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Abstract: Epidemiological studies have revealed the association between increased risk of bladder cancer and
chronic arsenic exposure. Here, we explored biological effects of arsenic in T24. Microarray analysis was applied
to analyze mRNA in T24 following O, 2 or 5 uM sodium arsenite (As) exposure for 72 hours. Long term (up to 140
days) low-dose (200 nM) and high-dose (1,000 nM) As decreased E-cadherin protein level through different mecha-
nisms because the mRNA levels of E-cadherin increased following low-dose As exposure but decreased following
high-dose As exposure. Long term As increased the protein levels of N-cadherin, vimentin, B-catenin, and slug.
Low-dose As exposure resulted in a change in the morphology of T24 cells from an epithelial to a mesenchymal-like
appearance. Knockdown of E-cadherin increased the protein levels of N-cadherin, vimentin, B-catenin, and slug.
Cell proliferation and growth of T24 with or without As exposure for 100 days were assayed using EdU and WST,
respectively. Low-dose As exposure increased cell proliferation and growth while high-dose As exposure decreased
both. Long term As activated p53 on account of increasing protein levels of p53, p-p53 (Ser15), and mRNA levels of
p21. These demonstrate that arsenic exposure exerts multiple effects. Long term low- or high-dose arsenic induces
epithelial-mesenchymal transition, likely via downregulation of E-cadherin, activates p53, and differently affects cell
proliferation/growth.
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Introduction In recent decades, epidemiological studies

have revealed the association between arsenic

Arsenic, a chemical element classified as a
metalloid, is widely distributed in nature, occur-
ring in various compounds in the crust of the
earth [1, 2]. Arsenic toxicity in humans has
been reported worldwide [1, 3, 4]. Significant
arsenic exposure mostly occurs through the
ingestion of arsenic contaminated water and
food [1, B]. In countries, such as the USA and
Chile, arsenic contaminated water has been
consumed for more than 50 years [1, 3, 4].
Inhalation of airborne arsenic or arsenic-con-
taminated dust is the main occupational source
of arsenic exposure [1].

and increased risk of various diseases, such as
skin lesions (e.g., melanosis, leucomelanosis,
and keratosis), neuropathy, obstetric problems,
high blood pressure, diabetes mellitus, diseas-
es of the respiratory system and of blood ves-
sels, and cancers [1, 3-5]. As a result, arsenic is
considered one of the most significant environ-
mental hazards [1, 3-5].

Although arsenic elicits both acute and chronic
toxic effects, chronic toxicity is most commonly
observed and millions of people worldwide suf-
fer from chronic arsenic poisoning [1, 3, 5].
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Effects of arsenic in T24

Chronic arsenic exposure has been strongly
associated with cancer of the bladder, pros-
tate, lung, liver and skin [1, 3-5]. The carcinoge-
nicity of arsenic strongly depends on dose and
duration of exposure [1, 3-5]. The latency peri-
od of arsenic-related carcinogenesis in humans
is considered to be 30-50 years [1]. Epidemi-
ological studies have highlighted biological ef-
fects of long term arsenic exposure, and it has
been shown that arsenic induces carcinogene-
sis through multiple mechanisms. However, the
detailed biological effects of long term arsenic
exposure remain unclear [1, 2, 6].

In this study, microarray technology was applied
to identify differentially expressed mRNAs in
the human transitional cell carcinoma cell line
T24 following treatment with sodium arsenite
(As). The biological effects of long term (up to
140 days) low-dose (200 nM) and high-dose
(1,000 nM) As exposure in the T24 cell line
were explored.

Materials and methods
Cell lines and cell culture

Human transitional cell carcinoma (bladder
cancer) cell line, T24 and human embryonic
kidney 293T were obtained from the Cell Bank,
Chinese Academy of Science.

T24 was routinely grown and passaged as pre-
viously described [7]. In brief, cells were grown
in McCoy’s 5A (Gibco, Grand Island, NY, USA,
Cat: 16600108) supplemented with 100 ml/L
fetal bovine serum (Gibco, Cat: 10438018),
100,000 IU/L penicillin, and 100 mg/L strepto-
mycin (Gibco, Cat: 15140122) in the absence
or presence of sodium arsenite (Sigma-Aldrich,
St Louis, MO, USA, Cat: 38150) under a humidi-
fied atmosphere of 5% CO, at 37°C.

