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Protein translation is a key step in gene expression. The development of Ribosome Profiling has allowed the
global analysis of this process at sub-codon resolution. In the last years the method has been applied to several
models ranging from bacteria to mammalian cells yielding a surprising amount of insight on the mechanism
and the regulation of translation. In this review we describe the key aspects of the experimental protocol and
comment on the main conclusions raised in different models.
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1. Introduction

The decreasing cost of obtaining Next Generation Sequencing (NGS)
data [1–3] together with the huge information sets arising from these
technologies is revolutionizing several research fields of life sciences
(see an example in [4] or in disease biology [5,6]). Ingenuity is continu-
ously leading to the development of new methods, a very interesting
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case is an application named Ribosome Profiling (RP), or Ribo-Seq, de-
veloped by Ingolia &Weissman in 2009 [7] where the deep sequencing
of mRNA fragments covered by ribosomes during translation yielded an
original view of translation at a genome wide scale. The footprints of
active ribosomes are obtained using an RNAse protection assay, where
controlled digestion generates small mRNA fragments/footprints of ap-
proximately 30nucleotides [8]. Therefore, after data processing, transla-
tion can be observed at an unprecedented resolution in a variety of
biological settings. Before performing the digestion, ribosomes are
halted over the mRNAs using translation inhibitory drugs or by quick
deep freezing the sample to avoid ribosome run-off. The resulting
fragments, i.e. the ribosome footprints, are purified and used to con-
struct sequencing libraries to feed short read sequencers. In this sce-
nario, a transcriptome wide picture of the translating ribosomes
location over mRNAs is obtained, together with an estimation of the
mRNAs translation rates. These expression levels estimated by RP define
what is called translatome, in analogy to the term transcriptome.
Translatome estimations of gene expression levels correlate better
with proteomic data than transcriptome-derived estimations (see
below). This increased correlation evidences the existence of mecha-
nisms operating in the control of translation that fine tune the synthesis
of cellular proteins.

In the context of the rich data obtained in a RP experiment, an inter-
esting outcome was the definition of two concepts: translational effi-
ciency and periodicity. The first concept refers to how much an mRNA
is translated considering the level of its codingmRNA, so it is an impor-
tant parameter yielding information on translation regulation.
Translational efficiency is calculated as the ratio between translation
(derived from counts of footprints per mRNA) over transcription
(derived from RNA-seq mRNA levels) of particular mRNA. The second,
refers to the three bases mapping periodicity observed for the reads de-
rived from footprints as a consequence of ribosome movement along
mRNA. Since the ribosomemoves codon by codon, the 5′-end of the ri-
bosome footprints tend to map at the same position of each codon
throughout the whole coding sequence.

Several aspects concerning protocol have been discussed, revised
and modified since the original protocol was established. Some aim to
adapt the protocol to different biological models, like eukaryotic or pro-
karyotic cells, specific tissues, etc. Other aspects have been intensely
discussed, for example what the appropriatemethod to stop translation
is or how to define the correct translation frame from ribosome foot-
prints. Nevertheless, RP protocol is currently a widely used approach
to study gene expression in different biological models from virus and
bacteria to complex mammalian tissues (examples in [9–11]). In this
mini-review we will discuss themain and critical steps in the RP proto-
col, its uses and main findings obtained in different biological models
and the contributions to our knowledge of cellular and molecular
biology.
2. Ribosome Profiling Protocol

2.1. Protocol Description

Ribosome Profiling comprise mainly five steps: sample preparation,
RNAse protection assay, isolation of ribosome footprints, high-
throughput sequencing and bioinformatic analysis (Fig. 1A) [12].
Sample preparation refers to steps necessary to process the biological
sample and obtain a post mitochondrial supernatant where lysis condi-
tions ensure to preserve in vivo ribosome positioning and RNA integrity.
Among others, alternative inputs could be tissue homogenates, isolated
tagged ribosomes or a bacterial cell lysate. Critical aspects concerning
this step are: ensuring enough biological material to produce quantifi-
able ribosome footprints and avoiding ribosome run-off. For the last,
either drugs inhibitors of translation or physical methods like flash-
freezing using liquid nitrogen and dry ice can be used. Indeed, fast
freezing becomes crucial in cases where using translation inhibitors
are to be avoided.

The RNAse protection assay, also called nuclease footprinting, is an-
other critical step in RP protocol. Several RNAses had been used, mainly
RNAse I and micrococcal nuclease (MNAse) in eukaryotic cell models
and bacterial cells, respectively. At this step, controlling factors like reac-
tion time and enzyme concentration are critical to ensure an appropri-
ate mRNA digestion, for example it has been stablished that the ratio
between RNA and RNAse controls footprints size [13].

