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Abstract

While hexavalent chromium [Cr(V1)] is generally considered as a genotoxic environmental
carcinogen, studies showed that Cr(V1) exposure also causes epigenetic changes. However,
whether Cr(VI)-caused epigenetic dysregulations plays an important role in Cr(VI) carcinogenicity
remain largely unknown. The aim of this study was to determine if chronic low dose Cr(VI)
exposure causes epigenetic changes, the underlying mechanism and whether chronic low dose
Cr(V1) exposure-caused epigenetic dysregulation contributes causally to Cr(V1)-induced cancer
stem cell (CSC)-like property and cell transformation. Two immortalized human bronchial
epithelial cell lines (BEAS-2B and 16HBE) were exposed to 0.25 uM of K,Cr,07 for 20 and 40
weeks to induce cell transformation, respectively. Cr(VI)-induced epigenetic changes were
examined in Cr(V1)-transformed cells and Cr(V1) exposure-caused human lung cancer tissues.
Pharmacological inhibitors and gene knockdown experiments were used to determine the role of
epigenetic dysregulation in Cr(V1) carcinogenicity. We found that chronic Cr(V1) exposure causes
epigenetic dysregulation as evidenced by the increased levels of histone H3 repressive methylation
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marks (H3K9me2 and H3K27me3) and the related histone-lysing methyltransferases (HMTases).
Pharmacological inhibition or knockdown of HMTases reduces H3 repressive methylation marks
and malignant phenotypes of Cr(VI)-transformed cells. Moreover, knockdown of HMTases in
parental cells significantly reduces chronic Cr(V1) exposure-induced CSC-like property and cell
transformation. Further mechanistic study revealed that knockdown of HMTases decreases Cr(V1)
exposure-caused DNA damage. Our findings indicate that chronic Cr(V1) exposure increases H3
repressive methylation marks by increasing the related HMTases expression; and that increased
expression of HMTases plays a causal role in Cr(VI1)-induced CSC-like property and cell
transformation.

Keywords

hexavalent chromium; cell transformation; carcinogenesis; epigenetics; histone methyltransferase;
cancer stem cell-like cell

1. Introduction

Hexavalent chromium [Cr(V1)], one of the most common environmental pollutants, is
classified as a Group | human carcinogen causing lung and other cancers (IARC, 1990;
Stout et al., 2009). Due to the widespread industrial use of chromium, a large amount of
Cr(VI) has been released into the environment. For example, hundreds of large toxic waste
sites in the United States known as Superfund sites contain Cr(V1) as a major pollutant
(ATSDR, 2000). Thus, general population exposure to Cr(V1) through contaminated air,
water, soil and food is common, representing a significant environmental health concern.
Although Cr(V1) is a well-recognized human carcinogen, the mechanism of Cr(V1)
carcinogenicity has not been well understood.

Once entering cells, Cr(V1) undergoes a series of metabolic reductions and generates
reactive Cr metabolites and reactive oxygen species, which produce various genotoxic
effects (Shi et al., 2004; Yao et al., 2008; Salnikow and Zhitkovich, 2008; Wise et al., 2008;
Ovesen et al., 2014). As a result, Cr(VI1) is generally considered as a genotoxic carcinogen.
However, accumulating evidence shows that Cr(V1) exposure also causes various epigenetic
changes (Brocato and Costa, 2013; Chervona et al., 2012; Martinez-Zamudio and Ha, 2011;
Avrita and Costa, 2009).

Epigenetics refers to heritable alterations in the pattern of gene expression that are not
caused by changes in DNA sequences, but are mediated by DNA methylation, histone
posttranslational modifications (acetylation, methylation, etc.), and non-coding RNAs
(Waldmann and Schneider, 2013; Dawson and Kouzarides, 2012). In general, acetylation of
histones H3 and H4, and methylation of H3 lysine 4 (H3K4) are usually associated with
gene expression; but DNA methylation, and methylation of H3 lysine 9 (H3K9) and H3
lysine 27 (H3K27) cause the compaction of chromatin leading to gene silencing. It is now
well established that epigenetics is often dysregulated in cancer and that epigenetics
dysregulations play important roles in cancer initiation and progression (Waldmann and
Schneider, 2013; Dawson and Kouzarides, 2012). Cancer stem cells (CSCs) are cancer cells
possessing characteristics of normal stem cells. CSCs or CSC-like cells are considered as
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cancer initiating and maintaining cells (Nguyen et al., 2012). Studies showed that
dysregulation of epigenetics plays crucial roles in producing CSCs or CSC-like cells (Shukla
and Meeran, 2014).

The Cr(VI)-caused epigenetic change was first reported in a study showing that exposure to
20-50 uM of potassium chromate for 2 h silenced the G12 cell gpttransgene expression by
increasing DNA methylation (Klein et al., 2002). A subsequent study found that exposure to
10-200 mg/1 of potassium chromate for 3 days caused a genome-wide DNA
hypermethylation in B. napus L. plants in a dose-dependent manner (Labra et al., 2004).
Studies on human lung tumor tissues from workers exposed to chromate revealed increased
DNA methylation levels in the promoter regions of several tumor suppressor genes (Ali et
al., 2011; Kondo et al., 2006). In addition, human cell culture studies also showed that
treatment with 5-50 uM of Cr(VI) for 1, 2, or 24 h causes various histone posttranslational
modifications in liver and lung cancer cells (Schnekenburger et al., 2007; Sun et al., 2009;
Zhou et al., 2009). While these studies clearly showed that Cr(\V1) exposure is able to cause
epigenetic changes, the mechanisms of Cr(V1) causing epigenetic changes remain largely
unclear. Moreover, it is not clear whether the reported epigenetic changes also exist in cells
transformed by chronic low dose Cr(V1) exposure (such as 0.125 or 0.25 uM for 5 to 6
moths). Furthermore, it is unknown whether Cr(V1)-caused epigenetic changes play a causal
role in Cr(VI1)-induced cell transformation and tumorigenesis. The objective of this study is
to determine if chronic low dose Cr(V1) exposure causes epigenetics alterations, the
underlying mechanism and whether Cr(V1)-caused epigenetic dysregulations contribute
causally to chronic Cr(V1) exposure-induced cancer stem cell (CSC)-like property and cell
transformation.

