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Disparate Remodeling of the Extracellular Matrix and Proteoglycans

in Failing Pediatric Versus Adult Hearts
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Background—Dilated cardiomyopathy (DCM) is a common cause of heart failure in adult and pediatric patients, but the underlying
mechanism may vary in adults and children, with few studies conducted to date. The objective of the present study was to
determine whether differential remodeling of the extracellular matrix contributes to the differences between pediatric and adult
DCM hearts.

Methods and Results—Explanted hearts were procured from adult (age, 46—61 years) and pediatric (age, 2—8) patients with
DCM-related heart failure and nonfailing control hearts. Fibrillar and nonfibrillar extracellular matrix (proteoglycans,
glycosaminoglycans, glycoprotein), their regulatory enzymes (matrix metalloproteinases, disintegrin and metalloproteinases,
and disintegrin and metalloproteinases with a thrombospondin domain), and their inhibitors (tissue inhibitor of metallopro-
teinases) were assessed. Pediatric DCM hearts exhibited less fibrosis compared with adult DCMs. Total glycosaminoglycans
increased similarly in both DCM groups but exhibited a significantly lower affinity for transforming growth factor-p in adult
DCMs versus pediatric DCMs, resulting in increased bioavailability of transforming growth factor-f1 and a significantly higher
activity of the Smad2/3 pathway in adult DCMs. Glycosylated biglycan and versican, and cleaved thrombospondin-1 increased
in both DCMs. Protein expression of disintegrin and metalloproteinases with thrombospondin domains (-1, -2, -4, -7) and
disintegrin and metalloproteinases (-12, -15, -17, -19) were altered differently in pediatric and adult control and failing hearts.
Total matrix metalloproteinase activity increased in both DCMs. Tissue inhibitor of metalloproteinase levels were altered
similarly with heart failure in both age groups, and only tissue inhibitor of metalloproteinase 3 decreased in both DCM groups.

Conclusions—Differential remodeling of glycosaminoglycans in pediatric DCMs versus adult DCMs could underlie the enhanced
activation of the transforming growth factor-f3 pathway, leading to more fibrosis in adult DCM hearts. The distinct remodeling of the
fibrillar and nonfibrillar extracellular matrix between pediatric and adult DCM hearts highlights a distinct pathophysiological basis
for these cohorts. (J Am Heart Assoc. 2018;7:e010427. DOI: 10.1161/JAHA.118.010427)

Key Words: cardiomyopathy e heart failure * remodeling

eart failure (HF) is an important cause of morbidity and

mortality in adult and pediatric patients, and, in both
cases, idiopathic dilated cardiomyopathy (DCM) is one of the
most common underlying causes. In the pediatric age group,
DCM is the most common underlying cause of HF resulting in
cardiac transplantation.'? Because of a paucity of clinical
trials in children with HF, current guidelines for the manage-
ment of pediatric HF due to DCM are often based on the

information extrapolated from clinical trials in adults.® This
approach does not take into account the age-related intrinsic
differences and the biological and pathological factors that
drive this disease in these 2 markedly different patient
groups. Consistent with this notion, while treatments for HF in
adult patients have reduced mortality, the same therapies (eg,
angiotensin-converting enzyme inhibitors and [-blockers)
have not shown definite benefits for pediatric patients.*®
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Clinical Perspective

What Is New?

» Composition of the fibrillar and nonfibrillar extracellular
matrix is different in the failing adult heart compared with
the failing pediatric heart.

Myocardial fibrosis is a prominent feature of the failing adult
but not the failing pediatric heart.

Glycosaminoglycans are important components of proteo-
glycans and sequester growth factors in the extracellular
matrix.

Total glycosaminoglycan content is increased similarly in
adult and pediatric failing hearts.

Affinity of glycosaminoglycans to sequester transforming
growth factor-f3 is suppressed to a greater extent in the
adult failing hearts, which could underlie the greater fibrosis
in these hearts.

What Are the Clinical Implications?

Myocardial fibrosis is a central feature of failing dilated
cardiomyopathy hearts in adults, and limiting myocardial
fibrosis using anti-transforming growth factor-p treatment
is a potential therapeutic strategy.

By identifying that failing pediatric hearts do not develop
fibrosis, linked to lower bioavailability of transforming
growth factor-B, this study provides novel insight into the
phenotype of the failing pediatric heart.

» The differential extracellular matrix remodeling could also
partly explain why pediatric patients with heart failure are
less responsive to therapies used to treat adults with heart
failure.

Therefore, it is important to identify whether adult and
pediatric DCM are biologically distinct disease entities® with
age and maturation specific features in the heart, which may
modify the treatment response to HF therapy in pediatric
patients.

DCM in adults is associated with extensive and progressive
adverse structural remodeling of the left ventricle, eventually
leading to clinical HF. While numerous studies have explored
the alterations in cardiomyocyte function in the adult failing
heart, the noncellular component of the myocardium, the
extracellular matrix (ECM), has remained less investigated,
particularly in the pediatric patient population. In addition to
its fibrillar structure, ECM is composed of nonfibrillar
components such as glycoproteins, proteoglycans, and
glycosaminoglycans that allow the ECM to serve as an
extracellular reservoir for growth factors, hormones, and
cytokines.” Proteoglycans (eg, syndecan, versecan, perlecan,
decorin, and aggrecan) consist of a core protein to which >1
linear glycosaminoglycan chains are covalently attached.

