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ABSTRACT

Alternative translation initiation mechanisms such
as leaky scanning and reinitiation potentiate the poly-
cistronic nature of human transcripts. By allowing for
reprogrammed translation, these mechanisms can
mediate biological responses to stimuli. We com-
bined proteomics with ribosome profiling and mRNA
sequencing to identify the biological targets of trans-
lation control triggered by the eukaryotic translation
initiation factor 1 (eIF1), a protein implicated in the
stringency of start codon selection. We quantified
expression changes of over 4000 proteins and 10 000
actively translated transcripts, leading to the identi-
fication of 245 transcripts undergoing translational
control mediated by upstream open reading frames
(uORFs) upon eIF1 deprivation. Here, the stringency
of start codon selection and preference for an opti-
mal nucleotide context were largely diminished lead-
ing to translational upregulation of uORFs with sub-
optimal start. Interestingly, genes affected by eIF1 de-
privation were implicated in energy production and
sensing of metabolic stress.

INTRODUCTION

Qualitative and quantitative characterization of gene ex-
pression is indispensable to understand dynamic pheno-
types of eukaryotic cells. Through technological advances in
high-throughput sequencing and proteomics, it is now pos-
sible to follow gene expression from transcription to pro-
tein turnover (1–5). One of the remaining fundamental chal-
lenges in modern biology includes the unraveling of the full
diversity of proteoforms (i.e. the different molecular forms

of proteins) (6,7) expressed from single genes. An increasing
line of evidence suggests that mRNA translation may both
be a rapid means of gene expression control (8–10) as well as
a major source of proteoforms (11–14). However, genes un-
dergoing translational control (8,15) and regulation of pro-
teoform expression (16–18) remain poorly investigated.

Alternative translation initiation mechanisms allow to
select between multiple start codons and open reading
frames (ORFs) within a single mRNA molecule. Here,
the scanning ribosomes may omit less efficient upstream
start codons (e.g. non-AUG start codons and start codons
embedded in a suboptimal nucleotide context) to initiate
translation downstream in a process referred to as leaky
scanning (8,19). Reinitiation, another alternative transla-
tion initiation mechanism (8,19,20), may occur when post-
termination ribosomes are retained on the mRNA molecule
after completing translation of an upstream ORF (uORF)
and reused to support translation of a proximal down-
stream ORF. A particular role in alternative translation
was postulated for short ORFs situated in the mRNA
5′ leaders (uORFs) or upstream and partially overlap-
ping the main protein-coding sequence (CDS) (upstream-
overlapping ORFs or u-oORFs). Due to the directionality
of ribosomal scanning, these short ORFs may regulate pro-
tein translation (21,22) or even impact on the selection of
alternative translation sites giving rise to alternative protein
N-termini and thus N-terminal proteoforms (16–18). The
importance of u(-o)ORFs was supported by sequencing of
ribosome associated mRNA regions (ribosome profiling, or
ribo-seq) (5,23) which provided evidence for the ubiquitous
translation from non-AUG start sites situated outside anno-
tated protein-coding regions. Prevalence of regulatory fea-
tures in 5′ leaders was further highlighted by translation
complex profile sequencing (TCP-seq), a ribo-seq derived
method, which specifically tracks the footprints of small ri-
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bosomal subunits during the scanning process (4). uORFs
were characterized in a variety of organisms and condi-
tions (9,10,24–26), and their impact on the translation effi-
ciency of proteins was found to be conserved among orthol-
ogous genes (24,25). Considering the directionality of scan-
ning, ribosome profiling experiments revealed that ribo-
somes distribute asymmetrically across ORFs, as they read-
ily accumulate at translation initiation and termination sites
(5), an effect which may be enlarged due to pretreatment
with translation elongation inhibitors (5,27), overall war-
ranting caution when interpreting uORF expression levels.
Importantly however, further studies reveled that ribosome
footprints of 5′ leaders generally resemble those of coding
sequences, suggesting genuine translation of these regions
(23).

Translation initiation is a determining control step in
translation (28). In consequence, translational control is
mainly facilitated by eukaryotic translation initiation fac-
tors (eIFs) which may readily respond to (extra)cellular con-
ditions by changing the global rates of protein synthesis at
the ribosome. To reduce the high energy cost of protein pro-
duction, translational control through reinitiation can be
triggered by eIF2� phosphorylation in response to nutri-
ent deprivation and accumulation of unfolded proteins (15).
On the other hand, eIF1 was shown to orchestrate leaky
scanning by stabilizing ‘open’, scanning-competent confor-
mation of the ribosome (29) and thereby regulate transla-
tion initiation rates at suboptimal translation initiation start
sites (30,31). Besides, eIF1 protein levels and its phospho-
rylation have been linked to reprogrammed translation of
uORFs (32,33) and responses to stress stimuli, including ar-
senite (33); glucose or oxygen deprivation (10). Although
eIF1 plays a central role in translation initiation (34), a
genome-wide assessment of its role in translational regu-
lation is lacking. By combining tailored proteomic strate-
gies with ribosome profiling and mRNA sequencing we here
identified the biological targets of the translation control ex-
erted by eIF1.

MATERIALS AND METHODS

Cell culture

The human colon cancer cell line HCT116 was kindly pro-
vided by the Johns Hopkins Sidney Kimmel Comprehen-
sive Cancer Center (Baltimore, USA). The HAP1 wild type
and CRISPR/Cas9 engineered knockout cell lines were ob-
tained from Horizon Genomics GmbH, Vienna. In partic-
ular, a single eIF1B knockout clone and two eIF1 knock-
out clones were acquired (i.e. an eIF1-14bp deletion knock
out (eIF1KO cl. 1) and eIF1-265bp insertion knock out
(eIF1KO cl. 2)). For details, see Supporting File 1: Support-
ing Methods.

Knockdown experiments

Cells were transfected with either control si-RNA (si-Ctrl,
ON-TARGETplus Non-targeting Control siRNAs: D-
001810-01-05), si-RNAs targeting eIF1 (si-eIF1, SMART-
pool: M-015804-01-0005) or si-RNAs targeting eIF1B (si-
eIF1B, SMARTpool: M-019996-00-0005, Dharmacon, GE

Healthcare Life Sciences). For details, see Supporting File
1: Supporting Methods.

Label-free shotgun proteomics

For label-free shotgun proteome analyses of HAP1 cells,
three biological replicate samples of WT cells, eIF1B knock-
out and both eIF1 knockout clones were prepared. For the
label-free shotgun proteome analyses of HCT116 cells, two
biological replicate samples of si-Ctrl cells and si-eIF1 were
prepared. The same sample input material was used for
preparation of the ribo-seq samples (See ribosome profil-
ing). Cells were lysed in 4 M Gu.HCl, 50 mM NH4HCO3
pH 7.9, sonicated and centrifuged for 30 min at 3500 g
(4◦C), followed by a precipitation of proteins from the su-
pernatant with 4× volumes of –20◦C acetone for 2 h at –
20◦C. Precipitated proteins were digested overnight at 37◦C
using mass spectrometry grade trypsin/Lys-C. Solid phase
extraction of peptides was performed using C18 reversed
phase sorbent containing 100�L pipette tips (Piece C18
tips––Thermo Scientific) according to the manufacturer’s
instructions. For details, see Supporting File 1: Supporting
Methods.

