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ABSTRACT

Chromatin remodelling precedes transcriptional and
structural changes in heart failure. A body of work
suggests roles for the developmental Wnt signalling
pathway in cardiac remodelling. Hitherto, there is
no evidence supporting a direct role of Wnt nu-
clear components in regulating chromatin land-
scapes in this process. We show that transcrip-
tionally active, nuclear, phosphorylated(p)Ser675-�-
catenin and TCF7L2 are upregulated in diseased
murine and human cardiac ventricles. We report that
inducible cardiomyocytes (CM)-specific pSer675-�-
catenin accumulation mimics the disease situation
by triggering TCF7L2 expression. This enhances ac-
tive chromatin, characterized by increased H3K27ac
and TCF7L2 occupancies to cardiac developmental
and remodelling genes in vivo. Accordingly, tran-
scriptomic analysis of �-catenin stabilized hearts
shows a strong recapitulation of cardiac develop-
mental processes like cell cycling and cytoskeletal
remodelling. Mechanistically, TCF7L2 co-occupies
distal genomic regions with cardiac transcription
factors NKX2–5 and GATA4 in stabilized-�-catenin
hearts. Validation assays revealed a previously un-
recognized function of GATA4 as a cardiac repres-

sor of the TCF7L2/�-catenin complex in vivo, thereby
defining a transcriptional switch controlling disease
progression. Conversely, preventing �-catenin acti-
vation post-pressure-overload results in a downreg-
ulation of these novel TCF7L2-targets and rescues
cardiac function. Thus, we present a novel role for
TCF7L2/�-catenin in CMs-specific chromatin modu-
lation, which could be exploited for manipulating the
ubiquitous Wnt pathway.

INTRODUCTION

Wnt signalling is evolutionarily conserved and has key roles
in tissue remodelling in embryonic development and adult
diseases (1–3). In the postnatal heart, activation of differ-
ent components of the Wnt/�-catenin pathway was shown
upon hypertrophic and ischemic stimuli in different cell
types (4–7). Conversely, inhibition of Wnt signalling ap-
pears to protect the heart from ventricular remodelling
(5,8–10). In the absence of �-catenin or Lymphocyte En-
hancer transcription factor (Lef-1) activity, cardiomyocyte
(CM) growth is impaired (11). Although, functional roles
of Wnt/�-catenin signaling in the heart have been studied
since about a decade, the epigenetic mechanisms and molec-
ular networks driven by its activation remain largely un-
known.
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Wnt canonical signalling activates gene expression by in-
ducing formation of complexes between transcription fac-
tors (TFs) and the co-activator �-catenin, which can be
further modulated by tissue-and context-specific repressors
or activators (12,13). Upon Wnt receptor activation, in-
creased stability of �-catenin triggers target gene transcrip-
tion. This is regulated by the interactions of the transcrip-
tionally active form of �-catenin- Ser675-phosphorylated
(pSer675-�-catenin) with members of the TCF/LEF family,
through a displacement of repressors from the TCF/LEF
complex (14–16). This leads to increased histone acetyla-
tion, resulting in chromatin remodelling and gene activation
(17,18). TCF/LEF factors are essential for transducing the
activation of the Wnt/�-catenin axis. Context-dependent
Wnt signalling actions are further fine-tuned by recruit-
ing cell-specific modulators to chromatin complexes (19).
Transcription factor-7 like 2 (TCF7L2), one of the main
transcriptional effectors of the Wnt cascade, is expressed
in several tissues and was recently shown to regulate the
ubiquitous Wnt target gene Myc in pathological cardiac
remodelling (7). Nonetheless, TCF7L2 has been shown to
have both tissue- and disease-specific roles, involving dis-
tal enhancers. Importantly, enhancers can regulate context-
specific gene expression by associating to specific cardiac
TFs (20–23). Overall, the genome-wide, tissue-specific reg-
ulatory complex of the ubiquitous Wnt cascade, which may
help identify more selectively targetable molecules modulat-
ing disease progression in the adult heart, remains poorly
understood.

In this study, we show that the very low Wnt/�-catenin
activity in the healthy adult heart is increased upon pres-
sure overload in murine and human hearts, which depends
on transcriptionally active pSer675-�-catenin. Using CM-
specific �-catenin stabilization, we mimic all molecular hall-
marks of Wnt activation as found upon hypertrophic stim-
uli, which results in a hypertrophy-like phenotype and se-
vere heart failure. We show that Wnt/�-catenin/TCF7L2
activation leads to increased genome-wide active chromatin
and inducible TCF7L2 recruitment to so far unrecognized,
heart-specific regulatory genomic regions, driving patholog-
ical cardiac remodelling. Conversely, �-catenin inactivation
post-pressure-overload resulted in a reduced expression of
these TCF7L2 target genes and prevented heart failure, con-
firming the validity of our findings. Most importantly, we
discovered a role for the hypertrophic transcription factor
GATA4 in fine-tuning Wnt/�-catenin/TCF7L2 activation,
essential for adult heart homeostasis.

MATERIALS AND METHODS

Mouse models

Gain (�-catenin�ex3) and loss (�-catenin�ex2–6) of func-
tion models were achieved by mating Myh6-merCremer
(24) mice with either �-cateninfloxed-ex3 (25) and �-
cateninfloxed-ex2–6 (Jackson Lab). For transgenesis induction,
heart-specific expression of the Cre recombinase under con-
trol of the Mhy6 promoter was activated by administration
of Tamoxifen (T5648, 30 mg/kg body weight/day; Sigma–
Aldrich) i.p. for 3 days. Excision of loxP-flanked exon 3
of the �-catenin coding region in �MHC-merCremer/�-
cateninfloxed-ex3 resulted in a non-degradable mutant of �-

catenin and in �MHC-merCremer/�-cateninfloxed-ex2–6 in
non-functional �-catenin. Littermates WT at �-catenin lo-
cus and positive for Cre recombinase; and WT without Cre
recombinase expression were used as controls. Genotyping
primers are listed in Supplemental Table S1.

Echocardiographic analysis and disease model

Transaortic constriction (TAC) was done in 12-weeks-old
mice. Pre-anesthetic and anesthetic agents are listed in Sup-
plemental Table S2. The intervention was performed by ty-
ing a braided 5–0 polyviolene suture (Hugo Sachs Elec-
tronik) ligature around the aorta and a blunted 26-gauge
needle and subsequent removal of the needle. For sham con-
trols, the suture was not tied. To determine the level of pres-
sure overload by aortic ligation, a high frequency Doppler
probe was used to measure the ratio between blood flow
velocities in right and left carotid arteries. TAC mice with
blood flow gradient <60% were excluded. For echocardio-
graphy, mice were anesthetized by 2.4% isoflurane inhala-
tion and ventricular measurements were done with a Visual-
Sonics Vevo 2100 Imaging System equipped with a MS400,
30 MHz MicroScan transducer. The observer was unaware
of the genotypes and treatments. All these procedures were
performed by the SFB 1002 service unit (S01 Disease Mod-
els). All animal experiments were approved by the Nieder-
sachsen (AZ-G 15-1840) animal review board.

Human heart samples

Left ventricular tissue was used for DNA and RNA isola-
tion. RNA expression of foetal samples was described else-
where (26). The investigation of human samples conforms
to the principles outlined in the Declaration of Helsinki and
was approved by the institutional ethics committee of the
University Medical Center Goetingen (31 September 2000).
DNA and RNA isolation and analyses are described in Sup-
plemental Methods.

