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Abstract

The multifunctional protein ß-catenin governs as transcription factor the expression of a wide variety of genes relevant for
cell proliferation and cell survival. In addition, ß-catenin is localized at the cell membrane and may influence the function of
channels. The present study explored the possibility that ß-catenin participates in the regulation of the HERG K+ channel. To
this end, HERG was expressed in Xenopus oocytes with or without ß-catenin and the voltage-gated current determined
utilizing the dual electrode voltage clamp. As a result, expression of ß-catenin markedly upregulated HERG channel activity,
an effect not sensitive to inhibition of transcription with actinomycin D (10 mM). According to chemiluminescence, ß-catenin
may increase HERG channel abundance within the oocyte cell membrane. Following inhibition of channel insertion into the
cell membrane by brefeldin A (5 mM) the decay of current was similar in oocytes expressing HERG together with ß-catenin
to oocytes expressing HERG alone. The experiments uncover a novel function of APC/ß-catenin, i.e. the regulation of HERG
channels.
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Introduction

The multifunctional protein ß-catenin is involved in the

regulation cell proliferation and tumor growth [1,2]. ß-catenin

further participates in the physiology and pathophysiology of

cardiac hypertrophy [3–6]. ß-catenin degradation is initiated

following phosphorylation by glycogen synthase kinase 3 beta

(GSK3ß) [7,8], a kinase counteracting cardiac hypertrophy [9],

inhibiting apoptosis and fibrosis and thus increasing cardiac

contractility [10,11]. Overexpression of ß-catenin is followed by

dilated cardiomyopathy and premature death [12].

ß-catenin may enter the nucleus and stimulate the expression of

several genes important for cell proliferation [13,14]. ß-catenin-

stimulated genes include the serum and glucocorticoid inducible

kinase SGK1 [15,16], which is required for cardiac fibrosis

following mineralocorticoid excess [17]. ß-catenin may further be

localized at intercalated disks [18], bind to cadherin [19] and play

a role in the regulation of gap junctions [20].

ß-catenin has been shown to interact with and/or modulate the

activity of large-conductance Ca2+-activated K+ channels [21],

kainate receptors [22], Kv1.5 K+ channels [23] and KCNQ1/

KCNE1 K+ channels [24]. Moreover, ß-catenin has been shown

to colocalize with and up-regulate the Na+/K+ ATPase [25]. The

interaction with ß-catenin may recruit channels to cadherin/

catenin complexes leading to stabilization of the channel proteins

[22].

The present study explored the possibility that ß-catenin

participates in the regulation of the human ether-a-go-go (HERG,

Kv11.1) channel, which is critically important for the shaping of

the cardiac action potential [26,27] and by the same token is

essential for the proliferation of some tumor cells [28,29]. HERG

is downregulated in cardiac hypertrophy [30]. To this end, HERG

was expressed in Xenopus oocytes with or without the expression of

ß-catenin. The results reveal that the coexpression of ß-catenin

leads to marked upregulation of HERG activity by enhancing the

plasma membrane abundance of the channel protein.

Materials and Methods

Experiments in Xenopus Oocytes
For generation of cRNA, constructs were used encoding human

b-catenin [25], human truncated mutant b-catenin1–530 [31],

HERG channel [32] and N-cadherin [33].

For voltage clamp analysis, Xenopus oocytes were prepared as

previously described [34]. Where indicated, oocytes were injected

with water or 10 ng cRNA encoding b-catenin, truncated ß-

catenin1–530 and/or N-cadherin and on the same day with 7.5 ng

cRNA encoding HERG. Standard two electrode voltage clamp

recordings were performed 3 days after HERG injection [35].

Oocytes were superfused continuously with ND-96 buffer contain-

ing (mM): NaCl 96, KCl 2, CaCl2 1.8, MgCl2 1 and HEPES 5 (pH

7.4 with NaOH). Pipettes were filled with 3 M KCl and had

resistances of 0.5–1.0 MV. Experiments were performed with

a Geneclamp 500B amplifier (Axon Instruments, Union City, CA,

USA) and a Digidata 1322A interface (Axon Instruments, Union

City, CA, USA). Data acquisition was achieved with pCLAMP

9.02 (Axon Instruments, Union City, CA, USA).

