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Abstract: One of the key features associated with the substantial increase in life expectancy for
individuals with CF is an elevated predisposition to cancer, firmly established by recent studies
involving large cohorts. With the recent advances in cystic fibrosis transmembrane conductance
regulator (CFTR) modulator therapies and the increased long-term survival rate of individuals with
cystic fibrosis (CF), this is a novel challenge emerging at the forefront of this disease. However,
the mechanisms linking dysfunctional CFTR to carcinogenesis have yet to be unravelled. Clues to
this challenging open question emerge from key findings in an increasing number of studies showing
that CFIR plays a role in fundamental cellular processes such as foetal development, epithelial
differentiation/polarization, and regeneration, as well as in epithelial-mesenchymal transition (EMT).
Here, we provide state-of-the-art descriptions on the moonlight roles of CFTR in these processes,
highlighting how they can contribute to novel therapeutic strategies. However, such roles are still
largely unknown, so we need rapid progress in the elucidation of the underlying mechanisms to find
the answers and thus tailor the most appropriate therapeutic approaches.

Keywords: carcinogenesis; cystic fibrosis; epithelial-mesenchymal transition EMT; epithelial
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1. Introduction

With the recent advances in cystic fibrosis transmembrane conductance regulator (CFTR) modulator
therapies and the substantial increase in life expectancy of individuals with cystic fibrosis (CF),
novel challenges are emerging at the forefront of this disease. One of the key features associated with
this long-term survival rate is an elevated predisposition to cancer. In fact, although already described
for a long time, the inherent predisposition of individuals with CF to develop cancer has been firmly
established by recent studies involving large cohorts [1-3].

In parallel with cancer, an increasing number of emerging studies show that CFIR plays a
role in fundamental cellular processes such as foetal development [4-9], epithelial differentiation/
polarization [10-14], regeneration [15-17], and epithelial-mesenchymal transition (EMT) [18-22]
(Figure 1).

In parallel, multiple studies also report an actual functional role for CFTR as a tumour suppressor
gene, whereas dysfunctional CFTR promotes cancer development both in vitro and in vivo [18,23-26].
Which mechanisms link dysfunctional CFIR to carcinogenesis remains an open question.

Although many of these studies provide only circumstantial correlations between CF and cancer,
it remains unclear whether carcinogenesis is a direct consequence of dysfunctional CFTR, and the
compelling accumulated evidence calls for urgent investigation.

Clues to this challenging question derive from findings in foetal development, during which
CFTR evidences highly specific spatio-temporal expression patterns as multiple organs develop [27-29].
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CFTR was proposed to play a key role in processes such as tubulogenesis (e.g., vas deferens) and
branching morphogenesis (of airways, pancreatic or kidney ducts). Some light has been shed by
suggesting that such roles may essentially derive from CFTR’s major function in regulating fluid
secretion and, consequently, in promoting mechanical stretching.
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Figure 1. Cystic fibrosis transmembrane conductance regulator (CFTR) impacts several fundamental
cellular processes.

Another noteworthy question is how CFTR is implicated in epithelial differentiation/ polarization
and in the related process of tissue repair. Data collected from wound healing experiments, as an
experimental model to study these processes, clearly show that functional CFTR promotes migration
while also affecting proliferation. Thus, acting on these two processes could be a novel strategy to
promote epithelial repair in CE.

Concrete evidence for the role of CFTR in epithelial differentiation also derives from the observation
that its absence leads to an intermediate (partial) state of EMT (M Quaresma and Amaral lab,
unpublished data). Moreover, EMT induction by dysfunctional CFIR also provides a direct (causal)
link to its role as tumour suppressor. However, further studies are needed to characterize how
functional CFTR prevents progression into EMT.

In the following sections, we provide state-of-the-art descriptions on the moonlight role(s) of
CFTR on these processes, highlighting how the understanding of the underlying mechanisms can
contribute to novel therapeutic strategies. However, such roles are still largely unknown, so we need
rapid progress in the elucidation of these mechanisms to find the answers and thus tailor the most
appropriate therapeutic approaches.

2. CFTR and Development

2.1. CFIR Expression is Highly Regulated During Development

A rationale for the possible different roles of CFTR during development stems from its finely
regulated spatio-temporal expression during foetal development.

CFTR mRNA is present at high levels very early in several organs during human foetal
morphogenesis (see Table 1), namely in developing pancreas (ducts and centroacinar cells), liver
(bile duct and gallbladder epithelium) and intestine (crypts) in the first trimester (10-12 weeks of
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gestation, WG). Lower but significant expression levels are also detected in the epithelia of small
airways and trachea as well as in the ductal epithelium of the epididymis (largely in the vas deferens) at
this stage. The uterus, fallopian tubes and salivary glands also present CFTR expression but only in the
third trimester. In most of these tissues (e.g., pancreas, intestine, reproductive system), the pattern of
CFTR expression in the mid-trimester human foetus and in the adult are similar. The major exception
to this is the lung, where high levels of CFTR are present through mid-trimester in marked contrast to
the reduced expression in the adult lung [27]. Measurable levels of CFTR transcripts are present in the
primordial epithelium of the pseudoglandular stage lung [28]. In these immature lungs (as early as
7 WG), CFTR is diffusely expressed in the cytoplasm of undifferentiated multipotential stem cells [29].

Table 1. Levels of CFTR mRNA expression during human foetal development.

Tissues 1st Trimester ~ 2nd Trimester  3rd Trimester References
Pancreas +++ +++ +++ [27,30-32]
Liver ++ ++ ++ [27,31]
Kidneys ++ +++ ++ [33]
Colon and small intestine +++ +++ +++ [10,27,31]
Large airways +d + + [27-29,31]
Small airways + ++ + [27,28,31]
Submucosal glands ND ND ND [28]
ek + + ©
Fallo[-;)tizl;lutsubes ND ND * [31]

Legend: +++ high, ++ medium, + detectable, d diffuse, ND not detectable.

The highest levels of CFTR mRNA expression occur at the start of the second trimester and
gradually decline to term [27,34]. Similarly, CFTR protein expression increases until around 20 WG
after which it is gradually down-regulated, starting at 23-24 WG and continuing until birth [35].
This temporal window is consistent with lung maturation and cell differentiation (24-25 WG), where
CFTR localization shifts to an apical localization in ciliated cells, also being present in the collecting
ducts and glands of the airways, as in the adult lung [29]. This shift from non-polarized to a prominent
apical localization of the bronchiolar epithelial cell was also described for CFTR in developing rabbit
airways [36].

It has been postulated that the marked developmental changes in both the amount and local
distribution of CFTR expression in the foetal and postnatal human lung may be consistent with the
changes that occur in the lung transition from a fluid-secreting to an absorbing organ (Na*/Cl~ bulk
flow) close to term [28]. However, since CFTR down-regulation starts mid-term, it does not appear to
coincide with the transition from intra-uterine to post-natal life, but is rather specifically connected to
lung development/differentiation [35]. It is possible that CFTR has a particular role in the differentiation
of the respiratory epithelium, e.g., mutant CFIR protein would fail to regulate important genes during
early gestation resulting in abnormal lung fine structure and function [34,35]. However, such role(s)
are still unknown.

2.2. Individuals with CF Display Lung Malformations and CBAVD

Supporting an important role for CFTR in lung development, early studies on the airways of
CF foetuses described morphologically abnormal tight junctions (T]) often accompanied by ciliary
defects [37], including absence of cilia in most tracheal epithelial cells, as well as tracheal epithelial
atrophy [38]. Subsequent studies found that mice, rats, pigs and newborns/young children who lack
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functional CFTR display developmental and functional defects in trachea, such as malformations of
the cartilaginous rings, reduced breathing rate, decreased contractile response, decreased lumen size
and circularity and increased smooth muscle tissue [6,39,40].

In CF pigs, these morphological lesions are detected early in the pseudoglandular stage of lung
development and during early branching morphogenesis of the proximal airways, where most defects
are found after birth [41]. Furthermore, rats subjected to transient in utero CFTR knockout displayed
with aging, even after re-activation of CFTR expression, airway thickening and fibrosis, a classic
CF phenotype [42]. In agreement, transient gene transfer of CFTR into normal foetal mice [43,44]
and rats [45] increased both bronchial cell proliferation and differentiation, namely of secretory cell
types. In utero gene therapy was also applied to non-human primates showing similar increases in
cell proliferation and stimulation of differentiation of primordial stem cells to mature into secretory
cells [46].

All these studies point to CFTR being instrumental for the normal differentiation of secretory cell
populations in the developing airways. Most importantly, they show that small transient changes in
CFIR expression during lung development have substantial effects on organogenesis [4], reinforcing
its central role in development.

Another major body of evidence on the role CFIR plays in development is that 97-98% of
male individuals with CF are infertile, mostly due to congenital bilateral absence of vas deferens
(CBAVD) [47-49]. Absence of vas deferens and markedly reduced or partially absent epididymis in CF
individuals, with subsequent azoospermia, has been reported since 1968 [50]. Dysfunctional CFTR
is proposed to result in disordered morphogenesis of the Wolffian duct derivatives by generating
abnormally thick and sticky mucus which clogs the vas deferens as it is forming, causing its degeneration
before birth [9,27,30,51]. Interestingly, a CFTR” rat model also presented loss of the vas deferens by
six weeks of age [40], suggesting that the role of CFTR in development of male reproductive tract
may be common across species. However, at least two studies suggest that normal vas deferens are
present during development, and its absence happens by progressive atrophy/degeneration due to less
functional CFTR and mucus obstruction over time [52,53].

CBAVD is itself a condition that occurs in about 1-2% of infertile, but otherwise healthy, men [9].
It is intriguing that such a large percentage of male individuals with CF have CBAVD. In fact, between
1990 and 2000, several studies found that a large proportion of individuals with CBAVD (41-71%)
are actually carriers of CFTR mutations, many being compound heterozygotes [51,54-57]. These
findings suggest that the majority, if not all, cases of CBAVD might be due to CFTR mutations [51],
a notion that is increasingly accepted. Thus, CBAVD, along with other conditions, can be considered
a “CFTR-opathy”, a term coined to designate CFTR-related disorders other than CF [58]. In fact,
a meta-analysis of literature reporting CFTR mutations and CBAVD between 1992 and 2011 indicates
that 78% of individuals with CBAVD have at least one CFIR gene mutation (53% having two and
25% only one). Furthermore, F508del/5T and F508del/R117H are the two most common compound
heterozygote genotypes of men with CBAVD, which clearly differ from those occurring in typical
CF [48,59]. Indeed, R117H [55] and the 5T polymorphism [60] are the most frequent CFTR variants
found in individuals with CBAVD.

Importantly, the fundamental difference between CF and CBAVD (as for other “CFTR-opathies”)
is the distribution of genotypes: while individuals with CF present two severe mutations (~89%) or one
severe and one mild mutation (~11%), those with CBAVD have either a severe and mild (~89%) or two
mild (~12%) mutations, i.e., those with residual function and included in classes IV, V or VI [57,61,62].

Hence, most individuals with CBAVD are at present considered to have a “CFTR-opathy”
(previously also considered to be a “genital” or “incomplete” form of CF). This prompts the question
of why the reproductive tract is so sensitive to CFTR mutations compared to other organs. The reason
for this is probably two-fold. Firstly, non-CFTR modifier genes and/or environmental factors, both
being main contributors to different phenotypes arising from similar genotypes, may impact different
organs with different magnitudes [61]. Since CBAVD is present in >95% of CF individuals, most likely
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(mutated) CFIR is the major contributor to this condition, with other genes/environment playing
minor roles. Lung disease, on the other hand, displays a wide range of severity in individuals with CF,
suggesting that the environment and/or modifier genes are major contributors to the phenotype in
the airways [63]. Secondly, another possibility is differences in alternative splicing of CFTR mRNA
in different tissues. Splicing of mRNA has been found to be less efficient in vas deferens than in
respiratory epithelia, which implies that the reproductive system is more sensitive to CFTR protein
dysfunction than other tissues [9]. For example, a 90% reduction in the number of transcripts resulting
from the T5 allele is enough to cause malformations in the vas deferens but not in the lung or
pancreas [64]. CFTR expression in nasal epithelium is actually considered to be independent of the Tn
genotype [9,60,64]. Nonetheless, this latter argument would only account for differences in splicing
mutations, but not other common CBAVD mutations (e.g., R117H, V201M, I980K, D1270N, etc.).

2.3. What Is the Major Role of CFTR in Development?

Although to date the exact role(s) of CFTR during embryonic/foetal development remains unknown,
the three main possibilities proposed thus far are that CFTR is critical in: (1) pre-implantation embryonic
development; (2) correct branching morphogenesis and tubulogenesis; and (3) promoting correct
terminal lung differentiation of the distal airways.

Firstly, CFTR protein expression and activity was found to be expressed in human pre-implantation
embryos, as early as the 8-cell stage, but also in morulae and blastocysts [65]. Most studies,
however, have been conducted in mice, where CFIR has also been suggested to be essential for
the embryonic cleavage phase and for embryo differentiation. It was first proposed that CFTR
was directly responsible for regulating HCO3™ secretion in the oviduct [66] as a soluble adenylate
cyclase (sSAC)-dependent, cAMP-activated HCOj3™ channel. Absence of HCOj3" is detrimental beyond
the 2-cell embryonic stage, and development of mouse embryos from this stage to the morula or
blastocyst failed when co-cultured with HCOj3™ secretion CFTR-deficient epithelial cells [67]. Since
then, it has been shown that cleavage-associated events are also dependent on CI~, being mainly
mediated by the CI7/HCO;~ exchangers SLC26A3 and SLC26A6. However, these need active CFTR
CI channel to provide an essential recycling pathway for this ion. Defects in either the SLCs or CFTR
disrupt the HCO3;™-dependent signalling cascade and suppress embryo cleavage [68]. The complete
mechanism involves HCOj3 secretion by the SLCs (supported by CFTR), activating sAC, generating
cAMP that activates protein kinase A (PKA), triggering NF-kB, which in turn regulates miR-125b
which down-regulates p53, a requirement for early embryo development [68].

The loss of CFTR function (by injection of CFTR antisense morpholino) in 2-cell-stage Xenopus
laevis embryos also caused ~73% of them to die and the remaining 27% to exhibit various malformations.
Accordingly, CFTR morphants presented significantly down-regulated mesoderm and endoderm
marker genes, as well as significantly reduced levels of the Wnt/p-catenin (3-cat) downstream
targets. The Wnt/[3-cat signalling pathway has a central role in controlling proliferation and lineage
specification during early embryogenesis. CFTR appears to be critical for early embryonic development
by regulating (3-cat-associated pathways in vivo [8]. Additional results from mouse embryonic stem
cells (mESCs) point to a role of CFTR in early mesendoderm differentiation, by interacting with (3-cat
and preventing its phosphorylation and premature degradation [8]. The loss of CFTR is proposed to
result in suppression of 3-cat transcriptional activity affecting Wnt signalling that is instrumental in
mesendoderm induction [8]. Interestingly, wt-CFTR itself is known to interact with several components
of the Wnt signalling pathway, an association which is lost for F508del-CFTR [69]. However, another
study in Xenopus laevis embryos suggested that CFTR-mediated retinoic acid signalling through retinoic
acid receptor alpha (RARx) is the critical pathway for embryo development [70]. The loss of CFTR
was found to impair the migration of primordial germ cells (PGCs, undifferentiated stem cells that are
precursors of gametes) in zebrafish, confirming a CFTR role in early embryogenesis [71].

Secondly, CFTR was described as influential in controlling mechanical morphogenesis during
development. Mechanical forces are as crucial as genes and chemical signals in the control of embryonic
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development, morphogenesis and tissue patterning [72]. Two major developmental processes,
tubulogenesis and branching morphogenesis are highly dependent on the concerted actions of
mechanical forces and genetic programmes. Tubulogenesis, a key process underlying the development
and structural organization of glandular organs, consists in the coordinated proliferation, polarization
and reorganization of epithelial cells to form a lumen and then in promoting its expansion [73,74].
Branching morphogenesis is the developmental process leading to complex ramified epithelial
networks/trees of tubes that support the flow of gases and fluids, occurring in the airways, in the
kidney collecting ducts and the ducts of mammary and salivary glands [75,76].

The main driver of cellular mechano-transduction in development was first suggested to
be cytoskeletal tension, as its inhibition through the Rho/Rho-associated protein kinase (ROCK)
pathway resulted in abnormal mouse lung development with suppression of both epithelial budding
morphogenesis and branching angiogenesis [77]. However, another study in embryonic rat lungs
suggested that ROCK alone was not sufficient to induce proper growth and differentiation [5]. CFTR was
proposed to increase extracellular Cl” concentration, stimulating ATP release, increasing the synthesis of
muscle proteins and releasing Ca* necessary for foetal airway contractions through a PI3K-PLC-CK2
pathway. In the absence of functional CFTR, lung cytoskeleton tensions would be only dependent on
ROCK and normal foetal movements, causing growth and differentiation to occur at a slower rate [5].
This could account for the deficiencies in function, which become more apparent as the CF lung ages
and is subjected to environmental insults.

