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Abstract

In the course of our investigations into the toxicity of tungstate, we discovered that cellular
exposure resulted in the loss of the histone demethylase protein. We specifically investigated the
loss of two histone demethylase dioxygenases, JARID1A and JMJD1A. Both of these proteins
were degraded in the presence of tungstate and this resulted in increased global levels of
H3K4me3 and H3K9me2, the substrates of JARID1A and JMJD1A respectively. Treatment with
MG132 completely inhibited the loss of the demethylase proteins induced by tungstate treatment,
suggesting that tungstate activated the proteasomal degradation of these proteins. The changes in
global histone marks and loss of histone demethylase protein persisted for at least 48 hours after
removing sodium tungstate from the culture. The increase in global histone methylation remained
when cells were cultured in methionine-free media, indicating that the increased histone
methylation did not depend upon any de novo methylation process, but rather was due to the loss
of the demethylase protein. Similar increases of H3K4me3 and H3K9me2 were observed in the
livers of the mice that were acutely exposed to tungstate via their drinking water. Taken together,
our results indicated that tungstate exposure specifically reduced histone demethylase JARID1A
and JMJD1A via proteasomal degradation, leading to increased histone methylation.
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Introduction

Over the past few decades, we have learned that metallic species may exert their
carcinogenic potential via epigenetic mechanisms [1]. Exposure to the IARC class |
carcinogenic metals—arsenic, nickel, cadmium, and chromium(V1)—have all displayed
significant epigenetic alterations that likely drive the cancer phenotype [2]. These metals
have been widely studied in cancer research, with a large body of literature establishing
them as agents that alter the cellular epigenetic program. Therefore, it is likely that other
metal carcinogens may also alter the epigenetic program of cells, which may drive
carcinogenesis. Recently, we have reported that the oxyanion vanadate may have
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tumorigenic potential based on its ability to induce transformation of BEAS-2B cells in
tissue culture [3]. This research may have generated other studies investigating vanadium’s
ability to induce cancer [4, 5]. Tungsten is another metal that has not been explored
extensively in toxicology studies. We aim to investigate the carcinogenic potential of
tungsten compounds and uncover possible epigenetic mechanisms that drive its
carcinogenicity.

Tungsten has unique chemical properties; at just over 3,000 degrees Celsius, tungsten has
the highest melting point of all metals [6]. Elemental tungsten is a dense transition metal,
which exhibits oxidation states from -2 to +6. When exposed to atmospheric conditions, it
readily forms oxides. The most common oxide is WOs. In particle form, tungsten exists as
clusters of WO3 molecules that can adopt either crystalline or amorphous structures
connected by non-covalent bonds. In alkaline conditions, WO3 particulate powder dissolves
in aqueous solutions to form WO,2~ (orthotungstate) ions. Adding tungsten to steel
significantly increases its toughness. Coating machining tools with tungsten carbide
improves hardness and increases melting temperature, enabling the machining of stainless
steels. When WOgs intercalates within alkali metals it produces bronzes. Tungsten oxides are
widely used in machining applications, which often produce fine particulates [7-10].

Human exposure to tungsten containing material is widespread. Also, since tungsten is
commonly used in creating tools for machining steel, machine shop workers regularly inhale
particulate tungsten and its alloys. Tungsten is also commonly used in munitions
manufacturing, which causes exposure in the manufacture of munitions, as well as those
injured by their deployment. While tungsten compounds are considered relatively non-toxic
and cells can tolerate mM levels of exposure, the effects of exposure at the mM level are
important to explore given the numerous routes by which human tungsten exposure can
occur due to its widespread industrial utility.

Alterations in histone modifications, on both a global and gene-specific level, represent
emerging mechanisms by which many metals alter gene expression, which can be epigenetic
if inherited. A study by Arita et al., 2012 evaluated peripheral blood mononuclear cells
(PBMCs) of Chinese nickel refinery workers occupationally exposed to nickel for changes in
histone methylation. The investigation found that nickel altered the genome-wide levels of
H3K9me2 and H3K4me3 [11]. Nickel has been shown to inhibit the activity of the major
class of histone demethylases known as dioxygenases by readily displacing the Fe from the
active site of these enzymes [12]. A hallmark property of cancer cells is global
hypoacetylation [2]. Metals have been shown to cause hypoacetylation [1, 6] in cells and
nickel also inhibits histone acetyltransferases (HATSs) [13].

