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TITLE:

CFTR as a component of an autophagy signaling pathway, applications thereof to

autophagic diseases, and determination of cystic fibrosis as an autophagic disease.

FIELD OF THE INVENTION:

The present invention generally relates to autophagy, and to the biological and medical

applications thereof.

It more particularly relates to the use of CFTR (Cystic Fibrosis Transmembrane
conductance Regulator) as a component of an autophagy signaling pathway, to the
biological and medical applications thereof, particularly in the field of autophagic diseases
and conditions. The present invention further identifies for the first time that cystic

fibrosis appears as an autophagic disease.

The different aspects of the present invention all involve CFTR, and more particularly the

kinases/CFTR pathways, as well as their various uses and applications as a key component

of the autophagy signaling pathway.

In the present patent application, reference is made to various scientific publications (via a
number between brackets); the reference to which this number directs is given in the

“bibliographic references” section, which is listed before the “claims” section.

BACKGROUND OF THE INVENTION:

Autophagy:

Eukaryotic cells achieve the degradation of their unneeded or damaged cytoplasmic
components 7byra 1ysds€>rﬁel1 procéss terme& autophag}; (for fe;fiew; see refs (40, 43)) -

The initial step is the swrrounding of cytoplasmic and organelle portions of the cell by a
single isolation membrane (also known as phagophore, Fig. 8). This sequestration results
in the formation of a closed doubled-membrane structure containing undigested

cytoplasmic materials including organelles. This double-membrane vacuole is termed

autophagosome (or autophagic immature vacuole).
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Next, during the maturation step, the outer membrane of the autophagosome fuses with
the membrane of a lysosome, to become an autolysosome (also termed
autophagolysosome). Lysosomal hydrolytic enzymes and acidification through vacuolar-
type H+ ATPase (V-ATPase) activity result in the cytoplasm-derived contents being

degraded together with the inner membrane of the autophagosome.

Compelling studies have helped to unravel the importance of autophagy in cell biology.
Physiologically, this catabolic pathway ensures in all cell types the normal turn-over of all
organelles and most of long-lived proteins. As a result, autophagy controls cell modelling
throughout development and prevents cell aging during life (56). In response to
environmental stresses (nutrient starvation, hypoxia, infections...), autophagy is up-
regulated to provide the supply of energy needed for cell survival and repair (40, 42). Not
only being a housekeeping process, autophagy protects the cells against transformation by

discarding the genotoxic substances that would otherwise induce mutations (83, 107).

Consistently, it is well documented that a massive toxic injury causes the formation of
large autophagic vacuoles, associated with cell destruction when the damages are too
important. Based on these features, this catabolic process has long been blamed as a
second form of programmed cell death, in addition of the well-characterized type I
apoptosis. Moreover,' defects of autophagy have been reported in breast, ovarian, and
prostate cancers (22). Conversely, hyperactivation of autophagy has been involved in

myopathies, and a number of neurodegenerative diseases such as Alzheimer's-,

Parkinson's-, and Prion —diseases (43).

While the morphology and regulation of autophagy have been investigated extensively for
animals, including humans, very little is known about the molecular machinery underlying
this process (74). Emerging evidence in human intestinal cancer cells indicates that the

formation of autophagosomes is stimulated by multiple signaling pathways as diverse as

the GTPase Gis (79), the class III phosphatidylinositol 3-kinase (79), and the MAPK ERK

(extracellular signal-regulated kinases 1 and 2) (73). However, as these signaling
pathways are activated by myriad of stimuli, most of them are not linked to autophagy;
further information is needed to understand how cell may fine-tune autophagy. This issue
is important because regulating such underlying signaling might open therapeutic

promises for treating diseases or conditions involving a deregulation of autophagy.
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The present invention addresses this issue, and identifies that the MAPK kinases/CFTR
pathway is a key component of the process of autophagy, and more particularly of the
maturation stage of the autophagic process. New means enabling the regulation of the
autophagy signaling pathway are thus provided by the present invention.

Furthermore, these new means have enabled the inventors to identify cystic fibrosis as an

autophagic disease.

CFTR and Cystic Fibrosis (CF):

CFTR is a member of the ABC (ATP-binding cassette) superfamily that transports
chloride (CI7) ions across membranes of epithelial cells of lungs, intestines, sweat duct,

pancreas, liver, kidney, reproductive tract, and other fluid-transporting tissues.

As indicated by its acronym, the CFTR gene was identified as the genetic basis of the
hereditary disease cystic fibrosis (85, 86). The CFTR gene is found in region g31.2 on the
long (q) arm of human chromosome 7. It spans 250,000 base pairs (bp) and is composed
of 27 exons (110). The mRNA transcript for CFTR is 6129 bp long (see the NCBI
sequence record NM_000492 to access the mRNA sequence data). 4443 bp within the
mRNA (CDS sequence) code for amino acid sequence of CFTR.

The CFTR protein is a glycoprotein of 1480 amino acids (see the CFTR protein sequence

record in Swiss-Prot under accession number P13569; http://us.expasy.org/cgi-

bin/niceprot.pl?P13569), containing two six-membrane-spanning domains, two nucleotide

-binding domains (NBD), as well as a unique regulatory (R) domain (Fig. 7C).

So far, opening of CFTR channel has been shown to be controlled only by PKA-mediated
phosphorylations of its R domain and ATP (adenosine triphosphate) binding and
hydrolysis by the two NBD (reviewed in (95)).

__Consistently, CFTR is a cAMP activated C1~ channel found in apical membranes. It is also

crucial for the regulation of other ion channels and transports, including the Epithelial Na*
Channel (ENaC), the Outwardly Rectifying ClI"Channel (ORCC), the basolateral K*
channels (ROMK1...), and the aquaporins (91). Besides its function as a channel], CFTR is
a receptor for Pseudomonas aeruginosa, the major pathogen in CF airway (80, 81). It is
also detected in hypothalamic neurons (48, 64), in the heart (67) and some lymphocytes
(54) where its function is still undefined.
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Defective versions of this protein, caused by CFTR gene mutations, are responsible for
development of cystic fibrosis (CF), a frequent deadly disease (1 in 2500 birth) (84).
Inherited as autosomal recessive disorder, CF is characterized by a generalized
exocrinopathy of all organs that express CFTR. Important CF clinical features include
malnutrition, chronic pulmonary disease, pancreatic deficiency, liver fibrosis, diabetes
mellitus, cholelithiasis, male infertility (congenital bilateral aplasia of the vas deferens),
and arthritis. The most striking pathological changes are seen in airways, in which
inflammation, chronic infections and obstructive mucous secretion are responsible for

lethal respiratory insufficiency.

Over 1000 different mutations in the CFTR gene have been reported to the CF Genetic
Analysis Consortium database (www.genet.sickkids.on.ca/cfir/). About 70% of the

mutations are found to be delta F508 (deletion of the amino acid phenylalanine located at

position 508 within NBD1), making it the most common CF mutation. People who are

homozygous for AF508 mutation tend to have the most severe CF symptoms.

To date, the exact physiological role of CFTR and the sequence of events leading to
airway disease are not fully understood.

Detailed biochemical and physiological analyses of the WT and mutated CFTR have
shown that the normal CFTR protein is synthesized in the endoplasmic reticulum (ER),
transported to Golgi apparatus for additional processing before being integrated into the
cell membrane. By contrast, once the AF508 CFTR mutant reaches the ER, the quality-
control mechanism recognizes that the protein is folded incorrectly and marks the
defective protein for rapid degradation. As a result, the affected cells completely lack

CFTR and display altered secretion of electrolytes and fluid.

Based on these in vitro results, the prevailing model is that in normal epithelium, CFTR

functions principally as a CI” channel at the cell surface where it drives by increasing the

“osmotic gradient, the secretion of water into the lumen. The hydrated low viscous mucus

can then be effectively removed by cilia lining the lungs. In this "high salt" hypothesis, the
loss of CFTR CI” secretion in CF membranes coupled with abnormal sodium absorption
results in iso- or hyper-osmotic salt concentrations between the lumen and the epithelial
cells. This impairs water flux, leading to the production of viscous mucus layer that fails
to be removed by cilia and traps the bacteria. The mucosal dehydration, coupled with

inflammatory and infective byproducts, creates thick and tenacious mucus that clogs and
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damages airways. In support of this hypothesis, a high CI" concentration of 60 mEq/1 or
greater is measured in sweat of CF patients, which constitutes the CF diagnostic test
[quantitative pilocarpine iontophoresis test]. Moreover, CFTR ensures in the colon the
entire apical CI” conductance and hence the massive fluid loss in cAMP-mediated diarrhea
such as cholera (4). Consistently, the notion that CFTR is absolutely required for fluid

secretion came from the demonstrations that newborn CF patients and CFTR-deficient

mice suffer of severe intestinal obstruction.

As a consequence, the actual therapeutic strategies for CF are designed to correct a normal
transport of Cl— ions at the cell surface by restoring the trafficking to plasma membrane of
the CFTR mutants. Nevertheless, this concept does not fit the puzzling observations that
CF patients maintain normal CI” concentrations in the airway surface liquid of their nasal
and bronchial epithelia (100). Moreover, it was recently demonstrated that known
stimulators of wild type CFTR such as Forskolin, B2 adrenergic agonists, CAMP fail to
activate rescued AF508 CFTR in human airway epithelial cells (7). More intriguingly, at
birth, the lung of the CF patients appears normal (17, 75) and develops pathological
changes with a course and a severity that vary substantially amongst patients, even with
similar CFTR genotypes. This implies that another mechanism must exist to explain how

defective CFTR leads to airway disease and the involvement of environmental factors in

CF progression.

SUMMARY OF THE INVENTION:

Starting from the demonstration that a widely-used pesticide Lindane (gamma-benzene
hexachloride) is an inducer of autophagy, the inventors demonstrate that CFTR is a key
component of the autophagy signaling pathway. |

It is further demonstrated that activation of CFTR by phosphorylation induces and/or
stimulates autophagy. It is more particularly demonstrated that CFTR phosphorylation
indiuﬁeé an;i/or Astimulates the maturation stage of autophagy, whereby autophagosoihes A
fuse to the lysosomes to become autolysosomes.

The present invention thus provides new biological and medical applications for diseases
involving a deregulation in autophagy.

As shown in the appended claims, the present invention more particularly provides new

diagnosis and/or prognosis tools, as well as preclinical models (animal and cellular
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models) for these diseases, as well as new preventive and/or palliative and/or therapeutic

tools for these diseases.

The present invention also identifies for the first time cystic fibrosis as an autophagic

disease.

BRIEF DESCRIPTION OF THE FIGURES:

Fig. 1. Lindane induced accumulation of large autophagic vacuoles in Sertoli cells.

(A) Cell treatment with Lindane (50 pM, 24 h) induced formation of vacuoles,
readily observed under light microscope (insert, vacuolation started within 8 h of
treatment in perinuclear region).

(B) Representative electron microscopy photographs of Lindane-treated cells. Note
the presence of numerous autophagic vacuoles from newly formed sequestrating
membranes (arrowheads; C, high magnification), lamellar structures (arrowheads; D, high
magnification), double-membrane autophagosomes (arrowheads; E), autophagosomes in
close vicinity with late endosomes and lysosomes (arrows; F), to autolysosomes
containing electron-dense degraded materials (arrows; G, high magnification). On
average, ~ 50 autophagic vacuoles of 2-20 um?” were observed per Lindane-treated cells

(n = 20), whereas little if any autophagosomes were found in untreated cells (n = 25).

Fig. 2. Lindane-induced autolysosomal vacuolation is dependent on V-ATPase pumping
and CI” conductance.

(A) Lindane-induced autophagic vacuoles were associated with markers of
autophagosomes (EGFP-LC3 transfection), autolysosomes (EGFP-LC3 transfection and
anti-LAMP1 immunostaining), and late endosomes (EGFP-Rab7 transfection), and were
acidic (red fluorescence after - acridine-orange staining). Note the characteristic
redistribution of EGFP-tagged L.C3 from a diffuse cytosolic staining in control cells to
punctate vesicular structures following Lindane treatment. These LC3 dots were often
detected close to the enlarged LAMP1 compartments (insert), which were stained by
monodansylcadaverine (MDC), a fluorescent probe of acidic autolysosomes. On blocking
of vesicle acidification by NH4Cl (5 mM), aggregates of EGFP-LC3 markedly

accumulated inside the giant LAMP1" vacuoles.
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(B) Sertoli cells were pretreated 90 min with either vehicle (0), 3 MA (autophagy
inhibitor, 30 mM), BafA1 (V-ATPase inhibitor, 100 nM) or NPPB (CI” channel blocker,
25 uM) before Lindane addition. After 24 h, cells were observed under a light microscope

and representative photographs are shown.

Fig. 3. CFTR CI channel is mandatory for Lindane-induced autophagic vacuolation.

(A) Electrophysiological ~properties of Lindane-stimulated Cl™  currents.
Representative traces of whole cell currents from Sertoli cells before (0) and after
stimulation with Lindane (Li, 50 uM) in the absence or the presence of NPPB (0.1 mM) or
DIDS (1 mM).

(B) Whole-cell current-voltage (I-¥) relationship obtained from n = 8 Sertoli cells
in each group before (IJ) and after stimulation with Lindane (O), Lindane plus NPPB (W),
or forskolin (10 pM, A).

(C) -V curves in CFTR™ and CFTR™" renal distal cells (n=8 cells in each
group) before and after stimulation with Lindane. Note that reversed potentials for
Lindane-induced currents were at ~0 mV (n = 8), which is Cl” equilibrium potential with
the symmetrical solutions used. Results are means+S.D. of at least three experiments with

n cells.

(D) Confocal microscopy pictures of BHK cells showing partial redistribution of
CFTR-EGFP from plasma membrane in basal conditions (insert) to vacuoles after Lindane

treatment (24 h).

Fig. 4. Representative electron microscopy analyses of Lindane-treated CFTR™ cells
showing accumulation of lamellar structures (arrowheads) with little if any large

autophagic vacuoles (arrows) in contrast to Lindane-treated CFTR™ cells.

Fig. 5. Lindane activates CFTR CI” channel independently of PKA activation.

(A) Electrophysiological - properties of Lindane-stimulated CI” currents.
Representative traces of whole cell currents from CFTR™" renal proximal PCT cells
before (0) and after stimulation with Lindane (Li, 50 pM). Similar results were obtained
with Cadmium a toxic heavy metal that does activate ERK. Note that PKA activation by

Forskolin failed to induce CFTR CI” currents in this cellular model.
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(B) Whole-cell current-voltage (/-¥) relationship obtained from » = 8 renal
proximal cells (PCT) in each group before (00) and after stimulation with Lindane (O), or

forskolin (10 uM, A). Results are means+S.D. of at least three experiments with z cells.

Fig. 6. Sustained ERK pathway activation is necessary and sufficient to commit cell to
autophagic vacuolation.

(A) Lindane induces the sustained activation of ERK. Sertoli cells were stimulated
with Lindane, lysed at indicated times and analyzed for ERK activation (arrowheads) by
Western blotting.

(B) Activation of ERK pathway is essential for Lindane-induced autophagic
vacuolation. Sertoli cells were transiently transfected with EGFP-LC3 expression plasmid
and allowed to recover for 24 h before the addition of PD98059 (MEK1 inhibitor, 10 pM)
and Lindane. 24 h later, autolysosomal vacuolation was examined under either light
microscopy (right panel, upper insert), fluorescence microscopy (left panel, EGFP-LC3
and LAMP1 staining) or electron microscopy (right panel). At ultrastructural level (right
panel) note in the presence of PD98059 and Lindane the small size of vacuoles (arrows)
and the accumulation of lamellar structures (arrowheads) morphologically similar to those
seen in Lindane-treated CFTR—/— cells. High magnification (right panel, lower insert)
showed that the contents of these membranous bodies were indistinguishable from the
cytosol; highly suggesting that they were formed by the repeated sequestration of
autophagosomes. As control, PD98059 did not affect chloroquine-induced vacuolation (500
1M, 24 h), ruling out unspecific side effects on V-ATPase.

(C) Transfection of constitutively active MEK1 mutant is sufficient to induce
autophagic vacuolation through downstream activation of CI” channels. Sertoli cells were
transfected with MEK1*-HA plasmid and allowed to recover for 24 h before addition of
vehicle, and NPPB (25 uM) for 24 h. 48 h after transfection, the levels of autophagy
(EGFP-LC3 aggregation, cotransfection of EGFP-LC3 and MEK1" expression plasmids,

- 1:1 ratio) and the morphology of Rab7 (cotransfection of EGFP-Rab7 and MEK1"

plasmids) and of LAMP1 (anti-LAMP1 immunofluorescence staining) compartments

were analyzed by confocal microscopy of HA-positive cells.

Fig. 7. CFTR is the downstream target of ERK that relays autophagic signal.
(A) Lindane triggers ERK activation independently of CFTR. Sertoli, CFTR*"* and

CFTR™ renal cells were pretreated or not with NPPB (25 pM, 90 min) before Lindane
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addition. At the indicated times, cells were lysed and ERK activation was analyzed by
Western blotting.

(B) Inhibition of Lindane-induced CFTR CI” conductance by abrogation of ERK
pathway. Whole-cell I-V relationships were obtained from control (O), PD98059-
(identical to control I-V), Lindane- (O) or Lindane plus PD98059 (M) -incubated Sertoli

cells (n = 8 cells in each group).
(C) Potential ERK-docking and -phosphorylation sites within CFTR sequence.

Fig. 8. A model for the control of autophagy by the ERK/CFTR/V-ATPase pathway.

Fig. 9. Induction of autophagic cell death under nutrient deprivation by disruption of the
CFTR/ERK pathway.

(A) Rapid activation of ERK by starvation in CFTR** and CFTR™" cells.

(B) Ultrastructural features of starved CFTR™ cells. CFTR" cells and CFTR ™"
cells were incubated in the absence of serum and nutrients for 6 h, and examined by
electron microscopy. Note that the starved CFTR™* cells displayed extensive autophagic
vacuolation with all profiles from early lamellar structures to autolysosomes (inserz). By
contrast, the starved-CFTR ™" cells exhibited marked autophagic degenerative changes
with accumulation of lamellar bodies, fragmented endoplasmic reticulum and swollen
mitochondria with unclear christae, while the morphology of nucleus remained intact.

(C) Starvation induces CFTR™" cell death which can be blocked by autophagy
inhibitors. Compare the healthy starved CFTR™ cells with the dying starved CFTR cells
which were round, loosely attached to the support (insert, high magnification) and labeled
by propidium iodide (2 pg/condition, lowef panel). A time course indicated that death
began at 3-6 h after nutrient deprivation and was complete by 16-20 h. Addition of amino
acids or 3 MA (data not shown) which inhibits autophagy initiation arrested starvation-

induced cell death.
"~ (D) Representative pictures of CFTR™* cells treated for 16 hours under nutrient

deprivation in the presence of PD98059 or NPPB. Insert, addition of amino acids blocked
cell death in both conditions (PD -+ Starvation or NPPB + Starvation).
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Fig. 10. Representative histopathology and electron microscopy analyses of intestine of
CFTR™ mice.

(A) Small intestine sections from 21-day-old CFTR™" mice were either stained
with Toluidine blue (upper panel) or analyzed by electron microscopy (lower panel). Note
the dramatic accumulation of the large lamellar bodies and huge autophagic vacuoles
which enclose altered organelles. Of, we recognize damaged hypoxic mitochondria with

an electron dense spot.

(B) Similar section from age-matched WT mice showing no autophagic signs.

Fig. 11. Representative histopathology (Toluidine blue) and electron microscopy
analyses of cecum and colon of CFTR™" mice showing dramatic autophagic degeneration.

No abnormal structures were detected in the tissues of age-matched WT mice.

Fig. 12. Sertoli cell vacuolation is an early cellular response induced by several
xenobiotics that is correlated to ERK activation.

The responses of Sertoli cells to the indicated chemicals were examined on vacuole
formation (A, cells treated for 24h) and on MAPK phosphorylations (B, Western blotting
of cell lysates treated for 15 min). Note that the addition of NH4Cl (5 mM) to medium

which did not alter cell morphology, accelerated toxicant-induced vacuole development

and allowed greater sensitivity in detecting vacuoles.

Fig. 13. Induction of Sertoli cell vacuolation by P38 inhibition.
(A) SB203580 (p38-specific inhibitor, 10 uM) as Lindane induced the accumulation

.of large acidic (Acridine orange staining) Rab7" vacuoles.

(B) Lindane-induced autophagic vacuolation is not ascribéd to p38 inhibition.
Sertoli cells were pretreated with Lindane (50 pM, 5 h or 24 h) before being incubated for
15 min with the p38 activator Anisomycin (A, 10 pg/ml, 15 min). Western blotting

-analysis of the phosphorylation levels of p38 (anti-® p38, upper panel) and of its

substrate, MAPKAP kinase 2 (® MK2, lower panel) were then performed as readout of
p38 activation and p38 activity, respectively. The positions of the phosphorylated p38 and
MK2 are indicated by arrowheads. As controls, SB203580 did impede Anisomycin-induced

p38 activity.
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DETAILED DESCRIPTION OF THE INVENTION:

The present invention demonstrates that CFTR (Cystic Fibrosis Transmembrane

conductance Regulator) is a key component of the autophagy signaling pathway.

More particularly, CFTR is shown to be an essential actor of the autophagy maturation
process: it is indeed demonstrated that CFTR expression or activity is essential for the

maturation of autophagosomes into autolysosomes.

Delineating this pathway led to the demonstration that the mitogen—activated protein
kinase (MAPK)/ERK pathway is involved in CFTR activation.
A chemical activator of this MAPK ERK/CFTR pathway is also provided, namely

gamma-benzene hexachloride (also known as Lindane).

Most importantly, the loss of CFTR expression or activity, or the inhibition of the ERK
pathway result in the accumulation of lamellar bodies (formed by the repeated
sequestration of autophagosomes) and autophagic cell death under amino acid starvation.
The critical role played by CFTR in the control of autophagy, as well as its fine tuning by
kinase pathways, open new diagnostic and therapeutic fields of applications.

It thus provides new means for the diagnosis and/or prognosis, as wrell as preclinical
models (animal and cellular models) for these diseases, as well as for the preventive
and/or palliative and/or therapeutic treatment of diseases or conditions involving a
deregulation in autophagy. |
Such diseases or conditions notably comprise cancer, such as epithelial cancer, which
involve insufficient autophagy initiation (22). Such diseases or conditions also comprise

degenerative diseases, such as a neurodegenerative disease or a myopathy, which involve

excessive autophagy initiation and insufficient autophagy maturation (43) .

The present invention also provides new means to assess the autophagic stress that a

compound or other external factor may induce, which is of the most importance for

autophagy-sensitive organisms.

These means may notably help in the design of drugs showing reduced deleterious side
effects.

The present invention further identifies for the first time cystic fibrosis as an autophagic

disease. Cystic fibrosis is a lethal disease known to involve defects in the production or
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function of CFTR, a cAMP-regulated CI” channel in epithelial cells. It is the first time that
a defect in autophagy is shown to be involved in cystic fibrosis. This autophagic model
helps in understanding the development of the disease from the bad prognostic associated
with amino acid deprivation due to gastrointestinal defects, to the accumulation of mucus
and the lethal respiratory insufficiency.