RNA-sequencing (RNA-seq) and data analyses

RNA-seq was performed at the Transcriptome and Genome
Analysis Laboratory, University Medical Center, Goettin-
gen, in biological triplicates. RNA was extracted, quality
and integrity was assessed by Bioanalyzer (Agilent). Li-
braries were prepared and cDNA libraries were amplified
and the size range of final cDNA libraries was determined
by applying the DNA 1000 chip on the Bioanalyzer 2100
from Agilent (280 bp). cDNA libraries were sequenced us-
ing cBot and HiSeq2000 Illumina (SR; 1 × 50 bp; 51 cy-
cles with single indexing; 6GB ca. 30–35 million reads per
sample). Sequence reads were aligned to the mouse refer-
ence assembly (UCSC version mm9) using Bowtie 2.0.(27)
For each gene, the number of mapped reads was counted
and DESeq2 was used to analyze the differential expression
(28) Gene ontology (GO) analyses were performed using de-
fault parameters and stringency in ‘ClueGO’: a Cytoscape
plug-in.(29) The significant ‘GO Biological Processes’ were
shown with P ≤ 0.05.
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Figure 1. Nuclear phosphorylated-Ser675�-catenin triggers Wnt transcriptional reactivation upon cardiac pressure-overload in mice and humans. (A)
Normalized transcript expression of murine and RPKMs of human TCF7L2 expression in foetal and adult hearts (n = 3/per group). (B) Relative transcript
levels of Tcf7l2 in 8 weeks post-TAC heart tissue vs. sham control (n≥5). (C) Representative immunoblots of TCF7L2 and �-catenin expression 3 days and 8
weeks post-TAC in murine heart ventricles compared to sham (n≥4). (D) Immunofluorescence image representing increased TCF7L2 (magenta) in isolated
cardiomyocytes (CM) from 3 days post-TAC murine hearts (n = 3/group). (E) Total �-catenin, TCF7L2 and pSer675-�-catenin in nuclear (TBX5-enriched)
fraction, 6-weeks post-TAC. (F) Relative transcript levels of the classical Wnt target gene, Axin2, and CM hypertrophic marker, Natriuretic peptide b (Nppb)
3 days and 2 weeks post-TAC in murine ventricular tissue versus sham control (n ≥ 5). (G) Western blots showing total �-catenin, pSer675-�-catenin and
TCF7L2 in cardiac ventricular biopsies from ischemic (ICM) and dilated cardiomyopathies (DCM) as compared to non-failing (NF) human hearts (NF: n
= 2; DCM: n = 6; ICM: n = 6). (H) TCF7L2 and its target AXIN2 transcript levels in cardiac ventricular biopsies from DCM and ICM as compared to NF
human hearts (NF: n = 7; DCM: n = 15; ICM: n = 11). (I) Immunoblot showing stabilized (70 kDa) �-catenin, pSer675-�-catenin and TCF7L2 protein
in �-cat�ex3 ventricles. Representative immunofluorescence images showing increased perinuclear/nuclear pSer675-�-catenin (lower panel) or (J) TCF7L2
(magenta) in isolated CM �-cat�ex3 ventricles compared to Crepos along with corresponding plots below images representing fluorescence intensity profiles
over the nucleus. ACTN2 is shown in green, DAPI nuclear staining in blue (n = 3/group). The profiles show DAPI (blue) signal overlapping with TCF7L2
(magenta) with a higher intensity in �-cat�ex3 CM. (K) Relative transcripts of Axin2 after 3 days and 3 weeks of induction in �-cat�ex3 ventricles vs. control
Crepos/�-catwt (Crepos) hearts (n = 10; 3 and 5; respectively). TATA-binding protein (Tbp) (B, F) and GAPDH (H) were used for transcript normalization.
GAPDH and TPT1 serve as protein loading control for whole cell lysate (C, G and I) and GAPDH for cytosolic fraction (E) and TBX5 for nuclear fraction
in E. Data are mean ± SEM; t-test and ANOVA, Bonferroni’s multiple comparison tests. Scale bar: I: 5 �m and D, J: 20 �m.
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Chromatin immunoprecipitation (ChIP-seq) and data analy-
ses

TCF7L2 and H3K27ac ChIPs in murine adult cardiac ven-
tricular tissue were performed by 20 min crosslinking with
1.3% formaldehyde and sonicating for 45 cycles. Inputs were
pre-cleared for 45 min at 4◦C using protein-A-sepharose
beads. For immunoprecipitation, 2 �g of anti-TCF7L2,
anti-IgG (17–10109, Millipore), anti-GATA4 (sc-25310
X, SantaCruz) or anti-H3K27ac (C15410196, Diagenode)
was added to the nuclear extracts and incubated O/N
at 4◦C. Antibodies were pulled down using protein-A-
sepharose beads followed by washing and DNA extraction.
For protein complex isolation, proteins were extracted
from sepharose beads and supernatants were subjected
to immunoblotting. ChIP-seq library preparation was
performed using NEBNext Ultra DNA library prep kit
for Illumina (E7370) as per manual’s instructions. DNA li-
braries were amplified and sequenced by using the cBot and
HiSeq2500 from Illumina (25–30 million reads per sample).
Sequence reads were aligned to the mouse reference assem-
bly (UCSC version mm9) using Bowtie2 (30). Peak calling
was performed with Model Based Analysis of ChIPseq
(MACS2) version 2.1.0.20140616.0 (31). Genes proximal
to the bound chromatin regions were identified by GREAT
analyses (32). Significant ‘GO Biological Processes’ were
shown with P ≤ 0.05. Published/public ChIP-seq datasets
were used from the following sources: TCF7L2 liver:
GSE32513; GATA4, NKX2–5 and TBX3: GSM862697-
(33); DNAse-seq: GSM1014166; H3K4me1: GSM769025;
RNAPII: GSM918723; H3K27me3: GSM1260017;
KLF15: GSM1901940 and CTCF: GSM918756.

Statistical analyses

ANOVA single factor analysis was used to calculate the P
value for qPCR-based analyses. G-Power3.1 was used to de-
termine the sample size for animal studies. For ChIP-seq
and RNA-seq analyses, q-value (to call peaks) and adjusted
P-value of ≤0.05 was considered for statistical significance
respectively. For motif analyses, Z-score and Fisher score
(negative natural logarithm of P-value) were utilized for
showing significant motifs. Unpaired student’s test and two-
way ANOVA with Bonferroni post-test (GraphPad Prism
6.0) were used where appropriate for statistical analysis of
epifluorescence measurements of calcium cycling parame-
ters. Again, P-values <0.05 were considered statistically sig-
nificant.

RESULTS

Nuclear, phosphorylated-Ser675-�-catenin triggers Wnt
transcriptional reactivation upon cardiac pressure-overload in
mice and humans

The specific contribution of TCF/LEF family members to
the Wnt axis in cardiac remodelling is not well defined.
We established that TCF7L2 was mainly expressed in adult
ventricles and was the highest expressed TCF/LEF mem-
ber with an activating function in the mouse and human
left ventricle (Supplementary Figure S1A). In accordance
with lowering Wnt activity during maturation, TCF7L2

