Received: 12 December 2025 Accepted: 1 April 2026

DOI: 10.1002/hem3.70377

HemaSphere £ eha

A RiboCancer cell line panel reveals that CLL-associated
Rps15 mutations translationally rewire transcription through
codon-specific tRNA accommodation defects

Anais Astier?>" | Marino Caruso®” | Stijn Vereecke® |

Paulo E. Santo!? | Coralie Capron* | Carine Froment®>® | Dana Rinaldi'? |
David Cabrerizo Granados® | Marine Leclercq’ | Jonathan Royaert® |

Jelle Verbeeck® | Naomy Pasau® | Laura Plassart!? | Daniele Pepe® |
Steven Verbruggen® | Hermes Paragindes®'° | Simon Lebaron?? |
Virginie Marcel®1? | Sébastien Durand®!! | Clément Chapat?? |

Gerben Menschaert®12 | Pierre Close”*? | Francesca Rapino*!? |

Frédéric Catez’ | Julien Marcoux>® | Célia Plisson-Chastang®%"" |
Kim De Keersmaecker®>""

Graphical Abstract

RiboCancer cell line panel

» Y ) S®
. - = =
WT Rps15 Rpl5 Rpl10 Rpl11 Rpl22
Multi- omlcs data
@ o i 0 @
Transcriptomics Translatomics Proteomics rRNA Epigenetics
CLL—assoaated Rps15 mutants
Translation dynamlcs (Cryo-EM) Translatome analysis (Ribo-seq)
APE
mRNA PRNA =
Rps15 AR \ h
mutant -
=
awg RNA-seq = J
v v

Translational downregulation of transcriptional and epigenetic genes

Codon-specific accommodation defects

y Ry‘nxj/‘ ‘ Transcriptional
. Non-optimal = ! 1) [ S dysregulation
codons L‘(ﬂy ‘L )/ )

HemaSphere EPA EPA HemaSphere.2026;10:70377

Optimal
codons



https://orcid.org/0009-0002-4130-3588
https://orcid.org/0000-0003-2572-9175
https://orcid.org/0000-0001-8414-8907
https://orcid.org/0000-0003-4277-3573
https://orcid.org/0000-0001-8922-3101
https://orcid.org/0000-0001-5719-7287
https://orcid.org/0000-0002-3974-0060
https://orcid.org/0009-0001-5425-7173
https://orcid.org/0000-0002-7777-873X
https://orcid.org/0000-0003-3354-2626
https://orcid.org/0000-0001-9441-9539
https://orcid.org/0000-0003-4637-3710
https://orcid.org/0000-0001-7348-2088
https://orcid.org/0000-0002-9557-8221
https://orcid.org/0000-0002-9960-9099
https://orcid.org/0000-0002-5806-7959
https://orcid.org/0000-0002-7575-2085
https://orcid.org/0000-0002-8844-9616
https://orcid.org/0000-0002-4343-3805
https://orcid.org/0000-0001-8255-9091
https://orcid.org/0000-0001-7321-7436
https://orcid.org/0000-0002-8439-8428
https://orcid.org/0000-0002-7420-9531

Received: 12 December 2025 Accepted: 1 April 2026

DOI: 10.1002/hem3.70377

HemaSphere £ eha

A RiboCancer cell line panel reveals that CLL-associated
Rps15 mutations translationally rewire transcription through
codon-specific tRNA accommodation defects

Anais Astier®" | Marino Caruso®” | Stijn Vereecke® |

Paulo E. Santo!? | Coralie Capron* | Carine Froment®>® | Dana Rinaldil? |
David Cabrerizo Granados® | Marine Leclercq’ | Jonathan Royaert® |

Jelle Verbeeck® | Naomy Pasau® | Laura Plassart!? | Daniele Pepe® |
Steven Verbruggen® | Hermes Paragindes®1° | Simon Lebaron?? |

711 | Sébastien Durand’!! | t1? |

t8,12 |

Virginie Marce Clément Chapa

7,13 | 4,13 |

Gerben Menschaer Pierre Close Francesca Rapino

Frédéric Catez’ | Julien Marcoux>* | Célia Plisson-Chastang®?"" |
Kim De Keersmaecker>""

Correspondence: Célia Plisson-Chastang (celia.plisson-chastang@utoulouse.fr); Kim De Keersmaecker (kim.dekeersmaecker@kuleuven.be)

Abstract

Recurrent point mutations in ribosomal proteins (RPs) RPL10 and RPS15 are found in T-cell acute lymphoblastic leukemia (T-ALL)
and chronic lymphocytic leukemia (CLL), respectively. Furthermore, deletions of RPL5, RPL11, and RPL22 are frequent in
hematologic diseases such as Diamond Blackfan Anemia, T-ALL, multiple myeloma, and in a variety of solid tumors. Yet, the role
of these RP defects in dysregulation of the ribosomal translation function remains poorly understood. We engineered an isogenic
RiboCancer cell line library modeling the most recurrent RP defects in blood and solid cancers and characterized it by a multi-
omics translatome analysis (proteome, Ribo-seq, and total RNA-seq) as well as RiboMethSeq. Within this RiboCancer panel,
CLL-associated Rps15 mutations induced the strongest alterations in mMRNA translation, affecting up to 10% of expressed genes.
Cryo-electron microscopy revealed that these mutations destabilize the Rps15 C-terminus and affect the translation elongation
cycle dynamics by deregulating accommodation of aminoacylated tRNAs at the ribosomal A-site. This accommodation defect
showed specificity for 11 codons, explaining the reduced translation efficiency of genes with high presence of these codons in
Rps15-mutant cells. Notably, these genes were enriched for epigenetic and transcriptional regulators such as transcription factor
Runx3, resulting in downregulation of Runx3 target genes involved in immune regulation. By developing and characterizing a
unique RiboCancer cell line panel, we mapped translational rewiring driven by the most frequent somatic RP mutations. We
provide unprecedented mechanistic insights into translation defects induced by CLL-associated Rps15 mutations, and reveal an
intriguing translation-based rewiring of transcription in CLL.
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INTRODUCTION

The ribosome is a precise molecular machine whose translation activity
emerges from the coordinated interplay of its protein and RNA con-
stituents. Accumulating evidence—from differential ribosomal protein
(RP) paralog incorporation to altered RP stoichiometry and rRNA
modifications—demonstrates that even subtle changes in ribosomal
composition or structure can reshape its translational output.>? Despite
these emerging insights, we still lack a clear understanding of how
RP mutations that are clinically observed in a variety of hematologic
diseases and solid tumors perturb ribosome function.

One of the first somatic RP mutations that was identified is the
R98S missense mutation in RPL10 (uL16), occurring in 8% of pediatric
T-cell acute lymphoblastic leukemia (T-ALL) samples.>* Genomewide
translatome analyses on isogenic RPL10 wild type (WT) versus R98S
lymphoid cells previously revealed that the RPL10 R98S mutation
generates a ribosome that hypertranslates oncoproteins such as
JAK/STAT, BCL2, and serine/glycine synthesis enzyme PSPH, with
the latter driving metabolic addiction of RPL10 R98S cells to their
own serine/glycine synthesis to sustain cell proliferation. These
findings provide opportunities for targeting of RPL10 R98S T-ALL
cells with clinically used drugs, such as BCL2 inhibitor venetoclax or
antidepressant sertraline that targets serine/glycine synthesis.>=®

Missense point mutations in RPS15 (uS19) are detected in up to
20% of relapsed chronic lymphocytic leukemia (CLL), one of the most
frequent leukemias in adults. These mutations typically affect the
C-terminal region of the protein, which extends into the decoding
center of the ribosome.’ ! Several of these CLL-associated RPS15-
mutant proteins have been shown to be integrated in functional
ribosomes and to have an impact on translation fidelity.'? However,
deeper mechanistic insights into how these RPS15 mutations alter
ribosome function and downstream cellular consequences in CLL cells
are unclear.

Besides point mutations, RP deletions are detected in more than
40% of cancer specimens and cell lines.'® Heterozygous somatic
deletions and truncating mutations in RPL5 (uL18) and RPL11 (uL5)
are present in hematopoietic cancers as multiple myeloma and T-ALL,
as well as in solid tumors as breast cancer, glioblastoma, and
melanoma.®>**~%¢ In addition, impaired RPL5 and RPL11 function by
inactivating mutations or deletions in RPL5 or RPL11 themselves
or by mutations in the RPL5 regulator HEATR3 is a cause of the
congenital ribosomopathy Diamond Blackfan Anemia (DBA).27"?
Whereas DBA patients suffer from disease symptoms due to a lack of
cell proliferation early in life, they have an elevated cancer risk at a
later age.?’° RPL5 and RPL11 control the activity of key oncogenes
and tumor suppressors such as c-MYC and TP53 via extra-ribosomal
functions independent of protein translation regulation,22~2® which
may explain the tumor suppressor function of these RPs. Hetero-
zygous and even homozygous inactivating mutations and deletions of
RPL22 (eL22) are frequently found in T-ALL, endometrial, colorectal,
and gastric cancers and have been linked to overexpression of c-MYC
and of stemness factor Lin28B.24"27 Studies in mice and Drosophila
suggest that, when downregulated, RPL22 can be replaced by its

paralog RPL22L1, which in turn favors translation of specific mMRNAs,
and thus only partially compensates for the loss of RPL22.2827

Whereas we have gained novel insights into how somatic RP mu-
tations can affect cellular translation and promote oncogenesis,”*%°
previous results have been obtained in a variety of cellular backgrounds,
making it difficult to compare the effects of different cancer-associated
ribosomal lesions. To address this limitation and gain deeper mechanistic
insights, we modeled the most frequent somatic RP mutations in cancer
in a collection of isogenic cell lines. To obtain these cell lines, we applied
CRISPR-Cas9 engineering to genetically model the mutations exactly as
they occur in patients. We subsequently characterized the impact of the
introduced RP mutations on ribosomal translation function by per-
forming an extensive analysis of the cellular translatome by ribosome
profiling (Ribo-seq, or sequencing analysis of ribosome-bound mRNA)
and quantitative proteomics. These analyses revealed the most ex-
tensive translational rewiring by the CLL-associated Rps15 P131S and
Rps15 H137Y mutants. Cryo-electron microscopy (Cryo-EM) analysis
revealed an altered elongation cycle dynamics in Rps15-mutant cells,
associated with a higher flexibility of the C-terminal moiety of mutant
Rps15 compared to WT Rps15. Biochemical assays suggest that these
point mutations affect the decoding and accommodation of aminoacy-
lated tRNA at the ribosomal A-site at the start of each elongation cycle.
Codon site occupancy analyses on our Ribo-seq data further reinforce
this concept and show how decoding and accommodation of specific
codons are particularly impacted by Rpsl5 mutations. Altogether,
our data reveal how CLL-associated point mutations in Rps15 can me-
chanically alter and thus rewire the translation process, leading to a
modified translatome. Furthermore, genes displaying translational dys-
regulation in Rpsl5-mutant cells were significantly enriched
for transcription factors and epigenetic regulators, highlighting a pre-
viously unrecognized crosstalk between dysregulation at the transla-
tional and transcriptional levels in leukemia.

