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Abstract: Pancreatic cancer is anticipated to be the second leading cause of cancer-related death by
2030. Aquaporins (AQPs), a family of water channel proteins, have been linked to carcinogenesis.
The aim of this study was to determine AQP gene expression in pancreatic cancer tissues and to
validate aquaporins as possible diagnosis and/or prognosis genes. The relative gene expression
levels of AQP1, AQP3, AQP5, and AQP9 were analyzed using real-time quantitative PCR (RT-qPCR)
in 24 paired pancreatic tumors and adjacent healthy tissues according to variables such as age,
gender, and tumor invasiveness and aggressiveness. AQPs transcripts were detected in both healthy
and tumor tissues. While AQP1 was downregulated in the tumor samples, AQP3 was particularly
overexpressed in low-grade invasive tumors. Interestingly, most of the strong positive Pearson
correlation coefficients found between AQPs in healthy tissues were lost when analyzing the tumor
tissues, suggesting disruption of the coordinated AQP-gene expression in pancreatic cancer.

Keywords: aquaporins; transcriptional profile; pancreas; pancreatic cancer

1. Introduction

Pancreatic cancer is the 7th most lethal and 14th most prevalent type of cancer with
a five-year survival rate of only 2–9%. Both incidence and mortality are higher in males
than in females [1]. About 85% of pancreatic cancers are ductal adenocarcinomas (PDACs),
which arise in the exocrine section of the gland and represent one of the most aggressive
human malignancies. The three well-characterized human PDAC precursor lesions, in-
traepithelial neoplasms (PanINs), mucinous cystic neoplasms (MCNs), and intraductal
papillary mucinous neoplasms (IPMNs), may all develop into a malignant PDAC [2]. Late
diagnosis based on vague symptoms is a contributing factor to the low survival rate, which
results in unresectable tumors in 80–85% of cases [3]. The incidence and death rates of
pancreatic cancer have continued to increase, predictively rendering this disease the second
leading cause of cancer-related death by 2030 [4]. The only therapeutic option for treating
PDAC is surgery, and due to the lack of distinguishing symptoms and clear clinical signs,
an early PDAC diagnosis is still challenging.

The patient’s age, gender, ethnicity, and genetic background are among several non-
modifiable risk factors associated with pancreatic cancer [5], which is more frequent in
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elderly individuals and extremely rare before the age of 30. According to the Global Cancer
Observatory (GLOBOCAN), in 2020, pancreatic cancer was the 13th most common cause
of cancer in males and the 12th in females [1,6]. The only clinically approved biomarker
for pancreatic cancer is carbohydrate antigen 19-9 (CA 19-9) with a sensitivity range of
70–92% and a specificity of 68–92% [7,8]. However, the high number of false positive and
false negative results, together with the lack of sensitivity for early detection, limits CA
19-9’s accuracy and usefulness [9].

Aquaporins (AQPs) are a family of water channel proteins that facilitate the perme-
ation of water (orthodox aquaporins) and other small non-charged solutes, such as glycerol,
across membranes (aquaglyceroporins) [10]. The 13 AQPs found in humans (AQP0–AQP12)
have been detected not only in tissues involved in fluid transport but also in non-absorbing
or non-excretory tissues [11]. In addition to acting as membrane channels, AQPs have
multiple functions beyond their canonic role; they facilitate cell morphology changes [12],
modulate membranes’ biomechanical properties [13], and are involved in signaling path-
ways controlling cell migration and cell–cell adhesion [14–17], therefore impacting the
initiation and development of carcinogenesis.

In the last decade, abnormal expression levels of AQPs have been reported in multiple
cancer types [10,14,18] and specifically associated with the mechanisms of migration and
proliferation. In the pancreas, AQPs are expressed in the endo- and exocrine pancreas,
with them being involved in insulin and pancreatic fluid secretion, respectively [19–22].
Several pancreatic conditions, including cancer, have been associated with altered AQP
expression [23]. In human pancreatic cancer, aberrant AQP expression was found to be
associated with tumor pathological grade, clinical stage, impaired overall survival [24],
and even resistance to chemotherapy [23,25]. Strong evidence highlights the value of
AQPs as biomarkers for cancer diagnosis and prognosis. Using transcriptome data mining
techniques on three independent PDAC datasets, a recent study reported the differential
expression of a panel of genes, including the expression profile of the AQP interactome.
Among the 20 differentially expressed genes identified (downregulated and upregulated),
a molecular panel of four genes was identified as potential prognostic markers associated
with overall survival, highlighting the urgent need for in vitro testing to evaluate their
potential prognostic role and validate their clinical applicability [26].

