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Abstract

In epithelial cells, the cystic fibrosis transmembrane conductance regulator (CFTR), a

cAMP-regulated Cl- channel, plays a key role in water and electrolytes secretion. A dysfunc-

tional CFTR leads to the dehydration of the external environment of the cells and to the pro-

duction of viscous mucus in the airways of cystic fibrosis patients. Here, we applied the

quadriwave lateral shearing interferometry (QWLSI), a quantitative phase imaging tech-

nique based on the measurement of the light wave shift when passing through a living sam-

ple, to study water transport regulation in human airway epithelial CFBE and CHO cells

expressing wild-type, G551D- and F508del-CFTR. We were able to detect phase variations

during osmotic challenges and confirmed that cellular volume changes reflecting water

fluxes can be detected with QWLSI. Forskolin stimulation activated a phase increase in all

CFBE and CHO cell types. This phase variation was due to cellular volume decrease and

intracellular refractive index increase and was completely blocked by mercury, suggesting

an activation of a cAMP-dependent water efflux mediated by an endogenous aquaporin

(AQP). AQP3 mRNAs, not AQP1, AQP4 and AQP5 mRNAs, were detected by RT-PCR in

CFBE cells. Readdressing the F508del-CFTR protein to the cell surface with VX-809

increased the detected water efflux in CHO but not in CFBE cells. However, VX-770, a

potentiator of CFTR function, failed to further increase the water flux in either G551D-CFTR

or VX-809-corrected F508del-CFTR expressing cells. Our results show that QWLSI could

be a suitable technique to study water transport in living cells. We identified a CFTR and

cAMP-dependent, mercury-sensitive water transport in airway epithelial and CHO cells that

might be due to AQP3. This water transport appears to be affected when CFTR is mutated

and independent of the chloride channel function of CFTR.

Introduction

Cystic fibrosis (CF), a genetic disease caused by mutations in the gene coding for the epithelial

chloride channel CFTR (Cystic Fibrosis Transmembrane conductance Regulator) is
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characterized by a disruption of the functions of the respiratory system, digestive tract and

reproductive tract [1]. In the airways, the absence of CFTR at the plasma membrane or a

change in its function induces dehydration of the surface fluid and the production of abnor-

mally thick mucus [2]. Protection against pathogenic microorganisms contained in inhaled air

is then impaired, which can lead to inflammation and lung infections, the first cause of mor-

bidity in CF patients [3].

The CFTR channel is a protein belonging to the ABC (ATP Binding Cassette) transporter

family [4] which is composed of two MSD (Membrane Spanning Domain) and two NBD

(Nucleotide Binding Domain) domains, NBD1 and NBD2, containing ATP binding sites. The

two MSD-NBD tandems are linked by a regulatory domain R [5]. Activation of cAMP-depen-

dent kinases (PKA and PKC) that phosphorylate the R domain and hydrolysis of the ATP

fixed on the NBD domain induce a change in channel conformation leading to its opening [6–

9]. The F508del mutation, corresponding to the deletion of a phenylalanine in position 508, is

the most common mutation found in CF patients (90% of them possess at least one CFTR

allele bearing the F508del mutation). F508del-CFTR mutation is characterized by a lack of pro-

tein maturation (misfolding) resulting in its retention in the endoplasmic reticulum, early deg-

radation by the ubiquitin-proteasome machinery, reduced residence time at the plasma

membrane and the almost complete absence of expression at the apical membrane [10,11].

Even if a small amount of protein can reach the apical membrane, the channel has an altered

gating with longer closing episodes than its wild-type counterpart [12]. Small synthetic mole-

cules, called correctors, restore in some conditions the expression of the F508del-CFTR pro-

tein to the membrane surface by correcting its folding defect [13]. This is the case of the

corrector VX-809, developed by Vertex Pharmaceuticals Inc. and marketed as Lumacaftor

[14]. Other molecules, named potentiators, increase the open probability of the CFTR channel

following its R-domain phosphorylation. The most effective one being VX-770 (Ivacaftor) that

increases G551D- and F508del-CFTR channels activity independently of ATP hydrolysis [15].

In the lungs, the hydration of airway surfaces is critically dependent on water and electro-

lytes transepithelial absorption and secretion. At the apical plasma membrane, the epithelial

sodium channel (ENaC) is responsible for sodium absorption whereas the chloride secretion

occurs by CFTR and TMEM16A, a Ca2+ activated Cl- channel. These two ion channels are

involved in Airway Surface Liquid (ASL) regulation which is necessary to mucus clearance

and to the maintenance of lung sterility (reviewed in [2]). Epithelial water transport is osmoti-

cally driven by ionic fluxes and mainly occurs through two pathways: the transcellular pathway

through aquaporins and the paracellular pathway (between the cells) [16]. Because mutations

in the CFTR gene disrupt chloride transport at the apical membrane of epithelial cells and lead

to perturbed water secretion, it is important to develop methods to study water movement

related to the function of CFTR. Indeed, airway surface hydration might constitute a therapy

to various pulmonary diseases like CF and chronic obstructive pulmonary disease (COPD)

[17,18]. During the past two decades, a novel method to investigate transmembrane water

transport regulation in living cells has been developed. It is based on the Digital Holographic

Microscopy (DHM), a non-invasive and label-free quantitative phase imaging technique

detecting light retardation induced by transparent specimen called phase shift [19–24]. The

measured phase signal is dependent on the intracellular and extracellular refractive indexes

and the cellular thickness. In particular, the authors concluded that phase signal variations are

more sensitive to intracellular refractive index changes (through dilution or concentration of

intracellular medium) than cell volume variations during transmembrane water movements

[20]. A phase decrease was then observed during water influx whereas a phase increase was

detected during a water efflux. In particular, the study of Jourdain et al. showed that CFTR can

activate an AQP3-mediated and cAMP-dependent water efflux in CHO cells [22]. Among
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other quantitative phase imaging techniques, a module based on quadriwave lateral shearing

interferometry (Phasics© wave-front sensor) was first adapted by Bon et al. to study mem-

brane dynamics and to visualize intracellular components [25]. Thereafter, it was also used to

measure quantitative information such as cellular dry mass (total cellular mass without water)

[26]. Unlike DHM, this system is compatible with a white-light illumination microscope.

Moreover, it samples the phase in the wave front sensor plane and therefore does not need a

reference arm.

In this study, we then adapted the quadriwave lateral shearing interferometry (QWLSI) to

record OPD variations in response to water fluxes. The aim was to investigate the role of

CFTR channel in transmembrane water transport in human airway epithelial CFBE expressing

wild-type (WT) CFTR or F508del-CFTR and in CHO cells expressing wild-type (WT) CFTR,

G551D- or F508del-CFTR. Our results highlighted the role of CFTR in a cAMP-dependent

and mercury-sensitive water transport in airway epithelial and CHO cells.

Material and methods

Cell culture

All cell lines were cultured at 37˚C in 5% CO2. CFBE41o- cells, provided by Dr. D. Gruenert

(Univ. California San Francisco, USA), overexpressing wild-type CFTR (CFBE WT-CFTR) or

F508del-CFTR (CFBE F508del) were grown in Eagle’s Minimum Essential Medium (EMEM)

with non-essential amino acids (NEAA) (Gibco 10370), 10% fetal bovine serum (FBS)

(Sigma), 2 mM L-glutamine (Gibco), 50 IU/ml of penicillin (Sigma) and 50 μg/ml of strepto-

mycin (Sigma). Cells selection was done with 5 μg/ml of puromycin (Gibco). CHO cells (CHO

K1) stably expressing wild-type CFTR (CHO WT-CFTR), F508del-CFTR (CHO F508del) and

G551D-CFTR (CHO G551D) were grown in alpha minimal essential medium (Gibco 32561)

with 7% fetal bovine serum (Sigma), 50 IU/ml of penicillin (Sigma) and 50 μg/ml of streptomy-

cin (Sigma). Selection for CHO WT-CFTR, CHO F508del and CHO G551D cells was done by

adding 100 μM, 200 μM and 20 μM of methotrexate (Sigma) in culture medium, respectively.

