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ABSTRACT

Dilated cardiomyopathy (DCM) is a relatively common heart muscle disease characterized by the
dilation and thinning of the left ventricle accompanied with left ventricular systolic dysfunction.
Myocardial fibrosis is a major feature in DCM and therefore it is inevitable that corresponding
extracellular matrix (ECM) changes are involved in DCM onset and progression. Increasing our
understanding of how ECM adaptations are involved in DCM could be important for the development
of future interventions. This review article discusses the molecular adaptations in ECM composition
and structure that have been reported in both animal and human studies of DCM. Furthermore, we
provide a transcriptome-based catalogue of ECM genes that are associated with DCM, generated by
using NCBI Gene Expression Omnibus database sets for DCM. Based on this /n silico analysis, many
novel ECM components involved in DCM are identified and discussed in this review. With the
information gathered, we propose putative pathways of ECM adaptations in onset and progression of
DCM.



1. Dilated cardiomyopathy

In the developed world 1-2% of the population suffers from heart failure, from which approximately
half of the patients have systolic heart failure with a reduction in ejection fraction of at least 40%. The
underlying cause for systolic heart failure is predominantly ischemic heart disease and dilated
cardiomyopathy (DCM). DCM is a relatively common heart muscle disease with a prevalence that
increases with age: it is rare in the pediatric population (1-2:100,000), however in adults it has an
estimated prevalence of 1:2500 [1, 2]. The disease is characterized by the dilation and thinning of the
left ventricle accompanied with left ventricular systolic dysfunction [3, 4]. The diagnosis is primarily
based on evidence of dilation and impaired contraction of the left ventricle (left ventricular ejection
fraction (LVEF) <45%) [3-5]. DCM has a poor prognosis with a five-year survival rate of
approximately 50% after diagnosis [6].

The etiology of DCM can be divided into ischemic (50-70%) and non-ischemic (30-50%), with the
latter phenotype including genetic and acquired causes [7]. In Western countries, 20-50% of DCM
patients have evidence for familial disease. Autosomal dominant is the primary mode of inheritance,
although X-linked, recessive and mitochondrial inheritance occur as well. It is important to consider
that sporadic DCM cases can also be due to genetic mutations [4, 8]. Genetic forms of DCM are
caused by mutations in cytoskeletal, sacromeric protein, Z-band, nuclear membrane, intercalated disc
protein genes etc. [3, 8]. Recently, up to 110 nuclear genes and 24 mitochondrial DNA genes have
been linked to DCM [9]. Regarding the acquired causes of DCM; chronic myocardial inflammation
(myocarditis) can lead to DCM at a later stage and is most commonly evoked by infectious triggers.
The majority of non-ischemic DCM cases (=70%) are considered idiopathic: they remain unexplained
after a thorough search for primary or secondary causes [7].

Myocardial fibrosis is a major feature in DCM [10-12]. In cardiac tissue, fibrosis has often been
described to develop in the setting of an ischemic scar as a result of a myocardial infarction (MI). This
reparative response is referred to as replacement fibrosis: dead cardiomyocytes are replaced mainly
by collagen. Myocardial fibrosis has also been increasingly recognized in diffuse form in the absence of
an ischemic trigger as reported in cardiomyopathies, including DCM [10, 11]. Here, the cardiac
interstitial space expands without cell loss, leaving a patchy fibrotic pattern in the myocardium or
large collagen strands in between cardiomyocytes. This type of fibrosis is called reactive or interstitial
fibrosis. Myocardial fibrosis is a pathogenic form of extracellular matrix (ECM) remodeling and
therefore it is inevitable that corresponding ECM changes are involved in DCM development and
progression.

Various animal and human studies have been performed in the last decades trying to elucidate the
role of ECM components in DCM and the clinical manifestation of DCM, systolic heart failure (SHF).
Studies based on non-ischemic and non-genetic DCM and SHF are summarized and briefly discussed
in the following two paragraphs. The third paragraph will discuss the new information gathered from

the online NCBI Gene Expression Omnibus (GEO) database sets for DCM. Based on this, we propose



putative pathways of ECM adaptations in onset and progression of DCM.

2. Extracellular matrix adaptation in myocardial fibrosis associated with

systolic heart failure and dilated cardiomyopathy

2.1 Animal studies

2.1.1 Collagen and type I/III collagen ratio

In relation to SHF and DCM, various animal models demonstrated that these diseases are causally
associated with changes in ECM composition, structure and function. These changes are summarized
in Table 1. Already in 1990, Weber and colleagues [13] performed a histopathological study with
dilated LVs of dogs that underwent rapid ventricular pacing. In these tissue samples, disruption by
degradation and disappearance of collagen fibers together with interstitial fibrosis in the midwall and
epimyocardium was observed. The collagen network in the heart consist mostly of type I and III
collagen, that self-organize into fibrils with a diameter ranging from 0.01 to 3 um [14]. These fibrillar
collagens aggregate into fibers that are connected through cross-links and form a strong tensile
network that tethers cardiomyocytes in support of their alignment. Supported by this typical ECM
configuration, the myocyte-generated force can be transduced in all directions. Pro-collagen molecules
in their long and rigid triple helix forms are synthesized mostly by fibroblasts and secreted into the
interstitial space. Here they will undergo cleavage of their end-terminal pro-peptide sequences to
enable collagen fiber formation, since the resultant collagen molecule will be less soluble. This process
is crucial in collagen network formation as it initiates self-assembly into collagen fibrils. Quantification
of these cleaved terminal peptides can serve to measure the activity of the fibrotic process [15].

The ratio of type III to type I collagen can be considered as an index of myocardial distensibility,
since type I is stiffer and provides more tensile strength when compared to type III, that is more
elastic. The collagen type I/type III ratio is relatively stable in the healthy myocardium. However, in
cardiomyopathies, studies imply that this ratio will shift. Subsequent studies performed by various
research groups have analyzed in more detail the role of specific ECM components in DCM
development and progression (Table 1). A study of ECM changes in a popular experimental model of
DCM, hereditary dilated cardiomyopathy in hamsters (BIO 53.58 hamsters), demonstrated that type
III collagen increases significantly at 10 weeks of age, whereas the total collagen content remains
stable in control hamsters [16]. In addition, Masutomo and colleagues [17] found a significant
increase in the collagen type III:I ratio in the hearts of BIO 53.38 hamsters at 20 and 40 weeks of
age, when compared with age-matched control hamsters, further suggesting that the ECM of the
affected hamsters was decreased in myocardial stiffness. Collagen crosslinks increased as
cardiomyopathy progressed in BIO 53.58 hamsters, suggesting that the formation of crosslinks is

activated at the stage of cardiac dilation. The solubility of collagen depends on the amount of



crosslinks formed. Therefore, this advanced cross-linking in BIO 53.58 hamsters may indicate a
progressive decrease in acid solubility of collagen [16]. In contrast, Woodiwiss and colleagues [18]
reported a decrease in the ratio of myocardial insoluble to soluble collagen in two different rat models
of systolic chamber dysfunction with LV dilation. In one of these models, an increase in the myocardial
collagen type I to type III ratio was observed due to an increase in type I collagen, that is again not in
line with the findings in the BIO 53.58 hamsters. Adaptation of collagen composition during cardiac LV
dilation appears to be either model or species specific and caution should be taken to extrapolate

these findings to the human condition.

