
Gene expression patterns underlie the 
diverse fates that are adopted by genetically 
identical cells in an organism, and regu-
lated expression changes allow these cells 
to maintain homeostasis and respond to 
the environment. Genome-wide expression 
profiling has thus emerged as a key tool for 
examining cellular physiology and for stud-
ying the molecular basis of the regulation of 
gene expression1. Most expression profiling 
is carried out either by microarray or, more 
recently, by mRNA sequencing (RNA-seq), 
both of which report on the transcripts that 
are present in cells2. Analyses of mRNA 
abundance have revealed diverse transcrip-
tional gene expression programmes that 
have informed about almost every area of 
biology.

Transcript abundance is often a proxy 
for the synthesis of a protein that actually 
provides a molecular function. However, 
the correlation between mRNA and protein 
levels is frequently poor, which is partly 
due to the regulation of translation. Direct 
analyses of translation would provide a 
more accurate and complete measure of 
gene expression in the cell than the pic-
ture that is presented by analysing mRNA 
levels alone. These measurements would 
reveal post-transcriptional gene expression 

programmes and permit the dissection 
of underlying regulatory mechanisms. 
Microarrays and RNA-seq can be adapted 
to specifically profile ribosome-bound 
mRNAs, which provide some information 
about their translation, but none of these 
approaches indicate the regions within 
a transcript that are actually translated. 
Obtaining this information requires an 
experimental approach to catalogue the full 
range of polypeptides that are expressed 
from the genome. Such an approach would 
also provide a clearer view of how the pro-
cess of translation, which has been studied 
extensively in reconstituted systems, works 
in living cells.

Ribosome profiling has emerged as 
a technique that takes advantage of the 
remarkable recent advances in sequencing 
technology to provide global measure-
ments of translation that are as precise and 
detailed as data derived from RNA-seq3. In 
this Innovation article, I first describe the 
experimental basis of ribosome profiling 
and the interpretation of the sequencing 
data that it generates. I then survey results 
from recent studies (BOX 1). Ribosome pro-
filing has been used in three broad ways: 
to identify translated sequences within the 
complicated mammalian transcriptome, to 

monitor the process of translation and the 
maturation of nascent polypeptides in vivo, 
and to measure profiles of cellular protein 
synthesis. I finish by highlighting a few of 
the most promising future applications and 
adaptations of this technique.

Genome-wide ribosomal profiling
The emergence of mRNA profiling by 
microarray permitted early global analyses 
of translation, and such profiling is car-
ried out by comparing ribosome-bound 
mRNAs, which are undergoing active 
translation, with the total mRNA pool in 
the cell4. This separation between translated 
and non-translated mRNAs is qualitative, 
but it can be made more quantitative by 
using ultracentrifugation to separate tran-
scripts into several fractions on the basis of 
the number of ribosomes bound to each  
of them5,6. Broad application of this  
polysome profiling approach is hindered by 
the technical difficulty of polysome frac-
tionation, which does not cleanly resolve 
the fractions that have more than a few 
ribosomes per transcript, as well as by the 
need to collect and analyse many frac-
tions per sample. Furthermore, analyses of 
polysomal RNA cannot indicate the exact 
position of ribosomes on an mRNA; at best, 
they count the typical number of ribosomes 
that are bound anywhere on the transcript. 
Ribosome profiling emerged to address 
these limitations in analysing translation 
from intact polysomes.

Mapping ribosomes on mRNAs by foot-
printing. Nuclease footprinting has long 
been recognized as a way to determine 
the positions of ribosomes on the mRNAs 
that they are translating7. Cycloheximide-
treated ribosomes physically enclose 28–30 
nucleotides of the transcript, which shields 
this region from nuclease digestion8. These 
protected RNA fragments indicate the exact 
location of the ribosome. In early studies,  
neither microarrays nor RNA-seq was 
available, and the resulting fragments were 
analysed either by direct internal radiolabel-
ling of the mRNA that is being translated 
or by primer extension, both of which 
could be applied only to the footprints from 
homogeneous in vitro translation of a single 
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transcript. Despite this limitation, ribosome  
footprinting enabled important early studies 
to map the locations of translation initia-
tion sites for the first time and to identify 
the positions where the translation of 
secreted proteins stalled before membrane 
translocation7,8.

