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Abstract: Abnormal expression of aquaporins (AQPs) has been reported in several human cancers. Epidermal 
growth factor receptor (EGFR)-extracellular signal-regulated kinases1/2 (ERK1/2) are associated with tumorigen-
esis and cancer progression and may upregulate AQPs expression. In this study, we investigated acquaporin-8 
expression and signaling via epidermal growth factor receptor-extracellular signal-regulated kinases1/2 in human 
esophageal cancer Eca-109 cells by western blot, immunofluorescence and wound healing (scratch) assays. Our 
results showed that epidermal growth factor (EGF) induced both Eca-109 migration and AQP8 expression. Wound 
healing results showed that cell migration was increased by 1.23-1.10-fold at 24 h and 48 h after EGF treatment. 
AQP8 expression was significantly increased (1.19-fold) at 48 h after EGF treatment in Eca-109. The EGFR kinase 
inhibitor, PD153035, blocked EGF-induced AQP8 expression and cell migration. AQP8 expression was decreased 
from 3.65-fold (EGF-treated) to 0.55-fold (PD153035-treated) in Eca-109. Furthermore, the MEK [MAPK (mitogen-
activated protein kinase)/Erk1/2]/Erk1/2 inhibitor U0126 also inhibited EGF-induced AQP8 expression and cell 
migration. AQP8 expression was decreased from 3.92-fold (EGF-treated) to 1.38-fold (U0126-treated) in Eca-109. 
In conclusions, EGF induces AQP8 expression and cell migration in Eca-109 cells via the EGFR/Erk1/2 signal trans-
duction pathway.
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Introduction 

The cells of all living organisms are composed 
mainly of water, which is essential for to life. 
Aquaporins (AQPs) are small transmembrane 
proteins that are expressed in a variety of epi-
thelial tissues where they regulate rapid water 
movement across epithelial barriers driven by 
osmotic gradients. Based on permeability, 
mammalian AQPs are divided into three groups: 
a) water-selective permeable aquaporins (AQ- 
P0, AQP1, AQP2, AQP4, AQP5, AQP6, and AQ- 
P8); b) aquaglyceroporins permeable to water, 
glycerol, urea, and other solutes (AQP3, AQP7, 
AQP9, and AQP10); c) subcellular aquaporins or 
super-aquaporins (AQP11 and AQP12), which 
have low homology with the other AQPs [1]. 
Tissue distribution and regulation studies have 
provided indirect evidence for the involvement 
of AQPs in a variety of physiological processes. 
Current theories associate AQP activity with 
increased osmotic pressure to form cell protru-

sions that are essential for migration. Malignant 
tumor cells have vigorous activities and active 
metabolism, and their demand for water is 
increased compared with normal cells. 
Furthermore, aquaporins may play a key role in 
tumor energy metabolism [2-4]. Recent evi-
dence suggests that aquaporins are also 
involved in cell migration [5], angiogenesis [6], 
and tumor growth [7], and are strongly 
expressed in tumor cells of different origins, 
particularly aggressive tumors. A further, yet 
not sufficiently considered possibility for the 
pro-tumorigenic functions of AQPs is the direct 
or indirect regulation of other genes. For exam-
ple stabilization of hypoxia-inducible factor is 
facilitated by AQP1 expression [8] and AQP5 
interacts with the Ras/extracellular signal-regu-
lated kinase (Erk1/2)/retinoblastoma protein 
signaling pathway [9]. It is important to eluci-
date their tumor-specific expression patterns 
and to reveal their potential functions besides 
water transport in the different organs and 
tumor entities.
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The AQP8 gene located on chromosome 16 
p12, encodes a 261 amino acid protein [10], 
which participates only in water metabolism. 
AQP8 is involved in the pathogenesis of inflam-
matory disease [11, 12]. So far, however, the 
function of AQP8 function in carcinogenesis is 
controversial. Epidermal growth factor receptor 
(EGFR)-Erk1/2, which belongs to the mitogen-
activated protein kinase (MAPK) family, forms 
part of a critically important signal transduction 
pathway that is closely associated with tumori-
genesis and tumor progression [13].

