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RPL3L-containing ribosomes determine
translation elongation dynamics required for
cardiac function

Chisa Shiraishi1,7, Akinobu Matsumoto 1,7 , Kazuya Ichihara 1,
Taishi Yamamoto2, Takeshi Yokoyama 3, Taisuke Mizoo1, Atsushi Hatano4,
Masaki Matsumoto 4, Yoshikazu Tanaka3, Eriko Matsuura-Suzuki5,
Shintaro Iwasaki 5,6, Shouji Matsushima2, Hiroyuki Tsutsui2 &
Keiichi I. Nakayama 1

Although several ribosomal protein paralogs are expressed in a tissue-speci�c
manner, how these proteins affect translation and why they are required only
in certain tissues have remained unclear. Here we show that RPL3L, a paralog
of RPL3 speci�cally expressed in heart and skeletal muscle, in�uences trans-
lation elongation dynamics. De�ciency of RPL3L-containing ribosomes in
RPL3L knockout male mice resulted in impaired cardiac contractility. Ribo-
some occupancy at mRNA codons was found to be altered in the RPL3L-
de�cient heart, and the changes were negatively correlated with those
observed in myoblasts overexpressing RPL3L. RPL3L-containing ribosomes
were less prone to collisions compared with RPL3-containing canonical ribo-
somes. Although the loss of RPL3L-containing ribosomes altered translation
elongation dynamics for the entire transcriptome, its effects were most pro-
nounced for transcripts related to cardiac muscle contraction and dilated
cardiomyopathy, with the abundance of the encoded proteins being corre-
spondingly decreased. Our results provide further insight into the mechanisms
and physiological relevance of tissue-speci�c translational regulation.

Information encoded by an mRNA is translated by ribosomes for
production of the corresponding protein. The ribosome is a ribonu-
cleoprotein complex that in eukaryotes consists of a small 40S subunit
composed of 33 ribosomal proteins (RPs) and 18S rRNA as well as a
large 60S subunit composed of 47 RPs and 5S, 5.8S, and 28S rRNAs1.
Although ribosomes have generally been considered to be homo-
geneous with regard to their structure and organization, recent studies
have revealed the existence of differences in ribosome organization
and posttranslational modi�cations and have led to the proposal of

concepts such as �ribosome heterogeneity� and a �ribosome code�
analogous to the histone code hypothesis2�6. Such concepts are based
on the notion that this heterogeneity gives rise to speci�c translational
regulation that adds additional complexity to the control of gene
expression and which is important for a variety of physiological pro-
cesses. For example, ribosomes in mouse embryonic stem cells show a
heterogeneous RP composition, with those containing RPS25/eS25 or
RPL10A/uL1 preferentially translating speci�c subsets of mRNAs that
contribute to metabolism, the cell cycle, and development7.
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Phosphorylation of the Ser38 residue of RPL12/uL11 is also more pre-
valent in monosomes than in polysomes and affects cell cycle pro-
gression by regulating the translation of a speci�c subset of mitosis-
related mRNAs8.

Many RP paralogs have been identi�ed in eukaryotes, some of
which are expressed in a tissue-speci�c manner9. In mammals, RPL10L/
uL16L and RPL39L/eL39L show testis-speci�c expression, and expres-
sion of RPL3L is restricted to heart and skeletal muscle10�14. Male
meiotic cells inactivate both X and Y chromosomes, a process termed
meiotic sex chromosome inactivation15, and expression of RPL10L and
RPL39L (which are encoded by somatic chromosomes) may compen-
sate for the de�ciency of RPL10 and RPL39 (which are encoded by the
X chromosome) during this process16,17. In contrast to the situation for
the testis-speci�c RP paralogs, expression of RPL3/uL3 is maintained in
skeletal and cardiac muscle, albeit at a lower level than in other tissues,
suggesting that expression of RPL3L might in part serve to comple-
ment this low level of RPL3 expression in these tissues14. Although their
amino acid sequences are similar overall and the proteins likely occupy
the same position in the ribosome, RPL3L and RPL3 may have different
functions to some extent given that they differ at about one-quarter of
their amino acid positions18. RPL3L expression is downregulated dur-
ing induction of skeletal muscle hypertrophy in mice19. Forced
expression of RPL3L in C2C12 myogenic cells inhibits myoblast fusion
and myotube growth19, whereas loss of RPL3L increases ribosome-
mitochondrion interactions in mouse cardiomyocytes20. Furthermore,
mutations of the human RPL3Lgene have been detected in individuals
with atrial �brillation or neonatal dilated cardiomyopathy21�25.

