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Abstract

Background: Cardiac hypertrophy is a well-known risk factor for heart failure and
sudden cardiac death (SCD). On the other hand, physiological cardiac hypertrophy
is often observed in young healthy men, and it is difficult to predict SCD in cardiac
hypertrophy subjects who do not show symptoms of heart failure. MicroRNAs
(miRNAs) widely regulate biological activity and play pivotal roles in heart
failure progression. In this study, we investigated whether miRNA expression is
altered in SCD with cardiac hypertrophy (SCH).

Methods: Cardiac tissues

compensated cardiac hypertrophy (CCH) subjects who died of causes other than

were sampled at autopsy from SCH patients,
heart failure, and control cases without cardiac hypertrophy or heart failure. After
histopathological examination, we performed deep sequencing and quantitative
PCR of cardiac miRNAs.

Results and discussion: Although SCH and CCH showed indistinguishable
histological features, their miRNA expression signatures were distinct. Among
the 240 miRNAs stably detected in the heart, 8 were differentially expressed
between SCH and CCH. Specifically, miR-221 increased in SCH compared to
CCH and control cases. The significant elevation of cardiac miR-221 in SCH
patients is correlated with lethal outcomes. Thus, our results indicate that an
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elevated miR-221 level is potentially associated with an increased risk of SCD in

subjects with cardiac hypertrophy.

Keywords: Cardiology, Pathology, Medicine, Clinical genetics

1. Introduction

Cardiac hypertrophy occurs as an adaptive response to increased body size because
the mammalian myocardium has limited ability to proliferate after birth [1]. Physi-
ological cardiac hypertrophy maintains normal cardiac function and sometimes
exhibits enhanced pumping capacity, such as in athletes performing systematic
training [2, 3]. However, prolonged and abnormal loading conditions promote path-
ological cardiac hypertrophy, accompanied by decreased cardiac function [4, 5, 6].
Maladaptive cardiac remodeling provokes conductive disturbance and arrhythmia,
leading to sudden cardiac death (SCD) [7]. However, it is clinically difficult to pre-
dict SCD with cardiac hypertrophy (SCH) in the absence of preceding symptoms of
heart failure.

Hypertrophic cardiomyopathy (HCM) is a well-studied type of pathological cardiac
hypertrophy that is caused by mutations in genes encoding sacromeric proteins. In
most cases, the patient inherited the condition by autosomal dominant transmission
[8, 9]. HCM patients are at a high risk for SCD, mostly because of ventricular ar-
rhythmias that are associated with a characteristic pathology such as myofiber
disarray and interstitial fibrosis [10, 11]. However, although SCD is the major cause
of sudden unexpected death in people, HCM is rarely identified among SCH victims
by forensic autopsy because HCM is often diagnosed premortem. SCD in HCM pa-
tients is typically considered a natural death and, therefore, rarely the subject of a
forensic autopsy. Alternatively, it may be examined by pathological autopsy.
Most SCH cases at forensic autopsy lack a family history of SCD and histological
characteristics of HCM; typically, they show symmetric ventricular hypertrophy
accompanied by prolonged hypertension or severe sclerosis of the coronary artery
or aortic valve. Although this common type of SCH has not yet been systematically
studied, it can be categorized into subtypes such as hypertensive heart failure and
secondary cardiomyopathy. In this study, we focused on the epigenetic changes in
common SCD cases with cardiac hypertrophy.

MicroRNAs (miRNAs) are short noncoding RNAs that widely regulate gene expres-
sion through the suppression of target mRNAs [12]. The miRNAs affect cell differ-
entiation and metabolic activities and are involved in many pathophysiological
processes [13, 14, 15]. To date, several miRNAs have been reported to play pivotal
roles in heart failure progression [16, 17, 18]. Because of their small size and struc-

tural features, miRNAs are relatively tough and stable in blood or tissue. We have
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previously shown that quantification of cardiac miRNAs is applicable in postmortem
examination of SCD patients [19, 20]. In this study, we performed miRNA profiling
of tissue samples from SCH and compensated cardiac hypertrophy (CCH) subjects,
with the aim of identifying changes in miRNA expression related to SCH and the

discovery of novel biomarkers to be used in the diagnosis of patients at risk of SCH.

