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Abstract
Background: Microarrays have been used extensively to profile transcriptome remodeling in
failing human heart, although the genomic coverage provided is limited and fails to provide a
detailed picture of the myocardial transcriptome landscape. Here, we describe sequencing-based
transcriptome profiling, providing comprehensive analysis of myocardial mRNA, microRNA
(miRNA) and long non-coding RNA (lncRNA) expression in failing human heart, before and after
mechanical support with a left ventricular assisted device (LVAD)

Methods and Results: Deep sequencing of RNA isolated from paired non-ischemic
(NICM,n=8) and ischemic (ICM,n=8) human failing LV samples collected pre- and post-LVAD,
as well as from non-failing human LV (n=8), was conducted. These analyses revealed high
abundance of mRNA (37%) and lncRNA (71%) of mitochondrial origin. miRNASeq revealed 160
and 147 differentially expressed miRNAs in ICM and NICM, respectively, compared with non-
failing LV. Among these only 2 (ICM) and 5 (NICM) miRNAs are normalized with LVAD.
RNASeq detected 18480, including 113 novel, lncRNAs in human LV. Among the 679 (ICM) and
570 (NICM) lncRNAs differentially expressed with heart failure, ~10% are improved or
normalized with LVAD. In addition, the expression signature of lncRNAs, but not miRNAs or
mRNAs, distinguishes cardiomyopathy of ischemic and non-ischemic origins. Further analysis
suggests that cis-gene regulation represents a major mechanism of action of human cardiac
lncRNAs.

Conclusions: The myocardial transcriptome is dynamically regulated in advanced heart failure
and following LVAD support. The expression profiles of lncRNAs, but not mRNAs or miRNAs,
can discriminate failing hearts of different etiologies and are markedly altered in response to
LVAD support. These results suggest an important role for lncRNAs in the pathogenesis of heart
failure and in reverse remodeling observed with mechanical support.
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Introduction
Transcriptional profiling has been utilized extensively in human heart failure (HF) to gain
new insights into complex disease pathways,1 to identify biomarkers for better diagnostic
and prognostic accuracy,2 and to examine the impact of therapeutic treatments, including
medications and implanted devices.3-5 Although intriguing results have been generated, the
genomic coverage provided in most, if not all, of these studies was limited owing to use of
conventional microarray or PCR-based assays. In addition, it has also become increasingly
clear that the transcription of the eukaryotic genome is far more pervasive and complex than
previously appreciated.6 Indeed, present estimates are that up to 90% of the mammalian
genome is transcribed, although messenger RNAs (mRNAs) and microRNAs (miRNAs), the
main transcript species targeted in previous myocardial transcriptional profiling studies,
account for only ~1% of all transcribed species.6 A large proportion of the mammalian
genome is transcribed as long non-coding RNAs (lncRNAs), a heterogeneous group of non-
coding transcripts longer than 200 nucleotides, residing within or between (long intergenic
RNA, lincRNA) coding genes.7,8 In addition, many lncRNAs have been shown to be
functional and involved in specific physiological and pathological processes, through
transcriptional or post-transcriptional regulatory mechanisms.9-11 To date, however,
lncRNAs have never been included in analyses of the human myocardial transcriptome. We
sought to determine whether a more comprehensive myocardial transcript profiling,
encompassing cardiac coding (mRNA) and non-coding (miRNA and lncRNA)
transcriptomes, would provide a more complete picture of the myocardial transcriptional
landscape in heart failure, and whether these changes were dynamically regulated following
hemodynamic unloading with a left ventricular assist device (LVAD).

In the studies presented here, a molecular and bioinformatic pipeline optimized for
comprehensive analysis and quantification of myocardial mRNA, miRNA and lncRNA
expression with next-generation sequencing was developed. The LV myocardial
transcriptional signatures of ischemic cardiomyopathy (ICM) and non-ischemic
cardiomyopathy (NICM), before and after mechanical circulatory support with an LVAD,
were analyzed and compared with those of non-failing human LV samples. These analyses
revealed that while the coding and noncoding transcriptomes are each dynamically altered
with advanced HF, lncRNA expression profiles are more sensitive to different HF etiologies
when compared with mRNA or miRNA expression profiles. In addition, the pathological
expression pattern of lncRNAs associated with cardiomyopathy improves in response to
LVAD support to a greater extent than that of either mRNAs or miRNAs, suggesting a
biological role for lncRNAs in mechanical circulatory support-induced reverse remodeling.
Finally, leveraging the unprecedented comprehensive human myocardial transcriptome data
obtained, we demonstrate that cis-, rather than trans-, gene regulation likely is the
predominant mechanism of action of cardiac lncRNAs. Taken together, the results presented
here provide a transcriptome blueprint to identify novel molecular targets and pathways in
human heart failure, as well as new insights into the mechanisms involved in the reverse
remodeling of myocardial dysfunctions in cardiomyopathy associated with mechanical
circulatory support.

Methods
An expanded Methods section is available in the Online Data Supplement.
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All high-throughput sequencing data have been submitted to the NCBI gene expression and
hybridization array data repository (GEO ID:GSE46224).

All studies were conducted in accordance with protocols approved by the Washington
University and Columbia University Institutional Review Boards.

Human Left Ventricular Tissue Acquisition and RNA Extraction
Paired LV samples from patients with severe heart failure of ischemic (ICM, n=8) and non-
ischemic (NICM, n=8) origin were collected at the time of LVAD implantation (pre-LVAD)
and during cardiac transplant (post-LVAD). Clinical parameters and the medical histories of
each subject are summarized in Supplemental Table S1. Non-failing human LV samples
(n=8) were collected from donor hearts, deemed not suitable for transplantation for technical
or non-cardiac reasons, from Mid-America Transplant Services (Supplemental Table S2).
Transmural LV tissue samples were collected from the LV apex, and total RNA was isolated
from individual samples and quality controlled using described methods.12,13

RNA Library Preparation, Sequencing and Data Processing
Barcoded RNA libraries were prepared from 3μg of total RNA of each LV sample using
TrueSeq RNA Sample Prep Kits (Illumina, CA) in accordance with the manufacturer’s
recommendations. To minimize lane and batch effects in RNASeq experiments, barcoded
libraries prepared from NF, paired ICM and NICM samples were mixed and pooled in
equimolar (10 nmol/L) amounts and diluted to 4 pmol/L for cluster formation on a single
flow cell lane, followed by pair-end sequencing on an Illumina HiSeq 2000 sequencer.