293T was grown in DMEM (Gibco, Cat: 12100-
046) supplemented with 100 ml/L fetal bovine
serum (Gibco), 100,000 IU/L penicillin, and
100 mg/L streptomycin (Gibco) under a humidi-
fied atmosphere of 5% CO, at 37°C [7].

Microarray analysis

T24 was cultured with or without sodium arse-
nite (2 uM, 5 pM) for 72 hours. Total RNA for
microarray assay was extracted using TRIzol
Reagent (Life Technologies, California, USA,
Cat: 15596026) according to the manufactur-
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er's manual [8]. Gene Ontology (GO) analysis
and Pathway analysis were performed by Gmi-
nix (Shanghai, PR China) [9].

GO analysis was applied to analyze the main
function of the differential expression genes
according to the GO which is the key functional
classification of NCBI, which can organize gen-
es into hierarchical categories and uncover the
gene regulatory network on the basis of biologi-
cal process and molecular function [9].

Specifically, two-side Fisher’s exact test and x?
test were used to classify the GO category, and
the false discovery rate (FDR) was calculated to
correct the P-value, the smaller the FDR, the
small the error in judging the p-value. The FDR
was defined as rpr=1- (1), where N, refers to
the number of Fisher’s test P-values less than
X2 test P-values. We computed P-values for the
GOs of all the differential genes. Enrichment
provides a measure of the significance of the
function: as the enrichment increases, the cor-
responding function is more specific, which
helps us to find those GOs with more concrete
function description in the experiment. Within
the significant category, the enrichment Re was
given by: Re = (n/n)/(N/N) (2), where “n." is the
number of flagged genes within the particular
category, “n” is the total number of genes with-
in the same category, “N,” is the number of
flagged genes in the entire microarray, and “N”
is the total number of genes in the microarray
[9].

Pathway analysis was used to find out the
significant pathway of the differential genes
according to KEGG, Biocarta and Reatome.
Still, we turned to the Fisher’s exact test and x?
tested to select the significant pathway, and
the threshold of significance was defined by
P-value and FDR. The enrichment Re was calcu-
lated like the equation above [9].

Quantitative real-time polymerase chain reac-
tion (QRT-PCR)

Total RNA was extracted using TRIzol Reagent
(Life Technologies) [8]. RNA was quantified
through UV spectroscopy [8]. cDNA was synthe-
sized using 2 ug of total RNA using the Fast-
quant RT Kit (Tiangen Biotech., Beijing, China,
Cat: KR106-02) for mRNA analysis [8, 10].
RT-PCR was performed with SuperReal PreMix
(SYBR Green) (Tiangen Biotech., Cat: FP204-
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Table 1. Primers for RT-PCR
B-actin Forward CATGTACGTTGCTATCCAGGC
Reverse CTCCTTAATGTCACGCACGAT
ITGB3 Forward CTGTACCACGCGAGGTGTG
Reverse CTCCTTCAGGTCACAGCGAG
Notchl  Forward CGACGCACAAGGTGTCTTC
Reverse AGGATCAGTGGCGTCGTG
PRKCA Forward TTGTTACTTTTTCTTGTCCGGG
Reverse GACCCACAGTGATCGCAGA
NFATC2  Forward ACGAGCTTGACTTCTCCATCC
Reverse GAGGCTGGTTCGAGGTGAC
ZNF333 Forward AAACCCGAAGAGTTGCCTTC
Reverse TCTTCTATGGAGGGCACCAG
CDH1 Forward TCCTACACTGCCCAGGAGC
Reverse AGTGGAAATGGCACCAGTGT
p21 Forward TGGAGACTCTCAGGGTCGAA
Reverse GGATTAGGGCTTCCTCTTGG
ING4 Forward GAAGAAAGCTGCTCGTGCTC
Reverse CCACACAGGCAAAATGGAA

03) [8, 10]. The primers used for RT-PCR are
listed in Table 1. B-actin was used as an inter-
nal standard.

