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Previous work and main achievements

Throughout my scientiEc carrier, RNA has been at the heart of my research interests and

activities. RNA is a key player in many diUerent cellular processes. Therefore, keeping it

as a central hub has allowed me to explore several Eelds such as molecular virology, in-

nate immunity, fundamental gene expression regulation mechanisms and even trans-gen-

erational inheritance of acquired traits. Furthermore, I had the chance to explore a large

variety of experimental approaches ranging from in vitro cell-free translation extracts to

cellular and animal models and more recently high-throughput sequencing methods.

Since 2006, I have worked on the regulation of mRNA translation by small RNAs, transla-

tional control of viral infections, the role of double-stranded RNA binding proteins in regu-

lating gene expression and in the development of viral vectors for protein delivery. These

projects were carried out in the laboratories of Dr.  Theophile Ohlmann (CIRI,  ENS de

Lyon) and Prof. Melissa Moore (University of Massachusetts Medical School, USA).

I. Graduate work 

(September 2006 – September 2010)
Unit� de Virologie U758 under direction of Dr. Th�ophile Ohlmann

I initially joined Théophile Ohlmann’s laboratory in September 2005 as a Master 2 student

with the goal to dissect the molecular determinants of translational control of lentiviruses

using in vitro translation extracts. This project continued during the Erst year of my PhD

and led to the publication of a Erst author manuscript in the beginning of 2008 1. 

At the same time, microRNAs were emerging in the literature as important regulators of

mRNA translation but their precise mechanism was still elusive. I soon became very inter-

ested in the microRNA Eeld and, thanks to the incredible scientiEc freedom that Théophile

granted to all the members of his laboratory, I was able to change my main PhD project at

the end of 2007 in order to study microRNAs and try to characterize their mechanism of

action. Indeed, Théophile’s laboratory being specialized in the use and development of

cell-free translation extracts to dissect the molecular mechanisms of mRNA translation, I

thought that I could use this expertise to decipher the mechanism of action of microR-

NAs. 

In parallel of these projects, a colleague from Evelyne Manet and Henri GruUat research

group (Dr. Fabrice Mure) had preliminary results suggesting that a protein from Epstein-

Barr  virus involved in  nuclear-export  of  viral  mRNAs also appeared to modulate their

translation. We therefore began a collaboration in order to characterize this observation.

Below you will End a more detailed description of the diUerent projects from my graduate

work.

1.  Translational  control  of  the  genomic  RNA  from  Human
ImmunodeKciency Virus Type 2 (HIV-2):

HIV-2 is a member of the lentivirus group of retroviruses and is, together with HIV-1, the

etiological agent of acquired immunodeEciency syndrome (AIDS) in humans. Retroviruses

are enveloped positive-sense single-stranded RNA viruses. Upon infection, the genomic

RNA of HIV-2 is reverse-transcribed and the resulting double stranded viral DNA is inte-

11



grated within the host cell genome.  Upon integration, the proviral DNA is transcribed by

RNA Polymerase II  into a single ~9kb transcript, which is capped and polyadenylated

(Figure 1a). At early stages of the infection cycle, the full-length genomic RNA is alterna-

tively spliced to give rise to fully spliced and partially spliced mRNAs coding for essential

proteins (Tat, Rev, Env) and accessory proteins (Vpr, Vif, Nef and Vpx). At late stages of

the infection cycle, the full-length unspliced genomic RNA is exported to the cytoplasm

thanks to the action of the viral nuclear export factor Rev (Figure 1a). This genomic RNA

plays a dual functional role as it is used both as a template for translation of the structural

and enzymatic viral poly-proteins (Gag and Gag/Pol) and also as the genomic RNA that is

incorporated within viral particles. Encapsidation of the genomic RNA is initiated by the

dimerization of two genomic RNAs and the recruitment of the Gag protein at speciEc RNA

structures located in the 5’ untranslated region of the RNA dimers, also known as the

“packaging signals” (ψ)2. This initial nucleation event is followed by Gag multimerization

and binding throughout the rest of the genomic RNA which is then packaged within the

capsid structure formed by Gag.

Figure 1.  a.  Schematic representation of early and late viral  transcript produced during HIV-2 infection. b.  In vitro

translation of the HIV-2 genomic RNA leads to the expression of three Gag isoforms (p57, p50 and p44) from three in-

frame AUG codons driven by independent ribosome entry sites.

In this context, the main aim of my project was to understand how the genomic RNA of

HIV-2 could conciliate these two mutually exclusive processes and regulate the transition

from translation to encapsidation. Interestingly, previous work from Théophile Ohlmann’s
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laboratory had shown the presence of an Internal Ribosome Entry Site (IRES) within the

coding sequence of Gag. This IRES is responsible for the expression of the full-length

Gag polyprotein (57kDa in size) as well as two N-terminally truncated shorter isoforms (50

and 44kDa respectively) produced from two in-frame downstream AUG codons 3(Figure

1b). 

During my PhD I further characterized this IRES sequence using in vitro translation extract

and cultured cells. These approaches allowed me to demonstrate that the IRES consisted

in three independent ribosome entry sites which are capable of recruiting 40S ribosomes

directly at each of the three AUG codons 1(Figure 1b). I then tested whether the activity of

each IRES element could be modulated by viral encoded proteins such as the Gag pro-

tein itself and the viral protease. Indeed, Gag is directly responsible for encapsidation of

the genomic RNA and the viral protease had previously been shown to cleave translation

initiation factors eIF4G and PABP in order to shutdown cellular translation 4. Using in vitro

translation extracts, I was able to show that Gag binding to its own mRNA lead to a dose-

dependent inhibition of translation. Interestingly, each IRES was inhibited at a diUerent

Gag concentration, the most proximal to the packaging signal (leading to production of

the full length 57kDa Gag isoform) being the most sensitive to Gag binding while the most

distal (leading to production of the 44kDa Gag isoform) was the most resistant. Moreover,

the viral protease was also able to shutdown Gag translation in a dose-dependent man-

ner. Our results therefore suggested that these two proteins could allow the switch from

translation to encapsidation of the HIV-2 genomic RNA.

2.  Dissecting  the  mechanism  of  action  of  microRNAs  in  repressing
mRNA translation:

microRNAs (miRNAs) are small non-coding RNAs (18-25 nucleotides long) that are en-

coded  by  the  cell  genome.  miRNAs associate  with  Argonaute  proteins  and act  as  a

guides to interact with target mRNAs through partial  base-pairing. Binding of miRNAs

generally  occurs at  the 3’  untranslated region (3’UTR)  of  target  mRNAs and leads to

translational repression and/or mRNA decay. In 2007, despite strong eUorts carried out to

dissect the mechanisms responsible for translational repression by miRNAs, the latter still

remained largely uncharacterized.  We therefore decided to develop a cell-free  in  vitro

translation extract to recapitulate a microRNA response that was similar in many points to

that observed in vivo and in cultured cells 5. 

This system is based on rabbit reticulocyte lysate, which is commercially available and

has been used to study the molecular details of mRNA translation for more than 50 years.

Rabbit reticulocyte lysate is obtained through a simple preparation protocol that involves

the  recovery  of  reticulocyte  cells  (enucleated  cells  corresponding  the  last  progenitor

upstream  of  mature  red  blood  cells)  and  their  lysis  by  addition  of  water.  As  a

consequence, untreated rabbit reticulocyte lysate contains endogenous messenger RNAs

as well as tRNAs and all the translation machinery. However, these endogenous mRNAs

were traditionally removed from the system by the addition of micrococcal nuclease in

order to obtain a system were the translation of exogenous mRNAs could be studied on a

per  gene basis.  I  therefore  decided  to  work  with  untreated  rabbit  reticulocyte  lysate

(which contains endogenous mRNAs) and found that it is highly enriched in endogenous

microRNAs  as  well  as  in  Argonaute  proteins  and  other  protein  factors  involved  in

microRNA biosynthesis and eUector functions (Figure 2a and b). By using a set of reporter

constructs (Figure 2c) containing target sites for the most abundant miRNAs in the lysate,

that were either perfectly complementary (mimicking the siRNA/mRNA duplex) or partially

complementary (mimicking the miRNA/mRNA duplex), I further showed that endogenous
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microRNAs were active in repressing translation and also directing cleavage of  target

mRNAs that display full base-pairing (Figure 2d). Interestingly, translational repression was

not linked to deadenylation of target mRNAs and occurred very rapidly, as soon as 10

minutes after translation was triggered5.

Figure  2.  Untreated  rabbit  reticulocyte  lysate  recapitulates  miRNA activity  in  vitro.  a.  Western-blot  of  rabbit

reticulocyte lysate (RRL) or HeLa S10 and S100 extracts against Dicer and Argonaute-2 proteins.  b.  Splinted ligation

assays against let-7, miR-451 and miR-221 carried out using increasing amounts of total RNA from untreated rabbit

reticulocyte lysate. c. Schematic representation of luciferase coding reporter RNAs driven by the human β-globin 5′UTR

in which six miRNA bulged target sites for miR-451 (Luc-451X6) or four perfectly complementary target sites for miR-

451 (Luc PMX4) were inserted in the 3′UTR. d. In vitro translation of reporter RNAs in rabbit reticulocyte (left panel) and

quantitation of their abundance upon translation by qPCR (right panel).

Using this system, I then attempted to characterize the precise mechanism by which miR-

NAs regulate mRNA translation 6. To this aim, I designed an experimental approach that

was based on chemical and viral-derived translation inhibitors that targeted each major

step of  the mRNA translation  process.  I  sequentially  inhibited,  the recognition  of  the

mRNA 5’ cap structure, scanning of the 40S ribosomal subunit to reach the AUG start

codon, recruitment of the 60S ribosomal subunit and translation elongation and found

that miRNAs appeared to target 40S ribosome scanning. I then used a series of viral In-

ternal Ribosome Entry Sites (IRES) that have diUerent translation initiation mechanisms

and display diUerential requirement for translation initiation factors. This strategy allowed

me to show that miRNAs regulate ribosome scanning and suggested a mechanism in-

volving the RNA helicase eIF4A 6. These results were later conErmed by an independent

study, showing that miRNAs regulate eIF4A2 (a paralog of eIF4A) to repress translation7.

3. Translation stimulation of unspliced mRNAs by the Epstein-Barr virus
nuclear-export factor protein EB2:

In eukaryotes, gene expression is regulated at multiple levels ranging from transcription,

pre-mRNA splicing and transcript maturation, nuclear-export of the mature mRNA, trans-

lation and degradation of both the mRNA and the corresponding protein. Although these

processes occur in a sequential and compartmentalized manner, they are strongly inter-
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connected and factors involved in early stages of the gene expression pathway can have

an impact at later steps. As an example, splicing of pre-mRNAs in the cell nucleus leads

to the deposition of a protein complex at each exon-exon junction, known as the exon

junction complex or EJC8. This complex favors nuclear-export of spliced mRNAs and their

translation once in the cytoplasm 8,9. Unspliced mRNAs and transcripts produced from in-

tronless genes are therefore usually poorly exported to the cytoplasm and do not recruit

ribosomes eIciently.

Epstein-Barr virus (EBS) belongs to the Herpesvirus family. It  is an enveloped double-

stranded DNA virus with a genome size of 192kb coding for close to 80 diUerent proteins.

Is  it  estimated that  about  90% of human population is infected with the virus  10 and

infection with EBV is linked to several malignancies such as infectious mononucleosis and

Burkitt’s and Hodgkin’s lymphomas 11.

The viral protein EB2 is an essential factor that is expressed during the early steps of EBV

replication cycle. EB2 share characteristics of cellular nuclear export factors, it shuttles

from the nucleus to the cytoplasm and it interacts with the TAP/NXF1 complex in order to

export unspliced viral mRNAs (Figure 3b) 12,13. Preliminary experiments carried out by Fab-

rice Mure and Henri GruUat in 2007 suggested that in addition to stimulating nuclear ex-

port of unspliced mRNAs, EB2 could also stimulate their translation. 

Figure 3. EB2 stimulates nuclear export and translation of intronless mRNAs. a.  Schematic representation of the

luciferase  intronless  coding  vector  used  in  the  study  presenting  positions  of  the  CMV  promoter  and  BGH

polyadenylation signal (top panel). Measure of luciferase activity and quantiEcation of cytoplasmic luciferase-encoding

mRNAs by quantitative RT-PCR. Translational eIciency was calculated by normalizing the total luciferase activity to the

amount  of  cytoplasmic  luciferase  mRNA.  AU:  arbitrary  units.  b.  Scheme describing  the  role  of  EB2  is  exporting

unspliced mRNAs from the nucleus and stimulating their translation in the cytoplasm through interactions with PABP

and eIF4G.

To further characterize the role of EB2, we designed a set of intronless or intron contain-

ing luciferase reporter genes for which we could precisely measure cytoplasmic RNA lev-

els and their associated luciferase activity to obtain a proxy of their translation eIciency

(Figure 3a). Our results indicated that EB2 could eIciently export intronless mRNA (4 fold

increase compared to control)  and strongly stimulate their  translation (7 fold increase
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compared to control) without aUecting expression of endogenous cellular spliced mRNAs

(Figure 3a). Interestingly, EB2 does not seem to have any sequence speciEcity as any in-

tronless reporter devoid of viral-derived elements responds to EB2 expression. On the

contrary, addition of an intron (even in the 3’UTR of the pre-mRNA which results in non-

sense-mediated mRNA decay) is suIcient to abolish the eUect of EB2 in nuclear export

and translation stimulation. Finally, we also showed that EB2 is associated to actively

translating mRNAs in the cytoplasm and improves association of unspliced mRNAs with

heavy polysomes. Together, our results indicated that EB2 is able to functionally replace

introns and their role in stimulating nuclear-export and translation of mRNAs. Moreover,

we were able to show that this feature is conserved across EB2-related proteins from

other herpesviruses such as cytomegalovirus (CMV).

This  work was continued by the laboratory  of  Henri  GruUat  and Théophile  Ohlmann,

which recently showed that EB2 binds to eIF4G and PABP to stabilize the cap-binding

complex and stimulate translation (Figure 3b) 14
.

II. Postdoctoral work 

(October 2010 – October 2014)

University of Massachusetts Medical School under direction of Prof. Melissa Moore

1. Characterizing the role of the double-stranded RNA-binding protein
Staufen1 in regulating gene expression:

Double-stranded RNA binding proteins are involved in diverse biological roles such as

RNA interference (Dicer, TRBP), viral sensing (PKR, PACT), RNA transport (Staufen1 and

2) and RNA editing (ADAR1 and 2). However, in 2011, little was known about the speci -

Ecity of these proteins in recognizing their target RNAs and their exact binding sites within

cells. To answer these questions, we decided to map the RNA-binding sites of the dsRBP

Staufen1  using  an  approach  combining  RNA-immunoprecipitation  coupled  to  high-

throughput sequencing (Figure 4a). Staufen1 was previously shown to be involved in reg-

ulating RNA transport in neurons, assembly of stress granules and in regulating viral RNA

translations  15–18. Staufen1 recognizes dsRNA through interactions with the RNA sugar-

phosphate  backbone,  without  making  signiEcant  contacts  with  the  bases  19.  Conse-

quently, it does not cross-link eIciently to dsRNA when exposed to ultra-violet light and

therefore  traditional  cross-linking  immunoprecipitation  approaches  such  as  CLIP-seq

were not possible 20,21. I therefore adapted a protocol that was being developed in Melissa

Moore’s laboratory (RNA:Protein immunopuriEcation in Tandem or RIPiT 22) to the study of

dsRBPs (Figure 4a). BrieBy, the protein of interest, bearing a Flag-tag, is expressed at

near  endogenous  levels  in  cells.  Crosslinking  is  then  performed  using  formaldehyde,

which eIciently crosslinks dsRBPs to target RNA and the protein is immunoprecipitated

under denaturing conditions with anti-Flag beads. After immunoprecipitation, the protein

is eluted from beads using recombinant Flag peptide and a second immunoprecipitation

is performed against the protein of interest or one of its known interacting partners. The

puriEed complex is treated with RNase in order to obtain an RNA footprint of the protein

of  interest.  Protected RNA is  Enally  recovered and submitted for  high-throughput  se-

quencing. Applying RIPiT to Staufen1 revealed that the protein binds dsRNA stretches

longer than 9 base-pairs independently of their sequence 23. Staufen1 binding sites oc-

curs at the coding sequence and the 3’UTR of all cellular RNAs (Figure 4b). Interestingly,

Staufen1 recruitment to mRNAs is correlated to the amount of dsRNA in the latter. We

also found that Staufen1 interacts with ribosomes in an RNA-independent manner sug-

gesting that it could use the ribosome to “scan” mRNAs and bind to dsRNA-structures.
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Finally, by measuring mRNA translation levels in cells depleted of Staufen1 through ribo-

some proEling, we showed that Staufen1 binding to the coding sequence of mRNAs leads

to  upregulation  of  their  translation.  We  therefore  concluded  that  Staufen1  acts  as  a

dsRNA sensor which probes for the amount of dsRNA in all expressed transcripts and

regulates their translation through its interaction with ribosomes (see Figure 4c for our

working model). 

Staufen1 and other dsRBPs do not appear to have a strong sequence speciEcity in their

target sites. Therefore, our results suggest that these proteins could be in competition for

binding to dsRNA and that their relative expression level or subcellular localization could

play an important role in deEning their impact on regulating gene expression. 

Figure 4.  Staufen1 senses overall mRNA secondary structure to regulate translation. a.  Scheme of the RNA-

Immunoprecipitation in Tandem protocol (RIPiT) implemented to map Staufen1 RNA-binding sites. b. Sequencing read

distribution for RNA-seq (green) and Staufen1 RIPiT (brown) cDNA libraries in the 3’UTR of the Igf2bp1 coding transcript

(left panel) and the corresponding predicted secondary structure colored for base-pairing probability (IdentiEed Staufen1

binding sites are  annotated on the predicted structure).  c.  Model  of  Stau1 RNA binding and its  functional  role  in

translation.  Stau1  interacts  with  both  actively  translating  ribosomes and  secondary  structures  in  CDS and  3′UTR

regions. Some 3′UTRs contain highly complex secondary structures (for example,  inverted Alu pairs)  that serve as

kinetically  stable  Stau1-binding  sites.  However,  Stau1  also  makes  transient  interactions  with  smaller  secondary

structures throughout CDS and 3′UTR regions. Formation of these structures is a function of overall CDS and 3′UTR

GC content. Whereas interaction of Stau1 with 3′UTR Alu pairs has a small positive eUect on cytoplasmic mRNA levels,

high Stau1 CDS occupancy both increases ribosome density and slightly decreases cytoplasmic mRNA levels.
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2.  Role  of  long  non-coding  RNAs  in  regulating  the  innate  immune
response:

While working at the University of Massachusetts Medical School, I actively collaborated

with the laboratory of Professor Katerine Fitzgerald (University of Massachusetts Medical

School) whose main focus is to study the role of long non-coding RNAs in regulating in-

nate immunity. In this context, I Erst implemented a sucrose gradient approach combined

with the use of translation inhibitors to conErm whether speciEc long non-coding RNAs

were indeed “non-coding” and did not associate with the translation machinery 24. I also

adapted a protocol derived from the RNA antisense puriEcation technique 25 to purify the

endogenous long non-coding RNA EPS from cells and identify its DNA interacting part-

ners. This protocol consists Erst in Exing cells to crosslink RNA to DNA and proteins and

then to capture a speciEc endogenous long non-coding RNA using antisense biotinilated

RNA probes produced in vitro. Probes are generated through T7 RNA polymerase in vitro

transcription reactions programmed with biotinilated nucleotides to generate a long anti-

sense biotinilated transcript. This transcript is fragmented through alkaline hydrolysis and

gel puriEed to obtain probes ranging from 50~70 nucleotides in length. Probes anneal to

the target RNA and are then captured using streptavidin beads. PuriEed RNA together

with its interacting DNA and proteins can then be used for high-throughput sequencing

and mass spectrometry. Using this protocol, we were able to show that the long non-cod-

ing RNA EPS interacts with the promoter region of several genes involved in inBammation

to repress their transcription 26.

This collaboration familiarized me with cells of the immune system and made me realize

that they are excellent models to study post-transcriptional control mechanisms of gene

expression. This was further reinforced by an invitation from Kate Fitzgerald to write a re-

view about the topic 27.
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Current Research and projects

I obtained a permanent position in December 2014 at Centre International de Recherche

en Infectiologie (CIRI U1111, ENS Lyon) within Théophile Ohlmann’s group. Since then,

my  main  research  projects  have  been  related  to  the  study  of  post-transcriptional

regulation of gene expression with a particular emphasis on mRNA translation and its

cross-talks with other cellular processes. We use viral infections and cells of the immune

system as working models as they represent dynamic systems where mRNA translation

and other post-transcriptional control mechanisms have been shown to play a critical role

in regulating gene expression. 

In addition to these main research projects, we are also involved in developing innovative

tools for the delivery of proteins and ribonucleoprotein complexes (RNPs) into cells using

retroviral Virus-Like particles (VLPs). This technically oriented project allowed us to create

Nanoblades  28,  a CRISPR-Cas9 delivery vector that allows eIcient genome editing in

many primary cells, which will be essential for our main projects.

Most of our projects currently rely on high-throughput technical approaches such as next-

generation  sequencing  and  quantitative  mass-spectrometry  which  generate  large

datasets and require speciEc skills (bioinformatics and statistics) for their analysis. That is

why, in 2017, I  applied to a junior group leader call  from  “Laboratoire de Biologie et

modélisation de la Cellule (LBMC – ENS Lyon)” which gathers research groups interested

in all aspects of quantitative biology and in biocomputing approaches to study and model

cellular  processes.  Thus  I  joined  the  LBMC  in  February  2018  together  with  one

postdoctoral fellow (Emmanuel Labaronne) and two graduate students (Juliana Blin and

Thibault Sohier). Although this change had a signiEcant impact in our research activities, it

has been beneEcial to most of our projects as we now have access to a biocomputing

core facility led by Dr. Laurent Modolo (an expert in bioinformatics and biostatistics) that

assist all research groups from LBMC. We also enjoy from a research environment more

focused toward fundamental  mechanisms of gene expression, while at  the same time

being in close proximity to CIRI and beneEt from collaborations with experts in infectious

diseases  and  immunology.  Finally,  since  January  2020,  David  Cluet  (Ingénieur  de

Recherche  de  1ère  Classe,  CNRS)  has  joined  our  research  group.  David  has  a  dual

wet/dry laboratory expertise which perfectly suits our research activities.
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Project #1
A viral-derived protein delivery system to mediated e@cient genome-

editing in primary cells

Persons involved: Philippe Mangeot (Co-PI), Emilie Laurent, Thibault Sohier and Juliana

Blin.

Targeted  genome editing  tools  such  as  Meganucleases  (MGN),  Zinc-Enger  nucleases

(ZFN),  Transcription  activator-like  eUector  nucleases  (TALENs)  and  more  recently  the

Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR) have revolutionized

most biomedical research Eelds. Indeed, such tools have the power to precisely edit the

genome of eukaryotic cells by inducing double-stranded DNA (dsDNA) breaks at speciEc

loci. Relying on the cell endogenous repair pathways, such dsDNA breaks can be repaired

by Non-Homologous End-Joining (NHEJ) and Homology-Directed Repair (HDR) allowing

the removal or insertion of new genetic information at a desired locus. Consistent with the

great promises of such technologies in gene therapy, several studies have shown that

mutations associated with human diseases could be “repaired”  ex-vivo  (in cultured cell

lines) and in the mice germline using MGN, TALENs and CRISPRs either by transfection of

plasmids coding for the nucleases, transduction with viral-derived vectors coding for the

nucleases or by injecting the protein complexes directly into the cell. Among the above

mentioned tools, CRISPR/Cas9 is the most simple to implement and the most versatile.

Indeed, it consists on the expression of a bacterial derived nuclease, known as Cas9 (for

CRISPR-associated protein 9) together with a guideRNA (gRNA) that is complementary to

the DNA locus to target. Through its association with the gRNA, Cas9 is targeted to the

genomic DNA locus where it will induce a dsDNA break. Therefore, by simply modifying

the sequence of the gRNA, the user can specify the region of the genome to cleave.

All  of  the  above-mentioned  approaches  (including  CRISPR)  suUer  from  the  poor

transfectability of primary cells or live tissues when using plasmid transfection. Moreover,

the impossibility to target all cells in a tissue in the case of DNA or protein microinjection

and risk of genomic integration within cellular genes for viral-delivery vectors are severe

limitations too. To solve these issues, together with Philippe Mangeot (research engineer

within Théophile Ohlmann’s group and expert in viral vectors), we designed a new viral

vector that allows an eIcient delivery of the CRISPR ribonucleoprotein (RNP) machinery

into cells  28. To achieve this, we hijacked the natural ability of the Gag polyprotein from

Murine  Leukemia  Virus  (MLV)  to  generate  “empty”  virus-like  particles  (VLPs)  that  are

released in the supernatant of producer cells. We fused the Cas9 protein to the C-terminal

end of  the Gag polyprotein  (Figure  5a)  and expressed this  construct  together  with  a

plasmid coding for an sgRNA and a viral  envelope in HEK293T cells (Figure 5b).  This

results in the release of large amounts of VLPs loaded with the Cas9 protein bound to its

sgRNA and pseudotyped with two engineered viral envelopes which allow transduction of

a wide spectrum of eukaryotic cells (Figure 5b). We call this technology Nanoblades since

it  can  deliver  a  cleaving agent  to  a  large  spectrum of  cells  without  requiring  a  DNA

plasmid to code for CRISPR components.

We have used Nanoblades to eIciently mediate genome-editing in primary cells such as

human Ebroblasts (Figure 5c), mouse bone-marrow cells, human CD34+ cells and human

induced pluripotent stem cells (hiPS). Nanoblades can also be used in vivo to mediate

genome editing in mouse oocytes without requiring direct microinjection and also in the

liver  of  adult  individuals  upon  retro-orbital  injection.  Moreover,  Nanoblades  can  be

complexed  with  donor  DNA  to  perform  knock-in  experiments  without  requiring  any

transfection agent. Importantly, Nanoblades deliver the Cas9 protein in a rapid and dose-
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dependent manner with no requirements for transcription or translation of the Cas9 gene

and sgRNAs in target cells thus allowing to perform kinetics experiments in a controlled

manner (Figure 5c). This particular features have been used by our collaborators, Aline

Marnef  and  Gaëlle  Legube  (LBCMCP,  Centre  de  Biologie  Intégrative  (CBI),  CNRS,

Université de Toulouse) to study double-strand break repair  29,30. Nanoblades production

protocol is rapid, inexpensive and accessible to any laboratory equipped for cell culture.

Figure  5.  Genome-editing  through  Cas9/sgRNA  loaded  Murine  Leukemia  Virus-like  particles.  a.   Scheme

describing the MLV Gag::Cas9 fusion and b. the Nanoblade production protocol based on the transfection of HEK-293T

cells by plasmids coding for Gag-Pol, Gag::Cas9, VSV-G, BaEVRLess, and the sgRNA. c. dsDNA cleavage eIciency at

ribosomal-RNA coding loci in USOS and primary Human Ebroblasts as assessed by measuring the percentage of cells

with PolI and yH2Ax Histone co-localization foci.

Future directions:

We published the manuscript  describing the Nanoblades technology in January 2019.

Since then, we have slowed the pace of its development. Nevertheless, we are trying to

improve the technology for its use with other Cas9 related proteins with diUerent PAM

requirements in order to expand the genome targeting possibilities. We are also trying to

improve Cas9 loading and delivery. Indeed, we have noticed that the eIciency of protein

cargo loading within virus-like particles is aUected by the molecular size of the protein that

is  fused  to  Gag.  We are  therefore  currently  trying  to  split  the  Cas9  protein  into  two

independent  segments that  could be loaded separately  within  Nanoblades and fused

within target cells to recreate a functional Cas9 protein in target cells. For this, we will

explore the protein splicing approach that allows the seamless fusion of two proteins

bearing speciEc sequences (called inteins) at their N- and C-termini  31. We expect from

these experiments to improve the eIciency of  genome-editing and allow the eIcient

loading of large Cas9 variants within VLPs.
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Project #2
Assessing the role of ribosomes and mRNA translation in shaping the

immune response

The immune response protects the host against microbes and foreign substances that

can enter the body. This is allowed by an orchestrated sequence of events that can be

divided into two types of responses, innate and adaptive immunity.  

The  innate  response  is  a  rapid  and  highly  regulated  process  triggered  by  “pattern

recognition  receptors  (PRRs)”  that are  present  in  distinct  cellular  compartments  and

recognize  diUerent  conserved  microbial  components  known  as  “pathogen-associated

molecular patterns (PAMPs)” 32. PRRs can also recognize endogenous or exogenous non-

microbial components that are released during tissue injury and are known as “alarmins”

or “danger-associated molecular patterns (DAMPs)”33. The innate response also involves

the local recruitment of blood components such as plasma proteins and leukocytes (white

blood cells) to the aUected site, leading to inBammation.

Macrophages are central  players of the inBammatory process34 as they mediate initial

recognition  of  infection,  mainly  through  PRRs  such  as  Toll-like  receptors  (TLRs),

nucleotide-binding  oligomerization  domain  (NOD)-like  receptors  (NLRs),  C-type  lectin

receptors (CLRs) and retinoic acid inducible gene-I (RIG-I)-like receptors (RLRs)32. This

initial recognition leads to the production and release of inBammatory mediators, such as

chemokines  and  cytokines  that  promote  inBammation  by  altering  the  local  vascular

system, increasing vascular permeability and attracting eUector cells (mainly neutrophils)

to the site of infection35. Activated neutrophils create a cytotoxic environment by releasing

highly reactive oxygen and nitrogen species (ROS and RNS) that kill microbes and host

cells without discrimination thus causing collateral  tissue damage35. This results in the

classic signs of inBammation, pain, heat, redness, swelling and loss of function. Upon

clearance of the infectious agent,  the acute inBammatory response is followed by the

resolution  phase,  which  again  is  mainly  orchestrated  by  resident  and  recruited

macrophages with anti-inBammatory functions36,37. Neutrophil inEltration is then blocked

and  enhanced  recruitment  of  monocytes  participates  in  removal  of  dead  cells  and

regulate tissue remodeling38.

Although a robust inBammatory response is required as a Erst line of defense against

pathogen infections, uncontrolled or  prolonged inBammation can lead to inBammatory

disorders such as septic shocks39 or atherosclerosis40 as well as autoimmune diseases

such as arthritis or lupus41. It is therefore important to understand the molecular pathways

that  Enely  tune activation  and eUector  functions of  cells  involved in  the inBammatory

response such as macrophages. 

At  the molecular  level,  stimulation  of  macrophages  by PRR ligands triggers  signaling

cascades  that  converge  on  well-deEned  transcription  factors,  including  NF-κB  and

interferon-regulatory factors (IRFs) among others, that are constitutively expressed under

an inactive form42. Post-translational modiEcation of these transcription factors induces

their translocation to the nucleus where they regulate transcription of speciEc genes, also

known  as  primary  response  genes42.  This  results  in  the  activation  of  a  complex,

coordinated and highly dynamic gene expression program that is temporally regulated by

transcriptional on and oU switches42. This program varies depending on the cell lineage

and the speciEc triggering signals and involves  multiple  layers of  regulation including

histone modiEcation as well as DNA and chromatin changes. Although less studied, post-

transcriptional  control  pathways  also  participate  in  shaping  the  inBammatory  gene

expression  program43.  They  include  regulation  of  pre-messenger  RNA  (pre-mRNA)

splicing, mRNA stability and translation. These post-transcriptional mechanisms play a
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crucial  role  in  modulating  the  strength  of  the  inBammatory  response  as  well  as  its

temporal regulation43. 

The innate immune response acts as a Erst barrier to limit pathogen proliferation and is

essential to activate the antigen-speciEc adaptive immune response. Activated dendritic

cells presenting pathogen-derived antigens in association with major histocompatibility

complex class II (MHCII), migrate from the infected tissues into the lymph nodes where

they interact with naïve CD4+ T lymphocytes. Only the T lymphocytes able to recognize

speciEcally the MHCII/antigen complex through their T cell receptor (TCR) will undergo

activation. This leads to their clonal proliferation and cell diUerentiation into eUector or

memory T cells. EUector T cells orchestrate the pathogen clearance, while memory T cells

will persist in the organism and respond more rapidly upon a second infection with the

same pathogen.  CD4+  T  lymphocyte  activation  and  proliferation  are  associated  to  a

profound remodeling of the transcriptional and metabolic landscape, as well as drastic

changes in overall and transcript-speciEc translation eIciency.

Translational control plays an essential role in regulating gene expression. Because it acts

on pre-existing mRNAs, its eUects are reversible thus allowing for a rapid and dynamic

response44. Translation can also be regulated in space in order to produce proteins locally

at speciEc sub-cellular sites45. Furthermore, translational control can occur both globally

(i.e through the regulation of canonical factors required for translation of most mRNAs) or

in  a  transcript-speciEc  fashion  (i.e  through  cis-acting  regulatory  elements  embedded

within transcripts themselves)44. Finally, when translation is coupled to mRNA degradation

pathways in what is known as translation-dependent mRNA decay, it allows for the Ene

tuning of gene-expression and for mRNA quality control by restricting protein-output to

only a few proteins produced from a single transcript46. 

mRNA  translation  is  a  sophisticated  process  that  involves  one  of  the  largest

macromolecular complex in the cell, the ribosome, and a large number of cellular factors

that assist ribosomes at each stage of the translation process. Translation can be divided

into four main steps44: 1. Initiation, where the small subunit of the ribosome (40S subunit)

binds to the 5’end of the mRNA, scans the 5’ untranslated region until it reaches the AUG

start codon and the large ribosomal subunit (60S subunit) is recruited to form the 80S

ribosome. 2. Elongation, where the 80S ribosome translates the coding sequence of the

mRNA by translocating from codon to codon catalyzing the peptide bond between the

nascent  peptide  chain  and newly  incorporated  amino-acid.  3.  Termination,  where  the

newly synthesized protein is released and the two ribosomal subunits split. 4. Recycling,

where the ribosomal subunits are prepared for a new round of translation. 

Translation  initiation  involves  at  least  34  core  initiation  factors47 that  assist  the  small

subunit in recognizing the 5’ cap structure of mRNAs, scanning the 5’ untranslated region

and selecting a start  codon located in a good kozak context.  In addition to the core

initiation  factors,  a  multitude  of  auxiliary  factors  and  transcript  cis-acting  features

participate in regulating the initiation process47. Translation initiation is often considered as

the limiting step of  the overall  translation process47.  Consistent with this,  most of  the

regulatory pathways described in  the literature target  translation  initiation  through the

activity of the canonical initiation or through auxiliary factors44,47. However, the advent of

high-throughput sequencing methods (such as ribosome proEling) to measure ribosome

density and the position of ribosomes on the coding-sequence of cellular mRNAs in a

transcriptome-wide  manner  has  recently  revealed  new  unexpected  mechanisms  of

translational control48.  For example, pausing or stalling of ribosomes during translation

elongation can have an impact on protein output,  transcript stability and even on the

correct  folding  of  the  translated  protein49,50.  Interestingly,  these  Endings  have  been

accompanied by the discovery that ribosomes themselves can also play an important role

in  regulating  the  translation  process51,52.  Indeed,  ribosomes  have  been  historically
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perceived as homogenous machines composed of a deEned set of ribosomal proteins

and  ribosomal  RNA  with  no  other  role  than  translating  mRNAs  into  proteins  and

participating  in  mRNA  quality  control  pathways  such  as  non-sense  mediated  decay.

However, this vision has recently been challenged by Endings indicating that ribosomal

proteins can actively participate in regulating translation of speciEc mRNAs 52. Moreover,

the composition in core ribosomal proteins can diUer between ribosomes from diUerent

tissues53.  These  Endings  are  consistent  with  experiments  showing  that  mutation  or

inactivation of diUerent core ribosomal proteins in mice and other organisms can have no

signiEcant  impact  on  viability  or  overall  mRNA  translation  rates,  but  rather  aUect

expression of a speciEc subset of genes 53. From these studies, the notion of “specialized

ribosomes”  has  emerged,  where  a  subset  of  ribosomes  with  a  unique  composition

preferentially translate speciEc transcripts54. In this control pathway, a cross-talk between

ribosomes and cis-acting features present in mRNAs regulates their protein-output. This

vision  has  become even  more  complex  as  a  recent  analysis  of  ribosome-associated

proteins obtained from mouse embryonic stem cells, revealed an incredible diversity of

extra-ribosomal  proteins  that  contact  ribosomes,  including  proteins  involved  in  RNA

metabolism, proteins that mediate post-translational modiEcations and even metabolic

enzymes55. 

Being at the heart of the translation process, ribosomes are in close contact with both the

mRNA and the nascent protein. They could therefore function as structural hubs for a

wide diversity of proteins to mediate post-translational modiEcations of proteins as they

are being translated, to induce degradation or remodeling of the translated mRNA or to

read speciEc sequences or chemical modiEcations of the mRNA and modulate translation

or mRNA decay as a consequence. 

