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ABSTRACT

n ribosomopathies, the Diamond-Blackfan anemia (DBA) or 5g- syn-

drome, ribosomal protein (RP) genes are affected by mutation or deletion,

resulting in bone marrow erythroid hypoplasia. Unbalanced production
of ribosomal subunits leading to a limited ribosome cellular content regu-
lates translation at the expense of the master erythroid transcription factor
GATA1. In RPS14-deficient cells mimicking 5q- syndrome erythroid defects,
we show that the transcript length, codon bias of the coding sequence (CDS)
and 3’'UTR (untranslated region) structure are the key determinants of trans-
lation. In these cells, short transcripts with a structured 3’'UTR and high
codon adaptation index (CAI) showed a decreased translation efficiency.
Quantitative analysis of the whole proteome confirmed that the post-tran-
scriptional changes depended on the transcript characteristics that governed
the translation efficiency in conditions of low ribosome availability. In addi-
tion, proteins involved in normal erythroid differentiation share most deter-
minants of translation selectivity. Our findings thus indicate that impaired
erythroid maturation due to 5g- syndrome may proceed from a translational
selectivity at the expense of the erythroid differentiation program, and sug-
gest that an interplay between the CDS and UTR may regulate mRNA trans-
lation.

Introduction

A haploinsufficiency or mutation of ribosomal protein (RP) genes causes alter-
ations in the ribosome’s translation capacity; these disorders are known as “riboso-
mopathies”. Diamond-Blackfan anemias (DBA) are provoked by heterozygous loss-
of-function mutations in one of 18 different RP genes," whilst the haploinsufficiency
of the RPS14 gene accounts for the erythroid phenotype in 5¢- syndrome.” In these
diseases, the bone marrow (BM) erythroid lineage is commonly hypoplastic and
this has prompted the search for the mechanisms underlying specific dysregulation
of translation. Several models have been proposed to explain the observed pheno-
types in ribosomopathies.” In one model, changes in the cellular ribosome concen-
tration relative to mRNA levels may cause changes in the translation efficiency of
different classes of transcripts due to the competition for ribosomes among the cel-
lular mRNA content.’ In a second model, specialized ribosomes with a modified RP
composition, or with RP or rRNA modifications, could be responsible for changes
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in the interactions with mRNAs and tissue-selective trans-
lation.” In a third model, the erythroid transcription factor
GATA1 is selectively targeted by translation impairment
in DBA or post-translational cleavage by caspase in 5g-
syndrome.”” DBA and 5g- myelodysplastic syndromes
(MDS) have insufficient globin production leading to
excess of free heme, accumulation of reactive oxygen
species and cell death.® Furthermore, free heme stops
GATA1 synthesis and its suppression of the heme-regulat-
ed inhibitor (HRI) activity and subsequent elF2a phospho-
rylation is inefficient to rescue globin translation.”"’

Cellular models of DBA that were developed by
expressing a shRNA to RPS19 and of somatic 5q- syn-
drome through the same silencing mechanism for
RPS145" support a role for the unbalanced production of
ribosome subunits in the translational decrease of GATA1
transcript which could be dependent on the structure of its
5'UTR (untranslated region).*"” A global assessment is thus
needed of the rules governing translation specificity when
ribosome production is diminished. In our current study,
we investigated mechanisms that regulate translation
under conditions of limited ribosome availability and
assessed their contribution to the normal human erythroid
differentiation process. We analyzed the characteristics of
transcripts occupied by ribosomes under conditions of
RPS14 downregulation in both cell lines and primary cells.
Our results indicate that the transcript length, codon usage
and 3’UTR structure are key factors governing the transla-
tion selectivity.

Methods

Cell culture

Human erythroblasts were derived from CD34" cord blood pro-
genitors and infected by non-inducible GFP-pLenti X1 vector con-
taining shRPS74 or shSCR. The UT-7/EPO cell line was trans-
duced with a scrambled (SCR) or RPS14 shRNA cloned into a
pLKO.1 Tet-On vector, selected with puromycine (1 mg/mL) and
induced with doxycycline (0.2 ug/mL) for 3 days. Cord blood and
other patient samples were obtained from the Centre
d’Investigation Clinique Paris Descartes Necker Cochin through
the Programme Hospitalier de Recherche Clinique (PHRC MDS-
04; INCa-DGOS-5480; IRB IdF 2753).

Quantitative proteomics and data analysis

Label free quantification (LFQ) proteomic experiments were
performed as described previously." For data and statistical analy-
ses, the MS data were processed with MaxQuant version 1.5.2.8
using human sequences from the Uniprot-Swiss-prot database
(Uniprot, release 2015-02) with a false discovery rate (FDR) below
1% for both peptides and proteins. LFQ results from MaxQuant
were imported into Perseus software (version 1.5.1.6). Protein
copy numbers per cell were then calculated using the Protein ruler
plugin of Perseus by standardization to the total histone MS sig-
nal.* Raw data were deposited, and processed data are provided
in the Online Supplementary Table S1. The abundances of erythroid
progenitor, precursor and mature stage proteins were obtained
from our two previous studies.”*"

Oligonucleotide microarrays: transcriptome and
translatome analysis

RNA was extracted from total cell lysates or from purified
heavy polysomes for gene expression profiling on an Affymetrix
GeneChip Human transcriptome 2.0 (HTA 2.0, Thermo Fisher
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Scientific, Waltham, MA, USA). Differential expression analysis
was then carried out using a Student t-test corrected by signifi-
cance analysis microarrays (SAM). Differentially expressed genes
were selected using a P-value cut-off <0.05, a calculated g-value
<0.05 and a minimum fold-change of >1.5 or <1/1.5. These genes
were annotated using the Gene Ontology consortium software
(www.geneontology.org/). Cytoscape (v3.2.1) and Enrichment Map
plug-in were used to generate networks for gene sets enriched
with an FDR <0.1.