The third step is one of the most laborious in terms of protocol. Dif-
ferent strategies had been used to isolate ribosome protected fragments
or ribosome footprints, but all of them imply a ribosome/poly-ribosome
purification step. Even though commercial columns are available to pu-
rify monosomes, the most used approach is the differential sedimenta-
tion of ribosomes through a sucrose cushion during ultracentrifugation.
The use of this technique of subcellular fractionation ensures the purifi-
cation of monosomes with bound ribosome footprints. Once mono-
somes are purified, a polyacrylamide gel electrophoresis in denaturing
conditions is run to separate the complex sample by length. Using ap-
propriate size markers, the gel is cut at the corresponding length of
28-30 nt using a dark field transilluminator, even if footprints are not
visible as it is usually the case. After disrupting the gel slices, precipita-
tion and re-purification of ribosome footprints, samples are ready to
proceed to library preparation.

Library preparation implies a set of protocol steps common in many
high-throughput sequencing experiments like end repair, 3′ adaptor
ligation, reverse transcription and PAGE cDNA purification, circulariza-
tion of cDNA and PCR amplification. After checking length and concen-
tration of the ribosome footprints library, they can be submitted to
sequencing according to user-preferred sequencing technologies. Due
to footprints small size, neither long reads nor paired-end reads are
needed. Nevertheless, due to ribosomal rRNA presence in the footprints
fraction purified, depletion of rRNA, coupled with extra sequencing
depth are usually needed.

Finally, the bioinformatic analysis of data is the most user-
dependent step. A typical analysis would include quality control of
raw reads,mapping, count normalization and gene expression levels es-
timation. It could also include, for example, differential gene expression
analysis if two biological conditions are contrasted. Table 1 showa list of
some of the software available to perform classical analysis over RP data.
Nevertheless, how deeply the data is interrogated is on user's hands,
here we will discuss some of these downstream analyses later.

2.2. Protocol Variants, User Decisions

Up to this pointwehave reviewed themain steps in RP protocol con-
sidering the classical approachesmost used in literature. Henceforthwe
will mention some protocol variants and why they could be used if is
necessary (Fig. 1B). Considering the chronological order of the protocol,
wewill start with one of the steps wheremore variants are described in
the literature: how to stop translation at the moment the experimental
design requires to do so. Efficient stop of translation avoids ribosome
run off, sharpening the picture taken of the translatome at a given
time point. In the original protocol, a classical translation inhibitor like
cycloheximide was used to specifically target translation elongation.
However, as it does not interfere with pre-initiation complex scanning
and translation initiation, treatmentwith cycloheximide causes a signif-
icant accumulation of ribosomes at initiation sites of mRNAs actively
translated. This could represent a source of bias since a lot of ribosome
footprints will be generated by initiating ribosomes while elongation
is stopped. This issuewas highly covered in the literature, with some au-
thors proposing that this accumulation is actually due to an enrichment
of slow codons after the initiation and others are in line with the bias
hypothesis that generates a skewed distribution. Alternatively, it is
possible to stop translation using liquid nitrogen and dry ice [12]. In
this scenario, ribosomes are flash-frozen and stopped just by reducing



Fig. 1. Ribosome Profiling protocol description. A general description of RP protocol is shown in A, representing the main steps described in the text. The protocol variants discussed are
summarized in B, linked to the corresponding step where would be applied. Variants that correspond to prokaryotes are marked in italic.
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kinetic energy to a minimum. This alternative seems to not affect
ribosome density and expression measurements but it's not the most
extended approach, maybe because of availability of liquid nitrogen in
the laboratories. When working with prokaryotes, besides flash-
freezing, drugs like chloramphenicol and 5′-Guanylyl imidodiphosphate
had been used [9]. Finally, it is worth mentioning that other drugs that
target translation had been used to reveal specific aspects of translation.
One of themost extended example is the use of harringtonine or the com-
bined use of cycloheximide and harringtonine. Since harringtonine it is an
inhibitor of translation initiation, the use of this drug alone could reveal
translation initiation sites exclusively. Also, if harringtonine is first
applied, and cycloheximide is applied after at different time points, it is
possible to measure very specific translation properties like translation
elongation speed [14,15].

