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Abstract
Background: Nucleoside analogs used in the chemotherapy of solid tumors, such as the capecitabine catabolite
50-deoxy-5-fluorouridine (50-DFUR) trigger a transcriptomic response that involves the aquaglyceroporin aquaporin 3
along with other p53-dependent genes. Here, we examined whether up-regulation of aquaporin 3 (AQP3) mRNA in
cancer cells treated with 50-DFUR represents a collateral transcriptomic effect of the drug, or conversely, AQP3
participates in the activity of genotoxic agents.
Methods: The role of AQP3 in cell volume increase, cytotoxicity and cell cycle arrest was analyzed using
loss-of-function approaches.
Results: 50-DFUR and gemcitabine, but not cisplatin, stimulated AQP3 expression and cell volume, which was
partially and significantly blocked by knockdown of AQP3. Moreover, AQP3 siRNA significantly blocked other effects
of nucleoside analogs, including G1/S cell cycle arrest, p21 and FAS up-regulation, and cell growth inhibition. Short
incubations with 5-fluorouracil (5-FU) also induced AQP3 expression and increased cell volume, and the inhibition
of AQP3 expression significantly blocked growth inhibition triggered by this drug. To further establish whether
AQP3 induction is related to cell cycle arrest and apoptosis, cells were exposed to long incubations with escalating
doses of 5-FU. AQP3 was highly up-regulated at doses associated with cell cycle arrest, whereas at doses promoting
apoptosis induction of AQP3 mRNA expression was reduced.
Conclusions: Based on the results, we propose that the aquaglyceroporin AQP3 is required for cytotoxic activity of
5’-DFUR and gemcitabine in the breast cancer cell line MCF7 and the colon adenocarcinoma cell line HT29, and is
implicated in cell volume increase and cell cycle arrest.

Background
Nucleoside analogs are currently employed in cancer
treatment. These compounds exert cytotoxic effects by
interfering with the uptake and metabolism of their natural
counterparts. They trigger transcriptomic responses preferentially encompassing up-regulation of a set of genes
implicated in cell cycle regulation and apoptosis along with
other genes of undefined function in cancer chemotherapy
[1-4]. Among these “non-anticipated” genes, we identified
aquaporin 3 (AQP3) [4]. AQP3-related mRNA levels
dramatically increased (8-fold) after treatment of MCF7
breast cancer cells with the capecitabine catabolite,
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50-deoxy-5-fluorouridine (50-DFUR), a direct precursor of
5-fluorouracil (5-FU). Treatment of these cells with the
human Equilibrative Nucleoside Transporter-1 (hENT1)
inhibitor, NBTI, led to significant resistance to 50-DFUR,
which was associated with a marked decrease in AQP3
up-regulation. Thus, it appears that changes in AQP3related mRNA levels parallel the cytotoxic effects of
nucleoside derivatives on breast cancer cells.
Aquaporins (AQPs) are integral membrane proteins
implicated in the selective transport of water across the
plasma membrane. A subset of the AQP family that
includes AQP3 also mediates glycerol uptake. Accordingly, these proteins are designated aquaglyceroporins
[5-7]. When AQP3 was initially identified as putative
drug target, limited information was available on the role
of this protein family in cancer. Recent evidence
suggests that selective AQP participate in angiogenesis,
cell migration and metastasis (reviewed by [8]). AQP1-
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null mice display reduced tumor growth after subcutaneous implantation of melanoma cells, which is associated
with reduced endothelial cell migration and angiogenesis
[9]. Moreover, AQP1 expression promotes tumor cell
extravasation and metastasis [10]. AQP3 has been implicated in skin tumorigenesis. AQP3-null mice are resistant
to the development of skin tumors, while skin squamous
cell carcinomas overexpress this protein [11]. Clinical data
from a number of studies provide evidence for the heterogeneous expression of different AQP family members
in solid tumors, and in most cases, AQP overexpression
[12-15].
The possibility that a particular AQP gene member is
implicated in the chemotherapeutic response to antitumor agents has not been addressed. Moreover, previous
studies reporting acute AQP3 up-regulation following
nucleoside-derived drug treatment in cultured cancer
cells do not provide insights into whether changes in the
AQP3-related mRNA level represent a collateral effect
of treatment or, on the contrary, it participates in drug
response, either by promoting it or by acting as a resistance gene. In this study, we address whether AQP3 is
implicated in drug responses by monitoring the effects
of gene silencing on expression patterns of nucleoside
analogs-induced target genes, cell cycle progression, and
cell growth in the breast cancer cell line MCF7 and the
colon adenocarcinoma cell line HT29.

Methods
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bovine serum (GIBCO-BRL, Grand Island, NY, USA),
2 mM glutamine, and a mixture of antibiotics (100 U
penicillin, 0.1 mg/ml streptomycin and 0.25 μg/ml fungizone). The MDA-MB-468 cell line was maintained in
DMEM and F12 mixture (1:1) supplemented with 10%
fetal bovine serum, 2 mM glutamine and 100U penicillin,
0.1 mg/ml streptomycin. NP-29 cells were maintained in
DMEM and F12 mixture (1:1) supplemented with 5% fetal
bovine serum, 2 mM glutamine and 100U penicillin,
0.1 mg/ml streptomycin. Cells were maintained as monolayer cultures at 37°C in an atmosphere containing 5%
CO2, and subcultured by trypsinization every 4–5 days.
Mycoplasma test assays, verification of morphology and
growth curve analysis were performed as a routine
protocol for all of them. Cells were treated 24 h after
seeding at 20 000 cells/cm2. Cultures were exposed to
drugs for 90 min (50-DFUR: 250 μM; 5-FU: 250 μM;
gemcitabine: 100 nM for MCF7, 250 nM for MDA-MB468 and NP-29 and 50 μM for HT29; cisplatin: 50 μM),
and measurements performed at 24 or 48 h after drug
addition. Drug concentrations were chosen based upon
the EC75 values calculated from MTT cell viability
assays, as previously described [4,17]. The choice of
90 min was based upon the need to highlight the role
transport processes play in drug action but, more
importantly, to better mimic the in vivo exposure time
to the drug, which is far less shorter than the “classical”
cytotoxicity assays in which cells are exposed to drugs
for 24, 48, and even 72 hours.