Ribosome profiling

For ribosome profiling, cells were incubated with either 50
�M lactimidomycin (LTM) (35,36) or 100 �g/ml cyclohex-
imide (CHX) (Sigma, USA). Cells were lysed in ice-cold
lysis buffer (10 mM Tris–HCl, pH 7.4, 5 mM MgCl2, 100
mM KCl, 1% Triton X-100, 2 mM dithiothreitol (DTT),
100 �g/ml CHX, 1 × complete and EDTA-free protease
inhibitor cocktail (Roche)) (37) and passed through QI-
Ashredder spin columns (Qiagen). The flow-through was
clarified and subjected to RNase I (Thermo Fisher Scien-
tific Inc.) digestion. Subsequent steps were performed as
described previously (38) with minor adjustments. The re-
sulting ribosome profiling libraries were sequenced on a
NextSeq 500 instrument (Illumina) to yield 75 bp single-end
reads. For details, see Supporting File 1: Supporting Meth-
ods.

Ribosome profiling data analysis

CHX and LTM ribo-seq data were analysed in parallel us-
ing the PROTEOFORMER pipeline (39). Reads were ini-
tially mapped onto small nuclear RNA, tRNA and rRNA
sequences to remove contaminant sequences. The remain-
ing reads were then mapped onto the human GRCh38
reference genome (Ensembl annotation bundle 82) using
STAR 2.4.0i allowing only unique mapping with a maxi-
mum of two mismatches. The TIS calling algorithm was ap-
plied with default PROTEOFORMER settings, followed by
ORF delineation, as described previously (7,39). Protein se-
quence database of in-silico translated Ensembl annotated
CDS sequences (‘aTIS database’) was generated from PRO-
TEOFORMER output disregarding any single nucleotide
polymorphisms (SNPs) detected. For differential expres-
sion analysis, the most probable protein-coding transcript
per gene was selected and only uniquely mapped CHX reads
were counted in the annotated CDS and u(-o)ORF regions.
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To generate the custom protein library (‘custom database’)
that contains both ribo-seq predicted and Ensembl anno-
tated ORFs, ribo-seq data was mapped to the genome as
described above, except that multiple mapping reads (up to
16 genomic loci) were allowed and SNP detection was en-
abled. For details, see Supporting File 1: Supporting Meth-
ods.

mRNA sequencing and data analysis

RNA was isolated with TRIzol reagent (Invitrogen,
Thermo Fisher Scientific Inc.) according to manufacturer’s
instructions. RNA quality was assessed by Agilent Bioana-
lyzer RNA 600 Nano Kit and RIN values >9 were accepted.
Random fragmentation, cDNA synthesis and library gen-
eration were performed according to TruSeq Stranded To-
tal RNA Sample Preparation protocol (Illumina). Libraries
were subjected to sequencing, mapped onto the human ref-
erence genome and the resulting unique reads were counted
across annotated protein-coding transcripts. For details, see
Supporting File 1: Supporting Methods.

Differential expression analysis at the transcript level

Differential expression analysis was performed according to
Andreev et al. (9). mRNAs, CDSs and uORFs exceeding
the minimal read count thresholds were considered. Trans-
lation efficiencies (TE) were calculated dividing the CDS
or uORF read counts by their corresponding mRNA read
counts. Fold changes in TE, mRNA, CDS and uORF ex-
pression between si-eIF1 and si-Ctrl condition were sub-
jected to log 2 and Z-score transformation, followed by dif-
ferential expression analysis at a 1% significance level (ab-
solute Z-score value ≥ 2.58). Enrichment analysis (40) of
annotation terms was performed with a corrected P-value
threshold of 0.02. For details, see Supporting File 1: Sup-
porting Methods.

LC–MS/MS analysis of label-free proteomes

Samples were analyzed by LC-MS/MS using an UltiMate
3000 RSLC nano HPLC (Dionex) in-line connected to a Q-
Exactive HF mass spectrometer (Thermo Fisher Scientific
Inc.). Spectra identification was performed with MaxQuant
(version 1.5.3.30) using the Andromeda search engine (41)
with false discovery rate (FDR) set at 1% on peptide
and protein level. Spectra were searched against the ‘aTIS
database’ or ‘custom database’. Proteins were quantified by
the MaxLFQ algorithm integrated in the MaxQuant soft-
ware (42). For details, see Supporting File 1: Supporting
Methods.

Data analysis of label-free shotgun proteomics

Data analysis was performed with the Perseus software
(43) (version 1.5.3.0). Following ‘aTIS database’ search, a
multiple-sample ANOVA test was applied with S0 parame-
ter set to 0.1 and P-value threshold of 0.01 (for HAP1 ex-
periment) or 0.05 (for HCT116 experiment) enabling for a
differential protein expression analysis. Enrichment anal-
ysis (40) of annotation terms was performed with a cor-
rected P-value threshold of 0.02. In case of the HCT116

label-free shotgun proteomics data, the peptide identifica-
tions obtained from the ‘custom database’ search were visu-
alized on the human GRCh38 reference genome (Ensembl
annotation bundle 82) as a BED track (Supporting File 2).
For details, see Supporting File 1: Supporting Methods.

For calculation of sequence conservation and RNA sec-
ondary structure analysis, RT-qPCR, cell viability and
Western blot assays as well as ATP and mitochondrial mem-
brane potential measurement, see Supporting File 1: Sup-
porting Methods. For oligonucleotide sequences, see Sup-
plementary Table S4.

RESULTS

Integrative OMICS to map the translational landscape

First, to obtain a comprehensive view of the cellular re-
sponse upon reduced eIF1 levels, mRNA-seq, ribo-seq and
label-free steady-state proteome analyses were performed
upon siRNA mediated knockdown of eIF1 (si-eIF1) in
the near-diploid and chromosomally stable HCT116 cell
line (44) and compared to control (si-Ctrl) conditions (Fig-
ure 1A). qPCR experiments indicated a 62% eIF1 knock-
down efficiency at the transcript level (Figure 1B), whereas
shotgun proteomics data indicated a ∼50% knockdown ef-
ficiency at the protein level. In ribo-seq experiments we
made use of lactimidomycin (LTM) (45) and cycloheximide
(CHX) as translation inhibitors, enabling the study of trans-
lation initiation and elongation respectively. Subsequently,
the PROTEOFORMER (39) pipeline was applied to map
ribo-seq reads to the human genome, identify translation
initiation sites (TIS) and assess translation efficiencies of
specific ORFs across the genomic sequence.

To gain additional insights into the biological role of eIF1
and its paralog gene eIF1B, we complemented the studies
performed upon eIF1 knockdown with label-free shotgun
proteomics data from eIF1 knockout (eIF1KO) and eIF1B
knockout (eIF1BKO) HAP1 cell lines (Figure 1A).

