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TheCa2� signaling pathway appears to regulate the processes
of the early development through its antagonism of canonical
Wnt/�-catenin signaling pathway. However, the underlying
mechanism is still poorly understood. Here, we show that
nuclear factor of activated T cells (NFAT), a component of Ca2�

signaling, interacts directly withDishevelled (Dvl) in a Ca2�-de-
pendent manner. A dominant negative form of NFAT rescued
the inhibition of the Wnt/�-catenin pathway triggered by the
Ca2� signal. NFAT functioned downstream of �-catenin
without interfering with its stability, but influencing the
interaction of �-catenin with Dvl by its competitively binding
to Dvl. Furthermore, we demonstrate that NFAT is a regula-
tor in the proliferation and differentiation of neural progen-
itor cells by modulating canonical Wnt/�-catenin signaling
pathway in the neural tube of chick embryo. Our findings sug-
gest that NFAT negatively regulates canonical Wnt/�-catenin
signaling by binding to Dvl, thereby participating in vertebrate
neurogenesis.

Wnt signaling plays important roles in various physiological
and pathological processes (1–4). The Wnt pathway has been
divided into two branches, �-catenin-dependent (5) and
�-catenin-independent (6–8). The�-catenin-dependent path-
way, also called canonicalWnt pathway, triggers its signaling by
disrupting the �-catenin destruction complex to block
�-catenin phosphorylation, subsequently leading to the stabili-
zation of cytoplasmic �-catenin. The accumulated �-catenin
then translocates to the nucleus where it regulates target gene
expression through partnerships with the lymphoid enhancer-
binding factor 1 (LEF1)2/T cell-specific transcription factors
(TCF) family (5).

Dishevelled (Dvl) is an essential effector in this pathway.
Despite its function on �-catenin accumulation, it also plays a
role at �-catenin transcriptional activity. Previous studies have
demonstrated that Dvl is also localized in the nucleus (9–11),
and its nuclear localization is required for canonical Wnt sig-
naling (10, 11). Nuclear Dvl associates with the �-catenin-
LEF1/TCF transcriptional complex by interacting with
�-catenin and c-Jun to stabilize �-catenin-LEF1/TCF tran-
scriptional complex formation (11).
Proteins of the nuclear factor of activated T cells (NFAT)

family are Ca2�-regulated transcription factors, which were
initially identified in the immune system but now are known to
have integral function in multiple signaling pathways (12–16).
Five members of this family, including NFATc1/2/c, NFATc2/
1/p, NFATc3/4/x, NFATc4/3, and NFAT5/TonEBP, have been
identified in mammals. All members of the NFAT family have
highly conserved DNA-binding domain, the Rel homology
region (RHR), which confers commonDNA-binding specificity
(17). Except for NFAT5, NFATc1–c4 are activated upon a rise
in intracellular Ca2�, which stimulates the serine/threonine
phosphatase activity of calcineurin (18, 19). Calcineurin
directly dephosphorylates NFAT resulting in the nuclear
import of NFAT. In the nucleus, NFAT transcription com-
plexes reassemble onDNA to initiate gene transcription (19). It
has been revealed that NFAT can act as both a positive and
negative regulator of transcription. A study of cyclin-depen-
dent kinase 4 (CDK4) suggested that NFATc2 represses CDK4
expression (20). NFATc1 also induces transcriptional repres-
sion by interacting with histone deacetylases after sumoylation
modification (21, 22).
Previously, it has been reported that Ca2� signaling or

Wnt/Ca2� signaling can block the canonical Wnt signaling
transduction through an activation of NFAT in Xenopus
embryos (23). However, the underlying mechanism is not
clear. Here, we report that NFAT participates in the inhibi-
tion of Wnt signaling through direct interaction with Dvl in
the nucleus. The binding of NFAT to Dvl prevents Dvl
recruiting to the �-catenin transcription complex, thus
reducing the transcriptional activity of �-catenin. Further-
more, our data also reveal that the cross-talk between NFAT
andWnt signaling is involved in the proliferation and differ-
entiation of neural progenitor cells in the neural tube of
chick embryo.
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EXPERIMENTAL PROCEDURES

