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Abstract. Aquaporins (AQPs) are a family of small, integral 
membrane proteins that have been shown to play an important 
role in tumor development and metastasis. Several studies 
have demonstrated that expression of AQP3 contributes to 
the enhanced migration of epithelial cells and is related to 
differentiation, metastasis and vascular invasion in lung and 
gastric cancer. Therefore, we investigated whether AQP3 
could enhance human colorectal carcinoma cell migration and 
we examined the role of AQP3 in the prognosis of colorectal 
carcinoma. Our results showed that human epidermal growth 
factor (hEGF) increased the expression of AQP3 and, subse-
quently, the migration ability of human colorectal carcinoma 
cells HCT116 in a dose- and time-dependent manner. The 
enhanced migration ability of HCT116 cells was blocked by 
the AQP3 inhibitor, CuSO4. Overexpression of AQP3 induced 
by hEGF was inhibited by a PI3K/AKT inhibitor, LY294002, 
but the ERK inhibitor U0126 had a minor effect on the hEGF-
induced AQP3 upregulation. Immunohistochemical staining 
of the cancer tissues and corresponding normal tissues showed 
that AQP3 expression in cancer tissue was higher compared to 
that in normal tissue. The expression intensity of AQP3 was 
associated with the differentiation, lymph node and distant 
metastasis of colorectal carcinoma patients. Our results 
suggest that AQP3 overexpression could facilitate colorectal 
carcinoma cell migration and AQP3 may be considered a 
potential indicator and therapeutic target for colon tumor 
metastasis and prognosis.

Introduction

Colorectal cancer is the fourth most common cancer in the 
world (1,2). In spite of radical surgery and chemotherapy, the 
overall 5-year survival rate remains poor (3). Cancer recur-

rence and metastasis after surgery have been recognized as the 
main causes of the poor outcome of colorectal cancer patients. 
It has been documented that more than 50% of patients with 
colorectal cancer will develop liver metastases (2). Therefore, 
properly understanding the mechanisms underlying colorectal 
cancer metastasis as well as identifying new molecular targets 
for therapeutic agents is critical for the prevention of colorectal 
cancer metastasis.

Aquaporins (AQPs) are a family of small, integral 
membrane proteins involved in the selective transport of water 
across cell membranes (4,5). Accumulating evidence suggests 
that the expression of AQP3 is tightly correlated with cell 
proliferation and migration. Hara-Chikuma and Verkman (6) 
showed the knockout of AQP3 could affect the proliferation 
and migration ability of keratinocyte and slow the wound 
healing rate of mouse skin. However, when the expression of 
AQP3 was upregulated in human keratinocytes by transfection 
with human AQP3 DNA plasmid, the cell proliferation was 
increased (7). In human gastric adenocarcinoma cells, AQP3 
knockdown inhibited hEGF-induced AQP3 expression and, 
thus, cell migration and proliferation (8). Inhibition of AQP3 
in human esophageal and oral squamous cell carcinoma also 
suppressed cancer cell proliferation (9). Since the migration of 
tumor cells is an important step in tumor invasion and metas-
tasis (10), the above findings strongly suggest that inhibition of 
AQP3 might be useful in the treatment of cancer.

Some studies have shown that AQP1, AQP3 and AQP8 
are also expressed in the normal colon (11-13); however, in 
colorectal carcinoma, the expression of AQP1 and AQP3 is 
much higher than in normal tissue (11,14), indicating AQPs 
may be involved in the development of colorectal carcinoma. 
However, there are few studies concerning the role of AQP3 
in colorectal carcinoma thus far. Based on the above findings, 
we hypothesized that AQP3 is involved in the migration of 
colorectal carcinoma. Therefore, in the present study, we 
investigated the relationship between AQP3 and the migration 
of colorectal carcinoma cells in vitro and analyzed the expres-
sion of AQP3 and the differentiation, lymph node and distant 
metastasis of human colorectal carcinoma.

Materials and methods

Cell culture. The human colorectal carcinoma cell line 
HCT116 was purchased from the Shanghai Institutes for 
Biological Sciences, Chinese Academy of Sciences, and was 
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cultured in RPMI-1640 medium supplemented with 10% fetal 
bovine serum (FBS), 100 U/ml of penicillin and 100 U/ml of 
streptomycin, at 37˚C, 5% CO2 and 95% humidity.

