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MATERIALS AND METHODS 

RNA extraction and integrity 

Heart samples were homogenized in a TissueLysser LT (Qiagen). RNA extractions were 

performed using a PureLink™ Kit (Ambion Life Technologies) for mRNA sequencing (mRNA-seq) 

or the Quik-RNATM miniprep plus kit (Zymo Research) for non-coding RNA sequencing (ncRNA-

seq), according to the manufacturer's instructions. RNA was quantified using a NanoDrop1000 

spectrophotometer and at Qubit 3.0 fluorometer (Thermo Fisher Scientific). The purity and 

integrity of RNA samples was determined using an Agilent 2100 Bioanalyzer with the RNA 6000 

Nano LabChip kit (Agilent Technologies). All samples displayed a 260/280 absorbance ratio > 

2.0 and RNA integrity numbers ≥9. 

mRNA-seq analysis 

PolyA-RNA was isolated form 25 micrograms of total RNA using the MicroPoly(A) Purist kit 

(Ambion). Total Poly(A) RNA samples were used to generate whole transcriptome libraries for 

sequencing on the SOLiD 5500XL platform, following the manufacturer's recommendation (Life 

Technologies). No RNA spike-in controls was used. Amplified cDNA quality was analyzed by the 

Bioanalyzer 2100 DNA 1000 kit (Agilent Technologies) and quantified using the Qubit 2.0 

Fluorometer (Invitrogen). The whole transcriptome libraries were used for making SOLiD 

templated beads following the SOLiD Templated Bead Preparation guide. Bead quality was 

estimated based on WFA (workflow analysis) parameters. The samples were sequenced using 

the 50625 paired-end protocol, generating 75 nt +35 nt (Paired-End) +5 nt (Barcode) 

sequences. Quality data were measured using software SETS parameters (SOLiD Experimental 

Tracking System). 

The initial whole transcriptome paired-end reads obtained from sequencing were 

mapped against the latest version of the human genome (version GRchr37/hg19) using the Life 

Technologies mapping algorithm (http://www.lifetechnologies.com/), version 1.3. It was using 



the standard Bioscope parameters of version 1.3, in paired ends and whole transcriptome 

analysis. For both reads, forwards and revers, the seed was the first 25 nucleotides with a 

maximum of 2 mismatches allows. The aligned records were reported in BAM/SAM format [1]. 

Bad quality reads (Phred score <10) were eliminated using Picard Tools software, version 1.83 

(http://broadinstitute.github.io/picard/). 

Subsequently, gene prediction were estimated using the cufflinks method [2] and the 

expression levels were calculated using the HTSeq software, version 0.5.4p3 [3], this method 

eliminate the multimapped reads, only the unique reads are considered for gene expression 

estimation. The edgeR method, version 3.2.4, was applied for differential expression analysis 

between conditions [4]. This method rely on different normalize process based in depth global 

samples, CG composition and length of genes. In the differential expression process, this 

method relies on a Poisson model to estimate the variance of the RNA-seq data for differential 

expressions. The mRNA-seq data discussed in this publication have been deposited in NCBI's 

Gene Expression Omnibus [5] and are accessible through GEO Series accession number 

GSE55296 (http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE55296). 

ncRNA-seq analysis 

The cDNA libraries have been obtained following Illumina´s recommendations. Briefly, 3´ 

and 5´adaptors were sequentially ligated to the RNA prior to reverse transcription and cDNA 

generation. The cDNA was enriched using PCR to create an indexed double-stranded cDNA 

library, and size selection was performed using a 6% polyacrylamide gel. The quality and 

quantity of the libraries were analysed using a 4200 TapeStation D1000 High-Sensitivity assay. 

The cDNA libraries were pooled and the pools were sequenced using paired-end sequencing 

(100 x 2) in the Illumina HiSeq 2500 sequencer.  

The quality control of the raw data was performed using the FastQC tool. For the adapter 

and quality fillert of raw data trim_galore was applied 

[http://www.bioinformatics.babraham.ac.uk/projects/trim_galore/]. Then, the insufficient 

http://broadinstitute.github.io/picard/
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE55296


quality reads (phred score < 20) were eliminated using the Picard Tools software [6]. RNAs 

predictions were estimated using HT Seq software (version 0.6.0) [3]. Differential expression 

analysis between conditions was assessed using DESeq2 method [7] (version 3.4). We 

considered as differently expressed ncRNAs those with a P value (P adj) corrected by 

FDR ≤ 0.05 to avoid identification of false positives across the differential expression data [8]. 

  



FIGURES 

 

Figure S1. String interaction network (https://string-db.org/) of 12 genes deregulated in 

heart failure patients. Only interactions with > 0.4 confidence interaction scores are shown. 

