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Introduction: Aquaporins (AQPs), also called water channels, have been shown to have 

functions in the migration, invasion, and proliferation of human breast tumor cells. Most AQP 

mRNA expression levels were tested by cell lines, mouse models, and even human breast tissues. 

However, the mRNA expression of individual AQPs in different clinicopathologic characteristics 

and prognostic values according to different kinds of classifications of breast cancer patients 

remains unclear.

Materials and methods: In the current study, we used the Oncomine database, Breast cancer 

Gene-Expression Miner v4.1,  Kaplan–Meier Plotter, and cBioPortal to investigate the expres-

sion distribution and prognostic values of AQPs in breast cancer patients.

Results: Our study revealed that the mRNA expression levels of AQP8, AQP9, and AQP10 

were upregulated, while those of AQP3, AQP4, AQP5, and AQP7 were downregulated in breast 

cancer. The clinical database showed that lower mRNA levels of AQP1 were associated with a 

high Scarff–Bloom–Richardson grade, but AQP9 showed the opposite trend. Further survival 

analyses indicated that high mRNA expression levels of AQP0, AQP1, AQP2, AQP4, AQP6, 

AQP8, AQP10, and AQP11 were significantly associated with better relapse-free survival (RFS). 

Conversely, AQP3 and AQP9 were associated with worse RFS in breast cancer patients, sug-

gesting that these two genes might be potential targets in future chemotherapy.

Discussion: These significant AQP members might be further explored as new biomarkers for 

breast cancer prognosis, but this needs further study.
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Introduction
Breast cancer is in the top rank of invasive cancers in women. Nearly 12% of women 

have been affected by breast cancer worldwide.1 Although the diagnosis and treatment of 

breast cancer have become more advanced than before with new targeted chemotherapy, 

accurate radiotherapy, and even gene therapy, improving the prognosis of relapse-free 

survival (RFS) and overall survival (OS) remains a challenge. With the development 

of genomics, different types of multigene tests have been applied to improve the 

survival prognosis of breast cancer, such as Oncotype Dx, MammaPrint, circulating 

DNA, circulating microRNAs, and circulating tumor cells.2 Recently, analyses based 

on large accessible databases have gradually become the hottest scientific research 

method. These analyses have led to the discovery of new prognostic indexes such as 

S100 family members, STATs, and the APRO protein family in breast cancer.3–5 There 

may also be new gene families that are associated with the prognosis of breast cancer 

but have not yet been detected.
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Aquaporin (AQP) family members are a kind of water 

channel that was first discovered in 1992 by Agre et al.6 To 

date, 13 AQP members have been identified in humans, 

including AQP0–AQP12.7 An increasing number of studies 

have shown that AQPs are not only expressed in various 

epithelial and nonepithelial tissues for regulating rapid water 

movement8,9 but are also actively implicated and increas-

ingly regulated in several meaningful clinical diseases.10 The 

expression of the AQP family might affect the migration, 

invasion, and proliferation of human breast tumor cells.11 

Subsequent studies have gradually discovered AQP expres-

sion in a variety of cancers. In particular, further investiga-

tion suggested that AQP1 plays a role as a specific marker 

in invasive breast carcinoma.12 Analyses from other cell line 

experiments have shown differential expression between 

breast carcinoma and normal breast tissues,13 especially in 

AQP1, AQP3, AQP4, and AQP5.14 Nevertheless, the role of 

the majority of AQP proteins in breast cancer have not yet 

been elucidated.

With the development of transcriptomic studies such 

as microarray RNA chips and other genomic technologies, 

thousands of gene expression analyses have been published 

in online databases. In our study, we combined data from 

different kinds of online databases and performed a deeper 

analysis of AQP family mRNA expression in breast cancer. 

We investigated the expression of AQPs in different breast 

clinicopathologic characteristics and further explored their 

prognostic value in breast cancer based on different kinds 

of classifications. This study will help us find new survival 

biomarkers of breast cancer.

Materials and methods
Oncomine database
Oncomine is an online microarray database15 that includes 

715 datasets and 86,733 samples. We used this database to 

analyze AQP mRNA expression in different types of human 

cancers, especially breast cancer. The search filters were set 

up as every gene name, cancer vs normal analysis, and mRNA 

data type. Thresholds were set as the following: gene rank, 

10%; fold change, 2; and P-value, 0.01. We recorded the 

datasets with statistically significant differences.

Breast cancer gene-expression Miner 
(bc-genexMiner) v4.1
bc-GenExMiner v4.116,17 is a statistical mining tool that 

includes an abundant amount of published annotated 

genomic data and can perform statistical analysis of 

expression, prognosis, and correlation. The data on this 

website were last updated in December 2017. The relation-

ship between the AQP family and the clinicopathologic 

parameters of breast cancer were analyzed by using bc-

GenExMiner v4.1.

