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Abstract. Epithelial-mesenchymal transition (EMT) is 
considered to be a crucial event in the development of cancer 
metastasis. Anoxia/reoxygenation (A/R) is known to occur 
in cancer tissues due to angiogenesis and changes in tissue 
pressure that occur during tumor growth. We investigated 
whether A/R induces EMT in the human colon cancer cell 
line HT-29. Colon cancer cells were exposed to anoxia (2 h) 
followed by reoxygenation (4-22 h) and evaluated for EMT 
changes using immunofluorescence and western blot analyses. 
We also investigated the expression of EMT-related transcrip-
tion factors (Snail and ZEB1) using RT-PCR and evaluated 
the expression of NF-κB using ELISA. To determine whether 
NF-κB is involved in A/R-induced EMT, HT-29 cells were 
treated with proteasome inhibitors. Colon cancer cells exposed 
to A/R underwent EMT morphological changes; the cancer 
cells acquired a spindle-shaped phenotype. The expression 
of E-cadherin on the cell surface and the total amount of 
E-cadherin proteins were reduced after A/R. The expres-
sion of EMT-related transcription factors (Snail, ZEB1) was 
increased after A/R. Pretreatment with proteasome inhibitors 
significantly attenuated the downregulation of E-cadherin 
induced by A/R. These results indicate that A/R induces EMT 
in human colon cancer cells through an NF-κB-dependent 
transcriptional pathway.

Introduction

Distant metastasis is the major cause of death in patients with 
colorectal cancer (CRC). Obtaining a better understanding 
of the molecular mechanisms underlying distant metastasis 
is required in order to facilitate the development of effective 
therapeutic strategies for patients with CRC. In many cases of 
CRC, invasion is associated with dedifferentiation of neoplastic 
tumor cells in invasive regions. At the invasive front of primary 
tumors, cancer cells can acquire a mesenchymal-like pheno-
type and express mesenchymal markers such as α-SMA and 
vimentin, thus resembling epithelial-mesenchymal transition 
(EMT).

EMT plays a crucial role in gastrulation in early embryonic 
development and organ formation (1) and is considered to coor-
dinate molecular steps in the process of distant metastasis. It 
has been reported that EMT permits both invasion and emigra-
tion in various solid tumors (2) and is associated with a poor 
prognosis in patients with CRC (3). EMT has been classified 
as a unique process in which epithelial cells undergo marked 
morphologic changes characterized by the transition from an 
epithelial cobblestone phenotype to a motile, elongated fibro-
blastic phenotype (4,5). The hallmark of EMT is the loss of 
epithelial homotypic adhesion molecules such as E-cadherin 
and γ-catenin and the gain of mesenchymal markers such as 
vimentin and fibronectin. EMT is triggered by environmental 
stresses such as inflammation, reactive oxygen species and 
hypoxia (6) and is mediated intracellularly through different 
transcription factors, including the Snail family and Twist (7).

It is known that hypoxic or anoxic areas are heterogeneously 
distributed within solid tumors (8,9) and tumor hypoxia can be 
associated with clinical responses to both chemotherapy and 
radiotherapy or development of metastases (10). Cancer tissues 
develop pathophysiological microenvironments during growth 
that are characterized by irregular microvascular networks and 
regions of chronically and transiently ischemic cells. Ischemic 
cancer cells are known to be reperfused by neovasculariza-
tion or decreases in tissue pressure (11). Many cancer cells are 
exposed to anoxia/reoxygenation.
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Anoxia/reoxygenation (A/R) generates reactive oxygen 
species (ROS) that activate NF-κB. A/R is also involved in 
cancer initiation, promotion and progression (12). A/R induces 
point mutations, deletions and gene amplification by creating 
oxidative damage, thereby allowing tumors to acquire malig-
nant potential and increasing the metastatic potential  (13). 
Moreover, it has been reported that A/R increases the expres-
sion of VEGF and induces matrix metalloproteinase (MMP) 
activation, both of which are involved in tumor growth, inva-
sion and metastasis (14-16). A/R-induced ROS may cause EMT 
in cancer cells; however, to date, it remains to be elucidated 
whether A/R induces EMT in cancer cells. Hence, the objec-
tive of this study was to clarify whether A/R induces EMT in 
human colon cancer cells.

