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ABSTRACT

Aim & objective: We have reported that T-cadherin (T-cad), a glycosylphosphatidylinositol-anchored protein that specifically binds to adiponectin, exists in the human
serum as a soluble form (sT-cad). sT-cad promotes pancreatic f-cell proliferations, indicating a potential organ-protective role. This study aimed to the car-
dioprotective effect of sT-cad.

Methods & results: The sT-cad-expressing plasmid was administered to 7-week-old wild-type mice. One week after administration, transverse aortic constriction (TAC)
surgery was performed to induce pressure-overload heart failure. Then, the mice were sacrificed at 2 weeks after the surgery. In the mice that received sT-cad, the
TAC-induced increase in heart weight and decline in cardiac function were significantly attenuated. Based on the cardiac histological analysis, sT-cad suppressed both
cardiomyocyte hypertrophy and cardiac fibrosis. Cardiac RNA sequencing analysis showed that sT-cad inhibited the TAC-induced upregulation of fibrosis-related
genes. In addition, in NIH-3T3 fibroblasts, sT-cad supplementation suppressed the TGF-B-induced mRNA expression of Acta2, a myofibroblast marker.

Conclusion: sT-cad ameliorated the pressure overload-induced heart failure in mice.

1. Introduction

T-cadherin (T-cad), a member of the cadherin family, is unique as it
is anchored to the plasma membrane via a glycosylphosphatidylinositol
(GPI) moiety and specifically binds to high-molecular-weight adipo-
nectin (HMW-APN), a circulating protein exclusively produced by adi-
pocytes [1-3]. T-cad is predominantly expressed in the heart, skeletal
muscle, vascular endothelium, and mesenchymal stem cells [4,5]. Our
previous studies have shown that the HMW-APN/T-cad system has
protective effects in various organs [4,6-8].

Recently, we reported the existence of T-cad in a soluble form (sol-
uble T-cad). Three distinct forms have been identified: the 130-kDa full-
length protein, the 100-kDa form lacking the prodomain, and the 30-kDa
prodomain itself. The soluble T-cad exists in a monomer in the human
circulation, and it does not bind to HMW-APN [9]. Further, we have
reported the effects of soluble T-cad on the pancreas and insulin
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secretion in mice. The overexpression of soluble T-cad (the 130 kDa
full-length protein) in T-cad knockout mice under high-fat diet condi-
tions promoted pancreatic p-cell proliferation [10]. Moreover, the sup-
plementation of recombinant soluble T-cad (without HMW-APN)
increased the expression of downstream genes of the Notch signaling
pathway in isolated islets from wild-type mice, which pathway is
involved in pancreatic p-cell proliferation [10].

While we have reported that (membrane-anchored) T-cad plays a
role in mediating the various organ-protective effects of APN. However,
recent findings raise the possibility that soluble T-cad itself may exert
biological functions on other organs. This study aimed to investigate the
cardioprotective effects of soluble T-cad in a heart failure model induced
by pressure overload.
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2. Materials and methods
2.1. Cells, plasmids, chemicals, and reagents

NIH-3T3 fibroblasts were obtained from ATCC and maintained in
Dulbecco’s Modified Eagle’s Medium (DMEM, #16971-55, Nacalai,
Japan), supplemented with 10 % fetal bovine serum (#A5256701,
Thermo) and 1x Penicillin-Streptomycin Mixed Solution (#26253-84,
Nacalai, Japan).

The pLIVE Vector/pLIVE-SEAP Control Vector Kit (#MIR5620) and
the TransIT-QR Hydrodynamic Delivery Solution (#MIR5240) were
purchased from Mirus Bio. Recombinant human TGF-betal (#100-21)
was purchased from PeproTech. T-cadherin ELISA kit (#27364-27366)
was purchased from Immuno-Biological Laboratories (Japan) (9). The
plasmid encoding soluble T-cadherin (pLIVE-sT-cad) was constructed by
cloning the coding sequence of the Cdhl3 (T-cadherin gene)
(NM_019707) without a C-terminal GPI-anchoring site (2079bp) into the
PLIVE vector, as previously described [10].

