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High protein intake causes gene-length-
dependent transcriptional decline,
shortens lifespan and accelerates ageing
in progeroid DNA repair-deficient mice
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Dietary composition can significantly influence health and lifespan, however, robust knowledge on
which food components, at what concentration exert which long-term health effects is stillincomplete.
Here, we explored the effects of dietary protein intake on Ercc1~ DNA-repair-deficient mice, which
are an excellent model for accelerated ageing and are hyperresponsive to the anti-ageing effect of
dietary restriction. Restricting dietary protein by 50% extended lifespan in male mice, but not in
females. Restricting protein levels beyond 80% improved various neurological health parameters,
while a further reduction to 95% affected appetite and became distinctly detrimental. Conversely, a
near doubling of protein intake and isocaloric compensatory lowering with carbohydrates significantly
shortened lifespan in both sexes. Gene expression analysis of liver from mice on a high-protein, low-
carbohydrate diet to those on high-carbohydrate, low-protein revealed increased expression of
oxidative phosphorylation, enrichment of processes associated with tissue injury, inflammation, and
gene-length-dependent transcriptional decline (GLTD), recently shown to reflect DNA damage
accumulation causing transcription stress, and cellular ageing. Finally, GLTD was also identified by
reanalysis of publicly available data of wild-type mice, rats and humans on high-protein diets,
suggesting that increased dietary protein enhances GLTD and accelerates systemic ageing. Together,
our findings have implications for nutritional guidelines for progeroid DNA-repair-deficient human
syndromes, warrant the use of excessive protein intake for sustaining health, and suggests GLTD as a
sensitive read-out of overall health and predictor of biological ageing.

Life expectancy worldwide has doubled in the last century, with projections
indicating that the number of people older than 80 will triple between 2020
and 2050". Many of these additional years are, however, spent with dis-
abilities and disease. This development presents substantial economic,
societal and healthcare challenges, necessitating a deeper understanding of
ageing and means to ameliorate it>’. Ageing can be characterized by a variety
of hallmarks, including genomic instability, loss of proteostasis, and

inflammaging™’, with accumulating DNA damage recently highlighted as
root cause®™”. The consequent dysregulation of numerous cellular processes
affects health, apparent from compromised metabolic functions, dimin-
ished regenerative capabilities, and increased disease vulnerability™"’.
Interestingly, modulating metabolic processes e.g., through dietary changes
and/or exercise, has been shown to improve both health parameters and

lifespan''™.
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While diets are commonly associated with weight management, their
broader impact is evident in therapeutic applications, such as ketogenic and
time-restricted feeding diets to counteract obesity, type 2 diabetes, and
neurological events such as seizures'*'*. However, dietary restriction (DR),
defined as a reduction of all dietary components without malnutrition,
remains the most extensively studied intervention in the context of ageing"”.
DR is associated with numerous health benefits and lifespan extension
across species ranging from yeast to monkeys™. Furthermore, 12% DR in
humans improves cardiac, metabolic, and inflammatory markers, although
adhering to a DR lifestyle can be challenging”"*".

We previously showed a remarkable lifespan extension by DR in pro-
geroid Ercc1*” DNA repair-deficient mice with prominent health benefits
noted across all organs™**. These mice, carrying both a null and a 7 amino
acid C-terminally truncated Erccl allele, exhibit only 5-10% of active ERCC1
protein™. This deficiency impairs the ERCC1-XPF complex, which acts as
pivotal endonuclease in various DNA repair processes, including Global
Genome Nucleotide Excision Repair (GG-NER), Transcription-Coupled
Repair (TCR), interstrand cross-link repair, and single-strand annealing
repair of double-strand breaks™. Consequently, a broad range of DNA lesions
persists and accumulates with age, leading to rapid ageing and a lifespan of
4-6 month on a standard ad libitum diet”*”. Within this period, these mice
exhibit numerous systemic age-related phenotypes, such as dramatic neu-
rodegeneration, tremors, imbalance, and frailty, which were all drastically
delayed by DR*™'. As these mice turned out to be highly sensitive to nutri-
tional interventions®**, we here explored the effect of dietary protein intake in
relation to lifespan and health, and found a potential link with DNA damage.