Overall, using ribo-seq in HCT116 cells we identified po-
tential TIS at 201 934 unique genomic positions (Figure
2A). Of these, only 37% represented AUG codons (Fig-
ure 2B), an observation in line with previous reports (5).
Given the plethora of potential translation start sites and
annotated splice variants, an integrative OMICS analysis
was facilitated by rationalized filtering of transcripts with-
out any evidence of transcript-specific translation or poorly
expressed transcripts (46), leading to the selection of a
single (most) representative transcript per translated gene
(see Supporting File 1: Supporting Methods). Using this
approach in HCT116 cells, we quantified the expression
changes of 4197 proteins and 10 433 transcripts with ac-
tively translated CDS. Additionally, in 7083 (68%) of these
transcripts, translational activity in the 5′ leader sequence
was detected, pointing to a total of 15 894 uORFs and 8554
u-oORFs (Figure 2C). As expected, ORFs located in 5′
leader sequences were generally 10- to 20-fold shorter, with
a median length of 84 nucleotides (nt) for the u(-o)ORFs
compared to 1440 nt for CDSs (Figure 2D). Next, we com-
pared evolutionary conservation patterns of annotated, up-
stream and intronic AUG-initiated ORFs (47), which re-
vealed that u(-o)ORFs have overall intermediate nucleotide
conservation scores, nonetheless with clearly elevated scores
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Figure 1. Experimental setup. (A) Integrative OMICS analysis of si-RNA mediated knockdown of eIF1 in HCT116 cells and shotgun proteomics data
of eIF1 and eIF1B knockout HAP1 cell lines. (B) qPCR experiments indicated a 62% eIF1 knockdown efficiency at the transcript level, whereas shotgun
proteomics experiments (A) indicated a 50% knockdown efficiency at the protein level.

around the start codon (47) (phastCons and phyloP anal-
ysis, Figure 2E and F) and –3 nucleotide position (phyloP
analysis, Figure 2F), corresponding to the Kozak consensus
sequence hallmarks (48). Despite the increased nucleotide
conservation around upstream start sites (uTIS), u(-o)ORF
sequence conservation was much lower as compared to
CDS, underscoring their potential regulatory rather than
peptide- or protein-coding roles (47).

We then compared the steady-state levels of translation,
mRNA and protein (Figure 3A). In line with previous re-
ports in human and mouse (1,49,50), we detected a moder-
ate to good correlation of protein and mRNA levels (Pear-
son coefficient r = 0.58). Protein synthesis rate was believed
to largely explain the remaining variability (1,3,49), espe-
cially in the case of non-perturbed systems, and indeed,
we have observed a slightly improved correlation of ribo-
seq readout of translation to protein levels (r = 0.62), in
line with previous reports (1,12). Our results further hint
to the importance of downstream processes such as pro-
tein turnover in establishing a proteome level equilibrium.
Moreover, inherent limitations of the applied technologies,
namely the fact that ribo-seq captures a ‘snap-shot’ of trans-
lation while proteomics captures steady-state protein abun-
dance, increase the difficulty in accounting for the poten-
tial delay in the manifestation of the translational response
at the protein level (51), as may be the case in our study,
since translatome and proteome samples were collected at
the same time-point after knockdown. Of note however,
translation of uORFs was only weakly correlated (r = 0.36)

to protein changes (Figure 3A), in line with the postulated
regulatory role of translationally active 5′ leaders.

An OMICS perspective on eIF1 translational control

To study expression changes in response to eIF1 deprivation
at the level of transcription, and CDS and uORF transla-
tion, we calculated ratios (fold changes) of normalized read
counts between the eIF1 knockdown (si-eIF1) and control
(si-Ctrl) conditions. Translation efficiency (TE) of the CDS
or uORF was estimated by dividing normalized ribo-seq
reads with normalized mRNA read count data of the cor-
responding transcript. Fold changes in TE were further cal-
culated between both conditions. Finally, to determine the
regulatory effect of uORFs on their downstream CDS, a ra-
tio between uORF TE fold change and CDS TE fold change
was calculated. In order to identify ORFs and transcripts
significantly affected by differential eIF1 expression, we ap-
plied a Z-scoring strategy with adjustment for expression,
as described by Andreev et al. (9). Using a threshold P-
value of 0.01 corresponding to an absolute Z-score value ≥
2.58 we detected significant deviations in response to eIF1
knockdown for 159 mRNAs, 125 CDSs and 291 u(-o)ORFs
(Supplementary Figure S1, Supplementary Table S1). Ad-
ditionally, 121 CDSs and 313 u(-o)ORFs (i.e. 81 u-oORFs
and 232 uORFs) were affected at the TE level.

Protein expression data revealed 238 significantly regu-
lated proteins identified by an ANOVA test with a thresh-
old P-value of 0.05 (Supplementary Table S1). A systematic
comparison of affected genes highlighted that the majority
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Figure 2. Overview of identified TIS and TIS-delineated ORFs. (A) Initiation sites were called at 201 934 unique genomic positions corresponding to
aTIS, CDS, 5′UTR, 3′UTR regions or non-translated transcripts (ntr). (B) Percentage of TIS codon usage in the entire genome compared to upstream
(uTIS) codon usage in 10433 selected transcripts. Frequencies of at least 10% were indicated. (C) Transcripts with (at least one) upstream (uORF) and/or
upstream-overlapping ORFs (u-oORF) in their 5′ leader sequences. (D) Comparison of observed u(-o)ORF and CDS length distribution. Nucleotide
conservation contexts of AUG TIS (–25 to +25) were analyzed for several ORF categories using phastCons (E) and phyloP (F) scores. Each category
comprises at least 500 AUG-initiated ORFs.

of changes in protein expression resulted from differential
transcription or transcript stability (41%), translation (28%)
or a combination thereof (18%) (Figure 3B). Interestingly,
31 proteins (13%) displayed significant changes in steady-
state expression without notable changes in transcript or
translation levels at the time-point of sampling, suggesting
potential effects on protein turnover and/or posttransla-
tional protein modification, although the exact mechanism
and the role of eIF1 in modulating expression of these pro-
teins remains to be determined (Figure 3B).

Finally, to explore the role of translated 5′ leader se-
quences in gene expression changes observed upon eIF1
knockdown, we looked for evidence of differential reg-
ulation when comparing TE of transcript specific u(-
o)ORF/CDS pairs. We confirmed significant differences
in TE for 330 u(-o)ORF/CDS pairs, comprising 68 u-
oORFs/CDS and 262 uORFs/CDS pairs, originating from
245 unique affected transcripts (Figure 3C). Genes regu-