After separating the multiplexed sequencing data, adapter sequences were removed and the
individual libraries were converted to the FASTQ format. Sequence reads were aligned to
the human genome (hg19) with TopHat14 and the resulting alignment files were
reconstructed using Cufflinks.15 For mRNA analyses, the RefSeq and Ensembl transcript
databases were chosen as the annotation references. For lncRNA analyses, we generated an
annotation database that includes lncRNAs from the NONCODE 3.0 human non-coding
RNA database,16 the Human Body Map lincRNAs catalog,17 and the 113 novel lncRNAs
identified in the human LV samples analyzed here (See Results). The read counts of each
transcript were normalized to the length of the individual transcript and to the total mapped
read counts in each sample and expressed as RPKM (Reads Per Kilobase of exon per
Million mapped reads). Sequence reads mapped to different isoforms of individual genes
were pooled together for subsequent comparative analyses.

Small RNA Library Construction, Sequencing and Data Processing
Small RNA libraries were prepared from 1 μg total RNA of each LV sample using TrueSeq
Small RNA Sample Prep Kits (Illumina) in accordance with the manufacturer’s instructions.
Barcoded libraries prepared from NF, paired ICM and NICM samples were mixed and
pooled in equimolar (10 nmol/L) amounts and diluted to 8 pmol/L for cluster formation on a
single flow cell lane, followed by single-end sequencing on an Illumina HiSeq 2000
sequencer.

Using miRanalyzer 18 and Bowtie,19 sequence reads were mapped miRBase20v.18 human
database to detect known miRNA. The read counts of each known miRNA were then
normalized to the total counts of sequence reads mapped to miRBase v.18 database and are
presented as PMMR (sequences Per Million Mapped Reads).
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Sequencing Data Analyses and Statistical Methods
Cuffdiff 2.0 (mRNA and lncRNA) and miRAnalyzer (miRNA) were utilized for differential
expression analyses of the NF, compared with the ICM or NICM samples, where normalized
read counts, fold change, and P values (corrected for multiple testing) of each transcript
were reported (see Results). The statistical significance of differences between paired heart
failure (HF) samples before and after LVAD support was evaluated by paired sample
Wilcoxon signed rank test, where a two-tailed P value<0.05 was considered statistically
significant. Gene symbols and PMMR and RPKM values were imported into
MultiExperiment Viewer (MeV v4.7.4) for preparation of heat-map and hierarchical
clustering analyses. Partek Genomics Suite version 6.5 (Partek, St Louis, MO) was used for
principal component analyses. Correlation coefficients for comparisons of miRNA and
mRNA expression between biological replicates were calculated using Excel (Microsoft).

Results
Deep RNA Sequencing Identified Novel Human Cardiac lncRNAs and Revealed Distinct
Expression Signatures of Coding and Non-coding RNAs in Human LV

A total of 40 barcoded RNA and small RNA libraries were prepared from human LV
samples, including paired pre-LVAD and post-LVAD LV samples from patients with ICM
(n=8) and NICM (n=8); the time between collection of these samples varied from 111 to 690
days, with an average time 305±50 days. Non-failing (NF) human LV samples (n=8) were
also obtained from donor hearts. From these samples, a total of 572,026,460 read pairs and
507,195,283 reads were generated from RNASeq and miRNASeq experiments, respectively
(Table 1). For RNASeq, more than 500 million read pairs (89.0%) were aligned to the
human genome (hg19), where ~287 million (56.6%) mapped within exons, ~19.7 million
(3.9%) mapped to introns and ~166 million (32.8%) mapped to intergenic regions. For
miRNASeq, ~507 million reads (97.7%) were uniquely aligned to the human genome, ~333
million (66.1%) mapped to known miRNAs, and ~71 million (14.1%) to RNA species other
than miRNA.

RNASeq reads first underwent transcriptome reconstruction using Cufflinks, which
identified 2049 novel transcripts that do not overlap with any known coding or non-coding
genes (Figure 1), 158 of which are multi-exon transcripts. Among these novel multi-exon
transcripts, 118 were found to have low coding potentials and all but 5 were expressed at
≥0.5 RPKM in ≥2 individual samples. Among these 113 transcripts determined as novel
human cardiac lncRNAs, 100 are located in intergenic regions, and 13 intersect with known
genes. The genomic loci, transcript lengths and normalized read counts of each of these
novel lncRNAs in individual LV samples are summarized in Supplemental Table S3. To
explore the possible correlation between epigenetic modification and cardiac lncRNA
expression, we examined the epigenetic markers and DNaseI hypersensitivity information
reported by the ENCODE project21 at the genomic regions encoding the 18480 lncRNAs
detected in human LV samples analyzed here (Figure 1). Most of these genomic regions
contain DNaseI hypersensitivity loci (n=13418,72.6%), as well as epigenetic markers
signaling active transcription, including trimethylation at H3K4 (H3K4me3, n=18311,99%)
and acetylation at H3K27 (H3K27Ac, n=17164,92.9%). These findings are consistent with
previous suggestions that lncRNAs are encoded from genomic regions with active
transcriptional activity.22

For transcript expression quantification analyses in RNASeq experiments, read counts
mapped to different isoforms of individual mRNA or lncRNA were pooled together to
calculate the RPKM value of each gene. For miRNASeq, normalized read counts of each of
the annotated miRNAs were presented as PMMR (see Methods). Scatter plots of the
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normalized read counts of all mRNA/lncRNA (β=1.00, R2 >0.99 Supplemental Figure 1)
and miRNA (β=1.06, R2 >0.99, Supplemental Figure 2) showed high degrees of correlation
between technical replicates, indicating high levels of reproducibility. Similar to the reports
from our23 and other24 groups, quantification of transcripts by deep sequencing is highly
correlated with the results derived from qPCR analyses (Supplemental Figure 3), reflecting
the accuracy and reliability of deep sequencing analyses.