Reagents

50-DFUR, 5-fluorouracil, cisplatin (cis-diaminedichloroplatinum or cis-DDP) and propidium iodide were purchased from Sigma-Aldrich (Saint Louis, MO, USA).
Gemcitabine (20,20-difluorodeoxycytidine, dFdC, GemzarW)
was obtained from Eli Lilly and Company (Indianapolis,
IN, USA).
Cell culture and treatments

The human colorectal carcinoma cell line HT29 (HTB-38,
ATCC-LGC Promochem Partnership, USA) and two
human breast carcinomas cell lines, MCF7 (HTB-22,
ATCC-LGC Promochem Partnership, USA) and MDAMB-468 (HTB-132, ATCC-LGC Promochem Partnership,
USA) were purchased from the American Type Culture
Collection with the indicated references. MCF7 and
MDA-MB-468 cell lines are characterized by the fact
that the former expresses the estrogen and progesterone
receptors whereas the latter is negative for both. NP-29
cells were derived from human pancreatic adenocarcinomas, which had been perpetuated as xenografts in
nude mice and further characterized for different
oncogene and tumor suppressor profiles [16]. MCF7
and HT29 cells were cultured in Dulbecco’s Modified
Eagle Medium (DMEM) supplemented with 10% fetal

RNA isolation and quantitative RT-PCR

Isolation of mRNA was performed after treatment using
the SV Total RNA Isolation System (Promega Biotech,
Madison, WI, USA), following the manufacturer’s protocol.
Total DNase-treated RNA (1 μg) was used to generate
cDNA using M-MLV Reverse Transcriptase (Promega
Biotech) and random hexamers (Amersham Pharmacia,
Buckinghamshire, UK) for reverse transcription. Quantitative real-time PCR was performed with the ABI
PRISM 7700 Sequence Detection System (Applied Biosystems, Foster City, CA) using the manufacturer’s recommendations. Assays-on-Demand Taqman probes (Applied
Biosystems) for AQP3, CDKN1A/p21, TNFRSF6/FAS
and GAPDH were employed (Hs00185020_m1, Hs003
55782_m1, Hs00163653_m1 and 4310884E, respectively). Relative quantification of gene expression was
performed as described in the TaqMan user manual
with GAPDH as an internal control.
Measurement of cell volume and cell counting

Cells were plated in 24-well culture plates. After 24 h,
cells were treated for 90 min with different genotoxic
agents. Cultures were allowed to proceed for 48 h. The
cell culture was washed and the remaining cells were
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trypsinized and collected in culture medium. Cell volume
and number were measured using a cell counter Coulter
Multisizer (Beckman Coulter, Inc., Fullerton, CA) or
Quanta SC flow cytometer (Beckman Coulter). The population of viable cells was discriminated by size and the
number of cells was calculated as a percentage by comparing the cell number from treated cultures with that from
cultures not exposed to cytotoxic drugs.
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doses of 5-fluorouracil (5–500 μM), washed twice in
PBS, and pelleted again. They were resuspended at 106
cells/ml in binding buffer, 100 μl of cells were stained
with 5 μl Annexin-V and 5 μl propidium iodide, and
incubated in the dark for 15 min at room temperature,
as recommended by the manufacturer. Following the
addition of 400 μl binding buffer, cells were processed
within 1 h using the FACScan flow cytometer Coulter
XL (Beckman Coulter).

Transfection with small interfering RNA (siRNA) for AQP3

AQP3 siRNA (ID: 147362) was purchased from Ambion
(Austin, TX, USA). SilencerW Negative Control siRNA
#1 (Ambion) was employed as the negative control to
ensure silencing specificity in all the experiments.
Transfection of cells with 20–25 nM (MCF7) or 200 nM
(HT29) of siRNA was performed using Lipofectamine
2000W (Invitrogen, Carlsbad, CA, USA), according to the
manufacturer’s recommendations. Transfection efficiency
was measured using AQP3 siRNA (ID: 147362) labeled
with FAM (6-carboxy-fluorescein) and a Beckman
Coulter flow cytometer (Fullerton, CA). Depletion of
AQP3 expression following siRNA transfection was
confirmed by real-time RT-PCR, as described above.
Cell cycle analysis

At 48 h after treatment, cells were collected by centrifugation at 1200 g for 4 min and fixed in cold 70% ethanol.
After 24 h, cells were washed and resuspended in 0.5 ml
of PBS containing RNase (10 μg/ml). Flow cytometry
analysis was performed within 1 h after the addition of
propidium iodide (0.1 mg/ml) at room temperature
using a Coulter XL (Beckman Coulter).
Western blot analysis

Cells were lysed in a RIPA buffer containing 1%
Complete Mini protease inhibitors (Roche, Mannheim
Germany). Protein concentration was determined by the
Bradford assay (Bio-Rad, Hercules, CA) and 30 μg of
total protein were resolved by electrophoresis on 12%
SDS-PAGE gels and transferred to PVDF membranes by
standard methods. Membranes were immunoblotted
with anti-p21 (Santa Cruz, Santa Cruz, CA), anti-Fas
(Roche, Mannheim, Germany) and anti-tubulin (Sigma,
St Louis, Mo) and the corresponding secondary antibodies, horseradish peroxidase (HRP)-conjugated antibodies (Bio-Rad, Hercules, CA). Antibody labeling was
detected using the chemiluminiscence detection kit (Biological Industries, Israel).
Apoptosis detection

Apoptosis was measured using the Annexin V-FITC
Apoptosis Detection Kit I (BD Biosciences, San Diego,
CA). Cells were harvested by centrifugation (including
detached cells) 48 h after treatment with increasing

Statistical analysis

The paired or unpaired Student’s t-test was used to compare experimental data. Analysis was performed using
GraphPad Prism software (GraphPad Software, Inc., San
Diego, CA).

