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Abstract

Background—Hypertrophic cardiomyopathy (HCM) is caused by mutations in different
structural genes and induces pathological hypertrophy with sudden cardiac death as a possible
consequence. HCM can be separated into hypertrophic non-obstructive and obstructive
cardiomyopathy (HNCM/HOCM) with different clinical treatment approaches. We here
distinguished between HNCM, HOCM, cardiac amyloidosis and aortic stenosis by using
microRNA profiling and investigated potential interactions between circulating miRNA levels and
the most common mutations in MYH7and MYBPC3 genes.

Methods—Our study included 4 different groups: 23 patients with HNCM, 28 patients with
HOCM, 47 patients with aortic stenosis and 22 healthy controls. Based on previous findings, 8
different cardiovascular known microRNAs (miR-1, miR-21, miR-29a, miR-29b, miR-29c,
miR-133a, miR-155 and miR-499) were studied in serum of all patients and compared with
clinically available patient data.

Results—We found miR-29a levels to be increased in patients with HOCM and correlating
markers of cardiac hypertrophy. This was not the case in HNCM patients. In contrast, we
identified miR-29c to be upregulated in aortic stenosis but not the other patient groups. ROC curve
analysis of miR-29a/c distinguished between HOCM patients and aortic stenosis patients.
MiR-29a and miR-155 levels discriminated HNCM patients from patients with senile cardiac
amyloidosis. MiR-29a increased mainly in HOCM patients with a mutation in MYH7, whereas
miR-155 was decreased in hypertrophic cardiomyopathy patients with a mutation in MYBPC3.
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Conclusion—We demonstrated that miR-29a and miR-29c¢ show a specific signature to
distinguish between aortic stenosis, hypertrophic non-obstructive and obstructive
cardiomyopathies and thus could be developed into clinically useful biomarkers.
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1. Introduction

Hypertrophic cardiomyopathy is a heterogeneous monogenic heart disease with important
pathophysiological consequences such as sudden cardiac death, pressure-overload induced
cardiac remodeling, fibrosis, atrial fibrillation and in later stages heart failure [1]. There is
prevalence of about 1:500 in the general population and more than 1.400 mutations in a
multitude of different genes have been identified (for example in MYH7 and MYBPC3)
demonstrating the diversity and complexity of this disease. Histological analyses in hearts of
affected individuals reveal changes such as cardiomyocyte hypertrophy, fiber disarray and
processes of fibrosis. The clinical appearance includes inconspicuous symptoms, heart
sounds, palpitations or dyspnea, but also sudden cardiac death, the most fatal complication
of this disease [2]. It is also important to differentiate between hypertrophic obstructive
cardiomyopathy (HOCM) and hypertrophic non-obstructive cardiomyopathy (HNCM) as
treatment strategies differ between these forms [2]. The obstructive form (HOCM) shows a
pathological left ventricular outflow tract gradient because of asymmetric septum
hypertrophy. Recently, first evidence was provided for microRNAs (miRNAs/miRs), to be
directly or indirectly associated to HCM both in blood and cardiac tissues [3,4]. MiRNAs
are short ribonucleic acids orchestrating gene expression post-transcriptionally. These
regulatory molecules influence cell differentiation and modulation both in a physiological
and pathophysiological way. In cardiovascular diseases they are relevant for processes like
cardiac hypertrophy, ischemia, fibrosis, arteriosclerosis and heart failure [5-8]. Further
miRNAs have a crucial role as biomarkers and reserve functions as therapeutic targets in
cardiovascular diseases. Although one initial paper described some changes in circulating
miRNAs in patients with HCM [4], there is no information about the discrimination between
HNCM and HOCM, nor to the underlying genetic mutation. The aim of the present study
was to identify circulating miRNAs differentiating between hypertrophic obstructive
cardiomyopathy, hypertrophic non-obstructive cardiomyopathy and patients with aortic
stenosis. We also compared miRNA changes in comparison with the two most occurring
gene mutations MYH7 and MYBPC3.

