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Abstract

Inorganic arsenic is a human lung carcinogen. We studied the ability of chronic inorganic arsenic
(2 uM; as sodium arsenite) exposure to induce a cancer phenotype in the immortalized, non-
tumorigenic human lung peripheral epithelial cell line, HPL-1D. After 38 weeks of continuous
arsenic exposure, secreted matrix metalloproteinase-2 (MMP2) activity increased to over 200% of
control, levels linked to arsenic-induced cancer phenotypes in other cell lines. The invasive
capacity of these chronic arsenic-treated lung epithelial (CATLE) cells increased to 320% of
control and colony formation increased to 280% of control. CATLE cells showed enhanced
proliferation in serum-free media indicative of autonomous growth. Compared to control cells,
CATLE cells showed reduced protein expression of the tumor suppressor gene PTEN (decreased
to 26% of control) and the putative tumor suppressor gene SLC38A3 (14% of control).
Morphological evidence of epithelial-to-mesenchymal transition (EMT) occurred in CATLE cells
together with appropriate changes in expression of the EMT markers vimentin (VIM; increased to
300% of control) and e-cadherin (CDH1; decreased to 16% of control). EMT is common in
carcinogenic transformation of epithelial cells. CATLE cells showed increased KRAS (291%),
ERK1/2 (274%), phosphorylated ERK (p-ERK; 152%), and phosphorylated AKT1 (p-AKT1;
170%) protein expression. Increased transcript expression of metallothioneins, MT1A and MT2A
and the stress response genes HMOX1 (690%) and HIF1A (247%) occurred in CATLE cells
possibly in adaptation to chronic arsenic exposure. Thus, arsenic induced multiple cancer cell
characteristics in human peripheral lung epithelial cells. This model may be useful to assess
mechanisms of arsenic-induced lung cancer.
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Introduction

Inorganic arsenic is a known human carcinogen linked to various cancers such as skin,
bladder and lung (IARC, 1980, 1987, 2004, 2012). The evidence for the association between
inorganic arsenic exposure and lung cancer in humans is very robust and lung cancers are
linked to multiple routes of arsenic exposure (IARC, 1980, 1987, 2004, 2012). Inhaled
arsenic was shown relatively early on to be a human lung carcinogen (IARC, 1980, 1987,
2004). However, inorganic arsenic is also clearly a human pulmonary carcinogen after oral
intake, primarily from naturally contaminated drinking water, which now is the major source
of exposure in humans (IARC, 2004, 2012). This is important because, in humans, lung
cancer is a common malignancy with a high mortality rate and is a leading cause of cancer
death in the United States (Davies, 2014).

Many inorganics, including arsenic, stimulate the synthesis of metallothioneins (MTs)
(Miura and Koizumi, 2007; He and Ma, 2009). MTs are low molecular weight proteins that
show a high affinity for transition metals, like cadmium and zinc (Coyle et al., 2002), but
also can bind the metalloid arsenic (Ngu and Stillman, 2006). MTs have an abundance of
cysteine residues (Bell and Vallee, 2009), and a favorable structural arrangement to bind
metallic atoms or reactive oxygen species (ROS) to manage metal toxicity or cellular
oxidative stress (Ruttkay-Nedecky et al., 2013; Valko, 2005). It appears some toxic effects
of inorganic arsenic occur through direct interactions of the arsenic ion with cellular
components and some occur indirectly through ROS generated during cellular methylation
of inorganic arsenic (Kojima et al., 2009; Tokar et al., 2014). Thus, the stimulation of MT
synthesis could potentially mitigate multiple aspects of inorganic arsenic toxicity. Cells will
also adapt to arsenic by induction of enzymes more directly involved in dealing with excess
ROS, such as heme oxygenase-1 (HMOX1; Kumagai and Sumi, 2007).

Our laboratory has focused on developing target relevant cell models of inorganic arsenic
carcinogenesis. In this regard, a human prostate epithelial cell line, RWPE-1 was
successfully transformed into a cancer phenotype by chronic inorganic arsenic exposure
(CASE-PE cells; Achanzar et al., 2002) allowing study of potential genotoxic, epigenetic and
stem cell-based mechanisms of arsenic-induced malignant transformation (Benbrahim-
Tallaa et al., 2005; Kojima et al., 2009; Tokar et al., 2010a,b; Xu et al., 2012; Ngalame et
al., 2014a,b). Furthermore, human skin keratinocyte (HaCaT) cells have been malignantly
transformed following chronic low-level arsenic exposure (Pi et al., 2008) and have aided in
the study of the mechanisms of co-carcinogenic effects of arsenic and ultraviolet irradiation
(Sun et al., 2011). Along similar lines, other groups have established and used target cell line
relevant models of arsenical carcinogenesis such as transformed human urinary bladder cells
(Eblin et al., 2007; Wnek et al., 2010; Escudero-Lourdes et al., 2012; Garrett et al., 2014) or
other cell lines including bronchial epithelial cell lines (Stuecke et al., 2012; Xu, et al.,
2013) to help better define carcinogenic mechanisms. These have all been a great aid in
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advancing our knowledge of the remarkable diversity of the toxic and carcinogenic actions
of this metalloid.

