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We have demonstrated that Na*/H* exchanger regulatory factor 1 (NHERF1) overexpression in CFBE410- cells induces a
significant redistribution of F508del cystic fibrosis transmembrane conductance regulator (CFTR) from the cytoplasm to
the apical membrane and rescues CFTR-dependent chloride secretion. Here, we observe that CFBE41o- monolayers
displayed substantial disassembly of actin filaments and that overexpression of wild-type (wt) NHERF1 but not
NHERF1-A Ezrin-Radixin-Moesin (ERM) increased F-actin assembly and organization. Furthermore, the dominant-
negative band Four-point one, Ezrin, Radixin, Moesin homology (FERM) domain of ezrin reversed the wt NHERF1
overexpression-induced increase in both F-actin and CFTR-dependent chloride secretion. wt NHERF1 overexpression
enhanced the interaction between NHERF1 and both CFTR and ezrin and between ezrin and actin and the overexpression
of wt NHERF1, but not NHERF1-AERM, also increased the phosphorylation of ezrin in the apical region of the cell
monolayers. Furthermore, wt NHERF1 increased RhoA activity and transfection of constitutively active RhoA in CFBE41o-
cells was sufficient to redistribute phospho-ezrin to the membrane fraction and rescue both the F-actin content and the
CFTR-dependent chloride efflux. Rho kinase (ROCK) inhibition, in contrast, reversed the wt NHERF1 overexpression-
induced increase of membrane phospho-ezrin, F-actin content, and CFTR-dependent secretion. We conclude that NHERF1
overexpression in CFBE41o- rescues CFTR-dependent chloride secretion by forming the multiprotein complex RhoA-
ROCK-ezrin-actin that, via actin cytoskeleton reorganization, tethers F508del CFTR to the cytoskeleton stabilizing it on
the apical membrane.

INTRODUCTION regulator (CFTR). Besides regulating other ion transporters,
CFTR is itself a cAMP-activated chloride channel expressed
in luminal membranes of secretory and reabsorptive epithe-
lia (Sheppard and Welsh, 1999). In normal cells, newly syn-
thesized wt CFIR protein, after passing the endoplasmic

reticulum (ER) quality control, is exported from the Golgi to

One of the key membrane proteins regulating overall fluid
movement is the cystic fibrosis transmembrane conductance
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the apical membrane as fully glycosylated CFTR. Once ar-
rived at the plasma membrane, CFTR binds to associate
proteins, which may finely regulate its stability and activity.
Indeed, the carboxy-terminal postsynaptic density 95/disc-
large/zona occludens (PDZ) binding motif of CFIR has
been found to interact with many PDZ domain-containing
proteins, such as Na*/H™ exchanger regulatory factor 1
(NHERF1), CFTR Associated Ligand, and CFTR Associated
Protein 70, and the physiological significance of these adap-
tor proteins in the regulation of CFTR activity has been
verified in several studies (Hall et al., 1998; Wang et al., 2000;
Raghuram et al., 2001; Cheng et al., 2002; Benharouga et al.,
2003; Li and Naren, 2005). In particular NHERF]1, in addition
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to interacting directly with CFTR, permits a spatial grouping
and the physical association of different key signal transduc-
tion components such as phospholipase C, Yes-Associated
Protein 65, and Receptor for Activated C-Kinase 1 with
CFTR (for review, see Guggino and Stanton, 2006), and in
this way, allows the fine regulation of CFIR activity. More-
over, by its C-terminal domain NHERF1 binds the protein
kinase A (PKA)-anchoring protein ezrin, which modulates
the PKA-dependent CFTR activity (Sun et al., 2000).

The most common mutation of the CFTR gene associated
with cystic fibrosis (CF) causes deletion of phenylalanine at
residue 508 (F508del CFTR), and this mutation results in the
synthesis of an improperly folded CFTR protein that, al-
though being partially functional and responsive to cAMP/
PKA regulation, is unable to reach the cell membrane due to
retention and/or accelerated degradation in the ER. How-
ever, in some CF airway cells a negligible expression of
F508del CFTR can be detected at the cell surface due to the
fact that ER retention is not complete (Kalin et al., 1999;
Bronsveld et al., 2000). Furthermore, the F508del-mutation
reduces its apical membrane half-life (Lukacs et al., 1993;
Sharma et al., 2001) by accelerating its endocytic retrieval
from the plasma membrane and its consequent degradation
(Swiatecka-Urban ef al., 2005). Recently, it has been found in
the polarized human CF airway epithelial cell line CFBE41o-
that NHERF1 depletion causes F508del CFTR, which has
been rescued to cell membrane, to be more susceptible to
degradation with a consequent reduction of its residence
time at the cell surface (Kwon ef al., 2007).

In line with these observations, we have demonstrated
previously that NHERF1 overexpression increases the wild-
type (wt) CFTR expression on the apical membrane in hu-
man airway cells, 16HBE140-, and rescues F508del CFTR
functional expression in CFBE4lo- cells by inducing the
redistribution of F508del CFTR from the cytoplasm to the
plasma membrane and by increasing the PKA-dependent
activation of CFTR-dependent chloride secretion (Guerra et
al., 2005). This F508del CFTR redistribution could be a con-
sequence of various interacting factors because CFTR mem-
brane expression and activity have been shown to depend
on F-actin cytoskeletal organization (Haggie et al., 2004;
Ganeshan et al., 2007, Okiyoneda and Lukacs, 2007), and
NHERF1 is known to mediate the association between CFTR
and the cytoskeleton via the actin binding protein ezrin
(Short et al., 1998; Moyer et al., 1999).

The aim of this study was to explore the hypothesis that
NHERF1 overexpression in CFBE41lo- cells may influence
F508del CFTR functional expression to the apical mem-
brane via cytoskeleton organization and the formation of
multiprotein complex NHERF1-ezrin-actin. We found that
NHERFI1 overexpression through its linkage with ezrin in-
creases F-actin organization and assembly in CFBE41o- cell
monolayers and also positively regulates the activation of
RhoA. This up-regulation of RhoA activity, in turn, leads to
Rho kinase (ROCK)-mediated ezrin phosphorylation and
stabilization in its open, active conformation, which further
increases F508del CFTR stability in the apical membrane by
tethering it to the actin cytoskeleton.

MATERIALS AND METHODS

Materials

The primary antibodies used for immunocytochemical analysis and Western
blots were as follows: monoclonal anti-human ezrin and anti-human NHERF1
(BD Transduction Laboratories, Milan, Italy), monoclonal anti-human CFTR
against the C terminus (R&D Systems, Minneapolis, MN), monoclonal anti-
CFTR (CF3; Abcam, Cambridge United Kingdom), polyclonal anti-human
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phospho-Ezrin (Thr567)/Radixin (Thr564) /Moesin (Thr558) and anti-His-Tag
(Cell Signaling Technology, Danvers, MA), polyclonal anti-NHERF1 (ABR-
Affinity BioReagents, Golden, CO), monoclonal anti-Na*/K*-ATPase -1,
clone C4646 (Millipore, Billerica, MA), goat polyclonal anti-70-kDa heat-shock
protein (HSP) and monoclonal anti-RhoA (Santa Cruz Biotechnology, Santa
Cruz, CA), monoclonal anti-a-actinin (Cytoskeleton, Denver, CO), monoclo-
nal anti-B-actin and anti-hemagglutinin (HA) (Sigma-Aldrich, St. Louis, MO).
The appropriate secondary antibodies were purchased from Sigma-Aldrich or
Invitrogen (Carlsbad, CA).

Forskolin (FSK), CFTR;,-172, hygromycin B, and Y-27632 were purchased
from Calbiochem (San Diego, CA). 3-Isobutyl-1-methylxanthine (IBMX), Escort
IV, and phalloidin-tetramethylrhodamine B isothiocyanate (TRITC) were pur-
chased from Sigma-Aldrich, and EZ-LinkSulfo-NHS-SS-Biotin and streptavidin
agarose resin were purchased from Pierce Chemical (Rockford, IL). N-(Ethoxy-
carbonylmethyl)-6-methoxyquinolinium bromide (MQAE) and Lipofectamine
2000 reagent were purchased from Invitrogen.

Cell Culture

Experiments were performed with two human bronchial epithelial cell lines:
the normal 16HBE14o0- cells and the CFBE4lo- cells homozygous for the
F508del allele (F508del/F508del) (a generous gift from Prof. D. Gruenert,
University of California-San Francisco, San Francisco, CA). The cells were
grown in Eagle’s minimal essential medium (MEM) (EuroClone, Milan, Italy)
supplemented with 10% fetal bovine serum (Invitrogen), L-glutamine, and
penicillin/streptomycin at 37°C under 5% CO,. They were routinely grown
on plastic flasks coated with an extracellular matrix containing fibronectin/
vitrogen/bovine serum albumin. The extracellular matrix coating was pre-
pared in the laboratory as follows: 10 ug/ml fibronectin adhesion-promoting
peptide (Sigma-Aldrich), 100 pg/ml albumin from bovine serum (Sigma-
Aldrich), and 30 pg/ml bovine collagen type I (BD Transduction Laborato-
ries) were dissolved in MEM. The mixture was sterilized by 0.2-um filter.
Each substrate plastic, glass, or permeable support was coated with the
mixture for 2 h at 37°C before cell seeding. For chloride efflux experiments,
confocal immunofluorescence analysis and internalization assay cells were
seeded on 0.4-um pore size PET filter inserts (Falcon; BD Biosciences Discov-
ery Labware, Bedford, MA) coated with the same extracellular matrix.

