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Abstract

With better understanding of the cellular and molecular pathophysiology 
underlying cystic fibrosis (CF), novel drugs are being developed that specifically target 
the molecular defects of the cystic fibrosis transmembrane conductance regulator (CFTR), 
a cAMP-activated chloride channel on the plasma membrane that causes CF. Starting 
with cell-based high-throughput screening, small molecules have been identified that 
are able to fix specific molecular defects of various disease-causing CFTR mutants. 
With the successful development of ivacaftor, a “potentiator” that enhances CFTR 
chloride channel activity, new types of small-molecule compounds that “correct” the 
misfolding and misprocessing of the most common CF-causing mutation, F508del, are 
actively being sought for. Recent studies focused on the potential mechanisms of action 
of some of the investigational CFTR “correctors” shed new light on how the F508del 
mutant can be targeted in an attempt to ameliorate the clinical symptoms associated 
with CF. A multi-layer combinational approach has been proposed to achieve the high-
potency correction necessary for significant clinical outcome. The mechanistic insights 
obtained from such studies will shape the future therapeutics development for the vast 
majority of CF patients.

IntroductIon
Cystic fibrosis and CFTR

Cystic fibrosis (CF) occurs due to mutation(s) in the cystic 
fibrosis transmembrane conductance regulator (CFTR) gene [1]. 
CFTR is a cAMP-regulated Cl-  channel that functions at the apical 
surface of epithelia from the lung, intestines, pancreas, liver, and 
a number of other organs. The impaired salt and water transport 
leads to a multi-system disease, with the CF lung disease being 
the primary cause of mortality.

Current treatments of CF largely focus on ameliorating 
its various clinical symptoms. Antibiotics are administered 
to control lung infection. Hypertonic saline is used to reverse 
airway surface dehydration, pancreatic enzymes and vitamin 
supplements are used to correct pancreatic insufficiency, and 
liver/lung transplantation is performed to treat the end-stage 
organ failure. Therapeutics directed to specific molecular defects 
of CFTR mutants have the potential of simultaneously alleviating 

symptoms of all affected organs. Recently, the first such drug, 
ivacaftor, was approved by the U.S. Food and Drug Administration 
(FDA) to treat roughly 4% of CF patients that carry a G551D 
mutation in CFTR.

F508del defects

Over 90% of CF patients carry at least one allele of CFTR gene 
with the deletion of a phenylalanine at residue 508 (F508del). 
This mutation impairs the folding of newly synthesized CFTR in 
the endoplasmic reticulum (ER), and, as a result, dramatically 
reduces the transport of nascent CFTR from the ER to the Golgi 
[2], leading to loss of function at the cell surface. The mutant 
protein accumulates in the ER and is subjected to proteasome 
degradation [3,4]. Aside from the trafficking defect, F508del 
mutant has impaired chloride channel activity characterized by 
reduced open probability [5]. Moreover, the small fraction of 
F508del CFTR that does reach the plasma membrane displays 
reduced stability at the cell surface, and is quickly cleared through 
the lysosomal pathway [6].
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CFTR is a member of the ATP-binding cassette (ABC) family 
of solute transporters, and is made up of two halves, each 
containing a transmembrane domain (TMD) and a nucleotide- 
binding domain (NBD) [1] (Figure 1A). The two halves are 
connected by a regulatory (R) domain. The F508 residue resides 
in NBD1, and therefore NBD1 is the origin of F508del misfolding. 
F508del alters the folding kinetics of isolated NBD1 [7]. Recent 
data support a critical role for NBD1 in F508del misfolding 
during CFTR translation [8]. F508del mutation causes the solvent 
exposure of a buried, hydrophobic residue (V510), leading to 
altered surface topography of NBD1 and its aberrant interactions 
with other domains [9-11] (Figure 1B). The end result is multi- 
domain misfolding, and the rescue of such global misfolding is 
necessary for effective F508del correction [12,13].

