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Abstract. Tumor invasion and migration are major causes 
of mortality in patients with cervical carcinoma. Tumors 
under hypoxic conditions are more invasive and have a 
higher metastasic activity. Lysyl oxidase (LOX) is a hypoxia-
responsive gene. LOX has been shown to be essential for 
hypoxia-induced metastasis in breast cancer. However, the 
direct impact of LOX on cervical cancer cell motility remains 
poorly understood. Our study revealed that LOX expression 
at protein and catalytic levels is upregulated in cervical 
cancer cells upon exposure to hypoxia. Hypoxia induced 
mesenchymal-like morphological changes in HeLa and SiHa 
cells which were accompanied by upregulation of α-SMA and 
vimentin, two mesenchymal markers, and downregulation of 
E-cadherin, an epithelial marker, indicating the epithelial-
mesenchymal transition (EMT) of cervical cancer cells 
occurred under hypoxic conditions. Treatment of tumor cells 
with β-aminopropionitrile (BAPN), an active site inhibitor of 
LOX, blocked the hypoxia-induced EMT morphological and 
marker protein changes, and inhibited invasion and migration 
capacities of cervical carcinoma cells in vitro. Collectively, 
these findings suggest LOX enhances hypoxia-induced inva-
sion and migration in cervical cancer cells mediated by the 
EMT which can be inhibited by BAPN.

Introduction

Cervical cancer is one of the most prevalent types of cancer and 
a leading cause of cancer-related mortality in women world-
wide (1). This cancer is preventable and curable if detected 
early. However, at the later stage, the cancer metastasizes to 
the rest of the uterus, bladder, rectum, abdominal wall, pelvic 
lymph nodes and other organs leading to death  (2). There 
were 529,800 cases and 275,100 deaths due to cervical cancer 
worldwide in 2008, equivalent to approximately one-tenth of 
all cancer-related mortalities in women (3). Although surgical 
resection and radiotherapy can significantly improve non-
invasive cancer patient outcome, the invasive cervical cancer 
remains a significant problem for women (4). Therefore, it is 
vital to understand the mechanisms of cervical cancer invasion 
and metastasis in an effort to prevent and treat this disease.

Lysyl oxidase (LOX), a copper-dependent amine oxidase, 
initiates the process of collagen and elastin crosslinking by 
oxidatively deaminating specific lysine and hydroxylysine 
residues located in the telopeptide domains, thus stabilizing 
the fibrous deposits of these proteins in the extracellular matrix 
(ECM) (5). LOX is expressed as a 46-kDa preproenzyme and a 
glycosylated 50 kDa proenzyme. Following secretion into the 
ECM, the 50-kDa proLOX is further processed by procollagen 
proteases into the 32-kDa mature species  (6). The normal 
enzymatic activity of LOX plays a critical role in morphogen-
esis and tissue structural integrity. Abnormal LOX activity can 
lead to connective tissue disorders such as emphysema (7), 
osteoporosis (8), cutis laxa (9), Menkes syndrome (10), organ 
fibrosis, atherogenesis and cardiovascular diseases (11,12).

Perturbation of LOX expression is also involved in carci-
nogenesis and cancer progression. Markedly, LOX displays a 
dual role as a tumor suppressor as well as a metastasis promoter 
in tumorigenesis in its biological functions. LOX antagonizes 
tumorigenesis. Expression of LOX in ras-transformed fibro-
blasts decreases the activity of NF-κB inhibiting cell growth 
and neoplastic transformation (13). Reduced LOX expression 
was found in several tumor cell lines (14). LOX propeptide 
reverses the invasive phenotype of Her-2/neu-driven breast 
cancer (15). On the other hand, LOX promoted tumor progres-
sion. Increased expression of LOX in some tumors was 
associated with poor prognosis (16). LOX-mediated collagen 
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and elastin crosslinking functions as a contributor to tumor 
ECM stiffening  (5). ECM remodeling and stiffening are   
characteristics of these tumors, promoting tumor motility, 
migration and rigidity disrupting tissue morphogenesis (17). 
Matrix remodeling by LOX provides the basis for cell move-
ment important for tumor invasion and migration (18). LOX is 
known to be essential for hypoxia-induced metastasis in breast 
cancer (19). Thus, a further understanding of the mechanism(s) 
by which LOX regulates tumor progression has a potential 
benefit for novel cancer therapy.