The second step we mentioned it is the RNAse protection assay. In
this step enzyme selection is critical [16]. In first place the biological
model (eukaryotic or prokaryotic) already limits the options. In the
literature, enzymes used for eukaryotic systems are mainly RNAse I, A,
S7, T1 and MNAse, also used in prokaryotes. Since the method has
been mainly applied to eukaryotic cells, RNAse I is the more common
enzyme selected. In this case, the amount of RNA that is digested and
other reaction conditions are well established, but when a new RNAse
is being used, parameters like enzyme units and time of the digestion
needs to be specifically determined to ensure a correct ribosome foot-
print production. It has been useful the use of enzymes, like Benzonase,
or the above mentioned MNAse, that produce digestion products that
allow amore straight forward ligation of the linkers required to prepare
NGS molecular libraries [17–20] simplifying the library preparation
protocol.

Once cells are harvested, lysed and the RNAse protection assay is
carried out, the next step is to collect ribosomes and specifically purify
ribosome footprints. As we mentioned above, ribosome purification
could be one of the most laborious step. Despite commercial columns
are available to purify ribosomes, more classical strategies tend to be
used, like monosome separation by ultracentrifugation in sucrose
cushions or gradients.While sucrose gradients fractionation is challeng-
ing, sucrose cushions give similar results with less technical challenges.
Other approaches to collect ribosomes are available, like genetic manip-
ulation to add epitope tags to ribosomes, allowing affinity purification
[21–23]. In any case, after ribosome isolation, footprints purification is

Image of Fig. 1


Table 1
Software available to analyze, interpret and visualize RP-derived data.
A list of some of the software used to analyze RP data is briefly described, indicating its main features and the adequate environment to use it.

Name Functions/description Enviroment Ref.

riboSeqR Parsing data, align reads, plotting functions, frameshift detection and inferring alternative ORFs. R [101]
RiboProfiling Quality assessment, read start position recalibration, counting of reads on CDS, 3′UTR, and 5′UTR, plotting of count data: pairs, log

fold-change, codon frequency and coverage assessment, principal component analysis on codon coverage.
R [102]

RiboGalaxy On-line tools for the analysis and visualization of ribo-seq data (some of them use riboSeqR) Galaxy webserver [103]
Plastid A handful of scripts for common high-throughput sequencing and ribosome profiling analyses, like: determining P-sites offsets Python Library [104]
Ribomap Generates isoform-level ribosome profiles from ribosome profiling data Unix [105]
RiboTraper Identifies translated regions Unix [106]
Rfoot Identifies RNA regions protected by non-ribosomal protein complex present in Ribo-Seq data Perl [107]
anota Analysis of differential translation and results visualization R [108]
RiboDiff An statistical tool to detect changes in protein translation efficiency Unix [109]
Xtail An analysis pipeline that identifies differentially translated genes in pairwise comparisons R [110]
RiboTools Detection of translational ambiguities, stop codon readthrough events and codon occupancy. Provides plots for the visualization

of these events.
Galaxy webserver [111]

Proteoformer Genome-wide visualization of ribosome occupancy and a translation initiation site calling algorithm. A protein database can be
incorporated to increase protein identification

Galaxy webserver [112]

ORFscore Small ORF identification In SPECTtre [106];
python

[75]

ORF-RATER Coding sequence annotation Python [113]
FLOSS A metric for distinguishing between 80S footprints and nonribosomal sources using footprint size distributions In SPECTtre [106];

python
[61]

tRanslatome Analysis of transcriptome, translatome and proteome data: Differentially expressed genes detection, gene ontology enrichment
comparison and analysis of regulatory elements

R [114]

TranslatomeDB Differential gene expression, translation ratio, elongation velocity index and translational efficiency. Also comparision with other
RP experiments can be done

Online [115]

systemPipeR Filter/trim sequences, quality control, alignments, counting, peak detection, differentially expressed genes detection, enrichment,
classification, several reports and graphs

R [116]
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the immediate follow step. Since the RNAses used are endonucleases,
they digest “unprotected” mRNA while also cutting fragments of rRNA
exposed in ribosome's surface. This digestion produces a very complex
mix of RNA fragments of diverse length that is separated by a denatur-
ing PAGE. Using appropriate size markers (26 and 34 nt), the band cor-
responding to ribosome footprints is excised from the gel and theRNA is
isolated. Interestingly, a new population of small footprints of 20 nt in
length was recently described [24]. This small population would not
be recovered if we use the size markers mentioned above. In this
context, depending on the experiment being performed and on the re-
search goals, size selection can be modified accordingly.

