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Abstract

Bone morphogenetic protein (Bmp) and Wnt pathways regulate cell proliferation and
differentiation, but how these two pathways interact and mediate their nuclear actions in the heart,
especially during late cardiac development, remains poorly defined. T-cell factor (TCF) and
lymphoid enhancer factor (LEF) family transcriptional factors, including Lefl, Tcf7, Tcf711, and
Tcf712, are important nuclear mediators of canonical Wnt/B-catenin signaling throughout cardiac
development. We reveal that these TCF/LEF family members direct heart maturation through
distinct temporal and spatial control. Tcf7 and Lefl decreases while Tcf711 and Tcf712 remain
relatively stable during heart development. Lefl is mainly expressed in mesenchymal cells in
valvular regions. Tcf7 and Tcf711 are detected in the nucleus of mesothelial and endothelial cells,
but not in cardiomyocytes or mesenchymal cells. Tcf712 is the primary TCF/LEF family member
in cardiomyocytes and undergoes alternative splicing during heart development. A Tcf712 intensity
gradient opposite to that of B-catenin and cardiomyocyte proliferative activity is present in fetal
hearts. Wnt activation by cardiac deletion of adenomatosis polyposis coli, a negative Wnt
regulator, dramatically increases Cyclin D2and Bmp4 expression. Bmp signal transducing
transcription factors, the mothers against decapentaplegic homologs (Smads) are increasingly
phosphorylated upon Wnt activation. Lef1l/Tcf7 displaces Tcf712 and cooperates with pSmad1/5/8
in the regulatory elements of Cyclin D2and Bmp4 promoters to promote B-catenin recruitment
and transcriptional activation. Finally, we demonstrate that Tcf712 is a transcriptional suppressor
of Cyclin D2and Bmp 4 in a cardiac cell line by overexpression and knockdown experiments.
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Introduction

Global and local proliferative deficiency is the underlying mechanism of many congenital
heart abnormalities such as ventricular hypoplasia and septal defects. The canonical Wnt/p-
catenin pathway has previously been shown to control cardiac proliferation and
differentiation in several stages of cardiac development 1-3. As a key component of this
pathway, p-catenin’s expression level and sub-cellular location is tightly controlled by a
multiprotein “destruction complex” that includes the tumor suppressors: axin and
adenomatous polyposis coli (APC) and serine/threonine kinases: glycogen synthase kinase
(GSK)-3p and casin kinase (CK) 1/2 when Whnt signaling is off. Upon Wnt activation, this
complex is disassembled and p-catenin becomes unphosphorylated and stabilized.
Subsequently, p-catenin enters the nucleus and interacts with T-cell factor (TCF) and
lymphocyte enhancer factor (LEF) family transcription factors to activate downstream Wnt
target genes #. In simple organisms such as drosophila and C. elegans, there is only a single
TCF/LEF gene °. During vertebrate evolution, the TCF/LEF family expanded to include four
members: Lefl, Tcf7, Tcf711, and Tcf712. This allows functional diversification and
specification in Wnt signal transduction 6. Generally, Tcf711 is considered a repressor of
Whnt target genes,  while Tcf7 and Lef1 are frequently linked to Wnt target gene activation
8, Tcf712 can suppress or activate gene expressions dependent on its functional variants 8-10,
How individual TCF/LEFs mediate Wnt signaling in the heart is poorly understood.
Therefore, we examined the expression pattern of TCF/LEFs during cardiac development
and investigated their roles in Wnt target gene expression. We found that Tcf712 was the
main TCF/LEF family member expressed in cardiomyocytes (CMs) in late embryonic
development and suppressed Cyclin D2and Bmp4 expression. Upon Wnt activation by Apc
deletion, there was a switch of Tcf712 with Tcf7 and Lefl in the promoters of Cyclin D2and
Bmp4 to enhance B-catenin recruitment and promote gene transcription.

Canonical Wnt signaling can positive or negatively interact with BMP signaling 1112,
During early cardiac development, similar cardiac defects have been reported in MesP1-Cre
mediated deletion of Bmp receptor 1aand B-catenin13. Furthermore, overexpression of a
stabilized form of B-catenin enhances BMP production during early cardiac morphogenesis
1,13,14 However, opposite roles of Wnt and BMP pathways have been observed in colon
crypt maturation and maintenance 12. It is not clear how Wnt and BMP signals cooperate
after chamber morphogenesis. Our results indicated that Wnt activation by cardiac Apc
deletion promoted BMP signaling during late embryonic heart development.
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Materials and Methods

Animals

This study was carried out in strict accordance to the recommendations in the Guide for the
Care and Use of Laboratory Animals (US Department of Health, Education, and Welfare,
Department of Health and Human Services, NIH Publication 85-23). All procedures
involving animals were approved by the Animal Care and Use Committee (IACUC) of the
University of Minnesota, Minneapolis, Minnesota (Protocol 1503-32457A). All efforts were
made to minimize suffering.

