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BACKGROUND 

Cystic fibrosis (CF) is characterized by abnormal ion transport in various epithelia (1, 2).  

Mutations in CF patients cause loss of function of CFTR, a plasma membrane protein involved in 

cAMP-dependent Cl- secretion.  CFTR defect causes obstruction of airway submucosal glands and 

pancreatic ducts.  It is believed that CFTR has also the ability to reduce, through a regulatory 

mechanism, the extent of Na+ absorption occurring through the ENaC channel (3).  In the surface 

epithelium of the airways, combination of defective Cl- secretion and excessive Na+ absorption 

causes a reduction of the periciliary fluid (PCF) volume with a consequent collapse of the mucous 

layer entrapping the cilia (4).  The consequent impairment of the mucociliary clearance would favor 

the bacterial colonization of the airways.  It is also possible that bacterial persistence in the CF 

airways is caused by the obstruction of submucosal glands which cannot secrete proteins with 

antimicrobial activity (5). 

The CFTR protein belongs to the superfamily of ABC (ATP-binding cassette) proteins (6, 7).  

In particular, CFTR is part of ABCC subfamily which also includes multidrug resistance proteins 

(MRP) and sulphonylurea receptors (SUR).  ABC protein structure consists in transmembrane 

helices (12 in CFTR) and two nucleotide binding domains (NBD1 and NBD2) that are exposed to 

the cytosol (7).  The NBDs have the ability to bind and hydrolyze ATP.  This process is needed to 

fuel the active transport of various molecules by most of ABC proteins.  In contrast to all other 

members of its family, CFTR is not an active transporter but rather an ion channel.  Indeed, 

interaction of ATP with NBDs is utilized to gate a transmembrane pore that is permeable to Cl- and 

other anions including HCO3
-. 

 

In the last years various in vitro studies have demonstrated the possibility of pharmacological 

intervention to correct the primary defect in CF (8 – 10).  This may be obtained by directly 

addressing the CFTR protein or by modulating the activity of other types of ion transport in 

epithelial cells like Ca2+-dependent Cl- channels.   

 



CLASSES OF CF MUTATIONS 

The development of pharmacological approaches aiming at restoring the activity of CFTR 

protein in CF patients needs to take into account the different mechanisms through CF mutations 

cause loss of function.   CF mutations have been grouped in five classes (11).   Class I consists in 

mutations that introduce a premature stop codon in the CFTR coding sequence.  Class II includes 

deltaF508 and is characterized by mutations that cause a maturation defect in CFTR protein (12 – 

14).   The mutant protein is retained in the endoplasmic reticulum and degraded in the proteasome.   

Class III and IV mutations do not impair the biogenesis of CFTR protein but decrease its ability to 

transport Cl-.  In class III mutants (e.g. G551D and G1349D), this is due to impairment of NBD 

function and channel gating (15, 16).   Consequently the CFTR channel remains for most of the 

time in the closed state.  Conversely, class IV mutations (e.g. R347P and R117H) affect the CFTR 

channel pore reducing its permeability to Cl- (17).  Class IV mutations are tipically mild, causing 

only a partial loss of function and therefore a non severe clinical phenotype.  Finally, class V is 

characterized by a decrease in the synthesis of CFTR protein (18 – 20).  The mechanism is mainly 

due to alteration of the mRNA splicing process causing the synthesis of an abnormal non functional 

protein.   The splicing defect is generally partial.  Therefore, there is production of normal CFTR 

protein whose level of expression is variable within individuals and among different tissues. 

It is important to point out that deltaF508 is not a pure class II mutation.   If the deltaF508 

mutant protein is allowed to reach the plasma membrane by incubating the cells at low temperature, 

it shows also a gating defect which is however less severe than that of typical class III mutations 

(21). 

 

PHARMACOLOGICAL CORRECTION OF CFTR MUTATIONS 

Table I reports the various compounds that have been found to restore activity of mutant 

CFTR in vitro, and for a few of them, also in vivo on CF patients.   Some of the reported 

compounds (e.g. genistein) have been used extensively as a tool of research to understand the 

mechanism of CFTR gating.   Hopefully, the newly discovered correctors of ∆F508 will be also 

useful to identify the steps involved in CFTR protein biogenesis and ∆F508 mistrafficking.   

