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Abstract
Hexavalent Chromium [Cr(VI)] is an important human carcinogen associated with pulmonary
diseases and lung cancer. Exposure to Cr(VI) induces DNA damage, cell morphological change
and malignant transformation in human lung epithelial cells. Despite extensive studies, the
molecular mechanisms remain elusive, it is also not known if Cr(VI)-induced transformation
might accompany with invasive properties to facilitate metastasis. We aimed to study Cr(VI)-
induced epithelial–mesenchymal transition (EMT) and invasion during oncogenic transformation
in lung epithelial cells. The results showed that Cr(VI) at low doses represses E-cadherin mRNA
and protein expression, enhances mesenchymal marker vimentin expression and transforms the
epithelial cell into fibroblastoid morphology. Cr(VI) also increases cell invasion and promotes
colony formation. Further studies indicated that Cr(VI) uses multiple mechanisms to repress E-
cadherin expression, including activation of E-cadherin repressors such as Slug, ZEB1, KLF8 and
enhanced binding of HDAC1 in E-cadherin gene promoter, but DNA methylation is not
responsible for the loss of E-cadherin. Catalase reduces Cr(VI)-induced E-cadherin and vimentin
protein expression, attenuates cell invasion in matrigel and colony formation on soft agar. These
results demonstrate that exposure to a common human carcinogen, Cr(VI), induces EMT and
invasion during oncogenic transformation in lung epithelial cells and implicate in cancer
metastasis and prevention.
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Introduction
Hexavalent chromium [Cr(VI)] is a potent human mutagen and carcinogen, widely used in
industry and present in fossil fuel and cigarette smoking (Gibb et al., 2000; O'Brien et al.,
2003; Nickens et al., 2010). Exposure of Cr(VI) compounds are associated with increased
inflammation and cancer risk, particularly the carcinoma of the lung (Gibb et al., 2000;
Nickens et al., 2010). The diseases that are associated with chromium exposure include
nasal ulcer, lung inflammation, fibrosis, fibrosarcomas, adenocarcinomas, and squamous
cell carcinomas of lung (Gibb et al., 2000; Takahashi et al., 2005b; Beaver et al., 2009).

One important characteristic of chromium is its oxidative property. In cellular system,
Cr(VI) is reduced via Cr(V) and Cr(IV) intermediate oxidation states to stable Cr(III).
During the cellular reduction process, reactive oxygen species (ROS) are generated and
cause cytotoxicity (Liu et al., 1994; Shi and Dalal, 1994). Several mechanisms have been
suggested for Cr(VI)-induced host cell pathogenesis. These include DNA-strand breaks
(Stearns et al., 1995), DNA–protein crosslinks, DNA inter- and intrastrand crosslinks
(O'Brien et al., 2001), interrupted DNA replication and transcription (Snow, 1994), cell
cycle checkpoints dysfunction (Ceryak et al., 2004; Wise et al., 2006), impaired DNA
damage repair, microsatelite instability (Takahashi et al., 2005a), activation of oncogenic
pathways (O'Hara et al., 2007), all of which may contribute to the imbalance of cell death,
survival, and carcinogenesis.

Chromium is known to induce oncogenic transformation in lung epithelial cells as well as in
rodent models, with the water-insoluble or “particulate” compounds pose the greatest
carcinogenic risk and water soluble form the least one (O'Brien et al., 2003; Nickens et al.,
2010). Tumor initiation involves extensive genomic re-arrangements, numerous intracellular
signaling alternations, activation of oncogene pathways, and acquiring migratory, invasive
properties. Cancer cell invasion is a critical step to establish fatal distance metastasis, which
accounts for a large portion of cancer related death especially for lung cancer. An essential
and initial process leading to the tumor invasion is epithelial–mesenchymal transition (EMT)
(Thiery and Sleeman, 2006). During the EMT process, cells lose their epithelial properties
such as cell polarity, normal cell–cell contact, acquire mesenchymal properties presented as
fibroblastic morphology, invasion and express mesenchymal markers including vimentin, N-
cadherin (Perl et al., 1998; van Roy and Berx, 2008).

Although it is known that Cr(VI) chronic exposure induces oncogenic transformation, the
molecular mechanism is not clear. Furthermore, little information is available regarding if a
metal compound such as chromium might induce EMT and invasion. We therefore use
chronic treatment of chromium with lung epithelial cell model to induce transformation and
investigate the molecular mechanisms that involve EMT, invasion during oncogenic
transformation processes.