Materials and methods

Cell line and cell culture. The human colon adenocarcinoma 
cell line HT-29 was obtained from the American Type Culture 
Collection (Rockville, MD). The HT-29 cells were grown 
in RPMI-1640 medium (Gibco BRL, Gaithersburg, MD) 
supplemented with 10% fetal calf serum (FCS) and penicillin 
(100 U/ml)/streptomycin (100 µg/ml). The cell cultures were 
maintained in a humidified atmosphere of 95% air and 5% CO2 
at 37˚C.

Reagents and antibodies. All chemicals were prepared 
immediately before use. Lactacystin was purchased from 
Biomol International L.P. (Farmingdale, NY), MG-132 was 
purchased from Cayman Chemical Co. (Ann Arbor, MI) and 
anti-E-cadherin antibodies were purchased from Wako Pure 
Chemical (Osaka, Japan).

Anoxia/reoxygenation protocol. The in vitro model of anoxia/
reoxygenation used in this study is similar to a previously 
described model (5,17). Briefly, the medium was changed to 
RPMI only just before the experiment was conducted, and then 
confluent HT-29 colon cancer cells were exposed to anoxia 
by incubation in a Plexiglass chamber that was continuously 
purged (1 l/min) with an anoxic gas mixture (95% N2-5% CO2). 
The chamber pO2 level was monitored during the entire experi-
ment using an oxygen electrode (model OM-1, Microelectrodes, 
Londonderry, NH). Reoxygenation was performed by exposing 
the cancer cells to normoxia (21% O2-5% CO2-74% N2) in a CO2 
incubator. The control cells were exposed to normoxia.

Morphologic analysis. Phase-contrast microscopy was 
undertaken using CKX41 (Olympus, Tokyo, Japan) at x100 
magnification. The images were captured using the Flovel 
Filing System (Flovel, Tokyo, Japan).

Immunocytochemistry. The HT-29 cells cultured on 35-mm 
µ-dishes (iBidi, Munich, Germany) were incubated with the 
primary antibodies (anti-E-cadherin antibodies, Wako Pure 
Chemical) in phosphate-buffered saline (PBS) containing 5% 
FCS and 2 mM CaCl2 for 2 h at room temperature followed 
by 30 min of incubation with fluorescence-labeled secondary 
antibodies (Alexa Fluor 594, Life Technologies, Tokyo, Japan) 
visualized using epi-illumination on a laser scanning confocal 
microscope (Olympus).

Western blotting. Whole-cell extracts were prepared as 
follows. The HT-29 cells were retrieved with a cell scraper and 
collected by centrifugation at 2,500 rpm/min at 4˚C for 5 min. 
After removing the upper PBS, the cell pellets were lysed in 
lysis buffer (CelLytic M; Sigma-Aldrich Co., St. Louis, MO), 
stirred and incubated on ice for 15 min. The supernatants were 
collected and stored at -80˚C.

The total proteins were mixed with an SDS sample 
buffer. The samples were then subjected to 10% SDS-PAGE 
and blotted onto a polyvinylidene fluoride membrane (Atto 
Corporation, Tokyo, Japan). The membrane was then incu-
bated with 10% EzBlock (Atto Corporation) in TBS-T (10 mM 
Tris-Cl, pH 8.0; 150 mM NaCl, 0.1% Tween-20 v/v) for 30 min 
at room temperature and washed with TBS-T three times. 
The membrane was incubated for 1 h at room temperature 
with the primary antibodies (anti-human E-cadherin IgG, 
mouse monoclonal, Wako Pure Chemical) in TBS-T (diluted 
1:500) and then incubated with the secondary anti-mouse IgG 
antibodies (GE Healthcare, Tokyo, Japan) in TBS-T (diluted 
1:1000) for 1 h at room temperature. Immunocomplexes were 
detected using western blotting (ECL Plus; GE Healthcare 
Bio-Sciences K.K., Tokyo, Japan).