Results

Protein restriction slightly extends lifespan in Ercc1®~ mice
Modification of dietary protein, mostly restriction, has previously been shown
to influence health and lifespan in multiple species™ . To examine the effect
of dietary protein restriction (PR) on ageing, we subjected progeroid Ercc1*"
mice to ad libitum (AL) fed diets reduced in protein by 30, 50, or 80 percent.
The diets were supplemented with dextrose to improve palatability (See
methods for more information). All diets were based on AIN93G (%Kcal:
19.3 protein, 64.0 carb, 16.7 fat; caloric density 3.97 Kcal/gm food) which
served as AL-control. There was no difference in food intake nor bodyweight
between diets (Fig. 1A, B, Supplementary Fig. 1A-F), although we noted a
uniform increase compared to previous ErccI*” cohorts in which no dextrose
supplementation was employed™””*. Specifically in males did we observe a
minor but significant increase in median lifespan from 18.4 to 21.9 weeks
(~ 3.5 weeks, +19%, p =0.008) only by 50% PR (Fig. 1C). No significant
lifespan changes were noted for female Ercc1*” mice on these diets (Fig. 1D).
As benefits for mice have previously been shown with protein restriction
levels beyond 80%’, we next expanded the range of PR and tested reductions
between 80 and 95 percent, and this time excluded dextrose from the diets to
avoid an enhanced food intake. Here, we noted a gradual decrease in food
intake with lower protein content (Supplementary Fig. 1G, H), which in turn
correlated with lower body weights (Fig. 1E, Supplementary Fig. 1I). More-
over, increased levels of protein restriction were associated with a delayed
onset of neurological phenotypes, such as tremors and imbalance, with the
delay being most notable at 93% PR (Fig. 1F, G). Concomitantly, 93% PR
increased median lifespan from 19.5 to 22.5 weeks (~3 weeks, +15%,
p=0.003), while a further reduction to 95% still delayed neurological phe-
notypes but became distinctly detrimental for lifespan ( ~ 2.4 weeks, -12%,
p =0.0102) (Fig. 1H, Supplementary Fig. 1]), consistently found for males and
females (Supplementary Fig. 1K-N). In conclusion, while protein restriction
up to 93% seemed to be associated with a slight extension of several health
parameters and lifespan, this effect may also at least in part be explained by
animals imposing dietary restriction upon themselves.

Increased dietary protein-to-carbohydrate content reduces
Ercc1”" lifespan

Conversely, diets high in protein have been observed to impact long-term
health in young and middle-aged organisms***. Therefore, we next

modified macronutrient ratios in the diets of ErccI*~ mice, reducing one

macronutrient by 30% and isocalorically compensating with another. While
dietary reference values are higher for carbohydrate intake compared to fat
and protein, low carbohydrate diets are generally associated with various
health benefits in humans'****'. Therefore, we compensated diets reduced in
fat or protein with carbohydrate and, as proteins and carbohydrates have the
same caloric content, we compensated the reduced carbohydrate diet with
protein. Diets were abbreviated as LFHC (Low-Fat/High-Carbohydrate),
LCHP (Low-Carbohydrate/High-Protein), and LPHC (Low-Protein/High-
Carbohydrate) (Fig. 2A, Supplementary Fig. 2A). DR and low protein were
only tested for one gender, namely in females and males respectively. Nei-
ther LFHC nor LPHC affected food consumption or body weight (Fig. 2B, C,
Supplementary Fig. 2B-G). Lifespan analysis also revealed no significant
changes with LFHC and LPHC diets (Fig. 2D-F). However, while both 30%
DR and LCHP diet resulted in lower body weight due to lower food intake
only DR drastically extended lifespan (Fig. 2B-F), consistent with prior
studies™. In contrast, LCHP significantly shortened median lifespan from
16.0t0 13.1 ( ~ 3 weeks, -18%, p = 3.04E-05) in males and from 20.7 to 13.30
(~ 7.5 weeks, -36%, p = 2E-06) in females, as well as maximal lifespan in
both sexes (Fig. 2D, E). Combined, these results indicate that while severely
lowered protein diets may confer modest benefits, high protein, low car-
bohydrate diet significantly shortens the lifespan of ErccI* mice in both
sexes (Fig. 2F).