Low oxygen supply is a critical characteristic of solid 
tumors (20). Hypoxia is a powerful and independent prognostic 
indicator of poor clinical outcome for patients with cervical and 
other types of cancer (21). Hypoxia can enhance tumor inva-
siveness, metastases and resistance to chemotherapy (22,23). 
The initial steps in metastasis have been proposed to involve 
an epithelial-mesenchymal transition (EMT) process (24). The 
EMT turns cells from a typical epithelial morphology into 
migratory, fibroblastic phenotype (25). The EMT is accom-
panied by specific changes in some gene expression, such as 
downregulation of E-cadherin and upregulation of α-SMA, 
vimentin and MMPs, which are most closely correlated with 
local invasion and metastasis (26). LOX has been described 
essential for SiHa cells invasion (18). However, it is not clear 
how LOX promotes tumor progression in cervical cancer.

In this study, we found that LOX protein expression and 
catalytic activity were upregulated in cervical cancer cells 
following exposure to hypoxia. Hypoxia turned HeLa and 
SiHa cells into mesenchymal-like morphology in concomitant 
with upregulation of α-SMA and vimentin and downregula-
tion of E-cadherin. Inhibition of LOX by β-aminopropionitrile 
(BAPN) blocked the EMT phenomenon of cervical cancer 
cells under hypoxia and inhibited cervical cancer cell invasion 
and migration in vitro providing insights into the prevention 
and therapy of cervical cancer metastasis.

Materials and methods

Cell culture and oxygen deprivation. Human cervical cancer 
cell lines, HeLa and SiHa, were obtained from the American 
Type Culture Collection (ATCC) and cultured in Dulbecco's 
modified Eagle's medium (DMEM; Invitrogen, Grand Island, 
NY, USA) supplemented with 10% fetal bovine serum (FBS; 
Invitrogen), in 5% CO2 at 37˚C. One percent (1%) O2 with 5% 
CO2 and 94% N2 was used as a hypoxia condition in an airtight 
anaerobic incubator (Coylab 1 Person Polymer O2 Control 
Glove Boxes) (27).

Western blot analysis. Western blot analysis was performed 
as previously described (28). Briefly, control and treated cells 
were lysed in an SDS-PAGE sample buffer. Equal amounts 
of proteins were fractionated on SDS-PAGE and transferred 
to polyvinylidene difluoride membranes. After blocking with 
5% non-fat dry milk in TBST (Tris-buffered saline containing 
0.1% Tween-200), the membrane was incubated overnight 
at 4˚C with primary antibodies against LOX (1:4,000; 
Novus), E-cadherin (1:1,000; Cell Signaling Technology), 
α-SMA (1:200; Abcam), vimentin (1:1,000; Cell Signaling 
Technology), MMP-2 (1:1,000; Boster), MMP-9 (1:1,000; 
Boster), tubulin (1:5,000; Thermo Scientific IHC, Fremont, 

CA, USA), GAPDH (1:2,000; Cell Signaling Technology). 
After washing with TBST three times each for 5  min, 
membranes were incubated with the corresponding secondary 
antibody (1:2,000; Cell Signaling Technology) conjugated 
with horseradish peroxidase for 1 h at room temperature. 
After washing, blots were developed with an enhanced 
chemiluminescence system (Molecular Imager ChemiDoc 
XRS+ System, Bio-Rad). Protein bands were quantitated by 
the 1D ScanEX software (Scananalytics, Fairfax, VA, USA). 
Experiments shown here were repeated at least 3 times with 
reproducible results and a representative one is presented, 
unless otherwise indicated.

