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Diverging targets mediate the pathological role
of miR-199a-5p and miR-199a-3p by promoting
cardiac hypertrophy and fibrosis
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MicroRNA-199a-5p (miR-199a-5p) and -3p are enriched in the
myocardium, but it is unknown whether miR-199a-5p and -3p
are co-expressed in cardiac remodeling and what roles they
have in cardiac hypertrophy and fibrosis. We show that miR-
199a-5p and -3p are co-upregulated in the mouse and human
myocardium with cardiac remodeling and in Ang-II-treated
neonatal mouse ventricular cardiomyocytes (NMVCs) and car-
diac fibroblasts (CFs). miR-199a-5p and -3p could aggravate
cardiac hypertrophy and fibrosis in vivo and in vitro. PPAR
gamma coactivator 1 alpha (Ppargc1a) and sirtuin 1 (Sirt1)
were identified as target genes to mediate miR-199a-5p in pro-
moting both cardiac hypertrophy and fibrosis. However, miR-
199a-3p aggravated cardiac hypertrophy and fibrosis through
targeting RB transcriptional corepressor 1 (Rb1) and Smad1,
respectively. Serum response factor and nuclear factor kB
p65 participated in the upregulation of miR-199a-5p and -3p
in Ang-II-treated NMVCs and mouse CFs, and could be
conversely elevated by miR-199a-5p and -3p. Together,
Ppargc1a and Sirt1, Rb1 and Smad1 mediated the pathological
effect of miR-199a-5p and -3p by promoting cardiac hypertro-
phy and fibrosis, respectively. This study suggests a possible
new strategy for cardiac remodeling therapy by inhibiting
miR-199a-5p and -3p.

INTRODUCTION
Heart failure is typically associated with cardiac remodeling, which is
characterized by pathological cardiac hypertrophy and fibrosis. Dur-
ing cardiac hypertrophy and fibrosis, cardiac cells undergo structural
changes and become dysfunctional. The histopathological hallmarks
of cardiac hypertrophy include myocyte enlargement and myocyte
disarray. Cardiac fibrosis is the excessive deposition of extracellular
matrix proteins by cardiac fibroblasts (CFs) and myofibroblasts, as
well as the disrupted composition of extracellular matrix proteins.
Molecular Therapy
This is an open access article under the CC BY-NC-N
Cardiac remodeling occurs in response to a variety of stimuli,
including myocardial infarction, mechanical stimulus, cytokines,
growth factors, and pressure overload.1 Since efficient therapeutic ap-
proaches are currently unavailable for the management of cardiac re-
modeling, it is crucial to reveal the molecular mechanisms associated
with cardiac hypertrophy and fibrosis and identify new targets to
reverse maladaptive cardiac remodeling and even heart failure.

MicroRNAs (miRNAs) are endogenous, 20–23 nucleotide RNAs that
negatively regulate target genes involved in various physiological pro-
cesses and diseases. Accumulating evidence indicates that miRNAs
are involved in cardiac remodeling.2,3 Most miRNA genes are initially
transcribed as primary transcripts (pri-miRNAs) by RNA polymerase
II (Pol II), which are cleaved to 65–70 nucleotide precursors (pre-
miRNAs) by RNA endonuclease Drosha,4,5 and then cleaved by
DICER to produce an miRNA/miRNA* duplex.4,6 The miRNA/
miRNA* duplex is subsequently processed by the RNA-induced
silencing complex (RISC) to unwind the duplex at the end with
weaker hydrogen binding. The strand with a free 50 end is selectively
included in RISC and served as mature miRNA, while another strand
called miRNA* is usually degraded.4,7 However, both strands can be
accumulated in vivo if the miRNA/miRNA* duplex does not contain
asymmetric hydrogen-binding ends. Moreover, miRNA andmiRNA*
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Figure 1. Upregulation of miR-199a-5p and -3p in the myocardium of Ang-II-infused mice and Ang-II-treated NMVCs and mouse CFs

Western blot analysis of ANP, ACTA1, b-MHC (A), COL1A1, COL3A1, and a-SMA (B) in the myocardium of Ang-II-infused mice. (C) Heatmap of miRNA profile showing

the dysregulated miRNAs over 1.5-fold in mouse myocardium. (D) qRT-PCR analysis of miR-199a-5p and -3p in the myocardium of Ang-II-infused mice. qRT-PCR

analysis of miR-199a-5p and -3p in the myocardium of a mouse model of TAC-induced LV remodeling (E) and in HCM patients (F). (G) MiR-199a-5p and -3p generated

(legend continued on next page)
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Table 1. Functional parameters assessed by echocardiography in mice

Sham+
scramble
(n = 8)

Ang-II inf.+
scramble
(n = 6)

Ang-II inf.+
miR-199a-5p
(n = 8)

Ang-II inf.+
miR-199a-3p
(n = 6)

BW (g) 25.2 ± 2.2 23.9 ± 1.8 24.8 ± 2.6 23.3 ± 1.9

Age (weeks) 8 8 8 8

Sex male male male male

LVPWd (mm) 0.88 ± 0.09 0.72 ± 0.04** 0.69 ± 0.07** 0.75 ± 0.09**

LVPWs (mm) 1.25 ± 0.10 1.10 ± 0.05** 0.97 ± 0.07## 0.98 ± 0.09#

LVIDd (mm) 0.90 ± 0.09 0.72 ± 0.04** 0.69 ± 0.07** 0.75 ± 0.09**

LVIDs (mm) 1.32 ± 0.11 1.09 ± 0.10** 0.99 ± 0.13*** 1.00 ± 0.13***

Ejection
fraction (%)

65.63 ± 5.29 58.10 ± 2.22** 49.81 ± 4.99## 49.78 ± 4.06##

Fractional
shortening (%)

35.14 ± 3.85 29.77 ± 1.46** 24.88 ± 2.87## 24.25 ± 2.54##

Data are presented as mean ± SD. **p < 0.01, ***p < 0.001 versus sham + scramble, #p <
0.05, ##p < 0.01 versus Ang-II + scramble by one-way ANOVA with Dunnett’s post hoc
test. BW, body weight; LVPWd, end-diastolic LV posterior wall diameters; LVPPWs,
end-systolic LV posterior wall diameters; LVIDd, end-diastolic LV internal diameters;
LVIDs, end-systolic LV internal diameters.
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preference always depends on the tissue types, development stages, or
disease progression.8–11 Recent reports showed that frequent co-
expression of miRNA-5p and -3p species was observed in induced
pluripotent stem cells12 and colon cancer cells.13

MiR-199a-5p14,15 and miR-199a-3p,16,17 enriched in heart tissue, can
be generated from two different gene loci (www.mirbase.org). To
date, it has not been well illustrated whether miR-199a-5p and -3p
are co-expressed in cardiac remodeling. Previous studies showed
that miR-199a-5p could enhance cardiac hypertrophy,18,19 but the
roles and mechanism of miR-199a-5p in cardiac fibrosis, and miR-
199a-3p in cardiac hypertrophy and fibrosis are unrevealed.