lated by their 5′ leaders represented a broad spectrum of
expression levels (Figure 3C). Although clustering of their
corresponding expression values revealed the predominant
effect of translation on expression of genes with regula-
tory u(-o)ORFs, in some cases translational regulation and
transcript changes simultaneously contributed to the fine-
tuning of gene expression (Supplementary Figure S2). Ri-
bosome footprint distribution of individual affected genes
pointed to different modes of regulation imposed by u(-
o)ORFs (Figure 4, Supplementary Figure S3), including
u(-o)ORF initiated at non-AUG uTIS with a possible in-
hibitory effect on CDS expression and AUG-initiated u(-
o)ORF potentially enhancing CDS expression, among oth-
ers.
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Figure 3. Correlation and reproducibility at different OMICS levels. (A) Values represent average Pearson correlation coefficients for quantitative OMICS
experiments performed in the si-Ctrl setup of HCT116 cells. LFQ; label free quantification of protein expression. (B) Identification of differentially ex-
pressed genes (P = 0.01) based on adjusted significance threshold in relation to data distribution obtained by Z-score transformation (Z-score cut-offs
values of –2.58 and 2.58 corresponding to P = 0.01 are indicated with red lines). Three hundred thirty differentially regulated uORF/CDS pairs (from 245
transcripts) were identified at a 0.01 confidence level. Gene names were indicated for selected examples, also visualized in Figure 4, Supplementary Figures
S2 and S3. (C). Significantly regulated proteins in the HCT116 shotgun proteomics experiment were clustered alongside their corresponding mRNA, CDS
and TE CDS Z-score fold changes. Additionally, HAP1 LFQ data––not used for clustering––was visualized. Columns with protein data represent log2
fold change between average LFQ intensities when comparing knockdown/knockout versus control conditions. The scale ranges from red (upregulation
in knockdown/knockout) to green (downregulation in knockdown/knockout) Clusters depict different modes of protein regulation: cluster 1––transcript
downregulation; cluster 2––transcript downregulation not reflected by CDS translation; clusters 3 and 4––downregulated and upregulated proteins devi-
ating from the expected transcript levels and translational regulation (31 proteins), respectively; cluster 5––transcript upregulation; cluster 6––transcript
upregulation not reflected by CDS translation; cluster 7––translational downregulation; cluster 8––mixed (transcript and translational) downregulation;
cluster 9––translational upregulation; cluster 10––mixed (transcript and translational) upregulation.

uORF features associated with eiF1 mediated translational
control

Our analysis confirmed that uORFs are implicated in trans-
lational control exerted by eIF1, thereby contributing to
regulation of protein expression. Therefore, we explored if
certain intrinsic features of uORFs may determine their po-
tential to enhance or repress the expression of downstream
CDS.

uORF start codon

Studies reported by the Atkins group demonstrate that eIF1
levels may orchestrate the stringency of start codon selec-
tion (30,32). More specifically, overexpression of eIF1 re-
sulted in a preference for AUG initiation. In light of these
findings, we hypothesised that decreased eIF1 levels should
lead to more flexibility in ribosomes initiating translation
at non-AUG codons. Whereas the vast majority (99.6%)
of annotated CDS detected in our study have AUG ini-
tiation sites, u(-o)ORFs display a broad spectrum of TIS
codons (Figure 2B). In consequence, eIF1 knockdown, by
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Figure 4. Ribosome density profiles of transcripts with actively translated u(-o)ORFs. Full length ribosome CHX reads of si-Ctrl and si-eIF1 samples were
visualized across mRNA sequences as positive (blue) and negative (red) values, respectively. Only the 5′ proximal part of the 3′UTR sequence was included.
Both uniquely and non-uniquely mapped reads were used for visualisation. CDS and u(-o)ORFs were marked using grey or green/red/blue/orange bars,
respectively. Direction of expression changes (si-eIF1 versus si-Ctrl) and start codon of the most 5′ proximal u(-o)ORF were indicated (see legend panel
contained within figure). Additionally, profiles were quantified and si-eIF1/si-Ctrl fold change in uniquely mapped ribo-seq reads for individual ORFs
were presented as numbers using a corresponding color scheme. Potential regulatory u(-o)ORFs were visualized for PHLDA2, ALDH1A3, FZD3 and
AIMP2. These u(-o)ORFs contributed to significant Z-score TE uORF/TE CDS changes.

increasing initiation (rates) at near-cognate start sites, is ex-
pected to impact the rate of leaky scanning and reinitia-
tion, leading to altered incidences of both uTIS and aTIS
initiation. Indeed, we observed a highly significant depen-
dence between uTIS codon identity and the regulation of
uORF/CDS pairs (Kruskal–Wallis test: P = 4.1e–14). This
relationship was further confirmed on a subset of tran-
scripts with a single uORF (P = 0.0014). uORFs with non-
AUG start codons had frequently upregulated uORF/CDS
TE ratio (Z-score TE uORF/CDS ≥ 2.58), whereas AUG-
initiated uORFs were typically downregulated compared
to their CDS (Z-score TE uORF/CDS ≤ –2.58; Figure
5A; � 2 test: P = 0.00035). Increased expression of non-
AUG uORFs and decreased expression of AUG uORFs
was also apparent when considering uORFs and u-oORFs
separately (Figure 5B).

When considering the impact of the uTIS codon iden-
tity on TE of the downstream CDS (Figure 5C), AUG
uTIS codons more often associated with downregulation

of uORF expression and enhanced expression of the corre-
sponding CDS, while non-AUG-initiated uORFs displayed
increased expression, thereby acting as CDS repressors.
These results demonstrate that by relying on the principle
of leaky scanning, eIF1 steers the stringency of start codon
selection, thereby exerting translational control on protein-
coding genes at a genome-wide scale. The direction (and
likely also the degree) of eIF1-induced regulation is depen-
dent on the cellular availability of the translation factor and
on the nature of upstream and downstream start codons.

uORF location in reference to CDS

Sufficient spacing between the uORF and CDS is necessary
to allow the occurrence of translation reinitiation in eukary-
otes (52). Kozak et al. (52) illustrated how a 79 nt spac-
ing stimulated efficient reinitiation in mammalian cells by
enabling the 40S ribosome subunit to reload with transla-
tion initiation factors and initiator methionine tRNA, while
resuming the scanning of mRNA. In line, our data shows
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Figure 5. Translational response to eIF1 deficiency is in part mediated by uORFs and depends on the identity of the uTIS codon and distance to CDS. (A)
Lower eIF1 levels allow for translational upregulation of non-AUG uORFs and downregulation of AUG uORFs. Only significantly regulated uORF/CDS
pairs were presented. (B) The relationship between uORF start codons and the expected directionality of translational regulation is maintained for both
upstream and upstream-overlapping ORFs. (C) The effect of u(o-)ORF start site on downstream CDS translation. (D) Spacing between uORF stop codon
and aTIS impacts CDS translation irrespective of the uTIS codon (AUG versus non-AUG). (E) Distance between u-oORF start site and aTIS has no
observable impact on CDS translation. * Mann–Whitney test: P-value < 0.05.

that upregulated TE CDS coincided with higher distance
between the uORF stop codon and the aTIS compared
to a lower distance observed when TE CDS was repressed
(Mann–Whitney test: P = 0.00091, Figure 5D). These re-
sults confirm that the relationship between repressiveness
of uORFs and their distance to CDSs (24) are relevant pa-
rameters upon eIF1 deprivation and suggest that more dis-
tant uORFs may act as enhancers of CDS translation (via
the reinitiation mechanism) whilst more proximal uORFs
may act as repressors of CDS translation (reflecting per-
turbed rates of leaky scanning upon eIF1 deprivation). In-
terestingly, shorter uORFs were typically present in front
of translationally upregulated CDSs compared to longer
uORFs associated with downregulated CDS (Supplemen-
tary Figure S4A, Mann-Whitney test P = 0.0012 at Z-score
TE CDS significance levels of 0.05). On the contrary to
uORFs, and in line with previous reports (25), we did not
observe any relationship between the u-oORF TIS/aTIS
distance or the overlap with CDS and the significance of the

fold change in TE CDS (Figure 5E, Supplementary Figure
S4B).

