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Abstract

Alterations in myocardial structure and reduced cardiomyocyte adhesions have been previ-
ously described in dilated cardiomyopathy (DCM). We studied the transcriptome of cell
adhesion molecules in these patients and their relationships with left ventricular (LV) func-
tion decay. We also visualized the intercalated disc (ID) structure and organization. The
transcriptomic profile of 23 explanted LV samples was analyzed using RNA-sequencing (13
DCM, 10 control [CNT]), focusing on cell adhesion genes. Electron microscopy analysis to
visualize ID structural differences and immunohistochemistry experiments of ID proteins
was also performed. RT-qPCR and western blot experiments were carried out on ID compo-
nents. We found 29 differentially expressed genes, most of all, constituents of the ID struc-
ture. We found that the expression of GJA3, DSP and CTNNA3 was directly associated with
LV ejection fraction (r=0.741, P=0.004; r=0.674, P=0.011 and r=0.565, P=0.044,
respectively), LV systolic (P=0.003, P=0.003, P=0.028, respectively) and diastolic dimen-
sions (P=10.006, P=0.001, P=0.025, respectively). Electron microscopy micrographs
showed a reduced ID convolution index and immunogold labeling of connexin 46 (GJA
gene), desmoplakin (DSP gene) and catenin a-3 (CTNNA3 gene) proteins in DCM patients.
Moreover, we observed that protein and mRNA levels analyzed by RT-gPCR of these ID
components were diminished in DCM group. In conclusion, we report significant gene and
protein expression changes and found that the ID components GJA3, DSP and CTNNA3
were highly related to LV function. Microscopic observations indicated that ID is structurally
compromised in these patients. These findings give new data for understanding the ventric-
ular depression that characterizes DCM, opening new therapeutic perspectives for these
critically diseased patients.
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Introduction

Dilated cardiomyopathy (DCM), one of the most frequent causes of heart failure (HF), is char-
acterized by ventricular dysfunction, impaired myocardial contractility, abnormal wall thick-
ness, and cardiac chambers dilation [1, 2]. Several alterations have been associated with this
disease [3, 4]. However, despite the advances in the understanding of its molecular basis, no
specific treatment is still available.

Heart muscle contraction is compromised in a dilated myocardium. The intercalated disc
(ID) structure includes cell adhesion molecules that form cell junctions allowing contraction
coupling of cardiomyocytes, as well as ensuring the electrical and mechanical connection
between cardiac fibers [5]. The ID is composed of desmosomes, adherens junctions (AJ), and
gap junctions (GJ) [6]. Some studies have linked genetic alterations in desmosomal genes to
cardiomyopathies; specifically, desmoplakin (DSP gene) mutations have been implicated in
DCM [7]. AJ, the predominant junction of ID, is composed of cadherins, which are connected
intracellularly to the actin cytoskeleton by catenins [8]. Alpha catenins are found at high levels
in myocardial tissues and contribute to this strong cell-cell adhesion; therefore, in patients
with DCM and other cardiomyopathies, mutations in these genes have been detected on
screening [9]. The third component of ID structure are the GJ, composed of connexins, which
mediate electrical coupling of cardiac muscle [10]. The important role of some connexins in
diseased myocardium is known, such as studies analyzing connexin 43 alterations in HF [11,
12], but other connexin genes remain to be studied in DCM.

Despite previous works showing the relevance of adhesion junctions for cardiac contraction
and function, we lack studies analyzing the transcriptomic profile of cell adhesion molecules in
DCM, including the ID components. We hypothesized that there may be important alterations
regarding cell adhesion in HF, specifically in the ID at the genetic and structural levels. There-
fore, we analyzed the differentially expressed cell junction genes in DCM patients and compared
them with those in control (CNT) subjects. We also calculated the relationship of these changes
with left ventricular (LV) function decay and investigated the ID structural organization.

Material and methods
Collection of cardiac tissue samples

Twenty-three LV tissue samples were obtained from patients with DCM (n = 13) undergoing
heart transplantation and non-diseased CNT donors (n = 10). DCM sample size was increased
to perform RT-qPCR (n = 20) and western blot (n = 25) experiments. Patients were diagnosed
based on clinical history, electrocardiogram, hemodynamic studies, Doppler echocardiogra-
phy, and coronary angiography data. These patients had intact coronary arteries, as seen on
coronary angiography, and LV systolic dysfunction (ejection fraction (EF) <40%) with a
dilated left ventricle (LV end-diastolic diameter [LVEDD] >55 mm). Patients with primary
valvular disease or familial DCM were excluded from the study. All patients were functionally
classified according to the New York Heart Association (NYHA) criteria and received medical
treatment in agreement with the guidelines of the European Society of Cardiology [13].