decreased from foetal to adult life in mouse and human
cardiac tissue (Figure 1A). However, its expression in-
creased upon trans-aortic constriction (TAC)-induced hy-
pertrophic remodelling (Figure 1B), indicating reactivation
of a TCF7L2-dependent transcriptional program. The ef-
ficiency of TAC was confirmed by trans-aortic gradients,
heart-to-body weight ratios and fractional area shortening
measurements (Supplementary Figure S1B). We next ex-
amined the dynamics of protein re-expression of TCF7L2
and the association to Wnt/�-catenin activity during the
course of TAC. Three days after induction of pressure over-
load, �-catenin and TCF7L2 proteins were significantly up-
regulated in left ventricular tissue, compared to sham con-
trols. TCF7L2 remained upregulated 8 weeks post-TAC; al-
though �-catenin levels were normalized, suggesting a sus-
tained, TCF7L2-specific Wnt activation (Figure 1C and
Supplementary Figure S1C–E). Upregulation of TCF7L2
was confirmed in isolated CMs 3 days post-TAC (Fig-
ure 1D). To test �-catenin-dependent transcriptional acti-
vation, we firstly analyzed pSer675-�-catenin, which pos-
sesses a high affinity for TCF/LEF family members for
target gene regulation (34). Six weeks post-TAC, pSer675-
�-catenin and TCF7L2 were more abundant in TAC nu-
clear fractions, while total �-catenin was not significantly
changed; in line with the observation in 8 weeks post-TAC
(Figure 1E and Supplementary Figure S1F). Secondly, �-
catenin/TCF7L2 transcriptional activity was confirmed by
upregulation of a classical Wnt target, Axin2, which in-
creased during the course of remodelling. High levels of
the Natriuretic peptide b (Nppb) post-TAC induction, con-
firmed pathological remodelling (Figure 1F). Furthermore,
analysis of left ventricular samples from human patients
with dilated (DCM) and ischemic cardiomyopathies (ICM)
showed upregulation of total �-catenin, pSer675-�-catenin
and TCF7L2 proteins, as well as a transcriptional activa-
tion of TCF7L2 and AXIN2, compared to non-failing (NF)
heart samples (Figure 1G, H and Supplementary Figure
S1G). Altogether, our results show that pSer675-�-catenin
initiated and maintained a re-expression of TCF7L2, reacti-
vating Wnt transcriptional machinery during hypertrophic
remodelling in the adult mamalian heart.

Wnt activation promotes heart failure by triggering develop-
mental reprogramming in the adult heart

Next, to investigate the mechanisms triggered by �-
catenin/TCF7L2-transcriptional activity, we mimicked this
activation by inducing �-catenin stabilization specifically in
adult CMs. Inducible stabilization was achieved by cross-
ing a mouse possessing a Ctnnb1 (�-catenin) allele with
loxP-flanked exon 3 (�-cateninfloxed-ex3) (25), with a Myh6-
promoter driven tamoxifen (TX)-inducible-Cre expressing
line (24). The recombined allele (�-cat�ex3) produces a
truncated, stabilized and GSK3-�-degradation-resistant �-
catenin increasing the cytosolic and nuclear pool (Sup-
plementary Figure S2A and B). Fourteen-weeks-old mice
were induced with TX and analyzed for 3–4 weeks (Sup-
plementary Figure S2C). To exclude effects of Cre expres-
sion and/or TX toxicity, two control groups were used for
functional analyses including Myh6-merCremer/�-catwt

(Crepos) and �-catflox-ex3 (Creneg), respectively. �-cat�ex3
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Figure 2. Wnt activation promotes heart failure by triggering developmental reprogramming in the adult heart. Representative images (A) and quantifi-
cation showing increased- (B) heart-to-body weight ratios (HW/BW, n ≥ 15/group), (C) CM cross-sectional area by WGA-FITC staining (n = 3; 150
cells/mouse) and (D) fibrosis by Sirius Red staining (n = 3/group) in �-cat�ex3 versus control Crepos. (E) Echocardiographic analyses showing anterior
and poster wall thickness diameters (AWTHd, PWTHd), left ventricular inner diameter (LVId) and fractional area shortening (FAS), 3 weeks post-TX
induction in �-cat�ex3 mice compared to Crepos and Creneg/�-catwt (Creneg) controls (n≥15/group). (F) Kaplan–Meier survival curve post-TX induction,
n ≥ 21. (G) Half-times of intracellular calcium relaxation (RT50%) of caffeine induced-Ca2+-transients along with SERCA2 activity in �-cat�ex3 and Crepos

CMs (n = 6/4–21 cells per mouse). Ventricular protein expression of Na+–Ca2+ exchanger (NCX) in �-cat�ex3 and Crepos hearts, n = 4. GAPDH serves
as loading control in G. (H) Heatmap representing row Z-scores of RPKM values of all 572 differentially expressed genes (DEGs) with a cut-off: log2FC
± 0.5, P < 0.05 in Crepos and �-cat�ex3 cardiac ventricles. Upregulated genes and downregulated genes are depicted in red and blue respectively (n =
3/group). (I) Volcano plot depicting the DEGs. Blue: DEGs with log2FC≥0.9 and p≤0.05; red: log2FC≤0.9 and P ≤ 0.05; black: unregulated genes. (J)
Gene Ontology (GO) biological processes of upregulated (P ≤ 0.05) genes. Data are mean ± SEM; t-test and ANOVA, Bonferroni’s multiple comparison
test. Scale bar in A: 20 �m.
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Figure 3. Wnt transcriptional activation results in increased CM cell cycling and cytoskeletal remodelling in the adult heart. (A) Heatmaps depicting row
Z-scores of RPKMs of upregulated genes involved in heart morphogenesis, cell cycling and cytoskeleton organization in �-cat�ex3 ventricles; with (B)
corresponding qPCR validations (�-cat�ex3 n = 4; Crepos n = 5). (C) Confocal images of KI67 or EdU (magenta) immunostainings with quantification
of double positive cTNT/KI67 and EdU cells (n = 3; >400 cells/mouse). White arrows indicate KI67 and EDU positive CM. (D) Immunostainings for
Caveolin 3 (red), DAPI (blue) in single CM along with quantification of nuclei/CM (n = 3; ≥90 cells/CM per mouse). (E) qPCR validating increased
cytoskeletal regulators Rock2 and Dstn; and immunoblot showing increased ROCK2 in �-cat�ex3 ventricles (�-cat�ex3 n = 4; Crepos n = 5). (F) Confocal
images and (G) quantification of microtubule network density and complexity in single CMs (n = 3; 5–8 cells/mouse; i-ii represent higher magnification
in F). Images are an overlay of �-TUBULIN images (green) with corresponding extracted skeletons (black). Tbp was used for normalization in B and E
and GAPDH was loading control in F. Scale bar C: 20 �m, E, G: 10 �m. Confocal images were re-colored for color-safe combinations.



2856 Nucleic Acids Research, 2018, Vol. 46, No. 6

hearts showed a significant increase in stabilized �-catenin
protein compared to Crepos controls. Similar to the obser-
vations in TAC-induced remodelling in mouse, TCF7L2
and pSer675-�-catenin proteins were significantly increased
in �-cat�ex3 cardiac tissue. Moreover, accumulation of
the active pSer675-�-catenin could be visualized at the
perinuclear/nuclear region in CMs, indicating Wnt activity
(Figure 1I). In line with this, (i) increased TCF7L2 in �-
cat�ex3 CM nuclei was confirmed by confocal microscopy
and fluorescence intensity profiles over the nucleus (Fig-
ure 1J) and (ii) progressively increasing TCF7L2-dependent
transcriptional activation, demonstrated by Axin2 expres-
sion, was showed from 3 days to 3 weeks post-TX-induction
(Figure 1K). Therefore, we analyzed the mice 3 weeks upon
recombination.

�-cat�ex3 mice phenotypically resembled experimentally-
induced hypertrophy with increased heart sizes, cardiac
mass, myocyte cross-sectional area and fibrosis (Figure 2A–
D). Maladaptive cardiac remodelling was indicated by in-
creased anterior and posterior wall thickness and left ven-
tricular chamber diameter along with decreased fractional
area shortening and higher mortality in �-cat�ex3 mice,
compared to Crepos and Creneg controls (Figure 2E and F).
We investigated calcium homoeostasis and observed sig-
nificantly faster elimination kinetics of caffeine induced-
Ca2+-transients in �-cat�ex3 CMs, while SERCA2 activity
remained unchanged in �-cat�ex3 compared to Crepos CMs.
Accordingly, expression of the Na+–Ca2+ exchanger (NCX)
was higher in �-cat�ex3 CMs (Figure 2G), which may be part
of the genetic reprogramming in cardiac remodelling (35).
Amplitude of systolic and caffeine-induced Ca2+-transients
at increased half-time relaxation rate was unchanged in �-
cat�ex3 CMs, suggesting that NCX may contribute to the
faster Ca2+-elimination in �-cat�ex3 (Supplementary Fig-
ure S2D). Thus, activating �-catenin/TCF7L2-dependent
transcription alone is sufficient to initiate adverse cardiac
remodelling in the adult heart.

