. RESEARCH ARTICLE

Serum circulating proteins from pediatric
patients with dilated cardiomyopathy
cause pathologic remodeling and
cardiomyocyte stiffness
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Dilated cardiomyopathy (DCM) is the most common form of cardiomyopathy and main indication
for heart transplantation in children. Therapies specific to pediatric DCM remain limited due to

lack of a disease model. Our previous study showed that treatment of neonatal rat ventricular
myocytes (NRVMs) with serum from nonfailing or DCM pediatric patients activates the fetal gene
program (FGP). Here we show that serum treatment with proteinase K prevents activation of

the FGP, whereas RNase treatment exacerbates it, suggesting that circulating proteins, but not
circulating miRNAs, promote these pathological changes. Evaluation of the protein secretome
showed that midkine (MDK) is upregulated in DCM serum, and NRVM treatment with MDK
activates the FGP. Changes in gene expression in serum-treated NRVMs, evaluated by next-
generation RNA-Seq, indicated extracellular matrix remodeling and focal adhesion pathways were
upregulated in pediatric DCM serum and in DCM serum-treated NRVMs, suggesting alterations in
cellular stiffness. Cellular stiffness was evaluated by Atomic Force Microscopy, which showed an
increase in stiffness in DCM serum-treated NRVMs. Of the proteins increased in DCM sera, secreted
frizzled-related protein 1 (sFRP1) was a potential candidate for the increase in cellular stiffness, and
sFRP1 treatment of NRVMs recapitulated the increase in cellular stiffness observed in response

to DCM serum treatment. Our results show that serum circulating proteins promoted pathological
changes in gene expression and cellular stiffness, and circulating miRNAs were protective against
pathological changes.
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One major limitation to pediatric studies is the lack of an in vivo disease model. To circumvent this
problem, we developed an in vitro model that consists of treating primary cardiomyocytes with serum from
pediatric patients with DCM. We previously showed that serum circulating factors contribute to pathologic
remodeling in vitro using neonatal rat ventricular myocytes (NRVMs) and human-induced pluripotent stem
cell-derived cardiomyocytes (4, 11). Additionally, we showed that serum-induced pathological remodeling was
not dependent on the B-AR or the renin-angiotensin-aldosterone systems, and that factors in the secretome,
other than circulating catecholamines or angiotensin II, contribute to pathological cellular remodeling (11).

The secretome contains proteins, DNA, and small noncoding RNAs. Often these factors are present in
extracellular vesicles (EVs). Our previous work showed that exosomes/EVs are involved in the pathological
response to DCM serum (11). EVs can function as paracrine factors and can carry proteins and nucleic acids,
including miRNAs. miRNAs are small noncoding RNAs, roughly 22 nucleotides in length, that are capable
of modulating gene expression by interacting with the 3-UTR of target mRNAs (12). EV miRNAs can alter
gene expression in recipient cells as shown in various cancer models, whereas miRNAs modulate processes
such as angiogenesis, drug resistance, and metastasis (13, 14). Additionally, others have shown that paracrine
EV miRNA can contribute to cardiomyocyte hypertrophy through cell-to-cell communication between cardiac
fibroblasts and cardiomyocytes (15). Although we previously showed that EVs, including exosomes, and the
resulting serum suspension (EV-free fraction) can contribute to pathologic remodeling in NRVMs, the number
of exosomes in pediatric DCM serum was lower than that in nonfailing (NF) controls (11). Furthermore, we did
not investigate which serum secretome factors were important for the observed pathologic response. The goal of
this study was to define the contribution of circulating miRNAs and proteins, regardless of EV localization, to
pathologic remodeling in cardiomyocytes, and the functional consequence of DCM serum treatment in vitro.

Using a multiomics approach, we sought to define changes in gene expression in response to DCM
serum treatment of NRVMs compared with cells treated with age-matched NF control serum. Here we
show that the pathways related to ECM remodeling and focal adhesion were upregulated in the transcrip-
tome of DCM-treated primary cardiomyocytes. Furthermore, we show that changes in the expression of
the fetal gene program (FGP) were mediated by serum circulating proteins, that serum circulating miRNAs
were protective, and that, of the significantly altered miRNAs, all were decreased in pediatric DCM serum
when compared with serum from NF controls. An analysis of the circulating proteome profile of children
with DCM identified several upregulated proteins. Our results show that the treatment of NRVMs with
recombinant midkine (MDK) increased the expression of atrial natriuretic factor (ANF) and b-type natri-
uretic peptide (BNP), and serum depletion of MDK blunted serum-mediated increases in ANF and BNP. To
determine the functional significance of the predicted alterations in ECM remodeling and focal adhesion,
we performed atomic force microscopy (AFM) of serum-treated NRVMs. Our results show an increase in

Table 1. Summarized patient demographics

Demographics and Clinical NF DCM
Characteristics
n 23 49
Sex (% F) 39% 52%
Age (median years) [IQR] (9.74) [6.19] (4.83) [11.09]
EF mean 69.5 25.3
EF range 66.0-74.0 11.0-45.0
Mechanical circulatory device (% yes) 0.00% 6.3%
Medication
PDE3i 0.0% 65.3%
PDESi 0.0% 2.1%
Non-PDEi inotrope 0.0% 16.7%
Digoxin 0.0% 41.7%
ACEi 0.0% 72.9%
Beta blocker 0.0% 39.6%
Diuretic 0.0% 83.3%

NF, non-failing; DCM, dilated cardiomyopathy; PDE3i, phosphodiesterase 3 inhibitor; PDE5i, phosphodiesterase 5
inhibitor; ACEi, angiotensin-converting enzyme inhibitor; EF, ejection fraction.
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Table 2. Top canonical pathways: Metascape/IPA

Upregulated Downregulated
Category Canonical pathway -Log (P value) Category Canonical pathway -Log (P value)

R . - .
esponse to oxygen Ilevels 7.96 Response Response to lF.N v 5.53
Response to insulin 7.66 Response to virus 2.58
Response Response to glucocorticoid 7.25 RHO GTPases activate formins 4.20
NRF2-mediated oxidative stress response 6.60 Regeneration Regeneration 3.33
Response to metal ion 5.04 Amine biosynthetic process 3.17

Positive regulation of
Angiogenesis 6.68 lipopolysaccharide-mediated 3.88
Regulatory signaling pathway
Remodeling Extracellular matrix remodeling 6.51 Positive regulation of cardiac 289
muscle hypertrophy
Collagen formation 5.30 Chondroitin sulfate degradation 4.88
Focal adhesion 4.94 Metabolism of carbohydrates 4.74
Regulation of small molecule metabolic NOD-like receptor signaling
543 3.72
Regulatory process pathway
Regulation of endothelial cell proliferation 5.34 Glial cell migration 3.07
i i h
TransmerrlbranelrecePtor protein tyrosine 6.46 Other T el it e 5.94
kinase signaling pathway
Other Monocarboxylic acid metabolic process 5.31 ADP sngnalllng through P2y 2.55
purinoceptor 1

FMO oxidises nucleophiles 5.20 Histidine metabolism 2.50
Aging 5.20 Protein destabilization 2.50

Dilated cardiomyopathy (DCM) serum elicits significant dysregulated canonical pathways in neonatal rat ventricular myocytes (NRVMs). Metascape and
Ingenuity Pathway Analysis (IPA) generated canonical pathways of increased (82.5% mapped) and decreased (90.4% mapped) significantly differentially
expressed transcripts. Right-tailed Fisher's exact test -log10(P value) < 2.5 or P < 0.005 is reported equating to the top 15 canonical pathways.

stiffness in DCM serum-treated cells. Of the proteins increased in the DCM secretome, secreted frizzled-
related protein 1 (sSFRP1) was a likely contributor to the observed stiffness, because the treatment of NRVMs
with recombinant sFRP1 resulted in increased stiffness. In summary, we provide evidence to support the
secretome as an important contributor to pathologic cardiomyocyte remodeling, and the use of serum-treat-
ed NRVMs as a valid model to investigate pediatric DCM-related mechanisms of disease.