Transfection of Cells

At 70-80% confluence, cells were transiently transfected with mouse NHERF1
cDNA constructs, with human ezrin cDNA constructs, or with human RhoA
cDNA constructs by using Escort IV reagent according to the manufacturer’s
protocol, and the experiments were conducted 48 h later. wt NHERF1 and
NHERF1-AERM encoding NHERF1 truncated of the last 30 amino acids inserted
in pcDNA3.1/Hygro+ vector were generously provided by Prof. E. J. Weinman
(University of Maryland Hospital, Baltimore, MD). The FERM domain of ezrin,
including amino acids 1-308, subcloned in pEGFP-N3, was generously provided
by Prof. S. Cotecchia (Department of General and Environmental Physiology,
University of Bari, Bari, Italy). The dominant-negative RhoA, RhoA-N19 3xHA
tagged (N terminus), inserted into pcDNA3.1/Hygro+ vector, was provided by
Missouri S&T ¢cDNA Resource Center (Rolla, MO), and the constitutively active
form of RhoA, RhoA-V14, inserted into pEGFP-C1, was generously provided by
Prof. E. Klussmann (Leibniz-Institut fur Molekulare Pharmakologie, Berlin, Ger-
many). The full-length human ezrin (GenBank accession BC013903) was cloned
into pEGFP-N1 via Xhol and EcoRI sites by using the following primers: (for-
ward) CGCCTCGAGATGCCGAAACCAATCAATGTC/CTGAATTCG-
CAGGGCCTCGAACTCGTC (reverse). The mutation of threonine 567 to alanine
(T567A) was produced by site-direct mutagenesis by using the primer CGGGA-
CAAGTACAAGgccCTGCGGCAGATCCG. All of these clones behave as dom-
inant mutants over the endogenous protein.

Levels of construct expression were analyzed by immunostaining for 6-His-
tag (NHERF1 constructs), for green fluorescent protein (GFP) (ezrin and
RhoA-V14 constructs), or for HA (RhoA-N19 construct), and the transfection
level was ~60%. Furthermore, treatment with Escort IV reagent or transfec-
tion with the empty vector (pcDNA3.1 or pEGFP-C1) did not significantly
change either F-actin levels or the CFTR-dependent chloride efflux measure-
ments with respect to that measured in nontransfected cells (control)
[16HBE140- F-actin content measurements: control: 4.02 = 0.09, n = 7; Escort
1V:3.98 + 0.009, n = 5; pcDNA3.1: 3.92 * 0.12, n = 4; and pEGFP: 3.89 + 0.17,
n = 7, fluorescence intensity / ug protein; and CFTR-dependent chloride ef-
flux: control: 0.0238 = 0.0026, n = 5; Escort IV: 0.0213 = 0.003, n = 7;
pcDNA3.1: 0.022 + 0.002, n = 3; and pEGFP: 0.023 * 0.003, n = 4, A(F/F,)/
min]. Transfection with small interfering RNA (siRNA) targeting NHERF1
(siGENOME Smart pool reagent; Dharmacon RNA Technologies, Lafayette,
CO) or with scrambled siRNA (Dharmacon RNA Technologies) as a control
was performed using Lipofectamine 2000 reagent according to the manufac-
turer’s protocol, and the experiments were conducted 72 h later.

Development of a Stable Transfected Cell Line
Overexpressing wt NHERF1

wt NHERF1 and pcDNA3.1 empty vector cDNAs were transfected into
CFBE41lo- cells by using Escort IV reagent according to the manufacturer’s
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protocol. After 48 h, cells were diluted by 1:20, 1:40, and 1:80 into 100-mm
dishes containing growth complete medium supplemented with 400 ug of
hygromycin B, which corresponded to the lowest concentration of drug that
began to give massive cell death in 3 d and killed all the cells within 2 wk. The
selective medium was replaced every 4 d. After 2-4 wk, isolated colonies
appeared, and the largest colonies were picked and placed into wells of a
48-well plate containing selective medium. Clones isolated after hygromycin
B selection were screened by Western blotting, F-actin content, and fluores-
cence measurements of apical chloride efflux. One of the 11 clones overex-
pressing wt NHERF]I, the selected clone (CFBE41o-/sNHERF1), exhibited 1)
the highest NHERF1 expression level, 2) a higher expression level of mature band
of F508del CFTR with respect to the immature band, and 3) a significant rescue
of CFTR-dependent chloride secretion (Supplemental Figures 1S and 2S).

Fluorescence Measurements of Apical Chloride Efflux

Chloride efflux was measured using the Cl~-sensitive dye MQAE. Confluent
cell monolayers were loaded overnight in culture medium containing 5 mM
MQAE at 37°C in a CO, incubator and then inserted into a perfusion chamber
that allowed independent perfusion of apical and basolateral cell surfaces.
The apical Cl~ efflux measurements were performed when the confluent cell
monolayers reached a transepithelial resistance >300 () X cm? measured with
the Millicell-ERS; Electrical Resistance System, Millipore). Fluorescence was
recorded with a Cary Eclipse spectrofluorometer (Varian, Palo Alto, CA). To
measure chloride efflux rate across the apical membrane, the apical perfusion
medium was changed with a medium in which chloride was substituted with
iso-osmotic nitrate. All experiments were performed at 37°C in HEPES-
buffered bicarbonate-free media [Cl~ medium: 135 mM NaCl, 3 mM KCl, 1.8
mM CaCl,, 0.8 mM MgSO,, 20 mM HEPES, 1 mM KH,PO,, 11 mM glucose,
and Cl~ free-medium: 135 mM NaNO;, 3 mM KNO;, 0.8 mM MgSO,, 1 mM
KH,PO,, 20 mM HEPES, 5 mM Ca(NOs),, and 11 mM glucose). We measured
the apical CFTR-dependent chloride secretion as described previously
(Guerra et al., 2005): CFTR-dependent chloride secretion was calculated as the
difference in the rate of change of FSK- plus IBMX-stimulated fluorescence in
the absence or presence of apical treatment with the specific CFTR inhibitor
CFTR;,,-172 (Ma et al., 2002; Taddei et al., 2004) (Supplemental Figure 3S).

F-Actin Content in Adherent Cells

Actin polymerization assay was performed as described previously (Korich-
neva and Hammerling, 1999; Paradiso et al., 2004). In brief, confluent cells,
grown on coated 35-mm dishes, were fixed with 3.7% formaldehyde and
permeabilized in 0.1% Triton X-100 in phosphate-buffered saline (PBS). The
cells were then incubated with 0.25 uM phalloidin-TRITC in buffer containing
20 mM KH,PO,, 2 mM MgCl,, 5 mM EGTA, and 10 mM PIPES (pH 6.8 with
KOH) for 1 h. Cells were incubated in methanol at 4°C overnight to extract
phalloidin linked to F-actin. After extraction, plated cells were washed with
PBS, and a Bradford Coomassie Plus Protein Assay (Pierce Chemical) was
performed to determine total cell protein in the sample. Fluorescence of the
methanol extraction solution for each sample was recorded at 540 nm exci-
tation and 565 nm emission with a Cary Eclipse plate reader (Varian). The
emission measurements were normalized to protein levels for each sample.

Coimmunoprecipitation and Western Blotting

Confluent monolayers of indicated cell types or treatments, grown on coated
60-mm dishes, were lysed in coimmunoprecipitation buffer (50 mM Tris, 100
mM NaCl, 1 mM EDTA, 5 mM MgCl,, 10% (vol/vol) glycerol, 0.5% (wt/vol)
sodium deoxycholate, and 1% Triton X-100 (pH 7.4 with HCI) plus a protease
inhibitor mixture (Sigma-Aldrich). The cell lysates were clarified by centrif-
ugation at 10,000 X g for 5 min at 4°C. An aliquot of 300 ug of protein was
incubated with the anti-ezrin monoclonal antibody (mAb) (2 ug) or with the
anti-NHERF1 polyclonal antibody (2 ug) in rotation overnight at 4°C fol-
lowed by addition of 50 ul of Dynabeads-protein A conjugates (Dynal, In-
vitrogen) for an additional 2 h. Immunocomplexes were washed with PBS
and then eluted in Laemmli buffer, heated at 95°C for 5 min. Samples were
then fractionated by SDS-polyacrylamide gel electrophoresis (PAGE) (Nu-
PAGE Novex 4-12% Bis-Tris Midi Gel; Invitrogen) and electroblotted to
polyvinylidene difluoride membranes (GE Healthcare, Little Chalfont, Buck-
inghamshire, United Kingdom). Proteins were probed by appropriate pri-
mary (CFTR, 1:500; ezrin, 1:250; or B-actin, 1:5000) and secondary antibodies
and detected using enhanced chemiluminescence (GE Healthcare). Densito-
metric quantification and image processing were carried out using Photoshop
(Adobe Systems, Mountain View, CA) and the NIH Image software package
version 1.61 (National Institutes of Health, Bethesda, MD).