Increased dietary protein-to-carbohydrate content alters meta-

bolism and tissue-damage-related pathways

To further explore the impact of macronutrient modifications on lifespan
and parameters of ageing, particularly the relationship between high and
low protein intake in relation to carbohydrates, we analysed the transcrip-
tional profiles of liver from 11-week-old male Ercc1*'~ mice, maintained for
about 3-4 weeks on the diets described above. At 11 weeks of age, the mice
are still relatively healthy and do not exhibit severe ageing pathologies. The
liver was chosen as the primary organ handling nutritional intake, including
detoxification and metabolic response, while later in life displaying dramatic
features of accelerated ageing”™””*. Principal component analysis (PCA)
revealed a high degree of data homogeneity hampering group separation,
which may be in line with the relatively brief period of dietary changes
(Supplementary Fig. 3A). Therefore, we focused on the samples with the
strongest contrasts in terms of biological outcome: comparing LCHP and
LPHC diets. Gene-set enrichment analysis (GSEA) revealed metabolic
alterations characterized by increased oxidative phosphorylation, and
upregulation of Irs1 and Irs2 gene targets, alongside downregulation of Srebf
targets, suggesting enhanced aerobic energy metabolism on the LCHP diet
(Fig. 3A-C, Supplementary File 1). GSEA furthermore signalled reduced
peroxisome activity in LCHP vs LPHC, indicative of altered fatty acid
metabolism and reactive oxygen species handling (Supplementary Fig. 3B).
Additionally, we observed a subtle trend towards increased cellular stress
characterized by Tgfbl, inflammatory pathways, and Foxo3 signalling (Fig.
3D, E, Supplementary Fig. 3C). This was further supported by Ingenuity
Pathway Analysis (IPA) of the 307 differentially expressed genes (DEG,
FDR <0.05) between LCHP and LPHC, which indicated significant
enrichment of regulatory cytokines, including IL1p, IL4, IL6, LIF, and IL13
(Fig. 3F), many of which have been associated with impaired liver func-
tioning like steatosis and fibrosis and consistent with elevated cellular
senescence and inflammation"’™*. Analysis of key signalling pathways and
liver-specific toxicity using IPA similarly indicated an enrichment of pro-
cesses related to liver dysfunction (Fig. 3G, Supplementary Fig. 3D). Alto-
gether, gene expression provided hints towards increased toxicity by the
LCHP diet, resembling further accelerated ageing.

Increased dietary protein-to-carbohydrate content exacerbates
transcription stress and ageing in Ercc1”” mice

DNA damage is central to the process of systemic ageing’, and is among
others associated with sterile inflammation and tissue damage**”’. Recent
studies have further shown that ageing is accompanied by gene-length-
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Fig. 1 | Effect of Protein Restriction on Health Parameters and Lifespan in F, G Graphs depicting the phenotypical onset of tremors (F) and imbalance (G).
g

Ercc1*” Mice. A, B Body weight trajectories of ErccI* mice across different protein  H Lifespan curves for the same dietary regimens. Data are presented as mean ( + SD).
restriction (PR) diets (30%, 50%, and 80%) in both male (A) and female (B) cohorts.  Black arrows indicate when diets were started. Significance levels are denoted as
C, D Survival curves of the same groups for male (C) and female (D) mice. EBody ~ *p <0.05, **p <0.01, ***p <0.001 and compared to the respective control group.
weight trajectories of mice subjected to either control or 80-95% PR diets.
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Fig. 2 | Impact of macro nutritional dietary changes on Erccl-deficient mice.

A Simplified table of isocalorically maintained macro nutritional changes in low-fat,
high-carbohydrate (LFHC), low-carbohydrate, high-protein (LCHP), and low-
protein, high-carbohydrate (LPHC) diets relative to AIN93G control (caloric den-
sity 3.97 Kcal/gm food). B, C Trajectories of body weight changes in male (B) and

female (C) mice with data presented as mean (+ SD). D, E Kaplan-Meier curves
depicting survival of male (D) and female (E) mice. F Forest plot depicting log10
hazard ratios for different dietary interventions with 95% confidence intervals as
indicated. Black arrows indicate when diets were started. Significance is denoted as
*HK¥¥p < 0.0001 and compared to the respective control group.

dependent transcription decline (GLTD), also known as transcription stress,
linked to the accumulation of RNA-polymerase-stalling stochastic DNA
damage®. The transcriptional decline of long genes with age was initially
discovered by us in Ercc1*" mice, wild-type rat livers, and the ageing human
hippocampus™, and has since been confirmed in a wide range of organisms
from worms to human, tissue types, as well as in individuals with neuro-
degenerative disease* ™, indicating its universal occurrence and strong
evolutionary conservation and consistent with the notion that accelerated
ageing of the Erccl mutant is highly relevant for normal ageing.

