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The cardiac translational landscape
reveals that micropeptides are new players
involved in cardiomyocyte hypertrophy
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Hypertrophic growth of cardiomyocytes is one of the major
compensatory responses in the heart after physiological or
pathological stimulation. Protein synthesis enhancement,
which is mediated by the translation of messenger RNAs, is
one of the main features of cardiomyocyte hypertrophy.
Although the transcriptome shift caused by cardiac hypertro-
phy induced by different stimuli has been extensively investi-
gated, translatome dynamics in this cellular process has been
less studied. Here, we generated a nucleotide-resolution trans-
latome as well as transcriptome data from isolated primary car-
diomyocytes undergoing hypertrophy. More than 10,000 open
reading frames (ORFs) were detected from the deep sequencing
of ribosome-protected fragments (Ribo-seq), which orches-
trated the shift of the translatome in hypertrophied cardiomyo-
cytes. Our data suggest that rather than increase the transla-
tional rate of ribosomes, the increased efficiency of protein
synthesis in cardiomyocyte hypertrophy was attributable to
an increased quantity of ribosomes. In addition, more than
100 uncharacterized short ORFs (sORFs) were detected in
long noncoding RNA genes from Ribo-seq with potential of
micropeptide coding. In a random test of 15 candidates, the
coding potential of 11 sORFs was experimentally supported.
Three micropeptides were identified to regulate cardiomyocyte
hypertrophy by modulating the activities of oxidative phos-
phorylation, the calcium signaling pathway, and the mitogen-
activated protein kinase (MAPK) pathway. Our study provides
a genome-wide overview of the translational controls behind
cardiomyocyte hypertrophy and demonstrates an unrecog-
nized role of micropeptides in cardiomyocyte biology.
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INTRODUCTION
The heart undergoes remodeling in response to various physiological
and pathological stimuli.1 Hypertrophic growth of cardiomyocytes,
which account for 70% of the volume of the heart, is one of the major
cellular responses during cardiac remodeling.2 Increased protein
Mo
This is an open access article under the CC BY-NC-N
synthesis and sarcomere assembly occur in this process. Both phos-
phatidylinositol 3-kinase (PI3K)/AKT and mitogen-activated protein
kinase (MAPK) signaling pathways have been widely reported as one
of the main signaling pathways transducing external stimuli to a shift
in the transcriptome in cardiac hypertrophy. For example, phenyl-
ephrine (PE) activates the PI3K/AKT and MAPK signal pathways
through the a1-receptor, which induces hypertrophic growth of car-
diomyocytes.3,4 Studies have demonstrated that PE induces protein
synthesis in cardiomyocytes through the downstream targets of
mammalian target of rapamycin (mTOR), S6K1, and 4EBP1;5 howev-
er, the mechanism of this induction at the translation level has yet to
be determined. Whether the increased efficiency of protein synthesis
results from an increase in the quantity or the translational rate of ri-
bosomes is unknown.

The development of new technologies for massively parallel
sequencing provides new tools for genome-wide investigations of
regulation by various DNA and RNA modifications. The shift of
the cardiac transcriptome under different conditions has been inten-
sively investigated by our group6 and others7,8 in the past decade; yet,
transcriptome data deviate from mass spectrum data, which reflect
the protein levels, to some extent. Therefore, deep sequencing of
actively translated transcripts might provide a more accurate and
complete measure of gene expression in addition to conventional
RNA sequencing (RNA-seq) analyses. Translating ribosome affinity
lecular Therapy Vol. 29 No 7 July 2021 ª 2021 The Author(s). 2253
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purification sequencing (TRAP-seq) was previously applied to study
the actively translating transcripts associated with polyribosomes in
the heart.9 Recently, the cardiac translatome has been analyzed with
a combination of deep sequencing of ribosome-protected fragments
(Ribo-seq) and RNA-seq.10,11 Similar to the cardiac transcriptome
analysis, extension of the analysis of the translational landscape in
cardiac remodeling under different stimuli may help to obtain a full
picture of how the gene program is shifted in cardiac disease.

Micropeptides refer to those translational products containing 100
amino acids (aa) or less derived from short open reading frames
(sORFs) in the transcripts.12 Since the sORFs are too short, most
of them are considered as false-positive hits during ORF scanning
for genomic annotation.13 Therefore, genes producing, for example,
sORF-containing transcripts, are usually mis-annotated as noncod-
ing RNA genes. Accumulating evidence has demonstrated that a
large number of micropeptides are present in mammalian cells
with unknown function in most cases.10,14,15 The biological function
of these “tiny” protein molecules needs to be explored because it
could help distinguish whether the regulatory function of the
DNA locus comes from the “noncoding” transcript or if they are en-
coded micropeptides. Recently, micropeptides have been shown to
regulate striated muscle development and function.16 Myomixer, a
micropeptide enriched in developing and regenerating skeletal mus-
cle, was reported to control the critical step in myofiber formation
during muscle development.17 Furthermore, dwarf open reading
frame (DWORF), a sarcoplasmic reticulum-located micropeptide,
activates sarcoplasmic endoreticulum calcium ATPase (SERCA),
which is a target candidate for gene therapy of heart failure,18,19

and prevents pathological remodeling and Ca2+ dysregulation in a
model of heart failure.20

In this study, we performed Ribo-seq and RNA-seq with hypertrophic
cardiomyocytes induced by PE. Our transcriptional and translational
profiling data, respectively, showed that the PI3K/AKT and MAPK
signaling pathways were upregulated translationally and transcrip-
tionally. Our data demonstrated that the increased efficiency of pro-
tein synthesis in PE-induced cardiomyocyte hypertrophy was mainly
attributable to the increased quantity of ribosomes, as evidenced by
the increased translation of ribosomal protein genes. In addition,
hundreds of sORF candidates were identified in this genome-wide
translational analysis with a portion of the micropeptides coded by
transcripts from the complementary strand of protein-coding genes.
Three micropeptides were further demonstrated to regulate the hy-
pertrophic growth of cardiomyocytes through modulating various
signaling pathways as assessed by a functional assay.