RESULTS

A RiboCancer cell line panel as a unique resource to
study cancer-associated ribosome mutations

We aimed to compare the impact of several recurrent somatic and
congenital RP mutations on cell behavior and on ribosomal translation
function in isogenic cells that accurately model the mutations as they
occur in patients. As cellular background, we opted for mouse Ba/F3
pro-B-cells, which was previously successfully used to characterize
the RPL10 R98S mutation (changes detected in Ba/F3 cells could be
validated in other cell lines, leukemia patient samples and cells from a
knock-in mouse).>”7*1:32 Ba/F3 cells are of lymphoid nature, and as
such, are representative of several lymphoid disease entities in which
somatic RP defects are detected, such as T-ALL, CLL, and multiple
myeloma. To avoid artifacts from overexpression of mutated RPs
and/or nonaccurate modeling of heterozygous RP loss with shRNA or
siRNA strategies, we utilized CRISPR-Cas9 engineering to knock in
the desired RP mutations at the endogenous RP genes. Also, protein
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tags were avoided, as these can introduce experimental biases. We
generated CRISPR-Cas9-engineered Ba/F3 clones with a hetero-
zygous truncating mutation that causes inactivation of one allele of
Rpl5, Rpl11, or Rpl22 (referred to as Rpl5*/~, Rpl11*/~ and Rpl22*/").
Since homozygous Rpl22 loss is viable and detected at low frequency
in patients,2?” we also generated Ba/F3 clones with truncating
Rpl22 mutations on both alleles (Rpl22'/’). Furthermore, we gener-
ated Ba/F3 knock-in clones with homozygous point mutations such
as the T-ALL associated Rpl10 R98S mutation,® as well as Rps15
P131S and Rps15 H137Y, two of the most recurrent RPS15 missense
mutations in CLL (Figure 1A).71%12 For each genotype, at least three
independent single-cell-derived clones were generated (Supporting
Information S4: Table S1). Whereas mRNA and protein levels of the
CRISPR-Cas9 engineered RP gene were not affected in the Rpl10 and
Rps15 point mutant clones, reduction of Rpl5, Rpl11, and Rpl22 levels
in the knock-out clones of these RPs was confirmed by qRT-PCR and
western blotting (Figure 1B-D) and in our RNA-seq and proteomics
datasets described below (Supporting Information S1: Figure S1). In
line with observations by other researchers,33'34 the reductions were

(A) CRISPR-Cas9 Ba/F3 cells

(B)

more pronounced at the transcript level than at the protein level. All
RP mutations were associated with impaired growth (Figure 1E),
which is consistent with what is observed in ribosomopathies, where
RP mutations are initially associated with a cellular proliferation de-
fect.2° In our Ba/F3 RiboCancer cell line panel, the growth defect was
most pronounced for the Rps15 mutations and was associated with
an increased fraction of cells in the GO/G1 cell cycle phases for the
Rps15 P131S mutant (Supporting Information S1: Figure S2). To get a
first impression on the impact of the introduced RP mutations on
ribosomal translation performance, we evaluated nascent protein
synthesis using an O-propargyl-puromycin (OPP) assay, which
showed a 20%-40% reduction for all RP mutants (Figure 1F).

Translatome analysis reveals extensive translational
dysregulation by CLL-associated Rps15 mutants

To verify whether the introduced RP mutations result in translation
efficiency (TE) changes of specific transcripts, we analyzed our
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FIGURE 1 A RiboCancer cell line panel to study cancer-associated ribosome mutations. (A) Scheme illustrating the generation of the RiboCancer cell line panel.

(B) gRT-PCR analysis of the respective RP mRNA expression levels. The dots in the bar graphs represent data obtained from different single-cell clones of the
indicated genotype. The bars indicate mean + SD. (C) Western blot analysis of the indicated RP protein expression levels. Each lane contains a sample from a different
single-cell clone of the indicated genotype. The image shows results from a representative experiment. Vinculin served as a loading control. (D) Quantification of
western blot analysis of RP protein levels. Data were pooled from 2 independent experiments, with at least 3 independent clones per genotype in each experiment
(dots in the bar graphs represent data from individual clones). The bars indicate mean + SD. Vinculin signal was used to normalize for protein loading. (E) Proliferation
curve of single cell clones of the indicated genotypes. Each dot represents the average value of three independent clones per genotype. (F) Nascent protein synthesis
levels were evaluated by OPP assay. Data are represented relatively to WT; dots in the bar graph represent data from independent clones of the indicated genotype.
The bars indicate mean + SD. Statistics were performed using ANOVA followed by Tukey’s HSD post hoc test. *P <0.05; **P < 0.01; ***P < 0.001.
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FIGURE 2 Translatome analysis reveals extensive translational dysregulation in Rps15-mutant cells. (A) Scheme of the generated multi-omics translatome
dataset. (B) PCA plots of the total RNA-seq (RNA-seq), Ribo-seq (RPF), and quantitative proteomics dataset. Each dot in the plots represents an independent single-
cell-derived clone of the indicated genotype. (C) Translation efficiency (TE) analysis of the RiboCancer cell line panel. Scatter plot of Log2 fold change ribosome
protected fragments (Log2FC RPF—measured by Ribo-seq) versus total RNA log2 fold change (Log2FC RNA—measured by total RNA-seq) of each of the indicated RP
mutants versus WT. Each dot in the plot represents a gene and shows the average value obtained from three independent clones per genotype that were analyzed.
Genes with a significant TE change (=altered ribosome occupation per expressed mRNA molecule are shown in black. The percentages of detected genes that have a

significantly upregulated or downregulated TE are indicated in the plots. These percentages correspond to the following absolute numbers: 0 Up, 3 Down (Rpl5

7 vs,

WT): 3 Up, 12 Down (Rpl11*/~ vs. WT); 96 Up, 145 Down (Rpl22*/~ vs. WT); 0 Up, 0 Down (Rpl22~/~ vs. WT); 194 Up, 337 Down (Rpl10 R98S vs. WT); 371 Up, 807

Down (Rps15 P131S vs. WT); 270 Up and 645 Down (Rps15 H137Y).

RiboCancer cell line panel using translatome analysis consisting of
total RNA-seq, Ribo-seq quantification of ribosome-protected RNA
fragments (RPFs), and shotgun quantitative proteomics (Figure 2A).
For each of these -omics experiments, at least three independent
single-cell clones per genotype were analyzed. In the principal com-
ponent analysis (PCA) plots of these -omics datasets, the Rps15
P131S and H137Y mutants were distinct from all other analyzed
genotypes (Figure 2B). Next, we utilized the RNA-seq and Ribo-seq

data to identify genes with a significant TE change (i.e., transcripts
with a differential RPF ribosome binding after normalization for
changes in total transcript levels). Whereas the Rpl5*/~, Rpl11*/",
Rpl22*/~, and Rpl227/~ cells showed little or no TE changes, it was
clear that the point mutants (Rpl10 R98S, Rps15 P131S, and Rps15
H137Y) showed extensive translational dysregulation (Figure 2C). The
Rps15 P131S and H137Y mutants showed by far the highest number
of TE changes, with, respectively, 10% and 7% of the detected
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transcripts showing a significant TE change. Among these, more
transcripts showed a significant reduction in TE, whereas significantly
increased TE was less common. Since translational dysregulation has
been associated with alterations in rRNA modifications,®> we de-
termined the rRNA 2'-O-Methylation profile of each RP mutant cell
line by RiboMethSeq analysis. Although Rps15 mutants clustered
apart from the others, only subtle differences in 2'-O-methylation
were detected (Supporting Information S1: Figure S3). In conclusion,
whereas RP knock-outs displayed limited TE changes, the RP point
mutants, particularly the CLL-associated Rps15 mutants, displayed
profound translatome rewiring.

Cryo-EM analysis shows elongation cycle defects for
CLL-associated RPS15 mutants

In order to gain deeper insights into the mechanism driving the
observed translatome rewiring for Rps15 mutants, we used cryo-EM
and single particle analysis to determine the atomic 3D structures
of translating (elongating) ribosomes purified from WT and Rps15-
mutant Ba/F3 cell lines (Figure 3A). Elongating 80S ribosomes com-
prise the large (60S) and small (40S) subunits, along with tRNAs,
mRNAs, and translation factors. The interface between the 40S and
60S subunits contains three tRNA-binding sites named A (Aminoacyl-
tRNA decoding), P (Peptidyl-tRNA positioning), and E (deacylated tRNA
Exit). Translation elongation is a cyclic and highly dynamic process
driven by both local and large-scale conformational rearrangements of
the 40S relative to the 60S subunit. Together with the transient as-
sociation of elongation factors that enforce directionality, 80S con-
formational dynamics enable tRNA movement between the A, P, and E
sites, catalysis of peptide-bond formation, and translocation of the ri-
bosome to the next codon to be decoded.3¢ Single particle cryo-EM
analysis allows to visualize several translation elongation inter-
mediates,>”®® and we used this approach to sort out the atomic
structures of elongating ribosomes in the so-called “classical-PRE,”
“rotated-1 or -2 PRE” and “post-translocation” (POST) steps
(Figure 3B), with resolutions ranging from 2.8 to 3.6 A (Supporting In-
formation S1: Figures S4-S5). To assess the dynamics of the elongation
cycle, we counted the particles that populate each of the 3D structures/
elongation steps, with a higher number of particles representing a more
stable and long-lived structural species. We reproducibly observed a
decreased fraction of particles of the classical-PRE state (with three
tRNAs at A, P, and E locations) and an increase of POST-translocation
state particles (with empty A site) for both Rps15 P131S and H137Y
mutant ribosomes compared to WT (Figure 3C). We verified putative
bias in our processing scheme by performing Al-based structural het-
erogeneity assessment with cryoDRGN.%’ This yielded similar results,
with both Rps15-mutant ribosomes showing very few particles in the
classical-PRE and rotated-1 PRE elongation states (Supporting In-
formation S1: Figure S6, Supporting Information: Movies 1 and 2). The
classical-PRE state corresponds to the step where a new aminoacylated-
tRNA has been decoded and accommodated at the ribosomal A-site.
Ouir structural results show that Rps15-mutant ribosomes accumulate at
different states of progression along the translation cycle, and indicate
dysfunction of this very first step of the elongation cycle.

