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ABSTRACT ARTICLE HISTORY
Previously, we demonstrated that the disheveled binding antagonist of B-catenin 1 (DACT1) was Received 25 February 2022
involved in atrial fibrillation by regulating the reorganization of connexin 43 and B-catenin in Revised 20 April 2022
cardiomyocytes. Little is known, however, about DACT1 in human normal myocardial cells. ~ Accepted 20 April 2022
Therefore, we used cardiomyocytes (CMs) derived from human embryonic stem cells (ESCs) and KEYWORDS

induced pluripotent stem cells (iPSCs) to investigate the role of DACT1 and its connection with 8- DACT1; cardiomyocytes;
catenin and connexin 43. While the ESC-CMs and iPSC-CMs were differentiated using commercial human embryonic stem
differentiation kits, the cardiac-specific markers were detected by immunofluorescence. The cells; induced pluripotent
expression level of DACT1 was detected using western blotting, whereas the interaction of stem cells; B-catenin;
DACT1 and connexin 43 or B-catenin was detected by immunofluorescence and co-  connexin 43
immunoprecipitation (co-IP) assays. Both H1-CMs and SF-CMs were immunostained for cardiac-

specific markers, including Troponin |, Troponin T, a-actinin, NKX2.5, and GATA6. While DACT1 was

not expressed in both H1 ESCs and SF-iPSCs, it was, however, highly expressed in differentiated

CMs, being also localized in the cytoplasm and the nucleus of differentiated CMs. Interestingly, the

DACT1 expression in different nuclei was different in the same multinucleated cell. Moreover,

DACT1 colocalized with -catenin in both the cytoplasm and nucleus of differentiated CMs, and it

also colocalized with connexin 43 in the perinuclear region and the gap junctions of differentiated

CMs. Co-IP results showed that DACT1 could directly bind to B-catenin and connexin 43. Taken

together, DACT1 interacted with B-catenin and connexin 43 in human-induced pluripotent stem

cells-derived cardiomyocytes.
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Highlights

e DACT1 was localized in the cytoplasm and
nucleus of differentiated CMs.

® DACT1 colocalized with P-catenin in the
cytoplasm and nucleus of differentiatedCMs.

® DACTI co-localizes with connexin 43 in the
perinuclear region and the gapjunctions
of CMs.

Introduction

DACT1 (Disheveled binding antagonist of [-
catenin 1), which was first found to be a Dvl-
interacting protein, plays a crucial role in the
development of the normal vertebrate [1] as well
as human diseases [2] by affecting [-catenin,
which suggests its potential role in human disease
by being linked to P-catenin. Our previous study
first showed that DACT1 was involved in atrial
fibrillation (AF) [3], the most common cardiac
arrhythmia in clinical practice, while also regulat-
ing the gap junction protein connexin 43 by
accelerating cytoskeletal rearrangement via the
accumulation of [B-catenin in myocardial cells
[3], which further suggests DACTI might be
a link between the cytoskeletal and gap junctions.
To our knowledge, this is the first study to link
DACT1 and connexin 43, proposing that new
mechanisms mediated by DACT1 exist in cardiac
disease. Tight junction-associated proteins, such
as ZO-1, could bind the constituent proteins of
tight junctions to the cytoskeleton, which could
help maintain the stability of adhesion junctions
and gap junctions [4-6]. There is, thus, an
unknown mechanism between cytoskeleton and
gap junctions in cardiac disease in which
DACTI1 might play a role, but little is known
about it, especially regarding the role of DACT]I
in human normal myocardial cells due to a lack
of suitable research models.

Human-induced pluripotent stem cells (iPSCs)
are characterized by pluripotency and a capacity
for unlimited self-renewal [7]. Cardiomyocytes
(CMs) derived from iPSCs or ESCs can serve as
important in vitro models for cardiac disease or
other research applications that require careful
characterization of the properties of cardiomyo-
cytes [8]. Our recent study showed that human-
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induced pluripotent stem cells-derived cardiomyo-
cytes (iPSC-CM) can be obtained using
a commercial cardiomyocyte differentiation Kkit,
with a differentiation efficiency of over 95%,
a mature binuclear structure, which exhibits
a stable contractile activity and regular field poten-
tial rhythm, as well as excellent drug screening
capabilities [9]. iPSC-CM could, therefore, be
a proper cell model to investigate cardiac function
and it’s in vitro mechanism.