However, in further studies of branching morphogenesis and tubulogenesis, it became apparent
that developmental mechanical forces are greatly affected by changes in ion secretion and ionic
gradients, with fluid flow and hydrostatic pressure being responsible for shaping morphogenesis at
several levels [74]. For example, transmural pressure, which is controlled by the relative pressure of the
fluid contained within the lumen, has been found to drive airway branching morphogenesis. Higher
transmural pressure leads to an increased growth rate of both the epithelium and the mesenchyme,
an increase in the complexity of the airways, and to the expression of lung developmental programmes,
i.e., enhancing the expression of genes driving airway branching morphogenesis, such as fibroblast
growth factors (FGFs) and genes involved in airway maturation such as surfactant proteins and
mucins [76]. These studies illustrate how fluid secretion is an important controller of these mechanical
signals and importantly, how CFTR, a master regulator of fluid secretion can impact on those processes.
CFTR was indeed shown to play a major role in regulating the lumen size of epithelial MDCK cell
acini by controlling apical secretion of Cl” ions that generate water influx, thus creating an osmotic
pressure within the lumen [22]. CFTR inhibition was also found to prevent the formation of tubular
structures in a 3D epididymal cell culture model [78]. CFTR has been reported to be important in
lumen expansion during tubulogenesis of the developing submandibular gland. While vasoactive
intestinal peptide (VIP) promotes lumen formation and expansion through different mechanisms,
a VIP-responsive PKA/CFTR-dependent mechanism is involved in lumen expansion [73]. Accordingly,
in zebrafish, the loss of CFTR-mediated fluid secretion severely impairs Kupffer’s vesicle lumen
expansion [7,79] leading to defects in organ laterality, i.e., left-right asymmetry [7]. Regulation of CFTR
activity-mediated fluid secretion was also shown to be critical during zebrafish gut development [80].
It is thus safe to propose that CFTR plays a role in tubulogenesis by mediating fluid secretion.

In parallel, CFIR also appears to play a role in branching morphogenesis. At the pseudoglandular
stage of developing pig airways, CFIR protein was exclusively localized to the leading edges of
budding airways in non-CF (but not CF) lungs [41]. At 10 WG of human lungs normal CFTR was also
seen in the epithelial structures of the pulmonary buds [35]. Interestingly, at this stage no CFTR was
detected in the lungs of individuals with CFE, suggesting that the defects seen in lung can be traced back
to faulty CFTR expression in early lung budding. In fact, human CF foetuses (10 F508del-homozygous;
3 F508-heterozygous) revealed a three-week delay in CFTR protein detectability in the lung, with the
protein appearing only at 15 WG [35]. Additionally, CFTRs direct effect on stretching was also proposed
to play a role in late lung development of the distal airways by its levels directly correlating with those
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of the parathyroid hormone-related protein (PTHrp) and inversely with the Wnt signalling pathway,
the latter required for terminal differentiation of the alveoli [81]. While in early lung development,
CFTR would promote mechanical stretching for proximal airway development through an initial
increase in its expression levels, at later stages a drop in its levels, by as much as 75-fold [34], would
instead promote a decrease in pressure and allow Wnt signalling activation for alveolar differentiation.

Strikingly, a change in CFTR expression during human pancreatic development from the termini
of pancreatic ducts (areas of developing acini) to the distal portion after birth, suggests that CFTR
is also important for branching morphogenesis of the pancreatic acini [32]. CFTR expression was
also found in human developing kidney, as early as 12 WG, predominantly in the PM region of the
epithelial cells lining the branching ureteric bud [33]. Accordingly, the loss of CFTR during zebrafish
development leads to the destruction of pancreatic acinar tissue, suggesting an important function of
CFTR in the developing pancreatic ducts of larval zebrafish [82]. Thus, CFTR’s roles in tubulogenesis
and branching morphogenesis may be conserved across different organs or even species.

Conceivably, the loss of CFTR during human development does not lead to extreme developmental
defects, but the resulting reduction in internal fluid pressure causes the reported foetal development
abnormalities. This can happen, for example, by influencing downstream signalling pathways that
are important in development, or simply by insufficient expansion of important structures, like
lumina. It has long been known that alterations of normal fluid dynamics produce developmental
lung anomalies [83]. Whatever the mechanism(s) by which CFTR regulates embryonic development
there is no doubt that it plays a relevant role in this process.

3. CFTR and Epithelial Differentiation

3.1. Is CFTR Essential for Epithelial Differentiation?

The first evidence for the possible involvement of CFIR in epithelial cell differentiation came from
the human intestinal cell lines Caco-2 and HT-29 [84-87], as CFTR mRINA levels were found to increase
as cells differentiated/increased confluency. In nasal polyp tissue (upper airways), wt-CFTR was found
to be localized at the apical membrane of ciliated cells in areas of differentiated epithelium, while it
localized to the cytosol of poorly differentiated areas of the epithelium, similarly to F508del-CFTR in
most cell types [10,11]. Apical expression of CFTR was confirmed in parallel with cytokeratins (CK) 13,
18, 14, or desmoplakin (DP) 1, all markers of full epithelial differentiation. Hence, CFTR expression
level appears to be tightly associated with the degree of epithelial differentiation [11,12,88]. This is
supported by further studies revealing that wt-CFTR is intracellularly expressed in ciliated cells in
a remodelled airway surface epithelium from non-CF individuals, thus demonstrating that airway
remodelling and inflammation play critical roles in the differentiation state of the surface epithelium
and consequently on CFTR apical localization in both CF and non-CF airways [11,12].

Interestingly, later reports did find that F508del-CFTR also localizes to the apical membrane of some
terminally differentiated cells, albeit at significantly lower proportions [89,90]. Altogether, these studies
indicate that abnormal CFTR localization, and thus trafficking, is not only due to defective folding of
mutant CFTR, but also dependent on the differentiation state of the cell (Figure 2) [11,12,89-91].

Furthermore, it was also reported that differentiation of kidney epithelial cells grown on permeable
supports leads to an increased plasma membrane (PM) expression of F508del-CFTR. The authors
thus propose that an induced polarization/differentiation of the cells leads to increased F508del-CFTR
traffic from the ER to the trans-Golgi network and PM [92]. These studies further confirm that the
differentiation state of the cell influences secretory traffic of CFTR (Figure 2) and likely also of other
PM proteins. The identification of a PDZ-binding domain at the C-terminus of CFIR protein provided
a link between polarization state of a cell and CFTR traffic to/stability at the apical PM [13] (see also
next section). In fact, a study reported that F508del-CFTR can be rescued to the cell surface without
applying any correctors and solely by promoting the anchoring of this mutant to the actin cytoskeleton
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and PM via its PDZ-binding domain by stimulation of the Racl signalling pathway [93] (also see
next section).

Normal epithelium

Normal differentiation <:> Normal traffic
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Figure 2. Interplay of CFTR, epithelial differentiation and secretory traffic.

On the other hand, evidence that CFTR itself plays a role in epithelial differentiation came from
human nasal epithelial cells cultured and differentiated on permeable supports. Increased CFTR mRNA
expression was found together with an increased expression of mucins and aquaporins suggesting this
could induce cell differentiation into a pseudostratified epithelium [94]. Furthermore, genes related to
cilia biogenesis were identified to be down-regulated in CF vs. non-CF human native nasal epithelial
transcriptomes [95]. Altogether, these observations point to the fact that CFITR expression and/or
function is tightly linked to epithelial differentiation/polarization.

3.2. CFTR, Actin Cytoskeleton, Tight Junctions and Differentiation

Several emerging studies have started to shed some light on how CFTR affects epithelial
differentiation and polarization and whether its ion channel activity or another one is relevant
for this role. CFTR’s association with the actin cytoskeleton, tight and gap junctions (TJs, GJs)
seems to be the link between CFTR and epithelial differentiation/ polarization. The polarity of
epithelial cells, leading to the selective distribution of membrane proteins between apical-basal sides,
is mainly maintained and regulated intracellularly by the actin cytoskeleton [96]. At the membrane
itself, separation is provided by the cell junctions—T]Js, GJs and adherens junctions (AJs)—that are
directly linked to the actin filaments [97,98]. Besides reports on the need for a well-organized actin
cytoskeleton for CFTR activation and regulation [99,100], a direct interaction of CFTR with actin
was also reported [101]. Furthermore, the KRT8/KRT18 heterodimeric intermediary filaments of the
cytoskeleton which are a feature/phenotype of epithelial differentiation were also shown to be an
essential component for correct CFTR targeting to the PM [102]. Indeed, several authors found that
human bronchial epithelial cells expressing F508del-CFTR show a lack of stress fibres resulting in
a disorganized actin cytoskeleton in comparison to wt-CFTR expressing cells [103-105]. Similarly,
Monterisi et al. found that knocking-down wt-CFTR in human bronchial epithelial cells also leads to a
loss of cytoskeleton organization [106] thus suggesting an important role of CFTR in the formation/
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maintenance of the cytoskeletal organisation of epithelial cells. Another protein that links CFTR via
its PDZ-binding domain to the cytoskeleton is the scaffolding protein Na*/H" exchanger regulatory
factor isoform 1 (NHERF1) through its interaction with ezrin, which is a PKA anchoring protein
connected to the actin cytoskeleton [107-109]. It was shown that NHERF1 overexpression increased
F-actin redistribution at the apical membrane through its interaction with phosphorylated ezrin which
further lead to the rescue of F508del-CFTR from the cytoplasm to the PM in human bronchial epithelial
cells [103,110]. Furthermore, stimulation of endogenous small GTPase Racl signalling (via hepatocyte
growth factor, HGF) was shown to retain F508del-CFTR at the PM of human bronchial primary cells by
promoting its NHERF1-mediated anchoring to the actin cytoskeleton [93]. Thus, NHERF]1 positively
regulates actin cytoskeleton organization and thereby stabilizes CFTR at the apical membrane.

Regarding the interaction of CFTR with TJs, it was observed that the transepithelial electrical
resistance (TEER), which is a measure of epithelial tightness [111], is higher in wt-CFTR compared to
F508del-CFTR expressing cells when cultured under air-liquid interface (ALI) conditions [14,112,113].
In line with these findings, Castellani et al. observed an accurate organization of zona occludens
protein 1 (ZO-1) in non-CF human bronchial epithelial cells, while CF human bronchial epithelial cells
(F508del/F508del), besides lower TEER, also showed a disorganized ZO-1 pattern [110]. Inhibiting
CFTR function using CFTRh-172 or low CI” medium did not alter the TEER suggesting that epithelial
tightness/T] assembly (and thus epithelial differentiation) is not regulated by CFTR anion channel
activity [14]. A recent study confirmed the more diffused ZO-1 expression in CF vs. non-CF human
bronchial epithelial cells (M Quaresma and Amaral lab, unpublished data). Interestingly, Ruan et al.
identified the pathway activated by transcription factor ZO-1-associated nucleic acid binding protein
(ZONAB) as a possible mechanism for the regulation of TJs and epithelial differentiation by CFTR.
This study shows that CFTR interacts through its C-terminal PDZ domain with ZO-1 and thus
colocalizes with ZO-1 at the TJs of trachea and epididymis [78]. In the proposed model, CFTR
keeps ZONAB in TJs through its interaction with ZO-1, thus activating epithelial differentiation and
reducing proliferation. When mutated, CFIR is retained in the ER, ZONAB translocates to the nucleus
thus leading to increased proliferation and decreased differentiation [114]. Although plausible, this
hypothesis does not account for the differentiation impairment also observed in CF tissues with other
(non-traffic) mutants (M Quaresma and Amaral lab, unpublished data). Early studies, showing that
C-terminal PDZ domain of CFTR is essential for its PM localization/stability (see previous section),
already suggested that this possibly happens through CFIR binding to ZO-1 [13]. Furthermore,
some members of the claudin protein family, which are known to interact with ZO-1, and thereby
contributing to the TJ organisation [115], were shown to be differentially expressed in CF vs. non-CF
human bronchial epithelial cells: claudin-1 and 4 being expressed in non-CF cells and only claudin-1
being expressed in CF cells, while claudin-4 expression was lost during polarization [110]. Furthermore,
decreased expression levels of claudin-1, 7, and 8 and increased expression of claudin-2 were found
in CF intestine compared to control [116]. In parallel, GJ proteins were also found to be affected in
CF [113,117]. Due to defective trafficking of F508del-CFTR in human bronchial epithelial cells, the GJ
protein connexin-43 (CNX43) was found to be mislocalized to perinuclear regions compared to non-CF
cells where it showed correct appearance at GJs by punctate staining along cell borders [113]. In a recent
study, a disorganized pattern of CNX43 as well as of AJ protein (3-cat was also found, both showing
a more diffused distribution in CF human bronchial epithelial cells in comparison to non-CF cells
(M Quaresma and Amaral lab, unpublished data).

Taken together, these data emphasize a tight connection between CFTR, the actin cytoskeleton,
TJs and GJs and that dysfunctional CFTR most probably causes a loss of cytoskeletal organisation and
intracellular junctions. However, further studies are needed to unravel the precise role of CFTR in
regulating this complex network.
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4. CFTR and Regeneration

4.1. CFTR is Needed for Proper Epithelial Regeneration

The repair of epithelial tissue is essential to restore the integrity of the epithelial barrier function
upon infection, inflammation, or injury. Epithelial regeneration includes the steps of cell adhesion and
migration, where cells cover the wounded area, before cells start proliferating to fully form a new tight
monolayer. Thereafter, epithelial cells start to re-differentiate until they are completely differentiated,
thus reconstituting a polarized and intact epithelium. [118-120]. CFTR was first implicated in tissue
regeneration by studies in rat livers. The authors found that, after partial hepatectomy, CFTR mRNA
expression levels were upregulated during the regenerative process of the liver [121]. Castillon et al.
used a 3D-culture (spheroids) of human airway epithelial cells, previously developed by Jorissen et al.,
to study the regeneration of nasal epithelium [122,123]. After dissociation (de-differentiation) of human
airway epithelial cells, the loss of ciliated cells with concomitant disappearance of the CFTR PM
expression was observed. The isolated cells formed spheroids within 24h and re-differentiation was
observed after one month in parallel with CFTR expression at the apical PM as well as ZO-1, ezrin,
and CD59 (glycophosphatidyl-inositol-anchored protein) [122,124]. Hajj et al. created a humanized
airway xenograph mouse model to compare the regeneration process in human non-infected CF
and non-CF nasal epithelia [16]. Epithelial regeneration, which includes the steps of cell adhesion,
migration, proliferation, pseudostratification and differentiation (Figure 3A), was seen in both CF and
non-CF regenerating tissues. However, the CF epithelium showed a delayed differentiation vs. the
non-CF tissue, which was associated with an increased proliferation during regeneration, even in
the absence of inflammation (Figure 3B, [15,16]). Importantly, several other studies also reported an
increased proliferation in CF [95,125-127]. In a subsequent study, Adam et al. confirmed a delay in
ciliated cell differentiation in nasal airway CF cultures in the absence of secondary symptoms, e.g.,
infection or inflammation [128]. The fact that impaired regeneration in CF airway cells could be partly
improved by applying CFTR modulators is suggestive that functional CFTR, and thus its ion transport,
is essential for airway epithelial repair [129].

Regeneration steps after injury

A Step | Step Il Step Il Step IV Step V
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epithelium
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Figure 3. Steps of epithelial regeneration in normal (A) and CF (B) epithelia (see text for details).
[Adapted from: [15,130]].

Furthermore, one study found that genes associated with de-differentiation and epithelial injury
are strongly associated with the CF gene expression profile in human native airways [19]. However,
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it is not yet clear whether the altered regeneration in CF is only due to defective CFTR or the result
of chronic inflammation caused by defective CFTR, or both. Interestingly, there is some evidence
showing that senescent markers are upregulated in CF, thus suggesting that senescent cells which are
proinflammatory contribute to the chronic inflammation in CF [131].

A recent study comparing fully differentiated CF and non-CF human primary airway epithelial
cells undergoing repair in absence and presence of flagellin to mimic Pseudomonas infection identified
differences in the expression levels and times of marker genes distinctive of the various cell types [132].
The mechanisms regulating airway epithelial cell differentiation and regeneration in human tissues
are not well understood, thus, this study sheds new light on those processes and the respective genes
involved [132]. However, these still require further investigation to understand their mechanistic role
in repairing epithelia and their relationship to CFTR.

