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The B-catenin role in myocardium remodeling and hypertrophy development is the subject of numerous and con-
troversial investigations. Aim. To investigate the significance of cardiac ablation of B-catenin for heart develop-

ment using conditional knockout approach. Methods. Standard histological techniques (HE- and MT-staining)
and quantitative RT-PCR were used. Results. Our data demonstrate that B-catenin haploinsufficiency in heart

provokes upregulation of foetal genes program without visible morphological abnormalities comparing to cont-
rol groups of animals of the same age. Conclusions. Our data demonstrate that experimental conditions in this study
provoke the delay in the development and growth of adult heart without visible morphological abnormalities.
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Introduction. The adult heart is a dynamic organ ca-
pable of significant remodeling and hypertrophic growth
for adaptation to altered workloads or injury. Hemody-
namic stress or neuroendocrine signaling associated
with myocardial infarction, hypertension, aortic steno-
sis, and valvular dysfunction evoke a pathologic remo-
deling response through the activation of intracellular
signaling pathways and transcriptional mediators in car-
diac myocytes [1]. Activation of these molecular path-
ways may initially augment cardiac output (adaptive hy-
pertrophy), however, prolonged hypertrophy (patholo-
gical or maladaptive hypertrophy) leads to heart failure
and sudden cardiac death (SCD). Whilst there have been
major advances in the identification of genes and sig-
naling pathways involved in mediating hypertrophy it
is clear that due to the overall complexity of hypertro-
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phic remodeling further characterization of the underly-
ing molecular mechanisms is needed.

One such signaling pathway that plays a major role
in both heart development and normal heart homeosta-
sis is the Wnt/B-catenin pathway [2—7]. Beta-catenin is
an armadillo protein family member and has dual func-
tion forming an essential component of the adherent
junction mediating cell-cell contact and acting as a trans-
criptional co-activator of the T-cell factor/lymphoid en-
hancer factor (TCF/LEF) complex [8—10]. During car-
diogenesis, Wnt/B-catenin activity displays a biphasic
role as it appears to be required for cardiac progenitor
cell (CPC) specification and expansion during early de-
velopment but needs to be fine-tuned at later stages to
allow terminal differentiation [11-13].

Conditional inactivation of B-catenin in endothelial
cells prevents endothelial-mesenchymal transformation
during cardiac development [4]. A number of experimen-
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tal works demonstrated that loss of B-catenin at early
stages of heart formation using different tissue-specific
promoters led to multiple embryonic heart malforma-
tion and had lethal effect [14—16]. Meanwhile, condi-
tional knockout of B-catenin after first and second heart
field formation does not lead to early embryonic death,
possibly due to functional redundancy between -cate-
nin and plakoglobin (y-catenin), but leads to lethality of
late embryos and newborn mice [17, 18]. Interestingly,
y-catenin is a close relative of -catenin [19] but in con-
trast to B-catenin it can interact with both classical cad-
herins in AJs and desmosomal cadherins in desmoso-
mes. It was shown that ablation of B-catenin in the adult
heart does not result in lethality or other morphological
heart malformations, presumably due to compensation
by plakoglobin [20]. Consistently, it was shown that car-
diac-specific deletion of both y-catenin and B-catenin in
adult heart leads to cardiomyopathy resulting in SCD
[21]. It has been demonstrated that activation of B-cate-
nin is not only sufficient but also required to induce car-
diomyocyte hypertrophy, and interestingly, the activa-
tion of f-catenin can occur independently of Wnt stimu-
lation [22, 23]. The importance of B-catenin-dependent
signaling for the development of cardiac hypertrophy
has also been confirmed in vivo using mice with condi-
tional cardiac-specific knockout of B-catenin [24]. Car-
diac-specific haploinsufficiency of B-catenin attenuates
pressure-overload-induced cardiac hypertrophy after
transverse aortic constriction (TAC) [18] while overex-
pression of a constitutively active form of B-catenin re-
sults in dilated cardiomyopathy [25].