Wound healing assay. Six-well plates were coated with polyly-
sine (PL). HCT116 cells were seeded in the coated plates at a 
density of 5x105/well and cultured to ~80% confluence. Wound 
healing assay was performed as previously described (15). 
Briefly, a scratch wound was generated by scratching with a 
200 µl pipette tip across the center of the well. After scratching, 
the well was gently washed twice with medium to remove the 
detached cells and fresh medium was added into the wells. 
Cells were cultured at 37˚C for indicated times and images 
were captured at different time points.

Western blot analysis. Total protein was extracted as previ-
ously described (16). Briefly, the cells were lysed with RIPA 
lysis buffer (Beyotime, Haimen, Jiangsu, China) and then 
centrifuged at 12,000 x g for 15 min at 4˚C. The supernatants 
were collected for the western blot analysis. Protein concen-
tration was determined with the BCA method. Proteins were 
separated by sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis and transferred to the polyvinylidene fluoride 
(PVDF) membrane (Millipore, Billerica, MA, USA). The blot 
was then probed with primary antibody followed by reaction 
with horseradish peroxidase-conjugated secondary antibody. 
The signal was detected using enhanced chemiluminescence 
and recorded on X-ray film. The relative density of the target 
bands was quantified using Gel-Pro analyzer version 3.0 
(Media Cybernetics, Bethesda, MD, USA).

Patients. Between January 2006 and December 2007, 
163 patients (94 men and 69 women; range, 37-80 years, average 
66.1±11.3 years) with colorectal cancer were enrolled from 
Xuanwu Hospital of Capital Medical University. Colorectal 
cancer was diagnosed by colonoscopy and confirmed as 
adenocarcinoma by pathological examination. There were 
4 cases of grade I, 79 cases of grade II, 59 cases of grade III 

and 21 cases of grade IV according to the American Joint 
Committee on Cancer (AJCC) staging guidelines (7th edition). 
All patients received colorectal cancer surgery according to 
schedule and were followed up for 3 years by telephone or as 
outpatients. The study was approved by the ethics committee 
of the Xuanwu Hospital of Capital Medical University.

Immunohistochemistry. The expression of AQP3 was exam-
ined by immunohistochemical (IHC) staining. IHC was 
carried out using a specific mouse polyclonal anti-AQP3 
antibody (Bioworld Technology, Minneapolis, MN, USA). The 
results were scored using the Fromowitz method (17) by two 
independent pathologists. Briefly, the images were first scored 
according to the percentage of AQP3 positive cells in the total 
tumor cells: ≤5%, score 0; 6-25%, score 1; 26-50%, score 2; 
51-75%, score 3; >75%, score 4. The images were then scored 
according to the staining depth: negative staining, score 0; faint 
yellow, score 1; brown madder, score 2; dark brown, score 3. 
The scores of the same slide were summed to produce a final 
score: 0-1 was considered negative (-); 2-3, weakly positive 
(+); 4-5, moderately positive (++); 6-7, strong positive (+++). 
Negative and weakly positive were considered as low expres-
sion. Moderately positive and strong positive were considered 
as high expression.

Statistical analysis. Data are expressed as the means ± SD. 
Statistical significance was determined using PASW 18.0 
for Windows. Student's t-test was used to compare means for 
two groups and one-way ANOVA was performed for multiple 
comparisons followed by Newman-Keuls test for multiple 
comparisons. Strength of IHC was analyzed by Pearson's 
Chi-squared test. P<0.05 indicated statistically significant 
differences.