RNA isolation and quantitative RT-PCR. The expression 
levels of E-cadherin, vimentin, Snail and ZEB1 mRNA were 
determined using real-time PCR. The samples used for mRNA 
isolation were removed from the colon cancer cells (HT29). 
Total RNA was isolated using the acid guanidinium phenol 
chloroform method with Isogen (Nippon Gene Co. Ltd., Tokyo, 
Japan). The isolated RNA was stored at -70˚C until use in real-
time PCR. In the latter, 1  µg of extracted RNA was 
reverse-transcribed into first-strand complementary DNA 
(cDNA) using the High Capacity cDNA Reverse Transcription 
kit (Applied Biosystems, Foster City, CA). Real-time PCR for 
E-cadherin, vimentin, Snail, ZEB-1 and GAPDH was 
performed using the 7300 Real-time PCR system (Applied 
Biosystems) using the DNA-binding dye SYBR® Green to 
detect the PCR products. The primers had the following 
sequences: E-cadherin, sense 5'-GTCAGTTCAGACTCCAG 
CCC-3' and antisense 5'-AAATTCACTCTGCCCAGG 
ACG-3'; vimentin, sense 5'-TCTACGAGGAGGAGATGC 
GG-3' and antisense 5'-GGTCAAGACGTGCCAGAGAC-3'; 
Snail, sense 5'-ACCACTATGCCGCGCTCTT-3' and antisense 
5'-GGTCGTAGGGCTGCTGGAA-3'; ZEB-1, sense 5'-TGGG 
ATCAACCACCAATGG-3' and antisense 5'-AAGTAACCC 
TGTGTATTTCTGGATGA-3'; GAPDH, sense 5'-ACCACA 
GTCCATGCCATCACT-3' and antisense 5'-CCATCACGC 
CACAGTTTCC-3'.

ELISA assay for NF-κB activation. Nuclear extracts were 
prepared using the Nuclear Extract kit (Active Motif, Tokyo, 
Japan). The DNA-binding activity of the p65 and p50 NF-κB 
subunits in the nuclear extracts was measured using the 
TransAM NF-κB p50, p52, p65 and Family kit (Active Motif) 
at 490 nm according to the manufacturer's instructions. The 
results were expressed as the optical density (OD).

Statistical analysis. All analyses were performed using the 
GraphPad Prism 4 program (GraphPad Software Inc., San 
Diego, CA). The results are presented as the mean ± SEM. 
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An analysis of variance (ANOVA) and Student's t-test were 
used to compare the mean values. The criterion for statistical 
significance was taken as P<0.05.

Results

Anoxia/reoxygenation induces morphologic changes consis-
tent with EMT in HT-29 cells. HT-29 cells were exposed to 6 
or 24 h of normoxia and 2 h of anoxia followed by 4 or 22 h of 
reoxygenation, respectively. A phase contrast analysis (original 
magnification: x100) was used to detect morphological changes 
in HT29 cells under normoxic or A/R conditions. The cells 
exposed to A/R began to lose cell contact and acquired an 
elongated, fusiform morphology with dendritic processes, 
consistent with mesenchymal transition (Fig. 1).

Expression of E-cadherin on the cell surface after anoxia/
reoxygenation (immunofluorescence). In the control cells 
exposed to normoxia, immunofluorescent staining showed that 
the expression of E-cadherin was localized to the lateral aspects 
of the plasma membranes in a continuous, linear staining 
pattern. In the cells exposed to 2 h of anoxia followed by 4 or 
22 h of reoxygenation, the linear staining pattern appeared to 
be weaker (Fig. 2).

Effects of anoxia/reoxygenation on molecular markers of 
EMT. Quantitative RT-PCR of the E-cadherin and vimentin 
mRNA expression in HT29 cells was performed after 6 or 
24 h of normoxia and 2 h of anoxia followed by 4 or 22 h 
of reoxygenation. Two hours of anoxia followed by 4 h of 
reoxygenation significantly downregulated the expression of 

Figure 1. Stimulation with 2 h of anoxia followed by 4 or 22 h of reoxygenation induced morphologic changes consistent with EMT in HT29 cells. The cells 
exposed to A/R began to lose cell contact and acquired an elongated, fusiform morphology with dendritic processes, consistent with mesenchymal transition 
(original magnification, x100).

