaction for determination of metallothioneins level in melanoma
cells, blood serum, and tissues. Sensors 8:3106-3122.

Krizkova, S., Masarik, M., Majzlik, P., Kukacka, J., Kruseova, J., Adam,
V., et al. (2010). Serum metallothionein in newly diagnosed
patients with childhood solid tumours. Acta Biochim Pol
57:561-566.

Krizkova, S., Ryvolova, M., Gumulec, J., Masarik, M., Adam, V., Majzlik,
P, et al. (2011). Electrophoretic fingerprint metallothionein
analysis as a potential prostate cancer biomarker. Electrophoresis
32:1952-1961.

Krizkova, S., Ryvolova, M., Hynek, D., Eckschlager, T., Hodek, P,
Masarik, M., et al. (2012). Immunoextraction of zinc proteins
from human plasma using chicken yolk antibodies immobilized
onto paramagnetic particles and their electrophoretic analysis.
Electrophoresis 2012;33:1824-1832.

Krolicka, A., Kobierzycki, C., Pula, B., Podhorska-Okolow, M.,
Piotrowska, A., Rzeszutko, M., et al. (2010). Comparison of
metallothionein (MT) and Ki-67 antigen expression in benign and
malignant thyroid tumours. Anticancer Res 30:4945-4949.

Kroncke, K. D. (2001). Zinc finger proteins as molecular targets for nitric
oxide-mediated gene regulation. Antioxid Redox Signal 3:565-575.

Kroncke, K. D., Fehsel, K., Schmidt, T., Zenke, E T., Dasting, I., Wesener,
J. R, et al. (1994). Nitric-oxide destroys zinc-sulfur clusters
inducing zinc release from metallothionein and inhibition of
the zinc finger-type yeast transcription activator lac9. Biochem
Biophys Res Commun 200:1105-1110.

Kuppens, K., De Ley, M. (2006). Serum-induced expression of
metallothionein isoforms in K-562 cells. Biochem Biophys Res
Commun 342:979-983.

Kuroda, S., Tokunaga, C., Kiyohara, Y., Higuchi, O., Konishi, H., Mizuno,
K., et al. (1996). Protein-protein interaction of zinc finger LIM
domains with protein kinase C. ] Biol Chem 271:31029-31032.

Lai, Y. Y, Lim, D. N,, Tan, P. H., Leung, T. K. C,, Yip, G. W. C., Bay, B. H.
(2010). Silencing the metallothionein-2A gene induces entosis in
adherent MCF-7 breast cancer cells. Anat Rec 293:1685-1691.

Drug Metabolism Reviews



Lai, Y. Y., Yip, G. W. C., Bay, B. H. (2011). Targeting metallothionein for
prognosis and treatment of breast cancer. Recent Pat Anticancer
Drug Discov 6:178-185.

Lee, S. J., Park, M. H., Kim, H. J., Koh, J. Y. (2010). Metallothionein-3
regulates lysosomal function in cultured astrocytes under both
normal and oxidative conditions. Glia, 58, 1186-96.

Lee, Y. C., Wang, H. P, Wang, C. P, Ko, ]. Y., Lee, ]J. M., Chiu, H. M., et al.
(2011). Revisit of field cancerization in squamous cell carcinoma
of upper aerodigestive tract: better risk assessment with epigenetic
markers. Cancer Prev Res 4:1982-1992.

Lindeque, J. Z., Levanets, O., Louw, R., Van Der Westhuizen, F. H. (2010).
The involvement of metallothioneins in mitochondrial function
and disease. Curr Protein Pept Sci 11:292-309.

Liy, J., Qu, W., Kadiiska, M. B. (2009). Role of oxidative stress in cadmium
toxicity and carcinogenesis. Toxicol Appl Pharmacol 238:209-214.

Luparello, C., Sirchia, R., Longo, A. (2011). Cadmium as a transcriptional
modulator in human cells. Crit Rev Toxicol 41:73-80.

Lynes, M. A., Borghesi, L. A., Youn, J. H, Olson, E. A. (1993).
Immunomodulatory activities of extracellular metallothionein.
1. Metallothionein effects on antibody-production. Toxicology
85:161-177.