Codon usage, upstream open reading frames and
structure prediction analysis

The codon adaptation index annotation and relative synony-
mous codon usage (RSCU) analysis were performed using the
CAlcal tool (www.genomes.urv.es/CAlcal/)."

Flow cytometry, western blotting and
real-time-quantitative polymerase chain reaction

All antibodies and primers are listed in the Online Supplementary
Appendix.

Statistical analysis

The statistical analysis of each plot is described above or in the
corresponding figure legend. All grouped data values are presented
as a meanz=standard deviation (SD) or standard error of the mean
(SEM). All boxes and whisker plots of expression data are present-
ed as medians + interquartile range. P-values were calculated using
a two-sided Mann-Whitney U-test, Student t-test or Kruskal-
Wallis ANOVA test with GraphPadPrism software (GraphPad
Software, San Diego, CA, USA). Gene set enrichment analysis
(GSEA) was based on the Kolmogorov-Smirnov test.

Data accessibility

The raw and preprocessed HTA 2.0 microarray data are publicly
available at the National Center for Biotechnology Information
(NCBI) Gene Expression Omnibus (GEO) database (GEO;
GSE108822). The raw and preprocessed proteomic data are avail-
able via ProteomeXchange with identifiers PXD008650 and
PXD009258. Several published datasets were used: (GEO
GSE126523; GSE15061; GSE89183; GSE85864; GSE95854).

Results

Limited ribosome availability leads to a translational
defect of GATAL

We first investigated the expression of the GATA1 gene
in the context of RPS14 downregulation by infecting
human primary erythroblasts with a non-inducible pLenti
X1 shRPS14 vector (Figure 1A). At 3 days post infection,
the expression of GATA1 protein was decreased together
with a lower percentage of differentiated glycophorin A
(GPA)" cells (Figure 1B and Omnline Supplementary Figure
S1A). Consistently, immuno-histochemistry analysis of
BM biopsy sections and immunofluorescence microscopy
of cultured erythroblasts confirmed that GATA1 was less
abundant in del(5q) MDS compared to control erythrob-
lasts (Figure 1C and Omnline Supplementary Figure S1B). By
contrast, publicly available transcriptome data for del5q
patients indicated that GATA1 transcript levels were nor-
mal in MDS with del(5q) (Online Supplementary Figure
S1C)."7 This suggests that GATA1 gene expression is main-
ly regulated at a post-transcriptional level.

To investigate this regulatory scenario further, we estab-
lished stable UT-7/EPO shRPS14 cell lines via an inducible
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Figure 1. RPS14 downregulation results in limited ribosome availability and reduced GATA1 translation. (A-C) Knockdown of RPS14 by shRNA in human primary
erythroblasts from healthy donors. (A) Schematic workflow. (B) RSP14 and GATA1 protein expression determined by western blot. Actin was used as a loading control
(n=3). (C) (Left) Representative immunohistochemical images of human bone marrow biopsies stained for GATA1 protein (brown) and counterstained with
Hematoxylin & Eosin in del5q patients (n=3) and normal healthy controls (n=3). (Right) A comparison of single cell saturation intensity between patients and healthy
controls. A Mann-Whitney test was used to calculate P-value. (D-L) Knockdown of RPS14 in the UT-7/EPO cell line via inducible shRNA (sh640 and sh641). (D)
Schematic workflow. (E) GATAL protein expression determined by western blot. Signals were quantified by normalization to actin (n=3). (F) Transcriptome analysis of
UT-7/EPO shRPS14 cell lines. Gene set enrichment analysis (GSEA) shows variations in GATA1 targets. (G) Bioanalyzer quantification of 18S and 28S rRNA expressed
as mean ratioststandard error of mean (SEM) (n=3). (H) Quantitative proteomic analysis of ribosomal protein (RP) from whole cell lysates. Data are expressed as a
fold change in the copy number per cell between shRPS14 and shSCR conditions in doxycycline-induced cells (n=3). () Absolute quantification of translation by quan-
tification of O-propargyl-puromycin (OPP) incorporation per cell by flow cytometry, shown by the mean fluorescence intensity+SEM (n=3). (J) Polysome profiling. Free
408, free 60S and ribosome 80S (fraction I), light and medium polysomes (fraction Il), and heavy polysomes (>5 ribosomes; fraction lll) are indicated. (K and L)
Relative distribution of GATAL1 and MYC mRNA in ribosomal fractions. Quantification values determined by real-time-quantitative polumerase chain reaction are
expressed as mean+SEM (n=3). Unpaired two-tailed Student t-test: *P<0.05; **P<0.01; ***P<0.001.
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Figure 2. Selective translation in UT-7/EPO
shRPS14 cell lines. (A) Schematic workflow
showing RNA extraction from actively trans-
lating polysomes (translatome) or from
whole cell lysates (transcriptome) in
shRPS14 640, shRPS14 641 and shSCR
cells to be used for microarray analysis.
Comparative analysis of the translatome
related to the transcriptome and the deter-
mination of transcripts with the largest
translational efficiencies variation (ATE) are
shown. (B) 2D density plot of the log,(fold-
change, FC) values obtained for the trans-
latome and transcriptome. A Spearman test
(r coefficient with 95% confidence interval
and P-value) was used for correlation analy-
sis. (C) Post-transcriptionally regulated com-
ponents with an (FCtranslatomJFCtranscnptome)
ratio >1.5 or <1/1.5 were overlaid as red or
blue dots, respectively. (D) Gene set enrich-
ment analysis (GSEA) of differentially
expressed genes in the translatome and
transcriptome. Enriched cellular programs
are indicated using the Enrichment Map App
of Cytoscape software (P-value cut-off =
0.005, g-value cut-off = 0.1). Nodes repre-
sent the gene sets that were enriched at the
top or bottom ranking of the differentially
expressed genes. Node size corresponds to
the number of genes in the set. Edges indi-
cate overlaps between gene sets and the
line thickness indicates the similarity coeffi-
cient between gene sets in red for less
impacted and blue for downregulated
genes. The node color depends on the false
discovery rate (FDR) value as shown on the
scale. Clusters of nodes were determined
with the Autoannotate App and are repre-
sented by the circles. (E) Heatmaps repre-
senting the significantly up- or downregulat-
ed transcripts in the translatome and tran-
scriptome with a P-value cut-off <0.05, a
calculated g-value (FDR) in significance
analysis microarrays (SAM) <0.05 and a
minimum fold-change of >1.5 or <1/1.5.
The color scale representing the minimum
and maximum expression per row is indicat-
ed. (F) Numbers of significantly up- or down-
regulated transcripts shown as doughnuts.
(G) Venn diagram showing the overlap
between the significantly less impacted or
more downregulated transcripts in the
translatome and transcriptome.