4.2. CFTR and Wound Healing as a Model of Physiological Regeneration

Wound healing experiments on airway epithelial cell models are widely used to study the
physiological role of CFTR in epithelial repair of native tissues. Such experiments are performed on cell
monolayers either grown on cell plates (non-polarized) or on filter supports (polarized) where a wound
is mechanically induced, and the closure of the wound gap is monitored [133]. This process of wound
closure usually involves both migration and proliferation of the cells. Using non-CF and CF human
airway epithelial cell lines, Maillé et al. observed a significant delay in cell migration for CF relative
to non-CF cells. However, no significant effect was seen when non-CF cells were treated with CFTR
inhibitor CFTRy,-172 [134]. The authors related the delay rather to defective EGFR signalling and
reduced potassium channel function [134]. In contrast, several other studies relate the delay in wound
healing to CFTR dysfunction. Schiller et al. used siRNA and CFTRy-172 to silence CFTR expression
or function in the Calu-3 cell line and in primary human non-CF bronchial epithelial cells. This study
shows that both downregulation of CFTR expression and inhibition of CFTR function impaired wound
closure, thus indicating that CFTR-mediated ion transport plays a role in cell migration/proliferation.
Interestingly, they further observed reduced lamellipodia protrusion when silencing CFIR, thus,
suggesting that the role of CFTR is exerted, at least partially, at the level of cell migration [17,135].
Trinh and colleagues performed wound healing experiments using nasal and bronchial airway cells
from individuals with CF and controls and observed a delay in wound closure for the CF cells [136].
Furthermore, downregulation of wt-CFTR expression inhibited wound closure and treatment with
CFTR inhibitor GlyH;; led to a decrease in both cell migration and proliferation, suggesting a role for
functional CFTR in both processes. Remarkably, when using VRT-325 corrector to rescue F508del-CFTR
traffic or transduction of CFTR cDNA into CF cells, a significant improvement in wound healing was
observed [136]. Further support for a role of CFTR on cell migration emerged from a study where
levels of GM1 ganglioside and sphingolipids were found to be reduced in CFTR-deficient human
airway cells, thus resulting in decreased betal-integrin signalling and delayed wound repair [137].

As in airway cells it was also shown in epithelial trophoblasts that activation of CFTR by forskolin
promotes migration and its inhibition abolished the effect [138]. Furthermore, wound closure in
keratinocytes from mouse epidermis lacking CFTR showed a delay compared to non-CF cells [139].

In summary, the data collected from wound healing experiments clearly show that functional
CFIR promotes migration while also affecting proliferation. Thus, acting on these two processes could
be a novel strategy to rescue epithelial repair in CF while contributing to promote CFIR trafficking
to the PM (see Table 2). However, since such wound healing experiments were mostly performed in
non-polarized cultures, it is still important to validate these results in fully differentiated polarized
cells as they more closely resemble the human airway epithelium.
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Table 2. Differential expression of proteins/markers in cystic fibrosis (CF).
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Protein/ Reported Difference .
Marker in CF Cells/Tissue Assay Reference
Actin stress . . CF (CFBE410-) vs. non-CF ..
fibers Disorganized (16HBE140-) cells Immunostaining [103,104]
Not present in CFBE4lo-  CF (CFBE410-) vs. 1 non-CF
Actin stress  compared to 16HBE140- (6HBE140-) vs. isogenic ..
. . Immunostaining [105]
fibers Some present in non-CF
CFBE41o-/wt-CFTR (CFBE41o-/wt-CFTR) cells
KRT5 Airway sections from
KRT14 Increased human CF and non-CF Immunohisto-chemistry [126]
EGFR explanted lungs
Increased when cells
Z0O-1 cultured at 29 °C CF (CFBE41o0-) cells Immunostaining [14]
compared to 37 °C
Z0O-1
Occludin CF (CFBE410-) vs. non-CF ..
Cldnl Not expressed (16HBE140-) cells Immunostaining [110]
JAM-1
Cldn1
Cldn7 CF and non-CF mouse qRT-PCR
Cldn8 Decreased intestine Immunohisto-chemistry [11e]
Pmp22
) qRT-PCR
Cldn2 Increased CF and. non CF mouse Western Blot [116]
intestine . .
Immunohisto-chemistry
Decreased in CFBE410-, n(;li C(glig%léllioxti?gfgcor
Cldn3 wtc-glflTIa{;:j(sgcile-;g;TR CF (CFBE F508del-CFTR) vs. Immunostaining [140]
P non-CF (16HBE140-) cells
. . . CF (CuFi-5) vs. non-CF ..
Connexin-43 Mislocalized (NuLi-1) cells Immunostaining [113]
Decreased in
TEER GEP-F508del CFTR CF (CFBE410-) cells Volt-Ohm Meter [14]
expressing cells vs.
GFP-wt-CFTR
CF (CFBE410- vs. non-CF
TEER Decreased (16HBE140-) cells Volt-Ohm Meter [112]
CF (CuFi-5) vs. non-CF
TEER Lower (NuLi-1) cells Volt-Ohm Meter [113]
Ep 1t1r}e11um Increased CE anfi contrgl human Histological examination [16]
height airway tissue
Ki-67 CF and control human . . ..
KRT13 Increased airway tissue Histological examination [16]
MUCS5B Reduced CF an_d contrgl human Histological examination [16]
airway tissue
IL-8
MMP-7 CF and control human
MMP-9 Increased airway tissue RT-gPCR [16]
TIMP-1
PCNA Increased CE anfi contr.ol human Immunostaining [125]
airway tissue
Ki-67 Increased CF and control lung sections ~ Immunohisto-chemistry [126]
KLF4 No change during repair CF HAEC and non-CF RT-qPCR [127]

KLF2

of CF HAEC

HAEC
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Table 2. Cont.

Protein/ Reported Difference

Marker in CF Cells/Tissue Assay Reference
Ki-67 Elevated in CF HAEC CF HAEC and non-CF I taini [127]
Connexin-26 during repair HAEC mmunostaining
Cilia
biology ] ] .
related Downregulated CF Nasal Epithelia Microarray [95]
genes
Proliferation
CF and non-CF Nasal .
related Upregulated Epithelia Microarray [95]
genes

. CF and non-CF human ..
-Tubulin Lower airway epithelial cells Immunostaining [128]

5. CFTR and Cancer

5.1. CF as a Disease of Increased Cancer Risk

In recent years, the median survival age for individuals with CF has dramatically increased,
with adults with CF now outnumbering children in many countries worldwide. It now approaches
40 years and is predicted to reach 50 years for children born in the current era [141]. However,
this long-term survival rate for individuals with CF is also recognizably associated with an elevated
predisposition to cancer.

In fact, an inherent susceptibility of individuals with CF to develop cancer was described long ago.
The first report from CF patients developing leukaemia and Wilms’ tumours dates from 1969 [142] and
at the time occurrence of malignant tumours in patients was considered a rare event, possibly due to
the fact that in the 1960’s only 20-30% of patients reached adolescence. In 1982 however, Abdul-Karim
described the first pancreatic adenocarcinoma in a 27-year-old individual with CF [143], and by then
researchers had started to consider that this might not be a chance association. Speculation arose
that CF patients may be predisposed to this type of tumour because of the abnormal functioning of
the biliary system in CF. This first account was followed by several other reports of cancer in people
with CF, most being carcinomas of the digestive tract (e.g., pancreatic [144,145] and ileal [146,147]
adenocarcinomas, but also leukaemia [142,148]).

However, the first substantial conclusion relating cancer to CF resulted from cohort studies
performed to determine whether CF should be added to the list of conditions that increase the risk of
cancer, published in 1991-1995 [1,149,150]. The 1991 Minnesota cohort, comprising 712 individuals
with CF followed-up between 1962 and 1990, was unable to find evidence of an increased risk of
cancer [149]. It is important to note however, that only 10% of this cohort was over 30 years. On the
other hand, the 1993 UK and Wales cohort, following up 412 individuals with CF between 1961 and
1989, found a possible association between CF and adenocarcinomas of the pancreas and of the terminal
ileum [150]. However, the first large international cohort of individuals with CF was the one included
in the 1995 study, with 24,500 individuals with CF from Europe and 28,511 from US and Canada being
monitored between 1985 and 1992. With this large number of subjects it was possible to find for the
first time in individuals with CF a significantly increased risk of digestive tract cancers, namely those
of oesophagus, stomach, small and large intestine, colon, liver, biliary tract, pancreas, and rectum,
but not of other types of cancer [1]. By 1995, two notions were emerging: that the risk of cancer in
individuals with CF might only be important if the patients survived > 25 years [149], as most of the
cancers manifested in patients over 30 years [1], and that the high incidence of cancer could be caused
by persistent pathological alterations inherent to CF disease in the digestive organs.

Nonetheless, it was not until 2013 that the most comprehensive cohort study on this topic was
published. This US study followed up 41,188 individuals with CF between 1990 and 2009, at a
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time when life expectancy was reaching 40 years. Results from this work confirmed an increased
risk of digestive tract cancer (particularly following transplantation) but also an increased risk of
lymphoid leukaemia and testicular cancer, and a decreased risk of melanoma (restricted to individuals
homozygous for F508del) [2]. These results unequivocally proved that the risk of cancer in CF was
more complex than originally thought and not just restricted to the digestive tract.

As of 2018, the CF colorectal cancer (CRC) screening task force was recommending routine
screening colonoscopies for individuals with CF beginning at 40 years for non-transplanted individuals
and at 30 years for those with transplants [151]. Although at present routine screening appears to be
the best way to lower the risk of CRC in persons with CEF, it is ultimately important to understand the
multi-layered aspects of the disease in order to progressively adopt the best therapies and standards
of care for individuals with CF. A recent case was reported of an individual with CF (F508del/L927P
genotype) and with a primary carcinoma of the lung which metastasized to the lymph nodes, liver,
adrenal glands and bone [152]. This case raises the question of whether this was a sporadic situation
or lung cancer will become more common in aging people with CF and if these tumours will be
more aggressive than normal. Immunotherapy in combination with chemotherapy was given to the
individual in that case, which caused rapid deterioration of lung function and death, proving this to be
an ineffective therapeutic route [152]. Treating cancer in subjects with CF may prove more difficult than
initially thought, as it is instrumental to adequately tailor the therapies that deal with the cancer so as
to avoid inflicting more damage on the CF-affected organs. A better understanding of the roles and
interactors of CFIR in different organs in both health and disease may help solving this unmet need.

5.2. CF Carrier Status and Cancer Risk

Incidence of cancer among CF carriers is not consensual. Although some studies found that CF
carriers appeared to be protected from melanoma [153,154], lung cancer [155] and prostate cancer [156],
CF carriers were also reported to be associated with a modest increase in risk of pancreatic cancer,
particularly those with earlier onset [157,158]. Another study reported no differences in incidence
of breast cancer among F508del-CFTR carriers vs. the general population, but CF carriers presented
more aggressive tumour phenotypes than non-carriers [159]. Although a significantly increased risk
of kidney, thyroid, endocrine, lymphoma and non-melanoma skin cancers was found in a Swedish
cohort of individuals with CF, this was not registered among their parents and siblings carrying only
one mutant copy of the CFTR gene [160]. However, a very recent study assessing the prevalence
of CF-related diagnostic conditions among 19,802 CF carriers, found that these individuals have
a significantly increased risk of several CFTR-related conditions (e.g., pancreatitis, male infertility,
bronchiectasis, diabetes) in comparison to controls, including gastrointestinal and pancreatic cancer [3].
Extra studies with similarly robust cohorts may be needed to address this question.

5.3. Is CFTR a Tumour Suppressor Protein?

From 1990 onwards, an increasing number of studies reported a possible role for CFTR both as an
oncogene and as a tumour suppressor gene in several types of cancer. The concept that CFIR was an
oncogene was first proposed by Warren [153] who postulated that the high incidence of CF carriers
might derive from some biological advantage. Many other early studies supported this hypothesis,
claiming an inverse association between CFTR gene mutations and the incidence of several cancers,
thus suggesting that mutant CFIR (in its heterozygous form) might have a protective role against
certain cancers. F508del carriers appeared to be protected from developing melanoma [153,154] and
lung cancer [155]. The CFTR IVS8-5T polymorphism, associated with low CFTR expression levels,
was also reported to be protective against prostate cancer in the Chinese population [156]. CFTR
mutations were also reported to suppress breast cancer growth in mice by elevating extracellular ATP
levels [161].

However, more recently, an increasing number of reports with better study design and including
older individuals with CF started to establish a positive correlation between CF and cancer. In parallel,
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many studies report an actual functional role for CFIR in cancer suppression, while dysfunctional
CFTR promotes cancer development both in vitro and in vivo. These studies are usually based on
decreased CFTR expression levels during tumour development. Gene/promoter hypermethylation is
one of the known epigenetic mechanisms by which cancer cells seem to downregulate the expression
of several tumour suppressor genes. Consistently, one study reported that CFTR was found to
be aberrantly methylated in 100% of the cases studied (25 out of 25) of early stage hepatocellular
carcinomas (HCCs) but not in healthy liver tissue, suggesting cancer-specific hypermethylation of
CFIR [162]. CFTR was also found to be one of the topmost frequently methylated genes in bladder
cancer, with aberrant CFTR methylation detected in 55% (73 out of 132) of the cases [163]. Other
studies found a high frequency (64%) of CFTR methylation in prostate cancers with a high malignancy
score and high proliferation levels, i.e., poorer prognosis [164]. Methylation of CFTR gene was also
reported to be high (30.2%) in non-small cell lung carcinoma (NSCLC) tissue samples and related
to significantly lower CFTR expression in these samples in comparison to normal lung tissue [23].
More recently, promoter hypermethylation of CFTR was found in breast cancer [165]. Notably, all the
patients with hypermethylated CFTR (19 out of 19) presented invasive carcinomas. CFTR CpG island
hypermethylation and its consequent downregulation have also been found recently in head and neck
cancer [166] and head and neck squamous cell carcinoma [167] by two independent studies. These
data suggest that hypermethylation of CFTR might be a conserved mechanism for cancer cell survival
across different tissues.

Other mechanisms may also be the cause of CFTR downregulation in cancer, including altered cell
signalling or microenvironment changes within tumours. Whatever the cause, CFTR downregulation
has been reported in cancer tissues and cells from pancreas [168], prostate [18], breast [18], lung [169,170]
and respiratory tract [25], oesophagus [171], colon [24,172] and brain [173]. This downregulation was
usually associated with poor prognoses [24,25,169], poor survival rates [172,173] and/or increased
malignant behaviours, e.g., metastasis [25,169-171].

Downregulation of CFIR has also been linked to several known cancer pathways. For example,
CFTR downregulation in pancreatic cancer cells leads to increased levels of tumour-linked mucin
MUCY4, altering the growth and behaviour of pancreatic adenocarcinomas [168]. Three independent
studies in different tumours (prostate, breast and lung) reported very similar findings, linking the
tumour-suppressing effect of CFTR to its normal role in repressing the urokinase plasminogen activator
(uPA), a central protein in cell proliferation, angiogenesis, extracellular matrix degradation, invasiveness
and metastasis during cancer development [18,169]. Interestingly, while in prostate cancer CFTR was
reported to upregulate tumour suppressor miR-193b (which suppresses uPA) [174], in breast cancer
CFTR seems to repress uPA by inhibiting NF-kB, a known uPA activator [18]. It is also possible that
the two mechanisms occur in parallel, rendering CFTR a pleiotropic tumour suppressor. CFTR was
also found to inhibit the growth and migration of oesophageal cancer cells by downregulating NF-kB
expression [171].

Another study reported that CFTR downregulation in human CRC resulted in increased
degradation and reduced stability of the AJ protein AF-6/afadin through the AF-6/MAPK pathway. The
disruption of the interaction between CFTR and AF-6/afadin resulted in reduced epithelial tightness
and enhanced malignancies [24]. CFTR-deficient intestinal tumours were also proposed to result from
a combination of long-term chronic inflammation, microbial dysbiosis and altered innate and adaptive
immune responses, with the loss of CFTR ultimately leading to 3-cat activation and subsequent Wnt
signalling-associated tumorigenesis [172]. CFTR activation was also reported to suppress glioblastoma
cell proliferation, migration and invasion, this likely occurring through the inhibition of JAK2/STAT3
signalling [173].

Altogether, these studies suggest that CFTR interactors/pathways may be tissue/cancer specific.
A full account of the association of CFTR mutations or its aberrant expression with the clinical
implications in several cancer types is available elsewhere [26]. Importantly, most authors now seem
to agree that apical PM expression/function of CFTR is required for the maintenance of epithelial
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differentiation (in terms of both polarity and tightness) and for the suppression of EMT (see below)
and cancer progression/malignancy.