Results

Patient characteristics. Summarized patient characteristics for all patients included in this study are listed in
Table 1 and detailed characteristics in Supplemental Table 1 (supplemental material available online with
this article; https://doi.org/10.1172/jci.insight.148637DS1). NF patient serum and plasma had a total
number of 23 subjects, with a median age of 9.74 (IQR range of 6.19), 39% of whom were female. DCM
patient serum and plasma had a total number of 49 subjects, with a median age of 4.83 (IQR range of
11.09), 52% of whom were female.

ECM remodeling pathways were altered in response to DCM serum—treated NRVMs. To further explore patho-
logical remodeling associated with pediatric DCM, we evaluated gene expression changes in NF serum—
and DCM serum—treated NRVMs. Next-generation RNA-Seq was performed on serum-treated NRVMs (n
= 6 NF serum-—treated and » = 6 DCM serum—treated NRVMs from 3 different NRVM preparations) and
identified more than 20,000 genes. We identified 629 significantly differentially expressed genes between
NF serum—and DCM serum-treated samples, 378 upregulated and 251 downregulated (Figure 1A). Unsu-
pervised hierarchical clustering separated NF and DCM samples based on their gene expression profiles
(Figure 1B). Supplemental Table 2 lists all significantly 629 differentially expressed genes.

Using IPA and Metascape, pathways were analyzed using the identified significantly differentially expressed
genes (Table 2). The top 15 canonical pathways of both upregulated (312 mapped IDs) and downregulated
(227 mapped IDs) genes are reported. ECM organization, including collagen formation, angiogenesis, and
focal adhesion, were substantially upregulated pathways. Canonical pathways related to downregulated genes
included metabolism of carbohydrates, NOD-like receptor signaling pathway, positive regulation of cardiac
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Figure 1. DCM serum elicits significant transcriptional changes in NRVMs. (A) Volcano plot representation of RNA-
Seq transcripts significantly differentially expressed (4079 genes total) in NRVMs treated with NF (n = 6) and DCM
(n = 6) serum from 3 independent NRVM preps. Log2 fold change is represented on the x axis and -log10 g value is
represented on the y axis. Horizontal dashed line represents significance cutoff, Welch'’s 2-tailed t test, assuming
equal variance g < 0.10. (B) Heatmap representing unsupervised clustering of NF serum-treated (n = 6) and DCM
serum-treated (n = 6) NRVMs with 629 significantly expressed transcripts. DCM, dilated cardiomyopathy; NRVMs,
neonatal rat ventricular myocytes; NF, nonfailing, FC, fold change.
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Table 3. Top toxicology functions in serum-treated neonatal rat ventricular myocytes: cardiotoxicity, IPA

Upregulated Downregulated
Category -log(P value) Category -log(P value)
Cardiac enlargement 9.34 Cardiac dysfunction 2.39
Cardiac necrosis/cell death 744 Cardiac necrosis/cell death 2.21
Heart failure 4.77 Cardiac arteriopathy 218
Cardiac dysfunction 4.73 Bradycardia 2.02
Cardiac infarction 4.59 Cardiac arrhythmia 2.02

Dilated cardiomyopathy (DCM) serum elicits significant dysregulated cardiotoxicity functions in neonatal rat ventricular myocytes (NRVMs). Ingenuity
Pathway Analysis (IPA) generated dysregulated cardiotoxicity functions from 629 significant differentially expressed transcripts from DCM serum treated
NRVMs that are present in all 3 NRVM preps. Right-tailed Fisher’s exact test -log10(P value) < 2 or P < 0.01is reported.

muscle hypertrophy, and protein destabilization. Using IPA, top differentially regulated cardiotoxicity func-
tions identified cardiac enlargement, heart failure, and cardiac cell death with cardiac dysfunction (Table 3).

DNase and RNase affected fetal gene program response. To determine if circulating DNA or RNA present
in serum could elicit pathological changes in gene expression, NF and DCM sera were subjected to heat/
freeze to expose EVs or protein-bound nucleic acid contents (16), and treated with vehicle, DNase (NF 7
=4; DCM n = 8) from 7 independent experiments, or RNase (NF # = 5; DCM 7 = 9) from 9 independent
experiments. To ensure these nucleic acids were taken up by cells in the absence of EVs, the resulting serum
products were transfected into NRVMs.

Changes in cardiac gene expression, commonly known as the fetal gene program (FGP), are a hallmark of
pathologic remodeling and characterized by the reexpression of embryonically expressed genes and repression
of adult genes (17). NRVMs treated with DCM patient sera display recapitulation of the FGP, including the
upregulation of BNP, ANF, and a significantly decreased ratio of a-myosin heavy chain (¢-MyHC) to f-myosin
heavy chain (B-MyHC; Figure 2). NF DNase-treated NRVMs showed no significant changes in the FGP com-
pared with untreated controls (Figure 2A). When DCM serum was treated with DNase, there were no signifi-
cant changes in the expression of BNP or a-MyHC/B-MyHC ratio; however, there was a significant decrease in
the expression of ANF (P = 0.038). In contrast, RNase treatment of DCM serum did not affect changes in gene
expression in response to serum treatment. However, RNase-treated NF serum showed an increase in BNP (P =
0.023) and ANF (P = 0.011), with no significant changes in a-MyHC/f-MyHC ratios (Figure 2B).

Circulating miRNAs from DCM serum were primarily downregulated and were related to canonical pathways
involved in remodeling and upregulated cardiotoxic pathways. miRNA array analysis of serum from NF (n = 12)
and DCM (n = 32) patients identified 123 total miRNAs; 7 miRNAs were upregulated and 116 miRNAs
were downregulated. All 84 significantly differentially regulated miRNAs were downregulated in DCM
serum (Figure 3A and Supplemental Table 3). Unsupervised hierarchical clustering showed most samples
clustered according to phenotype (NF or DCM), as represented by the heatmap (Figure 3B).