RESULTS
Genome-wide translatomic and transcriptomic profiling in

hypertrophic cardiomyocytes

Enhanced protein synthesis is one of the main features of hypertrophic
growth of cardiomyocytes under stimuli.21,22 To study how translation
is regulated at a genome-wide scale during the process of hypertrophy,
primary neonatal cardiomyocytes were isolated and stimulated with PE
2254 Molecular Therapy Vol. 29 No 7 July 2021
for 24 h. Hypertrophic growth was confirmed by measuring the size of
cardiomyocytes (Figures S1A and S1B) and detecting the gene expres-
sion of markers, such as natriuretic peptide A (NPPA), NPPB, and
ACTA1 (Figure S1C). Cells were then harvested and prepared for
Ribo-seq, which detects ribosome-protected fragments for measuring
ribosome occupancy of protein-coding genes, and RNA-seq, which al-
lows the study of changes in the transcriptome during cardiomyocyte
hypertrophy. In total, we obtained �185 M clean reads from Ribo-
seq (�90 M from control and �95 M from PE-treated cells; Table
S1) and �820 M clean reads from RNA-seq (�400 M from control
and �420 M from PE-treated cells; Table S1). The majority of the de-
tected ribosome-protected fragments showed a length distribution
from 26 nt to 32 nt (Figure 1A). Uniquely mapped reads from Ribo-
seq were analyzed with Ribocode,23 and we found that over 80% of
the main ribosome-protected fragments (from 28 nt to 30 nt) were
qualified reads (Figure 1B), which displayed the 3-nt codon movement
characteristic of actively translating ribosomes (Figure 1C). Further an-
alyses with Ribocode found that the majority of qualified reads (81.4%)
mapped to ORFs of 13,762 annotated protein-coding genes. 6.5% qual-
ified reads mapped to uORFs, a sORF localizing upstream of the main
ORF of protein-coding genes. Interestingly, 3.9% of qualified reads
mapped to long noncoding RNA (lncRNA) genes (Figure 1D; Table
S2), indicating that these genes carried coding potential, which was
studied below.

To identify the differentially expressed (DE) genes in transcription
and translation, we analyzed RNA-seq and Ribo-seq data from
PE-treated and control cardiomyocytes. As a result, we detected
1,201 transcriptionally DE genes (545 upregulated and 656 downre-
gulated with |Log2(fold change)| > 1 and false discovery rate
[FDR] < 0.05) (Figure 2A; Table S3) and 836 translationally DE
genes (347 upregulated and 489 downregulated with |Log2(fold
change)| > 1 and FDR < 0.05) (Figures 2B and 2C; Table S4). The
increase of expressed and translating marker mRNAs, such as
NPPA, NPPB, and ACTA1, were further confirmed in RNA-seq
and Ribo-seq analyses (Figures 2A�2C; Tables S3 and S4. Next,
we asked which signaling pathways were regulated during PE-
induced cardiomyocyte hypertrophic growth. Kyoto Encyclopedia
of Genes and Genomes (KEGG) analysis showed that translationally
dysregulated genes were enriched in several pathways known to
regulate cardiac hypertrophy, such as “MAPK signaling pathway”
and “PI3K/AKT signaling pathway” (Figures 2D and 2E). We per-
formed a similar KEGG analysis for transcriptionally dysregulated
genes. Similar KEGG terms were enriched with MAPK signaling
pathway and PI3K/AKT signaling pathway at the top of the list (Fig-
ure 2F). Furthermore, enriched ontology clusters analysis of the
transcriptionally dysregulated genes showed that terms related to
muscle system process, contraction, and development were among
the most highly enriched, which were expected in the process of car-
diomyocyte hypertrophic growth (Figure 2G). The similarity of top
KEGG lists of the dysregulated gene enrichment between Ribo-seq
and RNA-seq provided us a hint that the rate of utilization of the
ribosome for translation of the majority of mRNAs did not signifi-
cantly change in PE-induced cardiomyocyte hypertrophy.



Figure 1. Detection of the active translating RNA fragments from hypertrophic cardiomyocytes

(A) The distribution of length of reads in ribosome-protected fragments sequencing (Ribo-seq) in our study. (B) The percentage of Ribo-seq reads with different lengths

matching the primary open reading frames (ORFs) versus other possible frames. (C) Representative bar plots showing the peptidyl-site (P-site) positions derived from Ribo-

seq reads across the first 50 nt and last 50 nt of ORFs. (D) The proportion of different categories of ORFs detected in our study. Annotated, annotated ORFs for proteins;

uORF, upstream ORF; dORF, downstream ORF; overlapped, uORF/dORF overlapped with main ORF; novel_PCGs, novel ORFs from protein-coding genes; novel_-

NonPCGs, novel ORFs from nonprotein-coding genes.
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Increased protein synthesis is mainly attributable to an

enhanced amount of ribosomal proteins during PE-induced

cardiomyocyte hypertrophy

Increased protein synthesis during cardiomyocyte hypertrophy may
result from an increased number of ribosomes (with stable transla-
tional rate) and/or an increased translational rate from these ribo-
somes. Analysis with a less stringent criteria (FDR < 0.05) provided
us a broad view of the translatome shift during this cellular process.
We found that “ribosome” is the first hit of the upregulated KEGG
terms (Figure 3A), indicating that the synthesis of ribosomal pro-
teins was enhanced in hypertrophic cardiomyocytes. In fact, 47
out of 53 significantly altered (FDR < 0.05) ribosomal protein genes
were upregulated when we looked at the gene list of Ribo-seq (Fig-
ure 3B), indicating an increased ribosomal number and enhanced
translational capacity. Increases in the levels of two ribosomal pro-
teins, Rpl35 and Rps23, in PE-treated cardiomyocytes were also
confirmed by western blotting (Figure 3C). Next, we asked whether
increased translational rates play a role in PE-induced cardiomyo-
cyte growth. Ribo-seq data were incorporated together with RNA-
seq data for analysis of gene translational efficiency (TE) using
Ribodiff.24 It turned out that only 109 protein-coding genes were
significantly altered in TE (FDR < 0.05; |Log2(fold change)| > 1)
(Table S5). Among these, most were genes related to muscle
contraction (Figure 3D); however, most TE-altered genes showed
a buffered effect in transcription versus translation (the tendency
of dysregulation is opposite between transcript expression and TE)
(Figure 3E). Then, we aligned the changes of translation, transcrip-
tion, and TE for dysregulated genes in the MAPK signaling pathway,
PI3K/AKT signaling pathway, and ribosome. No clear pattern of
gene TE in these pathways was observed (Figures 3F and S2),
although dysregulated ribosome genes have a tendency to shift
upon TE enhancement. All of these results suggest an increased
number of ribosomes but not an increased translational rate,
contributed to the enhanced protein synthesis in PE-induced cardi-
omyocyte hypertrophy.

