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Abstract

Aquaporin-8 (AQP8) allows the bidirectional transport of water and hydrogen peroxide across biological
membranes. Depending on its concentration, H2O2 exerts opposite roles, amplifying growth factor signaling in
physiological conditions, but causing severe cell damage when in excess. Thus, H2O2 permeability is likely to
be tightly controlled in living cells. Aims: In this study, we investigated whether and how the transport of H2O2

through plasma membrane AQP8 is regulated, particularly during cell stress. Results: We show that diverse
cellular stress conditions, including heat, hypoxia, and ER stress, reversibly inhibit the permeability of AQP8 to
H2O2 and water. Preventing the accumulation of intracellular reactive oxygen species (ROS) during stress
counteracts AQP8 blockade. Once inhibition is established, AQP8-dependent transport can be rescued by
reducing agents. Neither H2O2 nor water transport is impaired in stressed cells expressing a mutant AQP8, in
which cysteine 53 had been replaced by serine. Cells expressing this mutant are more resistant to stress-, drug-,
and radiation-induced growth arrest and death. Innovation and Conclusion: The control of AQP8-mediated
H2O2 transport provides a novel mechanism to regulate cell signaling and survival during stress. Antioxid.
Redox Signal. 24, 1031–1044.

Introduction

The pathophysiology of H2O2 exemplifies how reac-
tive oxygen species (ROS) are double-edged swords in

the cell signaling armamentarium: H2O2 is toxic at high
concentrations, but at the same time, it is an essential second
messenger in charge of modulating diverse signaling path-
ways (12, 15, 17, 36). Among these, H2O2 inactivates tyro-
sine phosphatases by oxidizing essential cysteines in their
active sites and activates certain kinases, including members
of the mitogen-activated kinase family (MAPKs). The sum of
these activities results in the amplification of tyrosine phos-
phorylation cascades (35, 38). Therefore, the mechanisms
that control H2O2 production, transport, diffusion, and
clearance in human cells are of paramount biomedical in-
terest (21).

Owing to their membrane topology, NADPH oxidases
(NOXes) generate superoxide in the external leaflet of the
plasma membrane or in the lumen of endocytic and exocytic
organelles (4). Dismutases rapidly convert superoxide into

Innovation

Our study reveals a novel layer of control in the redox
signaling circuitry that impacts cell resistance to stress and
survival. The key finding is that living cells can regulate
the permeability of aquaporin-8 to H2O2 and H2O, par-
ticularly during stress. The mechanism we disclose in-
fluences cell life–death decisions and can lead to the
identification of drug targets with wide implications in
tumor biology and other stress-related pathological con-
ditions.
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H2O2 that must then cross a lipid bilayer to reach its cytosolic
targets. Recently, members of the aquaporin protein family
(AQP), initially described as bidirectional water transporters
(1), have been found to channel also H2O2 (7). We have
recently shown that aquaporin-8 (AQP8) is essential to allow
effective transport of H2O2 across the plasma membrane, thus
potentiating tyrosine phosphorylation induced by growth
factors (6), a notion later corroborated by others (57). These
data confirmed that H2O2 acts as a rheostat of tyrosine kinase
signaling and demonstrated that AQP8 guarantees efficient
cytosolic import of H2O2 likely produced by NOXes. AQP8
silencing inhibited, in part, the transport of H2O2 through the
ER membrane, but had little if any effect on mitochondria (6),
where a fraction of AQP8 has been reported to localize (9). In
other cell types, AQP3 (18, 39) and possibly different chan-
nels can allow efficient H2O2 transport.

Considering its importance in modulating growth factor
downstream pathways, we surmised that AQP8-dependent
H2O2 transport could be fine-tuned during stress conditions
known to entail the production of ROS (51, 52). Accordingly,
we found that diverse cellular stresses reversibly inhibit
AQP8-dependent transport, impacting cell growth and sur-
vival. The expression of an AQP8 mutant that does not un-
dergo this inhibition increases the resistance of cells to heat-,
arsenic trioxide-, and radiation-induced stress.

Results

Membrane permeability to H2O2 is impaired
during cell stress

The hormetic properties of H2O2—essential for cell sur-
vival, but toxic at high concentrations—imply tight regula-
tion of its intracellular levels. We reasoned that being more
sensitive to oxidant toxicity (11, 42), cells undergoing stress
might deploy mechanisms that limit H2O2 import. To test this
possibility, we exposed human HeLa cells expressing an
H2O2-specific ratiometric sensor in their cytosol [HyPerCyto
(5)] to diverse chemical or physical stresses and followed the
entry of exogenous H2O2 by live imaging. As shown in

Figure 1A, nonstressed cells (red line) display a characteristic
shift in the ratio of HyPerCyto fluorescence emission (488/
405 nm) as exogenously added H2O2 enters the cytosol. The
addition of extracellular catalase after H2O2 during our time
course analyses rapidly eliminated this shift (Supplementary
Fig. S1A; Supplementary Data are available online at www
.liebertpub.com/ars). Thus, in control conditions, intracellu-
lar ROS produced in response to exposure to H2O2 plays a
minor, if any, role in the activation of HyPerCyto, which
detects mostly H2O2 imported through the plasma membrane.
Having validated a system that allows us to register primarily
the entry of exogenous molecules, we measured H2O2 per-
meability in stressed cells. Clearly, the activation of Hy-
perCyto was inhibited in cells exposed to different stressors,
that is, the Hsp90 inhibitor, geldanamycin; the glycolytic
inhibitor, 2-deoxyglucose; the ER stressor, tunicamycin; heat
shock; and hypoxia (Fig. 1A). Similar results were obtained
on different cells types, such as the murine B-lymphoma
I.29 l+ or the human myeloma OPM2 (data not shown). In
view of its efficacy and ease of control, we used heat shock
for most experiments of stress induction.

H2O2 transport inhibition is redox dependent

The observation that different stressors inhibit H2O2

transport suggests the existence of mechanisms that revers-
ibly gate its channel under stress conditions. As diverse
stresses share the property of triggering ROS production by
activating oxidases in target cells (23, 27, 50), we hypothe-
sized that the increase in the levels of ROS generated during
stress was involved in the inhibition of exogenous H2O2 in-
flux observed (13, 24, 32, 53). To verify this prediction, HeLa
cells were exposed to heat stress in the presence of either
diphenyleneiodonium (DPI), a compound that limits ROS
production by inhibiting membrane-bound NOXes and other
flavoproteins (31), or N-acetyl-cysteine (NAC), a widely used
ROS scavenger. As shown in Figure 1B, addition of DPI or
NAC during exposure to high temperature (gray bars) pre-
vented stress-induced inhibition of H2O2 uptake. Similar re-
sults were obtained when cells were treated with tunicamycin