To explore the cellular events triggered by �-
catenin/TCF7L2 activation, we performed RNA-
sequencing analysis in cardiac ventricular tissue. Wnt-
activated �-cat�ex3 ventricles showed 376 upregulated
and 196 downregulated genes compared to control Crepos

(n = 3, P < 0.05 and log2FC ≥ 0.5) (Figure 2H). The
most differentially regulated genes included targets of the
Wnt/�-catenin-dependent (i.e. Axin2, Lef1, Cacna1g);
and -independent pathways (Rock2); cardiac development
(Hand2, Tbx20) and pathological genes related to heart
disease condition ((Destrin (Dstn), Corin, Adamst19))
(Figure 2I). Gene ontology (GO) analysis clustered the
upregulated genes into cell cycle, tissue remodelling includ-
ing cytoskeleton organization, cardiac and mesenchymal
development (Figure 2J). Downregulated genes included
heart rate processes (Supplementary Figure S3A).

Wnt transcriptional activation results in increased CM cell
cycling and cytoskeletal remodelling in the adult heart

In line with the role of Wnt canonical pathway in devel-
opment (36,37), �-cat�ex3 hearts showed a re-expression
of developmental gene clusters coordinating second heart
field/right ventricle and mesenchymal/interstitial cell de-

velopment, including Sox4, Tbx20, Hand2, Bambi, Edn3,
Dact3 and Shisa3. Re-expression of foetal forms of calcium
voltage-gated channel and myosin heavy chain (Cacna1g,
Myh7) as observed in hypertrophic remodelling, was also
detected in �-cat�exon3 hearts (Figure 3A and B).

In line with the transcriptomic data and the role of Wnt
in cell cycle regulation, we found a significantly increased
expression of KI67 in cardiac troponin T (cTNT)-positive
cells in myocardial tissue and isolated CMs from �-cat�ex3

hearts. In vivo 5-ethynyl-2’-deoxyuridine (EdU) DNA up-
take in cTNT-positive cells was increased in �-cat�ex3 my-
ocardial cells (Figure 3C and Supplementary Figure S3B).
Cell cycle genes (Ccna2, Ccnb1, Ccnb2 and Ccnd2), previ-
ously implicated in hypertrophic remodelling and CM cell
cycle re-entry, (38,39) were found increased in �-cat�ex3 ven-
tricles. Increased KI67 expression in cTNT-positive cells,
as well as Ccna2, Ccnb1 and Ccnb2 expression was also
confirmed in TAC-induced hearts (Supplementary Figure
S3C). This was accompanied by a switch in CM nucleation
towards 3- and 4-nuclei in �-cat�ex3 hearts, with a decreased
frequency of normal bi-nucleation as compared to Crepos

CM (Figure 3D).
Interestingly, genes involved in cytoskeletal organiza-

tion, annotating to the �-catenin-independent Wnt path-
way: Wnt11, Rock2, Tcf7, Wif1 and Dstn (40), also upreg-
ulated in human cardiomyopathies, were upregulated in �-
cat�ex3 hearts (Figure 3E). To visualize a possible effect on
cytoskeletal organization, we analyzed the CM cytoskele-
ton which showed an increased network density and com-
plexity in �-cat�ex3 CMs (Figure 3F and G). Adherens junc-
tions structures showed no major alterations in �-cat�ex3

CMs (Supplementary Figure S3D and E). These results sug-
gest a cross-talk between Wnt/�-catenin-dependent and -
independent signaling, which may regulate cytoskeletal re-
arrangements, contributing to pathological changes in adult
CMs.

Induced TCF7L2 and H3K27ac occupancies at disease-
associated enhancers defines the cardiac epigenome upon �-
catenin stabilization

We showed that TCF7L2 was (i) the highest TCF/LEF
member expressed in the mouse and human heart and
(ii) re-expressed in both mouse and human cardiomy-
opathies. Hence, we explored the transcriptional involve-
ment of TCF7L2 in Wnt-mediated chromatin remodelling
in the adult heart. ChIP-seq analyses were performed for
endogenous TCF7L2 and Histone 3 lysine 27th acetyla-
tion (H3K27ac), an established chromatin mark for active
enhancers and transcriptionally active regions (41), in �-
cat�ex3 and Crepos ventricles. TCF7L2 occupancy was low,
albeit detectable in wild-type ventricles, which correlates to
the low Wnt transcriptional activity in healthy hearts (∼222
regions). Validating this ChIP, TCF7L2 occupancy was de-
tected at known target gene promoters of Axin2 and SP5.
A 20-fold enrichment of TCF7L2 occupancy on the Axin2
promoter was confirmed by qPCR (Supplementary Figure
S4A and B). Upon �-catenin stabilization, genome-wide
TCF7L2 binding was markedly increased, indicating an in-
ducible occupancy, owing to its upregulation. An inducible
recruitment of TCF7L2 and H3K27ac at the Tcf7l2 gene
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Figure 4. Induced TCF7L2 and H3K27ac recruitment to disease-associated enhancers defines the �-cat�exon3 cardiac epigenome. (A) Genomic distribution
of TCF7L2 occupancy in �-cat�ex3 ventricles in number of regions and as distance from TSS (arrow) in kb. (B) Heatmaps of H3K27ac in �-cat�ex3

ventricles and high sensitivity DNAse-sequencing (DHS), -RNAPII, -H3K4me1 occupancy in normal adult heart, on TCF7L2 occupied regions in �-
cat�ex3 ventricles, aligned according to their maximum signal of TCF7L2 occupancy. Scale depicts normalized RPKM values for heatmaps. (C) Exemplary
occupancy profiles of TCF7L2, H3K27ac and DHS on an identified distal enhancer of Adamts19. (D) Total number of H3K27ac bound-regions as well as
(E) average signal profiles of H3K27ac on TCF7L2 occupied loci in Crepos and �-cat�ex3 ventricles. (F) GO disease ontologies of TCF7L2 bound regions
in �-cat�ex3 ventricles. (G) Binding affinity plot of 25,563 differential ChIPseq-H3K27ac enriched regions (pink dots) in the Wnt normal (3,040 regions,
log FC > +0.5, n = 3) and in �-cat�ex3 (Wnt activated) (22,523 regions, log FC < –0.5, n = 2) hearts. (H) Motif analysis on differentially enriched distal
H3K27ac regions (5,748 from 22,523) in ‘Wnt activated’ and control ‘Wnt normal’. TCF7L2 motif occurrence is highlighted in an orange box. (I) Disease
Ontologies are for the regions in H. For heatmaps regions ± 5 kb are shown.



2858 Nucleic Acids Research, 2018, Vol. 46, No. 6

Figure 5. TCF7L2 elicits tissue-specific gene regulation in pathological heart remodelling. (A) Venn diagram of genes bound by TCF7L2 (green, 977) and
upregulated (red, 376; log2FC ≥ 0.5, P ≤ 0.05) in �-cat�ex3 ventricles. GO biological processes annotation of the 68 common genes at the intersection.
Hand2, Tbx20, Rock2 and Dstn are part of these common genes. (B) Occupancy profiles of TCF7L2 and H3K27ac in �-cat�ex3 and Crepos ventricles on
the identified putative enhancers upstream of Hand2, Tbx20, Rock2 and Dstn. (C) Hand2, Tbx20, Rock2 and Dstn relative transcript levels in ventricles
upon TAC-induced hypertrophy and sham controls, n ≥ 5. (D) Heatmaps showing row Z-scores of RPKMs of dysregulated genes in human ventricular
tissue from non-failing (NF), hypertrophic and failing hearts (HF). (E) Luciferase reporter assays for Hand2 and Tbx20 identified enhancers upon Wnt
activation by �-catenin stabilization in HEK293 cells normalized to empty vector (Renilla luciferase was used as transfection control, n = 3/independent
experiments). Tbp was normalization control in C. Data are mean ± SEM; t-test.
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locus was observed in �-cat�ex3 hearts, indicating a positive
feedback regulation (Supplementary Figure S4C). We iden-
tified 1209 regions associated with 977 genes, occupied by
TCF7L2 in �-cat�ex3 hearts. Among these, approximately
80% of TCF7L2-bound regions were located distal to tran-
scription start sites (TSS) (Figure 4A). TCF7L2 occupancy
was closely associated with H3K27ac in �-cat�ex3 hearts,
and with published data for DNAse hypersensitive (DHS)
regions, H3K4me1 and RNAPII binding, all marks of ac-
cessible chromatin, in the adult heart (Figure 4B and C).
Global H3K27ac occupancy was markedly increased in �-
cat�ex3 when compared to Crepos control ventricles, notably
also on TCF7L2-bound �-cat�ex3 regions (Figure 4D and
E). GO analysis of TCF7L2-bound regions revealed ‘heart
failure’ as the most significant disease ontology along with
developmental remodelling processes (Figure 4F).