Translation is tightly regulated in cells of the innate and adaptive immune system. For

example, stimulation of dendritic cells with lipopolysaccharide (LPS), a component of the

outer membrane of Gram-negative bacteria that is recognized by the Toll-like receptor 4

(TLR4), triggers an immediate and massive increase in global protein synthesis within the

Erst 60 minutes56. Consistent with this, signaling pathways activated through some PRRs

have  been  shown  to  regulate  global  mRNA translation  by  modulating  the  activity  of

canonical translation initiation factors such as eIF2 and eIF4E43. Moreover, gene-speciEc

translational control has been shown for transcripts bearing particular cis-acting features

such as AU-rich elements or the GAIT motif (IFN-γ-activated inhibitor of translation/GAIT)

that  temporally  restrict  translation  of  many  mRNAs  coding  for  cytokines  and  other

proteins involved in the regulation of the inBammatory response
43,57. Similarly, mRNA translation is dynamically regulated in CD4+ T Cells upon activation

and this regulation is essential in the switch from quiescence to the eUector phenotype 58. 

In this context, our project aims at studying how ribosomes and their cross-talk with other

transcriptional and post-transcriptional cellular processes play a role in Enely tuning gene

expression and modulating the outcome of innate and adaptive immune cell activation. 

The main objectives of our project are to characterize the impact of mRNA translation and

“specialized ribosomes” in shaping the immune response by:

1. Characterizing the atlas of ribosome-associated proteins in the course of macrophage

stimulation and their impact on the inBammatory response.

2. Studying the cross-talks between ribosomes and mRNA translation with mRNA decay

pathways and their importance for macrophage stimulation.

3.  Exploring the potential coordination between cytosolic and mitochondrial translation

that could participate in modulating the metabolic activity of cells undergoing activation.
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Aim  1.  The  atlas  of  ribosome-associated  proteins  in  the  course  of
macrophage stimulation and its impact on the inPammatory response:

Persons involved: Thibault Sohier and Ronaldo De Carvalho.

Protein  synthesis  is  one of  the major tasks performed by the cell  and ribosomes are

among the largest cellular macromolecular machines described. With a size of 4.3MDa

and composed of at least 80 core ribosomal proteins and 4 diUerent ribosomal RNAs59,

ribosomes catalyze the synthesis of  proteins but also play important  regulatory roles.

Being  in  close  contact  with  the  translated  mRNA  and  the  nascent  poly-peptide,

ribosomes  can  serve  as  docks  for  accessory  proteins  involved  in  protein  post-

translational modiEcations, protein folding and degradation, but also in RNA metabolism

and sub-cellular compartmentalization.  

Because the inBammatory response requires a rapid and dramatic modulation of the cell

gene expression program, we hypothesize that it is accompanied by signiEcant changes

in  the  association  and  dissociation  of  ribosomal  core  and  accessory  proteins.  We

therefore plan to identify for the Erst time and in an unbiased manner, the complete set of

ribosome  associated  proteins  (RAPs)  and  their  dynamics  of  association  during  the

activation  of  mouse  bone  marrow  derived  macrophages  (BMDMs).  For  this,  we  will

immunopurify  endogenous  ribosomes  bearing  Flag-tagged  ribosomal  proteins  and

analyse  their  associated  proteins  by  quantitative  mass-spectrometry.  The  identiEed

factors will be further validated for their interaction with ribosomes in live cells by confocal

microscopy and by co-immunoprecipitation assays. The most interesting factors, that is

to  say  RAPs  that  play  unexpected  roles  or  involved  in  gene  expression  regulatory

pathways, will be selected and their ribosome-associated roles will be characterized. In

particular, the subsets of “specialized ribosomes” that are decorated with our proteins of

interest will be puriEed to further assess their protein composition and their exact position

on translated mRNAs. Finally,  to study their  role of  selected RAPs in regulating gene

expression  and  macrophage  activation,  we  will  perform site-directed  mutagenesis  to

inactivate their expression or abolish their ribosome association.

Taken  together,  we  expect  in  this  aim  to  identify  new  and  uncharacterized  post-

transcriptional regulatory mechanisms involving ribosomes and their cross-talk with other

cellular  processes during the inBammatory response.  We expect that our strategy will

uncover  new cellular  factors that  were not  previously  linked to inBammation and that

could represent new targets for drugs aiming to modulate the inBammatory response. We

also expect that our results will pave the way for the study of specialized ribosomes in

various  infectious  contexts  and  particularly  during  viral  infection.  Indeed,  all  known

viruses depend entirely on the host cellular translation apparatus for synthesis of viral

proteins and several viral proteins have been shown to interact with ribosomes. It would

therefore  be  of  great  interest  to  study  how  viral  infections  can  modify  the  protein

composition of ribosomes as well as the consequences on viral and cellular outcomes. 
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Aim  2.  Cross-talks  between  ribosomes  and  translation  with  mRNA
decay pathways:

Persons involved: Laura Guiguettaz, Emmanuel Labaronne, David Cluet.

Translation-dependent mRNA decay (TDD) pathways involve various cis-acting regulatory

elements that recruit the mRNA degradation machinery as a consequence of translation60.

TDD includes mRNA surveillance mechanisms such as nonsense mediated decay (NMD),

no-go decay (NGD) or non-stop mediated decay (NSD) that allow cells to rapidly degrade

aberrant mRNAs46. Translation-dependent decay of transcripts containing binding sites for

the double-stranded RNA binding protein Staufen, are other known TDD mechanisms that

regulate expression of normal mRNAs under various physiological conditions61,62. 

NMD was initially thought to only trigger degradation of aberrant mRNAs. However, recent

studies have shown that alternative splicing, long 3'UTRs and the presence of upstream

ORFs (uORFs) can also trigger NMD63,64. Furthermore, evidence of constitutive NMD was

found  in  neurons  where  the  immediate  early  gene  Arc,  expressed  upon  synaptic

stimulation, was shown to contain a spliced intron in its 3'UTR, causing it to self-destruct

upon translation by NMD65.  When combined with a strong stimulation of transcription

upon synaptic stimulation, TDD of the Arc mRNA leads to a rapid degradation upon its

translation thus allowing for a strong protein expression that is restricted to a very short

time frame65. 

Similarly to neurons, cells of the immune system have to respond rapidly to a stimulus

and organize a complex program of diUerentiation that involves sequential expression of

particular  sets of  genes in a time-constrained manner.  Regulation of  gene expression

through TDD could  therefore  play  an  important  role  in  Enely  tuning the  inBammatory

response by allowing the rapid clearance of transcripts upon transcriptional shut-oU and

thus restricting expression in time.  Most studies found in the literature have speciEcally

focused on one TDD pathway, NMD, in diUerent cellular contexts. However, no study so

far has addressed the global impact of TDD pathways in regulating gene expression.

Using a combination of transcription and translation inhibitors, we aim at identifying all

transcripts that are regulated by TDD during the inBammatory response and in cells of the

adaptive immune system using high-throughput sequencing approaches. In addition, we

plan to monitor mRNA translation rates as well as the structure of all cellular transcripts

expressed (including the position of their 5’ and 3’ end) to assemble a transcriptome with

corresponding translation rates for all expressed transcripts. The obtained data will then

be analyzed to extract quantitative and qualitative information (such as transcript length,

GC content, presence of spliced introns in the 3’UTR, presence of AREs, codon usage,

presence  of  upstream  ORFs,  binding  sites  for  proteins  involved  in  mRNA  decay)  to

identify  possible  cis-  and trans-acting  features  responsible  for  triggering  TDD  using

machine  learning  approaches.  Finally,  we  will  assess  for  the  importance  of  TDD  in

regulating  macrophage  activation  and  eUector  functions  by  removing  the  previously

identiEed cis-acting features or trans-acting factors responsible for triggering TDD. 

Based on the results obtained from this Aim, we expect to uncover the extent of TDD in

regulating  gene  expression  as  well  as  describing  new  molecular  actors  involved  in

mediating TDD. We further expect to reveal the importance of TDD in orchestrating the

inBammatory gene program during macrophage activation.
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Aim 3.  Coordination  between cytosolic  and mitochondrial  translation
during immune cell activation:

Persons involved: Ronaldo De Carvalho

Mitochondria  are  dynamic metabolic  organelles  implicated in  many cellular  processes

such  as  ATP  generation  through  respiration,  regulation  of  apoptosis,  production  of

reactive oxygen species (mtROS), calcium homeostasis, amino-acid metabolism and in

various  signaling  pathways  including  some  implicated  in  innate  immunity66,67.  The

mammalian mitochondrial genome is a circular double-stranded DNA molecule coding for

two ribosomal RNA, 22 tRNA and 13 proteins66. Interestingly, all of the 13 mitochondrial-

encoded  proteins  are  core  subunits  of  the  oxidative  phosphorylation  (OXPHOS)

complexes that are required for  ATP generation. The remaining ~1500 proteins of the

mitochondrial proteome (including mitochondrial ribosomal proteins and proteins of the

OXPHOS complex) are nuclear encoded. As a consequence, coordination between the

mitochondrial and nuclear genome is important for mitochondrial  homeostasis. Recent

evidence from yeast, C.elegans and mice further indicates cross-talks between cytosolic

and mitochondrial  translation programs in order  to synchronize synthesis of  OXPHOS

complexes and avoid mitonuclear protein imbalance68,69. Although mitochondria probably

have an eubacterial origin, mitoribosomes diUers signiEcantly from bacterial ribosomes.

They have a reversed protein/RNA ratio (69% protein and 31% RNA for mitoribosomes

compared  to  33% protein  and  67%  for  bacterial  ribosomes)  and  almost  half  of  the

mitoribosomal proteins are speciEc to mitoribosomes and do not have bacterial homologs
70. The roles of mitoribosomal speciEc proteins are not fully understood but some have

been implicated in translational control 71.

Upon stimulation, cells of the immune system undergo a transition from a quiescent state

into a metabolic active state in which mitochondria play an essential regulatory role 67,72.

For example, proinBammatory M1 macrophages activated by IFN-γ undergo a decrease in

oxidative phosphorylation and a corresponding increase in  aerobic  glycolysis.  On the

contrary,  anti-inBammatory  M2  macrophages  maintain  high  rates  of  oxidative

phosphorylation upon activation  72. Similarly, naïve T cells depend mainly on oxidative

phosphorylation as their  primary method of  respiration while activated T cells  display

higher glycolysis levels73.

Based on these observations, we hypothesize that mitochondrial and cytosolic translation

could undergo a coordinated remodeling during immune cell activation. We therefore plan

on  monitoring  mitochondrial  and  cytosolic  translation  as  well  as  mitoribosome

composition to test whether they are modulated during the immune response and identify

potential factors involved in this regulation.

Methodology and preliminary results

Aim1.  The  atlas  of  ribosome-associated  proteins  in  the  course  of
macrophage stimulation and its impact on the inPammatory response:

In this aim, we propose to characterize accessory proteins that interact with ribosomes

during  the  course  of  macrophage  activation  and  to  further  dissect  the  functional

consequences of such interactions.

 

1.1. Flag-tagging of endogenous ribosomal proteins:
Adding a Bag tag to endogenous ribosomal proteins will  allow us to speciEcally purify

ribosomes using commercial magnetic beads coupled with anti-Bag antibodies that are
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highly speciEc and eIcient. Transgenic mice expressing tagged ribosomal proteins have

been previously generated in the literature 74,75. However, the ribosomal proteins that were

tagged in these mice (RPL22 and RPL10A) were later shown not to be incorporated into

all  assembled  ribosomes51,55.  We  therefore  decided  to  target  other  ribosomal  protein

coding genes both from the small and the large ribosomal subunit. Based on the cryo-EM

structure of the human ribosome76, we have selected four mouse core ribosomal proteins

(RPS5, RPS12, RPL7a,  RPL11)  that  bear  accessible N-terminal  or  C-terminal  ends to

introduce  the  Flag-tag  through  homology-directed  recombination  (Figure  6a).  This

procedure was successfully performed Erst in HEK293T cells using our patented method

“Nanoblades”77 that eIciently deliver the CRISPR/Cas9 technology together with single-

stranded  DNA  oligos  bearing  the  Flag-tag  sequence  Banked  by  homology  arms

homologous to the targeted region. Clonal cell  lines expressing Flag-tagged ribosomal

proteins from all alleles were obtained for Rps5 and Rpl7a and are viable. Heterozygous

cell  lines  were  also  obtained  for  Rps12  and  Rpl11.  In  these  cell-lines,  we  validated

expression and incorporation of the Flag-tagged proteins into translating ribosomes by

sucrose gradient sedimentation (see Figure 1b for an example). 

Figure 6. Flag-tagging of endogenous ribosomal proteins in HEK293T cells. a.  Position (highlighted in purple) of

selected  candidate  ribosomal  proteins  to  Bag  in  the  crystal  structure  of  the  mammalian  ribosome.  b.  Sucrose

sedimentation of cytoplasmic extracts obtained from Flag-RPL7a cells and western-blotting of collected fractions using

anti-Flag antibodies.

For  the past  year,  we have tried to generate transgenic mice expressing Flag-tagged

ribosomal proteins through electroporation of the Cas9 protein 78 together with the sgRNA

and the DNA donor bearing the Flag-tag sequence with homology arms for Rps5 and

Rpl11. However, despite many attempts, we have been unable to generate viable mice.

We do not think this viability issues are linked to the presence of the Flag-tag but rather

because of the possible inactivation of the ribosomal protein coding gene when the Cas9

protein cleaves the targeted locus but recombination does not occur. To overcome this
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problem, we are currently trying the Prime-editing approach recently published by the Liu

laboratory  79 in order  to introduce the Flag-tag sequence at  the Rps5 and Rpl11 loci

without inducing dsDNA breaks at the targeted sites and thus avoiding inactivation of

their expression. In parallel, we are also testing the use of biotinilated puromycin to purify

ribosomes through the previously described RiboLace protocol  80 without requiring the

expression  of  a  Flag-tagged  ribosomes.  In  this  case,  the  biotinilated  puromycin

incorporates within actively translating ribosomes, samples are then treated with Rnase

A+T1 and ribosomes precipitated using Streptavidin-beads and eluted from beads using

EDTA to induce disassembly of the two ribosomal subunits.

1.2. PuriKcation of Pag-tagged ribosomes and analysis of their protein composition:
Once the transgenic mice expressing Flag-tagged ribosomal proteins will be generated,

bone-marrow derived macrophages (BMDMs) will be cultured and ribosomes puriEed to

characterize their composition during the time-course of activation. Particular attention

will be given to the stimulatory signals used to activate cells in order to identify factors

that speciEcally associate with ribosomes in a given activation pathway. For this, BMDMs

will be stimulated either with ultra pure lypopolysaccharide to activate the TLR4 pathway,

or with Pam3CSK4 to activate the TLR2/TLR1,  or with cGAMP to activate the cytosolic

DNA-sensing  stimulator  of  IFN  genes  (STING)  pathway  to  induce  pro-inBammatory

responses. Conversely, BMDMs will also be incubated with IL4 or IL13 to induce anti-

inBammatory responses81. Upon activation, cells will be lysed to obtain the cytoplasmic

fraction,  which  will  then  be  treated  with  RNases  to  collapse  polysomes  into  80S

ribosomes  and  their  mRNA  footprint  (Figure  7a  and  b).  Ribosomes  will  then  be

immunopuriEed using anti-Bag magnetic beads (Figure 2c).  After  washing the puriEed

complexes on beads, ribosomes will be speciEcally eluted using saturating amounts of a

Flag-peptide. This protocol oUers high speciEcity because both immunoprecipitation and

elution from beads depend on the Flag epitope. Furthermore, for the past year, we have

used our HEK-293T cell lines expressing Flag-tagged RPS12, RPS5, RPL7a and RPL11

to optimize the immunoprecipitation protocol. We currently have a protocol that minimizes

background noise and allows enrichment of ribosomal proteins up to 1000 fold compared

to the negative control (untagged cells) when performing mass spectrometry (Figure 8d).

Furthermore,  we  have  set  up  an  alternative  protocol  combining  formaldehyde

crosslinking, RNase treatment and Flag-immunoprecipitation of ribosomes which allows

to capture more transient interactions also with a high signal-to-noise ratio (average of

250 fold enrichment of ribosomal proteins in Flag-ribosome samples compared to the

untagged negative control). Preliminary analysis of our Mass spectrometry data suggests

that  RPS5,  RPL7a  and  RPL11  are  good  candidates  to  identify  RAPs  in  a  unbiased

manner.  On  the  contrary,  RPS12  displayed  a  strong  bias  towards  80S  and  light

monosomes upon Flag-immunoprecipitation thus suggesting that the Flag-tag might not

be accessible within heavy and dense polysomes (data not shown).

Proteins samples obtained from puriEed ribosomes at diUerent times following activation

will be speciEcally labeled using tandem mass tags. This strategy will allow us to mix all

the  samples  corresponding  to  each  time-point  for  a  given  stimulation  pathway  and

subject them to liquid chromatography tandem-mass spectrometry (LC-MS/MS) analysis

together.  Sample  preparation  for  LC-MS/MS  and  data  analysis  will  be  done  in

collaboration  with  Prof.  Alfredo  Castello-Palomares  and  Prof.  Shabaz  Mohammed

(University of Oxford, UK) who are experts in this technique. Upon mass-spectrometry,

identiEed proteins will be classiEed into diUerent categories based on their functional role

and relevant candidates will be validated for their interaction with ribosomes in live cells

by  immunoBuorescence  and  co-immunoprecipitation  experiments.  If  possible,  we  will

focus  on  relevant  candidates  spanning  diUerent  cellular  functions  (RNA  metabolism,
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enzymes, related to inBammation, uncharacterized function…) and also those showing

diUerential association to ribosomes during the course of macrophage activation. 

Figure  7.  Ribosome immunopuriKcation  protocol.  a  and b. Cytoplasmic  lysates  from Flag-expressing  cells  are

treated with RNase to collapse polysomes into 80S monosomes and their associated mRNA footprints. c.  Following

Flag-IP and elution from beads using Flag peptides, samples are sent for Mass spectrometry analysis. d. Silver-staining

of Flag-tagged ribosomes puriEed using Flag-aInity agarose beads from wildtype HEK293T cells (“Flag IP in Control

Cells” lane) and in Flag-RPS5 expressing cells (“Flag IP in Flag-RPS5 Cells” lane).

Preliminary mass spectrometry data from HEK293T cells has lead to the identiEcation of

close to 130 proteins that associate with ribosomes under native conditions and close to

280 upon formaldehyde-crosslinking (data not shown). We are therefore conEdent that the

protocol  is  ready  to  be  tested  on  primary  BMDMs once the  transgenic  mice  will  be

available.

1.3. Functional characterization of specialized ribosomes:
Because ribosomes are amongst the most abundant components within cells, we expect

most of the identiEed accessory proteins to be present in substoichiometric amounts.

Hence, we anticipate that only a fraction of all cellular ribosomes will be decorated with

our candidate proteins. Based on this assumption, it will be of interest to further study the

particular subsets of ribosomes that associate with our selected candidate proteins and

could  qualify  as  “specialized  ribosomes”.  For  this,  we  plan  to  adapt  the  RNA-

ImmunopuriEcation  in  Tandem  (RIPiT)  protocol22,23 that  I  developed  during  my

postdoctoral training to purify subsets of ribosomes that are associated with a particular

non-ribosomal  protein.  BrieBy,  cell  lysates  will  be  treated  with  RNases  to  collaps

polysomes into 80S ribosomes associated to their mRNA footprint. Ribosomes will  be

puriEed using Anti-Flag beads and eluted from beads using saturating amounts of Flag-

peptide. A second immunoprecipitation against the ribosome-associated factor of interest

is then performed to recover the speciEc subset of ribosomes bound to our protein of

interest. After this, samples will be analyzed by LC-MS/MS to identify other proteins that

co-associate  with  ribosomes together  with  our  protein  of  interest.  In  parallel,  we will

collect  the  RNA  footprints  of  the  puriEed  ribosomes  and  perform  high-throughput

sequencing  to  identify  their  exact  position  on  the  translated  mRNAs.  From  this

experiments,  we  expect  to  characterize  the  exact  composition  and mRNA targets  of
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diUerent pools of “specialized ribosomes”.

To further understand the functional consequences of the interaction of our proteins of

interest with ribosomes we will  perform mutagenesis experiments in order to map the

domains  that  are  responsible  for  ribosome  binding.  Following  this,  we  will  perform

genome-editing experiments in order to either inactivate the candidate factors or mutate

their ribosome binding sites in mouse BMDMs or transgenic mice. Then we will monitor

the consequences of the loss in ribosome-association or the complete absence of the

factor  on  the stimulation  of  macrophages  by  performing RNA-seq,  ribosome-proEling

experiments,  FACS  analysis  and  elisa  tests  to  measure  multiple  parameters  of  the

inBammatory such as cytokine production. 

Aim2. Cross-talks between ribosomes and translation with mRNA decay
pathways:

In this aim, we propose to assess the impact of mRNA translation in inducing decay of

translated  transcripts,  to  identify  new  cis-  and  trans-acting  features  involved  in  this

regulatory  pathway  and  to  reveal  the  importance  of  translation-dependent  decay  in

regulating macrophage and T CD4+ cell activation.

2.1. Monitoring translation-dependent mRNA decay during macrophage and T CD4+
cell activation:
To monitor translation-dependent mRNA decay (TDD) and address its impact in regulating

gene expression during immune cell  activation,  we have established and optimized a

protocol  that  allows to  measure mRNA decay  rates  in  the  presence and absence of

translation (Figure 8a).  This approach relies in the use of  transcription and translation

inhibitors coupled to high-throughput sequencing to measure mRNA levels.  BrieBy, this

protocol (Figure 8a) consists in activating (or not) primary mouse CD4+ T Cells or BMDMs

for a given amount of time and then blocking transcription during 3 hours in the absence

or presence of a translation inhibitor. During these 3 hours, we recover three aliquots of

the cells (at the 0, 1h and 3h time points after blocking transcription) add synthetic RNA

spike-in  as  an  external  control  to  allow  for  gene  expression  normalization  before

preparing samples for RNA-seq to measure mRNA levels. Doing so, we are able to obtain

a decay rate for each cellular mRNA during the time-course. Then, by comparing these

half-lives  to  those  obtained  in  the  presence  of  translation  inhibitors,  we  are  able  to

precisely quantify the impact of translation on decay rates. Based on this measure, TDD

substrates are deEned as transcripts for which degradation is signiEcantly delayed upon

incubation with translation inhibitors (Figure 8b).  From this data, a TDD index can be

calculated, corresponding to the extent of observed mRNA decay that is dependent on

translation (Figure 8b, red formula). For any given transcript, the TDDindex can range from

0  (no  observed  translation-dependent  mRNA  decay)  to  1  (unstable  transcript  which

degradation  is  entirely  translation-dependent).  In  addition  to  the  TDDindex,  we  can

calculate a translation-independent decay Index (TIDindex) corresponding to the extent of

observed decay that is not dependent on translation(Figure 8b, blue formula). The sum of

the TDD and TID indexes corresponds to the overall observed decay at the 1h or 3h time

point in the presence of the transcription inhibitor.
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Figure 8. Monitoring TDD in primary CD4+ T cells BMDMs. a.  Protocol for monitoring TDD.  b.  Measurement of

mRNA decay rates in the presence and absence of translation for, a non-TDD transcript (left  panel),  a strong TDD

transcript (Right panel). c. Distribution of TDDindex and TIDindex amon all expressed transcripts in resting CD4+ T cells.

d. Distribution of TDD index in protein coding mRNAs Vs lincRNAs (Top-panel) and in all expressed mRNAs Vs known

UPF2 regulated transcripts (bottom panel). 

To avoid experimental  biases introduced by transcription and translation inhibitors,  all

experiments  were  performed  in  three  independent  replicates  using  two  diUerent

transcription  inhibitors  (DRB  and  Triptolide)  and  two  diUerent  translation  inhibitors

(Cycloheximide  and  Harringtonine)  in  all  possible  combinations  (DRB  alone,  DRB  +

Cycloheximide,  DRB + Harringtonine,  Triptolide alone,  Triptolide +  Cycloheximide and

Triptolide + Harringtonine). 

In parallel of these experiments, we also performed ribosome proEling and poly(A)-site

sequencing (PAS-seq) in resting and activated cells in order to calculate the ribosome

density of all expressed transcripts as well as to map their precise 3’ end. Combined with

regular  RNA-seq, this  data allowed us to obtain  a global  view of  transcript  structure,

abundance and a proxy for translation eIciency in a genome-wide manner.

Preliminary results:
Surprisingly, our results indicate that most cellular transcripts appear to undergo TDD to

some extent (Figure 8c). This unexpected result does not appear to be a technical artifact
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induced by the drugs used to block translation and transcription since long-non coding

RNAs (which are capped and polyadenylated like mRNAs but are not translated) are not

signiEcantly  regulated  by  TDD  (Figure  8d,  top  panel).  On  the  contrary,  transcripts

previously described to be regulated by Upf2 (an essential factor in nonsense-mediated

decay)  do  display  higher  than  average  TDDindexes  (Figure  8d,  bottom  panel)  thus

validating our approach to monitor translation-dependent mRNA decay.

Figure  9.  Random forests  analysis  identiKes cis-  and trans-acting features explaining TDDindex.  Explicative

variables  used  as  input  to  build  random forests  decision  trees  are  listed  with  their  corresponding  importance  in

predicting the TDDindex. Left panel corresponds to results in resting CD4+ T cells while the right panel corresponds to

results obtained in activated CD4+ T cells.

2.2. IdentiKcation of mRNA cis- and trans-acting features responsible for TDD:
Because our approach identiEes all  TDD targets independently of the mechanism that

triggers  it  (NMD,  uORFs,  AREs),  we plan  on  characterizing  the  cis- and  trans-acting

features responsible for inducing TDD in our identiEed transcripts.

For  each  cellular  transcript  in  each  tested  cell  type  and  time  point,  we  used  our

assembled transcriptome to collect information such as total transcript length, length of

the 5’UTR, coding sequence (CDS) and 3’UTR, GC content, Kozak context surrounding

the AUG start codon and codon usage among others. In order to identify features that

might explain the observed TDDindex values,  we performed exploratory data analysis

using a random decision forests approach, a machine learning algorithm that allows data

mining to identify explicative factors that can predict an observed variable (in this case the

TDDindex). For simplicity reasons, all results presented herein correspond to resting and

activated CD4+ T cells, but similar Endings were also obtained in BMDMs (Figure 9).

A role for untranslated regions and ribosome density in deKning TDD
Random forests analysis indicated that ribosome density together with 3’UTR and 5’UTR

length  are  major  factors  responsible  for  explaining  the  extent  of  TDD  in  the  overall

transcript population (Figure 9). Interestingly, we observe a negative correlation between

5’ and 3’UTR length and the extent of TDD (Figure 10, middle and bottom panels). These

results  appear  in  contradiction  with  previous  Endings  related  to  long  3’UTR  being

degraded in a UPF1-dependent manner but are in agreement with results obtained in

zebraEsh showing that long 3’UTRs can protect mRNA from mRNA decay induced by
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poor  codon  usage  82.  Contrary  to  UTR  length,  ribosome  density  shows  a  bimodal

relationship with TDD, being positively correlated to the TDDindex for low to medium

values of ribosome density and then reaching a plateau (Figure 10, top panel). 

Figure 10. Ribosome density and UTR length are linked to the TDDindex. Relationship between ribosome density

(Top panel),  5’UTR length (Middle panel)  and 3’UTR length (Bottom panel)  with  the  TDDindex in  resting (left)  and

activated (right) CD4+ T cells. In all plots, transcript were Erst sorted either by their ribosome density, 5’UTR length or

3’UTR length, then they were binned in groups of 30 transcripts and the average TDDindex was calculated and plotted.

This was done to obtain a clearer view of the trend.

Codon usage and GC3 content are linked to TDD
Codon usage and GC content at the wobble position (GC3) have been recently shown to

modulate mRNA decay in human cells  83–86. Particularly, one of these studies indicated

that mRNAs with GC3 rich codons are more eIciently translated and overall more stable

than those with GC3 poor codons 84. In resting CD4+ T cells, our Endings validate those

previously published when looking at overall mRNA decay (Figure 11a). However, when

looking at the extent of TDD and GC3 content we observe the exact opposite results

(Figure 11b). Transcripts with GC3 rich codons have higher TDDindexes than those with

GC3 poor  codons.  On the contrary,  translation-independent  mRNA decay appears to

follow the same distribution than overall mRNA degradation with respect to GC3 content

(Figure11c). These result suggest that the observed eUect of GC3 content in mediating

mRNA decay are largely driven by a translation-independent degradation pathway and
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not through an active translation-dependent mechanisms. 

Figure 11. RNA decay, TDDindex and TIDindex are related to GC% at the wobble position of codons (GC3%).
Transcripts were sorted with respect to their GC3 content and binned in seven groups (from low to high GC3 content).

Then, fraction of mRNA degradation (Top panel) or the TDDindex (Middle panel) or the TIDindex (Bottom panel) were

plotted for each group in resting (left panels) or activated CD4+ T cells (right panels).

Interestingly,  upon CD4+ T Cell  activation,  the relationship between GC3 content  and

mRNA decay is strongly reshuged and does not appear to follow the same trend as in

resting CD4+ T cells (Figure 11, right panels). Nevertheless, even in this scenario, the

relationship between overall mRNA decay and GC3 content is again driven mainly through

a translation-independent mRNA degradation pathway. 

These results suggest that the relationship between GC3 content and TDD is not solely

dependent on transcript  cis-acting elements but could be driven by trans-acting factors

which availability or activity could be modulated during T cell activation.

Changes in ribosome-density upon T cell activation modulate the extent of TDD, TID
and overall mRNA decay
Our results suggest that ribosome density is an important factor in deEning the extent of

TDD. To validate this Ending and test whether ribosome density is directly involved in TDD

decay, we tested whether changes in ribosome density upon CD4+ T Cell activation were

also linked to the expected changes in their TDDindex. For this, we computed the fold

change of ribosome density between resting and activated CD4+ T Cells that we plotted

against the observed changes in the TDDindex between these two conditions (Figure 12

a). Interestingly, we observe an overall  positive correlation between the fold change in
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ribosome density and the observed change in TDDindexes (i.e. transcript with decreased

ribosome  density  upon  T  cell  activation  show  a  decrease  in  their  TDDindex  while

transcripts with increased ribosome density have a tendency to show higher TDDindexes.

Surprisingly, we observed the opposite relationship when plotting changes in the TIDindex

against  changes  in  ribosome  density  again  suggesting  that  translation-independent

mRNA  decay  is  also  aUect  by  ribosome  density  (Figure  12b).  This  Ending  is  better

observed when  plotting  changes  in  TDDindex  against  changes  in  the  TIDindex  while

coloring the fold change in ribosome density between resting and activated CD4+ T Cells

(Figure  12d).  Here  we  observe  that  changes  in  TDD  and  TIDindexes  are  negatively

correlated between each other  and clearly  explained by changes in ribosome density

(Figure 12d). 

Figure 12. Changes in ribosome density are associated to corresponding changes in TDD and TID indexes. a.
The fold change in ribosome density (log2 fold scale) between resting and activated CD4+ T cells is plotted against the

observed changes in the TDDindex.  b.  The fold change in ribosome density (log2 fold scale)  between resting and

activated CD4+ T cells is plotted against the observed changes in the TIDindex. c. The fold change in ribosome density

(log2  fold  scale)  between  resting  and  activated  CD4+  T  cells  is  plotted  against  the  observed  changes  in  mRNA

degradation rates.

Interestingly,  as previously observed with GC3 content,  overall  mRNA decay shows a

similar  trend  as  translation-independent  decay  with  respect  to  changes  in  ribosome

density.  That  is  to  say,  an  increase  in  ribosome  density  upon  T  cell  activation  is

associated with  a  decrease in  mRNA decay  while  a  decrease in  ribosome density  is

associated to an increase in mRNA decay (Figure 12c).

Taken  together,  our  results  suggest  that  translation-dependent  and  independent

degradation pathways are mutually exclusive pathways that are deEned (at least partially)

by  ribosome  density.  Overall,  translation-independent  mRNA  decay  appears  more

eIcient than translation-dependent decay. This Endings could be linked to recent results

from Dominique Weill’s laboratory indicating GC content as an important determinant of

recruitment  of  mRNAs  into  p-bodies  83.  We  believe  that  ribosome  density  could  be

responsible for determining mRNA recruitment within p-bodies, mRNAs poorly associated
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with ribosomes being more eIciently recruited in the latter contrary to mRNAs highly

associated with ribosomes. Nevertheless, more experiments are required to validate these

Endings.

2.3. Mechanism of action of TDD and TID pathways:
In order to dissect the molecular mechanisms of TDD and TID, we plan on working in

BMDMs which we can eIciently modify genetically using Nanoblades 28. Recent studies

have pointed to diUerent factors that could associate to ribosomes in order to trigger

translation-dependent mRNA decay such as ZNF598, Xrn1 and the Ccr4-Not complex 87–

90.  We therefore plan a strategy to perform RIPiT-seq against ribosomes associated to

those proteins in order to map their position along translated mRNAs and test whether

transcripts prone to TDD are indeed enriched in ribosomes bound to those factors. In

parallel,  we will  also use our Mass-spectrometry data from Aim 1 to identify potential

mRNA  decay  factors  that  associate  with  translating  ribosomes.  Expression  of  these

factors will also be impaired in BMDMs using Nanoblades to test the consequences on

mRNA  decay  rates  as  well  as  the  fraction  of  TDD  and  TID  using  our

transcription/translation inhibitor protocol. 

In addition to these experiments, we plan on testing the role of UTR length in modulating

TDD  and  if  possible  to  characterize  its  mechanism  of  action.  Previous  results  from

Yukihide Tomari’s laboratory indicate that long 3’UTRs could protect mRNAs with poor

codons from Ccr4-Not recruitment but the exact mechanism is still largely unknown  82.

For this, we plan on constructing reporter genes with diUerent 5’UTR, CDS GC content

and  3’UTR  lengths  allowing  diUerent  ribosome  loading  capacities  and  containing  a

streptavidin RNA motif to purify them using streptavidin magnetic beads. We will then use

these reporter constructs to monitor the extent of translation-dependent and independent

mRNA decay and if possible to study the recruitment of mRNA decay factors by western-

blotting or mass spectrometry. We expect from this experiments to obtain clues for the

molecular mechanism of TDD and independent mRNA decay pathways as well as the role

of cis-acting transcript features in modulating recruitment of mRNA decay factors.

Aim3.  Testing  the  potential  coordination  between  cytosolic  and
mitochondrial translation during immune cell activation:

In order to study mitochondrial translation we rely again on introducing a Flag-tag epitope

within nuclear genes coding for mitoribosomal proteins. For this, selected several genes

that had accessible Cas9 target sites near their Stop-codon to induce a double-strand

break and introduce the Flag-tag sequence through homology-directed recombination at

the 3’end of the coding sequence to express a C-terminal  Bag-tagged protein (Figure

13a). Using this approach in cultured HEK293T cells, we have been able to tag diUerent

proteins from the small and large mitoribosomal subunits without aUecting cell viability.

Similarly  to  the  cytosolic  ribosome,  the  Bag-tagged  mitoribosomal  proteins  are  well

incorporated  within  mitoribosomes  (Figure  13b)  and  eIciently  pulled-down using  the

same  protocol  as  that  optimized  for  the  cytosolic  ribosome.  Preliminary  mass-

spectrometry results, indicate an eIcient puriEcation of mitoribosomes and similar signal-

to-noise ratios as those obtained with cytosolic ribosomes when comparing to the control

IP condition. This approach in HEK293T has already led to the identiEcation of  many

mitoribosome  associated  proteins  (data  not  shown)  that  could  be  involved  in  the

regulation of translation and other related processes within mitochondria. 
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Figure 13. Flag-tagging of endogenous mitoribosomal proteins in HEK293T cells. a. Position (highlighted in purple)

of  selected  candidate  mitoribosomal  proteins  to  Bag  in  the  crystal  structure  of  the  mammalian  mitoribosome.  b.
Sucrose sedimentation of cytoplasmic extracts obtained from Flag-MRPS26 cells and western-blotting of collected

fractions using anti-Flag antibodies and anti-MRPL11 antibodies.

In parallel of these experiments we have generated transgenic mice expressing a Flag-

tagged  MRPS17 protein  through  CRISPR/Cas9  electroporation  together  with  a  donor

DNA bearing the Flag-tag sequence with homology arms Banking the mrps17 targeted

locus. In this case, upon optimization of the Cas9 electroporation conditions, we were

able to generate transgenic mice bearing the Flag-tag at the mrps17 locus. Homozygous

mice  are  viable  thus  indicating  that  the  presence  of  the  Flag-tag  does  not  aUect

mitoribosome function. We are performing backcrosses to eliminate potential mutations at

Cas9 oU-target sites and will soon be able to perform experiments using these mice.

Cytoribosome and mitoribosome proKling during immune cell activation
To  monitor  cytosolic  and  mitochondrial  translation  we  plan  on  performing  Flag-

immunoprecipitation  of  mitoribosomes  from resting  and  activated  CD4+  T  Cells  and

BMDMs  following  a  protocol  previously  published  in  yeast  to  purify  Flag-tagged

mitoribosomes and perform mitoribosome proEling 68. From the same cell extracts, we will

also  perform cytosolic  ribosome proEling using classical  approach relying on sucrose

gradient  sedimentation.  Performing  these  experiments  at  diUerent  times  upon  cell

activation,  we  will  test  whether  translation  of  nuclear  and  mitochondrial  encoded

OXPHOS  subunits  is  diUerentially  aUected  and  whether  there  is  any  evidence  of

synchronization  between  the  two  compartments.   If  we  End  evidence  for  diUerential

translation regulation among the diUerent transcripts coding for OXPHOS subunits we will

use Mass-spectrometry data from mitoribosome-associated proteins in order to try to

identify protein factors that could mediate such regulation. 
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General conclusion and perspectives

Overall,  our  projects  focus  on  ribosomes  and  their  role  in  serving  as  hubs  for  non-

ribosomal proteins to regulate translation and possibly other related processes such as

mRNA  decay  or  post-translational  modiEcation  of  nascent  proteins.  We  are  mainly

interested  in  cells  of  the  immune  system as  they  undergo  a  profound  and  dynamic

modiEcation of their gene expression program that could involve changes in the set of

ribosome associated proteins. However, as we develop the technical tools required to

study ribosome composition, we also plan to apply them to other cellular contexts such

as viral infections. Indeed, mRNA translation is the only step of the viral replication cycle

for  which  all  known  viruses  are  entirely  dependent  on  the  host  cellular  machinery.

