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Translational error in mice increases with
ageing in an organ-dependent manner
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The accuracy of protein synthesis and its relation to ageing has been of long-
standing interest. To study whether spontaneous changes in the rate of ribo-
somal error occur as a function of age, we first determined that stop-codon
readthrough is a more sensitive read-out of mistranslation due to codon-
anticodon mispairing than missense amino acid incorporation. Subsequently,
we developed knock-in mice for in-vivo detection of stop-codon readthrough
using a gain-of-function Kat2-TGA-Fluc readthrough reporter which combines
fluorescent and sensitive bioluminescent imaging techniques. We followed
expression of reporter proteins in-vivo over time, and assessed Kat2 and Fluc
expression in tissue extracts and by whole organ ex-vivo imaging. Collectively,
our results provide evidence for an organ-dependent, age-related increase in
translational error: stop-codon readthrough increases with age in muscle
(+75%, p < 0.001) and brain (+ 50%, p < 0.01), but not in liver (p > 0.5). Together
with recent data demonstrating premature ageing in mice with an error-prone
ram mutation, our findings highlight age-related decline of translation fidelity
as a possible contributor to ageing.

Being the endpoint of the implementation of genetic information, the
ability to accurately translate nucleic acids into functional proteins is
central for all living organisms. Reportedly, errors in DNA replication
occur at a frequency of 10-10"° and the error rate in mRNA tran-
scription is in the range of 102 By comparison, the average error
rate in mRNA decoding by the ribosome has been estimated to be in
the range of 10 per codon, making it the limiting factor in the accu-
racy of gene expression®. The rare errors in mRNA decoding by the
ribosome mostly result from codon-anticodon mispairings as per
accommodation of mismatched aa-tRNAs*®, such as missense sub-
stitutions or stop-codon readthrough®’. Due to the physical con-
straints of the mRNA-tRNA interaction, accommodation of
mismatched tRNAs in the ribosomal decoding A-site is limited to near-
cognate tRNAs®®. As a result, missense amino acid substitutions are
mostly conservative in nature because of the way the genetic code is

arranged'®. Stop-codon readthrough occurs when a ribosome posi-
tioned with a stop codon in the A-site incorporates an amino acid into
the nascent polypeptide chain, instead of terminating translation by
hydrolysis and release of the polypeptide from the P-site peptidyl-
tRNA, a process mediated by binding of eukaryotic release factor 1
directly recognizing the three stop codons UGA, UAG, and UAA. The
frequency of insertion of individual missense amino acids is distinct for
different stop codons™.

Ribosomal errors are codon and sequence dependent, and
affected by both ribosomal and non-ribosomal mechanisms, e.g., post-
transcriptional modifications of RNA (rRNA, tRNA, mRNA)*¢, abun-
dance and posttranslational modifications of ribosomal proteins
and translation factors”"®, and levels and accuracy of tRNA
aminoacylation'?°. Back in the 1980s, attempts were undertaken to
investigate whether translational accuracy in mammalians declines

TInstitut fir Medizinische Mikrobiologie, Universitat Ziirich, Zurich, Switzerland. 2Anatomisches Institut, Universitat Ziirich, and Institut fiir Bewe-
gungswissenschaften und Sport, ETH Ziirich, Zurich, Switzerland. 3genOway, F-69362, Lyon, France. “Zurich Integrative Rodent Physiology (ZIRP),
University of Zurich, Zurich, Switzerland. ®Biozentrum University of Basel, Basel, Switzerland. ®These authors contributed equally: Dimitri

Shcherbakov, Rashid Akbergenov.

e-mail: rashid.akbergenov@unibas.ch

Nature Communications | (2025)16:2069


http://orcid.org/0000-0002-2570-0121
http://orcid.org/0000-0002-2570-0121
http://orcid.org/0000-0002-2570-0121
http://orcid.org/0000-0002-2570-0121
http://orcid.org/0000-0002-2570-0121
http://orcid.org/0000-0002-8398-5495
http://orcid.org/0000-0002-8398-5495
http://orcid.org/0000-0002-8398-5495
http://orcid.org/0000-0002-8398-5495
http://orcid.org/0000-0002-8398-5495
http://orcid.org/0000-0001-5462-6584
http://orcid.org/0000-0001-5462-6584
http://orcid.org/0000-0001-5462-6584
http://orcid.org/0000-0001-5462-6584
http://orcid.org/0000-0001-5462-6584
http://orcid.org/0000-0002-8982-0261
http://orcid.org/0000-0002-8982-0261
http://orcid.org/0000-0002-8982-0261
http://orcid.org/0000-0002-8982-0261
http://orcid.org/0000-0002-8982-0261
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-57203-z&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-57203-z&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-57203-z&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-57203-z&domain=pdf
mailto:rashid.akbergenov@unibas.ch
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-57203-z

with organismal or cellular aging, mainly using human diploid fibro-
blasts or ribosomal extracts from rodent liver. With the exception of a
single report in late stage human fibroblasts measuring mis-
incorporation of [*S] -cysteine into a viral protein lacking any codon
for cysteine?, all of the other studies conducted at that time were
unable to show an age-associated increase in mistranslation”>°, for
recent review see ref. 31. However, it was noted that there are impor-
tant caveats limiting these early studies. Many of them were conducted
in-vitro with isolated ribosomes, which may or may not recapitulate
the many extra-ribosomal factors which contribute to in-vivo transla-
tion accuracy. In addition, the assays used to record mistranslation in
the 1980s used either highly artificial translation substrates, such as
poly-U, or had insufficient sensitivity to reliably detect those rare
aberrant proteins due to ribosomal error, such as analysis of proteins
on 2D gels™**%,

More recent work points to translation as an emerging constraint
on protein homeostasis in aging, indicating that complex age-
associated changes may affect ribosome function, including
decreased translation elongation, decoupling of transcription and
translation, and loss of ribosome stoichiometry due to age-related
decline in proteasome activity**~, for review see ref. 37. Specifically,
recent studies have implicated translational fidelity as an important
determinant of lifespan. Thus, translational accuracy has been sug-
gested to positively correlate with maximum possible life span among
different rodent species indicating a possible link between transla-
tional accuracy, life span, and potentially age-accelerating effects of
translational error®®. This perception is supported by the recent
demonstration that by experimentally increasing the fidelity of protein
synthesis the life span in yeast and non-mammalian metazoans can be
extended”. Conversely, experimentally increasing the ribosomal error
rate in mice by generation of knock-in mice which carry the RPS9 D95N
ram (ribosomal ambiguity) mutation was found to result in premature
ageing and shortened life span°.

To study translational fidelity in mammalians in-vivo and to
address the question whether spontaneous changes in the rate of
misreading occur as a function of age we here developed modified
versions of highly sensitive gain-of-function dual reporter constructs
which express firefly luciferase (Fluc) fusion proteins. Following
demonstration of stop-codon readthrough as the most sensitive read-
out of codon-anticodon mispairing, we generated knock-in mice which
carry the dual reporter readthrough construct Kat2-TGA-Fluc. This
reporter combines fluorescence with bioluminescence measurements
and is suitable for real-time non-invasive in-vivo imaging, ex-vivo
whole organ imaging, and detailed analysis of reporter expression in
tissue extracts. Using these mice, we recorded expression of the
reporter proteins in live animals in-vivo over time, followed by whole
organ ex-vivo imaging and measurement of reporter activities in tissue
extracts. We found that stop-codon readthrough increases with age in
an organ-dependent manner. Together with the recent observation
that heightened levels of translational error result in premature ageing
and development of age-related diseases**™*?, our findings reported
here point to the possibility that an age-associated increase in trans-
lational error as recorded by stop-codon readthrough and as observed
primarily in postmitotic tissues (brain, muscle) may be an important
contributor to the overall ageing process and the age-related decline in
protein homeostasis.