The translational activity of uORFs does not affect the TE of the

main ORF in PE-induced cardiomyocyte hypertrophy

The uORF was reported to regulate the translational activity of the
main ORF of protein-coding genes.25 In our study, we identified
Molecular Therapy Vol. 29 No 7 July 2021 2255
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1,834 uORFs in 1,491 annotated protein-coding genes (Table S6). The
length of these uORFs is around 20�50 aa (60�150 nucleotides) (Fig-
ure 4A). Among 13,692 detectable ORFs for proteins identified in this
study, 12,201 of them (89.11%) did not have an uORF; 1,312 of them
(9.58%) possessed one uORF, whereas 179 of them (1.31%) possessed
two or more uORFs (Figure 4B). Those uORF-containing protein-
coding genes were further subjected to KEGG analysis. Interestingly,
terms of PI3K/AKT signaling pathway and MAPK signaling pathway
were shown at the top of the list (Figure 4C). Next, we tried to address
whether uORFs regulate the translational activity of the main ORFs
by checking the correlation of TE between the main protein-coding
ORF and its preceding uORF (uORF-ORF pair). Multiple uORF-
ORF pairs were applied if multiple preceding uORFs for one main
protein-coding ORF were identified. No clear distribution pattern
was found when we plotted TE ratios of all detected uORF-ORF pairs
in Ribo-seq (Figure 4D). Similar negative results were obtained when
we carefully checked uORF-ORF pairs associated with PI3K/AKT
signaling pathway or MAPK signaling pathway (Figure S3). There-
fore, the TE of primary ORFs was largely independent from the fre-
quency of uORF translation in PE-induced cardiomyocyte
hypertrophy.

Identification of small ORF-coded micropeptides from primary

cardiomyocytes

Emerging evidence shows that many micropeptides, which are 100 aa
or less, are encoded by sORFs in transcripts originally annotated as
noncoding RNAs. In order to identify novel sORFs on a genome-
wide basis, we carefully examined reads from Ribo-seq, which
displayed the 3-nt codon movement pattern, and matched these to
noncoding transcripts, which indicated that actively translating
ORFs were present in these noncoding transcripts. As a result, 265
novel ORF candidates were detected. Among them, 126 sORF candi-
dates with 100 aa or less were identified (Table S7). These sORF can-
didates were matched to 103 annotated lncRNAs (8.67%, 103 out of
1,188).We found that 27 sORF candidates overlapped with sORFs de-
tected in adult rat heart previously (Figure S4).10 To further evaluate
the coding capability, 15 sORF candidates were randomly selected for
further testing (Table 1). We built expression constructs containing a
3XFLAG epitope tag in-frame with the C terminus of sORFs. A pre-
viously reported sORF, DWORF,16 was used as a positive control. As
expected, a 3XFLAG-tagged micropeptide was detected as ectopically
expressed in transfected HEK293 cells. It turned out that 11 out of 15
constructs yielded 3XFLAG-tagged fusion micropeptides ranging
from 10 to 20 kDa in HEK293 cells, as demonstrated by western blot-
ting (Table 1; Figure 5A), and the length of 50 UTR seemed to have
a limited effect on the translation of sORF (Figure S5). More
Figure 2. Integrative genome-wide analyses of Ribo-seq and RNA-seq from PE

(A and B) Volcano maps of dys-regulated genes in RNA-seq (A) and Ribo-seq (B). Red

(FDR < 0.05; |Log2(fold change)| > 1). (C) The genomic view of reads in RNA-seq and

mapped reads number. (D) KEGG pathway analysis of significantly dys-regulated genes

dys-regulated genes in the “PI3K/AKT signaling pathway” and “MAPK signaling pathwa

transcription (RNA-seq). Enriched pathways are ranked by gene ratio. (G) Metascape an

colored by cluster ID and shown by gray ovals. Clusters described in the main text are
importantly, the expression of these fusion micropeptides was abol-
ished when the ATG codon was deleted (Figure 5A) or a single nucle-
otide was inserted immediately after ATG to cause the frameshift of
sORFs in mutant constructs (Figure S6). Many micropeptides were
reported to be localized within mitochrondia.10 To further explore
subcellular localizations of these identified micropeptides, we de-
tected the cellular distribution of these ectopic-expressing 3XFLAG-
tagged fusion micropeptides in H9C2 cells, a cardiomyocyte-like
cell line, with immunostaining. As shown in Figures 5B and S7,
most micropeptides showed a predominant nuclear or cytoplasmic
localization. Only RNO-sORF7, which is encoded by transcript
ENSRNOG00000054516, showed a mitochondrial-specific localiza-
tion (Figure 5C). Analyses combined with bioinformatics searches
and comparisons to recent data from humans10 found that most of
the validated micropeptides were not conserved in human and
mouse, except sORF9 and sORF11 (Table 1; Figure 5D).

To further demonstrate the existence of sORFs in vivo, two antibodies
against sORF9 and sORF11 were developed to detect the endogenous
expression of these micropeptides, respectively. As shown in Fig-
ure 5E, anti-sORF9 antibodies detected endogenous sORF9 micro-
peptides with molecular weights around 12 kDa and 15 kDa from
H9C2 cardiomyocytes in a western blotting analysis. The detected sig-
nals were significantly decreased in two mixed H9C2 cell populations
in which sORF9 DNAwas edited with the CRISPR-Cas9 system using
two independent guide RNAs (gRNAs), respectively (Figure S8).
Similarly, anti-sORF11 antibodies detected endogenous sORF11 mi-
cropeptides with molecular weights around 17 kDa and 28 kDa from
H9C2 cardiomyocytes (Figure 5F). A small interfering RNA (siRNA)
targeting the transcripts of sORF11 was applied to knock down the
expression of sORF11. As expected, both the expression of RNA
and protein of sORF11 were significantly decreased (Figure 5F). To
further test the conservation of sORF11, we edited sORF11 DNA
with the CRISPR-Cas9 system inmouse NIH 3T3 cells. Since the edit-
ing induced frameshift mutations in most of the cells (11 out of 12
clones showed a frameshift mutation in a clonal analysis of DNA; Fig-
ure S9), a band with a molecular weight around 17 kDa detected in
wild-type NIH 3T3 cells was undetected in CRISPR-Cas9-edited cells
in a western blotting analysis (Figure 5G). We noticed that smeared
bands larger than predicted size were detected in western blotting
with anti-sORF9 and anti-sORF11 antibodies (15 kDa bands for
sORF9 and 28 kDa bands for sORF11), which could possibly be
caused by protein modifications of these micropeptides.