We demonstrate in this work, a common human metal carcinogen, chromium, induces EMT
and invasion during oncogenic transformation in human lung epithelial cells. These effects
involve catalase/ROS-mediated mechanism and suggest complex interaction of chromium
with human lung epithelial cells that lead to EMT, invasion and oncogenesis.
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Materials and Methods
Cell lines, cell culture, and reagents

Immortalized normal human bronchial epithelial cell line, BEAS-2B, human lung cancer
cell line A549 were purchased from American Type Culture Collection (ATCC, Manassas,
VA). BEAS-2B cells that stably express catalase were generated by integration of a catalase
expression vector (OriGene, Rockville, MD) and selected with G418. Catalase protein
expression and ROS scavenging effects were also confirmed from the selected cells (Wang
et al., 2011). Two Cr(VI) transformed BEAS-2B cell lines, CrTF1 and CrTF2 that were
isolated from soft agar by chronic exposure of Cr(VI) to BEAS-2B cells in our laboratory
were also included in the present study (Wang et al., 2011). Tissue culture reagents were
purchased from GIBCO (Invitrogen, Carlsbad, CA). Cells were maintained in DMEM
medium supplemented with 10% fetal bovine serum (FBS) and antibiotics at 37°C in a
humidified 10% CO2 incubator. Medium was replaced twice a week in the presence or
absence of Cr(VI).

Potassium dichromate (Cat.# 483044), specific histone deacetylase (HDAC) inhibitor
trichostatin A (TSA, Cat.# T8552) and DNA methytranferase (DNMT) inhibitor 5-aza-2′-
deoxycytidine (AZA, Cat.# A3656) were purchased from Sigma Chemical Company (St.
Louis, MO). TSA and AZA were prepared in dimethyl sulfoxide solution.

Monoclonal antibody for E-cadherin (Cat.# 610182) was purchased from BD Biosciences
(San Jose, CA). Antibodies for vimentin (sc-73259), β-actin (sc-47778), fibronectin
(sc-8422), MMP-9 (sc-21733), NF-κB p65 (sc-109), lamin A/C (sc-6215), Twist (sc-81417)
were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Antibodies for β-catenin
(Cat.# 9562), N-cadherin (Cat.# 4061), HDAC1 (Cat.# 5356), Snail (Cat.# 3879), Slug
(Cat.# 9585) were purchased from Cell Signaling Technology (Danvers, MA) Antibodies for
Chromatin immunoprecipitation including anti-HDAC1 (Cat.# 17-608), anti-H3K9Ac (Cat.#
07-352) were from Millipore (Temecula, CA).

To understand the effects of co-incubation of Cr(VI) with BEAS-2B cells, Cr(VI) was added
to culture medium and incubated with BEAS-2B cells for various periods of time dependent
upon different biochemical assays. They range from several hours to 1, 2, 3, 4, 6, 8, and 10
weeks. The cell lysates was collected for various protein analyses by Western blot. Other
assays such as cell morphological change, migration, invasion, and transformation were
each examined using different methods at specific time course as described below and in the
Results.

Western blot analysis of protein expression
BEAS-2B, CrTF1, CrTF2, A549 or BEAS-2B-catalase-stable expressing cells (1 × 106)
were treated with or without Cr(VI) for various periods of time. Cells were washed three
times with PBS, and lysed with cell lysis buffer for nuclear and cytosolic protein extraction
as described previously (Ding et al., 2004). In some experiment, TSA, AZA were added to
study their effects. 20 μg of proteins were separated on 10% SDS polyacrylamide gels.
Proteins were subsequently transferred from gels onto nitrocellulose membranes (Bio-Rad,
Hercules, CA) and blocked for 1 hour at room temperature in Tris-buffered saline plus
0.025% Tween-20 (TBS-T) with 5% nonfat dry milk (pH 7.4). Various antibodies diluted at
1:1000 in TBS-T with 5% nonfat dry milk solution were incubated with membranes at 4°C
overnight and washed three times with TBS-T. The secondary antibody, horseradish
peroxidase (HRP)-conjugated antibody, diluted at 1:2500 in TBS-T with 5% nonfat dry milk
was incubated with membranes at room temperature for 2-3 hours. Images were acquired
with an enhanced chemiluminescence detection kit (Perkin Elmer Life Sciences, Boston,
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MA). In each experiment, either anti-β-actin or anti-lamin A/C antibody was reprobed to
monitor protein loading.

Quantitative RT-PCR for gene expression
BEAS-2B cells were treated with or without Cr(VI) at 0.5 μM for three weeks, total RNA
from cells were extracted and purified using RNeasy Mini Kit (Qiagen, Valencia, CA) as
described previously (Ding et al., 2010). Reverse transcription of 0.5 μg of total cellular
RNA was performed in a final volume of 20 μl containing 5× first strand buffer
(Invitrogen), 1 mM of each dNTP, 20 units of placental RNase inhibitor, 5 μM random
hexamer, and 9 units of Moloney murine leukemia virus reverse transcriptase (Invitrogen).
After incubation at 37°C for 45 minutes, the samples were heated for 5 minutes at 92°C to
end the reaction, diluted at 1:4 and stored at – 20°C until PCR use. Two μl of cDNA was
subjected to real-time quantitative PCR using the Opticon system (MJ Research, Waltham,
MA) with SYBR Green I (Molecular Probes, Eugene, OR) as a fluorescent reporter.
Threshold cycle number of duplicate reactions was determined using the Opticon software.
Levels of selected gene mRNA expression were normalized to hypoxanthine
phsophoribosyltransferase (HPRT) levels using the formula 2(Rt–Et); where Rt is the mean
threshold cycle for the reference gene HPRT and Et is the mean threshold cycle for the
experimental gene. Data are presented as arbitrary units and fold changes are adjusted to the
non-stimulated control cells. Primer sequences are provided in supplementary Table 1.

