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Abstract: The expression of long noncoding RNAs (IncRNAs) in human heart failure (HF) has not been
widely studied. Using RNA sequencing (RNA-Seq), we compared IncRNA expression in 22 explanted hu-
man HF hearts with IncRNA expression in 5 unused donor human hearts. We used Cufflinks to identify
isoforms and DESeq to identify differentially expressed genes. We identified the noncoding RNAs by cross-
reference to Ensembl release 73 (Genome Reference Consortium human genome build 37) and explored
possible functional roles using a variety of online tools. In HF hearts, RNA-Seq identified 84,793 total
messenger RNA coding and noncoding different transcripts, including 13,019 protein-coding genes,
2,085 total IncRNA genes, and 1,064 pseudogenes. By Ensembl noncoding RNA categories, there were
48 IncRNAs, 27 pseudogenes, and 30 antisense RNAs for a total of 105 differentially expressed IncRNAs
in HF hearts. Compared with donor hearts, HF hearts exhibited differential expression of 7.7% of protein-
coding genes, 3.7% of IncRNAs (including pseudogenes), and 2.5% of pseudogenes. There were not con-
sistent correlations between antisense IncRNAs and parent genes and between pseudogenes and parent
genes, implying differential regulation of expression. Exploratory in silico functional analyses using on-
line tools suggested a variety of possible IncRNA regulatory roles. By providing a comprehensive profile
of right ventricular polyadenylated messenger RNA transcriptome in HF, RNA-Seq provides an inventory
of differentially expressed IncRNAs, including antisense transcripts and pseudogenes, for future mechanis-
tic study.
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The results reported from the Encyclopedia of DNA Ele-
ments (ENCODE) project are transforming our nascent
understanding of integrated human genomics." Fully 75%
of the human genome is transcribed into some type of
RNA,? although only 1.22% of the genome encodes the
exons that comprise the 20,687 known protein-coding
genes.! The vast majority of the human genome, there-
fore, is transcribed into non—protein-coding RNAs, includ-
ing the 8,801 small RNAs, 9,640 long noncoding RNAs
(IncRNAs; defined as nontranslated RNA <200 base pairs
[bp] in length) and 11,224 pseudogenes identified to date."
Evolving research has identified diverse epigenetic regula-

tory roles for IncRNAs in development, homeostasis, and
disease.’ IncRNAs are likely to play important regulatory
roles in human heart failure as well.*

Via high-throughput sequencing, RNA sequencing
(RNA-Seq) provides a comprehensive profile of polyadeny-
lated protein-coding messenger RNA (mRNA) and non-
protein-coding IncRNA transcripts.” We used RNA-Seq to
generate the IncRNA transcriptional profile of the right
ventricle in end-stage human heart failure. Human right
ventricular (RV) tissue may be obtained at either endo-
myocardial biopsy or surgery. Diagnostic endomyocardial
biopsy, given its attendant risks, is rarely performed for
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patients with pulmonary arterial hypertension or isolated
RV heart failure and yields small amounts of tissue. Ex-
planted RV human myocardium, by contrast, is readily
obtainable at cardiac transplantation and yields abundant
tissue collectable under strictly controlled conditions to
prevent RNA degradation. We thus examined the human
RV transcriptome in hearts explanted at the time of trans-
plantation for end-stage left ventricular (LV) failure.

METHODS

Clinical characterization of study subjects

De-identified clinical data were abstracted for all study
subjects. RV contractile function was classified as normal or
dysfunctional on the basis of the presence of mild or greater
RV hypokinesis by visual inspection on the echocardiogram
performed most closely to explantation. RV size and func-
tion were also quantified by tricuspid annular plane systolic
excursion, the index of myocardial performance, and frac-
tional area change according to American Society of Echo-
cardiography guidelines. Pulmonary hypertension was
defined as a mean pulmonary artery pressure greater
than 25 mmHg by the right heart catheterization per-
formed most closely to explantation.

RNA preparation

The myocardial samples were free of macroscopic infarc-
tion or fibrosis and were collected from approximately the
same cross-sectional region of the unused donor and heart
failure RVs. Ninety to 120 mg of tissue per study subject
was used for RNA extraction. Total RNA was isolated using
miRNeasy Mini kit (Qiagen) following the manufacturer’s
instructions.

RNA-Seq

We first performed a quality check of the input total RNA
by running an aliquot on the Agilent Bioanalyzer to con-
firm integrity, and a Qubit RNA fluorometry assay was
used to measure concentration. For each library, 100 ng of
total RNA underwent enrichment for poly(A)-containing
mRNA using poly(T) oligo-attached magnetic beads. Fol-
lowing purification, eluted poly(A) RNA was cleaved into
small fragments of 120-210 bp (divalent cations, elevated
temperature). The cleaved RNA fragments were copied
into first-strand complementary DNA (cDNA) using Super-
Script II reverse transcriptase and random primers. This
was followed by second-strand ¢cDNA synthesis using
DNA polymerase I and RNase H. The cDNA fragments
then underwent an end-repair process, the addition of a
single “A” base, and ligation of the Illumina multiplex-
ing adapters. The products were purified and enriched
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with polymerase chain reaction (PCR) to create the final
cDNA sequencing library. The ¢cDNA library underwent
quality control check via an Agilent Bioanalyzer HS
DNA assay to confirm final library size and via Agilent
Mx3005P quantitative PCR (qPCR) machine using the
KAPA Ilumina library quantification kit to determine
concentration. From a 2-nM stock, samples were pooled
by molarity for multiplexing. From the pool, 12 pM was
loaded into each well for the flow cell on the Illumina
cBot for cluster generation. The flow cell was loaded
onto the Illumina HiSeq 2500 using v3 chemistry and
HTA 1.8 and sequenced at paired-end 50 bp with a tar-
get of 30 million pass filter reads per library. The raw se-
quencing reads in BCL format were processed through
CASAVA-1.8.2 for FASTQ conversion and demultiplex-
ing. The RTA chastity filter was used, and only the pass
filter reads were retained for any further analysis.

Analysis of gene and transcript expression

We first performed quality control on raw sequence-
derived data to identify potential outliers before doing
any advanced analysis by applying tools such as Fastx
Toolkit and FastQC. RNA read alignment and mapping
were performed by Bowtie/TopHat, and transcriptome re-
construction was performed by Cufflinks for both mRNA
and IncRNA.® For Cufflinks, a minimum RPKM (reads per
kilobase of exon model per million mapped reads) value of
>1 was required for further analysis.” Cufflinks was also
used to detect and quantitate alterative spliced transcripts
and isoforms.?

For differential expression quantification of mRNA
and IncRNA genes,” we used three read-count-based neg-
ative binomial methods, DESeq,'® edgeR,'! and baySeq'?
to explore the consistency of differential expression quan-
tification across methods. Each method aligned then ad-
justed the unadjusted read-count tables before analysis.
For each platform, inflated type I error due to multiple com-
parisons was adjusted, and all adjusted tests were signifi-
cant at the two-sided significance level of P < 0.05.
To examine parsimony and exclude potential bias across
the three methods, we also compiled a sum of ranks from
the three read-count-based methods to identify differen-
tially expressed genes (DEGs) consistently selected across
the three platforms. Following inspection of this ranking
across the three platforms, for final selection of DEGs, we
elected to use the results afforded by DESeq. DESeq af-
forded the best compromise between permissive (edgeR)
and restrictive (baySeq) identification of DEGs and af-
forded the best reconciliation with the sum-of-ranks ap-
proach. In reporting adjusted total read counts for indi-
vidual genes, we divided the unadjusted total gene read



counts in a given library by the total read counts for all
genes in same library and then multiplied this by 1 x 10°.