Glycosaminoglycans are unbranched polysaccharides includ-
ing chondroitin sulfate, heparan sulfate, dermatan sulfate, and
hyaluronic acid. Alterations in the nonfibrillar ECM in the
failing heart and how this may differ in children with DCM is
not well understood.

Physiological remodeling of the ECM is mediated by matrix
metalloproteinases (MMPs) that degrade the existing matrix
proteins, allowing their replacement with newly synthesized
proteins. The activity of MMPs is negatively regulated by their
inhibitor, tissue inhibitor of metalloproteinases (TIMPs).?
Recent studies have revealed diverse functions of MMPs,’
as well as non—-MMP-dependent functions for TIMPs'®'';
therefore, changes in these proteins as they happen in heart
disease may impact multiple aspects of remodeling in the
diseased hearts. In addition to MMPs, other metallopro-
teinases such as disintegrin and metalloproteinases (ADAMs)
and ADAMs with a thrombospondin domain (ADAMTS) can
contribute to proteolytic processing of proteoglycans and
glycoproteins in the myocardium. In this study, we investi-
gated whether the remodeling of fibrillar and nonfibrillar ECM
differs in the pediatric failing heart compared with that in
adult hearts.

Methods

The data that support the findings of this study are available
from the corresponding author upon reasonable request.

Human Tissue Procurement From Nonfailing
Controls and Patients With HF

Adult and pediatric failing heart specimens (DCM) were
procured from patients with nonischemic DCM undergoing
cardiac transplantation. Adult nonfailing control (NFC) heart
samples (ejection fraction >60%) were obtained from donors
with no history of heart disease who were unsuitable for
transplant because of failure of ABO blood groups or human
leukocyte antigen blood type matching through the regional
organ procurement agency, the Human Organ Procurement
and Exchange program, University of Alberta, Edmonton,
Canada. Pediatric NFC specimens were procured from
pediatric patients with congenital heart disorders (tetralogy
of Fallot, double outlet right ventricle, pulmonary atresia), with
normal systolic left ventricular and right ventricular function
(median ejection fraction, 60.5%; interquartile range, 51—
75.2). These were obtained via clinically indicated surgical
resection at the time of corrective surgery (median age,
1 year; interquartile range, 1-7). Failing adult and pediatric
DCM hearts were collected through the Human Explanted
Heart Program.'? The study was approved by the institutional
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review committee/human research ethics board at the
University of Alberta. Informed consent and assent was
obtained from participants (or next of kin). The procured
explanted failing (or NFC) hearts were excised following
cold cardioplegia, placed in a bag of cold saline surrounded
by ice. Hearts were then collected by 2 trainees within 5 to
10 minutes of its excision and were immediately processed.
Hearts were dissected into right and left atrium, septum,
and left and right ventricular free walls, which were further
divided into apical, basal, and midwall regions. Tissues were
immediately flash-frozen and stored at —140°C for molec-
ular analyses; formalin-fixed (room temperature) or optimal
cutting temperature—-mount frozen (stored at —80°C) were
used for histochemical analyses. For this study, only tissue
from left ventricular anterior free wall at the midventricular
position (=2 cm below the aortic valve) was used following
removal of the epicardial fat. Demographic details and
clinical information for adult and pediatric patients are
listed in Table S1. In this study, 15 NFC and 24 DCM adult
hearts, and 12 NFC and 15 DCM pediatric hearts were
analyzed.

Glycosaminoglycan Analyses

Glycosaminoglycan contents were measured using a modified
previously described protocol.' Briefly, an equal amount of
frozen mid-left ventricular free wall tissue (50 mg) was
homogenized in extraction buffer (50 mmol/L Tris-HCI, pH
7.9, 10 mmol/L NaCl, 3 mmol/L MgCl,, and 1% TritonX-100)
at 4°C. The extracts were treated with proteinase K (final
concentration of 50 pg/mL) at 56°C overnight, followed by
proteinase K inactivation (incubation at 90°C, 30 minutes),
and DNase treatment (30 U/mL at 37°C, overnight). Samples
were then centrifuged (13 000g, 20 minutes) and super-
natants were collected. For total sulfated glycosaminoglycan
quantification, 20 pL of each sample treated with proteinase
K/DNase (in triplicates) was incubated with 200 pL of 1,9-
dimethylmethylene blue (DMMB, Sigma-Aldrich) solution
(1.6% w/v DMMB, 0.3% w/v glycine, 0.16% w/v NaCl in
0.01 M acetic acid) and was read at 525 nm, along with a
chondroitin sulfate standard curve. For quantification of
heparan sulfate content, proteinase K/DNase—treated sam-
ples were incubated with chondroitinase ABC (20 mU/
sample, 2 hours at 37°C). Samples (20 pL, in triplicate) were
incubated with DMMB solution and read at 525 nm, along
with a heparan sulfate standard curve. For quantification of
chondroitin sulfate, proteinase K/DNase-treated samples
were incubated with a heparinase |, Il, and Il cocktail using
2.5 mU/sample for 24 hours at 37°C. Samples (20 pL, in
triplicate) were incubated with 200 pL of DMMB solution and
read at 525 nm, along with a chondroitin sulfate standard
curve.

