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Changes in transcriptomic landscape in human

end-stage heart failure with distinct etiology
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SUMMARY

Heart failure (HF) is the ultimate outcome of a variety of heart diseases, including
restrictive cardiomyopathy (RCM), ischemic heart disease (IHD), and valvular
heart disease (VHD). To date, accumulating evidence has suggested an important
role of noncoding RNAs (ncRNAs) in HF. We performed RNA-sequencing studies
with myocardial mRNAs/IncRNAs/circRNAs/miRNAs from non-failing hearts
(donor heart tissue from heart transplantation) and three groups of patients
with HF (RCM, IHD, and VHD). HF-related gene regulatory networks and gene
co-expression networks were constructed based on the interaction relationship
and expression profiles of differentially expressed mRNAs/ncRNAs. Our results
indicated that HF with different etiologies is regulated by complex IncRNA/
circRNA/miRNA/mRNA regulatory networks, comprising common pathways
that are shared by all HF types as well as distinct pathways that are enriched in
specific HF types. In addition, the HF biomarkers identified in our study have
an important clinical application value in HF staging and HF type diagnosis.

INTRODUCTION

Heart failure (HF) is the ultimate outcome of a variety of heart diseases, including restrictive cardiomyop-
athy (RCM), ischemic heart disease (IHD), and valvular heart disease (VHD). RCM is characterized by the
limited filling of the left and/or right ventricles, and diastolic volume reduction; it is mainly divided into
three categories, such as cardiac amyloidosis, cardiac sarcoidosis, and cardiac hemochromatosis (Muchtar
etal., 2017). IHD is mainly caused by the progressive narrowing of the coronary arteries that supply oxygen
to the myocardium, which results in regional myocardial ischemia when the body’s oxygen demands in-
crease (Braunwald and Nicholls, 2015). The main pathogenic factor of IHD is atherosclerosis, a chronic in-
flammatory thickening of the arterial wall (Wirtz and von Kanel, 2017). VHD is a result of the dysfunction of
heart valves, namely mitral valve, tricuspid valve, aortic valve, and pulmonary valve, due to congenital or
acquired problems (Mrsic et al., 2018). Defective valves affect normal blood flow, leading to abnormal heart
workload and eventually HF. Clearly, despite their common end-stage disease, these heart diseases have
distinct characteristics and pathogenesis (Bauleo, 2002). However, it remains unknown whether there is a
shared mechanism underlying pathogenesis and progression of HF in these diseases.

Currently, the diagnosis of HF mainly relies on biomarkers. Among them, B-type natriuretic peptide (BNP)
and N-terminal B-type natriuretic peptide precursor (NT-proBNP) are the most used clinical biomarkers in
the prediction model of acute HF (Gandhi et al., 2015). Recently, accumulating evidence has suggested an
important role of noncoding RNAs (ncRNAs), including micro-RNAs (miRNAs), long noncoding RNAs
(IncRNAs), and circular RNAs (circRNAs), in HF (Dangwal et al., 2017).

miRNA refers to small, uncompiled RNA that binds to the complementary sequence of the 3’ untranslated
regions (3'-UTR) of messenger RNAs (mRNAs) to inhibit the translation and/or promote the degradation of
targeted mRNA, thereby regulating gene expression (Bartel, 2009). It has been reported that not only do
miRNAs (i.e., miR-208) regulate cardiac development but they also play an important role in the patholog-
ical remodeling of the heart in various diseases (Gama-Carvalho et al., 2014; Luo et al., 2015; Thum et al.,
2007; van Rooij et al., 2007). In addition, miRNAs are effective biomarkers for diagnosis of HF (Santaguida
et al., 2014). LncRNAs can act as a sponge of miRNAs to interact with corresponding miRNAs and regulate

'Department of Physiology,
School of Basic Medicine,
Tongji Medical College,
Huazhong University of
Science and Technology,
Wuhan 430030, Hubei, China

2Department of
Cardiovascular Surgery,
Union Hospital, Tongji
Medical College, Huazhong
University of Science and
Technology, Wuhan 430022,
Hubei, China

3College of Life Sciences,
Nankai University, Tianjin
300071, China

“Department of
Ophthalmology, Tongji
Hospital, Tongji Medical
College, Huazhong University
of Science and Technology,
Wuhan 430030, Hubei, China

>Center for Genomics and
Proteomics Research, School
of Basic Medicine, Tongji
Medical College, Huazhong
University of Science and
Technology, Wuhan 430030,
Hubei, China

¢Hubei Key Laboratory of
Drug Target Research and
Pharmacodynamic
Evaluation, Huazhong
University of Science and
Technology, Wuhan 430030,
Hubei, China

"These authors contributed
equally

8Lead contact
*Correspondence:

ximiaohe@hust.edu.cn (X.H.),
dongnianguo@hotmail.com

(N.D.)
expression of mMRNAs (Furio-Tari et al., 2016; Klattenhoff et al., 2013; Wang et al., 2014). For example, https://doi.org/10.1016/].isci.
IncRNA cardiac hypertrophy-related factor (Chrf) can downregulate the expression of miR-489 to mediate 2022.103935
) o
oo iScience 25, 103935, March 18, 2022 © 2022 The Authorf(s). 1

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:ximiaohe@hust.edu.cn
mailto:dongnianguo@hotmail.com
https://doi.org/10.1016/j.isci.2022.103935
https://doi.org/10.1016/j.isci.2022.103935
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2022.103935&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

¢? CellPress

OPEN ACCESS

cardiomyocyte hypertrophy and apoptosis (Wang et al., 2014). As such, IncRNAs also play an important role
in cardiovascular development (Fatima et al., 2015; Schonrock et al., 2012). Finally, circRNAs have been
identified as new biomarkers and possible therapeutic targets in HF (Devaux et al., 2017). In a mouse
model, heart-related circRNA (Hrcr) has been suggested to regulate myocardial hypertrophy by interacting
with miR-223 (Wang et al., 2016).