Exploration of IncRNA, pseudogene, and

antisense function

Exploratory characterization of selected IncRNAs and anti-
sense RNAs was provided by the online IncRNA search
engine and bioinformatics and annotation tool LNCipedia
(http:/ /www.Incipedia.org)," a database for human IncRNA
transcripts and genes that provides basic transcript in-
formation, gene structure and sequence from the ge-
nome sequence assembly tool Ensembl, secondary struc-
ture from RNAfold image, protein-coding potential from
Coding Potential Calculator (CPC; used to assess protein-
coding potential of a given RNA transcript) and HMMER,
Proteomics Identification (PRIDE) database search, and
microRNA (miRNA; nontranslated RNA usually 18-24 bp
in length) binding site predictions from MiRTarget2 (an
online miRNA target search engine and bioinformatics
tool). Exploratory functional annotation of selected pseudo-
genes was provided by the on-line resource tool pseudoMap
(http://pseudomap.mbc.nctu.edu.tw/).'* The pseudoMap
tool maps a known pseudogene to both (1) the predicted
endogenous short interfering RNAs (esiRNAs, which may
silence mRNA translation via RNA interference) produced
from that pseudogene and (2) the predicted miRNA tar-
gets for that pseudogene (by binding miRNA, a pseudo-
gene may act as an “miRNA decoy,” providing competitive
endogenous RNA-mediated regulation of mRNA transla-
tion). In selected instances, either the DIANA-LncBase
(http://www.microrna.gr/LncBase)"® or Segal Lab of Com-
putational Biology at the Weismann Institute of Science
online tools (http://genie.weizmann.ac.il)'® was used for
computational prediction of miRNA targets on IncRNAs
or parent genes. For exploring noncoding RNA-protein in-
teractions, RNA-Protein Interaction Prediction (RPISeq),
which uses both random forest (RF) and support vector
machine (SVM) classifiers to predict RNA-protein inter-
actions using only sequence information (http://pridb
.gdcb.iastate.edu/RPISeq),17 and catRAPID, an online in sil-
ico RNA and protein binding prediction tool that uses
sequence information to evaluate the interaction propen-
sities of polypeptide and nucleotide chains using physi-
cochemical properties (http://s.tartagilalab.com/catrapid
Jomics),'® were used.

RESULTS

Subjects

The clinical and echocardiographic characteristics of the
subjects who underwent transplant appear in Table 1.
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Heart failure RV transcriptome

By the read count methods, there were 791,427,072 total
paired-end, Ensembl-annotated unadjusted reads summed
across the 32 ¢DNA libraries. The average number of
aligned, Ensembl-annotated unadjusted reads per library

Table 1. Clinical and echocardiographic characteristics
of study subjects

Nonischemic  Ischemic
Characteristic HF (n=11) HF (n=11)
Clinical
Age, years 49 £ 14 54+9
Sex (M/F) 7/4 9/2
No. of subjects with diabetes 5 8
Serum creatinine level, mg/dL 1.6 +0.7 1.6 £ 0.7
Hematocrit, % 34£5 35+£6
Therapy, no. of subjects
ACEI/ARB 7 7
Beta-blocker 10 9
Aldosterone inhibitor 9 9
PDE V inhibitor 1
Inotropic therapy 10 10
Intra-aortic balloon pump* 0 5
Ventricular assist device 1 0
Hemodynamic
Right atrial pressure, mmHg 9£6 86
Mean pulmonary artery
pressure, mmHg 26 £8 27 + 10
Pulmonary capillary wedge
pressure, mmHg 16 £ 8 17 £7
Pulmonary vascular
resistance, Woods units 22+0.6 2617
Cardiac index, L/min/m? 22+04 21+04
Echocardiographic
RV basal, cm 46=+0.5 45+0.8
RV long axis, cm 83+11 7.3 £0.6
TAPSE, mm 143 £ 4.9 11.7 £ 3.9
RIMP 54.7 £25.6  49.6 = 10.7
FAC, % 29.2+£20.7 332+114
RAP, estimated mmHg 8.7+ 4.7 6.3 +5.1
Moderate or severe
dysfunction, no. of subjects 5 6

Note: Data are mean value + standard deviation, unless other-
wise indicated. Asterisk indicates P < 0.05. ACEI: angiotensin-
converting enzyme inhibitor; ARB: angiotensin receptor blocker;
FAC: right ventricular fractional area change; HF: heart failure;
PDE V: phosphodiesterase type V; RAP, right atrial pressure;
RIMP: RV index of myocardial performance; RV: right ventricu-
lar; TAPSE: tricuspid annular plane systolic excursion.
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was 24,732,096, with a range of reads per library from
18,607,371 to 35,024,568. There were 29,501,480, 25,357,404,
and 23,506,029 average unadjusted reads in the unused
donor LV, unused donor RV, and heart failure RV librar-
ies, respectively.

There were 77,768 and 83,793 total mRNA coding and
noncoding transcripts identified in the unused donor
RVs and heart failure RVs, respectively (Table 2). The
heart failure RVs expressed 13,019 protein-coding genes,
2,085 IncRNAs, and 1,064 pseudogenes, and all types of
transcripts were more abundant in the heart failure RVs
than unused donor RVs.

IncRNAs

There were 2,085 and 1,474 IncRNAs expressed in heart
failure RVs and unused RVs, respectively (Table 3). In heart
failure RVs versus unused donor RVs, 78 IncRNAs (48
IncRNAs and 30 natural antisense transcripts), representing
3.7% of the total 2,085 IncRNAs, were differentially ex-
pressed genes. The 48 IncRNA differentially expressed genes
included intergenic, intronic, and processed transcripts.
Among the 48 IncRNA heart failure RV differentially ex-
pressed genes, 35 were decreased in expression and 13
were increased in expression compared with unused do-
nor RVs (Tables 3, 4). As a rule, IncRNAs exhibited a
wide range of expression as denoted by the mean (+ stan-
dard deviation) and maximum-minimum range (Table 4).
The most abundantly expressed IncRNA in the heart fail-
ure RV group was RP11-206110.11 (ENSG00000228794.3),
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a novel IncRNA with no predicted miRNA targets (Ta-
ble 3).

Exploratory in silico functional analyses using online
tools suggested a range of possible IncRNA functions.
For example, the most differentially expressed IncRNA
AP000783.2 (ENSG00000255414) is a 2,471-bp, 2-exon
novel IncRNA transcribed from an intergenic region on
ch11:123,325,106-123,331,118 forward strand. Although its
function is unknown, AP000783.2 possesses 81 DIANA-
predicted miRNA target sites with miRNA targeted gene
(miTG) scores >0.7 (the higher the score, the higher the
probability of miRNA binding), including target sites for
miRNA-942 (score, 0.981), miRNA-580 (score 0.961),
and miRNA-4760-3p (score, 0.946), which suggests that
AP000783.2 may serve as an miRNA “decoy” for these or
other miRNAs. The second most differentially expressed
IncRNA, RP11-403B2.6, is a 748-bp, 2-exon transcript
from ch15:20,964,640-20,980,123 reverse strand. Interest-
ingly, it was not expressed in any of the five unused donor
RVs or LVs and was expressed in only 4 of the 22 heart
failure RVs with up to 60 and 292 read counts when ex-
pressed. It has no DIANA-predicted miRNA target sites,
and its function is unknown. The third most differentially
expressed IncRNA, RP11-60A24.3 (ENSGO00000265542),
is a novel IncRNA transcribed from ch17:55,849,307—
55,912,110 reverse strand with 2 transcripts (a 2-exon,
472-bp transcript and a 3-exon, 505-bp transcript) due
to alternative splicing. Interestingly, the IncRNA RP11-
60A24.3 intronic region includes the sequence for a sepa-

Table 2. Cumulative number of genes and transcripts expressed compared with GENCODE

Total in ENCODE

Expressedin  Expressedin  Expressed in

(GRch37_63, normal RV normal LV failing RV
GENCODE (% ENCODE) (% ENCODE) (% ENCODE)
Variable version 16 IncRNA) (n=175) (n=75) (n = 22)
Genes expressed
Total number of genes 56,340 15,169 (27) 15,083 (27) 17,247 (31)
Protein-coding genes 20,007 12,086 (60) 12,001 (60) 13,019 (65)
IncRNA genes 13,220 1,474 (11) 1,428 (11) 2,085 (16)
Pseudogenes (processed and unprocessed) 13,196 793 (6) 819 (6) 1,064 (8)
Transcripts expressed
Total number 174,930 77,768 (44) 77,046 (44) 83,793 (48)
Protein coding (full and partial length) 125,376 71,792 (57) 71,204 (57) 76,033 (61)
IncRNA transcripts 22,444 3,905 (17) 3,723 (17) 5,102 (23)

Note: For this study, a gene was considered expressed if the value for fragments per kilobase of exon was >1.
ENCODE: Encyclopedia of DNA Elements; IncRNA: long noncoding RNA. LV: left ventricle; RV: right ventricle.



