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Introduction

Human beings are exposed to arsenite (AS) through environ-
mental, medical, and occupational sources. AS is well-established 
as a human carcinogen and it remains a major public health con-
cern.1 Acute and chronic AS exposure via drinking water has 
been reported in many countries of the world. There is sufficient 
epidemiological evidence to support a causal association between 
AS exposure and human disease. Long-term exposure to AS 
through contaminated drinking water increases the risk of skin, 
lung, bladder, liver, and prostate cancers.2-6 Although evidence 
for the carcinogenicity of AS in humans is strong, the underlying 
mechanisms of AS induced tumorigenesis are still unclear.

EMT normally refers to a specific physiological or patho-
physiological phenomenon, which is characterized by the loss of 
polarity of epithelial cells and decreased adhesion with surround-
ing cells.7,8 Previous studies indicated that AS could induce cell 
malignant transformation through epithelial to mesenchymal 
transition (EMT);9 conversely, activation of the EMT has been 
implicated in the metastasis of human tumors, including skin.10

In our current study, we hypothesize that low concentration 
of AS could enhance metastasis and proliferation of transformed 
cancer cells by promoting EMT. To directly test this hypothesis, 

we treated human colorectal cancer cells (HT-29) with low con-
centration of AS chronically or acutely, and then measured the in 
vitro and in vivo readouts of cell viability, proliferation, migra-
tion, and adhesion to determine whether the metastasis and pro-
liferation of transformed cancer cells were enhanced. Further 
immunostaining with pan-epithelial and pan-mesenchymal 
markers was employed to determine whether enhanced EMT was 
indeed an underlying mechanism.

Overall, our data indeed strongly support the idea that AS 
promotes intestinal tumor cell proliferation and invasion by stim-
ulating EMT. These novel insights could have direct implications 
for cancer prevention and treatment.

Results

Chronic exposure to AS promotes the proliferation of HT-29 
cell lines

It has been established in the literature that a low concentra-
tion (1.0 μM) of AS induces anchorage-independent growth of 
HaCaT cells in soft agar.11 In our current study, the HT-29 cell 
lines were exposed to 0 or 15 nM AS for 15 wk (AS30 passages) 
and 30 wk (AS60 passages). The viability of AS-treated cells was 
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Arsenite (AS) is a ubiquitous environmental element that is widely present in food, soil, and water. Environmen-
tal exposure to AS represents a major global health concern, because AS is a well-established human carcinogen. We 
hypothesize that low concentration of AS could enhance metastasis and proliferation of transformed cancer cells by 
promoting EMT. To test this hypothesis, we treated human colorectal cancer cells with low concentration of AS, and then 
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These novel insights are not only of high interests to basic cancer research, but may also have direct implications in can-
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determined by the MTT assay (Fig. 1A and B). We found that 
the numbers of viable cell in AS (60) group were always higher 
than that of AS (30) group, which in turn, were higher than con-
trol group.

Similarly, cell cycle study found that AS (60) cells re-entered 
cell cycle (S phase) at accelerated rate, comparing to AS (30) cells 
and control cells (Fig. 1C–E).

The increased colony number and colony size of in colony 
formation study provided additionally evidence to support that 
AS treated cells (AS [60] and AS [30] cells) have higher rates of 
proliferation (Fig. 1F–M), comparing to control cells.

Chronic exposure to AS enhances the migration and inva-
sion of HT-29 cell lines

To further determine the effect of chronic exposure to AS 
on migration and invasion, 2D wound closure, and Transwell 
assay were performed (Fig. 2A–Q). In the wound healing assay, 
AS (60) cells closed the wound much faster than AS (30) cells, 
which in turn, is faster than control cells. In fact, 48 h after 
the scratch, the wound in AS (60) cells were completely closed 
(Fig. 2A–J), which was not found in any other group.

The invasive activity was further verified by a Transwell 
assay. As expected, similar trend was observed, i.e., the number 
of invading cells that migrated through the Matrigel was the 
greatest in AS (60) group. In contrast, fewer AS (30) cells have 
the same migration ability, and even fewer cells in control group 
migrated through the Matrigel. The intensity of violet staining 
was measured by the absorbance at 560 nm to quantify the inva-
sive activity (Fig. 2K–Q).

