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Cystic fibrosis transmembrane conductance regulator (CFTR) is a cAMP-regulated anion channel capable of conducting both
Cl− and HCO3

−, mutations of which cause cystic fibrosis (CF), a common autosomal recessive disease. Although CF patients are
known to have varied degree of developmental problems, the biological role of CFTR in embryonic development remains elusive.
Here, we show that CFTR is functionally expressed in mouse ESCs. CFTR− /− mESCs exhibit dramatic defect in mesendoderm
differentiation. In addition, CFTR physically interacts with β-catenin, defect of which leads to premature degradation of β-catenin
and suppressed activation of β-catenin signaling. Furthermore, knockdown of CFTR retards the early development of Xenopus
laevis with impaired mesoderm/endoderm differentiation and β-catenin signaling. Our study reveals a previously undefined role of
CFTR in controlling ESC differentiation and early embryonic development via its interaction with β-catenin, and provides novel
insights into the understanding of embryonic development.
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Cystic fibrosis (CF) transmembrane conductance regulator
(CFTR) is a cAMP-regulated anion channel capable of
conducting both Cl− and HCO3

− 1.1 Mutations in the gene
encoding CFTR cause cystic fibrosis (CF), a common
autosomal recessive disease in Caucasian populations with
a wide range of clinical manifestations, such as progressive
pulmonary failure, meconium ileus and pancreatic
insufficiency.1,2 Although CF patients are known to have
varied degree of developmental problems in the lung,
pancreas, bone and reproductive tract,3–6 the biological role
of CFTR in development is unknown. It has been observed
that CFTR-defective mice have developmental abnormalities,
such as low birth weight and severe growth retardation.7,8

Moreover, in human embryos, CFTR protein is expressed from
the 8-cell stage and functions as a cAMP-regulated apical
membrane Cl− channel, reaching maximal expression in the
early blastocyst stage.9,10 Immunofluorescent staining of the
blastocysts clearly demonstrates that CFTR staining is
predominant in the inner cell mass of the blastocysts,9,11

indicating its potential role in embryonic stem cells (ESCs)
function. However, the exact role of CFTR in ESC function and
early embryonic development is not known.
Several exogenous factors involved in nucleus-directed

signaling pathways, including Lif, Bmp4 and Wnts, have been

implicated in modulating ESCs function.12 Among them, the
Wnt/β-catenin signaling pathway which has a central and
conserved role in controlling cell proliferation and lineage
specification during early embryogenesis,13,14 has been
shown to cause strong effects on ESCs either in terms of
stimulating the expansion of stem cells or promoting
differentiation.15–21 In mouse ESCs (mESCs), it is generally
recognized that the Wnt/β-catenin signaling is not required for
the establishment of pluripotency, but does help mESCs self-
renewal.18,19,22,23 On the other hand, the Wnt/β-catenin
signaling is critical for mESCs differentiation into mesendo-
derm (ME), which has the ability to further differentiate into
mesoderm and endoderm.24 In particular, canonical Wnts,
such as Wnt3 and Wnt8a, are necessary for ME
differentiation.25,26 In contrast, interference of Wnt signaling
by the antagonist DKK1 or the small-molecule IWR1-endo
dramatically decreases the efficiency of ME
differentiation.20,21

Of particular interest, a recent study using deep proteomic
analysis identified a close association of CFTR with compo-
nents of Wnt/β-catenin pathway among 638 individual high-
confidence CFTR interactors.27 In addition, our recent studies
have demonstrated that CFTR does not merely act as an ion
channel, but also mediates different protein–protein
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interactions that lead to the activation of cell signaling and
cell differentiation.28,29 Given the observed developmental
abnormalities in CF patients and animals, and the paramount
importance of Wnt/β-catenin pathway in ESCs and embryonic
development, it is tempting for us to speculate that CFTR may
regulate ESCs differentiation and embryonic development
through the Wnt/β-catenin signaling pathway. In the present
study, we sought to investigate the role of CFTR in early
embryonic development by using CFTR-defective mESCs as
an in vitromodel and Xenopus laevis as an in vivomodel. Our
study reveals an interaction between CFTR and β-catenin,
defect of which may affect mesendoderm differentiation and
early embryonic development.

Results

Characterization of CFTR− /− mESC lines. From the
animal breeding record, we noticed that the birth rate of
homozygote CFTR KO or ΔF508 mice was much lower than
the predicted by the Mendelian ratio (Supplementary Figure
S1a and b), indicating that CFTR defect might have a
negative impact on embryo development. We decided to
explore the role of CFTR in early embryonic development
starting from ESCs. As shown in Figure 1a, CFTR was
expressed in undifferentiated mESCs at the mRNA and
protein level. Immunofluorescent staining showed that CFTR
was localized in the cytoplasm and membrane in mESCs
(Figure 1b). Furthermore, intracellular Cl− imaging using a
Cl− sensitive dye, MQAE (N-ethoxycarbonylmethyl-6-meth-
oxyquinolinium bromide), showed that intracellular Cl− con-
centration ([Cl−]i) was decreased by CFTR activator (10 μM
Forskolin) whereas increased by CFTR inhibitor (10 μM
inh172; Figure 1c), indicating that CFTR is functional and
medicating Cl− efflux in mESCs. We also showed that
CFTR was expressed and functional in the hESC line,
H9 as well (Supplementary Figure S2a and b). To further
study the function of CFTR in mESCs, we crossed the
CFTRtm1unc ±mice4 to establish CFTR wild-type and knock-
out (KO) mESCs lines (Supplementary Figure S3a and b).
With the primers targeted to the adjacent sequence of exon
10 and the neomycin selection cassette, PCR confirmed that
transcription of CFTR was stopped in CFTR− /− mESCs lines
(Supplementary Figure S3c and d). Two pairs of wild-type
(WT1 and WT2) and CFTR− /− double-knock-out (KO1 and
KO2) mESCs lines were selected for further study. Both
CFTR WT and KO cells maintained the typical mESCs
morphology under LIF+2i (Figure 1d). Alkaline phosphatase
and SSEA1 staining (indicator of ESCs stemness) of CFTR
WT and KO mESCs revealed that CFTR deficiency resulted
in mild reduction of self-renewal capacity (Figure 1e, f and
Supplementary Figure 3e). Western blot analysis further
confirmed that the expression levels of pluripotency markers
Oct4, Sox2 and Nanog were similar between WT and KO
mESCs (Figure 1g) in LIF+2i. Taken together, these data
suggest that CFTR may not have a major role in the self-
renewal of mESCs.