Constructs, Antibodies, Ligand, and Chemicals—Mouse
NFATc4 cDNA was cloned into CMV promoter-based mam-
malian cell expression vector and subcloned into pET-28c plas-
mid. The expression plasmid of Dvl has been described previ-
ously (11). Constitutively active calcineurin (�CnA) was a gift
from Dr. C. W. Chow at Albert Einstein College of Medicine,
New York. Mouse anti-�-catenin (BD Bioscience), anti-TCF-4
(Millipore), anti-FLAG (Sigma), anti-HA (Covance), and rabbit
anti-phosphor-�-catenin (Ser-33/Ser-37/Thr-41) (Cell Signal-
ing Technology) were acquired commercially. Wnt-3a condi-
tionedmedium (CM) and its control were described previously
(24). Ionomycin and cyclosporin A (CsA) were from Sigma.
Cell Transfection and Luciferase Assay—HEK293T were

transfected with DNA using Lipofectamine Plus (Invitrogen).
SW480, Caco-2, and LS174T cells were transfected with DNA
using Lipofectamine 2000 (Invitrogen) according to the manu-
facturer’s instructions. The LacZ plasmid was added to make
the total amount of DNA equal (0.5 �g/well in a 24-well plate
for SW480 cells and 0.25 �g/well for HEK293T cells). Lucifer-
ase assays were performed as described previously (25).
Immunoprecipitation, Protein Purification, and inVitro Pull-

down Assay—HEK293T cells were transiently transfected with
the indicated constructs for 24 h. A co-immunoprecipitation
experiment was then performed as described previously (25).
His6-tagged and GST-fused proteins were expressed in Esche-
richia coli and were partially purified with nickel-nitrilotri-
acetic acid and GSH-Sepharose 4B beads, respectively. The in
vitro pulldown assay was performed as described previously
(11).
RT-PCRandQuantitative Real-time PCR—The extraction of

Total RNAs and the reverse transcription of the purified RNA
was performed as described previously (11). The quantification
of all gene transcripts was done by quantitative PCR using the
SYBR Premix Ex Taq (TaKaRa) and an ABI 7500 apparatus
(ABI). The primer pair used for human Axin2was 5�-CTGGC-
TTTGGTGAACTGTTG-3� and 5�-AGTTGCTCACAGCCA-
AGACA-3�, for DKK1 was 5�-CTGCAAAAATGGAATATG-
TGT-3� and 5�-CTTCTTGTCCTTTGGTGTGA-3�, and for
GAPDH was 5�-GCACCACCAACTGCTTA-3� and 5�-
AGTAGAGGCAGGGATGAT-3�.
Cell Fractionations and Endogenous Interaction—HEK293T

cells were scraped into PBS and were fractionationed as
described previously (26). For the endogenous interaction
assay, the nucleus of 3–5 � 107 HEK293T cells were lysed, and
the nuclear extracts were sonicated four times for 5 s in 1 ml of
buffer containing 20 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1%
Triton X-100, 2 mM EDTA, and CompleteTM protease inhibi-
tors (Roche Applied Science).
Chromatin Immunoprecipitation (ChIP)—ChIP assays were

performed as described previously (27); however, the immuno-
precipitated DNA was quantified using quantitative PCR. The
primer pair for human Axin2 TBE site was 5�-CTGGAGCCG-
GCTGCGCTTTGATAA-3� and 5�-CGGCCCCGAAATCCA-
TCGCTCTGA-3�. For human c-myc TBE site was 5�-CTCTC-
CACTTGCCCCTTTTAG-3� and 5�-GAAGAGACAAA-
TCCCCTTTGC-3�.

In Ovo Chick Embryo Electroporation—Fertilized eggs were
obtained from the Shanghai Academy of Agricultural Sciences.
The chick embryo in ovo electroporation was performed as
described previously (28).
In Situ Hybridization—Section in situ hybridization was per-

formed as described previously (29).