Glycosaminoglycans Affinity and Binding Assay to
TGF-p1

The glycosaminoglycan—transforming growth factor (TGF)-B1
affinity assay was performed using a previously reported
protocol.'® Total glycosaminoglycans were extracted from
proteinase K/DNase—treated left ventricular tissue and
quantified as previously mentioned. Precoated heparan
sulfate 96-well plates were blocked with 3% BSA in PBS for
1 hour. Recombinant TGF-f1 (10 ng/mL) was incubated
simultaneously with or without 100 ng of extracted gly-
cosaminoglycans from pediatric or adult hearts for 2 hours
followed by thorough washing. The amount of bound TGF-1
was detected with a primary antibody, followed by peroxidase-
labeled secondary antibody and detected with 3,3,5,5-
tetramethylbenzidine substrate.

Protein Extraction and Analyses

Flash-frozen left ventricular tissues were freeze-crushed in
tissue lysis buffer containing EDTA-free protease inhibitor
cocktails and were processed for protein extraction, and
gelatin zymography and immunoblotting were performed as
previously described.'? Antibodies used for immunoblotting
were as follows: anti-ADAM12 (ab115203; Abcam), ADAM 15
(ab124698; Abcam), ADAM17 (ab19027; Millipore), ADAM19
(ab104800;  Abcam), ADAMTS1 (ab113847; Abcam),
ADAMTS?2 (ab125226; Abcam), ADAMTS4 (ab185722; Abcam),
ADAMTS5 (ab41037; Abcam), ADAMTS7 (ab45044; Abcam),
ADAMTS9 (ab32565; Abcam), TIMP1 (ab1827; Abcam), TIMP2
(ab1828; Abcam), TIMP3 (250885; Ab-Biotech), TIMP4
(ab58425; Abcam), versican (ab171887; Abcam), osteopontin
(ab8448; Abcam), TGF-1 (37118S, Cell Signaling Technology),
phospho-Smad2/3 (8828S, Cell Signaling Technology), total
Smad2/3 (3102S, Cell Signaling Technology), biglycan (sc-
100857; Santa Cruz Biotechnology), decorin (sc-73896; Santa
Cruz Biotechnology), lumican (sc-16687 1; Santa Cruz Biotech-
nology), tenascin X (sc-271594; Santa Cruz Biotechnology),
v-sacrcoglycan (sc-515628; Santa Cruz Biotechnology),
osteoglycin (sc-365228; Santa Cruz Biotechnology), throm-
bospondin-1 (ab85762, Abcam), and GAPDH (#2118; Cell
Signaling Technology). Band intensities were quantified using
densitometry analysis software (ImageQuant TL 7.0; GE) and
values were normalized to GAPDH expressions for each
sample.

Histological Analyses

Each heart sample was formalin-fixed and paraffin-embedded
or flash-frozen in mounting compound (optimal cutting
temperature). Histochemical staining for collagen was per-
formed with Picrosirius Red staining or trichrome staining as
previously stated.'? For Alcian blue staining, all formalin-fixed
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tissue sections were rehydrated and incubated with Alcian
blue solution (0.1% w/v Alcian blue 8x, in 5% w/v aluminum
sulfate solution, pH 2.5) for 30 minutes, followed by rinsing in
distilled water for 5 minutes. The slides were then counter-
stained with a nuclear fast red solution for 5 minutes followed
by rinsing in distilled water, dehydrated, and mounted.

Statistical Analyses

All statistical analyses were performed using SPSS software
(IBM). Data distribution was determined by the Shapiro—Wilk
statistic test. Nonparametric data were analyzed using the
Kruskal-Wallis test followed by the Dunn test, and presented
as median, maximum, and minimum using box-and-whisker
graphs. Parametric data were analyzed using 1-way ANOVA
followed by the Tukey test and presented as mean+SEM in
bar graphs. Statistical significance was recognized at
P<0.05.

Results

Clinical Profile of Pediatric and Adult Patients
With HF

Clinical information for pediatric (median age, 4 years;
interquartile range, 3-6) and adult patients (median age,
41 years; interquartile range, 40—61) with nonischemic DCM
HF is summarized in Table S1. Ejection fraction was
comparable between the 2 failing groups (median, 16.9% in
children and 22% in adults) and the 2 NFC hearts (median
>60%). Among the adult patients with DCM, 70.8% received
an angiotensin-converting enzyme inhibitor or an angiotensin
receptor blocker and 75% received B-blockers, compared with
60% and 53.3%, respectively, for pediatric patients with DCM.