2.1.2 Balance in ECM degradation by matrix metalloproteinases and their inhibitors

The ECM architecture of the cardiac wall is maintained by balanced protein synthesis and degradation.
Collagens are synthesized by cardiac fibroblasts, which are in turn activated by different factors in the
microenvironment. Potent stimulators of collagen-production by cardiac fibroblasts include growth
factors such as transforming growth factor-p (TGF-B), nitric oxide and components of the renin-
angiotensin-aldosterone system (RAAS) [19]. At the other end of the spectrum, ECM degradation is
mediated by a family of enzymes called matrix metalloproteinases (MMPs), that are most commonly
secreted by fibroblasts among other cells including endothelial cells (ECs), cardiomyocytes and
inflammatory cells. The main MMPs present within the cardiovascular tissue are MMP-1, -2 and -9.
MMP-1 is the key enzyme in collagen degradation and facilitates breakdown of the collagen molecule
into two fragments. Further degradation steps are carried out by two different enzymes, MMP-2 and -
9. In general, MMPs are kept in their latent form by specific inhibitors called tissue inhibitors of MMPs
(TIMPs), that colocalize with MMPs throughout the myocardium [20]. Four different TIMPs are known,
with TIMP-1 being expressed at low levels in the healthy heart. A fine balance between MMPs and
their inhibitors is required to reach equilibrium, and disturbances in their ratios will affect the collagen
content and consequently the mechanical properties of the cardiac wall.

MMPs have been demonstrated to play an important role in ECM remodeling in a number of
pathological processes associated with cardiac diseases, including DCM (Table 1). Spinale and
colleagues [21-24] used the pacing-induced cardiomyopathy pig model to test if LV dilation and
remodeling during the progression of congestive heart failure is associated with early changes in
MMPs activity and expression. These pigs experience systolic dysfunction and reduced collagen
support between adjacent myocytes. Pacing-induced CM is associated with a reduction in the collagen
concentration and cross-linking and with an increase the ECM component chondroitin sulfate
proteoglycan within the extracellular space. However, a 4-week recovery period results in an increase
in the collagen concentration, increased LV stiffness and normal proteoglycan distribution [25, 26]. In
subsequent studies, a time-dependent increase was observed in overall MMP activity and protein
abundance of MMP-1, 2 and 3 in the pacing group that was accompanied by a decrease in LV
myocardial collagen content. These changes co-occurred with the initiation and progression of LV
dilation [21, 24]. More research revealed that chronic inhibition of multiple MMPs in the pacing group

attenuated the degree of LV dilation and improved LV ejection performance in comparison with
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untreated rapid pacing pigs [21-23]. Additional studies used the same MMP inhibition therapy in rat
and mice models for heart failure: in general, all animals receiving a broad-spectrum inhibitor of MMPs
showed diminished ventricular dilation and preservation of systolic function [27-29]. In line with these
findings, mice with a 7imp-3 deficiency developed spontaneous left-ventricular dilation and contractile
dysfunction, coincided with increased MMP-9 activity [30].

Activation of MMPs was also causally related to LV dilation in animal models of SHF. Nishikawa et
al. [31] demonstrated that both MMP-2 and -9 activation and protein expression is increased in SHF
rats throughout the heart wall. The gene expression of type I collagen, 7imp-1 and -2 is significantly
enhanced in the SHF model as well when compared with control rats. More evidence for the
involvement of MMPs in LV dilation comes from a study that used transgenic mice with cardiac
restricted overexpression of TNFoa. These mice develop progressive LV dilation and structural
remodeling from 4 to 12 weeks of age. Sivasubramanian and colleagues [32] showed that during the
early phases of LV dilation, the total MMP activity increases significantly and corresponds to a
decrease in total myocardial fibrillary collagen content in these mice. However, as the mice age, the
total MMP activity significantly decreases and is accompanied by an increase in the total amount of
fibrillary collagen. These changes were related to a progressive increase in TIMP-1 levels from 4 to 12
weeks of age. In conclusion, MMPs might be an early event in the development of DCM that co-occurs
with LV dilation. This process can be counteracted by mechanisms that activate TIMPs regulation at

later stages.

2.1.3 MMPs and TIMPs in inflammatory DCM

Myocarditis and subsequent heart damage can ultimately lead to DCM. It is assumed that during the
inflammatory phase, ECM remodeling might be triggered causing DCM at a later stage. Three different
studies investigated this notion by infecting mice with cardiovirulent coxsackie virus B3 (CVB3), a
major cause of myocarditis in humans, and assessing the expression of several MMPs and TIMPs as a
measure of ECM remodeling (Table 1). Li and colleagues [33] demonstrated that viral infection causes
a significant upregulation of MMP-3 and -9 mRNA and protein along with a downregulation of TIMP-1
and -4 mRNA and TIMP-4 protein. Furthermore, an increase of the degraded soluble fraction of type I
collagen was found in these animals. Cheung and co-workers [34] found that already at 9 days post
infection (pi), mRNA and protein abundances of MMP-2, -9 and -12 are upregulated, whereas the
protein expression of TIMP-3 and -4 are down regulated. During the inflammatory phase (day 9 pi),
the activity of both MMP-2 and -9 is increased as well. Moreover, the murine hearts showed an
increase in the total amount of collagen during the acute phase of infection (day 9 pi). In line with the
previous studies, Heymans et a/. [35] showed an increase in transcript levels of several MMPs,
including MMP-2, -3, -8, -9 and -13 in mice 7 days after CVB3 infection. Furthermore, the activity and
protein level of MMP-9 is significantly enhanced. Interestingly, loss of MMP activity through
overexpression of TIMP-1 decreases cardiac inflammation and prevents cardiac dilation at 7 days pi.
Besides MMPs, the activity and transcript level of another proteolytic enzyme was found to be

enhanced in this study: urokinase-type plasminogen activator (uPA). This enzyme converts
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plasminogen into its active form plasmin, which is responsible for the induction of MMP-9. Absence of
uPA reduces the presence of active plasmin in CVB3-infected hearts and correspondingly, a reduction
in MMP-9 activity was seen. Furthermore, absence of uPA reduces the inflammation and fibrosis 7
days pi and subsequently protects against cardiac dilation [35]. These findings demonstrate that ECM
remodeling is triggered during the inflammatory phase prior to DCM and an early reduction of this

process may protect against the dilation.

2.1.4 Connective tissue growth factor

Connective tissue growth factor (CTGF) is a glycoprotein that binds the ECM. Szab6 and colleagues
[36] recently investigated the role of CTGF in regulating the development of cardiac fibrosis during
heart failure. Mice were subjected to pressure overload by thoracic aortic constriction (TAC) and
received CTGF monoclonal antibodies (mAb) to antagonize CTGF. Animals treated with the target mAb
showed improved LV systolic function and reduced LV dilation when compared to untreated mice.
Furthermore, CTGF mAb treatment reduces the type I collagen production induced by TAC. In
addition, the gene expressions of ECM components Serpin-£1 and Mmp-2 were decreased in CTGF

mAb-treated mice.