CFTR deficiency impairs mesendoderm differentiation of
mESCs. We then proceeded to examine the role of CFTR in

spontaneous differentiation of mESCs into the embryoid
body (EB). We observed that the expression level of CFTR
was gradually increased during early EB formation from day 1
to day 7 reaching a maximum at day 4, suggesting an
important role of CFTR in mESC early differentiation
(Figure 2a). To further analyze whether or not the CFTR
deficiency interferes with lineage-specific differentiation, WT
and KO mESCs were cultured without LIF and 2i to grow EB
and induced to differentiate into three primary germ layers for
7 days. Although we did not find any morphological difference
between WT and KO EB from day 1 to 7 (Figure 2b), the
whole-genome microarray data showed that CFTR deficiency
impaired the development process and led to a global
downregulation of mesoderm, endoderm and germ cell
markers at day 5 (Figure 2c and Supplementary Figure S4).
To further evaluate the dynamic regulatory role of CFTR in
mESC differentiation, we determined the expression of
mesoderm/mesendoderm (T, Mixl1, Gsc and Eomes),
endoderm (Gata4, Gata6, Sox17, Foxa2) and ectoderm
(Pax6, Fgf5) markers in WT and KO mEBs induced from
mESCs at day 1, 2, 4 and 7. As shown in Figure 2d, the
expression of the early mesendoderm markers examined,
such as T, and Mixl1, was dramatically downregulated in KO
mEBs compared with WT mEBs, starting from day 4.
Following that, the expression of mesoderm and endoderm
markers (Gsc, Eomes, Gata4, Gata6, Sox17 and Foxa2) was
prominently downregulated at day 7. The expression of
ectoderm markers, such as Pax6 and Fgf5, was slightly
different between WT and KO mEBs (Figure 2d). As EB
differentiation is concomitant with the occurrence of sponta-
neous apoptosis, we then compared apoptotic response
between WT and KO mEBs along differentiation. Annexin
V-FITC staining analysis showed that there were more
apoptotic cells in KO mEBs than that in WT mEBs
(Supplementary Figure S5). Taken together, these results
indicate that CFTR deficiency dramatically impairs mesen-
doderm differentiation in mESCs.
To further evaluate the effect of CFTR deficiency on

modulating germ layer differentiation of mESCs in vivo, WT
and KO mESCs were injected into nude mice for teratoma
formation. After 4 weeks, teratomas from WTand KO mESCs
were collected for HE staining and analysis of germ layer
markers. By histological analysis, whereas all three primary
germ layer differentiation could be detected in WT and KO
mESCs-formed teratomas, more mature mesoderm-derived
tissues were identified in WT teratomas than that in KO
teratomas (Figure 3a). Consistent with the EB results, real-
time PCR analysis revealed that the expression of primitive
streak, mesendoderm and mesoderm markers was signifi-
cantly repressed in KOmESCs-formed teratomas (Figure 3b).
In addition, western blot results confirmed the downregulation
of mesoderm marker α-SMA in KO mESC-formed teratomas
(Figure 3c). Collectively, these results further support that
CFTR deficiency decreases mesendodermal commitment
in vivo.

CFTR deficiency downregulates Wnt/β-catenin signaling
pathway during differentiation. As Wnt/β-catenin pathway
is essential for the mesendoderm differentiation of mESCs,
we first compared the expression levels of β-catenin in WT
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Figure 1 CFTR expression in mESCs and its effect on self-renewal. (a) CFTR is expressed in mESCs; (b) immunofluorescent staining of CFTR (green) and Oct4 (red) in
mESCs; (c) percentage changes in Cl−-sensitive MEQ fluorescence intensity in response to CFTR activator, forskolin (10 μM) or inhibitor, CFTRinh-172 (10 μM); (d) phase-
contrast images of wild-type and CFTR knock-out mESCs grown in LIF+2i (PD0325901, 1 μM; CHIR99021, 3 μM; and LIF (1000 U/ml); (e) Flow Analysis of SSEA1 positive WT
and KO mESCs cultured in different conditions (LIF/PD or LIF/CHIR or LIF/CHIR/PD, detailed in the ‘Materials and Methods’ section); (f) the images and number of alkaline
phosphatase-positive colonies in WT1 and KO1 mESCs cultured in different conditions (LIF/PD or LIF/CHIR or LIF/CHIR/PD) for 5 days; (g) western blot analysis of pluripotency
markers (Oct4, Nanog and Sox2) in WT and KO mESCs; each bar in the figure represents the mean±S.E.M. of triplicates. *Po0.05, **Po0.01 and ***Po0.001

Figure 2 CFTR deficiency impairs mesendoderm differentiation of mESCs. (a) Real-time PCR analysis of CFTR mRNA expression in mESCs and developing mEBs from
day 1 to day 7; (b) phase-contrast images of WT and KO mEBs at day 1, 2, 4 and 7; (c) microarray analysis of day 5 WT and KO mEBs; the heat-map shows all genes with
expression level increased or decreased for more than 1.5-fold (left) and three germ layer (endoderm, mesoderm and ectoderm) genes with expression level increased or
decreased (right) in CFTR KOmEBs compared with WTmEBs; (d) real-time PCR analysis of mesendoderm, endoderm and ectoderm markers in WTand KOmEBs induced from
mESCs at day 1, 2, 4 and 7; quantification data are derived from three independent experiments, *Po0.05, **Po0.01 and ***Po0.001
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and KO mESCs. Western blot analysis showed that the total
and active β-catenin in the nuclear extractions in KO mESCs
were significantly reduced compared with that in WT
(Supplementary Figure S6a). Consistently, the mRNA
expression levels of β-catenin target genes, such as Lef1,
c-Jun, Ccnd1, Ccnd2 and Axin2 were significantly decreased
in KO mESCs compared with that in WT mESCs (Figure 4a).
In addition, whereas the basal level of β-catenin transcrip-
tional activity was low and no significant difference was
observed between WTand KO mESCs, the luciferase activity
of β-catenin was significantly decreased in the KO mESCs

when the cells were treated with Wnt3a or CHIR
(Supplementary Figure S6b), indicating the effect of CFTR
on β-catenin signaling was more prominent when the path-
way was activated. Given that β-catenin signaling is activated
and essential during mesendoderm differentiation in mESCs,
we further investigated the regulatory role of CFTR in β-
catenin signaling during mEB formation. Our western blot
results showed that although the expression level of total β-
catenin was similar between WTand KO mEBs, the activated
form of β-catenin, which is destined for nuclear translocation,
was significantly decreased in KO mEBs compared with