FIG. 1. Different stresses inhibit import of exogenous H2O2 in a redox-sensitive manner. (A) Kinetics of HyPerCyto
activation in stressed HeLa cells upon addition of exogenous H2O2 (50 lM) reveals an impairment of its transport through the
plasma membrane. Data are shown as mean fold changes of the 488/405 nm ratio measured by confocal laser scanning, plotted
against time – standard error of the mean (SEM). Ctrl, control conditions; 2-DG, 2-deoxyglucose; Geld, geldanamycin; Tun,
tunicamycin; Heat, heat stress; Hyp, hypoxia. (B). Quantification of H2O2 uptake performed 90 s after addition of exogenous
H2O2 to HyPerCyto-HeLa cells before or after heat stress, with or without either 10 lM DPI or 2 mM NAC. The data were
normalized to the uptake of DPI- or NAC-treated unstressed cells. ***p < 0.001. Average of ‡3 experiments – SEM. DPI,
diphenyleneiodonium; NAC, N-acetyl-cysteine; n.s., non significant; NT, nontreated cells. To see this illustration in color, the
reader is referred to the web version of this article at www.liebertpub.com/ars
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or cultured in hypoxic conditions in the presence of DPI
(Supplementary Fig. S2). These observations suggested that
elements of the transport mechanism are controlled by redox-
mediated modification(s).

AQP8 is the target of stress-dependent
redox regulation

Having shown before that human AQP8 is essential for
efficient entry of H2O2 into living HeLa cells (6), we inves-
tigated whether this channel is the target of the regulatory
modifications that hamper H2O2 uptake by stressed cells. To
this end, cells silenced for AQP8 expression, and thus unable
to import exogenous H2O2, were reconstituted with a vector
driving the expression of a silencing-resistant Halo-tagged
AQP8 (HaloAQP8) and stained using the Halo technology
(40). Confirming our previous results (6), H2O2 transport was
restored upon expression of the chimeric transgene (deco-
rated in white in the pseudocolor scale used in Figure 2A and
Supplementary Movie S1). Moreover, heat stress prevented
H2O2 entry also in reconstituted cells (Fig. 2B, upper panels,
and Fig. 2C, blue trace). Thus, HaloAQP8 transgene main-

tains the properties of the endogenous channel proteins.
Following our hypothesis, if the channel was controlled by
redox-mediated modification(s), incubating heat-stressed
cells with the reducing agent, dithiothreitol (DTT), immedi-
ately before exposure to exogenous H2O2 should recover
transport only in cells expressing HaloAQP8. In fact, 5-min
exposure to DTT partially rescued H2O2 entry only in the
positive transfected cells (Fig. 2B, lower panels, Fig. 2C,
orange trace, and see Supplementary Movie S2). The re-
ducing agent caused an apparent small delay in H2O2 uptake
when given to unstressed cells (Fig. 2B, black trace), which
presumably reflects a potentiation of intracellular antioxidant
systems and consequent rapid detoxification of the first in-
ternalized H2O2 molecules. Altogether, these observations
further support the notion that AQP8 is a key target of the
stress-induced redox regulatory modification(s).

AQP8 cysteine mutants display different sensitivities
to stress-induced transport inhibition

The sensitivity to DTT and rapidity by which the reducing
agent rescued transport suggested that upon stress, ROS-

FIG. 2. AQP8 is the target of redox-dependent regulation of H2O2 permeability. (A) Frames extracted from a represen-
tative video of ‡3 experiments, highlighting the kinetics of H2O2 import into silenced HeLa cells reconstituted with HaloAQP8
before (left panel) and after (right panel) addition of 50 lM exogenous H2O2. The 488/405 nm ratio is shown in pseudocolor
(upper panel, the scale used is indicated in the insert). Cells positively transfected with HaloAQP8 wt are colored in white (middle
panel). HyPerfluorescence ratio at baseline is variable from cell to cell, but the mean within a cell population is nearly the same in
all experiments. The variability at the single-cell level explains why the basal colors presented in panels or figures sometimes
differ. The scale bars correspond to 50 lm. Nil, nontreated cells. (B). The upper panels correspond to frames extracted from a
video as in (A), showing no changes in the HyPerCyto ratios in HeLa cells reconstituted with HaloAQP8 under stress. The frames
in lower panels show that recovery of H2O2 transport occurs only in cells expressing the transgene (colored in white) after a 5-min
treatment with 5 mM DTT and two washes before the analysis. The experimental flow is depicted on the lower scheme for clarity.
(C) Kinetics of H2O2 import into HeLa cells, in which AQP8 was silenced and then reconstituted with a silencing-resistant vector,
driving the expression of HaloAQP8. Cells were heat shocked and then incubated with (orange trace) or without (blue trace)
5 mM DTT for 5 min. Results represent the mean fold changes of the 488/405 nm ratio measured by confocal laser scanning,
plotted against time. Average of ‡3 experiments – SEM. AQP8, aquaporin-8. To see this illustration in color, the reader is referred
to the web version of this article at www.liebertpub.com/ars
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induced modifications of one or more of the six cysteine
residues present in human AQP8 lead to the closure of the
channels. If this were the case, mutating them could generate
AQP8 variants that become insensitive to the stress-
dependent blockade. Therefore, we individually replaced the
six cysteines in AQP8 for serine. Serine residues should re-
tain the approximate size and geometry of cysteine residues,
but be unable to form disulfide bonds or undergo other redox
modifications affecting channel structure and conductivity.
Accordingly, all single cysteine-to-serine replacements as-
sayed were able to promote efficient water and H2O2 trans-
port when expressed in yeast (Supplementary Fig. S3A, B),
showing that mutating those residues did not hamper AQP8
activity in control conditions. HeLa cells were then trans-
fected with wild-type (wt) HaloAQP8 or, separately, with the
six mutants and the uptake of exogenous H2O2 evaluated
before or after heat stress. Like in yeast, none of the cysteine
mutants displayed significant impairment in H2O2 transport
in control conditions in HeLa cells (data not shown). How-
ever, clear differences were evident when H2O2 import was
analyzed after heat stress (Fig. 3A). In each sample, care was
taken to average only cells expressing the transgenes, as
detected by staining with fluorescent Halo ligands (Fig. 3B).
In these experiments, negative cells served as powerful in-
ternal controls. Neither untransfected cells nor transfectants
expressing wt, C8S, C38S, C208S, or C247S HaloAQP8
displayed HyPeroxidation upon exposure to H2O2. In con-

trast, C53S transfectants were resistant to stress-induced inhi-
bition (Fig. 3B, lower right two panels). A HyPerfluorescence
shift was also patent in cells expressing C173S HaloAQP8 after
H2O2 addition (Fig. 3B, upper right two panels), although this
mutant was not as efficient as AQP8 C53S in rescuing the entry
of H2O2 into heat-stressed HeLa cells (about 90% and 30% of
the H2O2 transported by unstressed cells, respectively).