An exception, however, seems to be cervical/ovary cancer. Overexpression of CFTR was closely
associated with cancer progression, aggressive behaviour and poor prognosis of cervical cancer [175],
later associated with constitutive activation of NF-«kB [176]. CFTR expression was also significantly
increased in ovarian cancer where it correlated positively with the tumour progression state and
malignancy degree (cell invasion, motility and proliferation) [177]. Although further studies are needed
to better understand this phenomenon, a possible explanation is that oestrogen, frequently abnormally
increased in ovarian and cervical cancers, is known to stimulate CFTR expression, which could happen
in this case [26,178]. This, however, would be a secondary occurrence and not a causal one.

An interesting study found that F508del-homozygous human epithelial foetal tracheal cells display
a pro-angiogenic state compared to controls. The media in which these CF cells were cultured induced
proliferation, migration and sprouting of cultured primary endothelial cells, thus suggesting a possible
link between proliferation/ invasiveness and absence of functional CFTR [179].

Although many authors have reported that downregulation of CFTR leads to tumorigenesis
and/or invasiveness it is still largely unknown how this occurs. Thus, further studies are needed in
order to better understand the elusive moonlight role(s) of CFTR in cancer. Some light on the role of
CFTR in cancer seems to be shed by its connection to the process of epithelial-mesenchymal transition
(EMT) which is discussed in the next section.

6. CFTR and Epithelial-Mesenchymal Transition (EMT)

EMT is a latent, developmental process, which involves transcriptional reprogramming of epithelial
(differentiated) cells into mesenchymal (primordial) cells (Figure 4). The EMT programme is driven by
EMT-associated transcription factors (EMTa-TF) which inactivate genes encoding epithelial-specific
proteins while overexpressing genes that define the mesenchymal phenotype. This process results in
the loss of apical-basal polarity and of cellular junctions, changes in cell shape and enhanced migratory
properties [180,181]. Depending on the biological setting, EMTs can be grouped into three types. Type 1
is developmental EMT which is critical for tissue morphogenesis and organogenesis and is silent in
healthy adult tissues. Types 2 and 3 represent pathological conditions in which the EMT programme is
reactivated in inflammatory diseases (Type 2) or cancer (Type 3) [182].
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Because of the emerging roles of CFTR as a tumour suppressor and as a key player in development
and epithelial differentiation, it is plausible to envisage its involvement in EMT. The rationale is
simple: CFTR would be required for mesenchymal—epithelial transition (MET) during development
and afterwards to maintain the differentiation state of epithelial cells functioning as a protector from
EMT (Figure 4).

CFTR downregulation due to TGF-{31-treatment of differentiated primary human bronchial
epithelial cells was first reported in 2013, along with an increase in levels of N-cadherin, but no decrease
of E-cadherin [183]. Since a switch from E- to N-cadherin is the hallmark of EMT, the authors ruled out
EMT as no E-cadherin decrease occurred in these cultures. However, this notion has more recently
been challenged, as partial EMT is now generally accepted as a spectrum of states in which cells display
intermediate epithelial/mesenchymal phenotypes (Figure 4) [184]. In fact, a recent transcriptome
profiling meta-analysis revealed an EMT signature in the airways of individuals with CF [19]. Moreover,
it was also recently shown that partial EMT is intrinsically triggered by the absence of functional
CFTR, thus suggesting that CFTR plays a direct role in EMT protection (M Quaresma and Amaral lab,
unpublished data). In this partial EMT state, CF tissues/cells display destructured epithelial protein
distribution, expression both of mesenchymal markers and of EMTa-TFs, besides hyper-proliferation,
impaired wound-healing and over-sensitivity to TGF-f3 induced EMT. Interestingly, this CF EMT
phenotype could be partially reverted by drugs that rescue CFTR. A similar protective role for CFTR
in EMT induction was also found recently by other authors, reporting that CFTR activity led to
increased cellular tension across E-cadherin, thus preventing expression of mesenchymal markers and
EMTa-TFs [22].

Two other studies have suggested that CF modifier genes (but not CFIR directly) FAM13A
and tissue transglutaminase 2 (TG2) are involved in EMT. FAMI13A is a small GTPase that,
when downregulated, was implicated in idiopathic pulmonary fibrosis (IPF) [185] and surprisingly,
when overexpressed, was implicated in other respiratory diseases, like chronic obstructive pulmonary
disease (COPD) or cancer [186]. When downregulated by TGF-1, FAM13A is responsible for
EMT progression, something that likely also happens in CF lung disease [187]. As for TG2, it was
found to be elevated in CF epithelial cell cultures and shown to decrease CFTR stability, activate
TGF-B1 and induce fibrotic EMT [20]. EMT is a known driver of tissue remodelling and fibrosis in
inflammatory diseases, including COPD and IPF [188] and CF shares both clinical features (obstructed
airways, chronic inflammation and fibrosis) and gene expression profiles with those conditions [19].
An important driver of EMT is TGF-$1, which is overexpressed in CF, as well as in those chronic
airway diseases [189]. A possible involvement of CFTR in partial (Type 2) EMT has been discussed
elsewhere [21]. Notwithstanding, despite appearing as a plausible contributor to CF disease (due to
its fibrotic nature), there are so far very few direct reports linking CFTR to this process. One study
has indeed connected downregulation of CFTR in renal epithelial cells to dysregulated Wnt/(3-cat
signalling leading to activation of EMT and kidney fibrosis [190].

More concrete evidence for a role of CFTR in more advanced EMT (Type 3) has been established
by studies on the role of CFIR as a tumour suppressor, some authors suggesting a direct (causal) link
between the downregulation of CFTR in tumour cells and EMT induction. This is the case for breast
cancer, where the EMT-suppressing effect of CFTR (i.e., increase in the levels of E-cadherin and decrease
in the levels of vimentin) was associated with its ability to inhibit both NF-«B and uPA [18]. Similar
findings were produced in NSCLC, where CFTR inhibition activated the uPA/uPAR pathway and
generated changes in cell morphology, downregulation of E-cadherin and upregulation of vimentin
and fibronectin [169]. Additionally, in CRC, inhibition of CFTR was found to downregulate epithelial
markers and upregulate mesenchymal markers, consistent with an EMT signature [24]. More recently,
mouse F508del-CFTR embryonic stem cells were found to form more aggressive teratomas than
wt-CFTR, with enhanced cell proliferation, migration and upregulation of EMT-associated genes,
including, once again, uPA [191].
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Hence, although further studies need to be conducted to better elucidate the mechanisms involved,
it appears that CFIR plays a role in the EMT process.

7. Conclusions

An increasing number of emerging studies show that CFTR plays a role in fundamental cellular
processes which include development, epithelial differentiation/polarization, regeneration, migration
and proliferation as well as in EMT and cancer. Whether the disruption of these processes is a direct
or indirect consequence of dysfunctional CFTR remains to be elucidated. Moreover, if indeed these
processes directly require functional CFTR, the compelling question is whether they are related to the
anion channel role of CFTR or to another, yet to be identified, “moonlighting” function of CFTR.

Author Contributions: M.C.Q.: literature search, figure preparation, original draft writing and review; LP:
literature search, figure preparation, original draft writing and review; M.D.A.: conceptualization, supervision,
funding acquisition, project administration, writing, review and editing. All authors have read and agreed to the
published version of the manuscript.

Funding: Work in MDA lab is supported by UIDB/04046/2020 and UIDP/04046/2020 centre grants
(to BioISI) from Fundagao para a Ciéncia e a Tecnologia (FCT) and research grants (to MDA): “DiffTarget”
(PTDC/BIM-MEC/2131/2014) and “iDrugCF” (FCT/02/SAICT/2017/28800) both from FCT/MCTES Portugal;
“HIT-CF” (H2020-SC1-2017-755021) from EU; SRC 013 from CF Trust-UK; and “PTSense” (AMARAL19GO0)
from CFF-USA. MCQ was recipient of fellowship SFRH/PD/BD/114389/2016 from BioSys PhD programme
PD/BD/114393/2016 from FCT (Portugal). We acknowledge Dr. Luka Clarke (BiolSI, Lisboa Portugal) for revising
this manuscript.

Conflicts of Interest: The authors declare that they have no conflict of interest.

Abbreviations

AJ: adherens junction(s); ALI, air-liquid interface; 3-cat, 3-catenin; CBAVD, congenital bilateral absence
of the vas deferens; CF, Cystic Fibrosis; CFTR, CF transmembrane conductance regulator; CK, cytokeratin;
CNX43, connexin-43; COPD, chronic obstructive pulmonary disease; CRC, colorectal cancer; DP, desmoplakin;
EMT, epithelial-mesenchymal transition; EMTa-TF, EMT-associated transcription factor; FGF, fibroblast growth
factor; GJ, gap junction(s); IPF, idiopathic pulmonary fibrosis; mESC, (mouse) embryonic stem cell(s); MET,
mesenchymal-epithelial transition; NHERF1, Na*/H* exchanger regulatory factor isoform 1; NSCLC, non-small
cell lung carcinoma; PGC, primordial germ cell(s); PKA, protein kinase A; PM, plasma membrane; RAR«, retinoic
acid receptor alpha; ROCK, Rho-associated protein kinase; sAC, soluble adenylate cyclase; SLC26A3/ SLC26A6,
Solute Carrier Family 26 Member 3/6; TEER, transepithelial electrical resistance; TGF31, transforming growth
factor 31; TJ, tight junction(s); uPA, urokinase plasminogen activator; VIP, vasoactive intestinal peptide; WG,
weeks of gestation, ZO-1, zona occludens (protein) 1.

References

1. Neglia, ].P; Fitzsimmons, S.C.; Maisonneuve, P.; Schoni, M.H.; Schoni-Affolter, F.; Corey, M.; Lowenfels, A.B.
The risk of cancer among patients with cystic fibrosis. N. Engl. J. Med. 1995, 332, 494-499. [CrossRef]
[PubMed]

2. 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. 2013, 105, 122-129. [CrossRef] [PubMed]

3. Miller, A.C.; Comellas, A.P; Hornick, D.B.; Stoltz, D.A.; Cavanaugh, J.E.; Gerke, A.K.; Welsh, M.].; Zabner, J.;
Polgreen, PM. Cystic fibrosis carriers are at increased risk for a wide range of cystic fibrosis-related conditions.
Proc. Natl. Acad. Sci. USA 2020, 117,1621-1627. [CrossRef] [PubMed]

4.  Larson, J.E.; Cohen, J.C. Developmental paradigm for early features of cystic fibrosis. Pediatr. Pulmonol. 2005,
40, 371-377. [CrossRef] [PubMed]

5. Craig Cohen, J.; Larson, J.E. Cystic fibrosis transmembrane conductance regulator (CFTR) dependent
cytoskeletal tension during lung organogenesis. Dev. Dyn. 2006, 235, 2736-2748. [CrossRef]

6. Meyerholz, D.K,; Stoltz, D.A.; Namati, E.; Ramachandran, S.; Pezzulo, A.A.; Smith, A.R.; Rector, M.V,;
Suter, M.].; Kao, S.; McLennan, G.; et al. Loss of Cystic Fibrosis Transmembrane Conductance Regulator
Function Produces Abnormalities in Tracheal Development in Neonatal Pigs and Young Children. Am. .
Respir Crit. Care Med. 2010, 182, 1251-1261. [CrossRef]


http://dx.doi.org/10.1056/NEJM199502233320803
http://www.ncbi.nlm.nih.gov/pubmed/7830730
http://dx.doi.org/10.1093/jnci/djs481
http://www.ncbi.nlm.nih.gov/pubmed/23178438
http://dx.doi.org/10.1073/pnas.1914912117
http://www.ncbi.nlm.nih.gov/pubmed/31882447
http://dx.doi.org/10.1002/ppul.20169
http://www.ncbi.nlm.nih.gov/pubmed/15830387
http://dx.doi.org/10.1002/dvdy.20912
http://dx.doi.org/10.1164/rccm.201004-0643OC

Int. ]. Mol. Sci. 2020, 21, 3133 19 of 28

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Bagnat, M.; Navis, A.; Marjoram, L. Cftr controls lumen expansion and function of Kupffer’s vesicle in
zebrafish. Development 2013, 140, 1703-1712.

Liu, Z.; Guo, J.; Wang, Y.; Weng, Z.; Huang, B.; Yu, M.K,; Zhang, X.; Yuan, P.; Zhao, H.; Chan, W.Y,; et al.
CFTR-fB-catenin interaction regulates mouse embryonic stem cell differentiation and embryonic development.
Cell Death Differ. 2017, 24, 98-110. [CrossRef]

de Souza, D.A.S; Faucz, F.R.; Pereira-Ferrari, L.; Sotomaior, V.S.; Raskin, S. Congenital bilateral absence of
the vas deferens as an atypical form of cystic fibrosis: Reproductive implications and genetic counseling.
Andrology 2018, 6, 127-135. [CrossRef]

Puchelle, E.; Gaillard, D.; Ploton, D.; Hinnrasky, J.; Fuchey, C.; Boutterin, M.C.; Jacquot, J.; Dreyer, D.;
Pavirani, A.; Dalemans, W. Differential localization of the cystic fibrosis transmembrane conductance
regulator in normal and cystic fibrosis airway epithelium. Am. ]. Respir Cell Mol. Biol. 1992, 7, 485-491.
[CrossRef]

Dupuit, F,; Kélin, N.; Brézillon, S.; Hinnrasky, J.; Tiimmler, B.; Puchelle, E. CFTR and differentiation markers
expression in non-CF and delta F 508 homozygous CF nasal epithelium. J. Clin. Invest. 1995, 96, 1601-1611.
[CrossRef] [PubMed]

Brezillon, S.; Dupuit, F; Hinnrasky, J.; Marchand, V.; Kélin, N.; Tiimmler, B.; Puchelle, E. Decreased expression
of the CFTR protein in remodeled human nasal epithelium from non-cystic fibrosis patients. Lab. Investig.
1995, 72, 191-200. [PubMed]

Moyer, B.D.; Denton, J.; Karlson, K.H.; Reynolds, D.; Wang, S.; Mickle, J.E.; Milewski, M.; Cutting, G.R;
Guggino, W.B.; Li, M,; et al. A PDZ-interacting domain in CFTR is an apical membrane polarization signal.
J. Clin. Investig. 1999, 104, 1353-1361. [CrossRef] [PubMed]

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. ]. Physiol. 2010, 588,
1195-1209. [CrossRef] [PubMed]

Coraux, C.; Hajj, R.; Lesimple, P.; Puchelle, E. In vivo models of human airway epithelium repair and
regeneration. Eur. Respir. Rev. 2005, 14, 131-136. [CrossRef]

Hajj, R.; Lesimple, P.; Nawrocki-Raby, B.; Birembaut, P.; Puchelle, E.; Coraux, C. Human airway surface
epithelial regeneration is delayed and abnormal in cystic fibrosis. J. Pathol. 2007, 211, 340-350. [CrossRef]
Schiller, K.R.; Maniak, PJ.; O’Grady, S.M. Cystic fibrosis transmembrane conductance regulator is involved
in airway epithelial wound repair. Am. J. Physiol. 2010, 299, C912—-C921. [CrossRef]

Zhang, ].T; Jiang, X.H.; Xie, C.; Cheng, H.; Da Dong, J.; Wang, Y.; Fok, K.L.; Zhang, X.H.; Sun, T.T.; Tsang, L.L.;
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. 2013, 1833, 2961-2969. [CrossRef]

Clarke, L.A.; Botelho, H.M.; Sousa, L.; Falcao, A.O.; Amaral, M.D. Transcriptome meta-analysis reveals
common differential and global gene expression profiles in cystic fibrosis and other respiratory disorders
and identifies CFTR regulators. Genomics 2015, 106, 268-277. [CrossRef]

Nyabam, S.; Wang, Z.; Thibault, T.; Oluseyi, A.; Basar, R.; Marshall, L.; Griffin, M. A novel regulatory role for
tissue transglutaminase in epithelial-mesenchymal transition in cystic fibrosis. Biochim. Biophys. Acta Mol.
Cell Res. 2016, 1863, 2234-2244. [CrossRef]

Rout-Pitt, N.; Farrow, N.; Parsons, D.; Donnelley, M. Epithelial mesenchymal transition (EMT): A universal
process in lung diseases with implications for cystic fibrosis pathophysiology. Respir. Res. 2018, 19, 136.
[CrossRef] [PubMed]

Narayanan, V.; Schappell, L.E.; Mayer, C.R.; Duke, A.A.; Armiger, T.J.; Arsenovic, P.T.; Mohan, A.; Dahl, K.N,;
Gleghorn, J.P.; Conway, D.E. Osmotic Gradients in Epithelial Acini Increase Mechanical Tension across
E-cadherin, Drive Morphogenesis, and Maintain Homeostasis. Curr. Biol. 2020, 30, 624-633.e4. [CrossRef]
[PubMed]

