
M O L E C U L A R O N C O L O G Y 6 ( 2 0 1 2 ) 8 1e8 7
ava i lab le a t www.sc ienced i rec t . com

www.elsevier .com/locate/molonc
Aquaporins mediate the chemoresistance of human melanoma cells

to arsenite
Lin Gaoa,b, Yanhui Gaoa, Xiaobo Lib, Paul Howellb, Rajeev Kumarb, Xiulan Suc,
Alexander V. Vlassovd, Gary A. Piazzab, Adam I. Rikere, Dianjun Suna,**, Yaguang Xib,*
aCenter for Endemic Disease Control, Chinese Center for Disease Control and Prevention, Harbin Medical University, Harbin 150081, China
bMitchell Cancer Institute, University of South Alabama, Mobile, AL 36604, USA
cClinical Medical Research Center of the Affiliated Hospital, Inner Mongolia Medical College, Hohhot 010050, China
dLife Technologies, Austin, TX 78744, USA
eAdvocate Christ Medical Center, Advocate Cancer Institute, Oak Lawn, IL 60453, USA
A R T I C L E I N F O

Article history:

Received 19 September 2011

Received in revised form

3 November 2011

Accepted 4 November 2011

Available online 13 November 2011

Keywords:

AQP

Melanoma

Arsenite

Chemotherapy
* Corresponding author. Mitchell Cancer Inst
445 9857; fax: þ1 251 460 6994.

** Corresponding author. Tel.: þ86 451 8661 2
E-mail addresses: hrbmusdj@163.com (D

1574-7891/$ e see front matter ª 2011 Feder
doi:10.1016/j.molonc.2011.11.001
A B S T R A C T

The integral membrane channel protein aquaporin (AQP) is aberrantly expressed with on-

cogenic characteristics in various human cancers. In this study, we analyzed the expres-

sion pattern of all subtypes of AQPs, and found that 8 out of 13 AQPs expressed in

melanoma cells. To understand the role of aberrant expression of AQP in this disease,

we over-expressed AQP3 and AQP9 in human melanoma WM266.4 cells and found that

both AQPs significantly increased the chemoresistance of WM266.4 cells to arsenite. Func-

tional studies showed that AQP3 and AQP9 can inhibit cell apoptosis induced by arsenite

through down-regulating p53 and up-regulating Bcl-2 and XIAP. Our data suggest the im-

plication of APQ in melanoma progression and that the over-expression of AQP3 and

AQP9 contributes to the chemoresistance of melanoma to arsenite.

ª 2011 Federation of European Biochemical Societies.

Published by Elsevier B.V. All rights reserved.
1. Introduction (Howell Jr. et al., 2010; Jemal et al., 2009). For those patients
Melanoma is currently the sixth most common cancer in cau-

casian men and women in the United States. It is by far the

deadliest skin cancer, and the incidence rate of melanoma is

increasing faster than any other cancer in the world. Primary

cutaneous melanoma has an excellent outcome with early

surgical intervention (5-year survival rate is 89%) but regional

and distant metastatic disease have a much more dismal

prognosis (5-year survival rate is 65% and 16%, respectively)
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who will develop locally advanced and metastatic melanoma,

current treatment options are limited. Thus, the overall poor

mortality rates and high resistance to therapy emphasize

the need for a better understanding of this disease.

The integral membrane channel proteins, aquaporins

(AQPs), consist of 13 members (AQP0-12) in mammals that

are expressed in a variety of tissues. AQPs were originally

identified as water- permeating channels in the plasmamem-

brane (Knepper et al., 2004). Although the central function of
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AQPs is to facilitate transportation of small molecules, such as

solutes and possibly gasses (Knepper et al., 2004), several AQPs

have been proven to regulate physiological cell functions, in-

cluding osmoregulation and energy metabolism (Ishibashi

et al., 2011), and involve many essential biological processes

such as proliferation, apoptosis, differentiation and metasta-

sis (Nico and Ribatti, 2011; Papadopoulos et al., 2008;

Verkman et al., 2008).

