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Abstract
Chronic exposure to heavy metal is a worldwide health concern for many diseases: hematologic diseases, neurological disorders, Immune diseases and cancer. Cancer 
is commonly considered to be developed from malignantly transformed cells. Malignant cell transformation is also the pivotal process of carcinogenesis induced by 
heavy metal, but the mechanisms of heavy metal in cell malignant transformation remain to be elucidated, especially in ROS generation, cell proliferation, migration 
and invasion, inflammation, angiogenesis, cancer stem-like cells accumulation and autophagy. To achieve more comprehensive and in-depth understanding of heavy 
metal induced carcinogenesis, this review summarizes some recent advances which are mostly biological characteristics and processes involved in heavy metal induced 
cell malignant transformation.
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Introduction
Exposure to heavy metals of human beings is a major public health 

concern. Heavy metals here refer to a diverse group of high-molecular-
weight inorganic chemical elements with or without radiation, such as 
chromium, arsenic, cadmium, nickel and so on [1]. They are universally 
present in the water, soil, food, and even in the air. Industrial processes 
as well as their widespread usages have given rise to environmental 
heavy metal exposure of human [2]. Correspondently, heavy metals 
have been conventionally regarded as human carcinogens for their 
malignant transformation. Long-term exposure to inorganic heavy 
metal of normal cells can lead to a malignant cell transformation [3]. 
Chronic exposure to hexavalent chromium and trivalent arsenic are 
able to cause malignant transformation in human bronchial epithelial 
(BEAS-2B) cells [4], demonstrated by the anchorage-independent 
growth of cells. Cadmium exposed Beas-2B cells also show many 
differences in cytotoxicity, morphology, cell viability and proliferative 
potential compared with normal BEAS-2B cells [5]. Epidemiological 
studies show a close relationship between nickel exposure and 
an increased risk of lung and nasal cancers [6]. Although the 
transformation induced by heavy metal is well known, the underlying 
mechanisms are proved to be ambiguous and various. Thus, we need 
to dig in the molecular mechanisms of cell malignant transformation 
by heavy metals via the changes of physiological and biochemical 
characteristics in the progression of such transformation. 

Generation of reactive oxygen species (ROS)
Among various mechanisms proposed, the generation of reactive 

oxygen species seems to be the most common. It seems to be universally 
recognized that ROS have the carcinogenic potential and are associated 
with tumorigenesis and subsequent progression [7]. When the ROS 
contained in the cellular system overpower the defense system, which 
is composed of various antioxidants with different functions, they 
will give rise to cell injuries, and corresponding diseases, including 
tumor [8]. Most carcinogenic metals have been manifested to produce 
a whole spectrum of ROS, such as the superoxide anion radical 

(O2·−), hydrogen peroxide (H2O2) and hydroxyl radical (·OH) [9]. 
Study shows that hexavalent chromium exposure stimulated O2·− 
and H2O2 generation in BEAS-2B cells, as indicated by an increase 
of DHE and DCFDA fluorescence intensity, compared to those 
generated from untreated control cells [3]. Both long-term and short-
term exposure of chromium induce the generation of ROS and the 
expression of NOX subunits, such as p47phox and p67phox [10]. Studies 
have also demonstrated that inhibition of ROS by CAT (antioxidant 
against H2O2) and SOD (antioxidant against O2·−) decreases arsenic-
induced cell transformation [11]. Though great contributions to cell 
transformation progress that ROS have made, it is interesting that the 
basal level of ROS of transformed cells is extremely low. Data shows 
that transformed cells exhibit a sharply decreased capability of ROS 
generation [12]. The decreased production of ROS causes some of 
the malignant features, such as fast growth, apoptosis resistance, and 
anchorage-independent growth [8]. Taken together, ROS plays a dual 
role in the process of malignant cell transformation.