Mice with two loxP sites flanking exon 14 of Apc 15 16 were generated by Dr. Tetsuo Noda
at The Cancer Institute of Japanese Foundation for Cancer Research (Tokyo, Japan) and
acquired from Dr. Bart O. Williams at the Van Andel Research Institute (Grand Rapids, Ml,
USA). Transgenic mice expressing Cre recombinase under the control of the a-myosin
heavy chain promoter (a MHC-Cre) were previously reported 17. Homozygous Apc loxP-
floxed (Apc™) mice were crossed with a MHC-Cre mice to generate heterozygous loxP-
floxed mice negative for aMHC-Cre (Apc”*: aMHC-Cre-) and positive for aMHC-Cre
(Apc™; a MHC-Cre+). CM-specific deletion of Apcin the hearts was achieved by crossing
Apc™; MHC-Cre+ mice to Apc” mice. This mating scheme was designed to generate
aMHC-Cre mice with two floxed alleles of Apc (Apc”f: aMHC-Cre+further referred to as
Apc cKO). Apc”*: MHC-Cre-, Apc”f: MHC-Cre- and Apc”*: MHC-Cre+ mice had
identical morphology and were used as wild type (WT) controls for all the experiments.
Both WT and Apc cKO mice were also crossed into Rosa” /"G (membrane-Tomato/
membrane-Green) fluorescent reporter line. Rosa™ /MG mice contain two loxP sites flanking
each side of the mT cassette. Mice express red fluorescence in all cell types and tissues
before and green fluorescence after Cre-mediated recombination 18 (Fig. S1). Genomic
DNA was isolated and purified with the DNeasy Blood & Tissue Kit (Qiagen). Genotyping
by PCR analysis was performed as follows: aMHC-Cre transgene was amplified by PCR as
described previously 1°. Analysis for Apcalleles was done by multiplex PCR using Apc-P3
primer 5'-GTTCTGTATCATGGAAAGATAGGTGGTC-3’, Apc-P4 primer 5'-
CACTCAAAACGCTTTTGAGGGTTGATTC-3’, Apc-P5 primer 5'-
GAGTACGGGGTCTCTGTCTCAGTGAA-3’, amplified as 314-bp targeted (P3 and P4),
258-bp deleted (P3 and P5), and 226-bp wildtype (P3 and P4) alleles, respectively 15 16,

Mice were euthanized by deep anesthesia with continuous inhalation of 5% isoflurane until
one minute after breathing stopped, then followed by cervical dislocation. The uterus was
carefully dissected after euthanasia of pregnant dams. Fetuses of E13.5 and E17.5 were
decapitated with surgical scissors and hearts were immediately fixed with 4%
paraformaldehyde or flash frozen in liquid nitrogen and stored at —80 °C until analysis.

RNA isolation, RT-PCR, quantitative RT-PCR and RNA Sequencing

Snap-frozen whole ventricles free of atrium and connective tissues from E13.5 and 17.5
embryos were homogenized and RNA was extracted using the TRIzol reagent (Invitrogen).
One microgram of RNA was reverse transcribed to cDNA using a Quantitect Reverse
Transcription Kit (Qiagen, Valencia, CA) in a reaction volume of 20 pl. For TagMan®
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Assays, real-time quantitative PCR (qPCR) was performed with Applied Biosystems
7900HT Sequence Detection System in Genomics Research Center of University of
Rochester on six pooled ventricles in duplicate with TagMan® probes ordered from Applied
Biosystems (Table S1). Data were normalized and standardized with SDS2.2 software
provided by Applied System. For custom designed primers, real-time RT-PCR was
performed on at least three different animals in triplicate in a 20 pl reaction mixture with
SYBR GreenER™ gPCR SuperMix (BioRad Laboratories, Hercules, CA) on a CFX
Connect™ Real-Time PCR Detection System (Table S2). The reaction conditions were as
follows: 95 °C for 15 min, followed by 40 cycles of three steps consisting of denaturation at
94 °C for 15 s, primer annealing at 55 °C for 20 s, and primer extension at 72 °C for 20 s. A
melting curve analysis was performed from 65 °C to 95 °C in 0.3 °C intervals. Gapdh was
used to normalize differences in RNA input. Semi-quantitative PCR PCR reaction was
performed using 1 pul cDNA in a total volume of 20 ul containing 2 ul 10x Taq buffer with
KCl and 15mM MgCI2 (Thermo Fisher Scientific, Rockford, IL), 4 mM dNTPs, 0.5 u Taq
DNA Polymerase and 0.5 pM of specific sense and antisense primers (Table S3) for each
reaction.

RNA library preparation and sequence analysis were conducted by the Genomics Research
Center at the University of Rochester. After determining of total RNA integrity using the
Agilent 2100 Bioanalyzer, 1 pug of high-quality total RNA was converted into a cDNA
library using the mRNASeq sample preparation kit (Illumina) according to manufacturer’s
protocol. All reads were aligned to the mouse reference genome (NCBI 37, mm9) using
TopHat. Transcript abundance was estimated as fragments per kilobase per million mapped
reads (FPKM). Gene information including details of chromosomal position, start, end, gene
product and Entrez 1D, was obtained and reloaded to QIAGEN’s Ingenuity Pathway
Analysis (IPA). RNA sequencing data are deposited in https://www.ncbi.nlm.nih.gov/sra/
PRINA509930. Wnt/p-catenin pathway related genes, including TCF/LEF family were
extracted and analyzed by statistical software R.

Histology and immunohistochemistry

Embryonic hearts were fixed in 4% paraformaldehyde for 30 min at room temperature and
embedded in paraffin. Four um sections were cut for hematoxylin and eosin or
immunohistochemical staining as previously described 20. Antigen retrieval was conducted
in EDTA buffer (pH: 9.0) by heating to 99°C for 20 minutes with a DAKO PT Link Pre-
Treatment Module Tissue Processor (Carpinteria, CA). Primary antibodies (Table S4) were
applied to slides for overnight at 4°C. Immunohistochemical staining was performed using
HistoMouse™-SP Kit (Invitrogen, Carlsbad, CA) according to manufacturer’s instruction
throughout this study.