Functionally detectable levels of F508del-CFTR were restored to the plasma membrane by

incubating cells with VX-809 (3 μM) for 24h prior experiments. Control treatment was real-

ized with DMSO (0.1% v/v).

Quantitative phase imaging

The Sid4Bio system (PHASICS, Saint-Aubin, France) was used to acquire quantitative phase

images by quadriwave lateral shearing interferometry (QWLSI). This setup is composed of a

wave front sensor (SID4-Element) inserted between an inverted microscope (IX81, Olympus)

and an Andor Zyla5.5 sCMOS camera (Andor, France) (Fig 1A). Halogen white-light source

was used for trans-illumination of the sample through a Köhler condenser (NA = 0.55). Images

were acquired with x20 objective lens (NA = 0.7). The SID4-Element is composed by a 2D dif-

fraction grating corresponding to a Modified Hartmann Mask (MHM), which captures the

input light wavefront and produces four propagating replicas that are interfering to form an

interferogram. This image is then captured by the camera and analyzed with a specific algo-

rithm (Fourier integration) by the SiD4Bio software (Fig 1B). For each acquisition, a reference

image was obtained in a cell free region to remove OPD variations induced by the microscope

components or the illumination. Final phase images were used to measure light deformation

when passing through cells, corresponding to an optical path difference (OPD). The OPD is

expressed in nanometers and is related to the cell and medium refractive indexes and to cell
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thickness through the following equation:

OPDðx; yÞ ¼ ðn2ðx; yÞ � n1Þ � eðx; yÞ

where n1 is the extracellular medium refractive index, n2(x,y) is the mean intracellular refrac-

tive index at the (x,y) position (with n2 > n1) and e(x,y) is the cell thickness (Fig 1C).

The Optical Volume Difference (OVD), which is linked to cell dry mass (total cell mass

without water), can be measured by integrating the OPD over the entire cell area and is given

in μm3 [26].

Fig 1. Quantitative phase imaging experimental setup and principle. (A) Schematic representation of the experimental setup composed by a

Sid4-Element component (PHASICS, Saint-Aubin, France) connected to a conventional microscope with a halogen source (adapted from [25]).

Black lines: illumination path; red lines: objective light detection path. (B) Representative images of a recorded interferogram (left) and its

corresponding phase image (right) obtained with the Sid4Bio Software (PHASICS, Saint-Aubin, France). (C) Schematic representation of a light

wave front deformation when passing through a cellular sample that is converted in Optical Path Difference (OPD) values by the Sid4Bio system. n1:

extracellular refractive index, n2: intracellular refractive index, e: cell thickness. (D) Schematic representation of Optical Path Difference variation

linked to net transmembrane water fluxes. A water efflux leads to an OPD increase corresponding to an increase of n2 whereas a water influx leads to

an OPD decrease corresponding to a decrease in n2.

https://doi.org/10.1371/journal.pone.0233439.g001
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Phase images acquisition

Cells were grown to 60% confluence on 30 mm diameter #1 ½ glass coverslips (coated with

fibronectin for CFBE cells). For phase images acquisition at room temperature, a coverslip was

mounted on a POCmini chamber system in 2 ml of extracellular bath solution containing (in

mM): 150 NaCl, 3 KCl, 5 D-glucose, 10 HEPES, 3 CaCl2, 3 MgCl2, pH 7.4 (titrated with

NaOH) (325 ± 5 mOsmol). The refractive index of the solution measured with an Abbe refrac-

tometer (Wincom Company Ltd) was 1.3342. Culture medium was replaced by the bath solu-

tion 10 min before the experiment to equilibrate cell membrane ion transports. Interferograms

were acquired during 500ms (exposure time of the camera). Average of 20 images allowed to

improve signal to noise ratio. Stacks of reconstructed phase images were then obtained with an

interval of 10 s during 20 or 30 min. With this magnification, images contained 20 to 50 cells.

Before any stimulation, OPD baseline was recorded for 5 min. For osmotic challenges, addi-

tion of ultra-pure water to reach an osmolarity of 165 mOsmol (hypoosmotic medium)

whereas NaCl was added to the extracellular medium to reach an osmolarity of 525 mOsmol

(hyperosmotic medium). This resulted in refractive indexes alterations from the extracellular

bath solution of -0.0007 and 0.0013, respectively.

Phase images analysis

After acquisition, phase images were analyzed with ImageJ software (NIH). Regions of interest

were defined in the center of each cell (see S1 Fig) and over the whole cell surface to measure

the OPD and the OVD, respectively. Values before the stimulation (OPD1 or OVD1, 5 min

recording) and values after the stimulation (OPD2 of OVD2, after 30 min recording except for

HgCl2 experiments) were measured for each cell. Variations in OPD or OVD were then

obtained by subtracting OPD1 to OPD2 and OVD1 to OVD2, respectively. Finally, mean OPD

or OVD variation of all cells within the field was calculated (one image corresponds to one

field per dish). Thus, n field corresponds to n experiments except for the decoupling procedure

experiment were n represents the number of cells. Data were analyzed with the GraphPad

Prism 5.0 software. Results are expressed as mean ± SEM except for scattered plots representa-

tions with the median and upper and lower quartile or box plots representations with the

median, boxes as upper and lower quartile and whiskers as minimum and maximum value.

Statistical comparisons were made using a two-tailed Mann-Whitney test for unpaired data or

a Wilcoxon signed rank test for paired data (� p < 0.05, �� p< 0.01, ��� p< 0.001, ns: non sig-

nificant) with a significance threshold set at p< 0.05.

Decoupling procedure principle

The decoupling procedure experiment based on the work of Rappaz et al. [20] allows to

retrieve mean cellular thickness and mean intracellular refractive index separately from OPD

values. We used Nycodenz (Histodenz™, C19H26I3N3O9, MW 821.14) a hydrophilic molecule

used in equal molarity to mannitol to shift the refractive index [20]. Two iso-osmotic solutions

were prepared by replacing 25 mM of NaCl of the extracellular bath solution by 50 mM of

Mannitol or 50 mM of Nycodenz. The refractive indexes of the mannitol and Nycodenz solu-

tion were 1.3355 (n1) and 1.3405 (n1+Δn1) respectively. Phase imaging acquisition was first

performed with the mannitol solution which was then replaced by the Nycodenz solution. It

allowed to measure a first OPD signal with the mannitol solution corresponding to:

OPD1ðx; yÞ ¼ ðn2ðx; yÞ � n1Þ � eðx; yÞ
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and a second OPD signal with the Nycodenz solution corresponding to:

OPD2ðx; yÞ ¼ ðn2ðx; yÞ � ðn1 þ Dn1Þ � eðx; yÞ

The equation system can be solved to obtain the intracellular refractive index:

n2 x; yð Þ ¼
Dn1 � OPD1ðx; yÞ

OPD1ðx; yÞ � OPD2ðx; yÞ
þ n1

and the cellular thickness:

e x; yð Þ ¼
OPD1ðx; yÞ � OPD2ðx; yÞ

Dn1

Mean intracellular refractive index �n2 and mean cellular thickness �e were obtained by aver-

aging OPD1 and OPD2 values over the whole cell surface. The absolute cell volume was then

estimated from the following equation:

Vc ¼ �e�Sc ffi �e�Ap �Nc

where Sc is the projected surface of the cell, Ap is the area of a magnified pixel and Nc is the

number of pixels corresponding to the cell surface.

