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 Accepted 20 April 2016 The in vivo reparative potential of Cardiac Stem Cells (CSC), cultured from explanted failing hearts (E-),
is impaired by cellular senescence. Moreover, E-CSC are characterized, with respect to CSC obtained
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from healthy donors (D-), by an arrest in the autophagic degradation. Although the lysosome plays a
pivotal role in cellular homeostasis and defects of this organelle may be associated with aging and
heart failure, the lysosomal function of CSC has never been investigated. The aim of this work was to
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focus on the Lysosomal Compartment (LC) of E-CSC, evaluating elements that could jeopardize lyso-
some functionality.
Methods and results: Bioinformatics analysis conducted on genes differentially expressed between
D- and E-CSC identified lysosomal-related gene sets as significantly enriched. Moreover, 29 differential-
ly expressed genes were part of CLEAR (Coordinated Lysosomal Expression and Regulation) gene net-
work, by which Transcription Factor EB (TFEB) regulates cellular clearance. Consistently, live cell
imaging and flow cytometry analyses showed that the lysosomes of E-CSC are less acidic than the D-
CSC ones. Furthermore, confocal microscopy showed in E-CSC: an accumulation of intralysosomal
lipofuscins, a reduction of cathepsin B activity, evidence of lysosome membrane permeabilization,
and the reduction of the nuclear active TFEB. The use of Rapamycin (TORC1 inhibitor) was able on
one hand to increase TFEB activation and, on the other hand, to reduce lipofuscin mass, potentiating
the lysosomal functionality.
Conclusions: This study demonstrated for the first time that E-CSC are characterized by a blunted
activation of TFEB and an altered proteostasis. TORC1 hyperactivation plays a central role in this
phenomenon.
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[1]. Increasing evidence shows a cause–effect correlation among cellular
senescence, aging, and cardiovascular disease, including heart failure
(HF) [2]. This correlation involves human Cardiac Stem Cells (CSC)
too. Indeed, we recently demonstrated that senescent CSC isolated

form of autofluorescent pigments (lipofuscins), which are hardly
degraded by the lysosomal hydrolases. The age-related deposition of
lipofuscin progressively reduces degradative potential of lysosomes, re-
ducing their ability to fuse with autophagosomes, thus impairing the

Explanted patients Controls p

Sample size (n) 13 14
Age (years)* 64 ± 7 49 ± 11 b0.0001
Sex (male/female) 11/2 7/4 N.S.
Heart weight (g)* 519 ± 88 – –
Inner LV diameter (cm)* 10 ± 95 – –
External transverse diameter (cm)* 13 ± 0.9 – –
Inner longitudinal LV diameter (cm)* 10 ± 0.9 – –
Anterior LV thickness (cm)* 1.1 ± 0.6 – –
Lateral LV thickness (cm)* 1.2 ± 0.3 – –
Posterior LV thickness (cm)* 0.9 ± 0.5 – –
Septum thickness (cm)* 1.0 ± 0.4 – –

Summary of the main demographic characteristics of the 27 subjects whose hearts were
included in the study. For the explanted patients, anatomical data of the explanted organs,
collected by an expert pathologist at the time of transplantation, are also provided. The
column p indicates the significance of the comparison of age and gender distributions
between patients and controls.
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from explanted ischemic hearts (E-CSC) are unable to protect in vitro
rat adult cardiac myocytes, exposed to Simulated Ischemia/Reoxygena-
tion (SI/RO), from apoptosis and senescence. When compared with
healthy donor heart-derived CSC (D-CSC), E-CSC are characterized by
a blunted ability to stimulate a reparative healing of the infarcted
mouse heart [3]. By analyzing the molecular pathways connected with
CSC senescence, we found, inter alia, that the hyperactivation of the
mTOR Complex 1 (mTORC1), followed by a block in the autophagic
flux, plays a crucial role in the dysfunction of E-CSC [3]. However, the
specific contribution played by the Lysosomal Compartment (LC) in
the senescence of this cell type has not been elucidated yet.

The LC is considered to be the final destination of every intracellular
degradative pathway (i.e. autophagy, endocytosis, and phagocytosis),
with the only exception of the ubiquitin-proteasome system [4]. Lyso-
somes are eukaryotic, membrane-enclosed, organelles, containing more
than 80 different acid hydrolases (i.e. proteases, lipases, nucleases, glyco-
sidases, phospholipases, phosphatases and sulfatases) that are able to
degrade an array of biological polymers at an optimal pH of 4.5. This latter
is guaranteed by proton pumps (vacuolar ATPase) that reside in lysosom-
al membranes and is responsible for maintaining the concentration of
intralysosomal H+ 100-fold higher than that of cytosol [4,5]. Besides the
degradation, lysosomes are also responsible for other relevant activities
including: programmed cell death [6] and exocytosis. This latter is useful
to eliminate toxic substances from the cell [7], to release cellular products
such as cytokines [8], and to repair the plasmamembrane in both normal
and pathological conditions [9].

