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Abstract
Congenital heart defects (CHDs), the most common congenital human birth anomalies, involves complex genetic factors.
Wnt/β-catenin pathway is critical for cardiogenesis and proved to be associated with numerous congenital heart abnormities.
AXIN2 has a unique role in Wnt/β-catenin pathway, as it is not only an important inhibitor but also a direct target of Wnt/β-
catenin pathway. However, whether AXIN2 is associated with human CHDs has not been reported. In our present study, we
found a differential expression of Axin2 mRNA during the development of mouse heart, indicating its importance in mouse
cardiac development. Then using targeted next-generation sequencing, we found two novel case-specific rare mutations
[c.28 C > T (p.L10F), c.395 A > G (p.K132R)] in the sequencing region of AXIN2. In vitro functional analysis suggested that
L10F might be a loss-of-function mutation and K132R is a gain-of-function mutation. Both mutations disrupted Wnt/β-
catenin pathway and failed to rescue CHD phenotype caused by Axin2 knockdown in zebrafish model. Collectively, our
study indicates that rare mutations in AXIN2 might contribute to the risk of human CHDs and a balanced canonical Wnt
pathway is critical for cardiac development process. To our knowledge, it is the first study of AXIN2 mutations associated
with human CHDs, providing new insights into CHD etiology.

Introduction

Congenital heart defects (CHDs), the most prevalent con-
genital human birth anomalies with approximately 1∼5%

frequency of newborns, are major public health issues in
the world [1–3]. Although the etiology of CHD is complex,
advances in human genetics and model animals develop-
ment have provided us with a better understanding on
genetic factors involving CHDs [4, 5]. Existing evidences
have indicated an association between Wnt/β-catenin path-
way and numerous congenital heart abnormities, such
as aberrant atrioventricular canal development, tricuspid
atresia, or defective outflow tract [6–8]. Activation of
Wnt/β-catenin is required during gastrulation for induction
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of cardiac mesoderm, whereas its inhibition later enables
cardiac terminal differentiation [9, 10]. Further researches
have demonstrated that Wnt/β-catenin signaling is an
important regulator of atrioventricular canal maturation at
the initiation of valve development [6, 11].

Among the regulators of Wnt/β-catenin pathway, AXIN2
has a unique role. It is not only an important inhibitor of this
pathway but also a direct target of Wnt activation, thus
participating in a negative feedback loop to limit the dura-
tion or intensity of Wnt/β-catenin signaling. [12]. Such
negative feedback loop allows AXIN2 to control this sig-
naling precisely during development. Deletion of Axin2 in
mice resulted in delayed heart valve maturation, with sus-
tained active Wnt/β-catenin signaling [13]. A mutation of
AXIN2 (V26D), which increased AXIN2 protein stability,
was identified to cause mice heart abnormalities [14]. In
addition, we found that Axin2 expressed higher during
embryonic mice heart development while lower in adult
heart tissues.

Based on above studies in mice, we predicate that
AXIN2 is implicated in pathogenesis of CHD. To test
this hypothesis, we sequenced all exons of AXIN2 in a
CHD cohort with 417 cases and 213 matched controls.
Two novel case-specific rare mutations [c.28 C > T
(p.L10F), c.395 A > G (p.K132R)] were found in the coding
region of AXIN2. In vitro and in vivo analyses showed
that the two mutations have distinct roles in Wnt/
β-Catenin pathway and CHD pathological process. This is
the first report that mutations in AXIN2 are as likely to be
associated with CHDs.

Methods

Ethics statement

All procedures performed in studies involving animals were
in accordance with the ethical standards of the Institutional
Animal Care and Use Committee of the School of Life
Sciences, Fudan University.

Study subjects

Blood samples from 417 CHD patients (mean age 2.9 ± 2.7
years, 55.4% male) were collected between 2010 and 2012
from the Cardiovascular Disease Institute of Jinan Military
Command (Jinan, China). CHD patients were diagnosed
on the basis of echocardiography, with some further
confirmed surgically. Detailed diagnosis information on the
patients is shown in Table 1. All of the CHD cases were
classified according to the method described previously
[15]. The 213 controls (mean age 7.1 ± 3.7 years,
49.8% male) were ethnically gender-matched and

unrelated volunteers without any congenital diseases
recruited from the same geographical area. Patients with a
positive family history of CHD in a first-degree relative or
additional syndromes were excluded.