In this study, we demonstrated the consistent upregulation of miR-
199a-5p and -3p in cardiac hypertrophy and fibrosis and that miR-
199a-5p and -3p could enhance cardiac remodeling-related gene
expression in vitro and in vivo. Besides, PPAR gamma coactivator 1
alpha (Ppargc1a) and sirtuin 1 (Sirt-1) were verified as target genes
of miR-199a-5p, and Rb-1 and Smad1 were verified as target genes
of miR-199a-3p to mediate the pro-cardiac remodeling effects of
miR-199a-5p and -3p, respectively. Our results suggested a role for
serum response factor (SRF) and nuclear factor kB (NF-kB) p65 in
the upregulation of miR-199a-5p and -3p from two miR-199a gene
loci during cardiac remodeling. Thus, our study has identified four
different novel target genes to mediate the same effects of the conge-
netic miR-199a-5p and -3p on promoting cardiac hypertrophy and
fibrosis.
from two miR-199a precursors. The seed sequences of miR-199a-5p and -3p are sh

analysis of miR-199a-5p and -3p (I) in Ang-II-treated NMVCs.Western blot analysis of C

(K) in Ang-II-treated mouse CFs. All data are presented as mean ± SD. *p < 0.05, **p <

(E), n = 12–16 (F), n = 5 (H–K).
RESULTS
Co-upregulation of miR-199a-5p and -3p in the hypertrophic and

fibrotic mouse myocardium and Ang-II-treated NMVCs and

mouse CFs

An animal model of cardiac hypertrophy and fibrosis was established in
mice subjected to Ang-II infusion for 4 weeks, demonstrating a signifi-
cant increase inANP,ACTA1,b-MHC(Figure 1A),COL1A1,COL3A1,
and a-SMA (Figure 1B) in the myocardium. miRNA microarray re-
vealed that the congenetic miR-199a-5p and -3p were upregulated in
the myocardium of Ang-II-infused mice (Figure 1C). Results of qRT-
PCR assay confirmed that miR-199a-5p and -3p were significantly
increased in the myocardium of Ang-II-infused mice (Figure 1D), as
well as in the myocardium of a mouse model of transverse aortic
constriction (TAC)-induced left ventricular (LV) remodeling (Fig-
ure 1E). It was confirmed that miR-199a-5p and -3p were significantly
increased in themyocardiumofpatientswithhypertrophic cardiomyop-
athy (HCM) (Figure 1F).

TheDNA templates formiR-199a-1 precursor andmiR-199a-2 precur-
sor are shown located in two different genomic loci (http://www.
mirbase.org/index.shtml) (Figure 1G). We constructed the recombi-
nant plasmids carrying DNA templates for miR-199a-1 and miR-
199a-2 precursors, and confirmed that they could consistently express
bothmiR-199a-5p and -3p inhumanAC16cardiomyocytes (FigureS1).
We separately isolated the nuclear and cytoplasmic RNA components
in AC16 cells for qRT-PCR assay, revealing that miR-199a-5p and
-3p were mainly distributed in the cytoplasm of AC16 cells (Figure S2).

Significant increases of ANP, ACTA1, and b-MHC protein were
observed in a cell model of Ang-II-induced NMVC hypertrophy (Fig-
ure 1H). Results of qRT-PCR verified that miR-199a-5p and -3p were
markedly upregulated in Ang-II-treated NMVCs (Figure 1I). Consis-
tently, obvious increases of COL1A1, COL3A1, and a-SMA (Fig-
ure 1J), as well as upregulations of miR-199a-5p and -3p (Figure 1K),
were shown in a cell model of Ang-II-induced mouse CF fibrosis.

miR-199a-5p and -3p aggravate Ang-II-induced cardiac

hypertrophy and fibrosis in vivo

Based on a mouse model of Ang-II infusion-induced cardiac hypertro-
phy and fibrosis, we determined the effects of miR-199a-5p and -3p on
the cardiac function and structure after tail vein injection of theirmimics.
Results of echocardiography showed that the decreases of ejection frac-
tion and fractional shortening, as well as the end-systolic LV posterior
wall diameters, were further reduced by injection of miR-199a-5p and
-3p mimics, respectively, but not the end-diastolic LV posterior wall di-
ameters and the LV internal diameters (Table 1).

The wheat germ agglutinin (WGA) staining results showed that the
cross-sectional size of cardiomyocytes in the myocardium was
own in red. Western blot analysis of ANP, ACTA1, and b-MHC (H), and qRT-PCR

OL1A1, COL3A1, and a-SMA (J), and qRT-PCR analysis of miR-199a-5p and -3p

0.01, ***p < 0.001 by unpaired t test. n = 5 (A and B), n = 3 (C), n = 6–8 (D), n = 6–9
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Figure 2. MiR-199a-5p and -3p enhance cardiac hypertrophy and fibrosis in the myocardium of Ang-II-infused mice

WGA staining (A) andMasson’s trichrome-staining assay (B) in mousemyocardium. Scale bars, 50 mm in (A) and 100 mm in (B). Western blot analysis of ANP, ACTA1, b-MHC

(C), COL1A1, COL3A1, and a-SMA (D) in the myocardium of Ang-II-infused mice received injections of miR-199a-5p and -3p mimics, respectively. All data are presented as

mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001 by one-way ANOVA with Dunnett’s post hoc test (n = 5).
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consistently increased in Ang-II-infused mice, but no further increase
of cross-sectional size of cardiomyocytes was observed by addition of
miR-199a-5p or -3p (Figure 2A). However, the results of theMasson’s
trichrome staining showed that cardiac fibrosis was further increased
in Ang-II-infused mice with miR-199a-5p and -3p mimic injection,
respectively (Figure 2B).