As we found almost no mutant ribosomes with tRNA at the A
position, we reasoned that A-sites of elongating mutant ribosomes
might be more available for the binding of drugs targeting this site.
To validate this hypothesis, we performed ribosome collision ex-
periments,*° using low doses of either anisomycin (A-site specific)
or emetine (E-site specific) (Figure 4A, Supporting Information S1:
Figure 57).4**2 |n the absence of drugs, the basal collision level was
equally low in WT and Rps15 P131S mutant ribosomes. Whereas

E-site antibiotic emetine induced similar collision levels in WT and
Rps15-mutant ribosomes, A-site antibiotic anisomycin caused sig-
nificantly more collision events in Rps15 P131S mutant compared to
WT ribosomes (Figure 4B,C). Of note, cellular viability assays using
either emetine or anisomycin were in line with our collision experi-
ments, with an increased sensitivity of Rps15-mutant Ba/F3 cells to
anisomycin compared to WT (Figure 4D), which was not observed
with emetine. This reinforces the concept that the A-site of Rps15-
mutant ribosomes is overall more vacant (and thus more available for
anisomycin accommodation) than its WT counterpart.

Previous cryo-EM studies of mammalian ribosomes showed that
the Rpsl5 C-terminal domain is flexible, facilitating the accom-
modation of aminoacyl-tRNAs at the A-site during elongation.*®=4°
The full-length structure of RPS15 is only visible in the classical-PRE
state, when stabilized by the mRNA and two tRNAs in A and
P sites.*>3” In line with previous cryo-EM studies,***” we found
full-length structures of Rps15 only in the classical-PRE state of WT
ribosomes (Supporting Information S1: Figure S8), and our structural
coverage of Rps15 WT in the other elongation states is also con-
sistent with existing PDB structures of translating ribosomes or (pre-)
40S subunits (Supporting Information S1: Figure S9).

To investigate the structural basis of the Rps15-mutant elonga-
tion dynamics defect, we next examined the structures of Rpsi15 in
each of the elongation states that we obtained (Figure 5A, Supporting
Information S1: Figure S8). In WT ribosomes, cryo-EM densities were
clearly interpretable up to T136 in the rotated-2 PRE and POST
states. In contrast, P131S-mutant ribosomes only showed densities
up to residue H128 in both the rotated-2 PRE and POST states.
Likewise, H137Y-mutant ribosomes displayed densities up to G129
(rotated-2 PRE) and P131 (POST), respectively (Figure 5A, Supporting
Information S1: Figure S8). This 5-8 amino acid difference translates
to a linear distance of 11-18 A, a deviation that is significant given
the resolutions of our cryo-EM maps (Figure 5B). The density loss of
mutant versus WT Rps15 when comparing similar elongation states
could arise either from a partial degradation of the Rps15-mutant
C-terminus or from an increased flexibility of the C-terminal moiety
upon its mutation. Western blot analysis of polysome fractions re-
vealed similar migration for the WT and mutant Rps15 proteins,
suggesting that the mutant protein is full-length within translating
ribosomes (Figure 5C, Supporting Information S1: Figure S10A). This
was also supported by mass spectrometry analysis, showing the
presence of mutated C-terminal peptides in Ba/F3 Rps15-H137Y
total extracts (Supporting Information S1: Figure S10B,C), further
underscoring the stable expression of the mutant Rps15 C-terminus.

Altogether, our cryo-EM analysis supports that Rps15 mutations
alter the structural stability of the C-terminal Rps15 domain, which in
turn affects the dynamics of the translation elongation cycle of these
mutant ribosomes, destabilizing the decoding/accommodation step of
a new aminoacylated tRNA at the ribosomal A-site.

Translational dysregulation in Rps15-mutant cells is
associated with particular codons

Our data above indicates that mRNA translation dysregulation of
Rps15-mutant cells is occurring at the level of accommodation of
aminoacylated tRNA in the ribosomal A-site. This may be due to a
generalized tRNA accommodation defect induced by the Rps15 mu-
tations, or the defect may be specific to certain tRNAs. To investigate
this, we used our RiboSeq data again. The single nucleotide resolution
of these data allows to calculate the frequency (occupancy) of each
codon at the ribosomal A-, P-, and E-sites, and hence to evaluate
codon/tRNA-specific phenotypes.***” When comparing codon
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occupancy across our entire RiboCancer cell line panel, both Rps15
mutants showed a profile that was distinct from the WT and from
other RP mutants in our collection, especially with respect to A-site
codon occupancy (Figure 6A). Next, we investigated the Rps15 mu-
tants in more detail, and compared codon occupancy in A-, P-, and
E-sites of these mutants versus WT (Figure 6B). This showed that not
all 64 codons behaved in the same way, with certain codons showing
accumulation in the ribosomal A-site (codon group 1, Figure 6B),
while other codons accumulated in the ribosomal P- or E-site (codon

groups 3 and 4), or were unaltered (codon group 2). These results
support that translational dysregulation and tRNA accommodation in
Rps15 mutants show some codon-specificity.

Since we identified many mRNAs with decreased TE in Rps15
mutants (Figure 2C), we next evaluated if certain codons are sig-
nificantly overrepresented in these mRNAs, as their high frequency in
these mMRNAs might negatively impact TE. To this end, we compared
the frequency of each codon in transcripts that were translationally
downregulated (significantly reduced TE) in Rps15 mutants versus its
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frequency in the overall mouse transcriptome (Figure 6C, upper
graph). This revealed 11 codons (AGU, UCA, UCU, AGC, CAU,
AAG, AAA, CGC, UUA, AAU, and CCU) that were significantly
overrepresented in open reading frames (ORFs) of mRNAs with
reduced TE in Ba/F3 cells, and 9 of these 11 codons were also
overrepresented in the ORFs of the corresponding human genes
(Supporting Information S1: Figure S11). Interestingly, analysis of
codon frequency in the ORFs of translationally upregulated tran-
scripts in Rps15-mutant Ba/F3 cells did not reveal such strong codon
overrepresentation (Figure 6C, lower graph), suggesting that codon
usage was mainly impacting on translational downregulation. Focus-
ing on the 11 codons that were enriched in the translationally
downregulated transcripts, our attention was attracted to the lysine
codon AAA. This codon is known to slow down translation elongation
when iterated.*® Furthermore, it was the only codon amongst the 11
identified codons that showed such a strong accumulation in the
A-site of Rpsl5 mutants (Figure 6B, orange codon). Using dual-
luciferase reporter assays, we experimentally validated that an mRNA
containing an AAA stretch was less efficiently translated by Rps15-
mutant ribosomes compared to WT (Figure 6D). In comparison, there
was no TE difference between Rps15-mutant and WT cells for a
control reporter with a stretch of 20 CCA (Proline) codons (Figure 6D,
Supporting Information S1: Figure S12). The CCA codon was chosen
as control, as it does not have an altered ribosomal occupancy in
Rps15-mutant versus WT Ba/F3 cells (Figure 6B, penultimate line).

Altogether, these data support that defects in the decoding/accom-
modation of specific codons by Rps15-mutant ribosomes negatively
impact the translational efficiency of a subset of mRNAs.

Rps15-mutant-associated translational defect reduces
TE of genes with a high 11-codon score linked to
epigenetic and transcriptional regulation

After having identified 11 codons that are overrepresented in
translationally downregulated genes in Rps15-mutant cells, we were
interested in characterizing the function of genes that are enriched
for these codons. First, we verified which ORFs in the mouse genome
are enriched for these codons. For this purpose, we ranked all genes
in the mouse genome based on the occurrence of these 11 codons
(weighted 11-codon score)*’ in their ORF, and ran GSEA analysis on
this ranked gene list. ORFs of genes related to nucleosome, histones,
epigenetic and transcriptional regulation, cell cycle regulation, and
DNA repair showed the strongest overrepresentation of these 11
codons (Figure 7A and Supporting Information S4: Table S2). When
running this analysis for human instead of mouse ORFs, highly similar
gene sets were also overrepresented among the human genes en-
riched for these 11 codons (Figure 7B and Supporting Information S4:
Table S3). Interestingly, when running GSEA analysis on the genes
with reduced TE in Rps15-mutant vs WT Ba/F3 cells, the same or
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FIGURE 6 Translational dysregulation in Rps15 mutant cells shows codon specificity. (A) Heatmap representing the row Z-score of codon occupancy for each of
the 64 codons in the ribosomal A-, P-, and E-sites in each genotype of the RiboCancer cell line panel. The heatmap is clustered at the codon and genotype level. This
analysis is based on Ribo-seq data as explained in the methods section. (B) Heatmap representing the Log2FC of codon occupancy in the ribosomal A-, P-, and E-sites
in Rps15 mutant versus WT ribosomes. The Log2FC values were determined based on Ribo-seq data as explained in the methods section. Data are clustered at the
codon level, allowing identification of four distinct groups of codons (1, 2, 3, 4) showing accumulation in the A-site (group 1), P-site (group 3), E-site (group 4), or no
accumulation (group 2). (C) Volcano plots showing the difference in codon frequency between a gene group of interest versus the mouse genome. Gene groups
correspond to transcripts that are translationally downregulated (reduced TE, top panel) or upregulated (increased TE, bottom panel) in both Rps15 P131S and H137Y
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very similar terms linked to nucleosome assembly, epigenetic ORFs that are most enriched for these codons are also the ones
regulation, histones, transcriptional regulation, and DNA repair were showing the strongest translation defect in Rps15-mutant cells.
identified (Figure 7C,D and Supporting Information S4: Table S4). This When verifying the leading edge genes of the most enriched terms in
result supports that the presence of these 11 codons in the ORF is a our GSEA analyses, we noted that these mainly consisted of histones

major factor dictating TE in Rps15-mutant cells, and shows that the (Supporting Information S4: Tables S2 and S4). In agreement with
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FIGURE 7