Development of effective drugs for CF patients will need further validation and optimization of the 

most promising active compounds.   This process is seriously limited by the lack of an useful 

animal model.   Indeed, ∆F508 mice do not display a clear pathology resembling the lung disease of 

CF patients.   Therefore, it will be very important to develop novel assays to evaluate candidate 

drugs for CFTR pharmacotherapy.   These assays may be based on relevant end points like ASL 

properties, mucociliary transport, and sumucosal gland secretion. 



REFERENCES 

 

1) Quinton, P.M. (1999) Physiological basis of cystic fibrosis: a historical perspective.  Physiol. 

Rev.  79, S3 – S22 

 

2) Boucher, R.C.  (2004) New concepts of the pathogenesis of cystic fibrosis lung disease.  Eur. 

Respir. J.  23, 146 – 158 

 

3) Boucher, R.C., Cotton, C.U., Gatzy, J.T., Knowles, M.R., and Yankaskas, J.R.  (1988) Evidence 

for reduced Cl- and increased Na+ permeability in cystic fibrosis human primary cell cultures.  J. 

Physiol. 405, 77 – 103 

 

4) Matsui, H., Grubb, B.R., Tarran, R., Randell, S.H., Gatzy, J.T., Davis, C.W., and Boucher, R.C.  

(1998)  Evidence for periciliary liquid layer depletion, not abnormal ion composition, in the 

pathogenesis of cystic fibrosis airways disease.  Cell  95, 1005 – 1015 

 

5) Wine, J.J., and Joo, N.S. (2004) Submucosal glands and airway defense.  Proc. Am. Thorac. Soc.  

1, 47 – 53 

 

6) Klein, I., Sarkadi, B., and Varadi, A.  (1999) An inventory of the human ABC proteins.  

Biochim. Biophys. Acta 1461, 237 – 262 

 

7) Sheppard, D.N., and Welsh, M.J. (1999) Structure and function of the CFTR chloride channel.  

Physiol. Rev. 79,  S23 – S45 

 

8) Verkman, A.S.  (2004) Drug discovery in academia.  Am. J. Physiol. 286, C465 – C474 

 

9) Verkman, A.S., Lukacs, G.L., and Galietta, L.J.  (2006) CFTR chloride channel drug discovery – 

inhibitors as antidiarrheals and activators for therapy of cystic fibrosis.  Curr. Pharm. Des.  12, 2235 

– 2247 

 

10) Galietta, L.J., and Moran, O.  (2004) Identification of CFTR activators and inhibitors: chance or 

design?  Curr. Opin. Pharmacol.  4. 497 – 503 

 



11) Welsh, M.J., and Smith, A.E. (1993)  Molecular mechanisms of CFTR chloride channel 

dysfunction in cystic fibrosis.  Cell 73, 1251 – 1254 

 

12) Denning, G.M., Anderson, M.P., Amara, J.F., Marshall, J., Smith, A.E., and Welsh, M.J.  

(1992) Processing of mutant cystic fibrosis transmembrane conductance regulator is temperature-

sensitive.  Nature 358, 761 – 764 

 

13) Lukacs, G.L., Mohamed, A., Kartner, N., Chang, X.B., Riordan, J.R., and Grinstein, S.  (1994) 

Conformational maturation of CFTR but not its mutant counterpart (deltaF508) occurs in the 

endoplasmic reticulum and requires ATP.  EMBO J.  13, 6076 – 6086 

 

14) Du, K., Sharma, M., and Lukacs, G.L. (2005) The deltaF508 cystic fibrosis mutation impairs 

domain-domain interactions and arrests post-translational folding of CFTR.  Nat. Struct. Mol. Biol.  

12, 17 – 25 

 

15) Gregory, R.J., Rich, D.P., Cheng, S.H., Souza, D.W., Paul, S., Manavalan, P., Anderson, M.P., 

Welsh, M.J., and Smith, A.E.  (1991) Maturation and function of cystic fibrosis transmembrane 

conductance regulator variants bearing mutations in putative nucleotide-binding domains 1 and 2.  