In the present study, we performed transcriptomics analysis of myocardial samples of non-failing hearts
and three groups of patients with HF (RCM, IHD, and VHD). We showed that HF with different etiologies
is regulated by complex IncRNA/circRNA/miRNA/mRNA regulatory networks, which comprise common
pathways that are shared by all HF types as well as distinct pathways that are enriched in specific HF types.
These findings have potential for the clinical diagnosis and treatment of HF.

RESULTS
Common regulatory genes for HF with different etiology

We performed RNA-seq studies with myocardial mRNAs from non-failing hearts (heart transplant donor
hearts failed to be implanted after heart acquisition) and three groups of patients with HF (RCM, IHD,
and VHD). In total, 983 mRNAs were differentially expressed in at least one of the HF groups. Among
them, 66 mRNAs were differentially expressed in all three HF groups (Figure 1A), indicating a common
response to all HF conditions. Strikingly, all HF-associated genes followed the same trend in all of the
HF groups and there were no "bidirectional” genes. Compared with the control group, 32 mRNAs were
upregulated and 34 mRNAs were downregulated in the HF groups (Figure 1B). In addition, the principal
components analysis (PCA) (Figure S1) and correlation analysis (Figure S2) of differentially expressed
mMRNAs/miRNAs/IncRNAs/circRNAs in at least one group revealed that the correlation among the three
HF groups was higher than that with the control group. Taken together, these data suggest that the three
types of HF share a common set of disease-related genes.

To gain insight into the functional relevance, we performed GO enrichment analysis on those common HF
genes (Figure 1C). In the upregulated gene set, GO terms were enriched in “positive regulation of tumor
necrosis factor (TNF)-mediated signaling pathway” and “positive regulation of cytokine-mediated
signaling pathway.” In the downregulated gene set, GO terms were enriched in “negative regulation of
phosphatase activity” and “negative regulation of dephosphorylation.” It is well known that TNF and other
inflammatory cytokines are related to HF. Furthermore, phosphorylation and dephosphorylation mediate
multiple cardiac HF-related signaling pathways, such as GP130, angiotensin, and adrenergic receptors. In
addition, previous studies have shown that inhibiting phosphodiesterase increases cAMP levels, and cAMP
plays animportant role in the maintenance of myocardial function. The cAMP-PKA signaling pathway is also
involved in myocardial infarction (Feng et al., 2016).

In addition, we validated the common differentially expressed mRNAs and their enrichment pathways in
several public datasets, such as GSE46224 and GSE1145, which were obtained from Gene Expression
Omnibus (GEO) database (https://www.ncbi.nlm.nih.gov/geo/) (Figure 2A). Four of the differentially ex-
pressed mRNAs, including two upregulated mRNAs (CNTNAP3 and THY7) and two downregulated
mRNAs (FOSLT and FAM166A), were also differentially expressed in at least one public dataset (Figures
2A and 2B). In the differentially expressed gene set of the ICM group in GSE46224 and GSE1145, GO terms
were also enriched in TNF-related pathways, cytokine-related pathways, and phosphorylation/dephos-
phorylation-related pathways (Figure 2A). These results indicated the consistency between our mRNA-
sequencing data and public data.

Disease type-specific genes in HF regulation

Then, we performed GO enrichment analysis on the 374, 174, and 212 genes that were differentially
expressed in RCM, IHD, and VHD groups, respectively (Figure 3). First, we noted that GO terms “pro-
tein-containing complex localization” and “purine nucleotide biosynthetic process” were enriched only
in RCM samples (Figure 3A), indicating proteomic stress (from amyloidosis or hemochromatosis) or
active proliferation of infiltrating cells (sarcoidosis) in the myocardium. There is no evidence that the
pathogenesis of RCM is related to hypoxic remodeling or mechanical stimulation; indeed, such GO
terms were not enriched in RCM. Next, the VHD group showed GO term enrichment in “positive regu-
lation of blood circulation,” “positive regulation of vasoconstriction,” “sensory perception of mechan-
ical stimulus,” "detection of mechanical stimulus involved in sensory perception of pain,” and
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Figure 1. Identification of differentially expressed mRNAs in HF-related diseases such as RCM, IHD, and VHD
(A) Venn diagrams of the number of differentially expressed mRNAs in RCM, IHD, and VHD groups.

(B) Heatmap of differentially expressed mRNAs in all HF groups, including RCM, IHD, and VHD. mRNAs marked with red
stars have been reported to be related to HF.

(C) GO chord plot of differentially expressed mRNAs in all groups, including RCM, IHD, and VHD.

"detection of mechanical stimulus involved in sensory perception” (Figure 3B). Clearly, these GO terms
are related to blood flow and mechanical stimuli, indicating that myocardial responses to abnormal he-
modynamic stress likely resulted from valve dysfunction. Finally, the IHD group showed GO term
enrichment in “I-kB kinase/NF-kB signaling” and "positive regulation of I-kB kinase/NF-kB signaling”
(Figure 3C). Given that NF-kB is a key regulator of inflammation and a direct modulator of HIF1a
expression, these GO enrichment results are consistent with the inflammatory and hypoxic nature of
IHD (Rius et al., 2008). Moreover, the GO pathway specifically enriched in the IHD group of our data
was also specifically enriched in the IHD group of public datasets GSE46224 and GSE1145 (Figure 3D).
Collectively, these GO enrichment analyses demonstrated that each type of HF triggers a unique tran-
scriptional response and that the type-specific gene sets may underscore the distinct pathogenesis of
different cardiac diseases.