Rps15 mutant associated translational defect reduces translation efficiency of genes with a high 11-codon score linked to epigenetic and

transcriptional regulation. (A) GSEA bubble plot showing representative gene sets that are most significantly enriched when ranking the ORFs in the mouse genome
by the weighted 11-codon score. NES: normalized enrichment score. (B) Similar analysis as in (A) performed using the human genome. (C) GSEA bubble plot of
translation efficiency (TE) illustrating the gene sets with a reduced TE in Rps15 P131S versus WT and Rps15 H137Y versus WT cells. (D) GSEA enrichment plots
showing reduced TE of genes involved in nucleosome assembly in Rps15 P131S versus WT and Rps15 H137Y versus WT cells. (E) Heatmap illustrating the reduction
in TE of many histone genes in Rps15 P131S versus WT and Rps15 H137Y versus WT cells. (F) Violin plot comparing the weighted 11-codon score of mouse histone
ORFs versus all other ORFs in the mouse genome. Statistics were performed using a t-test. ****P < 0.0001. (G) Western blot analysis of histone protein levels in WT,
Rps15 P131S, and Rps15 H137Y Ba/F3 cells. Each lane corresponds to a different single-cell-derived CRISPR-cas? clone of the indicated genotype. The right part of
the panel shows the quantification of the histone western blot signals, where vinculin was used as a loading control to normalize the protein expression data. The bars
indicate mean + SD. Statistics were performed using a one-way ANOVA followed by a Tukey HSD post hoc test. *P < 0.05. (H) Scatter plot of TE for Rps15 P131S
versus WT (left) and Rps15 H137Y versus WT (right). Each dot in the plot reflects the Log2FC RPF versus Log2FC RNA of a gene detected in our Ribo-seq and RNA-
seq experiments, and shows the average value obtained from three independent clones per genotype that were analyzed. Histone genes that were identified as
“buffered” (see methods) are indicated with orange dots (n = 13 for Rps15 P131S vs. WT; n =25 for Rps15 H137Y vs. WT). The black dots represent histone genes
that were not meeting the statistical requirements to be regulated by “buffering” (n = 59 for Rps15 P131S vs. WT; n=47 for Rps15 H137Y vs. WT).

this, many histones were reduced in TE in Rpsl5-mutant cells
(Figure 7E), and ORFs encoding histones showed a 1.5-fold higher
weighted 11-codon score as compared to the rest of the mouse ORFs
(Figure 7F).

To evaluate whether the reduced TE of histone genes in
Rps15-mutant cells also resulted in lower histone protein levels, we
performed western blot analysis, as information on histones was
missing in our quantitative proteomics data. Histone protein levels
were unaltered or rather increased in Rps15-mutants as compared to
WT (Figure 7G). Indeed, when we verified the plots of RNA-seq
versus RPF counts, we noticed that a significant number of histone
genes were “buffered genes,” and that reduced RPF counts of these
genes were counteracted by increased total RNA levels®° (Figure 7H),
explaining our result at the protein level.

To identify TE changes that also result in relevant protein ex-
pression changes in Rps15-mutant cells, we analyzed our shotgun
proteomics results from these cells. GSEA analysis using GO
molecular function confirmed that many downregulated proteins
were involved in transcriptional regulation, DNA repair, and cell
cycle/mitotic regulation (Figure 8A and Supporting Information S4:
Table S5), similar terms as we detected in the GSEA analysis of
11-codon enrichment in the mouse and human transcriptome
(Figure 7A,B). To identify proteomic changes that are driven by
reduced translation, we integrated the proteomics data with the
obtained Ribo-seq and RNA-seq data. This revealed that among the
genes involved in transcriptional regulation, one of the most pro-
nounced translationally downregulated factors confirmed at pro-
tein level was Runx3 (Figure 8B-D), a runt-family transcription
factor regulating hemopoiesis that is dysregulated in blood
cancers.’1752 Interestingly, the Runx3 ORF is located in the 99th
and 98th percentile of all ORFs in the mouse genome with respect
to occurrence of AGC and CGC (Supporting Information S1:
Figure S13), two codons that are part of the 11-codon signature
that is hard to translate by Rps15-mutant ribosomes. To investigate
whether the Runx3 downregulation was having any functional
consequences in the Rps15-mutant cells, we applied ChEA3.>*
ChEAS3 is a bioinformatic tool that allows us to predict the tran-
scription factors that are causing the detected gene expression
changes in our RNA-seq data from our Rps15 P131S and H137Y
versus WT cells. Out of the 1632 transcription factors that were
evaluated by ChEA3, Runx3 ranked respectively 40th and 45th,
indicating that Runx3 was a major transcription factor causing
downregulation of its target genes in Rpsl5-mutant cells
(Figure 8E,F). Interestingly, the large majority of Runx3-regulated
target genes in Rps15-mutant cells had a function in immune sig-
naling and immune regulation (Figure 8F and Supporting Informa-
tion S1: Figure S14). Finally, to validate the relevance of our

findings in human CLL cells, we utilized the HG-3 human CLL cell
line, which has a WT RPS15 status. We applied CRISPR-cas? en-
gineering to generate HG-3 knock-in clones with a heterozygous
status for the RPS15 P131S mutation. In this human CLL model, we
confirmed RUNX3 downregulation at the protein level in RPS15-
mutant versus WT cells (Figure 8G). This was not accompanied by a
RUNX3 RNA expression change (Supporting Information S1:
Figure S15), indicating that there is also translational RUNX3
downregulation in this human RPS15-mutant CLL model.

Altogether, our findings indicate that among the genes with re-
duced TE in Rps15 mutants, many are linked to a specific codon
frequency signature, which is characteristic of genes involved in
nucleic acid binding and transcriptional regulation. The Runx3
transcription factor is strongly translationally downregulated in
Rps15-mutant cells, causing misexpression of target genes involved in
immune regulation.

DISCUSSION

Ribosomes have long been viewed as “blind protein factories,” as-
sumed to possess identical composition and production capacity in
every cell of an organism. However, numerous findings have nuanced
this monolithic view. It is now well established that heterogeneity in
RPs and RNAs can influence the cellular translatome, giving rise to the
concept of “specialized ribosomes.”*>° In recent years, somatic mu-
tations have been found to recurrently target RPs, implicating them in
cancer development and progression.”® Whereas independent stu-
dies have described translational phenotypes for some of these RP
mutants,>”'1? differences in the design of experimental models and
utilized cellular backgrounds preclude comparison of the impact of
the different RP mutations on ribosome function. In this regard, the
RiboCancer cell line panel that we constructed, modeling the most
recurrent cancer-associated RP mutants in an isogenic background, is
a unique resource to mechanistically compare these mutations. The
RP mutations were knocked in at the endogenous gene locus, without
introducing any protein tags, ensuring accurate modeling of the mu-
tations as they occur in cancer samples. Furthermore, Cas9 was only
transiently expressed during the genome engineering, reducing the
risk of off-target effects. In all of our -omics studies, at least three
independent single-cell-derived clones per genotype were analyzed,
and results from the different clones of each genotype were
remarkably consistent, as can be appreciated in the PCA plots,
supporting that off-target effects in our clone collection are minimal.
In line with many other studies in literature,®’~>° all modeled RP
mutations in our RiboCancer panel were associated with a global
mRNA translation and proliferation defect. However, when looking at
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TE changes, it was clear that two distinct classes of RP mutations
emerged in our collection: the RP knock-out models displayed mini-
mal TE changes, versus the RP point mutants, in which up to 10% of
genes showed a significant TE change (most often a reduced TE). This
observation suggests a difference in the oncogenic role of these two
classes of RP mutations and that dysregulation of extra-ribosomal

(A) Proteomics Rps15 Rpsi5 (B)

P131S H137Y

functions may be of major importance for the inactivating RP defects
that we studied. Indeed, RPL5 and RPL11 have well-characterized
extra-ribosomal functions in regulating notorious oncogenes and tu-
mor suppressors such as TP53 and c-MYC.2~2% Also for RPL22, extra
ribosomal regulation of TP53 via MDM4 splicing was recently
described.®®
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FIGURE 8 Runx3 is translationally downregulated in Rps15 mutant cells, resulting in downregulation of target genes involved in immune regulation. (A) GSEA
bubble plot of quantitative proteomics showing downregulation of proteins linked to the indicated GO molecular functions in Rps15 P131S versus WT and Rps15
H137Y versus WT cells. (B) Scatter plot of RPF Log2FC versus total RNA-seq Log2FC of Rps15 P131S versus WT. Only genes that have a significant TE change and
that could also be quantified in the quantitative proteomics analysis are displayed, and the proteomic change is color-coded. Each dot in the plot represents the
average value obtained from three independent clones per genotype that were analyzed. (C) Density plot showing the distribution of RPFs covering Runx3 transcript
ENSMUSTO00000056977 in WT and RPS15 mutant cells. The dotted gray lines indicate exon boundaries, and the continuous gray lines indicate ORF start and end
sites. (D) Western blot analysis of Runx3 expression in three independent CRISPR-Cas9 clones of the indicated genotypes. Vinculin served as a loading control. The
bar plot displays quantification of the Runx3 western blot signal, normalized to vinculin and to the Runx3 abundance in the WT samples. Statistics were performed
using a one-way ANOVA followed by a Tukey HSD post hoc test. **P < 0.01. (E) Scatter plot of ChEAS3 score versus transcription factor (TF) ranking when comparing
each Rps15 mutant to WT. A lower score and rank indicate a higher predicted contribution of the TF to the observed transcriptional changes detected by RNA-seq.
Runx3 is highlighted and ranked 40th out of 1632 evaluated transcription factors in Rps15 P131S versus WT, and 45th out of 1632 for Rps15 H137Y versus WT. (F)
Volcano plot of RNA-seq results from Rps15 P131S versus WT and Rps15 H137Y versus WT cells, on which Runx3 target genes identified in the ChEA3 analysis are
indicated. Each dot in the plot represents a gene and shows the average value obtained from three independent clones per genotype that were analyzed. Target genes
involved in immune regulation are indicated in orange, whereas Runx3 targets with another function are indicated in dark gray. A couple of example genes involved in
immune regulation are labeled with their gene name. (G) Western blot analysis of RUNX3 in RPS15 WT and P131S HG-3 human HG-3 CLL cells. The bar plot
represents mean + SD of RUNX3 protein abundance quantified across three independent clones, using a total protein staining to normalize for protein input.

Statistics: t-test. ***P < 0.001.