The characteristic gastrointestinal defects shown by cystic fibrosis patients may hence be
one of the causative agents responsible for accumulation of mucus in the lungs. It is very
much likely that these gastrointestinal defects lead to important deprivations in amino
acids, which in turns induce and stimulate autophagy. Moreover, during the course of the
disease the chronic bacterial infections in the lungs of CF patients represent important
inducers of autophagy that amplify the production of mucus (42, 84).

As cystic fibrosis is characterized by a mutated CFIR, some of the kinase/CFTR
pathways are most probably unavailable for phosphorylation: according to the inventors’
model of cystic fibrosis, it is very much likely that autophagy maturation is either blocked
or insufficiently stimulated in cystic fibrosis patient.

The present invention thus has a new approach of cystic fibrosis, and identifies it as an
autophagic disease, involving insufficient autophagy maturation and a comparatively
excessive autophagy initiation.

This unbalance thereby leads to an increased sensitivity to autophagic death induced either
by starvation or bacterial infection and to dramatic accumulation of lamellar bodies,

forming the characteristic mucus observed in the lungs of cystic fibrosis patients.

The present inventors more generally give a common explanation to the development of

“those diseases or conditions that involve an excessive mucous production, such as allergy,

infection, infertility, and suggest that these diseases involve a deregulation in CFTR

activation resulting in an insufficient maturation and a comparatively excessive initiation

of the autophagic process.

The present invention hence relates to a process for identifying a compound useful for the

manufacture of a drug intended for the preventive and/or palliative and/or therapeutic

treatment of cystic fibrosis.

By the expression “compound useful for the manufacture of a drug”, it is herein meant
that said compound may be useful as a drug by its own, or in association with another

active ingredient.
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Such a process comprises screening for a compound that is capable of:
a) inhibiting the initiation of autophagy in a eukaryotic cell, and/or of
b) inducing and/or stimulating the maturation of autophagy in a eukaryotic cell,
where a positive determination at said step a) and/or b) identifies said compound as being
useful in the manufacture of a drug intended for the preventive and/or palliative and/or
therapeutic treatment of cystic fibrosis.
More particularly, a process for identifying a compound useful for the manufacture of a
drug intended for the preventive and/or palliative and/or therapeutic treatment of cystic
fibrosis may comprise providing a candidate compound, and
a) contacting said candidate compound with a growth factor-deprived and nutrient-
deprived eukaryotic CFTR™ cell, and determining whether said candidate
compound prevents or delays the autophagic death of said cell,
and/or
b) contacting said candidate compound with a eukaryotic CFTR+/+ cell, and
determining whether said candidate compound induces and/or stimulates at least
one among the following features:
b1) the formation of autophagic vacuoles in said eukaryotic CFTR +/+ cell,
b2) the formation of CFTR-expressing vacuoles within the cytoplasmic
compartment of said eukaryotic CFTR +/+ cell,
b3) the delocalization of CFTR proteins from the plasma membrane to the
cytoplasmic compartment of said eukaryotic CFTR -+/+ cell,
and/or |
¢) determining whether said candidate compound is capable of phosphorylating a
CFTR protein, and/or of stimulating such a phosphorylation, and/or of inducing
such a phosphorylation,
where a positive determination at said step a) and/or b) and/or c) identifies said compound

as being useful for the manufacture of a drug intended for the preventive and/or palliative

" and/or therapeutic treatment of cystic fibrosis.

Autophagic Vacuoles

Any means that the person of ordinary skill in the art find appropriate to determine
whether autophagy is induced and/or stimulated may be used.

The formation of autophagic vacuoles is a feature of an undergoing autophagic process.
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Said means hence notably include contacting said candidate compound with a eukaryotic
cell, and detecting or monitoring the formation of autophagic vacuoles within the
cytoplasm of this cell. The invention demonstrates that such cell needs to be CFIR+/+, if

it is intended to monitor a normal autophagy maturation step.

Detection or monitoring autophagy is usually performed by transmission electron

microscopy, by detecting the below typical autophagic structures (60).

Autophagic vacuoles comprise all vacuoles formed during the autophagic process from the
initial stage vacuoles, known as autophagosomes, to the final stage vacuoles, known as
autolysosomes.

Autophagosomes can be recognized as being double-membrane-enclosed vesicles, which
contain undigested cytoplasmic material including organelles, and which are dramatically
reduced by inhibitors of the initiation stage of autophagy such as 3 methyladenine (3-MA,
available from Sigma, (92), amino acid, or RNAi to Atg (Autophagy) genes (AtgS,
Atg9...(105)).

Autolysosomes are single-membrane vesicles which may still contain some cytoplasmic
components at various stages of degradation. Their formation is inhibited by V-ATPase
specific inhibitor, such as bafilomycin Al (BafAl, available from Sigma (104)).

Lamellar bodies are formed by the repeated sequestration of autophagosomes.

Of course, there is a whole range of intermediary stages: between the initial

autophagosome stage until the final autolysosome stage.

Alternatively or complementarily, molecular markers are available for such structures.
For example, LAMP1 is a marker of lysosomes and autolysosomes (anti LAMP1

antibodies are available from Pharmigen).

Several proteins (referred herein to as Atg for autophagy marker) have been described as

being useful markers of autophagosomes.

For example, a mammalian protein termed LC3 has initially been identified as a protein

that co-purifies with microtubule-associated protein 1A and 1B from rat brain (37). LC3
shows a 28% amino acid identity with a yeast protein termed Apg8/Aut7p, which is
essential to the formation of autophagosomes (41). The amino acid sequence of rat
Map1LC3 is available from Genbank™ under accession number U05784.

Two forms of rat LC3 have been described: LC3-I and LC3-II. It has been demonstrated
that upon autophagy induction, the cytosolic LC3-I is processed to LC3-II which
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specifically associates with autophagosome membranes (37, 38). On SDS-PAGE, LC3-II
(apparent mobility, 16 kD) migrates faster than LC3-I (apparent mobility, 18 kD).
Consequently, measurement of LC3-II levels by immunoblotting is a method for

determining the early autophagic activity of mammalian cells (37).

Three human orthologs of rat Map1LC3 have been identified and termed MAPILC3A,
MAPI1LC3B, MAP1LC3C respectively; the three human isoforms are associated with
autophagosome membranes (32) (the sequence of human MaplA/1B LC3 is available
from Genbank™ under accession number NP_073729).

Furthermore, transgenic mice systematically expressing LC3 fused to a fluorescent
detection marker have been generated and shown to be very useful for detecting and
monitoring autophagy (61).

Hence, Apg8 and LC3 are very useful markers for autophagosomes in yeast and mammal

autophagy, respectively.

Such markers can hence be used to detect these typical structures. Observation may then
be performed by microscopy, e.g. confocal microscopy.

Transgenic mice expressing LC3 fused to a fluorescent marker, such as described inh
Mizushima ef al. 2004 (61), may also be used as an in vivo non-human mammal model for
monitoring autophagy.

The autophagic vacuoles in said above-mentioned step b1) hence notably comprise

autophagosomes and/or autolysosomes. They preferably comprise autolysosomes.

Autophagy activity: proteolysis of long-life proteins

In contrast to the proteasome which degrades short-lived proteins, autophagy accounts for
the degradation of long-lived proteins. Therefore, measurement of degradation of long-
lived proteins is often used to monitor autophagic activity (26).

To this end, cells are incubated with 0.15 pCi of L[*C]-valine for 72 h in fresh medium
containing 2% dialyzed fetal calf serum, to label all cellular proteins.

After washing, cells are then chased with culture medium containing 10 mM cold Valine.
After overnight incubation, at which time short-lived proteins are being degraded, the
chase medium is replaced with fresh culture medium (with nutrient; negative control

experiment) or nutrient-free Hanks' medium (starve+; positive control experiment) in the
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absence or the presence of said candidate compound. When required, 3-Methyladenine (3-
MA; 10 mM) is added to specifically inhibit autophagic degradation. The incubation is
continued for an additional 5-h period.

Then trichloroacetic acid (TCA)-soluble radioactivity in the culture supernatant and the
cells, which corresponds to the degradation of proteins into soluble amino acids and
peptides, are measured.

The percentage of protein degradation is calculated by dividing the acid-soluble
radioactivity recovered from both cells and medium by the sum of acid-soluble and acid-
precipitable radioactivities. The contribution of the autophagy is calculated by subtracting

the radioactivity remaining after inhibition with 3-MA from the total radioactivity.

Delocalization of CFTR into the cytoplasm:

The present invention demonstrates that autophagic vacuoles express CFTR proteins and
more particularly that the membrane of said autophagic vacuoles contains CFTR proteins.
Induction and/or stimulation of autophagy hence results in an accumulation of, or an
increase in CFTR proteins within the cytoplasmic compartment of said eukaryotic

CFTR+/+ cell.

Procedures eﬁabling to determine or monitor the subcellular localization of CFIR are

known to the skilled person. If may e.g. comprise:

Method I: Indirect immunofluorescence staining:

— providing a CFTR-expressing cell seeded on a glass coverslip

— contacting it with said candidate compound,

— at the end of the incubation time needed to induce autophagy (2-24h), fixing the cells
with methanol for 7 min at -20°C and permeabilizing theni for 5 min at room
temperature with saponin buffer (0.5 % saponin, 2.5% goat serum, 1% bovine serum
albumin, and 0.2% gelatin in PBS),

— using this saponin buffer throughout the experiment, incubating the fixed and
permeabilized cells overnight with anti-CFTR antibodies at 4°C (5 pig/ml, R&D
Systems (57)), washing, and revealing with fluorescein isothiocyanate-conjugated
anti-rabbit (Dako) antibodies for 1 h at room temperature.

— analysing by confocal microscope (Leica) the staining of CFTR obtained in the

presence of said anti-CFTR, and the level obtained in the absence of said antibodies
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(negative control experiment). The cells incubated with a control immunoglobulin

show no staining.

Method 2: Alternatively, epithelial cell line expressing CFTR fused to a fluorescent
marker (8), such as described in example 1 Fig 3D, may also be used as a useful cellular

model for monitoring the traffic of CFTR by confocal microscopy.

In both methods, determining whether the cytoplasmic level induced in the presence of
said candidate compound is significantly superior to the level observed in the negative

control experiment (obtained in the absence of said candidate compound).

Phosphorylation of CFTR:

Procedures enabling to determine whether a candidate compound is capable of
phosphorylating a CFTR protein, and/or of stimulating such a phosphorylation, and/or of

inducing such a phosphorylation are known to the skilled person. They may e.g. comprise:

Method I: In vitro kinase assay:
— providing a soluble CFIR protein, a recombinant CFTR fragment or an

immunoprecipitated CFTR proteins from lysates of CFTR-expressing cell,

— contacting it with said candidate compound,

— after a 15-min incubation at 25°C in the presence of [7-32P]ATP (Amersham; 4 pCi),
stopping the reaction by the addition of reduced Laemmli buffer, heating the products
at 100°C for 5 min and resolving the radiolabeled proteins by SDS-PAGE,

— measuring by autoradiography the level of phosphorylated CFTR proteins obtained in
the presence of said candidate compound, and the level obtained in the absence of said
candidate compound (negative control experiment),

—  determining whether the level induced in the presence of said candidate compound is
significantly superior to the level observed in the negative control experiment,

Where a significantly superior level of CFTR phosphorylation identifies said candidate

compound as capable of phosphorylating a CFTR protein, and/or of stimulating such a

phosphorylation, and/or of inducing such a phosphorylation.

Method 2: In vivo CFTR phosphorylation:
— labeling a CFTR-expressing cell with [*2P] orthophosphate (500 pCi/100mm petri) in
phosphate-free DMEM for 5 hours,
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— contacting the labeled cells with said candidate compound for 15min, before being
subjected to cell lysis with NP40/Bridj buffer as described (63) and supplemented with
phosphatase and protease inhibitor cocktail,

— immunoprecipitating the lysates with the anti CFTR or control antibodies,

— resolving the [*2P]-phosphorylated proteins by SDS-PAGE, electroblotted onto PVDF
membrane and visualized by autoradiography,

— measuring by autoradiography the level of phosphorylated CFTR proteins obtained in
the presence of said candidate compound, and the level obtained in the absence of said
candidate compound (negative control experiment),

— determining whether the level induced in the presence of said candidate compound is
significantly superior to the level observed in the negative control experiment.

Compounds which are capable of phosphorylating a CFTR protein, and/or of stimulating

such a phosphorylation, and/or of inducing such a phosphorylation can be broadly referred

to as CFTR activators.

Such CFTR activators may act directly on CFTR by phosphorylating it, or may act

indirectly on CFTR by activating a kinase which will in turn phosphorylate CFTR.

The present invention demonstrates that CFTR can be activated through a MEK/ERK

pathway.

Hence, such CFTR activators include kinases such as ERK (e.g. activated ERK1, ERK2,

and more particularly human ERK1, human ERK2), as well as kinase activators, such as

ERK activators.

According to an aspect of the present invention, phosphorylation of CFIR is thus
monitored with respect to its ERK phosphorylation sites. Said above-mentioned step c)
may hence comprise determining whether said candidate compound is capable of
phosphorylating a CFTR protein on at least one ERK phosphorylation site, and/or of
stimulating such a phosphorylation, and/or of inducing such a phosphorylation.

When said CFTR protein is 2 human CFTR protein, said at least one ERK phosphorylation
site can be selected froxﬁ thé gfoup consisting of S4, T438, SSA73, T717, S1235.

CFTR-/- eukaryotic cell:

Wild-type normal eukaryotic cell are CFTR+/+ cells. CFTR—/~ cells can be derived

therefrom by the skilled person following any routine procedure known in the art.
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Eukaryotic CFTR—/- cells may e.g. be obtained as described in “Materials and Methods™

of example 1.

Growth factor-deprived and nutrient-deprived cells:

By “growth factor-deprived and nutrient-deprived cell” or “starved cell”, it is herein meant

a cell which has not been supplied in nutrient and growth factor for duration sufficiently

long to induce autophagy.

Appropriate durations can be determined by the skilled person by trial and error
experiments. They may slightly vary depending of the particular cell type being tested.
Eukaryotic CFTR+/+ cells usually require to be submitted to autophagy for at least 2
hours to initiate autophagy, but die after 24 hours of starvation. Usually a starvation of 10
to 15 hours is thus performed (e.g. overnight starvation).

Of course, if the cell being tested is a CFTR™ cell, autophagic cell death will occur in

shorter times, e.g. in about 3-6 hours for a CFTR™ ™ DCT cell.

Said eukaryotic CFTR™* or CFTR™ cell preferably is a CFTR™ or CFTR™" epithelial
cell. More preferably, said cell is a CFTR™* or CFTR™ DCT cell (in that case, optional

addition of NH,Cl may facilitate observation of vacuoles). Most preferably, it is a
CFTR™" or CFTR™ Sertoli cell (vacuoles are quite large within such cells; they are

therefore easy to detect or monitor).

According to a preferred embodiment of the invention, the process for identifying a
compound useful for the manufacture of a drug intended for the preventive and/or
palliative and/or therapeutic treatment of cystic fibrosis further comprises determining
whether said candidate compound is capable of inducing and/or stimulating a CFIR-

regulated anionic and/or cationic current in a eukaryotic CFTR+/+ cell, such as notably a

~ CFTR CI” conductance. Other ion conductance or transporters (such as the Na+ Channel

ENaC, the outwardly rectifying CI” channel, the K" channels ...) are also regulated by

CFTR, and may thus represent an appropriate CFTR-regulated anionic and/or cationic

current for said process.
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As demonstrated by the present invention, illustrative said candidate compound for
implementation of the process of the invention notably comprise activators of the
MEK/ERK/CFTR pathway, and more particularly:

— activated kinases, such as activated ERK (activated ERK1 and/or ERK2, e.g.
activated human ERK1 and/or ERK?2), or activated PKA,

— kinase activators, such as activated MEK (e.g. activated MEKI1), or gamma-
benzene hexachloride, or any derivative thereof, which is obtainable by chemical
substitution, but has retained the capacity of acting as an inducer or stimulator of
autophagy maturation.

The present invention indeed demonstrates that gamma-benzene hexachloride (also known
as Lindane) acts as a kinase activator, and that it is capable of inducing autophagy in a
eukaryotic cell. It is hence capable of inducing and/or stimulating the initiation of
autophagy, as well as the maturation of autophagy.

As demonstrated by the present invention, illustrative said candidate compound for
implementation of the process of the invention also comprise kinase inhibitors (see

example 2 below), such as p38 inhibitors (e.g. SB203580; available from Calbiochem).

According to a preferred embodiment of the present invention, the process for identifying
a compound useful for the manufacture of a drug intended for the preventive and/or
palliative and/or therapeutic treatment of cystic fibrosis further comprises selecting those
candidate compounds which stimulate cell differentiation (e.g. compounds which induce

sustained ERK activation (53) and/or discarding those candidate compounds which

stimulate cell proliferation.

In line with the demonstration that CFTR is a key component of the autophagy signaling
pathway, and notably of the maturation stage of autophagy, the present invention also
provides a process for identifying an inducer or stimulator of autophagy maturation, as

well as processes for identifying an inhibitor of autophagy initiation and/or a restorer of

" autophagy maturation.

According to an embodiment of the present invention, a process for identifying an inducer
or stimulator of autophagy maturation, may comprise providing a candidate compound,

contacting said candidate compound with a eukaryotic CFTR+/+ cell, and:
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a) determining whether said candidate compound induces and/or stimulates the
formation of CFTR-expressing vacuoles within the cytoplasmic compartment of
said cell,

and/or

b) determining whether said candidate compound induces and/or stimulates the
delocalization of CFTR proteins from the plasma membrane to the cytoplamic
compartment of said cell,

where a positive determination at said step a) and/or b) identifies said compound as being

an inducer or stimulator of autophagy maturation.

According to another embodiment of the present invention, a process for identifying an
inducer or stimulator of autophagy maturation, may comprise:
a) providing a candidate compound,
b) determining whether said candidate compound is capable of phosphorylating a
CFTR protein on at least one ERK phosphorylation site, and/or of stimulating
such a phosphorylation, and/or of inducing such a phosphorylation,
where a positive determination at said step b) identifies said compowund as being an
inducer or stimulator of autophagy maturation.
Preferably, said CFTR protein is a human CFTR protein, and said at least one ERK
phosphorylation site is selected from the group consisting of S4, T438, S573, T717,

S1235.

According to another embodiment of the present invention, a process for identifying an
inducer or stimulator of autophagy maturation, may comprise:

a) providing a candidate compound,

b) determining whether said candidate compound is capable of phosphorylating a
CFTR protein, and/or of stimulating such a phosphorylation, and/or of inducing
such a phosphorylation,

c) contacting said candidate compound with a eukaryotic CFTR+/+ cell, and
determining whether said candidate compound induces and/or stimulates at least
one among the following features:

e the formation of autophagic vacuoles in said cell,
e the formation of CFTR-expressing vacuoles within the cytoplasmic

compartment of said cell,
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e the delocalization of CFTR proteins from the plasma membrane to the
cytoplasmic compartment of said cell,
where a positive determination at both said steps b) and c) identifies said compound as

being an inducer or stimulator of autophagy maturation.

Each of the three above-mentioned embodiments may further comprise determining
whether said candidate compound induces and/or stimulates a CFTR-regulated anionic
and/or cationic current, such as notably a CFTR CI” conductance in a eukaryotic CFTR"™*
cell. The information given in the above “autophagic vacuoles”, “delocalization of CFTR
into the cytoplasm”, and “phosphorylation of CFTR”, of course also applies to the present

embodiments.

According to still another embodiment of the present invention, a process for identifying
an inducer or stimulator of autophagy maturation, characterized in that it comprises:

a) providing a candidate compound,

b) determining whether said candidate compound is capable of phosphorylating a
CFTR protein, and/or of stimulating such a phosphorylation, and/or of inducing
such a phosphorylation,

¢) determining whether said candidate compound induces and/or stimulates a
CFTR-regulated anionic and/or cationic current in a eukaryotic CFTR+/+ cell,
such as notably a CI” conductance. Other ion conductance or transporters (such
as the Na* Channel ENaC, the outwardly rectifying CI” channel, the K" channels
...) are also regulated by CFTR, and maly thus represent an appropriate CFTR-
regulated anionic and/or cationic current for said process.

where a positive determination at both said steps b) and c) identifies said compound as
being an inducer or stimulator of autophagy maturation.

In line with the demonsiration that activated ERK acts as a CFTR activator, and thereby
induces and/or stimulates autophagy maturation, said step a) may e.g. comprises
determining whether said candidate compound is capable of phosphorylating a CFTR
protein on at least one ERK phosphorylation site, and/or of stimulating such a
phosphorylation, and/or of inducing such a phosphorylation. Said candidate compound
may then be an activated ERK (e.g. activated human ERK1, activated human ERK2), or

and ERK activator (e.g. activated MEK, or gamma-benzene hexachloride).
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According to still another embodiment of the present invention, a process for identifying a
compound which is an inducer or stimulator of autophagy maturation, may comprise:
a) providing a candidate compound,
b) contacting a CFTR+/+ eukaryotic cell with said candidate compound,
¢) determining whether said candidate compound induces and/or stimulates a
CFTR-regulated cationic and/or anionic conductance in said cell (compared to
the level of conductance observed in the absence of said candidate compound,
i.e. in the negative control),
where a positive determination at said step c) identifies said candidate compound as an
inducer or stimulator of autophagy maturation.
Said CFTR-regulated cationic and/or anionic conductance may e.g. be a CFTR Cl-

conductance.

CFTR-regulated anionic and/or cationic current:

Any means that the skilled person finds appropriate to detect the induction and/or
stimulation of said CFTR-regulated anionic and/or cationic current is appropriate. Such
CFTR-regulated anionic and/or cationic currents notably comprise CFTR CI
conductance. Other ion conductance or transporters (such as the Na' Channel ENaC, the
outwardly rectifying Cl” channel, the K" chamnels ...) are also regulated by CFTR, and

may thus represent an appropriate CFTR-regulated anionic and/or cationic current for said

process.

Appropriate means to measure CFTR CI” conductance may e.g. comprise measuring the
CI” currents or conductance across the plasma membrane of an eukaryotic ﬁell, preferably
a CFTR™" eukaryotic cell. Whole cell currents can be monitored with amplifier as
previously described ((5); see also example 1 below).

Induction and/or stimulation is assessed by comparison with the CFTR CI” control
conductance that is measured under the same experimental conditions but in-the absence
of said compound.

To identify CFTR CI” conductance, the ruptured-patch whole-cell configuration of the
patch-clamp technique is used. Patch pipettes (resistance 2-3 MQ) are filled with a
solution containing in (mM) 140 NMDGCI (N-methyl-D-glucamine chloride), 1 or 5
EGTA, 5 MgATP, and 10 HEPES (N-2- hydroxyethylpiperazine-N’-2-ethanesulfonic
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acid) pH 7.4. The bath solution contains in (mM) 140 NMDGCI, 1 CaCly, 60 mannitol,
and 10 HEPES, pH 7.4. These solutions are designed to study CI” currents because CI” is
the sole permeant ion in these conditions and to prevent Ca®" activated CI” currents by the

addition of EGTA in the patch solution. After establishment of whole cell configuration,
cells are stimulated by the addition of FSK (10 uM).

Figure 3A in example 1 shows typical recording from a cell expressing the CFTIR CI
channel. The specificities of CFTR CI” conductance over other CI” conductances are the
following (for review see (94)):

Biophysical Properties

1. Their activity is stimulated by cAMP (Forskolin) and by intracellular nucleotides.

2. They have a small single-channel] conductance of 6-10 pS.

3. The relationship between the intensity of the current and the voltage applied to the
cell (I-V) is linear, when bathed in symmetrical CI” concentrations.