Table 3. Differentially expressed long noncoding RNAs (IncRNAs)

Ensembl ID Gene ID L2F change Adjusted P value Chrom Trans IncRNA length, base pairs
ENSG00000255414.1 AP000783.2 -5.3 7.40E—14 11 1 2,471
ENSG00000259383.1 RP11-403B2.6 Inf 3.70E-13 15 1 748
ENSG00000265542.1 RP11-60A24.3 -2.6 1.87E—07 17 2 505, 472
ENSG00000268913.1 AC026806.2 2.2 3.06E-07 19 1 443
ENSG00000236423.1 RP13-15E13.1 -3.1 1.26E—06 1 3 634, 1,940, 3,059
ENSG00000267653.1 RP1-193H18.3 -3.1 2.96E-05 17 1 584
ENSG00000224260.2 RP1-272116.1 —6.6 3.93E-05 1 2 641, 863
ENSG00000253270.1 RP11-1105014.1 -3.2 6.00E-05 8 1 467
ENSG00000260711.1 RP11-747H7.3 -2.6 7.77E-05 14 1 3,040
ENSG00000228058.1 RP11-552D4.1 —4.9 8.76E-05 1 1 654
ENSG00000270132.1 CTC-458A3.8 -3.3 1.30E—04 8 1 642
ENSG00000261606.1 AP000783.2 -1.9 2.50E-04 11 1 2,471
ENSG00000246375.2 RP11-10L7.1 1.8 3.60E—04 4 1 1,654
ENSG00000249816.2 LINC00964 -2.1 6.20E-04 8 9 443-2,203
ENSG00000228794.3 RP11-206110.11 -1.03 8.70E-04 1 7 612-6,606
ENSG00000246328 AC020926.1 -1.9 1.30E-03 16 1 3,309
ENSG00000260391.1 RP11-71H17.7 -1.3 1.50E—03 3 1 2,538
ENSG00000230102.2 RP11-407B7.1 2.2 2.50E-03 3 15 203-2,666
ENSG00000235387.1 LINC0096 -1.4 3.10E-03 9 1 1,612
ENSG00000245651.2 RP11-620]15.2 2.2 3.10E-03 12 2 549, 3,507
ENSG00000263860.1 RP11-218M11.3 —4.7 3.40E-03 17 1 280
ENSG00000259176.1 RP11-69H14.6 -5.8 5.20E-03 15 14 346-2,317
ENSG00000250763.1 RP11-974F13.6 -1.5 6.30E-03 5 2 689, 3,763
ENSG00000255328.1 RP11-326C3.12 -2.2 7.60E-03 11 3 457, 587, 827
ENSG00000227403.1 AC009299.3 Inf 9.30E-03 2 2 765, 2,333
ENSG00000260186.1 RP11-481J2.2 —2.2 9.60E-03 16 3 538, 644, 930
ENSG00000258819.1 RP11-7F17.3 -1.8 9.80E-03 14 3 424, 861, 1,817
ENSG00000249460.1 RP11-665C14.2 3.9 1.00E—02 4 1 493
ENSG00000266743.1 RP11-94B19.6 3.7 1.10E—02 18 1 464
ENSG00000244227.1 RP11-298021.5 1.1 1.40E—02 3 7 436-2,350
ENSG00000261480.1 RP11-578F21.6 -2.5 1.60E—02 15 1 557
ENSG00000261116.1 RP3-523K23.2 -2.7 1.60E—02 6 1 1,933
ENSG00000259366.1 CTD-264714.4 -2 1.70E—02 8 1 552
ENSG00000270074.1 RP11-351121.11 1.3 1.70E—02 8 1 1,547
ENSG00000225882.1 RP3-410B.11 Inf 1.70E—02 X 1 708
ENSG00000223617.1 RP11-54H7.2 -3.6 1.80E—02 13 1 698
ENSG00000260512.1 RP13-259F12.2 -0.9 2.10E-02 11 1 5,329
ENSG00000232104.2 RP11-380]14.1 -1.8 2.20E-02 1 1 4,676
ENSG00000260025.1 RP11-509]21.1 -1.9 2.50E-02 9 2 496, 552
ENSG00000249868.4 RP11-490M8.1 1.5 2.50E-02 2 1 366
ENSG00000232044.3 RP11-63E5.6 -1.6 2.60E-02 8 1 880
ENSG00000233013.4 AC073479.1 -1.7 3.00E-02 2 5 580-3,329
ENSG00000182021.5 FAM157B -2.8 3.10E-02 9 2 1,278, 1,795
ENSG00000264920.1 RP11-38107.3 -1.1 4.00E-02 9 5 834-2,566
ENSG00000248017 AC026449.1 -3.1 4.30E—02 5 1 818
ENSG00000219159.3 AC011298.2 Inf 4.50E—02 2 2 949, 3,398
ENSG00000250392.1 RP11-700N1.1 0.9 4.50E-02 4 1 642
ENSG00000256910.1 AL034397.1 -1.3 4.80E-02 X 2 1,690, 1,815

Note: Chrom: chromosome; Ensembl: Ensembl release 74; inf: value cannot be calculated; L2F: log,-fold change; Trans: tran-

scripts.



d¢-pog ‘ds-569v ‘de-48¢ “dg

-7S9¥ S198IR} YL (1LY H-OU] €0-H01°¢ v1- YL €1 781 ¥y L91 LL 6°S¢€ 9°0¢T 9600DNIT
LT9€ “609¢€
‘T$9 S1981E} YU ‘$-ZNdD-OU[ €0-905°C (A 9¢ 1 6'€T 6'T¢E 1 4 0°¢ YL T'L9L0¥-T1dd
paynuapt
$1981e} Y1 OU T-NYTVI-OU] €0-H0S'T €T ¥TT %4 T'Ly 198 1743 911 TsL 0Tz LLTHTLTTdY
dg-ey¢ eyt s19810) Yruw €0-H0€'T 6T oz 1€ 885 S6 0S. LET SSHT 8TIY 1°976070DV
PaynuapI s1o31e}
WIW OU {G-T'T€8699TV-2U] ¥0-10L'8 €0'T— S8ET 600°T S LIV 1°S79'1 007y €76'T LL6Y 8 I8S‘C IT°01190Z-11dY
d¢-971€ ‘98¢
$19818) YIW -7/ GANZ-OU ¥0-10T°9 7 8¢ T €01 SI 191 8¢ 6°TS 8'€8 ¥9600DNIT
dg-£ ‘de-110S
S19818} YW ‘Z-9DYAH-OU] ¥0-309°¢ 81 geg 3 N7l 6°SST 09 LT 191 g€y T°£10T-11dY
d¢-e6coy
‘76 ‘dg-09/¥ s1981E) Yruu ¥0-10S°C 61— e z 709 899 LOY 6L1 €98 ¥ 0€ T°€8£000dV
£nus oN ¥0-10€°T €¢— 0T 0 €T 0T S v1 €/L1 94T 8'EV8SH-DILD
d¢-9006 ‘1987 ‘d¢-q8¥1
‘dg-egy1 ‘dg-0891 ‘OvSH
$1981E} YW ‘Z:¢-ZLNTVD-U[ S0-99/°8 6 4 0 90 €0 6 € 9T 99 T'¥ATSS-T1dd
paynuapI
$19818) YIUWL OU ‘I-N7DL-2U] SO-HLLL 9T~ 8T I LL 01T 94! 01 Ly ¥'€S € LHLYLT1dY
d¢-09/% ‘ssTy ‘S92 ‘dg-80S
S1981e} YIW {Z-0TSLNI-OU] S0-H300°9 TE- 9T 0 3 8T 701 € ST 967 T'¥10S0TT-TTdY
£nus oN S0-H£6°€ 99— € 0 L0 70 0€ I ¥4} 8L 1'9TT2LT-1dd
£nus oN S0-996'C ¢ 8Y 0 T'el STI 6€T G¢ ¥'6L 91 €'8THE6I-TdY
(dq 650°¢) 6¥1
pue (dq ¥€9) d¢-£81 “de-pre
‘€161 s1981e) YIwI g11Q-Ou] 90-497°1 e €1 0 T'¢ ¥'S LT1 S 65y 70 T'€TAST-€1dY
£nus oN L0-190°€ e 443 8¢ oL LLET S 97 4 9'b¢ 79089700V
paynuapI s1o81e)
MW oU ‘T T-¢ZSdMIN-OU] LO-H/8T 97— 1T 0 89 8’8 86 91 T YL €YTV09-11dY
paynuapr 519518} Yt ON €1-H0L'€ JuI 76T 0 679 191 0 0 00 0 9°7ds0y-11dY
d¢-659¥ “T6 ‘d€-09/p S1931E}
YIW {SUOXS 7 “VNYOU [PAON YI-H0%'L €6 1 0 ST €T 9%¢ z X34} 9°66 7°€8£000dV
LSe10u eIpadiDNT anfea g aguelp XVIN NIN as NVIN XVIN NIN as Ad NVAN ai suen
a8ueyd 471 a71 AAH AYdH AddH A 4dH A NOd  A¥NOd NOda A NOd

sajou eIpadIDNT PUe sjunod peal AY (JH) 2In[re] 11eay snsioa (AY) aPLIuaA 1Y3u (NO) Iouop pasnun :(SyN¥IU[) SYNY Surpoduou 3uoT  9[qe],

