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The mechanism of action of a novel CFTR activator UCCF-029 on NIH3T3 cells stably expressing DF508-
CFTR was investigated and its effects compared to those of genistein, a known CFTR activator. This study
shows that UCCF-029 and genistein have differing efficacies. The efficacy of UCCF-029 in the presence of
forskolin (10 lM) is �50% that of genistein; however, the EC50’s for both drugs are comparable; 3.5 lM
for UCCF-029 and 4.4 lM for genistein. Using NIH3T3 cells stably transfected with K1250A-CFTR we find
that CFTR channel open time is unaffected by UCCF-029 or genistein, supporting the hypothesis that these
compounds stabilize the open state by inhibiting ATP hydrolysis at NBD2. Our data suggest that the abil-
ity of UCCF-029 to augment DF508-CFTR channel activity necessitates further interest.

� 2008 Elsevier Ltd. All rights reserved.
Cystic fibrosis (CF), the most common lethal genetic disease in
Caucasians, is caused by mutations in the single gene encoding
the cystic fibrosis transmembrane conductance regulator protein,
CFTR.1 CFTR functions as a protein kinase A (PKA)-dependent,
cAMP-regulated epithelial chloride channel.1 Mutations in the
CFTR chloride channel result in defective epithelial electrolyte
transport. Deletion of the phenylalanine at amino acid position
508 (DF508) is the most common disease-associated mutation,
having two associated defects; trafficking2 and function.3,4 Some
DF508-CFTR can reach the plasma membrane, although its open
probability (Po) is reduced compared to that of wild-type (Wt)
channels even in the presence of maximally effective concentra-
tions of cAMP.3–5

Recently, attention has been directed towards correcting the
defective function associated with DF508-CFTR through use of
pharmacological means. Several groups of compounds have been
shown to improve DF508-CFTR function; the isoflavone genistein,6

the benzimidazolone analogs NS004 and NS1619,6 curcumin,7

6-phenylpyrrolo[2,3-b]pyrazines,8 sulfamoyl-4-oxoquinoline-3carbox-
amides,9 and 40-methyl-4,50-biothiazole.10

High-throughput screening assays for the discovery of novel
CFTR activators have generated a novel group of compounds shar-
ing a common structural motif.11 A comparison of the chemical
structures of the CFTR activators used in this study is shown in Fig-
ure 1. UCCF-029, a 7,8-benzoflavone (generated based on flavone
and benzo[c]quinolizinium analogs) has been previously described
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as an effective CFTR activator,11,12 and genistein, a widely utilized
CFTR activator,6 is used as our reference compound. Both com-
pounds have been shown to activate CFTR via a cAMP-independent
mechanism suggesting a direct interaction with CFTR.13,11 We
investigated the mechanism of action of UCCF-029 on DF508-CFTR
using both whole-cell and cell-attached patch–clamp techniques.
Our data suggest that UCCF-029 activates DF508-CFTR at micromo-
lar concentrations. Furthermore, saturating concentrations of gen-
istein and UCCF-029 generate similar whole-cell macroscopic
DF508-CFTR channel current, suggesting a common mechanism
of action.

The cells utilized and the cell-attached and whole-cell patch–
clamp electrophysiology were as described previously.6 UCCF-029,
provided by the UC Davis Chemistry group, was prepared as previ-
ously described using a modification of the Baker–Venkataraman
flavone synthesis.11 The potency and efficacy of UCCF-029 was
quantified on DF508-CFTR current using the whole-cell patch–
Figure 1. Chemical structures of genistein and UCCF-029. UCCF-029, a 7,8-benzof-
lavone, contains structural features of both flavones and benzo[c]quinoliziniums.
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Figure 2. Dose–response relationships of genistein and UCCF-029 in NIH3T3-DF508
cells. (A) Concentration-dependent effects of UCCF-029. In the absence of agonists,
whole-cell basal current is minimal and addition of 50 nM and 20 lM UCCF-029
incrementally increases current, in the continued presence of 10 lM forskolin.
Genistein (20 lM) further potentiates this current. (B) Dose–response relationships
of genistein and UCCF-029. Whole-cell cAMP-dependent NIH3T3-DF508 CFTR
currents at each concentration tested were normalized to that obtained with
20 lM genistein in the same cell. The efficacy of UCCF-029 is �50% that of genistein.
The EC50 for UCCF-029 is 3.5 lM, close to that of genistein (4.4 lM, the genistein
dose–response curve was previously published6). Genistein (�), n = 5–6 and
UCCF-029 (�), n = 4–16.