Table 1 summarizes the clinical characteristics of DCM patients.

The CNT samples were hearts with normal LV function and no history of myocardial dis-
ease at the time of transplantation. These hearts were initially considered for heart transplanta-
tion, but were classified as unsuitable owing to blood type or size incompatibility. The causes
of death of these CNT group were motor vehicle accidents and ictus.

The present study was approved by the Ethics Committee (Biomedical Investigation Ethics
Committee of La Fe University Hospital of Valencia, Spain) and was conformed in accordance
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Table 1. Clinical characteristics of DCM patients.

Age (years)

Gender male (%)

NYHA class

BMI (kg/m?)

Hemoglobin (mg/dL)
Hematocrit (%)

Total cholesterol (mg/dL)
Prior hypertension (%)

Prior smoking (%)

Diabetes mellitus (%)

EF (%)

LVESD (mm)

LVEDD (mm)

Left ventricle mass index (g/m?)
Duration of disease (months)

DCM (n=13) DCM (n = 20) DCM (n = 25)
RNA-sequencing RT-qPCR Western blot
5111 50+13 49+15
92 70 76
3.4+04 3.1+0.7 3.4+04
275 255 25+7
13+3 13+3 13+2
39+8 39+7 40+5
147 + 37 136 £ 43 145 + 47
17 20 23
50 40 64
17 23 17
20+7 21+10 21+8
71+12 6713 66+ 11
8011 7412 74 £ 11
24177 194 £ 54 207 £45
75+ 68 70 £55 64 + 53

DCM, dilated cardiomyopathy; NYHA, New York Heart Association; BMI, body mass index; EF, ejection fraction; LVESD, left ventricular end-systolic
diameter; LVEDD, left ventricular end-diastolic diameter; Duration of the disease, from DCM diagnosis until heart transplant.

https://doi.org/10.1371/journal.pone.0185062.t001

with the principles outlined in the Declaration of Helsinki [14]. All heart samples were
obtained with written informed consent of the patients or their families.

Tissue samples were obtained from near the apex of the left ventricle and maintained in
0.9% NaCl at 4°C for a maximum of 4.4 + 3 h after the coronary circulation loss, and then
stored at —80°C until RNA and protein extraction. The RNA integrity number (RIN) obtained
from our samples was > 9, which was our intragroup condition for being included in this
study. Proper handling and rapid sample collection and storage by our on-call (24 h/day) team
enabled us to obtain these high-quality samples. The access to the operating room during
transplantation surgery allowed us to select tissue samples from the same LV area, standardiz-
ing our research methodology. The samples were handled uniformly in both groups.

RNA extraction

Heart tissue samples were homogenized using TRIzol®) reagent in TissueLyser LT (Qiagen;
Manchester, UK). RNA was extracted using the PureLink™ Kit (Ambion Life Technologies;
Carlsbad; CA, USA), following the manufacturer’s instructions. RNA concentration was mea-
sured on the Nanodrop 1000 spectrophotometer (Thermo Fisher Scientific; Leicestershire,
UK), and the purity and integrity of RNA samples were measured using the microfluidics-
based platform 2100 Bioanalyzer with the RNA 6000 Nano LabChip Kit (Agilent Technologies;
Santa Clara, CA, USA). All RNA samples displayed a 260/280 absorbance ratio > 2.0 and
reached a minimal RIN > 9.

