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Background: Epithelial-mesenchymal transition (EMT) is an important program in tumor metastasis.
Results: Nickel chloride (NiCl2) induced EMT in human bronchial epithelial cells, including down-regulation of epithelial-
cadherin (E-cadherin) and up-regulation of fibronectin.
Conclusion: ROS generation and promoter hypermethylation of E-cadherin are involved in NiCl2-mediated EMT.
Significance: The results of this study may shed new light on the role of nickel in carcinogenesis.

Epithelial-mesenchymal transition (EMT) is considered a
critical event in the pathogenesis of lung fibrosis and tumor
metastasis. During EMT, the expression of differentiation
markers switches from cell-cell junction proteins such as E-cad-
herin to mesenchymal markers such as fibronectin. Although
nickel-containing compounds have been shown to be associated
with lung carcinogenesis, the role of nickel in the EMT process
in bronchial epithelial cells is not clear. The aimof this studywas
to examine whether nickel contributes to EMT in human bron-
chial epithelial cells. We also attempted to clarify the mecha-
nisms involved in NiCl2-induced EMT. Our results showed that
NiCl2 induced EMT phenotype marker alterations such as up-
regulation of fibronectin and down-regulation of E-cadherin. In
addition, the potent antioxidantN-acetylcysteine blocked EMT
and expression of HIF-1� induced by NiCl2, whereas the DNA
methyltransferase inhibitor 5-aza-2�-deoxycytidine restored
the down-regulation of E-cadherin induced by NiCl2. Promoter
hypermethylation of E-cadherin, determined by quantitative
real time methyl-specific PCR and bisulfate sequencing, was
also induced by NiCl2. These results shed new light on the con-
tribution of NiCl2 to carcinogenesis. Specifically, NiCl2 induces
down-regulation of E-cadherin by reactive oxygen species gen-
eration and promoter hypermethylation. This study demon-
strates for the first time that nickel induces EMT in bronchial
epithelial cells.

Epithelial mesenchymal transition (EMT)2 is the biological
process by which cells switch from polarized immotile epithe-
lial type to motile mesenchymal type. The processes of EMT

include reorganization of the actin cytoskeleton, remodeling of
epithelial cell-cell and cell-matrix adhesion contacts, repres-
sion of epithelial markers (e.g. epithelial-cadherin and E-cad-
herin), induction of mesenchymal markers (e.g. fibronectin),
and acquisition of motile capacity. EMT has been primarily
described in embryonic development and organ formation.
Nevertheless, recent studies have demonstrated an association
between the EMTprocess and cancer progression. This process
is considered a transient and reversible event that can lead to
tumor progression (1, 2). Inhibition of the EMT process in can-
cer cells results in reduced tumor invasion and metastatic
spread, indicating that this is an important therapeutic target
for cancer therapy (3–5).
E-cadherin is a cell surface adhesion glycoprotein that plays

an important role in EMT-mediated cancer cell progression (6).
DNA deletion, mutational inactivation, gene silencing, and
proteolytic degradation contribute to the loss of E-cadherin
expression during tumor progression (4, 7). Accumulated
hypoxia-inducible factor-1� (HIF-1�), a key mediator of cellu-
lar adaptation to hypoxia, and up-regulated Snail and Slug
repress E-cadherin expression and E-cadherin tumor malig-
nancy (5, 8). Moreover, epigenetic inhibition of E-cadherin by
promoter hypermethylation following chronic exposure to low
doses of cigarette smoke condensate has been reported in vitro
(9). Various pathways in the regulation of E-cadherin might
inhibit the EMT process. We attempted to determine the key
pathway for inhibiting the EMT process in our tumor model.
DNA damage induced by metal compounds (e.g. nickel,

arsenic, lead, chromium, manganese, and cadmium) promotes
ROS production in carcinogenesis (10). Nickel and several of its
compounds are widely used in modern industry. The Interna-
tional Agency for Research on Cancer classifies metallic nickel
and nickel compounds as possibly carcinogenic and carcino-
genic to humans, respectively (10). High consumption of nickel
products leads to exposure to nickel via air, soil, food, water,
tobacco smoke, and occupational and environmental pollution
(11). Significantly higher nickel concentrations in lung tissues
of lung cancer patients, in comparison with normal controls,
suggest that nickel contributes to lung carcinogenesis in vivo.
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Recently, it has been found that soluble nickel ions interactwith
cell surface receptors and disrupt active cell signaling, resulting
in induction of genes, such as HIF-1� (12). This indicates that
nickel contributes to the EMT process in lung cancer. We
hypothesized that nickel compounds induce EMT and increase
malignancy during lung carcinogenesis. To test this hypothesis,
we treated bronchial epithelial BEAS-2B cells with nickel chlo-
ride (NiCl2) and found that NiCl2 induces EMT. In addition, we
demonstrated that repression of E-cadherin by NiCl2 is
involved in ROS induction and aberrant methylation of E-cad-
herin promoter.