LncRNAs target HF-related genes

From the IncRNA-seq study, we found a total of 764 differentially expressed IncRNAs, of which 205, 143,
and 185 were differentially expressed in the RCM, IHD, and VHD groups, respectively. A total of 75 IncRNAs
were differentially expressed in all three groups. Compared with the control group, 47 IncRNAs were
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Figure 2. Differential expression analysis and GO enrichment analysis in public datasets

(A) Differential expression analysis and GO enrichment analysis of mRNA dataset of GSE46224 and GSE1145. P values in
scatter plots were determined by edgeR package (edgeR-3.26.5). P values in bar plots were determined by Fisher exact
test. P values in scatter plots were determined by edgeR package (edgeR-3.26.5). P value in bar plots were determined by

Fisher exact test.

(B) Differential expression analysis of miRNA dataset of GSE104150 and GSE46224. P values in scatter plots were
determined by edgeR package (edgeR-3.26.5).

upregulated, while 28 were downregulated (Figures 4A and 4B). Among these 75 IncRNAs, AL121908.1,
AC087289.6, AC092069.1, AC009119.3, and AL033519.4 were mapped to the vicinity of PHACTR3,
AC087289.1, RAD23A, MLYCD, and FKBP5, which were identified as differentially expressed genes in
one or more disease groups (Figures 4C and 4D). In particular, significant upregulation of MLYCD has
been shown in patients with mitral regurgitation (MR)-based HF (Chen et al., 2016), indicating a potential
role of this gene in mitral valve insufficiency and pathogenesis of VHD. In this study, we found that MLYCD
was significantly upregulated in both the IHD and VHD groups, and this process may be regulated by
IncRNA. To date, there is no literature on these IncRNAs in HF.
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Figure 3. GO enrichment analysis of uniquely differentially expressed mRNA in RCM, IHD, and VHD groups

(A-C) GO chord plot of differentially expressed mRNAs in only RCM group (A), IHD group (B), or VHD group (C).

(D) GO bar plot of differentially expressed mRNAs in ICM group of GSE1145 and GSE46224. GO pathways showing specific enrichment in the RCM group,
IHD group, or VHD group in our RNA-seq data are labeled with different colors. P values in bar plots were determined by Fisher exact test.

Key circRNAs interact with HF-related miRNA and proteins

In the circRNA-seq, we identified 2402 differentially expressed circRNAs, among which 165 circRNAs (112
upregulated and 53 downregulated) were shared by all of the groups (Figures 5A and 5B). In addition, 374,
1120, and 378 circRNAs were differentially expressed only in RCM, IHD, and VHD groups, respectively.

In the HF common circRNA set, 16 circRNAs had corresponding mRNA related to HF. Furthermore, 12 of

them contained more than 100 bp (Figure S3) and had miRNA response elements (MREs) (Figure S3), indi-
cating that they may act as miRNA sponges.
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Figure 4. Differentially expressed IncRNAs and their corresponding strand differentially expressed mRNAs

(A) Heatmap of differentially expressed IncRNAs in all groups, including RCM, IHD, and VHD.

(B) Venn diagrams of the number of differentially expressed IncRNAs in RCM, IHD, and VHD groups.

(C) Heatmap of five mRNAs that were differentially expressed in one or more disease groups and located on the reverse
strand of corresponding differentially expressed IncRNA.

(D) Gene structure of differentially expressed lincRNAs and their corresponding differentially expressed mRNAs.

Next, bioinformatic analysis showed that 39 RNA-binding proteins can bind to the above 16 circRNAs, and
their corresponding mRNAs were differentially expressed in at least one of the HF groups (Figure 5C).
There were 26, 11, and 12 mRNA-binding proteins with corresponding mRNAs differentially expressed
in the RCM, VHD, and IHD groups, respectively. Among the RNA-binding proteins, AR, CEBPB, and
EP300 proteins contained more binding sites than other RNA-binding proteins. The AR/CEBPB/EP300
mRNAs were only differentially expressed in the RCM group (Figure 5C), indicating that RCM is more likely
to be regulated by circRNAs than VHD and IHD. The upregulated circRNAs (hsa-BAALC_0012, hsa-
STC2_0003, and hsa-VEGFC_0030) and the downregulated circRNA (hsa-F13A1_0031) could interact
with more proteins than other circRNAs (Figure 5C). We speculate that the upregulated and downregu-
lated circRNAs could form a balance and jointly regulate HF-related diseases. Of note, 31 out of 39
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Figure 5. Differentially expressed circRNAs and their differentially expressed RNA binding proteins

(A) Venn diagrams of the number of differentially expressed circRNAs in RCM, IHD, and VHD groups.

(B) Heatmap of differentially expressed circRNAs in all HF groups, including RCM, IHD, and VHD, for which corresponding
mRNAs have been reported to be related to HF.

(C) RNA-binding proteins and the number of their binding sites of differentially expressed circRNA in all HF groups,
including RCM, IHD, and VHD, for which corresponding mRNA have been reported to be related to HF.