- l. Boussaid et al.

A
hSCR Transkatome Codon Adaptation Index of CDS
/'s \A Vienna RNA package
! J ! structure prediction
Polysome mRNA /V / . of 5UTR and 3UTR
L JL ]
T Pshres1a [ A [ il £ ’ﬁ‘%
= f Top 100 down Top 100 up P ?J %)
TR Length
Total mRNA | i Folding en(e:%y perbase
B
° Transcriptome Translatome Translatome / Transcriptome
17, . . "
83
g3
=T
Do
o E
5 g
¥ X
= QO
2 <1 104 T T 3 -1.04 T T ) -1.04 T : ]
[To] 100 1000 10 000 100 1000 10 000 100 1000 10 000
5'UTR length (base)
c [0]
2
Se
g3
ST
D6
) £
w g
x X
= Q
2 < .08 : : T n -0.84 T : T ! -0.84 r T r |
™ 100 1000 10000 100 000 100 1000 10000 100 000 100 1000 10000 100000
3'UTR length (base)
D E F
Length (CDS + UTRs) (base) g 10°
- n
00 " 0 100 000 2 “é
5 g 3w
£ ® 10
S8 > £
g g -0.24 %) ?
ST [V e Q &
‘g E E:) O 1034
w g =
o X 041 B B
EQ 2 g
5 g -
2 2 T . T !
> 100.6 07 0.8 0.9 1.0
0.6

Codon Adaptation Index

Figure 3. The codon adaptation index, coding sequence length and thermodynamic characteristics of the 3'UTR in an mRNA govern its translation selectivity under
conditions of limited ribosome availability. (A) Schematic representation of the workflow: RNA from actively translating polysomes or whole cell lysates were analyzed
using Affymetrix microarrays. The top 100 most expressed (in red) and less expressed (in blue) transcripts were identified by calculating the log,fold change (FC) of
the values in shRPS14 compared to shSCR cell lines. The codon adaptation index (CAl) of the coding sequence (CDS) and the thermodynamic characteristics of the
untranslated regions (UTR) including the fold energy, length, and energy per base were determined. Comparisons were made of the CDS and UTR characteristics of
the top 100 less impacted and downregulated transcripts in the UT-7/EPO shRPS14 translatome and transcriptome. (B and C) Thermodynamic landscape: bi-para-
metric scatter-plots are shown with the energy per base on the y axis and length on the x axis in a log scale of 5’UTRs (B) and 3’UTR (C). All transcripts described in
the University of California Santa Cruz (UCSC) database are represented by gray dots. Red dots denote the top 100 less impacted transcripts and blue dots represent
the top 100 more downregulated transcripts in the transcriptome, translatome and FC,, qaome/ FCuranscripome @Nalysis. GATAL is indicated by a green triangle. (D) Bi-
parametric scatter-plot in a log scale representing the free-energy per base of the 3'UTR and length (CDS+UTR) of each transcript described in the UCSC database,
represented as gray dots. Red dots denote the top 100 less impacted transcripts and blue dots indicate the top 100 more downregulated transcripts in
FC,ansiatome/ FCrranscriptome @NAIYSIS. (E) CROSS global score consensus prediction of the secondary structure profile of the top 100 less impacted (in red) and more down-
regulated (in blue) impacted transcripts identified by FC,, qatome/ FC.ranscriptome @NAIYSIS. Row scores are represented by the light color lines. Mean scores are denoted
by the dark color lines. (F) For all human transcripts, the CAl and their respective transcript length (CDS+UTR) are represented as gray dots in a bi-parametric scat-
ter-plot on a log scale. Red dots indicate the top 100 less impacted transcripts and blue dots denote the top 100 more downregulated transcripts in the
FC, analysis. P-values were calculated using a two-sided Mann-Whitney U-test.* P<0.05 ***P<0.001.
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lentiviral vector (Figure 1D). Consistent with our human
primary cell model and patient data, the GATA1 protein
expression level was found to be decreased without any
change in the transcript level (Figures 1E and Omnline
Supplementary Figure S1D). After shRPS14 induction, pro-
liferation was decreased, as evidenced by the accumula-
tion of the cells in G1 phase and the induction of apopto-
sis, and membrane GPA expression was diminished
(Online Supplementary Figure S1E-H). Transcriptome analy-
sis of the UT-7/EPO shRPS14 cell lines indicated a signifi-
cant modulation of GATA1 target genes including a
decreased expression of the majority of activated GATA1
targets and an increased expression of the usually
repressed GATA1 targets (Figure 1F Online Supplementary
Table S2 and Online Supplementary Figure S11-K). As
expected, the 185/28S ratio was diminished (Figure 1G).
The quantity of ribosomes per cell was then assessed by
label-free mass spectrometry (MS), which enabled an
absolute quantification of RP by using histone signals as
an internal calibrator.*"* The quantity of RP of the small
subunit 40S, expressed as fold-change (FC) in the copy
number per cell, was decreased by 50% in the UT-7/EPO
shRPS14 cells (Figure 1H) compared to the shSCR cells
(Online Supplementary Table S1). By contrast, the quantity
of RP of the large subunit 60S (RPL) was less impacted,
thus confirming an unbalanced expression of RP.
Consistently, an absolute quantification using O-propar-
gyl-puromycin (OPP)-click-iT® revealed that translation
had been globally decreased by half (Figure 1I). The
polysome profiling of UT-7/EPO shRPS14 cell lines indi-
cated a strong reduction or absence of the free 40S and a
relative increase in the free 60S. The quantity of the entire
80S ribosome was reduced and the height of polysome
peaks was lower, revealing that an RPS714 downregulation
results in a decreased translating ribosome content (Figure
1]). We collected the sub-fractions corresponding to 40S,
60S, 80S, light and medium polysomes with 2-5 ribo-
somes on an mRNA, and heavy polysomes that contain
>5 ribosomes on an mRNA. Other than 40S, the sub-frac-
tions were pooled as fraction I representing 60S and 80S,
fraction II representing light and medium polysomes, and
fraction III representing heavy polysomes (Figure 1]). We