None-the-less, additional cell models of arsenic relevant cancer target tissues are still needed
in order to help further elucidate carcinogenic mechanisms. In this regard, the HPL-1D cell
line is an immortalized, non-tumorigenic human peripheral lung epithelial cell line
originally developed to study events during malignant transformation of normal lung cells in
vitro (Masuda et al., 1997). HPL-1D cells have made it possible for us to investigate the
effects of chronic low-level exposure to inorganic agents to help define mechanisms of
action in human lung cancer. Lung adenocarcinomas likely arise from the epithelia of the
peripheral lung (Masuda et al., 1997; Sutherland and Berns, 2010), as would be consistent
with a model developed with HPL-1D cells. Although data are limited, it appears that
inhalation of inorganic arsenic, as from occupational settings, tends to produce lung
adenocarcinoma while ingestion more often produces lung squamous cell carcinoma (IARC
1987, 2004; Guo et al., 2004; Chen et al., 2010), though both types of non-small cell lung
tumors can occur from either route of inorganic arsenic exposure. Recently, we developed a
model for cadmium-induced cancer phenotype in these HPL-1D lung cells (Person et al.,
2013) and are now using these transformed cells to help further elucidate the molecular
mechanisms of cadmium-induced lung cancer in humans. In this present work we sought to
develop a similar model for inorganic arsenic, by chronically exposing these human lung
epithelial cells to the metalloid and looking for the development of cancer characteristics.

Materials and methods

Chemicals and reagents

Sodium arsenite (NaAsO»), p-iodonitro-tetrazolium (INT), bovine insulin, hydrocortisone
and triiodothyronine were from Sigma Chemical Company (St. Louis, MO). Other
chemicals and sources included: HEPES buffer (Gibco/Invitrogen, Carlsbad, CA); human
transferrin (Calbiochem/EMD Chemicals, San Diego, CA); antibiotic/antimycotic solution
(Gibco/Invitrogen); Ham’s F-12 media (Promocell, Heidelburg, Germany); fetal bovine
serum (FBS; Gibco/Invitrogen, Carlsbad, CA); CellTiter 96 Aqueous ONE Solution Cell
Proliferation Assay [3-(4,5-dimethyl-thiazol-2yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium (MTS assay)] reagent (Promega, Madison, WI).

Cells, Culture Conditions and Arsenic Exposure

HPL-1D cells were established by Dr. Takashi Takahashi, Laboratory of Ultrastructure
Research, Japan, and were graciously provided by Dr. Lucy Anderson of the NCI. HPL-1D
cells were immortalized by transfection with large T antigen gene (Masuda et al., 1997).
Cells were maintained in Ham’s F-12 medium buffered with 15 mM HEPES (pH 7.3) and 5
pg/ml bovine insulin, 5 ug/ml human transferrin, hydrocortisone 1077 M, 2 x 10710 M
triiodothyronine, 1% antibiotic/antimycotic, and 1% FBS. Cells were passaged weekly and
media refreshed every 2-3 days. To aid in the selection of a concentration for the chronic
exposure, HPL-1D cells were plated in 96-well plates and exposed to 0 to 80 uM of sodium
arsenite for 72 hours, at which point the MTS assay was used to assess remaining cells. The
MTS assay will assess both cytotoxic and cytostatic effects. The concentration of arsenic
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where 50% of the cells remained after 72 hours was determined to be 30 pM. Based on these
data, cells were chronically exposed to a concentration of arsenite (2 uM) where 100% of
cells remained after the 72 hour exposure. This concentration of arsenic equates to
approximately 150 parts per billion (ppb) arsenic, a level commonly reported in human
drinking water (IARC 2004; 2012). During chronic exposure, cells were maintained in T-75
culture flasks in 10-12 mL of culture medium. At 38 weeks of arsenic exposure, cells
acquired multiple physical and molecular cancer cell characteristics and are called chronic
arsenic-treated lung epithelia (CATLE) cells to reflect this change in characteristics. In one
experiment CATLE cells were grown for 7 days in serum-free medium to check for growth
autonomous to serum-supplied growth factors, a characteristic common to many cancer
cells, and compared to control HPL-1D cells grown under the same conditions. Growth in
this experiment was measured by the MTS assay. HPL-1D cells were originally
immortalized using SV40 (Masuda et al., 1997). Although SV40 immortalization can lead to
loss of function of the p53 and retinoblastoma tumor suppressor genes, the HPL-1D cells are
non-tumorigenic, retain characteristics of peripheral lung cell differentiation, and respond to
growth factors that regulate proliferation and developmental processes in the peripheral lung
(Masuda et al. 1997). Thus, HPL-1D is an acceptable model for studying lung cell
transformation in this study. Untreated A549 cells, a human lung adenocarcinoma cell line,
were used as a positive control in some experiments and are cultured as previously described
(Tokar et al., 2010a) and compared to control HPL-1D cells.

