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Background: Hypertrophic cardiomyopathy (HCM) is an autosomal dominant genetic disorder, characterized by 
cardiomyocyte hypertrophy, cardiomyocyte disarray and fibrosis, which has a prevalence of ~1: 200–500 and 
predisposes individuals to heart failure and sudden death. The mechanisms through which diverse HCM-causing 
mutations cause cardiac dysfunction remain mostly unknown and their identification may reveal new thera-
peutic avenues. MicroRNAs (miRNAs) have emerged as critical regulators of gene expression and disease 
phenotype in various pathologies. We explored whether miRNAs could play a role in HCM pathogenesis and offer 
potential therapeutic targets. 
Methods and results: Using high-throughput miRNA expression profiling and qPCR analysis in two distinct mouse 
models of HCM, we found that miR-199a-3p expression levels are upregulated in mutant mice compared to age- 
and treatment-matched wild-type mice. We also found that miR-199a-3p expression is enriched in cardiac non- 
myocytes compared to cardiomyocytes. When we expressed miR-199a-3p mimic in cultured murine primary 
cardiac fibroblasts and analyzed the conditioned media by proteomics, we found that several extracellular matrix 
(ECM) proteins (e.g., TSP2, FBLN3, COL11A1, LYOX) were differentially secreted (data are available via Pro-
teomeXchange with identifier PXD042904). We confirmed our proteomics findings by qPCR analysis of selected 
mRNAs and demonstrated that miR-199a-3p mimic expression in cardiac fibroblasts drives upregulation of ECM 
gene expression, including Tsp2, Fbln3, Pcoc1, Col1a1 and Col3a1. To examine the role of miR-199a-3p in vivo, we 
inhibited its function using lock-nucleic acid (LNA)-based inhibitors (antimiR-199a-3p) in an HCM mouse model. 
Our results revealed that progression of cardiac fibrosis is attenuated when miR-199a-3p function is inhibited in 
mild-to-moderate HCM. Finally, guided by computational target prediction algorithms, we identified mRNAs 
Cd151 and Itga3 as direct targets of miR-199a-3p and have shown that miR-199a-3p mimic expression negatively 
regulates AKT activation in cardiac fibroblasts. 
Conclusions: Altogether, our results suggest that miR-199a-3p may contribute to cardiac fibrosis in HCM through 
its actions in cardiac fibroblasts. Thus, inhibition of miR-199a-3p in mild-to-moderate HCM may offer thera-
peutic benefit in combination with complementary approaches that target the primary defect in cardiac 
myocytes.   

1. Introduction 

Hypertrophic cardiomyopathy (HCM), often referred to as a “disease 
of the sarcomere”, is the most common cause of sudden death in young 
athletes and has a prevalence of 1:200 to 1:500 in the general population 
[1–3]. HCM is characterized by diastolic dysfunction, which along with 

cardiomyocyte hypertrophy, disarray, and fibrosis, leads to progres-
sively worsening disease over decades and precipitate in atrial fibrilla-
tion, heart failure or sudden cardiac death. Mutations in genes encoding 
human beta myosin heavy chain (βMHC/MYH7) and cardiac myosin 
binding protein C (MYBPC3) represent about 50–75 % of all HCM- 
causing mutations known to date [4,5]. Despite identification of 
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causal mutations in HCM, the cellular pathways that are aberrantly 
regulated due to these mutations and lead to the development of HCM 
pathology remain largely unknown. We have previously shown that 
there are global gene expression changes in hearts isolated from an HCM 
mouse model and identified non-myocyte activation of TGFβ1 mediated 
pathways as a key mechanism for increased fibrosis in HCM [6,7]. 

Over the last two decades, microRNAs (miRNAs), 21–25-nucleotide 
non-coding RNAs, have emerged as critical regulators of gene expres-
sion, capable of targeting a vast number of mRNAs and in turn, modu-
lating varied physiological and pathological processes. miRNAs have 
been identified as regulators of cardiac regeneration [8] as well as car-
diac hypertrophy and fibrosis in various cardiac disease models [9]. 
Furthermore, targeting of miRNAs has proven to offer a therapeutic 
benefit in various animal models of disease, with several miRNA in-
hibitors currently in Phase 1/2 clinical trials [10]. miRNAs have also 
been identified to be differentially expressed in HCM patient samples 
[11–13] and HCM mouse models [14–16]; however, whether their 
dysregulation plays a causal role in HCM pathogenesis remains largely 
unknown. 

There is a pressing need to explore the mechanisms of cardiac fibrosis 
and hypertrophy to develop novel therapies for HCM, as conventional 
strategies (e.g. β-blockers, calcium channel blockers) [17] only delay 
progression or offer symptomatic relief. Mavacamten, an allosteric in-
hibitor of myosin, has been found to provide therapeutic benefit in a 
subset of patients with symptomatic obstructive HCM [18,19] and 
recent preclinical studies with genome-editing to correct the disease- 
causing mutations in βMHC/MYH7 have yielded promising results 
[20,21]. Nevertheless, complementary strategies that could prevent or 
slow down cardiac fibrosis progression are likely to provide additional 
benefits to HCM patients. 

In our prior work, we have reported aberrant gene expression related 
to pro-fibrotic signalling in cardiac non-myocytes isolated from HCM 
mouse hearts [7]. In this study, we aimed to determine the potential of 
miRNA-based therapies for the prevention of fibrosis and hypertrophy in 
an HCM mouse model. Thus, we hypothesized that dysregulated 
expression of miRNAs in cardiac non-myocytes may play a causal role in 
HCM pathogenesis through (1) the regulation of a pro-fibrotic gene 
programme, and (2) the promotion of cardiac fibrosis and hypertrophy. 
To test our hypothesis, we used heterozygous knock-in mice bearing a 
human βMHC (MYH7) R719W or R403Q mutation in murine αMhc 
(αMHC403/+) and (αMHC719/+). These mouse HCM models have been 
previously characterized and while the homozygous knock-in mice are 
lethal around postnatal day 7, heterozygous mice have been shown to 
recapitulate the hallmarks of human HCM [6,7,22,23]. Our experiments 
have identified miR-199a-3p as an upregulated miRNA in two mouse 
models of HCM. Using in vitro and in vivo approaches, we show that miR- 
199a-3p regulates extracellular matrix (ECM) gene and protein expres-
sion in cardiac fibroblasts and its inhibition in mild-to-moderate disease 
attenuates fibrotic remodeling, which may offer therapeutic benefit. 

2. Results 

2.1. Expression of miR-199a-3p is upregulated in mouse HCM hearts 

To identify and interrogate miRNA(s) that may regulate gene 
expression in HCM and thus have a role in determining disease pheno-
type, we performed RNA-seq to profile miRNA expression in two 
different mouse models of HCM. Heterozygous HCM mice (αMHC403/+

and αMHC719/+) display minimal HCM pathology early in life but 
develop age-dependent cardiac hypertrophy and fibrosis that becomes 
evident at >35 weeks of age [6] (referred to as HCM_Aged in this study). 
Previous work has shown that treating young pre-hypertrophic hetero-
zygous mice (6–10 weeks old) with Cyclosporin A (CsA) accelerates 
manifestation of the HCM phenotype, with marked cardiac hypertrophy 
and fibrosis after 2–3 weeks of CsA treatment [7,23] (referred to as 
HCM_CsA in this study). Using RNA-seq, we profiled miRNAs from left 

ventricle (LV) of hypertrophic HCM_CsA, HCM_Aged and treatment- and 
age-matched wild-type (WT) littermate control mice. Our results show 
54 differentially expressed miRNAs in hypertrophic HCM_CsA mice (9 
miRNAs ≥1.5x down-regulated and 45 miRNAs ≥1.5x up-regulated, p <
0.05, Supp Table 1). In addition, we identified 21 differentially 
expressed miRNAs in hypertrophic HCM_Aged mice (7 miRNAs ≥1.5- 
fold down-regulated and 14 miRNAs ≥1.5-fold up-regulated, p < 0.05, 
Supp Table 2). Our analyses show that miR-142-3p, miR-146b, miR- 
199a-5p, miR-199a-3p, miR-21-3p, miR-214 and miR-341 are differen-
tially expressed, common to both HCM_CsA and HCM_Aged mice models 
(≥1.5-fold-change, p < 0.05, Supp Table 3). To validate these observa-
tions, we quantified the selected miRNAs by quantitative PCR (qPCR) 