Immunofluorescent labeling and confocal microscopy

4% paraformaldehyde-fixed hearts were washed with PBS and immersed in 30%
sucrose/PBS for 30 min to 1 hour and then embedded with O.C.T compound. Five pm
sections were blocked with 10% normal goat serum for 60 min and then incubated with
indicated primary antibodies (Table S4) for overnight at 4°C. After washing 6 times with
PBS, secondary antibody labeled with DyL ight-555 or 488 was added. Nuclear counterstain
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was performed with 4°, 6-Diamidino-2-Phenylindole (DAPI, Sigma-Aldrich, St. Louis,
MO). Confocal images were collected with Olympus FVV1000 confocal microscope
(Olympus America Inc., Melville, NY) under uniform settings. For each antibody, staining
was performed on at least three mice of each genotype.

Quantification of Tcf712 fluorescent intensity

Five um frozen sections were co-stained with Tcf712 and sarcomeric a-actinin (Actinin)
antibodies. Nuclei were visualized with DAPI counter staining. Ventricle images were
collected by confocal microscopy at 40x magnification with a z-step of 0.55 um using an
Olympus FVV1000 confocal microscope. Five sequential images along the z-axis were
stacked to generate a 3D image for fluorescence intensity quantification by imageJ (Fiji).
Ventricular walls embryonic hearts were divided into three different zones as following:
zone |, compact layer; zone I, outer trabecular layer that from the junction of compact and
trabecular layer up to 150 um from the epicardium; zone 111, inner trabecular layer. The
nuclear intensity of Tcf712 was measured in DAPI stained CM nuclei of all Actinin positive
regions within zone I, Il and 111 under 40X magnification respectively, and presented as the
mean fluorescence intensity in pixels. (Fig. 2A).

Western blot analyses

Protein samples from E17.5 ventricles of WT and Apc cKO animals were analyzed by SDS-
PAGE and immunoblotting with primary antibodies, followed by HRP-conjugated goat
secondary antibodies (Cell Signaling). The HRP signal was visualized by SuperSignal West
Pico Chemiluminescent Substrate (Thermo Scientific) and the relative density of each band
was quantified by densitometry.

In situ hybridization

Probe preparation and in situ hybridization were carried out as described previously with
several modifications 21 22, In brief, antisense DIG (digoxigenin)-labelled RNA probes were
transcribed in vitro from the plasmid with the cDNA encoding of murine BMP4 using the
Ambion® MAXIscript® T7 Transcription Kit (Ambion, Waltham, MA, USA). E13.5
embryos were fixed with 4% PFA for overnight then embedded in Tissue-Tek OCT
compound (Sakura Finetek). Ten um-thick cryosections were treated with proteinase K, and
then prehybridized in prehybridization buffer containing 50% formamide (Amresco, Solon,
OH), 5% SSC (Invitrogen, USA), 50 ug/mL tRNA (Roche, Mannheim, Germany), 50 pg/mL
heparin (Sigma-Aldrich, St. Louis, MO), 2% blocking reagent (Sigma-Aldrich, St. Louis,
MO), 0.1% CHAPS (Sigma-Aldrich, St. Louis, MO), 0.1% Tween 20 and 1 mM EDTA at
70°C for 2 h. Hybridization was performed with DIG-labeled RNA probes for 16 hours.
After incubating with anti-DIG alkaline phosphatase conjugate (Roche Diagnostics USA)
overnight, hybridization signal was visualized by using the BCIP/NBT color development
substrate (Promega, Madison, WI).

Chromatin immunoprecipitation (ChlIP)

ChIP was conducted with Magna ChIP™ G Chromatin Immunoprecipitation Kit (Millipore,
Billerica, MA) as described previously 23. Pooled ventricles from embryos at E17.5 were

Lab Invest. Author manuscript; available in PMC 2019 August 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ye et al.

Page 6

quickly washed three times with PBS and subjected to a cross-linking reaction with 1%
formaldehyde for 12 minutes at room temperature. After quenching with 0.1M glycine,
hearts were extracted in 1% SDS, 10 mM EDTA, and 50 mM Tris-HCI, (pH 8.1) with
shaking at 4°C for 1 hour and then sonicated to an average DNA size of 200-500 bp
(assessed by agarose gel electrophoresis) using a Sonifier (Model 250, VWR Scientific,
Danbury, USA) at 40% power output. The sonicated extracts were centrifuged and diluted
with ChIP buffer (16.7 mM TrisHCI, pH 8.1, 167 mM NacCl, 0.01% SDS, 1.1% Triton
X-100, 1.2 mM EDTA). Chromatin was incubated with the indicated antibodies (Table S4)
and 20 pL Protein G magnetic beads for overnight with rotation at 4°C. An equal amount of
mouse or rabbit IgG was used as a negative control following the same steps. The Protein G
bead-antibody/chromatin complex was pelleted and washed extensively. After de-
crosslinking at 62 °C for 2 hours, the DNA was recovered and collected. The released DNA
fragments were purified with columns and analyzed by PCR with the following primers that
flank the TCF/LEF and SMAD binding sites in the Cyclin D2 and Bmp4 promoters (Fig.
5A). TCF/LEF binding site in D2 promoter (-170 to +124), 5’-
CGGGGATCGTGTTTGAAGTT-3" and 5 -AGAGAAGAGTGGAAGGTGGG-3". SMAD
binding site in D2 promoter (—869 to -582), 5'-CGAGCCATTTCCTAGAAAGC-3" and 5’-
GGAGAGGAAGAGGAGGAAGG-3’. TCF/LEF binding site in Bmp4 promoter (-1087 to
-767), 5'-GCAGCTTTCCCTTTAGCAGA-3" and 5'-CAGTGCCTTTTAGGCCATGT-3’.
SMAD binding site in Bmp4 promoter (-453 to —180), 5’-
CTGCTCACAGCCTGTTTCAA-3” and 5'-GACCACGTGCAAGAGGTACT-3".