RNA-sequencing analysis

Poly (A)—RNA samples were isolated from 25 pug of total RNA using the MicroPoly (A) Purist
Kit (Ambion, Life Technologies, Carlsbad, CA, USA). The SOLiD 5500 XL platform (Life
Technologies; Carlsbad, CA, USA) was used for sequencing whole transcriptome libraries,
generated from total poly (A)—RNA samples, following the manufacturer’s recommendation.
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No RNA-spike was used in controls. Amplified cDNA quality was analyzed using the Bioana-
lyzer 2100 DNA 1000 Kit (Agilent Technologies; Santa Clara, CA, USA) and quantified using
the Qubit 2.0 Fluorometer (Invitrogen; Paisley, UK). The whole transcriptome libraries were
used for making SOLiD-templated beads by following the SOLiD Templated Bead Preparation
guidelines. The bead quality was assessed based on the workflow analysis parameters. The sam-
ples were sequenced using the 50625 paired-end protocol generating 75 nt + 35 nt (paired-
end) + 5 nt (barcode) sequences. Quality data were measured using SOLiD Experimental
Tracking Software parameters.

RNA-sequencing data computational analysis

The initial whole transcriptome paired-end reads obtained from sequencing were mapped
against the latest version of the human genome (version GRchr37/hg19) by using the Life
Technologies mapping algorithm (http://www.lifetechnologies.com/; version 1.3). The aligned
records were reported in BAM/SAM format [15]. The Picard Tool (http://picard.sourceforge.
net/; version 1.83) was used to eliminate insufficient quality reads (Phred score < 10). Sub-
sequently, gene predictions were estimated using the Cufflinks method [16], and the expres-
sion levels were calculated by using HTSeq software [17]. This method eliminates the multi-
mapped reads, so that only the unique reads are considered for gene expression estimation.
The differential expression analysis between conditions was assessed by the edgeR method
(version 3.2.4) [18]. This method relies on different normalization processes based on the
depth of global samples, the CG composition, and the gene length. Moreover, this method is
based on a Poisson model that estimates the variance of the RNA-sequencing data for differen-
tial expression. Finally, we selected genes showing differential expression at a significance
threshold of P < 0.05. The data presented in this paper have been deposited in NCBI’s Gene
Expression Omnibus (GEO) [19] and are accessible through GEO Series accession number
GSE55296 (http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE55296).

RT-gPCR analysis

One microgram of total RNA from 20 DCM and 10 CNT LV samples was reverse-transcribed
to cDNA using the M-MLV enzyme (Invitrogen, UK). RT-qPCR was performed in duplicate
using the TagMan protocol in a ViiA7 Fast Real-Time PCR System according to the manu-
facturer’s instructions (Applied Biosystems; USA). The following TagMan probes were
obtained from Life Technologies: GJA3 (Hs00254296_s1), DSP (Hs00950591_m1) and
CTNNA3 (Hs00379052_m1) the housekeeping genes GAPDH (Hs99999905_m1), PGK1
(Hs99999906_m1), and TFRC (Hs00951083_m1) were used as endogenous controls. Relative
gene expression levels were calculated using the 27T method [20].

Gene functional enrichment

We performed a functional enrichment analysis of differentially expressed genes based on
hypergeometric testing using the ToppGene suite [21]. We selected the differentially expressed
genes from DCM patients with > 1.3-fold and P < 0.05 by using the Bonferroni correction.
Next, the most significant functional categories altered in DCM patients were represented.

Homogenization of samples and protein determination

Twenty-five milligrams of frozen left ventricle were transferred into Lysing Matrix D tubes
designed for the FastPrep-24 homogenizer (MP Biomedicals, USA) in a total protein extrac-
tion buffer (2% SDS, 10 mM EDTA, 6 mM Tris-HCI, pH 7.4) with protease inhibitors (25 ug/
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mL aprotinin and 10 pg/mL leupeptin). The homogenates were centrifuged and supernatant
aliquoted. The protein content of the aliquot was determined using Peterson’s modification of
the micro Lowry method with bovine serum albumin (BSA) as the standard.

