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SUMMARY

Cardiac fibrosis is a hallmark in late-stage familial dilated cardiomyopathy (DCM)
patients, although the underlying mechanism remains elusive. Cardiac exosomes
(Exos) have been reported relating to fibrosis in ischemic cardiomyopathy. Thus,
we investigated whether Exos secreted from the familial DCM cardiomyocytes
could promote fibrogenesis. Using human iPSCs differentiated cardiomyocytes
we isolated Exos of angiotensin Il stimulation conditioned media from either
DCM or control (CTL) cardiomyocytes. Of interest, cultured cardiac fibroblasts
had increased fibrogenesis following exposure to DCM-Exos rather than CTL-
Exos. Meanwhile, injecting DCM-Exos into mouse hearts enhanced cardiac
fibrosis and impaired cardiac function. Mechanistically, we identified the upregu-
lation of miRNA-218-5p in the DCM-Exos as a critical contributor to fibrogenesis.
MiRNA-218-5p activated TGF-f signaling via suppression of TNFAIP3, a master
inflammation inhibitor. In conclusion, our results illustrate a profibrotic effect of
cardiomyocytes-derived Exos that highlights an additional pathogenesis
pathway for cardiac fibrosis in DCM.

INTRODUCTION

Familial dilated cardiomyopathy (DCM) is the most common form of inherited cardiomyopathy, accounting
for approximately 30-50% of DCM cases." It significantly contributes to heart failure in all age groups,
often with onset in younger patients.”® The pathophysiology of DCM includes inadequate neurohumoral
stimulation, abnormal myocyte calcium cycling, ventricular remodeling, excessive extracellular matrix
(ECM) accumulation, and accelerated apoptosis.® Previous studies have identified over 50 genes encoding
cytoskeletal, sarcomeric, mitochondrial, nuclear membrane, and RNA-binding proteins that are mutated in
the familial DCM.”"® Most of these mutations are associated with sarcomeric proteins such as titin, B-myosin
heavy chain, and cardiac troponin T (TNNTZ2), which are responsible for the generation and regulation of
cardiac contraction.® Recent studies exploring the molecular mechanisms of such DCM-associated
sarcomeric protein mutations have attributed the disease pathology to reduced calcium sensitivity and
epigenetic dysregulation in cardiomyocytes (CMs).”"" However, the excessive cardiac fibrosis observed
in late-stage DCM patients is hardly correlated with those mutations.

Preclinical and clinical studies have suggested that progressive myocardial fibrosis is a hallmark of adverse
remodeling in DCM, relating to disease severity.'”'® Excessive myocardial fibrosis increases myocardial
stiffness, perturbs the coordination of myocardial excitation-contraction coupling, and disrupts CM perfu-
sion.'” Once myocardial fibrosis is present in nonischemic DCM, it does not regress in size or resolve over
time.'® The dysregulated ECM is mainly caused by the activation of resident cardiac fibroblasts (CFs),"
which transforms into a myofibroblast phenotype that promotes the overproduction of collagens (type |
and Ill), various growth factors, and cytokines.w However, the mechanisms underlying fibroblast activation
in patients with familial DCM have been elusive. Previous studies have indicated that CFs can directly sense
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Figure 1. Characterization of Exos derived from iCMs

(A) Schematic overview of the study design. Three DCM iPSC lines and three healthy control iPSC lines were differentiated into cardiomyocytes. Exosomes
were isolated from ANG Il conditioning media of either CTL-iCMs or DCM-iCMs and further used in experiments.

(B) Representative immunoblots detect canonical exosome markers with equal protein loading (10 pg) of cells, cell debris (Debris), or Exos fractions. The
exosomal markers CDé63, CD9, and Alix were presented in the Exo samples. Oppositely, the ER marker, calnexin, was only present in cells and debris but not
in Exos.

(C) TEM images of CTL-Exos and DCM-Exos. Exos were visualized as cup-shaped structures with diameters <200 nm.

(D and E) Quantification of CTL- and DCM-Exos by Nanosight NTA. N = 6 CTL vs. 6 DCM; NS = nonsignificant.

fusion, or endocytosis.”” In the heart, endogenous Exos from different subtypes of cells acts as vehicles for
intercellular communication to maintain cellular homeostasis and respond to pathological stress.”***
Recent studies have indicated that cardiac Exos play a critical role in the pathogenesis of various cardio-
vascular diseases.”” "/ Forinstance, Exos isolated from CMs of rats with either doxorubicin-induced cardio-
myopathy or myocardial infarction can promote fibrosis.”® We, therefore, hypothesized that Exos derived
from genetic mutation familial DCM CMs (DCM-Exos) are involved in cardiac fibrogenesis and pathological
remodeling of the heart.

Here, we used familial DCM patient-specific iPSCs differentiated CMs (iCMs) as a model to investigate the
functional role of cardiac Exos in the pathogenesis of fibrosis in DCM hearts. By comparing Exos secreted
by healthy iCMs and DCM iCMs, we demonstrated that DCM-Exos increased cardiac fibrosis both in vitro
and in vivo. Expression profiles showed a significantly increased level of miR-218-5p in the DCM-Exos,
which provides an alternative pathway to activate TGF-f signaling in CFs. Further functional assays demon-
strated that miR-218-5p suppressed TNFAIP3, a master inflammation inhibitor, which subsequently
promoted fibrogenesis by activating TGF-B signaling. Together, this study elucidated a distinctive miRNA
profile in familial DCM-Exos that may delineate a unique pathogenesis pathway for cardiac fibrosis in fa-
milial DCM.