HigH-througput screenIng and the InItIal 
success

The systematic search for small-molecule compounds that 
are able to modify the folding and/or activity of mutant CFTR 
was first attempted by high-throughput screenings (HTS), 
where relatively simple cell-based assays were used to select 
compounds that are capable of exerting a significant effect on the 
functional expression of specific CFTR mutants at the cell surface. 
Early assays used for such screenings are largely based on CFTR-
mediated chloride channel activity.

iodide efflux assay

Early in 1999, iodide efflux assay was used to evaluate the 
ability of certain small molecule compounds to activate the 
chloride channel activity of CFTR, leading to the identification of 
benzo(c)quinolizinium compounds (e.g. MPB-07, MPB-27, and 
MPB-91) as CFTR activators [14,15]. Surprisingly, MPB-07 and 

MPB-91 were also found to facilitate F508del processing [16]. 
The concentrations of the compounds used were ~ 250µM. At 
the same concentration, both compounds were found to inhibit 
the degradation of F508del-harboring NBD1-R domains [17]. 
These data provided the earliest evidence that certain CFTR 
potentiators can have corrector activities.

iodide-sensitive YFP assay

The Verkman’s group at the University of California San 
Francisco utilized an iodide influx assay employing halide- 
sensitive yellow fluorescent protein (YFP), where the rate of YFP 
quenching by extracellular iodide is measured to determine the 
CFTR activity [18]. Using this assay, compounds that promote 
the cell surface functional expression of F508del CFTR can be 
identified. Such compounds can either promote the processing of  
F508del CFTR (correctors), or specifically enhance its chloride 
channel activity (potentiators), or perhaps both. To specifically 
search for CFTR potentiators, cells stably expressing F508del 
CFTR were subjected to low temperature rescue to mobilize the 
mutant protein to the cell surface prior to compound treatment. 
Using the above approaches, both F508del correctors (e.g. corr-
4a and corr-2b) and potentiators have been identified [18-20].

Voltage-sensitive FRET assay

Vertex Pharmaceuticals used a voltage-sensitive, fluorescence 
resonance energy transfer (FRET) system to measure anion flux 
through CFTR [21]. This latter approach led to the development 
of a potentiator (VX-770) that enhances the channel gating of 
CFTR carrying a G551D mutation [22]. In 2012, VX-770 was 
approved by the U.S. FDA as an oral drug under the name of 
Kalydeco (ivacaftor) for treatment of CF patients six years or 
older, who carry the G551D mutant. The successful development 
of the first CFTR modulator for the treatment of ~4% of CF 
patients provides the first proof-of-principle for the therapeutic 
rationale that CF patients can be effectively treated by correcting 
the specific molecular defect of CFTR using a small molecule.

Using the same assay, Vertex also identified a series of F508del 
correctors including VRT-325 [21] and VX-809 [23]. The latter, 
in combination with ivacaftor, is currently under clinical trial for 
the treatment of CF patients carrying the F508del mutation.

CFTR trafficking assay

Complementing the assays based on CFTR chloride channel 
activity, the Thomas group at McGill University developed an 
assay that is based on the cell surface localization of the F508del 
CFTR by inserting three copies of hemagglutinin into the fourth 
extracellular loop of CFTR. The F508del CFTR on the cell surface 
was detected by immunofluorescence staining [24]. Using this 
assay, a number of correctors were identified including sildenafil, 
a phosphodiesterase inhibitor [24].

nBd1 melting assay

As F508del impairs the folding of CFTR NBD1, another 
assay was developed to assess the thermal stability of F508del 
NBD1 using differential scanning fluorimetry. Starting from 
224 primary hits from a HTS using the CFTR trafficking assay, 
the NBD1 melting assay was used to select compounds that will 

Figure 1  F508del: misfolding, rescue and drug discovery strategy

(A) wild-type CFTR conformation.

(B) F508del CFTR conformation. 