Where indicated, the experiments were performed in Xenopus

oocytes treated with 10 mM actinomycin D one day before

measurement to disrupt gene transcription. To discriminate
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between alterations of insertion and retrieval of HERG channel

protein from the plasma membrane, the insertion was inhibited by

brefeldin A [36], where indicated. In those experiments, the

oocytes were preincubated in the presence of Brefeldin A (Sigma,

Schnelldorf, Germany)one day before measurement at a concen-

tration of 5 mM. Tail currents, which indicate, what fraction of the

channels are open following a transient voltage step, were taken as

a measure of channel activity [37].

To determine HERG cell surface expression by chemilumines-

cence [38], defolliculated oocytes were first injected with 7.5 ng

cRNA encoding either HERG-HA or 10 ng cRNA encoding b-
catenin. After 3 days of incubation oocytes were incubated with

1 mg/mL primary rat monoclonal anti-HA antibody (clone 3 F10,

Roche, Mannheim, Germany) and subsequently with secondary,

HRP-conjugated goat anti-rat IgG (H&L) antibody (1:1000, Cell

Signaling Technology, MA, USA). Individual oocytes were placed

in 96 well plates with 20 ml of SuperSignal ELISA Femto

Maximum Sensitivity Substrate (Pierce, Rockford, IL, USA), and

chemiluminescence of single oocytes was quantified in a lumin-

ometer (Walter Wallac 2 plate reader, Perkin Elmer, Juegesheim,

Germany) by integrating the signal over a period of 1 s [39].

Results display normalized relative light units.

Statistical Analysis
Data are provided as arithmetic means 6 SEM; n represents

the number of oocytes or cells investigated. All oocyte

experiments were repeated with at least three batches of

oocytes; in all repetitions, qualitatively similar data were

obtained. As different batches may yield different expression

levels and currents, comparisons have always been made within

the same batches of oocytes. All data were tested for

significance by using ANOVA. Results with P,0.05 were

considered statistically significant.

Results

Coexpression of ß-catenin Increased HERG Current
In oocytes injected with cRNA encoding HERG but not in

water-injected oocytes depolarization from 280 mV holding

potential to different voltages followed by a 500 ms pulse to

260 mV evoked outward tail currents (Fig. 1AB). The additional

expression of ß-catenin was followed by a marked increase in the

tail current (Fig. 1AB). Fig. 1C summarizes the current voltage

relationship of HERG currents with or without coexpression of ß-

catenin. The amplitude of the peak tail current was plotted as

a function of the preceding test potential. The absolute current

values were markedly upregulated by coexpression with ß-catenin.

The tail currents that were normalized to the maximum peak tail

current of the respective group to investigate kinetics were not

significantly modified by the coexpression of ß-catenin, i.e. the

voltage evoking half maximal peak tail currents was similar in

HERG expressing oocytes with or without additional expression of

ß-catenin. The effect of ß-catenin was not blunted by treatment of

Figure 1. ß-catenin increases HERG current. A. Original tracings recorded in oocytes injected with H20 (1), with cRNA encoding HERG (2) or
HERG coexpressing ß-catenin (3). The oocytes were depolarized from 280 mV holding potential to different voltages followed by a 500 ms pulse to
260 mV evoking outward tail currents. The small insert displays the applied voltage protocol. B. Arithmetic means6SEM (n = 8–11) of the normalized
outward tail current following a depolarization to +80 mV recorded in oocytes injected with H20 (left bar), with cRNA encoding HERG (middle bar) or
with RNA encoding HERG and ß-catenin (right bar). * indicates statistical significance (p,0.05) from the absence of ß-catenin cRNA. C. IV curves of
outward tail currents illustrated in B (upper panel) and IV curves of outward tail currents following normalization to the maximal tail current of the
respective group (lower panel).
doi:10.1371/journal.pone.0043353.g001

b-catenin Regulated HERG Channels
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HERG-expressing Xenopus oocytes with 10 mM actinomycin one

day before measurement to prevent ß-catenin-dependent gene

expression (Fig. 2).

ß-catenin Increased the Surface Expression of HERG
Binding of a specific antibody and subsequent determination of

HA-dependent surface chemiluminescence was employed to

determine the effect of ß-catenin on oocytes expressing HA-

tagged HERG. As shown in Fig. 3, expression of HERG led to

a profound increase in HA-dependent chemiluminescence. More

importantly, coexpression with ß-catenin significantly increased

the abundance of HERG channels in the plasma membrane as

revealed by an elevated HA-dependent surface chemilumines-

cence signal (Fig. 3).