RPL3 is evolutionarily conserved and is the RP located closest to
the peptidyl transferase center (PTC) of the ribosome26. It folds as a
globular domain and possesses three �ngerlike structures that are
positioned near the A-site tRNA (A-tRNA) binding pocket of the PTC
and are known as the NH2-terminal extension, the Trp �nger (W �nger),
and the basic thumb, with both the W �nger and the basic thumb being
part of a central loop26. A W255C mutation in the W �nger of yeast Rpl3
affects the conformation of the A-tRNA binding pocket of the PTC,
resulting in reduced peptidyl transferase activity26,27. In addition, His245

of human RPL3 is methylated by the methyltransferase METTL18, and
defective methylation results in an increased rate of elongation at Tyr
codons and aggregation of Tyr-rich proteins28,29.

In the present study, we generated RPL3L-de�cient mice and
found that loss of RPL3L results in impaired cardiac contractility.
Translation elongation dynamics were shown to be altered and the
frequency of ribosome collisions to be increased in the RPL3L-null
heart, resulting in reduced expression of proteins that contribute to
cardiac function. Our data indicate that RPL3L-containing ribosomes
(RPL3L-ribosomes) are required for proper cardiac function as a result
of their regulation of translation elongation dynamics.

Results
Expression pattern and predicted 3D structure of RPL3L
RPL3L was previously shown to be expressed speci�cally in heart and
skeletal muscle18, and we validated this �nding by analysis of RNA-
sequencing (RNA-seq) data for a wider range of human tissues from the
Genotype-Tissue Expression (GTEx) database. We thus found that
RPL3Lwas indeed highly expressed only in heart and skeletal muscle,
whereas RPL3 was ubiquitously expressed, although its expression
level in heart and skeletal muscle was lower than that in other tissues
(Fig. 1a). RNA-seq data for mouse tissues con�rmed a similar expres-
sion pattern for Rpl3l and Rpl3 (Supplementary Fig. 1a)30,31. Further
analysis of publicly available single-cell RNA-seq (scRNA-seq) data for
the human heart revealed that RPL3Lexpression was largely restricted
to cardiomyocytes (Fig. 1b, c), with many cardiomyocytes expressing
both RPL3Land RPL3(Fig. 1d, e)32. Similar results were obtained with
publicly available scRNA-seq data for the mouse heart (Supplementary
Fig. 1b�e)33.

The binding mode of RPL3 was investigated with the three-
dimensional (3D) structural model of the human 80S ribosome
determined by single-particle cryo�electron microscopy (cryo-EM)
(PDB ID: 6IP5)34. The COOH-terminal region of RPL3 engages in sev-
eral interactions with RNA helices exposed to the solvent, whereas
the NH2-terminal region of the protein is extended toward the core
region of the 60S subunit (Fig. 1f, g). The NH2-terminal tip of RPL3 is
exposed to the intersubunit cavity and is situated in the vicinity of
helix 92 of 28S rRNA, which may affect the amino acid moieties of
aminoacyl-tRNAs during their accommodation to the A-site. To
compare the structures of RPL3L and RPL3, we obtained a predicted
model of RPL3L from the AlphaFold protein structure database and
superimposed it on RPL3 in the 80S ribosome (Fig. 1g)35,36. The
COOH-terminus of RPL3L is extended by four amino acid residues
compared with RPL3, as shown previously20. Although the structural
organization of the three �ngerlike projections of RPL3 and of RPL3L
was similar, several amino acids of RPL3L in these regions differ from
those of RPL3 and these amino acids of RPL3L are well conserved
among vertebrates (Fig. 1h), suggesting that these local differences
between RPL3 and RPL3L may affect the A-tRNA binding pocket of
the PTC. However, this issue warrants veri�cation by cryo-EM ana-
lysis of RPL3L-ribosomes, given that the structure of RPL3L is only a
prediction by AlphaFold.