LOX activity assay. Cervical carcinoma cells in phenol 
red-free DMEM were incubated in normoxia or hypoxia. 
The conditioned medium was collected and LOX activity 
was assayed using diaminopentane as a substrate in the 
Amplex Red fluorescence assay (29,30). The reaction mixture 
consisted of 1.2 mol/l urea, 0.05 mol/l sodium borate (pH 8.2), 
10 mmol/l diaminopentane, 10 µmol/l Amplex red and 1 U/ml 
horseradish peroxidase in a final volume of 1 ml. Conditioned 
medium (500 µl) was added to the reaction mixture in the 
presence or absence of 0.5 mmol/l aminopropionitrile (BAPN; 
Sigma), an active site inhibitor of LOX. Samples were incu-
bated at 37˚C for 30 min, placed on ice, and then recorded at 
an excitation wavelength of 563 nm and emission wavelength 
of 587 nm (31). All enzyme activities were calculated as the 
increase of fluorescent units above background levels of BAPN 
controls and normalized to total cell protein (28).

In vitro invasion and migration assay. Cells were serum-
deprived for 24 h, seeded at a density of 50,000 cells/well on the 
top of Matrigel-coated filters, moved to chambers containing 
600 µl of 10% FBS as a chemo-attractant and incubated under 
normoxia or oxygen-deprived conditions for 48  h. BAPN 
(500 µM) was added to the culture 24 h before oxygen depri-
vation and continued throughout the experiment (19). At the 
same time, equal cells were plated into 96-well plates for cell 
number assay (MTT). The cells (treated and untreated) were 
incubated at 37˚C under normoxia or oxygen-deprived condi-
tions for 48 h and then the Matrigel was removed with a cotton 
bud. The invaded cells were fixed, stained with hematoxylin 
and counted. The invasiveness of cervical carcinoma cells 
was determined by the percentage-of-invasion score (invaded 
cell number/total cell number 100%) (32). Experiments were 
repeated three times. The in vitro cellular migration assay was 
based on the described membrane invasion culture system, but 
differed in the use of filters not Matrigel-coated.

Morphological evaluation. Cell morphology was studied 
during the indicated time course using an Olympus (Melville, 
NY, USA) IX71 inverted microscope.

Statistical analysis. Data are presented as the means ± stan-
dard deviation of 3 separate experiments. Significance of 
the differences between the experimental conditions was 
determined by one-way ANOVA followed by Bonferroni's 
test. A P-value <0.05 was considered to indicate statistically 
significant differences and a P-value <0.01 was considered to 
indicate statistically very significant differences.
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Results

Upregulation of LOX at protein and catalytic levels in 
cervical cancer cells under hypoxic conditions. To explore the 
effect of hypoxia on LOX protein expression, we performed 
western blot assays in HeLa and SiHa cells incubated under 
hypoxic conditions for various time points over a 48-h period. 
As shown in Fig. 1, hypoxia enhanced LOX protein expres-
sion in a time course-dependent manner amounting to 1.48-, 
1.74- and 2.07-fold of the control (52.6 density units) for HeLa 
cells (Fig. 1A), and 1.09-, 1.49- and 2.24-fold of the control 
(41.0 density units) for SiHa cells (Fig. 1B), respectively, at 12, 
24 and 48-h time points. Furthermore, LOX catalytic assays 
indicated significant increases in the LOX activity by hypoxia 
in the conditioned media reaching 1.5-, 3.2- and 5.2-fold of 
the control for HeLa cells and 2.5-, 2.8- and 6.2-fold of the 
control for SiHa cells, respectively, at the same time points as 
described (Fig. 1C).