Figure 3. Effect of UCCF-029 and genistein on whole-cell DF508-CFTR current. (A)
Effect of genistein in the continued presence of UCCF-029. In the continued presence
of forskolin (10 lM), UCCF-029 (30 lM) increases the DF508-CFTR whole-cell
current and genistein (20 lM) further potentiates the current. (B) Effect of UCCF-029
in the continued presence of genistein. In the continued presence of 10 lM
forskolin, genistein (20 lM) increases the whole-cell current and there is no
additional effect of UCCF-029 (30 lM). (C) Average data of the typical experiments
shown in (A and B). Whole-cell current in the presence of genistein is taken as
maximal (100%) and the effect of UCCF-029 (30 lM) is compared to that (n = 3).
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clamp technique. Genistein was used as a comparison to better
appraise the effects of UCCF-029, since the mechanism of action
of genistein on CFTR is well understood.6,14,15 We have previously
shown that genistein potentiates forskolin-stimulated DF508-CFTR
current in a dose-dependent manner, and maximal effect is elicited
at 20 lM.6

Figure 2A shows a typical whole-cell experiment in which
the forskolin-stimulated NIH3T3-DF508-CFTR current was aug-
mented with either genistein or UCCF-029. All whole-cell exper-
iments were performed in the presence of a chloride gradient
thus yielding the observed rectifying currents. Basal DF508-
CFTR current is minimal in the absence of agonists, and appli-
cation of forskolin (10 lM) induced a small increase in current,
which incrementally increased with the addition of 50 nM and
20 lM UCCF-029. The addition of 20 lM genistein further poten-
tiates this current. The dose–response relationships of genistein
and UCCF-029 summarized from multiple whole-cell patches are
shown in Figure 2B. The DF508-CFTR current generated at each
concentration of agonist tested is normalized to that obtained
with 20 lM genistein in the same cell, and similar EC50 values
for genistein and UCCF-029 were found (4.4 ± 0.5 lM (n = 5–6),
3.5 ± 0.6 lM (n = 4–16), respectively). The maximal whole-cell
DF508-CFTR current enhanced by genistein is greater than that
obtained with a maximal concentration of UCCF-029. These data
suggest that the efficacy of UCCF-029 is less (by �50%) than
that of genistein; however, the potencies are similar (lM
range).
In the continued presence of 10 lM forskolin, 30 lM UCCF-029
increased DF508-CFTR current by 3.76 ± 1.06-fold (n = 3) and the
inclusion of 20 lM genistein in the bath results in a further
potentiation of the current. Whole-cell chloride current at
+100 mV increased from 8.64 ± 4.67 to 22.31 ± 7.66 pA/pF
(n = 3). We assume the whole-cell current generated by genistein
plus UCCF-029 is the maximal effect (100%); thus, the current gen-
erated by UCCF-029 alone is 31.03 ± 9.57% of the maximum
(n = 3), shown in Figure 3A and C. Maximal enhancement of
DF508-CFTR by genistein prevents further enhancement by
UCCF-029, as shown in Figure 3B and C. These data suggest that
both genistein and UCCF-029 share a common mechanism of
action.

We next examined the effect of UCCF-029 on the forskolin-
dependent DF508-CFTR channel current in cell-attached patch.
Figure 4 shows a typical recording from an NIH3T3 DF508 CFTR
cell and application of 10 lM forskolin elicits opening of at least
4 channels in that patch (expanded section). In the continued pres-
ence of forskolin, addition of 30 lM UCCF-029 increases the DF508-
CFTR whole-cell current (3.69-fold). Genistein (20 lM) further aug-
ments the current (8.29-fold). In similar experiments, the average
mean fold increase in current with 20 lM UCCF-029 was
3.76 ± 1.06 (n = 3), compared to the �12-fold increase with
20 lM genistein.



Figure 4. Effect of UCCF-029 on forskolin-dependent DF508-CFTR channel current
in cell-attached patch. In a recording from an NIH3T3-DF508 CFTR cell, 10 lM
forskolin generates openings of up to 4 channels. In the continued presence of
forskolin, perfusion with 20 lM UCCF-029 generates a 3.69-fold increase in steady-
state mean current, which is further potentiated by the addition of 20 lM genistein
(8.29-fold). Closed state is denoted by the arrow. Downward deflections are channel
openings.