Impaired cardiac contractility in mice lacking RPL3L-ribosomes
To clarify the physiological role of RPL3L, we generated mice de�cient
in RPL3 or RPL3L with the use of the CRISPR-Cas9 system, with deletion
of exon 2 giving rise to a frameshift mutation in both types of mutant
mice (Supplementary Fig. 2a, b). Mating of corresponding hetero-
zygous mutant mice yielded weaned mice with homozygous mutation
of Rpl3l (Rpl3l� /� ) in approximately the expected Mendelian ratio but
no Rpl3 homozygous mutant (Rpl3� /� ) mice, suggesting that loss of
RPL3 results in embryonic death (Fig. 2a). Reverse transcription (RT)
and quantitative polymerase chain reaction (qPCR) analysis of the
heart and skeletal muscle con�rmed that Rpl3l mRNA was either
undetectable for the deleted region or reduced in abundance for the 3�
untranslated region (3�UTR), likely as a result of nonsense-mediated
mRNA decay (Fig. 2b). Of note, ablation of RPL3L resulted in upregu-
lation of Rpl3 mRNA, suggestive of a compensatory response to the
loss of RPL3L function, with similar compensatory expression having
previously been described for RPL22 and RPL22L137 . We further con-
�rmed the absence of RPL3L protein in the heart of Rpl3l� /� mice by
mass spectrometry (MS)�based multiple reaction monitoring (MRM)
(Fig. 2c)38. Given that MRM analysis can measure absolute amounts of
proteins, we determined the amounts of individual RPs and normal-
ized them by the average of the amounts of all RPs in order to calculate
the number of RP molecules per 80S ribosome. This analysis revealed
that RPL3L-ribosomes and RPL3-containing canonical ribosomes were
present at a ratio of ~2:1 in the heart of Rpl3l+/+ mice. Loss of RPL3L
resulted in an increased protein level for RPL3 in ribosomes, with no
signi�cant difference in that for other RPs (Supplementary Fig. 2c).
Although RPS15 abundance tended to be increased in the RPL3L-
de�cient heart relative to the control heart, this difference was not
statistically signi�cant. It is also unlikely that the loss of RPL3L would
affect the amount of RPS15, given the distance between the two pro-
teins in the 3D structure of the ribosome.

Rpl3l� /� mice manifested no signi�cant difference in body weight
or in the weight of the heart or skeletal muscle�including the tibialis
anterior (TA), extensor digitorum longus (EDL), gastrocnemius (GC),
and soleus (Sol)�compared with Rpl3l+/+ mice (Fig. 2d, e). Histo-
pathologic analysis revealed no obvious changes in myo�ber size as
determined by wheat germ agglutinin (WGA) staining or in the extent
of cardiac �brosis as visualized by Masson�s trichrome staining in the
heart of Rpl3l� /� mice compared with that of control mice (Fig. 2f, g).
However, echocardiographic pro�les revealed that left ventricular
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fractional shortening (LVFS) and the left ventricular ejection fraction
(LVEF), both of which are key indicators of cardiac contractility, were
signi�cantly reduced by the loss of RPL3L, whereas the left ventricular
end-systolic diameter (LVDs) was increased and left ventricular wall
thickness (LVWT) and the left ventricular end-diastolic diameter
(LVDd) were unchanged (Fig. 2h, i, Supplementary Data 1, and

Supplementary Movie 1). These results suggested that loss of RPL3L-
ribosomes results in reduced cardiac contractility.

We also examined the effects of cardiac pressure overload-
induced by angiotensin (Ang) II infusion with a micro�osmotic pump.
Cardiac hypertrophy, especially of the left ventricle, was apparent
after Ang II infusion, con�rming the induction of cardiac pressure

Article https://doi.org/10.1038/s41467-023-37838-6

Nature Communications |         (2023) 14:2131 3



overload, but there was no signi�cant difference in the change in
heart or LV weight observed in response to Ang II treatment between
RPL3L-de�cient and control mice (Supplementary Fig. 3a). In addi-
tion, whereas LVEF and LVFS were signi�cantly reduced in RPL3L-
de�cient mice compared with Rpl3l+/+ mice treated with saline, these
differences were no longer signi�cant for the mice treated with Ang II
(Supplementary Fig. 3b, c, and Supplementary Data 1). These results
indicated that the reduced cardiac contractility of mice lacking
RPL3L was not exacerbated by pressure overload-induced by Ang II
stimulation.

