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Abstract. Colorectal cancer is a major cause of cancer-related
mortality worldwide, with a high incidence of recurrence
following curative resection, particularly among patients with
stage II and III disease. There is therefore a need for novel
prognostic biomarkers for advanced colon cancer and it was
recently reported that aquaporin‑1 (AQP1) may be associated
with aggressive characteristics of colon cancer cells in experimental data. The association of clinicopathological findings
with AQP1 expression was evaluated by tissue microarray
(TMA) analysis, to determine whether AQP1 is a prognostic
biomarker for colon cancer. A total of 120 consecutive
stage II and III colon cancer patients (51 with stage II and
69 with stage III) who underwent curative resection between
1997 and 2008 were analyzed. The TMA was prepared from
archival formalin‑fixed, paraffin‑embedded tissue blocks.
Immunostaining was graded semi‑quantitatively by considering the staining intensity and the percentage of positive tumor
cells. Results showed the AQP1‑positive rate to be 35.8%. The
expression of AQP1 was associated with lymph node metastasis,
lymphovascular and vascular invasion. The 5‑year survival rate
of the AQP1‑positive and -negative groups was 73.7 and 87.9%,
respectively. The survival rate of the positive group was significantly lower compared to that of the negative group (P=0.030).
Furthermore, the expression of AQP1 was an independent
poor prognostic factor according to the multivariate analysis.
Therefore, AQP1 may be a promising candidate as a prognostic
biomarker for colon cancer.
Introduction
Colorectal cancer is a major cause of cancer-related mortality
worldwide, causing ~500,000 deaths annually (1). Following
curative resection, there is a considerable risk of recurrence
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in patients with stage II and III disease. Recurrence occurs in
~20% of stage II patients and ~50% of the stage III patients
may be cured with surgery alone (2‑5). Therefore, it is critical
to identify patients with a high risk of recurrence.
Aquaporins (AQPs) are a family of small membrane transport proteins that assemble in cell membranes as tetramers and
primarily act as water‑selective pores that facilitate the osmotically‑driven transport of water across plasma membranes (6,7).
AQP1 is expressed in vascular endothelial cells throughout
the body is not expressed in the central nervous, genital,
lymphoid and gastrointestinal systems, including the colonic
mucosa (8,9). It was reported that several types of cancer
express AQP1 and it may be involved in carcinogenesis (10,11).
An in vitro study demonstrated that AQP1‑mediated plasma
membrane water permeability is crucial for colon cancer cell
migration and may be associated with tumor invasion and
metastasis (12). However, available data on the clinical significance of AQP1 in colon cancer are limited. In the present
study, the association of AQP1 expression in colon cancer with
clinicopathological findings was evaluated using tissue microarray (TMA) analysis and it was demonstrated that AQP1 is a
prognostic factor for advanced colon cancer.
Materials and methods
Patients. A total of 168 consecutive stage II and III colon
cancer patients who underwent curative resection between
January, 1997 and August, 2008 were investigated. The
final stage was pathologically confirmed according to the
International Union Against Cancer (UICC) classification system, 7th edition. The degree of lymphovascular and
vascular invasion was classified as negative, mild or severe
by the pathologists of our hospital. Patients with rectosigmoid
cancer were included in this study. Tissue microarrays were
prepared from each tumor and a representative area was carefully selected from a hematoxylin and eosin (H&E)‑stained
section. A total of 120 patients (51 cases with stage II and
69 cases with stage III disease) with no other causes of death
were subjected to statistical analysis.
Tissue microarray. A TMA is composed of small 1.0‑mm cores
of tissue obtained from paraffin blocks. For tissue stamping,
the tumor areas were marked on H&E‑stained sections and
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Figure 1. Immunostaining for aquaporin‑1 (AQP1) on tissue microarray (TMA). (A) The normal mucosal epithelium exhibited no AQP1 staining, (B) score 0,
(C) score 2 (intensity 1, distribution 1) and (D) score 4 (intensity 2, distribution 2). The AQP1 score was (A) 0 in 64 patients (53.3%), (B) 2 in 13 patients (10.8%),
(C) 3 in 17 patients (14.2%) and (D) 4 in 26 patients (21.7%).