More Severe Interstitial Fibrosis in Adult DCM
Than in Pediatric DCM Hearts

Based on a high degree of interaction predicted between the
ECM proteins, ECM-degrading proteases, and their inhibitors
by STRING (Search Tool for the Retrieval of Interacting
Genes/Proteins) analysis (Figure 1A), and the reported
importance of fibrosis in adult DCM,'%'*'®> we investigated
whether pediatric failing hearts would exhibit the same degree
of fibrosis as adult failing hearts. Fibrillar collagen was
visualized by Picrosirius Red (Figure 1B) and trichrome
(Figure 1C) staining and quantified from Picrosirius Red
images (Figure 1D). Both DCM groups showed increased
collagen content compared with their corresponding NFCs.
However, the degree of fibrosis was significantly higher in
adult compared with pediatric failing hearts (Figure 1B
through 1D).

Glycosaminoglycan Levels Are Increased in Both
Pediatric and Adult DCM Hearts

Glycosaminoglycans are polysaccharides that constitute the
side branches of proteoglycans and are one of the major
nonfibrillar components of the myocardial ECM. Biochemical
assessment of total sulfated glycosaminoglycans andits 2 major
components, chondroitin sulfate and heparan sulfate, showed
similar levels in the control groups, which increased significantly
in the failing DCM hearts in both age groups (Figure 2A through
2C). Results of histochemical staining further confirmed accu-
mulation of glycosaminoglycans in the myocardium of the failing
hearts from pediatric and adult patients (Figure 2D). Therefore,
the glycosaminoglycan content of the ECM was comparably
elevated in the failing hearts of both pediatric and adult patients.

Binding Affinity of Glycosaminoglycans is
Differently Altered in Pediatric Versus Adult DCM
Hearts

Since glycosaminoglycans are responsible for sequestration
of growth factors and cytokines in the interstitium,7’16 we
determined whether their binding affinity was altered differ-
ently in pediatric compared with adult failing hearts. This
could imply an important growth factor sequestration effect,
which may protect the developing heart. Using an established
in vitro affinity assay,'® we found that age is an essential
factor in glycosaminoglycan binding affinity for TGF-B1, a
major profibrotic cytokine. Glycosaminoglycans from adult
nonfailing hearts showed a markedly lower affinity for TGF-3 1
compared with pediatric control hearts, and while this binding
affinity was decreased with the disease in both age groups,
this reduction was significantly greater in the adult DCM
compared with the pediatric DCM hearts (Figure 2Ei and 2Eii).
To confirm that this reduced binding affinity for TGF-f1
translates into increased bioavailability of TGF-f1 and
enhanced activity of its downstream signaling pathway, we
assessed the activity of the Smad2/3 pathway. Compared
with controls, phospho-Smad2/3 levels increased in the
failing hearts of both age groups, but this rise was
significantly greater in adult DCM compared with pediatric
DCM hearts (Figure 2F). These data collectively suggest that
the more drastic reduction in the binding affinity of gly-
cosaminoglycans to TGF-B in adult failing hearts results in
elevated TGF- bioavailability, resulting in more pronounced
fibrosis in these hearts compared with pediatric failing hearts.

Differential Expression of Proteoglycan and
Glycoproteins in Nonfailing and Failing Pediatric
and Adult Hearts

Next, we examined whether proteoglycans, which are asso-
ciated with myocardial ECM homeostasis, are altered differ-
ently in pediatric versus adult DCM hearts. Versican is a
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Figure 1.

High-confidence interaction among extracellular matrix (ECM)-related proteins and

greater fibrosis in adult dilated cardiomyopathy (DCM) hearts compared with pediatric DCM hearts.
A, STRING (Search Tool for the Retrieval of Interacting Genes/Proteins) analysis shows high-
confidence interaction clusters (k-means=>5 clusters indicated by node color) formed by ECM-related
proteins. B through D, Representative images of Picrosirius Red (PSR) (B) and Masson trichrome—
stained (C) left ventricular free wall from pediatric and adult control and DCM myocardium. Scale bar:
100 um. D, Averaged quantification of collagen content (from PSR-stained sections) in indicated
groups (mean+SEM). n=6 hearts per group. *P<0.05 compared with the corresponding control,
P<0.05 compared with the corresponding pediatric group. ADAM indicates a disintegrin and
metalloprotease; ADAMTS, a disintegrin and metalloproteinase with thrombospondin motifs; AFU,
arbitrary fluorescence units; BGN, biglycan; COL, collagen; DCN, decorin; LUM, lumican; MMP, matrix
metalloprotease; NFC, nonfailing control; OGN, osteoglycan; SGCG, sarcoglycan gamma; SPARC,

secreted protein acidic and cysteine-rich; THBS1,

thrombosondin-1; TIMP, tissue inhibitors of

metalloprotease; TNXB, tenascin x; VCAN, versican.