In another study by Hahn et al. [26] the overex-
pression of a constitutively active form of B-catenin led
to spontaneous hypertrophy of cardiomyocytes in cultu-
re. However, the role of B-catenin during heart reconst-
ruction is still unclear with some investigations demon-
strating opposing results. For example, it was reported
that B-catenin downregulation was necessary for adap-
tive cardiac remodeling and cardiac hypertrophy deve-
lopment [27].

In this study we have addressed the role of -cate-
nin during postnatal heart development and remode-
ling. For this purpose we induced embryonic 3-catenin
haploinsufficiency in heart using Cre-mediated techni-
que. We have analyzed the heart morphology and phy-
siological hypertrophic remodeling of mice at different

time points (1, 3 and 6 month) under -catenin haplo-
insufficiency conditions and in normal animals in vivo.

Materials and methods. Generation of mutant
mice. To generate cardiac-specific deletion of f-catenin
B-cat™", a-myosin heavy chain (a-MHC)-Cre mice
were mated with B-cat’™ mice. The mice with he-
terozygous floxed B-cat, a-MHC-Cre transgene were
designated as mutants and were used for the analysis,
the mice of all other genotypes served as controls. Alfa
MHC-Cre transgene elicited recombination in cardiac
muscles, but not other organs [28, 29]. Male mice were
used in all experiments.

Homozygous conditional -catenin mice and
o-MHC-Cre mice were kindly provided by Dr. G. L.
Radice (Jefferson Medical College, USA).

Mice genotyping. DNA isolation and PCR analysis
were carried out according to standard protocols [30].
The following primer sets were used to discriminate flo-
xed, mutant and wild type B-catenin alleles: 5'-AGGTA
GAGTGATGAAAGTTGTT-3' and 5'-CACCATGTC
CTCTGTCTATTC-3"; a-MHC-Cre transgene was iden-
tified with primers 5'-CAGAACCTGAAGATGTTCG
C-3'and 5'-TACACCTCGGTGCTA ACCAG-3'".

Histological analysis. Hearts were isolated and fi-
xed in 4 % paraformaldehyde, dehydrated, and embed-
ded in paraffin [30]. Global heart architecture was de-
termined from longitudinal 9-um deparaffinized sec-
tions stained with hematoxylin and eosin (H&E). Tis-
sue fibrosis was detected with Masson’s trichrome (MT)
stain. Cross-sectional heart area was analyzed using light
microscopy Primo Star («Carl Zeiss», Austria).

RNA isolation, reverse transcription, and qPCR.
Total RNA was isolated from ventricular heart tissue
using UltraClean Tissue & Cells RNA Isolation Kit (MO
BIO) according to the manufacturer’s protocol. cDNA
was synthesized using the First Strand cDNA Synthesis
Kit («Fermentas», Lithuania) with DNAse | treatment
step, and PCR was performed with Maxima SYBR
Green/Fluorescein qPCR Master Mix («Fermentas») in
the iCycler single-color real-time PCR detection sys-
tem (IQ5, «BioRad», USA). Gene expression was repre-
sented by the AC; value normalized to the reference ge-
ne for glyceraldehyde 3-phosphate dehydrogenase
(GAPDH). The AAC; value of each target gene was
then calculated by subtraction of the average AC, from
the control group. Finally, the n-fold difference was

flox/flox
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calculated by using the formula 2AA“". Data from 2 to 4
heart samples were collected and analyzed in duplicate.
The primers used for qPCR were for atrial natriuretic
protein (ANP; forward — 5'-CATCACCCTGGGCTTC
TTCCT-3"; reverse — 5-TGGGCTCCAATCCTGTC
AATC-3"), brain natriuretic protein (BNP; forward —
5'-GCGGCATGGATCTCCTGAAGG-3"; reverse — 5'-
CCCAGGCAGAGTCAGAAACTG-3"), B-MHC (for-
ward — 5'-ATGTGCCGGACCTTGGAA-3'; reverse —
5'-CCTCGGGTTAGCTGAGAGATCA-3"), a-MHC
(forward — 5'-GGCACAGAAACACCTGAAGA-3';
reverse — 5-CATTGGCATGGACAGCATCATC-3"),
and GAPDH (forward — 5'-CCACTCTTCCACCTTC
GATG-3"; reverse — 5'-TCCACCACCCTGTTGCTGT
A-3".