Altered translation elongation dynamics in the RPL3L-
de� cient heart
To explore the speci�c role of RPL3L-ribosomes in translation, we
performed Ribo-seq analysis with heart lysates from Rpl3l+/+ and
Rpl3l� /� mice39. The results revealed high 3�nucleotide (nt) peri-
odicity scores for the Ribo-seq libraries prepared from each
genotype (Supplementary Fig. 4a, b)40. No transcripts manifested
a signi�cant change in translation ef�ciency (TE: Ribo-seq reads
normalized by RNA-seq reads) in response to the loss of RPL3L
(Fig. 3a and Supplementary Data 2). Although the number of
ribosome footprints derived from Rpl3l transcripts was reduced,
the corresponding RNA abundance was also reduced by almost
the same extent, with TE thus remaining unchanged (Fig. 3b).

Despite the lack of signi�cant changes in TE, the RPL3L-
ribosome�de�cient heart showed delayed translational elongation at
codons for Pro and Ala and a slightly increased rate of elongation at
codons for Asn and Lys, as indicated by increased ribosomal occu-
pancy for Pro and Ala codons at the A-site and by reduced ribosomal
occupancy for Asn and Lys codons at this site, respectively (Fig. 3c, d).
Ribosomal occupancy showed similar trends, but to a lesser extent, at
the P- and E-sites (Supplementary Fig. 4c, d). At the A-site, ribosome
occupancy was increased for all Pro and Ala codons and decreased for
all Lys and Asn codons (Fig. 3e). Further analysis with the use of RUST,
which reduces the impact of data heterogeneity by a simple normal-
ization method41, con�rmed an increase in ribosome occupancy at all
Pro and Ala codons, but failed to show a decrease in ribosome occu-
pancy at Lys and Asn codons (Fig. 3f), suggesting that the delayed
translational elongation at Pro and Ala codons is a more robust
abnormality in the RPL3L-de�cient heart.

The rate of translation elongation is not constant even under
normal translation conditions, with ribosomes undergoing local
acceleration or deceleration to ensure proper translation. An abnormal
delay in elongation results in a reduced level of protein synthesis and in
ribosome collision, whereas an aberrantly increased rate of elongation
prevents proper folding of the nascent protein and results in the for-
mation of protein aggregates29,42,43. We next analyzed the coef�cient of
variation (CV) for ribosome occupancy to determine whether RPL3L
de�ciency affects overall translation elongation dynamics. An
increased or decreased rate of translation elongation at certain

positions would increase the CV of ribosome occupancy at the A-site
(Fig. 3g). In contrast, the CV of ribosome occupancy was shown to be
decreased in the cerebrum of FMR1-null mice as a result of a wide-
spread reduction in translational pauses44. We observed a signi�cant
increase in the CV of ribosome occupancy at the A-site in association
with the loss of RPL3L in the heart (Fig. 3h), indicating that RPL3L-
ribosomes affect translation elongation dynamics.

Negative correlation of changes in ribosome occupancy induced
by loss or overexpression of RPL3L
To further validate the contribution of RPL3L to translation elongation
dynamics, we infected mouse C2C12 myoblasts with a retrovirus
encoding mouse RPL3 or RPL3L (RPL3 OE and RPL3L OE cells,
respectively). Rpl3l mRNA was virtually undetectable in C2C12 cells,
and overexpression of RPL3L resulted in downregulation of Rpl3
mRNA (Fig. 4a), an effect opposite to the upregulation apparent in the
RPL3L-de�cient heart (Fig. 2b). With the use of a primer set targeting
the 3�UTR of Rpl3 mRNA, we found that the abundance of endogenous
Rpl3 mRNA was also reduced by overexpression of RPL3 (Fig. 4a). In
addition, a luciferase reporter assay revealed that Rpl3 promoter
activity was suppressed to similar extents in both RPL3 OE and RPL3L
OE cells (Supplementary Fig. 5a). These results indicated that RPL3L
suppresses the expression level of Rpl3 mRNA, but that this activity is
identical for RPL3L and RPL3.