chondroitin sulfate proteoglycan, highly expressed in the
ventricles, and can be present in the glycosylated or
nonglycosylated form. We found that the nonglycosylated
core protein levels were significantly lower in failing adult
compared with failing pediatric hearts (Figure 3A black arrow,
Bi). Glycosylated versican, however, showed an opposite
pattern with a rise in the adult failing hearts although it did not
reach statistical significance (Figure 3A white arrows, 3Bi).
Biglycan, decorin, lumican, and osteoglycin are members of
the small leucine-rich proteoglycans family. Biglycan protein
levels were comparable in nonfailing hearts but were signif-
icantly decreased only in adult DCM hearts (Figure 3A, black
arrow, 3Bii). Meanwhile, glycosylated biglycan (white arrow)
increased significantly in both pediatric and adult failing
hearts (Figure 3A, 3Bii). The increased glycosylation of
versican and biglycan could be associated with the remod-
eling process of these failing hearts, while levels of core
versican and biglycan remain relatively unaltered. Decorin

remained unaltered among all groups (Figure 3A, 3Biii).
Osteoglycin levels were higher in adult compared with
pediatric control hearts, similar in the 2 failing heart groups
(Figure 3A, 3Biv). Lumican levels were higher in pediatric
compared with adult DCM hearts (Figure 3A, 3Bv).
Glycoproteins and matricellular proteins comprise the
nonstructural component of the ECM, but nevertheless are
critical in determining the stability of the structural matrix
proteins. Analysis of the key cardiac matricellular proteins
revealed that thrombospondin-1 was higher in control adult
than pediatric hearts, whereas its cleaved form was increased
significantly in both DCM groups (Figure 4A, 4Bi). Tenascin-X
was present at markedly higher levels in pediatric compared
with adult DCM hearts, although it did not change with the
disease in either age group (Figure 4A, 4Bii). Secreted protein
acidic and cysteine-rich levels decreased only in pediatric
DCM hearts (Figure 4A, 4Biii). Osteopontin and y-sarcoglycan
levels were not significantly different between pediatric and
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Figure 1. Continued.

adult nor nonfailing and failing hearts (Figure 4A, 4Biv through
4Bv).

Divergent Modulation of ADAMs, ADAMTSs, and
MMPs in Failing Pediatric Versus Adult Hearts

Proteoglycans can be degraded by proteases such as
ADAMs, ADAMTSs, and MMPs."”'® We investigated whether
the ADAMs and ADAMTSs being expressed in the heart'®
were altered in the failing heart of pediatric versus adult
patients. Among ADAMs, ADAM12 and ADAM17 increased
significantly in adult compared with pediatric failing hearts,
whereas ADAM15 decreased in both pediatric and adult
failing hearts to comparable levels (Figure 5A, 5Bi through
5Biii). ADAM19 exhibited a different pattern in pediatric
versus adult hearts. It increased significantly in the pediatric
failing hearts but decreased in adult failing hearts compared
with the corresponding NFCs (Figure 5A, 5Biv). ADAMTS1
was present at a higher level in nonfailing adults compared

with nonfailing pediatric hearts, although it increased
significantly in both failing groups to comparable levels
(Figure 6A, 6Bi). Pediatric failing hearts exhibited higher
levels of ADAMTS2 and ADAMTS7, whereas ADAMTS4
decreased significantly only in adult failing hearts and
ADAMTS5 and ADAMTS9 remained comparable among all
groups (Figure 6A, 6Bii through 6Bvi).

Using a fluorescent-based MMP activity assay, we found
that total proteolytic activity was similarly enhanced in both
pediatric and adult failing hearts compared with controls
(Figure 7A). Further analyses using in vitro gelatin zymogra-
phy showed that HF-related rise in MMP9 was greater in
adults compared with pediatric patients (Figure 7B, 7Ci). The
increase in proMMP2 levels did not reach statistical signif-
icance in the failing hearts of either group (Figure 7B, 7Cii).
Interestingly, pediatric hearts exhibited markedly higher levels
of cleaved MMP2, which did not change with disease,
whereas in adult hearts, cleaved MMP2 increased in the
failing hearts although at a much lower level (Figure 7B, 7Ciii).
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Figure 2. Remodeling of glycosaminoglycans in pediatric versus adult dilated cardiomyopathy (DCM) hearts.
Quantification of total sulfated glycosaminoglycan (A), and its constituents, chondroitin sulfate (B) and heparan
sulfate (C) in indicated groups. D, Representative images of Alcian blue—stained myocardium showing total
proteoglycans/glycosaminoglycans in pediatric and adult nonfailing control (NFC) and DCM myocardium. Scale
bar: 100 pm. n=6 per group. E, (i) Relative affinity of glycosaminoglycans extracted from pediatric and adult NFC
and DCM hearts, for transforming growth factor (TGF)-B1. (ii) Percent decrease in glycosaminoglycans—TGF-3
affinity in pediatric and adult DCM hearts compared with the corresponding NFC hearts. Data represent
mean+SEM. F, Representative Western blots (i), and averaged quantification for phosphorylated Smad2/3 (p-
Smad2/3) (ii), and phospho-to-total ratio for Smad2 /3 (iii). GAPDH served as the loading control. n=12 to 16 per
group. Data represent median-tinterquartile range. *P<0.05 compared with the corresponding control, 7P<0.05
compared with the corresponding pediatric group. AU indicates arbitrary units.