In our translatome screen, the most pronounced TE changes
were detected for the CLL-associated Rps15 mutants. We detected
more genes with a reduced TE in these mutants, which aligns with
Ribo-seq that has been performed on CLL patient samples.® Using
cryo-EM, we further characterized the mechanistic basis of the
translation defects in these Rps15 mutants. Rps15 is a protein of the
small ribosomal subunit whose eukaryotic-specific C-terminal domain
interacts with A- and P-site tRNAs, as well as mRNA.62%3 Crosslinking
experiments and structural studies previously suggested that this
C-terminal domain plays a key role in the accommodation of
aminoacyl-tRNAs at the A-site and is strictly required during trans-
lation elongation.***°> A recent cryo-EM analysis revealed that spe-
cific residues of Rps15 engage in hydrophobic and hydrogen-bond
interactions with A- and P-site tRNAs, while its terminal residues
contact the +4 position of the mRNA (ie, the first nucleotide of the
A-site mRNA codon) to stabilize codon-anticodon pairing. This
C-terminal region functions as a “two hinges and a latch” system,
coordinating P-site tRNA movements and A-site tRNA accommoda-
tion.!* Our cryo-EM and biochemical analyses of elongating ribo-
somes harboring either wild-type or mutant Rps15 support these
findings. Despite proper incorporation of Rps15 into ribosomes, point
mutations (P131S, H137Y) increase the flexibility of the Rps15
C-terminus, likely weakening interactions with incoming aminoacyl-
tRNAs and altering their decoding or accommodation at the A-site. In
our cryo-EM experiments, this defect translates into an accumulation
of ribosomes in the POST-translocation state, as observed for the
Rps15 mutants. However, cryo-EM coupled with single-particle
analysis only captures structurally stable populations and fails to re-
solve highly dynamic states. Given that overall translation remains
functional, the reduced number of classical-PRE structures in Rps15
mutants also likely reflects mutant-specific hyperdynamics during the
early stages of elongation, specifically decoding and accommodation.
In line with this, we observed a reduced activity as well as codon-
specific defects, particularly at AAA (Lys) codons for Rps15-mutant
ribosomes. These results align with previous studies implicating
Rps15 in facilitating the accommodation of charged Lys, Glu, and Arg
codons.®® We propose that CLL-associated C-terminal mutations
disrupt this regulatory role, introducing mechanical “glitches” in
translation elongation that reshape the translatome of the mutant
cells. Our Ribo-Seq and proteomics analysis suggest that translation
of mMRNAs encoding charged nucleotide-binding proteins will be pri-
marily affected by CLL-related Rps15 mutations.

Interestingly, we identified 11 codons that are strongly enriched in
ORFs of genes that are translationally downregulated in Rps15-mutant

cells. Whereas the analysis presented in Figure 6C was performed on
the genes that were commonly downregulated in both the P131S and
the H137Y Rps15 mutant, a similar codon signature was obtained when
analyzing each of the mutants individually (Supporting Information S1:
Figure S16). When screening the genome for ORFs with the highest
occurrence of the 11 identified codons, the highest-scoring ORFs
encoded genes involved in the regulation of chromatin structure, tran-
scription, and DNA repair, such as histone genes. These were precisely
the gene classes that we found to be translationally downregulated in
Rps15-mutant cells, supporting that the frequency of these codons in an
ORF dictates TE in these mutants. Nevertheless, other factors besides
codon usage also seem to be relevant for these mutants. In this regard,
we also found a negative correlation of TE with GC-content and ORF
length for Rps15 H137Y but not Rps15 P131S (Supporting Information
S1: Figure S17). This underscores that although Rpsl15 H137Y and
P131S show similar phenotypes in our cellular assays and in the -omics
and cryo-EM analyses, they also display functional differences. This also
becomes clear when plotting the correlation of RNA-seq, Ribo-seq
(RPFs) and proteomic Log2 FC of each of the mutants versus WT
(Supporting Information S1: Figure S18). Whereas this correlation is
generally high, the two analyzed Rps15 mutants are similar but not
strictly equivalent. These differences have also been suggested by the
results of Bretones et al.,'? and are of interest for further exploration.

Our results show that Rpsl5 mutations are associated with
profound translational dysregulation of factors involved in regulating
chromatin structure and gene transcription. Whereas cancer research
has focused a lot on studying transcriptional dysregulation in the
past, these results reveal defects in ribosomes as a previously un-
recognized cause of downstream transcriptional dysregulation. This
can have profound cellular effects, as we could show downregulation
of transcription factor Runx3, resulting in dysregulated expression of
many Runx3 target genes involved in immune regulation. RUNXS3 is
an important transcription factor in hematopoietic development that
has been described to be misexpressed in hematopoietic disorders
such as acute myeloid leukemia (AML) and CLL.°*"5% Our findings
invite to investigate the role of RUNX3 misexpression in CLL in more
detail.

Our Ba/F3 model to study Rps15 mutations does have limita-
tions. First, the mutations were introduced homozygously, whereas
the RPS15 mutations in human CLL patients are typically hetero-
zygous. The Ba/F3 cell model was designed to be optimal for the
deep mechanistic studies we envisioned in this work. In this regard, a
homozygous mutation status facilitated the cryo-EM analyses, as a
mixture of wild-type and mutant ribosomes in the cells would not
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have allowed to directly investigate the impact of the mutation on
ribosomal structure. A second limitation is the murine origin of Ba/F3
cells. Nevertheless, we were able to validate RUNX3 downregulation
in HG-3 human CLL cells with a heterozygous status for the RPS15
P131S mutation. Furthermore, we showed that codon usage is highly
similar in the human homologs of the genes of interest that we
identified in our Ba/F3 model, suggesting again that our findings are
also relevant in a human setting.

Rps15-mutant Ba/F3 cells are hypo-proliferative, with an in-
creased doubling time and reduced translation activity compared to
wild-type Ba/F3 cells. This appears, at first glance, to contrast with the
elevated translation levels reported in CLL patient cells,** but none-
theless reflects the hypoproliferative phase of ribosomopathies.?° In
the context of the T-ALL associated RPL10 R98S mutation, secondary
mutations have been shown to be required to compensate this slow
growth phenotype and transition to the hyperproliferative phase.®* In
CLL patients, presence of RP mutations as RPS15 is associated with a
higher mutation burden, suggesting that also RPS15 defects require
secondary compensatory mutations.>* As we observed profound
transcriptional rewiring downstream of the Rpsl5 mutations, we
speculate that Rps15 defects induce a premalignant transcriptional
state, and that additional transcription factor defects may be needed to
turn this into a malignant transcriptional state. The co-occurrence of
mutations in RP or ribosome biogenesis-related genes with mutations
in the TP53 transcription factor has been found in numerous blood and
solid cancers,**>%> and TP53 mutations are among the strongest
prognostic markers in CLL.%® Therefore, we suspect that the effects of
RPS15 mutations, seemingly innocuous at first, may cause selective
pressure to acquire compensatory mutations in genes that are key for
CLL and cancer development, such as TP53, ATM, or NOTCH. Overall,
this study demonstrates that frequent somatic RP mutations impose
distinct translational rewiring, offer unprecedented mechanistic insight
into CLL-associated RPS15 mutations, and reveal an unexpected
crosstalk between translational and transcriptional dysregulation in
RP-mutant cells.

METHODS
Cell Lines

Ba/F3 cells were obtained from German Collection of Microorgan-
isms and Cell Cultures GmbH (DSMZ; ACC 300) and were grown in
RPMI-1640 medium (Gibco) supplemented with 10% fetal calf serum
(FCS, Gibco) and with 1 ng/ml interleukin-3 (IL-3; Miltenyi Biotec).
HG-3 cells (ACC 765; DSMZ) were grown in RPMI-1640 medium
(Gibco) supplemented with 20% FCS (Gibco). Cultured cells were
regularly confirmed to be mycoplasma negative.

CRISPR-Cas9 engineering

A design for sgRNAs targeting the RP genes of interest was made
using the Synthego CRISPR Design Tool (https://design.synthego.
com/). The designed sgRNA sequences (Supporting Information S4:
Table S6) were cloned into pSpCas9(BB)-2A-GFP (pX458, Addgene
#48138). One million Ba/F3 or HG-3 cells were electroporated in
2mm cuvettes with 10 ug of pX458 containing sgRNA in 100 pL
serum-free RPMI 1640 (Ba/F3) or recovery medium (HG-3) using 6
square wave pulses (175V, 0.1 ms interval) followed by transfer to
2 mL of pre-warmed recovery medium (growth media supplemented
with 1 mM sodium pyruvate [ThermoFisher] and 1 mM MEM Non-
Essential Amino Acids [ThermoFisher]). At 24 h after electroporation,
GFP-positive cells were sorted on a BD FACS Aria lll, and plated at a

density of one cell per well in tissue-culture treated 96-well plates
(Greiner Bio-One) in growth media supplemented with 100 pg/mL
primocin (InvivoGen).

In case of knock-in models of point mutations, the following
adaptations were performed to the procedure described above: a
117-nt donor oligo (Integrated DNA Technologies) containing the
mutant allele of interest was added in the cell electroporation at a
concentration of 1 uM (Supporting Information S4: Table Sé), and
10 uM SCR7 (Sigma-Aldrich) was added to the recovery medium. At
24 h after electroporation, GFP-positive cells were sorted and plated
in ClonaCell-TCS Medium (Stemcell Technologies) supplemented with
10% FBS, 1ng/mL IL-3, and 100 ug/mL primocin (for Ba/F3) or
ClonaCell-TCS Medium (Stemcell Technologies) supplemented with
20% FBS and 100 pg/mL primocin (for HG-3) at a density of
1000-8000 cells/well in six-well plates. Once visible by eye, single-
cell colonies were picked and transferred to liquid cultures in growth
media supplemented with 100 pg/mL primocin.

Growing single-cell-derived clones were further expanded in
growth media and analyzed by Sanger sequencing on genomic DNA to
verify the desired genetic RP modification and to exclude clones con-
taining modification(s) of in silico predicted off-target effects. Cell
clones that have undergone the whole CRISPR-Cas9 engineering pro-
cedure as described above, but that were unmodified at the genomic
loci of interest, were used as wild-type (WT) control cell clones.

gRT-PCR

RNA was extracted with the RNeasy mini kit (Qiagen) and reverse
transcribed with the GoScript Reverse Transcription System
(Promega). qRT-PCR reactions were performed using GoTaq qPCR
Master Mix (Promega) on a CFX Connect Real-Time PCR Detection
System (Bio-Rad), using primers as listed in Supporting Information
S4: Table S7. Data were analyzed using the AACT method, using Hprt
or Actb as a reference gene.