Mol. Cell. Biol. 11, 3886 – 3893 

 

16) Illek, B., Zhang, L., Lewis, N.C., Moss, R.B., Dong, J.Y., and Fischer, H.  (1999) Defective 

function of the cystic fibrosis-causing missense mutation G551D is recovered by genistein.  Am. J. 

Physiol. 277, C833 – C839 

 

17) Sheppard, D.N., Rich, D.P., Ostedgaard, L.S., Gregory, R.J., Smith, A.E., and Welsh, M.J.  

(1993) Mutations in CFTR associated with mild-disease-form Cl- channels with altered pore 

properties.  Nature 362, 160 – 164 

 

18) Rave-Harel, N., Kerem, E., Nissim-Rafinia, M., Madjar, I., Goshen, R., Augarten, A., Rahat, 

A., Hurwitz, A., Darvasi, A., and Kerem, B. (1997) The molecular basis of partial penetrance of 

splicing mutations in cystic fibrosis.  Am. J. Hum. Genet. 60, 87 – 94 

 



19) Chiba-Falek, O., Kerem, E., Shoshani, T., Aviram, M., Augarten, A., Bentur, L., Tal, A., Tullis, 

E., Rahat, A., and Kerem, B.  (1998) The molecular basis of disease variability among cystic 

fibrosis patients carrying the 3849+10 kb C–>T mutation.  Genomics  53, 276 – 283 

 

20) Chiba-Falek, O., Parad, R.B., Kerem, E., and Kerem, B.  (1999) Variable levels of normal RNA 

in different fetal organs carrying a cystic fibrosis transmembrane conductance regulator splicing 

mutation.  Am. J. Respir. Crit. Care Med.  159, 1998 – 2002 

 

21) Haws, C.M., Nepomuceno, I.B., Krouse, M.E., Wakelee, H., Law, T., Xia, Y., Nguyen, H., and 

Wine, J.J.  ∆F508-CFTR channels: kinetics, activation by forskolin, and potentiation by xanthines.  

Am. J. Physiol. 270, C1544 – C1555 

 

22) Howard, M., Frizzell, R.A., and Bedwell, D.M.  (1996) Aminoglycoside antibiotics restore 

CFTR function by overcoming premature stop mutations.  Nat. Med. 2, 467 – 469 

 

23) Bedwell, D.M., Kaenjak, A., Benos, D.J., Bebok, Z., Bubien, J.K., Hong, J., Tousson, A., 

Clancy, J.P., and Sorscher, E.J.  (1997)  Suppression of a CFTR premature stop mutation in a 

bronchial epithelial cell line.  Nat. Med. 3, 1280 – 1284 

 

24) Clancy, J.P., Bebok, Z., Ruiz, F., King, C., Jones, J., Walker, L., Greer, H., Hong, J., Wing, L., 

Macaluso, M., Lyrene, R., Sorscher, E.J., and Bedwell DM.  (2001) Evidence that systemic 

gentamicin suppresses premature stop mutations in patients with cystic fibrosis.  Am. J. Respir. 

Crit. Care Med.  163, 1683 – 1692 

 

25) Wilschanski, M., Yahav, Y., Yaacov, Y., Blau, H., Bentur, L., Rivlin, J., Aviram, M., Bdolah-

Abram, T., Bebok, Z., Shushi, L., Kerem, B., and Kerem, E.  (2003) Gentamicin-induced correction 

of CFTR function in patients with cystic fibrosis and CFTR stop mutations.  N. Engl. J. Med.  349, 

1433 – 1441 

 

26) Rubenstein, R.C., Egan, M.E., and Zeitlin, P.L.  (1997) In vitro pharmacologic restoration of 

CFTR-mediated chloride transport with sodium 4-phenylbutyrate in cystic fibrosis epithelial cells 

containing deltaF508-CFTR.  J. Clin. Invest. 100, 2457 – 2465 

 