In this study, we screened the expression of 13 AQPs in

a number of melanoma cells consisting of primary and meta-

static tumor, and we found that 8 of 13 AQPs were differen-

tially expressed in these melanoma cells. To learn the

pathological role of aberrant expression of AQP in melanoma,

we over-expressed AQP3 and AQP9 in human melanoma

WM266.4 cells respectively and proved that AQP3 and AQP9

significantly increased chemoresistance of WM266.4 cells to

arsenite. Study of the mechanistics suggested that AQP3 and

AQP9 reduced the apoptosis in response to arsenite through

down-regulating p53 and Bax while up-regulating Bcl-2 and

XIAP. Our results provide a novel insight into better under-

standing the mechanism of chemoresistance and developing

more efficacious drugs for treating melanoma.
2. Materials and methods

2.1. Cell culture

Human 293TN cells (System Bioscience, CA, USA) and human

melanomaWM266.4 cells (ATCC, VA, USA) were cultured with

Dulbecco’s Modified Eagle’s Medium (DMEM) and Minimum

Essential Media (MEM) containing 10% (v/v) fetal bovine serum

(FBS). The remainder of the melanoma cell lines were estab-

lished from clinical melanoma samples as described previ-

ously (Liu et al., 2008) and were cultured in RPMI 1640

medium supplemented with 10% FBS. All cell culture supplies

were purchased from Invitrogen (CA, USA) and cells were

maintained under standard conditions.

2.2. RNA isolation and Reverse Transcription PCR
(RT-PCR)

Total RNA was extracted using Trizol reagent (Invitrogen)

according to manufacturer’s instruction. Briefly, cells were

dissolved in 1 mL of Trizol reagent, then 100 mL of 1-

bromo-3-chloropropane (BCP) solution (Molecular Research

Center, Inc. OH, USA) was added and vortexed vigorously. Af-

ter centrifugation for 10 min at 14,000 rpm and 4 �C, the up-

per aqueous phase was transferred to a new tube and an

equal volume of isopropanol (SigmaeAldrich, MO, USA)

was added for precipitation. After washing pellets using

75% ethanol, RNA was dried and dissolved in nuclease free

water. Two micrograms of total RNA were used for cDNA

synthesis with high capacity cDNA reverse transcriptase (Ap-

plied Biosystems, CA, USA). Random primers were used for

mRNA reverse transcription. The reverse transcription reac-

tion was performed at 37 �C for 2 h by incubating the follow-

ing mixture: 2 mg of total RNA, 2 mmol of primer, 2 mL of 10�
buffers, 0.8 mL of 100 mM dNTP, and up to 20 mL of nuclease-

free water. The PCR reaction was performed for 30 cycles
consisting of a denaturation step for 15 s at 94 �C, annealing
step for 30 s at 58 �C, and extension for 1 min at 72 �C. The
primers for AQP subtype detection is shown in