Kaplan–Meier Plotter database
As a tool of meta-analysis-based biomarker assessment, 

the Kaplan–Meier Plotter18,19 is able to assess the survival 

of breast, lung, ovarian, and gastric cancer patients by 

using 54,675 genes and 10,461 cancer samples. Using the 

Kaplan–Meier Plotter, we analyzed the prognostic values of 

AQP mRNA expression in all breast cancers and in different 

kinds of clinicopathologic classifications in breast cancer. 

Furthermore, we studied the prognostic values of AQP mRNA 

expression in different molecular subtypes based on the 2013 

St Gallen criteria in breast cancer. Only the best probe set 

of the AQP family was selected and downloaded from its 

Kaplan–Meier plot. A log P-value <0.01 was considered 

statistically significant.

cBioPortal with the The Cancer Genome 
Atlas (TCGA) dataset
The cBioPortal for Cancer Genomics contains large-scale 

cancer genomics dataset and has functions such as visualiza-

tion, download, and analysis. We chose the breast carcinoma 

dataset (TCGA Cell 2015)20–22 with 817 cases for further 

analysis by using cBioPortal. The Oncoprint, OS, and DFS 

of the AQP family were analyzed online by this method.

Results
aQP mRna expression in patients with 
breast cancer
Figure 1 shows the transcription levels of the AQP family 

in different types of human cancers. We identified 14 AQP 

factors in breast cancer and compared their mRNA expres-

sion with corresponding normal breast samples based on the 

Oncomine database.15 The mRNA expression of AQP1 was 

both significantly up- and downregulated in 1 and 19 studies, 

respectively. Only Finak et al23 reported that the overexpres-

sion of AQP1 was found in invasive breast carcinoma with 

P=9.60E-26 and fold change =9.405 (Table 1). In contrast, 

19 other unique datasets24,25 revealed that AQP1 had lower 

mRNA expression in breast cancer than in normal breast 

tissues. Different types of breast cancer, including invasive 

ductal breast carcinoma (P=2.34E-76, fold change =−2.993), 

invasive lobular breast carcinoma (P=7.38E-51, fold change 

=−2.313), tubular breast carcinoma (P=1.36E-39, fold 

change =−2.477), medullary breast carcinoma (P=5.65E-34, 
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fold change =−3.137), and mucinous breast carcinoma 

(P=6.55E-24, fold change =−2.577), were found to down-

regulate the mRNA expression of AQP1 in the Curtis data-

set24 (Table 1). In addition, decreased mRNA expression of 

AQP1 in ductal breast carcinoma (P=3.14E-15, fold change 

=−9.992) and invasive ductal breast carcinoma (P=3.21E-30, 

fold change =−3.417) were found in the Richardson et al25 

and TCGA databases, respectively (Table 1).

The mRNA expression levels of AQP8, AQP9, and AQP10 

were upregulated, while the expression levels of AQP3, AQP4, 

and AQP5, especially AQP7, were downregulated in breast 

cancer (Table 1). High mRNA expression levels of AQP8 

(P=1.03E-17, fold change =2.621), AQP9 (P=4.24E-8, fold 

change =2.204), and AQP10 (P=1.89E-14, fold change 

=2.329) were revealed in several kinds of breast carcinoma 

based on the Finak et al,23 Curtis et al,24 Richardson et al,25 

and TCGA datasets (Table 1). Finak et al23 demonstrated that 

the mRNA expression of AQP3 (P=1.32E-11, fold change 

=−1.567) was decreased in invasive breast carcinoma com-

pared to normal breast tissues. Additionally, the TCGA dataset 

revealed that the mRNA expression of AQP3 (P=1.03E-5, fold 

change =−2.797) was decreased in male breast carcinoma 

Figure 1 The transcription levels of the AQP family in different types of human cancers.
Notes: The figure is generated from ONCOMINE with exact thresholds (P-value: 0.01; fold change: 2; gene rank: top 10%). The cell number represents the dataset number 
that meets all of the thresholds with the color blue for underexpression and color red for overexpression. Cell color is determined by the best gene rank percentile for the 
analyses within the cell.
Abbreviations: AQP, aquaporin; CNS, central nervous system.
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(Table 1). A similar outcome was observed in AQP4 (inva-

sive ductal breast carcinoma vs normal breast, P=0.006, fold 

change =−2.965) and AQP5 (invasive ductal breast carcinoma 

vs normal breast, P=0.002, fold change =−4.393; invasive 

ductal and lobular carcinoma vs normal breast, P=6.16E-6; 

mixed lobular and ductal breast carcinoma vs normal breast, 

P=2.43E-4; and male breast carcinoma vs normal breast, 

P=0.004) (Table 1). For AQP7, approximately 24 datasets 

showed that mRNA expression was significantly downregu-

lated in multiple kinds of breast carcinomas (Table 1).

The relationship between the AQP family 
and the clinicopathologic parameters of 
breast cancer
We used bc-GenExMiner v4.116,17 to explore the relation-

ship between AQP family members and the clinicopatho-

logic parameters of breast cancer. For the age parameter, 

AQP3 (P=0.0014), AQP7 (P<0.0001), AQP9 (P=0.0023), 

and AQP11 (P<0.0001) were found to have higher mRNA 

expression levels in the age group over 51 years (Table 2). 