Cell Fractionation

Fractionation was performed essentially as described previously (Korichneva
et al., 1995), with the addition that cytosolic proteins were prepared by
concentrating the supernatants through Centricon Centrifugal Filter Devices
YM-10, 10,000 molecular weight cut-off (Millipore). An aliquot of 7 ug of
protein from each membrane, cytosolic, and cytoskeletal fraction was diluted
in Laemmli buffer, heated at 95°C for 5 min, and separated by 9% Tris-HCl
SDS-PAGE. The primary antibodies used were anti-human ezrin (dilution
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1:250) and polyclonal anti-human phospho-Ezrin (Thr567) /Radixin (Thr564)/
Moesin (Thr558) (dilution 1:1000). Marker proteins for each fraction were
used to analyze the amount of cross-contamination from one fraction to
another. The blots were probed with anti-Na* /K*-ATPase a-1, clone C4646
(dilution 1:10000), anti-HSP70 (dilution 1:250), and anti-a-actinin (dilution
1:1000). No contaminating immunoreactive bands were detected in any of the
blots (Supplemental Figure 4S).

Immunofluorescence and Confocal Analysis

Polarized cell monolayers were fixed in 3.7% paraformaldehyde and perme-
abilized in 0.1% Triton X-100 in PBS. The permeabilization was omitted for
monolayers of cells stained for anti-CFTR (CF3) mouse monoclonal (dilution
1:500). To analyze the distribution of phosphorylated ERM, monolayers were
incubated with polyclonal anti-human phospho-Ezrin (Thr567)/Radixin
(Thr564) /Moesin (Thr558) (dilution 1:100) according to the manufacturer’s
protocol. Goat anti-rabbit immunoglobulin (IgG) conjugated to Alexa Fluor
488 (dilution 1:1000) was used as secondary antibody for phospho-ezrin, and
goat anti-mouse IgG conjugated to Alexa Fluor 568 (dilution 1:1000) was used
for CFTR. Monolayers were stained with 20 nM phalloidin-TRITC to visualize
F-actin. Monolayers were then mounted onto slides with VECTASHIELD
mounting medium (Vector Laboratories, Burlingame, CA) and examined with
an Axioskop microscope (Carl Zeiss, Jena, Germany) equipped with a laser
scanning confocal unit model MRC-1024 containing a 15-mW krypton-argon
laser (Bio-Rad Laboratories, Hercules, CA). Specimens were viewed through
a Planapo 63X /1.4 oil immersion objective, and images were acquired in the
horizontal (xy) and in the vertical (xz) planes by the Laser Sharp 2000
program (Bio-Rad Laboratories). xy sections were taken at ~2 um from the
top, whereas xz sections were acquired at random.

In Vitro Assay for RhoA Activity

RhoA activity was assessed as described previously (Cardone et al., 2005) by
using the RhoA-binding domain of Rhotekin in a kit supplied from Millipore.
In brief, 16HBE140-, CFBE410- transfected or not with cDNA for NHERF1-
AERM and CFBE41o- stably overexpressing NHERF1 cells, plated on coated
60-mm dishes, were washed with PBS and extracted with radioimmunopre-
cipitation assay buffer (50 mM Tris, pH 7.2, 500 mM NaCl, 1% Triton X-100,
0.5% sodium deoxycholate, 1% SDS, 10 mM MgCl,, 0.5 ug/ml leupeptin, 0.7
ug/ml pepstatin, 4 pug/ml aprotinin, and 2 mM phenylmethylsulfonyl fluo-
ride or phenylmethanesulfonyl fluoride). After centrifugation at 14,000 X g
for 10 min, supernatant protein concentration was measured by Bradford
method (Bradford, 1976), and an aliquot of 600 ug of each protein extract was
incubated for 45 min at 4°C with 30 ug of glutathione beads coupled with
glutathione transferase-Rho-binding domain (GST-RBD) fusion protein, and
then washed with Tris buffer, pH 7.2, containing 1% Triton X-100, 50 mM Tris,
150 mM NaCl, and 10 mM MgCl,. The RhoA content in these samples or in
30 pg of protein of cell homogenate was determined by immunoblotting
samples using mouse anti-RhoA antibody (1:500).

In Vivo Fluorescence Resonance Energy Transfer (FRET)
Assay for RhoA Activity

FRET microscopy was used to monitor RhoA activity by using the Raichu
1297 probe as described previously (Cardone et al., 2005). In brief, this probe
consists of the RBD of the RhoA effector protein Rhotekin, sandwiched
between yellow fluorescent protein (YFP) and cyan fluorescent protein (CFP).
The intramolecular binding of endogenous GTP-RhoA to the RBD of Rhotekin
displaces YFP and CFP, thereby decreasing FRET efficiency between the
fluorophores, whereas a reduction of intracellular active RhoA results in the
opposite effect. The activity of RhoA is monitored by measuring CFP (480
nm)/YFP (545 nm) fluorescence emission values upon excitation of the trans-
fected cells at 430 nm. To eliminate the distracting data from regions outside
of cells, the YFP channel is used as a saturation channel. The ratio images are
presented in pseudocolor mode and ratio intensity is displayed stretched
between the low and high renormalization value, according to a temperature-
based lookup table with red (hot) and blue (cold), indicating, respectively,
high and low values of RhoA activity (Figure 9D). Forty-eight hours after
transfection, living cells were imaged with an ECLIPSE TE 2000-S microscope
(Nikon, Tokyo, Japan) equipped with a cooled charge-coupled device camera
controlled by the Metafluor 4.6 software (Meta Imaging 4.6; Molecular De-
vices, Sunnyvale, CA). The setup of the microscope and the filters used for
dual emission imaging studies were described recently (Cardone et al., 2005).
After background subtraction, sensitized FRET off-line image analysis of
CFP/YFP ratio images was performed with the MetaMorph software (Meta
Imaging 4.6; Molecular Devices). Correction of FRET measurements for spec-
tral bleed-through and cross excitation was calculated as ICFP/nF as de-
scribed previously (Cardone et al., 2005).

Internalization Assay

Endocytosis assay was performed in indicated cell types or treatments grown
on 35-mm permeable supports as described previously (Swiatecka-Urban et
al., 2002; Silvis et al., 2009). The same cell line was seeded on three filters for
every condition. Experiments were performed in a cold room on ice with all
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Figure 1. NHERF1-dependent regulation of F-actin organization, as-
sembly and CFTR-dependent chloride secretion in 16HBE14o- cells.
(A) Confocal immunofluorescence microscopy was performed in
16HBE140- polarized cell monolayers grown on permeable filters
in control condition (16HBE140-), treated for 30 min with the F-actin
polymerization inhibitor cytochalasin D (cyto D) or transiently trans-
fected with cDNA encoding NHERF1 in which the C-terminal domain
that interacts with ezrin is deleted (NHERF1-AERM). F-actin was de-
tected by phalloidin-TRITC. Treatment with 20 uM cytochalasin D or
transfection with NHERF1-AERM altered F actin organization. The
horizontal section (xy) was taken at the apical level ~2 um from the top
of the monolayer. The vertical section (xz) was randomly acquired. Ap,
location of apical region; bl, location of basal region. (B) F-actin assem-
bly was detected by an actin polymerization assay (see Materials and
Methods) and expressed as fluorescence intensity normalized to protein
content of each sample. Histogram summarizing F-actin content in
nontransfected cells (ctrl) or cells transiently transfected with the fol-
lowing constructs: wt NHERFI, cells transfected with cDNA encoding
wild-type NHERF1; KD NHERF1, cells transfected with short interfer-
ing RNA for NHERF1; NHERF1-AERM; Ezrin-FERM, cells trans-
fected with cDNA encoding the FERM-GFP domain of ezrin; and wt
NHERF1+Ezrin-FERM, cells cotransfected with cDNAs encoding both
NHERF1 and FERM-GFP or cells treated with cyto D. Cells transfected
with the empty vectors behaved as the nontransfected cells (see
Materials and Methods). (C) Summary of CFTR-dependent chloride
effluxes measured in 16HBE140- cell monolayers analyzed in the var-
ious experimental conditions reported above. CFTR-dependent chloride
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solutions at 4°C. In brief, cells were rinsed with ice-cold PBS containing 0.1
mM CaCl, and 1 mM MgCl, (PBS-CM) and then incubated with 1 mg/ml
EZ-LinkSulfo-NHS-SS-Biotin (Pierce Chemical) in borate buffer (85 mM NaCl,
4 mM KCl, and 15 mM Na,B,0,, pH 9.0) for 30 min with gentle agitation.
Excess biotin was removed with two 10-min washes in PBS-CM containing
10% fetal bovine serum followed by one wash in PBS-CM. To assay the
internalization of cell surface CFTR, after biotinylation cells were warmed to
37°C for 1, 2.5, and 5 min. Some filters were kept at 4°C for the cell surface
labeling and stripping controls. At the indicated time points, cells were
rapidly cooled and biotin molecules exposed at the cell surface after incuba-
tion at 37°C were cleaved of biotin with three 10-min washes in impermeant
stripping solution (50 mM sodium 2-mercaptoethane-sulfonate [MESNA]),
150 mM NaCl, 1 mM EDTA, 0.2% bovine serum albumin, and 20 mM Tris, pH
8.6) followed by cell lysis. Cells were lysed in biotinylation lysis buffer (BLB:
0.4% deoxycholate, 1% NP-40, 50 mM EGTA, 10 mM Tris-Cl, pH 7.4, and
Protease Inhibitor Cocktail; Sigma-Aldrich). Cells scraped from three inserts
were unified in one Eppendorf. Lysates were centrifuged (10,000 X g) to
remove cell debris, and total protein levels were determined. Equivalent
amounts of cell lysates (1.5 mg) were incubated overnight with 150 ul of
streptavidin (Pierce Chemical). Precipitated proteins were washed three times
with BLB, solubilized with Laemmli sample buffer, separated on a 4-12%
SDS-PAGE, and blotted for CFTR.