Induction of migration and invasion 
Migration, one of the major characteristics of malignantly 

transformed cells, contributes to the high mortality of cells [13], and 
so does invasion. Numerous researches have revealed some potential 
relationships between malignant cell transformation and migration 
along with invasion. Report displays that arsenic-induced BEAS-2B 
cells have the ability of motility and can be suppressed by apigenin via 
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wound healing migration assay and Boyden chamber invasion assay 
[13]. Previous study demonstrated that chronic hexavalent chromium 
exposure to BEAS-2B cells results in malignant transformation as 
assessed by increased anchorage independent growth in soft agar 
[14]. Similar results were observed with the colony formation assay. 
Hexavalent chromium exposure can dramatically increase the number 
of colonies [15]. Matrix metalloproteinases (MMPs), highly expressed 
in many cancers, are generally recognized to be closely associated 
with invasive tumor growth and its migration [16]. Many studies 
have discovered the overexpression of MMPs in the heavy metal-
transformed cells compared to the normal untransformed cells [15,17]. 
Other biological molecules like this are vascular endothelial growth 
factor (VEGF), hypoxia-inducible factor-1 (HIF-1), epidermal growth 
factor receptor (EGFR) and so on. There are not too many evidences 
solely concerning migration and invasion, and mostly are studied with 
angiogenesis, for example, VEGF is also crucial for angiogenesis. 

Induction of inflammation
Chronic inflammation is one of the key elements associated with 

carcinogenesis. Study reveals that repetitive exposure to hexavalent 
chromium results in persistent inflammation, and such an inflammatory 
microenvironment can further promote carcinogenesis [18]. There 
are evidences showing that inflammation is implicated in hexavalent 
chromium-induced human lung cancer development [19]. Pro-
inflammatory cytokines, including interleukin-1β (IL-1β), interleukin-6 
(IL-6), interleukin-8 (IL-8) and tumor necrosis factor-alpha (TNF-α) 
are involved in several pathological processes [20], and chronic 
hexavalent chromium exposure leads to an elevated production of 
these pro-inflammatory cytokines in BEAS-2B cells [15]. The activation 
of cyclooxygenase-2 (COX-2) is also associated with inflammation 
and carcinogenesis [21], and an elevated COX-2 expression has been 
demonstrated in hexavalent chromium-exposed cultured cells [21]. 
Meanwhile, STAT3 is linked to inflammation-associated oncogenic cell 
transformation by promoting pro-oncogenic inflammatory pathways, 
including nuclear factor-κB (NF-κB) and interleukin-6 (IL-6) [22]. 
To sum up, inflammation is a common and indispensable feature in 
the progress of malignant cell transformation, paving the way for the 
subsequent carcinogenesis.

Guidance of cell proliferation, cell survival and apopto-
sis resistance

The temination of malignant transformed cells is to achieve 
immortalization, during which the cells gradually possess the ability 
of unlimited proliferation and enhanced cell viability, which means 
apoptosis resistance. Researches show that nickel-transformed cells 
proliferated faster than control cells which were not exposed [23]. 
Chronic treatment of human bronchial epithelial BEAS-2B cells 
with low doses of nickel chloride resulted in cell transformation 
demonstrated by increased cell growth and alterations of cell growth 
pattern [23]. In addition, two major anti-apoptotic proteins of the Bcl 
family, Bcl-2 and Bcl-XL, are increased in nickel-transformed cells 
[23]. In the trivalent arsenic-induced BEAS-2B cells, nuclear factor 
erythroid 2-related factor (Nrf2) and p62 are constitutively expressed, 
which up-regulates the anti-apoptotic proteins, Bcl-2 and Bcl-XL [24].

Accumulating evidences also suggest that microRNAs-mediated 
signaling pathway plays a significant role in cell proliferation, cell 
survival and apoptosis resistance. In the trivalent arsenic-transformed 
cells an increased level of miR-190 can be detected, and overexpression 
of miR-190 (microRNA-190) itself is able to enhance proliferation 
and malignant transformation of the cells [25]. Study indicates that 

arsenic exposure induced an upregulation of miR-21(microRNA-21) 
expression associated with inhibition of PDCD4, and caused malignant 
cell transformation and tumorigenesis of BEAS-2B cells [26]. 

