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Abstract 20 

Aging is a complex multifactorial phenomenon largely driven by damaged macromolecules. We 21 

showed recently that with aging time- and exposure-dependent accumulation of DNA damage 22 

derails the basal process of transcription physically stalling RNA polymerase, lowering and 23 

skewing the transcriptional landscape in a gene-length-dependent fashion. However, how this 24 

influences the translational output and whether translation is similarly affected is largely unknown. 25 

Here, we present a parallel analysis of transcriptional and translational liver profiles from the well-26 

characterized Ercc1Δ/− progeroid, DNA repair-deficient mouse model compared to wildtype under 27 

ad libitum conditions and upon dietary restriction (DR), which strongly delays aging in this mutant. 28 

Using ribosome profiling, we found that transcriptional changes during accelerated, normal, 29 

and delayed aging are largely preserved at the translational level ruling out a major translational 30 

impact on gene expression in aging. Moreover, in both Ercc1Δ/− and aged wild-type mice there was 31 

a prioritization of inflammation, metabolic redesign, and expression of translation initiation factors, 32 

along with a shift in codon occupancy. While translation initiation factors were further increased by 33 

DR, absolute codon occupancy was partially normalized showing a discordant response. 34 

Additionally, increased ribosomal pausing and a relative reduction of upstream open reading frame 35 

expression were both further intensified by DR.  36 

Together these data infer a finetuning of the translational output, e.g. by regulating 37 

upstream open reading frames under various cellular stress situations. This study uncovers a 38 

complex interplay between DR, DNA damage, aging, and translational regulation, highlighting the 39 

potential of DR to modify DNA damage-driven translational dynamics during aging.   40 
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Introduction 41 

Genomic instability has been posited as central hallmark of aging and is characterized by the 42 

accumulation of a wide range of DNA lesions1,2. While most DNA lesions are efficiently resolved 43 

by their respective repair systems, some damages escape recognition, are irreparable or repaired 44 

incorrectly, leading to the accumulation of mutations and persistent DNA lesions with age1,3. This 45 

DNA damage drives systemic aging by physically blocking transcription, leading to a lower and 46 

particularly imbalanced gene length dependent transcriptional output3–5, and since transcription is 47 

essential for every cellular process, this age-related phenomenon of genome-wide transcription 48 

stress indirectly affects major aging hallmarks4,6,7. 49 

Next to a disbalanced transcriptional output does aging induce a general decoupling 50 

between the transcriptome and proteome8–11. Furthermore, aging is associated with a 51 

dysregulation of proteostasis and a reduction in protein biosynthesis across diverse tissues and 52 

organisms12,13, and can be further altered during age-related diseases14,15. Age-driven changes 53 

also extend to the stoichiometry of protein complexes, such as the cytosolic ribosome complex, 54 

where both a dysregulation between transcript and protein levels, as well as a stoichiometric loss 55 

between subunits has been reported10. Additionally, aging influences translational dynamics, 56 

leading to increased ribosome pausing and collisions, shifts in transcript coverage at start and stop 57 

codons, and alterations in the translation of upstream open reading frames (uORFs)16–19, 58 

culminating in a reduced and altered translational profile20. Interestingly, DNA damage has been 59 

implicated in many of the above processes including derailed transcription4, inhibited translation21, 60 

and ribosome stalling22, subsequently contributing to inflammation23. However, how DNA damage 61 

impacts translation, in relation to the before mentioned age-related gene length dependent 62 

transcriptional imbalance, is largely unknown. 63 

To assess the effect of aging and accumulating DNA damage at the level of translation, 64 

we compared side-by-side mRNA- and Ribo-seq. For this, we used the well-characterized Ercc1Δ/− 65 

DNA-repair-deficient progeroid mouse model5,24–26. These mice harbor a single allele coding for a 66 

truncated yet partially active ERCC1 variant, a crucial factor involved in multiple DNA repair 67 

pathways. The dysfunctional ERCC1 in these mutants leads to a broad variety of unrepaired 68 

persisting genomic lesions, accelerating the aging process systemically and limiting their lifespan 69 

to 4-6 months27. Remarkably, a 30% dietary restriction (DR) regimen, the only evolutionary 70 

conserved intervention for extending health and lifespan across multiple species, has been shown 71 

to partially mitigate transcriptional aberrations in Ercc1Δ/− mice, prolonging their lifespan up to 72 

200% and strongly delaying the onset of numerous age-related phenotypes5. 73 

To elucidate if and how transcriptional changes in progeroid Ercc1Δ/− mice are altered at 74 

the translational level, we utilized ribosome profiling, a technique that captures a snapshot of active 75 

translation. Additionally, we investigated how DR, which partially alleviates DNA damage and 76 

consequently decelerates aging in these animals, modulates these dynamics, thereby providing 77 
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insights into the interplay between diet, DNA damage, and translation in the context of DNA 78 

damage-driven aging. 79 

 80 

 81 

Results 82 

 83 

Transcription and Translation are Influenced by Genotype and Diet 84 

To investigate active translation during DNA-damage-driven accelerated aging and the anti-aging 85 

effects of dietary restriction (DR), we selected liver as primary organ of interest due to its key role 86 

in metabolism, detoxification and the extensively characterized transcriptional landscape during 87 

aging in both wild-type (WT) and Ercc1Δ/- progeroid DNA-repair-deficient mice4,5,28,29. To capture 88 

the progeroid aging phenotype effectively, we focused our analysis on 16-week-old male mice, an 89 

age at which Ercc1Δ/− mice exhibit pronounced aging characteristics but prior to becoming overtly 90 

moribund27 and the benefits of DR and weight changes are very prominent5. The experimental 91 

setup encompassed: ad libitum (AL) feeding and 30% DR, maintained over the last ~8 weeks (Fig. 92 

1A, S1), which we previously showed to strongly improve health and transcriptional aberrations5. 93 

Our ribosome profiling data showed a clear 28nt footprint preference with about half of all 94 

reads considered “clean” as they did not map to tRNA or rRNA sequences (Fig. 1B-C). After in-95 

silico removal of tRNA- and rRNA-contaminants, QC revealed >80% of reads mapped to coding 96 

sequences (Fig. S1B) while showing a strong P-site-specific frame preference indicative of normal 97 

tri-nucleotide footprint periodicity (Fig. 1D-E). A high-quality mRNA sequencing dataset was 98 

generated from the same liver samples, to facilitate direct comparison between mRNA- and ribo-99 

seq data (Fig. S1C). 100 

Principal Component Analysis (PCA) of both mRNA and ribo-seq data showed distinct 101 

clustering and uniformity within and between groups, with primary differentiation based on 102 

genotype and diet (Fig. 1F-G, S1D-E). Ribo-seq data demonstrated overall somewhat smaller 103 

variations among samples from the same group, showing greater homogeneity within and 104 

separation between each group compared to the mRNA-seq data. Notably, group distributions for 105 

both datasets showed a highly similar arrangement, and the proportional variance of PC1 and PC2 106 

was comparable in both datasets. Thus, these results indicate overall data quality was of high 107 

quality and that PCA analysis effectively differentiated the experimental groups, underscoring the 108 

distinct characteristics within the data with a highly similar transcriptional and translational output. 109 

 110 

ERCC1-Deficiency Modifies Metabolic and Inflammatory Pathways 111 

When directionality and fold-change differences between Ercc1Δ/−_AL and WT_AL at the 112 

transcriptional level were compared with those at the translational level, a high degree of 113 

concordance was observed (Fig. 2A), indicating that globally, translation largely mirrored the 114 
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transcriptional profile and that translational regulation was limited. Further analysis of the effect of 115 

