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Aims Combined magnetic resonance imaging (MRI) of molecular and morpho-functional changes might prove highly val-
uable for the elucidation of pathological processes involved in the development of cardiac diseases. Our aim was to
test a novel MRI reporter gene for in vivo assessment of the canonical Wnt/b-catenin/TCF pathway activation, an
important regulator of post-ischaemic cardiac remodelling.

....................................................................................................................................................................................................
Methods
and results

We designed and developed a chimeric construct encoding for both of iron-binding human ferritin heavy chain
(hFTH) controlled by the b-catenin-responsive TCF/lymphoid-enhancer binding factor (Lef) promoter and constitu-
tively expressed green fluorescent protein (GFP). It was carried by adeno-associated virus serotype 9 (rAAV9) vec-
tors and delivered to the peri-infarct myocardium of rats subjected to coronary ligation (n¼ 11). By 1.5 T MRI and
a multiecho T2* gradient echo sequence, we detected iron accumulation only in the border zone of the transduced
infarcted hearts. In the same cardiac area, post-mortem histological analysis confirmed the co-existence of iron
accumulation and GFP. The iron signal was absent when rats (n¼ 6) were chronically treated with SEN195 (10 mg/
kg/day), a small-molecular inhibitor of b-catenin/TCF-dependent gene transcription. Canonical Wnt pathway inhibi-
tion attenuated the post-ischaemic remodelling process, as demonstrated by the significant preservation of cardiac
function, the 42 6 1% increase of peri-infarct arteriolar density and 43 6 3% reduction in infarct scar size compared
with untreated animals.

....................................................................................................................................................................................................
Conclusions The TCF/Lef promoter-hFTH construct is a novel and reliable MRI reporter gene for in vivo detection of the canon-

ical Wnt/b-catenin/TCF activation state in response to cardiac injury and therapeutic interventions.
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1. Introduction

The iron-binding human ferritin heavy chain (hFTH) can be utilized as a
reporter gene for in vivo magnetic resonance imaging (MRI), as previously
shown by other authors1–5 and by us6: hFTH overexpression causes
non-toxic intracellular iron accumulation that, in turn, produces measur-
able areas of relative hypointensity in T2- and T2*-weighted images. Iron
enrichment is clearly identifiable by MRI in rodent hearts expressing

hFTH7 or implanted with stem cells transduced with this reporter
gene.5–6 If controlled by promoters sensitive to specific intracellular sig-
nals, hFTH might therefore prove highly valuable for combined MRI
assessments, in vivo, of molecular and morpho-functional changes corre-
lated with the evolution of cardiac pathological processes.

A seemingly major regulator of post-ischaemic cardiac remodelling is
the canonical wingless/integrated (Wnt)/b-catenin pathway.8 Wnt is a
secreted polypeptide factor that inhibits glycogen synthase kinase-3b in a
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receptor-dependent manner and increases the cytoplasmic levels of
non-phosphorylated b-catenin, which translocates into the nucleus and
activates gene transcription by interacting with the T-cell factor (TCF)/
lymphoid-enhancer binding factor (TCF/Lef) promoter.8,9 In the absence
of Wnt, phosphorylation marks b-catenin for proteasomal degrada-
tion.10 In mice, b-catenin down-regulation attenuates post-ischaemic
cardiac remodelling, indicating a detrimental role of the canonical Wnt/
b-catenin pathway in this pathological condition.11–14 However, other
reports lead to opposite conclusions.15–18 Therefore, the elucidation of
this controversial pathophysiological aspect might benefit from a tech-
nology that permits to correlate, in vivo, cardiac morpho-functional
changes with the activation state of the canonical Wnt/b-catenin path-
way. In this study, we tested a novel TCF/Lef promoter-hFTH construct
designed as an MRI reporter

Gene specifically induced by b-catenin and therefore responsive to
the Wnt/b-catenin pathway activation after myocardial infarction (MI).
TCF/Lef promoter-hFTH was delivered to rat hearts via adeno-
associated viral (AAV) vectors. The specificity of this MRI reporter gene
was further tested by treating the rats with SEN461 analogue, a Wnt
inhibitor/Axin stabilizer leading to b-catenin down-regulation, previously
developed and validated by us.19–21