The present study was conducted in accordance with
the Declaration of Helsinki principles. Protocols used in
this work were reviewed and approved by the Ethics
Committee of the School of Life Sciences, Fudan Uni-
versity, before the commencement of the study. Written
informed consent was obtained from the parents and/or
guardians of the children patients in this study.

DNA sequencing and data analysis

Approximately 2ml of peripheral blood was collected from
each test subject. Genomic DNA was prepared and targeted
exome sequencing was conducted as previously described [16].
To confirm the genotyping results from next-generation
sequencing, two case-specific coding mutations of AXIN2
were amplified by PCR and verified by Sanger DNA
sequencing. The primers used in the PCR are listed in
Supplementary Table 1.

All variants were checked in absence in ExAC data-
base [17]. Missense mutations were also evaluated
using PolyPhen2 [18], SIFT [19] MutationTaster [20]
and MutationAssessor [21] for potentially damaging
mutations.

Table 1 Demographic characteristics in CHD cases and controls

Variable Case (%) Control (%)

Sequencing number 417 213

Region Shandong Province

Age: years (means ± S.D.) 2.9 ± 2.7 7.1 ± 3.7

Gender

Male 231 106

Female 186 107

CHD classification

Conotruncal defect 139 (33.3%)

Septal defect 138 (33.1%)

Right ventricular outflow tract
obstruction (RVOTO)

46 (11.0%)

Atrioventricular septal defect (AVSD) 22 (5.3%)

Left ventricular outflow tract
obstruction (LVOTO)

17 (4.1%)

Patent ductus arteriosus (PDA) 17 (4.1%)

Anomalous pulmonary venous
return (APVR)

12 (2.9)

Complex defect 10 (2.4%)

Others 16 (3.8%)

All 417 (100%)

“Others” includes CHDs with other defects such as heterotaxy
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Plasmid constructs and site-directed mutagenesis

AXIN2 plasmid was synthesized and inserted into the
plasmid of pcDNA3.1(−)Myc-HisC by Generay Biotech
(Shanghai, China). All mutations in AXIN2 were generated
using a KOD Site-Directed Mutagenesis strategy
(TOYOBO, Osaka, Japan). All plasmids used in this study
were confirmed by DNA sequencing. The Topflash-
luciferase reporter plasmid was a gift from Dr Tao Zhong
at Fudan University.

Cell culture and treatment

HEK293T and SW480 cells were cultured using standard
methods (ATCC). Wnt activation was achieved by treating
cells with control or Wnt3a condition medium for 8 h before
the collection of cells. Wnt3a condition medium was col-
lected from Wnt3a secreting L cells as per the manu-
facturer’s instructions (ATCC).

Western blotting analysis

Myc-His-tagged wild-type or mutant AXIN2 was transfected
into HEK293T cells. Thirty-six hours later, cells were lysed
with RIPA buffer (1% NP-40, 0.5% sodium deoxycholate,
0.1% SDS in 1 × PBS [pH 7.4]) containing a cocktail of
protease inhibitors (Roche, Basel, Switzerland) and heated
for 10 min at 100 °C. Cell lysates were loaded and separated
on a 10% SDS-polyacrylamide gel electrophoresis and
transferred onto a polyvinylidenedifluoride membrane
(Merck Millipore, Darmstadt, Germany). After blocking for
1 h with 5% non-fat milk, the membrane was incubated with
mouse Myc-Tag antibody (#2276, Cell Signaling Technol-
ogy, Danvers, MA, USA) and mouse anti-β-actin antibody
(A1978, Sigma-Aldrich, St. Louis, MO, USA) at 4 °C
overnight. Horseradish peroxidase-conjugated anti-mouse
IgG was served as secondary antibody (#7076, Cell sig-
naling Technology, USA) for 2 h at room temperature and
visualized with the ECL Detection System (Tanon,
Shanghai, China). Band density was quantified with Image J
and ratios of Myc/His AXIN2 relative to β-actin were used
to measure the expression of wild-type and mutant AXIN2
protein. Three independent experiments were performed
and representative results were shown.

