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Abstract Sudden cardiac death (SCD) is the most frequent
cause of sudden unexplained death in forensic practice. The
most common cause of SCD is coronary artery disease related
to coronary atherosclerosis. Previous study suggested the pos-
sible application of connexin 43 (Cx43) and zonula
occludens-1 (ZO1) immunostaining in the early diagnosis of
myocardial ischemia. However, there appears to be insuffi-
cient data with regard to their mRNA levels. The present study
investigated the cardiac mRNA levels of Cx43 and ZO1,
using forensic autopsy materials consisting of 41 control cases
without any disease or structural abnormality of the heart
(group 1), 32 deaths due to acute ischemic heart disease
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related to coronary atherosclerosis without apparent myocar-
dial necrosis (group 2), and 29 traumatic deaths with coronary
atherosclerosis (group 3). Ten candidate reference genes were
evaluated in the left ventricles of 10 forensic autopsy cases.
EEF1A1, PPIA, TPT1, and RPL13A were identified as the
most stable reference genes. Using these validated reference
genes, mRNA levels of Cx43 and ZO1 were examined in the
bilateral ventricles and atria of the heart. Relative mRNA
quantification demonstrated decreased calibrated normalized
relative quantity (CNRQ) values of Cx43 and ZO1 in bilateral
ventricles of group 2. When using one conventional reference
gene (GAPDH or ACTB) for normalization, nearly no differ-
ence was detected among the three groups. These findings
indicate that ventricular gap junction remodeling may be a
key contributor to rhythm disturbances. Analysis of cardiac
Cx43 and ZO1 using real-time PCR is useful in diagnosis of
SCD, and validation of reference genes is crucial.

Keywords Forensic molecular pathology - Sudden cardiac
death - Ventricular arrhythmia - Reference gene selection -
Cx43 -Z01

Introduction

Sudden cardiac death (SCD) is one of the most important
causes of death in forensic practice which can be caused by
various heart diseases. The most common cause of SCD is
coronary artery disease related to coronary atherosclerosis
[1, 2]. It is not difficult to detect typical myocardial lesions
using conventional methods. However, it is still challenging to
diagnose an acute myocardial infarction/ischemia with only
little time of survival, since positive pathological findings can-
not be observed in the early stage of infarction/ischemia [3].
Previous studies have suggested that postmortem
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biochemistry, immunochemistry, and molecular biology are
useful for investigating SCD [3-8].

The most frequent cause of SCD is ventricular tachyar-
rhythmia, followed by bradyarrhythmia [9]. SCD cases with-
out structural cardiac alterations seen in forensic practice are
thought to be caused by arrhythmic syndromes. Postmortem
genetic testing is recommended in such cases, though it has
not yet been included into a routine work of the conventional
autopsy [1, 10].

Connexin 43 (Cx43) is a gap junction (GJ) protein which is
widely and highly expressed in mammalian tissues that medi-
ate cell-to-cell coupling. In the mammalian heart, Cx43 is the
primary connexin expressed in both the atrium and ventricle
and is thought to be responsible for propagation of the action
potential [11]. Alteration of Cx43 in quantity, phosphoryla-
tion, and distribution can cause myocardial electrically con-
ductive disorder and finally result in arrhythmias [12].

Zonula occludens-1 (ZO1) is a membrane-associated
guanylate kinase that can stabilize Cx43 at GJ plaque through
cytoskeletal anchoring. Disruption of ZO1 leads to altered
stabilization of the GJ plaque equilibrium between the two
adjacent cells leading to plaque internalization [13].

In the field of forensic pathology, the possible application
of Cx43 and ZO1 immunostaining in the early diagnosis of
myocardial ischemia has been reported [5]. However, there
appears to be insufficient postmortem human data with regard
to their mRNA levels in the diagnosis of acute infarction/
ischemia.

In the present study, we examined the mRNA levels of
Cx43 and ZOl1 in the myocardium and discussed the avail-
ability of these molecules for the markers of SCD.