RESULTS

Characterization of cardiomyocyte-derived Exos

As shown in the schematic design (Figure 1A), we first differentiated three DCM patients’ iPSCs (Table S1)
and three healthy donors’ iPSCs (CTLs) into cardiomyocytes (iCMs). The purity of the cardiomyocytes was
confirmed by flow cytometry (Figure S1A). The cardiac marker cardiac troponin T (cTNT) was primarily ex-
pressed in differentiated iCMs (average cTNT"> 95%). In addition, we determined the expression of two
cardiac sarcomeric isoforms, a-myosin heavy chains (Myhé) and B-myosin heavy chains (Myh7), by qRT-
PCR. The ratio of Myh6 to Myh7 (Myh6/Myh7) was similar between CTL-iCMs and DCM-iCMs, indicating
the similar maturation of iCMs (Figure S1B).

Next, the Exos were isolated from the conditioning media of iCMs. During the conditioning, we added

angiotensin Il (ANG II) to mimic the pathological stimulation in DCM patients.””*° The same amount of pro-
tein lysis of iCMs, cell debris, and Exo fraction was examined by immunoblots. Compared to the iCMs and
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Figure 2. DCM-Exos induced up-regulation of fibrotic genes in CFs

(A) Representative fluorescent images of CTL-Exos or DCM-Exos (PKH26-labeled) treatment in CFs. Endocytosed Exos (orange) were observed in the

cytoplasm of CFs (bar = 200 pm (left); 900 nm (right)).

B) Quantifications of Exo uptake in CFs. The uptake ratio was evaluated by the number of Exo uptaken cells (orange) divided by the total number of nuclei

blue) in the image (N = 22 pics/group), NS, nonsignificant.

D) Representative immunoblots. The CF cell lysis of different treatment groups was probed with specific antibodies (Col1a, Col3a, and CTGF).
E) Quantification of protein expression in immunoblots. Col1a, col3a, and CTGF expression were normalized to the loading control (GAPDH), N = 6. Data

(
(
(C) gRT-PCR of fibrotic genes in CFs. N = 6; * = p< 0.05.
(
(

represented as mean + SD; * = p< 0.05; one-way ANOVA followed by Tukey post hoc test.

cell debris, tetraspanins such as CD63 and CD9; and endosomal sorting complexes required for transport
(ESCRT) related Alix were enriched in Exo samples. In contrast, the ER membrane marker, calnexin, was
only expressed in the cell and cell debris fractions (Figure 1B). In addition, the Exo fraction showed typical
cup-shaped vesicles with diameters <200 nm under the transmission electron microscope (TEM) (Fig-
ure 1C). These results exhibited that Exos was successfully isolated from the conditioning media of
iCMs. Finally, we used the Nanosight Tracking Analysis (NAT) system (NS300) to quantify the vesicle num-
ber. The NTA analysis showed there were no significant differences between DCM-Exos and CTL-Exos
regarding Exo production or size distribution (Figures 1D and 1E).

DCM-Exos upregulated fibrotic gene expression in CFs

We first labeled the CTL-Exos and DCM-Exos with PKH26 to visualize Exo uptake in cardiac fibroblasts
(CFs). Consistent with previous studies,®""* the Exos were uptaken easily by CFs. The endocytosed Exos
were observed under the microscope as early as 2 h after treatment (Figure 2A). The number of uptaken
Eoxs kept increasing along with an increase in incubation time (Figure S2A). There was no significant dif-
ference in uptake efficiency between CTL-Exos and DCM-Exos (Figures 2B and S2B).

Next, CTL-Exos, DCM-Exos, and vehicle (PBS) were used to treat CFs for 72 h. Of interest, compared with the
CTL-Exos, DCM-Exos significantly upregulated the expression of fibrotic markers. The RNA and protein ex-
pressions of collagen | (Col1a), collagen Ill (Col3a), and connective tissue growth factor (CTGF) were signif-
icantly increased in the DCM-Exos treated CFs, rather than the CTL-Exos or vehicle (Figures 2C-2E). This
profibrotic effect was only observed with DCM-Exos derived from the conditioning media. The Exos (CTL
and DCM) derived from basal media of iCMs or iPSCs did not increase the fibrotic markers in CFs (Figure S3).

DCM-Exos promoted cardiac fibrogenesis in mouse hearts

To confirm the profibrotic effect of DCM-Exos in vivo, we injected equal amounts of CTL-Exos, DCM-Exos,
or vehicle into the wild-type CD-1 mouse hearts by the animal surgeon in the lab. CTL-Exos and DCM-Exos
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Figure 3. Intracardial injection of DCM-Exo promoted fibrosis in mouse hearts

(A) Representative echocardiographic images. Images were taken respectively from PBS, CTL-Exo, or DCM-Exo injection
groups on day 0 and day 14.

(B) LVEF was determined by echocardiography. The injection of DCM-Exo significantly decreased LVEF on day 14

N = 8/group; * = p< 0.05). Injection of PBS, or CTL-Exo resulted in nonsignificant change between day 14 and baseline.
C) Representative pictures of picrosirius red/fast green staining in series sections of the mouse hearts. The fibrotic area
Red) was quantified by ImageJ. N = 8/group, ** = p< 0.01.