Since the original sample contains a lot of ribosomes, a very impor-
tant fraction of the generated fragments comes from rRNA. This contam-
ination, still present in ribosome footprints expected band, is an
important issue. One possible strategy is to continue with the protocol
ignoring this contamination and go deep in sequencing to obtain
enough mRNA derived sequences to achieve RNA-seq like coverage.
However, this contamination can represent up to 90% of the sample,
so a subtracting strategy is usually necessary. Ribosomal RNA removal
can be achieved through streptavidin affinity purification using specific
biotinylated rRNA probes available for mouse and human. If the
biological model it is not mouse or human, synthesis of specific rRNA
complementary oligos can be considered, provided by previous knowl-
edge of the region of the rRNA protected in the model used. The later
can be obtained by sequencing at low depth to determine the most
abundant protected fragments derived from rRNA. Because different en-
zymes can produce different protected rRNA due to allosteric impedi-
ments or cleavage site sequence specificity, determining the identity
of contaminating rRNAs could be necessary.

When footprints are collected, library construction and high-
throughput sequencing are the next in line. Depending on the RNAse
used, end repair could be necessary prior to linker ligation. While con-
ventional protocols require PCR amplification and purification of the
amplified PCR product by PAGE, as mentioned above some enzymes
simplify these steps. Finally, sequencing is performed. While several
platforms are available to perform high-throughput sequencing, long
reads are not necessary as footprints are naturally short. Usually the
depth of coverage to be achieved is dependent on how much rRNA is
contaminating your footprints and how many mRNAs you will need to
quantify.

Finally, data interpretation implies a complete in silico analysis (see
Table 1), although this is the step more flexible and open to user aims,
it represents several challenges due to the particular features of RP.
For example, reads are short in length, may have relatively high error
rates and depending on library construction protocol could have high
bias. Also, some fragments tend to be enriched, because accumulated ri-
bosomes at translation initiation sites or pausing sites, leading to high
read counts. Beyond this, most of the available tool to process and ana-
lyze experiments of RNA-Seq are suitable to use analyzing data fromRP,
specifically the ones used to short length reads and/or single-end reads.
Nevertheless, some aspects need to be considered due to the peculiari-
ties of the data set analyzed. For example, gene isoforms studies are dif-
ficult since ribosome footprints are short reads andmapping over splice
junctions tend to be unreliable. Briefly, bioinformatic analysis implies in
general: quality and adaptor trimming, mapping against a specific data
base of rRNA or ncRNAs to remove contamination, unmapped reads are
aligned to an mRNA data base, counting reads, normalize counts and
proceed to check statistical differences between conditions. As said
above, diverse analysis can be done with data, just to mention some:
check footprints periodicity, upstream Open Reading Frame (uORF)
search, detection of different translation initiation sites, codon usage
and search for translation pauses, among others. Even though general-
purpose RNA-seq tools may be suitable, some specific software has
been developed to apply to RP data set that explicitly consider the influ-
ence of transcript levels on translatome determinations (see examples
in Table 1).

3. Biological Models and Contributions

Up to date, the RP protocol has been applied to a large variety of bi-
ologicalmodels from viruses and bacteria to yeast, mammalian cells and
tissues, and embryos. In this section we will present themain contribu-
tions done in each model, and also what we have learned about the
translation mechanism using this methodology. In addition, in Table 2
several RP works were grouped by the main topic analyzed, indicating
in each case the different organisms used.



Table 2
Brief summary of RP works in several models, grouped by the main analyzed topic.

Topic Organism Ref.

Genomic/translation characterization Virus [11,86–88]
Mycobacterium abscessus [35]
Mammalian cells [14]

Translation initiation sites Caulobacter crescentus [26]
Mammalian cells [59]

Translation elongation Saccharomyces cerevisiae [24]
Caenorhabditis elegan [79]

Translational pausing Escherichia coli [9,27,32]
Bacillus subtilis [9]
Saccharomyces cerevisiae [46,67]

Codon usage Escherichia coli [37]
Saccharomyces cerevisiae [47,49,50]

Small ORF Saccharomyces cerevisiae [51]
Zebra fish [75]
Drosophila melanogaster [77]
Mammalian cells [65]

Translation dynamics on different stages Plasmodium falciparum [81,82]
Trypanosoma cruzi [17]
Trypanosoma brucei [83,84]

Stress response Escherichia coli [41]
Mycoplasma gallisepticum [34]
Arabidopsis thaliana [80]
Saccharomyces cerevisiae [7]

lncRNAs translation Mammalian cells [60–64]
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3.1. Bacteria: Translational Pausing, Codon Use and Antibiotics