Supplementary Table 1. Electrophoresis by using Agarose

gel was finally applied to analyze the expression of AQPs in

melanoma cells.
2.3. Lentivector construction and packaging

To construct the AQP3 and AQP9 over-expression lentivectors,

the AQP3 and AQP9 open reading frames (ORFs) were ampli-

fied using genomic DNA, then the PCR products were ligated

to T vectors, followed by digestion with BamH1 and Mlu1

(Promega, WI, USA) and ligation with the self- inactivating

transfer vector plasmid pWPXL. The primers used for the

AQP constructs are shown in Supplementary Table 1. A total

of 2 mg of constructs was transfected with 10 mg of packaging

plasmids mixture (System Bioscience, CA, USA) into 293TN

cells. The lentivector-containing supernatants were collected

and concentrated by PEG precipitation (System Bioscience) at

48 h after transfection thenwere stored at�80 �C. To establish

the stable clones with expressed target genes, WM266.4 cells

were infected by the designated lentivectors then were sorted

by flow cytometry after 72 h.
2.4. Cell viability assay

Tissue culture microtiter 96 well plates were seeded at a den-

sity of 1000 cells per well. WM266.4 control and AQP3/AQP9

over-expressedWM266.4 cells were treated with sodium arse-

nite (SigmaeAldrich) or the vehicle for 48 h. Cell viability was

determined using the WST-1 cell viability assay (Roche, IN,

USA). The plates were mixed by a shaker for 30 min, and

then the absorbance was measured at 630 nm by a plate

reader (Biotek, VT, USA).
2.5. Cell proliferation assay

For the cell proliferation assay, a total of 2 � 105 cells was

plated in a 3.5 cm dish and cultured under the standard con-

dition. The cells were counted at different time points using

a hemocytometer and the cell growth curve was drawn

according to the cell numbers at designated time points.
2.6. Cell apoptosis

For the apoptosis assay, 5 � 105 AQP3/AQP9 over-expressed

WM266.4 cells and the control cells were exposed to 8 mM of

sodium arsenite for 24 h, then cell apoptosis was detected us-

ing apoptosis kit (BD science, NJ, USA). Briefly, the cells were

collected and washed before re-suspending in Binding Buffer

at a concentration of 1 � 106 cells/mL. One hundred microli-

ters of the solution (1 � 105 cells) were transferred to a 5 mL

culture tube, then 5 mL of PE Annexin V and 5 mL 7-AAD were

added. The cells were gently vortexed and incubated for

15 min at RT (25 �C) in the dark. Binding Buffer (1�; 400 mL)

was added to each tube and the samples were analyzed by

flow cytometry within 1 h.
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2.7. Western blot

Cells were lysed by RIPA buffer (SigmaeAldrich) and total

protein was quantified with the BCA protein assay kit

(Thermo Fisher Scientific, MA, USA). Proteins were segregated

on a 10% SDS-PAGE gel and then transferred to polyvinyli-

dene difluoride (PVDF) membranes (Bio-Rad, CA, USA). The

membrane was blocked with 5% degreased milk and then in-

cubated with mouse anti-human a-tubulin and P53 monoclo-

nal antibody (Santa Cruz, CA, USA), rabbit anti-human XIAP,

BCL-2 and Bax polyclonal antibody (Milipore, MA, USA) or

rabbit anti-human phosphorylated AKT, ERK monoclonal an-

tibody and rabbit anti-human JNK, and STAT3 polyclonal an-

tibody (Abcam, MA, USA) at 4 �C overnight. Membranes were

then washed with TBST (Tris-buffered saline containing 0.1%

Tween 20, both from Bio-Rad). Peroxidase-linked secondary

antibody, goat anti-mouse IgG or goat anti-rabbit IgG (Santa

Cruz), were incubated with the membranes for 1 h at room

temperature. After washing using TBST, the enhanced

chemiluminescent substrate for detection of HRP (Thermo

Fisher Scientific) was applied and images were captured by

a Fujifilm Las-3000 imager (Fujifilm, Japan).
3. Results

3.1. The expression pattern of AQP subtypes in
melanoma cell lines

The expression of AQP subtypes in melanocyte cells was eval-

uated previously (Boury-Jamot et al., 2006); however, their ex-

pression in melanoma has not yet been studied. To

characterize AQP subtypes expression in melanoma, RT-PCR

was used to assess the expression of AQP0-12 in 14 melanoma

cell lines consisting of 2 primarymelanomas, 6musclemetas-

tases, 5 lymph node metastases and 1 brain metastasis. Most

of AQP subtypes (except AQP0, 2, 6, 10 and 12) were detected in

melanoma cells with different expression patterns (Table 1).
Table 1 e AQPs expression in melanoma cells.

Cells Type AQP0 AQP1 AQP2 AQP3 AQP4 AQP5

MCC80a pm > A > A A A

MCC070 pm > A > A A A

C8161.9 mm > A > A A >

MCC12L mm > > > > A >

WM266.4 mm > A > A A A

5U50 mm > A > A A A

MCC63 mm > A > A A A

MCC66c mm > A > A A A

MCC83 ln > A > A A A

MCC80b ln > A > A A A

MCC072 ln > A > A A >

MCC89 ln > A > A A A

MCC067 ln > > > A A A

MCC57 bm > A > A A A

Ratio 0 12/14 0 12/14 100 11/14

Note: >: Not expression; A: Expression.

