N

N

Cardiomyocyte intracellular cholesteryl ester
accumulation promotes tropoelastin physical alteration
and degradation: Role of LRP1 and cathepsin S.
Valérie Samouillan, Elena Revuelta-Lopez, Jany Dandurand, Laura Nasarre,

Lina Badimon, Colette Lacabanne, Vicenta Llorente-Cortés

» To cite this version:

Valérie Samouillan, Elena Revuelta-Lépez, Jany Dandurand, Laura Nasarre, Lina Badimon, et al..
Cardiomyocyte intracellular cholesteryl ester accumulation promotes tropoelastin physical alteration
and degradation: Role of LRP1 and cathepsin S.. International Journal of Biochemistry and Cell
Biology, 2014, vol. 55, pp. 209-219. 10.1016/j.biocel.2014.09.005 . hal-01112490

HAL Id: hal-01112490
https://hal.science/hal-01112490
Submitted on 3 Feb 2015

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-01112490
https://hal.archives-ouvertes.fr

http://dx.doi.org/10.1016/j.biocel.2014.09.005

Cardiomyocyte intracellular cholesteryl ester accumulation promotes
tropoelastin physical alteration and degradation
Role of LRP1 and cathepsin S

Valerie Samouillan®*, Elena Revuelta-L6pez®', Jany Dandurand?, Laura Nasarre?,
Lina BadimonP®, Colette Lacabanne?, Vicenta Llorente-Cortés”

3 Physique des Polymeéres, Institut Carnot, CIRIMAT UMR 5085, Université Paul Sabatier, Bat 3R1B2, 118 route de Narbonne, 31062 Toulouse Cedex 04,

France

b Cardiovascular Research Center, CSIC-ICCC, IIB-Sant Pau, Hospital de la Santa Creu i Sant Pau, 08025 Barcelona, Spain

Keywords:

VLDL

Tropoelastin

Cathepsin S

Intracellular cholesterol esters
Cardiomyocyte

Cardiac remodeling

ABSTRACT

Dyslipemia has a direct impact on cardiac remodeling by altering extracellular matrix (ECM) components.
One of the main ECM components is elastin, a proteic three-dimensional network that can be efficiently
degraded by cysteine proteases or cathepsins. Dyslipemic status in insulin resistance and combined
hyperlipoproteinemia diseases include raised levels of very low density lipoproteins (VLDL), triglyceride
(TG)-cholesteryl ester (CE)-rich lipoproteins. Enhanced VLDL concentration promotes cardiomyocyte
intracellular cholesteryl ester (CE) accumulation in a LRP1-dependent manner. The aim of this work was
to analyze the effect of cardiomyocyte intracellular CE accumulation on tropoelastin (TE) characteristics
and to investigate the role of LRP1 and cathepsin S (CatS) on these effects. Molecular studies showed that
LRP1 deficiency impaired CE selective uptake and accumulation from TG-CE-rich lipoproteins (VLDL + IDL)
and CE-rich lipoproteins (aggregated LDL, agLDL). Biochemical and confocal microscopic studies showed
that LRP1-mediated intracellular CE accumulation increased CatS mature protein levels and induced an
altered intracellular TE globule structure. Biophysical studies evidenced that LRP1-mediated intracellular
CE accumulation caused a significant drop of Tg2 glass transition temperature of cardiomyocyte secreted
TE. Moreover, CatS deficiency prevented the alterations in TE intracellular globule structure and on TE
glass transition temperature. These results demonstrate that LRP1-mediated cardiomyocyte intracellular
CE accumulation alters the structural and physical characteristics of secreted TE through an increase in
CatS mature protein levels. Therefore, the modulation of LRP1-mediated intracellular CE accumulation in
cardiomyocytes could impact pathological ventricular remodeling associated with insulin-resistance and
combined hyperlipoproteinemia, pathologies characterized by enhanced concentrations of TG-CE-rich
lipoproteins.

1. Introduction

the main extracellular matrix (ECM) proteins is elastin, a proteic
three-dimensional network that has a relatively long turnover and

Extracellular matrix components such as fibrillar collagen,
elastin, and proteoglycans play a wide variety of functions in the
cardiovascular system, not only in the mechanics of the blood
vessels but also in the heart (Fomovsky et al., 2010). One of
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half-life. In a situation of dyslipemia, vascular elastin suffers pro-
teolytic degradation through the action of several proteases (Augier
et al., 1997; O'Rourke, 2007; Fulop et al., 2012). Our group previ-
ously reported that, by inducing intracellular cholesteryl ester (CE)
accumulation in human vascular cells, dyslipemic concentrations of
LDL provoke crucial alterations in the molecular mobility of the sol-
uble precursor of elastin, tropoelastin (TE) (Samouillan et al., 2012).
Intracellular CE accumulation depends on the expression of low-
density lipoprotein receptor-related protein (LRP1), a receptor that
is essential for the uptake of aggregated LDL-CE by human vascular
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smooth muscle cells (hVSMC) (Llorente-Cortés et al., 2002, 2006)
and of very low density lipoprotein (VLDL) by HL-1 cardiomyocytes
(Caletal., 2012).

