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Renal cell carcinoma (RCC) is one of the most common and 
clinically important malignant neoplasms of the urinary tract. 
Its prognosis is favorable when found early and completely re-
sected, but it could be potentially aggressive and fatal with ad-
vanced stage, high World Health Organization (WHO)/Interna-
tional Society of Urologic Pathology (ISUP) nuclear grade, and/or 
distant metastasis. Clear cell renal cell carcinoma (ccRCC) is the 
most common histologic subtype of RCC and is known to have 
an unfavorable prognosis compared with other common sub-
types. Therefore, ccRCC has been the main topic in several geni-
tourinary oncologic and pathologic studies.

Aquaporins (AQPs) are cell membrane proteins that act as wa-
ter transporters, facilitating the permeation of water through the 
plasma membrane [1]. Twelve members of the AQP family are 
expressed in different types of normal tissue and cells. Earlier stud-
ies have shown that AQPs are associated with several character-

istics of malignancies, such as cellular motility, migration, angio-
genesis, and metastasis, and may be potential targets for anticancer 
therapies [2-4]. The overexpression of AQP has been observed 
in several malignancies. For instance, Kang et al. [5] investigated 
the relationship between the levels of AQP1, AQP3, and AQP5 
expression by immunohistochemistry and several clinical variables 
in colorectal carcinoma and concluded that lymph node metas-
tasis is positively related to a high level of AQP expression. In a 
systematic review regarding the relationship of AQP1, AQP3, 
and AQP5 expressions with different tumors reported by Moo-
savi and Elham [6], overexpression of AQPs contributed to the 
pathogenesis of malignant neoplasms and was associated with 
unfavorable clinical outcomes in malignancies, e.g., gastric, breast, 
pancreatic, lung, and colorectal carcinomas.

Notably, AQPs may have an unusual relationship with tumor-
igenesis in genitourinary tumors compared to malignancies of 
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other origins. This may be explained by the expression of AQPs 
in the normal renal parenchyma and urothelium. Ticozzi-Valerio 
et al. [7] showed that the proteomic level of AQP1 expression 
was significantly lower in ccRCC cells than in adjacent normal 
proximal tubular epithelial cells using electrophoresis and im-
munoblotting in small number of ccRCC specimen. Huang et 
al. [8] reported that the high AQP1 mRNA expression is related 
to less aggressive characteristics, such as lower grade, smaller 
tumor size, lower pathological stage, absence of microvascular 
invasion and symptomatic disease, as well as more favorable out-
comes, such as better cancer-specific and cancer-free survival us-
ing quantitative real time polymerase chain reaction in ccRCC. 
Otto et al. [9] demonstrated that the loss of AQP3 expression 
by immunohistochemistry is significantly associated with worse 
prognosis-free survival in non-muscle invasive (stage pT1) uro-
thelial carcinoma of the urinary bladder. Therefore, one could 
hypothesize that AQP expression is related to the degree of ag-
gressiveness in urinary tract neoplasms. However, there has not 
yet been a study that evaluated the AQP protein expression in 
ccRCC by immunohistochemistry in a large number of samples. 

In this study, we conducted immunohistochemical staining 
of AQP1 and AQP3 in ccRCC tissue microarrays (TMAs) from 
nephrectomy specimens and evaluated the expression of AQP 
and its clinical significance. 

MATERIALS AND METHODS

The subjects of this study were 827 primary sporadic ccRCC 
patients who underwent partial or radical nephrectomy from 
2006 to 2011 at Seoul National University Hospital. The clinical 
data corresponding to tissue specimens were collected from elec-
tronic medical records of the hospital. Clinical stage and nuclear 
grade of carcinomas were assigned according to the American 
Joint of Committee on Cancer 8th TNM staging and World 
Health Organization/International Society of Urologic Patholo-
gy (WHO/ISUP) nuclear grade, respectively. The representative 
tumor portions of ccRCC specimen blocks were selected in each 
case. Two representative cores with 2 mm-diameter was taken 
from tumor blocks and embedded to new recipient blocks using 
trephine apparatus (Superbiochips Laboratories, Seoul, Korea). 

