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Eukaryotic release factor 1 from Euplotes
promotes frameshifting at premature
stop codons in human cells

Bozhidar-Adrian Stefanov,1 Elvis Ajuh,1 Sarah Allen,1 and Mariusz Nowacki1,2,*
SUMMARY

Human physiology is highly susceptible to frameshift mutations within coding regions, and many heredi-
tary diseases and cancers are caused by such indels. Presently, therapeutic options to counteract them are
limited and, in the case of direct genome editing, risky. Here, we show that release factor 1 (eRF1) from
Euplotes, an aquatic protist known for frequent +1 frameshifts in its coding regions, can enhance +1 ribo-
somal frameshifting at slippery heptameric sequences in human cells without an apparent requirement for
an mRNA secondary structure. We further show an increase in frameshifting rate at the premature termi-
nation sequence found in the HEXA gene of Tay-Sachs disease patients, or a breast cancer cell line that
harbors a tumor-driving frameshift mutation in GATA3. Although the overall increase in frameshifting
would need further improvement for clinical applications, our results underscore the potential of exoge-
nous factors, such as Eu eRF1, to increase frameshifting in human cells.

INTRODUCTION

Programmed ribosomal frameshifting (PRF) is a form of genome expansion through translational recoding. It represents a shift to a different

reading frame after a slowdown or a pause of the translating ribosome.1 PRFs are usually found in organisms with compact genetic informa-

tion, such as viruses, where precise regulation of protein stoichiometry is essential.While the exactmechanisms of PRFs remain elusive, usually

a slippery heptameric mRNA sequence is followed by a secondary structure. Such stem loops2 or pseudoknots can lodge into the ribosomal

mRNA channel, thereby providing the energy necessary for the ribosomal frameshift, as exemplified in the SARS-CoV2 coronavirus.3

In contrast to viruses, organisms without genomic size constraints rarely employ PRFs. Additionally, reading frame maintenance is impor-

tant for prevention of toxic translational products, leading to the evolutionary establishment of efficient translational quality control,4 and an

eRF1 that strongly recognizes stop-codons and ribosomal slowdowns5 to prevent frameshifting in eukaryotes. Downregulation of eRF1 has

been shown as beneficial for the replication of HIV-1, as it increases frameshifting.2 Most of the few known eukaryotic PRFs are associated with

a slippery heptameric sequence6 that contain a rare tRNA triplet. This causes a translational slowdown that promotes the use of an abundant

tRNA complementary to an alternative frame.7 Another eukaryotic PRF mechanism involves polyamine binding to the ribosome8 or miRNA

control of secondarymRNA structure formation.9 However,most frameshifting sequences in eukaryotes result fromerroneous indelmutations

and have implications in hereditary diseases10 or malignancies, particularly when affecting tumor suppressors.11

Strikingly, there are also eukaryotic species, which employ PRFs at a large scale throughout their genomes. This is specifically the case at

premature stop codons in organisms from the genome Euplotes. These protists are mostly free-living aquatic ciliates and among the first in

which programmed ribosomal frameshifts (PRFs) were described. The early reports of a PRF encoded Lamotif protein12 and various kinases13

were followed by the discovery that different Euplotes species have accumulated numerous frameshift sites over the course of evolution,14

accounting for more than 10% of their genes.15–17 While the fitness benefits of such frameshift rich genomes remain unknown, the accumu-

lation of PRF sites suggests a lack of purifying selection, enabling neutral evolution.18 Ribosome profiling data suggests the presence of

both +1 and +2 frameshifts, and that multiple frameshift sites can be found at stop codons within a single ORF.19 These findings underscore

previous results that canonical stop-codons are context dependent in certain organisms20 and that in Euplotes, a canonical stop codon is

recognized as a frameshift site except at the 30-mRNA-ends.18

Themolecular basis for these stop-codon reassignments lies in alterations to theN-terminal domain of eRF1 that changeUGA from stop to

cysteine.21,22 These modifications simultaneously decrease the affinity for UAG and UAA,23 causing ribosomal slowdown and increasing the

probability of frameshifting.24Modifications of the human eRF1 in the y-c-f and theNIKSmotifs in theN-terminal domain resulted in ciliate like

unipotent stop codon recognition.25,26 Similar results were found for N-terminal chimeras of human and ciliate eRF1,24 but not for catalytically

dead eRF1.5 Consequently, it is reasonable to assume that stop-codon reassignment-associatedmodifications form themechanistic basis for
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the observed tolerance for frameshifts at canonical premature stop codons. Given the high evolutionary conservation of the translational ma-

chinery, we explored whether eRF1 and other components from Euplotes could have retained function in human cells.