Immunofluorescence staining
To analyze cellular distribution of E-cadherin and vimentin, BEAS-2B cells (1 × 104)
treated with or without Cr(VI) at 0.5 μM for 6 weeks were seeded on 8-well chamber slides
(Nunc, Rochester, NY), fixed with 1% formaline, permeabilized with Triton X-100 and
probed with E-cadherin and vimentin antibodies. The cells were subsequently incubated
with secondary-Alexa Fluor 488-conjugated antibody (Molecular Probes, OR). Cells were
then washed, and visualized using Zeiss Axio Observer inverted immunofluorescence
microscope (Carl Zeiss MicroImaging GmbH, Gottingen, Germany).

Cell migration and invasion assay
BEAS-2B cells cultured in 100 mm dishes were treated with or without Cr(VI) at 0.5 μM
for 6 weeks. For trans-well migration assay, 5 × 104 cells were seeded to the top chambers
of 24-well trans-well plates insert (8.0 μM pore size membrane, BD, Frankline Lakes, NJ),
cells were fixed, stained, and counted by 24 hours in the bottom (migrated) chamber. For
scratch wound closure assays, cells seeded in 6-well culture plate (1 × 106/per well) 24 h
prior to the wound was incised in the central area using a pipet tip, detached cells were
washed away and cell migration was evaluated 24 hours post wounding. For matrigel
invasion assay, cells (1 × 105) were seeded to the top chambers of 24-well trans-well plates
insert (BD), the insert were coated with a thin layer of matrigel (20 μl) and incubated for 24,
48 and 72 hours. Cells in top chamber (non-migrated) were removed, and cells on bottom of
filter insert (migrated) were fixed, stained with paraformaldehyde-ethanol-crystal violate
solution and counted under microscope. Individual experiment was performed in duplicate
and repeated 3 times.

siRNA transfection
BEAS-2B cells treated with or without Cr(VI) at 0.5 μM for three weeks, siRNAs for
HDAC1, 2, 3 (Ambion/Life Technologies Corp., Carlsbad, CA) were transfected to cell with
Lipofectamine 2000 in Opti-MEM1 media following the manufacturer recommended
protocol. siRNAs final concentration for HDAC1, 2, 3 (Catalog No. s73, s6493, s16878) and
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the negative control was 10 nM. Fourty-eight hours post-transfection, cytosolic and nuclear
protein was extracted for Western blot analysis as mentioned above.

Chromatin immunoprecipitation assay
Chromatin immunoprecipitation (ChIP) assays were performed as previously described
(Ding et al., 2010). Briefly, BEAS-2B cells (5 × 106) treated with or without Cr(VI) at 0.5
μM for 6 weeks were plated in 150 mm dish, washed three times with PBS, and cross-linked
with 1% formaldehyde (Sigma) for 10 minutes. Cells were harvested in cell lysis buffer, and
sonicated with 6 × 10 second pulses to generate 0.4-1.2 Kb size. The sonicated chromatin
was then split equally into four parts; one part served as control, the other 3 parts were
immunoprecipitated with rabbit polyclonal HDAC1, H3K9Ac antibodies, and non-immune
isogenic IgG respecitvely, at 4°C for 12 hours. DNA/protein complexes were captured by
Protein A agarose beads mixed with salmon sperm DNA (Millipore). The samples were then
washed, eluted in SDS elution buffer, and the cross-links reversed by overnight incubation at
65°C. DNA was purified using Qiaquick PCR purification kit (Qiagen). Quantitative real-
time PCR was performed from input and ChIP material. DNA content in
immunoprecipitation (IP) samples was measured relative to the total input and/or
housekeeping gene GAPDH level. Data are presented as ratio of IP/GAPDH in each
condition and adjusted as fold changes of no antibody control. Non-immune isogenic IgG
was used as monitoring control. Primers for both ChIP and RT-PCR are listed in
supplementary Table 1.

Colony formation assay
To measure anchorage-independent growth in soft agar, BEAS-2B and BEAS-2B-catalase-
stable expressing cells (2.5 × 103) were treated with or without Cr(VI) at 0.5 μM for 8
weeks. Cells were suspended in 0.3% agar in DMEM supplemented with 1% penicillin/
streptomycin, 10% FBS and overlaid on 0.5% agar in the same medium in six-well plates for
additional 4-12 weeks to allow colony formation. Colonies were stained with 0.005% crystal
violet, counted and photographed with a dissection microscope.

Statistical analysis
All quantitative data are presented as mean ± SEM. Paired or unpaired Student “t” test was
used for intergroup comparisons, and differences were considered significant if P values
<0.05.