Studying the effect of preventing LV dilation and preserving normal LVEF during the advancement of
heart failure on ECM composition can give useful insights in the involvement of these components in
the development of DCM. Aortocaval fistula (ACF) induced LV volume overload leads to progressive LV
chamber dilation and systolic dysfunction. Hutchinson and colleagues [37] demonstrated that ACF-
induced rats, that underwent a load-reversal procedure, exhibited improved LV chamber dimensions
and function. Total collagen content was significantly decreased following ACF, but returns to normal
levels after 15 weeks. ACF significantly increases the gene expressions of type I and III collagen and
elastin but these were blunted at the reversal stage. Moreover, protein levels of MMP-13 and -14 were
increased in ACF-induced rats, but returned to normal values after reversal. In contrast, MMP-7
remained increased after reversal. The reversal procedure caused a decrease of MMP-9 and TIMP-2
protein expression below normal values. These results show that reversal of LV dilation promotes a

shift in ECM expression pattern that is associated with heart function normalization.

A summary of the expression profile of ECM components in the different cardiac animal models with
LV dilation and systolic dysfunction is provided in Table 1. Only significant and direct changes in ECM

components are included.

2.2 Human studies

2.2.1 Collagen and type I/III collagen ratio
Several human studies have elucidated the role of ECM turnover in the development and progression

of SHF and DCM. These changes are summarized in Table 2. Most of the observations were supportive

7



of the findings in the animal studies. For example, Gunja-Smith and colleagues were one of the first to
provide evidence that DCM is characterized by more matrix deposition due to an increase in the
collagen content. The newly produced collagen is deficient in forming stable cross-links and may
therefore contribute to the dilation of the ventricular wall [38, 39]. Numerous human studies reported
a similar increase in total collagen content, that mainly consists of collagen type I and III with an
increase in the collagen type I/type III ratio. In general, collagen type I provides more tensile
strength and stiffness compared to collagen type III [40-47]. Besides type I and III collagen, other
collagens, such as type IV and VI are present in minor quantities in the healthy myocardium.
However, in DCM hearts the enlargement of the extracellular space is associated with abundant
collagen VI [47, 48]. In concordance with the results obtained from animal studies, DCM is
characterized by an increase in both collagen type I and III. In addition, all human studies reported a
clear increase in the collagen type I to type III ratio, that may contribute to the DCM phenotype due
to an increase in stiffness and decrease in elasticity of the cardiac wall. Furthermore, Sivakumar et al.
[46] found that both transcriptional and translational levels of lysyl oxidase (LOX), a key ECM enzyme

catalyzing crosslinks in collagen and elastin, were significantly upregulated in DCM hearts.

2.2.2 Balance in ECM turnover mediated by MMPs and TIMPs

DCM is also characterized by enhanced matrix turnover (Table 2). Gunja-Smith and colleagues [38,
39] were one of the first to demonstrate that this shift is caused by an increase in MMP activity. In
more detail, both active and latent MMP-1 and -8 levels were found to be higher in DCM hearts,
whereas the expression of their inhibitor, TIMP-1, felt to negligible levels. Several additional studies
have been performed on the role of MMPs in DCM, in which an overall increase in total MMP activity
was observed [49]. Tyagi et al. [50, 51] demonstrated that MMPs are present in the latent form in the
normal myocardium, but are activated in DCM. In more detail, MMP-1 expression was found to be
induced in the DCM heart on both mRNA, protein and activity level when compared to normal tissue.
Furthermore, TIMP-1 is repressed in DCM. Rouet-Benzineb et a/. [52] found that besides 7IMP-1;
TIMP-2, -3 and -4 were downregulated in ventricle samples from DCM patients when compared to
healthy controls. However, the activity of MMP-2 and -9 remains unchanged. In contrast, two studies
reported that MMP-1 levels were decreased in DCM [53, 54]. Several studies found MMP-2, -3 and -9
levels to be increased in DCM myocardial tissue when compared to non-failing hearts. However, in
contrast with previous results, a rise in TIMP-1, -2 and -3 levels was also detected [46, 53, 54]. In
addition, MMP-14 was found to be also increased in DCM hearts [53]. An increase in MMP-1 and -9
protein expression, with an increase in the MMP-1 to TIMP-1 ratio was observed in DCM patients by
Klotz and colleagues [42]. These mixed findings suggest that a complex interplay between MMPs and
their inhibitors TIMPs exists in the DCM heart.

2.2.3 Evidence provided by serological markers
More evidence for an enhanced matrix turnover in DCM comes from studies performed on serological

markers of collagen metabolism (Table 2). It has to be noted, that evidence based on serological
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markers should be considered with caution, since the difference in serum concentration can also be
the result of secondary effects due to forward failure that decreases the blood flow to various organs.
Klappacher and colleagues [55] demonstrated that patients with DCM have higher serum
concentrations of two collagen cleavage products: procollagen type III aminoterminal peptide (PIIINP)
and type I collagen carboxyterminal telopeptide (ICTP) compared to healthy controls. In addition, the
authors reported that serum PIIINP and ICTP positively correlates with their tissue analogues,
myocardial collagen type III and I, making these results more reliable. Schwartzkopff and colleagues
[56] showed an increase in serum ICTP, a marker for collagen type I degradation, but no increase
was reported for procollagen type I carboxyterminal propeptide (PICP), a marker for collagen type I
synthesis. They also demonstrated an elevation in serum MMP-1 and TIMP-1 concentrations in DCM
patients and a higher MMP-1/TIMP-1 ratio than in control subjects. Other studies have investigated
the serum concentrations of MMPs and their inhibitors in patients with SHF. According to Yan and
colleagues [57], patients with chronic SHF (LVEF <40%) have higher plasma levels of MMP-2
compared to baseline at 43 weeks of follow-up. MMP-9 and TIMP-1 plasma levels did not change
significantly overall in the study population. However, elevated MMP-9 levels correlates with lower
LVEF and deterioration of LV function. Results obtained by Jordan et a/ [58] demonstrated that
patients with systolic dysfunction (LVEF <50%) have lower levels of MMP-1 and higher levels of TIMP-
1 in their serum. This results in a higher TIMP-1/MMP-1 ratio than in healthy controls. In yet another
study population of patients with SHF (LVEF <45%), serum MMP-1 and -2 levels were found to be
significantly upregulated in SHF patients on admission when compared to healthy subjects. Only MMP-
1 levels remained high at discharge [59].

In addition to collagen and MMPs, other extracellular matrix components are differentially
expressed in DCM. Klappacher and colleagues [55] demonstrated that patients with DCM have higher
serum concentrations of basement membrane laminin when compared to healthy controls, that
positively correlates with myocardial laminin content. Serum tenascin C (TNC), a glycoprotein that is
specifically expressed at high levels during embryogenesis, but not in the adult heart, was found to be
increased in DCM patients compared to healthy controls. Moreover, a significantly negative correlation
was found between TNC levels and LVEF [60]. TNC is mostly deposited along the margin of the
replacement fibrotic lesions found in DCM hearts, implying that the fibrotic change is a continuous

process [61].