RNA-binding proteins were only differentially expressed in one of the HF groups (Figure 5C), indicating
that circRNA may be involved in disease-specific regulation. However, although FOSL1 and MTA1 have
few RNA-binding sites, their mRNAs were downregulated in all of the HF groups (RCM/VHD/IHD) (Fig-
ure 5C), suggesting their critical roles in HF.

The miRNA regulatory network in HF

Our miRNA-seq data revealed 120 differentially expressed miRNAs, of which 25, 17, and 34 were differentially
expressed in the RCM, IHD, and VHD groups, respectively (Figure 6A). Compared with the control group, 15
miRNAs were differentially expressed in all three groups, with 12 upregulated and three downregulated.
Interestingly, similar to the results from mRNA-seq and IncRNA-seq studies, all miRNAs exhibited the
same trend of differential expression in all of the HF groups and none was “bidirectional” (Figure 6B).

Then, we validated our common differentially expressed miRNAs using several public datasets, such
as GSE104150 and GSE46224, which were obtained from GEO database (https://www.ncbi.nlm.nih.
gov/geo/) (Figure 2B). Seven of the upregulated mRNAs, namely hsa-miR-183-5p, hsa-miR-451a, hsa--
miR-144-3p, hsa-miR-182-5p, hsa-miR-4732-3p, hsa-miR-144-5p, and hsa-miR-31-5p, were also upregu-
lated in at least one public dataset. These results indicated the consistency between our miRNA-
sequencing data and public data.

We integrated prediction results of miRDB database, DIANA tools database, and miRanda software to map
the miRNA regulatory network in HF (Figure 6C), with focus on the genes regulated by multiple miRNAs.
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Figure 6. Differentially expressed miRNAs and gene regulatory networks for HF-related diseases

(A) Venn diagrams of the number of differentially expressed miRNAs in RCM, IHD, and VHD groups.

(B) Heatmap of differentially expressed miRNAs in all HF groups, including RCM, IHD, and VHD.

(C) Gene regulatory networks for HF-related diseases. MiRNAs, mRNAs, IncRNAs, and circRNAs in the networks are
differentially expressed in all HF groups, including RCM, IHD, and VHD.

For example, ADRA1A appears to be a target gene of miR-144-3p, miR-335-3p, and miR-182-5p. ADRATA
encodes the a1A adrenergic receptor, which is critical to normal cardiac function and hypertensive heart
disease (HHD) (He and Huang, 2017). We identified that ADRATA is relevant to all three types of HF (Fig-
ure 1B). Therefore, these three miRNAs may participate in all HF disease types. Indeed, it has been re-
ported that miRNA-144 is a cytoprotective miRNA in ischemia/reperfusion injury models (Li et al., 2018),
that miR-335-3p induces pulmonary arterial hypertension (PAH) through inhibition of APJ (Fan et al.,
2020), and that miR-182 is a potential prognostic marker for chronic congestive heart failure (CHF) (Cakmak
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Figure 7. MiR-144-3p could target ADRA1A mRNA in NRVM

(A) The sequences of miR-144-3p, miR-182-5p, and miR-335-3p in humans, rats, and mice.

(B) The relative miR-144-3p level in NRVMs transfected with miR-144-3p inhibitor or mimics (left), and the protein
expression of ADRA1TA in NRVMs transfected with miR-144-3p inhibitor or mimics (right). Data in barplot are shown as
mean +SEM.

et al., 2015). It is plausible that different HF-related diseases could be regulated by ADRATA through
different miRNAs, such as miR-144-3p, miR-335-3p, and miR-182-5p. We obtained the sequence informa-
tion of miR-144-3p, miR-335-3p, and miR-182-5p from the miRDB database and NCBI database, and per-
formed alignment analysis. As shown in Figure 7A, miR-144-3p is conserved across humans, rats, and mice
(Figure 7A). Thus, we next verified whether miR-144-3p could target ADRATA mRNA in neonatal rat
ventricle myocytes (NRVMs) by transient transfection with miR-144-3p inhibitor or mimics. We examined
the changes in ADRA1A protein level by western blot (WB) in NRVMs after the transfection. The results
demonstrated that miR-144-3p negatively regulated the protein expression of ADRATA (Figure 7B).

In addition, CORIN, a cardiac protease that cleaves pronatriuretic peptides, was downregulated in all dis-
ease samples (Figure 6C). The CORIN gene promoter shares many of the transcription binding sites with
ANP and BNP precursors (such as GATA-4.2) (Ngo et al., 2013). It has been shown that corin expression
in the mouse heart is reduced in a dilated cardiomyopathy model, and cardiac overexpression of corin pro-
tects mice from HF and death (Gladysheva et al., 2013). According to our results, CORIN has a potential
regulatory relationship to miR-187 (Figure 6C), and miR-187 is also downregulated in all of these disease
samples (Figure 6B). Hitherto, miR-187 has never been reported to be associated with HF.