Results
Chromium represses E-cadherin, enhances vimentin and differentially regulates E-
cadherin suppressor expression in BEAS-2B cells

To characterize the role of chromium in inducing lung epithelial cell pathophysiology, we
first incubated BEAS-2B cell at different doses for various periods of time and observed the
cell viability and growth. The initial results indicated that Cr(VI) at the dose above 1 μM
resulted in significant cell death and cell cycle arrest during prolonged exposure as reported
previously (O'Hara et al., 2007; Costa et al., 2010) and data not shown. We therefore
incubated low dose of Cr(VI) at 0.25, 0.5 μM with BEAS-2B cells as indicated in Figure 1.
The results showed that in short time exposure from 10 h (Fig. 1A) to 1 week (Fig. 1B),
Cr(VI) did not significantly repress E-cadherin expression even at higher doses. Cr(VI)
enhances E-cadherin repressor Snail expression at 10 hours, but this effect disappeared after
longer time incubation by four days and one week (Fig. 1A, B). Another E-cadherin
repressor, Twist protein expression was not changed (data not shown).
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As Cr(VI)-BEAS-2B cell co-incubation proceed, we noticed reduced E-cadherin expression
and enhanced vimentin expression by third week and throughout the ten weeks study period,
but not earlier. Therefore, this time frame was used for all later experiment to study E-
cadherin/vimentin expression as well as related cellular events. Fig. 2 A-C indicated
representative blots of Cr(VI)-induced E-cadherin repression and vimentin up-regulation
from three to ten weeks in BEAS-2B cells, and this effect was Cr(VI) dose-dependent (Fig.
2C). Meanwhile, both Snail and Twist protein expression were surprisingly decreased (Fig.
2D). The presence of serum had no effect on Cr(VI)-induced E-cadherin repression, but
affected vimentin protein expression (Fig. 2B). Therefore all subsequent experiments to test
vimentin protein expression were performed by replacing the media with serum-free media
24 hours prior to cell lysate collection.

Immunofluorescence staining using E-cadherin and vimentin antibody also confirmed the
disappearance of E-cadherin in the cell adherent junctions and enhanced overall vimentin
expression in BEAS-2B cells (Fig. 2E-F).

To further examine if Cr(VI)-induced E-cadherin and vimentin protein expression also
reflect their mRNA expression level, we performed real-time PCR, and confirmed the
similar pattern of alterations at mRNA level (Fig. 2G), suggesting transcriptional repression/
up-regulation mechanism.

In order to check if these changes could also happen to other EMT markers in BEAS-2B
cells such as β-catenin, N-cadherin, fibronectin (Thiery and Sleeman, 2006), and EMT
suppressors such as Slug (Bolos et al., 2003), SIP1 (Comijn et al., 2001), ZEB1 (Onder et
al., 2008) and KLF8 (Wang et al., 2007), Western blot or real-time PCR were performed to
detect their protein or mRNA expression. The results revealed that there were no obvious
changes in N-cadherin, but reduced fibronectin and nuclear β-catenin expression (Fig. 2H),
and increased Slug, ZEB1 and KLF8 mRNA expression (Fig. 2I). Among them, Slug and
KLF8 mRNA expression were confirmed by Western blot analysis (Fig. 2J).

Furthermore, to evaluate if these changes might also occur after transformation or in tumor
cells, CrTF1, CrTF2 and A549 cells were treated with Cr(VI) for 3 weeks, and the cell
lysates were analyzed by Western blot, we detected similar E-cadherin repression and
vimentin up-expression in CrTF1, CrTF2 cells, but not in A549 cell (Fig. 2K, L).

BEAS-2B cell morphological changes, migration and invasion induced by chromium
Prolonged co-incubation of Cr(VI) with BEAS-2B cells resulted in a number of cell
morphological changes; cells lost their original cobblestone-like appearance, had loose
intercellular contact and increased intercellular space when compared with control cells
(Fig. 3A). By six weeks but not earlier, these cells started to show fibroblastoid morphology,
presented as elongated, spindle-shape appearances (Fig. 3B). By eight weeks, they started
scattering and drafted toward all directions randomly (Fig 3C, suppl. Fig. 1A, B).

Since Cr(VI) exposure reduces E-cadherin expression, enhances vimentin expression, and
alters the cell morphology from cobblestone shape into fibroblastoid morphology, we
wondered if this might also accompany with enhanced cell migration and invasion. Figure 3
(C) and supplementary Fig. 1 (A-C) showed the cell migration patterns. Unlike controls,
Cr(VI)-treated cell showed enhanced tendency of cell scattering and occupied more spaces.
These cells also grew slower, migrated randomly toward different directions, lost cell-cell
contact, and finally formed a loose cell mass (Suppl. Fig. 1A, B). However, trans-well
migration assay and scratch wound closure assay did not show enhanced cell migration in
Cr(VI)-treated cells over the control cells (data not shown). Second, to evaluate if these cells
might invade matrigel, equal number of cells were seeded into matrigel chamber, and kept
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growing for 24, 48 and 72 hours to examine the invasion. The results indicated that both
cells had very little invasion in matrigel assay at 24, 48 hours, while Cr(VI)-treated cell
showed much more invasion by 72 hours (Fig. 4 A, B). Third, owning the invading cells are
usually accompanied with enhanced matrix enzyme activity, such as increased MMP9
expression (Nawrocki-Raby et al., 2003), we further analyzed if Cr(VI)-treated cell might
show enhanced expression of MMP9. As expected, Western blot assay confirmed that
Cr(VI)-treated cell expressed much higher level of MMP9 protein over the control cells
(Fig. 4C). Together, these results demonstrate that Cr(VI) promotes BEAS-2B cells
fibroblastoid morphological change and invasion, a typical process described as epithelial-
mesenchymal transition (EMT).

