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Abstract: Nickel is a naturally occurring element found in the Earth’s crust and an International
Agency for Research on Cancer (IARC)-classified human carcinogen. While low levels found in
the natural environment pose a minor concern, the extensive use of nickel in industrial settings
such as in the production of stainless steel and various alloys complicate human exposure and
health effects. Notably, interactions with nickel macromolecules, primarily through inhalation,
have been demonstrated to promote lung cancer. Mechanisms of nickel-carcinogenesis range from
oxidative stress, DNA damage, and hypoxia-inducible pathways to epigenetic mechanisms. Recently,
non-coding RNAs have drawn increased attention in cancer mechanistic studies. Specifically,
nickel has been found to disrupt expression and functions of micro-RNAs and long-non-coding
RNAs, resulting in subsequent changes in target gene expression levels, some of which include
key cancer genes such as p53, MDM2, c-myc, and AP-1. Non-coding RNAs are also involved in
well-studied mechanisms of nickel-induced lung carcinogenesis, such as the hypoxia-inducible factor
(HIF) pathway, oxidative stress, DNA damage and repair, DNA hypermethylation, and alterations
in tumor suppressors and oncogenes. This review provides a summary of the currently known
epigenetic mechanisms involved in nickel-induced lung carcinogenesis, with a particular focus on
non-coding RNAs.
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1. Introduction

1.1. Nickel Overview

Nickel is a commonly occurring metal on Earth, existing as both soluble and insoluble compounds
in soil, fumes, and water. Used as a component in many products such as watches, coins, belt buckles,
earrings, mobile phones, and various medical devices, it is as ubiquitous in industrial usage as it is
in nature [1]. Nickel is a transition metal that normally exists in nature in a +2 oxidative state [2].
While nickel plays fundamental roles for plants, bacteria, archaea, and unicellular eukaryotes, there
are no enzymes in the human body that require nickel to function. As a result, it is only biologically
significant as a toxicant for humans [3]. Inhalation is the most prominent route of exposure, with oral
and dermal routes considered much less important [4]. On a cellular level, insoluble particulate nickel
enters cells by phagocytosis, while nickel carbonyl is a lipophilic compound that can pass through the
plasma membrane. Ni(II) can be transported into cells through calcium channels and/or divalent cation
transporters such as DMT-1 [5]. Nickel is primarily excreted through urine with elimination following
first order kinetics without any evidence of dose-dependent excretion. Excretion may also occur in
saliva and sweat, which may be more significant in hot environments [6]. Workplace-related nickel
exposure tends to be via inhalation of airborne fumes and dusts containing nickel and its associated
compounds, while non-workplace-related nickel exposures are often from diet or dermal contact [7].
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Dietary exposure is more significant in vegetables (particularly spinach), cocoa and nuts because
of their higher nickel content. Chronic nickel exposure can lead to dermatitis, pulmonary fibrosis,
and asthma [8,9]. Nickel sensitivity is a well-documented issue that affects millions of people. It is
caused by triggering T-lymphocyte-driven delayed-type hypersensitivity reaction by Ni2+, followed
by leukocyte infiltration at the site of exposure [1].

1.2. Nickel-Induced Carcinogenesis

The most scrutinized effect of nickel exposure is carcinogenesis. In 1990, the International Agency
for Research on Cancer (IARC) classified soluble nickel as a “group 1” human carcinogen [10]. In 1990,
a report from the IARC that aimed to identify which chemical forms of nickel caused elevated risks
of cancer mortality in occupationally exposed workers found that exposure to high levels of oxidic
nickel compounds, exposure to sulfidic nickel in combination with oxidic nickel, and exposure to
water-soluble nickel, alone or together with less soluble compounds, led to higher mortality from
cancers of the lung and nasal sinuses [11]. While some studies have since suggested that nickel workers
processing and refining sulfidic nickel ores have demonstrated an increased pulmonary and sinonasal
cancer risk, some studies involving low level nickel exposure did not observe an increased incidence of
cancer, suggesting that there may be threshold-like responses in tumor incidence [12–17].

