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ABSTRACT

Cadmium is an established human lung carcinogen with weak mutagenicity. However, the mechanisms underlying
cadmium-induced carcinogenesis remain obscure. It has been suggested that epigenetic mechanisms may play a role in
cadmium-induced carcinogenesis. In this study, we investigated the effects of cadmium on histone methylation and
histone demethylases, and the role of histone methylation in transformation of immortalized normal human bronchial
epithelial (BEAS-2B) cells. Exposure to 0.625, 1.25, 2.5, and 5.0 uM of cadmium for 6, 24, and 48 h increased global
trimethylated histone H3 on lysine 4 (H3K4me3) and dimethylated histone H3 on lysine 9 (H3K9me2) in BEAS-2B cells
compared with untreated cells, and most of these changes remained after the removal of cadmium (P < .05 or P <.01 for
most modifications). Meanwhile, cadmium inhibited the activities of histone H3 on lysine 4 (H3K4) and histone H3 on lysine
9 (H3K9) demethylases which were detected by histone demethylation assay. However, there was no significant change in
the protein levels of the H3K4 demethylase lysine-specific demethylase 5A (KDM5A) and the H3K9 demethylase lysine-
specific demethylase 3A (KDM3A). Interestingly, during transformation of BEAS-2B cells by 20 weeks of exposure to 2.0 uM
cadmium as assessed by anchorage-independent growth in soft agar, global H3K4me3, and H3K9me?2 were significantly
increased at 4 weeks (P <.05 or P < .01), whereas no significant change was observed at 8, 12, 16, and 20 weeks compared
with control. Our study suggests that cadmium increases global H3K4me3 and H3K9me?2 by inhibiting the activities of
histone demethylases, and aberrant histone methylation that occurs early (48 h) and at 4 weeks is associated with
cadmium-induced transformation of BEAS-2B cells at the early stage.
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Cadmium is highly toxic to almost all forms of life. It is released
into the environment through natural and anthropogenic activi-
ties. Natural sources originate from volcanic activity, forest fires,
fossil fuel burning, and soil particles contaminated with cadmium
(Joseph, 2009). Cadmium is extensively used in industries such as
nickel-cadmium battery manufacturing, electroplating, welding,
smelting and refining, pigments, and plastic stabilizers (Joseph,
2009). Inhalation through occupational exposure, -cigarette

smoking, and indoor inhalable particles contaminated with cad-
mium is one of the main routes of exposure to cadmium in hu-
mans, with more than 90% of a dose being absorbed through the
lung after inhalation of cadmium (Nawrot et al., 2010; Waalkes,
2003). Both epidemiological and experimental studies have identi-
fied cadmium as a lung carcinogen in humans (IARC, 2012). Due to
persistence in the environment and a long biological half-life in
humans, cadmium has always been a serious public health
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concern. Even though much work has been carried out to eluci-
date the molecular mechanisms of cadmium-induced carcinogen-
esis, the exact mechanisms still remain unclear.

The ability of cadmium to induce gene mutations in bacteria
was limited (Beyersmann and Hartwig, 1994), and no clear asso-
ciation between cadmium exposure and cytogenetic endpoint
in humans has been found (Verougstraete et al., 2002), both of
which implied that cadmium-induced carcinogenesis may be
mediated through nongenotoxic or indirect genotoxic mecha-
nisms (Beyersmann and Hechtenberg, 1997; Bolognesi et al.,
1999). It has been proposed that epigenetic mechanisms may
play a role in cadmium-induced carcinogenesis (Waalkes, 2003).
Over the last decade or two, accumulating evidences have
shown that cadmium is able to alter DNA methylation both at
the global and gene-specific levels, which may play a role in car-
cinogenesis. Takiguchi et al. (2003) reported that after 10 weeks
of exposure to cadmium, TRL1215 rat liver cells showed indica-
tions of transformation and significant increases in genomic
DNA methylation and DNA methyltransferase (DNMT) activity.
In cadmium-transformed human prostate epithelial RWPE-1
cells, the tumor suppressor genes RASSF1A and p16 were inacti-
vated due to DNA hypermethylation at their promoter regions
(Benbrahim-Tallaa et al., 2007). Another study showed that
chronic exposure to cadmium in human embryo lung fibroblast
cells resulted in increases in global DNA methylation and
DNMTs activities (Jiang et al., 2008). A recent study reported that
in cadmium-transformed human bronchial epithelial (16HBE)
cells, global DNA methylation, and DNA methylation at the pro-
moter regions of DNA repair genes (hMSH2, ERCC1, XRCC1, and
hOGG1) were increased (Zhou et al., 2012). These findings sug-
gested that cadmium disrupts DNA methylation, which may be
involved in cadmium-induced carcinogenesis.