Ion Selectivity

3. They are selective for anions over cations.

4. The anion permeability sequence is B =CI™> I'. This anion permeability sequence
distinguishes CFTR CI” channels from other epithelial CI” channels that have a
higher permeability to I than CI', for example, the outwardly rectifying CI”
channel. They are blocked when CI” is replaced by I" in the bath solution, with a
shift of the E rev (reversion potential) towards the more positive values.

Pharmacology of Block

5. They are sensitive to NPPB (5-nitro-2-(3-phenylpropylamino) benzoic acid, 0.1
mM), glibenclamide (0.1 mM) but mnot to external DIDS (4
4'Diisothiocyanostilben-2-2'disulfonique acid, 1 mM). The failure of disulfonic
stilbenes (such as DIDS) to inhibit CFTR CI” channels when added to the
extracellular side of the membrane distinguishes CFTR from other epithelial CI”
channels that are blocked by extracellular DIDS.

ENAC: According to the classical cell model of Na" transport in tight epithelia, Na' enter
the cell across the apical membrane by diffusion through a Na'-selective apical
conductance. These epithelial Na' channels (ENaC) is characterized at the channel level in
the apical membrane, using the patch clamp technique described above. ENaC is defined

i) by a high ion cationic selectivity (permeability ratio Pna/Px>20), ii) a reversed potential
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at ~+58 mV : the reversal potential of Na+, iif) a low unitary conductance (5 pS in the
presence of Na"), iv) gating kinetics characterized by long closing and opening times and

v) a high sensitivity to amiloride (K;: 0.1 pM).

K* is the most abundant cation in the intracellular compartment and is required for many
normal functions of the cell. K+ currents are measured using the whole cell patch clamp
mode described above. Typically, CFTR regulates several K+ transporters and channels
(e.g. ROMK). ROMK channels exhibit biophysical properties comparable to those of the
low-conductance K+ channel i) a single-channel conductance of 30-40 pS in symmetrical
KC1 solutions, i) high K+ selectivity (current is blocked by replacing intracellular K with
Cs', potential reversion at -100mV), iii) high channel open probability at physiological
potentials, iif) weak inward rectification, iv) marked sensitivity to external Ba®* but not to
TEA, marked sensitivity to intracellular pH, inhibition by arachidonic acid, v) channel
rundown or loss of channel activity in excised patches in the absence of MgATP that
involves dephosphorylation by a protein phosphatase, and vi) inhibition by glibenclamide
(i.e., when ROMK?2 is coexpressed with CFTR).

According to still another embodiment of the present invention, a process is provided for
identifying an inhibitor of autophagy initiation and/or a restorer of autophagy maturation.
This process may comprise:

a) providing a candidate compound,

b) contacting an eukaryotic CFTR—/— cell with said candidate compound,

¢) inducing the initiation of an autophagic process in said CFTR—/— cell,

d) determining whether said candidate compound inhibits or delays the
autophagic death of said eukaryotic CFTR—/— cell, (compared to the level
observed in the absence of said candidate compound, ie. in the negative
control)

where a positive determination at said step d) identifies said candidate compound as an

inhibitor of autophagy initiation and/or as a restorer of autophagy maturation.

The present invention identifies that the process of autophagy comprises an initiation step
and a maturation step, and that each of these stages can be up- or down-regulated. The
present invention further identifies that an excessive autophagy Initiation coupled to a

defective autophagy maturation leads to an excessive production of autophagic structures.
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By “autophagic structures”, it is herein intended those characteristic autophagic structures
which are known by the skilled person under the name of autophagic vacuoles (and
notably autophagosomes), autophagic lamellar bodies, secretion granules of surfactant.
The present invention hence encompasses a process for identifying a compound useful for
the manufacture of a drug intended for the preventive and/or palliative and/or therapeutic
treatment of a disease or condition involving an excessive production of autophagic
structures, which comprises:
—  identifying a compound which induces and/or stimulates autophagy maturation by
a process according to the invention, or
— identifying a compound which restores autophagy maturation and/or inhibits
autophagy initiation by a process according to the invention,
where such an identified compound is a compound useful for the manufacture of a drug
intended for the preventive and/or palliative and/or therapeutic treatment of a disease or
condition involving an excessive production of autophagic structures.
The present invention demonstrates that a cell that cannot properly achieve autophagy
maturation accumulates lamellar autophagic structures (e.g. secretion granules of
surfactant). A compound or a factor inducing autophagy maturation or inhibiting

autophagy initiation in such a cell will prevent the accumulation of such structures.

The present invention further identifies that diseases or conditions involving an excessive
production of autophagic structures notably comprises those diseases or conditions which
involve an excessive mucus production.
According to an advantageous embodiment of the invention, a disease or condition which
involves an excessive mucus production is cystic fibrosis.

Said disease or condition involving an excessive production of autophagic structures and
more particularly an excessive production of mucus may alternatively be:

—  asthma, rhinosinusitis, allergy, or an infertility disease or condition, or
- = a disease or condition involving at least one viral and/or bacterial and/or fungal

infection.

The present invention further identifies that diseases or conditions involving an excessive
production of autophagic structures also comprises those diseases or conditions which
involve the undesired death of a non glandular eukaryotic cell, such as e.g. a neuronal cell

or a muscular cell. In such a case, the death of the non glandular eukaryotic cell is caused
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by an excessive autophagy initiation coupled to a proportionally insufficient autophagy
maturation. Illustrative diseases or conditions involving an excessive production of
autophagic structures in a non glandular eukaryotic cell notably comprise degenerative
disease, more particularly a neurodegenerative disease or condition (e.g. Alzheimer’s

disease, Parkinson’s disease, Huntington’s disease, Creutzfeldt-Jakob’s disease), or a

myopathy (e.g. cardiomyopathy).

The present invention further encompasses any use of an inducer or stimulator or restorer
of autophagy maturation for the manufacture of a drug intended for the preventive and/or
palliative and/or curative treatment of cystic fibrosis. Said inducer or stimulator of
autophagy maturation may notably be a CFTR activator.

Said CFTR activator may e.g. be capable:
—  of phosphorylating a CFTR protein on at least one ERK phosphorylation site,
and/or of stimulating such a phosphorylation, and/or
—  of inducing such a phosphorylation, and/or of inducing the stimulation of such a
phosphorylation.
Such a CFTR activator can thus be an activated ERK (such as activated ERK1 and/or
ERK2, e.g. activated human ERK1 and/or ERK2), or an ERK activator (such as an
activated MEK, or gamma-benzene hexachloride (Lindane)).
Preferably, said inducer or stimulator of autophagy maturation is capable of inducing
and/or stimulating a CFTR-regulated cationic and/or anionic current in a eukaryotic
CFTR+/+ cell, such as a CFTR CI” conductance...
Advantageously, said inducer or stimulator of autophagy maturation can be gamma-
benzene hexachloride, or any derivative thereof, which is obtainable by chemical
substitution, but has retained said capacity of acting as an inducer or stimulator of
autophagy maturation. In that case, an antioxidant may advantageously further Be used for
the manufacture of said drug, said antioxidant and said gamma-benzene hexachloride or
gamma-benzene hexachloride derivative being intended for simultaneous, separate or

sequential administration.

The present also encompasses any use of an inhibitor of autophagy initiation for the
manufacture of a drug or dietary supplement intended for the preventive and/or palliative

and/or curative treatment of cystic fibrosis.
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As the present invention identifies cystic fibrosis as an autophagic disease, cystic fibrosis
patients may be deficient in one or several amino acids. Such deficiencies can be assessed
by collection of a blood sample, analysis of its amino acid contents, and comparison to the
normal standard levels observed in healthy patients.

According to an advantageous aspect of the present invention, said inhibitor of autophagy
initiation hence comprises at least one aminoacid, or is an amino acid, or is a plurality of
amino acids.

In the context of the present invention, ‘amino acid residue’ means any amino acid residue
known to those skilled in the art (see e.g.: Sewald et al., 2002 (93); [IUPAC nomenclature

under http://www.chem.qmul.ac.uk/iupac/AminoAcid/).

This encompasses naturally occurring amino acids (including for instance, using the three-
letter code, Ala, bAla, Arg, Asn, Asp, Cys, Gln, Glu, Gly, His, Ile, Leu, Lys, Met, Phe,
Pro, Ser, Thr, Trp, Tyr, Val), as well as rare and/or synthetic amino acids and derivatives
thereof (including for instance Aad, Abu, Acp, Ahe, Aib, Apm, Dbu, Des, Dpm, Hyl,
MeLys, MeVal, Nva, HAO, NCap, Abu, Aib, MeXaa and the like (see e.g.: (Miiller et al.,
1993; Aurora et al., 1998; Obrecht ef al., 1999; Maison et al., 2001; Formaggio et al.,
2003;Nowick et al., 2003; (1, 25, 52, 65, 71, 72).

Said amino acid residue or derivative thereof can be any isomer thereof, especially any
chiral isomer, e.g. the L- or D- isoform.

By amino acid derivative, we hereby mean any amino acid derivative as known in the art
(see e.g.: Sewald et al., 2002 (93); IUPAC nomenclature under http:/www.chem.qmul.ac.
uk/iupac/AminoAcid/).

For instance, amino acid derivatives include residues derivable from natural amino acids

bearing additional side chains, e.g. alkyl side chains, and/or heteroatom substitutions.
Further examples of amino acid derivatives comprise amino acid bearing chemical
modifications such the one found in mimetic peptides or peptidomimetics, which are
compounds containing non-peptidic structural elements that are capable of mimicking or
antagonizing the biological action(s) of a natural parent peptide. A peptidomimetic usually
does no longer have classical peptide characteristics such as enzymatically scissille

peptidic bonds.

Preferably, said aminoacid belongs to the group of the non-essential aminoacids. Preferred
non-essential aminoacids are glycine, alanine, proline, serine, cysteine, tyrosine,

asparagines, glutamine, aspartic acid, glutamic acid, arginine, and histidine.
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Appropriate aminoacids may be accurately selected by selecting those aminoacids which
are in lower amounts in the patient into which the drug is to be administered. Dosage and
administration regimen can be determined as a function of the patient’s level in said
aminoacid. Preferred dosage and administration regimen are those which intend to

increase the patient’s aminoacid level up the normal standard level.

Said drug or dietary supplement may further comprise a compound which inhibits the
initiation stage of autophagy, such as 3-MA or any RNAI to Autophagy genes...

The present invention also relates to the use of gamma-benzene hexachloride, or of a
derivative thereof which is obtainable by chemical substitution, but has retained said
capacity of acting as an inducer or stimulator of autophagy maturation or as a CFTR
activator, for the manufacture of a drug intended for the preventive and/or palliative and/or
curative treatment of a disease or condition involving an excessive production of
autophagic structures.

This use may further comprise using an antioxidant for the manufacture of said drug,
wherein said gamma-benzene hexachloride or gamma-benzene hexachloride derivative,
and said antioxidant are intended for simultaneous, separate or sequential administration.

Said disease or condition involving an excessive mucus production may e.g. be:

cystic fibrosis,
— asthma, rhinosinusitis, allergy,

— a disease or condition involving at least bacterial and/or viral and/or fungal infection,

— an infertility disease or condition,

— a degenerative disease or condition.

Still in line with the demonstration that CFTR is a key component of the autophagy
signaling pathway, and notably of the maturation stage of autophagy, the present invention

also provides a process for identifying an inhibitor of autophagy maturation, as well as a

“process for identifying an inducer or stimulator of autophagy initiation.

Appropriate candidate compounds for the identification of an inhibitor of autophagy
maturation notably comprise a CFTR protein, or a CFTR protein fragment, in the form of

a soluble molecule.

By soluble molecule, it is intended a molecule that is not expressed in a cell, e.g. an

isolated or synthetically produced cell-free molecule.
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Preferably said CFTR protein fragment comprises a sequence which would correspond to
an ERK phosphorylation site in a CFTR protein, such as a human CFTR protein.
Appropriate said CFTR protein fragment may also comprise a sequence which would

correspond to an ERK docking site in a CFTR protein, such as a human CFTR protein.

According to an embodiment of the present invention, a process for identifying an
inhibitor of autophagy maturation may comprise:
a) providing a candidate compound,
b) inducing autophagy in a eukaryotic CFTR+/+ cell,
c) contacting said candidate compound with said cell,
d) determining whether said candidate compound inhibits:
o the formation of CFTR-expressing vacuoles within the cytoplasmic
compartment of said cell, and/or
e the delocalization of CFTR proteins from the plasma membrane to the
cytoplamic compartment of said cell,
where a positive determination at said step d) identifies said compound as being an

inhibitor of autophagy maturation.

According to another embodiment of the present invention, a process for identifying an
inhibitor of autophagy maturation may comprise:

a) providing a candidate compound,

b) determining whether said candidate compound is capable of inhibiting the
phosphorylation of a CFIR protein on Ellt least one ERK phosphorylation site,
and/or of stimulating such an inhibition, and/or of inducing such an inhibition,

where a positive determination at said step b) identifies said compound as an inhibitor of
autophagy maturation.

If said CFTR protein is a human CFTR protein, said at least one ERK phosphorylation site
may be selected from the group consisting of S4, T438, §573, T717, S1235.

"The CFTR protein that is used as target in said step b) may be provided in non-isolated

form, e.g. by providing a CFTR-expressing eukaryotic cell, whereas said candidate
compound may be a CFTR protein, or a CFTR protein fragment, in the form of a soluble
molecule.

Of course, as the determination to be made is about knowing whether said candidate

compound is capable of inhibiting the phosphorylation of a CFTR protein on at least one
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ERK phosphorylation site, and/or of stimulating such an inhibition, and/or of inducing
such an inhibition, the target CFTR protein may be used as a full-length CFTR protein, as
well as simply as a CFTR fragment which has retained at least one ERK phosphorylation
site.

Said target CFTR protein or ERK site-containing fragment can conveniently be expressed
by a cell.

An appropriate candidate compound would then be a CFTR soluble protein, or a CFTR
soluble fragment which has retained at least one sequence of an ERK phosphorylation site.

According to another embodiment of the present invention, a process for identifying an
inhibitor of autophagy maturation may comprise:

a) providing a candidate compound,

b) determining whether said candidate compound is capable of inhibiting the
phosphorylation of a CFTR protein, and/or of stimulating such an inhibition,
and/or of inducing such an inhibition,

¢) inducing the formation of autophagic vacuoles in a eukaryotic CFTR+/+ cell,
contacting said candidate compound with said cell, and determining whether
said candidate compound inhibits:

e the formation of autophagic vacuoles in said cell, and/or
e the formation of CFTR-expressing vacuoles within the cytoplasmic
compartment of said cell, and/or
e the delocalization of CFTR proteins from the plasma membrane to the
cytoplamic compartment of said cell,
where a positive determination at both said steps b) and c) identifies said compound as

being an inhibitor of autophagy maturation.

Each of the three above-mentioned embodiments may further comprise determining

whether said candidate compound inhibits a CFTR-regulated cationic and/or anionic

" “condictance, such as a CFTR CI” conductance in a eukaryotic CFTR+/+ cell.

According to still another embodiment of the present invention, a process for identifying
an inhibitor of autophagy maturation may comprise:

a) providing a candidate compound,
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b) determining whether said candidate compound is capable of inhibiting the
phosphorylation of a CFTR protein, and/or of stimulating such an inhibition,
and/or of inducing such an inhibition,

c) determining whether said candidate compound inhibits a CFTR-regulated
cationic and/or anionic current (such as a CFTR CI” conductance...) in a
eukaryotic CFTR+/+ cell,

where a positive determination at both said steps b) and c) identifies said compound as

being an inhibitor of autophagy maturation.

Said step d) may advantageously comprise determining whether said candidate compound
is capable of inhibiting the phosphorylation of a CFTR protein on at least one ERK
phosphorylation site, and/or of stimulating such an inhibition, and/or of inducing such an
inhibition. Said candidate compound may then advantageously be an ERK inhibitor or an
inhibitor of the MEK/ERK/CFTR pathway.

The CFTR protein that is used as a target at said step b) may be provided in non-isolated
form, i.e. expressed by a eukaryotic cell, whereas said candidate compound may be a

CFTR protein, or a CFTR protein fragment, in the form of a soluble molecule.

According to still another embodiment of the present invention, a process for identifying
an inhibitor of autophagy maturation, characterized in that it comprises: |
a) providing a CFTR protein or a CFIR protein fragment,
b) determining whether said CFTR protein or CFTR fragment is capable of
competing with an ERK for binding to a CFTR protein,
where a positive determination at said step b) identifies said CFIR protein or CFTR

fragment as an inhibitor of autophagy maturation.

According to still another embodiment of the present invention, a process for identifying a
compound which is an inhibitor of autophagy matqration may comprise:
a) providing a candidate compound,
b) contacting a CFTR+/+ eukaryotic cell with said candidate compound,
c) determining whether said candidate compound inhibits a CFTR-regulated
cationic and/or anionic conductance in said cell (compared to the conductance

level observed in the absence of said candidate compound, i.e. in the negative

control),
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where a positive determination at said step c) identifies said candidate compound as an
inhibitor of autophagy maturation.

Said CFTR-regulated cationic and/or anionic conductance may e.g. be a CFTR CI°
conductance. Other ion conductance or transporters (such as the Na' Channel ENaC, the
outwardly rectifying CI” channel, the K" channels ...) which are regulated by CFTR may

represent an appropriate CFTR-regulated anionic and/or cationic current for said process.

According to still another embodiment of the present invention, a process for identifying a
compound which is an inhibitor of autophagy maturation may comprise:

a) providing a candidate compound,

b) inducing autophagy in a eukaryotic CFTR+/+ cell,

c) contacting said candidate compound with said cell,

d) determining whether said candidate compound induces and/or stimulates the

autophagic death of said cell,

where a positive determination at said step d) identifies said compound as an inhibitor of
autophagy maturation. As demonstrated by the present invention, illustrative said
candidate compound for implementation of the process of the invention notably comprise

inhibitors of V-ATPase (Bafilomycin,) of ERK (PD98059) and of CFTR channels
(NPPB).

According to still another embodiment of the present invention, a process for identifying a
compound which is an inducer or stimulator of autophagy initiation may comprise:
a) providing a candidate compound,
b) contacting said candidate compound with a eukaryotic CFTR—/— cell, and
determining whether said candidate compound induces and/or stimulates the
autophagic death of said cell,

where a positive determination at said step b) identifies said compound as an inducer or

‘stimulator of autophagy maturation and/or an inducer or stimulator of autophagy

initiation.

The processes of the invention for identifying an autophagy activator or stimulator, as well
as the processes of the invention for identifying an autophagy inhibitor may further
comprise isolating or purifying the identified autophagy activator or stimulator, or

autophagy inhibitor, respectively.
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The present invention further encompasses any in vifro use of gamma-benzene
hexachloride, or of any derivative thereof obtainable by chemical substitution but has
retained said capacity of acting as an inducer and/or stimulator of autophagy maturation or
as a CFTR activator, to induce and/or stimulate autophagy in a eukaryotic cell.

In accordance with ‘the present invention, gamma-benzene hexachloride and the
conservative derivative thereof can thus be used to induce and/or stimulate the formation
of autophagic vacuoles within the cytoplasmic compartment of a eukaryotic CFTR+/+
cell, or to induce and/or stimulate a CFTR-regulated cationic and/or anionic conductance,

or to induce and/or stimulate the autophagic death of a eukaryotic CFTR—/— cell.

The present invention also encompasses a process for identifying a compound useful for
the manufacture of a drug intended for the preventive and/or palliative and/or therapeutic
treatment of a disease or condition which involves the undesired survival of a eukaryotic
cell that shows an insufficient autophagy initiation, which comprises:

- identifying a compound which induces or stimulates or restores autophagy initiation
by a process according to a process of the invention, and/or

- identifying a compound which inhibits autophagy maturation, thereby leading to
autophagic death of the cell by a process according to a process of the invention,
where such identified compound is a compound useful for the manufacture of a drug
intended for the preventive and/or palliative and/or therapeutic treatment of a disease or
condition involving the undesired survival of a eukaryotic cell that shows an insufficient
autophagy initiation.
Said disease or condition which involves an insufficient autophagy may e.g. be a cancer or

tumor condition, such as an epithelial cancer or tumor.

The present invention also encompasses a process for identifying a compound useful for

the manufacture of a drug intended for the preventive and/or palliative and/or therapeutic

_ treatment of a disease or condition which involves the undesired death of a eukaryotic cell

that shows an excessive autophagy initiation and an insufficient autophagy maturation,

which comprises:

- identifying a compound which inhibits autophagy initiation and/or a restores

autophagy maturation by a process according to the invention,

- identifying a compound which induces or stimulates autophagy maturation by a

process according to the invention,
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where such an identified compound is a compound useful for the manufacture of a drug
intended for the preventive and/or palliative and/or therapeutic treatment of a discase or
condition involving the undesired death of a eukaryotic cell that shows an excessive
autophagy initiation and an insufficient autophagy maturation.

According to the present invention, said disease or condition which involves the undesired
death of a eukaryotic cell that shows an excessive autophagy initiation and a defective
autophagy maturation may e.g. be a degenerative disease, more particularly a
neurodegenerative disease or condition (e.g. Alzheimer’s disease, Parkinson’s disease,

Huntington’s disease, Creutzfeldt-Jakob’s disease), or a myopathy (e.g. cardiomyopathy).

To check whether a peptide corresponding to a CFTR fragment capable of acting as an
inhibitor of autophagy maturation by inhibition or prevention of CFTR phosphorylation
(through competition with ERK for binding or phosphorylating CFTR), a process for
identifying an inhibitor of autophagy maturation according to the invention can be
implemented with said fragment as a candidate compound.

The present invention hence encompasses any CFTR fragment which can be identified as
an inhibitor of autophagy maturation by implementation of such a process of the
invention.

More particularly, the invention relates to any peptide capable of acting as an inhibitor of
autophagy maturation by inhibition or prevention of CFTR phosphorylation (fhrough
competition with ERK for binding or phosphorylating CFTR), characterized in that said
peptide has a sequence that is identical to the séquence of a CFTR protein fragment,
provided that said fragment has retained at least ome of the ERK binding or
phosphorylation sites contained in said CFTR protein.

Said CFTR protein preferably is 2 mammal CFTR protein, most preferably a human
CF1IR protein. ERK binding and phosphorylation sites of human wild-type CFTR pfotein
are shown on Figure 7C.