High plasma VLDL level is a prevalent characteristic in insulin-
resistance (Goldberg, 2001) and combined hyperlipoproteinemia
states (Jarauta et al., 2012). Perfusion of hearts with TG-enriched
lipopoproteins reproduces the metabolic abnormalities of myocar-
dial steatosis (Pillutla et al., 2005). Myocardial steatosis (Granér
et al,, 2013) and ECM remodelling (Hayden et al., 2006) are cru-
cial events in the cardiometabolic syndrome. Myocardial steatosis,
in particular, is considered an independent predictor of diastolic
dysfunction in diabetic patients (Rijzewijk et al., 2008). Few
studies have analyzed whether or how lipids alter ECM compo-
nents such as TE, in the myocardium. TE is a key determinant
of the response of the heart to mechanical stimulus (Gupta and
Grande-Allen, 2006). TE contains one-third glycine amino acids
(Sandberg, 1976) and several lysine derivatives that serve as cova-
lent cross-link between protein monomers (Foster et al., 1974).
Elastin is considered a three-dimensional network with 60-70
amino acids between two cross-linking points, with the alternation
of hydrophilic cross-linking domains and dynamic hydrophobic
domains with fluctuating turns, buried hydrophobic residues and
main-chain polar atoms forming hydrogen bonds with water
(Debelle and Tamburro, 1999; Li and Daggett, 2002; Floquet et al.,
2004; Tamburro et al., 2006). This peculiar molecular architecture
determines its elastic properties, insolubility and resistance to pro-
teolysis (Mecham, 1991). It is known that pathological conditions
such as acute ischemia (Sato et al., 1983) and pressure overload
(Henderson et al., 2007) promote elastic fiber disruption. Elastin
fragmentation causes plaque rupture and myocardial infarction
in a mice model of atherosclerosis (Van der Donckt et al. 2014).
Cathepsins (B, S, L and K) are cystein proteases with a high capacity
to degrade extracellular matrix proteins such as elastin and fibril-
lar collagens (Obermajer et al., 2008). An imbalance of cathepsins
and cystatins underlies myocardial remodelling associated with
dilated (Ge et al., 2006), ischemic (Sun et al., 2011) and hyper-
tensive cardiomyopathy (Cheng et al., 2006; Diez, 2010). We have
previously shown that Cathepsin S (CatS) is strongly increased in
lipid-loaded hVSMC and that these high CatS levels may contribute
to the strong capacity of lipid-loaded hVSMC to cause elastin frag-
mentation (Samouillan et al., 2012). Despite the potential role of
intracellular lipids on cardiac elastin and cardiac remodelling, the
effect of cardiomyocyte intracellular lipids on tropoelastin char-
acteristics is unknown. The aim of this work was to analyze the
effect of cardiomyocyte intracellular CE accumulation on the phys-
ical characteristics of tropoelastin (TE) and to investigate the role
of LRP1 and CatS on these effects.

2. Materials and methods
2.1. Cellular and molecular biology techniques

2.1.1. HL-1 cardiomyocyte cell culture

The murine HL-1 cell line was generated by Dr. W.C. Clay-
comb (Louisiana State University Medical Centre, New Orleans,
Louisiana, USA) and kindly provided by Dr. U Rauch (Charité-
Universitditmedizin Berlin). These cells show cardiac characteristics
similar to those of adult cardiomyocytes (Claycomb et al., 1998).
HL-1 cells were maintained in Claycomb Medium (JRH Biosciences,
Lenexa, KS, USA) supplemented with 10% fetal bovine serum
(FBS) (Invitrogen Corporation, Carlsbad, CA, USA), 100 WM nor-
epinephrine, 100 units/mL penicillin, 100 wg/mL streptomycin, and
L-glutamine 2 mM (Sigma Chemical Company, St. Louis, MO, USA)
in plastic dishes, coated with 12.5 pg/mL fibronectin and 0.02%
gelatin, in a 5% CO, atmosphere at 37 °C.

2.1.2. Zucker diabetic fatty rats

We purchased 7-week-old male ZDF (diabetic animals) and ZDFc
(control) rats from Charles River Laboratories (L’Arbresle Cedex,
France). Heart from these animals was obtained and immediately
frozen at —80°C. Different aliquotes of homogenized tissue were
used to perform lipidic, molecular and physical analysis.

2.1.3. Generation of LRP1-deficient cardiomyocytes

2.1.3.1. Design of LRP1 miRNA lentiviral vectors. Three miR RNAi
(XM_8531) sequences were designed to downregulate LRP1
(Accession number. XM_001056970) and cloned into pLenti6.4-
CMV-MSGW (Invitrogen). We also used previously described
(Cal et al., 2012) universal insert negative control (Invitrogen,
pcDNA™G6 2-GW/miR negative control).

2.1.3.2. Lentiviral particle production. Lentiviral particle production
was performed as previously described with some modifications
(Vilalta et al., 2009).

2.1.3.3. LRP1-deficient cardiomyocytes generation. Lentivirus stocks
and a negative control generated from the resulting constructs
were tittered by blasticidin selection. To generate a stock of LRP1-
deficient HL-1 cells, they were stably transduced with 10 MOI
lentivirus and maintained in a complete medium supplemented
with blasticidin (10 pg/mL) to select blasticidin-resistant colonies.
HL-1 cell clones with maximal LRP1 downregulation were selected,
grown with blasticidin and used in further experiments. Control
and LRP1-deficient HL-1 cardiomyocytes (i8531) were exposed to
VLDL+IDL or agLDL (1.8 mM cholesterol, 18 h) and harvested by
scraping in TriPure Reagent (Roche) for PCR and Western blot anal-
ysis.