(C) Small-molecule modulators of F508del CFTR and their impact on its 
conformation. I, Class I corrector; II, Class II corrector; CR, chaperone regulator; 
NS, NBD1 stabilizer; P, potentiator; and SS, surface stabilizer. 

(D) Multi-layer combinational strategy for the development of high-potency 
F508del correctors.
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improve the thermal stability of F508del NBD1, and only one 
compound was identified, the RDR1 [25].

Domain-interface-based virtual screen

Given that the F508del mutation causes CFTR misfolding 
through interfering with domain-domain interactions, targeting 
critical domain interfaces might aid in the identification of new 
correctors. Scientists at EPIX Pharmaceuticals developed three in 
silico screening regimes focusing on the NBD1-NBD2 interface,  
the NBD1-ICL4 interface, and the NBD1:NBD2:ICL1:ICL2:ICL4 
multiple domain interface [26]. The 496 preliminary hits were 
then subjected to a second round of HTS using the iodide influx 
assay [18], yielding a total of 15 correctors [26].

NBD1-based virtual screen

Using Molecular Dynamics simulation, a small molecule 
binding cleft was identified in F508del NBD1. The occupation of 
the cleft by small molecules inhibits the unfolding of the domain. 
Using virtual screen and fragment-based molecular design, 
a series of small molecule compounds were generated that 
modestly enhanced F508del CFTR processing in the cell [27].

Targeted compound libraries

Using the iodide-sensitive YFP assay, a library of kinase 
inhibitors that are currently in clinical use or in clinical trials 
for treating other diseases including cancer and inflammatory 
diseases were screened for functional correction of F508del 
CFTR [28]. Several of these kinase inhibitors were identified to 
enhance the functional expression of F508del CFTR at the cell 
surface. While the mechanisms of such correction remain evasive 
at the present time, the utilization of compound libraries that are 
already in clinical use or are under clinical trials will potentially 
accelerate the advancement of promising compounds along the 
CF drug discovery pipeline.

MecHaNisms oF CoRRECTioN
During the past few years, significant progress has been 

made in understanding the mechanisms of action of some of the 
existing investigational correctors. Such understanding provides 
an initial conceptual framework through which rational efforts 
can be made to enhance the effectiveness of future CF drug 
development.

VRT-325

The first intensively studied F508del corrector is VRT-325 
(also known as Cor-325) developed by Vertex Pharmaceuticals. 
VRT-325 was found to rescue not only F508del CFTR but also 
other CFTR processing mutants such as R258G, S945L, and 
H949Y, and processing mutants of P-glycoprotein (P-gp), a 
drug pump that also belongs to the ABC transporter family [29]. 
Interestingly, VRT-325 also inhibits P-gp transport activity [29], 
suggesting that Cor-325 targets certain common structural 
features of ABC transporters. In contrast, corr-2b, a corrector 
developed by the Verkman group at University of California San 
Francisco, specifically rescues CFTR processing mutants but not 
P-gp processing mutants [30], suggesting that corr-2b targets a 
structural feature that is unique to CFTR and not shared by other 
ABC transporters.

In a separate study, in situ limited proteolysis was employed 
to assess the impact of VRT-325 on domain conformation in the 
context of membrane-bound, full-length CFTR [31]. VRT-325 
enhances the protease resistance of NBD1 but not that of other 
domains in F508del CFTR. In contrast, combined second-site 
suppressor mutations R553K/R555K (2RK) in NBD1 not only 
alter the protease susceptibility of NBD1 but also that of other 
domains of F508del CFTR. These data suggest that VRT-325 
exerts its effect through NBD1. While both VRT-325 and the 2RK 
mutations only lead to partial rescue of F508del misprocessing 
separately, the combination of the two brings the F508del 
processing to close to wild-type level. Despite the virtually full 
restoration of F508del processing, its NBD1 conformational defect 
was not fully corrected according to its protease susceptibility. 
In parallel to this, a defect in channel gating persists, which was 
fully corrected by the potentiator ivacaftor. This study points 
to the possibility that distinct conformational features in NBD1 
and perhaps even in full-length CFTR contribute to F508del 
misprocessing and its defective channel activity, and therefore 
combination of a corrector and a potentiator has the potential of 
providing maximal functional correction of F508del defects.