In this study, we investigated the capacity of 
EGFR-Erk1/2 to induce AQP8 expression in 
human esophageal cancer Eca-109 cells and 
signaling via the epidermal growth factor recep-
tor (EGFR)-extracellular signal-regulated kinas-
es1/2 (Erk1/2) pathway.

Materials and methods

Cell lines and reagents

Human esophageal cancer Eca-109 cell line 
(purchased from the Type Culture Collection of 
the Chinese Academy of Sciences, Shanghai, 
China); TRIzol (Invitrogen, Carlsbad, California, 
USA); AQP8 primary rabbit polyclonal antibody 
(sc-28624, Santa Cruz), EGFR primary rabbit 
monoclonal antibody (sc-03, Santa Cruz, USA), 
p-EGFR (Tyr1068) (3777, Cell Signaling Te- 
chnology, USA); β-actin (BA2305, Boster, 
China); Pierce secondary goat antibody (31430, 
Thermo Scientific, USA); EGFR kinase inhibitor 
PD153035 (S1079, Selleckchem, USA); Erk1/2 
inhibitor U0126 (PHZ1283, Gibco, USA).

Cell culture

Eca-109 cells were cultured at 37°C in a humid-
ified incubator 50 ml/L CO2 with Dulbecco’s 
modified Eagle medium (DMEM) supplemented 
with 100 U/ml penicillin, 0.1 mg/ml streptomy-
cin, and 100 ml/L fetal bovine serum (FBS).

In vitro wound healing (scratch) assay

The procedure was performed as described 
[14]. In brief, Eca-109 cells were cultured as 
confluent monolayers in 6-well plates, synchro-
nized in 10 ml/L FBS for 24 h. The monolayer 
was wounded by removing a 300-500 μm-wide 
strip of cells across the well with a standard 10 
μl pipette tip. Floating cells were removed by 
washing with PBS. Media containing 10 ml/L 

FBS with or without the indicated concentra-
tions of EGF, PD153035 and U0126 were 
added to the wells and incubated for an addi-
tional 24 h or 48 h. Five representative images 
of the scratched areas were photographed 
under light microscopy (ZEISS, Observer, Z1, 
magnification: ×50) at 0 h, 24 h and 48 h. The 
average gap at these time-points was used to 
quantify the wound healing in each group.

Western blot analysis

Cultured human Eca-109 cells with or without 
treatment were washed with cold PBS and har-
vested by scraping into 500 µl RIPA buffer. Cell 
lysates were incubated at 4°C for 30 min. After 
centrifugation at 10000 ×g for 10 min at 4°C, 
the protein concentration was determined by 
BCA assay. Proteins were then denatured in 5× 
SDS-PAGE loading buffer for 5 min at 100°C.
The proteins were separated by SDS-PAGE (100 
g/L or 5 g/L gels) and transferred to PVDF 
membrane (IPVH00010, Millipore, USA) for 50 
min at 4°C. Non-specific binding was blocked 
with 50 g/L dried skimmed milk. After blocking, 
membranes were incubated with specific anti-
bodies against AQP8 (1:200), EGFR (1:800), 
phospho-EGFR (1:1000) and β-actin (1:300) in 
dilution buffer overnight at 4°C. The blots were 
incubated with secondary antibody at room 
temperature for 1 h. Antibody binding was 
detected using the ECL (enhanced chemilumi-
nescence) detection system (PIERCE, Rockford, 
Illinois, USA). Relative expression value (inte-
gral optical density, IOD) = specific antibodies 
(IOD)/β-actin (IOD).