BAPN inhibition of hypoxia-induced invasion of cervical 
cancer cells. The first step of the cancer metastatic process 
is cell invasion. To study the effect of LOX inhibition with 
cervical carcinoma cell behavior, we examined the invasion 
of HeLa and SiHa cells in vitro. Both cell lines were incu-
bated on Matrigel-coated filters of transwells for 48 h under 
normoxia or hypoxia in the presence or absence of 500 µM 
BAPN, an inhibitor of LOX. Following incubation, trans-filter 
(invasion) cells were stained (Fig. 2A and B) and numbers 
counted (Fig. 2C and D). As shown, two cell lines showed 
strong invasion phenomenon under hypoxia in comparison 
to normoxia. Notably, BAPN that inactivates LOX activity 
significantly reduced hypoxia-elicited cell invasion in both 
cell models (Fig. 2A and B). Counting of invasive cell number 
further illustrated morphological conclusion. As shown 
(Fig. 2C and D), hypoxia enhanced cancer cell invasion to 220 
and 250% of the control, which were suppressed to 50 and 
60% of the control in HeLa and SiHa cells, respectively, in the 
presence of 500 µM BAPN. Thus, LOX plays a key role in the 
development of invasion of cervical carcinoma cells.

BAPN inhibition of hypoxia-induced migration of cervical 
cancer cells. Migration is essential for cancer cell motility 
and crucial for primary metastatic growth. Using the transwell 
assay we further evaluated BAPN effects on the migration of 
cervical carcinoma cells. As shown in morphological studies, 
enhancement of migration was observed in HeLa (Fig. 3A) and 
SiHa (Fig. 3B) cells under hypoxic conditions which was antag-
onized in the presence of 500 µM BAPN. This was confirmed 
by cell number counting such that hypoxia increased cancer 
cell migration to 180 and 240% of the control, which were 
decreased to 60 and 70% of the control in HeLa (Fig. 3C) and 
SiHa cells (Fig. 3D), respectively, in the presence of 500 µM 
BAPN. Thus, LOX facilitates hypoxia-induced migration of 
cervical carcinoma cells.

Hypoxia induces epithelial-mesenchymal transition in 
cervical cancer cells. Phase-contrast microscopy showed 
morphological alterations in cervical carcinoma cells from 
the flatting, contacting and spreading form under normoxia 
to the elongating, spindle shape under hypoxia suggesting 
the loss of epithelial features and the gain of mesenchymal 
phenotypes of these cancer cells. Thus, hypoxia may induce 
EMT in cervical carcinoma cells. To test this possibility, we 
examined expressions of E-cadherin, α-SMA and vimentin, 
the EMT molecular markers, by western blotting in our cancer 
cell models. Consistent with the morphological changes, 
hypoxia induced downregulation of E-cadherin, an epithelial 
marker, in HeLa (Fig. 4A) and SiHa cells (Fig. 4B) in a time 
course-dependent manner. Reductions of E-cadherin in HeLa 
and SiHa cells amounted to 76, 49 and 3% of the control (142.5 
density units) for HeLa cells, and 84, 64 and 21% of the control 
(128.5 density units) for SiHa cells, respectively, at 12, 24 
and 48-h hypoxia incubation. Simultaneously, mesenchymal 
marker proteins, vimentin and α-SMA were increased to 3.0-, 
3.5- and 5.0-fold of the control (19.0 density units), and 1.1-, 
1.4- and 2.0-fold of the control (25.1 density units) for HeLa 
cells (Fig. 4C), and 4.2-, 4.6- and 4.3-fold of the control (51.9 
density units), and 1.2-, 1.25- and 20.5-fold of the control (6.3 
density units) for SiHa cells (Fig. 4D), respectively, under 