ModiEcation of ribosome composition upon viral infection could therefore be an important

regulatory layer to hijack this essential cellular component. We expect from this work to

characterize a  new layer  of  gene expression regulation that  would involve cross-talks

between diUerent processes related to translation during immune cell activation.

In addition to using ribosome immuno-puriEcation and mass spectrometry to characterize

the pool of ribosome-associated proteins in cells, we plan in the near future to develop

alternative approaches that could allow us to map the position of such interactions on the

ribosome and if possible yield information on the dynamics of the association. To this aim,

we will establish a quantitative yeast two-hybrid protocol that was recently published by

David Cluet 91 (Research engineer that joined our laboratory in January 2020) to test direct

interactions of ribosomal proteins against a library of cellular ORFs and obtain aInity

values  for  the  positive  interactions.  A  similar  approach  will  also  be  tested  within  the

context  of  assembled ribosomes in  mammalian  cells  using a  split  Buorescent  protein

protocol to screen for protein interactors of speciEc ribosomal proteins92.

Our  results  about  the  impact  of  ribosome  density  on  mRNA  stability  raise  several

questions  regarding  how  elongating  ribosomes  mediate  decay  of  the  mRNA  they

translate. Recent studies point towards ribosome collisions as important determinants of

mRNA decay and some of the molecular aspects of this phenomenon are starting to be

elucidated 88,93,94. However, how cis-acting features such as UTR length and codon usage

aUect  translation-dependent  mRNA are  yet  to  be  fully  understood.  Furthermore,  how

translation-dependent and independent pathways compete against each other will be an

important focus of our research eUorts in the next years. 

Finally, the study of mitoribosomal translation is an exploratory and more risky project that

I  think could lead to the characterization of  new factors involved in Enely tuning and

synchronizing  cytosolic  and  mitochondrial  translational  programs.  Since  mitochondria

play a multitude of essential roles during immune cell activation, I think it is one of the

most relevant context to study this question.
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In vitro expression of the HIV-2 genomic RNA
is controlled by three distinct internal ribosome
entry segments that are regulated by the HIV
protease and the Gag polyprotein
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ABSTRACT

The HIV-2 genomic RNA serves both as a messenger for protein synthesis and as a genome for viral assembly and particle
production. Our previous work has shown that the HIV-2 genomic RNA encodes two additional Gag proteins that are N-
terminal truncated isoforms of the p57 Gag polyprotein. In this study, by the use of mono- and bicistronic RNAs we show that
translation at the three AUGs is driven by three distinct and independent internal ribosome entry segments both in vitro and
ex vivo. Furthermore we used the recombinant Gag and HIV-2 protease to show that, in vitro, translation is tightly regulated by
these two viral proteins. This regulation is exerted both at the level of protein production and also on the selection of the AUG
initiation site which changes the ratio at which the three different Gag isoforms are produced.

Keywords: HIV; translation initiation; Gag; IRES; HIV protease

INTRODUCTION

In eukaryotic cells, gene expression is controlled from the
early stage of RNA synthesis up to translation in the
cytoplasm (Gale et al. 2000). For the majority of eukaryotic
mRNAs, translation begins by the attachment of the 40 S
ribosomal subunit to the 59-capped end of the transcript
followed by linear scanning until it reaches an initiation
codon in a good nucleotide context (Kozak 1989). This
process is mediated by a number of proteins called initiation
factors that allow both efficient binding of the ribosome to
the mRNA and migration to the initiation codon. Among
them, the eIF4F complex composed of eIF4E, eIF4A, and
eIF4G plays a critical role both in promoting ribosomal entry
onto the mRNA and scanning of the preinitiation complex
(Gingras et al. 1999). eIF4E is a 26 kDa phosphoprotein
whose function is to bind to the 59-end cap structure of the
eukaryotic mRNA in order to direct the assembly of the

preinitiation complex; eIF4A is an RNA helicase that has the
ability to unwind short RNA duplexes in an ATP dependent
manner. Finally, the eIF4G initiation factor is the scaffold
protein for eIF4E, eIF4A, and the poly(A) binding protein
(PABP) (Prevot et al. 2003a).

In 1988, the study of picornaviral RNA translation led to
the characterization of an alternative mechanism of trans-
lation initiation by direct ribosome binding to the 59-UTR
(Jang et al. 1988; Pelletier and Sonenberg 1988). This is
rendered possible by an RNA domain called the internal
ribosome entry segment (IRES), which enables efficient
translation independently from the 59-capped end of the
mRNA (Jackson et al. 1994). During this process, the 40 S
ribosomal subunit associated with initiation factors in the
form of a 43 S preinitiation complex binds to the IRES
located upstream of the AUG initiation site (Vagner et al.
2001; Stoneley and Willis 2004). In many instances, this
mechanism was shown to be mediated by the IRES three-
dimensional (3D) structure (Yaman et al. 2003; Otto and
Puglisi 2004; Spahn et al. 2004).

Although a large number of IRES sequences of viral and
cellular origins have now been identified, a structural model
for IRES activity has not yet emerged suggesting that there
is not one but several RNA motifs that enable ribosomal
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entry (Bonnal et al. 2003). In agreement with this idea, there
is a broad diversity of nonrelated genes that use internal
ribosome entry (Vagner et al. 2001).

IRES elements have now been identified within the
simian immunodeficiency virus (SIV) and the human
immunodeficiency virus type I (HIV-1) (Ohlmann et al.
2000; Buck et al. 2001; Waysbort et al. 2001; Brasey et al.
2003), HIV-2 (Herbreteau et al. 2005), and more recently,
feline immunodeficiency virus (FIV) (Camerini et al. 2008)
members of the lentivirus family, suggesting that trans-
lation of the retroviral genomic RNA is tightly controlled
(Balvay et al. 2007). The human immunodeficiency virus
type 2 is a member of the lentivirus group of retroviruses
and is, with HIV-1, the etiological agent of AIDS in humans
(Bock and Markovitz 2001). Although HIV-2 and HIV-1
share a common genetic organization, HIV-2 is more
closely related to simian immunodeficiency viruses (Lemey
et al. 2003).

The full-length genomic RNA of HIV-2 serves both as
genome for the production of new virions and as messenger
RNA for the synthesis of Gag and Gag-Pol precursors
during the late step of viral replication (Butsch and Boris-
Lawrie 2002). The HIV-2 genomic RNA has a 548-nucle-
otide (nt)-long 59-UTR, which harbors several RNA motifs
necessary for genome dimerization and packaging (Reeves
and Doms 2002). These motifs are the preferential binding
sites for the neo-synthesized Gag proteins thus forming an
RNA–Gag complex that creates a scaffold for multimeriza-
tion of additional Gag molecules. Building such a complex
ultimately results in selection of the genomic RNA for
encapsidation and viral assembly.

Our previous work has shown that the HIV-2 genomic
RNA codes for the wild-type (WT) p57 Gag protein and
two additional N truncated Gag isoforms that are produced
by internal entry of the ribosomes from the coding region.
However, the translational mechanism by which ribosomes
can be displayed to three distinct initiation sites was not
further investigated.

By using mono- and bicistronic constructs together with
antisense 29-O-methyloligoribonucleotides, we now show
that three independent IRES are located within the HIV-2
gag coding region. These sequences have the ability to drive
translation initiation at each of the three AUG initiation
codons. Further investigation into this complex mechanism
of ribosomal entry reveals that selection of the initiation
site is mainly influenced by two virally encoded proteins,
namely, the protease and the Gag polyprotein.

RESULTS

Gag translation is driven by three IRES located
within the coding region

We have previously shown that translation of the HIV-2
genomic RNA from the authentic AUG1 site (producing

p57) occurs by internal entry of the ribosomes on an IRES
sequence which has the unique ability to load ribosomes
upstream of its core sequence (Herbreteau et al. 2005). This
is rendered possible by a region of 50 nucleotides located
just downstream from the first AUG (position +548) that
forms a long range RNA interaction and was shown to
be critical for initiation at the authentic initiation site
(Herbreteau et al. 2005). However, the mechanism by
which initiating ribosomes are able to access the two other
downstream AUG sites (positions +746 and +899) remained
to be determined as well as the role of the 59-UTR in the
overall translation mechanism of the wild type genomic
RNA.

Thus, we have constructed a series of bicistronic RNAs
that is depicted in Figure 1A, and which contains the neo-
mycin gene as the first cap-dependent cistron and harbors
the LacZ gene as the second cistron. Various regions of the
HIV-2 genomic RNA including the 59-UTR, the coding
region encompassing AUG1 to AUG3, or a series of
deletions, were inserted in the bicistronic RNA and trans-
lated in the rabbit reticulocyte lysate. As shown previously
(Herbreteau et al. 2005), the 59-UTR alone led to poor
expression of the LacZ gene (Fig. 1B, lane 1) whereas

FIGURE 1. Mapping HIV-2 IRES activity. (A) Schematic represen-
tation of the bicistronic constructs (pBi) used in this study. Different
regions of the HIV-2 genomic RNA were inserted in the intercistronic
spacer of the Neomycin-LacZ bicistronic vector. (B) In vitro trans-
lation in the rabbit reticulocyte lysate of the uncapped bicistronic
RNA constructs (200 ng/10 mL) as indicated on top of the figure.
Translation products were then resolved on a 15% SDS-PAGE and
subjected to autoradiography. Results are representative of at least
three independent experiments.
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efficient translation of the three b-Gal
isoforms was observed when the 59-UTR
was followed by segments of the gag
coding region spanning from AUG1 to
AUG3 (Fig. 1B, lanes 2,3). Moreover,
complete removal of the 59-UTR did not
affect IRES activity in agreement with
our previous findings (Fig. 1B, lane 4;
Herbreteau et al. 2005). Internal dele-
tions within the gag coding region were
then generated in the context of the
bicistronic construct. Interestingly, 59
deletions starting some 114 nucleotides
downstream from the AUG1 site did not
impair translation initiation at AUG2
and AUG3 (Fig. 1B, lane 5). Moreover,
a further 59 deletion starting downstream
from AUG2 did not affect translation
at the third AUG site (Fig. 1B, lane 6).

In order to confirm the in vitro
results, capped and polyadenylated bi-
cistronics RNAs containing either the
entire Gag coding region from AUG1 to
AUG3 or a series of 59deletions between
the Firefly and the Renilla luciferase
coding region (Fig. 2A) were transfected
in HeLa cells. As expected, the empty
vector was poorly translated (Fig. 2C,
‘‘pFR-NoIRES’’). Activity of bicistronics
RNAs containing the entire Gag coding
region or 59 deletions (Fig. 2C) was also
quite low but was still twofold to
fourfold above the negative control. It
should be noted that luciferase activity
driven by monocistronic capped and
polyadenylated RNAs containing the
HIV-2 coding region was also very low
(data not shown). We have expressed
the 2A protease from poliovirus in HeLa cells to cleave
eIF4G. Proteolysis of eIF4G by this protease inhibits cap-
dependent translation whereas IRES-driven translation is
maintained or stimulated (Ziegler et al. 1995; Ohlmann et al.
1997). Upon eIF4G cleavage by the virally encoded protease
2A (Fig. 2B), translation of the Renilla luciferase driven by
the HIV-2 Gag coding region, or segments of it, was highly
stimulated compared to the negative control (Fig. 2C).
Interestingly, as observed in vitro, 59 deletions of the Gag
coding region starting downstream from AUG1 (pFR-662-
AUG3) or downstream from AUG2 (pFR-748-AUG3)
showed translational activities comparable to that of the
entire Gag coding region (pFR-AUG1-3) (Fig. 2C). These
data indicate that translation initiation occurs indepen-
dently at each of the three AUG initiation sites both in vitro
and ex vivo suggesting the presence of three distinct and
independent IRES elements.

In order to confirm that internal initiation takes place
at each of the three AUG initiation sites from monocis-
tronic RNAs in vitro, we have used the L-protease from
foot-and-mouth disease virus (FMDV) that also cleaves
eIF4G. Thus, the RRL was pre-incubated for 10 min with
increasing concentrations of in vitro generated L-protease
in order to cleave eIF4G (see Supplemental Fig. 1). Then,
the RRL was programmed with a set of different control
RNAs in which the LacZ coding region is driven by the
capped 59-UTR of globin (Fig. 3, lanes 1–3) or the un-
capped IRES of EMCV (Fig. 3, lanes 4–6). Capped and
uncapped wild-type HIV-2 genomic RNA (Fig. 3, T7-WT
HIV-2, lanes 7–12) and the HIV-2 genomic RNA devoided
of its 59-UTR and commencing directly at AUG1 (Fig. 3,
T7-AUG1 HIV-2, lanes 13–18) were also translated in the
RRL treated by the L-protease. As expected, cap-dependent
Globin-LacZ translation was strongly inhibited by addition

FIGURE 2. IRES activity in HeLa cells. (A) Schematic representation of the dual luciferase
bicistronic constructs (pFR) used in this study. Different regions of the HIV-2 genomic RNA
were inserted in the intercistronic spacer of the firefly-Renilla bicistronic vector (see Materials
and Methods). (B) Western blot analysis of eIF4G from HeLa cells transfected with an RNA
coding for the 2A protease from poliovirus. (C) Transfection of capped and polyadenylated
bicistronic RNA constructs (0.156 pmol) in HeLa cells previously transfected (p2A) or not
(Mock) with an RNA coding for the p2A protease. Luciferase activities were measured 3 h post-
transfection. R/F ratios were calculated and normalized to the value of the pFR-NoIRES
construct. Error bars represent the standard deviation obtained from three independent
experiments.
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of the protease in a dose-dependent manner (Fig. 3, lanes
2,3) whereas EMCV IRES-driven translation was stimulated
(Fig. 3, lanes 4–6). Interestingly, production of the three
Gag isoforms p57, p50, and p44 from the wild-type RNA
was not diminished by the addition of the L-protease
whether this mRNA was capped or uncapped (Fig. 3, lanes
7–12). Translation of the leaderless HIV-2 RNA, which is
more efficient than that from the wild-type RNA, was poorly
affected by eIF4G cleavage showing a small inhibition only at

high doses of L-protease (Fig. 3, lanes 13–
18). Interestingly, the relative ratio of
expression of the three gag isoforms was
not affected by this proteolytic event.

To further confirm these results and
to evaluate any contribution of the cap
from the wild-type HIV-2 RNA, we
carried out translation assays using a
competitive untreated rabbit reticulo-
cyte lysate (Fig. 4). We have recently
shown that this system faithfully reca-
pitulates the synergistic effect of the cap
and the poly(A) tail and the selective
advantage of IRES dependent transla-
tion (Soto Rifo et al. 2007). Therefore,
the untreated RRL was programmed
with increasing amounts of the poly-
adenylated capped and uncapped HIV-
2 polyadenylated RNAs (Fig. 4, lanes 1–
6). As observed in the nuclease treated
lysate, translation of the uncapped and
polyadenylated T7-WT was as efficient,
if not more, as the capped version of
the RNA, suggesting a poor contribu-
tion of the cap to overall Gag translation
(Fig. 4, lanes 1–6). Furthermore, addi-
tion of the L protease also led to trans-
lation stimulation of the capped and
polyadenylated T7-WT RNA, whereas
endogenous globin and lipoxygenase
translation was inhibited (Fig. 4, lanes
7–10). These experiments show that the
synergy between the poly(A) tail and the
cap exerts only a mild effect on overall
translation from the HIV-2 wild-type
genomic RNA, confirming the use of
an internal initiation mechanism to pro-
duce the Gag polyproteins.

The three IRES are functionally
independent

The next step was to determine whether
each of the three AUGs could be used
for initiation independently from each
other. Therefore, the experimental

approach consisted of the hybridization of short 29-O-
methyloligoribonucleotides that were annealed to different
regions of the HIV-2 mRNA molecule. Annealing of the
oligos to the RNAs was tested by electrophoresis of RNA–
oligo duplexes on agarose gels (see Supplemental Fig. 2).
As a control experiment to evaluate the effect of oligo
hybridization on ribosomal scanning, a 29-O-methyloligo-
ribonucleotide complementary to the globin 59-UTR was
used and the resulting oligo–mRNA duplex was translated

FIGURE 3. Cleavage of eIF4G stimulates HIV-2 translation. A RRL under full translation
conditions was preincubated for 10 min without (lanes 1,4,7,10,13,16) or with 0.3 mL (lanes
2,5,8,11,14,17) or 0.7 mL (lanes 3,6,9,12,15,18) of in vitro produced FMDV L-protease. Globin-
LacZ (15 ng/10 mL), EMCV-LacZ (184 ng/10 mL), T7-WT (200 ng/10 mL), and T7-AUG1 (35
ng/10 mL) were translated as indicated on the figure and the resulting products resolved on a
13% SDS-PAGE and submitted to autoradiography. The relative intensities of the bands were
quantified using a storm 850 phosphoimager and expressed as arbitrary units presented at the
bottom of each panel. T7-WT and T7-AUG1 overall translation was quantified by the addition
of the activities of each of the Gag isoforms. Results are representative of at least three
independent experiments.
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in the RRL (Fig. 5, lanes 1–4). This resulted in a drastic
inhibition of translation of the globin–LacZ RNA showing
that the oligo–mRNA duplex was stable enough to arrest
most of the scanning 40 S ribosomes. Interestingly, when a
29-O-methyloligoribonucleotide was annealed to the pri-
mary binding site (PBS), which lies in the middle of the
HIV-2 59-UTR, we could only observe a marginal decrease
in translation from the first AUG site with no effect on
the downstream AUGs (Fig. 5, lanes 5–8). Hybridization of
an oligo targeting the RNA region including the AUG1

initiation site resulted in the pronounced inhibition of
translation at the proximal site but with virtually no effect
on the expression of p50 and p44 which are synthesized
from initiation at AUG2 and AUG3, respectively (Fig. 5,
lanes 9–12). In a similar manner, hybridization of a 29-O-
methyloligoribonucleotide at the second AUG site (AUG2)
yielded some unexpected results (Fig. 5, lanes 13–16). First
of all, it did not impair expression of p44 from the third
AUG initiation site, suggesting that translation at AUG3
does not result from leaky scanning or read through from
AUG2. Second, it can be clearly seen on the autoradiogra-
phy that initiation occurred upstream of the AUG2 as
judged by the slightly larger translation product made (Fig.
5, cf. lane 9 and lanes 10–12). This product (named p52)
might result from translation initiation at a non-AUG
codon since no AUG triplets (either in frame or out of
frame) are located between AUG 1 and AUG2 and may
correspond to an in-frame CUG codon that is present some
19 codons upstream of AUG2.

Taken together, these results indicate that there are three
distinct and functionally independent internal entry sites
located entirely in the gag coding region: IRES 1 lies
downstream from its AUG entry site as described previously,
the second IRES is located between AUG1 and AUG2, and
the third IRES spans between AUG2 to AUG3. Interestingly,
each of these three IRES has its own initiation site.

The HIV-2 protease regulates the pattern
of expression of Gag isoforms

We next went on to investigate the molecular determinants
that could control HIV-2 translation. In particular, it was
of interest to study the effects of the viral HIV-2 protease
on the translation of its cognate mRNA. This protease was
previously shown to play a role in translation by cleaving the
initiation factor eIF4G (Ventoso et al. 2001; Ohlmann et al.
2002). Such a proteolytic event yields an N-terminal frag-
ment which contains the eIF4E binding site and a carboxy-
terminal domain identical to the L-protease generated eIF4G
fragment except that it lacks a small 40 aa RNA binding
domain previously described as being critical for ribosomal
scanning (Prevot et al. 2003a). As a result, this C-terminal
eIF4G fragment resulting from HIV-2 protease cleavage,
which harbors the eIF4A and eIF3 binding site, is not
competent to support ribosomal scanning. Thus, the RRL
was pretreated with increasing amounts of the HIV-2
protease and then programmed with Globin-LacZ, EMCV-
LacZ, capped and uncapped wild-type HIV-2 (T7-WT HIV-
2), or the capped and uncapped leaderless HIV-2 (T7-AUG1
HIV-2) together with the Hepatitis C virus (HCV) mRNAs
whose translation is not dependent on the integrity of eIF4G
(Fig. 6). The cleavage of eIF4G was monitored by Western
blot (see Supplemental Fig. 3). Addition of the recombinant
HIV-2 protease did not affect HCV IRES translation (Fig.
6, lanes 8,9), indicating that no damage to the general

FIGURE 4. Translation of the HIV-2 T7-WT RNA in a competitive
cap and poly-A dependent RRL. Translation of increasing amounts
(50, 100, and 200 ng) of capped (lanes 1–3) and uncapped (lanes 4–6)
poly-adenylated T7-WT RNA in the untreated RRL containing
endogenous Globin and lipoxygenase mRNAs as indicated on the
figure. Translation of 200 ng of capped and poly-adenylated T7-WT
RNA following preincubation of the untreated RRL for 10 min
without (lane 7) or with 0.3 mL (lane 8), or 0.7 mL (lane 9), or with
1 mL (lane 10) of in vitro produced FMDV L-protease. Translation
products were resolved on a 13% SDS-PAGE and submitted to
autoradiography. Results are representative of at least three indepen-
dent experiments.
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translational machinery was caused by
addition of the retroviral enzyme. As
expected, expression of Globin-LacZ was
virtually abolished (Fig. 6, lane 3) whereas
translation of EMCV-IRES containing
mRNA was affected to a lesser extent
(Fig. 6, lane 6).

In contrast, production of p57, p50,
and p44 Gag resulting from translation
of T7-WT at the three AUG sites was only
marginally impaired by addition of the
HIV-2 enzyme (Fig. 6, lanes 11,12,14,15)
whereas expression of the leaderless
construct was inhibited by about 60%
(Fig. 6, lanes 17,18,20,21). It is interesting
to note that capping of the mRNAs
(either T7-WT or the leaderless) did not
change the pattern of protein expression.
More importantly, and unlike the situa-
tion with the L-protease (see Figs. 3, 4),
the pattern of expression of p57, p50, and
p44 from the wild-type or the leaderless
constructs was modified by addition of
the HIV-2 protease. For instance, synthe-
sis of p57 was inhibited from the WT
RNA whereas production of p50 and p44
remained virtually similar to the control
(Fig. 6, cf. lane 10 and lanes 11,12). In
contrast, initiation at the third AUG site
was almost abolished from the leaderless
construct (Fig. 6, cf. lane 13 and lanes
14,15).

Taken together, these results show
that expression of the HIV-2 protease
has quantitative and qualitative impacts
on the translation of its cognate mRNA
and these effects are affected by the
presence or absence of the 59-UTR. This
suggests that the level of expression of
p57, p50, and p44 can vary according to
changes in the physiological conditions
used and that the 59-UTR can affect the
mechanism by which the ribosomes are
recruited to the Gag coding region, thus
explaining the different results obtained
from the wild-type and the leaderless
RNAs.

The Gag polyprotein controls
its own translation

During the early steps of virus assembly,
the Gag polyprotein plays a critical role
in HIV-2 RNA packaging by binding to
the mRNA, which allows the resulting

FIGURE 5. Three independent IRES control p57, p50, and p44 protein expression. Increasing
concentrations (lane 1: 0 mM, lane 2: 50 mM, lane 3: 100 mM, and lane 4: 250 mM) of antisense
29-O-methyloligoribonucleotides directed against the 59-UTR of globin-LacZ (lanes 1–4), the
primary binding site (PBS) of HIV-2 (lanes 5–8), the region encompassing AUG1 (9–12), or
the region encompassing AUG2 (lanes 13–16) were hybridized to capped T7-WT RNA (200
ng/10 mL) and the resulting oligo–RNA complex was translated in the RRL. Translation products
were resolved on a 13% SDS-PAGE and submitted to autoradiography. The relative intensities
of the bands were quantified using a storm 850 phosphoimager and expressed as arbitrary units
presented on the right-hand side of each panel. The position of translation products is in-
dicated on the figure. Results are representative of at least three independent experiments.
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ribonucleoprotein complex to be addressed to the plasma
membrane (Kaye and Lever 1999). Interestingly, this pro-
cess occurs at times when the genomic viral RNA is
translated and, thus, most probably interferes with the
process of protein synthesis. Curiously, the effect of the Gag
polyprotein on translation has rarely been directly investi-
gated by using in vitro translational assays. Thus, we have
used recombinant HIV-1 Gag polyprotein that was added
to translation assays programmed with different constructs
including mRNAs in which LacZ production was driven by
the Globin 59-UTR or the EMCV IRES. The capped HIV-2
T7-WT and T7-AUG1 HIV-2 RNAs were also translated in
the presence of increasing concentration of recombinant

Gag polyprotein. It should be noted that the HIV-1 Gag
protein was shown to be able to bind to the HIV-2 RNA
packaging signals with a similar affinity to the HIV-1 RNA
signals (Kaye and Lever 1998); however this was confirmed
in our experiment setting by Far Western and dot blot
(data not shown). The relative molar ratio of Gag recombi-
nant protein to RNA used ranged from 0 to 82 and the
resulting Gag–RNA ribonucleoprotein complex was trans-
lated in the RRL under the conditions described in
Materials and Methods. Results presented in Figure 5 show
that, at low concentration, Globin-LacZ expression was
only partly affected by the addition of Gag (Fig. 7, lanes
1–9). Translation driven by the EMCV IRES seemed to

FIGURE 6. Addition of the recombinant HIV-2 protease modifies AUG codon selection. A RRL under full translation conditions was
preincubated for 1 h without (lanes 1,4,7,10,13,16,19) or with 3 ng/mL (lanes 2,5,8,11,14,17,20), or 5 ng/mL (lanes 3,6,9,12,15,18,21) of
recombinant HIV-2 protease prior to addition of Palinavir (10 mM). The following transcripts: Globin-LacZ (15 ng/10 mL), EMCV-LacZ (184 ng/
10 mL), HCV NS (100 ng/10 mL), T7-WT (200 ng/10 mL), and T7-AUG1 (35 ng/10 mL) were then translated as indicated on the figure and the
resulting products resolved on a 10% SDS-PAGE and submitted to autoradiography. The relative intensities of the bands were quantified using a
storm 850 phosphoimager and expressed as arbitrary units presented at the bottom of each panel. T7-WT and T7-AUG1 overall translation was
quantified by the addition of the activities of each of the Gag isoforms. Results are representative of at least three independent experiments.
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FIGURE 7. The Gag recombinant protein exerts a regulatory effect on the translation of the HIV-2 genomic RNA. Capped globin-LacZ (15 ng/10
mL, lanes 1–9), capped EMCV-LacZ (184 ng/10 mL, lanes 10–18), capped T7-WT (200 ng/10 mL, lanes 19–27), capped T7-AUG1 (35 ng/10 mL,
lanes 28–36), and capped GlobinTGag (35 ng/10 mL, lanes 37–45) RNAs were preincubated for 10 min at 30°C in the presence of increasing
amounts of recombinant HIV-1 Gag protein ranging from 0 to 82 Gag molecules per RNA as indicated on the figure. The resulting Gag-RNAs
complexes were then translated in the RRL for 45 min and the resulting products were resolved on a 13% SDS-PAGE and submitted to
autoradiography. The relative intensities of the bands were quantified using a storm 850 phosphoimager and presented at the bottom of each panel.
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be more sensitive to the addition of the Gag polyprotein as
production of b-Gal was gradually diminished in a dose
dependent manner (Fig. 7, lanes 10–18).

However, in sharp contrast, translation of HIV-2 WT
construct was markedly inhibited by preincubation of the
mRNA even at low concentration of the recombinant Gag
protein (Fig. 7, lanes 22,23) and translation was actually
abolished at higher concentrations (Fig. 7, lanes 24 and
above). Moreover, a significant change in the pattern of
expression of the different Gag isoforms could also be
observed at low concentrations of Gag added with
expression of the longest p57 Gag isoform being more
affected (Fig. 7, cf. lane 19 and lanes 20,21, and see the
quantification panel). Interestingly, translation of the
leaderless HIV-2 RNA (T7-AUG1) was also inhibited by
recombinant Gag addition (Fig. 7, lanes 28–36), but this
was not accompanied by drastic changes in the pattern of
expression of the three Gag isoforms. Overall, translation
from this construct was more resistant to Gag addition
than the 59-UTR containing wild type HIV-2 genomic
RNA. It is noteworthy that the addition of a recombinant
RNA binding protein such as the Lupus autoantigen (La)
failed to induce any quantitative or qualitative variation on
the expression of Gag isoforms ruling out any nonspecific
effect (data not shown). Furthermore, translation of a
chimeric RNA which contains the 59-UTR of human b-
globin driving the synthesis of the HIV-2 Gag coding region
was also monitored (GlobinTGag). Interestingly this
showed a translational profile which was similar to that of
the globin-LacZ RNA and the leaderless HIV-2 RNA (Fig. 7,
lanes 37–45). In fact, translation from this RNA was not
really sensitive to addition of the recombinant Gag protein
and no significant change in the use of initiation codons
could be observed. These experiments suggest that Gag
polyprotein plays a regulatory role in the translation of its
cognate mRNA and this regulation appears to be exerted via
an interaction with the viral 59-UTR.

This work and previous data have shown that trans-
lation of the HIV-2 genomic RNA can take place in the
complete absence of 59-UTR from a leaderless construct
(Herbreteau et al. 2005). However, results presented herein
suggest that the 59-UTR may exert an inhibitory role in
the presence of the Gag polyprotein by acting as a dock for
Gag recruitment near the AUG1 codon, thus inhibiting
p57 translation. Indeed, the 59-UTR of lentiviruses har-
bors RNA signals that are the preferential Gag binding site
for RNA packaging in the course of viral assembly. To
investigate the role of the 59-UTR–Gag interactions in the
process of translation initiation, two different RNA com-
petitors were independently preincubated with the Gag
protein at a high protein to RNA ratio (83:1). These RNA
competitors correspond to the whole 546-nt-long HIV-2
59-UTR (from +1 to nucleotide 546) or a 546-nt-long
unspecific RNA sequence taken from the unrelated b-
Galactosidase (b-Gal) gene. These RNA competitors were

added in a 1:1 molar ratio with the T7-WT and T7-AUG1
RNAs.

The results presented in Figure 8 show that translation of
T7-WT and T7-AUG1 drive the synthesis of Gag p57, p50,
and p44 together with another intermediate isoform that
was observed previously (Fig. 5; data not shown) and which
might result from alternative translation initiation at a non-
AUG codon located between AUG1 and AUG2. Addition of
an excess amount of recombinant Gag protein (83 molar
excess over the RNA concentration) results in the complete
inhibition of protein synthesis from both the wild type (T7-
WT) and the leaderless (T7-AUG1) RNAs (Fig. 8, lanes 2,8).
Interestingly, in the case of the wild-type construct, addition
of the b-Gal unspecific RNA competitor was able to rescue
translation of the p50 and p44 isoforms but not that of the
p57 longest protein (Fig. 8, lane 4). The expression of the
longest Gag isoforms was only completely restored when the
HIV-2 59-UTR was used as a competitor RNA (Fig. 8, lane
6). Interestingly, addition of the 59-UTR or the unspecific
RNA competitor was of similar efficiency to fully restore
translation from the leaderless construct (Fig. 8, T7-AUG1

FIGURE 8. The 59-UTR of the HIV-2 genomic RNA act as a dock for
the Gag polyprotein thus having an inhibitory effect on its own
translation. RRL under full translational conditions was incubated in
the absence (lanes 1,7) or presence of a large excess of recombinant
Gag protein (all other lanes, 82:1 protein to RNA ratio). Uncapped
T7-WT (15 ng/mL) and T7-AUG1 (5 ng/mL) RNAs were translated in
the absence (lanes 2,8) or presence of the HIV-2 59-UTR added in
trans (lanes 5,6,11,12) or an unspecific b-Gal RNA (lanes 3,4,9,10).
Samples were processed on a 12% SDS-PAGE and submitted to
autoradiography.
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HIV-2, lanes 10,12). Taken together, these data suggest that
the Gag polyprotein regulates translation of its cognate RNA
by binding to its 59-UTR. This results in the overall
modulation of translation efficiency together with changes
in the selection of the AUG initiation site.

DISCUSSION

We have recently demonstrated that translation of the HIV-
2 genomic RNA drives the synthesis of Gag p57 and two
isoforms named Gag p50 and Gag p44 that are initiated at
three distinct AUG codons. This mechanism is rendered
possible by the use of an IRES in the coding region which
has the unique ability to recruit ribosome upstream of its
core domain (Herbreteau et al. 2005). As a result, trans-
lation of the HIV-2 genomic RNA can occur in the com-
plete absence of 59-UTR from an RNA that commences
directly at the AUG initiation codon.

In this article, we extend this study further and show that
the three distinct Gag isoforms are produced by three
independent IRES both in vitro and ex vivo. The first IRES
is located downstream from the authentic AUG1 initiation
site as previously shown (Herbreteau et al. 2005). The
second IRES element is located between the first and the
second AUG, between positions nucleotides 662 and 746.
The last and third IRES element maps between positions
nucleotides 748 and 899, which corresponds to the RNA
region located between AUG2 and AUG3 (Figs. 1, 2).

To ensure that translation at the three distinct AUG sites
was the result of internal initiation and not due to leaky
ribosomal scanning from the first AUG codon, the L-
protease from FMDV was utilized to inhibit cap-dependent
translation. Upon addition of the viral enzyme, expression
from the three AUG sites was enhanced indicating the use
of a cap-independent mechanism (Fig. 3). Interestingly,
this could be observed whether the mRNAs were capped
or not, showing that the cap structure plays only little role
in this process. This result was further confirmed by the
use of a synergistic competitive reticulocyte lysate (Soto
Rifo et al. 2007) in which the addition of a cap structure
to the polyadenylated wild-type RNA showed no effect
on overall Gag translation (Fig. 4). The use of antisense 29-
O-methyloligoribonucleotides that block ribosomal
scanning also yielded some interesting results (Fig. 5). First
of all, it showed that annealing of an antisense oligo to the
PBS in the middle of the HIV-2 59-untranslated region only
had a mild effect on protein production, confirming that
the presence of the gag coding region is both necessary
and sufficient for translation (Fig. 5, lanes 5–8). Second,
hybridization of the oligos at different positions within
the gag coding region suggests that access at each of the
AUG initiation sites occurs in an independent manner
(Fig. 5, lanes 9–16).

We then went on to investigate the viral molecular
determinants that can control HIV-2 IRES-driven

translation. A first candidate was the HIV-2 protease as
the latter was shown to play a role in the control of
translation by cleaving the initiation factor eIF4G (Prevot et
al. 2003b). This cleavage was shown to inhibit ribosomal
scanning without affecting 43 S binding to the mRNA
(Prevot et al. 2003b). Treatment of the rabbit reticu-
locyte lysate with the HIV-2 protease ultimately resulted
in the shutoff of Globin-LacZ mRNA translation,
inhibition of both EMCV and the leaderless HIV-2
constructs, but had virtually no effect on the wild-type
HIV-2 genomic RNA (Fig. 6). More importantly, changes
in the relative utilization of the AUG initiation codons
could be observed. Initiation at the proximal site on the
wild-type HIV-2 RNA was inhibited without affecting
expression from the two downstream AUG codons.
This result strongly suggests that initiation at AUG1
could involve some ribosomal scanning whereas initiation
from AUG2 and AUG3 would occur by direct ribosomal
binding to these sites. These results suggest that the
pattern of expression of the HIV-2 Gag isoforms can
be affected independently from each other and that the
presence or absence of the 59-UTR plays a role in
this process. These differences observed in the absence
of the 59-UTR could be explained by the fact that
leaderless mRNAs have been shown to be able to re-
cruit 80S ribosomes directly to the start codon
(Andreev et al. 2006). Interestingly, the cleavage of eIF4G
by the FMDV–L-protease did not modify the relative ratio
of Gag isoform synthesis arguing for a very specific
influence of the enzyme on its cognate genomic RNA
(Fig. 3).

In view of these data, it was of interest to investigate
whether other viral proteins could modulate translation
of the HIV-2 genomic RNA. An obvious candidate was
the Gag polyprotein itself, since the latter is involved in the
packaging of the HIV-2 genomic RNA by binding
structured RNA stem-loops that lie within the 59-UTR
(Kaye and Lever 1998; Griffin et al. 2001) and could
interfere with translation. Addition of increasing
concentrations of recombinant Gag did not seriously affect
translation driven by the globin 59-UTR (Fig. 7). However,
it had a very strong impact on the WT HIV-2 construct
by sharply inhibiting protein synthesis at a relatively
low Gag concentration and influencing the relative
ratio of utilization of the AUG start sites (Fig. 7). In fact,
initiation at the AUG1 proximal site was drastically
impaired whereas translation at the second and third
AUG codons remained unaffected until a high concen-
tration of Gag was used. Interestingly, inhibition of WT
HIV-2 translation was sudden and drastic when a
certain concentration of Gag was added to the RRL
(Fig. 7, lanes 23,24). In contrast, expression of p57,
p50, and p44 from the HIV-2 leaderless construct was
gradually inhibited. Such a situation also occurred when
the EMCV IRES was used (Fig. 7, lanes 10–18) with a
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gradual impairment of protein production. However,
translation of Gag isoforms from the chimeric RNA
(GlobinTGag) showed no significant inhibition upon
recombinant Gag addition, suggesting that the HIV-2 59-
UTR plays an important role in this inhibition process.