In this study, we analyzed the gene expression levels of AQPs in paired pancreatic
cancer tissues of different histological types and adjacent healthy tissues removed from
patients during curative surgical resection. We present a descriptive study in which AQP
expression levels were analyzed according to various factors, such as the patient’s age,
gender, and tumor invasiveness and aggressiveness, aiming to evaluate their potential
prognosis usefulness in pancreatic cancer.

2. Materials and Methods
2.1. Ethical Approval and Sample Characterization

All procedures involving human participants were performed in line with the ethical
standards of the institutional and national research committee and the 1964 Helsinki Decla-
ration and its later amendments or comparable ethical standards [27]. Tumor samples and
matched adjacent non-neoplastic samples were obtained from 24 patients who underwent
surgery. Tissue was obtained and used in a manner compliant with the Declaration of
Helsinki, as revised in 1983. This study was approved by the ethics committee of the Centro
Hospitalar of Lisboa Central CHULC (INV-106, 2021). All patients were classified according
to the pathological tumor/node/metastasis (pTNM) system and based on the 7th edition
of the American Joint Committee on Cancer (AJCC).

The cohort’s clinico-pathological features are described in Table 1. The samples were
collected from 12 male and 12 female patients, with ages ranging from 51 to 82 years at
the time of surgery and were classified according to the aggressiveness and invasiveness
grade of pancreatic cancer by the surgeons and pathologists who provided the sample
stratification. Aggressiveness was defined according to the tumor histological type and
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grade and was classified from 1 to 4. The samples were grouped into a low-grade aggressive
group (patients with aggressiveness ≤ 2) and a high-grade aggressive group (patients with
aggressiveness ≥ 3). The invasiveness grade was defined according to tumor local invasion
and lymph node status and was classified from 1 to 4. The samples were grouped into
a low-grade invasive group (patients with an invasiveness grade = 1) and a high-grade
invasive group (patients with an invasiveness grade ≥ 2).

Table 1. Clinico-pathological characterization of tumor samples.

Patient Gender Age Cancer Type Aggressiveness
Grade 1

Invasiveness
Grade 2

1 M 69 Ampulla adenocarcinoma Low High

2 M 55 Kidney metastasis Low Low

3 F 55 Ductal adenocarcinoma High High

4 M 63 Ampulla adenocarcinoma Low High

5 M 69 Distal cholangiocarcinoma High High

6 M 59 Ductal adenocarcinoma High High

7 F 69 Non-invasive intraductal
papillary mucinous neoplasm Low Low

8 F 52 Invasive intraductal
papillary mucinous neoplasm Low High

9 F 69 Endocrine neoplasia High Low

10 F 82 Ductal adenocarcinoma High High

11 M 58 Distal cholangiocarcinoma Low High

12 F 65 Non-invasive intraductal
papillary mucinous neoplasm Low Low

13 F 65 Ductal adenocarcinoma High High

14 M 80 Ductal adenocarcinoma Low High

15 F 72 Ampulla adenocarcinoma Low High

16 F 60 Ductal adenocarcinoma High High

17 M 56 Ampulla adenocarcinoma Low High

18 M 56 Cystic neuroendocrine tumor Low Low

19 M 67 Ductal adenocarcinoma High High

20 F 78 Ductal adenocarcinoma High High

21 M 50 Distal cholangiocarcinoma Low High

22 F 80 Invasive intraductal
papillary mucinous neoplasm Low Low

23 M 64 Ductal adenocarcinoma High High

24 F 51 Cystic neuroendocrine tumor Low Low
1 The aggressiveness grade was defined according to the tumor histological type and grade and was classified
from 1 to 4. The samples were grouped into a low-grade aggressive group (patients with aggressiveness ≤ 2)
and a high-grade aggressive group (patients with aggressiveness ≥ 3). 2 The invasiveness grade was defined
according to the tumor local invasion and lymph node status. The samples were grouped into a low-grade
invasive group (patients with an invasiveness grade = 1) and a high-grade invasive group (patients with an
invasiveness grade ≥ 2).