Results

hEGF upregulates AQP3 expression in HCT116 cells. To 
study whether hEGF could stimulate AQP3 expression in 

Figure 1. hEGF upregulates AQP3 expression in HCT116 human colorectal carcinoma cells. HCT116 cells were seeded in 6-well plates. After 24 h, the cells 
were treated with (A) various concentrations of hEGF for another 24 h or (B) hEGF (100 ng/ml) for different times. Then the protein was extracted and 
subjected to western blot analysis. (C and D) The quantitative expression of AQP3 in (A and B), respectively. *P<0.05, compared with untreated cells.
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human colorectal cancer cells, western blot analysis was 
performed. As shown in Fig. 1A, after hEGF treatment for 
24 h, the expression of AQP3 was significantly increased. The 
AQP3 expression was increased along with the dose of hEGF, 
indicating hEGF may upregulate AQP3 expression in a dose-
dependent manner. Then, we further investigated the AQP3 
expression in HCT116 cells after hEGF treatment for different 
times. The results showed that AQP3 expression was also 
elevated along with the extension of stimulating time (Fig. 1B 
and D). These results suggest hEGF was able to upregulate 
AQP3 expression in a dose- and time-dependent manner.

Upregulation of AQP3 enhances the migration ability of 
HCT116 cells. Since many studies have shown that overexpres-
sion of AQP3 is able to promote cell migration, we considered 
whether AQP3 could also facilitate the migration of colorectal 
cancer cells. Following treatment with hEGF, the wound gaps 
decreased significantly in a time- and dose-dependent manner 
(Fig. 2). To further elucidate whether the enhanced migra-

tion ability of HCT116 cells was due to the upregulation of 
AQP3 levels, we used a specific inhibitor of AQP3, CuSO4, 
in the following experiment. After hEGF treatment for 24 h, 
the expression of AQP3 was not altered by CuSO4 (Fig. 3A). 
However, the migration ability of HCT116 cells was obviously 
decreased (Fig. 3B), suggesting that AQP3 plays an important 
role in the migration of human colorectal cancer cells.

hEGF upregulates AQP3 expression through the PI3K/AKT 
pathway. Additional experiments were conducted to further 
investigate the cell signaling pathways involved in hEGF-
induced AQP3 expression in human colorectal cancer cells 
(Fig. 4). Western blot analysis showed that pretreatment of 
the PI3K/AKT inhibitor LY294002 (20 µM) for 1.5 h almost 
completely abolished hEGF (100  ng/ml)-induced AQP3 
expression. However, pretreatment with the ERK inhibitor, 
U0126, showed only a slight effect on hEGF-induced AQP3 
expression. LY294002 and U0126 did not affect the EGFR 
expression and phosphorylation.

Figure 2. hEGF enhances HCT116 cell migration ability. HCT116 cells 
were seeded in 6-well plates at a density of 5x105/well. After 24 h, scratch 
wounds were generated as described in Materials and methods. Then the 
cells were treated with (A) various concentrations of hEGF for another 24 h 
or (B) hEGF (100 ng/ml) for different times. Images were captured and the 
wound gaps were determined. The initial length of the wound gap was calcu-
lated as 100%. Percent of wound contraction was calculated taking the initial 
size of the wound gap as 100%. *P<0.05, compared with untreated cells.

Figure 3. hEGF-induced HCT116 cell migration is inhibited by CuSO4. (A) 
Expression of AQP3 was not decreased by CuSO4. HCT116 cells were pre-
treated with CuSO4 (500 µmol/l) or vehicle for 2 h, and then cultured with 
or without hEGF (100 ng/ml) for another 24 h. (B) The migration ability of 
HCT116 cells was inhibited by CuSO4. HCT116 cells were pretreated with 
CuSO4 (500 µmol/l) or vehicle for 2 h, and then scratch wounds were gener-
ated. The cells were cultured with or without hEGF (100 ng/ml) for another 
24 h. *P<0.05, compared with control cells (0 h); #P<0.05, compared with 
vehicle and hEGF-treated for 24 h.
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Expression of AQP3 in colorectal carcinoma tissues and 
corresponding normal tissues. AQP3 expression was found 
in both normal colonic epithelium and colorectal carcinoma 
tissue as shown by IHC staining (Fig. 5). AQP3 protein was 
found in the membranes and cytoplasm of colonic epithelial 
cells. In the normal colonic tissues, 119 cases (73.0%) showed 
low expression and 44 cases (27.0%) showed high expression 
(Table I); whereas in colorectal carcinoma tissues, 70 cases 
(42.9%) showed low expression and 93 cases (57.1%) showed 
high expression. The difference was significant between the 
carcinoma tissues and normal tissues.