Interestingly, some transcripts, such as ENSRNOG00000059100
and ENSRNOG00000049537, were found to possess two sORFs
-treated cardiomyocytes

and blue dots represent the upregulated and downregulated genes, respectively

Ribo-seq for hypertrophic marker gene Nppb in the IGV browser. y axis shows the

in translation (Ribo-seq). Enriched pathways are ranked by gene ratio. (E) Heatmap of

y” from Ribo-seq. (F) KEGG pathway analysis of significantly dys-regulated genes in

alysis of PE-treated cardiomyocyte transcriptome. Enriched ontology clusters were

indicated by red arrows.
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Figure 3. The alteration of translatome in hypertrophic cardiomyocytes

(A) Enrichment of upregulated (red bars) and downregulated (blue bars) KEGG pathways from Ribo-seq analysis (genes with FDR < 0.05 only) in PE-treated cardiomyocytes.

Enriched pathways are ranked by p value. (B) A wind rose map displaying the expression change of ribosome pathway-related genes with FDR < 0.05. (C) Detection of the

expression of ribosomal proteins Rpl35 and Rps23 by western blotting. The expression of b-tubulin serves as the control. Quantification is provided on the right. n = 3 for each

group. M, molecular weight. *p < 0.05; **p < 0.01. (D) Gene Ontology (GO) analysis of genes with significant change of translational efficiency (TE). GO terms are ranked by

gene ratio. (E) A plot of TE-altered genes with ratio of fold change in transcription (RNA-seq) versus fold change in TE. Gene number in each sector is indicated. (F) An

alignment of gene TE to expression level in translation and transcription for ribosome pathway-related genes with FDR < 0.05. Genes are indicated by bars in each column.

Genes are sorted based on their TE. Bars in red indicate that TE for these genes increases significantly.
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Figure 4. uORF and its regulation on main ORF

translation

(A) The length distribution (in amino acids) of uORF de-

tected in NRVCs. (B) The proportion of transcripts of an-

notated ORFs for proteins with or without uORF. (C) KEGG

pathway analysis of uORF-containing protein-coding

genes/ORFs. (D) A plot of the ratio of TE change of uORFs

and ORFs for all detected uORF-ORF pairs in PE-treated

cardiomyocytes.
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(Figure 5H). In our analyses, we also noticed that �20% (21 out of
103) of micropeptide-coding lncRNAs were derived from the comple-
mentary strand and likely shared a bi-directional promotor driving
expression of a protein-coding gene (Figure 5I), similar to Hand2-
UPPERHAND gene pairs.26,27 Consistent with a previous report,10

sORFs within UPPERHAND were detected in our Ribo-seq from
rat cardiomyocytes but were negative upon further validation (Table
1; ENSRNOG00000052518). However, our successful validation of
the coding capability of some sORFs from these lncRNAs (Figure 5I;
Table 1) suggests that partial of these complementary strand-derived
lncRNAs could have micropeptide-coding capability.

Micropeptides modulate PE-induced cardiomyocyte

hypertrophy through key signaling pathways

The micropeptide DWORF has been reported to benefit the failing
heart by regulating Ca2+ dynamics.20 However, whether micropepti-
des participate in the regulation of cardiac hypertrophy has not been
studied. To address this question, we first examined the expression
of transcripts harboring sORFs validated above in PE-induced cardi-
omyocyte hypertrophy. The expression of these sORF-harboring tran-
scripts was analyzed from RNA-seq data (Table S8). A more careful
examination with quantitative reverse-transcriptase PCR (qRT-
PCR) was applied to determine their dysregulation. The result showed
that the expression of 5 out of 9 sORF-harbored transcripts was
repressed by PE treatment, with transcripts ENSRNOG00000058926,
ENSRNOG00000057834, and ENSRNOG00000048986 being signifi-
cantly upregulated (Figure 6A). As shown above (Table S5), only�100
ORFs were significantly altered in TE genome-wide during PE treat-
ment. All of these 11 sORFs were found being translated in a stable
M

rate, indicating that their dysregulations in trans-
lation are similar to their dysregulations in
transcription.

To further test whether some of these micropep-
tides modulate the hypertrophic growth of cardi-
omyocytes, adenovirus was applied to overex-
press all validated micropeptides from
Figure 5A in primary cardiomyocytes (Fig-
ure S10). As a result, 3 micropeptides—RNO-
sORF6, RNO-sORF7, and RNO-sORF8—were
found to alter hypertrophic growth of cardio-
myocytes induced by PE, but not in basal condi-
tions, as determined by the measurement of cell-
surface area of a-actinin-positive cardiomyocytes. Cytoplasmic
RNO-sORF6 and RNO-sORF8 promoted cardiac hypertrophy. On
the contrary, the mitochondrial RNO-sORF7 exerted an inhibitive ef-
fect during this process (Figures 6B and 6C). The expression of hyper-
trophic molecular markers, such as NPPA, NPPB, and ACTA1,
further demonstrated the regulatory functions of these micropeptides
in cardiac hypertrophy (Figure 6D), consistent with the size measure-
ment of cardiomyocytes described above. Furthermore, the regulatory
function of these micropeptides were abolished when sORFs with
ATG start codon deletion were overexpressed (Figure S11), indicating
that micropeptides, but not RNA transcripts, regulate PE-induced
cardiomyocyte hypertrophy.