To date, much of the work has been focused on DNA methyl-
ation. Whether cadmium induces aberrant histone methylation
has yet to be investigated. In general, DNA methylation may act
as a template for some histone modifications following DNA
replication but more likely histone methylation can aid in di-
recting DNA methylation patterns (Cedar and Bergman, 2009).
Therefore, it’s likely that cadmium is able to induce aberrant
histone methylation. Histone H3 on lysine 4 (H3K4) and H3K9
are the regular sites of lysine methylations, both of which can
be mono-, di-, or trimethylated. In general, trimethylated H3K4
(H3K4me3) is always found at the promoter regions of transcrip-
tionally activated genes (Santos-Rosa et al., 2002), whereas
dimethylated H3K9 (H3K9me?) is located in the regulatory re-
gions of transcriptionally silent genes (Rice et al., 2003). Aberrant
modifications of H3K4me3 and H3K9me2 have been found to be
closely associated with carcinogenesis. H3K4me3 has been
found to be increased at the promoter region of MT-3 in cad-
mium-transformed human urothelial cells compared with that
in parental human urothelial cells (Somji et al., 2011). Activation
of H3K4me3 has also been found to be associated with overex-
pression of LAMB3 and LAMC2 genes in gastric cancer cell line,
which may play an important role in gastric carcinogenesis
(Kwon et al., 2011). Gain of H3K9me2 has been observed in si-
lencing RASSF1A in prostate cancer (Kawamoto et al., 2007).
However, to the best of our knowledge, no one has investigated
the effects of cadmium on global H3K4me3 and H3K9me2 and
their potential roles in cadmium-induced carcinogenesis.

In this present study, we investigated the effects of cad-
mium on global H3K4me3 and H3K9me2 in immortalized
normal human bronchial epithelial (BEAS-2B) cells and whether
histone demethylases played a role in cadmium-induced
histone modifications. BEAS-2B cells are similar to normal
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human lung cells in characteristics and cellular responses to
carcinogens (Jing et al., 2012; Son et al., 2012; Wang et al., 2011),
thus they are often used to establish the model of cell transfor-
mation. Since cell transformation assay is considered as a pre-
dictive test for carcinogenicity (Barrett et al., 1984), we further
studied whether cadmium modulated global H3K4me3 and
H3K9me?2 during cadmium-induced transformation of BEAS-2B
cells. Our work would further contribute to the understanding
of the mechanisms of cadmium-induced carcinogenesis.

MATERIALS AND METHODS

Materials. CdCl, was purchased from Sigma (St Louis, MO).

Cell culture. BEAS-2B cells, which were a generous gift from Dr.
Chuanshu Huang (New York University), were cultured in
Dulbecco’s modified Eagle’s medium (DMEM, Gibco, Invitrogen
corporation, Beijing, China) supplemented with 10% heat-inacti-
vated fetal bovine serum (Sijiging, Hangzhou, China) and 1%
penicillin-streptomycin (Solarbio, Beijing, China). The cells were
grown in an incubator at 37°C with a humidified atmosphere
containing 5% CO..

Colony survival assay. After treatment with cadmium, BEAS-2B
cells were plated in 100-mm diameter culture dishes at 1000
cells/dish. The cells were then cultured in a cadmium-free envi-
ronment for 2 weeks. Following staining with Giemsa (Amresco,
OH), the number of colonies was counted. The experiment was
performed in triplicate.

Histone extraction. Histones were extracted from BEAS-2B cells
according to Chen et al. (2006). In brief, cells were lysed in ice-
cold radioimmunoprecipitation assay buffer [50 mM Tris-HCI,
pH 7.4, 1% octyl phenoxypolyethoxylethanol (NP-40), 0.25%
sodium deoxycholate, 150mM NaCl, 1mM ethylene diamine
tetraacetic acid (EDTA)] containing protease inhibitor cocktail
(Roche Applied Sciences, Mannheim, Germany) for 10min on
ice. Following centrifugation, the pellet was washed with a buf-
fer containing 10 mM Tris-HCI (pH 7.4) and 37 mM EDTA (pH 8.0)
and resuspended in 0.4 N H,SO,4 on ice for 1.5 h. The supernatant
was collected after centrifugation and incubated with ice-cold
acetone overnight at —20°C. Following centrifugation and one
wash with ice-cold acetone, the histones were collected and
resuspended in 4 M urea.