Stress also inhibits the AQP8-dependent
transport of water

Like other aquaporins, AQP8 can transport water (22).
Their expression allows fast changes in the cell volume upon
exposure to osmotic gradients, which correspond to the ki-
netics of water transport across the plasma membrane (48).
We therefore measured water fluxes in HeLa cells stably
expressing HaloAQP8 wt or the C53S mutant by stopped-
flow experiments (Fig. 3C). Staining with Halo ligands
confirmed that ‡60% of the cells analyzed expressed the
transgenes (data not shown). In agreement with our results on
H2O2 import (Fig. 3A), water fluxes were similar in the two
transfectants under control conditions (Fig. 3C, white bars).
Remarkably, heat stress had a strong inhibitory effect on cells
expressing HaloAQP8 wt, but not in C53S transfectants
(Fig. 3C, black bars). Indeed, the latter were able to import
water after stress as efficiently as in control conditions,
suggesting that in HeLa cells, AQP8 is the main, if not the

FIG. 3. The expression of AQP8 mutants impacts H2O2 and water transport. (A) Quantification of H2O2 transport after
heat stress in HeLa cells expressing diverse AQP8 mutants at 90 s of addition of 50 lM of H2O2. The data are normalized to the
cells expressing the HaloAQP8 wt recombinant protein in control conditions – SEM. (B). Frames extracted from a repre-
sentative video of ‡3 similar experiments, showing the kinetics of H2O2 import into HeLa cells stably expressing HyPerCyto
(ratio in pseudocolor) and transfected with each of the six single-cysteine AQP8 mutants. See legend to Figure 2A for more
details. (C). Quantification of osmotic water permeability measured in stable wt- or C53S-expressing HeLa cells in control
conditions (white bars) or after heat stress either with (gray bars) or without (black bars) a short treatment of DTT performed
immediately before the analysis. Values are means of the initial rate constant (K) of cell volume changes expressed as
percentage of control cells – SEMs of 10–15 single shots for each of ‡3 different experiments. *p < 0.05; ***p < 0.001. DTT,
dithiothreitol. To see this illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/ars
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sole, target of stress-mediated water transport inhibition. This
observation is further supported by the fact that in contrast
with what was observed before for H2O2 transport, water
transport was only partially inhibited in AQP8 wt-expressing
HeLa cells, which express other water-transporting members
of the AQP family not bearing the regulatory C53 residue,
that is, AQP1 and AQP4 (data not shown). Of note, a short
pretreatment with DTT was sufficient to restore permeability
to water in cells expressing the stress-sensitive HaloAQP8 wt
(Fig. 3C, gray bars) as observed when analyzing H2O2

transport. Thus, stress-induced redox-based mechanisms in-
volving AQP8 inhibit the transport not only of H2O2 but also
of water.

Mechanisms of AQP8 inhibition

Several mechanisms have been proposed to modulate
transport through aquaporins, including oxidative gating and
phosphorylation-dependent internalization from the plasma
membrane (25, 43, 47, 59). We first considered the possible
role of the latter in preventing AQP8-dependent transport.
Unfortunately, our efforts to obtain trustworthy AQP8-
specific antibodies were unsuccessful. As a consequence, we
followed the movements of HaloAQP8 by total internal re-
flection microscopy (TIRF) assays (3). By restricting the
excitation to 90 nm below the plasma membrane, this tech-
nology allows visualizing only the basal region of cells ad-

hered to glass slides. Intense fluorescence was detected in
control cells, implying the presence of abundant HaloAQP8
molecules in the basal membrane. However, no significant
differences could be recorded between control and heat-
stressed cells (Supplementary Fig. S4A). As the resolution of
TIRF cannot formally exclude AQP8 internalization, we
generated a recombinant AQP8 protein, in which an myc tag
was inserted in the first extracellular loop (HaloAQP8 myc-
out). The capability of this protein to transport water or H2O2

was verified in yeast (Supplementary Fig. S3A, B). As re-
vealed by quantitative cytofluorometric analyses, the binding
of myc-specific antibodies was not significantly perturbed
upon exposure of HeLa transfectants to heat shock (Supple-
mentary Fig. S4B). Taken together, these data indicated that
stress-induced inhibition of H2O2 and water transport is not
due to internalization of AQP8.

In view of the critical role of cysteines 53 and (to a lesser
extent) 173, we then sought evidence for redox modifications
of the channel proteins. Nonreducing gels did not show proof
of inter- or intrachain disulfide bonds (Supplementary
Fig. S5A). Dimedone-based chemical probes (41, 46) were
used then to verify whether C53 was a target of sulfenylation.
Although the amount of sulfenylated proteins increased in
cells treated with increasing concentrations of H2O2 (Sup-
plementary Fig. S5B), we could not obtain compelling evi-
dence for oxidative modifications directly or indirectly

FIG. 4. Expression of C53S AQP8 confers stress resistance to HeLa cells. (A) Clonogenic assays comparing the ability of
stable HaloAQP8 wt- or C53S-expressing HeLa cells to form clonal colonies before and after heat stress. Wells are the result of
twofold serial dilutions to allow visualization of single-cell-derived colonies. Results are represented as percentage of surviving
colonies. Average of three experiments – SEM. (B). Measurement of colony area distribution in both AQP8 wt and C53S-
expressing HeLa cells before and after the stress. Each dot represents a single colony and its area is displayed in mm2. (C).
Quantification of the clonogenic capacity of stable HaloAQP8 wt and C53S-expressing HeLa cells after 7 days from irradiation
with different doses. Data are represented as percentage of surviving colonies with respect to the number of colonies grown in
control conditions – SEM. (D). Quantification of the clonogenic capacity of stable HaloAQP8 wt and C53S-expressing HeLa cells
after 7 days from a 24 h-treatment with the indicated doses of arsenic trioxide. Data are represented as in (C). *p < 0.05;
***p < 0.001. To see this illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/ars
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impacting AQP8 (Supplementary Fig. S5B, C). Of note, a
clear increase in the amount of intracellular sulfenylated
proteins was evident in cells exposed to elevated temperature
(Supplementary Fig. S5C). This increase was less pro-
nounced in cells expressing C53S.

Inhibition of AQP8-mediated transport determines
cell fate after stress

Whether stress culminates in survival or death is deter-
mined by different factors, such as its intensity and duration,
the cell type, and other environmental cues (16). To ascertain
whether AQP8-mediated transport can impact the cellular
responses to stress, we compared several key physiological
parameters in HeLa cells stably expressing HaloAQP8 wt or
the C53S mutant (Fig. 4). Crystal violet-based clonogenic
assays were used to measure proliferation and/or cell survival
as counting the number and size of colonies obtained after
plating cells before or after exposure to stress provides an
estimate of stress resistance. Consistent with the previous
results, no significant differences were observed when Ha-
loAQP8 wt or C53S transfectants were cultured in control
conditions. However, the expression of the noninhibitable
AQP8 variant (C53S) rendered cells more able to survive a
severe heat stress than did wt channels (Fig. 4A). The C53S
transfectants yielded about 70% of the colonies obtained by
plating unstressed cells, while only 30% were recovered in
cells expressing HaloAQP8 wt. Of note, similar percentages
of colonies were obtained at the three different cell concen-
trations, arguing against cell cooperativity in the resistance to
stress. The size of colonies roughly depends on the number of
divisions that a cell undergoes after having successfully at-
tached to the plate. C53S-expressing cells formed slightly but

significantly larger colonies than cells expressing the wt
protein (Fig. 4B). Thus, maintaining open AQP8 channels
confers adaptive advantages, allowing cells to grow also
when they are subjected to harsh conditions.