TIMPs in Pediatric and Adult Failing Hearts

The in vivo activity of the metalloproteinases (MMPs, ADAMs,
ADAMTSs) is negatively regulated by their endogenous
inhibitors, TIMPs. In assessing the TIMP levels, we found
higher TIMP1 levels in the control adult group compared with
the pediatric group, but comparable levels between the failing
hearts (Figure 8A, 8Bi). TIMP2 increased significantly in
pediatric and adult failing hearts compared with their
corresponding control group (Figure 8A, 8Bii). TIMP3
decreased to comparable levels in adult and pediatric failing
hearts (Figure 8A, 8Biii), and TIMP4 levels remained compa-
rable among all groups (Figure 8A, 8Biv). Overall, TIMPs
exhibit a similar pattern of alteration in failing hearts
regardless of age group.

A summary of protein expression levels for proteoglycans,
glycoproteins, ADAMs, ADAMTSs, MMPs, and TIMPs in
pediatric and adult NFC and DCM failing hearts is presented
using a collective array (Figure 8C).

Discussion

Adverse myocardial remodeling is a hallmark of heart disease
and ultimately results in HF in children and adults. Despite
great advancement in understanding the role of ECM
remodeling and its contribution to heart disease development
and progression, '® the impact of age at the time of HF on this
process is poorly understood. In this study we performed a
comprehensive analysis of the ECM proteins including
elements of the fibrillar network (pertaining to fibrosis) and
the nonfibrillar ECM, proteoglycans (and their glycosamino-
glycan side branches), glycoproteins, and other matricellular
proteins in failing hearts from pediatric and adult patients with
nonischemic DCM.

Proteoglycans are composed of a core protein and a
number of linear glycosaminoglycan chains, the unbranched
polysaccharides (Figure S1). Heparan sulfate proteoglycans
and hyaluronic acid have been studied in vascular
diseases,w’20 immune response, and inflammation. 222
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However, the role of proteoglycans and glycosaminoglycans
in cardiac remodeling related to HF, particularly in the
pediatric population, has not been detailed. This study was
designed based on the strong interaction that was detected
by STRING analysis between the families of proteoglycans
and glycoproteins, ADAMTSs, ADAMs, MMPs, and TIMPs
(Figure 1A). Our data indicate a unique and age-dependent
pattern of fibrillar ECM remodeling in juvenile compared with
adult failing hearts, with more severe fibrosis in adults than
in children with DCM. We propose that this could be caused
by a differentially modified glycosaminoglycan binding affin-
ity for TGF-1, the predominant profibrotic cytokine, in the
pediatric versus adult DCM hearts. Since the total gly-
cosaminoglycan levels were increased similarly in both
failing groups, but glycosaminoglycan binding affinity for
TGF-B was reduced to a greater extent in adult compared
with pediatric DCM, we postulate that increased bioavail-
ability of TGF-1 exists in adult failing hearts, with enhanced
activation of the associated downstream signaling pathway
(p-Smad2/3) and a more pronounced fibrosis in these adult
DCM compared with pediatric DCM hearts. The more
pronounced fibrosis in adult failing hearts has been

previously observed,23 and here we demonstrate a mech-
anism that could explain this effect. Further, control and
DCM pediatric and adult hearts exhibited differential
alterations in protein expression of the nonfibrillar ECM
proteins and their regulatory enzymes (Figure 8C), support-
ing the notion that remodeling may progress differently in
pediatric hearts. The relevance of this observation lies in
the fact that pediatric DCM may not always constitute an
end stage of HF. Up to 20% of cases of pediatric DCM have
been reported to show echocardiographic normalization
over time,?* which suggests that a pathway towards
reverse remodeling may still be available in juvenile DCM
hearts.

Our analysis of proteoglycans and glycoproteins revealed
enhanced glycosylation of biglycan and versican in DCM
hearts of both age strata, which is consistent with the
comparable rise in glycosaminoglycan content in both.
Lumican, thrombospondin, and tenascin-X, however, showed
age-dependent alterations. Since tenascin-X is important in
the assembly of elastin fibers and hence in maintaining the
flexibility of myocardial tissue, its downregulation has been
proposed to be protective in the setting of cardiac
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Figure 3. Proteoglycans are differentially regulated in pediatric and adult hearts. A, Representative Western blots for versican, biglycan,
decorin, osteoglycin, and lumican. Black arrowheads indicate the core protein, while arrows indicate the glycosylated forms. B, Quantification
of the protein levels for (i) versican core protein (black border box and whisker) and glycosylated form (gVersican, grey border box and
whisker), (i) biglycan (black border box and whisker) and glycosylated form (gBiglycan, grey border box and whisker), (i) decorin, (iv)
osteoglycin, and (v) lumican. GAPDH served as the loading control. n=12 to 16 per group. Data represent median+interquartile range. *P<0.05
compared with the corresponding control, p<0.05 compared with the corresponding pediatric group. AU indicates arbitrary units; DCM,
dilated cardiomyopathy; NFC, nonfailing control.