According to an advantagéoué embodiment of the present invention, a peptide capable of
acting as an inhibitor of autophagy maturation by inhibition or prevention of CFIR
phosphorylation is characterized in that its sequence consists in a sequence selected from:

SEQ ID NO:1 RKGYRQRLELSDIYQIPSVD (ERK binding site)

SEQ ID NO:2 KVFIFSG (ERK binding site)
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SEQ ID NO:3 QKVFIFSG
SEQ ID NO:4 QKVFIFSGT
SEQ ID NO:5 PQKVFIFSGT
SEQ ID NO:6 PQKVFIFSGTF

SEQ ID NO:7
SEQ ID NO:8
SEQ ID NO:9
SEQ ID NO:10
SEQ ID NO:11

SEQ ID NO:12
SEQ ID NO:13
SEQ ID NO:14
SEQ ID NO:15
SEQ ID NO:16

SEQ ID NO:17
SEQ ID NO:18
SEQ ID NO:19
SEQ ID NO:20
SEQ ID NO:21

SEQ ID NO:22
SEQ ID NO:23
SEQ ID NO:24
SEQ ID NO:25
SEQ ID NO:26

SEQ ID NO:27
SEQ ID NO:28
SEQ ID NO:29
SEQ ID NO:30
SEQ ID NO:31

SEQ ID NO:32

MQRSPLE
MQRSPLEK
MQRSPLEKA
MQRSPLEKAS
MQRSPLEKASV

SLLGTPV
SLLGTPVL
FSLLGTPVL
FSLLGTPVLK
FSLLGTPVLKD

YLLDSPF
YLLDSPFG
LYLLDSPFG
LYLLDSPFGY
LYLLDSPFGYL

YLSDSPF
YLSDSPFG
LYLSDSPFG
LYLSDSPFGY
LYLSDSPFGYL

YLLNSPF
YLLNSPFG
LYLLNSPFG
LYLLNSPFGY
LYLLNSPFGYL

YLLDSHF

PCT/EP2005/013401

(ERK phosphorylation site)

(ERK phosphorylation site)

(ERK phosphorylation site)

mutated form

mutated form

mutated form
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SEQ ID NO:33
SEQ ID NO:34
SEQ ID NO:35
SEQ ID NO:36

SEQ ID NO:37
SEQ ID NO:38
SEQ ID NO:39
SEQ ID NO:40
SEQ ID NO:41

SEQ ID NO:42
SEQ ID NO:43
SEQ ID NO:44
SEQ ID NO:45
SEQ ID NO:46

SEQ ID NO:47
SEQ ID NO:48
SEQ ID NO:49
SEQ ID NO:50
SEQ ID NO:51

SEQ ID NO:52
SEQ ID NO:53
SEQ ID NO:54
SEQ ID NO:55
SEQ ID NO:56

YLLDSHFG
LYLLDSHFG
LYLLDSHFGY
LYLLDSHFGYL

IVQKTPL
IVQKTPLQ
SIVQKTPLQ
SIVQKTPLQM
SIVQKTPLQMN

SFSISPG
SFSISPGQ
ISFSISPGQ
ISFSISPGQR
ISFSISPGQRYV

SFSVSPG
SFSVSPGQ
ISFSVSPGQ
ISFSVSPGQR
ISFSVSPGQRV

SFSIRPG
SFSIRPGQ
ISFSIRPGQ
ISFSIRPGQR
ISFSIRPGQRYV,

37

PCT/EP2005/013401

(ERK phosphorylation site) |

(ERK phosphorylation site)

mutated form

mutated form

or-a conservative variant sequence thereof, which is obtainable by substitution or deletion,

of at least one amino acid, but has retained a capacity of acting as an inhibitor of

autophagy maturation.

Preferably the peptide comprises less than 30 amino-acids, preferably less than 25 amino-

acids and more than 5 amino-acids.
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The present invention also relates to any compound comprising such a peptide or peptide

variant, provided that said compound is not a full length CFTR protein.

The present invention also relates to any nucleic acid coding for a peptide of the invention,
taking into account the degeneracy of the genetic code.

Are also encompassed by the present invention any vector comprising such a nucleic acid,
as well as any cell (such as a Sertoli cell or a DCT cell) transformed by such a vector.

The present invention also relates to any antibody which binds to CFIR on an epitopic site
which comprises a sequence selected from SEQ ID NO: 1-21, 37-46 (normal CFTR).

The present invention also relates to any antibody which binds to CFTR on an epitopic site
which comprises a sequence selected from SEQ ID NO: 22-36, 47-56 (mutated CF TR).
Such antibodies are useful for the detection of CFTR phosphorylation sites for ERK. They
may also be used to prevent CFTR phosphorylation at these sites, and may then be used as

CFTR inhibitors, i.e. autophagy inhibitors.

The present invention further encompasses any use of a CFIR inhibitor - for the
manufacture of an anti-tumor drug intended to induce autophagic cell death of chemo- or
radio-resistant cells. A CFTR inhibitor will notably act as an inhibitor of autophagy
maturation.

Said CFTR inhibitor may be an ERK inhibitor.

Advantageously, said CFTR inhibitor is a compound capable of inhibiting or preventing
CFTR phosphorylation (e.g. through competition with ERK for binding to or for
phosphorylating CFTR), and more particularly a pelptide of the invention.

Said drug may further comprise a chemotherapeutic agent and/or radiotherapeutic agent
for simultaneous, separate or sequential administfation.

The present invention also relates to a pharmaceutical composition intended for the
palliative and/or curative treatment of a resistance to anti-tumor chemotherapy or
radiotherapy, characterized in that it comprises such a CFTR inhibitor. Such a

pharmaceutical composition may further comprise a chemotherapeutic agent for

" simultaneous, separate or sequential administration.

The present invention also encompasses any use of a CFTR activator for the manufacture
of a drug intended for the preventive and/or palliative and/or curative treatment of a
disease or condition involving an excessive production of autophagic structures (e.g.

autophagosomes, lamellar bodies. ..) by a eukaryotic cell.
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Said disease or condition involving an excessive production of autophagic structures by a
eukaryotic cell may be a degenerative disease or condition involving an excessive
autophagy initiation and insufficient autophagy maturation, e.g. Alzheimer’s disease,
Parkinson’s disease, Huntington’s disease. ..

Advantageously, said CFTR activator can be gamma-benzene hexachloride, or any
derivative thereof, which is obtainable by chemical substitution, but has retained said
capacity of acting as an inducer or stimulator of autophagy maturation by activating CFTR
phosphorylation. In that case, an antioxidant may advantageously further be used for the
manufacture of said drug, said antioxidant and said gamma-benzene hexachloride or
gamma-benzene hexachloride derivative being intended for simultaneous, separate or

sequential administration.

The present invention also relates to the diagnosis and/or prognosis applications which
derive from the demonstration that CFTR is a key component of the autophagy signaling
pathway.

The presence hence relates to an in vitro method for the diagnosis and/or prognosis of a
disease or condition involving an excessive mucous production, characterized in that it
comprises detecting a deficient or defective autophagy, more particularly a defective
autophagy maturation in a biological sample.

Said disease or condition involving an excessive mucous production may be cystic
fibrosis.

Said disease or condition involving an excessive mucous production may be a pneumonia,

bronchiolitis, asthma, rhinosinusitis, allergy, a disease or condition involving a bacterial

and/or viral and/or fungal infection, an infertility disease or condition.

The present invention also encompasses an in vitro method for detecting an autophagy
dysfunction in a eukaryotic CFTR-expressing cell, more particularly a dysfunction at the

maturation stage of the process of autophagy. It notably comprises detecting whether there

s a defective phosphorylaﬁon of a CFTR protein in said eukaryotic cell.

By defective phosphorylation, it is herein meant either an absence of phosphorylation, or a
phosphorylation level that is significantly inferior to the level observed in a negative
control experiment (i.e. the control phosphorylation level which would be observed in
comparable but healthy eukaryotic cell).

Said eukaryotic cell advantageously is an epithelial cell.



10

15

20

25

30

WO 2006/048338 PCT/EP2005/013401

40

According to an embodiment of the present invention, the in vitro method for detecting an
autophagy dysfunction comprises detecting whether there is a defective phosphorylation
of a CFTR protein on at least one of its ERK phosphorylation site.

According to an advantageous embodiment of the present invention, said CFTR protein is
a human CFTR, and in that said at least one ERK phosphorylation site is selected from the
group consisting of sites S4, T438, $573, T717, S1235 of human CFTR.

The present invention also encompasses in vitro methods for detecting an autophagy
dysfunction in a eukaryotic CFTR-expressing cell (e.g. a blood cell; a lung cell; a renal
cell; a Sertoli cell; ...).
According to an embodiment of the present invention, the in vitro method for detecting an
autophagy dysfunction in a eukaryotic CFTR-expressing cell comprises detecting whether
there is a defective binding of ERK to CFTR in said eukaryotic cell.
According to another embodiment of the present invention, the in vitro method for
detecting an autophagy dysfunction in a eukaryotic CFTR-expressing cell comprises
detecting whether there is a mutation of said CFTR in at least one of its ERK
phosphorylation sites, and/or a mutation in at least one site involved in ERK binding to
CFTR. If said CFTR is a human CFTR, the method may comprise detecting whether there
is a mutation of said human CFTR in at least one site selected from:

- any site from R25 to D44 (see Figure 7C),

- sites Q2, R3, S4, P5,

- sites 1436, G437, T438, P439,

- sites L571, D572, S573, P574,

- sites Q715, K716, T717, P718,

- sites S1233, 11234, S1235, P1236,

- sites F1294, 11295, F1296.

The methods of the invention for detecting a dysfunction of autophagy can be applied to
the diagnosis and/or prognosis of any disease or condition which involves an autophagy
dysfunction: e.g. insufficient autophagy initiation such as an epithelial cancer or a defect

in autophagy maturation such as a degenerative disease or cystic fibrosis.

The present invention more particularly relates to an in vitro method for the diagnosis

and/or prognosis of a disease or a condition involving a mutated CFTR (e.g. a loss of
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function mutated CFTR), which comprises detecting in a biological sample whether there
is an insufficient content in at least one amino acid, and/or an abnormal amino acid
distribution.

According to the present invention, diseases or conditions involving a mutated CFTR
notably comprises chronic pancreatic disease (e.g. pancreatitis), gastrointestinal disease,
cystic fibrosis.

By the expression “abnormal distribution”, it is herein meant a distribution that is
significantly different from the control distribution which would be observed in a healthy
subject. According to the present invention, cystic fibrosis patients are thought to usually

have a sub-normal content in some or all amino acids.

The present invention further relates to an in vitro method to evaluate the level of
autophagic stress that a compound or other external factor may induce in an autophagy-
sensitive subject, characterized in that it comprises:

a) providing a CFTR deficient cell, such as a eukaryotic CFTR deficient cell,

b) in vitro exposing said CFTR deficient cell to said compound or factor, and

¢) determining the level of autophagic cell death induced by said exposure (i.e.

compared to a negative control),

where the level of autophagic cell death thus determined is in positive correlation with the
said level of autophagic stress. 4
By CFTR deficient cell, it is herein intended a cell that either does not express CFIR (e.g.
CFTR~/— cells) or a cell that does not express a sufficient level of CFTR or that expresses
a defective CFTR (e.g. mutated CFTR). Said CFTR deficient cell may e.g. a CFTR
deficient epithelial cell, for example a Sertoli CFTR—/— or a DCT CFTR~/~ cell.
The present invention demonstrates that a CFTR-/— cell cannot achieve autophagy
maturation. .A compound or a factor inducing and/or stimulating autophagy initiation in
such a cell will induce an accumulation of damaged organelles and debris, thereby leading
to autophagic death of the cell.
The level of autophagic death of a CFTR deficient cell is hence representative of the level

of autophagic stress to which said cell is submitted.

Said CFTR deficient cell may be provided in a sample collected from an animal suffering

from a deregulation in autophagy signaling. For example, said CFTR deficient cell may be
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provided in a sample collected from an animal suffering from an excessive production of
mucous, e.g. a non-human animal or a human being affected by cystic fibrosis,
pneumonia, or allergy, or by an infertility condition. Said CFTR deficient cell may also be

provided in a sample collected from a non-human animal or a human being suffering from

cancer, or a degenerative disease...

The present invention further relates to a eukaryotic CFTR—/— cell, such as an epithelial
CFTR—/- cell, preferably a DCT CFTR—/— cell, more preferably a Sertoli CFTR~/— cell.

It more particularly relates to a kit to assess a risk of autophagic stress for autophagy-
sensitive persons, characterized in that it comprises at least one Sertoli CFTR—/— cell
and/or DCT CFTR—/— cell.

Preferably, said eukaryotic CFTR—/— cell is an immortalized cell, e.g. an immortalized
Sertoli or DCT CFTR—/— cell (cf. example 1 below).

The present invention also encompasses any non-human animal, such as e.g. a mouse, a
rat, a rabbit, a pig or guinea-pig, which has been genetically engineered to produce or

contain CFTR—/— cells.

The present invention further relates to the use of a CFT. R+/+ Sertoli or DCT cell for the
detection and/or observation of an autophagic process.

CFTR+/+ Sertoli or DCT cells indeed enable to easily detect and autophagic vacuoles.
They therefore are useful tools for detection and/or monitoring of a reaction involving an
autophagic process.

CFTR+/+ Sertoli cells are particularly advantageéus, because the autophagic vacuoles
they produce have a large size, and are thus easy to detect and/or monitor.

When CFTR+/+ DCT cells are used, NH,Cl may be used to increase the size of the
vacuoles, thus rendering detection and observation easier.

The present invention also encompasses a kit intended for the detection and/or observation

of autophagy, which comprises at least one CFTR+/+ Sertoli cell or DCT cell, and NH4CL

Still in Lne with the demonstration that CFTR is a key component of the autophagy
signalling pathway, the present invention provides an in vitro method to evaluate the level
of deleterious side effects induced by a compound designed for therapy of cystic fibrosis.
This method may comprise evaluating the level of autophagic cell death induced by in

vitro exposure of a CFTR—/— cell to said compound.
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According to a further aspect of the present invention, the present application also
encompasses an in vitro process for assessing whether a drug comprising a p38 inhibitor
may induce deleterious side effects when administered in an animal body, which
comprises:

a) providing a eukaryotic cell,

b) in vitro contacting said cell with said p38 inhibitor-containing drug,

¢) determining whether said drug induces and/or stimulates autophagy in said cell,
where a positive determination at said step c) indicates that said drug may induce
deleterious side effects when administered in an animal body.
Said step c) may further comprise assessing the level of autophagy thereby induced or
stimulated, this level being in positive correlation with the level of deleterious side effects
induced by said drug.

Said drug may advantageously be a drug intended for the preventive and/or
palliative and/or therapeutic treatment of inflammatory diseases, inflammation, arthritis,

such as rheumatoid arthritis.

The present invention further relates to an in vivo model: a transgenic non-human animal
expressing a first transgene comprising a DNA sequence encoding a CFTR mutant and a
second transgene comprising a DNA sequence encoding a marker of autophagy (e.g. an
autophagy protein) fused to a fluorescent protein. Alternatively the non-human animal is
CFTR deficient and expresses a transgene comprising a DNA sequence encoding a marker
of autophagy (e.g. an autophagy protein) fused to a fluorescent protein.

An appropriate CFTR transgene may carry the AF508 mutation (CFTRAF508). The
transgenic animal may also be CFTR deficient (CFTR —/-). An appropriate autophagic
marker may be LC3, it can be fused to a GFP tag, such as described in Mizushima et al.
2004 (61). |

Preferably the transgenic animal is a rodent; in particular the animal is selected from the

“group consisting of mouse, rabbit, rat, guinea pig.

In a more preferred embodiment the transgenic animal is a mouse.

Typically the transgenic animals according to the invention are generated using General
Methods Standard molecular biology techniques known in the art. Such standard methods
could be found, for example in (2, 89). Standard transgenic techniques for introduction of

a foreign gene into fertilized eggs from mouse known in the art could be found in (68). A
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transgenic animal model according to the invention could be generated by crossing the
EGFP-LC3 and CFTRAF508 transgenic animals or the EGFP-LC3 and CFTR deficient
transgenic animals. In the case of the mouse, examples of such two transgenic animals

could be found in (59) and in (90).

The development of a transgenic animal expressing a first transgene encoding' a DNA
sequence encoding a CFTR mutant and a second transgene comprising a DNA sequence
encoding a marker of autophagy fused to a fluorescent protein (e.g. CFTRAF5 08-LC3 that
expresses a CFTRAF508 transgene together with a fluorescent reporter of autophagy
(EGFP-LC3)) is of interest to monitor autophagy in an animal presenting the phenotype of
a disease or a condition involving a mutated CFTR, such as cystic fibrosis. The transgenic
animal may also be CFTR deficient and expresses a transgene comprising a DNA

sequence encoding a marker of autophagy fused to a fluorescent protein |

This transgenic animal model for cystic fibrosis provides several advantages:

1. It is a simple and sensitive bioassay for monitoring autophagy in sifu. Autophagy
can then be monitored in real-time in vivo, by merely following formation of small
fluorescent vesicles.

2. In contrast to electron microscopy, this model enables fast autophagic analysis of
many organs by confocal microscopy.

3. Given that markers of autophagy fused to a fluorescent protein localize specifically
on autophagic membranes, this procedure allows accurate detection of autophagy.

4. By this means, the percentage of autophagic vesicles in cells but also the
percentage of autophagy-active cells in tissues can be easily quantified. Those
percentages of Autophagy degeneration could be correlated with the severity of the
phenotype of a disease or a condition involving a mutated CFTR.

5. Primary cultures from such transgenic animal models can permit real-time
observation in living cells in response to various autophagy stresses without any
staining. '

6. Most importantly, as the transgene encoding the marker of autophagy fused to a
fluorescent protein is expressed in all tissues from prenatal to adulthood stages,
those original animal models provide therefore unique tools for detecting and
monitoring autophagy during a disease or a condition involving a mutated CFTR

such as cystic fibrosis pathogenesis.
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The invention provides a means for identification of agents that interfere, delay or inhibit
processes involved in diseases or conditions involving a mutated CFIR, such as cystic
fibrosis. Such agents would be of significant clinical importance for treatment of such
diseases or conditions or prevention of its manifestation. The provision of the animal
model according to the present invention can greatly shorten the time required for
screening for such agents. Thus the present invention relates to a method for identifying a
compound useful for treating, preventing or inhibiting diseases or conditions involving a
mutated CFTR, such as cystic fibrosis, comprising the step of contacting a candidate
compound with a transgenic animal according to the invention and monitoring the

decrease in autophagic vacuolation.

According to a further aspect of the present invention, the present application also
encompasses an in vivo method to evaluate the level of deleterious side effects induced by
a compound designed for therapy of diseases or conditions involving a mutated CFIR, in
particular cystic fibrosis. This method may comprise evaluating the level of autophagy
induced by in vivo exposure of CFTRAF508-LC3 or CFTR deficient-LC3 transgenic

animal to said compound and monitoring the increase in autophagic vacuolation.

According to the present invention, diseases or conditions involving a mutated CFTR also
comprises:

chronic pancreatic disease (e.g. pancreatitis),
gastrointestinal disease,

asthma, rhinosinusitis, allergy,

a disease or condition involving at least bacterial and/or viral and/or fungal infection,
an infertility disease or condition,

a degenerative disease, more particularly a neurodegenerative disease or condition,

a cancer or tumor condition, such as an epithelial cancer or tumor.
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EXAMPLE 1: Control of Autophagy by the ERK/CFTR Pathway

t

Materials and Methods:

Plasmids.

The expression plasmids for the following cDNA constructs have been described
previously: EGFP-Rab7 (50), CFTR-EGFP (8), EGFP-LC3 (37), MEK1" (a HA tagged
dominant positive mutant of MEK1 in which the phosphorylation sites S8 and S** are

replaced with D) (58), and pSV3 neo (ATCC).

Mice.

WT or CFTR™ mice were obtained from Centre de Développement des Technigues
Avancées pour I'Expérimentation Animale (CNRS CDTA, Orléans, France). Animals were
handled in accordance with guidelines of French Agricultural Office and legislation

governing animal studies.

Cell lines.

BHK-21 (Baby hamster kidney epithelial cells, ATCC) stably expressing CFTR-EGFP
cell-line was maintained in Dulbecco’s modified Eagle’s medium (DMEM, GIBCO)
containing 10% fetal calf serum (FCS, GIBCO).

Establishment of Sertoli 42GPA9 cell line
The Sertoli 42GPA9 cell line has been established from sexually mature polyoma

virus large T (PyLT) transgenic mice.

PyLT mouse strains (76)

pPyLT1 DNA (109) was microinjected into one fertilized egg from crosses between
two CS7BL/6 x DCA/2 (B6D2) F; parents according to standard techniques. DNA
was injected either as complete circular molecules or after excision of the Sall-Pvul
(fragments that contains most of the vector sequences), both progedures resulting in

the same frequency of transgenic births, as well as in the same phenotypes. A total of
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44 transgenic mice were obtained and families were maintained by serial crosses with
normal B6D2 partners. Homozygous animals were generated in each family and
always exhibited the same phenotype as the hemizygotes. In all of them, the transgene
was expressed in the seminiferous epithelium of testis (Sertoli and germ cells), with
no pathological consequences during most of the animals' lives. However, every old
male developed large bilateral tumours of the testes, generated by the proliferation of
Sertoli cell derivatives. Sertoli Cell lines could be readily established from the
tumours and from the still apparently normal testis before the onset of tumoral

growth.

Establishment of 42GPA9 Sertoli cell line (12)
Three 6 month-old PyLT transgenic males (identified by tail dot blot analysis with a

PyLT probe) were sacrificed by cervical dislocation and testes were excised
aseptically. Then, primary cultures of Sertoli cells were prepared by sequential
enzymatic digestion (15 min with Collagenase, DNAse I, Hyaluronidase, Trypsin,
Sigma) as previously described (98).

Briefly, testes were decapsulated and cut in small pieces. Seminiferous tubules were
digested in Sml of Collagenase (Smg/ml) for 15 min at 33°C upon continuous
agitation or manual agitation every 5 min. After sedimentation for 5 min, Leydig cells
were found in supernatant and seminiferous cords in Pellet. The pellet was washed
twice and digested in 5 ml of Trypsin (0.5mg/ml) and DNase (1pg/ml) for 15 min at
33°C. Seminiferous cells were dispersed by gently pipetting with a Pasteur pipette and
were then centrifuged at 80g for 10 min. After two washes in PBS, ths cells were
filtered through a nylon (77 and 55 pm pores) and diluted in PBS/0.5% BSA. Sertoli
and Germ cells were then cultured in DMEM supplemented with 10% FCS, 100 U/ml
penicillin, 100 pg/ml streptomycin, pyr, 6mM lactate at 32°C (GIBCO) for 3 days in

Matrigel dishes to obtain confluent monolayers. Lastly, the contaminating germ cells

- were- removed- by hypotonic lysis (10 mM tris HCI) on day 3 of culture and the

primary cultures of Sertoli cells were cultured in DMEM containing insulin (10
pg/ml), transferrin (Spg/ml). After 1 month, Sertoli cells from PyLT mice entered
crisis. Many cells showed signs of necrosis and detached from the plate, while other
cells began proliferating and formed numerous small colonies. Surviving cell colonies
were removed from the plate with Trypsin (0.05%)-EDTA (0.53 mM) with the aid of

cloning cylinders and were replated separately in 24-well plates. Cells were split at
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1:4 dilutions. The immortalized cell lines obtained were subsequently cloned by
limiting conditions. Briefly, cells were removed from the plate, diluted in DMEM
containing 10% FCS until a single cell was present in each well of a 96-well culture
dish. Colonies visible by phase-contrast microscopy were isolated and cells were

grown to form monolayers.
42GPA9 cells were maintained in DMEM supplemented with 10% FCS at 32°C.

Establishment of CFTR-/- cell lines

To address the importance of CFTR in autophagy, renal cells derived from distal
tubules or the proximal convoluted tubules of Wild type (WT or CFTR+/+) or CFTR
deficient (CFTR"/‘) mice (5) were isolated and immortalized with the pSV3 neo

vector, as described below (87).