Number of uORFs in the 5′ leader

Next we investigated if the number of u(-o)ORFs is rele-
vant for CDS expression levels. Higher ribo-seq coverage
of CDSs and, by extension, higher translational signals, co-
incided with an increasing number of detected u(-o)ORFs
(Figure 6A; Kruskal–Wallis test shows a significant rela-
tionship between log2 CDS ribo-seq read counts and u(-
o)ORF count, P = 6.34e–07; Mann–Whitney test shows de-
creased CDS read counts in transcripts with no u(-o)ORFs,
P = 7.73e–09). Despite this potential bias due to sequencing
coverage, translation efficiency was dependent on the num-
ber of u(-o)ORFs (Kruskal Wallis: P < 2.2e–16), and TE
rates were generally higher for CDSs without u(-o)ORFs
(Mann–Whitney: P < 2.2e–16 Figure 6A). Interestingly,
CDSs with one or more u(-o)ORFs were found to be sig-
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Figure 6. 5′ leader, uORF and uTIS features relevant for translational regulation. (A) Translation efficiency of CDS is decreased in the presence of
uORF(s) (left panel) despite the fact that highly expressed CDS tend to have more uORFs (right panel). (B) Higher aTIS context efficiencies can be
expected for well expressed (upper left panel) and efficiently translated (upper right panel) CDSs at the steady-state level (si-Ctrl conditions). Increased
CDS expression and translation efficiency upon eIF1 knockdown is also correlated with improved aTIS context efficiency (lower right and left panel,
respectively). (C) Cumulative frequency plot demonstrating that non-AUG uTIS are embedded in more optimal nucleotide context compared to AUG
uTIS. (D) Relaxed stringency of start codon selection by eIF1 allowed for significant regulation of u(-o) ORFs with suboptimal AUG uTIS context. (E)
The impact of differences in AUG uTIS and aTIS context scores on regulation of single u(-o)ORF/CDS pairs. (F) Higher secondary structure (lower
minimum free energy (MFE) values) around aTIS was observed for well expressed (upper left panel) and efficiently translated (upper right panel) CDS (si-
Ctrl conditions). Conversely, less RNA structure (higher MFE) correlated with increased CDS expression and translation efficiency upon eIF1 knockdown
(lower right and left panel, respectively). (G) non-AUG uTIS were embedded in more structured context compared to AUG uTIS. * Mann–Whitney test:
P-value < 0.05; # Mann–Whitney test: P-value < 0.05 when Z-score significance threshold of 0.05 was considered.

nificantly more repressed upon eIF1 knockdown (lower Z-
score of TE CDS fold change; Mann–Whitney: P = 0.0007).

Nucleotide context of TIS

Next, we sought to determine whether the primary nu-
cleotide context surrounding uTIS codons was implicated
in steering eIF1 regulation of u(-o)ORFs. Therefore, we
first retrieved the sequence context of all aTIS and uTIS
called by our PROTEOFORMER pipeline. As described
by Noderer et al. (53), we assigned the entire nucleotide
context with a single numeric score based on TIS con-
text efficiencies experimentally determined in mammalian
cells using FACS-seq. The best scoring context in the aTIS

set (GCGAGTXXXGC, efficiency = 149) corresponded
to the translation efficiency enhancing motif described by
Noderer et al., whereas the Kozak consensus sequence
GCC(A/G)CCXXXG (48) was assigned with an efficiency
score of 122. Of note however, these were not the most
frequent motifs observed in our aTIS dataset, instead
GGGAAGXXXGC (score = 131) was most frequently ob-
served (0.18%). Overall, better aTIS context scores were as-
sociated with higher baseline levels of expression and high
translation efficiency of the corresponding CDS in the con-
trol sample (Mann–Whitney P ≤ 4.1e–05 for aTIS scores
in 10% highest and 10% lowest expressed/translated genes;
Figure 6B upper panel). Upon eIF1 downregulation, we
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also observed a positive relationship between aTIS context
efficiency and both CDS and TE CDS fold change (Mann–
Whitney: P = 0.014 and 0.0077 at 0.05 Z-score significance
threshold, Figure 6B lower panel). However, aTIS context
was clearly improved in the absence of u(-o)ORFs (Mann–
Whitney: P = 7.3e–15), showing that 5′ leader sequences
cannot be disregarded when studying the impact of aTIS
context on gene expression changes upon eIF1 deprivation.
Using the scoring system established for aTIS, we assigned
efficiencies to uTIS context sequences. Although uTIS iden-
tified in our dataset were clearly enriched in non-AUG
codons, the nucleotide context score of these near-cognate
start sites was generally much higher compared to AUG
uTIS (Figure 6C, Mann–Whitney P < 2.2e–16) (54,55).
Interestingly, the preference for an optimal consensus se-
quence was perturbed upon eIF1 knockdown, resulting in
decreased uAUG context scores in the group of upregulated
u(-o)ORF/CDS pairs (Figure 6D, Mann–Whitney P =
0.032 for Z-score TE uORF/CDS threshold of 0.05). When
considering transcripts with a single u(-o)ORF, a decreased
quality of the uTIS context sequence in relation to aTIS
was especially apparent for regulated AUG uTIS compared
to the non-regulated AUG uTIS group (Figure 6E, Mann–
Whitney P = 0.024). To further asses the relationship be-
tween uTIS context and the direction of u(-o)ORF regu-
lation we turned to a more simplified metric. The quality
of context sequence was assumed to be ‘strong’ (indicated
by –3 purine and +4 guanine relative to uTIS) or otherwise
‘weak’ (21). Using this metric, we observed that upregulated
AUG uTIS had a significantly weaker context compared to
downregulated AUG uTIS (Fisher’s exact test P = 0.081
and P = 0.026 for Z-score TE uORF/CDS threshold 0.01
and 0.05, respectively). In contrast, such relationship was
not detected for non-AUG uTIS, results corroborated by
sequence logo analysis (http://weblogo.berkeley.edu, (56))
presented in Supplementary Figure S5). These results allow
us to conclude that eIF1 knockdown perturbed translation
initiation rates at u(-o)ORFs when their start codon was
embedded in a suboptimal nucleotide context sequence. Al-
though translation initiation rates at uTIS with a poor con-
text was affected upon eIF1 knockdown, uTIS start codon
identity (AUG versus non-AUG) seemed to be a stronger
determinant of eIF1-driven start site selection.