Gene Expression Analyses

Transcription—Gene expression levels were determined using quantitative real-time
reverse transcription polymerase chain reaction (QRT-PCR) as described by Tokar et al.
(2010a). Total RNA was isolated using TRIzol reagent (Invitrogen, Carlsbad, CA) and
purified using RNeasy Mini Kit columns (Qiagen, Valencia, CA) according to the
manufacturer’s instructions. The purified RNA was reverse transcribed with MuLV
(Moloney murine leukemia virus) (ABgene, Rockford, IL) reverse transcriptase and oligo-
DT primers (ABgene, Rockford, IL). Absolute SYBR Green ROX Mix (ABgene, Rockford,
IL) was used to measure mMRNA levels. The cycle threshold times (Ct) were normalized to p-
Actin from the same sample based on the control representing 100%. Primers were designed
using Primer Express 3.0 software (Carlsbad, CA) and synthesized by Sigma Chemical
Company (St. Louis, MO). To examine the cDNA we used the Bio-Rad MyiQ gRT-PCR

system and quantitated the relative gene expression using the comparative Ct method
(2—AACt)_

Western Blot—Gene expression at the protein level was assessed by western blot analysis
as previously described (Person et al., 2013). Antibodies for KRAS, p-AKT1, ERK1/2, p-
ERK and e-cadherin (CDH1) were obtained from Santa Cruz Biotechnology (Santa Cruz,
CA). Antibodies for vimentin (VIM) and -Actin were obtained from Sigma Chemical Co.
(St. Louis, MO). The antibody for SLC38A3 was obtained from Abcam (Boston, MA). The
primary antibodies were followed by horseradish peroxidase-conjugated anti-mouse or anti-
rabbit secondary antibodies (Cell Signaling, Danvers, MA) as appropriate.
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Immunofluorescence—To help further assess differential protein expression, cells were
fixed, blocked and stained as reported (Person et al., 2013), followed by incubations in
primary and secondary antibodies for VIM and CDH1. The secondary antibody was
conjugated with Alexa Fluor 568, followed by DAPI nuclear staining. An automated
Olympus inverted fluorescence microscope was used to capture photomicrographs. CellSens
software (Olympus Corporation) was used to process the images for all groups.

Analyses of General Cancer Cell Characteristics

Zymographic Analysis for MMPs—A cancer cell phenotype is often accompanied by
elevated secretions of matrix metalloproteinases (MMPs). With arsenic induced
transformation this is commonly MMP2 and/or MMP9. In the present study secreted MMP2
activity was most pronounced and was measured by a standard zymographic method as
previously described (Tokar et al., 2010a).

Colony Formation in Soft Agar—Colony formation was assayed by a method
previously described (Tokar et al., 2010a) which assesses the anchorage-independent growth
of cells, a feature typical of cancer cells.

Cellular Invasion Assay—A modified Boyden Chamber method was used to detect the
invasive ability of cells as previously described (Tokar et al., 2010a).

Statistical Analysis

Data represent mean values £ SEM. All groups represent a minimum of three or more
separate samples. Student’s t-tests were used to assess differences between arsenic treated
cells and passage matched control cells. The tests were two-tailed with significance set at p
< 0.05. In one study A549 cells were assessed for MMP2 secretion and compared to control
HPL-1D cells by two-tailed Student’s t-test with significance set at p < 0.05.