Polyacrylamide gel electrophoresis and western blot analysis

Protein samples for the detection of desmoplakin were separated using Tris-Acetate Midi gel
electrophoresis with 3-8% polyacrylamide. Bis-Tris Midi gel electrophoresis with 4-12% poly-
acrylamide was used for the detection of catenin o-3 and connexin 46 proteins. After electro-
phoresis, the proteins were transferred from the gel to a PVDF membrane using the iBlot Dry
Blotting System (Invitrogen Ltd, UK) for western blot analysis. The membranes were blocked
overnight at 4°C with 1% BSA in Tris buffer solution containing 0.05% Tween 20 and, after
blocking, were incubated for 2 h with primary antibody in the same buffer. The following anti-
bodies were used: anti-GJA3 (connexin 46) rabbit polyclonal (PA-5 11634, 1/1000) from
Thermo Fisher Scientific, anti-desmoplakin rabbit monoclonal (ab109445, 1/1000), anti-
CTNNAS3 (catenin a-3) rabbit monoclonal (ab184916, 1/5000) and anti-GAPDH (loading
control) mouse monoclonal, (ab9484, 1/1000) from Abcam. The bands were visualized using
an acid phosphatase-conjugated secondary antibody and nitro blue tetrazolium/5-bromo-
4-chloro-3-indolyl phosphate (NBT/BCIP, Sigma-Aldrich, St. Louis, USA) substrate system.
Finally, the membranes were digitalized using an image analyzer (DNR Bio-Imagining Sys-
tems, Israel) and quantified with the GelQuant Pro (v. 12.2) program.

Immunohistochemistry and transmission electron microscopy

LV samples (size 1 mm3) were fixed in a solution of 1.5% glutaraldehyde and 1% formaldehyde
in a 0.05 M cacodylate buffer (pH 7.4) for 1 h at 4°C. Later, the samples were post-fixed in buft-
ered 1% OsO4 for 1 h at 4°C, dehydrated in a series of ethanol solutions, and embedded in
Epon 812. Semi-thin sections were first evaluated with a light microscope (Olympus BX-50)
before proceeding to evaluating ultra-thin sections (Ultramicrotome Leica EM UC6). These
sections (80 nm) were obtained and mounted on nickel and cooper grids and counter-stained
with 2% uranyl acetate for 20 min and 2.7% lead citrate for 3 min.

For immunogold labeling ultra-thin sections were initially incubated on sodium metaperio-
date (S1878) from Sigma [22], for 2 h in a moist chamber at RT. After rinses with bi-distilled
water, sections were incubated for 5 min with 3% hydrogen peroxide. Then, were floated on
0.1% BSA-Tris buffer (20 mM Tris- HCI, 0.9% NaCl, pH 7.4, containing 0.1% BSA, type V)
supplemented with 5% inactivated FCS for 30 min at 37°C in a moist chamber. The grids were
rinsed again with bi-distilled water and incubated in a moist chamber overnight at RT with a
primary antibody diluted in 0.1% BSA-Tris buffer supplemented with 1% inactivated FCS.
Anti-GJA3 (connexin 46) rabbit polyclonal (PA-5 11634, 1/100) from Thermo Fisher Scien-
tific, anti-desmoplakin rabbit monoclonal (ab109445, 1/250), anti-CTNNA3 (catenin o-3) rab-
bit monoclonal (ab184916, 1/1000) from Abcam were used as primary detection antibodies
separately. After rinses with 0.1% BSA-Tris buffer, the sections were incubated in a moist
chamber for 1 h at 37°C with anti-rabbit IgG-gold antibody (10 nm, G3779, 1/10) from Sigma
diluted in 0.1% BSA-Tris buffer containing 0.05% Tween-20 and supplemented with 5% inac-
tivated FCS. After rinses with 0.1% BSA-Tris buffer and bi-distilled water, the sections were air
dried and counterstained, first with uranyl acetate for 20 min and then with lead citrate for 5
sec.

Finally, the grids were air dried completely and examined under a JEOL JEM-1010 system
(Massachusetts, USA), with magnifications ranging from X3000-12000. The micrographs
were obtained by a successive selection of sections using systematic uniform random sampling
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[23]. Before analyzing the electron microphotographs, the tissue sections were inspected to
avoid contraction bands and artefactual changes. For the histomorphometric analysis of the
ID, the procedure described by Basso et al. [24] was used. The convolution index was
expressed as the real distance of the ID divided by the end-to-end distance.

Statistical methods

Data were expressed as the mean * standard deviation for continuous variables and as percent-
age values for discrete variables. The Kolmogorov-Smirnov test was applied for analyzing the
data distribution. Clinical characteristics of patients were compared by using Student’s t-test
for continuous variables and Fisher’s exact test for discrete variables. Significant mean differ-
ences in the mRNA and protein levels between groups with a normal distribution were ana-
lyzed by using Student’s t-test, and the nonparametric Mann-Whitney U test was performed
for comparisons between data that were non-normally-distributed. The VCAM mRNA levels
exhibited a non-normal distribution, were log transformed (and proved to be normalized)
before parametric correlation analysis. Finally, Pearson’s correlation coefficients were calcu-
lated to determine the relationships among variables and between variables and the echocar-
diographic parameters. P < 0.05 was considered statistically significant. All statistical analysis
was performed using the SPSS software (version 20.0) for Windows (IBM SPSS Inc. Chicago.
IL, USA).