ERCC1-deficiency identified a similar number of significantly differentially transcribed (n=2429) 116 

and translated (n=2288) genes, with a 45.0% overlap between the two datasets. At both the 117 

transcription and translational level, Ingenuity Pathway Analysis (IPA) revealed in the class of 118 

upstream regulators a decrease in PPARA and increases in STAT5B, TNF, TP53 and IFNG (Fig. 119 

2B-C), indicative of elevated inflammation/toxicity. Interestingly, when comparing mRNA- and 120 

Ribo-seq, the class of immune-related regulators appears more prominent in translation. 121 

Immunoglobin, IFN, Interferon alpha have all strongly moved up in the ranking and TGF1, which 122 

shows a down-trend in transcription, is upward in translation, consistent with the idea of 123 

prioritization of immune responses and a capacity for fine-tuning at the level of translation. 124 

Metabolic processes were generally downregulated, except for cholesterol biosynthesis and 125 

pathways related to its precursors30, like mevalonate and zymosterol, which in turn were 126 

upregulated (Fig. S2A-B). These findings were mirrored by the specific upregulation of 'LPS/IL-1 127 

mediated inhibition of RXR function', which is associated with impaired lipid metabolism and 128 

transport31,32. The connection of these pathways to the acute phase response, a response 129 

triggered by infection, tissue injury, or inflammation33,34, was apparent in our context of constitutive 130 

DNA damage and further supported by increased p53 signaling (Fig. 2D-E). For these processes 131 

the ranking in transcription was largely preserved in translation. Importantly, similar concordantly 132 

affected pathways and processes were observed when comparing natural aged 104-week-old WT 133 

animals to young 16-week-old controls (Fig. S1A, S2C-I). 134 

 135 

ERCC1-Deficiency Alters Translational Dynamics and Open Reading Frame Translation 136 

Natural aging affects various aspects of translation, including fidelity and kinetics18. Evaluating the 137 

expression of essential components of the translation machinery in Ercc1Δ/−_AL mice revealed a 138 

significant increase in translation initiation factors (Fig. 3A, supplemental file 1), while cytoplasmic 139 

and mitochondrial ribosomal subunits were not differentially translated (Fig. 3B, S3A). A similar 140 

pattern was observed in aged WT_AL mice, which in addition did show a significant downregulation 141 

of mitochondrial ribosomal subunits (Fig. S3B-D). 142 

Next, we examined ribosome pausing, an important aspect of translation kinetics. This 143 

process is characterized by a halt or significant slowdown in ribosomal movement along the mRNA 144 

strand during protein synthesis and is quantified by the distance and distribution of ribosomal 145 

footprints along the mRNA. Analysis of footprint density yielded ribosomal pause site intensity 146 

scores and the number of pause sites per gene transcript. Our data showed a significant increase 147 

in pause score intensity (Fig. 3C), but no changes in the number of pause sites per gene (Fig. 3D). 148 

Neither of these parameters were significantly altered in old WT_AL mice (Fig. S3F-G). 149 

To gain further insight into translational dynamics, we assessed codon occupancy, a proxy 150 

for the frequency and duration of ribosome binding and translation of specific codons within mRNA 151 

sequences35. Absolute codon occupancy (pre-normalization for amino acid translational 152 

abundance and thus indicative of absolute changes in codon usage between groups), revealed 153 
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distinct alterations in Ercc1Δ/−_AL mice as compared to their wild-type counterparts. Specifically, 154 

codons encoding many essential amino acids showed increased occupancy, in addition to nearly 155 

all codons for Arginine (R) and Serine (S) (Fig. 3E), but this pattern did not correlate with other 156 

amino acid characteristic (Supplemental file 2). Interestingly, a strikingly similar change in absolute 157 

codon occupancy was observed in old WT_AL animals, including a notable increase in the ACA 158 

codon for threonine (T), which exhibited the highest occupancy in both Ercc1Δ/−_AL and aged 159 

WT_AL mice (Fig. S3E). In contrast, relative codon occupancy (normalized for differences in amino 160 

acid abundance which is indicative of altered codon expression within an amino acids’ codon 161 

family) largely abrogated the earlier observed changes within Ercc1Δ/−_AL and old WT_AL animals 162 

when compared to young controls (Fig. 3F, S3F). However, some trends, such as for the codons 163 

GCU, GGU, ACU, ACA, remained consistent between relative and absolute codon occupancy. 164 

Next, we examined the translated rates of non-canonical and canonical open reading 165 

frames (ORFs) in Ercc1Δ/−_AL mice, as these are known to be affected by cellular stressors36,37. 166 

Upstream ORFs (uORFs), a non-canonical type of reading frame located in the 5’ untranslated 167 

region (UTR) of mRNAs, have the potential to regulate the translation of downstream canonical 168 

coding sequences (CDS). Overlapping uORFs and conventional uORFs tend to inhibit translation 169 

of the CDS (Fig. 3G)36–40. Relieving this inhibition is part of the cell’s adaptive stress response, 170 

aiding in homeostatic maintenance and ensuring survival under environmental challenges by 171 

enabling enhanced translation of canonical ORFs41. 172 

In Ercc1Δ/−_AL, we identified 101 differentially translated uORF containing transcripts, 173 

which were generally downregulated compared to WT_AL (Fig. 3H). Interestingly, a comparative 174 

analysis of fold changes between differentially translated uORF and their corresponding canonical 175 

CDS revealed that, even though both were downregulated, a markedly stronger translational 176 

downregulation happened at the uORF region (Fig. 3I-J, S3K). A similar albeit less intense trend 177 

was observed in 104-week-old WT_AL mice (Fig. S3I-J). Additionally, we found a significant 178 

overlap between uORFs regulated differentially in accelerated aged Ercc1Δ/−_AL and old WT_AL 179 

versus young WT controls (Fig. 3K). This overlap showed a set of age-related uORFs whose genes 180 

are related to metabolism, cellular stress, and regeneration (supplemental file 3A).  181 

 182 

Differences Between Ercc1Δ/− and Old WT Mice 183 

Ercc1Δ/− mice display an accelerated aging phenotype primarily driven by DNA damage, while 184 

natural aging is affected by various stressors including DNA damage. Comparing directionality and 185 

fold-change differences of DEGs at the transcriptional and translational level between 16-week-186 

old Ercc1Δ/− and 104-week-old WT mice showed a high degree of concordance (Fig. S4A). 187 

In contrast, IPA upstream regulator analysis showed some disparity between the top 188 

mRNA and Ribo results (Fig. S4B-C). While the upstream regulators POR and PPARA were both 189 

predicted to be decreased in Ercc1Δ/− and old WT when compared to young WT, which has been 190 

reported before for natural aging42. Direct comparison of Ercc1Δ/− to old WT showed that POR was 191 
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relatively more inhibited in Ercc1Δ/−, while PPARA was increase, potentially due to altered lipid 192 

metabolism in Ercc1Δ/− mice43. Ercc1Δ/− also showed a markedly lower activity of TGFB1 than old 193 

WT, which was more pronounced at the transcriptional level. Notably, NFE2L2 and 194 

immunoglobulin complex were predicted to be activated in Ercc1Δ/− mice when compared to old 195 

WT, in line with the elevated oxidative stress and altered inflammatory signaling reported for this 196 

model (Fig. S4B-C)44. 197 

 Analysis of metabolic processes showed that most were relatively increased in Ercc1Δ/− 198 

compared to old WT and that they centered around lipid metabolism (as indicated by cholesterol 199 

synthesis, fatty acid B-oxidation) and oxidative stress (e.g., increased glutathione-mediated 200 

detoxification; Fig. S4D-E). Additionally, signaling pathways were largely lowered and 201 

characterized by LPS/IL-1 mediated inhibition, sirtuin signaling, NRF2 oxidative responses 202 