Results

HPL-1D cells exhibit cancer cell characteristics after chronic arsenic treatment

In order to develop a model of arsenic-induced lung carcinogenesis, HPL-1D cells were
continuously exposed to a low level of inorganic arsenic (2 uM). MMP2, an enzyme
commonly secreted by tumor cells to degrade the extracellular matrix and assist in local
invasion or metastasis, was assessed as a marker of acquired cancer cell phenotype.
Elevations of secreted MMP?2 activity occurred as a consequence of chronic arsenic
exposure starting at 36 weeks (Figure 1A). After 38 weeks of arsenic exposure, secreted
MMP?2 activity was increased to 230% of control. Increases in the levels of MMP activity of
this magnitude are commonly associated with arsenic-induced acquired cancer phenotype
and were similar to A549 cells, an aggressive human lung adenocarcinoma cell line (Figure
1A).

Increased invasive capacity of cells is also commonly associated with an acquired cancer
cell phenotype. The invasive capacity of the chronic arsenic treated lung epithelial cells was
markedly increased to 320% of control after 38 weeks of arsenic exposure (Figure 1B). The
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ability of cells to form anchorage-independent colonies in soft agar was examined (Figure
1C). Chronic exposure to arsenic caused an increase in colony formation to 280% of control.
Enhanced colony formation is frequently associated with acquired cancer phenotype. The
chronic arsenic exposed cells were also grown for 7 days in serum-free medium (Figure 1D)
in order to observe potential growth autonomous to serum-supplied growth factors. The
ability to grow unabated in serum-free media is a characteristic common to many cancer
cells. Compared to control cells grown in serum-free medium the arsenic-treated cells
showed increased growth.

Compared to control, arsenic exposure at 38 weeks also markedly reduced expression of the
putative tumor suppressor gene SLC38A3 (14% of control) at the protein level (Figure 2;
blot top inset). Expression of PTEN, a widely recognized tumor suppressor gene that is
commonly lost in arsenic-induced malignant transformation, was markedly reduced to 27%
of control with chronic arsenic exposure (Figure 2; blot top inset).

Based on the elevated secreted MMP2 activity, increased invasive capacity, increased
colony formation, autonomous growth, and generalized loss of tumor suppressor gene
expression, it appeared that by 38 weeks of continuous arsenic exposure these human lung
epithelial cells had acquired multiple cancer cell characteristics. Thus, after 38 weeks of
arsenic exposure the cells are called chronic arsenic-treated lung epithelia (CATLE) cells to
signify these changes towards a cancer cell phenotype.

EMT in CATLE cells

Alterations in cell morphology are often observed following the transition to cancer
including epithelial-to-mesenchymal transition (EMT), which occurs with distinct changes
in gene expression. CATLE cells showed clear evidence of EMT at both morphological and
molecular levels (Figure 3). With EMT the normal rounded features typical of epithelial
cells shift to an elongated spindle-like, more motile structure (Figure 3A inset), and thereby
enhancing metastatic capacity, consistent with increased invasiveness (see Figure 1B). There
are also alterations in EMT marker proteins, including CDH1, which decreases with EMT,
and VIM which increases. CDH1 protein decreased to 16% of control while VIM increased
to 353% in CATLE cells (Figure 3A). Immunoflourescence staining confirmed that the
reduction of CDH1 (Figure 3B) and the increases in VIM (Figure 3C) proteins were both
wide-spread and generalized in all cells. Thus, arsenic exposure caused acquisition of
additional morphological and molecular characteristics typical for cancer cells.

KRAS, ERK1/2, and p-ERK protein expression in CATLE cells

KRAS, an oncogene that regulates cell division and is commonly activated in arsenic-
induced cell transformation and in human lung cancers, also showed a marked, nearly 300%
increase in CATLE cells compared to control cells (Figure 4A). The extracellular signal-
regulated kinases (ERKSs) are mitogen-activated protein kinases critical to cell proliferation
and apoptosis. These serine/threonine kinases are ubiquitously expressed in mammalian
cells and aberrantly active in numerous cancers (Samatar and Poulikakos, 2014). ERK1/2
and p-ERK increased in CATLE cells to 274% and 152% of control, respectively (Figure
4B). Another gene of oncogenic relevance that was assessed in CATLE cells was AKT1
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(Figure 5). The expression of AKT1 at the transcript level was elevated to 242% of control
(Figure 5A). This equated to a significant elevation in p-AKT1 protein levels of 170% of
control (Figure 5B). Together, these gene expression changes all support acquisition of
cancer cell characteristics in CATLE cells.