VX-809

VX-809, an investigational corrector developed by Vertex 
Pharmaceuticals, restores F508del CFTR functional expression to 
~14% of wild-type CFTR in human bronchial epithelial cells [23]. 
VX-809 was able to rescue F508del CFTR in the absence of NBD2 
and R domain, suggesting that these domains are dispensable 
for VX-809-mediated rescue [32]. In the same study, VX-809 was 
found to specifically stabilize purified, recombinant TMD1 but 
not NBD1 or TMD2. These results suggest that VX-809 rescues 
F508del through CFTR TMD1.

mechanism-based corrector classification

A recent study conducted by the Lukacs group at McGill 
analyzed the impact of many correctors on different domains of 
F508del CFTR [33]. They were able to group various correctors 
based on their target domain(s) within CFTR. Class I correctors 
such as VX-809, VRT-325 (C3), and VRT-534 (C18) were found to 
stabilize the interfaces between NBD1 and MSD1/MSD2 (Figure 
1C, “I”). Class II correctors such as Corr-4a (C4) and core-corr-II 
were found to target NBD2 (Figure 1C, “II”). Chemical chaperones 
were able to stabilize F508del NBD1. The combinational use of 
correctors from different classes dramatically enhances rescue 
potency. This study left a very important question: Is it possible 
to get a CFTR-specific NBD1 stabilizer?

H620Q substitution at the C-terminal region of NBD1 is 
known to increase the channel open probability of CFTR [34]. 
CFFT-001 is a dual-acting corrector/potentiator developed by 
EPIX Pharmaceuticals. NMR studies of human F508del NBD1 
either carrying the H620Q mutation or treated with CFFT-001 
revealed a similar disruption of the interactions between the 
β-strands S3, S9, and S10 and the C-terminal helices H8 and 
H9, suggesting a similar conformational shift [35]. Differential 
scanning calorimetry showed a reduced Tm of NBD1 in the 
presence of H620Q or CFFT-001, suggesting that CFFT-001 binds 
to a less stable conformation of NBD1 [35]. Taken together, these 
data suggest that small-molecule compounds that modulate 
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F508del NBD1 conformation have the potential to simultaneously 
regulate CFTR folding and channel activity.

ratIonal approaches

Benzbromarone: an F508del stabilizer at the cell 
surface

Aside from reduced maturation and subnormal channel 
activity, F508del has reduced stability at the cell surface. Studies 
on P-gp have revealed that the presence of substrate molecules 
during the synthesis of P-gp folding/trafficking mutants enhances 
their maturation [36]. Therefore, small molecule substrates can 
serve as chemical chaperones to facilitate the maturation and  
stabilization of misfolded P-gp mutants. Further studies indicated 
that the TMDs of P-gp interact with the substrates, and are hence 
responsible for the enhanced folding and maturation of the P-gp 
mutants [37]. Several P-gp inhibitors including benzbromarone 
also inhibit CFTR chloride channel activity by blocking the 
pore [38]. Interestingly, benzbromarone was recently found to 
enhance F508del CFTR processing by stabilizing it at the cell 
surface [39] (Figure 1C, “SS”, surface stabilizer). Future studies in 
this direction might reveal novel correctors that function through 
stabilizing F508del native conformation, and hence improve 
maturation, cell surface stability, and even channel activity of 
F508del CFTR.

modulators of chaperone machinery

The folding, maturation and cell surface stabilization of CFTR 
within the cell occur in the context of a huge network of molecular 
chaperones organized on both sides of the ER membrane [40]. 
The level and functionality of these chaperone proteins have a 
significant impact on F508del rescue. Several small-molecule 
compounds have the ability to regulate the expression and/or 
functionality of molecular chaperones, and therefore are able to 
promote the folding of F508del CFTR (Figure 1C, “CR”, chaperone 
regulator).