AQP3 expression is associated with differentiation, lymph 
node and distant metastasis in colorectal carcinoma. Since we 
found the AQP3 was highly expressed in colorectal carcinoma 
tissues, we sought to investigate whether there was any clinical 
value in the AQP3 expression in colorectal carcinoma. Patients 
were grouped according to the clinical parameters, as shown 
in Table II. We found that in the high/medium differentiation 
group, 50.7% (69/136) of patients showed high expression of 
AQP3, whereas 77.8% (21/27) of patients in the low differen-
tiation group showed high expression of AQP3. A significant 
difference was found between the two groups. Patients with 
lymph node metastasis showed a higher rate of AQP3 over-
expression (52/80, 65.0%) than those without node metastasis 
(38/83, 45.8%). Similarly, patients with distant metastasis at 
initial diagnosis (20/21, 95.2%) also exhibited a higher rate 
of AQP3 overexpression than those without (70/142, 49.3%). 
However, when the patients were grouped by gender, age 
and adjacent organ invasion, no significant differences were 
detected.

Discussion

In the present study, we first showed that hEGF was able to 
upregulate AQP3 expression and subsequent migration ability 
through the PI3K/Akt signaling pathway in human colorectal 
carcinoma cells. CuSO4, an inhibitor for AQP3 signaling, 
blocked hEGF-induced upregulation of colorectal carcinoma 
cell migration, but displayed only a minor effect on AQP3 
expression and EGFR expression and activation. We also 
found the AQP3 expression in colorectal carcinoma tissues 
was significantly higher than in normal tissues by immuno-
histochemistry. Significantly, the overexpression of AQP3 
was associated with differentiation, lymph node and distant 
metastasis in patients with colorectal carcinoma.

EGF, which is a single-chain polypeptide separated from 
male rat submandibular gland in 1962  (18), controls cell 
proliferation, differentiation, apoptosis and migration through 
binding to its receptor, EGFR. In normal tissues, there is very 
low expression of EGF and EGFR, while in many malignant 
cells, they are usually overexpressed (19,20). Previous studies 
have found that EGF could induce AQP3 upregulation and cell 
migration in human ovarian and gastric cancer cells (8,21). 
Therefore, we assumed that EGF-induced cell migration 
is also mediated by AQP3. In the present study, we showed 
that hEGF induced AQP3 upregulation in human colorectal 
carcinoma cell lines in a time- and dose-dependent manner 
and increased cell migration. In addition, when the cells were 
pretreated with CuSO4, the increase of cell migration induced 
by hEGF was abolished, indicating AQP3 is directly involved 
in the cell migration. 

Ciardiello and Tortora (22) reported that after the activation 
of EGFR, EGF regulates cell proliferation, adhesion and move-
ment through the downstream PI3K/AKT or MAPK signaling 
pathways. In our study, the results showed that pretreatment 
with the ERK inhibitor did not alter the AQP3 expression in 

Figure 4. hEGF-induced AQP3 upregulation in HCT116 human colorectal 
carcinoma cells was abolished by the PI3K/AKT inhibitor. HCT116 cells 
were seeded in 6-well plates. After 24 h, the cells were pretreated with 
U0126 (20 µΜ) or LY294002 (20 µΜ) for 1.5 h, and then treated with hEGF 
(100 ng/ml) for 24 h. Then the protein was extracted and subjected to western 
blot analysis.

Figure 5. Immunohistochemistry of the expression of AQP3 in colorectal 
carcinoma tissues and corresponding normal tissues. Representative images 
of AQP3 expression in colorectal carcinoma tissues and corresponding normal 
tissues determined by immunohistochemistry. (A) Normal colon, lower 
expression; (B) moderately differentiated tubular adenocarcinoma, low expres-
sion; (C) moderately differentiated tubular adenocarcinoma, high expression; 
(D) mucinous adenocarcinoma, high expression (magnification, x400).
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colorectal cancer cells, whereas the PI3K/AKT inhibitor abol-
ished hEGF-induced AQP3 expression in colorectal cancer 
cells, indicating hEGF-induced AQP3 expression in colorectal 
cancer cells is mediated by the PI3K/AKT, but not the ERK 
pathway. Some studies showed AQP3 expression induced by 
hEGF or HGF was regulated via the ERK signaling pathway 
in human gastric carcinoma cells  (9,23). In another study 
regarding EGF-induced AQP3 upregulation and cell migration 
in human ovarian cancer cells, it was indicated that the PI3K 
and ERK pathways were both involved in EGF-induced cell 
migration and AQP3 expression (21). The inconsistency may 
be due to the difference in cancer type.