MT and oxidant stress related genes in CATLE cells

Following chronic exposure (38 weeks) to arsenic, the major MT isoforms, MT1A and
MT2A were increased in CATLE cells to more than 350% and 640% of control, respectively
(Figure 6A). The increase in MT1A and MT2A suggests that these MTs are produced in
response to arsenic and may be involved in adaptation to chronic arsenic exposure. MT can
also be expressed in malignant lung cells.

The exposure of cells to carcinogenic inorganics, like inorganic arsenic, will often induce
oxidative stress response genes like heme oxygenase-1 (HMOX1) and hypoxia inducible
factor-1a (HIF1A) as part of an adaptive mechanism. Indeed, HMOX1 was increased 690%
in CATLE cells compared to control while HIF1A increased 247% (Figure 6B).

Discussion

Strong evidence supports a link between human inorganic arsenic exposure and cancer of
the lung (IARC 1980, 1987, 2004, 2012). Various populations have been exposed
throughout their life time or in relevant occupations to arsenic and developed lung cancers
(IARC 1980, 1987, 2004, 2012). In addition, relatively recent findings indicate high cancer
mortality, including a high rate of death from lung cancer, occurs in young adults after in
utero and childhood exposure to arsenic in the drinking water in a population in Chile where
high arsenic exposure was abruptly stopped when an arsenic removal plant commenced
operations (e.g. Smith et al., 2012). This indicates that inorganic arsenic is also a highly
potent early life human carcinogen that targets the lung. Mouse inorganic arsenic
transplacental or whole life exposure studies also often show the lung as a target site (IARC
2012; Tokar et al., 2011; Waalkes et al., 2014). Thus, there is a clear predilection for the
lung cells to be negatively altered towards a malignant phenotype by inorganic arsenic
exposure. In the present work, the human lung peripheral epithelial cell line, HPL-1D,
acquired multiple physical and molecular characteristics typical of cancer cells. After 38
weeks of inorganic arsenic exposure the chronic arsenic treated lung epithelial (CATLE)
cells showed increased MMP2 secretion, invasion, colony formation, and evidence of
growth factor-independent (autonomous) growth, and clear morphological and molecular
evidence of EMT, all characteristics of cancer cells. CATLE cells also showed loss of
expression of the tumor suppressor gene PTEN (Carracedo et al., 2011; Cooper et al., 2013),
and the putative tumor suppressor gene SLC38A3 (Kholodnyuk et al., 2006), together with
increased expression of the oncogene KRAS and increased expression of AKT1, a central
member of a frequently activated signaling pathway in cancer (Carpten et al., 2007). Loss of
PTEN expression and over-expression of KRAS are common in human lung cancer (Zhu et
al., 2014; Kadara et al., 2012; Cooper et al. 2013) and common in arsenic-induced malignant
transformation of other cell types (Benbrahim-Tallaa et al., 2005; Tokar et al., 2010a;
Ngalame et al., 2014a,b; Xu et al., 2014). ERK1/2 and p-ERK, which are critical to cell
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proliferation, are commonly activated in cancers and linked to RAS activation (e.g. Neuzillet
et al., 2013; Samatar and Poulikakos, 2014), and were also activated in CATLE cells. In
addition, activation of the AKT pathway is thought to have a direct impact on human
carcinogenesis (Carpten et al., 2007), and CATLE cells show both increased AKT1 and p-
AKT1, the activated form of the protein. Together, these various changes indicate arsenic
induced acquisition of multiple cancer cell qualities in these human peripheral lung cells.
These data augment recent reports of arsenic-induced transformation of two human
bronchial epithelial cell lines (HBE and BEAS-2B; Xu et al., 2013; Stueckle et al., 2012)
and should provide an additional model to help define the complex factors involved in the
mechanisms of arsenic-induced lung carcinogenesis.