D) Representative immunoblots of mouse hearts (PBS, CTL-Exo, or DCM-Exo treatments). Fibrotic markers, Col1a, Col3a,
and CTGF were detected by specific antibodies.

(E) Quantification of fibrotic markers expression. DCM-Exos injection resulted in significant upregulation of fibrotic
markers (N= 8/group). GAPDH was used as a protein loading control. Data represented as mean + SD; * = p< 0.05; one-
way ANOVA followed by Tukey post hoc test.

(
(
(
(

derived from the conditioning media of iCMs were applied in this experiment. Cardiac function was exam-
ined by echocardiography (echo) at 3-time points: day O (the day before injection), day 7, and day 14 post-
injection (Figure 3A). At day 14, the LVEF of the DCM-Exo group was significantly reduced compared with
its baseline (Figure 3B). In the CTL-Exos, and vehicle groups, there were no significant changes. Histolog-
ical analysis of day14 hearts indicated increased fibrotic area in the DCM-Exo group compared with CTL-
Exo (Figure 3C). The red staining, which enhanced the visualization of collagen | and lll fibers, indicated the
fibrosis area in sections.®® Unlike the myocardial infarction murine model,** there was no significant in-
crease in proliferation markers, such as Kié7, in all three groups indicating the fibrotic effects through
the modulation of fibroblast-associated ECM expression rather than promoting the CF proliferation
(Figure S4).

4 iScience 26, 105963, February 17, 2023

iScience



iScience

In addition, the fibrotic markers Col1a, Col3a, and CTGF showed significant upregulation in the DCM-Exo
treated hearts compared with the CTL-Exos injection hearts (Figure 3D). Together, the results showed that
intramyocardial injection of DCM-Exos promoted fibrosis in the mouse heart and, meanwhile, impaired
cardiac function.

MiR-218-5p played a crucial role in inducing fibrogenesis in the CFs

Previous studies have shown that miRNAs in Exos cargo were cell-specific, and disease-specific and played
a critical role in the Exos-mediated effects.”' We hypothesized whether the highly expressed miRNAs in
the DCM-Exo were responsible for the profibrotic effect. The small RNA next-generation sequencing (NGS)
was performed on the total RNAs isolated from CTL-Exos and DCM-Exos (3 donors vs. 3 DCM patients).
The NGS result revealed a total of 22 upregulated miRNAs (>1.5-fold, p< 0.01) in the DCM-Exos compared
with the CTL-Exos (Figure 4A).

Next, we performed the miR screening assay to analyze the profibrotic effect of these highly expressed
miRNAs from the DCM-Exo. Every single miRNA was transfected into the CFs separately. The expression
of the fibrotic markers in the CFs was determined by gRT-PCR. The screening assay identified miR-218-5p,
the second high-expression miRNA in the DCM-Exos, which resulted in a significant upregulation of fibrotic
markers (Figure 4B). To further confirm this result, we transfected CFs with a different dose of miR-218-5p.
Consistent with the screening assay, the expression of Col1a, Col3a, and CTGF showed a dose-dependent
increase, confirming the fibrotic effect of this crucial miRNA (Figure 4C). MiR-218-5p expression in DCM-
Exos was confirmed by gRT-PCR. Compared with CTL-Exo, miR-218-5p expression increased more than
6-fold in the DCM-Exos (Figure S5). We found that miR-218-5p expression in the CTL-iCMs and DCM-
iCM is similar at the baseline. However, the miR-218-5p was significantly increased in DCM-iCMs with con-
ditioning media (Figure 4D).

Lastly, we intracardially injected the miR-218-5p mimics with transfection reagent into the wild-type CD-1
mice hearts. Compared with miR scramble control (miR-CTL), miR-218 injection caused a significant in-
crease in fibrosis area in the hearts (Figure 4E). Taken together, the results showed that miR-218-5p was
responsible for the fibrotic effect mediated by DCM-Exos.

MiR-218-5p knockdown ameliorated the profibrotic effect of DCM-Exo

Opposite to the overexpression of miR-218-5p, the CFs were transfected with miR-218-5p mimics inhib-
itor. The presence of the miR-218-5p inhibitor significantly decreased the expression of Col1a, Col3a,
and CTGF, even with further treatment of DCM-Exo (Figure 5A). On the other hand, we tested the
reduction of the endogenous miR-218-5p expression by delivering a specific miRNA targeting sequence,
zip-miR218 (SBI Inc.) into the DCM-iCMs. Zip-miR218 would permanently knock down miR-218-5p
expression in cells by expressing a specific-designed shRNA. We transfected DCM-iCMs with either
zip-miR218 or zip-GFP as a control separately. 72 h after transfection, green fluorescence in DCM-
iCMs was detected in both zip-miR218 and zip-GFP, indicating the successful introduction of genes
(Figure 5B).

We isolated the Exos from the conditioning media of DCM-iCMs, which were transfected with either zip-
GFP (Exo?P~CFP) or zip-miR218 (Exo?P-miR218) - The gRT-PCR result confirmed that, compared with
Exo”P~CFP the expression of miR-218-5p was significantly downregulated in Exo”P™R?'® (Figure 5C).
Meanwhile, compared with ExoZP~COFP  ExoZPmiR218 4 oatment exhibited a significant reduction of
Col1a, Col3a, and CTGF in CFs (Figure 5D). Again, these results showed an essential role of miR-218-5p
in regulating the profibrotic effect of DCM-Exo.