Results
Up-regulation of AQP3 expression by genotoxic agents

AQP3 was previously identified as an up-regulated
gene in 50-DFUR-treated MCF7 cells using cDNA
microarray experiments. To further determine whether
up-regulation is specific in response to this particular
agent or additionally induced by other genotoxic drugs
MCF7 cells were exposed for 90 min to 250 μM
50-DFUR, 100 nM gemcitabine or 50 μM cisplatin, and
AQP3 mRNA levels were analyzed by RT-PCR after 24
and 48 h of treatment (Figure 1a). Drug concentrations
were selected based on previously calculated EC75
values using MTT cell viability assays. Both nucleosidederived drugs, 50-DFUR and gemcitabine enhanced
AQP3-related mRNA levels at the time-points assayed
(24 and 48 h), albeit at different magnitudes (5-7-fold
by 50-DFUR vs 3-fold by gemcitabine). Interestingly,
the alkylating drug cisplatin did not affect the AQP3
mRNA level.
Since AQP3 functions as a water channel, we determined whether induction of the gene is associated with
the changes in cell volume after drug treatment.
Accordingly, cellular diameter was measured under different treatment conditions, as shown in Figure 1b.
Consistent with AQP3 mRNA data, 50-DFUR and gemcitabine, but not cisplatin, induced a significant increase
in cell diameter in MCF7 cells, although in this case,
the magnitude of the effect of gemcitabine was higher
than that of 50-DFUR.
In order to elucidate if this effect could be extended to
other cancer cells, effect of 50-DFUR and gemcitabine
treatment on AQP3 expression and cell volume were
tested in the colon carcinoma cell line HT29, the
pancreatic cancer cell line NP-29 and the ER/PR negative
breast cancer derived MDA-MB-468. Cells were exposed
for 90 min to 50-DFUR or gemcitabine and AQP3 mRNA
levels analyzed by RT-PCR after 48 h of treatment
(Figure 1c). Drug concentrations were selected based on
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Figure 1 Effect of genotoxic drugs on AQP3 expression and cell volume. MCF7 (a) or HT29, NP-29 and MDA-MB-468 (c) cells were
incubated for 90 minutes (50-DFUR (DF): 250 μM; gemcitabine (G): 100 nM for MCF7, 250 nM for NP-29 and MDA-MB-468 and 50 μM for HT29;
cisplatin (CP): 50 μM) and mRNA was isolated at 24 (a) or 48 hours (a, c). Real-time RT-PCR analysis for AQP3 was performed using GAPDH as
endogenous control. Data are calculated as arbitrary units relative to untreated cells (CT) as a reference. Results are the mean ± SE of three to six
independent experiments measured in duplicate. At 48 hours after 90 min exposure to the genotoxic drugs, MCF7 (b) or HT29, NP-29 and MDAMB-468 (d) cells were collected and volumes were measured as cell diameters (μm). Results are the mean ± SE of three to four independent
experiments measured in triplicate. Statistical significance was assessed with the Student’s t test (* p < 0.05; ** p < 0.01; *** p < 0.001).

previously calculated EC75 values (50-DFUR: 250 μM;
gemcitabine: 250 nM for NP-29 and MDA-MB-468 and
50 μM for HT29). Similarly to MCF7, both nucleosidederived drugs, 50-DFUR and gemcitabine, enhanced
AQP3-related mRNA levels in HT29 and NP-29 albeit at
different magnitudes, and gemcitabine also induced an
increase in the expression of AQP3 in the MDA-MB-468
cell line. In the same way, the colon cancer cell line HT29
and the pancreatic cancer cell line NP-29 showed an
increase in cell diameter after treatment with both nucleoside analog drugs and MDA-MB-468 only exhibited
an increased cell volume after gemcitabine treatment
(Figure 1d).
AQP3 knockdown suppresses the increased cell volume
and cytotoxicity induced by nucleoside analogs

To establish the specific role of AQP3 in cellular
responses to nucleoside-derived drugs, we examined the
effects of inhibiting AQP3 expression using siRNA.
Transfection of cells with AQP3 siRNA resulted in 75%
and 20% reduction in the AQP3-related mRNA levels in
MCF7 and HT29 cells respectively (data not shown).
Transfection efficiency, measured using FAM (6-carboxyfluorescein)-labeled AQP3 siRNA was approximately
75% in MCF7 cells and 55% in HT29 cells. Moreover,
AQP3 mRNA silencing lasted for 96 hours since

transfection, being able to block the up-regulation of
AQP3 expression induced by 50-DFUR treatment (data
not shown).
To assess the putative role of AQP3 in cell volume
regulation in response to genotoxic agents, we measured
changes in the cell diameter after nucleoside analog
treatment in non-transfected, negative control siRNAtransfected and AQP3 siRNA-transfected cells. Cells
were incubated for 90 min with 50-DFUR or gemcitabine
(50-DFUR: 250 μM; gemcitabine: 100 nM for MCF7 and
50 μM for HT29), and cell diameters measured after
48 h (Figure 2a). As shown previously, both drugs
induced a marked increase in cell diameter. Inhibition of
AQP3 expression significantly reduced but did not fully
prevent the increase in cell volume triggered by the
nucleoside-derived drugs in MCF7 and HT29 cells. Both
nucleosides additionally exerted dramatic effects on cell
viability as determined by measuring the number of cells
after 48 h of treatment (Figure 2b). Similarly to cell volume changes, AQP3 silencing resulted in significant
reversion of nucleoside-induced cell growth inhibition in
the breast cancer cell line MCF7, and to a lesser extent
in the colon cancer cell line HT29 after treatment with
50-DFUR. However, the cell growth arrest induced by
gemcitabine in HT29 was not blocked by the inhibition
of AQP3 expression.
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Figure 2 Effects of AQP3 silencing on cell volume changes and
inhibition of cell growth induced by nucleoside analogs. Nontransfected (white), negative control siRNA (dashed) or AQP3-siRNA
(black) transfected MCF7 or HT29 cells were treated for 90 min with
250 μM 50-DFUR or 100 nM gemcitabine for MCF7 and 50 μM
gemcitabine for HT29. After 48 hours cells were trypsinized and
diameter was measured as an estimation of volume changes (a)
along with number of cells (b) using a cell counter. Cell viability is
calculated as a percentage basis in relation to untreated cells as a
reference. Results are presented as means ± SE of six independent
experiments measured in triplicate. Statistical significance was
assessed with the paired Student’s t test (* p < 0.05; ** p < 0.01;
*** p < 0.001).