Primary Cell Cultures

3-4-week-old mice were killed by cervical dislocation, and kidneys were removed.
Distal collecting tubules (DCT) and Proximal Convoluted Tubules (PCT) were
microdissected under sterile conditions from kidneys. Kidneys were perfused with
Hank's solution (GIBCO BRL) containing 700 U/ml Collagenase (Collagenase type2,
Worthington Biochemical Corporation, # 4174), and were then cut into small
pyramids that were incubated for 1 h at room temperature in the perfusion buffer
(160U/ml Collagenase, 1% FCS-Dutscher, #P971410-, and 1 mM CaCl), and
continuously aerated. Pyramids were then rinsed thoroughly in the same buffer devoid
of Collagenase. Individual nephrons were dissected by hand in this buffer under
binoculars, using stainless steel needles mounted on Pasteur pipettes.

After rinsing in the dissecting medium, tubules were transferred to collagen-coated 35-
mm Petri dishes (rat tail collagen prepared in the laboratory according' to the method
of (14)) filled with culture medium composed of DMEM/Ham's F12 (1:1, Sigma #
D-0547) supplemented with 15 mM NaHCO;, 20 mM HEPES, pH 7.4, 1% FCS
(Dustcher, # P971410), 2 mM glutamine (In Vitrogen, # 25030-024), 5 pg/ml insulin
(Sigma, # 1-6634), 50 nM dexamethasone (Sigma, # D-4902), 10 ng/ml epidermal
growth factor (Promega, # G-5021), 5 pg/ml Transferrin (Sigma, # T-2252), 30 nM
sodium selenite (Sigma, # S-5261), and 10 nM triiodothyronine (Sigma, # T-6397).
Cultures were maintained at 37°C in a 5% C0,/95% air water-saturated atmosphere.

The medium was removed 4 d after seeding and then every 2 days.
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Transformation of Primary Cultures With pSV3 neo

Fifteen-day-old primary cultures were transfected with pSV3 neo (ATCC) using the
calcium phosphate technique. Twenty-four hours prior to transfection, monolayers
were treated with trypsin and harvested cells were replated at a density of 1-2 x 10°
cells/cm?. The calcium phosphate-DNA coprecipitate was prepared as follows: 19 ug
of pSV3 neo plasmid in 10 pl Tris-EDTA buffer were dissolved in 490 pl of a
250 mM CaCl, solution. This solution was added drop-wise with gentle mixing to
500 ul of a solution containing 280 mM NaCl, 1.5mM NayHPOs,, and 50 mM
HEPES, adjusted at pH 7.08 with NaOH. A 160 pl aliquot of this solution was added
drop-wise to each Petri dish containing 1.6 ml of culture medium (see above). Cells
were incubated overnight in this solution at 37°C, rinsed, and incubated in culture
medium. After 24 h, selection of the clones was performed by the addition of
500 pg/ml geneticin (In Vitrogen, G418 # 11811-031). Culture medium containing
G418 was changed every day. Isolated geneticin resistant clones were picked,
expanded, and assayed for CFTR expression by patch clamp (FSK-activated CI”
currents) and RT-PCR experiments.

The renal epithelial cell lines that express or not CFTR are referred as CFTR™" and
CFTR™ cells, respectively. They were maintained in DMEM/Ham's F12 (1:1, Sigma
# D-0547) supplemented with 15 mM NaHCOs, 20 mM HEPES, pH 7.4, 1% FCS
(Dustcher, # P971410), 2 mM glutamine (In Vitrogen, # 25030-024), 5 pg/ml insulin
(Sigma, # 1-6634), 50 nM dexamethasone (Sigma, # D-4902), 10 ng/ml epidermal
growth factor (Promega, # G-5021), 5 pug/ml transferrin (Sigma, # T-2252), 30 nM
sodium selenite (Sigma, # S-5261), and 10 nM triiodothyronine (Sigma, # T-6397).

Cell treatments.

Autophagy was induced either by starvation or by treatment with Lindane under nutrient-
rich condition. For Lindane treatment, cells were serum-starved for 2-16 hours in
- DMEM/Ham's F12 (1:1, GIBCO #61965-026: F12 GIBCO #31765-027) supplemented
with either 1% Insulin-Transferrin-SeleniumA (GIBCO #51300-044) or 0.1% bovine
serum albumin (A7030, Sigma) and treated with Lindane (50 pM, Sigma, H4500). For
CFTR-EGFP transfected BHK cells, NH4Cl (5 mM) which did not alter cell morphology,

was added to medium to allow detection of Lindane-induced vacuolation.
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For nutrient deprivation, cells were washed with DMEM and first starved in minimal
medium lacking serum for 90 min. Cells were then washed again with PBS and deprived
for up to 16 h in nutrient-free medium lacking amino acids, vitamins, and serum (HBSS,
0.1% BSA, 20 mM HEPES, Sigma #FH8264). As controls, cells were incubated in this
nutrient-free medium supplemented with a mixture of non essential amino acids (0.1 mM,

GIBCO, #11140-035).

When bafilomycin Al (BafAl, V-ATPase-specific inhibitor, 100 nM, Sigma); Park Davis
Inhibitor PD98059 (MEK-specific inhibitor, 10 uM, Cell Signaling), H89 (PKA inhibitor,
5 uM, Calbiochem), 3-Methyladenine (3 MA, autophagy-specific inhibitor, 10-30 mM,
Sigma) or NPPB [5-nitro-2-(3-phenylpropylamino) benzoic acid, CI channel blocker, 25
uM, Sigma] was used, it was added to the starvation medium for 90 min, prior to Lindane
addition or nutrient deprivation. As controls, cells were incubated with vehicle (Me,S0 or
ethanol; 1:5000), anisomycin (p38 and JNK activator, 10 pg/ml, 15 min, Sigma), forskolin
(FSK, PKA activator, 20 pM, 15 min, Sigma) or chloroquine (membrane-permeant weak
base known to induce endosomal vacuolation, 500 pM, 24 h, Sigma).

The effects of Lindane or starvation on the autophagy pathway were studied by

transmission electron microscopy, morphometric analysis, and LC3-aggregation.

Electron microscopy.

The ultrastructural changes caused by Lindane or starvation in Sertoli and renal cells were
analyzed by transmission electron microscopy, ds previously described (51). Briefly,
control and Lindane-treated cells (50 pM, 24 h) were scraped from the culture dish in PBS
EDTA 1mM, pelleted and fixed with ice-cold 2.5% glutaraldehyde (TAAB, #G004) in
0.1 M Na cacodylate, pH 7.4 for at least 1 h at 4°C. Cell pellets were then rinsed in
cacodylate buffer, postfixed in 1% OsOj4 for 1 h at 4°C, dehydrated through graded ethanol
washes, and embedded in epoxy resin. Oriented 1-mm sections were obtained with
diamond knives, and representative areas were chosen for ultra-thin sectioning. Thin 1-pum
sections were mounted on copper mesh grids, stained with uranyl acetate and lead citrate,
and examined on a JEOL 1200 EXII electron microscope. 30-50 micrographs, primary
magnification %10,000, were taken randomly from each sample. For estimation of volume
fractions by morphometry the cytoplasmic volume fraction of autophagic vacuoles was

estimated using Visilog program® (NOESIS VISION Inc, France). Autophagic vacuoles
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were classified as early; containing morphologically intact cytoplasm, and late; containing

partially disintegrated and electron dense material, accordingly to (24).

Tissue samples. To prevent induction of autophagy during tissue preparation, mice were
anaesthetized with diethyl ether and immediately fixed by perfusion through the left
ventricle with 2.5% glutaraldehyde (TAAB, #G004) in 0.1 M Na cacodylate, pH 7.4 for at
least 1 h at 4°C. Tissues were harvested and further fixed with the same fixative for at least

4 h, and prepared for transmission electron microscopy, as previously above (51).

Labeling of autophagic vacuoles with monodansylcadaverine.
Monodansylcadaverine (MDC) is a fluorescent dye that is incorporated into

late autophagic vacuoles (66). Cells were incubated with 50 pM MDC in
DMEM/F12/GMS-A at 37°C for 30 min. After incubation, cells were washed two times

with PBS and immediately analyzed by fluorescence microscopy.

Analysis of autophagy by EGFP-LC3 translocation.
Cells seeded on glass coverslips, were transiently transfected with EGFP-LC3 expression

plasmids using FuGene6 (Roche Diagnostics). After 3h transfection, cells were washed
and allowed to recover for 24 h before Lindane treatment. After indicated times, the cells
were fixed and subjected to anti-LAMP1 labeling to detect autolysosomal vacuoles (LC3+
and LAMP1+). Pictures were taken with a 63x magnification lens using a confocal laser-
scanning microscope (Leica) fitted with a 488 or 543 nm krypton/argon laser allowing

simultaneous analysis of the fluorescein and rhodamine chromophores.

Immunofluorescence staining.
Sertoli cells seeded on glass coverslips were transiently transfected with EGFP-Rab7 or

MEK1"-HA expression plasmids using Fugene 6 reagent (Roche), washed and allowed to
recover overnight before addition of Lindane (50 upM). 24 h later, indirect

“immunofluorescence was performed using antibodies against HA (UBI) or specific

markers of lysosomes (LAMP1, BD Pharmingen) as described (62). To determine the pH
of the Lindane-induced vacuoles, living cells were stained with acridine-orange (5 pg/ml,
Sigma), a membrane-permeable weak base whose fluorescence shifts from green at neutral
pH to red in acidic compartments (59). 10 min later, cells were washed and directly

observed under a confocal microscope. Pictures were taken with a 63x magnification lens
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using a confocal laser-scanning microscope (Leica) fitted with a 488 or 543 nm

krypton/argon laser allowing simultaneous analysis of the fluorescein and rhodamine

chromophores.

Electrophysiological Studies.

Whole cell currents were monitored from Sertoli cells, CFTR™ and WT renal epithelial
cells with an RK 400 amplifier (Biologic, Miinster, Germany) as previously described (5).
The bath (extracellular) solution consisted of 140 mM NMDGCI (N-methyl-D-glucamine
chloride), 5 mM D-Glucose, 1 mM CaCl,, and 10 mM HEPES, pH 7.4. Patch pipette
(intracellular) solution contained 140 mM NMDGC], 5 mM D-Glucose, 5 mM EGTA,
5 mM MgATP, and 10 mM HEPES, pH 7.4. Osmolarity of both solutions was adjusted to
280 mOSM by adding mannitol. These solutions were designed to study CI” currents
because CI is the sole permeant ion in these conditions and to prevent Ca®" activated CI”
currents by the addition of EGTA in the patch solution. After establishment of whole cell
configuration, cells were stimulated by the addition of Lindane (50 pM), FSK (10 uM),
vehicle (Me,S0 or ethanol) in the absence or the presence of NPPB (0.1mM), DIDS (4,4'-
diisothiocyanatostilbene-2,2'-disulfonic acid, 1 mM, Sigma), glibenclamide (0.1mM,
Sigma) or PD98059 (10 pM) in the bath solution. The cell membrane potential was
clamped at —50mV and 400 ms pulses were applied from -100 to +120 mV with
increments of 20 mV every 2 s. To generate whole cell current-voltage (I-F) relationship,
membrane currents resulting from voltage stimuli were recorded for at least 3 min and
analysed using an IBM-AT-compatible computer équipped with Digidata 1200 interface
(Axon Instruments) and pCLAMP software (versions 5.51 and 6.0, Axon Instruments),
respectively. Statistics-Results are expressed as mean = S.E. of » observations using the

Student's ¢ test.

Western blotting.

Cell lysates were prepared in NP4O/Brij lysis buffer and analyzed by Western blotting as
previously described (62) with antibodies that recognize the phosphorylated active forms
of ERK, Jun kinases, or p38 (Cell Signaling). After stripping, equal loadings of proteins
were verified by reprobing the blots with anti-ERK1 (Santa Cruz Biotechnology).
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Results and Discussion:

We focused our attention on a widely used pesticide Lindane (y-hexachlorocyclohexane)
and we show that it is a powerful activator of autophagy (Fig. 1). Indeed, using the
42GPA9 Sertoli cell-line, we show that addition of Lindane (50 pM) causes the rapid

formation of large vacuoles within 8h of treatment (Fig. 1A, insert).

Electron microscopy analyses reveal that these structures were autophagic vacuoles (Fig.
1B) as they were i) double membrane-enclosed vesicles, ii) containing fragments of
organelles and iii) dramatically reduced by the autophagy inhibitor 3 methyladenine (3
MA, 30 mM, (92), Fig. 2B). Interestingly, the ultrastructure of organelles were identical to
control condition; without any signs of degeneration. In particular, the number and the
shape of mitochondria appeared unaffected [Fig. 1E shows mitochondria (indicated by M)
with clear cristae at proximity of autophagosomes]. Many autophagosomes were formed
by the sequestration of part of cytoplasm by a double membrane (Fig. 1 B-E). During the
course of the experiment, both the number and size of vacuoles increased, and many of
them were single membrane bound autolysosomes containing electron-dense content.
Even during the late stages, vacuolated cells did not stain with propidium iodide and the
nuclei exhibited normal morphology with finely dispersed chromatin and a large
nucleolus. Consistently, littie if any dead cells together with the observation of
reversibility demonstrated that Lindane did not induce cell vacuolation by promoting cell
death. Furthermore, longer exposure to this pesticide for four days was not associated with

cell lysis but rather with coalescence of the vacuoles. Importantly, the absence of several

apoptotic morphological and biochemical features such as caspase 3 activation, PARP

cleavage; chromatin condensation, nuclear pyknosis and mitochondria degeneration
indicates that Lindane-induced autophagy did not utilize common machinery with
apoptosis. This is a fundamental point which distinguishes Lindane from most of the other
autophagic inducers (such as ischemia, pathogens, heat, or oxidation...(29)). Therefore,
Lindane-induced vacuolation provides a working model for delineating the sﬁéciﬁc

molecular events that control autophagy.

Along the autophagic pathway, maturation of autophagosomes into autolysosomes
involves fusions with late endosomal/lysosomal compartments and acidification by the

Vacuolar-type H® ATPase (V-ATPase) (40, 74). We then confirmed the activation of
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autophagy by Lindane, by analyzing the distribution of well-characterized markers that
label distinct populations of autophagic vesicles. LC3 is a mammalian homolog of the
yeast Atg8, which is a specific constituent of the autophagosomal membrane (37). In
agreement with the above detection of autophagosomes by electron microscopy, we
observed the characteristic redistribution of EGFP-tagged LC3 from a diffuse cytosolic
staining in control cells to punctate vesicular structures following Lindane treatment (Fig.
2A). The aggregation of EGFP-LC3 started at 2 hours and preceded vacuolation. However
in the vacuolated cells, the majority of these LC3 dots were not associated with the
vacuoles which were stained by Rab7, LAMP1, and monodansylcadaverine, markers of
late endosomes, lysosomes, and acidic autolysosomes respectively (Fig. 2A).
Interestingly, some LC3 spots were often detected in close vicinity with the enlarged
LAMP1 compartments (Fig. 2A, insert). We therefore assume that if autophagosomes fuse
with LAMP1 vacuoles, intravacuolar EGFP-LC3 staining may be lost due to proteolytic
degradation and/or to GFP fluorescence quenching in this acidic organelle (44, 99). On
blocking of vesicle acidification by ammonium chloride, aggregates of EGFP-LC3

markedly accumulated inside many giant LAMP1+ vacuoles.

Consistently, Lindane-induced vacuoles were acidic (Fig. 2A) and addition of bafilomycin
Al (100 nM, BafA1), a specific V-ATPase inhibitor, prevented their formation (Fig. 2B). In
agreement with the involvement of anion channels in V-ATPase activity (70), pre-
treatment with the CI” channel blocker NPPB (25 pM) abrogated Lindane-induced
vacuolation (Fig. 2B). Interestingly, addition of BafAl or NPPB collapsed Lindane-
preformed vacuoles. Therefore, both V-ATPase and CI” channel activities were required

for Lindane-induced formation and maintenance of large autolysosomes.

Several CI” channels are present in the plasma membrane and in intracellular organelles

together with V-ATPase (70). Whole-cell recording patch-clamp experiments revealed

 that Lindane increased within minutes C1” conductance across plasma membrane of Sertoli

cells (Fig. 3A), reported to express CFTR and CIC CI” channels (3, 10). By several
criteria, we established that Lindane activated CFIR currents. Indeed, Lindane-induced
currents displayed similarly to FSK-activated CFTR i) a linear current-voltage
relationship with a reversal potential at ~0 mV (Fig. 3B); ii) a sensitivity to NPPB,
glibenclamide but not to external DIDS (Fig. 3A); and iii) a typical Br =CI'>>I" anion

selectivity sequence. Demonstration that CFTR channel accounted for Lindane-induced
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CI” conductance was obtained by the induction of CI” currents by Lindane in CFTR™ but
not in CEFTR™ renal distal cells (Fig. 3C). Of particular interest, CFTR was redistributed
from plasma membrane to vacuoles in Lindane-treated cells (Fig. 3D). Importantly, the
ability of Lindane to promote autophagic vacuolation could be generalized to renal cells,
provided CFTR was expressed (Fig. 4). Strikingly, the loss of CFTR expression led to an
altered Lindane-induced response with dramatic accumulation of lamellar structures and
little if any large autophagic vacuoles (Fig. 4). Taken together, these pharmacological and
genetic approaches strongly suggest that the maturation of autophagic vacuoles by

Lindane was dependent on CFTR activation.

The emerging issue is therefore how Lindane could activate CFTR CI” currents. One
possibility would be that Lindane directly activates CFIR, but this appears unlikely
because it required minutes instead of seconds to increase CI” conductance. Alternatively,
Iindane could indirectly regulate CFTR by activating signaling pathways, as suggested by
the critical role played by PKA in CFTR opening (19). Consistently, a dramatic
phosphorylation of CREB (cAMP binding response element), as readout of PKA activity
was observed upon Lindane treatment. However, PKA inhibition by H89 failed to
counteract Lindane-induced CREB phosphorylation, indicating that Lindane did not
activate PKA. To further explore this hypothesis, we tested the effect of Lindane on the
renal proximal cell line (PCT1). Indeed, Philippe Poujeol’s group has demonstrated that
this renal cell-type presents the advantage of being Forskolin-insensitive for the activation
of CFTR chloride current (Fig. 5). Of particular interest, we provide several lines of
evidence that the CFTR channels remained functional in response to Lindane in PCT cells.
This evidence includes the following: 7) Lindane induced a Cl— current with a linear
current-voltage relationship and a reversal potential at ~0 mV, similar to that of cAMP-
activated Cl— channels in native DCT. ii) A sensitivity to NPPB, glibenclamide but not to
external DIDS; and 3) a typical Br = CI'>>T anion selectivity sequence. iii) The total
inhibition of this Lindane-induced Cl— current in CFTR™" PCT cells demonstrated that it
corresponded to CFTR. These finding provide the first evidence that an agonist, e.g.
Lindane, could activate CFTR Cl— current independently of PKA, raising the promise for

new strategies using Lindane to restore Cl— conductance in cystic fibrosis patients with

CFTR variants, mutated on either AF508 or PKA sites (7).
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MAPKs ERK1/2 are candidates known to phosphorylate CREB, activate ion channels (18,
27, 96) and autophagy (73). Treatment of Sertoli cells with Lindane induced a rapid and
sustained activation of both p42"*? and p44ERKl (Fig. 6A). By contrast, the stress-
activated kinases Jun kinases or p38 were not activated in Lindane-treated cells (63),
suggesting a specific role for ERK. Consistently, pre-treatment with the MEK1/2 inhibitor
PD98059 (10 pM) which drastically reduced the ability of Lindane to activate ERK,
abrogated Lindane-induced vacuolation (Fig. 6B). When analyzed by fluorescence
microscopy, the giant LAMPI1+ perinuclear vacuoles in Lindane-treated cells were
replaced by smaller more scattered vesicles in the presence of PD98059 and Lindane.
Strikingly, this was accompanied by the accumulation of ring-like LC3+ structures, some
of which contained an LC3+ dot (Fig. 6B, left panel, inser?), establishing the persistence
of autophagosome formation. This prompted us to investigate the nature of these
structures by electron microscopy. High magnification (Fig. 6B, right panel, insert)
evidenced the dramatic appearance of lamellar structures that contained material
indistinguishable from the cytosol and recognizable isolation membrane, highly
suggesting that they were formed by the repeated sequestration of autophagosomes. These
results provide the first evidence that inhibition of the ERK pathway, as did the loss of
CFTR, did not impair the formation of autophagosomes but rather blocked the maturation

of autophagosomes into autolysosomes (Fig. 6B).

By the use of a dominant MEK 1" construct, we demonstrated that activation of the ERK
pathway was sufficient to disturb autophagy wfth the characteristic accumulation of
EGFP-LC3 positive autophagosomes and the swelfing of the Rab7/LAMP1 compartment
(Fig. 6C). This is the first demonstration of a link between ERK and the autophagy
maturation step. Previously, ERK’ activation was also required for starvaﬁon—induced
autophagic proteolysis (73), but the precise role of ERK in autophagy initiation or
maturation has not been defined. Consistently with our findings, the oncogenic activation
of ras (ras''?), the upstream activator of ERK has been reported to induce autophagic
vacuolation and to reduce autophagic degradation in glioma, gastric or intestinal cancer
cell-lines (16, 77). However, these studies have not 'addressed whether ras’‘*-induced

autophagy is dependent on ERK. In addition, expression of MEK1" in transgenic mice has
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been reported to result in lens and muscular cell vacuolation (28, 69); but the nature of

enlarged compartment remains unknown.

These data created an apparent paradox in that starvation, Lindane and growth factors all
stimulate ERK and yet have opposite effect on autophagy’ (77). An attractive possibility to
explain this discrepancy might be to consider that the cell response depends critically of
the nature, strength and duration of MAPK pathways activated (53). Interestingly while
starvation induces a barely detectable ERK activity (77) and growth factors trigger
transient and strong ERK activity with multiple pathways, we have shown that Lindane, as
did MEK1" (78), induced a sustained and specific ERK activation for more than 24h (Fig.
6A). In this regard, evidence that autophagy plays an essential role during cell
differentiation (56, 107), a process induced by sustained ERK activation (53), is of great
interest. Altogether, our results point to the new notion that autophagic vacuolation is not
merely an adaptive cellular response to an environmental stress but rather the exaggerated

consequence of sustained and specific ERK activation.

We therefore examined the order of function between ERK and CFTR. ERK was still
stimulated by Lindane in NPPB pre-treated cells or in CFTR™ cells, indicating a CFTR-
independent ERK activation (Fig. 7A). By contrast, CFTR CI" conductance from Lindane-
induced cells was dramatically reduced in the presence of PD98059 (Fig. 7B), providing

the first evidence that ERK pathway could participate in €CFTR channel activation.