Data Analysis

Data are presented as mean * SE for the number of samples indicated (n).
Statistical comparisons were made using unpaired data Student’s t test.
Differences were considered significant when p < 0.05.

RESULTS

We have demonstrated previously that NHERF1 overexpres-
sion has an important role in regulating the activity and the
apical expression of CFIR in human bronchial 16HBE140- cell
monolayers that express wt CFIR, and, importantly, increases
the F508del CFTR expression on the apical membrane and
rescues CFTR-dependent chloride efflux in human bronchial
(F508del /F508del) CFBE4lo- cell monolayers (Guerra et al.,
2005).

Although CFTR membrane expression and activity have
been demonstrated to be dependent on F-actin cytoskeletal
organization (Ganeshan et al., 2007; Okiyoneda and Lukacs,
2007) and it is known that NHERF1 mediates associations
between CFTR and the cytoskeleton via the actin binding
protein ezrin (Short et al., 1998; Moyer et al., 1999; Haggie et
al., 2004), the role of NHERF1 in regulating the dynamics of
cytoskeleton organization still needs to be defined.

Role of NHERF1 Owverexpression in Regulating
CFTR-dependent Chloride Secretion and the F-Actin
Organization and Assembly

16HBE140- Cells. We first determined the F-actin organiza-
tion in polarized 16HBE140- monolayers stained with phal-
loidin-TRITC that in the XY plane displayed bundled F-actin
filaments that seemed to be distributed in the basolateral
and apical areas when the entire volume of the cells was
analyzed by z-axis projection of the confocal images (Figure
1A). Treatment with the F-actin polymerization inhibitor
cytochalasin D disorganized the actin filaments (Figure 1A)
and reduced F-actin content (Figure 1B) and CFTR-depen-
dent chloride secretion (Figure 1C), confirming that disrup-
tion of the cytoskeleton impairs cAMP-dependent activation
of CFTR in 16HBE140- cell monolayers as has been observed
in other cell lines (Prat et al., 1995; Ganeshan et al., 2007).

transport was calculated from the difference in alterations of FSK-
stimulated fluorescence measurements in the absence and presence
of the CFTR inhibitor, CFTR,,,-172 (see Materials and Methods and
Supplemental Figure 3S). Each bar represents the mean * SE. Sta-
tistical comparison was made using Student’s ¢ test with respect to
the values obtained in nontreated cells: ***p < 0.0001, **p < 0.001.
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When we analyzed whether forced alterations in NHERF1
expression in 16HBE140- cells may influence F-actin assem-
bly and CFTR-dependent chloride efflux, we observed that
NHERF1 overexpression not only greatly stimulated CFTR
activity (Figure 1C), as we have shown previously (Guerra et
al., 2005), but also increased the F-actin content (Figure 1B).
In contrast, treatment with NHERF1-specific siRNA (KD
NHERF1) that significantly reduced the level of endogenous
NHERF1 by ~65% and decreased the expression of the fully
glycosylated, mature band C of CFTR without affecting wt
CFTR overall expression (Supplemental Figure 55, A and B),
significantly reduced F-actin assembly (Figure 1B) and com-
pletely inhibited CFTR-dependent chloride secretion (Figure
1C), confirming that NHERF1 plays a positive role in regu-
lating the surface expression of wt CFTR. The nonsilencing,
control siRNA had no effect on either F-actin content (4.04 =
0.18, fluorescence intensity/ug protein, n = 4) or CFIR
activity [0.019 = 0.004 A(F/F;)/min, n = 3].

To explore the possibility that NHERF1 may influence
F-actin organization and CFTR-secretion via the mediation
of ezrin, we transfected 16HBE140- cells with cDNA encod-
ing NHERF1 in which the C terminus ezrin interacting do-
main is deleted (NHERF1-AERM), and we found that this
experimental condition significantly dissipated most of the
cortical actin filaments (Figure 1A, right), reduced F-actin
content (Figure 1B), and, as reported previously by us
(Guerra et al., 2005), decreased apical CFTR-dependent chlo-
ride secretion (Figure 1C), whereas transfection with empty
vector had no effect on any of these parameters (see Materials
and Methods).

In analogy to that observed with NHERF1-AERM, trans-
fection of 16HBE140- cells with the FERM domain of ezrin
bound to GFP (Ezrin-FERM), which blocks ezrin interaction
with actin and functions as a dominant negative of ezrin
(Stanasila et al., 2006), significantly reduced both F-actin
content and CFTR-dependent chloride secretion (Figure 1, B
and C). Importantly, cotransfection of wt NHERF1 together
with Ezrin-FERM reversed the increase of F-actin content and
CFTR-dependent chloride efflux induced by wt NHERF1 over-
expression, demonstrating that NHERF1 overexpression in-
creases both cytoskeleton organization and CFTR-dependent
chloride secretion only when it can interact with actin through
the mediation of ezrin.

CFBE410- Cells. The above-mentioned results, together with
the previous findings demonstrating that NHERF1 was less
expressed in CFBE41o- cells compared with 16HBE140- cells
(Guerra et al., 2005), suggest the possibility that NHERF1
overexpression in CFBE4lo- cells could rescue functional
apical chloride secretion through the ezrin-mediated regula-
tion of the actin cytoskeleton. To verify this, we analyzed the
cytoskeleton organization in CFBE4lo- cells stably overex-
pressing wt NHERF1 (CFBE41o-/sNHERF1) and in CFBE41o-
cells stably transfected with empty pcDNA3.1 vector, called
control CFBE41o- (see Materials and Methods and Supplemental
Figure 1S and 25).

As shown in Figure 2A, control CFBE410- cell monolayers
displayed substantial disorganization of actin filaments in
punctate fluorescent structures, whereas in CFBE4lo-/
sNHERF1 cells, NHERF1 overexpression induced a small
increase in cortical actin filaments and a significant increase
in the F-actin content (Figure 2B) and apical CFTR-depen-
dent chloride efflux (Figure 2C) with respect to CFBE41o-
control cells. Cytochalasin D treatment of CFBE4lo-/
sNHERF1 cells, in analogy to that seen in 16HBE140- cells,
reduced both F-actin levels and CFTR-dependent chloride
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Figure 2. NHERF1 overexpression-dependent increase of F-actin
organization, assembly and CFTR dependent chloride secretion in
CFBE41o- cells. (A) Confocal immunofluorescence microscopy of
control CFBE41o- monolayers displayed substantial disassembly of
actin filaments into punctate fluorescent structures. Stable overex-
pression of wt NHERF1 in CFBE41o- cells (CFBE41lo-/sNHERF1)
partially restored the F-actin organization, as demonstrated by an
increased actin staining at the apical pole of the cells in projections
of the z-axis stack of the confocal images, whereas transfection of
CFBE410- cell monolayers with NHERF1-AERM had no effect on the
F-actin organization. The horizontal section (xy) at the apical level
was taken at 2 um from the top of the epithelial monolayer. The
vertical section (xz) was randomly acquired. ap, location of apical
region; bl, location of basal region. F-actin levels (B) and CFIR-
dependent chloride efflux measurements (C) were performed in
CFBE41o- and in CFBE41o-/sNHERF1 cells in the indicated exper-
imental conditions. Each bar represents the mean * SE. Statistical
comparisons were made using Student’s f test: ***p < 0.0001, **p <
0.001 versus nontreated CFBE410-/sNHERF1.

secretion but had no effect in control CFBE41o- cells (Figure
2, B and Q).