RNA extraction and RT-PCR

For reverse-transcript polymerase chain reaction (RT-PCR) experiments, total RNA was

extracted from cells using RNable (Eurobio, France). RNA quality and quantity were assessed

with a Nanodrop spectrometer (Nanodrop). Reverse transcription of RNA to cDNA was

achieved using 40 U Recombinant Ribonuclease Inhibitor (RNaseOUT™, Invitrogen) and 200

U Reverse Transcriptase (Moloney Murine Leukemia Virus Reverse Transcriptase, Invitro-

gen). The final PCR reaction volume corresponded to 50 μl and contained 5 μl 10X PCR buffer

(200 mM Tris-HCl pH 8.4, 500 mM KCl), 4 μl MgCl2 buffer (25 mM), 0.5 μl dNTP (25 mM),

0.5 μl forward and reverse primers (20 mM), 180 ng cDNA and 0.5 μl Taq DNA Polymerase.

The PCR reaction was performed in a Thermocycler under the following conditions: 2 cycles

of 5 min at 94˚C and 2 min at 60˚C then 40 cycles of 30 s at 72˚C, 30 s at 94˚C and 30 s at 60˚C

followed by a final elongation step of 5 min at 72˚C. The sequence primers (see S1 Table) were

designed using the National Center for Biotechnology Information (NCBI) sources. GAPDH

was used as house-keeping gene control. RT-PCR products were visualized on 2% agarose gel

containing 0.01% Ethidium Bromide.

Patch-clamp recordings

Voltage clamp recordings in whole cell configuration were performed at room temperature

with an Axopatch 200B amplifier connected to a Digidata 1440A interface. Cells were perfused

in an external bath solution containing (in mM): 145 NaCl, 4 CsCl, 1 CaCl2, 1 MgCl2, 10 D-

glucose, pH 7.4 (titrated with NaOH) (315 ± 5 mOsmol). Pipettes were pulled from borosili-

cate glass capillaries (GC150TF-10, Harvard Apparatus) and had a resistance of 4–6 MΩ when

filled with an internal solution containing (in mM): 113 L-aspartic acid, 113 CsOH, 27 CsCl, 1

NaCl, 1 MgCl2, 1 EGTA, 10 TES and 3 Mg-ATP, pH 7.2 (titrated with CsOH) (285 ± 5 mOs-

mol). Pipette capacitance was electronically compensated after cell-attached configuration

achievement. Membrane potential was held at -40 mV and currents were elicited from -100

mV to +100 mV by 20 mV step increments. All drugs were added to the external bath solution

and perfused with a gravity perfusion system. The majority of non CFTR-dependent chloride
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conductances were blocked by adding 4,4’-diisothiocyanatostilbene-2,2’-disulfonic acid

(DIDS, 200 μM) to the bath solution. Data were analyzed with pCLAMP 9.0 software (Molecu-

lar Devices) and GraphPad Prism 5.0 software. Results are expressed as mean ± SEM, with n

corresponding to the number of cells, or are represented by box plots with the median, boxes

as upper and lower quartile and whiskers as minimum and maximum value. Statistical com-

parisons were performed using a two-tailed Mann-Whitney test (� p< 0.05, �� p< 0.01, ���

p< 0.001, ns: non significant) with a significance threshold set at p< 0.05.

Chemical reagents

Forskolin, mercuric chloride (HgCl2), CFTR(inh)-172, DIDS (4,4’-diisothiocyanatostilbene-

2,2’-disulfonic acid), genistein and Nycodenz (Histodenz™) were purchased from Sigma

Aldrich (France). VX-770 and VX-809 were obtained from Selleckchem (USA). Stock solu-

tions (1000X) were prepared using dimethyl sulfoxide (DMSO) as solvent.

Results

Recording water fluxes in living cells with QWLSI

To study water transport regulation in living cells, we used the quadriwave lateral shearing

interferometry (QWLSI), a quantitative phase imaging technique that allowed us to follow var-

iations of the optical path difference (OPD), a parameter depending on intracellular and extra-

cellular refractive indexes (n2 and n1, respectively) and cell thickness (e) (Fig 1C, see material

and methods). Transmembrane water movements are controlled by changes in intracellular

and extracellular osmolarity. A hypotonic stress, corresponding to a decrease in extracellular

osmolarity, activates osmotic water influx and cell swelling whereas a hypertonic stress, corre-

sponding to an increase in extracellular osmolarity, activates osmotic water efflux and cell

shrinkage (Fig 1D). According to the studies realized with the DHM technique, OPD values

are expected to decrease during water influx (hypotonic stress) mainly due to the dilution of

intracellular content leading to intracellular refractive index (n2) decrease [20,23]. On the con-

trary, OPD values are expected to increase following water efflux (hypertonic stress) that

induces intracellular content concentration and n2 increase. In both cases, these changes in

cell volume are counteracted by two regulatory mechanisms: the regulatory-volume decrease

(RVD) and the regulatory-volume increase (RVI) activated by cell swelling and cell shrinkage,

respectively [27–29]. To validate this approach in our cellular models, we first recorded OPD

variations during osmotic stress in both CFBE WT-CFTR and CHO WT-CFTR cells. A hypo-

tonic shock of 50% (-165 mOsmol) induced a transient OPD decrease in both CFBE

WT-CFTR (Max OPD shift: -3.24 ± 0.70 nm, n = 7; Fig 2A left) and CHO WT-CFTR cells

(Max OPD shift: -5.51 ± 0.73 nm, n = 8; Fig 2B left), suggesting an activation of water influx

followed by a RVD mechanism. On the opposite, a hypertonic shock (+200 mOsmol) activated

a transient OPD increase in CFBE WT-CFTR (Max OPD shift: 2.46 ± 0.59 nm, n = 7; Fig 2A

right) and CHO WT-CFTR cells (Max OPD shift: 5.66 ± 0.65 nm, n = 7; Fig 2B right) corre-

sponding to water efflux, followed by an OPD decrease, suggesting the activation of a RVI pro-

cess. In CHO WT-CFTR cells, both responses to osmotic challenges were larger than CFBE

WT-CFTR cells. As illustrated in S1 Fig, showing representative phase images for each condi-

tion, cells are remaining adherent and do not undergo drastic morphological changes during

hypo- or hypertonic stresses. It is important to consider that in order to cause osmotic stresses,

the solutions used here have a modified refractive index (n1) compared to the normal extracel-

lular medium (n1 = 1.3342). Indeed, adding ultra-pure water to decrease the normal solution

osmolarity (hypotonic solution) induces a n1 decrease of 0.0007. On the contrary, adding NaCl

to increase the normal solution osmolarity (hypertonic solution) induces an n1 increase of
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0.0013. Analysis of the OPD variation during time course showed very small and transient var-

iations due to these n1 changes that modifies (n2-n1) and induce an initial rise of OPD for the

hypoosmotic solution (due to n1 decrease) and, on the contrary, an initial drop of OPD for the

hyperosmotic solution (n1 increase). This OPD variation is rapidly reversed by large OPD var-

iation due to the activation of cellular response to osmotic challenges. Based on what has been

described at the beginning of this paragraph, these large OPD variations measured during

osmotic stresses are most probably resulting from intracellular refractive index modification

(n2) due to dilution or concentration of intracellular content [20,23]. Therefore, this first set of

experiments suggests that OPD variations induced by transmembrane water fluxes following

osmotic challenges could be monitored by QWLSI.