RESULTS AND DISCUSSION

Identification of NFAT as a Dvl-binding Protein—The Dvl
protein family is an essential yet also perhaps the most enig-
matic component of theWnt signaling pathway. To address its
function further, we sought to identify proteins acting directly
with Dvl. A yeast two-hybrid screen of a mouse embryonic
cDNA library was performed using mouse Dvl-1-C1 (residues
377–695) as the bait. A positive clone that encodes the C-ter-
minal half of mouse NFATc4 (mNFATc4-C1) interacted
strongly with the bait. To confirm this interaction, we carried
out co-immunoprecipitation after transfecting HEK293T cells
with HA-tagged mNFATc4 and FLAG-tagged Dvl-1, 2, and 3.
All three Dvl homologs were co-immunoprecipitated withHA-
taggedmNFATc4 (Fig. 1A), which suggests that NFAT binds to
Dvl and has a universal binding activity to Dvl family members.
We further purified His6-tagged full-length mNFATc4 and
GST-mDvl-1 from E. coli. GST-mDvl-1, not GST alone, pulled
down recombinant His6-tagged mNFATc4 in vitro (Fig. 1B),
suggesting that NFAT can physically interact with Dvl. More-
over, we delineated the binding region within mNFATc4. As
described in Fig. 1C, the N terminus of NFAT composed of the
transactivation domain and regulatory domain is dispensable
for interacting with Dvl, whereas the RHR has binding activity
slightly less than that of full-length NFAT. Thus, we consider
the RHR as the region critical for binding to Dvl.
Proteins of theNFAT family play important roles in theCa2�

signalingwhich induces dephosphorylation ofNFAT leading to
its nuclear transport. Thus, we examined whether calcium
affected the interaction of NFAT andDvl.We used the calcium
ionophore ionomycin to mimic the Ca2� signaling (30–33).
Because the available NFAT-specific antibody does not detect
endogenous NFAT well, we stably expressed FLAG-tagged
mNFATc4 in HEK293T cells. NFAT was highly phosphory-
lated upon the stimulation with CsA, a calcineurin inhibitor,
and was dephosphorylated after ionomycin was added (supple-
mental Fig. S1A), indicating that the cells responded to calcium
signaling. We then carried out immunoprecipitation to detect
the interaction of endogenous Dvl-3 with NFAT upon CsA or
ionomycin treatment. As shown in Fig. 1D, Dvl-3 efficiently
co-immunoprecipitatedwithNFAT in the presence of ionomy-
cin, but did so weakly upon CsA treatment. To confirm further
whether the two different forms of NFAT caused by CsA and
ionomycin treatment have different affinity for Dvl, we stimu-
lated the cells stably expressing NFAT with CsA or ionomycin
and carried out immunoprecipitation with a FLAG antibody.
Then, Dvl expressed in HEK293T cells was added. As shown in
Fig. 1E, NFAT fromCa2�-stimulated samples appeared to have
a higher binding affinity for Dvl. Given that the dephosphory-
lated form of NFAT is located predominantly in the nucleus.
We further performed a co-IP experiment using an extract of
the nucleus fraction to verify whether the interaction happens
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in the nucleus. Indeed, NFAT forms complex with Dvl in the
nucleus upon the stimulation of Ca2� signal (Fig. 1F). These
data suggest that the interaction between NFAT and Dvl pos-
sibly takes place in the nucleus upon Ca2� concentration
elevation.
NFAT Negatively Regulates Wnt Signaling—It has been

reported that Ca2� or Wnt/Ca2� signaling plays a negative
role in regulating Wnt/�-catenin signaling (23). Thus, we
used the LEF1/TCF-dependent reporter TOP-Flash to vali-
date its effect in our system. As shown in Fig. 2A, ionomycin
or expression of �CnA inhibited reporter gene activity
induced by Wnt3a CM. This inhibition was reversed by a
dominant negative form of mNFATc4 (DN-NFAT,
mNFATc4-N in Fig. 1C) which only contains the N-terminal
region of mNFATc4 and blocks endogenous NFAT activa-
tion (34–36) (supplemental Fig. S1B). However, DN-NFAT
could not reverse the inhibitory effect caused by a constitu-
tively active form of mNFATc4 (mNFATc4-CA) (Fig. 2C).
mNFATc4-CA lacks its phosphorylation sites (sp1, sRR1/2)
and is constitutively localized in the nucleus (supplemental Fig.
S1C). It also interacts with Dvl (supplemental Fig. S1D). We
also examined the effects of calcineurin or DN-NFAT expres-
sion on the mRNA levels of Axin-2 and DKK1, specific Wnt
target genes (Fig. 2D and supplemental Fig. S2A), which pro-
vides a coincident result as reporter gene assay. These data con-
firmed the previous findings that NFAT is not only a compo-
nent of calcium signaling (Fig. 2D, right), but also a regulator
that mediates the inhibition of the Wnt pathway by calcium
signaling, especially via calcineurin.