2.2. Animals and experimental procedure: In vivo expression of soluble T-
cadherin and the transverse aortic constriction surgery

Male C57BL/6J wild-type mice were obtained from CLEA Japan, Inc.
All animal experiments were conducted based on the Guide for the Care
and Use of Experimental Animals of Osaka University Graduate School
of Medicine (approval no. 03-056-018).

As shown in Fig. 1A, the mice received a single intravenous injection
of 10 pg/body of either pLIVE-sT-cad or pLIVE-SEAP plasmid via the tail
vein using a hydrodynamic delivery method. Injections were completed
within 5 s. No injection-related mortality was observed. One week after
plasmid administration, the mice underwent minimal transverse aortic
constriction (TAC) or sham surgery, as previously described [4,11]. In
brief, the mice were anesthetized with 1.5 % isoflurane. A minimal
incision was made, and the aortic arch was constricted with a 7-0 silk
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suture and a 27G needle, which was subsequently removed.
Sham-operated mice underwent a similar procedure without ligation.

Cardiac function was assessed 2 weeks after the surgery using
transthoracic echocardiography, as previously described [4], with the
LOGIQe ultrasonography system with a 4.0- to 10.0-MHz linear probe
(i12L-RS; GE Healthcare). The mice were anesthetized with 1.5 % iso-
flurane. A two-dimensional guide M-mode trace crossing the ventricular
septum and posterior wall was recorded. Ejection fraction was calcu-
lated based on the left ventricular internal diameter (LVID) using the
Teichholz formula ([7/{2.4 + LVID}] x LVIDB). Fractional shortening
(FS) was calculated as (end-diastolic LVID - end-systolic LVI-
D)/end-diastolic LVID x 100 (%). After undergoing echocardiography,
the mice were sacrificed, and blood and tissue samples were collected
for analysis.

2.3. Histological analysis

The apex of the heart was fixed in 10 % neutral-buffered formalin
overnight and was then embedded in paraffin. Four-ym thick sections
were stained with the Masson’s trichrome staining kit (Muto Pure
Chemicals Co., Ltd., Japan) for collagen deposition and with wheat germ
agglutinin-Alexa Fluor 647 conjugate (#W32466, Thermo) to evaluate
cardiomyocyte cross-sectional area (CSA). Image acquisition and
quantification were performed using the BZ-x800 microscope and the
integrated analysis software (Keyence).

2.4. Preparation of recombinant soluble T-cadherin and cellular
experiments

Semi-confluent HEK293 cells were transfected with the pcDNA3.1
plasmid encoding soluble T-cadherin fused with a PA tag (GVAMP-
GAEDDVV) at the C-terminus for purification. The culture supernatant
was subsequently collected, and the soluble T-cadherin was captured by
the anti-PA tag antibody beads (#012-25841, FUJIFILM Wako, Japan),
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Fig. 1. Soluble T-cadherin (sT-cad) suppressed cardiac dysfunction and heart weight increase induced by the transverse aortic constriction (TAC) surgery.
(A) Experimental design for the administration of s-T-cad expressing plasmid and the TAC surgery. SEAP (human secreted alkaline phosphatase) was used as the
control. (B) Plasma total T-cadherin concentrations in each group at 3 weeks after the administration of plasmid (n = 5-10). (C) Heart weight per tibia length ratio
after the TAC surgery (n = 5-10). (D) Representative M-mode images of echocardiography in each group. (E) Ejection fraction, and (F) fractional shortening after the
TAC surgery (n = 5-10). The experiment was conducted three times. Data were presented as the dot plots and means =+ standard error. P-values are presented above
the bar graph. (B): Tukey’s test, (C)-(F): One-way analysis of variance with the Dunnett’s test (vs the TAC-SEAP group).
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according to the manufacturer’s instructions. After washing with
phosphate-buffered saline (PBS), the captured soluble T-cadherin was
eluted with 0.5 M of sodium chloride. The buffer was exchanged into
PBS and concentrated using the Amicon Ultra 0.5-100k (#UFC5100BK,
Merck Millipore). The purity of the soluble T-cadherin was confirmed as
a single band in a sodium dodecyl-sulfate polyacrylamide gel electro-
phoresis and Coomassie brilliant blue staining.