140



paynuapt

3981} YIW OU ‘I-7YIADND-DU]
qeLy ‘ds-qpLe ‘dg-zos ‘de-679
‘dg-6z *dg-1105 (18101 72)

s19818) Y1 {T-9TOAN-OU]
d¢-1-967 ‘ds-S¥SE ‘009
‘de-z8vy ‘dg-181S ‘eESYS ([E103

€1) s1981e) YIur ‘T-zANAF-OU]

Anua oN
paynuapt

30818} YIW OUL {G-¢TIXH-OU[
paynuapt

39818} YIW ou ‘[:[-gEGINVL-OU]

PAYTIUSPI 519318} YT ON
ds-06SS ‘qr+S ‘€0T ‘dS-669+
‘70T “SO€T ‘dg-Sve ‘TISH

1981} YIW H-TINIdYIS-2U]

paynuapt

19818} YIW OU 9-9TGINZ-OU]
ds-q/z

‘6,9 S1981€} YIW (7:9-A.LDA-OU]
de-¢s/y

‘979 S1981E} YIUWL {1-1d gAY
paynuapt

S19818} YIW OU ‘[-yDHYAN-IY]
d¢-e9/¢ ‘q9.¢ ‘dg-BOT “B91T
‘dg-66L¥ ‘ds-€00S ‘ds-v61

78TY S1981RY YW (NV.I-U]
‘de-pet ‘6zet ‘ds-pozs ‘ds-Ts
‘d¢-ggg ‘dg-e67 (8101 71)

s1981R) YT ‘¢-ZNLIAI-0U]
paynuapt

19818} YWt ou {[-gTIYAS-OU]
paynuapt

19818} YW ou ‘-4 Ny O-2U[

PAYNUSPI 519318} YIUW ON

de-$99¢ /8T¥
‘d¢-689% ‘v 9¥ ‘dS-€1L¥ ‘S6vY
s1981e} YW 1-7dSALD-U]

¢0-H01C

¢0—H08'L

¢0-30L°T

¢0-30L°T

¢0-30L°T

¢0—H09°1

¢0—-H09°1

0—H0¥'1

¢0—HOT'T

¢0—H00'T

€0—-H08°6

€0-H09°6

€0-H0¢°6

€0—H09°L

€0-30¢°9

€0-H0T'S

€0-H0¥'¢

€0-H0T°¢

60—

9¢—

JuI
¢l

LT-

S

'l

L'e

6'¢

81—

(e

JuI

(e

§1-

85—

L-

(a4

L9T

0L
891

11

1441

oy

LT

6l

6¢l

0L

141

A4

SS

9¢

801

ST

i4

0'%S

80

(A4

SCe

e

LY

1l

€9

901

S99

14

9¢

Lt

Sl

L0¢

€0

0

101

81

90

80

8°¢6

(44

4

ST

Cele

Sl

889

9

0'9%

8C

8T

8y

10

00

9t

SLE

91

1

9s

53

144

ST

8S1

91

8¢

18¢

0¢

09¢

0¢

(N4

(13

L8

81l

LL

01

8

1°SL

€9

€9

LT1

S'lI

Gel

0¥y

9°Ce

1l

99

L8

[ 44!

00

8y

6'1L

€8

e

|4

8¢8C

s

8'C
(4%

8l

9°Ct

¥'6

C6lL1

9

89T

¥'61¢

8Yl

6¢l

9'G

cerdesceldd

CLHYST1dY

11°d0Tv-€dd

LT TCIISe-11dd

Y Y1Ly9T-ALD

ceeIeesedy

9 1CA8LS-1TdY

G12086C-11dd

9'61d¥6-11dY

CY1ID899-11dd

€LTALT1dY

zelisy11dd

£€66C600DV

red9ce-11dd
9 ¢Td¥L6-TTdY
9¥IHG69-11dY

CTINSICT1dY

TS1(079-11dY

141



¢ ‘S10°erpadour mmm//:dny ye s[qeree st erpadIDNT ,
-98uerD proJ-¢307 :J7T UOLLIASD
PpIepuels JuNod peal (S [YNYODIW [YNYIU TWNWIUIW JUN0D Peal INJA ‘UBSW JUNO0d Peal INVHN WUNWIXEW JUN0d Peal XN Mws%sqo: Zuor ouy ‘sired aseq :dq 210N

10S+ ‘092 ‘ds-zoz ‘ds-zz1
‘0LLy ‘dg-¢vT ‘dg-00L ([er03

L€) syod1ey Y1t [-HdTH-2U[ 70-908 ¥ - € 8 9/ ¥61 ¥8 €€ €'€T ¥€S T'L6EVE0TY
PoYTIUAPI 519818} Y1t ON 70-30S¥ 60 8/L €6 8 LT1 LS 444 44! 111 LES T'INOOL-TTdY
PYTIUSPI $1981e} Ytk ON 20-90S¥ Jur S 0 8T 0T 0 0 00 0 T'86T1T0DV

£¥6¢ ‘ds-79¢
‘9006 ‘€0¢¥ ‘s81¢ ‘de-8¢/T1
‘GGYY s19818) YW {T-1GEJV-OU] 70-H30¢ ¥ T'¢— T 0 ¥0 70 L I 9 8¢ T'6¥¥970DV
paynuapr
$1981e} I OU ‘7-94S-2U] 70-H00¥ T'T- 6871 ¥9¢ 9°00C 1°9¢8 L0L 8S¥ 6'TIT ¥'€95 TIVOTH-11dd
Anus oN 70-H0T°€ 87— 24! 1€ S'LT 6°L9 $74 L0T €99 T6LT €/0T8¢-T1dY
paynuapr
$1981E} YW oU {T-gTVNDVD-OU] 70-H00°€ LT 9 0 6'T 91 6 € T'¢ 9 dLSTANVA
6696 ‘dg-0¢¢ ‘ds-7sy
$1981E} YW ¢-1TXOS-OU[ 70-109°C 91— 143 0 0°ST T'ST 671 € SLE 69 T'64¥€L0DV
POYTIUSPT $198Te) YTt ON 70-90S°T Sl 0T I 8V ¥'6 8% 9T STI Y1 9°GHE9-TTdY
PoYTIUSPT 519818} YT ON 70-90S°T 6T 1 ZA 8T 0¥ 80L ¥S 61 €1 8I¢ T'SINOGY-TTdY
B8y ‘697 ‘de¢-+00S
‘d¢-g9/y ‘ds-£4/9v ‘dS-T8LY
90/ 5198181 YTWI ‘€-Z ANDI-OU] 70-307°C 81— L 0 8T 6T €T S Ll Y€l T'T2(60S- TTdY
S310u eIpadIDNT anea 4 sgueyd XVIN NIN as NVEN XV NIN as Ad NVHN CELED)
a8ueyd 471 471 AMAH  AYdH  AYAH  A¥YdH  AYNOd A4 NOd Nod A¥ NOd

(panuyuos) 4 S[qel,



rate IncRNA gene, RN7SKP94 (ENSG00000222976, IncRNA
7SK small nuclear pseudogene 94). RP11-60A24.3 was
decreased 2.5 log,-fold (P value 1.9E—07) in heart failure
RVs, expressed in all unused donor RVs, and not ex-
pressed in one heart failure RV. Its function is unknown,
but it possesses 13 DIANA-predicted miRNA binding sites
with miTG scores >0.7, including target sites for miRNA-
654-5p (score, 0.937), miRNA-1207-3p (score, 0.936), and
miRNA-541-3p (0.864), which suggests that RP11-60A24.3
may play a role as miRNA “decoy.”

As an example of exploratory in silico functional anal-
ysis using online tools of a somewhat better character-
ized IncRNA, RP11-298021.5 (ENSG00000244277.1) is a
7-exon, 2,350-bp transcript with 7 alternatively spliced
isoforms transcribed from chr3:167,613,736-167,645,799,
an intergenic region conserved in mice but not fish be-
tween the SERPINI1 and GOLIM4 protein-coding genes.
Although its function is unknown, based upon a predicted
CPC score of 2.1, RP11-298021.5 possesses modest protein-
coding potential. There are no known RP11-298021.5 asso-
ciations with proteins based upon the absence of hits in the
PRIDE database. MirTarget2 prediction identified 8 miR
targets with scores >80, denoting the possibility of inter-
action with these miRs. These miR targets do not overlap
with the MirTarget2-predicted miRs interacting with
SERPINI1 or GOLIM4, suggesting that, if Inc-SERPINI1-4
acts as a miR decoy, it may not serve as a decoy for nearby
SERPINI1 or GOLIM4 transcripts.