2. Methods

2.1 Construction of the reporter gene and
encapsidation in rAAV serotype 9 vectors
The hFTH cDNA was amplified by PCR from pCMV6-Entry-hFTH-Myc-
DDk-tag plasmid (OriGene Technologies, Rockville, MD, USA). The cloning
strategy utilized an intermediate construct to shuttle the correct sequences to
the final AAV-based plasmid. This intermediate, the pCDH-EF1-TCF/Lef-
hFTH-BGH-PGK-copGFP-T2A-puro, was then used to transfer the whole
expression cassette containing the hFTH under control of the Wnt responsive
element TCF/Lef, and the copGFP, under the constitutive PGK promoter,
into the EcoRI–XhoI sites of the AAV-Basic2 plasmid (Vector Biolabs Inc.,
Philadelphia, PA, USA). The sequences of all plasmids were verified through
full sequencing process (Eurofins Genomics-MWG Operon, Ebersberg,
Germany). Primers employed for cloning and sequencing were purchased
from SIGMA-ALDRICH (Milan, Italy). Kit for mini-prep and maxi-prep purifica-
tion and for gel extraction was purchased from QIAGEN (Venlo, Holland).
To obtain rAAV serotype nine particles (rAAV9) at the high titre and high
purity grade suitable for in vivo use, and for the scaling up of the viral produc-
tion, our final reporter construct was shipped to Vector Biolabs Inc. Titres of
rAAV9 particles were expressed as number of genome copies (GC) per
millilitre.

2.2 In vitro validation of the reporter
plasmid function
Human embryonic kidney (HEK)-293 cells were transfected with
pAAV-Basic-TCF/Lef-hFTH-BGH-PGK-copGFP-T2A-puro using JetPrime
transfection reagent (Polyplus-transfection, France), according to manufac-
turer’s instructions. Cell transfection efficiency was assessed by flow
cytometry. First, basal and inducible levels of expression of the final reporter
plasmid were tested in vitro by assessing mRNA levels for both hFTH and
copGFP through retro-transcribed quantitative PCR (RT-qPCR). Culture
media containing Wnt3a (Wnt3a-CM) was harvested from murine fibroblasts
secreting Wnt3a (L-cells, ATCC CRL-2648), according to the ATCC proto-
col, and was used to induce responsiveness of canonical Wnt/-catenin

pathway. Control medium (L-CM) and Wnt3a-CM were prepared as previ-
ously described.22 Non-transfected (HEK)-293 cells represented the negative
control. After 24h of treatment with Wnt3a-CM or L-CM, RT-qPCR was
performed on retro-transcribed cDNA obtained from the total RNA
extracted from the above-mentioned HEK293-treated cells, employing a
standard RNAeasy Plus mini kit (QIAGEN GmbH, Hilden, Germany).
Purified RNA was quantified by Nanodrop ND-1000 Spectrophotometer
(Agilent Technologies, Palo Alto, CA, USA) and 1lg of RNA was used to
synthesize cDNA by QuantiTect Reverse Transcription kit (QIAGEN
GmbH). RT–qPCRs on cDNA samples were performed using a CFX96 Real
Time System/C1000 Thermal cycler (Bio-Rad, Hercules, CA, USA) with
iQTM SYBR Green master mix 2X (Bio-Rad) with primers that specifically
amplified the hFTH (for-TGAGCAGGTGAAAGCCATC; rev-GATATTC
CGCCAAGCCAGAT), copGFP (for-CCAACAAGATGAAGAGCACC
AA; rev-GCAGGAAGGGGTTCTCGTA), or control genes (ACT-for
TTAGTTGCGTTACACCCTTTCTTG; ACT-rev GCTGTCACCTTCA
CCGTTCC; RPL13a-for CCTGGAGGAGAAGAGGAAAGAGA; RPL13a-
rev TTGAGGACCTCTGTGTATTTGTCAA; YWHAZ-for ACTTTTGG
TACATTGTGGCTTCAA; YWHAZ-rev CCGCCAGGACAAACCAGT
AT). RT–qPCR expression data were normalized on expression of Hs-
ACTb, Hs-YWHAZ, and Hs-RPL13a, as described by Vandesompele et al.23