Dual-luciferase reporter assay

HEK 293T cells were seeded (1.2 × 105) in 24-well cell
culture plates 24 h before transfections and were transfected
with 250 ng of wild-type/AXIN2 mutants/empty vector
plasmids, 250 ng of Firefly-luciferase reporter (Topflash),
and 10 ng of Renilla luciferase plasmid (pRLCMV) as an
internal control, using Lipofectamine 2000 (Life

Technologies, Waltham, MA, USA). Thirty-six hours post
transfection, cells were treated with control or Wnt3a con-
dition medium for 8 h. Cells were then lysed in Passive
Lysis Buffer (Promega, Madison, WI, USA) and luciferase
activity was analyzed using the dual-luciferase reporter
assay system (Promega, USA) according to the manu-
facturer’s instructions. Three independent transfection
experiments were performed and each luciferase assay was
performed in triplicate.

Quantitative real-time PCR and reverse transcription
PCR

Thirty-six hours post transfection, HEK293T cells were
treated with control or Wnt3a condition medium for 8 h.
Total RNA of cells and heart tissues from embryonic and
adult mice was extracted by TRIzol and first-strand cDNA
was synthesized. Quantitative real-time PCR (QRT-PCR)
using SYBR Green was carried out to quantify mRNA
changes of candidate Wnt/β-catenin/TCF target genes,
including cMYC, LEF-1, and DKK1. Expression levels were
calculated using the ΔΔCT method. Reverse transcription
PCR (RT-PCR) was used to observe the expression pattern
of Axin2 during the development of mouse heart. The pri-
mers for qRT-PCR and RT-PCR are listed in Supplemen-
tary Table 2.

Immunofluorescence and confocal microscopy

AXIN2 wild type or mutant was transfected into SW480
cells. Thirty-six hours post transfection, cells were treated
with control or Wnt3a condition medium for 8 h. Cells were
then fixed with 4% paraformaldehyde for 15 min and ren-
dered permeable with 0.3% Triton X-100 for 5 min. After
cells were blocked with 5% bovine serum albumin for 1 h at
room temperature, they were incubated with rabbit anti-β-
catenin antibody (ab32572, Abcam, Cambridge, MA, USA)
and mouse Myc-Tag antibody (#2276, Cell Signaling
Technology, USA) overnight at 4 °C in a humidified
chamber. Then cells were washed with Tris-buffered saline
and incubated with Cy3- or FITC-conjugated secondary
antibodies (Life Technologies, USA) for 1 h at room tem-
perature. All immunofluorescence (IF) micrographs were
acquired using an Axiovert 200M microscopy system (Carl
Zeiss, Jena, Germany). Image quantifications were per-
formed using Image J software.

Zebrafish injection

Wild-type AB strain zebrafish (Danio rerio) were main-
tained under standard conditions. Antisense Morpholino
oligos (MOs) were designed to block the translation of
Axin2 in zebrafish and were synthesized by Gene Tools.
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The sequences of Axin2 MOs and control MOs are as fol-
lows: Axin2 MO: 5′-GTTAGTGTCCTATTCATGGCTCT
TG-3′ and control MO: 5′-CCTCTTACCTCAGTTACA
ATTTATA-3′. Three nanograms of Axin2 or control MO at
volume of 2.3 nl were injected into each zebrafish embryo
at one- to two-cell stage. In the rescue study, wild-type
and mutant plasmids were linearized with Dra III-HF (New
England Biolabs, Inc., Beverly, MA, USA) and transcribed
with mMESSAGE mMACHINETM T7 (AM1344, Invitro-
gen, USA). The mRNAs were diluted in RNA-free water.
Then, 200 pg human AXIN2-WT or AXIN2-MUT were co-
injected with 3 ng Axin2 MO into each zebrafish embryo
at one- or two-cell stage. Forty-eight hours post injection,
photographs were taken of the collected embryos using
a Zeiss 79005 Zen microscope and the percentage of
abnormal embryos were calculated. Statistical significance
was calculated using χ2- analysis.