Lynes, M. A., Zaffuto, K., Unfricht, D. W., Marusov, G., Samson, J.
S., Yin, X. Y. (2006). The physiological roles of extracellular
metallothionein. Exp Biol Med 231:1548-1554.

Malgieri, G., Zaccaro, L., Leone, M., Bucci, E., Esposito, S., Baglivo,
L, et al. (2011). Zinc to cadmium replacement in the A. thaliana
SUPERMAN Cys(2)His(2) zinc finger induces structural
rearrangements of typical DNA base determinant positions.
Biopolymers 95:801-810.

Malvy, D. J. M., Arnaud, J., Burtschy, B., Sommelet, D., Leverger,
G., Dostalova, L., et al. (1997). Antioxidant micronutrients and
childhood malignancy during oncological treatment. Med
Pediatric Oncol 29:213-217.

Malvy, D. J. M., Burtschy, B., Arnaud, J.,, Sommelet, D., Leverger, G.,
Dostalova, L., et al. (1993). Serum beta-carotene and antioxidant
micronutrients in children with cancer. Int ] Epidemiol
22:761-771.

Maret, W. (2005). Zinc coordination environments in proteins
determine zinc functions. ] Trace Elem Med Biol 19:7-12.

Maret, W., Jacob, C., Vallee, B. L., Fischer, E. H. (1999). Inhibitory sites
in enzymes: zinc removal and reactivation by thionein. Proc Natl
Acad Sci U S A 96:1936-1940.

Maret, W., Krezel, A. (2007). Cellular zinc and redox buffering capacity
of metallthionein/thionein in health and disease. Mol Med
13:371-375.

Maret, W., Yetman, C. A., Jiang, L. J. (2001). Enzyme regulation by
reversible zinc inhibition: glycerol phosphate dehydrogenase as
an example. Chem Biol Interact 130:891-901.

Margoshes, M., Vallee, B. L. (1957). A cadmium protein from equine
kidney cortex. ] Am Chem Soc 79:4813-4814.

Masarik, M, Gumulec, J, Sztalmachova, M, Hlavna, M, Babula, P,
Krizkova, S, et al. (2011). Isolation of metallothionein from cells
derived from aggressive form of high-grade prostate carcinoma
using paramagnetic antibody-modified microbeads off-line
coupled with electrochemical and electrophoretic analysis.
Electrophoresis 32:3576-3588.

McGee, H. M., Woods, G. M., Bennett, B., Chung, R. S. (2010). The
two faces of metallothionein in carcinogenesis: photoprotection
against UVR-induced cancer and promotion of tumour survival.
Photochem Photobiol Sci 9:586-596.

McKim, J. M., Jr, Choudhuri, S., Klaassen, C. D. (1992). In vitro
degradation of apo-metallothionein, zinc-metallothionein, and
cadmium-metallothionein by cathepsin B, cathepsin C, and
cathepsin D. Toxicol Appl Pharmacol 116:117-124.

Meplan, C., Hainaut, P. (1999). Molecular alchemy of the tumor
suppressor protein p53: metals and cell growth control. ] Trace
Elem Med Biol 12:337-346.

Meplan, C., Richard, M. J., Hainaut, P. (2000). Metalloregulation of the
tumor suppressor protein p53: zinc mediates the renaturation of

© 2012 Informa Healthcare USA, Inc.

Metallothioneins and zinc 299

p53 after exposure to metal chelators in vitro and in intact cells.
Oncogene 19:5227-5236.

Miles, A. T., Hawksworth, G. M., Beattie, ]J. H., Rodilla, V. (2000).
Induction, regulation, degradation, and biological significance
of mammalian metallothioneins. Crit Rev Biochem Mol Biol
35:35-70.

Mocchegiani, E., Muzzioli M., Giacconi, R. (2000). Zinc,
metallothioneins, immune responses, survival, and ageing.
Biogerontology 1:133-143.

Morellini, N. M., Giles, N. L., Rea, S., Adcroft, K. E, Falder, S., King, C. E.,
etal. (2008). Exogenous metallothionein-IIA promotes accelerated
healing after a burn wound. Wound Repair Regen 16:682-690.