Preparation of whole cell lysate. Cells were lysed in radioimmuno-
precipitation assay buffer containing protease inhibitor cocktail
for 20 min on ice. The supernatant was collected after centrifu-
gation and kept at —20°C.

Western blot. The concentrations of the proteins were deter-
mined using Bio-Rad detergent-compatible protein assay (Bio-
Rad, Hercules, CA). The whole cell lysates containing 50 pg of
proteins were separated by 8% sodium dodecyl sulfate-polya-
crylamide gel electrophoresis (SDS-PAGE) gel and 5 pg of histo-
nes were separated by 15% SDS-PAGE gel. Following gel
electrophoresis, the gels were transferred to polyvinylidene
difluoride membranes (Bio-Rad) and were then stained with
Coomassie blue (Guoyao, Shanghai, China) to assess the loading
of histones. After blocking, the membranes were incubated with
primary antibodies including lysine-specific demethylase 5A
(KDMS5A, 1:5000; Abcam, Cambridge, MA), lysine-specific deme-
thylase 3A (KDM3A, 1:1000; Abcam), B-actin (1:5000; Abmart,
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Shanghai, China), tri-methyl H3K4 (1:5000; Abcam), di-methyl
H3K9 (1:10000; Abcam), and then incubated with horse-radish
peroxidase-conjugated anti-rabbit (1:5000; Jackson
ImmunoResearch, West Grove, PA) or anti-mouse secondary
antibodies (1:5000; Jackson ImmunoResearch). The proteins
were detected by an enhanced chemiluminescence kit
(Multisciences Biotech, Hangzhou, China) and then scanned
with a GeneGnome chemiluminescent imaging system
(Syngene, Frederick, MD). The relative intensities of the bands
were analyzed using Image J software and were normalized to
those of control.

In vitro histone demethylation assay. In vitro histone demethyla-
tion assay was performed with minor modifications as
described previously (Zhou et al., 2010). Nuclear extracts were
prepared according to the instructions of CelLytic NuCLEAR
extraction kit (Sigma). In brief, 50 pg of nuclear extracts from
BEAS-2B cells were incubated with 5pg of histones in histone
demethylation buffer (0.1 mM bpr-dithiothreitol, 2 pg/ml bovine
serum albumin, 50 mM N-2-hydroxyethylpiperazine-N-ethane-
sulphonicacid, pH 8.0, 100 uM FeSO,4, 2mM ascorbate, 1mM 2-
ketoglutarate, 1mM phenylmethanesulfonyl fluoride, and pro-
tease inhibitor cocktail). The reaction mixture was in a total vol-
ume of 50 ul. After overnight incubation on ice or at 37°C, EDTA
was added into the reaction mixture to a final concentration of
1mM to terminate the reaction. Then the reaction mixture was
subjected to Western blot using trimethyl H3K4 or dimethyl
H3K9 antibodies. Three independent experiments were
performed.

Soft agar assay. 5 x 10° cells were suspended in 3ml of 0.35%
agar and poured onto a 2.5ml of 0.5% agar bed in 6-well plates.
Colonies were stained with 0.04% crystal violet (Guoyao) and
photographed after 3 weeks. The number of colonies was
counted using Image ] software (size: 50—infinity; circularity:
0.6—1.0). The plates were prepared in triplicate.

Statistical analysis. Statistical analysis was performed with two-
tailed Student’s t-test. Difference was considered statistically
significant at P <.05 and statistically highly significant at P <.01.
Data were presented as the means = SD.

RESULTS

Effect of Cadmium on Colony Survival of BEAS-2B Cells

Colony survival assay was first conducted to determine the
doses of cadmium to treat BEAS-2B cells. The cells were exposed
to cadmium at 0, 0.625, 1.25, 2.5, 5.0, and 10.0uM for 24h and
then allowed to form colonies for 2 weeks. As shown in Figure 1,
there was no significant change in the number of colonies
formed by the cells treated with up to 10.0 uM of cadmium com-
pared with that of untreated cells.

