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Abstract

Cystic fibrosis (CF) is @ monogenetic disease resulting from mutations in the Cystic Fibrosis Transmembrane
conductance Regulator (CFTR) gene encoding an anion channel. Recent evidence indicates that CFTR plays a role in
other cellular processes, namely in development, cellular differentiation and wound healing. Accordingly, CFTR has
been proposed to function as a tumour suppressor in a wide range of cancers. Along these lines, CF was recently
suggested to be associated with epithelial-mesenchymal transition (EMT), a latent developmental process, which can
be re-activated in fibrosis and cancer. However, it is unknown whether EMT is indeed active in CF and if EMT is
triggered by dysfunctional CFTR itself or a consequence of secondary complications of CF. In this study, we
investigated the occurrence of EMT in airways native tissue, primary cells and cell lines expressing mutant CFTR
through the expression of epithelial and mesenchymal markers as well as EMT-associated transcription factors.
Transepithelial electrical resistance, proliferation and regeneration rates, and cell resistance to TGF-3linduced EMT
were also measured. CF tissues/cells expressing mutant CFTR displayed several signs of active EMT, namely:
destructured epithelial proteins, defective cell junctions, increased levels of mesenchymal markers and EMT-associated
transcription factors, hyper-proliferation and impaired wound healing. Importantly, we found evidence that the
mutant CFTR triggered EMT was mediated by EMT-associated transcription factor TWIST1. Further, our data show that
CF cells are over-sensitive to EMT but the CF EMT phenotype can be reversed by CFTR modulator drugs. Altogether,
these results identify for the first time that EMT is intrinsically triggered by the absence of functional CFTR through a
TWIST1 dependent mechanism and indicate that CFTR plays a direct role in EMT protection. This mechanistic link is a
plausible explanation for the high incidence of fibrosis and cancer in CF, as well as for the role of CFTR as tumour
suppressor protein.

Introduction

Cystic fibrosis (CF) is the most common life-shortening
monogenic condition in Caucasians, affecting over 90,000
individuals worldwide'. CF is a multi-organ disease, with
manifestations that include pancreatic insufficiency,
intestinal obstruction, liver disease and male infertility.
However, its main cause of morbidity and mortality is
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respiratory failure due to pulmonary insufficiency, caused
by chronic inflammation, recurrent infections and tissue
fibrosis>. CF is caused by mutations in the gene encoding
the CF Transmembrane conductance Regulator (CFTR)
protein, a chloride (Cl7)/ bicarbonate (HCO3;~) channel
expressed at the apical plasma membrane (PM) of epi-
thelial cells*. The most common CF-causing mutation is
deletion of phenylalanine 508 (F508del), which leads to
defective intracellular trafficking to the PM>. Other CFTR
mutations cause decreased protein production, defective
channel gating or conductance, decreased stability at the
PM or total absence of CFTR protein’.
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Besides its major function as an anion channel and
regulator of other epithelial channels’, CFTR has also
been implicated in other cellular processes including
epithelial differentiation, polarization and proliferation.
Indeed, CFTR has been related to the normal organization
and function of tight junctions (TJs) and its presence at
the PM was described as essential for epithelial tightness®.
Functional CFTR is also required for rapid regeneration of
human airway surface epithelium after injury, and wound
healing is delayed in CF epithelia compared with non-CF
controls”®. CF vs non-CF airway epithelia also exhibit an
overall delay in differentiation® and dysfunctional CFTR
leads to morphological abnormalities in proximal airways
during early foetal airway development’. Indeed, mice,
pigs and young children lacking functional CFTR display
defects in tracheal development namely, malformations of
the cartilaginous rings, reduced breathing rate and
decreased contractile response'®''. Another CF airways
feature is increased epithelial cell proliferation®'?. Sig-
nificantly, a longitudinal study of a large cohort of indi-
viduals with CF reported higher risk of several cancer
forms, especially of the digestive tract'>. Many studies
have reported that CFTR functions as a tumour sup-
pressor'*~*¢, and some suggested a link between CFTR
downregulation in tumour cells and induction of
epithelial-mesenchymal transition (EMT)"~'°. Recent
transcriptional profiling analysis revealed impaired epi-
thelial differentiation and an EMT signature in CF air-
ways>?. However, it is unknown whether EMT is indeed
active in CF and if so, what is the trigger, dysfunctional
CFTR or a secondary disease event (e.g., chronic inflam-
mation). Importantly, the mechanisms by which CFTR
regulates development, differentiation or even tumor-
igenesis are poorly understood. Recently, the possible
relationship between CFTR and EMT was comprehen-
sively reviewed?'.

EMT is a latent, developmental process, involving
transcriptional reprogramming of epithelial cells into a
mesenchymal phenotype with enhanced migratory prop-
erties. The EMT programme is driven by EMT-associated
transcription factors (EMTa-TF) including members of
the Snail, Zeb and Twist families. During EMT, genes
encoding epithelial-specific proteins including compo-
nents of tight (T7J), adherens (AJ), gap (GJ) junctions, and
desmosomes are inactivated, and the cytoskeleton reor-
ganized. Consequently, apical-basal polarity is lost, and
cell shape changes. In parallel, genes defining the
mesenchymal phenotype including those associated with
the cytoskeleton (vimentin and aSMA), cell junctions (N-
cadherin) and secreted extracellular matrix proteins
(ECM, collagen I and fibronectin) are activated*>?>,
Developmental EMT (usually called type 1) is critical for
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tissue development and organogenesis but is silent in
normal, healthy adult tissues. However, EMT reactivation
occurs in certain pathological conditions including
inflammatory diseases (type 2), or cancer (type 3)%4,
Cancer-related EMT contributes to tumour progression
into invasive and metastatic disease and has also been
linked to cancer stem cells and chemoresistance®”.

EMT is also a driver of tissue remodelling and fibrosis in
inflammatory diseases, which was recently shown to be
active in several chronic lung diseases, including chronic
obstructive pulmonary disease (COPD) and idiopathic
pulmonary fibrosis (IPF)*°~>®, An important EMT trigger
is TGF-B1, which is overexpressed in these chronic airway
diseases, and also in CF*’. CF shares some clinical features
with COPD and IPF (obstructed airways, chronic
inflammation and fibrosis) and gene expression profiles™.
Of note, in these diseases, EMT is present as hybrid or
partial EMT: cells display intermediate epithelial/
mesenchymal states®®~>%, Along these lines, current evi-
dence suggests that EMT should be regarded as a spec-
trum of dynamic yet stable states instead of a binary
decision, with cells having substantial plasticity and pos-
sibly co-expressing epithelial and mesenchymal pheno-
types. In fact, epithelial cells that have activated an EMT
program very rarely advance to a fully mesenchymal state,
expressing instead a mixture of markers>>>°,

Our aim here was to investigate whether dysfunctional
CFTR triggers EMT and if this process plays a role in CF
lung disease progression. Our findings clearly show that
EMT is present in native CF bronchial tissues and cells by
several lines of evidence. Firstly, epithelial proteins are
mislocalised/disorganized in CF tissues/cells and
mesenchymal markers are significantly increased vs con-
trols. Secondly, CF cells exhibit significantly reduced
transepithelial electrical resistance (TEER) values, con-
sistent with impaired barrier function and TJ defects.
Thirdly, CF cells display increased proliferation and
decreased wound healing. Fourthly, EMTa-TFs levels are
consistently increased in CF tissues and cells, with
TWIST1 expression showing a direct link to dysfunc-
tional CFTR. Fifthly, CF cells are over-sensitive to TGEF-
Bl-induced EMT. Finally, the epithelial phenotype in CF
cells can be restored by drugs rescuing the traffic and
function defects of the most frequent mutant, F508del-
CFTR. Altogether, these data indicate for the first time
that absence of functional CFTR leads to (partial) EMT,
that this process is mediated by TWIST1 and that func-
tional CFTR confers some degree of EMT protection (e.g.
to cancer). This mechanistic link is a plausible explanation
for the fibrosis phenotype and higher cancer incidence in
CF, unravelling a novel carcinogenesis pathway requiring
investigation and targeting.
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Materials and methods
Native human lung tissue

Explanted CF lungs and control tissues were collected in
the Paediatrics Department of Motol University Hospital
(Prague, Czech Republic) under approval of applied regula-
tions and the hospital’s Ethics Committee and shipped over
24h to Lisboa. Informed consent was obtained from all
subjects. After cleaning, primary, secondary and tertiary
bronchi were used for primary HBE (pHBE) cell isolation,
RNA extraction and immunohistochemistry. For RNA
extraction, pieces of secondary bronchi were collected after
lung cleaning and were included in extraction buffer (see
qRT-PCR), snap frozen in liquid nitrogen and kept at —80 °C.
For immunohistochemistry, tissue was fixed overnight with
electron microscopy grade PFA (0.2% v/v, Electron Micro-
scopy Sciences, 15710) and then dehydrated and slowly
frozen as previously described®'. Briefly, after lung cleaning
and fixation, the pieces of secondary/tertiary bronchi were
kept for 12 h at a time in phosphate buffers with increasing
sucrose (Fluka, 84100) content (4—15%) and then incubated
in a final solution with 15% sucrose and 7.5% gelatine
(Sigma-Aldrich, G9391) for 1 h at 37 °C. Dry ice-chilled iso-
pentane (VWR, 24872) was then used to slowly freeze the
tissues, which were kept at —80 °C until sectioning. Tissue
sections were cryocut using a Leica CM1850 UV cryostat.
Cryosections 5—-10 pm thick were generated on silane-prep
slides (glass slides coated with aminoalkylsilane, Sigma-
Aldrich, S4651), left to dry overnight at 37 °C and used the
following day for immunohistochemistry.