Table 4. Top toxicology functions from dysregulated circulating miRNAs in patients with DCM:
cardiotoxicity, IPA

Upregulated

Category -Log(P value)
Heart failure 5.62
Cardiac enlargement 5.33
Cardiac dysfunction 4.75
Cardiac necrosis/cell death 4,58
Cardiac fibrosis 3.63

Circulating miRNAs are dysregulated in serum of pediatric patients with dilated cardiomyopathy (DCM), which is
associated with changes in cardiotoxicity dysfunction. Significantly dysregulated cardiotoxicity functions reported
in patients with DCM from Ingenuity Pathway Analysis (IPA), using the 84 significantly dysregulated circulating
miRNAs. Right-tailed Fisher's exact test -log10(P value) < 7.71 or P < 0.0001 is reported.
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Figure 2. Fetal gene program expression changes in DCM serum- and NF serum-treated NRVMs with or without DNase and RNase. (A) RT-gPCR of
FGP expression in NRVMs transfected with serum with or without DNase. Expression of BNP, ANF, and a-MyHC to B-MyHC ratios. Gene expression
was normalized to 18S, and data are presented as a relative fold change to NF controls. DCM n = 8, NF n = 4 from 7 independent NRVM preps. (B)
RT-gPCR of FGP expression analysis of serum-treated NVRMs with or without RNase. Expression of BNP, ANF, and a-MyHC/B-MyHC was evaluated.

Gene expression was normalized t

01885, and data are presented as a relative fold change to NF controls. DCM n =9, NF n =5 from 9 independent

NRVM preps. All groups are log2 transformed and error bar denotes mean + SEM. P values are notated in the figure. Fitting a mixed model, Sidak’s
multiple comparisons test was used for all data sets. DCM, dilated cardiomyopathy; NRVMs, neonatal rat ventricular myocytes; NF, nonfailing; FGP,
fetal gene program; BNP, natriuretic peptide B; ANF, atrial natriuretic factor; a-MyHC, a-myosin heavy chain; B-MyHC, B-myosin heavy chain.
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Because IPA and Metascape do not predict pathways based solely on miRINA expression, to investigate path-
ways that may be affected by alterations in circulating miRNAs, pathway analysis was conducted using miR-
PathDB (18). To minimize false-positive pathways, we restricted the analysis to a minimum of 30 miRNAs (or
one-third of the significantly dysregulated miRNAs) required to target any 1 pathway (Supplemental Table 5). We
observed predicted dysregulation of pathways related to cancer and viral infection, suggesting alterations in cell
cycle and inflammatory pathways. Interestingly, focal adhesion signaling and PI3k/AKT signaling pathway were
enriched in the pathway analysis. IPA analysis of the 84 significantly dysregulated miRNAs indicated multiple
cardiotoxicity pathways, including cardiac enlargement, cardiac dilation, and cardiac fibrosis (Table 4).

Proteinase K treatment of DCM serum prevented activation of the FGP. To determine if proteins present in patient
sera could induce pathological gene expression changes, NF (n = 4) and DCM (n = 4) sera were treated with
or without proteinase K (PTNK) in 4 independent NRVM experiments (Figure 4). NF sera treated with PTNK
showed significant upregulation of ANF (P < 0.0001) and o-MyHC/B-MyHC expression (P = 0.013). Impor-
tantly, PTNK treatment of DCM sera prevented serum-induced pathological gene expression changes with a
decrease in BNP (P < 0.0001) and ANF (P= 0.046) and an increase in the o-MyHC/B-MyHC ratio (P < 0.0001).

Circulating proteins in DCM plasma were involved in activation of remodeling pathways and upregulation
of cardiotoxic pathways. Because our results suggested circulating proteins contributed to pathological
remodeling, we conducted SOMAscan-based proteomic analysis of NF (7 = 4) and DCM (n = 8) plasma
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Figure 3. Circulating miRNAs are dysregulated

in serum from pediatric patients with DCM. (A)
Volcano plot representation of the 123 differentially
expressed miRNAs between NF (n = 12) and DCM
(n = 32) patients. Log2 fold change is represent-
ed on the x axis and -log10 g value differentially
expressed on the y axis. Horizontal line indicates
significance; Wilcoxon's test g < 0.10. (B) Heatmap
of the 84 significantly differentially expressed
circulating miRNAs. Unsupervised hierarchical
clustering separated NF (n = 12) and DCM (n = 32)
patients; Wilcoxon's test g < 0.10. DCM, dilated
cardiomyopathy; NF, nonfailing; FC, fold change.
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Table 5. Top canonical pathways: Metascape/IPA

Upregulated Downregulated
Category Canonical pathway -Log(P value) Category Canonical pathways -Log(P value)

PI3K/AKT pathway 15.01 Cytokine-cytokine receptor 9.94

Extracellular matrix S Inflammator Interaction '
Remodeling remodeling ’ ¥ Cell chemotaxis 2.51
Focal Adhesion 794 IL-15 production 1.58
Platelet Adhesion signaling 6.78 Positive regulation of MAPK 8.07

B-cell receptor signaling 9.49 cascade '
Regulation of leukocyte 779

Transmembrane receptor activation ’

protein tyrosine kinase 8.33 . Positive regulation of cell
signaling pathway Regulation migration 6.91
. . Regulation of extracellular
Signaling Cell cycle signaling 7.25 matrix genes 465
Chemokine signaling 6.84 Negatlve et 3.43
immune system
cAMP-mediated signaling 5.91 Signali Protein transduction signaling 9.17
ignalin o .
Protein kinase A signaling 5.67 g g Atherosclerosis signaling 1.56
Renin-angiotensin signaling 449 Circadian rhythm 6.38
Regulation of exocytosis 7.91 Apoptosis pathway 4.63
Regulation of intracellular 765 Epithelial cell proliferation 357
Regulation i tfanSPOFtl i Other pathuiay
Regulatlgn of.protem S.ET'"E/ 6.75 Response to toxic substance 3.20
threonine kinase activity
Positive regulatloln of clardlac 51 Endocytosis pathway 275
hypertrophy signaling

Circulating proteins are dysregulated in plasma of pediatric patients with dilated cardiomyopathy (DCM), which are associated with dysregulation of
canonical pathways. Significant upregulated and downregulated canonical pathways in plasma of NF vs. DCM patients identified with Ingenuity Pathway
Analysis (IPA) and Metascape, using 102 significant dysregulated proteins detected in plasma of patients with DCM. Right-tailed Fisher's exact test -
log10(P value) < 1.56 or P < 0.027 is reported equating to the top 15 canonical pathways.

samples to determine the protein secretome from pediatric patients with DCM. Our analysis detect-
ed 1141 proteins, and 102 significantly dysregulated proteins in pediatric DCM plasma were identified
(Figure 5, A and B). Of the 102 differentially expressed proteins, 66 proteins were upregulated and 43
were downregulated (Figure 5A). Unsupervised hierarchical clustering using the 102 significantly differ-
entially expressed proteins separated NF and DCM patients (Figure 5B). A list of all 102 significantly
differentially expressed proteins is provided in Supplemental Table 4.