The exact sample numbers of every dataset can be seen in 

Table S1. AQP3 and AQP12B mRNA expression levels were 
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upregulated, while AQP2 and AQP7 mRNA expression levels 

were downregulated in breast cancer patients with a positive 

lymph node status compared to those with a negative lymph 

node status. The mRNA expression of the other AQP family 

members remained unchanged between different types of 

nodal statuses. AQP5 and AQP9 mRNA expression levels 

were low in positive estrogen receptor (ER) and PR statuses, 

while AQP11 mRNA expression showed the opposite trend. 

Table 1 Datasets of the AQP family in breast cancer (ONCOMINE database)

Gene Types of cancer vs normal Fold 
change

t-test P-value Dataset

AQP1 invasive breast carcinoma 9.405 18.271 9.60E-26 Finak et al23

 Invasive ductal breast carcinoma –2.993 –34.629 2.34E-76 Curtis et al24

 Invasive lobular breast carcinoma –2.313 –18.400 7.38E-51  
 Invasive ductal and invasive lobular breast carcinoma –2.529 –18.546 1.40e-44  
 Tubular breast carcinoma –2.477 –18.149 1.36E-39  
 Medullary breast carcinoma –3.137 –22.252 5.65E-34  
 Mucinous breast carcinoma –2.577 –14.703 6.55E-24  
 Breast carcinoma –3.052 –14.579 7.09E-12  
 invasive breast carcinoma –2.666 –8.390 9.12e-9  
 Ductal breast carcinoma in situ –2.297 –5.860 8.25e-5  
 Invasive ductal breast carcinoma –3.417 –17.441 3.21e-30 TCGA
 invasive breast carcinoma –2.729 –10.873 1.96E-20  
 Ductal breast carcinoma –9.992 –12.114 3.14e-15 Richardson et al25

AQP3 invasive breast carcinoma –1.567 –10.579 1.32e-11 Finak et al23

 Male breast carcinoma –2.797 –8.569 1.03e-5 TCGA
AQP4 Invasive ductal breast carcinoma –2.965 –2.726 0.006 Turashvili et al38

 Invasive lobular breast carcinoma –4.146 –2.749 0.009  
AQP5 Invasive ductal breast carcinoma –4.393 –3.180 0.002 Ma et al44

 Invasive ductal and lobular breast carcinoma –1.985 –6.337 6.16E-6 TCGA
 Mixed lobular and ductal breast carcinoma –1.686 –4.134 2.43e-4  
 Male breast carcinoma –1.662 –3.797 0.004  
AQP7 Breast phyllodes tumor –2.851 –15.102 8.82e-32 Curtis et al24

 Invasive ductal breast cancer –2.727 –14.814 4.78E-31  
 Breast carcinoma –2.879 –14.578 6.17E-31  
 Mucinous breast carcinoma –2.702 –14.389 1.16E-30  
 Tubular breast carcinoma –2.624 –13.511 3.61E-29  
 Invasive lobular breast carcinoma –2.512 –13.166 9.54e-28  
 Invasive ductal and invasive lobular breast carcinoma –2.544 –12.645 2.31E-27  
 invasive breast carcinoma –2.671 –12.853 2.78E-26  
 Ductal breast carcinoma in situ –2.675 –10.565 4.60E-13  
 Invasive ductal breast carcinoma –11.850 –17.925 1.44E-27 TCGA
 invasive breast carcinoma –8.023 –12.659 1.08e-23  
 Invasive lobular breast carcinoma –7.722 –9.967 5.18E-16  
 Invasive ductal breast carcinoma –6.078 –4.664 1.02e-4 Radvanyi et al45

AQP8 invasive breast carcinoma 2.621 15.722 1.03E-17 Finak et al23

 Male breast carcinoma 1.515 7.433 3.03E-6 TCGA
 Intraductal cribriform breast adenocarcinoma 1.633 7.867 3.25e-5  
 Mixed lobular and ductal breast carcinoma 1.250 3.436 9.90e-4  
 Invasive lobular breast carcinoma 1.315 5.088 9.16E-7  
AQP9 Medullary breast carcinoma 2.204 6.673 4.24e-8 Curtis et al24

 Ductal breast cancer 2.186 4.177 1.04e-4 Richardson et al25

AQP10 invasive breast cancer 2.329 13.145 1.89e-14 Finak et al23

 Mixed lobular and ductal breast carcinoma 2.081 6.113 6.72E-6 TCGA
 Invasive ductal breast carcinoma 3.476 2.902 0.004 Karnoub et al46

Abbreviations: AQP, aquaporin; TCGA, The Cancer Genome Atlas.