In order to understand the relevance of differential
H3K27ac occupancy in normal and �-cat�ex3 hearts, we
identified 25,563 differentially-enriched genomic regions,
which were specifically enriched in �-cat�ex3 hearts (‘Wnt
activated hearts’: 22,523 regions) or in normal hearts (‘Wnt
normal hearts’: 3,040 regions) (Figure 4G). Since TCF7L2
occupied predominantly distal regions, we focused on the
distally-enriched regions. Of the 22,523 regions in Wnt acti-
vated hearts, 5,748 of the �-cat�ex3-specific regions were lo-
cated >±5 kb from the nearest gene. We identified an exten-
sive overlap of published TCF7L2 data (–log10 P-value =
141.209) with �-cat�ex3-specific distally-occupied H3K27ac
regions, which was absent in the H3K27ac-bound distal
regions enriched in the normal heart (Figure 4H). Func-
tional categorization of H3K27ac-bound distal regions re-
vealed enrichment of processes involved in hematopoietic
cell biology in the normal heart, whereas Wnt activated
hearts showed processes involved in abnormal cardiac mus-
cle morphology (Figure 4I). These results indicate a partic-
ularly important chromatin-associated role of TCF7L2 in
response to �-catenin stabilization in the adult heart.

TCF7L2 elicits tissue-specific gene regulation in pathological
heart remodelling

Integrative analyses of 977 TCF7L2-bound and 376 up-
regulated genes (RNAseq, log2FC>0.5, p<0.05) upon �-
catenin stabilization, showed that TCF7L2 occupied and
regulated the expression of a subset of 68 genes. Similar to
the categorization of transcriptome data, these genes an-
notated to cardiac developmental tissue remodelling, cy-
toskeletal rearrangement and mesenchymal developmental
processes in �-cat�ex3 hearts (Figure 5A). Genes at this in-
tersection included Hand2, Tbx20, Rock2 and Dstn. Signifi-
cant occupancy of TCF7L2 and H3K27ac on the distal sites
of these genes was observed in �-cat�ex3, but not in nor-
mal hearts (Figure 5B). In line with previous observation
(42,43), we observed their upregulation upon pathological
remodelling in mouse and human hearts (Figure 5C and D).
In contrast, only 8 genes showing TCF7L2 occupancy were
downregulated upon �-catenin stabilization, suggesting a
specific role for TCF7L2 only in pathological gene activa-
tion (Supplementary Figure S5A). Upregulated genes that
did not intersect with TCF7L2 binding in �-cat�ex3 hearts

were enriched for DNA replication processes (Supplemen-
tary Figure S5B).

For functional confirmation of TCF7L2-dependency of
these novel targets, we tested Hand2 and Tbx20 enhancer re-
gions (containing 4 and 2 TCF/LEF consensus sites, respec-
tively) upon expression of stabilized �-catenin�ex3, which
mimics our �-cat�ex3 mouse model in vitro. Luciferase as-
says showed a 3-fold (Hand2) and 2.5-fold (Tbx20) increase
in luciferase activity (n = 3, Figure 5E). Altogether, these re-
sults identified novel �-catenin/TCF7L2 cardiac enhancers
and highlight their significance in pathological remodelling
in the adult myocardium.

To further investigate the cardiac-specificity of TCF7L2
chromatin occupancy, we compared the binding profiles of
endogenous TCF7L2 found in our CMs-�-cat�ex3 model,
with a published hepatocyte-specific �-catenin stabilized
mouse model (44). TCF7L2-bound regions only found in
�-catenin stabilized hepatocytes (compared to CMs), were
associated with metabolic processes, lipid and cholesterol
homeostasis. Whereas, TCF7L2-bound regions only found
in �-catenin stabilized CMs were associated with cardiac de-
velopmental processes (Figure 6A). Overlapping binding re-
gions were only found in promoter regions of classical Wnt
target genes such as Axin2 and Lef1, while non-overlapping
distal genomic regions belonging to Hand2, Tbx20, Rock2
and Dstn were observed only in �-cat�ex3 .hearts (Figure
6B). These results strongly point to the tissue-specific func-
tions of TCF7L2 at distal regions (23).

TCF7L2 cooperates with cardiac-TFs to enable heart-specific
gene regulation

We next aimed to investigate the mechanisms that en-
abled TCF7L2 to elicit CM-specific responses. Cardiac-
TFs including GATA, NKX, TBX and MEF have been
shown to collaborate with other factors to direct cardiac-
specific gene expression (45). De novo motif analyses re-
vealed that TCF7L2-bound chromatin regions in �-cat�ex3

hearts showed a significant enrichment for GATA4 (Gap =
50 bp, P = 8.31E–17), NKX2.5 and HAND1/TCF3 motifs
(Figure 6C). This was confirmed by comparing published
ChIP-seq datasets for GATA4 and NKX2.5 in the normal
adult heart (46) with the TCF7L2-bound regions identi-
fied in our study (Figure 6D). Accordingly, heart-specific
TCF7L2-bound regions showed clearly, a higher correla-
tion to NKX2.5 and GATA4 occupancy as compared to
their lower association with liver-specific regions (Figure
6E), further confirming its tissue-specific roles.