Chronic exposure to AS promotes tumor growth in NOD/
SCID mice

We next tested the capacity of tumorigenesis of AS treated cells 
in vivo. To this end, AS-treated cells were injected subcutane-
ously into the 6- to 8-wk-old NOD/SCID female mice (Fig. 3A). 
The AS (60) tumor began to be observed on day 10, and the 
growth of tumor accelerates from this time point onward. Up to 
day 40, the average volume of the AS (60) tumors was markedly 
larger than that in AS (30) group, which in turn was larger than 
the control tumors (Fig. 3B and C). Similar trend was observed 
in the final tumor weight (Fig. 3D). Together, our data suggested 
that chronic exposure to AS promoted the growth and metastasis 
of colon cancer cells in vivo.

EMT is involved in AS treated HT-29 cells
Literatures indicated that inhibition of cellular adhesive abil-

ity is associated with EMT.12 Consistently, in the process of 
chronic AS exposure, we noted with great interest that AS treated 
HT-29 cells underwent a marked morphologic change, i.e., from 
epithelial to spindle-like mesenchymal morphology (Fig. 4A–C).

Our further study found that there was greater attenuation 
of cellular adhesive capacity, with prolonged exposure to AS 
(Fig. 4D). All these changes suggested that chronic exposure to 
AS may cause EMT.

To further confirm that the observed phenomenon indeed 
reflects bona fide EMT, we compared the expression of pan-
epithelial (E-cadherin) and pan-mesenchymal (vimentin) 
markers in AS-treated cells through immunofluorescence stain-
ing. Our data indeed confirmed the EMT-associated shift of 

the expression of the markers, i.e., after exposed to AS for 15 
and 30 wk, the expression levels of E-cadherin was signifi-
cantly decreased and the expression of vimentin were markedly 
increased. Furthermore, the transformed cells formed mesenchy-
mal-like intercellular junctions (Fig.  4E–V). Overall, the mor-
phological and molecular changes all suggested that HT-29 cells 
underwent an EMT process after prolonged AS exposure.

Acute exposure to AS also induces the EMT-like phenotypi-
cal shift

To test whether acute exposure to AS can also induce EMT-
like phenotypical shift. Naïve HT-29 cells were exposed to AS 
in the short term, i.e., 0, 6, 12, and 24 h. We then examined the 
expression of E-cadherin and vimentin in treated cells by western 
blotting. We found that the E-cadherin level was decreased, while 
vimentin level was increased, similar to what we have observed in 
cells with prolonged AS exposure. To further explore whether 
other EMT related protein were also involved in the process, we 
next observed the expression of the matrix metalloproteinases 
MMP-3, MMP-9, the EMT related transcription factors ZEB-
1, and nuclear β-catenin. It was of interest to note that all these 
EMT related protein were upregulated by AS (15 nM) treatment 
at the time of 12 h (Fig. 5A and B).

Discussion

Colorectal cancer has been a serious threat. For example, in 
China, the mortality of patients with colorectal tumor has been 
ranked fourth in the worldwide, followed by about 1 million 
newly diagnosed cases and nearly 608 000 deaths.13,14 Several 
studies have shown that the occurrence of colon cancer is the 
result of the interaction between genetic factors and environmen-
tal factors,15-18 i.e., environmental pollutants play key role in the 
process.19,20

AS enters the body mainly through a variety of polluted foods 
and drinking water, and it can also be absorbed to the body 
through the skin or respiratory system. At least 90% of ingested 
AS are absorbed from gastrointestinal tracts, including colon. 
Non-conjugated trivalent arsenicals are highly reactive with thiol 
compounds and are easily converted to less toxic corresponding 
pentavalent arsenicals, mainly in the liver. But the specific meta-
bolic pathway of inorganic arsenicals has yet to be clarified, even 
though two possible mechanisms have been proposed, i.e., oxi-
dative methylation and glutathione conjugation. AS is primarily 
excreted in the urine.21

AS has been classified as a class I human carcinogen by the 
International Agency for Research on Cancer (IARC). It is 
reported that AS has a dual effect on cancer, i.e., it promotes 
cell proliferation at low concentration, whereas inhibits it at high 
ones.22 It has also been reported that chronic exposure to AS 
caused EMT during AS-induced malignant transformation;23,24 
however, the significance of EMT in AS induced carcinogenesis 
remains incompletely defined. In our study, we demonstrated 
that EMT is involved in AS-transformed colon cells.

