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Aim. To study the aE-catenin gene function in neonatal cardiomyocytes proliferation and
maturation. Methods. Conditional knockout approach, histological (H&E and acridine orange
staining) and molecular genetics (QPCR) methods were used. Result. The hetero- and homozy-
gous embryonic cardiospecific knockout of aE-catenin is associated with an increased level
of neonatal cardiomyocytes proliferation and a decreased binucleated cells frequency. Knockout
of aE-catenin leads to up-regulation of the -catenin- and Yap-target genes expression (A4xin2,
c-Myc, 1cf-4, CyclinD1, Ctgf and Tnfrsf1b). Conclusion. aE-catenin is involved in the regula-
tion of proliferation and maturation of neonatal cardiomyocytes via modulation of the activ-
ity of B-catenin- and Yap-dependent transcription.
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Introduction

Cardiogenesis, heart maturation and function
are complex processes regulated by multiple
signaling pathways and maintained by cell ad-
hesion molecules. During last decades it was
shown that many classical adhesion proteins are
also involved in the regulation of signaling
cascades and have an important function in the
mechanical cell coupling and determination of
cell fate [1, 2]. aE-catenin, one of such proteins,
is a classical component of the cell-cell adhe-
sion that links the cadherin-catenin complex to
the actin cytoskeleton [1, 3]. A structural func-

tion of aE-catenin has been studied using ex-
perimental murine models and isolated cells.
It was shown that aE-catenin is critically re-
quired for early embryonic development at the
blastocyst stage [4]. Interesting, that heart-spe-
cific knockout of aE-catenin did not affect car-
diogenesis or embryonic development [5].
In adult heart the cardiospecific knockout of
aE-catenin was found to lead to cardiomyopa-
thy and intercalated disc abnormalities [6].
Recently the signaling function of aE-
catenin has been described. Knock out of aE-
catenin in keratinocytes leads to their hyperp-
roliferation due to releasing of Yap from cyto-
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solic trap and translocation to the nucleus [7].
a-Catenin suppresses the transcriptional activ-
ity of Yap in adult heart too. Thus, double
knockout of aE- and aT-catenin in heart in-
duces the Yap-dependent transcription and
cardiomyocytes proliferation [8]. Moreover,
a-catenin is able to modulate canonical Wnt
signaling in cells. It prevents the interaction
between the B-catenin/T-cell factor complex
and DNA, and stimulates the B-catenin degra-
dation [9,10]. Therefore, all these experimen-
tal data suggest a dual function of aE-catenin,
structural and signaling, and indicate its more
complex role in the heart remodeling and func-
tion. Our recent experimental data also support
this idea. We have found that cardiospecific
knockout of aE-catenin caused enlargement of
the heart, fibrosis, upregulation of hypertrophic
genes and led ] to adult mice lethality after [the
age of 10 months [11]. Moreover, we have
established that the aE-catenin ablation in-
duces the B-catenin- and Yap-dependent tran-
scription in cardiomyocytes [12]. It is widely
known that Wnt- and HIPPO-signaling is im-
portant for cardiomyocytes survival and pro-
liferation, heart size and metabolism regula-
tion, hypertrophic response and heart failure
development [13—16]. Altogether, this indi-
cates that the aE-catenin gene dysfunction in
embryonic heart leads to the pathological
changes in heart, heart dysfunction and lethal-
ity through the canonical Wnt- and HIPPO-
signaling modulation. Nevertheless, the time
of the beginning of pathological changes in the
oE-catenin deficient hearts is unknown.
Therefore, in the present study we have fo-
cused on the analysis of activity of the ca-
nonical Wnt- and Hippo-signaling pathways
in neonatal cardiomyocytes. For this, we have

used the conditional knockout approach and
analyzed the newborn heart and cardiomyo-
cytes morphology as well as the canonical
Wnt- and Yap-target gene expression in the
isolated neonatal cardiomyocytes with hetero-
and homozygous knockout of aE-catenin.