Antisense transcripts

There were 30 natural antisense transcript differentially
expressed genes in heart failure RVs versus unused do-
nor RVs (Table 5). Of these 30, 12 were increased in ex-
pression and 18 were decreased in expression in heart
failure RVs. Interestingly, RP11-524H19.s (parent gene un-
known) and RP11-597M17.1 (parent gene SCARAS) natu-
ral antisense transcripts were not expressed in any heart
failure RV, and RP3-467K16.7 (parent gene FHAD1) nat-
ural antisense transcript was not expressed in any unused
donor RV.

The relationship between parent gene and natural anti-
sense transcription pair expression in heart failure RV
versus unused donor RVs was complex (Table 6). Parent
and natural antisense transcript were both decreased in
8 pairs, parent and natural antisense transcript were both
increased in 6 pairs, parent increased and natural anti-
sense transcript decreased in 7 pairs, parent decreased
and natural antisense transcript increased in 3 pairs, par-
ent unchanged with natural antisense transcript increased
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in 2 pairs, parent unchanged with natural antisense tran-
script decreased in 1 pair, and status unknown in 3 pairs
(two parent genes unknown, KIAA1370 parent of RP11-
23N2.4 not expressed) in heart failure RVs. Unused donor
versus heart failure RV parent/natural antisense transcript
ratios were significantly increased for 7 parent : natural anti-
sense transcript pairs and significantly decreased in 4 par-
ent : natural antisense transcript pairs (Table 6).

Exploratory in silico analyses using online tools sug-
gested multiple possible functional roles of natural antisense
transcripts, as previously reported.’® Of the 27 transcripts
with entries in LNCipedia, 13 possessed protein-coding
potential (no identified or known protein transcripts), and
5 possessed high-likelihood miRNA target sequences. For
example, the GATA?2 parent gene and its natural antisense
transcript were both targets of miR 4722 (MiRTarget scores
0.77 and 0.82, respectively), and CCDC85A parent gene
and its natural antisense transcript were both targets of
miR 1184 (MiRTarget scores 0.76 and 0.64, respectively),
suggesting that some natural antisense transcripts may
serve as miR decoys. By RPISeq, 7 natural antisense tran-
scripts were predicted with probability >0.80 by both RF
and SVM classifiers to be binding partners for the
polycomb repressive complex 2 (PRC2) EZH2 subunit. By
the catRAPID algorithm, the FHADI1 natural antisense
transcript had a greater strength of RNA : protein interac-
tion with EZH2 than did Xist (Fig. 1), a natural antisense
transcript previously reported to bind to and regulate
PRC2 EZH2." Interestingly, an atrial natriuretic peptide
(NPPA) natural antisense transcript was among the natu-
ral antisense transcript differentially expressed genes, and
NPPA natural antisense transcripts have been previously
reported to modulate the expression of NPPA splicing
isoforms.”

Pseudogenes

There were 1,064 and 793 transcribed pseudogenes ex-
pressed in heart failure RVs and unused donor RVs, re-
spectively (Table 2). There were 27 pseudogenes, with
differentially expressed genes representing 2.5% of all
pseudogenes in heart failure RVs versus unused donor
RVs (Table 2). These included 14 processed, 10 unpro-
cessed, 2 unitary, and 1 unknown type pseudogenes. Of
the 27 total pseudogenes, 10 were transcribed in antisense,
and 17 were transcribed in sense. The parental coding
genes included 2 unknown genes, 2 zing finger protein
pseudogenes (i.e., 2 pseudogenes had parental pseudo-
genes), and known parental protein-coding genes with a
variety of disparate, functional proteins.
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Table 6. Differentially expressed natural antisense transcripts and parent sense genes

DON RV DON DON RV HFRV ~HFRV  HFRV Sense:antisense

Ensembl ID Gene ID MEAN RV SD CORR MEAN SD CORR ratio P value
ENSG00000156269 BMP2K 65.4 18.6 0.69 45.3 169 -0.3 0.03
ENSG00000249307.1 RP11-438E5.1 69.6 249 11.3 6.4

Ratio sense/antisense 0.02 0.03 0.02 0.1
ENSG00000175206 NPPA 1,583.2 1,857.6 0.7 42,372.7  59,245.0 1.0 0.003
ENSG00000242349.1 NPPA-AS1 11.6 3.4 70.4 90.7

Ratio sense/antisense 118.3 124.8 506.9 256.7
ENSG00000107798 LIPA 430.2 62.2 0.5 280.3 86.3 0.1 0.00001
ENSG00000232110.3 PR11-149123.3 7.0 44 35.1 16.7

Ratio sense/antisense 61.5 58.3 11.8 14.3
Unknown Unknown N/C N/C N/C N/C N/C N/C N/C
ENSG00000232480.1 RP11-224019.2 3.0 2.0 18.9 15.6

Ratio sense/antisense N/C N/C N/C N/C
ENSG00000074219 TEAD2 1,312.4 201.9 0.5 749.0 1541 0.4 0.1
ENSG00000268157.1 AC010524 18.6 6.7 4.1 2.7

Ratio sense/antisense 70.6 36.2 296.0 300.9
ENSG00000148655 C10o0rf11 307.4 143.4 —0.7 109.8 34.4 0.2 0.2
ENSG00000269256.1 RP11-325D15.2 4.4 2.7 0.4 0.7

Ratio sense/antisense 67.3 22.2 104.7 50.8
ENSG00000055813 CCDCS85A 179.4 50.6 -0.2 93.4 31.8 0.6 0.5
ENSG00000233251.3 AC007743 271.0 123.1 112.1 51.8

Ratio sense/antisense 0.8 0.5 1.0 0.4
ENSG00000151067 CACNAI1C 2,699.0 381.4 0.03 2,640.7 549.2 0.04 0.00001
ENSG00000203593.3 RP5-1096D14.6 6.8 3.8 213 10.8

Ratio sense/antisense 493.6 247.9 157.2 78.7
ENSG00000174236 REP15 27.0 9.2 0.3 17.1 73 0.1 0.1
ENSG00000256377.1 RP11-1060]15.4 26.6 13.4 8.3 8.5

Ratio sense/antisense 1.3 1.0 4.0 3.8
ENSG00000156030 C14orf43 351.6 92.5 -0.9 262.0 102.3 0.1 0.00005
ENSG00000232480.1 RP5-1021120.1 3.0 2.0 18.9 15.6

Ratio sense/antisense 191.7 167.2 239 19.5
ENSG00000103852 TTC23 331.2 116.1 1.0 257.8 51.9 0.7 0.006
ENSG00000261616.1 RP11-602.3 205.2 126.5 87.0 35.9

Ratio sense/antisense 1.8 0.4 33 1.1
ENSG00000142611 PRDM16 645.8 243.1 1.0 288.4 108.2 0.8 0.9
ENSG00000177133.5 LINC00982 697.6 400.6 29255 108.9

Ratio sense/antisense 1.0 0.2 1.0 0.3
ENSG00000181577 C6orf223 1.8 1.5 0.1 4.0 2.4 0.1 0.4
ENSG00000237686.1 RP5-1120P11.1 34.4 17.2 99.6 36.9

Ratio sense/antisense 0.1 0.1 0.0 0.0
ENSG00000140548 ZNF710 119.0 88.0 -1.0 84.8 50.0 -0.1 0.006
ENSG00000259291.1 RP11-617F23.1 406.8 120.5 742.5 201.5

Ratio sense/antisense 0.4 0.4 0.1 0.1
ENSG00000112249 ASCC3 329.6 122.7 0.1 316.9 106.3 0.6 0.000001
ENSG00000260000.2 RP3-467N11.11 28.4 3.0 79.8 45.1

Ratio sense/antisense 11.7 4.1 4.6 1.7
ENSG00000101608 MYL12A 34,160.4 17,356.8 0.6 73,047.6  39,647.2 0.2 0.1
ENSG00000264235.1 RP13-270P17.1 76.0 59.4 310.6 174.7

Ratio sense/antisense 541.4 343.2 315.7 258.6
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Table 6 (continued)

DON RV DON DON RV HFRV HFRV  HFRV Sense:antisense

Ensembl ID Gene ID MEAN RV SD CORR MEAN SD CORR ratio P value
ENSG00000151632 AKRI1C2 516.6 201.0 0.9 157.7 61.1 0.6 0.3
ENSG00000224251.1 RP11-49907.7 10.4 6.7 2.6 21