Results

Choice of reporters

We used dual luciferase reporters*>* to quantitatively assess the error
frequency of two types of codon-anticodon mispairing: accommoda-
tion of near-cognate aa-tRNAs at a sense codon resulting in missense
misreading, and accommodation of aa-tRNAs at a stop codon resulting
in stop-codon readthrough (Fig. 1). In dual luciferase reporters a
humanized Renilla luciferase (hRluc)—Firefly luciferase (hFluc) fusion

protein, separated by a linker, is produced. Rluc serves as measure for
total translation of the reporter, while Fluc reports missense miscoding
or stop-codon readthrough. To record missense miscoding, H245% in
the active site of Fluc was mutated to near-cognate R245°, resulting
in enzymatically nonfunctional Fluc; to record readthrough D357 of
Fluc was mutated from GAC to stop codon TAG or TGA, producing a
truncated protein devoid of Fluc activity*. Fluc activity is regained by
missense miscoding at 245°°C or stop codon readthrough at 3577¢A/TAC,
respectively. For validation of the misreading reporters we used the
aminoglycoside geneticin, a well-established mistranslation-inducing
agent** and ribosomes with the RPS9"*" ram mutation* as positive
controls.

HEK293 cells expressing wild-type RPS9"" or mutant RPS9"*" “ were
transfected with the dual luciferase reporter constructs. For quantitation
of absolute levels of misreading and readthrough, HEK293 WT cells were
in parallel transfected with construct pRM Rluc-Fluc WT. Absolute mis-
translation values were calculated by the ratio of Fluc®“/Rluc to Fluc""/
Rluc for misreading and Fluc™¢/Rluc or Fluc™/Rluc to Fluc""/Rluc for
readthrough on TAG or TGA stop codons, respectively. Frequency of
missense translation errors in HEK293 WT cells was determined as
34+0.3x10™ Readthrough errors occurred with a frequency of
4.03+0.13x10° on TGA codon and 1.82+0.12x10 on TAG codon
(Table 1 and Suppl. Fig. 1). As reported previously*, RPS9**" mutant cells
showed increased levels of near-cognate misreading (twofold) and TGA
stop codon readthrough (sevenfold), compared to RPS9"" (Fig. 1).
Treatment of RPS9"7 cells with geneticin induced both CGC misreading
and TGA readthrough errors in a dose-dependent manner. Readthrough
on TAG codon showed less induction both by the RPS9”*" mutation and
upon geneticin treatment of RPS9"7 cells, as compared to readthrough
on the TGA stop codon (Table 1 and Fig. 1A-C). These results are in line
with previous investigations”, which found that UGA is more permissive
than UAG for stop-codon readthrough.

Together, these results demonstrate that readthrough of TGA
stop codons is the most sensitive readout of ribosomal mistranslation
due to codon-anticodon mispairing.

Dual luciferase reporters are commonly used to study ribosomal
mistranslation in-vitro and in cell cultures. The two different luci-
ferases, Rluc and Fluc, utilize different substrates, which are added
sequentially, as the signal of the first substrate must be quenched to
allow for measuring the signal generated by the second substrate.
While this methodology is convenient for analysis of cell cultures or in-
vitro translation experiments, it poses problems for in-vivo assess-
ments of translation fidelity. The need for two different substrates,
applied sequentially, together with the requirement for complete sig-
nal quenching, makes dual luciferase reporters unsuitable for in-vivo
measurements. For in-vivo monitoring of translation fidelity, a pre-
ferable option is to use reporter constructs which combine the highly
sensitive Fluc bioluminescent readout with a fluorescent reporter, the
latter used for normalization of reporter translation*’. Accordingly, we
replaced Rluc in vector pRM hRluc-hFlucWT with the fluorescent
reporter Katushka2S (Kat2) and introduced a TGA stop codon into the
linker which separates Kat2 and Fluc, resulting in the stop-codon
readthrough reporter Kat2-TGA-Fluc (Fig. 1A). Katushka is a far-red
fluorescent protein, which spectrum does not interfere with firefly
luciferase, and which can be fused with Fluc luciferase without losing
activity*. Katushka2S was chosen as fluorescent reporter, as it exhibits
higher brightness, faster maturation and superior signal-to-noise ratio
compared to Katushka and other far-red fluorescent proteins*.

We first validated the Kat2-TGA-Fluc reporter by functional mea-
surements in transfected HEK cells treated with geneticin. Relative
readthrough values were calculated by the ratio of Fluc'®/Kat2. As
expected, we found that treatment with geneticin induced TGA read-
through in a dose-dependent manner, up to 13-fold at 400 uM (Fig. 1D).
Control Kat2-Fluc transfected cells encoding an uninterrupted Kat2-
Fluc fusion protein showed no Fluc induction by geneticin,
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Fig. 1| Assessment of mistranslation reporters in HEK293 cells. A Scheme of the
vectors used in the experiments: Rluc-FlucWT, Rluc-Fluc?*¢°C, Rluc-Fluc®7TeVTAS,
Kat2-Fluc, Kat2-TGA-Fluc. B Dual Luciferase system, misincorporation of near-
cognate aa-tRNA, Rluc-Fluc**°°C; C Dual Luciferase system, readthrough of TGA
(left) and TAG (right) stop codons, Rluc-Fluc*™~TAC, D, E Fluc expression relative
to untreated HEK wt. D Kat2-TGA-Fluc construct, readthrough of TGA stop codon;
E Kat2-Fluc construct, Fluc WT signal. B-E Data shown represent the average of
three independent experiments (N =4 clones each for HEK WT and HEK D95N;
+SEM). F, G WB analysis of HEK WT cells transfected with Fluc, Kat2-Fluc, or Kat2-

TGA-Fluc construct and treated with increasing concentrations of geneticin, 1-HEK
WT non transfected, 2—Fluc transfected 3—Kat2-Fluc transfected (no stop codon in
linker as control for the molecular weight of the readthrough protein), 4-9—Kat2-
TGA-Fluc transfected (stop codon in linker), 4—no geneticin, 5-0.1 mM, 6—0.2 mM,
7-0.4 mM, 8-0.8 mM, 9-1.6 mM geneticin. Antibodies against Kat2 were used in
(F) and antibodies against Fluc were used in (G). 3-tubulin and GABDH were used as
loading control for (F) and (G) correspondingly. The experiment was repeated two
times with the same results.

demonstrating that geneticin induction is dependent on the presence
of a TGA stop codon (Fig. 1E). Subsequently, we performed Western
blot experiments to demonstrate formation of the readthrough Kat2-
Fluc fusion protein upon treatment with geneticin. As a control for the
molecular weight of the readthrough protein we used HEK cells
expressing Kat2-Fluc; in order not to overload the blot with an over-
whelming signal we used cells transfected with low amounts of Kat2-
Fluc DNA. HEK cells expressing the Kat2-Fluc construct produced a