2. Materials and Methods

2.1 Cell culture

Immortalized human bronchial epithelial BEAS-2B and 16HBE cells were purchased from
American Type Culture Collection (ATCC, Manassas, VA) and generously provided by Dr.
Dieter C. Gruenert (University of California San Francisco, San Francisco, CA),
respectively. BEAS-2B cells were cultured in Dulbecco's Modified Eagle Medium (DMEM)
supplemented with 5% fetal bovine serum (FBS) and 16HBE cells were cultured in
Minimum Essential Media (MEM) supplemented with 10% FBS. The immortalized p53
intact human bronchial epithelial cell line (HBEC3-KT) was obtained from Dr. John D.
Minna (University of Texas Southwestern Medical Center, Dallas, TX) and cultured in
chemically defined serum-free medium (K-SFM) (Invitrogen, Carlsbad, CA) as described in
detail in our recent publication (Wang et al., 2011).

2.2 Cell transformation by chronic low dose Cr(VI) (KoCr,07) exposure

BEAS-2B and 16HBE cells were first treated with different doses of K ,Cr,07 (0.125, 0.25,
0.5 and 1 uM) for 72 h to determine the cytotoxic effect of Cr(\V1). It was found that the
maximal dose that had no obvious effect on the viability and proliferation of BEAS-2B and
16 HBE cells was 0.25 pM of K,Cr,07. This Cr(VI) dose was then chosen for chronic cell
transformation experiment following our published protocol (Wang et al., 2011). Briefly,
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BEAS-2B and 16HBE cells were continuously exposed to vehicle control (H20) or 0.25 uM
of Cr(VI) (K,Cr,07). When reaching about 80-90% confluence after 72 h Cr(V1) exposure,
cells were sub-cultured. Cr(V1) was then freshly added to cells each time after overnight cell
attachment. Soft agar colony formation assay was performed after every 4-week Cr(VI)
exposure to assess cell transformation. This process was repeated in BEAS-2B and 16HBE
cells for 20 and 40 weeks, respectively.

2.3 Soft agar colony formation assay

The soft agar colony formation assay reflecting cell anchorage-independent growth was
carried out in 60-mm cell culture dishes in triplicates for each group as previously described
(YYang et al., 2005). Briefly, cultured cells were collected by trypsinization and suspended in
DMEM (for BEAS-2B cells) or MEM (for 16HBE cells) containing 10% FBS at a
concentration of 0.5 x 10% cells/ml. Normal melting point agar (5 ml of 0.6% agar in DMEM
or MEM containing 10% FBS) was placed into each 60-mm cell culture dish as the bottom
agar. After solidification of the bottom agar, 4 ml of cell mixture consisting of 2 ml of cell
suspension (0.5 x 104 cells/ml) and 2 ml of 0.8% lower melting point agar in DMEM or
MEM containing 10% FBS were poured over the bottom agar. After solidification of the
upper agar, 3 ml of DMEM or MEM containing 10% FBS were added, and dishes were
incubated at 37°C in a humidified 5% CO2 atmosphere. For soft agar colony formation
assays with G9a inhibitor BX01294 and EZh2 inhibitor DZNeP, Cr(V1)-transformed cells
were treated with a vehicle control or B1X01294 (2.5 uM) or DZNeP (0.25 pM) for 72h,
then collected by trypsinization and neutralization with culture media and used for soft agar
colony formation assays. The same concentration of vehicle control or inhibitors was
included in the top agar. Colony formation in the agar was stained with 0.003% crystal
violet, photographed and counted (if > 100 um) after 4-week incubation.

2.4 Suspension culture spheroid formation assay

The spheroid formation assay reflecting the stem cell property was performed following the
published protocol (Shaheen et al., 2016; Qiu et al., 2012; Dontu et al., 2003) with minor
modifications. Briefly, single cells were plated in ultralow attachment 24-well culture plates
(Corning, Corning, NY) at a density of 2.5 x 102 cells per well suspended in serum-free
DMEM or MEM containing human recombinant basic fibroblast growth factor (bFGF, 20
ng/ml), human recombinant epidermal growth factor (EGF, 20 ng/ml) (R&D, Minneapolis,
MN), B27 (50 times diluted from the original 50x stock solution, Invitrogen, Carlsbad, CA)
and heparin (4 pg/ml, Sigma). Plates were incubated at 37°C in a humidified 5% CO2
atmosphere. For spheroid formation assays with G9a inhibitor BX01294 and EZh2 inhibitor
DZNeP, Cr(VI)-transformed cells were treated with a vehicle control or B1X01294 (2.5 pM)
or DZNeP (0.25 uM) for 72h, then collected by trypsinization and neutralization with culture
media and used for spheroid formation assays. The same concentration of vehicle control or
inhibitors was included in the sphere-forming culture media. Spheres were viewed,
photographed and counted (if > 100 um) under a phase-contrast microscope after 10-day
culture.
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2.5 Nude mouse xenograft tumorigenesis study