Figure 2. Immunofluorescent staining showed that the control cells exposed to normoxia were attached tightly to each other, and their E-cadherin was localized 
to the lateral aspects of the plasma membranes in a continuous, linear staining pattern. After 4 and 22 h of reoxygenation, the staining pattern for E-cadherin 
was altered. The previously seen linear staining pattern appeared to be weaker and discontinuous.
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E-cadherin mRNA and tended to upregulate the expression of 
vimentin mRNA (Fig. 3A).

Western blotting was performed on the cell lysates 
obtained from the anoxia/reoxygenation-exposed HT-29 cells. 
No significant losses of E-cadherin were detectable after 2 h 
of anoxia followed by 22 h of reoxygenation relative to that 
observed after 6 h of normoxia. In contrast, a clear and consis-
tent reduction in the total amount of E-cadherin was seen after 
2 h of anoxia followed by 4 h of reoxygenation relative to that 
observed after 6 h of normoxia (Fig. 3B).

Quantitative RT-PCR of the Snail and ZEB-1 mRNA expres-
sion in HT29 cells was performed after 6 or 24 h of normoxia 
and 2 h of anoxia followed by 4 or 22 h of reoxygenation. Two 
hours of anoxia followed by 4 or 22 h of reoxygenation upregu-
lated both Snail and ZEB-1 mRNA (Fig. 4). These results 
indicate that stimulation with 2 h of anoxia followed by 4 h of 
reoxygenation induces EMT to a greater extent than stimulation 

with 2 h of anoxia followed by 22 h of reoxygenation. Therefore, 
subsequent experiments were performed under A/R conditions 
with 2 h of anoxia followed by 4 h of reoxygenation.

Comparison of the effects of anoxia and anoxia/reoxygenation 
on molecular markers of EMT. Quantitative RT-PCR of the 
E-cadherin and vimentin mRNA expression in HT29 cells was 
performed after 6 h of anoxia and 2 h of anoxia followed by 
4 h of reoxygenation. Two hours of anoxia followed by 4 h of 
reoxygenation significantly downregulated E-cadherin mRNA 
and tended to upregulate vimentin mRNA (Fig. 5A).

Quantitative RT-PCR of the Snail and ZEB-1 mRNA 
expression in HT29 cells was performed after 6 h of anoxia 
and 2 h of anoxia followed by 4 h of reoxygenation. Two hours 
of anoxia followed by 4 h of reoxygenation upregulated both 
Snail and ZEB-1 mRNA (Fig. 5B). These results indicate that 
stimulation with 2 h of anoxia followed by 4 h of reoxygenation 

Figure 3. (A) E-cadherin and vimentin mRNA expression in HT-29 cells. Total RNA was extracted from the normoxia (6 h or 24 h)-exposed HT-29 cells 
and the anoxia (2 h)/reoxygenation (4 h or 22 h)-exposed HT-29 cells. RNA was reverse-transcribed and subjected to real-time quantitative amplification to 
determine the levels of each mRNA in the HT-29 cells. Each value represents the mean ± SEM of four experiments. *P<0.05. (B) Cell lysates were extracted 
from the normoxia (6 h or 24 h)-exposed HT-29 cells and the anoxia (2 h)/reoxygenation (4 h or 22 h)-exposed HT-29 cells and subjected to western blotting.

Figure 4. Snail and ZEB1 mRNA expression in the HT-29 cells. Total RNA was extracted from the normoxia (6 h or 24 h)-exposed HT-29 cells and the anoxia 
(2 h)/reoxygenation (4 h or 22 h)-exposed HT-29 cells. RNA was reverse-transcribed and subjected to real-time quantitative amplification to determine the 
levels of each mRNA in the HT-29 cells. Each value represents the mean ± SE of four experiments. *P<0.05, #P<0.05.
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induces EMT a greater extent than stimulation with 6 h of 
anoxia.