2. Methods

2.1. Patient data

Patients with HNCM/HOCM were recruited from the Special Outpatient Clinic for HCM of
the Department of Cardiology and Angiology (Hannover Medical School). Patients with
aortic stenosis were recruited within the Department of Cardiology and Angiology
(Hannover, Germany) during a planned hospital stay for transcatheter aortic valve
implantation (TAVI). Blood was taken before TAVI implantation. All patients gave written
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informed consent and the study was approved by the local ethical committee of Hannover
Medical School. The diagnosis of HCM was based on the recent European guidelines for the
diagnosis and management of hypertrophic cardiomyopathies [2] and mainly included
presence of a hypertrophic cardiac septum (=15 mm) or combined presence of a
hypertrophic cardiac septum (=13 mm) and positive family history and/or ECG
abnormalities. Left ventricular outflow tract obstruction was defined as a peak Doppler LV
outflow tract gradient of = 30 mm Hg.

2.2. DNA Analysis

Genomic DNA of the patients was isolated using the QlAamp DNA Blood Mini Kit from
Qiagen. All coding exons and flanking intronic regions of the MYBPC3 (NM_000256.3)
and MYH7 (NM_000257.2) genes were amplified by PCR (primer sequences and PCR
conditions can be obtained from the authors upon request). Sequencing of all amplicons was
carried out with BigDye Terminator DNA sequencing kit (version 3.1) and on an ABI
3130xI Genetic analyzer.

2.3. RNA isolation from patient serum

Blood serum samples were centrifuged at 2000 x g for 10 minutes at room temperature to
separate corpuscular components. The liquid supernatant was frozen in RNase/DNase clean
tubes at —80 ° C. After thawing on ice, RNA was isolated with miRNeasy Mini Kit (Qiagen)
according to the manual. 30 pl of RNA-solution were obtained from an amount of 100 pl
patients’ serum. Before the RNA isolation, Caenorhabditis elegans miR-39 was added as
spike-in RNA for normalization as described [9,10].

2.4. Reverse transcription and realtime PCR-based amplification of miRNAs

Isolated RNA was transcribed to complementary DNA (cDNA) using TagMan MicroRNA
Reverse Transcription Kit (Applied Biosystems) according to manufacturer’s manuals. Hsa-
miR-1, hsa-miR-21, hsa-miR-29a, hsa-miR-29b, hsa-miR-29c, hsa-miR-133a, hsa-miR-155,
hsa-miR-499 and cel-miR-39 primers (control) were used. Afterwards the different miRNAs
were amplified with quantitative real-time PCR (qRT-PCR) utilizing specific TagMan
MicroRNA assays (Applied Biosystems). Normalization to cel-miR-39 was applied as
described (Table 4) [9,10].

2.5. Statistical evaluation

Multiple comparison tests upon ANOVA were used to compare the regulation of miRNAs
between control and different patients groups. Results were illustrated as mean plus standard
error of the mean (SEM). Unpaired #test was used to compare the percentage of gene
mutations in HNCM/HOCM. Supplementary correlation based on Pearson was used to
compare the amplification of miRNAs with echocardiographic parameters. Graph Pad Prism
was used for analysis and illustrative presentations.

3. Results

The patient characteristics are described in Table 1. Based on the diagnostic criteria
described in the Methods section, we included 28 patients with hypertrophic obstructive
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cardiomyopathy (HOCM) and 23 with hypertrophic non-obstructive cardiomyopathy
(HNCM). As further controls we used healthy control individuals (n = 22) as well as patients
with cardiac hypertrophy due to severe aortic stenosis (AS; n = 47). To further assess for the
specificity of miRNA expression changes, we analyzed a cohort of patients with senile
cardiac amyloidosis (SCA; n = 9) representing another cohort of patients with
cardiomyopathy of different etiology. The serum samples from this cohort were obtained
from patients at the outpatient clinic at Columbia University Medical Center. The diagnosis
was made clinically and confirmed by endomyocardial biopsy followed by histology using
trichrome, congo red and crystal violet staining (Table 1). HNCM and HOCM patients had
significantly greater wall thickness when compared to patients with AS as well as more
palpitations. Patients with HOCM had significantly higher left ventricular outflow tract
gradients and clinically evaluated mitral valve murmurs than patients with HNCM or AS,
whereas dyspnoea was most frequent in patients with AS and HOCM compared to patients
with HNCM (Table 2). There were no differences between the numbers of syncopes,
peripheral edema or positive family history between HOCM and HNCM patients. There also
were no differences between left ventricular end-diastolic dimensions between these two
groups (Table 2). Information about the presence of mutations in the MHY7 and MYBPC3
genes was available from 25 patients; more precisely in 17 patients with HOCM and 8 with
HNCM. The percentage of MYBPC3 mutations was higher in HNCM patients, whereas
mutations in MYH7 were more frequent among HOCM patients (Table 3). However, these
differences were statistically not significant. There was no difference in the medical
treatment for the three groups for beta blockers, ACE inhibitors and AT receptor antagonists.
However, there was significant lower use of diuretics in HOCM and HNCM versus AS
patients (Table 2).