There was a  negative correlation between AQP3 and AQP4 

(all P<0.0001) mRNA expression and ER status. In addition, 

a similar negative correlation existed between PR status and 

AQP3 (P=0.0338)/AQP4 (P=0.0186) mRNA expression but 

this correlation was weak (Table 2). Only AQP7 (P=0.0007) 

mRNA expression was significantly decreased in the human 

epidermal growth factor receptor 2 (HER2)-positive group 

compared to the HER2-negative group. Triple-negative sta-
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tus was positively correlated with AQP4/AQP5/AQP9 but 

negatively correlated with AQP7/AQP11 mRNA expression.

For the Scarff–Bloom–Richardson (SBR) grade criterion 

and Nottingham Prognostic Index (NPI) criterion, shown in 

Figure 2, a lower mRNA level of AQP1 was associated with 

a higher SBR grade. In contrast, AQP9 showed the opposite 

trend (Figure 2). For the other AQP family members, not all 

of the pairwise comparisons in the SBR and NPI criteria were 

statistically significant (P<0.01) (Table S2).

Table 2 The relationship between the AQP family and the clinicopathologic parameters of breast cancer (bc-GenExMiner v4.1)

Parameters AQP1 AQP2 AQP3 AQP4 AQP5 AQP6 AQP7

mRNA P mRNA P mRNA P mRNA P mRNA P mRNA P mRNA P

Age (years)               
≤51 – 0.5966 – 0.1461 Ref 0.0014 – 0.1975 – 0.9091 Ref 0.0458 Ref <0.0001
>51 –  –  ↑  –  –  ↑  ↑  
Nodal status               
negative Ref 0.0189 Ref 0.0076 Ref 0.0092 – 0.2270 – 0.2498 – 0.9206 Ref <0.0001
Positive ↓  ↓  ↑  –  –  –  ↓  
eR (ihC)               
negative – 0.9600 – 0.5347 Ref <0.0001 Ref <0.0001 Ref <0.0001 – 0.8782 Ref 0.0131
Positive –  –  ↓  ↓  ↓  –  ↑  
PR (ihC)               
negative – 0.9724 – 0.1201 Ref 0.0338 Ref 0.0186 Ref <0.0001 – 0.9016 – 0.3796
Positive –  –  ↓  ↓  ↓  –  –  
heR2 (ihC)               
negative – 0.2410 – 0.4656 – 0.6437 Ref 0.0399 – 0.5824 – 0.8211 Ref 0.0007
Positive –  –  –  ↓  –  –  ↓  
Triple-negative status              
not – 0.2564 – 0.1062 – 0.4017 Ref 0.0002 Ref <0.0001 – 0.2722 Ref 0.0010
TNBC –  –  –  ↑  ↑  –  ↓  
Parameters AQP8 AQP9 AQP10 AQP11 AQP12A AQP12B  

mRNA P mRNA P mRNA P mRNA P mRNA P mRNA P  
Age (years)               
≤51 – 0.1773 Ref 0.0023 – 0.5638 Ref <0.0001 – 0.5717 – 0.0731   

>51 –  ↑  –  ↑  –  –    
Nodal status               
negative – 0.8487 – 0.1005 – 0.7283 – 0.0705 – 0.0642 Ref 0.0029   
Positive –  –  –  –  –  ↑    
eR (ihC)               
negative – 0.2730 Ref <0.0001 – 0.9818 Ref <0.0001 – 0.5158 – 0.5895   
Positive –  ↓  –  ↑  –  –    
PR (ihC)               
negative Ref 0.0488 Ref <0.0001 – 0.9293 Ref <0.0001 – 0.0560     
Positive ↑  ↓  –  ↑  –      
heR2 (ihC)               
negative – 0.4196 – 0.0884 – 0.1091 – 0.1174 – 0.6090     
Positive –  –  –  –  –      
Triple-negative status              
not – 0.4170 Ref <0.0001 – 0.3352 Ref <0.0001 – 0.3362 – 0.5007   
TNBC –  ↑  –  ↓  –  –    

Notes: All the data of the AQP family were based on bc-GenExMiner v4.1. “Ref” means taking this part as reference. Some data points were empty due to limited samples. 
P<0.01 was considered statistically significant. 
Abbreviations: bc-GenExMiner, Breast cancer Gene-Expression Miner; ER, estrogen receptor; HER2, human epidermal growth factor receptor 2; IHC, immunohistochemistry; 
PR, progesterone receptor; TNBC, triple-negative breast cancer.