Moreover, protein expression of ANP, ACTA1, and b-MHC in mouse
myocardium in response to Ang-II infusion was further enhanced by
miR-199a-5p and -3p mimic treatment (Figure 2C). Consistently,
miR-199a-5p and -3p also markedly aggravated Ang-II-induced
COL1A1, COL3A1, and a-SMA protein expression in mouse myocar-
dium (Figure 2D). As expected, the levels of miR-199a-5p and -3p were
significantly increased in themyocardiumofmice subjected to injection
of miR-199a-5p or -3p mimic (Figure S3).
miR-199a-5p and -3p enhance cardiac hypertrophy and fibrosis

in vitro

miR-199a-5p and -3p mimics were shown efficiently delivered into
NMVCs and mouse CFs by using lipofectamine reagent (Fig-
ure S4). Results of FITC-phalloidin staining showed that cell size
was significantly increased in NMVCs by transfection with miR-
199a-5p and -3p mimics, respectively (Figure 3A). Protein expres-
sion of ANP, ACTA1, and b-MHC was markedly increased in
NMVCs after transfection with miR-199a-5p or -3p mimic (Fig-
ure 3B). Consistently, COL1A1, COL3A1, and a-SMA protein
expression was also significantly elevated in mouse CFs by
1038 Molecular Therapy: Nucleic Acids Vol. 26 December 2021
transfection with miR-199a-5p and -3p mimics, respectively
(Figure 3C).

However, no significant difference was found in mouse CF prolifera-
tion, as indicated by CCK8 and EdU assays (Figures S5A and S5B).
Meanwhile, flow cytometry-based cell-cycle assay showed that no sig-
nificant difference in cell-cycle stages was observed in mouse CFs by
transfection with miR-199a-5p and -3p mimic, respectively (Fig-
ure S5C). Consistently, trans-well migration assay demonstrated that
miR-199a-5p and -3p did not affect the migration of mouse CFs
(Figure S5D).
miR-199a-5p enhances NMVC hypertrophy by targeting

Ppargc1a

Analyses of the databases Mirdb (www.mirdb.org) and TargetScan-
Vert (www.targetscan.org) indicated that Ppargc1a was a potential
target gene of miR-199a-5p. The matching positions for miR-199a-
5p within 30 UTR of Ppargc1a mRNA are shown in Figure 4A. Results
of the dual luciferase assay showed that miR-199a-5p mimic could
specifically interact with the 30 UTRs of Ppargc1a mRNA, and muta-
tion of four continuous nucleotides complementary to miR-199a-5p
seed sequence could abolish the interaction between miR-199a-5p
and the 30 UTRs of Ppargc1a mRNA (Figure 4A).

A transcript containing the firefly luciferase gene and the 30 UTRs of
Ppargc1a mRNA was expressed, and qRT-PCR analysis of the affin-
ity-purified RNA demonstrated a specific enrichment of the firefly

http://www.mirdb.org
http://www.targetscan.org


Figure 3. MiR-199a-5p and miR-199a-3p enhance cardiac hypertrophy and fibrosis in vitro

(A) Morphology of NMVCs by transfection with miR-199a-5p or -3p as revealed by FITC-phalloidin-staining assay. Scale bar, 50 mm. Western blot analysis of ANP, ACTA1,

and b-MHC (B), COL1A1, COL3A1, and a-SMA (C) in NMVCs and mouse CFs by transfection with miR-199a-5p and -3p mimics, respectively. All data are presented as

mean ± SD. **p < 0.01, ***p < 0.001 by one-way ANOVA with Dunnett’s post hoc test (n = 5).
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luciferase gene transcript by miR-199a-5p (Figure 4B). Compared
with the scramble-negative control, the protein expression, but not
mRNA expression, of Ppargc1a could be significantly inhibited in
NMVCs by transfection with miR-199a-5p mimic (Figures 4C and
4D). PGC-1a was also decreased in Ang-II-treated NMVCs and in
the myocardium of Ang-II-infused mice, and miR-199a-5p injection
further inhibited PGC-1a expression in the myocardium of Ang-II-
infused mice (Figures S6A and S6C).

We investigated the effects of miR-199a-5p and Ppargc1a siRNA on
cardiomyocyte hypertrophy in NMVCs. The FITC-phalloidin staining
showed that the cell size was significantly increased in NMVCs by
transfection withmiR-199a-5p or Ppargc1a siRNA (Figure 4E). Protein
expression of ANP, ACTA1, and b-MHC was also significantly
enhanced in NMVCs by transfection with miR-199a-5p and Ppargc1a
siRNA, respectively (Figure 4F). Meanwhile, PGC-1a, NRF2, TRX2,
SOD2, andHO-1 were foundmarkedly decreased in NMVCs by trans-
fection with either miR-199a-5p or Ppargc1a siRNA (Figure 4F). In
addition, adenovirus-mediated overexpression of PGC-1a could effi-
ciently reverse the upregulation of ANP, ACTA1, and b-MHC in
miR-199a-5p-treated NMVCs (Figure 4G). Interestingly, we observed
that miR-199a-5p and Ppargc1a siRNA could consistently enhance
protein expression of fibrosis-related genes, including COL1A1,
COL3A1, and a-SMA in mouse CFs (Figure S7A). In addition, adeno-
virus-mediated overexpression of PGC-1a could efficiently attenuate
fibrosis-related gene expression in mouse CFs (Figure S7B).

miR-199a-3p enhances NMVC hypertrophy by targeting Rb-1

Rb-1 was indicated as a target gene of miR-199a-3p by analyzing the
databases Mirdb and TargetScan-Vert. The matching positions for
miR-199a-3p within the 30 UTR of Rb-1 mRNA are shown in Fig-
ure 5A. Results of the dual luciferase assay indicated that miR-
199a-3p mimic could specifically interact with the 30 UTRs of Rb-1
mRNA (Figure 5A). Expression of the transcript containing the firefly
luciferase gene and the 30 UTRs of Rb-1 mRNA was evaluated, and
qRT-PCR analysis of the affinity-purified RNA demonstrated a
specific enrichment of the firefly luciferase gene transcript by miR-
199a-3p (Figure 5B). Compared with the scramble control, the pro-
tein expression, but not mRNA expression, of Rb-1 could be signifi-
cantly reduced in miR-199a-3p-treated NMVCs (Figures 5C and 5D).
It was found that RB-1 was decreased in Ang-II-treated NMVCs
and in the myocardium of Ang-II-infused mice, and miR-199a-3p
treatment further decreased RB-1 expression in the myocardium of
Ang-II-infused mice (Figures S6A and S6C).