Finally, RNA-seq experiments were performed to explore how these
micropeptides drive the shift of the transcriptome during the process
of hypertrophy. In RNO-sORF8-overexpressing cardiomyocytes, the
KEGG terms of “oxidative phosphorylation” and “citrate cycle (tricar-
boxylic acid [TCA] cycle)” were enriched in upregulated genes, along
with the increase of “hypertrophic cardiomyopathy”-related genes,
indicating that the micropeptide RNO-sORF8 induced hypertrophic
growth of cardiomyocytes by regulating mitochondrial function (Fig-
ure 7A). Interestingly, mitochondrial RNO-sORF7 downregulated
genes in the “calcium signaling pathway” and MAPK signaling
pathway, which are central in the gene regulatory network for cardiac
remodeling and repressed in PE-induced cardiomyocyte hypertrophy
(Figure 7B). In addition, genes related to theMAPK signaling pathway
were upregulated, whereas those related to “TNF signaling pathway”
and “cell cycle” were downregulated during the promotion of cardio-
myocyte hypertrophic growth of micropeptide RNO-sORF6,
olecular Therapy Vol. 29 No 7 July 2021 2259
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Table 1. Information of micropeptides tested in this study

Designated_name Gene_ID Transcript_ID
sORF_tstart
(nt in transcript)

sORF_tstop
(nt in transcript) Length (aa) WB IF Peptide_location Conservation

RNO-sORF1 ENSRNOG00000057352 ENSRNOT00000078986 250 408 52 + + Nu N

RNO-sORF2 ENSRNOG00000059100 ENSRNOT00000090348 198 392 64 + + Nu N

RNO-sORF3 ENSRNOG00000059100 ENSRNOT00000090348 850 1107 85 + + Nu N

RNO-sORF4 ENSRNOG00000058926 ENSRNOT00000081933 955 1101 48 + + Nu N

RNO-sORF5 ENSRNOG00000057834 ENSRNOT00000090803 269 571 100 + + Cyto N

RNO-sORF6 ENSRNOG00000057097 ENSRNOT00000081712 592 816 74 + + Cyto N

RNO-sORF7 ENSRNOG00000054516 ENSRNOT00000078509 202 486 94 + + Mito N

RNO-sORF8 ENSRNOG00000051251 ENSRNOT00000076492 29 289 86 + + Cyto N

RNO-sORF9 ENSRNOG00000048986 ENSRNOT00000075676 466 717 83 + + Nu/Cyto Y

RNO-sORF10 ENSRNOG00000049537 ENSRNOT00000076888 81 365 94 + + Nu N

RNO-sORF11 ENSRNOG00000049537 ENSRNOT00000076888 517 819 100 + + Cyto Y

ENSRNOG00000060475 ENSRNOT00000082248 97 360 87 � +

ENSRNOG00000052518 ENSRNOT00000086642 267 380 37 � �
ENSRNOG00000052394 ENSRNOT00000083923 187 450 87 � �
ENSRNOG00000061921 ENSRNOT00000089924 313 459 48 � �

nt in transcript, the nucleotide number from the beginning of the transcript; WB, whether detected in western blot; IF, whether detected in immunofluorescence; Nu, a dominant
nuclear location of the micropeptide was detected in immunofluorescence; Cyto, a dominant cytoplasmic location of the micropeptide was detected in immunofluorescence; Mito,
a dominant mitochondrial location of the micropeptide was detected in immunofluorescence; Nu/Cyto, both strong nuclear and cytoplasmic signals were detected in immunofluo-
rescence for the micropeptide. Y, the micropeptide is conserved in both human and mouse; N, the micropeptide is not conserved in human or mouse.
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indicating that multiple signaling pathways were coordinated by
RNO-sORF6 (Figure 7C). Dysregulated genes, induced by overexpres-
sion of sORFs during hypertrophy in each Gene Ontology (GO) term,
were further confirmed by qPCR (Figures 7D�7F). Since the activity
of extracellular signal-regulated kinase (ERK) in the MAPK signaling
pathway, which was shown to be dysregulated in hypertrophic
phenotypes modulated by sORF6 and sORF7, is critical to cardiac
hypertrophy, the phosphorylation of ERK in sORF-overexpressing
cardiomyocytes was examined by western blotting. Consistently,
phosphorylation of ERK was increased in sORF6-overexpressing car-
diomyocytes (Figure 7G) but decreased in sORF7-overexpressing car-
diomyocytes during PE-induced hypertrophic growth (Figure 7H).
The phosphorylation level of ERK remained unchanged in sORF8-
overexpressing cardiomyocytes during PE treatment (Figure S12).
Together, our data suggest that the micropeptides sORF6 and
sORF7 modulate cardiac hypertrophy, at least in part, through the
ERK signaling pathway.

DISCUSSION
Most biological processes depend on dynamic protein expression.
The translation from mRNAs to proteins often undergoes post-tran-
scriptional modifications. Therefore, the dynamics of the transcrip-
tome reflect this process in a less accurate manner. The develop-
ment of Ribo-seq provided us a chance to study the translatome
in a genome-wide and nucleotide-resolution fashion. Combined
with RNA-seq and Ribo-seq data, we found that the translational
rate from ribosomes was altered for only a small portion of pro-
tein-coding genes (�100 genes) during PE-induced cardiomyocyte
2260 Molecular Therapy Vol. 29 No 7 July 2021
hypertrophy. Among these TE-altered genes, most of them are
contraction-related genes, and their decreased translational rate
buffered the increase in mRNA transcription. In addition, PI3K/
AKT and MAPK signaling pathways, which play critical roles in
cardiac hypertrophy, were shown transcriptionally controlled with
stable translational rates in PE-treated cardiomyocytes. Further-
more, the increase in translation of ribosomal protein genes pro-
vided indirect evidence supporting the idea that increased ribosomal
numbers (instead of increased translational rates from ribosomes)
were responsible for the enhanced protein synthesis during PE-
induced cardiomyocyte hypertrophy. More direct evidence with a
combination of RNA-seq data and genome-wide proteinomic data
detecting newly generated peptides in hypertrophic cardiomyocyte
should further prove this point in the future.

Recently, several groups have reported a shift in the translatomeduring
cardiac remodeling.11,28 In the present study, we provided an integra-
tive analysis using both transcriptome and translatome data of cardio-
myocyte hypertrophy induced by PE. In recent studies, the translation
landscape has been assessed in the failing human heart.10 The TE of
“extracellular matrix” genes was found to be significantly upregulated,
which reflects the activation of cardiac fibroblasts and the manifesta-
tion of fibrosis. Combined with the strategy of Ribo-tag, labeling ribo-
somes in vivo using a genetic approach, another recent report showed
that transcripts related to translation, protein quality control, and
metabolism are translationally controlled in cardiomyocytes when
the heart undergoes pressure overload.11 Together with these recent
studies, the translational landscape of PE-induced cardiomyocyte
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hypertrophy presented here shows a comprehensive picture of how
translation controls cardiac remodeling in different situations.