Ribosome profiling uses high-throughput 
sequencing to characterize the complex 
pool of footprints that result from ribo-
somes translating in vivo3 (FIG. 1). Deep 
sequencing experiments currently read the 
nucleic acid sequences of tens of millions 
of individual template molecules in parallel 
and can measure the abundance of different 
templates in a complex mixture by counting 
the number of times that each individual 
sequence is read. Such read counting under-
lies RNA-seq expression measurements, in 

which the abundance of an mRNA deter-
mines the number of sequencing reads 
that align to it2. In ribosome profiling, the 
template molecules each reflect the position 
of one ribosome rather than the arbitrary 
fragments that constitute the template 
molecules in RNA-seq; therefore, ribosome 
profiling measures the number of ribo-
somes that are translating the mRNA in vivo 
instead of the abundance of the transcript 
in the cell. Analysing individual ribosomes 
avoids many of the challenges of polysome 
fractionation and provides the positions of 
ribosomes on the transcript.

The similarities between ribosome 
profiling and RNA-seq for analysing gene 
expression allow the use of well-established 
bioinformatic tools with ribosome profil-
ing data. Ribosome footprint sequences can 

be mapped onto the transcriptome using 
splicing-aware alignment tools, such as 
TopHat9, after removing linker sequences 
that are added during library generation. 
Statistical models that have been developed 
for RNA-seq data, which are implemented in 
tools such as DESeq10 and edgeR11, can test 
for differential expression in translational 
data. However, ribosome profiling data do 
differ from RNA-seq data in their distribu-
tion across the transcript (see below) and 
contain additional information that cannot 
be extracted by tools that are designed for 
RNA-seq. Bioinformatic tools that are spe-
cifically designed for ribosome profiling data 
have started to emerge12,13, and their further 
development is an important frontier for the 
technique.

Interpreting ribosome occupancy profiles. 
Ribosome profiling data (FIG. 2a) contain 
detailed information about in vivo transla-
tion and delineate the regions of the tran-
scriptome that are actually translated. Not 
all parts of an mRNA yield ribosome- 
protected fragments3. Footprints mainly 
cover coding DNA sequences (CDSs; also 
known as protein-coding sequences)) within 
the mRNA and are almost entirely absent 
from the 3ʹ untranslated regions (UTRs)  
further downstream. The patterns of foot-
prints around the start and stop codons — 
which are derived from ribosomes initiating 
and terminating translation, respectively 
— calibrate the exact position of the active 
codon within the larger footprint. Ribosome 
positions can be determined with subcodon,  
single-nucleotide precision, although indi-
vidual footprints show some variation  
in length, which probably results from 
incomplete nuclease digestion.

Much of the information in a ribosome 
profiling experiment is contained in the 
footprint density, which varies between  
different genes and across a single mRNA. 
The average ribosome density on an mRNA 
species provides an estimate of the synthesis 
level of the encoded protein, provided that 
the speed of translation elongation is similar 
across the genes and conditions that are 
being investigated. Each translation initia-
tion event results in the production of one 
protein molecule, but the time required to 
synthesize that molecule is roughly pro-
portional to the length of the CDS. Longer 
CDSs will have more ribosomes engaged 
in their translation than shorter CDSs that 
produce the same amount of protein, but 
the density on these CDSs will be the same. 
Furthermore, footprint density is propor-
tional to the total number of ribosomes that 

Box 1 | Major observations from diverse applications of ribosome profiling

Annotation of translated sequences
•	Extensive	upstream	initiation	at	non-AUG	codons	in	yeast3

•	Extensive upstream initiation at non-AUG codons in mammalian cells and translation at the 5ʹ end 
of some long interspersed non-coding RNAs (lincRNAs)14,21,22

•	Many	upstream	open	reading	frames	(uORFs)	that	start	at	AUG	and	non-AUG	codons	in	yeast,	
the	translation	of	which	is	induced	by	meiosis19	

•	Diverse	short	reading	frames	in	human	cytomegalovirus29

Mechanisms of protein synthesis
•	Slow	elongation	on	the	first	30–40	codons	of	most	genes	in	yeast3

•	Slow	decoding	and/or	slow	tRNA	pairing	at	wobble	codons	in	humans	and	Caenorhabditis 
elegans41

•	Trigger	factor	binds	at	~120	codons	downstream	from	the	translational	start	site1	

•	Internal	Shine–Dalgarno	sequences	stall	bacterial	elongation39

•	Oxidative	stress	induces	an	arrest	at	~50	codons	downstream	from	the	translational	start	site		
in	yeast49 

•	Heat	shock	induces	an	arrest	at	~50	codons	downstream	from	the	translational	start	site	in	
mouse	cells48