We investigated the effects ofmiR-199a-3p and Rb-1 siRNA onNMVC
hypertrophy. The FITC-phalloidin staining showed that the cell size
was significantly increased in NMVCs by transfection with miR-
199a-3p or Rb-1 siRNA (Figure 5E). Protein expression of ANP,
ACTA1, and b-MHC was also significantly increased in NMVCs by
transfection with miR-199a-3p and Rb-1 siRNA, respectively (Fig-
ure 5F). In addition, western blot results showed that transcription fac-
tor E2F2 was decreased in the cytoplasm and increased in the nucleus
of NMVCs by transfection with miR-199a-3p mimic or Rb-1 siRNA
(Figures 5G and 5H).Moreover, enforced expression of Rb-1 could effi-
ciently inhibit ANP, ACTA1, and b-MHC expression in NMVCs (Fig-
ure S8) and reverse the increases of ANP, ACTA1, and b-MHC inmiR-
199a-5p-treated NMVCs (Figure 5I). However, the effect of knock-
down or overexpression of Rb-1 on fibrosis-related gene expression
in mouse CFs was not observed in this study (Figures S9A and S9B).
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Figure 4. MiR-199a-5p enhances hypertrophy in NMVCs

(A) Verification of Ppargc1a as a target gene of miR-199a-5p by the dual luciferase reporter assay. The seed sequence of miR-199a-5p is CCAGUGU, and the comple-

mentary nucleotide sequence to CCAGUGU is shown in red, and the mutated sequence is indicated in bold. (B) RNA pull-down assay to reveal the interaction between miR-

199a-5p and the 30 UTR of Ppargc1amRNA. qRT-PCR (C) andwestern blot analysis (D) of Ppargc1amRNA and protein expression in NMVCs by transfection with miR-199a-

5p mimic. (E) Morphology of NMVCs by transfection with miR-199a-5p or Ppargc1a siRNA as revealed by FITC-phalloidin-staining assay. Scale bar, 50 mm. (F) Western blot

analysis of PGC-1a, ANP, ACTA1, b-MHC, NRF2, TRX2, SOD2, and HO-1 in NMVCs by transfection with miR-199a-5p and si-Ppargc1a, respectively. (G) Western blot

analysis of PGC-1a, ANP, ACTA1, and b-MHC inmiR-199a-5p-modified NMVCswith overexpression of PGC-1a. All data are presented asmean ± SD. *p < 0.05, **p < 0.01,

***p < 0.001 by one-way ANOVA with Dunnett’s post hoc test in (A, E–G). **p < 0.01, ***p < 0.001 by unpaired t test in (B–D). n = 5 (A, C–G) and n = 3 (B).
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miR-199a-5p enhances mouse CF fibrosis by targeting Sirt1

Sirt1 was predicted as a target gene of miR-199a-5p by analyses of the
databases Mirdb and TargetScan-Vert. The matching positions for
1040 Molecular Therapy: Nucleic Acids Vol. 26 December 2021
miR-199a-5p within the 30 UTR of human and mouse Sirt1 mRNA
are shown in Figure 6A. Results of the dual luciferase assay indicated
that miR-199a-5p could specifically interact with the 30 UTRs of Sirt1



Figure 5. MiR-199a-3p enhances hypertrophy in NMVCs

(A) Verification of Rb1 as a target gene of miR-199a-3p by the dual luciferase reporter assay. The seed sequence of miR-199a-3p is CAGUAGU, and the complementary

nucleotide sequence to CAGUAGU is shown in red, and themutated sequence is shown in bold. (B) RNA pull-down assay to reveal the interaction betweenmiR-199a-3p and

the 30 UTR of Rb1 mRNA. qRT-PCR (C) and western blot analysis (D) of Rb1 mRNA and protein expression in miR-199a-3p-modified NMVCs. (E) Morphology of NMVCs by

transfection with miR-199a-3p or Rb1 siRNA as revealed by FITC-phalloidin-staining assay. Scale bar, 50 mm. (F) Western blot analysis of RB1, ANP, ACTA1, and b-MHC in

NMVCs by transfection with miR-199a-3p and Rb-1 siRNA, respectively. Western blot analysis of E2F2 protein level in the cytoplasm (G) and nucleus (H) of NMVCs by

transfection with miR-199a-3p and Rb-1 siRNA, respectively. (I) Western blot analysis of ANP, ACTA1, b-MHC, and RB1 in miR-199a-3p-modified NMVCs with over-

expression of RB1. All data are presented as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001 by one-way ANOVA with Dunnett’s post hoc test in (A, E–G). **p < 0.01, by

unpaired t test in (B–D). n = 5 (A, C–I) and n = 3 (B).
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mRNA (Figure 6A). Expression of the transcript containing the firefly
luciferase gene transcript and the 30 UTRs of Sirt1 mRNA was deter-
mined, and qRT-PCR analysis of the affinity-purified RNA demon-
strated a specific enrichment of the firefly luciferase gene transcript
by miR-199a-5p (Figure 6B). Compared with the scramble control,
mRNA and protein expression of Sirt1 could be significantly reduced
in miR-199a-5p-treated mouse CFs (Figures 6C and 6D). SIRT1 was
observed to be decreased in Ang-II-treated mouse CFs and in the
myocardium of Ang-II-infused mice, and miR-199a-5p treatment
further decreased SIRT1 expression in the myocardium of Ang-II-
infused mice (Figures S6B and S6C).

We investigated the effects ofmiR-199a-5p and Sirt1 siRNAon fibrosis-
related genes inmouse CFs. Significant increases of COL1A1, COL3A1,
Molecular Therapy: Nucleic Acids Vol. 26 December 2021 1041
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Figure 6. MiR-199a-5p enhances fibrosis-related gene expression in mouse CFs

(A) Verification of Sirt1 as a target gene of miR-199a-5p by the dual luciferase reporter assay. The seed sequence of miR-199a-5p is CCAGUGUU, and the complementary

nucleotide sequence to CCAGUGUU is shown in red, and themutated sequence is indicated in bold. (B) RNA pull-down assay to reveal the interaction betweenmiR-199a-5p

and the 30 UTR of Sirt1 mRNA. qRT-PCR (C) and western blot analysis (D) of Sirt1 mRNA and protein expression in miR-199a-5p-modified mouse CFs. (E) Western blot

analysis of COL1A1, COL3A1, a-SMA, SIRT1, and p-Smad3 levels in CFs by transfection with miR-199a-5p and Sirt1 siRNA, respectively. (F) Western blot analysis of

COL1A1, COL3A1, a-SMA, and SIRT1 inmiR-199a-5p-modified CFswith overexpression of Sirt1. All data are presented asmean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001 by

one-way ANOVA with Dunnett’s post hoc test in (A, C–F). **p < 0.01, ***p < 0.001 by unpaired t test in (B–D). n = 5 (A, C–F) and n = 3 (B).
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a-SMA expression, and Smad3 activation were observed in mouse CFs
in response to transfection with miR-199a-5p or Sirt1 siRNA (Fig-
ure 6E). In addition, adenovirus-mediated overexpression of SIRT1
could efficiently reverse the increases of COL1A1, COL3A1, and
a-SMA in miR-199a-5p-treated mouse CFs (Figure 6F).