In bacteria, ribosome profiling was applied in first place to
Escherichia coli and Bacillus subtilis [9] to study the causes of transla-
tional pausing. The authors observed that the presence of Shine-
Dalgarno-like features in coding sequences are the major determinants
of translation rates in these models. Instead of codon usage or the pres-
ence of rare tRNAs, interactions between rRNA and these Shine-
Dalgarno-like features in mRNA can impact on ribosomal movement
along mRNA, which in turn affect footprints location and abundance
[25]. Later, Schrader et al. [26] also applied RP, in Caulobacter crescentus
and arrived to the same conclusion: ribosomes tend to pause at internal
Shine-Dalgarno-like sequences in coding genes. Although the later hy-
pothesis regarding underlingmechanisms of translation pausing in bac-
teria is still controversial (see an example in [27]), with authors
supporting classical hypothesis of tRNA abundance as main modulator
of translation speed, this is still a newpossiblemechanism for regulating
translation uncovered by the RP strategy.

In another study Oh et al. [28], investigated a chaperone trigger factor
and how this protein regulates outer membrane proteins, using a RP pro-
tocolmodified later in [29]. Balakrishnan et al. [30] studied translation ini-
tiation on E. coli using RP, while translation elongation was covered by
Elgamal et al. [31], where authors find translational pauses associated to
elongation factor P and amino acids motifs upstream to ribosome P-site
(also found in [32]). Other bacteriawhere RPwas applied areMycoplasma
gallisepticum [33,34],Mycobacterium abscessu [35] and Staphylococcus au-
reus [36]. RP as a powerful technique to measure translation rates at
subcodon resolution, has allowed scientist to focus on the relationship be-
tween translation efficiency and codon usage deriving in the optimization
bacterial vectors for expression of heterologous recombinant proteins
[37,38].

Also, RP has given new insights on the antibioticsmechanisms to in-
hibit translation [39]. Other studies have been using RP to investigate
mechanisms for biofilm formation in B. subtilis [40], ethanol effects on
translation [41] and mRNA cleavage by the endonuclease RelE [42].
3.2. Yeast: Start Codons, uORFs and Translational Pauses

Since RP was firstly described in the budding yeast Saccharomyces
cerevisiae [7], a lot of research has been done using this model and by
re-analyzing that public data sets generated. In the original article,
Ingolia et al. [7] explored translation response to starvation. In this sem-
inal paper the terms translation efficiency and periodicity were defined
for first time in this context (see Introduction). While translation effi-
ciency is usually calculated in every experiment using RP, periodicity
is not assessed so often, because it depends on RNAse amount used
and digestion time.

For first time, integrating all data obtained, correlations between ex-
pression levels estimated by RNA-Seq (transcriptional levels), RP
(translational levels) and proteomics (protein levels) could be obtained,
reflecting the contribution of translational regulation in the fine tuning
of final proteins levels (please see examples in Fig. 2). In this sense,
other efforts have been made to correlate translation ratios and protein
abundance. For example, Wang et al. [43] by incorporating mRNA
length as a key factor, found a strong multivariate linear correlation be-
tween protein levels and translation ratios estimated by ribosome-
nascent chain complex sequencing (RNC-Seq). The correlation between
translational and protein levels estimated by RP andproteomics, respec-
tively, may be improved if elongation velocity index are incorporated in
the analysis, according to the authors [44] (please see Section 3.3.2).

Also, start codons were also precisely determined in this work, and
initiation at non-AUG codons was observed as response to starvation.
In the same way, detection of ribosome footprints at 5’-UTRs re-
veals translational activity in these regionsmainly explained by the pres-
ence of uORFs. In this way, a new approach to uORF study and its
relationship with translation regulation was stablished, revealing a
completely new and complex field previously not covered in detail.

To highlight some of these contributions yeast models provided, we
can mention that distinct population of ribosome footprints were dis-
covered and were assigned to distinct stages of translating ribosomes
[24]. Furthermore, 80S ribosomes (monosomes) were detected as
translationally active, translating specific mRNAs encoding low abun-
dance and regulatory proteins, among others [45]. In addition, codon
usage, tRNA levels and how they influence translation was highly cov-
ered [46–50]. The hypothesis that arise more strongly in yeast is that
biochemical interactions between the nascent peptide and the ribo-
somal exit tunnel (in particular the initial part of the tunnel) are
major determinants on ribosome stalling [46]. A stalling signal of pro-
line and arginine was detected, as others showed for bacteria [31,32].
On the other hand, also the correlation between tRNA concentrations
and codon decoding time was evaluated, finding a significant negative
correlation, supporting the idea that translation efficiency is influenced
by tRNAs levels in the cells [48]. Also, RP was used to explore the
genome-wide translation of small ORFs (b100 amino acids) and long
non coding RNAs (lncRNAs) [51], ribosome rescue in 3′-UTR [52], the
yeast meiotic program with important contributions to the area [53],
and also how translation contributes to regulate gene-expression in
yeast in an evolutionary view [54].