Thus, we postulated that the different behavior of these
constructs to Gag addition may reveal cooperative bind-
ing of the polyprotein to the packaging signals located
within the 59-UTR. This was investigated by adding in trans
the HIV-2 59-UTR or an unrelated b-Gal RNA sequence to
the RRL supplemented with a relatively large excess of Gag
polyprotein (Fig. 8). Trans-addition of either the viral
leader or an unrelated b-Gal sequence resulted in the
rescue of expression of p50 and p44 isoforms from both
the WT and leaderless HIV-2 constructs. However, trans-
lation at the proximal AUG site (AUG1) could only be
restored by the trans-addition of the viral leader on its
cognate genomic RNA.

In summary, data presented herein show that both the
HIV-2 protease and the viral polyprotein can modulate
translation of the genomic RNA in such a way that initia-
tion at the AUG1 proximal site becomes rapidly inhibited
(Figs. 6, 7) upon slight increase in protein concentration
whereas production of p50 and p44 continues until a
relatively high amount of Gag is added. Since the presence
of IRES elements driving synthesis of truncated Gag iso-
forms has become a conserved feature of the lentiviral
family as it has now been characterized within the HIV-1
(Buck et al. 2001), SIV (Nicholson et al. 2006), and HIV-2
(Herbreteau et al. 2005) genomic RNAs, this suggests that
initiation from the coding region may be a way to increase
the production of the CA, NC, and p6 proteins. Based on
these data, we propose a model for HIV-2 translation in
which the ribosomes initially reach the proximal AUG1 site
to produce the full-length polyprotein. While the latter is
being synthesized, it binds preferentially to its cognate 59-
UTR creating a scaffold of RNA–Gag complex which
progressively occludes the accessibility of the 59-UTR for
ribosomes by steric hindrance (our results; see also (Kaye
and Lever 1998; Griffin et al. 2001). At this stage,
preferential production of the Gag truncated isoforms is
taking place from ribosomal entry at the internal AUG
codons, ensuring that viral protein production continues
during the initial steps of viral assembly. It is noteworthy
that these Nt-truncated Gag isoforms have the ability to
interact with the full length p57 Gag polyprotein to
assemble in the form of virus-like particles at the plasma
membrane (Herbreteau et al. 2005). At a later stage, when
full length Gag and the truncated isoforms have been pro-
duced in a sufficient amount, translation of the HIV-2
genomic RNA is stopped by the binding and accumulation
of these proteins on its cognate messenger. Such a mech-
anism could discriminate between the end of viral pro-
tein synthesis and the beginning of viral packaging and
assembly.

MATERIALS AND METHODS

Protease, antibodies, recombinant Gag protein,
and other reagents

The L-protease from FMDV was generated by in vitro translation
as described previously (Prevot et al. 2003a). The recombinant
HIV-1 Gag protein was prepared as described (Datta et al. 2007)
and solubilized in a buffer containing 20 mM Tris HCl pH 7.4, 0.5
M NaCl, 5 mM DTT, 1 mM PMSF, and a protease inhibitors
cocktail (Roche Inc.). These conditions are taken in consideration
for translation experiments performed in the presence of this
protein to maintain equivalent levels of salt, pH, DTT, and anti-
protease in each reaction tube.

Hybridization of 29-O-methyloligoribonucleotides

Antisense 29-O-methyloligoribonucleotides spanning positions
nucleotides 306–327 (antisense to the PBS), nucleotides 548–566
(antisense to AUG1), nucleotides 747–765 (antisense to AUG2) of
the HIV-2 RNA were annealed to RNA in 20 mM Hepes/KCl (pH
7.6) and 100 mM KCl for 3 min at 65°C followed by 20 min
incubation at room temperature.

An antisense 29-O-methyloligoribonucleotide spanning posi-
tions nucleotides 22–42 (antisense to Globin 59-UTR) was
annealed to Globin-LacZ as described above and used as a control
for measuring ribosomal scanning inhibition.

Plasmid construction

Standard procedures were used for plasmid DNA construction,
purification, and linearization. Details of the constructs used in
this study are given below.

pBi-AUG1, pBi-AUG2, pBi-AUG3, pBi-AUG1-3,
pBi 662-AUG3, and pBi 748-AUG3

Sequences of the HIV-2 from the +1 transcription start site (R)
up to the AUG start codon at position 548 (pBi-AUG1), or from
the +1 up to the AUG at position 746 (pBi-AUG2), or from the
+1 up to the AUG at position 899 (pBi-AUG3), or from position
546 to position 899 (pBi-AUG1-3), or from position 662
to position 899 (pBi-662-AUG3), or from position 748 to position
899 (pBi-748-AUG3) were amplified by PCR, digested by
NheI (PCR added restriction site) and inserted into pBi-NL
(described in Ronfort et al. 2004) previously digested by NheI.
pEMCV-LacZ and pHCV-NS have been previously described
(Prevot et al. 2003b). pGlobin-LacZ contains the 59-UTR of
rabbit b Globin (52 nt in length) which drives translation of the
LacZ gene (kindly donated by Dr. B. Sargueil, CNRS, Gif sur
Yvette, France). For GlobinTGag, the sequence of T7 promoter
followed by the globin 59-UTR was amplified by PCR and digested
by XbaI and NcoI (PCR added restriction site). The digested
sequence was then inserted into the pcDNA3.1 (Invitrogene)
vector previously digested by XbaI and NcoI. The sequence of
the Gag coding region was amplified by PCR and digested by NcoI
and AflII (PCR added restriction site). The digested sequence was
then inserted into the pcDNA3.1 vector, containing the 59-UTR of
globin, previously digested by NcoI and AflII.
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pFR vector

The firefly luciferase coding region (amplified by PCR) containing
the restriction site for BamHI (at the 59 end) and a 50-nt
polylinker (at the 39 end, containing restriction sites for AflII,
AflIII, AccI, KpnI, PstI, PmlI, SpeI, and SalI) followed by a BglII
restriction site, was inserted into the pRenilla vector (described in
Soto Rifo et al. 2007) previously digested with BamHI. EcoRI and
EcoRV restriction sites located within the firefly luciferase coding
region were then mutated using the QuickChange site-directed
mutagenesis kit (Stratagene).

pFR-NoIRES, pFR-AUG3, pFR-AUG1-3, pFR-662-AUG3,
and pFR-748-AUG3

Sequences of the HIV-2 from position 546 to position 899 (pFR-
AUG1-3), or from position 662 to position 899 (pFR-662-AUG3),
or from position 748 to position 899 (pFR-748-AUG3) were
amplified by PCR, digested by SalI and BamHI (PCR added
restriction site) and inserted into the pFR vector previously
digested by SalI and BamHI.

In vitro transcription and translation

The Neo-Lac Z plasmid DNAs were linearized at the SspI site thus
producing a 46 kDa truncated version of b-Galactosidase. The
GlobineTGag pcDNA3.1 plasmid DNA was linearized at the
EcoRI site. The pFR plasmid was linearized at the EcoRI just
after the synthetic poly(A) tail. RNAs were synthesized in vitro as
previously described (Prevot et al. 2003b). The integrity of the
RNAs was checked by electrophoresis on nondenaturing agarose
gels and their concentration was quantified by spectrophotometry
at 260 nm using a Nanodrop (Nanodrop Technologies).

In vitro transcribed RNAs were translated in 10 mL of either
the Flexi Rabbit Reticulocyte System (Promega Co.) or the sup-
plemented untreated RRL 50% (v/v) each (as described in Soto
Rifo et al. 2007) in the presence of 75 mM KCl, 2.5 mM MgCl2,
20 mM of each amino acid (minus methionine), and 0.6 mCi/mL
of [35S]-methionine (GE Healthcare Life Sciences). Translation
was carried out for 30 min at 30°C and stopped by the addition
of 23 SDS-loading buffer. Translation products were resolved
by 15%SDS-PAGE, gels were dried and subjected to autoradiog-
raphy using Biomax films (Eastman Kodak Co.). Densitometric
analyses were performed by phosphorimaging with a Storm 850
PhosphorImager.

T7 RNA polymerase transcription of PCR
DNA fragments

The DNA sequence corresponding to the coding region of HIV-2
gag (pROD10), were amplified by PCR using a 39 oligonucleotide
starting at the end of the HIV-2 gag, and a 59 to 39 sense
oligonucleotide starting with the T7 promoter sequence and
complementary to the +1 region of the 59-UTR, or to the
AUG1 start codon, to generate T7-WT and T7-AUG1, respec-
tively. Following purification of the PCR fragments, in vitro
transcription using the T7 bacteriophage polymerase was con-
ducted as described above. It should be noted that due to the
much higher translational efficiency of the leaderless construct as

shown previously (Herbreteau et al. 2005), the latter was utilized
at a lower RNA concentration than the wild-type HIV-2 construct.

RNA transfection

HeLa cells were transfected using the TransIT RNA transfection
kit (Mirus Bio Corporation) as described (Dieterich et al. 2007).

Measure of luciferase activities from HeLa cells
transfected with bicistronics RNAs

HeLa cells were plated at a density of 150,000 cells per well (24
well plate) and transfected with 100 ng of the p2A RNA coding for
the protease from poliovirus (Ronfort et al. 2004). After 2 h, the
cells were transfected again with 0.156 pmol of the corresponding
capped and polyadenylated bicistronic RNA. Three hours post
transfection, cells were lysed and luciferase activities were mea-
sured using the dual reporter luciferase assay (Promega) on a
Veritas luminometer (Turner Biosystems) following the manu-
facturer’s protocol.

SUPPLEMENTAL DATA

Supplemental material can be found at http://www.rnajournal.org.
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Tuija Pöyry4, Didier Decimo1,2,3, Richard J. Jackson4 and Théophile Ohlmann1,2,3,*
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ABSTRACT

Here, we report that the untreated rabbit reticulo-
cyte lysate contains over 300 different endogenous
microRNAs together with the major components of
the RNA-induced silencing complex and thus can be
used as a model in vitro system to study the effects
of microRNAs on gene expression. By using this
system, we were able to show that microRNA hy-
bridization to its target resulted in a very rapid and
strong inhibition of expression that was exerted ex-
clusively at the level of translation initiation with no
involvement of transcript degradation or deadenyla-
tion. Moreover, we demonstrate that the magnitude
of microRNA-induced repression can only be recap-
itulated in the context of a competitive translating
environment. By using a wide spectrum of competi-
tor cellular and viral RNAs, we could further show
that competition was not exerted at the level of
general components of the translational machinery,
but relied exclusively on the presence of the poly(A)
tail with virtually no involvement of the cap
structure.

INTRODUCTION

microRNAs (miRNAs) are small non-coding RNAs (18–
25 nt long) that are encoded by the cell genome. Once
associated with the RNAi-induced silencing complex
(RISC), they can regulate gene expression by interacting,
in most cases, with the 30 untranslated region (30-UTR) of
the messenger RNA (mRNA) to affect its translation and/
or stability. miRNAs have been found in plants, animals
and viruses, some of which are very well conserved during
evolution, thus suggesting an important role (1,2).
Interestingly, miRNAs were shown to be implicated in

most of the biological processes studied so far (i.e. devel-
opment, cell growth, cell division, etc.) (3,4). This is also
reflected by the fact that about 60% of human coding
genes possess conserved target-sites for miRNAs (5,6)
showing the extent of miRNA-dependent regulation of
gene expression.
Interaction between miRNAs and target mRNAs gen-

erally involves a full-match base pairing at the seed region
(nucleotides 2–8 at the miRNA 50-end), followed by a
bulge region (a few nucleotides long) and partial comple-
mentarity to the 30-end of the miRNA (7–9). Interestingly,
full pairing between the miRNA and an mRNA leads to
degradation of the latter by an small interfering RNA
(siRNA) response that first cleaves the target transcript
at the site of interaction and then provokes the complete
degradation by the cell (10–12). Nevertheless, very few
cases of natural full matching interactions have been
reported in animals (12,13). In contrast, for the predom-
inant bulged target-sites, repression of protein synthesis
mediated by miRNAs depends on the RISC complex,
which essentially consists of Argonaute, and GW182
proteins (common to the siRNA pathway) (14,15).
However, the actual mechanisms by which miRNAs
regulate gene expression are not yet fully understood.
Several proposed mechanisms involve translational repres-
sion at the initiation (16–21) or post-initiation steps
(22–24), and also mRNA deadenylation and mRNA
target degradation (25–28). Furthermore, even though
the RISC machinery is required for repression, it is not
fully clear whether it plays a direct role or if it allows the
recruitment of other cellular factors that could account for
this repression (29–34).
Cell-free extracts have been instrumental in understand-

ing the molecular mechanism of translation, and thus it
would be of great interest to develop an in vitro system
that would be able to recapitulate translational repression
mediated by miRNAs. Most existing in vitro systems that
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allow an miRNA response rely on ‘home-made’ cell-free
extracts that are technically difficult to produce and yield
a low-level of translational activity (17,19,26,27).
Recently, an in vitro system based on the rabbit reticulo-
cyte lysate (RRL) has been proposed (20,21), but it relies
exclusively on exogenous artificial miRNAs that need to
be pre-annealed to the target mRNA before translation
and more importantly it was developed in the
nuclease-treated RRL, a system which does not recapitu-
late the cap/poly(A) dependence (35–37).
This is a drawback as the cap and poly(A) tail of

mRNAs were recently shown to be critical players in
miRNA-dependent translational repression (16–19), thus
their synergy must be recapitulated in vitro, in order to
reproduce all aspects of miRNA regulation of translation.
Here, we have exploited the properties of the untreated
RRL that was previously described to be both cap and
poly-A dependent for translation (38), to faithfully repro-
duce translational repression driven by endogenous
miRNAs. Biochemical analysis showed that the RISC ma-
chinery, as well as high amount of endogenous miRNAs,
is present in RRL. Moreover, functional assays using an
exogenous mRNA bearing target sites for endogenous
miRNAs showed that endogenous RISC components
were able to recapitulate all major aspects of translational
repression observed in vivo with no evident deadenyla-
tion or degradation of target transcripts. Finally yet im-
portantly, we also show that no miRNA response can be
observed in the nuclease-treated RRL despite the fact that
the latter also contains endogenous miRNAs in similar
quantities. However, addition of competitor mRNAs to
the nuclease-treated RRL restored a potent miRNA
response. Interestingly, only polyadenylated competitor
mRNAs were able to restore an miRNA response in the
nuclease-treated RRL independently of the presence of a
cap in the 50 end. This was further investigated by showing
that addition of free poly(A) was sufficient to restore a
potent miRNA response in trans. Taken together, our
results suggest a role for poly(A)-binding protein
(PABP) in translational repression independent of its
role in deadenylation which has recently been demon-
strated (39–41). Finally, we propose the use of the untreat-
ed RRL as a standard in vitro system, available to any
user, that recapitulates many previously described features
of the miRNA response: pre-miRNA processing, miRNA
hybridization to their target site and their effects on trans-
lation (in the case of bulged target sites) and mRNA
cleavage (in the case of a full match pairing between the
miRNA and the target mRNA).

MATERIALS AND METHODS

DNA constructs and in vitro transcription

Plasmids containing target sites for miR451 (Luc-451X6,
Luc PMX4 and Luc-451MutX6) and let7 (Luc-let7X6)
were derived from the pGlobin-Renilla, pEMCV-Renilla
and pHCV-Renilla vectors recently described (38). Target
sites were constructed by hybridizing two synthetic oligo-
deoxyribonucleotides (Eurogentec) that contained the
target motifs separated by the natural let-7a spacer from

the lin41 gene and cloned into the 30UTR of the digested
(HindIII) vector. These target sites were amplified by poly-
merase chain reaction (PCR) and sequentially cloned in
the EcoRV and XbaI restriction sites to produce a con-
struct containing six target sites in the 30UTR of the renilla
luciferase gene. Plasmids were linearized at the EcoRI site
to produce polyadenylated RNAs, and at the XbaI site for
producing non-polyadenylated RNAs. The firefly coding
plasmid was constructed by cloning the firefly luciferase
coding region into the pGlobin-Renilla vector digested by
BamHI and EcoRV (thus releasing the renilla luciferase
coding region). pHCV-NS, pCrPV-LacZ vectors were
linearized respectively at the MluI and SspI, as described
in ref. 42. Uncapped RNAs were transcribed following
the protocol described in ref. 38, and treated with RQ1
DNAse (Promega Co., Madison, WI, USA). In vitro
synthesized transcripts were capped using the ScriptCap
kit (Epicentre), which allows full capping of RNAs in the
50–50 orientation.

Radiolabeled RNAs were transcribed as described
above but UTP and GTP were replaced by [a-32P]UTP
(800Ci/mmol, 10mCi/ml) and [a-32P]GTP (800Ci/mmol,
10mCi/ml). Prior to translation, mRNAs were heat
denatured at 65!C for 5min and then immediately
placed on ice.

Polyadenylation of mRNAs by the poly(A) polymerase
was performed using the Poly(A) Tailing Kit, following
the manufacturer’s protocol (Ambion).

Western blotting of RISC components

RRL volumes of 1, 2 and 3 ml, or HeLa cell S10 and S100
lysates (prepared as described in (43) were resolved by
10% sodium dodecyl sulfate–polyacrylamide gel electro-
phoresis (SDS–PAGE). Proteins were then transferred to
a nitrocellulose membrane by electroblotting and incu-
bated with antibodies specific for Dicer, Ago2 and
PABP. Western blotting against TNRC6 was performed
following the protocol described in ref. (44). For this,
100 ml of untreated RRL were used to immunoprecipitate
TNRC6 using 5 ml of anti-TNRC6 antibodies (Santacruz
Technology) and 15 ml of protein A magnetic beads
(Millipore). Beads together with antibodies were incu-
bated with untreated RRL for 2 h, then washed three
times with radioimmunoprecipitation assay (RIPA)
buffer and loaded on 7.5% SDS–PAGE. Proteins were
transferred to a polyvinylidene fluoride (PVDF)
membrane by electroblotting and incubated with
antibodies specific for TNRC6 described in ref. (45).

Microarray assay

Microarray assay was performed by LC Science
Company. Five micrograms of total RNA sample isolated
from untreated RRL (Promega) were size-fractionated
using a YM-100 Microcon centrifugal filter (Millipore)
and the small RNAs (<300 nt) isolated were 30-extended
with a poly(A) tail using poly(A) polymerase. An oligo-
nucleotide tag was then ligated to the poly(A) tail for
subsequent fluorescent dye staining. Hybridization was
performed overnight on a mParaflo microfluidic chip
using a micro-circulation pump (Atactic Technologies).
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On the microfluidic chip, each detection probe consisted
of a chemically modified nucleotide coding segment com-
plementary to target microRNA (from miRBase, http://
microrna.sanger.ac.uk/sequences/) and a spacer segment
of polyethylene glycol to extend the coding segment
away from the substrate. The detection probes were
made by in situ synthesis using photogenerated reagent
(PGR) chemistry. The hybridization melting tempera-
tures were balanced by chemical modifications of the
detection probes. Hybridization used 100 ml 6" SSPE
buffer [0.90M NaCl, 60mM Na2HPO4, 6mM ethylenedi-
aminetetraacetic acid (EDTA), pH 6.8] containing 25%
formamide at 34!C. After hybridization, detection was
carried out by fluorescence labeling using tag-specific
Cy3 and Cy5 dyes. Hybridization images were collected
using a laser scanner (GenePix 4000B, Molecular Device)
and digitized using Array-Pro image analysis software
(Media Cybernetics). Data were analyzed by first subtract-
ing the background and then normalizing the signals using
a LOWESS filter10 (Locally-weighted Regression) and
P-values of the t-test were calculated; differentially
detected signals were those with <0.01P-values.

Splinted ligation assays of selected miRNAs

Total reticulocyte lysate RNA was prepared using the
mirVana kit (Ambion), and specific miRNAs assayed by
the splinted ligation method (46). In all cases, the ligation
oligodeoxynucleotide was 50-CGCTTATGACATTC/
reversed-dC/-30, and was 50-end-labeled using T4 poly-
nucleotide kinase (NEB) according to the supplier’s
recommendation.

Bridge oligodeoxynucleotides (Eurofins-MWG-Operon)
had three-carbon spacers at each end, and the following
sequences:

for let7a, 50-GAATGTCATAAGCGAACTATACAACC
TACTACCTCA-30;

miR-451, 50-GAATGTCATAAGCGAACTCAGTAAT
GGTAACGGTTT-30;

and miR-221, 50-GAATGTCATAAGCGGAAACCCAG
CAGACAATGTAGCT-30.

The splinted ligation was performed in a 15-ml volume as
described in ref. 46: 100 fmol bridge oligonucleotide,
100 fmol 32P-labeled ligation oligonucleotide and 1, 2 or
4 mg reticulocyte RNA were denatured at 95!C for 1min in
75mM KCl and 20mM Tris–HCl, pH 8.0. After anneal-
ing at 65!C for 2min and then at 37!C for 10min, 400U
T4 DNA ligase (NEB) and ligase buffer [to a final of
50mM Tris–HCl, pH 7.5, 10mM MgCl2, 10mM DTT,
1mM adenosine triphosphate (ATP)] was added to the
reaction mixture, which was incubated at 30!C for 1 h.
Reaction was terminated by heat inactivation at 75!C
for 15min followed by addition of 10U of calf intestinal
alkaline phosphatase (NEB) and incubation at 37!C for
15min. Then 15 ml formamide dye was added and the
material was fractionated on a 15% urea–polyacrylamide
gel, which was dried and the bands quantified using a
PhosphorImager.

Preparation of untreated RRL and in vitro translation
assays

Untreated RRL was prepared essentially as previously
described (38,47). Briefly, 1ml of untreated RRL
(Promega Co., Madison, WI, USA) was supplemented,
before thawing, with 25 mM haemin (Fluka) and 25 mg/
ml creatine phosphokinase (Rabbit Skeletal Muscle,
Calbiochem). After thawing, RRL was further supple-
mented with 5mg/ml creatine phosphate (Disodium Salt,
Calbiochem), 50 mg/ml bovine liver tRNAs (Sigma–
Aldrich) and 3mM D-glucose (Sigma–Aldrich).
Translation reactions were performed in a final volume

of 30 ml consisting of 20 ml of untreated RRL, 0.46 fmol of
heat-denatured mRNAs, in the presence of KCl
(100mM), MgCl2 (0.5mM) and amino acids mixture
(20mM each). When indicated, 20-O-Me oligonucleotides
complementary to miR-451 or let-7a were added to a final
concentration of 35 nM. RRL under full translational
condition was incubated together with the heat denatured
mRNA for 1 h at 10!C, followed by 2min at 20!C, 2min
at 25!C and 30 or 60min at 30!C. The reaction was
then stopped by the addition of 50 ml of luciferase lysis
buffer to 10 ml of the translation reaction. When indicated,
5 pmol of competitor RNAs, or 1.2 pmol of free poly(A)
RNA (400-nt average length, GE Healthcare), or 27 mM
(final concentration) of free cap-analog (New England
Bioloabs), were added to the extracts before translation.
Translation in wheat germ extract (Promega Co.,

Madison, WI, USA) was carried out using 0.46 fmol of
mRNA following the manufacturer’s protocol. Translation
reactions were stopped by the addition of 50ml of lysis
buffer.
Renilla luciferase activity was measured in a VeritasTM

luminometer (Turner Biosystems), using the Renilla
Luciferase Assay System (Promega Co., Madison, WI,
USA).

mRNA integrity assay

Radiolabeled mRNAs (0.46 fmol) were translated as
described above. At the end of translation, RNAs were
extracted using TRIzol (Invitrogen) and loaded on a 4%
polyacrylamide 7M urea gel. The gel was dried and
submitted to autoradiography using X-ray films (Fuji).

Quantitative PCR assays

miRNA quantification was carried out using the Ncode
miRNA kit (Invitrogen) according to the manufacturer’s
protocol using 1 mg of total RNA extracted from untreat-
ed RRL.
mRNA stability after translation was performed by ex-

tracting total RNA from 20 ml of the translation reaction
using TRIzol (Invitrogen). Reverse transcription of 500 ng
of total RNA was performed using qScript kit (Quanta).
Quantitative PCR was then performed as described (48)
using endogenous glyceraldehyde 3-phosphate dehydro-
genase (GAPDH) mRNA as an internal control.
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Poly(A) tail length assay

Monitoring of the poly(A) tail length was carried out
using the Ncode miRNA kit (Invitrogen) with the follow-
ing modifications: Total RNA extracted from RRL (after
translation of the target mRNA) and the capped and
polyadenylated Luc or Luc-451X6 mRNAs (after tran-
scription) were polyadenylated following the manufactur-
er’s protocol (using 1 mg of total RNA or 0.1 ng of pure
target mRNA). Reverse transcription of the polyadeny-
lated RNAs was carried out using the universal RT
primer provided with the kit, that anneals at the 30end
of the mRNA poly(A) tail. The resulting cDNAs were
then used as template for PCR using a universal antisense
primer (complementary of the specific sequence of the RT
oligo used to reverse transcribe the target mRNA) and a
specific sense primer complementary to the 30 end of the
renilla coding region. PCR products were then resolved on
a 2% agarose gel.

Processing of miRNA precursors

Two-hundred femtomoles of 50 end-labeled pre-miR-122
(Dharmacon) were incubated in 70% RRL (with 10mM
creatine phosphate, 100mM KCl, 0.5mM MgCl2, 0.1mM
each amino acid) at 30!C. At 10-min intervals, 10-ml
samples were taken up to 1 h, then a final sample was
taken at 90min. Samples were denatured in 10 ml for-
mamide dye and then separated on a 15 % urea–poly-
acrylamide gel. The intensity of the bands was quantified
by phosphorimager analysis.

Statistical analysis

Data were tested for normality using the one-sample
Kolmogorov–Smirnov test (N=45 for each group of
samples). Having verified the normal distribution
(P-value of 0.25), statistical significances were calculated
on the normally distributed data sets using a paired
Student’s t-test.

RESULTS

A functional RISC machinery as well as endogenous
miRNAs are present in the untreated RRL

The RRL has been used for some time to study the control
of protein synthesis as it presents a high metabolic activity
and contains all cytoplasmic components that are needed
for efficient translation. Most workers use the nuclease-
treated RRL in which endogenous mRNAs have been
destroyed by the use of the calcium-dependent micrococ-
cal nuclease (47). Although this system has been widely
used over the last 30 years, it has also been criticized, as it
does not faithfully reproduce physiological conditions per-
taining in the cytoplasm of cells (35–37). Thus, we have
recently designed an in vitro system based on the untreated
reticulocyte lysate (which contains endogenous mRNAs,
mainly globin and lipoxygenase) that faithfully recapitu-
lates the cap and poly-A synergy (38).
As this lysate has not been treated with nucleases, it was

of interest to test for the presence of endogenous miRNAs
and RISC components. For this, western blotting of RRL

proteins was carried out using antibodies specific for
Dicer, Argonaute2 (Ago2) and TNRC6A (the mammalian
homolog of GW-182), as they all play a role in the mat-
uration of miRNA precursors (Dicer, Ago2) or directly in
the repression of targeted mRNAs (Ago2 and TNRC6).
As a control, western blotting was also carried out on
HeLa cell S10 and S100 lysates that were previously
shown to contain RISC proteins (14) (Figure 1A). As
shown, RRL contains endogenous Dicer in detectable
amounts, although its expression level appears to be
lower than that observed in S10 and S100 HeLa extracts
(Figure 1A). TNRC6A was also detected both in HeLa
and RRL (Figure 1A, right). However, Ago2 was much
more abundant in the RRL than in S10 and S100 HeLa
extracts, which is consistent with previous reports (49,50)
(it should be noted that the bands corresponding to Ago2
in the RRL appear white as its concentration is sat-
urating). The presence of most of the components of the
RISC machinery in the RRL prompted us to test whether
processing of a precursor miRNA (pre-miRNA) could
take place. For this, a radiolabeled (50-end label)
miR-122 precursor was chosen, as it is not expressed in
the rabbit reticulocyte lysate; this precursor was incubated
in the RRL for different periods of times and the results
are presented (Supplementary Figure S1). Interestingly,
the pre-miR-122 was rapidly processed into two different
intermediates molecules (Supplementary Figure S1, see
intermed 1 and 2) and mature miR-122 molecules were
observed as early as 10min after the beginning of the in-
cubation (Supplementary Figure 1, see miR-122) to reach
15% of the input pre-miR-122 after 90min. It is note-
worthy that the appearance of two putative processing
intermediates is almost immediate (Supplementary
Figure S1) and then seems to decrease with time.

The next step was to look for the presence of endogen-
ous miRNAs. For this, total RNA was purified from un-
treated RRL and hybridized on a microarray (LC
Sciences) with probes against most known mammalian
miRNAs (Figure 1B). Surprisingly, more than 300 differ-
ent miRNAs could be detected in the untreated RRL
(Figure 1B and Supplementary Table S1). Among them,
some could be found at very high concentration and were
those corresponding to miRNAs that are known to be
upregulated during erythroid differentiation such as
miR-451 (51,52) (which literally saturated the reading).
On the other hand, miRNAs that were shown to be down-
regulated during erythroid cell differentiation process such
as miR-155 and miR-221 (51,52) could hardly be detected
on the microarray and were expressed about much less
than miR-451 (Figure 1B, see table). Interestingly, ubiqui-
tous members of the let-7 family of miRNAs (comprising
let-7a to let-7i) were present at high concentration with the
let-7a member being the most abundant.

In order to confirm these results, a splinted ligation
assay (46) was performed against both miR-451 and
let-7a (highly expressed) and miR-221 (virtually absent
from the RRL) (Figure 1C, additional miRNAs were
also tested and the results are presented in
Supplementary Figure S2). As observed, both let-7a and
especially miR-451 gave a strong band in a yield

5218 Nucleic Acids Research, 2011, Vol. 39, No. 12

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article-abstract/39/12/5215/2411295 by guest on 08 M

ay 2020



proportional to the amount of RRL RNA analyzed,
whereas no endogenous miR-221 could be detected
(Figure 1C).

Finally, by using quantitative PCR, the amounts of en-
dogenous miR-451, let-7a and miR-638 were quantified
and the results are summarized in Figure 1D. This gave
an estimated concentration of 0.2, 6 and 1 fmol per micro-
liter of lysate for let-7a, miR-451 and miR-638, respect-
ively. Interestingly, these concentrations of endogenous
miRNAs remained essentially similar between different
batches of lysate obtained from different rabbits (data
not shown).

Taken together, these results show that the untreated
RRL contains all the components required to recapitulate
a miRNA response.

Endogenous miRNAs are functional and can trigger both
a mi- and si- RNA response on target mRNAs

In order to test the effects of endogenous miRNAs on
gene expression, different reporter constructs containing
the beta globin 50UTR driving translation of the Renilla
luciferase open reading frame (ORF) and followed by
four to six (depending on the construct) target sites
for miR-451 in their 30UTR were designed (Figure 2A).

Figure 1. Rabbit reticulocyte lysate contains RISC components as well as endogenous miRNAs. (A) RISC proteins are present in the RRL. 1, 2 or
3 ml of RRL, HeLa cell S10 and S100 lysates were analyzed by western blotting with antibodies specific for Dicer, Ago2 and PABP as a loading
control. TNRC6 was immunoprecipitated and analyzed by western blotting using specific antibodies. An asterisk corresponds to a non-specific band
observed for TNRC6 in untreated RRL. (B) Endogenous miRNAs can be detected in untreated RRL. Total RNAs extracted from untreated RRL
were hybridized to a microarray containing probes for most known mammalian miRNAs (LC Sciences). Each colored spot corresponds to an
miRNA that is present in RRL; a total of more than 300 different miRNAs were detected. Microarray raw data signal is presented for let7, miR-221,
miR-155, miR-451 and miR-638 (full data can be found in Supplementary Table S1). (C) Splinted ligation assays against let-7, miR-451 and miR-221
were carried out using increasing amounts of total RNA to validate microarray results. miRNAs not identified by microarray, such as miR-221, were
not detected by splinted ligation. (D) Quantification of miRNAs present in untreated RRL. Quantitative PCR was carried out using specific primers
against let-7, miR-451 and miR-638.
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Figure 2. Endogenous miRNAs are fully functional for si- andmiRNA regulation of gene expression. (A) Schematic representation of the reporter RNAs
used in this study. The renilla luciferase reporter gene (designated Luc) is driven by the human b-globin 50UTR in which six miRNA bulged target sites for
miR-451 (Luc-451X6) or four perfectly complementary target sites for miR-451 (Luc PMX4) were designed in the 30UTR of the reporter gene as indicated
in the figure. Target mRNA/miRNA interaction schemes were obtained using the RNA hybrid software (72). (B) Endogenous miRNAs are able to

(continued)
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Two types of target site were created: (i) the first corres-
ponds to a miRNA target with full complementarity to the
seed in the 50 end of the miRNA followed by a bulge and
partial complementarity to the target RNA in the 30end
(named Luc-451X6 in Figure 2A) and (ii) the second is an
siRNA target with full complementarity between the
miRNA and the target RNA (named Luc PMX4 in
Figure 2A). As a control, a luciferase construct containing
no target site was used (Luc) (Figure 2A). The ability of
miR-451 to bind to the target sites was first verified by
annealing mature miR-451 to each of the three RNAs
described above; a band shift can be observed when
both the miR-451 sites together with the miR-451 oligos
were added (Supplementary Figure S3). Capped and poly-
adenylated RNAs were produced by in vitro transcription
and then translated in the untreated RRL. Prior to trans-
lation, RNAs were heat-denatured at 65!C for 5min. This
was followed by a 1-h incubation at 10!C in the RRL to
allow annealing of endogenous miR-451 and finally the
reactions were incubated at 30!C for 30min so that trans-
lation could occur. As a control, the RNAs were tran-
slated under the same experimental conditions in wheat
germ extract as this system does not contain endogenous
miR-451 (53). As shown in Figure 2B (panel i), translation
efficiency in the wheat germ extract was virtually the same
for the three mRNAs, indicating that the presence of
target sites on the 30 UTR does not affect translation in
the absence of complementary endogenous miR-451.
However, protein synthesis in untreated rabbit reticulo-
cyte lysate (panel ii) resulted in a 2-fold inhibition of
luciferase expression from the Luc-451X6 RNA and a
3-fold inhibition for Luc PMX4 compared to the control
RNA containing no target sites (Luc). To avoid any non-
specific effect the binding of the endogenous miRNAs to
target mRNAs could have on overall translation, we also
tested the levels of phosphorylated-eIF2a after translation
of both Luc and Luc-451X6 mRNAs. It is important to
note that we did not detect any difference of phospho-
rylated-eIF2a levels between Luc and Luc-451X6
samples after translation (data not shown), strongly sug-
gesting that translational inhibition of Luc-451X6 did not
depend on activation of the PKR pathway. Interestingly,
when RNA levels were measured by quantitative-PCR
after translation, we could not detect any significant dif-
ference between Luc and Luc-451X6 (Figure 2B, panel iii),
whereas the amount of Luc PMX4 RNA (containing
the siRNA target sites) was significantly lower, showing
that RNA degradation had taken place. These data
suggest that both an siRNA- and miRNA-mediated

response can be observed in the RRL from endogenous
miRNAs. Furthermore, similar results were also obtained
using mRNAs containing target sites for let-7a
(Supplementary Figure S4), thus indicating that multiple
endogenous miRNAs are functional in the untreated RRL.
Recent data have indicated that miRNA hybridization

could cause specific deadenylation of the transcript and
this could be partly responsible for translation repression
(28). Thus, we have monitored the integrity of target
mRNAs after translation in the RRL. For this,
radiolabeled Luc, Luc-451X6 and Luc PMX4 RNAs
were extracted at the end of the translation reaction and
subjected to PAGE on a 4% UREA-denaturing gel. It is
important to note that such an approach allowed us to
differentiate between the polyadenylated and non-
polyadenylated forms of the target mRNAs as presented
in Supplementary Figure S5. As shown on Figure 2C, no
size difference could be observed for Luc and Luc-451X6
mRNAs before, and after translation (Figure 2C,
Luc-451X6 lanes C and I), suggesting that no deadeny-
lation had occurred during the period of incubation.
This result was further confirmed by using a higher reso-
lution PCR-based approach (see ‘Materials and Methods’
section) to specifically analyze the length of the poly(A)
tail. Once again, this showed no difference whatsoever
in poly(A) tail length before and after translation for
Luc and Luc-451X6 mRNAs (Figure 2D). Interestingly,
this was clearly not the case for Luc PMX4 RNA (con-
taining siRNA target sites) which migrated at a lower mo-
lecular size following incubation in the RRL, suggesting
that RNA degradation had taken place (Figure 2C, Luc
PMX4 lanes C and I). It is noteworthy that hybridization
of the miR-451 to the target PMX4 yielded a discrete band
rather than a smear, suggesting that the RNA was cleaved
at the sites of interaction with the miRNA (Figure 2C, see
asterisks). This was confirmed by running the samples for
a shorter time and exposing the film for longer to reveal
the presence of three radiolabeled RNA fragments of
smaller size (Figure 2C, see longer exposure; see arrows)
that might correspond to the 30 end of the target RNA
cleaved at each of the four miR-451 target sites.
Taken together, these data indicate that endogen-

ous rabbit reticulocyte miRNAs are functional and
can control gene expression at the level of translation
(miRNA response) or RNA degradation (siRNA
response). Moreover, under our experimental conditions,
translation inhibition observed upon miRNA association
is not due to the deadenylation of the RNA target
transcript.