Figure 1. The time course of LOX protein expression and catalytic activity in cervical cancer cells under hypoxia. Hypoxia induced LOX protein expression 
in (A) HeLa and (B) SiHa cells. Cells were incubated under normoxia or hypoxia for 12, 24 and 48 h. Cell proteins were extracted for western blot analysis 
as described in Materials and methods. Tubulin was used as an internal control. (C) Effect of hypoxia on LOX activity in cervical carcinoma cells. Cervical 
carcinoma cells were cultured under normoxia or hypoxia for 12, 24 and 48 h. The conditioned media were collected and LOX activity was assayed. Data 
shown are the means ± SD (n=3). *P<0.05, **P<0.01 compared with control.
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Figure 3. BAPN inhibition of hypoxia-induced migration in cervical cancer cells. (A and C) HeLa and (B and D) SiHa cells were cultured under normoxia or 
hypoxia for 48 h. BAPN at 500 µM was added to the culture 24 h before hypoxia and incubation continued throughout the experiment. The migrated cells were 
fixed, stained with hematoxylin (A and B), and counted (C and D). Data in C and D are the means ± SD (n=3). **P<0.01, ***P<0.001 compared with control or 
hypoxia. (A and B) Original magnification, x200.

Figure 2. BAPN inhibition of hypoxia-induced invasion in cervical cancer cells. (A and C) HeLa and (B and D) SiHa cells were cultured under normoxia or 
hypoxia for 48 h. BAPN at 500 µM was added to the culture 24 h before hypoxia and the incubation continued throughout the experiment. The invaded cells 
were fixed, stained with hematoxylin (A and B), and counted (C and D). Data in C and D are the means ± SD (n=3). **P<0.01, ***P<0.001 compared with control 
or hypoxia. (A and B) Original magnification, x200.
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hypoxia for 12, 24 and 48 h. Thus, downregulation of epithe-
lial marker, E-cadherin, and upregulation of mesenchymal 
markers, α-SMA and vimentin, were associated with cervical 
carcinoma cells under hypoxia indicating EMT occurred in 
such cell models under our experimental conditions.

BAPN abolishment of the EMT morphological alterations 
in HeLa and SiHa cells. To answer whether BAPN inhibits 
hypoxia-induced EMT in cancer cell models, we examined 
BAPN effects on morphological changes in cervical carci-

noma cells under hypoxia with phase contrast microscopy. 
HeLa and SiHa cells exposed to hypoxia for 48 h displayed 
morphological changes towards a mesenchymal-like appear-
ance (Fig. 5). Anoxic HeLa and SiHa cells were no longer able 
to form ‘cobblestone’ clusters typical for epithelial cells, but 
acquired a more elongated, spindle-like morphology, a critical 
marker of EMT. These morphological changes were involved 
in cervical carcinoma cell invasion and migration under 
hypoxia (33). This is based on findings that BAPN inhibited 
tumor cell invasion and migration (Figs. 2 and 3) antagonized 

Figure 4. Time course of hypoxia-induced EMT protein marker expression in cervical cancer cells. (A and C) HeLa and (B and D) SiHa cells were incubated 
under normoxia or hypoxia for 12, 24 and 48 h. Cell proteins were extracted for western blot analysis to assess expressions of E-cadherin (A and B), and 
(C and D) α-SMA and vimentin. Tubulin or GAPDH was used as an internal control.

Figure 5. BAPN abolishment of the EMT morphological alterations in cervical cancer cells. HeLa and SiHa cells were incubated under normoxia or hypoxia 
for 48 h with or without 500 µM BAPN. BAPN at 500 µM was added to the culture 24 h before hypoxia and incubation continued throughout the experiment. 
Morphological changes of (A) HeLa and (B) SiHa cells were observed under the phase contrast microscope. (A and B) Original magnification, x200.
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morphological changes in cancer cells under hypoxia, and 
reversed cell phenotypes similar to those under normoxia. 
Thus, BAPN prevented HeLa and SiHa cells from hypoxia-
induced morphological changes toward the EMT.