Passage-matched control and Cr(V1)-transformed BEAS-2B cells (1.5 x 106 cells in 0.1 ml
of 1:1 growth factor-reduced matrigel and PBS) were injected subcutaneously into the right
flank of female nude mice (Nu/Nu, Charles River laboratories, four mice in each group).
Animals were maintained under specific pathogen-free conditions, and animal protocols
were reviewed and approved by the University of Kentucky Institutional Animal Care and
Use Committee. All mice were euthanized 14 weeks after injection, and the xenograft
tissues were harvested and fixed with 10% formalin solution for histology analysis.

2.6 Western blot analysis

Cells were lysed using lysis buffer following our published protocol (Yang et al., 2006;
Wang et al., 2014) and subjected to SDS-polyacrylamide gel electrophoresis (PAGE) (10 to
30 ug of protein/lane). The following primary antibodies were used: anti-H3 acetylation,
anti-H3K4me2, anti-H3K36me2, anti-H3K79me2, anti-H3K9me2, anti-H3K27me3, anti-
total H3, anti-G9a, anti-SUV39H1 (suppressor of variegation 3-9 homolog 1), and anti-
EZH2 (enhancer of zeste homolog 2) (Cell Signaling Technology, Beverly, MA); anti-GLP
(G9a-like protein) (Abcam, Cambridge, MA); anti-phospho-histone H2A.X (Ser139)
(YH2AX), and anti-B-actin (Millipore Sigma, St. Louis, MO).

2.7 Generation of G9a, SUV39H1 and EZH2 shRNA stable knockdown BEAS-2B cells and
cell transformation experiment by chronic low dose Cr(VI) exposure

Vector control and G9a, SUV39H1 and EZH2 stable knockdown cells were generated by
transducing cells with control (pLKO.1-puro) or G9a, SUV39H1 and EZH2 short hairpin
RNA (shRNA) expressing lentiviral particles, respectively. The control and G9a, SUV39H1
and EZH2 shRNA lentiviral constructs were purchased from Sigma (St Louis, MO) and the
lentiviral particles were packaged following our published protocol (Zhao et al., 2011). Cells
were transduced with lentiviral particles and selected with puromycin. Specific knockdown
of each gene was confirmed by Western blot. For Cr(VI) cell transformation experiment,
vector control and each gene specific knockdown BEAS-2B cells were continuously
exposed to 0.125 uM of K,Crp,0O7 for 30 weeks as described above.

2.8 Measurement of intracellular chromium levels

Intracellular chromium level was determined using an inductively-coupled plasma—optical
emission spectrometer (Varian 710-ES ICP8OES) following the published protocol (Ott et
al., 2004; Messer et al., 2006). Briefly, parental BEAS-2B cells, shRNA vector control cells
and each HMTase stable knockdown cells were cultured to about 80-90% confluent, then
washed with PBS and incubated with warm serum-free DMEM, treated with 10 uM of of
K2Cry0O7 for 3 h at 37°C. At the end of the treatment, media were removed and cells were
washed with PBS twice. Cells were collected by trypsinzation and cell pellets were washed
with PBS and used for the analysis of protein concentrations and intracellular chromium
levels as previously described (Ott et al., 2004; Messer et al., 2006).
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2.9 Immunofluorescence (IF) staining of cultured cells and human lung tissue sections

The IF staining of phosphor-histone H2A.X (Ser139) (yH2AX) in cultured cells was carried
out as previously described (Peterson-Roth et al., 2005). The IF staining of HMTases
SUV39H1 and EZH2 in human lung tissues was performed as described in our previous
publications (Humphries et al., 2014; Zhao Y et al., 2010). The IF staining pictures taken
under a Nikon fluorescent microscope are the overlaid images of yH2AX, SUV39H1 or
EZH2 staining in red fluorescence with nuclear 4’6-diamidino-2-phenylindole (DAPI)
staining in blue fluorescence. The images were overlaid using Nikon NIS-Elements
software.

2.10 Statistical analysis

3. Results

The statistical analyses for the significance of differences in presented numerical data (mean
+ SD) were carried out by testing different treatment effects using two-tailed t-tests for
comparison of two data sets or one-way analysis of variance (ANOVA) for multiple data
sets. A p-value of <0.05 was considered statistically significant.

3.1 Cr(VD-transformed human bronchial epithelial cells have higher levels of histone H3
repressive methylation marks (H3K9me2 and H3K27me3)

To study the mechanism of Cr(V1) carcinogenicity, we first established cell transformation
models by chronically exposing two immortalized human bronchial epithelial cells
(BEAS-2B and 16HBE) to a low dose of Cr(V1) (0.25 uM of K,Cry07) as lung cells are the
major target of Cr(VI1). The protocol of chronic Cr(VI) exposure and the determination of
Cr(\V1) exposure dose are described in Methods. It was found that BEAS-2B and 16HBE
cells were malignantly transformed after exposure to 0.25 pM of K,Cr,07 for 20 and 40
weeks, respectively, as demonstrated by (i) significantly increased colony formation in soft
agar (Fig. 1A); (ii) significantly increased tumorigenic sphere formation under suspension
culture condition (Fig. 1B); representative images of soft agar clone formation and
suspension culture sphere formation are shown in Supplementary Fig. S1 and Fig. S2,
respectively; and (iii) tumor formation upon inoculation of Cr(\1)-exposed cells into nude
mice (Supplementary Fig. S3). The cancer stem cell (CSC)-like property of Cr(VI)-
transformed cells was further evaluated by determining the spheroid forming capability of
cells derived from Cr(V1)-transformed cells-produced spheres. It was found that cells
dissociated from old spheres are able to form significantly more spheres (>2-fold),
indicating that these sphere forming cells are capable of self-renewal, a distinct feature of
stem cells.