Moreover, we demonstrated that miR-199a-5p and Sirt1 siRNA could
efficiently enhance expression of cardiac hypertrophy-related genes,
including ANP, ACTA1, and b-MHC in NMVCs (Figure S10A).
And overexpression of Sirt1 could markedly attenuate cardiac hyper-
trophy-related gene expression in NMVCs (Figure S10B).
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miR-199a-3p enhances mouse CF fibrosis by targeting Smad1

According to analyses of the databases Mirdb and TargetScan-Vert,
Smad1 was predicted as a target gene of miR-199a-3p. The matching
positions for miR-199a-5p within the 30 UTR of human and mouse
Smad1 mRNA are shown in Figure 7A. Results of the dual luciferase
assay indicated that miR-199a-3p mimic could specifically interact
with the 30 UTRs of Smad1 mRNA (Figure 7A).

Expression of the transcript containing thefirefly luciferase gene and the
30 UTRs of Smad1mRNAwas also determined, and qRT-PCR analysis
of the affinity-purified RNA demonstrated a specific enrichment of the



Figure 7. MiR-199a-3p enhances fibrosis-related gene expression in mouse CFs

(A) Verification of Smad1 as a target gene of miR-199a-3p by the dual luciferase reporter assay. The seed sequence of miR-199a-3p is CAGUAGU, and the complementary

sequence to CAGUAGU is shown in red, and the mutated sequence is indicated in bold. (B) RNA pull-down assay to reveal the interaction between miR-199a-3p and the 30

UTR of Smad1 mRNA. qRT-PCR (C) and western blot analysis (D) of Smad1 mRNA and protein expression in mouse CFs by transfection with miR-199a-3p mimic. (E)

Western blot analysis of COL1A1, COL3A1, a-SMA, p-Smad1, and p-Smad3 in mouse CFs by transfection with miR-199a-3p and Smad1 siRNA, respectively. (F) Western

blot analysis of COL1A1, COL3A1, a-SMA, and SMAD1 inmiR-199a-3p-modified CFs with overexpression of Smad1. All data are presented asmean ±SD. **p < 0.01, ***p <

0.001 by one-way ANOVA with Dunnett’s post hoc test in (A, C–F). **p < 0.01, ***p < 0.001 by unpaired t test in (B–D). n = 5 (A, C–F) n = 3 (B).
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firefly luciferase gene transcript bymiR-199a-3p (Figure 7B).Compared
with the scramble control, mRNA and protein expression of Smad1
could be significantly inhibited in miR-199a-3p-treated mouse CFs
(Figures 7C and 7D). SMAD1 was observed to be decreased in Ang-
II-induced CFs and in the myocardium of Ang-II-infused mice, and
miR-199a-3p injection further decreased SMAD1 expression in the
myocardium of Ang-II-infused mice (Figures S6B and S6C).

Significant decreases of Smad1 and p-Smad1, and obvious Smad3
activation and increases of COL1A1, COL3A1, and a-SMA expres-
sion were observed in mouse CFs after transfection with miR-199a-
3p and Smad1 siRNA, respectively (Figure 7E). Moreover, adeno-
virus-mediated overexpression of Smad1 could significantly inhibit
COL1A1, COL3A1, and a-SMA expression in CFs (Figure S11).
Meanwhile, overexpression of Smad1 could efficiently reverse the in-
creases of COL1A1, COL3A1, and a-SMA expression in miR-199a-
3p-treated mouse CFs (Figure 7F). However, the effect of knockdown
or overexpression of Smad1 on protein expression of cardiac hyper-
trophy-related genes in NMVCs was not observed in this study (Fig-
ures S12A and S12B).
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SRF and NF-kB mediate the upregulation of miR-199a-5p and

-3p

Expression of transcription factor SRF was shown to be increased in
the myocardium of Ang-II-infused mice and in Ang-II-treated
NMVCs (Figures 8A and 8B). To investigate the effect of Ang-II on
NF-kB activation, p-NF-kB p65 level was detected in NMVCs at 5,
10, 20, and 60 min after Ang-II treatment. A significant increase of
p-NF-kB p65 level was observed in NMVCs at 5, 10, and 20 min in
response to Ang-II treatment (Figure 8C). Consistently, a marked in-
crease of NF-kB activation was also found in themyocardium of Ang-
II-infused mice (Figure 8A). ChIP-qPCR assays revealed that SRF and
NF-kB p65 could specifically bind to the promoter region of miR-
199a-1 and miR-199a-2 gene loci in NMVCs (Figures 8D and 8E).

qRT-PCR results showed that upregulations of miR-199a-1 and miR-
199a-2 precursors, as well as mature miR-199a-5p and -3p, were
observed in Ang-II-treated NMVCs, which could be reversed by Srf
siRNA treatment (Figures 8F and 8G).We pre-treated NMVCs with
NF-kB p65 inhibitor JSH23 or QNZ for 0.5 h before Ang-II treatment,
and found that either JSH23 or QNZ could prevent Ang-II-induced
upregulations of miR-199a-1 and miR-199a-2 precursors, as well as
mature miR-199a-5p and -3p, in NMVCs (Figures 8H and 8I). Inter-
estingly, we found that miR-199a-5p and -3p could efficiently elevate
SRF expression and NF-kB p65 activation in NMVCs (Figure 8J).

Moreover, we observed increased activation of SRF and NF-kB in
Ang-II-treated mouse CFs (Figures S13A and S13D), and knockdown
of SRF or NF-kB inactivation could also efficiently inhibit Ang-II-
induced upregulations of miR-199a-1 and miR-199a-2 precursors
(Figures S13B and S13E), as well as mature miR-199a-5p and -3p
in mouse CFs (Figures S13C and S13F). Moreover, significant in-
creases of SRF expression and NF-kB p65 activation were also found
in mouse CFs by transfection with miR-199a-5p and -3p, respectively
(Figure S13G).

DISCUSSION
miR-199a has been shown to participate in the process of cardiac re-
modeling.20,21 However, the characteristic expression of miR-199a-5p
and -3p in cardiac remodeling was not well illustrated. In this study,
we demonstrated the co-upregulation of miR-199a-5p and -3p in the
myocardium of HCM patients, as well as in the myocardium of mice
subjected to TAC surgery, Ang-II infusion, and ISO injection, respec-
tively. Interestingly, we observed that miR-199a-5p expression was
lower than miR-199a-3p in mouse myocardium but higher than
miR-199a-3p in human myocardium. These results indicated that
the expression pattern of miR-199a-5p and -3p was switched in the
myocardium of humans and mice.