Materials and Methods

Mice generation. To obtain mice with hetero-
zygous and homozygous cardiac-specific aE-
catenin deletion we mated oE-catflox/flox;
oMHC-Cre- mice with aE-catfloxwt; gMHC-
Cre*. Offsprings of following genotypes were
used: aE-catfloxwt; gMHC-Cre* (heterozygous),
aE-catfloxflox; - MHC-Cre* (homozygous), and
aE-catfloxwt: yMHC-Cre-, aE-catflox/flox; o-MHC-
Cre (controls). All animals were used in ac-
cordance with the Council Directive on the
approximation of laws, regulations, and ad-
ministrative provisions of Member States re-
garding the protection of animals that are used
for experimental and other scientific purposes
(86/609/EEC). All experimental procedures
were approved by the Institute of Molecular
Biology and Genetics of National Academy of
Science of Ukraine Ethical Committee.

Mouse genotyping. Tail tip tissues were
used for genotyping. DNA isolation and poly-
merase chain reaction (PCR) were performed.
Sequences of primers for genotyping were
published earlier [5].

Morphometric analysis of new born heart.
After the one-day old animals were sacrificed,
body weight (BW, g) and heart weight (HW,
mg) were measured. These parameters were
used to calculate the HW/BW ratio.

Neonatal cardiomyocytes isolation and cul-
ture. The mouse pups aged 1 day were de-
capitated, whole heart were excised and
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weighted. The atria were dissected and ven-
tricles were transferred to DMEM with 10%
FBS and 10x penicillin and streptomycin
(1000U/ml and 1000pg/ml respectively) for
30 min. Then DMEM was replaced with
0,025% Trypsin and 0,01% EDTA in PBS and
left overnight at +4° C. Next day, after tryp-
sinization, hearts were disintegrated by pipet-
ting and a cell suspension from each heart was
plated in DMEM with 10% FBS into wells of
12-well plate. The cells were incubated in a
humid 5% CO2 incubator at 37° C.

H&E and acridine orange staining. Medium
was discarded; cells were washed twice with
PBS, fixed in 4% paraformaldehyde for 10 min
and stained with hematoxylin and eosin (HE).
The cells were analyzed using light micros-
copy Primo Star (Carl Zeiss, Gottingen,
Germany) and AxioVision Software (Carl
Zeiss, Gottingen, Germany). Length (the lon-
gest axis of the cell) and width (perpendicular
to the length at the level of nuclei) of cardio-
myocytes were determined. For nuclear detec-
tion cardiomyocytes were washed twice with
PBS, then incubated for 10 min with 20 pg/ml
acridine orange solution in PBS, washed three
times with PBS and fixed in 4% paraformal-
dehyde for 10 min. Cells were analyzed using
Leica DM 1000 fluorescent microscope (Leica
Microsystems, Wetzlar, Germany).

MTT-assay. Approximately 10000 of car-
diomyocytes were seeded into 96-well plate
and cultured for 48 h at 37° C, 5% CO2. Then
cells were incubated with 15 ul MTT solution
(5 mg/mL, Sigma, USA) for 4 h at 37° C, 5%
CO2. The formazan precipitates were dis-
solved in 100 ul DMSO and the absorbance at
570 nm of each well was measured by spec-
trofluorometer Synergy HT (BioTek, USA).
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Total RNA isolation, cDNA synthesis and
qPCR. Cells were lysed with innuSOLV RNA
Reagent (Analytik Jena AG, Germany) accord-
ing to the manufacturer’s instructions. RNA
concentration and purity were determined with
(NanoDrop Technologies Inc., USA). 1 pg of
total RNA was treated with DNAse I (Thermo
Fisher Scientific, USA) according to the man-
ufacturer’s recommendations. cDNA was syn-
thesized with Maxima H Minus First Strand
cDNA Synthesis Kit (Thermo Fisher Scientific,
USA) according to the manufacturer’s proto-
col. PCR was performed with Maxima SYBR
Green/Fluorescein qPCR Master Mix (Thermo
Fisher Scientific, USA) using the CFX96
(BIO-RAD, USA). The gene expression is
represented as the AC; value normalized to the
reference gene GAPDH. The AACr value for
each target gene was calculated by subtracting
the average ACy; from the control group.
Finally, the n-fold difference was calculated
using 2-2ACT method. Sequences of primers for
gPCR are available elsewhere [12].