NFAT proteins can also act as transcriptional activator. We
investigated whether the transcriptional activity of NFAT was
required for its inhibitory effect on Wnt signaling. The RHR
domain of mNFATc4 contains the DNA-binding activity but
not transactivation activity (supplemental Fig. S2B). The fact
that RHR alone could suppressWnt signaling (Fig. 2E) suggests
that the transcriptional activity of NFAT is dispensable for its
ability to suppress Wnt signaling.
NFAT Functions Downstream of �-Catenin—It has been

reported previously that NFAT participates in the regulation of
Wnt signaling by acting upstream of �-catenin (23). However,
in our system, neither calcineurin expression nor NFAT-CA
expression interfered with the contents of phosphorylated
�-catenin (Ser-33, Ser-37, and Thr-41) or �-catenin nuclear
accumulationwhereas expression of GSK3� or Axin did (Fig. 3,
A and B). These results indicate that NFAT may not influence
the stability of �-catenin. Therefore, we postulated that NFAT
may repressWnt signaling in the nucleus by blocking the trans-
activation function of �-catenin. This hypothesis is consistent
with the aforementioned finding that the interaction of NFAT
with Dvl is induced by Ca2� signals in the nucleus. To test this
hypothesis, LS174T cells that contain oncogenic mutation of
�-catenin gene (37, 38) and Caco-2 or SW480 cells which con-
tainmutated adenomatous polyposis coli (APC) (39) were used
to examine the effect of Ca2� signaling/NFAT onWnt reporter
activity. As shown in Fig. 3C, overexpression of calcineurin or
NFAT-CA led to a repression of Wnt reporter gene activity in
these cells. Taken together, these data suggest that calcineurin
and NFAT regulate Wnt signaling downstream of �-catenin.

FIGURE 1. NFAT interacts directly with Dvl under the stimulation of calcium signaling. A, NFAT interacts with the Dvl family in HEK293T cells. The cells were
transfected with the indicated plasmids. 24 h after transfection, a co-immunoprecipitation(IP) assay was performed, and immunoprecipitates were resolved
with Western blotting. *, IgG. B, NFAT physically interacts with Dvl in vitro. His6-mNFATc4-FLAG was mixed with GST-mDvl-1 or GST-bound GSH-Sepharose 4B
for 3 h. Samples were subjected to SDS-PAGE and Western blotting. *, nonspecific band. C, schematic represents mapping of the Dvl-interacting region in
mNFATc4. The numbers indicate amino acids. The binding of full-length NFAT and various NFAT fragment to Dvl was examined by co-immunoprecipitation.
TAD, transactivation domain. �, no interaction; �, strength of interaction. D, endogenous interaction occurred between NFAT and Dvl-3 upon stimulation with
CsA or ionomycin. mNFATc4-FLAG stable cells were stimulated with 1 �g/ml CsA or 1 �g/ml ionomycin for 8 h. A co-immunoprecipitation assay was carried out
with an anti-Dvl-3 antibody. E, difference in the interaction with Dvl between two different forms of NFAT is shown. NFAT stable cells were stimulated as
indicated, and then the immunoprecipitation was carried out with anti-FLAG antibody. 2 h later, the Dvl expressed in 293T cells was added for another 1 h.
F, endogenous interaction between NFAT and Dvl-3 in the nucleus. mNFATc4-Flag stable cells were stimulated with 1 �g/ml CsA or 1 �g/ml ionomycin for 8 h.
Nuclear extracts were lysed for the co-IP experiment with anti-FLAG antibody.
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Saneyoshi et al. reported that NFAT functions upstream of
�-catenin when co-expressed with �-catenin in Xenopus (23).
We believed that this difference may be caused by using differ-
ent system or different detection approach.
NFAT Physically Influences the Interaction between Dvl and