We next profiled a selection of literature-based miRNA biomarkers in serum of all patients,
which have been described to play a significant role in cardiac remodeling (miR-1, miR-21,
miR-29a, miR-29b, miR-29¢, miR-133a, miR-155, miR-499) [11]. There was no change in
circulating levels of miR-1, miR-21 and miR-133a in patients with HNCM, HOCM or AS
when compared with controls (Fig. 1. A,B,C). In contrast, there were differences of
members of the miR-29 family and of miR-155 among the four groups (Fig. 1. D,E,F);
miR-29a was only significantly upregulated in patients with HOCM, whereas in patients
with AS only miR-29¢ was upregulated (Fig. 1. D,E). In contrast, circulating levels of
miR-155 were downregulated in HNCM and HOCM but not AS patients (Fig. 1. F). Using
ROC curve analyses we identified miR-155 levels to identify patients with HCM (both with
and without obstruction), whereas miR-29a was able to significantly identify HOCM
patients and miR-29c AS patients (Fig. 2. A, D, F). When combining both miR-29a and
miR-29c¢ into ROC curve analyses, it also was possible to discriminate between HOCM and
AS patients (Fig. 2G).

Interestingly, circulating miR-29a levels positively correlated with interventricular septum
thickness as a measure of cardiac hypertrophy (Fig. 3A; p = 0.01). No significant
correlations were found with circulating levels of miR-29a or miR-29c in patients with AS
(Fig. 3C, D), nor were found correlations between miR-29c levels and interventricular
septum thickness in HOCM (Fig. 3B).
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We next studied a potential association of the two major underlying genetic sarcomeric
mutations (in the MHY7 and MYBPC3 genes) in HOCM patients on levels of circulating
miRNAs. Interestingly, miR-29a levels were highest in HOCM patients with a sarcomeric
mutation in the MYH7 gene, whereas patients with a mutation in the MYBPC3 gene did not
show altered miR-29a levels (Fig. 4A,B). In strong contrast, patients with a mutation in the
MYBPC3 gene had significantly lower miR-155 levels when compared to controls (Fig. 4C).
MicroRNA-29c levels tended to be higher in HOCM patients with a mutation in the MYH7
gene, although this finding did not reach statistical significance (Fig. 4F). Interestingly,
when we performed ROC analysis specifically between HCM patients with a mutation in the
MYH?7 gene with controls or AS patients, we found an even better discriminative capacity of
miR-29a levels (Fig. 5A-C). To further test disease specificity of the afore tested miRNA
markers, we compared miR-29a, miR-29c and miR-155 levels in serum of HNCM patients
with that of another cohort of patients with cardiac hypertrophy, e.g. patients with senile
cardiac amyloidosis. Interestingly, both miR-29a and miR-155 levels were able to
significantly discriminate between HNCM and SCA patients, showing disease specificity of
these markers (Fig. 6A-F).

4. Discussion

In our current study we analyzed different microRNAs mainly involved in cardiac diseases,
to identify specific blood-based biomarkers differentiating between hypertrophic non-
obstructive cardiomyopathy, hypertrophic obstructive cardiomyopathy and also aortic
stenosis. It was previously shown that miR-29a is upregulated in patients with hypertrophic
cardiomyopathies [4]. However, we here show distinct differences between the two different
forms of hypertrophic cardiomyopathy, i.e. miR-29a was significantly increased in patients
with hypertrophic obstructive cardiomyopathy, but not in patients with hypertrophic non-
obstructive cardiomyopathy. Moreover, in patients with hypertrophic obstructive
cardiomyopathy we identified a tight correlation between miR-29a and the size of
interventricular septum (suggesting degree of cardiac hypertrophy and fibrotic processes) as
also identified by Roncarati et al. [4] but not in patients with no obstruction. This suggests
that the high intraventricular pressure caused by the obstruction may increase active
secretion of miR-29a from the cardiac muscle and thus put forward this miRNAs as a
potential biomarker for hypertrophic obstructive cardiomyopathy. The myocardial infarction
and chronic heart failure associated microRNAs miR-1 and miR-133a showed no differences
in different patients group, and miR-499 was not measurable at all [12,13] suggesting no
active secretion under non-ischemic conditions. MiR-29b, another described antifibrotic
microRNA [14] was not measurable in our patient cohort, whereas the other forms miR-29a
and miR-29c were clearly detectable.