Based on our previous study data, we hypothe-
sized that DACT1 interacted with P-catenin and
connexin 43 in normal cardiomyocytes, affecting
the myocardial function, and to confirm this
hypothesis, CMs derived from human iPSCs were
used to study the role of DACT1 and its connec-
tion with B-catenin and connexin 43 in the cardiac
function.

Materials and methods

ES cell and iPS cell culture

H1 embryonic stem cells (ESCs) were obtained
from the University of Macau and had already
been reported [10]. Human adult skin fibroblast-
derived iPSCs (SF-iPSCs) were obtained from the
South Stem Cell Bank in Guangzhou and were
reported beforehand [9]. H1 ES cells and SF-
iPSCs were cultured on Matrigel-coated (BD
Biosciences) 6-well plates using mTeSR1 medium
(StemCell Technologies), and the cells were pas-
saged with 0.5 mM EDTA at 1:6 to 1:8 dilutions.
A rock inhibitor (10 puM) was added to the
mTeSR1 medium on the day of passage and
removed the day after passage.

Stem cell-derived cardiomyocyte
differentiation in monolayers

While differentiation methods for cardiomyo-
cytes have been published recently [9], cardiac-
directed differentiation was initiated using
STEMdiff cardiomyocyte differentiation Kkits
when the ESCs and iPSCs reached 85%-95% con-
fluency (day 0). On this day, the STEMdiff car-
diomyocyte differentiation medium,



11596 J. HOU ET AL,

a supplemented with Corning Matrigel, was
added to the wells and cultured for two days.
On day 2, the medium was removed, and the
STEMdiff cardiomyocyte differentiation medium
B was added to treat the cells for another two
days (day 4). The cells were then changed to the
STEMdiff cardiomyocyte differentiation medium
C and cultured for four days (day 8). On day 8,
the medium was removed and changed to com-
plete STEMdiff cardiomyocyte maintenance med-
ium for long-term culture. On day 30, the cells
were collected for further analysis.

Western blotting

Bearing in mind the technique that was used had
already been previously described [3,9,11], the
proteins were isolated from the cells with a lysis
buffer (Beyotime Institute of Biotechnology,
Shanghai, China) that included a protease inhi-
bitor cocktail (Millipore, Billerica, MA, USA,
90492-K), qualified with a BCA detecting kit
(Beyotime, P0012). A total 20 pg of proteins
were subjected to SDS-PAGE and transferred to
PVDF membranes (Millipore, Billerica, MA,
USA). Primary antibodies against DACTI
(1:1000; Origene, TA809156) were used, and
antigen-antibody complexes were detected by
western blotting with luminol reagent (Santa
Cruz Biotechnology, sc-2048). In its turn,
GAPDH (Proteintech, 10494-1-AP) served as an
internal reference, and at least two independent
experiments were performed for each cell line.
Image] software was used to analyze the mean
light density of each band and the expression of
the target genes was normalized to that of the
GAPDH.

Immunofluorescence assay

As was previously described [3,9], the technique
consisted of fixing the cells were fixed with 4%
paraformaldehyde for 15 min, blocked and permea-
bilized with 1% FBS and 0.2% Triton X-100 in PBS
at room temperature for 1 hour. The cells were then
incubated with primary antibody overnight at 4°C,
specifically the primary antibodies against DACT1
(1:200; Origene, TA809156), Troponin I (1:200;
Cell Signaling Technology, 13,083), Troponin