Ratio sense/antisense 58.0 17.3 81.3 47.6
ENSG00000112406 HECA 1,374.2 430.4 0.1 1,155.0 186.5 0.3 0.2
ENSG00000231329.2 RP1-225E12.2 24.8 24.3 6.6 4.4

Ratio sense/antisense 103.1 94.0 352.5 385.2
ENSG00000182132 KCNIP1 3.2 4.1 0.3 13.4 7.1 0.7 0.4
ENSG00000253858.1 CTB-147C13.1 1.0 1.0 6.1 5.3

Ratio sense/antisense 2.0 2.6 3.0 2.1
ENSG00000168079 SCARAS 982.4 370.4 0.7 226.5 158.6 N/C N/C
ENSG00000253397.1 RP11-597M17.1 2.2 29 0 0

Ratio sense/antisense 596.9 535.1 N/C N/C
ENSG00000179348 GATA2 395.2 78.9 0.4 182.4 53.0 0.2 0.3
ENSG00000244300.2 RP11-475N22.4 58.8 239 20.9 7.6

Ratio sense/antisense 7.5 2.7 9.9 43
ENSG00000126214 KLC1 1,262.4 170.1 -0.9 1,269.0 2056 0.1 0.1
ENSG00000246451 RP11-894P9.1 104.6 94.8 30.6 27.7

Ratio sense/antisense 26.4 21.2 86.8 78.3
KIAA1370 (not found) KIAA1370 N/C N/C N/C N/C N/C N/C N/C

(not found)

ENSG00000260618.1 RP11-23N2.4 45.4 289 13.5 14.0

Ratio sense/antisense N/C N/C N/C N/C
ENSG00000029725 RABEP1 1,645.0 4455 —-0.1 1,472.0 342.3 0.3 0.03
ENSG00000263220.1 RP11-420A6.2 3.4 1.9 0.9 1.1

Ratio sense/antisense 405.0 150.0 1,115.2 575.1
ENSG00000173068 BNC2 35.6 13.2 0.3 19.7 10.2 0.2 0.3
ENSG00000234779.1 RP11-62F24.2 19.4 15.5 5.4 29

Ratio sense/antisense 2.4 1.3 5.3 5.5
ENSG00000115484 CCT4 1,816.6 508.1 0.2 1,774.5 372.2 0.0 0.001
ENSG00000236498.1 AC107081 2.0 1.2 7.0 3.4

Ratio sense/antisense 1,144.4 708.0 371.7 305.4
ENSG00000102362 SYTL4 331.2 71.7 0.4 151.5 57.4 0.6 0.4
ENSG00000261295.1 RP11- 25.0 16.6 8.0 6.3

524D16_A.3

Ratio sense/antisense 18.9 12.5 23.2 9.5
ENSG00000184489 PTP4A3 6,209.2 1,847.1 -0.2 9,032.6 2,230.3 0.2 0.01
ENSG00000244998.1 CTD-3064M3.4 17.4 11.3 4.3 2.5

Ratio sense/antisense 464.0 214.3 2,903.2 1,950.1
Unknown Unknown N/C N/C N/C N/C N/C N/C N/C
ENSG00000224984.1 RP11-524H19.2 2.4 43 0 0

Ratio sense/antisense N/C N/C N/C N/C
ENSG00000142621 FHAD1 2.2 1.3 N/C 9.9 7.5 0.7 N/C
ENSG00000236045.1 RP3-467K16.7 0 0 2.9 2.5

Ratio sense/antisense N/C N/C 3.7 2.1

Note: CORR: read count correlation; DON RV: unused donor right ventricle; Ensembl: Ensembl release 73; HF RV: heart failure
right ventricle; MEAN: read count mean; N/C: not calculated due to absence of sufficient read counts; P value: sense : antisense

ratio P value by ¢t test; SD: read count standard deviation.

147



148 | Right ventricular IncRNA expression in human heart failure

As previously reported, in general, the expression of
the parental coding gene was more abundant than the
expression of the corresponding pseudogenes (Table 7).2!
There were exceptions to this pattern, however, because
the expression of the FBX043 pseudogenes (ENSG00000
236155, RP11-231P20.2), for example, was considerably
more abundant than the expression of the parental FBX043
gene. The ratio of parental gene read count number to
pseudogene read count number was highly variable be-
tween individual subjects and across different parental
gene : pseudogene pairings and significantly different for
several parental gene: pseudogene pairings between un-
used donor and heart failure RVs (Table 8).

Functional annotation provided by the online resource
tool “pseudoMap” yielded a variety of both predicted pseu-
dogene esiRNA products and pseudogene miRNA bind-
ing targets (Table 7). From the available results in pseudo-
Map, the predicted pseudogene esiRNA products did not
typically target the parent gene mRNAs, and the pseudo-
gene miRNA binding partners did not typically overlap
with the parent gene mRNA or miRNA binding partners.
There were exceptions, however. For example, both the
RPL27A pseudogene and RPL27A parent gene mRNA 3
end uracil-rich terminal repeat (3"-UTR; the most common
mRNA binding site for micro-RNAs) were predicted tar-
gets for miRNA 612, suggesting that the RPL27A pseu-
dogene could serve as a miRNA decoy for miRNA 612, and
both the parent gene NMRAL1 and the NMRALI1 pseu-

Panel A: FHAD1 NAT
Score =1.07
Interaction Strength = 87%

Number of Counts
~
8

Number of Counts

Di Salvo et al.

dogenes were targets for miR 342-3p and miR 1913. The
esiRNAs produced from the FBXO43 pseudogenes were
not predicted to target FBXO043 transcripts but may target
FBXO043-associated transcripts, including MAPK1, MDM2,
OSMR, and IRAK3 transcripts (for each pseudoMap target
score >200, minimum fold energy for RNA sequence <50).
Patterns of parent gene and pseudogene expression
also suggested possible regulatory interactions. For exam-
ple, the parent gene NMRAL1 was not differentially ex-
pressed in heart failure versus unused donor RVs (374 +
132 vs. 351 + 79 read counts). However, the NMRAL1
pseudogene was significantly reduced in heart failure ver-
sus unused donor RVs (2 4+ 2 vs. 13 £ 15 read counts;
Table 8). pseudoMap predicted miR 342-3p and miR 1913
as regulators of both the parent gene and pseudogene. If
the NMRAL1 pseudogene served as an miRNA decoy, then
reduction in NMRAL1 pseudogene expression without par-
allel reduction in NMRAL1 expression might permit miR
324-3p and/or miR 1913 repression of NMRALI transla-
tion. NMRAL1 (HSCARG) is a redox sensor protein.”” Re-
duced levels of NMRAL1 by RNA interference increases
nitric oxide production and reduces cell viability, whereas
overexpression of NMRALI increases cell viability.

DISCUSSION

This study is notable for the high quality of isolated RNA,
robust RNA-Seq count numbers, and abundant expression
of both protein-coding and non-protein-coding poly(A)

Panel B: Xist
Score =0.70
Interaction Strength = 76%

)
-10 5 0 5 10
Interaction Score

-10 5 0 5 10
Interaction Score

Figure 1. Interaction strength with EZH2. By the catRAPID binding prediction algorithm, the FHAD1 NAT (A) has a greater
strength of RNA:protein interaction with the PRC2 component EZH2 than does Xist (B), a long noncoding RNA previously
reported to bind to and regulate the H3K27me3 trimethylation activity of EZH2.



mRNAs. Transcripts in the failing RVs (as annotated in
GENCODE, version 16, a tabulation of all known genes
based on known human genome sequence) included 17,247
total genes, including 13,019 protein-coding genes (65%
of all known protein-coding genes), 2,085 IncRNAs (16%
of all known IncRNAs), and 1,064 pseudogenes (8% of all
known pseudogenes). These findings are in general agree-
ment with earlier RNA-Seq studies in mice, albeit with
slightly larger numbers of transcripts.?*** The heart fail-
ure RVs expressed a larger number of RNA transcripts in
all categories, including IncRNAs and pseudogenes, com-
pared with the unused donor RVs. Overall, 3.7% of Inc
RNAs and 2.5% of pseudogenes were differentially ex-
pressed in the heart failure RV versus unused donor RVs.
Exploratory in silico analyses using online tools suggested
multiple roles for IncRNAs, particularly roles as (1) poten-
tial miRNA decoys and (2) high-affinity binding partners for
chromatin modifiers, such the EZH2 component of PRC2.