Lentiviral delivery of shRNA

E-cadherin was knocked down through the use
of lentiviral vector-mediated shRNA interfer-
ence using The RNAi Consortium System (Open
Biosystems, Inc., Huntsville, AL, USA) according
to the manual [7, 11]. Sense sequence of sh-
RNA targeting E-cadherin is AAGATAGGAGTTC-
TCTGATGC [7, 11]. Control shRNA (Scrambled)
istargeted against GFP and the sense sequence
of shRNA is TACAACAGCCACAACGTCTAT. E-cad-
herin-targeting shRNA-pLKO.1 vector or a con-
trol shRNA-pLKO.1 vector with pCMV-Dr8.91
(the packaging plasmid) and pCMV-VSV-G (the
enveloping plasmid) were co-transfected into
293T cells with Lipofectamine® 2000 (Invitro-
gen, Carlsbad, CA, USA, Cat: 11668-030) ac-
cording to the manual [7, 11]. Virus-containing
media was collected at 24, 48 and 72 hours
posttransfection, and was filtered through mic-
rofilters (Millipore, Bedford, MA, USA; 0.22 um,
Cat: SLGPO33RB). T24 cells were infected with
lentivirus encoding shRNA targeting E-cadherin
or control lentivirus, respectively. Then, cells
were selected using puromycin (Sigma-Aldrich,
St Louis, MO, USA, Cat: P8833). Knockdown
efficiency was confirmed by western blot.
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Western blot analysis

Cells were lysed in RIPA Buffer (50 mM Tris
base, 150 mM NaCl, 1% Nonidet P-40, 0.25%
Na-deoxycholate, 1 mM EDTA) with protease
inhibitors and phosphatase inhibitors (1 mM
PMSF, 5 ug/ml leupeptin, 2 ug/ml pepstatin, 4
pg/ml aprotinin, 10 mM NaF, 1 mM Na3VO4, 10
mM B-Glycerophosphate disodium salt penta-
hydrate) by incubating for 30 minutes on ice.
Following centrifugation (26,000 g, 4°C, 16
minutes), the supernatant was collected as
total cell protein [7, 11, 12].

Protein was resolved by SDS/PAGE and blotted
on Nitrocellulose Membranes (Bio-Rad, Rich-
mond, California, USA, Cat: 162-0115) as previ-
ously described [12]. Nitrocellulose membran-
es were incubated with specific primary anti-
bodies at 4°C overnight. After incubating with
secondary antibodies for 1 hour at room tem-
perature, immunoreactive proteins were visual-
ized by the Enhanced Chemiluminescnet Sub-
strate (Thermo Scientific, Pittsburgh, PA, USA,
Cat: 34094) [12].

E-cadherin antibody was from Abcam Inc. (Cam-
bridge, MA, USA, Cat: ab1416, 1:1,000). B-ca-
tenin antibody (Cat: 9582, 1:1,000), vimentin
(Cat: 9782, 1:1,000), slug (Cat: 9782, 1:1,000),
TCF8/ZEB1 (Cat: 9782, 1:1,000), snail (Cat: ,
1:1,000), ZO-1 (Cat: 9782, 1:1,000), N-cadherin
(Cat: 9782, 1:1,000), p53 (Cat: 2524, 1:1,000),
phospho-p53 (Serl5) (p-p53) (Cat: 9947, 1:
1,000), HRP-linked secondary antibody were
from Cell Signaling Technology. c-myc (Cat: sc-
40, 1:500) and ¢/EBP B(Cat: sc-7962, 1:500)
were from Santa Cruz Biotechnology (Santa
Cruz, CA, USA). GAPDH (Cat: KC-5G4, 1:500)
was from Kangchen Biotech. (China).