Besides differences between healthy and DCM hearts, ECM components also differ in distribution
within the diseased myocardium. The volume densities of fibronectin, collagen type I and IV were
reported to be higher in the left ventricle than in the right ventricle of DCM hearts [62]. Another group
observed fibronectin in both the endomysium and perimysium of DCM heart biopsy specimens, co-
existent with collagen type I and III. Laminin was also observed in the endomysium and was localized
together with collagen type IV. In addition, fibronectin and collagen type I, III and IV are non-

homogenously distributed in the replacement fibrotic lesions [63]. Furthermore, pediatric DCM is



characterized by a specific profile compared with adult DCM: MMP-8, MMP-9, TMP-1 and TMP-2 levels
are increased in pediatric DCM, whereas MMP-3, MMP-7 and TIMP-3 levels are decreased [64].

A summary of the expression profile of ECM components in the human DCM and SHF populations is
provided in Table 2. Only significant changes in ECM components are included and indirect but

significant serum changes are also mentioned.

It has to be noted that there is a discrepancy in findings between animal and human studies, in
particular differences in MMP expression. An almost unanimous enhanced MMP expression is seen in
the animal studies, with the exception of MMP-14, whereas in the human studies the overall
expression pattern found is contradicting. Animal models provide the opportunity to study ECM
changes in a more controlled environment and allow for the assessment of more subtle changes. Even
though the findings obtained from animal models are more consistent, the question remains if animals
are reliable enough in predicting the humane response. Only one animal model mentioned in this
review, the BIO 53.58 hamsters, resembles the human situation in terms of developing DCM over time
without intervention. In all the other models, the DCM phenotype had to be induced experimentally.
The reason for the opposing findings in MMP expression within the human studies could be explained
by the fact that these studies cannot be controlled on the same level as animal studies. Factors such
as timing, heterogeneity of the patient population, sample size, biopsy location and the fact that
various studies investigate only mRNA or protein levels of relevant factors among other issues
contribute to the rise of contradicting results. It is also important to point out that the majority of
studies investigate mRNA and/or protein levels of the MMP/TIMP system, whereas the overall net
enzymatic activity is the determining factor in terms of ECM remodeling. The amount of contradictory

data in the field highlights the need for additional studies.

3. Novel extracellular matrix changes identified in dilated cardiomyopathy by
GEO datasets analysis

The human matrisome is composed of an ensemble of ECM and ECM-associated proteins, of which
some have been suggested to play a role in DCM onset and progression, as discussed in previous
paragraphs. We analyzed specific gene expression datasets that are publicly available on the NCBI's

GEO database (http://www.ncbi.nlm.nih.gov/sites/GDSbrowser) to find novel ECM components that

are altered in cardiac expression by DCM and might be involved in disease development. We selected
three datasets from studies that included human DCM and non-failing heart samples in their study
design, see supplemental Figure 1 for an overview of the pipeline used for dataset selection. Two of
the three selected studies obtained their tissue biopsies from the left ventricle and the third used

septal myocardial tissue. Other characteristics of the patient subset used in each study are
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summarized in Table 3. NCBI's GEO2R tool (www.ncbi.nlm.nih.gov/geo/geo2r/) was used in order to

identify genes that are significantly differentially expressed between the DCM and healthy control
groups. Datasets matching the earlier described criteria were downloaded (Supplementary Figure 1).
Each raw dataset was sorted by R script provided by GEO2R program. Gene expression was analyzed
as following: (1) P-value below 0.05 was used to filter genes that reached significant level; (2)
Selected genes with logFC value above 0 represented increased expressions, and those with logFC
value below 0 represented decreased expressions. (3) Genes with significantly increased and/or
decreased expression were mapped among all matrisome subgroups. The list of ECM genes associated
with DCM were obtained from the resulting expression data after filtering with an /n silico matrisome

dataset (http://matrisomeproject.mit.edu/). This dataset contains all the components of the human

matrisome based on characterization and bioinformatic prediction, subdivided into two main
categories: the core matrisome and ECM-associated components [65, 66]. The core matrisome consist
of glycoproteins, collagens and proteoglycans, whereas the categories ECM-affiliated, ECM regulators
and secreted factors represent the ECM-associated group. The resulting expression datasets are
summarized in Table 4 and 5 and Figure 1.

Many genes are differentially expressed between the DCM and healthy control groups in all three
datasets (Table 4 and 5). From these, £5% can be assigned to the human matrisome. From the
genes that are increased in DCM hearts, half is represented by core matrisome components. Further
classification reveals that most of these genes can be assigned to the glycoprotein family. Collagens
and proteoglycans are present as well, but in lower quantities. The remaining genes increased in DCM
based on the GEO analysis are represented by matrisome associated components, with approximately
equal distribution between the three subgroups. A different pattern is observed within the group of
down regulated matrisome genes. Less genes are represented by core matrisome components,
ranging from 8-31% between the different datasets. Nevertheless, as with the upregulated genes,
most of the core genes are classified as glycoproteins. In contrast with the other two sets, in dataset
GSE42955, none of the downregulated genes are neither collagens nor proteoglycans. The majority of
downregulated genes can be classified as matrisome associated, with the secreted factors being the
most represented subgroup. All the genes that are differentially expressed in the three datasets are
listed in the supplemental data (Supplementary Tables 1-4 and supplementary Figures 2).

To look in more detail at the differential gene expression data obtained from the GEO analysis, a
heat map was constructed (Figure 1). Only genes are included that are significantly up- or
downregulated in at least two datasets. Conform the literature for both animal and human studies
summarized in the previous sections, collagen type I and III are upregulated in DCM hearts based on
our GEO analysis. In addition, the glycoproteins elastin and laminin are upregulated as well, the latter
for the subtypes o2 and Bl. On the other hand, uPA is found to be upregulated in CVB3-infected
hearts, however in our analysis the expression is found to be reduced in DCM hearts. In addition,
tenascin C, lysyl oxidase and chondroitin sulfate proteoglycan are mentioned in the literature as ECM
components with increased expression in DCM, but are not significantly upregulated in our analysis.

Strikingly, neither MMPs nor TIMPs are found as differentially expressed, even though many studies
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have provided evidence for their involvement in DCM pathology. An explanation for missing these
important ECM regulators in the GEO analysis could be that ECM degradation through MMP activity is
a cyclic and transient process. When sampling at specific (later) time points, lower levels of MMPs and

TIMPs may present within the biopsies.

3.1 ECM regulators

Within the ECM regulators group, we find ECM components that play a role in ECM turn-over and
stabilization that are differentially expressed (Figure 1 and 2). For example, HTRA1 is a highly
conserved serine protease that degrades numerous extracellular matrix proteins, including collagen
and fibronectin. An upregulation in H7RAZI is observed in our analysis, hinting at more matrix
degradation in DCM. Subsequent fibronectin cleavage products can promote transcriptional activation
of MMPs, that will additionally contribute to matrix degradation. Furthermore, HTRA1 has also the
ability to sequester or proteolyse TGF-B. Since TGF-B induces fibroblasts to synthesize ECM
components, degradation of TGF-p will result in more matrix remodeling [67]. In addition, two
members of the proprotein convertase family, PCSK5 and PCSK6, show a higher expression in DCM.
These serine proteinases activate other proteins, thereby regulating their functional activity. The
processing of proMMP-14 as well as its proteolytic activity has been shown to be catalyzed by PCSK5,
thereby indirectly inducing more breakdown of the extracellular matrix [68].