Figure 2. Continued
downregulate translation and stability of targeted mRNAs. Translation of 0.46 fmol of Luc (black bars), Luc-451X6 (dark gray bars) and Luc PMX4
(light gray bars) was carried out for 30min in wheat germ extract (panel i) and untreated RRL (panel ii) showing a downregulation of Luc-451X6
and Luc PMX4 expression only in untreated RRL in which miR-451 is present. Stability of mRNAs in untreated RRL was monitored after
translation by quantitative PCR (panel iii). Error bars correspond to the standard deviation calculated from three independent experiments.
(C) Integrity of targeted mRNAs after translation in untreated RRL. Radiolabeled Luc, Luc-451X6 and Luc PMX4 mRNAs were analyzed on a
denaturing polyacrylamide gel (left) before (Control lane: C) or after translation (Incubated lane: I). The right panel corresponds to the same samples
from the left panel, ran for a shorter time and exposed for a longer period; asterisks indicate the 50 cleavage product of the Luc PMX4 mRNA;
arrows indicate potential Luc PMX4 target site fragments obtained after RISC-mediated cleavage of the mRNA. (D) Determination of the variations
in the length of the poly(A) tail for Luc and Luc-451X6 constructs before and after translation by using a PCR-based approach (see ‘Materials and
Methods’ section).
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Translation inhibition occurs rapidly and can be inhibited
by addition of anti miR-451 oligonucleotides

Kinetic studies of miRNA-mediated repression were then
carried out in the RRL to monitor the translation rates
at different time points from 0 to 90min. As shown in
Figure 3A, a 30% decrease in translational efficiency
was observed as early as 20min after the start of incuba-
tion. Interestingly, translation repression increased with
time to reach a maximum of 55% after 90min of incuba-
tion with no significant degradation of Luc-451X6 tran-
scripts (data not shown). This indicates that assembly of
the RISC complex and the resulting miRNA-mediated
translation inhibition takes place rapidly in the RRL
system.
In order to test the specificity of endogenous miR-451

to mediate translational repression, 20-O-methyl modified
antisense oligoribonucleotides were used (Figure 3B).
These oligonucleotides can specifically interact with en-
dogenous miR-451 to preclude it from being incorpo-
rated into the RISC complex and/or to interact with
its mRNA target sequence (54). The modified oligo-
nucleotides were added before the pre-incubation of
the mRNAs in the RRL and translation was monitored
at 30, 60, 90 and 120min. As a control, an antisense oligo-
nucleotide complementary to let-7a was also used in a
parallel incubation. As observed in Figure 3B, transla-
tion of the RNA construct containing the miR451 sites
(Luc-451X6) was inhibited compared to the control
Luc mRNA. However, addition of the antisense oligo-
nucleotide directed against endogenous miR-451 abol-
ished this inhibition and restored Luc-451X6 translation
to levels similar to that of the control RNA. This
was observed at early and later times, even when trans-
lation was strongly repressed in the absence of the
antisense oligonucleotide (Figure 3B, see 90 and
120min). The specificity of this effect was demonst-
rated by the fact that an antisense oligonucleotide not
specific to miR451 (directed against let-7a) could not
relieve translation repression of Luc-451X6 mRNA
(Figure 3B).
Finally, in order to test for the specificity of the inter-

action between miR-451 and its target site, a new target
motif was designed (Luc-451MutX6) which has several
mutations in the seed region (Figure 3C). The corres-
ponding in vitro synthesized capped and polyadenylated
Luc, Luc-451X6 and Luc-451MutX6 RNAs were trans-
lated in wheat germ extract and the RRL. As shown pre-
viously (Figure 2), no difference could be observed in
the translation efficiency of these three constructs in the
wheat germ extract (Figure 3C, panel i). However, the
RNA containing mutations in the seed region was no
longer repressed in the RRL system (Figure 3C, panel ii,
compare Luc-451MutX6 with Luc-451X6) confirming
the importance of the seed match in the miRNA
response. Analysis of the RNA level by quantitative real
time (RT)-PCR did not show any significant differ-
ence between the three constructs indicating that the
effect was not due to RNA degradation (Figure 3C,
panel iii).

Translational repression shows a target site additive effect
and can be saturated by high amounts of RNA

Target site cooperation was shown to improve miRNA
translational repression in various cultured cell lines
(55–57). Therefore, luciferase RNAs containing two,
four or six target sites for miR-451 in their 30UTR were
designed, transcribed and translated in the untreated
RRL. As seen in Figure 4A, translation of an RNA
bearing only two target sites for miR-451 was reduced
by only 20% compared to the control RNA. However,
translation of the same RNA in which four target motifs
have been inserted was inhibited by 40% compared to the
control RNA, but the addition of two additional miR-451
sites did not further repress translation. These data show
that instead of cooperation, increasing the number of
target sites exerts an additive repressive effect on the
target mRNA up to a certain level after which the
miRNA response cannot be improved.

To further investigate this issue, we have varied the con-
centration of exogenous mRNA added to the RRL. The
standard experimental conditions that have been tested so
far correspond to a ratio of 260 molecules of endogenous
miRNA per one molecule of luciferase Luc-451X6 mRNA
(corresponding to 0.46 fmol of target mRNA); thus the
final ratio is 43 miRNA molecules per target site. This
was made variable by changing the concentration of ex-
ogenous target Luc-451X6 mRNA (Figure 4B). At a 30 to
1 ratio (corresponding to 4.6 fmol of target mRNA),
which corresponds to five miRNA molecules per target
site, translational repression dropped to 30% compared
to the control RNA with no target sites (Figure 4B, see
4.6 fmol). Interestingly, at a ratio of <1 miRNA per target
site (corresponding to 46 fmol of target mRNA), no re-
pression at all could be observed (Figure 4B, see
46 fmol). This result suggests that the RISC machinery
can be saturated by high amounts of target mRNA.

Internal ribosome entry site-mediated translation is
insensitive to miRNAs

Translation initiation mediated by some internal ribosome
entry sites (IRES) has been reported to be refractory to
miRNA regulation (17,18). Therefore, we tested whether
IRES-driven translation could be affected by miRNAs in
our system. For this, target sites for miR-451 were inserted
in the 30UTR of constructs coding for the renilla luciferase
driven by the encephalomyocarditis (EMCV) and hepatitis
C virus (HCV) IRESes. EMCV and HCV IRES were
chosen because of their different requirement for initiation
factors; EMCV requires the entire set of initiation factors
with the exception of eIF4E (58), whereas HCV can
bypass the need for all eIF4 initiation factors (59). These
constructs were used to produce uncapped and
polyadenylated EMCV RNAs (–/+), and uncapped
non-polyadenylated HCV RNAs (–/–) as found in native
virions. Untreated RRL was then programmed with these
constructs together with a capped and polyadenylated
b-Globin RNA control (Figure 5A).

As observed (Figure 5B), translation driven by the HCV
IRESes in the untreated RRL was not inhibited at all by
the binding of miR-451. Interestingly, translation of the
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Figure 3. Translational repression mediated by endogenous miRNAs occurs rapidly and is specific to both the target site and the miRNA.
(A) Translation kinetics of Luc and Luc-451X6 mRNAs was performed at different time points: 0, 10, 20, 30, 40, 50, 60 and 90min after the
beginning of translation in the untreated RRL. Error bars correspond to the standard deviation calculated from three independent experiments.
(B) Translational repression mediated by miR-451 was counteracted by the addition of a specific antisense oligonucleotide. Translation of Luc and

(continued)
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EMCV RNA showed only a slight inhibition (18% of the
control) (Figure 5B).
This suggests that translation initiation mediated by

IRES elements is resistant to miRNA repression and,
above all, strongly argues that translational repression
mediated by miRNAs occurs at the level of translation
initiation.

Specific siRNA activity, but not translational repression,
occurs in the nuclease-treated RRL

RRL is generally treated with micrococcal nuclease in
order to degrade endogenous mRNAs and to allow the
study of translation of a single exogenous mRNA species.
Since endogenous miRNAs are thought to be incorporated

into RISC, they should be protected against the micro-
coccal nuclease treatment. To verify this, we performed
quantitative PCR against different miRNAs previously
described in the untreated RRL. Interestingly, the
amounts of endogenous miRNAs were almost identical
between untreated and nuclease-treated RRL (compare
Figure 6A with Figure 1D), indicating that either mature
miRNAs are too small to be degraded by the micrococcal
nuclease or that they are protected by the RISC proteins.
As nuclease-treated RRL contains endogenous miRNAs at
levels similar to those of the untreated RRL (Figure 6A), it
was of interest to compare their activity. For this,
nuclease-treated RRL as well as wheat germ extract were
programmed with 0.46 fmol of Luc, Luc-451X6 and Luc
PMX4 mRNAs (Figure 6B). As expected, translation in
the wheat germ extract yielded no significant differences
between translation rates of each mRNA (Figure 6B,
left). Surprisingly, in the nuclease-treated RRL, which
does not contain any endogenous mRNA, we only
detected a weak inhibition (15% compared to Control) of

Figure 3. Continued
Luc-451X6 mRNAs was programmed in the untreated RRL after addition of oligonucleotides complementary to either let-7 or miR-451. Luciferase
activity was measured at different time points: 0, 30, 60, 90 and 120min after the beginning of translation. Error bars correspond to the standard
deviation calculated from three independent experiments. (C) Translational repression mediated by miR-451 is specific for the target site. Six target
sites for miR-451 with a mutated seed region were inserted in the 30UTR of the Luc construct (Luc-451X6Mut, dark gray bars) and translation of
this mRNA was compared to that of Luc (black bars) and Luc-451X6 (light gray bars) in wheat germ extract (panel i) and untreated RRL (panel ii).
The relative stability of mRNAs in untreated RRL was monitored after translation by quantitative PCR and are represented as ‘mRNA amount’
(panel iii). Error bars correspond to the standard deviation calculated from three independent experiments.

Figure 4. Translational repression mediated by miR-451 can be
saturated by high amounts of mRNAs and shows target site additive
repression. (A) Target site additive effect improves translational repres-
sion. Untreated RRL was programmed with Luc and Luc-451 bearing
2, 4 or 6 target sites mRNAs (designated, Luc-451X2, X4 and X6) and
luciferase activity was measured 30min after the beginning of transla-
tion. Error bars correspond to the standard deviation calculated from
three independent experiments. (B) Untreated RRL was programmed
with 0.46, 4.6 or 46 fmol of Luc and Luc-451X6 mRNAs and luciferase
activity with Luc-451X6 was measured as a percentage of that observed
with the same concentration of Luc mRNA after 30min of translation.
The molar ratio of miR-451 to the target mRNA is indicated on the
bottom of the figure. Error bars correspond to the standard deviation
calculated from three independent experiments.

Figure 5. Translation mediated by internal ribosome entry sites is re-
fractory to miRNA-mediated regulation. (A) Schematic representation
of target RNAs used in this experiment: ‘Globin’ corresponds to a
capped and polyadenylated luciferase coding RNA driven by the
human b-Globin 50UTR, ‘EMCV’ corresponds to an uncapped
(A-capped) and polyadenylated RNA driven by the EMCV IRES,
‘HCV’ corresponds to an uncapped and non-polyadenylated RNA
driven by the HCV IRES. (B) Translation of 0.46 fmol of Globin,
EMCV and HCV RNAs bearing no target sites (No Target, black
bars) or 6 target-sites for miR-451 (451X6, gray bars), was carried
out in untreated RRL for 60min. Error bars correspond to the
standard deviation calculated from three independent experiments.
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Luc-451X6 mRNA (Figure 6B, right). However, Luc
PMX4 expression was still strongly impaired to a level of
inhibition similar to that previously observed in the un-
treated RRL (70% compared to Control, Figure 6B,
right). These results indicate that endogenous miRNAs
contained in the nuclease treated RRL can still recapitulate
an siRNA response but are unable to mediate inhibition of
translation by an miRNA mechanism.

The miRNA response in nuclease-treated RRL can be
restored by poly(A) tail containing RNAs

Nuclease-treated RRL has been shown to be poorly cap
and poly(A) dependent for translation as opposed to
crude RRL (38). One of the reasons for this lack of cap/
poly(A) synergy could be the lack of competition with
endogenous mRNAs. This could also be responsible for
the absence of an miRNA response in the nuclease-treated
RRL. To test this hypothesis, we have monitored transla-
tion of Luc and Luc-451X6 mRNAs in the presence of a
104-fold excess of competitor mRNAs. For this, 5 pmol of
in vitro transcribed capped and polyadenylated competitor
(+/+), capped/non-polyadenylated (+/–), uncapped/
polyadenylated (–/+) and uncapped/non-polyadenylated
(–/–), mRNAs (containing the b-globin 50UTR followed
by the firefly luciferase coding sequence) were added to
each translation reaction before the addition of Luc or
Luc-451X6 mRNAs. As shown in Figure 7, addition of
these competitor RNAs led to an inhibition of both Luc
and Luc-451X6 translation, with the capped and
polyadenylated (+/+) having the biggest effect (Figure 7,
top panel see lane+/+). Interestingly, an efficient miRNA
response could only be restored upon addition of competi-
tor mRNAs that contained a poly(A) tail whereas

addition of non-polyadenylated mRNAs only had a
marginal effect on miRNA activity (Figure 7, compare
+/– and –/– lanes with the non-competitor lane).
Interestingly, a potent miRNA activity in nuclease-treated
RRL could be restored by the addition of poly(A) con-
taining transcripts independently of the presence of a cap
structure at their 50end (Figure 7, bottom panel compare
+/+and –/+and+/– lanes with no competitor lane). This
suggests that only the presence of the poly(A) tail is
required to restore miRNA-mediated translational repres-
sion in the nuclease-treated lysate. However, it could be
argued that the presence of the poly(A) tail could restore a
miRNA activity because of the fact that poly(A) contain-
ing transcripts are better translated than non-poly(A)
containing RNAs. Thus, the effects observed would only
be the consequence of an increased competition for
ribosomes.

Free poly(A) RNA is sufficient to restore a microRNA
response in nuclease-treated RRL

In order to investigate this effect further, we have added
uncapped and non-polyadenylated mRNAs driven by the
HCV and cricket paralysis virus (CrPV) IRES to nuclease-
treated lysates prior to translation. Indeed, these two viral
RNAs are able to recruit ribosomes very efficiently on
their IRES sequence with no need for a cap structure
and a poly(A) tail (see Supplementary Figure S6A for rela-
tive translational efficiencies of each competitor RNA
tested). As observed, addition of 5 pmol of HCV and
CrPV competing mRNAs failed to restore a potent
miRNA activity (Figure 8A, compare RRL to HCV and
CrPV lanes). These results indicate that the competition
for ribosomes is not the major cause of inhibition
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Figure 6. Specific siRNA activity, but not translational repression, occurs in the nuclease-treated RRL. (A) Quantification of miRNAs present in
nuclease-treated RRL. Quantitative PCR was carried out using specific primers against let-7, miR-451 and miR-638. (B) Translation of 0.46 fmol of
Luc (black bars), Luc-451X6 (dark gray bars) and Luc PMX4 (light gray bars) was carried out for 30min in wheat germ extract and nuclease-treated
RRL. Error bars correspond to the standard deviation calculated from three independent experiments.
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mediated by miRNAs, therefore suggesting a specific role
for the poly(A) tail.
In order to investigate this further, we performed

similar experiments using free cap analog or free poly(A)
as competitors (Figure 8B). As free poly(A) was shown to
stimulate PABP activity both in plants and mammals
(60,61), we tested whether free poly(A) could also
modulate miRNA activity. For this, exogenous free
poly(A) (400 nt in average length) was added to the trans-
lation reaction in the same molar amount to that of the
previous experiments using competitor mRNAs. As
observed, addition of free poly(A) to the nuclease-treated
RRL restored miRNA activity (by 60%) to a level of mag-
nitude close to that observed in crude RRL (Figure 8B
compare the URRL and poly(A) lanes). To rule out any
effect of the 50 cap, we also added free cap-analog alone or
in the presence of free poly(A) (Figure 8B, see Cap analog
lane). As observed, addition of free cap analog to the
nuclease-treated RRL, could not restore the miRNA

activity in the nuclease-treated RRL even though the
overall level of global translation efficiency was signifi-
cantly affected (Figure 8B, see lane Cap analog).
Furthermore, the addition of both free cap analog and
free poly(A), although leading to a strong translational
inhibition of both Luc and Luc-451X6 mRNAs, did
not further increase miRNA activity compared to free
poly(A) alone [Figure 8B, compare the poly(A) lane to
Cap analog+poly(A)]. Interestingly, we could observe a
dose-dependent effect of the addition of free poly(A)
RNA in restoring a miRNA repression in nuclease-
treated RRL (Supplementary Figure S6B). However, this
dose-dependent effect was observed within a narrow range
(<2-fold increase) of poly(A) RNA (Supplementary
Figure S6B).

Because IRES-mediated translation appeared to be re-
fractory to translational repression mediated by miRNAs
in untreated RRL, we tested whether this was also the
case in RRL upon addition of free poly(A) RNA. For
this, capped and polyadenylated Globin RNAs,
uncapped and polyadenylated EMCV RNAs (–/+), and
uncapped non-polyadenylated HCV RNAs (–/–), contain-
ing miR-451 target-sites (451X6) or not (No target), were
programmed in RRL (Figure 8C, left). As expected, trans-
lation of all these RNAs (including Globin) was not
regulated by endogenous miR-451 (Figure 8C, left).
However, upon addition of free poly(A) RNA, translation
of Globin-451X6 RNA was downregulated by 2-fold
compared to the Globin RNA bearing no miRNA target
sites (Figure 8C, right). Interestingly, translation of
EMCV and HCV RNAs was still insensitive to miRNA-
mediated repression even in the presence of free poly(A)
RNA. This result suggests that the effect of free-poly(A) in
stimulating miRNA activity is only exerted on cap-
dependent translation.

Free poly(A) restores translational repression on a
non-polyadenylated target RNA in a trans fashion

Due to the effect of the poly(A) RNA addition for
efficient miRNA repression, we next wondered whether
poly(A) tail removal from target RNAs could also affect
repression. For this, untreated RRL was programmed
with capped and polyadenylated (+/+) and capped
and non-polyadenylated (+/–) Luc and Luc-451X6
mRNAs (Figure 9A). As observed, removal of the
poly(A) tail from the target mRNA resulted in an atte-
nuated miRNA-mediated repression, which dropped to
25% of the control RNA (i.e. bearing no target sites)
(Figure 9B). Interestingly, translation of non-poly-
adenylated Luc-451X6 RNAs in the nuclease treated
RRL was not inhibited but rather moderately stimulated
(40%) by miR-451 (Figure 9C, left). However, upon
addition of free poly(A) RNA to nuclease-treated RRL,
translational repression was restored both for capped
and polyadenylated Luc-451X6 RNAs (65% compared
to the control) and also for capped and non-polyadenylated
Luc-451X6 RNAs (51% compared to the control)
(Figure 9C, right).
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Taken together, these results suggest that the poly(A)
tail is required whether in cis or in trans to achieve efficient
repression mediated by miRNAs.

DISCUSSION

Despite an extensive amount of work, the molecular
mechanism by which miRNAs control translation

remains elusive. Based on experiments and results
obtained using different systems, some reports describe
translational repression at the initiation and post-
initiation steps, linked in some cases to the deadenylation
of the target mRNA which contributes to translational
repression, while others reports a rapid degradation of
the target mRNAs or even co-translational proteolysis
of the nascent polypeptide (9,16–34). In vitro translation
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systems have been instrumental for the study of transla-
tional regulation as they allow the control of many par-
ameters that are important in protein synthesis such as
mRNA amount, salt conditions, initiation factor concen-
trations, time of incubation and mRNA degradation. The
most commonly used in vitro system is the RRL, which
was conceived and developed about 30 years ago and has
been widely used since (47). Recently, Novina and col-
leagues (20,21) have developed an interesting approach
to study miRNAs in the nuclease-treated RRL. However
a major drawback comes from the fact that the nuclease-
treated RRL does not recapitulate the cap and poly(A)
synergy (35–37), which seems to be a major determinant
in the miRNA response. In addition, Novina and col-
leagues have been using exogenous artificial miRNAs
and so this approach does not allow investigation of all
aspects of miRNA repression such as pre-miRNA pro-
cessing, miRNA binding and nucleation of the RISC
complex.
Here, we report that the non-nuclease-treated RRL (38)

is capable of faithfully recapitulating translational control
of gene expression mediated by miRNAs. Importantly,
our system exploits the presence of endogenous miRNAs
that are found in the rabbit reticulocyte lysate, namely

miR-451 that has been recently shown to be implicated
in the maturation of erythroid cells (51,52,62,63).

We first showed that the RISC protein components are
present in the RRL (Figure 1) and are fully active to
process miRNA precursors (Supplementary Figure S1).
By western blotting, we detected low levels of Dicer,
while Ago2 was highly abundant. Interestingly, processing
of pre-miR-451 has been recently shown to occur through
a dicer-independent (but Ago2 dependent) pathway (64).
This could possibly explain the relatively low abundance
of dicer compared to Ago2 (Figure 1A). Finally, we also
detected TNR6CA (also known as GW182), which is an
important player of the miRNA repression pathway.

We could then show that translational repression of
mRNAs targeted by endogenousmiRNAs recapitulated all
major aspects of miRNA-dependent regulation. Indeed,
translation is repressed by about 2-fold (Figure 2) as has
been observed not only for natural targets in cultured
cells (1,65–69) but also in other in vitro cell-free extracts
based on insect embryos (26). Importantly, this effect on
gene expression is specific to the binding of the miRNA to
its target and can be reversed by addition of complemen-
tary oligonucleotides and saturating amounts of target
mRNAs (Figures 3 and 4). Moreover, regulation of
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translation was particularly sensitive to modifications im-
pairing complementarity within the seed region of the
miRNA, and showed target site cooperation (Figures 3
and 4). Most importantly, target mRNAs were neither
deadenylated nor degraded by the action of the miRNA
(Figure 2), and this lack of deadenylation could be ex-
plained by the fact that our in vitro system allowed us to
measure translational activity after only 30min of incuba-
tion. This is particularly interesting as it allows the effects
that miRNAs can have on translation to be uncoupled
from those on deadenylation and transcript degradation.
However, transcript degradation can be reproduced by
having full pairing between the miRNA and the mRNA
target, which triggers a siRNA response (Figure 2).
Interestingly, in a recent report by Fabian and coworkers
(39), miRNA-dependent deadenylation was shown to
occur 1 h after the beginning of the translation reaction.
This could therefore explain our lack of visible
deadenylation as we monitor mRNA integrity between
30 and 60min after the start of translation. Finally, we
also show that repression occurs at the level of translation
initiation as RNAs under control of the EMCV and HCV
IRESes were not repressed by the action of miR-451
(Figure 5).

We have also shown that the nuclease-treated RRL con-
tained the same concentration of endogenous miRNAs
as the untreated RRL; yet, we were surprised to find out
that these miRNAs were unable to repress translation of a
reporter gene in the case of bulged target sites (Figure 6).
However, in the case of a perfect match target site, the
same endogenous miRNAs fully recapitulated an siRNA
effect with the same magnitude as that observed with un-
treated RRL. In order to understand the reasons of such a
discrepancy between the mi- and siRNA mechanisms, we
tested several different conditions. Because nuclease-
treated RRL lacks endogenous mRNAs, we first reasoned
that addition of competitor mRNAs, in similar amount to
that of crude RRL, could restore a functional miRNA
activity (Figure 7). Interestingly, this showed that only
capped/polyadenylated and uncapped/polyadenylated
RNAs were able to restore an effective repression
mediated by miRNAs in nuclease-treated RRL, with vir-
tually no effect of addition of non-polyadenylated RNAs
(Figure 7). This suggested either a role of the poly(A) tail
in this effect, or the need for competing RNAs that are
efficiently translated.

In order to discriminate between these two possibilities,
we have used viral IRESes from HCV and CrPV that
are either naturally uncapped and non-polyadenylated
(in the case of HCV) or that can function with no need
for initiation factors (nor initiator tRNA in the case of
CrPV). Interestingly, addition of competitor RNAs con-
taining either the HCV or the CrPV IRESes failed to
restore miRNA repression in the nuclease treated system
(Figure 8A), suggesting that competition for general com-
ponents of the translational machinery was not critical
for the efficiency of the miRNA response; however, it
rather points out to a specific role for some initiation
factors that bind either the cap or the poly(A) tail. Thus,
we next designed an experiment in which the nuclease
treated lysate was supplemented by addition of cap

analogue and free poly(A) prior to translation
(Figure 8B). Interestingly, overall translational efficiency
of Luciferase was affected to a similar extent by the add-
ition of either the cap analog or the free poly(A) with
addition of both having an additive effect (Figure 8B,
black bars). However, and to our surprise, addition of
free poly(A) alone was both necessary and sufficient to
restore an miRNA response in the nuclease treated
lysate, whereas addition of free cap analog failed to do
so (Figure 8B). Interestingly, addition of free poly(A)
could also restore efficient repression on non-
polyadenylated RNAs which were not effectively re-
pressed in crude RRL (Figure 9C). On the contrary, trans-
lation driven by the EMCV and HCV IRESes could not
be repressed by miRNAs even upon addition of free
poly(A) RNA, suggesting that only cap-dependent trans-
lation would be sensitive to miRNA-mediated translation-
al inhibition.
While this work was in progress, several reports have

addressed the critical role of PABP in the miRNA
response at the level of transcript deadenylation (39–41)
and also on translation where GW182 was proposed to
compete with PABP for eIF4G binding (41). Our results
nicely confirm and extend these data by showing that the
poly(A) tail can also play a role in trans for the efficient
repression of target mRNAs. But how is the poly(A) able
to modulate the miRNA response in trans? Interestingly,
several studies carried out using wheat germ cell-free
extracts have shown that addition of free poly(A) can
improve PABP binding to the eIF4F complex and stimu-
late its activity (60,70). Moreover, free poly(A) has been
shown to stimulate translation of non polyadenylated
mRNAs in trans in the nuclease-treated RRL by improv-
ing the interaction between PABP and eIF4G (61).
However, a mechanism where GW182 and PABP
compete for eIF4G binding, although possible, is never-
theless unlikely in our system as translation driven by the
EMCV [which under normal conditions depends on the
PABP/eIF4G interaction (71)] is not repressed by
miRNAs. However, it could be possible that miRNAs
regulate the activity of the eIF4F complex. Thus, it
would be conceivable that free poly(A) as well as poly-
adenylated competitor mRNAs could improve PABP
binding to the eIF4F complex, thus allowing miRNAs
to effectively regulate eIF4F activity and inhibit transla-
tion of the target mRNA. This would be also in agreement
with the fact that the HCV IRES, which is independent of
the eIF4F complex for translation remains unaffected by
miRNAs.
Taken together, we describe here a new in vitro cell-free

extract that faithfully reproduces the regulation of trans-
lation mediated by miRNAs, which is commercially avail-
able, easy to use and yielding highly reproducible results.
Interestingly, our system allows translation repression to
be studied at very early times when deadenylation has not
yet taken place.
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ABSTRACT

microRNAs (miRNAs) regulate gene expression at
multiple levels by repressing translation, stimulating
deadenylation and inducing the premature decay of
target messenger RNAs (mRNAs). Although the
mechanism by which miRNAs repress translation
has been widely studied, the precise step targeted
and the molecular insights of such repression are
still evasive. Here, we have used our newly designed
in vitro system, which allows to study miRNA effect
on translation independently of deadenylation. By
using specific inhibitors of various stages of protein
synthesis, we first show that miRNAs target exclu-
sively the early steps of translation with no effect on
60S ribosomal subunit joining, elongation or termin-
ation. Then, by using viral proteases and IRES-
driven mRNA constructs, we found that translational
inhibition takes place during 43S ribosomal scanning
and requires both the poly(A) binding protein and
eIF4G independently from their physical interaction.

INTRODUCTION

microRNAs (miRNAs) are small non-coding RNAs that
participate in many cellular processes as essential gene
regulators. miRNAs act as guides for the RNA-induced
silencing complex (RISC) to bind messenger RNAs
(mRNAs) and to repress their translation and/or
decrease their stability. Usually, miRNAs bind to their
target mRNAs at the 30-untranslated region (30-UTR)
through partial base pairing (1). As a consequence,
miRNAs can potentially interact with numerous target
mRNAs. In agreement with this, 60% of all mammalian
mRNAs have been reported to contain conserved miRNA
target sequences (2).

Many mechanisms have been proposed to explain how
miRNAs could regulate gene expression including trans-
lational repression, mRNA deadenylation and accelerated
decay, which are non exclusive but rather sequential. In
fact, recent data suggest that translational repression is the
first mechanism of miRNA-induced gene repression,
followed by mRNA deadenylation and eventually its deg-
radation (3–7). Concerning translational repression,
miRNAs were first reported to regulate translation at
post-initiation steps (8–12), but recent data strongly
suggest that repression takes place at the initiation stage
(7,13–20).

However, there is still some controversy about the stage
at which translation initiation could be repressed.
Although many reports point to the 50 cap structure as
an essential factor necessary for translational repression
(7,14,16–19), the need for other cis-acting factors such as
the poly(A) tail is less clear with some data indicating an
essential role for the poly(A) tail (14,19,21,22), while
others report that its removal or replacement by the 30

stem-loop tail of histone transcripts does not affect
miRNA activity (17,23,24). In addition, PABP has been
recently implicated in miRNA effect by interacting with
the C-terminal domain of GW182 to promote transla-
tional repression and deadenylation (6,25–28).

Moreover, studies have failed to converge regarding the
actual stage of translation initiation regulated by
miRNAs. Some reports state that miRNAs act by target-
ing cap recognition and recruitment of the 43S complex
(16,17,29), while others describe repression at the level of
60S ribosomal subunit joining (13,20). Thus, the precise
molecular mechanisms by which miRNAs mediate trans-
lational repression remain a matter of debate.

Recent data strongly suggest that translational repres-
sion occurs prior to transcript deadenylation and degrad-
ation (3,5,30,31). This fits well with the rabbit reticulocyte
lysate (RRL) model that we have previously described,
which contains endogenous miRNAs that are fully
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functional to repress translation and to induce an siRNA
response (22). One of the main advantages of this system is
that repression occurs only at the level of translation with
no effect on transcript degradation or deadenylation (22).
Thus, it allows to focus only on the molecular mechanism
used by miRNAs to interfere with protein synthesis. We
have exploited the advantage of the RRL to assess the
impact of miRNA repression on each individual step of
protein synthesis (e.g. initiation, ribosomal subunit
joining, elongation, termination and peptide release).
Our results first show that miRNAs interfere only with
translation initiation. Using a combination of viral prote-
ases together with reporter genes containing cellular
50-UTR with different structure or IRESes from different
viral families, we could show that repression takes place at
the level of 43S ribosomal scanning. Moreover, we show
evidence that both PABP and eIF4G are necessary for
miRNA-mediated translation inhibition, but this require-
ment is independent from the physical interaction between
these two proteins.

MATERIALS AND METHODS

DNA constructs and in vitro transcription

Plasmids containing target sites for miR-451 (Luc, Luc-
451X6, Luc-451mut) were already described (22). 50-UTRs
were obtained by PCR on cDNA obtained from Hela-cells
total RNAs (BCL3, GAPDH, Cyclin D2, Line-1 and
Hsp70-1), pEMCV-renilla and pHCV-renilla plasmids
(32), pXLPV and pEMCV-PV plasmids (33), pXLCSFV
1–423.NS plasmid (34) avian encephalomyocarditis
viruses (AEVs) plasmid (35), and Seneca Valley virus
(SVV)+55 construct (36) using specific primers containing
EcoRV restriction site and T7 promoter (for sense
primers) and BamHI restriction site (for antisense
primers). PCR products were digested and cloned in Luc
and Luc-451X6 vectors previously digested by PvuII and
BamHI restriction enzymes.

Plasmids were digested using EcoRI (polyadenylated
RNAs), NaeI [internalized poly(A)] or XbaI (non
polyadenylated RNAs) restriction enzymes. RNAs were
obtained by using 1mg linearized plasmid, 10U T7
RNA polymerase (Promega Co., Madison, WI, USA),
20U of RNAsin (Promega Co, Madison, WI, USA),
10mM of rATP, rUTP and rCTP, 0.48mM rGTP,
3mM DTT and 1.3mM m7GpppG (capped RNAs) or
ApppG (uncapped RNAs) cap analog (New England
Biolabs) in transcription buffer [40mM Tris–HCl
(pH 7.9), 6mM MgCl2, 2mM spermidine and 10mM
NaCl]. The transcription reaction was carried out at
37!C for 2 h, and the RNAs were treated with RQ1
DNAse (Promega Co., Madison, WI, USA) and
precipitated with Ammonium Acetate at 2.5M final con-
centration. The integrity of the RNAs was checked by
electrophoresis on non-denaturating agarose gels and
their concentration was quantified by spectrophotometry
at 260 nm using Nanodrop (NanoDropTechnologies,
Wilmington, DE, USA). For radiolabeled RNAs the
same protocol was used except that rUTP was omitted
and replaced by 20mCi of aP32 rUTP.

Western blotting

To test for initiation factor integrity, 3 ml of each reaction
was recovered after translation and resolved on a 10%
SDS–PAGE. Proteins were then transferred to a PVDF
membrane by electroblotting and incubated with
antibodies against PABP or eIF4G (kind gifts from Dr
Morley).

Preparation of untreated RRL and in vitro translation
assays

Untreated RRL was prepared essentially as previously
described (32). Translation reactions were performed in
a final volume of 30 ml consisting of 20 ml of untreated
RRL, 0.46 fmol of heat denatured mRNAs, in the
presence of KCl (100mM), MgCl2 (0.5mM) and amino
acids mixture (20 mM each). RRL under full translational
condition was incubated together with the heat denatured
mRNA for 1 h at 10!C, followed by 2min at 20!C, 2min
at 25!C and 30 or 60min at 30!C. The reaction was then
stopped by the addition of 50 ml of luciferase lysis buffer to
10 ml of the translation reaction.
Renilla activity was measured and normalized to an

internal Firefly luciferase mRNA for all experiments that
do not involve the addition of a translational inhibitor
(Figures 1, 2, 4 and 5).
For all the experiments, we express translation effi-

ciency as the percentage of luciferase activity compared
to the control Luc mRNA (set at 100%); for miRNA
effect, in each condition, the luciferase activity from the
Luc-451X6 mRNA is expressed as a percentage of its
control Luc mRNA (set to 100%).
For analysis of radiolabeled RNA integrity, RNA were

translated as described and extracted at indicated times
with Tris-reagent following manufacturer conditions.
Total RNAs were run on a 2% agarose gel and analyzed
by autoradiography on a phosphorimager.

Preparation of viral proteases

Commercial 3C protease from human rhinovirus (HRV)
was obtained from Novagen (Madison, WI, USA). The
L-protease from the foot-and-mouth disease virus
(FMDV) was produced by in vitro translation using
nuclease-treated RRL as previously described (32)
and 2 ml were added prior to translation. The human
immunodeficiency virus type-2 (HIV-2) protease was
obtained from the NIH and 2 ml were added prior to
translation. For rescue experiment, translation reactions
were treated 10min with 2 ml HIV-2 protease,
cleavage was then blocked with 10 mM palinavir and
translation were carried during 1 h in presence of dialysis
buffer or recombinant PABP or eIF4G (kind gift of C.S.
Fraser).

Preparation of PABP recombinant protein

Escherichia coli BL21 cells expressing the pET15b-PABP
vector (kindly provided by Martin Bushell) were grown
until A600 reached 0.6–0.8 and then, induced overnight
at 30!C with IPTG 0.5mM. Bacterial pellets were
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resuspended in native lysis buffer (50mM NaH2PO4

[pH 8.0]; 300mM NaCl and 10mM imidazole) supple-
mented with 1mg/ml lysozyme (Sigma) and cells were
lysed by sonication. Supernatant was recovered and
incubated with Ni-NTA resin (Qiagen) (previously
equilibrated in lysis buffer) at 4!C for 2 h under gentle
shaking. The resin was then washed three times with five
volumes of washing buffer [50mM NaH2PO4 [pH 8.0];
300mM NaCl and 20mM imidazole and protease
inhibitor cocktail (Roche)] and protein was then eluted
with elution buffer (50mM NaH2PO4 [pH 8.0]; 300mM
NaCl; 500mM Imidazole and protease inhibitor cocktail).
The eluted protein was desalted and concentrated with
dialysis buffer (20mM HEPES [pH 7.5], 100mM KCl,
2mM DTT and protease inhibitor cocktail) using
Spin-X UF Concentrators (Corning).