Materials and methods
Sample collection

A total of 102 forensic autopsy cases were selected
from autopsy documents. The cause of death was care-
fully diagnosed on the basis of autopsy examination,
including macromorphological, histological, and toxico-
logical analyses. Cases were divided into three groups
as follows: 41 deaths due to traumatic brain injury with-
out any disease or structural abnormality of the heart
(group 1), 32 deaths due to acute ischemic heart disease
related to coronary atherosclerosis without apparent
myocardial necrosis (group 2), and 29 traumatic deaths
with coronary atherosclerosis (group 3). A thorough
pathological analysis was performed as a part of our
routine work, and cases with any preexisting disease
or structural abnormality were excluded. The demo-
graphics of study subjects are described in Table 1.
The postmortem interval was defined as the time from
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the estimated time of death to autopsy, and survival
time was the period from the onset of fatal insult to
death; these were estimated based on autopsy findings
and circumstantial evidence recorded in autopsy docu-
ments. This work was approved by our institutional
ethics committee.

Among individuals in group B, 90.6 % (29/32) had
triple-vessel disease and 9.4 % (3/32) had double-vessel
disease. Significant narrowing of coronary lumen
(>75 % luminal stenosis) was seen in all coronary ar-
teries: left anterior descending coronary artery (71.9 %,
23/32), left circumflex coronary artery (34.4 %, 11/32),
and right coronary artery (15.6 %, 5/32). Acute throm-
bosis was detected in three deaths (9.4 %). On the basis
of postmortem investigations, the cause of death was
attributed to CAD-induced cardiac arrhythmia in the ab-
sence of macroscopic and microscopic abnormalities
other than coronary artery atherosclerosis as well as
mild interstitial fibrosis. Death was witnessed in 30
cases (93.8 %). All deaths occurred instantaneously or
within 6 h of collapse.

Among individuals in group C, 79.3 % (23/29) had triple-
vessel disease and 20.7 % (6/29) had double-vessel disease.
Significant narrowing of coronary lumen (>75 % luminal ste-
nosis) was seen in all coronary arteries: left anterior descend-
ing coronary artery (62.1 %, 18/29), left circumflex coronary
artery (27.6 %, 8/29), and right coronary artery (6.9 %, 2/29).

Extraction of total RNA and cDNA synthesis

Tissue specimens were taken from consistent sites in the bi-
lateral ventricles and atria of the heart at autopsy [14], then
immediately submerged in 1 ml of RNA stabilization solution
(RNAlaterTM, Ambion, Austin). Total RNA was isolated
from 100 mg of sample using RNAiso Plus (Takara Bio,
Inc., Shiga, Japan) according to the manufacturer’s instruc-
tions. After extraction, the RNA concentration was estimated
by spectrophotometric analysis using a NanoDrop 1000
(Thermo Scientific, Wilmington, USA). The cDNA copies
of total RNA were obtained using a High Capacity RNA-to-
cDNA kit (Applied Biosystems Japan, Ltd.), then were adjust-
ed to a concentration equivalent to 5 ng/uL of total RNA using
nuclease-free water.

Evaluation of the quality and integrity of RNA samples

RNA purity was determined by using 260/280 absorbance
(A260/A280) ratios. The RNA integrity number (RIN) was
determined using a RNA 6000 Nano Labchip kit in an
Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto,
USA) following the manufacturer’s protocol [15, 16]. In the
present study, myocardia from the left ventricles were used to
determine the RIN.
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Table 1  Case profiles (n=102)

Cause of death Number M/F Age (years) Survival time PMI (h) RIN Heart weight (g)
mean + SD (median, h) mean =+ SD mean = SD mean+ SD