Tungsten’s unique chemical properties make it attractive to industry. Therefore, occupational
exposures to tungsten raise significant toxicity concerns. Previously, we reported on
tungsten's ability to induce, following in vitro exposure of BEAS-2B cells, cancer-related
endpoints including cell transformation, increased migration, xenograft growth in nude
mice, and the activation of multiple cancer-related pathways [18]. Histone modifications,
specifically alterations in histone acetylation and methylation, have been altered following
exposure of a number other carcinogenic metals [1, 19]. Here, we show perturbations in the
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levels of global histone methylation that occur after tungstate exposure and suggest unusual
mechanisms that mediate this effect involving the ability of tungstate to selectively degrade
the histone demethylase dioxygenases.

Materials and Methods

Cell culture

Human bronchial epithelial cells (BEAS-2B, ATCC, Manassas, VA) were adapted to serum
growth after their purchase and have been carefully maintained. They were recently tested
through Genetica DNA Laboratories against a reference BEAS-2B cell line and were 100%
matched to prove authenticity (Burlington, NC). BEAS-2B were cultured in 1 x Dulbecco’s
Modified Eagle Medium (DMEM,; Invitrogen, Grand Island, NY) supplemented with 10%
fetal bovine serum (FBS; Atlanta Biologicals, Lawrenceville, GA) and 1% Pen Strep
(GIBCO, Grand Island, NY). Adenocarcinomic human alveolar basal epithelial cells (A549,
ATCC) were cultured in F-12K media (Invitrogen) supplemented with 10% FBS and 1%
Pen Strep.

The cells were maintained in 10 cm? polystyrene tissue culture dishes in an incubator at

37 °C with 5% CO5,. Media were changed every four days as well as passaged using 0.05%
trypsin-EDTA (GIBCO) as described previously [12]. Cells were split and seeded at the
same concentration, 3 x 105, in the presence of Na,WOQ, (Sigma-Aldrich, St. Louis, MO),
dissolved in distilled water, with concentrations ranging from 1 mM to 5 mM. Cells were
treated with Nap,WO, for 48-hours, and then in absence of tungstate for 48-hour, for a
washout. Histones and nuclear extracts were extracted.

For BEAS-2B treated in methionine-free media, cells were seeded at 3 x 10°. After 24 hours
1 x DMEM media was removed and cells were rinsed with PBS. Cells were incubated in
methionine-free media for four hours. Cells were treated with concentrations ranging from 1
mM to 5 mM Na,WO, for 24 hours. Subsequently, histones and nuclear extracts were
extracted.

BEAS-2B cells were co-treated with 0.5 uM MG132 (Sigma-Aldrich) and 1 mM to 5 mM
Na,WO, for 24 hours, and nuclear extracts were prepared.

Plating Efficiency

Silver stain

To evaluate the cell toxicity of BEAS-2B with NapWO,, cells were seeded at 3 x 10° and
treated with 0, 1, 2.5 and 5 mM Nay,WOQ, for 48 hours. After the exposure, the cells were
rinsed with PBS (Thermo Fisher Scientific, Waltham, MA) and then counted and seeded at
500 cells per dish in fresh media. Cells were cultured for two weeks and then fixed and
stained with Giemsa. Plating efficiency was calculated by the number of colonies divided by
the number of cells plated multiplied by 100%. Three replicate dishes were evaluated per
each dose and the results are expressed as meanzstandard deviation.

BEAS-2B cells treated acutely with 0, 1, 2.5 and 5 mM Na,WOQO, were lysed using boiling
buffer (1% SDS, 1mM NagVOy,, 10 mM Tris-Cl, pH 7.4). Briefly, the preheated boiling

Mol Carcinog. Author manuscript; available in PMC 2018 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Glick et al.

Page 4

buffer was added to each 10 cm cell culture plate at 70% confluency after PBS wash. The
cell lysate was denatured at 100°C for 5 minutes and sonicated using Diagenode Biorupter
(Denville, NJ) at a maximum setting for 10 minutes. Next the samples were centrifuged at
4°C for 15 minutes for 21,000 rpm. Protein was quantified using the Bio-Rad DC
colorimetric Protein Assay (Hercules, CA), using bovine serum albumin (Sigma-Aldrich) as
the protein standard. Next, 500 pg of proteins were separated by 12% (w/v) gels and the
Pierce Silver Stain protocol (Thermo Fisher Scientific) was followed provided by the
manufacturer.