2.1.4. Small interference RNA-mediated gene silencing of CatS in
HL-1 cardiomyocytes

To inhibit CatS expression in HL-1 cardiomyocytes, cells
were transiently transfected with annealed siRNA (siRNA-CatS)
(AM16708) synthesized by Life Technologies. A siRNA-random was
used as a negative control (Ambion AM 4636) in cellular trans-
fections. Quiescent HL-1 cells were transfected with siRNA by the
nucleofection technique using the Cell Line Nucleofector Kit L from
Amaxa (VCA-1005) according to the manufacturer’s instructions.
The final siRNA transfection concentration for siRNA-CatS was
0.6 wmol/L. After 48 h of transfection, cells were exposed to lipo-
proteins and harvested by scraping in TriPure Reagent (Roche) for
PCR and Western blot analysis.

2.1.5. Lipoprotein isolation and characterization

Lipoproteins were obtained from pooled sera of healthy nor-
molipemic donors who gave their written informed consent.
Only samples with a total cholesterol <5.2mmol/L and trigly-
cerides <1 mmol/L were pooled and frozen. Chylomicrons were
firstly separated by ultracentrifugation of human plasma at
100.000 x g for 30 min at 4 °C. TG-CE-rich lipoproteins (VLDL +IDL)
(d1.001-d1.019 g/mL) and LDL (dq g19-d1.063 g/ mL) were obtained by
sequential flotation ultracentrifugation for 20 h at 36,000 rpm at
4°C.

Lipoproteins used in the experiments were less than 24 h old
and have no detectable levels of endotoxin (Limulus Amebocyte
Lysate test, Bio Whittaker). AgLDL was prepared by vortex-
ing LDL in PBS at room temperature. The formation of LDL
aggregates by vortexing was monitored by measuring the
turbidimetry (absorbance at 680nm) as previously described
(Llorente-Cortés et al., 2002, 2004). Characterization of TG-CE rich
lipoproteins and agLDL including lipids (cholesterol, triglycerides
and phospholipids) and apolipoprotein B-100 (apoB) content was



performed by commercial standardized methods (Roche Diagnos-
tics, Switzerland; Wako Chemicals, Germany) adapted to a Cobas
¢501 autoanalyzer.

2.1.6. Lipid extraction and determination of cholesterol esters
(CE), triglycerides (TG) and free cholesterol (FC) content of
cardiomyocytes

Quiescent HL-1 cells (4 x 10% cells/cm?) were exposed to TG-
CE-rich lipoproteins (1.8 mM cholesterol) and agLDL (1.8 mM
cholesterol). HL-1 cardiomyocytes were exhaustively washed and
harvested in NaOH 0.1 M. Lipids from rat myocardium and HL-1
cardiomyocytes were extracted as previously described (Cal et al.,
2012) and CE, FC and TG content was analyzed by thin layer chro-
matography. The organic solvent was removed under N, stream,
the lipid extract was redissolved in dichloromethomethane and
one aliquot was partitioned by thin layer chromatography (TLC).
TLC was performed on silica G-24 plates. The different concentra-
tions of standards (a mixture of cholesterol, cholesterol palmitate
and triglycerides) were applied to each plate. The chromatographic
developing solution was heptane/diethylether/acetic acid (74:21:4,
v/v/v).The spots corresponding to cholesteryl esters (CE), triglyceri-
des (TG) and free cholesterol (FC) were quantified by densitometry
against the standard curve of cholesterol palmitate, triglycerides
and cholesterol, respectively, using a computing densitometer.

2.1.7. Western blot analysis

Blots were incubated with monoclonal antibodies against LRP1
[-chain (Fitzgerald; 10R-L107c, clone 8B8) or CatS (SANTA CRUZ
BIOTECHNOLOGY Inc. Santa Cruz, CA; sc-271619; dilution 1:100).
CatS (E-3) is a mouse monoclonal antibody specific for an epitope
mapping between aminoacids 302-331 at the C-terminus of CatS
and recognizes precursor (37 kDa) and mature (24 kDa) forms of
CatS. To test equal protein loading for the different samples, blots
were also incubated with monoclonal antibodies against 3-tubulin
(Abcam Ab6046).

2.1.8. Indirect immunofluorescence

Indirect immunofluorescence experiments were performed on
cells grown in -dish culture plates (Cal et al., 2012, Martin-
sried, Germany). Quiescent HL-1 cells were prechilled to 4°C and
washed with cold Claycomb medium containing 1% BSA (M199-
BSA). HL-1 cells were incubated with 50 pg/mL Dil-(VLDL+IDL)
at 4°C for 30 min. After binding, medium was removed, and cells
were incubated at 37 °C for 8 h in the absence or presence of Dil-
(VLDL+IDL). Cells were then washed in Claycomb-BSA containing
100U heparin/mL for 15min at 4°C with constant shaking. They
were then fixed at room temperature for 10 min in PBS contain-
ing 3% paraformaldehyde and 2% sucrose before staining with
Hoechst 33258 colorant (1:2000) for 10 min, and washed twice
with PBS. After Dil-(VLDL +IDL) incubation, several samples were
stained with anti-LRP (3-chain antibodies (Abcam, Ab92544) to ana-
lyze the colocalization of Dil-(VLDL+IDL) and LRP1. In a set of
experiments, fixed cells were permeabilized and incubated with
antibodies against tropoelastin (Santa Cruz Biotechnology, Inc.; sc-
17580) and CatS (Santa Cruz Biotechnology, Inc.; sc-271619) for 1 h.
Cultures were then incubated for an additional hour with secondary
polyclonal antibodies; anti-goat polyclonal (Molecular Probes, rab-
bit anti-goat 633) and anti-mouse monoclonal (donkey anti-mouse
488) antibodies.

Samples were analyzed by a laser-scanning confocal fluores-
cence microscope (Leica TCS NT). The software program used was
TCSNT, version 1.3.237 (Leica).