Results
Clinical characteristics of DCM patients

We analyzed 23 LV tissue samples from 13 patients with DCM undergoing heart transplanta-
tion, and 10 hearts from non-diseased CNT donors for RNA-sequencing analysis, increasing
the sample size up to 20 and 25 DCM samples for RT-qPCR and for western blot experiments,
respectively. A majority of the patients were men (92%, 70% and 76%, respectively), and were
previously classified with an NYHA functional classification of III-IV and diagnosed with sig-
nificant comorbidities, including hypertension and diabetes mellitus. Table 1 summarizes the
clinical characteristics of the patients included in the study.

The CNT group was also mainly composed of men (80%), with a similar mean age of
47 + 16 years. Comorbidities and other echocardiographic data were not available for the CNT
group, in accordance with the Spanish Organic Law on Data Protection 15/1999.

RNA-sequencing analysis and functional categories enrichment

We carried out a transcriptomic analysis using RNA-sequencing to identify differentially
expressed genes between the DCM and CNT groups. We found 2398 genes altered between
both groups (> 1.3-fold, P < 0.05), of which 935 were up-regulated and 1463 were down-
regulated.

Next, we performed a functional enrichment analysis, by using the ToppGene suite tool, to
establish the main biological categories in which the deregulated genes are included. We ana-
lyzed the Gene Ontology (GO) terms in the “Molecular Function” classification and we found
that the third most relevant functional category was related to cell adhesion, representing 15%
of the total categories (Fig 1A).

Focusing our analysis on cell adhesion molecules (S1 Table), we found 29 differentially
expressed genes between the DCM patients and the CNT group (> 1.3-fold, P < 0.05)

(Table 2), of which 41% are components of the ID cardiac structure. We performed a hierar-
chical clustering and a heat map analysis to visualize the transcriptomic differences between
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Fig 1. Functional classification of differentially expressed genes and transcriptomic differences
visualization of cell adhesion molecules in DCM patients. (A) Gene functional characterization showing
that cell adhesion is the third most altered category in DCM pathology. ToppGene results in terms of Gene
ontology (GO) were obtained based on Molecular Function and were corrected using the Bonferroni method.
The diagram includes the main categories in which differentially expressed genes are classified. (B) Heat map
with hierarchical clustering displaying the differential profile of the 29 altered genes between the DCM and
CNT groups. Columns: genes; rows: samples. The relative expression level of each gene is indicated by the
color bar: blue, lowest; yellow, highest. CNT, control; DCM, dilated cardiomyopathy.

https://doi.org/10.1371/journal.pone.0185062.9001

the DCM and CNT groups, clearly identifying the two groups of study and revealing the exis-
tence of two separate gene expression profiles (Fig 1B).

Relationships with LV function and between adhesion genes

We investigated the relationships between the differentially expressed genes, coding for cell
adhesion molecules, and LV function. The functional parameters of all DCM patients were
completely available.

We found that the connexin gene GJA3, the desmosomal gene DSP and the catenin gene
CTNNA3 were all significantly and directly related to the EF (r = 0.741, P = 0.004; r = 0.674,
P=0.011 and r = 0.565, P = 0.044, respectively) (Fig 2A, 2D and 2G). With regard to the ven-
tricular morphology marked by the compensatory remodeling, both GJA3, DSP and CTNNA3,
have high relationships with LV end-systolic diameter (r = -0.746, P = 0.003; r = -0.753,

P =0.003 and r = -0.605, P = 0.028, respectively) (Fig 2B, 2E and 2H).and LVEDD (r = -0.712,
P =0.006, r=-0.801, P = 0.001 and r = -0.616, P = 0.025, respectively) (Fig 2C, 2F and 2I).

We further analyzed the relationships of the genes linked to LV function and we found that
all three genes were also related between them. GJA3 showed relationships with DSP
(r=10.739, P = 0.004) and with CTNNA3 (r = 0.667, P = 0.013) and DSP showed a relationship
with CTNNA3 (r = 0.753, P = 0.003) (Fig 3).