Cell proliferation assay

Cell proliferation was analyzed with the Cell-
Light™ EdU Apollo®567 In Vitro Imaging Kit (Ri-
boBio Co. Ltd., Guangzhou, China, Cat: c10316-
1) according to the manufacturer’s manual
[13]. The proliferative cells were stained with
EDU (red) and the nuclei were stained with
Hoechst 33342 (blue). In brief, T24 cells with or
without As (200 nM or 1,000 nM) treatment for
100 days were inoculated in 96-well plates at a
density of 2000 cells/well. 24 hours later, cells
were incubated with 100 yL 50 yM EDU for 2
hours. Then, cells were fixed with 4% formalde-
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Figure 1. Microarray analysis of gene expression in T24 cells
following As exposure (0, 2 or 5 uM) for 72 hours. Significantly
enriched GOs (A) and enrichment of GOs (B) show As expo-
sure (2 uM and 5 uM) exerted multiple biological effects in T24
cells, including on cell adhesion and proliferation. (C) Pathways
corresponding to regulated transcripts, pathways related to
cell adhesion and cancer were significantly affected.
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Figure 2. Multiple effects of long term As exposure. A-E. gRT-PCR data show that low-dose (200 nM) or high-dose
(1,000 nM) As exposure at gradient times affected mRNA levels of ITGB3, Notchl, PRKCA, NFATC2 and ZNF333.
F. Western blot data show that low-dose As exposure at gradient times affected the protein levels of c-Myc and ¢/

EBP B.

hyde in PBS, incubated with 2 mg/ml glycin for
5 minutes to counteract formaldehyde, perme-
abilized with 0.5% Triton X-100 for 10 minutes,
incubated with Apollo reaction buffer for 30
minutes, permeabilized with 0.5% Triton X-100
for 10 minutes twice, incubated with Hoechst
33342 for 30 minutes. Cells were observed
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using the fluorescence microscopy (Olympus,
Tokyo, Japan).

Cell growth assay

Cell growth was determined by water-soluble
tetrazolium salt-based assay (WST assay) using
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Figure 3. Long term low- and high-dose As exposure induced EMT. A. gRT-PCR data show that the mRNA levels of
E-cadherin increased following long term low-dose As exposure but decreased following high-dose As exposure.
B. Western blot data show that long term As exposure led to the loss of epithelial identity (decrease in E-cadherin
expression) and gain of mesenchymal identity (increased N-cadherin, vimentin, B-catenin, and slug expression) in a
time dependent manner. C. Western blot data showed that low-dose As exposure decreased the levels of E-cadherin
and increased those of N-cadherin, vimentin, B-catenin, and slug in a time dependent manner. D. The morphology
of T24 cells, with or without exposure to 200 nM As for 90 days, was examined.
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the cell counting kit 8 (Dojindo Laboratories,
Kumamoto, Japan, Cat: CKO4-11) according to
the manual as previously described [7, 11]. In
brief, T24 cells with or without As (200 nM or
1,000 nM) treatment for 100 days were inocu-
lated in 96-well plates at a density of 2000
cells/well. The plates were incubated for 4
hours to let cells attach the bottom. 0, 24, 36,
48 hours after cell attachment, 10 yL of WST
solution were added to each well and the plates
were incubated for 30 minutes. Absorbance
was measured at 450 nm using a microplate
reader with reference wavelength of 650 nm.
The absorbance (OD) values were normalized
to time point O, respectively.

Statistical analyses

The data shown represent the mean * stan-
dard error. Statistical differences between gro-
ups were analyzed by one-way ANOVA. P<0.05
was considered statistically significant.

Results
Arsenic treatment affects genes expression

In order to elucidate the effects of arsenic
exposure in bladder cancer, the human transi-
tional cell carcinoma cell line, T24, was treated
with 0, 2 or 5 uM As for 72 hours. Microarray
analysis was applied to analyze mRNA. The GO
results indicated that cell adhesion, including
cell-cell adhesion and cell-substrate adhesion,
was significantly affected. The data imply that
multiple mechanisms were involved because
junction assembly, junction organization, cyto-
skeleton organization were affected (Figure
1A, 1B). Cell proliferation was also significantly
affected, and both positive and negative regu-
lation of cell proliferation were involved (Figure
1A, 1B).