Primary human bronchial epithelial cells

Primary human bronchial epithelial (pHBE) cells were
isolated as previously described®. Briefly, cells were dis-
sociated from the bronchial tissue by protease/DNase treat-
ment and were then collected by centrifugation at 500 g for
5 min at 4 °C. PHBE cells were cultured in BEpiCM (Scien-
ceCell, 3211) in six-well culture plates previously coated with
PureCol (type I collagen) (30 pg/mL, Advanced Biomatrix,
5005). To generate a differentiated epithelium 2 x 10° cells
were seeded onto collagen IV (Sigma-Aldrich, C7521) pre-
coated Transwell 6.5mm permeable supports (Corning,
3470) and, when confluent, culture medium was removed
from the apical surface. Cells were kept on ALI for 21 days in
order to fully differentiate before experiments (e.g. Western
blot, wound healing) were performed. Growth curves were
performed on non-polarized HBE cells plated in PureCol
coated 24-well culture plates.

CF cells with three different genotypes were used
throughout this work: F508del/F508del, R347P/711 4+ 5 G >
A and M1101K/1609delCA. These genotypes comprise
different mutation classes, i.e. the mutations affect CFTR
function differently. 1609delCA is a frameshift mutation
generating a premature stop codon e.g., a class I muta-
tion*>, F508del and M1101K are class II mutations,
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affecting CFTR traffic, and leading to ER retention®*,
R347P, a class IV mutation, causes a decrease in CFTR
conductance®. Finally, class V mutation 711 +5G > A
leads to alternative splicing resulting in a lesser amount of
normally spliced CFTR transcripts®®®”.

Cell lines

CF-relevant immortalized bronchial epithelial cell lines,
CEBE41o- (Cystic Fibrosis Bronchial Epithelial) cells sta-
bly overexpressing wt- and F508del-CFTR?®, were used in
this work. CFBE cells were grown in Minimum Essential
Medium Eagle (MEM) with Earl salts and L-glutamine
(Corning, 10-010-CVR) supplemented with 10% (v/v)
Foetal Bovine Serum (FBS) (Gibco, 10270), 1% Pen/Strep
and puromycin (Sigma-Aldrich, P8833) at 2.5 pg/mL for
selection. All cell lines tested negative for mycoplasma. To
achieve polarization, cells were seeded on collagen IV pre-
coated Transwell permeable supports at a density of 1.25,
2.5 or 10 x 10° cells, depending on the diameter of the
filter (6.5 mm, 12mm or 24 mm insert, Corning 3470,
3460 and 3450, respectively). On the following day, media
was changed from 10% to 2% (v/v) FBS to promote dif-
ferentiation/polarization. The transepithelial electrical
resistance (TEER) was measured at regular time intervals.

TEER measurements

TEER measurements were carried out in polarizing CFBE
cells using a volt-ohmmeter (Millicell-ERS, Millipore,
MER5000001), as a first indicator that the cells were dif-
ferentiated and ready for further experiments, and to con-
firm re-differentiation after wound healing. TEER
measurements were also carried out in the Ussing chamber,
namely in pHBE cells after 21 day in ALI culture.

TGF-B1 and CFTR modulator treatments

Polarized CFBE cells were incubated 3 days after seeding
with 15ng/mL human TGF-f1 from HEK293 (human
embryonic kidney) cells (PeproTech, 100-21) for 48h. A
negative control with the solvent (10 mM citric acid (Sigma-
Aldrich, 251275) (pH 3) and 0.1% bovine serum albumin
(BSA) (Sigma-Aldrich, A9647) was included in all
experiments.

In addition, 3 uM VX-445 (SelleckChem, S8851), 5uM
VX-661 (SelleckChem, S7059) and/or 3 uM VX-770 (Sell-
eckChem, S1144) were added to polarized CFBE cells on day
3 after seeding for 24h. Compounds were dissolved in
DMSO which was used as a negative control in the
experiment.

TWIST1 shRNA knockdown

HEK 293T cells were used to produce lentiviral particles
containing shTWIST1 (Sigma-Aldrich, TRCN0000020543)
and shLuciferase (Sigma-Aldrich, SHC007) (as a negative
control). HEK cells (5 x 10° cells per well) were transfected
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with 5 pg of DNA (per well)—2.38 ug of packaging plasmid
pCMV-dR8.74psPAX2, 0.24 ug of envelope plasmid VSV-G/
pMD2.G, and 2.38 ug of the shRNA plasmids. Cells were
then incubated for 18 h after which medium was replaced to
remove the transfection reagent and the cells were incubated
for an extra 30 h. The media containing the lentiviral parti-
cles were harvested, mixed with PEG-it Virus Precipitation
Solution (System Biosciences, LV810A-1) and left overnight
at 4°C. The harvested viral particles were then used to
transduce CFBE wt- and F508del-CFTR cells. CFBE cells
were infected with 1.5 mL of lentivirus-containing medium.
The plates were centrifuged at 200xg for 1h at 25°C and
then incubated for 24 h at 37°C, 5% CO,. The medium
was then changed to the respective cell medium supple-
mented with selection antibiotics to eliminate the non-
transduced cells.

Immunofluorescence staining (IF)

Polarized CEBE cells were fixed with PFA (Merck Millipore,
104003) 4% (v/v), permeabilized with triton X-100 (Amersham
Biosciences, 17-1315-01) 0.5% (v/v) and blocked with BSA
1% (w/v) before being removed from their supports using a
scalpel. Cells were then incubated overnight at 4 °C with pri-
mary antibodies, after which a mix of the secondary antibodies
and nuclear dye (4 pg/mL, Methyl Green, Sigma-Aldrich,
67060) was applied for 2 h at RT. Filter sections were mounted
in a mix of N-propylgallate (Sigma-Aldrich, P3130) and Gly-
cerol for microscopy (Merck, 104095).

Lung tissue stainings were performed similarly but per-
meabilization was achieved with a 0.2% (v/v) triton X-100
solution and a quenching step with NaBH, (1 mg/mL, Sigma-
Aldrich, 213462) was additionally performed before blocking.
Hoechst 33258 (1 pg/mL, Sigma-Aldrich, 94403) was used to
stain the nuclei. The tissues stained were secondary/tertiary
bronchi and were as similar as possible for comparison. Areas
of extensive shedding/remodelling in CF tissue were avoided
in the analysis, and areas of intact epithelia preferred. Main-
tenance of the correct architecture of the epithelia by the
cryopreserving protocol was confirmed by detecting several
cell-specific markers in control trachea (Fig. S1).

Imaging was performed with a Leica TCS SP8 confocal
microscope coupled to a Hamamatsu Flash4 sCMOS
camera, using HC Plan Apo 20x/0.75 and HC Plan Apo
63x/1.4 objectives. Software used for acquisition was
Leica’s LAS x, and image processing was performed on
Image] FIJI*°. FIJI was used to generate maximum image
projections, isolate individual z-slices and produce
orthogonal views by re-slicing the z-stacks.

A list of primary and secondary antibodies can be found
in Tables S1,S2.

qRT-PCR

Bronchial samples from four CF individuals (F508del/
F508del) and from four non-CF controls were used in
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transcript analysis. RNA was extracted using the NZY
Total RNA Isolation kit (Nzytech, MB13402). After lung
cleaning, pieces of secondary bronchi were collected and
kept in NR buffer at —80 °C. Upon thawing the extraction
was carried out as indicated by the manufacturer. cDNA
was generated with NZY M-MuLV Reverse Transcriptase
(Nzytech, MB08301). Quantitative reverse transcription
polymerase chain reaction (QRT-PCR) was performed as
previously described. Briefly, a mix containing forward
and reverse primers, cDNA (5ng) and 1x Evagreen Sso-
Fast PCR reagent (Bio-Rad, 172-5204) was used along
with a Bio-Rad CFX96 system. Bio-Rad CFX Manager
2.0 software (Bio-Rad, 1845000) was used for analysis.
Mean relative transcript levels were calculated by nor-
malizing the gene of interest against the control endo-
genous gene (GAPDH) and applying the AACT method
where Fold Change(FC) = 2724CT, The mean CT (cycle
threshold) of the control gene is subtracted from the
mean CT of the target gene, giving the ACT. The mean
ACT is then calculated for CF samples gene expression
relative to control lung ACT (AACT). A standard cycle
protocol was used for PCR amplification (1 min at 95°C
followed by 40 cycles of 10s at 95°C and 30s at 60 °C).
Sequences for the primers were found at Harvard Pri-
merbank (Table S3). Melt curves confirmed amplification
of unique specific products.