•	Protein	misfolding	induces	an	arrest	at	~50	codons	downstream	from	the	translational	start	site	
in	human	cells50

•	Sequential	and	coordinated	co-translational	protein	folding52

•	Codon	adaptation,	mRNA	structure	and	amino	acid	charge	all	correlate	with	elongation	speed42

•	Slowed translation downstream of clusters of positive residues45

•	Translation initiation is rate-limiting except in amino acid starvation15

Translational control of gene expression
•	MicroRNAs	(miRNAs)	affect	both	mRNA	abundance	and	translation	of	target	genes61

•	Translational	repression	of	ribosome	biogenesis	and	increased	translation	of	membrane	proteins	
as	embryonic	stem	cells	differentiate	into	embryoid	bodies14

•	miRNAs	first	repress	translation	and	then	promote	mRNA	turnover62

•	Active	site	mammalian	target	of	rapamycin	(mTOR)	inhibitors	translationally	repress	ribosome	
biogenesis57

•	Just-in-time	translational	induction	in	yeast	meiosis	and	sporulation;	translational	control	by	
transcriptional	changes	in	mRNA	5ʹ	leaders19

•	In	C. elegans,	miRNAs	simultaneously	decrease	mRNA	abundance	and	translation63

•	Only	uORFs	that	start	at	AUG	codons	repress	translation16

•	Out-of-frame	internal	initiation	induces	nonsense-mediated	mRNA	decay16
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translate the mRNAs of a gene, and ribo-
some profiling alone can thus account for 
changes in total protein synthesis that result 
from differences in either mRNA abun-
dance or translation (FIG. 2b) provided that 
the speed of elongation does not change.

Ribosomes spend different lengths of 
time at different positions within a reading 
frame, which leads to variation in footprint 
density across a transcript14. As discussed 
below, measurements of elongation speed 
can provide mechanistic insights into 
translation in vivo. However, differences in 
elongation speed may also confound expres-
sion measurements by uncoupling ribosome 
density from the initiation rate. Fortunately, 
independent lines of evidence suggest that 
averaging occupancy across an entire gene 
corrects for the consequences of local varia-
tion14. Detailed models of elongation, which 
are partly constructed from profiling data, 
indicate that initiation rate rather than 
elongation speed is the major determinant 
of protein production, at least in log-phase 
yeast15. Furthermore, changes in elongation 
speed between different conditions  
are likely to manifest as shifts in ribosome 
density that can be detected by profiling  
(see below).

Limitations of ribosome profiling. Ribosome 
profiling data comprise the sequences of 
RNA fragments that are protected by the 
ribosome and, similarly to other sequencing-
based assays, such data therefore depend 
on the mapping of these fragments to the 
genome2. As ribosome-protected fragments 
are fairly short, it is particularly challeng-
ing to deconvolve repetitive sequences or 
alternative transcripts in these data, and 
longer or paired-end sequencing reads can-
not be used. Furthermore, by focusing on 
individual ribosomes and their footprints 
rather than on entire transcripts, ribosome 
profiling does discard some information 
that is found in polysome profiles. Nuclease 
digestion degrades the 5ʹ and 3ʹ UTRs of 
transcripts, which may contain regulatory 
information. There are cases in which tran-
script variants with different 5ʹ and 3ʹ UTRs 
affect translation, and ribosome profiling 
cannot deconvolve these transcripts when 
multiple variants are present simultane-
ously16. Footprinting also separates the 
ribosomes that constitute a polysome and 
obscures the presence of distinct mRNA 
subpopulations that are translated at  
different levels and are therefore occupied 
by different numbers of ribosomes.

Ribosome footprints are generated by 
nuclease digestion in cell lysates. Similarly 

to many other molecular profiling tech-
niques, ribosome profiling data can there-
fore be distorted by changes in cellular 
physiology that arise during harvesting and 
lysis. As translational activity can change 
rapidly relative to the total abundance of 
mRNA or protein, ribosome profiling may 
be particularly sensitive to artefactual and 
biological differences. Ribosome profil-
ing measurements of translation should be 
comparable to mRNA abundance profiling, 
which is a more familiar measure of gene 
expression. However, both of these tech-
niques focus on the current rate of protein 
production and not on the total abundance 
of a protein.