Group 1 41 34/7 45.1£10.0 <0.5-6 (<0.5) 35.0+9.6 45+1.2 299.8+71.4

Group 2 32 27/5 49.8+8.8 <0.5-6 (<0.5) 46.0+£9.7 33+13 492.5+£91.9

Group 3 29 26/3 489+83 <0.5-6 (<0.5) 36.6+7.0 45+14 4759+107.1

Total 102 87/15 47.7£9.3 <0.5-6 (<0.5) 38.9+10.1 41+14 410.3£127.0

Group 1 control cases without any disease or structural abnormality of the heart, Group 2 deaths due to acute ischemic heart disease related to coronary
atherosclerosis without apparent myocardial necrosis, Group 3 traumatic deaths with coronary atherosclerosis, SD standard deviation, PMI estimated

postmortem interval, RIN RNA integrity number
Reference gene selection

Ten candidate reference genes were evaluated in the left ven-
tricles of 10 forensic autopsy cases (5 from group 1 and 5 from
group 2): tumor protein, translationally controlled 1 (TPT1),
signal recognition particle 14 kDa (SRP14), eukaryotic trans-
lation elongation factor 1 alpha 1 (EEF1A1), peptidylprolyl
isomerase A (PPIA), ribosomal protein L13a (RPL13A), ty-
rosine 3-monooxygenase/tryptophan 5-monooxygenase acti-
vation protein, zeta polypeptide (YWHAZ), TATA box bind-
ing protein (TBP), hydroxymethylbilane synthase (HMBS),
glyceraldehyde-3-phosphate dehydrogenase (GAPDH), and
beta-actin (ACTB). TPT1, SRP14, EEF1A1, PPIA,
RPL13A, YWHAZ, TBP, and HMBS were chosen from the
relevant literature and have been validated in human myocar-
dium [17-19]. GAPDH and ACTB were conventional refer-
ence genes. Details are shown in Table 2.

Quantitative real-time reverse transcriptase polymerase
chain reaction

The PCR primers and probes (TagMan Gene Expression
Assay) were purchased from Applied Biosystems, Inc.
(Carlsbad, CA, USA). Details are shown in Table 2.
Quantitative real-time reverse transcriptase polymerase
chain reaction (RT-qPCR) reactions were run in 96-well
reaction plates with an Applied Biosystems 7500 Fast
Real-Time PCR system (Applied Biosystems, Foster City,
CA, USA). RT-gPCR was performed with 10 uL cDNA
(corresponding to the cDNA reverse transcribed from ap-
proximately 50 ng RNA) in 20-uL reaction mix contain-
ing 10 uL TagMan Gene Expression Master Mix (2x) and
the abovementioned TagMan Gene Expression Assays (ly-
ophilized powder). Thermal cycling conditions included
1 cycle at 50 °C for 2 min, 1 cycle at 95 °C for
10 min, followed by 40 cycles of amplification at 95 °C
for 15 s, and 60 °C for 1 min. The threshold cycle (Ct)
was calculated by the instrument software automatically
(threshold value at 0.2). Raw fluorescent data (normalized
reporter values, Rn values) were also exported.

Amplification efficiency calculation

Amplification efficiencies were calculated from raw fluores-
cent data (Rn values), using a completely objective and noise-
resistant algorithm, the Real-time PCR Miner program [20]
(http://ewindup.info/miner/).

Data analysis
Normalization against validated reference genes

Raw Ct values and calculated amplification efficiencies of
these 10 reference genes were imported into the qBaseplus
software [21]. In the qBaseplus software, geNorm module
was used to identify the most stable reference genes and de-
termine the minimum number of reference genes [22].

After determining the minimum number of reference
genes, raw Ct values and amplification efficiencies of targets
and validated reference genes were imported into the
gBaseplus software. Using a calibrator case (acute death due
to blunt brain injury, 31-year-old male; 15-h postmortem),
calibrated normalized relative quantity (CNRQ) values were
exported from the qBaseplus software and statistically
investigated.

Normalization against conventional reference gene (GAPDH
or ACTB)

The expression levels of mRNA transcripts are described as
the ratios of the targets normalized to the endogenous refer-
ence (GAPDH or ACTB), using the 2~ “““" method, as the
ratios for fold change relative to the abovementioned calibra-
tor. The 2~ °““" method assumes that the amplification effi-
ciency of the reaction is ideal (100 %) and constant for each
sample.