Inductively coupled plasma mass spectrometry (ICP-MS)

BEAS-2B were cultured as described above and treated with Na,WQ, in concentrations
ranging from 1 mM to 5 mM for 48 hours. The cells were trypsinized and counted to
determine cell number. There was equal number of cells in each sample pellet. Each sample
pellet was treated with HNO3 (70%), and then incubated at 80°C for 3 hours. The digested
material was utilized to measure the levels of tungsten by ICP-MS (Perkin Elmer, Warsaw,
Poland).

Mouse experiment with tungstate treated drinking water

Twelve 6-week-old male AJ mice (body weight 22—-25g) were obtained from Taconic Farms
(Germantown, NY) and housed in our AAALAC accredited housing facility in Tuxedo, NY.
Approval was obtained by IACUC for the use of animals in experimental studies. Tungstate
was added to the drinking water at 0, 5 and 10 g/L concentrations and the mice were given
access to the drinking water ad /ibitum for 14 days. Four mice were treated with 5g/L of
tungstate, the low-dose group. Four mice were treated with 10g/L of tungstate, the high-dose
group. All procedures were conducted in compliance with New York University’s guidelines
for ethical animal research and the Declaration of Helsinki.

Preparation of histones and nuclear extracts

At 80-90% confluency of cells, histones or nuclear extracts were collected. Livers from
mice were collected post-sacrifice, processed and the histones were collected. Histones were
collected from cells as previously described [20, 21]. Briefly, ice-cold
radioimmunoprecipitation assay buffer (50 mM Tris-HCI at pH 7.4, 1% NP-40, 0.25% Na-
deoxycholate, 150 mM NaCl and 1 mM ethylenediaminetetraacetic acid) (Santa Cruz
Biotechnology) supplemented with a protease inhibitor mixer (Roche Applied Sciences) was
used to extract histones from cells and livers. Nuclear extracts were collected using CelLytic
NuCLEAR extract kit (Sigma-Aldrich). The histone concentration and nuclear extract
protein concentration was determined using Bio-Rad DC colorimetric Protein Assay using
bovine serum albumin as the protein standard.

Western blotting

The protein concentration was measured using Bio-Rad DC protein assay. For histones, 2.5
ug were separated by any kD SDS-PAGE gels and transferred to polyvinylidene difluoride
membranes, PVDF (Bio-Rad). Immunoblotting was performed using trimethyl H3K4
(1:2000; Abcam) primary antibody and horseradish peroxidase-conjugated anti-rabbit
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secondary antibody (Santa Cruz Biotechnology). Immunoblotting was performed using
dimethyl H3K9 (1:2000; Abcam) primary antibody and horseradish peroxidase-conjugated
anti-mouse secondary (Santa Cruz Biotechnology). In order to obtain relative intensities,
loading of histones was attained using H3 (1;30,000; Abcam).

For nuclear extracts containing 25 g of proteins were separated by 6% (w/v) gels and
transferred to PVDF membranes. Immunoblotting was performed using JARID1A (1:1000;
Bethyl) primary antibody and horseradish peroxidase-conjugated anti-rabbit secondary
antibody. Immunoblotting was performed using JMJD1A (1:1000; Bethyl) primary antibody
and horseradish peroxidase-conjugated anti-rabbit secondary antibody. In order to obtain
relative intensities, the loading of nuclear extracts was attained using Lamin A (1:500; Santa
Cruz).

Detection was accomplished using Pierce ECL Western Blotting Substrate (Thermo
Scientific). The relative intensities of the bands were quantified by ImageJ and normalized to
the control.

Real-Time Quantitative PCR

Results

Total RNA was extracted by TRIzol (Invitrogen), and then purified using RNeasy Plus
Micro Kit (Qiagen). 250 ng of RNA that was extracted and purified was converted into
single-strand cDNA using Superscript 111 (Invitrogen). Next, real-time gPCR was conducted
on 20 ng of cDNA using SYBR Green PCR Master Mix (Applied Biosystems) on an ABI
PRISM 7900HT. The specific primers are indicated below: JARID1A, 5’-
GCTTGGCAATGGGAACAAAA-3’ (forward) and 5’-
CGTTGTCTCATTTGCATGTTAA-3’ (reverse); IMID1A, 5’-
TCTGTTCCACAAGCATTGACTGG-3’ (forward), and 5’-
AGGGCTATCACTATTGACACCTGC-3’ (reverse); p-actin, 5’-
ATCGTCCACCGCAAATGCTTCTA-3’ (forward) and 5’-
AGCCATGCCAATCTCATCTTGTT-3’ (reverse). All PCR was performed in triplicates, and
the relative gene expression levels were normalized to B-actin expression. The results are
represented as a fold change to the untreated control cell expression levels.