Immunoblotting

Cells were lysed in lysis buffer (Cell Signaling Technology) with the
addition of complete protease inhibitors and 5 mM Na3VO4 (Roche).
For western blot analysis of sucrose gradient fractions, proteins were
extracted from polysome fractions using 20% trichloroacetic acid
(TCA) and 60 ug/mL glycogen for 1h on ice. After 25min cen-
trifugation at 4°C and 15,6003, the supernatant was removed, and
1 mL of acetone was added to the pellet. After two centrifugation
steps of 5 min at 4 °C and 15,600g, pellets were resuspended in SDS
sample buffer composed of 2X NuPage (Invitrogen NPO0O07) and 2X
SRA (Invitrogen NP0O0Q9).

Proteins were separated on 4%-15% Criterion TGX Precast
protein gels (Bio-Rad) and transferred to PVDF membranes using a
Pierce G2 Fast Blotter (Thermo Scientific). Primary antibodies used for
immunodetection are listed in Supporting Information S4: Table S8.
Secondary antibodies allowing chemiluminescent or fluorescent de-
tection were used, and blots were imaged on an Azure C600 (Azure
Biosystems). Blot intensities were quantified using ImageJ software.

Cell cycle analysis

One million WT or Rps15-mutant cells were fixed in absolute ethanol
and stored at -20°C overnight. Cells were then rinsed with PBS and
centrifuged at 600g for 10 min. The pellet was resuspended for
15 min at RT with a PBS staining solution containing 1 pg/mL DAPI
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[Sigma, D9542] and 0.05% Triton X100. Cells were centrifuged at
1200g for 10 min, and the pellet was resuspended in 1 mL PBS to
remove excess DAPI. Samples were analyzed for DNA content using
a CytoFLEX S Flow Cytometer and the CytExpert software.

O-propargyl-puromycin (OPP) assay

For OPP labeling, we used the Click-IT OPP Alexa Fluor 647 Protein
Synthesis Assay kit (Thermofisher). A number of 100,000 cells were
seeded in 96-well plates in culture medium supplemented with 10 uM
OPP. After 15 min, cells were fixed in 4% formaldehyde for 15 min and
permeabilized for 15 min in PBS 0.5% Triton X-100. Cells were then
incubated for 30 min with the Click-IT OPP reaction cocktail prior to
rinsing with the Click-IT reaction rinse buffer. Cells were finally re-
suspended in PBS and analyzed on a MacsQuant X (Miltenyi Biotec)
flow cytometer.

RiboMethSeq

We profiled rRNA 2'-O-methylation by RiboMethSeq.” at 76 positions.
The 76 high confidence positions corresponding to conserved sites with
human rRNA for which a guide C/D box snoRNA has been ascribed were
selected based on sequence comparison between mouse, human
and yeast rRNA sequences, mouse 2'-O-Me data from the snOPY da-
tabase  (http://snoopy.med.miyazaki-u.ac.jp/snorna_db.cgi?mode=sno_
search&organism=Mus_musculus) and 20me-seq data from Incarnato
et al.%® Briefly, the presence of the methyl group at the 2’ position
protects the phosphodiester bond located at the 3’ of the methylated
site from alkaline hydrolysis. Thus, the presence of 2'-O-me at a given
nucleotide n induces a decrease in RNA hydrolysis at the n+ 1 position.
The 2'-O-Me level is calculated by comparing the fragment end-count at
each position with the 6 nt on either side (C-score). RiboMethSeq was
performed as previously described®® using lllumina technology on the
RibosOMICS and PGC/PBGT platforms of the CRCL, starting from
100 ng of total RNA of each cell line. After sequencing, adapter se-
quences were trimmed off using Trimmomatic,”® extracted reads were
aligned on the mouse rRNA sequences (5.85 rRNA: NR_003280.2; 28S
rRNA: NR_003279.1; 18S rRNA: NR_003278.3) using Bowtie 2, and 5'-
and/or 3'-end reads were counted at each rRNA nucleotide position
(https://github.com/  RibosomeCRCL/ribomethseg-nf).  Using  the
rRMSAnalyzer package (https://github.com/RibosomeCRCL/ rRMSAna-
lyzer), the quality control was performed to identify putative outliers,
C-scores were computed (flanking window of +6 nucleotides), and data
visualization was performed.

Ribo-Seq and RNA-seq of total RNA

For each genotype, three independent single-cell-derived clones
were analyzed. For each clone, 10-50 million cells were treated for
1 min with 0.1 mg/mL cycloheximide, followed by washing of cells in
10 mL ice-cold PBS supplemented with 0.1 mg/mL cycloheximide,
pelleting of cells, and flash freezing of the cell pellet in liquid nitrogen.
Cell pellets were shipped to OHMX.bio (Evergem) for further pro-
cessing. Briefly, cell pellets were lysed in 750 uL of ice-cold Lysis
buffer supplemented with 0.1 mg/mL cycloheximide. After debris
removal, the lysate was divided for total RNA purification and for
subsequent footprinting (Ribo-Seq).

For RNA-seq of total RNA, RNA was purified from the lysate
using the RNA Clean and Concentrator-5 kit (ZymoResearch), fol-
lowed by NEBnext polyA mRNA magnetic isolation and processing
with the NEBNext Ultra Il directional RNA library prep kit (NEB) in

combination with NEBNext Multiplex Oligos for Illumina (Dual Index
Primer pairs). Libraries were sequenced using a NovaSeq. 6000
platform, in PE150 mode.

For Ribo-seq, 10 ug of lysate was digested for 45 min with RNase |
at 21°C, and the reaction was stopped by adding Superaseln RNase
Inhibitor (Thermofisher). Digested lysate was purified on a MicroSpin
S-400 HR Sephacryl column (GE Healthcare), and flow-through was
purified with the RNA Clean and Concentrator-5 (ZymoResearch).
Ribosome-protected fragments (RPFs) corresponding to 28-30 nt were
excised after gel electrophoresis on a Novex TBE-Urea gel (15%)
(Thermofisher), and excised gel fragments were incubated overnight in
molecular-grade water supplemented with ammonium acetate at 4°C.
The slurry was transferred to CoStar filter tubes and centrifuged, and the
flow-through was incubated at -80°C for 2h with 20 ug glycogen
(Invitrogen, 20 pg/uL) and 700 pL isopropanol (VWR, >99%). Following
centrifugation, the pellet was washed with ice-cold 80% EtOH, dried,
and resuspended in molecular-grade water. RPFs were subsequently 3’
dephosphorylated with T4 PNK (New England Biolabs) and purified using
the Oligo Clean and Concentrator kit (ZymoResearch). The 3’ adapter
was ligated, and fragments were purified using the Small RNA Library
prep kit (Lexogen). After 5’ phosphorylation of the RPFs and purification
with the Oligo Clean and Concentrator kit, 5' adapter ligation and first-
strand cDNA synthesis were performed according to the Small RNA
Library prep kit manual. Ribosomal RNA (rRNA) was depleted by adding
LNA probes from the QlAseq FastSelect rRNA HMR kit (Qiagen) during
the cDNA synthesis reaction. In the indexing PCR amplification step
(Small RNA Library prep kit), index primers (Lexogen) were added at both
ends of the fragments. Library products were purified with AMPure XP
beads to remove excess index primers, and adapter dimers were re-
moved by running the samples on a 4% EX agarose E-gel (Invitrogen).
The gel section of 150 bp, corresponding to the correct library products,
was excised and purified using a gel DNA recovery kit (ZymoResearch).
Quality of the final libraries was determined on the Agilent Bioanalyzer
with the High Sensitivity DNA kit. Sequencing was performed on the
lllumina NextSeq. 500 system, high-output v2 kit in SE75 configuration,
with on average 78 million reads per sample. SeqPurge (v2.0.1) was used
for trimming the adapter sequence from total RNA-seq reads. For Ribo-
seq reads, sequences were preprocessed using the FASTX toolset
(0.0.14). The adapter sequence “TGGAATTCTCGGGTGCC” was clipped
using the fastx clipper tool. Sequences shorter than 20 nucleotides in
length after adapter clipping were hereby discarded, and the quality
threshold was set at 28. For that, the fastq_quality trimmer tool was
used, with the following input variables -t (minimum quality threshold =
28) and -l (minimum sequence length = 20).

All contaminant rRNA (ribosomal RNA), snRNA (small nuclear
RNA), snoRNA (small nucleolar RNA), and tRNA (transfer RNA) se-
quences were filtered out. Pre-processed trimmed reads from total
RNA-seq and Ribo-Seq were aligned using the nf-core/rnaseq (v3.0)"*
to the Mus musculus (GRCm38, release 102) reference genome using
the STAR aligner (v.2.6.1d). On average, we obtained 34.5 million
uniquely mapped reads per sample.

Read quantification was performed by Salmon (v.1.4.0) using the
star_salmon option.”? Differential expression analysis was performed
on the triplicates of two groups (WT and mutant) using the package
DESeq. 2 (v.1.30)”2 in the R environment.

Purification of translating ribosomes for cryo-EM
analysis

WT or Rps15-mutant Ba/F3 cells (200 x 10° cells each) grown to
1.5-1.8 x 10°cells/mL as described above were pelleted by mild
centrifugation (5 min, 300g, 4°C), followed by resuspension and lysis
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in lysis buffer (20 mM HEPES-KOH [pH 7.6]; 2.5 mM MgCl,; 100 mM
NaCl; 0,25% sodium deoxycholate [Sigma-Aldrich, D6750]; 0,5% |G-
EPAL [Sigma-Aldrich, 13021]; EDTA-free Protease inhibitor cocktail
[Roche Diagnostics, 05056489001]). Cell debris was removed by two
successive centrifugations (10 min; 1600g; 4°C, followed by 10 min;
10,000g; 4°C), after which the supernatant was kept. The resulting
cytoplasmic extracts were deposited onto 10%-50% W/V sucrose
gradients in Buffer A (20 mM HEPES-KOH; 150 mM NaCl; 10 mM
MgCl,; 1 mM DTT) and ultracentrifuged using a Beckmann Coulter
SW41 rotor at 40,000 rpm at 4°C for 2 h. Polysome profiles were
read at A,s4 and collected using a Fraction Collector system (Foxy R1;
Teledyne Isco). Polysome fractions were pooled, mixed with Buffer A
to a volume of 11 mL, and sucrose was removed by ultracentrifuga-
tion using a Beckmann Coulter SW41 rotor at 39,000 rpm at 4°C for
1 h 10 min. Polysome pellets were resuspended in 40-50 uL of Buffer
A, and RNA concentration was assessed by Nanodrop measurements.