Among the analyzed cardiac-TFs, GATA4 binding in
the normal heart showed the highest correlation (Spear-
man’s correlation coefficient r = 0.67) to TCF7L2-bound
regions in the �-cat�ex3 hearts (Figure 7A, Supplemen-
tary Figure S6A). Next, motif analysis was performed
on the genes both bound by TCF7L2, and upregulated
in �-cat�ex3 hearts (68 genes) showing again, a signifi-
cant enrichment of the GATA motif (p value = 3.44E-
3). The association with downregulated RNA-seq genes
showed different motifs including TP53 (Figure 7B). Given
the strong correlation of GATA4 and TCF7L2, genes co-
occupied by both GATA4 and TCF7L2 in heart tissue
were analyzed. Of the 2,258 GATA4-bound (46) and our
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Figure 6. TCF7L2 cooperates with cardiac-TFs to enable heart-specific gene regulation. (A) Comparison of TCF7L2-bound regions in in vivo models
of �-catenin stabilization (�-cat�ex3) in CMs and hepatocytes. GO biological processes for unique regions in CM (magenta) and hepatocytes (blue). (B)
TCF7L2 occupancy profiles on identified Hand2, Tbx20, Rock2 and Dstn enhancers and common Wnt targets Axin2 and Lef1 in �-catenin stabilized
CM (magenta) and hepatocytes (blue). (C) Table enlisting the transcription factors (TFs) enriched on TCF7L2-bound regions in �-cat�ex3 ventricles by
de-novo motif search using MEME-SpaMo. (D) Heatmap depicting the occupancy of cardiac-TFs GATA4 and NKX2.5 in the normal heart on regions
occupied by TCF7L2 in �-cat�ex3 hearts. Regions ± 5 kb are shown. (E) Average profiles of GATA4 and NKX2.5 occupancy on TCF7L2-bound liver and
heart-specific regions. Data are mean ± SEM; t-test.
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Figure 7. GATA4 interacts with �-catenin and fine-tunes the molecular switch driving adult heart disease progression in vivo. (A) Spearman’s correlation
plot of TCF7L2 co-occupancy with GATA4, NKX2.5 and TBX3, highlighting highest correlation with GATA4 (black box). (B) Venn diagram of genes
bound by TCF7L2 (orange) with upregulated (violet) or downregulated (green) genes with log2FC≥0.5, p≤0.05 in �-cat�ex3 ventricles and corresponding
motif enrichment of the intersections. (C) Venn diagram showing commonly bound genes (319) between TCF7L2 in �-cat�ex3 hearts and GATA4 in
normal hearts. (D) Immunoblot of GATA4 with �-catenin co-immunoprecipitation in WT, �-cat�ex3 and 6 weeks post-TAC hearts. Input represents
the total, sheared chromatin-protein complexes before immunoprecipitation, (*) protein ladder. (E) Immunoblot of total �-catenin and active pSer675
�-catenin in the nuclear fractions of control, �-cat�ex3 and 6 weeks post-TAC hearts. TBX5 and GAPDH were used to detect nuclear and cytosolic
enrichments respectively. (F) IGV binding profiles for TCF7L2 occupancy in �-cat�ex3 hearts along with GATA4 co-occupancy in normal hearts on
Hand2 enhancer locus; ChIP-qPCR for GATA4 binding on Hand2 enhancer in normal (WT), 6 weeks post-TAC (WT TAC) and �-cat�ex3 hearts. Relative
fold enrichment was calculated to IgG control, normalized to 10% input chromatin (n = 3 hearts/ChIP) (G) Profiles of enhancers with GATA4 and
TCF7L2 overlapping occupancy (Hand2) and with only TCF7L2 occupancy (Tbx20). Luciferase reporter assay for Hand2 enhancer (-enh) and Tbx20-
enh upon �-catenin stabilization, GATA4 overexpression or both normalized to empty vector (EV). (Renilla luciferase was the transfection control, n =
3/independent experiments). Data are mean ± SEM; t-test and ANOVA, Bonferroni’s multiple comparison test. (H) Spearman’s correlation plot depicting
high correlations between GATA4 and repressive elements KLF15, H3K27me3 and CTCF in normal hearts specifically on TCF7L2-bound regions in
�-cat�ex3 hearts.
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977 TCF7L2-bound genes in �-cat�ex3 hearts, 1,939 were
GATA4-specific, 658 were TCF7L2-specific and 319 were
common targets for both GATA4 and TCF7L2. GATA4-
specific target genes (Arid1a, Camk2d, Jph2, Mef2a, Myh6,
Myh7, Myocd, Nppa, Nppb, Ryr2, Smad7, Tnnt2) catego-
rized for heart and muscle development. TCF7L2-specific
target genes (Axin2, Gja1, Lef1, Fzd6, Med1, Ctnnb1,
Twist1, Rspo2, Sox9, Notch3, Hdac9, Fst, Klf4, Tnfrsf19)
categorized for morphogenetic developmental processes.
Interestingly, TCF7L2 and GATA4 common targets con-
stituting 30% of all TCF7L2-bound genes, (Hand2, Tbx3,
Tbx5, Dysf, Cited2, Smad3, Myom2, Sox4, Sox6, Tbx20,
Ror2, Tead1) categorized for heart and muscle develop-
ment, furthering that GATA4 confers cardiac-specificity to
TCF7L2 (Figure 7C and Supplementary Figure S6B).

GATA4 interacts with �-catenin and fine-tunes the molecular
switch driving adult heart disease progression in vivo

To get an insight into the mechanism of regulation of
GATA4 on Wnt signalling, we tested the potential physi-
cal interaction of GATA4 with nuclear Wnt components in
the healthy and Wnt-activated (genetically and induced by
pressure-overload) adult hearts. GATA4 was immunopre-
cipitated, followed by chromatin-associated protein com-
plex isolation and immunoblotting in the normal, �-cat�ex3

and in 6 weeks post-TAC ventricular tissue. The suitability
of the anti-GATA4 antibody was validated both by ChIP-
qPCR on a known target gene Natriuretic peptide a (Nppa)
and by protein detection (Supplementary Figure S6C). We
observed that GATA4 and �-catenin interacted in the nor-
mal, but not in the �-cat�ex3 or TAC ventricular tissue (Fig-
ure 7D). Although �-catenin was clearly present in the nu-
cleus (Supplementary Figure S6D), it was transcription-
ally inactive in the healthy heart, based on low pSer675 �-
catenin levels. However, pSer675 �-catenin was found abun-
dantly enriched in the nuclei of �-cat�ex3 and in TAC tis-
sue (Figure 7E), suggesting that GATA4 could bind only to
transcriptionally inactive �-catenin, having a direct role on
Wnt gene regulation.

To further this hypothesis, we selected and analyzed en-
hancers showing GATA4 and TCF7L2 co-occupancy such
as Hand2 and Tbx3. They showed TCF7L2 occupancy
upon Wnt activation but not in the healthy heart, whereas
GATA4 occupancy was observed in the healthy heart. Con-
sistently, ChIP-qPCR analyses revealed enriched GATA4
binding to the enhancer regions of Hand2 and Tbx3 in the
healthy heart, which was significantly decreased upon Wnt
activation in �-cat�ex3 and TAC hearts (Figure 7F, Supple-
mentary Figure S6E). We next investigated the functional
role of GATA4 in this context. For this purpose, we an-
alyzed the regulation of two TCF7L2-targets: Hand2, dis-
playing co-occupancy of GATA4 (in WT healthy hearts)
and TCF7L2 (in �-cat�ex3 hearts) and Tbx20, displaying
TCF7L2, but not GATA4 occupancy. By performing lu-
ciferase assays, we showed that GATA4 co-expression pre-
vented �-cat�ex3-mediated Hand2, but not Tbx20-enhancer
activation (Figure 7G). This supports a repressive role of
GATA4 on a subset of Wnt target genes in the normal adult
heart.

Next, we analyzed the correlation of GATA4 with tran-
scriptional repressors like Krüppel-like Factor 15 (KLF15),
a nuclear Wnt repressor interacting with �-catenin and
TCF7L2 in cardiac tissue (47). Using published KLF15
ChIP-seq data from the adult heart (33), we observed that
TCF7L2-bound regions in �-cat�ex3 hearts displayed a re-
markable overlap with KLF15 and GATA4 co-occupancy
(Spearman’s correlation coefficient r = 0.86) in the nor-
mal heart. This co-occupancy was further correlated to
H3K27me3 and CTCF, known players associated with
chromatin insulating activity (48,49) (Figure 7H). Alto-
gether, these results showed a fine-tuning effect of GATA4
on Wnt-dependent cardiac genomic regions (Figure 8G).