Statistic

All the RT-qPCR experiments were performed in triplicate,
and results are reported as the mean+SD. Correlation
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Table 2  Introduction of the PCR primers and probes
Gene symbol Gene name TagMan Assay ID Amplicon Amplification efficiency
length (bp) (mean + SD)
Gene of interest
Cx43 Gap junction protein, alpha 1, 43 kDa Hs00748445 sl 142 0.994+0.033
701 Tight junction protein 1 Hs01551861_ml1 148 0.989+0.052
Reference gene
TPT1 Tumor protein, translationally controlled 1 Hs02621289 gl 131 1.041+0.017
SRP14 Signal recognition particle 14 kDa Hs03055045_gl 97 0.971+0.025
(homologous Alu RNA binding protein)
EEF1A1 Eukaryotic translation elongation factor 1 alpha 1 Hs00265885_gl 75 1.015+0.013
PPIA Peptidylprolyl isomerase A Hs99999904_m1 98 1.027+0.029
RPL13A Ribosomal protein L13a Hs04194366 gl 113 0.982+0.040
YWHAZ tyrosine 3-monooxygenase/tryptophan Hs00237047 ml 70 0.967+0.028
S-monooxygenase activation protein, zeta polypeptide
TBP TATA box binding protein Hs99999910_m1 127 1.082+0.021
HMBS Hydroxymethylbilane synthase Hs00609297 ml 64 1.054+0.0.049
GAPDH Glyceraldehyde-3-phosphate dehydrogenase Hs99999905 m1 122 0.955+0.026
ACTB beta-Actin Hs99999903_ml 171 0.899 +0.037

«

analyses between pairs of parameters were performed using
linear regression (Pearson correlation analysis). One-way
analysis of variance (ANOVA) with repeated measures,
followed by post hoc Tukey tests, was used for comparisons
of multiple groups. Statistical analyses were performed using
GraphPad Prism version 5.0 (GraphPad Software, San Diego,
USA). Values of p<0.05 were considered as statistically
significant.

Results
RNA concentration, purity and integrity

RNA concentrations ranged from 14.6 to 325.8 ng/uL (mean
190.2 ng/uL). There were no age or postmortem interval de-
pendences on the Pearson correlation analysis (p>0.05).
RNA concentrations showed no significant differences among
the three groups.

RNA purity, determined using 260/280 absorbance
(A260/A280) ratios, ranged from 1.73 to 2.15 (mean
1.95). There were no age or postmortem interval depen-
dences on the Pearson correlation analysis (p>0.05).
RNA purity showed no significant differences among
the three groups.

RIN values showed substantial variations in each group.
There were no age or postmortem interval dependences on
the Pearson correlation (p>0.05). RIN values were evidently
lower in group 2 than others (Table 1).

@ Springer

~m” indicates the assay’s probe spans an exon junction and will not detect genomic DNA.“ g” indicates the assay may detect genomic DNA. Detailed
information for each TagMan Assay is available from Applied Biosystems

Amplification efficiency

The amplification efficiencies of targets and reference genes
ranged from 89.9 % (ACTB) to 108.2 % (TBP), showing
small inter-individual variations (standard deviation,
SD <5 %) except for ZO1 (SD=5.2 %). Details are shown
in Table 2.

Reference genes validation

The geNorm module in the gBaseplus software ranked the 10
reference genes. The most stable one was EEF1A1, followed
by PPIA, TPTI1, and RPL13A. The least stable one was
GAPDH (Fig. 1). Pairwise variation () was calculated based

Gene expression stability values of reference genes

o

Average expression stability M

o o o o

.0 T T T T T T T T T
GAPpyACTEHMBSYWH, RP14 TBP RPL 13, TPT1 PPIo EEF,
Increasing expression stability —

Fig. 1 Average expression stability values (M). Expression stability
values of genes from the least stable (/eff) to most stable (right)
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on normalization factor values (NFn and NFn+ 1) after the
inclusion of the least stable reference gene and indicated
if the extra reference gene added to the stability of the
normalization factor. The V-value was the lowest when
the sixth most stable gene (SRP14) was added (Fig. 2).
However, when the fourth most stable gene (RPL13A)
was added, V3/4 showed a V-value of 0.145, below the
threshold of 0.15. Therefore, four reference genes
EEF1A1, PPIA, TPTI1, and RPL13A, were selected for
normalization.