Tissue microarray (TMA) blocks were cut to make several un-
stained slides for histopathological and immunohistochemical 
analyses. Hematoxylin and eosin slides were made for histopath-
ological assessment of TMAs. Immunohistochemical staining 
was performed using Ventana Benchmark XT automated stain-
ing system (Ventana Medical Systems, Tucson, AZ, USA). The 

4-µm-thick slides were stained with anti-AQP1 mouse mono-
clonal IgG1 antibody (1:100, Santa Cruz Biotechnology, Santa 
Cruz, CA, USA) and anti-AQP3 IgG1 antibody (1:100, Abcam, 
Cambridge, UK). The intensity of AQP expression in each slide 
was scored semi-quantitatively, incorporating the intensity and 
percentage of RCC cells with membranous stain positivity. The 
intensity was evaluated with scores of 0–3: 0 for negative stain-
ing; 1 for faint positivity; 2 for weak to moderate positivity; and 
3 for strong positivity. The percentage of positive tumor cells was 
scored on a 0–4-point basis: 0 for 0%; 1 for 1 to 25%; 2 for 26 to 
50%; 3 for 51–75%; and 4 for more than 75%. Next, the total 
AQP expression score was produced by the sum of two points 
and allocated to three categories: AQP-negative for 0–2; weakly 
AQP-positive for 3–5; and strongly AQP-positive for 6–7 [5]. 
Finally, both AQP-negative and weakly AQP-positive categories 
were considered as losing AQP1 expression significantly and allo-
cated to “low” AQP1 expression group, and strongly AQP-pos-
itive category was allocated to “high” AQP1 expression group.

Clinical data and immunohistochemical AQP expression scores 
of TMAs were integrated and statistically analyzed using the R 
programming language (ver. 4.2.2) with the packages ‘survival’, 
‘survminer’ and ‘dplyr’. The overall survival (OS) duration was 
defined as the interval from the date of surgical resection to death 
or the last follow-up. The progression-free survival (PFS) duration 
was defined as the interval from the date of surgical resection to 
the event of progression, such as death; local recurrence; distant 
metastasis; or disease progression after chemotherapy, immuno-
therapy, or radiotherapy. Kaplan-Meier analysis and log-rank tests 
were conducted to evaluate and compare OS and PFS between 
patients divided by binominal or dichotomized continuous clin-
icopathological variables, i.e., low (1, 2) and high (3, 4) TNM 
stage and/or WHO/ISUP nuclear grade, as well as with weakly 
and strongly AQP-positive ccRCC. Multivariate Cox regression 
model was established by statistically significant variables in uni-
variate analyses, and the multivariate analysis was applied to as-
sess the potential clinical significance of AQP expression by im-
munohistochemistry. A p-value less than .05 was interpreted as 
statistically significant. 

RESULTS

Patient characteristics

Clinicopathological characteristics of the patients are shown in 
Table 1. The group showed prominent male predominance, and 
the mean age was 56.5 years. The average size of the tumor was 
4.2 cm. TNM stage 1 was the most common of the four stages. 
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The WHO/ISUP nuclear grades 2 and 3 accounted for major pro-
portion in the group. The mean OS interval and PFS interval were 
91.8 and 79.5 months, respectively. 

Aquaporin expression in ccRCC

AQP immunohistochemical staining was mainly present in 
the membrane. After evaluation, AQP1 expression was high in 
320 cases (38.7%), and low in 507 cases (61.3%) (Fig. 1). On the 
other hand, the AQP3 expression level was exceptionally low in 
all cases compared to AQP1 expression, preventing it from being 
investigated statistically (Fig. 2). 

Relationships of aquaporin expression and 
clinicopathological characteristics 

Next, we examined whether there were statistically significant 
correlations between clinicopathological characteristics and AQP1 
expression levels. First, we assigned the patient population to each 
of the four characteristics. The cutoff for patient age was 55 years. 
TNM stage and nuclear grade were grouped as “low” for stage/
grade 1 to 2 and “high” for stage/grade 3 to 4. The state of dis-
tant metastasis (M category) was incorporated for the analysis. 
Consequently, Fisher’s exact test demonstrated that lower AQP1 
expression presented statistically significant correlation with 

higher (55 or more) age of the patient, “high” TNM stage (3 or 4) 
and nuclear grade (3 or 4), the presence of distant metastasis 
(M1), and presence of microvascular invasion (Table 2). 

Impact of aquaporin expressions on survival 

Next, we investigated the impact of AQP1 expression level on 
OS and PFS periods. The survival curves corresponding to OS 
and PFS, derived from the Kaplan-Meier method are shown in 
Fig. 3. Survival rates according to AQP1 expression level demon-
strated significant difference in both curves, inferring that de-
creased expression level of AQP1 in clear cell RCC is associated 
with undesirable clinical outcomes and shorter survival periods. 
This finding is in accordance with prior statistical analyses show-
ing the relationship of low AQP1 expression level with worse 
clinicopathological features. 