Pathway analysis performed using IPA software and Metascape revealed multiple dysregulated canon-
ical pathways associated with DCM patient plasma (Table 5). The top 15 predicted canonical upregulated
pathways showed pathways associated with remodeling such as the PI3k/AKT pathway, focal adhesion,
and ECM remodeling, along with protein kinase A signaling and positive regulation of cardiac hypertro-
phy signaling. Pathways associated with decreased protein expression in DCM plasma compared with NF
controls included cytokine—cytokine receptor interaction, regulation of leukocyte activation, and apoptosis.
A more detailed IPA analysis of cardiac pathways revealed multiple dysregulated cardiotoxicity functions,
including heart failure, cardiac enlargement, cardiac necrosis/cell death, and cardiac dysfunction (Table 6).

Circulating MDK was significantly upregulated in patients with DCM and increased the expression of ANF and
BNP. SOMAscan data indicated the protein MDK was the most upregulated protein in the plasma of pedi-
atric patients with DCM compared with NF controls (Figure 6A). MDK was also increased in the cardiac
tissue of pediatric patients with DCM when compared with NF control hearts (based on RNA-Seq data;
ref. 4; Figure 6B). To determine if circulating MDK had an effect on pathologic remodeling, NRVMs were
treated with human recombinant MDK. As shown in Figure 6C, MDK treatment increased the expression
of ANF and BNP, but did not affect the o-MyHC/B-MyHC ratio. Importantly, treatment of serum with the
MDK antibody prevented the upregulation of ANF or BNP (Figure 6D).

JCl Insight 2021;6(18):e148637 https://doi.org/10.1172/jci.insight. 148637 8
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Figure 4. DCM serum activation of the FGP is mediated by circulating proteins. RT-qPCR of FGP expression analysis of serum-treated NVRMs with or
without PTNK. Expression of BNP, ANF, and a-MyHC/B-MyHC was evaluated. Gene expression was normalized to 185. DCM n = 4, NF n = 4 from 4 different
NRVM preps. Data are presented as a relative fold change to NF controls; all groups are log2 transformed and error bar denotes mean + SEM. P values are
notated in the figure. Fitting a mixed model, Sidak’s multiple comparisons test was used for all data sets. DCM, dilated cardiomyopathy; NRVMs, neonatal
rat ventricular myocytes; NF, nonfailing; FGP, fetal gene program; BNP, natriuretic peptide B; ANF, atrial natriuretic factor; a-MyHC, a-myosin heavy chain;
B-MyHC, B-myosin heavy chain; PTNK, proteinase K.

Overlapping pathways from the protein secretome and transcriptome from serum-treated NRVMs. To deter-
mine if there was an overlap in enriched pathways from the transcriptome of DCM serum-treated
NRVMs and differential circulating proteins in DCM plasma, dysregulated pathways generated from
Metascape and IPA were compared. Our analysis predicted 369 unique pathways upregulated in
NRVMs treated with DCM serum and 660 unique pathways upregulated in the plasma of patients with
DCM, of which 243 (23.5%) overlapping pathways are predicted to be commonly upregulated in the
NRVM transcriptome and plasma proteome (Figure 7A). Downregulated pathways, however, had fewer
overlapping pathways (11, or 1.37%; Figure 7B). The top significant overlapping pathways are shown
in Table 7. Focal adhesion is upregulated in both the transcriptome and proteome, further accentuating
the importance on this pathway in the DCM patient population.

Overlapping pathways from DCM serum—treated NRVM and DCM tissue transcriptome suggest alterations
in ECM remodeling. We next evaluated if there was an overlap in the pathways predicted to be altered
in NRVMs treated with DCM serum and in pediatric DCM hearts. As shown in Figure 8, using path-
way prediction from IPA and Metascape, we identified 283 pathways commonly dysregulated (26.0%)
in DCM serum-treated NRVMs and in DCM left ventricle (LV). There were 511 unique dysregulated
pathways in DCM serum-treated NRVMs and 576 unique dysregulated pathways in DCM LV tissue
(Figure 8). The top overlapping pathways include pathways related to ECM remodeling, signaling by
RHO GTPases and collagen formation, biosynthesis, or chain trimerization (Table 8).

DCM serum treatment promoted stiffness in NRVMs mediated by sFRPI1. Due to the predicted alter-
ations in ECM remodeling and focal adhesion pathways in response to DCM serum treatment and
in the circulating proteomics analysis, we next evaluated cardiomyocyte stiffness by AFM. AFM was
performed on NF (n = 1) and DCM (n = 1) serum—treated NRVMs from 3 individual NRVM preps.
DCM-treated NRVMs resulted in a significantly increased Young’s modulus (kPa), a readout of cellu-
lar stiffness (Figure 9A), suggesting circulating proteins can affect myocyte stiffness. Of the proteins
increased in the DCM secretome, circulating sSFRP1 has been shown to affect cellular stiffness (19, 20)
and is a likely candidate for promoting cardiomyocyte stiffness. SOMAscan-based proteomics analysis
identified a significant 4-fold increase in circulating sFRP1 (Figure 9B). Interestingly, sSFRP1 tran-
scripts are also increased in the pediatric DCM heart (based on RNA-Seq data; ref. 4); Figure 9C).
To test if circulating sFRP1 promoted stiffness in NRVMs, AFM was performed on NRVMs treated
with or without human sFRP1 (hsFRP1). As shown in Figure 9E, hsFRP1, but not MDK (Figure 9D),
treatment of NRVMs resulted in a significant increase in stiffness when compared with untreated con-
trols. hsFRP1 did not affect changes in the FGP (data not shown).
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Figure 5. Circulating proteins are dysregu-
lated in plasma of pediatric patients with
DCM. (A) Volcano plot representation of
the 1141 differentially expressed proteins
between NF (n = 4) and DCM (n = 8) patient
plasma. Log2 fold change is represented on
the x axis and -log10 g value differentially
expressed on the y axis. Horizontal dashed
line represents significance cutoff; Welch's
t test g < 0.10. (B) Heatmap of the 102 sig-
nificantly differentially expressed proteins.
Unsupervised hierarchical clustering sepa-
rated NF (n = 4) and DCM (n = 8) patients;
Welch's t test g < 0.10. DCM, dilated cardio-
myopathy; NF, nonfailing; FC, fold change.
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Table 6. Top toxicology functions: cardiotoxicity, IPA

Upregulated Downregulated
Category -Log(P value) Category -Log(P value)
Heart failure 11.08 Pulmonary hypertension 1.85
Cardiac enlargement 9.36
Cardiac necrosis/cell death 9.26
Cardiac dysfunction 8.19
Cardiac infarction 7.70

Circulating proteins are dysregulated in plasma of pediatric patients with dilated cardiomyopathy (DCM), which are associated with dysregulation of
cardiotoxicity functions. Significant dysregulated cardiotoxicity functions are reported from patients with DCM generated with IPA. Right-tailed Fisher’s
exact test -log10(P value) < 1.85 or P < 0.017 is reported.