27) Rubenstein, R.C., and Zeitlin, P.L.  (2000) Sodium 4-phenylbutyrate downregulates Hsc70: 

implications for intracellular trafficking of ∆F508-CFTR.  Am. J. Physiol. 278, C259 – C267 

 

28) Rubenstein, R.C., and Zeitlin, P.L.  (1998)  A pilot clinical trial of oral sodium 4-phenylbutyrate 

(Buphenyl) in deltaF508-homozygous cystic fibrosis patients: partial restoration of nasal epithelial 

CFTR function.  Am. J. Respir. Crit. Care Med.  157, 484 – 490 

 

29) Zeitlin, P.L., Diener-West, M., Rubenstein, R.C., Boyle, M.P., Lee, C.K., Brass-Ernst, L.  

(2002)  Evidence of CFTR function in cystic fibrosis after systemic administration of 4-

phenylbutyrate.  Mol. Ther.  6, 119 – 126 

 

30) Egan, M.E., Pearson, M., Weiner, S.A., Rajendran, V., Rubin, D., Glockner-Pagel, J., Canny, 

S., Du, K., Lukacs, G.L., and Caplan, M.J.  (2004) Curcumin, a major constituent of turmeric, 

corrects cystic fibrosis defects.  Science  304, 600 – 602 

 

31) Egan, M.E., Glockner-Pagel, J., Ambrose, C., Cahill, P.A., Pappoe, L., Balamuth, N., Cho, E., 

Canny, S., Wagner, C.A., Geibel, J., and Caplan, M.J.  (2002) Calcium-pump inhibitors induce 

functional surface expression of deltaF508-CFTR protein in cystic fibrosis epithelial cells.  Nat. 

Med.  8, 485 – 492 

 

32) Song, Y., Sonawane, N.D., Salinas, D., Qian, L., Pedemonte, N., Galietta, L.J., and Verkman, 

A.S.  (2004) Evidence against the rescue of defective deltaF508-CFTR cellular processing by 

curcumin in cell culture and mouse models.  J. Biol. Chem.  279, 40629 – 40633 

 

33) Dragomir, A., Bjorstad, J., Hjelte, L., and Roomans, G.M.  (2004) Curcumin does not stimulate 

cAMP-mediated chloride transport in cystic fibrosis airway epithelial cells.  Biochem. Biophys. 

Res. Commun.  322, 447 – 451 

 

34) Loo, T.W., Bartlett, M.C., and Clarke, D.M.  (2004) Thapsigargin or curcumin does not 

promote maturation of processing mutants of the ABC transporters, CFTR, and P-glycoprotein.  

Biochem. Biophys. Res. Commun.  325, 580 – 585 

 

35) Grubb, B.R., Gabriel, S.E., Mengos, A., Gentzsch, M., Randell, S.H., Van Heeckeren, A.M., 

Knowles, M.R., Drumm, M.L., Riordan, J.R., and Boucher R.C.  (2006) SERCA pump inhibitors 



do not correct biosynthetic arrest of deltaF508 CFTR in cystic fibrosis.   Am. J. Respir. Cell. Mol. 

Biol.  34, 355 – 363 

 

36) Dormer, R.L., Derand, R., McNeilly, C.M., Mettey, Y., Bulteau-Pignoux, L., Metaye, T., 

Vierfond, J.M., Gray, M.A., Galietta, L.J., Morris, M.R., Pereira, M.M., Doull, I.J., Becq, F., and 

McPherson, M.A.  (2001) Correction of delF508-CFTR activity with benzo(c)quinolizinium 

compounds through facilitation of its processing in cystic fibrosis airway cells.  J. Cell Sci. 114, 

4073 – 4081 

 

37) Pedemonte, N., Lukacs, G.L., Du, K., Caci, E., Zegarra-Moran, O., and Galietta, L.J., and 

Verkman, A.S. (2005) Small-molecule correctors of defective DeltaF508-CFTR cellular processing 

identified by high-throughput screening.  J. Clin. Invest.  115,  2564 – 2571 

 

38) Van Goor, F., Straley, K.S., Cao, D., Gonzalez, J., Hadida, S., Hazlewood, A., Joubran, J., 

Knapp, T., Makings, L.R., Miller, M., Neuberger, T., Olson, E., Panchenko, V., Rader, J., Singh, 

A., Stack, J.H., Tung, R., Grootenhuis, P.D., and Negulescu, P.  (2006) Rescue of ∆F508-CFTR 

trafficking and gating in human cystic fibrosis airway primary cultures by small molecules.   Am. J. 