To explore the possibility that ezrin mediates this NHERF1
overexpression-dependent increase of F-actin assembly and
CFTR-dependent chloride secretion in CFBE41o-/sNHERF1
cells, control CFBE410- were transfected with cDNA encoding
NHERF1-AERM. As can be seen in Figure 2, NHERF1-AERM
failed to increase F-actin organization (Figure 2A) and did not
change the low values of either F-actin content or CFTR-de-
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Figure 3. Effect of NHERF1 overexpression and its interaction
with ezrin on the kinetics of CFTR internalization. Polarized cell
monolayers grown on permeable filters were biotinylated at 0°C
and warmed to 37°C for the indicated times and the labeled CFTR
remaining at the cell surface was stripped by MESNA. Internalized
CFTR signals were normalized to the respective surface CFTR sig-
nals and plotted as a function of time. The data points represent
mean * SE of three experiments.

pendent chloride efflux found in control CFBE41o- cells (Figure
2, B and C). Similarly, transfection of control CFBE41o- cells
with the cDNA encoding Ezrin-FERM also did not change
either the F-actin content or the PKA-dependent CFTR
secretion.

Importantly, in analogy to that observed in 16HBE140- cells,
the NHERF1 overexpression-induced increase in both F-actin
content and CFTR-dependent chloride efflux observed in
CFBE410-/sNHERF1 cells was completely reversed by trans-
fection with the Ezrin-FERM domain, demonstrating that the
NHERF1 overexpression-induced increase of these two pro-
cesses in CFBE4lo- cells also depends on the capability of
NHERF1 to interact with the actin cytoskeleton via the medi-
ation of ezrin.

NHERF1 Owverexpression Affects the Kinetics of CFTR
Internalization

We have observed previously that NHERF1 overexpression in
16HBE140- and CFBE41o- cell monolayers increases the sur-
face apical expression of both wt and F508del CFIR as mea-
sured by apical biotinylation and concluded that this increase
could explain the NHERF1-induced increase of CFTR activity
measured in both 16HBE140- and CFBE41o- cell monolayers
(Guerra et al., 2005). Therefore, we next determined whether
that increase of surface expression could be explained by a
NHERFI-dependent regulation of wt and F508del CFTR endo-
cytosis. To this end, we analyzed the rate of endocytosis in
polarized cell monolayers of 16HBE140- or 16HBE14o0-
expressing NHERF1-AERM monolayers, as well as in con-
trol CFBE4lo- and in CFBE4lo-/sNHERF1 monolayers by
using the biotin protection assay described in Materials and
Methods (Figure 3). In the control CFBE410- cells, which have a
low but measurable cell surface expression of F508del CFTR
protein in the apical membrane (Guerra et al., 2005), a larger
fraction of surface-labeled F508del CFTR was internalized
in the first 2.5 min. The overexpression of wt NHERF1
(CFBE410-/sNHERF], triangles) decreased F508del CFIR in-
ternalization to levels similar to that found for wt CFIR in
16HBE140- cells (diamonds). Moreover, transfection of
16HBE140- cells with NHERF1-AERM (circles) greatly in-
creased wt CFTR internalization to levels similar to those ob-
served in control CFBE41o- (squares) cell monolayers, suggest-
ing that NHERF1 greatly influences both wt CFTR and F508del
CFIR internalization through its interaction with the actin
cytoskeleton via ezrin.
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Figure 4. NHERF1 overexpression modulates CFTR-NHERF1,
NHERFI1-ezrin, and ezrin—actin interactions. The interaction be-
tween NHERF1 and CFTR, NHERF]1, and ezrin as well as between
ezrin and actin were measured in coimmunoprecipitation experi-
ments as described in Materials and Methods. Representative blots
show immunoprecipitates (IP) obtained with polyclonal NHERF1
antibody and immunoblotted (IB) with monoclonal CFTR antibody
(n = 3) or monoclonal ezrin antibody (n = 4) or immunoprecipitates
with monoclonal ezrin antibody and immunoblotted with monoclo-
nal B-actin antibody (n = 4) in CFBE4lo-, CFBE4lo-/sNHERF1
cells. In 16HBE140- cells immunoprecipitation was performed for
three times. Right, respective whole cell lysates (WCL).

NHERF1 Owverexpression Increases NHERF1-Ezrin-Actin
Interactions in CFBE410- Cells

To investigate whether NHERF1 overexpression in CFBE41o-
cells may directly regulate the association between the various
components of the signal complex CFTR-NHERF1-ezrin-actin,
we performed a series of coimmunoprecipitation experiments
in control CFBE41o- and CFBE41o-/sNHERF1 cells (Figure 4).
Coimmunoprecipitation with anti-human NHERF1 followed
by Western blotting analysis of the resulting immunoprecipi-
tates with anti-human CFIR or anti-human ezrin showed that
the interaction between NHERF1 and CFTR as well as between
NHERF1 and ezrin was significantly higher in CFBE4lo-/
sNHERF1 than in control CFBE4lo- cells (2.85 = 0.11-fold
increase, n = 3, p < 0.01 and 3.13 £ 0.15-fold increase, n = 4,
p < 0.001, respectively, for the NHERF1-CFTR and the
NHERF1-ezrin interactions). Furthermore, coimmunoprecipi-
tation of cell homogenates with anti-ezrin followed by Western
blotting with anti-B-actin (Figure 4, bottom left) showed that
NHERF1 overexpression significantly increased the interaction
of ezrin with actin (3.03 * 0.13-fold increase, n = 4, p < 0.001).
Interestingly, as seen in Figure 4, the pattern of interaction
between CFTR-NHERF1-ezrin-actin found in CFBE4lo-/
sNHERFI cells was similar to that found in 16HBE140- cells.

Furthermore, analysis of whole cell lysates (Figure 4,
WCL, right) demonstrated that stable transfection of control
CFBE41o0- cells with wt NHERF1 increased NHERF1 expres-
sion (178.10 * 11.30%, n = 7, p < 0.001), whereas not
significantly changing total ezrin, actin, or overall CFTR
expression (115.52 = 8.09%, n = 3; 104.93 * 6.41%, n = 4;
and 92.71 + 4.72%, n = 4 for CFTR, ezrin, and actin, respec-
tively).

As seen in the top panels of Figure 5A, the increase of the
interaction between NHERF1 and actin observed in
CFBE41o-/sNHERF1 cells, was compromised when control
CFBE41o- cells were transfected with ¢cDNA encoding
NHERF1-AERM. The phosphorylation of the C-terminal
Thr567 residue in ezrin is important in maintaining it in an
“open” form where its C terminus can bind F-actin and its N
terminus can bind NHERF1 (Bretscher et al., 1997; Matsui et al.,
1998). As seen in the bottom panels of Figure 5B, blocking ezrin
phosphorylation via transfection of CFBE41o-/sNHERF1 cells
with ¢cDNA encoding for the phospho-dead ezrin mutant,
T567A, which cannot be phosphorylated, resulted in a signifi-
cantly lower interaction between NHERF1 and actin in
CFBE410-/sNHERF1, demonstrating that the phosphorylation
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Figure 5. NHERF1-actin interaction was compromised in cells transfected with NHERF1-AERM or with nonphosphorylable ezrin cDNAs.
A representative blot (left) and histogram summarizing relative densitometric values (right) are shown for immunoprecipitates with
polyclonal NHERF1 antibody and immunoblotted with monoclonal B-actin antibody in CFBE41o-, CFBE410-/sNHERF1, and CFBE410- cells
transfected with the cDNA encoding NHERF1-AERM (n = 3) (A); and immunoprecipitates with NHERF1 antibody and immunoblotted with
actin antibody in CFBE41o- and CFBE410-/sNHERF1 cells transfected or not with cDNA encoding for the nonphosphorylable ezrin mutant

T567A (n = 4) (B), **p < 0.001 versus nontransfected CFBE41o- cells.

of ezrin at Thr567 is a key step in the formation of the multi-
protein complex NHERF1-ezrin-actin.