EXPERIMENTAL PROCEDURES

Cell Lines and Chemicals—Human bronchial epithelial cell
lines (BEAS-2B cells) immortalized with SV40 (American Type
Culture Collection, Manassas, VA) were maintained in serum-
free LHC-9 medium (BioSource International Inc., Nivelles,
Belgium) in an incubator at 37 °C in a humidified atmosphere of
5% CO2. NiCl2 (Sigma, N-6136), nickel sulfate (NiSO4, Sigma,
N-4882), sodium arsenite (NaAsO2, Sigma, S-7400), N-acetyl-
cysteine (NAC, Sigma, A-7250), deferoxamine mesylate
(Sigma, D9533), and 5-aza-2�-deoxycytidine (Sigma, A-3656)
were obtained from Sigma.
Immunofluorescence—BEAS-2B cells were seeded onto

24-well plates (2 � 105 cells/well) with coverslips and treated
with NiCl2 (0, 0.25, and 0.5 mM) for 72 h. Next, the cells were
fixed and incubated with primary antibody against human
E-cadherin (BD Biosciences, 610182) at 4 °C overnight. This
was followed by incubation with secondary antibody goat
anti-mouse FITC (A11011, Alexa Fluor� 488) for 60 min after
washing with PBS. Thereafter, cells were stained with DAPI
(1:1000) for 45 min. E-cadherin was detected on a confocal
laser scanning microscope (Zeiss LSM 510 META) at 630�
magnification.
Western Blot Analysis—Anti-fibronectin (BD Biosciences,

610077), anti-E-cadherin (BD Biosciences, 610182), anti-Snail
(Cell Signaling, 3879S), anti-Slug (Cell Signaling, 9585S), anti-
HIF-1� (BD Biosciences, 610959), anti-NADPH oxidase 1
(NOX1) (GeneTex Inc., GTX103888), anti-SOD2 (Santa Cruz
Biotechnology, sc-18503), anti-catalase (GeneTex Inc.,
GTX110704), anti-glutathione peroxidase-1/2 (GPX-1/2)
(Santa Cruz Biotechnology, sc-133160), and anti-�-actin
(Sigma, A5441) antibodies were used to detect fibronectin,
E-cadherin, Snail, Slug, HIF-1�, SOD2, catalase, GPX-1/2, and
�-actin, respectively. The complete protocol for Western blot
analysis has been described previously (13).
Isolation of RNA, Reverse Transcriptase-PCR, and Quantita-

tive Real Time-PCR Analysis—Total RNA was isolated using
TRIzol reagent (Invitrogen). The combinational DNAwas then
reverse-transcribed from 2 �g of total RNA using random hex-
amer primers andMoloneymurine leukemia virus reverse tran-
scriptase, RNaseHminus (Promega). For fibronectin, the prim-
ers were 5�-CCGTGGGCAACTCTGTC-3� (forward) and
5�-TGCGGCAGTTGTCACAG-3� (reverse); for E-cadherin,
the primers were 5�-TGGAGAGACACTGCCAACTG-3� (for-
ward) and 5�-AGGCTGTGCCTTCCTACAGA3� (reverse);
and for �-actin, the primers were 5�-TCATCACCATTG-
GCAATGAG-3� (forward) and 5�-CACTGTGTTGGCGTA-

CAGGT-3� (reverse). Real time-PCR was performed using an
ABI PRISM 7000 real time PCR system with gene-specific
primers and Taqman Universal PCR Master Mix, No Amp-
Erase UNG (Applied Biosystems). Glyceraldehyde-3-phos-
phate dehydrogenase served as the internal control.
Detection of ROS by Flow Cytometry and Fluorescence

Spectroscopy—BEAS-2B cells were pretreated with or without
10mMNAC for 1 h. This was followed by treatment with NiCl2
and staining with 10 �M 2�,7�-dichlorodihydrofluorescein
diacetate (D399), 10 �M 3�-(p-aminophenyl) fluorescein (Invit-
rogen, A36003), 10 �M 3�-(p-hydroxyphenyl) fluorescein (HPF,
Invitrogen, H36004), or 10 �M dihydroethidium (Invitrogen,
D1168) for 30 min. The cells were harvested and washed twice
with PBS, resuspended in PBS, and analyzed by flow cytometry.
Ethidium fluorescence was measured using fluorescence spec-
troscopy (excitation 485 nm and emission 590 nm).
Mitochondrial Membrane Potential Measurement—Mito-

chondrialmembrane potential levelsweremeasured using lipo-
philic cation 5,5�,6,6�-tetrachloro-1,1�,3,3�-tetraethylbenzimi-
dazolcarbocyanine iodide 1 (JC-1) fluorescent dye (Invitrogen,
T3168). The cellswere plated and treated as indicated, and 1�M

JC-1 was added 30 min prior to harvest. Cells were collected by
trypsinization and washed with PBS. The red (aggregated JC-1;
R2 region) and green (monomeric JC-1; R1 region) fluorescence
signals were analyzed by flow cytometry (BD Biosciences) and
Cell Quest software (BD Biosciences).
RNA Interference—RNAi reagents were obtained from the