Physiol.  290, L1117 – L1130 

 

39) Loo, T.W., Bartlett, M.C., and Clarke, D.M.  (2005) Rescue of ∆F508 and other misprocessed 

CFTR Mutants by a novel quinazoline compound.  Mol. Pharm.  2, 407 – 413 

 

40) Zaman, K., Carraro, S., Doherty, J., Henderson, E.M., Lendermon, E., Liu, L., Verghese, G., 

Zigler, M., Ross, M., Park, E., Palmer, L.A., Doctor, A., Stamler, J.S., and Gaston, B.  (2006) S-

nitrosylating agents: a novel class of compounds that increase cystic fibrosis transmembrane 

conductance regulator expression and maturation in epithelial cells.   Mol. Pharmacol.  70, 1435 – 

1442 

 

41) Servetnyk, Z., Krjukova, J., Gaston, B., Zaman, K., Hjelte, L., Roomans, G.M., Dragomir, A.  

(2006) Activation of chloride transport in CF airway epithelial cell lines and CF nasal epithelial 

cells by S-nitrosoglutathione.  Respir. Res.  7, 124 

 



42) Illek, B., Zhang, L., Lewis, N.C., Moss, R.B., Dong, J.Y., and Fischer, H.  (1999) Defective 

function of the cystic fibrosis-causing missense mutation G551D is recovered by genistein.  Am. J. 

Physiol.  277, C833 – C839 

 

43) Illek, B., Fischer, H., Santos, G.F., Widdicombe, J.H., Machen, T.E., and Reenstra, W.W.  

(1995) cAMP-independent activation of CFTR Cl- channels by the tyrosine kinase inhibitor 

genistein.  Am. J. Physiol.  268, C886 – C893 

 

44) Hwang, T.C., Wang, F., Yang, I.C., and Reenstra, W.W.  (1997) Genistein potentiates wild-type 

and deltaF508-CFTR channel activity.  Am. J. Physiol.  273, C988 – C998 

 

45) Illek, B., and Fischer, H.  (1998) Flavonoids stimulate Cl- conductance of human airway 

epithelium in vitro and in vivo.  Am. J. Physiol.  275, L902 – L910 

 

46) Zegarra-Moran, O., Romio, L., Folli, C., Caci, E., Becq, F., Vierfond, J.M., Mettey, Y., Cabrini, 

G., Fanen, P., and Galietta, L.J.  (2002) Correction of G551D-CFTR transport defect in epithelial 

monolayers by genistein but not by CPX or MPB-07.  Br. J. Pharmacol.  137, 504-512 

 

47) Galietta, L.J., Springsteel, M.F., Eda, M., Niedzinski, E.J., By, K., Haddadin, M.J., Kurth, M.J., 

Nantz, M.H., and Verkman, A.S.  (2001) Novel CFTR chloride channel activators identified by 

screening of combinatorial libraries based on flavone and benzoquinolizinium lead compounds.   J. 

Biol. Chem.  276, 19723 – 19728 

 

48) Haws, C.M., Nepomuceno, I.B., Krouse, M.E., Wakelee, H., Law, T., Xia, Y., Nguyen, H., and 

Wine, J.J.  (1996) ∆F508-CFTR channels: kinetics, activation by forskolin, and potentiation by 

xanthines.  Am. J. Physiol.  270, C1544 – C1555 

 

49) Bulteau, L., Derand, R., Mettey, Y., Metaye, T., Morris, M.R., McNeilly, C.M., Folli, C., 

Galietta, L.J., Zegarra-Moran, O., Pereira, M.M., Jougla, C., Dormer, R.L., Vierfond, J.M., Joffre, 