RNA secondary structure of TIS regions

RNA secondary structure has a pivotal role in transla-
tion initiation. On one hand, RNA structures upstream of
TIS, may impede the ability of ribosomes to bind and scan
mRNA, consequently reducing the efficiency of initiation
(8). On the other hand, start site recognition, especially in
the case of suboptimal TIS, may be enhanced by a stable
proximal downstream secondary structure, which tempo-
rary arrests scanning ribosomes and supresses leaky scan-
ning (57). To determine RNA secondary structure, we cal-
culated minimum free energy of aTIS and uTIS regions
(±10 bp) (MFE, kcal/mol) using the ViennaRNA package
(58). Overall, increased secondary structure at aTIS regions
(low MFE values) corresponded to higher baseline expres-
sion and translation efficiency of the corresponding CDS
in the control conditions (Figure 6F upper panel; Mann–

Whitney P ≤ 4.1e–05). Conversely, upon eIF1 downregu-
lation, we observed a positive relationship between aTIS
MFE and TE CDS fold change (Mann–Whitney P = 0.093
and P = 3.83e–05 for Z-score TE CDS significance thresh-
old of 0.01 and 0.05, respectively, Figure 6F lower panel),
overall indicating more efficient translation initiation in the
absence of secondary structures. Although eIF1 promotes
ribosomal scanning, there is no evidence of eIF1 being re-
quired for translation initiation of structured mRNAs. In
fact, Pestova et al. have shown that eIF1 is dispensable for
ribosomal movement on 5′ leaders containing secondary
structures as long as helicases and ATP are present (59).
Interestingly, we observed a significantly higher secondary
structure at non-AUG compared to AUG upstream start
site regions (Figure 6G, Mann–Whitney P < 2.2e–16), remi-
niscent of significantly better context efficiency at non-AUG
uTIS compared to AUG uTIS (Figure 6C).

As convincingly shown by Chew et al. (24), individual
RNA sequence features are not necessarily independent,
complicating the interpretation of correlations observed in
ribo-seq datasets (24). For example, in our dataset the num-
ber of u(-o)ORF in a transcript weakly correlated with aTIS
and uTIS MFE (r = 0.122 P = 6.6e–35 and r = 0.081 P
= 1.0e–10, respectively, Supplementary Figure S6), mean-
ing that more u(-o)ORFs were found when RNA structure
around TIS was relaxed. This observation may likely be ex-
plained by the fact that relaxed structure is correlated with
increased AU base pair content and AU-rich 5′ leader se-
quences are generally enriched in initiation codons (24).

Impact of eIF1 knockdown on cell metabolism and energy
status

To investigate the consequences of eIF1 deficiency at the cel-
lular level, we analysed changes in protein expression upon
si-eIF1 treatment in HCT116 cells. Additionally, we vali-
dated our findings with label-free shotgun proteomics data
from two independent eIF1 knockout (eIF1KO) HAP1 cell
lines, which have shown overall good agreement with si-
eIF1 results (Figure 3C, clusters 5 and 8). Combined anno-
tation enrichment analysis of ribo-seq and proteomics data
(Figure 7, Supplementary Table S2) revealed a decreased
translation efficiency and, concomitantly, lowered expres-
sion of genes involved in glycolysis/gluconeogenesis (TE
CDS FDR = 0.00027, LFQ si-eIF1 FDR = 0.00044, LFQ
eIF1KO FDR = 0.00066) and in the TCA cycle (TE CDS
FDR = 0.00051, LFQ eIF1KO FDR = 0.0021). In light of
these findings, we decided to measure cellular ATP levels
upon eIF1 knockdown (Figure 8A). We confirmed that re-
duced expression of glycolytic genes was accompanied by
decreased cellular ATP levels, hinting to a more general im-
pairment of energy metabolism induced by eIF1 deficiency.
Further analysis of gene subsets affected by translation-
ally active 5′ leaders (significant Z-score TE uORF/CDS)
against a background of all quantified genes was performed
using GOrilla (Gene Ontology enrichment analysis and vi-
sualization tool) (60). This analysis revealed translational
downregulation of mitochondrial outer membrane translo-
case complex components (including TOMM7, 20 and 70A;
P = 0.000027). To test mitochondrial activity upon si-eIF1
treatment, we stained HCT116 cells with JC-10, a dye useful
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Figure 7. Gene annotation term enrichment analysis. Selected terms significantly associated with downregulated genes (upper panel) and upregulated genes
(lower panel) upon eIF1 knockdown were shown. Bars represent log10 Benjamini–Hochberg false discovery rate (FDR) range detected across OMICS
levels, using darker color for minimal FDR and lighter color for maximal FDR. Different OMICS levels were considered: Z-score CDS, Z-score TE CDS,
Z-score mRNA, protein fold change or log2(LFQ si-eIF1/LFQ si-Ctrl) for HCT116 cells and log2(LFQ eIF1 KO/LFQ WT) for HAP1 cells.

for determining mitochondrial membrane potential by flow
cytometry. CCCP pre-treatment was performed as a posi-
tive control of absolute membrane depolarization. Overall,
our results indicated, that si-eIF1 treated cells may suffer
from decreased mitochondrial activity (Figure 8B).

Similar GO-based analysis of up-regulated genes pointed
to the increased expression of ribosomal proteins and
thus increased ribosomal biogenesis, enhanced aminoacyl-
tRNA synthesis and amino acid transport throughout all
OMICS levels. More specifically, ribosome biogenesis (CDS
FDR = 0.0065, TE CDS FDR = 0.0019), ribosomal pro-
tein (CDS FDR = 0.011, mRNA FDR = 0.00006, LFQ
si-eIF1 FDR = 5.08e–11), aminoacyl tRNA biosynthetic
process (mRNA FDR = 0.0083, CDS FDR = 0.0035, LFQ

si-eIF1 FDR = 0.0025, LFQ eIF1KO FDR = 0.0019) and
amino acid transport (mRNA FDR = 0.017, CDS FDR =
0.00077, LFQ eIF1KO FDR = 0.0073) were significantly
upregulated terms (Figure 7, Supplementary Table S2). In-
genuity Pathway Analysis (IPA) of ribo-seq data (Z-score
fold change CDS) further identified a causative relationship
between the transcription factor ATF4 and the upregula-
tion of processes related to amino acid metabolism (Figure
9A). In line, our data point to the increased expression of
ATF4, which was linked to the translational downregula-
tion of AUG uORFs in the 5′ leader of ATF4 upon eIF1
knockdown (Z-score TE uORF/CDS ≤ –2.58).

Previous studies have shown that deviations in eIF1 ex-
pression levels occur in physiological conditions and that
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Figure 8. Energy status upon eIF1 deprivation. (A) Chemiluminescent readout of cellular ATP levels. Glucose deprivation was additionally performed as
a positive control for ATP level reduction. (B) Measurement of mitochondrial membrane potential by FACS. **t test significance P < 0.01.

eIF1 expression is responsive to nutrient availability. An-
dreev et al. reported a two-fold upregulation of eIF1 in hu-
man PC12 cells during glucose and oxygen deprivation by
means of ribo-seq (10). These results are corroborated by
publicly available mRNA expression array data in HCT116
cells (61,62). To restore the stringency of start codon se-
lection during glucose and oxygen deficiency, over two-fold
upregulation of eIF1 was accompanied by decreased eIF5
levels, pushing the equilibrium of translation regulation the
opposite direction as compared to what is observed upon
eIF1 knockdown. Therefore, unsurprisingly, in support of
the physiological relevance of eIF1 knockdown conditions
used in our study, we found a high negative correlation be-
tween 26 genes significantly regulated during eIF1 knock-
down and during nutritional stress reported by Andreev
et al. (3) (Pearson correlation coefficient of –0.57 and Spear-
man correlation coefficient of –0.51), including 18 genes
which displayed opposite regulation (10) (Supplementary
Figure S7).