MiR-218-5p promoted fibrogenesis via activation of canonical TGF-f signaling

The TGF-B-mediated Smad signaling pathway was crucial in inducing fibrogenesis.**** TGF-B acted
through receptors to promote Smad2/3 phosphorylation, followed by translocation of the phosphorylated
Smad complex into the nucleus, where the Smads worked as transcription factors to increase the synthesis
of the col I and Il and thus induced fibrosis.*

Thus, we investigated whether miR-218-5p affected TGF-B signaling pathway in the CFs. MiR-218-5p
mimics were transfected in the CFs. In parallel, the CFs were treated with either TGF-B1 or the TGF-B in-
hibitor SB525334.%” The immunoblots indicated that Smad2 phosphorylation was dramatically increased
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Figure 4. MiR-218-5p played an essential role in the profibrotic effect
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(A) Volcano plot of differential expression miRs in CTL-Exos and DCM-Exos. (B) miRNA screening assay. qRT-PCR results showed miR-218-5p mimics
significantly upregulated expression fibrotic of markers (N= 3; one-way ANOVA; * = p< 0.05).

(C) MiR-218-5p upregulated fibrotic marker in a dose-dependent manner.
(D) ANG I stimulation up-regulated miR-218-5p expression in DCM-iCMs (N= 3; *= p <0.05, *** = p< 0.001).
(E) Intracardial injection of miR-218-5p increased the fibrotic area in mouse hearts (N= 8, Student's t test, **

= p< 0.01). Data represented as mean £ SD.

with TGF-B1 treatment, indicating activation of TGF-B/Smad signaling (Figure 6A). Oppositely, SB525334
treatment effectively reduced Smad2 phosphorylation compared with TGF-B1 treatment alone. Mean-
while, inhibition of TGF-B/Smad signaling by also halted the upregulated of fibrogenic markers induced

by TGF-B1 treatment.

On the other hand, without the TGF-B1 treatment mediated receptor signaling pathway, miR-218-5p
overexpression led to a significant increase in the phosphorylation of Smad2 (Figure 6B; p-SMAD?2,
lane 4). The fibrotic markers were concurrently upregulated with the increase of Smad2 phosphoryla-
tion. Of interest, SB525334 treatment dramatically abolished the Smad2 phosphorylation and decreased
the profibrotic effects of miR-218-5p. These results indicated that the profibrotic effect of miR-218-5p
was through activation of the TGF-B/Smad2 signaling pathway, not independent of the presence of

TGF-B1.
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Figure 5. MiR-218-5p inhibition attenuated the fibrotic effect elicited by the DCM-Exos

(A) gRT-PCR offibrotic gene expression. MiR-218-5p inhibition significantly reduced the DCM-Exo-induced fibrotic effect.
One-way ANOVA followed by Tukey's post hoc test; N= 3; ** = p< 0.01.

(B) Representative fluorescent images. iCMs were transfected by zip-GFP as control or zip-miR218. Bar = 150 pm.

(C) gRT-PCR analysis of miR-218 expression in Exos derived from zip-miR218 transfected iCMs. Student’s t test, N= 3;
** = < 001,

(D) gRT-PCR analysis of fibrotic gene expression. MiR-218-5p knockdown DCM-Exos (Exo?PmiR218-GFPy

significantly reduced the expression of fibrotic markers. N = 3; Student’s t test; * = p< 0.05. Data represented as

mean + SD.

TNFAIP3 was an essential mediator of miR-218-5p induced fibrotic effect

MiR-218-5p was produced from two precursor genes, MIR218-1 and MIR218-2, located in the introns of
SLIT2 and SLIT3. Although we showed that miR-218-5p was responsible for the fibrotic effect, the mecha-
nism of miR-218-5p regulating fibrosis was still unknown. By interactive predictions of RNA22 *%, the miR-
218-5p exhibited a direct binding sequence at 5’UTR of the TNFAIP3 immediately before the start codon
region (Figure 7A). In addition, TNFAIP3 was reported previously as a suppressor to the canonical TGFB/
Smad-dependent pathway.*” Thus, we first determined the expression of TNFAIP3 in miR-218-5p overex-
pression. The immunoblots exhibited miR-218-5p overexpression significantly decreased TNFAIP3 expres-
sion in CFs (Figure 7B).

Next, we co-transfected scramble control (Scr CTL) and miR-218-5p mimics into HEK293A cells with a lucif-
erase reporter system containing either the wild-type (WT) or the mutated (Mut) sequence from 5'-UTR of

iScience 26, 105963, February 17, 2023 7
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Figure 6. MiR-218-5p increased Smad2 phosphorylation in CFs

(A) Immunoblots of cell lysates derived from CFs treated with TGF-B, miR-218-5p, and a TGF-B inhibitor (SB525334). Specific antibodies were used to detect
Col1a, Col3a, CTGF, phospo-Smad2 (p-SMAD2), and GAPDH.