Know protein interaction (experimentally demonstrated) (pink) and from curated databases 

(turquoise), gene co- expression (black), textmining (cited together in PubMed abstracts) 

(green), protein homology (light purple). Proteins with known structures are indicated. 
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Figure S2. Differential expression levels of PPARA between heart failure patients with 

hypercholesterolemia and those without (A). Correlation between PPARA and cholesterol 

levels in patients with heart failure, (B). The values from the non-hypercholesterolemia 

patients were set to 1. Data are presented as the fold change ± standard error. Heart failure 

hypercholesterolemia patients (HC, n=3; green bars) and heart failure non-

hypercholesterolemia patients (Non-HC, n=21; grey bars). Mann-Whitney U test and Pearson 

correlation: *p<0.05. 

  



TABLES 

Table S1. mRNA expression of sphingolipid metabolism genes in heart failure. 

Ensembl Gene Description 

De novo pathway 

ENSG00000165389 SPTSSA Serine palmitoyltransferase small subunit A 

ENSG00000196542 SPTSSB Serine palmitoyltransferase small subunit B 

ENSG00000090054 SPTLC1 Serine palmitoyltransferase 1 

ENSG00000100596 SPTLC2 Serine palmitoyltransferase 2 

ENSG00000172296 SPTCL3 Serine palmitoyltransferase 3 

ENSG00000119537 KDSR 3-ketodihydrosphingosine reductase 

ENSG00000223802 CERS1 Ceramide synthase 1* 

ENSG00000143418 CERS2 Ceramide synthase 2* 

ENSG00000154227 CERS3 Ceramide synthase 3* 

ENSG00000090661 CERS4 Ceramide synthase 4* 

ENSG00000139624 CERS5 Ceramide synthase 5* 

ENSG00000172292 CERS6 Ceramide synthase 6* 

ENSG00000149926 TLCD3B Ceramide synthase* 

ENSG00000143753 DEGS1 Sphingolipid delta(4)-desaturase DES1 

ENSG00000168350 DEGS2 Sphingolipid delta(4)-desaturase/C4-monooxygenase DES2 

ENSG00000186951 PPARA 
Peroxisome proliferator-activated receptor alpha (PPAR-

alpha) 

ENSG00000112033 PPARD 
Peroxisome proliferator-activated receptor delta (PPAR-

delta) 

ENSG00000132170 PPARG 
Peroxisome proliferator-activated receptor gamma (PPAR-

gamma) 



Salvage pathway 

ENSG00000167769 ACER1 Alkaline ceramidase 1 (AlkCDase 1) 

ENSG00000177076 ACER2 Alkaline ceramidase 2 (AlkCDase 2) 

ENSG00000078124 ACER3 Alkaline ceramidase 3 (AlkCDase 3) 

ENSG00000104763 ASAH1 Acid ceramidase (ACDase) 

ENSG00000188611 ASAH2 Neutral ceramidase (NCDase) 

ENSG00000177076 SPHK1 Sphingosine kinase 1 

ENSG00000063176 SPHK2 Sphingosine kinase 2 

ENSG00000153820 SPHKAP A-kinase anchor protein SPHKAP 

ENSG00000126821 SGPP1 Sphingosine-1-phosphate phosphatase 1 

ENSG00000163082 SGPP2 Sphingosine-1-phosphate phosphatase 2 

ENSG00000166224 SGPL1 Sphingosine-1-phosphate lyase 1 

ENSG00000170989 S1PR1 Sphingosine 1-phosphate receptor 1 

ENSG00000267534 S1PR2 Sphingosine 1-phosphate receptor 2 

ENSG00000213694 S1PR3 Sphingosine 1-phosphate receptor 3 

ENSG00000125910 S1PR4 Sphingosine 1-phosphate receptor 4 

ENSG00000180739 S1PR5 Sphingosine 1-phosphate receptor 5 

ENSG00000148154 UGCG Ceramide glucosyltransferase 

ENSG00000177628 GBA Lysosomal acid glucosylceramidase 

ENSG00000070610 GBA2 Non-lysosomal glucosylceramidase 

Sphingomyelinase or hydrolysis pathway 

ENSG00000166311 SMPD1 Sphingomyelin phosphodiesterase (aSMase) 

ENSG00000135587 SMPD2 Sphingomyelin phosphodiesterase 2 (nSMase) 

ENSG00000103056 SMPD3 Sphingomyelin phosphodiesterase 3 (nSMase2) 

ENSG00000136699 SMPD4 Sphingomyelin phosphodiesterase 4 (nSMase3) 



ENSG00000198964 SGMS1 
Phosphatidylcholine:ceramide cholinephosphotransferase 

1 (Sphingomyelin synthase 1) 

ENSG00000164023 SGMS2 
Phosphatidylcholine:ceramide cholinephosphotransferase 2 

(Sphingomyelin synthase 2) 