remodeling.25 We speculate that the markedly higher advantage towards myocardial compliance in the young. The
tenascin-X levels seen in pediatric control compared with observed accumulation of chondroitin sulfate glycosamino-
adult control hearts might represent an age-dependent glycans in adult DCM hearts has been reported to contribute
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Figure 4. Protein levels of matricellular/glycoproteins in pediatric and

adult nonfailing control (NFC) and dilated cardiomyopathy (DCM)

hearts. A, Representative Western blots for thrombosondin-1 (THBS1), tenascin-x, secreted protein acidic and cysteine-rich (SPARC),
osteopontin, and y-sarcoglycan. B, Quantification of protein levels for indicated proteins (i through v). GAPDH serves as loading control. n=12 to
16 per group. Data represent medianinterquartile range. *P<0.05 compared with the corresponding control, 7P<0.05 compared with the

corresponding pediatric group.

to inflammation and fibrosis.?® We found a similar increase in
chondroitin sulfate levels in pediatric and adult DCM hearts,
but also observed substantially more fibrosis in adult DCM
than pediatric DCM hearts. Therefore, it is plausible that a

direct correlation between fibrosis and glycosaminoglycan
content may not be consistent across the spectrum of
diseased myocardium and that the age of the patient may be
at least as important.
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Figure 5. A disintegrin and metalloproteinases (ADAMs) in pediatric and adult control and failing hearts.
A, Representative Western blots for myocardial ADAMs 12, 15, 17, and 19. B, Averaged quantification of
protein levels for each ADAM (i through iv). GAPDH represents the loading control. n=12 to 16 per group.
Data represent median=tinterquartile range. *P<0.05 compared with corresponding control, p<0.05
compared with the corresponding pediatric group. AU indicates arbitrary units; DCM, dilated cardiomy-
opathy; NFC, nonfailing control.

TGF-B1 is a prominent profibrotic cytokine, and its
activation and activity can be modulated at many levels and
by different factors. TGF- is secreted as a latent complex in

which the mature dimer remains noncovalently bound to its
prodomain, latency-associated peptide, and is sequestered
within the ECM where it remains inactive. Activation of TGF-
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Figure 6. Alterations in a disintegrin and metalloproteinase with thrombospondin motifs (ADAMTSs) protein expression in pediatric and adult
control and failing hearts. Representative Western blots (A) and averaged protein quantification (B) for ADAMTSs 1, 2, 4, 5, 7, and 9. GAPDH
served as the loading control. n=12 to 16 per group. Data represent median=interquartile range. *P<0.05 compared with corresponding

control, TP<0.05 compared with corresponding pediatric group. AU indicates arbitrary units; DCM, dilated cardiomyopathy; NFC, nonfailing
control.

B1 requires its release from the ECM (often proteolytically by (latency-associated peptide—TGF-B) with integrins,’ glycopro-
MMP2, MMP9, or MT1-MMP),” and then the release of the teins such as thrombospondin-1,%" or tenascin-x.”® TGF-B1
25 kDa TGF-B1 dimer from the latency-associated peptide. has also been reported to regulate the expression of small
This can occur through the interaction of the latent complex leucine-rich proteoglycans®’ and to suppress the expression
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Figure 7. Proteolytic activities of matrix metalloproteases (MMPs) in control and failing hearts of pediatric and adult populations. A, Total
MMP activity, measured using a fluorescent-based in vitro activity assay, in the indicated groups. B, A Representative gelatin zymogram showing
MMP-9 and MMP-2 levels in nonfailing control (NFC) and dilated cardiomyopathy (DCM) hearts from pediatric and adult groups. Coomassie blue
(CBB)—stained SDS-PAGE was used as the loading control. C, Quantification of gelatinolytic activities for (i) proMMP9, (ii) proMMP2, and
(i) MMP2. n=12 to 16 per group. Data represent mean+SEM. *P<0.05 compared with the corresponding control, 7P<0.05 compared with the

corresponding pediatric group. AU indicates arbitrary units.

and release of lumican in cancer cells.®® Inversely, small
leucine-rich proteoglycans such as lumican can negatively
impact TGF-f function by binding to this cytokine and limiting
its ability to activate its receptors.®"®? Consistent with this
notion, we found an inverse relationship between the changes
in lumican levels (greater in pediatric DCM versus adult DCM)

and TGF-B activity (greater in adult DCM versus pediatric
DCM).