However, many more ECM regulators found in our analysis contribute to ECM synthesis and
stabilization (Figure 1 and 2). For instance, P4HAZ expression is upregulated in our analysis, that
encodes a component of prolyl 4-hydroxylase. This is a key enzyme in collagen synthesis and is
composed of two o and two B subunits. The a2 subunit composes a major part of the catalytic site of
the active enzyme. In collagen and related proteins, prolyl 4-hydroxylase catalyzes the formation of 4-
hydroxyproline residues that are essential for stabilization and proper three-dimensional folding of
newly synthesized collagen [69]. The expression of PLODI, an enzyme that catalyzes the
hydroxylation of lysine in collagens and related proteins, is also upregulated. The resultant
hydroxylysine groups serve as attachment sites and are therefore critical for the formation and
stability of intermolecular collagen cross-links. In addition, ADAMTSL5 and ITIH5 are induced during
DCM and can contribute to ECM strengthening. ADAMTSL5 can bind to both fibrillin-1 and -2 and is
thought to promote fibrillin microfibril formation [70, 71]. The ITIH5 gene encodes a heavy chain
component of one of the inter-a-trypsin inhibitor family members, that are thought to be involved in
extracellular matrix stabilization [72]. Additional contribution to preserve the ECM may come from the
downregulation of the genes A2M, ADAMTSY, CD109 and PLAU, as seen in our analysis. The AZM
gene encodes a protease inhibitor that inhibits many proteases, including collagenases (e.g. MMP-2
and -9) [73]. ADAMTS9 is a member of the ADAMTS protein family, that is associated with the
cleavage of two large aggregating proteoglycans, aggrecan and versican, resulting in less ECM
degradation [74]. CD109 has been identified as a negative regulator of TGF-B signaling. It increases

binding of TGF-p to its receptors, enhances their internalization and facilitates their degradation [75].
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Thus, downregulation of CD109 will result in more TGF-B signaling. PLAU encodes for the enzyme uPA
that is part of the extracellular protease system. It converts plasminogen into plasmin, that is an
important fibrinolytic protease with a wide range of substrates. Plasmin can directly degrade ECM
components, such as fibronectin, that binds to cell surfaces and various compounds including collagen
and fibrin [76]. In addition, plasmin is needed to activate a wide number of MMPs, including MMP-3, -
9 -12 and -13 [77]. Therefore, downregulation of PLAU will result in less active plasmin and
subsequent less degradation of ECM components and fewer active MMPs available to degrade
collagens. This is in line with the result mentioned in the animal data section that loss of uPA protects
against cardiac dilation during CVB3-induced myocarditis [35].

To conclude, in the DCM group, more ECM regulators are involved in ECM synthesis and
stabilization compared to ECM degradation, therefore the balance in DCM may be shifted towards a
stiffer and denser ECM (Figure 2).

3.2 Secreted factors

Besides ECM regulators, the secreted factors compose another major group within the heat map
(Figure 1). Within this group, two members of the fibroblast growth factor family are presented.
These components are essential regulators of the proliferation, chemotaxis and survival of numerous
structural cells, including fibroblasts. During normal tissue repair, fibroblasts proliferate and are
recruited into the lesion, where they remodel the ECM by producing, adhering to and contracting the
ECM. Eventually the fibroblasts disappear due to apoptosis and normal tissue function is restored.
Excessive fibrosis is the result of fibroblasts persisting in the wounded area, resulting in scarring [78].
Myocardial fibrosis is a major feature in DCM and excessive fibroblast activation and survival due to
the upregulation of fibrogenic components might contribute to the formation of scar tissue in the DCM
heart (Figure 1 and 3). FGFI is upregulated in our GEO analysis and it was already known in 1974
that FGF1 stimulates fibroblasts proliferation [79]. Intracellular FGF1 has the ability to inhibit both
p53-dependent apoptosis and cell growth arrest in rat embryonic fibroblasts by decreasing the stability
of p53 and through modification of the transactivation properties of p53 [80]. FGF/ expression is
reduced in DCM, however, this protein is only mitogenic for epithelial cells and not for fibroblasts [81].
More secreted factors with a high gene expression in our analysis are found to be positively linked to
fibroblast activity. For example, PTN is another growth factor that is recognized as a mitogen towards
fibroblast [82]. In addition, PTN can inhibit apoptosis of NIH3T3 fibroblasts through activation of the
MAPK pathway [83]. We also see an induction of FS7L3 expression in our GEO analysis, that is a
potent inhibitor of activin signaling and angiogenesis. It has been shown that production of FSTL3 by
cardiomyocytes contributes to the paracrine activation of cardiac fibroblasts. An increased gene
expression will promote proliferation, increase collagen production and induce changes in cell
adhesion [84]. Also, cultured human fibroblasts express constitutive 7L-16 and CRLFI mRNA. Both
these molecules are found to be upregulated in DCM, giving an indirect indication of induced fibroblast
activity [85, 86].
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On the contrary, other factors found in our GEO analysis that are associated with fibroblast activity
are downregulated, which could contribute to an antifibrogenic effect (Figure 1 and 3). Two of these
components are CCL2 and IL-6. CCL2 can induce IL-6, that in turn can mediate fibroblast survival by
inhibiting apoptosis via the ERK1/2 signaling pathway [87]. The expression of CCL11, a small cytokine
that can modulate fibroblast activity by increasing their proliferation, chemotaxis, collagen synthesis
and MMP-2 activity, and FIGF, a growth factor that is able to stimulate mitogenic activity and induce
morphological alterations in fibroblasts, are both reduced [88, 89]. Besides FGFs, EGF has also been
implicated as a potent mitogenic factor for numerous cell types, including fibroblast. It has been found
by several studies using fibroblast in culture that EGF can stimulate fibroblast migration and
proliferation and can also promote fibroblast contractility and motility via a protein kinase C delta-
dependent pathway [90-93]. Furthermore, the EGF receptor is required for MMP expression and
collagen contraction in fibroblasts through the MAPK and AP-1 pathways [94]. EGF is also part of the
fibroblast growth factor receptor signaling pathway, for it can upregulate TGF-p receptor II in human
fibroblasts via the p38 mitogen-activated protein kinase pathway [95]. TGF-B induces fibroblasts to
contract and synthesize ECM and is considered to be a key player in the fibrotic response [96].
Altogether, a downregulation of EGF as found in our analysis will most likely have a negative impact
on fibroblast activity. Lastly, CCL8 and FGF7, a small cytokine and growth factor respectively, can be
produced by fibroblasts itself. Since the gene expression of both is reduced in our analysis, it might
indirectly indicate fibroblast suppression [81, 97].