BAPN antagonism of hypoxia-induced changes of EMT 
marker proteins in HeLa and SiHa cells. Finally, we detected 
the effects of BAPN on the expressions of E-cadherin, α-SMA, 
vimentin, MMP-2 and MMP-9 proteins, the EMT markers, in 

HeLa and SiHa cells exposed to hypoxia for 48 h. As shown, 
BAPN effectively prevented hypoxia-induced downregulation 
of E-cadherin (Fig. 6A and B) and strongly inhibited hypoxia-
induced upregulation of α-SMA and vimentin (Fig. 6C and D). 
Although MMP-2 in HeLa and SiHa cells was not changed 
significantly under hypoxia or hypoxia plus BAPN, MMP-9 in 
both cell lines was markedly changed in response to experi-
mental conditions (hypoxia and BAPN treatment). MMP-9 
expression was increased by hypoxia in SiHa cells up to 

Figure 6. BAPN antagonism of hypoxia-induced changes of EMT marker proteins in cervical cancer cells. (A and C) HeLa and (B and D) SiHa cells were 
incubated under normoxia or hypoxia for 48 h with or without 500 µM BAPN. BAPN at 500 µM was added to the culture 24 h before hypoxia and incuba-
tion continued throughout the experiment. Cell proteins were extracted for western blot analysis to assess expression of E-cadherin (A and B), and α-SMA, 
vimentin, MMP-2 and MMP-9 (C and D). Tubulin or GAPDH was used as an internal control. Protein bands were measured for densities using the 1D ScanEX 
software.

Table I. Densitometry measurement of BAPN effects on the expression of EMT marker proteins in HeLa and SiHa cells under 
hypoxia.

	 Normoxia	 Hypoxia	 Hypoxia+BAPN (100 µM)
	 ---------------------------------------------	 ---------------------------------------------------	 ------------------------------------------------
EMT markers	 Cell lines	 Density units	 (%)	 Density units	 (%)	 Density units	 (%)

E-cadherin	 HeLa	 103.0	 100	 84.0	 81.6	 95.0	 92.2
	 SiHa	 129.1	 100	 18.3	 14.2	 97.1	 75.2
α-SMA	 HeLa	 105.0	 100	 144.0	 137.1	 89.8	 85.5
	 SiHa	 44.8	 100	 98.6	 220.1	 53.0	 118.3
Vimentin	 HeLa	 10.7	 100	 213.2	 1992.5	 22.4	 209.3
	 SiHa	 4.4	 100	 69.3	 1575.0	 3.4	 77.3
MMP-2	 HeLa	 62.9	 100	 78.6	 125.0	 59.5	 94.6
	 SiHa	 79.2	 100	 76.9	 97.1	 71.3	 90.0
MMP-9	 HeLa	 128.0	 100	 104.2	 81.3	 53.0	 41.4
	 SiHa	 47.5	 100	 78.3	 164.8	 42.2	 88.4



ONCOLOGY REPORTS  29:  541-548,  2013 547

1.65‑fold of the control (47.5 density units) and turned to 0.88 
of the control (47.5 density units) in the presence of 500 µM 
BAPN. Furthermore, BAPN also reduced MMP-9 expres-
sion to 0.41 of the control (128 density units) in HeLa cells in 
response to hypoxia. Densitometry data of BAPN effects on 
EMT marker proteins are presented in Table I. These results 
are consistent with BAPN effects on tumor cell invasion and 
migration, strongly supporting the conclusion that LOX is an 
essential factor for modulation of hypoxia-induced EMT, inva-
sion and migration of cervical cancer cells.

Discussion

In the present study, we showed that stimulation of cervical 
cancer cells with hypoxia triggers LOX activation consistent 
with elevation of this enzyme in several types of cancer (34-36). 
LOX is known as a hypoxia-responsive gene and is known to 
be regulated at the messenger RNA level by hypoxia-inducible 
factor-1 (HIF-1) (19,35,36). Enhancement of LOX protein 
expression and enzyme activities in cervical cancer cells upon 
hypoxia exposure suggests LOX as critical factor modulating 
cancer cell behavior.