then marked directly on the corresponding formalin‑fixed,
paraffin‑embedded tissue blocks. Paraffin‑embedded tumor
material was cut into 4‑µm sections and placed onto glass
slides, followed by staining with H&E and anti‑AQP1 antibody (H‑55; Santa Cruz Biotechnology, Inc., Santa Cruz,
CA, USA) at a 1:100 dilution. Immunostaining of the TMAs
was graded semi‑quantitatively by considering the staining
intensity and the percentage of positive tumor cells by two
pathologists who were blinded to the clinicopathological
variables. The staining intensity was scored using three
grades as follows: 0, no staining of cancer cells; 1, weak
staining; and 2, strong staining. The percentage of stained
tumor cells was classified on a scale of 3 grades: 0, no
positive cells; 1, <50% positive cancer cells; and 2, >50%
positive cancer cells (Fig. 1). The AQP1 expression by the
tumor was defined as positive when the sum of the intensity
and the extent scores was ≥3 and as negative when the score
was <3.
Statistical analysis. The JMP‑9 software package was used for
statistical analysis. AQP1 expression was analyzed as nominal
data. The association between AQP1 expression and clinicopathological characteristics was analyzed using the χ2 test or
the two‑sided Student's t‑test, as appropriate. Survival was
assessed by the Kaplan‑Meier method and compared by the
log‑rank test. The multivariate analysis was performed using

Cox's proportional hazards model to evaluate risk factors for
cancer-related mortality. P<0.05 was considered to indicate a
statistically significant difference.
Results
Patient characteristics. The clinical characteristics of
the 120 colon cancer patients are summarized in Table I.
Ninety‑two percent of the patients had tumor invasion deeper
than pT3 and 8 cases had pT4b. Lymph node metastasis
was identified in 57.5% of the patients. Lymphovascular
and vascular invasion were positive in 68.4 and 60.0% of
the patients, respectively. Postoperative chemotherapy was
administered to 57.5% of the patients and the regimens were
as follows: UFT in 43 patients, LV/UFT in 9, CDDP/5FU in
3, FOLFOX in 3 and FOLFIRI in 9 patients. The recurrence
rate of this series was 25.8%.
Immunohistochemical staining for AQP1. To evaluate the
expression of AQP1 in colon cancer, immunostaining of
120 paraffin‑embedded primary colon cancer specimens was
performed. The normal epithelium exhibited no AQP1 staining
(Fig. 1A). The AQP1 score was 0 in 64 (53.3%), 2 in 13 (10.8%),
3 in 17 (14.2%) and 4 in 26 patients (21.7%). The incidence
of AQP1‑positive expression in colon cancer (score ≥3) was
35.9% (43/120) (Table I).
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Table I. Patient clinicopathological characterisitics.
Characteristics

No.

955

Table I. Continued.
%

Age (years)
<75
≥75

92
28

76.7
23.3

Gender
Male
Female

65
55

54.2
45.8

Tumor location
Right
Left

57
63

47.5
52.5

Depth of invasiona
pT1
pT2
pT3
pT4a
pT4b

1
8
81
22
8

0.8
6.7
67.5
18.3
6.7

Bowel obstruction
Yes
No

14
106

11.7
88.3

Lymph node involvementa
pN0
pN1
pN2

51
51
18

42.5
42.5
15.0

Differentiation
High
Moderate
Poor̸Muc/Sig

58
52
10

48.3
43.3
8.3

Lymphovascular invasion
Negative
Mild
Severe

38
53
29

31.7
44.2
24.2

Vascular invasion
Negative
Mild
Severe

48
35
37

40.0
29.2
30.8

CEA
<3.5
≥3.5

69
46

57.5
38.3

CA19‑9
<37
≥37

88
22

73.3
18.3

Postoperative chemotherapy
Yes
No

69
51

57.5
42.5

Recurrence
Yes
No

31
89

25.8
74.2

Characteristics
AQP1 scoreb
0
2
3
4

No.

%

64
13
17
26

53.3
10.8
14.2
21.7

UICC classification system, 7th edition. bThe AQP1 score is the sum
of the intensity score (0‑2) and the extent score (0‑2) and was 0 in
64 patients (53.3%), 2 in 13 patients (10.8%), 3 in 17 patients (14.2%)
and 4 in 26 patients (21.7%). The incidence of AQP1‑positive expression in colon cancer (score ≥3) was 35.9% (43/120). Right, ascending
and transverse colon; Left, descending and sigmoid colon; Muc,
mucinous carcinoma; Sig, signet ring cell carcinoma; CEA, carcinoembryonic antigen; CA, carbohydrate antigen.
a

Figure 2. Overall survival rate of colon cancer patients with and without
aquaporin‑1 (AQP1) expression. The 5‑year survival rate of AQP1‑positive
and ‑negative patients was 73.5 and 87.9%, respectively. The survival rate
of AQP1‑positive patients was significantly lower compared to that of
AQP1‑negative patients (P=0.030, log‑rank test).