Western blot

Western blot (WB) analysis of cell lysates was performed as
previously described*'. Briefly, CFBE or pHBE cells grown on
Transwell inserts were washed twice with cold PBS and lysed
with a buffer containing 31.25 mM Tris HCl (Sigma, 30721)
pH 6.8; 1.5% (v/v) sodium dodecyl sulphate (SDS) (Gibco,
15553); 10% (v/v) glycerol (Sigma, 92025); 50 mM dithio-
threitol (DTT) (Sigma, D0632) and protease inhibitor cock-
tail (Roche, 11697498001). Benzonase (Sigma-Aldrich,
E1014) 25 U/mL was also added to shear the DNA. In all,
25-30 pug of protein were loaded onto polyacrylamide gels
(4% for stacking and 7%, 10% or 12.5% for resolving gels) in
order to perform SDS/PAGE. Transfer onto polyvinylidene
difluoride ~ (PVDF) membranes (Merck Millipore,
IPVH00010) was preformed using a wet-transfer system. The
membranes were blocked for 1 h with 5% (w/v) non-fat milk
(NFM) in PBS supplemented with Tween 20 (Fisher BioR-
eagents, BP337-100), or, in particular cases (see Table S1),
1% (w/v) NFM in Tris buffer saline with Tween 20. This was
followed by incubation with the primary antibody overnight
at 4°C, with gentle shaking. Horseradish peroxidase (HRP)-
conjugated secondary antibodies were applied for 1h at RT.
All the antibodies were diluted in the blocking solution.
Membrane luminescence was detected on a Chemidoc XRS
+ system (BioRad, 170-8265). Quantification of band
intensity was performed using the Image Lab software
(BioRad, 170-9690), which integrates peak area. All
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measurements were normalized against loading controls
(calnexin, tubulin or GAPDH). A list of primary and sec-
ondary antibodies can be found in Tables S1 and S2.

Growth curve

Control and CF pHBE cells were seeded in 24-well
plates previously coated with PureCol at a density of
50,000 cells/well (day 0). Cells were kept in BEpiCM and
were harvested and counted every 2—4 days to assess the
growth rate. Media was changed regularly. At least three
different wells were considered for all time points in all
controls and CF pHBE cells.

Wound healing

Fully polarized CFBE cells or fully differentiated pHBE
cells were mechanically injured by scraping a sterile P10
pipette tip across the cell monolayer. For cell wounding
PBS was added to the apical side of the filters. After
wounding the apical surface was washed twice with PBS
to remove cell debris. Fresh media was added to the
basolateral (on both cell types) and apical side (only on
CFBE cells).

Wound closure was monitored by live cell imaging (48 h,
37°C, 5% CO,) with an automated Leica DMI6000 wide-
field microscope coupled to a Hamamatsu Flash4 sCMOS
camera, using a HCX 4x W 4x/0.1 objective. Images were
taken every 2-3 h. Software used for acquisition was Lei-
ca’s LAS x, and image processing was performed on
Image] FUI*°. FIJI was used to segment, and measure
wound area. Wound closure was then calculated as
Wound size(%) = (A;/Ag) x 100, where A, is the area for
a given time point and Ay is the initial wound area. Wound
size was plotted as a function of time (h) and was used to
calculate the rate (slope) of wound closure (%/h).

Antibodies and primers

A list of primary and secondary antibodies used in both
IF and WB can be found in Tables S1 and S2, respectively.
Sequences for the primers used in qRT-PCR are listed in
Table S3.

Statistical analyses

Data are presented as mean = S.E.M, with number of
replicates described in the legend of each figure. Data
points were considered outliers and excluded if their value
was four times greater or smaller than the other replicates.
Two-sided student’s t-test for unpaired samples was used
for statistical analyses (comparison of the differences in
the means between two groups with small number of
replicates (1 < 30)). Normal distribution of the data was
assumed, and the variance was similar between groups.
Both the selected sample sizes and the statistical analysis
chosen are standard procedure for the experiments con-
ducted in this work. Prism 6 software (GraphPad, Inc.,
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San Diego, CA) was used for graph design and statistical
analyses. Significant differences were defined for p <0.05.

Results
Native human CF airways display EMT characteristics

Native CF and control bronchial tissue was investigated
by a combination of transcript and immunofluorescence
(IF) analyses using established EMT markers to provide
insight into this process in CF.

Transcript analysis showed no differences in mRNA levels
between F508del-homozygous and control lung specimens
for the epithelial markers claudin-1 (CLDN1), E-cadherin
(CDH1), B-catenin (CTNNBI1), connexin 31 (GJB3) and
desmoplakin (DSP) (Fig. 1A). However, the mRNA levels of
occludin (OCLN), tight junction protein 1/zonula occludens-
1 (TJP1/ZO-1), connexin 43 (GJAl), connexin 26 (GJB2),
and cytokeratin 18 (KRT18) were significantly increased in
CF vs control tissue. No difference was observed in the
transcripts of mesenchymal markers N-cadherin (CDH2) or
fibronectin (FN1) (Fig. 1A). In contrast, vimentin (VIM) was
significantly increased in CF vs control tissue. A tendency
towards increased levels in CF tissue was also detected for o-
smooth muscle actin (ACTA2/a-SMA) and collagen I a—1
(COL1A1).

IF staining and confocal microscopy were used to
evaluate protein expression and localisation of EMT
markers in CF versus control tissue and revealed that,
as expected, CFTR was not detected in CF tissue, in
contrast to CFTR apical localisation in control tissue
(Fig. 1B). The AJ component p-catenin (B-cat) localized
to cell junctions in both CF and control tissue, but
evidenced structural epithelial architecture differences
between these tissues revealing the presence of poly-
gonal flat cells on the CF epithelial layer surface and
also fewer cylindrical-shaped columnar cells and sev-
eral cell layers in CF tissue (Fig. 1B). This is indicative
of a transitory state between pseudostratified structure
and squamous metaplasia*?, indicating that the pseu-
dostratified epithelium, characteristic of the bronchi, is
compromised in CF. ZO-1 was detected at TJs in both
CF and control tissue, but the staining showed various
gaps in the CF epithelium (Fig. 1B). E-cadherin (E-cad)
was present both in CF and control tissues, but
appeared weaker in the basal cell layers of the CF
epithelium vs control (Fig. 1B), which stained positively
for N-cadherin, vimentin and collagen I, being absent
in control (Fig. 1B). In contrast, a well-defined layer for
fibronectin (FN1) was observed in control but not in
CF tissue (Fig. 1B).

This CF tissue has from an individual with the R347P/
711+5G>A genotype, but similar findings were
obtained for F508del/F508del tissue (data not shown),
demonstrating that this phenotype is not restricted to a
given genotype. Altogether, these results indicate
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(see figure on previous page)

Fig. 1 CF bronchial tissue presents disorganized/mislocalized epithelial markers and upregulated mesenchymal markers when compared
to control. A F508del/F508del individuals show upregulation of several epithelial and mesenchymal genes. QRT-PCR was performed on different
control and F508del homozygous lung samples. Fold-change in mRNA expression levels was assessed for different epithelial and mesenchymal
markers. These comprised markers of several cell junctions as well as the cytoskeleton and the ECM. Fold-change values were calculated by applying
the AACT method and are represented by mean + SEM relative to the control samples (n = 3, unless indicated by (4)). Asterisk indicates significant
differences between F508del/F508del and Ctrl samples (unpaired t-test, p < 0.05). B Representative images of native human bronchial tissue (Ctrl and
CF) immunostained for epithelial (CFTR, 3-catenin, ZO1, E-cadherin) and mesenchymal (N-cadherin, vimentin, collagen 1, fibronectin) markers. Nuclei
are depicted in blue and proteins in green (epithelial) or red (mesenchymal). Scale bar represents 25 um. Disrupted or abnormal epithelial markers
and FN1 (arrowheads) and increased mesenchymal markers (arrows) are observable in CF tissue when compared to controls. Apical and basal (A and
B, respectively) sides of the epithelia are identified and are the same in all pictures. A Leica TCS SP8 confocal microscope was used for image
acquisition. CFTR, ZO1, Vim, Col.l and FN1 are displayed as maximum image projections (MIPs) and (3-cat, E-cad and N-cad as individual z-stacks. The
tissues stained display secondary/tertiary bronchi and were as similar as possible for comparison. Areas of extensive shedding/remodelling in CF
tissue were avoided, and areas of intact epithelia preferred. The CF individual in this figure had a R347P/711 + 5 G > A genotype, but similar findings
were obtained for the F508del/F508del genotype, demonstrating that the phenotype was not restricted to any genotype. Several controls were also

assessed with similar results between themselves. (n = 2-3 samples).

disruption of epithelial and induction of mesenchymal
markers in CF vs control tissue, thus indicative of EMT.
However, overall downregulation of epithelial markers
was not detected, suggesting partial EMT.

Primary CF cells are more mesenchymal than non-CF cells

Next, we examined EMT in CF primary (p)HBE cells,
which are the gold standard for physiological relevance in CF.
WB assessing levels of epithelial/mesenchymal markers (Fig.
2 and S2) revealed no significant differences between CF and
control pHBE cells regarding the epithelial proteins CK18,
ZO-1 or E-cadherin (Fig. 2A, B). In contrast, mesenchymal
markers N-cadherin and vimentin were significantly
increased in CF vs control cells (Fig. 2A, B). A tendency
towards increased a-SMA levels in CF cells was also detected
(Fig. 2A, B).

