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Additional File 1. Supplemental figures S1-S6: A trans locus causes a 

ribosomopathy in hypertrophic hearts that affects mRNA translation in a 

protein length-dependent fashion 
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Additional File 1: Figure S1: Quality of sequencing datasets and QTL mapping, related to Figure 1. (A) Bar plot with RNA 

integrity numbers (RIN values) for total RNA isolated from rat heart (top) and liver (bottom). The dashed line indicates the 

average RIN of 9.11, illustrating the high integrity of the processed tissue samples. (B) Stacked bar plots with sequencing read 

filtering statistics for heart (top) and liver (bottom) tissue. Reads derived from ribosomal RNA (rRNA), mitochondrial RNA 

(mtRNA) and transfer RNA (tRNA) are removed from the mRNA-seq and Ribo-seq data prior to mapping. This results in a set of 

'cleaned reads', which are used as input for mapping and downstream data analyses. (C) Correlation analyses and scatter plots 

for biological replicate Ribo-seq data for 3 replicates of two RI lines (BXH12 and BXH13), illustrating the high technical 

reproducibility of our Ribo-seq approach across biological replicates.  Pearson’s r coefficients are also displayed. (D) Correlation 

scatter plots for heart (left) and liver (right) tissue, showing the correlation between mean mRNA-seq and Ribo-seq based 

quantifications of gene expression. (E) Correlation scatter plots between mRNA-seq or Ribo-seq reads and rat liver proteomics 

data, as quantified using iBAQ values obtained from MaxQuant [1]. Ribo-seq is a slightly better proxy for final protein levels than 

mRNA-seq (Pearson's r = 0.60 vs 0.53). (F) Dot plot showing the ribosome footprint (Ribo-seq read) length distribution across 

the 30 lines in rat heart (left) and liver (right). (G) Venn diagrams with tissue-specific comparisons of all identified translated 

genes, translated lncRNAs and translated uORFs. (H) Bar plot with a meta-analysis of stacked P-sites derived from Ribo-seq 

reads in heart (top) and liver (bottom) tissue. Blue bars indicate the number (left) and percentage (right) of footprints that 

precisely match annotated protein-coding gene open reading frames (ORFs; ± 90%). (I) Heatmap and (J) histogram with 

correlations of covariances of the genotypes across all 30 recombinant lines. The average level of recombinant inbred 

relatedness is 0.506. (K) Correlation scatter plots for heart QTL effect sizes calculated by standard QTL mapping (Y-axis) and 

after correcting for surrogate variables (x-axis). This correction can negatively impact the detection of distant QTLs that 

associate with multiple genes. Pearson’s r coefficients are also displayed. The high correlation indicates that these covariates 

did not significantly affect our data and were not included in further analysis.  
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Additional File 1: Figure S2: Identification of translational efficiency QTLs in the HXB/BXH panel, related to Figure 1.  

(A) Bar plots with significance values for detected local (top) and distant (bottom) eQTLs and riboQTLs, sorted by the delta of  

the p-values for both quantitative traits (bottom track of each panel). (B) Bar plots with effect sizes for detected local QTLs by 

category in heart (left), detected local teQTLs by tissue (medium), and detected distant teQTLs by tissue (right), sorted by effect 

size. Only three teQTLs were detected in liver, as a result only heart-specific teQTLs are displayed in the bottom plot.  Figures A 

and B illustrates that most eQTLs are prolonged during translation, though they may sometimes near-miss the significance 

cutoff. Concordant with the teQTL results, this analysis furthermore highlights a highly translation-specific set of QTLs. (C) Dot 

plots with expression values for 2 genes with a highly specific local teQTL in rat hearts. Bars indicate mean values. (D) 

Histograms with trait heritability values estimated for all expressed genes and QTL genes. The average narrow-sense 

heritability for QTL genes is 0.506, a value higher than for the whole set of expressed genes (0.443). (E) Rtel1 is the only gene 

for which a local teQTL and uORF-QTL coincide, though both associations occur with similar directionality (lower translation 

associate with the SHR/Ola genotype). (F) Bee swarm dot plots with correlation values (Spearman's rho) between the 
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translation rates of uORFs and the primary ORF TE in heart and liver. Genes with uORFs that show a strong negative 

correlation with primary ORF translation are highlighted in red. Overall, most uORFs seem to positively correlate with primary 

ORF TE, as previously reported for the human heart [2]. (G) Two rare examples of genes with strongly anti-correlating 

translation rates for the uORF vs. the primary ORF.  
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Additional File 1: Figure S3: The chromosome 3p teQTL regulates cardiac translation in a protein length-dependent 

manner, related to Figure 2. (A) Stacked bar plot showing the number of associated genes (i.e. with specific QTLs) in the rat 

heart, for Matrix eQTL, HESS or both. HESS is especially powerful for the detection of distant associations where a single locus 

can be linked to multiple genes. (B) Circos plot with all distant master regulatory teQTLs that associate with the TE of at least 5 
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genes (as in Figure 2A). For each identified distant QTL hotspot, gene-specific TE dot box plots are given for all associated 

genes. The teQTL coordinates, i.e. the genotype block linked to each set of genes, can be derived from the SDP ID (e.g. 