To determine whether chronic low dose Cr(VI) exposure causes epigenetic changes, we
analyzed histone H3 posttranscriptional modification levels in Cr(VI)-transformed cells by
Western blot. Studies showed that differential H3 posttranslational modifications have
distinct effects on chromatin structure and gene expression (Smolle and Workman, 2013;
Greer and Shi, 2012). For example, H3 acetylation, methylation of H3 at lysine 4 (H3K4),
36 (H3K36), and 79 (H3K79) are correlated with euchromatin structure activating gene
transcription; whereas methylation of H3 at lysine 9 (H3K9) and lysing 27 (H3K27) are
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associated with heterochromatin structure repressing gene transcription. We found that
except a small increase of H3 acetylation levels, no obvious changes of levels of H3 active
marks such as H3 lysine 4, 36, and 79 dimethylation (H3K4me2, H3K36me2 and
H3K79me2) are observed in Cr(VI)-transformed both BEAS-2B and 16HBE cells (Fig. 1C).
In contrast, drastic increases of H3 repressive methylation marks such as H3 lysine 9
dimethylation (H3K9me2) and H3 lysine 27 trimethylation (H3K27me3) are detected in
Cr(VI)-transformed both BEAS-2B and 16HBE cells (Fig. 1C). Moreover, these increased
levels of H3K9me2 and H3K27me3 are also detected in Cr(VI)-transformed cells cultured in
the absence of Cr(V1) for 5 passages (data not shown), indicating that chronic low dose
Cr(V1) exposure-caused epigenetic changes can be detected in the absence of further Cr(VI)
exposure.

3.2 The expression levels of several histone-lysine N-methyltransferases (HMTases) are
increased in Cr(VI)-transformed cells and Cr(VI) exposure-caused human lung cancer

tissues

Next, we wanted to determine the mechanism by which chronic Cr(V1) exposure causes
epigenetic alterations. Increases of H3 repressive methylation marks (H3K9me2 and
H3K27me3) could be caused by either increased expression or activity of histone lysine
methyltransferases (HMTases) or decreased expression or activity of histone lysine
demethylases. Studies showed that several HMTases such as GLP (G9a-like protein), G9a,
and SUV39H1 (suppressor of variegation 3-9 homolog 1) can cause H3K9 di- and
trimethylation (Smolle and Workman, 2013; Greer and Shi, 2012). EZH2 (enhancer of zeste
homolog 2), a core component of polycomb repressive complex (PRC2) capable of
promoting CSC-like property, is a H3K27 methyltransferase (MTase) catalyzing
trimethylation of H3K27 (Kondo, 2014; Chang et al., 2011). Our Western blot analysis
revealed that in consistent with significantly higher levels of H3K9me2 and H3K27me3
shown in Fig. 1C, the levels of H3K9 MTases including GLP, G9a, SUV39H1, and the level
of H3K27 MTase EZH2 are greatly increased in Cr(VI)-transformed BEAS-2B and 16HBE
cells (Fig. 2A). Moreover, elevated levels of HMTases are also similarly observed in an
immortalized p53 intact human bronchial epithelial cells (HBEC3-KT) exposed to Cr(VI)
(0.25 uM) for 30 weeks (Fig. 2A). The HBEC3-KT cells were immortalized by expressing
CDK4 and hTERT and have an intact p53 (Wang et al., 2011; Ramirez et al., 2004). These
results indicate that chronic low dose Cr(VI) exposure is capable of increasing HMTases
levels in immortalized human bronchial epithelial cells independent of their p53 status.

To establish the potential relevance of these findings in our Cr(VI)-transformed cells to
Cr(V1) exposure-induced lung cancer in humans, we examined the levels of HMTases in
Cr(V1) exposure-caused human lung cancer tissue sections and the matched-adjacent normal
lung tissue sections from chromate workers. The details of workers” chromate exposure were
described in previous publications (Ali et al., 2011; Kondo et al., 2006). By
immunofluorescence (IF) staining we found that the levels of HMTases SUV39H1 and
EZH2 are significantly higher in Cr(VI) exposure-caused human lung cancer tissues than
that in the adjacent normal lung tissues. The representative H&E histology and IF staining
images of SUV39H1 and EZH2 from a non-smoker worker exposed to chromate for 19
years are shown in Fig. 2B. The antibodies for GLP and G9a IF staining did not work well
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(data not shown). These findings from Cr(VI1)-exposed human lung tissue samples are
consistent with that from our cell culture studies.