In summary, there is no clear pattern found within the secreted factors in relation with fibroblasts.
Instead, it seems that a balance between fibroblast activation and suppression is present in the DCM
samples (Figure 3). Different stadia of fibrosis are intermixed in tissue biopsies taken from the DCM
heart. This could explain the diverse signals seen within this group. In addition, the suppression of
some fibrogenic factors might also be the result of a negative feedback mechanism to prevent
excessive fibroblast growth and activation. More research is needed to fully understand the

involvement of these factors in fibroblast regulation during DCM onset and progression.

3.3 Collagens

We identified highly interesting targets within the matrisome associated group, however, many
additional interesting targets were found among the core components, such as various collagen
subtypes (Figure 1). Collagens are the most abundant core component in the extracellular matrix that
typically contain a characteristic triple helical conformation. The vertebrate collagen family includes
more than 40 genes that code for collagen a chains, which can form at least 28 different collagen
subtypes [98]. Fibrillar collagens are the main subgroup in vertebrates, where they fulfill a structural
role by contributing to the molecular organization, mechanical properties and shape of tissues. In
concordance with the extensive literature on fibrillar collagen involvement in DCM, collagen type I and
III are significantly upregulated in DCM according to our GEO dataset analysis. These two collagen

subtypes are found throughout the body and are known to be synthesized in response to injury.
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Additionally, we find a novel fibrillar collagen enhanced in DCM, namely collagen type V. Only two
combinations of a chains can produce this low abundance fibrillar collagen and both genes, COL5A1
and COL5A2, are upregulated. Collagen type V is found in tissues containing collagen type I and it
appears to have an essential role in initiating collagen fibril assembly [99]. Therefore, the enhanced
synthesis and deposition of collagen I seen in the DCM heart might be directly associated with
excessive collagen V production. Furthermore, mutations in these two genes are associated with the
Ehlers-Danlos syndrome (EDS). This disorder includes a vascular type characterized by a fragile
vasculature with a high risk of lethal vascular events, such as arterial rupture [100], indicating that
collagen type V might be important for vascular stability.

In addition to a novel fibrillar collagen, we find four additional collagen subtypes enhanced in DCM.
Two of them, collagen type XIV and XXI, belong to a subgroup of fibril-associated collagens with
interrupted triple helices (FACITs) that do not form fibrils by themselves. Instead, these collagens are
considered regulators of fibrillogenesis, since they have specific regions designed for the adhesion and
interaction with fibrils [101]. Collagen XIV interacts with collagen type I and is found to be highly
expressed in areas of high mechanical stress, such as the cardiac muscle [102]. Similarly, collagen
type XXI is present in tissues expressing a muscle phenotype enriched with collagen type 1. In more
detail, high expression of COL21A1 is found within the heart, with the left ventricle expressing lower
levels compared to the right ventricle, apex and septum [103]. FACITs are required for the assembly
of a tightly regulated collagen network in the heart. In line with this statement, Col14al-/- mice
experience diminished cardiac function, including dilation of the heart and reduced ejection fraction,
indicating the importance of collagen type X1V for the structural integrity of the myocardium [104]. In
contrast to these results obtained using a murine model, our data indicates that during the
progression of DCM in humans, COL14A1 is enhanced. An explanation might be that during the later
phases of the disease, a surplus of adhesive collagens is produced as an attempt to strengthen the
dilated left ventricle, mostly subtypes that interact with collagen type 1.

Besides collagens involved in fibril formation and interactions, additional subgroups of non-fibrillar
collagens have been described. Among these are collagens involved in the formation of two-
dimensional sheets that give structure to protein membranes surrounding tissues. An example of such
a membrane is the basement membrane and one of its major constituents is collagen type IV. Two of
the six human genes associated with it are upregulated in DCM according to our analysis; COL4A1 and
COL4A2. Mice with a Col4al missense mutation experience defects in vascular function, including focal
detachment of the endothelium, and low blood pressure [105], showing the importance of collagen
type 1V for the stability of vascular structures during mechanical demand. Furthermore, mutations in
both genes have been linked to small-vessel disease and hemorrhagic stroke [106, 107]. Collagen
type VIII is another example of a collagen that forms two-dimensional sheets. It is an important
component of the subendothelium and it is expressed by ECs and vascular smooth muscle cells
(vSMCs) as a heterotrimer composed of al and a2 chains. In our GEO dataset analysis, COL8A1 is

found to be upregulated in DCM. Collagen type VIII is necessary for the migration and growth of
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vSMCs [108], hinting towards a potential role of this collagen in the maintenance of vessel wall
structure and integrity.

In conclusion, besides the well-described collagen I and III, the expression of several other
collagen family members is found to be enhanced in DCM, including both fibrillar and non-fibrillar
collagens. It is interesting to speculate that this unanimous enhancement of collagen expression is
most likely a joined protective response towards the ventricular dilation in other to maintain proper

mechanical stability and functionality of the myocardium.

3.4 Glycoproteins
Besides collagens, other proteins within the extracellular matrix are considered fibrous proteins,
including elastins, fibronectins and laminins. These proteins belong to the family of glycoproteins that
composes a major part of the core matrisome and our heatmap as well (Figure 1). Tissues that
undergo substantial stretching and bending contain a high amount of the structural glycoprotein
elastin, which arranges in bundles called elastic fibers. Particularly the walls of large arteries are rich
in elastic fibers allowing them to stretch in response to each pulse and resume their shape afterwards.
In addition to structural glycoproteins, specialized glycoproteins are present in the ECM that have an
important adhesive role, such as fibronectin and laminin. Both are fibrous glycoproteins that attach
cells to the ECM. In more detail, fibronectin exist as a protein dimer that binds both cell-surface
receptors called integrins and a broad variety of matrix components, except collagen type IV. Instead,
type IV matrices contain laminins as adhesive proteins. All isoforms of fibronectin arise by alternative
RNA splicing of the pre-mRNA encoded by a single gene, FN1 [109]. This gene is upregulated in DCM
hearts based on our GEO dataset analysis. Conform the literature summarized in the previous
sections, the genes encoding elastin and laminin (ELN and LAM, respectively) are upregulated as well,
the latter for the subtypes a2 and B1. Loss of functionality caused by the dilation and increased
stiffness through enhanced collagen deposition might be compensated by an increase in these
structural and adhesive glycoproteins.

Fibrous ECM components such as fibronectin are necessary for the incorporation of the latent TGF-
B1 complex into the matrix. The healthy myocardium contains an inactive TGF-B1 pool awaiting for
activation upon injury or overload. The major effects of TGF-B pathway activation include inhibition of
proliferation and enhancement of ECM production [110]. Storage of latent TGF-B1 requires the
presence of latent transforming growth factor-beta-binding proteins (LTBPs) that covalently bind the
complex to the matrix. Fibronectin provides a scaffold for LTBP1 in particular, which is an LTPB known
to be involved in vascular remodeling [111-113]. LTBP1 is upregulated in our GEO dataset analysis
together with FN1. We find LTBP2, the largest member of the LTPB family, to be highly expressed in
DCM as well. TGF-B is a potent regulator of ECM formation and its deposition seems to be enhanced
in DCM hearts.