Figure 3 CFTR deficiency impairs mesoderm differentiation in teratomas. (a) Hematoxylin/eosin (H&E) staining results of WTor KO mESC-formed teratomas; although all
three germ layers (ectoderm, mesoderm and endoderm) can be observed in both WT and KO teratomas, more mature tissues derived from mesoderm presented in WT
teratomas compared with KO; (b) real-time PCR analysis of three germ layer markers in teratomas formed from WT (n= 4) or KO (n= 4) mESCs, *Po0.05, **Po0.01 and
***Po0.001; (c) α-SMA (mesoderm marker) and CFTR expression in teratomas formed from WT (n= 4) or KO (n= 4) mESCs, **Po0.01
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Figure 4 CFTR deficiency downregulates Wnt/β-catenin signaling pathway. (a) real-time PCR analysis of Wnt pathway-focused genes in WTand KO mESCs (LIF/CHIR/PD);
(b) western blot analysis showing the expression of total β-catenin, active β-catenin and p-β-catenin in whole extracts (WE) and total β-catenin and active β-catenin in nuclear
extracts (NE) of WTand KO mEBs induced from mESCs at day 1, 2 and 4; (c) real-time PCR analysis of Wnt3a and Wnt pathway targets Axin2, Cdx1 and T in WTand KO mEBs
induced from mESCs at day 1, 2 and 4; each dot in the figure represents the mean±S.E.M. of triplicates. *Po0.05, **Po0.01 and ***Po0.001; (d) western blot analysis
showing the expression of total β-catenin and active β-catenin in WE and NE of WT (n= 4) and KO (n= 4) teratomas in 4 weeks, with corresponding statistic summary shown on
the right; (e) real-time PCR analysis of Wnt downstream targets T, Ccnd1, Ccnd2, C-myc and Cdx1 in WT and KO teratomas in 4 weeks; (f) western blot analysis of Wnt
downstream targets Axin2 and C-myc in WE prepared from WT (n= 4) and KO (n= 4) teratomas in 4 weeks, with corresponding statistic summary shown in lower panel;
(d–f) Each bar in the figure represents the mean± S.E.M. of 4 mice from WT and KO groups, separately; *Po0.05, **Po0.01 and ***Po0.001
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WT mEBs (Figure 4b). In contrast, the expression level of
PS45-β-catenin, which primes β-catenin for phosphorylation
by GSK3β and subsequent degradation, was significantly
increased in KO mEBs (Figure 4b, upper panel). In addition,
the nuclear expression of active β-catenin was dramatically
decreased in KO mEBs (Figure 4b, lower panel). Using real-
time PCR, we then examined the expression of β-catenin
targets that have been implicated in mesendoderm differ-
entiation, and found that the expression levels of Axin2, Cdx1
and T were significantly decreased in KO mEBs at day 4
(Figure 4c). The regulatory effect of CFTR on β-catenin
pathway was further validated in teratomas. The expression
levels of active β-catenin were significantly reduced in whole
and nuclear extractions of KO teratomas compared with that
of WT teratomas (Figure 4d). In addition, the expression of
Wnt/β-catenin pathway targets was also significantly
decreased in KO teratomas at both mRNA (Figure 4e) and
protein (Figure 4f) levels. Altogether, the results indicate that
CFTR deficiency represses β-catenin signaling pathway
during differentiation.

CFTR regulates mESC mesendoderm differentiation via
its direct interaction with β-catenin. As previous proteo-
mics study indicated a potential interaction between CFTR
and components of Wnt/β-catenin pathway,27 we suspected
possible protein–protein interaction between CFTR and
β-catenin, where by CFTR stabilizes β-catenin, defect of
which leads to accelerated phosphorylation and premature
degradation. To prove this scenario, we first used a protein
synthesis inhibitor, cycloheximide (CHX), to block the de novo
synthesis of β-catenin, so that degradation process could be
detected. Our results showed that the protein degradation of
β-catenin in KO mESCs was significantly faster than that in
WT mESCs (Figure 5a), suggesting that the loss of CFTR
results in increased β-catenin degradation. Next, we checked
whether CFTR and β-catenin were co-localized in undiffer-
entiated and differentiating mEBs. Results of immunofluor-
escent staining showed that CFTR co-localized with
β-catenin not only at the membrane, but also within the
cytoplasm in both undifferentiated and differentiating mEBs
(Figure 5b and Supplementary Figure S7a). Then we used
co-immunoprecipitation (co-IP) to further test if CFTR
physically interacted with β-catenin in mESCs. As shown in
Figure 5c, we found that both CFTR and β-catenin were
detected in the immunoprecipitates of either anti-CFTR or
anti-β-catenin antibody, but not in the immunoprecipitates of
IgG control, suggesting that CFTR interacted with β-catenin
in undifferentiated mESCs. The physical interaction of
endogenous CFTR and β-catenin was confirmed in differ-
entiating mEBs at day 4 (Supplementary Figure S7b). These
results indicate that CFTR interacts with β-catenin, affecting
β-catenin phosphorylation and degradation.
We then attempted to rescue the differentiation defect in KO

mEBs with CHIR99021, which inhibits Gsk3β and thus
prevents β-catenin phosphorylation and degradation.18 After
incubation with CHIR99021 (2 μM) for 4 days, both WTand KO
mEBs showed significantly elevated expression of Wnt/β-
catenin targets (Axin2, Cdx1) with no significant difference
detected between WTand KO mEBs (Figure 5d). Importantly,
the differences in mesendodermmarkers (T, Eomes) between