Interestingly, similar results were initially obtained upon
blocking the activity of AQP3 with CuSO4 in MCF7 cells
(data not shown). Copper salts are effective AQP3 inhibitors [18,19] but also can display toxicity, and independently exert a variety of effects on cell responses to DNA
damage. Thus, inhibition of AQP3 activity supports the
data obtained when silencing AQP3 expression.
AQP3 silencing partially reverses cell cycle arrest
triggered by nucleoside-derived drugs and up-regulation
of transcriptional targets

Treatment of cells with 50-DFUR and gemcitabine
induced cell cycle arrest at the G1-S phase in MCF7 cells
(Figure 3a), whereas cisplatin promoted accumulation of
cells at the S-G2 phase (data not shown), fact that had
previously been reported [20]. Interestingly, AQP3
siRNA significantly blocked cell cycle arrest induced by
both nucleoside-analogs in MCF7 cells (Figure 3a).
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Figure 3 Effects of genotoxic agents on the cell cycle. 48 hours
after 90 min treatment with genotoxic drugs (250 μM 50-DFUR, 100
nM gemcitabine for MCF7 and 50 μM gemcitabine for HT29),
non-transfected (NT), negative control siRNA (NC) or AQP3-siRNA
(siA) transfected MCF7 (a) or HT29 (b) cells were stained with
propidium iodide, and cell cycle was analyzed with a flow
cytometer. Results are presented as means of four to six
independent experiments. Statistical significance was assessed
with the Student’s t test (* p < 0.05; ** p < 0.01).

Similarly to the reversion of cell growth inhibition in
HT29 cell line (Figure 2b), only the cell cycle arrest triggered by 50-DFUR was reversed, but not the one triggered by gemcitabine (Figure 3b). To eliminate the
possibility that cell cycle-dependent regulation of AQP3
expression interferes with these phenomena, MCF7 cells
were synchronized by serum depletion, and AQP3related mRNA levels analyzed during cell cycle progression. Under these conditions, we observed no differences
in AQP3 mRNA levels (data not shown).
50-DFUR and gemcitabine up-regulate a variety of
genes, generally in a p53-dependent manner [4,17]. We
analyzed whether AQP3 knockdown affects the transcriptional response associated with drug treatment in
MCF7, cell line in which we observed the clearest effects
on cell cycle. Non-transfected, negative control siRNAtransfected or AQP3 siRNA-transfected cells were incubated for 90 min with either 50-DFUR or gemcitabine,
and p21 and Fas expression analyzed after 24 h at the
mRNA level using real-time PCR (Figure 4a and 4b) or
at the protein level by western blot (Figure 4c). Inhibition of AQP3 expression led to partial blockage of the
increase in p21 and Fas mRNA levels induced by
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In terms of previous parameters (cell volume and
drug-induced toxicity), similar results were obtained at
24 h upon inhibition of AQP3 activity using CuSO4
(data not shown).
AQP3 silencing reverses cytotoxicity induced by
5-fluorouracil

50-DFUR is the immediate precursor of the active fluoropyrimidine 5-fluorouracil (5-FU). To further evaluate if
the effects described for 50-DFUR could also be extended
to 5-FU, MCF7 cells were incubated for 90 min with
250 μM 5-FU and AQP3 mRNA levels and cell volume
were analyzed. Similarly to 50-DFUR effects, AQP3 mRNA
expression (Figure 5a) and cell volume (Figure 5b) were
increased after 90 min treatment with 5-FU. To analyze

Figure 4 Inhibition of transcriptional targets of 5’-DFUR and
gemcitabine by AQP3-siRNA. Non-transfected (white), negative
control siRNA (dashed) or AQP3-siRNA (black) transfected MCF7 cells
were incubated for 90 minutes with 250 μM 5’-DFUR or 100 nM
gemcitabine. After 24 h, RNA was isolated and real-time RT-PCR
analysis for p21 and Fas performed (a and b, respectively). CT values
for each gene are normalized to an endogenous reference gene
(GAPDH). mRNA levels are calculated in arbitrary units using control
values as the reference. Results are presented as means ± SE of four
to six independent experiments measured in duplicate. Statistical
significance was assessed with the Student’s t test (* p < 0.05;
** p < 0.01). (c) Non-transfected or AQP3-siRNA transfected MCF7 cells
were treated for 90 minutes with 250 μM 5’-DFUR or 100 nM
gemcitabine and Western blot analysis was perfomed for p21, Fas and
α-tubulin as a loading control. A representative Western blot is shown.

nucleoside-derived drugs measured at 24 h (Figure 4a
and 4b, respectively). AQP3 siRNA-mediated blockage
of the increase in p21 and Fas after treatment with
50-DFUR was also confirmed at the protein level
(Figure 4c). However, gemcitabine treatment led only to
an increase in p21 protein levels, which was reversed
by the AQP3 knock-down (Figure 4c).