IncRNA regulatory roles

IncRNAs play a variety of defined critical regulatory roles,
including X-inactivation and imprinting via interaction
with DNA and/or DNA binding proteins,*® gene repression
or enhancement via interaction with PRC1 and PRC2,%
and gene expression enhancement during development
and differentiation in part via interaction with the mediator
complex.”® Additional myriad IncRNA regulatory mecha-
nisms reported to date include (1) transcriptional silencing
or augmentation by interaction with transcriptional ma-
chinery or chromatin-altering binding partners, (2) interac-
tion with actively transcribing mRNA, (3) direct interaction
with DNA itself, (4) nuclear esiRNA generation via IncRNA
“parent” fragmentation, (5) cytoplasmic miRNA decoy via
the competing endogenous RNA hypothesis of miRNA reg-
ulation, and (6) interference with cytoplasmic mRNA stabil-
ity by competition for mRNA stabilization factors.”® This
functional diversity devolves from the wide array of protein,
RNA and DNA binding domains, flexible scaffolding capa-
bilities, modular secondary structures (Fig. 2), embedded
esiRNAs, alternative transcripts, and alternatively spliced
isoforms characteristic of IncRNAs.*°

IncRNAs in cardiac disease: evidence to date

Although the role of IncRNAs in epigenetic regulation in
development, differentiation, and cancer is well estab-
lished® and will likely provide opportunities for novel tar-
geted therapies,31 the role of IncRNAs in cardiac devel-
opment and disease has not been widely studied.*” In a
recent study, the IncRNA “Braveheart” was required for
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both progression of nascent mesoderm toward a cardiac
fate and maintenance of cardiac fate in neonatal mouse
cardiomyocytes in part via interaction with the SUZ12
component of PRC2.>> IncRNA NAT transcripts®* have
been shown to regulate expression of troponin I,** myosin
heavy and light chains,*® and atrial natriuretic peptide.?’
A higher antisense/sense mRNA ALC-1 ratio was associ-
ated with lower ALC-1 protein expression in hypertrophied
human myocardium.*” The DMPK 3'-UTR CTG triplet re-
peat, when expanded 50-2,000 times, as in myotonic dys-
trophy, leads to “RNA toxicity” by sequestration of RNA-
binding proteins, downregulation of connexins 40 and
43, induction of Nkx2-5 expression, and promulgation of
heart block.?® The SRA1 gene yields both (1) IncRNAs
termed “steroid receptor RNA activators” (SRAs), which are
able to coactivate steroid nuclear receptors, and (2) mRNAs
translated into steroid receptor RNA activator proteins
(SRAPs).* SRAPs may bind SRAs, and the SRAP/SRA
transcripts serve as a “bi-faceted” genetic system with im-
portant roles in myogenic differentiation*® and human
dilated cardiomyopathies.*’ In separate genome-wide as-
sociation studies, single-nucleotide polymorphism (SNP)
variants in the novel IncRNA MIAT conferred increased
risk of myocardial infarction,*” and SNPs in the IncRNA
ANRIL locus carried the strongest genetic susceptibility for
coronary artery disease.”> As more mechanistic examples,
the IncRNA ANRIL, a natural antisense transcript of the
protein-coding INK4b/ARF/INK4a complex, binds chro-
mobox 7 of PRCI, thereby regulating the PRC1-mediated
methylation of histone H3 lysine 27 and effecting the tran-
scriptional silencing of INK4a in cis.** The IncRNA cardiac
hypertrophy related factor in mice acts as an endogenous
“sponge” for mi489, thereby relieving the mi489-mediated
repression of hypertrophy-inducing Myd88.** esiRNA si-
lencing of the IncRNA MALAT1, which under normal con-
ditions is highly expressed in endothelial cells of different
origin, resulted in endothelial-dependent reduced vascular
growth both in vitro and in vivo.*®

Speculative roles of IncRNAs in the heart

Little is presently known regarding the targets of the
IncRNAs expressed in the heart.*” We could not find pub-
lished literature identifying the targets of the differentially
expressed IncRNAs identified in this study. Thus, we used
available online tools for IncRNA in silico preliminary
functional analyses. Future efforts, including our own, will
be directed toward elucidating IncRNA targets using RNA
silencing (esiRNA) approaches in animal and cellular mod-
els. Elucidation of the roles of specific IncRNAs in the
heart will prove challenging given the large number of
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Figure 2. Three representative examples of long noncoding
RNA (IncRNA) secondary structure. Examples of the diverse
IncRNA RNAfold proposed secondary structures for three of
the differentially expressed IncRNAs. Notable are the unique
secondary conformations coupled with preserved modular fea-
tures, including loops. The RNAfold proposed secondary struc-
tures were downloaded from http://www.Incipedia.org."®
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IncRNAs, the large number of potential IncRNA targets
and interaction partners, and the known mechanistic diver-
sity of IncRNAs themselves.*” Four broad functional roles
as signals, decoys, guide, and scaffolds have been proposed
for IncRNAs (Fig. 3).*® First, IncRNAs may serve as signals
themselves once transcribed and/or modulate existing sig-
nals by interacting with chromatin-binding protein com-
plexes or other RNA species.*” Second, IcnRNAs may serve
as decoys for both RNAs and proteins. The “endogenous
competing RNA hypothesis” proposes that multiple RNA
species (mRNAs, IncRNAs, small nucleolar RNAs, and
miRNAs) all “compete” for specific regulatory miRNA
binding partners in a process of combinatorial regulation
based on relative binding affinities and expression lev-
els.’® Third, IncRNAs often possess high-affinity binding
sites for proteins and may serve as decoys. By binding to
DNA and forming heteroduplexes or heterotriplexes,
lenRNAs may also guide chromatin-binding proteins to reg-
ulatory cis and transgenomic regions.*® Fourth, IncRNAs,
due to their modular structure, may serve as scaffolds for
protein complex and RNA-binding partner and assist or
direct the assembly of larger chromatin regulatory com-
plexes.”’ IncRNAs thus likely play key roles in the epige-
netic regulation of gene expression during adaptive and
maladaptive ventricular remodeling and the transition to
failure.*”*

IncRNAs in the RV

Animal models have demonstrated significant differences
in RV mRNA expression transcriptional profiles in response
to experimental pressure’*>® and volume overload.””*®
Most of these studies, however, examined only the expres-
sion of mRNA by earlier-generation microarrays, which
did not include probes for IncRNAs and thus provided an
incomplete readout of the comprehensive RV transcrip-
tome.>® IncRNA differential expression by RNA-Seq in RV
pressure versus volume overload experimental models has
not been reported to date. Based upon the dynamic nature
of RV mRNA expression in pressure versus volume over-
load models, however, it is likely that IncRNA expression
differences exist in such models and play key regulatory
roles in the epigenetic regulation of the differential mRNA
transcription profiles reported. Differential expression of
IncRNAs and associated regulatory pathways is likely a
conserved feature of RV remodeling independent of the
type of RV remodeling stimulus. We would anticipate that
at least some of the differentially expressed IncRNAs and
associated pathways identified in this study would play
roles in RV adaptive and maladaptive remodeling and the
transition to RV failure in pulmonary arterial hypertension.
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Figure 3. Domain architecture and function of long noncoding

RNAs (IncRNAs). A, IncRNAs structural domains can sense or bind

other RNAs via complementary base pair interactions, proteins, and DNA that can induce allosteric conformations changes to
other structures in the IncRNA. B, Alternative splicing can combine these structural domains into IncRNA modular architecture.
C, Coupling sensing and actuator domains permit IncRNAs to function as “control” devices. In the example on the left, binding of
RNA (gray) induced a conformational change that prevents protein binding. On the right, the protein can bind in the absence of
RNA, inducing the formation of a stem-loop secondary structure that can be processed and cleaved to generate RNA output.
D, IncRNAs such as HOTAIR act as molecular scaffolds, binding multiple proteins to form complex ribonucleoprotein structures.
E, IncRNAs such as Cist can target the catalytic function of proteins to specific genome sites. IncRNAs can recruit chromatin-
modifying proteins (purple, blue) to target sites by association with a DNA-binding protein such as YY1 (red). The chromatin
modifiers then modify local histones to influence the expression of adjacent genes.