Effects of anoxia/reoxygenation on NF-κB in HT29 cells 
(ELISA). Nuclear proteins were extracted from HT29 cells 
after 2 h of anoxia followed by 4 h of reoxygenation and 6 h 
of normoxia. The optical density (OD) exhibited by the active 
forms of p50 and p65 proteins in the nuclear extracts of the 
HT29 cells was significantly increased after 2 h of anoxia 
followed by 4 h of reoxygenation compared to that observed 
after 6 h of normoxia (Fig. 6).

Effects of inhibition of NF-κB activation (proteasome 
inhibitor) on the transcription of E-cadherin after anoxia/
reoxygenation (RT-PCR). To evaluate the contribution of the 
transcription factor NF-κB on anoxia/reoxygenation-induced 

downregulation of E-cadherin, HT-29 cells were treated with 
proteasome inhibitors (lactacystin or MG132). Treatment with 
the proteasome inhibitors alone had no significant effects on 
the expression of E-cadherin (data not shown). HT-29 cells 
were pretreated with lactacystin (10 µM) or MG132 (10 µM) 
for 1  h. Quantitative RT-PCR of the E-cadherin mRNA 
expression in HT29 cells was performed after 6 h of normoxia 
and 2 h of anoxia followed by 4 h of reoxygenation. Decreases 
in the E-cadherin mRNA expression were attenuated when the 
cells were pretreated with lactacystin or MG132 (Fig. 7).

Discussion

Transient cycles of A/R are known to occur within solid 
tumors and can be associated with metastatic development 
(11). Although it has been reported that various environmental 

Figure 5. (A) E-cadherin and vimentin mRNA expression in the HT-29 cells. Total RNA was extracted from the anoxia (6 h)-exposed HT-29 cells and the 
anoxia (2 h)/reoxygenation (4 h)-exposed HT-29 cells. RNA was reverse-transcribed and subjected to real-time quantitative amplification to determine the 
levels of each mRNA in the HT-29 cells. Each value represents the mean ± SEM of four experiments. *P<0.05. (B) Snail and ZEB1 mRNA expression in the 
HT-29 cells. Total RNA was extracted from the anoxia (6 h)-exposed HT-29 cells and the anoxia (2 h)/reoxygenation (4 h)-exposed HT-29 cells. RNA was 
reverse-transcribed and subjected to real-time quantitative amplification to determine the levels of each mRNA in the HT-29 cells. Each value represents the 
mean ± SEM of four experiments. *P<0.05.

Figure 6. Nuclear extracts from the normoxia (6 h)-exposed HT-29 cells and the anoxia (2 h)/reoxygenation (4 h)-exposed HT-29 cells were used to measure 
NF-κB-p50 and p65 subunit binding activity in an ELISA assay. Each value represents the mean ± SEM of three experiments. *P<0.05.



OKAJIMA et al:  ANOXIA/REOXYGENATION AND EMT2316

stressors such as inflammation and hypoxia can induce EMT, 
the effects of A/R stress on EMT have not yet been clarified. 
In this study, we showed that A/R stress induces morphologic 
and molecular alterations consistent with EMT in human 
colon cancer cells. Furthermore, we showed that activation of 
nuclear factor NF-κB is a critical event in A/R-induced EMT 
since A/R-induced EMT was abolished almost completely by 
pretreatment with proteasome inhibitors. This study is the first 
report demonstrating that A/R stress can strongly induce EMT 
in colon cancer cells.