2.2. Physical techniques

HL-1 cell supernatants were centrifuged at 3000 x g for 5 min
at RT to remove lipids not taken up by the cells. The pellet
was discarded and the remaining supernatant was freeze-dried
and used for supernatant TE physical characterization. Homoge-
nized freeze—dried rat myocardium was used for FTIR/ATR analysis.
Results from DSC analysis were not reported because of the low
signal of intrinsic transitions due to a weak mass of sample.

2.2.1. Fourier transform infrared analysis (FTIR)

Fourier transform infrared spectroscopy/attenuated total
reflectance (FTIR/ATR) spectra were acquired using a Nicolet 5700
FTIR (THERMO FISHER SCIENTIFIC, Waltham, MA) equipped in
ATR device with a KBr beam splitter and a MCT/B detector. The
ATR accessory used was a Smart Orbit with a type IIA diamond
crystal (refractive index 2.4). Spectra were recorded over the
region of 4000-450cm~! with a spectral resolution of 4cm-!
and 80 accumulations. Spectral data were collected using Omnic
7.3 (THERMO FISHER SCIENTIFIC, Waltham, MA). A single-beam
background spectrum was collected from the clean diamond crys-
tal before each experiment and this background was subtracted
from the spectra. Spectra were then subjected to ATR and baseline
corrections and normalized in the amide I region. For each type
of supernatant or tissue, a mean representative spectrum and
its second derivative were computed. Second derivatives were
used to enhance the chemical information present in overlapping
infrared absorption bands of spectra and to circumvent baseline
drifts in infrared spectra. Absorption bands were identified using
data on biological tissues, protein and peptides FTIR absorption
bands (Yu and Kalnin, 1990; Barth, 2000, 2007; Servaty et al.,
2001; Hu et al., 2006; Bonnier et al., 2008; Popescu et al., 2010;
Sionkowska et al., 2010; Staniszewska et al., 2014). Supplemental
Table S1 lists the position and probable assignments for the bands
of the supernatants of control cardiomyocytes.

2.2.2. Thermogravimetric analysis (TGA)

Analyses were performed in alumina pans, with an initial mass
of 7mg, between 25 and 650 °C at 10°C/min under N, atmosphere
using a TGA Q50 (TA INSTRUMENTS, New Castle, DE).

2.2.3. Differential scanning calorimetry (DSC)

Analyses were performed using a DSC Pyris calorimeter (PERKIN
ELMER, Waltham, MA) The calorimeter was calibrated using Hg and
In as standards, resulting in a temperature accuracy of +0.1°C and
an enthalpy accuracy of +£0.2 J/g. Samples, 5 mg in weight, were set
into aluminium pans and equilibrated at the initial temperature
for 5 min before heating at 20 °C/min. Transition parameters were
processed using DSC Pyris calorimeter software.

2.3. Statistical analysis

Quantitative values are shown as means + SEM. All experiments
were performed with at least three replicates for each group and
for at least three independent repeats. Student’s t-test was used for
statistical analysis and a P-value of less than 0.05 was considered
statistically significant.

3. Results

3.1. Biochemical, molecular and cellular results

3.1.1. Biochemical characteristics of TG-CE rich lipoproteins
(VLDL +IDL) and agLDL

TG-CE rich lipoproteins (VLDL +IDL) and agLDL differ mainly in
CE, TG, PL and apoB content (Table 1). The relation cholesterol:TG
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Fig. 1. Effect of VLDL+IDL and AgLDL on intracellular neutral lipid content of control and LRP1 deficient (LRP1-) HL-1 cells. Thin layer chromatography showing cholesteryl
ester (CE), triglyceride (TG) and free cholesterol (FC) bands and histograms with their quantification. Results are expressed as micrograms per milligram of protein and shown
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Table 1
Relative lipid composition of VLDL+IDL and agLDL.
Chol PL TG ApoB
VLDL+IDL 3.54+0.03 1.56+0.17 3.33+0.04 0.45+0.00
AgLDL 7.76 £1.49 1.93+£0.12 1.06 £0.18 0.82g/L

Cholesterol (Chol), phospholipid (PL) and triglyceride (TG) content of lipoproteins
was measured in a Cobas ¢501 autoanalyzer. Results are the mean =+ SD of three
different samples. Chol, PL and TG are expressed as mM and ApoB as g/L.

is 1:1 for TG-CE rich lipoproteins (VLDL+IDL) and 7:1 for agLDL. As
shown in Fig. 1, VLDL+IDL and agLDL caused a differential pattern
of intracellular neutral lipid accumulation in HL-1 cardiomyocytes.
VLDL+IDL induced a strong intracellular CE and TG accumulation
while agLDL exclusively induced intracellular CE accumulation in
HL-1 cardiomyocytes. LRP1 deficiency prevented VLDL+IDL- and
agLDL-induced intracellular CE accumulation. However, LRP1 defi-
ciency did not exert any significant effect on VLDL +IDL-induced
intracellular TG accumulation.

3.1.2. LRP1-mediated cardiomyocyte intracellular CE
accumulation increases CatS mature protein levels and alters the
structure of TE secretory globules

Western blot analysis showed that VLDL +IDL (1.8 mM Chol) and
agLDL (1.8 mM Chol) increased mature CatS protein levels in an
LRP1-dependent manner in HL-1 cardiomyocytes (Fig. 2). It has
been previously reported that TE aggregates have a characteris-
tic peri-nuclear appearance of secretory pathway components, and
that the organization of these aggregates in globules is a required
step for elastin organization (Davis and Mecham, 1998; Kozel
et al., 2006). Confocal microscopy experiments (Fig. 3) showed
that TE was secreted in this globular pattern (asterisks) by HL-1

cardiomyocytes unexposed to lipoproteins (panel a). In contrast,
TE globule structure was altered in VLDL+IDL- (panel b) and in
agLDL (panel ¢)-loaded cardiomyocytes. LRP1 deficiency prevented
these alterations and rescued the original TE globule structure
in cardiomyocytes exposed to VLDL+IDL (panel e) and agLDL
(panel f).