Here, we sorted all genes expressed in the liver (N = 13.426) based
on gene length and clustered them in bins of 500, revealing that
increased dietary protein intake triggers GLTD as indicated by a sta-
tistically highly significant downregulation of longer genes in LCHP vs
LPHC diets (Fig. 3H, p=1.89E-12). Additional assessment using
GSEA suggested increased TP53-mediated regulation of metabolic
genes, genotoxic damage, RNA metabolism, and ageing (Fig. 31, Sup-
plementary Fig. 3E-I), in line with the presence of GLTD. Further-
more, using cell type-specific signature gene sets from the Molecular
Signatures Database (MSigDB) in GSEA, we identified nine enriched
signatures from the Tabula Muris Senis ageing dataset. This data
consisted of cell type-specific expression changes between old and
young mice. Importantly, all nine, except one small gene set ‘kidney T
cell ageing’, were positively enriched in our dataset concordant with
ageing (Fig. 3]), consistent with the idea that shifting dietary content
from carbohydrates towards an increased intake of dietary protein
accelerates ageing. As the above transcriptomic changes could have
been confounded by the effects of the LPHC diet used as control, we
repeated our analysis comparing LCHP vs AL-control. Herein, again
increased oxidative phosphorylation by GSEA, enrichment of reg-
ulatory cytokines by IPA and GLTD-related transcription stress were
observed by the LCHP diet although less pronounced (Supplementary
Fig. 4A-C).

Increased dietary protein exacerbates transcriptional para-
meters of GLTD and ageing also in conditions of proficient

DNA repair

To further explore the hypothesis that an increased protein-to-
carbohydrate ratio leads to elevated GLTD, we explored all currently
available RNA expression datasets that investigated elevated protein
intake in combination with health parameters. Applying a diet of 30% kcal
from protein versus 5% kcal for 12 weeks, likewise compensated with
carbohydrates, to C57BL/6 ] wild-type mice did not affect energy intake or
adiposity’'. However, assessing their transcriptome data of hypothalamus
we observed for expressed genes (N = 11.500), as well as DEGs (N = 829),
between LCHP and LPHC (with protein/carb/fat ratios of 30/50/20 and
05/75/20 respectively), a clear gene-length-dependent decline in tran-
scriptional output, associated with a higher protein intake (Fig. 4A, B,
p=4.96E-13 and p < 1E-13 respectively), similar to our own liver dataset
and indicative of elevated damage. Additionally, GSEA showed that 88 out
of 90 significantly enriched Tabula Muris Senis Ageing signatures were
increased (Fig. 4C, Supplementary File 2), supporting the idea of accel-
erated ageing.

Furthermore, re-analysis of DEGs from micro-arrays of livers of 15-
month-old C57BL/6 ] wild-type mice maintained for 14 months on diets
with protein/carb/fat ratios of 60/20/20 versus 05/75/20 and 42/29/29
versus 14/57/29%, again confirmed the selective suppression of longer
genes by a higher protein lower carbohydrate intake (Fig. 4D, E). Inter-
estingly, the same authors previously showed increased lifespan and
metabolic health with LPHC diets and reduced lifespan and metabolic
health with LCHP diets™. The data presented here using the progeroid
Erccl repair mutant are in line with these findings in wild-type mice and
further strengthen the parallels and validity of the accelerated ageing
model for assessing the effect of nutritional interventions on normal
ageing. Additionally, we re-analysed livers from 6-month-old wild-type
male Wistar rats fed a high protein (45/45/10) or standard control protein
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transcriptional decline (GLTD), ordered by gene size and categorized in bins of 500
(N=13.426). I GSEA figure depicting the expression of the Tp53-regulated meta-
bolic gene pathways (J) Top statistically significant pathways identified by GSEA
analysis from the Tabula Muris Senis ageing mouse database. Diets are indicated as
LFHC (low-fat, high-carbohydrate), LCHP (low-carbohydrate, high-protein), and
LPHC (low-protein, high-carbohydrate). In the graphs, red indicates upregulation
with age, while blue denotes downregulation with age, dot size denoted size of the
gene set.

diet (20/70/10) for 4 months™, and human subcutaneous adipose tissue
biopsies from overweight middle-aged subjects adhering to a 25% energy-
restricted diet, either combined with high protein (1.5 g/kg-bw/d) or
standard protein (0.8 g/kg-bw/d) for 12 weeks™. Although these datasets
consisted of low number of DEGs, both showed a non-significant trend in
downregulation of longer genes (Fig. 4F, G), thus potentially extending
our findings of GLTD induced by high protein diets to other organs and
species.