(B) Quantitation of protein expression in immunoblots. GAPDH was used as a protein loading control. TGF- inhibitor (SB525334) significantly reduced
TGF-B1-induced fibrotic effect (lane 3). MiR-218-5p increased the phosphorylation of Smad2. N= 3; one-way ANONVA followed by Tukey's post hoc test,
* = p< 0.05; ** = p< 0.01; *** = p< 0.001. Data represented as mean + SD.

TNFAIP3, including the first 25 bp of the start codon (Table S2). Decreased luciferase activity was observed
in HEK293A cells co-transfected with the miR-218-5p mimic and TNFAIP3-WT (miR-218 + WT), compared
with the cells co-transfected with scramble CTL and TNFAIP3-WT (Scr CTL + WT). When we transfected the
mutation sequence, luciferase activity was unchanged, regardless of the presence of the miR-218-5p
mimics (Figure 7C). Altogether, we identified that TNFAIP3 is a direct target of miR-218-5p in the CFs.

Moreover, the overexpression of TNFANIP3 ameliorated miR-218-5p induced fibrotic effects. As shown in
immunoblots, TNFAIP3 overexpression significantly downregulated the expressions of Col1a, Col3a, and
CTGF (Figures 7D and 7E). As a direct target of miR-218-5p, TNFAIP3 was essential in mediating the fibrotic
effect of miR-218-5p.

Restoration of TNFAIP3 ameliorated the fibrotic effect of DCM-Exo

As a critical mediator of miR-218-5p, we investigated TNFAIP3 expression in the CTL-Exo and DCM-Exo
treated CFs. As shown in the immunoblots, DCM-Exo treatment dramatically decreased TNFAIP3 expres-
sion in the CFs, like miR-218-5p overexpression (Figure 8A).

Next, we overexpressed TNFAIP3 by transfecting the TNFAIP3 ¢cDNA ORF in CFs. As shown in Figure 8B,
TNFAIP3 overexpression significantly upregulated TNFAIP3 in the CFs (Figure 8C). Opposite to the DCM-
Exo treatment, the expression of Col1a, Col3a, and CTGF was effectively reduced by the introduction of
TNFAIP3 in CFs (Figures 8D-8F). The results confirmed that the restoration of TNFAIP3, which is an essen-
tial mediator of miR-218-5p, effectively ameliorated the fibrotic effect of DCM-Exos.

Taken together, our data indicated that miR-218-5p activated TGFB/smad2 pathway, inducing profibrotic
effects in CFs via receiving the DCM-Exo. Mechanistically, miR-218-5p repressed the TNFAIP3 expression
and further regulated the fibrotic markers. In contrast, we restored the expression of TNFAIP3 could effec-
tively block miR-218-5p and DCM-Exo induced profibrotic effect.

DISCUSSION

Exos are nanosized vesicles containing functional biomolecules (proteins, lipids, RNA, and DNA) that can
be horizontally transferred to recipient cells.>*" Although it arouses much interest in investigating their
functions in different diseases, the pathogenic nature of cardiac Exos is largely unexplored.””*"**? Familial
DCM is a genetic form of heart disease causing thin and weakened heart chambers often leading to heart
failure. Besides 'sick’ heart muscle, excessive ECM has been proven to significantly contribute to disease
progression, impair contractility, and increase cardiovascular hospitalization and mortality.”*** Cardiac
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Figure 7. MiR-218-5p targeted to TNFAIP3

(A) Targeted sequence prediction of miR-218-5p in RNA22.

(B) Immunoblots (left) indicated TNFAIP3 expression was significantly repressed in CFs transfected with miR-218-5p.

(C) Luciferase assay of miR-218-5p and TNFNAIP3 5'UTR region. Co-transfection of miR-218-5p + WT sequence significantly reduced luciferase activity
compared with the scramble CTL + WT. One-way ANOVA followed by Tukey’s post hoc test, ** = p< 0.01; NS = nonsignificant.

(D) Representative immunoblots of CFs treatment.

(E) Quantitation of expression of TNFAIP3, Col1a, Col3a, and CTGF. One-way ANOVA followed by Tukey’s post hoc test; ** = p<0.01, *** = p< 0.001. Data
represented as mean + SD.

fibroblasts are responsible for ECM dysregulation. However, the signals which activate the fibroblasts may

. 4
also play a critical role.*>*®

Here, we investigated the profibrotic effect of the Exos derived from three familial DCM patients’ iPSCs
differentiated cardiomyocytes. Using iPSC-derived cardiac cells demonstrated a significant opportunity
to investigate the potential functions of Exos in the heart.”*® Compared with CTL-Exos, DCM-Exos treat-
ment significantly increased the expression of fibrogenic genes in cardiac fibroblast cells. In vivo, injection
of DCM-Exos into mouse hearts induced enlarged fibrosis and impaired cardiac function. These were not
observed in hearts injected with CTL-Exos. These results suggested that Exo-mediated crosstalk between
DCM cardiomyocytes and fibroblasts independently elicited a profibrotic effect. The clinical development
of DCM reflects the cumulative effects of detrimental remodeling in the heart. In contrast, our in vivo ex-
periments may only show the acute response of the heart to DCM-Exos. In the future, the long-term effect
of DCM-Exos will need to be investigated in animal models.