The gene co-expression networks for HF-related diseases

Based on the mRNAs/miRNAs/IncRNAs/circRNAs that were differentially expressed in all of the HF groups,
we constructed a co-expression network of HF-related diseases. The differentially expressed genes were
clustered into three modules, including Module-Mock, Module-RCM&VHD, and Module-IHD (Figure 8A).
Among them, Module-Mock had a higher correlation with the control group, but had a lower correlation
with all HF disease groups, indicating that the genes in Module-Mock had an impact on all three HF-related
diseases (Figure 8A). However, Module-RCM&VHD and Module-IHD had the lowest correlation with the
control samples, while the correlation with other samples was not consistent; this indicates that although
the genes in Module-RCM&VHD and Module-IHD were differentially expressed in the three HF-related dis-
ease samples, the genes in Module-RCM&VHD and Module-IHD may only affect certain patients in the dis-
ease groups (Figure 8A). This is consistent with the clinical notion that, although patients with end-staged
RCM/IHD/VHD have similar symptoms, their pathogenesis is not the same. For example, Module-
RCM&VHD showed a high correlation with RCM5 sample (cor = 0.47, p value = 0.02) and VHD2 sample
(cor = 0.64, p value = 8 x 104, and Module-IHD and IHD1 samples showed a high correlation (cor =
0.57, p value = 3 x 1073). This demonstrates that the genes in Module-RCM&VHD may only affect some
patients with RCM and VHD, while Module-IHD may only affect some patients with IHD. These findings
also suggest that the causes of HF-related diseases are very complex at the genetic level, and that different
genes may cause the same phenotype.

In further analysis of the co-expression network of HF-related diseases, we found that ADRA1A had a very
high correlation with the expression of multiple differentially expressed genes, including differentially ex-
pressed IncRNAs and circRNAs, suggesting a core regulatory role of ADRATA in the development of HF-
related diseases (Figure 8B). Kyoto Encyclopedia of Genes and Genomes (KEGG) database also suggested
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Figure 8. Gene co-expression networks for HF-related diseases

(A) Three modules for all differentially expressed genes in all HF groups, including RCM, IHD, and VHD, and the correlation coefficients between modules
and samples. P values in parentheses were determined by Pearson correlation test.P-vlues in parentheses were determined by Pearson correlation test.

(B) Gene co-expression networks based on each module for HF-related diseases.

that many signaling pathways involving ADRA1A are related to HF-related diseases, including hsa0415:
AMPK signaling pathway, hsa0426: adrenergic signaling in cardiomyocytes, hsa0402: cGMP-PKG signaling
pathway, hsa0497: salivary secretion, hsa0402: calcium signaling pathway, and hsa0427: vascular smooth
muscle contraction. AMP-activated protein kinase, the core of the AMPK signaling pathway, controls a
large number of metabolic pathways and plays a key role in regulating the metabolism of myocardial tissue
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(Kim and Dyck, 2015). Regulating the epinephrine signaling pathway to cardiomyocytes has always been
one of the most critical goals of HF therapy (Fujita and Ishikawa, 2011). cGMP usually stimulates the pro-
duction of cardioprotective protein (protein kinase G, PKG), which is known to protect the heart muscle
from stress damage caused by disease (Lee et al., 2015). Previous studies have shown that patients with
HF have dysfunction of salivary gland secretion (Klimiuk et al., 2020). The regulation of vascular smooth
muscle cell (VSMC) contraction is calcium-dependent. Vasoconstrictors increase intracellular Ca®* levels
to induce VSMC contraction (Touyz et al., 2018).

DISCUSSION

HF remains an unmet clinical challenge because all cardiovascular diseases eventually lead to HF, and there
is not yet a cure. Therefore, identification of novel pathogenic pathways and biomarkers in HF is of great
scientific and clinical importance. Here, we reported the results of the comprehensive transcriptomic study
on human subjects with three different types of HF, namely RCM, IHD, and VHD, which are well known to
have distinct etiology. By integrating the bioinformatic data from mRNA, miRNA, IncRNA, and circRNA
sequencing, we identified the common and distinct pathways related to HF with different etiologies,
and explored the interactions among different RNA species. Furthermore, certain small RNA molecules
identified in this study were associated with a specific HF type and thereby have potential to serve as novel
biomarkers in clinical setting.

To the best of our knowledge, we were first to systematically demonstrate how pathogenesis of HF is regu-
lated by multiple mechanisms at the mRNA, miRNA, IncRNA, and circRNA levels. As described below,
these HF-related coding and noncoding RNAs can be divided into three categories, namely the HF com-
mon set, the HF type-specific set, and the HF individual-specific set. First, the HF common set RNAs were
differentially expressed in all patients with HF, indicating a shared pathological mechanism or end-stage
HF condition. Through the gene co-expression network and gene regulatory network, we found that the
common regulatory genes related to different causes of HF play a central role in the network, such as genes
in Module-Mock (Figures 6C, 8A, and 8B). Second, the HF type-specific set RNAs were only differentially
expressed in one type of HF. Notably, even in end-stage HF, these genes were differentially expressed,
and GO pathway analysis suggested that they may regulate distinct pathogenesis pathways triggered
by different causes (Figures 2A-2C). Third, the HF individual-specific set RNAs were only differentially ex-
pressed in certain subjects regardless of HF types, such as genes in Module-RCM&VHD and Module-IHD
(Figure 8A). This set of RNAs may be associated with individual genetic variants. Mechanistically, GO
enrichment analysis revealed that the HF common set mRNAs were enriched in the signaling pathways
related to TNF and cAMP, which is consistent with the inflammatory nature of HF; the HF type-specific
set mMRNAs were enriched in pathways related to energy metabolism/inflammation and hypoxia/hemody-
namic pressure, which is closely related to the specific causes of the corresponding diseases. Furthermore,
we provided evidence indicating the regulatory role of IncRNA and the molecular sponge role of circRNA in
HF. Finally, we integrated all data to construct the co-expression network and the gene regulation network
to comprehensively illustrate the possible transcriptional and post-transcriptional regulatory mechanisms
in the pathogenesis of HF.