RESULTS

miRNAs repress mRNA translation independently of
deadenylation and decay of target mRNAs

In this study, we have used the untreated RRL as a model
in vitro system to study the effects of endogenous miRNAs
on translation of exogenous reporter transcripts. For this,
we used a Renilla luciferase reporter construct that
harbors, unless specified, a globin 50-UTR and are
followed by a 30-UTR containing either six target-sites
for miR-451 (namely ‘Luc-451X6’) or lacking miRNA
target sites (namely ‘Luc’). We deliberately chose to use
miR-451 as a model miRNA for this study as we previ-
ously showed that it is highly expressed in the reticulocyte
lysate and recapitulates all aspects of the miRNA response
(22). Protein synthesis was quantified by measuring

Figure 1. miRNAs do not target translation elongation nor degradation of nascent peptides through the proteasome. (A) Translation of Luc
and Luc-451X6 RNAs was carried out in untreated RRL in presence of indicated concentration of MG132. (B) Translation of Luc and
Luc-451X6 RNAs was carried out in untreated RRL in presence of indicated concentration of puromycine. (C) Translation of Luc and
Luc-451X6 RNAs was carried out in untreated RRL in presence of indicated concentration of cycloheximide. Results are shown as translation
efficiency (left panels) and miRNA effect (right panels), as described in ‘Materials and Methods’ section. Error bars correspond to SD obtained from
three independent experiments.
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luciferase activity and both translation efficiency and
miRNA effect are quantified and plotted on individual
bar graphs (see ‘Materials and Methods’ section).

In our previous published work, we had shown
that translational repression occurred in the absence of

any deadenylation of the target mRNA. This was
demonstrated by checking the integrity of radiolabeled
RNAs after translation and by real-time quantitative
PCR (22). However, because the extent of deadenylation
could be difficult to assess, we have used another

Figure 2. 60S ribosomal joining is not regulated by miRNAs. (A) Translation of Luc and Luc-451X6 RNAs was carried out in untreated RRL in
presence of indicated concentration of L-MDMP (top panels) or D-MDMP (bottom panels). (B) Translation of Luc and Luc-451X6 RNAs was
carried out in untreated RRL in presence of indicated concentration of GMP-PNP. (C) Translation of Luc and Luc-451X6 RNAs was carried out in
untreated RRL in presence of indicated concentration of AMP-PNP. Results are shown as translation efficiency (left panels) and miRNA effect
(right panels), as described in ‘Materials and Methods’ section. Error bars correspond to SD obtained from three independent experiments.
* corresponds to a P-value <0.05; ** corresponds to a P-value <0.01; (non directional t-test).
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experimental strategy to show evidence that inhibition of
gene expression in our system was not due to shortening of
the poly(A) tail. In order to do this, we have adapted the
method recently described by Tomari and colleagues (37)
which consists of internalizing the poly(A) tail by adding a
stretch of non specific residues at the 30 end of the poly(A)
tail (Supplementary Figure S1A). In the present case, 280 nt
were added and the integrity of the radiolabeled transcripts
that contain 6 miR-451 target sites or 6 mutated sequences
was checked on agarose gel (Supplementary Figure S1B).
We did not observe any deadenylation or degradation of
the mRNAs at the early time points (0, 0.5, 1 and 2 h).
However, at 3 h, we detected a decrease in the amount of
both control and targeted mRNA, which suggests that
some decay has occurred (Supplementary Figure S1B).
We then tested the effect of poly(A) tail internalization
on miRNA-mediated repression. Interestingly, RNAs
with normal and internalized poly(A) were inhibited by
miR-451 to a similar level (50%), even after 6 h of incuba-
tion (Supplementary Figure S1C). As an additional
control, we have also investigated whether mutations in
the seed region of the target gene could reverse the effects
of miR-451. Supplementary Figure 1D shows the transla-
tional efficiency and the miR-451 effects over a 6 hours
period of time.
Altogether, these data confirm the results that we had

obtained in our previous published work and further val-
idates that inhibition of gene expression takes place at the
level of translation in the RRL.

miRNAs do not target translation elongation nor
degradation of nascent peptides through the proteasome

Taking advantage of our system that allows translational
repression in the absence of deadenylation and mRNA
decay, we have assessed the impact of miRNA repression
in the presence of a large spectrum of effectors that are
known to block translation at each of the various steps of
protein synthesis (initiation, ribosomal subunit joining,
elongation, termination and peptide release).
We initially started with the proteasome inhibitor

MG132 as miRNAs have been suggested to regulate trans-
lation elongation through the proteolytic cleavage of
nascent peptides (11) and was already used to study
miRNA activity in living cells (17). As observed
(Figure 1A, left panel), addition of MG132 did not signifi-
cantly affect luciferase production from both Luc and
Luc-451X6mRNAs. Furthermore, translational repression
mediated by miR-451 was not affected thus suggesting that
miRNAs do not target the proteolytic degradation of
nascent peptides, at least not through a proteasome-
induced process (Figure 1A, right panel).
We then tested whether miR-451 could cause the prema-

ture drop-off of elongating ribosomes as previously sug-
gested for the artificial miRNA CXCR4 (12). For this, we
added increasing amounts of puromycin to our translation
reactions and then monitored translation of Luc and
Luc-451X6 mRNAs (Figure 1B). Puromycin causes the
premature termination of elongating ribosomes thus
inducing ribosome drop-off. As observed (Figure 1B, left
panel), addition of puromycin to translation extracts led to

a dose-dependent inhibition of luciferase expression from
both RNAs reaching a 60-fold inhibition at the highest
concentration. Strikingly, the relative level of miRNA-
mediated repression remained constant to "60% of the
control in all conditions tested (Figure 1B, right panel).
Interestingly, similar results were obtained when transla-
tion elongation was inhibited by the addition of cyclo-
heximide, which stalls elongating 80S ribosomes on the
mRNA without inducing their drop-off (Figure 1C).
Indeed, as observed for puromycin, addition of increasing
amounts of cycloheximide strongly inhibited luciferase ex-
pression without inducing further effects on miRNA-451
repression (Figure 1C, right panel).

Taken together, these results suggest that miRNAs do
not interfere with translation elongation or proteosomal
degradation of nascent peptides.

60S ribosomal joining is not regulated by miRNAs

We next tested whether the ribosomal subunits joining
step could be affected by miR-451. This was suggested
by a report showing that let-7 miRNAs could regulate
this stage of translation with RISC being able to associate
with 60S ribosomes through eIF6 to interfere with the
formation of the 80S ribosome on targeted mRNAs (13);
such an hypothesis has also been challenged by other re-
searchers (38). A similar mechanism was also proposed in
the nuclease-treated RRL using the artificial CXR4
miRNA system showing poor association of the 60S
subunit to the 40S ribosomal subunit (20).

In an attempt to reduce formation of 80S ribosomes, we
took advantage of MDMP, a chemical compound that
specifically impairs the association of 60S and 40S riboso-
mal subunits (39,40). As observed, addition of increasing
amounts of D-MDMP (the biologically active stereoiso-
mer) led to a dose-dependent inhibition of both Luc and
Luc-451X6 mRNAs translation (Figure 2A, bottom left
panel) whereas addition of the inactive L-stereoisomer
did not affect translation (Figure 2A, top left panel).
Interestingly, despite the inhibition of translational rates,
miRNA-mediated repression was not changed upon
addition of D-MDMP (Figure 2A, bottom right panel)
suggesting that miRNAs did not interfere with the
joining of the 60S ribosomal subunit.

Ribosomal subunit joining is also regulated by the
release of initiation factors from the 40S ribosome upon
recognition of the AUG initiation codon. This stage is
mediated by hydrolysis of the GTP molecule associated
to eIF2 and eIF5B (41). Interestingly, since Argonaute 2
was first characterized to be a protein that regulates eIF2
recycling both in RRL and wheat germ extracts (42), it
was of interest to test whether it could affect 60S ribosome
joining by inhibiting eIF2 release. For this, we used
GMP-PNP, a non-hydrolysable GTP analog that stalls
the 48S complex at the AUG start codon and prevents
60S ribosome binding. As observed (Figure 2B, left
panel), addition of GMP-PNP led to a dose-dependent
inhibition of Luc and Luc-451X6 mRNAs translation
reaching a 7-fold inhibition at the highest concentration.
However, as observed for MDMP, translational repres-
sion Luc-451X6 mRNA was not affected therefore
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suggesting that RISC did not interfere with the hydrolysis
of eIF2-bound GTP (Figure 2B, right panel).

As discussed earlier, translation initiation requires two
molecules of GTP to proceed but is also dependent on
ATP hydrolysis through the use of various DEAD-Box
RNA helicases that are required for translation initiation,
among which is eIF4A (43). The latter is an ATP dependent
RNA helicase which is required both for initial ribosome
binding to the mRNA and linear scanning of the ribosome
from the binding site to the AUG initiation codon (44). In
fact, eIF4A was shown to ‘prepare’ a landing pad for ribo-
somes on the mRNA and then unwinds the RNA second-
ary structures encountered during ribosomal scanning (44).
In order to test whether ATP hydrolysis can be targeted
by miRNA repression, we used AMP-PNP, a non-
hydrolysable analogue of ATP. As observed (Figure 2C,
left panel), addition of AMP-PNP to translation extracts
led to a dose-dependent inhibition of Luc translation
reaching up to 10-fold repression. Interestingly, Luc-
451X6 translation appeared to be relatively more resistant
to AMP-PNP than Luc translation, especially at low
amounts of AMP-PNP (Figure 2C, left panel). This is par-
ticularly striking when Luc-451X6 translation was
normalized against that of Luc RNA (Figure 2C, right
panel) and we could observe a derepression of miRNA
activity following the addition of AMP-PNP suggesting
that miR-451 interferes with ATP hydrolysis. However,
although they are indicative of a link between ATP hy-
drolysis and miRNA repression, these data must be inter-
preted with care due to the involvement of ATP in many
biological processes including tRNA aminoacylation or
even formation of the RISC complex (45).

Taken together, data obtained with various inhibitors
suggest that miRNA repression does not take place at the
level of 60S subunit joining, nor elongation, nor termin-
ation thus suggesting a potential role at the level of
initiation.

PABP and eIF4G are required for miRNA-mediated
repression independently from their physical interaction

miRNA-mediated repression at the level of translation
initiation has been suggested by other studies in cell free
system to primarily depend on the involvement of PABP
and eIF4F (6,16). This prompted us to further assess the
role of these factors in our in vitro system. For this, we
used a combination of different viral proteases that are
able to cleave PABP, eIF4G or both.

The protease 3C from Human Rhinovirus is known to
inhibit translation initiation through cleavage of PABP
without affecting the composition of the eIF4F complex
(46). We thus used this enzyme to block PABP function
prior to translation of Luc or Luc-451X6 mRNAs. As
shown on western blotting, PABP was efficiently cleaved
at the highest concentration of the protease added
(Supplementary Figure S2A) and this resulted in transla-
tion inhibition (Figure 3A, left panel). However, the
relative effect of miRNA-mediated translation inhibition
was significantly relieved, from 50% to 20% (Figure 3A,
right panel) suggesting that PABP is required for the
miRNA response in the RRL.

We then used the L-protease of FMDV which desta-
bilizes the eIF4F complex by processing eIF4G in a
N-terminus fragment that contains binding sites for
eIF4E and PABP and a C-terminus domain which
harbors the binding sites for eIF3 and eIF4A (47). Thus,
in vitro translated L-protease was added to the untreated
RRL prior to translation of Luc and Luc-451X6 RNAs.
As visualized by western blot, eIF4G was cleaved upon
addition of L-protease (Supplementary Figure S2B) and
this resulted in translation inhibition (Figure 3B, left
panel, compare Control and L-protease lanes). Addition
of the protease inhibitor E64 restored wild-type levels of
translation indicating that translational repression was
merely the result of the cleavage of eIF4G. Interestingly,
miRNA-mediated repression was not affected and, if
anything, rather slightly stimulated by the addition of
L-protease (Figure 3B, right panel). This indicates that
neither the integrity of eIF4F nor the N-terminal
domain of eIF4G is necessary for miRNA function and
suggests that RISC does not target the eIF4G-PABP
physical interaction.
Finally, we have used the viral protease from the HIV-2

to measure its effect on translation of Luc and Luc-451X6
mRNAs. This enzyme has been shown to cleave eIF4G at
two different sites yielding three different fragments
(48,49). Interestingly, it also hydrolyses PABP at two dif-
ferent sites and proteolysis of both factors contributes to
translation inhibition (50). Cleavage of eIF4G was shown
to be complete upon addition of the HIV-2 protease in the
RRL as visualized by western blotting (Supplementary
Figure S2C). Remarkably, the consequence of this
cleavage resulted in the complete loss of miR-451 effect.
This was dependent on proteolytic activity since addition
of specific inhibitors was sufficient to restore the miRNA
response (Figure 3C, right panel). To test whether the
specific loss of PABP and eIF4G cleavage was responsible
for the effect on the miRNA-mediated inhibition, we have
supplemented the HIV-2 protease treated lysate with the
intact proteins (Figure 3D). Interestingly, both proteins
were able to restore the miRNA effect to a partial, but
significant, level. Addition of both in the same reaction did
not significantly increase the rescue (data not shown). This
nicely confirms the role for PABP in translation inhibition
caused by miRNAs. However, the effect of eIF4G prote-
olysis seems to be, a priori, not in agreement with our data
obtained with the L protease (see above) and showing no
change upon eIF4G cleavage. But it is important to
remember that those two virally encoded enzymes do
not cleave the eIF4G molecule at the same sites. As a
result, the consequences of the proteolytic action of
these two virally encoded proteases are very different on
translation initiation (49). We have previously shown that
the HIV-2 protease removes a short region of 40 amino
acids from the central domain of eIF4G that was shown to
exhibit a strong RNA binding activity and this event
results in the specific inhibition of ribosomal scanning by
a, yet, unknown mechanism (48,49).
Taken together, these data suggest that both PABP and

the carboxy-terminal domain of eIF4G are required for
efficient miRNA repression and this effect seems to be
linked to ribosomal scanning.
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miRNA-mediated repression is modulated by the
composition of the 50-UTR

Ribosomal scanning is a difficult process to study, as it
involves many factors and it is hard to distinguish from
other translational steps, such as ribosomal binding or

AUG recognition (51). Nevertheless, both 50-UTR
length and structure have been shown to modulate ribo-
somal scanning rate. We thus decided to investigate the
influence of 50-UTR composition on miRNA effect. For
this we cloned different human 50-UTR in our Luc and
Luc-451X6 vectors (Figure 4A). In addition to the 50-UTR

Figure 3. PABP and eIF4G are required for miRNA-mediated repression independently from their physical interaction. (A) Translation of Luc and
Luc-451X6 RNAs was carried out in untreated RRL after addition of HRV 3C protease as indicated. (B) Translation of Luc and Luc-451X6 RNAs
was carried out in untreated RRL after addition of 2ml in vitro translated L-protease, E64 protease inhibitor (10mM) or both as indicated. (C)
Translation of Luc and Luc-451X6 RNAs was carried out in untreated RRL after addition of 2 ml recombinant HIV-2 protease, the palinavir
protease inhibitor (10 mM) or both as indicated. (D) Translation of Luc and Luc-451X6 RNAs was carried out in RRL and treated with 2 ml HIV-2
protease for 10min. The reaction was then stopped by addition of the palinavir protease inhibitor (10 mM) and the recombinant PABP (500 ng) or
eIF4G (1mg) were added to the mixture for a further 50min before luciferase analysis. Results are shown as translation efficiency (left panels) and
miRNA effect (right panels), as described in ‘Materials and Methods’ section. Error bars correspond to SD obtained from three independent
experiments; * corresponds to a P-value <0.05; ** corresponds to a P-value <0.01; (non directional t-test).
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of b-globin which was used as a positive control in the
system, we have deliberately chosen genes harboring
complex and structured 50-UTRs such as BCL3 (75 nt.,
81% GC rich), GAPDH (102 nt., 61% GC rich), Hsp70
(243 nt., 63% GC rich), Cyclin D2 (269 nt., 62% GC rich)
and Line-1 (909 nt., 58% GC rich) (Figure 4A). As
expected (Figure 4B, left panel), the efficiency of transla-
tion strongly differed between the different 50-UTR tested,
with b-globin and GAPDH driving translation at similar
rates, while translation driven by BCL3, Hsp70, Cyclin D2
and Line-1 50-UTRs was significantly less important.
Interestingly, the nature of the 50-UTR considerably
influenced the level of miRNA-mediated inhibition
(Figure 4B, right panel). However, we were surprised to
observe that we could not draw any linear correlation
between the complexity of the 50-UTR and the level of
miRNA repression (Line-1 mRNA being only slightly
affected by miRNAs although its 50-UTR corresponds to
the longest tested). Nevertheless, it is noteworthy that no
linear correlation could be drawn either between the
complexity of the 50-UTR structure and the overall trans-
lational efficiency (compare translational efficiency for
GAPDH with the others).

A possible explanation for these rather puzzling results
is to consider that the structure of the 50-UTR does not
only influence ribosomal scanning but also initial binding
of the ribosome. Thus, we may have combined two effects,
binding and scanning, that could explain this lack of cor-
relation. Alternatively, it has recently been shown that a
specific subset of mRNAs with complex RNA structures
can recruit additional RNA helicases such as DHX29 and
DDX3 to facilitate the progression of the 43S complex
(52,53). Therefore, complex-structured 50-UTR may be
better translated because they have the ability to recruit
additional RNA helicases. Taken together these data
suggest that the structure of the 50-UTR plays a role in
the magnitude of the miRNA response but the mechanism
by which this occurs needs to be investigated further.

Ribosomal scanning is required for miRNA-mediated
inhibition

As stated earlier, the 50-UTR corresponds to the region
where ribosomes initially contact the mRNA (via a large
number of eIFs) and is also the place where linear
scanning of the 43S pre-initiation complex takes place.
Therefore, to distinguish which one of these two

Figure 4. miRNA-mediated translation inhibition is affected by 50-UTR composition. (A) Schematic representation of the Renilla luciferase RNA
used, which contains either no target sites (Luc) or six target sites for miR-451 (Luc-451) at the 30-end. Expression of this construct was driven by
various 50-UTR that were derived from cellular transcripts as shown on the table (stability of the 50-UTR was predicted using the mfold program).
(B) Translation of Luc and Luc-451X6 RNAs driven by different 50-UTR was carried out in untreated RRL. Results are shown as translation
efficiency (left panel) and miRNA effect (right panel), as described in ‘Materials and Methods’ section. Error bars correspond to SD obtained from
three independent experiments.
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mechanisms (binding or scanning) is targeted by miRNAs,
we have used the well-characterized IRESes from the
encephalomyelocarditis virus (EMCV) and poliovirus
(PV) viruses. These two IRESes are known to recruit the
40S ribosomal subunit in a similar way with entry being
some 25 nt downstream the conserved polypyrimidine rich
tract at the vicinity of an AUG codon (54). However, once
bound to the EMCV mRNA, the 40S ribosome recognizes
the AUG codon and initiate translation exclusively from
this point with limited ribosome scanning, whereas, in the
case of PV, the pre-initiation complex scans some 150 nt
before it finds and recognizes the authentic AUG codon
(54). Thus, we have exploited these differences to test
whether miR-451 repression interferes with ribosome
scanning. These IRESes have been inserted in front of
the luciferase reporter gene (see Figure 5A) and reporter
constructs were transcribed to create uncapped and
polyadenylated RNAs as they are naturally found during
the viral replication cycle. As observed (Figure 5B), trans-
lation mediated by these viral IRESes exhibited a different
sensitivity to miRNA repression with the PV construct
being repressed whereas function of the EMCV IRES
was only slightly affected. Although a lack of effect of
miRNAs on the EMCV IRES has been reported previ-
ously (14,16,17,22,45), the ability of miRNAs to repress
translation driven by the PV IRES had never been tested
so far. This most probably reflects differences in ribosomal
movement and further supports the finding that miRNAs
repress translation by interfering with ribosomal scanning
with no, or little, effect on ribosomal attachment.
As it could be argued that the differences between PV

and EMCV IRESes could also be explained by their
relative different translational efficiency in the RRL, we
have used the L protease to enhance translation of the PV
IRES as previously reported (55). This is presented in
Supplementary Figure S3 and nicely shows that the mag-
nitude of miRNA repression does not vary upon stimula-
tion of the PV IRES by the L protease.
To further confirm these data, we have used a chimeric

IRES made between EMCV and PV (Figure 5A); interest-
ingly, it has been shown that switching the 30IRES
boundaries between PV and EMCV was sufficient to
induce ribosomal scanning on EMCV (33). We therefore
tested the impact of miRNA activity on this EMCV/PV
chimera (Figure 5B). Interestingly, translation of the
EMCV/PV chimeric IRES which contains the EMCV
core and the PV ‘scanning segment’ became sensitive to
miRNA binding (see EMCV/PV) further suggesting that
ribosomal scanning is the step of translation that is
regulated by miRNAs.

miRNAs have no effect on ‘non scanning’ mRNAs such as
HCV and HCV-like IRESes

Data presented in this article suggest so far that transla-
tion inhibition induced by miR-451 requires ribosomal
scanning. Thus, given these data, we made the assumption
that a mRNA that could initiate translation independently
from ribosomal scanning would not be affected by
miR-451. Such an mRNA exists in the form of HCV
and CSFV IRESes that are naturally uncapped and

non-polyadenylated (56). Thus, HCV- and CSFV-
luciferase were translated in their natural conformation
with or without miR-451 target sites as shown in
Figure 5A. As it was anticipated and previously shown
for HCV (17,21,22), translation driven by both IRESes
was not repressed by miR-451 (Figure 5C). We have
recently shown that the presence of the poly(A) tail was
absolutely required for miRNA-mediated translation re-
pression (22). Thus, from the experiment carried out with
HCV/CSFV, it could be argued that the lack of miRNA
effect could be due to the physical absence of a poly(A)
tail on these two mRNAs. To circumvent this problem, we
next used the IRESes of two members of the
Picornaviridae family that were shown to initiate transla-
tion in a way that is closely related to HCV and CSFV.
These picornavirus are namely the AEV and SVV (35,36),
for which the viral RNA is uncapped but it contains a
poly(A) tail (Figure 5A); however, it does not functionally
initiate translation in a poly(A)/PABP dependent manner
but rather rely on an HCV- and CSFV-like mechanism for
ribosome recruitment. Interestingly, translation of these
constructs in our system was not inhibited at all by the
binding of miR-451 and showed a very similar and com-
parable behavior to that obtained with the HCV and
CSFV IRESes (Figure 5C). Thus, it confirms that
miRNA repression cannot occur when translation initi-
ation operates in the absence of ribosomal scanning even
if the mRNA target harbors a poly(A) tail.

DISCUSSION

miRNA repression affects several stages of gene expres-
sion including translation (7,9,12–17,19,20), deadeny-
lation and decay of target mRNAs (6,7,23,24). Although
it has been shown that miRNA-mediated deadenylation is
translation independent (6,57), recent data suggest that
miRNA repression first occurs at the translational stage
before it can undergo deadenylation (3,5,30,31). Differen-
ces in the mechanism by which miRNAs repress gene
expression are likely to reflect the fact that several
overlapping mechanisms are at use or that differences in
experimental design may introduce bias. To support this
latter hypothesis, important variations in the magnitude of
miRNA repression have been reported with different
methods of cell transfection such as cationic lipids versus
electroporation or DNA versus RNA (58), but also in the
composition of the intrinsic promoter (SV40 versus TK)
(59) or even in the sequence of the miRNA itself (60). In
order to minimize any experimental bias, we have chosen
to study the effect of the most abundant endogenous
miRNA (miR-451) contained in the RRL, which was
shown to faithfully recapitulate translational repression
without inducing deadenylation nor RNA degradation
(22). This was further verified in this present article by
using an internalized poly(A) tail and we could show
that this did not change significantly the level of repression
induced by miRNAs (Supplementary Figure S1). Using
this system, our initial goal was to find which stage of
translation was repressed. This is an important unresolved
issue as several conflicting reports showed that it could
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occur at initiation or elongation steps (7,9,12–17,19,20) or
even by inducing proteolytic cleavage of nascent peptides
through a, yet, uncharacterized machinery (11).

Our experimental strategy consisted of using a spectrum
of natural or chemical molecules that are specifically tar-
geting different stages of translation. By using puromycin
and cycloheximide, we showed that the relative level of
miRNA repression was not affected suggesting a mode
of action upstream from the elongation step (Figure 1).
This result is consistent with type I miRNA-repressed
mRNAs, defined by Kong and coworkers, for which
miRNA repression takes place at translation initiation
and are not affected by the addition of low amounts of

cycloheximide (59). Furthermore, it also confirms that
miRNA-targeted mRNAs are undergoing active trans-
location of elongating ribosomes as previously suggested
(12,59). Addition of the proteasome inhibitor MG132
showed that miRNA did not induce neo-synthesized
peptide degradation (Figure 1) and the use of both
MDMP and GMP-PNP ruled out any involvement of
miRNAs in the control of 60S ribosome subunit joining
(Figure 2). This suggests that repression induced by
miR-451 happens at an early stage of translation,
pointing out to an effect on the initiation stage of
protein synthesis. Translational inhibition by miRNAs
has already been shown to require both eIF4F and

Figure 5. Ribosomal scanning is required for miRNA-mediated inhibition. (A) Schematic representation of the Renilla luciferase RNAs in which
translation initiation was driven by EMCV, PV, the EMCV/PV chimera, HCV, CSFV, SVV or AEV IRES. (B) Translation of Luc or Luc-451X6
constructs containing the EMCV, PV, EMCV/PV IRES or globin 50-UTR as a control, in the untreated RRL. (C) Translation of Luc or Luc-451X6
constructs containing the HCV, CSFV, SVV, AEV IRES or globin 50-UTR as a control in the untreated RRL. Results are shown as translation
efficiency (left panels) and miRNA effect (right panels), as described in ‘Materials and Methods’ section. Error bars correspond to SD obtained from
three independent experiments; * corresponds to a P-value <0.05; ** corresponds to a P-value <0.01; (non directional t-test).
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PABP in cell extracts (6,16). We thus wanted to test
whether this is also the case in RRL. To this end, we
tested a combination of proteins that cleave either PABP
or eIF4G or both (Figure 3). We found that PABP and
eIF4G are both required but this is not due to their
physical interaction. Rather we observed that an RNA
binding motif of eIF4G implicated in scanning may be
important. We thus tested whether the composition of
the 50-UTR, which is known to modulate ribosomal
scanning, could also exert an effect on RISC activity
(Figure 4). Although we did not find any linear correlation
between 50-UTR structure and the magnitude of miRNA
repression, we observed strong variations among the dif-
ferent 50-UTR tested. This simply indicates a strong rela-
tionship between the composition of the 50-UTR and the
level of repression by miRNAs. Since the 50-UTR controls
translation initiation in eukaryotes both by modulating
ribosomal binding and scanning (61), we then wanted to
investigate further which of these two steps was involved
in the repression mediated by miRNAs.
For this, we used an experimental approach consisting

of testing the EMCV and PV IRESes that are known to
bind and recruit the ribosome in a similar manner but are
very different in terms of ribosome scanning (62).
Interestingly, we found that miR-451 massively repressed
PV-driven translation with only marginal effects on
EMCV (Figure 5), suggesting that interference did not
occur at the ribosome binding step but rather during
ribosome scanning. Finally, the use of pestivirus and
pestivirus-like IRESes confirmed the lack of miRNA re-
pression in the absence of ribosomal scanning despite the
physical presence of the poly (A) tail (Figure 6).
Although our results show the implication of ribosomal

scanning and the involvement of both PABP and eIF4G in
this mechanism, we are still lacking the exact molecular
mechanistic. In a recent report by Zekri et al. (28),
Drosophila GW182 (a RISC associated factor) was
shown to bind PABP and to impair its interaction with
eIF4G therefore disrupting the closed-loop structure and
inducing translation inhibition. While this work was in
progress, Fukaya and Tomari (37) showed by using a
Drosophila based in vitro system that the PABP was
neither required for translational repression nor
deadenylation. Our data show that, both eIF4G and
PABP are required for miRNA-mediated inhibition
(Figure 3) but this would not be due to their physical
interaction. Consistent with this is the fact that PABP
cleavage mediated by 3C or HIV-2 protease does not
separate the eIF4G binding domain from poly(A)
binding activity (46). Indeed, both eIF4G and poly(A)
interact specifically with the N-terminal part of PABP,
while proteases rather cleave the C-terminal domain
(46). Interestingly, PABP cleavage by HRV 3C protease
has been shown to eliminate its interaction with other
factors implicated in translation, such as Paip1, Paip2,
eRF3 and eIF4B (46,63,64). Strikingly, PAM2 domain
of GW182 has also been shown to interact with the
C-terminal domain of PABP (6,28,65). GW182 may thus
interfere with PABP association with one of those import-
ant translation factors. The understanding of how
miRNAs and GW182 can interfere with PABP function

and ribosomal scanning will be a very interesting challenge
for future work.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online:
Supplementary Figures 1–3.
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ABSTRACT

The Epstein–Barr virus protein (EB2) allows the
nuclear export of a particular subset of early and
late viral RNAs derived from intronless genes. EB2
is conserved among most herpesvirus members and
its presence is essential for the production of infec-
tious particles. Here we show that, besides its role
as a nuclear export factor, EB2 strongly stimulates
translation of unspliced mRNAs without affecting
overall cellular translation. Interestingly, this effect
can be reversed by the addition of an intron within
the gene. The spliced mRNA is then efficiently
exported and translated even in the absence of
EB2. Moreover, we show that EB2 associates with
translating ribosomes and increases the proportion
of its target RNA in the polyribosomal fraction.
Finally, testing of EB2 homolog proteins derived
from EBV-related herpesviruses, shows that, even
if they play similar roles within the replication cycle
of their respective virus, their mechanisms of action
are different.

INTRODUCTION

In eukaryotic cells, gene expression is tightly controlled
from the biogenesis of messenger RNAs (mRNAs)
within the cell nucleus, until their export and translation
in the cytoplasm (1). In particular, the control of mRNA
translation is a multi-step complex mechanism mediated
by a large number of factors. Translation initiation
appears to be the rate-limiting and most regulated step
of the overall translation mechanism (2,3). Regulation of

translation initiation is mediated mostly by initiation
factors, which recruit the 40S ribosomal subunit to the
50 cap of the mRNA, allow scanning to the initiation
codon and then the recruitment of the 60S ribosomal
subunit (4).

Even though maturation of pre-mRNAs occurs in a
different cellular compartment than translation, proteins
that participate in the former process can also play a
role in the latter. Indeed, translation stimulation of
intron-containing genes has been observed in several sys-
tems and is linked to proteins that participate either in
splicing or in the export of spliced mRNAs (5–12).
Among these, the exon junction complex (EJC), which is
deposited during splicing and plays an important role in
mRNA surveillance, is able to modulate translation of
spliced mRNAs through the mTOR pathway (7). Other
proteins involved in translation stimulation of spliced
mRNAs comprise the Ser-Arg-rich (SR) proteins that
play a role not only in pre-mRNA splicing and spliceo-
some assembly but also in splice-site recognition and selec-
tion (13,14). Conversely, recent data have also shown
that some of the SR proteins, which shuttle from the
nucleus to the cytoplasm together with the spliced
mRNA, can be associated with translating ribosomes
to stimulate the translation of spliced mRNAs (11,15).
This would allow the cell to ensure that only fully spliced
RNAs are expressed as opposed to unspliced or incom-
pletely spliced RNAs that could result in translation of
aberrant proteins.

Viruses have evolved different mechanisms to efficiently
export and translate unspliced RNAs. One example is the
constitutive transport element (CTE) present in simple
retroviruses, such as the Mason–Pfizner monkey virus
(MPMV), which interacts with the TAP/NXF1 export
protein and the cellular protein NXT1/p15 to promote
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export and translation of unspliced genomic RNA
(15–18). Again, translation stimulation of unspliced
RNAs containing the CTE seems to rely on SR proteins
such as 9G8 (15). For complex retroviruses, such as lenti-
viruses, the unspliced genomic RNA is exported by the
viral protein Rev which interacts with cis-acting sequences
located within the envelope coding region of the RNA,
allowing export and translation stimulation (19–22).

The Epstein–Barr virus (EBV) early protein EB2 (also
known as BMFL1, Mta or SM) shares several features
with mRNA export factors. It is able to interact with
RNA both in vitro and in vivo (23–25), it shuttles between
the nucleus and the cytoplasm and it allows the cytoplas-
mic accumulation of unspliced RNAs generated from
intronless and intron-containing genes, probably by the
recruitment of REF and TAP/NXF1 (24,26–28). EB2 is
essential for the production of viral particles and promotes
the nuclear export of some early and most late viral
mRNAs generated from EBV intronless genes (28).
Moreover, like EBV many other herpesviruses code for
a protein similar to EB2, i.e. ICP27 from herpes simplex
virus type 1 (HSV1) (29–31), UL69 from cytomegalovirus
(CMV) (32) ORF57 from Kaposi’s sarcoma-associated
herpesvirus (KSHV) (33) and ORF57 from herpesvirus
saimiri (HVS) (34). All these proteins act as nuclear
mRNA export factors but surprisingly their function
cannot be trans-complemented between each other
(27,35).

As cellular mRNA export factors, EB2 shuttles from
the nucleus to the cytoplasm, probably associated with
its target mRNAs, suggesting that it could also affect
their translation. We thus tested the effect of EB2 on
translation from an intronless reporter construct coding
for the Renilla luciferase. In this system, translation stim-
ulation was measured by analyzing the expression levels
of Renilla luciferase normalized to the amount of cyto-
plasmic mRNAs determined by quantitative PCR. Our
results show that EB2 strongly and specifically stimulates
translation of intronless mRNAs without affecting overall
cellular translation or protein stability. Introduction of an
intron in this construct stimulates the efficiency of export
and translation of the luciferase mRNA and at the same
time abrogates the effect of EB2. Interestingly, the increase
in translation of the luciferase mRNA generated from
the intronless construct in the presence of EB2, correlates
with an increase in the proportion of luciferase mRNA
associated with polyribosomes. Moreover, we show that
EB2 itself is associated with polyribosomes. Finally, a
comparison between EB2 homologs from EBV-related
viruses (HSV-1, CMV, KSHV) led us to conclude that
their mechanisms of action are different.

MATERIALS AND METHODS

Cell lines and transfections

HeLa and HEK293T cells were grown in Dulbecco’s mod-
ified Eagle medium supplemented with penicillin, strepto-
mycin and 5% fetal calf serum (Invitrogen). NIH3T3
PKR-deficient cells (36) and NIH3T3 wild-type cells
were grown as described for HeLa cells. For experiments

using EBV gene-derived constructs, transfections were
performed in 100mm plates using calcium phosphate
with 15 mg of total DNA (0.5 mg of pTRE2-Flag.BDLF1,
0.25mg of pCI-Flag.EB2 and 0.5mg of pTet-On or pTet-
Off expression vectors (Clontech) and pUC18 up to 15 mg).
When necessary, doxycyclin was added at a concentration
of 1 mg/ml. For experiments using the luciferase reporter
plasmids, transfections were carried out in 60mm
plates using Lipofectamine 2000 (Invitrogen) following
the manufacturer’s protocol. For the metabolic labeling
experiments, transfection of HeLa cells with the EB2
expression plasmid was carried out in six-well plates
using Lipofectamine 2000 (Invitrogen). The efficiency of
transfection was evaluated by transfecting the pEGFP-C1
plasmid (Clontech) in the same conditions and counting
the number of green fluorescent cells by FACS. Over 60%
of the cells expressed GFP. For polysomal fractionation,
HEK293T cells were seeded at 2! 106 on a 150mm cul-
ture dish 3 days before polysomal fractionation. Forty-
eight hours before harvesting, cells were transfected with
1.25mg of luciferase-coding plasmid together or not with
6.25mg of pCI-Flag.EB2, using PEI reagent.

Plasmids

The pCI-Flag.EB2 construct has been previously
described (28). For pTRE2-Flag.BDLF1, the EBV
BDLF1 open reading frame tagged with the Flag epitope
was amplified by PCR and cloned into the BamHI and
XbaI sites of the pTRE2 expression plasmid (Clontech).
The pTet-On vector was supplied by Clontech (Tet-Off
and Tet-On gene expression systems). The pcDNA
GlobinRen reporter plasmid was constructed by cloning
the human b-globin 50UTR (with the authentic initiation
codon) followed by the Renilla luciferase reporter gene,
amplified by PCR from the p-Globin Renilla vector (37)
into the double digested (XbaI/AflII) pcDNA3.1 expres-
sion vector. For the pcDNAIntron-GlobinRen, the
sequence corresponding to the intron of the human
b-globin gene was amplified by PCR and cloned into the
pcDNAGlobinRen vector previously digested by XbaI.
pCI-mycORF57 contained the complete ORF57 coding
sequence (first exon included) cloned in frame with the
myc epitope, in pCI (Promega). The expression plasmid
for UL69 (pCMV-UL69) was kindly provided by
T. Stamminger (38). The expression plasmid for ICP27
(pCI-FlagICP27) has been previously described (27).