Results and discussion. Embryonically induced 3-
catenin haploinsufficiency in heart did not lead to letha-
lity but affected postnatal heart development. As we re-
ported earlier [17] cardiospecific ablation of B-catenin
at early embryonic stages leads to lethality at late gesta-
tion. In present study we focused on the analysis of the
embryonical ablation of B-catenin on postnatal heart de-
velopment. We studied how B-catenin haploinsufficien-
cy condition is reflected on postnatal heart develop-
ment and growth. We generated B-cat-CKO mice as
described earlier [17]. Mice were sacrificed at 1, 3 and 6
month of age. For evaluation of adult heart hypertro-
phy response the HW/BW index was calculated. We did
not find any significant differences between HW/BW
index of WT and -catenin haploinsufficient mice at one
month of age (1-month-old mice) (Fig. 1). When analy-
zing older mice (3 and 6 month of age) we observed so-
me changes in mutant mice group as shown in Fig. 1. At
three month of age B-catenin haploinsufficient mice
had lower HW/BW ratio as compared to wild type. With
ageing (6 month) we revealed only a tendency to increa-
se the HW/BW ratio in mutant group (Fig. 1).

These data suggested that -catenin haploinsuffi-
ciency provoked a delay in the development and growth
of the adult heart (via the effect ANP and BNP on myo-
cardium) probably with following hypertrophic respon-
ses development during ageing as a result of secondary
compensatory effect.

Beta-catenin haploinsufficiency didn’t lead to mor-
phological malformations and heart tissue fibrosis. Des-
pite the age-related changes in HW/BW ratio the heart
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Fig. 1. Analysis of control (/) and mutant (2) mice heart development of
different ageing groups. Quantification of heart weight/body weight
ratios of B-catenin flox/wt/Cre" and WT mice at 1, 3 and 6 months were
performed. Note WT n >30, CKO n >15 in each group

tissue morphological analysis of wild type and p-cate-
nin haploinsufficient mice did not reveal any difference
(Fig. 2, see inset). HE stained heart sections of mice with
genotype a.-MHC-Cre’, B-catenin™”" looked normal-
ly: we have not observed any clearly marked tissue mal-
formations in all analyzed groups (data not showed).
Additionally we did not observe tissue fibrosis of cont-
rol and B-catenin haploinsufficient hearts in any of ana-
lyzed age- ing groups (Fig. 2, see inset).

Probably, B-catenin haploinsufficiency in heart does
not change tissue architecture in analyzed groups of ani-
mals due to the functional redundancy between p-cate-
nin and plakoglobin, taking into consideration that pla-
koglobin is capable to maintain adherent junction.

Beta-catenin deficiency in adult heart led to upregu-
lation of hypertrophy response genes in age-dependent
manner. We have analyzed the level of hypertrophic res-
ponse genes (ANP, BNP, B-MHC and a-MHC) expres-
sion in WT and experimental groups of mice at 1, 3 and
6 month of age. It is well-known that overexpression of
ANP, BNP, B-MHC genes and a.-MHC gene downregu-
lation are associated with heart hypertrophic remode-
ling. Here we compared how B-catenin haploinsuffi-
ciency in heart affected these specific genes expression
in different ageing groups.

Using qPCR we have revealed that hypertrophic
genes programs were upregulated at 1 and 3 month of
age (Fig. 3, 4) under B-catenin haploinsufficiency con-
ditions comparing with control groups of animals of the
same age.