Miiller, J. (2010). Functional metal ions in nucleic acids. Metallomics
2:318-327.

Murakami, M., Hirano, T. (2008). Intracellular zinc homeostasis and
zinc signaling. Cancer Sci 99:1515-1522.

Nagano, T., Itoh, N., Ebisutani, C., Takatani, T., Miyoshi, T., Nakanishi,
T, et al. (2000). The transport mechanism of metallothionein is
different from that of classical NLS-bearing protein. J Cell Physiol
185:440-446.

Nagel, W. W, Vallee, B. L. (1995). Cell-cycle regulation of
metallothionein in human-colonic cancer cells. Proc Natl Acad Sci
U S A92:579-583.

Naito, S., Yokomizo, A., Koga, H. (1999). Mechanisms of drug resistance
in chemotherapy for urogenital carcinoma. Int J Urol 6:427-439.

Namdarghanbari, M., Wobig, W., Krezoski, S., Tabatabai, N. M., Petering,
D. H. (2011). Mammalian metallothionein in toxicology, cancer,
and cancer chemotherapy. ] Biol Inorg Chem 16:1087-1101.

Nartey, N., Cherian, M. G., Banerjee, D. (1987). Immunohistochemical
localization of metallothionein in human thyroid-tumors. Am J
Pathol 129:177-182.

Nzengue, Y., Lefebvre, E., Cadet, J., Favier, A., Rachidi, W., Steiman, R.,
et al. (2009). Metallothionein expression in HaCaT and C6 cell
lines exposed to cadmium. ] Trace Elem Med Biol 23:314-323.

Ogra, Y., Suzuki, K. T. (2000). Nuclear trafficking of metallothionein:
possible mechanisms and current knowledge. Cell Mol Biol
46:357-365.

Olesen, C., Moller, M., Byskov, A. G. (2004). Tesmin transcription is
regulated differently during male and female meiosis. Mol Reprod
Dev67:116-126.

Ostrakhovitch, E. A. (2011). Redox environment and its meaning for
breast cancer cells fate. Curr Cancer Drug Targets 11:479-495.
Ostrakhovitch, E. A., Olsson, P. E., Jiang, S., Cherian, M. G. (2006).
Interaction of metallothionein with tumor suppressor p53 protein.

FEBS Lett 580:1235-1238.

Ostrakhovitch, E. A., Olsson, P. E., Von Hofsten, ]., Cherian, M. G. (2007).
p53 mediated regulation of metallothionen transcription in breast
cancer cells. J Cell Biochem 102:1571-1583.

Oyama, T, Takei, H., Hikino, T, lino, Y., Nakajima, T. (1996).
Immunohistochemical expression of metallothionein in invasive
breast cancer in relation to proliferative activity, histology and
prognosis. Oncology 53:112-117.

Palecek, E., Brazdova, M., Cernocka, H., VIk, D., Brazda, V., Vojtesek,
B. (1999). Effect of transition metals on binding of p53 protein to
supercoiled DNA and to consensus sequence in DNA fragments.
Oncogene 18:3617-3625.

Papouli, E., Defais, M., Larminat, E (2002). Overexpression of
metallothionein-II sensitizes rodent cells to apoptosis induced
by DNA cross-linking agent through inhibition of NF-kappa B
activation. ] Biol Chem 277:4764-4769.

Pedersen, M. O., Larsen, A., Stoltenberg, M., Penkowa, M. (2009). The
role of metallothionein in oncogenesis and cancer prognosis. Prog
Histochem Cytochem 44:29-64.

Perez, R. P. (1998). Cellular and molecular determinants of cisplatin
resistance. Eur ] Cancer 34:1535-1542.

Plum, L. M., Rink, L., Haase, H. (2010). The essential toxin: impact of
zinc on human health. Int ] Environ Res Public Health 7:1342-1365.

Porteus, M. H., Carroll, D. (2005). Gene targeting using zinc finger
nucleases. Nat Biotechnol 23:967-973.



300 S.Krizkova et al.

Prasad, A. S., Kucuk, O. (2002). Zinc in cancer prevention. Cancer
Metastasis Rev 21:291-295.