Figure 5. Effect of UCCF-029 and genistein on forskolin-dependent K1250A-CFTR
channel current. A continuous cell-attached recording show that 10 lM forskolin
elicits a macroscopic K1250A-CFTR current. There is no effect of 5 lM UCCF-029.
Excision of the patch results in closure of all K1250A channels upon removal of
agonists, and a return to basal activity. Closed state is denoted by the arrow.
Downward deflections are channel openings.

3876 L. Al-Nakkash et al. / Bioorg. Med. Chem. Lett. 18 (2008) 3874–3877
To examine whether UCCF-029 acts to stabilize the channel
open state, we determined its effect upon the K1250A-CFTR chan-
nel (a CFTR channel mutation that can stay open for minutes once
opened).16 A representative recording of K1250A-CFTR in cell-at-
tached patch is shown (Fig. 5), macroscopic current was elicited
by maximal concentration of forskolin (10 lM) and subsequent
addition of 5 lM UCCF-029 failed to increase the current (fold
increase in mean current amplitude was 1.11 ± 0.03, n = 3), indicat-
ing no effect on Po. Closure of all channels is observed upon exci-
sion of the patch and removal of agonists.

UCCF-029 was generated based on two lead compounds, flav-
ones and benzo[c]quinolizinium analogs. The isoflavone genistein
and the benzo[c]quinolizinium MBP-07 have both been shown pre-
viously to activate CFTR without increasing intracellular cAMP lev-
els.17 We compare the effects of UCCF-029 to those of genistein, the
most comprehensively studied CFTR activator.18 Our data suggest
that UCCF-029 is not as effective as genistein in activating DF508-
CFTR channel activity in NIH3T3 fibroblast cells. Whole-cell
experiments show that comparative micromolar concentrations
of genistein or UCCF-029 yield differing levels of DF508-CFTR activ-
ity (genistein greater than UCCF-029). Moreover, we find that there
is no effect of UCCF-029 on forskolin-stimulated DF508-CFTR in the
presence of maximally effective concentrations of genistein, indi-
cating that genistein and UCCF-029 likely act on CFTR via a similar
mechanism of action.

In addition, we demonstrate that UCCF-029 is unable to further
stimulate the K1250A-CFTR chloride current activated by a maxi-
mally effective concentration of forskolin. We have previously
shown similar results with genistein and benzimidazolone ana-
logs.6 Our earlier data using relaxation analysis demonstrated that
these compounds stabilize open state by inhibiting ATP hydrolysis
at NBD2.6 K1250A-CFTR, a mutation of the Walker A lysine at NBD2
prolongs channel opening by eliminating ATP hydrolysis at
NBD2.19,16

The original work describing UCCF-029 compared its effects to
several other novel compounds generated using combinatorial
libraries and with genistein,11 using the halide-sensitive yellow
fluorescent protein on Wt-CFTR transfected Fischer rat thyroid
(FRT) cells. Those studies suggested that UCCF-029 was more
potent in activating CFTR than genistein. However, the difference
in effectiveness of UCCF-029 in our hands versus theirs could be
attributed to the following: (1) we used NIH3T3 cells transfected
with DF508-CFTR, whereas they used FRT cells transfected with
Wt-CFTR (interestingly in those same studies, UCCF-029 was not
as effective an activator on another CFTR mutation G551D), (2)
our experiments used single isolated cells, whereas they used
monolayers of cells either grown in 96-well plates for the fluores-
cent assays or polarized monolayers for Ussing electrophysiologi-
cal short circuit current measures. Recently, UCCF-029 was shown
to be a potent activator of chloride secretion in human bronchial
epithelia, although affinity was dependent on basal CFTR activity.12

Whilst the results from our study propose that UCCF-029 is less
efficacious than genistein in activating DF508-CFTR, we suggest
that they likely act on CFTR via a similar mechanism of action. Dif-
ferences found in the potency of UCCF-029 could be assuaged as
variances in the cell systems utilized; perhaps one has more basal
DF508-CFTR channel activity than another, etc. These data enforce
the usefulness of using genistein as the benchmark for further
development of flavonoids. Further work is required to determine
the usefulness of UCCF-029 as a potential CF therapeutic.

Acknowledgments

We thank Dr. T.-C. Hwang for the generous use of patch–clamp
setup. This work was supported by NIH (HL07094) and a COR
Research Grant from the University of Missouri-Columbia, College
of Veterinary Medicine.