Effects of HDAC inhibition on E-cadherin and vimentin protein expression
Knowing that Cr(VI) represses BEAS-2B cell E-cadherin, enhances vimentin expression,
promotes invasion, we intended to find out the underlying molecular mechanisms.

First, we used a HDAC inhibitor, TSA to inhibit HDAC expression, and DNMT inhibitor
AZA to block DNA methylation and observed E-cadherin/vimentin expression. The results
showed that TSA dramatically reversed Cr(VI)-induced E-cadherin repression and vimentin
up-regulatioin (Fig. 5A). This effect was also obvious in TSA control cells and suggested
HDAC may be an important mechanism in regulating E-cadherin expression. In contrast,
AZA had no effect on Cr(VI)-induced E-cadherin/vimentin expression (Fig. 5B).

Second, since TAS is a non-specific inhibitor for Class 1 HDAC which includes HDAC1,
HDAC2, HDAC3, HDAC8, we therefore used siRNA to knockdown HDAC1, HDAC2,
HDAC3 expression and examined E-cadherin expression pattern. The results indicated that
Cr(VI) did not affect the overall HDAC1 nuclear protein level (Fig. 5C). siRNA HDAC1
dramatically inhibited HDAC1 expression (Fig. 5D), and enhanced E-cadherin expression in
both control and Cr(VI)-treated cells (Fig. 5E), significant difference were noticed when the
scanned densitometry data were analyzed (Fig. 5F), P<0.05 when compared with their
respective controls. Knocking down HDAC 2, 3 had no effect on E-cadherin expression
(suppl. Fig. 2).

Third, to confirm the presence of HDAC1 in E-cadherin gene promoter, we performed CHIP
assay to see if there is enhanced HDAC1 binding to E-cadherin promoter in Cr(VI) treated
cells. The results (Fig. 5G) clearly showed that binding of HDAC1 in E-cadherin promoter
in Cr(VI)-treated cells increased by two folds, however we could not detect H3K9Ac
binding to E-cadherin promoter, and H3K9Ac, HDAC1 binding to vimentin promoter (data
not shown). Therefore, these results indicated enhanced binding of HDAC1 in E-cadherin
promoter and contributed to Cr(VI)-induced E-cadherin repression. Owning AZA had no
effect, DNA methylation is unlikely responsible for the loss of E-cadherin expression. The
results suggest that HDAC1 plays a critical role in regulating E-cadherin and vimentin gene
expression, and this effect is most likely promoter-specific effect in lung epithelial cells.

Catalase reduces Cr(VI)-induced EMT protein expression and invasion
Cr(VI) is characterized by it powerful capability to generate ROS in host cells (Shi et al.,
1994), we asked if ROS might be a possible reason for the loss of E-cadherin, enhanced
vimentin expression and contribute to EMT and invasion. We used Catalase-stable
expressing cell line to see if they might block Cr(VI)-induced E-cadherin suppression and
vimentin up-regulation. The results in Fig. 6 showed that catalase-stable expressing
BEAS-2B cells effectively attenuated Cr(VI)-induced E-cadherin repression and vimentin
up-regulation (Fig. 6A) and reduced cell invasion in matrigel (Fig. 6 B-D). Because
catalase-stable cell line itself showed a fibroblast-like morphology (data not shown), we
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could not differentiate the effect of catalase stable expression and Cr(VI)-induced cell
morphological changes. Taken together, these results point out catalase/ROS-mediated
effects in Cr(VI)-induced E-cadherin, vimentin protein expression in EMT and invasion
processes.

Catalase reduces Cr(VI)-induced oncogenic transformation in soft agar colony formation
assay

To further understand if chronic and long term incubation of Cr(VI) might induce epithelial
cell oncogenic transformation and the role of ROS during this process, we used soft agar
assay to investigate if catalase might reduce colony formation, a process that correlates with
in vivo oncogenic transformation. Shown in Fig. 6 (E-G) are the representative colony
formation in control and Cr(VI)-treated BEAS-2B cells. Fig. 6G is the quantitative data
when the number of colony was counted by twelve weeks in different treatment groups.
Significantly enhanced colony formation was noticed when the colony number in Cr(VI)-
treated groups was compared with controls. In addition, colony number was lower in
catalase-stable expressing cells versus control groups (*p<0.01) regardless of Cr(VI)
treatment. These results indicate that catalase/ROS play a critical role in Cr(VI)-induced
oncogenic transformation, which are also in line with Cr(VI)-induced EMT and invasion
processes, and imply a catalaes/ROS-mediated mechanism.