Given that the cellular needs of lysosomal activity significantly
change as a function of variables such as the tissue type, the organism
age, and the environment, many lysosomal genes exhibit coordinated
behavior and are regulated by Trascription Factor EB (TFEB) [10]. This
latter is one member of the microphthalmia Transcription Factor (Mit/
TFE, subfamily of transcription factors basic Helix–Loop–Helix, bHLH,
leucine zipper) family, and is a master gene that positively regulates
genes belonging to the CLEAR (Coordinated lysosomal Expression and
Regulation) network targeting, among others, genes encoding for lyso-
somal hydrolases, lysosomal membrane proteins and components of
the vacuolar H+-ATPase (V-ATPase) [10]. To date, 471 genes are identi-
fied as TFEB direct targets and represent essential components of the
CLEAR network [11]. The study of the functional meaning of these
genes clarified that TFEB, through the CLEAR network, regulates lyso-
somal biogenesis, lysosomal degradation proficiency, autophagy, and
other lysosomal-related functions, such as exocytosis, endocytosis,
phagocytosis and immune response [11]. In this manner TFEB controls
all the paths in which lysosomes are involved in cellular clearance [7,
10,11,12,13]. TFEB participates also to a lysosome adaptation mecha-
nism that enables cells to respond both to nutrient conditions and to
lysosomal stress by interacting with mTORC1 on the lysosome mem-
brane. Indeed, in the absence of lysosomal stress and in nutrient rich
conditions, activated mTORC1 is recruited to the lysosome surface,
where it transiently binds to and phosphorylates TFEB, inhibiting its
nuclear translocation [14].

Growing evidences report that animal health- and life-span are re-
lated to the ability of organisms to respond to stress [15]. Specifically
the capability of cells to prevent senescence depends on their efficiency
in avoiding the accumulation of damaged macromolecules and organ-
elles and so, on their LC [16]. In line, a defect in the Lysosomal Associated
Membrane Protein 2 (LAMP2) is characterized bymuscle weakness and
cardiomyopathy in mice and Danon disease in patients [17]. Moreover,
aging is accompanied by a reduced renewal of cardiomyocytes due to a
reduction in both the differentiation of stem cells into cardiacmyocytes,
and in the division of these latter [18,19]. As a result, undigested lipids,
metals, and oxidativelymodified proteins accumulate in the cells, in the
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autophagic flux [20]. Specifically, aged, lipofuscin-rich cardiac myocytes
become overloaded with damaged mitochondria, leading to increased
oxidative stress, apoptotic cell death, loss ofmyocardial tissue, andfinal-
ly development of HF [21]. As a consequence, the proper operation of LC
appears to be crucial in the progression of aging.

For the reasons described above, the aim of the present study was
firstly, to monitor the efficacy of LC in senescent CSC isolated from
end-stage failing hearts. After the demonstration that a dysfunctional
LC characterized these cells, we identified the causes of this dysfunction
and finally tested a drug-based strategy to interfere with them.

2. Materials and methods

2.1. Patient enrollment and ethical approval

In this study, patients with end-stage heart failure (Stage D AHA
classification)whounderwent cardiac transplantation, at theUniversity
Hospital of Udine, were enrolled as in [3].

The studywas approved by the Ethics Committee of Udine (2August
2011, reference number 47831) in accordance with the Declaration of
Helsinki andwritten informed consentwas obtained fromeach enrolled
patient.

2.2. CSC isolation, culture and treatment

Atrial samples were collected both from donor hearts (n = 14) and
from explanted hearts (n=13) of ischemic patients undergoing cardiac
transplantation at the University Hospital of Udine. Table 1 summarizes
the demographic and anatomic characteristics of enrolled subjects.

Human CSC were isolated, as in [22,23]. Specifically, atrial samples
were first minced with a scalpel. Subsequently, myocardial fragments
(≈1 mm3 in size) were enzymatically dissociated incubating them in
a 0.25%Collagenase type II solution (Worthington Biochemical Corpora-
tion) in Joklik modified Eagle's Medium (Sigma-Aldrich) for 15–20 min
at 37 °C. The enzyme activitywas stopped by the addition of 0.1% bovine
serum albumin (BSA, Sigma-Aldrich) solution in Joklik modified Eagle's
Medium (Sigma-Aldrich). The cell suspension was first centrifuged at
100 g for 1 min to remove myocytes and subsequently at 500 g for
5 min. The resuspended pellet was filtered through a pre-wet strainer
whose pore size is 40 μm (BD Falcon). The filtered suspension was cen-
trifuged at 500 g for 5min. Pelleted cells were finally plated at a concen-
tration of 1.5 ⋅106 in a 100-mm dish and subcultured as in [3]. All the
experiments were done at the fourth passage in culture.

Table 1
Demographic and anatomical data of the 27 enrolled subjects. *Data are expressed as
mean ± SEM. LV = left ventricle. N.S. = not significant.



For the pharmacologic treatment, E-CSC were exposed to 10 nM
Rapamycin for three days. As a control, cells were treated with the
vehicle alone (dimethyl sulfoxide, DMSO, Sigma-Aldrich). Vehicle-

treated and drug-treated cells were then switched for 24 h to a
drug-free medium and subsequently properly assayed in the
in vitro experiments.
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Fig. 1. Bioinformatic analyses of genes differentially expressed by D- and E-CSC. Enriched path
graphically represent the results of enrichment tests for the differential expressed genes i
(a logarithmic transformation of the p value calculated with default parameters in the core an
number of differential expressed genes belonging to each specific pathway is also reporte
illustrates a modified version of the Protein processing in Lysosomal Pathway and blue rectangl
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ways for the differential expressed genes in the D- and E-CSC comparison (A). Bar-plots
n the D- and E-CSC comparison; the length is proportionally to the enrichment score
alysis (Ingenuity pathway analysis) associated with the specific canonical pathway. The
d. KEGG Map of Protein Processing in Lysosomal Pathway – ko04142 – (B). The map
es underline genes that are differentially expressed between E-CSC compared with D-CSC.