References and notes

1. Riordan, J. R.; Rommens, J. M.; Kerem, B.-S.; Alon, N.; Rozmahel, R.; Grzelczak,
Z.; Zielenski, J.; Lok, S.; Plavsik, N.; Chou, J.-L.; Drumm, M. L.; Iannuzzi, M. C.;
Collins, F. S.; Tsui, L.-C. Science 1989, 245, 1066.

2. Welsh, M. J.; Smith, A. E. Cell 1993, 73, 1251.
3. Dalemans, W.; Barbury, P.; Champigny, G.; Jallat, S.; Dott, K.; Dreyer, D.; Crystal,

R. G.; Pavirani, A.; Lecocq, J. P.; Lazdunski, M. Nature 1991, 354, 503.
4. Haws, C. M.; Nepomuceno, I. B.; Krouse, M. E.; Wakelee, H.; Law, T.; Xia, Y.;

Nguyen, H.; Wine, J. J. Am. J. Physiol. 1996, 270, C1544.
5. Al-Nakkash, L.; Hwang, T.-C. Pflugers Arch. 1999, 437, 553.
6. Al-Nakkash, L.; Shenghui, H.; Li, M.; Hwang, T.-C. J. Pharmacol. Exp. Ther. 2001,

296, 464.
7. Berger, A. L.; Randak, C. O.; Ostedgaard, L. S.; Karp, P. H.; Vermeer, D. W.; Welsh,

M. J. J. Biol. Chem. 2005, 280, 5221.
8. Noel, S.; Faveau, C.; Norez, C.; Rogier, C.; Mettey, Y.; Becq, F. J. Pharmacol. Exp.

Ther. 2006, 319, 349.
9. Suen, Y. F.; Robins, L.; Yang, B.; Verkman, A. S.; Nantz, M. H.; Kurth, M. Bioorg.

Med. Chem. Lett. 2006, 16, 537.
10. Yoo, C. L.; Yu, G. J.; Yang, B.; Robins, L.; Verkman, A. S.; Kurth, M. Bioorg. Med.

Chem. Lett. 2008, 18, 2610.
11. Galietta, L. J. V.; Springsteel, M. F.; Eda, M.; Niedzinski, E. J.; By, K.;

Haddadin, M. J.; Kurth, M. J.; Nantz, M. H.; Verkman, A. S. J. Biol. Chem.
2001, 276, 19723.



L. Al-Nakkash et al. / Bioorg. Med. Chem. Lett. 18 (2008) 3874–3877 3877
12. Caci, E.; Folli, C.; Zegarra-Moran, O.; Ma, T.; Springsteel, M. F.; Sammelson, R. E.; Nantz,
M. H.; Kurth, M. J.; Verkman, A. S.; Galietta, L. J. V. Am. J. Physiol. 2003, 285, L180.

13. He, Z.; Raman, S.; Guo, Y.; Reenstra, W. W. Am. J. Physiol. 1998, 275, C958.
14. Illek, B.; Fischer, H.; Machen, T. E. Am. J. Physiol. 1996, 270, C265.
15. Hwang, T.-C.; Wang, F.; Yang, I. C.-H.; Reenstra, W. W. Am. J. Physiol. 1997, 273,

C988.
16. Zeltwanger, S.; Wang, F.; Wang, G.-T.; Gillis, K.; Hwang, T.-C. J. Gen. Physiol. 1999, 113, 541.
17. Becq, F.; Mettey, Y.; Gray, M. A.; Galietta, L. J. V.; Dormer, R. L.; Merten, M.;
Metaye, T.; Chappe, V.; Marvingt-Mounir, C.; Zegarra-Moran, O.; Tarran, R.;
Bulteau, L.; Derand, R.; Kammouni, W.; Figarella, C.; Verrier, B.; Gola, M.;
Vierfond, J.-M. J. Biol. Chem. 1999, 274, 27415.

18. Illek, B.; Fischer, H.; Santos, G. F.; Widdicombe, J. H.; Machen, T. E.; Reenstra, W.
W. Am. J. Physiol. 1995, 268, C886.

19. Gunderson, K. L.; Kopito, R. R. Cell 1995, 82, 231.


	Activation OF of CFTR by UCcf-O29 CF-029 and genistein
	AcknowledgementsAcknowledgments
	References and notes