Importantly, WB was performed on CF cells with different
genotypes: F508del/F508del, R347P/711+5G>A and
M1101K/1609delCA (individual data in Fig. S2), confirming
that the defects observed are characteristic of CF and not
genotype-specific. For example, despite that R347P/711 +
5G>A cells (Fig. 2A) express some mature, fully-
glycosylated (albeit faint) band C, consistent with partially
functional CFTR®*?, they display the same mesenchymal
phenotype as other CF pHBE cells (Fig. 2 and S2). Not-
withstanding, some variation occurred in the levels of epi-
thelial proteins among CF cells with distinct CFTR genotypes
(Fig. S2), suggesting that the latter may have an effect on
these markers.

Similarly to CF tissue, pHBE CF cells show increased
levels of mesenchymal markers, although not accompanied
by decreased levels of epithelial markers. Consistently,
TEER values (an indicator of integrity of HBE cell cul-
tures*®) were significantly lower in CF vs non-CF pHBE
cells (Fig. 2C), indicative of a leaky epithelium and sug-
gesting impaired organization of cell-cell junctions in CF.

Official journal of the Cell Death Differentiation Association

Polarized F508del-CFTR CFBE cells are more mesenchymal
than wt-CFTR CFBE cells

To investigate how mutant CFTR affects junction
organization we resourced to the polarized CFBE cell line
overexpressing wt- or F508del-CFTR, which have the
advantage of being isogenic, meaning that differences
found between them can be directly linked to
defective CFTR.

Confocal microscopy (Fig. 3A), besides showing the
expected different localisation of wt-CFTR (apical PM)
and F508del-CFTR (intracellular)**, also revealed differ-
ences in the architecture of the epithelial cell cultures:
while wt-CFTR cells formed a single cell monolayer,
F508del-CFTR cells were multilayered, similarly to the CF
lung pattern (Fig. 3A), indicative that the epithelial dis-
organization also occurs in airway epithelial cells
expressing mutant CFTR. Consistently, E-cadherin was
less confined to AJ in F508del-CFTR cells vs wt-CFTR
cells and F508del-CFTR cells deposited more collagen I to
the ECM and expressed increased levels of diffusely
localized N-cadherin vs wt-CFTR cells (Fig. 3A).

To gain insight into how F508del-CFTR contributes to
epithelial disorganization, we determined protein levels of
EMT markers by WB in CEBE cells. As expected, CFTR was
detected as mature and immature forms (bands C and B,
respectively) in wt-CFTR expressing cells while only imma-
ture form was observed in F508del-CFTR cells
(Fig. 3B). E-cadherin levels did not differ between these cells
(Fig. 3B, C), nor did those of epithelial markers occludin,
[-catenin, CX26, CX43 or CK18 (Fig. S3). However, ZO-1
and CX31 were increased while claudin-1 and DSPI/II were
significantly decreased in F508del- vs wt-CFIR cells. The
mesenchymal markers N-cadherin, vimentin and collagen I
were all significantly increased in F508del-CFTR cells (Fig.
3B, C), while no significant changes were observed for xSSMA
and fibronectin (Fig. S3).
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Fig. 2 Primary CF HBE cells show increased expression levels of mesenchymal markers and impaired TEER. A Western blots showing
epithelial (CFTR, CK18, ZO1, E-cadherin) and mesenchymal (N-cadherin, vimentin, aSMA) protein levels in fully differentiated Ctrl and CF (R347P/
7114+ 5G> A) pHBE cells (21d of differentiation). In the R347P/711 + 5 G > A pHBE cells, a faint band C can still be seen for CFTR (arrowhead). GAPDH
was used as a loading control. B Quantification by densitometry of the protein expression detected by WB in A. Data is normalized to loading control
and showed as arbitrary units (A.U.), mean + SEM. Asterisk indicates significant difference between Ctrl and CF pHBE cells (unpaired t-test, p < 0.05).
The CF individuals’ genotypes were F508del/F508del, R347P/711 4+ 5G > A and M1101K/1609delCA. (n = 3, unless indicated by (2)). C TEER
measurements of CF and controls pHBE cells after 21 days in ALI. CF individuals’ genotypes were F508del/F508del, R347P/711 4+ 5 G > A and M1101K/
1609delCA. Asterisk indicates significant difference between Ctrl and CF pHBE cells (unpaired t-test, p < 0.05). The number of filters used in the

Further IF studies revealed localisation differences for
several EMT markers in F508del-CFTR cells, similarly to
lung tissue. ZO-1 staining was more intense in F508del-
CFTR cells, while highlighting the disorganization of the
epithelial cells and their multi-layer growth (Fig. 3D). E-
cadherin and P-catenin stainings were more diffuse and
not as concentrated at AJ in F508del-CFTR cells as in wt-
CFTR cells. CK18 and CX43 were also more disorganized
in F508del-CFTR cells, while retaining their normal
localisation at the intermediate filaments and GJ, respec-
tively, in wt-CFTR cells (Fig. 3D). N-cadherin, vimentin
and collagen I were all increased in F508del- vs wt-CFTR
cells, confirming the WB data (Fig. 3B-D). FN1 showed a
more diffuse pattern in F508del-CFTR cells (Fig. 3D),
consistently with the lung tissue. In line with this, TEER
measurements demonstrated lower resistance values in
F508del-CFTR cells vs. wt-CFTR cells (Fig. S4A).

Altogether, these data agree with lung tissue and pHBE
cells findings and suggest that: (i) CFTR is needed for
proper airway epithelial differentiation; (ii) mutant CFTR
promotes partial EMT; and (iii) absence of functional
CFTR alone (even without inflammation) is enough to
drive EMT.

Official journal of the Cell Death Differentiation Association

CF cells show increased proliferation and decreased
wound repair rates

Next, experiments were performed to investigate the
role of CFTR in cell proliferation and regeneration. Pro-
liferation marker Ki-67 staining demonstrated a higher
number of Ki-67-positive cells in basal cell layers of native
CF airway epithelium vs control tissue (Fig. 4A). Polarized
CFBE cells showed a trend (albeit not significant) towards
higher Ki-67 expression in F508del-CFTR vs. wt-CFTR
cells (Fig. 4B, C). The most striking results, however, were
observed for pHBE cells (three different CFTR genotypes)
exhibiting 3-fold higher cell proliferation rates vs control
cells (Fig. 4D).

We investigated CFTR role in epithelial regeneration by
wound-healing assays which showed that wt-CFTR-
expressing cells closed the wounds 1.5-2 times faster
than CF cells, for both polarized CFBE and fully differ-
entiated pHBE cells, respectively (Fig. 4E-H). Thus,
despite that CF cells proliferated at higher rates, they were
significantly less capable of closing the wound and
regenerating an intact epithelial cell layer. Impaired epi-
thelial regeneration after wound closure in CF was also
confirmed by the low TEER values measured in CFBE cells
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(see figure on previous page)

Fig. 4 Absence of functional CFTR results in increased proliferation and decreased regeneration rates. A Representative images of native
human bronchial tissue (Ctrl and CF) immunostained for Ki-67. (in red). Scale bar represents 25 um. A great number of Ki-67-positive cells is seen in CF
tissue when compared to control. Apical and basal (A and B respectively) sides of the epithelia are identified. Images are displayed as maximum
image projections (MIPs). The CF lung in this figure had a R347P/711 + 5 G > A genotype, but similar findings were obtained in lungs with a F508del/
F508del genotype. (n = 3). B Representative Western blot showing Ki-67 protein levels in polarized wt- and F508del-CFTR CFBE cells. Calnexin was
used as loading control. C Quantification by densitometry of the protein expression detected by WB in B. Data is normalized to loading control and
showed as arbitrary units (A.U.), mean + SEM (unpaired t-test, p-value = 0.1). (n = 3) D Growth curve on non-polarized pHBE cells. (genotypes
F508del/F508del, R347P/711 4+ 5G > A and M1101K/1609delCA). Cells were harvested and counted every 2—4 days to assess the growth rate. The two
different graphs represent experiments performed independently with different controls. Data is showed as cell number over 8 days, mean + SEM.
Asterisk indicates significant difference between Ctrl and CF pHBE cells (unpaired t-test, p < 0.05). (n = 3). E, G Representative images of scratch
wounds over 24 h on E polarized CFBE cells and G fully differentiated pHBE cells. Live-cell imaging was performed on a Leica DMI6000B microscope
with 37 °C and 5% CO,. Wounds segmentation is showed in yellow for clearer viewing. Scale bar represents 300 um. F, H Wound closure analysis of E,
G respectively. Data is represented as a percentage of the initial area of the wound, mean + SEM. Asterisk indicates significant difference between

F508del-CFTR and wt-CFTR CFBE cells or R347P/711 +5G > A and Ctrl pHBE cells (unpaired t-test, p < 0.05). (n =5).

after wound healing live-cell imaging (Fig. S4B). In
accordance with the above data, wt-CFTR cells recovered
TEER values much faster after wounding than CF cells,
being their resistance almost back to normal 48h after
wounding, while F508del-CFTR cells still had very low
resistance 48 h post-wounding, only fully recovering 96 h
after wounding. These data further emphasize the central
role of CFTR in epithelial differentiation and regeneration.