NHERF1 Owverexpression Relocalizes Phospho-ERM
Proteins in CFBE410- Cells

Therefore, we next examined phospho-ezrin distribution in
both control CFBE41o- and CFBE410-/sNHERF1 cell monolay-
ers with a phospho-ERM [ezrin (Thr567)/Radixin (Thr564)/
Moesin (Thr558)] antibody. Results obtained in cell fraction-
ation experiments measuring the expression of phosphorylated
ezrin (top band, arrowhead corresponding to the phosphory-
lated ezrin) and total ezrin in the membrane, cytosolic, and
cytoskeletal fractions by Western blotting (Figure 6A, top)
showed that the overexpression of wt NHERF1 (CFBE41o-/
sNHERFT1 cells) increased the ratio of phosphorylated to total
ezrin in the membrane fraction, and this did not occur in either
control CFBE41lo- cells or those transfected with NHERF1-
AERM. These results are in line with the findings that phos-
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phorylated, activated ERM proteins are preferentially targeted
to the actin rich membrane structures (Matsui et al., 1998;
Hayashi et al., 1999). Confocal analysis of polarized monolayers
on permeable filters (Figure 6A, bottom), confirmed that phos-
pho-ERM proteins were lowly and randomly expressed in
control CFBE41o- cells, whereas stable overexpression of wt
NHERF1 (CFBE41lo-/sNHERF1 cells) led to a significant in-
crease of phospho-ERM expression mainly at the apical region.
Interestingly, this apical redistribution of phospho-ERM was
dependent on the capability of NHERFI to interact with the N
terminus of ezrin because CFBE41o- cells transfected with the
cDNA encoding the NHERF1-AERM construct displayed a
phospho-ERM distribution similar to that observed in control
CFBE410- cells. Altogether, these results suggest that the over-
expression of NHERF1 regulates the intramolecular association
of ezrin and its subsequent activation and recruitment in the
apical region. Importantly, the hypothesis that NHERF1 over-
expression in CFBE410- cells restores a “normal” phenotype is
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supported by the finding that confocal analysis of phospho-
ERM distribution in 16HBE140- cells (Figure 6B) was similar to
that found in the CFBE41o-/sNHERF1 cells.

Involvement of RhoA/IROCK Pathway in the Regulation
of F-Actin Content and CFTR Activity

RhoA is an important regulator of actin-based cytoskeletal
organization (Tapon and Hall, 1997) and, in most cell types,
is an upstream activator of ezrin (Matsui et al., 1998). In cell
fractionation experiments, we observed that transfection
with the dominant active mutant of RhoA, RhoA-V14, in-
creased the ratio of phosphorylated to total ezrin in the
membrane fraction of CFBE41o- cells similarly to that ob-
served during NHERF1 overexpression (Figure 7). We then
analyzed the role of RhoA in regulating F-actin content and
CFTR-dependent chloride efflux. Transfection of control
CFBE41o0- cells with the dominant active RhoA-V14 induced
a significant increase of cortical actin filaments (Supplemen-
tal Figure 6S) and strongly increased both F-actin content
(Figure 8A, white bars) and CFTR-dependent chloride efflux
(Figure 8B, white bars), whereas transfection with the dom-
inant negative mutant of RhoA (RhoA-N19) had no effect. To
assess if RhoA-V14-dependent rescue of CFTR activity re-
sulted from a redistribution of F508del CFTR from the cy-
toplasm to the apical membrane, we performed confocal
immunofluorescence measurements in nonpermeabilized
CFBE41o- polarized cell monolayers stained with an mAb
that recognizes a sequence in the first extracellular loop of
the human CFTR protein (Bossard et al., 2007). As can be
seen in Figure 8C, F508del CFTR was highly expressed on
the apical membrane of CFBE41o- cell monolayers that had
been transfected with RhoA-V14 bound to GFP, whereas

80

p ‘u‘lﬂ”i bl @

and 2) graphic representation of phospho-ezrin
subcellular distribution, expressed as the phos-
pho-ezrin/total ezrin ratio normalized in each
fraction to the level in nontransfected CFBE41o-
cells, designated as 1. Data represent means *
SE, n = 7, *p < 0.01, versus nontransfected
CFBE4lo- cells. 3) Confocal immunofluores-
cence microscopy was performed on polarized
monolayers of CFBE410-, CFBE410-/sNHERF]I,
and CFBE4lo- transfected with NHERF1-
AERM cDNA grown on permeable filters. Phos-
pho-ERM was detected by polyclonal antibody
and the images are in the vertical (xz) plane. ap,
location of apical region; bl, location of basal
region. Bars, 10 um. (B) Phospho-ERM localiza-
tion in 16HBE14o0- cell monolayers. Confocal
immunofluorescence microscopy was per-
formed in polarized 16HBE14o0- cells grown on
permeable filters. Bars, 10 wm.

ap

bl

nontransfected CFBE41o- monolayers did not show any sig-
nal for CFTR membrane expression. Altogether, these data

membrane cytosol cytoskeleton
P-Thr567-ezrin » — . 80 kDa
total ezrin —— m— & 80 kDa
ctrl RhoA-V14  ctrl RhoA-V14 ctrl RhoA-V14
34
3 ctrl

[ RhoA-V14

P-ezrin/total ezrin
(fold increase relative to ctrl)

membrane cytosol cytoskeleton

CFBE41o-

Figure 7. Regulation of phospho-ezrin distribution by RhoA in
CFBE41o- cells. A representative Western blot analysis for P-ezrin at
Thr567 and total ezrin in membrane, cytosolic, and cytoskeletal
fractions of control CFBE41o- cells transfected with the constitu-
tively active mutant of RhoA, RhoA-V14, and histogram represen-
tation of phospho-ezrin subcellular distribution in CFBE41o- and
CFBE41o0- cells transfected with RhoA-V14, expressed as the ratio of
phospho-ezrin/total ezrin normalized in each fraction to that in
nontransfected CFBE41o- cells, designated as 1. Data are means *
SE, n = 5; **p < 0.001 versus nontransfected cells.

Molecular Biology of the Cell



NHERF1-dependent F508del CFTR Rescue

A g8
B
&
0 6
- sk
Ep= r
g2
© 8 4
E g ! i L T
Q o
L:E % N . *F*
g 7
S
=
& o
n=12 n=3 n=8 n=6 n=5 n=4 n=16 n=7 n=4
ctrl  RhoA- RhoA- ctrl  RhoA- RhoA- ctrl  RhoA- RhoA-
N19 V14 N19 V14 NI9 V4
B CFBE41o- CFBE41o-/sSNHERF1 16HBE140-
Figure 8. Regulation of F-actin content and g 0.05
CFIR activity mediated by RhoA. (A) Sum- &5
mary of F-actin content measurements per- 004
formed in CFBE41o- and CFBE410-/sNHERF1 ﬁ ’
and 16HBE14o- cells. Each bar represents the 5=
mean * SE; **p < 0001 and **p < 00001 5 E 0.03
versus nontransfected cells. Ctrl, nontransfected =)
cells; RhoA-N19, cells transfected with cDNA 2 E
encoding dominant-negative RhoA; and RhoA- 53 0.02 ok L L
V14, cells transfected with cDNA encoding con- i T
stitutively active RhoA. (B) Summary of CFTR- i 0.01 ' '
dependent chloride secretion measurements in g ' ok
CFBE41o0- cells; CFBE410-/sNHERF1 cells and ] T ok
16HBE14o0- cells transfected or not with RhoA = 0 == ﬁ ==
mutants. CFTR-dependent chloride efflux was n=7 =3 n=7 n=6  n=5 n=6 n=12 n=7 n=5
calculated as described previously; **p < 0.001 ctrl  RhoA- RhoA- ctrl RhoA- RhoA- ctrl RhoA- RhoA-
and **p < 0.0001 versus nontransfected mono- N19 V14 N19 V14 N19 V14
layers. (C) Confocal immunofluorescence mi-
croscopy images of polarized CFBE410- mono- CFBE4lo- CFBE410-/sNHERF1 16HBE140-
layers grown on permeable filters, transfected
or not with cDNA for GFP-RhoA-V14 (green). ©
Unpermeabilized cells were immunolabeled 5 g &P
with a primary mouse mAb (CF3) raised =
against ’&e extz',acellular first loop of CFTR = S EERCIIUY Ll
(red), as described in Materials and Methods. )
Confocal scans are shown in the vertical cross- o <§ -+ ap
section (xz) plane. ap, location of apical region; Sl 15030c.CFTR i

bl, location of basal region. Bars, 10 wm.

suggest that in CFBE410- cells, RhoA activity is very low and
its activation is able to rescue both F-actin polymerization
and F508del CFTR functional expression in the apical mem-
brane.

Importantly, in identical experiments conducted in both
CFBE41o-/sNHERF1 (Figure 8, A and B, black bars) and
16HBE14o0- cells (Figure 8, A and B, gray bars), inhibition of
RhoA with the dominant-negative mutant RhoA-N19 signif-
icantly decreased both F-actin content and CFTR-dependent
chloride secretion, whereas RhoA-V14 was ineffective, con-
firming again that CFBE4lo-/sNHERF1 cells behave as
16HBE140- cells.

The finding that RhoA-V14 in CFBE4lo-/sNHERF1 did
not cause a further increase in either F-actin content or CFTR
activity suggests that NHERF1 is required for RhoA activa-
tion. Figure 9A shows a representative blot of a pull-down
assay for active RhoA (RhoA-GTP), indicating that RhoA ac-
tivity is higher in both CFBE41o-/sNHERF1 and 16HBE14o-
cells than in control CFBE41o- or CFBE410- cells transfected
with NHERF1-AERM. Total RhoA levels in the samples
before precipitation were unchanged in the cell lines and
were used to normalize changes in RhoA activity for anal-
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ysis of multiple experiments by using a scanning densitom-
eter (Figure 9B).