It is generally accepted that radiotherapy, as well as most
chemotherapeutic drugs, kills neoplastic cells by inducing a
lethal oxidative stress (54, 60). To investigate whether C53S
expression confers a surviving advantage to cells exposed to
established antitumor therapies, we performed clonogenic
assays after either X-irradiation or treatment with arsenic tri-
oxide (As2O3). As shown in Figure 4C and D, cells expressing
AQP8 C53S are more resistant to either treatment than the wt-
expressing ones. Therefore, dysregulation of AQP8 perme-
ability may represent a protective mechanism activated by
cells against endogenous or exogenous stressful stimuli.

Expression of C53S counteracts stress-induced
growth arrest

The smaller size of the colonies recovered after heat shock
(Fig. 4B) is in line with the notion that severe stresses cause
transient growth arrest (10). To further investigate the role of
AQP8, we compared cells expressing wt or C53S variants for
their efficiency in replenishing an empty territory (Fig. 5A
and Supplementary Movies S3–S6). In principle, these gap-
filling assays measure the combined rates of cell division and
motility, but owing to the proliferative capabilities of HeLa
cells, the former prevail in our experimental setting, despite
the use of low serum concentrations. In addition, in these
experiments, no significant differences were observed be-
tween untreated wt- and C53S-expressing cells (see quanti-
fications in Fig. 5A). Instead, after heat stress, gap closure
started sooner and was significantly more efficient in cells

FIG. 5. AQP8 inhibition by
stress causes reversible
growth arrest. (A) The images
show frames of a representative
video taken at time 0 or after
24 h of culture at 37�C, in which
HaloAQP8 wt- or AQP8 C53S-
expressing cells fill a 500lm
gap, before or after a 3-h heat
stress. Scale bars correspond to
200lm. The results of ‡3 in-
dependent experiments are av-
eraged on the right panel and
represented as percentage of
gap closure against time –
SEM. (B). Cell cycle phase
distribution of AQP8 wt- or
AQP8 C53S-expressing cells
was compared before, immedi-
ately after heat stress, or after
further 2-h or overnight incu-
bation at 37�C, as indicated.
Data are represented as the per-
centage of cells in each phase
relative to the total cell number
(average of three experiments –
SEM). **p < 0.01. ON, over-
night. To see this illustration in
color, the reader is referred to
the web version of this article at
www.liebertpub.com/ars
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expressing C53S, strongly suggesting that these cells were
less sensitive to growth arrest in response to stress. Cell cycle
analyses confirmed that AQP8 wt-expressing cells were ar-
rested in the S phase (Fig. 5B, left panel). In contrast, the
consequent increase in the S/G2 ratio was not observed in
cells expressing the noninhibitable AQP8 C53S mutant
(Fig. 5B, right panel). Stable transfectants producing AQP8
wt recombinant proteins were able to resume growth after
incubation at 37�C, indicating that the stress-derived prolif-
erative block is reversible and can be overcome if the duration
or strength of the stress is limited (Fig. 5B, left panel).

Expression of AQP8 C53S limits stress-induced
signaling and apoptosis.

Next, we investigated whether the expression of a non-
inhibitable AQP8 protects cells from damage-induced cell
death. Staining with Annexin-V (56) confirmed that expression
of HaloAQP8 C53S conferred resistance to stress-induced
apoptosis. The percentage of Annexin-V-positive cells was
lower in AQP8 C53S than in wt transfectants either immedi-
ately upon stress or after 24 h of recovery at 37�C (Fig. 6A).
These results mirror the lower efficiency of cells expressing
AQP8 wt in gap-filling assays (see quantification in Fig. 5A).

It is well established that different stress conditions cause
phosphorylation of p38 via circuits involving ROS produc-
tion (55). Accordingly, phosphorylation of p38 was increased
over fourfold upon heat stress in HeLa transfectants expres-
sing wt AQP8 (Fig. 6B), but to a lesser extent in cells ex-
pressing C53S (compare lanes 1–4 and the quantification of
eight independent experiments on the right). As expected,
addition of NAC during temperature stress prevented p38

phosphorylation (lanes 5–6). p38 phosphorylation was par-
tially inhibited by NAC also in C53S mutants, possibly be-
cause only 60% of cells express the mutant protein. NAC was
also able to reduce the differences in stress-induced apoptosis
between AQP8 wt- and C53S-expressing cells (Fig. 6A). The
higher activation of p38 in AQP8 wt cells correlates with the
higher levels of apoptotic cells in stressed AQP8 wt-expressing
cells, which is consistent with the known role of activated p38
as inducer of apoptosis (55). Along this line, the lower phos-
phorylation of p38 in AQP8 C53S-expressing cells is in ac-
cordance with their increased viability, in part, providing a
plausible explanation of the stress-resistant phenotype.

Finally, we investigated whether AQP8 wt- and C53S-
expressing cells differed in their sensitivity to hypoxia, a
condition known to generate intracellular ROS (20). Cells
expressing the noninhibitable C53S mutant accumulated less
HIF1a after 24 h of culture at 1% oxygen (Supplementary
Fig. S6A), in consonance with the possibility that permeant
AQP8 channels allow extrusion of excess ROS, limiting their
accumulation (Supplementary Fig. S4C and Fig. 7) and
consequently HIF1a stabilization. Expression of AQP8 C53S
allowed cells to form bigger colonies when cultured after
hypoxic stress (Supplementary Fig. S6B), in line with our
finding (Fig. 4B) that nonrestrained H2O2 transport across the
plasma membrane confers growth advantages.

Discussion

In this study, we show that the transport of both H2O2 and
water through AQP8 is inhibited following diverse cellular
stresses. Mutation of conserved cysteine residues in AQP8
confers resistance to stress. These observations, together with

FIG. 6. AQP8 mutation in C53S influences stress-induced p38 phosphorylation. (A) Apoptosis in stable HaloAQP8 wt and
C53S-expressing HeLa cells was monitored by Annexin-V staining, both immediately after inducing stress with or without 2 mM
NAC or after 24 h of culture at 37�C. Data are expressed in percentage of Annexin-V-positive cells – SEM. (B). The image shows a
representative Western blot analysis, showing changes in phosphorylation of p38 on whole HeLa cell extracts. Cells stably expressing
HaloAQP8 wt or C53S mutant were cultured for 3 h at 37�C or 42�C with or without 2 mM NAC. The right panel shows the
quantification of phospho-p38 signal normalized against its total levels. Data are represented as fold change of p38 phosphorylation
under stress conditions with respect to the signal obtained with unstressed controls. Average of eight experiments – SEM. *p < 0.05.
n.s., non significant. To see this illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/ars
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the finding that stress-mediated inhibition of AQP8 wt is pre-
vented by reducing agents, sustain the redox dependency of the
regulatory mechanisms and provide key information on its
target. Importantly, substitution of AQP8 cysteine residues
does not impact protein activity in basal conditions. In contrast,
the role of cysteines 53 and (to a lesser extent) 173 in modu-
lating channel function under stress is compelling, although the
underlying molecular mechanisms are only partially clarified.
In fact, we demonstrated that different stresses converge in
gating AQP8-mediated H2O2 transport via reversible modifi-
cations that preferentially target C53, directly or indirectly, and
that DTT recovers the activity of stressed AQP8.