Fig. 1. Validation of differentially regulated miRNAs in HCM mouse models by 
Taqman qPCR analysis. Total RNA was isolated, reverse transcribed and qPCR 
was performed with specific Taqman miRNA assays (Applied Biosystems). 
Relative quantity of each miRNA was calculated using the 2-ΔΔCT method 
(snoRNA202 used as a normalization control). miRNA expression levels were 
quantified for the following mice models: (A) HCM_CsA vs. WT_CsA mice (n =
3–4); (B) HCM_Aged vs. WT_Aged mice (n = 3); (C) Mybpc3 homozygous 
mutant (MyBPCt/t vs. WT mice (n = 3). Data are represented as geometric mean 
of relative quantity ±SD, Statistics: 2way ANOVA with Sidak’s multiple com-
parisons test. Adjusted p value **** p < 0.0001, ***p < 0.001, ** p = 0.0085, 
*p < 0.05. 
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and confirmed the differential expression of miR-199a-3p (3.5-fold, p <
0.0001) and miR-21 (4.2-fold, p < 0.0001) in HCM_CsA mice hearts 
(Fig. 1A). Similarly, expression levels of miR-199a-3p (2.0-fold, p =
0.0006) and miR-21 (2.4-fold, p < 0.0001) were significantly increased 
in HCM_Aged mice hearts (Fig. 1B). The differential expression of miR- 
146b (2.2-fold, p = 0.0007) and miR-142-3p (1.8-fold, p = 0.0085) was 
confirmed only in HCM_CsA mice hearts (Fig. 1A), and they both showed 
a trend towards an increase in HCM_Aged mice hearts (1.5-fold p =
0.0577 for miR-146b, 1.4-fold p = 0.1303 for miR-142-3p) (Fig. 1B). 
Supporting our findings, up-regulation of these miRNAs was also re-
ported in a transgenic mouse model of severe HCM [14]. 

We also explored whether these differentially expressed miRNAs 
displayed similar expression patterns in an additional mouse model of 
cardiomyopathy (MyBPCt/t), which expresses a truncated peptide of 
cardiac myosin binding protein C (MyBPC), similar to that found in 
human HCM. Homozygous Mybpc3 mutant (MyBPCt/t) mice display 
myocyte hypertrophy, disarray and fibrosis [24]. We found that the 
expression levels of both miR-199a-3p (2.9-fold, p = 0.0181) and miR- 
21 (2.6-fold, p = 0.0361) were significantly upregulated in MyBPCt/t 

mice hearts relative to WT littermate controls, whereas we did not detect 
any significant differences in the expression levels of miR-146b and miR- 
142-3p (Fig. 1C). Altogether, these observations suggest that diverse 
disease-causing mutations share similar phenotypes and perturbations 
in miRNA expression; however, whether such changes are causal to the 
HCM phenotype remains to be determined. 

In our previous work, we reported cardiac non-myocyte mediated 
signalling and TGFβ1 pathway as key regulators of fibrosis and hyper-
trophy in HCM mouse models [7]. To investigate the possible role(s) of 
miRNAs in promoting HCM pathology, we used qPCR to quantify the 
expression levels of miR-199a-3p, miR-21, miR-146b and miR-142-3p in 
myocytes vs non-myocytes isolated from adult mouse hearts. We found 
an increased expression level of all 4 miRNAs in non-myocytes, sug-
gesting a possible role in cardiac non-myocyte mediated signalling 
(Supp Fig. 1). Next, using Ingenuity Pathway Analysis (IPA, Qiagen), we 
analyzed the putative targets of each miRNA (predicted by TargetScan 
Mouse Version 7.2 (https://www.targetscan.org/mmu_72/) to identify 
the potential molecular pathways regulated by these miRNAs. Interest-
ingly, target pathway analysis of miR-199a-3p was most notable, as IPA 

Fig. 2. miR-199a-3p mimic expression regulates expression of ECM. (A) Adult murine cardiac fibroblasts were transfected with control or miR-199a-3p mimics and 
conditioned media was collected and processed for mass-spectrometric analysis. Volcano plots depicting proteomics analysis in basal unstimulated conditions (left 
graph) and in TGFβ1 stimulated conditions (right graph). Blue dots indicate significantly down-regulated proteins and red dots indicate significantly up-regulated 
proteins in miR-199a-3p mimic expressing cells as compared to control-mimic expressing cells (B) Validation of proteomics data was conducted by corresponding 
gene expression levels through quantitative PCR. Relative quantity of each gene was calculated using the 2-ΔΔCT method (Tbp used as a normalization control). Data 
are represented as geometric mean ± SD (n = 4 experiments). Statistics: Paired 2-tailed t-test with multiple comparisons-FDR, p value **p < 0.01, ***p < 0.001, 
****p < 0.0001. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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analysis revealed TGFβ1 as the top upstream regulator (Suppl Table 4A) 
and Rac/actin cytoskeletal signalling as two of the top canonical path-
ways of predicted targets (Suppl Table 4B). As ECM protein deposition 
associated with fibrosis is tightly regulated by actin-cytoskeletal sig-
nalling in response to external cues such as TGFβ1 [25], we focused our 
studies on the role of miR-199a-3p in cardiac fibroblasts. 

2.2. miR-199a-3p overexpression induces differential ECM protein and 
gene expression 

To explore whether miR-199a-3p may regulate ECM protein depo-
sition, which is one of the hallmarks of tissue fibrosis, we took an un-
biased proteomics approach. We transfected the primary cardiac 
fibroblasts with miR-199a-3p or control mimics and incubated the cells 
in either serum-free media supplemented with vehicle or TGFβ1 (10 ng/ 
ml) for 48 h. We then processed the conditioned media for secretome 
analysis as previously described [26,27]. Our results show that in 
unstimulated miR-199a-3p mimic transfected cells, the levels of 
normalized spectral counts of several secreted ECM proteins, including 
Thrombospondin 2 (TSP2), Collagen 6a2 (COL6A2), Collagen 11a1 
(COL11A1/COBA1), Fibulin 3 (FBLN3), Insulin growth factor binding 
protein 4 (IGFBP4/IBP4), Lysyl oxidase like 2 (LOXL2), Plasminogen 
activator inhibitor 1 (PAI1) and Lysyl oxidase (LYOX), are significantly 
altered (Fig. 2A, left graph and Supp Table 5). Additionally, in miR- 
199a-3p mimic transfected cells stimulated with TGFβ1, the levels of 
several ECM proteins including TSP2, matrix metalloproteinase 2 
(MMP2), collagen 15a1 (COL15a1/COFA1), are significantly upregu-
lated (Fig. 2A, right graph and Supp Table 5). Increased levels of 
Collagen1-alpha-1 (COL1A1) and Collagen 3-alpha-1 (COL3A1) are 
often associated with fibrosis and our results show that their levels are 
also slightly upregulated (but not statistically significant). We also 
assessed the protein expression levels of COL1A1 as measured by ELISA 
(Supp Fig. 2A) and COL3A1 as measured by Western blotting (Supp 
Fig. 2B) and found that the protein expression levels of both collagens 
are increased in miR-199a-3p mimic expressing cells stimulated with 
TGFβ1. 

To confirm our proteomics findings, we transfected cardiac fibro-
blasts with miR-199a-3p or control mimics and using qPCR, quantified 
mRNA expression level of Tsp2, Fbln3, Igfbp4, Col1a1 and Col3a1. Our 
results indicate that the expression levels of these ECM genes are all 
significantly upregulated (Fig. 2B). Altogether, our observations suggest 
that miR-199a-3p may regulate pathways involved in ECM gene and 
protein expression in cardiac fibroblasts. 