Here, we show that eRF1 from Euplotes aediculatus enhances frameshifting at premature stop codons in human cells, as measured by

various dual-luciferase and dual-fluorescence reporter vectors. Additionally, we demonstrate that eRF1 increases the intracellular levels of

proteins containing an internal frameshift within their coding regions. These findings demonstrate a feasibility in potential therapeutic set-

tings. Gene therapy forms a major pillar of personalized medicine, and it is likely to see an expansion of its clinical uses,27 especially in the

cases of untreatable and severe diseases.

RESULTS

Ectopic vector delivery for expression of eRF1 from Euplotes in human cells increases frameshifting rate

Eukaryotic translation termination is a meticulously orchestrated process, that involves precise timing of multiple components. Based on the

efficient frameshifting at premature stop codons (PTCs) in Euplotes, we investigated whether its translation termination components could

increase frameshifting in human cells at shifty stop codons (Figure 1A). Alongside the two homologs eRF1a and eRF1b, we also included the

eRF1 binding GTPase eRF3, and a tRNALys
UUU from Euplotes, considering their possible involvement in promotion of translation in the +1

frame. To assay the selected components, we employed a dual-luciferase reporter vector containing the most common heptanucleotide

(AAA-UAA-A) +1 frameshift sequence of Euplotes19 as a spacer between Renilla Luciferase (RLuc) and a firefly luciferase (FLuc). The highest

increase of frameshifting rate, as indicated by the increase in FLuc to RLuc ratio, was measured in cells transfected with eRF1a (Figure 1B),

which we used for all further experiments. To validate the finding, we used a T7 rabbit reticulocyte lysate system, which we first pre-incubated

with a vector encoding Eu eRF1 for either 5 min or 30 min, before introducing the RLuc/FLuc reporter vector. Notably, the 30 min pre-incu-

bation that results in higher Eu eRF1 levels, led to a greater increase in frameshifting compared to the 5 min pre-incubation (Figure 1C),

underscoring the influence of eRF1 levels on frameshifting rate. Next, to exclude potential artifacts caused by transient transfection, we stably

integrated Eu eRF1 into human cells and measured frameshifting rates using the RLuc/Fluc reporter (Figure 1D). Additionally, to rule out an

effect of the reporter gene sequences itself, we exchanged the RLuc/FLuc pair for NanoLuciferase (NLuc) and its temperature stable variant

ThermoLuciferase28 (TLuc) (Figure 1E) or the FLuc/NLuc dual-luciferase pair (Figure 1G) and observed comparable increase in frameshifting in

all reporter constructs. (Figures 1F and 1H) Taken together, these results support the notion that Eu eRF1 elevates frameshifting rates in hu-

man cells at the consensus stop-frameshift heptamer sequence from Euplotes without the necessity of a secondary structure.

Euplotes eRF1 augments frameshifting in a fluorescent protein reporter vector

To measure frameshifting using a different type of reporter vector, we employed eGFP and tdTomato, interspaced by the consensus hepta-

meric stop-frameshift site from Euplotes (Figure 2A). Transfection of this reporter vector into wild type and eRF1 expressing cells revealed

tdTomato fluorescence predominantly in the eRF1 cells (Figure 2B). Subsequent western blot analysis unveiled a distinct protein band at

81.2 kDa, corresponding to the expected GFP-tdTomato fusion protein as a frameshift product in the lysates from the eRF1 expressing cells

(Figure 2C). Next, instead of the consensus Euplotes sequence, we introduced various disease-derived frameshift sites (Figure 2D) as the hep-

tameric spacer between the coding sequences of the two fluorescent proteins. Western blot analysis of these constructs revealed varied

amounts of the frameshifted eGFP-tdTomato fusion product (Figure 2E). Notably, in the tested stop-frameshift sequences, Eu eRF1 express-

ing cells exhibited higher amounts of the fusion protein product compared to the wild type empty vector transfected cells, although both

groups were transfected with the same transfectionmixture and at the same cell density. This observation suggests that both the heptameric

slippery sequence and the ectopic expression of eRF1 are influencing the frameshifting rate.

Impaired stop-codon recognition is necessary for frameshifting induction by eRF1

Previous research inEuplotes suggested that the frameshiftingpromotingactivity of eRF1 stems from its reduced recognitionof stopcodons.23

Since stop codon recognition is rooted in conservedmotifswithin theN-terminal domainof eRF1,weengineereda chimeric eRF1by fusing this

part of Euplotes eRF1 to human eRF1. Using the RLuc/FLuc dual-luciferase reporter vector, we confirmed that ectopic expression of this

chimeric protein indeed elevated the frameshifting rate similarly to wild type Euplotes eRF1 (Figures 3A and 3B). To further validate the sig-

nificance of the N-terminal domain for frameshifting, we used a mutant version of Euplotes eRF1 from Euplotes, wherein the TEASIKS motif

was replaced with the canonical human TASNIKS. Notably, transfection of this mutant protein did not induce an increase in frameshifting

from the RLuc/Fluc reporter as compared tomock transfected cells (Figures 3A and 3B). Subsequent testing of the mutant TASNIKS Euplotes

eRF1 in an in-vitro translation reaction using the T7 rabbit reticulocyte system revealed only a minor increase in frameshifting (Figure 3C). To

further strengthen the hypothesis that robust stop codon recognition is required for frameshifting prevention, we used siRNA to reduce the

levels of endogenous eRF1 (Figure 3D). Upon testing with the RLuc/FLuc reporter, we found an increase of frameshifting compared to the

scramble RNA treated control, and an evenmore pronounced increasewhen siRNAwas combinedwith Euplotes eRF1 (Figure 3E). Combined,

these findings suggest that impaired stop-codon recognition is the underlying cause of Euplotes eRF1 frameshift inducing function.