Our data showed that miR-199a-5p and -3p could be generated from
miR-199a-1 and -2 precursors. Significant increases of SRF and NF-
kB p65 were observed in the pathological cardiac remodeling both
in vitro and in vivo, and significant interactions of SRF and NF-kB
p65 with the promoter regions of miR-199a-1 and -2 gene loci were
shown in NMVCs or mouse CFs exposed to Ang-II treatment. This
1044 Molecular Therapy: Nucleic Acids Vol. 26 December 2021
study demonstrated that SRF and NF-kB p65 mediated the upregula-
tion of miR-199a-1 and -2, as well as miR-199a-5p and -3p, in path-
ological cardiac remodeling. Interestingly, our data also revealed that
miR-199a-5p and -3p could enhance SRF expression and NF-kB p65
activation in NMVCs and mouse CFs, indicating a positive feedback
regulation loop between miR-199a-5p/-3p and SRF, and NF-kB p65.
However, the mechanism underlying SRF upregulation and NF-kB
p65 activation by miR-199a-5p/-3p warrants further investigation.

Our results were supported by a previous report that SRF activated
the transcription of miR-199a during myogenic differentiation.22

However, other studies reported that signal transducer and activator
of transcription 3 suppresses miR-199a transcription in mouse cardi-
omyocytes,23 and peroxisome proliferator-activated receptor a

(PPARa)24 and PPARg25 could activate miR-199a transcription.
Therefore, the above data indicated that miR-199a transcription
could be modulated by multiple transcription factors and signalings.

miR-199a-5p and -3p can be generated from two different gene loci,
miR-199a-1 and miR-199a-2 (www.mirbase.org). The global
knockout of miR-199a-2 resulted in embryonic death in mice, but
miR-199a-1 knockout failed to achieve the efficient knockdown of
miR-199a-5p and -3p in mice (data not shown). To specifically
demonstrate the roles of miR-199a-5p and -3p in pathological cardiac
remodeling, ago-miR-199a-5p and ago-miR-199a-3p were delivered
into Ang-II-infused mice, resulting in aggravated cardiac hypertro-
phy and fibrosis, and cardiac dysfunction. In addition, miR-199a-
5p and -3p mimic could efficiently promote the hypertrophic and
fibrotic phenotypes in NMVCs and mouse CFs, respectively. Consis-
tently, previous studies reported that cardiac-specific overexpression
of miR-199a-2 or AAV6 vector-mediated expression of the miR-
199a-1 pri-miRNA gene, resulting in consistent increases of both
miR-199a-5p and -3p, induced cardiac remodeling18 and sudden
arrhythmic death,26 but knockdown of endogenous miR-199,
including both miR-199a-5p and miR-199b-5p, resulted in physio-
logical cardiac hypertrophy.19

This study demonstrated that miR-199a-5p and -3p promoted cardi-
omyocyte hypertrophy via targeting Ppargc1a and Rb-1, respectively.
However, Rb-1 was not modulated by miR-199a-5p (Figures S14A
and S14B), and Ppargc1a was not modulated by miR-199a-3p in
NMVCs (Figures S14C and S14D).

Functionally, we validated that Ppargc1a mediated miR-199a-5p in
promoting cardiomyocyte hypertrophy. These data have been sup-
ported by a previous report that PGC-1a regulates the expression
of the mitochondrial antioxidants against myocardial oxidative
stress.27 We also revealed that transcription factor NRF2 and the
downstream antioxidant genes, including TRX2, SOD2, and HO-1,
were decreased in NMVCs by transfection with Ppargc1a siRNA
and miR-199a-5p, respectively. NRF2, TRX2, SOD2, and HO-1
have been reported to exert myocardial protective effects against car-
diac hypertrophy.28–31 Interestingly, we also showed that Ppargc1a
mediated miR-199a-5p in promoting cardiac fibrosis. These results

http://www.mirbase.org


Figure 8. SRF and NF-kB mediate Ang-II- promoted expression of miR-199a-5p and -3p in NMVCs

(A) Western blot analysis of p-NF-kB p65 and SRF levels in the myocardium of Ang-II-infused mice. (B) SRF expression in Ang-II-treated NMVCs with Srf knockdown by

western blot assay. Expressions of miR-199a-1 precursor and miR-199a-2 precursor (C) and mature miR-199a-5p and -3p (D) in Ang-II-treated NMVCs with Srf knockdown

by qRT-PCR assay. (E) Western blot analysis of NF-kB activation in Ang-II-treated NMVCs. Expressions of miR-199a-1 precursor and miR-199a-2 precursor (F) and mature

miR-199a-5p and -3p (G) in Ang-II-treated NMVCs with pretreatment of NF-kB inhibitor, JSH23, and QNZ, by qRT-PCR assay. Chromatin immunoprecipitation-PCR

analysis of the binding activities of SRF and NF-kB p65 to the promoter of mouse miR-199a-1 (H) and miR-199a-2 (I) in Ang-II-treated NMVCs. (J) Western blot analysis of

hypertrophy-related genes, SRF, and NF-kB p65 activation in NMVCs by transfection with miR-199a-5p and -3p, respectively. (K) Schematic diagram of the mechanism

whereby miR-199a-5p and -3p enhances cardiac hypertrophy and fibrosis. All data are presented asmean ± SD. **p < 0.01 by unpaired t test in (A, H, and I) **p < 0.01, ***p <

0.001 by one-way ANOVA with Dunnett’s post hoc test in (B–G and J). n = 5 (A–G, J) and n = 3 (H and I).
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were supported by previous reports that PGC-1a activation alleviated
cardiac fibrosis and remodeling.32–34We also demonstrated that Rb-1
mediated miR-199a-3p in promoting cardiomyocyte hypertrophy
with an increase of nuclear translocation of transcription factor
E2F2 in NMVCs. Adult mammalian cardiomyocytes may reenter
the cell cycle and cause cardiac hypertrophy,35,36 and activation of
the Rb/E2f signal was reported to participate in cell-cycle progression
of cardiomyocytes37,38 and cardiomyocyte hypertrophy.39 However,
the downstream cardiac hypertrophy-related genes that can bemodu-
lated by E2F2 need further investigation.