2.3. Impact of miR-199a-3p inhibition in HCM mouse model 

Guided by our findings in cultured cardiac fibroblasts, we sought to 
test the hypothesis that upregulation of miR-199a-3p in cardiac tissue 
may promote ECM protein deposition and have adverse impact in vivo 
during disease development. When we examined the expression level of 
miR-199a-3p in young heterozygous HCM mice hearts (4–8 weeks old, 
referred to as HCM_Young), our results revealed a significant upregu-
lation as compared to that in young WT mice hearts (Supp Fig. 3A), 
suggesting that the expression of miR-199a-3p may be induced early on 
during HCM disease development. To assess whether miR-199a-3p has 
any causal role in promoting disease pathology, we evaluated whether 
the inhibition of miR-199a-3p activity in vivo can prevent cardiac hy-
pertrophy and fibrosis in HCM mouse model. After body weight and 
echocardiographic measurements were collected at baseline, young 
HCM mice (4 weeks old) were injected subcutaneously with locked 
nucleic acid (LNA)-antimiR-199a-3p (N = 9) or control oligo (N = 10) 
(12.5 mg/kg) at days 0, 2 and 4, based on previous studies [28,29] and 
then monthly onwards until the end-point measurements were taken at 
45–47 weeks old. Tissues were collected for gravimetric, RNA, protein, 
and histological analyses (Supp Fig. 3B). In parallel, we also collected 
cardiac tissues from untreated WT_Aged and HCM_Aged mice (>45 

weeks old) to serve as controls. During the experiment, one mouse from 
LNA-control group and two mice from LNA-antimiR-199a-3p group had 
to be culled prematurely due to developing dermatitis (Supp Fig. 3C) 
and these mice were excluded from the study. 

As previously reported [7,22,30] untreated HCM_Aged mice devel-
oped significantly increased diastolic left ventricular wall thickness 
(LVPW thickness;d) and fractional shortening (FS%) and a decreased 
diastolic left ventricular internal diameter (LVID; d) as compared to 
WT_Aged mice (Supp Fig. 4A, B, C). In comparison, there were no sig-
nificant differences in end-point diastolic LVPW thickness (Fig. 3A), 
LVID (Fig. 3B) or FS% (Fig. 3C) between LNA-control and LNA-antimiR- 
199a-3p treated mice, despite significant inhibition of miR-199a-3p 
levels (91.8 % inhibition, p < 0.0001, Supp Fig. 3D). Furthermore, 
upon post-mortem gravimetric analysis, while left atrial weight/tibial 
length ratio was significantly increased, as expected [6] in untreated 
HCM_Aged mice compared to WT_Aged mice (Supp Fig. 4D), we did not 
observe any significant differences in left atrial weight/tibial length 
ratio between LNA-control and antimiR-199a-3p treated HCM mice 
(Fig. 3E). To determine if inhibition of miR-199a-3p affected diastolic 
function, isovolumetric relaxation time (IVRT) was measured by mitral 
Doppler echocardiography. Impairment of relaxation can be detected by 
a prolongation of the IVRT, which typically increases in diastolic 
dysfunction [31]. While there was a trend towards a decrease of IVRT in 
LNA antimiR-199a-3p treated mice compared to LNA control group, this 
was not statistically significant (Fig. 3D). In line with these results, we 
did not detect any significant differences in cross-sectional area of car-
diomyocytes in heart sections from HCM mice treated with LNA-control 
or LNA antimiR-199a-3p (Fig. 4A, B). Altogether, these results indicate 
that miR-199a-3p does not contribute to cardiac hypertrophy associated 
with HCM, as assessed by echocardiographic and morphologic 
measurements. 

During pathologic cardiac remodeling, in response to cardiomyocyte 
stress, expression of several fetal genes is induced leading to increased 
Myh7/Myh6 ratio (Fig. 4C, left graph) and Anp expression (Fig. 4D, left 
graph) in HCM_Aged mice hearts as compared to WT_Aged mice hearts. 
Interestingly, we found that the treatment of aging HCM mice with LNA- 
antimiR-199a-3p significantly reduced the Myh7/Myh6 ratio (Fig. 4C, 
right graph) and Anp mRNA expression (Fig. 4D, right graph). We also 
found that the levels of miR-199a-3p significantly correlated with the 
Myh7/Myh6 ratio (r = 0.75, p < 0.001) and Anp levels (r = 0.87, p <
0.0001). These results indicate that at a molecular level, miRNA-199a- 
3p inhibition significantly attenuates the activation of fetal gene pro-
gram; however, such inhibition appears not to be sufficient to improve 
HCM-associated changes in cardiomyocyte morphology or function. 

Next, we assessed whether the inhibition of miR-199a-3p activity in 
HCM mice had any effect on cardiac fibrosis. As previously reported for 
this mouse model [6,22], untreated HCM_Aged mice developed signifi-
cant myocardial fibrosis as shown by Masson’s Trichrome staining and 
quantification of fibrotic area percentage (Supp Fig. 5A, B), as well as 
increased fibrotic gene expression (Col1a1 and Col3a1) as measured by 
qPCR (Supp Fig. 5C and D). Furthermore, our results demonstrate that 
the treatment of aging HCM mice with LNA-antimiR-199a-3p signifi-
cantly reduced the amount of cardiac fibrosis as compared to LNA- 
control treated mice (Fig. 5A, 5B, 1.53 % vs 0.88 %, p = 0.03). In sup-
port of these observations, our results also show a small but significant 
decrease in Col1a1 and Col3a1 mRNA levels in hearts of HCM mice 
treated with LNA-antimiR-199a-3p (Fig. 5C, D) as compared to control 
mice. Moreover, the levels of miR-199a-3p significantly correlated with 
Col1a1 (r = 0.88, p < 0.0001) and Col3a1 levels (r = 0.88, p < 0.0001). 
We have previously shown that pro-fibrotic protein periostin (POSTN) is 
upregulated in HCM mice hearts [7]. Thus, we assessed the expression 
levels of periostin and found that periostin expression is decreased after 
LNA-antimiR-199a-3p treatment of HCM mice, as compared to control- 
treated HCM mice (Fig. 5E). Altogether, our results suggest that miR- 
199a-3p may promote fibrosis by modulating the expression of pro- 
fibrotic genes and upregulating ECM protein expression in HCM 
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mouse hearts. 

2.4. miR-199a-3p targets Cd151/Itga3 and inhibits AKT signalling in 
cardiac fibroblasts 

To identify the relevant miR-199a-3p target(s) which may be 
involved in regulation of ECM gene and protein expression and cardiac 
fibrosis during HCM development, we used the miRNA target prediction 
algorithm, TargetScan [32,105]. Since there are hundreds of potential 
targets, we chose to assess the predicted mRNAs based on their molec-
ular functions and selected those with wider downstream effects, such as 
cell surface receptors, transcription factors and regulators. Our qPCR 
analysis identified several targets which were significantly down-
regulated in cells expressing miR-199a-3p mimic as compared to control 
cells (Fig. 6A-O). Among the most significantly down-regulated mRNA 
targets, we identified Cd151, which encodes a transmembrane protein 
belonging to the tetraspanin superfamily (Fig. 6A) and Itga3, which 
encodes a laminin binding integrin a3 (Fig. 6B). These genes have pre-
viously been reported as the most significant targets of miR-199a-3p in 
NIH3T3 cells [33]. Interestingly, CD151 and ITGA3 proteins are known 
to associate together to regulate both ECM remodeling and downstream 
outside-inside signalling pathways [34–36]. To determine the impact of 
inhibition of Cd151 and Itga3 expression, we interrogated the known 
downstream pathways. While MAPK ERK 1/2 activation is not affected 
(data not shown), we observed a significant attenuation of AKT signal-
ling, as shown by reduction in AKT Ser473 (Fig. 7A, B) and Thr308 
(Fig. 7C, D) phosphorylation levels, in cells overexpressing miR-199a-3p 
as compared to control cells cultured with or without TGFβ1. We have 
also investigated additional targets that may be involved in down- 
regulation of AKT activation and identified several upstream AKT reg-
ulators: Pik3cβ and Gna12 as direct targets and Phlpp2 as an indirect 
target of miR-199a-3p (Fig. 7E). Taken together, these results suggest 

that through targeting of Cd151 and Itga3 (and additional AKT upstream 
regulators), miR-199a-3p may regulate PI3K/AKT pathway in cardiac 
fibroblasts. 