Taken together, these findings strongly support a novel mechanism by which ERK
pathway controls autophagy at the maturation stage mmainly through CFTR activation
(Fig. 8). The localization of CFTR to autophagic vacuoless led us to propose that ERK may
target in the autophagic compartments a CFTR-like CI” conductance, ensuing V-ATPase
activation, acidification, and digestion by acid proteases of the sequestered cargo into
nutrients. This prompted us to challenge the responses of CFTR™" cells to nutrient
deprivation, a physiological inducer of autophagy. In such a model, it might be expected

that the loss of CFTR would sensitize cell to starvation-innduced death, as a consequence of
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this autophagic defect. In agreement with our model, in response to starvation CFTR™"
cells activated ERK at the same level as did CFTR™" cells (Fig. 9A), exhibited lamellar
bodies but failed to form autolysosomes (Fig. 9B). Of particular interest, the starved
CFTR™ cells underwent massive autophagic death within 3-6 hours that was rescued by
addition of amino acids, the end product of autophagy (Fig. 9C). Consisteratly, CFTR"*
cells which effectively activated autophagy to autolysosomes survived starv-ation at least
24 hours (Fig. 9B and 9C). In agreement with the above-demonstrated control of
autophagosome maturation by ERK/CFTR pathway, inhibition of ERK or CI' Channel

activity committed the CFTR™

cells to starvation-induced autophagic death (Fig. 9D).
Similar autophagic defects (lamellar bodies and autophagic death) have been observed
when V-ATPase is inhibited (39, 104), further strengthening our model. These findings
point out to the important notion that the activation of CFIR is absolutely” required for

autophagy, thereby enabling cell survival under deprivation stress.

There is increasing evidence linking CFTR to autophagy. Indeed, it has been. reported that
AMP-activated protein kinase which inactivates CFTR (30) counteracts the autophagy
process (88, 102). Notably, PIST a recently identified ligand of CFTR (also called CAL
for CFTR associated ligand (15) has emerged as a regulator of autophagic
neurodegeneration by linking the activated 52 glutamate channel receptor to Beclinl
(106), a major determinant in autophagy dynamics. A role for PIST in CFT'R trafficking
has been invoked by the redistribution of CFTR from the plasma rmembrane to
unidentified intracellular compartments in PIST-overexpressing cells (15). ‘A major goal
for future studies will be to define thé precise mechanism(s) by which the ERK pathway
activates CFTR and thereby autophagy. One possibility would be that ERK mmight directly
phosphorylate CFTR, as suggestedv by the presence within CFTR éequence bf protential
ERK-docking (“D box”: *RKGYRQRLELSDIYQIPSVD*; minimal FXP/F motif:

1235
S

1294pTR12% (6, 34, 78) and -phosphorylation [“(S/T)P” at T8, $5, 7' and ] sites

(Fig. 7C). Alternatively, ERK might phosphorylate proteins that interact with and regulate
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CFTR. Whether ERK controls by activating CFTR, the assembly of CFTR/PIST/Beclinl

complex remains to be determined.

Most importantly, we demonstrate that two cellular consequences of CFT'R loss are the
dramatic accumulation of lamellar bodies and the promotion of starvation-induced death.
All these in vitro features were further substantiated in vive by the dramatic autophagic
degeneration of the intestine of CFTR-deficient mice. Strikingly, the small intestinal
epithelium of CFTR™" mice displayed severe structural aberrations characterized by cell
atrophy and large intercellular spaces that contrast with regular and cohesive organization
of epithelial tissues of WT mice (Fig. 10). At ultrastructural level, electron microscopy
analysis revealed extensive autophagy with no signs of apoptosis. Near all cytoplasmic
contents were replaced by large lamellar bodies and huge autophagic vacuoles, which
enclosed altered organelles. Of, we recognized often damaged hypoxic mitochondria with
an electron dense spot. Such a massive accumulation of mitochondria points to a defective
autophagic degradation. Similar abnormalities were observed in the cecum and the colon
(Fig. 11). At that point, the autophagic degeneration seemed irreversible and the cell

became non-recoverable, with the loss of cellular and tissue functions.

Altogether, our in vitro and in vivo studies not only identify CFTR as a critical regulator of
autophagy but also open the critical issue of whether the loss-of- this autophagic function
might contribute to the pathogenesis of cystic fibrosis, the most common inherited disease.
Along this line, it has been recognized that CF could not be explained solely by the loss of
CFTR CI” channel activity at the plasma membrane as the CF patients mvaintain normal
Cl— concentrations in the airway surface liquid of their nasal and bronchial epithelia .(1 1,
13, 35, 36, 45, 100). Strikingly, as discussed below this defective autophagy hypothesis is

of particular relevance with many of clinical CF features.

We therefore propose an autophagic model that may help in understanding the

development of Cystic fibrosis from the bad prognostic associated with m alnutrition due
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to gastrointestinal dysfunction defects, to the accumulation of mucus, the chronic infection

and the lethal respiratory insufficiency.

)

Indeed, it is very likely that the gastrointestinal dysfunction shown by CF patients

(46, 84) leads to severe deprivations in nutrients, which in tums increase

autophagy.

Strikingly, two epithelial cell types relevant to CF such as the pancreatic acinar
cells and the type II alveolar cells show high basal levels of autophagy under
nutrient rich conditions which are further dramatically enhanced by nutrient

starvation (47, 60).

iii) As CF is caused by loss-of-function CFTR mutations, one can assume that in CF

patient autophagy maturation is either blocked or insufficiently stimulated.

iv) This unbalance thereby leads to increased cell sensitivity to starvation-induced

autophagic death and to dramatic accumulation of lamellar bodies, the secretory
granules of surfactant (31, 49), forming the characteristic thick mucous observed in

the lungs of cystic fibrosis patients.

Moreover, the chronic bacterial infections in the lungs of CF patients are
recognizable autophagic inducers that would further amplify autophagic

degeneration and the production of mucus (42, 84).

Of particular interest, under such stressful conditions (infections, oxidative stress and

malnutrition), autophagy is induced in order to keep the cell alive. Importantly, this

process is reversible. Upon removal of the stress, the cell can resume its function and

normal rates of proliferation. However when faced persistent stress, the damaged cells

are committed to autophagic death.

Therefore, the discovery of the critical role of CFTR in autophagy points out new

attractive avenues for exploring the elusive cystic fibrosis pathogenesis raising the

rationale to fight this disease.
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EXAMPLE 2: Inhibiting p38 induces autophagy

We compared several xenobiotics known to elicit in vivo different responses: DDT and
biphenol A are reported to promote Sertoli cell vacuolation whereas Pentachlorophenol
does not (9). Consistently, we showed in vitro that DDT (1.8 pM) and biphenol (B, 90
uM) but not Pentachlorophenol (PCP, 15 pM) induced vacuolation in Sertoli 42GPA9
cells (Fig. 12A).

To gain insight into the underlying molecular mechanisms, we examined the possibility
that this cell response is due to the activation of signaling pathways, as suggested by the
above demonstrated regulation of autophagy by the MAP kinases ERK. As indicated in

Fig. 12B, analysis of cell lysates by anti-phospho-ERK western blotting indicated that

4ERK1

Lindane, DDT and B¢ induced the activation of both p42F8%2 and p4 in Sertoli cells,

suggesting that ERK activation may contribute to cell vacuolation. However, no
vacuolation was observed in response to Pentachlorophenol (PCP, 15 pM) although it was
strong activator of ERK1/2. Interestingly, PCP concomitantly activated p38 in contrast to
Lindane, DDT and Bo. Given that activation of p38 was reported to antagonize the ERK
pathway (103, 108) and starvation-induced autophagy (101); we consider the hypothesis
that chemicals may not only trigger ERK activation but also concurrently suppress p38
activity. The inactivation of p38 and/or the activation of ERK may be critical for

autophagic vacuolation.

This prompted us to investigate the possible involvement of p38 inhibition in vacuolation
by using SB203580 (10 uM), a specific p38 inhibitor. In agreement with our hypothesis, we
found that SB203580 promoted by itself the formation of large Rab7" acidic vacuoles in

Sertoli cells, reminiscent of those seen in Lindane-exposed cells (Fig. 13).

Numerous inhibitors of p38 have demonstrated efficacy in animal models of arthritic
disease and are currently in phase II clinical trials for rheumatoid arthritis. However, a
significant problem faced by pharmaceutical companies is the unexpected toxicities of
these small compounds in the later stages of development. Side effects on autophagic
pathway should be therefore taken into consideration when molecules inhibiting p38 will

be designed for therapy of rheumatoid arthritis.
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EXAMPLE 3: Biotest to monitor autophagy

Although worldwide concerns have emerged about increasing number of environmental
factors that display adverse effects on human health, an in vitro bioassay that rapidly

screens the deleterious effects of chemicals is still lacking.

Compelling epidemiologic studies have reported an decrease in male infertility and a
rising incidence of malformations and several malignancies (breast, uterine, testicular and
liver cancers, leukemia...) in industrialized countries of Europe and North America (23,
55). Because of this consistent trend, a chronic exposure to environmental chemicals has
been suspected (97). Considerable efforts have been therefore devoted towards the
evaluation of toxic and carcinogenic effects of these compounds (21). It turns out that
widely used pesticides are lipophilic compounds that accumulate in human tissues (testes,
adipose tissue...) (82). There, their toxicities persist for years and are able to promote
malformations, decreased fertility and several cancers in exposed rodents (20, 33). As a

result, risk-assessment of chemicals became an important issue of public health policy.

Most of studies carried so far have used laboratory animals as model for evaluating the
potential toxicity of chemicals. Histological analyses have revealed that one of the earliest
damages induced by toxicants is the selective vacuolation of Sertoli cells, before the onset
of germ cell apoptosis and loss (9, 20). Within the testis, Sertoli cells support
spermatogenesis by controlling germ cell growthl and differentiation and consequently,
alterations of Sertoli cell functions are expected to contribute to infertility or testicular
cancer. Therefore, vacuolation of Sertoli cells could be used as an early and important
marker of chemical-induced deleterious effects on the male reproductive system.
However, development of such application requires a better knowledge of pesticide effects
at both the cellular and molecular levels. Indeed, we are ignorant of the exact nature of the
response: direct or indirect; given the complex interdependence of testicular cells.
Moreover, neither the nature of enlarged compartments nor the underlying molecular

mechanisms has been studied.

The mouse Sertoli cell line 42GPA9 offers a promising and convenient model for
investigating the effects of toxicants. Indeed, the 42GPA9 cells retain several

morphological and biochemical features of differentiated adult Sertoli cells in vivo. For
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example, they exhibit tight and gap junctions and they also produce Transferrin, sulfated

glycoprotein-2, and Stem Cell Factor (12).

Using this cell line, we found that a widely used carcinogen pesticide, Lindane directly
promoted vacuolation of Sertoli cells (Fig. 1). This injury started at 8h, was maximal at
24-48h of treatment and is reversible upon Lindane removal. By Electron and
immunofluorescent microscopy analyses, we demonstrated that these structures were
autolysosomes, containing fragments of organelles, and labeled by LC3, Rab7 and
LAMP1, markers of autophagosomes, late endosomes and lysosomes respectively (Fig. 2).
Consistently, we show that these autophagic vacuoles were acidic as they take up
membrane permeable weak bases such as the dye neutral red and Acridine orange (Fig.

24).

A similar Sertoli cell damage was observed with other common xenobiotics such as DDT
and bisphenol A (Fig. 12). Moreover, the Lindane-induced autophagic damages we readily
observed upon a light microscope in Sertoli cells (Fig. 1) were also detected in renal cells,
but only by time-consuming electronic microscopy (Fig. 4). Therefore, the 42GPA9
Sertoli cell line could serve as a useful cellular model for testing chemicals on autophagy;

a process that occurs in all eukaryotic cells (43).

Altogether, these findings illustrate that in vitro vacuolation of Sertoli 42GPA9 cells can
be used as a bioassay in toxicological studies for screening the deleterious effect of
chemicals on the autophagy pathway and on the male reproductive system as this method
fulfills the following criteria:
1) rapidity: requires hours versus weeks and months for animal studies;
2) earliest marker: precedes other widely used markers such as the éxpression of
metabolizing enzymes;
3) low cost: vacuoles can be readily observed by phase contrast microscopy;
4) relevant of cellular damages observed in exposed animals;
5) sensitive; and measurable: allows quantitative comparison of several chemicals
by uptake of Acridine orange or neutral red;
6) provides valuable information for predicting the deleterious effects of chemical
on human health;
7) could be used for the rapid detection of toxic compounds in biological fluids, in

drinking water, etc.



10

15

20

25

30

35

40

WO 2006/048338 PCT/EP2005/013401

64

BIBLIOGRAPHIC REFERENCES:

10.

11.

12.

13.

14.

Aurora, R., and G. D. Rose. 1998. Helix capping. Protein Sci. 7:21-38.

Ausubel, ef al. 1989. Current Protocols in Molecular Biology. John Wiley and
Sons,Md, Baltimore.

Auzanneau, C., V. Thoreau, A. Kitzis, and F. Becq. 2003. A Novel voltage-
dependent chloride current activated by extracellular acidic pH in cultured rat
Sertoli cells. J. Biol. Chem. 278:19230-19236.

Barrett, K. E., and S. J. Keely. 2000. Chloride secretion by the intestinal
epithelium: molecular basis and regulatory aspects. Annu. Rev. Physiol. 62:535-
572.

Barriere, H., R. Belfodil, I. Rubera, M. Tauc, C. Poujeol, M. Bidet, and P.
Poujeol. 2003. CFTR null mutation altered cAMP-sensitive and swelling-activated
Cl- currents in primary cultures of mouse nephron. Am. J. Physiol. Renal. Physiol.
284:F796-F811.

Barsyte-Lovejoy, D., A. Galanis, and A. D. Sharrocks. 2002. Specificity
determinants in MAPK signaling to transcription factors. J Biol Chem. 277:9896-
9903.

Bebok, Z., J. Collawn, J. Wakefield, W. Parker, K. Varga, Y. Li, E. J.
Sorscher, and J. P. Clancy. 2005. Failure of cAMP Agonists to Activate Rescued
{Delta} F508 CFTR in CFBE41o- Airway Epithelial Monolayers. J. Physiol.:[Epub
ahead of print).

Benharouga, M., M. Sharma, J. So, M. Haardt, L. Drzymala, M. Popov, B.
Schwapach, S. Grinstein, K. Du, and G. L. Lukacs. 2003. The role of the C
terminus and Na+/H+ exchanger regulatory factor in the functional expression of
cystic fibrosis transmembrane conductance regulator in nonpolarized cells and
epithelia. J. Biol. Chem. 278:22079-22089.

Boekelheide, K. 1993. Sertoli cell toxicants, p. 551-575. In L. D. Russell and M.
D. Griswold (ed.), The Sertoli cells. Cache River Press.

Boockfor, F. R., R. A. Morris, D. C. DeSimone, D. M. Hunt, and K. B. Walsh.
1998. Sertoli cell expression of the cystic fibrosis transmembrane conductance
regulator. Am. J. Physiol. 274:C922-930.

Boucher, R. C. 2002. An overview of the pathogenesis of cystic fibrosis lung
disease. Adv. Drug Deliv. Rev. 54:1359-1371.

Bourdon, V., A. Lablack, P. Abbe, D. Segretain, and G. Pointis. 1998.
Characterization of a clonal Sertoli cell-line using adult PyLT transgenic mice.
Biol. Reprod. 58:591-599.

Caldwell, R. A., B. R. Grubb, R. Tarran, R. C. Boucher, M. R. Knowles, and
P. M. Barker. 2002. In vivo airway surface liquid Cl- analysis with solid-state
electrodes. J. Gen. Physiol. 119:3-14.

Chambard, M., J. Gabrion, and J. Mauchamp. 1981. Influence of collagen gel
on the orientation of epithelial cell polarity: follicle formation from isolated
thyroid cells and from preformed monolayers. J Cell Biol. 91:157-166.



10

15

20

25

30

35

40

WO 2006/048338 PCT/EP2005/013401

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

65

Cheng, J., B. D. Moyers, M. Milewski, J. Loffing, M. Ikeda, J. E. Mickle, G.
R. Cutting, M. Li, B. A. Stanton, and W. B. Guggino. 2002. A Golgi-associated
PDZ domain protein modulates cystic fibrosis transmembrane regulator plasma
membrane expression. J. Biol. Chem. 277:3520-3529.

Chi, S., C. Kitanaka, K. Noguchi, T. Mochizuki, Y. Nagashima, M. Shirouzu,
H. Fujita, M. Yoshida, W. Chen, A. Asai, M. Himeno, S. Yokoyama, and Y.
Kuchino. 1999. Oncogenic Ras triggers cell suicide through the activation of a
caspase-independent cell death program in human cancer cells. Oncogene
18:2281-2290.

Chow, C. W., L. I. Landau, and L. M. Taussig. 1982. Bronchial mucous glands
in the newborn with cystic fibrosis. Eur. J. Pediatr. 139:240-243.

Crepel, V., W. Panenka, M. E. Kelly, and B. A. MacVicar. 1998. Mitogen-
activated protein and tyrosine kinases in the activation of astrocyte volume-
activated chloride current. J Neurosci. 18:1196-1206.

Dahan, D., A. Evagelidis, J. W. Hanrahan, D. A. Hinkson, Y. Jia, J. Luo, and
T. Zhu. 2001. Regulation of the CFTR channel by phosphorylation. J. Cell Sci.
443:592-S96.

Dalsenter, P. R., A. S. Faqi, J. Webb, H. J. Merker, and I. Chahoud. 1996.
Reproductive toxicity and tissue concentrations of Lindane in adult male rats.
Hum. Exp. Toxicol. 15:406-410.

Dich, J., S. H. Zahm, A. Hanberg, and H.-O. Adami. 1997. Pesticides and
cancer. Cancer Causes Control 8:420-443.

Edinger, A. L., and C. B. Thompson. 2003. Defective autophagy leads to cancer.
Cancer Cell 4:422-424.

Ekbom, A., and O. Akre. 1998. Increasing incidence of testicular cancer--birth
cohort effects. APMIS. 106:225-229; discussion 229-231.

Eskelinen, E. L. 2005. Maturation of autophagic vacuoles in mammalian cells.
Autophagy 1:1-10.

Formaggio, F., A. Bettio, V. Moretto, M. Crisma, C. Toniolo, and Q. B.
Broxterman. 2003. J. Peptide Sci. 9:461-466.

Fuertes, G., J. J. Martin De Llano, A. Villarroya, A. J. Rivett, and E. Knecht.
2003. Changes in the proteolytic activities of proteasomes and lysosomes in human
fibroblasts produced by serum withdrawal, amino-acid deprivation and confluent
conditions. Biochem. J. 375:75-86.

Giovannardi, S., G. Forlani, M. Balestrini, E. Bossi, R. Tonini, E. Sturani, A.
Peres, and R. Zippel. 2002. Modulation of the inward rectifier potassium channel
IRK1 by the Ras signaling pathway. J Biol. Chem. 277:12158-12163.

Gong, X., X. Wang, J. Han, I. Niesman, Q. Huang, and J. Horwitz. 2001.
Development of cataractous macrophthalmia in mice expressing an active MEK1
in the lens. Invest. Ophthalmol. Vis. Sci. 42:539-548.

Gozuacik, D., and A. Kimchi. 2004. Autophagy as a cell death and tumor
suppressor mechanism. Oncogene 23:2891-2906.

Hallows, K. R., J. E. McCane, B. E. Kemp, L. A. Witters, and J. K. Foskett.
2003. Regulation of channel gating by AMP-activated protein kinase modulates



10

15

20

25

30

35

40

WO 2006/048338 PCT/EP2005/013401

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43,

44,

66

cystic fibrosis transmembrane conductance regulator activity in lung submucosal
cells. J. Biol. Chem. 278:998-1004.

Hariri, M., G. Millane, M. P. Guimond, G. Guay, J. W. Dennis, and 1. R.
Nabi. 2000. Biogenesis of multilamellar bodies via autophagy. Mol. Biol. Cell.
11:255-268.

He, H., Y. Dang, F. Dai, Z. Guo, J. Wu, X. She, Y. Pei, Y. Chen, W. Ling, C.
Wu, S. Zhao, J. O. Liu, and L. Yu. 2003. Post-translational modifications of
three members of the human MAP1LC3 family and detection of a novel type of
modification for MAP1LC3B. J. Biol. Chem. 278:29278-29287.

IARC. 1990. Cancer: causes, occurrence and control., p. 352. In IARC (ed.), vol.
100, Lyon.

Jacobs, D., D. Glossip, H. Xing, A. J. Muslin, and K. Kornfeld. 1999. Multiple
docking sites on substrate proteins form a modular system that mediates
recognition by ERK MAP kinase. Genes Dev. 13:163-175.

Jayaraman, S., Y. Song, and A. S. Verkman. 2001. Airway surface liquid
osmolality measured using fluorophore-encapsulated liposomes. J. Gen. Physiol.
117:423-430.

Jayaraman, S., Y. Song, L. Vetrivel, L. Shankar, and A. S. Verkman. 2001.
Noninvasive in vivo fluorescence measurement of airway-surface liquid depth, salt
concentration, and pH. J. Clin. Invest. 107:317-324.

Kabeya, Y., N. Mizushima, T. Ueno, A. Yamamoto, T. Kirisako, T. Noda, E
Kominami, Y. Ohsumi, and T. Yoshimori. 2000. LC3, a mammalian homologue
of yeast Apg8p, is localized in autophagosome membranes after processing.
EMBO J. 19:5720-5728.

Kabeya, Y., N. Mizushima, A. Yamamoto, S. Oshitani-Okamoto, Y. Ohsumi,
and T. Yoshimori. 2004. LC3, GABARAP and GATE16 localize to
autophagosomal membrane depending on form-II formation. J. Cell Sci. 117:2805-
2812.

Kanzawa, T., Y. Kondo, H. Ito, S. Kondo, and 1. Germano. 2003. Induction of
autophagic cell death in malignant glioma cells by arsenic trioxide. Cancer Res.
63:2103-2108.

Kim, J., and D. J. Klionsky. 2000. Autophagy, cytoplasm-to-vacuole targeting
pathway, and pexophagy in yeast and mammalian cells. Annu. Rev. Biochem.
69:303-342.

Kirisako, T., M. Baba, N. Ishihara, K. Miyazawa, M. Ohsumi, T. Yoshimori,
T. Noda, and Y. Ohsumi. 1999. Formation process of autophagosome is traced

- with Apg8/Aut7p in yeast. J. Cell Biol. 147:435-446.

Kirkegaard, K., M. P. Taylor, and W. T. Jackson. 2004. Cellular autophagy:
surrender, avoidance and subversion by microorganisms. Nat. Rev. Microbiol.

2:301-314.

Klionsky, D. J., and S. D. Emr. 2000. Autophagy as a regulated pathway of
cellular degradation. Science 290:1717-1721.

Kneen, M., J. Farinas, Y. Li, and A. S. Verkman. 1998. Green fluorescent
protein as a noninvasive intracellular pH indicator. Biophys. J. 74:1591-1599.



10

15

20

25

30

35

40

WO 2006/048338 PCT/EP2005/013401

45.

46.

47.

48.

49,

50.

51.

52.

53.

54.

55.

56.

57.

67

Knowles, M. R., J. M. Robinson, R. E. Wood, C. A. Pue, W. M. Mentz, G. C.
Wager, J. T. Gatzy, and B. RC. 1997. Ion composition of airway surface liquid
of patients with cystic fibrosis as compared with normal and disease-control
subjects. J. Clin. Invest. 100:2588-2595.

Kraemer, R., A. Rudeberg, B. Hadorn, and E. Rossi. 1978. Relative
underweight in cystic fibrosis and its prognostic value. Acta Paediatr. Scand.
67:33-37. '

Kuma, A., M. Hatano, M. Matsui, A. Yamamoto, H. Nakaya, T. Yoshimori, Y.
Ohsumi, T. Tokuhisa, and N. Mizushima. 2004. The role of autophagy during
the early neonatal starvation period. Nature 432:1032-1036.