This study clarified that miR-199a-5p and -3p enhanced cardiac
fibrosis through targeting Sirt1 and Smad1, respectively. However,
Smad1 could not be modulated by miR-199a-5p (Figures S14E and
S14F), and Sirt1 could not be modulated by miR-199a-3p in mouse
CFs (Figures S14G and S14H).

In this study, Sirt1 was verified to mediate miR-199a-5p in enhancing
Smad3 activation and fibrosis-related gene expression in mouse CFs.
Smad3 signal is a principal in cardiac fibrosis,40,41 and we proved that
Sirt1 siRNA and miR-199a-5p could enhance Smad3 activation in
mouse CFs, which was consistent with previous reports that Sirt1
could attenuate cardiac fibrosis in a rodent pressure overload model
by inhibiting Smad2/3 transactivation,42 and Sirt1 activation could
reduce cardiac fibrosis in a rat model of anthracycline cardiomyopa-
thy.43 This study also verified that miR-199a-5p could inhibit Sirt1
expression in NMVCs, which was in consistent with the previous
report that miR-199a-5p could attenuate Sirt1 expression in cardio-
myocytes.44 Furthermore, our data revealed that Sirt1 also mediated
the effect of miR-199a-5p on promoting cardiomyocyte hypertrophy.
These results were supported by the previous reports that Sirt1 acti-
vation alleviated cardiac hypertrophy and dysfunction.45–47

Meanwhile, our data revealed that Smad1 mediated miR-199a-3p in
promoting Smad3 activation and fibrosis-related gene expression in
in mouse CFs. We clarified that Smad1 was a target gene of miR-
199a-3p in mouse CFs, which has been supported by previous reports
that Smad1mediates the function of miR-199a-3p in regulating chon-
drogenesis48 and suppressing proliferation and invasion of prostate
cancer cells.49 Currently, very limited information is available on
the potential involvement of the Smad1/5/8 cascade in cardiac
fibrosis.50 Our previous study showed that TGFBR3 knockdown
could increase fibrosis-related gene expression, along with the
Smad1 inactivation and Smad3 activation in human atrial fibro-
blasts.51 In this study, we showed that miR-199a-3p could promote
fibrosis-related gene expression by suppressing Smad1 activation to
increase Smad3 activation in mouse CFs, which has been supported
by the previous reports that cardiac fibrosis was associated with
Smad1 inactivation and Smad3 activation.52,53 However, the mecha-
nism underlying the interaction between Smad1 and Smad3 warrants
further studies.

Cardiac fibroblast is key player in cardiac fibrosis and responds to
myocardial damage by adopting a myofibroblast phenotype and un-
1046 Molecular Therapy: Nucleic Acids Vol. 26 December 2021
dergoing increased proliferation and migration.54 Although miR-
199a-3p was reported to stimulate rodent cardiomyocyte entry into
the cell cycle and cardiac regeneration after myocardial infarction
in mice,55 neither miR-199a-5p nor -3p was observed to affect prolif-
eration and migration of mouse CFs in this study.

In summary, our study demonstrated that miR-199a-5p and -3p were
co-upregulated in human and mouse cardiac remodeling, and they
could specifically enhance cardiac hypertrophy and fibrosis in vivo
and in vitro. miR-199a-5p promoted cardiac hypertrophy and fibrosis
by suppressing both Ppargc1a and Sirt1, however, miR-199a-3p could
aggravate cardiac hypertrophy and fibrosis through targeting Rb1 and
Smad1, respectively. Furthermore, SRF and activation of the NF-kB
signaling pathway participated in the upregulation of miR-199a-5p
and -3p in cardiac remodeling; conversely, miR-199a-5p and -3p
could positively enhance SRF expression and NF-kB activation in car-
diomyocytes and CFs (Figure 8K).

MATERIALS AND METHODS
Ethics statement

The surgically removed LV myocardium was obtained from 12
patients with HCM and 16 healthy organ donors. The clinical inves-
tigation was conducted according to the principles expressed in the
Declaration of Helsinki and approved by the Research Ethics
Committee of Guangdong Provincial People’s Hospital (Guangzhou,
China) (no. GDREC2019238H(R1)).

Male C57BL/6 mice (24 ± 3 g) were purchased from the Department
of Experimental Animal Research Center, Sun Yat-sen University,
Guangzhou, China (license no.: SCXK [YUE] 2004-0011). Mice
were housed under a 12-h light/dark cycle under pathogen-free con-
ditions and with free access to standard mouse chow and tap water.
This study conformed to the Guide for the Care and Use of Labora-
tory Animals published by the US National Institutes of Health (8th
Edition, National Research Council, 2011). The present program was
also approved by the Research Ethics Committee of Guangdong
Provincial People’s Hospital (approval no. GDREC2014066A).

Animal studies

According to our previous report,56 we established mouse cardiac re-
modeling models using Ang-II (1.46 mg/kg/day, 28 days) infusion or
pressure-overloading by TAC (with eight mice randomized in each
group). Meanwhile, 25 nmol ago-miR-199a-5p and ago-miR-199a-
3p, i.e., miR-199a-5p and -3p mimic with cholesterol modification,
were delivered into a mouse model of Ang-II infusion-induced car-
diac remodeling via five times interval tail vein injection, respectively.

Echocardiographic study

Transthoracic echocardiography was performed as reported previ-
ously.56 After the induction of light general anesthesia, the mice un-
derwent transthoracic two-dimensional guided M-mode echocardi-
ography with an 8.5 MHz transducer (Acuson, Mountain View,
CA). Echocardiographic measurements were averaged from at least
three separate cardiac cycles.
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Histological analysis

According to our previous report,57 the myocardium tissue sections
were mounted on regular glass slides and stained with 1.0 mg/mL
Alexa Fluor 488 conjugate of WGA solution (Molecular Probes,
Eugene, OR, USA) to show the cross-sectional area of cardiomyocytes
in mouse ventricular myocardium. Tissue sections were also stained
with Masson’s trichrome for histological analysis. To analyze the
collagen volume fraction (CVF) in mouse ventricular myocardium,
we selected eight separate views and assessed the CVF using the
formula: CVF = collagen area/total area.

miRNA array

miRNA expression analysis was performed on total RNA extracted
from myocardium samples of three Ang-II-infused mice and three
sham controls using TRIzol reagent (Invitrogen, Carlsbad, CA,
USA). The Agilent/mouse miRNA microarray was used for miRNA
expression profiles (Aksomics, Shanghai, China). In brief, 200 ng of
total RNA extracted from myocardium samples was fluorescently
labeled with cyanine3-pCp using the miRNA Complete Labeling
and Hyb Kit (Agilent Technologies, Santa Clara, CA, USA). The
labeled samples were then concentrated and hybridized with Hybrid-
ization Chamber gasket slides (Agilent Technologies). Arrays were
scanned on an Agilent chip scanner (G2565CA), and image analysis
was performed using Agilent Feature Extraction (v.10.7) software
(Agilent Technologies), followed by data normalization using Agilent
Gene Spring software (Agilent Technologies).