Statistical analysis. Data on the graphs repre-
sent mean + standard deviation. Differences
between groups were evaluated using one-way
analysis of variance (ANOVA) followed by
Holm-Sidak multiple-comparison post hoc test.
Values of p < 0.05 were considered statistically
significant. The statistical analyses were per-
formed using Prism7 software (GraphPad, USA).

Results and Discussion

Recently we have shown that embryonic cardio-
specific knockout of aE-catenin leads to the heart
enlargement, tissue architecture remodeling, up-
regulation of hypertrophic genes with age and
adult mice lethality [11]. Here we have focused
on the influence of hetero- and homozygous
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knockout of aE-catenin on the heart of newborn
mice and isolated neonatal cardiomyocytes.

We have found that homozygous knockout
of aE-catenin in heart after 7.5 days of embry-
onic development leads to a significantly high-
er HW/BW ratio in the mutant new born mice
(Fig. 1A). This finding is in agreement with
our and others data [8, 11] where a signifi-
cantly higher HW/BW ratio in the adult het-
erozygous and homozygous aE-catenin mice
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was shown. This data suggest that cardiospe-
cific ablation of aE-catenin in embryonic
hearts leads to a significant enlargement of
newborn and later of adult heart.

Next, we have analyzed how aE-catenin
knockout affected the cardiomyocytes size and
their proliferation. For this we have utilized
the isolated neonatal cardiomyocytes which
were cultured under the standard conditions.
MTT-assay indicated a significantly higher

Fig. 1. Morphological analysis of mutant
and control neonatal cardiomyocytes. 4 —
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cardiomyocytes width; £ — cardiomyocytes
length; WT/WT — control, WT/CKO — het-
erozygous, CKO/CKO — homozygous. At
least 50 isolated cardiomyocytes from three
hearts of each genotype were analysed. The
data are expressed as the mean + SD. The
data comparison was performed using the
one-way ANOVA test followed by Holm-
Sidak multiple-comparison post hoc test.
¥ — p <005 ¥ — p < 005, ¥*F —
p <0.005, **** —p <0.001.
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level of the mutant cardiomyocytes prolifera-
tion (Fig. 1B). The analysis of length and
width of isolated cardiomyocytes revealed that
hetero- and homozygous deletion of aE-catenin
significantly reduced the width of mutant cells
compared to the control cells (Fig. 1C). The
length of mutant cells also was less compared
to the control cardiomyocytes (Fig. 1D). This
data suggest that cardiomyocytes with hetero-
and homozygous knockout of aE-catenin pro-
liferate more actively and this is associated
with a smaller size of cells. Thus, the oE-
catenin ablation in embryonic heart probably
leads to the cell cycle disturbance.

Widely known that during cardiogenesis in
all species, including rodents, all cardiomyo-
cytes are mononuclear and diploid [17, 18].
But in adult mice cardiomyocytes mostly be-
come binucleated and polyploid after birth,
this happens between P1-P7 [17] and is a sign
of heart maturation Taking into account the
changes in cells size and a higher proliferation
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rate of mutant cardiomyocytes, we considered
this as a violation of heart maturation under
the aE-catenin knockout conditions. Therefore,
next we have analyzed the frequency of bi-
nucleated isolated cells in both groups of mu-
tant cardiomyocytes compared to the control
cells (Fig. 2A). Using acridine orange staining,
we have revealed that the hetero- and homo-
zygous knockout of aE-catenin significantly
decreased the frequency of binucleated cardio-
myocytes compared to the control (Fig. 2B).
These data indicated that the aE-catenin abla-
tion negatively affects cardiomyocytes matura-
tion probably via its signaling function, be-
cause earlier we have reported that in an em-
bryonic heart aE-catenin knockout is compen-
sated by aT-catenin in AJ [5].