Data analysis
Normalization against validated reference genes

Raw Ct values and amplification efficiencies of targets
and four validated reference genes, EEF1A1, PPIA,
TPTI1, and RPLI3A, were imported into the qBaseplus
software. CNRQ values were exported and statistically
investigated.

There were no gender-related differences or age depen-
dence in CNRQ values of target genes on the Pearson corre-
lation (p>0.05).

CNRQ values of Cx43 and ZO1 were significantly lower in
the bilateral ventricles, but not in the atria of the heart in group
2 (Figs. 3 and 4).

Normalization against GAPDH or ACTB

When ACTB or GAPDH alone was used for normaliza-
tion, no difference was detected among the three
groups, except for an increased Cx43 mRNA level in
the left atrial wall of group 1 when normalized against
ACTB (Supplementary Materials).

Determination of the optimal number
of reference genes for normalization

025

0.205

020

0.159

0.145
0.15 A
U548 0.126 ALAn

0.10
0.05
0.00

v2/i3 V3/4 \(d

0.182
0. 151
Vvals V5/6 vi/8 v8/9 V9/10

V-value

o

Pairwise Variations

Fig. 2 Pairwise variation of candidate reference genes using geNorm
analysis. Pairwise variation analysis to determine the optimal number of
reference genes for normalization

Discussion

Data normalization is extremely important in relative RT-
qPCR. Ideally, reference genes should show stable and ubig-
uitous expression patterns which cannot be affected by any
internal or external stimulus [23]. However, expressions of
several conventional reference genes (GAPDH and ACTB)
were shown to vary due to several factors, including some
biological processes, and tissue or cell types. One convention-
al endogenous reference gene may not meet the criteria of an
ideal reference gene [24].

In the field of forensic pathology, relative RT-qPCR has
been used to investigate the systemic pathophysiological
changes involved in the death process which cannot be ob-
served directly by morphology in postmortem human mate-
rials [15, 25-27]. Previous studies, using different normaliza-
tion strategies, have demonstrated contradicting results, sug-
gesting the crucial role of selecting reference genes [15, 23].
However, postmortem studies on quantitative data normalized
against only a single reference gene transcript are still regular-
ly submitted and published [28, 29].

In the present study, utilizing geNorm module in the
qBaseplus software, 10 candidate reference genes were eval-
uated. The V-value was the lowest when the sixth most stable
gene (SRP14) was added. Further addition of genes increased
V-values, indicating a negative influence on the normalization
process. Since a threshold V-value of 0.15 is recommended as
a cutoff value by geNorm to determine the optimal number of
reference genes [22], only four reference genes (EEF1AL,
PPIA, TPT1, and RPL13A, V3/4=0.145) were accurate
enough in the present study. Therefore, EEF1A1, PPIA,
TPT1, and RPL13A were used as reference genes to save on
cost and time. As expected, inconsistent results were observed
by different normalization methods. When those four validat-
ed reference genes, EEF1A1, PPIA, TPT1, and RPLI13A,
were used for normalization, decreased CNRQ values of
Cx43 and ZO1 were detected in bilateral ventricles of deaths
due to acute ischemic heart disease related to coronary athero-
sclerosis (group 2). When using only one conventional refer-
ence gene (GAPDH or ACTB) for normalization, no differ-
ence was detected among the three groups, except for an in-
creased Cx43 mRNA level in the left atrial wall of group 1
when normalized against ACTB. Expression stability values
of these six reference genes calculated by geNorm showed
GAPDH as the least stable one, followed by ACTB.
Therefore, gene expression levels that normalized against the
four validated reference genes were believed to be accurate
and reliable; GAPDH and ACTB, two conventional reference
genes, were not suitable for normalization of human postmor-
tem brain tissues.