For the in vitro analysis of soluble T-cadherin, NIH-3T3 cells were
seeded in 12-well plates at a density of 2.0 x 10° cells/well. After
attaching the plate, the medium was changed to serum-free DMEM with
100 nM of soluble T-cadherin. After an overnight serum starvation, the
cells were treated with 2 ng/mL of TGF-§ and 100 nM of soluble T-
cadherin for 24 h.

2.5. Quantitative reverse transcription-polymerase chain reaction and
RNA-sequencing

Total RNA was extracted from the heart tissue or NIH-3T3 cells using
the TRI Reagent (#T9424, Sigma), according to the manufacturer’s in-
structions. For quantitative reverse transcription-polymerase chain re-
action, first-strand cDNA was synthesized using the ReverTra Ace qPCR
RT Master Mix (#FSQ-201, Toyobo, Japan). Real-time polymerase chain
reaction was performed by QuantStudio7 (Applied Biosystems) with
THUNDERBIRD® Next SYBR™ qPCR Mix (#QPX-201, Toyobo, Japan),
according to the manufacturer’s protocol. The primer sequences were as
follows: 36B4 forward, 5- GGCCAATAAGGTGCCAGCT-3 and reverse, 5-
TGATCAGCCCGAAGGAGAAG-3; Acta2 forward, 5- GTCCCAGA-
CATCAGGGAGTAA and reverse, 5- TCGGATACTTCAGCGTCAGGA-3.

For RNA-sequencing (RNA-seq), RNA integrity numbers (>7.0) were
confirmed using Agilent Bioanalyzer 2100 (Agilent Technologies). RNA-
seq was performed using the NovaSeq 6000 system (Illumina) in the
NGS core facility at the Research Institute for Microbial Diseases, the
University of Osaka. Expression data were obtained as raw counts and
fragments per kilobase of exon per million mapped reads. Differential
gene expression analysis was conducted using RNAseqChef version
1.1.4. Differentially expressed genes were defined as genes with a false
discovery rate <0.05 and |log2 fold change| > 1.5. The Kyoto Ency-
clopedia of Genes and Genomes pathway (KEGG pathway) enrichment
analysis was conducted to examine the identified gene clusters.

2.6. Statistical analysis

All data were expressed as the means + standard error. Statistical
significance was determined using one-way analysis of variance, fol-
lowed by the Dunnett’s test. P values < 0.05 indicated statistically sig-
nificant differences. All analyses were performed using the GraphPad
Prism 10 software (GraphPad).

3. Results

3.1. Soluble T-cadherin ameliorated TAC-induced heart failure and
cardiac hypertrophy

We examined the effect of soluble T-cadherin (soluble T-cad, sT-cad)
in a pressure overload-induced heart failure model using transverse
aortic constriction (TAC). One week before the TAC surgery, the mice
received the pLIVE-vector expressing soluble T-cad (pLIVE-sT-cad). The
mice that received the pLIVE-SEAP (expressing human secreted alkaline
phosphatase) were used as controls (Fig. 1A).

Two weeks after TAC surgery, the serum concentration of soluble T-
cad was increased in the sT-cad group (331 + 60 nM), compared with
that of the control group (0.86 + 0.03 nM) (Fig. 1B). The TAC surgery
resulted in a 1.43-fold increase in heart weight per tibia length ratio
(Sham-SEAP: 7.49 £ 0.30 vs TAC-SEAP: 10.8 + 0.55 mg/mm), which
was significantly attenuated by soluble T-cad overexpression (TAC-sT-
cad: 9.02 £+ 0.46 mg/mm) (Fig. 1C). In addition, soluble T-cad preserved
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cardiac function by improving both ejection fraction (TAC-SEAP: 68.1 %
=+ 2.21 % vs TAC-sT-cad: 73.2 % + 1.78 %) and fractional shortening
(TAC-SEAP: 33.0 % + 1.67 % vs TAC-sT-cad: 36.9 % + 1.50 %), which
were reduced with the TAC surgery (Fig. 1D-F).