Statistical analysis

Statistical analysis was performed using SPSS23.0. For
in vitro analysis, data were presented as mean ± SD. Com-
parisons were performed by one-way analysis of variance
among groups or by Student’s t-test between two groups.
For in vivo data, statistical analysis was conducted using χ2-
analysis. P < 0.05 were considered statistically significant.

Results

Identification of two novel AXIN2 mutations in
Chinese CHD cases

To assess the role of AXIN2 in heart development, we
measured the transcript level of Axin2 in mouse embryonic
and adult heart. RT-PCR results revealed that Axin2
continues to express in mouse heart from embryonic to
adulthood and has a specific developmental stage expres-
sion. Axin2 expression in mouse heart increases from
embryonic day (E) 10.5–E12.5, reaching its maximum
expression at E12.5, and then decreases from E15.5 to
adulthood (Supplementary Figure 1). This result indicates
its important role in mouse cardiac development.

To investigate the potential role of AXIN2 in patho-
genesis of CHDs, we sequenced all exons of AXIN2 in
a CHD cohort with 417 cases and 213 matched controls.
The detailed information of our CHD cohort is provided
in Table 1. Two case-specific heterozygous missense
mutations in AXIN2 [c.28 C > T (p.L10F), c.395 A > G
(p.K132R)] were identified in two patients by targeted
exome sequencing (Table 2) and further confirmed by
Sanger sequencing (Fig. 1b). Both mutations were not
identified in our 213 ethnically matched controls and were Ta
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not reported in either ExAC database or any published
papers. Cases with those two mutations were observed to
have different CHD phenotypes (Table 2). Patient with
mutation p.L10F was found to have trilogy of fallot (TOF)
and the other case with mutation p.K132R displayed mitral
insufficiency (Supplementary Figure 2). Meanwhile, no
missense mutations in other common genes associated with
CHD such as NKX2.5/CSX, GATA4, TBX1, and TBX5 were
identified in both cases. L10F is located near the tankyrase-
binding region and K132R is located in the regulator of G
protein signaling (RGS) domain, which is a highly con-
served region (Fig. 1a). Both mutations occurred in the
highly conserved amino acids (Fig. 1c) and are predicted to
be damaging by PolyPhen2 and MutationTaster (Table 2).

The K132R mutant upregulated AXIN2 protein
expression, whereas L10F mutant had no significant
effects on protein expression

To investigate whether these missense mutations of AXIN2
resulted in protein expression change, we transfected the

two mutant AXIN2 plasmids as well as wild-type AXIN2
plasmids into HEK293T cells, respectively, and detect
protein expression by use of western blot analysis. The
results demonstrated that compared with wild-type, L10F
mutant had no significant effects on the protein expression
of AXIN2, whereas K132R significantly increased AXIN2
protein expression, making its expression almost doubled
(Fig. 2).

L10F and K132R mutants affected Wnt/β-catenin
signaling

One of the primary functions of AXIN2 is to promote the
turnover of β-catenin, thus inhibiting the Wnt/β-catenin
signaling as well as the expression of downstream target
genes [22]; therefore, we used luciferase reporter assay
to analyze whether these mutations affected the activation
level of Wnt/β-catenin pathway in HEK293T cells. As
expected, Wnt3a treatment in HEK293T cells increased
the activity of the β-catenin-responsive reporter, TOPFlash,
by almost fivefold, whereas ectopic overexpression of

Fig. 1 Rare mutations of AXIN2
identified in human CHD cases.
a A schematic diagram of the
AXIN2 protein structure and
the location of the missense
mutations. The predicted
interaction domains of AXIN2
protein are depicted with colors.
APC adenomatous polyposis
coli, DIX dimerization motif,
GSK3β glycogen synthase
kinase 3β, TNKS tankyrase.
b Sanger sequencing results
showed heterozygous missense
mutations c.28 C > T (p.L10F)
and c.395 A >G (p.K132R).
c A partial alignment of human
AXIN2 with eight other
orthologous sequences. Both
AXIN2 mutations found in CHD
patients occurred in the highly
conserved amino acids
(indicated by arrows)
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both wild-type and two mutant AXIN2 proteins inhibited
TOPFlash reporter gene activity. However, compared
with wild-type AXIN2, L10F mutant significantly upregu-
lated Wnt/β-catenin signaling, whereas K132R mutant

resulted in a significantly lower activation of Wnt/β-catenin
(Fig. 3a).