Lahousse, S. A., E. G. Stopa, A. E. Mulberg, and S. M. de la Monte. 2003.
Reduced expression of the cystic fibrosis transmembrane conductance regulator
gene in the hypothalamus of patients with Alzheimer's disease. J. Alzheimers Dis.
5:455-462.

Larbig, M., S. Jansen, M. Dorsch, W. Bernhard, B. Bellmann, J. R. Dorin, D.
J. Porteous, H. Von Der Hardt, I. Steinmetz, H. J. Hedrich, B. Tuemmler, and
T. Tschernig. 2002-2003. Residual cftr expression varies with age in cfir(tm1Hgu)
cystic fibrosis mice: impact on morphology and physiology. Pathobiology 70:89-
97.

Lebrand, C., M. Corti, H. Goodson, P. Cosson, V. Cavalli, N. Mayran, J.
Faure, and J. Gruenberg. 2002. Late endosome motility depends on lipids via the
small GTPase Rab7. EMBO J. 21:1289-1300.

Le'Negrate, G., E. Selva, P. Auberger, B. Rossi, and P. Hofman. 2000.
Sustained polymorphonuclear leukocyte transmigration induces apoptosis in T84
intestinal epithelial cells. J. Cell Biol. 150:1479-1488.

Maison, W., E. Arce, P. Renold, R. J. Kennedy, and D. S. Kemp. 2001.
Optimal N-caps for N-terminal helical templates: effects of changes in H-bonding
efficiency and charge. J. Am. Chem. Soc. 123:10245-10254.

Marshall, C. J. 1995. Specificity of receptor tyrosine kinase signaling: transient
versus sustained extracellular signal-regulated kinase activation. Cell 80:179-185.

McDonald, T. V., P. T. Nghiem, P. Gardner, and C. L. Martens. 1992. Human
lymphocytes transcribe the cystic fibrosis transmembrane conductance regulator
gene and exhibit CF-defective cAMP-regulated chloride current. J. Biol. Chem.
15:3242-3248.

Mckiernan, J. M., E. T. Goluboff, G. L. Liberson, R. Golden, and H. Fisch.
1999. Rising risk of testicular cancer by birth cohort in the United States from
1973 to 1995. J. Urol. 162:361-363.

Melendez, A., Z. Talloczy, M. Seaman, E. L. Eskelinen, D. H. Hall, and B.
Levine. 2003. Autophagy genes are essential for dauer development and life-span
extension in C. elegans. Science 301:1387-1391.

Mendes, F., C. M. Farinha, M. Roxo-Rosa, P. Fanen, A. Edelman, R. Dormer,
M. McPherson, H. Davidson, E. Puchelle, H. De Jonge, G. D. Heda, M.
Gentzsch, G. L. Lukacs, D. Penque, and M. Amaral. 2004. Antibodies for
CFTR studies. J. Cyst. Fibros. 3:69-72.



10

15

20

25

30

35

40

WO 2006/048338 PCT/EP2005/013401

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

68

Milanini, J., F. Vinals, J. Pouyssegur, and G. Pagés. 1998. p42/p44 MAP kinase
module plays a key role in the transcriptional regulation of the vascular endothelial
growth factor gene in fibroblasts. J. Biol. Chem. 273:1 8165-18172.

Millot, C., J. M. Millot, H. Morjani, A. Desplaces, and M. Manfait. 1997.
Characterization of acidic vesicles in multidrug resistant and sensitive cancer cells
by acridine orange staining and confocal microspectrofluorometry. J Histochem
Cytochem. 45:1255-1264.

Mizushima, N. 2004. Methods for monitoring autophagy. Int. J. Biochem. Cell
Biol. 36:2491-2502.

Mizushima, N., A. Yamamoto, M. Matsui, T. Y oshimori, and Y. Ohsumi.
2004. In vivo analysis of autophagy in response to nutrient starvation using
transgenic mice expressing a fluorescent autophagosome marker. Mol. Biol. Cell.
15:1101-1111.

Mograbi, B., R. Bocciardi, I. Bourget, T. Juhel, D. Farahi-Far, G. Romeo, 1.
Ceccherini, and B. Rossi. 2001. The sensitivity of activated Cys Ret mutants to
Glial cell line-Derived Neurotrophic Factor is mandatory to rescue
neuroectodermic cells from apoptosis. Mol. Cell. Biol. 21:6719-6730.

Mograbi, B., E. Corcelle, N. Defamie, M. Samson, M. Nebout, D. Segretain, P.
Fenichel, and G. Pointis. 2003. Aberrant Connexin 43 endocytosis by the
carcinogen lindane involves activation of the ERK/mitogen-activated protein
kinase pathway. Carcinogenesis 24:1415-1423.

Mulberg, A. E., L. P. Resta, E. B. Wiedner, S. M. Altschuler, D. M. Jefferson,
and D. L. Broussard. 1995. Expression and localization of the cystic fibrosis
transmembrane conductance regulator mRNA and its protein in rat brain. J. Clin.
Invest. 96:646-652.

Miiller, K., D. Obrecht, A. Knierzinger, C. Stankovic, C. Spiegler, W.
Bannwarth, A. Trzeciak, G. Englert, A. M. Labhard, and P. Schinholzer.
1993. Perspectives in Medicinal Chemistry, p. 513-53 3. In B. Testa, E. Kyburz, W.
Fuhrer, and R. Giger (ed.). Verlag Helv. Chim. Acta, Basel.

Munafé, D. B., and M. L. Colombo. 2001. A novel assay to study autophagy:
regulation of autophagosome vacuole size by amino acid deprivation. J. Cell Sci.

114:3619-3629.

Nagel, G., T. C. Hwang, K. L. Nastiuk, A. C. Nairn, and D. C. Gadsby. 1992.
The protein kinase A-regulated cardiac Cl- channel resembles the cystic fibrosis
transmembrane conductance regulator. Nature 360:81 -84.

Nagy, et al. 1986, 1994, 2002. Manipulating the Mouse Embryo: A laboratory
manual. Cold Springs Harbor Laboratory, New York, ISBN 0-87969-574-9.

Nakano, S., A. Shinde, S. Kawashima, S. Nakamura, L Akiguchi, and J.
Kimura. 2001. Inclusion body myositis: expression of extracellular signal-
regulated kinase and its substrate. Neurology 56:87-93.

Nishi, T., and M. Forgac. 2002. The vacuolar (H")-ATPases-nature's most
versatile proton pumps. Nat. Rev. Mol. Cell Biol. 3:94-103.

Nowick, J. S., and J. O. Brower. 2003. A new turn structure for the formation of
beta-hairpins in peptides. J. Am. Chem. Soc. 125:876-877.



10

15

20

25

30

35

40

WO 2006/048338 PCT/EP2005/013401

72.
73.

74.
75.

76.

77.
78.
79.
80.
81.
82.
83.
84;
85.

86.

69

Obrecht, D., M. Altorfer, and J. A. Robinson. 1999. Adv. Med. Chem. 4:1-68.

Ogier-Denis, E., S. Pattingre, J. El Benna, and P. Codogno. 2000. Erk1/2-
dependent phosphorylation of Galpha-interacting protein stimulates its GTPase
accelerating activity and autophagy in human colon cancer cells. J. Biol. Chem.
275:39090-39095.

Ohsumi, Y. 2001. Molecular dissection of autophagy: two ubiquitin-like systems.
Nat. Rev. Mol. Cell Biol. 2:211-216.

Oppenheimer, E. H., and J. R. Esterly. 1975. Pathology of cystic fibrosis;
review of the literature and comparison with 146 autopsied cases. Perspect.
Pediatr. Pathol. 2:241-278.

Paquis-Flucklinger, V., J. F. Michiels, F. Vidal, C. Alquier, G. Pointis, V.
Bourdon, F. Cuzin, and M. Rassoulzadegan. 1993. Expression in transgenic
mice of the large T antigen of polyomavirus induces Sertoli cell tumours and
allows the establishment of differentiated cell lines. Oncogene 8:2087-2094.

Pattingre, S., C. Bauvy, and P. Codogno. 2003. Amino acids interfere with the
ERK1/2-dependent control of macroautophagy by controlling the activation of
Raf-1 in human colon cancer HT-29 cells. J. Biol. Chem. 278:16667-16674.

Pearson, G., F. Robinson, T. Beers Gibson, B. E. Xu, M. Karandikar, K.
Berman, and M. H. Cobb. 2001. Mitogen-activated protein (MAP) kinase
pathways: regulation and physiological functions. Endocr. Rev. 22:153-183.

Petiot, A., S. Pattingre, S. Arico, D. Meley, and P. Codogno. 2002. Diversity of
signaling controls of macroautophagy in Mammalian cells. Cell Struct. Funct.
27:431-441.

Pier, G. B., M. Grout, and T. S. Zaidi. 1997. Cystic fibrosis transmembrane
conductance regulator is an epithelial cell receptor for clearance of Pseudomonas
aeruginosa from the lung. Proc. Natl. Acad. Sci. U. S. A. 94:12088-12093.

Pier, G. B., M. Grout, T. S. Zaidi, J. C. Olsen, L. G. Johnson, J. R. Yankaskas,
and J. B. Goldberg. 1996. Role of mutant CFTR in hypersusceptibility of cystic
fibrosis patients to lung infections. Science 271:64-67.

Prasad, A. K., N. Pant, S. C. Srivastava, R. Kumar, and S. P. Srivastava. 1995.
Effect of dermal application of hexachlorocyclohexane (EICH) on male
reproductive system of rat. Hum. Exp. Toxicol. 14:484-488.

Qu, X., J. Yu, G. Bhagat, N. Furuya, H. Hibshoosh, A. Troxel, J. Rosen, E. L.
Eskelinen, N. Mizushima, Y. Ohsumi, G. Cattoretti, and B. Levine. 2003.
Promotion of tumorigenesis by heterozygous disruption of the beclin 1 autophagy
gene. J. Clin. Invest. 112:1809-1820.

Ratjen, F., and G. Doring. 2003. Cystic fibrosis. Lancet 361:681 ;689,

Riordan, J. R., J. M. Rommens, B. S. Kerem, and e. al. 1989. Identification of
the cystic fibrosis gene: cloning and characterization of complementary DNA.
Science 245:1066-1073.

Rommens, J. M., M. C. Iannuzzi, B. S. Kerem, and e. al. 1989. Identification of
the cystic fibrosis gene: chromosome walking and jumping. Science 245:1059-
1065.



10

15

20

25

30

35

40

WO 2006/048338 PCT/EP2005/013401

87.

88.

89.

90.

91.

92.

93.

94,

95.

96.

97.

98.

99.

100.

101.

70

Rubera, I., M. Tauc, C. Verheecke-Mauze, M. Bidet, C. Poujeol, N. Touret, B.
Cuiller, and P. Poujeol. 1999. Regulation of cAMP-depenident chloride channels
in DC1 immortalized rabbit distal tubule cells in culture. Am. J. Physiol
276:F104-F121.

Samari, H. R., and P. O. Seglen. 1998. Inhibition of hepatocytic autophagy by
adenosine, aminoimidazole-4-carboxamide riboside, arad N6-mercaptopurine
riboside. Evidence for involvement of amp-activated protein kinase. J. Biol. Chem.
273:23758-23763.

Sambrook, ef al. 1989, 1992. Molecular Cloning: A Laboratory Manual. Cold
Springs Harbor Laboratory, New York.

Schroeder, T. H., N. Reiniger, G. Meluleni, M. Grout, F.T. Coleman, and G.
B. Pier. 2001. Transgenic cystic fibrosis mice exhibit reduced early clearance of
Pseudomonas aeruginosa from the respiratory tract. J. Immumnol. 166: 7410-7418.

Schwiebert, E. M., D. J. Benos, M. E. Egan, M. J. Stutts, and W. B. Guggino.
1999. CFTR is a conductance regulator as well as a chloride channel. Physiol. Rev.

79:S145-S166.

Seglen, P. O., and P. B. Gordon. 1982. 3-Methyladenine: specific inhibitor of
autophaglc/lysosomal protein degradation in isolated rat hepatocytes. Proc. Natl.
Acad. Sci. USA 79:1889-1892.

Sewald, N., and H.-D. Jakubke. 2002. Peptides: Chemistry and Biology. Wiley-
VCH Verlag GmbH, Weinheim.

Sheppard, D. N., and M. J. Welsh. 1999. Structure and function of the CFTR
chloride channel. Physiol Rev. 79:523-545.

Sheppard, D. N., and M. J. Welsh. 1999. Structure and function of the CFTR
chloride channel. Physiol. Rev. 79:23-45.

Shi, H., C. Asher, A. Chigaev, Y. Yung, E. Reuveny, R. Seger, and H. Garty.
2002. Interactions of beta and gamma ENaC with Nedd4 can be facilitated by an
ERK-mediated phosphorylation. J Biol. Chem. 277:13539-13547.

Skakkebaek, N. E. 2002. Endocrine disrupters and testicular dysgenesis
syndrome. Horm. Res. 57:43.

Steinberger, A., and A. Jakubowiak. 1993. Sertoli cell culture: historical
perspective and review of methods, p. 155-180. In L. D. Russell and M. D.
Griswold (ed.), The Sertoli cell. Cache River Press, Clearwater, Fla.

Tanida, I., N. Minematsu-Ikeguchi, T. Ueno, and E. Kominami. 2005.
Lysosomal turnover, but not a cellular level, of endogenous LC3 is a marker for

autophagy. Autophagy 1:c2-c9.

Verkman, A. S., Y. Song, and J. R. Thiagarajah. 2003. Role of airway surface
liquid and submucosal glands in cystic fibrosis lung disease. Am. J. Physiol. Cell
Physiol. 284:C2-C15.

vom Dahl, S., F. Dombrowski, M. Schmitt, F. Schliess, U. Pfeifer, and D.
Haussinger. 2001 Cell hydration controls autophagosome formation in rat liver in
a microtubule-dependent way downstream from p38MAPK activation. Biochem. J.

354:31-36.



10

15

20

25

30

WO 2006/048338 PCT/EP2005/013401

102.

103.

104.

105.

106.

107.

108.

109.

110.

71

Wang, Z., W. A. Wilson, M. A. Fujino, and P. J. Roach. 2001. Antagonistic
controls of autophagy and glycogen accumulation by Sraflp, the yeast homolog of
AMP-activated protein kinase, and the cyclin-dependent kinase Pho85p. Mol. Cell.
Biol. 21:5742-5752.

Xia, Z., M. Dickens, J. Raingeaud, R. J. Davis, and M. E. Greenberg. 1995.
Opposing effects of ERK and JNK-p38 MAP kinases on apoptosis. Science
270:1326-1331.

Yamamoto, A., Y. Tagawa, T. Yoshimori, Y. Moriyama, R. Masaki, and Y.
Tashiro. 1998. Bafilomycin Al prevents maturation of autophagic vacuoles by
inhibiting fusion between autophagosomes and lysosomes in rat hepatoma cell
line, H-4-II-E cells. Cell Struct. Funct. 23:33-42.

Yu, L., A. Alva, H. Su, P. Dutt, E. Freundt, S. Welsh, E. H. Baehrecke, and M.
J. Lenardo. 2004. Regulation of an ATG7-beclin 1 program of autophagic cell
death by caspase-8. Science 304:1500-1502.

Yue, Z., A. Horton, M. Bravin, P. DeJager, F. Selimi, and N. Heintz. 2002. A
novel protein complex linking the delta 2 glutamate receptor and autophagy:
implications for neurodegeneration in lurcher mice. Neuron 35:921-933.

Yue, Z., S. Jin, C. Yang, A. J. Levine, and N. Heintz. 2003. Beclin 1, an
autophagy gene essential for early embryonic developmaent, is a haploinsufficient
tumor suppressor. Proc. Natl. Acad. Sci. U.S.A. 100:15077-15082.

Zatechka, S. D., and M. F. Lou. 2002. Studies of the mitogen-activated protein
kinases and phosphatidylinositol-3 kinase in the lens. 2. The intercommunications.
Exp Eye Res 75:177-192.

Zhu, Z. Y., G. M. Veldman, A. Cowie, A. Carr, B. Schaffhausen, and R.
Kamen. 1984. Construction and functional characterization of polyomavirus
genomes that separately encode the three early proteins. J Virol. 51:170-180.

Zielenski, J., R. Rozmahel, D. Bozon, B. Kerem, Z. Grzelczak, J. Riordan, J.
M. Rommens, and L. C. Tsui. 1991. (:renomic DNA sequence of the cystic
fibrosis transmembrane conductance regulator (CFTR) gene. Genomics 10:214-
228.



10

15

20

25

30

WO 2006/048338 PCT/EP2005/013401
72

CLAIMS

1. Process for identifying a compound useful for the manufacture of a drug intended for
the preventive and/or palliative and/or therapeutic treatment of cystic fibrosis,
characterized in that it comprises providing a candidate compound, and

a) contacting said candidate compound with a eukaryotic CEFTR+/+ cell, and
determining whether said candidate compound induces and/or stimulates at least
one among the following features:

al) the formation of autophagic vacuoles in said eukaryotic CFTR +/+ cell,

a2) the formation of CFTR-expressing vacuoles within the cytoplasmic
compartment of said eukaryotic CFTR +/+ cell,

a3) the delocalization of CFTR proteins from the plasma membrane to the
cytoplasmic compartment of said eukaryotic CFTR +/+ cell,

and/or

b) determining whether said candidate compound is capable of phosphorylating a
CFTR protein, and/or of stimulating such a phosphorylation, and/or of inducing
such a phosphorylation,

and/or

¢) contacting said candidate compound with a growth factor-deprived and nutrient-
deprived eukaryotic CFTR—/— cell, and determining whether said candidate
compound prevents or delays the autophagic death of said cell,

where a positive determination at said step a) and/or b) and/or ¢) identifies said compound

as being useful for the manufacture of a drug intended for the preventive and/or palliative

and/or therapeutic treatment of cystic fibrosis.

2. Process according to claim 1, characterized in that the autophagic vacuoles of said

step al) comprise autophagosomes and/or autolysosomes.

3. Process according to claim 1, characterized in that said step b) comprises determining
whether said candidate compound is capable of phosphorylating a CFTR protein on at
Jeast one ERK phosphorylation site, and/or of stimulating such a phosphorylation,

and/or of inducing such a phosphorylation.
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Process according to claim 3, characterized in that said CFTR protein is a human
CFTR protein, and said at least one ERK phosphorylation site is selected from the
group consisting of S4, T438, S573, T717, S1235.

Process according to any one of claims 1-4, characterized in that it further comprises
determining whether said candidate compound is capable of inducing and/or
stimulating a CFTR-regulated anionic and/or cationic current in a eukaryotic

CFTR+/+ cell.

Process according to any one of claims 1-5, characterized in that said eukaryotic cell

is an epithelial cell.

Process according to any one of claims 1-6, characterized in that said candidate

compound is an activated kinase, or a kinase activator, or a kinase inhibitor.

Process according to claim 7, characterized in that said candidate compound is an

activator of the MEK/ERK/CFTR pathway.

Process according to claim 7, characterized in that said candidate compound is a p38
inhibitor.

Process according to any one of claims 1-9, characterized in that it further comprises
selecting those candidate compounds which stimulate cell differentiation, and/or

discarding those candidate compounds which stimulate cell proliferation.

Process according to any one of claims 1-10, characterized in that said compound that
is useful for the manufacture of a drug intended for the preventive and/or palliative
and/or therapeutic treatment of cystic fibrosis is gamma-benzene hexachloride, or of a
derivative thereof which is obtainable by chemical substitution, but has retained said

capacity of acting as an inducer or stimulator of autophagy maturation.

12. Process for identifying an inducer or stimulator of autophagy maturation, characterized

in that it comprises:

a) providing a candidate compound,

b)  determining whether said candidate compound is capable of phosphorylating a
CFTR protein on at least one ERK phosphorylation site, and/or of stimulating
such a phosphorylation, and/or of inducing such a phosphorylation,
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where a positive determination at said step b) identifies said compound as being an

inducer or stimulator of autophagy maturation.’

13. Process according to claim 12, characterized in that said CFTR protein is a human
CFTR protein, and said at least one ERK phosphorylation site is selected from the
group consisting of S4, T438, $573, T717, S1235. '

14. Process for identifying an inhibitor of autophagy initiation and/or a restorer of
autophagy maturation, characterized in that it comprises:
a) providing a candidate compound,
b) inducing the initiation of an autophagic process in a eukaryotic CF TR—/— cell,
¢) contacting said eukaryotic CFTR—/— cell with said candidate compound,
d) determining whether said candidate compound inhibits or delays the
autophagic death of said eukaryotic CFTR~/— cell,
where a positive determination at said step d) identifies said candidate compound as an

inhibitor of autophagy initiation and/or as a restorer of autophagy maturation.

15. Process for identifying a compound useful for the manufacture of a drug intended for
the preventive and/or palliative and/or therapeutic treatment of a disease or condition
involving an excessive production of autophagic structures, characterized in that it
comprises:

- identifying a compound which induces and/or stimulates autophagy maturation by

a process according to any one of claims 12-13, or

- identifying a compound which restores autophagy maturation and/or inhibits

autophagy initiation by a process according to claim 14,

where such an identified compound is a compound useful for the manufacture of a drug

intended for the preventive and/or palliative and/or therapeutic treatment of a disease or

condition involving an excessive production of autophagic structures.

" 16. Process according to claim 15, characterized in that said disease or condition involves

an excessive mucus production.

17. Process according to claims 15 and 16, characterized in that said disease or condition

is cystic fibrosis.
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Process according to claims 15 and 16, characterized in that said disease or condition

is asthma, rhinosinusitis, allergy, or an infertility disease or condition.

Process according to claims 15 and 16, characterized in that said disease or condition

is a disease or condition involving at least one viral and/or bacterial and/or fungal

infection.

Process according to claim 15, characterized in that said disease or condition involves

the undesired death of a non glandular eukaryotic cell.

Process according to claim 20, characterized in that said disease or condition is a

degenerative disease.

Use of an inducer or stimulator or restorer of autophagy maturation for the
manufacture of a drug intended for the preventive and/or palliative and/or curative

treatment of cystic fibrosis.

Use according to claim 22, characterized in that said inducer or stimulator of

autophagy maturation is a CFTR activator.

Use according to claim 22 or 23, characterized in that said CFTR activator is an

activated ERK.

Use according to claim 22 or 23, characterized in that said CFTR activator is an ERK

activator.

Use according to any one of claims 22, 23, 25, characterized in that said inducer or
stimulator of autophagy maturation is gamma-benzene hexachloride, or any derivative
thereof, which is obtainable by chemical substitution, but has retained said capacity of

acting as an inducer or stimulator of autophagy maturation.

Use according to claim 26, characterized in that it further comprises using an
antioxidant for the manufacture of said drug, wherein said gamma-benzene
hexachloride or gamma-benzene hexachloride derivative and said antioxidant are

intended for simultaneous, separate or sequential administration.
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28. Use of an inhibitor of autophagy initiation for the manufacture of a drug or dietary
supplement intended for the preventive and/or palliative and/or curative treatment of

cystic fibrosis.

29. Use according to claim 28, characterized in that said inhibitor of autophagy initiation

comprises at least one aminoacid.