The relative quantification was calculated by DDCt method using a specific
manager software for real-time data analysis (iQ5 Software; Bio-Rad). The
normalized expression levels of the target gene [hFTH or green fluorescent
protein (GFP)] in control condition were expressed as 1. The ratio between
this value and the normalized expression levels of hFTH or GFP in the treated
samples was reported as normalized fold change. The qPCR analysis was per-
formed in triplicate. In additional experiments, hFTH and copGFP protein
expression in transfected (HEK)-293 cells was evaluated by western blot after
24 h incubation with increasing doses (50, 100, and 200ng/mL) of human
recombinant Wnt3A protein (R&D Systems Inc., MN, USA; dissolved in ster-
ile water and stored at �20 �C). Human recombinant Wnt3A protein was
added to cell culture medium 24 h after cell transfection.24,25 Similarly, the
reporter gene expression upon treatment with 200ng/mL of Wnt3A25 was
evaluated in the presence or absence of increasing doses (5, 10, and 50lM
for 24 h) of SEN0109195 (SEN195; Siena Biotech, Siena, Italy), a new Wnt
inhibitor/Axin stabilizer and analogue of SEN461.19–21

2.3 Western blotting analysis
Equal amounts of protein extracted with radioimmunoprecipitation assay
(RIPA) buffer from cell pellets were processed for western blotting assay.
Membranes were blocked with 5% milk in TBS/Tween (0.01%) at room tem-
perature for 1h, and then incubated with the following primary antibodies:
anti-hFTH (Santa Cruz Biotechnology, CA, USA, 1:1000 dilution), anti-GFP
(AbCam, Cambridge, UK, 1:1000 dilution), and anti-GAPDH (Thermo Fisher
Scientific, MA, USA, 1:5000 dilution).

Membranes were then incubated with appropriate horseradish per-
oxidase-conjugated anti-rabbit or anti-mouse secondary antibodies
(Abcam). Specific protein bands were detected using Pierce ECL west-
ern blotting substrate (Thermo Fisher Scientific). Protein bands were
quantified using ImageJ software. GFP expression was normalized over
GAPDH. hFTH expression was normalized over GFP expression. All
western blot experiments were performed in triplicate.

2.4 Surgery and experimental protocol
Non-reperfused MI was induced as previously described by us.6,26–30

Briefly, the left anterior descending coronary artery was ligated near its ori-
gin in male adult Wistar rats (body weight 350–400 g) anaesthetized with a
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..cocktail of tiletamine and zolazepam (Zoletil 100, Virbac, France; dosage
40 mg/kg i.p.), intubated, and ventilated. The viable myocardium bordering
the left ventricular (LV) pale ischaemic area was immediately injected at
two different sites with a total of 100lL of one of the following solutions:
PBS (MIþ PBS, n¼ 10) and 1.1� 1014 GC/mL of rAAV9-pTCF-hFTH-
BGH-PGK-copGFP (rAAV9) (MIþ rAAV9, n¼ 11). A third experimental
group was sham operated and received the same dose of rAAV9
(Shamþ rAAV9, n¼ 8). Finally, two additional MIþ rAAV9 groups were
treated for 4 weeks with a constant subcutaneous infusion (10 mg/kg/day)
of SEN195 dissolved at the concentration of 40 mg/mL in 50% (v/v)
PEG400 (MIþ rAAV9þ SEN195, n¼ 6), or vehicle
(MIþ rAAV9þVehicle, n¼ 10) via an implanted mini-osmotic pump
(Alzet, model 2ML4, Palo Alto, CA, USA). Mini-osmotic pumps were
implanted immediately after closing the chest while the animals were still
anesthetized. The dose of SEN195 was chosen based on preliminary data
of pharmacokinetics in the rat in order to ensure a steady-state blood con-
centration of 5 M (2.20 mg/L). At 4 weeks, all rats were anaesthetized with
Zoletil 100 (40 mg/kg), underwent MRI analysis and were then euthanized

with KCl (1–2 mEq/kg, i.v.) to induce diastolic arrest of cardiac activity. MRI
scans were not performed for 3 MIþ rAAV9þVehicle animals. All animal
procedures were approved by the Italian Ministry of Health and con-
ducted in conformity with the guidelines from Directive 2010/63/EU of
the European Parliament on the protection of animals used for scientific
purposes.