Viral production and HL-1 cell infection

Statistics

Adenoviral vector containing a wild type full-length (long form) of 7¢f7/2was purchased
from Vector BioLabs (Malvern, PA). The vector was propagated and amplified in 293T cells
according to standard protocols. The plaque assay was used to determine adenoviral titer. A
shRNA construct targeting mouse Tcf712 was obtained from Sigma-Aldrich (St Louis, MO).
The 21 bp sequence was 5’~-GCTCCGAAAGTTTCCGAGATA-3’. Third-generation VSV-G
pseudotyped high titers lentiviruses were generated by transient co-transfection of 293T
cells using Lenti-X™ HTX Packaging System (Clontech) according to the manufacture’s
instruction. A control vector expressing GFP (pGIPZ) was used to monitor lentivirus
infection efficiency. Lentivirus-containing supernatant was collected, and the titer was
determined by Lenti-X p24 rapid titer assay (Clontech). HL-1 atrial-derived CMs were
seeded at a density of 1x10° cells/plate. Adenovirus or lentivirus supernatants were added to
10° target cells (Opti-MEM 2% FBS) at an estimated MOI of 50 in the presence of 10 ug/ml
polybrene (Sigma) and incubated for 24 hours. Cells were then washed with and cultured in
Claycomb medium 10% FBS (Sigma-Aldrich, F-2442). RNA was extracted 72 hours after
infection for real time RT-PCR.

Fluorescent intensity and real time RT-PCR data were presented as mean * standard
deviation (SD) of the mean. Means among groups were analyzed with SPSS 15.0 software
(IBM Corporation, Armonk, NY). Student ¢test was used for 2-group analysis with equal
variances. If equal variance was not assumed, the Satterthwaite’s approximate #test was
used for 2-group analysis. One-way ANOVA was employed for multiple groups’
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comparison. Post hoc multiple comparisons were then performed to determine if a statistical
significance was detected between groups. Fisher’s least significant difference (LSD) was
used to compare group means when equal variances were present. If equal variances were
not assumed, differences between group means were calculated by Tamhane’s T2 test. A P
value smaller than 0.05 was considered statistically significant.

The expression of TCF/LEFs during heart development

The overall expression pattern of TCF/LEFs in mice during development has been examined
by in situ hybridization at mRNA levels (http://www.genepaint.org) 24 25, However, the
detailed expressional changes of these factors in different regions and cell types during
cardiac development are not clearly defined. We performed real-time RT-PCR and RNA
sequencing to examine TCF/LEF gene expression. RNA sequencing data are deposited in
https://www.ncbi.nlm.nih.gov/sra/PRINA509930. Tcf7/2was the most abundant TCF/LEF
transcripts in the murine heart at E13.5 by real-time RT-PCR (Fig. 1A) and the fragments
per kilobase of transcript per million mapped reads (FPKM) of 7¢f7/2was also the highest
among TCF/LEF family members in the heart at E13.5 by RNA sequencing (Fig. 1C). With
immunohistochemical staining, mesenchymal cells in valvular regions had much stronger
intensity of Lefl than CMs in ventricles. CMs with weak to moderate nuclear staining for
Lefl were scattered in compact and trabecular layers (Fig. 1D). At E17.5, total LefZ mRNA
was dramatically decreased (Fig. 1B) and it was no longer detectable in CMs by
immunofluorescence, although nuclear Lefl signals were still observed in valvular regions
(Fig. S2A). Tcf7 mRNA was the lowest among all four TCF/LEF members at E13.5 (Figs.
1A and 1C) and it further decreased at E17.5 (Fig. 1B). No Tcf7 protein was detected by
immunohistochemistry in CMs or mesenchymal cells in contrast to its nuclear positivity in
mesothelial and endothelial cells lining the out and inner surfaces of the heart respectively
(Fig. 1F and Fig. S2B). 7cf7l17 mRNA levels were relatively stable from E13.5to E17.5
(Fig. 1B). Only weak cytoplasmic, but not nuclear, Tcf7I1 signals were detected in CMs at
E13.5 by immunochemistry. Interestingly, mesenchymal cells at valvular regions had no
detectable Tcf711 protein expression (Fig. 1G). By E17.5, CMs also had no detectable
Tcf711 protein. 7¢f7/2mRNA mildly decreased from E13.5 to E17.5, but was still relatively
abundant in E17.5 murine hearts. By immunohistochemistry, both CMs and mesenchymal
cells expressed nuclear Tcf712 (Fig. 1E). Endothelial cells and mesothelial cells were
negative for Tcf712. Tcf712 was the only TCF/LEF member detected in CMs by
immunohistochemistry at E17.5. Moreover, it had an interesting distribution gradient in CMs
across the mouse ventricular wall. During mouse heart development, Tcf712 underwent
alternative splicing and Tcf712 without exon 4 increased from E13.5 to postnatal day (D) 4
while constitutive exons 7 and 8 remained relatively stable (Fig. S7). Additionally, neonatal
hearts have the most abundant Tcf712 transcripts with exon 14.