2.2. RNA Isolation and RT-qPCR Analysis

For gene expression analysis, healthy and tumor tissues were homogenized in TRIzol,
and RNA was extracted according to the manufacturer’s protocol (Ambion, Waltham, MA,
USA). After the mRNA concentration and quality were evaluated, reverse transcription was



Genes 2023, 14, 1694 4 of 10

performed using an NZY First-Strand cDNA Synthesis Kit according to the manufacturer’s
protocol (NZYTech, Lisbon, Portugal), as previously described [28]. AQP1, AQP3, AQP5,
AQP9, and β-actin (housekeeping gene) expression was assessed by quantitative PCR
using TaqMan™ Universal PCR Master Mix II with UNG and TaqMan™ assays (Table 2)
(Applied Biosystems, Waltham, MA, USA).

Table 2. Aquaporins and corresponding housekeeping gene-specific probes used for RT-qPCR.

Gene Full Gene Name TaqMan Gene Expression
Assay

AQP1 Aquaporin 1 Hs01028916_m1
AQP3 Aquaporin 3 Hs01105469_g1
AQP5 Aquaporin 5 Hs00387048_m1
AQP9 Aquaporin 9 Hs00175573_m1

Housekeeping Gene
ACTB β-actin Hs99999903_m1

Analysis of the relative gene expression data was performed using real-time quan-
titative PCR (RT-qPCR) and calculated according to the following formula: relative gene
expression = 2CT housekeeping/2CT target. To calculate the gene expression level, the Ct values
were normalized to the mean of the housekeeping gene, ACTB (β-actin). The relative
expression levels were then calculated as a variation of the Livak method [29], corrected for
variation in the amplification efficiency, as previously described [30].

2.3. Statistical Analysis

Statistical analysis was carried out using the generalized linear mixed (GLM) model
of Statistical Analysis System (SAS) software, version 9.4 [31]. Once normality was tested
by the Kolmogorov–Smirnov test and variance was tested homogeneity by Levene’s test,
significant multiple comparisons were carried out using the PDIFF option adjusted with
Tukey–Kramer to determine any statistical differences among the healthy and tumor tissues.
Pearson’s correlation coefficients were calculated using the Proc CORR procedure of SAS
to establish linear relationships among the genes’ expression. Data were presented as the
mean and standard error of the mean (SEM). A p-value lower than 0.05 was taken as being
statistically significant.

3. Results and Discussion

AQP1, AQP3, AQP5, and AQP9 were detected in both healthy and tumor tissues
(Figure 1A). While for AQP3, AQP5, and AQP9 no statistically significant differences were
found between the healthy and tumor samples (p > 0.05), the AQP1 mRNA expression
levels were downregulated in tumor tissues (p = 0.003). Interestingly, in a previous study,
AQP1 was found to be overexpressed in PDAC [32]; however, probably due to the diverse
pancreatic cancer histological types included in the present study, this reported upregu-
lation could not be reproduced herein for the AQP1 transcripts. In our previous study,
which analyzed human biopsies of PDAC using histochemistry, both AQP3 and AQP5
protein expression were found to be upregulated in moderately differentiated tumors [24].
Here, we also observed a tendency for AQP5 gene upregulation in tumor tissues, and
interestingly, upregulation of AQP5 at the protein level, which correlated with aspects of
cancer biology, was also observed in previous studies [24]. In fact, the role of AQP5 in
facilitating hydrogen peroxide membrane permeation and contributing to cellular oxidative
stress was associated with pancreatic cancer cell migration, promoting invasiveness [33].
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Figure 1. Effects of age range and gender on the relative gene expression levels of AQP1, AQP3,
AQP5, and AQP9 in healthy and tumor tissues. The values are means, with their standard errors
represented by vertical bars. a,b Mean values with unlike letters were significantly different (Tukey’s
post hoc, p < 0.05). (A) Effect of tissue type, healthy (n = 24) and tumor (n = 24) tissues, on the relative
gene expression levels of AQP1, AQP3, AQP5, and AQP9. (B) Effect of age range, ≤65 years (n = 14)
and >65 years (n = 10), on the relative gene expression levels of AQP1, AQP3, AQP5, and AQP9 in
healthy tissues (n = 24). (C) Effect of age range, ≤65 years (n = 14) and >65 years (n = 10), on the
relative gene expression levels of AQP1, AQP3, AQP5, and AQP9 in tumor tissues (n = 24). (D) Effect
of tissue type, healthy (n = 24) and tumor (n = 24), and gender, males (n = 12) and females (n = 12), on
the relative gene expression levels of AQP1, AQP3, AQP5, and AQP9 (normalized to ACTB).