Another key finding of our study is related to the identification of novel HF biomarkers that may have
important clinical application value in HF staging and HF type diagnosis. At present, the staging of HF
in clinical practice mainly relies on clinical symptoms, with a handful of biomarkers such as NT-proBNP,
cardiac troponin (cTn) (Gommans et al., 2021), growth stimulation expressed gene 2 (ST2) (Dieplinger
and Mueller, 2015), galectin 3 (GAL3) (McCullough et al., 2011), growth differentiation factor 15
(GDF15) (Anand et al., 2010; Havranek and Marek, 2021), and copeptin (Maisel et al., 2011). These HF bio-
markers could evaluate different stages of HF through different ways and mechanisms, and improve the
sensitivity and specificity of the diagnosis, treatment, and prognosis. However, there are limitations to the
use of these biomarkers. For example, ST2 has higher accuracy in the short term, but its predictive accu-
racy drops significantly as disease progress (Gaggin et al., 2014; Ky et al., 2011); the expression level of
GAL3 may be interfered by renal function of patients (Anand et al., 2013); and the increase in GDF15
expression is not specific to HF but may be affected by damage to various systems (Kempf et al.,
2006). Therefore, identification of novel HF biomarkers is of clinical importance. In our study, we identified
three sets of HF genes. Among them, the HF common set of genes may be suitable as biomarkers for HF
classification or therapeutic targets to ameliorate HF symptoms; the HF type-specific set could be HF
type-specific biomarkers to diagnose different HF types and provide basis for specific HF treatment
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plans; and the individual-specific set is potentially useful for the realization of precision medicine in HF-
related diseases.

Another important aspect of our work is related to the identification of HF regulatory network formed by
mRNA, miRNA, IncRNA, and circRNA. Based on the expression levels and nucleic acid sequence, we con-
structed the gene co-expression network and the gene regulatory network with transcriptomic data from all
four RNA species (Figures 6C and 8B). We found that IncRNAs appeared less enriched in the gene regula-
tory network, while miRNAs appeared less enriched in the gene co-expression network, indicating their
unique regulatory mechanisms. In the gene regulatory network, miRNAs act as key nodes to connect
mRNAs, IncRNAs, and circRNAs, mainly by nucleic acid sequence-based targeting regardless of miRNA
expression levels. Only two IncRNAs showed sequence interactions with miRNAs, indicating that the pre-
dominant role of IncRNAs in gene expression is independent of miRNAs. Theoretically, IncRNA could bind
to homologous DNA/RNA sequences, fold into a complex secondary structure, and bind to a variety of pro-
teins (Ponting et al., 2009). In the gene co-expression network, the interaction of IncRNA with mRNA,
miRNA, and circRNA is mainly reflected in the correlation of their expression levels, implying a regulatory
relationship between IncRNA and mRNA/circRNA in pathogenesis of HF.

Limitations of the study

In our study, we found that the common pathways shared by all HF types and the distinct pathways enriched
in specific HF types together constitute a complex IncRNA/circRNA-miRNA-mRNA regulatory network that
is related to the occurrence of HF with different etiologies. In addition, we provided novel HF biomarkers
with an important clinical application value in HF staging and HF type diagnosis. Our results need to be
further verified by experiment combined with clinical data.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Critical commercial assays
TRIzol reagent Invitrogen Cat#15596-018

TRIzol reagent

RNAiIMAX reagent

RIPA buffer

Protease inhibitor cocktails
Phosphatase inhibitor cocktails
Anti-GAPDH polyclonal antibody
Anti-ADRATA polyclonal antibody
Agilent 2100 Bioanalyzer
Ribo-Zero™ rRNA Removal Kit
TruSeq PE Cluster Kit v3-cBot-HS
lllumina HiSeq X sequencing system
14-30 ssRNA Ladder Marker
QlAquick Gel Extraction Kit
BGISEQ-500 platform

Shanghai Promega
Invitrogen
Beyotime Biotechnology
Roche

Roche

Utibody
Proteintech
Agilent

Epicentre

lllumina

lllumina

Takara

QIAGEN
BGI-Shenzhen

LS1040
Cat#13778-150
P0013B
Cat#04693132001
Cat#04906845001
UM4002
19777-1-AP
SD-UF0000050
RZH1046
PE-401-3001
15050091 v07
H3416
Cat#28704

N/A

Deposited data

Human reference genome NCBI build 38, GRCh38
Human gene annotation file (Ensembl version 97)
Public data, Non-coding RNA profiling by high
throughput sequencing

Public data, Non-coding RNA profiling by array
Public data, Expression profiling by array

Raw data

ENSEMBL
ENSEMBL
GEO

GEO
GEO
This paper

http://ftp.ensembl.org/pub/release-97/fasta’homo_sapiens/dna/
http://ftp.ensembl.org/pub/release-97/gff3/homo_sapiens/
GEO: GSE46224

GEO: GSE104150
GEO: GSE1145
HRA001366; https://ngdc.cncb.ac.cn/gsa-human/s/EOneHkH8