Pathway analysis data showed that pathways
related to cell adhesion, such as cell adhesion
molecules, focal adhesion, were significantly
affected (Figure 1C). The prominent effects we-
re related to cancer. Transcriptional dysregula-
tion implicated in cancer, proteoglycans known
to play a role in cancer, and several prominent
pathways involved in carcinogenesis, such as
the Hippo signaling pathway [14] and MAPK sig-
naling pathway [15], were found to be signifi-
cantly affected (Figure 1A, 1B). The data indi-
cate that short term (72 hours) As (2 uM and 5
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MM) exposure exerts multiple effects in the T24
cell line.

The latency period of arsenic-related carcino-
genesis in humans is considered to be 30-50
years; however, the mechanisms involved re-
main elusive [1]. Therefore, effects of long term
arsenic exposure were explored. T24 cells were
treated with low-dose (200 nM) or high-dose
(1,000 nM) As for gradient times (0, 3, 14, 35,
86 or 140 days). mRNA levels of genes were
measured using qRT-PCR (Figure 2A-E). ITGB3
(@ cell adhesion molecule strongly associated
with cancer [16]), Notchl (a single-pass trans-
membrane receptor strongly associated with
carcinogenesis [17]), PRKCA (a serine- and thre-
onine-specific protein kinase strongly associat-
ed with carcinogenesis [18]), NFATC2 (a nuclear
factor strongly associated with cancer [19]) and
ZNF333 (a member of the zinc finger gene com-
plex, which regulated transcription [20]) were
all found to be regulated by As exposure. Protein
levels of cells treated with low-dose As at gradi-
ent times (0, 3, 14, 35, 86 or 140 days) was
measured using western blot (Figure 2F). c-Myc
and ¢/EBP (3 (two transcription factors strongly
associated with carcinogenesis [21, 22]) were
affected by long term low-dose As exposure.
These findings demonstrate that long term
arsenic exposure exerts multiple carcinogenic
effects in the T24 cell line.

Long term low- and high-dose arsenic expo-
sure induces epithelial-mesenchymal transi-
tion

In the present study, microarray data showed
that As exposure significantly affected cell ad-
hesion molecules and cell-cell adhesion (Figure
1). E-cadherin, one of the most important cell
adhesion molecules, plays a key role in cell-cell
adhesion [7, 11]. E-cadherin mRNAs levels in
the T24 cells treated with As for O, 3, 14, 35,
86, or 140 days were measured using qRT-PCR
(Figure 3A). E-cadherin mRNA level increased
following long term low-dose (200 nM) As expo-
sure, but decreased following long term high-
dose (1,000 nM) As exposure. E-cadherin pro-
tein levels in the T24 cells treated with As for
0, 3 or 140 days were assayed using western
blot (Figure 3B). E-cadherin protein levels were
found to decrease following As exposure, re-
gardless of whether the dose was low or high.
These findings demonstrate that long term low-
and high-dose arsenic exposure decreases E-
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Figure 4. Knockdown of E-cadherin induced EMT,
as indicated by western blot data. Lentiviral delivery
of shRNA targeting E-cadherin (shE-cadherin) effi-
ciently decreased E-cadherin levels. Knockdown of
E-cadherin resulted in increased N-cadherin, vimen-
tin, B-catenin, and slug levels, while the delivery of
scrambled shRNA did not elicit a detectable change
in the levels of them.

cadherin protein levels, but through different
mechanisms.