�-Catenin—We further delineated the regions within Dvl
responsible for its interactionwithNFAT to residues 450–695,
which is the same region that binds to �-catenin (Fig. 4A). The
interaction of Dvl with �-catenin was shown to enhance the
stability of �-catenin-TCF complex (11). Thus, we suspected
that NFAT might disrupt the interaction between Dvl and
�-catenin to inhibit Wnt/�-catenin signaling. We purified
His6-tagged �-catenin, His6-tagged NFAT-FLAG, and GST-

mDvl-1 from E. coli. In the competition binding assay, NFAT
disrupted GST-mDvl-1 and His6-�-catenin interaction in a
dose-dependent manner (Fig. 4B). Furthermore, the endoge-
nous interaction ofDvl and�-catenin in the nucleus underWnt
stimulation could also be disrupted by overexpression of
NFAT-CA and �CnA (Fig. 4C). These data together suggest
that NFAT inhibits Wnt signaling by interfering with the for-
mation of stable Dvl-�-catenin complex. Given that the inter-
action of Dvl and �-catenin is important for the transcription
complex formation on the Wnt target gene promoter (11), we
used ChIP to determine the effect of NFAT on the binding of
�-catenin and Dvl to the Axin-2 (Fig. 4D) and the c-myc pro-
moters (supplemental Fig. S2C). Overexpression of �CnA or

FIGURE 2. NFAT participates in the inhibition of Wnt pathway triggered by calcium signal. A and B, DN-NFAT rescues the inhibition of Wnt3a CM-induced
TOP-Flash activity by ionomycin and �CnA. 18 h after transfection, HEK293T cells were stimulated with Wnt3a CM for 6 h. Then, cells were lysed, and luciferase
activities were determined as described previously (44). C, DN-NFAT has no effect on the inhibition of Wnt3a CM-induced TOP-Flash activity by NFAT-CA.
D, DN-NFAT can rescue the Wnt-induced the Axin-2 expression. 18 h after transfection, cells were stimulated with Wnt3a CM for 6 h. The Axin-2 mRNA level was
detected by quantitative PCR using GAPDH as an inner control. E, the RHR domain also negatively regulates Wnt3a CM-induced TOP-Flash activity. The data are
expressed as the mean � S.E. (error bars) of at least three independent experiments. *, p � 0.05; **, p � 0.01; ***, p � 0.001.

FIGURE 3. NFAT functions downstream of �-catenin. A, �CnA and NFAT-CA do not influence the phosphorylation level of endogenous �-catenin. After
transfection, HEK293T cells were stimulated with 20 �M MG132 and Wnt3a CM for 3 h. Then, cells were lysed, and the phosphorylation level of �-catenin was
detected by Western blotting. B, �CnA and NFAT-CA do not affect the accumulation and subcellular translocation of �-catenin. After transfection, cells were
stimulated with Wnt3a CM for 3 h. The levels of cytoplasmic and nuclear �-catenin were resolved with Western blotting. C, �CnA and NFAT-CA inhibit Wnt
signaling in three colon cancer cell lines. The cells were transfected with FOP-Flash or TOP-Flash along with �CnA or NFAT-CA. 24 h after transfection, cells were
lysed, and luciferase activity was detected. The inhibition represents the ratio of TOP-Flash to FOP-Flash, and the activity of LacZ was set as 100%. The data are
expressed as the mean � S.E. (error bars) of at least three independent experiments. *, p � 0.05; **, p � 0.01; ***, p � 0.001.
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NFAT-CA decreased the amounts of Dvl and �-catenin on the
Axin-2 promoters, whereas TCF4 bound to the promoters
remainedunaffected (Fig. 4D).Moreover,DN-NFATcould res-
cue the inhibition effect of �CnA (Fig. 4D). These results sup-
port a conclusion that NFAT functions downstream of
�-catenin probably by disrupting the interaction of �-catenin
with Dvl.
NFATAntagonizesWnt Signal in Regulating the Proliferation

and Differentiation of the Neural Progenitor Cells in the Neural
Tube of Chick Embryo—To investigate the physiological role of
NFAT inmodulating canonicalWnt signaling, we extended our
analysis to the central nerve system development in chick
embryos. Wnt proteins are important morphogens during the
development of the CNS. Wnt signaling through activation of
the �-catenin/TCF pathway promotes the proliferation of neu-
ral precursor cells and prevents differentiation (40).We sought
to determine whether NFAT plays a role in this process via its
regulation of theWnt/�-catenin signaling. First, we performed
in situ hybridization analysis to detect the expression of three
predicted chick NFAT genes, NFATc1, c2, and c3 in the devel-
oping spinal cord. As shown in supplemental Fig. S3,NFATc1 is
expressed predominantly in the neural tube among three
NFATs in chick spinal cord. Interestingly, the expression of
NFATc1 is restricted in the ventricular zone during develop-
ment, and it is highly expressed in the late stages, where Wnt
activity must be limited for progenitor cell differentiation (40).
Second, we electroporated a NFAT reporter pNFAT-RE-TK-
RFP into the developing neural tube of chicken embryos at