3.3 Inhibition or knockdown of HMTases in Cr(VI)-transformed cells abolishes H3
repressive methylation marks and reduces their transformed phenotypes

We next wanted to determine whether up-regulated HMTases play a role in the increases of
H3 repressive methylation marks and investigate whether they have a role in maintaining the
malignant phenotypes of Cr(V1)-transformed cells. As shown in Fig. 3A, treatment with a
G9a inhibitor BIX01294 (Cayman Chemical, Ann Arbor, MI) (dissolved in H,0) efficiently
reduced H3K9me2 levels but had no obvious effect on H3K27me3 levels in Cr(V1)-
transformed cells. Treatment with an EZH2 inhibitor DZNeP (Selleckchem, Houston, TX)
(dissolved in DMSO) reduced the levels of both H3K27me3 and H3K9me2 in Cr(V1)-
transformed cells. These results suggest that either the presence of H3K27me3 is required
for the presence of H3K9me2 or the EZH2 inhibitor DZNeP may also inhibit the activity of
G9a or other H3K9 MTases. In either case, these findings indicate that the increases of H3
repressive methylation marks in Cr(VI)-transformed cells are caused by the up-regulated
HMTases.

While treatment with B1X01294 (2.5 uM) or DZNeP (0.25 pM) for 72 h showed no
significant effect on Cr(VI)-transformed cell viability and proliferation as determined by
Trypan blue staining and cell counting (data not shown), further functional analysis revealed
that both inhibitors significantly reduced soft agar colony formation (Fig. 3B) and
suspension culture sphere formation (Fig. 3C) by Cr(VI)-transformed BEAS-2B cells. We
could not find a specific inhibitor for SUV39H1, so we stably and specifically knocked
down SUV39H1 expression in Cr(VI)-transformed BEAS-2B cells and found that ShRNA
knockdown of SUV39HL1 significantly reduces their level of H3K9me2, reduces their soft
agar colony number by 70% and decreases their suspension culture sphere formation by
80% (data not shown). Since soft agar colony formation reflects the anchorage-independent
growth of tumor cells; and suspension culture sphere formation by tumor cells reflects
cancer stem cell (CSC)-like property, these results suggest that upregulation of HMTases
play important roles in maintaining the malignant phenotypes of Cr(VI)-transformed cells.

3.4 Stable knockdown of HMTases in parental BEAS-2B cells significantly reduces chronic
low dose Cr(VI) exposure-induced CSC-like property and cell transformation

To further determine whether upregulation of HMTases plays a causal role in chronic low
dose Cr(VI) exposure-induced CSC-like property and cell transformation, we generated
shRNA vector control (pLKO.1-Control shRNA), G9a stable knockdown (pLKO.1-G9a
shRNA), SUV39H1 stable knockdown (pLKO.1-SUV39H1 shRNA), and EZH2 stable
knockdown (pLKO.1-EZH2 shRNA) BEAS-2B cells. Since it has been shown that G9a and
GLP mainly exist and function as a G9a-GLP heteromeric H3K9 MTase complex; and that
depleting one of these two HMTases causes the inactivation of the other (Shinkai and
Tachibana, 2011), we did not generate GLP stable knockdown cells. Western blot analysis
showed that G9a, SUV39H1 and EZH2 shRNA vectors efficiently and specifically knocked
down (more than 80%) the level of G9a, SUV39H1 or EZH2, respectively (Fig. 4A).
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As downregulation of HMTases G9a, SUV39H1 and EZH2 will reduce the levels of histone
H3 repressive methylation marks thus impacting gene expression, we first determined the
effect of knocking down these HMTases on cellular Cr(V1) uptake and responses of cells to
acute Cr(VI) exposure. It was found that knockdown of each HMTase has no significant
effect on cellular Cr(V1) uptake, as no significant differences of intracellular chromium
levels were observed after exposure to 10 pM of Cr(VI) (K,Cr,07) for 3 h (Fig. 4B).
Interestingly, it was found while G9a or SUV39H1 stable knockdown itself had no obvious
effect on BEAS-2B cell viability and growth, it reduced the maximal Cr(V1) dose that is not
cytotoxic to BEAS-2B cells from 0.25 pM to 0.125 pM after 72 h Cr(V1) exposure (data not
shown). This finding suggests that G9a and SUV39H1 have important roles for cell survival
under Cr(V1) exposure. Stable knockdown of EZH2 showed no significant effect on
BEAS-2B cell viability, proliferation and responses to acute Cr(V1) exposure (data not
shown). Based on these findings, we chronically exposed shRNA vector control cells, G9a,
SUV39H1 and EZH2 stable knockdown cells to 0.125 uM of Cr(VI) (K,Cr,07) for 25
weeks for cell transformation experiment as described in Methods. It was found that
compared to shRNA vector control cells, G9a, SUV39H1 or EZH2 stable knockdown
significantly reduced chronic Cr(V1) exposure-induced soft agar colony formation and
suspension sphere formation (Fig. 4C and D). These findings indicate that upregulation of
HMTases plays a causal role in chronic Cr(VI) exposure-induced CSC-like property and cell
transformation.

3.5 Stable knockdown of HMTases significantly reduces Cr(VI) exposure -caused DNA

damage

Next, we wanted to further explore the potential mechanism by which knocking down
HMTases reduces Cr(VI)-induced CSC-like property and cell transformation. It is believed
that both genetic and epigenetic changes play critical roles in cancer initiation and
progression; and that the crosstalk between epigenetic and genetic effects exists (You and
Jones, 2012; Avgustinova and Benitah, 2016; Baylin and Jones, 2016). While studies
showed that Cr(V1) exposure causes both genetic and epigenetic changes, it is not known
whether Cr(VI)-caused epigenetic changes contribute significantly to its genotoxic effects.
Since epigenetic silencing of genes with critical functions in DNA repair could increase
DNA damage and gene mutations causing cell transformation and tumorigenesis, we wanted
to determine whether Cr(VI) exposure-caused histone H3 repressive methylation (epigenetic
effect) via upregulation of HMTases plays a role in Cr(V1)-caused DNA damage (genetic
effect).