Acute Exposure to Cadmium Increased H3K4me3 and H3K9me2 at
the Global Level

To investigate the effects of cadmium on global H3K4me3 and
H3K9me2, BEAS-2B cells were treated with cadmium at 0, 0.625,
1.25, 2.5, and 5.0 uM for 6, 24, and 48 h. After cadmium exposure,
histones were extracted, and global levels of H3K4me3 and
H3K9me2 were measured by Western blot with antibodies
against trimethyl H3K4 or dimethyl H3K9. The results showed
that except for the cells treated with 5.0 uM cadmium for 6 and
48h, global H3K4me3 were significantly increased after
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FIG. 1. Cadmium had no effect on the colony survival of BEAS-2B cells. BEAS-2B
cells were treated with cadmium at 0, 0.625, 1.25, 2.5, 5.0, and 10.0 uM for 24 h,
and subjected to colony survival assay. After 2 weeks, the colonies were stained
with Giemsa, and the number of colonies was counted. The experiment was per-
formed in triplicate. Data were expressed as the means * SD.

10.0

exposure to 0.625, 1.25, 2.5, and 5.0 uM cadmium for 6, 24, and
48h (Figs. 2A-C, respectively, and G) compared with those of
untreated cells (P<.05 or P<.01). Meanwhile, except for the
cells treated with 0.625 and 5.0 uM cadmium for 6 h, exposure of
BEAS-2B cells to 0.625, 1.25, 2.5, and 5.0 uM cadmium for 6, 24,
and 48h (Figs. 2A-C, respectively, and H) also significantly
increased global H3K9me2 compared with untreated cells
(P<.05 or P<.01). In general, global H3K4me3 and H3K9me2
were elevated as the time of the treatment increased. It was
noted that the levels of the increases of global H3K4me3 and
H3K9me2 were lower at 5.0uM than those at 2.5uM. These
results demonstrated that acute exposure of BEAS-2B cells to
cadmium elevated global H3K4me3 and H3K9me2.

We next examined if cadmium-induced global H3K4me3
and H3K9me2 were stable after the removal of cadmium.
Following exposure to cadmium at 0, 0.625, 1.25, 2.5, and 5.0 uM
for 6, 24, and 48 h, BEAS-2B cells were allowed to proliferate in
the absence of cadmium for another 12, 48, and 96 h, respec-
tively (Figs. 2D-F, respectively, I and J). Strikingly, the results
showed that compared with those of untreated cells, global
H3K4me3 remained significantly elevated after the removal of
cadmium (P<.05 or P<.01) except for the cells treated with
0.625 uM cadmium for 24 and 48 h and 5.0 uM cadmium for 6, 24,
and 48h (Figs. 2D-F and I). Meanwhile, except for the cells
treated with 1.25uM cadmium for 48 h and 5.0 uM cadmium for
6 and 48h (Figs. 2D-F and J), global H3K9me?2 remained signifi-
cantly increased after the removal of cadmium (P<.05 or
P<.01). Moreover, the increases of global H3K4me3 and
H3K9me?2 induced by cadmium were less at 5.0 uM than those at
2.5 uM after the removal of cadmium as well. These results indi-
cated that cadmium-induced increases of H3K4me3 and
H3K9me?2 remained after the removal of cadmium.

Cadmium Increased Global H3K4me3 and H3K9me2 by Inhibiting
the Activities of H3K4 and H3K9 Demethylases, Respectively

The homeostasis of histone methylation was maintained by
both histone methyltransferases and demethylases (Shi et al.,
2004). Histone methyltransferases catalyze the transfer of the
methyl groups to histone residues whereas histone demethy-
lases remove the methyl groups. Therefore, inhibition of histone
demethylases would result in an increase in histone methyla-
tion. It has been reported that nickel increased global H3K9me2
by inhibiting histone demethylase in human lung carcinoma
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FIG. 2. Cadmium increased global H3K4me3 and H3K9me?2 in BEAS-2B cells. BEAS-2B cells were exposed to cadmium at 0, 0.625, 1.25, 2.5, and 5.0 uM for 6 (A), 24 (B), and
48h (C) and then allowed to recover for 12 (D), 48 (E), and 96 h (F), respectively, following the removal of cadmium. Histones were extracted and subjected to Western
blot with antibodies against trimethyl H3K4 or dimethyl H3K9. To assess the loading of histones in each lane, the gels were stained with Coomassie blue. Three inde-
pendent experiments were performed and representative results are shown. The relative intensities of the bands were quantified using Image J software (shown below
the bands) and were expressed as the means + SD in histograms. (G, H) Quantification of global H3K4me3 and H3K9me?2 in BEAS-2B cells after exposure to cadmium. (I,
J) Quantification of global H3K4me3 and H3K9me?2 in BEAS-2B cells after removal of cadmium. * P <.05 and #, P < .01 compared with control.