National RNAi Core Facility of the Institute of Molecular Biol-
ogy/Genomic Research Center, Academia Sinica. Individual
clones were identified by their unique TRC number, e.g. shLuc
TRCN0000072246 for vector control targeted to luciferase and
shHIF-1� (810) and TRCN0000003810 (responding sequence,
GTGATGAAAGAATTACCGAAT) for vector targeted to
HIF-1�. The cells were selected using 2 �g/ml puromycin
(Sigma, P8833).
Chromatin Immunoprecipitation (ChIP) Assay—ChIP assay

was carried out according to the manufacturer’s protocol
(chromatin immunoprecipitation assay kit, catalog no. 17-295,
Upstate Biotechnology Inc., Lake Placid, NY). Immune com-
plexes were prepared using anti-HIF-1� (BD Biosciences,
610959) or anti-Snail (Cell Signaling, 3879S) antibody. The
supernatant of immunoprecipitation reaction carried out in the
absence of antibody served as the total inputDNA control. PCR
was carried out with 10 �l of each sample using the following
primers: E-cadherin promoter-S, 5�-CTGGTACCTCCAGGC-
TAGAGGGTCACCG-3�;E-cadherinpromoter-AS, 5�-TTAA-
AGCTTCCGGGTGCGGTCGGGTCGGG-3�. This was fol-
lowed by analysis on 2% agarose gels. Primers from the
E-cadherin open reading frame for amplification of a 270-bp
fragment served as the PCR control.
Methylation-specific PCR—Genomic DNA was isolated

using the genomicDNA isolation kit (Qiagen, Inc., Hilden,Ger-
many). Bisulfite treatment was carried out as described previ-
ously (14). Methylation patterns within the E-cadherin CpG
island of exon 1 (sequence �126 bp to �144 bp relative to
transcription start site,GenBankTMaccessionnumberD49685)
were determined using a previously described nested PCR
approach (15). The sequencing primers were 5�-GTTTAGTT-
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TTGGGGAGGGGTT-3� (sense) and 5�-ACTACTACTCCA-
AAAACCCATAACTAA-3� (antisense). The cycling condi-
tions consisted of an initial denaturation step at 95 °C for 5min,
followed by the addition of 1 unit of Taq polymerase and 30
cycles at 95 °C for 30 s, 50 °C for 30 s, and 72 °C for 30 s. Nested
primer sequences for E-cadherin for the methylated reaction
were 5�-TGTAGTTACGTATTTATTTTTAGTGGCGTC-3�
(sense) and 5�-CGAATACGATCGAATCGAACCG-3� (anti-
sense). The primer sequences for the unmethylated reaction
were 5�-TGGTTGTAGTTATGTATTTATTTTTAGTGGT-
GTT-3� (sense) and 5�-ACACCAAATACAATCAAATCAAA-
CCAAA-3� (antisense). PCRparameterswere the same as those
listed above, except that the annealing temperatures for the
methylated and unmethylated reactions were 64 and 62 °C,
respectively. The product sizes of themethylated and unmethy-
lated reactions were 112 and 120 bp, respectively.
Quantitative Real Time Methylation-specific PCR—Semi-

quantitative methylation specific PCR (QMSP) was carried out
with Smart Quant GreenMaster Mix kit (Protech Technology,
Taiwan) and primers specific for fully methylated E-cadherin
promoter sequences (16). Real time-PCR conditions were 95 °C
for 15min followed by 45 cycles at 94 °C for 15 s and 60 °C for 1
min with data acquisition after each cycle. Triple replicates of
each sample were obtained by laser detector of ABI Prism 7000
sequence detection system. CT values of each sample were
determined.
Bisulfate Genomic Sequencing—Modified DNA was ampli-

fied with two rounds of PCR using two pairs of nested primers.
First round PCR was performed using primer S1 5�-TTTTGA-
TTTTAGGTTTTAGTGAGTTAT-3� (upstream, sequence
position �277 to �250) and primer S2 5�-AATACCTACAA-
CAACAACAACAA-3� (downstream, �177 to �154). Ampli-
fication for PCR was performed with ProTaq polymerase (Pro-

tech Technology, Taiwan) under the following PCR conditions
(94 °C for 2min and 35 cycles at 94 °C for 20 s, 52 °C for 20 s, and
72 °C for 30 s, with a final extension at 72 °C for 5 min). For the
second round of PCR, nested primers S3 5�-TGTAGGTTTT-
ATAATTTATTTAGATTT-3� (upstream, �211 to �184) and
S4 5�-ACTCCAAAAACCCATAACTAAC-3� (downstream,
�138 to�116) were used. The PCR conditions were 94 °C for 2
min with 30 cycles at 94 °C for 30 s, 54 °C for 30 s, and 72 °C for
45 s, followed by an extension at 72 °C for 5 min. The PCR
products were purified and inserted into vector pGEM-T Easy
Vector System (A3610; Promega) using Fast DNALigation Sys-
tem (Promega). Five clones from each cell line or tissue were
sequenced to assess the level ofmethylation at eachCpG site, as
described previously (17).

RESULTS

Metal Compounds Induce EMT in BEAS-2BCells—To inves-
tigate whether metal compounds induce EMT in lung carcino-
genesis and fibrosis, we analyzed the effects of NiCl2, NiSO4,
and NaAsO2 on E-cadherin and fibronectin expressions in
BEAS-2B cells. After exposure to these compounds for 72 h, the
expressions of epithelial marker E-cadherin decreased 70, 76,
and 85%, respectively. In contrast, the expressions of mesen-
chymal marker fibronectin increased 1.16-, 1.33-, and 1.84-fold
at the highest doses, respectively (Fig. 1, A–C). The EMT pro-
cess for the E-cadherin complex on the lateral plasma mem-
brane in untreated BEAS-2B cells is described on immuno-
fluorescence assay in Fig. 1D. Expression of E-cadherin was
significantly reduced, and cells underwent morphological
changes following NiCl2 treatment (Fig. 1D). To better under-
stand the role of nickel compounds in the EMT process, we
selected NiCl2 for further validation experiments.