Discussion

Dietary modifications can have a major impact on both health and lifespan,
with the most well-studied intervention being dietary restriction (DR).
However, due to practical challenges of sustaining long-term DR, it is
important to explore alternative dietary strategies. Here, we focused on
varying protein levels on the health and lifespan of DNA-repair-deficient
Ercc1®” mice, which display numerous features of accelerated but bona fide
ageing and respond exceptionally well to DR*”*, We found that protein
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restriction (PR) enhanced health and lifespan to some extent, with mildly
more pronounced effects in males—a finding that largely mirrors obser-
vations in wild-type animals’>**". Although only observed with limited
animal numbers used in this study, diets in which protein is reduced by
280% led to a reduced food intake, despite these diets typically being
associated with increased consumption due to the satiating effects of dietary
protein. This reduction could have been caused by altered taste and the
absence of additional dextrose in more stringent PR diets, likely altering
their palatability. Despite the reduced food intake with very low dietary
protein, the health and lifespan benefits observed were much smaller than
those seen with DR”(and Fig. 2E). This discrepancy may stem from
excessively low protein levels, impairing optimal metabolism. Alternatively,
the difference in feeding behaviour induced by DR and PR might also have
contributed. While DR is usually provided as a fixed amount once per day,
which promotes rapid consumption of food, with subsequent fasting, mice
on PR diets consumed smaller quantities over extended periods, alike ad
libitum, limiting any potential fasting benefits™. However, mechanistically
both PR and DR have been shown in part to activate stress resistance genes
via attenuation of GCN2, mTOR, and GH/IGF-1 nutrient sensing pathways
and modulate metabolism via altering acetyl-CoA production™.

On the other hand, low carbohydrate high dietary protein was asso-
ciated with a remarkable shortened health- and lifespan. The LCHP diet in
fact reduced food intake comparable to 30% DR, while only DR dramatically
improves health and extends life in DNA-repair-deficiency mutants™. The
reduced food intake was likely caused by the appetite-suppressing effects of
increased dietary protein®, but without yielding benefits alike DR. We
attribute the negative effects to the high protein as low carbohydrates are
generally considered beneficial****. To obtain clues on underlying
mechanisms we analysed gene expression changes in liver contrasting
LPHC with LCHP. While datasets demonstrated a strong GLTD effect, the
significance of DNA-damage-related processes was low, suggesting that
external confounding factors cannot be ruled out. These could include
immune system adaptations, changes in cell type distribution, increased
expression of short stress-responsive genes, or alterations in RNA
metabolism™*". Interestingly, both our own liver RNA sequencing data and
the deposited mouse hypothalami dataset (GSE114960), showed a highly
significant enrichment of Muris Tabula Senis Ageing profiles. This effect
was even more pronounced in the wild-type dataset, potentially due the
longer high-protein feeding regimen. The parallel between our high-protein
liver expression profile and ageing may make sense in the light of our finding
that the dataset in both cases is dominated by GLTD.

Mechanistically, increased dietary protein upregulated genes of the
oxidative phosphorylation pathway, an effect likely driven by an altered
protein-to-carbohydrate ratio, impacting both energy metabolism and
anabolic processes™”. This metabolic shift, combined with elevated fer-
roptosis signalling and production of nitric oxide and reactive oxygen
species, indicates disrupted reactive oxygen homeostasis, likely leading to
increased overall macromolecular damage, inflammation and the observed
tissue damage and fibrosis™*’. However, it remains to be investigated what
amount and types of reactive metabolites are more produced upon
increased metabolism by a high protein intake. Noteworthy are aldehydes
(e.g. produced from catabolism) which were recently shown to exacerbate
the effects of NER and Fanconi Anemia DNA-repair-deficiency in mice**”.
This hypothesis of increased reactive metabolite production by high protein
diets is in line with the observed strongly increased GLTD, which we found
in normal ageing to be driven by accumulating stochastic DNA damage,
interfering with transcription and we found to be associated with ageing®”.
The link between increased protein consumption, health, and lifespan may
reflect an evolutionary trade-off, optimizing early life fitness and growth at
the expense of longevity™. Surprisingly, several genes of the GCN2, mTOR,
and GH/IGF-1 nutrient sensing pathways are relatively long, making them
more susceptible to GLTD, counteracting any presumed stimulation by
increased amino acids. Interestingly, these ageing-related effects are likely
independent of mTOR signalling, which is typically increased by high-

protein diets, as its inhibition by Rapamycin is known not to impact the
lifespan of Ercc1®~ mice™.