A549 cells (Chen et al., 2006). We next investigated whether cad-
mium increased global H3K4me3 and H3K9me?2 by inhibiting the
activities of histone demethylases. Since S-adenosyl-methionine
(SAM), a methyl donor, has an extremely short half-life in the
cells and its synthesis requires methionine, the absence of
methionine in DMEM would result in low content of SAM in the
cells, which would inhibit methyltransfer reactions. To

investigate the role of histone demethylases in cadmium-
induced increases of global H3K4me3 and H3K9me2, BEAS-2B
cells were pretreated with DMEM or methionine-deficient DMEM
for 4h prior to cadmium exposure. As a result of the removal of
methionine in DMEM, the methylating process was inhibited
leading to significant decreases of global H3K4me3 and H3K9me2
in BEAS-2B cells (P <.05 or P <.01) (Fig. 3A). However, treatment
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FIG. 3. Cadmium increased global H3K4me3 and H3K9me?2 by inhibiting the demethylating process in BEAS-2B cells. (A) BEAS-2B cells were preincubated with complete
or methionine-deficient DMEM for 4h and treated with 2.5 M cadmium for 24 h. Histones were extracted and subjected to Western blot with antibodies against tri-
methyl H3K4 or dimethyl H3K9. (B) 50 ug of nuclear extracts from BEAS-2B cells were incubated with 5 ug of histones overnight at 37°C in the reaction mixture contain-
ing iron, ascorbate, and 2-ketoglutarate, in the absence or presence of 2.5 uM cadmium, or in the presence of 1mM EDTA, or at ice bath temperature. To assess the
loading of histones in each lane, the gels were stained with Coomassie blue. (C) BEAS-2B cells were treated with cadmium at 0, 0.625, 1.25, 2.5, and 5.0 uM for 24 h.
Whole cell lysates were prepared and subjected to Western blot with antibodies against KDM5A or KDM3A. The same membrane was reblotted with p-actin as a load-
ing control. Three independent experiments were performed and representative results are shown. The relative intensities of the bands were quantified using Image J
software (shown below the bands) and were expressed as the means *+ SD in histograms. *, P <.05 and #, P <.01 compared with control in complete DMEM, and #,
P <.05 compared with control in methionine-deficient DMEM (A). *, P < .05 and #, P < .01 compared with control (B, C).

with 2.5 uM cadmium in methionine-deficient DMEM still signifi-
cantly increased global H3K4me3 and H3K9me2 compared with
untreated cells (P<.05) (Fig. 3A). These results suggested that
cadmium increased global H3K4me3 and H3K9me?2 at least by
inhibiting histone demethylation.

In an effort to determine whether cadmium inhibited the
demethylating process by inhibiting the activities of H3K4 and
H3K9 demethylases, we performed an in vitro histone demethy-
lation assay. The methyl groups in H3K4me3 and H3K9me2 can
be removed by members of Jumonji-domain-containing histone
demethylases. It is essential for these demethylases, which
belong to the dioxygenase family, to have adequate

concentrations of iron, ascorbate and 2-ketoglutarate as cofac-
tors (Tsukada et al., 2006). In this study, 50 pg of nuclear extracts
from BEAS-2B cells were incubated with 5pg of histones over-
night at 37°C in the reaction mixture containing iron, ascorbate
and 2-ketoglutarate in the absence or presence of 2.5uM cad-
mium. Then Western blot was performed with antibodies
against trimethyl H3K4 or dimethyl H3K9. EDTA is an iron che-
lator, which can inhibit the activities of histone demethylases,
we therefore used EDTA to terminate all of the reactions.
We also incubated the mixture with EDTA as a positive control.
Since the optimum temperature for the enzymatic activities of
histone demethylases is 37°C, we used the mixture incubated
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FIG. 4. Cadmium transformed BEAS-2B cells following treatment at 2.0 uM for 20 weeks. (A) BEAS-2B cells were continuously treated with cadmium at 0, 0.5, 1.0, and
2.0 uM for 20 weeks, and then subjected to soft agar assay. Colonies were stained with crystal violet and photographed after 3 weeks. The experiment was carried out
in triplicate and representative results are shown. (B) The number of colonies was analyzed with Image ] software, which was expressed as the means + SD in the

graph. #, P <.01 compared with control.

on ice to abolish the activities of the demethylases and exam-
ined the histone methylation levels. As shown in Figure 3B,
global H3K4me3 and H3K9me2 were much lower in control that
were incubated without cadmium at 37°C compared with those
in the reaction mixture incubated on ice (P <.05 or P <.01), sug-
gesting that the histone demethylases were active in control to
reduce the methylation levels. Nevertheless, global H3K4me3
and H3K9me2 were significantly increased by cadmium com-
pared with control, but they were still lower than those in the
reaction mixture incubated on ice (P <.05 or P <.01). Altogether,
these results indicated that cadmium partly inhibited the activ-
itles of H3K4 and H3K9 demethylases, which resulted in
increases of H3K4me3 and H3K9me2, respectively.