Table 1 | Mistranslation frequencies in HEK293 cells

Stop-codon read- Missense miscod-

through (x10™) ing (x10™%)
Treatment Rluc-FlucP®™A  Rlu-FlucP®™¢  Rluc-Fluch?#sreec)
HEK293 WT 40.3+1.3 18.2+1.2 3.4+0.3
HEK293 RPSQP%N 309.3+3.2 28.6+1.3 6.2+0.2
HEK293 WT Genet- 158.2+24.4 66.0£11.1 6.1+£0.7
icin [100 uM]
HEK293 WT Genet- 418.3+39.7 95.2+20.4 10.6+0.5
icin [400 uM]

protein of 94.8 kD, corresponding to the size of the Kat2-Fluc fusion
protein. Compared to cells transfected with Kat2-Fluc vector, cells
transfected with Kat2-TGA-Fluc vector produced a shorter protein of
32.6kD, corresponding in size to that of Kat2 protein plus linker
polypeptide (Fig. 1F). Upon treatment of Kat2-TGA-Fluc expressing
cells with geneticin, we observed synthesis of a larger 94.8 kD protein
in a dose-dependent manner; this protein was of identical size as the
Kat2-Fluc fusion protein in Kat2-Fluc transfected cells (Fig. 1F, for
mathematical calculations of geneticin-induced readthrough please
see Source Data File). Fluc antibody was used to demonstrate the
presence of a 3’ terminal Fluc protein in both Kat2-Fluc and in read-
through Kat2-TGA-Fluc proteins (Fig. 1G). These data demonstrate that
the Kat2-TGA-Fluc construct can detect stop-codon readthrough by
measurement of bioluminescence and that Fluc activity is due to for-
mation of a readthrough protein.

Generation of Kat2-TGA-Fluc mice

We generated Kat2-TGA-Fluc mice using a knock-in strategy (see
Materials and Methods for details and Suppl. Figs. 2 and 3). The knock-
in was performed at the Rosa 26 locus using the Kat2-TGA-Fluc
reporter under control of the CAGGS promoter. The CAGGS promoter
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Fig. 2 | Validation of the Kat2-TGA-Fluc reporter. A Readthrough induction by
geneticin in HEK293 cells (HEK WT), embryonic stem cells (ES), and murine
embryonic fibroblasts (MEF) expressing the Kat2-TGA-Fluc reporter. Left graph:
Fluc activity, middle graph: Kat2 activity, right graph: Fluc/Kat2 ratio. Data shown
represent the average of three independent experiments using 4 clones each
transfected with the corresponding reporter construct; Fluc activities (measured in
relative luminescent units RLU) and Kat2 activities (measured in relative fluorescent
units RFU) are shown as mean + SEM. B Fold induction of readthrough activity by
geneticin in HEK WT, ES, and MEF; for calculation of fold induction, the Fluc/Kat2
expression ration in untreated cells was set to 1. C, D Readthrough induction in
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transgenic mice expressing the Kat2-TGA-Fluc reporter following geneticin treat-
ment (closed diamonds, n = 4; 2 females (closed circles), 2 males (closed squares))
in comparison to control untreated transgenic mice (open diamonds, n=4; 2
females (open circles), 2 males (open squares)), ratio RLU/RFU is shown as

mean + SEM. P values were calculated using two-sided Student’s ¢-test with equal
variances. A P=0.079, * P<0.05, * P<0.01, ** P<0.001, *** P<0.0001, n.s.
P>0.05. Exact P-values are: (A) HEK WT—Fluc 8.8 x1077, Kat2 3.8 x 107}, Fluc/Kat2
4.8 %107 ES cells—Fluc 1.2 x 1073, Kat2 4.5 x 1072, Fluc/Kat2 4.3 x 10~* MEF cells—
Fluc 1.4 x107%, Kat2 8.5 x 107, Fluc/Kat2 4.6 x 10°%; (C) 4.7 x 10 for 4 h, 7.9 x 102 for
6h,2.1x107for 8h.

displays ubiquitous expression including significant levels of expres-
sion in muscle and brain*’. Recording expression of the reporter in
brain and muscle is particularly relevant, as both tissues are post-
mitotic tissues affected by ageing and age-related diseases.

We undertook several measures to characterize and validate the
transgenic Kat2-TGA-Fluc model. First, we generated mouse embryo-
nic fibroblasts (MEF) from the transgenic mouse line and assessed
geneticin-induced expression of Fluc in MEFs, in comparison to HEK
cells and embryonic stem (ES) cells expressing the Kat2-TGA-Fluc
reporter (Fig. 2A). Four independently generated ES and MEF cell lines,
and four independently transiently transfected batches of HEK cells

expressing the Kat2-TGA-Fluc construct, were treated with 0.5 mM
geneticin. Treatment with geneticin resulted in a significant induction
of Fluc activity in all cells examined, with similar levels of induction of
TGA codon readthrough, ranging from seven to tenfold (Fig. 2B).
Second, to address the question whether our mouse model is sui-
table for monitoring translational error in-vivo, we treated Kat2-TGA-
Fluc mice with geneticin (n=8; geneticin 2 females, 2 males; control 2
females, 2 males), a commonly used and well-established agent for in-
vivo induction of translation readthrough in mice*®*. To record
geneticin-induced readthrough, we assessed time-dependent changes in
Kat2 and Fluc activity over 8 h following geneticin injection. A significant

Nature Communications | (2025)16:2069


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-57203-z

Liver A
3 n.s. 3 *kkk 3 *
| —— |
n.s. *kk%k *
*k*k%k * B
2 n.s. 24 % N 2
]
o ns. T '| o — *
2 - 1 * E |—|** § | |
Lole - % % X . * S - E . Epifuorescence \WT (33F)  MUT6M (35F) MUT 15M (35F)
1 1{ 6 ﬁ i 14 ,
FEET °F Rk X
*
4.0
(e e e 0tr—T—r— 00— T
S & S N o & S & g &
Retina
8 4 4 20
* * *
. 1 | .., 11
A *
6 x * 34 — 34 10
r 1 * S *
Q A N — Q 1
e 41 A . Q 24 . B 21 o Luminescence T (33F)  MUT6M (35F) MUT 15M (35F)
* =]
s n = X% '
21 ienk? %ﬁﬁiw
& & A . AA‘ * - 2000
0-t—r T T T 04— T T T 0-t—r T T T
& & g & & & & o =
Hindlegs L 1000
4 4 4
ik —_— *hk
*kkk L [ 500
. [ —— i *kk% *
3 * 3 | p— | 31 | p—— |
A *% S )
8 LS N — Q LI
= 2 » © 24 = 24 *
Tlerw® T I
el ¥ i@ Bl iu®
< ° oa =i
14 14 - ~
- S X R 113 == )
e A ° A
c T T T T c T T Ll T 0 T T T T
S o o & S & o & S & ot o

Fig. 3 | In-vivo imaging of transgenic mice expressing Kat2-TGA-Fluc construct.
A Quantification of Luciferase (Fluc), Katushka (Kat2), and Fluc/Kat2 ratio by in-vivo
imaging analysis at time points 6, 9,12, and 15 months in liver, retina, and hindlegs;
left graph: Fluc, measured in RLU, shown as mean + SEM; middle graph: Kat2,
measured in RFU, shown as mean + SEM; right graph: Fluc/Kat2 ratio shown as
mean + SEM. Number of animals tested: for all animals N =14 for 6 and 9 months,
N=12 for 12 and 15 months; for males N= 6 for 6 and 9 months, N=5 for 12 and
15 months; for females N=8 for 6 and 9 months, N=7 for 12 and 15 months.