3.1.3. CatS mediates the deleterious effect of cardiomyocyte
intracellular CE accumulation on TE globule structure

As shown in Fig. 4, CatS silencing prevented the alterations of
TE globule structure induced by VLDL+IDL- (panel b) and agLDL
(panel c)-loading of cardiomyocytes and rescued the original TE
globule structure in VLDL (panel e) and agLDL (panel f)-loaded cells.
These results indicate that cardiomyocyte intracellular CE accumu-
lation induces structural alterations in TE through the upregulation
of CatS mature protein levels.

3.2. Physical results

3.2.1. Physical characteristics of HL-1 cardiomyocyte
supernatants

The classical absorption bands of proteins (amide A, amide
I, 1I, IlI) were found on the spectra of control, LRP1- and CatS-
cardiomyocytes, and their positions were very close to the
absorption bands of the supernatant from hVSMC (superimposed
on Fig. S1A and S1B) mainly constituted of tropoelastin (Samouillan
et al., 2012). The main difference with pure tropoelastin concerned
the broad band located at 1591 cm~! on the global spectra of
all supernatants (Fig. S1B). Position and probable bands assign-
ments of the supernatants from control cardiomyocytes are listed in
Table S1.
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The comparison of the second derivative spectra in the amide
I/amide II (Fig. 5A), which are sensitive to secondary struc-
tures, confirmed the close correlation between the chemical
composition of cardiomyocyte and hVSMC supernatants. Spectral

No Lp

Control HL-1

LRP1def-HL-1

VLDL+IDL

supernatant signature was similar in HL-1 cardiomyocytes, hVSMC
and elastic tissues that have the main minima of the amide I
at 1694 cm™! (anti-parallel B sheets), 1684 cm~! (anti-parallel B
sheets and B turns), 1669 cm~! (undefined or 3 turns), 1652 cm™!

AgLDL

Fig. 3. Effect of VLDL+IDL and AgLDL on tropoelastin (TE) in control and LRP1 deficient (LRP1—) HL-1 cells. Representative confocal microscopy images showing the globular
structure of TE (in red) synthesized and secreted by HL-1 cardiomyocytes. Asterisks show TE structures. Nuclei are in blue. Bar scale: 10 wm (For interpretation of the color
information in this figure legend, the reader is referred to the web version of the article.).
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Fig. 4. Effect of VLDL+IDL and AgLDL on tropoelastin (TE) in control and CatS deficient (CatS—) HL-1 cells. Representative confocal microscopy images showing CatS (in
green) and TE (in red) in HL-1 cardiomyocytes. Asterisks show TE structures and arrows CatS staining. Nuclei are in blue. Bar scale: 10 wm (For interpretation of the color
information in this figure legend, the reader is referred to the web version of the article.).

(o helices), 1636 cm~! (hydrated water/intramolecular 8 sheets)
and 1617 cm~! (B turns) and the main minima of the amide II at
1559 (B sheets), 1542 cm~! (unordered or o helices)and 1516 cm—!
(anti parallel B sheets) (Debelle etal., 1995; Herberhold and Winter,
2002; Bonnier et al., 2006; Pluot et al., 2007; Staniszewska et al.,
2014). The presence of these secondary structures was confirmed
by the Amide III analysis (not shown) presenting main minima
at 1317cm™! (a helices), 1258 cm™1, 1221cm~! (B sheets) and
1280cm! (random). The main difference with pure tropoelastin
concerned the associated minima on the second derivative in the
same wavenumber range (Fig. 5A), which can be attributed to gly-
coaminoglycans, free amino acids and/or proteins rich in His, Phe,
His and GIn. The second derivative spectra of control cardiomy-
ocytes in the 3000-2800 cm~! (Fig. 5B) corresponded to the region
of asymmetric and symmetric vibrations of methyl and methy-
lene groups (mainly from Gly, Pro, Val, Ala, Leu) of proteins. In
control supernatants, the more visible minimum at 2931 cm—! cor-
responded to asymmetric CH, stretching.

Thermogravimetric (TG) and temperature/derivative (DTG)
plots of purified supernatants from control and VLDL-loaded mice
cardiomyocytes are shown in Fig. S2. Since this technique is very
mass-consuming, we first performed it only in control cardiomy-
ocytes to set the limits of DSC analyses (below the degradation
temperature) and to detect eventual evolution of the degradation
process with lipid-loading. The global trend of the two TG plots
corresponded to the classical thermal behavior of freeze-dried pro-
teins (Puett et al., 1967; Samouillan et al., 1999). The first stage
(between 25 and 100 °C) is connected with the evaporation of water
absorbed to the protein, while the second stage is associated with
a multi-step stage corresponding to the degradation of the sam-
ple, namely a deamination and a depolymerization arising from the
breaking of polypeptide bonds. It is noteworthy that these two frac-
tions begin to degrade at 100 °C (with the presence of well-marked

peaks on the derivative DTG curves in the 100-220°C zone), in
contrast with the supernatant from hVSMC mainly constituted of
tropoelastin (superimposed in Fig. S2) that remains stable up to
250°C, as usually observed in elastin fractions (Samouillan et al.,
1999, 2012). This multiple degradation processes in the 100-220°C
was indicative of the presence of less stable components than
tropoelastin in cardiomyocyte supernatants, corroborating FTIR
results. In our previous study on the thermal degradation of hVSMC
supernatants, the two degradations peaks at 313 and 335°C were
attributed to non-aggregated and aggregated tropoelastin, respec-
tively. In the present study, only subsist in this temperature zone
the degradation peak associated with non-aggregated tropoelastin,
occurring between 311 and 313 °C for the two fractions.