(NFE2L2), and NAFLD signaling, all strongly related to stress mechanisms and altered lipid 203 

metabolism (Fig. S4F-G)45,46. As mentioned above were differences in absolute codon occupancy 204 

in Ercc1Δ/− and old WT relatively similar when compared to young WT animals. Direct comparison 205 

of Ercc1Δ/− to old WT similarly showed that differences were limited, but that some codon groups 206 

(e.g. histidine (H), isoleucine (I), and Tyrosine (Y)) were more highly expressed in Ercc1Δ/− (Fig. 207 

S4H). Differences in relative codon occupancy were largely negligible, except for AUA which 208 

showed a subtle increase and AUU and UCG which decreased in Ercc1Δ/− (Fig. S4I).  Finally, 209 

uORF expression was reduced in Ercc1Δ/− mice, with a more pronounced decrease than observed 210 

for canonical ORFs (Fig. S4J–K). 211 

 212 

DR Partially Reverses Processes Affected in Ercc1Δ/− Mice 213 

DR alleviates genotoxic stress in Ercc1Δ/− mice, likely by triggering a protective, anti-aging 214 

“survival” response boosting maintenance and resilience (e.g. anti-oxidant defense)5,47,48. To 215 

evaluate this scenario, we analyzed the expression and translational parameters affected in 216 

Ercc1Δ/−_DR mice and assessed DNA damage-related changes relative to AL-fed animals. 217 

Comparing DR-regulated changes in ribosome profiling data with mRNA again revealed high 218 

similarity and equal variance (Fig. 1F-G, 4A, S5A-F). However, the main advantage of Ribo-seq is 219 

its ability to examine various aspects of translation and its dynamics; therefore, we primarily 220 

focused on this dataset. 221 

The DR-induced differentially expressed genes (DEGs) in Ercc1Δ/− and WT mice showed 222 

significant overlap (Fig. 4B) with more than 95% altered concordantly (Fig. 4C), indicating a highly 223 

similar response in both genotypes, consistent with previous findings at the transcript level5. 224 

However, comparing Ercc1Δ/−-induced and DR-driven changes, revealed a different pattern: 64% 225 

of overlapping genes were regulated discordantly and thus constituting “rescued” Ercc1Δ/− 226 

responses by DR, while the 36% concordant DEGs are likely part of the DR-like “survival” response 227 

to cellular stresses (Fig. 4D-E), which we previously found to be induced in Ercc1Δ/− and other 228 

repair mutants47,49. 229 
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Upstream regulator analysis of genes differentially translated in Ercc1Δ/−_DR vs AL 230 

mutants using IPA revealed an inverse response compared to Ercc1Δ/−_AL vs WT_AL mice, in line 231 

with DR counteracting the accelerated aging effect in Ercc1 mutants (Fig. 2C, 4F). These 232 

regulators included PPARA, POR, and STAT5B which are associated with inflammation and lipid 233 

metabolism. While pathway analysis of metabolic processes revealed only subtle changes (Fig. 234 

S5G), signaling processes consistently indicated reduced inflammation and improved liver 235 

functioning (Fig. 4G). Finally, we found DR to significantly upregulate pathways related to “EIF2 236 

signaling” and the “regulation of eIF4 and p70S6K signaling” in both Ercc1Δ/− and WT genotypes 237 

(Fig. 4G-H). Both pathways are characterized by the presence of ribosomal subunits and 238 

upregulation of these pathways largely aligned with literature5,50–52. Notably, both pathways, 239 

essential for the regulation of translation, were not differentially regulated in Ercc1Δ/−_AL mice 240 

when compared to WT_AL counterparts (Fig. 2D-E).  241 

 242 

DR Differentially Regulates Translation Dynamics in Ercc1Δ/− as Compared to WT 243 

We next examined changes to the expression of translation initiation factors and ribosomal 244 

subunits in the context of DR in our ribosome profiling data. DR increased the expression of 245 

translation initiation factors in both WT and Ercc1Δ/− mice (Fig. 5A, S6A-B). The expression of 246 

mitochondrial ribosomal subunits was highly variable within each group but, as mentioned earlier, 247 

showed a significant downregulation in WT aging, and DR in Ercc1Δ/− mice significantly reduced 248 

subunit levels as compared to DR in WT mice (Fig. S6C-D). In contrast, cytosolic ribosomal 249 

subunits were significantly upregulated by DR in both genetic backgrounds and significantly 250 

lowered in 7 vs 16-week-old Ercc1Δ/− mice (Fig. 5B, S6E-F). 251 

Investigating the changes in cytosolic ribosomal subunits, we discerned an atypical 252 

expression pattern for Rpl22l1 as the only significantly increased cytosolic ribosomal subunit 253 

protein in Ercc1Δ/− mice when compared to WT (Fig. 5C), with an analogous pattern observed in 254 

old wild-type animals (Fig. S6G). Additionally, DR revealed a general upregulation of subunits 255 

except for two, Rps27l and Rpl36al, which were specifically downregulated in Ercc1Δ/− by DR but 256 

not in WT mice (Fig. 5D, S6H-I). Rps27l and its paralog Rps27 have previously been shown to 257 

display an inversely correlated mRNA abundance across various mouse cell types impacting 258 

transcript association53. Interestingly, only the combination of DR and the Ercc1-mutation resulted 259 

in the differential expression of these two subunits (Fig. 5E).  260 

Continuing our examination of translational dynamics, we found that the number of pause 261 

sites per gene showed a homogenous distribution for all groups with no statistical differences (Fig. 262 

5F, S6J). On the contrary, DR further enhanced the pause score intensity for Ercc1Δ/− but not in 263 

WT mice (Fig. 5G, S6K). Finally, DR partially alleviates the absolute non-normalized codon 264 

occupancy profile associated with DNA damage and natural aging (Fig. 3E, 5H, S7A). Notably, DR 265 

tends to lower the codon occupancy of essential amino acids, and some others such as serine (S) 266 

and arginine (R) and the specific ACA codon for threonine (T), potentially reflecting an adaptive 267 



9 
 

response to resource constraints. This DR profile for absolute codon occupancy was significantly 268 

less pronounced in WT mice (Supplemental file 2). Additionally, relative codon occupancy 269 

normalized to amino acid abundance revealed that, while overall changes were limited, DR 270 

reversed some previously observed trends, including those in GCU, GGU, and threonine codons, 271 

between Ercc1Δ/− AL and WT AL mice (Fig. 3F, 5I, S7B). Taken together, the observed changes 272 

to the expression of the translational machinery, pause site intensity, and codon occupancy 273 

highlight the potential impact of DR on translational dynamics in the context of DNA damage-driven 274 

accelerated aging. 275 

 276 

DR further downregulates uORF expression in Ercc1Δ/− mice 277 

In addition to the DR-induced changes in translational dynamics, DR drastically increased the 278 

number of differentially expressed uORF-containing transcripts in Ercc1Δ/− mice beyond the 279 

changes already triggered in AL-fed conditions (Fig. 6A). In general, DR led to the downregulation 280 

of many uORF containing transcripts in Ercc1Δ/− mice (Fig. 6B, S7C). In contrast, the effect of DR 281 

in WT mice was rather limited (Fig. S7D), although a significant proportion of differentially 282 

expressed uORFs noted in DR-fed Ercc1Δ/− and DR-fed WT overlapped (Fig. 6C, Supplemental 283 

file 3B). In Ercc1Δ/− mice, but not in WT mice, DR additionally led to the differential inhibition of 284 

several uORFs linked to genes related to processes like cellular survival and apoptosis.  285 