Equilibrium of eIFs

Interestingly, knockdown of eIF1 elicited a synergic re-
sponse from other eIFs. Our proteomics data suggested a
significant regulation of four other eukaryotic initiation fac-
tors (or subunits thereof) upon eIF1 knockdown, including
EIF1B, EIF2S1 (encoding eIF2�), EIF5 and EIF4B (Figure
9B). Previous reports indicate a major role of eIF2� phos-

phorylation by upstream kinases in response to stress stim-
uli (8,15). eIF2� phosphorylation was shown to affect trans-
lation of many genes, including ATF4 as the flagship exam-
ple (8,15). To test whether eIF2 contributes to the transla-
tional response observed in our study, we measured eIF2�
phosphorylation levels upon eIF1 and/or eIF1B knock-
down (Figure 9C and D). Overall no increase in the basal
phosho-eIF2� levels could be observed upon eIF1 depriva-
tion. To put our findings in a broader context, we also in-
vestigated the expression of EIF2S1 (encoding eIF2� sub-
unit) and EIF2AK4 (encoding a kinase that phosphory-
lates eIF2� in response to amino-acid deprivation (15)). Al-
though eIF1 knockdown coincided with a 10% decreased
EIF2S1 protein expression, we have observed no significant
expression change in case of EIF2AK4, while GCN1L1 en-
coding a positive activator of the EIF2AK4 protein kinase
activity, was clearly downregulated (Figure 9A). In contrast
however, and despite the overall good agreement between
the knockdown and knockout experiments, both eIF1KO
cell lines showed increased eIF2� expression (Figure 9B).

In both eIF1 knockdown and knockout conditions, we
observed a significant downregulation of eIF5, while eIF4B
and eIF1B were upregulated. eIF5 and eIF1 were previ-
ously reported to have opposing effects regarding the strin-
gency of start codon selection (32). eIF5 expression is regu-
lated by uORFs with poor context AUG TIS and therefore
expected to decrease when translational initiation equilib-
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Figure 9. OMICS analysis highlights the effect of eIF1 deficiency on the ATF4 interaction network and suggests a widespread regulation of the transla-
tional machinery. (A) Upregulation of ATF4 expression coincided with increased expression of its downstream targets involved in amino acid synthesis
(ASNS Asparagine Synthetase (Glutamine-Hydrolyzing), PHGDH Phosphoglycerate Dehydrogenase involved in the early steps of L-serine synthesis and
PSAT1 Phosphoserine Aminotransferase 1 that participates in glycine, serine and threonine metabolism) next to genes involved in amino acid transport
(SLC3A2, SLC6A9 and SLC7A5 Solute Carrier Family members that transport L-type amino acids). Additionally, the expression pattern of ATF4 up-
stream regulators, such as EIF2S1, EIF2AK1 and GCN1L1, were visualized. IPA analysis indicated a common node (FASN Fatty Acid Synthase) between
ATF4 and ERBB2 interaction network, which pointed to a possible impairment of adherent junction formation (due to downregulated KRT7 Keratin 7,
SMAD Family Member 3 and ERBB2 Receptor Tyrosine Kinase 2). In contrast to the ATF4 network, differential regulation of proteins implicated in the
formation of adherent junctions could not be confirmed at the steady-state protein level. (B) eIF proteins significantly regulated upon eIF1 knockdown were
also found to be significantly regulated in eIF1KO cells. Differential expression values were subjected to hierarchical clustering using normalized protein
expression fold changes next to displaying TE CDS, CDS and mRNA Z-score fold changes. (C) eIF1 knockdown does not affect eIF2� phosphorylation.
Western blot analysis of phospho-eIF2�, total eIF2� and eIF1/1B were performed in HCT116 cells upon siRNA-mediated knockdown of eIF1 and/or
knockdown of its paralog gene eIF1B. Control cells were transfected with a non-targeting siRNA (si-Ctrl) and treated with 500 �M arsenite (ARS) for 1
h to induce eIF2� phosphorylation (10). Quantification of phosho-eIF2� and eIF1/1B is presented in panel. (D and E), respectively. Of note, the primary
antibody against eIF1 also recognizes the highly similar in sequence eIF1B. Discrimination of eIF1 from eIF1B on Western blot is additionally hindered
due to their similar molecular weight (difference of 0.1 kDa).
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rium is shifted towards more flexible start codon selection
(32). In consequence, and in line with our results, the feed-
back loop discovered between eIF1 and eIF5 (32) leads to a
decreased eIF5 expression upon eIF1 knockdown. eIF1B,
on the other hand, is an eIF1 paralog gene (i.e. eIF1 and
eIF1B share 92% sequence identity, Supplementary Figure
S8) whose role in translation initiation remains to be de-
termined. Viewing the fact that both eIF1 and eIF1B were
here proven to be non-essential genes in HAP1 cells (both
produced viable knockout cell lines), certain functional re-
dundancy may be expected between these proteins. In con-
sequence, eIF1B upregulation could thus possibly (in part)
counteract eIF1 deficiency. To test if eIF1B becomes in-
dispensable for cell growth upon eIF1 deprivation, we per-
formed a double knockdown of eIF1 and eIF1B in both
WT and eIF1BKO HAP1 cells. We followed the growth of
cells by cell counting and total protein concentration mea-
surements in the corresponding cell lysates at several time
points post-transfection. However, no notable differences in
cell proliferation could observed when knocking down eIF1
and eIF1B in WT or eIF1B KO HAP-1 cells (Supplemen-
tary Figure S9). Analogous experiments were performed in
HCT116 cells, also showing no apparent effect of eIF1B and
eIF1 double knockdown on cell proliferation (Supplemen-
tary Figure S10, Figure 9E).

DISCUSSION

By combining tailored proteomic strategies with next gen-
eration sequencing (11,12,63) we aimed at identifying the
biological targets of translation control exerted by eIF1.
Integrative OMICS studies face the problem of limited
correlation observed between protein and mRNA levels.
We improved on this aspect by relying on the ribosome-
profiling readout for translation. We however detected 31
genes with significant changes at the protein level, indepen-
dent of mRNA expression and translation efficiency. Fur-
ther, in numerous cases, proteins levels only moderately cor-
responded to their synthesis rates (Figure 3C, clusters 2 and
6). There may be many reasons as to why such discrepancies
are observed. First of all, protein synthesis is delayed com-
pared to transcription, which reduces the overall correlation
between mRNA and protein fluctuations (51), especially
when sampling RNA and protein at the same time point
after knockdown. Additionally, ribo-seq provides a snap-
shot of translational engagement of ribosomes, which may
correspond to a transient state, while the magnitude of ex-
pression changes might be insufficient to impact on steady-
state protein levels. Finally, compensatory effects might be
at play.