Functional CFTR restores a more epithelial phenotype and
confers resistance to TGF-B1-induced EMT

Since data above pointed to the absence of functional
CFTR driving EMT, next we evaluated whether rescuing
F508del-CFTR could revert the EMT phenotype. To this
end, CFBE cells were treated with a highly effective CFTR
modulator (HECM) drug, the most efficient CFTR cor-
rector to date®, i.e., triple combo of two correctors (VX-
445, VX-661) and a potentiator (VX-770). F508del-CFTR
cells showed a clear correlation between the efficacy of
mutant CFTR correction (and potentiation) and reduction
in mesenchymal marker levels. VX-661 treatment, which
only partially rescues F508del-CFTR (Fig. S5A), did not
cause a significant change in the levels of EMT markers
(Fig. S5B). The VX-661/VX-770 combination is already
sufficient to significantly decrease vimentin levels by
~50% (Fig. S5B). However, when VX-661/VX-445 is
added to F508del-CFTR cells, the correction is much
more efficacious (Fig. 5A) and sufficient to significantly
reduce the levels of both N-cadherin and vimentin by
25-50% (Fig. 5B), an effect that is even greater upon
combination with potentiator VX-770. These data show
that the amount of functional CFTR is closely correlated
with the epithelial/mesenchymal status of these cells. As
expected, wt-CFTR cells showed no major differences in
levels of epithelial or mesenchymal markers when treated
with these compounds (Fig. 5A, B and S5), although the
AJ proteins (E-cadherin and N-cadherin) appear to be
slightly sensitive to the addition of VX-445.
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These results suggest that CFTR plays an important role
in protecting against EMT induction. To further test this
hypothesis, we exposed polarized CFBE cells to TGF-f1,
which is overexpressed in CF tissues and has been shown
to promote EMT in cultured airway epithelial cells*®. Both
wt- and F508del-CFTR expressing CFBE cells showed a
similar decrease in CK18 and increase in N-cadherin
expression in response to TGF-f1 (Fig. 5C, D). In con-
trast, E-cadherin levels were decreased by 63% in F508del-
CFTR cells but only by ~15% in wt-CFTR cells (Fig. 5D).
The levels of vimentin were increased by 10-fold in
F508del-CFTR cells upon TGF-p1 treatment, while
remaining undetectable in wt-CFTR cells. These results
show that wt-CFTR expressing cells are more resistant to
EMT induction than CF cells. However, TGF-p1 treated
F508del-CFTR cells together with VX-445/VX-661/VX-
770, shows no decreased levels of epithelial markers E-
cadherin and CK-18 nor increased mesenchymal marker
vimentin (Fig. 5C, D). F508del-CFTR rescue thus partially
blocks the TGF-p1-mediated EMT induction. Moreover,
treatment of wt-CFTR expressing cells with this HEMC
completely blocked TGF-B1-induced EMT (Fig. 5C, D).

Altogether, these data provide evidence for a direct
correlation between EMT and dysfunctional CFTR.

Mutant CFTR drives TWIST1 mediated EMT

To elucidate which EMT pathways are involved in CF,
expression of the main EMTa-TFs SNAIL1, SNAIL2,
TWIST1, ZEB1 and ZEB2 was assessed. Transcript ana-
lysis in native lung tissue showed significant upregulation
of TWIST1 and ZEB1 in CF vs non-CF tissue (Fig. 6A),
while SNAIL1 and ZEB2 levels were also increased but
not significantly. Consistently, positive staining for Snail
+ Slug and ZEB1 were found in CF but not control lung
tissue (Fig. 6B). CF pHBE cells displayed increased levels
of both TWIST1 and Snail + Slug (Fig. 6C, F), albeit not
significant. Nevertheless, TWIST1 was significantly
increased in F508del-CFTR CFBE cells (Fig. 6D, G). Since
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Fig. 5 Functional CFTR can restore a more epithelial phenotype and confers resistance to TGF-B1-induced EMT. A Representative Western
blots showing the effects of VX-445, VX-661 and/or VX-770 on CFTR, E-cadherin, N-cadherin, CK18 and vimentin in polarized CFBE cells. Calnexin was
used as a loading control. Treatment with correctors VX-445 and VX-661 rescues F508del-CFTR increasing the amount of band C (arrowhead). B
Quantification by densitometry of the protein expression detected by WB in A. Data is normalized to loading control and to negative control (DMSO)
and showed as arbitrary units (A.U), mean + SEM. Asterisk indicates significant difference between negative control and treatment (unpaired t-test,
p <0.05). (n=4). C Representative Western blots showing the effects of TGF-31 and TGF-31 with VX-445, VX-661 and VX-770 on CFTR, E-cadherin,
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ZEB1 was not detectable by WB in CFBE cells (Fig. S6),
TWIST1 upregulation might be the link to CFTR-
mediated EMT. We thus treated F508del-CFTR cells
with VX-445/VX-661/VX-770 and observed a significant
reduction in TWIST1 levels but not in Snail + Slug levels
(Fig. 6E, H). Interestingly, TWIST1 levels were only
reduced significantly in wt-CFTR cells upon addition of
potentiator VX-770 to VX-661/VX445 (Fig. 6H), rein-
forcing the importance of channel activity in EMT
protection.

To further confirm the CFTR/ TWIST1 relationship, we
knocked-down (KD) TWIST1 in CFBE cells using shRNA

Official journal of the Cell Death Differentiation Association

(~30-40% efficiency). TWIST1-KD was sufficient to
inhibit vimentin expression both in the presence and
absence of TGF-B1 in F508del-CFTR cells (Fig. 6I, J).
Moreover, no significant changes were observed for
TWIST1-KD in wt-CFTR cells (Fig. 6]), suggesting a CF-
specific role for TWIST1.

Discussion

The main goal of this study was to determine whether
defective CFTR is linked to impaired epithelial cell dif-
ferentiation and EMT activation in CF airways. Combin-
ing studies in human native lung tissue, primary and
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Fig. 6 EMT-inducing transcription factors (EMT-TFs) are increased in the absence of functional CFTR, with TWIST1 mediating mutant CFTR
driven EMT. A Transcript analysis of EMT-TFs levels by gRT-PCR on different control and F508del homozygous lung samples. Fold-change values
were calculated by applying the AACT method and are represented by mean + SEM relative to the control samples (n = 3, unless indicated by (2) or
(4)). Asterisk indicates significant difference between F508del/F508del and Ctrl samples (unpaired t-test, p < 0.05). B Representative images of native
human bronchial tissue (Ctrl and CF) immunostained for Snail + Slug and ZEB1. Nuclei are depicted in blue and the TFs in magenta. Scale bar
represents 25 pm. Increased Snail 4 Slug and ZEB1 levels are present in CF tissues when compared to controls. Apical and basal (A and B respectively)
sides of the epithelia are identified and are the same in all pictures. Images are displayed as maximum image projections (MIPs). The tissues stained
display secondary/tertiary bronchi and were as similar as possible for comparison. The CF lung in this figure had a R347P/711 4+ 5 G > A genotype, but
similar findings were obtained in lungs with a F508del/F508del genotype. Several controls were also assessed with similar results between
themselves. (n =2-3 samples). C, D Representative western blots showing Snail + Slug and TWIST levels on C fully differentiated pHBE cells and D
polarized CFBE cells. Calnexin, tubulin or GAPDH were used as loading controls. E Representative Western blots showing the effects of VX-445, VX-661
and/or VX-770 on TWIST1 and Snail + Slug in polarized CFBE cells. Calnexin was used as a loading control. F Quantification by densitometry of the
protein expression detected by WB in C. Data is normalized to loading control and to Ctrl cells and showed as arbitrary units (A.U.), mean + SEM. The
CF individuals' genotypes were F508del/F508del, R347P/711 +5G > A and M1101K/1609delCA. (n = 3). G Quantification by densitometry of the
protein expression detected by WB in D. Data is normalized to loading control and showed as arbitrary units (A.U.), mean + SEM. Asterisk indicates
significant difference between wt-CFTR and F508del-CFTR cells (unpaired t-test, p < 0.05). (n = 3). H Quantification by densitometry of the protein
expression detected by WB in E. Data is normalized to loading control and to negative control (DMSO) and showed as arbitrary units (A.U.), mean +
SEM. Asterisk indicates significant difference between negative control and treatment (unpaired t-test, p < 0.05). (n =4). | Representative Western
blots showing the effects of TWIST1 knockdown on CFTR, E-cadherin, N-cadherin, CK18 and vimentin in polarized CFBE cells. Calnexin was used as a
loading control. J Quantification by densitometry of the protein expression detected by WB in I. Data is normalized to loading control (for E-cad,,
CK18, N-cad. and Vim) or to loading control and negative control (TWIST1) and showed as arbitrary units (A.U.), mean + SEM. Asterisk indicates
significant difference between shlLuciferase and shTWIST1, hash indicates significant difference between NCtrl and TGF-31 (unpaired t-test, p < 0.05).