Discussion
The present study describe the primary roles of Cr(VI)-induced morphological change,
EMT, invasion and colony formation in lung epithelial cells during oncogenic
transformation, and these effects appear to be catalae/ROS-mediated. Accumulating
evidence has indicated that chronic inhalation of certain Cr(VI) compounds increase the risk
in human lung cancer (Gibb et al., 2000; O'Brien et al., 2003). Cr(VI) compounds also
induce inflammatory response and cancer in animal models (Beaver et al., 2009). The
mechanism has been attributed to its effect in activating oncogenic pathways and inducing
DNA damage (O'Hara et al., 2007; Wise et al., 2008). Different forms of chromium, such as
zinc, lead, strontium chromate also induce neoplastic transformation (Wise et al., 2006).

Recently, two groups have reported that mildly cytotoxic Cr(VI) exposure leads to
BEAS-2B cells morphological change, partial loss of contact inhibition, increased resistance
to Cr(VI)-induced apoptosis and transformation (Xie et al., 2007; Costa et al., 2010). Cr(VI)
also interferes cell adhesion (Costa et al., 2010). These initial results provide excellent
phenomenal description implicating that Cr(VI) may disturb cell polarity. In this study, we
advance these observations by showing that Cr(VI) is able to induce EMT and invasion
during oncogenic transformation. Additionally, Catalase can prevent some of these effects.
Although we are unable to predict Cr(VI)-induced extensive genomic alternations during
oncogenic transformation, the present and previously studies provide clue that Cr(VI) causes
extensive gene structure alternation which ultimately result in the formation of tumorigenic
cell clones.

E-cadherin is an important epithelial cell adhesion molecule, maintains normal cell:cell
adherent junctions, cell polarity and closely associated with cancer cell invasion, metastasis
and poor patients prognosis (Umbas et al., 1994; Berx et al., 1995; van Roy and Berx, 2008).
Loss of E-cadherin is one hallmark for EMT and triggers the activation of specific
downstream signal pathways that facilitate later steps of metastasis (Onder et al., 2008).
Morphological change, EMT, invasion and transformation described in this work probably
reflected the enormous cell genomic re-arrangement during oncogenic transformation
induced by Cr(VI). Recent concept for early metastasis and parallel evolution theory of
primary and metastatic tumor have indicated that propensity of cell metastasis is determined
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early in the neoplastic process, rather than near its end stage and not dependent on the new
genetic abnormalities that occur after tumor have been established (Gray, 2003; Hunter,
2004). We reason that at the time when Cr(VI)-treated cells re-organize their genome to
become a tumor, or during transformation, cells also acquire EMT and invasive properties.
Meanwhile, numerous other cell signaling may also be altered, such as microarray detected
gene expression changes and resistant to apoptosis.

In the current work, EMT occurs prior to the time that cells were put onto the soft agar to
exam the colony formation. In fact, it is not clear if EMT and oncogenic transformation
might be two independent events which occurred parallel to each other; or they are one
sequential event that was detected at different time in the same cell population, namely EMT
earlier and transformation later. Based on the above discussion, we are prone to the latter
hypothesis; however, future studies are required to address these complex issues.

A number of mechanisms have been suggested for CDH1 gene (which encodes E-cadherin
protein) repression or silencing. These include activation of transcription factors such as
Snail (Batlle et al., 2000), Twist (Yang et al., 2004), Slug (Bolos et al., 2003), ZEB1 (Pena
et al., 2005), SIP1 (Comijn et al., 2001), KLF8 (Wang et al., 2007), expression of certain
miRNA (Ma et al., 2010), and DNA hypermethylation in its gene promoter (Strathdee,
2002). Several cytokines or growth factors also cause EMT and activation of these
transcription factors (Thiery and Sleeman, 2006). In human tumors, somatic mutation,
chromosomal deletion, proteolytic cleavage, and silencing of CDH1 promoter are common
causes for its repression (Strathdee, 2002). However, metal compound chromium has not
been shown to cause E-cadherin repression, EMT and invasion prior to the current study.

Exactly how Cr(VI) represses E-cadherin transcription is awaiting for further clarification,
the present work have identified several transcription repressors that are activated by Cr(VI),
including Slug, ZEB1 and KLF8. We do not rule out any miRNA (Ma et al., 2010) that
might also be induced by Cr(VI), and potentially represses E-cadherin expression. In
addition, we show that Cr(VI) is able to enhance HDAC1 binding in E-cadherin gene
promoter and possibly keeps the gene in a deacetylated state, all of which may contribute to
its transcriptional repression, and their combination may exert maximal effects.

One interesting question is how could Cr(VI) exposure leads to cell reprogram its genome
and results in the repression of E-cadherin and meanwhile activation of vimentin, a
mesenchymal marker. Eepigenetic alternations induced by Cr(VI) and ROS appear to be
critical for this effect, as artificially modify the HDAC1 expression by TSA or siRNA also
alter E-cadherin/vimentin expression, and catalase partially blocks these phenotypes. A
detailed study on the chromatin structure changes induced by Cr(VI) will definitely help to
delineate the molecular mechanisms.