1.3. Non-Coding RNA

While 80% of the human genome can be transcribed into RNA, only 2% of the genes code for
proteins [18]. Non-coding RNAs are classified as either housekeeping non-coding RNAs, such as small
nuclear RNAs, transfer RNAs, ribosomal RNAs, and small nucleolar RNAs, or regulatory non-coding
RNAs, such as microRNAs (miRNAs), piwiRNAs, and long non-coding RNAs (lncRNAs) based on
their size.

MicroRNAs are small non-coding RNAs that are 18–25 nucleotides in length and function
by targeting complementary mRNAs at the 3′-untranslated region (3′-UTR) to cause degradation,
translation inhibition or regulating gene expression at the post-transcriptional level [19]. They are
specifically expressed in different human cells. Dysregulation of miRNA is related to various types of
cancer and is involved in multiple processes, such as cell proliferation and differentiation, apoptosis,
cancer initiation and progression, and cell metastasis [20]. MicroRNAs are now providing important
information for cancer diagnosis, treatment, and prognosis. A lot of miRNAs have been identified with
different roles in lung carcinogenesis as summarized by Uddin et al. [21], such as miR-21 in apoptosis,
miR-31 in cell division, and miR-101, miR-15 and miR-16 in cell proliferation [22–25].

Long non-coding RNAs (lncRNAs) are RNAs longer than 200 nucleotides. Unlike miRNAs,
lncRNAs are poorly conserved and regulate gene expression at different levels including histone
modification, transcription regulation, post-transcription regulation, translation regulation and
pseudogene regulation [26]. They also serve as scaffolds for cellular components and decoys for
miRNAs and other coding RNAs [27,28]. lncRNAs have been given more attention recently since it was
discovered that they play an essential role in pathological progressions including cancer invasion and
metastasis [29–31]. Many lncRNAs have been reported to be associated with non-small cell lung cancer
(NSCLC), such as CAR10, MALAT1, HOTAIR and so on [32–34]. Studies have shown that lncRNA
was also involved in nickel-induced tumorigenesis [35,36]. A new lncRNA, termed nickel-related
gene (NRG1), was the first to be identified as a lncRNA induced in Ni-induced lung cancer but the
mechanisms that regulate nickel-induced NRG1 level is not known [37].

The molecular mechanisms by which nickel causes tumorigenesis can be summarized as DNA
hypermethylation, oxidative stress and DNA damage, hypoxia-inducible signaling pathways, tumor
suppressor genes, oncogene alterations, etc. [37]. In this review, we will discuss the molecular
mechanisms involving non-coding RNA, especially miRNA and lncRNA, in nickel-induced lung
cancer. Although the number of ncRNAs studied in this area so far is limited, this review reveals
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a current state of knowledge and provides directions for future research in ncRNAs involved in
nickel-induced carcinogenesis.