As described earlier, was the ratio of uORFs to their canonical ORF expression reduced in 286 

Ercc1Δ/− mice. DR further reduced this ratio in Ercc1Δ/− mice, but only marginally in WT mice (Fig. 287 

6D, S7E-G). Quantification of these ratios showed a clear pattern where stress situations reduced 288 

the ratio of uORF to canonical ORF expression (Fig. 6E, S7H). This suggests that the interaction 289 

between uORF expression and canonical ORF translation is amplified in the context of stress 290 

resilience and is particularly evident under conditions of multiple concurrent stressors. 291 

 292 

 293 

Discussion 294 

Aging induces a variety of changes, including genome-wide transcriptional decline, preferentially 295 

affecting long genes, demonstrated first in progeroid DNA repair-deficient Ercc1Δ/− mice and later 296 

also with natural aging in numerous species, strengthening the relevance of accelerated aging for 297 

understanding normal aging4–7,54,55. Using liver as well-characterized organ central to metabolism, 298 

we investigated here whether and to which extent these transcriptional changes are counteracted 299 

at the translational level or whether translation degenerates as well. Our findings indicate that 300 

transcriptional output is largely retained at the translational level in both Ercc1Δ/− and WT mice, 301 

regardless of diet or age. In the liver of Ercc1Δ/− mice we observed significant alterations in 302 

processes linked to inflammation and metabolism. Many of these responses are stress related 303 

56,57, and likely triggered by sterile inflammation in response to DNA damage7,58–60. Some 304 

consequentially altered metabolic pathways could be detrimental. For example, increased AhR 305 
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signaling activity has been inversely linked to NAD+ metabolism61,62, while NAD+ supplements 306 

have been shown to extend health and lifespan of mice, including DNA-repair-deficient models63–307 

67. Interestingly, many alterations were influenced in an age-related, DNA-damage-dose-308 

dependent manner, while 30% DR ameliorated a variety of tissue-damage-related pathways in 309 

Ercc1Δ/− mice, findings that are logically consistent with the anti-aging benefits exerted by DR5. 310 

Notably, DR influenced translational regulators ‘eIF2 signaling’ and ‘regulation of elF4 and p70S6K 311 

signaling’50,68,69, which were predominantly enriched for ribosomal subunits. The increased 312 

phosphorylation of eukaryotic translation initiation factor elF4 has recently been linked with 313 

translation of mRNAs involved in fasting-induced lipid catabolism and ketone body production, via 314 

a newly-discovered lipid-induced AMPK–MNK–eIF4E kinase signaling pathway50, which aligns 315 

with the observed differential regulators and pathway expression in our study.  316 

The distinct expression of certain cytosolic ribosomal subunits under conditions of DNA 317 

damage and DR draws attention to potentially unique functions related to translation. Increased 318 

expression of Rpl22l1 during WT and accelerated aging is noteworthy, as it has previously been 319 

implicated in processes like proliferation, translation, and epithelial-to-mesenchymal transition70–320 

72, likely linked to damage-induced cellular turnover. Moreover, DR modified Rps27l expression 321 

which has previously been associated with p53 signaling and autophagy53,73,74. Concurrently, 322 

Rpl36al has been postulated to play a role in peptide bond formation and is the only ribosomal 323 

protein so far identified that can engage with tRNA, regardless of its ribosomal association75. 324 

Notably, DR specifically influenced the expression of Rps27l and Rpl36al during conditions of 325 

DNA-damage-driven cellular stress but not in young WT, suggesting a synergistic requirement of 326 

DNA damage accumulation and nutrient stress.  327 

Curiously, the translation of ribosomal subunits in the liver of naturally aged C57BL/6 mice 328 

(32 months) has previously been reported to decrease through inhibition of 5’-TOP related genes 329 

16. In contrast, our results demonstrate that DR can increase both the transcription and translation 330 

of the translational machinery, while other studies in different animals have reported similar 331 

increases at the transcriptional level10,76.The reason for this discrepancy is yet unknown but might 332 

be related to the improved health in mice with a more outbred like C57BL6J/FVB hybrid 333 

background as compared to the pure C57BL6J strain. Future work might compare relevant 334 

datasets to exclude other aspects such as differences in data handling, normalization, or validate 335 

findings more at an absolute quantitative level. 336 

The general upregulation of initiation and cytosolic ribosomal subunits could reflect an 337 

attempt to increase ribosomal turnover, enhancing translational regulatory oversight and fidelity, 338 

or might be an apparent increase due to the relative nature of sequencing when total transcription 339 

and translation decreases. Additionally, the absence of changes in mitochondrial ribosomal 340 

subunits presents a striking dichotomy, suggesting a disconnect between the regulatory 341 

adjustments of cytoplasmic and mitochondrial ribosomal subunits under DR, warranting further 342 
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examination, also considering the reduced correlation in age-related changes in transcriptome 343 

versus proteome10. 344 

Furthermore, translation dynamics were also influenced, with pause site intensity, absolute 345 

codon occupancy, and uORF expression being more strongly affected by ERCC1-deficiency than 346 

by WT aging, consistent with known phenotypical differences27,63. Moreover, DR in young WT mice 347 

showed little effect on various aspects of translational dynamics, while having a strong impact on 348 

Ercc1Δ/− mice, further supporting the idea of synergistic interactions in responses between 349 

genotoxic- and nutrient-induced cellular stress. Codon occupancy showed a clear discrepancy 350 

between the effects caused by the Ercc1Δ/− mutation and DR, with DR reversing the pattern 351 

towards AL-fed WT levels. Although correlations with essential amino acid and codon usage were 352 

observed, direct mechanistic explanations remain unidentified. 353 

Both relative codon occupancy and ribosomal pausing are linked to ribosomal movement, 354 

yet they displayed discordant behavior. However, pause score intensity and relative uORF 355 

changes were both concordantly intensified by DR in Ercc1Δ/− mice, suggesting that these 356 

processes are potentially beneficial adaptive mechanisms to ensure efficient protein synthesis 357 

despite DNA damage and nutrient scarcity. Ribosomal pausing is for example an important aspect 358 

of translation, affecting protein folding, localization, fidelity, and protein expression by altering the 359 

speed of translation elongation19,77. However, exacerbation of pausing, i.e. ribosomal stalling, 360 

during aging has been suggested to disrupt co-translational proteostasis and induce detrimental 361 

age-related translational reprogramming potentially leading to reduced levels of vital proteins and 362 

an exacerbation of the aging phenotype in neurological tissues, complicating its mechanistic 363 

role17,22,79. It remains to be investigated if DNA damage could be an antagonistic pleiotropic 364 

regulator, where mild levels of genotoxic stress reduce the speed of translation, while excessive 365 

damage drives proteotoxic stress, and whether these effects could be tissue dependent3,24,78. 366 

A large number of canonical ORFs associated with the uORFs we observed are known to 367 

produce proteins crucial for cellular homeostasis. The relative reduction of these uORFs, 368 

compared to their canonical counterparts, suggests a protective or adaptive mechanism. 369 