Euplotes eRF1 increases the expression of full-length proteins with internal frameshift-stop mutations

Since frameshifting in biological systems would affect a single protein, we aimed to test the applicability of eRF1 with reporter genes con-

taining a frameshift mutation in the middle of their coding sequence. Thermoluciferase (TLuc) has a natural internal Lys-Lys site, which we
2 iScience 27, 109413, April 19, 2024
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Figure 1. Ectopic expression of eRF1 from Euplotes in human cells increases frameshifting rate

(A) Schematic depiction of a dual-luciferase reporter mRNA containing an AAAUAAA frameshift site interspacing RLuc and FLuc reporter genes with translating

ribosomes attached to the sequence. Termination at UAA results in RLuc production, while +1 frameshift yields an RLuc-KK-FLuc fusion protein.

(B) Co-transfection of translation terminationmachinery from Euplotes and a RLuc-frameshift-Fluc into human cells. Frameshifting percentage corresponds to the

Fluc/RLuc over the empty vector control FLuc/RLuc rate. Bar plot shows mean G SD of n = 3 replicates shown as individual data points.

(C) In vitro (ivt) frameshifting assay using the RLuc-frameshift-Fluc reporter. Incubation time indicate pre-incubation with Eu eRF1 encoding vector. Bar plot shows

mean G SD of n = 3 replicates shown as individual data points.

(D) Frameshifting of RLuc-frameshift-FLuc reporter into human cells with stably integrated Eu eRF1. Bar plot shows mean G SD of n = 3 replicates shown as

individual data points.

(E) Schematic depiction of a dual-luciferase reporter mRNA containing a AAAUAAA frameshift site interspacing NLuc and TLuc reporter genes.

(F) Frameshifting of NLuc-frameshift-TLuc reporter into human cells with stably integrated Eu eRF1. Bar plot shows mean G SD of n = 3 replicates shown as

individual data points.

(G) Schematic depiction of a dual-luciferase reporter mRNA containing a AAAUAAA frameshift site interspacing FLuc and NLuc reporter genes.

(H) Frameshifting of FLuc-frameshift-NLuc reporter into human cells with stably integrated Eu eRF1. Bar plot shows mean G SD of n = 3 replicates shown as

individual data points.

Statistical analysis was conducted using a two-tailed t-test for C, D, F), H, and a one-way ANOVA based multiple comparisons of the groups to the empty vector

control group for b). ns: not significant, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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modified to AAA-TAA-A (Figure 4A), and delivered this reporter gene both in wild type and Euplotes eRF1 transfected cells. The measured

luminescence signal, which we normalized to a non-shifted reporter, was stronger in the Eu eRF1 cells (Figure 4B). Recognising that read-

through suppression or frameshifting at actual 30 stop codons can potentially be harmful, we employed a TLuc reporter vector with a frame-

shift Lys-Lys site near the C-terminus of the protein (Figure 4C). In this case, no increase in luminescence was observed in the eRF1 modified
iScience 27, 109413, April 19, 2024 3
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Figure 2. Euplotes eRF1 increases the frameshifting rate for dual fluorescence reporters

(A) Schematic depiction of a dual-fluorescence reporter containing an AAAUAAA frameshift site interspacing GFP and tdTomato reporter genes. Termination at

UAA results in GFP production, while +1 frameshift yields an GFP-KK-tdTomato fusion protein.

(B) Microscopic visualization of human cells transfected with a dual-fluorescence reporter encoding for GFP-frameshift-tdTomato and either an empty or eRF1

encoding vector.

(C) Western blot analysis of untransfected, transfected with only a dual fluorescence reporter vector, or with the reporter vector and an Eu eRF1 encoding vector.

(D) An excerpt of human disease-causing stop-frameshift mutation heptameric sequences.