Tcf712 ventricular intensity gradient at E13.5 and E17.5

CMs show a proliferation gradient across the ventricular wall with the highest proliferation
rate at the epicardial compact layer of embryonic hearts 26. We previously demonstrated that
the key Wnt signal transducer, -catenin, formed a signaling intensity gradient which
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positively correlated with CM proliferative activity across the ventricular wall while the Wnt
negative regulator, adenomatosis polyposis coli (APC), had a reverse distribution pattern at
E13.5 and 17.5. Here, we have further demonstrated that CMs in the trabecular layer had
stronger nuclear positivity for Tcf712 than mesenchymal cells in the valvular regions. On the
other hand, CMs in the compact layer had very weak nuclear staining for Tcf712 (Fig. 2D).
We quantified the nuclear Tcf712 intensity of CMs in three zones from the epicardium to the
endocardium: zone I, compact layer; zone Il, outer trabecular layer from the junction of
compact and trabecular layer up to 150 um from the epicardium; and zone Ill, inner
trabecular layer (Fig. 2A). The nuclear Tcf712 intensity of CMs gradually increased from
zone | to Il and reached its highest level at the innermost trabecular layer (Fig. 2B-D).
Similarly, the percentage of Tcf712 positive CMs increased from 6.8% in the zone |, 37.2%
in the zone Il to 73.3% in the zone 111 (Fig. 2C). Therefore, Tcf712 had an intensity gradient
similar to the distribution of APC, but opposite of nuclear g-catenin (Fig. S3) across the
ventricular wall.

Differential regulation of TCF/LEFs upon Wnt activation in the heart

We previously showed that a MHC-Cre could mediate Apc deletion in fetal CMs with a
well-characterized mouse model containing LoxP sites flanked at the exon 14 of the Apc
gene (Apc’) 1516 to activate Wnt signaling. All genotypes were present at expected numbers
(Table S5). Tomato reporter mice with Rosa™ /MG 18 also revealed excellent excision
activity of aMHC-Cre in both compact and trabecular layers at E13.5 and E17.5. Apc cKO
mice had thick ventricles with increased cardiomyocyte proliferation and showed p-catenin
accumulation and nuclear translocation in CMs 2. To determine how TCF/LEFs are
regulated in the heart by Wnt signaling, we used Apc cKO animal models to profile TCF/
LEFs expression. At E13.5 and E17.5, 7¢f7/2mRNA was decreased by 15 to 20% while
Lefland Tcf7mRNAs were increased by 2.4-3.5 and 1.4-1.7-fold in Apc cKO mice
compared to WT controls respectively. No obvious change in 7¢f7/1 mRNA was detected
between Apc cKO and WT littermates (Fig. 3A). The protein levels of full-length Lefl
(~58KD) and Tcf7 (~50KD) were dramatically upregulated at E17.5 in Apc cKO ventricles
by Western blotting (Fig. 3B-C). Immunofluorescent labeling and confocal microscopy
revealed that the upregulation of Lefl and Tcf7 occurred exclusively in CMs and colocalized
with nuclear B-catenin signals in Apc deletion hearts at E17.5 (Fig. 3D-G). Conversely, full-
length Tcf712 expression was reduced, but its gradient was still maintained in Apc cKO
hearts (Fig. S4). Thus, Lefl, Tcf7, Tcf7I1 and Tcf712 responded differently to Wnt/B-catenin
pathway activation induced by Apc deletion, indicating that they may have differential roles
in transmitting Wnt/p-catenin signal to the nucleus.

Wnt activation promotes BMP signaling

Canonical Wnt signaling has been shown to interact with several key developmental
signaling pathways in mouse hearts 13 14.27. 28 Tg gain mechanistic insight into this
pathway crosstalk, we screened transcriptional outputs of several signaling pathways in Apc
cKO hearts at E13.5 by real time RT-PCR and found a significant increase in Bmp4 mRNA,
but Bmp2, Bmp7and Bmpl0were not affected by Apc deletion (Figs. 4C). The
upregulation of Bmp4 mRNA expression in CMs of E13.5 Apc cKO mice was further
confirmed by in situ hybridization (Fig. 4D-E). Persistent elevation of Bmp4 mRNA levels
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was detected in Apc deleted hearts at E17.5 (Fig. 4F). As nuclear transducers of BMP
signaling, pSmad1/5/8 were also increased by Apc deletion (Fig. 3B-C). Although
pSmad1/5/8 were detected in both CMs and non-CMs in WT embryos at E13.5 and 17.5 by
immunolabeling, pSmad1/5/8 were increased only in CMs when B-catenin was stabilized in
Apc deficient hearts (Fig. 4A and Fig. S5).