Using the criterion that a miRNA sequence must be detected in ≥2 small RNA libraries,
miRNASeq reads were mapped to 1007 mature miRNAs reported in miRBase v.18 (Figure
1 and Supplemental Table S4). All lncRNAs expressed at ≥1 RPKM and all mRNAs
expressed at ≥3 RPKM, in at least 2 different samples, are listed in Supplemental Tables S5
and S6, respectively. Strikingly, mRNAs and lncRNAs encoded by mitochondrial DNA
constitute the majority of the cardiac mRNAs and lncRNAs, accounting for 37% and 71% of
the total cardiac mRNA and lncRNA read counts, respectively (Figure 2A, B). While non-
mitochondrial mRNAs are evenly distributed among high (mean RPKM>3, 40%),
intermediate (mean RPKM 1-3, 18%) and low (mean RPKM<1, 42%) abundance groups
(Figure 2D), the majority (88%) of non-mitochondrial lncRNAs detected in human LV
samples are expressed at <1 RPKM, and only 6% of all cardiac non-mitochondrial lncRNAs
are expressed at ≥3 RPKM (Figure 2E). In contrast to mRNAs and lncRNAs, all of the
annotated cardiac miRNAs identified are non-mitochondrial; 54% of cardiac miRNAs are
expressed at low (<1 PMMR) levels and 37% at high (≥3 PMMR) expression levels (Figure
2F). The 20 most abundant non-mitochondrial mRNAs, lncRNAs and mature miRNAs
accounted for 24.6%, 48.7% and 81.8% of total non-mitochondrial mRNA, lncRNA and
miRNA reads in human LV, respectively (Figure 2G-I). The striking distinctions in the
relative abundances, expression patterns and types of RNA species in human LV are
consistent with the multi-faceted roles of RNA, as well as with the suggestion that the
biological functions of lncRNAs are very different from those of mRNAs and miRNAs (see
Discussion).

Expression Signature of lncRNAs, but not mRNAs or miRNAs, Differentiates Ischemic and
non-Ischemic Human Failing Hearts

Unsupervised hierarchical clustering of the expression profiles of cardiac mRNAs, miRNAs
and lncRNAs (Figure 3A-C) revealed a distinct expression signature of all three RNA
species in the cardiomyopathic, compared to the NF, samples. Principal component analyses
also revealed that mRNA, miRNA and lncRNA expression profiles distinguish failing from
non-failing LV (Figure 3D-F). Interestingly, lncRNA expression profiles also largely
distinguish the cardiomyopathic samples of ischemic and non-ischemic origin, with 7 of the
8 NICM and 7 of the 8 ICM samples classified correctly (Figure 3C). The profiles of
miRNA and mRNA expression, in contrast, do not distinguish ischemic and non-ischemic
cardiomyopathic samples (Figure 3A,B). Principal component analyses also revealed the
overlap in both mRNAs (Figure 3D) and miRNAs (Figure 3E) in the ICM and NICM
samples. To exclude the possibility that the marked difference in the discriminatory power
between mRNA and lncRNA resulted from the different low-abundance filtering criteria (≥3
RPKM for mRNA and ≥1 RPKM for lncRNA) used, we lowered the filtering criterion for
mRNAs to ≥1 RPKM and conducted a similar sample clustering analysis with the mRNA
dendrogram. As shown in Supplemental Figure 4, using mRNAs expressed at ≥1 RPKM, the
same criterion applied to lncRNAs for sample clustering, did not improve the power to
discriminate between ICM and NICM samples. This result indicates that the exquisite
sensitivity of lncRNA profiles to distinguish between cardiomyopathic samples cannot be
explained by usage of different low-abundance filtering criteria. Taken together, these data
suggest that lncRNA expression profiles are more sensitive than those of either miRNA or
mRNA in discriminating advanced heart failure of different etiologies (see Discussion). It
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has previously been reported that the expression profiles of subsets of mRNAs2 or
miRNAs25 are useful in discriminating ICM from NICM. To explore the hypothesis that
similar discriminatory power would be revealed in our data, we conducted additional
analyses on subsets of mRNAs and miRNAs using the panel of 90 genes reported by
Kitleson et al,2 as well as the panel of 29 miRNAs reported by Ikeda et al,25 to cluster the
samples in a mRNA (Supplemental Figure 5A) or miRNA dendrogram (Supplemental
Figure 5B). Analyses of these reduced subsets of mRNA or miRNA, however, did not
discriminate between ICM and NICM samples, possibly due to the differences in the
platforms of gene profiling (i.e., microarray versus deep sequencing of gene profiling used).
Interestingly, using only the 100 most differentially-expressed mRNAs identified here to
cluster these samples (Supplemental Figure 6) resulted in improved discriminatory power of
mRNA profiles and ICM/NICM samples were more clearly separated (only 2 ICM and 2
NICM samples were misclassified). These results suggest that stringent selection criteria are
needed when choosing mRNA/miRNA classifier genes to discriminate between
cardiomyopathies of different causes.