global chaperone regulators: Many molecular chaperones 
are regulated by the heat-shock response. Celastrol, a small- 
molecule inducer of the heat-shock response [41], was found 
to stabilize F508del CFTR and promote its rescue at reduced 
temperature [42]. Transcription regulator 4-phenylbutyrate is 
an oral drug recently approved for treating urea cycle disorders. 
It promotes F508del CFTR maturation and function in CF airway 
epithelial cells [43]. This compound was found to regulate the 
expression of a large number of proteins involved in protein 
folding, trafficking and degradation [44,45]. Histone deacetylase 
inhibitor suberoylanilide hydroxamic acid, which impacts the 
expression of a large array of genes involved in numerous 
cellular processes, was found to increase the cell surface 
functional expression of F508del CFTR in CF airway epithelial 
cells [46]. Such “global” chaperone regulators have the capacity 
of enhancing F508del CFTR folding but their potential off-target 
effects might significantly limit their usefulness.

Doxorubicin: A cancer drug was found to increase the cell 
surface expression and chloride secretion of F508del CFTR 
[47]. Doxorubicin acts as a chemotherapy agent primarily by 
intercalating DNA and hence inhibiting its synthesis [48]. A 
recent study suggested that doxorubicin reduces the association 

of F508del CFTR with molecular chaperone Hsp70, and stabilizes 
it from accelerated degradation, suggesting that doxorubicin 
might rescue F508del CFTR through altering its interaction with 
cytoplasmic chaperones [49].

gsNo: S-nitrosoglutathione (GSNO) is an endogenous 
bronchodilator, whose concentration is low in CF airways [50]. 
GSNO was found to promote F508del processing [51] through 
a number of mechanisms involving specific chaperones such as 
the cysteine string proteins [52] and Hsp70/Hsp90 organizing 
protein [53].

miglustat: The N-linked glycosylation of CFTR allows the 
interaction of nascent CFTR with the ER luminal chaperone 
calnexin, which retains misfolded or incompletely assembled 
CFTR from exiting the ER [54]. Miglustat, an α-1,2-glucosidase 
inhibitor that inhibits the deglucosylation of glycoproteins in the 
ER lumen, is used in the treatment of Gaucher disease. Miglustat 
was found to disrupt F508del CFTR interaction with calnexin in 
the ER lumen and partially restore the cAMP-activated chloride 
current of CF epithelial cells [55]. Miglustat improves both 
sodium and chloride transport defects of F508del CFTR in a 
human CF nasal epithelial cell line and in excised nasal epithelium 
of F508del/F508del transgenic mice [56,57]. Aside from its 
ability to correct the molecular defect of F508del CFTR, miglustat 
also reduces inflammatory response to P. aeruginosa, a serious 
bacterial threat especially to CF patients [58]. As demonstrated 
with miglustat, existing drugs for other diseases may benefit CF 
patients.

current proBleMs
The past decade witnessed tremendous advancement in our 

understanding of F508del misfolding and in the development 
of therapeutics that are directed at the core molecular defects 
of various CFTR mutants. One such drug has been approved by 
the FDA, and many investigational small molecule compounds 
are currently under clinical trials at various stages. The CF 
community is still anticipating the first FDA-approved drug 
that treats the F508del defect present in the vast majority of CF 
patients. Two of our major challenges are potency and toxicity.

In order to achieve clinically measurable improvements in 
CF patients, current investigational correctors need to rise above 
a potency threshold in preclinical development. As the F508del 
molecular defects are multifaceted, recent studies suggest that 
simultaneously fixing different molecular defects such as NBD1 
misfolding and interdomain miscontact might be necessary 
for efficient correction [59,60]. This notion was echoed by a 
recent study suggesting that combinations of different classes of 
correctors can dramatically improve potency [33].