Using complementary high-throughput technologies, we
here confirmed that eIF1 levels determine the stringency
of start codon selection at the genome wide scale and
thereby orchestrate the rates of leaky ribosomal scanning
and uORF translation. More specifically, low eIF1 lev-
els promote translation initiation at near-cognate codons
and start sites embedded in a suboptimal nucleotide con-
text (Figure 10). The initiation context was previously also
found to determine aTIS versus downstream TIS (dTIS) se-
lection (11). Although our data suggests, that the direction
(and likely also the degree) of eIF1-induced regulation is

Figure 10. Translation initiation upon eIF1 deficiency. Our data suggest
that eIF1 knockdown reduces the stringency of start codon selection and
preference for an optimal nucleotide context, overall leading to transla-
tional upregulation of uORFs with suboptimal start (upper panel) and de-
creased translation initiation rates at upstream AUG codons embedded in
more optimal nucleotide context (lower panel).

dependent on the cellular availability of the translation fac-
tor and on the nature of upstream and downstream start
codons, eIF1 modification status (33), not monitored in this
study, is another potential factor involved.

Although uORFs are omnipresent throughout protein-
coding transcripts, uORF mediated regulation significantly
affects only a subset of genes and tends to have an overall
moderate effect on absolute expression levels (average fold
change in CDS expression of about ±25% in our study),
a range similar to miRNA effects (25). Therefore, we may
consider that the predominant role of uORFs involves the
fine-tuning of proteome homeostasis, buffering the effects
of stress conditions for most genes while providing the ca-
pacity for stress response to particular effectors (9). Al-
though the expression and functionality of uORF-derived
peptides is debated with only a limited number of active
peptides identified and characterized so far (64), proteoge-
nomics strategies hold promise in expanding our knowl-
edge in this field. We searched our shotgun proteomics data
against a ‘custom database’ enriched for ribo-seq delineated
reading frames, leading to the identification of peptides
derived from one uORF in the CYP4F11 transcript and
six u-oORFs (in MFGE8, POLR2M, SAMD1, PSMG4,
SLC39A13 and RSU1 transcripts) (see Supplementary Fig-
ure S3, Supplementary Table S3 and Supporting File 2 for
these and other examples of novel and non-synonymous
proteoforms identified in our study). Additionally, our ribo-
seq data has predicted the expression of 14 short ORF-
encoded polypeptides previously identified by Slavoff et al.
(65) and 60 alternative ORFs with peptide evidence re-
ported by Vanderperre et al. (66). Of note however, 10 pep-
tides in the Slavoff et al. dataset and 118 peptides from the
Vanderperre et al. study that were attributed to alterna-
tive proteoforms, belonged to either Ensembl or SwissProt
annotated proteins. These discrepancies were likely due to
differences between Ensembl/SwissProt and NCBI (Ref-
Seq) annotation (versions) used as the reference database by
the other studies. Despite our efforts, the great majority of
uORF-derived peptides remained undetected. Next to their
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lower MS detectability, their low identification rate may
in part, also be attributed to the recently reported mech-
anism of co-translational degradation of rapidly translated
polypeptides (67).

Reliable quantification of uORF expression by ribo-seq
may be challenging due to their short length and the bias
in ribosome signal at 5′ leader introduced by the antibiotic
treatment (27). Nevertheless, potential biases are similar
across all samples analysed, and thus unlikely to affect our
differential expression analysis, a finding corroborated by
the fact that some of the regulatory uORFs identified in our
study were previously reported in studies that specifically
avoided antibiotic pretreatment (9,10) (see Supplementary
Figure S3). Our data analysis pipeline also minimized the
impact of ribosome accumulation at start and stop sites
by adjusting the region used for measuring translation (see
Supporting File 1: Supporting Methods). Analysis of over-
lapping ORFs may be increasingly difficult. For example,
68 of differentially regulated u-oORF/CDS pairs identi-
fied in our study were characterised by shorter than aver-
age overlaps (Supplementary Figure S4C), a likely conse-
quence of including the region shared with the CDS for cal-
culating u-oORF expression. Although our approach may
underestimate the number of regulated u-oORFs, namely
u-oORFs extensively overlapping with CDS, currently pre-
cise expression measurement of highly overlapping ORFs
remains challenging.

Our findings suggest the role of eIF1 and its cellular lev-
els as a mediator for translational regulation, but also un-
derline the high interconnectivity of the translational ma-
chinery (1,10,51). The non-essential nature of eIF1 gene
in HAP1 cells was not originally anticipated (68) and the
nearly 3-fold upregulation of eIF1B in eIF1KO cells sug-
gested a possible functional overlap between these paralog
genes. On the other hand, no clear translational impair-
ment, no apparent change in eIF1 expression, the overall
mildly perturbed to unperturbed proteome expression pro-
file of eIF1BKO cells observed, and the apparent lack of
combined eIF1 and eIF1B knockdown on cell viability pro-
hibit from drawing any conclusion regarding eIF1B activ-
ity. Overall, our results do not provide direct evidence for
the indispensability of eIF1B for the growth of human cells
during eIF1 deprivation. However, the functional overlap
between eIF1 and eIF1B is not completely precluded, es-
pecially viewing the incomplete knockdown of both eIF1
and eIF1B (Figure 9E). Besides, the possibility remains that
(next to eIF1B) other eIFs may substitute eIF1 activity. Re-
cently, density regulated protein (DENR) bearing a SUI1
domain (SUI1 is a yeast analogue of eIF1) was shown to act
as a non-canonical initiation factor indispensable for pro-
liferation and tissue growth (69). In our ribo-seq dataset,
DENR expression was unaffected by eIF1 knockdown. On
the other hand, the Dikstein group has recently demon-
strated that eIF1 may orchestrate translation via the TISU
regulatory element (translation initiator of short 5′UTR
mRNAs) found in mitochondrial genes. While eIF1 and
eIF1B deprivation was shown to severely impair TISU-
driven translation, the canonical translation initiation was
supported even upon combined eIF1/eIF1B knockdown
in HEK293T cells. The authors suggested that eIF1 deple-
tion may be partially compensated by eIF1A, supported by

the redundant activity of these factors in translation assays
using in-vitro reconstituted 48S ribosome complexes and
TISU-containing mRNAs (70).

While independent of eIF2� phosphorylation, the effects
of eIF1 deprivation impacted a widespread regulation of the
eIF network, including eIF5, eIF1B and eIF4B. Previous
studies demonstrated, that deviations in eIF1 levels occur
in physiological conditions in response to nutrient availabil-
ity, as a two-fold upregulation of eIF1 is observed in hu-
man cells during glucose and oxygen deprivation (10,61,62).
Our study also points to a link between eIF1 levels and the
regulation of genes involved in energy metabolism, as en-
ergy production and amino acid demand seemed to be sig-
nificantly perturbed. In particular, lower cellular ATP lev-
els and decreased mitochondrial respiration were detected,
however the impact of this phenotype needs further exam-
ination. Additionally, we found a significant negative cor-
relation between 26 genes regulated during eIF1 knock-
down and upon nutritional stress reported by Andreev et al.
(3), including 18 genes which displayed opposite regulation
(Supplementary Figure S7; (10)), supporting the physiolog-
ical relevance of our experimental conditions. Interestingly,
changes in gene expression were frequently achieved by en-
gaging u(-o)ORFs. u(-o)ORF repressiveness (perceived as
the TE u(-o)ORF/TE CDS change upon eIF1 knockdown)
was increased in the case of less favourable AUG context
efficiencies, near cognate initiation codons and reduced dis-
tance between uORF and CDS. Translation efficiency of
CDS also depended on the number of u(-o)ORFs and in-
creased with more favorable aTIS context and weaker sec-
ondary structure.
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