Evidence for fibronectin accumulation in the damaged heart is found in the early phase post
infarction, where it is expected to stimulate adhesion and proliferation of progenitor cells [114, 115].

Furthermore, regulators of fibronectin are also upregulated according to our analysis, hinting towards
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promoted cell adhesion in DCM (Figure 1 and 4). CTGF is a fibrogenic protein which expression is
induced by TGF-B in various cell types including cardiac fibroblasts and myocytes. By mediating
downstream events of the TGF-B signaling pathway, CTGF induces the secretion of fibronectin and
mediates its matrix deposition by controlling integrin expression [116, 117]. Another regulator, DPT,
interacts with fibronectin and enhances its fibril formation. It is suggested that DPT has an important
role in wound healing by inducing cardiac fibroblast adhesion and migration via integrins [118, 119].
More evidence comes from the upregulation of SRPX2 and NDNF. It is demonstrated in vitro that
SRPX2 enhances cellular migration and adhesion by increasing the phosphorylation of focal adhesion
kinase (FAK), a cytoplasmic protein needed for the activation of integrin related signaling pathways
[120]. NDNF is a secretory protein that has fibronectin type III domains. This allows for the
speculation that NDNF can modulate integrin-dependent signals. In line with this, Ohasi et al. [121]
revealed that NDNF promotes EC function and survival by activating the integrin a5p3-associated
pathway.

On the contrary, several components found in our GEO analysis are associated with negative
regulation of cell adhesion (Figure 1 and 4). TSP2 has not been extensively studied, however because
of its similarity to family-member TSP1; it is believed that it can interact with the same targets
including fibronectin [122]. TSP2 inhibits the formation of focal adhesions in ECs in vitro [123] and
TSP2-null fibroblasts showed a marked defect in attachment to fibronectin and a reduction in cell
spreading [124]. Therefore, the upregulation of TSP2 seen in our analysis will probably have a
negative effect on cell adhesion. Furthermore, IGFBP3 associates with the cell binding domain of
fibronectin. This allows for the speculation that an upregulation of IGFBP3 as seen in our analysis has
the potential to displace cells from the matrix [125]. Downregulation of CRIM1 as seen within our
analysis most likely has a negative impact on cell adhesion, since it is demonstrated that silencing
CRIM1 expression decreases cell migration and adhesion in vitro [126].

To conclude, the increase of the adhesive glycoproteins fibronectin and laminin in DCM indicates
that the response towards the dilation might include enhanced cell adhesion activities and increased
deposition of latent TGF-B1 into the matrix. Further evidence for enhanced cell adhesion comes from
the upregulation of several glycoproteins regulating fibronectin deposition and integrin signaling. The
expression pattern of other factors indicate that cell displacement activities are present in de DCM
heart as well, possibly functioning as a negative feedback mechanism to prevent excessive cell
adhesion (Figure 4). More research is needed to fully understand the involvement of these factors

during DCM onset and progression.

4. Conclusion

It is inevitable that ECM changes are involved in the development and progression of DCM, since

myocardial fibrosis is a major feature of this disease. In this review, we have provided literature
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sources for the involvement of diverse ECM components in non-ischemic and non-genetic DCM and
SHF. In both animal and human studies, a consistent increase in collagen type I and III synthesis and
deposition has been described, with an increase in the collagen type I/type III ratio. Collagen type I
provides more tensile strength, resulting in a stiffer matrix. This excessive production of collagen is
most likely an effort to strengthen the heart wall during the progression of DCM. Besides collagen,
more core matrix components are abundant within the DCM heart, including elastin, laminin and
tenascin C. Furthermore, a complex interplay between various MMPs and TIMPs arises in the DCM
heart that includes the main MMPs present within the cardiovascular tissue (MMP-1, 2 and 9) and all
four known TIMPs. Based on the results from the animal studies, the enhanced MMP activity and
protein abundance might be an early event in DCM that co-occurs with the initiation of LV dilation.
Progression of the disease is characterized by a fall in MMPs, due to an increase in TIMPs.

Increasing our understanding of the involvement of the ECM in the onset and progression of DCM
is important for the development of future interventions. Here, the focus should not merely lie on the
core matrisome components, but on the ECM associated factors as well, that provide biochemical
support to the surrounding cells and thus can regulate many biological processes. Our GEO dataset
analysis provides a catalogue of ECM genes that might be involved in the development and
progression of DCM. These components have the potential in becoming future candidates for
therapeutic targets or prognostic markers. Within the matrisome associated components, a
considerable part is represented by ECM regulators and secreted factors. Excessive ECM synthesis and
stabilization is most likely the joint outcome from the ECM regulators, either by stimulating fibril
construction with the formation of extra protein residues and cross-links or by inhibiting proteases and
increasing TGF-B signaling. Together with the increase in collagen I and III already described in the
literature and the enhanced expression of additional fibrillar and non-fibrillar collagens found with our
GEO datasets analysis, these results indicate that strengthening the heart wall through ECM
remodeling is a major feature of DCM. Furthermore, a wide array of secreted factors is found and
their combined effect will likely lead to altered fibroblast activity. Many of these molecules are involved
in fibroblast proliferation, apoptosis, migration and the production of ECM components among others.
More research is needed to fully understand the involvement of these factors in fibroblast regulation.
Finally, within the core components, the increase of the adhesive glycoprotein fibronectin and several
regulators of its deposition and associated signaling pathway indicate that the response towards the
dilation might include enhanced cell adhesion activities.

This transcriptome-based catalogue of novel ECM components expands the fundamental
knowledge about the involvement of ECM remodeling in DCM. However, more research is required
before any of these components can be considered as a prognostic marker or as a target for
treatment. The function of these potential targets needs to be validated by using /n vitro assays and
assessing the causality with animal models is recommended to further elucidate the added value of

these newly identified ECM components.
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Tables and figures

Table 1. Summary of ECM response in myocardial fibrosis associated with DCM and SHF in

animal studies

Name

Core matrisome
Glycoprotein

ELN Elastin

Collagen

coL1 Collagen, type I
CcoL3 Collagen, type III

Matrisome-associated

ECM-affiliated

GSPG Chondroitin sulfate
proteoglycan

ECM regulator

PLAU Plasminogen activator,
urokinase

MMP-1 Matrix metallopeptidase 1

MMP-2 Matrix metallopeptidase 2

MMP-3 Matrix metallopeptidase 3

MMP-7 Matrix metallopeptidase 7

MMP-8 Matrix metallopeptidase 8

Expression

MRNA 1

MRNA 1

Protein 1
MRNA 1
Protein 1

Protein 1

MRNA 1
Activity 1

Protein 1
mRNA 1

Protein 1

Activity 1

MRNA 1

Protein 1

MRNA 1
MRNA 1

27

Study model

ACF-induced rat

SHF rat

ACF-induced rat
SHF rat

ACF-induced rat
BIO 53.58 hamster

Pacing-induced CM
pig

CVB3-infected
mouse
CVB3-infected
mouse
Pacing-induced CM
pig

CVB3-infected
mouse
Pacing-induced CM
pig

SHF rat
CVB3-infected
mouse
CVB3-infected
mouse
Pacing-induced CM
pig

CVB3-infected
mouse
ACF-induced rat
CVB3-infected
mouse

References

Hutchinson et a/. 2011
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Hutchinson et a/. 2011
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Hutchinson et a/. 2011
Okada et al. 1996