Son, ] W.; Kim, Y.J.; Cho, HM.; Lee, S.Y.; Lee, S.M.; Kang, ].-K,; Lee, J.U.; Lee, YM.; Kwon, S.J.; Choi, E.; et al.
Promoter hypermethylation of the CFTR gene and clinical/pathological features associated with non-small
cell lung cancer. Respirology 2011, 16, 1203-1209. [CrossRef] [PubMed]

Sun, T.T.; Wang, Y.; Cheng, H.; Zhang, X.H.; Xiang, ].].; Zhang, ].T.; Yu, S.B.S.; Martin, T.A.; Ye, L.; Tsang, L.L.;
et al. Disrupted interaction between CFTR and AF-6/afadin aggravates malignant phenotypes of colon
cancer. Biochim. Biophys. Acta - Mol. Cell Res. 2014, 1843, 618-628. [CrossRef] [PubMed]


http://dx.doi.org/10.1038/cdd.2016.118
http://dx.doi.org/10.1111/andr.12450
http://dx.doi.org/10.1165/ajrcmb/7.5.485
http://dx.doi.org/10.1172/JCI118199
http://www.ncbi.nlm.nih.gov/pubmed/7544810
http://www.ncbi.nlm.nih.gov/pubmed/7531792
http://dx.doi.org/10.1172/JCI7453
http://www.ncbi.nlm.nih.gov/pubmed/10562297
http://dx.doi.org/10.1113/jphysiol.2009.182246
http://www.ncbi.nlm.nih.gov/pubmed/20156845
http://dx.doi.org/10.1183/09059180.05.00009702
http://dx.doi.org/10.1002/path.2118
http://dx.doi.org/10.1152/ajpcell.00215.2010
http://dx.doi.org/10.1016/j.bbamcr.2013.07.021
http://dx.doi.org/10.1016/j.ygeno.2015.07.005
http://dx.doi.org/10.1016/j.bbamcr.2016.05.012
http://dx.doi.org/10.1186/s12931-018-0834-8
http://www.ncbi.nlm.nih.gov/pubmed/30021582
http://dx.doi.org/10.1016/j.cub.2019.12.025
http://www.ncbi.nlm.nih.gov/pubmed/31983640
http://dx.doi.org/10.1111/j.1440-1843.2011.01994.x
http://www.ncbi.nlm.nih.gov/pubmed/21585618
http://dx.doi.org/10.1016/j.bbamcr.2013.12.013
http://www.ncbi.nlm.nih.gov/pubmed/24373847

Int. ]. Mol. Sci. 2020, 21, 3133 20 of 28

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Tu, Z.; Chen, Q.; Zhang, ].T.; Jiang, X.; Xia, Y.; Chan, H.C. CFTR is a potential marker for nasopharyngeal
carcinoma prognosis and metastasis. Oncotarget 2016, 7, 76955-76965. [CrossRef]

Zhang, J.; Wang, Y.; Jiang, X.; Chan, H.C. Cystic fibrosis transmembrane conductance regulator—Emerging
regulator of cancer. Cell Mol. Life Sci 2018. [CrossRef]

Trezise, A.E.O.; Chambers, ].A.; Wardle, C.J.; Gould, S.; Harris, A. Expression of the cystic fibrosis gene in
human foetal tissues. Hum. Mol. Genet. 1993, 2, 213-218. [CrossRef]

Tizzano, E.F,; O’Brodovich, H.; Chitayat, D.; Beénichou, J.C.; Buchwald, M. Regional expression of CFTR in
developing human respiratory tissues. Am. J. Respir Cell Mol. Biol 1994, 10, 355-362. [CrossRef]

Gaillard, D.; Ruocco, S.; Lallemand, A.; Dalemans, W.; Hinnrasky, J.; Puchelle, E. Immunohistochemical
Localization of Cystic Fibrosis Transmembrane Conductance Regulator in Human Fetal Airway and Digestive
Mucosa. Pediatr. Res. 1994, 36, 137-143. [CrossRef]

Harris, A.; Chalkley, G.; Goodman, S.; Coleman, L. Expression of the cystic fibrosis gene in human
development. Development 1991, 113, 305-310.

Tizzano, E.F.; Chitayat, D.; Buchwald, M. Cell-specific localization of CFTR mRNA shows developmentally
regulated expression in human fetal tissues. Hum. Mol. Genet. 1993, 2, 219-224. [CrossRef] [PubMed]
Hyde, K.; Reid, C.J.; Tebbutt, S.J.; Weide, L.; Hollingsworth, M. A.; Harris, A. The cystic fibrosis transmembrane
conductance regulator as a marker of human pancreatic duct development. Gastroenterology 1997, 113,
914-919. [CrossRef]

Devuyst, O.; Burrow, C.R.; Schwiebert, E.M.; Guggino, W.B.; Wilson, P.D. Developmental regulation of CFTR
expression during human nephrogenesis. Am. J. Physiol. 1996, 271, F723-F735. [CrossRef] [PubMed]
Broackes-Carter, EC. Temporal regulation of CFTR expression during ovine lung development: Implications
for CF gene therapy. Hum. Mol. Genet. 2002, 11, 125-131. [CrossRef] [PubMed]

Marcorelles, P.; Montier, T.; Gillet, D.; Lagarde, N.; Ferec, C. Evolution of CFTR protein distribution in lung
tissue from normal and CF human fetuses. Pediatr. Pulmonol. 2007, 42, 1032-1040. [CrossRef] [PubMed]
McGrath, S.A.; Basu, A.; Zeitlin, PL. Cystic Fibrosis Gene and Protein Expression during Fetal Lung
Development. Am. ]. Respir. Cell Mol. Biol 1993, 8, 201-208. [CrossRef]

Gosden, C.; Gosden, J. Fetal Abnormalities in Cystic Fibrosis Suggest a Deficiency in Proteolysis of
Cholecystokinin. Lancet 1984, 324, 541-546. [CrossRef]

Ornoy, A.; Arnon, J.; Katznelson, D.; Granat, M.; Caspi, B.; Chemke, J.; Opitz, ].M.; Reynolds, J.F. Pathological
confirmation of cystic fibrosis in the fetus following prenatal diagnosis. Am. J. Med. Genet. 1987, 28, 935-947.
[CrossRef]

Bonvin, E.; Le Rouzic, P; Bernaudin, J.-E; Cottart, C.-H.; Vandebrouck, C.; Crié, A.; Leal, T,
Clement, A.; Bonora, M. Congenital tracheal malformation in cystic fibrosis transmembrane conductance
regulator-deficient mice. J. Physiol. 2008, 586, 3231-3243. [CrossRef]

Tuggle, K.L.; Birket, S.E.; Cui, X.; Hong, J.; Warren, J.; Reid, L.; Chambers, A.; Ji, D.; Gamber, K.; Chu, KK;
et al. Characterization of defects in ion transport and tissue development in Cystic Fibrosis Transmembrane
Conductance Regulator (CFTR)-knockout rats. PLoS ONE 2014, 9, 1-14. [CrossRef]

Meyerholz, D.K,; Stoltz, D.A.; Gansemer, N.D.; Ernst, S.E.; Cook, D.P; Strub, M.D.; Leclair, E.N.; Barker, C.K,;
Adam, R].; Leidinger, M.R,; et al. Lack of cystic fibrosis transmembrane conductance regulator disrupts fetal
airway development in pigs. Lab. Investig. 2018, 98, 825-838. [CrossRef]

Cohen, J.C.; Larson, J.E. Pathophysiologic consequences following inhibition of a CFTR-dependent
developmental cascade in the lung. BMC Dev. Biol. 2005, 5, 1-13. [CrossRef]

Cohen, ]J.C.; Morrow, S.L.; Cork, R.J.; Delcarpio, J.B.; Larson, J.E. Molecular Pathophysiology of Cystic
Fibrosis Based on the Rescued Knockout Mouse Model. Mol. Genet. Metab. 1998, 64, 108-118. [CrossRef]
Larson, J.E.; Delcarpio, J.B.; Farberman, M.M.; Morrow, S.L.; Cohen, ].C. CFTR modulates lung secretory
cell proliferation and differentiation. Am. J. Physiol. - Lung Cell Mol. Physiol. 2000, 279, 333-341. [CrossRef]
[PubMed]

Morrow, S.L.; Larson, J.E.; Nelson, S.; Sekhon, H.S.; Ren, T.; Cohen, J.C. Modification of Development by the
CFTR Genein Utero. Mol. Genet. Metab. 1998, 65, 203-212. [CrossRef]

Larson, J.E.; Morrow, S.L.; Delcarpio, J.B.; Bohm, R.P,; Ratterree, M.S.; Blanchard, J.L.; Cohen, J.C. Gene
transfer into the fetal primate: Evidence for the secretion of transgene product. Mol. Ther. 2000, 2, 631-639.
[CrossRef]


http://dx.doi.org/10.18632/oncotarget.12762
http://dx.doi.org/10.1007/s00018-018-2755-6
http://dx.doi.org/10.1093/hmg/2.3.213
http://dx.doi.org/10.1165/ajrcmb.10.4.7510983
http://dx.doi.org/10.1203/00006450-199408000-00002
http://dx.doi.org/10.1093/hmg/2.3.219
http://www.ncbi.nlm.nih.gov/pubmed/7684640
http://dx.doi.org/10.1016/S0016-5085(97)70187-2
http://dx.doi.org/10.1152/ajprenal.1996.271.3.F723
http://www.ncbi.nlm.nih.gov/pubmed/8853436
http://dx.doi.org/10.1093/hmg/11.2.125
http://www.ncbi.nlm.nih.gov/pubmed/11809721
http://dx.doi.org/10.1002/ppul.20690
http://www.ncbi.nlm.nih.gov/pubmed/17902144
http://dx.doi.org/10.1165/ajrcmb/8.2.201
http://dx.doi.org/10.1016/S0140-6736(84)90765-7
http://dx.doi.org/10.1002/ajmg.1320280420
http://dx.doi.org/10.1113/jphysiol.2008.150763
http://dx.doi.org/10.1371/journal.pone.0091253
http://dx.doi.org/10.1038/s41374-018-0026-7
http://dx.doi.org/10.1186/1471-213X-5-2
http://dx.doi.org/10.1006/mgme.1998.2683
http://dx.doi.org/10.1152/ajplung.2000.279.2.L333
http://www.ncbi.nlm.nih.gov/pubmed/10926557
http://dx.doi.org/10.1006/mgme.1998.2755
http://dx.doi.org/10.1006/mthe.2000.0209

Int. ]. Mol. Sci. 2020, 21, 3133 21 of 28

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Quinzii, C.; Castellani, C. The cystic fibrosis transmembrane regulator gene and male infertility. J. Endocrinol.
Invest. 2000, 23, 684-689. [CrossRef]

Chen, H.; Ruan, Y.C.; Xu, WM.; Chen, J.; Chan, H.C. Regulation of male fertility by CFTR and implications
in male infertility. Hum. Reprod. Update 2012, 18, 703-713. [CrossRef]

Yefimova, M.; Bourmeyster, N.; Becq, F; Burel, A.; Lavault, M.-T; Jouve, G.; Veau, S.; Pimentel, C.; Jégou, B.;
Ravel, C. Update on the cellular and molecular aspects of cystic fibrosis transmembrane conductance
regulator (CFTR) and male fertility. Morphologie 2019, 103, 4-10. [CrossRef]

Kaplan, E.; Shwachman, H.; Perlmutter, A.D.; Rule, A.; Khaw, K.-T.; Holsclaw, D.S. Reproductive Failure in
Males with Cystic Fibrosis. N. Engl. ]. Med. 1968, 279, 65-69. [CrossRef]

Anguiano, A.; Oates, R.D.; Amos, J.A.; Dean, M.; Gerrard, B.; Stewart, C.; Maher, T.A.; White, M.B.;
Milunsky, A. Congenital Bilateral Absence of the Vas Deferens. JAMA 1992, 267, 1794-1797. [CrossRef]
Gaillard, D.A.; Carre-Pigeon, F; Lallemand, A. Normal vas deferens in fetuses with cystic fibrosis. J. Urol.
1997, 158, 1549-1552. [CrossRef]

Marcorelles, P.; Gillet, D.; Friocourt, G.; Ledé, F; Samaison, L.; Huguen, G.; Ferec, C. Cystic fibrosis
transmembrane conductance regulator protein expression in the male excretory duct system during
development. Hum. Pathol. 2012, 43, 390-397. [CrossRef]

Dumur, V,; Gervais, R.; Rigot, ].-M.; Lafitte, ].-].; Manouvrier, S.; Biserte, ].; Mazeman, E.; Roussel, P. Abnormal
distribution of CF AF508 allele in azoospermic men with congenital aplasia of epididymis and vas deferens.
Lancet 1990, 336, 512. [CrossRef]

Gervais, R.; Dumur, V.; Rigot, J.-M.; Lafitte, J.-J.; Roussel, P.; Claustres, M.; Demaille, J. High Frequency of the
R117H Cystic Fibrosis Mutation in Patients with Congenital Absence of the Vas Deferens. N. Engl. |. Med.
1993, 328, 446-447. [CrossRef]

Mercier, B.; Verlingue, C.; Lissens, W.; Silber, S.J.; Novelli, G.; Bonduelle, M.; Audrézet, M.P,; Férec, C.
Is congenital bilateral absence of vas deferens a primary form of cystic fibrosis? Analyses of the CFIR gene
in 67 patients. Am. |. Hum. Genet. 1995, 56, 272-277.

Claustres, M.; Guittard, C.; Bozon, D.; Chevalier, F; Verlingue, C.; Ferec, C.; Girodon, E.; Cazeneuve, C.;
Bienvenu, T.; Lalau, G.; et al. Spectrum of CFTR mutations in cystic fibrosis and in congenital absence of the
vas deferens in France. Hum. Mutat. 2000, 16, 143-156. [CrossRef]

Noone, P.G.; Knowles, M.R. ‘CFTR-opathies”: Disease phenotypes associated with cystic fibrosis
transmembrane regulator gene mutations. Respir. Res. 2001, 2, 328-332. [CrossRef]

Yu, J.; Chen, Z,; Ni, Y.; Li, Z. CFTR mutations in men with congenital bilateral absence of the vas deferens
(CBAVD): A systemic review and meta-analysis. Hum. Reprod. 2012, 27, 25-35. [CrossRef]

Chillén, M.; Casals, T.; Mercier, B.; Bassas, L.; Lissens, W.; Silber, S.; Romey, M.C.; Ruiz-Romero, J.;
Verlingue, C.; Claustres, M.; et al. Mutations in the cystic fibrosis gene in patients with congenital absence of
the vas deferens. N. Engl. J. Med. 1995, 332, 1475-1480. [CrossRef]

Knowles, M.R.; Drumm, M. The influence of genetics on cystic fibrosis phenotypes. Cold Spring Harb. Perspect.
Med. 2012, 2, 1-14. [CrossRef]

De Boeck, K.; Amaral, M.D. Progress in therapies for cystic fibrosis. Lancet Respir. Med. 2016, 4, 662—674.
[CrossRef]

Vanscoy, L.L.; Blackman, S.M.; Collaco, ]. M.; Bowers, A.; Lai, T.; Naughton, K.; Algire, M.; McWilliams, R.;
Beck, S.; Hoover-Fong, J.; et al. Heritability of lung disease severity in cystic fibrosis. Am. J. Respi.r Crit. Care
Med. 2007, 175, 1036-1043. [CrossRef] [PubMed]

Cuppens, H.; Cassiman, ].J. CFTR mutations and polymorphisms in male infertility. Int. ]. Androl. 2004, 27,
251-256. [CrossRef]

Ben-Chetrit, A. Expression of cystic fibrosis transmembrane conductance regulator during early human
embryo development. Mol. Hum. Reprod. 2002, 8, 758-764. [CrossRef]

Lu, Y.C.; Chen, H.; Fok, K.L.; Tsang, L.L.; Yu, M.K,; Zhang, X.H.; Chen, J.; Jiang, X.; Chung, YW.; Ma, A.C.H;
etal. CFTR mediates bicarbonate-dependent activation of miR-125b in preimplantation embryo development.
Cell Res. 2012, 22, 1453-1466. [CrossRef]