Translation and proteomics. Unbiased 
proteomic measurements have advanced 
remarkably in recent years and provide 
information that complement the strengths 
and the limitations of ribosome profiling. 
Mass spectrometry is the easiest way to 
measure total protein abundance, whereas 
translation directly corresponds to protein 
synthesis, which is the change in protein 
abundance over time17. Metabolic pulse 
labelling permits measurements of synthe-
sis and decay rates, but these experiments 
are even more demanding than protein 
abundance profiling. Perhaps more impor-
tantly, mass spectrometry cannot currently 
match the depth or the breadth of coverage 
that is possible in nucleic acid sequencing 
experiments.

Annotating translated sequences
Ribosome-protected fragments indicate 
the translated regions within a complex 
mammalian transcriptome. Comprehensive 
ribosome profiling can both reveal the 
translation of unanticipated protein  
products and reflect translation that has a 
mainly regulatory rather than biosynthetic 
purpose (FIG. 3).

Translation initiation and reading frames. 
The results of profiling studies so far suggest 
that translation elongation and termination 
rarely deviate from the triplet genetic code, 
although previously known exceptions — 
including ribosomal frameshifting and stop 
codon readthrough — have been seen from 
profiling data3,14,18. By contrast, the position 
of translation initiation seems to be much 
more heterogeneous than previously appre-
ciated. Profiling has revealed that ribosome 
occupancy, particularly on the 5ʹ leaders of 
transcripts, cannot be explained by initia-
tion that always takes place at the first AUG 
codon on an mRNA or even by initiation 

that occurs exclusively at AUG codons3. 
Similar patterns of upstream translation and 
non-canonical initiation have been found in 
yeast, in zebrafish embryos and in cultured 
mammalian cells3,14,19,20. Furthermore,  
initiation is modulated over the course of 
meiosis in yeast, probably in response to 
other changes in cellular physiology; some 
of these changes in upstream initiation prob-
ably contribute to translational regulation 
during the meiotic time course19.

As translation seems to be proces-
sive and predictable following initiation, 

Figure 1 | Ribosome footprint profiling. RNase 
digestion of polysomes that are carrying out 
translation in vivo yields ribosome-protected 
mRNA fragments, which are known as ribosome 
footprints. These footprints are recovered and 
converted into a DNA library through ligation of 
a linker followed by reverse transcription and 
circularization PCR. cDNA libraries are then 
analysed by deep sequencing. Figure is repro-
duced, with permission, from REF. 65 © (2012) 
Macmillan Publishers Ltd. All rights reserved.
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mapping the sites where translation starts is 
informative for predicting translated read-
ing frames. The pattern of ribosome occu-
pancy on a transcript often implies the exact 
sites of translation initiation3; however, 
multiple overlapping reading frames and 
substantial initiation at non-AUG codons 
complicate this analysis. Adaptations of 
ribosome profiling using drugs that tar-
get the ribosome have been developed to 
overcome these issues. Treatment with 

either harringtonine14 or lactimidomycin21 
immobilizes initiating ribosomes with-
out affecting elongation, thereby causing 
ribosomes to accumulate specifically at 
start sites. Ribosome profiling detects 
footprint enrichment at these sites, which 
indicates the initiation codons on mRNAs 
and thereby reveals the translated reading 
frames. Similarly, high doses of puromycin 
cause rapid, premature translation termina-
tion, which leaves ribosome footprints only 

at and after sites of initiation22. Each of these 
three drugs, which act in mechanistically 
distinct ways, indicates a similar pattern of 
widespread, but often inefficient, initiation 
at a range of non-AUG codons in cultured 
mammalian cells. Initiation is strongly 
biased towards the 5ʹ ends of transcripts and 
results in the translation of known reading 
frames of protein-coding genes, extended 
and truncated forms of these CDSs, and 
short upstream open reading frames 
(uORFs) that are likely to have regulatory 
roles. Different studies have attributed ini-
tiation at non-AUG codons either to impre-
cise start codon recognition by the initiator 
tRNA23 or to distinct, non-canonical initia-
tion mechanisms24. Ribosome profiling pro-
vides a powerful tool for studying the global 
effect of these possibilities.

Alternative protein isoforms. When two 
translation initiation sites lie in the same 
reading frame, they yield an extended iso-
form and a truncated isoform of the same 
protein. These alternative protein isoforms 
can either localize to different cellular  
compartments or show distinct and even 
opposing molecular functions. Initiation 
profiling has revealed hundreds of genes 
with extended or truncated protein products 
that start at AUG or non-AUG codons14,21,22. 
The alternative amino termini of many of 
these predicted protein isoforms were sub-
sequently detected by mass spectrometry 
in yeast and in mammalian cells25,26. These 
probably reflect a combination of stand-
ard initiation at the first AUG codon of an 
alternative mRNA variant16,19,27 and atypical 
initiation at other codons or positions on an 
mRNA19,28,29. Regardless of whether diversity 
is produced from differences in transcrip-
tion, RNA processing or translation  
initiation, ribosome profiling data indicate 
the proteins that are produced by the cell, 
which are the primary functional products 
of gene expression. 