Spinale et al. 1996

Heymans et al. 2006
Heymans et al. 2006

Spinale et al. 1998
Coker et al. 1998
Cheung et al. 2006
Heymans et a/. 2006
Spinale et al. 1998
Coker et al. 1998
Nishikawa et a/. 2003

Cheung et al. 2006

Li et al. 2002
Heymans et al. 2006
Spinale et al. 1998
Coker et al. 1998

Li et al. 2002

Hutchinson et a/. 2011
Heymans et al. 2006




MMP-9

MMP-12

MMP-13

MMP-14

TIMP-1

TIMP-2

TIMP-3

TIMP-4

Matrix metallopeptidase 9

Matrix metallopeptidase 12

Matrix metallopeptidase 13
Matrix metallopeptidase 14

Tissue inhibitor of
metalloproteinases 1

Tissue inhibitor of
metalloproteinases 2

Tissue inhibitor of
metalloproteinases 3
Tissue inhibitor of
metalloproteinases 4

MRNA 1

Protein 1

Activity 1

MRNA 1

MRNA 1
MRNA |

MRNA 1

MRNA |

MRNA 1

mRNA 1
Protein |

Protein |

CVB3-infected
mouse

CVB3-infected
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SHF rat
CVB3-infected
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Abbreviations: ACF, aortocaval fistula; ISO, isoproterenol; SHF, systolic heart failure; CM, cardiomyopathy, CVB3,
coxsackievirus B3
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Table 2. Summary of ECM response in myocardial fibrosis associated with DCM and SHF in

human studies

Name Function

Core matrisome
Glycoprotein

LAM Laminin

TNC Tenascin C
Collagen

CcoL1 Collagen, type I
CcoL3 Collagen, type III

Matrisome-associated

ECM regulator

LOX Lysyl oxidase

MMP-1  Matrix metallopeptidase 1
MMP-2  Matrix metallopeptidase 2
MMP-3  Matrix metallopeptidase 3
MMP-7  Matrix metallopeptidase 7
MMP-8  Matrix metallopeptidase 8
MMP-9  Matrix metallopeptidase 9
MMP-14 Matrix metallopeptidase 14
TIMP-1  Tissue inhibitor of

metalloproteinases 1

Expression Study model

Protein 1
Protein 1
MRNA 1

Protein 1

MRNA 1

Protein 1

mRNA 1
Protein 1
mRNA 1
Protein 1

Protein |

Protein 1

Protein 1

Protein |
Protein |
Protein 1
Protein 1

Protein 1
MRNA 1

MRNA |
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DCM
DCM

DCM

DCM

DCM

DCM

DCM
DCM
DCM
SHF
DCM

SHF
DCM

SHF

DCM

DCM

pDCM
pDCM
pDCM
DCM

pDCM
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DCM

DCM

(serum)
(serum)

(serum)

(serum)
(serum)

(serum)
(serum)

References
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TIMP-2  Tissue inhibitor of
metalloproteinases 2

TIMP-3  Tissue inhibitor of
metalloproteinases 3

TIMP-4  Tissue inhibitor of
metalloproteinases 4

Protein 1

Protein |

MRNA 1
MRNA |

Protein 1

MRNA 1
MRNA |

Protein |
mRNA |

SHF
DCM
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DCM
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(serum)
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1999

Jordan et al. 2007
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1999

Sivakumar et a/. 2008
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1999
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Abbreviations: SHF, systolic heart failure; DCM, dilated cardiomyopathy,; pDCM, pediatric DCM
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Table 3. Characteristics of the patient groups used in three dilated cardiomyopathy GEO

datasets
GSE42955 GSE3586 GSE3585
Tissue Left ventricular; Cardiac septum Left ventricular;
Transmural near the apex subendocardial
Sample size 17 28 12
DCcM 12 13 7
Control 5 15 5
Gender
DCcM 12 13 7
Male 12 8 4
Female 0 5 3
Control 5 15 5
Male 5 11 0
Female 0 4 5
Ethnicity N/A Caucasian Caucasian
Age (yrs.)
DCcM 48 £ 9 44 + 18 37 +£ 14
Control N/A 54 + 4 49 + 9
EF DCM (%) 20+ 6 21 +9 25+ 6
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Table 4. Number of genes identified as upregulated in three dilated cardiomyopathy GEO

datasets and further classified in matrisome subgroups

GSE42955 GSE3586 GSE3585
Total no. of genes 972 3877 927
Matrisome 49 (5%) 154 (4%) 84 (9%)

Non-matrisome

923 (95%)

3723 (96%)

843 (91%)

Core matrisome 24 (49%) 60 (39%) 52 (62%)
Glycoproteins 15 (62%) 38 (63%) 32 (62%)
Collagens 6 (25%) 12 (20%) 12 (23%)
Proteoglycans 3 (13%) 10 (17%) 8 (15%)

Matrisome associated 25 (51%) 94 (61%) 32 (38%)
ECM-affiliated genes 4 (16%) 25 (27%) 6 (19%)
ECM regulators 8 (32%) 30 (32%) 14 (44%)
Secreted factors 13 (52%) 39 (41%) 12 (37%)

Retired 0 (0%) 0 (0%) 0 (0%)

Table 5. Number of genes identified as downregulated in three dilated cardiomyopathy

GEO datasets and further classified in matrisome subgroups

GSE42955 GSE3586 GSE3585
Total no. of genes 1223 3508 546
Matrisome 49 (4%) 160 (5%) 31 (6%)

Non-matrisome

1174 (96%)

3348 (95%)

515 (94%)

Core matrisome 4 (8%) 50 (31%) 5 (16%)
Glycoproteins 4 (100%) 38 (76%) 2 (40%)
Collagens 0 (0%) 8 (16%) 1 (20%)
Proteoglycans 0 (0%) 4 (8%) 2 (40%)

Matrisome associated 45 (92%) 109 (68%) 26 (84%)
ECM-affiliated genes 10 (22%) 20 (18%) 5 (19%)
ECM regulators 11 (25%) 43 (40%) 8 (31%)
Secreted factors 24 (53%) 46 (42%) 13 (50%)

Retired 0 (0%) 1 (1%) 0 (0%)
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Figure 1. Heatmap composed of genes found to be significantly up-or downregulated in dilated
cardiomyopathy based on three GEO datasets. Only genes differentially expressed in two or more

datasets where included. Expression levels are displayed in log? fold change.
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Figure 2. Hypothetical schematic representation of the involvement of ECM regulators in dilated
cardiomyopathy.
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Figure 3. Hypothetical schematic representation of the effects of secreted factors within the

extracellular matrix on fibroblast activity in dilated cardiomyopathy. Green framing represents
stimulation of the process mentioned, red framing represents inhibition
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Figure 4. Hypothetical schematic representation of the effects of glycoproteins within the

extracellular matrix on cell adhesion in dilated cardiomyopathy. Green framing represents stimulation
of the process mentioned, red framing represents inhibition.
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