Immunofluorescence analysis

Following treatment, cells were fixed in cold 
acetone for 10 min at 4°C, washed three times 
with PBS (5 min/wash). Fixed cells were stained 
with anti-AQP8 primary antibody overnight at 
4°C, followed by fluorescein isocyanate-labeled 
secondary antibody for 45 min at 37°C. PBS 
was used instead of the primary antibody in the 
negative control. After washing, AQP8 immuno-
fluorescence was observed using a ZEISS fluo-
rescence microscope.

Statistical analysis

Data are expressed as the mean ± standard 
deviation. Statistical differences among groups 
were compared using the one-ANOVA for mea-
surement data. P < 0.05 was considered to be 
statistically significant.
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Results

EGF induces cell migration in Eca-109 cells

Invasion of malignant tumors is correlated with 
cell migration; therefore, we tested the capacity 
of EGF to induce migration in Eca-109 cells. 
Eca-109 cells cultured in 6-well plates were 
treated with EGF at 50 ng/ml. Wound healing 
was monitored and digitized results showed 
that cell migration was increased by 1.23-1.10-
fold at 24 h and 48 h after EGF treatment 
(Figure 1A-C, P < 0.05) when compared with 
untreated cells. These results clearly demon-
strate that EGF induces human Eca-109 migra- 
tion.

EGF induces AQP8 expression in Eca-109 cells

Recent studies have indicated upregulated 
AQP8 expression and increased apoptotic 

responsiveness in carcinoma [15, 16], and thus 
decreased cell migration. We next investigated 
whether AQP8 is expressed in human Eca-109 
and whether EGF induces AQP8 expression. 
Cells treated with EGF (50 ng/ml) were collect-
ed at 0 h, 24 h and 48 h and analyzed for AQP8 
by western blotting and immunofluorescence. 
As shown in Figure 2, AQP8 was expressed in 
human Eca-109 cells and EGF induced AQP8 
expression in a time-dependent manner. AQP8 
expression was significantly increased (1.19-
fold) at 48 h in Eca-109 (Figure 2A, 2B, P < 
0.05). This effect was confirmed by immunoflu-
orescence analysis (Figure 2C-E).

EGFR mediates EGF-induced AQP8 expression 
and cell migration in Eca-109 cells

We used an EGFR kinase inhibitor, PD153035 
(5 μM), to further investigate the role of EGFR in 
EGF-induced AQP8 expression and cell migra-

Figure 1. EGF induces cell migra-
tion and wound healing in human 
esophageal cancer Eca-109 cells. 
Human Eca-109 cells were treated 
with (A) or without (B) EGF (50 ng/
ml) for 0 h (A1, B1), 24 h (A2, B2) 
and 48 h (A3, B3) and cell migra-
tion was detected in wound heal-
ing assays. The average wound 
gap is shown in (C). *P < 0.05 
vs. untreated group (24 h), **P < 
0.05 vs. untreated group (48 h). 
Magnification (A and B: ×50).
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tion. Western blot data showed that pretreat-
ment with PD153035 inhibited EGF-induced 
AQP8 expression. AQP8 expression was de- 
creased from 3.65-fold (EGF-treated) to 0.55-
fold (PD153035-treated) in Eca-109 (Figure 
3A, 3B). This effect was confirmed by immuno-
fluorescence analysis (Figure 3C-F). Moreover, 
EGF-induced cell migration was inhibited also 
by PD153035 (Figure 3G). EGF induced EGFR 
phosphorylation in a time-dependent manner, 

reaching a peak at 15 min post-EGF treatment 
and remaining elevated for 1 h (Figure 3H, 3I).