T (1:200; Cell Signaling Technology, 5539), a-
actinin (1:200; Cell Signaling Technology, 6487),
NKX2.5 (1:200; Cell Signaling Technology, 8792),
GATAG6 (1:200; Cell Signaling Technology, 5851),
B-catenin (1:200; Cell Signaling Technology,
84,805), and connexin 43 (1:200; Cell Signaling
Technology, 3512) were used at the indicated dilu-
tions. After the cells were washed three times with
PBS, a secondary antibody (Alexa Fluor 488 or
Alexa Fluor 568; Thermofisher, A21202 or
A10042) was diluted at 1:500 and applied to the
cells for 1 hour at room temperature. The cells were
finally incubated with 1 pg/mL 4,6-diamidino-
2-phenylindole (Thermofisher, Sigma D1306), and
they were analyzed by confocal fluorescence micro-
scopy (Zeiss 780 NLO).

Co-immunoprecipitation assay

Bearing in mind the co-immunoprecipitation
assay (co-IP) has been previously reported [12],
the iPSC-CM cells were lysed with lysis buffer and
centrifugation at 4°C, and then quantified by BCA
assay. 5 ug of rabbit anti-DACT1 antibody
(Origene, TA358350) was added into 500 uL
(1 pg/uL) supernatants and then incubated over-
night at 4°C. 60 uL protein A/G agarose beads
(Thermo Fisher Scientific) were then added to
the antigen-antibody supernatants and incubation
for two hours at 4°C. After proper washing, the
co-IP product was obtained with 80 pL SDS-PAGE
loading buffer, and after incubation for five min-
utes at 100°C, 40 uL of the co-IP products was
used to perform western blotting analysis using
anti-B-catenin  (Cell ~ Signaling Technology,
84,805) and connexin 43 (Cell Signaling
Technology, 3512)

Results

Having previously demonstrated that DACT1 was
involved in atrial fibrillation by regulating the
reorganization of connexin 43 and B-catenin, little
is albeit known about DACT1 in human normal
myocardial cells due to a lack of suitable research
models. In this study, CMs derived from human
iPSCs were used to investigate the role of DACT1
and its connection with (-catenin and connexin 43
in the cardiac function.



BIOENGINEERED 11597

a
STEMdiff STEMdiff STEMdiff STEMAiff
cardiomyocyte cardiomyocyte cardiomyocyte cardiomyocyte
differentiation differentiation differentiation maintenance
medium A medium B medium C medium
5 L 1 L L
. S day0 day2 day4 day8
ESC/iPSC
b . - .
Tropinin I Tropinin T g-actinin NKX2.5 GATAG6

H1-CM

SF-CM

Scale bar: 20pm

Figure 1. Generation of cardiomyocytes derived from iPSCs/ESCs. A. Schematic of the stepwise differentiation protocol.
B. Differentiated cells were detected by immunofluorescence. Primary antibodies against cardiac-specific markers, including
Troponin |, Troponin T, a-actinin, NKX2.5, and GATAG6, were used. Scale bar: 20 pm.

Generation of CMs derived by H1 ESCs and
SF-iPSCs

H1 ESCs and SF-iPSCs were used to generate CMs
(H1-CMs or SF-CMs) by commercial differentia-
tion kits. While the differentiation procedure is
shown in Figure la, the immunofluorescence
results showed that both HI-CMs and SF-CMs
were immunostained for cardiac-specific markers,
including Troponin I, Troponin T, a-actinin,
NKX2.5, and GATA6 (Figure 1b). What is more,
mature evidence of binucleation was present
throughout the field (Figure 1b).

The expression pattern of DACT1 in CMs

Bearing in mind that DACT]1 serves as a signal trans-
duction regulator in the cytoplasm or a transcription
cofactor in the nucleus, we used western blotting and
immunofluorescence assays to investigate the expres-
sion pattern of DACT1 in CMs. The former’s showed

that DACT1 was not expressed in both H1 ESCs and
SE-iPSCs but was highly expressed in CMs derived
from HI1 ESCs and SF-iPSCs (Figure 2a).
Additionally, we used an immunofluorescence assay
to investigate the localization of DACTI.
Differentiated cells expressing Troponin T, a cardiac-
specific marker, were chosen to analyze the localiza-
tion of DACT1, which was localized in the cytoplasm
and the nucleus of HI-CMs and SF-CMs.
Interestingly, the DACT1 expression in different
nuclei was different in the same multinucleated cell
(Figure 2b).