Tungstate exposure results in little cell death at highest dose

BEAS-2B cells were treated with 0, 1, 2.5 and 5 mM Na,WO, for 48 hours and then seeded
at 500 cells per dish and cultured for two weeks (figure 1a). The lowest dose, 1 mM
NayWOy, resulted in more cell survival than the parental BEAS-2B. The 2.5 mM Na,WOy,
dose resulted in 5% cell death. The highest dose, 5 MM NayWOy, resulted in 16.4% cell
death. Plating efficiency was carried out to find appropriate doses of tungstate for treatment.
The assay was performed with three biological replicates. These results clearly illustrate the
low cellular toxicity of tungstate.
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Silver stain gel shows no protein degradation after acute tungstate-treatment

BEAS-2B cells were treated with 0, 1, 2.5 and 5 mM Na, WO, for 48 hours and then
collected and assessed for protein degradation using silver staining. In order to evaluate the
protein degradation of the tungstate-treated cells, the protein was separated on a 12% (w/v)
polyacrylamide gel and then treated with silver stain to visualize the protein (figure 1b).
There is no protein degradation evident after 48-hour treatment of tungstate at any dose.
These results clearly demonstrate that tungstate does not cause generalized cell-wide protein
degradation.

Tungstate exposure results in 15-40% cellular uptake

BEAS-2B cells treated with 1, 2.5 and 5 mM of Na,WO, for 48 hours were collected and
the uptake of tungsten was measured by ICP-MS. The higher doses of tungstate, 2.5 and 5
mM, showed a larger percent uptake (~40%) compared to the lower dose, 1 mM (figure 1c),
where the uptake was only ~15%. These results illustrate that tungstate is capable of
crossing cell membranes and entering cells, yet has a low level of toxicity.

Acute exposure to tungstate results in increased global level of H3K9me2 and H3K4me3

BEAS-2B cells were treated with 0, 1, 2.5, 5 and 10 mM Na,WO, for 48 hours. The cells
were either harvested or continued to grow for 48 hours in the absence of tungstate
(washout). After tungstate exposure, histones and nuclear extracts were prepared. Global
levels of H3K4me3 and H3K9me2 were assessed by western blots with antibodies specific
to these modifications. Global levels of H3K4me3 were significantly increased after 48-hour
acute exposure when compared to the untreated controls. In addition, global levels of
H3K9me2 were also significantly increased after acute treatment when compared to the
untreated controls. The global increase in both H3K4me3 and H3K9me2 persisted, even
after a 48-hour washout period (figure 2a, 2b). Global levels of H3K4me3 were significantly
increased after 48-hour acute exposure to 2.5 and 5 mM using a different human lung cell
line, an adenocarcinomic human alveolar basal epithelial cell line (A549), and these changes
persisted after a 48-hour washout (figure 2c).

Increased histone methylation is due to depletion of histone demethylases

We investigated whether tungstate affecting the protein levels of the histone demethylases
could be a possible mechanism that would have caused the increased methylation. BEAS-2B
cells were treated with 0, 1, 2.5, and 5 mM Na,WO, for 48 hours and allowed to proliferate
in the absence of tungstate for 48 hours. IMID1A (a histone demethylase for H3K9me2)
levels were depleted by tungstate treatment when compared to the untreated control. The
loss of this demethylase protein likely explains the increased H3K9me2 by tungstate (figure
3a).

Subsequently, we evaluated JARID1A, which demethylates H3K4me3. JARID1A levels
were depleted by tungstate treatment, suggesting that JARID1A apparent protein loss
contributed to the increased H3K4me2. Although there are four known histone demethylases
targeting H3K4me3, we have previously shown that JARID1A is the major demethylase
expressed in BEAS-2B cells [16]. We assessed if the decrease persisted after tungstate was
removed and found that both histone demethylases were still decreased after the washout
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(figure 3b). In a parallel experiment, A549 cells were treated with 0, 2.5, and 5 mM
Na,WQO, for 48 hours. JARID1A was persistently decreased by Na,WQy, in these A549 cells
(figure 3c).

We investigated the mRNA levels of IMID1A and JARID1A using qPCR. BEAS-2B cells
were treated with 2.5 and 5 mM Na,WO, for 48 hours and the mMRNA levels coding for
these enzymes was determined. We found that there was an increase mMRNA levels of
JMJD1A and JARID1A in tungstate treated cells compared to control BEAS-2B (figure 3d).
This was likely due to the striking depletion of the demethylase protein and compensatory
attempts by the cells to restore the protein to normal levels.