Isolation and culture of NMVCs and mouse CFs

NMVCs and CFs were isolated from the hearts of 1- to 3-day-old
newborn C57BL/6 mice and cultured as described previously.56,57

The mouse heart tissue was collected and digested using 0.25%
trypsin plus 20 IU/mL DNase. Mouse CFs were separated from
cardiomyocytes by gravity separation and grown to confluency on
10-cm cell culture dishes in growth medium (DMEM/F12, 10%
FBS, 1% penicillin, and 1% streptomycin) at 37�C in humid air
with 5% CO2.

FITC-phalloidin staining

FITC-phalloidin staining on NMVCs was performed as described
previously.39 The cultured NMVCs were washed in PBS, fixed with
3.7% formaldehyde for 10 min, and permeabilized for 10 min in
0.1% Triton X-100. Monolayers were then washed in blocking solu-
tion and incubated for 40 min with FITC-phalloidin (10 mg/mL,
Sigma-Aldrich) at 37�C. Monolayers were then washed again, post-
fixed with 3.7% formaldehyde, and mounted. Confocal micrographs
were obtained using a Leica SP5 confocal microscopy (Leica, Man-
nheim, Germany). Cell size (total area) was quantified using MiVnt
imaging software (Weiyu, Zhuhai, China).

Cell proliferation and migration assays

According to the manufacturer’s instructions, EdU staining and
CCK8 assays were conducted to determine the proliferation capacity
of mouse CFs. trans-Well migration assay was performed to assess the
migration capacity of mouse CFs. In brief, mouse CFs were cultured
in the upper chamber with a higher concentration of fetal bovine
serum in the medium in the lower chamber. The number of mouse
CFs migrating into the lower chamber was counted to evaluate the
migration capacity of mouse CFs.

For cell-cycle analysis, mouse CFs were trypsinized and washed twice
with PBS, followed by centrifugation at 500� g for 5 min. CFs pellets
were re-suspended in 1 mL nuclear isolation and staining solution
(NPE Systems, FL, USA) for 2 min in the dark. DNA content was
determined with a Beckman Coulter Quanta SC MPL flow cytometer
using the Multicycle software (Beckman, Brea, CA, USA). The results
are presented as the percent of the cell population in each cell-cycle
phase.

Dual luciferase assay

As our previous report,58 the recombinant luciferase reporter plas-
mids containing the potential miR-199a-5p and -3p binding site se-
quences in the 30 UTRs of candidate target genes were constructed.
Sequence mutations of the potential miR-199a-5p or -3p binding sites
in the recombinant plasmids were performed using a site-directed
mutagenesis kit (TransGen, Beijing, China) and confirmed by DNA
sequencing assay. The luciferase reporter assay was performed using
HEK293 cells, and the luciferase activities were determined by the
dual luciferase reporter assay system (Promega) according to the
manufacturer’s protocol.

RNA extraction, RT-PCR, and quantitative real-time PCR

Total RNA was extracted from frozen myocardium tissue, NMVCs,
and CFs with TRIzol reagent (Invitrogen), followed by cDNA synthe-
sis and quantitative real-time PCR (qPCR) as described in our previ-
ous report.39 The 2�DCt and 2�DDCt methods were used to calculate
relative expression levels of the concerned coding genes andmiRNAs,
respectively. PCR primers used in this study and the size of fragments
amplified are shown in the Table S1.

Identification of miRNA targets based on affinity purification

Identifications of interactions between miR-199a-5p or -3p and their
corresponding target gene mRNA were performed as described pre-
viously.59 miR-199a-5p and -3p duplexes were produced carrying a
biotin group attached to the 30 end of the miRNA sense strand. The
biotinylated synthetic duplexes and the recombinant plasmids con-
taining firefly luciferase gene in joint with the 30 UTRs of candidate
target genes of miR-199a-5p or -3p were transfected into HEK293
cells for 24 h. Then cell lysis was collected, and miR-199a-5p or -3p
target gene 30 UTR complexes were captured on streptavidin beads
from which the corresponding target gene 30 UTR fragments could
be purified and determined. The firefly luciferase gene (Luci) tran-
script was detected to indicate the amount of the captured 30 UTRs
of candidate target genes of miR-199a-5p or -3p.

Western blot assay

Western blot assays were performed as described previously,39 using
anti-ANP, anti-b-MHC, anti-a-SMA, anti-p-Smad1, anti-Smad1,
anti-SRF, anti-E2F2, anti-PGC-1a, anti-NRF2 (Abcam), anti-ACTA1,
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anti-COL1A1, anti-COL3A1, anti-TRX2, anti-SOD2, anti-HO-1, anti-
SRF (Proteintech), anti-SIRT1, anti-p-Smad3, anti-Smad3, anti-p-NF-
lB p65, anti-NF-lB p65 (Cell Signaling Technology), anti-RB1or
anti-GAPDH (Santa Cruz Biotechnology).

Chromatin immunoprecipitation qPCR

Chromatin immunoprecipitation (ChIP) assay was performed ac-
cording to the standard crosslinking ChIP protocol (CST technique)
with minor modifications.60 In brief, NMVCs or mouse CFs subjected
to Ang-II treatment were harvested and crosslinked with 1% formal-
dehyde for 10 min at room temperature. After sonication, the soluble
chromatin was incubated with 5 mg antibody. Chromatin immuno-
complexes were then precipitated with ChIP-Grade Protein G Mag-
netic Beads (CST, 9006). The immunoprecipitated complex was
washed, and DNA was extracted and purified by DNA Purification
Buffers and Spin Columns (CST, 14209). ChIP DNA was analyzed
by real-time PCR using specific primers, and the data were normal-
ized by input DNA. The antibodies used in this study included
anti-SRF and anti-NF-lB p65. PCR primers were shown in the
Table S1.

Statistical analysis

Data are presented as the mean ± standard deviation (SD). For anal-
ysis of differences between two groups, Student’s t test was performed.
One-way ANOVA followed by post hoc test (Bonferroni) was chosen
for the comparisons of interest without adjustment for multiple com-
parisons. In all experiments, differences were considered significant
when p was less than 0.05. Analyses were performed in IBM SPSS
Statistics 25 (IBM Corp, Armonk, NY, USA).

SUPPLEMENTAL INFORMATION
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