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ABSTRACT 

  

Objective: Study of AQP1 and AQP3 expression to understand its potential 

role in the pathophysiology of skin cancer. 

Methods: Analysis of AQP1 and AQP3 expression by immunohistochemistry of 

72 skin biopsies from melanocytic skin tumors, nonmelanocytic tumors or 

healthy samples.  

Results: AQP1 showed strong labeling in 100% of benign common melanocytic 

nevi. Small blood vessels, stroma and melanophages surrounding different 

types of melanomas tumors also showed positive. Tumoral melanocytes in 

atypical nevi and melanomas were negative for AQP1.   

AQP3 showed strong labeling in 100% of melanocytic nevi, 100% of atypical 

melanocytic nevi and 100% of melanomas. In all basal cell carcinoma and 

squamous cell carcinoma staining for AQP3 resulted positive.   

Conclusion: This work represents the first demonstration of AQP1/AQP3 

expression in human melanocytic skin tumors. More studies are needed to 

understand the underlying molecular mechanisms of expression of both AQPs 

in melanocytic tumors and their potential as molecular therapeutic targets.  
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Key points: 

- AQP1 and AQP3 participate in the development of skin tumors. 

- AQP1 is relevant for the angiogenesis necessary to sustain tumor cells and for 

the tumor’s inherent inflammatory process. 

- AQP3 overexpression in these types of skin tumors confers a greater 

proliferative capacity to the tumor cell. 
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1  INTRODUCTION 

 

The skin is the largest organ in the body, and in addition to forming a natural 

barrier, it plays several essential roles in maintaining the body’s homeostasis. 

Thus, the skin helps to keep the fluid and electrolyte balance, modulates body 

temperature, helps to maintain blood volume and possesses an important neuro 

receptor and immune system that governs the relationship with our 

surroundings. The three most common types of skin cancer are basal cell 

carcinoma (BCC), squamous cell carcinoma (SCC) and melanoma. The 

incidence of skin tumors in general has increased markedly over the past 40 

years, making it a public health problem.  

AQP expression has been identified in various skin structures1. 

Specifically, AQP1 has been found in the endothelium of dermal capillaries and 

in cultured melanocytes and fibroblasts, although, curiously, its presence in 

these types of cells has not been confirmed in vivo. Similarly, AQP3 has been 

found in keratinocytes, fibroblasts, sebaceous glands and Langerhans cells; 

AQP5 in sweat glands; AQP7 in hypodermal adipocytes, AQP9 in keratinocytes 

and Langerhans cells and AQP10 in keratinocytes. However, the specific roles 

played by many of these proteins in the skin remains uncertain.  

In terms of pathology, AQP-mediated water transport has been 

associated with the neoangiogenesis, migration, degree of invasion and 

metastatic potential of tumor cells, including the skin.  Thus, AQP1 is linked to 

the production of tumoral neovessels, essential for the survival of cancer cells2.  

The results of animal studies have suggested a link between AQP1 and the 
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progression of melanoma3,4; however, it remains to be demonstrated whether 

AQP1 is typically expressed in human melanomas in vivo.  

There is a significant amount of evidence linking changes in AQP3 

expression with tumor growth5, and particularly in skin cancer AQP3 seems to 

play a central role. Epidermal growth factor (EGF) was found to induce AQP3 

expression via the MEK/ERK (mitogen-activated protein kinase/extracellular 

signal-regulated kinase) pathway, and to increase the migration and 

proliferation capacity of cells in two gastric carcinoma cell lines, which suggests 

that AQP3 may play an important role in tumor growth and dissemination6. 

Marked AQP3 expression has also been found in human squamous cell 

carcinoma7 and in cell lines with epidermoid differentiation8. AQP3 is related to 

wound healing, lipid metabolism in the skin and regulation of the proliferation 

and differentiation of keratinocytes, with these latter properties being attributed 

to its ability to transport glycerol9,10.  