To explore further the hypothesis that lncRNA expression profiles can be used to
discriminate between ICM and NICM, we analyzed microarray data from an independent
cohort of human cardiac samples (11 NF, 11 ICM and 15 NICM) obtained from Harvard
Medical School CardioGenomics Programs for Genomic Applications (GSE1145).26 It has
been demonstrated previously that 10-30% of the probes in expression microarrays designed
for protein-coding gene analyses actually map to lncRNAs,27 and that with proper re-
annotation of these probe sets, many of these arrays can provide expression information on
lncRNAs.27,28 Using the microarray-reannotation R package provided by Gatexplorer,27 we
were able to extract and analyze the expression profiles of 5635 lncRNAs from these
conventional microarrays. Hierarchical clustering of the lncRNA expression profiles across
these failing and non-failing samples (Supplemental Figure 7A) demonstrated that 97.3%
(36/37) of these cardiac samples can be correctly classified by lncRNA expression signature,
with only one NICM sample mis-classified as ICM sample. In contrast, the expression
profiles of mRNAs from the same microarray data failed to distinguish ICM from NICM
samples (Supplemental Figure 7B). The expression heat map and the clustering dendrogram
of a subset of the lncRNAs in these failing and non-failing samples were illustrated in Figure
3G. Taken together, these results clearly support the hypothesis (above) that signature of
lncRNA expression discriminates between cardiomyopathies of different etiologies, which
may provide unique insights into the pathogenesis of heart failure in these different
conditions.

Deep Sequencing Reveals Dynamic Regulation of Cardiac lncRNAs with Heart Failure and
in response to LVAD Support

To determine the functional impact of LVAD support, echocardiographic (echo) and
hemodynamic data, obtained from HF patients before and after LVAD support, were
reviewed. As shown in Figure 4A-C, the dilated LV end-diastolic dimensions (LVEDD),
high systolic and diastolic pulmonary arterial pressures (PAP) in HF patients before LVAD
support were significantly (P<0.01) reduced after LVAD support. Expression of the heart
failure marker, atrial natriuretic factor (ANF), which is significantly increased in ICM and
NICM samples, is reduced with LVAD support (Figure 4D). The marked reductions in PAP,
LV size and myocardial ANF expression after LVAD support are consistent with
hemodynamic unloading and reverse remodeling that have been reported following
mechanical circulatory support.

Analyses of the changes in expression of miRNAs, mRNAs and lncRNAs following LVAD
support suggest that these RNA species are differentially regulated in response to
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hemodynamic unloading. Comparative analyses of miRNAs in HF samples revealed that
160 (100 up- and 60 down-regulated) and 147 (106 up- and 41 down-regulated) miRNAs are
differentially expressed (absolute fold change>1.2 and adjusted P<0.05)3 in ICM and NICM
samples, respectively (Figure 4E and Supplemental Table S7,S8 and S9). Among these, 7
(ICM, 4.4%) and 11 (NICM, 7.5%) miRNAs are significantly improved (corrected by at
least 25%)4 after LVAD support. In contrast, only 2 (hsa-miR-365a-3p and 378a-3p)
miRNAs in ICM and 5 (hsa-miR-548d-5p,760,425-5p, 93-3p and 193b-5p) miRNAs in
NICM are normalized to values that are within 10% of the mean levels in NF samples
(Supplemental Table S10). RNASeq analyses also revealed that there are 2262 (1945 up-
and 317 down-regulated) and 1929 (1508 up- and 421 down-regulated) mRNAs
differentially regulated in ICM and NICM hearts, respectively, with 115 (ICM, 5.1%) and
83 (NICM, 4.3%) improved (corrected by at least 25%) and 68 (ICM, 3.0%) and 45 (NICM,
2.3%) normalized (to <10% different from the mean value of NF), by LVAD support
(Figure 4E and Supplemental Tables S9,S11,S12 and S13). Among the 679 (ICM, 569 up
and 110 down-regulated) and 570 (NICM, 438 up- and 132 down-regulated) differentially
expressed lncRNAs in failing hearts (Figure 4E and Supplemental Tables S9,S14,S15 and
S16), 55 (ICM, 8.1%) and 56 (NICM, 9.8%) lncRNAs are improved and 26 (ICM, 3.8%)
and 30 (NICM, 5.3%) lncRNAs are normalized with LVAD support. Viewed together, these
results showed that a significantly higher proportion of differentially expressed lncRNAs in
failing hearts are improved (P=0.0092 and 0.0015 for ICM and NICM, respectively; Chi-
square test was used to compare 3 RNA groups) and/or normalized (P=0.21 and 0.0015 for
ICM and NICM, respectively, by Chi-square test) by LVAD support, when compared to
changes in miRNAs or mRNAs.

Interestingly, unsupervised hierarchical clustering of the cardiac lncRNA expression profiles
revealed that lncRNA expression signature not only distinguishes the NF from the
cardiomyopathic LV samples, it also distinguishes the cardiomyopathic (both ICM and
NICM) LV samples before and after LVAD treatment (Figure 5A,B). Principal component
analyses also revealed that lncRNA expression profiles differentiate failing (pre-LVAD),
from hemodynamically unloaded (post-LVAD), LV samples (Figure 5C,D). In contrast to
the lncRNAs, the expression profiles of both mRNAs and miRNAs failed to distinguish pre-
LVAD from post-LVAD HF samples (Supplemental Figure 8).

It has previously been reported that combining mRNA/miRNA profiles can provide
distinctions between HF samples before and after LVAD support.4 Additional analyses were
conducted, therefore, using the reported set of 50 mRNAs and 28 miRNAs4 to cluster the
NF and HF samples, before and after LVAD support. These analyses revealed that the
combined mRNA/miRNA profiles, although sufficient to separate NF from HF samples, did
not discriminate pre-LVAD from post-LVAD HF samples of either ischemic (Supplemental
Figure 9A) or non-ischemic (Supplemental Figure 10A) origins. Interestingly, by adding the
50 most differentially expressed lncRNAs into the mRNA/miRNA mix, the power was
increased and 96% (23 out of 24) of the samples were classified correctly in either ICM
(Supplemental 9B) or NICM (Supplemental 10B). These results suggest that lncRNAs can
provide an orthogonal and powerful marker for each disease state.