The signal transducer and activator of transcription-3 (STAT-3) 
has been observed in many human cancers and implicated in tumor 
cell survival, proliferation, invasion, as well as angiogenesis [27,28]. 
Indispensably, STAT3 transcriptional activation by IL-6 is crucial for 
the arsenic induced miR-21 increase [26]. Stable shut down of STAT3 
in BEAS-2B cells markedly inhibited the arsenic induced malignant 
transformation and tumorgenesis [26].

Promotion of angiogenesis
Angiogenesis, the formation of new blood vessels from existing 

vasculature, is essential for tumor initiation and progression[29]. Data 
shows that hexavalent chromium-transformed cells are angiogenic 
[17]. It was observed that epidermal growth factor receptor(EGFR) is 
constitutively activated in hexavalent chromium-transformed human 
bronchial epithelial BEAS-2B cells, which is a positive regulator of 
angiogenesis [30]. Study shows that expressions of angiogenetic 
factors interleukin-6(IL-6) and MMP-1 are increased in hexavalent 
chromium-transformed cells compared with passage-matched normal 
cells. The mRNA levels of these genes are also up-regulated in these cells 
[17]. Angiogenesis is also considered to be one of the basic conditions 
for tumor metastasis which is mainly mediated by HIF-1, VEGF, and 
MMPs. Study elucidated that protein expression levels of HIF-1α, 
MMP-9, and VEGF are increased markedly with chronic hexavalent 
chromium exposure [15].

Accumulation of cancer stem-like cells
Accumulation of cancer stem-like cells in metal carcinogenesis 

is not very common, still, some studies indicate that the generation 
of cancer stem cells might contribute to the overall mechanism of 
development of metal-induced cancer [31]. Malignant tumors often 
arise from a small subset of stem-like cells. These cells are able to 
develop into cancer stem-like cells when exposed to environmental 
heavy metals, leading to a carcinogenic process [32]. Cells acquisition 
of stem-like properties during carcinogenesis may be attributable 
to many factors, including DNA damage caused by ROS, signaling 
transduction induced by metals, inflammatory responses originating 
from metal exposure, and EMT [33]. Cancer stem-like cells were 
enriched in nickel-transformed cell (BNiT) population, and the 
transformed cells demonstrated enhanced self-renewal and distinctive 
differentiation properties [34].

Provoking of autophagy
Autophagy is a catabolic process in which intracellular long-

lived proteins and dysfunctional organelles, such as mitochondria, 
are sequestered in autophagosomes and subsequently degraded 
by lysosomal machinery [35]. Trivalent arsenic-induced cells 
have autophagy deficiency as evidenced by reduced formation of 
microtubule-associated protein 1 light chain 3(LC3)-II, GFP-LC3 
puncta, and autophagy flux [24]. It is also reported that cadmium-
transformed cells have acquired autophagy deficiency leading to 
constitutive p62 and Nrf2 overexpression, which finally decreases 
in ROS generation, apoptotic resistance, and increases cell survival, 
proliferation, and tumorigenesis [36].

Summary
It has been universally acknowledged that heavy metals take active 

parts in carcinogenesis, by means of cell damage as well as malignant 
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cell transformation. Increasing evidences illustrate that heavy metal 
such as chromium, arsenic, cadmium and nickel are able to transform 
normal cells into cancer-like cells, indicated by morphology and 
dynamics results. In this review, advances of molecular mechanisms 
on heavy metal induced malignant cell transformation are summarized 
from several fundamental biological processes: ROS generation, 
migration and invasion, inflammation, cell proliferation, angiogenesis, 
accumulation of cancer stem-like cells, and autophagy. Many of the 
mechanisms contribute to malignant cell transformation, yet they are 
not isolated. More than one mechanism mentioned above co-regulates 
the process of cell malignant transformation, forming a regulatory 
network, which implies that malignant cell transformation by heavy 
metal is not induced in a single and explicit way, but a multiple and 
elusive one (Figure 1). 
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