In light of the above, we hereby present an in-depth study of the expression of 

two AQPs, namely AQP1 and AQP3, which are known to be closely related to 

cancer, in an attempt to understand their possible role in the pathology of this 

disease and their potential use as specific therapeutic and diagnostic targets in 

skin cancer. 
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2  MATERIALS AND METHOD 

 

2.1  Biopsies from skin tumors 

In this study we performed immunohistochemical analysis of AQP1 and AQP3 

expression on tissue sections of biopsies from 70 patients with various skin 

tumors, as shown in Table 1. Samples of all tumors were collected by surgery 

and kept as paraffin-embedded samples within the Department of Pathology, 

Hospital Universitario Virgen del Rocío (HUVR) [Virgen del Rocio University 

Hospital], Seville, Spain. Normal skin samples from healthy borders around the 

lesions were also analyzed. The tumors were staged according to the tumor-

node-metastasis (TMN) classification system, and histologically classified 

according to the World Health Organization guidelines 11. Tissue slides were 

hematoxylin-eosin stained and evaluated for diagnosis by two independent 

pathologists.  

Written informed consent was obtained from all participants. The study followed 

the tenets of the WMA Declaration of Helsinki for research on human subjects 

and was approved by the ethics committee of HUVR.   

 

2.2  Immunohistochemistry.  

In order to set the immunohistochemistry conditions to detect AQP1 and AQP3, 

different dilutions of the antibody and developing times were tested on skin 

samples. All samples examined were obtained from formalin-fixed, paraffin-

embedded pieces.  
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Tissue slices of 2-5 µm were cut with a microtome and mounted on microscope 

slides. The Immunohistochemical procedure started by removing the paraffin 

from the samples by immersion in xylene and rehydration through a series of 

decreasing dilutions of ethanol. Blocking of endogenous peroxidase activity was 

done by pre-incubation of samples in 3% H2O2. Heat-induced epitope retrieval 

was carried out by incubation of tissue sections at 65 ºC for 1 hour in sodium 

citrate (10 mM, pH: 6) and then blocking of unspecific binding was done by 

incubation for 1 hour in a PBS solution with 10% bovine serum and triton X-100 

at 0.3%. Rabbit polyclonal anti-AQP1 (Abcam Cat # ab15080, RRID: 

AB_2056839, 1:500 dilution), or anti-AQP3 (Santa Cruz Biotechnology Cat # 

sc-20811, RRID: AB_2059551, 1:50 dilution) were used. The next two steps 

were EnVision + Dual Link System-HRP (DakoCytomation, Dako DenmarK) 

that contains goat anti-rabbit immunoglobulins conjugated to peroxidase-

labeled polymer and DAB-substrate-DAB-chromogen for the development of 

brown precipitates. Qualitative analysis of signal level was performed according 

to the following criteria: absence of brown precipitate indicated a “negative” 

result for immunoreactivity and the presence of brown precipitate over specific 

cell areas was considered a “positive” result. Counter-staining with hematoxylin 

was done and sections were analyzed side by side with the pathologist by two 

independent observers. Sections were photographed using an AX70-Olympus 

microscope equipped with an Olympus DP10 camera. Omitting the primary 

antibody produced no staining.  

 

2.3  Statistical analysis 
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Data analysis was performed using the Statistical Package for Social Sciences 

(SPSS Inc., Chicago, Illinois), version 16.0. Continuous variables were 

described with the mean and standard deviation. Categorical data were 

summarized with the absolute and relative frequencies of each category. The 

expression of AQPs for each neoplasm and anatomical location was analyzed 

by χ2 or Fisher exact test as appropriate. Alpha error was set at 0.05. 
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3  RESULTS  

 

3.1  Population-based characterization of samples from primary skin 

tumors 

The mean age of the patients from whom the 70 samples analyzed were 

obtained was 60 years (range: 21-89), excluding the controls. 38 (54.3%) of the 

patients were males and 32 (45.7%) were females. A total of 68 samples 

(97.1%) were primary tumors, with the remaining 2.9% (N = 2) corresponding to 

relapses. The most common location was the head and neck (45.7%, N = 32), 

followed by the trunk (30%, N = 21), upper extremities (15.7%, N = 11) and 

lower extremities (8.6%, N = 6). A more detailed description of the patients’ 

demographic characteristics and the various biopsy subtypes is provided in 

Table 1 and Table 2 and in the supplementary material. 