Implication of LOX in cancer development and progres-
sion is more controversial (37). A large volume of literature 
reports downregulation of LOX in various malignancies such 
as basal and squamous cell, bronchogenic, colon, esophageal, 
gastric, and head and neck squamous cell cancer, as well as 
in pancreatic, prostatic carcinomas, and melanoma (38). LOX 
propeptide reverses the invasive phenotype of Her-2/neu-
driven breast cancer (15). By contrast, our findings in this study 
indicate hypoxia-induced upregulation of LOX promoting 
invasion and migration in cervical cancer cells in vitro. One 
possible explanation for this controversy is that LOX impact 
on tumorigenic properties may depend on the tumorigenic 
tissue types, microenvironment and expressions of various 
LOX and LOX-like proteins in different organs (37).

We discovered a novel role of LOX in the modulation of 
hypoxia-induced EMT, invasion and migration of cervical 
cancer cells. EMT occurs during critical phases of embryonic 
development. Epithelial and mesenchymal cells each provide 
distinct specific biological functions (25). Epithelial cells can 
form ‘cobblestone’ clusters, display polar morphology, well-
developed cell-cell adhesion and cell contact inhibition, and 
E-cadherin expression. On the contrary, mesenchymal cells 
exhibit elongated, spindle-like morphology, strong cell motility, 
have focal adhesions, express α-SMA, vimentin and transcrip-
tion factors Snail, Slug and Twist (37). During the transition, 
polarized epithelial cells are converted into motile cells, and 
epithelial morphology turns into fibroblastic phenotype. EMT 
is not only a critical phase of embryonic development, but also 
provides a mechanism for cancer progression (39). Cancer 
cells use EMT to overcome cell-cell adhesion constraints and 
gain a migratory phenotype. Therefore, EMT is a fundamental 
process for cancer cell invasion and migration.

E-cadherin mediates homophilic interactions by forming 
adhesive bonds between one or several immunoglobulin 
domains in their extracellular region and connecting to actin 
microfilaments. E-cadherin is required for adhering junc-
tions and maintaining epithelial phenotype. E-cadherin also 
regulates cell proliferation. Loss of E-cadherin expression 

is strongly involved in EMT (39,40). We herein report that 
hypoxia downregulated E-cadherin expression, consistent 
with the early publication regarding HIF-1 and Notch regula-
tion of E-cadherin. Although Notch signaling has been shown 
to indirectly upregulate expression of LOX, direct evidence 
for LOX modulation of the EMT has yet to be described (23). 
α-SMA and vimentin are often used to define the mesenchymal 
phenotype  (41). MMP-2 and MMP-9 play critical roles in 
tumor invasion and development of metastases (42,43). In this 
study, hypoxia-induced expressions of mesenchymal markers, 
α-SMA, vimentin and MMP-9, were blocked by BAPN, an 
active site inhibitor of LOX. Simultaneously, BAPN inhibition 
of LOX can also reverse hypoxia-induced invasion and migra-
tion of cervical cancer cells. Thus, LOX is a critical effector 
for hypoxia-induced metastasis mediated by facilitating EMT 
of cancer cells.

It should be noted that cell invasion and migration are 
complex, multi-step processes. The critical role of LOX in 
invasion and migration of cancer cells may also be mediated 
by other mechanisms in addition to stimulating EMT. LOX 
has been reported to promote BMDC adhesion and invasion 
by crosslinking collagen IV in basement membranes (16). 
LOX has chemotactic activity modulating organization 
of actin filaments and focal adhesions essential for cell 
migration (44). Inhibition of LOX decreased focal adhesion 
kinase (FAK) and PI3K activities, impeded malignancy 
and lowered tumor incidence (17). Thus, the development 
of drugs targeting LOX may have therapeutic significance 
for the prevention and treatment of hypoxia-induced tumor 
metastasis.
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