We challenged chronic low dose Cr(V1)-exposed (0.125 pM of K,Cr,07 for 25 weeks)
shRNA vector control cells [pLKO.1-Control-shRNA-BEAS-2B-Cr(VI)] and each HMTase
stable knockdown [pLKO.1-G9a-shRNA-BEAS-2B-Cr(V1), pLKO.1-SUV39H1-shRNA-
BEAS-2B-Cr(VI), pLKO.1-EZH2-shRNA-BEAS-2B-Cr(VI1)] cells with 2.5 pM of Cr(VI)
(KoCr,07) for 12 h to induce acute DNA damage. Cells were then washed with PBS and
allowed to recover for 36 h in culture media without Cr(V1). Cr(VI)-caused DNA damage
was revealed as previously reported (Peterson-Roth et al., 2005) by IF staining of yH2AX, a
sensitive molecular marker for monitoring DNA damage and repair (Kuo and Yang, 2008;
Mabh et al., 2010; Ivashkevich et al., 2012). It was found that similar acute DNA damages are

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2019 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wang et al.

Page 10

detected in all group of cells treated with 2.5 pM of Cr(VI) for 12 h as evidenced by similar
extensive positive IF staining of yH2AX (designated as Rest 0 h in Fig. 5A). After 36 h
recovery in the absence of Cr(V1), the extensive yH2AX positive staining was still observed
in chronic low dose Cr(VI)-exposed shRNA vector control [pLKO.1-Control-shRNA-
BEAS-2B-Cr(VI1)] cells (designated as Rest 36 h in Fig. 5A). In contrast, the yH2AX
positive staining was significantly reduced in chronic low dose Cr(VI)-exposed each
HMTase stable knockdown cells (Rest 36 h in Fig. 5A). The quantitation of the yH2AX
positive staining in each group of cells is shown in Fig. 5B. These results suggest that
chronic low dose Cr(VI) exposure-transformed cells [pLKO.1-Control-shRNA-BEAS-2B-
Cr(VI)] display impaired DNA damage repair capacity. In contrast, stable knockdown of
HMTases (G9a, SUV39H1 or EZHZ2) significantly reduces chronic Cr(VI) exposure-caused
DNA damage repair deficiency, implying an important role of Cr(VI)-induced epigenetic
changes in its genotoxic effect.

4. Discussion

Although Cr(VI) is a common and well-recognized environmental carcinogen causing lung
and other cancer in humans, the mechanism of Cr(V1) carcinogenicity is not clearly
understood. While Cr(VI) is generally considered as a genotoxic carcinogen, studies showed
that Cr(V1) exposure also causes epigenetic changes. However, how Cr(VI) exposure causes
epigenetic changes and whether Cr(V1)-caused epigenetic changes contributes significantly
to its carcinogenicity are largely unknown. This study was designed to investigate these
important unanswered questions.

While previous studies showed that acute Cr(\V1) exposure triggers various epigenetic
changes (Klein et al., 2002; Schnekenburger et al., 2007; Sun et al., 2009; Zhou et al., 2009),
whether epigenetic dysregulations also occurs during chronic low dose Cr(VI) exposure-
induced cell malignant transformation is unknown. Our findings that the levels of histone H3
repressive methylation marks (H3K9me2 and H3K27me3) are increased in chronic low dose
Cr(VI) exposure-transformed cells indicate that chronic low dose Cr(VI) exposure is also
capable of causing epigenetic dysregulation. We then further determined the underlying
mechanism by which chronic Cr(VI) expose causes epigenetic changes. Increased levels of
H3K9me2 and H3K27me3 could be caused by increased expression or activity of the related
H3K9 methyltransferases (MTases) (GLP, G9a, SUV39HL1, etc.) and the H3K27 MTase
(EZH2); or by the downregulation of histone lysine demethylases. HMTases are important
epigenetic regulators functioning as critical epigenome madifiers via changing histone tail
methylation status. While differential histone tail posttranslational modifications have
distinct effects on chromatin structure and gene expression, increased H3K9me2 and
H3K27me3 silence gene expression and are believed to play critical roles in cancer
(YYamagishi and Uchimaru, 2017; Rao et al., 2017; Morera et al., 2016; Casciello et al.,
2015; Liu et al., 2014). We found that the expression levels of HMTases (GLP, G9a,
SUV39H1 and EZH2) are increased Cr(VI)-transformed cells; and pharmacological
inhibition or knockdown of these HMTases abolish the increases of H3 repressive
methylation marks (H3K9me2 and H3K27me3). These findings indicate that chronic low
dose Cr(VI) exposure causes epigenetic dysregulation (increases of H3K9me2 and
H3K27me3) through upregulating the expression of several HMTases.
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Whether Cr(V1)-caused epigenetic changes contribute significantly to Cr(VI)
carcinogenicity remains to be determined. We attacked this important question by
determining the role of Cr(VI)-caused epigenetic dysregulation in chronic Cr(V1) exposure-
induced cancer stem cell (CSC)-like property and cell transformation. Our following
findings strongly support such an idea that Cr(VI)-caused epigenetic dysregulation mediated
by the upregulation of H3K9 and H3K27 MTases may play an important role in Cr(\V1)
carcinogenicity: (i) upregulation of these HMTases are also observed in human lung cancer
resulting from Cr(V1) exposure; (ii) pharmacological inhibition or knockdown of these
HMTases significantly reduces the malignant phenotypes of Cr(VI)-transformed cells; and
(iii) stable knockdown the expression of these HMTases significantly decreases chronic
Cr(VI1) exposure-induced CSC-like property and cell transformation. Together, these
findings not only suggest an important role of these HMTases in Cr(V1) carcinogenicity,
they also open new avenues for additional mechanistic studies: further studies on the
mechanism of chronic Cr(V1) exposure upregulating these HMTases expression are
warrantied. Cr(VI1) is known as a potent oxidative stress inducer, it will be interesting to
explore whether Cr(V1)-mediated oxidative stress plays a role in HMTase up-regulation by
chronic Cr(VI) exposure.