Figure 5 Effect of 5-fluorouracil on AQP3 expression (a) and
cell volume (b) and effect of AQP3 silencing on cell growth
inhibition induced by 5-fluorouracil (c). MCF7 cells were
incubated for 90 minutes with 5-FU (FU) 250 μM and mRNA was
isolated at 48 hours (a). Real-time RT-PCR analysis for AQP3 was
performed using GAPDH as endogenous control. Data are calculated
as arbitrary units relative to untreated cells (CT) as a reference.
Results are the mean ± SE of three independent experiments
measured in duplicate. At 48 hours after 90 min exposure to 250 μM
5-FU, MCF7 cells (b) were collected and volumes were measured as
cell diameters (μm). Results are the mean ± SE of three independent
experiments measured in triplicate. (c) Non-transfected (white),
negative control siRNA (dashed) or AQP3-siRNA (black) transfected
MCF7 were treated for 90 min with increasing doses of 5-FU
(5 to 500 μM). After 48 h cells were trypsinized and the number of
cells was measured using a cell counter. Cell viability is calculated as
a percentage in relation to untreated cells as a reference. Results are
the mean ± SE of three independent experiments measured in
triplicate. Statistical significance was assessed with the Student’s t
test (* p < 0.05; ** p < 0.01; *** p < 0.001).
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the effect of 5-FU on cell viability, we performed a set of
experiments in which non-transfected, negative control
siRNA-transfected or AQP3 siRNA-transfected cells were
treated with different doses of 5FU for 90 min and cell
number measured after 48 h. As shown in Figure 5c,
escalating doses of 5FU induced a progressive decrease in
cell number, which was fully reversed at low 5-FU concentrations (5 μM) or partially but significantly reversed at
higher 5-FU concentrations (up to 500 μM) when AQP3
expression was silenced.
Induction of apoptosis by 5-fluorouracil suppresses the
increase in AQP3 expression in MCF7 cells

Under our experimental conditions, 90-minute treatment with either 50-DFUR or 5-FU led to arrest of cell
cycle progression at 48 h, but did not ultimately promote apoptosis. Interestingly, longer incubations (48 h)
with 5-FU but not with 50-DFUR were able to induce
some apoptosis in MCF7 cells. For this reason, long
incubations of increasing concentrations of 5-FU were used
to further determine whether AQP3 induced by nucleoside
analogs plays a role in cell cycle arrest and/or death.
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MCF7 cells were treated with increasing doses of
5-FU, and the cell cycle and apoptosis analyzed at 48 h
(Figure 6a,b). Treatment with low doses of 5-FU (5, 25 or
75 μM) led to cell cycle arrest at the G1-S phase, but not
significant cell death. Conversely, upon incubation of cells
with 5-FU at high concentrations (250 or 500 μM),
increased apoptosis was observed (20-30%) whereas the
cell cycle was poorly affected.
The mRNA levels of Fas, p21 and AQP3 were measured under the above conditions (Figure 6c). The peak
of FAS-related mRNA levels was achieved at the highest
doses of 5-FU, which do not affect cell cycle progression
but strongly promote apoptosis. On the other hand,
p21-related mRNA amounts linearly increased with
5-FU doses at the lower concentration range (5–75 μM),
but were less affected at the highest 5-FU concentration
(500 μM). Interestingly, AQP3 expression was dramatically increased at doses associated with cell cycle arrest (5,
25 or 75 μM), whereas upon escalating to concentrations
reported to promote apoptosis (250 or 500 μM), the
increase in AQP3-related mRNA levels was even reduced,
down to near basal levels at 500 μM 5-FU.

Figure 6 Effects of 5-FU on apoptosis (a), cell cycle (b), and Fas, p21 and AQP3 mRNA levels (c). Cells were incubated with increasing
doses of 5-FU for 48 hours (a) Apoptosis was quantified by double staining with Annexin-V conjugated to FITC and propidium iodide, and
analyzed with a FACScan flow cytometer. (b) The DNA content was measured using propidium iodide staining and fluorescence-activated cell
sorting analysis. (c) Real-time RT-PCR for each gene was performed, after RNA isolation using GAPDH as the internal control. mRNA expression
levels are presented as arbitrary units in relation to control values as the reference. Results are the mean ± SE of a representative experiment
measured in triplicate, three independent experiments were performed.

Trigueros-Motos et al. BMC Cancer 2012, 12:434
http://www.biomedcentral.com/1471-2407/12/434