These data suggest that NHERF1 can regulate RhoA acti-
vation only when it can interact with the N terminus of ezrin
through its ERM binding domain. To confirm this hypothe-
sis, we performed FRET microscopy to directly analyze the
amount of active RhoA in intact living cells. We measured
RhoA activity state by using a single-chain CFP/YFP FRET
biosensor for RhoA (pRaichu 1297x) (Yoshizaki et al., 2004),
which directly monitors the level of the endogenous RhoA-
GTP by measuring FRET between the two GFP mutants
fused to the RBD of Rhotekin. Using this FRET-based probe,
we verified that RhoA activity was significantly higher in
CFBE41o-/sNHERF1 cells than in control CFBE4lo- or
CFBE41o0- cells overexpressing NHERF1-AERM (Figure 9C).

In most cell types, RhoA acts as an upstream signal mol-
ecule to activate ROCK, which, in turn, is involved in phos-
phorylating ezrin, which maintains ezrin in its active state
by preventing its self-association (Matsui et al., 1998). In line
with the RhoA functional data, a 12-h preincubation of
CFBE410-/sNHERF1 cells with the ROCK selective inhibitor
Y-27632 (1 uM) (Uehata et al., 1997) significantly inhibited 1)
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Figure 9. NHERF1 overexpression in-
creases RhoA activity in CFBE4lo- cells.
RhoA activity was analyzed by pull-down
assay by using GST-RBD of Rhotekin (A and
[ B) in CFBE4lo- and CFBE4lo-/sNHERF1,
CFBE4lo- transiently transfected with cDNA
encoding NHERF1-AERM and 16HBE14o0-
cells. Proteins bound to GST-RBD and total
lysates were subjected to SDS-PAGE and
immunoblotting by using anti-RhoA anti-
body. (A) Representative Western Blot of
GST-RBD pull-down showing RhoA activ-
ity. Bottom, amount of total RhoA in whole
cell lysates. (B) Summary of pull-down ex-
periments. The intensity of each band was
quantified by image analysis with the NIH
Image software package. RhoA activity is
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RhoA and normalized to that found in non-
transfected CFBE410- cells designated as 1.
Data are means * SE; *p < 0.01 and *p <
0.001 versus control cells. (C) Sensitized FRET
analysis of RhoA activity in live CFBE4lo-,
CFBE41lo-/sNHERF1, and CFBE410-NHERF1-
AERM cells. Cells were transfected with the
RhoA FRET biosensor pRaichu-1297x, which
shows a decrease in YFP emission upon GTP
loading of RhoA, and then they were imaged
for CFP and YFP emission. Activation of RhoA
can be determined as an increase in the ratio of
the CFP image over the YFP image. Data are
the mean =+ SE; **p < 0.0001. (D) Pseudocolor
images of representative CFBE410-, CFBE410-/
sNHERFI, and CFBE410-NHERF1-AERM cells
in the FRET measurements of RhoA activity.
FRET images, obtained as described in Materi-
als and Methods, are presented in pseudocolor
mode such that red indicates the highest Em-
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NHERF1-AERM

CFP/EmYFP ratio (highest RhoA activity) and blue the lowest EmMCFP/EmYFP ratio (lowest RhoA activity).

the NHERF1-dependent increase of phospho-ezrin in the
membrane fraction of CFBE4lo-/sNHERF1 cells (Figure
10A), 2) the increase of F-actin (Figure 10B), and 3) the rescue
of CFTR activity (Figure 10C). Again the same pattern of
inhibition of both F-actin content and CFTR-dependent chlo-
ride secretion induced by Y-27632 in CFBE41o-/sNHERF1
was also found in 16HBE14o0- cells (Supplemental Figure 75).
Although we cannot exclude the possibility that other ki-
nases besides ROCK could be affected by long Y-27632 pre-
incubation, these data, altogether, suggest that there is a
complex interaction network between these proteins and a
possible positive feedback mechanism among NHERF1,
RhoA, and ezrin that could further regulate F508del CFTR
stability in the apical membrane by tethering it to the actin
cytoskeleton.

DISCUSSION

NHERF1 was the first PDZ protein found to bind the C-
terminal target domain of CFTR (Hall et al., 1998), and this
interaction was demonstrated to regulate both CFIR po-
larized expression in the apical plasma membrane and the
vectorial transport of chloride (Moyer et al., 2000). In this
context, the association among the CFITR C terminus,
NHERF]I, ezrin, and the actin cytoskeleton has been pro-
posed to physically tether CFTR on the membrane (Short et
al., 1998). Indeed, NHERF1 has been found to be localized to
the apical membrane in human airway 16HBE14o0- cells
expressing wt CFTR (Mohler et al., 1999; Guerra et al., 2005),
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whereas it is diffusely distributed in the cytoplasm in
CFBE41o- (F508del /F508del) cells (Guerra ef al., 2005). More-
over, in 16HBE140- cell monolayers, wt NHERF1 overex-
pression increases, whereas NHERF1-AERM overexpression
decreases both surface apical CFTR expression and activity
(Guerra et al., 2005). Importantly, wt NHERF1 overexpres-
sion induces both a significant redistribution of NHERF1
and F508del CFTR from the cytoplasm to the apical mem-
brane and rescues CFTR-dependent chloride secretion in
polarized cell monolayers of CFBE41o- and CFT1-C2 cells
(Guerra et al., 2005) as well as in Madin-Darby canine kidney
(MDCK) monolayers transiently transfected with F508del
CFTR (Bossard et al., 2007).

In this study, we have extended these findings and have
analyzed the role of NHERF1 overexpression in influencing
cytoskeletal organization, and, subsequently, the CFTR-de-
pendent chloride efflux in both 16HBE140- and CFBE4lo-
cells. Concerning 16HBE140- polarized monolayers express-
ing wt CFTR, we found that they 1) displayed bundled actin
filaments and treatment with the F-actin polymerization
inhibitor cytochalasin D disorganized most of the actin fila-
ments with a reduction of both F-actin content and CFTR-
dependent chloride secretion; 2) NHERF1 overexpression
increased both F-actin content, and as demonstrated previ-
ously (Guerra et al., 2005), CFTR activity, whereas NHERF1
knockdown inhibited these processes; 3) both cotransfection
of wt NHERF1 with the FERM domain of ezrin, which
blocks ezrin interaction with actin (Stanasila et al., 2006), or
transfection of NHERF1 lacking its ezrin binding domain

Molecular Biology of the Cell
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Figure 10. Involvement of ROCK signaling
in ezrin phosphorylation, F-actin content, and
CFTR-dependent chloride efflux. Cell frac-
tionation analysis (A), F-actin content (B), and
CFTR-dependent chloride efflux (C) were per-
formed in control CFBE4lo- cells and in
CFBE410-/sNHERF1 cells in control condi-
tions and after 12-h treatment with the ROCK
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Summary of CFTR-dependent chloride efflux 0
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(NHERF1-AERM) decreased both F-actin content and CFTR
activity.

This correlation between the biochemical quantitative F-
actin content and the functional measurements of CFTR
activity together with the results of the coimmunoprecipita-
tion experiments, favors the idea that in 16HBE140- cells,
NHERFI is primarily involved in the regulation of the actin
cytoskeleton network and the CFTR functional expression
via the formation of the multiprotein complex CFTR-
NHERFI-ezrin-actin. Our data are consistent with a growing
body of evidence supporting the view that the organization
of cytoskeleton network is strictly correlated with apical
CFTR expression. It has been suggested that the cytoskele-
ton network can be a potential modulator of CFTR expres-
sion at the cell surface and proposed that actin disassembly,
induced by neural Wiskott-Aldrich syndrome protein (N-
WASP) inhibition, could attenuate CFTR confinement into a
immobilized pool promoting its recruitment in clathrin
coated pits as a prelude to its internalization (Ganeshan et
al., 2007). Moreover, it has been demonstrated that although
CFTR diffusion was highly confined under control condi-
tions, it increased after C-terminal CFTR truncations, expres-
sion of NHERF1-AERM or by cytoskeletal disruption (Bates
et al., 2006; Haggie et al., 2006). In line with the hypothesis
that NHERF1 may stabilize wt CFTR on the apical mem-
brane by linking it to the cytoskeleton, we found that
NHERF1-AERM overexpression in 16HHBE140- monolayers in-
creased CFTR internalization with respect to nontransfected
cells (Figure 3).
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In light of these results obtained in 16HBE14o0- cells and
the previous findings demonstrating that CFBE41lo- cells
express lower levels of NHERF1 than 16HBEl4o- cells
(Guerra et al., 2005), we hypothesized that the observed
NHERF1 overexpression-dependent enhancement of the
functional cell surface expression of F508del CFTR protein in
CFBE41o- monolayers (Guerra et al., 2005), could be due, at
least in part, to the effect of NHERF1 overexpression on actin
cytoskeleton organization. Indeed, here we found that
CFBE41o- polarized cells monolayers 1) displayed substan-
tial disassembly of actin filaments; 2) overexpression of wt
NHERF1, but not NHERF1-AERM, increased F-actin assem-
bly, induced a small increase in cortical actin filaments, and
rescued CFTR activity; 3) cotransfection of wt NHERF1 with
ezrin-FERM blocked this NHERF1 overexpression-induced
increase in both F-actin content and CFTR-dependent chlo-
ride secretion; 4) overexpressing wt NHERF1 greatly in-
creased the interaction between CFTR, NHERF1, ezrin, and
actin in coimmunoprecipitation experiments; and impor-
tantly, 5) the overexpression of wt NHERF1 in CFBE41o0- cell
monolayers decreased F508del CFIR internalization to levels
of wt CFTR observed in 16HBE140- cells (Figure 3). Altogether,
these results demonstrate that wt NHERF1 overexpression in
CFBE410- cells, as we have found in 16HBE14o0- cells, affects
F-actin organization and assembly only when it can interact
with ezrin.