Others 

ENSG00000100422 CERK Ceramide kinase (hCERK) 

ENSG00000067113 PLPP1 Phospholipid phosphatase 1 

ENSG00000141934 PLPP2 Phospholipid phosphatase 2 

ENSG00000162407 PLPP3 Phospholipid phosphatase 3 

ENSG00000224051 CPTP Ceramide-1-phosphate transfer protein 

ENSG00000113163 CERT1 Ceramide transfer protein (hCERT) 

ENSG00000116478 HDAC1 Histone deacetylase 1 (HD1) 

ENSG00000196591 HDAC2 H istone deacetylase 2 (HD2) 

*These enzymes act both in the de novo biosynthesis and in the salvage pathway catalyzing 

formation of ceramide from sphinganine or sphingosine. The genes altered in the mRNA-seq 

study are highlighted in bold. 

  



Table S2. miRNA involved in the regulation of the expression of sphingolipid metabolism 

genes. 

Ensembl miRNA Target gene References 

De novo pathway 

ENSG00000276365 miR-145 

SPTLC1 

[9] 

ENSG00000284202 miR-137-3p 

[10] 
ENSG00000207613 miR-181c 

ENSG00000207598 miR-124-3p# 

SPTLC2 

[11] 

ENSG00000207933 miR-9# 

[10] ENSG00000284032 miR-29a# 

ENSG00000283797 miR-29b-1 

ENSG00000283863 miR-3960 CERS1 [12] 

ENSG00000284351 miR-3622a-5p 

CERS2 

[13] 

ENSG00000207933 miR-9-5p# 
[14] 

ENSG00000207870 miR-221-3p 

[15] 
ENSG00000207725 miR-222-3p 

ENSG00000284190 miR-21-5p 

PPARA 

[16] 

ENSG00000207933 miR-9-5p# 
[17] 

ENSG00000283871 miR-130b-3p# [18] 

ENSG00000199085 miR-148a-3p [19] 

ENSG00000284010 miR-675-5p [20] 

ENSG00000207708 miR-141-3p [21] 

ENSG00000283824 miR-22-3p [22] 

ENSG00000284032 miR-29a-3p# PPARD [23] 

ENSG00000207808 miR-27a-3p# 
PPARG 

[24] 

ENSG00000207654 miR-128-3p [25] 



ENSG00000208009 miR-130a-3p 

[26] 
ENSG00000283871 miR-130b-3p# 

Salvage pathway 

ENSG00000283733 miR-146a-5p ACER3 [27] 

ENSG00000266643 miR-3677-3p 

SPHK1 

[28] 

ENSG00000284544 miR-330-3p [29] 

ENSG00000207651 miR-28-5p [30] 

ENSG00000207731 
miR-506-3p 

[31] 

ENSG00000284321 miR-124-3p# [32] 

ENSG00000207983 miR-613 [33] 

ENSG00000207696 miR-659-3p [34] 

ENSG00000283604 miR-338-3p SPHK2 [35] 

ENSG00000207808 miR-27a-3p# 
SGPP1 

[36] 

ENSG00000207807 miR-95-3p [37] 

ENSG00000199177 miR-31-5p SGPP2 [38] 

ENSG00000207971 miR-125b-5p SGPL1 [39] 

ENSG00000284499 miR-363-3p 

S1PR1 

[40] 

ENSG00000207726 miR-455-5p [41] 

ENSG00000207975 miR‑181b‑5p [42] 

ENSG00000283904 miR‑155‑5p [43] 

ENSG00000199080 miR-133b [44] 

ENSG00000284204 miR-19a-3p [45] 

ENSG00000207784 miR-542-3p [46] 

ENSG00000207971 miR-125b-1-3p [47] 

ENSG00000199161 miR-126a-3p 
S1PR2 

[48] 

ENSG00000207611 miR-149-5p [49] 



ENSG00000207743 miR-495-3p 

S1PR3 

[50] 

ENSG00000207608 miR-127-3p# [51] 

ENSG00000284565 miR-451a [52] 

Others 

ENSG00000284357 miR-34a-5p# 
CERK 

[53] 

ENSG00000207608 
miR-127-3p# 

[54] 

ENSG00000284357 miR-34a-5p# 

HDAC1 

[55] 

ENSG00000207714 miR-584-5p [56] 

ENSG00000198983 miR-449a [57] 

ENSG00000207735 miR-520d-5p [58] 

ENSG00000207785 miR-500a-5p 

HDAC2 

[59] 

ENSG00000207597 miR-490-3p [60] 

ENSG00000283705 miR-92a-3p [61] 

#These miRNAs have several mRNA target of sphingolipid metabolism as reflected in the table. 

The miRNA altered in the ncRNA-seq study are highlighted in bold. 
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