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It has been nearly 10 years since the identification and
cloning of the cystic fibrosis (CF) gene was announced
(1). Despite rapid advances in our understanding of the
molecular determinants of the disease, CF remains one of
the most common lethal inherited autosomal recessive
disorders in the Caucasian population worldwide. Sev-
enty percent of patients carry at least one copy of the
most common mutation — AF508 — but over 800 unique
mutations have been described (http://www.genet.
sickkids.on.ca/cftr/). Based on the molecular outcome,
genotypes can be assigned to one of five classes of muta-
tions. It is hoped that by designing novel therapeutic
molecules whose activity is specialized to correct specific
mRNA or protein defects in CF transmembrane conduc-
tance regulator (CFTR), the morbidity and mortality of
CF could be dramatically improved. Several prototype
therapies directed at restoration of CFTR function by tar-
geting the underlying molecular defect are already in
Phase I clinical trials. These designer drugs require that
genotype be determined to guide the choice of therapy.

Spectrum of defects in CFTR. The CFTR protein is a 1480
amino acid, glycosylated membrane glycoprotein that func-
tions as a cAMP-regulated chloride channel in exocrine
glands and secretory epithelia. The nucleotide sequence pre-
dicts a structure with two sets of six transmembrane
domains (TMD), two nucleotide binding domains (NBDs),
and a regulatory (R) domain (1). The NBDs are involved in
the gating of the CFTR chloride channel and portions of
the TMDs form the pore. The R domain is intracellular and
also is involved in gating the channel (2) by a mechanism
dependent on its phosphorylation state (3). CFTR is
required for normal activity of the outwardly rectifying
chloride channel (ORCC), perhaps via CFTR-mediated ATP
transport (4). CFTR is also critical to control of the epithe-
lial sodium channel (EnaC) (5). Disruption of CFTR func-
tion alters the salt and water content of luminal secretions
and impairs airway mucosal defense (6).

Most of the reported mutations in CFTR are point
mutations involving one or a few nucleotides. They are
distributed as follows: missense (40%), nonsense (or ter-
mination, 18%), splice-site (18%), frameshift (22%), and
other (promoter, in-frame deletions, etc., 2%). Missense
and nonsense mutations change a single amino acid or
introduce a premature termination site. A splice-site
mutation can destroy one or more exons or introduce a
novel exon, but because this mutation is leaky, it can per-
mit low levels of the normally spliced mRNA. Frameshift
mutations often disrupt the synthesis of the mRNA.
Nevertheless, the most useful way to look at genotype in
CF is by classification according to the molecular fate.
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Class I mutations lead to defects in the synthesis of stable
CFTR mRNA transcripts resulting in absence of the CFTR
protein. About half of all mutations in CFTR (encompass-
ing premature termination, exon skipping, aberrant mRNA
splicing, and frameshifts) are thought to fall into this class
and result in complete loss of CFTR protein/function.

Class II mutations, including AF508, complete protein
translation but produce an abnormal protein that fails
to escape the endoplasmic reticulum. Little or no CFTR
reaches the plasma membrane, and the absence of all
surface CFTR results in a severe phenotype. It is being
increasingly recognized that mutations in unrelated
genes can create defective proteins, which fail to traffic
properly through the cell. Classically, missense muta-
tions creating an abnormal protein were thought to be
relatively benign or less consequential than nonsense
mutations (null) or large deletions. This is no longer
strictly the case because examples from CF and other
inherited disorders demonstrate that a synthesized pro-
tein that fails to mature along the normal biosynthetic
pathway often becomes quite destructive (7).

Class III mutations disrupt activation and regulation
of CFTR at the plasma membrane. Thus biosynthesis,
trafficking, and processing are undisturbed, but the
channel may be defective with respect to ATP binding
and hydrolysis, or phosphorylation. Mutations, such as
GS51D, tend to be associated with a severe phenotype.

Class IV mutations affect chloride conductance or chan-
nel gating and thus result in reduced chloride current. As
might be expected, mutations in this class, such as R117H
or P574H, are thought to confer a milder phenotype.

Class V mutations reduce the level of normal CFTR
protein by alterations in the promoter or by altering
splicing. Currently it is thought that a reduction in
mRNA to less than 10% of normal results in disease in
CF. Examples of Class V mutations include 3849 + 10kb
C T, A455E, and 5T.