Forskolin induces an OPD increase in CFBE and CHO WT-CFTR cells

To explore the role of CFTR in water transport regulation, we recorded OPD variation after

adding forskolin to the bath solution. Forskolin is an adenylate cyclase activator broadly used

to stimulate CFTR activity through an increase in intracellular cAMP concentration. Adding

forskolin (10 μM) induced an OPD increase in CFBE WT-CFTR (4.37 ± 0.39 nm, n = 10; Fig

Fig 2. Optical Path Difference (OPD) variations recorded during osmotic stress. (A) Time course of OPD variation measured for CFBE WT-CFTR cells

during incubation with hypotonic (left traces, n = 7) and hypertonic (right traces, n = 7) extracellular solutions. (B) Time course of OPD variation measured

for CHO WT-CFTR cells during incubation with hypotonic (left traces, n = 8) and hypertonic (right traces, n = 7) extracellular solutions and corresponding

schematic representations of water fluxes consequences on the intracellular refractive index n2.

https://doi.org/10.1371/journal.pone.0233439.g002
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3A) and CHO WT-CFTR cells (24.89 ± 1.78 nm, n = 23; Fig 3B). This OPD shift stabilized

around 25 min of incubation and was significantly different from control stimulation (DMSO)

in both cell types (p = 0.0015 and p< 0.001, respectively; Fig 3A and 3B). Moreover, this OPD

increase was reversed by washing forskolin from the extracellular medium after 5 minutes of

Fig 3. Stimulation of an OPD increase by forskolin application in CFBE and CHO overexpressing the wild-type CFTR channel. (A) Time course (left)

and quantification (middle) of OPD variation during forskolin stimulation (fsk, arrow, 10 μM, n = 11) compared to control condition with DMSO (0.1%,

n = 8, �� p< 0.01, two-tailed Mann-Whitney test) of CFBE WT-CFTR cells. Representative phase images (right) before (1) and after 25 min of forskolin

stimulation (2). (B) Time course (left) and quantification (middle) of OPD variation during forskolin stimulation (fsk, arrow, 10 μM, n = 23) compared to

control condition with DMSO (0.1%, n = 9, ��� p< 0.001, two-tailed Mann-Whitney test) in CHO WT-CFTR cells. Representative phase images (right)

before (1) and after 25 min of forskolin stimulation (2). (C) OPD variation after short forskolin application (5 min) in CHO WT-CFTR cells (n = 5). (D) Cell

surface quantification (μm2) of CFBE WT-CFTR cells before and after forskolin application (n = 10, p = 0.1934, Wilcoxon signed rank test). (E) Cell surface

quantification (μm2) of CHO WT-CFTR cells before and after forskolin application (n = 20, p = 0.0263, Wilcoxon signed rank test). Scale bar: 20 μm.

https://doi.org/10.1371/journal.pone.0233439.g003
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stimulation, as illustrated for CHO WT-CFTR cells in Fig 3C (n = 5). These results showed

that, in CFBE and CHO cells expressing WT-CFTR, an OPD variation can be activated by

increasing intracellular cAMP levels. Our observations are in agreement with the results pub-

lished by Jourdain et al. using the DHM technique showing that forskolin activated a phase

increase in CHO WT-CFTR cells. The authors concluded that this variation was due to an

increase of the intracellular refractive index induced by a transmembrane water efflux [22].

However, this OPD increase could also be due to a change in cell morphology, we then

measured the surface of CHO and CFBE WT-CFTR cells before and after the forskolin stimu-

lation (10 μM). We did not detect any significant variation of CFBE WT-CFTR cell surface

after application of forskolin (basal: 1179 ± 56.84 μm2; forskolin: 1186 ± 57.50 μm2, n = 10,

p = 0.1934; Fig 3D). On the other hand, the same stimulation induced significant decrease of

CHO WT-CFTR cell surface by 6.4% (basal: 406.7 ± 21.29 μm2, forskolin: 380.5 ± 20.88 μm2

(n = 20, p = 0.0263, Fig 3E).

Variation of cellular biophysical parameters after forskolin application in

CHO WT-CFTR cells

Because the CHO WT-CFTR cell surface reduction described above could be accompanied by

a cell thickness increase which could by itself explain the OPD increase, we then performed a

decoupling procedure as described by Rappaz et al. [20]. This procedure allows to retrieve two

biophysical parameters, the cell thickness and the integral intracellular refractive index, sepa-

rately from the mean cellular OPD (see material and methods). To do so, we recorded quanti-

tative phase images of CHO WT-CFTR cells with a first physiological solution containing

mannitol with a refractive index of n1 = 1.3355. This medium was then replaced by a second

solution containing an equal molarity of Nycodenz instead of mannitol, to avoid cell volume

variations, which increases the refractive index by Δn1 = 0.005 and then reduced the OPD sig-

nal values. Fig 4A shows the mean OPD signal of the whole cell surface (region 1) or from the

nucleus region (region 2) recorded during the decoupling procedure steps performed on CHO

WT-CFTR cells (n = 81 cells). Mannitol to Nycodenz followed by Nycodenz to Mannitol solu-

tion exchange was performed before any stimulation (plateaus 1–2 and 3–4, respectively).

After the forskolin application, another Mannitol to Nycodenz solution exchange was done

(plateaus 5–6). Mean intracellular refractive index �n2 and mean cellular thickness �e were calcu-

lated from the OPD values obtained from the whole cell surface whereas OPD variation

obtained from the nucleus region allowed us to follow cell responses to forskolin. Before the

stimulation, no significant difference of �e (1.923 ± 0.0576 μm vs 1.919 ± 0.0544 μm, p = 0.8322;

Fig 4B) or �n2 (1.3670 ± 0.0005 vs 1.3670 ± 0.0005, p = 0.7632; Fig 4C) were detected, suggesting

that cells perturbation during the extracellular solution exchange is limited. However, we

observed that application of forskolin induced a significant cellular thickness decrease of D�e =

-0.216 ± 0.0438 μm (1.919 ± 0.0544 μm vs 1.704 ± 0.0555 μm, n = 81 cells, p< 0.001, Wilcoxon

signed rank test, Fig 4B) and a significant intracellular refractive index increase of D �n2 =

0.006 ± 0.001 (1.3670 ± 0.0005 vs 1.3730 ± 0.001, n = 81 cells, p< 0.001, Wilcoxon signed rank

test, Fig 4C). Using the cell thickness variations, the cell volume was estimated to decrease of

ΔVc = -124.7 ± 14.89 μm3 (790 ± 34.23 μm3 vs 665 ± 28.84 μm3, n = 81 cells, p< 0.001, Wil-

coxon signed rank test).

In parallel, we also measured the Optical Volume Difference (OVD) [26] by integrating the

OPD over the entire cell surface of CHO WT-CFTR cells to confirm that the OPD variation

observed after forskolin application was not due to an increase in cellular dry mass (total cellu-

lar mass without water), which could also affect the intracellular refractive index. Forskolin

addition significantly increased the OPD (24.83 ± 2.30 nm, n = 6) compared to the DMSO
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control (2.22 ± 0.76 nm, n = 9, p = 0.0022; S2 Fig) but no significant OVD variation was

detected (forskolin: -0.95 ± 0.52 μm3 vs DMSO: 0.10 ± 0.65 μm3, p = 0.0649; S2 Fig).

Together, our observations suggest that the OPD increase recorded after the forskolin stim-

ulation of CHO WT-CFTR cells is both related to a cellular volume decrease and an intracellu-

lar refractive index increase. This n2 variation could be due to an intracellular medium

concentration following a water efflux as Jourdain et al concluded [22].