Novel translated sequences. Much of the 
translational heterogeneity that has been 
revealed by ribosome profiling occurs in 
entirely distinct, previously unrecognized 
reading frames, rather than in alterna-
tive versions of annotated protein-coding 
genes3,14,19,21,22,29. These reading frames lie 
in 5ʹ transcript leaders, in alternative read-
ing frames that overlap known genes and 
in some long interspersed non-coding 
RNAs (lincRNAs) that have no conserved 
protein-coding potential. This surpris-
ing observation raises the question of 
whether the protected RNA fragments 

Figure 2 | Analysis of ribosome occupancy data. a | The positions of ribosomes on many copies 
of an mRNA in a cell population are converted into nuclease-protected footprints that correspond 
to ribosome positions in vivo. Ribosome profiling data indicate the density of ribosomes at each 
position on the transcript; the thick line represents the protein-coding sequence and the thin lines 
represent the untranslated regions. b | The amount of protein synthesized corresponds to ribosome 
density across the protein-coding sequence of a transcript. Ribosome footprints indicate the total 
number of ribosomes that are engaged in synthesizing a protein, which is determined by the number 
of mRNAs in the cell and by the number of ribosomes that translate each transcript. Changes in 
either mRNA abundance (for example, having fewer mRNAs) or ribosome loading (for example, 
having fewer ribosomes per mRNA) will affect the number of ribosome footprints that are recovered 
from the gene.
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that are detected in these regions are truly 
footprints of 80S ribosomes or whether 
they are artefacts, such as background that 
arises from other RNAs. However, appar-
ent ribosome footprints outside coding 
sequences are strongly biased towards the 5ʹ 
ends of RNAs and are associated with AUG 
codons, both of which suggest a link to 
translation14,19,29. Further studies show that 
footprints of both 5ʹ leaders and lincRNAs 
physically co-purify with an affinity-tagged 
80S ribosome, and that these footprints 
otherwise resemble ribosome footprints on 
CDSs rather than background non-coding 
RNAs (N.T.I. and J. Weissman, unpub-
lished observations). Peptides have recently 
been identified from some of these read-
ing frames by mass spectrometry, which 
provides an entirely independent line of 
evidence for productive translation29–31. 
However, the functions of the proteins that 
are synthesized from these reading frames 
remain unclear. Small proteins that are 
under the ~100-amino-acid cutoff (which 
is often used to delineate coding sequences) 
can adopt specific structures and carry out 
cellular functions; genetic evidence sup-
ports the function of proteins as short as 
11 amino acids, and some of these other 
sequences probably also encode functional 
micropeptides32.

However, some lincRNAs seem to be 
translated to some extent despite strong 
evidence that they do not encode functional 
proteins. Consistent with the idea that this 
translation generally does not produce 
proteins with molecular activities that are 
useful to the cell, translation of non-coding 
RNAs occurs in several overlapping reading  
frames, whereas protein expression requires 
specific and efficient translation of one  
single product20,33. The pattern of translation 
that is seen on some lincRNAs, which  
can be detected by metrics such as the 
ribosome release score20,33, may reflect the 
default level of translation that occurs near 
the 5ʹ ends of cytosolic RNAs. Indeed, pat-
terns of ribosome occupancy on many 
zebrafish lincRNAs resemble those on the 
5ʹ leaders of coding transcripts20, and these 
lincRNA regions have been described  
as lincRNA uORFs34. However, even when 
translated sequences show no indication 
of specific functions, elongating ribosomes 
will synthesize the encoded polypeptide. 
These non-functional polypeptides are 
likely to be degraded quickly, but residual 
products may aggregate and contribute to 
the burden of misfolded proteins in the 
cell35. Furthermore, in vertebrates, protein 
turnover is the source of cellular antigens 

that are displayed to the adaptive immune 
system; therefore, non-functional and non-
canonical products may still contribute to 
immunity and autoimmunity24. Finally, over 
the course of evolution, one protein product 
in a transcript may acquire a more specific 
molecular function, which may be a path for 
the birth of novel genes36.