2.5 MRI analysis
In vivo MRI assessment of cardiac morphology, function, and iron accu-
mulation was performed using a clinical 1.5 T MR scanner (Signa HDx;
General Electric Health Care, Milwaukee, WI, USA) in sedated rats, as
previously described by us6,26 and by others.3 Cardiac ECG-triggered
images were acquired in the same long-axis and short-axis views for
both of cine and T2-star (T2*)-weighted gradient-echo sequence (T2*-
GRE) with multiple echo times (TE) using parameters previously
employed by us.6 For each view 10 cine-frames were acquired. A total of
five short-axis views (to completely scan the ventricular main axis in
end-diastole) and four long-axis views (1 vertical, 1 horizontal, and 2

Figure 1 Wnt-dependent induction of hFTH expression is prevented by SEN195, in vitro. HEK293 cells wild type (HEK293) and transfected with pAAV-
Basic-TCF/Lef-hFTHstop-BGH-PGK-copGFP-T2A-puro (pAAV-9) and cultured with control medium (L-CM) or Wnt3a-conditioned medium (Wnt3a-
CM) or human recombinant Wnt3A protein (Wnt3A). (A) copGFP gene expression (normalized fold expression) (n¼ 4); (B) hFTH gene expression (nor-
malized fold expression) (n¼ 4); (C) representative western blot bands for hFTH, GFP, and GAPDH expression at increasing doses of Wnt3A (n¼ 3); (D)
hFTH/GFP expression (normalized fold expression) (n¼ 3); (E) GFP/GAPDH expression (normalized fold expression) (n¼ 3); (F) representative western
blot bands for hFTH, GFP, and GAPDH expression at increasing doses of SEN195 (n¼ 3); (G) hFTH/GFP expression (normalized fold expression) (n¼ 3);
(H) GFP/GAPDH expression (normalized fold expression) (n¼ 3). One-way ANOVA followed by Bonferroni post hoc test (mean 6 SEM; in triplicate).
*P< 0.05; **P< 0.01.
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..oblique long-axis views) were acquired as previously described by us.27

LV end-systolic and end-diastolic volume, a marker of cardiac remodel-
ling, and LV ejection fraction were measured and calculated from the
cine-images with previously validated software (Mass 6.1; MEDIS, Leiden,
The Netherlands). Iron accumulation was detected by measuring myo-
cardial T2*, a transverse relaxation parameter that includes the contribu-
tion of magnetic field non-homogeneities. Iron accumulation causes a
progressively increasing hypointense that promotes an area reduction in
myocardial T2* <20 ms.6,31 Myocardial T2* was measured in both the
LV border zone and the remote zone in long-axis views as previously
described.6 In each region, the calculated decay curve was fitted to the
following monoexponential model:

S¼ S0e
�TE/T2*,

where S is the signal intensity, S0 is the signal value at TE¼ 0, and T2* is
the transverse relaxation time constant.

2.6 Histology and immunofluorescence
analysis
Hearts were harvested after euthanasia, fixed in 10% buffered formalin,
and embedded in paraffin. The LV infarct scar size was measured at each
5 mm-thick transverse section at basal, mid-septal, and apex level using
Masson’s trichrome-stained images (BIO-OPTICA, Milan, Italy) and by
tracing the infarct contours manually with ImageJ software.6,26–30 At the

level of LV mid-septal section, eight serial 5 lm-thick slices were cut and
processed for histological, immunofluorescence, and immunohistochem-
ical analysis. Each slice included the entire LV cross section at that level.
After being washed in PBS containing 0.1% Tween, the slices were incu-
bated with biotinylated secondary antibodies (Vectastain Elite ABC Kit;
Vector Laboratories Inc., USA) and counterstained with haematoxylin.
Images were obtained with light microscopy (Olympus BX43) at 10�
and 40� original magnification and digitized by a video system (Olympus
DP20 camera) interfaced with a computer with dedicated software
(CellSens Dimension; Olympus) for morphometric and/or colour
analysis.