RNA extraction and real-time quantitative PCR
(RT-PCR) from cytoplasmic RNAs

Cells were first scraped from the dish and then resus-
pended in 200 ml of cold RLNa buffer (10mM Tris–HCl
(pH 8), 10mM NaCl, 3mM MgCl2, 1mM DTT, 0.5%
NP40 and 10U/ml of RNaseOUT (Invitrogen). After
5min incubation on ice, lysed cells were centrifuged for
2min at 400g at 48C and the supernatant was then recov-
ered. One milliliter of Trizol (Invitrogen) was then
added to the supernatant and RNAs were extracted fol-
lowing the Trizol protocol provided by the manufacturer.
Cytoplasmic RNAs (1mg) were treated with RQ1 DNAse
(Promega) to avoid DNA contamination and reversed
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transcribed with (dT)16 and 1 ml of Superscript II enzyme
(Invitrogen) in a 20 ml reaction mix at 428C for 1 h.
PCRs were performed using a Taq core kit (Q-Biogen)

with a set of specific primer pairs (BDLF1 forward/
BDLF1 reverse: Table 1) on various amounts of the RT
reaction mixtures (0.05, 0.4, 1 or 2 ml) to have a linearly
increasing signal after 25 PCR cycles. The PCR-amplified
fragments were then analyzed on 2% agarose gels. We
evaluated the endogenous expression of b-actin mRNA
by RT-PCR (b-actin forward/b-actin reverse: Table 1).
Amplification of a 690-bp DNA fragment corresponding
to the b-actin mature mRNA showed that no DNA con-
tamination was present in our RNA preparations. We
tested for the presence of U6 snRNA using RT-PCR
(U6 forward/U6 reverse: Table 1).
For RT-qPCR, a 20 ml reaction was prepared with 5 ml

of template cDNA (1/20 diluted), 10 ml of MESA green
SYBR premix (Eurogentec), 0.2 mM of each primer and
subjected to amplification using a fluorescence thermocy-
cler (Applied Biosystems 7000 RT-PCR, Foster City, CA)
under the following conditions: 10min at 948C for initial
denaturation, followed by 40 cycles of denaturation at
958C for 15 s, annealing at 608C for 15 s and elongation
at 728C for 30 s. This program was followed by a melting
curve analysis in order to verify the specificity of the PCR
product. Renilla luciferase was amplified in parallel with
the housekeeping gene GAPDH (for HeLa cells) or HPRT
(for mouse cells) and relative copy numbers of Renilla
cDNAs were compared to GAPDH using x–!Ct (where
x corresponds to the experimentally calculated amplifica-
tion efficiency of each primer couple). The primer
sequences used in this study (presented in Table 1) were
designed using Beacon designer software (from
PREMIER Biosoft).

Western blotting analysis

Cells were collected by centrifugation, lysed on ice for
30min in 100ml of HNTG buffer (50mM HEPES pH
7.5; 150mM NaCl; 1% Triton X-100; 10% glycerol;
1mM EDTA; 1mM phenylmethylsulfonyl fluoride).

Proteins were separated on 10% sodium dodecyl sulfate-
polyacrylamide electrophoresis gels and then transferred
to a nitrocellulose membrane by electroblotting (Hybond-
ECL; Amersham Biosciences). Membranes were
incubated with, respectively, anti-Flag M2 (Sigma) or
anti a-tubulin (T5168, Sigma) monoclonal antibodies or
an anti-PABP (kind gift from S. Morley) rabbit polyclonal
antibody (39). Goat anti-mouse horseradish peroxidase
conjugate or goat anti-rabbit horseradish peroxidase con-
jugate (Amersham) were used at a dilution of 1:5000 as
secondary antibodies. For immunoblot detection, the
ECL system (Amersham) was used.

Luciferase assays

Renilla activity from transfected cells was measured in a
VeritasTM Luminometer (Turner Biosystems) using the
Renilla luciferase assay system (Promega Madison Co).
Luciferase activity was measured for identical amounts
of total protein as evaluated by Bradford assay.

Polyribosome fractionation

Polyribosome fractionation was performed essentially as
described previously (40,41). Forty-eight hours after trans-
fection, HEK293T cells were treated with 100 mg/ml cyclo-
heximide at 378C for 5min and harvested by scraping
from the plate. In some experiments, EDTA was added
to the cell lysate at a final concentration of 15mM to dis-
rupt the polysomes. The gradient was collected from
the top using a Piston Gradient Fractionator (BioComp,
New Brunswick, Canada) with concomitant measurement
of the absorbance at 254 nm using an AKTA purifier (GE
Healthcare, Amersham Biosciences, Piscataway, NJ)
coupled to a fraction collector. For western blotting,
20 ml of each fraction were separated on 12% sodium
dodecyl sulfate-polyacrylamide electrophoresis gels and
then transferred to a PVDF membrane (Amersham bio-
sciences) by electroblotting. The membrane was then incu-
bated with various antibodies as described above in
the ‘western blotting analysis’ section. RNA extraction
was performed as described (15). RNAs were then reverse
transcribed and analyzed by quantitative PCR as
described above.

RESULTS

EB2 stimulates protein expression from EBV-derived
mRNAs

It has been shown that the EBV-encoded viral protein EB2
acts as a nuclear export factor for a particular subset of
mRNAs generated from intronless genes and for some
unspliced mRNAs derived from intron-containing genes
(24,26–28). However, although EB2 probably shuttles
from the nucleus to the cytoplasm together with the
exported RNA, the effect of EB2 on mRNA translation
has never been reported. This prompted us to test whether
expression of EB2 could have an influence on translation
of its target viral mRNAs. We thus tested the effect of EB2
on translation of an EBV-encoded mRNA whose cyto-
plasmic accumulation depends on EB2. In order to control

Table 1. PCR primers used in this studya

Primer name Primer sequence

BDLF1 forward CAGATTTGAAAGTGGTAGTGTC
BDLF1 reverse TTATCTTAACCAGCAAGTGGCCG
b-actin forward (Human) GCTGCGTGTGGCTCCCGAGGAG
b-actin reverse (Human) ATCTTCATTGTGCTGGGTGCCAG
GAPDH forward (Human) TCCACCACCCTGTTGCTGTAG
GAPDH reverse (Human) ACCCACTCCTCCACCTTTGAC
HPRT forward (Mouse) TCATTATGCCGAGGATTTGGA
HPRT reverse (Mouse) CAGAGGGCCACAATGTGATG
Renilla forward AGGTGAAGTTCGTCGTCCAACATTATC
Renilla reverse GAAACTTCTTGGCACCTTCAACAATAGC
18S rRNA forward (Human) GTGGAGCGATTTGTCTGGTT
18S rRNA reverse (Human) CGCTGAGCCAGTCAGTGTAG
28S rRNA forward (Human) TGGGTTTTAAGCAGGAGGTG
28S rRNA reverse (Human) AACCTGTCTCACGACGGTCT
U6 forward (Human) CGCTTCGGCAGCACATATAC
U6 reverse (Human) AAAATATGGAACGCTTCACGA

aPrimers for real-time PCR were designed using Beacon designer
software (from PREMIER Biosoft).
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transcription of the target mRNA, we used the Tet-On
gene expression system (Clontech) to express the EBV
BDLF1 late mRNA (Figure 1A). For this, the
pTRE2-Flag-BDLF1 plasmid was transfected into HeLa
cells together with the pTet-On vector (Clontech) and with
or without the EB2 expression plasmid. Expression of EB2
and the BDLF1 protein was then monitored by western
blotting using an anti-Flag antibody (Figure 1B). The
amount of cytoplasmic BDLF1 mRNAs was quantified
by semi-quantitative RT-PCR (Figure 1C). In cells
cotransfected with the BDLF1 reporter plasmid and the
pTet-On vector, in the absence of doxycycline, no BDLF1
protein was detected (Figure 1B, lane 4) and only a low
amount of BDLF1 mRNAs were detected by RT-PCR
(Figure 1C, lane 4). In these conditions, the expression
of EB2 enhanced the cytoplasmic accumulation of the
corresponding BDLF1 mRNA (Figure 1C, lane 6) but
again no BDLF1 protein was detected (Figure 1B, lane
6). When doxycycline was added, the transcription of
BDLF1 mRNAs was strongly stimulated (Figure 1C,
lane 3) although only low levels of BDLF1 protein were
detected by western blot in the absence of EB2 (Figure 1B,
lane 3). However, in the presence of EB2 there was a large

increase in the amount of BDLF1 protein expressed
(Figure 1B, lane 5) although the amount of BDLF1
mRNA detected in the cytoplasm was comparable to
that in the absence of EB2 (Figure 1C, compare lanes 3
and 5). Indeed, in these conditions, transcription of
BDLF1 triggered by doxycycline was so strong that
it appeared to compensate for the otherwise poor cyto-
plasmic accumulation observed in the absence of EB2.
This allowed us to focus just on the effect of EB2 on
BDLF1 translation without introducing a bias with the
amount of mRNA. Finally, upon addition of doxycycline,
only a weak signal corresponding to the BDLF1 mRNA
expression was detected by RT-PCR in the absence or
presence of EB2 (Figure 1C, lanes 1 and 2) and no
BDLF1 protein expression was detected (Figure 1B,
lanes 1 and 2) thus ruling out any non-specific effect of
doxyxycline on BDLF1 expression in the absence of the
pTet-On vector. Essentially similar results were obtained
using the Tet-Off system for which transcription of
BDLF1 was triggered by the absence of doxycycline
(data not shown).
These results strongly suggest that EB2 is able to

stimulate protein expression from EBV-derived mRNAs.

EB2 stimulates both export and translation independently
of an EBV-specific sequence without affecting global
mRNA translation

In order to quantify the relative effects of EB2 on mRNA
export and translation we designed a reporter construct
containing the 50UTR of the human b-Globin gene fol-
lowed by the Renilla luciferase coding region under the
control of the cytomegalovirus (CMV) immediate early
promoter (Figure 2A). It is important to note that this
construct does not contain any EBV-related sequence.
This construct was cotransfected together with the EB2
expression vector in HeLa cells and total luciferase activity
was analyzed 24 h after transfection (Figure 2D, top
panel), while expression of EB2 was measured by western
blotting (Figure 2B). Cytoplasmic RNAs were extracted
and we first quantified the amount of U6 snRNA in order
to make sure that our cytoplasmic fractions were not
contaminated by nuclear material (Figure 2C). Then cyto-
plasmic luciferase RNAs were quantified by relative quan-
titative RT-PCR using the housekeeping gene GAPDH as
an internal control (Supplementary Figure 1).
Interestingly, EB2 had no effect on GAPDH mRNA
export thus ruling out any bias in the relative quantifica-
tion of luciferase-coding mRNAs. As expected, expres-
sion of EB2 promoted the cytoplasmic accumulation of
luciferase-coding RNAs in a dose-dependent manner
(Figure 2D, middle panel) thus leading to a stimulation
of luciferase expression (Figure 2D, top panel). The luci-
ferase activity measured in each assay was then normal-
ized to the amount of luciferase cytoplasmic RNAs. This
gives an exact measure of the luciferase activity per RNA
molecule, and thus can be considered as a quantitative
representation of the translation rate. Interestingly, using
this quantification we found that an average 7-fold stim-
ulation of luciferase mRNA translation in the presence of
EB2 was observed (Figure 2D, bottom panel).

Figure 1. EB2 stimulates expression of the late EBV viral protein
BDLF1. (A) Schematic representation of the BDLFI-encoding con-
struct pTRE2-Flag-BDLF1. (B) Western analysis of Flag-BDLF1
expression in HeLa cells transfected with pTRE2-Flag-BDLF1,
together with pTet-On and an expression plasmid for Flag-EB2 (pCI-
FEB2) as indicated in the figure. Doxycycline was added as indicated.
The M2 anti-Flag MAb was used to visualize both Flag-BDLF1 and
Flag-EB2 proteins. (C) Quantification of the BDLF1 cytoplasmic RNA
by semi-quantitative RT-PCR in HeLa cells transfected as described
above.
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To test any impact EB2 could have on the stability of
the neosynthesized luciferase protein we analyzed the sta-
bility of the luciferase protein in the absence and presence
of EB2. For this, we blocked cellular translation by adding
cycloheximide and measured luciferase decay activity over
time on cells expressing, or not, EB2. As shown in
Figure 3A, EB2 did not affect the stability of the Renilla
luciferase protein, which had a 30-min half-life both in the
absence and presence of EB2.
Furthermore, the lack of EBV-derived sequences on the

luciferase reporter construct prompted us to test the effect
of EB2 on global cellular mRNA translation. We thus
performed a metabolic labeling of cells expressing (or
not) EB2 (Figure 3B). For this, cells were pulsed in the
presence of radiolabeled methionine for 30min. Cells were
then lysed and proteins resolved on SDS–PAGE to quan-
tify the overall cellular translation rates. As shown in
Figure 3B, we did not detect any significant difference in

translation rates between cells expressing EB2 and those
not expressing EB2.

We also wanted to exclude the possibility that translation
stimulation driven by EB2 depends on protein kinase R
(PKR). PKR is the principal cellular factor involved in the
interferon-mediated inhibition of viral translation. This
kinase is activated by double-stranded RNA and this acti-
vation leads to the phosphorylation of initiation factor
eIF2a, thus inhibiting translation initiation of all cellular
and viral RNAs (42,43). We thus monitored luciferase
translation both in NIH3T3 PKR-deficient cells (36)
and wt NIH3T3 in the presence or absence of EB2.
We found that EB2 was able to stimulate translation of
luciferase codingmRNAs even in the absence of PKR (Sup-
plementaryDataFigure2),whichargues foramechanismof
translation stimulation independent of the PKR pathway.

Finally, to rule out the possibility that translation rates
were affected by the amount of cytoplasmic mRNAs, thus

Figure 2. EB2 stimulates expression of a Renilla luciferase intronless gene at the translational level, independently of any viral-derived sequence. (A)
Schematic representation of the luciferase intronless coding vector used in this study (pcDNAGlobinRen) showing positions of the CMV promoter
and BGH polyadenylation signal. (B) Immunoblot of HeLa cells cotransfected with pcDNAGlobinRen together with the empty pCI vector or
increasing amounts of the FlagEB2-encoding plasmid, pCI-FlagEB2 (250 and 500 ng). The M2 anti-Flag MAb was used to visualize Flag-EB2.
Asterisk denotes an unspecific band detected by the M2 anti-Flag antibody. (C) Quantification of the amount of U6 snRNA present respectively in
the nuclear and cytoplasmic fractions of cellular extracts used in D. U6 snRNA was amplified by RT-PCR using the specific primer set indicated in
Table 1, and analyzed on a 2% agarose gel. (D) Measure of luciferase activity and quantification of cytoplasmic luciferase-encoding mRNAs by
quantitative RT-PCR using GAPDH as an internal control. Total luciferase activity was measured 24 h post-transfection (top panel) and the amount
of cytoplasmic luciferase coding mRNAs was quantified (middle panel). Translational efficiency (bottom panel) was calculated by normalizing the
total luciferase activity by reference to the amount of cytoplasmic luciferase mRNA. AU: arbitrary units.
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leading to a stimulation of translation which would be
independent of EB2, we transfected increasing amounts
of luciferase expression vector in HeLa cells expressing,
or not, EB2 (Figure 3C). As EB2 expression leads to a
4–5-fold increase of mRNA levels in the cytoplasm, it
was of interest to test if increasing the amount of luciferase
mRNAs in the absence of EB2 could lead to a stimulation
of translation. For this, we measured luciferase translation

rates (luciferase activity/amount of luciferase mRNA) for
increasing amounts of cytoplasmic mRNAs either in the
presence or absence of EB2 (Figure 3C). As presented in
the top panel, luciferase expression increased proportion-
ally with the amount of cytoplasmic mRNAs, both in the
presence and absence of EB2. However, when luciferase
activity was normalized to the amount of cytoplasmic
mRNAs (which corresponds to the translation rate per
arbitrary unit of mRNA) there was no significant change
in luciferase translation rates for increasing amounts
of cytoplasmic luciferase mRNAs in control (pCI) and
EB2-expressing cells (bottom panel). Nevertheless, transla-
tion rates in the presence of EB2 were systematically
4–5-fold more than those in the absence of EB2, and
this for identical mRNA amounts measured in the cyto-
plasm of the cells.
Taken together, these results show that EB2 stimulates

translation of mRNAs without affecting the stability of
the neosynthesized protein. Interestingly, EB2 expression
does not affect global mRNA translation. Moreover,
translation stimulation does not depend on the amount
of cytoplasmic mRNA available for translation.

Addition of an intron within the reporter construct
impairs translation stimulation driven by EB2

Our results show that EB2 is able to stimulate translation
of viral genes and that of a non-related reporter gene with-
out affecting global cellular translation. Consequently,
we focused on understanding the lack of an effect of
EB2 on cellular mRNA translation. Interestingly, EB2
has been shown to specifically stimulate the nuclear
export of mRNA generated from intronless genes (23).
This prompted us to test the translation of an mRNA
generated from an intron-containing gene in the presence
of EB2. We have thus introduced the b-globin intron
within the 50UTR of the luciferase reporter gene
(Figure 4A). In order to test the efficiency of splicing of
the corresponding mRNA, an RT-PCR from cytoplasmic
mRNAs was performed using a forward and reverse
primer flanking the intron (Figure 4B). We observed
that transfection of the intronless construct in HeLa
cells led to the expression of an unspliced mRNA which,
upon RT-PCR, yielded a band of the same size to that
from the control PCR, performed directly using the DNA
plasmid as a template (Figure 4B, lanes 2, 3 and 4). On the
contrary, transfection of the intron-containing construct
led to the expression of an mRNA which, upon RT-PCR,
yielded a band slightly longer than that of the intronless
mRNA, but shorter than that of the control PCR
obtained from the intron-containing DNA plasmid
(Figure 4B, lanes 5–7). This band corresponds to the
spliced form of the luciferase-coding mRNA. Thus the
mRNA transcribed from this intron-containing reporter
gene was efficiently spliced both in the presence or absence
of EB2.
We then quantified the exact amount of cytoplasmic

luciferase mRNA by quantitative RT-PCR and measured
the corresponding luciferase activities (Supplementary
Figure 3). When translation rates were calculated by
normalizing the luciferase activity to the amount of

Figure 3. EB2 does not affect protein stability or global cellular mRNA
translation and its effect on translation is independent of the amount of
cytoplasmic luciferase coding mRNA. (A) Time-lapse measure of total
luciferase activity from HeLa cells mock transfected (pCI) or trans-
fected with an EB2 expression vector (pCI-FlagEB2) (250 ng) after
addition of cycloheximide to block translation. Luciferase activity
was measured 0, 15, 30, 60, 120, 180 and 240min after addition of
cycloheximide to the cell medium. (B) Metabolic labeling of HeLa
cells mock transfected (pCI) or transfected with the EB2-encoding
plasmid (250 ng), using 35S-labeled methionine. After a 30-min pulse
labeling, cells were lyzed and total cellular proteins resolved on 12%
SDS-PAGE. Total translation was quantified by phosphorimaging
using a Fujifilm FLA5100. (C) Top panel: Luciferase activity was plot-
ted against the amount of cytoplasmic luciferase coding mRNAs in
HeLa cells transfected with increasing amounts of luciferase-encoding
plasmid in the absence (pCI) or presence (pCI-FlagEB2) of EB2 (250
and 500 ng). Bottom panel: Translation rates per unit of luciferase-
encoding mRNAs (calculated by normalizing luciferase activity by ref-
erence to the amount of cytoplasmic luciferase-encoding mRNAs) in
HeLa cells transfected with increasing amounts of luciferase-encoding
plasmid in the absence or presence of EB2 expression plasmid. AU:
arbitrary units.
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luciferase-coding mRNA (Figure 4C), we observed a
10-fold more efficient translation of the spliced mRNA
compared to unspliced in the absence of EB2. As expected,
in the presence of EB2 the translation rate of the unspliced
mRNA was increased by a factor 6. However, expression
of EB2 did not further stimulate translation of the spliced
luciferase mRNA but rather led to a mild inhibition.

It is noteworthy, that we also observed an inhibitory
effect of EB2 on the accumulation of luciferase mRNA
generated from the intron-containing construct (Supple-
mentary Figure 3) which corroborates previously pub-
lished data from Ruvolo et al. (44).

These results indicate that EB2 specifically stimulates
translation of intronless mRNAs without significantly
affecting translation of spliced mRNAs.

EB2 co-sediments with polyribosomes and increases the
utilization of reporter mRNA by the translation machinery

To determine whether EB2 is associated with the transla-
tion machinery and to find out whether it increases the
association of its target mRNAs with polyribosomes,
we performed sucrose gradient analysis to separate poly-
ribosomes from monoribosomes and uncomplexed riboso-
mal subunits. HEK293T cells were transfected with
pcDNAIntron-GlobinRen alone, pcDNAGlobinRen
alone or pcDNAGlobinRen together with pCI-
Flag.EB2. Cell extracts were prepared and fractionated
on 10–50% sucrose gradients and fractions were first ana-
lyzed by western blotting. An example of the UV absor-
bance profile of the gradients is shown in Figure 5A and
the corresponding 18S and 28S RNA profile, determined
by RT-PCR, in Figure 5B. UV absorbance and the 18S/
28S RNA profiles from all gradients were very similar.
The polyribosome distribution of EB2 was compared
with that of PABP, a general translation factor for
polyA+ mRNA (45,46) (Figure 5A). As expected,
PABP was present across the gradient from mRNPs to
polyribosomal fractions. Interestingly, EB2 cosedimented
with the 80S ribosome but was also found in the lighter
polysomal fractions. As a control, a-tubulin was only
found associated with the uncomplexed ribosomal subunit
fractions. Furthermore, treatment of cytoplasmic extracts
with EDTA, which is known to induce a dissociation of
mono- and polyribosomes into ribosomal subunits,
induced a redistribution of EB2 to the top of the gradient
(Figure 5D and E).

We then analyzed the distribution of the reporter
mRNAs throughout our sucrose gradients by quantitative
RT-PCR (Figure 5C). Interestingly, the proportion of the
Renilla luciferase mRNA generated from the intron-less
construct, which is found associated with the polyriboso-
mal fractions, is greatly increased in the presence of EB2
(compare the middle and top panels). Furthermore, in the
latter case, the profile of repartition of the Renilla lucifer-
ase mRNA throughout the gradient is very similar to that
obtained with the luciferase mRNA generated from the
intron-containing construct (bottom panel). As expected,
Renilla luciferase mRNA moved to the lighter fractions
of the gradient following EDTA treatment (Figure 5F).
Taken together, these data suggest that EB2 directly
increases the utilization of its target reporter mRNA by
the translation machinery.

EB2 viral homolog proteins exhibit different effects on
mRNA generated from intronless genes

Herpesviruses code for EB2 homolog proteins that also
serve as viral mRNA export factors. Interestingly, despite

Figure 4. Translation stimulation does not occur with spliced mRNAs.
(A) Schematic representation of the intronless (pcDNAGlobinRen)
and the intron-containing (pcDNAIntronGlobinRen) vectors encoding
the Renilla luciferase showing positions of the human b-globin intron
within the 50UTR of the luciferase construct (gray arrows correspond to
positions of the PCR primers used to test efficient splicing of the intron).
(B) RT-PCR (using primers shown in A) from cells cotransfected with
pcDNAGlobinRen and pCI or the EB2-encoding plasmid pCI-FlagEB2
(lanes 2 and 3) or from cells cotransfected with pcDNAIntronGlobinRen
and pCI or pCI-FlagEB2 (lanes 5 and 6), or directly from the purified
DNA vector (lanes 4 and 7). (C) Luciferase activity normalized by
reference to the amount of cytoplasmic luciferase-encoding mRNAs
from HeLa cells cotransfected with pcDNAGlobinRen and pCI or pCI-
FlagEB2, or pcDNAIntronGlobinRen and pCI or pCI-FlagEB2.
The amount of luciferase-encoding mRNAs was monitored by quantita-
tive RT-PCR.
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Figure 5. EB2 cosediments with polyribosomes and enhances utilization of its target mRNA by the translation machinery. (A, B and C) Cell
cytosolic extracts of HEK293T transfected with pcDNAGlobinRen alone or pcDNAGlobinRen together with pCI-Flag.EB2 or pcDNAIntron-
GlobinRen alone, were fractionated across 10–50% sucrose gradients. (A) Fractions from the gradient corresponding to HEK293T transfected
with pcDNAGlobinRen together with pCI-Flag.EB2 were analyzed by western blotting with antibodies against the Flag epitope to detect Flag.EB2,
poly(A)-binding protein (PABP) or a-tubulin. (Top) UV absorbance (254 nm) profile of cytoplasmic ribonucleoprotein complexes. (B) 18S and 28S
RNA profile determined by quantitative RT-PCR. (C) Quantification of the Renilla luciferase reporter mRNA fractionated across 10–50% sucrose
gradients by quantitative RT-PCR. (Top panel) HEK293T transfected with pcDNAGlobinRen. (Middle panel) HEK293T transfected with
pcDNAGlobinRen together with pCI-Flag.EB2. (Bottom panel) HEK293T transfected with pcDNAIntron-GlobinRen. (D, E and F) An EDTA-
treated cytoplasmic extract of HEK 293T cells transfected with pcDNAGlobinRen together with pCIF.EB2 was fractionated across a 10–50%
sucrose gradients. (D) EB2 is relocalized to the top of the gradient. (Top) UV absorbance (254 nm) profile of cytoplasmic ribonucleoprotein
complexes. (E) 18S and 28S RNA profile determined by quantitative RT-PCR. (F) Quantification of the Renilla luciferase reporter mRNA
fractionated across a 10–50% sucrose gradient by quantitative RT-PCR.
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their similarities, EB2 homolog proteins cannot trans-
complement each other for viral production (35,47).
Thus, it was of interest to test the effect of EB2-related
proteins in our system. For this, we used proteins from
each herpesvirus sub-family: ICP27 from HSV1 (herpes
simplex virus 1), an a-herpesvirus, ORF57 from KSHV
(Kaposi’s sarcoma-associated herpesvirus), like EBV a
g-herpesvirus and UL69 from CMV (cytomegalovirus), a
b-herpesvirus. Among these proteins, only ICP27 has been
previously shown to stimulate translation of specific viral
mRNAs (48,49). In order to monitor the effect of these
proteins in our luciferase reporter system, we cotrans-
fected HeLa cells with the intronless luciferase construct
and expression plasmids for the different EB2-related her-
pesvirus proteins and we quantified both cytoplasmic
mRNA accumulation (Figure 6A) and luciferase activity
(not shown). Luciferase expression was again normalized
to the amount of cytoplasmic luciferase-encoding mRNAs
in order to specifically measure the impact of each viral
protein on translation (Figure 6B). Expression of each of
the viral proteins was verified by western blotting (data
not shown). Unexpectedly, the effect observed with EB2
was not conserved for all of the homolog proteins. Indeed,
only UL69 led to a strong luciferase translation stimula-
tion similar to that of EB2 (i.e. 4–5-fold stimulation of
translation), whereas ICP27 and ORF57 did not have a
significant effect (Figure 6B). This was probably due to the
fact that neither ICP27 nor ORF57 appear to export the

luciferase mRNA (expression of ICP27 led in fact to a
40% reduction of the amount of luciferase cytoplasmic
mRNA) contrary to EB2 and UL69, which provoked a
4–5-fold increase of luciferase cytoplasmic mRNA levels
(Figure 6A).

This result shows that EB2 homologs derived from
related viruses have differential effects on a heterologous
mRNA and suggests that export of the mRNA and stim-
ulation of its translation are strongly linked.

DISCUSSION

Although the role of EB2 in the nuclear export of
unspliced RNAs has been extensively studied, its effect
on translation has never been evaluated. With the growing
evidence that cellular mRNA splicing and export factors
are also able to modulate translation of spliced mRNAs,
we decided to test whether the viral protein EB2 could also
affect translation. Indeed, most of the EBV early and late
genes do not contain any intron, suggesting that both
export and translation of the corresponding mRNAs
should be very inefficient. However, this defect is over-
come by expression of the early viral protein EB2, which
interacts with the viral mRNAs to facilitate their cytoplas-
mic accumulation. This tight interaction of EB2 with the
exported mRNA and its transit to the cytoplasm strongly
suggested that EB2 could also affect translation. In fact,
expression of EB2 in cells coding for an EBV-derived
unspliced RNA (BDLF1) led to a strong stimulation of
BDLF1 accumulation that did not depend on an increase
in cytoplasmic levels of the corresponding mRNA. This
result indicates that, besides its role as a nuclear export
factor, EB2 can also stimulate translation of EBV
unspliced RNAs. Interestingly, the effect of EB2 on pro-
tein accumulation from unspliced mRNAs did not depend
on any EBV-derived cis-acting sequence since expression
of an artificial unspliced mRNA encoding for the Renilla
luciferase was also strongly stimulated without affecting
protein stability. Surprisingly, even though EB2 lacked a
requirement for a specific RNA sequence, its expression
did not affect global cellular mRNA translation suggesting
a role for EB2 on translation of only a specific subset of
mRNAs.

Since EB2 has been shown to export mostly mRNAs
generated from intronless genes (23) including its specific
EBV-encoded target genes we tested the effect of the intro-
duction of intronic sequences within the 50UTR of our
reporter gene. Interestingly, we found that after addition
of an intron within the luciferase reporter construct, EB2
was no longer able to stimulate translation, whereas it had
a strong effect on the same RNA transcribed from an
intronless construct.

These results together with previous results showing
that EB2 can interact with mRNA independently of any
specific sequence (50) suggest that EB2 can bind to both
spliced and unspliced mRNAs. However, in the case of
unspliced mRNAs, which do not recruit the normal set
of splicing factors, EB2 would allow their export and stim-
ulate their translation to levels similar to those of spliced
mRNAs. In the case of intron-containing genes, EB2

Figure 6. Differential effects on translation from EB2-related proteins
derived from different herpesviruses. (A) Cytoplasmic luciferase mRNA
levels monitored by quantitative PCR in HeLa cells mock transfected
(pCI) or transfected with 500 ng of EBV EB2, HSV-1 ICP27, HKSV
ORF57 and HCMV UL69-encoding plasmids. (B) Translation rate.
Luciferase activity was normalized by the amount of cytoplasmic
mRNAs from cells mock transfected (pCI) or transfected with EBV
EB2, HSV-1 ICP27, HKSV ORF57 and HCMV UL69-encoding
vectors, together with the reporter plasmid pcDNAGlobinRen. AU:
arbitrary units.
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could also bind to the mRNA but we suggest that either it
is excluded from the mRNA by a cellular splicing or
export factor, or it is exported to the cytoplasm with the
spliced mRNA. In the latter case, its effect on translation
would be redundant in the presence of splicing proteins.
Indeed, it is possible that EB2 recruited cotranscription-
ally to nascent mRNAs is able to interact with an as yet
unknown cellular factor necessary for translation stimula-
tion of spliced mRNAs. This would explain the stimula-
tion of the translation of intronless mRNAs in the
presence of EB2. On the contrary, if EB2 also interacts
with spliced mRNAs, it could interfere with the cellular
factors that normally stimulate their export and transla-
tion. This would explain the mild inhibition of export and
translation that we observed upon addition of an intron in
our luciferase reporter construct.

In accordance with the fact that EB2 specifically stimu-
lates export and translation of mRNAs generated from
intronless genes we have shown that cellular mRNAs,
which are, in the majority, generated from intron-contain-
ing genes, are not globally affected by expression of EB2.
There are however few cellular genes which are known for
their absence of introns. It would be interesting to look at
the effect of EB2 on the export and translation of mRNAs
generated from such genes. In the case of EBV, most of
the viral mRNAs of the productive cycle are intronless.
We have previously shown that EB2 is necessary for the
efficient export of the majority of these, but it is interesting
to note that some are efficiently exported even in the
absence of EB2, suggesting that they use an alternative
export pathway, independent of splicing. Such an alterna-
tive pathway has been previously reported with the SR
proteins, 9G8 and ASF/SF2, which have been found to
promote the recruitment of TAP to mRNPs (51). Another
interesting example of mRNA generated from an intron-
less gene and which is not affected by EB2 is the firefly
luciferase mRNA expressed from an intronless construct
(25). However, although there is no effect of EB2 on firefly
luciferase expression, EB2 bound efficiently to its mRNA
in vivo (25). Again, it is likely that this mRNA uses an
alternative pathway for its export, independent of splicing.
Thus, even if EB2 is associated with these mRNAs in vivo,
its effect is probably redundant as discussed above in the
case of spliced mRNAs.

In order to definitively conclude on a direct effect of
EB2 on translation efficiency we studied the association
of Renilla luciferase mRNAs with polyribosomes. The
data clearly showed that the proportion of Renilla lucifer-
ase mRNAs associated with polyribosomes is largely
increased in the presence of EB2. Moreover, we found
that there is also an association of EB2 with polyribo-
somes, suggesting that EB2 binds the mRNPs in the
nucleus, where it stimulates their export and then remains
associated with the mRNPs as far as the polyribosomes.
Taken together, these results argue for a role of EB2 in cis
similar to that of the EJC proteins responsible for the
translation stimulation of cellular mRNAs. One proposed
mechanism involves an interaction between the EJC and
the 48S preinitiation complex mediated by an interaction
between Y14:Magoh and the protein PYM (52). Another
mechanism involves the EJC-dependent recruitment of the

40S ribosomal protein S6 kinase 1 (S6K1) which is a cen-
tral player in the TOR signaling cascade (7). When acti-
vated by the TOR pathway, S6K1 enhances translation
initiation both by activating stimulatory factors and
by inactivating inhibitory factors bound at the 50 cap of
mRNAs. The SR protein ASF/SF2 has also recently been
reported to enhance translation initiation via recruitment
of mTOR (8).
Finally, we tested several EB2 homologous proteins

from other herpesviruses for their ability to stimulate
translation of the intronless luciferase gene. Among the
proteins tested, only UL69 from human cytomegalovirus
(hCMV) behaves like EB2, while ICP27 and ORF57 were
unable to stimulate luciferase translation. For UL69, this
is the first report suggesting that this protein plays a role in
stimulation of translation. On the contrary, it has been
previously shown that ICP27 (from the herpes simplex
virus type 1) plays a role in regulating translation of a
subset of late viral mRNAs (48,49,53). However, the inter-
action between ICP27 and the viral mRNAs has been
shown to depend on specific RNA sequences distributed
along the viral genome (54). In addition, ICP27 has been
shown to be able to stimulate translation of a luciferase
mRNA only if it was previously tethered to it (53). Thus, it
is not surprising that in our system, ICP27 does not stim-
ulate Renilla luciferase mRNA translation nor cytoplas-
mic Renilla luciferase mRNA accumulation, suggesting
that translation stimulation is probably dependent on
the binding of the herpes simplex virus proteins to the
mRNA. Since all the herpesvirus EB2 homologous pro-
teins have been shown to shuttle from the nucleus to the
cytoplasm (31,38,55) it is tempting to speculate that they
first interact with their unspliced mRNA targets inside the
nucleus, and then shuttle to the cytoplasm bound to these
mRNAs where they play a role in translation. Accordingly,
it is interesting to notice that ICP27 has also been shown
to be associated with polyribosomes (53). Taken together,
these results suggest firstly that both EB2 and the herpes-
virus EB2 homologous proteins have a direct role on trans-
lation of the mRNA they interact with, and secondly that
protein–mRNA interaction, mRNA export and transla-
tion stimulation are strongly linked.
EB2 expression is essential for viral particle production

and its absence leads to very poor viral DNA replication
probably because of the low expression of early viral
mRNAs that depend on EB2 for their export (i.e.
BALF5 and BALF2) (27). An even more drastic effect
was seen on most of the late viral mRNAs (28,56). We
have shown here that EB2 expression leads to a 25-fold
stimulation of renilla luciferase reporter gene expression
with a cytoplasmic accumulation of the corresponding
mRNA stimulated 3.5-fold and the translation itself
stimulated from 5- to 7-fold. This suggests that the essen-
tial role of EB2 during the EBV productive cycle could
be explained by a combined role on mRNA export and
translation stimulation.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.
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Staufen proteins are highly conserved dsRNA-binding proteins 
(dsRBPs) found in most bilateral animals1. Mammals contain two 
Staufen paralogs encoded by different loci. Stau1, expressed in most 
tissues, has a microtubule-binding domain, a dimerization domain 
and four conserved dsRNA-binding domains (dsRBDs), only two of 
which (dsRBDs 3 and 4) are necessary for dsRNA binding2. Within 
cells, Stau1 can make direct interactions both with itself and with 
Stau2, the more tissue-specific paralog3. Functionally, Staufen proteins 
are involved in multiple post-transcriptional regulatory processes.  
In flies, 3` UTR–bound Staufen is required for proper localization and 
translational control of bicoid and prospero mRNAs during oogen-
esis4,5. In mammals, Stau1 has been implicated in mRNA transport to 
neuronal dendrites6, regulation of translation via physical interaction 
with the ribosome7, a form of translation-dependent mRNA degra-
dation known as Staufen-mediated decay (SMD)8–11, regulation of 
stress-granule homeostasis12, alternative splicing, nuclear export and 
translation of a gene containing 3`-UTR CUG-repeat expansions13. 
Although Stau1 is not essential for mammalian development, neurons 
lacking Stau1 have dendritic spine-morphogenesis defects in vitro, 
and knockout mice have locomotor-activity deficits14.

Crucial for the understanding of how Stau1 regulates gene expres-
sion is comprehensive knowledge of its intracellular RNA-binding 
sites. Although mammalian Stau1- and Drosophila Staufen-associated 
mRNAs were identified by microarray analysis after native RNA 
immunoprecipitation (RIP)15–18, those studies were unable to directly 
map any individual Stau1-binding site, and subsequent bioinformatics  
analysis yielded no clear consensus for identified mammalian 

 targets16. Thus, with the exception of a few well-characterized bind-
ing sites validated by mutagenesis19,20, the exact target sites and RNA 
structures recognized by mammalian Stau1 remain to be determined. 
To address this, we here undertook a tandem affinity purification 
strategy (RIPiT21) to map Stau1-binding sites transcriptome wide 
in human tissue-cultured cells. We also knocked down and over-
expressed Stau1 to measure functional consequences on target-mRNA 
levels and translation efficiency. Our results revealed a new role for 
Stau1 in regulating translation of GC-rich mRNAs by ‘sensing’ overall 
transcript secondary structure.