Because of their reactivity, only functional cysteines tend
to be conserved during evolution (37, 49). Thus, the presence
of C53-like residues in AQP8 and AQP3, both known to
transport H2O2 (6, 39), points to relevant role(s) of these
cysteines as redox regulatory switches. Computational pre-
dictions of the AQP8 structure (obtained by homology
modeling on the web server SWISS-MODEL (2) using the
Uniprot entry for human AQP8 O94778) argue against the
formation of disulfide bridges between C53 and C173. Ac-
cordingly, we did not detect intra- or intermolecular disulfide
linkages in AQP8 upon stress. However, the vicinity of R213
could favor C53 deprotonation, rendering it a target of oxi-
dative post-translational modifications, such as sulfenylation,
persulfidation, or nitrosation. It is also possible that other

molecules are modified so as to inhibit AQP8 in a C53-
dependent manner. Care was taken to exclude the internali-
zation of AQP8, a mechanism utilized to remove other
aquaporins from the plasma membrane and often induced by
phosphorylation (43, 47). Interestingly, also water transport
through AQP8 wt, but not the C53S mutant, is inhibited by
stress and is recovered by exposure to reducing agents. The
finding that water fluxes are also blocked by stress further
confirms that redox-dependent circuits targeting C53 modu-
late AQP8 activity and excludes artifactual modifications of
the redox-sensitive HyPerCyto probe due to H2O2 transport.

Our results also show that the stress-dependent gating of
AQP8 has important consequences on the outcome of stress.
Severe stress is followed by growth arrest and cell death,
which limits proliferation of damaged or transformed cells.
Stresses most often induce intracellular production of ROS. In
this scenario, blocking AQP8-dependent transport can provide
a dual defense against oxidative damage: if the stress is mild,
cells resume growth once the problem is solved; if it is harsh,
cells undergo apoptosis, limiting the deleterious effects of
ROS at the organism level. Cells expressing the noninhibitable
AQP8 C53S variant are more resistant to stress-induced
growth arrest and ROS-triggered apoptosis, thus increasing
survival. Stress-induced inhibition of water transport may also
contribute to the cell responses to stresses: in this regard, a
recent report shows that knocking down AQP2 or AQP4

FIG. 7. Schematic model of H2O2 generation and transport during signaling. Membrane NOX and DuOX enzymes
are activated upon TKR engagement to produce H2O2, which enters the cells via AQP8 and amplifies downstream signaling
(A). Under stress conditions, redox-dependent modifications inhibit H2O2 transport. Consequently, TKR-dependent phos-
phorylation cascades are downregulated and apoptosis is promoted through ROS-dependent p38 activation (B). In contrast,
the presence of noninhibitable AQP8 (C53S) restores transport and leads to a stress-resistant phenotype (C). The stress-
induced proapoptotic and H2O2 growth-promoting events are depicted in red and green, respectively, highlighting the
dichotomous H2O2 effects. NOX, NADPH oxidase; TKR, tyrosine kinase receptor. To see this illustration in color, the
reader is referred to the web version of this article at www.liebertpub.com/ars
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impacts water transport, resulting in an increase of survival in
nematodes during hypotonic–anoxic stress (30).

Figure 7 summarizes a plausible scenario emerging from
our results. In normal conditions (Fig. 7A), growth factor
stimulation activates NOXes to produce H2O2 that reaches its
cytosolic targets via AQP8 or other channels (6, 39). The
downstream protein kinase (PK) circuits promote prolifera-
tion. In contrast, severe stress can induce apoptosis via the
Ask1-p38 phosphorylation pathway (Fig. 7B). This is an
ROS-dependent event (55), which can be prevented by the
addition of NAC during stress. Gating of AQP8 impedes the
bidirectional transport of H2O2 (1), yielding two important
consequences. On the one hand, NOX-derived H2O2 cannot
exert its growth-promoting effects. On the other, the excess of
H2O2 produced intracellularly upon stress cannot be extruded
through AQP8, facilitating growth arrest and apoptosis. The
expression of AQP8 C53S (Fig. 7C) allows cells to proliferate
sooner after stress because they can eliminate the excess of
H2O2 and/or still uptake the molecule to promote growth. To
explain the coexistence of opposite redox pathways, the
model implies that signaling outcome is controlled either by
the dose or the duration of H2O2 production and that topo-
logical and/or biochemical restraints limit its diffusion in the
cytoplasm. Accordingly, it has been shown that receptor
stimulation locally inactivates peroxiredoxin-1 (Prx1), spa-
tially allowing H2O2-driven signal amplification (58). Al-
though a fraction of AQP8 has been reported to localize to
mitochondria (9), in our hands, AQP8 silencing had little if
any effect on H2O2 transport across the membrane of these
organelles (6), suggesting that in this context, stress does not
target mitochondrial AQP8. Probes capable of dissecting
H2O2 diffusion within the cytosol with improved resolution
are needed to pursue this exciting line of investigation.

Cancer cells often experience stressful conditions, such as
hypoxia, low pH, or starvation, which increase ROS pro-
duction (33). In conflict with the traditional view, a number of
recent studies have shown that while the increase of ROS
often causes severe damage and cell death, overexpression of
antioxidant defenses is itself a direct promoter of cancer
development and progression and is responsible for drug
resistance (14, 19). Our clonogenic assays indicate that the
inability of gating AQP8 upon stress, due to mutation in the
C53 residue, not only causes increased survival but also re-
sults in resistance to pro-oxidant anticancer treatments (45).
In addition, reduced sensitivity to hypoxia might be due to
the capacity of stressed cells expressing a noninhibitable
AQP8 to get rid of excess ROS. In this way, ROS intracellular
accumulation and the consequent cell damage and apoptosis
are prevented. This is particularly important in cancer cells,
where the ability to cope with elevated ROS levels limits
many therapeutic approaches. Thus, characterizing the
mechanisms that inhibit the activity of AQP8 and identifying
protocols to modulate them may open the way to unforeseen
therapeutic opportunities.

Materials and Methods

Cell culture

HeLa cells were cultured in DMEM+Glutamax�-I me-
dium (Life Technologies) supplemented with 10% fetal bo-
vine serum (FBS; EuroClone) and 5 mg/ml penicillin–
streptomycin (Lonza).