Regulatory upstream translation. 
Translation can also exert direct regula-
tory effects that are independent of protein 
synthesis. By capturing scanning ribosomes, 
uORFs decrease the translation levels of 
downstream protein-coding genes23,37. 
Ribosome profiling data confirmed that the 
presence of upstream translation correlated 
with lower levels of translation on protein-
coding sequences across endogenous tran-
scripts16,27. Translation of alternative reading 
frames also correlated with lower levels 

of mRNA stability, probably as a result of 
nonsense-mediated decay16 that is triggered 
by termination after translation of these 
reading frames, which are typically short 
and are located near the 5ʹ ends of mRNAs. 
Destabilizing out-of-frame translation can 
be detected on protein-coding transcripts 
that have inefficient initiation at the  
canonical start codon16.

Protein synthesis in vivo
Ribosome profiling also provides insights 
into the mechanism of protein synthesis and 
co-translational processing as they occur in 
living cells. Analysis of translation by ribo-
some profiling is conceptually similar to the 
study of in vivo transcription by chromatin 
immunoprecipitation (ChIP). Profiles of 
ribosome occupancy across mRNAs indi-
cate global and gene-specific features of 
translational speed (FIG. 4a), similarly to how 

Figure 3 | Alternative reading frames. a | Alternative sites of translation initiation may be found 
in the 5ʹ transcript leader and may initiate translation of a short upstream open reading frame (uORF, 
shown in orange). These uORFs can overlap the start codon of the protein-coding gene, which leads 
to out-of-frame translation that extends into the coding sequence. Alternative reading frame trans-
lation can also begin within the protein-coding gene. An in-frame start codon within a gene can 
lead to a truncated protein, whereas an in-frame start codon upstream of a gene without an inter-
vening stop codon can produce an extended protein product. The shaded regions represent the 
alternative mRNA sequences that are being translated. b | Alternative translation start sites may 
result either from non-canonical initiation, such as ‘leaky scanning’ past the first start codon, or from 
canonical initiation on alternative mRNA variants.
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RNA polymerase ChIP reveals transcrip-
tional pausing. Subpopulations of ribo-
somes can also be purified (for example, on 
the basis of the binding of specific accessory 
factors) and profiled. The footprints from 
these ribosomes provide information about 
a specific time in translation, including 

the identity of the mRNAs that were being 
translated, the parts of the transcript that 
were being decoded and the portion of 
protein that has been synthesized (FIG. 4b). 
These data link molecular changes in  
the translational machinery with the  
production of specific proteins.

Ribosome stalling and the speed of elongation.  
Transcript structure, tRNA abundance and 
protein sequence all have the potential to 
affect the speed of translation, but it has 
proved challenging to understand their 
effects in vivo. The effect of synonymous 
codons has been particularly controversial38.  
Ribosome profiling now allows direct, high-
resolution measurements of ribosome speed 
on endogenous genes in living cells, as the 
density of footprints at different points in 
the same coding sequence indicates the rela-
tive time that is spent by the ribosome at 
each codon. Slow translation manifests as 
increased ribosome density.

Using ribosome profiling, ribosome occu-
pancy and thus decoding speed in bacteria 
varied by only twofold across codons and 
did not correlate with genomic codon pref-
erences39. Similar results were obtained in 
yeast, and the authors argued that slow tRNA 
recycling could explain constant decoding 
times in the face of large, but matched, codon 
usage biases and tRNA abundance40. Profiling 
in Caenorhabditis elegans and human cells 
indicated that decoding time is not affected 
by tRNA levels but is instead slowed by  
wobble pairing (that is, G·U pairing) in codon–
anticodon recognition41. One topic of current 
debate is the possible presence of a region of 
slow translation at the beginning of genes42,43. 
Profiling data seem to suggest the existence 
of such a translational ‘ramp’ (REF. 43), but 
other models of translation, which are partly 
based on ribosome profiling data, suggest that 
the data are better explained by higher levels 
of translation of short genes, which contrib-
ute disproportionately to averages near the 
beginning of the ramp15.

Future profiling will no doubt continue to 
illuminate both the factors that control the 
speed of elongation and the effect of codon 
choice on translation. In fact, recent work 
shows that footprinting can be adapted to 
distinguish between ribosomes in different 
stages of the translation elongation cycle 
and thereby determine more precisely how 
the ribosome spends its time during protein 
synthesis (L. Lareau, D. Hite and P. Brown, 
personal communication).