�-Catenin loss of function in CM rescues Wnt-dependent
pathological gene regulation in vivo

As a proof of concept, we analyzed murine hearts with CMs
specific inducible �-catenin loss of function (�-cat�ex2–6)
with a confirmed, reduced total �-catenin expression sub-
jected to TAC-induced hypertrophy (Supplementary Fig-
ure S7A and B). The efficiency of TAC was confirmed by
a homogenous trans-aortic gradient indicating similar in-
duced pressure overload among the different groups (Sup-
plementary Figure S7C). Supporting a beneficial effect of
blocking Wnt– transcriptional activation, reduction of frac-
tional area shortening and upregulation of the hypertrophic
marker Nppb was prevented in �-cat�ex2–6 upon TAC (Fig-
ure 8A, B). Upregulation of pSer675-�-catenin protein ex-
pression was attenuated in �-cat�ex2–6 upon 6-weeks post-
TAC (Figure 8C, Supplementary Figure S7D). Accord-
ingly, Wnt-mediated transcriptional activation was signifi-
cantly decreased, as demonstrated by lower Axin2 expres-
sion in �-cat�ex2–6 sham and TAC mice, whereas Axin2
activation was corroborated upon TAC in Crepos ventri-
cles (Figure 8D). In line, with the low activity of Wnt in
the adult heart, �-catenin loss of function did not signifi-
cantly affect the expression of novel disease genes at base-
line (Supplementary Figure S7E). Finally, activation of the
identified novel Wnt associated disease-enhancers Tbx20,
Dstn, Hand2 and Rock2 was decreased 6-weeks after TAC
in �-cat�ex2–6 hearts (Figure 8E and Supplementary Fig-
ure S7F). Interestingly, ChIP-qPCR analyses showed that
GATA4 binding to the enhancer regions of Hand2 and
Tbx3 was partially restored in �-cat�ex2–6 hearts upon TAC
(Figure 8F and Supplementary Figure S7G), indicating that
GATA4’s occupancy at TCF7L2 disease-target genes is as-
sociated to improved cardiac performance, reinstating its
protective role at these loci.

DISCUSSION

Activation of the Wnt/�-catenin signalling occurs upon
heart remodelling (5,7,8) by mechanisms which are so far
not well understood. In this study, (i) we elucidated the
mechanisms by which Wnt signalling activity regulates
chromatin remodelling and (ii) further identified the cellu-
lar processes mediated by this activation in CMs of the adult
mammalian heart. We established the relevance of TCF7L2
as a transducer of global Wnt/�-catenin-dependent tran-
scription, controlling this process. In the adult mouse and
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Figure 8. �-catenin loss of function in CM rescues Wnt-dependent pathological gene regulation in vivo. (A) Representative examples of M-mode echocar-
diograms, and quantification of fractional shortening (FAS) by echocardiographic analysis of 3 weeks TAC-induced Crepos control and �-cat�ex2–6 mice,
n ≥ 7. (B) Relative transcript levels of hypertrophic marker Nppb in �-cat�ex2–6 and controls Crepos; sham and TAC (n≥8/per group). (C) Immunoblot
depicting total �-catenin and pSer675-�-catenin upon TAC in �-catenin loss of function (�-cat�ex2–6). GAPDH was protein-loading control (n = 2/group).
Relative transcript levels of (D) classical Wnt target Axin2 and (E) newly identified cardiac Wnt targets Tbx20 and Dstn, 6 weeks post-TAC in �-cat�ex2–6

and controls, n≥7. Data are mean ± SEM; ANOVA, Bonferroni’s multiple comparison test. Tbp was used for transcript normalization. (F) ChIP-qPCR for
GATA4 binding on Hand2 enhancer in normal (WT), 6 weeks post-TAC (WT TAC) and �-cat�ex2–6 TAC hearts. Relative fold enrichment was calculated to
IgG control, normalized to 10% input chromatin (n = 3 hearts/ChIP). (G) Schematic representation of the findings of this study. In the healthy adult heart,
�-catenin/TCF7L2-dependent loci are inactive, inaccessible or bound by transcriptional repressors, resulting in low transcription. On a subset of these
loci, GATA4 binds to transcriptionally inactive �-catenin, fine-tuning Wnt-dependent transcription. This chromatin state guaranties normal homeostasis
in the adult heart. Pathological stimuli leading to active pSer675-�-catenin accumulation activates Wnt signalling and the epigenetic state switches on to
‘active’, replaced by transcriptionally active pSer675-�-catenin bound to TCF7L2, leading to enriched H3K27ac occupancy and a high Wnt transcriptional
activity. This results in the expression of disease-associated genes leading to adverse remodelling and heart failure.
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human heart, we showed that TCF7L2 is the mainly ex-
pressed TCF/LEF family member, with known transcrip-
tional activating functions, confirming its relevance in Wnt-
mediated functions in this tissue, as also reported else-
where (7). In accordance with decreasing Wnt activity dur-
ing heart maturation, TCF7L2 expression decreases from
foetal to adulthood and is elevated upon pathological re-
modelling in the mouse and human heart ventricles. These
findings suggest TCF7L2 involvement in inducing foetal
gene reprogramming in the stressed adult heart. Despite
low Wnt activity, we detected �-catenin and TCF7L2 in
the nuclei of CMs in the healthy adult heart. Our data sug-
gest that inactivity of the pathway could be explained by
low levels of pSer675 �-catenin in the healthy heart, in con-
trast to its abundance in hypertrophic murine and human
hearts. Increased pSer675-�-catenin subsequently triggered
TCF7L2 activation and its recruitment to the chromatin.
Further amplifying the signalling, there exists a positive
feedback regulation on TCF7L2 expression following �-
catenin/TCF7L2 activation. Thus, pSer675-�-catenin initi-
ates and sustains pathological heart remodelling (scheme,
Figure 8G). Importantly, this regulation is evolutionarily
conserved in the human heart, allowing us to confidently
address the relevance of Wnt/TCF7L2-mediated transcrip-
tion in adult tissue remodelling in the murine heart model.

Our study shows that �-catenin stabilization in the adult
heart not only results in CM hypertrophy, but also in
CM de-differentiation, a feature of pathological remod-
elling, leading to severe heart failure. As a part of the de-
differentiation phenotype, �-cat�ex3 hearts showed upregu-
lation of genes participating in heart morphogenesis, more
confined to second heart field development and expansion,
in line with the role of Wnt during embryogenesis in these
processes (36,37). In heart development, initial activation of
Wnt/�-catenin signalling (canonical) is followed by an ac-
tivation of the Wnt/�-catenin-independent (non-canonical)
pathway, which represses the canonical signalling and reg-
ulates cell polarity (36). In line with this, �-catenin stabi-
lization in adult CM was followed by an upregulation of
ROCK2, a Wnt/planar cell polarity (PCP) non-canonical
component and key regulator of the cytoskeleton. Addi-
tionally, we identified Destrin, an actin dynamizing factor
previously involved in rearrangements of cytoskeletal fila-
ments, human cardiomyopathies and heart failure (40) as a
novel Wnt target in cardiac tissue. This regulation was re-
flected by a major reorganization of CM cytoskeleton as
indicated by a denser and interlinked cytoskeleton in �-
catenin stabilized hearts. Disorganization of cytoskeleton is
a feature of hypertrophic and failing CM, which contributes
to alterations in intracellular signalling and CM function,
(50) and may explain the increased mortality in �-cat�ex3

mice. Thus, our study showed a so far unappreciated cross-
talk between components of Wnt signalling branches and
uncovered a direct TCF7L2 regulation of Rock2 and the
novel Wnt target Dstn, driving cytoskeleton reorganization
in pathological cardiac remodelling.

In line with activation of cell cycle genes, increased CM
cycling (as indicated by KI67 expression and EdU incorpo-
ration) was observed in �-cat�ex3 similar to TAC hearts, the
latter supporting previous studies (51). Increased cell cycle
in �-cat�ex3 CM resulted in multi-nucleated cells, suggesting

endo-reduplication, rather than newly formed myocytes. In-
activation of GSK3�, which allows for �-catenin accumu-
lation led to increased cycling in adult CM in vitro, which
previously allowed for the conclusion that Wnt signalling
pathway is a potential target for stimulating cardiac regen-
eration (52). Of note, one-day postnatal murine CM, which
maintains a high regenerative potential (53), showed Wnt
signalling enriched gene networks after ischemic heart in-
jury (54). Since Wnt signalling becomes inactivated in the
postnatal heart during later stages, it is tempting to specu-
late that reactivation of the signalling will confer regener-
ative capacity to the adult heart (54). However, our results
show that sustained CM cycling and reprogramming stim-
ulated by Wnt activation, leads to organ functional decay
and not to tissue regeneration. Similarly, persistent activa-
tion of the Hippo-pathway leads to cell cycle reactivation
in adult CM accompanied by loss of cardiac function (55).
Thus, activation of the Wnt pathway in the adult heart trig-
gers a program of CM dedifferentiation and remodelling.
This may implicate an initial protective mechanism of the
stressed heart to preserve CM function and structure, which
fails eventually upon sustained activation of the pathway.
This may be explained by a low developmentally permis-
sive transcriptional state of the adult CM in comparison to
the early postnatal stages (54).