2. Mechanisms

2.1. DNA Hypermethylation

While only considered weakly mutagenic, nickel is known to promote tumorigenesis through
epigenetic mechanisms including DNA methylation, histone acetylation, and miRNAs. To date, DNA
methylation is the primary epigenetic event studied in nickel-induced lung cancer, and has been
shown to induce various human diseases and cancers through gene inactivation, including fragile X
mental retardation [38–43]. Specifically, DNA methyltransferases (DNMTs) act to transfer a methyl
group from S-adenosyl methionine (SAM) to the fifth carbon on cytosine. Notably, as is the case in
most cancers, nickel is capable of eliciting global hypermethylation, thereby suppressing key tumor
suppressor genes and inducing senescence as a part of its carcinogenic mechanism [44]. As a case in
point, while 5-azacytidine and nickel have both been shown to inhibit DNA methyltransferase activity,
the effects of nickel are only transient, in that after a recovery period following nickel exposure, levels of
methyltransferases will recuperate and surge, leading to genome-wide increases in DNA methylation
levels [38,45,46]. In fact, nickel-induced DNA hypermethylation has been confirmed both in vitro and
in vivo. For example, in human bronchial epithelial (Beas-2B) cells, a commonly-used cell line for
studies involving lung cancer, nickel has been found to induce the suppression of E-cadherin [47].
E-cadherin is a prominent tumor suppressor gene and cell-adhesion molecule. Reductions in E-cadherin
levels have been evidenced to trigger dysfunctions of the cell–cell adhesion system, leading to cancer
cell metastasis and invasion [48]. In addition, nickel has also been shown to induce the silencing of p16
through CpG site hypermethylation and thereby escape cell senescence [44]. Specifically, using p53
heterozygous mice and Wistar rats, treatment with nickel sulfide promoted promoter hypermethylation
of p16, a cyclin-dependent kinase inhibitor and tumor suppressor gene [49]. Previous studies have
demonstrated that nickel induces site-specific DNA hypermethylation. Specifically, instead of active
euchromatin, nickel selectively targets inactive heterochromatin regions such as the long arm of
chromosome X in Chinese hamster ovary cells [50]. In detail, the gpt gene was inserted near an active
euchromatin region and the telomere in G10 and G12 cells, respectively [51]. The successful silencing
of the gpt gene is validated by exhibition of high resistance to 6TG. Interestingly, while nickel was
shown to induce silencing of the gpt gene in both G10 and G12 cells, the silencing effect was much more
significant in G12 cells, indicating that nickel specifically targets genes in heterochromatic regions and
spread heterochromatinization through DNA condensation [39,52]. The heterochromatin’s condensed
structure dictates that genes in this region have minimal activity, but its overall structure is intrinsic for
the maintenance of overall genomic stability and that the organization of heterochromatin is often
compromised in cancer [53,54].

Hypermethylation at the promoter regions of non-coding RNAs upon nickel treatment has been
reported in several recent studies. One study observed that nickel led to a dose (0–0.5 mM) and
time-dependent (0–12 h) reduction of lncRNA maternally expressed gene 3 (MEG3), in both Beas-2B
and BEP2D cells (both human bronchial epithelial cells). Ectopic expression of MEG3 in Beas-2B
cells inhibited cell transformation by nickel and knockdown of MEG3 resulted in spontaneous cell
transformation of Beas-2B cells [35]. MEG3 is a 1.6 kb lncRNA and is expressed in many normal
tissues, while loss of MEG3 expression has been seen in tumors and was reported to be related to
tumor development and progression [55–57]. Zhou et al. found that the MEG3 promoter region was
hypermethylated in normal human bronchial epithelial cells upon nickel exposure (0.5 µM, from
0–12 h), and treatment of cells with the DNA methylation inhibitor 5-aza-2-deoxycytidine (5-Aza) (5 µM,
72 h) removed the methylation status and increased the expression level of MEG3. They also revealed
that the hypermethylation effect was mainly mediated by DNMT3b since nickel exposure upregulated
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DNMT3b specifically, and knockout of DNMT3b restored MEG3 expression in NiCl2-treated Beas-2B
cells [35].

Another study found that DNMT1 was upregulated in NiS-transformed 16HBE cells (NSTCs), a
human bronchial epithelial cell line [58], along with a significant inhibition of miR-152 expression [59].
MicroRNA-152 is a member of the miR-148/152 family that has sequence complementarity to the
3′-UTR of DNMT1. Other members in the family include miR-148a and miR-148b. Ectopic expression
of miR-152 in NSTCs suppressed cell growth, and knockdown of miR-152 increased cell growth of
non-treated 16HBE cells. Interestingly, they first found that miR-152 repressed DNMT1 expression by
targeting its 3′-UTR, and then discovered that downregulation of miR-152 in NSTCs was mediated
through hypermethylation at the promoter region by DNMT1, indicating a double-negative loop
between miR-152 and DNMT1. They speculated that NiS exposure firstly induced upregulation
of DNMT1 via other mechanisms such as oxidative stress, and then led to hypermethylation of
miR-152 at the CpG island promoter region, resulting in its downregulation, which further promoted
DNMT1 expression by reduced methylation at the 3′-UTR by miR-152. It was also shown that miR-152
expression suppressed cell growth and a reduction of miR-152 expression lead to a 30% increase in cell
proliferation [59].