Discussion
High-throughput transcriptomic analysis of anticancer
drug activity is a suitable tool to identify novel target
genes. However, confirmation that a particular drugmodulated gene specifically contributes to drug response
requires detailed analysis similar to that performed for
AQP3, a gene up-regulated by the 5-FU precursor and
capecitabine catabolite, 50-DFUR, in the breast cancer
cell line MCF7 [4].
AQP3 is a broadly expressed aquaglyceroporin found
in most epithelia, where it localizes to the basolateral
membrane, as well as in several types of nonepithelial
cells [21]. The extensive distribution pattern suggests
that this water channel protein is a major player in
barrier hydration and water and osmolyte homeostasis.
AQP3 is a target of aldosterone in the collecting duct
[22] and under osmotic control in renal and keratocarcinoma cells, thus presumably contributing to cell
volume adaptive regulatory processes [23,24]. While
previous studies suggest that changes in cell size associated with cell division are facilitated by increased
AQP1 abundance at the plasma membrane [25], our
results support a putative role of AQP3 in maintaining
or promoting cell swelling induced by nucleosidederived drugs. Interestingly, AQP3-related mRNA levels
were not modified during cell cycle progression, suggesting that the role of the water channel in the
increased cell volume is related to drug response. The
nucleoside analogs 50-DFUR and gemcitabine triggered
G1/S cell cycle arrest, but not cisplatin. This DNA alkylating agent appeared to induce S/G2 arrest, which did
not result in increased cell volume, in contrast to the
effects of nucleoside-derived drugs.
Knockdown of AQP3 expression produced a partial
but significant reversion of increased cell swelling associated with nucleoside-derived drug treatment, further
supporting a role of AQP3 in this process. Nevertheless,
the magnitude of cell volume reversion in MCF7 and
HT29 (about 25%), even assuming that AQP3 expression
is only partially blocked in siRNA-transfected cells,
suggests that this water channel protein is not the only
contributor to cell swelling associated with drug treatment.
Interestingly, under similar conditions, suppression of
AQP3 preserved cell growth inhibition to a better extent,
and the magnitude of reversion of G1/S cell cycle arrest
was significantly higher than reversion of cell swelling for
50-DFUR and gemcitabine in MCF7 cells. Furthermore, in
spite of achieving only a 20% of AQP3 mRNA knockdown
in HT29, AQP3 suppression partially reverted cell cycle
arrest and preserved cell growth inhibition in 50-DFUR
treated cells. Thus, it is possible that AQP3 plays roles
other than those derived from its ability to mediate water
transport. In fact, AQP3 plays a variety of roles in cell
physiology associated with its ability to take up glycerol.
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AQP3-deficient mice show defective skin hydration and
elasticity, which can be corrected by glycerol replacement
[26]. Moreover, wound healing is significantly impaired in
these animals, with low keratinocyte proliferation, a feature that can also be reversed in vivo by feeding mice with
glycerol [27]. Interestingly, inhibition of AQP3 in keratinocyte cell cultures results in reduced water and glycerol
permeability and impaired cell migration. The protein
facilitates migration by functioning as a water channel, but
is also implicated in epidermal cell proliferation as a
glycerol transporter [27]. Consistent with this finding,
mice lacking AQP3 expression not only display impaired
epidermal cell proliferation but are also resistant to skin
tumorigenesis [11]. This appears to be related to the ability
of AQP3 to take up glycerol, a suitable energy substrate
that supports cell growth. Nucleoside-derived drugs, particularly those used in antiviral therapy, may induce severe
mitochondrial toxicity [28,29]. While this is not evident
for nucleosides used in the treatment of solid tumors,
recent evidence suggests that gemcitabine triggers moderate
mitochondrial toxicity [30] and blocks the activity of
human mitochondrial DNA polymerase [31]. Nucleoside derivatives additionally compete with intracellular
nucleotides and inhibit key enzymes of the nucleoside
salvage pathways [32,33], consequently impairing the
cellular energy metabolism. In this context, it is feasible
to assume that AQP3 induced after exposure to these
drugs plays a compensatory role as a provider of energy
substrates.
AQP3 silencing also reversed the up-regulation of
selective p53-dependent transcriptional targets, such as
the death receptor, FAS, implicated in apoptosis, and the
inhibitor of the cyclin-CDK2 and -CDK4 complexes,
p21, implicated in the modulation of cell cycle progression at G1. It is not clear from these observations
whether AQP3 contributes to apoptosis in addition to
its reported effect on cell cycle arrest, which is significantly reversed upon silencing of the gene. Interestingly,
AQP3 itself is transcriptionally regulated by p73, a member of the p53 family, which exhibits similar biochemical
properties but is rarely mutated in cancer cells [34]. p73
interacts with the transcriptional coactivator, Yesassociated protein (YAP), leading to enhanced p73dependent apoptosis in response to DNA damage. YAP
is stabilized by the product of the p73/YAP target gene,
PML, under negative control by the proto-oncogenic
AKT/PKB kinase [35]. Interestingly, the anticancer drug,
curcumin, down-regulates AQP3 expression in cancer
ovarian cells via a mechanism that involves, at least partially, inhibition of the EGFR pathway and downstream
AKT [19]. While AQP3 is a p73 target, its association
with pro-apoptotic processes does not appear relevant,
at least under the conditions used here. This hypothesis
is based on evidence that AQP3 up-regulation is
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observed only at 5-FU concentrations triggering cell
cycle arrest, but not at higher doses in which cells are
committed to programmed cell death. Moreover, the
decrease in cell growth associated with short treatment
with low doses of 5-FU is significantly reversed by
knockdown of AQP3 expression. These observations
collectively support the view that induction of this aquaglyceroporin is related to cell cycle arrest rather than
apoptosis.
Aquaporins, including AQP3, are overexpressed in different tumors [12,13,15] and an oncogenic role was
suggested for AQP5, although this protein is not an
aquaglyceroporin [13,36]. To our knowledge, no correlation of basal or drug-induced AQP3 expression with
drug chemoresistance has been reported to date. In view
of the above findings, this issue deserves further
investigation.

Conclusions
In this contribution we addressed whether up-regulation
of AQP3 following treatment with nucleoside-derived
drugs, such as 50DFUR and gemcitabine, is related to
drug response. Experiments on MCF7 and HT29 cells
with suppressed AQP3 expression confirm that this
aquaglyceroporin is involved in the increase in cell
volume following drug treatment and drug-induced cell
cycle arrest. Thus, AQP3 up-regulation is not a collateral
effect of nucleoside-derived drug action, but may be
implicated in the ability of some cancer cells to respond
to treatment.
Abbreviations
50-DFUR: 50 deoxy-5-fluorouridine; AQP3: Aquaporin 3; 5-FU: 5-fluorouracil;
hENT1: Human equilibrative nucleoside transporter 1;
NBTI: Nitrobenzylthioinosine; AQP: Aquaporin/s; AQP1: Aquaporin 1;
ER: Estrogen receptors; PR: Progesterone receptors; DMEM: Dulbecco’s
Modified Eagle Medium; EC75: Effective concentration 75; MTT: 3(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; PCR: Polymerase
chain reaction; CDKN1A/p21: Cyclin-dependent kinase inhibitor 1A; TNFRSF6/
FAS: TNF receptor superfamily member 6; GAPDH: Glyceraldehyde 3phosphate dehydrogenase; siRNA: Small interference RNA; FAM: 6-carboxyfluorescein; PBS: Phosphate buffered saline; FITC: Fluorescein isothiocyanate;
CuSO4: Copper sulphate; CDK2: Cyclin-dependent kinase 2; CDK4: Cyclindependent kinase 4; YAP: Yes-associated protein; PML: Promyelocytic
leukemia; AKT/PKB: Protein kinase B; EGFR: Epidermal growth factor receptor;
AQP5: Aquaporin 5; SE: Standard error.
Competing interests
The authors declare that they have no competing interests.
Authors’ contributions
LTM performed the experiments described in Figures 4, 5 and 6, contributed
to the experiments shown in Figures 1, 2 and 3, and drafted and submitted
the manuscript. SPT contributed to the experiments described in Figures 1, 2
and 3, and helped with the writing and revision of the manuscript. FJC
helped with the study design and critically reviewed the manuscript. MMA
and MPA are responsible for the study design, provided guidance,
supervised the work and helped with the writing and revision of the
manuscript. All authors read and approved the final manuscript.