2. Methods
2.1. Tissue sampling

All the subjects were kept refrigerated at 4 °C until autopsy after death, which ranged
from half a day to four days. In this study, we defined cardiac hypertrophy as heart
weight exceeding 400 g and an adjusted heart index (heart weight/body height,
g/cm) greater than 2.5 [21,22]. The SCH subjects were defined as suffering from car-
diac hypertrophy in association with hypertension, aortic stenosis, coronary athero-
sclerosis or post-myocardial infarction. They could perform normal daily activities at
least 24 hours prior to death. CCH subjects were defined as showing physiological
cardiac hypertrophy without heart failure symptoms. Cases of HCM were not
considered for this study because the condition is rarely identified following a
forensic autopsy. Control cases did not exhibit cardiac hypertrophy or heart failure.

The clinical characteristics of the subjects are summarized in Table 1.

Cardiac tissue and blood samples were obtained following a forensic autopsy. Small
tissue samples from the left ventricular free wall were immediately immersed in
liquid nitrogen and stored at —80 °C until RNA isolation. Other parts of the heart
were fixed with 10% formalin for histopathological examination. This study was
approved by the Ethics Committee of Tokai University (#14106): informed consent
was obtained from the bereaved relatives of all patients, and the study protocol con-

formed to the ethical guidelines of the 1975 Declaration of Helsinki.

Table 1. Clinical characteristics of the study cases.
Group Cause of death (n) Age (years) Sex (m/f) BMI (kg/mz) BNP (pg/mL)

SCH SCD: 63 £52 8/2 225+ 1.1 105 £ 43.3*%
AMI (5), OMI (1),
HHF (3), AS (1)

CCH Accident (7), 67 £ 3.6 7/1 237 + 1.1 92 +28
Pneumonia (1)

Con Accident (5), 59 +£34 7/1 204 £ 1.2 54+1.7
Hepatic failure (2),
Pneumonia (1)
SCH: sudden cardiac death with cardiac hypertrophy (n = 10), CCH: compensated cardiac hypertrophy
(n = 8), Con: control (n = 8), BMI: body mass index [body weight/(body height)*], BNP: B-type natri-
uretic peptide, SCD: sudden cardiac death, AMI: acute myocardial infarction, OMI: old myocardial
infarction, HHF: hypertensive heart failure, AS: aortic stenosis *: P < 0.05 versus control by Steel test.
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2.2. Histopathological analysis

Formalin-fixed paraffin-embedded tissues were stained with hematoxylin and eosin
dyes. We examined the whole area of each heart to evaluate pathological changes.
Microscopic measurements were performed in the middle layer of the left ventricular
free wall, where the myocardium showed a uniform alignment of longitudinal sec-
tions. Square-shaped myocardia, in which the nuclei were at the centers of the cells,
were selected, and the myocardial diameter was measured at the nuclear point. Ten
fields per case were observed at 200-fold magnification, and the values were

averaged.

2.3. RNA extraction

RNase-free water and equipment were used throughout this study. RNA was isolated
from approximately 100 mg frozen tissue using a mirVana miRNA Isolation Kit
(Applied Biosystems, Foster City, CA, USA) following the manufacturer’s protocol.
The total RNA concentration and purity were measured with a spectrophotometer,
and the integrity of the RNA was assessed using microcapillary electrophoresis on
a 2100 Bioanalyzer with an RNA kit (Agilent Technologies, Santa Clara, CA,
USA). All RNA samples were stored at —80 °C until further analysis.

2.4. miRNA deep sequencing and data processing

Small RNA libraries were prepared from 4 SCH patients (1 AMI, 2 HHF, and 1 AS)
and 4 CCH subjects (all accidents). Total RNA (1 pg) from each cardiac sample was
used for TruSeq Small RNA Library Prep Kit (Illumina, San Diego, CA, USA) in
accordance with the manufacturer’s instructions. Briefly, 3’ and 5" adapters were hy-
bridized to RNAs, followed by reverse transcription. After amplification, cDNAs
were purified and size-selected using gel electrophoresis. Final yields and size
distributions of the amplified cDNAs were assessed using a 2100 Bioanalyzer
with a High Sensitivity DNA kit (Agilent Technologies). The barcoded small
RNA libraries were pooled to equimolar amounts for the final library for sequencing.
In total, 10 pM of the library was sequenced with 50-bp single-end reads using a

MiSeq instrument (Illumina).