2.3. Transcriptional profile and functional annotation analysis

The transcriptional profile of CSC obtained from age- and sex-
matched donor and explanted hearts (n = 4 each) were analyzed

2.5. Fluorescence imaging

Vital staining of CSCwith 75nMLysoTracker RedDND-99 (Life Tech-
nologies), or 1 μMAcridine Orange (Sigma-Aldrich), was performed in-
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using LNCIB 28K cDNA microarray slides (supporting 28,000 cDNA
clones). Original gene expression data obtained in [2] was integrated
with a newpair of D- and E-CSC and reanalysed according to last version
of gene annotation (http://www.ncbi.nlm.nih.gov/gene). The differen-
tial gene expression between CSCs obtained from donor and explanted
hearts was established by functions and methods implemented in the
limma packages (R(version 3.1.2)/Bioconductor (version 3.0). Only
Genes that showed a significant (p b 0.05) expression difference of
at least 0.7 logarithmic fold change (lfc) between D- and E-CSC were
considered.

Differentially expressed gene lists were subjected to functional anal-
ysis using two different strategies: a) using the Core Analysis function
included in IPA (Ingenuity Pathway Analysis, QIAGEN Redwood City,
http://www.qiagen.com/ingenuity). The advantage of Ingenuity is that
it classifies the genes implicated in each function within sub-functions
directly linked to each molecule by bibliographic findings. Both up-
and down-regulated identifiers were defined as value parameters for
the analysis. After the analysis, generated networks, biofunctions and
the canonical pathways were ordered by the statically significance
score (− log.p-value). B) using the enrichment analysis methods
clusterProfiler [24] implemented in R(version 3.1.2)/Bioconductor
(version 3.0); the latter tool automates the process of biological-term
classification and the enrichment analysis of gene clusters. Specifically
clusterProfiler functions enrichGO and enrichKEGG were used to calcu-
late enrichment test for Gene Ontology [25] (GO), terms related to bio-
logical processes, molecular functions, and cellular components and
Kyoto Encyclopedia of Genes and Genomes (KEGG) [26] pathways;
the pathway shown in Fig. 1was createdmodifying the Lysosomal path-
way from KEGG obtained using Pathview (http://pathview.r-forge.r-
project.org/) [27] and integrating gene expression data. In order to fur-
ther support this findings we calculated and verified the enrichment for
a lysosome gene set (n = 170, hypergeomtetric test p b 0.005 Supple-
mentary Table S5) that we created using the advanced search function
in IPA (since a lysosome gene set is not present in the database).

To assess the presence of TFEB gene targets, R(version 3.1.2) envi-
ronment was used to match differentially expressed gene lists with a
list of 471 identified TFEB direct gene targets [11].

2.4. Flow cytometry analysis
Growing cultures of CSC were detached from the culture substrate
with TrypLE Express solution (Gibco — Life Technologies). Detached Images of immunofluorescently labeled cells were acquired with

cells were washed to discard the detaching agent, resuspended in
200 μl of calcium and magnesium free Phosphate Buffered Saline
(PBS) and then appropriately stained.

Lysosomal Compartment (LC) was evaluated, in terms of size
or functionality, incubating detached cells (1 × 105 cells) 2 h at
37 °C with 75 nM LysoTracker Red DND-99 (Life Technologies), or
15 min at 37 °C with 1 μM Acridine Orange (AO, Sigma-Aldrich), re-
spectively. Both the dyes were diluted in Opti-MEM (Life Technolo-
gies). After incubation, cells were washed, resuspended in 500 μl of
PBS and analyzed.

Cell analysis was carried out with a FACSCanto analyzer (Becton
Dickinson). Cells of interest were gated on the basis of their physical
parameters (SSC and FSC). Cell doubletswere gated out plottingfluores-
cence area vs. width. Mean fluorescence intensity was computed by di-
viding the mean fluorescence of labeled cells by the mean fluorescence
of the negative control. The number of different D-CSC and E-CSC lines
employed in each experiment is reported in the respective figure leg-
end. For each cell line, experiments were performed in duplicate and
at least 10.000 cells per replica were analyzed.

4

cubating living CSC at 37 °C with the specific dye for 2 h or 15 min,
respectively. Both the dyes were diluted in Opti-MEM (Life Technolo-
gies). After incubation, CSC were fixed for 20′ at room temperature
(RT), with PBS—4% (wt/vol) paraformaldehyde (PFA, Sigma-Aldrich).
Fixed cells were stained with 1 μg/ml of 4′, 6-diamidino-2-phenylindole
(DAPI, Sigma-Aldrich) diluted in PBS, or permeabilized 10 min at RT,
with PBS—0.1% (wt/vol) Triton-X 100 (Sigma-Aldrich) and then stained
with primary antibody as described below. We additionally performed
vital staining of CSC by incubating living cells with a 10 μM solution of
the pH sensitive dye Lysosensor Blue (ThermoFisher) in culture medium
for 2 h at 37 °C, 5%CO2. After incubation, cells were washed with sterile
PBS and analyzed with a Leica TCS SP2 Confocal microscope (Leica
microsystems) equipped with 63X water-immersion objective. Further-
more, Cathepsin B activity was assayed with the VIVAProbe lysosome
assay kit (VIVA Bioscience, UK), following the supplier's protocol. Briefly,
adherent cultures of CSC were incubated with diluted Cathepsin B
substrate staining solution for 1 h at 37 °C, 5% CO2 in the dark,
washed with PBS and counterstained with 0.5% v/v Hoechst 33342
for 10min at 37 °C. At the end of the staining procedure, imageswere col-
lected employing a Leica DMI 6000B live cell imaging setup (Leica
microsystems) equipped with a 63X oil-immersion objective (numerical
aperture: 1.40).