Hypoxia is a common condition found in various solid 
tumors and can be associated with resistance to chemotherapy 
and radiation therapy. Ischemic regions can exhibit inter
mittent reflow and associated redox stress (8,18). It has been 
shown that cycling through periods of acute hypoxia followed 
by reoxygenation leads to the promotion of tumor cell survival 
(19) and increased metastatic development (20). Maqat et al, 
using the 19F MRI technique, recently demonstrated that 
spontaneous fluctuations in tumor pO2 occur regardless of the 
basal oxygenation state (i.e., in both oxygenated and hypoxic 
regions) (11). In addition, it has been reported that hypoxia 
(anoxia)/reoxygenation occurs in tumors  (8,9,13). Hypoxia 
(anoxia)/reoxygenation stress leads to the generation of a large 
amount of ROS from the mitochondria, and redox alterations 
modulate various mitogenic and survival signaling pathways, 
including NF-κB activation, and contribute to cancer cell 
proliferation and invasion (12). Although A/R-induced ROS 
generation and/or NF-κB activation may cause EMT in cancer 
cells, this issue has not been addressed to date.

EMT not only plays crucial roles in the formation of the 
body plan and physiological responses to injury, but also is an 
important element in cancer progression (1,21-23). The process 
of EMT involves the loss of epithelial cell-cell junction and 
upregulation of mesenchymal markers such as vimentin and 
fibronectin. Epithelial cancer cells acquire migratory and inva-
sive properties during the EMT process. It has been reported 
that EMT-inducing signals emanating from the tumor-asso-
ciated stroma, notably HGF (hepatocyte growth factor), EGF, 
PDGF and TGF-β, are responsible for the induction of a series 
of EMT-inducing transcription factors such as Snail, Slug, zinc 

finger E-box binding homeobox 1 (ZEB1) and Twist (22,24,25). 
Multiple lines of evidence indicate that these EMT-inducing 
transcription factors are regulated either directly or indirectly 
by NF-κB (5,26-28). We and others have indicated that A/R 
stress generates a large amount of intracellular ROS and rapidly 
and strongly activates NF-κB (12,29). In agreement with the 
results of these previous studies, there were greater amounts 
of intracellular ROS generation under the A/R conditions than 
under normoxia or anoxia (data not shown), and NF-κB activity 
was significantly enhanced under the A/R conditions compared 
to that observed under the normoxic conditions.

Recent studies have demonstrated that hypoxia and the over-
expression of hypoxia-inducible factor-1a (HIF-1α) promotes 
EMT in tumor cells (30,31). In the present study, A/R promoted 
EMT more strongly than hypoxia alone in a short period of stress 
time (6 h). We found that EMT changes (fibroblastoid phenotype, 
Snail transcription and changes in E-cadherin) appeared within 
6 h after A/R treatment, whereas other studies demonstrated 
that EMT changes induced by hypoxia are detected 24 to 72 h 
from the beginning of hypoxia (32). Cannito et al demonstrated 
that hypoxia-dependent EMT changes occur through a biphasic 
mechanism. Early EMT-related events induced by hypoxia 
(GSK-3β inhibition and Snail translocation) are dependent on 
the transient intracellular increased generation of ROS. Later 
EMT-related events (migration and invasiveness) are sustained 
by HIF-1α- and vascular endothelial growth factor (VEGF)-
dependent mechanisms (32). It has been demonstrated that 
acutely and chronically hypoxic cells coexist in solid tumors, 
and the fraction of acutely hypoxic cells is larger than the frac-
tion of chronically hypoxic cells (33). Therefore, in solid tumors, 
A/R stress may play a more important role than hypoxic stress 
in inducing EMT. A/R occurs repeatedly in solid tumors (11), 
and A/R cycles can induce EMT and have been implicated in 
invasion and metastasis. Moreover, it is possible that a large 
amount of ROS induced by A/R is a strong trigger for EMT, and 
VEGF and HIF-1α expressed under hypoxic conditions may 
contribute to maintaining the EMT phenotype. Conducting 
in vivo animal studies is required to clarify the mechanisms 
underlying the effects of fluctuations in tumor blood flow on 
EMT induction.

In conclusion, A/R rapidly and strongly induces EMT in 
human colon cancer cells (HT29) via the NF-κB-dependent 
transcriptional pathway. These observations strongly suggest 
that A/R stress plays a pathogenic role in tumor progression 
by inducing EMT. A/R-induced molecules, such as NF-κB and 
ROS, may therefore be good targets for inhibiting A/R-induced 
EMT and invasiveness in colonic cancer therapy.
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