(E) Western blot analysis of human cells transfected with either empty vector or an Eu eRF1 encoding vector, and co-transfected with either empty vector or dual-

fluorescence vectors encoding for GFP and tdTomato interspaced by human disease-derived heptameric sequences.
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cells compared to the wild type (Figure 4D). To explore the potential of eRF1 for increasing the full-length expression of disease associated

proteins, we used hexosaminidase A (HexA) as a test model. This is a developmentally essential enzyme and frameshift truncations are caus-

ative of the Tay-Sachs disease. First, we introduced a heptameric premature stop codon sequence from a mutant HEXA variant (1278in-

sTATC29) between RLuc and FLuc (Figure 4E). Using this reporter, we detected an increase of frameshifting in comparison to empty vector

in our established in vitro T7 reticulocyte assay (Figure 4F) demonstrating the potential feasibility of the approach. Subsequently, we used Tay-

Sachs patient-derived fibroblasts and measured the enzyme activity both in wild type and Euplotes eRF1 transfected cells. Notably, a minor,

but statistically significant increase (p = 0,02) in the enzymatic activity wasmeasured in the Eu eRF1 transfected cells compared to the wild type

(Figure 4G). Overall, these results demonstrate the potential applicability of Euplotes eRF1 for personalized gene therapies, particularly in

cases where a premature stop codon is coupled to a frameshift, and a minor increase of full-length protein levels may provide therapeutic

benefits.
Full length Gata3 translation is promoted by Eu eRF1 in a breast cancer model

Indel mutations leading to frameshifts in the GATA3 mRNA stand out as pivotal drivers of breast cancer development and progression.30

The MCF7 cell line is a primary tumor line derived from an invasive breast ductal carcinoma and harbors a naturally occurring monoallelic

truncation in GATA3 (Figure 5A). We sought to determine if ectopic expression of Euplotes eRF1 can increase the amounts of full length

Gata3 protein. First, we stably integrated Eu eRF1 into the genome and selected monoclonal cell populations, which were tested for

expression of Euplotes eRF1 (Figure 5B). Sub-line Nr.6 exhibited the highest Eu eRF1 expression and was subjected to western blot anal-

ysis for Gata3 expression. Using an antibody that recognizes the N-terminus of the protein, we were able to detect both the truncated and
4 iScience 27, 109413, April 19, 2024
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Figure 3. Decreased stop-codon recognition is necessary for frameshifting induction by eRF1

(A) Schematic representation of wild type human eRF1, Euplotes eRF1, a chimeric construct in which the TAESIKS motif in eRF1 from Euplotes was replaced with

the TASNIKS motif from human eRF1 and a chimeric protein in which the whole N-terminal domain from Euplotes was fused to the C-terminal domain of

human eRF1.

(B) Frameshifting of RLuc-frameshift-FLuc reporter in human cells co-transfected with empty vector (wt), Eu eRF1, a mutant Eu eRF1-TASNIKS, and a chimeric Eu-

HS-eRF1 containing the N-term domain of Eu eRF1. Bar plot shows mean G SD of n = 3 replicates shown as individual data points.

(C) In vitro frameshifting assay using an RLuc-frameshift-FLuc reporter in a reaction pre-incubated for 30 min with either an empty or Eu eRF1-TASNIKS encoding

vector. Bar plot shows mean G SD of n = 3 replicates shown as individual data points.

(D) Western blot analysis of human cells transfected with various concentrations of siRNA targeting human eRF1.

(E) Frameshifting of RLuc-frameshift-FLuc reporter in human cells co-transfected with empty vector (wt), Eu eRF1, siRNA targeting human eRF1, Eu eRF1 and

siRNA (100 nM) targeting human eRF1. Bar plot shows mean G SD of n = 3 replicates shown as individual data points.

Statistical analysis was conducted using a two-tailed t-test for (C) and a one-way ANOVA based multiple comparisons of the groups to the control group for (B)

and (E). ns not significant, *p < 0.05, **p < 0.01, ***p < 0.001.
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the full-length protein. Compared to the control cells, we observed an increased full length Gata3 in the eRF1 expressing cells (Figure 5C).

It’s noteworthy that the detected full-length Gata3 protein was less abundant than the truncated in the wild type cell line, which is unex-

pected for a heterozygous mutant. However, this is consistent with previous reports suggesting an increased stability of the truncated pro-

tein.30 Interestingly, we observed that sub-line 6 is growing slower than the parental wild type line (Figure 5D), however this effect was not

due to reduced viability (Figure 5E) suggesting that Eu eRF1 expression decreases the cell division rate of the MCF7 cells. While further

investigation would be necessary to uncover any connection of the slower growth rate to the restoration of full-length Gata3, our results

demonstrate the feasibility for using a genetically encoded component to elevate the levels of a frameshift-PTC truncated endogenous

protein. Such frameshift-PTC mutations are also prevalent in other tumor suppressor genes and their restoration could unveil an anti-pro-

liferative approach in cancer therapy. Direct killing of cancer cells produces debris that triggers the release of pro-inflammatory and growth

stimulatory cytokines that can counteract the therapy,31 therefore growth suppression is currently viewed as an essential addition for

advancing the field.
iScience 27, 109413, April 19, 2024 5
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Figure 4. Euplotes eRF1 increases the expression of full-length proteins encoded with a premature stop-frameshift mutation

(A) Schematic depiction of a TLuc encoding RNA containing a AAAUAAA frameshift site in the middle of the mRNA.