HDAC1 is found in a number of multiprotein complexes and regulates gene transcription,
including transcriptional corepressors that lead to hypoacetylation of histones and
transrepression of target genes (Lee et al., 2000). It also represses estrogen-related receptor
alpha gene transactivation (Matsuyama et al., 2010), and negatively regulates C/EBPdelta-
dependent haptoglobin expression in intestinal epithelial cells (Turgeon et al., 2008). A
recent study show that Cr(VI) is able to retain HDAC1 binding to chromatin, and form
EDTA-reversible, chromatin-HDAC1 crosslinks, which result in Cyp1a1 gene in silent
states (Schnekenburger et al., 2007b). Our results indicate E-cadherin repression is also
associated with HDAC1 in its gene promoter, and knockdown HDAC1 with siRNA or by its
inhibitor TSA both reverse E-cadherin expression, therefore, suggest an unappreciated
mechanism in Cr(VI)-induced E-cadherin transcription control.
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The current concept that Cr(VI) is mostly an inducible gene repressor, which represses many
inducible gene transcriptions but does not affect constitutive gene expression (Borges and
Wetterhahn, 1989; McCaffrey et al., 1994; Majumder et al., 2003; Wei et al., 2004). These
observations can be explained by its effects on DNA cross-link, alteration of chromatin
structure, and disruption of gene expression. Our results reveal that expression of a number
of transcriptional factors such as Snail, Twist, β-catenin and NF-κB p65 (data not shown)
are repressed, which are in line with these concepts. However, we also note a few genes that
their transcriptions are activated, such as Slug, ZEB1, and KLF8. These results therefore
provide additional evidence arguing that inhibition of inducible gene expression is probably
a promoter specific event in the context of Cr(VI) chronic exposure. In those genes which
are not corss-linked by Cr(VI), gene transcription may proceed after proper stimulation. In
the current study, vimentin is the only mesenchymal marker induced by Cr(VI). Other
markers such as N-cadherin or fibronectin either has no change or even has reduced
expression, and this phenomenon has been described as partial EMT (Leroy and Mostov,
2007) and differs from classical EMT, in which all mesenchymal markers change
concurrently. Partial EMT is also common for cells that do not acquire full EMT markers
(Johnen et al., 2012; Roxanis, 2013), owning the special character of Cr(VI) in cross-linking
DNA, we consider this might be a cell type or promoter specific event, as A549 cells do not
have the similar responses. Future works are required to explore the mechanisms of EMT in
these cells.

One expected result from our observation is that catalase is able to abolish the oncogenic
transformation in soft agar analysis. ROS are known to mediate numerous cellular events
that contribute to the carcinogenesis (Liou and Storz, 2010). Since Cr(VI) is a major ROS
producer and catalase scavenging ROS, therefore, these results indicate ROS-dependent
mechanism. Yet, one unexpected result from our study is that Cr(VI) does not potentiate cell
migration, despite typical induction of EMT is accompanied with increased cell migration
and invasion, the reason is not clear. Since Cr(VI) inhibits cell proliferation and represses
inducible gene expression, we hypothesis that Cr(VI) treatment may hamper the cell
migration related gene expression and cytoskeletal rearrangements, therefore interferes the
cell migratory systems. Further studies are warranted to explore molecular mechanisms
related to these discrepancies.

In conclusion, the present work show that Cr(VI) induces EMT with enhanced cell invasion
during oncogenic transformation. Catalase reduces Cr(VI)-induced EMT protein expression,
invasion, and attenuates oncogenic transformation in human lung epithelial cells. These
observations provide insight in chromium-induced carcinogenic mechanism. Future
investigation on chromium-induced host cell damage will allow us better understanding its
pathogenesis and develop strategy for cancer prevention.
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Highlight

We study if Cr(VI) might induce EMT and invasion in epithelial cells.

• Cr(VI) induces EMT by altering E-cadherin and vimentin expression.

• It also increases cell invasion and promotes oncogenic transformation.