Another significant factor influencing the accuracy of gene
expression analysis is the integrity of RNA [30]. Unfortunately,
unlike animal experimentation, RNA degradation is inevitable

@ Springer
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Fig. 3 Cx43 mRNA expression
levels after normalization against
four validated reference genes.
Bilateral ventricular CNRQ
values of Cx43 were significantly
lower in group 2 than groups 1
and 3. No difference was detected
among the three groups in the
bilateral atria. CNRQ calibrated
normalized relative quantity, LV
left ventricle, RV right ventricle,
Group 1 control cases without
any disease or structural
abnormality of the heart, Group 2
deaths due to acute ischemic heart
disease related to coronary
atherosclerosis without apparent
myocardial necrosis, Group 3
traumatic deaths with coronary
atherosclerosis

Fig. 4 ZO1 mRNA expression
levels after normalization against
four validated reference genes.
Bilateral ventricular CNRQ
values of ZO1 were significantly
lower in group 2 than groups 1
and 3. No difference was detected
among the three groups in the
bilateral atria. CNRQ calibrated
normalized relative quantity, LV
left ventricle, RV right ventricle,
Group 1 control cases without
any disease or structural
abnormality of the heart, Group 2
deaths due to acute ischemic heart
disease related to coronary
atherosclerosis without apparent
myocardial necrosis, Group 3
traumatic deaths with coronary
atherosclerosis
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for postmortem human tissues. In the present study, RIN values
were statistically lower in the myocardia of the left ventricles of
group 2, indicating that RNA quality was more seriously affect-
ed in the cases of acute myocardial infarction/ischemia.

Ischemic and hypertrophic heart diseases are associated
with ventricular arrhythmias, which may lead to death.
Abnormal cellular coupling is implicated as having a cru-
cial role in this fatal process. Myocardial GJs are the sub-
cellular structure responsible for low-resistance electrical
coupling between cardiac muscle cells. The GJ protein
Cx43 is the most ubiquitous connexin and is thought to
be responsible for propagation of the action potential [31].
Focal disorganization of gap junctional distribution and
down-regulation of the major gap junctional protein Cx43
are typical features of myocardial remodeling in the failing
heart. Increasing evidence indicates that Cx43 can interact
with ZO1, and ZO1 can promote the formation and growth
of GJ plaques. The loss of ZO1 staining in the failing
hearts coincided with a reduction of connexin 43 at the
same intercalated disks [32, 33]. Protein and/or mRNA
down-regulation of Cx43 and ZO1 has been reported in
several heart failure models as well as in the failing human
heart [33-35]. Using experimental models, some studies
suggested that ischemic preconditioned hearts retain higher
Cx43 levels compared to non-preconditioned hearts [36,
37]. However, when compared to control group (normal
hearts), lower Cx43 levels were detected in the ischemic
preconditioned group. Considering from these observations,
the down-regulations of Cx43 and ZO1 mRNA levels may
be used as markers of fatal ventricular arrhythmia.

In the present study, though hearts in both groups 2 and 3
were heavier than those in group 1, CNRQ values of Cx43 and
Z01 (mRNA levels) were lower only in the bilateral ventricles
of group 2, indicating the ventricular arrhythmias may be es-
sentially involved in the death process of SCD. Further inves-
tigation using animal experiments is needed to confirm our
hypothesis.

In fact, in contrast to undisturbed zones, significantly
disturbed Cx43 can be observed in ischemia-exposed
myocardium as well as epicardial border zone [38,
39]. However, the tissue specimens were taken from
consistent sites in the bilateral ventricles and atria of
the heart at autopsy. After a thorough pathological anal-
ysis, cases without apparent myocardial necrosis were
selected. Therefore, the affected and non-affected myo-
cardium specimens taken from the same case have not
been examined, which is the major limitation of this
study. Further investigation is needed.

Collectively, the present study indicates that ventricular gap
junction remodeling may be a key contributor to rhythm dis-
turbances. Analysis of cardiac Cx43 and ZO1 using real-time
PCR maybe helpful in diagnosis of SCD related to coronary
atherosclerosis, and validation of reference genes is crucial.
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