FIGURE 1. Protein levels of EMT marker in metal compound-treated human BEAS-2B cells. BEAS-2B cells (1 � 106 cells/6-cm dish) were treated with the
nickel chloride (NiCl2) 0, 0.25, and 0.5 mM (A); nickel sulfate (NiSO4) 0, 0.25, 0.5, and 1 mM (B); or sodium arsenite (NaAsO2) 0, 2.5, 10 �M for 72 h (C); and protein
levels of fibronectin and E-cadherin were detected by Western blot. �-Actin was used as the internal control. The relative ratios of fibronectin/�-actin and
E-cadherin/�-actin are shown. D, NiCl2 (0, 0.25, and 0.5 mM) for 72 h and immunofluorescence staining for E-cadherin (green) plus DAPI counterstaining for DNA
(blue). Original magnification, �630.
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NiCl2 Induces Dose- and Time-dependent EMT in BEAS-2B
Cells—To assess the mRNA expressions of EMT markers in
NiCl2-treated BEAS-2B cells, cells were treated with 0, 0.25, or
0.5 mM NiCl2 for 48 h and analyzed by RT-PCR. As shown in
Fig. 2A, E-cadherin mRNA levels were down-regulated 66 and
74% in BEAS-2B cells treated with NiCl2 at 0.25 and 0.5 mM,

respectively, when compared with untreated cells. However,
fibronectin mRNA was not up-regulated by NiCl2. The same
results were obtained using real time RT-PCR for the detection
of mRNA expression of E-cadherin in BEAS cells treated with
NiCl2 (Fig. 2B). The results revealed that E-cadherin is
repressed by NiCl2 at transcriptional levels.

FIGURE 2. Effects of NiCl2 on EMT in BEAS-2B cells. A, BEAS-2B cells (1 � 106 cells/6-cm dish) were treated with NiCl2 (0, 0.25, and 0.5 mM) for 48 h, and mRNA
levels of fibronectin and E-cadherin were determined on RT-PCR. �-Actin was used as the internal control. The relative ratios of fibronectin/�-actin and
E-cadherin/�-actin are shown. B, quantitative real time PCR analysis was used to detect E-cadherin expression with total RNA extracted from cells treated with
NiCl2 (0, 0.25, and 0.5 mM) for 48 h. All values have been normalized to the level of GAPDH and are the averages of three independent readings. C, during the
time course study, BEAS-2B cells were exposed to NiCl2 (0 and 0.1 mM) for the indicated times. The EMT marker expressions were analyzed on RT-PCR (D) and
Western blot. �-Actin was used as the internal control. The relative ratios of fibronectin/�-actin and E-cadherin/�-actin are shown. E, A549, CL1-0, and H1355
lung cancer cells (5 � 105 cells/6-cm dish) were treated with NiCl2 (0, 0.1, 0.25, and 0.5 mM) for 72 h, and the protein levels of E-cadherin were detected on
Western blot. �-Actin was used as the loading control. The relative ratios of E-cadherin/�-actin are shown. F, protein levels of E-cadherin in BEAS-2B, A549,
CL1-0, H1299, and H1355 cells. Thirty �g of total proteins were loaded onto each lane for Western blot analysis. �-Actin was used as the internal control.
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In general, humans are exposed to low doses of nickel com-
pounds via air pollution. To explore the effect of long term low
dose exposure to NiCl2 on human lung cells, BEAS-2B cells
were treated with low dose (0.1 mM) NiCl2 for various times (6
and 9 days). The expression of E-cadherin decreased and that of
fibronectin increased (Fig. 2, C and D). These results demon-
strated that long term low dose exposure toNiCl2 promotes the
EMT process in bronchial epithelial cells. In addition, to assess
whether NiCl2 represses expression of E-cadherin in lung can-
cer cell lines, A549, CL1-0, and H1355 cells were treated with
various concentrations of NiCl2. As shown in Fig. 2E, the
expression of E-cadherin slightly decreased in A549 cells but
dramatically decreased in CL1-0 andH1355 cells. These results
further support the role of NiCl2 in promoting lung cancer
EMT. We also found that the protein levels of E-cadherin in
BEAS-2B,A549, andCL1-0 cells were higher than inH1299 and
H1355 cells in the untreated state (Fig. 2F).
ROS Mediates NiCl2-induced EMT—It has been well docu-

mented that nickel exposure leads to generation of ROS and
activation of signaling pathways by activating transcription
factor (18). BEAS-2B cells were pretreated with different anti-
oxidants or ROS inhibitors/scavengers, including NAC (anti-
oxidant), Tiron (superoxide anion scavenger), superoxide dis-
mutase (SOD), allopurinol (xanthine oxidase inhibitor), and
rotenone (mitochondria respiratory chain inhibitor). As shown
in Fig. 3A, NAC, Tiron, and SOD all abolished NiCl2-induced
EMT. NAC was able to simultaneously diminish up-regulation
of fibronectin and restore E-cadherin expression in the pres-
ence of NiCl2.