MicroRNA-203 is another miRNA that was found to be downregulated in NSTCs [60]. Ectopic
expression of miR-203 reduced NSTC cell migration and tumor growth in nude mice. It was found
that the CpG island and first exon area of miR-203 was hypermethylated, however the mechanisms
that mediate the hypermethylation effect was not elucidated in the study. Intriguingly, besides
5-Aza, TSA (Trichostatin A, a histone deacetylase inhibitor)-treated NSTCs also partially restored the
expression level of miR-203, suggesting that downregulation of miR-203 is possibly mediated by DNA
hypermethylation and/or other epigenetic silencing mechanisms.

2.2. Hypoxia-Inducible Pathway

The hypoxia-inducible signaling pathway is another important route for nickel-induced
carcinogenesis, in which the transcription factor hypoxia-inducible-factor-1 (HIF-1) is activated [61].
HIF-1 is a critical regulator of genes that facilitate cell survival and adaptation in hypoxic
conditions [62–64]. It is a heterodimeric transcriptional factor that consists of two subunits, HIF-1α
and HIF-1β, both of which are required for HIF-1 to function; HIF-1β is integral in HIF-1 heterodimer
formation, while HIF-1α is the key regulatory subunit and is responsible for HIF-1 transcriptional
activity [65]. HIF-1 overexpression has been observed in various cancers [66]. Studies suggested that
nickel can replace iron in HIF prolyl hydroxylases and thus inhibits the association of HIF-1α with
Von-Hippel-Lindau (VHL) E3 ubiquitin ligase, which in turn stabilizes the HIF protein [67–69]. It was
reported that elevated HIF-1 aided in tumor progression by inducing glycolytic activity and increasing
production of lactic acid in tumor cells (Warburg effect) [70]. A collection of hypoxia-inducible
genes were also induced by nickel including glycolytic enzymes and glucose transporters, and
tumor oncogenes such as NDRG1 (N-myc Downstream-Regulated Gene 1/Cap43), and some other
HIF-dependent genes involved in carcinogenesis such as BCL-2 (B-Cell Lymphoma 2) binding protein
Nip3, EGLN1 (Egl-9 Family Hypoxia Inducible Factor 1), HIG1 (Hypoxia-Induced Gene 1) and P4H
(Prolyl 4-Hydroxylase) [61]. High fidelity DNA repair mechanisms such as base excision repair and
nucleotide repair were found to be compromised by the hypoxic conditions induced by nickel [71,72].