then compared the abundance of GATA1 and MYC mRNA
in each fraction. GATA7 mRNA was less abundant in the
heavy polysomes of shRPS74 cells and had shifted to
lighter fractions I and II (Figure 1K). This suggests that a
majority of GATA1 transcripts carried a lower number of
ribosomes. By contrast, the //YC mRNA profile did not
vary between conditions in any of the fractions (Figure
1L). We also confirmed the decrease of GATA1 translation
in K562 shRPS14 cell lines (Online Supplementary Figure
S1L-Q). Taken together, these findings indicate that an
RPS14 downregulation induces a decreased ribosome

availability leading to selective translation at the expense
of GATAL.

Global assessment of translation under limited
ribosome availability conditions

To address translation regulation as a whole in the UT-
7/EPO shRPS14 cells, we used Affymetrix HTA 2.0
microarrays to profile the mRNAs present on heavy
polysomes referred to as the translatome (Figure 2A). We
observed a weak correlation between the transcripts dif-
ferentially expressed in the translatome and transcriptome
of UT-7/EPO shRPS14 compared to UT-7/EPO shSCR cell
lines (Figure 2B; Spearman test; r=0.286; P<0.0001; Online
Supplementary Table S1). This weak correlation has already
been reported in other translatome and transcriptome
studies.”'* The ratio of fold change FC,,,.come/FCuanscriptome
enabled a determination of the transcripts with the largest
translational efficiency variations (ATE) (Figure 2C).
GATA1 mRNA was among the notable transcripts with a
downregulated TE (Figure 2B and C). GSEA coupled to
enrichment map visualization was then used to annotate
the differentially enriched biological pathways of the
translatome and transcriptome. Using a cytoscape repre-
sentation (Figure 2D and Online Supplementary Table S3),
we observed that the sets of genes less impacted by RP
loss in the translatome were clustered into biological path-
way annotations that included cell cycle and proliferation,
DNA repair and apoptosis, and RNA processing and trans-
lation. Conversely, the downregulated gene sets were
poorly clustered. The few sets of genes less impacted by
RP loss in the transcriptome were found to be involved in

D More expressed in shRPS14
Ksa2shSCR [T Ksa2shRPS74640 ] K562 shRPST4 641 condition than shSCR conditon
A B C E Lo
g 1o, o ®
g T B
Firefly luciferase 3 Renilla Luc @ 2
e 84 O J
itz et ————— R C\)) @ 3 te o "'i
c = ] 7}
# nucleic acid sequence alignment = 75% 8 4 Firefly Luc c Fireﬂ;Luc 5 64 2o 14
amino acide sequence alignment =100% a 075 Low CAl High CAI 3 g o ‘ ¢
= - & ] =0 3
Firefly luciferase B ] & 050004
Higeh{:;cea o s STOP N\ B o5 Rt £ ']
> =
2 o2s g 26 02500 1 I
g” £ 2 S€ 8
g Q S 0.1250
Renilla luciferase i S . % % O R R LB, = .= : *AEx
! e i 18T0P. S PSS P00, .o ]
Medium CAl N SO SO LA A § 0- L2 0.0625-
= ;
Codon Adaptation Index K& S Lessexprssedin shRPS14
Q\\é\ 04\ condition than shSCR condition
NS

Figure 4. Validation of codon bias as a determinant of translation selectivity. K662 shRPS14,,,, shRPS14,,, and shSCR cells were used in dual luciferase reporter
assays. (A) Schematic representation of the luciferase codon contents. (B) Frequency distribution of the codon adaptation index (CAl) values among all human tran-
scripts. The CAl of firefly and renilla luciferases are indicated. (C) Firefly/renilla luciferase activity in K562 shSCR cells comparing firefly luciferase with a high versus
that with a low CAl. (D) Ratios of firefly/renilla luciferase activity in K562 shRPS14 to K562 shSCR comparing firefly luciferase with a high or low CAl (n=13). Medians
are shown as white horizontal bars, boxes represent first and third quartiles, and whiskers represent minimal and maximal values. Light green denotes shRPS14,,
and dark green indicates shRPS14,,,. Unpaired two-tailed Student t-test: **P<0.01; ****P<0.0001.

Erythroid mRNA translation in RPS14 deficiency -

haematologica | 2021; 106(3) 751 -



- l. Boussaid et al.