As shown in Fig. 6, two major glass transitions were observed
in control HL-1 cardiomyocyte supernatants as a step of the heat
flow. The glass transition mean temperatures Tg determined from
a statistical analysis are reported in Fig. 7. The presence of two glass
transitions was indicative of two kinds of amorphous phases in the
purified supernatants. According to literature data on the calori-
metric and mechanical properties of proteins of the extracellular
matrix and tissues (Hoeve and Flory, 1974; Samouillan et al., 1999;
Lillie and Gosline, 2002a, 2002b; Hu et al., 2010; Panagopoulou a
etal., 2013), the presence of a glass transition in the 30-200 °C range
(related to the hydration state and micro-environment) is generally
associated with the signature of elastin or gelatin (denatured colla-
gen). This thermal event, addressed to the amorphous, unordered
zones of polymers and biopolymers, characterizes the zone of vis-
coelasticity of materials. Elastin does not possess along range order,
and although different secondary conformations can be found in
this protein, it can be considered as amorphous for the physical
structure, which is in good agreement with the Tamburro’s model
on labile, dynamic 3 turns in hydrophobic domains (Debelle and
Tamburro, 1999; Tamburro et al., 2006) and the Daggett’s model
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(Li,2002) that describes hydrophobic domains of elastin as compact
amorphous structures. According to previous work on supernatants
from hVSMC (Samouillan et al., 2012), the higher glass transition
Tg2 recorded at 68 °C for supernatants from control cardiomyocytes
can be thus attributed to non-aggregated tropoelastin. The pres-
ence of a second, lower glass transition temperature Tg1 recorded
at 4°C for supernatants from control cardiomyocytes attests to a
phase segregation in the supernatants, and although its origin is
unclear it could be tentatively assigned to flexible macromolecules
like glycosaminoglycans, or low molecular weight polypeptides.

3.2.2. Physical characteristics of TG-CE rich lipoproteins
(VLDL +IDL) and agLDL

The pure VLDL+IDL and agLDL FTIR spectra superimposed
on supplemental Figs. S1A and Fig. S1B fit well with literature
data showing specific absorption of the carbonyl stretching of
ester bond at 1743 and 1737 cm™!, respectively. This spectra has
been attributed to phospholipids, unsaturated triglycerides and
cholesteryl esters (Nara et al., 2002; Krilov et al., 2009). The shift
of 6cm~! between VLDL+IDL and agLDL has been ascribed to the
difference in the surroundings and dynamics of carbonyl groups
(Nara et al., 2002), due to the distinct chemical composition and
packing of these lipoproteins. The thermogram of VLDL +IDL; was
characterized by an exothermic first order transition at —70°C,
that can be ascribed to a crystallization phenomenon, followed
by two endothermic first order transitions at 24.5 and —1°C,
respectively, corresponding to the order-disorder transitions of tri-
glycerides exhibiting polymorphic behaviour as already noted in
literature data (Hale and Schroeder, 1981; Prassl et al., 1995). The
calorimetric signature of agLDL (supplemental Fig. S3) was com-
pletely distinct from the VLDL+IDL one, with a glass transition at
Tg=-33°C, ascribed to the amorphous phase of agLDL, and a single
order-disorder transition at 38 °C. These data highlight the extreme
difference between the physical structure of VLDL +IDL and agLDL.



3.2.3. Cardiomyocyte intracellular CE accumulation reduces TE
Tg2 glass transition temperature in LRP1- and CatS-dependent
manner

VLDL+IDL- and agLDL-loading of control cardiomyocytes
decreases the TE Tg2 glass transition temperature in a signifi-
cant manner (p=0.00375) (Fig. 7). It must be pointed out that the
glass transition Tg2 of supernatants from agLDL-loaded cardiomy-
ocytes was not detected, indicating a dramatic effect of agLDL on TE
physical structure. However, LRP1-deficiency prevented this down-
regulatory effect of VLDL and agLDL on TE Tg2 glass transition.
Despite of the fact that variability is high, these results indicate that
LRP1 plays a crucial role in the deleterious effect of VLDL and agLDL
on TE Tg2 glass transition. It was not possible to achieve statisti-
cal analysis with results obtained in agLDL-loaded cardiomyocytes
since the degradation process can induce erroneous values.

CatS silencing also prevented the downregulatory effect of VLDL
and agLDL on TE Tg2 glass temperature (Figs. 6 and 7). These results
indicate that cardiomyocyte intracellular CE accumulation induces
physical alterations in TE through the upregulation of CatS mature
protein levels.