Interestingly, uORF-related gene transcripts can also contain other regulatory elements like 370 

internal ribosome entry sites (IRES), which are often found in mRNAs coding for master regulators 371 

of cellular homeostatic responses. These mRNAs must be tightly controlled, and under various 372 

stresses, including DNA damage and amino acid starvation, the relative increased selective 373 

translation of these sequences ensures homeostasis80. Moreover, while the observed uORF 374 

changes are statistically significant, the relatively low number of uORF-related footprints and their 375 

potential interaction with IRES elements suggests that further research, potentially involving 376 

deeper sequencing, may provide additional insights. 377 

Models of accelerated aging often do not fully encapsulate all aspects of natural 378 

physiological aging3,24,78,81. However, the Ercc1Δ/− mouse model shows strong similarities with 379 

natural aging at both the molecular and physiological level25,82,83, and similarly displays accelerated 380 
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glycan- and epigenetic ageing clocks across multiple tissues84–86. In the current study, differences 381 

between accelerated and naturally aged mice were mainly characterized by lipid metabolism. 382 

Given the central role of lipid metabolism in longevity, these differences may be partially explained 383 

by survival-bias-driven metabolic adaptations in the naturally aged mice, distinguishing them from 384 

the broader cohort. 385 

In previous work, we have shown that aging in both Ercc1Δ/− and wild-type mice is 386 

correlated with a gene length dependent transcriptional decline due to physical stalling of 387 

elongating RNA-polymerases leading to a disbalance between long and short genes4. In the 388 

present study, we found a high similarity between transcriptional and translational profiles, 389 

suggesting that most of the gene length dependent transcriptional changes are likely ‘translated’ 390 

to the protein level. Another feature, which is widely associated with aging but has remained largely 391 

elusive, is a progressive decoupling between the transcriptome and proteome10,87,88. At first sight 392 

this might seem difficult to rationalize with our observations, however, continuation of a gene length 393 

dependent disbalance onto the protein level might lead to incomplete multi-subunit protein 394 

complexes, when one subunit derived from a larger gene is under expressed due to transcription 395 

mentioned above. Incomplete protein complexes can in turn trigger the unfolded protein response 396 

and induce degradation of the affected subunits89,90 or trigger compensatory mechanisms91. Since 397 

cells contain numerous protein complexes, this might partially explain the disconnect between the 398 

transcriptome and proteome during aging. Future studies should investigate whether gene length–399 

dependent transcriptional decline contributes to the loss of proteostasis during aging, to evaluate 400 

the validity of this hypothesis. Moreover, the role of RNA damage driven ribosome collision herein 401 

and its contribution to aging and related changes remains to be further investigated92–94.  402 

In conclusion, our data showed that DR in Ercc1Δ/− mice elicited a multifaceted adaptive 403 

response, revealing alterations across several molecular pathways, including inflammation, protein 404 

synthesis, and cellular metabolism, while demonstrating the adaptive capacity of the translational 405 

machinery under conditions of stress and nutrient limitations. Moving forward, the influence of 406 

dietary composition, RNA homeostasis, and the proteome, should be examined to shed further 407 

light on the interplay between genomic instability, metabolism, translational control, and lifespan.  408 
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Methods 409 

 410 

Mouse models and ethics statement 411 

Male Ercc1Δ/− and wild-type (WT) littermate control (Ercc1+/+) mice were obtained by crossing 412 

Ercc1Δ/+ (in a pure C57BL6J or FVB background) with Ercc1+/− mice (in a pure FVB or C57BL6J 413 

background respectively) to yield Ercc1Δ/− offspring with a genetically uniform F1 C57BL6J/FVB 414 

hybrid background. These two backgrounds were crossed to minimize unfavorable characteristics, 415 

like early onset of blindness in an FVB background or deafness in a C57BL6J background. Since 416 

Ercc1Δ/− mice were smaller, food was administered within the cages and water bottles with long 417 

nozzles were used from around two weeks of age. Experiments were performed in accordance 418 

with the Principles of Laboratory Animal Care and with the guidelines approved by the Dutch 419 

Ethical Committee in full accordance with European legislation (DEC no. 139-12-13 and 139-12-420 

18). 421 

 422 

Housing conditions and dietary regimens 423 

Animals were housed individually in ventilated cages under specific pathogen-free conditions, in 424 

carefully controlled environments (20–22 °C, 12h light:12h dark cycle). Mice were visually 425 

inspected daily and weekly weighed and scored blindly for gross morphological and motor 426 

abnormalities. All animals were bred and maintained on AIN93G synthetic pellets (Research Diet 427 

Services B.V., Wijk bij Duurstede, The Netherlands; gross energy content 4.9 kcal/g dry mass, 428 

digestible energy 3.97 kcal/g). On average, 6-16 week old Ercc1Δ/− mice ate 2.3 g food per day. 429 

The animals that were given dietary restriction (DR) were so from 7 weeks of age, when 430 

development was largely completed, starting with 10% restriction. DR was gradually increased 431 

weekly with 10%, until 30% DR (1.6 g/day), which was provided from 9 weeks of age onward as 432 

previously published5. Adult WT mice ate on average 3.0 g food per day, resulting in 2.1 g/day for 433 

30% DR and a reduction in bodyweight (Fig. S1F). To avoid alterations in the biological clock, food 434 

was provided to the animals just before the start of the dark (active) period, Zeitgeber Time (ZT) 435 

12:00, except for the day of sacrifice, when no food was given prior to collect. 436 

At 16 weeks of age, WT and Ercc1Δ/− mice on AL and DR regimens were sacrificed at the 437 

beginning of the dark period between ZT13 and ZT16. Additionally, a group of AL-fed 7-week-old 438 

Ercc1Δ/− mice was included, representing a biologically younger age and as control for the start of 439 

DR, and a group of AL-fed 104-week-old WT, for comparison to natural aging (Fig. S1A). Prior to 440 

weaning, animals were randomly divided over all groups to prevent selection bias. Animals were 441 

euthanized when necropsy age was reached, livers were snap frozen in liquid nitrogen, and stored 442 

at −80°C for molecular analysis. 443 

 444 

mRNA sequencing 445 
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Snap-frozen liver specimens were lysed in QIAzol lysis reagent with the TissueLyser LT (QIAGEN) 446 

and RNA was isolated using the miRNeasy mini kit (QIAGEN; 217004) according to manufacturer’s 447 

protocol with optional on column DNase I treatment (QIAGEN; 79254). RNA quality and quantity 448 

were assessed using the NanoDrop One (Thermo Fisher Scientific, USA) and Bioanalyzer 2100 449 

(Agilent, Santa Clara, CA, USA; G2939BA), respectively. RNA integrity values ranged between 450 

8.4 and 9.5. Samples were sent for mRNA paired end 2*150bp sequencing (Novogene, 451 

Cambridge, United Kingdom) on the Illumina NovaSeq6000 platform to a depth varying between 452 

39887891 and 63618955 total reads per sample.  453 

 454 

Ribosome profiling 455 

Snap frozen tissue samples from the same livers as used for mRNA sequencing were used to 456 

perform ribosome profiling with minimal modifications as previously described95,96. Samples were 457 

powdered with a BioSpec Pulverizer (#59012MS) on dry ice. Pulverized material was lysed with 458 

500ul ice-cold lysis buffer (20 mM Tris-Cl pH 7.4, 150 mM NaCl, 5 mM MgCl2, 1% Triton X-100, 459 

0.1% IGEPAL CA-630 (Sigma-Aldrich, USA), 1 mM DTT, 10 U/ml RNase-free DNase 1 (Lucigen, 460 

USA), 100 µg/ml cycloheximide (Sigma-Aldrich, USA)) for 15 minutes on ice, triturated ten times 461 

through a 23G needle, and clarified through centrifugation at 20000 g at 4 °C for 10 min. Total RNA 462 

content of sample lysates was estimated using the Qubit™ RNA broad range (BR) Assay Kit 463 

(Thermo Fisher Scientific, USA) on an Invitrogen™ Qubit™ 4 fluorometer (Thermo Fisher 464 