Discussion

Focused studies and the development of animal models that recapitulate characteristics of adult DCM have
resulted in a better understanding of the disease process and development of therapies specific for this pop-
ulation. In children, however, the assumption that the causes of DCM are similar to adults has contributed
to limited improvement in outcomes in the pediatric population (6, 21). We and others have shown age-spe-
cific differences in the cardiac gene expression profile, presence of fibrosis and hypertrophy, and miRNA
expression (4-6, 11, 12, 22). These differences highlight the importance of age-focused studies. However, a
limitation to further advance our understanding of the myocellular mechanisms altered in pediatric DCM
is the lack of in vivo or in vitro models of the disease. To circumvent this problem, our group developed
an in vitro-based system where NRVMs are treated with DCM patient sera, which reproduces molecular
characteristics of the pediatric failing DCM heart (11, 23). In this study, we further characterized global
changes in gene expression in response to serum treatment and the circulating factors that contribute to
pathological cardiomyocyte remodeling. Our multiomics analysis suggests ECM remodeling, specifically
focal adhesion, is an important pathway affected by factors present in the pediatric DCM serum. In addi-
tion, we investigate specific factors present in the serum and show that circulating miRNAs were protective
and did not promote pathologic remodeling, but that the circulating proteins had a substantial role in

Table 7. Top overlapping dysregulated pathways: Metascape/IPA

Pathway

Response to peptide

Upregulated Downregulated
-log(P value) -log(P value) Pathway -log(P value) -log(P value)
transcriptome protein transcriptome protein
7.96 8.03 Cytokine-mediated 2.24 745

signaling pathway

PI3K-AKT signaling pathway 2.04 15.04 Regeneration =25 318
Response to insulin 6.92 7.81 Regulation of 2.27 2.88
multiorganism
process
Leukocyte migration 2.93 11.55 Response to virus 2.58 2.36
Transmembrane receptor protein tyrosine 2.36 1110 Regulation of 2.29 2.02
kinase signaling pathway immune effector
process
Focal adhesion 5.29 7.94 Cell-substrate 2.02 2.28
adhesion
Cellular response to organonitrogen 4.64 8.41 IL-15 production 2.22 1.58
compound
Glucose metabolic process 3.57 8.46
Monosaccharide metabolic process 5.31 6.48

Comparison of upregulated and downregulated Metascape and Ingenuity Pathway Analysis (IPA) generated pathways from serum-treated neonatal rat
ventricular myocyte (NRVM) transcripts and circulating proteins found in patient plasma. List of top overlapping differentially expressed pathways based
on dysregulated transcripts from dilated cardiomyopathy serum-treated NRVMs and circulating protein.
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A Up-Regulated Pathways B Down-Regulated Pathways

Trancriptome Proteome Trancriptome Proteome

Figure 7. Comparison of upregulated and downregulated from serum-treated NRVM transcripts and circulating proteins found in patient plasma. (A)
Venn diagram representation of overlapping pathways found to be upregulated based on dysregulated transcripts from DCM serum-treated NRVMs and
protein plasma from patients with DCM (369 unique transcriptome pathways, 660 unique protein pathways, and 243 overlapping pathways). (B) Venn
diagram representation of overlapping pathways found to be downregulated based on dysregulated transcripts from serum-treated NRVMs and protein
plasma from patients with DCM (362 unique transcriptome pathways, 440 unique protein pathways, and 11 overlapping pathways). DCM, dilated cardio-
myopathy; NRVMs, neonatal rat ventricular myocytes.

promoting detrimental effects of serum-circulating factors. Specifically, we show that MDK contributed to
DCM serum-mediated activation of the FGP, and that serum depletion of MDK blunted serum-mediated
upregulation of ANF and BNP. Furthermore, we show that DCM serum treatment of NRVMs induced
cellular stiffness, and that sFRP1 protein levels were increased in serum and promotes stiffness in NRVMs.

Protective RNAs were present in NF sera, whereas pathological proteins were present in DCM sera. We have pre-
viously shown that EVs/exosomes or the resulting serum suspension can promote activation of the FGP
in patients with DCM, and that sera from patients with DCM has fewer EVs/exosomes than sera from
NF patients (11). Exosomes are naturally engineered for the selective loading of miRNAs and can act as
paracrine carriers of circulating miRNAs (24). Interestingly, sera from our DCM population demonstrate
an overwhelming downregulation of miRNAs when compared with age-matched NF controls (Figure 3A).
Importantly, DNase treatment of NF serum did not show an appreciable change in FGP induction (Figure
2A). However, RNase treatment of NF serum resulted in a significant increase in the expression of BNP
and ANF and a trend to downregulation of the aMyHC/BMyHC ratio (Figure 2B). The downregulation

Table 8. Top 10 overlapping dysregulated pathways: Metascape/Ingenuity Pathway Analysis

Pathway -log(P value) -log(P value)
DCM-serum NRVMs DCMLYV tissue
Cell cycle 8.85 10.05
Mitotic metaphase and anaphase 6.31 730
Response to growth factor 4.7 8.03
Collagen biosynthesis and modifying enzymes 6.31 5.69
Separation of sister chromatids 4.67 7.05
M phase 6.31 4.93
Signaling by Rho GTPases 4.09 6.92
Collagen formation 6.20 4.78
Extracellular matrix formation 3.36 448
Collagen chain trimerization 312 4.56

Comparison of pathways commonly altered in the serum-treated neonatal rat ventricular myocyte (NRVM) transcriptome and pediatric dilated
cardiomyopathy (DCM) transcriptome. List of top 10 overlapping differentially expressed pathways based on dysregulated transcripts from DCM serum-
treated NRVMs and left ventricle (LV) tissue.
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Dysregulated Pathways
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Figure 8. Comparison of pathways commonly altered in the serum-treated NRVM transcriptome and pediatric DCM
transcriptome. Venn diagram representation of overlapping pathways altered in pediatric DCM left ventricle (LV) tissue
and in serum-treated NRVMs. DCM, dilated cardiomyopathy; NRVMs, neonatal rat ventricular myocytes.

of DCM serum miRNAs suggest that circulating miRINAs were protective and that their downregulation
contributed to pathologic remodeling. These results are in alignment with prior studies that showed that
miRNAs derived from cardiac progenitor cells are cardioprotective (reviewed in ref. 25).

These results suggest that secretome factors, other than miRNAs, may be responsible for pathological
remodeling, and that lower levels of miRNAs may contribute to these detrimental effects. Correspondingly,
no additional changes in FGP were observed in response to RNase treatment of DCM serum. Although
increased levels of circulating miRNAs have been associated with DCM in adults (26), the observed down-
regulation of circulating miRNAs suggest a unique age-dependent characteristic of the pediatric DCM
population. To determine if proteins present in sera from patients with DCM could contribute to patholog-
ical remodeling, we treated NRVMs with patient sera with or without PTNK. Shown in Figure 4, PTNK
treatment of DCM serum resulted in a reversal of the FGP. These results indicate that circulating proteins
were important modulators of pathological gene expression and may have had a role in disease progres-
sion. In support of this, several proteins were upregulated in the serum of pediatric patients with DCM,
and the role of these proteins in pathological remodeling needs to be further explored.