An analysis of the hypertrophic or fetal genes
expression revealed a significantly higher level
of the ANP gene expression in both groups of
mutant neonatal cells (Fig. 3A). The number of
other hypertrophic genes, BNP and f-MHC, was

CKO/CKO

Fig. 2. Hetero- and homozygous knockout of aE-catenin decreases the fre-
z quency of binucleated cardiomyocytes A — Morphology of binucleated car-
diomyocytes (showed by white arrowheads), magnification 100%; B — Analy-
sis of binucleated cardiomyocytes frequency, WT/WT — control; WT/CKO —
heterozygous; CKO/CKO — homozygous. At least 100 isolated cardiomyo-
cytes from three hearts of each genotype were analyzed. The data are ex-
pressed as the mean + SD. The data comparison was performed using the
one-way ANOVA test followed by Holm-Sidak multiple-comparison post hoc
test. ¥ —p <0.05, *** —p <0.005, ns — not significant..
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significantly elevated only in the aE-catenin
haploinsufficient cardiomyocytes (Fig. 3A).
Interestingly, in the adult aE-catenin mutant
hearts we have registered a significant elevation
of the ANP and S-MHC genes (unpublished
data). Probably, the aE-catenin ablation nega-
tively affects the postnatal heart development
and leads to the fetal up-regulation at aging.
Our own and foreign published data suggest
that aE-catenin is involved in the cell cycle
control in new born heart via its signaling
function [8, 12]. Probably mutant cardiomyo-
cytes proliferate actively and this leads to a
decrease in both cell size and binucleated cells
frequency. Earlier we have shown that aE-
catenin ablation leads to the activation of
B-catenin and Yap dependent transcription in
adult heart [12]. Regulation of cardiomyocytes
and keratinocytes proliferation by aE-catenin
via Yap and MAPK pathways was demon-
strated experimentally [7, 8, 19]. Noteworthy,
HIPPO, Wnt/B-catenin and MAPK pathways,
among others, determine the cell fate, and
participate in the progression of heart dysfunc-
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tion and the development of heart failure [20,
21]. Therefore, we suggested that the mice
lethality, morphological abnormality and mo-
lecular changes in adult mice with the cardio-
specific ablation of aE-catenin [11, 12] may
result from the disturbance of the aE-catenin
signaling function.

Thus, next we have analyzed the signaling
activity of B-catenin and Yap in neonatal car-
diomyocytes. We have found a significant el-
evation of the B-catenin and Yap transcrip-
tional activity in the aE-catenin hetero- and
homozygous neonatal cardiomyocytes (Fig 3B
and 3C). In neonatal cardiomyocytes we ob-
served a significantly higher level of expres-
sion only of the two Yap target genes (Crgf and
Tnfrsfib) (Fig. 3C) whereas in adult mice all
studied Yap target genes were overex-
pressed [12]. Interestingly that in the present
study we have observed a higher level of some
B-catenin and Yap target genes expression in
the aE-catenin heterozygous new born mice
compared with the aE-catenin CKO/CKO
hearts (Fig. 3B and 3C). Some fetal genes

C
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Fig. 3. A — Expression of the hypertrophic genes in isolated neonatal cardiomyocytes. B — Expression of
the Wnt/B-catenin target genes in isolated neonatal cardiomyocytes; C — Expression of the Yap target
genes in isolated neonatal cardiomyocytes. The data comparison was performed using one-way ANOVA

followed by Holm-Sidak multiple-comparison post hoc test. The data are expressed as the mean = SD of arbitrary fold
increases relative to control levels. n = 3/group. *p < 0.05, **p < 0.01, *** <(0.005, ns — not significant.
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(BNP and -MHC) also were elevated in neo-
natal cardiomyocytes with the heterozygous
knockout of aE-catenin, but not in cardio-
myocytes with the homozygous knockout of
aE-catenin (Fig. 3A). Therefore, the cardio-
specific aE-catenin knockout leads to the
B-catenin and Yap signaling activation in neo-
natal cardiomyocytes.

Conclusions

The embryonic cardiospecific ablation of aE-
catenin stimulates the proliferation of neonatal
cardiomyocytes and attenuates their maturation
(smaller cardiomyocytes and a lower level of
binucleated cardiomyocytes) via the B-catenin-
and Yap-dependent transcription activity. The
signaling function of aE-catenin is crucially
important for the postnatal heart maturation
and function. Our and foreign published data
indicate that the disturbance in the aE-catenin
signaling function in neonatal heart resulted in
the adult heart pathology and mice lethality.
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Kapaiocnenudgiunnii Hokayt o E-karenina
NPU3BOAUTS /10 MOPYIIeHHsI (P)OPMYBAHHS
HEOHATAJIBHUX KapAioMionunTiB yepe3
p-xareniHoBuii Ta Yap cUrHaJIiHIH