EMT is considered to be a key early event in tumor inva-
sion and metastasis,25 because EMT converts epithelial cells into 
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mesenchymal-like cells through loss of polarity and disruption of 
cell–cell connections, which eventually enables cells to become 

motile and invasive.26 Consistently, studies have shown that the 
protrusion of podosomes is often found in EMT cancer cells and 

Figure 1. Chronic exposure to AS promotes the proliferation of HT-29 cell lines. (A and B) HT-29 cells were exposed to 0 or 15 nM AS for 0, 30, and 60 pas-
sages. In the MTT assay, AS increased the HT-29 cell proliferation, especially in AS (60).*P < 0.05; **P < 0.01. (C–E) Similarly, cell cycle analysis suggested 
that chronic AS treatment accelerated cell re-entering into the S phase.*P < 0.05. (F–I) In soft agar culture, chronic AS exposure increased the soft agar 
colony formation of the HT-29 cells, especially in AS (60) cell.*P < 0.05; **P < 0.01. (J–M) Chronic AS exposure increases the plate colony formation rate of 
the HT-29 cells, especially in AS (60) cell. *P < 0.05;**P < 0.01.
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tumor metastasis.27 Unsurprisingly, in our study, HT-29 cells 
exposed to AS display a podosome phenotype.

Metastasis refers to tumors spread from their initial site to the 
surrounding normal tissues, and it is responsible for the majority 
of deaths for cancer patients. It is now known that metastasis is 
a multistep process and failure of any step may block the entire 
metastatic process.28,29 Although there have been some report 
suggested that EMT can promote tumor metastasis both in vitro 
and in vivo,30,31 little is known what low-dose AS would affect 
colon cancer cells.

In our current study, we focused on how AS promotes cell 
proliferation and invasion and how AS shift the phenotypes of 
HT-29 cells from epithelial to mesenchymal. In HT-29 cell lines, 
proliferation was found to be enhanced in AS-treated cells, as 
evidenced by increased MTT and the number and size of the 
colonies. In addition to proliferation, AS also contributes to inva-
siveness and tumorigenicity, likely through EMT. These data not 
only provided a strong support for an essential function AS in 
intestinal tumor cell proliferation and invasion, it also pointed 

that EMT is likely a key underlying mechanism. Our findings 
have great implications in cancer prevention and clinical cancer 
therapy.

Materials and Methods

Cell culture and reagents
The HT-29 cell line was obtained from the Shanghai Institute 

of Cell Biology, Chinese Academy of Sciences. Cells were main-
tained in 5% CO

2
 at 37 °C in Dulbecco’s modified Eagle’s 

medium (DMEM), supplemented with 10% fetal bovine serum 
(FBS, Life Technologies/Gibco), 100 U/mL penicillin, and 
100 ug/mL streptomycin (Life Technologies/Gibco). For chronic 
exposure, 1 × 105 cells were seeded into 6-cm dishes for 12 h and 
maintained in 0 or 15 nM AS (As

2
O

3
, Sigma, purity: 99.0%) 

for 48–72 h per passage. This process was continued for about 
15 wk (30 passages) and 30 wk (60 passages). All of the chemicals 
employed in the present study were of analytical grade.