Software and algorithms

FastQC
STAR-v2.5.1b
Rsubread-1.32.3

circAtlas 2.0 database
bowtie-1.1.2
mirdeep-2.0.0.8

miRBase 22 database
DESeq2-1.24.0

edgeR-3.26.5

clusterProfiler-3.12.0

miRDB database

Babraham Bioinformatics
Dobin et al., 2013
Liao et al., 2019

Wu et al., 2020
Langmead et al., 2009
Mackowiak, 2011

Kozomara et al., 2019

Love et al., 2014

Robinson et al., 2010

Yu etal.,, 2012

Chen and Wang, 2020;
Liu and Wang, 2019

http://www.bioinformatics.babraham.ac.uk/projects/fastgc/
https://github.com/alexdobin/STAR/archive/refs/tags/2.5.1b.tar.gz

http://www.bioconductor.org/packages/release/bioc/html/
Rsubread.html

http://circatlas.biols.ac.cn/
http://bowtie-bio.sourceforge.net/index.shtml

https://github.com/rajewsky-lab/mirdeep2/archive/refs/tags/
v0.0.8.tar.gz

http://www.mirbase.org/

http://www.bioconductor.org/packages/release/bioc/html/
DESeqg2.html

http://www.bioconductor.org/packages/release/bioc/html/
edgeR.html

http://www.bioconductor.org/packages/release/bioc/html/

clusterProfiler.html

http://mirdb.org/
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

DIANA LncBase Predicted v.2 tools Paraskevopoulou et al., 2016 http://carolina.imis.athena-innovation.gr/diana_tools/web/
index.php?r=Incbasev2/index-predicted

miRanda-3.3a Betel et al., 2010 https://anaconda.org/bioconda/miranda

WGCNA-1.69 Langfelder and Horvath, 2008  https://cran.r-project.org/web/packages/WGCNA/index.html

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources should be directed to and will be fulfilled by the lead con-
tact, Nianguo Dong (dongnianguo@hotmail.com).

Materials availability

This work did not generate new unique reagents.

Data and code availability

Our data hadbeen uploadedto the National Genomics Data Center (https://ngdc.cncb.ac.cn/gsa-human/),
under accession number NGDC: HRA001366 (https://ngdc.cncb.ac.cn/gsa-human/s/EOneHkH8). The data
are available upon request by contacting lead contact, Nianguo Dong. No new code was generated during
this study. Any additional information required to reanalyze the data reported in this paper is available from
the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

This study contained a total of 24 samples in four groups, including non-failing hearts (heart transplant
donor heart failed to be implanted after heart acquisition), RCM patients, IHD patients, and VHD patients,
with six samples in each group (Table S1). Non-failing hearts were free of any cardiac disease. HF groups
were diagnosed with end-stage HF of the corresponding etiology (Table S1). This study was conducted in
accordance with the Declaration of Helsinki and was approved by the local ethics committees of all partici-
pating hospitals. Written informed consent was obtained from each patient.

METHODS DETAILS
RNA extraction

Total RNA was extracted from the left ventricular myocardium of RCM/IHD/VHD patients and non-failing
hearts using TRIzol reagent following the manufacturer’s instructions (Invitrogen, Carlsbad, CA, USA).
Briefly, approximately 60 mg of tissue was ground in liquid nitrogen, dissolved in 1.5 mL of TRIzol reagent,
and subjected to RNA extraction. Subsequently, RNA samples were quantified using Nano Drop, and the
quality of RNA was analyzed using Agilent 2100 bioanalyzer (Agilent, USA).

mRNA/IncRNA and circRNA RNA-seq

To prepare RNA-seq libraries, 5 pg of total RNA per sample was subjected to DNA digestion and rRNA
removal (Ribo-Zero rRNA Removal Kit) processes to eliminate contamination of DNA and rRNA, respec-
tively. For circRNA libraries, RNA samples were further treated with RNase R digestion to remove linear
RNA and followed by fragmentation. Next, the fragmented circRNA and mRNA/IncRNA samples were sub-
jected to reverse transcription and PCR to generate double-strand cDNA libraries. For quality control (QC),
the concentration and size range of DNA fragments were determined by real-time PCR and Agilent 2100
Bioanalyzer (Agilent, USA). Then, the libraries were denatured into single strand by adding NaOH, hybrid-
ized with the adapters on Flowcell, and subjected to bridged PCR amplification using the TruSeq PE Cluster
Kit v3-cBot-HS (lllumina, USA). Finally, paired-end 150 bases reads were generated on lllumina HiSeq X
sequencing system.

MiRNA library construction

To isolate miRNA, 1 ng of total RNA was subjected to electrophoresis on a 15% urea denaturing polyacryl-
amide gel electrophoresis (PAGE) gel, and the gel regions corresponding to 18-30 nt RNA (14-30 ssRNA
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Ladder Marker, TAKARA) were excised to recover and purify miRNA. After ligation of 5'- and 3'-adaptors,
miRNA samples were subjected to reverse transcription and PCR amplification. The PCR products were
screened by agarose gel electrophoresis, and the target fragments of 100-120 bp were purified using
QlAquick Gel Extraction Kit (QIAGEN, Valencia, CA). After the same QC processes as for mRNA, miRNA
cDNA libraries were sequenced using a BGISEQ-500 platform (BGI-Shenzhen, China).

Transcriptome alignment

After using FastQC (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/) to perform QC on raw
data, we applied STAR (STAR-v2.5.1b) (Dobin et al., 2013) to map IncRNA-seq data and circRNA-seq
data to the human reference genome GRCh38.p10/hg38. Then, for IncRNA-seq data, Rsubread package
(Rsubread-1.32.3) (Liao et al., 2019) and gene annotation file (Ensembl version 97) were applied to quantify
the transcripts. According to the biotype provided in the Ensembl annotation file, nRNA and IncRNA were
extracted for subsequent analysis. For circRNA-seq data, Rsubread package and circRNA annotation file in
the circAtlas 2.0 database (http://circatlas.biols.ac.cn/) (Wu et al., 2020) were applied to quantify the
transcripts. For miRNA-seq data, bowtie (bowtie-1.1.2) (Langmead et al., 2009) was employed to map
miRNA-seq data to the human reference genome GRCh38.p10/hg38. Then, miRDeep2 (mirdeep-2.0.0.8)
(Mackowiak, 2011) and miRBase database (miRBase 22, http://www.mirbase.org/) (Kozomara et al., 2019)
were used to quickly quantify human reported miRNAs. Sequencing information for mRNA-seq and
IncRNA-seq, miRNA-seq, and circRNA-seq is displayed in Tables S2-54.