In humans, it is noteworthy that both inhalation and ingestion of inorganic arsenic are
definitively linked to cancer of the lung (IARC 1980, 1987, 2004, 2012). However, the
resultant histological type of lung cancer appears to vary with route of arsenic exposure, as
inorganic arsenic inhalation via occupational settings produces a higher portion of lung
adenocarcinoma while ingestion of arsenic is mostly associated with lung squamous cell
carcinoma (IARC 1980; 1987, 2004, 2012; Guo et al., 2004; Chen et al., 2010). This is not
an absolute as both these histological types of lung cancer may be induced by either
ingestion or inhalation of arsenic in humans (Guo et al., 2004; Chen et al., 2010). It is
thought that lung adenocarcinoma and squamous cell carcinoma originate from different cell
types within the lung (Sutherland and Berns, 2010; Kadara et al., 2012). Lung
adenocarcinomas likely arise from the cells of the epithelia of the peripheral lung (Masuda
et al., 1997; Sutherland and Berns, 2010; Kadara et al., 2012), consistent with the CATLE
cell model which was developed from cultured peripheral lung cells in the present study. A
lung squamous cell carcinoma is typically preceded by squamous metaplasia with dysplasia
in respiratory epithelium of the central airways (bronchi, etc. Sutherland and Berns, 2010;
Kadara et al., 2012; Klebe and Henderson, 2013) and would be modeled by cultured
bronchial epithelial cells (Xu et al., 2013; Stueckle et al., 2012). In fact, it has been proposed
that different types of cancer stem cells may reside in different compartments of the lung
(central or peripheral) and produce different types of cancers (i.e. squamous cell carcinoma
or adenocarcinoma; Klebe and Henderson, 2013). The observation that arsenic exposures
tend to induce different histological forms of lung cancer, that likely arise from different cell
types (Sutherland and Berns, 2010; Kadara et al., 2012; Klebe and Henderson, 2013), based
on portal of entry creates the underlying possibility of route-specific target cells. This
possibility has lead to the proposal that different mechanisms may be involved in generating
the different histological types of lung cancer after oral or inhalation exposure to arsenic
(Guo et al., 2004), an intriguing concept. One could envision route-specific differences in
cell disposition as an issue, at least in part. In any event, this potential disunity of
mechanism in the same tissue is an important possibility and the existence of multiple cell
models will greatly aid in defining any potentially different mechanisms (Xu et al., 2013;
Stueckle et al., 2012; present study). In fact, gene expression analyses in arsenic
transformants do indicate some major differences, such as in expression of the lung tumor
suppressor gene PTEN (Cooper et al., 2013), which is over-expressed in arsenic transformed
BEAS-2B bronchial epithelial cells (B-As cells; Stueckle et al., 2012) but markedly
suppressed in the arsenic-converted CATLE cells (present study). In addition, RAS
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signaling appears blocked and KRAS is minimally increased in bronchial epithelial cells
transformed by arsenic (Stueckle et al., 2012), which is distinctly different from the robust
increases that are seen in KRAS expression in arsenic-converted peripheral epithelial
CATLE cells of the present study. In this regard, it is noteworthy in humans that a large
portion of lung adenocarcinoma, unlike lung squamous cell carcinoma, have either an
activating mutation or activation of wild type KRAS (Zhu et al., 2014; Kadara et al., 2012;
Cooper et al., 2013). These data are consistent with the increased expression of KRAS in
arsenic-transformed CATLE cells and support the notion that these cells may be a model for
arsenic-induced adenocarcinomatous-type lung cancers. Since we did not attempt to form
xenograft tumors with CATLE cells it is impossible to say with certainty what type of tumor
they might form. However, further comparative work should be carried out with these
arsenic cell models of lung cancer.

AKT1 is a key member of the PI3K/AKT survival and proliferation signaling pathway and
is frequently activated in diverse human cancers (Carpten et al., 2007), including lung
cancers (Vivanco and Sawyers, 2002). Activation of AKT in cancer cells can alter
proliferation, apoptosis, invasion, and survival (Vivanco and Sawyers, 2002). Elevated
activity of the AKT1 protein kinase, a key member of this signaling pathway, occurs in
various human cancers (Vivanco and Sawyers, 2002), and in arsenic-transformed cells
(Wang et al., 2012), and is consistent with its activation in the arsenic treated CATLE cells
of the present study. In particular, pAKT1 was elevated in CATLE cells and it is the
phosphorylated form that has been shown to be the activated form of AKT (Chen et al.,
2001). AKT activation in cancer is often associated with PTEN inactivation including
inactivation in human lung cancer (Vivanco and Sawyers, 2002), a relationship similarly
observed in CATLE cells. AKT can have effects on tumor angiogenesis mediated, in part,
through HIF1A (Carpten et al., 2007) and CATLE cells showed marked increases in
expression of HIF1A. Thus, in all, AKT activation may be a critical event in arsenic
transformation of the peripheral lung cells observed in the present study.