For immunofluorescence analyses, cultured cells, fixed with
PBS—4% (wt/vol) PFA and permeabilized with PBS—0.1% (wt/v)
Triton-X 100, were incubated with the following antibody or combi-
nation of antibodies: anti-LAMP-2 to mark lysosomes; anti-Galectin
3 in combination with anti-LAMP-2 to evaluate damaged lysosomal
membranes; anti-TFEB to evaluate transcription regulation of CLEAR
gene network. Cells were then incubated with the appropriate la-
beled secondary antibody/ies. Nuclei were finally counterstained
by DAPI. All the information concerning antibodies used, their dilu-
tion, incubation time and temperature are reported in supplementa-
ry Table S1.

The number of different D-CSC and E-CSC lines employed in each
experiment is reported in the respective figure legend. For each cell
line, experiments were performed in duplicate and at least 200 cells
per replica were analyzed.

2.6. Immunofluorescence, confocal imaging, quantitative analysis of fluo-
rescence, and spectral analysis
a Leica TCS SP2 Confocal microscope (Leica microsystems) equipped
with 63X oil-immersion objective (numerical aperture: 1.40).
Scrupulous care was taken to keep constant all the acquisition pa-
rameters. A quantitation of the total fluorescence of lysosomal
lipofuscin, lysosomal Galectin 3 and nuclear TFEB stainings were ob-
tained employing ImageJ software [28]. A threshold was applied to
LAMP-2 or DAPI images both to measure colocalization areas and
to create a mask to measure the average intensity of lipofuscin auto-
fluorescence or TFEB fluorescence. Lipofuscin and TFEB Integrated
Fluorescence Intensity (IFI) was computed for each LC or nucleus
multiplying each involved area for the respective mean gray value
of lipofuscinor TFEB respectively. Regarding Galectin-3 punctae, we
quantified the fraction of cells characterized by the presence of co-
localization of Galectin-3 and LAMP2.

Autofluorescence emission spectra of lipofuscins were evaluated
performing a ʎ-scanning by confocal microscopy. Unstained samples
were excited with a laser emitting at ʎ = 514 nm. Fluorescence emis-
sion was sampled collecting images between 528 nm and 688 nm
with a step of ≈5 nm.

http://www.ncbi.nlm.nih.gov/gene
http://www.qiagen.com/ingenuity
http://pathview.r-forge.r-project.org
http://pathview.r-forge.r-project.org


The number of different D-CSC and E-CSC lines employed in each ex-
periment is reported in the respective figure legend. For each cell line,
experiments were performed in duplicate and at least 200 cells per rep-
lica were analyzed.

3. Results

3.1. E-CSC transcriptome is deficient in lysosomal network mRNAs
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Adobe Photoshop software was utilized to compose, overlay the im-
ages and to adjust contrast (Adobe).

2.7. Western blotting
Whole-cell extract proteins were obtained by lysis of the cells
in Radio-Immunoprecipitation Assay Buffer (NaCl 150 mM, 25 mM

symbol GeneId

ATP6V1B2 526 ATPase, H+ transporting, lysosomal 56/58 kDa, V1 subunit B2
BSG 682 Basigin (Ok blood group)
CAMKK1 84254 Calcium/calmodulin-dependent protein kinase kinase 1, alpha
CHAF1A 10036 Chromatin assembly factor 1, subunit A (p150)
CLCN7 1186 Chloride channel, voltage-sensitive 7
DIP2B 57609 DIP2 disco-interacting protein 2 homolog B (Drosophila)
DLX2 1746 Distal-less homeobox 2
DPP7 29952 Dipeptidyl-peptidase 7
EEF1A1 1915 Eukaryotic translation elongation factor 1 alpha 1
GSTO1 9446 Glutathione S-transferase omega 1
KCNAB2 8514 Potassium voltage-gated channel, shaker-related subfamily,

beta member 2
LZTS2 84445 Leucine zipper, putative tumor suppressor 2
MAX 4149 MYC associated factor X
NAGLU 4669 N-acetylglucosaminidase, alpha
PLD3 23646 Phospholipase D family, member 3
RAD23A 5886 RAD23 homolog A (S. cerevisiae)
RNF146 81847 Ring finger protein 146
RNF185 91445 Ring finger protein 185
SDF4 51150 Stromal cell derived factor 4
SLC31A2 1318 Solute carrier family 31 (copper transporter), member 2
Tris–HCl, pH 7.6, 1% IGEPAL, 0.1%SDS, 1% SodiumDeoxycholate,
1 mM dithiothreitol, 1 mM Na2 VO4, 1 mM Sodium Fluoride, 0.5 mM
Phenylmethanesulfonyl fluoride, Protease Inhibitor Cocktail, all from
Sigma) for 40min on ice and centrifugation at 10,000g, 15′ at 4 °C. The su-
pernatants containing proteins extract were collected. Nuclear and cyto-
plasmic fractionation was performed by a modification of the method
described previously [29]. Briefly, cells were trypsinized and washed
twice in ice-cold PBS and lysed on ice for 15 min in cytoplasmic lysis
buffer (10 mM HEPES, pH 7.9, 50 mM NaCl, 0.5 M Sucrose, 0.1 mM
EDTA, 0.5% Tryton, 1 mM dithiothreitol, 1 mM Na2 VO4, 1 mM Sodium
Fluoride, 0.5 mM Phenylmethanesulfonyl fluoride, Protease Inhibitor
Cocktail, 17.5 mM β-glycerophosphate, all from Sigma). Nuclei were
pelleted by centrifugation (2000 rpm, 10′ at 4 °C), and the supernatant,
containing the cytoplasmic/membrane extract, cleared centrifuging at
14,000 rpm, 15′ at 4 °C.