The colocalization of DACT1 with B-catenin
and connexin 43

While our previous study showed that DACT1
could regulate connexin 43 via cytoskeletal orga-
nization induced by p-catenin accumulation in
cardiomyocytes of atrial fibrillation patients [3],
in this study we analyzed their colocalization in
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Figure 2. The expression pattern of DACT1 in iPSC/ESC-derived cardiomyocytes. A. The expression level of DACT1 in iPSC/ESC-
derived cardiomyocytes was detected by using western blotting. The experiment was independently repeated three times and
a representative graph was provided. Data are shown as the mean + SD and comparisons of continuous variables between groups
were performed with Student’s t-test. ****P < 0.00001. B. The distribution of DACT1 in iPSC/ESC-derived cardiomyocytes was
detected by using immunofluorescence. Scale bar: 20 pum.
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Figure 3. The colocalization of DACT1 and B-catenin in iPSC/ESC-derived cardiomyocytes. The colocalization of DACT1 and B-catenin
in iPSC/ESC-derived cardiomyocytes was detected by using immunofluorescence. Scale bar: 20 um.
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Figure 4. The colocalization of DACT1 and connexin 43 in iPSC/ESC-derived cardiomyocytes. The colocalization of DACT1 and
connexin 43 in iPSC/ESC-derived cardiomyocytes was detected by using immunofluorescence, with the triangle indicating the
perinuclear region and the arrow the gap junctions. Scale bar: 20 um.

CMs to further investigate their association. Not
only the immunofluorescence results show that
DACTI colocalized with B-catenin in both H1-
CMs and SF-CMs, but these molecules were also
observed in both the cytoplasm and nucleus
(Figure 3), which suggests that their functional
association could exist in CMs and might play
a role in the signal transduction in the cytoplasm
or transcription in the nucleus.

Moreover, the colocalization of DACT1 and con-
nexin 43 was analyzed, and the results showed it
colocalized with connexin 43 in both H1-CMs and
SF-CMs, which could be observed in the perinuclear
and gap junctions (Figure 4), further suggesting that
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40
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IB: connexin 43

Figure 5. DACT1 directly interacted with B-catenin and con-
nexin 43 in iPSC-CMs. The lysates from the iPSC-CMs were
immunoprecipitated with an anti-DACT1 antibody or
a nonspecific immunoglobulin G control (IgG), followed by
immunoblotting with the anti-B-catenin, connexin 43, or
DACT1 antibodies. The protein input served as an immunoblot-
ting control (input), and the experiments was independently
repeated twice, and a representative graph was provided.

DACT1 was involved in the function of connexin 43
gap junctions.

The co-IP assay was used in the present study
to investigate whether DACT1 could bind (-
iPSC-CMs. As
shown in Figure 5, both B-catenin and connexin
43 directly interacted with DACT1 in iPSC-CMs,
which suggests their direct interaction in the car-
diac function.

catenin and connexin 43 in

Discussion

DACTI, a novel bidirectional regulator of [-
catenin, was found to be important in normal
vertebrate development and human disease by
affecting B-catenin [1-3]. DACT1 could promote
or block the B-catenin degradation to regulate Wnt
signaling. DACT1 could inhibit Wnt signaling by
inducing [-catenin degradation complex when
unphosphorylated but promoting Wnt signaling
by interacting with distinct Wnt pathway binding
partners when phosphorylated by CKI§ [13].
Moreover, DACT1 could induce (-catenin accu-
mulation in the cytoplasm by inhibiting glycogen
synthase kinase beta (GSK3-f) activity and inter-
acting directly with p-catenin [14]. Nuclear (-
catenin is an important transcriptional effector of
the canonical Wnt signaling pathway, and cyto-
plasmic P-catenin is a crucial regulator of the
cytoskeleton, and signal transduction [15,16].
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Thus, the effect of DACT1 on [-catenin is closely
related to its location.