M., and Becq, F.  (2000) Properties of CFTR activated by the xanthine derivative X-33 in human 

airway Calu-3 cells.  Am. J. Physiol.  279, C1925 – C1937 

 

50) Becq, F., Mettey, Y., Gray, M.A., Galietta, L.J., Dormer, R.L., Merten, M., Metaye, T., Chappe, 

V., Marvingt-Mounir, C., Zegarra-Moran, O., Tarran, R., Bulteau, L., Derand, R., Pereira, M.M., 



McPherson, M.A., Rogier, C., Joffre, M., Argent, B.E., Sarrouilhe, D., Kammouni, W., Figarella, 

C., Verrier, B., Gola, M., and Vierfond, J.M.  (1999) Development of substituted 

benzo[c]quinolizinium compounds as novel activators of the cystic fibrosis chloride channel.   J. 

Biol. Chem. 274, 27415 – 27425 

 

51) Derand, R., Bulteau-Pignoux, L., Mettey, Y., Zegarra-Moran, O., Howell, L.D., Randak, C., 

Galietta, L.J., Cohn, J.A., Norez, C., Romio, L., Vierfond, J.M., Joffre, M., and Becq, F.  (2001) 

Activation of G551D CFTR channel with MPB-91: regulation by ATPase activity and 

phosphorylation.  Am. J. Physiol.  281, C1657 – C1666 

 

52) Marivingt-Mounir, C., Norez, C., Derand, R., Bulteau-Pignoux, L., Nguyen-Huy, D., Viossat, 

B., Morgant, G., Becq, F., Vierfond, J.M., and Mettey, Y. (2004)  Synthesis, SAR, crystal structure, 

and biological evaluation of benzoquinoliziniums as activators of wild-type and mutant cystic 

fibrosis transmembrane conductance regulator channels.  J. Med. Chem.  47, 962 – 972 

 

53) Gribkoff, V.K., Champigny, G., Barbry, P., Dworetzky, S.I., Meanwell, N.A., and Lazdunski, 

M.  (1994) The substituted benzimidazolone NS004 is an opener of the cystic fibrosis chloride 

channel.  J. Biol. Chem.  269, 10983 – 10986 

 

54) Al-Nakkash, L., Hu, S., Li, M., and Hwang, T.C.  (2001) A common mechanism for cystic 

fibrosis transmembrane conductance regulator protein activation by genistein and benzimidazolone 

analogs.  J. Pharmacol. Exp. Ther.  296, 464 – 472 

 

55) Yang, H., Shelat, A.A., Guy, R.K., Gopinath, V.S., Ma, T., Du, K., Lukacs, G.L., Taddei, A., 

Folli, C., Pedemonte, N., Galietta, L.J., and Verkman, A.S.  (2003) Nanomolar affinity small 

molecule correctors of defective deltaF508-CFTR chloride channel gating.  J. Biol. Chem.  278, 

35079 – 35085 

 

56) Pedemonte, N., Sonawane, N.D., Taddei, A., Hu, J., Zegarra-Moran, O., Suen, Y.F., Robins, 

L.I., Dicus, C.W., Willenbring, D., Nantz, M.H., Kurth, M.J., Galietta, L.J., and Verkman, A.S.  

(2005) Phenylglycine and sulfonamide correctors of defective deltaF508 and G551D cystic fibrosis 

transmembrane conductance regulator chloride-channel gating.  Mol. Pharmacol.  67, 1797 – 1807 

 



57) Ai, T., Bompadre, S.G., Wang, X., Hu, S., Li, M., and Hwang, T.C.  (2004) Capsaicin 

potentiates wild-type and mutant cystic fibrosis transmembrane conductance regulator chloride-

channel currents.  Mol. Pharmacol.  65, 1415 – 1426 

 

58) Bachmann, A., Russ, U., Waldegger, S., and Quast, U.  (2000) Potent stimulation and inhibition 

of the CFTR Cl- current by phloxine B.  Br. J. Pharmacol. 131, 433 – 440 

 

59) Cai, Z., and Sheppard, D.N.  (2002) Phloxine B interacts with the cystic fibrosis transmembrane 

conductance regulator at multiple sites to modulate channel activity.   J. Biol. Chem.  277, 19546 – 