Whnt activation enhances target gene expression by switching Tcf712 with Tcf7 and Lefl
and recruiting pSmads

TCF/LEFs are sequence-specific transcription factors which exhibit remarkable amino-acid
sequence conservation in the high-mobility group (HMG) DNA-binding domain and nuclear
localization signal (NSL). TCF/LEFs bind to the consensus sequence WWCGGGTT and act
as downstream nuclear effectors in the Wnt/p-catenin pathway €. D-type cyclins are among
the earliest identified canonical Wnt targets 29-32, We previously demonstrated that only
Cyclin D2 of three D-type cyclins was significantly increased in Apc cKO hearts and
decreased in B-catenin conditional knockout mice 3. Similarly, Cyclin D2 immediately
induced by Apc loss-of-function in colon 32. As shown in Fig. 4, Bmp4 expression was also
significantly elevated by Whnt signaling activation resulting in Smad phosphorylation and
activation. To determine whether Bmp4 and Cyclin D2 are direct targets of p-catenin/TCF/
LEFs, SMADs, or both, we searched Bmp4 and Cyclin D2 promoters for TCF/LEF and
SMAD consensus binding sites. There are three TCF/LEF sites and two SMAD sites in the
Cyclin D2 promoter, and two TCF/LEF sites and one SMAD site in the Bmp4 promoter
within ~1600 base pair upstream to ~800 base pair downstream from the transcriptional start
site (Fig. 5A). Using ChIP and PCR with primers flanking these binding sites, we found that
there was a switch from Tcf712 to Lefl and Tcf7 in these sites with Wnt signaling activation
in Apc deleted hearts. Additionally, we found that more p-catenin and acetylated histone H4
were present in these sites of Bmp4and Cyclin D2 promoters in Apc cKO hearts compared
to WT controls (Figs. 5B and 5D). Interestingly, pSmad1/5/8 were also increased in these
sites, consistent with the notion that SMADs, TCF/LEFs and B-catenin can form a tertiary
complex in adjacent binding sites 32.

To further determine whether Tcf712 levels regulate Wnt target gene expression, we
performed 7cf7/2 overexpression and knockdown in atrial-derived CMs (HL-1 cells).
Similar to the heart with B-catenin deletion, increased expression of Tcf7L2 by infecting a
full-length long form of Tcf712 in HL-1 cells suppressed Bmp4and Cyclin D2 expression.
On the other hand, downregulation of Tcf712 by shRNA knockdown in HL-1 cells enhanced
the expression of Lefl, Tcf7, Cyclin D2, and Bmp4 (Fig. 6.) These results further confirm
that Tcf712 acts as a transcriptional suppressor in CMs and a switch of Tcf712 with other
activating TCF/LEF family members, Lefl and Tcf7, is a novel mechanism for cardiac gene
activation.

Discussion

Cardiac TCF/LEFs expression during heart development and upon Wnt activation

Lefl and Tcf7 are widely expressed in mouse embryos at E7.5 and their expression
coincides until day 10.5. Their expression patterns become more complex and only partially
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overlapping at later stages of murine development 34. Using high-throughput instruments,
Visel and colleagues have examined TCF/LEF expression patterns in E14.5 murine embryos
by RNA in situ hybridization and showed that 7c¢f7, Tcf7/1and Tcf712 mRNA are weakly
detected in cardiac ventricles, but LefI mRNA has strong signal in E14.5 murine embryos.
Herein, we showed that LefZ mRNA was mainly expressed in mesenchymal cells of
developing heart valves and dramatically decreased from E13.5 to E17.5. Only scattered
CMs demonstrated weak to moderate nuclear staining for Lefl at E13.5, but not E17.5.
7cf7I7 mRNA levels only showed minor change from E13.5 to E17.5. 7¢/7mRNA was very
low relative to other three TCF/LEF members and decreased from E13.5 to E17.5. Among
four TCF/LEF members, 7¢f7/2 mRNA was the most abundant and showed only mild
decrease from E13.5 to E17.5. Tcf712 splicing variants have been reported in different
tissues, but the function of these variants remains undefined 3°. We found that Tcf712
without exon 4 increased from embryonic to neonatal hearts. Additionally, neonatal hearts
have the most abundant Tcf712 transcripts with exon 14.

By immunohistochemical staining, Tcf7l1 was only detected with weak cytoplasmic, but not
nuclear signals in CMs at E13.5, which became undetectable at E17.5. Mesothelial and
endothelial cells, however, demonstrated nuclear positivity for Tcf711. Tcf7 protein was
mainly detected in mesothelial and endothelial cells, but not in CMs by
immunohistochemistry. Additionally, Tcf712 was the only protein that could be detected in
the nuclei of CMs at E13.5 and E17.5 within the TCF/LEF family. These findings indicate
that Tcf712 is the main nuclear partner of B-catenin in CMs, especially during late stage of
cardiogenesis. Moreover, nuclear Tcf712 signal showed an increasing gradient from the
epicardial to endocardial myocardium, which was in parallel to APC intensity gradient, but
in contrast to p-catenin signals. This distribution pattern suggests that Tcf712 may oppose
Whnt/ B-catenin function as a suppressor of Wnt target genes.

Positive crosstalk between Wnt/g-Catenin and BMP-SMAD pathways

The Canonical Wnt/p-catenin pathway can cooperate with or antagonize BMP signaling
11,12 Aplation of the Bmp receptor 1aand B-cateninin early mesoderm progenitors by the
MesP1-Cre causes similar cardiac defects 13. Overexpression of a stabilized form of p-
catenin enhances BMP production during early cardiac morphogenesis 13- 14, Our results
indicated that Wnt activation by cardiac Apc deletion increased Brmp4 mRNA level. More
importantly, we demonstrated that Smad 1/5/8, which are the immediate downstream
molecules of BMP receptors and play a central role in BMP signal transduction, were
phosphorylated and activated by Apc deletion at E13.5 and E17.5. These findings suggest
that there is a positive interaction of BMP signaling with the canonical Wnt/p-catenin
pathway in late heart development. In contrast, BMP and Wnt pathways have antagonistic
roles in colon crypt development and maintenance 12.