The ability of the Wnt pathway to elicit a large variety of
transcriptional responses requires that �-catenin and TCFs
distinguish between genes to be activated and genes to re-
main silent in a specific context. We explored the so far un-
investigated chromatin landscape modifications (23) upon
increased, transcriptionally active �-catenin and TCF7L2
in the adult heart. This activation resulted in increased
active chromatin, both genome-wide and at TCF7L2-
bound regions as indicated by an enhanced H3K27ac ge-
nomic recruitment in �-cat�ex3 hearts. We detected stronger
H3K27ac global signal intensities and also an increase in
TCF7L2 binding sites, compared to normal adult heart.
Consistent with our transcriptomic data, TCF7L2 occu-
pied active enhancers of genes involved in heart failure
and cardiac developmental remodelling. Furthermore, dis-
tal regions differentially enriched for H3K27ac in �-cat�ex3

were associated with TCF7L2 binding. This is in line
with stronger TCF7L2 recruitment to distal regions upon
Wnt stimulation (23), possibly by increased DNA-binding
affinities of TCF7L2 bound to the transcriptionally active
pSer675-�-catenin. TCF7L2 binding could thus create a lo-
cal chromatin environment that allow for enhanceosome
formation, promoting activation of normally silenced genes
(23). Increased TCF7L2 occupancy was mostly associated
with upregulated genes, only a few genes showing TCF7L2
occupancy were downregulated upon Wnt activation. This
implies that TCF7L2 is indeed, a part of an ‘activated’ dis-
ease program and plays little or no role in the regulation
of ‘protective genes’ which are downregulated. TCF7L2
specifically gets activated in disease and seems to occupy
a low, albeit an extremely specific set of genes driving tis-
sue remodelling. Additionally, we cannot exclude the con-
tribution of other downstream Wnt effectors such as LEF
members.

Although most Wnt targets are tissue and context-
specific, a surprisingly short list of confirmed specific targets
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is known (56). A previous study associated TCF7L2 acti-
vation with the ubiquitous Wnt target c-Myc in the heart
(7). Using integrative, unbiased genome-wide analyses, we
identified and validated novel TCF7L2 cardiac-specific tar-
get genes involved in tissue remodelling- such as Hand2,
Tbx20, Rock2 and Dstn (40,42,43,57). �-catenin stabiliza-
tion induced TCF7L2 recruitment to distal regions of these
novel targets in the heart, but not in liver; whereas recruit-
ment of TCF7L2 to proximal regions of ubiquitously de-
scribed Wnt targets Axin2 and Lef1 was induced in both
tissues. This demonstrated the cardiac-specific association
of TCF7L2 to the distal regulatory regions of these genes.

A striking finding of our present study is the repres-
sive function of GATA4 on disease-associated-enhancers
co-occupied by GATA4 and TCF7L2. We uncovered a
chromatin-bound Wnt nuclear complex including GATA4
and �-catenin in the healthy adult heart. Cooperation of
GATA3 was shown to repress TCF7L2-mediated transcrip-
tion in cancer cells (21), suggesting a context-specific co-
operation of members of the GATA family with TCF7L2.
Moreover, GATA1 has been involved in context-dependent
regulation at the chromatin level, indicating that the GATA
factors are cell- and context specific cofactors controlling
homeostasis and disease (58,59). We unearthed a GATA4-
�-catenin interaction and observed GATA4 occupancy on
TCF7L2-disease-enhancers, which are normally lowly, ex-
pressed in the healthy adult heart. However, upon patholog-
ical remodelling, characterized by Wnt activation, GATA4
and �-catenin binding was abrogated, and GATA4 occu-
pancy on TCF7L2-target genes was reduced, superseded
by TCF7L2. Our findings support that tissue-specific Wnt-
independent TFs, such as GATA4, collaborate with �-
catenin to modulate chromatin activity (23). This high-
lights the role of the inactive nuclear �-catenin in the
healthy heart, where quiescent Wnt/�-catenin-dependent
transcription maintains homeostatic gene expression. Ac-
cordingly, GATA4 is necessary for maintenance of adult
heart homeostasis, since its loss of function resulted in hy-
pertrophic remodelling (60,61). This suggests that coop-
eration of GATA4 and Wnt signalling may contribute to
the inhibition of pathological cascades in the normal heart
and also confers cardiac specificity to Wnt target genes. In
line with a repressive role of GATA4 on Wnt targets, we
showed that on TCF7L2-bound �-cat�ex3 regions, GATA4
and KLF15, a previously identified Wnt nuclear inhibitor,
not only showed a remarkable correlation with each other,
but also with known repressive loci occupied by H3K27me3
and CTCF in the normal heart. This, in addition to the lu-
ciferase assay and immunoprecipitation results, encouraged
us to suggest the repressive role of GATA4 in Wnt-mediated
transcription in the normal adult heart. Accordingly, a dy-
namic, context-specific GATA4 occupancy in heart home-
ostasis and disease has been demonstrated (62).

Upon pathological conditions, this balance is impaired
by aberrant activation of pSer675-�-catenin, followed by
TCF7L2 positive feedback activation, inducing a shift to-
wards active chromatin. This is done by displacement of
repressors at the Wnt complex, including GATA4. Conse-
quently, a de-repression of normally silenced genomic re-
gions, leading to CM de-differentiation, occurs. This results

in pathological heart remodelling and culminates in heart
failure (scheme, Figure 8G).

To further validate the implications of the Wnt signal ac-
tivation on these identified disease targets, we used a CM-�-
catenin loss of function in vivo model. In line with previous
finding, �-catenin loss of function in CM resulted in pre-
served cardiac function upon TAC (9,11,63,64). Here, we
showed that upon �-catenin loss of function, reduced lev-
els of pSer675-�-catenin under pathological stimulus pre-
vented Wnt nuclear feedback activation and disease-specific
upregulation of our identified novel Wnt disease targets.
This strongly supports their dependency on Wnt/TCF7L2
activation during pathological remodelling and their influ-
ence on functional deterioration. Moreover, GATA4 bind-
ing to TCF7L2-disease-enhancers was partially restored.
Our findings indicate that the feedback mechanism on
Wnt activation is an important trigger for the progres-
sion of pathological remodelling, which is attenuated in �-
cat�ex2–6 TAC hearts. Importantly, GATA4 occupancy on
TCF7L2-disease-enhancers is positively correlated to heart
homoeostasis.

Overall, our study presents the first genome-wide oc-
cupancy mapping of heart-specific targets of TCF7L2 in
vivo. This enabled us to provide a novel mechanistic insight,
showing a nuclear, cardiac-specific regulatory complex driv-
ing tissue and context-specific Wnt-dependent transcrip-
tional switch at the transition to disease. This is medi-
ated by a context and tissue-specific epigenetic function
of �-catenin/TCF7L2, which cooperate with specific co-
regulators to activate reprogramming and tissue remod-
elling. More broadly, the identification of TCF7L2-specific
regulation may provide us with a framework to identify
novel therapeutic avenues to reduce the increased activity of
the ubiquitously expressed Wnt pathway in a tissue-specific
manner, for preventing heart damage and heart failure pro-
gression. Approaches stabilizing GATA4/�-catenin repres-
sive functions may help maintain cardiac homeostasis and
prevent adverse remodelling.
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