Nuclear pellet was washed by centrifugation, at 2000 rpm for 10′ at
4 °C, in 10 mMHEPES, pH 7.9, 10 mMKCl, 0.1 mM EDTA, 0.1 mM EGTA,
1mMNa2 VO4, 1 mM Sodium Fluoride, 0.5mMPhenylmethanesulfonyl
fluoride, Protease Inhibitor Cocktail (all from Sigma). Nuclei were lysed
by vortexing for 30 min at 4 °C in nuclei lysis buffer (10 mM HEPES,
pH 7.9, 500 mM NaCl, 0.1 mM EDTA, 0.1 mM EGTA, 0.1% IGEPAL,
1 mMNa2 VO4, 1 mM Sodium Fluoride, 0.5mMPhenylmethanesulfonyl
fluoride, Protease Inhibitor Cocktail, all from Sigma) and centrifuged at
14,000 rpm, 10′ at 4 °C. The supernatant, containing the nuclear extract,
was collected. Protein concentration of cytoplasmic andnuclear extracts
was measured by BCA protein assay (Biorad). For Western blotting,
30 μg of proteins were separated by SDS-PAGE, transferred and
immobilized on a nitrocellulose membrane 0.45 μm (Amersham).
Membranes were blocked for 1 h at room temperature, with 5% non
fat milk or 5% Bovine Serum Albumin in TBS (Tris–HCl 50 mM, pH 7.4,
NaCl 150 mM) containing 0.2% Tween 20 and hybridized overnight at
4 °C, with either: rabbit polyclonal to TFEB (Abcam, ab96834; 1:500),
mouse monoclonal to LAMP2 (Abcam, ab25631; 1:250), rabbit poly-
clonal to Fibrillarin (Abcam, ab5821; 1:1000), and rabbit polyclonal to
Actin (Sigma, a2066; 1:2000). Primary antibodies were detected using
horseradish peroxidase-linked anti-mouse or anti-rabbit secondary an-
tibodies (DAKO, Cambridge, UK) and visualized using the enhanced
chemiluminescent detection system (SuperSignal West Dura Extended
Duration Substrate, Thermo Scientific).

2.8. Statistics
Characteristics of the study population are described using mean ±
standard deviation while results regarding CSC assays are shown as SSR3 6747 Signal sequence receptor, gamma (translocon-associated

protein gamma)
TACC2 10579 Transforming, acidic coiled-coil containing protein 2
TAGLN2 8407 Transgelin 2
TBK1 29110 TANK-binding kinase 1
TMEM8A 58986 Transmembrane protein 8A
UBA52 7311 Ubiquitin A-52 residue ribosomal protein fusion product 1
UBE4B 10277 Ubiquitination factor E4B
WDR45 11152 WD repeat domain 45
ZC3H11A 9877 Zinc finger CCCH-type containing 11A

Summary of the 29 genes that are target of TFEB whose expression is down regulated in
E-CSC.
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median, 10th and 90th percentile. Data were analyzed for normal
distribution by Kolmogorov–Smirnov test. Fisher's exact test was
used to compare proportions. Two-tailed unpaired t-test or Mann–
Whitney test, as appropriate, was used to compare continuous
variables between two independent groups. Drug-treatment assays
were analyzed by two-tailed paired t-test or Wilcokson matched
pairs test, as appropriate. Probability values (p) less than 0.05 were con-
sidered significant. Analyses were conducted with Prism, version 4.0c
and SPSS20 for Macintosh software.
With the aim to identify transcriptomic imbalances associated with
the lysosomal network, the CSC's transcriptional profiles data, showed
in [2], were integratedwith a newpair of D- and E-CSC and analyzed ac-
cording to the last version of gene annotation (http://www.ncbi.nlm.
nih.gov/gene). This study enabled the identification of genes differen-
tially expressed between the two classes of CSC (B.H p b 0.05; supple-
mentary Table S2) To understand the biological meaning of the
transcriptomic analysis results, the functional annotations of differently
expressed gene lists were examined with Ingenuity Pathway analysis
(IPA). Both up- and down-regulated identifiers were defined as value
parameters for the analysis. After the analysis, generated biological
functions and the canonical pathwayswere ordered by the statically sig-
nificance score (− log.p-value). In this case biological pathways that
were related to the term “lysosome” were very significant. In fact the
most enriched canonical pathway overall was “Caveolar-mediated
Endocytosis Signaling” and other elements, such as “phagosomematura-
tion and formation” and “Clathrin-mediated Endocytosis Signaling”, were
strongly enriched (Fig. 1A and supplementary Table S3). We obtained
similar results in the KEGG pathway analysis using Clusterprofiler tool
(Table S4). At the gene level, genes associated with lysosomal pathways
(ADA, CTSK, CTSL, DAB2, FNBP1, MLC1, TMEM9, DPP7, LUM, ASAH1,
OCA2, CTSA, WDR48, TCN2, GPR137B, USP5, CAT) were down regulated
in the transcriptome of E-CSC (Fig. 1B). We then created a Lysosome
gene set (Table S5, n = 170) performing an automated literature search
using IPA and we confirmed the statistical association between the tran-
scriptional program of E-CSC and this gene set (Fisher's exact test,
p b 0.005). Intriguingly, other pathways that are predicted as inactivated
and are related with cardiac pathology were “Role of NFAT in Cardiac
Hypertrophy”, “Protein Kinase A Signaling” and “Cardiac Hypertrophy

Table 2
LIST of 29 genes, direct target of TFEB, that are down-regulated in E-CSC.