6 months values were set as 1. P values were calculated using two-sided Student’s ¢-

test with equal variances. o P=0.12, * P<0.05, ** P< 0.01, ** P< 0.001, ****
P<0.0001, n.s. P>0.05. Exact P values are present in the Source Data File.

B Representative images of wild type (33 F) and transgenic (35 F) female mice for in-
vivo analysis of liver, retina and hindlegs at 6 months and 15 months’ time points.
(top) Katushka fluorescence, (bottom) Fluc luminescence. Kat2 fluorescence was
measured at Ex: 605 nm, Em: 660 nm, Bin: Small, Exposure: 1s. Fluc luminescence
was measured at Bin: Small, Exposure: 5 s. Tissue-specific ROIs (Region-of-Interest)
are indicated by the red edging in B; fluorescence (Kat2) and luminescence (Fluc)
intensities were measured in equal areas.

time-dependent increase in Fluc and readthrough activity was observed
in mice treated with geneticin but not in controls (Fig. 2C, D), without
evidence for a sex-dependence of the effect. This is evidenced by Fluc/
Kat2 expression ratios (Fig. 2C, time x treatment F1,28 =25.68 p <.0001,
time slope: geneticin +0.6903**, control ns, time x treatment x sex
F1,28=0.6002ns) as well as Fluc activities (Suppl. Fig. 4A, time x
treatment F1,28=27.18 p<.0001, time slope: geneticin +168,600***,
control ns, time x treatment x sex F1,28 =0.5619 ns). There was no evi-
dence for a geneticin effect in female or male mice on Kat2 activity
(Suppl. Fig. 4B, time x treatment F1,28 =1.403 ns, time slope: geneticin
and control ns, time x treatment x sex F1,28 = 0.0150 ns).

In-vivo imaging
To study age-related alterations in ribosomal stop-codon readthrough,
we generated a cohort of Kat2-TGA-Fluc mice to follow Kat2 and Fluc

expression longitudinally over time. We assessed in-vivo biolumines-
cence and fluorescence activities in a non-invasive manner in male and
female mice at the age of 6, 9, 12, and 15 months. We were able to record
significant in-vivo reporter activities (Fig. 3A, B). However, in-vivo ima-
ging came with some shortcomings, in particular, the lack of recordable
signal in brain which resulted in the choice of retina as proxy for neu-
ronal tissue. In addition, the presence of neighbouring tissue may
compromise the reporter activities recorded, in particular for liver.
Significant increases in Fluc activity were found in retina and
hindlegs at age 15 months, with variability in Fluc expression present in
retina at later time points. In contrast, no age-dependent increase in
Fluc activity was observed in liver and neighbouring tissue (Fig. 3A). To
calculate levels of ribosomal readthrough we further normalized Fluc
expression for overall reporter translation, as the Kat2 activities
recorded in-vivo pointed to significant time-related changes.
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Fig. 4 | Ex-vivo imaging analysis of liver, brain, and skeletal muscle (quad-
riceps) from Kat2-TGA-fluc mice of 3 and 18 months of age (V=5 each for

3 months and 18 months male mice). A-C Quantification of Firefly luciferase
(Fluc, RLU) and Katushka 2S (Kat2, RFU) activities and calculation of Fluc/Kat2 ratio
in liver (A), brain (B), and quadriceps (C) is shown as mean + SEM; values are nor-
malized to 3 months average equals 1. P values were calculated using two-sided
Student’s t-test with equal variances. o P=0.17, @ P=0.055, * P< 0.05, ** P< 0.001,
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n.s. P>0.05. Exact P-values are: (A) Liver—Fluc 9.8 x 107, Kat2 9.7 x 10, Fluc/Kat2
8.8 x107%; (B) Brain—Fluc 2.6 x 1072, Kat2 8.5 x 107, Fluc/Kat2 1.7 x 107%; (C) Muscle—
Fluc 3.4 107, Kat2 5.5x107%, Fluc/Kat2 2.2 x10™. D, E Representative example of
fluorescent (D) and luminescent (E) comparative images of organs extracted from
WT 3 months (top row), transgenic 3 months (middle row) and transgenic

18 months (bottom row) mice. The fluorescence and luminescence intensities were
measured by ROI analysis in 1.6 cm? area for each organ.

Normalization for overall reporter translation corroborated significant
age-dependent increases in ribosomal readthrough for both retina and
hindlegs, as testified by a 40-45% increase in Fluc/Kat2 expression
ratios at age 15 months. As expected, the lack of an age-associated
increase in Fluc activity in liver came along with absence of age-related
increase in ribosomal readthrough, accompanied even by decreased
Fluc/Kat2 ratios. We further statistically analysed the effect of age and
sex using a linear model which includes tissue and all time points as
within subject factor plus sex as between subject factor. Increasing
Fluc activities across ages from 6 to 15 months were found in retina and
hindlegs, while no age-associated increase in Fluc activity was evident
in liver (agextissue F2,122=3.948 p=0.0218, age slope: retina
+0.2665**, hindleg +0.2978**, liver ns). There was no evidence for a
sex effect on Fluc activity (sex F1,10 =2.312 ns), nor for a sex depen-
dency of the increases in Fluc activity in retina and hindlegs (sex x
tissue x age: F1,78 = 0.431 ns, sex x age: retina ns, hindlegs ns). These
observations were confirmed by analysis of Fluc/Kat2 expression
ratios, with only retina and hindlegs showing an age-dependent
increase across all ages, and liver a decrease (age xtissue
F2,122=10.60 p <.0001, age slope: retina +0.1283*, hindleg +0.1606**,
liver —0.1252***),

Ex-vivo imaging of brain, muscle, and liver

In-vivo imaging of the Kat2-TGA-Fluc mice came with limitations, in
particular the inability to record suitable signals in brain, and adjacent
tissue possibly affecting the measurements, namely for liver. To
address these limitations, we generated a new cohort of 3 months
Kat2-TGA-Fluc animals. In particular, we wished to corroborate the
results from the in-vivo measurements by whole organ ex-vivo imaging
of brain, muscle, and liver and to compare these animals side-by-side
to transgenics of 18 months of age.

Ex-vivo imaging of isolated liver revealed no significant difference
in Kat2 and Fluc activities between 3 months and 18 months animals
(Kat2 p=0.972, Fluc p=0.984, Fig. 4A). Analysis of Kat2 and Fluc
expression in brain demonstrated a significant age-associated increase
in Fluc (p=0.026), but not in Kat2 expression (p=0.85, Fig. 4B),
aligning with our results from in-vivo analysis, where we observed an
age-dependent increase in Fluc activity in retina. Examination of
quadriceps ex-vivo showed a noticeable age-associated decrease in
Kat2 expression (p = 0.055), the marker used to normalize for overall
translation of the reporter (Fig. 4C). Accordingly, we corrected the
measured Fluc values for overall reporter translation by calculation of
Fluc/Kat2 ratios. Calculation of quadriceps Fluc/Kat2 ratios revealed a
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Fig. 5 | Fluc and Kat2 activities in tissue extracts from 3 and 18 months Kat2-
TGA-Fluc mice. A Activities of Firefly luciferase (Fluc, RLU) and Katushka 2S (Kat2,
RFU) followed by calculation of Fluc/Kat2 ratio in liver, brain and quadriceps, given
as mean + SD; N=5, each for 3 months and 18 months male mice; P values were
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calculated using two-sided Student’s ¢-test with equal variances. B-D Graphical
representation of the data shown in (A). B brain, (C) muscle, (D) liver. Values are
normalized to 3 months average equals 1. * P<0.05; ** P<0.0L; ** P<0.001; n.s.
P>0.05; exact P-values are given in (A).

significant increase in ribosomal readthrough in aged 18 months ani-
mals compared to 3 months animals (p =0.0002, Fig. 4C). Fluc/Kat2
ratios were also calculated for liver and brain. A mean increase in Fluc/
Kat2 ratio was found in brain (+50%), although most likely due to
animal variability and small sample size this was not statistically sig-
nificant (p = 0.173). Aligning with the in-vivo data no increase in Fluc/
Kat2 ratio was found for liver (p = 0.883).