(B) Luminescence measurement of the reporter depicted in (A) from human cells co-transfected with empty vector (wt) or Eu eRF1. Bar plot shows meanG SD of

n = 3 replicates shown as individual data points.

(C) Schematic depiction of a TLuc encoding RNA containing a AAAUAAA frameshift site near the end of the coding region.

(D) Luminescencemeasurement of the reporter depicted in (C) in human cells co-transfected with empty vector (wt) or Eu eRF1. Bar plot showsmeanG SD of n =

3 replicates shown as individual data points.

(E) Schematic depiction of a dual-luciferase reporter mRNA containing the premature termination site derived from themutant HEXA gene (1278insTATC) as PTC

site interspacing the RLuc and FLuc reporter genes.

(F) In vitro frameshifting assay using an RLuc-frameshift-FLuc reporter in a reaction pre-incubated for 30 min with an Eu eRF1 encoding vector. Bar plot shows

mean G SD of n = 3 replicates shown as individual data points.

(G) Cell count normalized HexA-activity from human patient (HEXA 1278insTATC) fibroblasts (GM00502) transfected with empty vector or Eu eRF1. Bar plot shows

mean G SD of n = 3 replicates shown as individual data points.

Statistical analysis was conducted using a two-tailed t-test. ns: not significant, *p < 0.05, **p < 0.01, ***p < 0.001.
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DISCUSSION

Indel mutations that introduce frameshifts represent a widespread cause of hereditary human diseases, and establishing an efficient genetically

encoded system to counteract frameshift mutations hold promise for therapeutic applications across diverse conditions. Currently, personalized

gene therapy is envisioned as a next pillar of medicine27 since such therapies hold the potential to offer remedy in presently untreatable condi-

tions. Therapeutic gene switches can either be introduced ex vivo into patient cells32,33 which are then reimplanted into the host, or delivered

directly into tissues.34 Engineered system can additionally enable unprecedented functions, as evidenced by the signal integration of biological

cells with electronic devices32 for treatment of type 1 diabetes. Notably, such synthetic biology systems use proteins with unprecedented func-

tions, and suchproteins can find application in additional areas, such as biopharmaceutical production.35 Ciliates have longbeen a sourceof bio-

logical innovation, and the frameshifting tolerance in Euplotes is an excellent example for this.While the delivery of eRF1 fromEuplotes in human

cells achieveda rather lowefficiencyof inducible frameshifting, its applicability ispotentially still possible for conditions requiring the restorationof

low levels of full-length protein for therapeutic benefits. A prominent limitation of this approach is that a frameshift does not always result in an

immediate stop codon, therefore eRF1 is not fully applicable to all frameshift associated conditions. Additionally, future work must establish in

more detail whether the general translation termination at proper stop codons is affected in human cells. It is known that in ciliates, translation

termination is context dependent and relies on 30 UTR sequences and polyA binding proteins20 as these might favor translation termination.

Previously, EuploteseRF1wasused in combinationwithanendogenous frameshifting sequence in yeast,which resulted inhigher increase in

the frameshifting rate than in our study. This suggests that some sequences are better suited for frameshifting, and amore detailed character-

izationof all heptameric sites needs to be conducted. Additionally, themRNAand translation levelsmight affect the levels of frameshifting rate

increase that can be achieved. Nonsensemediated decay (NMD)might reduce the total level of themRNA significantly and thereby indirectly

prevent the induction of a frameshift. Among the additional reasons for higher frameshifting in yeast is the similarity to Euplotes eRF1 of the

yeasteRF1.36 Surprisingly, a chimericprotein containingbothhumanandEuplotesdomainsdidnot functionbetter inhumancells than theeRF1
6 iScience 27, 109413, April 19, 2024
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Figure 5. Full length GATA3 expression is restored in a breast cancer model by Euplotes eRF1

(A) The pleural effusion derived breast adenocarcinoma cell line MCF7 has a naturally occurring heterozygotic D336Gfs*17 frameshift mutation.

(B) Western blot analysis for Eu eRF1 expression upon stable integration of its expression vector in MCF7 cells.

(C) Western blot analysis for GATA3 expression in monoclonal Eu eRF1 line nr.6 and the parental wild type MCF7 line.

(D) Cell counts of wild type and Eu eRF1 MCF7 (line nr. 6) cells. Data points show mean G SD of n = 3 replicates.