MMPs are secreted enzymes that act to degrade components of the extracellular matrix and
the basement membranes (Hua et al., 2011; Qian et al., 2010). MMPs normally function in
tissue development and remodeling (Hua et al., 2011), but there are clear correlations
between tumorigenesis or cellular malignant transformation and increased secretion of
various MMPs (Hua et al., 2011; Qian et al., 2010; Kojima et al., 2009; Tokar et al., 2013;
Xu et al., 2014). MMPs have roles in early cancer development, such as in tumor initiation,
angiogenesis and growth, and in later cancer progression, such as invasion and metastases
(Hua et al., 2011). MMPs are also involved in inflammation and cell signaling and will
activate specific receptors or growth factors causing aberrant cellular proliferation,
apoptosis, differentiation or migration (Hua et al., 2011). In this regard, arsenic toxicity is
often through aberrant signal transduction or transcription factor activation (Kumagai and
Sumi, 2007). The CATLE cells that had been chronically exposed to inorganic arsenic in the
present study secreted MMP?2 at levels similar to a highly aggressive human lung
adenocarcinoma cell line (A549). These data are consistent with the hypersecretion of
MMP?2 coinciding with oncogenic transformation induced by chronic arsenic exposure in
other epithelial cell lines, like human prostate (Kojima et al., 2009), human breast (Xu et al.,
2014), rat liver (Kojima et al., 2009), and rat kidney (Tokar et al., 2013) cell lines.
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Interestingly, two recent meta-analyses of published studies on MMP2 in lung cancer
patients concluded that high MMP2 expression levels are correlated with a poorer survival
than low expression (Guo et al., 2007; Qian et al., 2010; Wang and Cai et al., 2012) and that
this correlation may be specific for lung adenocarcinomas (Qian et al., 2010). Indeed,
MMP2 expression levels are higher in human lung adenocarcinoma than in lung squamous
cell carcinoma (Hida and Hamada, 2012). Therefore, the hypersecretion of MMP2 by
CATLE cells in the present study is consistent with an acquired human lung cancer
phenotype.

Two of the major forms of the metal-binding protein MT, MT1A and MT2A, were over-
expressed in CATLE cells in the present study. This over-expression could be part of an
adaptive response to arsenic (e.g. Tokar et al., 2010b; Qu and Waalkes, 2015). Inorganic
arsenic binds to MT (Irvine et al., 2013) and MT will reduce arsenic toxicity in vivo and in
cell culture (Liu et al., 2000; Miao et al., 2013; Qu and Waalkes, 2015). MT may also
directly interact with ROS generated by inorganics, like arsenic, and thereby act as
antioxidants to prevent oxidative stress (Bell and Vallee, 2009). Indeed, we recently found
MT blocked arsenic-induced oxidative stress and DNA damage in human embryonic liver
cells (Qu and Waalkes, 2015). An adaptive antioxidant response would also be consistent
with the increases seen in HMOX1 and HIF1A expression seen in CATLE cells. However,
in many cases MT is also frequently over-expressed in human non-small cell lung cancers
(i.e. primarily adenocarcinomas and squamous cell carcinomas; Theocharis et al., 2002;
Eckschlager et al., 2009; Werynska et al., 2013). In this regard MT expression is considered
a prognostic factor for enhanced human lung tumor progression and poor outcome
(Eckschlager et al., 2009; Werynska et al., 2013). Multiple forms of MT have been shown to
be positive in both human lung adenocarcinoma and squamous cell carcinoma but not small-
cell lung carcinoma (Eckschlager et al., 2009; Theocharis et al., 2002). In rodent models,
mice exposed in utero to inorganic arsenic via the mother’s drinking water will develop lung
adenocarcinoma as adults and also show aberrant gene expression relevant to pulmonary
cancer during development, which includes markedly increased levels of MT expression in
fetal lung (Shen et al., 2007). Thus, the elevated MT levels that are observed in the present
study in arsenic treated lung epithelial cells when they acquired cancer cell characteristics
support an association between MT and a malignant lung phenotype or as an adaptive
change.

In summary, the present work demonstrates that chronic exposure to low-level arsenic was
associated with acquisition of multiple tumor cell characteristics in human peripheral lung
epithelial cells. These data suggest that arsenic may directly impact lung epithelial cells
inducing a cancer phenotype that could lead to adenocarcinomas. These arsenic treated cells
could provide another valuable model for the study of mechanisms of arsenic-induced lung
cancers.
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Abbreviations

CDH1 e-cadherin

EMT epithelial-to-mesenchymal transition

ERKSs extracellular signal-regulated kinases

FBS fetal bovine serum

HIF1A hypoxia inducible factor-1a

HMOX1 heme oxygenase-1

MMPs Matrix metalloproteinases

MT metallothionein

MTS 3-(4,5-dimethyl-thiazol-2yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium

ppb parts per billion

ROS reactive oxygen species
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Fig. 1.