Cryo-EM sample preparation and single particle
analysis

Cryo-EM grids were prepared and imaged at METI, the Toulouse cryo-
EM facility. Purified polysomes were diluted in Buffer A to reach an RNA
concentration of 300-400 ng/pL. 3.5 pL of solution was deposited onto
freshly glow-discharged (Pelco Easy Glow system operating at 35 mA,
305s) holey carbon grids (QUANTIFOIL R2/1, 300 mesh with a 2-nm
continuous layer of carbon on top). Grids were plunge-frozen using a
Leica EM-GP automat; temperature and humidity level of the loading
chamber were maintained at 18°C and 95%, respectively. Excess of
solution was blotted with a Whatman filter paper no. 1 for 1.7-2.1 s, and
grids were immediately plunged into liquid ethane (-184°C). Cryo-EM
images were recorded on a Talos Arctica electron microscope (FEI;
Thermo Fisher Scientific) operating at 200kV and equipped with a
Gatan K2 summit-BioQuantum direct electron detector (counting
mode). Automatic image acquisition was performed with the EPU
Software (Thermo Fisher Scientific), at a magnification corresponding to
a calibrated pixel size of 1.02 A and a total electron dose of 40 e /A?
over 40 frames (maximum 1.05 e /A?/frame). Nominal defoci values
ranged from -0.6 to -2.7 um.

For each imaged sample—corresponding to polysomes purified
from two different clones of Ba/F3 WT, two clones of Ba/F3 Rps15
P131S and one clone of Ba/F3 Rpsl5 H137Y—more than 7000
stacks of frames were collected (Supporting Information S1:
Figures S4-S5 and Supporting Information S4: Table S9). Image
analysis was performed using RELION 4.0.* An overview of the
single particle processing scheme is presented in Supporting In-
formation S1: Figures S4-S5. Frame stacks were aligned to correct
for beam-induced motion using MOTIONCOR2.”> Contrast Transfer
Function (CTF) and defocus estimation were performed on the rea-
ligned stacks using CTFFIND4.”¢ The best micrographs were selected
for further analysis upon CTF maximum resolution on their power
spectra and visual inspection. Particles were automatically picked,
then extracted in boxes of 384 x 384 pixels, using the LogPicker
autopick option from RELION 4.0. A 2D classification was performed
on particle images binned by a factor of 4 to sort out bad particles and
free 40S subunits from complete 80S ribosomes. A subset of the
latter was used for an ab initio 3D reconstruction, and the resulting
3D map was used as a reference for 3D classification in six classes of
the particle dataset. Particles belonging to 3D classes with the best
level of detail were grouped, re-extracted without imposing any
binning factor, and a consensus 3D map was obtained using RELION’
s 3D auto-refine option, with resolution reaching 4.0 A and beyond
depending on the sample imaged. Local masks around ribosomal A, P,

and E sites were designed using Chimera.”” Masked classification was
then performed using the masked consensus 3D map as reference,
which allowed us to sort out ribosomes in either rotated-1 or
rotated-2 PRE-translocation states, or classes of ribosomes contain-
ing at least two tRNAs, in P and E conformations, and some blurred
density in the tRNA A region, as well as ribosomes with poorly de-
fined 40S subunits. A further 2D classification of the latter revealed
that they corresponded mostly to free 60S subunits (Supporting In-
formation S1: Figure S4). Particles belonging to 3D classes with P/P
and E/E tRNAs were pooled and further submitted to a 3D classifi-
cation against a low-pass filtered version of a human ribosome in a
classical-PRE conformation (PDB-6YOG!Y), which allowed to separate
classical-PRE from POST-translocation ribosomes. Particles from each
class were submitted to RELION’s 3D auto-refine option, followed by
CTF Refinement, particle polishing, and a final round of orientation
refinement (3D auto-refine option, with an ad-hoc binarized and soft-
edged mask). Map resolutions were estimated at this step according to
gold-standard Fourier Shell Correlation (FSC) at 0.143. Postprocessed
maps of each ribosomal state were calculated either using the post-
processing option in RELION or DeepEMhancer.”®

Al-based structural heterogeneity assessment within
the cryo-EM datasets

In order to characterize their nature and level of structural hetero-
geneity, particles belonging to the 3D consensus map of ribosomes
purified from each clone type were also subjected to Al-based sorting by
cryoDRGN version 2.3.07% (Supporting Information S1: Figure S6). All
models were trained for 50 epochs, parallelized through several GPUs.
Particles were downsampled to a box size of 128 pixels with a pixel size
of 3.06 A/pixel for evaluation. We trained a cryoDRGN model on these
downsampled particles with three layers and 512 nodes per layer for
both the encoder and decoder network architectures (termed 512 x 3)
and an 8-dimensional latent variable Z. This resulted in separated clus-
ters of Z values, suggesting that the heterogeneity in the dataset arises
from discrete particle populations with distinct compositions, consistent
with the 3D classification results obtained in RELION. Particles from
each cluster (Supporting Information S1: Figure S6A) were filtered and
counted using k-means clustering implemented into the cryoDRGN
Jupyter notebook (Supporting Information S1: Figure SéB). Using
cryoDRGN, we generated reconstructions corresponding to directions
along the top principal component of the latent space, visualized in
Supporting Information: Movies 1 (Rps15 WT) and 2 (Rps15 H137Y).

Cryo-EM maps interpretation

Atomic models and cryo-EM maps of mammalian ribosomes in classical-
PRE (PDB-6YOG'?), rotated-1 PRE (emd-2904°7), rotated-2 PRE (PDB-
6Y57Y), or POST-translocation (PDB-5AJ0%7) ribosomes were first fit-
ted within the experimentally obtained cryo-EM maps as rigid body
using the “fit” command in UCSF Chimera.”” Manual refinements and
adjustments, as well as flexible and jiggle fittings, were then realized on
various chains of the models in Coot.2° Final atomic models were refined
using REFMACS5 and Phenix.8%®2 Final model evaluation was done with
MolProbity.8® Overfitting statistics were calculated by a random dis-
placement of atoms in the model, followed by a refinement against one
of the half-maps in REFMACS, and Fourier shell correlation curves were
calculated between the volume from the atomic model and each of the
half-maps in REFMACS5 (Supporting Information S4: Table S9). Maps and
models visualization was done with Coot, UCSF Chimera, and Chimer-
aX.”” Figures and movies were created using ChimeraX and the open
source video editor kdenlive (https://kdenlive.org).
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Ribosome collision assays

Cells grown to 1.5-1.8 x 10° cells/mL were supplemented with aniso-
mycin (A9789; Sigma-Aldrich) or emetine (E2375; Sigma-Aldrich) for
15 min at concentrations of 3.8 uM or 380 uM (anisomycin) and 1.4 uM
(emetine). Following treatment, cells were collected by gentle cen-
trifugation (5 min, 300g, 4°C), and the pellet (corresponding to a total
number of cells of 45 x 106) was rinsed once with 10 mL of PBS and
then lysed by resuspension for 20 min in 800 pL of ice-cold lysis buffer
(20 mM HEPES-KOH [pH 7.6]; 2.5 mM MgCl,; 100 mM NaCl; 0,25%
sodium deoxycholate [D6750; Sigma-Aldrich]; 0.5% IGEPAL [I3021;
Sigma-Aldrich]; EDTA-free Protease inhibitor cocktail [05056489001;
Roche Diagnostics]). Cytoplasmic extracts were prepared by two suc-
cessive centrifugations of 10 min at 1600g and 4°C, then 10 min at
10,0008 and 4°C, where the supernatant was kept. Extracts containing
250 ug of total RNA (as estimated from Nanodrop NP80 IMPLEN
measurement) were treated with RNase A (EN0531; Thermo Fisher
Scientific) at 4 mg/L for 15min at 4°C, which was then stopped by
200U of SUPERaseln (AM2694; Thermo Fisher Scientific). Untreated
and RNAse-digested extracts were run through 10%-50% or 10%-35%
sucrose gradients (20 mM HEPES-KOH; 150 mM NaCl; 10 mM MgCl,;
1mM DTT), respectively, using a Beckmann Coulter SW41 rotor at
40,000 rpm at 4°C for 2 h. The sedimentation profiles were read at A,s4
and collected using a Fraction Collector system (Foxy R1; Teledyne Isco).
Quantifications were performed using the Fityk software®* by measur-
ing the area under the curve of polysomal fractions within the regions
indicated by double arrows in Figure 4B and Supporting Information S1:
Figure S7, for both untreated polysomes and collided ribosomes.
The collision-to-polysome ratio was then calculated as the ratio of the
collision area over the untreated polysome area.

Cell viability assay

Ba/F3 cells were seeded in 50 uL RPMI-1640 medium (10% FBS,
1 ng/mL IL3) at 5000 cells/well in 384-well plates and treated with
increased concentrations of anisomycin and emetine. Antibiotics
were added to the cells using a D300e Digital Dispenser (Tecan). Cell
proliferation was assessed after 48 h using ATPlite 1-step Assay
system (PerkinElmer), and luminescence was measured on a VICTOR
multilabel plate reader X4 (PerkinElmer).

Relative proliferation was calculated by subtracting the baseline
luminescence values measured prior to treatment from those
recorded after 48 h. Data were further normalized to account for
variations in initial cell number and expressed as a percentage relative
to untreated cells.