Previous studies showed that exosomal miRNAs reflected the biology of their celltype of origin and disease
status.>"*® Our small RNA sequencing results indicated differential miRNA expression between DCM-Exos
and CTL-Exos. Amongst differential miRs, miR-218-5p was highly present in the DCM-Exos and critical to
mediate the profibrotic effect. Overexpression of miR-218 in vitro and in vivo indicated significant upregu-
lation of fibrotic markers (col1a, col3a, CTGF), as well as increased fibrotic area. Oppositely, the knockdown
of miR-218-5p presence in the DCM-Exos ameliorated the profibrotic effect of the DCM-Exos. Further-
more, we exhibited that miR-218-5p overexpression activated canonical TGF-B signaling by increasing
the phosphorylation of Smad2/3 in CFs. MiR-218-5p played an essential role as a tumor suppressor in can-
cers such as gastrointestinal stromal tumor, non-small cell lung cancer, and pancreatic cancer.””" In addi-
tion, miR-218-5p affected cardiac development, causing cardiac malformation, atrial hypoplasia, and ven-
tricular septum insufficiency. Overexpression of miR-218-5p in zebrafish embryos can inhibit standard heart
development.® Inhibition of miR-218-5p was shown to be against cardiac fibrosis in rats with myocardial
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Figure 8. Restoration of TNFAIP3 ameliorated the DCM-Exo-induced fibrotic effect
(A) Representative immunoblots of CFs treated with either CTL-Exos or DCM-Exos. DCM-Exo treatment significantly decreased TNFAIP3 expression.

Student'’s t test; ** = p <0.01.
(B) Representative immunoblots of TNFAIP3, Colla, Col3a, CTGF, and GAPDH detection in CFs treated with CTL-Exos, DCM-Exos, or overexpression of

TNFAIP3.
(C-F) Quantitation of protein expression. TNFAIP3 overexpression significantly reduced the expression of fibrotic markers. One-ANOVA followed by Tukey's

post hoc test; N= 3; ** = p< 0.01.
(G) Schematic picture showing the working model of our study. Data represented as mean + SD.

infarction.”® The upregulation of miR-218-5p in the DCM-Exos was consistent that Exos can facilitate their
effects via the delivery of specific miR in the cargo. The mechanism of upregulated miR-218-5p in the DCM-
Exos seemed to be related to the stress stimulation, although a detailed regulatory mechanism is not
explored.

In the study, we further identified TNFAIP3 as the target of miR-218-5p, which regulated the profibrotic
effect in the CFs. TNFAIP3 is a zinc finger (de)ubiquitinating enzyme that plays a crucial role in regulating
NF-kB activity.”*~>° Deficiency of TNFAIP3 developed severe inflammation in mice and increased the sensi-
tivity in cells with an inflammatory stimulation.”® Although miR-218-5p was reported to directly target CTGF
in the colorectal cancer,” our results indicated that miR-218-5p overexpression significantly increased the
expression of several fibrotic makers, including the CTGF (Figures 4C and 7D). These different results may
be because of the different cell-type specificities between CF and colorectal cancer. On the other hand, the
TNFAIP3 overexpression successfully reduced upregulated fibrotic markers, which were induced by miR-
218-5p overexpression (Figure 7D), indicating the master regulatory role of TNFAIP3 in the profibrotic
effect of miR-218-5p. It was notable that exposure to sustained inflammatory signaling increased the
sensitivity of CFs to TGF-B stimulation and exhibited an increased profibrotic phenotypic response.”®
Consistently, our results indicated that miR-218-5p activates TGF-B signaling by suppressing the inflamma-
tory inhibitor TNFAIP3. The repression of TNFAIP3 enhanced inflammation that would further magnify
fibrogenic effects in CFs.

Taken together, the results of this study explored a new mechanism of Exos-mediated profibrotic effect in
familial DCM. The phenotypic fibrotic alteration in CFs was attributed to differential miRs (miR-218-5p) in
the DCM-Exo cargoes. From a clinical respective, this cumulative effect of detrimental Exos was non-negli-
gible. Compared with much evidence that cardiac Exos were responsible for protective effects,”” the un-
covering of the detrimental functions of Exos may provide us with an alternative way to reduce cardiac
fibrosis and manage the disease progression.
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Limitations of the study

Owing to the lack of proper technigque to monitor the dynamics of exosomes in cells (or in vivo), we isolated
the exosomes from the conditioned media of the cultured cardiomyocytes as in most studies.”” The results
of our study reflected the profibrotic nature of the DCM cardiomyocyte-derived exosome while uptake into
the cardiac fibroblast of the heart. A limitation was that it was hard to mimic the dynamic process and
chronic effect of the exosome uptake in vivo. Most studies of exosome biogenesis and release have mainly
been performed using in vitro grown cell lines as a model.*° The accurate exosome secretion data, such as
exosome secretion speed and amount in human hearts is unavailable so far. In future studies, the live cell/
exosome imaging system could assist us to explore the kinetics of exosome trafficking in the hearts.®“? In
addition, cardiac fibrosis is a dynamic and complex process.®® Owing to the phenotypic plasticity, the fibro-
blasts could shift between activation (myofibroblast) and resting status.®*~*° Thus, the long-term profibrotic
effect of exosomes needs to be investigated in the future.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

CDé63 Abcam RRID: AB_940915
Calnexin Cell Signaling Technology RRID: AB_2228381
CD9 Cell Signaling Technology RRID: AB_2798139
Alix Cell Signaling Technology RRID: AB_2299455
Colla Cell Signaling Technology RRID: AB_2800169
Col3a Invitrogen (M) PA586281