RT-gPCR analysis and western blot experiments

We performed RT-qPCR analyses of the three ID genes related to functional parameters to val-
idate the RNA-sequencing results and increase the previous sample size. We found that GJA3
(-3.47 fold change, P < 0.001), DSP (-2.83 fold change, P < 0.01) and CTNNA3 (-1.51 fold

PLOS ONE | https://doi.org/10.1371/journal.pone.0185062 September 21,2017 7/16


https://doi.org/10.1371/journal.pone.0185062.g001
https://doi.org/10.1371/journal.pone.0185062

o ®
@ : PLOS | ONE Intercalated disc and dysfunction in dilated hearts

Table 2. Differentially expressed genes of adhesion molecules in DCM patients.

Gene symbol Description Fold Change P-value
CDH6 Cadherin 6, type 2, K-cadherin 1.44 0.032
CDH13 Cadherin 13, H-cadherin -1.64 0.011
CDH26 Cadherin-like protein 26 2.47 0.002
CDHR1 Cadherin-related family member 1 -2.13 0.004
CiB1 Calcium and integrin-binding protein 1 1.30 0.018
CLDN9 Claudin 9 2.78 0.003
CTNNAS3 Catenin alpha 3 -1.49 0.021
DSP Desmoplakin -1.30 0.028
FHOD1 FH1/FH2 domain-containing protein 1 1.71 0.012
GJA3 GARP junction alpha protein 3, connexin 46 -1.62 54x107°
GJC1 GAP junction gamma protein 1, connexin 45 1.30 0.027
ICAM1 Intercellular adhesion molecule 1 -2.46 0.036
ITGA1 Integrin, alpha 1 -1.33 0.009
ITGA6 Integrin, alpha 6 -1.78 0.004
ITGAE Integrin, alpha E 1.54 0.003
ITGAV Integrin, alpha V -1.52 0.012
ITGB1 Integrin beta 1 -1.51 0.007
ITGBL1 Integrin beta-like protein 1 1.83 0.023
JAM2 Junctional adhesion molecule B 1.30 0.034
JAM3 Junctional adhesion molecule C 1.30 0.018
LIMS1 LIM and senescent cell antigen-like-containing domain protein 1 -1.36 0.014
PCDH17 Protocadherin 17 -1.35 0.036
PCDHGA2 Protocadherin gamma subfamily A, 2 -1.62 0.014
PCDHGA3 Protocadherin gamma subfamily A, 3 2.00 2.8x107*
PCDHGB7 Protocadherin gamma subfamily B, 7 -1.48 0.020
PKP4 Plakophilin 4 -1.34 47x10™
PVRL3 Nectin 3 -1.49 0.025
VCL Vinculin 1.35 0.031
VCAM1 Vascular cell adhesion molecule 1 -3.32 0.006

https://doi.org/10.1371/journal.pone.0185062.t002

change, P < 0.05) genes were all downregulated in DCM patients compared to CNT subjects
(Fig 4A).

In addition, we carried out protein quantifications of these molecules and we found that
protein levels of connexin 46 (71 + 13 vs. 100 £ 18, P < 0.001), desmoplakin (81 + 21 vs.
100 + 15, P < 0.05) and catenin o-3 (73 + 13 vs. 100 + 22, P < 0.001) were all reduced respect
to CNT samples, in accordance with the previously measured mRNA levels (Fig 4B).

Intercalated disc structure and immunohistochemistry analysis

Additionally, we studied the ID structure in the DCM and CNT samples. The transmission
electron microscopy observation showed ID structural differences between the groups (Fig 5),
in which we observed disorganizations in DCM tissue, desmosome paleness and widening of
AJ gaps. In the analysis, the ID length was evaluated according to the convolution index (the
real distance of the ID divided by the end-to-end distance). The patients with DCM showed a
lower convolution index when compared with that of the CNT (2.20 + 0.16 vs. 3.54 + 0.20;