Chen, M.H.; Chen, H.; Zhou, Z.; Ruan, Y.C.; Wong, H.Y.; Lu, Y.C.; Guo, ].H.; Chung, YYW.; Huang, P.B.;
Huang, H.F; et al. Involvement of CFTR in oviductal HCO-3 secretion and its effect on soluble adenylate
cyclase-dependent early embryo development. Hum. Reprod. 2010, 25, 1744-1754. [CrossRef]


http://dx.doi.org/10.1007/BF03343794
http://dx.doi.org/10.1093/humupd/dms027
http://dx.doi.org/10.1016/j.morpho.2018.11.001
http://dx.doi.org/10.1056/NEJM196807112790203
http://dx.doi.org/10.1001/jama.1992.03480130110034
http://dx.doi.org/10.1016/S0022-5347(01)64278-2
http://dx.doi.org/10.1016/j.humpath.2011.04.031
http://dx.doi.org/10.1016/0140-6736(90)92066-Q
http://dx.doi.org/10.1056/NEJM199302113280619
http://dx.doi.org/10.1002/1098-1004(200008)16:2&lt;143::AID-HUMU7&gt;3.0.CO;2-J
http://dx.doi.org/10.1186/rr82
http://dx.doi.org/10.1093/humrep/der377
http://dx.doi.org/10.1056/NEJM199506013322204
http://dx.doi.org/10.1101/cshperspect.a009548
http://dx.doi.org/10.1016/S2213-2600(16)00023-0
http://dx.doi.org/10.1164/rccm.200608-1164OC
http://www.ncbi.nlm.nih.gov/pubmed/17332481
http://dx.doi.org/10.1111/j.1365-2605.2004.00485.x
http://dx.doi.org/10.1093/molehr/8.8.758
http://dx.doi.org/10.1038/cr.2012.88
http://dx.doi.org/10.1093/humrep/deq094

Int. ]. Mol. Sci. 2020, 21, 3133 22 of 28

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Lu, Y.C; Yang, J.; Fok, K.L.; Ye, YH.; Jin, L.; Chen, Z.Y.; Zhang, X.M.; Huang, H.F.; Chan, H.C. Involvement
of Cl-/HCO3- exchanger SLC26A3 and SLC26A6 in preimplantation embryo cleavage. Sci. Rep. 2016, 6,
28402. [CrossRef]

Pankow, S.; Bamberger, C.; Calzolari, D.; Martinez-Bartolomé, S.; Lavallée-Adam, M.; Balch, W.E.; Yates, ].R.
Af508 CFTR interactome remodelling promotes rescue of cystic fibrosis. Nature 2015, 528, 510-516. [CrossRef]
Li, X,; Fok, K.L.; Guo, J.; Wang, Y.; Liu, Z.; Chen, Z.; Wang, C.; Ruan, Y.C.; Yu, S.S.; Zhao, H.; et al. Retinoic
acid promotes stem cell differentiation and embryonic development by transcriptionally activating CFTR.
Biochim. Biophys. Acta - Mol. Cell Res. 2018, 1865, 605-615. [CrossRef]

Liao, H.; Chen, Y,; Li, Y.; Xue, S.; Liu, M,; Lin, Z,; Liu, Y.; Chan, H.C.; Zhang, X.; Sun, H. CFTR is required
for the migration of primordial germ cells during zebrafish early embryogenesis. Reproduction 2018, 156,
261-268. [CrossRef] [PubMed]

Mammoto, T.; Ingber, D.E. Mechanical control of tissue and organ development. Development 2010, 137,
1407-1420. [CrossRef] [PubMed]

Nedvetsky, P.I; Emmerson, E.; Finley, ] K.; Ettinger, A.; Cruz-Pacheco, N.; Prochazka, J.; Haddox, C.L.;
Northrup, E.; Hodges, C.; Mostov, K.E.; et al. Parasympathetic Innervation Regulates Tubulogenesis in the
Developing Salivary Gland. Dev. Cell 2014, 30, 449-462. [CrossRef] [PubMed]

Navis, A.; Bagnat, M. Developing pressures: Fluid forces driving morphogenesis. Curr. Opin. Genet. Dev.
2015, 32, 24-30. [CrossRef]

Varner, V.D.; Nelson, C.M. Cellular and physical mechanisms of branching morphogenesis. Development
2014, 141, 2750-2759. [CrossRef]

Nelson, C.M.; Gleghorn, ].P.; Pang, M.E,; Jaslove, ]. M.; Goodwin, K.; Varner, V.D.; Miller, E.; Radisky, D.C.;
Stone, H.A. Microfluidic chest cavities reveal that transmural pressure controls the rate of lung development.
Development 2017, 144, 4328-4335. [CrossRef]

Moore, K.A,; Polte, T.; Huang, S.; Shi, B.; Alsberg, E.; Sunday, M.E.; Ingber, D.E. Control of basement
membrane remodeling and epithelial branching morphogenesis in embryonic lung by Rho and cytoskeletal
tension. Dev. Dyn. 2005, 232, 268-281. [CrossRef]

Ruan, Y.C.; Wang, Y.; Da Silva, N.; Kim, B.; Diao, R.Y,; Hill, E.; Brown, D.; Chan, H.C.; Breton, S. CFTR
interacts with ZO-1 to regulate tight junction assembly and epithelial differentiation through the ZONAB
pathway. J. Cell Sci. 2014, 127, 4396-4408. [CrossRef]

Roxo-Rosa, M.; Jacinto, R.; Sampaio, P; Lopes, S.S. The zebrafish Kupffer’s vesicle as a model system for the
molecular mechanisms by which the lack of Polycystin-2 leads to stimulation of CFTR. Biol. Open 2015, 4,
1356-1366. [CrossRef]

Bagnat, M.; Navis, A.; Herbstreith, S.; Brand-Arzamendi, K.; Curado, S.; Gabriel, S.; Mostov, K.; Huisken, J.;
Stainier, D.Y.R. Csell is a negative regulator of CFTR-dependent fluid secretion. Curr. Biol. 2010, 20,
1840-1845. [CrossRef]

Cohen, ].C,; Larson, J.E.; Killeen, E.; Love, D.; Takemaru, K.I. CFTR and Wnt/beta-catenin signaling in lung
development. BMC Dev. Biol. 2008, 8, 1-7. [CrossRef] [PubMed]

Navis, A.; Bagnat, M. Loss of cftr function leads to pancreatic destruction in larval zebrafish. Dev. Biol. 2015,
399, 237-248. [CrossRef] [PubMed]

McCray, P.B.; Reenstra, WW.; Louie, E.; Johnson, J.; Bettencourt, ].D.; Bastacky, J. Expression of CFTR and
presence of cAMP-mediated fluid secretion in human fetal lung. Am. J. Physiol. Cell Mol. Physiol. 1992, 262,
1.472-1.481. [CrossRef] [PubMed]

Buchwald, M.; Sood, R.; Auerbach, W. Regulation of expression of CFTR in human intestinal epithelial cells.
Adv. Exp. Med. Biol. 1991, 290, 241-252. [PubMed]

Montrose-Rafizadeh, C.; Guggino, W.B.; Montrose, M.H. Cellular differentiation regulates expression of Cl-
transport and cystic fibrosis transmembrane conductance regulator mRNA in human intestinal cells. J. Biol.
Chem. 1991, 266, 4495-4499.

Sood, R.; Bear, C.; Auerbach, W.; Reyes, E.; Jensen, T.; Kartner, N.; Riordan, J.R.; Buchwald, M. Regulation
of CFTR expression and function during differentiation of intestinal epithelial cells. EMBO J. 1992, 11,
2487-2494. [CrossRef]


http://dx.doi.org/10.1038/srep28402
http://dx.doi.org/10.1038/nature15729
http://dx.doi.org/10.1016/j.bbamcr.2018.01.005
http://dx.doi.org/10.1530/REP-17-0681
http://www.ncbi.nlm.nih.gov/pubmed/29930176
http://dx.doi.org/10.1242/dev.024166
http://www.ncbi.nlm.nih.gov/pubmed/20388652
http://dx.doi.org/10.1016/j.devcel.2014.06.012
http://www.ncbi.nlm.nih.gov/pubmed/25158854
http://dx.doi.org/10.1016/j.gde.2015.01.010
http://dx.doi.org/10.1242/dev.104794
http://dx.doi.org/10.1242/dev.154823
http://dx.doi.org/10.1002/dvdy.20237
http://dx.doi.org/10.1242/jcs.148098
http://dx.doi.org/10.1242/bio.014076
http://dx.doi.org/10.1016/j.cub.2010.09.012
http://dx.doi.org/10.1186/1471-213X-8-70
http://www.ncbi.nlm.nih.gov/pubmed/18601749
http://dx.doi.org/10.1016/j.ydbio.2014.12.034
http://www.ncbi.nlm.nih.gov/pubmed/25592226
http://dx.doi.org/10.1152/ajplung.1992.262.4.L472
http://www.ncbi.nlm.nih.gov/pubmed/1373570
http://www.ncbi.nlm.nih.gov/pubmed/1719762
http://dx.doi.org/10.1002/j.1460-2075.1992.tb05313.x

Int. ]. Mol. Sci. 2020, 21, 3133 23 of 28

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

Montrose-Rafizadeh, C.; Blackmon, D.L.; Hamosh, A.; Oliva, M.M.; Hawkins, A.L.; Curristin, SM.;
Griffin, C.A; Yang, V.W.; Guggino, W.B.; Cutting, G.R,; et al. Regulation of cystic fibrosis transmembrane
conductance regulator (CFTR) gene transcription and alternative RNA splicing in a model of developing
intestinal epithelium. J. Biol. Chem. 1992, 267, 19299-19305.

Hollande, E.; Fanjul, M.; Chemin-Thomas, C.; Devaux, C.; Demolombe, S.; Van Rietschoten, J.; Guy-Crotte, O.;
Figarella, C. Targeting of CFTR protein is linked to the polarization of human pancreatic duct cells in culture.
Eur. J. Cell Biol. 1998, 76, 220-227. [CrossRef]

Kélin, N.; Claass, A.; Sommer, M.; Puchelle, E.; Tiimmler, B. DeltaF508 CFTR protein expression in tissues
from patients with cystic fibrosis. J. Clin. Invest. 1999, 103, 1379-1389. [CrossRef]

Penque, D.; Mendes, F,; Beck, S.; Farinha, C.; Pacheco, P.; Nogueira, P; Lavinha, J.; Malh¢, R.; Amaral, M.D.
Cystic fibrosis F508del patients have apically localized CFIR in a reduced number of airway cells. Lab. Invest.
2000, 80, 857-868. [CrossRef]

Brézillon, S.; Hamm, H.; Heilmann, M.; Schifers, H.J.; Hinnrasky, J.; Wagner, T.O.F,; Puchelle, E.; Tiimmler, B.
Decreased expression of the cystic fibrosis transmembrane conductance regulator protein in remodeled
airway epithelium from lung transplanted patients. Hum. Pathol. 1997, 28, 944-952. [CrossRef]

Bebok, Z.; Venglarik, C.J.; Panczél, Z,; Jilling, T.; Kirk, K.L.; Sorscher, E.J. Activation of DeltaF508 CFTR in an
epithelial monolayer. Am. J. Physiol. 1998, 275, C599-C607. [CrossRef] [PubMed]

Moniz, S.; Sousa, M.; Moraes, B.].; Mendes, A.I; Palma, M.; Barreto, C.; Fragata, ].I.; Amaral, M.D.; Matos, P.
HGEF stimulation of Racl signaling enhances pharmacological correction of the most prevalent cystic fibrosis
mutant F508del-CFTR. ACS Chem. Biol. 2013, 8, 432-442. [CrossRef] [PubMed]

Jun, E.S.; Kim, Y.S.; Yoo, M.A; Roh, H.J.; Jung, J.S. Changes in expression of ion channels and aquaporins
mRNA during differentiation in normal human nasal epithelial cells. Life Sci. 2001, 68, 827-840. [CrossRef]
Clarke, L.A.; Sousa, L.; Barreto, C.; Amaral, M.D. Changes in transcriptome of native nasal epithelium
expressing F508del-CFIR and intersecting data from comparable studies. Respir. Res. 2013, 14, 1. [CrossRef]
Chifflet, S.; Hernandez, J.A. The Plasma Membrane Potential and the Organization of the Actin Cytoskeleton
of Epithelial Cells. Int. |. Cell Biol. 2012, 2012, 121424. [CrossRef]

Hartsock, A.; Nelson, W.J. Adherens and tight junctions: Structure, function and connections to the actin
cytoskeleton. Biochim. Biophys. Acta 2008, 1778, 660—669. [CrossRef]

OIk, S.; Zoidl, G.; Dermietzel, R. Connexins, cell motility, and the cytoskeleton. Cell Motil. Cytoskeleton 2009,
66, 1000-1016. [CrossRef]

Prat, A.G.; Xiao, Y.F; Ausiello, D.A.; Cantiello, H.F. cAMP-independent regulation of CFTR by the actin
cytoskeleton. Am. J. Physiol. Physiol. 1995, 268, C1552-C1561. [CrossRef]

Prat, A.G.; Cunningham, C.C.; Jackson, G.R.; Borkan, S.C.; Wang, Y.; Ausiello, D.A.; Cantiello, H.F. Actin
filament organization is required for proper cAMP-dependent activation of CFTR. Am. ]. Physiol. Physiol.
1999, 277, C1160-C1169. [CrossRef]

Chasan, B.; Geisse, N.A.; Pedatella, K.; Wooster, D.G.; Teintze, M.; Carattino, M.D.; Goldmann, W.H.;
Cantiello, H.F. Evidence for direct interaction between actin and the cystic fibrosis transmembrane
conductance regulator. Eur. Biophys. ]. 2002, 30, 617—-624. [PubMed]

Stanke, F; Hedtfeld, S.; Becker, T.; Tiimmler, B. An association study on contrasting cystic fibrosis
endophenotypes recognizes KRT8 but not KRT18 as a modifier of cystic fibrosis disease severity and
CFTR mediated residual chloride secretion. BMC Med. Genet. 2011, 12, 62. [CrossRef] [PubMed]

Favia, M.; Guerra, L.; Fanelli, T.; Cardone, R.A.; Monterisi, S.; Di Sole, F.; Castellani, S.; Chen, M.; Seidler, U.;
Reshkin, S.J.; et al. Na+/H+ exchanger regulatory factor 1 overexpression-dependent increase of cytoskeleton
organization is fundamental in the rescue of F508del cystic fibrosis transmembrane conductance regulator in
human airway CFBE41o- cells. Mol. Biol. Cell 2010, 21, 73-86. [CrossRef] [PubMed]

Nilsson, H.E.; Dragomir, A.; Lazorova, L.; Johannesson, M.; Roomans, G.M. CFTR and tight junctions in
cultured bronchial epithelial cells. Exp. Mol. Pathol. 2010, 88, 118-127. [CrossRef]

Lasalvia, M.; Castellani, S.; D’ Antonio, P.; Perna, G.; Carbone, A.; Colia, A.L.; Maffione, A.B.; Capozzi, V.;
Conese, M. Human airway epithelial cells investigated by atomic force microscopy: A hint to cystic fibrosis
epithelial pathology. Exp. Cell Res. 2016, 348, 46-55. [CrossRef] [PubMed]

Monterisi, S.; Favia, M.; Guerra, L.; Cardone, R.A.; Marzulli, D.; Reshkin, S.J.; Casavola, V.; Zaccolo, M. CFTR
regulation in human airway epithelial cells requires integrity of the actin cytoskeleton and compartmentalized
cAMP and PKA activity. J. Cell Sci. 2012, 125, 1106-1117. [CrossRef]


http://dx.doi.org/10.1016/S0171-9335(98)80037-X
http://dx.doi.org/10.1172/JCI5731
http://dx.doi.org/10.1038/labinvest.3780090
http://dx.doi.org/10.1016/S0046-8177(97)90010-1
http://dx.doi.org/10.1152/ajpcell.1998.275.2.C599
http://www.ncbi.nlm.nih.gov/pubmed/9688615
http://dx.doi.org/10.1021/cb300484r
http://www.ncbi.nlm.nih.gov/pubmed/23148778
http://dx.doi.org/10.1016/S0024-3205(00)00985-1
http://dx.doi.org/10.1186/1465-9921-14-38
http://dx.doi.org/10.1155/2012/121424
http://dx.doi.org/10.1016/j.bbamem.2007.07.012
http://dx.doi.org/10.1002/cm.20404
http://dx.doi.org/10.1152/ajpcell.1995.268.6.C1552
http://dx.doi.org/10.1152/ajpcell.1999.277.6.C1160
http://www.ncbi.nlm.nih.gov/pubmed/11908853
http://dx.doi.org/10.1186/1471-2350-12-62
http://www.ncbi.nlm.nih.gov/pubmed/21548936
http://dx.doi.org/10.1091/mbc.e09-03-0185
http://www.ncbi.nlm.nih.gov/pubmed/19889841
http://dx.doi.org/10.1016/j.yexmp.2009.09.018
http://dx.doi.org/10.1016/j.yexcr.2016.08.025
http://www.ncbi.nlm.nih.gov/pubmed/27590528
http://dx.doi.org/10.1242/jcs.089086

Int. ]. Mol. Sci. 2020, 21, 3133 24 of 28

107.

108.

109.

110.