Fig 4. Phase decoupling procedure performed on CHO WT-CFTR cells. (A) Graphical representation of mean OPD

variations of CHO WT-CFTR cells (n = 81 cells) recorded over the whole cell surface or in the nucleus region (region 1

and region 2 respectively, represented on the quantitative phase image inserted on the top right, scale bar: 10 μm). The

rectangles above the recorded signals represent the sequence of the extracellular solutions used for the decoupling

procedure (M: Mannitol solution, N: Nycodenz solution) and the application of forskolin. (B, C) Quantification of mean

cellular thickness (B) and mean intracellular refractive index (C) before (1–2, 3–4) and after (5–6) forskolin stimulation

obtained from OPD values of region 1. (��� p< 0.001, Wilcoxon signed rank test).

https://doi.org/10.1371/journal.pone.0233439.g004
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Inhibition of the cAMP-dependent OPD increase by mercury chloride

Previous studies using the DHM technique showed that cellular volume decrease and intracel-

lular refractive index increase were consecutive to a transmembrane water efflux [19,21,22]. In

the following experiments, we then incubated cells with mercuric chloride (HgCl2, 5 μM), 5

min before the forskolin stimulation to inhibit aquaporins (AQP), which are the major path-

way for transmembrane water fluxes. Since the prolongated cell exposition to HgCl2 ended up

being toxic, we measured the OPD shift after only 20 min of phase images recordings. An

example of the effect of HgCl2 on the cAMP-dependent OPD increase time course is shown in

the Fig 5A. Application of forskolin (10 μM) in the presence of HgCl2 failed to increase the

Fig 5. Inhibition of the forskolin-activated OPD increase by mercuric chloride. (A) Graphical representation of the

OPD variation detected in CHO WT-CFTR cells in the absence or in the presence of HgCl2 (5 μM). (B, C)

Quantification of the OPD variation measured after 20 min of recording in the absence or in the presence of HgCl2
(5 μM) for CHO WT-CFTR cells (B) (n = 23 and n = 6, respectively) and CFBE WT-CFTR cells (C) (n = 5 and n = 5,

respectively) (� p< 0.05, ��� p< 0.001, two-tailed Mann-Whitney test).

https://doi.org/10.1371/journal.pone.0233439.g005
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OPD compared to forskolin stimulation alone in CHO WT-CFTR (p< 0.001; Fig 5A and 5B)

and CFBE WT-CFTR cells (p = 0.0317; Fig 5C). These results suggest that the cAMP-depen-

dent OPD increase activated in both CHO and CFBE WT-CFTR cells involves a water efflux

dependent on an endogenous mercury-sensitive AQP.

However, mercury could also disrupt membrane ion transports due to cellular toxic effects

and inhibit osmotic driven water flux. To verify that mercury did not have an effect on CFTR

cAMP-dependent activity, we also recorded cAMP-activated chloride currents in CHO

WT-CFTR cells using the patch-clamp technique. The current density measured after forsko-

lin stimulation (10 μM) was significantly higher than the control condition (basal) at +40 mV

(basal: 1.27 ± 0.31 pA/pF; forskolin: 18.61 ± 2.71 pA/pF, n = 13, p< 0.001; Fig 6). Moreover,

Fig 6. CFTR mediated currents in CHO WT-CFTR cells are not significantly impacted by mercuric chloride. (A) Representative whole-cell currents

recorded in CHO WT-CFTR cells under control condition (basal), after forskolin perfusion (fsk, 10 μM), in the presence of HgCl2 (5 μM) or with HgCl2
(5 μM) and CFTR(inh)-172 (10 μM). (B) Corresponding mean current/voltage relationship and (C) Current density at +40 mV (pA/pF) for each

condition described in (A). All conditions are statistically compared to the control condition (basal) (n = 13, ��� p< 0.001, ns: non-significant, two-tailed

Mann-Whitney test). Dotted lines indicate current baseline (0 pA).

https://doi.org/10.1371/journal.pone.0233439.g006
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this forskolin-activated current was not significantly modified by HgCl2 (5 μM) (16.18 ± 2.59

pA/pF, n = 13, p = 0.5727; Fig 6) but was blocked by application of CFTR(inh)-172 (10 μM)

(2.16 ± 0.42 pA/pF, n = 13, p< 0.001; Fig 6). We then recorded forskolin-stimulated OPD var-

iations in CHO WT-CFTR cells in the presence of two chloride channels inhibitors, CFTR

(inh)-172 (10 μM), a selective CFTR inhibitor [30], and 4,4’-diisothiocyanato-stilbene-2,2’-dis-

ulfonic acid (DIDS, 200 μM), a non-selective anion channel blocker which does no inhibit

CFTR-dependent conductances. We observed that the OPD increase activated by 10 μM of

forskolin (18.33 ± 1.43 nm, n = 23; Fig 7A and 7B) was not significantly modified in the pres-

ence of CFTR(inh)-172 (16.88 ± 1.96 nm, n = 12, p = 0.614; Fig 7A and 7B) or DIDS

Fig 7. Effect of chloride currents inhibition on the forskolin-activated OPD increase in CHO WT-CFTR cells. (A)

Time course of the OPD shift after forskolin application without (blue) or with (red) preincubation of CHO

WT-CFTR with CFTR(inh)-172 (10 μM). (B) Quantification of the forskolin-activated OPD increase in the presence of

HgCl2 (5 μM), CFTR(inh)-172 (10 μM) or DIDS (200 μM).

https://doi.org/10.1371/journal.pone.0233439.g007
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(13.56 ± 1.58 nm, n = 8, p = 0.0822; Fig 7B) compared to HgCl2 (-3.08 ± 1.20 nm, n = 6,

p< 0.001; Fig 7B). Together, these results show that the inhibition of the forskolin-stimulated

water efflux by mercury is dependent on an endogenous aquaporin and is not due to chloride

transport disruption. Moreover, it suggests that the channel function of CFTR is not directly

implicated in this water transport.

Effect of the cystic fibrosis mutations G551D and F508del on the cAMP-

activated OPD increase

To further investigate the implication of the CFTR channel in this cAMP-dependent water

efflux, we recorded the OPD variation in CHO cells lacking CFTR expression (CHO K1 cells).

Fig 8 shows that application of forskolin (10 μM) induced a significant OPD increase

(10.77 ± 0.76 nm, n = 24; Fig 8A) compared to DMSO condition (1.41 ± 1.55 nm, n = 8,

p< 0.001; Fig 8A) in CHO K1 cells. This result suggests that an endogenous water transport

can be activated by an intracellular cAMP pathway even in the absence of CFTR. However,

this response was significantly lower than the one observed in CHO WT-CFTR cells

(24.89 ± 1.78 nm, n = 23, p < 0.001; Fig 8A), suggesting that the expression of CFTR induces

an increase in cAMP-dependent water efflux.

In a second series of experiments, we reasoned that if the water transport is at least partially

dependent on CFTR, then mutated channels with abnormal activity might impact the cAMP-

dependent OPD response. To that end, we also recorded OPD variations in two other CHO

cell lines expressing two disease-causing CFTR mutations, G551D (CHO G551D) and

F508del (CHO F508del). The G551D mutated channel is present at the plasma membrane but

has a markedly reduced channel activity [31] whereas the F508del mutated channel is seques-

tered in the endoplasmic reticulum and is thus barely expressed at the plasma membrane

[10]. In CHO G551D cells, forskolin (10 μM) induced an increase of the OPD (16.12 ± 1.24

nm, n = 16; Fig 8A) which reached a value significantly higher than the response observed in

both CHO K1 (10.77 ± 0.76 nm, n = 24, p = 0.0013; Fig 8A) and CHO F508del cells (11.24 ±
0.93 nm, n = 17, p = 0.0047; Fig 8A). Importantly, the OPD shift activated in CHO F508del

cells was not significantly different from the response observed in CHO K1 cells (p = 0.5057).

In a similar way to CHO WT-CFTR cells, a complete inhibition of the forskolin-dependent

OPD increase by HgCl2 was observed in CHO K1, CHO G551D and CHO F508del cells

(p < 0.001, Fig 8B).

Forskolin (10 μM) also activated a significant OPD increase (4.24 ± 0.53 nm, n = 8; Fig 8C)

compared to DMSO (0.57 ± 0.84 nm, n = 5; p = 0.0109; Fig 8C) in CFBE cells expressing

F508del-CFTR (CFBE F508del). This response was significantly reduced by mercury

(p = 0.0186; Fig 8D). It was also noticed that the forskolin-stimulated OPD shift observed in

CFBE F508del cells was not significantly different from the CFBE WT-CFTR cells response

(p = 0.6485; see Fig 3A).