MRM analysis revealed that RPL3L-ribosomes and RPL3-
containing canonical ribosomes were present at a ratio of ~3:2 in
RPL3L OE cells (Fig. 4b). Ribo-seq analysis of these infected cells
revealed marked changes in TE for many transcripts in RPL3L OE cells,
whereas the changes were much less pronounced in RPL3 OE cells
(Supplementary Fig. 5b and Supplementary Data 3). We also found that
overexpression of RPL3L resulted in reduced ribosome occupancy for
Pro and Ala codons and increased ribosome occupancy for Lys codons
at the A-site (Fig. 4c, d, and Supplementary Fig. 5c), which are opposite
changes to those apparent for the RPL3L-de�cient heart (Fig. 3c, d).
Again, the changes in ribosome occupancy induced by overexpression
of RPL3 were much smaller than those resulting from overexpression
of RPL3L (Fig. 4c, d, and Supplementary Fig. 5d). The changes in
ribosome occupancy at the E- and P-sites were also small for both RPL3
OE and RPL3L OE cells (Supplementary Fig. 5e, f). Of note, the changes
in ribosome occupancy at the A-site in RPL3L OE cells showed a
marked negative correlation with those in the RPL3L-de�cient heart,
with no or a less pronounced negative correlation being apparent for
the P- and E-sites, respectively (Fig. 4e). Furthermore, no correlation
was detected for the changes in ribosome occupancy between RPL3 OE
cells and the RPL3L-de�cient heart at A-, P-, or E-sites (Fig. 4f). Although
overexpression of RPL3 reduced the CV of ribosome occupancy at the
A-site relative to that for control cells, overexpression of RPL3L led to a
greater such reduction (Fig. 4g). These results thus further con�rmed
that RPL3L-ribosomes are required for regulation of translation elon-
gation dynamics in the heart.

Fig. 1 | Expression pattern and predicted structure of RPL3L. a Expression pat-
terns of RPL3Land RPL3in human tissues. The RNA-seq data were obtained from
the GTEx portal and are presented as box-and-whisker plots, with the boxes
representing the median and upper and lower quartiles and the whiskers repre-
senting the maximum and minimum values. Diamond-shaped dots indicate out-
liers. TPM, transcripts per million. b, c UMAP (Uniform Manifold Approximation
and Projection) plots from Seurat analysis of scRNA-seq data for RPL3Land RPL3
expression in the human heart. Data are from GSE183852. Groups corresponding to
cardiomyocytes (CM), smooth muscle (SM), �broblasts (FB), pericytes (P), T cells
and natural killer cells (T/NK), macrophages and monocytes (M), endothelium (ET),
and endocardium (EC) are enclosed in black frames. d Expression levels of RPL3and
RPL3Lin single cells for cardiomyocytes as in b and c. CPM, counts per million.
e Heat map showing row-scaled expression of the marker genes for FB and CM as
well as of RPL3and RPL3Lfor the FB and CM clusters in b and c. f, g Structural

comparison for RPL3 and RPL3L. The atomic model of RPL3 is highlighted
(magenta) in the model of the human 80S ribosome obtained by cryo-EM (PDB ID:
6IP5) (f). The three �ngerlike projections�the NH2-terminal extension (N-term), the
W �nger, and the basic thumb�of RPL3/RPL3L extend into the core region of the
60S subunit and are situated in close proximity to the CCA terminus of the A-tRNA
in the PTC (g). The amino acids that differ between RPL3 and RPL3L is highlighted in
orange with their amino acid numbers. h Comparison of amino acid sequences of
human (Homo sapiens) RPL3 with those of human RPL3L as well as of RPL3L from
other mammalian (Mus musculus and Equus caballus), avian (Gallus gallus), reptile
(Pelodiscus sinensis), amphibian (Xenopus laevis), and �sh (Tetraodon nigroviridis )
species. Amino acids that differ between human RPL3 and the various RPL3L pro-
teins are highlighted in yellow, and those of RPL3L that differ among species are
shown in red. The W residue in blue corresponds to W255 of yeast Rpl3.
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Whereas forced expression of RPL3L in C2C12 myogenic cells was
previously shown to inhibit myoblast fusion and myotube growth19,
our Ribo-seq analysis of C2C12 myoblasts was performed under the
proliferative condition rather than the differentiation condition. To
examine further the effects of RPL3 or RPL3L overexpression under the
proliferative condition, we performed gene ontology (GO) analysis of
genes upregulated in RPL3L OE cells compared with RPL3 OE cells with
the use of RNA-seq data. We found that genes for �regulation of muscle
contraction� and �skeletal muscle contraction� were upregulated in