The 3’ adaptor sequences were trimmed from raw reads using Cutadapt (version
1.11); reads with trimmed lengths of less than 14 bp were discarded. Filtered reads
were mapped to the reference genome (hg38) using bwa (version 0.7.12) with the
following parameters: bwa, aln; -n, 1; -o, 0; -e, 0; -1, 10; -k, 1; -t, 8. Calculation
of the raw read counts was performed using htseq-count (version 0.6.0) with the hu-
man miRNA database miRBase v21.

Coverage depth data were analyzed on the CLC Genomics Workbench v6.0.1 (Qia-

gen, Valencia, CA, USA). The read counts of each known miRNA were normalized
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to the library size and presented as reads per million mapped reads. Only miRNAs
with normalized read counts of more than 10 in at least one sample were subjected to

further analysis.

2.5. Quantitative polymerase chain reaction

For 10 SCH, 8 CCH, and 8 control cases, the cDNA templates were synthesized us-
ing a TagMan MicroRNA Reverse Transcription kit (Applied Biosystems). Specific
primers for hsa-miR-193a-5p (TagMan 002281), hsa-miR-221-3p (TagMan
000524), hsa-miR-222-3p (TagMan 002276), hsa-miR-424-5p (TagMan 000604),
hsa-miR-1180-3p (TagMan 002847), and U6 snRNA (TagMan 001973) were
used, and PCR was performed following the manufacturer’s protocol. Serially
diluted cDNAs were used as the template for each primer set, and standard curves
were generated. Triplicate Ct values were averaged and used for quantification of
target miRNAs by applying the AACq method, which included U6 snRNA values
as endogenous controls.

2.6. Statistics

All data are presented as means = standard errors. Differential expression analysis of
the sequencing data was performed with Baggerley’s test, followed by a false dis-
covery rate correlation. Comparisons in the histological analysis, quantitative
PCR, and immunoblotting were performed using Steel tests. Differences with P

values of less than 0.05 were considered statistically significant.

3. Results
3.1. Histopathology

The hearts of patients with SCH and CCH were concentrically enlarged and showed
similar gross morphology (Fig. 1A). The heart weight, myocardial diameter, and nu-
clear diameter were significantly increased in the SCH and CCH groups compared
with the control group, whereas no differences were observed between the two hy-
pertrophic groups (Fig. IB—F). In the SCH, CCH, and control groups, heart weights
were 450 £ 15, 478 £ 18, and 325 + 19 g, respectively; the adjusted heart indexes
were 2.7 £ 0.1,2.9 + 0.1, and 2.0 £ 0.1 g/cm, respectively; myocardial diameters
were 22.1 £ 1.0, 18.8 £ 0.8, and 13.6 £ 1.6 um, respectively; and nuclear diameters
were 8.4 + 0.7, 7.5 + 0.6, and 5.2 £ 0.5 um, respectively. In the SCH group, the
OMI subject showed focal fibrosis and the AS subject showed a middle level of
diffuse fibrosis in the left ventricles. The other SCH subjects did not present signif-
icant myocardial fibrosis, and none of the CCH and control subjects had extensive
myocardial fibrosis or coronary atherosclerosis. All subjects lacked a significant

accumulation of inflammatory cells.
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Fig. 1. Histopathological changes in the hearts of patients with SCH and CCH. (A) Gross features of the
hearts. Horizontal scale = 20 cm. (B) Microscopical changes in the myocardia. Bar = 50 um. (C) Heart
weight. (D) Heart weight/body height. (E) Myocardial diameter. (F) Nuclear diameter. **P < 0.001
versus the control by Steel test. SCH: sudden cardiac death with cardiac hypertrophy (n = 10), CCH:
compensated cardiac hypertrophy (n = 8), Con: control (n = 8).

3.2. MicroRNA deep sequencing

In total, 62,062,810 reads were sequenced, 52,140,437 reads (83.2%) were aligned
to the human genome sequence, and 21,152,383 reads (31.4%) were mapped to
known miRNAs. On average, 2,644,048 + 662,624 human miRNA reads were
sequenced in each library.

Among the 240 miRNAs that showed more than 10 normalized read counts in at
least one library, 8 miRNAs were significantly differentially expressed between
CCH and SCH (Supplemental Table 1, Fig. 2, Table 2). Subsequently, we performed
real-time PCR to validate the expression differences for the 5 miRNAs that showed a

fold change >1.5 in deep sequencing.