Taken together, these data indicate that lncRNA expression is dynamically regulated in
advanced heart failure to a much greater extent than either miRNAs or mRNAs following
mechanical circulatory support and that lncRNA expression profiles distinguish failing
hearts of different etiologies, and may serve as a useful biomarker for different disease
states.
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Expression of Cardiac Mitochondrial lncRNAs Are Negatively Associated with Nuclear-
Encoded Mitochondrial Regulatory Proteins

The high relative abundance (71%) of lncRNAs encoded from mitochondrial genome (mito-
lncRNA) in human LV (Figure 2) was intriguing and additional analyses were completed to
explore how these mito-lncRNAs are regulated with HF and in response to LVAD support.
We compared the mito-lncRNA abundance across different disease states, and examined the
association between mito-lncRNA expression levels and the nuclear-encoded proteins
known to regulate mito-lncRNA expression including ELAC2, MRPP3, PTCD1, PTCD2,29

as well as factors known to regulate mitochondrial gene transcription, including
PPARG1CA, PPARG1CB, PPRC1, GABPA, NRF1, TFAM, TFB2M, TFB1M,30 across all
samples. As shown in Supplemental Figure 11A, mito-lncRNA abundance trended lower in
ICM (by 12%, P=0.17) and NICM (by 9%, P=0.27), compared with the NF, LV samples. In
addition, LVAD support significantly (P=0.007) reduced mito-lncRNA abundance in NICM
(by 22%), but not in ICM, suggesting that the mitochondrial genomic response to
mechanical circulatory support varies with the disease state. Interestingly, there was a
significant (P<0.0001) negative correlation between the nuclear-encoded mitochondrial
regulators PPRC1 (r=−0.59), GABPA (r=−0.63), NRF1 (r=−0.63) and cardiac mito-lncRNA
abundance (Supplemental Figure 11B). It is possible that decreased mitochondrial transcript
abundance in failing myocardium and in response to LVAD support triggers a compensatory
upregulation of these nuclear-encoded mitochondrial regulators. Further experiments are
needed to determine the physiological impact of mito-lncRNA regulation with heart failure
and with mechanical circulatory support.

Expression of Cardiac lncRNAs and Neighboring Coding Genes Are Highly Correlated
Numerous studies have shown that lncRNAs act through regulating transcriptional
expression of nearby mRNA/protein coding genes.17,31 To explore the potential interactions
between the cardiac lncRNAs and neighboring coding mRNAs identified here, Pearson’s
correlation coefficients between the expression levels of the lncRNAs and nearby coding
genes (cis-mRNAs) were computed and compared with that of random gene pairs and
mRNA:cis-mRNA pairs. As shown in Figure 6A, there was no significant positive or
negative correlation between random gene pairs (0.4% with Pearson’s r>0.5, median=0.04),
whereas mRNA:cis-mRNA pairs are positively correlated (Figure 6B, 20.7% with Pearson’s
r>0.5, median=0.27), consistent with previous reports suggesting that adjacent genes may be
co-regulated through common cis-regulatory elements.32 Interestingly, lncRNA:cis-mRNA
pairs show even stronger correlations (Figure 6C, 41.4% with Pearson’s r>0.5,
median=0.43) than mRNA:cis-mRNA pairs (P<0.0001 by Fisher’s exact test). The highly
coordinated expression between neighboring lncRNAs and mRNAs may be attributed to the
presence of common regulatory elements shared by lncRNAs and cis-mRNAs and/or to the
positive regulatory potentials of lncRNAs on neighboring mRNAs. Figure 6D illustrates one
example of a lncRNA:cis-mRNA pair that is upregulated in heart failure and shows a strong
positive correlation: the expression of the retinoic acid receptor alpha (RARA) and lncRNA
n340651, which resides in the third intron of RARA; both are upregulated with HF and
showed a strong positive correlation (Pearson’s r=0.87, Figure 6E). This finding was
confirmed by quantitative PCR analyses (Figure 6F, Pearson’s r=0.80). The strong positive
correlation between lncRNA n340651 and the neighboring mRNA RARA suggests a cis
regulatory role for lncRNA n340651 on RARA gene expression.

The Potential of Cardiac lncRNAs to Interact with Remote Coding Genes Is Not Higher than
Background trans mRNA-mRNA Interaction

Although many lncRNAs function through cis regulation, thereby sharing high correlation
with nearby coding genes, others have been shown to interact with or to regulate the

Yang et al. Page 8

Circulation. Author manuscript; available in PMC 2015 March 04.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



expression of remote genes in trans.9,33 To explore the trans regulatory potential of cardiac
lncRNAs, pairwise correlations encompassing all detectable human cardiac lncRNAs and
mRNAs were computed. Pearson’s correlation coefficients of ~1 million lncRNA-mRNA,
as well as mRNA-mRNA, gene pairs that are located at a distance >1Mb or on different
chromosomes, representing trans-correlation of expression,34 were obtained. As shown in
Figure 7A, 7.1% of the tested lncRNA:trans-mRNA gene pairs showed positive correlation
(Pearson’s r>0.5), while 0.2% showed negative correlation (Pearson’s r< -0.5). Similarly,
mRNA:trans-mRNA gene pairs also showed more frequent positive than negative
correlations (Figure 7B, 8.9% vs 0.4%, respectively). However, the percentage (7.3%) of
lncRNAs showing a positive or negative correlation with trans-mRNAs are lower than the
percentage (9.3%) between mRNA:trans-mRNA gene pairs (P<0.0001 by Fisher’s exact
test). These observations suggest that the potential of lncRNAs to regulate/interact with
remote coding genes in trans in the human ventricular myocardium is, at most, not higher
than the extent of background mRNA:trans-mRNA interactions.