After demonstrating a critical role of epigenetic dysregulation in Cr(VI)-induced CSC-like
property and cell transformation, we further explored the potential mechanism by which
Cr(\VI)-caused epigenetic dysregulation may contribute to its carcinogenicity. Although
cancer has been traditionally viewed as a genetic disease, many studies showed that
epigenetic dysregulation also play pivotal roles in cancer initiation and progression
(Avgustinova and Benitah, 2016; Baylin and Jones, 2016). Exciting findings from the
application of advanced sequencing technologies indicate that genetic and epigenetic
mechanisms of cancer are not isolated events and the crosstalk between these two
mechanisms exists extensively during the carcinogenic process (You and Jones, 2012). On
one hand, the findings from whole exome sequencing of large numbers of human cancer
cells and tissues revealed frequent mutations of genes that are epigenetic modifiers such as
DNMTs (DNA methyltransferases) and HMTases, indicating the genetic regulation of
cancer epigenetics. On the other hand, epigenetic silencing of key tumor suppressor genes
by increased DNA methylation and/or histone repressive methylation modifications
predisposes to increased DNA damage and genetic mutations, indicating the epigenetic
regulation of cancer genetics. Our results showing that knockdown of HMTases significantly
reduces Cr(V1) exposure-induced DNA damage strongly suggest that Cr(V1)-caused
epigenetic dysregulation plays an important role in its genotoxic effect. While it is currently
unknown whether Cr(V1) exposure causes gene mutations among key epigenetic regulators,
our findings from this study provide novel evidence showing that the crosstalk between
Cr(V1) epigenetic and genetic effects exists. It is thus reasonable to speculate that one
potential mechanism of Cr(V1) epigenetic effect promoting CSC-like property and cell
transformation is to silence the expression of tumor suppressors such as DNA repair genes
via the increased histone H3 repressive methylation modifications. Further studies are
needed to determine whether the expressions of certain DNA repair genes are downregulated
by Cr(VI) exposure and the underlying mechanism.

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2019 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wang et al. Page 12

5. Conclusions

In this study, we found that epigenetic dysregulations are detected in chronic low dose
Cr(V1) exposure-transformed human bronchial epithelial cells as evidenced by the increased
levels of histone H3 repressive methylation marks (H3K9me2 and H3K27me3) and the
related HMTases (GLP, G9a, SUV39H1 and EZH2). Moreover, we also found that
upregulation of HMTases are observed in Cr(VI) exposure-caused human lung cancer
tissues. Further mechanistic studies using pharmacological inhibitors and shRNA gene
knockdown approach reveal that: (i) chronic low dose Cr(V1) exposure increases histone H3
repressive methylation modifications through upregulating the expression of the related
HMTases; (ii) upregulation of HMTases plays a causal role in chronic low dose Cr(\V1)
exposure-induced cancer stem cell (CSC)-like property and cell transformation; and (iii)
knockdown of HMTases reduces Cr(V1) exposure-caused DNA damage suggesting potential
epigenetic regulations of Cr(V1) genotoxic effects.
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Highlights
. Chronic low dose Cr(VI) exposure causes epigenetic changes by upregulating
HMTases
. HMTases upregulation plays a causal role in Cr(VI)-induced CSC-like
property
. HMTases upregulation plays a causal role in Cr(VI)-induced cell

transformation

. Knockdown of HMTases reduces Cr(V1)-caused DNA damage
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Fig. 1. Chronic low dose Cr(VI) exposure induces cancer stem cell-like property and cell
transformation and Cr(V1)-transformed cells have higher levels of histone H3 repressive
methylation marks

(A,B) Quantitation of chronic low dose Cr(V1) exposure-induced soft agar colony and
suspension culture sphere formation by human bronchial epithelial cells (BEAS-2B and
16HBE). After exposure to 0.25 uM of Cr(VI1) (K2Cr,07) for 20 (BEAS-2B) and 40
(16HBE) weeks, passage-matched control and Cr(V1)-exposed BEAS-2B and 16 HBE cells
were harvested for soft agar colony formation (A) and suspension culture spheroid formation
(B) assay as described in Methods. The results are presented as means + standard deviations
(n=3). *p<0.05, compared to passage-matched vehicle (H,O) control-exposed cells. (C)
Representative Western blot images for the analysis of histone H3 posttranslational
modifications in passage- matched control and Cr(V1)-exposed BEAS-2B and 16 HBE cells.
After exposure to 0.25 uM of Cr(V1) (K,Cr,07) for 20 (BEAS-2B) and 40 (16HBE) weeks,
passage-matched control and Cr(VI)-exposed BEAS-2B and 16 HBE cells were harvested
for Western blot analysis as described in Methods. Similar results were obtained in two
additional experiments.
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Fig. 2. The expression levels of several histone-lysine N-methyltransferases (HMTases) are
increased in Cr(VI)-transformed cells and Cr(V1) exposure-caused human lung cancer tissues