3.3. Quantitative PCR

Real-time PCR revealed significant overexpression of miR-221 in SCH (P = 0.030)
and a moderate increase in CCH (P = 0.14, Fig. 3B). The gradual elevation of
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Fig. 2. Alterations in cardiac miRNAs in patients with SCH and CCH. In total, 240 miRNAs were map-
ped according to fold change (SCH/CCH) and P value with Baggerley’s test, followed by a false discov-
ery rate correlation. SCH: sudden cardiac death with cardiac hypertrophy (n = 4), CCH: compensated
cardiac hypertrophy (n = 4).

cardiac miR-221 may be negatively correlated with patient outcomes. In contrast, the
expression level of miR-222 was equally increased in SCH (P = 0.037) and CCH
(P = 0.042, Fig. 3C), which may reflect the similar levels of hypertrophic growth.
MiR-424 and miR-1180 were also increased in SCH and CCH compared with con-
trols (Fig. 3D—E); however, their expression levels were relatively higher in CCH
(P = 0.019) than in SCH (P = 0.046).

Table 2. Expression differences in cardiac miRNAs in patients with SCH and
CCH.

miRNA SCH read counts CCH read counts Fold change (SCH/CCH) P value
hsa-miR-221-3p 3,061 1,835 1.67  0.00005
hsa-miR-424-5p 107 176 —1.64 0.007
hsa-miR-222-3p 835 523 1.60 0.013
hsa-let-7d-5p 1,252 860 1.46 0.013
hsa-miR-1307-3p 181 125 1.45 0.014
hsa-miR-1180-3p 27 15 1.76 0.014
hsa-miR-218-5p 61 86 —1.42 0.021
hsa-miR-193a-5p 155 77 2.02 0.026

SCH: sudden cardiac death with cardiac hypertrophy (n = 4), CCH: compensated cardiac hypertrophy
(n = 4). The read counts were normalized and presented as reads per million mapped reads. P values
were determined using Baggerley’s test followed by a false discovery rate correlation.
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Fig. 3. Validation of miRNA deep sequencing. Quantitative PCR was performed for miR-193a-5p (A),
miR-221-3p (B), miR-222-3p (C), miR-424-5p (D), and miR-1180-3p (E) with U6 snRNA as an endog-
enous control in human hearts. *P < 0.05 versus the control by Steel test. SCH: sudden cardiac death
with cardiac hypertrophy (n = 10), CCH: compensated cardiac hypertrophy (n = 8), Con: control
(n = 8).

4. Discussion

To characterize changes in miRNA expression associated with the transition from
cardiac hypertrophy to SCD, we compared human heart tissues from patients with
SCH and CCH. The histopathological features of SCH and CCH were indistinguish-
able, such as enlargement of the myocardium and nucleus. Although the miRNA
expression profiles of SCH and CCH were largely overlapping, we identified several
important differences, allowing us to distinguish between SCH and CCH.

Human miR-221 and miR-222 are located on the X chromosome and share the same
gene clusters [23]. Previous studies using transgenic mice have shown that miR-221/
222 inhibits autophagy and promotes heart failure [24, 25]. Autophagy is an indis-
pensable clearance system that removes damaged organelles and protein aggregates
to maintain cellular homeostasis [26]. In the heart, mitochondrial autophagy plays a
protective role against pressure overload [27], and inhibition of autophagy induces
age-related cardiac hypertrophy and heart failure [28]. Interestingly, circulating
miR-221/222 levels are negatively correlated with cardiac function in patients
with heart failure [29, 30]. In this study, we found that cardiac miR-221 expression
was significantly elevated in SCH, but that this increase was low to moderate
in CCH. The stepwise elevation of miR-221 may reflect not only the hypertrophic
growth of the myocardium but also the lethality of heart failure. Moreover,
miR-221/222 is known to be involved in the regulation of anti-angiogenic genes,
which inhibit tube formation, migration, and wound healing in endothelial cells

[31, 32, 33]. Although coronary artery disease is not necessarily complicated with
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SCH in this study, endothelial dysfunction in small vessels in the myocardial layer
can exacerbate heart failure in cardiac hypertrophy, where the oxygen demand is
increased, and the heart becomes vulnerable to ischemic stress. In contrast, the
expression level of miR-222 was equally increased in CCH and SCH in our study,
which mainly reflected the enlargement of the heart and was weakly correlated with
the lethal outcomes. Although the precise functional difference between miR-221
and miR-222 in hypertrophic progression is unknown [24, 25, 32, 33], our study
on subjects with cardiac hypertrophy showed that miR-221 may have a stronger cor-
relation with SCD than miR-222.