To further confirm this finding, cells were pretreated with 10
mM NAC and then treated with various concentrations of
NiCl2. This resulted in themitigation ofNiCl2-mediated down-
regulation of E-cadherin and up-regulation of fibronectin and
HIF-1� (Fig. 3B). Intracellular nickel competes with iron for
iron- binding sites on enzymes and proteins (19). Free iron can
increase ROS formation, whichmay be important during ROS-
associated EMT (20). To investigate whether free iron pro-
motes NiCl2-induced EMT, we co-treated cells with NiCl2 and
deferoxamine mesylate, an iron chelator. Results showed that
NiCl2 reduces E-cadherin and up-regulates fibronectin after
deferoxamine mesylate co-treatment, indicating that intracel-
lular free iron ions are not involved inNiCl2-induced EMT (Fig.
3C).
Metals can induce DNA damage either directly or indirectly

through the formation of ROS (21). To determine whether
NiCl2 induces specific ROS production, cells were treated with
various ROS-sensitive probes using flow cytometry. The gener-
ation of ROS by NiCl2 was detected by photocatalysis using
2�,7�-dichlorodihydrofluorescein diacetate, 3�-(p-aminophe-
nyl) fluorescein, and HPF. Pretreatment of cells with 10 mM

NAC for 1 h significantly blunted the ROS production after
NiCl2 treatment (Fig. 4A and supplemental Fig. S1A). However,
there was no apparent alteration in superoxide anion genera-
tion. To confirm these results, antimycin A was used as a posi-
tive control to induce superoxide production. Superoxide levels
increased in comparison with untreated cells after antimycin A
treatment (Fig. 4B and supplemental Fig. S1B). However, NiCl2
did not induce superoxide generation in a time course study.

Rather, the levels of superoxide decreased following NiCl2
treatment for 72 h (Fig. 4B). Next, we assessed the effects of
antioxidant enzymes on Ni-induced EMT. Catalase and
GPX1/2 were down-regulated, whereas NOX1 and SOD2 were
up-regulated by NiCl2 (Fig. 4C). In addition, we measured the
changes in mitochondrial membrane potential in NiCl2-
treated BEAS-2B cells. Treatment with 0.5 mM NiCl2 con-

FIGURE 3. ROS are involved in NiCl2-induced EMT. A, BEAS-2B cells (1 � 106

cells/6-cm dish) were preincubated with 10 mM NAC, 10 mM Tiron, 500
units/ml SOD, 200 �M allopurinol (ALO), or 1 �M rotenone (Rote) for 1 h fol-
lowed by culture with or without 0.5 mM NiCl2 for 72 h. B, BEAS-2B cells were
pretreated with 10 mM NAC for 1 h followed by exposure to NiCl2 (0, 0.25, and
0.5 mM) for 72 h. C, BEAS-2B cells were treated with NiCl2 (0 and 0.25 mM,
respectively) with or without desferrioxamine (DFO) (0, 10, and 50 �M) for
72 h. The protein levels were determined on Western blot analysis. �-Actin
was used as the internal control. The relative ratios of HIF-1�/�-actin,
fibronectin/�-actin, and E-cadherin/�-actin are shown.
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verted JC-1 from aggregate form (R2) tomonomer form (R1),
indicating a disruption in mitochondrial function (18.2%
versus 72.7%). NiCl2-mediated mitochondrial apoptotic
pathway was restrained in NAC-pretreated cells (Fig. 4D).
HIF-1�, Snail, and Slug Are Involved inNiCl2-mediated Inhi-

bition of E-cadherin—HIF-1� is produced during exposure to
arsenite through the generation of ROS in arsenite-induced
carcinogenesis (22). Therefore, we hypothesized that NiCl2
induces EMT by aberrant activation of HIF-1� signaling.

HIF-1� was markedly up-regulated after NiCl2 stimulation
(Fig. 5A), indicating that NiCl2 down-regulation of E-cadherin
is mediated by HIF-1�. To clarify the role of HIF-1� in NiCl2-
diminished expression of E-cadherin, HIF-1� silencing experi-
ment was carried out with VZV-G pseudotyped lentivirus-
shRNA system. The responses of BEAS-2B shLuc cells to NiCl2
treatment were similar to those of parental BEAS-2B cells.
E-cadherin was partially restored, and fibronectin did not
increase following exposure to NiCl2 in BEAS-2B shHIF1-�

FIGURE 4. NiCl2 induces ROS generation. A, BEAS-2B cells (1 � 106 cells) were pretreated with 10 mM NAC for 1 h followed by exposure to 0.5 mM NiCl2 for 72 h.
The cells were stained with 10 �M 2�,7�-dichlorodihydrofluorescein diacetate (ROS indicator), 10 �M 3�-(p-aminophenyl) fluorescein (hypochlorite anion
indicator), 10 �M (HPF hydroxyl radical indicator), or 10 �M dihydroethidium (superoxide anion indicator) dye and analyzed by flow cytometry. B, cells were
treated with 0.5 mM NiCl2 for 0.5, 2, 24, 48, and 72 h or 25 �M antimycin A for 30 min (positive control). Superoxide anion production was measured by ethidium
fluorescence generated from dihydroethidium (10 �M) by fluorescence spectroscopy and expressed as the percentage of untreated cells. C, cells were treated
with 0, 0.25, and 0.5 mM NiCl2 for 72 h, and protein levels of NADPH oxidase 1 (NOX1), SOD2, catalase, and glutathione peroxidase (GPX1/2) were detected on
Western blot. �-Actin was used as the internal control. Asterisk represents a nonspecific band. The relative ratios of NOX1/�-actin, SOD2/�-actin, catalase/�-
actin, and GPX1/2/�-actin are shown. D, BEAS-2B cells were untreated/treated with 0.5 mM NiCl2 as well as 0 or 10 mM NAC for 72 h. The changes in
mitochondrial membrane potential (MMP) were assessed by the intensity of green fluorescence (R1) and red fluorescence (R2) of JC-1. Bar graph shows the
quantification changes in JC-1 fluorescence in the presence of NiCl2 with/without NAC co-treatment as detected on flow cytometry assay. There was interac-
tion between NiCl2 and NAC with NiCl2 decreasing JC-1 fluorescence in the presence of NAC. Data are presented as mean � S.E.
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cells (Fig. 5B), suggesting a partial role for HIF-1� in NiCl2-
mediated E-cadherin and fibronectin regulation.
Several transcriptional repressors, including Snail and Slug,

are involved in the repression of E-cadherin expression (23). To
assess whether NiCl2 inhibits E-cadherin expression through

these transcription factors, we evaluated the effect of NiCl2
treatment on Snail and Slug expressions. As shown in Fig. 5A,
cells exposed to NiCl2 had higher Snail and Slug protein levels
than untreated cells. Next, we performed ChIP assay to exam-
ine whether HIF-1�, Snail, and Slug transcription factors are
responsible forE-cadherin promoter activity (�178 to�92). As
shown in Fig. 5C, HIF-1�, Snail, and Slug were present on the
E-cadherin promoter following NiCl2 treatment, indicating
that HIF-1�, Snail, and Slug are associated with NiCl2-regu-
lated E-cadherin reduction.
NiCl2 Inhibits E-cadherin Expression Partly by Promoter

Hypermethylation via ROS Generation—The regulation of
E-cadherin gene expression in many biological processes
involves epigenetic mechanisms, and aberrant methylation of
E-cadherin correlates with transcriptional silencing of the gene
in non-small cell lung cancer cells (24, 25). To examinewhether
NiCl2 repression of E-cadherin is mediated by epigenetic
effects, cells were pre(co)treated with 5-aza-2�-deoxycytidine
(20 and 40 �M), a DNA methyltransferase inhibitor, and NiCl2
at various concentrations for 48 h. It was found that 5-aza-2�-
deoxycytidine restores E-cadherin expression following treat-
ment with 0.25 mM NiCl2 (Fig. 6A).
In an effort to facilitate the analysis of DNA samples isolated

from BEAS-2B cells treated with NiCl2, we used nested-PCR
approach to study themethylation of the E-cadherin promoter.
As shown in Fig. 6B, methylation of E-cadherin promoter
increased following treatment with NiCl2. To elucidate a link
between ROS andDNAmethylation, we examinedwhether the
E-cadherin promoter methylation is altered by ROS. Nickel-
induced methylation was blocked following treatment with
NAC (Fig. 6B). The same results were obtained onQMSP assay
of DNA methylation of E-cadherin. Treatment with 0.25 and
0.5 mM NiCl2 caused 33.5-fold (p � 0.01) and 26.5-fold (p �
0.01) increases in E-cadherin methylation, respectively. Pre-
treatment with NAC significantly abolished nickel-induced
E-cadherin hypermethylation (Fig. 6C). These data support the
suppression of E-cadherin expression by NiCl2-induced aber-
rant promoter methylation via ROS generation.
We also analyzed the methylation status of CpG islands at

the E-cadherin promoter, including 29 CpG sites within a
349-bp fragment from sequence positions�211 to�138. Bisul-
fate sequencing analysis of five individual clones of each sample
was carried out using PCR products from NiCl2-treated
BEAS-2B cells and lung cancer cell lines (A549, CL1-0, H1299,
and H1355 cells). As shown in Fig. 7A, methylated CpG sites
were more frequent in NiCl2-treated BEAS-2B cells, especially
at CpG site �56, when compared with untreated cells. Densely
methylated clones were also detected inH1299 andH1355 cells
(Fig. 7B). These results are consistent with the findings of our
previous study that protein levels of E-cadherin are low in
H1299 andH1355 cells (Fig. 2F). NiCl2 contributes to themeth-
ylation of CpG islands on the E-cadherin promoter, resulting in
decreased E-cadherin expression.

DISCUSSION

It has been well documented that nickel exposure leads to
generation of ROS. Incremental levels of intracellular ROS,
lipid peroxidation, hydroxyl radicals (OH�), and DNA damage