Importantly, the phosphorylation of ezrin was necessary for
the NHERF1-actin interaction because this interaction was
compromised in CFBE4lo-/sNHERFI cells transfected with
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the phospho-dead ezrin (ezrin T567A; Figure 5B). Indeed, ezrin
activity is known to be regulated by intramolecular interactions
between its N-(FERM) and C-terminal binding sites (Bretscher
et al., 2002) and the phosphorylation of the C-terminal T567
residue maintains ezrin in the active state by suppressing this
intramolecular interaction and thereby regulating its ability to
interact with NHERF1 and actin (Matsui ef al., 1998; Gautreau
et al., 2000). It has been found that this active, open form of
ezrin colocalizes with NHERF1 at or near the plasma mem-
brane of polarized cells where they reciprocally stabilize each
other and function together in organizing macromolecular
complex (Morales et al., 2004). Indeed, here in confocal analysis
performed in polarized monolayers phospho-ezrin was almost
absent in nontransfected CFBE410- cells, whereas it was relo-
calized beneath the apical membrane in CFBE41o- cell mono-
layers overexpressing wt NHERF1 (Figure 6A, bottom). Inter-
estingly, a similar apical distribution of phospho-ezrin was
found in 16HBE140- monolayers (Figure 6B), suggesting that
NHERF1 overexpression in CFBE410- cells restores a “normal”
phenotype. Furthermore, when we transfected CFBE410- cells
with the cDNA encoding the NHERF1-AERM construct, we
found that the distribution of phospho-ezrin was similar to that
found in nontransfected CFBE41o- cells. Similarly, the ratio of
phosphorylated to total ezrin, determined in fractionation ex-
periments, was much higher in the membrane fraction of
CFBE41o-/sNHERFI than in either nontransfected CFBE41o-
cells or transfected with NHERF1-AERM (Figure 6A, top). Al-
together, these data demonstrate that NHERF1 overexpression
may regulate the phosphorylation of ezrin only when it can
interact with N terminus of ezrin through its ERM binding
domain. One possible hypothesis is that NHERF1 overexpres-
sion could displace the C terminus of ezrin for the binding with
its N terminus, unmasking the F-actin binding site and, in this
way, regulate the intramolecular association of ezrin and its
subsequent activation and recruitment on the apical region.
Furthermore, ezrin is a PKA-anchoring protein and when in its
open form may recruit the regulatory subunit of PKA to the
proximity of CFTR, leading to its activation (Sun et al., 2000).
Numerous studies have demonstrated that the small GTPase
RhoA is a critical mediator of cytoskeletal organization (Tapon
and Hall, 1997; Mackay and Hall, 1998) and regulates ERM
protein phosphorylation (Matsui et al., 1999). Here, we show
that the dominant-active mutant of RhoA, RhoA-V14, increases
the amount of phospho-ezrin in the membrane fraction of
CFBE41o- cells (Figure 7), causes an increase in the F-actin
organization and assembly, rescues the CFTR-dependent chlo-
ride efflux, and induces a significant redistribution of F508del
CFIR from the cytoplasm to the apical membrane (Figure 8
and Supplemental Figure 6S). These results confirm that RhoA
activation is a crucial step for the ezrin phosphorylation, the
organization of the actin cytoskeleton and the subsequent in-
crease of F508del CFTR cell surface expression. Furthermore,
the findings that RhoA-V14 did not cause a further increase in
F-actin content or CFTR secretion in CFBE41o-/sNHERF1 as
well as in 16HBE140- cell monolayers suggests the hypothesis
that the presence of NHERF1 in the multiprotein complex
could be directly or indirectly involved in the activation of
RhoA. This hypothesis is supported by the data demonstrating
that RhoA activity is higher in both CFBE410-/sNHERF1 and
16HBE140- cells than in CFBE4lo- cells transfected with
NHERF1-AERM or in control CFBE410- cells (Figure 9). There-
fore, NHERF1, by interacting with ezrin, modulates ezrin acti-
vation that, in turn, may initiate the activation of RhoA. Indeed,
the binding of Rho-GDP dissociation inhibitor (Rho-GDI) to the
exposed N-terminal domain of ezrin has been demonstrated to
release RhoA-GDP from the inhibitor, allowing its activation
by a GDP-GTP exchange factor (Howard et al., 2000). There-
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fore, NHERF1-dependent recruitment of ezrin to the apical
membrane of CFBE41o-/sNHERF1 cells not only would me-
diate its anchorage to the actin filaments but also would acti-
vate RhoA-dependent signaling. A similar signaling module
has been described in MDCK cells where podocalyxin activates
RhoA and induces actin reorganization through NHERF1 and
ezrin (Schmieder et al., 2004). RhoA, once activated, may also
contribute as a positive feedback to maintain ezrin in an active
conformation via either ROCK-dependent phosphorylation of
the C-terminal Thr567 residue in ezrin and/or by RhoA-de-
pendent activation of phosphatidylinositol-4-phosphate 5-ki-
nase, which controls the production of phosphatidylinositol
4,5-bisphosphate [PI(4,5)P2] (Bretscher et al., 2002; Yonemura et
al., 2002; Ivetic and Ridley, 2004).

Depending on the cellular system analyzed, ROCK can
play several roles in RhoA-induced actin organization and
ROCK may either control actin filament bundling by regu-
lating myosin light chain phosphorylation (Kimura et al.,
1996) or promote F-actin accumulation by activating LIM
kinases (Arber et al., 1998). The signaling pathways linking
RhoA to F-actin assembly can also involve the diaphanous-
related formins mDIA (Watanabe et al., 1997), and, in some
cellular systems, mDIA and ROCK may cooperatively act as
downstream targets of RhoA in Rho-induced changes in
actin dynamics (Tominaga et al., 2000; Nakano et al., 2003).
Here, we found that treatment with the selective ROCK
inhibitor Y-27632 significantly decreased the amount of
phospho-ezrin in the membrane fraction of CFBE4lo-/
sNHERF1 and inhibited the NHERF1 overexpression-de-
pendent increase of F-actin assembly and CFTR-dependent
chloride secretion in CFBE41o-/sNHERF1 cells. The dissec-
tion of the kinases down-stream of ROCK activation will be
an important future field of research.

Altogether, these data provide further support for a cen-
tral role of NHERF1 in regulating the formation of the
ezrin-RhoA-ROCK-actin multiprotein complex and stabiliz-
ing both wt CFTR and F508del CFIR in the apical mem-
brane. In CFBE41o/sNHERF1, we hypothesize (see model in
Supplemental Figure 8S) that it is the overexpression of
NHERF1 that regulates the formation of the CFTR-NHERF1-
ezrin complex and that this complex, by activating the
RhoA/ROCK pathway, increases F-actin organization and
assembly and, in parallel, induces the phosphorylation of
ezrin, which provides a regulated linkage between F508del
CFIR and the actin cytoskeleton. This linkage stabilizes
CFIR in the membrane by delaying its internalization and
promoting the accumulation of F508del CFTR in the mem-
brane. Further studies will be needed not only to define the
exact sequence of events induced by NHERF1 overexpres-
sion in CFBE410- cells that leads to RhoA activation but also
the role of other eventual components of the multiprotein
complex, such as PI(4,5)P2, that has been demonstrated to be
required for the translocation of ERM proteins to the mem-
brane (Yonemura ef al., 2002; Fievet et al., 2004). Moreover, it
will be important to analyze whether the different cellular
localization of the components of the multiprotein complex
identified in our heterologous cell systems occur in vivo; in
this light, studies in wt, CF, or NHERF1 knockout mice will
be valuable.
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