Provinciali, M., Donnini, A., Argentati, K., Di Stasio, G., Bartozzi, B.,
Bernardini, G. (2002). Reactive oxygen species modulate Zn2+-
induced apoptosis in cancer cells. Free Radic Biol Med 32:431-445.

Rao, P. S., Jaggi, M., Smith, D. J., Hemstreet, G. P., Balaji, K. C. (2003).
Metallothionein 2A interacts with the kinase domain of PKC mu
in prostate cancer. Biochem Biophys Res Commun 310:1032-1038.

Ribeiro, A. L. R,, Nobre, R. M., Rocha, G., Lobato, I. H. D., Alves, S.
D., Jaeger, R. G., et al. (2011). Expression of metallothionein
in ameloblastoma. A regulatory molecule? J Oral Pathol Med
40:516-519.

Rickert, C. H. (2004). Prognosis-related molecular markers in pediatric
central nervous system tumors. J Neuropathol Exp Neurol
63:1211-1224.

Rickert, C. H., Paulus, W. (2005). Prognosis-related histomorphological
and immunohistochemical markers in central nervous system
tumors of childhood and adolescence. Acta Neuropathol
109:69-92.

Roesijadi, G. Bogumil, R., Vasak, M. Kagi, J. H. R. (1998).
Modulation of DNA binding of a tramtrack zinc finger peptide
by the metallothionein-thionein conjugate pair. J Biol Chem
273:17425-17432.

Rossen, K., Haerslev, T., Houjensen, K., Jacobsen, G. K. (1997).
Metallothionein expression in basaloid proliferations overlying
dermatofibromas and in basal cell carcinomas. Br ] Dermatol
136:30-34.

Ryu, M. S., Langkamp-Henken, B., Chang, S. M., Shankar, M. N., Cousins,
R.J.(2011). Genomic analysis, cytokine expression, and microRNA
profiling reveal biomarkers of human dietary zinc depletion and
homeostasis. Proc Natl Acad Sci U S A 108:20970-20975.

Sato, M., Bremner, 1. (1993). Oxygen free-radicals and metallothionein.
Free Radic Biol Med 14:325-337.

Scanlon, K. J., Kashanisabet, M., Tone, T., Funato, T. (1991). Cisplatin
resistance in human cancers. Pharmacol Ther 52:385-406.

Searle, P. E, Stuart, G. W., Palmiter, R. D. (1985). Building a metal-
responsive promoter with synthetic regulatory elements. Mol Cell
Biol 5:1480-1489.

Seo,Y.R., Kim, B.]., Ryy, J. C. (2005). Molecular and genomic approaches
on nickel toxicity and carcinogenicity. Mol Cell Toxicol 1:73-77.

Shami, P.J., Moore, J. O., Gockerman, J. P., Hathorn, J. W., Misukonis, M.
A., Weinberg, J. B. (1995). Nitric oxide modulation of the growth
and differentiation of freshly isolated acute non-lymphocytic
leukemia cells. Leuk Res 19:527-533.

Shi, Y. B,, Du, L., Zheng, W. J., Tang, W. X. (2002). Isolation of GIF from
porcine brain and studies of its zinc transfer kinetics with apo-
carbonic anhydrase. Biometals 15:421-427.

Shi, Y. H., Amin, K., Sato, B. G., Samuelsson, S. J., Sambucetti, L.,
Haroon, Z. A., et al. (2010). The metal-responsive transcription
factor-1 protein is elevated in human tumors. Cancer Biol Ther 9:8.

Simpkins, C., Lloyd, T., Li, S., Balderman, S. (1998). Metallothionein-
induced increase in mitochondrial inner membrane permeability.
J Surg Res 75:30-34.

Simpkins, C. 0. (2000). Metallothionein in human disease. Cell Mol Biol
46:465-488.

Sliwinska-Mosson, M., Milnerowicz, H., Rabczynski, J., Milnerowicz, S.
(2009). Immunohistochemical localization of metallothionein and
p53 protein in pancreatic serous cystadenomas. Arch Immunol
Ther Exp 57:295-301.