FIGURE 5. HIF-1�, Snail, and Slug are involved in nickel-induced EMT.
A, Western blot analysis shows HIF-1�, Snail, and Slug expressions in protein
lysates from BEAS-2B cells (1 � 106 cells) treated with NiCl2 at the indicated
dosages for 72 h. �-Actin was used as the internal control. The relative ratios
of HIF-1�/�-actin, Snail/�-actin, and Slug/�-actin are shown. B, HIF-1�,
fibronectin, and E-cadherin protein levels were determined on Western blot
using protein lysates from cells treated with NiCl2 for 72 h after infection with
lentivirus carrying shHIF-1� or vector control. �-Actin was used as the inter-
nal control. The relative ratios of HIF-1�/�-actin, fibronectin/�-actin, and
E-cadherin/�-actin are shown. C, ChIP assay was performed on BEAS-2B cells
treated with NiCl2 for 48 h. The precipitated chromatin was PCR-amplified
with the use of specific primers with E-boxes in the E-cadherin promoter. In
vivo identification of reciprocal E-box occupancy by Snail or HIF-1� at the
E-cadherin promoter in BEAS-2B cells was carried out. No antibodies were
used as negative control. Input, PCRs performed on total chromatin from
BEAS-2B cells. Ab, antibody.
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are induced in human lymphocytes after acute exposure to
NiCl2 (26). ROS are also enhanced in signal transduction events
required for apoptosis under nickel exposure (27). Moreover,
ROS are crucial conspirators in EMT engagement and tumor
aggressiveness (28).
Nickel compounds are carcinogens that enhance invasion of

human lung cancer cells (29, 30). In this study, NiCl2 induced
EMT phenotype marker alterations such as up-regulation of
fibronectin and down-regulation of E-cadherin. Prolonged
ROS stress by nickel stimulation down-regulated expression of
E-cadherin via the HIF-1�-dependent pathway and DNA
methylation. We addressed a novel aspect of lung carcinogen-
esis, specifically the transition to a stage of higher motility and
thus progression of carcinogenesis. Nickel is potentially impli-
cated in carcinogenesis via the production of ROS. Its potential
to promote amigratory phenotypewas investigated at the levels
of gene and epigenetic modifications in EMT (Fig. 8).
We usedNAC, Tiron, SOD, allopurinol, and rotenone to test

our hypothesis that some ROS antioxidants or specific scaven-

gers alleviate the EMTphenotype induced byNiCl2. BothTiron
and SOD eliminated the superoxide anion and partially altered
nickel-induced EMT signaling (Fig. 3A). Moreover, NOX1
increased in response to treatmentwithNiCl2 (Fig. 4C). Knock-
down of superoxide dismutase 2 genes did not restore the
expression of E-cadherin (supplemental Fig. S2B), suggesting
that superoxide is at least partly associated with nickel-induced
EMT. The half-life of superoxide anion is short, and it rapidly
dismutates either nonenzymically or via SOD toH2O2, which is
relatively stable. NAC was found to be the best antioxidant for
alleviating the EMT phenotype induced by NiCl2 (Fig. 3A).

Hypochlorite anion (OCl�) is a natural compound that
forms from the reaction catalyzed by myeloperoxidase, an
enzyme present only in innate immune cells (31). Both OCl�
and OH� can be detected in photocatalytic ROS production
using 3�-(p-aminophenyl) fluorescein. Monitoring of OH� pro-
duction using another fluorochrome called HPF suggested that
nickel mainly induces OH� generation (Fig. 4A). OH� is pro-
duced with superoxide or H2O2. However, nickel did not affect
the generation of superoxide anion (Fig. 4, A and B), which can
also occur in the Haber-Weiss reaction by oxidation of the
superoxide anion radical. In addition, we found that expres-
sions of catalase and GPX1/2 decreased, whereas expression of
SOD2 increased following nickel treatment (Fig. 4C), indicating
that superoxide anions are barely detectable following nickel
treatment. Moreover, in the presence of divalent metal ions
such as Ni2� and Fe2�, H2O2 can undergo the Fenton reaction
to produce OH�. The responses of BEAS-2B shSOD2 cells to
nickel treatment were similar to those of BEAS-2B shLuc cells
with EMT phenotype and superoxide generation (supplemen-
tal Fig. S2). H2O2 generation partly involves oxidases, SOD, and
cytochrome P450 family of enzymes that are found in several
subcellular compartments such as mitochondria, peroxisomes,
and microsomes (32). Thus, the source of H2O2 by nickel pro-
duction may be mediated through various pathways.
The most widely implemented application of JC-1 is for the

detection of mitochondrial depolarization in the early stages of
apoptosis. The effect of NAC on JC-1 monomer formation was
highly unspecific as the readout doubled in the control and did
not change regardless of nickel exposure (Fig. 4D). Similarly,
the use of antioxidants, including NAC and penicillamine,
induces apoptosis in multiple types of human cancer cells (33).
The limitation of this study involves selection of optimal con-
centration of NAC to balance prevention of cytotoxicity and
alleviation of EMT. EMT may be involved in multiple pro-
cesses, and it is difficult to abolish the EMT phenotype by
blockage of repressors for E-cadherin. Thus,multiple inhibitors
might be helpful in lung cancer treatment.
Mutant P53 (R175H) induces Twist1 expression that is

involved in the alleviation of epigenetic repression and EMT
(34). Nickelmay induce p53 genemutation and expression (35).
Calcium signaling is required for EMT and E-cadherin silenc-
ing. In this study, 1,2-bis(2-aminophenoxy)ethane-N,N,N�,N�-
tetraacetic acid tetrakis(acetoxymethyl ester) (BAPTA-AM)
restored nickel-induced ROS generation (supplemental Fig.
S3). Moreover, intracellular calciummay be involved in nickel-
induced EMT. In this study, we used BEAS-2B cells, an immor-
talized lung bronchial epithelial cell line, to investigate metal