Hamburger and Hamilton (HH) stages 10 and 11 (41) to detect
the active form of endogenous NFAT. The expression of RFP
was controlled by four repeats of the NFAT responsible ele-
ment (NFAT-RE) fromNFAT-luciferase reporter and was ana-
lyzed atHH stages 17 and 18 to visualize the endogenousNFAT
activity. As shown in Fig. 5A, RFP was expressed across the
neural tube from the dorsal to the ventral side, which indicates
that endogenous NFAT is activated during the course of devel-
opment. Moreover, we tested whether NFATc1 could also
interact with Dvl.We cloned both human andmouse NFATc1,
respectively, and the immunoprecipitation was carried out. As
shown in Fig. 5B, hNFATc1 and mNFATc1 were co-immuno-
precipitated with Dvl as well as mNFATc4. Given that the RHR
domain in NFAT is responsible for binding to Dvl and it is
conserved among species, we assume that chick NFAT protein
could also interact with Dvl.
We further co-electroporated the pTOP-Flash reporter with

DN-NFAT to test whether endogenousNFATwouldmodulate
Wnt signaling in the neural tube. Overexpression of DN-NFAT
which inhibits endogenous NFAT activity (Fig. 5A) increased
the luciferase activity of pTOP-Flash (Fig. 5C), which suggests
an inhibitory effect of NFAT in Wnt signaling. Because chick
NFATc1 is expressed predominantly in the neural tube (supple-
mental Fig. S3), we performedRNAi experiment to knock down
endogenous cNFATc1 (supplemental Fig. S4A), which led to
increase in the activity of TOP-Flash (supplemental Fig. S4B).
We also used pTOP-TK-RFP tomark the range of activity of the
Wnt signaling. RFP expression was also up-regulated by DN-
NFAT and spread throughout the whole neural tube, with a
disturbedWnt gradient along the dorsal-ventral axes (Fig. 5, D
and E). Taken together, these results indicate that endogenous
NFAT activity also negatively regulates Wnt signaling in chick
neural tube.
During CNS development, the canonicalWnt pathway func-

tions as a mitogenic signal of neural progenitor cells (40). Acti-
vation of theWnt/�-catenin pathway blocks neural precursors
differentiation (42). Thus, we hypothesized that NFAT may
participate in regulating this process by interfering with Wnt
signaling. Immunostaining of Tuj1, a neuron-specific class III
�-tubulin, was used to measure the number of mature neurons
at HH stages 20 and 21. Overexpression of DN-NFAT signifi-
cantly decreased Tuj1-positive cells on the transfected side
compared with the control side, whereas transfection of a GFP
plasmid had no effect (Fig. 5, F andG, left). In contrast, BrdUrd
staining, which monitors the proliferation of neural progenitor
cells, was increased by DN-NFAT (Fig. 5, F andG, right). These
data indicate that endogenousCa2�/NFAT signaling negatively
regulates neural progenitor cell proliferation and positively reg-
ulates differentiation. To test whether this function depends on
its inhibition of Wnt signaling, we co-electroporated with
�N-LEF1 to repressWnt signaling through binding to the TBE
site (Fig. 5,F andG). Consistentwith our hypothesis, co-expres-
sion of �N-LEF1 rescued the decrease of Tuj1-positive cell
number as well as the increase of BrdUrd cell numbers (Fig. 5, F
and G). Taken together, the above data suggest that NFAT
pathway regulates neural progenitor cell proliferation and dif-
ferentiation in the neural tube of chick embryo by antagonizing
Wnt signaling.We noticed that Graef and colleagues employed