E-cadherin is a key marker of epithelial-mesen-
chymal transition (EMT) [23]. A decline in the
expression of E-cadherin implies that EMT mi-
ght be intrinsically orchestrated [23]. Therefore,
the protein levels of other EMT markers were
assayed in the T24 cells treated with As for O,
3 or 140 days, using western blot (Figure 3B).
The levels of N-cadherin, vimentin, B-catenin
and slug were all increased in a time depen-
dent manner following As exposure, regardless
of whether the dose was low or high. These
data indicate that long term low- and high-dose
arsenic exposure induces EMT. Protein levels of
EMT markers in T24 cells treated with low-dose
Asfor0, 3, 14, 35, 86 or 140 days were assayed
using western blot (Figure 3C). E-cadherin lev-
els were found to decrease in a time dependent
manner, while those of N-cadherin, vimentin,
B-catenin and slug were all increased in a time
dependent manner. The morphology of T24 ce-
lls, with or without exposure to 200 nM As for
90 days, was examined (Figure 3D). Exposure
to 200 nM As for 90 days resulted in the loss of
cell-cell adhesion, acquisition of a fusiform sha-
pe, and an increase in the number of hetero-
morphic cells. These results demonstrate that
long term low- or high-dose arsenic exposure
induces EMT in a time dependent manner.
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E-cadherin plays a key role in EMT in specific
cell types [23]; therefore, the role of E-cadherin
in the mechanism underlying EMT in T24 cells
was explored. E-cadherin was knocked down by
lentiviral delivery of shRNA and knockdown ef-
ficiency was confirmed using western blot (Fig-
ure 4) [7, 11]. Delivery of scrambled shRNA did
not elicit a detectable change in the protein lev-
els of E-cadherin, N-cadherin, vimentin, B-cat-
enin, or slug. The delivery of shRNA targeting
E-cadherin efficiently decreased E-cadherin
levels, and knockdown of E-cadherin increased
the levels of N-cadherin, vimentin, B-catenin,
and slug (Figure 4). These findings demonstrate
that E-cadherin plays a key role in EMT in T24
cells and suggest that arsenic exposure may
induce EMT via downregulation of E-cadherin.

Long term low- and high-dose arsenic exposure
affects cell proliferation differently. According
to the GO results, both positive and negative
regulation of cell proliferation were significant-
ly affected by As exposure (Figure 1A, 1B).
The cumulative result of arsenic exposure on
cell proliferation was explored. Cell prolifera-
tion and growth of T24 cells with or without As
(200 nM or 1,000 nM) exposure for 100 days
were assayed (Figure 5). Cell proliferation was
assayed using EDU. The ratio of proliferative
cells (EDU positive) to total cells treated with
low-dose As was higher than in the control
while that of cells treated with high-dose As
was lower than in the control (Figure 5A). This
finding indicates that cell proliferation is in-
creased following long term low-dose arsenic
exposure but decreased following long term
high-dose arsenic exposure. WST assay was
employed to measure cell growth (Figure 5B).
Long term low-dose As exposure increased cell
growth while long term high-dose As decreased
cell growth. The OD value of control cells at 48
hours was 6.43+0.01 while that of long term
low-dose As treated cells at 48 hours was
7.44+0.17 (vs control: P<0.05). Furthermore,
the OD value of long term high-dose As treated
cells at 48 hours was 5.28+0.22 (vs control:
P<0.05). Together, these findings indicate that
long term low-dose arsenic exposure increases
cell proliferation and growth in T24 cells, while
long term high-dose arsenic exposure decreas-
es both.

Arsenic exposure activates p53. GO and Path-
way analysis data indicated that As exposure
was strongly associated with cancer (Figure 1).

Am J Transl Res 2017;9(2):416-428
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Arsenic is a carcinogen and induces DNA dam-
age [2, 6]. p53 plays a key role in the DNA dam-
age response and is strongly related with can-
cer, especially with carcinogenesis [24-26]. Th-
us, pb53 protein levels in T24 cells treated with
As for O, 3 or 140 days were assayed using
western blot. Both low- and high-dose As expo-
sure increased p53 protein levels (Figure 6A).
The DNA damage response involves the phos-
phorylation of p53 at Serl5, which promotes
both the accumulation and activation of p53
[25]. As exposure increased p-p53 (Serlb) pro-
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Figure 5. Long term low- and high-dose As affected
cell proliferation and growth. Cell proliferation and
growth of T24 cells, following As exposure (0, 200 or
1,000 nM) for 100 days, were assayed. A. The num-
ber of EDU positive cells (red) or of the nuclei (blue)
and the ratio of EDU positive cells/all cells were
labeled on the up-right, respectively. Cell prolifera-
tion increased following As exposure at 200 nM, but
decreased following exposure at 1,000 nM. B. Cell
growth was examined using WST assay. Cell growth
increased following As exposure at 200 nM, but de-
creased following exposure at 1,000 nM. (*P<0.05).

tein levels (Figure 6A). The expression of p21, a
target gene of p53 [26, 27], in T24 cells treated
with As for O, 3, 14, 35, 86 or 140 days was
assayed using qRT-PCR (Figure 6B). As expo-
sure increased the mRNA levels of p21. Col-
lectively, these findings demonstrate that p53
is activated by arsenic exposure.