19553 

 

60) Duszyk, M., MacVinish, L., and Cuthbert, A.W.  (2001) Phenanthrolines-a new class of CFTR 

chloride channel openers.  Br. J. Pharmacol.  134, 853 – 864 

 

61) Pedemonte, N., Diena, T., Caci, E., Nieddu, E., Mazzei, M., Ravazzolo, R., Zegarra-Moran, O., 

Galietta, L.J.  (2005) Anti-hypertensive 1,4-dihydropyridines as correctors of the CFTR channel 

gating defect caused by cystic fibrosis mutations.  Mol. Pharmacol.  68, 1736 – 1746 



 

Table 1 – Pharmacological correction of CFTR mutations 
 

CLASS I MUTATIONS (e.g. G542X, W1282X) 
 
Compound Studies Comments 
Aminoglycoside 
antibiotics 
(gentamicin, 
tobramycin, 
geneticin) 
 

Correction of stop 
codon mutations.  In 
vitro and in vivo 
studies (22 – 25).  

These compounds work by inducing the 
ribosome to read through the stop 
codon.   An aminoacid is inserted at the 
level of the stop codon allowing the 
continuation of CFTR protein 
synthesis.   The insertion may not be 
random.   Some amino acids may be 
preferred over others.   Supporters of 
this approach report no major cell 
toxicity by aminoglycosides at the 
concentrations that suppress stop 
codons.   It is possible that premature 
stop codons are more specifically 
affected than normal stop codons 
present in all genes. 
Two studies demonstrated significant 
correction of Cl- secretion in CF 
patients by nasal potential 
measurements (24, 25). 
A company (PTC Therapeutics) is 
testing a new compound, PTC124,  as a 
suppressor of stop codon mutations in 
CF and other genetics diseases. 

CLASS II MUTATIONS (∆F508): CORRECTORS 
 
Compound Studies Comments 
4-phenylbutyrate Correction of ∆F508 

in vitro and in vivo 
(26 – 29). 

Effective at millimolar concentrations.  
Possible mechanism based on changes in 
expression of intracellular chaperones 
(27).  Small clinical trials showed 
significant correction of Cl- secretion 
after systemic administration (28, 29). 

curcumin 
thapsigargin 

Correction of 
∆F508.  In vitro and 
animal studies (30, 
31). 

Correction at the biochemical and 
functional level.  Improved survival of 
∆F508 mice.  Putative mechanism: 
alteration of Ca2+ homeostasis in the 
endoplasmic reticulum with changes in 
chaperone function. 
Activity of curcumin and thapsigargin 
questioned by other investigators which 
found no correction on the ∆F508-CFTR 
protein and in ∆F508 mice (32 – 35). 



 
MPB-07 
MPB-91 

Correction of 
∆F508.  In vitro and 
ex vivo study (36). 

Compounds previously identified as 
CFTR activators.  Correction at the 
functional level (iodide efflux) after 
incubation of ∆F508 cells.  Improved 
targeting of the mutant protein to the 
plasma membrane revealed by 
immunofluorescence. 

bisaminomethyl- 
bithiazole 
(corrector-4a) 

Identification by 
high-throughput 
screening (37).  In 
vitro study. 

Correction at the functional (yellow 
fluorescent protein assay, short-circuit 
current recordings) and biochemical level 
(immunodetection).  Activity at low 
micromolar concentrations.  Mechanism 
based on improved folding efficiency and 
improved stability at the plasma 
membrane.  Activity confirmed in CF 
bronchial epithelial cells.   Partial 
correction.   

quinazolines 
VRT-325 
VRT-422 

Identification by 
high-throughput 
screening.  In vitro 
studies (38, 39). 

Identified at Vertex Pharmaceuticals. 
Correction demonstrated at the functional 
and biochemical levels.  Activity at low 
micromolar concentration.  Mechanism 
based on improved exit of mutant protein 
from endoplasmic reticulum.  Activity 
confirmed in CF bronchial epithelial 
cells.  Partial correction. 