MiR-155 was significant decreased both in hypertrophic non-obstructive cardiomyopathy
and in hypertrophic obstructive cardiomyopathy. MiR-155 is known in inflammatory
processes, e.g. during cardiac rejection after transplantation [15], as well as in oncogenic
diseases [16]. Although miR-155 has been described as an inducer for hypertrophic
processes [17] we found down-regulation of miR-155 levels to be specific for both
hypertrophic non-obstructive and obstructive cardiomyopathies.
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Interestingly, we identified another member of the miR-29 family, miR-29c, to be
significantly increased in patients with aortic stenosis. MiR-29c¢ is known as an anti-fibrotic
associated miRNA in myocardial fibrosis [18] and a connection to cutaneous melanoma was
also reported [19]. In our studies we demonstrated miR-29c¢ as a possible marker for aortic
stenosis, and especially in combination with miR-29a we identified a specific signature to
discriminate between hypertrophic obstructive cardiomyopathy and aortic stenosis which
clinically can be sometimes challenging.

In addition, our study describes a connection of the most common gene mutations in
hypertrophic cardiomyopathies (in MYH7 and MYBPC3 genes) with alterations of
circulating miRNA levels. Our results suggest that there could be an inter-relation between
MYH?7 gene mutation and miR-29a levels as well as and between MYBPC3 gene mutation
and miR-155 levels. Indeed, a link between miRNAs and a mutation in the MYH7 gene was
already shown in tissues of patients with hypertrophic cardiomyopathies [20].

Our study has several limitations: The age and gender matching was unbalanced, because of
different age/gender incidences in the different diseases. Besides, it could not be clarified
exactly which parts/cells of the heart were responsibility for changes in the expression/
secretion of different miRNAs. Also, not all patients agreed for genetic testing and thus this
information is not available for all tested subjects. The complexity and costs of analyzing
expression of mMiRNAs is a further problem for clinical usability, too. However, there are
many groups, start-up companies and industrial players currently developing less
complicated miRNA biomarker “Kits” that together with emerging technologies such as
direct hybridization techniques and others [21] likely will find their way into clinical
practice.

5. Conclusion

In conclusion, we demonstrated that miR-29a, miR-29c and miR-155 have a specific
signature to distinguish between aortic stenosis, hypertrophic non-obstructive and
obstructive cardiomyopathies as well as senile cardiac amyloidosis and thus could be
developed into clinically useful biomarkers.
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Fig. 2.

R(%C curve analysis of single microRNAs (miR-29a, miR-29c, miR-155) and combined
microRNAs (miR-29a and miR-29c) to distinguish between different groups (Control with
both HNCM/HOCM, HNCM, HOCM, AS; and HOCM with AS). HOCM = hypertrophic
obstructive cardiomyopathy; HNCM = hypertrophic non-obstructive cardiomyopathy; AS =
aortic stenosis.
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C(?rrelation analysis of the expression of single microRNAs (miR-29a, miR-29c) and the
thickness of interventricular septum (IVS) of patients affected with HOCM and AS.
Abscissa = standard quantity of miR-29a/miR-29c in HOCM/AS. HOCM = hypertrophic
obstructive cardiomyopathy; AS = aortic stenosis.

Int J Cardiol. Author manuscript; available in PMC 2016 July 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Derda et al.