3.2.4. Exogenous non-internalized VLDL +IDL and agLDL cause
alterations in cardiomyocyte tropoelastin physical characteristics
in an LRP1 and CatS-independent manner

As observed in the FTIR second derivative spectra of Fig. 5A,
VLDL+IDL and agLDL did not induce differences in the main min-
ima of supernatants, indicating that VLDL+IDL and agLDL did
not alter cardiomyocyte TE secondary structure. Nevertheless, the
complexity of the supernatant spectra makes difficult to use the
decomposition of amide I as a method to identify modifications in
the amount of « helices, 8 sheets-f3 turns and unordered struc-
tures induced by exogenous lipids. In the 1780-1700 cm~! spectra
enlarged zone (supplemental Fig. S1C) there was a shoulder located
at 1740cm~"! in supernatants from VLDL and agLDL-exposed car-
diomyocytes. This shoulder remained in LRP1- ant CatS-deficient
HL-1 cardiomyocytes, and reflected the presence of interacting
lipids from VLDL and agLDL. The footprint of interacting exogenous
lipids was also observed on the 3000-2800cm~! second deriva-
tive zone region (Fig. 5B) corresponding to vibrations of methyl
and methylene groups. The specific signature of methylene groups
in lipoproteins was detected at 2920 and 2850 cm~! (asterisk). DSC
measurements (Figs. 6 and 7) showed that the glass transition tem-
perature, Tg1, ascribed to the softer phase - but not associated
with native TE - was drastically decreased in HL-1 cardiomyocytes
exposed to VLDL and even more so in those exposed to agLDL, in
an LRP1 and CatS-independent manner.

3.3. Invivo results

We have tested the relevance of some of the in vitro findings
in an in vivo model of diabetes. As shown in supplemental Fig. S4,
there was a significant accumulation of neutral lipids (both CE and
TG) in the myocardium of diabetic compared to control rats (Fig.
S4A). Western blot analysis showed that both myocardial LRP1
and CatS mature protein levels were strongly higher in diabetic
rats versus control rats (Fig. S4B). Finally, FITR analysis showing
the comparison of the second derivative FTIR spectra in the amide
I/amide Il zone (sensitive to secondary structures) evidenced some
significant and reproducible differences between heart tissue from
control and diabetic rats (analyses performed in triplicate) (Fig. S5).
The minima positions reported in supplemental Table S2 fit with
collagen and elastin minima as well as with cardiovascular tissues.
In heart tissues from diabetic rats, the vanishing of the bands at
1643and 1537 cm~! can be associated with the lack of unordered
structures. This could be associated with an alteration of elastin.
Moreover, the slight shift of the bands at 1631 and 1547 cm~! (8

sheets) towards low wave number is ascribed to the enhancement
of hydrogen bonding that could be due to an aggregation phe-
nomenon. These results indicate that elastin in the heart of diabetic
rats lost part of its characteristic random structure associated with
entropic elasticity.

4. Discussion

This study shows that intracellular CE accumulation derived
from TG-CE rich lipoproteins (VLDL+IDL) and agLDL raises CatS
mature protein levels, alters the structure of intracellular tropoe-
lastin globules and the physical characteristics of cardiomyocyte
secreted tropoelastin. It also indicates that by impairing car-
diomyocyte intracellular CE accumulation and CatS increase, LRP1
deficiency prevents physical alterations that make elastin prone
to rupture. Our results suggest that cholesteryl ester-loaded car-
diomyocytes induce physical alterations in myocardial tropoelastin
that make elastin prone to rupture and that LRP1 is a crucial recep-
tor in this process.

Our data consistently demonstrate that intracellular CE accumu-
lation is one of the main intracellular neutral lipids modulating the
physical characteristics of cardiomyocyte-secreted tropoelastin.
First, we observed that VLDL+IDL. composed of CE and TG. and
agLDL_ composed of CE_ exerted similar deleterious effects on CatS
mature levels, TE structure and physical characteristics. Second,
we found that these deleterious effects were LRP1 dependent.
Previous studies from different groups including ours have demon-
strated that LRP1 participates in the selective uptake of cholesteryl
esters from lipoproteins (Swarnakar et al., 2001; Vassiliou and
McPherson, 2004; Llorente-Cortés et al., 2006; Cal et al., 2012).
LRP1-mediated CE selective uptake is a mechanism highly favoured
by the capacity of LRP1 to interact with proteoglycans and lipases
(Swarnakar et al.,, 2001; Nielsen et al., 1997), molecules that
strongly facilitate CE selective uptake by promoting lipoprotein
retention and modification (Sartipy et al., 1999; Kadowaki et al.,
1992; Seoetal., 2000). Remarkably, CE and TG are taken up through
different mechanisms in cardiomyocytes. While CE accumula-
tion respond to VLDL-CE uptake through LRP1-mediated selective
uptake (Cal et al., 2012), triglyceride accumulation responds to
whole lipoprotein uptake through VLDLR and/or FA uptake though
different FA transporters (Goldberg et al., 2011).

We emphasize that in the present study, we used TG-CE rich
lipoproteins at enhanced concentrations. As these concentrations
are characteristic of insulin resistance and combined hyper-
lipoproteinemia states, these lipoproteins may cause myocardial
CE content and associated cardiac alterations in patients with
these pathologies. Small lipoproteins enriched in CE and large
lipoproteins enriched in TG potentially increase intracellular CE
content. It is of note that not only the lipid composition but also
lipoproteins size and protein composition may influence lipopro-
tein biological effects. It is also important to emphasize that
fibroblasts, considered the main cellular type responsible for TE
production in the heart (Eghbali, 1992), have a strong capacity
to take up lipoproteins (Llorente-Cortés et al., 2002). This mech-
anism may thus be highly relevant for alterations in fibroblast
secreted TE and cardiac remodeling. Our results also show that
cardiomyocyte intracellular CE accumulation exerted deleterious
effect of TE structure and physical characteristics through upre-
gulation of CatS mature levels. CatS, like other cystein proteases,
is expressed as inactive proenzyme that undergoes activation by
the cleavage of the pro-domain under acidic conditions (Bromme,
2004). Exceptionally, CatS, remains catalytically active under neu-
tral pH and remains stable outside the lysosome. Like CatB and CatL,
CatS undergoes autoactivation (Pungercar et al., 2009). Interest-
ingly, glycosaminoglycans promote the autocatalytic processing of