Gene Entrez Gene name

http://www.ncbi.nlm.nih.gov/gene
http://www.ncbi.nlm.nih.gov/gene


Signaling”. At the same time “PPARα/RXRα Activation”, “TWEAK signal-
ing” and “TNFR1 signaling”were activated (see Table S3).

Since growing evidences report that Transcription Factor EB (TFEB)
plays an integrated control of cellular clearance pathways regulating

the presence of autofluorescent intracellular inclusions showing the typ-
ical emission spectrum of lipofuscins (that peaks at 580–600 nm [32],
Fig. 4). Moreover, we demonstrated that this pigment is significantly
more abundant in the lysosomes of E-CSC (Fig. 5A–C). Subsequently, we

Next, we investigated whether a pharmacological treatment was
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the transcription of a set of genes known as CLEAR gene network, the
presence of validated targets of TFEB [11] was evaluated among the
E-CSC down-regulated genes. This investigation revealed 29 genes,
less expressed in E-CSC, that are part of the CLEAR network (Table 2).

Altogether, these results indicate that CSC obtained from failing
hearts were characterized by an altered regulation of a gene set in-
volved in cellular clearance processes linked with lysosomes.

3.2. The function of the E-CSC's Lysosomal Compartment is weakened

In order to evaluate the function of CSC's lysosomes, we first
assessed the pH of these organelles by employing both a fluorescent
pH indicator (i.e. the LysoSensor Blue DND-167 that is almost non-
fluorescent except when inside acidic compartments) and Acridine
Orange – AO – (i.e. a metachromatic dye that displays a red fluores-
cence in acidic lysosomes, while it shifts towards green as a consequence
of a rise of lysosome pH) [30]. Confocal analysis of Lysosensor vital
staining showed that the blue fluorescence of D-CSC was more
than five-fold more intense than the E-CSC one (Fig. 2A–C). These
data were further corroborated quantitating the red emission of
AO by flow cytometry (Fig. 2D, E).

In order to exclude that the observed difference in the fluorescence
intensity of lysosomes was due to a difference in the lysosomal mass,
we analyzed CSC employing both LysoTracker Red DND-99 vital stain-
ing and Western Blotting (WB) for Lysosomal Associated Membrane
Protein 2 (LAMP2). Neitherflow-cytometry (Fig. 3C, D) norWBanalyses
(Fig. 3E, F) showed significant differences in terms of LC size.

Signs of an altered lysosomal functionwere studied in depth by eval-
uating: the presence of both intra-lysosomal lipofuscins, the activity of
Cathepsin B, and evidence of lysosomal membrane permeabilization,
such as the formation of Galectin 3 punctae [31]. To this aim, we first doc-
umented, by spectral analysis performed through confocal microscopy,
Fig. 2. Lysosomal Functionality Assay in CSC. Representative confocal images of cultured D-CSC
Bar graph in C displays the fold change in the Integrated Fluorescence Intensity (IFI) of E-CSC
cultured D- (n = 7) and E-CSC (n = 5) analyzed after incubation with Acridine Orange (AO).
superimposed with control profiles of unstained cells (red histograms). Bar graph in E sum
Intensity (MFI) of red emission from cells stained with AO. In bar graphs (C, E) data are presen
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demonstrated that, with respect to D-CSC, E-CSC are characterized by: a
significantly reduction of Cathepsin B activity, as evaluated employing a
vital fluorescent assay (Fig. 5D–F), and a significant increase in the pro-
portion of cells with lysosomal permeabilization, as assessed by the pres-
ence of Galectin 3 punctae localized to lysosomes. (Fig. 5G–I).

Since eukaryotic cells rely on the master regulator Transcription
Factor EB to promote the clearance of lysosomes [7], the activation
status of TFEB was evaluated. Confocal microscopy and WB analyses
demonstrated that the amount of nuclear activated TFEB is significantly
higher in D-CSC with respect to E-CSC (Fig. 6).

Altogether these results suggest that CSC isolated from failing
explanted hearts are characterized by a compromised LC and, as a con-
sequence, by reduced digestive potential.

3.3. mTORC1 inhibition restores the function of E-CSC's Lysosomal
Compartment
able to counteract the described lysosomal network impairments.
With this intent, Rapamycin was employed because of its recently re-
ported effectiveness in contrasting senescence, reactivating E-CSC's au-
tophagic flux by reducing mTORC1 hyperactivation [3]. Specifically the
same drug treatment conditions used in [3] were followed. A three-
day treatment with 10 nM Rapamycin was able to potentiate the LC
functionality, as suggested by the significant increase of both lysosomal
acidity (Fig. 7A–C), and Cathepsin B activity (Fig. 7D–F). Drug treatment
was additionally associated with a trend towards increased levels of
LAMP2 (Fig. 7 G,H). Moreover, data obtained from confocal images
demonstrated that the single dose therapy was able to downsize the
mass of lipofuscin (Fig. 7I–K) as well as the fraction of cells character-
ized by Galectin-3 punctae (Fig. 7L–N).
(A) and E-CSC (B) stained by the fluorescent vital pH indicator LysoSensor Blue DND-167.
(n = 5) with respect to D-CSC (n = 5). D: representative Flow-Cytometry histograms of
The red florescence emission of AO stained cells is reported by green histograms that are
marizes quantitative Flow-Cytometry results that are expressed as Mean Fluorescence
ted as median, 10th and 90th percentile, crosses indicate means. * p b 0.05 vs D-CSC.