A family of 4 lysine-specific demethylases (KDM5) can
catalyze the removal of the methyl groups from di- and
trimethylated H3K4 (Rasmussen and Staller, 2014). It has been
previously reported that the transcriptional level of KDM5A was
the highest of the KDM5 family demethylases in BEAS-2B cells
and it might be the major demethylase of H3K4me3 in this cell
type (Zhou et al., 2010). KDM3A is a histone demethylase specific
to mono- and dimethylated H3K9 (Yamane et al., 2006). To
investigate if cadmium increased global H3K4me3 and
H3K9me2 by modulating the protein levels of KDM5A and
KDM3A, BEAS-2B cells were treated with cadmium at 0, 0.625,
1.25, 2.5, and 5.0 uM for 24 h. Whole cell lysates were extracted
and then subjected to Western blot using antibodies against
KDMSA or KDM3A. As shown in Figure 3C, there was no signifi-
cant change in the protein levels of KDMS5A and KDM3A
after 24h of exposure to cadmium compared with those of
untreated cells.

Cadmium Transformed BEAS-2B Cells

Anchorage-independent growth as measured by acquired abil-
ity of normal cells to grow in soft agar is often used as an indica-
tor of cell transformation (Shin et al., 1975). Hence, we
performed soft agar colony formation assay to examine
whether cadmium can transform BEAS-2B cells following
chronic exposure. The doses of chronic cadmium exposure
were chosen based on the work of Son et al. (2012). Accordingly,
BEAS-2B cells were continuously treated with cadmium at 0, 0.5,
1.0, and 2.0 uM for 20 weeks. BEAS-2B cells passaged at the same
time with cadmium-exposed cells were used as control. We
observed no significant change in the number of colonies after
exposure to cadmium for 8, 12, and 16 weeks compared with

that of control (data not shown). After 20 weeks of exposure, 0.5
and 1.0 M cadmium did not significantly induced colonies in
BEAS-2B cells compared with control (Figs. 4A and B). However,
there was an approximate of 4.5-fold increase in the number of
colonies formed by the cells exposed to 2.0 uM cadmium for 20
weeks compared with control (P<.01). The results indicated
that 20 weeks of exposure to cadmium at 2.0 uM was capable of
transforming BEAS-2B cells to acquire the ability of anchorage
independent growth.

Alterations of Global H3K4me3 and H3K9me2 During Cadmium-
Induced Transformation of BEAS-2B Cells

We next examined if global H3K4me3 and H3K9me2 were
altered in the process of cadmium-induced transformation of
BEAS-2B cells. During transformation, histones were extracted
at 4, 8, 12, 16, and 20 weeks and Western blot was performed
with antibodies against trimethyl H3K4 or dimethyl H3KO.
Interestingly, compared with control, exposure to cadmium at
1.0 and 2.0uM for 4 weeks significantly increased global
H3K4me3 and H3K9me2 (P <.05 or P<.01) (Figs. 5A, F, and G).
However, there was no significant change in global H3K4me3
and H3K9me?2 following exposure to cadmium at 0.5uM for 4
weeks and at 0.5, 1.0, and 2.0 uM for 8, 12, 16, and 20 weeks (Figs.
SA-E, respectively, F, and G).

In order to determine the roles of KDM5A and KDM3A in cad-
mium-induced increases of H3K4me3 and H3K9me2 during the
early stage of cadmium-induced cell transformation, the pro-
tein levels of KDM5A and KDM3A were examined in BEAS-2B
cells after exposure to cadmium at 0, 0.5, 1.0, and 2.0 uM for 4
and 8 weeks (Figs. 6A, B, respectively, C, and D). The results
showed that there was no significant change in the protein lev-
els of KDM5A and KDM3A in cadmium-treated cells compared
with control.