Our findings, while based on rodent models, highlight the need for a
more comprehensive evaluation of high-protein, low-carbohydrate diets.
These diets are widely used for weight loss or build-up of muscle mass in
humans but also associated with increased risk of disease and
mortality’®**”!, potentially mediated by processes observed in our study.
In contrast, low dietary protein intake is linked with improved health in
individuals under 65 while such benefits are not observed in older adults,
suggesting age-related metabolic changes that further complicate the
underlying connections™. In fact, elderly people are commonly given food
richer in proteins and fats to counteract muscle loss and weight loss. Our
results rather argue against the use of excessive protein intake. As our repair-
deficient mice constitute valid models for progeroid DNA repair defi-
ciencies, such as Cockayne syndrome and Trichothiodystrophy our findings
may also speak to nutritional guidelines for these rare disorders. To obtain a
more comprehensive understanding future studies would benefit from
including mice at different ages, increasing group sizes and extending the
period of exposure to high-protein diets to improve assessment of long-term
effects and potential health risks. It would be particularly interesting to
include analysis of GLTD in these and human studies with dietary protein
alterations with and without exercise. Furthermore, limiting confounding
factors such as changes in food intake is crucial to accurately interpret the
impact of high-protein diets. Finally, protein sources with different bioa-
vailability (animal vs. plant) differentially impact health and ageing>"".
Investigating the molecular mechanisms behind these effects could provide
essential insights not only aiding the refinement of dietary guidelines but
also enhance our understanding of the interaction between diet, the
microbiome, genetics, and ageing.

It is noteworthy, that our GLTD analysis was able to detect highly
significant gene-expression changes already after four weeks of LCHP diet,
when PCA did not reveal clear differences in overall gene expression. This
indicates that GLTD may constitute a very sensitive read-out of genomic
health, predicting later health effects and ageing trajectories. As future
outlook, we intend to further explore GLTD as a valuable monitor of
genomic health, which can inform about long-term beneficial or detri-
mental lifestyle factors, most notably nutrition, medical treatments and
exposure to unknown compounds.

Methods

Ethics statement

The usage of animals in the experimental procedures was in accordance with
the Principles of Laboratory Animal Care and with the guidelines approved
by the Animal Ethical Commiittee of the National Institute for Public Health
and the Environment (DEC no. 201100285, and 1200163) or Erasmus MC
(DEC no. 139-12-12 and 139-12-13) in full accordance with European
legislation (Recommendation 2007/526/EC).

Mouse model

The generation and characterization of ErccI** and ErccI™ mice have
been previously described”””°. Ercc1*'~ mice were obtained by crossing
ErccI®* (in a pure C57BL6]J or FVB background) with Erccl™™ mice (in a
pure FVB or C57BL6]J background respectively) to yield ErccI®~ offspring
with a genetically uniform F1 C57BL6J/FVB hybrid background. Typical
unfavourable characteristics, such as blindness in an FVB background or
deafness in a C57BL6] background, do not occur in this hybrid background.
Wild-type F1 littermates or ErccI*~ mice on AIN93G control food were
used as controls. Hence, all animals used in the studies described here were
of the same healthier F1 C57BL6J/FVB hybrid background. Mice were
clinically diagnosed daily in a blinded manner and were weekly weighed and
visually inspected. Also, mice were scored in a for the technicians and animal
care takers blinded fashion for gross morphological and motor abnormal-
ities in experiments where so reported. All efforts were made to ameliorate
the suffering of the animals.
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Housing conditions

Animals were maintained in a controlled environment (20-22°C, 12 h light/
dark cycle) and were housed in individual ventilated cages under specific
pathogen-free conditions. Animals were group housed at the RIVM location
(experiments with more than 10) when possible and individually housed at
the EMC (experiments used less than 10 mice) location. Since the ErccI®'~
mice are smaller, food was administered within the cages and water bottles
with long nozzles were used from around two weeks of age. Food and water
were offered ad libitum (AL) unless stated otherwise.