To investigate a possible correlation between AQP gene expression and the incidence
of pancreatic cancer by age and gender, the paired tumor and healthy adjacent samples
were then divided according to the patients’ age range (Figure 1B,C) and gender (female
and male) (Figure 1D). No significant differences were found when dividing the data by age
(p > 0.05). Data about gender dependency in AQP expression are scarce; however, adipose
AQP7 is more abundant in females than in males [34]. Additionally, evidence suggests that
hepatic AQP9 might also present sexual dimorphism [34]. In this study, AQP1 expression
was found to be downregulated in the tumor tissues of both genders (Figure 1D). Although
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the AQP1 expression levels were not different between healthy tissues from males and
females (p > 0.05) nor between tumor tissues from males and females (p > 0.05), in female
patients, a significant difference (p = 0.007) was found between healthy and tumor tissues,
where AQP1 was markedly downregulated. As for AQP3, AQP5, and AQP9, the relative
steady-state levels were not found to be significantly different for any of the variables
mentioned above (p > 0.05) (Figure 1D).

Regarding tumor aggressiveness, AQP gene expression levels were not found to be
different between low- and high-grade aggressive tumors (Figure 2A) (p > 0.05) nor did they
vary significantly (p > 0.05) according to gender or the aggressiveness grade (Figure 2B).
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Figure 2. Effects of gender and aggressiveness grade on the relative gene expression levels of AQP1,
AQP3, AQP5, and AQP9. The values are means, with their standard errors represented by vertical
bars. (A) Effect of aggressiveness grade, low (n = 14) and high (n = 10), on the relative gene expression
levels of AQP1, AQP3, AQP5, and AQP9. (B) Effect of aggressiveness grade, low (n = 14) and high
(n = 10), and gender, male (n = 12) and female (n = 12), on the relative gene expression levels of AQP1,
AQP3, AQP5, and AQP9 (normalized to ACTB).

Regarding tumor invasiveness, while AQP1 mRNA levels were identical in low- and
high-grade invasive tumors (Figure 3A) (p > 0.05), AQP3 levels were higher in low-grade
invasive tumors than in high-grade invasive tumors, suggesting an inverse correlation
between AQP3 expression and pancreatic tumor invasiveness (p = 0.046) (Figure 3A). It
is worth mentioning that several studies have revealed AQP3’s association with cancer
aggressiveness and invasiveness in diverse types of cancer. In fact, AQP3 has been reported
as a crucial player in cell migration and invasion in breast cancer, cell migration and
adhesion in pancreatic cancer, and invasiveness in prostate cancer [13,35–37]. Interestingly,
through a large-scale proteomic analysis, AQP3 was found to be significantly associated
with the activity of mTOR signaling [38]. This study suggested that AQP3 can promote
the tumor growth of pancreatic cancer cells by activating the mTOR signaling pathway,
shedding some light on the molecular mechanisms that are potentially involved.
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Figure 3. Effect of gender and invasiveness grade on the relative gene expression levels of AQP1,
AQP3, AQP5, and AQP9. The values are means, with their standard errors represented by vertical
bars. a,b Mean values with unlike letters were significantly different (Tukey’s post hoc, p < 0.05).
(A) Effect of invasiveness grade, low (n = 7) and high (n = 17), on the relative gene expression levels
of AQP1, AQP3, AQP5, and AQP9. (B) Effect of invasiveness grade, low (n = 7) and high (n = 17),
and gender, male (n = 12) and female (n = 12), on the relative gene expression levels of AQP1, AQP3,
AQP5, and AQP9 (normalized to ACTB).