Erk1/2 mediates EGF-induced AQP8 expres-
sion and cell migration in Eca-109 cells

Abundant studies have shown that activation of 
EGFR results in phosphorylation and activation 
of various effector proteins [17], including 
MAPK (mitogen-activated protein kinase) [18, 

Figure 2. EGF induces AQP8 expression in hu-
man esophageal cancer Eca-109 cells. Hu-
man Eca-109 cells were treated with EGF (50 
ng/ml) and harvested at 0 h, 24 h and 48 h). 
AQP8 expression was analyzed by Western blot 
(A) and quantified by AQP8 expression/β-actin 
expression (B). AQP8 expression was also de-
tected by immunofluoresence at 0 h (C), 24 
h (D) and 48 h (E) after EGF treatment. *P < 
0.05 vs. 0 h. Magnification (C-E: ×100).
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Figure 3. EGF-induced AQP8 expression and cell migration are blocked by PD153035. Eca-109 cells were treat-
ed with or without PD153035 for 48 h. AQP8 expression in Eca-109 cells was analyzed by Western blot (A) and 
quantified (B). Immunofluorescence was used to detect AQP8 expression: (C) untreated group; (D) EGF group; (E) 
PD153035 group; (F) EGF+PD153035 group. Cell migration was detected by wound healing assays: (G1) untreated 
group; (G2) EGF group; (G3) PD153035 group; (G4) EGF+PD153035 group. For EGFR phosphorylation analysis, 
cells were treated with EGF (50 ng/ml) and harvested at 0 min, 15 min and 60 min. p-EGFR and EGFR expression 
was analyzed by Western blot (H) and quantified in (I). *P < 0.05 vs. untreated group. Magnification: (C-F: ×100; G: 
×50).

19]. The data presented here indicated that 
activation of EGFR is required for EGF-induced 

AQP8 expression and cell migration. The MEK 
(MAPK/Erk)/Erk inhibitor U0126 (30 nM) was 
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used to further clarify the cell signaling path-
way leading to EGF-induced AQP8 expression 
and cell migration. Western blot data showed 
that pretreatment with U0126 partially inhibit-
ed EGF-induced AQP8 expression. AQP8 ex- 
pression was decreased from 3.92-fold (EGF-
treated) to 1.38-fold (U0126-treated) in Eca-
109 (Figure 4A, 4B). Immunofluorescence 
analysis confirmed that the Erk1/2 inhibitors 
inhibited EGF-induced AQP8 expression (Figure 
4C). Moreover, cell migration induced by EGF 
was also inhibited by U0126 (Figure 4D).

Discussion

Invasion and metastasis of malignant tumors 
depends on cell migration, which is a dynamic, 
well-organized and complex process. Numerous 

studies have demonstrated that EGF activates 
its receptor, resulting in increased cell migra-
tion in human tumor cells [20-22]; thus EGF, via 
its receptor, plays an important role in cell 
migration and tumor invasion. Our study clearly 
showed that EGF induces migration of human 
esophageal cancer Eca-109 cells using an in 
vitro wound healing assay (Figure 1).

Cell migration is a multistep process involving 
numerous growth factors, cytokines and adhe-
sion molecules as well as extracellular-matrix 
proteins. Recent studies have implicated 
another important process, namely, AQP-
dependent cell migration, which involves AQP-
facilitated water influx into the dynamic cellular 
protrusions (lamellapodia) at the leading edge 
of migrating cells [14, 23]. To date, 13 mamma-

Figure 4. EGF-induced AQP8 expression and cells migration are blocked by U0126. Eca-109 cells were treated 
with or without U0126 for 48 h. AQP8 expression in Eca-109 cells was analyzed by Western blot (A) and quantified 
(B). Immunofluorescence was used to detect AQP8 expression: (C1) untreated group; (C2) EGF group; (C3) U0126 
group; (C4) EGF+U0126 group. Cell migration was detected in wound healing assays: (D1) untreated group; (D2) 
EGF group; (D3) U0126 group; (D4) EGF+U0126 group. *P < 0.05 vs. untreated group. Magnification: (C: ×100; D: 
×50).