The density of arterioles in border and remote LV regions was quantified
as number of smooth muscle marker a-actin-positive vessels (a-SMA, anti-
mouse, 1:100; Santa Cruz Biotechnology). Iron accumulation was detected
using Prussian Blue staining (Perls) (BIO-OPTICA) with nuclear-fast red
counterstaining. Serial sections were treated with antibodies directed against
GFP (anti-rabbit, 1:200; Abcam) and alpha-sarcomeric actin (a-SA; anti-
mouse, 1:200; Sigma), a marker of cardiomyocytes, or von Willebrand
Factor (vWF; anti-mouse, 1:300, Abcam), an endothelial marker, or a-SMA
(anti-mouse, 1:100; Santa Cruz Biotechnology) or neuron-specific nuclear
protein (NeuN; anti-guinea pig, 1:100; EMD Millipore). The colocalization of
Perls positivity and GFP expression in cardiac cells was assessed by immuno-
fluorescence, as previously described.6 DyLight 488 goat anti-rabbit (1:200;

Figure 2 Iron-induced magnetic artefact is detected in rAAV9-transduced infarcted hearts, in vivo. MRI detection of iron accumulation at 4 weeks after MI.
T2* images at increasing TE in both non-transduced (MIþ PBS) (A) and transduced (MIþ rAAV9) (B) infarcted hearts in horizontal long-axis view. The hypoin-
tense signal was progressively increasing with TE due to iron accumulation (white arrow and red circle). (C; two-way ANOVA with Bonferroni post hoc test)
Lower T2* values, indicating iron accumulation, were measured in the infarct border zone compared with the remote zone of MIþ rAAV9 hearts (n¼ 11). T2*
values in the infarct border zone were similar to remote zone of MIþ PBS hearts (n¼ 10). SSFP, ECG-triggered steady-state free precession. ***P< 0.0005.
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Abcam) was used as secondary antibody. No significant fluorescence signal
was detectable without secondary antibody. Nuclei were counterstained
with 40,6-Diamidino-2-Phenylindole (DAPI). Fluorescence microscopy was
performed with a Leica TCS DMIRE 2 (LCS Lite Software; Leica, Wetzlar,
Germany).

2.7 Synthesis of the Wnt signalling inhibitor
SEN0109195 (SEN195) is a Wnt inhibitor/Axin stabilizer characterized by
a benzimidazolone structure, whose weight-average molecular weight
(Mw) is 440 g/mol. It was developed, validated, and kindly provided by
Siena Biotech. Synthetic details for SEN0109195 were reported in the pat-
ent application (Pub. No. WO2012/136492). SEN195 action is related to
the inhibition of tankyrases (TNK) (IC50 TNK1/TNK2 130 nM/120 nM),
an enzyme that leads to selective silencing of TCF-mediated gene tran-
scription by promoting beta-catenin phosphorylation and degradation.32

2.8 Statistical analysis
Data are presented as mean6 SEM. One- or two-way analysis of var-
iance (ANOVA) followed by Bonferroni post hoc test was used to com-
pare multiple variables. Comparison between two independent groups
was performed using the Student’s t-test. P-value<0.05 was set as a
threshold for statistical significance. Statistical analysis was performed by

employing commercially available software (SPSS for Windows, version
11.1; SPSS, Chicago, IL, USA).

3. Results

3.1 Inducible hFTH and constitutive GFP
gene expression
The transfection efficiency in our cells was higher than 90%. As shown
in Figure 1A, HEK293 cells transfected with pAAV-Basic-TCF/Lef-hFTH-
BGH-PGK-copGFP-T2A-puro displayed similar levels of GFP expression
under each experimental condition. Conversely, the gene expression
of hFTH in HEK293 cells was significantly increased after 24 h of treat-
ment with Wnt3a-CM compared with cells treated with L-CM (Figure
1B). As shown in Figure 1C, the protein expression of hFTH in trans-
fected cells was increased by Wnt in a concentration-dependent manner
(Figure 1D), whereas GFP protein expression was unchanged (Figure 1E).
Finally, the hFTH protein expression induced by Wnt3A treatment was
significantly reduced by increasing concentration of SEN195 (Figure 1G),
whereas GFP expression remained stable. The increased expression of
hFTH and the treatment with SEN195 did not affect cell viability and
proliferation, as assessed by Trypan Blue staining (not shown).

Figure 3 Iron-induced magnetic artefact is undetectable in rAAV9-transduced infarcted hearts treated with Wnt signalling inhibitor, in vivo. MRI detection of
iron accumulation in transduced infarcted hearts at 4 weeks after SEN195 or Vehicle administration. T2* images at increasing TE in transduced infarcted hearts
of rats treated with Vehicle (MIþ rAAV9þVehicle) (A) or SEN195 (MIþ rAAV9þ SEN195) (B) in horizontal long-axis view. The hypointense area was pro-
gressively increasing with TE due to iron accumulation (white arrow and red circle). (C; two-way ANOVA with Bonferroni post hoc test) Lower T2*values,
indicating iron accumulation, were detected in the infarct border zone compared with the remote zone of MIþ rAAV9þVehicle (n¼ 7). T2*values in the
infarct border zone were similar to remote zone of MIþ rAAV9þ SEN195 (n¼ 6). SSFP, ECG-triggered steady-state free precession ***P< 0.001.