 

3.2  Expression of AQP1 and AQP3 in healthy skin 

In healthy skin, as can be observed in Figure 1, AQP1 is expressed in the 

vascular endothelium and erythrocytes. The eccrine glands, which are secretory 

epithelia and therefore experience significant water flow, and dermal fibroblasts, 

were also positive for AQP1 (Table 2). In contrast, expression of AQP3 was 

restricted to the epidermal keratinocytes, with the intensity thereof being higher 

in the stratum basale and decreasing towards the more superficial layers of the 

skin. Keratinocytes in pilosebaceous follicles were also immunoreactive for 

AQP3, as were the eccrine and apocrine glands. Finally, fibroblasts, blood 

vessels and erythrocytes also stained positive for AQP3 (Figure 1).  The 
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staining patterns for AQP1 and AQP3 in the different cells found in normal skin 

are summarized in Table 2. 

 

3.3  Expression of AQP1 and AQP3 in tumors  

92.9% (N = 65) of the 70 tumors evaluated were negative for AQP1, with 

a further 1.4% (N = 1) exhibiting focal immunoreactivity and 5.7% (N = 4) diffuse 

staining. All AQP1-positive samples corresponded to common melanocytic nevi. 

Lesion size was inversely related to signal intensity in all cases (p = 0.01). With 

respect to AQP3 immunostaining, 98.6% (N = 69) of tumors exhibited diffuse 

positive staining, with focal positive staining being observed in the remaining 

1.4%. None of the tumors analyzed were negative in the immunohistochemical 

study for this protein. Lesion size was inversely related to signal intensity in all 

cases (p = 0.01). 

 

3.3.1  AQP1 and AQP3 expression in common and atypical nevi  

Immunostaining for AQP1 was intense in all common melanocytic nevi 

(100%, Figure 2), which is of interest given that the melanocytes in healthy skin 

were not positive and atypical or malignant melanocytic tumors were also 

negative for this protein (Table 2). Tumoral melanocytes were negative for 

AQP1 in all samples of atypical melanocytic nevi (100%, Figure 2). Positive 

staining for AQP1 was found in dermal capillaries and peritumoral connective 

tissue.  

Although AQP3 expression has not been reported in either normal or 

proliferating melanocytes, staining of these cells was found in all common 
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melanocytic nevi analyzed in this study, as well as in all atypical nevi (Figure 2 

and Table 2).  

 

3.3.2  AQP1 and AQP3 expression in primary skin melanomas  

As was the case for atypical melanocytic nevi, the tumoral melanocytes found in 

melanomas were all negative for AQP1. However, the small neovessels, 

peritumoral stroma and melanophages surrounding the tumor were immuno-

positive for this protein (Figure 3).   

It should be noted that positive staining for AQP1 was found in the neval 

cells from two melanoma samples, one was the superficial spreading type and 

the other was lentigo maligna, both of which were grew on a pre-existing neval 

lesion, although the melanoma cells themselves remained negative. This 

finding is consistent with the AQP1 staining pattern observed for each type of 

melanocytic tumor. 

Similar to the situation for common and atypical nevi, AQP3 

immunostaining was positive in all tumor cells from melanomas (Figure 3), 

independent of their histological sub-type (Table 2). These findings suggest that 

AQP3 may be a marker for proliferating melanocytes as this protein is found in 

all melanocytic tumoral lesions but is not expressed in basal melanocytes.  

 

3.3.3 AQP1 and AQP3 expression in basal cell carcinomas and in 

squamous cell carcinomas 

The tumor cells in all basal cell carcinomas studied were negative for 

AQP1, although marked AQP1 expression was observed in the stroma 

surrounding the tumor mass (Figure 4 and Table 2). In addition, AQP1 



 

 

13 

immunostaining was negative in all squamous cell carcinomas. However, 

positive staining for AQP1 was observed in the peritumoral stroma and in the 

neocapillaries and lymphocytes infiltrating this stroma.  

High AQP3 expression was found in both basal cell carcinoma and 

squamous cell carcinoma cells, independently of the tumor sub-type (Figure 4). 

As both of these neoplasms are derived from epidermal keratinocytes, AQP3 

expression in them was to be expected (Table 2).  
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4  DISCUSSION 

The ongoing interest in the pathophysiological and molecular mechanisms 

underlying disease in general, and cancer in particular, has led to a rapidly 

growing field aimed at providing clinicians with the tools required to improve the 

diagnosis, treatment and/or prognosis of cancer. As a result, numerous specific 

therapeutic targets are now known. Aquaporins have provided new insight into 

the basic mechanisms underlying skin physiology and pathology and may 

therefore prove to be promising therapeutic targets in the diagnosis and 

treatment of skin cancer.  