Dual luciferase reporter assays

Luciferase reporter constructs were generated by engineering mod-
ified versions of the pmGFP-P2A-K0O-P2A-RFP and pmGFP-P2A-K
(AAA)20-P2A-RFP plasmids (Addgene plasmids #105686 and
#105688).8° Briefly, PCR-amplified fragments encoding Renilla and
Firefly luciferases were inserted into the pCl-Neo vector (Promega)
using the Nhel-Xhol and Xbal-Notl restriction sites, respectively,
yielding a pCl-Neo-Renilla-Firefly construct. Fragments containing
the reporter sequence (named “spacer” in Figure 6D), containing ei-
ther no or 20 consecutive AAA (lysine) codons and insulated by P2A
sequences (P2A-KO-P2A or P2A-K(AAA)20-P2A) were PCR-amplified
from pmGFP-P2A-K0-P2A-RFP and pmGFP-P2A-K(AAA)20-P2A-
RFP, respectively, and subsequently cloned into the pCl-Neo-Renilla-
Firefly vector at the Xhol-Xbal sites, yielding pCl-Neo-Renilla-
P2A-KO-P2A-Firefly and pCl-Neo-Renilla-P2A-K(AAA)20-P2A-Firefly

constructs. A pCl-Neo-Renilla-P2A-P(CCA)20-P2A-Firefly reporter
containing 20 consecutive CCA (Proline) codons was obtained by
inserting a (CCA), insert at the Sall restriction site of the Renilla-
P2A-KO-P2A-Firefly construct. One million WT or Rps15-mutant cells
were electroporated using a BioRad gene pulser Xcell Eukaryotic
system device [1652661; BioRad] (square wave; 175V; 6x2.5ms
pulse; 0.1 ms interval) with 1 ug of control or codon reporter con-
structs. Electroporated cells were plated in 2 mL of recovery media
(Opti-MEM + GlutaMAX [Gibco]; 5% FBS; 1.25 ng/mL IL-3) in 12-well
plates. Cells were lysed 24 h after transfection, and luciferase activ-
ities were measured with the Dual-Luciferase Reporter Assay System
(Promega) in a GloMax 20/20 luminometer (Promega). The RLuc ac-
tivity was normalized against the activity of Fluc.

TE calculation

After mapping and quantifying both RPFs and mRNA reads, the TE for
each gene was estimated as the ratio of RPF-count to RNA-count. Using
the WT condition as control, a log, fold-change was calculated for each
gene separately from the RNA data and the RPF data. These changes
(RNA and RPF) were then combined via the deltaTE methodology™ to
detect significant changes in TE. Gene considered as “differentially
translated” with increased or decreased translation were identified using
different thresholds, including a significant (pAdj < 0.1) difference of 25%
(up or down) in TE FC, as well as at least a significant (pAdj < 0.05)
difference of 25% in RNA or RPF FC. Gene considered as “buffered”
were identified with the method described in Chothani et al.>®

Codon occupancy analysis

Reads within the 28-30 nucleotide range were extracted using
the SeqKit tool (v2.1.0) and aligned to the Mus musculus coding
transcriptome (GRCm37-M28) with the STAR aligner (v2.7.9a).
Only reads showing a perfect match were retained for downstream
analyses. The optimal P-site offset was determined based on the 5’
ends of the selected reads relative to the translation initiation site.
Specifically, the offset was inferred from the global distribution
of reads around the start codon (AUG, encoding methionine), with
the most frequent position defining the P-site offset. Following the
methodology described in,*® reads in the 0 and -1 reading frames
were used to establish an offset of 6 nucleotides from the 5'-end.

Once the positions of the three ribosomal sites (E, P, and A) were
identified, the reads were trimmed at the 5’-end to retain only these
sites along with their 3’ flanking regions. The flanking regions cor-
respond to the three codons downstream of the A site that are not
involved in tRNA binding and serve as nontranslated controls for
codon occupancy estimation. Ribosome occupancy was quantified by
calculating the frequency of each codon within the E, P, and A sites
and in the flanking regions. The final ribosome occupancy metric was
obtained by dividing the codon frequency at a given ribosomal site by
the average codon frequency observed in the flanking regions.

Analysis of codon frequency enrichment in ORFs

Codon frequency analysis was performed using ORF sequences corre-
sponding to the most abundantly expressed transcript variant of each
gene in Rps15 mutant Ba/F3 cells, as determined by Salmon.2® Mouse
OREF sequences for these transcripts were retrieved from Ensembl using
the R/Bioconductor package BioMart.2” Codon frequencies for all 64
codons were obtained by dividing the count of each codon by the total
number of codons in the corresponding ORF. The weighted 11- codon
score for each transcript was calculated by summing, across all
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11 selected codons, the product of each codon's frequency and its FC
enrichment in the group of translationally downregulated transcripts in
Rps15 mutants.*’ Codon frequency analysis was performed similarly on
canonical human ORF sequences retrieved from Ensembl after con-
verting mouse gene symbols to their human homologs using the table
available at https://www.informatics.jax.org/downloads/reports/HOM _
MouseHumanSequence.rpt.

GSEA analysis

Gene sets were ordered by corresponding ranking metrics (Log2FC TE,
Log2FC protein abundance or weighted 11-codon score) prior to GSEA
analysis®® using R package ClusterProfiler®® with default settings. Gene
Ontology,”® Kyoto Encyclopedia of Genes and Genomes (KEGG),”*
Reactome,”? and MsigDB88 were used as annotation databases. Results
were filtered on Benjamini-Hochberg calculated adjusted P-values
(pAdj<0.05) or on noncorrected P-values (P <0.05) for proteomic
analysis. Complete lists of enriched results are shown in Supporting
Information S4: Tables S2, S3, and S4. To reduce redundancy in the list
of significantly enriched terms that are in common between both
analyzed Rps15 mutant versus WT, a Jaccard similarity matrix was
calculated for each term based on core leading edge genes, followed by
hierarchical clustering from which 5 to 10 representative clusters were
extracted. Representative enriched terms were manually selected from
the wider clusters for graphical representation.

Transcription factor enrichment analysis

The ChEA3 R package®* was used for transcription factor enrichment
analysis, starting from significantly downregulated genes (pAdj < 0.05
and FC < 0.67).

Proteomics analysis of Ba/F3 cells

At least three independent Ba/F3 cell clones of each analyzed gen-
otype (Supporting Information S4: Table S1) were starved of serum
and interleukin 3 (IL3) in RPMI 1640 medium (Gibco) for two hrs at
37°C (5% CO,), at a density of 1x10° cells/mL, followed by a
30 min stimulation with 1 ng/mL IL3. After this, cells were pelleted,
snap-frozen, and stored at -80°C for later processing by the VIB
Proteomics Core (Ghent). Cell pellets were lysed in a urea lysis buffer
(9M urea, 20mM HEPES, pH 8.0, and PhosSTOP phosphatase
inhibitor cocktail [Roche, 1 tablet/10 mL buffer]). Samples were
sonicated with 3 pulses of 15 s at an amplitude of 20% using a 3 mm
probe, with incubation on ice for 1 min between pulses. After cen-
trifugation for 15 min at 20,0009 at room temperature (RT), 5mM
dithiothreitol was added, followed by incubation for 30 min at 55°C.
lodoacetamide (10 mM) was added, followed by an incubation for
15 min at RT in the dark. Based on a Bradford assay (Bio-Rad), 2 mg
protein from each sample was used to continue the protocol. Samples
were diluted with 20 mM HEPES pH 8.0 to a final urea concentration
of 4M and proteins were digested with 20 ug LysC (Wako) (1/100,
w/w) at 4 hours at 37°C. Samples were again diluted to 2 M urea and
digested with 20 ug trypsin (Promega) (1/100, w/w) overnight at
37°C. After the addition of 1% trifluoroacetic acid (TFA) and 15 min
incubation on ice, samples were centrifuged for 15 min at 1780g at
RT. Next, peptides were purified on SampliQ SPE C18 cartridges
(500 mg; Agilent). Columns were first washed with 5mL 100% acet-
onitrile (ACN) and pre-equilibrated with 15 mL of solvent A (0.1% TFA
in water/ACN (98:2, v/v)) before samples were loaded on the column.
After peptide binding, the column was washed with 5 mL of solvent A

and peptides were eluted twice with 700 uL elution buffer (0.1% TFA
in water/ACN (20:80, v/v)). A volume of 100 uL of eluted peptides
was dried completely in a SpeedVac vacuum concentrator and re-
dissolved in 20 uL solvent A, and peptide concentration was de-
termined on a Lunatic spectrophotometer (Unchained Labs). 2 ug of
each sample was injected for LC-MS/MS analysis on an Ultimate
3000 RSLCnano system in-line connected to an Orbitrap Fusion Lu-
mos mass spectrometer (Thermo) equipped with a pneu-Nimbus dual
ion source (Phoenix S&T). Trapping was performed at 10 pL/min at
4 min in solvent A on a 20 mm trapping column (made in-house, 100
um internal diameter (I.D.), 5 um beads, C18 Reprosil-HD, Dr. Maisch)
and the sample was loaded on a 200 cm micro pillar array column
(PharmaFluidics) with C18-endcapped functionality mounted in the
Ultimate 3000's column oven at 50°C. A fused silica PicoTip emitter
(10 um inner diameter) (New Objective) was connected to the uPAC
outlet union. Peptides were eluted by a nonlinear increase from 5 to
55% MS solvent B (0.1% FA in water/ACN (2:8, v/v)) over 145 min,
first at a flow rate of 750 nL/min, then at 300 nL/min, followed by a
10-min wash reaching 99% MS solvent B and re-equilibration with
MS solvent A (0.1% FA in water). The mass spectrometer was oper-
ated in data-dependent mode, automatically switching between MS
and MS/MS acquisition. Full-scan MS spectra (300-1500 m/z) were
acquired in 3s cycles at a resolution of 120,000 in the Orbitrap
analyzer after accumulation to a target AGC value of 200,000 with a
maximum injection time of 250 ms. The precursor ions were filtered
for charge states (2-7 required), dynamic exclusion (60s; +10 ppm
window), and intensity (minimal intensity of 5E3). The fragments were
analyzed in the lon Trap Analyzer at a normal scan rate. Data from
LC-MS/MS runs were combined using the MaxQuant algorithm
(version 1.6.11.0) with mainly default search settings, including a false
discovery rate set at 1% on PSM, peptide, and protein level. Spectra
were searched against the mouse protein sequences in the Uniprot
Reference Proteome database (database release version of June
2019), containing 22,282 sequences (www.uniprot.org).

Data analysis and statistical testing

Data analyses were mainly performed using the R statistical pro-
gramming language (R Core Team, 2021. R: A Language and En-
vironment for Statistical Computing. R Foundation for Statistical
Computing, Vienna, Austria; https://www.R-project.org/). Unless
otherwise specified, adjusted P-values were calculated using two-way
ANOVA followed by Tukey’'s HSD post hoc test (*padj<0.05,
**padj < 0.01, ***padj < 0.001).

Ribosome collisions and dual luciferase reporter assays were
statistically analyzed using GraphPad Prism (v10.0.3). Quantitative
data are presented as mean * standard deviation (SD). Exact sample
sizes, statistical test methods, and P-values are specified in the figure
legends. A significance level of P <0.05 was considered statistically
significant.
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