Plasmids, siRNAs, and transfection procedures

The plasmid for expression of the HyPerprobe targeted to
the cytosol (HyPerCyto) was a generous gift of Dr. V. Be-
lousov (IBCh, Moscow, Russian Federation), while silencing-
resistant Halo-AQP8 (HaloAQP8) plasmid was generated as
previously described (6) and used as a template to create the
single-cysteine mutants by site-directed mutagenesis using the
following primers: HaloAQP8 C8S: Fw - 5¢ GATAGCCATG
TCTGAGCCTGAATTTGGC 3¢, Rv - 5¢ GCCAAATTCAGG
CTCAGACATGGCTATC 3¢; HaloAQP8 C38S: Fw 5¢ - GTG
CAGCCATCTCTGGTCGAAC 3¢, Rv - 5¢ GTTCGACCAGA
GATGGCTGCAC 3¢; HaloAQP8 C53S: Fw 5¢ - CTTCATC
GGGTCCCTGTCGGTC 3¢, Rv - 5¢ GACCGACAGGGACC
CGATGAAG 3¢; HaloAQP8 C173S: Fw 5¢ - CCTGGCTGT
ATCCATGGGTGCC 3¢, Rv - 5¢ GGCACCCATGGATACA
GCCAGG 3¢; HaloAQP8 C208S: Fw 5¢ - GTCTGGAGGCT
CCATGAATCCC 3¢, Rv - 5¢ GGGATTCATGGAGCCTCC
AGAC 3¢; and HaloAQP8 C247S: Fw 5¢ - GCTCATTAGG
TCCTTCATTGGAGATGGG 3¢, Rv - 5¢ CCCATCTCCAA
TGAAGGACCTAATGAGC 3¢. All constructs were validated
by sequencing.

The AQP8 insert, including an myc tag in the first extra-
cellular loop (loop A) and flanked by two glycines to confer
flexibility, was synthetized by Eurofins Genomics. HaloAQP8
myc-out-expressing plasmid was constructed by cloning the
synthetic insert into the pHTN-HaloTag� vector (Promega).

The AQP8-specific siRNA oligonucleotide (5¢ UUUGG
CAAUGACAAGGCCA 3¢) and an unrelated control (Block-
it�) were purchased from Ambion (Life Technologies) and
their efficiency monitored by real-time RT-PCR as reported
before (6).

For silencing experiments, 8 · 104 HyperCyto-expressing
HeLa stable transfectants (See ‘‘Generation of stable HeLa
cell lines’’) were grown overnight in six-well plates and
transfected with 90 pmol of siRNA, using RNAiMAX lipo-
fectamin (Invitrogen), according to the manufacturer’s in-
structions. Cells were analyzed for efficient silencing and
used after 72 h of transfection.

For experiments in which AQP8 expression was recon-
stituted transiently using HaloAQP8-wt or the mutant re-
combinant proteins, cells were first silenced for 24 h and then
transfected by polyethylenimine (PEI) (8) and cultured for
further 48 h before imaging or biochemical analyses.

Generation of stable HeLa cell lines

HeLa transfectants stably expressing either HyPerCyto,
HaloAQP8 wt, or HaloAQP8 C53S, were generated by PEI
transfection.

After 4 days in selection with 0.5 mg/ml of G418 (Sigma),
HeLa-HyPerCyto cells were directly sorted at 488 and
405 nm using an MoFlo XDP cell sorter (Beckman Coulter).
To obtain HeLa transfectants stably expressing HaloAQP8 wt-
and HaloAQP8 C53S, cells were stained overnight with 2 nM
of HaloTag TMR Direct Ligand (Promega) and sorted at
534 nm.

Reagents and stress treatments

Tunicamycin, 2-deoxyglucose, and geldanamycin were
purchased from Sigma and used at the final concentrations of
10 lg/ml for 4 h, 6 mM overnight, and 1 lM overnight, re-
spectively. Arsenic trioxide (As2O3) was a generous gift of
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Dr. Rosa Bernardi (IRCSS San Raffaele) and was incubated
overnight at 37�C at the indicated concentrations.

Heat shock treatment was performed by putting the plates,
each containing 1.8 · 106 cells in 2% FBS medium, in a water
bath set at 42�C with or without 10 lM diphenyleneiodonium
(DPI; Sigma) or with 2 mM of N-acetyl-cysteine (NAC; Sig-
ma). After 3 h at 42�C, cells were either lysed for biochemical
assays or utilized for live imaging or FACS analyses.

Cell irradiation was performed in a Biobeam gamma-
irradiator device (Gamma-service Medical Gmbh) using the
preprogrammed manufacturer setups for the indicated gray
(Gy).

Hypoxic conditions were induced either by culturing the
cells for 3 h or 24 h at 1% oxygen in a hypoxia workstation
(Invivo2 400; Ruskinn Technology, Ltd.).

Imaging HyPeroxidation

To perform confocal live imaging experiments, 8 · 104

HyperCyto-expressing HeLa cells were silenced and/or
transfected on glass coverslips as described above. To iden-
tify HaloAQP8-expressing cells, 2 nM HaloTag TMR Direct
Ligand was added 24 h after transfection. After 24 h of cul-
ture with the fluorescent ligand, cells on coverslips were
equilibrated in Ringer Buffer (RB: 140 mM NaCl, 2 mM CaCl2,
1 mM MgSO4, 1.5 mM K2HPO4, 10 mM Glucose, pH 7.3) for
10 min at room temperature (RT) before addition of 50 lM of
H2O2 or 5000 U/ml extracellular catalase (both from Sigma),
all freshly prepared in RB. When indicated, cells were equili-
brated for 5 min in RB and then treated for 5 min with 5 mM
DTT (Sigma) diluted in RB, washed, and analyzed.

Confocal images were collected every 2 s for 3 min or
more by dual excitation with 488 nm argon and 405 nm violet
diode lasers. We used an Ultraview confocal laser scanning
microscope equipped with a 40· oil immersion lens (Perkin
Elmer). The 488/405 nm ratios were calculated by ImageJ
software for ‡25 cells, averaged, and are shown as mean fold
change ratio plotted against time – SEM. Alternatively, we
averaged the data obtained after 90 s from H2O2 addition in
the time course experiments performed and represented them
as the percentage of H2O2 transport in stressed cells relative
to the corresponding nonstressed cells to facilitate quantifi-
cation and statistical analyses. At least three independent
experiments were performed for each condition and/or mu-
tant, except for nonstressed cells treated with NAC and mu-
tant AQP8 C8S-stressed cells, in which two different
experiments gave almost identical results.