Prognostic values of AQP mRNA 
expression in all breast cancers
Figure 3 shows all of the significant RFS curves associated 

with the AQP family members. The Kaplan–Meier Plotter 

was used to examine the prognostic values of the 12 acces-

sible AQP mRNA expression levels in all breast cancers18,19 

(Figure 3A, Table S3). The mRNA expression of nearly 

all of the AQP family members, except AQP5/7, had a 

significant prognosis of RFS in all breast cancer patients. 
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Figure 3 reveals that a high mRNA expression of AQP3/

AQP9 was associated with a worse prognosis of RFS (Figure 

3E, HR =1.24, 95% CI: 1.11–1.38, P=0.00011; Figure 3I, 

HR =1.61, 95% CI: 1.45–1.8, P<1E-16). In contrast, high 

mRNA expression levels of AQP0, AQP1, AQP2, AQP4, 

AQP6, AQP8, AQP10, and AQP11 were signif icantly 

associated with a better prognosis of RFS (Figure 3B, HR 

=0.75, 95% CI: 0.67–0.84, P=3.2E-07; Figure 3C, HR 

=0.69, 95% CI: 0.62–0.77, P=5.7E-11; Figure 3D, HR =0.7, 

95% CI: 0.63–0.78, P=1.6E-10; Figure 3F, HR =0.83, 95% 

CI: 0.75–0.93, P=0.00096; Figure 3G, HR =0.8, 95% CI: 

0.72–0.9, P=7.8E-05; Figure 3H, HR =0.75, 95% CI: 0.67–

0.83, P=1.8E-07; Figure 3J, HR =0.78, 95% CI: 0.66–0.91, 

P=0.0015; and Figure 3K, HR =0.71, 95% CI: 0.61–0.83, 

P=1.7E-05, respectively). In addition to RFS, we  investigated 

Figure 2 The relationship between the AQP family and the SBR and NPI criteria.
Notes: (A–F) Box plots of individual AQP member’s expression according to SBR. (G–K) Box plots of individual AQP member’s expression according to NPI. Global 
significant differences between groups were assessed by Welch’s test, and P<0.05 was considered statistically significant, with Dunnett–Tukey–Kramer’s test computed for 
each pairwise comparison. 
Abbreviations: AQP, aquaporin; NPI, Nottingham Prognostic Index; SBR, Scarff–Bloom–Richardson grade.
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the correlation between AQP mRNA expression and other 

prognostic indexes, including OS, distant metastasis-free 

survival (DMFS), and postprogression survival (PPS) 

(Table S3). We found that a high AQP1 mRNA expression 

level indicated better OS (HR =0.68, 95% CI: 0.55–0.84, 

P=0.00036); however, a high AQP9 mRNA expression 

level was associated with worse OS (HR =1.62, 95% CI: 

1.31–2.01, P=9.1E-06). Likewise, a high AQP2 mRNA 

expression level indicated better DMFS (HR =0.61, 95% 

CI: 0.43–0.86, P=0.0044); however, a high AQP9 mRNA 

expression level was also associated with worse DMFS (HR 

=1.54, 95% CI: 1.26–1.87, P=1.4E-05). In particular, a low 

AQP4 mRNA expression level was associated with better 

PPS in all breast cancers (HR =1.67, 95% CI: 1.17–2.39, 

P=0.0047).
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Prognostic values of AQP mRNA 
expression in breast cancer with different 
clinicopathologic classifications
Next, we investigated the prognostic values of AQP mRNA 

expression in breast cancer with different clinicopathologic 

classifications, including lymph node status and histologic 

grades. Regarding lymph node status (Table S4), we con-

cluded that a high mRNA expression of AQP11 was asso-

ciated with better RFS in breast cancer with lymph node 

positivity (HR =0.71, 95% CI: 0.55–0.91, P=0.0072). In 

addition, a low mRNA expression of AQP2 indicated better 

OS in breast cancer with lymph node positivity (HR =2.21, 

95% CI: 1.29–3.76, P=0.0029), and a high mRNA expres-

sion of AQP4/AQP9 was found to be correlated with worse 

OS in lymph node-negative breast cancer (HR =4.05, 95% 

CI: 1.34–12.23, P=0.0072; HR =1.93, 95% CI: 1.32–2.81, 

P=0.00053). In particular, a high mRNA expression of 

AQP9 also indicated worse DMFS in lymph node-negative 

breast cancer (HR =1.57, 95% CI: 1.19–2.06, P=0.0011). 

Moreover, a high mRNA expression of AQP2 was associated 

with worse PPS (HR =1.89, 95% CI: 1.2–2.97, P=0.005) in 

lymph node-positive breast cancer but better PPS (HR =0.48, 

95% CI: 0.31–0.74, P=0.00075) in lymph node-negative 

breast cancer. Low mRNA expression levels of AQP3 (HR 

=1.83, 95% CI: 1.16–2.88, P=0.0078), AQP6 (HR =1.88, 

95% CI: 1.2–2.94, P=0.0053), AQP8 (HR =2.07, 95% CI: 

1.32–3.26, P=0.0013), and AQP10 (HR =2.98, 95% CI: 

1.56–5.67, P=0.00054) were correlated with better PPS in 

lymph node-positive breast cancer patients.

Another clinicopathologic classification investigated 

was histologic grade (Table S5). High mRNA expression 

of AQP1 was predicted to have better RFS (HR =0.47, 95% 

CI: 0.27–0.81, P=0.0054) in grade I breast cancer patients. 