• Catalase reduces Cr(VI)-induced EMT, invasion and transformation.
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Figure 1. Expression of E-cadherin and its suppressor after acute chromium exposure
BEAS-2B cells (1 × 106) were treated with medium alone, Cr(VI) at 1.5, 10, 15 μM for 10
hours (A) and 0.5 μM for up to 1 week (B). Cells were washed, cytosolic and nuclear
proteins were extracted and separated on 10% SDS-polyacrylamide gel to detect E-cadherin
(E-cad) or Snail protein expression. Blots are representative of three separate experiments
with similar results, arrows indicate specific band.
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Figure 2. Chronic chromium exposure represses E-cadherin and enhances vimentin protein
expression
To evaluate E-cadherin related protein expression, BEAS-2B cells were treated with or
without Cr(VI) at 0.5 μM for 3-10 weeks (A-J). Cytosolic and nuclear proteins were
extracted and separated on 10% SDS-polyacrylamide gel to detect E-cadherin (E-cad),
vimentin, Snail, Twist, β-catenin, N-cadherin, fibronectin, krupple-like factor 8 (KLF 8) and
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Slug protein expression (A-D, H, J). Blots are representative of three separate experiments
with similar results, arrows indicate specific band. For immunofluorescence staining of E-
cadherin and vimentin, cells were seeded at 1 × 104 in 8 well chamber, fixed with 1%
formalin, washed and stained with E-cadherin and vimentin antibody overnight at 4°C. After
washing and secondary antibody conjugation, cells were visualized with
immunofluorescence microscope (E, F). For gene expression assay, total RNA was collected
from above cells and real-time PCR was performed to detected E-cadherin, vimentin, Slug,
SIP1, ZEB1 and KLF8 mRNA expression (G, I). Data are mean±SEM from three separate
experiments, *P<0.01 when compared with controls. To determine E-cadherin and vimentin
protein expression in tumor cells, CrTF1, CrTF2 and A549 cells were treated with or
without Cr(VI) at 0.5 μM for 3 weeks, cell lysates were extracted to detect E-cadherin and
vimentin protein expression (K, L) as described above.
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Figure 3. Chromium induces BEAS-2B cell sequential morphological changes
BEAS-2B cells cultured in 100 mm dishes were treated with or without Cr(VI) at 0.5 μM
for 3, 6 and 8 weeks. Cells growth and morphology changes were monitored and recorded
under microscope throughout the experimental period. Photos are representative of 3-5 sets
assays.
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Figure 4. Chromium induces BEAS-2B cell invasion
For invasion assay, cells were treated with or without Cr(VI) at 0.5 μM for 6 weeks. 1 × 105

cells from each group were seeded on the top chamber of 24-well plate culture inserts coated
with 20 μl of matrigel in duplicate. Cells were cultured for additional 72 hours, invaded
cells on the bottom of insert were stained, photographed, and counted (A, B). Quantitative
results were compared with control cells without Cr(VI) treatment, *P<0.01 when compared
with control (B). For MMP-9 expression assay (C), cytosolic proteins were extracted from
cells that were treated as mentioned above, 20 μg of proteins were separated on 10% SDS-
polyacrylamide gel to detect MMP-9 expression, anti-β-actin antibody was probed to
monitor protein loading. Blots are representative of three separate experiments with similar
results, arrows indicate specific band.
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Figure 5. HDAC1 inhibition on Cr(VI)-induced E-cadherin and vimentin expression
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For inhibitor assay, BEAS-2B cells (5 × 105) treated with or without Cr(VI) at 0.5 μM for 6
weeks were seeded in 60 mm dishes. Trichostatin A (TSA, 0.1 μM), 5-aza-2′-deoxycytidine
(AZA, 1-5 μM) were added for 24 hours prior to cellular protein extraction to evaluate E-
cadherin (E-cad)/vimentin protein expression (A, B). For siRNA transfection assay (C-F),
BEAS-2B cells (2.5 × 105) were treated as mentioned above and seeded in 6-well plates.
siRNA for HDAC1 and negative control (siR-HDAC1, Neg siRNA) were transfected with
Lipofectamine 2000. Nuclear and cytosolic proteins were extracted 48 hours post
transfection to evaluate E-cadherin, vimentin protein expression. Blots are representative of
three separate experiments with similar results, arrows indicate specific band. Densitometry
data are expressed as arbitrary unit and adjusted as fold changes over the control (Fig. 5F),
*P<0.05 when compared with their respective controls. ChIP assay and quantitative RT-
PCR were performed as described in Materials and Methods. qRT-PCR were performed
from input and ChIP material (IP) to detected the relative promoter binding of HDAC1 in E-
cadherin promoter, GAPDH served as control. Data represent IP/GAPDH ratio and are
adjusted as fold changes over no antibody control (No Ab). Results are mean±SEM from 3
separate experiments, *P<0.01 when compared to the controls (G).

Ding et al. Page 22

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2014 May 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6. Catalase reduces Cr(VI)-induced E-cadherin suppression, invasion and oncogenic
transformation in BEAS-2B cells
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For protein expression assay, BEAS-2B and BEAS-2B-catalase-stably expressing (Cat
stable) cells (1 × 106) were treated with or without Cr(VI) for 3 weeks. Cytosolic and
nuclear proteins were extracted and separated on 10% SDS-polyacrylamide gel to determine
E-cadherin (E-cad) and vimentin expression (A). Blots are representative of three separate
experiments with similar results, arrows indicate specific band. For invasion assay (B-D),
BEAS-2B and BEAS-2B-catalase-stably expressing (Cat stable) cells were treated with or
without Cr(VI) 0.5 μM for 6 weeks and seeded in matrigel chamber as described in Fig 4.
For colony formation assay, BEAS-2B and BEAS-2B-catalase-stably expressing (Cat stable)
cells (2.5 × 103) (E-G) treated with or without Cr(VI) for 8 weeks, and plated in 0.35% soft
agar in duplicate in 10% FBS DMEM media for additional 4-12 weeks to allow colony
formation. Colony numbers from 12 weeks group was determined in each well and
compared with controls (F). Data are mean±SEM from three separate experiments, *P<0.01
when compared with controls.
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