Dietary interventions

All animals were bred and maintained on AIN93G synthetic pellets
(Research Diet Services B.V., Wijk bij Duurstede, Netherlands; gross energy
content 4.9 kcal/g dry mass, digestible energy 3.97 kcal/g, using 2.3 g/kg
choline chloride instead of choline bitartrate; %Kcal: 19.3 protein, 64.0 carb,
16.7 fat). Dietary restriction (DR) was applied as a 30% food intake
reduction as previously published”’. On average, Ercc1*~ mice are known to
eat 2.3 g food per day. DR was initiated at 7 weeks of age with 10% food
reduction (2.1 g/day), when animals reached almost maximum body weight
and development was completed. Dietary restriction was increased weekly
by 10%, until it reached 30% dietary restriction (1.6 g/day) from 9 weeks of
age onward. DR was supplied around Zeitgeber time 10-12, 0-2 h before the
active period, to limit alterations in the biological clock.

Protein restricted and macronutrient altered diets were provided AL
starting at 4 (EMC) or 8 (RIVM) weeks of age, continuing for the remainder
of life. All animals were randomized across diets/groups prior to the start of
the interventions. Diets in the PR groups were all based on standard
AIN93G synthetic pellets’” and were isocalorically compensated with
cornstarch in a 1:1 ratio in RIVM cohorts. Additionally, the phosphorus
content in the RIVM PR cohorts’ diets was compensated with KH,PO,.
Protein restriction experiments in the RIVM (30-80%) were sweetened with
an additional 50 g/kg dextrose. RIVM-based macronutrient-restricted diets
were structured as defined in Fig. S2A. Diets were processed into pellets and
irradiated with 9 kGy (Isotron, Ede, the Netherlands). Throughout all
experiments mice had unrestricted access to water.

Phenotype scoring

The mice were weighed and visually inspected weekly and were scored in a
blinded manner by at least two experienced research technicians for the
onset of various phenotypical parameters. Whole-body tremors were scored
if mice were trembling for a combined total of at least 10 s when put on a flat
surface for 20 s. Impaired balance was determined by observing the mice
walking on a flat surface for 20 s. Mice that had difficulties in maintaining an
upright orientation during this period were scored as having imbalance.

RNA-sequencing and analysis

Snap-frozen liver tissues of 11-week-old Erccl®™ mice on diets with dif-
ferent macromolecular compositions (Supplementary Fig. 2A) were
weighted to 30 mg and homogenized in QIAzol Lysis Reagent using a
Qiagen tissuelyser LT. RNA was isolated using the Qiagen miRNeasy RNA
isolation kit (QIAgen; 217004) following standard protocol with optional
DNase (Qiagen, #79254) digestion step. RNA quality and quantity were
assessed using the NanoDrop One (Thermo Fisher Scientific, ND-ONE-W)
and Bioanalyzer 2100 (Agilent, Santa Clara, CA, USA; G2939BA), respec-
tively. Samples were sent for transcriptome sequencing (GenomeScan,
Leiden, The Netherlands) on the Illumina NovaSeq 6000 platform. Analysis
of raw data files was performed on our in house-generated data analysis
pipeline. Removal of sequence adaptors from sequence reads was performed
using Trimmomatic (version 0.39). Trimmed reads were aligned to mouse
reference genome (annotation: gencode.vM20.annotation.gtf; genome:
GRCm38.p6.genome.fa; http://gencodegenes.org/mouse/release_M20.
html) using STAR (version 2.7.0f). Read counts for each gene were
obtained using FeatureCounts (as part of SubRead version 1.6.4), filtered
using filterByExpr with count set to 10, and followed by TMM normal-
ization and quantification of log fold changes and false discovery rates using

1A/7

EdgeR (version 3.32.1). All data files have been submitted to the NCBI gene
expression omnibus (GEO accession number).

Ingenuity Pathway Analysis (IPA; Ingenuity Systems, QIAGEN) was
used to analyse TMM normalized sequencing reads and find significantly
altered upstream regulators and pathways. Upstream regulators were fil-
tered for cytokines. For pathway analysis an absolute log2 fold-change cut-
off of 0.5 was used to improve data interpretability. Functional tox analysis
was run with standard settings and subsequently filtered for liver related
processes.

For transcription stress analysis, all genes with a mean TMM value
above 1 over all groups were kept. This resulted in ~13.500 genes. Genes
were ordered by gene length and split into bins of 500. The percentage of
upregulated genes in each bin and the mean gene length of genes per bin
were reported.