The switch of Tcf712 with Tcf7 and Lefl in the regulatory elements of Wnt target genes
enhances transcription

Although all four TCF/LEF members can mediate the transcriptional activation of the
reporter construct with multimerized TCF/LEF binding sites by p-catenin, they can be
divided as either transcriptional activator or suppressor based on loss-of-function studies in
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intact organisms °. Tcf7I1 generally suppresses Wnt target gene expression while Lefl
functions mainly as a transcriptional activator. On the other hand, Tcf712 and Tcf7 can
suppress or activate gene expression dependent on cellular context and developmental stage.
We found that Tcf712 was the main TCF/LEF member expressed in CMs of normal hearts
from E13.5 to E17.5. The Wnt/B-catenin activation in CMs by Apc deletion increased Lefl
and Tcf7 levels, but suppressed Tcf712 expression. More importantly, we revealed that
Tcf712 was switched off from the TCF/LEF binding sites in Bmp4 and Cyclin D2 promoters
in exchange for Tcf7 and Lefl. Furthermore, this switch was associated with increased f3-
catenin recruitment and histone H4 acetylation. Additionally, overexpression of Tcf712
suppressed Bmp4 and Cyclin D2 expression while lowering Tcf712 levels by ShRNA
knockdown enhanced Bmp4 and Cyclin D2 expression in HL-1 CMs. These data suggest
that Tcf712 is a Wnt suppressor in the heart similar to its role in intestines 36 and brain 37.
Genome-wide screening by RNA interference has demonstrated that Tcf712 can suppress
many Wnt responsive genes in colorectal cancer cells 10. The switch of suppressive Tcf7I1
and Tcf712 for activating Tcf7 and Lefl has been considered as a general model for Wnt
target gene activation 1038, Our data confirm that this model of Wnt signal transduction also
exists in the heart.

Co-regulation of Wnt target genes by SMADs and TCF/LEFs

SMAD-responsive element (SBE) is defined as 5’-CAGAC-3’. The affinity of Smad proteins
for the SBE is too low to support binding of a Smad complex to a single SBE in vivo 3°.
Many SMAD-responsive promoter regions with one or more SBEs still require cooperate
with different DNA binding cofactor for effective DNA binding 0. Adjacent SMAD and
TCF/LEF binding sites are present in the regulatory elements of Myc, gastrin, and MSx2
promoters33: 41,42 SMADs and TCF/LEFs can be simultaneously recruited to these sites to
form a regulatory complex. We identified multiple adjacent SMAD and TCF/LEF consensus
sequences within ~1600 base pair upstream to ~800 base pair downstream from the
transcriptional start site of Bmp4 and Cyclin D2 promoters (Fig. 4D). With Wnt activation
upon Apc deletion, the occupancy of Smad4, pSmad1/5/8, Tcf7, Lefl, and B-catenin
increased while Tcf712 binding decreased in these sites. Our findings confirm the notion that
SMADs, TCF/LEFs and B-catenin can form a tertiary complex in adjacent TCF/LEF and
SMAD binding sites 33 and the cross-talk between Wnt and Bmp signaling pathways is
critical to the late stages of cardiac development.

The roles of canonical Wnt/p-catenin signaling in cardiogenesis are dependent on the
developmental stage and cellular context. The differential expression of LEF/TCF family
members during different stages of heart development and in variety of heart diseases may
determine the responsiveness of CMs to Wnt/B-catenin activation and inhibition. More
importantly, cell specific expression of these DNA binding transcriptional factors influences
the output of Wnt/B-catenin signaling in the heart as an intact organ. Our data reveal that
Whnt signaling stimulates Bmp4 production and coordinates with SMADSs to promote CM
proliferation during late fetal development. Therefore, the dysregulation of these pathways
can lead to proliferation defect and cause congenital heart abnormalities.
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Figure 1. TCF/LEFsexpression in mouse heartsat E13.5 and E17.5.
A, Cardiac mRNA expressions of 7cflLeffamily at E13.5 are represented as mean delta Ct

(ACt) values normalized by Gapah. B, The log2 fold changes of 7c#/Lef mRNA level at
E17.5 versus E13.5 in murine hearts. C, A heat map shows fragments per kilobase of
transcript per million mapped reads (FPKM) for 7c¢f/Lefgenes in murine hearts from E13.5
to postnatal day 21. D-G, Expression of Lefl, Tcf7, Tcf711 and Tcf712 in mouse hearts at
E13.5 by immunohistochemistry. Lefl shows clear and strong nuclear staining in cells of
atrioventricular (AV) cushions and valves (D3). Scattered CMs showing moderate to weak
nuclear staining for Lefl are also observed in the compact (D1) and trabecular (D2) layers.
Moderate nuclear staining of Tcf712 is mainly observed in CMs of the trabecular layer (E2)
and cells of AV cushions and valves (E3). CMs in the compact layer barely or weakly stain
positive for Tcf712 (E1). Nuclear Tcf7 and Tcf7I1 are not detected in CMs of both compact
and trabecular layers (F-G) at E13.5 by immunohistochemistry. Epicardial (arrows) and
endothelial cells (triangles) lining the outer and inner cardiac surfaces respectively are
positive for Tcf7 and Tcf711. Scale bar=200um. Data represent mean + SD. N=4
independent experiments.
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Figure 2. Tcf712 gradient acrossthe ventricular wall of normal E13.5 embryos.
A, An illustration (A) shows how nuclear Tcf712 intensity was measured from different areas