We then assessed the effects of wild-type and
mutant AXIN2 on the expression of several candidate

Fig. 2 Western blot analysis of AXIN2 protein. HEK293T cells were
transfected with Myc-His-tagged wild-type or mutant AXIN2. Thirty-
six hours later, cell lysates were blotted with a Myc-Tag antibody.

The representative images were shown in a and the statistical analysis
were shown in b. Three independent experiments were performed
and the data are presented as mean ± SD (*p < 0.05 vs. WT)

Fig. 3 Effects of AXIN2 variants on Wnt/β-catenin pathway. a Ana-
lysis of relative luciferase reporter activity. HEK293T cells were
transfected with empty vector (as control), WT, or mutant AXIN2
expression constructs, as well as TOPFlash reporter vector. Renilla
luciferase plasmid was cotransfected as an internal control. Thirty-six
hours after transfection, cells were treated with control or Wnt3a
condition medium for 8 h before being collected. Relative luciferase
activity was reported as the ratio of TopFlash/Renilla luciferase
activity. b Cells were collected and total RNA was extracted.
Expressions of the candidate Wnt/β-catenin/TCF target genes were

assessed by qRT-PCR. c Representative images of immuno-
fluorescence staining for β-catenin (green) and Myc-tagged AXIN2
(red) in SW480 cells. The nuclei were stained with 4’, 6-diamidino-
2-phenylindole (DAPI) (blue). d Immunofluorescence intensity
of β-catenin in SW480 cells, which were transfected with AXIN2.
All experiments were performed in triplicate and the data are
presented as mean ± SD. (&&p < 0.01 vs. Vector, *p < 0.05 vs. Vector
+Wnt3a, **p < 0.01 vs. Vector+Wnt3a, #p < 0.05 vs. WT+Wnt3a,
##p < 0.01 vs. WT+Wnt3a)

432 M.-J. Zhu et al.



Wnt/β-catenin/TCF target genes, including cMYC, LEF-1,
and DKK1. QRT-PCR results revealed that all those target
genes were induced by Wnt3a treatment and were sig-
nificantly inhibited by ectopic AXIN2 overexpression.
Besides, compared with wild-type AXIN2, L10F mutant
upregulated the expression of the target genes, whereas
K132R mutant AXIN2 significantly reduced them (Fig. 3b).
Therefore, the qRT-PCR results were consistent with the
luciferase reporter assay results. These results indicated that
L10F might be a loss-of-function mutation, whereas K132R
is a gain-of-function mutation.

L10F and K132R mutations affected the ability of
AXIN2 to degrade β-catenin

AXIN2 is an important component of the destruction
complex, which degrades β-catenin; therefore, changes of β-
catenin expression caused by mutations of AXIN2 were
observed. IF was also carried out with SW480 cells, in
which β-catenin is extraordinarily stable due to adenoma-
tous polyposis coli (APC) mutation. As expected, results
showed that AXIN2 induced the degradation of β-catenin in
SW480 cells. Compared with wild-type AXIN2, L10F
mutant resulted in the accumulation of β-catenin in the
cytoplasm. As for the K132R mutant, it resulted in a further
degradation of intracellular β-catenin compared with wild-
type AXIN2 (Fig. 3c, D).

L10F and K132R mutations failed to rescue Axin2-
mediated CHD phenotype in zebrafish

Next, we explored the potential in vivo pathogenetic effect
of L10F and K132R mutations in zebrafish. About 73%

of zebrafish injected with antisense MOs for zebrafish Axin2
displayed an enlarged pericardium (a CHD phenotype)
(Fig. 4a) and this Axin2-mediated CHD phenotype could
be partially rescued by co-injected with human wild-type
AXIN2 mRNA (Fig. 4b). However, both L10F and K132R
mutations failed to rescue Axin2-mediated CHD phenotype
in zebrafish (Fig. 4b).