The analysis of healthy skin samples showed positive immunoreactivity 

for AQP1 in vascular endothelium and erythrocytes. Both eccrine and apocrine 

glands, which are secretory epithelia and therefore experience significant water 

flow, as well as dermal fibroblasts, were also positive. All these findings are 

consistent with previous studies in which AQP1 expression was shown in these 

tissues using the PCR technique and tissue microarrays12 or 

immunohistochemistry13. However, in contrast to the findings published by other 

authors1, we never detected AQP1 expression in melanocytes from the healthy 

skin samples analysed despite all our efforts to detect such positive 

immunoreactivity in this type of cell. The reason for this discrepancy remains 

unknown.   

The expression pattern for AQP3 in healthy skin was very characteristic 

and in agreement with that reported previously9, 14. Thus, as expected, intense 

staining for AQP3 was observed in keratinocytes throughout the epidermis and 

around pilosebaceous follicles. Eccrine and apocrine glands, fibroblasts, blood 
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vessels and erythrocytes also stained positive for AQP3, whereas melanocytes 

did not exhibit expression of this protein in healthy skin.   

The expression of both AQPs in tumor tissue was also very different and 

specific for each protein. Thus, none of the tumor types analyzed was found to 

express AQP1 in the carcinoma cells themselves, whereas all types of skin 

carcinoma studied exhibited marked AQP3 expression. This all-or-none 

expression pattern for these AQPs in the carcinomas studied herein limits their 

potential use as specific markers for this type of disease. However, this does 

not diminish interest in the potential roles played by each of these proteins in 

tumor development. 

The tumor cells in all basal cell and squamous cell carcinomas and 

melanomas studied were negative for AQP1, although marked AQP1 

expression was observed in the stroma surrounding the tumor masses, as well 

as in the neovessels and lymphocytes infiltrating this stroma. Another 

interesting observation was the intense staining of AQP1 observed in all 

common melanocytic nevi, but in none of the atypical melanocytic nevi. This 

unexpected AQP1 staining pattern is of particular interest given that 

melanocytes in healthy skin did not express AQP1 and neither did atypical or 

malignant melanocytic tumors. In addition, and to the best of our knowledge, 

there are no studies in the literature analyzing AQP1 expression in the human 

skin tumors studied herein, and there are no known precedents of an 

upregulation/downregulation pattern for AQP1 expression in any other type of 

tumors. In light of our findings, it would be tempting to propose that AQP1 plays 

a key role in the transformation of normal melanocytes into a benign neoplastic 

state (nevus), and that the subsequent malignant transformation is independent 
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of this protein. As such, it would be of interest to study the molecular basis 

underlying the regulation of this particular on/off process of AQP1 expression 

observed in melanocytic skin tumors. 

The marked AQP1 expression observed in the peritumoral stroma, in 

fibroblasts and, in particular, in the vascular endothelium of neovessels 

surrounding and infiltrating the tumor mass is in agreement with previous 

findings in various other tumor types. Thus, AQP1 expression has been 

associated with carcinoma of the colon, breast, brain and lung, as well as with 

hemangioblastoma and multiple myeloma15-21. Animal studies have suggested a 

key role played by AQP1 in angiogenesis and cell migration within the vascular 

endothelium2, which is fundamental for the formation of new vessels to supply 

the tumor. It has been reported that AQP1 localizes in the main border of 

membrane protrusions during cell migration and is associated with various 

transporters, Na/H+ and Cl/HCO3 exchangers3, in keeping with the rapid 

movement of ions and water required during migration. 

We also found the fibroblasts and lymphocytes surrounding tumor cells 

to be immunopositive for AQP1, which is consistent with a possible role for this 

protein in the inflammatory phenomena triggered by the immune system as part 

of its immunovigilance against tumors. The inflammatory infiltration and fibrosis 

surrounding the tumor also demonstrates the presence of this protein in those 

processes related to tumor development. 