of ventricle walls, including the compact layer (zone 1), outer trabecular layer (zone 1) and
inner trabecular layer (zone 111). Region of interests (ROI) are semi-automatically outlined
by image J based on Actinin positive areas. Nuclei of CMs within ROIs are semi-
automatically selected in different zones according to the DAPI staining. B and C, Bar
graphs demonstrate average nuclear Tcf712 intensity (B) and the percentage of Tcf712
positive CMs (D) in different zones across ventricular walls of E13.5. D, Nuclear Tcf712
signal is gradually increased from the outer compact layer to the inner trabecular layer
forming an intensity gradient across the ventricle wall. Boxed region (d) is magnified and
showed with double staining for Tcf712 and Actinin. Tcf712 positive cells from zone I, Il and
I11 are mainly Actinin positive CMs. Endothelial cells are negative for Tcf712 (triangles).
Dotted lines show visceral pericardium and bar=50um. Data represent mean + SD. N=4
independent experiments.
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Figure 3. Alteration of p-catenin partnersby Apc deletion.
A, A bar graph shows the ratio of 7cflLefmRNA expression levels of hearts between Apc

knockout (KO) animal and their wild type (WT) siblings at E13.5 and E17.5 by g-PCR. B,
Upregulation Lefl and Tcf7, but downregulation of long form of Tcf712 (~75 kDa) upon
cardiac Apc deletion at E17.5 by western blot. Short form of Tcf712 (~54 kDa) is not
changed. pSmad1/5/8 is also increased by ablation of Apc. Uncropped images of Western
blots are displayed in Fig. S6. C, Band intensities are quantified by ImageJ and normalized
to Histone 3. D and E, Tcf7 was not detected in WT (D), but was induced in Apc KO mice
and colocalized with nuclear -Cat in CMs (E) at E17.5. F and G, Tomato hetero hearts
revealed efficient conversion of membranous red (not shown well due to weaker signal than
that of Lefl) to green fluorescence by aMHC-Cre. Lefl was not detected in WT (F), but
was dramatically elevated in Apc KO mice (G) at E17.5. Scale bars=50um. Data represent
mean + SD. N=4 independent experiments.
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Figure 4. Upregulation of Bmp-Smad1/5/8 signalsin hearts by Apc deletion at E13.5 and E17.5.
A and B, pSmad1/5/8 is upregulated in the cardiomyocytes (arrows) of Apc knockout

animals (B) compared to their wild type siblings (A) by immunofluorescent labeling. Non-
cardiomyocytes (asterisks) are also positive for pSmad1/5/8, but no obvious changes are
observed between wild type and Apc knockout hearts. C, Apc deletion greatly increases
Bmp4 mRNA level in E13.5 hearts, but has no effect on mRNA levels of Bmp2, Bmp7 and
Bmp10. D and E, Bmp4 in situ hybridization of E13.5 wild-type (D) and Apc deleted (E)
hearts that were processed and imaged in parallel, showing an upregulation of Bmp4 mRNA
level in the Apc knockout ventricles. Dotted lines indicate visceral pericardium. F, At E17.5,
cardiac Bmp4 mRNA remains consistently at high levels in Apc knockout mice. Scale
bars=50um. Data represent mean + SD. N=3-4 independent experiments.
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Figure 5. Wnt nuclear effectorsarerecruited to theregulatory element of Cyclin D2 and Bmp4

promoters.

A, Amplicon positions and putative TCF/LEF and SMAD binding sites relative to
transcription start site (TSS). B, ChIP shows that the recruitments of p-catenin, Smad4,
pSmad1/5/8, Lefl and Tcf7 to the TCF/LEF and SMAD binding sites in the Cyclin D2and
Bmp4 promoters are increased, while Tcf712 is removed from these regions in Apc cKO
compared to WT hearts at E17.5. These changes are accompanied by an increase in histone

H4 acetylation (Acetyl H4), indicating transcriptional activation. Inputs are 2% of total

mount chromatin. C, A diagram shows Whnt target gene regulation. In WT mice, Tcf712
interacts with SMAD family members to suppress gene transcription. Upon Apc deletion,
Tcf712 is removed from TCF/LEF binding sites and replaced with activating forms of
TCF/LEF family members, Tcf7 and Lefl to promote the recruitment of pSmad1/5/8 and f3-
catenin as well as histone H4 acetylation. D, Semiquantitative analysis of the relative
enrichment of proteins bound to the Tcf712 or SMAD consensus site. The intensity of each
band in the gel images was measured using the ImageJ program and normalized by input.

Each bar represents the mean + SD of 4 independent experiments.
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Figure 6. Tcf712 levels control the expression of Lefl, Tcf7, Cyclin D2, and Bmp4.
The mRNA levels of HL-1 CMs transfected with wild type long-form 7¢f7/2 (Ade WT),

Tcf712 shRNA (sh RNA), and control vector (pGPI1Z) are quantified and compared with non-
transfected group (Control) by real time RT-PCR 72 hours after transfection. 7¢f7/2shRNA
significantly increases transcript levels of Lef1, Tcf7, Cyclin D2, and Bmp4. The mRNA
levels of Bmp4and Cyclin D2 are downregulated by 7¢f7/2 overexpression. Data are
presented as mean+SD from 4 independent experiments.
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