In the present study, human H1-CMs and SF-
CMs  were successfully obtained  using
a commercial cardiomyocyte differentiation
method, having this way expressed cardiac-
specific markers. DACT1 was not expressed in
both H1 ESCs and SF-iPSCs but was highly
expressed in CMs derived from H1 ESCs and SF-
iPSCs. While DACT1 was localized in the cyto-
plasm and nucleus of differentiated CMs, the
DACT1 expression in different nuclei was inter-
estingly different in the same multinucleated cell,
while it colocalized with p-catenin in both the
cytoplasm and nucleus of differentiated CMs.
Additionally, DACT1 colocalized with connexin
43 in the perinuclear region and gap junctions of
differentiated CMs.

Our present study showed that DACT1 colo-
calized with P-catenin in both the cytoplasm and
nucleus of differentiated CMs, which suggests
that in human iPSC-CMs and ES-CMs, DACT]1
could regulate the transcriptional activity, the
cytoskeleton and signal transduction in which f-
catenin was involved. Interestingly, in a previous
study, we had found that P-catenin was not
expressed in the nucleus of the myocardium of
valve disease patients, while a positive correla-
tion with DACT1 was also observed in the cyto-
plasm of the myocardium [3]. It is, thus,
proposed that the altered expression pattern of
DACT1 and B-catenin in the myocardium may
contribute to the progression of cardiac disease.
Moreover, in vivo abnormal (-catenin expres-
sions could lead to hypertrophic cardiomyopa-
thy, heart failure, arrhythmias, and AF [3,17,18].

Connexin-43 is the most abundant connexin pro-
tein in the ventricular myocardium [19]. Alterations
in connexin-43 expression and distribution were
observed in myocardial diseases, such as hyper-
trophic cardiomyopathy, heart failure, AF, and
ischemia [19,20]. In most cardiac disease models in
which gap junctional remodeling is observed, con-
nexin 43 is not only laterally redistributed but is also
significantly reduced at the intercalated disc [21].
What is more, the reduction of connexin 43 causes
gap junctional uncoupling, which leads to slowed
conduction and discontinuous propagation, two key
arrhythmic substrates in multiple animal models

[22]. While the altered gap junction connexin 43
could be induced by actin filament reorganization
[23], this could bind to ZO-1, which could bind to
the C-terminus of connexin 43 and locate to the
periphery of connexin 43 gap junctions, ultimately
participating in regulating the speed of connexin 43
entry into the gap junction plaques and the endocy-
tosis of gap junctions [24,25]. Our previous investi-
gation demonstrated that DACT1 could induce
F-actin filament accumulation in myocardial cells,
which therefore remodeled the connexin 43 gap
junction remodeled [3]. In the present study, we
found that DACT1 can directly bind and colocalize
with connexin 43 in the perinucleus and gap junc-
tions of differentiated CMs, which suggests that
DACTI1 might be involved in the maintenance of
the normal cardiac function in which connexin 43
participates.

In summary, we demonstrated that even though
DACT1 was not expressed in both H1 ESCs and
SE-iPSCs, it was highly expressed in CMs derived
from HI ESCs and SF-iPSCs. Additionally,
DACT1 was localized in the cytoplasm and
nucleus of differentiated CMs, and it was also
colocalized and directly interacted with P-catenin
and connexin 43 in differentiated CMs. Finally,
DACT1 interacted with PB-catenin and connexin
43 in human-induced pluripotent stem cells-
derived cardiomyocytes.

Conclusion

DACT1 was not expressed in both H1 ESCs and
SF-iPSCs but was highly expressed in ESCs-CMs
and iPSCs-CMs, which was detected in the cyto-
plasm and the nucleus of differentiated CMs.
Additionally, it was colocalized and directly inter-
acted with P-catenin and connexin 43 in differen-
tiated CMs and human-induced pluripotent stem
cells-derived cardiomyocytes.
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