Survival. The 5‑year survival rate of the 120 patients was
83.1%. The 5‑year survival rates of AQP1‑positive and ‑negative
patients were 73.5 and 87.9%, respectively. The survival rate
of AQP1‑positive patients was significantly lower compared
to that of AQP1‑negative patients (P=0.030, log‑rank test)
(Fig. 2).
Correlation of AQP1 expression with clinicopathological
factors. The association of AQP1 expression with clinicopathological factors is shown in Table II. The AQP1 expression
exhibited a significant correlation with lymph node metastasis
(P=0.042), severe lymphovascular invasion (P=0.012) and
vascular invasion (P=0.017). AQP1 expression was also higher
in left‑sided compared to that in right‑sided colon cancer
(P=0.038). Only one of the 10 poorly differentiated adenocarcinomas expressed AQP1, although the difference was not
statistically significant.
Prognostic impact of AQP1 expression. The association of
various clinical factors to the prognosis is shown in Table III.
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Table II. Association between patient characteristics and AQP1
expression in colon cancer.

Table III. Kaplan‑Meier analysis of factors related to overall
survival.

AQPa overexpression
	‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Characteristics
(‑)
(+)
P‑value

Factors

Age (years)
<75
≥75
Gender
Male
Female
Tumor location
Right
Left
Depth of invasion
pT1
pT2
pT3
pT4a
pT4b
Bowel obstruction
Yes
No
Lymph node involvement
pN0
pN1, N2
Differentiation
High, moderate
Poor/Muc/Sig
Lymphovascular invasion
Negative‑mild
Severe
Vascular invasion
Negative‑mild
Severe
CEA
<3.5
≥3.5
CA19‑9
<37
≥37
Postoperative chemotherapy
Yes
No
Recurrence
Yes
No

60
17

32
11

0.663

40
37

25
18

0.513

42
35

15
28

0.038

1
5
54
11
6

0
3
27
11
2

0.779

8
69

6
37

0.774

38
39

13
30

0.042

68
9

42
1

0.151

64
13

27
16

0.012

59
18

24
19

0.017

42
31

27
15

0.476

55
16

33
6

0.517

39
38

30
13

0.057

16
61

15
28

0.090

Aquaporin‑1 (AQP1) expression was defined as positive when the
sum of the intensity and the extent scores was 3/4 and as negative
when the score was 0-2. The AQP1 expression exhibited a significant
correlation with lymph node metastasis (P=0.042), severe lymphovascular invasion (P=0.012) and vascular invasion (P=0.017). The AQP1
expression was also higher in left‑sided compared to right‑sided colon
cancer (P=0.038). Only 1/10 of poorly differentiated adenocarcinomas
expressed AQP1, although the difference was not statistically significant. Right, ascending and transverse colon; Left, descending and
sigmoid colon; Muc, mucinous carcinoma; Sig, signet ring cell carcinoma; CEA, carcinoembryonic antigen; CA, carbohydrate antigen.
a

Age (years)
<75
≥75
Gender
Male
Female
Tumor location
Right
Left
Depth of invasion
pT1, 2, 3, 4a
pT4b
Bowel obstruction
Yes
No
Differentiation
High
Other
Lymphovascular invasion
Negative‑mild
Severe
Vascular invasion
Negative‑mild
Severe
Lymph node involvement
Negative
Positive
CEA
<3.5
≥3.5
CA19‑9
<37
≥37
Postoperative chemotherapy
Yes
No
AQP1
Negative
Positive

No.

5y‑OS

P‑value

92
28

87.4
69.7

0.0001a

65
55

87.9
77.5

0.061

55
63

75.7
89.8

0.019a

112
8

84.7
62.5

0.0004a

14
106

64.2
86.0

0.029a

58
62

78.8
87.6

0.167

92
28

86.2
73.1

0.245

79
41

82.9
83.4

0.626

51
69

92.0
76.1

0.049a

69
46

93.8
72.3

0.004a

89
22

91.4
68.1

0.086

69
51

85.9
79.4

0.085

77
43

87.9
73.7

0.030a

The differences in survival rates were compared using the log‑rank test.
Statistical significance was determined as P<0.05. The factors associated
with poor prognosis were age ≥75 years (P=0.0001), right colon cancer
(P=0.019), pT4b (P=0.0004), lymph node metastasis (P=0.049), bowel
obstruction by the tumor (P=0.028), CEA ≥3.5 (P=0.004) and aquaporin-1 (AQP1) positivity (P=0.030). 5y‑OS, 5‑year overall survival;
Right, ascending and transverse colon; Left, descending and sigmoid
colon; CEA, carcinoembryonic antigen; CA, carbohydrate antigen.
a

The factors associated with poor prognosis were age ≥75 years
(P=0.0001), right colon cancer (P=0.019), pT4b (P=0.0004),
lymph node metastasis (P=0.049), bowel obstruction by the
tumor (P= 0.029), CEA ≥3.5 (P= 0.004) and AQP1 positivity
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Table IV. Multivariate analysis of factors associated with overall survival.
95% CI
	‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Factors
Risk ratio
Lower
Upper
Age ≥75 years
Right colon cancer
Bowel obstruction
pT4b
Lymph node involvement
CEA ≥3.5
AQP1+