Circulating MDK contributed to an increased expression of ANF and BNP. Our results showed a dramatic
increase in the levels of circulating MDXK in the secretome of pediatric patients with DCM (Figure 6A).
MDXK is a heparin binding growth factor involved in development and disease. MDK activates several
pathways, with STAT activation perhaps being the most recognized target of MDK (reviewed in ref. 27). In
adults with HF, higher levels of circulating MDK are associated with worse cardiac function (28, 29); how-
ever, the role of MDK in cardiac pathology is not clear. As extensively discussed in a review we published
recently, the effect of MDK in the heart is variable (27). Our results suggest that circulating MDK contrib-
utes to pathological changes in gene expression through increased expression of ANF and BNP. However,
MDK did not affect expression of o-MyHC or B-MyHC, suggesting other circulating proteins are involved
in regulating expression of these genes.

ECM remodeling/ focal adhesion pathways were upregulated in DCM serum—treated NRVMs, and in the human pediat-
ric DCM circulating proteome and miRnome. ECM remodeling has been shown to be altered in the pediatric failing
heart (8). Transcriptome analysis of DCM serum-treated NRVMs showed an enrichment of genes involved
in ECM remodeling and focal adhesion. Our analysis of circulating proteins also indicates an upregulation
of pathways involved in ECM remodeling. Alterations in ECM remodeling affect cellular responses that are
often mediated by integrin focal adhesion signaling, resulting in reorganization of actin filaments and cytoskel-
eton remodeling, which can result in cellular stiffness. Importantly, focal adhesion pathway is predicted to be
dysregulated in serum-treated NRVMs, in the circulating proteome and in dysregulated circulating miRNAs.
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Figure 9. Human recombinant protein sFRP1 increases stiffness in NRVMs. (A). Elasticity/stiffness (Young’s modulus) in NRVMs treated with NF and
DCM pediatric patient serum. Mann-Whitney U test, P = 0.0009 (serum). Each dot represents an individual measurement. (B) Circulating levels of sFRP1
in DCM (n = 8) compared with NF (n = 4) controls. P = 0.0139. (C) Levels of sSFRP1 mRNA in pediatric DCM tissue (n = 7) compared with NF controls (n = 7).
P =0.0002. (D) NRVMs treated with 1 pg/mL human recombinant MDK for 72 hours. (E) NRVMs treated with 1 ug/mL human recombinant (hsFRP1) for 72
hours. P < 0.0001. Error bar denotes mean + SEM. Mann-Whitney U t test (AFM) or unpaired 2-tailed t test (log2 transformed circulating and tissue sFRP1)
were used and P values are notated in the figure. Mann-Whitney was used in A, D, and E and t test in B and C. DCM, dilated cardiomyopathy; NRVMs,
neonatal rat ventricular myocytes; NF, nonfailing; MDK, midkine; AFM, atomic force microscopy; sFRP1, secreted frizzled-related protein 1.

Others have shown that focal adhesion kinase phosphorylation can lead to increased ECM deposits and myocar-
dial remodeling (30, 31). In Table 5, ECM remodeling, focal adhesion, and PI3k/AKT pathway are significantly
upregulated in the circulating proteome of patients with DCM. Although PI3k/AKT signaling plays a large
role in cardiomyocyte survival, proliferation, metabolism, and growth, it has also been shown to mediate ECM
remodeling and cardiomyocyte stiffness via titin isoform switching (32, 33).

Importantly, we found an upregulation of focal adhesion and PI3k/AKT signaling pathways in the
NRVM transcriptome, circulating miRNAs, and the circulating proteome. It is possible that the downreg-
ulation of circulating miRNAs contributes to an increase in the expression of genes associated with car-
diomyocyte stiffness. In other words, circulating miRNAs may be protective by targeting expression of
genes that contribute to cellular stiffness. In fact, miRNAs have been shown to regulate key components
of myocardial remodeling including hypertrophy, fibrosis, and increased myocardial stiffness (34). Inhi-
bition of miRNA-29, for example, increased collagen mRNA levels in vitro, and miRNA-29 negatively
regulates mRNAs encoding collagens, fibrillins, elastins, and other ECM proteins (35). miRNA-29 was
downregulated in pediatric DCM serum (Supplemental Table 3), similar to what we previously showed
in pediatric DCM LV tissue (5). In summary, these results indicate that factors that can cause myocyte
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cytoskeleton remodeling are dysregulated in serum-treated NRVMSs, in the patient proteome, and as a
result of decreased miRNA levels, which may contribute to an increase in cellular stiffness. Important-
ly, predicted pathways altered in pediatric DCM hearts included regulation of actin cytoskeleton (4),
supporting our finding that circulating factors affecting cytoskeleton remodeling can play an important
role in pediatric DCM. Therefore, ECM remodeling and intracellular cytoskeletal components may be
important in understanding pediatric DCM pathology. In support of these findings, an evaluation of
pathways commonly altered in the serum-treated NRVM transcriptome and pediatric DCM transcrip-
tome showed that the top overlapping pathways include pathways related to ECM remodeling, signaling
by RHO GTPases. and collagen formation (Table 8).

Exogenously delivered sFRPI increased cellular stiffness in NRVMs. Our results suggest that cardiomyocyte
stiffness may be a common end result of changes in the pediatric DCM secretome. To test this hypothesis, we
investigated if serum treatment of NRVMs could recapitulate cardiomyocyte stiffness by performing AFM
measurements. Figure 9A shows increased cellular stiffness in NRVMs treated with DCM patient serum.

We sought to use our proteome data to further evaluate which upregulated proteins could be involved in
promoting cellular stiffness. Of the proteins upregulated in the circulation, sSFRP1 has been previously shown
to promote cellular stiffness in human trabecular meshwork cells (HTMCs) isolated from donor corneoscleral
rims (19). Importantly, sSFRP1 is involved in promoting stress fiber and focal adhesion formation in trabecular
meshwork (36). Additionally, based on our transcriptome data (details published in ref. 4), sSFRP1 mRNA lev-
els were significantly increased in DCM LV tissue (Figure 9C; ref. 4). sFRP1 is a part of the sFRP family, which
are known Wnt antagonists (37). The Wnt/frizzled pathway is involved in cell-cell adhesion of cardiomyocytes,
and endogenous sFRP1 has been shown to be necessary for normal myocardial development as overexpression
can increase the development of heart muscle (37). Sklepkiewicz et al. showed that a sSFRP1-KO mouse model
displays ventricular dilation and hypertrophy along with cardiac fibrosis in aging animals. Notably these mice
are normal at birth and develop cardiac abnormalities in older age (38). Additionally, SFRP1 was shown to
attenuate cardiac dysfunction in transverse aortic constriction mice, where an AAV9 sFRP1 vector improves
function by decreasing myocardial apoptosis (39). sFRPs have been shown to alleviate collagen deposition and
fibrosis in cardiac tissue; however, systemic sSFRP1 is significantly higher in patients with cardiovascular disease
(40), and its increased circulating levels are associated with the development of cardiovascular diseases (41).
Furthermore, treatment of cardiac progenitor cells with sSFRP1 promote cellular senescence (42), and extracel-
lular sFRP1 is associated with doxorubicin-induced cardiomyopathy (43). These results suggest that extracellu-
lar sFRP1 can have detrimental effects on cardiomyocytes. Given that SFRP1 increases stiffness in HTMC, we
tested if SFRP1 could elicit the same response in NRVMs. Figure 9E shows that exogenously delivered sFRP1
increased cellular stiffness in NRVMs, consistent with findings in HTMC. These results suggest that extracellu-
lar sSFRP1 may have had pathologic effects, and further studies are warranted.