GSEA (Gene set enrichment analysis) was performed in R (version
4.3.3) using the clusterProfiler package (version 4.10.0) on edgeR filtered
data of all genes. Gene ranking was based on a gene significance score, or n-
value, which was calculated for each gene by multiplying the log2(fold
change) by -logl0(p.adj) to retain significance and logFC directionality’.
GSEA was ran using default settings, except for minGSSize and maxGSSize
which were set to 1 and 5000 respectively. GSEA plots were made using
enrichplot (version 1.22.0).

The Nlumina NextSeq 500 full RNA sequence dataset on hypothala-
mus of 6-month-old C57BL/6] wild-type mice which were kept for
12 weeks on diets with a different protein:carbohydrate ratio (diets
D14071607 and D14071612 formulated by Research Diets, Inc.)’" was
downloaded from NCBI GEO (GSE114960) and processed according to the
above-described pipeline and transcription stress analysis with an additional
10k gene length cut-off to remove most non-coding transcripts ( ~ 16.500
genes of which ~11.500 > 10 kb). Additional microarray RNA expression
datasets of livers from 15-month-old C57BL/6 ] wild-type mice maintained
on diets varying in protein, carbohydrate, and fat starting at 3 weeks of age
(GSE85998)*, livers of 6-month-old wildtype Wistar male rats receiving a
high protein or control diet for a duration of 4 months (GSE57858)*’, and
subcutaneous adipose tissue biopsies of overweight middle-aged human
subjects adhered to a 25% energy restricted diet, either combined with high
protein (1.5 g/kg-bw/d), or with standard protein (0.8 g/kg-bw/d) for
12 weeks (GSE84046)™, were all analysed with the online GEO2R-tool
(Version info: R 4.2.2, Biobase 2.58.0, GEOquery 2.66.0, limma 3.54.0) using
Benjamini & Hochberg (false discovery rate) adjustment to the P-values
standard processing settings. Differentially expressed genes (pvalue < 0.05
and logFC > |0.5 | ) were separated in up- and downregulated and plotted
for their respective gene lengths.

Statistical analysis

All data with error bars are presented as mean + standard deviation (SD),
and the individual datapoints (dots) are presented in the bar graphs. All
analyses were performed using IPA, GSEA, GraphPad Prism version 8.4.2
(GraphPad Software, La Jolla California USA) or excel. P-values expressed
as *p <0.05,**p < 0.01, ***p < 0.001, ****p < 0.0001 were considered to be
significant; when indicated as “ns”, comparisons should be considered non-
significant.

Weekly body weights (per mouse) and food intake (per cage) from the
age of intervention-start through the maximum age at which all groups of
the respective experiment still had >55% survival, were included, excluding
the weights of the animals that died during that period. Subsequently, all the
body weights after the start of the intervention were log10-transformed, had
the log10 values at the start of the intervention subtracted from them, and
then, for convenience (this being no more than a normalization without any
effect on the statistical tests), had the lowest log10-baseline weight of the
entire dataset subtracted from them. The average food intake for week 5-8
was taken as a baseline when interventions started at 8 weeks of age. A
baseline was set at 2.3 g when experiments started at 4 weeks of age. To this
the average of all cages of a specific sex were added for convenience (this also
had no effect on the statistical tests). Then, the area under the curve (AUC)
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was determined for body weight and food intake by the trapezoid rule for the
entire selected time interval for each animal. Grubbs’ test in GraphPad
Prism, with alpha = 0.01, was applied once to all AUC values of the
experiment to identify and remove potential outliers. One-Way-ANOVA,
with Dunnet’s multiple comparison test was used to estimate differences in
experimental groups vs. control groups for bodyweight and food intake.

Statistics for lifespan and onset of phenotypes were performed by
computing Kaplan-Meier estimates of the survival curves, estimating the
log hazard ratio effect size with 95% confidence intervals, and comparing the
survival functions of different groups with the log-rank test in
GraphPad Prism.

Boxplot statistics for gene-length-dependent transcription decline
were calculated using Mann-Whitney test based on differentially expressed
genes. Significance in XY-scatterplots of gene length vs percentage up/down
regulation were calculated using Spearman correlation analysis.

Data availability
All data files have been submitted to the NCBI gene expression omnibus
(GEO accession number GSE293207).
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