WT and KO mEBs were also completely abolished by
CHIR99021 (Figure 5e). To further confirm the involvement
of β-catenin in mediating the effect of CFTR in regulating
mESCs differentiation, we overexpressed β-catenin in KO
mESCs using pT3-ΔN90 (constitutively active form of
β-catenin) and determined the expression of mesendoderm
markers. The result showed that overexpression of β-catenin
completely rescued the repressed mesendoderm markers
and β-catenin targets in KO mEBs (Figure 5f). These results
indicate that CFTR regulates mesendoderm differentiation in
mESCs via β-catenin pathway. Moreover, to validate the
specific effect of CFTR, we reintroduced humanCFTR into KO
mESCs and examined whether the suppressed β-catenin and
normal function of differentiation could be restored. Our result
showed that although the expression levels of p-β-catenin
were significantly decreased in both WT and KO mEBs with
forced expression of CFTR, the level of p-β-catenin was much
higher in KO mEBs than that in WT mEBs (Supplementary
Figure S8c). In addition, overexpression of CFTR partially
rescued the decreased β-catenin activity and mesendoderm
differentiation defect exhibited by KOmESCs (Supplementary
Figure S8b and d).

Knockdown of CFTR impairs early development in
Xenopus laevie via suppression of β-catenin. To deter-
mine the role of CFTR in embryo development, we made use
of the Xenopus laevis embryo model, which is a well-
established model system for the study of embryo develop-
ment. We performed loss-of-function of CFTR in Xenopus
laevis embryos using CFTR antisense morpholino (MO)
nucleotide. Injection of 25 ng CFTR MO into both blasto-
meres of two-cell-stage embryos resulted in an increase in
the number of embryos exhibiting gastrulation defect and the
number of death. Moreover, those embryos that survived
exhibited various abnormal features including eye defects,
head malformations and curved body axis (Figure 6a). We
counted and divided the embryos at stage 36 into three
categories: normal, abnormal, which included all forms of
abnormalities, and dead. The quantification results showed
that 72.9.4% (97 out of 133 embryos) of embryos were dead,
27.1% (36 out of 133 embryos) showed abnormal phenotype
and none (0 out of 133) was normal in CFTR MO group
(Figure 6b). In contrast, 4.0% (7 out of 177 embryos) of
embryos were dead, 7.9% (14 out of 177 embryos) showed
abnormal phenotype and 88.1% (156 out of 177) was normal
in control group. Importantly, the defects induced by CFTR
MO could be partially rescued by injection of human CFTR
mRNA into two-cell-stage embryos, suggesting the specificity
of CFTR MO (Supplementary Figure S9a). To further
investigate the underlying mechanism as to how CFTR
regulates embryonic development, the CFTR morphants
were harvested at stage 12.5 and examined for dynamic
expression of germ layer marker genes, including Xbra, Gsc,
Chordin and Vent1 for mesoderm, Sox17β, Foxa2 and Gata6
for endoderm, and Sox2, Sox3 and SoxD for ectoderm by
real-time PCR. Consistent with the results from mESC in vitro
differentiation data, the expression of the mesoderm and
endoderm marker genes examined was significantly down-
regulated in CFTR morphants compared with that expressed
in control embryos (Figure 6c). These results suggest that
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CFTR is crucial for early embryonic development in the
Xenopus laevis in vivo.
During Xenopus development, i-catenin signaling is critical

for mesoderm–endoderm induction.30,31 To further investigate

whether CFTR regulates β-catenin signaling during Xenopus
embryo development, we injected TOP-flash luciferaseWnt/β-
catenin reporter in the two-cell stage of control and CFTR MO
embryos and determined the reporter activity at stage 12.5.

Figure 5 CFTR regulates mESC mesendoderm differentiation via its direct interaction with β-catenin. (a) In the presence of protein synthesis inhibitor cycloheximide
(100 μg/ml CHX), protein degradation of β-catenin in KO mESCs is significantly faster than that in WT mESCs (*Po0.05, n= 3); (b) fluorescent staining of CFTR and β-catenin
showing co-localization of CFTR (green) and β-catenin (red) in mEBs; (c) Co-IP of endogenous CFTR and β-catenin; non-denatured whole-cell extracts prepared from mESCs
were immunoprecipitated with anti-CFTR, anti-β-catenin or control IgG antibody; the immune complexes and the input (10% of the whole-cell extracts used in the
immunoprecipitation step) were analyzed by immunoblotting with CFTR and β-catenin antibody; (d) real-time PCR analysis showing mRNA expression of Wnt targets
(Axin2, Cdx1 ) in WTand KO mEBs was dramatically increased when treated with CHIR (2μM) for 4 days; (e) real-time PCR analysis showing the differential mRNA expression
of mesendoderm markers (T, Eomes ) in WTand KO mEBs was rescued by CHIR (2 μM) treatment; (f) real-time PCR analysis showing ectopic expression of constitute β-catenin
rescued the defected mesendoderm differentiation and β-catenin activation in KO mEBs
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As shown in Figure 6d, the relative luciferase activity reflecting
the outputs of Wnt/ β-catenin signaling was dramatically
reduced in CFTR morphants. Moreover, the expression levels
of Wnt/β-catenin signaling targets including Xnr3 and Siamois
were also significantly decreased in CFTR morphants
compared with that in control embryos (Figure 6e). We then
tried to rescue the defective phenotype in CFTR MO embryos
by restoring active β-catenin. To do this, we injected β-catenin
mRNA (100 pg) into CFTR MO embryos at two-cell stage
and examined the development of embryos at stage 12.5.
Our results showed that with the concentration that could

completely restore the transcriptional activity and expression
of downstream targets (Figure 6f and g), ectopic expression of
β-catenin in CFTR MO embryos significantly reversed the
downregulation of the germ layer markers including meso-
derm (Xbra, Gsc, Vent1), endoderm (Sox17β) and ectoderm
(Sox3) in CFTR MO embryos (Figure 6h). Finally, we tried to
confirm the specific effect of CFTR MO by overexpressing
human CFTR mRNA in CFTR MO embryos. The result
showed that CFTRmRNAexpression completely reversed the
inhibitory effect of CFTR MO on the expression of mesendo-
derm markers (Supplementary Figure S9b). Taken together,