3.209
1.642
1.130
7.968
2.299
3.254
2.593

1.202
0.606
0.328
2.098
0.840
1.193
1.057

8.789
4.821
3.361
24.995
7.102
9.754
6.439

P‑value
0.020a
0.334
0.829
0.004a
0.107
0.021a
0.038a

Statistical significance was determined as P<0.05. Cox's proportional hazard analysis using these factors revealed that age ≥75 years [risk
ratio (RR)=3.20; P=0.020], pT4 (RR=7.96; P=0.004), a high CEA level (RR=3.25; P=0.021) and AQP1 positivity (RR=2.59; P=0.038) were
independent poor prognostic factors. CI, confidence interval; CEA, carcinoembryonic antigen; AQP1, aquaporin-1.
a

(P=0.030). Furthermore, the Cox's proportional hazard
analysis using these factors revealed that age ≥75 years [risk
ratio (RR)=3.209; P=0.020], pT4b (RR=7.968; P=0.004), a
high CEA level (RR=3.254; P=0.021) and AQP1 positivity
(RR=2.593; P=0.038) were independent poor prognostic
factors (Table IV).
Discussion
The AQPs are a family of small (~30‑kDa monomers)
membrane transport proteins that assemble in cell membranes
as tetramers and primarily act as water‑selective pores, facilitating the osmotically‑driven transport of water across plasma
membranes (6,7). Recently, various studies have focused on
the association of AQPs and cancer (10-17).
AQP1 is expressed in vascular endothelial cells throughout
the body, except in the normal central nervous, genital and
lymphoid systems. This molecule is also not expressed by
normal colonic epithelial glands (6‑9). It was reported that
several types of cancer express AQP1 and it may be involved
in tumor invasion and metastasis. Hu et al (13) demonstrated
that AQP1 expression by tumor cells may increase local invasiveness and the ability to metastasize by comparing B16F10
melanoma and 4T1 breast tumor mouse cell lines with or
without AQP1 expression. The results of that study demonstrated that AQP1 expression increased the water permeability
of the plasma membrane and the migration of cancer cells
in vitro.
In addition, Moon et al (10) reported that AQP1 was associated with colorectal carcinogenesis and Yiang (12) reported
that the AQP1 activity in plasma membranes affected HT20
colon cancer cell migration in vitro. Those findings revealed
that the expression of AQP1 is associated with tumor progression in colon cancer. Our findings also suggested that AQP1 is
associated with cancer progression.
Furthermore, our study demonstrated that AQP1 expression
is a predictor of advanced colon cancer. The overexpression
of AQP1 has already been demonstrated to be a prognostic
indicator in basal cell carcinoma of the breast (14), clear cell
renal cell carcinoma (15) and lung carcinoma (16). However,
there have been no previous studies on the association of

AQP1 with the prognosis of colon cancer. To the best of our
knowledge, this was the first study to demonstrate that AQP1
is a prognostic biomarker for colon cancer.
Of note, although AQP1 overexpression is a poor prognostic factor for breast, lung and colon cancer, it is a good
prognostic factor for renal carcinoma. The reason for this
difference has not been elucidated thus far. Furthermore,
our study, we observed that the AQP1 expression in poorly
differentiated adenocarcinoma was low, although low
differentiation is considered to be included among the poor
prognostic factors and AQP1 expression was predicted
to be high in this histological type. However, only two of
the 10 cases of poorly differentiated carcinoma exhibited
recurrence in our series. More cases of poorly differentiated
adenocarcinoma should be investigated to elucidate these
inconsistencies.
Although postoperative chemotherapy was shown to
affect treatment outcomes, the effect was not statistically
significant, which may be attributed to the use of ineffective regimens. The effects of postoperative chemotherapy
were assessed according to AQP1 expression and there
was no observed difference (data not shown). This result
may not immediately prove the validity of postoperative
chemotherapy. Recently designed standard regimens, such
as FOLFOX, may improve the prognosis of high‑risk colon
cancer patients.
The possibility of targeting AQP1 for the treatment of colon
cancer was recently suggested. Bin et al (17) reported that acetazolamide, a carbonic anhydrase inhibitor (Diamox®) that is used
to treat glaucoma and epilepsy, inhibited AQP1 expression and
colon cancer xenograft tumor growth. Therefore, AQP1 may be
a prognostic factor as well as a treatment target in colon cancer.
In conclusion, the expression of AQP1 is associated with
characteristics of progression of colon cancer, such as lymph
node metastasis and lymphovascular invasion and is a poor
prognostic factor for advanced colon cancer. These clinical
results are consistent with previous experimental findings that
support the association of AQP1 with factors such as tumor
growth, invasiveness and metastasis. Therefore, AQP1 is a
molecule that requires further investigation regarding the
prognostic evaluation and treatment of colon cancer.
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