Stopped-flow experiments

Osmotic water permeability was measured by the stopped-
flow light scattering method as described before (28). Briefly,
HeLa-HaloAQP8 wt and -HaloAQP8 C53S were seeded in
culture flasks and grown until they reached approximately
90% confluence. Cells were scraped off from the flasks and
incubated at 37�C or 42�C for 3 h and then treated with or
without DTT. Then, cells were centrifuged, resuspended in
Hank’s solution, and used for the osmotic permeability
measurements. The analysis of cell swelling caused by ex-
posure to a hypotonic gradient (150 mosm/L) was performed
on a stopped-flow apparatus (RX2000; Applied Photo-
physics) with a pneumatic drive accessory (DA.1; Applied
Photophysics) coupled with a Varian Cary 50 spectrometer

(Varian Australia Pty. Ltd.). Scattered light intensity at RT
with a dead time of 6 ms was recorded at a wavelength of
450 nm. The time course of swelling was measured for 60 s at
the acquisition rate of one reading/0.0125 s. The gradient
caused osmotic water influx, cell swelling, and decreased
light scattering. The initial rate constant of cell volume
changes (k) was obtained by fitting the time course of light
scattering with a one-phase exponential decay up to 12 s
(GraphPad Prism 4.00, 2003). Results are represented as
percentage of water transport under stressed conditions rel-
ative to the transport in control conditions – SEM. All ex-
periments were performed at least thrice.

Clonogenic assay

The colony-forming ability of HeLa cells stably expressing
HaloAQP8 wt or mutant C53S was assessed before or after
stress. Briefly, cells were incubated in p35 plates at 37�C or
42�C, treated with arsenic trioxide, irradiated or cultured in
1% oxygen as described above, carefully counted, and sub-
sequently reseeded in a 24-well plate at serial twofold dilu-
tions starting from 5000 cells/well. Once plated, cells were
placed at 37�C and incubated there for 7 days, a time corre-
sponding to six potential cell divisions. After that period,
cells were stained with crystal violet (44). Briefly, wells were
washed once with PBS and cells were fixed with 2% form-
aldehyde for 10 min before permeabilization with 2% meth-
anol for 10 min at RT. Then, the colonies were stained with
0.2% crystal violet for 5 min at RT with gentle shaking. All of
these reagents were from Sigma. Wells were washed with
distilled water until a clear background was visible and left to
dry at RT for 24 h. Resulting colonies were scanned, counted,
and their individual areas measured using the colony counter
ImageJ plug-in. The percentages of colonies formed by
stressed cells were calculated relative to unstressed cells and
the resulting averages are shown – SEM. When indicated,
averaged data were interpolated with a nonlinear regression
(curve fit) analysis using Prism software. The area of indi-
vidual colonies was represented using a distribution graph
and expressed in mm2. For heat shock and As2O3 treatment
clonogenic assays, three independent experiments were per-
formed and n ‡ 2 wells were counted. For X-irradiation
treatment, two different experiments gave consistent results
and n ‡ 2 wells were counted. For the hypoxic treatment, one
experiment was performed and n ‡ 3 wells were counted.

Apoptosis and cell cycle analyses

Subconfluent HeLa cultures (60–90%) were synchronized
by culturing them in DMEM at low (2%) FBS concentrations
for 3 h at 42�C or 37�C with or without 2 mM of NAC and
stained with Annexin-V following the protocol provided by
the manufacturer (eBioscence) soon after stress or 24 h after
recovery at 37�C. Data were acquired in an FACSCanto cyt-
ometer (BD Biosciences), analyzed with FCS Express 4 Flow
software (De Novo Software), and represented as a percentage
of Annexin-V-positive cells – SEM. Experiments were per-
formed at least three independent times. For cell cycle analy-
ses, HaloAQP8 wt or HaloAQP8 C53S stable transfectants
were stained with propidium iodide (PI) immediately after
stress or after either a 2-h or overnight recovery at 37�C.
Briefly, cells were washed twice with PBS without Ca++/Mg++

(EuroClone), fixed in 70% cold ethanol, incubated in 0.5 ml of
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PBS without Ca++/Mg++ supplemented with 50 lg/ml PI, 0.1%
sodium citrate, and 50 lg/ml ribonuclease A (all from Sigma)
for 30 min at RT, and acquired in an FACSCanto cytometer
(BD Biosciences). Data were analyzed with the FCS Express 4
Flow software adjusting cell cycle profiles with the predefined
autofit +S order = 1 model and represented as the percentage of
cells in each phase relative to the total cell number – SEM
(mean of three experiments).

Gap-filling assays

To perform this assay, 6.5 · 104 cells were seeded in each
well of a l-dish, 35-mm, low, culture insert plate (Ibidi). In
these plates, a silicone dam of 500 lm separates the plating
space in two identical wells, in which cells expressing the
same or different AQP8 variants were cultured until conflu-
ence was reached. Cells were then incubated at either 37�C or
42�C in 2% FBS for 3 h as described. After that period, dams
were removed, leaving a defined cell-free gap, and the me-
dium was increased to 5% FBS to stimulate gap filling. In
some experiments, 2 nM TMR ligand was added to identify
transfectants expressing the protein of interest. Time-lapse
10· photographs of gap closure were taken every 5 min for up
to 24 h using a Zeiss Axiovert S100 TV2 microscope (Zeiss)
equipped with a Hamamatsu OrcaII-ER camera and analyzed
using ImageJ or Oko-vision (Okolab) software. Five inde-
pendent experiments were performed. Data are represented
as the average percentage of gap closure plotted against time
– SEM.

Analysis of p38 activation and oxidative modifications
of HaloAQP8

To follow p38 phosphorylation, subconfluent HeLa cul-
tures (80–90%) stably expressing AQP8 wt or AQP8 C53S
recombinant proteins were cultured in 2% FBS for 3 h at
37�C or 42�C with or without 2 mM NAC. Cells were then
washed once with ice-cold PBS and scraped in a buffer con-
taining 62.5 mM Tris, 1% sodium dodecyl sulfate (SDS), 10%
glycerol, and 5 mM DTT supplemented with freshly added
protease inhibitors (Roche), 10 mM N-ethylmaleimide (NEM),
0.4 mM Na3VO4, and 10 mM NaF (all from Sigma). Cell lysates
were sonicated twice at maximum intensity for 10 min and al-
iquots resolved by standard SDS-PAGE electrophoresis, fol-
lowed by Western blotting. The experiments were performed
eight times (p38 phosphorylation) or at least twice (NAC in-
hibition of p38 phosphorylation), giving similar results.

To analyze the changes in mobility of the HaloAQP8 re-
combinant protein, subconfluent HeLa cultures (80–90%)
stably expressing AQP8 wt were washed once with ice-cold
PBS and scraped in RIPA buffer (0.1% SDS, 1% NP40,
150 mM NaCl, 50 mM Tris, pH 7.4) supplemented with
freshly added protease inhibitors, 10 mM NEM, 0.4 mM
Na3VO4, and 10 mM NaF. Whole HeLa cell lysates were
centrifuged at 15,000 rpm, 15 min at 4�C, and used in stan-
dard reducing and nonreducing electrophoresis, followed by
Western blotting. The experiments were repeated at least
thrice and gave similar results.