Low mRNA expression of AQP9 was correlated with better 

Figure 3 Survival analyses of the AQP family in breast cancer (RFS in Kaplan–Meier Plotter).
Notes: (A) Prognostic HR of individual AQP members in all breast cancers. (B–K) Prognostic significance of individual AQP members in all breast cancers. 
Abbreviations: AQP, aquaporin; RFS, relapse-free survival.
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RFS (HR =1.77, 95% CI: 1.39–2.27, P=3.2E-06) in grade II 

breast cancer patients. In addition, high mRNA expression of 

AQP7 was associated with better OS in grade I breast cancer 

patients (HR =0.27, 95% CI: 0.1–0.75, P=0.0071), whereas 

other AQP members were not associated with OS in any 

grade level of breast cancer patients. In addition, low mRNA 

expression levels of AQP4 and AQP9 were correlated with 

better DMFS (HR =1.6, 95% CI: 1.12–2.27, P=0.0086; HR 

=1.69, 95% CI: 1.19–2.41, P=0.0031) in grade III and grade 

II breast cancer patients, respectively. Moreover, the mRNA 

expression levels of AQP6 and AQP10 were associated with 

shorter PPS (HR =1.95, 95% CI: 1.19–3.20, P=0.0074; HR 

=2.67, 95% CI: 1.45–4.92, P=0.0011) in grade II and grade 

III breast cancer patients, respectively.

Prognostic values of AQP mRNA 
expression in different molecular 
subtypes based on the 2013 St Gallen 
criteria in breast cancer
Finally, we analyzed the prognostic values of AQP mRNA 

expression in different molecular subtypes, including basal-

like, luminal A, luminal B, and HER2+ subtypes, according 

to the 2013 St Gallen criteria in breast cancer. RFS, OS, 

DMFS, and PPS of breast cancer with low or high AQP 

mRNA expression were analyzed (Table S6).

In basal-like breast cancer, the mRNA expression of 

AQP3 indicated worse RFS (HR =1.59, 95% CI: 1.23–2.06, 

P=0.00032) (Figure 4B). However, high mRNA expression 

levels of AQP2 (HR =0.68, 95% CI: 0.52–0.87, P=0.0024) 

(Figure 4A), AQP6 (HR =0.67, 95% CI: 0.52–0.87, 

P=0.0023) (Figure 4C), AQP8 (HR =0.63, 95% CI: 0.49–

0.82, P=0.00038) (Figure 4D), and AQP10 (HR =0.61, 95% 

CI: 0.44–0.85, P=0.0035) (Figure 4E) were correlated with 

better RFS. Other AQP family members were not associated 

with prognosis in basal-like breast cancer patients.

In the luminal A molecular subtype of breast cancer, 

high mRNA expression levels of AQP1 (HR =0.66, 95% CI: 

0.55–0.78, P=1.5E-06) (Figure 4F), AQP2 (HR =0.66, 95% 

CI: 0.56–0.78, P=1.9E-06) (Figure 4G), AQP3 (HR =0.78, 

95% CI: 0.66–0.93, P=0.0047) (Figure 4H), and AQP6 (HR 

=0.77, 95% CI: 0.65–0.91, P=0.0023) (Figure 4I) were pre-

dicted to have better RFS, while a high mRNA expression of 

AQP9 (HR =1.77, 95% CI: 1.49–2.11, P=5.7E-11) (Figure 

4J) was associated with worse RFS. In addition, high mRNA 

expression of AQP1 also indicated better OS (HR =0.61, 95% 

CI: 0.43–0.88, P=0.0066) (Table S6). The mRNA expression 

of AQP9 was associated with worse DMFS (HR =1.51, 95% 

CI: 1.13–2.02, P=0.005) (Table S6). The other AQP family 

members were not correlated with any prognosis in luminal 

A breast cancer.

In luminal B breast cancer, high mRNA expression 

levels of AQP1 (HR =0.78, 95% CI: 0.64–0.94, P=0.01) 

(Figure 4K), AQP4 (HR =0.67, 95% CI: 0.55–0.81, P=5E-

05) (Figure 4L), and AQP8 (HR =0.77, 95% CI: 0.63–0.93, 

P=0.0064) (Figure 4M) were found to have better RFS. In 

contrast, mRNA expression of AQP9 (HR =1.37, 95% CI: 

1.13–1.66, P=0.0013) (Figure 4N) was predicted to have 

worse RFS. Moreover, low mRNA expression of AQP6 was 

associated with better DMFS (HR =1.91, 95% CI: 1.33–2.74, 

P=0.00035) (Table S6). No correlation with prognosis was 

found in the remaining members of AQP family.