111.
112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

Dransfield, D.T.; Bradford, A.J.; Smith, J.; Martin, M.; Roy, C.; Mangeat, PH.; Goldenring, ].R. Ezrin is a cyclic
AMP-dependent protein kinase anchoring protein. EMBO J. 1997, 16, 35-43. [CrossRef]

Short, D.B.; Trotter, K.W.; Reczek, D.; Kreda, S.M.; Bretscher, A.; Boucher, R.C.; Stutts, M.].; Milgram, S.L.
An apical PDZ protein anchors the cystic fibrosis transmembrane conductance regulator to the cytoskeleton.
J. Biol. Chem. 1998, 273, 19797-19801. [CrossRef]

Guerra, L.; Fanelli, T.; Favia, M.; Riccardi, S.M.; Busco, G.; Cardone, R.A.; Carrabino, S.; Weinman, E.J.;
Reshkin, S.J.; Conese, M.; et al. Na+/H+ exchanger regulatory factor isoform 1 overexpression modulates
cystic fibrosis transmembrane conductance regulator (CFTR) expression and activity in human airway
16HBE140- cells and rescues DeltaF508 CFTR functional expression in cystic fibrosis c. J. Biol. Chem. 2005,
280, 40925-40933. [CrossRef]

Castellani, S.; Guerra, L.; Favia, M.; Di Gioia, S.; Casavola, V.; Conese, M. 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. 2012, 92, 1527-1540. [CrossRef]

Powell, D.W. Barrier function of epithelia. Am. J. Physiol. 1981, 241, G275-G288. [CrossRef] [PubMed]
Weiser, N.; Molenda, N.; Urbanova, K.; Bahler, M.; Pieper, U.; Oberleithner, H.; Schillers, H. Paracellular
permeability of bronchial epithelium is controlled by CFTR. Cell Physiol. Biochem. 2011, 28, 289-296.
[CrossRef] [PubMed]

Molina, S.A; Stauffer, B.; Moriarty, H.K.; Kim, A.H.; McCarty, N.A.; Koval, M. Junctional abnormalities in
human airway epithelial cells expressing F508del CFTR. Am. J. Physiol. Lung Cell Mol. Physiol. 2015, 309,
1475-1487. [CrossRef] [PubMed]

Breton, S.; Ruan, Y.C.; Park, Y.-J.; Kim, B. Regulation of epithelial function, differentiation, and remodeling in
the epididymis. Asian . Androl. 2016, 18, 3-9. [CrossRef]

Itoh, M.; Furuse, M.; Morita, K.; Kubota, K.; Saitou, M.; Tsukita, S. Direct binding of three tight
junction-associated MAGUKSs, ZO-1, ZO-2, and ZO-3, with the COOH termini of claudins. J. Cell Biol. 1999,
147,1351-1363. [CrossRef] [PubMed]

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

Chanson, M.; Suter, S. Regulation of gap junctional communication in CFTR-expressing pancreatic epithelial
cells. Pflugers Arch. 2001, 443, S81-584. [CrossRef]

Barbry, P; Cavard, A.; Chanson, M.; Jaffe, A.B.; Plasschaert, L.W. Regeneration of airway epithelial cells to
study rare cell states in cystic fibrosis. J. Cyst Fibros 2020, 19, S42-546. [CrossRef]

Crosby, L.M.; Waters, C.M. Epithelial repair mechanisms in the lung. Am. J. Physiol. Lung Cell Mol. Physiol.
2010, 298, L715-L731. [CrossRef] [PubMed]

Beers, M.F.,; Morrisey, E.E. The three R’s of lung health and disease: Repair, remodeling, and regeneration.
J. Clin. Investig. 2011, 121, 2065-2073. [CrossRef]

Tran-Paterson, R.; Davin, D.; Krauss, R.D.; Rado, T.A.; Miller, D.M. Expression and regulation of the cystic
fibrosis gene during rat liver regeneration. Am. |. Physiol. 1992, 263, C55-C60. [CrossRef] [PubMed]
Castillon, N.; Hinnrasky, J.; Zahm, J.-M.; Kaplan, H.; Bonnet, N.; Corlieu, P; Klossek, ]J.-M.; Taouil, K;
Avril-Delplanque, A.; Péault, B.; et al. Polarized expression of cystic fibrosis transmembrane conductance
regulator and associated epithelial proteins during the regeneration of human airway surface epithelium in
three-dimensional culture. Lab. Investig. 2002, 82, 989-998. [CrossRef] [PubMed]

Jorissen, M.; Van der Schueren, B.; Van den Berghe, H.; Cassiman, ].J. The preservation and regeneration of
cilia on human nasal epithelial cells cultured in vitro. Arch. Otorhinolaryngol. 1989, 246, 308-314. [CrossRef]
[PubMed]

Castillon, N.; Avril-Delplanque, A.; Coraux, C.; Delenda, C.; Péault, B.; Danos, O.; Puchelle, E. Regeneration
of a well-differentiated human airway surface epithelium by spheroid and lentivirus vector-transduced
airway cells. J. Gene Med. 2004, 6, 846-856. [CrossRef] [PubMed]

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. 1995, 12, 605-612. [CrossRef]
Voynow, J.A.; Fischer, B.M.; Roberts, B.C.; Proia, A.D. Basal-like Cells Constitute the Proliferating Cell
Population in Cystic Fibrosis Airways. Am. J. Respir Crit. Care Med. 2005, 172, 1013-1018. [CrossRef]


http://dx.doi.org/10.1093/emboj/16.1.35
http://dx.doi.org/10.1074/jbc.273.31.19797
http://dx.doi.org/10.1074/jbc.M505103200
http://dx.doi.org/10.1038/labinvest.2012.123
http://dx.doi.org/10.1152/ajpgi.1981.241.4.G275
http://www.ncbi.nlm.nih.gov/pubmed/7032321
http://dx.doi.org/10.1159/000331742
http://www.ncbi.nlm.nih.gov/pubmed/21865736
http://dx.doi.org/10.1152/ajplung.00060.2015
http://www.ncbi.nlm.nih.gov/pubmed/26115671
http://dx.doi.org/10.4103/1008-682X.165946
http://dx.doi.org/10.1083/jcb.147.6.1351
http://www.ncbi.nlm.nih.gov/pubmed/10601346
http://dx.doi.org/10.1007/s00441-013-1734-3
http://dx.doi.org/10.1007/s004240100650
http://dx.doi.org/10.1016/j.jcf.2019.09.010
http://dx.doi.org/10.1152/ajplung.00361.2009
http://www.ncbi.nlm.nih.gov/pubmed/20363851
http://dx.doi.org/10.1172/JCI45961
http://dx.doi.org/10.1152/ajpcell.1992.263.1.C55
http://www.ncbi.nlm.nih.gov/pubmed/1378998
http://dx.doi.org/10.1097/01.LAB.0000022221.88025.43
http://www.ncbi.nlm.nih.gov/pubmed/12177237
http://dx.doi.org/10.1007/BF00463582
http://www.ncbi.nlm.nih.gov/pubmed/2590043
http://dx.doi.org/10.1002/jgm.570
http://www.ncbi.nlm.nih.gov/pubmed/15293343
http://dx.doi.org/10.1165/ajrcmb.12.6.7766425
http://dx.doi.org/10.1164/rccm.200410-1398OC

Int. ]. Mol. Sci. 2020, 21, 3133 25 of 28

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.
147.

148.

Crespin, S.; Bacchetta, M.; Bou Saab, J.; Tantilipikorn, P; Bellec, J.; Dudez, T.; Nguyen, T.H.; Kwak, B.R.;
Lacroix, J.S.; Huang, S.; et al. Cx26 regulates proliferation of repairing basal airway epithelial cells. Int. J.
Biochem. Cell Biol. 2014, 52, 152-160. [CrossRef]

Adam, D.; Roux-Delrieu, J.; Luczka, E.; Bonnomet, A.; Lesage, ].; Mérol, ].-C.; Polette, M.; Abély, M.; Coraux, C.
Cystic fibrosis airway epithelium remodelling: Involvement of inflammation. J. Pathol. 2015, 235, 408—419.
[CrossRef]

Adam, D.; Bilodeau, C.; Sognigbé, L.; Maillé, E.; Ruffin, M.; Brochiero, E. CFTR rescue with VX-809 and
VX-770 favors the repair of primary airway epithelial cell cultures from patients with class II mutations in
the presence of Pseudomonas aeruginosa exoproducts. J. Cyst. Fibros. 2018, 17, 705-714. [CrossRef]
Coraux, C.; Hajj, R.; Lesimple, P; Puchelle, E. [Repair and regeneration of the airway epithelium]. Med. Sci.
(Paris) 2005, 21, 1063-1069. [CrossRef]

Fischer, B.M.; Wong, ].K; Degan, S.; Kummarapurugu, A.B.; Zheng, S.; Haridass, P.; Voynow, J.A. Increased
expression of senescence markers in cystic fibrosis airways. Am. J. Physiol. Lung Cell Mol. Physiol. 2013, 304,
L.394-1.400. [CrossRef] [PubMed]

Zoso, A.; Sofoluwe, A.; Bacchetta, M.; Chanson, M. Transcriptomic profile of cystic fibrosis airway epithelial
cells undergoing repair. Sci. Data 2019, 6, 240. [CrossRef] [PubMed]

Stamm, A.; Reimers, K.; Strauf3, S.; Vogt, P.; Scheper, T.; Pepelanova, I. In vitro wound healing assays — state
of the art. BioNanoMaterials 2016, 17, 79-87. [CrossRef]

Maillé, E.; Trinh, N.T.N.; Privé, A.; Bilodeau, C.; Bissonnette, E.; Grandvaux, N.; Brochiero, E. Regulation of
normal and cystic fibrosis airway epithelial repair processes by TNF-« after injury. Am. J. Physiol. Lung Cell
Mol. Physiol. 2011, 301, L945-1955. [CrossRef]

Kirk, K.L. CFTR channels and wound healing. Focus on ‘Cystic fibrosis transmembrane conductance
regulator is involved in airway epithelial wound repair’. Am. J. Physiol. Cell Physiol. 2010, 299, C888-C890.
[CrossRef]

Trinh, N.T.N,; Bardou, O.; Privé, A.; Maillé, E.; Adam, D.; Lingée, S.; Ferraro, P.; Desrosiers, M.-Y.; Coraux, C.;
Brochiero, E. Improvement of defective cystic fibrosis airway epithelial wound repair after CFTR rescue.
Eur. Respir. J. 2012, 40, 1390-1400. [CrossRef]

Itokazu, Y.; Pagano, R.E.; Schroeder, A.S.; O’Grady, S.M.; Limper, A.H.; Marks, D.L. Reduced GM1 ganglioside
in CFTR-deficient human airway cells results in decreased 1-integrin signaling and delayed wound repair.
Am. . Physiol. Physiol. 2014, 306, C819-C830. [CrossRef]

Marino, G.I; Kotsias, B.A. Cystic fibrosis transmembrane regulator (CFTR) in human trophoblast BeWo cells
and its relation to cell migration. Placenta 2014, 35, 92-98. [CrossRef]

Dong, ].; Jiang, X.; Zhang, X.; Liu, K.S.; Zhang, J.; Chen, J.; Yu, M.K,; Tsang, L.L.; Chung, YW.; Wang, Y.;
et al. Dynamically Regulated CFTR Expression and Its Functional Role in Cutaneous Wound Healing. J. Cell
Physiol. 2015, 230, 2049-2058. [CrossRef]

Molenda, N.; Urbanova, K.; Weiser, N.; Kusche-Vihrog, K.; Giinzel, D.; Schillers, H.; Gtinzel, D.; Schillers, H.
Paracellular transport through healthy and cystic fibrosis bronchial epithelial cell lines—do we have a proper
model? PLoS ONE 2014, 9, e100621. [CrossRef]

Dodge, J.A.; Lewis, P.A.; Stanton, M.; Wilsher, ]. Cystic fibrosis mortality and survival in the UK: 1947-2003.
Eur. Respir. . 2007, 29, 522-526. [CrossRef] [PubMed]

Miller, R.W. Childhood Cancer and Congenital Defects A Study of U.S. Death Certificates During the Period
1960-1966. Pediatr. Res. 1969, 3, 389-397. [CrossRef] [PubMed]

Abdul-Karim, EW.,; King, T.A.; Dahms, B.B.; Gauderer, M.W.L.; Boat, T.F. Carcinoma of extrahepatic biliary
system in an adult with cystic fibrosis. Gastroenterology 1982, 82, 758-762. [CrossRef]

Davis, TM.E.; Sawicka, E.H. Adenocarcinoma in cystic fibrosis. Thorax 1985, 40, 199-200. [CrossRef]
[PubMed]

Mclntosh, J.C.; Schoumacher, R.A; Tiller, R.E. Pancreatic adenocarcinoma in a patient with cystic fibrosis.
Am. J. Med. 1988, 85, 592. [CrossRef]

Siraganian, P; Miller, R.; Swender, P. Cystic Fibrosis and Ileal Carcinoma. Lancet 1987, 330, 1158. [CrossRef]
Roberts, J.A.; Tullett, WM.; Thomas, ].S.; Galloway, D.; Stack, B.H.R. Bowel Adenocarcinoma in a Patient
with Cystic Fibrosis. Scott. Med. . 1986, 31, 109. [CrossRef]

Biggs, B.G.; Vaughan, W.; Colombo, J.L.; Sanger, W.; Purtilo, D.T. Cystic fibrosis complicated by acute
leukemia. Cancer 1986, 57, 2441-2443. [CrossRef]


http://dx.doi.org/10.1016/j.biocel.2014.02.010
http://dx.doi.org/10.1002/path.4471
http://dx.doi.org/10.1016/j.jcf.2018.03.010
http://dx.doi.org/10.1051/medsci/200521121063
http://dx.doi.org/10.1152/ajplung.00091.2012
http://www.ncbi.nlm.nih.gov/pubmed/23316069
http://dx.doi.org/10.1038/s41597-019-0256-6
http://www.ncbi.nlm.nih.gov/pubmed/31664037
http://dx.doi.org/10.1515/bnm-2016-0002
http://dx.doi.org/10.1152/ajplung.00149.2011
http://dx.doi.org/10.1152/ajpcell.00313.2010
http://dx.doi.org/10.1183/09031936.00221711
http://dx.doi.org/10.1152/ajpcell.00168.2013
http://dx.doi.org/10.1016/j.placenta.2013.12.004
http://dx.doi.org/10.1002/jcp.24931
http://dx.doi.org/10.1371/journal.pone.0100621
http://dx.doi.org/10.1183/09031936.00099506
http://www.ncbi.nlm.nih.gov/pubmed/17182652
http://dx.doi.org/10.1203/00006450-196909000-00001
http://www.ncbi.nlm.nih.gov/pubmed/4310035
http://dx.doi.org/10.1016/0016-5085(82)90323-7
http://dx.doi.org/10.1136/thx.40.3.199
http://www.ncbi.nlm.nih.gov/pubmed/3983888
http://dx.doi.org/10.1016/S0002-9343(88)80116-5
http://dx.doi.org/10.1016/S0140-6736(87)91598-4
http://dx.doi.org/10.1177/003693308603100210
http://dx.doi.org/10.1002/1097-0142(19860615)57:12&lt;2441::AID-CNCR2820571232&gt;3.0.CO;2-W

Int. ]. Mol. Sci. 2020, 21, 3133 26 of 28

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

Neglia, ].P,; Wielinski, C.L.; Warwick, W.J. Cancer risk among patients with cystic fibrosis. J. Pediatr. 1991,
119, 764-766. [CrossRef]

Sheldon, C.D.; Hodson, M.E.; Carpenter, L.M.; Swerdlow, A.]. A cohort study of cystic fibrosis and malignancy.
Br. J. Cancer 1993, 68, 1025. [CrossRef]

Hadjiliadis, D.; Khoruts, A.; Zauber, A.G.; Hempstead, S.E.; Maisonneuve, P.; Lowenfels, A.B.; Braid, A.L.;
Cullina, J.; Daggett, A.; Fink, A,; et al. Cystic Fibrosis Colorectal Cancer Screening Consensus
Recommendations. Gastroenterology 2018, 154, 736-745.e14. [CrossRef] [PubMed]

Vekens, K.; Vincken, S.; Hanon, S.; Demuynck, K.; Stylemans, D.; Vanderhelst, E. Lung cancer in a CF patient:
Combination of bad luck or is there more to say? Acta Clin. Belg. 2020, 00, 1-2. [CrossRef] [PubMed]
Warren, N.; Holmes, J.A.; Al-Jader, L.; West, R.R.; Lewis, D.C.; Padua, R.A. Frequency of carriers of cystic
fibrosis gene among patients with myeloid malignancy and melanoma. BMJ 1991, 302, 760-761. [CrossRef]
[PubMed]