CFTR is a member of the ABC family of transporters. Some 
small molecules that bind to CFTR and alter its conformation 
also impact the conformation and function of other ABC 
transporters or even other ion channels [29]. This in turn might 
lead to high toxicity and other adverse effects. Correctors that 
are more specific to F508del CFTR are highly desirable. Many 
small-molecule regulators of chaperone machinery are known 
to improve F508del maturation [43,46,49,50,55]. However, 
chaperone regulators can have indirect effects on other 
physiologically important proteins, and therefore may lead to 
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undesirable adverse effects. Such effects need to be carefully 
assessed prior to further development.

FuTuRE aPPRoaches

structure-activity relationship

One potential way of improving potency for existing correctors 
is to perform structure-activity relationship studies in an attempt 
to optimize existing scaffolds. Certain cyanoquinolines were 
found to have independent corrector and potentiator activities 
[61]. Structure-activity relationship of these compounds 
revealed clear conformational properties of these dual action 
molecules necessary to elicit corrector and potentiator activities, 
respectively [62]. Among the small-molecule correctors identified 
from the Verkman screen [18], 4’-methyl-4, 5’-bithiazole appears 
to be highly promising for further development. 148 analogs 
were synthesized and subjected to structure-activity relationship 
studies, which revealed that the bithiazole substructure plays a 
critical function [63]. In fact, C17, a highly potent corrector, arose 
from such studies. As additional novel corrector scaffolds are 
identified through HTS, such medicinal chemistry “fine-tuning” 
is necessary to generate potent and safe correctors for clinical 
studies.

F508del NBD1 stabilizers

F508 resides in NBD1, and the impact of the F508del mutation 
on NBD1 folding and its subsequent impact on the folding of 
other CFTR domains are apparent [7,10,13,64-66]. Although the  
correction of the defects in both NBD1 conformation and domain-
domain interactions are necessary for effective rescue [59,60], 
very few effective small-molecule correctors have been identified 
that specifically stabilize the mutant NBD1 [33] (Figure 1C, “NS”, 
NBD1 stabilizer). Novel HTS assays that focus on F508del NBD1 
folding might fill this gap. It is worth noting that small-molecule 
potentiators often bind to NBDs [67] (Figure 1C, “P”, potentiator). 
Therefore, it is possible that additional potentiators might arise 
from such a screen. Given the fact that F508del misfolding 
originates in NBD1, it is possible that a certain small-molecule 
compound might be able to bind to a critical site in the mutant 
NBD1 and alter its conformation in a manner that dramatically 
improves NBD1 conformation and its interactions with other 
domains, leading to efficient functional rescue of F508del CFTR 
at the cell surface.

a multi-layer combinational approach to effective 
F508del correction

Recent studies have indicated that combining correctors 
targeting different conformational defects of F508del leads to a 
much more effective rescue [33]. The identification of novel NBD1 
stabilizers might further enhance the rescue potency of existing 
Class I and Class II correctors (Figure 1D). Potentiators and 
correctors appear to target distinct conformational elements in 
F508del CFTR [62]. The combination of the two will significantly 
enhance the cell surface functional expression of F508del 
CFTR (Figure 1D). In fact, the ivacaftor-VX-809 combination 
is currently under clinical trial for the treatment of F508del CF 
patients. Novel dual-function correctors-potentiators have been 
developed that can simultaneously enhance processing and 
channel activity of F508del CFTR in one small molecule [61]. 

The above combination can be further enhanced by adding a cell 
surface stabilizer for F508del such as Benzbromarone [39], and 
therefore ameliorating all three facets of the F508del defect and 
leading to high efficiency correction (Figure 1D). Once proven 
safe, an additional layer of enhancement in correction can be 
achieved through adding small-molecule chaperone regulators 
that improve the biological folding of F508del in the cell by 
increasing the foldable pool [68] and/or the foldability of the 
mutant protein (Figure 1D). This multilayer combination of 
small-molecule modulators of F508del might eventually elevate 
the potency to a level that provides significant clinical outcome in 
the majority of CF patients (Figure 1D).
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