3.2. Soluble T-cadherin reduced cardiomyocyte hypertrophy and cardiac
fibrosis

To assess cardiac remodeling, the cardiomyocyte cross-sectional area
(CSA) was evaluated by the WGA staining, and myocardial fibrosis was
quantified using Masson’s trichrome staining (Fig. 2). Results showed
that soluble T-cad significantly suppressed the TAC-induced increase in
the cardiomyocyte CSAs (TAC-SEAP: 241.5 ym? vs TAC-sT-cad: 207.0
um?) (Fig. 2A and B). Similarly, although the difference did not reach
statistical significance, soluble T-cad tended to reduce the extent of
fibrotic area caused by the TAC surgery (TAC-SEAP: 3.44 % + 1.07 % vs
TAC-sT-cad: 2.15 % + 0.18 %) (Fig. 2C and D).

3.3. Soluble T-cadherin altered gene expression related to fibrosis,
cardiomyopathy, and mitochondrial function after TAC surgery

Next, to investigate the comprehensive transcriptomic response to
soluble T-cad in the heart after the TAC surgery, RNA-seq was performed
using cardiac tissue samples collected 2 weeks after the TAC surgery. As
shown in Fig. 3A, three clusters of differentially expressed genes (|log2
fold change| > 1.5, false discovery rate <0.05) were identified.

Cluster 1: genes upregulated by TAC and unaffected by soluble T-cad.
Cluster 2: genes upregulated by TAC and downregulated by soluble
T-cad.

Cluster 3: genes downregulated by TAC and partially restored by
soluble T-cad.

The pathway enrichment analysis revealed the following.

Cluster 1: The focal adhesion and cell adhesion molecules pathways
were enriched (Fig. 3B).

Cluster 2: The pathways related to fibrosis (such as extracellular
matrix receptor interaction, focal adhesion, and the TGF-f} signaling
pathway), and cardiac hypertrophy or cardiomyopathy were signif-
icantly enriched (Fig. 3C).

Cluster 3: The mitochondrial function pathways (such as oxidative
phosphorylation and the TCA cycle, along with various metabolic
pathways) were enriched (Fig. 3D).

3.4. Soluble T-cadherin inhibited the TGF-f-induced activation of
fibroblasts in vitro

Based on the RNA-seq analysis, various genes were found to be
related to fibrosis (such as Collal, Col3al, and FN1) and TGF-p
signaling (such as Tgfbl, Gdf6, and Id3), which upregulated by TAC and
downregulated by soluble T-cad, enriched in the Cluster 2 (Fig. 4A).
Considering the important role of TGF-f signaling in cardiac fibrosis and
fibroblast activation into myofibroblasts [12-14], we assessed the effect
of soluble T-cad on TGF-f-induced gene expression in NIH-3T3
fibroblasts.

The cells were pretreated with recombinant soluble T-cad (100
nmol/L) overnight and then co-treated with TGF-p (2 ng/mL) for 24 h
(Fig. 4B). Soluble T-cad did not significantly suppress the TGF-p-induced
expression of Collal (TGF-p: 1.43 £ 0.05-fold vs TGF-p + sT-cad: 1.38
+ 0.02-fold) (Fig. 4C). However, soluble T-cad significantly reduced the
expression of Acta2 (TGF-p: 7.07 + 0.27-fold vs TGF-p + sT-cad: 5.66 +
0.26-fold), a marker of myofibroblast activation (Fig. 4D).
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Fig. 2. Soluble T-cadherin (sT-cad) suppressed cardiac hypertrophy and cardiac fibrosis induced by the transverse aortic constriction (TAC) surgery.
(A) Representative images of the heart sections stained with wheat-germ agglutinin in each group after the TAC surgery, as shown in Fig. 1. The scale bar indicates
50 pm. (B) Quantification of the cardiomyocyte cross-sectional area after the TAC surgery (20-25 fields per individual). (C) The representative images of the heart
sections (perivascular lesions and interstitial lesions of the heart) were analyzed via Masson’s trichrome staining in each group after the TAC surgery. The scale bar
indicates 50 pm. (D) Quantification of the fibrotic area after the TAC surgery (5 fields per section). Data were presented as the dot plots and means + standard error.
P-values are presented above the bar graph. One-way analysis of variance with the Dunnett’s test (vs the TAC-SEAP group).