More and more studies have demonstrated that large numbers of mi-
cropeptides encoded by sORFs, a group of previously overlooked
molecules, are presented in eukaryotic cells.29,30 The function of
most of these micropeptides has yet to be explored. Interestingly,
we found that a portion of micropeptides encoded by transcripts
derived from the complementary strand of protein-coding genes
might share a bi-directional promotor. Several studies suggest that
most of these complementary stranded transcripts are noncoding
RNAs.31,32 Some of these noncoding transcripts, such as UPPER-
HAND26,27 and NEXN-AS1,33 have been shown to play important
roles in cardiovascular development and pathology. The potential mi-
cropeptides derived from sORFs in these functional lncRNAs need to
be carefully determined. If it is confirmative of micropeptides coding,
whether the molecular functions of these transcripts are mediated by
the micropeptides or RNA transcripts should be addressed.

Although the functions of somemicropeptides have begun to be inves-
tigated,17,20,34,35 the majority of them remained uncharacterized. The
current study identified three micropeptides—RNO-sORF6, RNO-
sORF7, and RNO-sORF8—that possess a function of modulating car-
diac hypertrophy. The regulatory functions of sORF6 and sORF7were
shown to be mediated, at least in part, by the ERK signaling pathway.
Our data showed that sORF7 dominantly locates inmitochondria and
mediates the downregulation of the calcium signaling pathway and
MAPK signaling pathway in PE-induced cardiomyocyte hypertrophy,
which is consistent with a previous report that repressing calcium
signaling by chelating intracellular Ca2+ abolished Ang II-induced
activation ofMAPKs, including ERK.36 Recently, a mitochondrial mi-
cropeptide, mitoregulin, has been shown to regulate intracellular Ca2+

dynamics.34 Given that many micropeptides were found to locate in
mitochondria in the heart,10 it is interesting to investigate whether a
majority of these mitochondrial micropeptides share a similar
signaling cascade in affecting cardiac physiology and pathology.
Although detailed mechanisms warrant investigation in detail in the
future, our study indicates that micropeptides are a group of new
players in regulating cardiac remodeling.UnlikeORFs of conventional
protein-coding genes, the majority of which are evolutionarily
conserved, a large portion of sORFs identified in this study are not
Figure 5. Identification of short ORF (sORF)-coding micropeptide from hypertr

(A) Wild-type (WT) and mutant (Mut; ATG codon deletion) sORFs were cloned into a 3
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stained with phalloidin. Nuclei are indicated by DAPI. Scale bar, 10 mm. (C) The expr
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conserved among humans, mice, and rats (except sORF9 and
sORF11). Similar observations were also found in the human heart.10

Although our study of rat-specific sORF-coding micropeptides may
not directly contribute to the identification of novel regulators of hu-
man cardiac hypertrophy and failure, it suggests that it is promising to
search for functional sORF-codingmicropeptides in the human heart,
as this may reveal novel therapeutic targets.

MATERIALS AND METHODS
Cardiomyocyte isolation, culture, and transfection

Neonatal rat ventricular cardiomyocytes (NRVCs) were prepared as
previously described.37 Briefly, 2-day-old neonatal Sprague-Dawley
rats were decapitated using sterile scissors, and the chest was opened
to extract the heart. NRVCs were isolated by repeated enzymatic
dissociation. All isolated cells were pre-plated for 1 h to remove non-
cardiomyocytes. Nonadherent cells were then plated on 0.5% gelatin-
coated plates and cultured in DMEM high-glucose medium (Gibco),
supplemented with sodium pyruvate (1�), GlutaMAX (1�), and 10%
fetal bovine serum with antibiotics. Cardiomyocytes were transduced
with adenovirus at a multiplicity of infection (MOI) of 20 for 24 h
prior to treatment with hypertrophic agent PE (20 mM). Cells were
harvested 24 h after PE treatment for RNA isolation, 48 h for detec-
tion of ribosomal proteins or immunochemistry, or 1 h for detection
of phosphorylated protein. All animal procedures were approved by
the Medical Ethics Committee of The First Affiliated Hospital, Sun
Yet-sen University.

The H9C2 cardiomyocyte-like cells, HEK293 cells, and NIH 3T3 cells
were cultured in DMEM, supplemented with 10% fetal bovine serum.
The cells were maintained in a 5% CO2 atmosphere at 37�C. H9C2
and HEK293 cells were transfected with the indicated plasmids using
Lipofectamine 3000 (Invitrogen; L3000-015) and PEI (1 mg/mL),
respectively.

Ribo-seq

Ribo-seq was performed according to a previous report38 with minor
modifications. A total of 5 � 106 NRVCs were prepared for cell lysis.
The cell medium was aspirated, and cells were washed twice with ice-
cold PBS containing 100 mg/mL cycloheximide (MP Biomedicals).
After thorough removal of the PBS, the plates were immersed in
liquid nitrogen for 10 s and transferred to dry ice. We then dripped
ophic cardiomyocytes

XFLAG-tagged expressing vector (inlet). Ectopic expression of flag-tagged micro-

APDH expression serves as loading control. (B) The localization of micropeptides is

s transfected with micropeptide-overexpressing vectors. Cardiomyocytes were co-
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meshift mutation in sORF9. (F) Detection of sORF11 expression by western blotting

0.01. (G) Detection of sORF11 expression in untreated NIH 3T3 cells and cells edited

PDH serves as the control. Arrowheads indicate specific bands, and stars indicate

anscript (H), and examples for micropeptides, which are coded by lncRNAs derived

q and RNA-seq are shown. sORF are shadowed in red, and annotated ORFs are

scription indicated (arrows).