Figure 6 Knockdown of CFTR in Xenopus laevie embryos impairs early development and β-catenin signaling and its rescue. (a)The phenotypes of embryos injected with
25 ng of CFTR MOs; (b) quantification of aberrant phenotypes induced by CFTR MO; the phenotypes are divided into 3 categories, normal, abnormal and dead; the abnormal
embryos showed short and curved body; (c) real-time PCR analysis of three germ layer markers: mesoderm (Xbra,Gsc, Chordin, Vent1), endoderm (Sox 17β, Foxa2,Gata6) and
ectoderm (Sox2, Sox3, SoxD) in total mRNA of whole embryos at stage 12.5 injected Control MO (Ctrl) or CFTR MO (25 ng); (d) luciferase analysis showing β-catenin activity in
whole embryos at stage 12.5 injected Control MO or CFTR MO (25 ng); (e) real-time PCR analysis of Wnt pathway targets Xnr3 and Siamois in total mRNA of whole embryos at
stage 12.5 injected Control MO and CFTR MO (25 ng); (f–h) rescue of CFTR MO-induced defects in Xenopus development by overexpressing β-catenin; luciferase analysis
showing β-catenin activation (f), real-time PCR analysis of Wnt pathway targets, Xnr3 and Siamois, in whole embryos at stage 12.5 (g), real-time PCR analysis of three germ layer
markers (h); each bar in the figure represents the mean± S.E.M. of triplicates; *Po0.05, **Po0.01 and ***Po0.001
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results from Xenopus laevis embryos confirm a critical role of
CFTR in early embryonic development.

Discussion

The present study has revealed a previously unrecognized
role of CFTR in ESC differentiation, which is fundamentally
important for embryonic development. Our microarray data
showing downregulation of multiple mesoderm and endoderm
markers in KOmEBs at day 5, is consistent with the notion that
CFTR deficiency impairs the mesendoderm commitment
which corresponds to primitive streak formation stage during
embryonic development in vivo (Figure 2c). Specifically, we
have shown that Brachyury (T) and Mixl1, which are first
expressed in the early primitive streak-stage embryo,32,33 are
dramatically downregulated in KO mEBs at day 4. Following
that, genes reflective of mesoderm and endoderm differentia-
tion (Gsc, Eomes, Gata4, Gata6, Sox17, Foxa2) are promi-
nently downregulated at day 7 (Figure 2d). These results
clearly demonstrate that CFTR is critical for the early
mesendoderm differentiation in mESCs. Although the role of
CFTR in the late differentiation stage for mesendoderm is still
not understood, an interesting finding from our teratoma-
formation assay is that only mesoderm but not endoderm
differentiation is dramatically disrupted in the CFTR KO
teratomas (Figure 3a–c), indicating the presence of alternative
regulatory pathways in the late endoderm differentiation
of mESCs.
Wnt/β-catenin signaling pathway has a central role in

controlling lineage specification during early
embryogenesis.13,14 Consistent with the previous study, our
present study shows the expression levels of active β-catenin
and β-catenin target genes in KO mEBs are significantly
downregulated compared with WT mEBs (Figure 4a–c).
Moreover, β-catenin signaling is also dramatically suppressed
in KO mESC-injected teratomas (Figure 4d–f). These results
indicate that CFTR regulates β-catenin-mediated signaling
pathway, which is of paramount importance for mesendoderm
differentiation and embryonic development. Of particular
interest, for the first time, we have shown that CFTR physically
interacts with β-catenin in mESCs and mEBs, and they are
co-localized in both membrane and cytoplasm (Figure 5b, c,
Supplementary Figure S7a and b). Given that stabilization of
β-catenin is pivotal for its subsequent nuclear translocation
and activation, we propose that the direct interaction between
CFTR and β-catenin prevents β-catenin phosphorylation and
degradation, defect of which results in augmented phosphor-
ylation and premature degradation as observed (Figure 5a).
This notion is supported by the results using GSK3β
inhibitor, which prevents β-catenin degradation, reverses the
suppressive effect of CFTR deficiency on mesendoderm
differentiation and β-catenin target expression in KO mESCs
(Figure 5d and e). Thus, our study has revealed a novel
regulatory mechanism where by β-catenin activity is dictated
by its interaction with CFTR, which is critical for the early
mesendoderm commitment in mESCs.
The role of CFTR in β-catenin signaling and early develop-

ment is further demonstrated in the present study in the
Xenopus laevis in vivo. We have shown that knockdown of
CFTR dramatically impairs the embryo development of

Xenopus at very early stage, and represses the expression
of multiple mesoderm and endoderm genes at stage 12.5
(Figure 6a–c). The phenotype shown in the CFTR MO-treated
embryos is striking, probably due to the high demand of
β-catenin activity in Xenopus development.34–36 The present
study has shown that the loss of CFTR suppresses β-catenin
transcriptional activity and Wnt/β-catenin downstream targets
that are directly involved in the mesendoderm induction, such
as Xnr3 and Siamois (Figure 6d and e). These results indicate
that CFTR is critical for the mesendoderm differentiation
during embryo development via regulation on β-catenin
pathway in vivo. It should be noted that some of the
differentiation markers could only be partially rescued by
β-catenin overexpression in CFTR MO embryos (Figure 6h),
indicating that CFTR may regulate other key signaling path-
ways involved in Xenopus early development. Indeed,
previous studies have shown that CFTR can regulate
TGFβ37 and ERK38 pathways, which are also known to be
involved in Xenopus embryonic development.
Of particular interest, our preliminary results obtained from