IncRNA in the RV versus LV

In the mouse, the normal RV and normal LV are epige-
netically distinguishable based on differential expression
patterns of epigenetic regulators of histone acetylation and
methylation.”® Differences in RV versus LV mRNA tran-
scription have been reported in the normal mammalian
heart,*® in some®"** but not all®® pressure overload experi-
mental models, and in human congenital heart disease.**
Although the RV versus LV may invoke similar regulatory
pathways in response to pressure overload, the RV mRNA
transcriptional response appears generally more vigorous
than the LV response.®® Based upon the aggregate micro-

array data to date, however, it is not yet clear whether
targeting pathways specific to the stressed or failing RV,
targeting pathways common to both the RV and LV,
or targeting the mechanical interactions between the RV
and LV will afford novel opportunities to attenuate RV ad-
verse remodeling and the transition to RV failure.®>®

Pathobiology of RV failure in LV failure and

future potential applications of IncRNA

transcriptional profiling

The pathobiology of RV failure in the setting of LV fail-
ure is likely distinct based upon the etiology of LV fail-



ure.®® Given the relative resistance of the RV to irreversi-
ble ischemic injury, RV failure in ischemic LV failure
most likely devolves from the chronic elevation of pul-
monary vascular impedance resulting from progressive
LV diastolic hypertension.®” In impedance overload, the
RV remodels by concentric hypertrophy and adopts over
time with unrelieved overload many of the geometric and
cardiodynamic features of the LV. In nonischemic LV
failure, by contrast, RV failure may result from the same
heritable structural or contractile protein mutations or in-
fectious/toxic injuries affecting the LV.®” Heritable pro-
tein mutations or injuries delimit the RV remodeling rep-
ertoire to any additional insult or overload imposed by LV
failure. Hence, RV failure pathobiology due to heritable
protein mutations or injuries diverges sharply from the
RV failure pathobiology of pulmonary vascular impedance
overload alone. Beyond these broad etiologic factors, other
modifying genetic and environmental factors—including
common comorbid conditions that alter pulmonary hemo-
dynamics independent of the heart (e.g., obstructive sleep
apnea and chronic obstructive pulmonary disease), gen-
eral medical comorbidities (e.g., diabetes mellitus), and
specific heart failure pharmacologic therapies—introduce
higher orders of heterogeneity into the pathobiology of RV
failure in the setting of LV failure.®>*® To some degree,
the RV transcriptome in end-stage LV failure would be
expected to reflect the different etiologies of LV failure, the
variable pulmonary vascular impedance conditions de-
pendent on LV function, and the integration of these and
other diverse genetic and environmental modifying fac-
tors. Collectively, these pathobiologic considerations in
end-stage human LV heart failure suggest that (1) the RV
transcriptome is not likely to mirror directly the LV tran-
scriptome and (2) the RV transcriptome may exhibit sub-
stantial patient-to-patient heterogeneity. Such RV transcrip-
tome heterogeneity was supported by the striking variability
in subject-to-subject expression of many differentially ex-
pressed IncRNAs identified in this study and may afford a
potential future opportunity to personalize therapies for
RV failure.

Beyond providing insight into fundamental mecha-
nisms of RV myocardial development and remodeling as
well as affording an opportunity to personalize therapies,
IncRNA transcriptional profiling may yield diagnostic clin-
ical assays and prognostic biomarkers in human heart fail-
ure. A recent study of explanted human LVs reported that
the LV IncRNA transcriptional profile discriminated the
etiology of ischemic versus nonischemic heart failure with
greater precision than did the LV mRNA or miRNA tran-
scriptional profiling.®® This study also showed that IncRNA
expression profiles, but not mRNA or miRNAs, were mark-
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edly altered in response to the reverse remodeling ob-
served with LV mechanical support.®® IncRNA profiling
and therapeutic targeting may complement the evolving
roles of miRNA profiling and therapeutic targeting in the
LV® and in RV dysfunction.70 In a recent study, the mito-
chondrial IncRNA LIPCAR was upregulated in the plasma
of patients who developed adverse ventricular remodel-
ing and heart failure after myocardial infarction and was
shown to be an independent predictor of survival in pa-
tients with heart failure.”*

Findings of additional speculative interest

Several of the findings in the present study are of addi-
tional speculative interest. First, we found expression of
approximately 3,000 IncRNAs (including pseudogenes)
representing 16% of known IncRNAs and 8% of known
pseudogenes in RV myocardium. Approximately 6% over-
all of these IncRNAs were differentially expressed in heart
failure versus unused donor RVs. These percentages of
overall IncRNA expression and differential IncRNA are
both modest. Most IncRNA expression, like mRNA expres-
sion, appears conserved in the failing RV, which is per-
haps not surprising given the dependence of working
myocardium (failing or not) on the highly expressed, high-
ly conserved mitochondrial energetic and sarcomeric con-
tractile protein components that dominate the myocardial
transcriptorne.68 Second, there were a larger number of
transcripts expressed overall in the heart failure versus un-
used donor RVs. This may have arisen from a variety of
factors. The heart failure subjects had a greater number of
comorbidities and medications, both of which may have
induced different and richer expression patterns. Although
the explantation techniques, cardio-preservation protocols,
and tissue-preparation processes were identical in the un-
used donor and heart failure subjects, the unused donors
and heart failure subjects were in markedly different phys-
iologic states at the time of explanation. The unused do-
nor subjects were brain dead, hormonally resuscitated,
anesthetized without induction, were not supported on
cardiopulmonary bypass, and had multiple vital organs ex-
planted before cardiac explantation. Conversely, the heart
failure subjects had intact brain function, were anesthe-
tized with careful induction, and were supported by cardio-
pulmonary bypass with fully intact vital organ function at
the time of explantation. Collectively, these differences in
physiologic state may have contributed to the gene expres-
sion differences found.”?

Limitations
Our study was limited to explanted end-stage human myo-
cardium. Although the RNA submitted for sequencing
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from the homogenized myocardial tissue was of high
quality, we cannot exclude selective enrichment of RNAs
due to sample-to-sample differences in tissue characteris-
tics or composition, myocardial perfusion, or blood ad-
mixture. Although our tissue collection and preservation
protocol was designed to minimize RNA degradation, the
sequential processes of harvesting, transport, frozen stor-
age, thawing, tissue homogenization, and RNA extraction
cannot preserve all tissue RNA.

By design, we analyzed only RV tissues. Thus, we can-
not compare differential expression of LV IncRNA versus
RV IncRNA. The earlier study of LV IncRNA differential
expression, cited above, did not provide a tabulation of
differentially expressed LV IncRNAs to permit compari-
son with the tabulation of differentially expressed RV
lcnRNAs in our study.®® All patients were treated with
medications, including inotropes, before transplantation,
which likely altered gene expression in the RV. RNA-Seq
has inherent potential limitations owing to 5' bias and
dependence on library-preparation methodology.” As dem-
onstrated, substantial biological variation was found in
read counts between subjects. The pooling of samples
with such read count variation challenges statistical infer-
ence based on an assumed distribution of read counts.
Statistical significance, as in all such studies, is accepted
as a “proxy” for biological significance, realizing that mean-
ingful biological variation may or may not result in statis-
tical differences in expression if there are threshold, grad-
uated, or nonlinear expression effects on translation.

We did not perform confirmatory qPCR or other as-
says for the differentially expressed genes reported. Mul-
tiple earlier studies have demonstrated equivalent preci-
sion of RNA-Seq and qPCR.>*”*”* Given the limitations
of coverage, copy readout, and specificity of microarray
probes, confirmatory qPCR is required to validate micro-
array findings. RNA-Seq, however, is not limited by cov-
erage, copy readout, and specificity, and confirmatory
qPCR is not currently recommended by experts for well-
performed RNA-Seq.>®”*”* For this study, RNA-Seq was
performed in the Vanderbilt Genomics Core laboratory,
a facility with highly trained and experienced personnel
and state-of-the-art equipment.

We compared RVs from subjects with end-stage LV
failure with the RVs of unused human donors. Unused
human donors do not have “normal” RV myocardium
because of the state of brain death before harvest. Earlier
studies have reported heterogeneity in gene expression in
unused donor hearts attributable to clinical factors and
harvest/storage factors.”” Finally, all such studies are in-
herently limited by the lack of understanding of funda-
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mental aspects of gene expression, including the relation-
ship of transcribed protein-coding or non—protein-coding
mRNA to translated protein.”®

Conclusion

RNA-Seq provides a comprehensive profile of the polyaden-
ylated IncRNA transcriptome in human heart failure.
Over 100 polyadenylated IncRNAs are differentially ex-
pressed in heart failure RVs versus unused donor RVs.
Differentially expressed IncRNAs, including natural anti-
sense transcripts and pseudogenes, likely possess a vari-
ety of regulatory functions.

Despite the likely critical roles of IncRNAs in myocar-
dial pathobiology, myocardial IncRNA research is in its in-
fancy. The current study was descriptive and exploratory
by design. It describes a reasonably large number of dif-
ferentially expressed IncRNAs in human heart failure
and explores their possible functional roles via accessible,
existing online resources and databases. It is hoped that
these results provide investigators with an inventory of
differentially expressed candidate IncRNAs, natural anti-
sense transcripts, and pseudogenes for future mechanis-
tic studies in human heart failure.
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