Sochor, J., Hynek, D., Krejcova, L., Fabrik, I., Krizkova, S., Gumulec, J., et
al. (2012). Study of metallothionein role in spinocellular carcinoma
tissues of head and neck tumours using Brdicka reaction. Int J
Electrochem Sci 7:2136-2152.

Soo, E. T. L., Ng, C. T, Yip, G. W. C,, Koo, C. Y,, Nga, M. E., Tan, P.
H., et al. (2011). Differential expression of metallothionein in
gastrointestinal stromal tumors and gastric carcinomas. Anat Rec
294:267-272.

St Croix, C. M., Wasserloos, K. J., Dineley, K. E., Reynolds, . J., Levitan, E.
S., Pitt, B. R. (2002). Nitric oxide-induced changes in intracellular

zinc homeostasis are mediated by metallothionein/thionein. Am J
Physiol Lung Cell Mol Physiol 282:1185-L192.

Sugiura, T., Yamashita, U. (2000). B cell stimulating activity of
metallothionein in vitro. Int ] Immunopharmacol 22:113-122.
Suzuki, S., Tohma, S., Futakawa, N., Higashimoto, M., Takiguchi,
M., Sato, M. (2005). Induction of hepatic metallothionein by

mitochondrial oxidative stress in mice. ] Health Sci 51:533-537.

Takahashi, Y., Ogra, Y., Suzuki, K. T. (2005). Nuclear trafficking of
metallothionein requires oxidation of a cytosolic partner. J Cell
Physiol 202:563-569.

Takeda, A., Hisada, H., Okada, S., Mata, J. E., Ebadi, M., Iversen,
P. L. (1997). Tumor cell growth is inhibited by suppressing
metallothionein-I synthesis. Cancer Lett 116:145-149.

Tan, O.]. K., Bay, B. H., Chow, V. T. K. (2005). Differential expression of
metallothionein isoforms in nasopharyneal cancer and inhibition
of cell growth by antisense down-regulation of metallothionein-2A.
Oncol Rep 13:127-131.

Tarapore, P, Shy, Y., Guo, P. X., Ho, S. M. (2011). Application of Phi29
motor pRNA for targeted therapeutic delivery of siRNA silencing
metallothionein-IIA and survivin in ovarian cancers. Mol Ther
19:386-394.

Theocharis, S, Klijanienko, J, Giaginis, C, Rodriguez, J, Jouffroy, T, Girod,
A, et al. (2011). Metallothionein expression in mobile tongue
squamous cell carcinoma: associations with clinicopathological
parameters and patient survival. Histopathology 59:514-525.

Theocharis, S. E., Margeli, A. P, Klijanienko, J. T., Kouraklis, G. P. (2004).
Metallothionein expression in human neoplasia. Histopathology
45:103-118.

Theocharis, S. E., Margeli, A. P., Koutselinis, A. (2003). Metallothionein:
a multifunctional protein from toxicity to cancer. Int J Biol Markers
18:162-169.

Thirumoorthy, N., Kumar, K. T. M., Sundar, A. S., Panayappan, L.,
Chatterjee, M. (2007). Metallothionein: an overview. World J
Gastroenterol 13:993-996.

Thirumoorthy, N., Sunder, A. S., Kumar, K. T. M., Kumar, M. S., Ganesh,
G. N. K., Chatterjee, M. (2011). A review of metallothionein
isoforms and their role in pathophysiology. World J Surg Oncol 9:7.

Toh, P. P. C,, Li, J. J., Yip, G. W. C,, Lo, S. L., Guo, C. H., Phan, T. T, et al.
(2010). Modulation of metallothionein isoforms is associated with
collagen deposition in proliferating keloid fibroblasts in vitro. Exp
Dermatol 19:987-993.

Tomita, T. (2002). New markers for pancreatic islets and islet cell
tumors. Pathol Int 52:425-432.

Trieb, K., Kotz, R. (2001). Proteins expressed in osteosarcoma and
serum levels as prognostic factors. Int ] Biochem Cell Biol 33:11-17.