B. B. bamaupkuii, T. I1. Py6an, JI. JI. Manesuu,
O. O. IliBenn

Mera. Jlocniauta QyHKYyIifo reHa oE-kaTeHiHa B IpoJti-
(hepartii Tan hopMHUpOBaHHI HEOHATATHHHUX KapAiOMiOIIH-
TiB. MeToam. B poOoTi BUKOpPHCTOBYBaJIK METOJT yMOBHO-

TO HOKayTa I'eHa, TICTOJIOTIYHI 1 MOJIEKYISIPHO-TeHEeTHYIHI1
Metonu. Pe3yabraru. ['etepo- i roMO3UTOTHHI Kapzioc-
nenmgiuani HokayT oE-kareHiHa acouiiioBaHuit i3 min-
BHIIICHHSM PiBHA mpoidepartii HeOHaTaTbHUX KapIioMi-
OIINTIB, 30UTBIICHHSM PO3MIPIB CepIsl Ta 3HMKESHHSIM
YaCTOTH JIBOSIICPHUX KapaiomionuTiB. Hokayt oE-kareHina
TIPU3BOAUTH JI0 3pOCTAHHS PIBHS €KCIIPecii TeHIB MillleHei
B-xarenina u Yap (Axin2, c-Myc, Tcf~-4, CyclinD1, Ctgf'n
Tnfrsf1b). BucHoBKH. 0.E-KaTeHIH 3a)Ty4aeThCs 10 KOHTP-
oo mporidepartii Ta popMyBaHHS HEOHATATBHIX KapIi-
OMIOIIMTIB Yepe3 PEryIIAIiI0 TPAHCKPUIIIIHHOI aKTHBHOC-
Ti B-xareHina Ta Yap.

Knw4yosi cJoBa: popmyBaHHa Miokapra, oE-KaTeHiH,
Wnt curnasniar, HIPPO curnasisr, kapaioMionuTu

Kapanocnennguyecknii HokayT oE-kaTtennna
BbI3bIBAaeT HapyuleHue ¢popMuUpoBaHHe
HEOHATAJILHBIX KAPAHOMHOLMTOB MOCPEICTBOM
p-xaTeHMHOBOrO M Yap CHTHAJIUHIOB

B. B. bamankwuii, T. I1. Py6an, JI. JI. ManeBud,
O. A. IluBesn

Heas. U3yunts Qyakumio rena oE-kareHrHa B ipongde-
pauuu 1 (OPMHUPOBAHUN HEOHATAIBHBIX KAPIHOMHUOLIbI-
ToB. MeToapl. B paboTe ncronb30Baayn METo | yCIIOBHOTO
HOKayTa IreHa, THCTOJIOTMYECKNE U MOJIEKYIIIPHO-TEHETH-
yeckue Merozpl. Pesynbrarsl. ['erepo- 1 roMO3UIOTHBIN
KapauocreupuIeckuii HokayT oE-KaTeHrHa acCoIupo-
BaH C TOBBIIICHUEM YPOBHSI posdepaiy HEOHATAIb-
HBIX KapJMOMHOIIUTOB, YBEJIMUCHUEM pa3Mepa cepaua 1
CHIDKCHHEM YacTOTHI ABYSICPHBIX KapIHOMHOIIUTOB.
HoxkayT oE-kareHuHa BBI3BIBAET HKCIPECCUIO T€HOB MHU-
meneit B-karenuna u Yap (Axin2, c-Myc, 1cf-4, CyclinD1,
Ctgf'n Tnfrsf1b). BoiBonbl. o E-kaTreHHH BOBJICYEH B KOH-
TpONb TIponudepanyii 1 GOPMUPOBAHHUA HEOHATATBHBIX
KapAMOMHOIMTOB TIOCPEJICTBOM PETYIISIIIMMN [3-KaTeHHBOM
1 Yap-3aBUCUMOH TPaHCKPHUIILIMOHHONW aKTUBHOCTH.

KnwueBble ciaoBa: GopMUpPOBaHHE MHUOKapia,
oE-karenun, Wnt curnanunr, HIPPO curnanusr, kapau-
OMUOITUTBI
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