We also conducted multivariate Cox proportional hazards re-
gression analysis corresponding to both OS and PFS to investi-
gate the ability of AQP1 expression to be an independent risk 
factor in ccRCC. First, univariate analyses were conducted for 
several clinicopathological factors (Table 3). In univariate analy-
ses, TNM stage, WHO/ISUP nuclear grade, and AQP1 expres-
sion level were selected as basic components of the multivariate 
Cox proportional hazards model (Tables 3, 4). As a result, lower 
AQP1 expression level showed statistical significance to be an 
independent predictor of worse OS and PFS in the model. 

DISCUSSION

In this study, we demonstrated that lower expression of AQP1 
is related to more advanced clinical stage, higher WHO/ISUP 
nuclear grade, microvascular invasion, and shorter OS and PFS. 
To our knowledge, this study provides the first evidence that AQP 
expression level as evaluated by immunohistochemistry has a sim-
ilar relationship to ccRCC, compared with prior proteomic [7] 
and transcriptomic [8] studies of AQP1.

AQPs are expressed in normal kidney parenchyma, especially 
in tubules and the collecting duct system [10]. AQP1 is known 
to be differentially expressed in proximal tubular epithelial cells, 
whereas AQP2, AQP3, and AQP4 are mainly located in distal 
tubules and collecting ducts. Considering that ccRCCs arise from 
proximal tubular epithelial cells and that a higher WHO/ISUP 
nuclear grade is significantly associated with a low AQP1 expres-
sion level in ccRCC, we can speculate that the loss of AQP1 in 
ccRCC reflects the loss of differentiation, which is commonly 
observed in carcinogenesis. As stated in previous publications 
covering non-urogenital malignancies, aberrant expression of 

Table 1. Summary of clinicopathological characteristics of the pa-
tients

Characteristic Value

Age (yr) 56.5 ± 12.3
Sex (%)
   Male 619 (74.9)
   Female 207 (25.1)
Tumor size (cm) 4.2 ± 2.7
TNM stage (%)
   Stage I 637 (77.0)
   Stage II 34 (4.1)
   Stage III 96 (11.6)
   Stage IV 60 (7.3)
Nuclear grade (%)
   Grade 1 33 (4.0)
   Grade 2 424 (51.3)
   Grade 3 322 (38.9)
   Grade 4 48 (5.8)
Survival (month)
   Overall survival 91.8 ± 40.3
   Progression-free survival 79.5 ± 42.4
AQP1 expression (%)
   High 320 (38.7)
   Low 507 (61.3)

Values are presented as mean ± standard deviation or number (%).
AQP, aquaporin.
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AQPs could occur [5,11] and may have different correlations with 
RCCs. In this study, AQP3 was the candidate for such aberrant 
expression in ccRCC, not showing evidence of expression by im-

munohistochemistry. This point is worth investigating in addi-
tional studies.

Some previous studies showed that higher AQP1 expression 

Fig. 1. Representative photographs of the expression levels of aquaporin 1 (AQP1) by immunohistochemistry and corresponding hematoxy-
lin and eosin–stained slides. High expression of AQP1 (A) is associated with favorable histopathology and lower pathological stage (B), and 
low expression of AQP1 (C) is associated with unfavorable histological features and higher pathological stage (D).

A

C

B

D

Fig. 2. Representative photographs of the expression levels of aquaporin 3 (AQP3) by immunohistochemistry slides. In contrast to aquaporin 
1, the staining intensity of AQP3 was too low in every clear cell renal cell carcinoma tissue (A) to evaluate and analyze statistically. Distal tu-
bular epithelial cells, which normally express the AQP3 protein, are positive for AQP3 immunostaining (B).

A B
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is associated with aggressive clinicopathological characteristics 
in some malignancies, such as pancreatic ductal adenocarcinoma 
[12] and cholangiocarcinoma [13]. On the contrary, the results 
of this study showed that lower AQP1 expression is associated 
with aggressive clinicopathological characteristics in ccRCC. The 
mechanisms for the opposite effect in different carcinomas are 
not well investigated and additional studies are needed to dem-
onstrate the underlying mechanism of this difference. 