The ribosome is capable of synthesizing a 
wide range of polypeptides that differ mark-
edly in their biophysical properties. However, 
certain nascent proteins cause marked pauses 
in translation, which can regulate expres-
sion and promote the proper folding and 
targeting of nascent proteins8. Ribosome 
profiling provides a broad survey of these 
pauses, independent of their function, that 
can complement detailed dissection of indi-
vidual stalling peptides with known cellular 

Figure 4 | Ribosomal pausing and co‑translational processes. a | Ribosomal stalling causes an 
accumulation of ribosome footprints at a specific position within a gene and thus a peak of ribosome 
footprint density. b | Footprints of ribosomes can be purified by pulldown assays through their associa-
tion with co-translational protein biogenesis factors, such as folding chaperones, which indicate the 
time during translation and the position in the protein at which these factors act.
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Figure 5 | Deconvolving transcription and translation. Matched ribosome profiling and mRNA 
sequencing (RNA-seq) data distinguish between alternative modes of gene expression regulation. 
Transcriptional induction results in matched increases in mRNA abundance, as measured by RNA-seq, 
and protein synthesis, as measured by ribosome profiling. Translational induction manifests as an 
increase in ribosome profiling measurements without a corresponding change in mRNA abundance.

roles14,39. Many pause sites in bacteria and in 
mammalian cells are associated with proline-
rich motifs44, and positively charged amino 
acids can also slow the ribosome42,45. Other 
programmed pause sites probably reflect 
more complicated and idiosyncratic interac-
tions between the nascent peptide and the 
exit tunnel, which is ~30 amino acids long46.

Translation and protein biogenesis. Newly 
synthesized proteins must fold correctly to 
function in the cell. Protein folding is aided 
by a network of chaperone proteins, which 
is intimately linked to the synthesis of new 
proteins47. Environmental stresses can com-
promise folding of new and existing proteins, 
and cells respond to reduced folding capacity 
by decreasing protein synthesis levels. Recent 
profiling studies revealed that heat shock48, 
oxidative stress49 and chemically induced mis-
folding50 all attenuate translation by restrict-
ing elongation. Yeast and mammalian cells 
respond to folding stress by stalling transla-
tion at 30–60 codons from the start of every 
gene. Intriguingly, the arrest occurs at the 
point in translation when the nascent peptide 
first emerges from the ribosome, which  
could either interact with co-translational 
chaperones or recognize their absence.

Ribosome profiling has been adapted  
to monitor the normal action of co- 
translational chaperones and to measure the 
consequence of their disruption. One study51 
profiled the complexes of ribosomes and 
nascent polypeptides that crosslinked to the 
bacterial chaperone trigger factor. Footprints 
from these ribosomes began to appear after 
~120 codons, which showed that trigger fac-
tor engaged nascent proteins well after their 
emergence from the ribosome. Ribosomes 
that translate outer membrane proteins were 
strongly enriched by trigger factors, which 
led to the discovery of trigger factor pheno-
types that are related to compromise of the 
bacterial outer membrane. Another study52 
took a similar approach to measure folding 
of the nascent chain itself, which identified 
some structures that formed progressively 
in emerging proteins and others that formed 
in a concerted manner. Further ribosome 
profiling of these co-translational processes 
promises to greatly sharpen the resolution 
of the picture that has emerged from bulk 
mRNA profiling.

Measuring translational regulation
Gene expression profiling is used pervasively 
in studying the molecular basis of cellular 
physiology, and perhaps the broadest applica-
tion of ribosome profiling will be in measur-
ing the ultimate levels of protein synthesis 

after all layers of transcriptional, post- 
transcriptional and translational control. 
Clearly, the accurate assessment of transla-
tion is important for studying the mecha-
nisms of its regulation. It is also valuable for 
mapping gene expression programmes, as it 
captures a more complete picture of the cel-
lular response under investigation than tran-
script levels from standard gene expression  
profiling do.

Translational expression programmes. The 
logic underlying many profiling experiments 
is that the coordinated expression changes 
that happen in the course of a biological pro-
cess will reveal functionally important genes 
and pathways. However, in most cases, the 
real effect of a gene expression programme 
results from changes in protein levels, which 
are often due to coordinated regulation 
of transcription, mRNA processing and 
translation. Ribosome profiling accounts for 
all of these layers of regulation and reveals 
how the cell spends its limited biosynthetic 
budget. The power of ribosome profiling to 
identify expression programmes is exem-
plified by studies of meiosis time course 
in yeast, in which analyses of co-regulated 
genes revealed novel meiotic factors and 
showed a substantial role for translational 
regulation in ensuring the expression of 
meiotic proteins at the specific times that 
they are needed19. Similar analyses should 
shed light on genes that are involved in many 
other normal and pathological responses in 
which translational control features promi-
nently, which range from cellular stress 
responses to learning and memory53–55.