P < 0.0001). We also performed immunohistochemistry studies of connexin 46, desmoplakin
and catenin 0-3 proteins and we observed a reduction in immunogold labeling in DCM sam-
ples of the three proteins analyzed (Fig 6).
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Fig 5. Transmission electron microscopy micrographs of the DCM patients compared to the CNT
group showing the ID structure disorganization. (A—B) Panoramic view of the ID structure ina CNT and
DCM subjects, respectively. When compared to CNT, the DCM ID appeared disrupted and fewer
convolutions were observed in the DCM group (2.20 + 0.16 vs. 3.54 + 0.20; P < 0.0001). (C—-D) Magnifications
of the ID organization in a CNT and DCM subjects, respectively. (E) Detail of desmosome in a CNT subject.
(F) Detail of GJ in a CNT subject. (G) Detail of some desmosomes with paleness of internal plaques in a DCM
patient. (H) Detail of widening of AJ in a DCM patient. Scale bars: (A-D), 500 nm; (E-H), 200 nm. AJ,
adherens junction; CNT, control; DCM, dilated cardiomyopathy; GJ, gap junction; ID, intercalated disc.

https://doi.org/10.1371/journal.pone.0185062.9005
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Fig 6. Inmunohistochemistry of ID proteins displaying a reduction of immunogold labeling in
samples from DCM patients compared to the CNT group. (A-B) Immunolabeling of connexin 46 in CNT
and DCM samples, respectively. (C—D) Immunolabeling of desmoplakin in CNT and DCM samples,
respectively. (E-F) Immunolabeling of catenin a-3 in CNT and DCM samples, respectively. Scale bar: 100
nm. CNT, control; DCM, dilated cardiomyopathy; ID: intercalated disc.

https://doi.org/10.1371/journal.pone.0185062.9006

Discussion

In this study, we demonstrated the existence of an altered transcriptomic profile of the cell
adhesion machinery in patients with DCM. At the same time, the altered expression of the
connexin, the desmosomal and the catenin genes studied, was directly related with the EF of
the left ventricle and with the LV dimensions of these patients. RNA-sequencing analysis
allowed us to examine the differences in gene expression between the groups in greater detail,
focusing on cell adhesion related genes, category that has been highly enhanced by the func-
tional enrichment analysis performed. We found 29 altered genes, mainly components of the
ID structure, which expression pattern was clearly separated between the DCM and CNT
groups, as evidenced by the Heat map and Hierarchical clustering analyses. We also performed
gene expression validations by RT-qPCR and protein and immunohistochemistry analyses
that were coincident with the gene expression alterations found in ID components.
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In previous studies, we analyzed the differential expression of genes coding for cell adhesion
molecules in ischemic cardiomyopathy, another major cause of HF, and identified molecules
affecting this pathology and related with cardiac function different from the ones we have
found in this study [25]. All these results together suggest the presence of distinct contributors
affecting myocardial dysfunction in these two HF-triggering diseases. In this sense, we provide
further evidence that the two etiologies follow different paths in the progression to HF.

Cardiac contractility is affected in HF. IDs are important specialized structures, unique to
the heart muscle and responsible for the coupling of the contraction process [26]. This study
shows differential expression of genes and proteins coding for the three main junctional con-
stituents of the ID (GJ, desmosomes and AJ) and important correlations with the functional
status of patients.

GJ are important in electrical and metabolic coupling between cardiac myocytes and for
normal cardiac pump function [27]. We found that the genes GJCI (connexin 45) and GJA3
(connexin 46) were differentially expressed in patients with DCM. Although the most
expressed connexin in the heart muscle is connexin 43 (GJAI gene), which has shown reduced
protein content in HF [28, 29], changes in its gene expression are controversial [30, 31]. In this
study, we did not find significant mRNA level alterations, possibly because of modifications
that occurred at the post-translational level. Conversely, other less studied genes, such as GJA3,
(connexin 46) showed a down-regulation in gene and protein expression and relationships
with EF and LV dimensions. GJA3 has been implicated in cardiac conduction disturbances in
animal models [32], but no studies have analyzed its expression at gene or protein level in HF
syndrome. The link with LV dysfunction found in this analysis indicates an association with a
worse functional status in patients, evidencing important roles for GJA3 in HF physiopathol-
ogy not previously analyzed. G/CI showed increased mRNA levels, according to some author’s
studies at protein level [33]. All these alterations in connexin genes reinforce the notion of gap
junctional remodeling in HF syndrome, as stated by several authors [29, 34] and evidence the
crucial role of specific genes such as GJA3.