Ci?ronic exposure to inorganic arsenic as sodium arsenite (2 uM; see Methods) causes
HPL-1D to acquire cancer cell characteristics consistent with a malignant phenotype. (A)
Zymographic analysis of secreted MMP2 activity over time in HPL-1D cells. The aggressive
lung adenocarcinoma cell line A549 as compared to control HPL-1D cells is shown as a
positive control. (B) Invasive capacity of arsenic treated HPL-1D cells after 38 weeks of
exposure. (C) Soft agar assay of colony formation in arsenic treated HPL-1D cells after 38
weeks of exposure. (D) Impact of serum deprivation on cell growth in control cells and cells
chronically treated with arsenic. Cell growth was assessed after 7 days in appropriate
medium. Data represent the mean + SEM (n = 3 or more). Treated data were compared in all
cases with passage-matched controls. Statistical analysis performed by Student’s t-test with
p < 0.05 considered significant. An asterisk (*) indicates significance from passage matched
control or from control HPL-1D cells for the A549 lung carcinoma cells for MMP2
secretion.
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Page 18

Effect of chronic exposure to arsenic on tumor suppressor gene expression in HPL-1D cells.
Quantitative protein expression of tumor suppressor gene PTEN and the putative tumor
suppressor gene SLC38A3 was assessed after 38 weeks of continuous arsenic exposure.
Quantitative protein data were normalized to 3-Actin with control set to 100% and represent
the mean + SEM (n = 3 or more). Statistical analysis performed by Student’s t-test with p <
0.05 considered significant. An asterisk (*) indicates significance from passage matched

control.
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Evidence of epithelial to mesenchymal transition (EMT) in chronic arsenic treated CATLE

cells. (A) Quantitative expression of EMT markers including loss of CDH1 protein and
increased VIM protein in CATLE cells (lower figure). Quantitative protein data were
normalized to -Actin with control set to 100% and represent the mean = SEM (n = 3 or
more). Statistical analysis performed by Student’s t-test with p < 0.05 considered significant.
An asterisk (*) indicates significance from control. Note also the inset showing frequent
morphologic change to spindle-shape in CATLE cells typical of EMT. Top panel shows
Western blot results with CDH1 loss and VIM increase with EMT. (B) Immunostaining of
CDHL1 in CATLE cells. Staining with DAPI shows a similar number of viable cells in the
fields in both control and treated groups (upper panels). There is a clear loss of CDH1
protein throughout the entire cell population of arsenic-treated CATLE cells (lower panels).
(C) Immunostaining of VIM in CATLE cells. Staining with DAPI shows a similar number
of viable cells in the fields in both control and treated groups (upper panels). There is a clear
increase in VVIM protein throughout the entire cell population of arsenic-treated CATLE
cells (lower panels). The white bars in panel B and C equal 50 microns.
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Effect of chronic exposure to arsenic on KRAS, ERK1/2, and p-ERK expression. (A)
Quantitative protein expression of KRAS oncogene after 38 weeks of arsenic exposure. (B)
Quantitative protein expression of ERK1/2 and p-ERK after 38 weeks of arsenic exposure.
Data were first normalized to -Actin with control set to 100% and represent the mean *
SEM (n = 3 or more). Statistical analysis performed by Student’s t-test with p < 0.05
considered significant. An asterisk (*) indicates significance from passage matched control.
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Effect of chronic exposure to arsenic on AKT expression. (A) Quantitative transcript
expression of AKT1 after 38 weeks of arsenic exposure. (B) Quantitative protein expression
of p-AKT after 38 weeks of arsenic exposure. Data were first normalized to B-Actin with
control set to 100% and represent the mean £ SEM (n = 3 or more). Statistical analysis
performed by Student’s t-test with p < 0.05 considered significant. An asterisk (*) indicates

significance from passage matched control.
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38 Weeks

Effect of chronic exposure to arsenic on expression of MT and antioxidant response genes.
Quantitative transcript expression of the MT isoforms, MT1A and MT2A, and HMOX1 and
HIF1A were assessed in CATLE cells as compared to control. Values represent the mean +
SEM (n = 3 or more) as determined by quantitative real time RT-PCR normalized to p-
Actin. Treated cells were compared to passage-matched control cells with p < 0.05
considered significant. An asterisk (*) indicates significance from control.
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