SQ: miR-29a/cel-39

SQ: miR-155/cel-39

ns

Page 11
miR-29a HNCM/HOCM B miR-29a HOCM C miR-155 HNCM/HOCM
2.5 2.5 2.5
2.0 * n 2 2.04 * i ne 3 2.0-
o hi i
15 ol T $ == -|_ 8 ns
.54 T (c\‘m’ 1.54 E 1.5 =T &
1.0 X 1.04 X 1.0 ==
—= £ T £
0.5 3 0.5 G 0.5
0.0 . . . 0.0 : 0.0 ,
S Q o & S L o " o L i 3
& Q < N & Q Q «° & Q Q
& ) SQ’ O&Q@ 0°° A\ §& &s."’ oo° S \S\Q, 6‘0@
& (\0 (\O
miR-155 HOCM E miR-29¢ HNCM/HOCM F miR-29¢c HOCM
2.5 2.0 s 2.0 "
(2] (2]
20 =1 % 1.54 T n % 1.54 T ns
ns O (=]
1.5 3 S
T ns s Q10{ T T Q10 T T
1.0- = x x
E E
0.5 0.5
0.5- 3 g
0.0 v . . 0.0 . . . 0.0 . . .
A ) <o > A S > A o]
«© & < ° «© & <© © «° Q& °
& < §\0 &o@ s & é:@ @"@ & & \S& °
® ® ®
Fig. 4.

Expression levels of miR-29a, miR-29¢ and miR-155 in the “no mutation” group (including
DNA analyzed HNCM and/or HOCM patients without a mutation in MYH7 and MYBPC3),
in HNCM and HOCM patients affected by mutations in MYH7 or MYBPC3 gene were
compared to control group. * = p < 0.05, ** = p < 0.01, *** = p < 0.001, ns = not significant
(p = 0.05); SQ = standard quantity. HOCM = hypertrophic obstructive cardiomyopathy;
HNCM = hypertrophic non-obstructive cardiomyopathy; AS = aortic stenosis. MYH7 = beta
myosin heavy chain; MYBPC3 = cardiac myosin binding protein C.

Int J Cardiol. Author manuscript; available in PMC 2016 July 07.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Derda et al.

Page 12

B
miR-29a control - HOCM (MYH7) miR-29a control - HNCM/HOCM (MYH7)

100 100
= X
2 2 AUC: 0.8434
% 50 p= 0.004335 % 50
= s
& &
0+ T T 1 0+ T T 1
0 50 100 150 0 50 100 150
100% - Specificity% 100% - Specificity%

(@)

miR-29a and 29c HOCM (MYH?7) - AS
100+
AI—I_I__Z;: 0.8207
504 p=0.006614

0 50 100 150
100% - Specificity%

Sensitivity%

Fig. 5.

ROC curve analysis of microRNAs (miR-29a, miR-29c) in HCM patients with a mutation in
the MYH7 gene and control patients or patients with aortic stenosis (AS). HOCM =
hypertrophic obstructive cardiomyopathy; MYH7 = beta myosin heavy chain.
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Fig. 6.

Comparison (A-C) and ROC curve analysis (D-F) of miR-29a, miR-29c and miR-155
serum levels between patients with hypertrophic non-obstructive cardiomyopathy (HNCM)
and patients with senile cardiac amyloidosis (SCA). ** = p < 0.01, *** = p < 0.001, ns = not
significant (p = 0.05); SQ = standard quantity.
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Gene mutations in HNCM and HOCM patients.

HNCM HOCM P-value
n (tested) 8 17
n (MYH7/MYBPC3) 6 12
% 75.00 70.59 ns
n (MYH7) 2 7
% percentage 25.00 41.18 ns
n (MYBPC3) 4 5
% 50.00 29.41 ns

n (tested) = patients tested for any mutation.

Table 3

n (MYH7/MYBPC3) = patients positive tested for MYH7 and MYBPC3.

n (MYH7) = patients positive tested for MYH?7.

n (MYBPC3) = patients positive tested for MYBPC3.

ns = not significant (p = 0.05).
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Table 4

Primer sequences.

microRNA sequence
hsa-mir-1-3p UGGAAUGUAAAGAAGUAUGUAU
hsa-miR-21-5p UAGCUUAUCAGACUGAUGUUGA

hsa-miR-29a-3p
hsa-miR-29b-3p
hsa-miR-29c-3p
hsa-miR-133a-3p
hsa-miR-155-5p
hsa-miR-499
cel-miR-39-3p

UAGCACCAUCUGAAAUCGGUUA
UAGCACCAUUUGAAAUCAGUGUU
UAGCACCAUUUGAAAUCGGUUA
UUUGGUCCCCUUCAACCAGCUG
UUAAUGCUAAUCGUGAUAGGGGU
UUAAGACUUGCAGUGAUGUUUAA
UCACCGGGUGUAAAUCAGCUUG
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