Scientific, USA). Lysates were then digested per 200 µl aliquots with RNAse I (10 units per 20 µg 465 

of RNA; Lucigen, USA) for generation of ribosome-protected fragments (RPFs) at 20 °C for 45 min 466 

while shaking at 400 RPM on a thermomixer. The digestion reaction was stopped by adding 5 µl 467 

(5U) of SUPERase*In RNAse inhibitor (Thermo Fisher Scientific, USA) and placing the samples 468 

on ice. Digested lysates were transferred to Microspin S-400 HR sephacryl columns (Sigma-469 

Aldrich, USA) equilibrated with 3 ml of cold RNase-free polysome buffer (20 mM Tris-Cl pH 7.4, 470 

150 mM NaCl, 5 mM MgCl2) and centrifuged at 600g at room temperature for 2 min. 10 µl 10% 471 

SDS was added to the digested lysates and RPFs were extracted using 3 volumes (660 µl) of Trizol 472 

LS (Fisher Scientific, USA), followed by addition of 1 volume (880 µl) of ethanol and RNA 473 

purification using the Zymo Direct-zol RNA micro prep kit (Zymo Research, USA) with slight 474 

modifications to the manufacturer’s instructions: Columns were spun dry for 1 min at 12000 g and 475 

isolated RPFs were eluted in 20 µl nuclease-free water (Sigma-Aldrich, USA). 476 

Depletion of rRNA was performed using RiboPOOL technology (siTOOLs Biotech; 477 

riboPOOL ribo-seq cat# dp-K012-000052, Germany) with a slight modification to the 478 

manufacturer’s instructions: 200 pmol of RiboPOOL and 100 µl of beads were used per sample. 479 

Next, RNA was purified using the Zymo RNA Clean and Concentrator-5 kit (Zymo Research, USA) 480 

and size-selected through denaturing PAGE using 15% TBE-Urea gels (Thermo Fisher Scientific, 481 

USA). RNA fragments corresponding to 26–34 nucleotides were excised and recovered from gel 482 

slices by crushing the gel and rocking at 20 °C, 700 RPM for 2 hours on a thermomixer. RNA 483 
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solutions were transferred to Costar Spin-X filter tubes (Thermo Fisher Scientific, USA) and filtered 484 

through centrifugation at 2350 g for 6 min. 2 µl of GlycoBlue (Thermo Fisher Scientific, USA) and 485 

700 µl of isopropanol were added per aliquot and RNA was left to precipitate overnight at −80 °C. 486 

Following precipitation, RNA fragments were pelleted by centrifugation at 21130 g at 4 °C 487 

for 45 min. Pellets were washed with 1ml of 80% ice-cold ethanol and centrifuged at 21130 g at 488 

4 °C for 10 min. RNA pellets were air-dried for 3-4 min and dissolved in 60.75 µl nuclease-free 489 

water on ice. RNA fragments were dephosphorylated using 30 U of T4 PNK (Lucigen, USA) for 1 h 490 

at 37 °C and purified using Zymo RNA Clean and Concentrator-5 kit (Zymo Research, USA), where 491 

isolated RNA fragments were eluted in 9.5 µl nuclease-free water. Purified fragments were ligated 492 

to a pre-adenylated 3’oligonucleotide linker using 100 U of T4 RNA ligase 2 Deletion Mutant 493 

(Lucigen, USA) and 5 U T4 RNA ligase 1 (Thermo Fisher Scientific, USA) at 23 °C for 3 h. Leftover 494 

linker was removed using 5’Deadenylase (New England Biolabs, USA) and Rec J Exonuclease 495 

(Lucigen, USA). Linker-ligated RNA fragments were reverse-transcribed into cDNA using EpiScript 496 

reverse transcriptase (Lucigen, USA). cDNA was treated with Exonuclease I (Lucigen, USA) for 497 

30 min at 37 °C, followed by 15 min at 80 °C with a reduction to 4 °C; and further treated with 5 U 498 

of RNAse I (Lucigen, USA) and 2.5 U of Hybridase Thermostable RNase H (Lucigen, USA) at 499 

55 °C for 5 min followed by an incubation step at 4 °C to stop the reaction. Treated cDNA was 500 

purified using the Zymo Oligo Clean and Concentrator Kit (Zymo Research, USA) with 501 

modifications to the manufacturer’s instructions: Columns were spun dry for 1 min at 21130 g and 502 

isolated RPFs were eluted in 9.5 µl nuclease-free water (Sigma-Aldrich, USA). 503 

Size-selection of cDNA containing ligated linkers was performed through denaturing PAGE 504 

using 10% TBE-Urea gels (Thermo Fisher Scientific, USA). cDNA fragments corresponding to 70–505 

80 nucleotides were excised and extracted with ammonium acetate and SDS, followed by 506 

overnight precipitation with isopropanol as described above. Size-selected cDNA was circularized 507 

for 3 h at 60 °C using 100 U of circLigase I (Lucigen, USA) followed by heat inactivation for 10 min 508 

at 80 °C and amplified using Phusion high-fidelity polymerase (New England Biolabs, USA) with 509 

reverse primers containing unique barcode sequences for 10 cycles of: 30 sec at 98 °C, 15 sec at 510 

94 °C, 5 sec at 55 °C, 10 sec at 65 °C. Following amplification, 5 µl of 3 M NaCl (Thermo Fisher 511 

Scientific, USA), 1 ml of ethanol and 2 µl of GlycoBlue (Thermo Fisher Scientific, USA) were added 512 

to each aliquot of cDNA and left to precipitate overnight at −80 °C as described above. 513 

Amplified cDNA libraries were size-selected using 8% non-denaturing TBE-Urea gels 514 

(Thermo Fisher Scientific, USA). cDNA libraries corresponding to 150 nucleotides were excised 515 

and recovered from gel slices by crushing and subsequent rocking at 37 °C at 700 RPM on a 516 

thermomixer for 2 hours. cDNA solutions were transferred to Costar Spin-X filter tubes (Thermo 517 

Fisher Scientific, USA) and filtered through centrifugation at 2350g for 6 min. cDNA libraries were 518 

purified using the Zymo DNA Clean and Concentrator-5 kit (Zymo Research, USA) with 519 

modifications to the manufacturer’s instructions: Columns were spun dry for 2 min at 12000 g and 520 

isolated RPFs were eluted in 13 µl nuclease-free water (Sigma-Aldrich, USA). 521 
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cDNA libraries were quantified using Qubit™ DNA high sensitivity (HS) Assay Kit (Thermo Fisher 522 

Scientific, USA) according to the manufacturer’s instructions on an Invitrogen™ Qubit™ 4 523 

fluorometer (Thermo Fisher Scientific, USA) and Bioanalyzer 2100 (Agilent) using the High 524 

Sensitivity DNA kit and pooled in equimolar ratios. Sequencing was performed on a NextSeq2000 525 

(Illumina; 1x50bp) at the Utrecht Sequencing Facility (USEQ) to a depth varying between 526 

37831148 and 70879824 total reads per sample. 527 

 528 

mRNA- and Ribo-seq data processing 529 

Quality control of Ribo-seq data was performed by filtering reads for mitochondrial, rRNA and tRNA 530 

sequence contaminations using Bowtie2 v2.4.2 (default settings, except; –seedlen 25)97. The 531 

resulting ribosome-protected fragments were consecutively aligned to the genome with STAR 532 