Comprehensive analyses of gene expres-
sion programmes can also provide a start-
ing point for identifying the regulators that 
mediate the response, which may in turn 
lead to further information about upstream 
signalling pathways. Regulation must result 
from some features of the target transcripts 
that distinguish them from unaffected ones. 
Translational control may depend on the 
presence of sequence motifs, such as  
the 5ʹ terminal oligopyrimidine (5ʹ-TOP)  
tract that has long been recognized in 
mRNAs that are involved in ribosome 
biogenesis56,57. Ribosome profiling studies 
revealed that all transcripts with translation 
that responds to the activity of the mam-
malian target of rapamycin (mTOR) kinase 
pathway — a key regulator of cell growth 
and proliferation — contain some variant of 
this 5ʹ-TOP motif 56,57. In these studies, the 
role of the 5ʹ-TOP motif was already sus-
pected; one challenge in future studies of this 
kind is in determining the mRNA features to 
consider and how these features correspond 
to potential regulators.

Mechanisms of regulation. Ribosome profil-
ing also offers new insights into the mecha-
nisms of translational control that may help 
to address our limited understanding of 
the types of mRNA sequence features that 
specify regulation. Measuring translational 
changes that result from the disruption of 
RNA-binding proteins can reveal their tar-
gets, and cross-referencing these affected 
mRNAs with data from emerging tech-
niques for mapping sites of occupancy of 
RNA-binding proteins will more specifically 
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indicate direct regulatory interactions58. 
Recent work has identified a wide range of 
RNA-binding proteins that associate with 
specific subsets of mRNAs, which hints at a 
broader world of translational regulators to 
be explored59,60. These regulators may affect 
the stability and the translation of their target 
transcripts. Parallel ribosome profiling and 
RNA-seq measurements (FIG. 5) can disentan-
gle changes in mRNA abundance from trans-
lational control, which has already provided 
insights into the magnitude and the timing of 
gene repression, as well as into mRNA decay 
in microRNA-mediated regulation61–63.

Conclusions
Our understanding of the full effect of trans-
lational control, the true diversity of proteins 
that are encoded by the transcriptome and 
the scope of ribosomal pausing has been 
limited by the methods that are available to 
study them. Ribosome profiling has emerged 
as a global, quantitative technique to study 
translation, which had previously resisted the 
high-resolution, genome-scale analyses that 
have swept the study of transcription. This 
technique has already provided an overview 
of protein synthesis in vivo and has chal-
lenged assumptions about the initiation and 
elongation of translation. These early studies 
have posed questions — for example, about 
the importance of widespread non-canonical 
initiation — and further application and 
refinement of ribosome profiling should 
provide answers to these questions. Novel 
and unexpected phenomena such as these are 
exciting ‘windfalls’ from the development  
and the emergence of new techniques. 
However, the long-term dividends of ribo-
some profiling will probably come from  
comprehensive gene expression measurements.

These measurements may provide impor-
tant new insights into disease, as translation 
is a sensitive ‘barometer’ of cellular health. 
Diverse stresses that range from viral infec-
tion to hypoxia induce changes in protein 
synthesis, and profiling these translational 
expression programmes will identify proteins 
that could be therapeutic targets to either 
support protective stress responses or block 
maladaptive ones53. Translational control of 
gene expression is also an essential part of 
long-term potentiation in neurons and thus of 
learning and memory54. Neuronal profiling is 
difficult partly because neurons are themselves 
diverse and are embedded in an extremely 
complex organ (that is, the brain) with many 
other cell types. Whole mRNAs have been 
isolated from specific cell types by translat-
ing ribosome affinity purification (TRAP) in 
genetically engineered model organisms64. 
In TRAP, intact polysomes are purified from 
the subpopulation of cells that express an 
epitope-tagged ribosome, which yields a pool 
of transcripts that are present and that are 
translated in these cells. The combination of 
TRAP with ribosome footprinting, which has 
not yet been described, should provide more 
specific and quantitative measurements of 
translation without a loss in tissue specificity. 
These measurements could address impor-
tant questions beyond the brain, for example, 
by profiling expression within the tumour 
microenvironment of stromal, endothelial 
and infiltrating immune cells. Ribosome 
profiling clearly has more to tell us about the 
mechanisms of translational control and its 
role in the cell and the organism.
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