MicroRNA-210 is known as a hypoxia-sensitive miRNA and is one of the target miRNAs for
HIF-1α. These are termed as hypoxia-regulated microRNAs (HRMs), and include miR-21, 23, 24, 26a,
213, etc. [73]. One study reported that nickel exposure (NiCl2, 1 mM, 4 h) induced overexpression of
miR-210 with stabilization of the HIF-1α protein, resulting in a metabolism shift [74]. In fact, HIF-1α
has been demonstrated to be directly recruited to the promoter region of miR-210 during hypoxic
conditions to induce miRNA expression [75]. Similar with the DNMT1/miR-152 double-negative loop,
another study revealed a non-canonical miR-210 targeting site in the HIF-1α 3′-UTR region, suggesting
a potential negative feedback loop in HIF-1α/miR-210 signaling [76].
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MEG3, as mentioned, is a long non-coding RNA that was found to be downregulated by DNMT3b
under nickel exposure. It has been suggested that MEG3 is a regulator of HIF-1α and nickel-induced
HIF-1α accumulation independent of iron metabolism through inhibiting MEG3 [35]. Instead of
directly targeting HIF-1α at the promoter region, MEG3 regulates HIF-1α at the protein translational
level, since alterations in transcription, mRNA stability and protein degradation were not observed in
MEG3 ectopically expressed Beas-2B cells compared with vector control cells in the study. It was further
investigated that MEG3 induced protein translation by S6 phosphorylation via the Akt/p70S6K/S6
pathway, and they identified the upstream regulator of the pathway, PHLPP1 (PH Domain and Leucine
Rich Repeat Protein Phosphatase 1), and c-Jun (a component of the transcription factor activator
protein 1), a direct target of MEG3 and a negative regulator for PHLPP1. Together, nickel induces
DNMT3b expression and hypermethylation of the MEG3 promoter, reduces MEG3 binding with the
c-Jun transcription factor and increases its activity, which negatively regulates PHLPP1 by binding to its
promoter, and in turn activates the Akt/p70S6K/S6 pathway, resulting in increased protein translation
of HIF-1α.

2.3. Oxidative Stress

Oxidative stress was suggested to be another essential component in nickel-induced
carcinogenesis [77]. Oxidative stress is known as the imbalance of oxidants, such as overproduction
of reactive oxygen species (ROS) and nitrogen species (NOS), and antioxidants in favor of the
oxidants [78,79]. Sustained high levels of ROS can cause oxidative damage to nucleic acids, lipids,
and proteins, alter oxidative equilibrium, and regulate cell viability [80]. Oxidative damage to DNA is
known to be one of the most important mechanisms in cancers [81].

The carcinogenic effect of nickel is theorized to be caused in part by its role in the generation
of reactive oxidative species. Nickel is known to play a role in the generation of R· and RO·
radicals in conjunction with glutathione [82]. Oxidative stress-related biomarkers can be observed in
nickel electroplating workers exposed to nickel, such as increased lipid peroxidation, and reduced
anti-oxidative enzymes as GSH (Glutathione), SOD (Superoxide Dismutase), and oxidative DNA
damage marker 8-OH-dG [83]. In vitro, Beas-2B lung epithelial cells exposed to nickel nanoparticles,
NiO nanoparticles, and NiCl2 were shown to exhibit chromosomal damage, with NiO being the most
potent in causing DNA strand breaks and increasing intracellular ROS [84]. Both water soluble NiCl2
and insoluble Ni3S2 have been shown to enhance the formation of intracellular oxidants after 6 h
of exposure, and free radicals have been observed in the nucleus when cells have been exposed to
Ni3S2 for more than 18 h [85]. In addition, nickel and ROS exhibit synergistic inhibition towards
both DNA polymerization and ligation and cause protein fragmentation, resulting in impaired DNA
repair [86]. Nickel is also shown to induce transcriptional downregulation of homology-dependent DNA
double-strand break repair (HDR) and mismatch repair (MMR) pathways [87]. MicroRNA regulation
of oxidative stresses has been observed in several diseases including cancers, such as miRNA-34a-5p,
miRNA-1915-3p, miRNA-638, and miRNA-150-3p in hepatocellular carcinoma (HCC) [88].

Hypoxic conditions favor the increase of reactive oxygen species and oxidative stress, and the
hypoxia sensitive miRNA, miR-210, was found to respond to oxidative stress induced by H2O2 in H9C2

cardiomyocytes. It indirectly regulates the iron–sulfur cluster assembly protein (ISCU) and proved
its activity in mitochondrial electron transport chains and energy metabolism, which are important
mechanisms in the progression of ischemic heart disease [89]. Another hypoxia-related non-coding
RNA, MEG3, was found to be downregulated in H2O2-treated RF/6A cells and played an important
role in diabetes-induced microvascular abnormalities. Increased expression of miR-152 was observed
in hypertrophic conditions and in H2O2-treated HL-1 cells, indicating its role in oxidative stress-related
cardiac hypertrophy [90]. However, the exact role of these miRNAs in the nickel-induced oxidative
stress pathways in lung carcinogenesis was not clarified and needs further investigation.
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2.4. Tumor Suppressor Gene and Proto-Oncogene Alterations