(version 2.7.3, default settings, except; sjdbOverhang 29, --outFilterMismatchNmax 2, --533 

outSAMattributes = All, --outSAMtype SortedByCoordinate, --limitOutSJcollapsed 10000000, --534 

limitIObufferSize 300000000, --alignSJoverhangMin 1000). RiboseQC v1.198 (default settings, 535 

except; read_subset = False, fast_mode = False) was used to check the quality of Ribo-seq 536 

samples and to extract footprint length distributions, periodicity (3nt codon movement), and P-site 537 

counts from uniquely mapped reads. Quality control of mRNA data was performed with with 538 

FastQC v0.11.9. 539 

For subsequent expression analysis mRNA reads were treated as single-end and 540 

truncated to 28nt to imitate ribosome-protected fragments. Next, both mRNA and ribo-seq datasets 541 

were treated identically and processing of raw sequencing reads was performed on our in house-542 

generated data analysis pipeline. Removal of sequence adaptors, tRNA, and rRNA from both 543 

mRNA- and Ribo-seq and truncation of mRNA reads was performed using Trimmomatic (version 544 

0.39). Trimmed reads were aligned to the coding region (CDS) of the mouse reference genome 545 

(annotation: gencode.vM20.annotation.gtf; genome: GRCm38.p6.genome.fa; 546 

http://gencodegenes.org/mouse/release_M20.html) using STAR (version 2.7.3). Read counts for 547 

each gene were obtained using FeatureCounts (as part of SubRead version 1.6.4), filtered using 548 

filterByExpr with count set to 10, followed by TMM normalization, quantification of log fold changes 549 

(logFC), and false discovery rates (FDR) using EdgeR (version 3.32.1). Statistically significant 550 

changes in mRNA- and ribo-seq data are referred to as differentially expressed genes (DEGs), 551 

depending on context. 552 

For ORF quantification, ribosome-profiling adapters were clipped from reads and filtered 553 

for the standard quality threshold used by CutAdapt v3.499. Fragments shorter than 25 nucleotides 554 

were discarded and reads were filtered for contaminants using bowtie v2.4.2 as described above. 555 

The RPFs were mapped to the mouse genome (annotation: gencode.vM20.annotation.gtf; 556 

genome: GRCm38.p6.genome.fa; http://gencodegenes.org/mouse/release_M20.html) using 557 

STAR v2.7.8a and analyzed with ORFquant using default settings100. All CDS regions from the 558 

ORFquant output were analyzed for potential P-sites across all three frames by a custom Python 559 
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script. In-frame P-sites were retained, yielding one nucleotide (NT) position per codon. An 560 

intersection operation was performed on the resulting BED file with the actual P-sites per sample 561 

calculated by ORFquant, providing the number of P-sites present per transcript per sample. Finally, 562 

logFC and FDR were calculated with EdgeR (version 3.32.1). Example images of canonical ORF 563 

and uORF translation were generated using the Integrative Genomics Viewer (IGV) by normalizing 564 

coverage data calculated by ORFquant101. 565 

 566 

Data analysis 567 

Principal Component Analysis (PCA) was employed on the data normalized and mapped to coding 568 

sequences (CDS). We used the R - Bioconductor packages 'prcomp' and 'gplots' for PCA analysis 569 

and plot generation respectively. Enrichment analysis of pathways and upstream regulators was 570 

conducted using overrepresentation analysis (ORA). This process was facilitated through the 571 

Interactive Pathway Analysis (IPA) software (Ingenuity Systems, QIAGEN), designed to manage 572 

complex genomics data. For these analyses, we utilized a pre-filtered list of differentially expressed 573 

genes, selecting those with an FDR≤0.05 and log(FC) > |0.5| to denote differential expression. 574 

Upstream regulator results were filtered to only include genes, RNAs, and proteins while excluding, 575 

e.g., drug compounds, with Z-scores indicating the likely activation state of biological function. The 576 

identification of over-represented canonical pathways was achieved based on the data in the 577 

Ingenuity Pathways Knowledge Base. In IPA, gray bars represent pathways where activity 578 

predictions are not possible, while white bars indicate pathways with z-scores near zero or those 579 

ineligible for analysis due to fewer than four analysis-ready molecules (z-score = NaN). 580 

GSEA (v4.3.2 – build 13, standalone version) was run using TMM-normalized CPM values 581 

as input. For each comparison between groups (as shown in the figures), genes were ranked by 582 

signal-to-noise ratio, and enrichment scores were then calculated for predefined gene sets 583 

comprising annotated mitochondrial and cytosolic ribosomal subunits and translation initiation 584 

factors (Supplemental File 1)102. Collapse/Remap to gene symbols was set to ‘No_collapse’ and 585 

permutation type was set to ‘gene_set’ to improve workflow for NGS data. All other settings were 586 

left at default. 587 

Differential translational efficiency was examined using the DeltaTE software tool with 588 

standard settings and ‘batch’ set to 0103. Genes were deemed differentially translated if they 589 

exhibited an FDR≤0.05. Pause site prediction and P-site codon occupancy were analyzed by the 590 

respective modules from Ribotoolkit using default settings35. Pause site prediction was powered 591 

by PausePred, which calculates the number of reads mapped to each position within a sliding 592 

window of length 1000 (step = length / 2), considering footprints of 28-30nt, normalizes these 593 

values over the average read density within the window, and computes the pause score as the 594 

average across overlapping windows104. For quantification of pause scores, those genes were 595 

used for which a pause score could be calculated in all genes using a default pause score threshold 596 

of 20 (n=1228 genes). P-site codon occupancy was calculated with ribotoolkits and referenced to 597 
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as “absolute codon occupancy” as values are not automatically normalized for amino acid 598 

abundance. After normalization for differences in amino acid usage outside of ribotoolkits, the data 599 

was referenced to as “relative codon occupancy”. Heatmaps were based on edgeR normalized 600 

data and z-score transformed for visualization. Heatmaps based on ratio comparisons were LOG2 601 

transformed before z-score transformation. 602 

 603 

Statistics 604 

Statistical analyses were performed using GraphPad Prism (GraphPad Software, La Jolla, CA, 605 

USA; version 9.2.0), DeltaTE103, Ribotoolkit35, IPA (Ingenuity Systems, QIAGEN), GSEA (v4.2.3 606 

Build 10), or R Studio (2021.09.1, build 371). Significant p values were expressed as *p≤0.05, 607 

**p≤0.01, ***p≤0.001, ****P≤0.0001. All data with error bars are presented as mean ± standard 608 

deviation (SD) as specified in figure legends. Nonparametric statistical analysis was applied to 609 

pause score analysis as the data was not normally distributed. Statistical differences in pause 610 

score violin plots with two groups were calculated using Mann-Whitney unpaired test in GraphPad 611 

Prism. Statistical differences in pause score violin plots comparing >2 groups were calculated using 612 

one-way ANOVA and multiple comparisons testing was corrected for using Dunn’s test also in 613 

GraphPad Prism. Statistical significance and enrichment levels for the overlapping sections of the 614 

Venn diagrams were calculated using a custom R script based on hypergeometric distribution, as 615 

previously described105. Pie chart statistics were calculated based on cumulative binomial 616 

distribution probabilities.  617 
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Figure 1. Ribosome profiling of Ercc1Δ/− liver results in clear separation between groups. (A) Schematic 969 

representation of experimental set-up and tissue acquisition from male wild-type and Ercc1Δ/− mice under AL and 970 

DR conditions; WT_AL (gray); WT_DR (green); Ercc1_AL (Blue); and Ercc1_DR (red). Food was provided to the 971 

animals just before the start of the dark (active) period, Zeitgeber Time (ZT) 12:00, except for the day of sacrifice, 972 

when no food was given prior to collect between ZT13 and ZT16. (B) Footprint length distribution compared to total 973 

reads. (C) Quantification of RNA contaminants. Reads that were not tRNA or rRNA were considered “clean”. (D) 974 