S-nitrosylating 
agents 
GSNO 

Effect on wild type 
and ∆F508 CFTR.  
In vitro studies (40, 
41). 

Increase of immature and mature form of 
∆F508 protein upon exposure to GSNO 
and other agents.  Increase of Cl- 
transport.  Possible mechanisms: 
transcriptional effect on CFTR 
expression plus upregulation of cysteine 
string proteins (Csp1 and 2). 



 
CLASS III MUTATIONS AND ∆F508: POTENTIATORS 
 
Compound Studies Comments 
genistein 
apigenin 
benzoflavones 

Electrophysiological 
analysis of 
compound activity 
on normal and 
mutant CFTR.  In 
vitro and in vivo 
studies (42 – 47).   

Flavonoids activate wild type and mutant 
CFTR (including ∆F508 and G551D).  
Rescue of G551D activity requires high 
micromolar concentration.  At very high 
concentrations, genistein causes CFTR 
inhibition.  Active benzoflavones were 
found by screening a small library of  
apigenin and genistein analogs (47).   

xanthines (IBMX, 
CPX, X-33) 

Activation of wild 
type and mutant 
CFTR. In vitro 
studies (48, 49). 

Xanthines include phosphodiesterase 
inhibitors and therefore may activate 
wild type CFTR by increasing cAMP.  
However, some xanthines, including 
IBMX and X-33, are probably direct 
CFTR activators and rescue the channel 
gating defect of mutants.  IBMX 
increases the open channel probability of 
∆F508-CFTR.  CPX is poorly effective 
on the G551D mutant (46).  

MPB-07 
MPB-91 
MPB-104 

Activation of wild 
type and mutant 
CFTR (50 – 52). 

The MPB-91 and MPB-104 
benzo[c]quinolizinium compounds are 
effective activators of the G551D mutant. 

benzimidazolones 
(NS004) 
 
 

Electrophysiological 
analysis of 
compound activity 
on normal and 
mutant CFTR (53, 
54). 

NS004 is a potent activator of the ∆F508 
mutant.  Mechanism of activation in 
common with genistein. 
 
 

tetrahydrobenzo-
thiophenes 
 
 

Identification by 
high-throughput 
screening (100,000 
compounds) (55).   

Compounds active at nanomolar 
concentrations on the ∆F508 mutant.  
The same screening, performed on 
100,000 compounds, detected other five 
classes of active compounds. 

phenylglycines 
sulfonamides 
 
 

Identification by 
high-throughput 
screening (50,000 
compounds) (56). 

Compounds active at nanomolar 
concentrations on the ∆F508 mutant.  
Phenylglycines are also strongly active 
on the G551D and G1349D mutants.  
Mechanism based on increased open 
channel probability of CFTR mutants. 

capsaicin 
 
 
 

Electrophysiological 
analysis of 
compound activity 
(57). 

Effective on ∆F508 and G551D. 



 
fluorescein 
derivatives 
(phloxine B) 
 

Electrophysiological 
analysis of 
compound activity 
(58, 59). 

Phloxine B is active on the ∆F508 
mutant.  Dose-response relationship is 
bell-shaped, with high concentrations 
causing CFTR inhibition.  Direct effect 
on CFTR channel. 

phenantrolines 
benzoquinolines 
 

Analysis of Cl- 
transport in murine 
tissues (60). 

Activation of CFTR-dependent Cl- 
secretion.  Effect mediated also by 
activation of basolateral K+ channels. 

VRT-532 
 
 

Identification by 
high-throughput 
screening (38). 

Found at Vertex Pharmaceuticals.  
Compound active at micromolar 
concentrations.  Activity on the ∆F508 
mutant confirmed in CF bronchial 
epithelial cells. 

felodipine 
 
 

Identification by 
screening a 2,000 
compound drug 
library (61).   

Antihypertensive 1,4-dihydropyridines, 
including felodipine, nimodipine, and 
nicardipine, activate ∆F508 and G551D 
CFTR.  The mechanism is not due to 
block of Ca2+ channels but probably to 
direct interaction with CFTR protein. 

 
 
 
 

 

 
 

 