RPL3L OE cells relative to RPL3 OE cells (Supplementary Fig. 6a),
consistent with the echocardiography results obtained for the RPL3L-
de�cient heart (Fig. 2i). Of note, genes for �skeletal muscle cell dif-
ferentiation� were also upregulated in RPL3L OE cells compared with
RPL3 OE cells (Supplementary Fig. 6a), which appears inconsistent
with the previous �nding that overexpression of RPL3L in C2C12
myoblasts inhibited myoblast fusion and myotube growth19. Indeed,
we observed signi�cant attenuation of myoblast fusion and myotube
growth in RPL3 OE cells compared with control cells, but not in RPL3L

Fig. 2 | RPL3L-de � cient mice manifest impaired cardiac contractility. a Number
and percentage of mice of the indicated genotypes at weaning for the offspring
produced by mating male and female heterozygotes for each mutation. b RT-qPCR
analysis of Rpl3l and Rpl3mRNA abundance in the heart and gastrocnemius (GC) of
Rpl3l+/+ and Rpl3l� /� mice at 10 weeks of age (n = 5 mice). Rpl3l transcripts were
measured with primers targeting either the deleted region (� ) or the intact 3�UTR.
c Number of RPL3 and RPL3L molecules per 80S ribosome as determined by MRM
analysis of the polysome fraction from the heart of Rpl3l+/+ and Rpl3l� /� mice at
10 weeks of age (n = 3 mice). d, e Body weight of Rpl3l+/+ (n = 21 mice) and Rpl3l� /�

(n = 12 mice) mice at 10 weeks of age and tissue weight for the heart as well as TA,
EDL, GC, and Sol muscles of Rpl3l+/+ and Rpl3l� /� mice (n = 4 mice) at 18 to 19 weeks

of age (e). f, g Representative images of WGA staining and Masson�s trichrome
staining for heart sections from Rpl3l+/+ and Rpl3l� /� mice at 18 to 19 weeks of age
(left panels) and quantitative analysis of muscle �ber size and the extent of �brosis
(blue staining) determined from such sections, respectively (n = 4 mice) (right
panels). Scale bars, 50 � m (f) and 1 mm (g). h, i Representative echocardiographic
images and quantitative analysis of LVWT, LVDd, LVDs, LVFS, and LVEF for Rpl3l+/+

and Rpl3l� /� mice at 18 to 19 weeks of age (n = 6 mice). All quantitative data in bar
graphs are means ± s.d. *P < 0.05, **P < 0.01, ***P < 0.005, ****P < 0.001; ns not sig-
ni�cant (unpaired two-tailed Student�s t test). Source data are provided as a Source
Data �le.
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OE cells (Supplementary Fig. 6b, c). These results indicated that
overexpression of RPL3, but not that of RPL3L, suppresses myoblast
differentiation. Overall, our �ndings with C2C12 myoblasts further
corroborated those with RPL3L-de�cient mice.

Reduced protein expression associated with aberrant transla-
tion elongation dynamics
Although elongation dynamics for the overall transcriptome were
affected by the loss of RPL3L, the extent of the effect might vary
among transcripts. We therefore analyzed further the fold change in

ribosome occupancy at the A-site in the RPL3L-de�cient heart. Ribo-
some occupancy for the 41 Pro codons in 28 genes and the 51 Ala
codons in 20 genes was signi�cantly increased compared with the
control heart (Fig. 5a, Supplementary Fig. 7, and Supplementary
Data 4). Metagene plot analysis of the Ribo-seq data con�rmed the
accumulation of footprint reads around Pro and Ala codons for genes
with signi�cantly increased ribosome occupancy at the A-site for such
codons (Fig. 5b).