Tungstate-induced increase in histone methylation was still observed in cells with
depleted SAM levels

We investigated whether the increased histone methylation was due to a de novo methylation
process. When BEAS-2B cells were placed into methionine-free media, there was still an
increase in global methylation and a decrease in their histone demethylases after tungstate
treatment, suggesting the absence of such activity. BEAS-2B were incubated in methionine-
free media for four hours because of the short intracellular half-life of S-adenosyl-
methionine (SAM) [16]. SAM is the only known source of methyl groups for all enzymatic
reactions involving methylation. SAM is the methyl donor for the histone methyltransferases
(HMTs) that methylates the lysine residues on the histone tail [22]. Methionine-deficient
medium decreases intracellular SAM pools and inhibits methyl transfer reactions. After four
hours incubation, cells were treated with 0, 1, 2.5, and 5 mM of tungstate. The same trend in
a global increase of H3K9me2 and H3K4me3 was evident, even in methionine-free media
(figure 4a and figure 4b). Additionally, the histone demethylase proteins also decreased with
tungstate treatment in methionine-free media (figure 5a and figure 5b), and moreover the
effect of tungstate appears to be enhanced in methionine-free media.

Proteasomal inhibition with MG132 prevented the loss of demethylase protein induced by

tungstate

We investigated if the decrease in the protein level of the histone demethylases was due to
enhanced proteasomal degradation induced by tungstate. We co-treated the cells with the
proteasomal degradation inhibitor, MG132, and tungstate for 24 hours. Acute treatment of
tungstate alone decreased the demethylase levels, but when the cells were co-treated with
tungstate and MG132, the protein levels were not significantly decreased (figure 6). These
findings suggest that tungstate lowers the demethylase protein levels by enhancing
proteasomal degradation.

Mice acutely exposed to tungstate in drinking water exhibited increased global level of
H3K9me2 and H3K4me3

Each treatment group cohort consisted of four mice. Mice were given access to drinking
water with 0, 5 or 10 g/L tungstate ad /ibitum for two weeks. Over the course of the two-
week exposure, the four mice in the 5 g/L tungstate group drank 90 mL cumulatively
equating to an average daily exposure of 8 mg of tungstate per mouse. The mice in the 10
g/L cohort drank 60 mL cumulatively, equating to an average daily exposure of 11 mg of
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tungstate per mouse. Based on average water consumption rates, the 5 g/L tungstate group
drank approximately half of the expected water consumption and the 10 g/L tungstate group
drank approximately one-third of the expected consumption [23]. After two weeks of
exposure, the mice were sacrificed and their livers were harvested.

Based on the equivalent surface area dosage conversion factors from the National Cancer
Institute, the amount of tungstate that the mice were exposed to in the low-dose group is
equivalent to 28 mg W/kg human per day, calculated by weighing the amount of water they
drank. The amount of tungstate that the mice were exposed to in the high-dose group is
equivalent to 39 mg W/kg human per day [24]. Global levels of H3K4me3 and H3K9me2
were assessed by western blots with antibodies specific to these modifications. Both global
levels of H3K4me3 and H3K9me2 were increased in the mice treated with low-dose
tungstate (5 g/L) and high-dose tungstate (10 g/L) drinking water compared to the control
group (0 g/L) (figure 7).

Discussion

Previous /n vitro and epidemiological studies have shown that transition metals can induce
changes in the levels of histone methylation in the cell [1, 11, 12, 20]. We aimed to
investigate if tungstate could similarly affect histone methylation. As our previous study on
tungstate established that it interferes with genetic pathways and could lead to lung cancer
development, we chose to expose BEAS-2B cells, a lung bronchial tissue cell line, to
tungstate. We treated BEAS-2B cells with relatively nontoxic doses and observed a striking
global increase in H3K4me3 and H3K9me2; notably, the increase persisted after cells were
allowed to proliferate for 48 hours through several cell divisions in tungstate-free media.
These findings were confirmed after repeating the experiment in another lung cell line, A549
cells, where all the effects seen in BEAS-2B cells were also observed in A549 cells.
H3K4me3 is an activating histone mark found near the transcriptional start sites of active
genes. This histone mark has been shown to increase globally after metal exposure in
humans and this global increase could be associated with activating genes that drive diseases
such as cancer. H3K9me?2 is a silencing mark that can be found in the promoter region of
repressed genes. Methylated H3K9 prevents formation of acetylated H3K9, which promotes
gene transcription [2]. A recent study by Teneng et a/. found that two genes often repressed
in lung cancer, MAL and OL/GZ2, are silenced due to enrichment of H3K9me2 [25].