In this study, the expression level of cardiac miR-424 increased significantly in CCH
and decreased slightly in SCH. MiR-424 is enriched in cardiac progenitor cells and
drives cardiomyocyte specification [34]. Moreover, miR-424 is increased during the
early phase of cardiac hypertrophy [35, 36]. Our study revealed, for the first time,
that miR-424 was downregulated at the lethal phase of cardiac hypertrophy. The
decrease in miR-424 in SCH hearts was consistent with another report showing
that miR-424 was downregulated in the coronary sinus blood of patients with
congestive heart failure [37]. The expression of miR-424 is elevated during compen-
sated cardiac growth, and such overexpression is thought to be limited by the pro-
gression of heart failure at the chronic phase. Therefore, miR-424 may be useful

to monitor heart failure progression but seems unsuitable for prediction of SCD.

The molecular changes observed in the process of pathological cardiac hypertrophy are
known to resemble those observed during fetal cardiac development [38, 39]. For
example, B-type natriuretic peptide (BNP) is abundantly expressed in fetal hearts
and is clinically used as a biomarker for adult heart failure [40, 41]. However, the level
of BNP is not always elevated in patients, particularly in cases of SCD. In this study,
circulating BNP levels stayed in the normal range in about half of SCH patients. Thus,
it is practically difficult to predict SCH using classical peptide biomarkers that mainly
reflect chronic heart failure. As well, some fetal miRNAs, such as miR-21 and miR-
208b, are also increased in failing human hearts [38, 42, 43]. Although overexpression
of the fetal miRNA miR-424 was observed in SCH and CCH in our study, the evalu-
ation did not allow us to clearly distinguish SCH from CCH. Therefore, it may also be
difficult to predict SCD only by quantifying levels of fetal miRNAs.

Our study has some limitations. Because our current goal was to identify miRNA
changes related to SCD, we analyzed autoptic cases and collected clinical information
from the families following patients’ death. Therefore, some information, including
premortem symptoms, may be lacking, which is a major limitation of postmortem ex-
aminations. Specifically, because the serum BNP levels were elevated in some subjects
of the SCH group, we cannot exclude the possibility that some perseverant patients,
who had suffered premortem from an unrecognized heart failure symptom, were diag-

nosed postmortem with SCH. Moreover, as we excluded ambiguous cases, such as
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individuals living alone for whom precise clinical information was lacking, the sample
size was limited. Although the increase in cardiac miR-221 was significant in our SCH
subjects, many published data indicate that its up-regulation also occurs in various hu-
man malignancies, including breast cancer, liver cancer, gastric cancer, and glioma
[44, 45]. Therefore, if miR-221 is used as a biomarker in SCD, it should be examined

whether its expression change is affected by other malignant diseases as well.

In this study, elevated levels of cardiac miR-221 were detected in all SCH subjects
using miRNA deep sequencing and qPCR. In cardiac hypertrophy, many compensa-
tory pathways are constitutively activated, and the breakdown of such pathways can
trigger SCD. Generally, a single miRNA can target several mRNAs, and individual
mRNAs are mediated by several miRNAs [46, 47]; consistent with this, miR-221 has
multiple roles in failing hearts as described above. This pleiotropic capacity makes

miR-221 a potentially useful novel biomarker for prediction and diagnosis of SCH.

5. Conclusion

Cardiac hypertrophy is a risk factor for SCD, and epigenetic changes may exacerbate
the progression from CCH to SCH. In this study, we performed miRNA profiling
using human CCH and SCH tissues. Among the 240 miRNAs that were stably ex-
pressed in the hearts, miR-221 exhibited the most significant increase in SCH pa-
tients. This is consistent with the previously established role of miR-221,
induction of heart failure by inhibition of autophagy and endothelial dysfunction.
Our results support a potential association between miR-221 levels and SCD in pa-
tients with cardiac hypertrophy. Further studies with larger cohorts may assess the
utility of miR-221 as a predictor of SCD.
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