- 752 haematologica | 2021; 106(3)

A
A1 " CAl 45 3'UTR AG.base™ ! 5'UTR AG.base™ ! 05 Transcript Length
> ’ D=0.36 ’ D=042 D=0.12 ’ D=0.10
3 — — — —
s| |1l I I |
=] [ [ [-) ]
8' D=042 D=0.18 D=0.10 D=028
{ s [ | — —_
"5 0.5 P=21x10"2® 0.54 P=123x10"'2 0.54 P=49x10°7 0.54 P=27x10"%
2
<
g
8 Alln=24597 Alln=24597 Alln=24597 Alln=24597
0 highest CAl n= 1000 0 c highest AG 3UTR n= 1000 0 c highestAG SUTR n= 1000 0 c shortest transcripts n= 1000
T S T S ) SRRSO S SO
PO FHRRERESEDE  OSESRRERETERE OO THRREEERERE SO SRREREHASS
Log, ATE
B A
10 CAl 3'UTR AG.base™’ 5'UTR AG.base™ ! 1o Transcript Length
> ' D=0.17 D=0.11 D=008 .
o L | L} ~
=
5 Il Il I
> [ [ [}
8‘ D=004 D=0.06 D=004
= —_ — | S—)
"5 0.5 P=22x10°® 0.5 P=101x10°¢ 0.54 P00 0.5
>
kS
=]
£
8 All n =24 597 Alln=24 597 Al n=24597
0 c highest CAl n =1000 0 c highest AG 3UTR n= 1000 0 c highest AG SUTR n= 1000 0 c shortest transcripts n= 1000
SO S SO
SO SAREREREDE SO SRARESERERS SO KRRERERERP ST RRESEHESS
>

Log, FC Transcriptome
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RNA polymerase I regulation while the few downregulat-
ed gene sets showed an involvement in cell proliferation
and steroid biogenesis. GO term enrichment analysis of
significantly impacted genes in the translatome and tran-
scriptome confirmed these findings (Online Supplementary
Table S3 and Online Supplementary Figure S2).

The highest and lowest expressed transcripts with an
FC >1.5 or <1/1.5 in the translatome and transcriptome
were subsequently selected (Figure 2E). A higher number
of transcripts of the translatome varied in comparison to
transcripts of the whole transcriptome (Figure 2F), with lit-
tle overlap between the transcripts found to be differen-
tially expressed in the translatome and in the transcrip-
tome (Figure 2G). We then extended our analysis to a pub-
lished dataset of DBA models targeting RPL5 or RPS19.”
Remarkably, despite differences in cell types, targeted RPs
and methods, the ATE across the models was highly cor-
related, particularly when RPS14- or RPS19-targeted cells
were compared (Online Supplementary Figure S2B). Since
these global expression analyses indicated uncoupling of
the translatome and transcriptome, we concluded that a
mechanism of selective gene expression regulation was
operating at a translational level.

The codon adaptation index, coding sequence length
and thermodynamic characteristics of the 3'UTR
govern the translation selectivity under conditions of
limited ribosome availability

Multiple mechanisms of translation regulation are
dependent on the mRNA sequence and structure.””” We

first focused our analysis on the contribution of UTR to
translation selectivity. We took advantage of the availabil-
ity of thermodynamic parameters of UTR in the
University of California Santa Cruz (UCSC) databases to
establish the thermodynamic landscape of all the refer-
enced 5" and 3'UTR in humans.” Secondary structures in
mRNA UTR are characterized by the enthalpy AG (fold
energy) and the length which are highly correlated (Online
Supplementary Figure S3A) and the fold energy per base
which relationship to the length is not linear, each of them
influencing translation efficiency (Online Supplementary
Figure S3B). We compared the 5’UTR and 3’'UTR parame-
ters of the 100 transcripts that were the less impacted or
the more downregulated in the translatome and transcrip-
tome (Figure 3A). The 5’UTR energy per base was similar
between the up- and downregulated mRNAs in the tran-
scriptome and was generally slightly stronger in the
mRNAs downregulated on the polysomes (Online
Supplementary Figure S3C). The 5’'UTR energy per base
measure provided a poor separation of the less impacted
and the more downregulated transcripts of the trans-
latome while the 3'UTR thermodynamic characteristics
were fully distinctive (Figure 3B and C). A strong negative
energy per base of the 3'UTR defining a highly structured
region and its shortness characterized the transcripts with
a lower presence on heavy polysomes, indicating that
they were less translated under conditions of RPS74
downregulation (Figure 3C and Online Supplementary
Figure S3D). By contrast, the 3’'UTR thermodynamic char-
acteristics of the most and the less expressed transcripts in
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the transcriptome were similar indicating that the regula-
tion took place at a translational level (Figure 3C, left).
An integrated analysis of the translatome and transcrip-
tome identified the transcripts with the largest ATE
(Figure 2C). The 3’"UTR but not 5’UTR characteristics effi-
ciently distinguished the transcripts with the largest ATE
from the others (Figure 3B, 3C right, and Ounline
Supplementary Figure S3E). In the thermodynamic land-
scape, GATAI transcripts have a short and unstructured
S’UTR and a short and highly structured 3’UTR. The
3'UTR parameters of GATA1 caused it to cluster with the
transcripts that were less expressed on the polysomes and
had a low TE. Furthermore, the length of the entire tran-
script encompassing the UTR and CDS was discriminative
between transcripts with the largest ATE (Ounline
Supplementary Figure S3E). Thus, the transcript length and
3'UTR structure were found to be effective separators of
the most and less expressed transcripts and placed GATA1
among the shortest transcripts with a structured 3'UTR
(Figure 3D). To confirm the impact of transcript structures
on translation outcomes, we used the CROSS method
which is based on high-throughput profiling of the RNA
structure to calculate the structural profile of an RNA
sequence at a single-nucleotide resolution and without
sequence length restrictions.”® We determined the struc-
turation propensity score of the 5’UTR; CDS and 3'UTR
of 100 transcripts with the most increased or decreased
TE. The scores for the 5’UTR region were very similar,
whereas those for the CDS and 3'"UTR regions were high-
ly discriminative. This suggests that the nucleotides, and
therefore codon composition, of the CDS and 3’ sequence
were very different between the transcripts with an

increased or decreased TE (Figure 3E).