To discriminate between increased HERG protein insertion

into and delayed retrieval of HERG protein from the plasma

membrane, additional experiments were performed in the

presence of Brefeldin A (5 mM) which prevents the insertion

of novel proteins advancing from the Golgi apparatus into the

cell membrane [36]. As illustrated in Fig. 4, in the presence of

brefeldin A the current decreased in Xenopus oocytes expressing

HERG together with ß-catenin as fast as in Xenopus oocytes

expressing HERG alone. This observation discloses that ß-

catenin does not delay the retrieval of HERG protein from the

membrane.

The Effect of ß-catenin on HERG Current was Abrogated
by ß-catenin Truncation and Mimicked by Coexpression
of N-cadherin
To determine, whether the effect on HERG channels requires

full-length ß-catenin, HERG channels were expressed in Xenopus

oocytes with or without additional expression of the truncated

mutant ß-catenin1–530. As shown in Fig. 5, truncation abrogated

the effect of ß-catenin on HERG channel activity. Since

truncation of ß-catenin disrupts the binding of ß-catenin to N-

cadherin [40], additional experiments were performed to elucidate

the effect of N-cadherin. As illustrated in Fig. 5, the additional

Figure 2. The effect of ß-catenin on HERG currents is not
modified by actinomycin D. Arithmetic means6SEM (n= 9–13) of
the normalized outward tail current following a depolarization to
+80 mV recorded in oocytes injected with cRNA encoding HERG (white
bars) or with RNA encoding HERG and ß-catenin (black bars), incubated
for 24 hours without (left bars) or with (right bars) 10 mM actinomycin D
prior to the measurement. *indicates statistical significance (p,0.05)
from the absence of ß-catenin cRNA.
doi:10.1371/journal.pone.0043353.g002

Figure 3. ß-catenin increases the surface abundance of HERG.
Arithmetic means6SEM (n= 19–56) of the normalized HA-dependent
surface chemiluminescence of oocytes injected with H20 (1st bar), with
cRNA encoding ß-catenin (2nd bar), encoding HERG (3rd bar) or
encoding both, HERG and ß-catenin (4th bar). ***indicates statistical
significance (p,0.001) from the absence of ß-catenin cRNA.
doi:10.1371/journal.pone.0043353.g003

Figure 4. The effect of Brefeldin A on ß-catenin-stimulated
HERG currents. Arithmetic means6SEM (n= 15–19) of the normalized
outward tail current following depolarization to +80 mV recorded in
oocytes injected with cRNA encoding HERG (white bars) or with cRNA
encoding HERG and ß-catenin (black bars), prior to (0 days) and
following incubation for 24 hours (1 day) or 48 hours (2 days) with 5 mM
Brefeldin A prior to the measurement. **, ***indicate statistical
significance (p,0.01, p,0.001) from the absence of ß-catenin cRNA.
doi:10.1371/journal.pone.0043353.g004

b-catenin Regulated HERG Channels
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coexpression of N-cadherin further upregulated channel activity in

HERG-expressing Xenopus oocytes.

Discussion

Thepresentobservationsuncoveracompletelynovel functionofß-

catenin, i.e. the regulation of HERG channel activity. ß-catenin did

not alter HERG channel kinetics but apparently increased the

HERG protein abundance within the cell membrane. The effect is

apparently not due to delayed retrieval of channel protein from the

cell membrane but may result from enhanced insertion of HERG

channel protein into the cell membrane.

The effect of ß-catenin did not result from its function as

a transcription factor, as it was not significantly modified by

suppression of transcription with actinomycin. Moreover, the

experiments were performed following heterologous HERG

expression. Thus, the functional expression of HERG did not

depend on genomic regulation of the channels. The present

observations did not define the mechanisms underlying ß-catenin

sensitivity of HERG channel activity. ß-catenin has previously

been shown to interact with channel proteins [21,22] leading to

recruitment of channels to cadherin/catenin complexes with

eventual stabilization of the channel proteins [22]. According to

the present study, the effect of ß-catenin was mimicked by N-

cadherin and disrupted by truncation of ß-catenin.