Figure 6. Regulation of cardiomyocyte hypertrophy by micropeptides

(A) Determination of PE-induced dys-regulation of transcripts harboring sORFs for micropeptides by qRT-PCR. Data were obtained from biological replicates from six in-

dependent experiments (n = 6) for each group. (B) Representative images of NRVCs infected with Ad-sORF or control virus, with or without treatment of PE. a-actinin-labeled

cardiomyocytes (red). DAPI marks nuclei. Scale bars, 50 mm. (C) Quantitative analysis of cardiomyocyte cell size. At least 200 cardiomyocytes from 8 images were measured

for each group. (D) Determination of PE-induced expression of hypertrophy markers NPPA, NPPB, and ACTA1 when micropeptides were overexpressed in NRVCs by qRT-

PCR. Data were obtained from biological replicates from six independent experiments (n = 6) for each group. *p < 0.05, **p < 0.01.
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400 mL of mammalian polysome buffer (20 mM Tris-HCl, pH 7.5,
150 mM NaCl, and 5 mM MgCl2 with 1 mM DTT and 100 mg/mL
cycloheximide [added freshly]), supplemented with 1% (v/v) Triton
X-100, 0.1% NP-40, 500 U/mL RNase inhibitor (Promega; N2515),
10 U/mL DNase I (Thermo Scientific; EN0521), and protease inhib-
itor cocktail (Roche; 05892970001), onto the plates and then placed
the plates on ice. Cells were scraped and lysed with a 26-gauge needle,
and then cleared by centrifugation at 20,000 � g for 5 min. The
Molecular Therapy Vol. 29 No 7 July 2021 2263
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Figure 7. Analyses of dysregulated signaling

pathways in cardiomyocyte hypertrophy regulated

by micropeptides

(A–C) Heatmaps showing the expression of dys-regu-

lated genes in significantly altered KEGG pathways in Ad-

sORF8 (A)-, Ad-sORF7 (B)-, and Ad-sORF6 (C)-overex-

pressed NRVCs under the treatment of PE. (D–F)

Selected gene expression was confirmed with qRT-PCR

in Ad-sORF8 (D)-, Ad-sORF7 (E)-, and Ad-sORF6 (F)-

overexpressed NRVCs under the treatment of PE. (G and

H) Detection of the expression of phosphorylated and

total ERK in Ad-sORF6 (G)- and Ad-sORF7 (H)-overex-

pressed NRVCs with or without the treatment of PE by

western blotting. The ratio of phospho-ERK to total ERK

was quantified. Data were obtained from biological rep-

licates from six independent experiments (n = 6) for each

group. *p < 0.05, **p < 0.01.
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resulting supernatant was used for library preparation. The prepared
supernatant was digested with RNase I (Life Technologies; AM2294)
for 45 min at room temperature. SUPERase$In RNase Inhibitor (Life
Technologies; AM2694) was then added to stop the reaction. Mono-
somes generated from the digestion were purified with MicroSpin S-
400 HR columns (GE Healthcare; 27-5140-01). The RNAs were then
isolated from the flowthrough with RNAzol. To enrich the RFPs
(ribosome footprints), the RNAs were subjected to the Ribo-Zero
Gold rRNA Removal Kit (Illumina; MRZG12324) and then separated
with a 17% 7.5M urea-PAGE gel. RNAs, with sizes ranging from 26 nt
to 30 nt, were isolated and purified by PAGE. Strand-specific ribo-
some-profiling libraries were prepared as described previously.39 Li-
braries were sequenced on the HiSeq X Ten platform (Illumina).

Micropeptide expression vector and adenoviral construction

The sORF sequences with an extra 15-nt sequence upstream of the
ATG or with predicted full-length 50 UTR sequence was cloned
from NRVC cDNA and inserted into pCFH vector 3. Frameshift
mutant vectors, in which an adenine (A) was inserted behind the
ATG translation start codon of the sORF, or ATG translation start
codon deletion mutant vectors were constructed according to muta-
genesis, a protocol previously described.40

To yield adenoviral constructs, 3 � FLAG-tagged sORF cDNAs or
sORF cDNAs with deletion of the ATG translation start codon
were inserted into the adenoviral empty vector harboring the murine
cytomegalovirus (mCMV) promoter. The prepared adenovirus vec-
tors were then transfected in 293AD cells with PEI (1 mg/mL) to pro-
duce packed adenovirus. 293AD cells were subsequently transduced
with adenovirus for viral amplification. Adenovirus was collected
from 293AD cells and purified with the ViraTrap Adenovirus Purifi-
cation Miniprep Kit, according to the manufacturer’s instructions
(Biomiga; V1160).

Knockdown of micropeptide expression in cells with siRNA and

gRNA

To knock down the expression of micropeptide in H9C2 cardiomyo-
cyte with siRNA, 50 nM targeting siRNA or control siRNA was trans-
fected into cardiomyocytes by using the Lipofectamine RNAiMAX
transfection reagent. 6 h later, medium with transfection reagent
was removed. Cells were then cultured with full medium for 48 h
before harvest for protein extraction. To knock down the expression
of micropeptides in cells with CRISPR-Cas 9 system, NIH 3T3 cells
and H9C2 cardiomyocytes were transfected with the PX459 vector
containing the targeting gRNA to create a frameshift mutation in
sORF for 1 day, followed by another 3-day selection with puromycin
(3.2 mg/mL). The mixed cell population was then cultured in full me-
dium for protein extraction.

Generation of sORF9- and sORF11-specific antibodies

Antibodies specific to sORF9 and sORF11were raised in a rabbit against
the following synthetic peptides: NH2-TSNGHGQPEESPRSSND-
COOH (for sORF9) and NH2-LWISAQPKLLQMEKRPS-COOH
(for sORF11), respectively (GL Biochem, Shanghai).
Quantitative real-time PCR and western blotting analysis

Total RNA was isolated from cells, and 2 mg RNA was used for
cDNA synthesis. 0.1 mL cDNA was used as a template for quantita-
tive real-time PCR. Primers for qRT-PCR were listed in Table S9.
Target gene expression levels were normalized against the expression
of glyceraldehyde 3-phosphate dehydrogenase (GAPDH) or 18S
rRNA.