(n=73).

immortalized bronchial epithelial cells, we found evidence
of abnormal epithelial-mesenchymal plasticity in CF tis-
sues/cells expressing mutant CFTR, including mis-
localisation of cell junction proteins, disruption of
epithelial architecture, aberrant expression of mesenchy-
mal markers and EMTa-TF upregulation.

While mesenchymal markers, including vimentin and
N-cadherin, were consistently upregulated in CF tissues/
cells, E-cadherin and most epithelial cell junction proteins
were not repressed, except for claudin-1 (T] component)
and DSPI/II (desmosome component). This is consistent
with partial EMT shown by multiple studies to occur
under pathological conditions, e.g., cancer, fibrosis and
other chronic lung diseases®***’. Indeed, increasing
evidence indicates that pathological EMT is not a binary
On/Off process but rather a spectrum of states, in which
cells express both epithelial and mesenchymal phenotypes
simultaneously*®. Complete transition from an epithelial
to mesenchymal phenotype may only apply to develop-
mental EMT*>*, However, considering our finding that
some EMTa-TFs (TWIST1, Snail + Slug and ZEB1) are
upregulated in CF tissues/cells, it was somewhat surpris-
ing that mislocalisation of cell junction proteins and
epithelial architecture disruption was only associated with
downregulation of two junction proteins. In fact, some
epithelial markers (ZO-1, CX31 and CK18) were upre-
gulated in CF. The explanation for this can be two-fold.
Firstly, our data clearly show that in CF tissue/cells epi-
thelial proteins expression is accompanied by significant
disorganization and showing abnormal subcellular loca-
lisation. It is likely that the described CF associated
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inappropriate formation of cell junctions , which we

also found here, can activate a positive feedback loop
trying to compensate for the absence of functional junc-
tions by upregulating epithelial markers. Secondly, and
importantly, TWIST1 is a more potent mesenchymal
inducer than epithelial repressor, whereas SNAIL1 and
ZEB1 are strong epithelial repressors and weaker
mesenchymal promoters®’. We found TWIST1 to be the
most consistently significantly increased EMTa-TF in CF
tissues/cells, which is in line with the observed upregu-
lation of mesenchymal markers without substantial
repression of epithelial markers.

Data shown here clearly demonstrate a direct link
between dysfunctional CFTR and TWIST1 upregula-
tion, being correction of F508del-CFTR with HECM
drug (VX-661/VX-445/VX-770) enough to significant
revert TWIST1 expression to normal levels. Moreover,
TWIST1 downregulation in F508del-CFTR expressing
cells also partially reverts the increased sensitivity of
these cells to TGF-B1l-induced EMT while having no
significant effect on wt-CFTR cells. This is additional
proof that TWIST1 plays a key role in CF-specific EMT
in the airways. This shows for the first time a link
between dysfunctional CFTR and TWIST1-mediated
EMT. Possible CFTR/TWIST1 bridging pathways
include: (1) B-catenin, which interacts with both CFTR*?
and TWIST1°3 in EMT contexts; (2) transcription factor
hypoxia-inducible factor la (HIFla) implicated in CF
pathophysiology’* and a known TWIST1 regulator’”;
and/or (3) NF-kB, an important player in CF>® also
associated with TWIST1%’.
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Consistent to EMT being active in CF, our data also show
that F508del-CFTR expressing cells are over-sensitive to
TGEF-B1-induced EMT vs non-CF cells. However, rescue of
F508del-CFTR PM localisation and function by HECM
drug partially blocked TGF-p1-mediated EMT induction.
This emphasizes the important role that CFTR plays in
preserving cell junction integrity and protecting against
TGF-Bl-induced EMT. Furthermore, rescue of F508del-
CFTR in the absence of TGF-Pl led to a significant
reduction of the expression of N-cadherin and vimentin,
thus restoring a more epithelial phenotype, an effect that is
even greater upon combination with potentiator VX-770. It
seems thus probable that functional PM CFTR is required
for the maintenance of the cell junction integrity and cor-
rect architecture of polarized epithelial cells. Others have
also reported that functional PM CFTR is essential for
epithelial tightness and normal organization and function of
TJs® and that it regulates T] formation and main-
tenance®®*’, Consistently, here decreased TEER values in
CF cells were also observed, indicative of leaky epithelia and
TJ defects. Those studies had not related EMT to absence of
functional CFTR but actually T] remodelling is an early, key
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EMT event®. TJs are not only points of cell-cell interac-
tions but also hubs for intracellular pathways regulating
various cellular processes including epithelial differentiation
and integrity. Consistently, we recently found that the
coxsackie- and adenovirus receptor (CXADR), a trans-
membrane component of TJs, protects against TGF-B1-
induced EMT in epithelial cells by regulating AKT signal-
ling®!, which we also found to be dysregulated in CF®?,

Although most studies focus on apical CFTR as essential
for epithelial cell organization, we found that CFTR func-
tion might be equally important in maintaining epithelial
tightness. Indeed, potentiator VX-770 had an important
additive effect in EMT protection and TWIST1 levels were
only reduced significantly in wt-CFTR expressing cells upon
potentiation of CFTR activity. CFTR is needed to maintain
the correct levels of intracellular CI~ ([Cl ];), described to
play a role as second messenger affecting processes such as
cell cycle, cell proliferation and differentiation, among
others®®. It is possible that abnormal [Cl]; is in the origin of
the EMT observed here in CF.

Altogether, our data suggest that absence of functional
CFTR triggers TWIST1-mediated partial EMT. Moreover,

Epithelial Partial EMT (in CF)

EMigprogression

CF lung disease progression

Mesenchymal

Hypoxia

TGFB1 o

Healthy epithelial cell

1. Cell with dysfunctional

disorganized
o TWIST1 is induced

Aberrant
myofibroblasts
o e @f
°°

s Pseudomonas

2. Sensitized CF cell further

Functional PM CFTR CFTR impacted by CF lung environment
protects against EMT e TJs AJsand GJs are o Further disruption of junctions
partially internalized o Decreased regenerative capacity
o Cytokeratin becomes o Increased expression of

mesenchymal proteins and
additional EMTa-TFs

N N

o N-cadherin, vimentinare e Heavy collagen | deposition (fibrosis)
expressed Increased proliferative ability

Fig. 7 Epithelial defects in CF airways occur as a ‘two-hit’ event. In healthy airway epithelial cells functional PM CFTR has a role in protecting
against EMT. However, when dysfunctional CFTR is present in these cells a shift occurs towards a less differentiated state, and the cells are more
susceptible to EMT upon EMT stimuli (e.g. TGF-31). A partial EMT occurs with cells losing their normal epithelial architecture while increasing levels of
both mesenchymal markers and EMTa-TFs. Upon progression of CF lung disease, the lungs of CF individuals present the perfect mixture of conditions
(e.g. constant inflammatory factors, such as TGF-31, hypoxia, aberrant myofibroblast persistence and invasion by pathogens such as Pseudomonas) for
further aberrant differentiation and enhanced EMT over time. (CK cytokeratin; DSM desmosomes; IF intermediate filaments; MTs microtubules; Ncad
N-cadherin).
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since rescuing mutant CFTR with HECM drugs reverted
EMT, CFTR likely plays a direct role in EMT protection. We
thus propose that CFTR-mediated anion transport (possibly
Cl") is the driver of signalling which are essential for epi-
thelial cell differentiation, T integrity and EMT protection
(Fig. 7). However, in CF, proteins that would normally be
confined to cell junctions in response to apical functional
CFTR lose their correct localisation or reduce expression
levels. In parallel to EMT, absence of functional PM CFTR
can also activate signalling pathways normally active in
undifferentiated cells, like cell proliferation. Hyperprolifera-
tion and impaired wound healing were here confirmed as
part of CF pathology®”®'* occurring in conjunction with
EMT. The activation of different signalling pathways by
F508del- and wt-CFTR is supported by the knowledge that
their interactomes differ®* (also shown here for TWIST1),
suggesting that dysfunctional CFTR translates into dysregu-
lation of multiple signalling pathways. These data may appear
contradictory, since usually hyperproliferative and migratory/
invasive behaviours are seen as characteristic of EMT.
However, epithelial-like and mesenchymal-like cells can
migrate differently, the former migrating within a confluent
monolayer where cell-to-cell contacts are maintained and the
latter migrating as individual cells®®. In the ‘partial’ CF EMT,
cells still migrate mostly as monolayers as observed by live-
cell imaging of wound closure. Thus, the CF TJ defects could
account for the observed CF delay in wound closure, given
the importance of cell-to-cell contacts in cell migration. In
parallel, mutant CFTR can cause increased proliferation
while being detrimental to tissue regeneration, as reported™®,
Moreover, migration is not exclusive of invasiveness and it
has been shown to be required (via Notch activation) for
normal wound healing®, probably the case here. In fact,
some authors report that increased migration does not
necessary occur in EMT?.