ΔF508− /− mEBs also showed impaired mesoderm differentia-
tion (Supplementary Figure S10f) and increased expression of
p-β-catenin (Supplementary Figure S10h) compared with the
WT mEBs. In addition, the expression of total and active
β-catenin in the nuclear fraction of ΔF508 mESCs was
dramatically decreased (Supplementary Figure S10g). These
results suggest that many of the clinical manifestations
observed in CF patients, with ΔF508 as the major mutation,
may actually stem from developmental defects due to
defective β-catenin signaling as demonstrated in the present
studies. Interestingly, two recent studies clearly showed
that the ΔF508-CFTR mutation impaired the differentiation
of bone marrow stromal cells into osteoblasts and the
activity of osteoblasts. Consistent with our results, these
studies also found increased β-catenin phosphorylation,
reduced osteoblast β-catenin expression and altered
expression of Wnt/β-catenin target genes in ΔF508 mutant
osteoblasts.39,40 Given that bone is of mesoderm origin, it is
plausible that the defected mesoderm differentiation reported
in our study contributes to the pathological condition of bone in
ΔF508 mice. Collectively, in view of the importance of
Wnt/β-catenin pathway in embryonic development, the pre-
sently demonstrated critical role of CFTR in regulating
β-catenin signaling provides novel insights into the molecular
mechanism underlying embryonic development.

Materials and Methods
Mouse embryos and establishment of mESCs. Mice were obtained
from the laboratory animal service center (LASEC) of the Chinese University of
Hong Kong (CUHK, Hong Kong, China). CFTRtm1Unc (CFTR KO) mice, with a
neomycin selection cassette inserted into exon 10 at sequences corresponding to
codon 489 of the encoded CFTR protein,41 were obtained from the Jackson
Laboratory, Bar Harbor, ME, USA and maintained in LASEC of CUHK. Wild-type
and CFTR− /− knock-out mouse embryos were obtained by crossing CFTRtm1Unc

(+/− ) female and male mice. E3.5 blastocysts were flushed out from the uterus and
cultured on mitomycin C-treated MEF feeder in a 96-well plate with N2B27 medium
with 2i (PD0325901, 0.4 uM; CHIR99021, 3 μM) and LIF (1000 U/ml). The ICM
outgrowth was treated with 0.05% Trypsin (Gibco Life Technologies, Carlsbad, CA,
USA) and passaged on a 24-well plate until stable mESC lines were obtained. The
mESCs were maintained on feeders under the normal mESC medium (DMEM
supplemented with 15% FBS, 0.1 mM non-essential amino acids, 0.1 mM
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2-mercaptoethanol, 2 mM Glutamine, 100 U/ml penicillin/streptomycin and
1000 U/ml LIF). To obtain feeder-free mESCs, the mESCs were grown on
0.1% Gelatin-coated dish in 2i (PD0325901, 1 μM and CHIR99021, 3 μM)+LIF
(1000 U/ml). Cells were maintained in 37 °C and 5% CO2 incubator.

Xenopus laevis embryo manipulation and microinjection. Female
frog ovulation was stimulated by injection with 500 IU of human chorion
gonadotropin (Sigma-Aldrich, St Louis, MO, USA) into the dorsal lymph sac.
In vitro fertilization was performed by mixing male testis homogenates and eggs.
After fertilization, embryos were dejellied with 2% cysteine solution, pH 8 and
cultured in 0.2 × MMR (20 mM NaCl, 0.2 mM KCl, 0.2 mM MgSO4, 0.4 mM CaCl2,
0.02 mM EDTA, 1 mM HEPES, pH 7.8) as previously described.42 Embryos were
staged according to Nieuwkoop and Faber.43 2-cell stage Xenopus laevis embryos
were used for microinjection. Prior to each injection, the injection needle was
washed twice with DEPC-H2O to remove RNase contamination. The procedure was
carried out in 4% ficoll 400 dissolved in 1 ×MMR, which could collapse the vitelline
envelop and minimize cytoplasm leakage during injection. Microinjection is
performed at about 22 °C. After injection, culture the injected embryos in
0.2 ×MBS culture medium at 16 °C overnight and then transfer to 22 °C.

EB formation. mESCs were trypsinized, re-suspended in EB medium (DMEM
supplemented with 10% FBS, 5% KSR, 0.1 mM non-essential amino acids, 2 mM

Glutamine, 100 U/ml penicillin/streptomycin) at a cell density of 1.5–2 × 105 cells/ml
and plated on a non-adherent petri dish to initiate EB formation.

mESC Transfection. For β-catenin and CFTR overexpression in CFTR KO
mESCs, pT3-N90-β-catenin (Addgene Plasmid #31785) was purchased from
Addgene (Cambridge, MA, USA). pT3-N90-β-catenin is a β-catenin mutant
construct with NH2-terminal deletion of 90 amino acids. pcDNA3.1‐CFTR vector
was used to overexpress CFTR. The empty vector or pEF-GFP was used as a
negative control. Generally, cells were seeded in 6-well culture plate at 1 × 105 cells
per well in full medium. After incubation overnight, cell medium was changed to PS-
free medium. In all, 2.5 μg vector and 5 μl lipofectamine 2000 were mixed in 500 μl
opti-MEMI (for each well) and added to the medium. Fresh full medium was
changed after 24 h incubation. Cells were then trypsinized for further analysis. For
the β-catenin/TCF reporter assay, mESCs were plated on 24-well plates without
feeder and transfected by Lipofectamine 2000 (Life Technologies, Carlsbad, CA,
USA) with 250 ng of the β-catenin/TCF reporter constructs (Millipore, Billerica, MA,
USA) together with 2.5 ng of pRL-CMV (Renilla luciferase, Promega, Madison, WI,
USA) as internal standard for transfection efficiency.

RNA extraction and qRT-PCR. Total RNA of cells was extracted using
TRIzol Reagent according to the manufacturer’s instruction. The RNA concentration
was measured by NanoVue UV/Vis Spectrophotometer. The isolated total RNA was
dissolved in DEPC-treated H2O. In all, 1–5 μg total RNA was applied on reverse
transcription reaction using molony murine leukemia virus reverse transcriptase.
1 μl cDNA was mixed with 1 μl of 2.5 μM forward primer, 1 μl of 2.5 μM reverse
primer, 5 μl Bio SYBR Green Master mix (Takara, Kusatsu, Shiga, Japan). PCR
was performed on Applied Biosystem 7500 fast real-time PCR system (Thermo
Fisher Scientific, Waltham, MA, USA). Specific primers were purchased from Life
technologies and listed in Supplementary Table S1. To calculate the relative
transcriptional expression, the Ct values of interested genes were normalized by
average Ct values of gapdh as ΔCt, The relative transcriptional expression of
interested genes was indicated with 2(-−ΔΔCt).