No classification scheme works perfectly, and the genet-
ics are often complicated. A single missense mutation can
be associated with features from two different classes. For
example, the AF508 CFTR is misprocessed (Class II) but
also has a reduced channel open time (Class IV) (8). Many
patients have two different mutations in CFTR, a situation
termed compound heterozygosity. It is thought that pres-
ence of a Class IV or Class V mutation on one allele can ame-
liorate the consequences of a severe mutation on the other
allele, such as AF508. Much rarer is the occurrence of two
different mutations in a single gene on the same allele. The
best example of this is the thymidine tract in intron 8, where
ST and 7T modify disease expression. The Class IV muta-
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Figure 1

The five general classifications of CFTR mutations are shown within the
context of a single epithelial cell. The corresponding protein electrophore-
sis pattern for each class is depicted in the box to the right of each muta-
tion class. A, B, and C refer to the typical mobilities of nascent CFTR (A,
130 kDa), core glycosylated CFTR (B, 150 kDa), and fully glycosylated
CFTR (C, 180 kDa). Null refers to the absence of CFTR protein. CFTR, cys-
tic fibrosis transmembrane conductance regulator.

tion, R117H, occurs in cis with either the ST or 7T tract vari-
antinintron 8. The 5T allele confers a pancreatic sufficient
CF phenotype, whereas the 7T allele has been associated
with male infertility caused by congenital bilateral absence
of the vas deferens (CBAVD). Interestingly, women with the
R117H-7T allele tend to be asymptomatic.

New approaches to Class I defects in CFTR. Mutations lead-
ing to premature stop codons produce truncated mRNA
transcripts that are inherently unstable and fail to under-
go translation into proteins (Fig. 1). The efficiency of
translation termination tends to vary as a function of the
surrounding sequence. Certain aminoglycosides, such as
G418 and gentamicin, appear to suppress termination
and restore readthrough to full-length CFTR (9). This
has been demonstrated for W1282X and RS53X in vitro.
Given that W1282X mRNA is unusually stable in certain
patients (10), topical and inhaled gentamicin is under
study in the United States and Israel (11, 12). Prelimi-
nary data from these small clinical trials are encourag-
ing. For example, investigators in Israel, using measure-
ments of nasal epithelial chloride transport, have been
able to demonstrate modest responses to isoproterenol
in CF patients homozygous for stop codon mutations
placed on gentamicin nasal drops three times daily for
two weeks (12). Similar measurements are being made in
the United States for patients on intravenous gentam-
icin (E. Sorscher, personal communication).

Class II trafficking defects in CFTR can be corrected in vitro
and in vivo. The most common CFTR mutation, AFS08, is
synthesized, inserted into the endoplasmic reticulum, but
then fails to progress to the Golgi apparatus and the cell
surface (Fig. 1, band B). Failure to pass through the Golgi
can be recognized by failure to become fully glycosylated
and attain a mobility of 170-180 kDa on an SDS-PAGE
gel (Fig. 1, band C). The deletion of the phenylalanine at
position 508 is hypothesized to cause “misfolding” of the
nascent chain, such that molecular chaperones target it
for early proteolysis. Similar “misfolding” and impair-
ment of protein trafficking is seen for mutations in the
Ol-antitrypsin gene, Tay-Sachs, familial hypercholes-
terolemia, and for accumulation of insoluble protein
aggregates in Alzheimer’s and prion-associated disorders.
Evidence for misfolding of CFTR includes a reduced sta-
bility of AF508 at the cell membrane (13), slightly altered
circular dichroism spectra of a peptide containing this
site (14), restoration of processing by incubation of cells
at temperatures between 25°C and 29°C (15, 16), and
restoration of processing by chemical chaperones (17). It
is important to keep in mind, however, that wild-type
CFTR is targeted for early proteolysis 75% of the time.
Only about 25% of normal CFTR trafficks through the
Golgi to the cell surface (15, 18, 19). CFTR is marked for
destruction by ubiquitination and proteolysis by proteo-
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some-dependent and -independent pathways (20). It was
initially hypothesized that by blocking these pathways, a
greater amount of mature CFTR could be produced. This
proved not to be the case when it was shown that inter-
ference with proteolysis by lactacystin or ALLN does not
force CFTR through the normal pathway (20). Thus,
therapeutic interventions designed to restore normal
trafficking should be targeted proximal to ubiquitination
and proteolysis in the endoplasmic reticulum.