Discussion

In the present study, we identified two novel case-specific
rare mutations (L10F, K132R) of AXIN2 in Chinese CHD
cases. Our results demonstrated that both mutations affected
in vitro and in vivo functions of AXIN2, resulting in sig-
nificant changes of Wnt/β-catenin signaling and inducing
cardiac defects. Therefore, our data provide evidence that
rare mutations in AXIN2 might contribute to the risk of
human CHDs. To our knowledge, this is the first report
of AXIN2 mutations associated with human CHDs.

AXIN2, a key negative regulator of Wnt/β-catenin sig-
naling, has been suggested to have an important role during
embryogenesis [23, 24]. In the present study, we used
a Wnt3a-responsive luciferase reporter assay and demon-
strated that activation of the Wnt/β-catenin signaling by
Wnt3a could be inhibited by overexpression of wild-type
AXIN2, indicating that AXIN2 is capable of antagonizing
canonical Wnt signaling, which is consistent with previous
studies [25].

Mutations in AXIN2 have been found to be associated
with human diseases such as oligodontia and colorectal
cancer [22, 26], however, whether it is responsible for
human CHD has not been reported before. Previous studies

Fig. 4 AXIN2 mutations failed to rescue Axin2-mediated CHD phe-
notype in zebrafish. a Pericardium defects were observed in zebrafish
embryos after Axin2 MO (3 ng) injection. Red arrows indicate the
pericardial cavity of zebrafish embryos. b The response frequencies of
pericardial abnormalities. Co-injection of 200 pg wild-type AXIN2
mRNA partially rescued Axin2 MO-mediated CHD phenotype

(enlarged pericardium), whereas co-injected 200 pg AXIN2 L10F and
K132R mRNA had no effect at all. The number above each bar is the
total number of embryos examined under each experimental condition.
P-value was calculated using χ2-analysis. (**p < 0.01, ns not
significant)
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have reported the relationship between mutations of other
Wnt/β-catenin-related genes and human CHDs [27, 28];
therefore, we proposed that AXIN2 may also have a role
in CHD development.

In the present study, we discovered two novel case-
specific mutations of AXIN2 in human CHD for the first
time and both mutations are likely to affect the function
of AXIN2. The first mutation L10F might be a loss-of-
function mutation. Although it has no effect on AXIN2
protein expression, this mutation caused significant upre-
gulation of Wnt/β-catenin signaling compared with wild-
type AXIN2, leading to elevated target genes and the
accumulation of β-catenin. Therefore, the inhibition ability
of Wnt/β-catenin signaling might be blocked because of
L10F mutation of AXIN2. The other mutant K132R caused
a lysine-to-arginine substitution, which is located in the
conserved RGS domain and resulted in further inhibition of
Wnt/β-catenin signaling and the expression of Wnt target
genes. Therefore, it might be a gain-of-function mutation.
As K132R significantly upregulated the protein expression
of AXIN2, we speculate that the inhibition of Wnt/β-catenin
signaling might be partly due to AXIN2 protein change.
The increase in AXIN2 protein could be caused by
increased protein stability or increased mRNA level of
AXIN2, which is to be investigated in our further research.
On the other hand, as K132R is located on the APC-
binding domain (Fig. 1a), it is also likely that the mutation
enhanced the interaction between AXIN2 and APC, thus
inhibiting the downstream Wnt/β-catenin signaling. The
detailed mechanism regarding how K132R affected the
Wnt/β-catenin signaling remains further elucidated. Despite
opposite effects of the two mutations on Wnt/β-catenin
signaling, in vivo evidence demonstrated that both L10F
and K132R failed to rescue the CHD phenotype caused
by Axin2 knockdown in zebrafish. Therefore, a balanced
canonical Wnt pathway is of crucial importance during
cardiac development process.

In conclusion, we found two rare mutations of AXIN2
(L10F and K132R) in CHD cases, which significantly
affected Wnt/β-catenin signaling. For the first time, our
findings indicate that genetic variation in AXIN2 gene may
be associated with CHD risk. Our results also strongly
suggested that a balanced canonical Wnt pathway is critical
for cardiac development process, as not only loss-of- or
gain-of-function mutations of AXIN2 might disturb Wnt/β-
catenin signaling, thus inducing CHD.
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