Notably in both age groups of mutant mice the a-
MHC gene expression was lower comparing with cont-
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mCherry-ITSN1

LMP2A vs ITSN1

FLAG-LMP24
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LMP2A+ITSNI vs
LMP2A+CBL

Fig. 2. Histological analysis
of the B-catenin haploin-
sufficient mice. Longitudial
heart sections from [-cate-
nin flox/ WT/Cre" (CKO)
and B-catenin  flox/flox/
Cre (WT) or B-catenin flox/
WT/Cre (WT) were stained
using Masson’s trichrome
method. Analyzed mice at 1
(4,D),3(B,E)and 6 (C, F)
months of age; WT (4-C),
CKO (D-F); x4

Fig. 2. ITSN1, CBL and
LMP2A are colocalized in
MCE-7 cells. Cells plated
on coverslips were co-trans-
fected with  mCherry-
ITSN1, FLAG-LMP2A and
Omni-HA-CBL. 24 h post-
transfection cells were fix-
ed and processed as des-
cribed in Material and me-
thods. White arrows high-
light examples of triple co-
localization, green ones in-
dicate spots of CBL and
LMP2A overlapping that
are ITSN1 negative. Lower
panel represents colocali-
zation of indicated proteins
that was obtained from con-
focal images using Imagel
software. White scale bar
represents 5 pm
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rol mice at 1 and 3 months of age. Upregulation the foe-
tal group of genes (ANP, BNP and -MHC) and a.-MHC
gene downregulation demonstrated in this study possib-
le means that adult heart under -catenin deficiency con-
ditions on molecular level is closer to embryonic or heart
under hypertrophic stimulation then to normal adult.

Analyzing the hypertrophic genes expression for six
months old heart we revealed that expression of ANP
and BNP genes was lower (Fig. 5) in B-catenin defici-
ent mice comparing to control animals of the same age
(Fig. 5) and to mice of 1 and 3 months old (Fig. 3, 4).

In contrast to previously studied age groups, in six
month age mice the level of expression of a-MHC gene
was higher under -catenin haploinsufficiency conditions
than in WT animals. But B-MHC expression level remai-
ned at elevated level similarly to previous age groups.

From our data we can conclude that cardiospecific
induction of B-catenin haploinsufficiency in mice emb-
ryos leads to hypertrophy genes upregulation at 1 and 3
month of age with following downregulation of some
of them (ANP and BNP) in older mice (6 month).

We would like to note that in wild type mice the
expression of B-MHC is turned off shortly after birth,
expression of a-MHC gene in the ventricular myo-
cardium is upregulated and this protein isoform re-
mains to be predominant in adults [28, 31]. With aging
and during cardiac hypertrophy and failure, a-MHC
expression is downregulated [32-34]. Thus, expres-
sion of a-MHC gene is altered in a variety of phy-
siological and disease states. The fact that B-MHC ge-
ne expressed in all studied B-catenin haploinsufficient

groups at higher level comparing with control mice is
the evidence that typical healthy adult heart genes pro-
gram is disrupted.

The signaling and structural functions of 3-catenin
in embryos and adult heart development are being
studied by different groups of scientists. Meanwhile,
the role of B-catenin during adult heart reconstruction
(heart hypertrophy or heart adaptation to ageing and
training) is still unclear, even more, some studies de-
monstrated controversial data.

In present work we generated mice with cardiospe-
cific B-catenin deficiency and analyzed how this condi-
tion contributes to postnatal heart development and adult
heart formation. Our data demonstrate that B-catenin
haploinsufficiency in heart provokes the delay in the de-
velopment and growth of the adult mice heart (at 3 month
of age) but without any morphological abnormalities
comparing with control groups of animals of the same
age. On the other hand we observed that B-catenin hap-
loinsufficiency leads to hypertrophic response genes
upregulation at 1 and 3 month of age. These findings
suggest that the reactivation of the foetal gene program
is not always linked with hypertrophic growth. This
observation is consistent with Dr. F. Li group results
[18]. These authors induced cardiospecific ablation of
one B-catenin gene allele but in adult mice (3—4 month
of age). As aresult they observed that B-catenin haplo-
insufficiency attenuated heart hypertrophy but enhan-
ced the foetal genes expression after TAC [18]. Given
this the survey of gene expression (genes of hypertro-
phic response as well as other cardiac Wnt-responsive
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genes) in the adult heart of experimental animals under
prolonged exercises (training) seems to be logical.