Acquaporin-8 mediates migration via EGFR-Erk1/2 signaling

7669 Int J Clin Exp Pathol 2014;7(11):7663-7671

lian homologs (AQP 0-12) have been identified 
[2]. Previous studies have shown that AQP8 is 
distributed predominantly in gastrointestinal 
epithelial cells (especially the colon), liver, pan-
creas, and the male and female reproductive 
systems. However, reports of the role of AQP8 
in carcinogenesis are controversial. Some stud-
ies demonstrated that AQP8 contributes to 
tumor cell migration and proliferation [23, 24], 
while others indicated that AQP8 induces tumor 
cell apoptosis and downregulated expression in 
carcinoma [16, 25]. Here we provide evidence 
that AQP8 is expressed in human esophageal 
cancer Eca-109 cells and that EGF, which 
induced migration, also induced AQP8 expres-
sion in this cell line (Figure 2). Our findings sup-
port the hypothesis that AQP8 makes a positive 
contribution to carcinogenesis. This is consis-
tent with reports of the roles of other AQP sub-
types in tumorigenesis, such as AQP1 and 
AQP3. AQP1 increases the migration speed of 
B16F10 melanoma cells and 4T1 mammary 
gland tumor cells, while AQP3 is involved in 
FGF-2-induced migration of human breast can-
cer cells [14, 26]. Our results suggest that 
upregulation of AQP8 in response to EGF accel-
erates Eca-109 cell migration by enhancing 
plasma-membrane water permeability, which in 
turn boosts transmembrane water fluxes that 
occur during cell migration.

The discovery of the AQP family has provided 
insights into the molecular mechanisms of 
membrane water permeability and tumor cell 
migration. However, the mechanisms by which 
EGF upregulates AQP8 expression in Eca-109 
cells remain poorly understood. In this study, 
we have provided the evidence that EGFR and 
Erk1/2 mediate EGF-induced AQP8 expression 
and Eca-109 migration. Our study demonstrat-
ed that EGF induced transient EGFR phosphor-
ylation, and that the EGFR kinase inhibitor, 
PD153035, inhibited cell migration induced by 
EGF in Eca-109 cells. EGFR is known to be an 
essential regulator in tumorigenesis, including 
in tumor cell migration [27-29]. Here we demon-
strated that both EGFR and its kinase activity 
were required for EGF-induced AQP8 expres-
sion and cell migration in human esophageal 
cancer Eca-109 cells (Figure 3).

Erk1/2 is a member of EGFR signaling pathway. 
It has been estimated that Erk1/2 targets more 
than 180 different molecules that are respon-
sible for cell growth, survival, and differentia-
tion; thus, aberrant regulation greatly affects 

cell growth. Erk1/2 kinase couples the signals 
from cell surface receptors to molecules that 
transmit cell proliferative signals. Following a 
cascade reaction, Erk1 phosphorylates Erk1/2, 
leading to the upregulation of various transcrip-
tion factors such as Ets-1, c-Jun, c-Myc, and 
HIF1α [30]. Our study also showed that the 
Erk1/2 inhibitor U0126 inhibited cell migration 
induced by EGF in human Eca-109 cells and 
that the Erk1/2 inhibitor U0126 effectively 
restrained EGF-induced AQP8 expression 
(Figure 4A-D) in human Eca-109 cells. These 
results clearly demonstrate that the EGFR/
Erk1/2 signaling pathway is involved in EGF-
induced AQP8 expression and cell migration in 
human Eca-109 cells. We contend that Erk1/2 
is a critical signaling molecule in the selective 
regulation of AQP8 expression and/or the func-
tion in human Eca-109 cells.

In conclusion, our findings demonstrate for the 
first time that AQP8 is expressed in human 
esophageal cancer Eca-109 cells, and that EGF 
induces AQP8 expression and cell migration via 
the EGFR/Erk1/2 signal transduction pathway 
in these cells. Our findings also provide an 
explanation for the positive function of AQP8 in 
carcinogenesis. It is envisioned that develop-
ment of agents that induced AQP8 opening or 
overexpression may be beneficial in the preven-
tion of human malignant tumor cell invasion.
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