DISCUSSION

Over decades, mechanisms involved in cadmium-induced carci-
nogenesis such as induction of oxidative stress, repression of
DNA repair, disruption of gene regulation, and suppression of
apoptosis have been investigated (Joseph, 2009). However, the
exact mechanism underlying cadmium-induced carcinogenesis
remains unidentified. Since cadmium is a carcinogen with weak
mutagenicity, it has been proposed that epigenetic modifica-
tions could be one of the major mechanisms underlying
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FIG. 5. Cadmium elevated global H3K4me3 and H3K9me?2 in BEAS-2B cells after 4 weeks of exposure. BEAS-2B cells were continuously treated with cadmium at 0, 0.5,
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The relative intensities of the bands were quantified using Image J software (shown below the bands) and were expressed as the means + SD in histograms (F, G). *,

P <.05 and #, P <.01 compared with control.

cadmium-induced carcinogenesis (Arita and Costa, 2009;
Joseph, 2009; Waalkes, 2003). This notion has been supported by
the findings demonstrating that cadmium disrupted DNA meth-
ylation, which was associated with cadmium-induced carcino-
genesis (Benbrahim-Tallaa et al., 2007; Jiang et al., 2008;
Takiguchi et al., 2003; Zhou et al., 2012). Therefore, we investi-
gated whether histone modifications were involved in cad-
mium-induced carcinogenesis in this study.

We used 0-5.0uM cadmium to acutely treat BEAS-2B cells
because the results from colony survival assay demonstrated
that there was no significant change in the number of colonies
formed by the cells treated with up to 10.0 uM of cadmium com-
pared with that of untreated cells. The result was consistent
with a recent study showing that there was no significant cyto-
toxicity in BEAS-2B cells after treatment with 10.0 uM cadmium
for 36 h but 20.0 uM cadmium significantly induced cytotoxicity
after 36 h of exposure (Chen et al., 2014). Forti et al. (2010) also
showed that the viability of human bronchial epithelial Calu-3
cells was significantly reduced by cadmium at the lowest dose
of 30.0 uM after 24 h of exposure. Moreover, cadmium has been
found to be accumulated in the lungs of nonsmokers at the con-
centrations of 0.9-6.0pM (Jin et al., 2003). Thus, the doses of

cadmium we used in this study were nontoxic and were compa-
rable to the levels accumulated in the lungs of humans.
Furthermore, the treatment doses were also consistent with the
studies as reported by Jing et al. (2012) and Person et al. (2013).
Our results showed that acute exposure to cadmium
increased global H3K4me3 and H3K9me2 and most of the
increases remained after the removal of cadmium. However,
some persistence was lost after recovery at later time points,
such as the methylation levels of H3K4me3 in the cells treated
with 0.625 cadmium for 24 and 48 h and 5pM cadmium for 24 h,
and the methylation levels of H3K9me?2 in the cells treated with
1.25 and 5.0pM cadmium for 48h. These results suggested a
transient effect of cadmium on histone methylations. It is worth
noting that cadmium-induced elevations of global H3K4me3
and H3K9me?2 were less at 5.0 uM than those at 2.5 uM, suggest-
ing that cadmium may have induced a nonlinear dose-
response. Waalkes et al. (1988) also observed a nonlinear dose-
response in cadmium-induced prostatic tumor formation in
rats. In this study, we found increases both in the global levels
of the transcriptional activating mark H3K4me3 and the repres-
sing mark H3K9me2. This phenomenon has been previously
reported in A549 cells exposed to arsenite, chromate, and nickel
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(Sun et al., 2009; Zhou et al., 2008, 2009). As indicated by immu-
nofluorescent staining in these studies, H3K4me3 and H3K9me2
were located at different regions in the nucleus. H3K4me3
mainly resides in euchromatin whereas H3K9me2 primarily
exists at heterochromatin. Therefore, it is not paradoxical that
exposure of BEAS-2B cells to cadmium could simultaneously
increase global H3K4me3 and H3K9me2.

Since our study showed that actue exposure of BEAS-2B cells
to cadmium inhibited the activities of H3K4 and H3K9 demethy-
lases, cadmium appeared to increase global H3K4me3 and
H3K9me2 by inhibiting demethylation. However, it is still not
clear how cadmium inhibited the activities of H3K4 and H3K9
demethylases. The possible mechanisms are as followed. First,
cadmium and zinc belong to IIB family of transition elements,
they have many similarities in physical and chemical character-
istics and have been considered to antagonize each other (Das
et al., 1997). Kothinti et al. (2010) have reported that cadmium
inhibited the DNA binding affinity of the transcription factor Sp1
by replacing zinc in its zinc finger DNA binding domain. Some of
the histone demethylases, such as KDM5A and KDM3A, contain
zinc fingers as well, which are required for their enzymatic activ-
ities (Klose et al., 2007; Yamane et al., 2006). Therefore, we
hypothesized that cadmium could compete with zinc in the zinc
fingers of histone demethylases, resulting in alteration of the
conformation of zinc fingers and finally inhibiting the activities
of histone demethylases. Second, cadmium has been reported to
induce generation of reactive oxygen species both in vivo and
in vitro (Joseph, 2009). As a consequence, cadmium would reduce
the antioxidant ascorbate, an essential cofactor for the catalytic
activity of the Jmjc-domain-containing demethylases and result
in oxidation of ferrous iron to ferric iron to inactivate the
enzyme. It has been reported that the levels of ascorbate were
significantly reduced in the lungs of cadmium-exposed mice
(Luchese et al., 2007). Therefore, cadmium may also inhibit the
activities of H3K4 and H3K9 demethylases via depletion of ascor-
bate. In addition to investigate the activities of histone demethy-
lases, we found that there was no significant change in the
protein levels of KDM5A and KDM3A after exposure to cadmium.
Overall, these results suggested that cadmium-induced