Based on our findings, we propose that epithelial defects in
CF occur as a ‘two-hit’ event (Fig. 7). Firstly, absence of
functional CFTR (regardless of genotype and without
inflammation) causes a shift in epithelial cells towards a more
proliferative, less differentiated state. This shift is accom-
panied (led?) by induction of partial EMT, with cells losing
their normal epithelial architecture and upregulating both
mesenchymal markers and TWIST1. Secondly, once the
epithelial phenotype is ‘weakened;, its intrinsic resilience is
also lost, leading to less resistance to EMT, which is poten-
tiated by known hallmarks of CF lung disease: chronic
inflammation, i.e. increased TGF-B1°°, epithelial remodelling,
pathogen invasion’, hypoxia and aberrant myofibroblast
persistence®®, These manifestations prime the CF lungs for
further aberrant differentiation and enhanced EMT (e.g.
increased mesenchymal proteins and other EMTa-TF like
Snail 4 Slug and ZEB1) over time. Altogether, both ‘hits” help
to explain the occurrence of fibrosis and tissue degeneration
and probably also cancer in CF.
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With the increase of life expectancy in CF®®, previously
underlying aspects of the disease, such as fibrosis and high
cancer prevalence, are likely to emerge, thus requiring
novel therapeutic strategies. Targeting EMT might be a
fruitful approach to preserve epithelial integrity and pro-
tect against developing cancer and fibrosis. On the other
hand, this work also sheds some light on the role of CFTR
as a protector of EMT and tumour suppressor, which can
lead to novel avenues in the treatment/prevention of
carcinogenesis.

Acknowledgements

We thank the medical team at the Paediatrics Department of Motol University
Hospital and all the CF individuals whose lung materials were involved in this
study. The authors are also grateful to Luis Marques for technical assistance.
MCQ would also like to thank Hugo Botelho, Madalena Pinto and Filipa Simdes
for regular discussion of ideas and relevant input to this work. Work supported
by UIDB/04046/2020 and UIDP/04046/2020 centre grants from FCT, Portugal
(to BiolSI), FCT/POCT!I (PTDC/BIM-MEC/2131/2014) grant “DiffTarget” (to MDA)
and CF Trust Strategic Research Centre Award Ref. SRC 013 (to MDA). MCQ was
the recipient of a BioSys PhD programme (PD/BD/114389/2016) fellowship
from FCT. JF was supported by grants from the Swedish Research Council
(2017-02630) and the Swedish Cancer Society (2018-3114). Microscopy
images presented in this study were acquired at the Faculty of Sciences of the
University of Lisbon’s Microscopy Facility, a node of the Portuguese Platform of
Biolmaging, reference PPBI-POCI-01-0145-FEDER-022122.

Author details

"University of Lisboa, Faculty of Sciences, BiolSI - Biosystems & Integrative
Sciences Institute, C8 bdg, 1749-016 Campo Grande, Lisboa, Portugal.
2Department of Paediatrics, 2nd Faculty of Medicine, Charles University and
University Hospital Motol, V Uvalu 84, 15006 Prague, Czech Republic. *Division
of Pathology, Department of Laboratory Medicine (LABMED), Karolinska
Institutet and Karolinska University hospital, Huddinge, Stockholm, Sweden

Conflict of interest
The authors declare that they have no conflict of interest.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Supplementary Information accompanies this paper at (https://doi.org/
10.1038/541419-020-03119-2).

Received: 22 January 2020 Revised: 7 October 2020 Accepted: 8 October
2020
Published online: 26 October 2020

References

1. De Boeck, K. & Amaral, M. D. Progress in therapies for cystic fibrosis. Lancet
Respir. Med. 4, 662-674 (2016).

2. OSullivan, B. P. & Freedman, S. D. Cystic fibrosis. Lancet 373, 1891-1904 (2009).

3. Hajj, R et al. Human airway surface epithelial regeneration is delayed and
abnormal in cystic fibrosis. J. Pathol. 211, 340-350 (2007).

4. Riordan, J. R. et al. Identification of the cystic fibrosis gene: cloning and
characterization of complementary DNA. Science 245, 10661073 (1989).

5. Amaral, M. D. CFTR and chaperones: processing and degradation. J. Mol.
Neurosci. 23, 041-048 (2004).

6. LeSimple, P, Liao, J, Robert, R, Gruenert, D. C. & Hanrahan, J. W. Cystic fibrosis
transmembrane conductance regulator trafficking modulates the barrier
function of airway epithelial cell monolayers. J. Physiol. 588, 1195-1209 (2010).

7. Trinh, N. T. N. et al. Improvement of defective cystic fibrosis airway epithelial
wound repair after CFTR rescue. Eur. Respir. J. 40, 13901400 (2012).


https://doi.org/10.1038/s41419-020-03119-z
https://doi.org/10.1038/s41419-020-03119-z

Quaresma et al. Cell Death and Disease (2020)11:920

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32,

33.

Schiller, K- R, Maniak, P. J. & O'Grady, S. M. Cystic fibrosis transmembrane
conductance regulator is involved in airway epithelial wound repair. Am. J.
Physiol. Physiol. 299, C912-C921 (2010).

Meyerholz, D. K et al. Lack of cystic fibrosis transmembrane conductance
regulator disrupts fetal airway development in pigs. Lab. Investig. 98, 825-838
(2018).

Bonvin, E. et al. Congenital tracheal malformation in cystic fibrosis trans-
membrane conductance regulator-deficient mice. J. Physiol. 586, 3231-3243
(2008).

Meyerholz, D. K. et al. Loss of cystic fibrosis transmembrane conductance
regulator function produces abnormalities in tracheal development in neo-
natal pigs and young children. Am. J. Respir. Ciit. Care Med. 182, 1251-1261
(2010).

Leigh, M. W, Kylander, J. E, Yankaskas, J. R. & Boucher, R. C. Cell proliferation in
bronchial epithelium and submucosal glands of cystic fibrosis patients. Am. J.
Respir. Cell Mol. Biol. 12, 605612 (1995).

Maisonneuve, P, Marshall, B. C, Knapp, E. A. & Lowenfels, A. B. Cancer risk in
cystic fibrosis: a 20-year Nationwide Study From the United States. JNCI J. Natl
Cancer Inst. 105, 122-129 (2013).

Son, J. W. et al. Promoter hypermethylation of the CFTR gene and clinical/
pathological features associated with non-small cell lung cancer. Respirology
16, 1203-1209 (2011).

Xie, C. et al. CFTR suppresses tumor progression through miR-193b targeting
urokinase plasminogen activator (UPA) in prostate cancer. Oncogene 32,
2282-2291 (2013).

Than, B. L. N. et al. CFTR is a tumor suppressor gene in murine and human
intestinal cancer. Oncogene 35, 4191-4199 (2016).

Zhang, J. T. et al. Downregulation of CFTR promotes epithelial-to-
mesenchymal transition and is associated with poor prognosis of breast
cancer. Biochim. Biophys. Acta Mol. Cell Res. 1833, 2961-2969 (2013).

Sun, T. T. et al. Disrupted interaction between CFTR and AF-6/afadin aggra-
vates malignant phenotypes of colon cancer. Biochim. Biophys. Acta Mol. Cell
Res. 1843, 618-628 (2014).

Li, J. et al. The cystic fibrosis transmembrane conductance regulator as a
biomarker in non-small cell lung cancer. Int. J. Oncol. 46, 2107-2115 (2015).
Clarke, L. A, Botelho, H. M, Sousa, L, Falcao, A. O. & Amaral, M. D. Tran-
scriptome  meta-analysis reveals common differential and global gene
expression profiles in cystic fibrosis and other respiratory disorders and
identifies CFTR regulators. Genomics 106, 268-277 (2015).

Amaral, M. D, Quaresma, M. C. & Pankonien, I. What role does CFTR play in
development, differentiation, regeneration and cancer. Int. J. Mol. Sci. 21, 3133
(2020).

Thiery, J. P, Acloque, H, Huang, R. Y. J. & Nieto, M. A. Epithelial-mesenchymal
transitions in development and disease. Cell 139, 871-890 (2009).

Lamouille, S, Xu, J. & Derynck, R. Molecular mechanisms of epithelial-
mesenchymal transition. Nat. Rev. Mol. Cell Biol. 15, 178-196 (2014).

Kalluri, R. & Weinberg, R. A. The basics of epithelial-mesenchymal transition. J.
Clin. Invest. 119, 1420-1428 (2009).

Dongre, A. & Weinberg, R A. New insights into the mechanisms of
epithelial-mesenchymal transition and implications for cancer. Nat. Rev. Mol.
Cell Biol. 20, 69-84 (2019).

Sohal, S. S. et al. Evaluation of epithelial mesenchymal transition in patients
with chronic obstructive pulmonary disease. Respir. Res. 12, 130 (2011).
Jonsdottir, H. R. et al. Basal cells of the human airways acquire mesenchymal
traits in idiopathic pulmonary fibrosis and in culture. Lab. Investig. 95,
1418-1428 (2015).

Jolly, M. K et al. Epithelial-mesenchymal transition, a spectrum of states: Role in
lung development, homeostasis, and disease. Dev. Dyn. 247, 346-358 (2018).
Harris, W. T. et al. Plasma TGF-31 in pediatric cystic fibrosis: potential biomarker
of lung disease and response to therapy. Pediatr. Pulmonol. 46, 6838-695
(2011).

Nieto, M. A, Huang, R. Y-J, Jackson, R. A. & Thiery, J. P. EMT: 2016. Cell 166,
21-45 (2016).