Fig. 3. Evaluation of Lysosomal Compartment Size in CSC. Representative confocal images of D-CSC (A) and E-CSC (B) lysosomes, stained by LysoTracker RedDND-99 (red) and pointed out
by arrows. Nuclei are shown by the blue fluorescence of DAPI. C: representative Flow-Cytometry histograms of cultured D- (n = 7) and E-CSC (n = 5) analyzed after incubation with
LysoTracker Red DND-99. The red florescence emission of stained cells is reported by green histograms that are superimposed with control profiles of unstained cells (red histograms).
Plots in D summarize quantitative Flow-Cytometry results that are expressed as Mean Fluorescence Intensity (MFI) of red emission from cells stained with LysoTracker Red DND-99.
Data are presented as median, 10th and 90th percentile, crosses indicate means. E: Representative Western blots of cell extracts obtained from three D-CSC (D1, D2 and D3) and three
E-CSC (E1, E2 and E3). Blotted proteins were incubated with antibodies directed against LAMP2 and actin. Histograms in F show the results of the densitometric analyses (n = 5 D-
and 5 E-CSC) expressed as fold change with respect to D-CSC. Data are presented as median, 10th and 90th percentile, crosses indicate means. *p b 0.05 vs D-CSC.

Fig. 4. Spectral analysis of Lipofuscin. Confocal images showing the accumulation of autofluorescent intracellular granules in E-CSC (A). Nuclei are shown by the blue fluorescence of DAPI.
Autofluorescence emission spectra of lipofuscins were evaluated performing a ʎ-scanning by confocal microscopy, exciting unstained cells at ʎ = 514 nm and collecting emitted
fluorescence, between 528 nm and 688 nm, every ≈5 nm (B). Fluorescence emission spectra, evaluated both in autofluorescent (red lines) and non-autofluorescent cells (gray lines),
showed a typical emission peak at about 580–600 nm (C).
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Last, quantitative measurement of nuclear Trascription Factor EB
proved that the active form of TFEB was significantly higher in drug-
treated E-CSC compared to Vehicle-treated ones (Fig. 7O–Q).

Altogether these results suggested that the conditioning of E-CSC for

and transcription factor related biological themes. These data sup-
port the notion that the milieu (i.e. that of a failing heart) conditions
their gene expression profile, possibly by epigenetic alterations. In
line with our data, a recent work by Vecellio and colleagues demon-

Fig. 5. Lysosomal Level of Lipofuscin, Cathepsin B activity and presence of Galectin 3 punctae in CSC. (A–C) Lipofuscins. Representative confocal images of cultured D-CSC (A) and E-CSC
(B) illustrating colocalization of lysosomes (marked by LAMP-2, red) with autofluorescent lipofuscins (green). Nuclei are shown by the blue fluorescence of DAPI. Split channel images of
the cells comprised in the squares are shown at a higher magnification in the right portion of each figure. The histogram in C summarizes the fold change in the lipofuscin IFI in the
Lysosomal Compartment of E-CSC (n = 5) with respect to D-CSC (n = 5). Data are presented as median, 10th and 90th percentile, crosses indicate means. *p b 0.05 vs D-CSC. (D–F)
Cathepsin B activity. Representative epifluorescence images of cultured D-CSC (D) and E-CSC (E) displaying the presence of a red fluorescent product expression of Cathepsin B
activity. Nuclei are depicted by the blue fluorescence of DAPI. The bar graphs in F display the fold change in cathepsin B activity of E-CSC (n = 4) with respect to D-CSC (n = 4). Data
are presented as median, 10th and 90th percentile, crosses indicate means. *p b 0.05 vs D-CSC. (G–I) Galectin punctae. Representative confocal images of cultured D-CSC (G) and E-CSC
(H) illustrating galectin 3 positivity (red fluorescence). Cells displaying galectin 3 punctae are indicated by arrows. Nuclei are shown by the blue fluorescence of DAPI. Split channel
images of the cells comprised in the squares are shown at a higher magnification in the right portion of each figure to display colocalization of lysosomes (marked by LAMP-2, green)
with galectin 3. The histogram in I summarizes the fraction of CSC presenting galectin 3 punctae. Data are presented as median, 10th and 90th percentile, crosses indicate means.
*p b 0.05 vs D-CSC.

147G. Gianfranceschi et al. / International Journal of Cardiology 216 (2016) 140–150
three days with 10 nM Rapamycin is effective in reversing their dys-
functional LC, thereby ameliorating their degradative potential.

4. Discussion

We have previously showed that, in CSC cultured from failing hearts
(E-CSC), cell senescence is paralleled by a block in autophagic activity.
Here, we newly investigated the causes of this autophagic flux arrest
by comparing the status of the lysosomal network in CSC obtained
from normal hearts (D-CSC) with that of E-CSC.

Bioinformatics analysis on the functional meaning of differentially
expressed genes underlined that CSC obtained from normal and
pathologic hearts are involved in: lysosomal related, junction relat-
ed, cytokine/external signaling related, signal transduction related
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strates that cardiac derived mesenchymal stem cells isolated from
diabetic hearts retain an epigeneticmemory of their diseased organ of or-
igin [33]. Interestingly, the expression of a subset of genes implicated in
protein degradation bypassing lysosomes are more expressed in E-CSC,
suggesting that a plausible compensatory mechanism is made necessary
by an inadequate lysosomal digestion. This latter is supported by the
fact that genes encoding for proteins, that are attributable to the structure
of lysosomes and other lytic vacuoles, or associated to the proteolysis pro-
cess are down-regulated in explanted cells. To complete the framework,
the involvement of Transcription Factor EB (TFEB) was considered,
given its centrality in controlling cellular clearance pathways, promoting
the transcription of a set of genes known as CLEAR (Coordinated Lyso-
somal Expression and Regulation) gene network [10,13]. The present
worknewlydiscovered 29TFEBdirect target genes that are less expressed



in failing heart derived-CSC, suggesting that TFEB is less active in E-CSC
than in D-CSC. The reduced activity of this transcription factor may, in
fact, account for the diminished transcription of lysosomal network
genes [14].

quantitationhas been considered a very sensitive assay to study the status
of lysosomes [35].