elevations of H3K4me3 and H3K9me2 were modulated by inhibit-
ing the histone demethylases, but not through modulating the
protein levels of KDM5A and KDM3A.

In vitro morphological transformation of cells has been
widely employed to study the potential carcinogenicity of
chemicals (Barrett et al., 1984). Cadmium is an established
human lung carcinogen and its transformative capacity has
been confirmed in different human bronchial epithelial cell
lines. It has been reported that 16HBE cells were malignantly
transformed after exposure to 5-15pM cadmium for 3—4
months (Lei et al., 2008). Jing et al. (2012) found that exposure of
5.0 uM cadmium for 26 weeks malignantly transformed BEAS-2B
cells. In another study by Son et al. (2012), BEAS-2B cells exposed
to 0.5, 1.0, and 2.0 pM cadmium for 2 months were malignantly
transformed. In our study, BEAS-2B cells were transformed after
20 weeks of exposure to 2.0 uM cadmium, which was inconsis-
tent with the study as reported by Son et al. The following rea-
sons may explain the discrepancy. First, the densities of cells
plating in soft agar were different. BEAS-2B cells were plated at
1 x 10* in their study, whereas the number of the cells plating in
soft agar was only half (5 x 10%) in our study. Second, the cells
were grown in soft agar for 2 months in the study by Son et al.,
whereas we cultured the cells in soft agar for 3 weeks before col-
onies were counted. It’s worth noting that colonies were formed
in control in this study, which was in accordance with the stud-
ies by Sun et al. (2011), Wang et al. (2011), and Stueckle et al.
(2012). American Type Culture Collection has claimed that
BEAS-2B cells do form colonies in semisolid medium, but are
not tumorigenic in immunosuppressed mice. It has been pro-
posed by Stueckle et al. (2012) that formation of colonies in con-
trol cells may be partially due to the existence of a mutated p53
in BEAS-2B cells, which is induced by SV40 large T-antigen that
immortalizes the cells.

It was of interest that during transformation of BEAS-2B cells
induced by cadmium, global H3K4me3 and H3K9me2 were sig-
nificantly increased at 4 weeks, while no significant change was
observed at 8, 12, 16, and 20 weeks compared with those of
untreated cells. The result indicated that the increases of global
H3K4me3 and H3K9me2 only occurred at an early stage of
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cadmium-induced cell transformation. The increases were
induced by inhibiting the activities of histone demethylases,
which has been confirmed by histone demethylation assay.
However, at the mid or late stages of transformation, cadmium
may trigger other molecular pathways that affect the methylat-
ing process as well, so that the balance of methyl addition and
removal could be maintained. In addition, we found that there
was no significant change in the protein levels of KDM5A and
KDM3A following exposure to cadmium for 4 and 8 weeks, indi-
cating that cadmium-induced increases of global H3K4me3 and
H3K9me?2 at the early stage of transformation of BEAS-2B cells
were not mediated by altering the protein levels of the histone
demethylases KDM5A and KDM3A.

In conclusion, our results showed that acute exposure to cad-
mium increased global H3K4me3 and H3K9me?2 in BEAS-2B cells by
inhibiting the activities of H3K4 and H3K9 demethylases, respec-
tively, which would ultimately affect the expression of genes or
noncoding RNA. The increases remained after the removal of cad-
mium. Moreover, the increases of global H3K4me3 and H3K9me2
only occurred at an early stage of cadmium-induced cell transfor-
mation, which suggested that aberrant histone methylation may
be involved in the initiation step of cell transformation. Further
study may focus on the expression of specific genes or noncoding
RNA in relationship with cadmium-induced alterations of histone
methylation, thus providing more insights into the mechanisms of
cadmium-induced carcinogenesis.
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