3. Discussion 

In this study, we show that (1) the cardiac expression of miR-199a-3p 
is significantly upregulated in three different mouse models with HCM- 
causing mutations in sarcomeric protein-encoding genes; (2) over-
expression of miR-199a-3p in cardiac fibroblasts modifies ECM RNA and 
protein expression; and (3) the inhibition of miR-199a-3p activity in vivo 
using a specific LNA-antimiR oligonucleotide attenuates cardiac fibrosis 
in an HCM mouse model without affecting cardiac myocyte 
hypertrophy. 

Our results showing increased cardiac expression of miR-199a-3p in 
HCM mouse models complement previous evidence of miR-199a-3p 
upregulation in distinct mouse models of cardiac hypertrophy and 
heart failure [14,37,38] as well as in HCM patients’ plasma and tissues 
[39,40]. While upregulation of miR-199a-3p may be a compensatory 
response to cardiac stress, our results indicate that miR-199a-3p regu-
lates ECM gene and protein expression in cardiac fibroblasts and con-
tributes to cardiac fibrotic remodeling in an HCM mouse model. 

One of our initial observations was that expression levels of miR- 
199a-3p is significantly higher in non-myocytes as compared to myo-
cytes isolated from adult mouse hearts, in agreement with studies 
reporting similar findings [41]. To determine whether increased miR- 
199a-3p expression in HCM hearts is due to non-myocytes, we quanti-
fied miR-199a-3p in freshly isolated cardiac non-myocytes and myo-
cytes from aged HCM and WT hearts (Supp Fig. 6); however, we did not 
detect any significant differences in its expression. It is worth noting that 
due to highly variable nature of HCM phenotype, our small sample size 
(n = 3) is presumably not sufficient to draw conclusions and further 

Fig. 3. Effects of in vivo miR-199a-3p inhibition on echocardiography and gravimetric parameters of HCM mice. HCM mice were treated with either LNA-control (n 
= 9, blue-filled circles or LNA-antimiR-199a-3p (n = 7, red-filled circles) (12.5 mg/kg monthly). (A) diastolic left ventricular posterior wall thickness (LVPW;d) (B) 
diastolic left ventricular internal dimension (LVID;d) and (C) fractional shortening (FS) % at baseline and end-point of the study. Data are expressed as mean ± SEM. 
Statistics: 2way ANOVA with Sidak’s multiple comparisons test. P value: *p = 0.0457, **p = 0.0082, ****p < 0.0001. (D) Isovolumetric relaxation time (IVRT) at 
end-point. (E) Gravimetric analysis shows left atrial /tibia length ratio (LA/TL). Data are expressed as mean ± SEM, Statistics: Unpaired two-tailed t-test. P value p =
ns (not significant). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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work is needed. Alternatively, increased miR-199a-3p expression in 
HCM hearts maybe due to increased numbers of cardiac fibroblasts, 
given that miR-199a-3p (and miR-199a-5p) are reported to be highly 
expressed in mouse cardiac fibroblasts (second most abundant miRNAs 

following let-7 family) [42]. 
miR-199a is expressed in connective tissue of various organs [41,43] 

and its increased expression has been reported to accompany fibrosis in 
liver, lung and kidney [44–46], suggesting a possible association 

Fig. 4. Effects of in vivo miR-199a-3p inhibition on cardiomyocyte response in HCM mice. (A) Micrographs depict 5 μm paraffin-embedded heart sections from LNA- 
control and LNA-antimiR-199a-3p treated mice, stained with fluorescent-labelled wheat-germ agglutinin (WGA; green) and DAPI (blue) to demarcate cardiomyocyte 
borders and identify nuclei, respectively. (B) Graph shows quantification of cardiomyocyte cross-sectional area (CSA, um2) as measured by using NIH Image J image 
analysis software. Statistics: Unpaired two-tailed t-test. There is no statistical difference (ns) between LNA-control (n = 9, blue filled circles) or LNA-antimiR-199a-3p 
(n = 7, red filled circles). mRNA levels of cardiac stress markers (C) Myh6, Myh7 and (D) Anp were quantified by real time-quantitative PCR in left ventricular heart 
tissue obtained from aged untreated WT (n = 7, black-filled circles), age-matched HCM (n = 9, empty circles), and aged HCM mice treated with LNA-control (n = 9, 
blue filled circles) or LNA-antimiR-199a-3p (n = 7, red filled circles). Relative quantity of each gene was calculated using the 2-DDCT method (Tbp was used as a 
normalization control). Data are expressed as geometric mean ± SD. Statistics: Unpaired two-tailed t-test with Welch’s correction. P value * p < 0.05, ** p < 0.01, 
***p < 0.001. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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between fibrosis and miR-199a-3p. In this study, we found significant 
changes in the expression levels of several ECM RNAs and proteins in 
cardiac fibroblasts overexpressing miR-199a-3p as compared to control 
cells, suggesting a role in regulating ECM remodeling. Among the most 
significantly upregulated ECM genes/proteins, we identified angiogenic 
factor thrombospondin 2 (TSP2), which is involved in ECM reorgan-
isation and endothelial cell proliferation [47–50]. Notably, increased 
circulating TSP2 levels in heart failure patients is associated with a poor 
prognosis [51–53]. While Tsp2 mRNA is not a direct target of miR-199a- 
3p, it is reported to be negatively regulated by AKT1-mediated pathways 

[54] and in line with this, we found that overexpression of miR-199a-3p 
in cardiac fibroblasts significantly inhibited AKT activation (Fig. 7), 
which can presumably lead to Tsp2 upregulation. 

To determine whether the upregulation of miR-199a-3p is causal to 
HCM pathology in the mouse model, we utilized LNA-based antimiRs to 
inhibit miRNA-199a-3p activity. Even though inhibition of miR-199a-3p 
activity did not have any significant impact on cardiac function pa-
rameters; interestingly, we found that the gene expression levels of 
cardiomyocyte stress markers (Anp, Myh7/Myh6 ratio) were signifi-
cantly downregulated. Notably, our results reveal that the inhibition of 

Fig. 5. Effects of in vivo miR-199a-3p inhibition on cardiac remodeling in HCM mice. (A) Micrographs depict 5 μm paraffin-embedded heart sections from LNA- 
control and LNA-antimiR-199a-3p treated mice stained with Masson’s Trichrome (MT). Blue staining depicts collagen deposition areas. Scale bar = 0.5 mm (B) 
Graph shows quantification of fibrosis in heart sections using NIH Image J Software in LNA-control (blue-filled circles) and LNA-antimiR-199a-3p (red-filled circles) 
treated mice hearts. Data are expressed as mean ± SEM. Statistics: Unpaired 2-tailed t-test with Welch’s correction, *p-value <0.05. mRNA levels of collagens (C) 
Col1a1 and (D) Col3a1 were quantified by real time-quantitative PCR in left ventricular heart tissue obtained from LNA-control (n = 9, blue filled circles) or LNA- 
antimiR-199a-3p treated HCM mice (n = 7, red filled circles). Relative quantity of each gene was calculated using the 2-DDCT method (Tbp was used as a normalization 
control). Data are expressed as geometric mean ± SD. Statistics: Unpaired 2-tailed t-test with Welch’s correction. P value * p < 0.05 (E) Representative immunoblots 
show Periostin and Gapdh protein expression (left) and densitometric analysis of Periostin normalized to Gapdh levels (LNA-control n = 9 or LNA-antimiR-199a-3p 
treated n = 7 HCM mice). Data are presented mean ± SEM. Statistics: Unpaired Mann-Whitney test. P value ** p = 0.005. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.) 
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miR-199a-3p activity significantly attenuated the gene expression levels 
of pro-fibrotic Col1a1 and Col3a1 and the development of cardiac 
fibrosis in aging HCM mice. Our observations are consistent with a 
recent study which reported that miR-199a-3p mimic expression 
increased the expression of Anp and Myh7 in neonatal mouse car-
diomyocytes and Col1a1 and Col3a1 in cardiac fibroblasts, exacerbating 
fibrosis associated with Ang-II infusion in a mouse model [55]. Sup-
porting these findings, miR-199a-3p has been proposed to regulate both 
hepatic [56] and renal fibrosis [57] in mouse models. 