3.3. Mammalian Cells: uORFs, Pauses, Initiation Sites and lncRNAs

In mammalian cells, the first study carried out applied RP strategy to
reveal aspects of microRNA's (miRNA) function in the cell [55]. The au-
thors observed that miRNA predominantly affect mRNA levels, with
only a modest influence on translational efficiency. This study revealed
for first time that mRNA destabilization is the major consequence of
miRNA regulation. So, from here to the end of this section we will
present some interesting research and their results in mammalian
cells mainly, but also in other eukaryotic models.

A significant study in terms of results, conclusions and repercus-
sions, was done by the group who publish the RP protocol, but using
mouse embryonic stem cells (mESC) [14]. In this model, the authors
identified thousands of pause sites and unannotated translation prod-
ucts like amino-terminal extension and uORFswith potential regulatory
roles. In parallel, authors combine harringtonine and cycloheximide use
to monitoring kinetic of translation as we describe below, evidencing a



Fig. 2. Correlations among RNA-Seq, RP and proteome-derived expression data sets. Genome-wide correlations of individual gene expression levels estimated by RNA-Seq, RP and
proteome techniques are shown. Each correlation value is referenced to its corresponding author, indicating also journal, year, organism involved and correlation test used, by the
same color code.
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ribosome translation rate of 5.6 amino acids per second, consistentwith
previous values [56], and that is independent of length, protein abun-
dance, classes of mRNAs or codon use.

3.3.1. uORFs
Ingolia et al. [14], using harringtonine in mESC, could identify trans-

lation initiation sites,where AUGwaspresent in almost 75%of canonical
sites, but in b25% in upstream sites, where others near-AUG codons
were observed, like CUG and GUG (see also Section 3.3.3). Considering
the initiation site defined, the reading frame associated was also inves-
tigated and classified based on their relationship to the annotated ORF.
In this characterization, many uORF were detected, as well as alternate
protein products with amino-terminal extensions or truncations. The
authors also study the widespread translation of uORFs detected and
their change during differentiation, highlighting the important regula-
tory role that these elements have affecting translation, particularly
when the cell is under stress conditions [57]. A well-known example
is the uORF translation regulation that affects GCN4 expression in
yeast under starvation [7].

3.3.2. Translational Pauses and Elongation Speed
Regarding translational stall sites, Ingolia et al. [14] observed in

mESC a consensus peptide motif of glutamate (preferentially GAA
codon) or aspartate in the A site of pauses, preceded by a proline or
glycine, and then another proline (preferentially represented by
CC[A/T] codons); while no evidence of rare codons enrichment was
seen in pausing sites. Also, Dana and Tuller [58], re-analyzed the data fo-
cusing on elongation speed and ribosome profiles. Their analysis sug-
gest that elongation speed is indeed determined by the tRNA pool,
local mRNA folding and local charge of amino acids encoded; an idea
that seems to be extended in different articles, aswasmentioned before
(see also [46]). Nevertheless, the authors mention that they detect an
unknown source of biases in the data that can interfere in ribosomepro-
files over mRNAs. Nevertheless, by experimentally assessing elongation
velocity, recently Lian & Guo et al. [44] found that these general conclu-
sionswe have describedmay not be applicable to all individual cases. In
this work, information from RNA-Seq, RP and also RNC-mRNAwas used
to define and calculate an elongation velocity index at individual genes
in human cells. This index was correlated with several mRNA features
and also with biological conditions, where authors find an elongation
speed deceleration on malignant phenotype associated genes.

3.3.3. Translation Initiation Sites (TIS)
Combining more data sets, Michel et al. [59] designed a method to

estimate the probability of ribosomes initiating at individual start co-
dons. This tool is able to discriminate betweenweak or strong initiation
sites based on the accepted leaky scanning model of translation initia-
tion in eukaryotes. For example, analyzing the codon preference in TIS
in human and mouse, a N 50% of AUG TIS and also almost 50% of AUG
preference in downstream TIS was observed. Composition of upstream
TIS was more diverse: 25% are AUG codons, 30% CUG and 40% include
other AUG-variants like UUG, GUG, AGG, ACG, among others [15].