Moving from the above-described observations, the activation of
TFEB was investigated. This latter, in fact, promotes the clearance of

Fig. 6. Evaluation of Active Nuclear TFEB on CSC. Representative confocal images of cultured D-CSC (A), and E-CSC (B), after immunostaining with antibodies against TFEB (green), and
LAMP-2 (red). Nuclei are shown by the blue fluorescence of DAPI. Split channel images of the cells comprised in the squares are shown at a higher magnification in the right portion of
each figure. C: Representative Western blots of nuclear and cytoplasmic cell extracts obtained from two D-CSC (D1 and D2) and two E-CSC (E1 and E2). Blotted proteins were
incubated with antibodies directed against TFEB and the nucleolar protein fibrillarin. Histograms in D show the results of the quantitation of the IFI of TFEB within the nuclei of D-CSC
(n = 6) and E-CSC (n = 6). Data are presented as median, 10th and 90th percentile, crosses indicate means. *p b 0.05 vs D-CSC.
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The newly recognized transcriptome imbalances associated with
E-CSC's Lysosomal Compartment (LC) drove our research towards the
direct examination of lysosomal size and functionality. Interestingly,
our analyses, although excluding differences in terms of LC extension,
reported that lysosomes of CSC obtained from end-stage failing hearts
are less acidic and less functional. In order to corroborate this finding,
we evaluated the activity of Cathepsin B, and showed that it is depressed
in patient-derived CSC. Although the involvement of cathepsins in
cardiovascular disease is complex, cathepsin B has been shown to be
upregulated followingmyocardial infarction.Moreover, inhibition of ca-
thepsin B activity has been coupledwith fibrosis [34].To further validate
these functional differences in the LC, we assessed the amount of undi-
gested material, known as lipofuscin, that was accumulated within the
lysosomes, jeopardizing their digestive capability, and their fusion
with the autophagosomes [20]. Quantitatively, we showed that the
load of lipofuscin is more than 5-fold higher in lysosomes of E-CSC.
Furthermore we demonstrated that explanted CSC express also
higher level of lysosomal-localized Galectin 3 (Gal-3). This latter is
a lectin with high affinity for ß-galactosides, that is distributed
throughout both the cytoplasm and the nucleus. ß-galactose-con-
taining glycoproteins are localized only on the cell surface and in
the lumen of endocytic compartments, therefore they interact with
Gal-3 only as a result of endosomal membrane rupture. Recent data
have demonstrated that a re-localization of Gal-3 from the cytoplasm to
the Lysosomal Compartment (i.e. formation of galectin punctae) occurs
as a consequence of lysosome membrane permeabilization, therefore its
lysosomes, favoring their fusion with plasma membrane, in order to
remove their toxic content by exocytosis [7]. Consistently with gene
expression profile data, we demonstrated that the amount of nuclear
active TFEB is significantly lower in E-CSC, that are consequently less ef-
fective in cutting out their dysfunctional lysosomes.

Our subsequent aimwas, therefore, to develop a drug-based strategy
able to reverse the above-described alterations and boost LC functional-
ity. Given its ability to unblock E-CSC's autophagic flux by inhibiting the
TORC1 superactivation [3], the drug chosen for the E-CSC treatmentwas
Rapamycin. The effectiveness of our strategy in restoring the LC function
of explanted cells was underlined by: the restoration of the acidity of
lysosomes, the increase of cathepsin-B activity, the decreased load of
lipofuscin in lysosomes, and the restored nuclear localization of TFEB.
These results are in line with recent data obtained by Settembre and
colleagues, who demonstrated that mTORC1 inactivates TFEB by a tran-
sient interaction on lysosomal membrane [14].

Therefore TFEB, senescence, and mTORC1 may play the roles of the
Good, the Bad and the Ugly, respectively. Specifically, chronic stress and
inflammatory conditions, to which CSC resident in failing hearts have
to respond, push the cells towards a senescent phenotype, that is char-
acterized by a hyperactivation of mTORC1 [3]. This latter, in addition to
directly inhibit autophagy, also prevents the nuclear translocation of
TFEB, thus switching off its ability to orchestrate and promote the
degradation activity of the cell. As a consequence, both the biogenesis
of new lysosomes and the disposal of toxic substances by lysosomal
exocytosis are impaired. Because of this, waste materials accumulate



within the lysosome, generating lipofuscin that jeopardize its digestive
potential and inhibit its fusion with autophagosomes. As a result, the
autophagy-lysosome pathway and the cellular clearance mechanisms
decline, thus threatening protein homeostasis, and leading to new stress,
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inflammatory conditions and, as a consequence, to cell senescence and
aging [36]. Noteworthy, Rapamycin treatment interrupts upstream this
vicious cycle by inhibiting mTORC1 and is effective in restoring E-CSC's
LC functionality, awakening the digestive potential of these cells.

In conclusion, we show, in the present work, the central role played
by the lysosome in altering the biological properties of CSC, and in dic-
tating their complex senescent phenotype.
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doi.org/10.1016/j.ijcard.2016.04.155.
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