Pm: primary melanoma; mm: muscle metastatic melanoma; ln: lymph n
All cell lines expressed AQP4, 13/14 of cell lines expressed

AQP11, 12/14 of cells expressed AQP1 and AQP3, 11/14 of cells

expressed AQP5, 8/14 of cells expressed AQP7, 7/14 of cells

expressed AQP9, and 5/14 of cells expressed AQP8. Our results

showed that over 50% of melanoma cell lines expressed AQP1,

3, 4, 5, 7, 9 and 11.
3.2. AQP3 and AQP9 over-expression attenuates the
apoptotic effect of arsenite on WM266.4 cells

Resistance to apoptosis is a prominent feature of melanoma,

and current effective chemotherapeutics available for the

treatment of melanoma are lacking. Recently, arsenite has be-

come an attractive therapeutic molecule due to its apoptotic

effect on melanoma cells (Chowdhury et al., 2009; Chen

et al., 2010; Hiwatashi et al., 2010), and a phase 2 clinical trial

is underway using arsenic trioxide combined with other anti-

tumor medicines to treat metastatic melanoma patients (Bael

et al., 2008). To learn the pathological role of the aberrant ex-

pression of AQP subtypes in melanoma, we over-expressed

AQP3 and AQP9 in WM266.4 cells through lentiviral transfec-

tion. As Fig. 1 shows, AQP3 is dominantly distributed in the

cytoplasm, while AQP9 seems to be evenly distributed

throughout the whole cell. Additionally, we found the similar

expression patterns of AQP3 and 9 in 293T cells (data is not

shown).

Next, we examined the impacts of AQP3 and AQP9 on the

arsenite therapeutic activity in WM266.4 cells. The sorted

AQP3 and AQP9 over-expressed and the control cells were ex-

posed to arsenite for 48 h. The results showed that AQP3 and

AQP9 significantly increased the resistance of WM266.4 cells

to arsenite (Fig. 2A). To further study the mechanism of this

action, we examined the roles of AQP3 and AQP9 in cell prolif-

eration and apoptosis. Our results showed that both AQPs

have no significant effects on cell growth (Fig. 2B) but dramat-

ically blocked cell apoptosis induced by arsenite (Fig. 2C and

Table 2).
AQP6 AQP7 AQP8 AQP9 AQP10 AQP11 AQP12

> A > > > A >

> A A > > A >

> A A A > A >

> > > A > A >

> A > A > A >

> > > > > A >

> > A A > A >

> A A A > A >

> A > > > A >

> A A > > A >

> > > A > A >

> > > A > A >

> A > > > A >

> > > > > > >

0 8/14 5/14 7/14 0 13/14 0

ode metastatic melanoma; bm: brain metastatic melanoma.

http://dx.doi.org/10.1016/j.molonc.2011.11.001
http://dx.doi.org/10.1016/j.molonc.2011.11.001
http://dx.doi.org/10.1016/j.molonc.2011.11.001


Figure 1 eOver-expression ofAQP3 andAQP9 inWM266.4 cells. The fusion proteinsGFP-AQP3 andGFP-AQP9were detected by a fluorescence

microscope. AQP3 was found to be dominantly expressed in the cytoplasm, while AQP9 seemed to be evenly distributed throughout the whole cell.
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3.3. AQP3 and AQP9 affect the expression of apoptosis-
associated genes

Previous research suggests that AQP over-expression affects

some cell signaling pathways associated with cell apoptosis

(Zhang et al., 2010; Woo et al., 2008; Kang et al., 2008). To deter-

mine the mechanistic basis of AQP3 and AQP9 inhibiting apo-

ptosis in WM266.4 cells, we examined the activities of several

cell signaling pathways, including ERK, AKT, JNK, and STAT,

but the results suggested that neither AQP3 nor AQP9

over-expression could significantly affect these pathways

(Fig. 3A). In turn, we detected the effect of AQP3 and AQP9 on

the expression of selected apoptosis-associated genes, includ-

ing Bcl-2, XIAP, p53 and BAX. The results suggested that AQP3

and AQP9 can significantly promote the expression of Bcl-2

and XIAP, but reduce the expression of p53. Additionally, AQP3

but not AQP9 can inhibit the expression of BAX (Fig. 3B) in

WM266.4 cells.
4. Discussion

Boury-Jamot et al. detected the expression of AQP subtypes

(AQP0-10) in human melanocytes, finding that the
melanocytes only expressed AQP1 (Boury-Jamot et al., 2006).