Cell proliferation, differentiation, immortalization and transformation are key steps in cell
carcinogenesis. Carcinogenic mechanisms induced by nickel will ultimately lead to activation of
proto-oncogenes or inactivation of tumor suppressor genes. p53 is one of the most studied tumor
suppressors in various cancers. Although nickel-induced mutations in the p53 gene were observed in
several studies, indicating that nickel is a possible mutagen in mammalian cells [91–93], its regulation
of p53 activity is not rare. This study proved that both water soluble and insoluble nickel were able
to alter the expression of p53 and lead to cell transformation [61]. MEG3 has been described as a
tumor suppressor [56], and found to exert its antitumor effect by modulating the activity of p53, Mdm2
(Mouse double minute 2 homolog), Rb (Retinoblastoma) and other cell cycle regulators [94]. MEG3
inhibited NSCLC cell proliferation and apoptosis by MEG3–p53 pathways [95], and it can be increased
by chemotherapeutic agents such as paclitaxel (PTX), a first-line chemotherapy drug for NSCLC [96].
It was suggested that MEG3 can regulate p53 activity independent of p21 signaling [97,98], or via
regulating the activity of MDM2, the main inhibitor of p53 [99–101].

In fact, lncRNA MEG3 also interferes with other miRNAs and functions as competing endogenous
RNAs (ceRNAs) to bind and compete for miRNA target genes [102]. c-Myc is a known oncogene related
to cell transformation, immortalization, differentiation, and cell apoptosis. MEG3 was found to compete
with miR-27a for PHLPP2 to downregulate c-Myc and thereby reduced bladder cancer invasion [103].
MicroRNA-27a is an inhibitor for PHLPP2 [104], and it was reported to be upregulated in NSCLC
and was possibly associated with lung carcinogenesis by targeting the TGF-β (Transforming Growth
Factor beta) signaling pathway [105]. Reduction of MEG3 via nickel exposure is likely to attenuate its
competing effect with miR-27a and thus suppress PHLPP2 and increase c-Myc and TGF-β signaling,
inducing epithelial–mesenchymal transition (EMT) and transformation in lung carcinogenesis.

Other than MEG3, dysregulations of many lncRNAs in lung cancer have been identified and
summarized by Khandelwal et al. [32,106], of which some have been shown to be associated with
occupational PAH (Polycyclic Aromatic Hydrocarbon) exposures in coke oven workers, such as
HOTAIR, TUG1, MALAT1 and GAS5 [107]. Cadmium was also found to induce the expression of
lncRNA, ENST00000414355, to modulate DNA damage and repair in 16HBE cells. Other than being
an upstream regulator of MEG3 and many other lncRNAs in carcinogenic signaling pathways, they
can possibly be downstream of other genes; for example, TUG1 was found to be upregulated by p53
in lung cancer [108], indicating that TUG1 could be a potential lncRNA involved in the MEG3–p53
signaling pathway in nickel-induced lung carcinogenesis.

The target genes for miR-210, MNT, a MYC antagonist [109], and E2F3, a key regulator of the cell
cycle [110], were of importance to study in the mechanisms of carcinogenesis. Another study revealed
that miR-210 was upregulated in NSCLC human tissue samples, and six potential target genes of
miR-210 were identified (IL-6, GNG11, CXCL12, ADRB2, ADCY9, and CHRM2), suggesting its role in
NSCLC signaling pathways [111]. The diagnostic value of miR-210 in lung cancer was also indicated
in a meta-analysis study by Yang et al. [112].