SDPG_03006314843 starts at Rat rn6 Chr3:6,314,843). Per teQTL, genes are ordered by effect size and directionality. See also 

Additional File 5: Table S4. (C) Scatter plots and square correlation coefficients (r
2
) based on standardized major axis (SMA) 

values between total transcript length, 5' UTR length, or 3' UTR length versus the fold change (FC) in gene expression, as 

measured by Ribo-seq in congenic rat hearts. Obtained correlation coefficients (r
2
) are lower than that of the comparison 

between CDS length and FC in translation (see Figure 2E), indicating that CDS length is the main determinant of the 

translational efficiency phenotype. For UTR length versus FC in gene expression, only cases with at least 10 DESeq2-

normalized counts in both SHR.BN-(3L) and SHR.BN-(3S) rats are displayed. For total transcript length versus FC in gene 

expression, the correlation is significant (p-value < 2.2 x 10
-16

; Test of correlation coefficient against zero) and the linear model 

based on fitted SMA method is displayed as a red line. 
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Additional File 1: Figure S4: Impaired ribosome assembly and half-mer formation drive the chromosome 3p teQTL, 

related to Figure 3. (A) Rat congenic line comparison of differences in polysomal configuration as measured by normalized 

area under curves (AUCs) of the polysome profiles, for SHR.BN-(3L) (grey) and SHR.BN-(3S) (green). (B) Left panel: dot plots 

with RIN values of HXB/BXH RI lines separated by Chr. 3p teQTL genotype. RIN values shown are calculated on the Agilent 

BioAnalyzer 2100 using the RNA nano assay. The middle panel contains dot plots of the HXB/BXH RI lines, with (i) 18S 

abundance, (ii) 28S abundance and (iii) 28S / 18S ratios, as calculated by the percentage of total RNA with an Agilent 

BioAnalyzer 2100 RNA nano assay. The right panel contains dot box plots comparing congenic rat line mean mRNA expression 

values for ribosomal protein genes involved in the structure of the 40S (SSU) and 60S (LSU) ribosomal subunits. Values are 

separated by local genotype at the chromosome 3p teQTL locus and only left ventricular heart tissue RNA data is shown. Error 

bars indicate mean values with standard deviation (SD). All these analyses indicate no imbalance between the production level s 

of both ribosomal subunits. (C) Scatter plot showing CDS length versus fold change (FC (SHR.BN-(3S) vs SHR.BN-(3L)) for 

Ribo-seq data, highlighting all genes with actively translated uORFs (left) and annotated as transcription factor (right) in the rat 
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heart. The square correlation coefficient (r
2
) based on standardized major axis (SMA) is calculated using expression values of 

the subsets of genes only, and precisely matches that of the whole translatome (r
2
 = 0.20), showing that there is no differential 

regulation of genes with uORFs or annotated as transcription factors as opposed to the full set of translated genes. (D) Scatter 

plot showing 5’UTR free energy length versus fold change (FC (SHR.BN-(3S) vs SHR.BN-(3L)) for Ribo-seq data. Free 

energies were calculated using RNAfold [3]. (E) Meta-gene codon 3-nt periodicity bar plots displaying P-sites of 29-nt ribosome 

footprints to illustrate the similarity in translation elongation rates between both congenic lines. The visualized data are a merger 

of all replicate SHR.BN-(3L) (grey, top) and SHR.BN-(3S) (green, bottom) Ribo-seq 29-nt footprints. Plots are generated with 

Ribo-seQC [4] and modified to only display the following sections of genes: (i) 25nt before and 33nt after the start codon, 

followed by (ii) 33nt from the middle of the CDS, and finally (iii) 33nt before and 25nt after the stop codon [4]. (F) Western blots 

and dot plots with quantification of band intensities for the ER stress markers IRE1-alha phosphorylation (normalized for IRE1-

alpha and TOM20 expression; top) and XBP1s production (normalized for GAPDH expression; bottom). Error bars indicate 

mean values with SD. These protein level analyses show no difference in the expression or activation of typical ER stress 

response markers. Full size, uncropped blots with complete ladders are provided in Additional File 6: Figure S6. 
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Additional File 1: Figure S5: Reduced translation initiation rates reinforce a pre-existing length-bias in TE. (A) Multi-

species alignment for the H/ACA box snoRNA SNORA48, highlighting functional domains (H box, pseudouridylation guide, ACA 

box), as obtained from snoRNABase v3 (snoRNA-LBME-db; visited: March 2020) [5]. (B) Schematic visualization of the rat 

chromosome 3 teQTL and a summary of the expressed genes within this region. Expression values for Endog are given. 

Heatmaps show scaled and normalized expression values. (C) Scatter plots for CDS length versus the fold change (FC) in gene 

expression as measured by Ribo-seq in Endog
-/-

 mice vs WT mice (left) and transgenic SHR/Ola rats with partially rescued 

Endog expression versus wild type SHR/Ola (right). Ribo-seq was performed on 5 hearts per condition (see also Additional File 

2: Table S1), though reveals no correlation between CDS length and translation suggesting that Endog knockout or transgenic 

rescue alone is not sufficient to induce or ameliorate the CDS length-dependent shift in TE. (D) Heatmaps with CDS length 

versus fold change (FC Mutant vs Wild Type) for Ribo-seq, RNA-seq and translational efficiency data from a selection of studies 

of various translational machinery mutants. Absolute fold changes are given. Within each group, genes are divided into 20 

equally-sized bins by increasing CDS length (left to right). Samples are sorted by Pearson’s correlation coefficient (r, top to 

bottom), The top group comprises a selected set of 4 datasets where the correlation is mainly driven by Ribo-seq; see also 

Figure 4E. The bottom group comprises a set of 10 datasets where the TE correlation shift was (partly or completely) influenced 

by RNA-seq, which challenges the interpretation of the Ribo-seq data and suggests that absolute translation rates in wild type 

and mutant are equal and not influenced by CDS length (middle panel). 
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Additional File 1: Figure S6: This figure contains all uncropped Western blots and protein size markers for the experiments 

presented in Figure S4. 
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