However, to our knowledge, there are still no reports showing

the expression profile of AQPs in melanoma cells. In this

study, we first evaluated the expression of all AQP subtypes

in 14melanoma cells, and proved that the expression patterns

of AQPs in melanoma cells and melanocytes are different;

melanoma cells express AQP3, 4, 5, 7, 8, 9 and 11, in addition

to AQP1. These results implied a pathological function of aber-

rantly expressed AQPs in melanoma cells.

The roles of AQPs in tumor biology are attracting more at-

tention. Until now, among AQPs, only AQP1, 3, 4, 5, 7, 8 and 9

have been observed for aberrant expression in many types of

cancers and carcinomas (Verkman et al., 2008). In particular,

AQP1 has been exclusively studied in tumor biology. AQP1 is

expressed in vascular endothelial cells throughout the body,

except in the normal central nervous system (Bondy et al.,

1993). Recent research suggested that AQP1 can facilitate tu-

mor angiogenesis and metastasis. Verkman et al. proved

that tumor growth was reduced due to impaired tumor angio-

genesis causing extensive tumor necrosis in an AQP1-null

mouse model (Saadoun et al., 2005). Consistently, Hu et al.

found that microvessels in the tumors of AQP1-null mice

were of much lower density (Hu and Verkman, 2006), and

AQP1 was strongly expressed in proliferating tumor

http://dx.doi.org/10.1016/j.molonc.2011.11.001
http://dx.doi.org/10.1016/j.molonc.2011.11.001
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Figure 2 e (A) AQP3 and AQP9 over-expression significantly inhibits the chemotherapeutic effect of arsenite in WM266.4 cells. (B) AQP3 and

AQP9 over-expression has no significant effect on cell growth. (C) AQP3 and AQP9 over-expression significantly inhibits the apoptosis of

WM266.4 cells induced by arsenite.

Table 2 e Apoptotic cell induced by arsenite (%).

Cells Arsenite

12 h 24 h

WM266.4-Ctrl 9.4 60.0

WM266.4-AQP3 1.1 3.1

WM266.4-AQP9 2.0 13.0
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microvessels in human and rat (Endo et al., 1999; Saadoun

et al., 2002). Additionally, Hu et al. found that tumor cell mi-

gration and metastatic potential greatly increased in two

mouse tumor cell lines with AQP1 expression as compared

to the same cell lines without AQP1 expression (Hu and

Verkman, 2006). Jiang et al. found that AQP1 could facilitate

tumor cell metastasis in colon cancer cells (Jiang, 2009), and

Otterbach et al. demonstrated a tight correlation between

AQP1 expression and high tumor grade and poor prognosis

in invasive breast carcinoma (Otterbach et al., 2008).

The aquaglyceroporin (transporting water and glycerol)

AQP3 is expressed at the basolateral membrane of epithelial

cells in the kidney collecting duct, airways, and intestine, as

well as in bladder, conjunctiva, and cornea (Verkman, 2005).

Recently, Hara-Chikuma et al. demonstrated that AQP3
expression was increased in skin carcinomas (Hara-

Chikuma and Verkman, 2008a), and they also found that

AQP3-konckout mice were resistant to skin tumor formation

possibly through reducing cell glycerol content and inhibiting

the biosynthesis of ATP (Hara-Chikuma and Verkman, 2008b).