FIGURE 6. Epigenetic effects of NiCl2 down-regulate E-cadherin expres-
sion. A, BEAS-2B cells were treated with NiCl2 (0, 0.25, and 0.5 mM) and
5-Aza-dc (0, 20, and 40 �M) for 48 h. The mRNA levels of fibronectin and
E-cadherin were determined by RT-PCR. �-Actin was used as the internal con-
trol. The relative ratios of E-cadherin/�-actin are shown. B, methylation-spe-
cific PCR assays were performed after BEAS-2B cells were pretreated with/
without 10 mM NAC and then treated with NiCl2 for 48 h. Visible PCR product
in lanes U indicates the presence of unmethylated alleles; visible PCR product
in lanes M indicates the presence of methylated alleles. C, QMSP analysis con-
firmed the same sample. DNA methylation of E-cadherin was calculated as the
relative expression compared with �-actin. Each bar represents the mean �
S.D. of triplicate experiments. **, p � 0.01.
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compound-induced EMT. The data showed that metal com-
pounds promote EMT, which may induce metastasis in early
stage lung cancer.
HIF-1� has been shown to contribute to EMT through direct

regulation of Twist expression, which inhibits E-cadherin tran-
scription (36). Overexpression of HIF-1� induces EMT and
promotes migration, invasion, and metastasis in vitro and in
vivo (37), suggesting that HIF-1� is an important positive reg-
ulator of EMT. We observed induction of EMT by up-regula-
tion of HIF-� following NiCl2 treatment. In addition, knock-
down of HIF-1� abolished EMT phenotype, providing further
support for the role of HIF-1� in NiCl2-induced EMT in
BEAS-2B cells.
As shown in Figs. 5C and 6C, the results of ChIP and QMSP

demonstrated that HIF-1�- and Snail-bound E-cadherin pro-
moter regions contain methylated CpG sites in NiCl2-treated

cells. HIF-1� and Snail not only bind to but also induce DNA
methylation of E-cadherin promoter, causing repression of
transcription. Acute exposure to carcinogenic compounds of
Ni(II) activates the transcription factor HIF-1�, which is asso-
ciatedwith carcinogenesis, invasion, and angiogenesis (7, 36). A
previous study has demonstrated thatHIF-1� directly regulates
the transcriptional repression of equilibrative nucleoside trans-
porter during hypoxia (38). It has also been reported that
HIF-1� acts in cooperationwith other transcription factors and
regulates target genes (39). Therefore, HIF-1� might directly
mediate down-regulation of E-cadherin or cooperatewith tran-
scription repressors, such as Snail and Slug, to inhibit E-cad-
herin expression in NiCl2-treated BEAS-2B cells. Further
experiments are needed to prove our hypothesis.
Epigenetic alteration mechanisms, which include DNA

hypermethylation and histone modifications, are involved in
the regulation of gene expression. In addition, water-soluble
nickel compounds can signal hypoxia (40). Silencing of
seripina3g gene by nickel is partially reversed with trichostatin
A (TSA) pretreatment (41). It is interesting to note that co-
treatment with TSA does not affect down-regulation of E-cad-
herin by NiCl2, suggesting that histone deacetylation is not
involved in NiCl2-repressed expression of E-cadherin (data not
shown). Hypoxia and nickel exposure increase the level of
H3K9me2 at the Spry2 (Sprouty homolog 2) promoter by inhib-
iting histone demethylase JMJD1A, resulting in repression of
Spry2 in BEAS-2B cells (42). In addition to histone methyla-
tion, nickel can cause DNA hypermethylation (29). It has
also been reported that inactivation of E-cadherin is the hall-
mark of tissue invasion and metastasis (43). Snail transcrip-
tion factor represses the expression of E-cadherin by influ-
encing transcription level and promoter hypermethylation.
In hepatocellular carcinoma cells, ROS induces the hyperm-
ethylation of E-cadherin promoter via increasing Snail expres-
sion (44). Although down-regulation of E-cadherin by Snail
through transcriptional inhibition could not be excluded, Snail
might play an important role in NiCl2-induced E-cadherin
hypermethylation.

FIGURE 7. Bisulfite genomic sequencing of E-cadherin promoter (�211 to �138). Methylation status of CpG sites around the E-cadherin promoter region
was analyzed in BEAS-2B cell line following treatment with NiCl2 (0, 0.25, and 0.5 mM) (A) and lung cancer cell lines (A549, CL1-0, H1299, and H1355 cells) (B).
Region spans �211 to �138 including 29 CpG sites. Each row represents an individual subclone. White circles represent unmethylated CpGs. Black circles
represent methylated CpGs.

FIGURE 8. Model depicting the mechanisms of nickel-repressed E-cad-
herin in BEAS-2B cells. [1] nickel induces ROS generation and up-regulation
of HIF-1�. [2] transcription factors, such as Snail and Slug, may be activated
and inhibit expression of E-cadherin. Nickel represses E-cadherin by promoter
hypermethylation via ROS generation.
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In conclusion, our data provided evidence that NiCl2 pro-
motes EMT. Persistently high levels of ROS stress trigger epi-
genetic changes in NiCl2-treated cells. The results of this study
showed that NiCl2 induces EMT through a variety of mecha-
nisms and provide novel insights into tumor progression by
illustrating the association between NiCl2 exposure and early
lung cancer metastasis.
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