Wild-type CFTR “folding” and progression to a protease-
resistant state is assisted by ER" resident chaperone pro-
teins. Hsp70 (21) and calnexin (22), but not BiP and Grp94,
appear to associate with CFTR transiently. Prolongation of
the complex of Hsp70 and AF508 CFTR has been
observed, suggesting that Hsp70 may recognize CFTR for
early removal. Hsc70, a member of the Hsp70 family, is
constitutively expressed, and has also been implicated as a
signal for removal to the proteolytic pathway (23). Because
AF508 retains some chloride channel activity (24, 25) mod-
ulation of chaperone associations or addition of a chemi-
cal chaperone are reasonable approaches.

Deoxyspergualin (DSG) is a stable synthetic analog of the
natural product spergualin (Fig. 2) and is known to com-
pete effectively for binding with Hsp70 and Hsp90. DSG
has potent immunosuppressive activity mediated in part
through interactions with Hsc70 and Hsp90. One research
group has extensively studied DSG in CF cells expressing
the AF508 mutation. The researchers report appearance of
functional cAMP-stimulated CFTR chloride channel activ-
ity at the cell surface in both immortalized human CF air-
way and biliary epithelial cells, although confirmation of
CFTR trafficking by immunoprecipitation techniques
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could not be demonstrated. The effect was observed at rea-
sonable concentrations from 10 to 100 pg/ml for at least 24
hours (26). These cells were also responsive to 5 mM sodi-
um butyrate used as a positive control.

The butyrate compounds (Fig. 2) are low-molecular-
weight fatty acids that restore AF508 to the cell surface
at 37°C (27). Treatment of cell cultures with sodium
butyrate or sodium 4-phenylbutyrate at non-toxic con-
centrations increases normal CFTR processing and leads
to cAMP-mediated chloride conduction at the cell sur-
face (28). Butyrate has a short half-life in vivo and must
be administered by intravenous drip. It has been demon-
strated to induce fetal hemoglobin (29, 30) and favorably
induce differentiation in a variety of solid tumors (31).
Phenylbutyrate is an oral pro-drug of phenylacetate that
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is also capable of inducing fetal hemoglobin, acting as an
adjunct chemotherapeutic agent, and inducing CFTR
expression and trafficking. It does not appear to affect
CFTR single channel properties (28). Preliminary data
implicate phenylbutyrate-mediated reduction in Hsc70
to explain the shift of mutant CFTR onto the trafficking
pathway (32). Interestingly, both DSG and the butyrates
may regulate interactions of CFTR with ER chaperones.
In a randomized, double-blind, placebo-controlled trial
in CF patients homozygous for AF508, one week of
phenylbutyrate at 20 gm/day was associated with induc-
tion of chloride transport based on nasal potential dif-
ference measurements (33). Importantly, no safety issues
arose in the CF trial, suggesting that whatever effects
occurred on chaperone activity, widespread disruption
of the quality control mechanism for folding or degrad-
ing proteins was not detectable. Buphenyl (4-phenylbu-
tyrate) is a newly approved drug for the rare inherited
urea cycle disorders where it functions to provide an
alternative vehicle for waste nitrogen excretion by con-
jugation with glutamine, and it is under study in the
hemoglobinopathies, adrenoleukodystrophy (34), and in
cancer trials. Dose escalation and pharmacokinetic stud-
ies are continuing in adults with CF.

A number of laboratories have confirmed that growth
of AF508 CFTR-expressing cells at reduced temperature
dramatically corrects the trafficking defect in CFTR and
restores CAMP-mediated chloride transport at the plas-
ma membrane. This effect can be mimicked by chemicals
such as glycerol, dimethylsulfoxide (DMSO), trimethy-
lamine-N-oxide (TMAO), and deuterated water (35).
Glycerol is active at a relatively high concentration (1.25
M) making in vivo application impractical. Nevertheless,
screening for low-molecular-weight compounds that can
restore trafficking may lead to identification of a useful
molecule. Such a compound might also be effective for
other genetic disorders that have a trafficking defect.

Certain tissues and organs, upon exposure to hyper-
osmotic stress, are able to accumulate low-molecular-
weight “cellular osmolytes” to protect themselves. Car-
bohydrates such as glycerol or myoinositol, free amino
acids such as glycine or alanine, and methylamines such
as betaine or TMAO are either transported in or synthe-
sized by the tissue (35). As urea accumulates in the renal
medulla, TMAO is produced to reduce urea-induced
protein denaturation. It may be possible to adapt these
principles locally within the lung, liver, or intestine.