3.3.4. Long Non Coding RNAs
With no doubt, another striking finding of the work done by Ingolia

et al. [14] in mESC was the detection of high levels of ribosome
footprints in long intragenic noncoding RNAs (lincRNAs), with marked
initiation sites evidenced by harringtonine. They classify these RNAs as
sprcRNA: short, polycistronic ribosome-associated coding RNAs. If
lincRNA encode or not a message to be translated by the ribosomes is
a matter addressed specifically in two publications [60,61]. Guttman
et al. [60] defined a Ribosome Release Score, that discriminate between

Image of Fig. 2
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coding and noncoding transcripts. Using this score, authors claim that
the ribosome occupancy observed on lincRNAs per se is not an indicator
of active translation and describe possible reasonswhynoncoding RNAs
show ribosome footprints. One of these possibilities is that these foot-
prints actually come from ribonucleo protein particles or others RNA-
protein complexes. Alternatively, footprints could be generated by real
engagement of ribosomes over ncRNAs that will not be functional at
the end. This interesting controversy was going to take an unexpected
turn when just over a year later, again Ingolia andWeissman described
a different metric to analyze footprints, that now classify lncRNAs as
coding [61]. This new metric called FLOSS (fragment length organiza-
tion similarity score) measure the magnitude of disagreement between
length distribution of a set of transcripts of interest and annotated
protein-coding transcripts. Based on FLOSS and other lines of evidence,
the authors proposed that lncRNAs has ribosome footprints that show
features of translation. In addition alternative hypothesis were
discussed: i) translating ribosome could act as a potent helicase to re-
model RNA structures and remove RNA-binding proteins; ii) translated
sequences may also act as cis-acting elements over lncRNAs that origi-
nate them and iii) the authors discuss about a possible contribution of
the proteins synthetized by noncanonical translation to serve as possi-
ble antigens presented to the cellular immune system, expanding the
universe of epitopes either in a viral infection or in a tumoral context.
In any case, the fact that some ncRNAs are associated with ribosomes,
translationally active or not, generates both challenging and interesting
questions that wait to be answered (see examples in [62–64]).

Using the data produced by RP onmESC, a lot of downstream analy-
sis has been conducted. For example, an approach to search and predict
putatively functional small ORF was developed to identify new classes
of bioactive peptides [65]. Another example is the work done by
Zupanic et al. [66], where the authors developed a method to study
mRNA translation regulation analyzing individual ribosome profiles. In-
corporating RNA-Seq data to correct bias and artifacts, they look for
changes in ribosomedensity alongmRNAs to detectmechanisms of reg-
ulation, like premature termination or new transcript isoforms.

Regarding bias, several articles have studied this important issue on
RP data. Some improvements have been done in terms of understand
the bias source, and be able to correct it accurately [58,67,68].

Themovement of the ribosome over themRNAhas been studied an-
alyzing in deepmapping periodicity leading to undercovermechanisms
underlying translational frameshifts [59]. Also regions in the human ge-
nome that are dually decoded were identified (~1% of human genome
approx.), either from different mRNAs as from the same, expanding
our vision about translation regulation and even about central dogma
[4,59].

In HeLa cells, RP was applied to explore the translational landscape
of cell cycle, and a widespread translation regulation was seen over
cell cycle progression [69,70]. Surprisingly, evidence of functional
bicistronic mRNAs with antiviral functions in the innate immune sys-
tem was also revealed by RP in a human cell line [71]. Furthermore RP
was used in humans to investigate genetic variants in lymphoblastoid
cells derived from a diverse group of 30 individuals and how some ge-
netic differences may modulate ribosome occupancy [72].

The mTOR pathway is a very important target of different drugs and
has been implicated in several diseases, including cancer. Since this
complex regulates cell growth and proliferation by regulating mRNA
translation, it is interesting to use RP protocol to elucidate translation
control executed by mTOR. This was done by Sabatini's [73] and
Ruggero's [74] labs, and what they found was a surprising simple
model of themRNA features thatmediatesmTORC1-dependent transla-
tion: an established 5′ terminal oligopyrimidine (TOP) motifs. 5′-UTR
length or complexity was not associated with mTORC1 translation reg-
ulation. The later also identify another motif called PRTE (pyrimidine-
rich translational element) in 5′-UTR of mTOR targets mRNAs, which
in conjunction with TOP motif were founded in almost 90% of mTOR-
sensitive genes. A common result of both works, which undoubtedly
draws attention, is the low regulatory spectrum found in terms of
number of messengers: mTOR-regulated mRNAs were 253 and 144, re-
spectively for each publication, a low number of targets considering the
central role of mTOR pathway in cellular metabolism and previous re-
sults of translation control resolution using RP. It is still an open ques-
tion whether this number changes in different cell types or conditions,
since there are still several factors downstream of mTOR that influences
what is being translated.