To clarify the function of such genes, we performed GO termi-
nology analysis, which revealed enrichment of terms related to cardiac
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muscle contraction and mitochondrial ATP synthesis (Fig. 5c). For
example, both Myl4 (which encodes a myosin light chain) and Atp5o
(which encodes a subunit of the mitochondrial F1 complex for ATP
synthesis) showed altered translation elongation dynamics in response
to the loss of RPL3L (Fig. 5d). We therefore performed quantitative
proteomics analysis by MS with data-independent acquisition (DIA) to
investigate whether the abnormal elongation dynamics for the iden-
ti�ed genes affected the abundance of the corresponding proteins.
The RPL3L-de�cient heart showed reduced protein levels for genes
with delayed translation elongation at Pro/Ala codons (Fig. 5e and
Supplementary Data 5). These results suggested that certain genes are
susceptible to regulation of translational dynamics by RPL3L-
ribosomes and that the encoded proteins are more ef�ciently pro-
duced by such ribosomes.

Abundance and charge status of tRNAs and m6A status of
mRNAs in the RPL3L-de � cient heart
Given that tRNA status is also a key determinant of translation elon-
gation, we next analyzed the abundance and aminoacylation status of
tRNAs by Charged DM-tRNA-seq45. We detected a decrease in the
amount of tRNA-Pro-CGG and an increase in that of tRNA-Pro-TGG,
whereas the amounts of other tRNAs remained unchanged, in the
RPL3L-de�cient heart compared with the control heart (Fig. 6a, b, and
Supplementary Data 6). The rate of aminoacylation of all tRNAs, as well
as the protein levels of aminoacyl-tRNA synthetases, were not altered
in the RPL3L-de�cient heart (Fig. 6c, d, and Supplementary Data 6).
These results suggested that the delay in translation elongation at the
CCG codon induced by the loss of RPL3L was attributable in part to a
decrease in the abundance of tRNA-Pro-CGG, whereas the delay at
other Pro and Ala codons was independent of the amount or ami-
noacylation status of tRNAs.

Given that N6-methyladenosine (m6A) modi�cation in the coding
region alters the secondary structure of certain mRNAs and reduces
ribosomal pausing46, we also performed m6A-seq for the RPL3L-
de�cient and control heart. No signi�cant change in the ratio of m6A
for all transcripts (Fig. 6e, f, and Supplementary Data 7) or in the
abundance of proteins encoded by m6A-positive mRNAs (Fig. 6g) was
apparent for the RPL3L-de�cient heart compared with the control
heart, suggesting that m6A status is not likely a major determinant of
the altered translation dynamics induced by the loss of RPL3L in
the heart.

RPL3L-ribosomes are less prone to collisions
Prolonged translational pausing gives rise to ribosome collision and
the accumulation of truncated nascent proteins, which are toxic and
therefore degraded by the ribosome-associated quality control (RQC)
pathway47,48. The collision of stalled ribosomes with subsequent ribo-
somes results in the formation of diribosomes (disomes), which are
recognized by the RQC pathway, resulting in their dissociation and
degradation of the truncated nascent proteins. Given that loss of
RPL3L was found to affect translation elongation dynamics, we next

evaluated collisions of RPL3L-ribosomes by disome pro�ling (Disome-
seq) of the RPL3L-de�cient and control mouse heart49,50. A total of 722
disome peaks was identi�ed in the RPL3L-de�cient and control heart,
with most of these peaks (652 peaks) being commonly detected and 25
and 45 peaks detected speci�cally in the control and RPL3L-de�cient
heart, respectively (Fig. 7a). Of the 92 Pro/Ala codons that showed
delayed translation elongation in the RPL3L-de�cient heart, 39 codons
were associated with disome peaks (Fig. 7b).

Given the large number of disome peaks in addition to those
associated with the 39 Pro/Ala codons (Fig. 7b), we next examined the
contribution of RPL3L-ribosomes to overall collisions. In the region of
disome peaks, an increase in disome footprint reads was observed in
association with the loss of RPL3L-ribosomes (Fig. 7c and Supple-
mentary Data 8). GO term analysis revealed that the genes with the
disome peaks also showed enrichment for terms related to mito-
chondrial ATP synthesis and cardiac muscle contraction (Fig. 7d). In
addition, protein expression for such genes was reduced in the RPL3L-
de�cient heart compared with the control heart (Fig. 7e). These results
indicated that RPL3L-ribosomes in�uence translation elongation
dynamics not only at Pro/Ala codons but also at collision-prone sites in
the heart.