Several prior studies have demonstrated that codon
usage is a key determinant of mRNA translation™*? as it
modulates ribosome elongation speed, mRNA stability,
and co-translational folding of the nascent protein.®* As a
metric of codon bias, the codon adaptation index (CAI) of
each transcript was plotted (Figure 3F). The CAI can range
from 0 to 1, with a higher value reflecting the occurrence
of more frequent codons that tend to be associated with a
faster translation elongation.”*We found from this analysis
that the composition of the CDS in optimal codons was
completely different in transcripts with an increased or a
decreased TE, transcripts with an increased TE having a
low CAI, and transcripts with a decreased TE such as
GATA1 having a high CAI (Figure 3F). These features gov-
erning translation selectivity were confirmed in the K562
shRPS14 cell line model (Online Supplementary Figure S3F).
Finally, we extended our analysis to the published tran-
scriptome and translatome datasets of shRPL5 or shRPS79
treated primary human erythroblasts.” The ATE was
increased for transcripts with a weak energy per base of
the 3"UTR but not the 5’'UTR, a long size and a low CAI
as shown in the UT-7 or K562 shRPS14 cell lines (Online
Supplementary Figure S3G and H). Targeting of the 40S
rather than the 60S subunits appeared to be more delete-
rious to the translation of mRNAs with structured 5’UTR
translation (Online Supplementary Figure S31). Taken togeth-
er, these data show that translation selectivity is depend-
ent on the transcript length, 3’'UTR structure, and CAL
Furthermore, these data show that translation selectivity
is not related to the depletion of one particular RP, but
rather to the decrease in ribosome cellular content.
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Figure 7. The codon adaptation index, coding sequence length and thermodynamic characteristics of the untranslated regions (UTR) in an mRNA are key determi-
nants of its translation during normal erythropoiesis. (A-C) Bi-parametric scatter plot in a log scale of the codon adaptation index (CAl) and length (coding sequence
[CDS]+UTR) of all human transcripts denoted by gray dots. (A) The top five percentile transcripts which are the more or the less translated after hemin induction of
differentiation in K562 model (Mills et al.,*® GSE85864) are overlaid in red or blue, respectively. dH: day post hemin. (B) The top 15 transcripts most translated
mRNAs in reticulocyte (Mills et al.,>> GSE85864) overlaid in green (C) The top 15 most expressed proteins in red blood cells (Gautier et al.,** PXD009258) overlaid
in green. (D) Dynamic repartition of proteins during erythropoiesis. Heatmaps show repartition of the protein copy numbers ranked according to their transcripts fea-
tures (CAl, 5’ and 3'UTR structure and total length) in the rows and stages of differentiation in the columns. Each row represents 1/10 of the total scale of the cor-
responding feature. For example, at the Epp stage 94.5% of the protein cellular content is issued from transcripts with a very high CAl (Top 10 % of CAl). Ret: reticu-
locytes; Eep: erythrocyte-enriched population; Epp: erythrocyte-purified erythrocytes.

Validation of codon bias as a determinant of
translation selectivity

To further validate the contribution of codon bias to
translation regulation, we used relative synonymous
codon usage (RSCU) as a second metric for codon bias
measurement. This analysis confirmed that transcripts
with a decreased ATE were enriched in optimal codons
(Online Supplementary Figure S4A). We then performed
luciferase assays using a dual luciferase vector harboring a
firefly luciferase (Fluc) with a high CAI and a renilla

luciferase (Rluc) with a medium CAI. We also engineered
an additional Fluc vector containing the same luciferase
amino-acid sequence but with a nucleotide sequence of
non-optimal codons to obtain a low CAI compared to the
CAI spectra in human transcripts (Figure 4A and B, and
Ounline Supplementary Figure S4B). As expected, the Fluc
vector with a low CAI was less expressed than its high
CAI counterpart under shSCR conditions (Figure 4C and
Ounline Supplementary Figure S4C). After the induction of
shRPS14 640 or shRPS14 641, and normalization to Rluc,



the high CAI Fluc was highly repressed but the low CAI
Fluc was less affected (Figure 4D and Online Supplementary
Figure S4C).

Impact of each mRNA feature on the translation
efficiency and transcript stability

To quantify the relative contribution of each character-
istic of an mRNA molecule to its translation efficiency, we
analyzed the cumulative frequency of the ATE. The tran-
scripts with the largest translation upregulation were
longer and had a lower CAI Conversely, the transcripts
with the largest translation downregulation were those
with a highly structured 3’"UTR (Figure 5A). Furthermore,
the impact of upstream open reading frames (UORF) on
translational regulation appeared to be negligible under
conditions of RPS14  downregulation  (Ounline
Supplementary Figure S5A). To rule out any effect of the
3'UTR or CAI on mRNA stability,**** we analyzed the
mRNA half-life and decay rate in K562 cells. We found
that the CAI and 3’'UTR energy per base poorly correlated
with mRNA decay and half-life measurement (Online
Supplementary Figure S5B). Moreover, our transcriptome
analysis did not correlate with either mRNA decay or a
reduced mRNA half-life, thus excluding a possible global
alteration of decay pathways (Online Supplementary Figure
S5C). That the cumulative frequency of the differential
expression in transcriptomic analysis did not reveal major
changes was a definitive indicator of no changes in RNA
decay that are dependent on the 3'UTR or 5’UTR struc-
ture or the transcript length. Nevertheless, consistent with
the previously reported relationship between codon usage
and RNA stability,”” we observed a marginally increased
decay in low CAI transcripts (Figure 5B).