Further research on the correlation between AQPs and other 
common and clinically significant subtypes of RCC, e.g., papil-
lary and chromophobe RCC, is anticipated. Other subtypes of 
AQP might show different relationships between aggressive clin-
icopathological parameters of RCC. Xu et al. [14] reported ele-
vated AQP9 mRNA expression in ccRCCs of advanced clinical 
stages with shorter OS and PFS, suggesting that AQP9 could act 
as an oncogene in ccRCC. This could be a possible topic for later 

studies about AQPs and malignancies. 
Several previous studies have utilized interventional agents to 

investigate the potential of AQP as a target of anticancer thera-
pies. AqB013, a small molecule AQP1 inhibitor, demonstrated 
the potential to prevent cancer cell migration and angiogenesis 
in colorectal carcinoma cell lines [15]. The microRNA miR-874 
showed the ability to inhibit AQP3 gene transcription and down-
regulate the level of AQP3 protein expression, impeding gastric 
carcinoma cell lines to form tumors, migrate, and metastasize [16]. 
These results propose the possibility that loss of AQP expression 

Table 2. Correlations between clinicopathological characteristics 
and AQP expression

Characteristics No. (%)
Low AQP1 

expression (%)
p-value

Age (yr)
   ≥ 55 471 (57.0) 67.3 < .001
   < 55 356 (43.0) 53.4
pTNM stage
   I, II 671 (81.1) 55.4 < .001
   III, IV 156 (18.9) 86.5
Nuclear grade
   1, 2 457 (55.3) 50.5 < .001
   3, 4 370 (44.7) 74.6
Distant metastasis
   Present 58 (7.0) 86.2 < .001
   Absent 769 (93.0) 59.4
Microvascular invasion
   Present 43 (5.2) 0.9 < .001
   Absent 784 (94.8) 7.9

AQP, aquaporin; pTNM, pathological tumor–node–metastasis.

Fig. 3. Overall (A) and progression-free (B) survival curves showing Kaplan-Meier survival probability by time. The difference in overall and pro-
gression-free survival rates between higher and lower aquaporin 1 (AQP1) expression was statistically significant in both respects of survival.
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Table 4. Multivariate analysis of overall and progression-free sur-
vival (Cox proportional hazard model)

Prognostic factor
Overall survival Progression-free survival

Hazard ratio 
(95% CI)

p-value
Hazard ratio 

(95% CI)
p-value

pTNM stage
   III, IV vs. I, II 7.86 (5.25–11.78) < .001 4.56 (3.27–6.34) < .001
Nuclear grade
   3, 4 vs. 1, 2 1.98 (1.24–3.15) .004 1.36 (0.96–1.92) .086
AQP1 expression
   Low vs. High 1.85 (1.24–3.15) .013 1.74 (1.20–2.50) .003

CI, confidence interval; pTNM, pathological tumor–node–metastasis; AQP, 
aquaporin.

Table 3. Univariate analysis of overall and progression-free survival 
(Cox proportional hazard model)

Prognostic factor
Overall survival Progression-free survival

Hazard ratio 
(95% CI)

p-value
Hazard ratio 

(95% CI)
p-value

pTNM stage
   III, IV vs. I, II 5.94 (4.45–7.94) < .001 12.11 (8.45–17.36) < .001
Nuclear grade
   3, 4 vs. 1, 2 2.95 (1.96–3.60) < .001 5.02 (3.32–7.58) < .001
AQP1 expression
   Low vs. High 2.58 (1.80–3.67) < .001 3.65 (2.29–5.82) < .001

CI, confidence interval; pTNM, pathological tumor–node–metastasis; AQP, 
aquaporin.
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in ccRCC could be an exploitable characteristic to be utilized for 
targeted anticancer therapies.

The study may have some potential limitations, which might 
have impacted the results and are worth discussing. For instance, 
only ccRCC cases were incorporated in the study, leaving other 
common or clinically important subtypes of renal cell carcinomas 
uninvestigated, such as papillary RCC, chromophobe RCC, col-
lecting duct carcinoma, and medullary carcinoma. Further re-
search is required to investigate the association of AQP expres-
sion and these renal malignancies. Despite this, we demonstrated 
the potential utility of aquaporin family proteins in ccRCC as 
tools to predict the clinical behavior and prognosis of this clini-
cally important malignancy. 

In conclusion, loss of AQP1 expression, evaluated by immu-
nohistochemistry, is related to worse clinicopathological param-
eters and shorter survival in ccRCC. It would be potentially ap-
plied to predict prognosis and develop target anticancer agents.
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