(E) Viability assessment of wild type and Eu eRF1 MCF7 (line nr. 6) cells using trypan blue. Data points show mean G SD of n = 3 replicates.
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fromEuplotes.Nonetheless, a possibleway to increase the efficiencyof frameshiftingwouldbe to employ a high throughput screeningof eRF1

mutagenized variants. Alternatively, screening in combination with other exogenous factors such as suppressor tRNAs,might results in further

improvements. Notably, tRNA engineering is providing hope for diseases caused by PTCs mutations37 and it is likely that such molecules can

alsobe adapted for frameshifting induction.Wedid show that a tRNALys
UUU fromEuplotes couldpotentiallyweakly increase frameshifting (Fig-

ure 1B, p = 0.12) either by increasing the decoding efficiency of the +1 frame (AAA) or through its interaction with the ribosome. An interesting

future development might also be found in small molecules that promote frameshifting through a decrease of stop codon recognition and

increase of frameshift rates throughdecreaseof ribosomal fidelity.Aminoglycoside antibiotics decrease the fidelity of the ribosomeandconse-

quently increase the rate of readthrough of stop codons, and some reports demonstrated that gentamycin could induce readthrough fre-

quencies of up to 2% based on the nucleotide sequence of the mRNA.38 Such pharmacological reduction of eRF1 levels has been applied

to PTC diseases in clinical trials39,40 and next-generation small molecules with reduced side effects for PTC readthrough therapy are currently

beingdeveloped.41Additionally, our resultspoint to apotential small effect through siRNAmediatedknockdownof eRF1 (Figure3D,p=0.087)

on the frameshift rate. This effect was increased in combination with Euplotes eRF1, raising the question whether these two factors counteract

eachother, or other effects are responsible for this observation.Notably, cellular stressors, suchas oxidative stresswere shown to increaseboth

the rate of readthrough and frameshifting in yeast42 and could potentially be repurposed for biomedical applications. Combinatorial strate-

gies, such as combining aminoglycosides with eRF3 degradation, which additionally reduces levels of eRF1, increased readthrough at prema-

ture stop codons.43 Adapting such PTC readthrough approaches for frameshiftingmight be possible in certain cases. Another therapeutic op-

tionmay lie in the inhibitionof thequality controlmachinery that prevents frameshiftingand readthrough in humancells, as these systems could

possibly detect and eliminate frameshift products.44 Overall, while our results hint at the potential of using Euplotes eRF1, we believe thatmul-

tiple approaches, including engineered tRNAs and even small molecules, in combination with a more efficient eRF1 mutant variant could

advance this ongoing search for treatment of frameshift mutations and prevent the use of direct genomic interventions.

Limitations of the study

Asmentioned above, clinical applications would generally require higher levels of frameshifting to be achieved than what is currently possible

using the wild type eRF1 from Euplotes. Additionally, it is important to clarify whether its expression would affect general translation termi-

nation or only premature stop codons.We demonstrated that no increase in frameshifting is measurable for a frameshift site near the end of a

specific reporter gene transcript. However, it should be considered that finding evidence of readthrough into the 30 UTR is generally chal-

lenging, since readthrough peptides are rapidly degraded in human cells. To obtain information about the general situation, it will be neces-

sary to use high throughputmethods likemass spectrometry and ribosomeprofiling to clarify if an increase of 30 readthrough is present for any
endogenous transcripts.
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Antibodies

Rabbit polyclonal anti-dtTomato OriGene Technologies GmbH Cat# TA150128

mouse monoclonal anti-GAPDH Santa Cruz Biotechnology Inc Cat# sc-32233; RRID:AB_627679

rabbit monoclonal anti-Histone H3 Cell Signaling Technology Cat# 9715s; RRID:AB_331563

mouse monoclonal anti-eRF1 Santa Cruz Biotechnology Inc Cat# sc-365686; RRID:AB_10843214

mouse monoclonal anti-GATA3 Santa Cruz Biotechnology Inc Cat# sc-269; RRID:AB_627666

goat anti-mouse IgG-HRP Santa Cruz Biotechnology Inc Cat# sc-2005; RRID:AB_631736

goat anti-rabbit IgG-HRP Santa Cruz Biotechnology Inc Cat# sc-2004; RRID:AB_631746

Critical commercial assays

Nano-Glo� Luciferase Assay System Promega N1110

Nano-Glo� Dual-Luciferase� Reporter Assay System Promega N1610

Dual Luciferase Reporter Assay System Promega E1910

TnT coupled rabbit reticulocyte lysate T7 Promega L4610

Deposited data

Western blot images Mendeley data 10.17632/6b6r2788ys.1

Experimental models: Cell lines

HEK293FT ATCC PTA-5077

MCF-7 ATCC CRL-12584

human patient fibroblasts (HEXA 1278insTATC) Coriell Institute for Medical Research GM00502