MicroRNA-203 was hypermethylated following nickel exposure both in vivo and in vitro, and
inhibited miR-203 led to dysregulation of its target gene ABL1, contributing to nickel-induced
cancers [60]. ABL1 is a known oncogene and plays an important role in cell differentiation, division,
adhesion, and stress responses. It was proved to be the miRNA-203 direct target gene along with
several other tumor proto-oncogenes, such as ABCE1, E2F3 and p63 [113–117]. An upregulation of
miR-222 was observed in both NSTCs and Ni-induced tumor tissues of rats, and it was suggested
that miR-222 could be involved in nickel-induced tumorigenesis by targeting tumor suppressor genes
CDKN1C (p57) and CDKN1B (p27) [118]. Dysregulation of p27 via miR-222 was reported to be related
to increased cancer cell proliferation [119]. Besides lung cancer, CDKN1C and CDKN1B were also
found to be regulated by miR-222 in human hepatocellular carcinoma [120]. NiCl2 also induced
expression of miR-4417 in Beas-2B cells and A549 cells, which targeted the TAB2 gene and was involved
in the mechanism of nickel-induced EMT, lung fibrosis and tumor progression. Ectopic expression
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of miR-4417 in Beas-2B and A549 cells induced fibronectin, while nickel exposure failed to induce
fibronectin in miR-4417 inhibited Beas-2B cells. Although TGF-β was involved in nickel-induced cell
EMT and significantly induced miR-4417 in Beas-2B cells, its inhibitor SB525334 only partially reduced
miR-4417 level and failed to restore TAB2 level in TGF-β-treated cells, indicating that nickel can induce
miR-4417 through pathways independent of TGF-β [121].

3. Conclusions

Nickel is a naturally occurring element that can be found in soils, sediments, water, and air.
Humans can be exposed to nickel from different sources and occupational exposure to nickel in nickel
refineries and processing plants has been a big concern for workers and was reported to be related
to lung cancer. The mechanisms of nickel-induced carcinogenesis that have been studied include
hypoxia-inducible factor pathways and the introduction of oxidative stress which generates DNA
damage and impairs DNA repair pathways. Nickel also disrupts the integrity of heterochromatin,
and subsequently silences tumor suppressor genes, such as p53, and activates c-Myc, resulting in
dysregulated cell differentiation, proliferation, transformation, and cancer progression.

A newly found role played by non-coding RNAs has recently been studied in nickel-induced lung
carcinogenesis. With increased attention in non-coding RNAs and the development of new approaches
for understanding non-coding RNAs, various new mechanisms resulting in cancer initiation and
progression have been identified. Several studies have reported that nickel was able to alter the
expression of miRNAs, such as miR-210, miR-203, miR-152, miR-4417, and miR-222, and lncRNAs, such
as NRG1 and MEG3. These studies suggest important roles for non-coding RNAs in nickel-induced
lung carcinogenesis, providing insight into the pathogenesis and mechanisms of the disease.

However, only a small amount of non-coding RNAs related to nickel exposure have been
characterized so far and their functions and mechanisms in carcinogenesis remain to be elucidated.
The mechanisms by which ncRNAs were dysregulated upon nickel exposure were mainly through
the increased expression of DNMTs followed by hypermethylation at the promoter region of the
ncRNAs, resulting in altered expression levels of their target genes which are involved in cell cycle
regulation, proliferation, apoptosis, EMT, metastasis and many aspects of tumorigenesis. Instead
of being upstream regulators, some other ncRNAs were found to be regulated by HIF, TGF-β and
p53 during the signaling pathways induced by nickel. Figure 1 provides a schematic diagram of the
network that ncRNAs are involved in in nickel-induced carcinogenesis. Future studies are warranted
to elucidate the functions of these ncRNAs as potential therapeutic targets, diagnostic markers and
prognosis predictions for lung cancer induced by nickel.

Figure 1. Regulatory networks of non-coding RNAs (ncRNAs) involved in nickel-induced
carcinogenesis.
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