Effect of the potentiator VX-770 on the cAMP-dependent water transport

in G551D expressing cells

We then evaluated the effect of VX-770 (ivacaftor), a therapeutic potentiator used to improve

the function of the G551D-CFTR channel activity by increasing its open state probability [15]

with clinical benefit for CF patients [32]. Application of VX-770 (1 μM) alone did not induce a

significant OPD shift (1.42 ± 0.69 nm, n = 5; Fig 9A) compared to the control condition with

DMSO (1.56 ± 0.87, n = 5, p = 1.0000; Fig 9A) in CHO G551D cells. Addition of VX-770

(1 μM) in combination with forskolin (10 μM) triggered a significant OPD increase of

16.17 ± 1.97 nm (n = 6; p = 0.0010, Fig 9A and 9B), a value that was however not significantly
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different from the value obtained when forskolin was used without VX-770 (16.30 ± 1.68 nm,

n = 9; p = 0.9546; Fig 9A and 9B), suggesting that increasing the G551D CFTR channel activity

with VX-770 did not enhance the cAMP-activated water efflux.

Fig 8. OPD variation stimulated by forskolin in cells lacking CFTR or expressing the G551D or F508del mutations and effect of mercuric

chloride. (A) Quantification of the OPD variation in CHO K1 (n = 22), CHO F508del (n = 17), CHO G551D (n = 16) and CHO WT-CFTR

(n = 23) cells after forskolin application or in control condition with DMSO. (B) Quantification of the OPD variation measured after 20 min of

forskolin stimulation in the absence or in the presence of HgCl2 (5 μM) for CHO K1 (n = 22 and n = 6, respectively), CHO F508del (n = 16 and

n = 17, respectively), CHO G551D (n = 13 and n = 6, respectively) and CHO WT-CFTR (n = 23 and n = 6, respectively). (C) Quantification of the

OPD variation during forskolin stimulation (n = 8) compared to DMSO (0.1%, n = 5) in CFBE F508del cells. (D) Quantification of the OPD

variation measured after 20 min of forskolin stimulation in the absence or in the presence of HgCl2 (5 μM) for CFBE F508del cells (n = 8 and n = 5,

respectively) (� p< 0.05, �� p< 0.01, ��� p< 0.001, ns: non-significant, two-tailed Mann-Whitney test).

https://doi.org/10.1371/journal.pone.0233439.g008
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Effect of the corrector VX-809 on the cAMP-dependent water transport in

F508del expressing cells

Finally, we evaluated the effect of restoring F508del-CFTR protein localization at the plasma

membrane on the forskolin-dependent water efflux of CHO F508del and CFBE F508del cells.

To do so, we used the corrector drug VX-809 (lumacaftor) administrated to some CF patients

[14]. Cells were incubated with 3 μM VX-809 or DMSO as vehicle for 24 to 48h prior to the

phase imaging experiments. We observed that forskolin stimulated an OPD increase by

14.42 ± 1.58 nm (n = 10) in VX-809-corrected CHO F508del cells, a value significantly higher

than the response obtained after DMSO treatment (8.72 ± 1.05 nm, n = 9, p = 0.0030; Fig 9C

and 9D). Because CF patients with at least one F508del CFTR mutation are treated by Orkambi

[33], the combination of VX-809 and VX-770, we also stimulated CHO F508del-VX-809

Fig 9. The forskolin-activated OPD increase is potentiated by the CFTR presence at the plasma membrane. (A) Time course and (B) comparison of the OPD

variation in CHO G551D cells in control condition with DMSO (0.1%, n = 5), after VX-770 (1 μM, n = 5), forskolin (10 μM, n = 9) and forskolin + VX-770 addition

(n = 6). (C) Time course and (D) comparison of the OPD variation obtained during forskolin stimulation in DMSO treated CHO F508del cells (0.01% v/v, n = 9) and

after forskolin and forskolin + VX-770 addition in VX-809-corrected CHO F508del cells (3 μM, n = 10 and n = 6 respectively). (E) Time course and (F) comparison of

the OPD variation obtained during forskolin stimulation in DMSO treated CFBE F508del cells (0.01%, n = 6) and after forskolin and forskolin + VX-770 addition in

VX-809-corrected CFBE F508del cells (3 μM, n = 6 for both conditions). (�� p< 0.01, ��� p< 0.001, ns: non-significant, two-tailed Mann-Whitney test).

https://doi.org/10.1371/journal.pone.0233439.g009
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corrected cells with forskolin + VX-770. However, in this condition, addition of VX-770 did

not further increase the cAMP-dependent water efflux (14.35 ± 1.78, n = 6, p = 0.8749; Fig 9C

and 9D). We also did not observe an improvement of the OPD response stimulated by forsko-

lin or forskolin + VX-770 after CFBE F508del cells correction with VX-809 compared to

DMSO incubation (p = 0.9372 and p = 0.4848, respectively; Fig 9E and 9F). In parallel, correct

F508del-CFTR protein reinsertion at the plasma membrane in CHO F508del cells was con-

firmed by patch-clamp experiments. The CFTR dependent current density measured at +40

mV after application of forskolin (10 μM) and the CFTR potentiator genistein (30 μM) was sig-

nificantly higher in VX-809-corrected CHO F508del cells (19.10 ± 5.27 pA/pF, n = 7; Fig 10)

than in DMSO-treated CHO F508del cells (4.41 ± 0.40 pA/pF, n = 6, p = 0.0266; Fig 10).

Taken together, these results suggest that reinsertion of the mutated CFTR protein at the

plasma membrane could enhance the cAMP-activated water efflux in F508del-CFTR express-

ing cells.

AQP3 is the main aquaporin expressed in CHO and CFBE cells

To begin to understand what molecular entities are involved in the measured water efflux, we

screened our cell models by RT-PCR to detect the mRNA transcripts of CFTR and several

aquaporins. We have already shown that AQP3 is the major aquaporin expressed in CHO cells

[22]. We then performed RT-PCR experiments in CFBE WT-CFTR and CFBE F508del cells to

detect mRNA transcripts of AQP1, AQP3, AQP4 and AQP5, the main aquaporins expressed

in the airway epithelia [34,35]. As shown in Fig 11A, together with CFTR mRNA, only AQP3

mRNA could be detected in CFBE cells. This observation suggests that AQP3 might participate

to the transmembrane water flux in CFBE cells.

Discussion

In our study, we first reported the ability to measure phase variations with the quantitative

phase imaging technique based on quadriwave lateral shearing interferometry (QWLSI) dur-

ing osmotic challenges applied on living cells. To do so, we used a PHASICS© module plugged

onto a white-light conventional microscope which have been originally adapted to visualize

cytoskeletal elements [25,36,37] or to obtain quantitative information such as cellular dry mass

[26], without labeling. The QWLSI method appears to be sensitive enough to detect cell vol-

ume variations induced by a water influx or efflux after hypo or hyperosmotic challenges

respectively.

We then showed that stimulation of the epithelial CFBE and non-epithelial CHO cells over-

expressing WT-CFTR by forskolin increases OPD significantly. Previous studies using digital

holographic microscopy (DHM) have shown that variations of optical responses (phase shift)

result from intracellular concentration or dilution induced by water fluxes across cell mem-

branes [19,21–23]. Here, our results suggest that this cAMP-dependent OPD variation was

both due to a decrease in cellular volume and an increase in intracellular refractive index.

Moreover, mercury completely inhibited this optical response suggesting that forskolin acti-

vates an AQP-dependent water efflux similarly to the observations of Jourdain et al [22].