Page 9 of 10

Acknowledgements
This study was funded by projects SAF2008-00577 (MICINN), 2009SGR624
(Generalitat de Catalunya), Acción Transversal en Cáncer-CIBER (CIBER is an
initiative of the Instituto de Salud Carlos III, SAF2011-23660 (MICINN), Spain),
to M.P.-A., and a project from Fundación Ramón Areces (Spain) to F.J.C. The
authors are grateful to the Genomics and FACS Units of Centres Científics i
Tecnològics de la Universitat de Barcelona (CCITUB).
Author details
1
Departament de Bioquímica i Biologia Molecular, Facultat de Biologia,
Institut de Biomedicina de la Universitat de Barcelona (IBUB), Universitat de
Barcelona, and Centro de Investigación Biomédica en Red – Enfermedades
Hepáticas y Digestivas (CIBER EHD), Diagonal 645, 08028, Barcelona, Spain.
2
Present address: Centro Nacional de Investigaciones Cardiovasculares (CNIC),
Madrid, Spain. 3Present address: Signal Transduction Laboratory, Cancer
Research UK London Research Institute, London, UK.
Received: 28 November 2011 Accepted: 19 September 2012
Published: 27 September 2012
References
1. Hernandez-Vargas H, Rodriguez-Pinilla SM, Julian-Tendero M, Sanchez-Rovira
P, Cuevas C, Anton A, Rios MJ, Palacios J, Moreno-Bueno G: Gene
expression profiling of breast cancer cells in response to gemcitabine:
NF-kappaB pathway activation as a potential mechanism of resistance.
Breast Cancer Res Treat 2007, 102(2):157–172.
2. Lopez-Guerra M, Trigueros-Motos L, Molina-Arcas M, Villamor N, Casado FJ,
Montserrat E, Campo E, Colomer D, Pastor-Anglada M: Identification of
TIGAR in the equilibrative nucleoside transporter 2-mediated response
to fludarabine in chronic lymphocytic leukemia cells. Haematologica
2008, 93(12):1843–1851.
3. Kho PS, Wang Z, Zhuang L, Li Y, Chew JL, Ng HH, Liu ET, Yu Q: p53regulated transcriptional program associated with genotoxic stressinduced apoptosis. J Biol Chem 2004, 279(20):21183–21192.
4. Molina-Arcas M, Moreno-Bueno G, Cano-Soldado P, Hernandez-Vargas H,
Casado FJ, Palacios J, Pastor-Anglada M: Human equilibrative nucleoside
transporter-1 (hENT1) is required for the transcriptomic response of the
nucleoside-derived drug 5'-DFUR in breast cancer MCF7 cells. Biochem
Pharmacol 2006, 72(12):1646–1656.
5. Agre P, King LS, Yasui M, Guggino WB, Ottersen OP, Fujiyoshi Y, Engel A,
Nielsen S: Aquaporin water channels–from atomic structure to clinical
medicine. J Physiol 2002, 542(Pt 1):3–16.
6. Verkman AS: Aquaporins: translating bench research to human disease. J
Exp Biol 2009, 212(Pt 11):1707–1715.
7. Ishibashi K, Kondo S, Hara S, Morishita Y: The evolutionary aspects of
aquaporin family. Am J Physiol Regul Integr Comp Physiol 2011, 300(3):
R566–R576.
8. Verkman AS, Hara-Chikuma M, Papadopoulos MC: Aquaporins–new players
in cancer biology. J Mol Med 2008, 86(5):523–529.
9. Saadoun S, Papadopoulos MC, Hara-Chikuma M, Verkman AS: Impairment
of angiogenesis and cell migration by targeted aquaporin-1 gene
disruption. Nature 2005, 434(7034):786–792.
10. Hu J, Verkman AS: Increased migration and metastatic potential of tumor
cells expressing aquaporin water channels. FASEB J 2006, 20(11):
1892–1894.
11. Hara-Chikuma M, Verkman AS: Prevention of skin tumorigenesis and
impairment of epidermal cell proliferation by targeted aquaporin-3 gene
disruption. Mol Cell Biol 2008, 28(1):326–332.
12. Markert JM, Fuller CM, Gillespie GY, Bubien JK, McLean LA, Hong RL, Lee K,
Gullans SR, Mapstone TB, Benos DJ: Differential gene expression profiling
in human brain tumors. Physiol Genomics 2001, 5(1):21–33.
13. Moon C, Soria JC, Jang SJ, Lee J, Obaidul Hoque M, Sibony M, Trink B,
Chang YS, Sidransky D, Mao L: Involvement of aquaporins in colorectal
carcinogenesis. Oncogene 2003, 22(43):6699–6703.
14. Shen L, Zhu Z, Huang Y, Shu Y, Sun M, Xu H, Zhang G, Guo R, Wei W, Wu
W: Expression profile of multiple aquaporins in human gastric carcinoma
and its clinical significance. Biomed Pharmacother 2010, 64(5):313–318.
15. Melis M, Hernandez J, Siegel EM, McLoughlin JM, Ly QP, Nair RM, Lewis JM,
Jensen EH, Alvarado MD, Coppola D, et al: Gene expression profiling of
colorectal mucinous adenocarcinomas. Dis Colon Rectum 2010, 53(6):
936–943.