To investigate the sulfenylation of HaloAQP8 recombinant
protein, subconfluent HeLa cultures (80–90%) transiently ex-
pressing myc-tagged AQP8 wt or C53S cells were either
treated with the indicated concentrations of H2O2 or subjected
to heat stress, washed with ice-cold PBS, and scraped in

RIPA buffer supplemented with fresly added protease inhibi-
tors, 0.4 mM Na3VO4, 10 mM NaF, and 250 mM of the
sulfenylation-detecting probe, DCP-Bio1 (EMD Millipore).
Whole HeLa cell lysates were centrifuged at 15,000 rpm,
15 min at 4�C, and postnuclear supernatant was quantified.
One milligram of total protein was then used for immuno-
precipitation with homemade cross-linked anti-myc sepharose
beads and eluted by boiling in SDS-containing sample buffer.

Antibodies and Western blotting

Primary antibodies, rabbit a-p38 and rabbit a-phospho-p38
(Thr180/Tyr181), were purchased from Cell Signaling
Technology. Anti-Halo antibody was purchased from Pro-
mega. Rabbit a-HIF1a was from Cayman Chemical, while
mouse anti-tubulin was from Sigma. Secondary antibodies,
a-rabbit Alexa Fluor 488 or Alexa Fluor 647, were purchased
from Invitrogen.

Images were acquired using a Typhoon FLA-9000 (GE
HealthCare), processed with ImageJ, and densitometrically
quantified when indicated by ImageQuant TL software (GE
HealthCare) – SEM.

Water transport in yeast

Saccharomyces cerevisiae wild-type strain BY4741 was
transformed with pYeDP60u mock vector or pYeDP60u
containing indicated AQP8 variant encoding genes. Trans-
formants were selected on synthetic medium (2% agar, 2%
glucose, 50 mM succinic acid/Tris base, pH 5.5, and 0.7%
YNB (yeast nitrogen base) without amino acids (Difco)
supplemented according to the auxotrophic requirements
with histidine, methionine, and leucine. Transformants were
grown in 4 ml of above described synthetic medium for 12 h
at 30�C and then transferred to 25 ml of synthetic medium
(2% glucose replaced by 2% galactose) for 36 h at 30�C.
After centrifugation, cells were resuspended in 3 ml of
50 mM KH2PO4 (pH 7.2) plus 6 ll of 2-mercaptoethanol, and
incubated for 15 min at 30�C. Six milliliters of spheroplasting
buffer (2.4 M sorbitol, 50 mM KH2PO4 (pH 7.2), 200 mg
bovine serum albumin, and 10 mg of Zymolase 20T (Amsbio)
was added to the cell suspension. The cells were incubated for
60 min at 30�C. Following centrifugation, spheroplasts were
washed once and finally resuspended in 10 mM Tris/MES, pH
8.0, 5 mM CaCl2, 50 mM NaCl, and 1.8 M sorbitol at an A600

of 1.5. Kinetics of spheroplast swelling was measured es-
sentially as described previously (29). Cell osmotic water
permeability was measured after exposing spheroplasts to
hyposmotic conditions (transfer from 1.8 to 1.2 mM sorbitol
buffer). Volume changes were recorded via light scattering at
an angle of 90� and 450 nm using a fast kinetics instrument
(SFM-3000; BioLogic) at 25�C with a dead time of 1.5 ms.
The time course of swelling was measured for 3–8 s at the
acquisition rate of one measurement/0.0005 s. All data pre-
sented are averages of 15 to 30 trace recordings. The rate
constant of the decrease of scattered light intensity is pro-
portional to the water permeability coefficient (9, 26). Rate
constants were calculated by fitting the curves using nonlinear
regression as described by Liu et al. (34). One-exponential
functions were used for control spheroplasts and two-
exponential functions were used for AQP8 and its variants
expressing spheroplasts. At least two independent experi-
ments were performed, which gave consistent results.
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Growth assay with hydrogen peroxide

For H2O2 growth toxicity assays, S. cerevisiae wild-type
strain BY4741 was transformed with pYeDP60u mock vector
or pYeDP60u carrying indicated AQP8 variant encoding
genes. Transformants were selected on synthetic medium as
described above. The toxicity growth assay was performed as
described by Bienert et al. (7). Transformants were spotted on
synthetic medium supplemented with different concentra-
tions of H2O2 and galactose instead of glucose as a carbon
source necessary for the induction of the galactose-inducible
promoter. After 5–9 days of incubation at 30�C, differences
in growth and survival in the different assays were recorded.
All yeast growth assays were performed in three independent
experiments with consistent results.

Total internal reflection microscopy

In TIRF microscopy, a thin layer close to the coverslip/
sample interface is illuminated via a collimated beam im-
pinging on the coverslip at an angle of incidence larger than
the critical angle. The beam is totally reflected and only the
evanescent field with a penetration depth of approximately
90 nm excites the sample in the case of a glass–oil interface
and an excitation wavelength of 534 nm. This method is ideal
for imaging thin layers, such as the plasma membrane of a cell,
with minimum background fluorescence, and hence allows us
to study AQP8 movements from the plasma membrane.
Briefly, 3 · 105 HeLa cells stably expressing HaloAQP8 wt
were seeded 48 h before the experiment and labeled with 2 nM
HaloTag TMR Direct Ligand for 24 h. TIRF images were
collected every minute for 2 h by excitation with a 530 nm
laser on a Widefield Leica SR GSD 3D TIRF (Leica) equipped
with an incubator set at 42�C with controlled CO2 pressure,
using a 63· oil immersion lens. Two independent experiments
were performed, leading to identical results.

FACS analyses

To quantify AQP8 membrane expression by FACS, HeLa
cells were transiently transfected with a plasmid driving the
expression of HaloAQP8 myc-out. Forty-eight hours later,
cells were incubated for 3 h at 37�C or 42�C, detached from
plates on ice, and counted; 4 · 105 cells were stained with
standard 9E10 anti-myc antibodies, followed by detection
with a-mouse Alexa Fluor 488. Nontrasfected cells were used
as negative control, while binding of the TMR Halo ligand
was used as transfection control. FACS analyses (‡3 exper-
iments) were performed in an FACSCanto cytometer and
surface expression represented using the FCS Express 4 Flow
software.

Statistical analyses

Statistics were calculated either by using the two-sample
t-test for independent samples or the one-way ANOVA method
for multiple samples. When using the latter, Tukey’s HSD post
hoc test was also applied to find out which groups were signif-
icantly different from others. In all cases, statistical significance
was defined as p < 0.05 (*), p < 0.01 (**), or p < 0.001(***).
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Abbreviations Used

2-DG¼ 2-deoxyglucose
AQP¼ aquaporin protein

AQP8¼ aquaporin-8
DPI¼ diphenyleneiodonium

DTT¼ dithiothreitol
MAPK¼mitogen-activated kinase

NAC¼N-acetyl-cysteine
NEM¼N-ethylmaleimide
NOX¼NADPH oxidase

PEI¼ polyethylenimine
PI¼ propidium iodide

PK¼ protein kinase
Prx1¼ peroxiredoxin-1
ROS¼ reactive oxygen species
SDS¼ sodium dodecyl sulfate

TIRF¼ total internal reflection
TKR¼ tyrosine kinase receptor

wt¼wild type
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