In CHO cells, the cAMP-dependent OPD increase was potentiated by CFTR expression at

the plasma membrane but did not seem to be dependent on the chloride transport function of

the channel. Indeed, reinsertion of CFTR proteins into the plasma membrane by the corrector

VX-809 in CHO F508del cells was accompanied by an increase of the forskolin-stimulated

water-efflux. However, potentiation of CFTR function by VX-770 did not have a significant

effect on the OPD responses measured in CHO G551D nor in CHO F508del-VX-
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Fig 10. Restoration of CFTR function in CHO F508dels cells treated with the corrector VX-809. (A,B) (left) Representative

whole-cell currents recorded in CHO F508del cells treated with (A) DMSO (0.1%, v/v, n = 6) or (B) VX-809 (3 μM, n = 7) after

perfusion with forskolin (fsk, 10 μM) + genistein (gst, 30 μM) and (right) mean current/voltage relationship under control

condition (basal) and after perfusion with forskolin (10 μM) + genistein (30 μM) without or with CFTR(inh)-172 (10 μM). (C)

Current density at +40 mV (pA/pF) recorded in CHO F508del treated with DMSO (0.1%, v/v) or VX-809 (3 μM) after stimulation

with forskolin (10 μM) + genistein (30 μM) (� p< 0.05,two-tailed Mann-Whitney test). Dotted lines indicate current baseline (0

pA). fsk: forskolin; gst: genistein.

https://doi.org/10.1371/journal.pone.0233439.g010
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809-corrected cells. We also did not observe a significant effect of the selective CFTR inhibitor,

CFTR(inh)-172, on the forskolin-stimulated water efflux in CHO WT-CFTR cells.

Studying water transport in the genetic disease cystic fibrosis is relevant because, mutations

of the CFTR gene disrupt chloride transport at the apical membrane of epithelial cells and lead

to perturbed water secretion. Moreover, in a study using oocytes expressing CFTR, it was pro-

posed that CFTR contains a cAMP-stimulated aqueous pore that can transport anions, water

Fig 11. Detection of AQP mRNA transcripts in CFBE cells. (A) Analysis of CFTR, AQP1, AQP3, AQP4 and AQP5 mRNA

transcripts expression in CFBE WT-CFTR (1) and CFBE F508del (2) cells by RT-PCR. M: marker, H2O: reaction without

mRNA extract. (B) Summary of the reported aquaporins regulations by the CFTR channel.

https://doi.org/10.1371/journal.pone.0233439.g011
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and small solutes [38]. Later, several studies have concluded that the CFTR channel activity

positively regulates water transport mediated by aquaporins. More specifically, the cAMP

stimulation of the CFTR chloride transport was shown to activate a water efflux through the

two aquaglyceroporins AQP3 [39,40,22] and AQP9 [41]. Here, the optical responses measured

in CHO G551D and CHO F508del cells suggest that the CFTR protein expression at the

plasma membrane, but not directly its function, is necessary to increase the cAMP-dependent

water efflux sensitive to HgCl2. Interestingly, we were able to detect a significant OPD increase

after forskolin stimulation even in CHO cells lacking CFTR expression (CHO K1), suggesting

the existence of an endogenous CFTR-independent mechanism of water flux regulation trig-

gered by forskolin.

CFTR channel can also act as a protein regulator independently of its anion transport activ-

ity. For example, expression of the CFTR channel in HEK293 cells inhibited the volume-sensi-

tive outwardly rectifying Cl- channel (VSOR) current through the second nucleotide binding

domain (NBD2) and independently of CFTR chloride transport [42]. SCL26A3 channel activa-

tion by cAMP in human colon is also dependent on CFTR expression but not on its transport

activity [43]. The authors assumed that this regulation could involve PDZ-binding domains

since such physical interaction has already been reported between CFTR and SLC26A3 [44]. A

link between CFTR and AQP3 has been documented. Schreiber et al. concluded that CFTR

can stimulate the AQP3-mediated water and glycerol transport in non-cystic fibrosis (non-

CF) but not in cystic fibrosis (CF) airway epithelial cell lines [39]. The mechanism by which

CFTR and AQP3 proteins physically interact or communicate through other mediators is nev-

ertheless not yet determined. The first intracellular nucleotide binding domain (NBD1) of the

transfected wild-type CFTR protein is said necessary to activate an endogenous AQP3 glycerol

transport in oocytes after an increase of intracellular cAMP levels [40]. Interestingly, the

authors still observed a significant increase in oocytes glycerol permeability when a CFTR frag-

ment containing only the NBD1 was expressed, a part of the protein unable to form a func-

tional chloride channel [45]. Similar observations were made concerning oocytes water

permeability mediated by the transfected rat epidydimal AQP9 [41]. It was also demonstrated

that lonidamine, a CFTR inhibitor binding to the NBD1 at high concentrations [46], reduced

the potentiating effect of CFTR on AQP9 activity. It is then possible that CFTR regulates

AQP3 activity through a direct interaction involving the NBD1. We observed that, in compari-

son with CHO K1 cells, forskolin can also stimulate a significantly higher water efflux in CHO

G551D cells. However, G551D CFTR channels in CHO cells cannot mediate a cAMP-activated

chloride current in the absence of a potentiator [47]. The water efflux amplitude was similar to

the response detected in CHO F508del cells after VX-809 treatment but was still lower than in

CHO CFTR-WT cells. Since the two mutations F508del and G551D are both located in the

NBD1 [48], our observations also support a regulation of AQP3 by the CFTR NBD1. Of note,

this CFTR domain, NBD1, has already been shown to be necessary for regulating several pro-

teins such as the epithelial sodium channel (ENaC) [45,49] and the renal outer medullary

potassium (ROMK) channels [50,51].

AQP-mediated water transport regulation by CFTR in CFBE cells might occur through a

different mechanism. In the airways, AQP1, AQP3, AQP4 and AQP5 are the major aquaporins

expressed [35]. AQP3 is localized at the basolateral membranes of the nasal epithelium and aci-

nar cells forming submucosal glands but also in basal cells of the trachea [52]. Contrary to

rodents, AQP3 can be detected at the apical membranes of proximal and terminal bronchioles

of the human lung and was the only aquaporin identified in this region [34]. Because CFTR is

expressed at the apical membrane of airway epithelial cells [53], we can therefore hypothesized

that CFTR regulation of AQP3 requires a signaling pathway activation or other(s) partner(s),

except for the bronchioles region, where the two proteins could have the possibility to
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physically interact. Interestingly recent observations proposed that AQPs participate to lung

epithelial water transport upon durable changes in surface liquid volumes pointed to an under-

estimated role of AQPs in the lung [54]. Notably, AQP3 expression was transiently up-regu-

lated several hours after apical volume expansion in cell models for the lung epithelium,

NCI-H441 cell line-based epithelia and primary human tracheal epithelial cells [54]. Therefore,

not only ion transport (ENaC and CFTR in particular) but also AQP are important to regulate

water transport in the lung epithelia. In several organs and cells of different species, CFTR has

been shown to interact with AQP1, AQP3, AQP4, AQP5 and AQP9 (summarized in the

scheme Fig 8B). In rat and human pancreatic duct cells, both CFTR and AQP1 regulate the

rate of pancreatic fluid secretion [55,56]. In rat Sertoli cells, AQP4 and AQP9 have been pro-

posed to interact with CFTR [57,58]. In human syncytiotrophoblast from preeclamptic pla-

centas AQP9 and CFTR colocalize in the apical membrane where CFTR may regulate AQP9

activity [59]. Similarly, CFTR and AQP9 co-localize in the apical membrane of principal cells

of the epididymis and the vas deferens and NHERF1 and CFTR co-immunoprecipitate with

AQP9 [60]. Thus, these studies confirmed that CFTR and various isoforms of AQP can inter-

act directly or indirectly to control transmembrane water flux.