Trigueros-Motos et al. BMC Cancer 2012, 12:434
http://www.biomedcentral.com/1471-2407/12/434

16. Villanueva A, Garcia C, Paules AB, Vicente M, Megias M, Reyes G, de
Villalonga P, Agell N, Lluis F, Bachs O, et al: Disruption of the
antiproliferative TGF-beta signaling pathways in human pancreatic
cancer cells. Oncogene 1998, 17(15):1969–1978.
17. Cano-Soldado P, Molina-Arcas M, Alguero B, Larrayoz I, Lostao MP, Grandas
A, Casado FJ, Pastor-Anglada M: Compensatory effects of the human
nucleoside transporters on the response to nucleoside-derived drugs in
breast cancer MCF7 cells. Biochem Pharmacol 2008, 75(3):639–648.
18. Zelenina M, Tritto S, Bondar AA, Zelenin S, Aperia A: Copper inhibits the
water and glycerol permeability of aquaporin-3. J Biol Chem 2004, 279
(50):51939–51943.
19. Ji C, Cao C, Lu S, Kivlin R, Amaral A, Kouttab N, Yang H, Chu W, Bi Z, Di W,
et al: Curcumin attenuates EGF-induced AQP3 up-regulation and cell
migration in human ovarian cancer cells. Cancer Chemother Pharmacol
2008, 62(5):857–865.
20. Kawamoto K: Flow cytometric analysis of cell cycle for the action
mechanism of antineoplastic agents. Hum Cell 1995, 8(3):85–88.
21. Mobasheri A, Wray S, Marples D: Distribution of AQP2 and AQP3 water
channels in human tissue microarrays. J Mol Histol 2005, 36(1–2):1–14.
22. Kwon TH, Nielsen J, Masilamani S, Hager H, Knepper MA, Frokiaer J, Nielsen
S: Regulation of collecting duct AQP3 expression: response to
mineralocorticoid. Am J Physiol Renal Physiol 2002, 283(6):F1403–F1421.
23. Matsuzaki T, Suzuki T, Takata K: Hypertonicity-induced expression of
aquaporin 3 in MDCK cells. Am J Physiol Cell Physiol 2001, 281(1):C55–C63.
24. Nakakoshi M, Morishita Y, Usui K, Ohtsuki M, Ishibashi K: Identification of a
keratinocarcinoma cell line expressing AQP3. Biol Cell 2006, 98(2):95–100.
25. Delporte C, Chen ZJ, Baum BJ: Aquaporin 1 expression during the cell
cycle in A5 cells. Biochem Biophys Res Commun 1996, 228(2):223–228.
26. Hara M, Verkman AS: Glycerol replacement corrects defective skin
hydration, elasticity, and barrier function in aquaporin-3-deficient mice.
Proc Natl Acad Sci U S A 2003, 100(12):7360–7365.
27. Hara-Chikuma M, Verkman AS: Aquaporin-3 facilitates epidermal cell
migration and proliferation during wound healing. J Mol Med 2008, 86
(2):221–231.
28. Lewis W, Dalakas MC: Mitochondrial toxicity of antiviral drugs. Nat Med
1995, 1(5):417–422.
29. Petit F, Fromenty B, Owen A, Estaquier J: Mitochondria are sensors for HIV
drugs. Trends Pharmacol Sci 2005, 26(5):258–264.
30. Yeo TK, Kintner J, Armand R, Perez R, Lewis LD: Sublethal concentrations of
gemcitabine (2',2'-difluorodeoxycytidine) alter mitochondrial
ultrastructure and function without reducing mitochondrial DNA
content in BxPC-3 human pancreatic carcinoma cells. Hum Exp Toxicol
2007, 26(12):911–921.
31. Fowler JD, Brown JA, Johnson KA, Suo Z: Kinetic investigation of the
inhibitory effect of gemcitabine on DNA polymerization catalyzed by
human mitochondrial DNA polymerase. J Biol Chem 2008, 283(22):
15339–15348.
32. Pastor-Anglada M, Felipe A, Casado FJ: Transport and mode of action of
nucleoside derivatives used in chemical and antiviral therapies. Trends
Pharmacol Sci 1998, 19(10):424–430.
33. Pastor-Anglada MC FJ: Nucleoside transport into cells: role of nucleoside
transporters SLC28 and SLC29 in cancer chemotherapy. In
Deoxynucleoside Analogs in Cancer Therapy Totowa. New Jersey: Humana
Press; 2007.
34. Zheng X, Chen X: Aquaporin 3, a glycerol and water transporter, is
regulated by p73 of the p53 family. FEBS Lett 2001, 489(1):4–7.
35. Lapi E, Di Agostino S, Donzelli S, Gal H, Domany E, Rechavi G, Pandolfi PP,
Givol D, Strano S, Lu X, et al: PML, YAP, and p73 are components of a
proapoptotic autoregulatory feedback loop. Mol Cell 2008, 32(6):803–814.
36. Woo J, Lee J, Chae YK, Kim MS, Baek JH, Park JC, Park MJ, Smith IM, Trink B,
Ratovitski E, et al: Overexpression of AQP5, a putative oncogene,
promotes cell growth and transformation. Cancer Lett 2008, 264(1):54–62.
doi:10.1186/1471-2407-12-434
Cite this article as: Trigueros-Motos et al.: Aquaporin 3 (AQP3)
participates in the cytotoxic response to nucleoside-derived drugs. BMC
Cancer 2012 12:434.

Page 10 of 10

Submit your next manuscript to BioMed Central
and take full advantage of:
• Convenient online submission
• Thorough peer review
• No space constraints or color ﬁgure charges
• Immediate publication on acceptance
• Inclusion in PubMed, CAS, Scopus and Google Scholar
• Research which is freely available for redistribution
Submit your manuscript at
www.biomedcentral.com/submit