In vivo detection of cardiac Wnt activity by MRI 649
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3.2 Canonical Wnt signalling activity
detected by MRI
Infarcted hearts receiving PBS (MIþ PBS) did not display iron accumula-
tions (Figure 2A). As shown in Figure 2B, the levels of T2* time were signif-
icantly lower in the LV border zone compared with the remote zone of
infarcted transduced hearts (MIþ rAAV9) (Figure 2C). This demon-
strates the presence of iron accumulation within the LV wall, as high-
lighted in Figure 2 and Supplementary material online, Figure S1. The
mean value of LV T2* time in SHAMþ rAAV9 rats was 33 6 5 ms, indi-
cating the absence of myocardial iron accumulation.

At 4 weeks after treatment with SEN195 (Figure 3A and B), the T2* time
values in the border zone of infarcted transduced hearts
(MIþ rAAV9þ SEN195) were higher than those measured in the border
zone of infarcted animals treated with Vehicle (MIþ rAAV9þVehicle)
(Figure 3C). The presence of iron accumulation was detected within the LV
wall, as highlighted in Figure 3 and Supplementary material online, Figure S2.

3.3 MRI morphological and functional
assessment
As shown in Figure 4A and B, the LV end-systolic and end-diastolic vol-
ume, and ejection fraction of infarcted hearts were similar in
MIþ rAAV9 and MIþ PBS groups. SEN195 significantly limited the

enlargement of LV end-diastolic volume and the fall in LV ejection frac-
tion, compared with rats treated with vehicle (Figure 4C and D). Heart
rate was similar with all treatments (not shown).

3.4 Histological analysis of iron
accumulation, immunofluorescence-
detected colocalizations, and post-infarct
LV remodelling
Perls-positive staining was detected in the border zone of the MIþ rAAV9
group at 4 weeks after delivery of viral vectors (Figure 5A), but not in the
MIþ PBS (Figure 5B), and no iron load was detected in the remote zone.
SHAMþ rAAV9 did not show any Perls-positive cells (data not shown).
As shown in Figure 5C, Perls-positive cells were not detectable in any LV
region of transduced infarcted rodent hearts treated with SEN195.
Conversely, the administration of vehicle did not affect the iron accumula-
tion in cardiac cells of LV regions bordering the infarct scar (Figure 5D).

As shown in Figure 6, GFP positive staining was detected in Perls-positive
cells in the LV border zone of MIþ rAAV9 group, whereas iron was unde-
tectable in cardiac GFP-positive cells of SHAMþ rAAV9 hearts. Conversely,
the colocalization of iron and GFP signals identified in LV border zone of rats
treated with Vehicle was undetectable in infarcted rats after 4 weeks of
treatment with SEN195, indicating that the iron load into the transduced

Figure 4 Cardiac function of infarcted hearts depend on the canonical Wnt/b-catenin/TCF pathway activation. Cardiac function evaluated by 1.5 T MRI.
Infarcted hearts that received PBS (MIþ PBS; n¼ 10) and rAAV9 (MIþ rAAV9; n¼ 11) had similar progressive enlargement of LV end-diastolic (EDV, mL)
and end-systolic (ESV, mL) volume (A; one-way ANOVA followed by Bonferroni post hoc test) and fall of ejection fraction (LVEF, %) (B; one-way ANOVA
followed by Bonferroni post hoc test). Transduced infarcted rats that received long-term treatment with SEN195 (MIþ rAAV9þ SEN195, n¼ 6) displayed a
better preserved LV ESV, EDV (C; independent Student’s t-test) and LVEF (D; independent Student’s t-test) compared with untreated animals
(MIþ rAAV9þVehicle, n¼ 7). SHAMþ rAAV9 animals (n¼ 8) were used as control. **P< 0.01; ***P< 0.001.
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cardiac cells was related to the activity of canonical Wnt pathway. GFP
was colocalized with a-SA in all transduced hearts, confirming that rAAV9
has a tropism for cardiomyocytes in accord to previous reports.26,33

Conversely, we could not detect any association between GFP and vWF
or a-SMA or NeuN positivity (see Supplementary material online, Figure
S3). As shown in Supplementary material online, Figure S4, iron was
detected in GFP/a-SA-positive cells in the LV border zone of transduced
infarcted hearts not treated with SEN195.