Proteome analyses confirm the identified rules and
point to a post-translational regulation of ribosomal
protein

We showed in our initial experiments that global trans-
lation was diminished per cell (Figure 1I). Therefore, to
investigate the impact of translation selectivity on protein
expression, we performed an absolute proteomic quantifi-
cation of our UT7/EPO model and normalized the data
using histones to avoid growth difference effects and
obtain the copy number per cell for each protein (Figure
6A). Because the number of ribosomes associated with a
given mRNA depends on the length of this transcript, ana-
lyzing the transcripts present on heavy polysomes could
favor the identification of the longest mRNAs. Integrating
whole proteome and transcriptome analyses excludes this
putative bias and provides an indirect measurement of
translation and degradation rates. The log,(FC) of the pro-
teins was plotted to the log,(FC) of the transcripts to iden-
tify components that underwent post-transcriptional regu-
lation (Figure 6B and Online Supplementary Table S1). To
evaluate post-transcriptional changes, we selected compo-
nents having expression that was inversely regulated in the
proteome and transcriptome with an FC,,./FCynriprome
ratio >1.5 or <1/1.5. First, we confirmed that the post-tran-
scriptional changes identified by the proteome analysis
were predicted by the ATE analysis. At post-transcriptional
level, the upregulated components had an increased TE
whilst those with downregulated expression had a
decreased TE, highlighting that post-transcriptional
changes at the proteome level are a direct result of transla-
tion selectivity. This also demonstrates that the observed

ATE values were not only associated with changes in trans-
lational occupancy but also with changes in protein quan-
tities (Figure 6C). Furthermore, the post-transcriptionally
downregulated components in the proteome were encod-
ed by transcripts with a significantly more structured
3’UTR, a shorter length and a higher CAI than the post-
transcriptionally upregulated components (Figures 6D-F),
whilst the 5’UTR structure had no impact (Figure 6G).

Interestingly, RP transcripts which mainly harbored a
short and unstructured 3’'UTR were recognized among the
post-transcriptionally downregulated components (Online
Supplementary Figure S6A). Removing RP from the analysis
increased the concordance between the ATE and the pro-
tein expression level (Figure 6C-F). These results con-
firmed that the determinants of translation selectivity pre-
dicted by our translatome analysis were relevant. A GO
term analysis of the post-transcriptionally regulated com-
ponents (Figure 6H) revealed that those which were
upregulated, were involved in DNA replication, RNA pro-
cessing and splicing (Figure 6H). These terms overlapped
those identified by GSEA and GO analyses of the less
impacted transcripts in the translatome (Figure 2D and
Ounline Supplementary Figure S2A). Post-transcriptionally
downregulated components were found to be involved in
translation, rRNA processing and maturation (Figure 6H).
Finally, protein expression is controlled by the rules gov-
erning the selection of transcripts on the ribosome. We
extended our findings by re-analyzing datasets generated
previously in lymphoid cell models carrying mutations in
the RPS15 gene.” Those mutations lead to a decrease in
the ribosome half-life and content. We observed in our
current analysis that mutant cells had a global protein
expression imbalance in favor of proteins whose tran-
scripts had a low CAI and an unstructured 3'UTR (Online
Supplementary Figure S6B).

Codon adaptation index, coding sequence length and
thermodynamic characteristics of the untranslated
regions are key determinants of translation in normal
erythropoiesis

Clinical manifestations of ribosomopathies are linked to
the cell-specific impact of mutations. Of note, impaired
erythropoiesis may at least be partly related to a transla-
tion defect of GATA1.° To gain further insights into the
translational regulation that occurs during normal ery-
throid maturation, we investigated the characteristics of
the transcripts in the translatome of the K562 cell line, of
the proteins expressed in human erythroblasts at different
stages of differentiation and in red blood cells, and of the
transcripts in the translatome of healthy donor reticulo-
cytes.”*®® We found that a high CAI and a short tran-
script length characterized the mRNAs that are translated
when erythroid differentiation is induced with hemin in
K562 cells or in purified reticulocytes (Figure 7A and B).
These parameters also characterized the most expressed
proteins in red blood cells (Figure 7C). More generally, a
high CAlI, short transcript length and an unstructured 5’
and 3’ UTR were the characteristics of transcripts corre-
sponding to proteins which show increased expression
during the progression of normal erythroid differentiation
(Figure 7D and Online Supplementary Figure S7). Our cur-
rent results thus indicate that the transcripts encoding pro-
teins that accumulate in erythrocytes shared most of the
determinants of translation selectivity, which was high-
lighted by conditions of limited ribosome availability.

Erythroid mRNA translation in RPS14 deficiency -
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Discussion

RP depletion has been recognized as a principal cause of
erythroid hypoplasia either in acquired del(5q) MDS or
DBA.>* The specific impairment of the erythroid lineage
has been linked to a decreased representation of GATA1
transcript on polysomes under conditions of an RPS19,
RPL5, RPL11 or RPS14 haploinsufficiency.*" Our current
results indicate that in addition to a reduction in GATA1
mRNA on polysomes, translation as a whole is selective at
the expense of erythroid transcripts including globin genes
under conditions of low ribosome availability. Consistent
with the previous findings of Yang er al,® we have
observed in our present study that low globin gene trans-
lation may account for a disequilibrium in the heme-glo-
bin balance, leading to reactive oxygen species (ROS) pro-
duction and cell death.