Gene meta-analysis of p-site specific frame preference between Transcription Start Site (TSS) and Transcription 975 

End Site (TES). (E) Quantification of p-site frame preference indicative of footprint periodicity. (F-G) PCA plots with 976 

95% confidence intervals for mRNA- (F) and Ribo-seq (G). Values are mean ± SD. 977 

 978 

 979 

Figure 2. Pathway analysis changes in Ercc1Δ/− mice at the transcriptional and translational level. (A) Scatter 980 

plot of gene expression (n=1533) in Ercc1Δ/− mice, comparing transcriptional (mRNA-seq) and translational (Ribo-981 

seq) levels. Forwarded genes have a significant change in mRNA and ribosome-protected fragments (RPF) at the 982 

same rate, with no significant change in translational efficiency (TE). Exclusive genes are regulated only at the 983 

translational level, intensified genes have a significant change in TE that acts with the effect of transcription, and 984 

buffered genes have a significant change in TE that counteracts the change in RNA. (B-E) Upstream regulator (B-985 

C) and signaling pathway (D-E) analysis based on differentially expressed genes in AL-fed Ercc1Δ/− mice compared 986 

to WT at the mRNA (B,D) and Ribo-seq (C,E) level. Numerical parameters of pathways and upstream regulators 987 

were calculated with Ingenuity Pathway Analysis (IPA) and subsidiary pathways were collapsed if top parent 988 

pathways were present. Red means upregulated, white indicates pathways with z-scores near zero or those 989 

ineligible due to a limited number of hits, blue means downregulated, and gray means that no activity prediction 990 

could be made for this pathway. 991 

 992 

Figure 3. ERCC1-deficiency-driven modifications in translational dynamics and uORF expression. (A-B) 993 

GSEA enrichment graphs of translation initiation factors (A) and cytosolic ribosomal subunits (B), based on 994 

ribosome profiling data (C-D) Violin plots depicting the max pause score intensity (C) and the mean number of 995 

pause sites found per gene transcript averaged per group (D). Highlighted intensity values represent median 996 

intensity. (E-F) Bar graph plot showing absolute (E) and normalized (F) P-site codon occupancy log2 fold changes 997 

in Ercc1Δ/− as compared to WT with essential amino acids being indicated in red and error bars depicting SD. (G) 998 

Simplified graphical representation of the regulatory function of (overlapping) upstream open reading frames 999 

(uORFs) on a transcript’s canonical ORF. (H) Vulcano plot of (overlapping) uORF expression in Ercc1Δ/−_AL as 1000 

compared to WT_AL with differentially regulated uORFs being indicated in black. (I) Scatterplot illustrating the 1001 

relation between uORF and canonical fold change differences in Ercc1Δ/−_AL vs WT_AL with significantly altered 1002 

uORFs being depicted in black. A regression line with 95% confidence interval, based on the significant uORFs, is 1003 

represented in red. (J) Pie chart depicting the number of uORFs that are more strongly up or down regulated than 1004 

the canonical ORF they belong to in Ercc1Δ/−_AL as compared to WT_AL. (K) Venn diagram of the overlapping 1005 

differentially regulated uORFs in Ercc1Δ/−_AL and 104-week-old WT_AL compared to young 16-week-old WT_AL 1006 

mice. Arrows indicate activation or inhibition of uORF expression. Significance levels are denoted 'ns' for p>0.05 1007 

and *** for p≤0.001, with comparisons made to indicated control groups. 1008 
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Figure 4. Effect of DR on gene and pathways expression in the liver of Ercc1Δ/− mice. (A) Scatter plot of gene 1012 

expression(n=986) in DR-fed vs AL-fed Ercc1Δ/− mice, comparing transcriptional (mRNA-seq) and translational 1013 

(Ribo-seq) levels. Forwarded genes have a significant change in mRNA and RPF at the same rate, with no 1014 

significant change in translational efficiency (TE). Exclusive genes are regulated only at the translational level and 1015 

buffered genes have a significant change in TE that counteracts the change in RNA. (B-C) Venn diagram of the 1016 

DEGs and their overlap due to DR in Ercc1Δ/− and WT mice as compared to AL-fed controls (B). Scatter plot of the 1017 

overlapping DEGs divided between concordant and discordant expression (C). (D-E) Venn diagram of the DEGs 1018 

caused by the Ercc1Δ/− mutation, the effect of DR in Ercc1Δ/− and their overlap (D). Scatter plot of the overlapping 1019 

DEGs divided between concordant and discordant expression (E). (F) Upstream regulator analysis of ribosome 1020 

profiling based differentially expressed genes in DR vs AL-fed Ercc1Δ/− mice level. (G-H) Signaling pathways altered 1021 

due to DR in Ercc1Δ/− (G) and WT (H) genotypical background. Numerical parameters of pathways and upstream 1022 

regulators were calculated with Ingenuity Pathway Analysis (IPA). Red means upregulated, white indicates 1023 

pathways with z-scores near zero or those ineligible due to a limited number of hits, blue means downregulated, 1024 

and gray means that an activity prediction could not be calculated for this pathway. 1025 

 1026 

 1027 

Figure 5. DR modulates translation dynamics in Ercc1Δ/− mice distinctly from WT mice. (A-B) Heatmaps of 1028 

ribosome profiling expression data for initiation factors (A) and cytosolic ribosomal subunits (B) with red indicating 1029 

an upregulation and blue a downregulation. Relevant factors are highlighted. (C-E) Vulcano plots of cytosolic 1030 

ribosomal subunit expression in ribosome profiling data for the effect of Ercc1Δ/− against WT (C), the effect of DR 1031 

in Ercc1Δ/− against AL-fed WT mice (D), and the effect of DR in Ercc1Δ/− against AL-fed Ercc1Δ/− (E). Relevant 1032 

factors are highlighted. (F-G) Violin plots displaying the mean number (F) and median intensity (G) of ribosomal 1033 

pause site scores averaged per group. (H-I) Bar graph plot showing log2 fold changes of absolute (H) and aa 1034 

normalized (I) p-site codon occupancy in DR-fed Ercc1Δ/− mice compared to AL-fed Ercc1Δ/−. Essential amino acids 1035 

are indicated in red. Error bars depict SD. Significance levels are denoted 'ns' for p>0.05, **p≤0.01, and **** for 1036 

p≤0.0001, with comparisons made to indicated control groups. 1037 

 1038 

 1039 

Figure 6. Effects of DR on upstream open reading frames. (A) Bar graph displaying the number of differentially 1040 

expressed uORFs and overlapping uORFs in Ercc1Δ/− AL or DR-fed and WT DR-fed against WT AL-fed mice. (B) 1041 

Vulcano plot of uORF expression altered by DR in Ercc1Δ/−. Black dots are significant while gray dots are not. (C) 1042 

Venn diagram of differentially expressed uORFs due to DR in WT and Ercc1Δ/− genetic backgrounds. Arrows 1043 

indicate activation or inhibition of uORF sequence translation. (D) Scatterplot illustrating the relation between uORF 1044 

and canonical fold change differences between DR and AL-fed Ercc1Δ/− mice with significantly altered uORFs being 1045 

depicted in black. A regression line with 95% confidence interval, based on the significant uORFs, is represented 1046 

in red. (E) Heatmap representing the relative ratio between uORF and canonical ORF expression based on all 1047 

uORFs that were differentially regulated between WT_AL and at least one other group. Red means upregulated, 1048 

blue means downregulated, and gray means that no direction could be calculated. 1049 
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