The ß-catenin-sensitive HERG channel activity may, at least in

theory, impact on the cardiac action potential during cardiac

hypertrophy. Enhanced HERG activity was expected to accelerate

the repolarization of ventricular muscle cells, shorten the action

potential thus favouring reentry. Cardiac hypertrophy is facilitated

by decreased activity of the glycogen synthase kinase-3 beta

(GSK3ß) [9], which in turn leads to enhanced ß-catenin

abundance [7,8]. As a matter of fact, cardiac hypertrophy is

paralleled by enhanced ß-catenin abundance and activity.

However, HERG channels have been described to be down-

regulated in cardiac hypertrophy [30,41], an effect mediated by

mechanisms other than ß-catenin, such as activation of AT1

receptors with subsequent activation of protein kinase C linked to

the PKC pathway in ventricular myocytes [42].

ß-catenin is regulated by the Wnt pathway [43], which is known

to regulate cardiac development and function [20,44–48]. To the

extent that HERG channel activity is dependent on ß-catenin, it is

regulated by the Wnt pathway. As stimulation of the Wnt pathway

downregulates GSK3 and thus leads to upregulation of ß-catenin,

it would be expected to upregulate HERG channel activity.

HERG channels are further implicated in the regulation of

tumor growth [28,29]. Dysregulation of the oncogene ß-catenin is

in turn considered a major cause of tumor development. It is

tempting to speculate that ß-catenin-sensitive regulation of HERG

protein abundance in the cell membrane contributes to the

dysregulation of cell proliferation in some tumor cells.

In conclusion, the present observations provide compelling

evidence that ß-catenin upregulates the voltage-gated K+ channel

HERG.
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Figure 5. HERG currents are insensitive to truncated ß-catenin1–530 and stimulated by N-cadherin. Arithmetic means 6 SEM (n= 10–20)
of the normalized outward tail current following depolarization to +80 mV and recorded in oocytes injected with water (white bar), or with cRNA
encoding HERG (dark grey bar) with ß-catenin (first black bar) or with the truncated mutant ß-catenin1–530 (second black bar), without and with co-
expression of N-cadherin (dotted dark grey bars). *, ***indicate statistical significance (p,0.05, p,0.001) from the absence of HERG cRNA,# (p,0.05)
indicates statistical significance from the absence of N-cadherin.
doi:10.1371/journal.pone.0043353.g005

b-catenin Regulated HERG Channels

PLOS ONE | www.plosone.org 4 August 2012 | Volume 7 | Issue 8 | e43353



References

1. Covey TM, Edes K, Coombs GS, Virshup DM, Fitzpatrick FA (2010) Alkylation

of the tumor suppressor PTEN activates Akt and beta-catenin signaling:

a mechanism linking inflammation and oxidative stress with cancer. PLoS One

5: e13545.

2. Yao H, Ashihara E, Maekawa T (2011) Targeting the Wnt/beta-catenin

signaling pathway in human cancers. Expert Opin Ther Targets 15: 873–887.

3. Bergmann MW (2010) WNT signaling in adult cardiac hypertrophy and

remodeling: lessons learned from cardiac development. Circ Res 107: 1198–

1208.

4. Heallen T, Zhang M, Wang J, Bonilla-Claudio M, Klysik E, et al. (2011) Hippo

pathway inhibits Wnt signaling to restrain cardiomyocyte proliferation and heart

size. Science 332: 458–461.

5. Rao TP, Kuhl M (2010) An updated overview on Wnt signaling pathways:

a prelude for more. Circ Res 106: 1798–1806.

6. ter Horst P, Smits JF, Blankesteijn WM (2012) The Wnt/Frizzled pathway as

a therapeutic target for cardiac hypertrophy: where do we stand? Acta Physiol

(Oxf) 204: 110–117.

7. Cadigan KM, Liu YI (2006) Wnt signaling: complexity at the surface. J Cell Sci

119: 395–402.

8. van Noort M, Meeldijk J, van der ZR, Destree O, Clevers H (2002) Wnt

signaling controls the phosphorylation status of beta-catenin. J Biol Chem 277:

17901–17905.

9. Blankesteijn WM, van de Schans VA, ter Horst P, Smits JF (2008) The Wnt/

frizzled/GSK-3 beta pathway: a novel therapeutic target for cardiac

hypertrophy. Trends Pharmacol Sci 29: 175–180.

10. Hirotani S, Zhai P, Tomita H, Galeotti J, Marquez JP, et al. (2007) Inhibition of

glycogen synthase kinase 3beta during heart failure is protective. Circ Res 101:

1164–1174.