Figure 2. Chronic exposure to AS enhances the migration and invasion of HT-29 cell lines. (A–J) Wound healing rate of HT-29 cell lines at 0, 24, and 48 h 
after the scratch. AS treated cells, especially the AS (60), migrated much faster than control cells, Note that the wound in AS (60) was nearly closed at 
48 h after the scratch (I); bars = 100 μm. (J) is the quantification of (A–I). (K–Q) Representative crystal violet staining images of cells which attached to 
the bottom of the transwell filter at 24 h after treatment. (K–M)are the lower power images and (N–P)are the higher power images of (K–M). (Q) The 
intensity of violet staining was measured as absorbance at 560 nm; bars = 100 μm in all panels. All experiments were performed 3 times independently, 
*P < 0.05; **P < 0.01.
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Adhesion assay
AS-treated cells were seeded in 96-well plates (1000 cells/

well) for 24 h, followed by washing with sterilized 1× phosphate-
buffered saline (PBS) twice and fixing with 70% ethanol for 
15  min at room temperature. The adherent cells were evalu-
ated by WST-8 hydrolysis using Cell Counting Kit-8 (CCK-8, 
Dojindo Molecular Technologies, Inc.), according to manufac-
turer’s instructions.

Western blotting
Western blotting was performed according to the standard 

procedure. Briefly, the proteins lysates were boiled in the sam-
ple-loading buffer, resolved by 6–15% sodium dodecyl sulfate-
PAGE (SDS-PAGE) and then transferred to polyvinylidene 
fluoride membranes (PVDF, Millipore); the immune complexes 
were detected using an enhanced chemiluminescence kit (Cell 
Signaling Technology). Primary antibodies used in this study 
were: E-cadherin, Vimentin, ZEB1, and MMP-9 (Cell Signaling 

Technology); β-catenin and MMP-3 (Abcam); β-actin was used 
as loading control.

Methyl thiazolyl tetrazolium (MTT) assay
AS treated cells were seeded and cultured on 96-well plates 

at an initial density of 1 × 104/well. Cell viability was measured 
by methyl thiazolyl tetrazolium (MTT) assay on hours 0, 24, 
and 48. All experiments were performed in triplicate. Briefly, 
0.02 mL of MTT solution (5 mg/mL in PBS) was added to each 
well, and incubated for 4 h at 37 °C. Thereafter, the medium was 
replaced by 0.15 mL of dimethyl sulfoxide for 10 min incubation. 
The optical density at 570 nm was measured by Microplate spec-
trophotometer (Thermo Scientific).

Cell cycle analysis
The AS-treated cells were harvested in PBS and fixed in cold 

ethanol (70%) for overnight. After washed with PBS, cells were 
permeabilized with 100 μL RNAase in PBS for 30 min at 37 °C 
in the absence of light, and then cells were stained with 500 μL 

Figure 3. Chronic exposure to AS promotes tumor growth in NOD/SCID mice. (A and B) HT-29 cells were exposed to 0 or 15 nM AS for 0, 30, or 60 pas-
sages. Representative images of animals (A) with subcutaneous implanted tumor, and (B) isolated tumors taken on day 40. (C) The subcutaneous tumor 
growth curves. (D) Quantification of the tumor weight. *P < 0.05; **P < 0.01.
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of propidium iodide (Sigma) for 30 min. The cell-cycle phases 
were analyzed by flow cytometry system (Beckman Coulter) at 
an excitation wavelength of 488 nm and an emission wavelength 
of 525 nm.

Soft agar assay for colony formation
Five hundred AS-treated cells were re-suspended in 1 mL of 

complete medium containing 0.7% agar and were then plated 
on top of a bottom layer that contains 1.2% agar (Sigma) with 

Figure 4. Morphological changes and immunostaining evidences suggested that EMT is involved in the process. (A–C) HT-29 cells were exposed to 0 or 
15 nM of arsenic for 0, 30, or 60 passages and typical images with or without AS treatment are shown. Note the morphological shift of HT-29 cells from 
epithelial-like to mesenchymal-like morphology; Arrows in (A–C) point to the cells with typical morphology. Bars = 100 μm. (D) Relative adhesion ability 
of HT-29 cells exposed to AS for 0, 30, or 60 passages; *P < 0.05; **P < 0.01. Immuofluorescence staining of E-cadherin (E–M) and vimentin (N–V) in HT-29 
cells for the indicated times. (E, H, and K) are green channel that represent E-cadherin staining, and (N, Q, and T) are green channel that represent 
vimentin staining. (F, I, and L) are blue channel of (E, H, and K), and (O, R, and U) are blue channel of (N, Q, and T), that represents nuclear DNA staining 
by DAPI, respectively. (G, J, M, P, S, and V) represent merged images; bars = 100 μm.
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complete medium. Plates were culture under normal conditions 
for 2 wk, and then cells colony were counted and photographed 
under a microscope (Nikon).