Conclusions. A multiomic analysis of pediatric DCM secretome identified alterations in focal adhesion/
regulation of actin cytoskeleton/ECM remodeling as a unifying theme in the transcriptome from serum-treat-
ed NRVMs, in circulating proteins, and in response to decreased levels of circulating miRNAs. We show that
miRNAs present in NF serum were protective and prevented the upregulation of pathologic markers, and that
differentially regulated circulating proteins had likely contributed to pathological changes in gene expression
in pediatric patients with DCM. Lastly, we show that MDK contributed to serum-mediated changes in gene
expression and sFRP1 contributed to cardiomyocyte stiffness, which warrants future studies to further explore
their potential role in pathological remodeling and HF progression in the pediatric DCM population.

Limitations. There are limitations to this study (1). This is an in vitro study, and it is not clear if these
factors would have similar effects in vivo. However, a previous study elegantly showed an effect of exo-
somes in the heart in vivo (15), which supports the role of circulating factors in pathologic remodeling
(2). Due to the relative rarity of pediatric DCM, we are unable to determine the influence of age (infants
vs. teenagers), the effect of HF duration, or the role of specific medications (3). We recognize that mRNA
levels may not be representative of protein content or enzymatic activity (4). Although we evaluated the rel-
ative contribution of DNA, RNA, and proteins to pathologic responses and implicated MDK and sFRP1
in changes in gene expression and cardiomyocyte stiffness, several other proteins are upregulated in the
secretome and may play a role in pathological changes in cardiomyocytes. Further studies are necessary
to investigate the contribution of these proteins to cardiac pathology. Importantly, we did not investigate
if these proteins were localized to EVs or are free-circulating factors (5). We did not find an association
between MDK or sFRP1 levels and parameters of cardiovascular dysfunction (data not shown), which

JCl Insight 2021;6(18):e148637 https://doi.org/10.1172/jci.insight. 148637 16


https://doi.org/10.1172/jci.insight.148637

. RESEARCH ARTICLE

suggests that these circulating proteins may not be a good biomarker of disease progression/severity in
children or that studies with a larger sample size are necessary to investigate their role as potential biomark-
ers in this population (6). This is a cross-species studies and we cannot discard the possibility that human
serum may have effects on rat cells unrelated to the disease process. Serum from NF controls were added
to all experiment to mitigate this potential issue. Last, the specific mechanisms involved in the response to
circulating proteins have not been evaluated.

Methods

Human samples. NF blood samples were from children (younger than 18 years of age) who had normal
cardiac structure and function and/or no history of cardiac disease and were not brain dead. Patient blood
samples (younger than 18 years of age) were included based on a clinical diagnosis of DCM as documented
in the electronic medical record. The diagnosis of DCM was further supported by included DCM subjects
having an ejection fraction less than or equal to 45% and/or left ventricular end diastolic dimension z score
greater than or equal to 2. Patients on mechanical circulatory support were included only if support duration
was not longer than approximately 1 month, because this duration of support did not affect the response to
serum (data not shown). Blood samples were collected, processed, and stored at —80°C until use. Samples
were aliquoted to avoid multiple freeze/thaws. Subjects were selected based on meeting inclusion criteria
and with an effort to match the NF and DCM groups based on age and sex. Samples were not pooled for any
of the experiments, except RNA-Seq, where RNA from 2 different plates were pooled. Blood was drawn pri-
or to bypass to avoid possible heparin interference with the polymerase. Patients treated with heparin were
on doses appropriate for thrombus prevention (0.2-0.7 U/mL), which are below the levels shown to inhibit
the polymerase (44). Patient demographics are listed in Supplemental Table 1. Clinical characteristics and
medications reflect time of sampling. Outcomes for each patient are listed in Supplemental Table 1.

Cell culture: serum and recombinant MDK and sFRPI treatment. NRVMs were isolated from the ventricles
of 1- to 2-day-old Sprague-Dawley rats (Charles River) by enzymatic digestions as previously described
(45). Cells were plated at 160,000 cells/mL density. NRVMs were treated with 2% NF or DCM human
serum for 48-72 hours as previously described (11), 100 ng/mL of human MDK (46, 47), or 1 pg/mL
hsFRP1 (48, 49) recombinant protein (R&D Systems) for 72 hours.

DNase, RNase, and PTNK serum treatment. Serum sample aliquots (NF and DCM) were thawed on ice.
Nuclease-free water (5 pL) was combined with serum (20 pL) to avoid volume loss due to heat/freeze protocol
(methodology previously described in detail in ref. 16). We have previously shown (16) that this methodology
substantially increases miRINA detection. Briefly, samples were heated at 65°C for 5 minutes and then flash-fro-
zen in an ethanol/dry ice mixture. Heat/freeze cycle was repeated 2 more times. Samples were then treated with
RNase or DNase. For DNase, 0.1 volume 10X DNase buffer plus 1.0 uL of DNase Turbo (2 U; Thermo Fisher
Scientific) was combined with serum and incubated at 37°C for 1 hour. DNase was inactivated with 0.1 volume
of DNase Inactivation Reagent (Thermo Fisher Scientific) and incubated at room temperature for 5 minutes.
Samples were centrifuged at room temperature for 1.5 minutes at 10,000g. Supernatant was transferred to a new
Eppendorf tube. For RNase, 1.5 pL of RNase (10 pg/mL; Thermo Fisher Scientific) was added to serum sam-
ples and incubated at 37°C for 30 minutes, followed by RNase inactivation at 65°C for 5 minutes. For PTNK,
Proteinase K (Thermo Fisher Scientific) was added to serum to a final concentration of 100 pg/mL and incu-
bated at 50°C for 1 hour. PTNK in the serum was inactivated with 100 uM of PMSF (Thermo Fisher Scientific).

Transfection. NRVMs were transfected with DNase- or RNase-treated serum. In a 12-well plate, 3 puL
of Lipofectamine RNAIMAX (Thermo Fisher Scientific) was diluted in 50 uL of Opti-MEM (Thermo
Fisher Scientific) reduced serum media, mixed, and incubated for 5 minutes. In parallel, 20 uL serum with
or without DNase or RNase was added to 33 uL of Opti-MEM, mixed, and incubated for 5 minutes. The
serum/Opti-MEM was combined with the Lipofectamine RNAIMAX/Opti-MEM and incubated for 5
minutes at room temperature. The serum-Lipofectamine RNAIMAX complex was then added to each
appropriate well. Cells were harvested 72 hours after transfection.