Tungstate exposure caused increases in histone marks because it appeared to have induced
the proteasomal degradation of histone demethylases. Exposure to proteasomal degradation
inhibitor, MG132, suppressed the tungstate-induced loss of the histone demethylase protein
induced by tungstate, indicating that the proteasome pathway was activated by tungstate and
played a major role in this effect. These changes in histone modifications persisted even
after tungstate was removed indicating that the effects were epigenetic. Tungstate is
remarkably nontoxic to cells and this is not due to a lack of uptake (figure 1C). In addition, it
does not induce a general degradation of cellular proteins as shown in figure 1B, but appears
to specifically target the histone demethylases. We have studied other dioxygenases such as
prolyl hydroxylase or Tet 2 protein, but did not find any similar degradation (data not
shown). Currently, no mechanism has been identified to explain how tungstate targets the
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histone demethylases for degradation. However, the consequences of tungstate exposure
were the increase in histone marks, which are normally removed by these enzymes, and an
apparent compensatory increase in the mRNA coding for the lost histone demethylase
enzymes.

There are very few studies conducted on tungstate, yet there is ample human exposure to
warrant an understanding of what effects it may have in humans. Given its low level of
toxicity and selective effects on the histone demethylase, it is possible that its ability to
target degradation of histone demethylases by the proteasome may have future therapeutic
value especially in the treatment of certain cancers. The mechanisms shown here clearly
illustrate loss of protein via an MG132-sensitive proteasomal degradation and not metal
inhibition of enzymatic activity. In fact, an oxyanion such as tungstate or chromate would
not displace the Fe or Zn that are found on these enzymes but they may affect the oxidation
state of Fe, which could lead to loss of enzyme activity if Fe is oxidized to the ferric state.
An increase in oxidative stress can lead to inhibition of histone demethylases, since these
enzymes are dioxygenases and require iron, ascorbate, and oxygen as co-factors. Chromate,
in comparison, can inhibit these enzymes by oxidation of the ferrous to the ferric, Fe2* to
Fe3* [17]. However ascorbate, which is required for the enzymatic reaction, is present to
reduce the Fe back to the active ferric state. Although ascorbate is not present in high
concentrations in tissue culture systems, it is present at high levels in the livers of mice,
which were similarly affected when the animals were exposed to aqueous tungstate in their
drinking water.

Tungstate, like chromate, which we have studied extensively, is hexavalent and is an
oxyanion [14-16]. Due to the similarities in their valence, tungsten chemistry is likely to
resemble chromate intracellularly and extracellularly. Humans are exposed to oxidized
oxyanions of tungstate, which is similar to the oxidation state of chromate. Tungstate likely
enters the cell via oxyanion transporters. lons that resemble phosphate are able to cross into
the cells via these transporters. Hexavalent chromium, Cr(V1), enters the cells via the
phosphate ion transporter and is reduced inside the cell to chromium(lil), Cr(lI1). Cr(VI1) is a
well-documented carcinogen and can form Cr(I11) adducts with DNA to cause mutations
[17]. Although not as well studied, a similar scenario would be expected with tungstate
entering the cell like Cr(VI).

A possible mechanism by which metals change the epigenome is by increasing oxidative
stress intracellularly. An increase of oxidative stress can lead to inhibition of histone
demethylases, since these enzymes are dioxygenases and require iron, ascorbate, and oxygen
as co-factors. Chromate, in comparison, can inhibit these enzymes by oxidation of the Fe2*
to Fe3* [17]. While S-adenosyl methionine (SAM) acts as the universal methyl donor for all
cellular methylation activities. SAM acquires its methyl group from methionine. Methionine
is an essential amino acid that must be provided by the environment [30-32]. We examined
if depletion of cellular SAM would prevent the increase in histone methylation observed
after tungstate exposure. Tungstate-treated cells were grown in methionine-free media for
four hours in order to deplete cellular SAM levels and JARID1A and JMJD1A protein levels
were assessed. We found that even after SAM depletion, the tungstate-treated cells still
displayed an increase in both H3K9me2 and H3K4me3, clearly indicating that there is not a
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gain in methylating capacity that is responsible for the observed increased in these histone
marks.