4. Discussion

In this study, we demonstrated that soluble T-cadherin (soluble T-
cad) suppressed cardiac dysfunction in the TAC model (Figs. 1 and 2), in
part by suppressing cardiac fibrosis (Figs. 3 and 4). Heart failure is the
major cause of mortality and morbidity. Although various therapeutic
strategies are available, approaches that can inhibit the pathogenic
mechanisms of heart failure are limited. To the best of our knowledge,
this study first reported that the overexpression of a soluble protein in
organs (liver) other than the heart rescued cardiac dysfunction in a
pressure overload-induced heart failure model.

We previously reported that soluble T-cad regulates pancreatic f-cell
proliferation via the Notch signaling pathway [10]. Notch signaling also
plays an important role in regulating cardiac fibroblasts and cardiac
fibrosis [15]. For example, Nemir et al. showed that transgenic mice
overexpressing the Notchl ligand Jaggedl on the surface of car-
diomyocytes exhibited decreased cardiac fibrosis after the TAC surgery,
thereby showing that Notch activation is a protective mechanism in the
cardiac fibrosis [16]. That is why we investigated cardiac effects of
soluble T-cad in this study. However, in the current RNA-seq analysis of
the heart tissue samples, soluble T-cad did not significantly alter the
expression of Notch target genes (such as HES1, HEY1, and HEY2 (data
not shown)). Thus, we hypothesized that soluble T-cad engages distinct
signaling pathways depending on the tissue.

Transverse aortic constriction (TAC) surgery is a well-established
animal model for examining cardiac fibrosis and hypertrophy. Several
studies have revealed the essential role of TGF-f signaling in mediating
cardiac fibrosis and hypertrophy after pressure overload [13,14]. TGF-
contributes to cardiac remodeling via autocrine and paracrine mecha-
nisms [13] and regulates the transition of cardiac fibroblasts into acti-
vated myofibroblasts [17]. We investigated the mechanism of the
soluble T-cad in the TAC model, and found the alteration in the
expression of genes related to fibrosis and the TGF-f signaling pathways

in the RNA-seq of the heart (Figs. 3C and 4A), both of which were
suppressed by the soluble T-cad. Indeed, the supplementation of soluble
T-cad to NIH-3T3 fibroblasts suppressed the expression of Acta2, a
well-known marker of myofibroblast activation (Fig. 4D), suggesting
that soluble T-cad partially interferes with the TGF-f-driven transition
to myofibroblast.

T-cadherin is a unique member of the cadherin superfamily,
anchored to the plasma membrane via a GPI moiety, and is a specific and
physiological binding partner of adiponectin [1,3,18]. However, our
previous gel filtration analysis has shown that soluble T-cad exists as a
monomer in the serum and is does not form stable complexes with
adiponectin [9]. Based on the current in vitro findings (Fig. 4), soluble
T-cad, independent of adiponectin, directly suppressed TGF-p signaling
in the fibroblasts. Since the molecular weight of soluble T-cad used in
this study is approximately 130 kDa, the likely receptor for soluble T-cad
is located on the cell surface rather than intracellularly. Although
RNA-seq analysis showed that the mitochondrial function improved
with soluble T-cad treatment (Fig. 3D), this is likely a secondary effect
caused by improved cardiac function rather than a direct mitochondrial
action of soluble T-cad.

Considering that the concentrations were >100-fold higher than the
physiological levels in this study, the observed effects may reflect
pharmacological actions rather than physiological ones. Nevertheless,
soluble T-cad had minimal impact on gene expression in the hearts of
sham-operated mice (Fig. 3), suggesting that soluble T-cad may become
functionally active at the time of cardiac stress or injury. While further
studies to elucidate the molecular mechanism of cardioprotective effect
and the regulation of soluble T-cad synthesis in vivo are needed, soluble
T-cad may become a therapeutic target for heart failure.
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