4. Discussion
The present study utilized next-generation sequencing to provide a quantitative and
comprehensive analysis of the coding and non-coding transcriptome in non-failing human
LV and in failing human LV, before and after LVAD support. These analyses revealed
significant differences in the patterns of mRNA, miRNA and lncRNA expression in
ischemic and non-ischemic failing hearts, as well as dynamic changes in response to
hemodynamic unloading with an LVAD. Here we show for the first time that the expression
patterns of lncRNAs discriminate between ischemic vs non-ischemic heart failure, whereas
the mRNA or miRNA expression signature does not discriminate between heart failure
etiologies. Moreover, this study shows that the changes in the expression levels of lncRNAs
are more dynamically regulated following hemodynamic unloading than mRNA or miRNA
levels. The observation that the expression pattern of lncRNAs in the failing heart was both
etiology-specific, as well as sensitive to hemodynamic loading conditions suggests that the
observed changes were not due to random transcriptional noise secondary to low fidelity
binding of RNA polymerase to randomly occurring weak promoter sequences in the
genome.

Distinct Expression Patterns Reflect the Functional Complexities of Different RNA Species
The discovery of multiple classes of non-coding RNAs that are widely transcribed from the
genomes of most complex organisms7 challenges the traditional view that RNA is simply an
intermediate between gene and protein. Indeed, the marked differences in the expression
patterns and abundances of cardiac mRNAs, lncRNAs and miRNAs reported here highlight
the distinct biological roles of these RNAs that have evolved differently over time. Most
cardiac mRNAs, for example, are expressed at intermediate (1-3 RPKM,18%) to high (≥3
RPKM,40%) levels, whereas the expression levels of most lncRNAs are low (<1 RPKM,
88%) (Figure 2D,E). Because the evolutionary rates of genes are often inversely correlated
with their expression levels,35 the low abundance of lncRNAs likely reflects more rapid
evolution compared with protein-coding mRNAs, which are largely conserved across
organisms of vastly different complexities and ages.6 Consistent with this hypothesis, there
is evidence showing that lncRNAs have been subject to purifying selection for phenotypic
innovation,36 suggesting that the lncRNAs contribute to complex genome regulatory
mechanisms during evolution.

A particularly striking finding here is the high abundance of mRNAs and lncRNAs of
mitochondrial origin:13 mitochondrial mRNAs and 9 mitochondrial lncRNAs alone account
for 37% and 71% of the total cardiac mRNA and lncRNA read counts, respectively (Figure
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2A,B). The high levels of mitochondrial mRNA and lncRNA expression likely reflect the
large numbers of mitochondria in ventricular myocytes, owing to the high-energy demands
of the working myocardium. Consistent with our findings, one recent report on human
mitochondrial transcriptome demonstrated that mitochondrial mRNA and lncRNA content
are higher in the heart compared to 16 other tissues.37 Because polyadenylated RNA was
used here in the preparation of the RNASeq libraries, it is not possible to determine whether
rRNAs or tRNAs of mitochondrial origin also dominate total cardiac rRNAs or tRNAs.

Expression Signature of Myocardial lncRNAs Differentiates Ischemic and Non-ischemic
Cardiomyopathy

Ischemic and non-ischemic cardiomyopathy, distinguished by the presence or absence of
significant coronary artery disease, have distinct survival outcomes38 and differential
responses to therapies.39 Several studies have suggested that the expression profiles of
subsets of mRNAs2 or miRNAs25 may be useful in discriminating ICM from NICM;
however, the overall expression signatures of mRNAs and miRNAs determined here (Figure
3A,B,D,E) do not provide such distinction.4 It is possible that etiology-specific changes in
mRNA and/or miRNA expression develop relatively early in the course of heart failure, and
that the mRNA and/or miRNA changes observed with end-stage cardiomyopathy are the
consequences of advanced disease, rather than the underlying causes.40 By contrast, the
observation that the lncRNA expression signature, determined from our RNASeq data
(Figure 3C and 3F), as well as from analyses of an independent cohort of human
myocardium expression arrays (Figure 3G), distinguishes ICM from NICM, suggests that
much of the etiology-specific changes in lncRNAs with HF may be preserved throughout the
course of the disease, even at end-stage heart failure. These data also suggest that distinct
populations of lncRNAs are involved in the pathogenesis of ICM and NICM. Exploring the
functional roles of lncRNAs in this regard should provide mechanistic insights into the
pathophysiology of HF of different etiologies.

Myocardial lncRNA, but not mRNA or miRNA, Expression Profiles Identify Reverse
Remodeling with LVAD Support

Previous studies have suggested a limited role for mRNA regulation in LVAD-mediated
reverse remodeling.3,4 Indeed, the results presented here revealed that only 2-3% of the
mRNAs that are differentially expressed in failing human hearts are normalized with LVAD
support (Figure 4E) and that mRNA expression profiles do not distinguish HF samples
before and after LVAD treatment (Supplemental Figure 4A,B). Recently, Matkovich and
colleagues4 reported that 20 out of the 28 miRNAs differentially expressed in failing human
hearts are normalized by LVAD support, leading the authors to conclude that miRNA is
more sensitive than mRNA to reflect reverse remodeling in HF by mechanical support.
Unlike the present study, however, Matkovich and colleagues4 utilized a case-control study
design and they compared samples from HF patients without LVAD to samples from HF
patients with LVAD, rather than using paired samples from the same patient, as was done in
the present study. The experimental results obtained, therefore, may be confounded by the
differences between groups of patients, rather than, or in addition to, reflecting the impact of
LVAD support on miRNA regulation. Consistent with this suggestion, another recent study
reported that LVAD support had a limited impact on cardiac miRNA expression in failing
hearts.5 The longitudinal analysis here of LV samples from HF patients before and after
LVAD support revealed only 2 and 5 miRNAs that are abnormally expressed in ICM and
NICM, respectively, are normalized by mechanical support (Supplemental Table S9) and
that miRNA expression profiles do not discriminate HF samples before and after LVAD
support (Supplemental Figure 4C,D). Compared with mRNA and miRNA, a significantly
higher proportion of abnormally expressed lncRNAs in failing hearts are normalized fully or
partially by LVAD support (Figure 4E). In addition, lncRNA expression profiles readily
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distinguish LV samples from patients with ischemic and non-ischemic HF, before and after
LVAD support. Taken together, our results suggest that cardiac lncRNA expression profiles
respond more sensitively to LVAD support than do mRNA and miRNA expression profiles
and may serve, therefore, as a useful biomarker to assess either LV reverse remodeling or
myocardial recovery in response to mechanical circulatory support.