In HER2+ breast cancer, high mRNA expression of AQP2 

(HR =0.55, 95% CI: 0.37–0.81, P=0.0024) (Figure 4O) was 

predicted to have better RFS, while AQP3 (HR =1.8, 95% 

CI: 1.22–2.68, P=0.0029) (Figure 4P) mRNA expression 

showed the opposite prognosis. High mRNA expression of 

AQP2/AQP3 (HR =3.25, 95% CI: 1.35–7.81, P=0.0057; 

HR =2.94, 95% CI: 1.35–6.4, P=0.0048) (Table S6) also 

correlated with worse PPS in the HER2+ subtype of breast 

cancer. Furthermore, a low mRNA expression of AQP10 (HR 

=3.38, 95% CI: 1.35–8.47, P=0.0058) (Table S6) indicated 

better OS in this subtype. No correlation with prognosis was 

found in the remaining members of the AQP family.

AQP gene alteration analysis in breast 
invasive carcinoma
Gene alterations of AQP family members occurred in 238 

(29.2%) of the queried samples (Figure 5). Almost every 

AQP member had different kinds of genetic alterations, such 

as missense mutations, amplification, and deep deletions 

(Figure 5C). However, the results showed that there was 

no statistically significant difference between OS/DFS and 

breast cancer patients with or without alterations of AQPs 

(Figure 5A, B).

Discussion
AQPs are not only passive channels for water and small 

solutes but also have correlations with different types of 

clinical diseases.9,26 Recent studies have shown that AQPs 

play important roles in angiogenesis, cell migration, and 

tumor growth.27–29 In particular, AQPs have relatively higher 

expression levels in different types of tumors than in corre-

sponding normal tissues.30 However, the relative mechanism 

is not yet clear. Our study analyzed the transcription levels 
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Figure 4 Survival analyses of the AQP family with different molecular subtypes based on the 2013 St Gallen criteria in breast cancer (RFS in Kaplan–Meier Plotter).
Note: (A–P) Prognostic significance of individual AQP members in different molecular subtypes.
Abbreviations: AQP, aquaporin; RFS, relapse-free survival.
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of the AQP family in different types of human cancers and 

performed a deeper analysis of AQP mRNA expression in 

breast cancer. This might help us find new breast cancer bio-

markers. Based on the high-quality databases used, we found 

that the mRNA expression levels of AQP8, AQP9, and AQP10 

were upregulated, while the levels of AQP3, AQP4, AQP5, 

and AQP7 were downregulated in breast cancer patients. In 

particular, AQP1 was significantly up- and downregulated in 

breast cancer compared to normal breast tissues. However, 

the remaining AQP family members showed no significant 

differences between breast cancer and normal breast tissues. 

Our study was the first to analyze the mRNA expression of all 

accessible AQP family members with their clinicopathologic 

parameters and their prognostic values in breast cancer.

AQP0, also referred to as MIP, has been previously known 

to be expressed solely in lens fiber cells.31 However, AQP0 
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Figure 5 AQP family gene expression and mutation analysis in invasive breast carcinoma (TCGA Cell 2015 from cBioPortal).
Notes: (A) Overall survival Kaplan–Meier estimate in cases with or without AQP alterations. (B) Disease/progression-free survival Kaplan–Meier estimate in cases with or 
without AQP alterations. (C) Oncoprint represents the distribution and proportion of samples with different types of alterations in the AQP family. The right part of the 
figure without alterations was not included.
Abbreviations: AQP, aquaporin; TCGA, The Cancer Genome Atlas.
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mRNA expression was since detected in liver and gastric 

carcinoma.32 None of the studies have reported any correla-

tion between AQP0 and breast carcinoma. Our study revealed 

that AQP0 mRNA expression was predicted to have better 

RFS in all breast cancers. However, the function of AQP0 in 

breast cancer requires further research.

AQP1 was extensively expressed in the vascular endo-

thelium of tumor tissues.30 Cell migration and angiogenesis 

are destroyed when the targeted AQP1 gene is disrupted.33 

Research has shown that a high expression of AQP1 has 

been found in advanced mammary carcinoma with distinct 

AQP1 immunoreactivity in breast tumor cells, but it did not 
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show an exact relationship between the high expression of 

AQP1 and the worse long-term survival of patients.34 Our 

study concluded that AQP1 was more inclined to be down-

regulated in breast cancer and decreased in higher SBR 

grade breast cancer. Subsequently, high mRNA expression 

of AQP1 indicated better RFS and OS in all breast cancers, 

especially those classified as grade I and luminal A/luminal 

B molecular subtypes.

Unlike AQP1, AQP2 was isolated from renal collecting-

duct water channels by Fushimi et al.35 Through the Onco-

mine database, we found that AQP2 protein was expressed 

in neither breast cancer nor normal breast tissues. However, 

AQP2 mRNA tested with bc-GenExMiner v4.1 reflected that 

it was downregulated in positive nodal status compared to 

negative nodal status in breast cancer patients. In the prog-

nostic analysis, higher mRNA expression of AQP2 showed 

better RFS and DMFS in all breast cancers but worse PPS 

in lymph node-positive breast cancer.