Oligonucleotides

eRF1 siRNA 50-caacaaagacucaaacuuu-3‘ Sigma-Aldrich Custom order

Recombinant DNA

Synthetic gene fragments Twist bioscience Custom order

Software and algorithms

Prism GraphPad 10 GraphPad Software Inc. https://www.graphpad.com

Adobe Illustrator CC Adobe Inc. https://www.adobe.com/

Biorender Science Suite Inc. https://www.biorender.com

Benchling Benchling https://www.benchling.com
RESOURCE AVAILABILITY

Lead contact

Communication and requests should be addressed directly to the lead contact Prof. Mariusz Nowacki (mariusz.nowacki@unibe.ch).
Materials availability

Materials used in this study are available from the lead contact upon reasonable request.
Data and code availability

� The dataset is publicly available. Western blot images are uploaded to Mendeley data with accession number indicated in the key re-

sources table.
� No original code is reported in this paper.
� Any additional data or information is available from the lead contact upon reasonable request.
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

In this study, the publicly available human cell lines human kidney embryonic HEK293FT (PTA-5077) and breast carcinomaMCF-7 (CRL-12584)

were used as generalisable models for human cells. Both cell lines are derived from female sex. The cultured cells were regularly tested

for mycoplasma contaminations using a validated qPCR assay. Additionally, patient derived fibroblasts were used in one experiment

(GM00502).
METHOD DETAILS

Cell culture

HEK293FT cells (PTA-5077), breast carcinoma cell line MCF7 (CRL-12584) and patient derived fibroblasts (GM00502) were cultured using Dul-

becco’s modified eagle medium-high glucose (Sigma Aldrich, Switzerland) supplemented with 10% fetal bovine serum (Rockland Immuno-

chemicals, Inc Limerick, PA 19468) and 2 mM L-glutamine (Bioconcept Ltd, Switzerland). The cells were incubated in HERA cell-150 incubator

(Thermofisher Scientific, Switzerland) at 37�C with 5% CO2.
Molecular cloning

Standard restriction digestion and ligation was used for cloning of the expression and reporter vectors used in this study. Dual-luminescence

or dual-fluorescent vectors contain a heptameric nucleotide sequence between the two proteins encoded by the construct, causing a +1

frameshift to be required for translation of the second protein. Sanger sequencing (Microsynth AG, Switzerland) was used to verify the se-

quences of all constructs.
Transfection of plasmid DNA

Cultured cells were transfected with polyethylenimine (Sigma-Aldrich, Switzerland) at a ratio of 3:1 PEI:DNA, or lipofectamine2000 (Thermo-

fisher Scientific, Switzerland) following themanufacturer’s procedures at a ratio of 3:1 lipofectamine 2000:DNA. Briefly, 3 mL lipofectamine2000

was diluted in 100 mL Opti-MEM medium (Thermofisher Scientific, Switzerland) and incubated for 5 min at room temperature. The diluted

lipofectamine2000 was then added to 1 mg of plasmid DNA diluted in 100 mL Opti-MEM medium. The mixture was incubated for 5 min at

room temperature and then added directly to the cells at a confluency of about 90%. One day post-transfection the medium was replaced

with Dulbecco’s modified eagle medium-high glucose (DMEM) containing 10% FBS and 2 mM L-glutamine. For transfections of eRF1, the

cells were transfected 2 days before transfection with the reporter vector.
Luciferase quantification

Rennila luciferase (RLuc) and Firefly luciferase (FLuc) were quantified using the Dual-Glo Luciferase Assay System (Promega AG, Switzerland)

following the manufacturers instruction. Nanoluciferase (NLuc) and Termoluciferase (TLuc) were quantified as described before28 using the

Nano-Glo Luciferase Assay System (Promega AG, Switzerland) and 30 min 75�C for inactivation of NLuc before TLuc readout. Dual luciferase

luminescence from FLuc and NLuc was quantified using the Nano-Glo Dual-Luciferase Reporter Assay System (Promega AG, Switzerland)

according to the manufacturer’s instructions. Luminescence measurements were conducted using Tecan M1000 (Tecan AG, Swizerland) or

SpectraMax L (Molecular devices, Switzerland) luminometers. The frameshifting increase was calculated from the FLuc/RLuc ratio of the sam-

ple divided by the average FLuc/RLuc ratio of the control for FLuc/RLuc dual luciferase reporter constructs; or the TLuc/NLuc ratio of sample

diveded by the average TLuc/NLuc of the control for NLuc/TLuc reporters; and the NLuc/FLuc ratio of sample over the avarage NLuc/FLuc

ratio of the control for FLuc/NLuc reporters.
In vitro frameshifting assay

In each assay, 1 mg Euplotes eRF1a (or eRF1a-TASNIKS) expression vector or empty vector (control) was added to 40 mL rabbit reticulocyte

lysate T7 (Promega AG, Switzerland) according to the manufacturer instructions, and the reaction was filled up to 50 mL with ddH2O. The

mixture was incubated at 30�C for 5 min or 30mins for expression of Euplotes eRF1. Following this, 1 mg of luciferase reporter plasmid