ING4 is known to enhance p53 transcriptional
activity, partly by inducing acetylation of p53,
and thereby promoting downstream p21 ex-
pression [28]. The ING4 mRNA levels in T24
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cells treated with As for O, 3, 14, 35, 86, or 140
days were assayed using qRT-PCR (Figure 6C).
ING4 mRNA levels were affected by As expo-
sure; however, these effects were not consis-
tent with that of As affecting p53 or p21 (Figure
6). This suggests that ING4 might not play a
dominant role in the mechanism of arsenic af-
fecting p53 or p21.

Discussion

Chronic arsenic exposure is strongly associated
with cancer. The evidence for the association
between arsenic exposure and bladder cancer
in humans is very robust, however, detailed bio-
logical effects and the mechanism remain un-
clear [1, 4, B]. The investigation of mMRNA ex-
pression profile helps in understanding these.
In the present study, the expression of numer-
ous genes and signaling pathways in the T24
cells were affected following arsenic exposure
(Figures 1-3, 6). Long term As affected lots of
genes mMRNAs levels, not always in a time de-
pendent manner (Figures 1-3, 6). Furthermore,
long term low- and high-dose As exposure af-
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Figure 6. Long term As exposure activated p53.
A. Western blot data show that As exposure in-
creased the protein levels of p53 and p-p53
(Ser15). B, C. gRT-PCR data show that As expo-
sure at low (200 nM) or high dose (1,000 nM) at
gradient times affected the mRNA levels of p21
and ING4.

fected the expression of genes, such as E-
cadherin, in a different manner. These findings
indicate that the mechanisms underlying the
association between arsenic exposure and
cancer are complex.

E-cadherin protein levels were found to de-
crease following long term low- and high-dose
As exposure; this effect was considered to in-
volve varying mechanisms, as low-dose As ex-
posure elicited an increase in E-cadherin mRNA
levels while high-dose As exposure resulted in
a decrease (Figure 3A, 3B). A decline in E-cad-
herin protein expression implies that EMT might
be intrinsically orchestrated [23, 29]. The find-
ings of this study are consistent with this con-
clusion. Long term low- and high-dose As expo-
sure led to the loss of epithelial identity (de-
creasing E-cadherin protein level) and gain of
mesenchymal identity (increasing protein lev-
els of N-cadherin, vimentin, B-catenin and slug)
(Figure 3B, 3C). Exposure to 200 nM As for 90
days resulted in a change in the morphology of
T24 cells from an epithelial to a mesenchymal-
like appearance; this involved the loss of cell-
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cell adhesion, acquisition of a fusiform shape,
and an increase in the number of heteromor-
phic cells (Figure 3D). These findings unani-
mously indicate long term arsenic exposure
induces EMT in T24 cells.

Cell adhesion is important for the maintenance
of epithelial phenotype, and disruption of cell
adhesion results in EMT [29, 30]. Cell adhesion
is maintained by several types of junctional
complexes, such as adherens junctions (AJs), ti-
ght junctions, desmosomes/semidesmosomes
[7, 11, 29]. Numerous proteins are involved in
regulation of junctional complexes through mul-
tiple mechanisms and occasionally, vice verse
[11, 29, 31]. For example, AJs are established
mainly via the cadherins or the nectins. Cad-
herins establish adhesive contacts through ei-
ther heterophilic or homophilic binding of the
extracellular domains. The cytoplasmic doma-
ins of the cadherins in the AJs recruit the caten-
ins, which in turn connect the AJs to the actin
cytoskeleton [23, 29, 31]. Linking catenins with
the cytoskeleton may be mediated by the clus-
tering of cadherin/catenin complexes to recruit
high levels of a-catenin or by other cytoplasmic
factors [23, 29, 31]. Therefore, a decline in the
expression of E-cadherin leads to disruption of
cell adhesion [11, 29], consequentially results
in EMT [23, 29]. In this study, knockdown of
E-cadherin was observed to induce EMT (Figure
4). Because long term As exposure was found
to decrease E-cadherin protein levels and
induce EMT (Figure 3), it is reasonable to con-
clude that long term As exposure may induce
EMT via E-cadherin. But, in turn, cell-cell adhe-
sion increases E-cadherin protein expression
level [11, 29, 31]. In other words, disruption of
cell adhesion decreases E-cadherin [11, 29,
31]. The present microarray data indicated that
cell adhesion molecules, cytoskeleton, junction
assembly and junction organization were af-
fected by As treatment (Figure 1). Therefore,
the relationship between the decline in E-cad-
herin expression and EMT remains uncertain,
as itis not clear whether the former induces the
latter or vice versa.