Morphometric analysis of Masson’s trichromic-stained LV sections
showed that the anterior wall of untreated infarcted hearts under-
went significant remodelling (Figure 7A) and the infarct scar size (% of

the left ventricle) was similar in MIþ PBS and MIþ rAAV9 rats (Figure
7B). In contrast, the long-term treatment with SEN195 protected the
heart against ischaemic injury compared with rats treated with
Vehicle, as indicated by a significant reduction of the infarct scar size
(Figure 7C and D).

As expected, the arteriolar density tended to increase, although not
significantly (P¼ 0.054) in LV border zone compared with LV remote
zone of infarcted hearts (Figure 7G). The long-term treatment with
SEN195 significantly enhanced the number of arterioles in the LV border
zone compared with rats treated with Vehicle, yet it did not affect myo-
cardial arteriolar density in the LV remote zone (Figure 7H).

Figure 5 Iron deposition in cardiac cells of rAAV9-transduced infarcted hearts depends on the canonical Wnt/b-catenin/TCF pathway activation.
Prussian Blue staining of LV tissue sections showing iron accumulation (arrows) in the infarct border zone, i.e. the site of injection of rAAV9. Iron accumula-
tion in MIþ rAAV9 (A) (n¼ 11) and MIþ rAAV9þVehicle (D) (n¼ 7) at 4 weeks after intramyocardial injection of rAAV9. No staining was observed in the
non-transduced infarcted hearts treated with PBS (B) (n¼ 5) or with SEN195 (C) (n¼ 6).
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..4. Discussion

The present results demonstrate that the canonical Wnt/b-catenin/TCF
pathway activation after acute MI can be detected, in vivo, by hFTH-based
reporter gene MRI. The activation of TCF/Lef promoter induced the
expression of hFTH and consequent regional iron accumulation in the
infarct border zone, which was detected with a clinical standard 1.5 T
MRI scanner and then confirmed ex vivo by histological analysis. On the
other hand, the TCF-hFTH-BGH-PGK-copGFP dual-reporter gene
proved valuable in determining whether AAV-mediated gene transfer
was equally efficient in control and infarcted hearts. GFP gene, placed
under the control of a constitutively active promoter, was similarly
expressed in all hearts injected with AAV vectors, with and without
infarction, thus indicating that (i) the reporter gene transfer was not
affected by cardiac injury and (ii) iron accumulation did not interfere
with the viability of transduced cells. Prussian Blue staining indicated that
iron deposits were located in morphologically normal GFP-positive cells,
whereas it was undetectable in GFP-negative cells and in the interstitial
space of the infarcted areas. In fact, significant extracellular iron

deposition is more typical of haemorrhagic reperfused myocardial
infarcts34 and it is undetectable6,35 or rarely detectable in chronic non-
reperfused infarction,35 which is the pathological condition reproduced
by our rat model.

The specificity of the TCF/Lef promoter-hFTH response to the can-
onical Wnt/b-catenin activation was confirmed by the absence of iron-
related MRI signal in rats receiving SEN195, a small-molecule inhibitor of
the poly-ADP-ribosylating (PARP) enzyme tankyrase that causes selec-
tive silencing of TCF-mediated gene transcription by promoting beta-
catenin phosphorylation and degradation.32 We have previously devel-
oped and validated ‘SEN’ molecules for oncological applications.19–21

Interestingly, we found that the pharmacological inhibition of the canon-
ical Wnt/b-catenin/TCF pathway is very beneficial for post-infarct car-
diac remodelling, as shown by the notable preservation of ventricular
morphology and function. Although the arteriolar density in the infarct
border zone of untreated infarcted rats was significantly higher than in
remote regions, it was further increased by SEN195 treatment. Our
findings suggest that switching off the TCF promoter enhances the
angiogenic response of infarcted myocardium, which is impaired by