(RLuc-AAATAAA-Fluc, or RLuc-CCCTGAC-FLuc) was added to the mixture and incubated for 1 h. The in vitro frameshifting was determined

from the measured ratios of luminescence FLuc/RLuc as described above.
Euplotes eRF1 stable cell lines

TheHEK293FT andMCF7 lines stably expressing Euplotes eukaryotic release factor 1a (eRF1a) were generated as follows; 1.03 106 cells/ml of

MCF7 cells were seeded in 10 cm dish and transfected using a ratio of 1:1 plasmid DNA and jetOPTIMUS transfection reagent (Polyplus trans-

fection, France). Briefly, 2 mg Euplotes eRF1 expression plasmid DNA was diluted in 200mL jetOPTIMUS buffer and 2mL jetOPTIMUS reagent

(Polyplus transfection, France) was added directly into the diluted DNA and incubated for 10 mins at rt. The mixture was added dropwise to

the one-day pre-seeded cells at a confluency of about 90%. The cells and and empty vector transfected cells were then continuously cultured

antibiotic selection medium until no cells in the control population remained. Monoclonal cell lines were separated by restrictive dilution and

tested for eRF1a expression by immunobloting.
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Human eRF1 silencing

A double stranded human eRF1 siRNA [50-caacaaagacucaaacuuu-3‘] (Sigma-Aldrich, Switzerland) and a double stranded scramble control

siRNA (Microsynth AG, Switzerland) were used. The siRNAs were delivered through transfection of HEK293 cells with various final concentra-

tions (1 nM 10 nM, 50 nM& 100 nM) of the siRNAs. Briefly, 2.03 105 cell/ml were seeded in 12 well plate and transfected one day post-seeding

using Lipofectamine2000 according to manufacturer’s procedures. Two days post-transfection, cells were harvested for human eRF1 detec-

tion via immunobloting.
Immunobloting

RIPA buffer (50 mM Tris-HCl [pH 8.0], 150 mMNaCl, 1% sodium deoxycholate [NaDOC], 1% Triton X-100, and 0.1% SDS) containing 13 pro-

tease inhibitor (Roche) was used for cell lysis. Equal concentration of cell lysate was separated using 12% or 20% SDS-PAGE (AppliChem

GmbH, Germany). The gel was run using 13 running buffer (125 mM Tris-base, 960 mM Glycine and 0.5% SDS) at constant 80 V until the

marker reached below the stacking gel and then run with constant 120 V until appropriate separation was achieved. 13 transfer buffer

(250.4 mM Tris base, 1.92M Glycine) and constant 30 V overnight was used to transfer the protein onto 0.45 mm nitrocellulose blotting

membrane (Amersham protran, Germany) using wet transfer. The membrane was washed with distilled water and blocked by incubating

in blocking buffer, 13 tris buffer saline-tween-0.2% w/v (TBS-0.2%) (50 mM Tris-HCl pH 7.5, 150 mMNaCl) containing 5% nonfat dry milk pow-

der (Migros, Switzerland) for 1 h at rt. Themembranewas incubated for 1 h at rt or overnight in primary antibody dilution in 13 TBS-tween 0.2%

w/v containing 5% nonfat dry milk powder in the following ratios: Rabbit polyclonal anti-dtTomato-TA150128 (1:5000; OriGene Technologies

GmbH), mousemonoclonal anti-GAPDH-sc-32233 (1:200; Santa Cruz Biotechnology Inc, Germany), rabbit monoclonal anti-Histone H3-9715s

(1:1000; Cell Signaling Technology, Netherlands), mouse monoclonal anti-eRF1-sc-365686 (1:200; Santa Cruz Biotechnology Inc, Germany)

mouse monoclonal anti-GATA3-sc-269 (1:200; Santa Cruz Biotechnology Inc, Germany). The membrane was washed 3 times with TBS-tween

0.2%. Furthermore, the membrane was incubated for 1 h at rt with the following secondary antibodies diluted in 13 TBS-tween 0.2% w/v con-

taining 5% nonfat dry milk powder in the following ratio: Goat anti-mouse IgG-HRP; sc-2005 or goat anti-rabbit IgG-HRP-sc-2004 (1:5000;

Santa Cruz Biotechnology Inc, Germany). Next, the membrane was washed 5 times with TBS-tween 0.2% with at least a 5mins interval.

The membrane was covered with western HRP substrate-WBLUR0600 (Millipore Corporation, MA) and incubated for less than 1 min before

readout. Detection was done with the Amersham Image 600 (GE Health Bio-Sceiences AB, Sweden).
QUANTIFICATION AND STATISTICAL ANALYSIS

The represented data is indicated Gstandard deviation. Statistical analysis was performed in Prism GraphPad 10 using unpaired t-tests for

comparison of the means of two groups, and one-way ANOVA multiple comparisons for comparing the means of 3 or more groups. Data

show representative experiment with three independent biological replicates.
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