AQP3 was more inclined to be expressed in gastric can-

cer and associated with the progression of lymphovascular 

invasion.36 Its clinical significance in breast cancer is not yet 

clear. Consequently, the analysis via Kaplan–Meier Plotter 

showed that AQP3 expression was negatively correlated with 

better RFS in breast cancer. However, the mRNA expres-

sion of AQP3 had no correlation with the histologic grade 

of breast cancer. Moreover, decreased mRNA expression of 

AQP3 indicated better RFS in breast cancer with basal-like 

and HER2+ subtypes but worse RFS in luminal A subtype.

Recent studies have mainly associated AQP4 with human 

brain tumors, where it plays an important role in the edema 

formation of the brain.29,37 However, the role of AQP4 in 

breast cancer was not clearly evaluated. Limited studies have 

found that AQP4 is downregulated in breast cancer.38 At the 

cell level, Li et al39 knocked down the siRNA expression of 

AQP4 in specified cell lines, and their results showed that the 

downregulation of AQP4 could inhibit the migration, inva-

sion, and proliferation of human breast tumor cells. Neverthe-

less, Kaplan–Meier Plotter revealed that high AQP4 mRNA 

expression levels would result in better RFS (especially in 

the luminal B molecular subtype) but worse PPS, followed 

by a negative effect on OS of lymph node-negative breast 

cancer patients and worse DMFS in breast cancer in grade III.

Jung et al40 concluded that AQP5 plays a prominent role 

in the migration and proliferation of breast cancer at the cell 

level. Our analysis demonstrated that AQP5 had a tendency 

of downregulation in breast cancer and low expression in ER- 

and/or PR-positive breast cancer. In addition, triple-negative 

breast cancer had an increased mRNA expression of AQP5. 

Recent analyses have not shown any survival correlation 

between AQP5 and breast cancer.

AQP6 was mainly detected in kidney tissues without a 

functional definition.41 Matsuzaki used RT-PCR technology 

and detected the transcription of AQP6 in rat mammary 

glands. However, these proteins were not localized in the 

human breast.42 Based on the database, we found that the 

mRNA expression of AQP6 was positively correlated with 

RFS (especially in the molecular subtype of basal-like and 

luminal A) in breast cancer patients but negatively correlated 

with PPS in lymph node-positive and grade II breast cancer.

Likewise, AQP7 and AQP9 have also been found in rat 

mammary glands without further detection of the correspond-

ing protein expression in humans. Their function in breast 

cancer has not been distinctly evaluated.42 However, in the 

Oncomine database, their mRNA expression exhibited a 

diverse regulation of breast cancer, with AQP7 downregulated 

and AQP9 upregulated. Moreover, the mRNA expression of 

AQP9 increased in higher SBR grades of all types of breast 

cancer and was accompanied by worse RFS, OS, and DMFS 

in lymph node-negative breast cancers in particular. None of 

the survival results corresponded with AQP7.

AQP8 was considered to be more highly expressed in 

breast stromal tumor tissues by genetic deletion.43 Accord-

ing to database exploration, the elevated mRNA expression 

of AQP8 predicted better RFS in all breast cancers but low 

PPS in lymph node-positive breast cancer patients. The better 

RFS associated with higher AQP8 mRNA expression mainly 

concentrated on the basal-like and luminal B subtypes of 

breast cancer.

Furthermore, AQP10, AQP11, and AQP12A/B had no 

deeper scientific reports. From the Kaplan–Meier Plotter, we 

determined that a high mRNA expression of AQP10/11 was 

associated with better RFS. However, HER2+ type breast 

cancer patients were correlated with worse OS when the 

mRNA expression of AQP10 was elevated. More cell and 

clinical studies are needed to specify these findings.

Conclusion
We analyzed the clinicopathologic parameters and prog-

nostic values of all of the discovered AQP family members 

using the Oncomine database, bc-GenExMiner v4.1, and 

Kaplan–Meier Plotter. Among all the AQPs above, our con-

clusion revealed that the mRNA expression levels of AQP8, 

AQP9, and AQP10 were upregulated, while those of AQP3, 

AQP4, AQP5, and especially AQP7, were downregulated in 

breast cancer. The clinical database showed that low mRNA 

levels of AQP1 were associated with higher SBR grades, but 
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AQP9 showed the opposite trend. Further survival analysis 

indicated that high mRNA expression levels of AQP0, 

AQP1, AQP2, AQP4, AQP6, AQP8, AQP10, and AQP11 

were significantly associated with better RFS. Conversely, 

AQP3 and AQP9 were associated with worse RFS in breast 

cancer patients, suggesting that these two genes might be 

potential targets in future chemotherapy. Ten AQP members 

were significantly correlated with breast cancer patients. 

Every AQP member might show its functions through dif-

ferent kinds of signal pathways. More elaborate mechanism 

studies and large-data clinical trials are needed to further 

explore the function of the AQP family in breast cancer.

Our study comprehensively analyzed the AQP family 

members associated with breast cancer based on clinico-

pathologic parameters and prognostic analysis. On the basis 

of the validation of a large amount of data, the AQP family 

might act as new survival biomarkers in targeted treatments 

for breast cancer in the near future.
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