During EMT, differentiated epithelial cells un-
dergo a series of dramatic changes in their
morphology characterized by the loss of polar-
ization and acquisition of a fusiform shape. In
addition, loss of cell to cell contact and matrix
remodeling into less differentiated and invasive
mesenchymal cells is observed [29, 30, 32].

426

The EMT program simultaneously endows tu-
mor cells with the capacity to self-renew, lose
contact inhibition, survive under different cir-
cumstance (such as in the circulation, under
chemotherapy or radiotherapy), invade and mi-
grate through tissues, and form colonies in dis-
tant organs [29, 30, 32]. Therefore, EMT plays
a key role in carcinogenesis, cancer progres-
sion, cancer invasion and metastasis, chemo-
resistance, and radioresistance [29, 30, 32].
Epidemiological studies have revealed that ar-
senic induces human transitional cell carcino-
ma in a dose- and time-dependent manner [3,
4]. A significantly higher risk of cancers of the
urinary organs (including bladder) and related
mortality were observed among individuals
who had consumed arsenic contaminated wa-
ter for decades [3, 4]. The induction of EMT in
cells following arsenic exposure should, at least
partly, explain the results of these epidemio-
logical studies.

EMT is strongly associated with cell prolifera-
tion and/or growth [33, 34]. The present GO
results indicated that both positive and nega-
tive regulation of cell proliferation were signifi-
cantly affected by As exposure (Figure 1A, 1B).
The cumulative result of long term low-dose As
exposure was an increase in cell growth and
cell proliferation while that of high-dose As
exposure was a decrease in both (Figure 5).
However, both low- and high-dose long term As
exposure induced EMT, implying that the
change in cell proliferation/growth following As
exposure did not result from the induction of
EMT. p21, a potent cyclin-dependent kinase
inhibitor, functions as an important regulator of
cell proliferation and is a central player in vari-
ous oncogenic signaling pathways [26, 27, 35].
The expression of P21 is tightly controlled by
the tumor suppressor protein p53 [26, 27, 35].
Phosphorylation of p53 at Serl5 promotes bo-
th the accumulation and activation of p53 and
is a marker of DNA damage response [25, 26].
As exposure significantly increased p53 and
p-p53 (Serlb) (Figure 6A). The mRNA levels of
p21, a target gene of p53 [26, 27], were also
found to be increased following As exposure
(Figure 6B), suggesting that arsenic exposure
activates p53. Differences in the levels of p53,
p-p53 (Serlb5) and p21 between T24 cells
treated with low- and high-dose As were ob-
served; however, in each case, an increase was
found to occur. The findings indicate that, while
p53 and p21 might be involved in the low- and
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high-dose arsenic exposure-induced changes
in cell proliferation/growth, they may not play a
dominant role in mediating these effects.

In summary, the present microarray analysis
showed that arsenic exposure exerts multiple
effects in T24 cells. Long term low-dose (200
nM) and high-dose (1,000 nM) As exposure
induced EMT, likely by decreasing the protein
level of E-cadherin; however, the precise under-
lying mechanisms are not clearly understood.
Long term low- and high-dose As exposure acti-
vated p53 and affected cell proliferation/grow-
th in different ways. The present findings serve
to elucidate the association between arsenic
exposure and the elevated risk of various dis-
eases, typically bladder cancer, as reported by
epidemiological studies. Future studies should
focus on investigating the precise mechanisms
underlying these effects.
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