30. Use of gamma-benzene hexachloride, or of a derivative thereof which is obtainable by
chemical substitution, but has retained a capacity of acting as an inducer or stimulator
of autophagy maturation or as a CFTR activator, for the manufacture of a drug
intended for the preventive and/or palliative and/or curative treatment of a disease or

condition involving an excessive production of autophagic structures.

31. Use according to claim 30, characterized in that it further comprises using an
antioxidant for the manufacture of said drug, wherein said gamma-benzene
hexachloride or gamma-benzene hexachloride derivative, and said antioxidant are

intended for simultaneous, separate or sequential administration.

32. Use according to 30 or 31, characterized in that said disease or condition is:
- cystic fibrosis,
- asthma, rhinosinusitis, allergy,
- a disease or condition involving a bacterial and/or viral and/or fungal infection,
- an infertility disease or condition,
- an infertility disease or condition,

- a degenerative disease or condition.

33. Process for identifying an inhibitor of autophagy maturation, characterized in that it
comprises:
a) providing a CFTR protein or a CFTR protein fragment,
b) détermining whether said CFTR protein or CFTR fragment competes with an
ERK for binding to or phosphorylating a CFTR protein,
where a positive determination at said step b) identifies said CFTR protein or CFTR
fragment as an inhibitor of autophagy maturation.

34. Process for identifying a compound which is an inducer or stimulator of autophagy

initiation, characterized in that it comprises:
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a) providing a candidate compound,

b) contacting said candidate compound with a eukaryotic CFTR—/— cell, and
determining whether said candidate compound induces and/or stimulates the autophagic
death of said cell,
where a positive determination at said step b) identifies said compound as an inducer or

stimulator of autophagy initiation.

35. In vitro use of gamma-benzene hexachloride, or of any derivative thereof obtainable
by chemical substitution but has retained a capacity of acting as an inducer and/or
stimulator of autophagy maturation or as a CFTR activator, to induce and/or stimulate

autophagy in a eukaryotic cell.

36. Process for identifying a compound useful for the manufacture of a drug intended for
the preventive and/or palliative and/or therapeutic treatment of a disease or condition
which involves the undesired survival of a eukaryotic cell that shows an insufficient
autophagy initiation, characterized in that it comprises:

- identifying a compound which inhibits autophagy maturation, by a process
according to claim 33, or
- identifying a compound which induces or stimulates autophagy initiation by a

process according to claim 34,

where such an identified compound is a compound useful for the manufacture of a drug

intended for the preventive and/or palliative and/or therapeutic treatment of a disease or

condition involving the undesired survival of a eulliaryotic cell that shows an insufficient

autophagy initiation.

37. Process according to claim 36, characterized in that said disease or condition which

involves an insufficient autophagy is a cancer or tumor condition.

38. Peptide capable of acting as an inhibitor of autophagy maturation by inhibition or
prevention of CFTR phosphorylation, characterized in that its sequence consists in a
sequence selected from SEQ ID NO:1 to SEQ ID NO:56, or a conservative variant
sequence thereof, which is obtainable by substitution or deletion, of at least one amino

acid, but has retained a capacity of acting as an inhibitor of autophagy maturation.

39. Use of a CFTR inhibitor for the manufacture of an anti-tumour drug intended to

induce autophagic cell death of chemo- or radio-resistant cells.
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40.

41.

42.

43.

44,

45.

46.

25

78

Use according to claim 39, characterized in that said CFTR inhibitor is a peptide of

claim 38.

Use according to any one of claims 39-40, characterized in that said drug further
comprises a chemotherapeutic agent and/or a radiotherapeutic agent for simultaneous,

separate or sequential administration.

In vitro method for the diagnosis and/or prognosis of cystic fibrosis, characterized in

that it comprises detecting a deficient or insufficient autophagy in a biological sample.

In vitro method for detecting an autophagy dysfunction in a eukaryotic CFIR-
expressing cell, characterized in that it comprises detecting whether there is an

insufficient phosphorylation of CFTR protein in said eukaryotic cell.

In vitro method for detecting an autophagy dysfunction in a eukaryotic CFIR-
expressing cell, characterized in that it comprises detecting whether there is a

defective binding of ERK to CFTR in said eukaryotic cell.

In vitro method for detecting an autophagy dysfunction in a eukaryotic CFTR-
expressing cell, characterized in that it comprises detecting whether there is a
mutation of said CFTR in at least one of its ERK phosphorylation sites, and/or a

mutation in at least one site involved in ERK binding to CFTR.

In vitro method according to claim 45 characterized in that said CFTR is a human
CFTR, and in that it comprises detecting whether there is a mutation of said human
CFTR in at least one site selected from:

- any site from R25 to D44,

_ sites Q2, R3, S4, P5

- sites L436, G437, T438, P439

- sites L571, D572, S573, P574,

- sites Q715, K716, T717, P718,

- sites S1233, 11234, S1235, P1236,

- sites F1294, 11295, F1296.
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47.

48.

79

In vitro method for the diagnosis and/or prognosis of a cystic fibrosis, characterized in
that it comprises detecting in a biological sample whether there is a deficient content

in amino acids, or an abnormal amino acid distribution.

In vitro method to evaluate the level of autophagic stress that a compound or other
external factor may induce in an autophagy-sensitive subject, characterized in that it
comprises:

a) providing a CFTR~/—cell,

b) in vitro exposing said CFTR~/~ cell to said compound or factor, and

c¢) determining the level of autophagic cell death induced by said exposure,

where the level of autophagic cell death thus determined is in positive correlation with the

said level of autophagic stress.

49.

50.

51.

52.

53.

54.

Kit to assess a risk of autophagic stress for autophagy-sensitive persons, characterized

in that it comprises at least one Sertoli CFTR—/— cell and/or DCT CFTR~/—cell.

Use of a CFTR+/+ Sertoli or CFTR+/+ DCT cell for the detection and/or observation

of an autophagic process.

In vitro method to evaluate the level of deleterious side effects induced by a
compound designed for therapy of cystic fibrosis, characterized in that it comprises
evaluating the level of autophagic cell death induced by in vitro exposure of a CFTR—

/- cell to said compound.

i

A transgenic non-human animal expressing a first transgene comprising a DNA
sequence encoding a CFTR mutant and a second transgene comprising a DNA
sequence encoding a marker of autophagy fused to a fluorescent protein, in particular

GFP.

The transgenic non-human animal according to claim 52 characterized in that the

CFTR mutant carries the AF508 mutation (CFTRAF508).

The transgenic non-human animal according to claim 52 or 53 characterized in that

the animal is CFTR deficient (CFTR-/-).
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55.

56.

57.

58.

59.

60

61

62.

80

The transgenic non-human animal according to any ome of claims 52 to 54
characterized in that the marker of autophagy is an autophagy protein, in particular

LC3.

The transgenic non-human animal according to any one of claims 52 to 55

characterized in that the animal is a rodent, preferably a mouse.

The transgenic non-human animal according to any one of claims 52 to 56
characterized in that the animal is selected from the group consisting of mouse, rabbit,

rat, guinea pig.

Method for identifying a compound useful for treating, preventing or inhibiting a
disease or a condition involving a mutated CFTR comprising the step of contacting a
candidate compound with a transgenic animal according to ary one of claims 52-57

and monitoring the decrease in autophagic vacuolation.

Method to evaluate the level of deleterious side effects incluced by a compound
designed for therapy of a disease or a condition involving a mutated CFTR
comprising the step of contacting a candidate compound with a transgenic animal

according to any one of claims 52-57 and monitoring the increase in autophagy

vacuolation.

Method according to claim 58 or 59 characterized in that thie disease or condition
involving a mutated CFTR is selected from the group consisting of cystic fibrosis,
chronic pancreatic ~disease, pancreatitis, gastrointestinal disease, asthma,
thinosinusitis, allergy, disease or condition involving bacterial and/or viral and/or
fungal infection, infertility disease, degenerative disease, neurddegenerative disease,

cancer, epithelial cancer.

Method according to claim 58 or 59 characterized in that thie disease or condition

involving a mutated CFTR is cystic fibrosis.

Peptide according to claim 38, characterized in that the peptide: comprises less than 30

amino-acids, preferably less than 25 amino-acids and more thar1 5 amino-acids.



PCT/EP2005/013401

WO 2006/048338

113

indane

L

A ey 2

Meer
St
MU L R > LY

Figure 1A-1G




WO 2006/048338 PCT/EP2005/013401

2113

LC3-EGFP LAMP1

Acridine-orange

Lindane

Figure 2C



PCT/EP2005/013401

d¢ ainbi4

deg aJnbi4 ¢ aJnbi4

auepul

0001~

(Aw) A

051 051~
L

---------

addN + 1+ —E—
384 +

(unwg) 1+ —e—

005 | sy00 yopes o

m:mu +/+ m.—uo + _l_ ——

S99 fejsip |eusy —o— =
- 00G1 *

m ._. H_U (vd) | . (vd) 1

WO 2006/048338

3/13

saia +

gddN +

Inm

9

V€ onbid

sw 0g

(uiw ) suepur

0002
000L-

0001

000¢
(vd) |

Figure 3A-3D




PCT/EP2005/013401

WO 2006/048338

4/13

auepul

Je..l,
s

Figure 4



PCT/EP2005/013401

WO 2006/048338

5/13

g6 onbig

ozt (AW A oz
L 1

e

uuuuuuuuuuuuuuuuuuuuuuuu

(uwo) 1+ —@—

S|j@0 +/+10d ——

= 009
(vd) ¢

VS 2inbl4
sw 0g
e - 0004
Wrig ped I sS4 0 o

(vd) 1

++d140 10d

ure 5

Fi



WO 2006/048338

6/13
Lindane (min)

0 35 7 15 30 45 60 120 240 360 480 960 1440

=~ 2P ERK

e AR e

Figure 6A

Lindane + PDssose

PCT/EP2005/013401

€

13

.g
!
.
[
[}
[4
*
.




PCT/EP2005/013401

WO 2006/048338

7M13

0. ainbij

degez) S
Aeyez) | ez SIS ©
/ m.h_&._-v_a #
Heyped
Néez,6d dg,cSA7 @
Seygl
\ m.wm?_.muJ L3
suoneIniy 49 so)g
says uonejhioydsoyd YJVIN [eBualod
Te=1ed
ssztd IdveztT v ONHDmQMQMQMNUMMmN
m a1qoydoipAH 1T oiseg
0 " \ S .

a)is Bujoop Y3 [enuelod

w3 @

d/ ainbld]

-0001- .

(AW) A
(0]27° 0SL-
i 1
| (uwg) 11+ - |
(vd) | m S||92 1jolas - M
V. a@inbig

..Tm._.u_o +\+N._._.n_ b0

ljopes

(ulw) s1. o0 s 0
auepul

Sl L g€ 0 S L S€ 0

gddN

Figure 7



PCT/EP2005/013401

WO 2006/048338

8113

JusLNN

AMANOOTY &=l

awososAjoiny

Ly uipAwojyeg

T I\Iﬂ._.rn_o addN

650860d

NOILVINLYW

SNUIA eusjoeg

sa|jouehlo jo
swosoBbeydony uonensanbag

w. " NOLLOZANI

H

{

i
i

ZO_._.<>N_<._.m w

| INIELNN

NOILVILIINI NOILONANI

W

Figure 8



PCT/EP2005/013401

WO 2006/048338

9/13

V6 9Inbi]

aunsejul jlews

Figure 9



PCT/EP2005/013401

WO 2006/048338

1013

g01 2Inblg

V0l aInbi4

S R TG

Sul}sajul jjews

Figure 10



WO 2006/048338 PCT/EP2005/013401

1113

CFTR *+

CFTR ™~ CFTR **

Figure 11



PCT/EP2005/013401

WO 2006/048338

12113

g2l ainbid

aUBYIS0I0|YoL}-2'2'2
~(1Ausydousojyo-p)sia-1 ‘L

laa Vvl 9inbi4

Figure 12

(Wri g1)

[ouaydolojyoepuad

dod

(v 0g)

(suexsyojofooiojyoexsy-A)
auepui |



WO 2006/048338 PCT/EP2005/013401

13/13

SB203580

Fiqure 13A

Lindane SB203580
0 A 0 A 0 A

Figure 13B

Figure 13



WO 2006/048338 PCT/EP2005/013401

Mograbi ep.ST25
SEQUENCE LISTING

<110> INSERM

<120> CFTR as a component of an autophagy signaling pathway, )
applications thereof to autophagic diseases, and determination of
cystic fibrosis as an autophagic disease

<130> BCT050340

<140> EP04292621.2
<141> 2004-11-04

<160> 56

<170> PatentIn version 3.3

<210> 1

<211> 20

<212> PRT

<213> Homo sapiens
<400> 1

Arg Lys Gly Tyr Arg Gln Arg Leu Glu Leu Ser Asp Ile Tyr Gln Ile
1 5 10 15

Pro Ser val Asp

20
<210> 2
<211> 7
<212> PRT
<213> Homo sapiens
<400> 2
Lys val phe Ile Phe Ser Gly
1 5
<210> 3
<211> 8
<212> PRT
<213> Homo sapiens
<400> 3
g1n Lys val Phe Ile Phe Ser Gly
5
<210> 4
<211> 9
<212> PRT
<213> Homo sapiens
<400> 4

GIn Lys val Phe §1e Phe ser Gly Thr
1

<210> 5
<211> 10
<212> PRT

pPage 1
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) Mograbi ep.ST25
<213> Homo sapiens

<400> 5
Pro Gln Lys val Phe Ile Phe Ser Gly Thr
1 5 10

<210> 6

<211> 11

<212> PRT

<213> Homo sapiens

<400> 6
Pro GIn Lys val Phe Ile Phe Ser Gly Thr Phe
1 5 10

<210> 7

<211> 7

<212> PRT

<213> Homo sapiens

<400> 7

Met Gln Arg Ser Pro Leu Glu
1 5

<210> 8

<211> 8

<212> PRT

<213> Homo sapiens

<400> 8

Met Gln Arg Ser Pro Leu Glu Lys
1 5

<210> 9

<211> 9

<212> PRT )
<213> Homo sapiens

<400> 9

Met GIn Arg Ser Pro Leu Glu Lys Ala
1 5

<210> 10
<211> 10
<212> PRT

<213> Homo sapiens
- <400> 10

Met GIn Arg Ser Pro Leu Glu Lys Ala Ser
1 5

<210> 11
<211> 11
<212> PRT
<213> Homo sapiens

Page 2
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Mograbi ep.ST25

<400> 11

Met Gln Arg Ser Pro Leu Glu Lys Ala Ser val
1 5

<210> 12

<211> 7

<212> PRT

<213> Homo sapiens

<400> 12

ier Leu Leu Gly ghr Pro val

<210> 13

<211> 8

<212> PRT

<213> Homo sapiens

<400> 13

Ser Leu Leu Gly Thr Pro val Leu
1 5

<210> 14

<211> 9

<212> PRT

<213> Homo sapiens

<400> 14

Phe Ser Leu Leu Gly Thr Pro val Leu
1 5

<210> 15

<211> 10

<212> PRT

<213> Homo sapiens

<400> 15

Phe Ser Leu Leu Gly Thr Pro val Leu Lys
1 5 10

<210> 16

<211> 11

<212> PRT

<213> Homo sapiens

<400> 16

Phe Ser Leu Leu Gly Thr Pro val Leu Lys Asp
1 5 10
<210> 17

<211> 7

<212> PRT

<213> Homo sapiens

<400> 17

Page 3
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Tyr Leu Leu
1

<210> 18
<211> 8

<212> PRT
<213> Homo

<400> 18

Tyr Leu Leu
1

<210> 19
<211> 9
<212> PRT
<213> Homo

<400> 19

Leu Tyr Leu
1

<210> 20
<211> 10
<212> PRT
<213> Homo

<400> 20

Leu Tyr Leu
1

<210> 21
<211> 11
<212> PRT
<213> Homo

<400> 21

Leu Tyr Leu
1

<210> 22
<211> 7
<212> PRT

Asp Ser
5

sapiens

Asp Ser
5

sapiens

Leu Asp
5

sapiens

Leu Asp
5

sapiens

Leu Asp
5

<213> Artificial

<220>

<223> mutated form

<400> 22

Tyr Leu Ser
1

<210> 23
<211> 8
<212> PRT

Asp Ser
5

<213> Artificial

<220>

Mograbi ep.ST25

Pro Phe

Pro Phe Gly

Ser Pro Phe Gly

Ser Pro phe Gly Tyr
10

Ser Pro Phe Gly Tyr Leu
10

of CFTR peptide

Pro Phe

Page 4
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Mograbi ep.sT25
<223> mutated form of CFTR peptide

<400> 23

Iyr Leu Ser Asp Ser Pro Phe Gly
5

<210> 24

<211> 9

<212> PRT

<213> Artificial

<220>

<223> mutated form of CFTR peptide
<400> 24

Leu Tyr Leu Ser Asp Ser Pro Phe Gly
1 5

<210> 25

<211> 10

<212> PRT

<213> Artificial

<220>

<223> mutated form of CFTR peptide
<400> 25

Leu Tyr Leu Ser Asp Ser Pro Phe Gly Tyr
1 5 10
<210> 26

<211> 11

<212> PRT

<213> Artificial

<220>

<223> mutated form of CFTR peptide
<400> 26

ieu Tyr Leu Ser Asp Ser Pro Phe Gly I%r Leu
5

<210> 27
<211> 7
<212> PRT
<213> Artificial
<220>
- <223> mutated form of CFTR peptide
<400> 27

Tyr Leu Leu Asn Ser Pro Phe
1 5

<210> 28

<211> 8

<212> PRT

<213> Artificial

Page 5



WO 2006/048338

<220>
<223> mutated form

<400> 28

Tyr Leu Leu Asnh Ser
1 5

<210> 29
<211> 9

<212> PRT

<213> Artificial

<220>
<223> mutated form

<400> 29

Leu Tyr Leu Leu Asn
1 5

<210> 30

<211> 10

<212> PRT

<213> Artificial

<220>
<223> mutated form

<400> 30

Leu Tyr Leu Leu Asn
1 5
<210> 31

<211> 11

<212> PRT_
<213> Artificial
<220>

<223> mutated form
<400> 31

Leu Tyr Leu Leu Asn
1 5

<210> 32

<211> 7

<212> PRT

<213> Artificial

T <220>

<223> mutated form

<400> 32

Tyr Leu Leu Asp Ser
1 5
<210> 33

<211> 8

of CFTR

Pro Phe

of CFTR

Ser Pro

of CFTR

ser Pro

of CFTR

ser Pro

of CFTR

His Phe

Mograbi ep.ST25

peptide

Gly

peptide

Phe Gly

peptide

Phe Gly Tyr
10

peptide

Phe Gly Tyr Leu
10

peptide
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Mograbi ep.ST25

<212> PRT

<213> Artificial

<220>

<223> mutated form of CFTR peptide
<400> 33

Tyr Leu Leu Asp Ser His Phe Gly

1 5

<210> 34

<211> 9

<212> PRT

<213> Artificial

<220> .
<223> mutated form of CFTR peptide
<400> 34

Leu Tyr Leu Leu Asp Ser His Phe Gly
1 5

<210> 35

<211> 10

<212> PRT

<213> Artificial

<220>

<223> mutated form of CFTR peptide
<400> 35

Leu Tyr Leu Leu Asp Ser His Phe Gly Tyr
1 5 10

<210> 36
<211> 11
<212> PRT
<213> Artificial

<220> _
<223> mutated form of CFTR peptide

<400> 36

Leu Tyr Leu Leu Asp Ser His Phe Gly Tyr Leu
1 5 10

<210> 37
<211> 7

<212> PRT

" <213> Homo sapiens’

<400> 37

iTe val GIn Lys Thr Pro Leu
5

<210> 38
<211> 8
<212> PRT
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Mograbi ep.ST25
<213> Homo sapiens

<400> 38

Ile val GIn Lys Thr Pro Leu Gln
1 5

<210> 39

<211> 9

<212> PRT

<213> Homo sapiens

<400> 39

ser I1e val GIn Lys Thr Pro Leu Gln
1 5

<210> 40

<211> 10

<212> PRT

<213> Homo sapiens

<400> 40

ser Ile val GIn Lys Thr Pro Leu Gln Met
1 5 10

<210> 41

<211> 11

<212> PRT

<213> Homo sapiens

<400> 41

ser Ile val GIn Lys Thr Pro Leu Gln Met Asn
1 5 1

<210> 42

211> 7

<212> PRT

<213> Homo sapiens

<400> 42

ier Phe Ser Ile Ser Pro Gly
5

<210> 43

<211> 8

<212> PRT

<213> Homo sapiens

<400> 43

ier Phe Ser Ile Ser Pro Gly Gln
5

<210> 44

<211> 9

<212> PRT

<213> Homo sapiens

Page 8



WO 2006/048338

<400> 44

Ile Ser Phe
1

<210> 45
<211> 10
<212> PRT
<213> Homo

<400> 45

ITe Ser Phe
1

<210> 46
<211> 11
<212> PRT
<213> Homo

<400> 46

ITe Ser Phe
1

<210> 47
211> 7
<212> PRT

Ser Ile
5

sapiens

ser Ile
5

sapiens

ser Ile
5

<213> Artificial

<220>

<223> mutated form

<400> 47

Ser Phe Ser
1

<210> 48
<211> 8
<212> PRT

val Ser
5

<213> Artificial

<220>

<223> mutated form

<400> 48
1

- <210> 49
211> 9
<212> PRT

Ser Phe Ser val Ser
5

<213> Artificial

<220>

<223> mutated form

<400> 49

ITle Ser Phe
1

ser val
5

Ser Pro

Ser Pro

Ser Pro

of CFTR

Pro Gly

of CFTR

Pro Gly

of CFTR

Ser Pro

Mograbi ep.ST25

Gly Gln

Gly GlIn Arg
10

Gly GIn Arg val
10

peptide

peptide

Gln

peptide

Gly Gln
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<210>
<211>
<212>
<213>

<220>
<223>

<400>

50

10

PRT
Artificial

mutated form

50

Ile Ser Phe Ser val
1 5

<210>
<211>
<212>
<213>

<220>
<223>

<400>

1

<210>
<211>
.<212>
<213>

<220>
<223>

<400>

51

11

PRT
Artificial

mutated form

51

Ile Ser Phe Ser val
5

52

7

PRT
Artificial
mutated form

52

ser Phe Ser Ile Arg
1 5

<210>
<211>
<212>
<213>

<220>
<223>

<400>

53

8

PRT
Artificial

mutated form

53

Ser Phe Ser Ile Arg
1 5

<210>
<211>
<212>
<213>

<220>
<223>

<400>

54

9

PRT_
Artificial
mutated form

54

Mograbi ep.ST25

of CFTR peptide

Ser Pro Gly GIn Arg
10

of CFTR peptide

Ser Pro Gly Gln égg val

of CFTR peptide

Pro Gly

of CFTR peptide

Pro Gly Gln

of CFTR peptide
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Mograbi ep.ST25
Ile Ser Phe Ser Ile Arg Pro Gly GIn
1 5

<210> 55

<211> 10

<212> PRT

<213> Artificial

<220>
<223> mutated form of CFTR peptide

<400> 55
ITe Ser Phe Ser Ile Arg Pro Gly GIn Arg
1 5 10

<210> 56

<211> 11

<212> PRT

<213> Artificial

<220>
<223> mutated form of CFTR peptide

<400> 56

Ile Ser Phe Ser Ile Arg Pro Gly Gin Arg val
1 5 10
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