Additionally, Ismail et al. (Ismail et al., 2009) demonstrated

that inhibition of AQP3 increases the sensitivity of prostate

cancer cells to chemotherapy. In mammalian skin, AQP3

was expressed strongly in plasma membranes of the basal

epidermal cell layer (Hara-Chikuma and Verkman, 2008a),

but melanocytes do not express AQP3 at all (Boury-Jamot

et al., 2006). In this study, we found that most of the mela-

noma cells expressed AQP3, which suggested that AQP3might

play an important role in the development of melanoma.

AQP9 is another aquaglyceroporin, and it was highly

expressed in malignant brain tumor (Warth et al., 2007), but

the expression in hepatocellular carcinoma was declined

(Jablonski et al., 2007). In this study, for the first time, we iden-

tify that AQP9 is up-regulated in melanoma cells.

Previous research showed that AQPs could affect the ex-

pression of tumor suppressor genes or oncogenes and impact

the activation of cell signaling pathways. Woo et al. first

proved that AQP5 over-expression in 3T3 cells significantly el-

evated the Ras signaling pathway (Woo et al., 2008). Similarly,

Zhang et al. showed that AQP5 over-expression in lung cancer

induced the expression of several oncogenes including PCNA,

http://dx.doi.org/10.1016/j.molonc.2011.11.001
http://dx.doi.org/10.1016/j.molonc.2011.11.001
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Figure 3 e AQP3 and AQP9 affect the expression of apoptosis associated genes. (A) Neither AQP3 nor AQP9 over-expression affects the activity

of several apoptosis associated cell signaling pathway proteins (ERK, AKT, JNK, STAT et al.). (B) Both AQP3 and AQP9 over-expression

promote the expression of BCL-2 and XIAP while decreasing the expression of p53; AQP3 but not AQP9 over-expression also inhibits the

expression of Bax in WM266.4 cells.
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c-Myc and MUC5AC mucin and activated the EGFR/ERK/P38

MAPK signaling pathway (Zhang et al., 2010). Kang et al. also

proved that AQP5 over-expression in colon cancer increased

the phosphorylation of ERK1/2 (Kang et al., 2008). In this study,

after over-expressing AQP3 and AQP9 in WM266.4 cells

through lentiviral transfection, we examined the activities of

several signaling pathways, including MAPK, JNK, AKT and

STAT3; however, our results showed that the over-

expression of both AQPs has no significant impact on these

pathways. This result is partially consistent with previous re-

sults showing a lack of clear effect of AQP3 on the MAPK sig-

naling pathway (Kang et al., 2008).

Our results showed that AQP3 and AQP9 over-expression

increases the resistance of WM266.4 cells to arsenite. To fur-

ther explore the mechanistic basis of this action, we found

that AQP3 and AQP9 can promote the expression of two antia-

poptotic genes, Bcl-2 (Cory and Adams, 2002) and XIAP

(Srinivasula et al., 2001; Riedl et al., 2001), and inhibit the ex-

pression of p53, one of the most well-known pro-apoptotic

genes. Additionally AQP3 but not AQP9 can suppress the ex-

pression of Bax, another pro-apoptotic gene (Cory and

Adams, 2002). Except several studiesdebatedwhetherAQPs lo-

cated in the mitochondrial membrane were involved in apo-

ptotic process by modulating water movement (Jablonski

et al., 2007;Yanget al., 2006), there arevery few reports to study

themechanism of AQPs regulating apoptotic genes. We found

that AQP3- and 9-GFP fusion proteins were distributed in the

nucleus and/or cytoplasm as shown in Fig. 1, which implies

that the anti-apoptotic properties of AQPs, especially for the

interactivitieswith apoptotic genes,may be distinct from their

essential roles as water transporters; however, further func-

tional investigations have to be implemented before drawing

such a conclusion.

In summary, we have for the first time described the ex-

pression of AQPs in melanoma cells and have identified sev-

eral members of the AQP family to be aberrantly expressed

in melanoma. Furthermore, we proved that AQP3 and AQP9

inhibit the therapeutic effect of arsenite in melanoma by up-

regulating the expression of antiapoptotic genes Bcl-2 and
XIAP while down-regulating the expression of proapoptotic

gene P53 and Bax. In conclusion, our study provides an insight

into exploring the chemoresistant basis for melanoma

treatment.
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