Both trafficking and chloride channel properties appear,
at least in vivo, to be favorably altered by CPX (8-
cyclopentyl-1,3-dipropylxanthine) (Fig. 2) (36, 37), an
adenosine receptor antagonist that directly binds to AF508
CFTRin a region that structurally resembles the adenosine

Milrinone receptor. Chloride transport is stimulated in vitro in a vari-

N ety of cells expressing the AF508 mutation. A Phase I dose

. I escalation and safety trial was recently completed, and a

Phase II trial is in progress. Another potent analog, 1,3-

N diallyl-8-cyclohexylxanthine, is undergoing laboratory
) assessment and looks very promising (38).

i oN Genistein (Fig. 2), a member of the naturally occurring

flavonoid class, has been extensively studied for its abili-

Figure 2 ty to activate CFTR through a highly debated mechanism

Chemical structures of compounds in Phase | testing in cystic fibrosis. ~ (39). Genistein is a tyrosine kinase inhibitor; however, not
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all tyrosine kinase inhibitors have activity on CFTR.
Genistein does not increase cAMP levels (40) and more
recent data implicate direct binding to the NBD of phos-
phorylated CFTR (41). Genistein and related flavonoids
are ubiquitous in the human diet in plant foods such as
soybeans and legumes. Their pharmacology and toxicol-
ogy have been intensely investigated. It is known that
flavonoid intake from a normal diet can result in a blood
concentration of 1-2 UM in humans (42). Illek and Fis-
cher tested the ability of perfusion of the flavonoids,
quercetin (Fig. 2), genistein, kaempferol, and apigenin, to
augment the nasal potential difference response to iso-
proterenol in normal volunteers (43). On average, 30 UM
concentrations of flavonoids stimulated nasal PD at
about 30% of levels seen with 10 UM isoproterenol.

Genistein and other flavonoid compounds effectively
activate chloride conduction through the AF508 CFTR
(44), although they do not appear to favorably restore traf-
ficking. One group has demonstrated that pretreatment of
CF cells with 4-phenylbutyrate or low temperature to
induce AF508 trafficking to the plasma membrane allowed
genistein to activate chloride transport (45). Results from
a pilot clinical trial of topical genistein in CF were recently
presented (46). Genistein was applied by perfusion to the
nasal epithelia alone or in combination with isoproterenol.
Genistein alone or in combination with isoproterenol
induced a modest hyperpolarization in the nasal potential
difference response to low chloride in normal volunteers
but was not active in CF patients homozygous for AF508,
perhaps reflecting inactivity with respect to the trafficking
defect. On the other hand, genistein alone induced a small
chloride response in CF patients carrying one copy of the
G551D mutation. G551D is a Class III mutation that is
synthesized, resides in the plasma membrane but is not
activated with isoproterenol. The ability of genistein to
activate G551D in the intestine of the G551D CF mouse
has also been observed (47).

Class III regulation or activation mutations are difficult to
repair. CFTR mutants in this class have reduced respons-
es to regulatory molecules (Fig. 1). G551D is a common
mutation associated with pancreatic insufficiency and
the severe phenotype. G551D CFTR does not conduct
chloride in response to elevated cAMP but is resident in
the plasma membrane. Genistein and related com-
pounds are the first chemicals ever shown to stimulate
G551D chloride conductance in vitro. Other mutations
in the nucleotide binding domains can interfere with
nucleotide binding and hydrolysis, and disrupt CFTR
function to a variable degree. These mutants sustain a
reduced response to ATP-examples include S1255P,
GS51S, G1244E, and G1349D. It may be possible to find
molecules that alter the interaction of the NBDs with
ATP and restore activity to these mutants.

Class IV conduction mutations are associated with a mild phe-
notype. Class IV mutants such as R117H, G314E, R334W,
and R347P are associated with normal PKA-dependent
phosphorylation and ATP binding. These CFTR proteins
manifest a reduction in chloride conductance or abnor-
mal channel gating (see Fig. 1). The mutations occur
within the regions of the TMDs that form the chloride
pore. R347P affects the rate of chloride flow, whereas
R117H and P574H reduce the channel open time. The

latter mutation is sometimes placed in Class II because of
areduced efficiency of processing.

Class IV mutations such as R117H, R334W, R347P,
A455E, and P574H are associated with a pancreatic suffi-
cient phenotype or late onset pancreatic insufficiency.
Attempts have been made to estimate severity of disease
based on mRNA transcript level (48); however, strict corre-
lations between mRNA transcript level and a functional
CFTR protein at the cell surface cannot be made. Never-
theless, the clinical phenotype seen with Class IV muta-
tions suggests that treatments aimed at promoting CFTR
trafficking and activating or increasing chloride conduc-
tance would tend to support a milder course.