 On the other hand, high expression of AQP3 was detected in tumor cells 

from both basal cell and squamous cell carcinoma in all samples evaluated in 

this study. Similarly, although AQP3 expression was not detected in 

melanocytes from healthy skin, intense staining of this protein was observed in 
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both benign and malignant melanocytic lesions. Some authors have suggested 

that AQP3 overexpression in tumors is related to the basal expression of this 

protein and the function of the tissue or organ5. However, there is little evidence 

for the validity of this hypothesis in melanomas as, under normal conditions, 

melanocytes do not express AQP3 and melanomas are not glandular-type 

tumors. 

Previous studies have linked AQP3 to basal cell carcinoma and 

squamous cell carcinoma or epidermal tumors22, where intense 

immunohistochemical staining was found in tumor areas of human primary 

squamous cell carcinoma such as esophageal and lingual cancers22, and a 

higher incidence of AQP3 expression and H-score was found in SCC compared 

to BCC in human skin biopsies that were immunohistochemicaly analyzed23. 

Also, in cell lines with epidermoid differentiation (keratocarcinoma), endogenous 

AQP3 expression has been demonstrated at both the mRNA and protein 

levels8, and evidence for the importance of AQP3 in tumor formation has also 

been obtained from animal models. The hypothesis that glycerol transport via 

AQP3 is a determining factor for proliferation and cutaneous carcinogenesis 

based on its role in cellular energy (ATP) production was postulated some time 

ago10. The incorporation of glycerol into lipid synthesis, ATP-facilitated MAP-

kinase signaling and a positive–feedback loop through which cell proliferation 

increases AQP3 expression have also been proposed as part of the 

pathophysiological mechanism of AQP310. Nowadays it is believed that AQP3 is 

involved in the migration, proliferation and invasion of skin tumors, as well as in 

the worsening of the epithelial-to-mesenchymal transition24.  
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In conclusion, the results of this study are consistent with the 

involvement of both AQP1 and AQP3 in the development of skin tumors. AQP1 

appears to be relevant for the neoangiogenesis required to sustain tumor cells 

and for the inflammatory process inherent to the tumor, which is in agreement 

with previous studies showing an association between AQP1 expression and 

the formation of new blood vessels as well as with a more aggressive and 

potentially metastatic profile in various types of human cancers2,17,25-28. 

Similarly, AQP3 overexpression in the three types of tumor analyzed, namely 

basal cell carcinoma, squamous cell carcinoma and melanoma, probably 

confers a greater proliferative capacity on the tumor cell28,29, together with an 

increased passage of glycerol and/or solutes such as hydrogen peroxide 

(H2O2)29, which increase the energy reservoir in the cell and/or the potentially 

carcinogenic oxidative stress inside the cell.  
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Table 1. Population-based characterization of the tissue samples included in the 
study. 
Diagnosis Age (years) Size (cm) 
Common melanocytic nevi 

• N 
• Mean 
• Standard Dev.  
• Median 
• Minimum 
• Maximum 

 
5 
31.40 
10.968 
29.00 
21 
50 

 
5 
0.460 
0.0548 
0.500 
0.4 
0.5 

Atypical nevi 
• N 
• Mean 
• Standard Dev.  
• Median 
• Minimum 
• Maximum 

 
15 
32.13 
6.334 
32.00 
23 
46 

 
15 
0.553 
0.1807 
0.500 
3 
1.0 

Melanoma 
• N 

o Lentigo Maligna  
o Superficial spreading  
o Nodular 
o Acral  

• Mean 
• Standard Dev.  
• Median 
• Minimum 
• Maximum 

 
20 
5 
6 
5 
4  
61.85 
6.334 
32 
23 
46 

 
20 
5 
6 
5 
4 
1.865 
1.2236 
1.400 
5 
4.0 

Basal cell carcinoma 
• N 
• Mean 
• Standard Dev.  
• Median 
• Minimum 
• Maximum 

 
15 
69.80 
13.127 
73.00 
34 
86 

 
15 
0.893 
0.4682 
0.800 
0.3 
1.9 

Squamous cell carcinoma 
• N 
• Mean 
• Standard Dev.  
• Median 
• Minimum 
• Maximum 

 
15 
76.40 
11.160 
84 
54 
89 

 
15 
1.507 
0.9520 
1.200 
0.5 
3.5 

TOTAL 
• N 
• Mean 
• Standard Dev.  
• Median 
• Minimum 
• Maximum 

 
70 
58.13 
21.682 
60.00 
21 
89 

 
70 
1.199 
0.9732 
0.800 
0.3 
4.0 
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Table 2. Immunopositivity of AQP1 and AQP3 in different cell types of normal 

skin and in skin tumors. 