11. Schumann H, Holtz J, Zerkowski HR, Hatzfeld M (2000) Expression of secreted

frizzled related proteins 3 and 4 in human ventricular myocardium correlates

with apoptosis related gene expression. Cardiovasc Res 45: 720–728.

12. Hirschy A, Croquelois A, Perriard E, Schoenauer R, Agarkova I, et al. (2010)

Stabilised beta-catenin in postnatal ventricular myocardium leads to dilated

cardiomyopathy and premature death. Basic Res Cardiol 105: 597–608.

13. He TC, Sparks AB, Rago C, Hermeking H, Zawel L, et al. (1998) Identification

of c-MYC as a target of the APC pathway. Science 281: 1509–1512.

14. Tetsu O, McCormick F (1999) Beta-catenin regulates expression of cyclin D1 in

colon carcinoma cells. Nature 398: 422–426.

15. Naishiro Y, Yamada T, Idogawa M, Honda K, Takada M, et al. (2005)

Morphological and transcriptional responses of untransformed intestinal

epithelial cells to an oncogenic beta-catenin protein. Oncogene 24: 3141–3153.

16. Dehner M, Hadjihannas M, Weiske J, Huber O, Behrens J (2008) Wnt signaling

inhibits Forkhead box O3a-induced transcription and apoptosis through up-

regulation of serum- and glucocorticoid-inducible kinase 1. J Biol Chem 283:

19201–19210.

17. Vallon V, Wyatt AW, Klingel K, Huang DY, Hussain A, et al. (2006) SGK1-

dependent cardiac CTGF formation and fibrosis following DOCA treatment.

J Mol Med 84: 396–404.

18. Masuelli L, Bei R, Sacchetti P, Scappaticci I, Francalanci P, et al. (2003) Beta-

catenin accumulates in intercalated disks of hypertrophic cardiomyopathic

hearts. Cardiovasc Res 60: 376–387.

19. Schroen B, Leenders JJ, van Erk A, Bertrand AT, van Loon M, et al. (2007)

Lysosomal integral membrane protein 2 is a novel component of the cardiac

intercalated disc and vital for load-induced cardiac myocyte hypertrophy. J Exp

Med 204: 1227–1235.

20. Kuwabara M, Kakinuma Y, Katare RG, Ando M, Yamasaki F, et al. (2007)

Granulocyte colony-stimulating factor activates Wnt signal to sustain gap

junction function through recruitment of beta-catenin and cadherin. FEBS Lett

581: 4821–4830.

21. Lesage F, Hibino H, Hudspeth AJ (2004) Association of beta-catenin with the

alpha-subunit of neuronal large-conductance Ca2+-activated K+ channels. Proc

Natl Acad Sci U S A 101: 671–675.

22. Coussen F, Normand E, Marchal C, Costet P, Choquet D, et al. (2002)

Recruitment of the kainate receptor subunit glutamate receptor 6 by cadherin/

catenin complexes. J Neurosci 22: 6426–6436.

23. Munoz C, Tovolli RH, Sopjani M, Alesutan I, Lam RS, et al. (2012) Activation

of voltage gated K(+) channel Kv1.5 by beta-catenin. Biochem Biophys Res
Commun 417: 692–696.

24. Wilmes J, Haddad-Tovolli R, Alesutan I, Munoz C, Sopjani M, et al. (2012)
Regulation of KCNQ1/KCNE1 by beta-catenin. Mol Membr Biol 29: 87–94.

25. Sopjani M, Alesutan I, Wilmes J, Dermaku-Sopjani M, Lam RS, et al. (2010)

Stimulation of Na+/K+ ATPase activity and Na+ coupled glucose transport by
beta-catenin. Biochem Biophys Res Commun 402: 467–470.

26. Sanguinetti MC (1999) Dysfunction of delayed rectifier potassium channels in an
inherited cardiac arrhythmia. Ann N Y Acad Sci 868: 406–413.

27. Vincent GM (1998) The molecular genetics of the long QT syndrome: genes

causing fainting and sudden death. Annu Rev Med 49: 263–274.
28. Arcangeli A (2005) Expression and role of hERG channels in cancer cells.