Analysis of tissue extracts

To challenge our in-vivo and ex-vivo data which together indicate
increased levels of stop-codon readthrough in brain and skeletal
muscle, but not in liver, we assessed readthrough activities in-vitro in
extracts from corresponding tissues of Kat2-TGA-Fluc transgenic mice.
Tissue lysates from brain, skeletal muscle (quadriceps), and liver were
prepared from mice 3 months and 18 months of age, Kat2 and Fluc
activities determined, and readthrough values calculated by determi-
nation of Fluc/Kat2 expression ratios.

Analysis of tissue extracts corroborated the in-vivo and ex-vivo
findings of an age-dependent, tissue specific increase in ribosomal
readthrough (Fig. 5 and Source Data File). In detail, no age-associated
increase in Fluc activity (p>0.05) nor in Fluc/Kat2 expression ratio
(p>0.05) was observed in liver. In contrast, a significant increase in

Fluc activity was found when comparing brain extracts from 3 months
with 18 months animals (p < 0.05), this came along with an increase in
relative readthrough as reflected by increased Fluc/Kat2 ratios
(p<0.01). As with ex-vivo analysis of quadriceps, we observed that
tissue extracts from quadriceps prepared from 3 months and
18 months Kat2-TGA-Fluc mice showed a significant age-associated
decrease in Kat2 expression, the marker used to calibrate overall
reporter translation (p < 0.01). Correcting the measured Fluc values for
overall reporter translation as by calculation of the Fluc/Kat2 ratios
revealed significantly increased levels of readthrough in 18 months
versus 3 months animals (p < 0.001). We used Western Blot analysis to
study expression of Kat2 in muscle at the protein level. Corroborating
the fluorescence data, we found that 18 months old transgenic animals
showed decreased levels of Kat2 protein expression in muscle as
compared to 3 months animals (p < 0.001, Suppl. Fig. 5C).

Together, these data demonstrate that translational readthrough
increases with age in brain (+50%, p=0.0075) and muscle (+75%,
p=0,0008), but not in liver (p =0.692).

Discussion
Protein synthesis is intrinsically error-prone, leading to a constant flux
of destabilized and misfolded proteins. Translational error, i.e., amino
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acid misincorporation based on codon-anticodon mispairing, while
rare and mostly random, is the primary limiting factor which deter-
mines the accuracy of protein synthesis. In addition to misfolding,
translational errors affect the proteome and cellular fitness by various
other mechanisms, such as heightened susceptibility to oxidative
protein damage® %, ultimately leading to disruption of protein
homeostasis®***. The idea that translation error may be related to
ageing has been an attractive and long-standing hypothesis of con-
siderable interest. Starting with error theories of ageing back to the
1960s*®, early work in the 1980s investigated the question whether
translational fidelity in mammalians declines with organismal or cel-
lular ageing. These studies, in general, have not been able to detect an
increase in translational errors with age, which gave rise to the per-
ception that translational fidelity is unaffected by ageing® . However,
with an average error frequency of 10™* per codon®, spontaneous
misincorporations of amino acids are rare and difficult to detect. The
procedures used in the 1980s to detect misincorporation of amino
acids had several shortcomings, in particular these techniques were
compromised by only limited sensitivity for detecting the rare trans-
lational errors®*2. More recent work points to translational fidelity as
an important determinant of ageing. Thus, translational fidelity has
been suggested to coevolve with longevity and experimentally
increasing the ribosomal error rate resulted in premature ageing and
shortened life span®**°~*2 In addition, recent studies of stop-codon
readthrough, a common type of translational error’’, indicate that this
type of error may increase during aging in Drosophila melanogaster®.
However, we lack any corresponding information on complex mam-
malian organisms, not the least due to the absence of a sensitive
detection system for in-vivo recording of translational error®*>*’,

We here have developed a highly sensitive dual reporter cassette
for in-vivo assessment of translational error. We first established in
human HEK cells that readthrough of stop codons is a more sensitive
readout of mistranslation due to codon-anticodon mispairing than
missense amino acid incorporation. Using translational stop codon
readthrough as sensitive readout of mistranslation, this reporter
combines a 5 fluorescent Katushka 2S reporter with a 3’ biolumines-
cent Fluc reporter, separated by a stop codon containing linker which
prohibits translation of Fluc. Expression of Kat2 and readthrough Kat2-
Fluc proteins are under control of the same promoter, thus Kat2
activity can be used for internal normalization of overall reporter
protein translation and for estimation of relative frequencies of
translational errors. The luciferase-based gain-of-function assay, may
in principle, detect errors in transcription, in addition to errors in
translation. However, several lines of evidence argue against this
possibility. In human HEK cells our mistranslation reporters show error
frequencies of 3 x10™ (missense miscoding) and 4 x 107 (stop-codon
readthrough), well within the range reported for translation
errors?>°%°!, With an estimated error rate of 107 to 10°° per nucleotide?
errors in transcription are about one to two orders of magnitude lower
and therefore would not contribute significantly to the results. In
addition, we employed two perturbations that should only affect
translation: treatment with the aminoglycoside geneticin, a well-
known inducer of translational misreading in eukaryotes*, and a
genetic ram modification conferring ribosomal mistranslation*-%
Both interventions significantly enhanced detected errors.

We generated transgenic mice constitutively expressing Kat2-
TGA-Fluc reporter construct and validated the model using in-vivo
treatment with the mistranslation-inducing agent geneticin, demon-
strating significantly elevated rates of drug-induced translational
readthrough. To study whether spontaneous changes in the rate of
stop-codon readthrough occur as a function of age, we followed Kat2
and Fluc expression longitudinally over time in-vivo and measured
expression activities at the age of 6, 9,12, and 15 months. We were able
to record significant in-vivo reporter activities. However, in-vivo ima-
ging came with several shortcomings, e.g., lack of recordable signal in

brain resulted in the choice of retina as proxy for neuronal tissue, and
adjacent tissue may potentially contribute to the signal detected. In
addition, despite using Kat2S as far-red fluorescent reporter with
superior signal-to- noise ratio*® and feeding mice with a chlorophyl-
free diet to reduce autofluorescence, in-vivo imaging of far-red fluor-
escence may be hampered by tissue autofluorescence®’. For com-
plementing non-invasive in-vivo imaging, we generated an additional
cohort of 3 months transgenic animals to allow for a direct side-by side
comparison of young 3 months animals to aged 18 months transgenic
mice. Considering the shortcomings of non-invasive in-vivo imaging,
more refined techniques of ex-vivo analysis and defined organs and
tissue extracts (liver, brain, quadriceps) were used for this analysis.