Differential gene expression analysis

We utilized DESeq2 package (DESeq2-1.24.0) (Love et al., 2014) to examine differential gene expression.
Our definition of a differentially expressed gene was as follows: [log2fold change| >1 and FDR <0.05.
Next, the rokm function in the edgeR package (edgeR-3.26.5) (Robinson et al., 2010) was applied to calcu-
late RPKM (Reads Per Kilobase per Million mapped reads) of each transcript. Heat maps of the differential
genes were drawn using the pheatmap package (pheatmap-1.0.12) according to RPKM of the correspond-
ing differential genes. The Venn diagram of differential genes was drawn using the Vennerable package
(Vennerable-3.0). For the differential genes in each sample, the correlation of their expression levels was
calculated. Then, principal components analysis (PCA) was applied for dimensionality reduction analysis
of differential genes in each sample.

For public data sets, GSE46224, GSE1145, and GSE104150 were obtained from GEO database. We utilized
the edgeR package (edgeR-3.26.5) to determine differential gene expression in the above public data sets.
Our definition of a differentially expressed gene was as follows: |log2fold change| >0.8 and FDR <0.05.

Gene ontology enrichment analysis

Gene ontology (GO) enrichment analysis assigns functional annotations to selected gene categories or
related genes. We used the R language clusterProfiler package (Yu et al., 2012) (clusterProfiler-3.12.0)
and human genome annotation information package org.Hs.eg.db (org.Hs.eg.db-3.8.2) to extract GO
annotation information of the differentially expressed genes. The GO enrichment analysis of the differen-
tially expressed genes and corresponding GO annotation information was performed by hypergeometric
test. We defined the enriched GO pathway as that with a p-value <0.05. Then, the GOplot package
(GOplot-1.0.2) was applied to draw chord diagrams for the differentially expressed genes and enriched
GO pathways. We applied the same method for GO enrichment analysis of the public data sets
GSE46224 and GSE1145.

Gene regulatory networks construction

Gene regulatory networks were constructed with genes that were differentially expressed in RCM, IHD, and
VHD samples. For the interaction between mRNAs and miRNAs, the target genes corresponding to human
miRNAs were predicted with miRDB database (http://mirdb.org/) (Chen and Wang, 2020; Liu and Wang,
2019). For the interaction between miRNAs and IncRNAs, miRNA recognition elements (MREs) on human
IncRNAs were predicted with DIANA LncBase Predicted v.2 tools (Paraskevopoulou et al., 2016). The inter-
action between miRNAs and circRNAs was predicted with miRanda software (miRanda-3.3a) (Betel et al.,
2010).
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Gene co-expression network construction

The WGCNA package (WGCNA-1.69) (Langfelder and Horvath, 2008) was applied to perform weighted
gene co-expression network analysis (WGCNA) on genes that were differentially expressed in RCM,
IHD, and VHD samples to describe the gene association patterns between different samples. Then, we
used the formula amn=|cmn|® (@mn: adjacent value between gene m and gene n, ¢, Pearson correlation co-
efficient between gene m and gene n expression, B: soft threshold) to create a weighted adjacency matrix.
We selected gene pairs with adjacency value greater than 0.25 to draw a gene co-expression network.

Cell culture and transfection

Neonatal rat ventricle myocytes (NRVMs) were isolated and cultured as described previously (Liao et al.,
2015). The cell transfection was carried out accordance to the manufacturer’s instructions. Briefly, the
mimics, inhibitors RNA oligos from GenePharma (100nm) were transfected into NRVMs by Lipofectamine
RNAIMAX Reagent (Invitrogen, 13778-150). rno-miR-144-3p mimics: UACAGUAUAGAUGAUGUACU; rno-
miR-144-3p inhibitor: AGUACAUCAUCUAUACUGUA.

RNA extraction and qPCR

The cDNA was synthesized using a cDNA synthesis kit, and a gRT-PCR kit was used for quantification (Gen-

27AACt

ePharma). The relative abundance of miRNA was calculated using the method, and the relative

expression levels were normalized to the expression of Ué.

Protein extraction and western blot

Protein from NRVMs was extracted using RIPA buffer (Beyotime Biotechnology, PO013B) supplemented
with protease and phosphatase inhibitor cocktails (Roche, 04693132001 and 04906845001). Protein lysates
were subjected to SDS-PAGE and transferred to nitrocellulose membranes. The membranes were then
blocked and incubated with appropriate primary antibodies followed by HRP-conjugated secondary anti-
bodies. The glyceraldehyde-3-phosphate dehydrogenase (GAPDH) expression was used as internal con-
trol for normalization. Anti-GAPDH polyclonal antibody (Utibody, UM4002); anti-ADRATA polyclonal anti-
body (Proteintech, 19777-1-AP).

Statistical analysis

R version 4.0.0 were employed to all statistical analysis and data visualization. All figures were produced
with ggplot2 (v3.3.1). Significance levels were defined as following: ns, P > 0.05, *P < 0.05 and **P < 0.01
for gene ontology enrichment analysis with Fisher's exact test.
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