Wound-healing assay
AS-treated cells were seeded in six-well plate. Once the full 

confluence was achieved, a “wound” was made in the middle 
of a culture plate with a sterile 10 μL pipette tip and the con-
centration of the serum in culture medium was then changed 
from 10% to 2%. The wound-healing process was observed at 
0, 24, and 48 h after the scratch under an inverted microscope. 
The wound healing rate was quantified as the distance of wound 
recovered over that of the original wound.

Transwell migration and invasion assays
Transwell chambers (polycarbonate filters of 8 μm porosity, 

BD Biosciences) were used in this study. A total of 2 × 105 AS 
treated cells were re-suspended in serum-free medium and plated 
in the upper chamber or the upper chamber consisting of 8-μm 
membrane filter inserts coated with Matrigel (BD Biosciences). 
After 6–8 h incubation, the cells in the filter side of the upper 
chamber were cleared with a cotton swab. Cells migrated through 
the coated membrane were fixed with 4% paraformaldehyde in 
PBS, followed by 30 min staining of 0.1% crystal violet and then 
subjected to imaging under 10× objective. For further quantifi-
cation, we cut the filter from the chamber gently, and then the 
filters were treated with 50% acetic acid was added to each well 
to dissolve in 0.1% crystal violet and count the migrated cells. 
The optical density (OD) value was measured using Spectra 
MAX M5 microplate spectrophotometer (Molecular Devices) at 
550 nm and the statistical results of cell numbers per each image 
field were obtained from three independent experiments aver-
aged from five image fields.

Immunofluorescent and confocal imaging
Immunostaining was performed as described previous report.9 

Briefly, AS-treated HT-29 cells were grown on glass coverslip 
until 60–80% confluence, and then fixed and permeabilized 
with 0.5% Triton-X-100. Rabbit E-cadherin and vimentin anti-
body were added and incubated at 4 °C overnight. After washing, 
cells were incubated with FITC-conjugated goat-anti-rabbit sec-
ondary antibody (1:5000; CWBIO) for 1 h. Then 4’,6-diamid-
ino-2-phenylindole (DAPI, Sigma) was added for 10 min to stain 
the nuclei of HT-29 cells, and the cells were observed under a 
fluorescence microscope (Olympus, Shinjuku-ku). The images 
were analyzed with an Image-Pro Plus 6.0 (Olympus).

Xenograft model
To evaluate whether low-dose AS promotes tumor growth in 

vivo, AS treated or control HT-29 cells (2 × 106) were subcu-
taneously inoculated into 6-wk-old male athymic mice (5 mice 
per group) on the flank regions of legs. Tumor nodules were 
monitored every 3 d, the length and width of the tumors were 
measured. Tumor volumes were then calculated according to the 
formula: Volume = width × length × (width + length) / 2. On day 
40, the mice were euthanized and tumors were harvested. The 
tumor tissues were weighed and fixed with 4% paraformalde-
hyde for further histological studies. All animal experiments were 
approved by the Institute Research Ethics Committee of Anhui 
Medical University.

Statistical analysis
All values were presented as the mean ± SEM or median. 

The χ2 test or rank test were used for categorical variables, and 
ANOVA or Student t test were used for continuous variables. 
*indicates P < 0.05, **indicates P < 0.01. Data were analyzed 
using the SPSS16.0 software package.

Figure 5. Acute exposure to AS also induces the EMT-like phenotypical shift. (A) HT-29 cells were exposed to 0 or 15 nM arsenic for 0, 6, 12, and 24 h. 
Western blot was performed to determine the protein expression levels of E-cadherin, vimentin, MMP-3, MMP-9, β-catenin, and ZEB-1. Note that epi-
thelial marker E-cadherin was inhibited by AS, whereas mesenchymal markers (vimentin, MMP-3, and MMP-9) were upregulated. (B) Quantitation of 
EMT-related proteins in (A), *P < 0.05; **P < 0.01.
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