Translation efficiency is thought to depend on the ther-
modynamic properties of a given transcript.”*¥ For exam-
ple, the presence of an IRES in the BAG1 or CSDE1
mRNAs or the length of 5’UTR of the BCAT1 transcript
have been implicated in disrupted translation when
RPL11 or RPS19 is haploinsufficient.** The structure of
the 5’UTR in GATA1 mRNA has been associated with its
translation downregulation in the context of RPS19 hap-
loinsufficiency. However, depending on which tran-
scripts were compared with GATA1 mRNA, its 5’UTR
may be considered to be either highly structured or
unstructured.®” Our visualization of the thermodynamic
landscape allowed us to establish that, in comparison to
all other human 5’'UTR sequences, the GATA1 5’'UTR is
short and unstructured. Our global investigation of all
the determinants of translation selectivity in UT-7/EPO
and K562 shRPS14 cell line models identified that short
mRNAs with a high CAI, a highly structured and short
3’UTR, and to a far lesser extent transcripts with a struc-
tured 5'UTR, were specifically less translated. GATA1
mRNA is indeed a short transcript with high CAI, highly
structured 3’UTR, but a less structured 5’UTR. We con-
firmed our present findings using published ribosome
profiling data of shRPS79/shRPL5 human primary ery-
throblasts and proteome data for shRPS75 lympho-
cytes.””* RPS rather than RPL targeting has been shown
to impair the translation of mRNAs with a structured
5’UTR, highlighting the crucial role of the 40S subunit in
the initiation and scanning of the 5’UTR.* Hence, the
rules of translation selectivity have been shown to be
conserved across the different models of an RP deficien-
cy, demonstrating that translation selectivity has a
stronger association with a decrease in the cellular ribo-
some content than a defect in one particular RP.
Interestingly, proteins whose transcripts display most of
these characteristics are accumulated during normal ery-
thropoiesis suggesting that such a combination of param-
eters may allow the expression of a selected proteome in
a short time. Consistent with our current results, a high
CAI has previously been reported to confer a high elon-
gation speed and a long mRNA half-life, whereas a low
CAI has been associated with mRNA decay through the
slowing of translation elongation.”® The 3’UTR struc-
ture and length are also associated with translation
repression and decay.”® In our current experiments,
under limited ribosome availability conditions, we did
not observe any decay modifications linked to these two
features. Further experiments are thus required to inves-

tigate the interplay between CDS and UTR and its role
in the control of mRNA stability and translation.

Our current gene expression analysis highlighted path-
ways involved in cell cycle, proliferation, DNA repair and
RNA processing among the transcripts with the highest
TE under conditions of reduced translation (Figure 2D).
Notably, however, the preferential translation of these
transcripts in the context of the global diminution of trans-
lation rate (Figure 1]-I) remains an inefficient mechanism
of rescuing the cells from death. Understanding these
processes may optimize gene expression in some diseases.

Khajuria et al.”” previously reported that transcripts with
unstructured 5’'UTR were translated more under normal
conditions and more impacted by low ribosome availabil-
ity than mRNAs with a structured 5’UTR. Consistently,
we found in our current analyses that the most expressed
proteins during normal erythropoiesis are encoded by
transcripts with an unstructured 5’'UTR, and often with an
unstructured 3’'UTR (Figure 7D). However, many tran-
scripts with a structured 3’UTR that are impacted under
conditions of low ribosome availability also encode ery-
throid proteins under normal conditions. Hence, RNA
binding proteins and miRNA that target the 3’ end of tran-
scripts may play a role in translation selectivity. Other
studies have demonstrated the contribution of the 3'UTR
length to the regulation of translation.”*" Highly translated
mRNAs have the ability to form a loop through interac-
tions between polyA binding proteins and initiation fac-
tors that brings the 5’ and 3’ ends into communication.” It
has also been suggested that ribosomes may move
through the 3’UTR to support the recycling and re-initia-
tion of another loop of translation at the SUTR.** It
would be advantageous for the recycling re-initiation
process to have a small distance between the 3’ and &’
ends.*In normal conditions, a short and structured 3’'UTR
may contribute to an increased recycling and a higher
translation efficiency by reducing the distance between 3’
and 5’ ends. In agreement with this hypothesis, recent evi-
dence has demonstrated that the depletion of the ribo-
some recycling/re-initiation protein ABCE1 tended to
arrest ribosomes on transcripts with a short and highly
structured 3'UTR.®* These transcripts, which have simi-
lar characteristics to those we found to be preferentially
translated during normal erythropoiesis, could be favored
by the recycling/re-initiation process. Under conditions of
RPS14, RPL5 and RPS19 downregulation, the translation
of mRNAs with a short and structured 3'UTR was found
to be decreased, suggesting that re-initiation could no
longer occur normally and that terminating ribosomes
should be released to feed the cellular pool. The overex-
pression of ribosome rescue factors PELO/HBSIL in
RPS19 haplo-insufficient K562 cell line, was reported to
restore the hemoglobin levels.” Whether such a mecha-
nism may compensate for the loss of ribosomes in the dis-
order caused by an RPS14 haplo-insufficiency will require
further investigation.

Several prior yeast and human studies in which the RP
genes RPS19, RPL5, RACK1 or RPS26 were mutated or
deleted, have also reported that the shortest transcripts
were less present on polysomes under conditions of low
ribosome availability.” This is in sharp contrast to obser-
vations under normal conditions in a wide range of
eukaryotic organisms, in which the shortest transcripts
are more efficiently translated than the longest
mRNAs.“* The translation initiation rate, density of



ribosomes on the transcript and protein abundance usual-
ly negatively correlates with the CDS length.* In addi-
tion, a high density of ribosomes on short transcripts con-
tributes to the efficiency of their translation.”* Recent
computational analyses have shown that the recycling/re-
initiation process could account for the high density of
ribosomes and efficient translation of short mRNAs.** In
our current study, the severe defect we observed in the
translation of the shortest transcripts could be explained
by a diminution of re-initiation. The same reasoning may
explain why high CAI transcripts were more impacted by
the limited ribosome availability than those with a low
CAI Under normal conditions, it has been shown that a
high CAl is an advantage in terms of having access to this
process of recycling/re-initiation due to a faster elonga-
tion rate.*

In conclusion, the rate of protein synthesis depends on
a complex network of regulatory elements that include
expression levels of mRNAs, the cellular concentration of
ribosomes, the mRNA length, the density of ribosomes,
and the initiation and termination rates. Our current find-
ings indicate that, when the ribosome concentration
becomes a limiting factor, the translation is selective, and
is dependent on the mRNA CAI length and 3'UTR struc-
ture. Further investigations are required to better under-
stand how the cellular ribosome concentration modifies
translation initiation, translation termination, and ribo-
some recycling to create the link between the genetic
alteration of an RP and impaired translation in erythroid
cells.
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