FIGURE 4. NFAT disrupts the interaction between Dvl and �-catenin.
A, schematic represents mDvl-1 fragments. The interaction of Dvl-1 with
�-catenin or NFAT was detected by co-immunoprecipitation. B, NFAT com-
petes with �-catenin in binding to Dvl-1 in an in vitro binding assay. His6-�-
catenin was mixed with GST-mDvl-1 or GST-bound GSH-Sepharose 4B with or
without His6-mNFATc4-FLAG for 3 h. Samples were subjected to Western
blotting. C, NFAT-CA and �CnA reduce the endogenous interaction of Dvl-3
and �-catenin in the nucleus. HEK293T cells were treated with Wnt3a CM for
3 h. Nuclear extracts were lysed for the co-immunoprecipitation experiment
with anti-Dvl-3 antibody. D, �CnA and NFAT-CA affect the accumulation of
�-catenin and Dvl-3 on the promoter of the Axin2 gene. HEK293T cells were
treated with Wnt3a CM for 2 h, and ChIP-quantitative PCR analyses were per-
formed with anti-�-catenin, anti-Dvl-3, and anti-TCF4 antibodies and normal-
ized by input. The activity of LacZ was set as 100%. The data are expressed as
the mean � S.E. (error bars) of three independent experiments. *, p � 0.05; ***,
p � 0.001.
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FIGURE 5. NFAT negatively regulates Wnt signal in the proliferation and differentiation of neural progenitor cell in the neural tube of chick
embryo. A, endogenous NFAT activity in the chick neural tube is shown. At HH stages 10 –11, pNFAT-RE-TK-RFP and pCIG2-IRES-GFP were co-electro-
porated with the vector or DN-NFAT into the chick neural tubes. The transverse sections of HH stages 17–18 were analyzed for the expression of GFP and
RFP. B, mouse and human NFATc1 also interact with Dvl as well as NFATc4. The cells were transfected with the indicated plasmids. 24 h after transfection,
a co-immunoprecipitation assay was performed with an anti-FLAG antibody. C, DN-NFAT up-regulates endogenous Wnt-induced TOP-Flash activity in
the chick neural tube. The experiment was performed as in A with the expression plasmids as indicated. The electroporated portions of HH stages 17–18
and HH stages 21–22 were dissected using luciferase assay normalized by Renilla. D, DN-NFAT up-regulates endogenous Wnt-induced TOP-TK-RFP
expression throughout the whole neural tube. The experiment was performed as in A with the expression plasmids as indicated. E, the ratio of RFP�GFP�

(yellow) in all of the DAPI� (blue) cells is shown. F, DN-NFAT regulates the proliferation and differentiation of neural progenitor cells through modulation
of the Wnt signaling. The right side of the neural tube was electroporated with the indicated plasmids. The transverse sections of HH stages 22–23 were
immunostained with an anti-Tuj1 antibody. For BrdUrd labeling, electroporated embryos were injected with BrdUrd and incubated for 1 h. They were
harvested at HH stages 22 and 23. Transverse sections were immunostained with anti-BrdUrd antibody. G, the ratio of Tuj1�GFP� (yellow) and
BrdUrd�GFP� (yellow) in all of the GFP�-transfected cells (green) in D is shown. H, model for NFAT in modulating canonical Wnt signaling is shown. The
error bars indicate S.E. *, p � 0.05; ***, p � 0.001.
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triple mutant mice to illustrate that the NFATc2/c3/c4 mutant
did not interfere with�III-tubulin or certain cell-specificmark-
ers in the CNS (43). In our system, chick NFATc1, among the
three chick NFAT types, was expressed predominantly in the
neural tube. Furthermore, we used a dominant negative form of
NFAT to block the activation of all three NFAT types. Thus, as
a result, we observed the function of NFAT in the regulation of
neural differentiation. The negative regulation ofWnt signaling
by NFAT allows the progenitor cell to exit the cell cycle and
differentiate (Fig. 5, F and G). However, the upstream stimula-
tion ofNFAT is not clear yet. TheCa2�-calcineurin signal is the
most important signal for regulating NFAT activation, but the
signal that leads to Ca2� influx during neural tube differentia-
tion is still unclear.
In summary, we propose a framework in which NFATmod-

ulates canonicalWnt signaling based on this work and our pre-
vious finding (11) (Fig. 5H). NFATnegatively regulates theWnt
signaling through interactingwithDvl, which disrupts the asso-
ciation of Dvl and �-catenin, leading to the destabilization of
�-catenin-LEF1/TCF transcriptional complex. Furthermore,
NFAT functions as a “modulator” of neural progenitor cell dif-
ferentiation. In the neural tube of chick embryos, endogenous
NFAT is progressively expressed in the ventricular zone of neu-
ral tube at the time when the Wnt signaling needs to be
reduced. The suppression of theWnt signaling induces precur-
sor cells to exit the cell cycle and promotes their differentiation,
which comprises the function of NFAT in the development of
the CNS.
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