(A) Representative Western blot images for the analysis of several HMTases levels in
passage-matched control and Cr(VI)-exposed human bronchial epithelial. After exposure to
0.25 uM of Cr(V1) (K,Cr,07) for 20 (BEAS-2B), 40 (16HBE) and 30 (HBEC3-KT) weeks,
passage- matched control and Cr(VI)-exposed BEAS-2B, 16 HBE and HBEC3-KT cells
were harvested for Western blot analysis as described in Methods. Similar results were
obtained in two additional experiments. (B) Representative images of H&E staining and
immunofluorescence (IF) staining of SUV39H1 and EZH2 in the squamous cell lung
carcinoma tissue and the adjacent normal lung tissue from a non-smoker worker exposed to
chromate for 19 years. Similar staining results were obtained in lung cancer tissue from
another non-smoker worker exposed chromate for 38 years. Scale bar: 100 pm.

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2019 March 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Wang et al. Page 19

A BEAS-2B-Cr(Vl) 16HBE-Cr(VI)
S S
¢ F e &
9 g T 9 ¥
]
§ & § § & 5
¥ & 4§ & ¥ £ g &

-
N
(=}

- -

(=T ¢ ]
(=]

J

Relative soft agar
colony formation (%)
NAg >
o o © © ©
)(.
*
Relative suspension
sphere formation (%)
N A O ©®
o © © © © ©
*
*

o v Q e ¥ &

& 83 & &3

§ SN §S8

o g S é\-
BEAS-2B-Cr(Vl) BEAS-2B-Cr(VI)

Fig. 3. Pharmacological inhibition of HMTases in Cr(VI)-transformed cells abolishes their H3
repressive methylation marks and reduces their transformed phenotypes

(A) Representative Western blot images for the analysis of histone H3 repressive
methylation marks in Cr(VI)-transformed cells. Cells were treated with vehicle control, a
G9a inhibitor BIX01294 (2.5 uM) or an EZH2 inhibitor DZNeP (0.25 uM) for 72 h, and
harvested for Western blot analysis. (B) Quantitation of effects of inhibition of G9a or EZH2
on soft agar colony and suspension culture sphere formation by Cr(V1)-transformed cells.
Cells were treated with vehicle control, a G9a inhibitor BIX01294 (2.5 uM) or an EZH2
inhibitor DZNeP (0.25 uM) for 72 h, and harvested for soft agar colony and suspension
culture sphere formation assay. Results are expressed as relative colony or sphere formation
compared to vehicle-treated BEAS-2B-Cr(V1) cells (100%). Data are presented as mean +
SD (n=3). *p< 0.05, compared to vehicle-treated group. Similar results were obtained in two
additional experiments.
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Fig. 4. Stable knockdown of HMTases in parental BEAS-2B cells significantly reduces chronic
low dose Cr(VI1) exposure-induced CSC-like property and cell transformation

(A) Representative Western blot images for the analysis of levels of HMTases in G9a,
SUV391 and EZH2 shRNA stable knockdown BEAS-2B cells. Generation of shRNA vector
control and each HMTase shRNA stable knockdown cells are described in Methods. (B)
Measurement of intracellular chromium levels. Cells were treated with 10 uM of K,Cr,O7
for 3 h and collected for intracellular chromium level analysis as described in Methods. Data
are presented as mean + SD (n=3). (C,D) Quantitation of effects of stable knockdown of
G9a, SUV39H1 or EZH2 on chronic Cr(V1) exposure-induced soft agar colony (C) and
suspension culture sphere formation (D). Vector control and each HMTase stable
knockdown BEAS-2B cells were exposed to 0.125 uM of Cr(VI1) (KoCrp07) for 25 weeks as
described in Methods. At the end of Cr(VI) exposure, cells were collected for soft agar
colony and suspension culture sphere formation assays. Results are expressed as relative
colony or sphere formation compared to Cr(\V1)-exposed shRNA vector control cells
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(100%). Data are presented as mean + SD (n=3). *p< 0.05, compared to Cr(VI)-exposed
shRNA vector control cells. Similar results were obtained in two additional experiments.
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Fig. 5. Stable knockdown of HMTases significantly reduces Cr(VI) exposure -caused DNA
damage

(A) Representative images of immunofluorescence (IF) staining of yH2AX in chronic low
dose Cr(VI)-exposed shRNA vector control and each HMTase shRNA stable knockdown
BEAS-2B cells treated with 2.5 uM of Cr(V1) (K,Cr,07). After exposure to 0.125 pM of
Cr(VI1) (KoCro07) for 25 weeks, vector control and each HMTase stable knockdown cells
were seeded in 6-well plates. After overnight culture, cells were treated with 2.5 uM of K
2Cry07 for 12 h. At the end of the treatment, one set of cells were used for IF staining of
YH2AX (designated as Rest 0 h). The other set of cells were washed with PBS and cultured
for additional 36 h in the absence of K,Cr,07 and used for IF staining of yH2AX
(designated as Rest 36 h) as described in Methods. Scale bar: 100 pm. (B) Quantitation of
YH2AX positive staining in Cr(\V1)-exposed cells described in (A). Results are expressed as
percent (%) of yH2AX positive staining per field of view. Data are presented as mean = SD
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(n=30 fields of view). *p< 0.05, compared to Cr(VI1)-exposed shRNA vector control cells.
Similar results were obtained in two additional experiments.
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