Col3a Cell Signaling Technology (H) 66887

CTGF Abcam RRID: AB_305688
P-SMAD2 Cell Signaling Technology RRID: AB_2798798
TNFAIP3 Cell Signaling Technology RRID: AB_10698880
GAPDH Millipore MAB374

Bacterial and virus strains

MIRZIP-218 System Biosciences MZIP218

MIRZIP CTL System Biosciences MZIPO0O
Chemicals, peptides, and recombinant proteins

CHIR99021 Selleckchem 2924

Wnit-C59 Selleckchem 7037

Angiotensin Il Sigma-Aldrich 9525

TGF-beta 1 Novus Biologicals 7754

SB525334 Selleckchem 1476

Experimental models: Cell lines

Healthy iPSC line1 Stanford University BioBank 15

Healthy iPSC line2 Stanford University BioBank 479

Healthy iPSC line3 Stanford University BioBank 480

DCM patient iPSC line1 Stanford University BioBank 17

DCM patient iPSC line2 Stanford University BioBank 18

DCM patient iPSC line3 Stanford University BioBank 19

Experimental models: Organisms/Strains

Crl:CD1 Charles River CD-1
Oligonucleotides

microRNA mimics Horizon C-300573

5'UTR wildtype This paper Genewiz

5'UTR mutation This paper Genewiz
Recombinant DNA

TNFAIP3 Origene SC330856

Software and algorithms

Prism GraphPad Dotmatics https://www.graphpad.com/scientific-software/prism/
MicroRNA Analysis This paper https://doi.org/10.6084/m9 figshare.21764141
RNA22 Jefferson CMC https://cm.jefferson.edu/ra22/
ImageJ NIH https://imagej.nih.gov/ij/

iScience 26, 105963, February 17, 2023 15


https://www.graphpad.com/scientific-software/prism/
https://doi.org/10.6084/m9.figshare.21764141
https://cm.jefferson.edu/rna22/
https://imagej.nih.gov/ij/

¢? CellPress iScience
OPEN ACCESS

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the lead contact, Dr. Sunjay Kaushal (SKaushal@l|uriechildrens.org).

Materials availability

This study did not generate new unique reagents.

Data and code availability

® Analysis data have been deposited at Figshare and are publicly available as of the date of publication.
DOls are listed in the key resources table.

® This paper does not report original code.

® Any additional information required to reanalyze the data reported in this paper is available from the
lead contact upon request.

METHOD DETAILS
Cardiac fibroblast culture

Cardiacfibroblasts were purchased from Lonza (CC-2904) and cultured in the cardiac fibroblast growth me-
dium (CC-4526). Passages 1-3 were used in this study.

iPSCs differentiation

Healthy and DCM (TNNT2%73W) iPSCs were purchased from the Stanford University Cardiovascular Insti-
tute Biobank (Table S1). iPSC lines were cultured in Essential 8 medium (Thermo Fisher Scientific;
A1517001) and passaged in split ratios of 1:6. Until the cells reached ~85% confluence (Day 0), the medium
was changed to RPMI1640 (Thermo Fisher Scientific; 61870036) supplemented with B27 minus insulin
(Thermo Fisher Scientific; A1895601) and 6.5 pmol/L CHIR99021 (Selleckhem; $2924). On day 2, the medium
was changed to RPMI1640 supplemented with B27 minus insulin only. From day 3-5, the medium was
changed to RPMI1640 supplemented with B27 minus insulin and 2 umol/L Wnt-C59 (Selleckhem; S7037).
The medium was changed on day 5 and every other day thereafter to RPMI1640 supplemented with B27
(Thermo Fisher Scientific; 17504044). Contractile CMs were noted from days 9-15. Since day 15,
RPMI1640 medium without p-glucose (Thermo Fisher Scientific;11879020) was used.®’*® The selection
took one-two week, and iCMs were replated into new flasks after selection. Four days after replating,
the iCMs were ready for the Exos isolation.

Exo isolation by ultracentrifugation

Medium containing 5 pM ANG Il was added to replated iCMs and was collected after 60 h of conditioning.
Exos were isolated from the conditioned medium by differential centrifugation.®’ The conditioned medium
was centrifuged for 10 min at 300 X g to remove cells and then for 10 min at 2,000 X g to remove apoptotic
bodies. Exos in the resulting supernatant were isolated by ultracentrifugation (100,000 X g; 75 min). Pellets
were suspended in PBS for further applications.

Nanosight Tracking Analysis

Exo samples were diluted and loaded onto a Nanosight instrument (Melvin Instruments; NS300) for nano-
particle analysis according to the manufacturer’s instructions.

Transmission electron Microscopy

Exo samples were sent to Creative Bioarray, Inc. Pictures were taken using a JEOL JEM1400 transmission
electron microscope (TEM).