In our experiment we also registered some foetal ge-
nes program upregulation in age-dependent manner. In
6-month-old animals we observed that ANP and BNP
genes were downregulated but both - and a.-MHC ge-
nes were overexpressed comparing with control ani-
mals. Such processes are not typical for adult mature
heart, and should be the sign of some abnormality in
mutant mice especially given that young organism was
growing actively. We can speculate that some compen-
satory effects were involved in ageing heart adaptation
under B-catenin haploinsufficiency conditions. It was
shown by another group of authors [21] that ablation of
B-catenin and plakoglobin in adult heart leads to hyper-
throphy and lethality. Authors made a suggestion that
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these effects are mediated by WNT/B-catenin-inde-
pendent unspecified compensation which is suppor-
ted by the evidence obtained with other models usage
[7,35].

Noteworthy also is the hypothesis that although ANP
and BNP are marker genes of hypertropic response wi-
dely used in clinics their function in cardiomyocytes
under hypertrophic stimuli is rather compensatory [36,
37]. Their expression in cardiomyocytes is responsive
to physical and/or chemical hypertrophic stimuli and
contributes to numerous different physiological proces-
ses regulation. In particular they are known to decrease
apoptosis and fibrosis as well as protein and DNA syn-
thesis levels in cardiomyocytes developing hypertrophy.
The upregulation of foetal genes in the -catenin hap-
loinsufficient cardiomyocytes comparing to control lit-
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termates at 1 and 3 months age indicates that heart of
these animals is not able to cope with the needs of acti-
vely growing organisms. The most obvious reason for
this is the inability of experimental mice heart tissue to
sustain the necessary level of basal Wnt-signaling acti-
vity due to one -catenin gene allele ablation. Further in-
vestigation suggests that 6 months old myocardium has
lower levels of ANP and BNP comparing with control
animals of the same age indicating that aging engages
some compensatory mechanisms controlled by different
signaling cascades.

We suggest that cardiospecific -catenin deficiency
leads to failure of signaling networks in adult heart fol-
lowed by heart violation with ageing. To further clarify
this question we are going to analyze older age group (9
month). Also the kinetic of signaling activity of B-cate-
nin under -catenin haploinsufficiency at different ageing
groups of animals needs to be studied in the future.

Conclusions. Embryonically induced [-catenin
haploinsufficiency in heart doesn’t lead to lethality or
to morphological malformations and heart tissue fibro-
sis. But it contributes to postnatal heart development
via upregulation of hypertrophic response gene in age-
dependent manner.
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EmOpioHanbHa Jenelist 0HOro aness reHa (-kaTeHiHy
CIIPUYMHSE 3aTPUMKY IIOCTHATAJILHOTO PO3BUTKY MioKapaa
Ta MOPYIICHHS eKcnpecii GpeTaabHuX reHiB