Tumor cell adhesion and migration play an important role 
in tumor metastasis. Since overexpression of AQP3 could 
enhance the migration ability of various tumor cells, it also 
played a role in the clinical progression of tumors. A retrospec-
tive analysis of 149 cases of lung cancer specimens showed 

the level of AQP3 was correlated with the pathological type, 
differentiation grade and clinical staging (24). Shen et al (25) 
found that the expression of AQP3 was higher in undifferenti-
ated gastric carcinoma than in well-differentiated tumors, and 
was associated with lymph node metastasis and lymphatic 
vessel invasion. Moon et al (14) detected the expression of 
AQP3 in 16 cases of colorectal carcinoma tissues and corre-
sponding adjacent normal colon tissue and showed high AQP3 
expression in colorectal carcinoma. These results suggest 
the expression of AQP3 in colorectal carcinoma could affect 
tumor biological behavior and prognosis. In the present study, 
we found a stronger AQP3 expression in colorectal carci-
noma than in normal tissues in accordance with a previous 
study (14). Additional analysis showed that AQP3 expression 
was associated with differentiation, lymph node and distant 
metastasis in colorectal carcinoma. In the patients with a low 
differentiation grade, lymph node or distant metastasis, high 

Table I. Comparison of AQP3 in colorectal carcinoma tissues and corresponding normal tissues.

	 AQP3
	 -------------------------------------------------------------------------------------------------------------
	 Low expression (%)	 High expression (%)	 P-value

Normal tissues	 119 (73.0)	 44 (27.0)	 0.000
Tumor tissues	 73 (44.8)	 90 (55.2)

Table II. Correlation between AQP3 expression and multiple clinical parameters.

	 AQP3
	 ---------------------------------------------------------------------------------------------------------
	 Low expression (%)	 High expression (%)	 P-value

Gender
  Male	 45 (46.9)	 51 (53.1)	 0.631
  Female	 28 (41.8)	 39 (58.2)
Age (years)
  <60	 18 (42.9)	 24 (57.1)	 0.366
  60-69	 26 (53.1)	 23 (46.9)
  ≥70	 29 (40.3)	 43 (59.7)
Differentiation
  Medium/high	 67 (49.3)	 69 (50.7)	 0.011
  Low	 6 (22.2)	 21 (77.8)
Adjacent organ
  No invasion	 68 (45.3)	 82 (54.7)	 0.774
  Invasion	 5 (38.5)	 8 (61.5)
Lymph node metastasis
  No	 45 (54.2)	 38 (45.8)	 0.018
  Yes	 28 (35.0)	 52 (65.0)
Distant metastasis
(Initial diagnosis)
  No	 72 (50.7)	 70 (49.3)	 0.000
  Yes	 1 (4.8)	 20 (95.2)
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level of AQP3 was often observed. These clinical data suggest 
high expression of AQP3 predicts tumor metastasis and poor 
prognosis in colorectal carcinoma.

In conclusion, our results suggest AQP3 overexpression in 
human colorectal carcinoma cells could facilitate cell migra-
tion. The PI3K/AKT, but not the ERK, signaling pathway 
is involved in hEGF-induced AQP3 expression. AQP3 was 
overexpressed in colorectal carcinoma tissues compared with 
that in corresponding normal tissues and correlated with the 
differentiation grade, lymph node and distant metastasis of 
the tumor. Our results suggest an important role of AQP3 
in human colorectal carcinoma as a potential indicator and 
therapeutic target for colon tumor metastasis and prognosis. 
Our data also indicate hEGF may associate poor prognosis of 
colorectal carcinoma and contribute to potential therapeutic 
strategies for the prevention of colon tumor metastasis.
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