Tsujikawa, K., Imai, T., Kakutani, M., Kayamori, Y., Mimura, T., Otaki, N.,
et al. (1991). Localization of metallothionein in nuclei of growing
primary cultured adult-rat hepatocytes. FEBS Lett 283:239-242.

Unal, E., Cavdar, A. O. Babacan, E., Gozdasoglu, S., Yavuz, G,
Ikinciogullari, A., et al. (2001). Zinc status and cytokine profile in
pediatric Hodgkin’s disease. ] Trace Elem Med Biol 14:25-30.

Vallee, B. L., Coleman, J. E., Auld, D. S. (1991). Zinc fingers, zinc clusters,
and zinc twists in DNA-binding protein domains. Proc Natl Acad
SciU S A 88:999-1003.

Vasak, M., Meloni, G. (2011). Chemistry and biology of mammalian
metallothioneins. ] Biol Inorg Chem 16:1067-1078.

Volm, M. (1998). Multidrug resistance and its reversal. Anticancer Res
18:2905-2917.

Vural, S. A, Vural, M. R., Kupluly, S., Alcigir, M. E., Kaymaz, M.
(2009). Immunohistochemical demonstration of p53 protein and
metallothioneins in canine mammary tumours. Rev Med Vet
160:300-307.

Waalkes, M. P., Rehm, S. (1994). Cadmium and prostate cancer. ] Toxicol
Environ Health 43:251-269.

Waisberg, M., Joseph, P., Hale, B., Beyersmann, D. (2003). Molecular
and cellular mechanisms of cadmium carcinogenesis. Toxicology
192:95-117.

Wang, C. Y., Cusack, J. C., Liu, R., Baldwin, A S. (1999). Control of
inducible chemoresistance: enhanced anti-tumor therapy

Drug Metabolism Reviews



through increased apoptosis by inhibition of NF-kappa B. Nat Med
5:412-417.

Wang, J. X., Yang, J. L. (2010). Interaction of tumor suppressor p53 with
DNA and proteins. Curr Pharm Biotechnol 11:122-127.

Wilostowski, T. (1993). Involvement of metallothionein and copper in
cell-proliferation. Biometals 6:71-76.

Woolston, C. M., Deen, S., Al-Attar, A., Shehata, M., Chan, S. Y., Martin, S.
G. (2010). Redox protein expression predicts progression-free and
overall survival in ovarian cancer patients treated with platinum-
based chemotherapy. Free Radic Biol Med 49:1263-1272.

Xia, N., Liy, L., Yi, X. Y., Wang, J. X. (2009). Studies of interaction of tumor
suppressor p53 with apo-MT using surface plasmon resonance.
Anal Bioanal Chem 395:2569-2575.

Ye, B., Maret, W., Vallee, B. L. (2001). Zinc metallothionein imported
into liver mitochondria modulates respiration. Proc Natl Acad Sci
U S A98:2317-2322.

© 2012 Informa Healthcare USA, Inc.

Metallothioneins and zinc 301

Yin, X. Y., Knecht, D. A., Lynes, M. A. (2005). Metallothionein mediates
leukocyte chemotaxis. BMC Immunol 6:1-12.

Youn, J, Borghesi, L. A. Olson, E. A, Lynes, M. A. (1995).
Immunomodulatory activities of extracellular metallothionein. 2.
Effect on macrophage functions. ] Toxicol Environ Health 45:397-413.

Youn, J., Lynes, M. A. (1999). Metallothionein-induced suppression of
cytotoxic T lymphocyte function: an important immunoregulatory
control. Toxicol Sci 52:199-208.

Zeng, ]., Vallee, B. L., Kagi, J. H.R. (1991). Zinc transfer from transcription
factor-IIla fingers to thionein clusters. Proc Natl Acad Sci U S A
88:9984-9988.

Zitka, O., Kukacka, J., Krizkova, S., Huska, D., Adam, V., Masarik, M., et al.
(2010). Matrix metalloproteinases. Curr Med Chem, 17, 3751-68.

Zuo, X. L., Chen, J. M., Zhou, X, Li, X. Z., Mei, G. Y. (2006). Levels of
selenium, zinc, copper, and antioxidant enzyme activity in patients
with leukemia. Biol Trace Elem Res, 114, 41-53.