Histones are methylated by histone methyltransferases (HMTs), which use SAM as a
coenzyme. An initial theory was that the observed tungstate-induced increase in histone
methylation levels may have been secondary to an increase in HMT activity. However, we
determined otherwise, since SAM was not available to donate a methyl group to HMTs in
methionine-deficient media and the histone marks were increased by tungstate (figure 4).
Moreover, there was a decrease in the histone demethylase proteins (figure 5).

We aimed to investigate if animals exposed to drinking water with tungstate displayed any
alteration to histone methylation /n7 vivo. Since we found that cells treated with Na,WO4
exhibited increased levels of H3K9me2 and H3K4me3, our next aim was to investigate if
tungstate exposure via drinking water affected histone methylation in the liver. Livers from
mice exposed to tungstate in the drinking water exhibited an increase in the levels for
H3K9me2 and H3K4me3. Future investigations should examine chronic low-dose exposure
as well to simulate drinking water with mild contaminations that persist for long periods of
time.

Based on the evidence provided in this study and our previous investigations [18], tungsten
exposure should be a significant concern for human health despite its low cellular toxicity.
Moreover, these findings should generate concern among regulatory agencies and industry to
more seriously consider tungsten as a carcinogen. Human exposure arises from the natural
occurrence of tungsten compounds in the environment and the use of tungsten in many
occupational settings including machining, munitions manufacturing and hydraulic
fracturing. Considering the low mutagenicity of metallic species, significant attention should
be given to epigenetic mechanisms in order to more fully understand tungsten’s carcinogenic
potential.
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Summary

Following acute tungstate exposure, lung cells exhibited increased global histone
methylation and the loss of corresponding histone demethylase proteins. Mice acutely
exposed to tungstate via their drinking water displayed similar increased global histone
methylation patterns in their liver tissues.
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Figure 1. The effect of tungstate on cell viability, its effect on protein degradation and its uptake
into cells

A, BEAS-2B cells were treated with 0, 1, 2.5 and 5 mM Na,WO, for 48-hours, they were
seeded at 500 cells per dish and cultured for two weeks. Cells were fixed then counted for
cell survival. Toxicity was determined using plating efficiency. Values are presented as the
number of colonies divided by the number of control colonies (0 mM) multiplied by 100%.
B, BEAS-2B cells were acutely treated with 0, 1, 2.5 or 5 mM of Na,WOy, then lysed and
tested for protein degradation via silver stain as described in Materials and Methods.

C, ICP-MS analysis of BEAS-2B cells after 48-hour treatment of 0, 1, 2.5 and 5 mM
Na;WO;.
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Figure 2. The effect of tungstate on H3K9me2 and H3K4me3 in BEAS-2B and A549 cells
BEAS-2B cells were exposed to 0, 1, 2.5 and 5 mM of Na,WO, for 48-hours, and then cells

were allowed to proliferate in the absence of tungstate for 48 hours, for a washout. Histones
were extracted after treatment and washout.

A, H3K9me2 was detected using Western blotting as described in Materials and Methods.
The same membrane was stripped and reprobed with H3 antibody as loading control.

B, H3K4me3 was detected using Western blotting. The same membrane was stripped and
reprobed using H3 antibody as loading control.

C, A549 cells were exposed to 0, 2.5 and 5 mM of Na,WO, for 48-hours, and then cells
were allowed to proliferate in the absence of tungsten for 48 hours, for a washout. Histones
were extracted after treatment and washout. H3K4me3 was detected using Western and the
same membrane was stripped and reprobed using H3 antibody as loading control.

The results were repeated in three independent experiments; one representative blot is shown
here. Graphical representations of relative intensities are calculated by ImageJ.

Statistical significance was calculated using an unpaired, two-tailed t test

* p-value < 0.05
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** p-value < 0.01
*** p-value < 0.001
Error bars represent Standard Deviation.
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Figure 3. The effect of tungstate on IMJD1A and JARID1A protein levelsin BEAS-2B and A549
cells, and the effect of tungstate on relative mRNA levels of IMJD1A and JARID1A in BEAS-2B

BEAS-2B cells were exposed to 0, 1, 2.5 and 5 mM of Na,WO, for 48-hours, and then cells
were allowed to proliferate in the absence of tungstate for 48 hours, for a washout. Nuclear
extracts were extracted after treatment and washout.

A, IMID1A was detected using Western blotting. The same membrane was re-probed with
Lamin A antibody as loading control.

The results were repeated in three independent experiments; one representative blot is shown
here. Graphical representations of relative intensities are calculated by ImageJ.

B, JARID1A was detected using Western blotting. The same membrane was re-probed using
Lamin A antibody as loading control.