Collectively, our results from in-vivo expression studies, ex-vivo
analysis of organs, and tissue extracts provide a coherent set of data,
pointing to an organ-dependent, age-related increase in ribosomal
error: stop-codon readthrough increased with age in muscle and brain,
but not in liver. These data are at large consistent with the early in-vitro
studies from the 1980s. While technical limitations at that time pre-
vented assessments of translational fidelity in brain and muscle, stu-
dies using isolated translation competent ribosomes from rodent liver
consistently failed to reveal an age-related change in ribosomal
fidelity®*%*,

The experimental set-up chosen has some limitations. Firstly, we
utilized stop-codon readthrough as the most sensitive proxy for
codon-anticodon mispairing. Secondly, the assay does not differ-
entiate between ribosomal and non-ribosomal mechanisms of trans-
lational fidelity. Error expression as per stop-codon readthrough
reflects the assessment of the entire outcome of translation without
implying a particular molecular mechanism. Thirdly, in addition to
being a rare stochastic event, stop-codon readthrough may also occur
in specialized systems in a non-random, programmed manner’. The
experimental design of our study was tailored to facilitate comparison
of misreading within a specific tissue over time. It is less suitable for
the comparison of different tissues in-vivo, due to challenges in
ensuring equal light quenching conditions and distribution of Fluc
substate across the different tissues studied. Of note, Fluc is a con-
formationally unstable protein that requires chaperones for proper
folding and enzymatic activity®. Given the reported age-associated
decline in proteostasis capacity, as recently demonstrated in neuronal
tissue®®, our estimates of age-related increases in ribosomal read-
through as per gain-of-function Fluc activity may likely be an
underestimate.

Maintenance of protein homeostasis represents a formidable task
because most proteins are only quasi-stable under physiologic condi-
tions and are constantly at risk of misfolding. Cellular quality control
systems safeguard protein homeostasis (proteostasis) by ensuring
correct folding of new proteins, by detecting and refolding damaged
proteins, and by targeting terminally misfolded proteins for degrada-
tion. Altogether, costly constant surveillance by an integrated network
of chaperones and degradation machineries, comprising more than
1000 known components in the mammalian system, is required to
maintain cellular proteostasis®”*®. The collapse of proteostasis, char-
acterized by the accumulation of misfolded and partly aggregated
proteins especially in post-mitotic tissues®®’®, along with a decline in
proteostasis capacity are commonly regarded as driver of cellular and
organismal ageing’ ‘. The inherent inaccuracy of protein synthesis
poses a challenge for protein homeostasis and represents the first and
most direct process impacting on proteostasis capacity. Recently,
compelling evidence has emerged demonstrating that translational
accuracy affects lifespan and ageing in mammals®“°, In particular, it
was shown that mice with increased ribosomal errors due to a knock-in
RPS9"*N ram mutation show premature ageing, reduced lifespan, and
development of age-related disorders*®*.

It is not clear what quantitative levels of protein synthesis error a
mammalian cell can tolerate over long. The herein determined age-
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related increase in stop-codon readthrough frequency we observed
upon aging in muscle and brain, is in the same order of magnitude as
the increase in readthrough frequency conferred by the ram mutation
in RPS9"*" mice", arguing for a pathophysiologic relevance. We
emphasize that the readthrough assay we have chosen as most sensi-
tive readout of ribosomal mistranslation due to codon-anticodon
mispairing warrants future quantitative studies which directly deter-
mine missense miscoding in organismal tissue, e.g., using corre-
sponding in-vivo reporters or high-resolution mass spectrometric
analyses®.

Our findings add to the growing perception that ribosomal fidelity
is not a fixed and mere codon and sequence dependent constant, but
subject to modulation by e.g., signalling pathways” and levels and
accuracy of tRNA modifications’. The absolute amount of ribosomal
misreading is likely to be different for different tissues. Thus, in our
experiments, a direct comparison of stop-codon readthrough fre-
quencies assessed in extracts of brain and muscle tissue from Kat2-
TGA-Fluc mice points to a significantly higher readthrough frequency
in muscle (Suppl. Fig. 6). While the mechanistic basis for this obser-
vation remains to be clarified and may reflect ribosomal and non-
ribosomal mechanisms, such as tissue-specific limitations in tolerance
to mistranslation, this finding is consistent with a previous report in
transgenic mice mosaic for the strong RPS2*?%" ram allele, which
demonstrated expression of mutant RPS2* mRNA in muscle, but not
in brain*%

Aging is perceived as a general decline in cell fitness, a systems
pathology affecting multiple cellular systems’’, characterized by rather
slow and subtle changes in a large number of functions. At the cellular
level, the reported consequences of small increases in the inherent
error frequency of protein synthesis are pleiotropic and include pro-
tein misfolding and aggregation, progressive shortening of telomeres,
epigenetic changes such as alterations in DNA methylation, mito-
chondrial dysfunction, increased production of reactive oxygen spe-
cies, lipid peroxidation and oxidative protein damage*>*”’5, It is
intriguing that small changes in translational fidelity as experimentally
conferred by introduction of a ram mutation recapitulate so many of
the biochemical, cellular, and pathophysiological hallmarks attributed
to ageing.

We hypothesize that in addition to an inherently error-prone
protein synthesis and the reported age-related decline in proteostasis
capacity”®, the age-associated increase in ribosomal error as assessed
by stop-codon readthrough and herein demonstrated primarily in
postmitotic tissues contributes to the overall aging process. Interest-
ingly, this age-associated increase in ribosomal error was observed
to occur in mice in late middle age, a time when physiological
and behavioural signs of age-related decline begin to appear*®*7*-., It
will be a challenge for future studies to elucidate the mechanisms
that mediate the age-related decline in translation fidelity and to
pinpoint the molecular mechanisms and signal transduction pathways
which translate errors in protein synthesis into ageing and age-
related disease, with the view to develop therapeutic targets for the
benefit of healthy ageing and amelioration of age-related diseases.

Material and methods

Construction of reporters

To study mistranslation in HEK293 cells we used vectors pRM hRluc-
hFluc H245R°C and pRM hRluc-FlucD357stop™*™¢ and calculated
relative frequencies of near-cognate missense miscoding and stop-
codon readthrough as described previously*..

For estimation of absolute misreading frequencies, HEK293 cells
were in parallel transfected with construct pRM hRIuc-hFlucWT. This
vector is identical to the Fluc mutant pRM vectors above but carries a
WT Fluc sequence, resulting in an uninterrupted Rluc-Fluc fusion
protein. Following normalization to Renilla luciferase activity, the
firefly luciferase activity of the Rluc-Fluc WT vector was used for

calculation of absolute misreading frequencies by dividing the Fluc
activity of the mutant Fluc vectors (FlucH245R®“, FlucD357stop) by
the Fluc activity of the Fluc WT vector.

For in-vivo detection of stop-codon readthrough we replaced the
most part (except last 153 nucleotides) of Rluc in vector pRM hRluc-
hFluc by the coding sequence of Katushka2S, resulting in vector Kat2-
Fluc expressing an uninterrupted Kat2-Fluc fusion protein. A TGA stop
codon was introduced into the linker identical to that from pRM hRluc-
hFluc, which separates Kat2 from Fluc, resulting in the dual reporter
cassette Kat2-TGA-Fluc.

Cell culture

HEK293 cells (ATCC) were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal bovine serum (FBS).
Generation and maintenance of HEK293 RPS9"*V cells is described
in ref. 40.