It is worth noting that LNA-antimiR-199a-3p treatment does not 
appear to prevent the development of cardiac fibrosis in more severe 
HCM cases, as significant fibrosis was observed in mice that had to be 

culled early (prior to study endpoint) due to the development of spon-
taneous dermatitis (n = 2 in LNA-antimiR-199a-3p group). While these 
mice were excluded from further analysis, we noted that one of the 
hearts displayed significant fibrosis despite being treated with LNA- 
antimiR-199a-3p (data not shown). These results suggest that the inhi-
bition of miR-199a-3p is not sufficient to prevent the development of 
fibrosis in mice with severe HCM development. In fact, this is in line with 
our observations that inhibition of miR-199a-3p in an HCM mouse 
model, where Cyclosporin A (CsA) is used to accelerate disease in young 
HCM mice, had no effect on cardiac stress marker and fibrotic gene/ 
protein expression (unpublished). Altogether, these results indicate that 
inhibition of miR-199a-3p is beneficial in mild-to-moderate disease 

Fig. 6. Identification of direct targets of miR-199a-3p in cultured adult mouse cardiac fibroblasts. mRNA levels of computationally predicted miR-199a-3p targets 
were quantified by real time-quantitative PCR in cardiac fibroblasts, cultured in serum-free media or 10 % FBS/DMEM, transfected with either control mimic (cntr) 
or miR-199a-3p mimic (199a-3p). (A) Cd151, (B) Itga3, (C) Rgs4, (D) Adamtsl3, (E) Cited2, (F) Rb1 (G) Kdm6a (H) Pnrc1 (I) Dnmt3a (J) Mkrn1 (K) mTor (L) Egr1, (M) 
Sbno2, (N) Nid2, (O) Itga8 (P) Dnmt1. Relative quantity of each gene was calculated using the 2-DDCT method (Hprt was used as a normalization control, n = 4 per 
group). Data are presented geometric mean ± SD. Statistical analysis was performed by two-way ANOVA with Sidak’s multiple comparisons test. * p < 0.05, ** p <
0.01, *** p < 0.001, **** p < 0.0001. 
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development. Considering that miRNAs are fine tuners of gene expres-
sion, multiple miRNAs likely act in concert to modulate disease pro-
gression. Indeed, others have shown that simultaneous inhibition of 
miR-199a-5p and miR-214 has a stronger therapeutic impact in a pres-
sure overload-induced heart failure model than the inhibition of indi-
vidual miRNAs [37]. Future studies will be needed to determine whether 
concomitant inhibition of miR-199a-3p and other miRNAs, (e.g., miR- 
199a-5p and miR-214, which are all transcribed from the same pri- 
miRNA), could provide a greater therapeutic benefit. 

To explore the pathways that miR-199a-3p may interact with to 
regulate ECM gene and protein expression, we utilized a miRNA target 
prediction database (TargetScan) and identified Cd151, Itga3, Pik3cβ 
and Gna12, which have all been reported to regulate AKT signalling 

[36,58–60] as direct-targets of miR-199a-3p. Moreover, we have shown 
that the miR-199a-3p overexpression inhibits AKT activation in cardiac 
fibroblasts. While further studies are needed to pinpoint the miR-199a- 
3p target(s) that regulate AKT signalling and ECM protein expression in 
cardiac fibroblasts, the potential targeting of CD151 is particularly 
interesting. CD151 has been reported to regulate ECM deposition 
through its association and/or regulation of MMPs [61–64] and is 
involved in adhesion, invasion, angiogenesis and vascular permeability 
through the regulation of cytoskeletal reorganisation and activation of 
various signalling molecules including AKT, eNOS, RAC, CDC42 and 
RHO pathways [36,58,65]. CD151 overexpression has also been shown 
to promote vascularisation via the AKT pathway in a rat myocardial 
infarction model [66]. Given that AKT signalling is a well-known 

Fig. 7. miR-199a-3p mimic inhibits AKT phosphorylation in cardiac fibroblasts. Cardiac fibroblasts were transfected with control mimic (cntr) or miR-199a-3p 
mimic (199a-3p) and cultured with or without TGFβ1 (10 ng/ml) for 48 h. (A) Representative immunoblots show phospho-AKT (Ser473) (upper panels) and 
total AKT (lower panels) (B) Densitometric analysis of phospho-Akt (Ser473) normalized to total Akt (n = 8 per group). Data are presented as mean ± SEM. Statistical 
analysis was performed by two-way ANOVA with Sidak’s multiple comparisons test, ** p < 0.01, **** p < 0.0001. (C) Representative immunoblots show phospho- 
AKT(Thr308) (upper panel) and total AKT (lower panel) (D) Densitometric analysis of phospho-AKT (Thr308) normalized to total AKT (n = 5–6 per group). Data is 
represented as mean ± SEM. Statistical analysis was performed by two-way ANOVA with Sidak’s multiple comparisons test, * p < 0.05, ** p < 0.01 (E) mRNA 
expression levels of miR-199a-3p targets Pik3cβ, Gna12 and Phlpp2. Relative quantity of each gene was calculated using the 2-DDCT method (Hprt was used as a 
normalization control, n = 4 per group). Data are presented as geometric mean ± SD. Statistical analysis was performed by paired two-tailed t-test. *** p < 0.001, ** 
p < 0.01. 
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regulator of endothelial cell function and nitric oxide (NO) release [67] 
and has cardioprotective roles [68–71], its inhibition by miR-199a-3p 
(through possible targeting of Cd151) has implications for vascular 
functions such as angiogenesis and capillary permeability. In line with 
this, in an in vitro model of diabetic retinopathy miR-199a-3p was shown 
to inhibit angiogenesis [72] and regulate NO bioavailability [73] via the 
PI3K/AKT pathway. Interestingly, microvascular dysfunction is often 
observed in HCM patients [74,75] and reduced capillary density has also 
been proposed as an underlying factor in disease progression into end- 
stage heart failure in HCM [76]. Increased capillary permeability in 
the heart has recently been shown to induce diastolic dysfunction in-
dependent of fibrosis or cardiomyocyte dysfunction in a mouse model 
[77]. Future studies will be needed to determine whether the attenua-
tion of fibrotic remodeling in the HCM mouse model upon inhibition of 
miR-199a-3p could be partially due to improvement of cardiac fibroblast 
and/or endothelial/vascular functions via AKT-mediated signalling. 

Our results support the increasing evidence in literature that miR- 
199a (which is processed to give rise to miR-199a-3p and miR-199a- 
5p) has critical functions in cardiac biology. Circulating miR-199a-3p 
levels were found to be differentially expressed and investigated as a 
possible biomarker in various cardiac pathologies [78], with increased 
levels reported in coronary heart disease [79] and acute myocardial 
infarction [80], decreased levels correlated with increasing acuity of 
heart failure [81,82]. 

Studies have shown that cardiac specific expression of miR-199a 
plays a role in cardiomyocyte cell size regulation [83] and induces 
cardiac hypertrophy [38,84] and increases expression of fetal and pro-
fibrotic genes [84]. Similarly, both miR-199a-3p and miR-199a-5p 
mimics were found to increase AngII induced cardiac fibrosis, 
COL1A1, COL3A1, ANP and β-MHC levels in mouse myocardium [55]. 
Furthermore, induced expression of miR-199a in cardiomyocytes causes 
endothelial dysfunction via NO-dependent paracrine effects [85] and 
inhibition of miR-199a-3p or -5p were both associated with increased 
NO bioavailability, regulating angiogenesis and vascular tone [73]. 