Novartis Found Symp 266: 225–232.
29. Asher V, Sowter H, Shaw R, Bali A, Khan R (2010) Eag and HERG potassium

channels as novel therapeutic targets in cancer. World J Surg Oncol 8: 113.
30. Wang J, Wang H, Zhang Y, Gao H, Nattel S, et al. (2004) Impairment of

HERG K(+) channel function by tumor necrosis factor-alpha: role of reactive

oxygen species as a mediator. J Biol Chem 279: 13289–13292.
31. Fagotto F, Funayama N, Gluck U, Gumbiner BM (1996) Binding to cadherins

antagonizes the signaling activity of beta-catenin during axis formation in
Xenopus. J Cell Biol 132: 1105–1114.

32. Maier G, Palmada M, Rajamanickam J, Shumilina E, Bohmer C, et al. (2006)

Upregulation of HERG channels by the serum and glucocorticoid inducible
kinase isoform SGK3. Cell Physiol Biochem 18: 177–186.

33. Koutsouki E, Lam RS, Seebohm G, Ureche ON, Ureche L, et al. (2007)
Modulation of human Kv1.5 channel kinetics by N-cadherin. Biochem Biophys

Res Commun 363: 18–23.
34. Strutz-Seebohm N, Pusch M, Wolf S, Stoll R, Tapken D, et al. (2011) Structural

basis of slow activation gating in the cardiac I Ks channel complex. Cell Physiol

Biochem 27: 443–452.
35. Dermaku-Sopjani M, Sopjani M, Saxena A, Shojaiefard M, Bogatikov E, et al.

(2011) Downregulation of NaPi-IIa and NaPi-IIb Na-coupled phosphate
transporters by coexpression of Klotho. Cell Physiol Biochem 28: 251–258.

36. Nebenfuhr A, Ritzenthaler C, Robinson DG (2002) Brefeldin A: deciphering an

enigmatic inhibitor of secretion. Plant Physiol 130: 1102–1108.
37. Es-Salah-Lamoureux Z, Fougere R, Xiong PY, Robertson GA, Fedida D (2010)

Fluorescence-tracking of activation gating in human ERG channels reveals rapid
S4 movement and slow pore opening. PLoS One 5: e10876.

38. Hosseinzadeh Z, Bhavsar SK, Sopjani M, Alesutan I, Saxena A, et al. (2011)
Regulation of the glutamate transporters by JAK2. Cell Physiol Biochem 28:

693–702.

39. Alesutan IS, Ureche ON, Laufer J, Klaus F, Zurn A, et al. (2010) Regulation of
the glutamate transporter EAAT4 by PIKfyve. Cell Physiol Biochem 25: 187–

194.
40. Vallorosi CJ, Day KC, Zhao X, Rashid MG, Rubin MA, et al. (2000)

Truncation of the beta-catenin binding domain of E-cadherin precedes epithelial

apoptosis during prostate and mammary involution. J Biol Chem 275: 3328–
3334.

41. Hu C, Yan C, Lin J, Liu S, Li Y (2011) Down-regulation of the human ether-a-
go-go-related gene in rat cardiac hypertrophy. Am J Med Sci 341: 119–125.

42. Wang YH, Shi CX, Dong F, Sheng JW, Xu YF (2008) Inhibition of the rapid
component of the delayed rectifier potassium current in ventricular myocytes by

angiotensin II via the AT1 receptor. Br J Pharmacol 154: 429–439.

43. Jin T, George F, I, Sun J (2008) Wnt and beyond Wnt: multiple mechanisms
control the transcriptional property of beta-catenin. Cell Signal 20: 1697–1704.

44. Ai Z, Fischer A, Spray DC, Brown AM, Fishman GI (2000) Wnt-1 regulation of
connexin43 in cardiac myocytes. J Clin Invest 105: 161–171.

45. Croce JC, McClay DR (2008) Evolution of the Wnt pathways. Methods Mol

Biol 469: 3–18.
46. Flaherty MP, Dawn B (2008) Noncanonical Wnt11 signaling and cardiomyo-

genic differentiation. Trends Cardiovasc Med 18: 260–268.
47. Grigoryan T, Wend P, Klaus A, Birchmeier W (2008) Deciphering the function

of canonical Wnt signals in development and disease: conditional loss- and gain-

of-function mutations of beta-catenin in mice. Genes Dev 22: 2308–2341.
48. Rochais F, Mesbah K, Kelly RG (2009) Signaling pathways controlling second

heart field development. Circ Res 104: 933–942.

b-catenin Regulated HERG Channels

PLOS ONE | www.plosone.org 5 August 2012 | Volume 7 | Issue 8 | e43353