ES cells expressing the pKat2-TGA-hFluc reporter construct were
cultured with MEF feeders in GMEM supplemented with 2 mM gluta-
mine (Gibco 21710-025),10% FBS, 1000 u/ml Leukemia inhibitor factor,
0.1mM B3-mercaptoethanol, MEM non-essential amino acids (Gibco
11140-035), and sodium pyruvate (Gibco 11360-039). MEF cells
expressing the pKat2-TGA-hFluc reporter construct were cultivated in
DMEM with 10% FBS and 2 mM glutamine.

Generation of the misreading reporter mouse line

The misreading reporter mouse line was generated by knock-in strat-
egy (genOway, France). The dual reporter cassette Kat2-TGA-Fluc
containing Kat2 and Fluc coding sequences was inserted in antisense
orientation at the mouse Rosa 26 locus. The dual reporter cassette is
under the control of the CAGGS promoter (Chicken (3-actin promoter
coupled with cytomegalovirus (CMV) early enhancer) and terminated
by the human growth hormone polyadenylation signal. Both reporters
are separated by a linker containing a TGA codon to avoid Fluc
expression.

The targeting vector was constructed from genomic BALB/c
mouse strain DNA. A floxed Hyg® (hygromycin resistance) cassette was
inserted downstream of the transgene.

The linearized targeting vector was transfected into BALB/c ES
cells, and positive selection was started 48 h after electroporation by
addition of hygromycin B. Resistant clones were isolated, amplified,
duplicated, and genotyped by both PCR and whole locus sequencing.

The following primer pairs were designed to specifically amplify
the targeted locus over the long and short homology arms, respec-
tively: 0162-ROSA: 5- GGGCTATGAACTAATGACCCCGTAATTG-3;
0163-ROSA: 5- AGTGTCAAAAGACCCAACCAACAGCA-3’, and 0147-
ROSA: 5- CTTGGTGCGTTTGCGGGGAT-3’; 0034-ROSA 5’- GCAGTGA-
GAAGAGTACCACCATGAGTCC-3'. Proper recombination and integrity
of the transgene were further confirmed by whole locus sequencing,
including the expression cassette and the homology arms. PCR and
sequencing led to the identification of 4 targeted clones.

Targeted ES cell clones were microinjected into C57BL/6) blas-
tocysts and gave rise to male chimeras. Breeding with BALB/c Cre-
deleter mice (CMV-Cre) led to the excision of the HygR cassette, thus
producing the heterozygous Kat2-STOP-FLuc mouse line. These het-
erozygous animals were first identified by the following PCR primers:
EB0O33-29 (5’- AAGCACTTGCTCTCCCAAAGTCGC-3’) and EBO33-33 (5"-
GGCTGGTCTCCAACTCCTAATCTCAGG-3’) amplifying a 702-bp frag-
ment corresponding to the knock-in dual reporter allele devoid of
Hyg®, and EBO33-29 and EBO33-30 (5- GGAAGTCTTGTCCCTC-
CAATTTTACACC-3'), amplifying a 325-bp fragment corresponding to
the wild type allele (Suppl. Fig. 2). PCR-positive animals were further
validated by whole locus sequencing, confirming the sequence integ-
rity of the targeted locus. The line was then amplified onto BALB/c
genetic background to produce experimental cohorts of
heterozygous mice.
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Generation of mouse embryonic fibroblasts (MEFs)
Kat2-TGA-Fluc heterozygous males were bred with wild type females.
Embryos were collected at E14.5 from 2 females, dissected in PBS, and
dissociated by pipetting up and down in 1-ml and then 200-ul pipette
tips in Trypsin/EDTA in 24-w plates, which were then incubated at
37 °C/5% CO, for 5 min. Trypsin was inactivated by the addition of 1 ml
MEF culture medium (Glasgow MEM medium, 10% fetal calf serum,
2.4 mM glutamine, sodium pyruvate, MEM non-essential amino acids;
120 mM beta-mercaptoethanol), and the suspension was washed once
in 50 ml MEF medium by a 5, 1250 rpm centrifugation. The pellet was
resuspended in 1 ml of MEF culture medium and plated in a T75 flask
for a I-night culture in incubator. The day after dissociation, the
medium was changed to remove any cell debris. MEF were cultivated
for 2 days, genotyped similarly to the dual reporter mouse line (Suppl.
Fig. 2C), and 1.5-2.5 million cells from passage 1 or passage 2 were
frozen. Heterozygous and wild-type MEF samples were thawed prior to
in vitro misreading assay. Handling and transfection of the cells are
described further.

Generation of Kat2-TGA-Fluc reporter ES cell lines
Kat2-TGA-Fluc reporter ES cell lines were produced independently
from the mouse model, using the same targeting vector bearing a
neomycin-resistance (Neo®) cassette instead of Hyg®. The floxed Neo®
cassette was excised from the ES cell lines that harbor the Kat2-TGA-
Fluc dual reporter cassette at the Rosa 26 locus by Cre-mediated
recombination, hence producing heterozygous dual reporter ES cell
lines (Suppl. Fig. 3). Clones of interest were identified by PCR using
primers EBO33-33 and EBO33-29. The primers EBO33-39 (5’- AGGC
CAGAGGCCACTTGTGTAGCG-3") and EBO33-35 (5-CCTCTTCCCTC
GTGATCTGCAACTCC-3) amplify a 227-bp product indicative of the
presence of the Neo® cassette within the targeted allele: the absence of
PCR amplification from the clones of interest validated the proper
excision of the Neo® cassette. Whole locus sequencing confirmed
integrity of the dual reporter allele devoid of selection cassette. Four
wild type mock clones and 4 dual reporter knock-in clones were pro-
duced. Cells were amplified and frozen (2 million cells / vial). Handling
and transfection of the cells are described further.

Dual reporter mistranslation assay

Mistranslation was assessed as described previously with minor
modifications*. In brief, missense misreading was determined using
the pRM hRluc-hFluc H245R®“C vector and readthrough was assessed
using vectors pRM hRluc-hFluc D357stop. HEK293 cells expressing
wild-type RPS9"" or mutant RPS9"*" were transfected using Xfect
(Takara) according to the manufacturer’s protocol. After 40-48-h
incubation, cells were lysed, and luminescence was measured using the
Cytation 5 plate reader (Bio-Tek Instruments). For geneticin treatment,
cells were transfected, incubated overnight, and then treated with the
drug for further 24 h before lysis and measurement of luciferase
activity. For functional assays of enzymatic activity in transfected cells
and studying the effects of geneticin (Figs. 1B-E and 2A), normalization
was done as per using equal number of cells at the beginning of the
experiment before geneticin was added. Renilla luciferase (hRluc)
activity was used as internal control for normalization. Relative levels
of misreading and readthrough were calculated as described*.

To assess absolute frequencies of misreading, HEK293 WT cells
were in parallel transfected with construct pRM hRluc-hFlucWT. Mis-
reading frequencies were calculated by the ratio of hFluc®“/hRluc to
hFluc*"/hRluc for missense miscoding and hFluc™¢/hRluc or hFluc™?/
hRluc to hFluc*"/hRluc for readthrough on TAG or TGA stop codons,
respectively.

When using HEK293 cells, ES cells, or MEF cells expressing the
Kat2-based vector pKat2-TGA-hFluc, Kat2 fluorescence was measured
using the Cytation 5 plate reader (Bio-Tek Instruments) with the fol-
lowing filter set: excitation 588/20, emission 635/20. Relative

readthrough was calculated as above. For measuring misreading, the
cells were cultured in 24-well plates until reaching 50% confluence, and
then treated with geneticin for an additional 24 h before lysis and
measurement of luciferase and Kat2 activities.