Padua, R.A.; Warren, N.; Grimshaw, D.; Smith, M.; Lewis, C.; Whittaker, J.; Laidler, P.; Wright, P;
Douglas-Jones, A.; Fenaux, P; et al. The cystic fibrosis AF508 gene mutation and cancer. Hum. Mutat. 1997,
10, 4548. [CrossRef]

Li, Y.; Sun, Z.; Wu, Y.; Babovic-Vuksanovic, D.; Li, Y.; Cunningham, ].M.; Pankratz, V.S.; Yang, P. Cystic
fibrosis transmembrane conductance regulator gene mutation and lung cancer risk. Lung Cancer 2010, 70,
14-21. [CrossRef]

Qiao, D.; Yi, L.; Hua, L.; Xu, Z,; Ding, Y.; Shi, D.; Ni, L.; Song, N.; Wang, Y.; Wu, H. Cystic fibrosis
transmembrane conductance regulator (CFTR) gene 5T allele may protect against prostate cancer:
A case-control study in Chinese Han population. J. Cyst. Fibros 2008, 7, 210-214. [CrossRef]

McWilliams, R. Cystic fibrosis transmembrane regulator gene carrier status is a risk factor for young onset
pancreatic adenocarcinoma. Gut 2005, 54, 1661-1662. [CrossRef]

McWilliams, R.R.; Petersen, G.M.; Rabe, K.G.; Holtegaard, L.M.; Lynch, P]J.; Bishop, M.D.; Highsmith, W.E.
Cystic fibrosis transmembrane conductance regulator (CFTR) gene mutations and risk for pancreatic
adenocarcinoma. Cancer 2010, 116, 203-209. [CrossRef]

Southey, M.C.; Batten, L.; Andersen, C.R.; Mccredie, M.R.E.; Giles, G.G.; Dite, G.; Hopper, J.L.; Venter, D.J.
CFTR AF508 carrier status, risk of breast cancer before the age of 40 and histological grading in a
population-based case-control study. Int. J. Cancer 1998, 79, 487-489. [CrossRef]

Johannesson, M.; Askling, J.; Montgomery, S.M.; Ekbom, A.; Bahmanyar, S. Cancer risk among patients with
cystic fibrosis and their first-degree relatives. Int J. Cancer 2009, 125, 2953-2956. [CrossRef]

Abraham, E.H.; Vos, P.,; Kahn, J.; Grubman, S.A.; Jefferson, D.M.; Ding, I.; Okunieff, P. Cystic fibrosis
hetero-and homozygosity is associated with inhibition of breast cancer growth. Nat. Med. 1996, 2, 593-596.
[CrossRef] [PubMed]

Moribe, T.; lizuka, N.; Miura, T.; Kimura, N.; Tamatsukuri, S.; Ishitsuka, H.; Hamamoto, Y.; Sakamoto, K.;
Tamesa, T.; Oka, M. Methylation of multiple genes as molecular markers for diagnosis of a small,
well-differentiated hepatocellular carcinoma. Int J. Cancer 2009, 125, 388-397. [CrossRef] [PubMed]

Yu, J.; Zhu, T.; Wang, Z.; Zhang, H.; Qian, Z.; Xu, H.; Gao, B.; Wang, W.; Gu, L.; Meng, J.; et al. A novel set of
DNA methylation markers in urine sediments for sensitive/specific detection of bladder cancer. Clin. Cancer
Res. 2007, 13, 7296-7304. [CrossRef] [PubMed]

Ashour, N.; Angulo, J.C.; Andrés, G.; Alely, R.; Gonzélez-Corpas, A.; Toledo, M.V,; Rodriguez-Barbero, ] M.;
Loépez, ].I.; Sanchez-Chapado, M.; Ropero, S. A DNA hypermethylation profile reveals new potential
biomarkers for prostate cancer diagnosis and prognosis. Prostate 2014, 74, 1171-1182. [CrossRef]

Liu, K.; Dong, F.; Gao, H.; Guo, Y.; Li, H,; Yang, F; Zhao, P; Dai, Y.; Wang, J.; Zhou, W.; et al. Promoter
hypermethylation of the CFTR gene as a novel diagnostic and prognostic marker of breast cancer. Cell Biol.
Int. 2020, 44, 603-609. [CrossRef]

Shin, Y.; Kim, M.; Won, J.; Kim, J.; Oh, S.B; Lee, ].-H.; Park, K. Epigenetic Modification of CFTR in Head and
Neck Cancer. J. Clin. Med. 2020, 9, 734. [CrossRef]

Cheng, S.; Li, C.; Xie, W.; Miao, Y.; Guo, J.; Wang, J.; Zhang, Y. Integrated analysis of DNA methylation
and mRNA expression profiles to identify key genes involved in the regrowth of clinically non-functioning
pituitary adenoma. Aging (Albany NY) 2020, 12, 2408-2427. [CrossRef]


http://dx.doi.org/10.1016/S0022-3476(05)80296-3
http://dx.doi.org/10.1038/bjc.1993.474
http://dx.doi.org/10.1053/j.gastro.2017.12.012
http://www.ncbi.nlm.nih.gov/pubmed/29289528
http://dx.doi.org/10.1080/17843286.2020.1737780
http://www.ncbi.nlm.nih.gov/pubmed/32131717
http://dx.doi.org/10.1136/bmj.302.6779.760
http://www.ncbi.nlm.nih.gov/pubmed/2021766
http://dx.doi.org/10.1002/(SICI)1098-1004(1997)10:1&lt;45::AID-HUMU6&gt;3.0.CO;2-L
http://dx.doi.org/10.1016/j.lungcan.2010.01.005
http://dx.doi.org/10.1016/j.jcf.2007.07.011
http://dx.doi.org/10.1136/gut.2005.074534
http://dx.doi.org/10.1002/cncr.24697
http://dx.doi.org/10.1002/(SICI)1097-0215(19981023)79:5&lt;487::AID-IJC7&gt;3.0.CO;2-X
http://dx.doi.org/10.1002/ijc.24679
http://dx.doi.org/10.1038/nm0596-593
http://www.ncbi.nlm.nih.gov/pubmed/8616723
http://dx.doi.org/10.1002/ijc.24394
http://www.ncbi.nlm.nih.gov/pubmed/19384946
http://dx.doi.org/10.1158/1078-0432.CCR-07-0861
http://www.ncbi.nlm.nih.gov/pubmed/18094410
http://dx.doi.org/10.1002/pros.22833
http://dx.doi.org/10.1002/cbin.11260
http://dx.doi.org/10.3390/jcm9030734
http://dx.doi.org/10.18632/aging.102751

Int. ]. Mol. Sci. 2020, 21, 3133 27 of 28

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.
187.

Singh, A.P; Chauhan, S.C.; Andrianifahanana, M.; Moniaux, N.; Meza, ].L.; Copin, M.C.; Van Seuningen, L;
Hollingsworth, M.A.; Aubert, ].P; Batra, S.K. MUC4 expression is regulated by cystic fibrosis transmembrane
conductance regulator in pancreatic adenocarcinoma cells via transcriptional and post-translational
mechanisms. Oncogene 2007, 26, 30-41. [CrossRef]

Li, J.; Zhang, ].T,; Jiang, X.; Shi, X.; Shen, J.; Feng, F,; Chen, J.; Liu, G.; He, P; Jiang, J.; et al. The cystic fibrosis
transmembrane conductance regulator as a biomarker in non-small cell lung cancer. Int J. Oncol. 2015, 46,
2107-2115. [CrossRef]

Tian, F; Zhao, J.; Fan, X.; Kang, Z. Weighted gene co-expression network analysis in identification of
metastasis-related genes of lung squamous cell carcinoma based on the Cancer Genome Atlas database.
J. Thorac Dis 2017, 9, 42-53. [CrossRef]

Li, W.; Wang, C.; Peng, X.; Zhang, H.; Huang, H.; Liu, H. CFTR inhibits the invasion and growth of esophageal
cancer cells by inhibiting the expression of NF-«B. Cell Biol. Int. 2018, 42, 1680-1687. [CrossRef] [PubMed]

Than, B.L.N.; Linnekamp, J.F.; Starr, TK.; Largaespada, D.A.; Rod, A.; Zhang, Y.; Bruner, V.; Abrahante, J.;
Schumann, A.; Luczak, T.; et al. CFTR is a tumor suppressor gene in murine and human intestinal cancer.
Oncogene 2016, 35, 4191-4199. [CrossRef] [PubMed]

Zhong, X.; Chen, H.Q.; Yang, X.L.; Wang, Q.; Chen, W.; Li, C. CFIR activation suppresses glioblastoma cell
proliferation, migration and invasion. Biochem. Biophys. Res. Commun. 2019, 508, 1279-1285. [CrossRef]
[PubMed]

Xie, C; Jiang, X.H.; Zhang, ].T.; Sun, T.T.; Dong, ].D.; Sanders, A.]J.; Diao, R.Y.; Wang, Y.; Fok, K.L.; Tsang, L.L.;
et al. CFTR suppresses tumor progression through miR-193b targeting urokinase plasminogen activator
(uPA) in prostate cancer. Oncogene 2013, 32, 2282-2291. [CrossRef]

Peng, X.; Wu, Z.; Yu, L.; Li, J.; Xu, W,; Chan, H.C,; Zhang, Y.; Hu, L. Overexpression of cystic fibrosis
transmembrane conductance regulator (CFTR) is associated with human cervical cancer malignancy,
progression and prognosis. Gynecol. Oncol. 2012, 125, 470-476. [CrossRef]

Wu, Z,; Peng, X; Li, J.; Zhang, Y.; Hu, L. Constitutive Activation of Nuclear Factor kB Contributes to
Cystic Fibrosis Transmembrane Conductance Regulator Expression and Promotes Human Cervical Cancer
Progression and Poor Prognosis. Int. ]. Gynecol. Cancer 2013, 23, 906-915. [CrossRef]

Xu, J.; Yong, M; Li, J.; Dong, X.; Yu, T.; Fu, X.; Hu, L. High level of CFTR expression is associated with tumor
aggression and knockdown of CFTR suppresses proliferation of ovarian cancer in vitro and in vivo. Oncol.
Rep. 2015, 33, 2227-2234. [CrossRef]

Rochwerger, L.; Buchwald, M. Stimulation of the cystic fibrosis transmembrane regulator expression by
estrogen in vivo. Endocrinology 1993, 133, 921-930. [CrossRef]

Verhaeghe, C.; Tabruyn, S.P.; Oury, C.; Bours, V.; Griffioen, A.W. Intrinsic pro-angiogenic status of cystic
fibrosis airway epithelial cells. Biochem. Biophys. Res. Commun. 2007, 356, 745-749. [CrossRef]

Thiery, ].P.; Acloque, H.; Huang, R.Y.J.; Nieto, M.A. Epithelial-Mesenchymal Transitions in Development and
Disease. Cell 2009, 139, 871-890. [CrossRef]

Lamouille, S.; Xu, J.; Derynck, R. Molecular mechanisms of epithelial-mesenchymal transition. Nat. Rev. Mol.
Cell Biol. 2014, 15, 178-196. [CrossRef] [PubMed]

Kalluri, R.; Weinberg, R.A. The basics of epithelial-mesenchymal transition. J. Clin. Investig. 2009, 119,
1420-1428. [CrossRef] [PubMed]

Snodgrass, S.M.; Cihil, KM.; Cornuet, PK.; Myerburg, M.M.; Swiatecka-Urban, A. Tgf-p1 Inhibits Cftr
Biogenesis and Prevents Functional Rescue of AF508-Cftr in Primary Differentiated Human Bronchial
Epithelial Cells. PLoS ONE 2013, 8. [CrossRef] [PubMed]

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

Fingerlin, T.E.; Murphy, E.; Zhang, W.; Peljto, A.L.; Brown, K.K,; Steele, M.P;; Loyd, J.E.; Cosgrove, G.P.;
Lynch, D.; Groshong, S.; et al. Genome-wide association study identifies multiple susceptibility loci for
pulmonary fibrosis. Nat. Genet. 2013, 45, 613—620. [CrossRef]

van Moorsel, C.H.M. Trade-offs in aging lung diseases. Curr. Opin. Pulm. Med. 2018, 24, 309-317. [CrossRef]
Corvol, H.; Rousselet, N.; Thompson, K.E.; Berdah, L.; Cottin, G.; Foussigniere, T.; Longchampt, E.; Fiette, L.;
Sage, E.; Prunier, C.; et al. FAM13A is a modifier gene of cystic fibrosis lung phenotype regulating rhoa
activity, actin cytoskeleton dynamics and epithelial-mesenchymal transition. J. Cyst. Fibros. 2018, 17, 190-203.
[CrossRef]


http://dx.doi.org/10.1038/sj.onc.1209764
http://dx.doi.org/10.3892/ijo.2015.2921
http://dx.doi.org/10.21037/jtd.2017.01.04
http://dx.doi.org/10.1002/cbin.11069
http://www.ncbi.nlm.nih.gov/pubmed/30358020
http://dx.doi.org/10.1038/onc.2015.483
http://www.ncbi.nlm.nih.gov/pubmed/26751771
http://dx.doi.org/10.1016/j.bbrc.2018.12.080
http://www.ncbi.nlm.nih.gov/pubmed/30573361
http://dx.doi.org/10.1038/onc.2012.251
http://dx.doi.org/10.1016/j.ygyno.2012.02.015
http://dx.doi.org/10.1097/IGC.0b013e318292da82
http://dx.doi.org/10.3892/or.2015.3829
http://dx.doi.org/10.1210/endo.133.2.7688293
http://dx.doi.org/10.1016/j.bbrc.2007.02.166
http://dx.doi.org/10.1016/j.cell.2009.11.007
http://dx.doi.org/10.1038/nrm3758
http://www.ncbi.nlm.nih.gov/pubmed/24556840
http://dx.doi.org/10.1172/JCI39104
http://www.ncbi.nlm.nih.gov/pubmed/19487818
http://dx.doi.org/10.1371/journal.pone.0063167
http://www.ncbi.nlm.nih.gov/pubmed/23671668
http://dx.doi.org/10.1038/ng.2609
http://dx.doi.org/10.1097/MCP.0000000000000476
http://dx.doi.org/10.1016/j.jcf.2017.11.003

Int. ]. Mol. Sci. 2020, 21, 3133 28 of 28

188. Jolly, M.K.; Ward, C.; Eapen, M.S.; Myers, S.; Hallgren, O.; Levine, H.; Sohal, S.S. Epithelial-mesenchymal
transition, a spectrum of states: Role in lung development, homeostasis, and disease. Dev. Dyn. 2018, 247,
346-358. [CrossRef]

189. Harris, W.T.; Muhlebach, M.S.; Oster, R.A.; Knowles, M.R.; Clancy, ].P.; Noah, T.L. Plasma TGF-31 in pediatric
cystic fibrosis: Potential biomarker of lung disease and response to therapy. Pediatr. Pulmonol. 2011, 46,
688-695. [CrossRef]

190. Zhang, J.T.; Wang, Y.; Chen, ].J.; Zhang, X.H.; Dong, ].D.; Tsang, L.L.; Huang, X.R.; Cai, Z.; Lan, H.Y.;
Jiang, X.H.; et al. Defective CFIR leads to aberrant (3-catenin activation and kidney fibrosis. Sci. Rep. 2017, 7,
1-13. [CrossRef]

191. Li, P; Singh, J.; Sun, Y.; Ma, X.; Yuan, P. CFTR constrains the differentiation from mouse embryonic stem cells
to intestine lineage cells. Biochem. Biophys. Res. Commun. 2019, 510, 322-328. [CrossRef] [PubMed]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.1002/dvdy.24541
http://dx.doi.org/10.1002/ppul.21430
http://dx.doi.org/10.1038/s41598-017-05435-5
http://dx.doi.org/10.1016/j.bbrc.2019.01.100
http://www.ncbi.nlm.nih.gov/pubmed/30704755
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	CFTR and Development 
	CFTR Expression is Highly Regulated During Development 
	Individuals with CF Display Lung Malformations and CBAVD 
	What Is the Major Role of CFTR in Development? 

	CFTR and Epithelial Differentiation 
	Is CFTR Essential for Epithelial Differentiation? 
	CFTR, Actin Cytoskeleton, Tight Junctions and Differentiation 

	CFTR and Regeneration 
	CFTR is Needed for Proper Epithelial Regeneration 
	CFTR and Wound Healing as a Model of Physiological Regeneration 

	CFTR and Cancer 
	CF as a Disease of Increased Cancer Risk 
	CF Carrier Status and Cancer Risk 
	Is CFTR a Tumour Suppressor Protein? 

	CFTR and Epithelial–Mesenchymal Transition (EMT) 
	Conclusions 
	References