On the other hand, desmosomal genes DSP (desmoplakin) and PKP4 (plakophilin) have
shown a down-regulation in DCM subjects. Mutations in DSP have been found in patients
with arrhythmogenic right ventricular cardiomyopathy and DCM [35, 36]. However, PKP4
gene down-regulation or mutational alterations have not previously been described in HF syn-
drome. This finding may open novel paths to investigate other desmosomal genes involved in
this pathology. We also lack studies reporting protein expression analysis of desmoplakin not
associated to DSP mutations. In our study, this protein showed reduced levels in pathological
samples, which is consistent with the quantification of mRNA levels. We found that the most
abundant molecule of desmosomal structure, coded by the DSP gene, was related to EF and
both LV diameters, showing that its decreased expression is accompanied by poor ventricular
function in patients. Mice models, with specific loss-of-function genetic variants of Dsp have
shown cardiac alterations, including wall thickness, increase in LV diameters and decreased
EF [37], which supports the interesting findings of the relationships we have found in humans.
These desmosomal components interact with key constituents of cytoskeleton, molecules that
we have previously reported to be altered in patients with HF [38]. It is likely; therefore, that
ventricular dysfunction occurs, at least in part, as a result of reduced cytoskeletal integrity and
impaired cell adhesion machinery.

Catenins link the cadherin-based cell-cell adhesion complex to the cytoskeleton, to mediate
cell-cell adhesion. This analysis shows that 31% of deregulated genes in DCM belong to the
cadherin superfamily or cadherin-related genes, constituting the AJ. Interestingly, CTNNA3
(encoding catenin o-3) showed diminished protein levels in DCM and its reduced gene
expression was related to EF and LV dimensions, which is consistent with previous results
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where animal models with a loss-of-function of CTNNA3 developed early DCM [39]. These
earlier results and the correlations with the impaired LV function of patients found in this
study, confirm the relevant role of this molecule in DCM progression.

Analyzing the relationships in cell adhesion genes related to LV function, we found that
were also related between all of them. Some authors have shown a molecular link between the
catenin o.-3 (AJ) and desmosomes in the heart [8]. These specific links, found between genes
belonging to the three main junction structures of the ID, and the direct relationships found
with EF and LV dimensions, increases the relevance and evidences the presence of an interre-
lation of these ID molecules in the mechanisms involving LV perturbations in human DCM.
Since these molecules participate actively and physically in the interaction that occur in the ID,
that mechanically and electrically attach cardiomyocytes to each other enabling the contrac-
tion process, their alterations, and above, their down-regulation may be influencing the ven-
tricular function decay observed in these patients.

We further examined the images of the human LV samples obtained using electron micros-
copy, which showed increased breakdown of the ID and desmosomes in subjects with DCM.
Indeed, we observed widening of AJ gaps in patients, as previously observed by Basso et al. in
arrhythmogenic right ventricular cardiomyopathy patients [24]. In addition, the ID convolu-
tion index is diminished in these patients, and other alterations such as paleness of desmo-
somal internal plaques and gaps between cells were found in the DCM but not in the CNT
samples, an observation not previously reported by other authors in human tissue. We com-
plemented the ultrastructure observations with immunohistochemistry studies of connexin
46, desmoplakin and catenin a-3 which showed reduced immunolabeling in DCM samples.
These results are consistent with the changes observed in the expression of ID genes and pro-
teins, evidencing a crucial role for these molecules in ID structure organization.

A common limitation of the studies using samples from end-stage failing human hearts is
the fact that there is a high variability in disease etiology and patients are under heavy medical
treatment.

In conclusion, this study shows novel expression alterations in cell adhesion genes and pro-
teins of patients with DCM. Furthermore, three of these genes, all components of the micro-
scopically altered ID structure, GJA3, DSP and CTNNA3, have shown relevant relationships
with the depressed LV functional status and remodeling. These findings give new data for
understanding the ventricular depression that characterizes DCM, opening a new therapeutic
perspective for these critically diseased patients.

Supporting information

S1 Table. Cell adhesion category genes in DCM patients. Table shows gene expression levels
and p-values of cell adhesion genes in DCM patients compared to CNT subjects CNT, control;
DCM, dilated cardiomyopathy; FC, fold change.
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