Figure 6 Iron deposition is localized in LV GFP-positive cardiac cells. Immunofluorescence co-staining of representative LV sections at 4 weeks after intra-
myocardial injection of rAAV9. Immunofluorescence for GFP was used for the detection of transduced cardiac cells. In the LV border zone of MIþ rAAV9
(n¼ 11) and MIþ rAAV9þVehicle hearts (n¼ 7), GFP positive cells display also iron accumulation (Perls-positive cells). Conversely, iron was undetectable
in normal hearts and in infarcted hearts treated with SEN195 (n¼ 6).
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Figure 7 Structural alterations of infarcted hearts depend on the canonical Wnt/b-catenin/TCF pathway activation. Histological analysis of infarcted
hearts at 4 weeks after MI. (A–C) Representative Masson’s trichrome staining of LV transverse sections of infarcted hearts injected with PBS (MIþ PBS;
n¼ 10) or injected with rAAV9 (MIþ rAAV9; n¼ 11) and then administered Vehicle (MIþ rAAV9þVehicle; n¼ 10) or SEN195 (MIþ rAAV9þ SEN195;
n¼ 6). In the same experimental group: (B–D) quantification of LV infarct scar size (independent Student’s t-test); (E, F) Visualization of arterioles by immu-
nohistochemistry in the LV border and remote zone (brown, a-SMA-positive cells). (G, H) Quantification of arteriolar density (MIþ rAAV9þVehicle;
n¼ 7; two-way ANOVA followed by Bonferroni post hoc test). Values are expressed as means6 SEM. *P< 0,05; **P< 0.01.
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..ischaemic microenvironment.36 It is known that the activation of canon-
ical Wnt signalling by oxidative stress causes endothelial dysfunction,37

which hampers the post-ischaemic angiogenesis38 and promotes nega-
tive myocardial remodelling processes in humans39 and in animal mod-
els6,26–30,40 of post-ischaemic heart failure. These results provide
further evidence that the canonical Wnt/b-catenin pathway activation
exerts a negative impact on post-infarct cardiac remodelling.

Other authors have determined the Wnt/b-catenin pathway acti-
vation state using standard reporter genes identifiable only by histo-
logical analysis, ex vivo, and by methods, such as optical imaging, that
cannot assess organ function in vivo.15,9 A clear advantage of the
approach utilized in our study is the possibility to non-invasively
detect molecular changes, in vivo, while simultaneously assessing
cardiac chambers with the gold standard imaging technology for
quantitative measurements of morphology and function.41 In partic-
ular, it may prove helpful for non-invasive characterization of phe-
notypic changes in selected cardiac regions during activation or
inhibition of canonical Wnt pathway in response to various stimuli
or aging. Moreover, our reporter gene technology will possibly be a
tool to assess the efficacy of new Wnt inhibitors/activators in mod-
ulating myocardial remodelling at different stages, as well as to eval-
uate the effects of pro-regenerative therapies on the canonical Wnt
pathway activity, even in large animal models. We have previously
shown that the hFTH MRI reporter gene is similarly valuable for
in vivo tracking of stem cells implanted in infarcted rat hearts.6

4.1 Limitations
In this study, for the first time, we provided the proof of concept that a
molecular probe constituted by hFTH gene under the control of a b-catenin-
responsive promoter can be utilized for MRI detection of the canonical Wnt/
b-catenin pathway activation or repression. Further work will be necessary
to test the reliability of this methodology for tracking changes over the entire
evolution of post-infarct remodelling or under other physiological and patho-
logical conditions. Secondly, we utilized SEN195, a tankyrase inhibitor, to ver-
ify whether the hFTH reporter gene signal could be muted when Wnt/b-
catenin pathway activation was blocked after infarction. By doing so, we could
also document a marked beneficial effect of SEN195 administration; however,
specifically designed studies will be necessary to deeply characterize the ther-
apeutic actions of this b-catenin inhibitor on infarcted hearts.

5. Conclusions

We developed a novel TCF/Lef promoter-hFTH construct that displays
satisfactory MRI reporter gene properties for in vivo detection of the can-
onical Wnt/b-catenin/TCF activation state in response to cardiac injury
and therapeutic interventions. This technology, based on clinical
standard MRI and adaptable to other pathways by varying the specific
promoter, can potentially prove a powerful tool for the combined, non-
invasive evaluation of molecular and morpho-functional alterations char-
acterizing many cardiac pathophysiological conditions.

Supplementary material

Supplementary material is available at Cardiovascular Research online.
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