 

Cell type AQP1 AQP3 

Keratinocytes Negative Positive 

Melanocytes Negative Negative 

Blood vessels Positive Positive 

Fibroblasts Positive Positive 

Eccrine glands Positive Positive 

Apocrine glands Positive Positive 

Hystologic type AQP1 (N) AQP3 (N) 

Melanocytic nevus Positive (5/5) Positive (5/5) 

Atypical melanocytic nevus Negative (15/15) Positive (15/15) 

Melanoma Negative (20/20) Positive (20/20) 

Basal cell carcinoma (BCC) Negative (15/15) Positive (15/15) 

Squamous cell carcinoma (SCC) Negative (15/15) Positive (15/15) 
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FIGURE CAPTIONS 

 

Figure 1. Expression of AQP1 and AQP3 in healthy skin. (A) Negative staining 

for AQP1 in the epidermis, but positive staining in vascular endothelium 

(arrows) and fibroblasts (arrow heads). (B) Higher magnification of a small area 

shown in Figure A. (C-D) Positive staining for AQP3 in epidermal keratinocytes 

(arrows). Keratinocytes found in the pilosebaceous follicle were also 

immunoreactive for AQP3 (arrow head). (E) Higher magnification of epidermal 

keratinocytes showing AQP3 staining. Staining for AQP3 was observed in 

keratinocytes of apocrine (F) and eccrine (G) glands. Scale represented in 

Figure A: 50 µm, in Figures B, E, F and G: 100 µm, in Figure D: 200 µm and in 

Figure C: 250 µm.   

 

 

Figure 2. AQP1 and AQP3 expression in common and atypical melanocytic 

nevi. (A) Epidermis is consistently negative but nevi cells are strongly positive 

for AQP1 (arrows). (B) Higher magnification of a small area shown in Figure A. 

(C) Positive staining for AQP3 is observed in entire epidermis and in all 

melanocytes of nevi theca cells. (D) Cells conforming nevi thecas are shown at 

larger magnification (arrows). (E) All melanocytic thecas are negative for AQP1. 

(F) Intense positive signal for AQP3 is observed in melanocytic nevus cells. 

Samples in A-D correspond to common melanocytic nevi biopsies, and E and F 

correspond to atypical melanocytic nevi. Scales in A, C, E and F represent 50 

µm, and 200 µm in B and D. 
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Figure 3. AQP1 and AQP3 Expression in different types of melanomas: (A and 

E) Nodular melanoma, (B and F) Lentigo maligna melanoma, (C and G) 

Superficial spreading melanoma and (D and H) acral lentiginous melanoma. (A-

D) All melanocytic cells are negative for AQP1 staining; however, positive 

staining was detected in neovessels inside the tumor area serving as an 

internal positive control. Staining in blood vessels is seen in (A), (C) and (D) 

(arrows) and melanophages (B) (arrow heads). (E- H) All melanocytic cells by 

contrast showed intense staining for AQP3. Photographs A-D are all at the 

same magnification. The scale shown in D represents 100 µm. In E, the scale 

represents 250 µm, and  in F, G and H it represents 100 µm. 

 

Figure 4. AQP1 and AQP3 Expression in basal cell carcinoma and squamous 

cell carcinoma. AQP1 expression was not detected in either the epidermis (A), 

or  in tumor cells (B) but a strong positive signal was detected in the 

surrounding stromal tissue. A high rate of AQP3 expression was observed in 

basal cell carcinoma (C). Higher magnification of the tumor zone of C is shown 

(D). In squamous cell carcinoma, tumor cells were negative for AQP1 

immunostaining, but capillaries in the surrounding stroma tissue (arrows) did 

express AQP1 in (E) and (F). Intense staining for AQP3 was seen in tumor cells 

of squamous cell carcinomas (G) and (H).  The scale in A represents 400 µm, 

in C, E and G represents 200 µm and in B, D, F and H it represents 100 µm.  
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Figure 1. 
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Figure 2. 

 

Figure 3. 



 

 

31 

 

Figure 4. 

 

 

 

 

 

 