While above studies point to a “pathologic” function of miR-199a 
(both -3p and -5p), others have shown “cardioprotective” roles. 
Induced expression of miR-199a-3p in cardiomyocytes has been re-
ported to promote cardiomyocyte proliferation (via targeting HopX, 
Homer [86], Cd151 [87]) and cardiac regeneration [86] and provide 
cardiac repair in mouse [88] and pig models of myocardial infarction 
(MI) [89]. miR-199a was shown to enhance the potency of human IPS- 
cell-derived cardiomyocytes for myocardial repair [90], protect car-
diomyocytes from simulated ischemia-reperfusion injury [91] and 
doxorubicin-induced cell death [92] and promote proliferation of mouse 
cardiac c-kit+ cells [93]. In addition, miR-199a-3p inhibitors promoted 
stem cell differentiation into cardiac myocytes [94] and it was shown 
that loss of long non-coding RNA CRRL (which acts as a sponge for miR- 
199a-3p) promotes cardiomyocyte regeneration and improves cardiac 
repair [95]. However, it is important to note that sustained expression of 
miR-199a-3p in myocytes lead to sudden arrhythmic death in treated 
pigs [89], indicating that expression of miR-199a-3p needs to be tightly 
regulated. 

Our results that inhibition of miR-199a-3p attenuates fibrosis in 
HCM mice, without affecting cardiac function, may be due to its cell- 
and context-dependent effects as discussed above and our findings 
should be interpreted considering some limitations discussed below: 

4. Limitations  

(1) One of the limitations of our study is the challenge of measuring 
the potency of antimiRs. Apparent inhibition of miR-199a-3p 
determined by qPCR at the end of the study (Supp Fig. 3D) may 
not represent the actual degree of inhibition in vivo. While qPCR 
assessment of miRNA levels has been widely used to measure the 
extent of inhibition [29,96,97], this method may also produce 
inconsistent results depending on the miRNA being measured 

[98]. An alternative approach is to measure the expression level 
of miRNA targets to assess the potency of miRNA inhibitor. 
However, the magnitude of derepression of the target maybe 
subtle (e.g. 1.2× fold) and distribution of mRNA targets can differ 
across cells types [99]. When we quantified mRNA expression of 
Hopx, a miR-199a-3p target identified in cardiomyocytes [86], 
we did not detect its derepression in LNA-antimiR-199a-3p 
treated mice hearts. We also tested the additional mRNA targets 
(Cd151, Itga3, Rgs4, Rb1 and Dnmt3a) we identified in cultured 
cardiac fibroblasts and did not detect any derepression. Given 
that there are often cell-type specific effects on mRNA targets, 
whole tissue RNA extracts used for quantification may have 
masked any possible differences. It is also possible that miRNA- 
199a-3p is involved in co-targeting networks with other miR-
NAs (e.g. miR-199a-5p [73]) and combined inhibition may be a 
better approach.  

(2) Another limitation is a smaller sample size of our in vivo study, 
and it is possible that we did not have sufficient statistical power 
to detect subtle differences in cardiac structure and function, 
given the subtle effects on cardiac fibrosis.  

(3) Last but not the least, our study did not evaluate the mechanisms 
by which miR-199a-3p may modulate fibrotic gene expression 
and cardiac fibrosis. While we used mimic expression approach in 
cultured cardiac fibroblasts to identify multiple targets including 
Cd151/Itga3 and AKT pathways, we recognize that this approach 
can be biased due to the high levels of miRNA. Therefore, further 
studies will be needed to elucidate the role, if any, of these targets 
in regulation of distinct fibrotic pathways and their relevance in 
vivo. 

5. Conclusions 

Our in vitro studies in cultured cardiac fibroblasts have shown that 
miR-199a-3p mimic expression induces perturbations in ECM gene/ 
protein expression and inhibits AKT activation. Moreover, our in vivo 
studies have shown that the inhibition of miR-199a-3p activity by LNA- 
antimiR attenuates fibrosis associated with mild-to-moderate HCM, 
without impacting the development of hypertrophy. Altogether, our 
findings suggest that targeting of miR-199a-3p to limit fibrosis may offer 
a complementary therapeutic approach to newly emerging therapies 
that target disease-causing mutations in sarcomeric protein genes to 
treat HCM. Furthermore, as miR-199a-3p has been identified as a 
promising tool to induce cardiomyocyte proliferation [100] [86,88] 
when overexpressed in cardiac tissue, understanding its molecular tar-
gets and biological functions in other cardiac cells will be critical for 
further exploration of specific and safe therapeutic strategies. 

6. Methods 

6.1. Mouse models 

Heterozygous knock-in HCM mice carrying human βMHC (MYH7) 
R719W or R403Q mutation in murine αMhc gene (αMHC403/+) and 
(αMHC719/+) recapitulate the hallmarks of human HCM and have been 
previously generated and characterized [6,7,22,23] by the Seidman 
Laboratory. Cyclosporin A-treated young mutant HCM mice have been 
shown to display accelerated HCM phenotype as reported previously 
[7,23] and referred to as HCM_CsA in this study. Preparation and 
administration of mouse chow containing CsA has been described pre-
viously [7]. HCM mice develop overt hypertrophy and fibrosis pheno-
type as they age (>35 weeks) and are referred to as HCM_Aged in this 
study. Homozygous mice carrying Mybpc3 truncation mutation 
(MyBPCt/t) have also been previously described [24]. In vivo experi-
ments with LNA-antimiR-199a-3p have been carried out in heterozygous 
αMHC403/+ mice (referred to as HCM mice, unless indicated otherwise), 
which were gifted by the Seidman Laboratory and rederived by King’s 
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College Biological Services to ensure pathogen-free lineage. Female 
129SVE-F mice used for re-derivation was obtained from Taconic (USA). 
Mice were housed in pathogen-free, individually ventilated cages with a 
12-hour light-dark cycle, controlled humidity, and temperature 
(20–22C), fed standard mouse chow and water ad libitum. All mice were 
maintained and studied using protocols approved by the Animal Care 
and Use Committee of Harvard Medical School and in compliance with 
the Home Office regulations, as detailed in the Home Office Guidance on 
the operation of the Animals (Scientific Procedures) Act 1986. Only 
male heterozygous mice and gender-matched wild type littermates were 
used for the studies, as female heterozygous mice do not consistently 
develop cardiac hypertrophy or fibrosis [6]. 

6.2. miRNA library preparation and analysis 

miRNA libraries were prepared from total RNA isolated from left 
ventricles of hypertrophic Cyclosporin A treated αMHC719/+ mice 
(referred to as HCM_CsA) and aged >35 weeks αMHC403/+ mice 
(referred to as HCM_Aged) as described in detail previously [101,102]. 
All sequencing data has been submitted to NCBI-Gene Expression 
Omnibus (GEO Accession numbers: GSE234772 (HCM_Aged) and 
GSE234773 (HCM_CsA). 

6.3. Isolation, culture, and transfection of murine adult cardiac 
fibroblasts 

Adult mouse cardiac fibroblasts were isolated from young 8–10 week 
old male C57BL6/J mice (Charles River, UK) by Collagenase II-based 
(Worthington Biochem, LS004176) serial digestion, as described in 
detail previously [26,27] Cells isolated from each individual mouse 
heart were treated as an individual biological replicate for the subse-
quent experiments and cultured separately. Isolated cells were first 
plated onto T25 culture flasks coated with 0.2 % gelatin (Sigma-Aldrich, 
cat G1393-100 ml) and cultured at 37 ◦C with 5 % CO2 until confluency 
and trypsinized and passaged onto larger gelatin-coated T75 culture 
flasks after 3–4 days (passage 1). At passage 2, cells were seeded at a 
density 10–12 × 104 cells/well into gelatin coated 6-well plates for 
transfection next day (at 60–70 % confluency). Cardiac fibroblasts were 
transfected with 50 nM final concentration of miRIDIAN miRNA control 
mimic (CN-001000-01-05, Dharmacon) or miR-199a-3p mimic (C- 
310455-07-0005, Dharmacon) with Lipofectamine RNAiMAX (Invi-
trogenTM cat. 13778150), according to manufacturer’s instructions. 
Briefly, transfection mixes for miRNA mimic were prepared in Opti- 
MEM (reduced serum medium, Gibco cat. 31985070) and added to 
cells in fresh DMEM. Next day, the media was replaced with fresh media. 
For experiments with TGFβ-stimulation, cells were either cultured in 
DMEM alone or with DMEM supplemented with 10 ng/ml TGFβ1 
(Peprotech) for 48 h before conditioned media and cell lysates were 
collected for proteomics and RNA/protein analysis, respectively. For 
studies to identify direct targets of miR-199a-3p, the cells were trans-
fected and cultured in DMEM supplemented with 10 % Fetal Bovine 
Serum (FBS, Merck F7524-500ML) or no serum, as indicated, and cell 
lysates were collected 24 h post-transfection for downstream RNA and 
protein analyses. Adult cardiac non-myocytes were isolated, as previ-
ously described [7] and immediately processed for RNA isolation for the 
experiments described in Supp Fig. 1. 