The results were repeated in three independent experiments; one representative blot is shown
here. Graphical representations of relative intensities are calculated by ImageJ.
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C, A549 cells were exposed to 0, 2.5 and 5 mM of Na,WO, for 48-hours, and then cells
were allowed to proliferate in the absence of tungsten for 48 hours, for a washout. Nuclear
extracts were extracted after treatment and washout. JARID1A was detected using Western
blotting and the same membrane was re-probed using Lamin A antibody as loading control.
The results were repeated in three independent experiments; one representative blot is shown
here. Graphical representations of relative intensities are calculated by ImageJ.

D, After 48-hour acute treatment of 2.5 and 5 mM NayWQ,, RT-gPCR of histone
demethylases, IMID1A and JARID1A, was evaluated.

Statistical significance was calculated using an unpaired, two-tailed t test

* p-value < 0.05

** p-value < 0.01

*** p-value < 0.001

Error bars represent Standard Deviation.
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Figure 4. The effect of methionine depletion on H3K4me3 and H3K9me2 in BEAS-2B cells
treated with tungstate

BEAS-2B cells were seeded with DMEM complete medium. The following day, cells were
pre-incubated for 4 hours in methionine-deficient DMEM, and then cells were exposed to
either 0, 1, 2.5 or 5 mM NayWO, for 24-hours. Histones were extracted after treatment.

A, Histones were immunoblotted with H3K9me2 antibody and then stripped and reblotted
with H3 antibody as loading control.

B, Histones were immunoblotted with H3K4me3 antibody and then stripped and reblotted
with H3 antibody as loading control.

The results were repeated in three independent experiments; one representative blot is shown
here. The intensity of the bands was quantified using ImageJ, and values were normalized to
the each loading control and plotted in the graph. Error bars represent SD.

Statistical significance was calculated using an unpaired, two-tailed t test

* p-value < 0.05

** p-value < 0.01

*** p-value < 0.001
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Figure5. The effect of methionine depletion on IMJD1A and JARID1A protein levelsin
BEAS-2B cellstreated with tungstate

BEAS-2B cells were seeded with DMEM complete medium. The following day, cells were
pre-incubated for 4 hours in methionine-deficient DMEM, and then cells were exposed to
either 0, 1, 2.5 or 5 mM NayWO, for 24-hours. Nuclear extracts were extracted after
treatment.

A, IMJD1A was detected using Western blotting. The same membrane was reprobed with
Lamin A antibody as loading control.

B, JARID1A was detected using Western blotting. The same membrane was reprobed using
Lamin A antibody as loading control

The results were repeated in three independent experiments; one representative blot is shown
here. The intensity of the bands was quantified using ImageJ, and values were normalized to
the each loading control and plotted in the graph. Error bars represent SD.

Statistical significance was calculated using an unpaired, two-tailed t test

* p-value < 0.05

** p-value < 0.01

*** p-value < 0.001
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Figure 6. The effect of proteasonmal degradation inhibitor, MG132, on IMJD1A and JARID1A
protein levelsin BEAS-2B cellstreated with tungstate

BEAS-2B cells were co-treated with a proteasomal degradation inhibitor, MG132, and
varying doses of Na,WQ, for 24 hours. Nuclear extracts were extracted after the
experiment.

A, JARID1A was detected using Western blotting. The same membrane was reprobed with
Lamin A antibody as loading control.

B, JMJD1A was detected using Western blotting. The same membrane was reprobed using
Lamin A antibody as loading control

One representative blot is shown here, the experiment was repeated in two independent
experiments. The intensity of the bands was quantified using ImageJ, and values were
normalized to the each loading control and plotted in the graph.
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IFigure 7. The effect of tungstate drinking water exposure on H3K4me3 and H3K 9me2 in mouse
ver

Mice were treated with Og/L tungsten (control), 5g/L tungsten (low-dose), 10g/L tungsten
(high-dose) in their drinking water for 2 weeks. Post sacrifice, organs were collected and
histones were extracted.

A, Histones were immunoblotted with H3K4me3 antibody and then stripped and reblotted
with H3 antibody as loading control.

B, Histones were immunoblotted with H3K9me2 antibody and then stripped and reblotted
with H3 antibody as loading control.

Histones were extracted from parts of the liver three separate times; one representative blot
is shown here. The intensity of the bands was quantified using ImageJ, and values were
normalized to the each loading control and plotted in the graph. Error bars represent SD.
Statistical significance was calculated using an unpaired, two-tailed t test

* p-value < 0.05

** p-value < 0.01

*** p-value < 0.001
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