Milrinone (Fig. 2),a Class III phosphodiesterase inhibitor,
is an approved drug that sustains elevated cAMP and
should theoretically improve chloride conduction through
CFTR. Milrinone itself is used for short-term intravenous
therapy of congestive heart failure as a positive inotrope and
vasodilator, and thus it is unlikely to be practical in CF.
However, demonstration of activity would spark further
development of related pharmaceuticals. Milrinone
(together with forskolin to initiate elevated cAMP) favor-
ably restores cAMP-mediated chloride secretion to nasal
epithelia of the AF508 murine model, but in preliminary in
vivo studies it did not alter nasal potential difference meas-
urements of patients carrying the AF508 mutation (49).
The murine nasal epithelium appears to process and traftic
the AF508 CFTR more efficiently than human tissue, and
this is a likely explanation for the different responses of the
two species. A second murine model, the R117H mouse,
expresses a mutant which is found in the cell surface in
humans. Encouraging responses to milrinone and
forskolin in the nasal epithelia in this model suggest further
studies with human carriers of R117H would be useful (49).

Class V mutations generate a small amount of normal CFTR.
Mutations in the CFTR promoter, in introns that regulate
mRNA splicing, or that cause inefficient levels of protein to
be produced are grouped together in Class V (see Fig. 1).
Class V mutations typically are associated with a pancreat-
ic sufficient phenotype or even the absence of classic CF (as
seen in males with CBAVD). When splicing efficiency is
reduced, variable levels of normal CFTR can escape to pro-
vide some function, as is seen with 3849 + 10kb C - T. This
mutation creates a partially active splice site in intron 19
that leads to insertion of a new 84-bp exon with a stop
codon. Patients with this mutation are diagnosed later, have
pancreatic sufficiency, better nutritional status, variable
male fertility, and can have normal or slightly elevated sweat
chlorides. Along the same theme, the ST tract in intron 8
disrupts exon 9 in CFTR and similarly reduces the amount
of normal CFTR. Therapies that would maximally activate
the normal CFTR already present in these patients might
confer clinical benefit.

Therapies directed at alternative chloride channels. Organs
that are less affected by mutations in CFTR, such as the
kidney, express abundant levels of alternative, non-CFTR
chloride channels. Because glands and secretory epithe-
lia that are affected or diseased in CF express one or
more of these “alternative” chloride channel conduc-
tances, a number of groups have chosen to develop ago-
nists for these channels. The calcium-activated chloride
channels are highly expressed in the murine airway and
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appear to compensate for absent CFTR and prevent lung
disease in the CFTR-null mouse. On the other hand, the
murine gastrointestinal tract lacks this calcium-activat-
ed chloride conductance, and the CFTR-null mouse
develops serious intestinal complications. The human
airways express a calcium-activated chloride channel
that can be stimulated by topical application of
nucleotides that bind to purinergic receptors to increase
calcium or directly via a calcium ionophore. A Phase I
trial of a UTP analog by aerosol delivery is under way in
normal volunteers and patients with CF (50). Similarly,
studies of peptide drugs (e.g, duramycin) that increase
intracellular calcium have begun Phase I testing (51).

Summary

The diagnosis of inherited disorders is increasingly more
complex. It is no longer sufficient to make a clinical
diagnosis. We must determine the precise sequence
abnormalities in order to select the appropriate thera-
peutic approach. Whereas currently approved pharma-
ceuticals target the symptoms of CF, progress must now
be made in repairing the nucleotide abnormality or
intervening to assist a defective protein. This will also be
true in other disorders. Monogenic inherited diseases
affecting widely different gene families, tissues, or enzy-
matic pathways reveal common themes in their disrup-
tion of cellular processes. It is increasingly more likely
that progress made with one orphan disease may favor-
ably influence therapeutic development for another, as
is currently being recognized for diseases that result
from protein folding or trafficking abnormalities.

It has been harder to foresee that drugs developed for
one purpose, such as the butyrates for excretion of waste
nitrogen, also have profound effects on gene regulation
and alternative enzymatic pathways in diseases such as the
hemoglobinopathies, cystic fibrosis, adrenoleukodystro-
phy, and cancer. CF is a complex systemic inherited disor-
der with a wide variety of severity. The relative abundance
of new compounds directed at the Class II trafficking
mutation AF508 is encouraging and likely to benefit the
majority of patients with CF. Because a single mutation
can affect both protein function and location, combina-
tion therapies may be needed. Multiple approaches will
almost certainly be required to control this disease.
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