6.4. Preparation of miRNA mimics for in vitro studies 

miRNA mimics, supplied in lyophilized form, were resuspended in 1x 
siRNA resuspension buffer (5x Buffer, Horizon, cat B-002000-UB-100) at 
a concentration of 50 μM and stored in single use aliquots at –80C 
freezer. For transfections, mimic stocks were diluted to 10 uM working 
concentration. 

6.5. Secretome analysis 

Conditioned medium collected from fibroblasts transfected with 
miR-199a-3p mimic and control mimic with or without TGFβ stimula-
tion was processed for proteomics analysis as described in detail previ-
ously [27]. The mass spectrometry proteomics data have been deposited 
to the ProteomeXchange Consortium via the PRIDE [1] partner re-
pository with the dataset identifier PXD042904 and 10.6019/. 

6.6. Preparation of cell and tissue lysates 

Transfected cells were first washed with ice-cold phosphate buffered 
saline (PBS) and then lysed in Triton Lysis Buffer (150 mM NaCl, 20 mM 
Tris-HCl pH 7.4, 0.2 % Triton-X100, 2 mM sodium orthovanadate (NaV), 
10 mM sodium fluoride (NaF), 1x EDTA-free protease inhibitor table 
(Roche)) or RIPA Lysis Buffer (150 mM NaCl, 50 mM Tris-HCL pH 7.4, 1 
% Triton X-100, 5 mM EDTA, 2 mM sodium orthovanadate (NaV), 10 
mM sodium fluoride (NaF), 1x EDTA-free protease inhibitor tablet 
(Roche), 0.5 % sodium deoxycholate, 0.1 % sodium dodecyl sulphate 
(SDS)). After incubation at 4 ◦C for 20 min on a rotating platform, cell 
lysates were centrifuged at 4 ◦C for 10 min at 14000 rpm to obtain the 
soluble fraction and protein concentration was quantified by Bradford 
assay (Bio-Rad) or BCA Assay. Lysates were diluted to the same con-
centration using lysis buffer, mixed with 4xLaemmli buffer (250 mM 
Tris-HCl pH 6.8, 40 % glycerol, 8 % SDS, 20 % β-mercaptoethanol 
(BME), 0.008 % bromophenol blue), boiled at 95 ◦C for 5 min and stored 
at -20 ◦C. Frozen ventricular heart tissues were processed and lysed, as 
described previously [104]. 

6.7. SDS-PAGE and Immunoblotting 

Proteins were resolved by SDS-PAGE (4–20 % Mini-PROTEAN® 10 
well 30 μl, cat. 4568093, Biorad) according to manufacturer’s in-
structions. Precision plus protein dual colour standard (Bio-Rad, cat. 
1610374) was loaded on each gel for estimation of protein size. Proteins 
were transferred onto 0.45 μm polyvinylidene difluoride (PVDF) mem-
brane (Amersham, cat. 88518) by electrophoretic transfer in the Mini 
Trans-Blot® cell at 100 V for 60 min in transfer buffer (25 mM Tris, 192 
uM glycine, 20 % (v/v) methanol). Following transfer, membranes were 
blocked with 5 % (w/v) of milk or bovine serum albumin (BSA) in TBS-T 
(20 mM Tris-HCl, pH 7.6, 137 uM NaCl, 0.1 % Tween) at room tem-
perature for 1 h with gentle shaking. Membranes were incubated with 
primary antibodies overnight at 4 ◦C on a rotating platform. Antibody 
suppliers and dilutions used are listed in Supp Table 6. Next day mem-
branes were washed 4 × 5 min in TBS-T and incubated at room tem-
perature for 1 h with secondary antibody (anti-rabbit HRP, Cell 
Signalling 7074 1:2000; anti-mouse HRP, Dako Agilent P0447 1:2000) 
conjugated with horseradish peroxidase (HRP) in 5 % milk/TBST, fol-
lowed by another 4 × 5 min washes in TBS-T. Proteins were detected 
using ECL Prime (GE Healthcare cat. 12316992) or SuperSignalTM West 
Femto (ThermoFisher cat. 34094) reagents, according to manufacturer’s 
instructions. Chemiluminescence was captured on Amersham Hyper-
film™ (GE Healthcare, cat. 28-9068-37) and was visualized by pro-
cessing film in the X-ray film processor (RG II Fuji). Protein band 
intensities were quantified by Quantity One software using GS-800 
calibrated densitometer. Protein expression of each sample was 
normalized to the expression of endogenous Glyceraldehyde 3-phos-
phate dehydrogenase (GAPDH) or total AKT, as indicated. Where data 
from different membranes was combined to be analyzed as a group, 
protein expression was normalized to the sum of all data points within 
the same membrane, rather than to the chosen calibrator sample. For 
periostin immunoblots (Fig. 5E), chemiluminescence was captured on 
iBright Imaging System (Thermofisher) and densitometric analyses were 
performed using NIH Image J software. 
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6.8. Pro-collagen 1α1 enzyme-linked immunosorbent assay 

Expression of pro-collagen 1α1 in cell lysates was quantified in du-
plicates with mouse pro-collagen 1α1 SimpleStep ELISA® kit (Abcam, 
ab210579), according to manufacturer’s instructions. End-point optical 
density was measured on microplate reader (BioTek EL808) at wave-
length 450 nm and concentration of pro-collagen 1a1 of the samples was 
calculated by interpolating against the standard curve. 

6.9. Cell/Tissue Processing for RNA isolation 

Cardiac fibroblasts were washed with ice-cold PBS and lysed with 
700 μl QIAzol lysis reagent (Qiagen, cat. 79306). Snap-frozen mouse 
heart tissue (LV) samples were pulverized using a pre-chilled mortar and 
pestle before lysing in 700 μl of QIAzol. Samples were homogenized by 
processing in TissueLyser II for 2 × 2 min at 20 Hz using 5 mm stainless 
steel beads (Qiagen, cat. 69989). Total RNA was isolated with miRNeasy 
Mini miRNA isolation kit (Qiagen, 217004), according to manufac-
turer’s instructions. Concentration of RNA was measured by Nano-
Drop™ 2000C Spectrophotometer (Thermo Scientific). Quality of 
isolated RNA was analyzed with Agilent RNA 6000 Nano kit on Agilent 
2100 Bioanalyzer system to ensure RNA Integrity Numbers (RIN) were 8 
or above. 