Bajanca, F, Luz, M, Duxson, M. J. & Thorsteinsdéttir, S. Integrins in the mouse
myotome: Developmental changes and differences between the epaxial and
hypaxial lineage. Dev. Dyn. 231, 402-415 (2004).

Li, L. Epithelial Cell Culture Protocols. Epithelial Cell Culture Protocols: Second
Edition, Methods in Molecular Biology 945, (Humana Press, 2013).

Chillén, M. et al. Identification of a frameshift mutation (1609delCA) in exon 10
of the CFTR gene in seven Spanish cystic fibrosis patients. Hum. Mutat. 1,
75-76 (1992).

Official journal of the Cell Death Differentiation Association

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

46.

47.

48.

49.

50.

51.

53.

54.

55.

56.

57.

58.

59.

60.

Page 17 of 18

Lopes-Pacheco, M, Boinot, C, Sabirzhanova, I, Rapino, D. & Cebotary, L.
Combination of correctors rescues CFTR transmembrane-domain mutants by
mitigating their interactions with proteostasis. Cell. Physiol. Biochem. 41,
2194-2210 (2017).

Welsh, M. J. & Smith, A. E. Molecular mechanisms of CFTR chloride channel
dysfunction in cystic fibrosis. Cell 73, 1251-1254 (1993).

Bisceglia, L, Grifa, A, Zelante, L. & Gasparini, P. Development of RNA-SSCP
protocols for the identification and screening of CFTR mutations: Identification
of two new mutations. Hum. Mutat. 4, 136-140 (1994).

Masvidal, L. et al. Assessing the residual CFTR gene expression in human nasal
epithelium cells bearing CFTR splicing mutations causing cystic fibrosis. Eur. J.
Hum. Genet. 22, 784-791 (2014).

Bebok, Z et al. Failure of cAMP agonists to activate rescued AF508 CFTR in
CFBE410 - airway epithelial monolayers. J. Physiol. 569, 601-615 (2005).
Schindelin, J. et al. Fiji: an open-source platform for biological-image analysis.
Nat. Methods 9, 676682 (2012).

Clarke, L. A, Sousa, L, Barreto, C. & Amaral, M. D. Changes in transcriptome of
native nasal epithelium expressing F508del-CFTR and intersecting data from
comparable studies. Respir. Res. 14, 38 (2013).

Amaral, M. D, Farinha, C. M, Matos, P. & Botelho, H. M. Investigating Alternative
Transport of Integral Plasma Membrane Proteins from the ER to the Golgi:
Lessons from the Cystic Fibrosis Transmembrane Conductance Regulator (CFTR),
Vol. 1459, 105-126 (Springer New York, 2016).

Polosukhin, V. V. Ultrastructure of the bronchial epithelium in chronic
inflammation. Ultrastruct. Pathol. 25, 119-128 (2001).

Gianotti, A, Delpiano, L. & Cadi, E. In vitro methods for the development and
analysis of human primary airway epithelia. Front. Pharmacol. 9, 1-12 (2018).
Carvalho-Oliveira, I. et al. CFTR localization in native airway cells and cell lines
expressing wild-type or F508del-CFTR by a panel of different antibodies. J.
Histochem. Cytochem. 52, 193-203 (2004).

Keating, D. et al. VX-445-tezacaftor-ivacaftor in patients with cystic fibrosis and
one or two Phe508del alleles. N. Engl. J. Med. 379, 1612-1620 (2018).
Hackett, T-L. et al. Induction of epithelial-mesenchymal transition in primary
airway epithelial cells from patients with asthma by transforming growth
factor-B1. Am. J. Respir. Crit. Care Med. 180, 122-133 (2009).

Grande, M. T. et al. Snail1-induced partial epithelial-to-mesenchymal transition
drives renal fibrosis in mice and can be targeted to reverse established dis-
ease. Nat. Med. 21, 989-997 (2015).

Sulaiman, A, Yao, Z & Wang, L. Re-evaluating the role of epithelial-
mesenchymal-transition in cancer progression. J. Biomed. Res. 32, 81-90
(2018).

Saitoh, M. Involvement of partial EMT in cancer progression. J. Biochem 164,
257-264 (2018).

De Lisle, R. C. Disrupted tight junctions in the small intestine of cystic fibrosis
mice. Cell Tissue Res. 355, 131-142 (2014).

Ruan, Y. C. et al. CFTR interacts with ZO-1 to regulate tight junction assembly
and epithelial differentiation through the ZONAB pathway. J. Cell Sci. 127,
4396-4408 (2014).

Cohen, J. C, Larson, J. E, Killeen, E, Love, D. & Takemaru, K. I. CFTR and Wnt/
beta-catenin signaling in lung development. BMC Dev. Biol. 8, 1-7 (2008).

Li, J. & Zhou, B. P. Activation of B-catenin and Akt pathways by Twist are critical
for the maintenance of EMT associated cancer stem cell-ike characters. BMC
Cancer 11, 49 (2011).

Legendre, C, Mooij, M. J, Adams, C. & O'Gara, F. Impaired expression of
hypoxia-inducible factor-1a in cystic fibrosis airway epithelial cells—a role for
HIF-1 in the pathophysiology of CF? J. Cyst. Fibros. 10, 286-290 (2011).
Yang, M-H. et al. Direct regulation of TWIST by HIF-1a promotes metastasis.
Nat. Cell Biol. 10, 295-305 (2008).

Bodas, M. & Vij, N. The NF-kappaB signaling in cystic fibrosis lung disease:
pathophysiology and therapeutic potential. Discov. Med. 9, 346-356 (2010).
Pires, B. R. B. et al. NF-kappaB is involved in the regulation of EMT genes in
breast cancer cells. PLoS ONE 12, 1-20 (2017).

Castellani, S. et al. NHERF1 and CFTR restore tight junction organisation and
function in cystic fibrosis airway epithelial cells: role of ezrin and the RhoA/
ROCK pathway. Lab. Investig. 92, 1527-1540 (2012).

Ruan, Y. C. et al. CFTR interacts with ZO-1 to regulate tight junction assembly
and epithelial differentiation through the ZONAB pathway. J. Cell Sci. 127,
4396-4408 (2014).

Huang, R. Y-J, Guilford, P. & Thiery, J. P. Early events in cell adhesion and
polarity during epithelial-mesenchymal transition. J. Cell Sci. 125, 4417-4422
(2012).



Quaresma et al. Cell Death and Disease (2020)11:920

62.

63.

65.

Nilchian, A. et al. CXADR-mediated formation of an AKT inhibitory signalo-
some at tight junctions controls epithelial-mesenchymal plasticity in breast
cancer. Cancer Res. 79, 47-60 (2019).

Sousa, L. et al. KLF4 acts as a wt-CFTR suppressor through an AKT-mediated
pathway. Cells 9, 1607 (2020).

Valdivieso, A. G. & Santa-Coloma, T. A. The chloride anion as a signalling
effector. Biol. Rev. 94, 1839-1856 (2019).

Pankow, S. et al. AF508 CFTR interactome remodelling promotes rescue of
cystic fibrosis. Nature 528, 510-516 (2015).

Kim, H. D. O. et al. Signaling network state predicts twist-mediated effects on
breast cell migration across diverse growth factor contexts. Mol. Cell. Proteom.
10, 1-12 (2011).

Official journal of the Cell Death Differentiation Association

66.

67.

68.

69.

Page 18 of 18

Na, J. et al. JMJD3 and NF-kB-dependent activation of Notch1 gene is
required for keratinocyte migration during skin wound healing. Sci. Rep. 7,
1-12 (2017).

Schaeffer, D, Somarelli, J. A, Hanna, G, Palmer, G. M. & Garcia-Blanco, M. A.
Cellular migration and invasion uncoupled: increased migration is not an
inexorable consequence of epithelial-to-mesenchymal transition. Mol. Cell. Biol.
34, 3486-3499 (2014).

Harris, W. T. et al. Myofibroblast differentiation and enhanced Tgf-B signaling in
cystic fibrosis lung disease. PLoS ONE 8, €70196 (2013).

Dodge, J. A, Lewis, P. A, Stanton, M. & Wilsher, J. Cystic fibrosis mor-
tality and survival in the UK: 1947-2003. Eur. Respir. J. 29, 522-526
(2007).



	Mutant CFTR Drives TWIST1 mediated epithelial&#x02013;nobreakmesenchymal transition
	Introduction
	Materials and methods
	Native human lung tissue
	Primary human bronchial epithelial cells
	Cell lines
	TEER measurements
	TGF-&#x003B2;1 and CFTR modulator treatments
	TWIST1�shRNA knockdown
	Immunofluorescence staining (IF)
	qRT-PCR
	Western blot
	Growth curve
	Wound healing
	Antibodies and primers
	Statistical analyses

	Results
	Native human CF airways display EMT characteristics
	Primary CF cells are more mesenchymal than non-CF cells
	Polarized F508del-CFTR CFBE cells are more mesenchymal than wt-CFTR CFBE cells
	CF cells show increased proliferation and decreased wound repair rates
	Functional CFTR restores a more epithelial phenotype and confers resistance to TGF-&#x003B2;1-induced EMT
	Mutant CFTR drives TWIST1 mediated EMT

	Discussion
	Acknowledgements