Cis-Gene Regulation Is an Important Mechanism of Action of Cardiac lncRNAs
Unlike miRNAs or mRNAs, the functions of lncRNAs cannot be inferred from sequence or
primary structure alone.7 The apparent lack of sequence conservation across species has also
made it difficult to generalize lncRNA functions identified in animal models to likely human
counterparts. The studies presented here analyzed lncRNA-mRNA genomic proximity
information to explore the potential cis- and trans-regulatory roles of human cardiac
lncRNAs on coding mRNAs. While the probability of correlation between lncRNAs and cis-
mRNAs is much higher than that between neighboring mRNAs (42.6% vs
20.7%,respectively,P<0.0001), the percentage of correlated expression between lncRNAs
and remote coding genes is actually lower than background mRNA:trans-mRNA co-
expression (7.3% vs 9.3%,respectively,P<0.0001). These observations suggest that trans-
acting lncRNAs may not be as prevalent as cis-acting lncRNAs in human left ventricular
myocardium.

The observation that lncRNA profiles segregate biological samples better than mRNA also
suggests that lncRNAs function beyond simply regulating mRNA transcription. Indeed,
although very little is known with regard to lncRNAs in the heart, lncRNAs are known to
control gene expression on multiple levels through diverse mechanisms.10 Functionally,
lncRNAs are best known for their roles as regulators of transcription, including epigenetic
modification of chromatin structure.31 More recently, lncRNAs have been implicated as
regulators of post-transcriptional mechanisms including pre-mRNA splicing,41 mRNA
decay,11 and mRNA translation.42 In this regard lncRNAs are unique, insofar as their
functions are not dependent solely on sequence (as with miRNAs) or structure (as for RNA-
binding proteins). Rather, lncRNAs, appear to function both by sequence homology/
complementarity with other nucleic acids, as well as by structure, forming molecular
frameworks and scaffolds for the assembly of macromolecular complexes.10

Study Limitations
The number of samples analyzed here was relatively small, and the samples were obtained
from a heterogeneous (in terms of age, race, gender, ancestry, etc.) cohort of patients and
donors. Each of these factors could have effects on cardiac remodeling and gene expression
that cannot be controlled for and may, therefore, confound the results of the analyses
completed and presented. In addition, one of the NICM patients (NICM1), although
diagnosed dilated cardiomyopathy at presentation, had received myectomy 40 years prior
(Table S1), suggesting hypertrophic cardiomyopathy. Although it is possible that including
this sample in the NICM transcriptome analysis introduced some bias, additional analyses
excluding this one sample from the NICM group (Supplemental Figure 12) did not reveal
significant differences from the primary results presented above. Finally, it is important to
note that sequencing technologies and data analysis methods are continuing to evolve.
Additional studies conducted on larger numbers of well-annotated clinical samples and
exploiting improved sequencing technologies and analytical methods will be of considerable
interest.
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5. Conclusions
The studies presented here utilized next-generation sequencing technologies for
comprehensive cardiac mRNA, miRNA and lncRNA expression profiling in non-failing and
failing human hearts, before and after LVAD support These experiments revealed distinct
relative abundance, expression pattern and genomic origin of each of these RNA species in
human heart, highlighting the different biological roles of the individual RNA classes during
evolution. Interestingly, the results presented here also revealed that the lncRNA expression
signature discriminates between ischemic and non-ischemic cardiomyopathy, whereas
mRNA and miRNA expression profiles do not. In addition, and also unlike mRNA and
miRNA, the lncRNA expression signature also distinguishes cardiomyopathic samples
before and after LVAD support. The observation that lncRNA profiles segregate cardiac
samples better than either mRNA or miRNA profiles is consistent with the multiplicity of
functional roles for lncRNAs, in addition to the regulation of gene transcription.11,41,42 The
analyses presented also suggest that regulatory interactions with nearby genes (cis-acting),
rather than with distant genes (trans-acting), could be the major mechanisms of action for
cardiac lncRNAs. Although lncRNAs were once referred to as the “dark matter of the
genome” because of difficulties detecting expression and/or discerning function, the results
of the present study suggest, for the first time, that lncRNAs may play an important
functional role in the pathogenesis of cardiomyopathy and well as contribute to reverse LV
remodeling following hemodynamic unloading with mechanical circulatory support.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Workflow of comprehensive quantification of miRNAs, mRNAs and lncRNAs in human
LV. Total RNA was isolated from non-failing (n=8) LV, and from ICM (n=8) and NICM
(n=8) LV, before and after LVAD support; the latter were matched samples from the same
patient. Poly-A(+) RNA libraries were constructed for pair-end RNA sequencing, whereas
small RNA libraries were prepared for single-end sequencing. Pair-end sequencing reads
went through transcriptome reconstruction and computational prediction pipelines to
identify novel transcripts; among the 2049 novel transcripts uncovered by RNASeq, 113
were identified as novel lncRNAs. A compiled lncRNA annotation database, including
NONCODE3.0, the Human Body Map lincRNAs catalog and the 113 novel lncRNAs
identified in this study, was generated and utilized for quantitatve analyses of lncRNAs.
RefSeq and the Ensemble database were used for quantification of mRNAs, and miRBase v.
18 was used for miRNA quantification analyses. Results from RNASeq were subjected to
differential expression and co-expression network analyses. In addition, quantitative PCR
analysis of selected transcripts was conducted and compared with the results from RNASeq.
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Figure 2.
RNASeq reveals distinct expression pattern of different RNA species in human hearts. (A-
C)Pie charts showing read count distributions of mitochondrial and non-mitochondrial
mRNAs (A), lncRNAs (B) and miRNAs (C) in human LV as percentages of the total read
counts. (D-F)Pie charts illustrating the percent distributions of non-mitochondrial mRNAs
(D), lncRNAs (E) and miRNAs (F) in human LV based on abundance. (G-H)The top 20
most abundant non-mitochondrial mRNAs (G), lncRNAs (H) and miRNAs (I) account for
markedly different percentages of the total mRNA, lncRNA or miRNA species identified in
human LV.
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Figure 3.
Expression signature of lncRNAs, but not mRNAs or miRNAs, distinguishes failing human
hearts of ischemic and non-ischemic origin. (A-C)Unsupervised hierarchical clustering of
the expression profiles of human cardiac mRNAs (A), miRNAs (B) and lncRNAs (C)
reveals that all three distinguish failing from non-failing LV samples. In addition, the
lncRNA, but not the mRNA or miRNA, expression profiles discriminate ICM from NICM
LV samples. (D-F)Principal component analyses of mRNA (D), miRNA (E) and lncRNA
(F) expression profiles showed similar findings. The variance explained by the principal
components chosen is shown on top of each plot. (G)Heat map and unsupervised
hierarchical clustering of lncRNA expression profiles derived from the microarray data of an
independent cohort of human cardiac samples (11 NF, 11 ICM and 15 NICM) showed that
lncRNA expression signature correctly classified all but one sample in all three groups.
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Figure 4.
Higher proportion of HF-associated lncRNAs, compared with mRNAs and miRNAs, are
improved or normalized by LVAD support. (A-D)The LV end-diastolic dimension
(LVEDD) (A), systolic (B) and diastolic (C) pulmonary arterial pressures (PAP), as well as
myocardial expression levels of the heart failure marker ANF (D), are all reduced
significantly (‡P<0.05) in HF patients with LVAD support. (E)A significantly
(#P<0.01,*P<0.001) higher percentage of differentially expressed lncRNAs, compared to
mRNAs and miRNAs, are improved or normalized by LVAD in both ICM and NICM LV
samples.
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Figure 5.
lncRNA expression signature distinguishes HF samples before and after mechanical
circulatory support. (A,B)Heat maps and unsupervised hierarchical clustering of lncRNA
expression profiles in NF, NICM (A) and ICM (B) samples before and after LVAD support.
(C,D)Principal component analyses of lncRNA expression profiles in NF, NICM (C) and
ICM (D) before and after LVAD support. Both analyses showed that lncRNA expression
signature distinguishes HF samples before and after LVAD support.
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Figure 6.
Expression levels of many cardiac lncRNAs are positively correlated with neighboring
coding genes. (A-C)Histograms of Pearson correlations between random gene pairs (A)
mRNA:cis-mRNA (B) and lncRNA:cis-mRNA gene pairs (C) reveals a strong positive
correlation between lncRNAs and cis-mRNAs (C), compared with either mRNA:cis-mRNA
(B) or random gene pairs (A). (D)Read distributions of a HF-associated lncRNA, n340651
(blue boxes), and its neighboring coding gene RARA (brown boxes), in NF, ICM and NICM
LV samples. (E,F)Scatter plots of n340651 and RARA expression levels in individual
human LV samples determined by RNASeq (E) and qPCR (F); both analyses reveal strong
correlations for this lncRNA:cis-mRNA gene pair.
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Figure 7.
The trans-acting potential of lncRNAs is similar to that of mRNAs. Histograms of Pearson
correlations between (A) lncRNA:trans-mRNA and (B) mRNA:trans-mRNA gene pairs
reveals that the percentage of lncRNA:trans-mRNA gene pairs that show a significant
positive (r>0.5) or negative (r<-0.5) correlation is actually slightly lower than that between
mRNA:trans-mRNA gene pairs, suggesting that the potential of lncRNAs co-expressing/
interacting with remote coding genes in trans is not higher than that of background trans
mRNA-mRNA interaction.
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Table 1