6.10. Reverse transcription and qPCR 

Total RNA was reverse transcribed using SuperScript IV (SSIV) 
reverse transcription (RT) kit by Invitrogen (ThermoFisher, cat. 
18091050) for gene quantification or TaqMan miRNA Reverse Tran-
scription (RT) kit (ThermoFisher cat. 4366596) for miRNA quantifica-
tion, according to manufacturers’ instructions. Primer sequences for 
quantitative polymerase chain reaction (qPCR) with SYBR Green assay 
were obtained from PrimerBank (https://pga.mgh.harvard.edu/primer 
bank/) (Supp Table 7) and UPL-probes and primer sequences were ob-
tained from Roche (Supp Table 7). Gene expression was quantified by 
qPCR using Power SYBR mix (Applied Biosystems, ThermoFisher cat. 
4367659) with 5 ng cDNA per reaction in 384-well plates in triplicates. 
The plates were run in ABI Prism 7900HT cycler (Applied Biosystems) 
with the following cycling conditions: 95 ◦C 10 min, (95 ◦C 15 s, 60 ◦C 1 
min) x 40 cycles. For miRNA qPCR, reactions were prepared using 
TaqMan Universal PCR master mix II (Applied Biosystems, Thermo-
Fisher cat. 4440043), and TaqMan miRNA assay (Supp Table 8 for list of 
assays) according to manufacturer’s instructions with the following 
cycling conditions: 50 ◦C 2 min, 95 ◦C 10 min, (95 ◦C 15 s, 60 ◦C 1 min) X 
40 cycles. qPCR reactions were set up in triplicates and run on a Ste-
pOnePlus Real-Time PCR system (ThermoFisher) or in HT7900 (ABI) or 
QuantiStudio 7 (ABI). The relative quantity (RQ) of the investigated 
genes or miRNAs was calculated using the 2 -△△CT method [103]. Hy-
poxanthine Guanine Phosphoribosyltransferase (Hprt), Peptidylprolyl 
Isomerase A (Ppia), TATA-Box Binding Protein (Tbp) and 
Glyceraldehyde-3- Phosphate Dehydrogenase (Gapdh) mouse genes 
were used as endogenous normalization controls, depending on the 
experimental setup. SnoRNA202 was used as an endogenous normali-
zation control for miRNA quantification. 

6.11. Preparation and administration of in vivo LNA antimiR inhibitors 

LNA antimiR-199a-3p and LNA control inhibitors were custom-made 
and supplied in lyophilized form by Qiagen (199900_166641_Negative 
control: ACGTCTATACGCCCA; 199900_166640_hsa-miR-199a-3p: 
ATGTGCAGACTACTG) and resuspended in sterile phosphate buffered 
saline (PBS, ThermoFisher cat. 10010023) to a final concentration of 
2.5 mg/ml and stored in − 80 ◦C until use. 4-week-old HCM heterozy-
gous male mice (αMHC403/+) were randomly assigned into LNA 
antimiR-199a-3p (n = 9) and LNA control (n = 10) groups. Injection 
volumes were calculated based on the weight of mice. LNA antimiR- 

199a-3p and LNA control inhibitors were administered by 3 subcu-
taneous injections (12.5 mg/kg/day) at monthly intervals until mice 
reached 45–47 weeks of age. 

6.12. Echocardiography 

VisualSonics Vevo 3100 imaging system (Scanhead transducer 
MX400, 30 MHz, resolution 50 um, cardiac mouse) was used to acquire 
echocardiography data. 

During the procedure, anesthesia was maintained via nose cone 
inhalation of 1.5–2.0 % isoflurane and oxygen flow rate of 1 L/min. 
Heart rate of 400–500 beats per minute (bpm) and body temperature of 
37.5 ± 0.5 ◦C, was maintained throughout. Eye lubricant was applied to 
each eye to prevent drying of the corneas. Fur was removed from the 
chest area using electric hair clipper and depilator cream (Veet sensi-
tive) prior to applying pre-warmed ultrasound gel (Aquasonic 100) to 
the chest. Two-dimensional images (B-mode) and M-mode recordings 
were acquired in both parasternal long axis (PLAX) and short axis (SAX) 
views at the mid-ventricular (papillary muscle) level. ECG and respira-
tion gating were used to minimize imaging artifacts. Echocardiography 
data was analyzed with FUJIFILM VisualSonics Vevo Lab (v2.1.0) soft-
ware using standard cardiovascular packages. PLAX one-dimensional M- 
mode projection was used to measure end-diastolic and systolic inter-
ventricular septum (IVS) thickness, LV internal diameter (LVID) and LV 
posterior wall (LVPW) thickness. LV anterior wall (LVAW) thickness and 
LVPW were also measured in SAX one-dimensional M-mode projection. 
All measurements were averaged from 3 heart cycles in diastole and 
systole. Functional parameters including cardiac output, stroke volume, 
ejection fraction (EF) and fractional shortening (FS) were obtained from 
calculations based on LV M-mode tracing. All echocardiographic studies 
were blinded for both genotype and treatment during the measurement 
and analysis stages. 

6.13. Dissection and gravimetric data collection 

Mice were anaesthetized by inhalation of 3–4 % isoflurane and 
sacrificed by cervical dislocation. After dissecting, weights of whole 
heart, left atrium (LA) and ventricles were measured and the heart was 
transversely cut at mid-papillary level with the base processed for his-
tology (fixed overnight at 4 ◦C in 4 % paraformaldehyde (PFA)) and the 
apex (for RNA and protein analysis) snap frozen in liquid N2 and stored 
at − 80 ◦C. Tibia was also isolated as described previously [104] and 
used to normalize gravimetric data. 

6.14. Masson’s trichrome staining 

Dissected heart tissue was fixed with 4 % PFA for 24 h at 4 ◦C, 
processed in the automated tissue processor (Leica TP1020) with suc-
cessive alcohol/xylene incubations and embedded in paraffin. Tissues 
embedded in paraffin were sectioned into 5 μm sections (Leica RM 
2125RTS) and mounted onto microscope slides (SuperFrost Plus, WVR 
cat. 631-0108). Masson’s Trichrome (MT) kit (Sigma cat. HT15-1KT) 
was used to stain heart sections, according to manufacturer’s in-
structions, and the sections were mounted with Eukitt quick-hardening 
medium (Sigma-Aldrich, cat 03989). The slides were scanned, and im-
ages were acquired with Hamamatsu NanoZoomer Scanner S360 (UCL- 
IQPath histology service) and the amount of fibrosis in sections was 
quantified with ImageJ software using colour-threshold method and 
expressed as percentage of total heart tissue area. 

6.15. Myocyte cross-sectional area quantification 

5 μm paraffin tissue sections were de-paraffinized, rehydrated and 
incubated with Alexa-488 conjugated wheat germ agglutinin (WGA- 
Alexa 488, 1:500, Thermofisher cat W11261) and DAPI (4′, 6-diamidino- 
2-phenylindole, Sigma-Aldrich, cat 10236276001, 1:500) diluted in 
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TBS-T at room temperature for 1 h in a humidified chamber protected 
from light. After staining, slides were washed 3 × 5 min in TBS-T and 
were mounted with 10 μl of mounting medium (ProLong Gold Antifade, 
Invitrogen, Thermofisher P36935) according to manufacturer’s in-
structions. Images of WGA-stained heart sections were acquired using 63 
x objective of inverted confocal microscope (TCS SP5 system, Leica) and 
transverse-cut myocytes with central nuclei were traced manually using 
NIH ImageJ software. As a minimum 200 myocytes were analyzed for 
each experimental animal. 

6.16. In silico miRNA target prediction 

miRNA target prediction database TargetScanMouse 7.2 (https 
://www.targetscan.org/vert_72) [105] was used to search for compu-
tationally predicted targets of miR-199a-3p. A list of over 200 potential 
targets was closely examined, searches of scientific literature performed 
to identify the most relevant targets, which were shortlisted for exper-
imental validation. STRING database (https://string-db.org/) [106] was 
used to establish connection between targets, e.g. those that belong to 
the same signalling pathway. 

6.17. Statistics 

GraphPad Prism 9.5.0 software or Microsoft Excel was used for sta-
tistical analysis of quantitative data. Statistics for each experiment is 
indicated in corresponding figure legend. Depending on experimental 
set up, data were analyzed by paired or unpaired 2-tailed t-test, 1way or 
2way ANOVA, followed by Tukey’s or Sidak’s multiple comparison tests 
or unpaired Mann-Whitney test, as appropriate. Statistical analysis for 
gel-based MS data was performed as described previously [27]. For 
correlation analysis, Pearson r was calculated. Differences were 
considered significant when p-value < 0.05. 
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