cathepsins to their mature forms (Caglic et al., 2007). Glycosamino-
glycan structure depends on hyaluronan synthase (HAS), a unique
membrane-associated glycosyltransferase whose activity is modu-
lated by membrane cholesterol composition (Ontong et al., 2014).
The culture of human dermal fibroblasts in lipoprotein-depleted
medium seems to attenuate the synthesis of hyaluronan. Therefore,
in our in vitro system, intracellular CE accumulation could increase
HAS activity and hyaluronan content. High levels of glycosamino-
glycans would induce the autocatalytic processing of CatS to their
mature forms. This mechanism could explain why we exclusively
detect the mature form of CatSin VLDL + IDL- and agLDL-loaded HL-
1 cardiomyocytes. Further studies are required to know whether
this mechanism plays a role in the activation of CatS by intracel-
lular CE accumulation in HL-1 cardiomyocytes. The upregulatory
effect of intracellular CE accumulation on CatS mature protein lev-
els in cardiomyocytes has been previously shown in human VSMC
(Samouillan et al., 2012) and macrophages (Burns-Kurtis et al.,
2004). According to our results, CatS actively participates in the
deleterious effect of VLDL +IDL and agLDL on tropoelastin globule
structure. We show that VLDL+IDL and agLDL clearly altered the
pattern of cardiomyocyte TE secretion and that CatS deficiency res-
cues the original TE globule structure. CatS effects on TE secretion
are likely related to the capacity of this protease to control the traf-
ficking and flow of certain proteins to the cell surface (Driessen
et al., 1999). Our results support the theory about the possible
active role of intracellular cathepsins in a process called “subcell-
ular remodelling”, already described in congestive heart failure
(Dhalla et al., 2009).

DSC thermograms of supernatants showed that intracellular
CE accumulation also influenced the physical characteristics of
secreted TE. In particular, it caused a strong reduction of glass
transition temperature Tg2, attributed to non-aggregated tropoe-
lastin. According to the free volume theory, this plasticization
phenomenon can be due to the insertion of compatible low molec-
ular weight molecules or to the fragmentation of the main chain
producing more end chains and thus increasing the free volume
(Ferry, 1980). According to our physical data, this plasticization is
due to the partial degradation of the tropoelastin chain. VLDL+IDL
and agLDL did not cause this plasticization effect in LRP1- and CatS-
deficient cardiomyocytes, which have normal TE globular structure.
We thus propose that TE plasticization could be the result, at
least in part, of CatS-induced structural alterations of intracellu-
lar TE globules. TE plasticization contributes to TE fragmentation
and formation of elastin-derived peptides. Elastin-derived pep-
tides reportedly increase atherosclerosis (Gayral et al., 2014) and
modulate insulin-resistance (Blaise et al., 2013) in in vivo models.
Additionally, CatS, a key player in this process, has been report-
edly involved in ECM remodeling associated with dilated (Ge et al.,
2006), ischemic (Sun et al., 2011) and hypertensive cardiomyopa-
thy (Cheng et al., 2006; Diez, 2010). Our results from the in vivo
model of diabetes showed that LRP1 and mature CatS protein levels
were strongly increased in the myocardium of diabetic rats com-
pared to controls. Moreover, we also found an strong myocardial
cholesterol ester accumulation in the myocardium of diabetic rats.
Additionally, FITR/AVR indicates that elastin in the heart of dia-
betic rats lost part of its characteristic random structure associated
with entropic elasticity. Taken together, these results suggests that
myocardial CE accumulation in the diabetic heart, by increasing
CatS mature protein levels, may contribute to adverse myocardial
remodelling in diabetes.

Besides these TE physical alterations induced by intracellular
CE accumulation, we observed alterations both in lipoproteins and
ECM that are independent on cellular CE uptake. These alterations
are likely facilitated by a close interaction between lipoproteins
and ECM. FTIR analysis indicates that a weak fraction of lipids
remains after the purification of supernatants. The absence of the

thermal transitions of pure VLDL+IDL or agLDL in the thermo-
grams of the supernatants from VLDL+IDL- and agLDL-exposed
cardiomyocytes suggests a modification of the physical structure of
these lipoproteins, associated with their interaction with cellular or
supernatant components, as previously reported for several lipo-
proteins and elastic materials (Podet et al., 1991; Lillie and Gosline,
2002a; Samouillan et al., 2012). This interaction between lipo-
proteins and cell/supernatant components could also explain the
decrease of the Tg1 glass transition in VLDL and agLDL-exposed car-
diomyocytes. Apart from the hydration effects, the presence of the
lipid molecules inside the biological network would itself increase
the network free volume, providing some direct plasticization
(Lillie and Gosline, 2002a). A similar decrease in the glass transition
temperature Tg1 associated with non-aggregated tropoelastin has
been previously observed in supernatants of human VSMC exposed
to modified lipoproteins (Samouillan et al.,2012). Tg1 decrease may
be also associated to modifications of the physical structure of the
elastic material, although, according to our results, this physical
alteration is LRP1- and CatS-independent.

In summary, lipoprotein-derived neutral lipids influence phys-
ical characteristics of tropoelastin at both an intracellular and
extracellular level. At the intracellular level, cholesteryl esters
alter tropoelastin physical characteristics and promote tropoelastin
fragmentation by increasing mature CatS protein levels.
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