3.4. Others Biological Models: Zebrafish, Drosophila, C. elegans,
Trypanosomatids and Virus

Besides bacteria, yeast andmammalian cell lines, the RPmethodwas
used to study translation regulation in others biological models as
zebrafish [63,75], the fruit fly Drosophila [76–78], C. elegans [79],
Arabidopsis [80] and also parasites like Plasmodium falciparum [81,82],
Trypanosoma brucei [83,84] and T. cruzi [17]. Trypanosomatids undergo
a complex life cycle with several distinct developmental forms, each
having particular morphologic and metabolic profiles. However, these
organisms accomplish the associated gene expression changes without
transcriptional control [85]. Indeed, translation regulation proved to be
a key mechanism controlling protein levels as revealed by drastic
changes in translational efficiency for many developmentally regulated
genes. For instance, the transition from a dividing to a non-diving
parasite form was accompanied by a decrease in the translational effi-
ciency of ribosomal proteins which in turn may explain the observed
global decrease in protein synthesis. However, proteins required in
the non-dividing stage scape this general trend and are actively trans-
lated as shown for the trans-sialidase family of virulence factors in T.
cruzi [17]. Besides, the data allowed the curation of the available ge-
nomes in these non-model organisms [84].

Also, RP was applied to study translation in virus like human
cytomegalovirus and Kaposi's sarcoma-associated herpesvirus, both
herpesvirus, and also in Cricket paralysis virus and Influenza A virus
(see [11,86–88], respectively).

4. Applications, Challenges and Perspectives

Besides classical applications we have been discussing above, like
determine translation gene expression levels, pause associated motifs,
codon translational rates, uORF and frameshift events detection,
among others, here wewill mention specific protocols that had evolved
from initial RP experiments, like how to determine TIS by Qian lab
[15,89]. In first place, they describe an approach named global transla-
tion initiation sequencing (or GTI-Seq) that combine the use of
lactimidomycin and cycloheximide to detect both initiation and elonga-
tion ribosomes along transcripts, in human and mouse. The other, but
similar approach, named QTI-Seq (Quantitative Translation Initiation
Sequencing) evaluating not only TIS qualitatively, but also quantita-
tively, so statistical comparisons can be made between two conditions.
In bacteria also exist an approach to identify TIS genome-wide named
tetracycline-inhibited RP [90].

Research on mitochondrial and chloroplast translation is also
possible using RP [91–93]. Recently, an specific application of RP
named mitochondrial ribosome (mitoribosome) profiling was devel-
oped [94]. In this case, the approach developed in yeast consist in the
immunoprecipitation of mitoribosomes from cell lysates to perform
RNAse digestion. A similar approach but targeting reticulum-bound
ribosomes was also used, in mammalian cells, to study translation
related to intracellular traffic of membranes [19].

Throughout thisminireviewwe have shownhow theRPmethod has
provided the scientific community with a powerful system to study the
translation mechanisms and regulation, and more generally a more
complete picture of regulation of gene expression in several models.

However even when the seminal paper will turn 10 years old next
year many aspects of the technique are not completely resolved, as
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can be shown in the continuous development of new experimental
protocols and analysis tools. Variations of the method are emerging to
address particular cases, such as the development of protocols to assess
localized translation. For instance, Williams et al. [95] reported
proximity-specific ribosome profiling to target translation of nuclear
encoded mitochondrial genes by tagging ribosomes in close contact
with the outer mitochondrial membrane. In this context, localized
translation can be investigated in more difficult scenarios like protein
synthesis in neuronal projections [96–98], specifically Holt lab per-
formed ribosome tagging and analyzed mRNA associated to tagged
polysomes in the pre-synaptic area of a minute portion of the brain
[99] but the low input in mRNA would impair ribosome profiling. So,
it is still necessary to develop methods that will allow the study of
systemswhere input material is a limiting factor. Somework is starting
to appear in this field [100].

Some intriguing questions have not been yet pursued, particularly
there are just a few reports where RP has been applied to disturbed
systems, for example drug treated cells or pathological cells, as
neurodegenerative diseases tissue or cancer cells where translation
me be playing a key role in the etiology of the abnormal molecular
processes.
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