For western blotting analyses, cells were lysed in radioimmunopreci-
pitation assay (RIPA) buffer containing 1 mM PMSF and then dena-
tured at 98�C for 10 min. Cell lysates were resolved by electrophoresis
in 4%–20% precast SDS-PAGE gel (Beyotime; P0468S) and then
transferred to 0.2 mm polyvinylidene fluoride (PVDF) membranes.
Blocking and blotting with primary antibodies were performed in
Tris-buffered saline with Tween 20 (TBST), supplemented with 5%
and 3% skimmed milk, respectively. The antibodies used in this study
included the following: anti-FLAG M2 (Sigma-Aldrich; F1804), anti-
GAPDH (Proteintech; 60004-1-Ig), anti-phospho-Erk1/2 (Cell
Signaling Technology; cat #4370), anti-total-Erk1/2 (Cell Signaling
Technology; cat #4695), anti-Rpl35 (Signalway Antibody; cat
#34357), anti-Rps23 (Signalway Antibody; cat #34336), anti-sORF9
(GL Biochem, Shanghai), and anti-sORF11(GL Biochem, Shanghai).
The membrane was incubated overnight at 4�C with the primary an-
tibodies and washed 3 times with TBST buffer before adding horse-
radish peroxidase (HRP)-conjugated secondary antibodies. Specific
protein bands were visualized using the Immobilon Western chemi-
luminescent HRP substrate (Millipore; WBKLS0500). Chemilumi-
nescent signal was captured with ImageQuant LAS4000 Mini (GE
Healthcare).

Immunofluorescence staining

Cardiomyocytes were fixed with 4% paraformaldehyde for 15 min
and then permeabilized with PBS, supplemented with 0.1% Triton
X-100 in PBS for 10 min at room temperature. Cells were then
blocked with 3% bovine serum albumin in PBS for 1 h, followed
by incubation with anti-FLAG (1:200; Sigma-Aldrich; F1804) or
anti-sarcomeric a-actinin (1:200; Abcam; ab9465) in blocking buffer
overnight at 4�C. After 3 washes with PBS, cells were incubated with
anti-mouse secondary antibodies conjugated with Alexa 488
(1:1,000; Thermo Fisher Scientific; A-11029) or Alexa 594 (1:1,000;
Thermo Fisher Scientific; A-11032), together with the nuclear stain
DAPI (0.1 mg/mL; Sigma; D9542) in PBS for 1 h. Images ware
captured using confocal microscopy (Zeiss; LSM880). Phalloidin
(Phalloidin-iFluor 647; Abcam; ab176759) was used to stain F-actin
in H9C2 cells. For mitochondrial staining, MitoTracker probes were
used according to the manufacturer’s instruction (Thermo Scientific;
M7512). The surface area of cardiomyocytes was quantified with Im-
ageJ software.

RNA-seq and Ribo-seq analyses

To generate clean reads, which are reads after quality trimming and
contaminant filtering, from RNA-seq, adaptor sequences, low-quality
and un-paired reads from raw RNA-seq data were removed to obtain
clean data for further data analysis by using Cutadapt (version [v.]
Molecular Therapy Vol. 29 No 7 July 2021 2265

http://www.moleculartherapy.org


Molecular Therapy
2.0.dev0) with the following parameters: –pair-filter = any–mini-
mum-length = 50–maximum-length = 150 -q 20–match-read-wild-
cards–trim-n–max-n 0.25 -a 50-AGATCGGAAGAGCACACGTC-
30 50-AACACGACGCTCTTCCGATCT-30. Clean reads were then
aligned to the rat genome (Rattus_norvegicus.Rnor_6.0) using
STAR (v.2.4.2a)41 with ENCODE standard options for long RNA-
seq pipeline and the Ensembl transcriptome (Rattus_norvegicus.
Rnor_6.0.94) as a reference. We generated read counts using
featureCounts (v.1.6.4)42 with default options. Significantly DE genes
were analyzed using DESeq2 and edgeR. To view the distribution of
reads, the bam files were converted to bigwig format using deepTools
(v.3.3.1)43 and visualized with the Integrative Genomics Viewer
(IGV).

To generate clean reads from Ribo-seq, Cutadapt (v.2.0.dev0) was used
to trim the relevant adaptor sequence and remove the low-quality reads
as well as filter reads out of the range of 24�35 ntwith the following pa-
rameters:–minimum-length = 24–maximum-length= 35 -q 20–match-
read-wildcards–max-n 0.25 -u 4 -a 50-TGGAATTCTCGGGTGC-
CAAGG-30. Clean reads that then aligned to rRNAwere removed using
bowtie (v.1.1.2)44 with default parameters. The remaining reads were
then mapped to the rat genome (Rattus_norvegicus.Rnor_6.0) using
STAR (v.2.4.2a) with default options, except for the following: –outFil-
terMismatchNmax 2, –outFilterMultimapNmax 5, –outFilterMatchN-
min 16,–alignEndsTypeEndToEnd.ORF identification andquantifica-
tion were performed according to the manual of RiboCode (v.1.2.10)23

with the following parameters: -l no -m 10 50-A CTG,GTG,TTG-30 -g
-b. The TE of ORFs was then analyzed with Ribodiff (v.0.2.2).24 The
workflow of Ribo-seq analysis was illustrated in Figure S13. The corre-
lation between replicates of RNAs-seq and Ribo-seq was analyzed
(Figure S14).

The raw data and processed data of RNA-seq and Ribo-seq in this
study were deposited in Gene Expression Omnibus (GEO) database
of the National Center for Biotechnology Information (NCBI) (series
GEO: GSE155914).

Conservation analysis of micropeptide

To analyze the conservation of micropeptide, we first used the BLAT
tool (with default parameters) in the University of California, Santa
Cruz (UCSC), genome database to search the aa sequences of micro-
peptides against mouse and human genomes. Hits with over 80%
length of an aa sequence matched, and over 80% identical were
considered conserved micropeptides. In addition, we also used the
BLASTP tool (with default parameters) in the NCBI database to
search the aa sequences of micropeptides against nonredundant pro-
tein sequence databases. Similarly, hits from genomes other than the
rat with over 80% length of aa sequence matched, and over 80% iden-
tical were considered conserved micropeptides.

Statistics

Values are reported as mean ± SD unless indicated otherwise. An
analysis of variance (ANOVA) followed by Dunnett’s post hoc testing
was used to evaluate the statistical significance for multiple-group
2266 Molecular Therapy Vol. 29 No 7 July 2021
comparisons. In addition, the 2-tailed Mann-Whitney U test was
used for 2-group comparisons. Values of p <0.05 were considered sta-
tistically significant.
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