Protein extraction and western blot. Cells were collected and washed
once using PBS. RIPA buffer (150 mM NaCl, 50 mM Tris-Cl, 1% NP-40, 0.5% DOC,
0.1% SDS, 1:100 PMSF and 1:100 PImix) was used to lyse cells for 30 min at
4 °C. Supernatant was collected as total protein after centrifugation at 12 000 r.p.m.
for 30 min. For nuclear protein extraction, 50 μl (for 60 mm dish) low-salt buffer
(10 mM HEPES, 10 mM KCl, 1 mM EDTA, 1 mM EGTA, 0.2% NP-40, 10% Glycerol)
was added to cells. After vortex for 1 min, the microtubes were incubated on ice for
5 min followed by centrifuging for 2 min in 4 °C at 13 000 r.p.m. The supernatant
was collected carefully as cytoplasmic fraction and stored in − 80 °C. The nuclear
pellet was re-suspended with 25–30 μl high-salt buffer (20 mM HEPES, 420 mM

NaCl, 10 mM KCl, 1 mM EDTA, 1 mM EGTA, 20% Glycerol) and rotated for 30 min in
4 °C. The nuclear membrane fragments were removed by centrifuging at 13 000 r.p.
m. for 10 min in 4 °C. The supernatant was collected carefully as nuclear fraction
and stored in − 80 °C. Equal amounts of protein were separated by SDS-PAGE and

detected for target proteins. The protein bands were visualized by the enhanced
chemo-luminescence assay (GE Healthcare, Buckinghamshire, UK) following
manufacturer's instructions and scanned by densitometer. Antibodies used are
CFTR (1/500, Almone Lab, Jerusalem, Israel, ACL-006), β-catenin (1/1000, CST,
cst9562), non-phospho (Active) β-catenin (1/1000, CST, Boston, MA, USA, cst8814),
phospho-β-catenin (1/1000, CST, cst9561), axin2 (1/1000, Abcam, Cambridge, MA,
USA, ab32197), c-myc (1/1000, CST, cst5605), oct3/4 (1/1000, Santa Cruz, CA, USA,
sc9081), nanog (1/1000, Abcam, ab80892), sox2 (1/1000, CST, cst2748), β-actin
(1/2000, Sigma, St. Louis, MO, USA, A1978), Histone1 (1/1000, Santa Cruz, sc8030).

Co-immunoprecipitation. Three groups of cells (grow on 100 mm dish) were
included in co-IP experiment: input group, antibody group and IgG group. The medium
of cells were discarded and cells were rinsed in 1 × PBS twice to remove extra
medium. Protein interactions were then fixed using 200 μg/ml DTSSP solution for
20 min at room temperature. The cross link reaction was terminated by 50 mM

Glycine in PBS for 5 min. For antibody and IgG group, cells were lysed with 1 ml of
ice-cold IP lysis buffer (50 mM HEPES, 420 mM KCl, 0.1% NP-40, 1 mM EDTA) for
30 min to 1 h on ice. For input group, 100 μl of IP lysis buffer was added to cells
and lysed for the same time. Supernatants of all groups were collected as cell lysates
after centrifugation at 12 000 r.p.m. for 15–30 min in 4 °C. Lysates of input was store
at − 80 °C. Lysates of the other two groups were incubated with 5 μg anti-CFTR or
anti-β-catenin antibody or normal Rabbit IgG together with Protein A/G beads on
rotator overnight in 4 °C. The beads were harvested by centrifugation in the following
day and washed 5 times using PBS supplemented with protease inhibitor. 1 × SDS
loading buffer was added to beads and incubated for 30 min at room temperature.
The co-IP results were further analyzed by western blotting.

Microarray analysis. Total RNA of WT and CFTR KO mEBs at day 5 was
extracted using Trizol (Life Technologies, Carlsbad, CA, USA) according to the
instructions. In all, 10 μg total RNA was aliquoted and digested with DNAase (New
England Biolab, MA, USA) at 37 °C for 45 min to remove DNA contamination, and
then the RNA samples were purified with RNeasy mini-kit (Qiagen, Valencia, CA,
USA) according to the instructions. Subsequently, the purified RNAs were reversely
transcribed, labeled and hybridized to Affymetrix mouse exon 1.0 ST Array (Santa
Clara, CA, USA). All the microarray processes were conducted according to the
manufacturer’s instructions. Finally, the array data were analyzed using the software
Partek and Genespring (Agilent Technology, Santa Clara, CA, USA). Differentially
expressed genes were identified on the basis of statistically significant differences in
transcript-level signal intensity and a fold change of 1.5.

Immunofluorescent staining. Cells were grown on 10 mm glass coverslips
pre-coated with 0.2% gelatin (Sigma-Aldrich, St Louis, MO, USA). After incubation
for 3–4 days, cells were fixed in fresh 4% PFA. The coverslips were air-dried in
chemical hood for 5 min and washed with PBS for 5 min twice. Cells were then
blocked in 1% BSA for 1 h at room temperature, followed by incubation with primary
antibody overnight in 4 °C refrigerator (CFTR, 1/100, ACL-006; β-catenin, 1/100,
cst2677; Oct4, 1/100, sc9081). In the following day, coverslips were washed with
PBS for 3 min twice. Then secondary antibodies were applied on cells for 1 h at
room temperature. After PBS washing, the nucleus was stained with Hoechst
33342. Negative control group that omitted primary antibody was included in this
study. The cells were visualized under fluorescent or confocal microscopy.