In human airway epithelial CFBE cells, we recorded a cAMP-regulated water efflux, the

amplitude of which was however five times smaller than in recombinant CHO WT-CFTR

cells. The mercury sensitivity of this cAMP-dependent water efflux and detection of AQP3

mRNA transcripts expression suggested an involvement of AQP3 in this response. Since the

imaging technique used here is based on light deformation when passing through cells, it

could be possible that when the CFBE cells are cultured as non-polarized monolayer, we can

only detect limited variations of the optical signal because of a flatter shape than CHO cells.

The difference in responses amplitude can also be due to the fact that CHO cells are commonly

used to study transfected ion channels activities [61] whereas CFBE cells are more complex

systems expressing numerous proteins such as the ENaC and TMEM16A channels [62,63]

possibly activating regulatory pathways limiting large amplitude transmembrane water fluxes.

In conclusion, our study showed that the quantitative phase imaging based on quadriwave

lateral shearing interferometry (QWLSI) could be a suitable technique to study transmem-

brane water fluxes in CFBE and CHO cells. We found that the CFTR channel expression at the

plasma membrane, but not directly its channel function, can increase the cAMP-dependent

water efflux sensitive to mercury, probably by regulating an endogenous AQP activity. Our

study also shows abnormal responses in cells expressing two of the most common CF muta-

tions, F508del and G551D. These observations could contribute to better understand the air-

way surface dehydration mechanisms in cystic fibrosis. Despite the fact that further studies

will be needed to dissect the molecular mechanisms linking CFTR to AQP, our results thus

provide additional evidence in favor of a role of CFTR in regulating water transport, which

could help to identify potential means for therapeutic rehydration of cystic fibrosis airway epi-

thelial cell surface.

Supporting information

S1 Table. Sequence primers for CFTR, AQP1, AQP3, AQP4, AQP5 and GAPDH genes

detection by RT-PCR analysis.

(TIF)

S1 Fig. Representative phase images of CFBE and CHO WT-CFTR cells during osmotic

challenges. Representative phase images of CFBE WT CFTR cells (A, B) and CHO WT CFTR

cells (C, D) before (left), at the pic response (middle) and at the end (right) of a hypotonic chal-

lenge (A, C) or hypertonic challenge. (B, D). White ovals in the middle of the cells presented in
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the two inserts indicate the region of interest (ROI) where the OPD was recorded. Scale bar:

20 μm.

(TIF)

S2 Fig. OPD and OVD variation after forskolin stimulation in CHO WT-CFTR cells. (A,B)

Time course (left) and quantification (right) of maximal OPD (A) and OVD (B) variation after

forskolin addition (arrow, 10 μM, blue) compared to control condition with DMSO (arrow,

0.1%, black) (n = 6 for each condition, �� p< 0.01, two-tailed Mann-Whitney test).

(TIF)

S1 Raw images.

(PDF)
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58. Jesus TT, Bernardino RL, Martins AD, Sá R, Sousa M, Alves MG, et al. Aquaporin-9 is expressed in rat

Sertoli cells and interacts with the cystic fibrosis transmembrane conductance regulator: Aquaporin-9

and CFTR In Sertoli Cells. IUBMB Life. 2014; 66: 639–644. https://doi.org/10.1002/iub.1312 PMID:

25270793

59. Castro-Parodi M, Levi L, Dietrich V, Zotta E, Damiano AE. CFTR may modulate AQP9 functionality in

preeclamptic placentas. Placenta. 2009; 30: 642–648. https://doi.org/10.1016/j.placenta.2009.04.012

PMID: 19481256

60. Pietrement C, Da Silva N, Silberstein C, James M, Marsolais M, Van Hoek A, et al. Role of NHERF1,

Cystic Fibrosis Transmembrane Conductance Regulator, and cAMP in the regulation of aquaporin 9. J

Biol Chem. 2008; 283: 2986–2996. https://doi.org/10.1074/jbc.M704678200 PMID: 18055461

61. Gamper N, Stockand JD, Shapiro MS. The use of Chinese hamster ovary (CHO) cells in the study of

ion channels. J Pharmacol Toxicol Methods. 2005; 51: 177–185. https://doi.org/10.1016/j.vascn.2004.

08.008 PMID: 15862463

62. Varelogianni G, Hussain R, Strid H, Oliynyk I, Roomans GM, Johannesson M. The effect of ambroxol

on chloride transport, CFTR and ENaC in cystic fibrosis airway epithelial cells. Cell Biol Int. 2013; 37:

1149–1156. https://doi.org/10.1002/cbin.10146 PMID: 23765701

63. Benedetto R, Ousingsawat J, Wanitchakool P, Zhang Y, Holtzman MJ, Amaral M, et al. Epithelial Chlo-

ride Transport by CFTR Requires TMEM16A. Sci Rep. 2017; 7. https://doi.org/10.1038/s41598-017-

10910-0 PMID: 28963502

PLOS ONE CFTR regulation of water flux studied by Quantitative Phase Imaging

PLOS ONE | https://doi.org/10.1371/journal.pone.0233439 May 29, 2020 26 / 26

https://doi.org/10.1073/pnas.96.9.5310
http://www.ncbi.nlm.nih.gov/pubmed/10220462
https://doi.org/10.1095/biolreprod.102.007450
http://www.ncbi.nlm.nih.gov/pubmed/12444067
https://doi.org/10.1152/ajpcell.2001.281.5.C1657
http://www.ncbi.nlm.nih.gov/pubmed/11600430
https://doi.org/10.1172/JCI117311
http://www.ncbi.nlm.nih.gov/pubmed/7518829
https://doi.org/10.1016/s0014-5793(96)01414-7
https://doi.org/10.1152/ajprenal.1997.273.5.F843
http://www.ncbi.nlm.nih.gov/pubmed/9374850
https://doi.org/10.1074/jbc.273.23.14165
https://doi.org/10.1074/jbc.273.23.14165
http://www.ncbi.nlm.nih.gov/pubmed/9603917
https://doi.org/10.1152/ajpcell.1997.273.5.C1549
https://doi.org/10.1152/ajpcell.1997.273.5.C1549
http://www.ncbi.nlm.nih.gov/pubmed/9374640
https://doi.org/10.1172/JCI117028
http://www.ncbi.nlm.nih.gov/pubmed/7509347
https://doi.org/10.1165/rcmb.2016-0161OC
http://www.ncbi.nlm.nih.gov/pubmed/27814452
https://doi.org/10.1016/j.bbrc.2011.06.093
https://doi.org/10.1016/j.bbrc.2011.06.093
http://www.ncbi.nlm.nih.gov/pubmed/21708133
https://doi.org/10.3389/fphys.2018.00854
https://doi.org/10.3389/fphys.2018.00854
http://www.ncbi.nlm.nih.gov/pubmed/30050452
https://doi.org/10.1016/j.bbrc.2014.03.046
http://www.ncbi.nlm.nih.gov/pubmed/24657265
https://doi.org/10.1002/iub.1312
http://www.ncbi.nlm.nih.gov/pubmed/25270793
https://doi.org/10.1016/j.placenta.2009.04.012
http://www.ncbi.nlm.nih.gov/pubmed/19481256
https://doi.org/10.1074/jbc.M704678200
http://www.ncbi.nlm.nih.gov/pubmed/18055461
https://doi.org/10.1016/j.vascn.2004.08.008
https://doi.org/10.1016/j.vascn.2004.08.008
http://www.ncbi.nlm.nih.gov/pubmed/15862463
https://doi.org/10.1002/cbin.10146
http://www.ncbi.nlm.nih.gov/pubmed/23765701
https://doi.org/10.1038/s41598-017-10910-0
https://doi.org/10.1038/s41598-017-10910-0
http://www.ncbi.nlm.nih.gov/pubmed/28963502
https://doi.org/10.1371/journal.pone.0233439