The AQP9 gene expression levels did not vary between low- and high-grade invasive
tumors (p = 0.090) (Figure 3A). AQP5 displayed different dynamics (Figure 3A), but no
differences were observed regarding invasiveness (p = 0.550).

Although all the tested AQPs displayed different levels of gene expression depending
on invasiveness and gender (Figure 3B), none of these results were statistically significant
(p > 0.05). Overall, the AQP expression levels were not determined by age or gender, even
when considering the aggressiveness and invasiveness stages.

Pearson’s correlation coefficient, also called the correlation coefficient, is a mathe-
matical measurement that is used to quantify the strength of the association between two
variables. Pearson’s correlation coefficient, r, takes on the values of −1 through +1. Values
of −1 or +1 indicate a perfect linear relationship between the two variables, whereas a
value of 0 indicates no linear relationship. Negative values simply indicate the direction of
the association, whereby as one variable increases, the other decreases [31].

Interestingly, the Pearson’s correlation coefficients between the AQP transcripts in
healthy and tumor tissues were found to be positive, revealing either high or moderate
correlations (high correlation, r > 0.7; moderate correlation, 0.7 ≥ r ≥ 0.3; low correlation, r
< 0.3) according to Costa et al. [39].
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In healthy tissues, AQP3 was found to be correlated with AQP1 (r = 0.701, p = 0.004);
AQP5 was correlated with AQP1 (r = 0.902, p = 0.001) and AQP3 (r = 0.647, p = 0.031);
and AQP9 was correlated with AQP1 (r = 0.859, p = 0.007), AQP3 (r = 0.986, p < 0.001),
and AQP5 (r = 0.915, p = 0.002) (Figure 4A). However, in tumor tissues, AQP9 only
correlated with AQP3 (r = 0.992, p < 0.001) and AQP5 (r = 0.975, p < 0.001). No correlations
were found between AQP1 and the other AQPs (p > 0.05) (Figure 4B). AQP1 was not
correlated with AQP3 (r = 0.170, p = 0.438), AQP5 (r = 0.073, p = 0.752), nor AQP9 (r = 0.132,
p = 0.581). Therefore, according to the Pearson’s analysis, all AQPs correlated with each
other in healthy tissues. Interestingly, while AQP1 and AQP5 are orthodox water channels,
AQP3 and AQP9 are aquaglyceroporins, and all these isoforms also permeate hydrogen
peroxide [40], suggesting that the different features of each AQP are important to ensure the
pancreas’ physiological function [20]. In the tumor tissues, most of the above-mentioned
correlations disappeared, suggesting that the regulation coordinated by gene expression
observed in healthy tissues is disrupted by the initiation of pancreatic cancer. In fact, in
the tumor samples, AQP3 correlated with AQP9 while AQP9 also correlated with AQP5.
AQP1 lost correlations with any other AQP. Overall, these data suggest that once cells
undergo carcinogenesis, AQP gene expression is deregulated, impacting on how each
isoform influences the others.
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tissues. (B) Diagram of the Pearson’s correlations among AQPs in pancreatic tumor tissues.

In conclusion, this study revealed novel findings on the role of AQPs in pancreatic
cancer, most notably the downregulation of AQP1 in tumor tissues and the increased
expression of AQP3 in less-invasive tumors. These results pave the way for future research
into the diagnostic and prognostic value of AQPs in pancreatic cancer. However, it is
important to note that the results of this study are preliminary and should be interpreted
with caution due to the small sample size and the varied histological types of pancreatic
cancer involved. Further research involving a larger cohort of patients is needed to validate
these findings and to better understand the complex role of AQPs in the development and
progression of pancreatic cancer.
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