Decreased expression of proteins related to cardiac muscle
contraction in the RPL3L-de � cient heart
Given the defects in cardiac contractility in RPL3L-de�ient mice (Fig. 2),
we focused genes related to cardiac muscle contraction. The group of
genes with the GO term �cardiac muscle contraction� (n = 46) was
further explored together with those for the categories of �dilated
cardiomyopathy (DCM)� related genes�51 (n = 33), �genes with differ-
ential ribosome occupancy at Pro/Ala codons in the heart of Rpl3l+/+ or
Rpl3l� /� mice (Pro/Ala)� (n = 44), and �genes with disome peaks in the
heart of Rpl3l+/+ or Rpl3l� /� mice (disome-positive)� (n = 198). A Venn
diagram shows the overlap of these four groups of genes (Fig. 8a).
About one-third of the genes in the �cardiac muscle contraction� group
were included in the �disome-positive� group (n = 14), with these
overlapping genes also including genes in the �Pro/Ala� group (n = 5).
These 14 genes included those for cardiac � -actin (ACTC1) and cardiac
myosins (MYH6, MYH7, MYL2, MYL3, and MYL4), which align to form
sarcomeres; the tropomyosin � 1 chain (TPM1); the three troponin
subunits (TNNC1, TNNI3, and TNNT2); MYBPC3, a protein that binds to
actin and myosin and enhances cardiac contractility52; TCAP, a protein
that cross-links Titin, a �lamentous protein with springlike properties
in the I-band region, to the Z-disc53; CSRP3, a scaffold protein involved
in multiple protein-protein interactions within the Z-disc54; and CASQ2,
a calcium-binding protein that localizes to the sarcoplasmic reticulum
to store calcium55. In addition, the overlap between DCM-related and
disome-positive genes included LDB3, which encodes a PDZ-LIM
domain�binding factor that provides structural stability to the Z-disc56.
The cumulative fraction for the fold change in protein abundance in
the Rpl3l� /� mouse heart compared with the control mouse heart
(Fig. 8b) revealed that the abundance of proteins encoded by these 15

Fig. 3 | Altered elongation dynamics in the RPL3L-ribosome –de� cient heart.
a Volcano plot for differential TE as determined by Ribo-seq and RNA-seq analysis
(n = 4 mice). The change in TE for each transcript in the heart of Rpl3l� /� mice at
10 weeks of age relative to that for Rpl3l+/+ mice was analyzed with RiboDiff. Pvalues
were calculated by chi-square test and adjusted by Benjamini-Hochberg method for
multiple comparisons. The gray dashed line indicates an adjusted P value of 0.05.
b Fold change in the number of RNA-seq reads (transcriptome) and Ribo-seq
footprint reads (translatome) for the Rpl3l� /� heart compared with the control heart
(n = 4 mice). The gray dashed lines indicate a log2(fold change) of ±1. Rpl3l isoform1:
ENSMUST00000045186.10. Rpl3l isoform2: ENSMUST00000170239.8. c Relative
ribosome occupancy at A-site codons in the heart of Rpl3l+/+ and Rpl3l� /� mice (n = 4
mice). Data were aggregated according to all codons for each amino acid.
d�f Ribosome occupancy changes at A-site codons for each amino acid residue or

codon, as well as RUST ratio values at A-site codons, in the heart of Rpl3l� /� mice
compared with that of control mice (n = 4 mice). g Schematic representation of the
CV for ribosome occupancy at the A-site. A delay in translation elongation at a
particular codon results in an increase in ribosome occupancy at the A-site, whereas
an increase in elongation rate results in a decrease in ribosome occupancy at the
A-site. Changes in elongation dynamics therefore lead to changes in the magnitude
of the variance of ribosome occupancy, as indicated by the blue and red curves.
h Violin plots for the CV of ribosome occupancy at the A-site in the heart of Rpl3l+/+

and Rpl3l� /� mice (n = 4 mice). The inner boxes represent the median and upper and
lower quartiles, and the whiskers represent the maximum and minimum values.
****P < 0.001 (two-tailed Mann-Whitney U test). Source data are provided as a
Source Data �le.
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