Intracellular Cl- measurement. Cells grown on 25 mm diameter glass
coverslips were washed 3 times with a Margo solution containing (in mM): 130 NaCl,
5 KCl, 2.5 CaCl2, 1 MgCl2, 20 Hepes, 10 glucose, pH 7.4, which were then loaded
with 10 mM MQAE for 30 min at 37 °C incubator. After that, the cells were washed
twice and kept in a MQAE-free Margo solution for another 30 min at room
temperature in dark. To obtain the maximum fluorescence (Fmax), a Cl−-free Margo
solution (130 mM Na gluconate, 5 mM K gluconate, 20 mM Ca gluconate, 1 mM

MgSO4, 20 mM HEPES, 10 mM glucose, pH 7.4) with 10 μM nigericin and 10 μM
tributyltin was used. For the minimum fluorescence (Fmin), 150 mM KSCN buffered
with 10 mM HEPES (pH 7.4) and 5 μM valinomycin was used. To start the
experiment, coverslips were transferred to a mini-chamber and maintained in Margo
solution. Drugs were added after the baseline was stable. Measurement was made
on an epifluorescence microscope (Nikon Eclipse Ti, Konan, Minato-ku, Tokyo,
Japan) equipped with a CCD camera (Spot Xplorer, Monterey Imaging Technology,
FL, USA) and a Fluor 20 × objective lens (0.75 NA; Nikon), controlled by the
software MetaFluor (Universal Imaging, Sunnyvale, CA, USA). The Xenon lamp
(Hamamatsu, Shizuoka Prefecture, Japan) was used to provide an excitation at
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340 nm and emission was collected at 460 nm. The MQAE fluorescence intensity
(F) was expressed as F= Fo/Fcl, where Fcl was the fluorescence signal of cells
recorded in normal Margo solution. The Fo was determined by Fo= Fmax− Fmin.

Whole-cell patch-clamp recording. Ionic current was recorded with
Axopatch-200B amplifier (Axon Instruments, Foster City, CA, USA). The command
voltage was controlled by pClamp Version 9 software (Molecular Devices,
Sunnyvale, CA, USA). Glass Patch pipettes were pulled on a micropipette puller
(P-97, Sutter Instrument, Novato, CA, USA) to a resistance of 3–4 MQ after filled
with pipette solution. The pipette solution contained (in mM): 140 CsCl, 5 NaCl, 2
Mg-ATP, 10 EGTA, 10 Hepes (pH= 7.2) and 110 U/ml of PKA catalytic subunit. The
bath solution contained (in mM): 137 NaCl, 5 KC1, 2 CaCl2, 2 MgCl2, 10 Hepes and
5 glucose (pH= 7.3). The osmolality of the bath solution and pipette solution were
adjusted to 310 mOsm/kg and 290 mOsm/kg with D-mannitol, respectively. All
patch-clamp recordings were made at room temperature (22 °C).

FACS analysis. mESCs were trypsinized and re-suspended in PBS containing
1% bovine serum albumin. Antibodies were then added and incubated for 15 min at
room temperature in the dark. After twice washes, labeled cells were analyzed by a
FACS caliber flow cytometer (Becton Dickinson, NJ, USA). A minimum of 10 000
events was collected and acquired using CellQuest software (Becton Dickinson).
Data were analyzed using the BD FACSDiva software. The antibodies used
including SSEA1 (1/50, Millipore MAB4301). Flow cytometry studies of apoptosis
were completed following standard protocols for Annexin V-FITC and PI staining kit
(Life Technologies, V13421).

Teratoma formation. In all, 1 × 107 WT and CFTR KO mESCs were washed
with 1 × PBS and harvested with 0.25% trypsin (Gibco Life Technologies, Carlsbad,
CA, USA). The cells were then suspended in 1 × PBS (the final concentration is
2 × 107 mESCs/ml in total 500 μl mixture) and injected subcutaneously into the
nude mice. Four nude mice were used to inject wild-type and KO mESCs, each
nude mouse was injected 4 spots, 2 spots for WT mESCs on one side and 2 spots
for KO mESCs on the other side and injected 2 × 106 mESCs/spot. Four weeks after
injection, the nude mice were killed and tumors were harvested. Teratomas were
homogenized for protein and total RNA extraction or fixed in 4% PFA overnight, and
then imbedded in paraffin, sectioned and stained with hematoxylin and eosin for
histological analysis.

Knockdown and overexpression in Xenopus laevis. In the loss-of-
function analysis, antisense MO oligonucleotide against Xenopus CFTR RNA
containing the sequence 5′-CTTTCTCCAGCGGCGTCTTCTGCAT-3′ (CFTR MO)
or a standard control MO oligo containing the sequence 5′-CCTCTTACCTC
AGTTACAATTTATA-3′ (control) was injected into the embryos at two-cell stage. To
rescue the developmental defect caused by CFTR MO, the MO was co-injected with
either CFTR or β-catenin mRNA to overexpress CFTR or β-catenin. These
plasmids have been used in the experiments: full-length Xenopus β-catenin was
introduced into the EcoRI restriction site of the pSP36T vector and full-length human
CFTR was introduced into the BstB1 and Snab1 restriction site of the pCS2+ vector. To
prepare mRNA, the expression vector was first linearized by restriction endonuclease
and then purified with PCR purification kit. The capped mRNA was synthesized in vitro
using mMESSAGE mMACHINE SP6 kit (Ambion, Waltham, MA, USA, AM1340).
mRNA was purified by RNA clean-up kit (Qiagen, Valencia, CA, USA, 74204).

Luciferase reporter assay. Xenopus embryos were injected at the two-cell
stage two times with a mixture of 100 pg β-catenin/TCF reporter construct and
10 pg pRL-CMV (Renilla luciferase). Four embryos in stage 12.5 were lysed in 40 μl
passive lysis buffer (Promega, Madison, WI, USA) and cleared by centrifugation.
Luciferase activity was measured from 20 μl extract using the Dual-Luciferase
Reporter Assay System (Promega, cat# E1910) and the LB 96V MicroLumat Plus
(EG&G Berthold Technologies, Bad Wildbad, Germany).

Statistical analysis. Data were expressed as the mean±S.E.M. Differences
in measured variables between two groups were assessed by Student’s t-tests.
One-way ANOVA and Tukey’s post hoc test were applied when there were more
than two groups. Results were considered statistically significant at Po0.05.
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