Finally, MMPs are primarily known for degrading ECM
proteins during physiological and pathological turnover. In
addition to MMPs, other metalloproteinases (ADAMs and
ADAMTS) contribute to remodeling of the ECM through
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Figure 8. Altered tissue inhibitors of metalloprotease (TIMP) levels in nonfailing control (NFC) and dilated cardiomyopathy (DCM) hearts from
pediatric and adult populations. Representative Western blots (A) and averaged protein quantification (B) for TIMP1, TIMP2, TIMP3, and TIMP4.
n=12 to 16 per group. Data represent median+tinterquartile range. (C) A collective array showing a summary of protein expression levels for the
molecules analyzed in this study in pediatric and adult NFC and DCM hearts. The color scale indicates the relative expression level. *P<0.05
compared with the corresponding control, 7P<0.05 compared with the corresponding pediatric group. ADAMS indicates A disintegrin and
metalloproteinases; ADAMTSs, a disintegrin and metalloproteinase with thrombospondin motifs; AU, arbitrary units; MMPs, matrix

metalloproteases; sGAGs, sulfated glycosaminoglycans; SPARC, secreted

proteolytic processing of its nonfibrillar components.®® We
previously reported that total proteolytic activity of metallo-
proteases is elevated in failing adult DCM hearts.'? In this
study, we report that the alterations in protein levels of key
proteases appear to be modulated by the age of the patient.

protein acidic and cysteine-rich; THBS 1, thrombosondin-1.

Meanwhile, TIMPs, the endogenous inhibitors for metallopro-
teinases, show the same pattern in pediatric and adult hearts,
and only TIMP3 is decreased in failing hearts. TIMP3 is a
potent inhibitor of ADAMTSs, including ADAMTS4 and
ADAMTS5,** as well as ADAMs and MMPs.'® Therefore, the
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increased levels of cleaved thrombospondin-1 in the DCM
hearts may indicate the elevated activity of ADAMTSs in the
face of reduced TIMP3 in the failing hearts of both age groups.

Limitations

The specimens used in this study were procured from
explanted failing hearts at an advanced stage of the disease.
Therefore, information regarding the molecular/cellular
events during the early stages of disease progression remains
unknown. The control adult hearts used in this study were
procured from brain-dead donors a few days after injury, and
the control pediatric specimens were from congenitally
diseased hearts, which may have experienced altered hemo-
dynamics that could have also caused remodeling. However,
these hearts lacked the features of remodeling that are seen
in DCM, and therefore constitute reasonable control groups.
As such, we have referred to these groups as “controls” rather
than “normal” or “healthy.”

Conclusions

This study reveals that although pediatric and adult DCM
hearts are similar at the end stage of HF, their ECM
components (fibrillar and nonfibrillar) appear to have remod-
eled in a different fashion. We have determined that the
reduced binding affinity of the glycosaminoglycans for TGF-31
in the diseased adult myocardium gives rise to increased
bioavailability of TGF-B1 and activation of its profibrotic
downstream signaling pathway. Moreover, protein expression
of proteoglycans, glycoproteins, and the enzymes responsible
for their turnover and ECM remodeling are altered differently
in pediatric versus adult failing hearts. These findings raise the
possibility that manipulation of the remodeling process may
differ in hearts of younger patients.
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SUPPLEMENTAL MATERIAL



Table S1. Clinical characteristics of pediatric and adult patients with DCM.

Pediatric DCM Adult DCM
Median (IQR) Median (IQR)
n 15 24
Age at transplant (years) | 2.42 (0.96-7.58) 51 (40-61)
Sex (Male) 8/15 18/25
Dlsiiﬁi{i‘ﬁgﬁmn 2 (0.87-12.5) 66 (5.8-102)
Anthropometric
Weight (kg) 12.8 (9.5-34) 80 (72-86)
Height (m) 0.84 (0.79-1.35) 1.73 (1.68-1.8)
BMI (kg/m?) 16.35 (15.1-20) 25.86 (24.09-28.73)
Blood parameter
Hemoglobin (g/L) 105 (91.75-119.25) 122 (99-137)
Creatinine 32.5(21.25-56.5) 124 (95-145)
(micromole/L)
¢GFR((ml/min/1.73m?) | 95.8 (71.47-131.28) 55.7 (42.8-70.8)
Comorbidities
Liver disease 3/15 4/24
Kidney disease 1/15 9/24
COPD 1/15 1/24
Thyroid 0/15 7/24
DM 0/15 2/24
Other diseases 3/15 6/24
Medications
ACEi/ARB 9/15 17/24
B blocker 8/15 18/24
Digoxin 1/15 10/24
Anti-platelet 1/15 3/24
Statin 0/15 5/24
PPI 3/15 7/24
Anti-arrhythmic 2/15 3/24
Vitamin D 5/15 6/24
Echocardiography
EF (%) 16.9 (13-37) 22 (15-43)




ACEi, angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor blocker; BMI, body mass index;
COPD, chronic obstructive pulmonary disease; DM, diabetes mellitus; eGFR, estimated glomerular filtration rate;
Mann-Whitney-Wilcoxon test and Fischer exact were used to compare medians of continuous and categorical data
between the two groups respectively. IQR, interquartile range; Statistical significance was recognized at P<

0.05.



Figure S1. Proteoglycans and GAGs in healthy and failing hearts.

| .~ Core protein

\ N

Glyosaminoglycans % - V. Glyosaminoglycans

(GAGs: CS, HS) N '(GAGs: CS, HS)
Proteoglycans in heathy heart Proteoglycans in failing heart

Schematic illustration of the general structure of proteoglycans and their side-
branches of glycosaminoglycan (GAG) in a healthy heart (A) compared to a failing
heart (B). CS, cohndroitin sulfate; HS, heparin sulfate.
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