RNA extraction and real-time quantitative PCR. NRVMs were homogenized in Qiazol (QIAGEN), and
RNA was extracted and precipitated using the chloroform/isopropanol method optimized by our labo-
ratory (50). cDNA was synthesized by using the Applied Biosystems High Capacity cDNA Synthesis Kit
(Thermo Fisher Scientific) according to the manufacturer’s instructions. Gene expression was measured
by real-time quantitative PCR (RT-qPCR) as previously described (51), with Power Sybr Green PCR Mas-
ter Mix (Life Technologies). Expression levels of all transcripts were normalized to 18S rRNA, and no
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difference in the expression of 18S between groups was appreciated (data not shown). All data were log2
transformed. RT-qPCR primer sequences are listed in Garcia et al. (23).

RNA-Seq analysis. RNA was extracted from serum-treated NRVMs as described above, quantified using
Qubit (Biotium) fluorometric quantitation, and assessed for quality using the Agilent Bioanalyzer Nano
RNA Chip (Agilent). Samples with an RNA integrity number greater than 9 were considered to be high
quality and suitable for RNA-Seq. 1X150 directional mRNA sequencing was performed using an Illumi-
na hiSEQ4000 (HT Mode), resulting in an average of 38—44 million mapped reads per sample. The raw
data were subjected to QC analyses using the FastQC tool (http://www.bioinformatics.babraham.ac.uk/
projects/fastqc/). Reads were aligned to the reference genome R. norvegicus (Rnor_5.0) using gsnap (52).
Fragments per kilobase of exon per million mapped reads values were calculated using Cufflinks (53) for
each sample (n = 6 NF serum—treated NRVMs and #n = 6 DCM serum—treated NRVMs, from 3 different
NRVM preps; 2 independent RNA preparations from each prep were pooled). The transcripts were nor-
malized to the NF group within each NRVM prep and transcripts with low variance (<0.1) across samples
were removed. After removal of low variance genes, 4079 genes remained. Statistically significant changes
in gene expression were calculated using log2 transformed data and a 2-tailed Welch'’s ¢ test assuming equal
variance with a P value adjusted for false discovery rate, ¢ < 0.10. Gene ID, fold change, and g value are pre-
sented in Supplemental Table 2. RNA-Seq data were downloaded from the GEO database using accession
number GSE181051 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE181051).

MegaPlex pool and TagMan low-density miRNA array: miRnome analysis. Samples (n = 12 NF and n = 32
DCM) were prepared by taking serum aliquots and performing 3 freeze/thaw cycles as previously described
(16). A modified MegaPlex pool and TagMan low-density arrays were performed on serum samples per the
manufacturer’s protocol (Applied Biosystems) as previously described (16). miRNAs with Ct values greater
than 35 or Amp score greater than 0.9 were excluded from the analysis. miRNA expression was normal-
ized to miRNA-320, which is the least variable miRNA in over 400 pediatric samples (data not shown).
miRNAs expressed in 75% of the samples were included in the analysis. miRNAs with a g value less than
0.10 (Wilcoxon’s test) were further evaluated and are shown in Supplemental Table 3. miRNA array data
were downloaded from the GEO database using accession number GSE181051 (https://www.ncbi.nlm.
nih.gov/geo/query/acc.cgi?acc=GSE181051).

SOMAscan: proteome analysis. Plasma from NF (n = 4) and DCM (n = 8) patients were prepared by
collecting whole blood in vacutainers containing anticoagulant citrate dextrose. Samples were centrifuged
at 2200g for 15 minutes at room temperature. The plasma layer was then aliquoted and stored at —80°C
until use. SOMAscan Platform experiments were performed by the University of Colorado Genomics core
as described by Candia et al. (54). Calibration normalizations resulted in 1141 detected proteins. Welch’s
2-tailed ¢ test with an adjusted FDR of ¢ < 0.10 was used as cutoff for significant dysregulated proteins.
Protein ID, fold change, and g value are presented in Supplemental Table 4. SOMAscan data were down-
loaded from the GEO database using accession number GSE181051 (https://www.ncbi.nlm.nih.gov/geo/
query/acc.cgi?acc=GSE181051).

Differential expression representation of ontology data: transcriptome, proteome, and miRnome. Volcano plot
and hierarchical clustering/heatmap generation was performed using R (The R Foundation; ref. 55). IPA
and Metascape platforms were used to investigate molecular pathways and toxicity functions associated
with significant dysregulated genes. Predicted pathways affected by circulating miRNAs were investigated
using miRPathDB (18).

AFM assessment of cellular stiffness. NRVMs were treated with DCM or NF serum, with recombinant
hsFRP1, or recombinant human MDK, or water for 72 hours as described above. After 72 hours, cells
were treated with 1 mg/mL of 2,3-Butanedione monoxime 1 hour before AFM measurements to stop
cardiomyocyte beating. The methodology used for the present work was based on previous publications
(48, 52), with some modifications. Cells were analyzed using a JPK NanoWizard 4a BioScience AFM with
a PetriDishHeater tool set at 37°C. Force Spectroscopy mode was used to determine the nanomechanical
properties of NRVMs. MLCT AFM probes were used, with a pyramidal Si3N4 35° curvature radius tip
(Bruker). The cantilever spring constants were systematically measured (0.01-0.02 N/m) using the thermal
tune method. The maximal force applied to the cell was limited to 1.5 nN, with 5 um of Z piezo.

All physical and physiological cues regarding AFM analysis and sample preparation were kept con-
stant across all samples. Cells were monitored and their morphological details observed, and an optical
light microscope was used for cell selection. Only well-spread cells were investigated; those with a round
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shape and a dark edge were not included in the analysis. An average of 20 to 30 cells were analyzed per
group from 3 independent serum-treated or hsFRP1-treated NRVM preps. The Hertz-Sneddon model
(56-58) was used to obtain the elasticity of cells studied using the JPK data processing software.

Statistics. Statistical analyses for all multiomics data are described in each omics section. All other
analyses were performed using GraphPad Prism 8 (GraphPad Software), and significance threshold
was set a priori at P < 0.05. All RT-qPCR, SOMAscan, and tissue transcriptome MDK and sFRP1 data
were log2 transformed and analyzed by unpaired 2-tailed ¢ test. AFM data were checked for normali-
ty using Shapiro-Wilk. If not normally distributed, the Mann-Whitney U test was used. Quantitative
results are presented as mean + SEM. One-way ANOVA was used for comparisons of 3 or more nor-
mally distributed groups, and Sidak’s multiple comparison tests were performed when analyzing 3 or
more interdependent groups. Each appropriate statistical test is reported in the figure legends.

Study approval. Blood was collected from subjects who gave informed consent to the IRB-approved Inves-
tigations of Pediatric Heart Disease blood bank at the University of Colorado, Denver. Human tissue collec-
tion was approved by the University of Colorado Anschutz Medical Campus COMIRB. This study complies
with the Declaration of Helsinki. Written informed consent was obtained from each patient or family of the
donors. Animal experiments were in compliance with the Guide for the Care and Use of Laboratory Animals
(National Academies Press, 2011) and approved by the IACUC of the University of Colorado Anschutz
Medical Campus. All animal protocols are in accordance with PHS Animal Welfare Assurance (A3269-01).
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