Summary of RNA- and miRNASeq read counts and mapping results

RNASeq
Read Pairs

NF
(n=8)

ICM
pre-LVAD

(n=8)

ICM
post-LVAD

(n=8)

NICM
pre-LVAD

(n=8)

NICM
post-LVAD

(n=8)

Total

Total 110618151 123220366 102603539 111812494 123771910 572026460

Uniquely
mapped

98707139
(89.2%)

109496189
(88.9%)

91373026
(89.1%)

99767663
(89.2%)

109455159
(88.4%)

508799176
(89.0%)

Mapped
within exons

53202618
(53.9%)

62803455
(57.4%)

49216082
(53.9%)

55862334
(56.0%)

66813974
(61.0%)

287898462
(56.6%)

Mapped
within introns

3540222
(3.6%)

3850216
(3.5%)

3464881
(3.8%)

3730959
(3.7%)

5085069
(4.7%)

19671347
(3.9%)

Mapped to
intergenic
regions

35841497
(36.3%)

35437442
(32.4%)

32790010
(35.9%)

33596835
(33.7%)

29284167
(26.8%)

166949951
(32.8%)

miRNASeq
Read Counts

NF
(n=8)

ICM
pre-LVAD

(n=8)

ICM
post-LVAD

(n=8)

NICM
pre-LVAD

(n=8)

NICM
post-LVAD

(n=8)

Total

Total 96645624 101702266 107449757 102917401 98480235 507195283

Uniquely
mapped

94296940
(98.2%)

98472955
(97.3%)

104312124
(97.5%)

99583887
(97.3%)

96290979
(98.3%)

492956885
(97.7%)

Known
miRNAs

66756546
(69.5%)

60103247
(59.4%)

66245884
(61.9%)

68378019
(66.8%)

72042543
(73.6%)

333526239
(66.1%)

Mapped to
other RNA
species

9210690
(9.6%)

17164602
(17.0%)

15445738
(14.4%)

17619257
(17.2%)

11812904
(12.1%)

71253191
(14.1%)

NF: non-failing; ICM: ischemic cardiomyopathy; NICM: non-ischemic cardiomyopathy; LVAD: left ventricular assist device
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