Pesrome

Ponv binka B-kameniny y nepe6yoosax miokapoy i po3eumky 1o2o 2i-
nepmpo@ii na cb0200HI € NPEOMeMOM YUCTEHHUX | YACmOo cynepeynu-
sux docniodcenv. Mema. Busuumu eniue xapoiocneyupiuno2o 3Hu-
JiCeHHsL PiBHSL eKCnpecii 2ena [B-kameHiny na po3eumox cepys na mooe-
i ymogHo-Hokaymuux meaputr. Memoou. Buxopucmano cmanoapmui
2ICMOJIO2IUHI (2eMAMOKCUNIH-€03UHO8e | MPUXPOMHE 3a0apeileHHs)
ma 36opomno-mpanckpunmasuy I1JIP y peanvnomy uaci. Pesynoma-
mu. IIpoananizosano eniue necmaui 00H020 anens 2ena B-kameniny
Ha NOCMHAMANLHULL PO36UMOK | hopmysanHa 0opocrozo opeana. Bio-
MIYEHO 3pOCMAants Pi6Hs eKchpecii (pemanbnux 2eHie y meapum ycix
BIKOBUX 2pYN 3d YMOGU Hecmayi 00H020 anens 2ena B-kameniny. Bu-
cHoeku. Ompumani Oaui ceioyams npo me, wjo OOCAIOHCYBAHUL HAMU
CMaH CRPUYUHAE 3aMPUMKY PO3GUMKY | pOCHLY O0POCTI020 cepys, npo-
me 6e3 HCOOHUX O3HAK MOPPONOSIMHUX GIOXUNEHb NOPIGHSHO 3 KOHMI-
POLHUMU MEAPUHAMU 8IONOBIOHUX GIKOBUX 2PYN.

Knrouosi crosa: poseumox cepys, B-kamenin, Wnt-cuenanine, ne-
pebyoosa cepysi, cinepmpodiuna 6i0nosios.

0. JI. llanvuescwvka, B. B. Banayvkuii, A. O. Anopeesa, J1. JI. Mayesuu,
0. O. Ilisens, JI. JI. Jlykaw

DMOpHOHaNIbHAas JeNIelHs OJJTHOTO aJuleis F'eHa [-KaTeHUHa
BBI3BIBACT 3a/ICPKKY IMOCTHATAIBHOTO Pa3BUTHS MHOKap/ia
Y HapyUICHHs KCIPECCHH (eTalIbHBIX TCHOB

Pestome

Ponv 6enxa B-xamenuna 6 nepecmpoiixax Muoxapoa u pazgumuu e2o
2unepmpoghuy Ha ce200HAUHUL OeHb 6NN sl NPEOMENMOM YHOPHBLX
u 3a4acmyio npomusopequgvix uccredoganui. Llenv. Hzyuumo enus-
Hue KapoOUuocneyuduiecko2o CHUNCEHUs YPosHs dIKCpeccuu 2ena -
KameHuna Ha pazeumue cepoya Ha MOOeIU YCI08HO-HOKAYMHbIX JCU-
sommuvix. Memoowl. Hcnonv3o6ansl cmanoapmusle UCOIOSUYECKUe
Memoobl (2eMaAMOKCUNUH-IO3UHOB0E U MPUXPOMHOE OKpawusanue) u
obpamno-mpanckpunmasuyio I1LP 6 peanvrom epemenu. Pezynomameot.
IIpoananuzuposano enusmue HeOOCMAMKa 00HO20 anaels 2ena B-kame-
HUHA HA NOCMHAMANbLHOE pA36Umue U QopmMuposanue 63pocio2o
opeana. Ommeueno nogviuieHue ypoghs IKCAPeccul Gemanbuuix e-
HOB8 60 BCeX GO3DPACMHbLIX 2PYNNAX JICUBOMHBIX NPU YCIOBUU He)O-
cmamka 00Ho20 anneinsi eema -xamenuna. Buvieoowr. I[lonyuennvie
OaHHble NOKA3bIBAIOM, YN0 UCCIEO08AHHOE HAMU COCMOSIHUE GbI3bIGA-
em 3a0epaircKy paseumusl U pocma 83pociio2o cepoya, enpodem oe3 Ka-
KUx-1u60 npusHaKog Mopghonoeuueckux OmrkioHeHUll o CPaABHEHUIO ¢
KOHMPONbHLIMU — JCUBOIMHBIMU — COOMBEMCMEYIOWUX — 8O3DACTHBIX
epynn.

Kntoueswie cnosa: pazeumue cepoya, B-kamenun, Wnt-cuenannune,
nepecmpotixa cepoya, sunepmpoguyeckuti omeem.
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