Profibrotic assay in vitro

Cardiac fibroblasts were treated with CTL-Exo or DCM-Exo (1.5 x 10° p/ml) for 72 h, respectively. RNAs
were isolated from cells after treatments. The expression of fibrotic markers were determined by gRT-PCR.
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Quantitative reverse transcriptase PCR

Quantitative reverse transcriptase PCR (qRT-PCR) was performed according to the manufacturer’s instruc-
tions (Qiagen; 205,311). Each reaction was performed in triplicate using a Fast SYBR-Green reaction mix.
Quantitect primer assays for each primer set were obtained from Qiagen. The primers of microRNA
were purchased from Thermofisher Inc. (Waltham, MA). Cycle threshold (CT) values of the housekeeping
gene were subtracted from the corresponding gene of interest. The expression 2A-dCT determined the
fold change of expression level for each gene. Final values were averaged, and results were represented
as fold expression with the SD.

Western blotting

Protein concentrations were determined by DC kit (Bio-Rad; 5000112). Primary antibodies used were:
mouse anti-human CD63 (1:1,000; ab59479; Abcam); anti-CD9 (1:1000; #13174 cell signaling); anti-HSP70
(1:1000, #4872 cell signaling); anti-Col1a (1:1,000; 91144; Cell Signaling Technology), anti-Col3a (PAS5-
27828; cell signaling #66887); anti-CTGF (1:1000, Abcam6992), anti-TNFAIP3 (1:1000, #5630, #4625 cell
signaling); anti-pSMAD2 (1:1000, #3108 cell signaling); anti-GAPDH (MA1-16757) . Secondary antibodies
used were goat anti-mouse IgG (cell signaling); goat anti-rabbit IgG (cell signaling).

Total RNA isolation

RNA was isolated from cardiac fibroblasts or mouse heart tissues.”” RNA from Exo samples was isolated
using a Total Exosome RNA Isolation Kit (Invitrogen, 4478545). Generally, the cell and Exo samples were
dissociated in the QlAzol Lysis Reagent. Chloroform was added into homogenized samples to extract total
RNA. The affinity binding columns were used to purify the RNAs extracted from all samples.

Next-generation sequencing library generation and sequencing

Exosomal RNA samples (4 pg RNA per sample) from CTL-Exo and DCM-Exo (N = 3 vs. 3) were sent to No-
vogene, Inc. (Sacramento, CA) for library generation and sequencing. The sequencing libraries were gener-
ated using the NEBNext Multiplex Small RNA Library Prep Set for Illumina (New England Biolabs, Ipswich,
MA) according to the manufacturer's recommendations, and index codes were added to attribute se-
qguences to each sample. Library quality was assessed before sequencing. Differentially-expressed miRNAs
were identified based on a model using the negative binomial distribution. Normalized log;o miRNA
expression values were used to generate a heatmap with Morpheus (Broad Institute).

Intramyocardial injection of Exos or miR-218 mimics

Animal experiments were done in accordance with the Institutional Animal Care and Use Committee of the
University of Maryland Baltimore. Ten-week-old CD-1 mice (Charles River) were anesthetized during sur-
gery. The heart was exposed via a left thoracotomy, and 5 X 10"? DCM-Exos, CTL-Exos (all Exos were iso-
lated from ANG Il conditioned cardiomyocytes), or vehicle (PBS) were injected into the myocardium on the
left ventricle (LV). The miR-218-5p mimics (horizon, C300573-05) were formulated with Max-Suppressor
in vivo RNALancerll, a lipid-based delivery reagent, according to the manufacturer’s instructions before in-
jections. Transthoracic echocardiograms were acquired at 7 and 14 days after injection. Cardiac function
was evaluated based on echocardiographic parameters. M-mode images of the LV in the parasternal
short-axis view were obtained at the level of the papillary muscles using a high-resolution ultrasound ma-
chine (Vevo 2100: VisualSonics) equipped with a 20-MHz scan head for calculation/estimation of LV frac-
tional shortening and ejection fraction. Data were calculated from 5 cardiac cycles according to the gener-
ally accepted formula. All mice were euthanized by day 14 after injection. Hearts were kept for histological
analyses and further experiments.

Transfection of zip-miR and zip-GFP

The zip-miR128 and zip-GFP were purchased from System Bioscience. The reagents were added to the pu-
rified iCMs according to the manufacturer’s instructions.

Picrosirius red/fast green staining and fibrosis area analysis

Paraffin-embedded mouse heart tissues were sectioned and processed for picrosirius red/fast green stain-
ing.>* The heart tissue samples were rehydrated using a graded ethanol series and then immersed in PBS at
room temperature. The rehydrated samples were then incubated in 0.04% picrosirius red and 0.1% fast
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green for 30 min, then rehydrated and mounted in DPX mounting medium. Fibrotic areas were analyzed
with ImageJ software (NIH).

Luciferase reporter gene assay

Wild-type (WT) tumor necrosis factor alpha-induced protein 3 (TNFAIP3) 5'-UTR and mutant-type (MUT)
TNFAIP3 5-UTR sequences were synthesized by Genewiz. The miR-218-5p mimic or the miRNA scramble
control was co-transfected into HEK293A cells using Lipofectamine 2000. After 48 h, luciferase activity was
detected by the Dual-Luciferase Reporter Assay Kit (Promega).

QUANTIFICATION AND STATISTICAL ANALYSIS

Parametric data were analyzed using GraphPad Prism. Student’s t-tests were used for comparisons be-
tween the two groups. For comparing three or more groups, one-way ANOVA followed by an appropriate
(Bonferroni or Tukey) posthoc test will be applied. p values <0.05 were considered statistically significant.
Data are represented as mean + SD.
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