In-vivo and ex-vivo imaging

In-vivo bioluminescence and fluorescence imaging were performed
using IVIS Spectrum In-vivo Imaging System (Revvity Inc.,Waltham,
MA, USA). 1g of IVISbright D-Luciferin Potassium Salt Bioluminescent
Substrate (Perkin Elmer, 122799) was dissolved into 33.3 ml PBS to give
30 mg/ml substrate solution. Mice were anesthetized with isoflurane
and 150 microliters of luciferin substrate was injected subcutaneously
20 min before imaging. Mice were maintained under anaesthesia
during the entire procedure from substrate injection to imaging.
Luciferase luminescence was measured for 5s with small binning.
Subsequent to luciferase, the Katushka fluorescence signal was mea-
sured at Ex:605 nm, Em: 660 nm, with exposure time of 1s and small
binning.

As a positive control, mistranslation was induced in vivo by
treatment with low doses of geneticin (n=8; geneticin 2 females, 2
males; control 2 females, 2 males). Geneticin was dissolved in PBS to
3 mg/ml and 5 pl/g of mouse weight (e.g., 150 ul of the geneticin solu-
tion for the 30 g mouse) was injected subcutaneously immediately
after 1st imaging session (time point 0). Mice were anesthetized and
imaged O, 2, 4, 6, and 8 h after geneticin injection. At time point 4 h
second dosage of geneticin (1/2 of the initial dosage) was injected.

A total of 14 transgenic animals (8 females, 6 males) and 5 WT
animals (3 females, 2 males) were subjected to in-vivo imaging at
timepoints 6, 9, 12, and 15 months. For each time point imaging was
done twice with interval of 1 week and averages were calculated.
Identical regions-of-interest (ROI) were used for each tissue, respec-
tively. In addition, a new cohort of 3 months Kat2-TGA-Fluc animals
was generated to be compared side-by-side to the 18 months animals.
Unexpectedly, 5/6 18 months old female mice died during the pro-
longed anesthesia associated with in-vivo imaging. As a result, we
decided not to proceed with the in-vivo imaging for the remaining
male animals, and to focus our analysis on whole organ ex-vivo ima-
ging and analysis of tissue extracts.

For ex-vivo imaging of isolated organs, the 3 months and
18 months old male mice were sacrificed 20 min after subcutaneous
injection with luciferin substrate. To minimize the time between pre-
paration of organs and subsequent imaging and to always allow for a
direct side-by-side comparison of a 3 months transgenic animal with an
18 months transgenic animal, groups of 3 mice were harvested and
analysed together - a 3 months mutant, an 18 months mutant, and a WT
of 3 months or 18 months of age. The organs (brain hemisphere, liver
lobe, and quadriceps) were collected on ice and imaged using the IVIS
Spectrum In-vivo Imaging System. Katushka fluorescence was mea-
sured at Ex:605 nm, Em: 660 nm, binning small and exposure time 5.
Luciferase luminescence was measured for 5min with medium bin-
ning. Empty well signals were used for normalization of fluorescent
signals during different runs, and the recorded Fluc and Kat2 activities
were corrected for the corresponding background activities in age-
matched non-transgenic WT control animals.

Analysis of tissue extracts
Subsequent to ex-vivo imaging, the organs were shock frozen in liquid
nitrogen and stored at —80 °C until further analysis.

Preparation of tissue lysates was done as described in ref. 82 with
some modifications and all steps being done on ice. In brief, a piece of
frozen tissue (ca 100 mg) was submerged in 3* volume (for brain and
muscle) or 4* volume (for liver) of ice-cold lysis buffer containing
100 mM KPO, (pH 7.8), 1mM dithiothreitol, 4 mM ethylene glycol
tetraacetic acid, 4 mM EDTA, 0.7 mM PMSF, 0.5% TX-100 and imme-
diately homogenized using plastic pestle. A small amount of alumina
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(Al,03 powder) was added to assist in effective tissue homogenisation.
The homogenates were centrifuged at 20,000 x g for 15 min at 4 °C,
supernatant was collected in aliquots and either shock frozen in liquid
nitrogen or immediately used for Kat2 and Fluc activity measurements.
Total protein concentration was determined by BCA assay (Thermo)
and adjusted between samples (the final concentration was 2-5 pg/ul
for the muscle and brain lysates and 5-10 ug/ul for the liver lysates).

Kat2 fluorescence and Fluc activity were measured in 96-well
plates using the Cytation 5 plate reader (Bio-Tek Instruments). For Kat2
fluorescence the following filter set was used: excitation 588/20,
emission 635/20. Serial twofold dilutions were prepared and used to
control for the linearity of signal and to define the amount of tissue
which gives the highest signal for Kat2 and Fluc while still in the linear
range. Equal amounts of protein were used for analysis, adjusted to
100 ul by lysis buffer and 100 ul Fluc substrate (Promega, supple-
mented with ATP 0.5 mM final conc.) were added. Following subtrac-
tion of background from wild type non-transgenic animals, relative
readthrough induction upon aging was calculated by the ratio of Fluc/
Kat2 activity in 18 months old mice to Fluc/Kat2 activity in 3 months
old mice.

Western Blot and antibodies

Total protein extracts from both HEK293 cells and mouse tissues were
prepared using Urea buffer (10 mM Tris-HCI pH=8.0, 100 mM Na,PO,,
8M Urea). Protein concentration was determined using a BCA protein
assay kit (Thermo), and equal amounts of protein were loaded for poly-
acrylamide gel electrophoresis. Following antibodies were utilized for
detection: Kat2 (Invitrogen R10367), Fluc (Rockland 200-103-150, Abcam
ab21176), tubulin (Abcam ab6046), and GADPH (Abcam ab9485).

Statistical analysis

Statistical analysis was performed in GraphPad Prism version 8.0.2 or
Microsoft Excel. An unpaired Student’s t-test was used to determine
significant difference between analysed samples, unless otherwise
specified in the figure legend.

To evaluate changes of in-vivo reporter activity with time after
injection of geneticin, we used a general linear model with treatment
(geneticin, control) and sex as between factors. Time (0, 2, 4, 6, 8h
post injection) was added to the model as within factor. Significant
interactions were further evaluated using partial models. All calcula-
tions were done using R 4.4.1.

To evaluate changes of in-vivo reporter activity across ages, we
used a general linear model with sex as between factor. Tissue (retina,
hindlegs, liver) and age (6, 9, 12, 15 months) were added to the model
as within factors. Skewed distributions were corrected by Box-Cox
transformation. Significant interactions were further evaluated using
partial models. All calculations were done using R 4.4.0.

Animal handling

Animal housing and all experimental procedures have been in accor-
dance with the Swiss Animal Protection Law and have been approved
by the Cantonal Veterinary Office of Zurich, Switzerland (licenses ZH
207/2018 and ZH 076/2023). Mice were housed in type XJ IVC cages
(Allentown Inc. Allentown NJ, USA) under a 12/12-h light-dark cycle in
groups of two to five, unless individual housing was required for male
mice due to fighting. Feeding was ad libitum using a chlorophyl-free
diet to reduce autofluorescence (Open Source Diet D10001, Research
Diets Inc, New Brunswick NJ, USA).

Ethical animal research statement

All experiments performed on M. musculus Balb/c complied with
ethical regulations for animal testing and research and were approved
by the Veterinary Office of the Canton of Zurich (licenses ZH 2072018
and ZH 076/2023).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The data generated in this study are provided in the Source Data
file. Source data are provided with this paper.
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