RESULTS
Transcriptome-wide mapping of Stau1-binding sites
Using the Flp-In system and a tetracycline promoter, we generated 
HEK293 cells that inducibly expressed a single Flag-tagged copy of 
either the Stau1 65-kDa spliced isoform (Stau1-WT) or a mutant 
version (Stau1-mut) containing point mutations in dsRBDs 3 and 4 
known to disrupt binding to dsRNA2 (Fig. 1a). Consistently with its 
propensity to bind dsRNA through the sugar-phosphate backbone22 
and with a previous report suggesting poor UV-cross-linking ability23, 
we found that Stau1 cross-linked with very poor efficiency to poly(A)+ 
RNA upon shortwave UV irradiation of living cells (Supplementary 
Fig. 1a). Therefore we used a RIPiT approach wherein initial immuno-
precipitation (IP) with anti-Flag antibody was followed by affinity 
elution with Flag peptide and then a second IP with a polyclonal anti-
Stau1 antibody. RIPiT was performed under two different regimens:  
(i) To finely-map stable Stau1 footprints, we extensively digested samples  
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Staufen1 senses overall transcript secondary structure to 
regulate translation
Emiliano P Ricci1–3, Alper Kucukural1–3, Can Cenik1–4, Blandine C Mercier1–3, Guramrit Singh1–3,  
Erin E Heyer1–3, Ami Ashar-Patel1–3, Lingtao Peng1–3 & Melissa J Moore1–3

Human Staufen1 (Stau1) is a double-stranded RNA (dsRNA)-binding protein implicated in multiple post-transcriptional gene-
regulatory processes. Here we combined RNA immunoprecipitation in tandem (RIPiT) with RNase footprinting, formaldehyde 
cross-linking, sonication-mediated RNA fragmentation and deep sequencing to map Staufen1-binding sites transcriptome wide. 
We find that Stau1 binds complex secondary structures containing multiple short helices, many of which are formed by inverted 
Alu elements in annotated 3` untranslated regions (UTRs) or in ‘strongly distal’ 3` UTRs. Stau1 also interacts with actively 
translating ribosomes and with mRNA coding sequences (CDSs) and 3` UTRs in proportion to their GC content and propensity to 
form internal secondary structure. On mRNAs with high CDS GC content, higher Stau1 levels lead to greater ribosome densities, 
thus suggesting a general role for Stau1 in modulating translation elongation through structured CDS regions. Our results also 
indicate that Stau1 regulates translation of transcription-regulatory proteins.
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with RNase I in between native anti-Flag and native anti-Stau1 
IPs, generating 30- to 50-nt Stau1-bound RNA fragments (FOOT 
libraries; Fig. 1b and Supplementary Fig. 1c). However, many of 
these short reads derived from Alu repeat elements (described 
below) and so were not uniquely mappable. Further, under native 
conditions, Stau1 can make new dsRNA associations after cell lysis 

(Supplementary Fig. 1b). (ii) Therefore, we also subjected cells to 
formaldehyde cross-linking before lysis, extensively sonicated the 
lysates to shear long RNAs into 200- to 300-nt fragments (thereby 
increasing their ability to be mapped) and performed a denatur-
ing anti-Flag IP and then a native anti-Stau1 IP (CROSS libraries;  
Fig. 1b and Supplementary Fig. 1d). Cross-linking and subsequent 
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Figure 1 Mapping of Stau1 RNA-binding sites reveals coding regions and 3` UTRs 
as major occupancy sites. (a) Scheme of the tagged WT and mut Stau1 proteins 
used in this study. (b) Scheme of tandem affinity purifications for footprinting 
(FOOT) and cross-linking (CROSS) library construction. (c) Pie charts showing 
the distribution of sequencing reads for each library. (d) Example of Stau1 cross-
linking signal across the CDS of ALDOA (NM_184041.2). (e) Composite plot of the 
distribution of sequencing reads across the 5` UTR, CDS and 3` UTR of all genes 
for RNA-seq (red), Stau1-WT CROSS (blue) and Stau1-mut CROSS (black) libraries. 
(f) Per-gene scatter plot of CDS ribo-seq read density versus CDS Stau1-WT CROSS 
read density with the associated Spearman correlation and calculated P value (n = 2 
biological replicates).
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denaturation should both preserve weak  
in situ interactions that might otherwise  
dissociate during sample workup and  
prevent formation of any new interactions 
after cell lysis.

We sequenced all libraries constructed 
by 3`-adaptor ligation to RNA fragments, 
reverse transcription and circularization 
on GAII or HiSeq 2000 Illumina platforms 
and then mapped them to HG18 by using 
RefSeq gene annotations. Biological replicates of WT and mut CROSS  
and WT FOOT libraries exhibited extremely high correlations 
(r >0.98), thus indicating the reproducibility of the approach 
(Supplementary Fig. 1e).

Stau1 associates with translating ribosomes
In contrast to our previous exon junction complex (EJC) RIPiT 
libraries24, all Stau1 FOOT libraries (WT and mut) were dominated 
by rRNA-mapping reads (14–30% versus 74–83%, respectively; 
Supplementary Fig. 2). Further, despite attempts to specifically 
deplete rRNA fragments during CROSS-library preparation, WT 
and mut CROSS libraries also contained abundant rRNA-mapping 
reads (Supplementary Fig. 2). These findings are consistent with  
a previous report that Stau1 cosediments with 60S ribosomal  
subunits via interactions independent of the functionality of  
dsRBDs 3 and 4 (ref. 2).

To further investigate this ribosome association, we performed 
sucrose sedimentation in the presence of inhibitors that either 
block elongation (cycloheximide) or initiation (harringtonine) 
(Supplementary Fig. 3a). In the presence of cycloheximide, both 
endogenous Stau1 and Flag–Stau1-WT cosedimented with 60S sub-
units, 80S monosomes and polysomes, with very little Stau1 observable  
in ribosome-free fractions at the top of the gradient. However, when 
lysates were treated with RNase before sedimentation, ~60% of Stau1 
sedimented at the top of the gradient, with the remainder cosedi-
menting with 60S and 80S ribosomes (Supplementary Fig. 3a). This 
suggests that dsRBP-independent interactions with the ribosome are 
not the sole factor driving Stau1 polysome association. Finally, when 
translation initiation was blocked with harringtonine and elongating 
ribosomes allowed to complete translation (i.e., run off the mRNAs) 
before cell lysis, Stau1 sedimentation mirrored that of RPL26, an inte-
gral 60S protein. Both Stau1 and RPL26 rapidly shifted from heavy 
polysomal to 80S ribosome fractions upon inhibition of translation 

initiation (Supplementary Fig. 3b), suggesting that Stau1 associates 
with actively translating ribosomes.

Consistently with our ribosome-association data, approximately 
half of mRNA-mapping WT and mut CROSS reads (49% and 54%, 
respectively) mapped to coding exons (CDS regions; Fig. 1c–e). To 
test whether these CDS-mapping reads were due to Stau1 association 
with translating ribosomes, we compared their density to the density 
of ribosome footprints (ribo-seq; Fig. 1f). For both Stau1-WT (Fig. 1f;  
Spearman correlation = 0.89) and Stau1-mut (data not shown), CROSS 
read density strongly correlated with ribosome density in CDS regions. 
This correlation held for the entire gene population, thus suggesting 
that Stau1 generally associates with elongating ribosomes.

In sum, our data indicate that Stau1 is generally associated with 
the 60S ribosomal subunit, both on and off mRNA. Further, this ribo-
some association does not require dsRBD functionality but is partially 
dependent on RNA integrity. Last, Stau1 appears to associate with 
actively translating, not stalled, ribosomes.

Stau1 binds paired Alu elements in 3` UTRs
Whereas WT and mut libraries were quite similar in their rRNA 
content, they were quite different with regard to Alu repeat– 
mapping reads. Alu repeats are ~300-nt primate-specific mobile ele-
ments in the short interspersed nuclear element family; the human 
genome contains ~1 million Alu elements, primarily in intergenic 
regions, introns and 3` UTRs. Reads mapping to Alu repeats consti-
tuted 42% and 28% of non-rRNA–mapping reads in WT FOOT and 
CROSS libraries, respectively, but only 19% and 14% in the corre-
sponding mut libraries (Supplementary Fig. 2). Greater Alu enrich-
ment in WT libraries suggested that their interaction depended  
on Stau1’s ability to bind dsRNA. Consistently with this, WT CROSS 
reads were often highly enriched over and adjacent to closely  
spaced Alu pairs likely to form dsRNA secondary structures.  
We detected such Alu-pair Stau1-binding sites on only two large 
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Figure 2 Inverted Alu pairs are an important 
class of Stau1-binding sites. (a,b) Distribution 
of sequencing reads obtained from RNA-seq 
(green), Stau1-WT CROSS (yellow), Stau1-mut 
CROSS (blue), Stau1-WT FOOT (brown), Stau1-
mut FOOT (violet) and PAS-seq libraries (black) 
for the 3` UTR of PAICS (NM_001079524) (a) 
and the strongly distal 3` UTR of BRI3BP  
(NM_080626.5) (b). (c,d) Per-gene scatter 
plots of Stau1-WT CROSS and Stau1-mut 
CROSS read counts under called 3`-UTR  
Stau1-WT CROSS peak positions with 
associated Spearman correlation and calculated 
P values (n = 2 biological replicates). Genes 
containing a 3` UTR Alu pair are colored with 
respect to the distance between each tandem 
Alu pair (c) or inverted Alu pair (d). The dashed 
line corresponds to the 2.7 cutoff in the ratio of 
Stau1-WT over mut read counts.

np
g

©
 2

01
4 

N
at

ur
e 

A
m

er
ic

a,
 In

c.
 A

ll 
rig

ht
s 

re
se

rv
ed

.

http://www.ncbi.nlm.nih.gov/nuccore/NM_001079524
http://www.ncbi.nlm.nih.gov/nuccore/NM_080626.5


NATURE STRUCTURAL & MOLECULAR BIOLOGY VOLUME 21 NUMBER 1 JANUARY 2014 29

A R T I C L E S

intergenic noncoding RNAs (NR_026757 and NR_026999) and 
minimally in introns (Supplementary Fig. 4). Conversely, they were 
highly enriched in 3` UTRs (Fig. 2a and Supplementary Fig. 4)  
and in select ‘intergenic’ regions immediately 3` to annotated  
3` UTRs (Fig. 2b and Supplementary Fig. 4). Polyadenylation-site 
sequencing (PAS-seq) revealed the intergenic regions to represent  
strongly distal 3` UTRs25 (Fig. 2b). Overall, we detected 515 strongly 
distal 3` UTRs enriched for Stau1-WT CROSS reads (Supplementary 
Table 1), most of which contained multiple Alu pairs.

To identify those 3` UTRs most enriched for dsRBD-dependent 
Stau1 binding, we called peaks in the WT CROSS libraries by using 
ASPeak (an expression-sensitive peak-calling algorithm26). We then 
compared, for each gene, the cumulative read counts under peak 
positions in the WT and mut CROSS libraries (Fig. 2c,d). Overall, 
the data sets were highly correlated (r = 0.83). Nonetheless, an out-
lier population (n = 574; Supplementary Table 2) exhibited much 
higher cross-linking (by a factor of 2.7) in WT than in mut (Fig. 2c,d); 
these outliers constitute a set of high-confidence 3` UTRs displaying 
dsRNA-dependent Stau1 binding.

We next investigated the structural features of these targets. To 
identify those containing Alu pairs, we wrote an algorithm to identify, 
transcriptome wide, pairs of full-length Alu elements in the same 
(tandem) or opposite (inverted) orientation. Overlaying the inter-Alu 
distance for tandem Alu pairs on the WT versus mut CROSS scat-
ter plot (Fig. 2c) revealed no specific relationship between tandem 
pairs and Stau1 cross-linking. However, the inverted Alu-pair over-
lay revealed a striking coincidence with the above outlier population  
(Fig. 2d). Further, inverted Alu elements separated by the least  
distance were the most outlying (Fig. 2d).

We confirmed the inverse relationship between dsRBD-dependent 
Stau1 cross-linking efficiency and inverted-pair inter-Alu distance 
in composite plots (Fig. 3a and Supplementary Fig. 5). We found 
similar, but less striking, results for inverted pairs containing partial 
Alu elements and for inverted pairs in introns and strongly distal 
3` UTRs (Supplementary Fig. 5a). As expected, we observed no  
specific mapping of WT reads on tandem Alu pairs or map-
ping of mut reads on Alu pairs in either orientation (Fig. 3a). The  
inverse correlation between Stau1-WT cross-linking efficiency and  
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inverted-pair inter-Alu distance is consistent 
with the expectation that secondary-structure 
formation should inversely correlate with 
pairing-partner distance.

Because intact Alu elements are ~300 nt,  
inverted pairs containing full-length Alu 
elements could potentially form very long 
helices. However, individual elements in 
pairs exhibiting the highest WT cross- 
linking signal were often from different Alu 
families unlikely to be fully complementary.  
Consistently with this, in silico folding of 
an inverted Alu pair exhibiting one of the 
strongest Stau1-WT occupancies suggests 
the presence of many short helices inter-
rupted by small loops (Fig. 3b). To assess 
the generalizability of this, we folded in silico 
all-full-length, 3`-UTR inverted Alu pairs 
highly enriched for Stau1-WT cross-linking 
and compared them to 3`-UTR sequences 
of similar length randomly chosen from  
nontarget genes. Histograms of predicted 
helix and loop lengths (Fig. 3c,d) revealed 
that Stau1-interacting Alu pairs tend to form 
structures with multiple helices containing 
<30 interrupted base pairs, spaced by 2- to 
10-nt loops. Conversely, nontarget 3` UTRs 
were predicted to have significantly shorter 
paired stretches (Wilcoxon rank-sum test,  
P = 0.04) interrupted by longer loops 
(Wilcoxon rank-sum test, P = 6 × 10−5).

Non-Alu 3`-UTR targets
Among the outlier population in Figure 2d, 201 of 574 contained 
clearly identifiable inverted Alu pairs (Alu targets), and 373 of 574 
did not (non-Alu targets; Supplementary Table 2). Many of these 
non-Alu targets had clearly defined WT footprints in regions with 
high base-pairing probability (Fig. 4). A few contained a single strong 
footprint corresponding to a short stem-loop structure (Fig. 4a);  
others resembled inverted Alu pairs with many consecutive helices 
separated by short loops (Fig. 4b). The largest set, however, consisted of 
complex structures covering a few hundred nucleotides within which 
Stau1 footprints could be observed on multiple 7- to 40-bp helices  
(Fig. 4c,d). WT footprints were also present on the Arf1 3` UTR,  
for which the precise Stau1-binding site was previously mapped by 
mutagenesis (Supplementary Fig. 6a)20.

Comparison of FOOT and CROSS reads mapping to individual 
3` UTRs revealed that CROSS reads generally extended over much 

more of the 3` UTR than did FOOT reads (for example, Fig. 4c). 
We could even observe extensive CROSS read coverage for many 
3` UTRs having no detectable footprints (Supplementary Fig. 6b). 
Greater abundance of such CROSS reads in WT libraries than in 
mut libraries indicated that they depended on Stau1’s ability to bind 
dsRNA. This suggested that the kinetically stable Stau1-binding 
sites revealed by native footprinting represent only a small subset of 
RNA-interaction sites occurring within cells. Supporting the notion  
of many low-affinity Stau1-interaction sites in vivo, we observed 
a strong correlation (r = 0.63, P < 2.2 × 10−16) over all expressed 
genes between average per-nucleotide predicted secondary- 
structure strength ($G of the minimum free-energy structure/3`-UTR  
length) and the ratio of total WT/mut CROSS reads per 3` UTR  
(Fig. 5a). We observed a similarly strong correlation (r = 0.55,  
P < 2.2 × 10−16) between this ratio and 3`-UTR GC content in all 
expressed genes (Fig. 5b).

We conclude that some Stau1-binding sites in 3` UTRs consist  
of highly defined structures containing multiple short helices  
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Figure 4 Examples of 3`-UTR non-Alu Staufen-
binding sites. (a–d) Read distributions for 
RNA-seq (green), Stau1-WT CROSS (yellow) 
and Stau1-WT FOOT (brown) libraries on the 
3` UTRs of LMBR1 (NM_022458.3) (a), TEP1 
(NM_007110.4) (b), IGF2BP1 (NM_006546.3) (c)  
and MDM2 (NM_002392) (d) (left) together 
with the corresponding centroid secondary 
structure colored for base-pairing probability 
as predicted by the Vienna folding package47 
(right). Numbers below the Stau1 WT FOOT 
track and in the predicted secondary structure 
correspond to Stau1-binding sites.
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to which Stau1 binding is kinetically stable. Other binding sites,  
however, are more kinetically labile, and the extent of Stau1  
occupancy on these sites is a function of overall 3`-UTR  
secondary structure–forming propensity, often driven by high  
GC content.

dsRBD-dependent binding of Stau1 to CDS regions
As previously discussed, both WT and mut CROSS reads mirrored 
ribosome density across CDS regions transcriptome wide (Fig. 1f). 
WT and mut reads were also similarly distributed relative to start and 
stop codons (Fig. 1e). In contrast to the general population, how-
ever, our 373 non-Alu 3`-UTR target genes had significantly greater 
CROSS reads in CDS regions for WT than for mut (Fig. 6a). This 
strong relationship between 3` UTR and CDS WT/mut cross-linking  
initially suggested to us that dsRBD-dependent Stau1 binding within 
the 3` UTR increases its association with CDS-bound ribosomes. 
Consistently with this, the correlation between preferential WT cross-
linking in 3`-UTR and CDS regions held true for the entire mRNA 
population (Fig. 6b; r = 0.61, P < 2.2 × 10−16), with our identified  
3`-UTR target genes simply being strongly skewed toward the  

higher end of both ratios. However, we also found that predicted 
per-nucleotide secondary structure–forming propensity and GC 
content were strongly correlated (r = 0.55 and 0.73, respectively,  

P < 2.2 × 10−16) between the 3`-UTR and CDS 
regions of individual genes (Fig. 6c,d); that 
is, the genes with high 3`-UTR secondary 
structure–forming propensity and GC con-
tent also tend to have high CDS secondary 
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Figure 6 Stau1 occupancy on the CDS strongly 
correlates with GC content and predicted 
secondary-structure free energy. (a) Composite 
plot of the distribution of sequencing reads 
across the 5` UTR, CDS and 3` UTR of called 
Stau1-target genes for RNA-seq (red), Stau1-WT 
CROSS (blue) and Stau1-mut CROSS (black) 
libraries. (b) Per-gene scatter plot (log10) of 
total CDS Stau1-WT CROSS read counts/total 
CDS Stau1-mut CROSS reads counts (CDS 
ratio) versus the ratio of Stau1-WT CROSS and 
Stau1-mut CROSS read counts under called  
3`-UTR Stau1-WT CROSS peak positions 
(3`-UTR peak ratio). Red and yellow dots 
correspond to called Alu- and non-Alu–binding 
sites, respectively. (c) Per-gene scatter plot of  
3` UTR against CDS predicted secondary-structure 
free energy normalized by the length of the 
3` UTR (kcal/mol/nucleotide). (d) Per-gene 
scatter plot of 3` UTR against CDS GC content 
(%). (e) Per-gene scatter plot of CDS predicted 
secondary-structure free energy normalized by 
the length of the CDS (kcal/mol/nucleotide) 
against Stau1 WT/mut 3`-UTR ratio (log2).  
(f) Per-gene scatter plot of CDS GC content 
(%) against Stau1 WT/mut 3`-UTR ratio (log2). 
All correlation coefficients and P values were 
calculated with the Spearman rank correlation 
(n = 2 biological replicates) throughout figure.
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structure–forming propensity and GC content. Consistently with 
this, preferential WT cross-linking in CDS regions strongly corre-
lated with both predicted CDS secondary structure and GC content 
(Fig. 6d and e, r = 0.62 and 0.65, respectively, P < 2.2 × 10−16) and 
the 5` UTR (r = 0.2; data not shown). These analyses suggest that 
enhanced Stau1-WT binding within CDS regions is primarily driven 
by GC content and secondary structure–forming propensity of the 
CDS itself, rather than by interactions of 3` UTR–bound Stau1 with 
CDS-bound ribosomes.

From the above data, we conclude that Stau1 interacts to varying 
extents with the CDS and 3`-UTR regions of all cellular mRNAs in 
a manner dependent on their secondary structure–forming propen-
sities. Further, the observed correlation between dsRBD-dependent 
Stau1 occupancy in CDS and 3`-UTR regions mainly reflects similar 
GC content between the CDS and 3` UTR in individual genes rather 
than any direct effect of 3`-UTR binding on CDS binding. Instead, 
Stau1-WT occupancy on CDS regions appears to be driven by a com-
bination of direct interactions with CDS secondary structures and its 
dsRBD-independent association with actively translating ribosomes.

Gene ontology analysis
To assess whether any particular gene classes were specifically 
enriched for dsRBD-dependent Stau1 binding, we performed gene 
ontology analysis using GeneCodis27–29 (Supplementary Table 3). 
We obtained the most significant associations for the 469 genes hav-
ing the highest WT/mut CDS cross-linking ratios (>1.9) and the 515 
genes exhibiting high WT cross-linking to strongly distal 3` UTRs. 
Both sets were highly enriched in transcription-regulatory proteins  

(P = 7.1 × 10−13 and P = 1.1 × 10−13, respectively). Among transcription- 
factor types, C2H2 zinc-finger proteins were the most enriched  
(P = 4.5 × 10−6), with homeobox and high-mobility group (HMG) 
proteins following close behind (P = 1.3 × 10−5 and 6.9 × 10−5, respec-
tively). Consistently with the strong correlation between Stau1 CDS 
and 3`-UTR occupancy, transcription-regulatory proteins were also 
highly enriched among our 373 non-Alu 3`-UTR targets (P = 6.9 × 
10−7). Thus Stau1 may have a role in post-transcriptional regulation 
of transcription factors. Also enriched in the non-Alu and extended  
3`-UTR targets (P = 0.001 and P = 5.0 × 10−5, respectively), but not in 
the 469 high CDS targets, were proteins involved in cell-cycle control.

Functional consequences of varying Stau1 protein levels
To directly test the functional consequences of Stau1 binding, we next 
varied intracellular Stau1 concentration (Fig. 7a,b). Transduction of 
HEK293 FLP-in cells with a lentivirus expressing an anti-Stau1 short 
hairpin RNA (shRNA) stably reduced endogenous Stau1 to ~20% 
normal levels (UNDER, Fig. 7a). Incubation of our stably integrated 
Flag–Stau1-WT cells overnight (16 h) with a high level of doxycycline  
induced transgene overexpression by 300–400% relative to endo-
genous Stau1 (OVER). We then assessed effects of Stau1 depletion 
or overexpression by preparing cytoplasmic poly(A)+ RNA-seq and 
ribo-seq libraries.

RNA-seq and ribo-seq read counts on individual genes were 
highly correlated both between biological replicates (r q 0.98; E.P.R., 
unpublished data) and between UNDER and OVER samples (r q 0.98;  
Supplementary Fig. 7). Other than STAU1 itself, there were no clear 
outlier genes between UNDER and OVER conditions for either  
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Figure 7 Consequences of Stau1  
binding on RNA levels and ribosome  
density. (a) Inset, western blot of lysates  
from control cells, cells expressing  
anti-Stau1 shRNA and cells overexpressing  
Flag–Stau1-WT. Bar graph, quantitation of inset blot (n = 2). Uncropped gel image is 
shown in Supplementary Figure 7a. (b) Workflow for ribosome profiling and RNA-seq 
analysis for cells expressing anti-Stau1 shRNA or overexpressing Flag–Stau1-WT.  
(c) Cumulative plots of cytoplasmic RNA levels (left) and ribosome density (right) 
fold change (log2) between cells overexpressing Flag–Stau1-WT and cells expressing 
anti-Stau1 shRNA, based on Stau1 WT/mut CDS ratio. (d) Same as c but based on 
CDS GC content. (e) Box-plot representation of mRNA levels (left) and translation 
efficiency (right) fold change (log2 scale) between cells overexpressing Flag–Stau1-
WT and cells expressing anti-Stau1 shRNA for genes lacking Stau1 3` UTR–binding 
sites (nontargets), genes with 3`-UTR inverted Alu target sites (Stau1 Alu targets) and 
genes with 3`-UTR non-Alu Stau1-target sites (Stau1 non-Alu targets). The upper and 
lower ‘hinges’ correspond to the first and third quartiles. The upper whisker extends 
from the hinge to the highest value within 1.5× interquartile range (or distance 
between the first and third quartiles) of the hinge. The lowest whisker extends from 
the hinge to the lowest value within 1.5× interquartile range of the hinge. Data points 
beyond the end of the whisker correspond to outliers. All P values were calculated 
with the Kolmogorov–Smirnov test (n = 2 biological replicates) throughout figure. 
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RNA-seq or ribo-seq. Further, no significant changes in alternative-
splicing patterns could be detected (data not shown); thus, at least 
in HEK cells, binding of Stau1 in introns is of little apparent con-
sequence for pre-mRNA splicing. However, small negative correla-
tions between RNA levels and Stau1 levels could be detected when 
we ordered transcripts by CDS GC content or preferential Stau1-WT 
CDS cross-linking (Fig. 7c,d). That is, transcripts with high CDS 
GC content (which drives greater Stau1-WT CDS binding) exhib-
ited slightly lower cytoplasmic mRNA abundances when Stau1 was 
overexpressed than underexpressed.

The strongest observable effect of varying Stau1 concentration was 
on ribosome occupancy. Cumulative histograms revealed positive 
relationships between ribosome occupancy and both Stau1-WT CDS 
cross-linking and CDS GC content across the entire transcriptome 
(Fig. 7c,d; Spearman correlation r = 0.21 and r = 0.34, respectively, 
P < 2.2 × 10−16). That is, genes with higher Stau1 CDS occupancy 
and higher CDS GC content exhibited increased ribosome occu-
pancy upon Stau1 overexpression compared to Stau1 knockdown; 
conversely, genes with lower Stau1 CDS occupancy and CDS GC con-
tent exhibited decreased ribosome occupancy upon Stau1 overexpres-
sion compared to Stau1 knockdown. This suggests that higher Stau1 
protein levels increase ribosome occupancy on high-GC-content 
transcripts at the expense of low-GC-content transcripts. Ontology 
analysis of the 400 genes exhibiting the greatest increase in ribosome 
occupancy between UNDER and OVER conditions revealed signifi-
cant enrichments for transcription-regulatory proteins (P = 0.004) 
and zinc-binding proteins (P = 1.1 × 10−6; Supplementary Table 3), 
the same terms obtained above for genes exhibiting the highest CDS 
and extended 3`-UTR Stau1 occupancies.

Although we observed the strongest effects of varying Stau1 protein 
levels for genes with high Stau1 CDS occupancy, we also examined 
the effects of Stau1 over- and underexpression on our 3`-UTR non-
Alu and Alu target sets. Ribosome occupancy increased slightly on  
non-Alu 3`-UTR targets (10% change from UNDER to OVER;  
P = 0.00005) when compared to the total population, whereas their 
mRNA levels decreased slightly (−2% change from UNDER to OVER;  
P = 0.01). Thus, non-Alu targets behaved like high-GC-content 
mRNAs. Conversely, Alu targets exhibited no significant change in 
ribosome occupancy, but their cytoplasmic mRNA levels increased 
upon Stau1 upregulation (+8% change from UNDER to OVER; P = 0.03;  
Fig. 7e). Therefore, mRNAs containing 3`-UTR inverted Alu pairs 
behave differently from other cellular mRNAs in response to Stau1 
abundance. For the strongly distal 3`-UTR Stau1-binding sites, we 
detected no significant effect of Stau1 expression on either mRNA 
levels or ribosome occupancy (E.P.R., unpublished data), possibly 
because such isoforms represent only a minor fraction of transcripts 
from individual loci.

To confirm that changes in Stau1 levels are of little consequence for 
levels of mRNAs with 3` UTR–binding sites, we performed quantita-
tive reverse-transcription PCR (qRT-PCR) on several Alu and non-
Alu 3`-UTR target mRNAs including Arf1, a previously identified 
SMD target (Supplementary Fig. 8). Consistently with our RNA-seq 
results, neither downregulation nor overexpression of Stau1 had a 
significant impact on the abundance of tested targets (Supplementary 
Fig. 8a). Experiments performed in two other cell lines (Huh7 and 
SK-Hep1) in which either Stau1 or Stau2 or both were downregulated 
yielded similar results (Supplementary Fig. 8b,c).

Taken together, our results indicate that Stau1 binding to the CDS 
results in increased ribosome occupancy and in decreased mRNA 
levels proportionate to both the amount of bound Stau1 and the GC 
content of the target mRNA. Further, at least in the cell lines we tested, 

Stau1 binding within the 3` UTR appears to be of little or no conse-
quence for translation efficiency or steady-state mRNA levels.

DISCUSSION
Like many RNA-binding factors, the Drosophila and mammalian 
Staufen proteins have been implicated in multiple post-transcriptional 
processes including alternative splicing13, RNA localization4,6,30–32,  
translational activation7 and translation-dependent mRNA  
decay8–11,14,20,33,34. Which activity is observed depends on the cel-
lular context, the identity of the bound RNA and the location of the 
binding site on the target RNA. Many of Staufen’s previously docu-
mented activities parallel those of the EJC7–11,19,20,33,35–38. To better 
understand EJC function, we recently determined the complete EJC 
RNA-binding landscape in HEK293 cells24. Here we undertook the 
same analysis for Stau1.

Up to now, confirmed Staufen-binding sites were limited to a few 
well-characterized structures19,20. Broader identification of Staufen-
associated mRNAs has been attempted in various organisms by 
combination of native RIP protocols with microarray analyses15–18. 
Unfortunately, however, such methodologies have yielded no con-
sensus as to general features of Staufen targets. One recent study 
of Staufen-associated mRNAs from Drosophila oocytes reported 
enrichment of three different secondary-structural motifs that might 
explain Staufen binding specificity in flies16. However, the authors 
were unable to identify similar structural motifs among human 
Staufen-associated mRNAs from available native mammalian Stau1 
and Stau2 RIP microarray data15. We show here that human Stau1 
generally associates with actively translating ribosomes; therefore, it is 
impossible to discriminate between sites of direct Stau1-mRNA inter-
action via dsRNA binding and sites of indirect Stau1-mRNA asso-
ciation via elongating ribosomes without some sort of footprinting 
approach. Further, because of (i) Stau1’s strong ribosome association,  
(ii) the prevalence of kinetically labile Stau1-binding sites in vivo and  
(iii) Stau1’s ability to form new interactions with dsRNA after cell 
lysis, native RIP experiments are likely to be biased toward both highly 
translated mRNAs and RNAs containing the most stable sites of direct 
Stau1-dsRNA interaction. Our experimental design, which combined 
formaldehyde cross-linking and fragmentation of Stau1-associated 
RNAs, using both WT and mut proteins, allowed us to both avoid 
binding-site reassortment after cell lysis and discriminate between 
binding modes that do or do not require Stau1 dsRBD functionality.

The majority of non-rRNA reads in our cross-linked libraries 
mapped sense to 3` UTRs and CDS regions. Within 3` UTRs, we 
identified numerous high-occupancy Stau1-binding sites com-
posed of either inverted Alu pairs (Alu targets) or sequences with 
extremely high secondary structure–forming propensity (non-Alu 
targets). Observable native Stau1 footprints showed that these struc-
tures often consist of several closely spaced helices separated by short 
loops. Bioinformatics analysis of the footprints, however, failed to 
identify any particular enriched motif (A.K. and E.P.R., unpublished 
data), results consistent with the idea that Staufen recognizes dsRNA 
in a sequence-independent manner39–41.

Unexpectedly, in addition to detecting strong binding to large RNA 
secondary structures, we also detected extensive dsRBD-dependent 
Stau1 cross-linking extending throughout the entire length of 3` UTRs 
and CDS regions. This cross-linking strongly correlated with both GC 
content and per-nucleotide predicted secondary-structure strength. 
Because GC content in CDS and 3`-UTR regions also correlate, 
mRNAs exhibiting preferential Stau1-WT 3`-UTR cross-linking also 
tend to exhibit preferential Stau1-WT CDS cross-linking. Inverted Alu 
pairs, the 3` UTRs containing them and their associated CDS regions, 
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however, exhibit average GC content. Despite high Stau1 occupancy 
on such 3` UTRs, their CDS occupancies are close to levels that would 
be expected from their GC content alone. We therefore conclude that 
the strongest feature driving dsRBD-dependent Stau1 binding within 
CDS regions is the secondary structure–forming propensity of the 
CDS itself. Thus dsRBD-dependent Stau1 binding to 3` UTRs appears 
to be functionally uncoupled from dsRBD-dependent Stau1 binding 
to CDS regions, with the correlation between 3` UTR and CDS cross-
linking driven primarily by GC-content similarity.

Our results suggest that endogenous Stau1 RNA targets can be 
divided into two broad classes dependent on their structural topol-
ogy. One class corresponds to stable RNA secondary structures such 
as inverted Alu pairs and other sequences with extremely high sec-
ondary structure–forming propensity. Such elements are capable of 
simultaneously binding multiple Staufen molecules whose association 
may be further stabilized by multimerization. Close association of 
multiple Staufen-binding sites would assure continuous Staufen 
occupancy even though individual protein molecules might come 
and go. It is of note that we generally detected such binding sites in 
annotated 3` UTRs and extended 3` UTRs, the latter being particularly 
rich in inverted Alu pairs. Recently, extended 3` UTRs were shown 
to be especially prevalent in the brain. Because Stau1 is known to 
have a role in dendritic mRNA targeting, these stable RNA second-
ary structures with their long-lived Stau1 associations could well be 
the functional binding sites through which Stau1 promotes proper 
subcellular mRNA localization in neurons.

The second class consists of smaller and more labile secondary 
structures as might occur in GC-rich CDS regions. Here our data 
indicate that transient Stau1 binding, perhaps by Stau1 molecules 
simultaneously interacting with elongating ribosomes, has a role in 
regulating translation. We arrived at this conclusion by analyzing cyto-
plasmic poly(A)+ RNA-seq and ribo-seq data from cells under- and 
overexpressing Stau1. This allowed us to assess the effects of varying 
intracellular Stau1 concentration on both cytoplasmic mRNA levels 
and ribosome occupancy. Observable changes in mRNA levels were 
extremely subtle. Consistently with recent data indicating that Stau1 
binding to mRNAs containing inverted Alu elements enhances their 
nucleocytoplasmic export42, we did observe a small positive effect of 
increasing Stau1 on cytoplasmic mRNA levels for our 3`-UTR Alu 
targets. Conversely, for all other sets of mRNAs exhibiting preferential 

Stau1-WT cross-linking, Stau1 levels nega-
tively influenced cytoplasmic mRNA levels 
proportionately to CDS Stau1 occupancy but 
not to 3`-UTR occupancy. Thus we could find 
little evidence for SMD driven by 3` UTR–
bound Stau1, either over the entire mRNA 
population or for previously identified SMD 
targets. Instead, higher Stau1 levels led to a 
preferential increase in ribosome density on 
high-GC-content mRNAs.

We propose a model (Fig. 8) based on 
these findings, wherein ribosome-bound 
Stau1 molecules transiently interact with 
short dsRNA helices throughout the CDS 
and 3` UTR. In the CDS, such interactions 
somehow serve to increase ribosome density. 
Because Stau1 interacts with actively trans-
lating ribosomes, the increase in ribosome 
density may reflect increased translation 
efficiency. One possibility is that Stau1 helps 
ribosomes elongate through otherwise inhibi-

tory secondary structures by recruiting factors such as RNA helicase A  
(RHA or DHX9) to disrupt them. RHA is a positive regulator of 
translation on mRNAs containing 5`-UTR secondary structures43 
and is known to copurify with Stau1 (ref. 44 and E.P.R., unpublished 
data). Another abundant translational-regulatory protein that binds 
ribosomes and cross-links throughout CDS regions is the fragile X 
protein, FMRP45. FMRP, however, is a negative regulator of transla-
tion. Whereas deletion of either FMRP or Stau1 causes neurological 
defects, the phenotypes are opposite: absence of FMRP leads to den-
dritic spine overgrowth46, whereas absence of Stau1 results in fewer 
spines14. Thus it is possible that FMRP and Stau1 have opposing roles 
in synaptic protein production, with FMRP inhibiting translation and 
Stau1 promoting it.

Finally, mRNAs encoding transcription-regulatory proteins 
were recently reported as being enriched in Drosophila Staufen RIP 
samples16. Consistently with this, we found that mRNAs encoding 
transcription factors of the C2H2 zinc-finger, HMG and homeobox 
families were highly enriched among mRNAs exhibiting the highest 
preferential 3`-UTR and CDS Stau1-WT occupancy. Transcription 
factors and zinc-binding proteins were also highly enriched among the 
mRNAs whose ribosome density was most positively affected by Stau1 
protein levels. Thus Stau1 may have a previously unrecognized role in 
the translational regulation of transcription-regulatory proteins.

METHODS
Methods and any associated references are available in the online 
version of the paper.

Accession codes. High-throughput sequencing data correspond-
ing to native and cross-linked Stau1 RIPiT experiments as well as  
PAS-seq, RNA-seq and ribo-seq have been deposited in the GEO data-
base under accession number GSE52447.

Note: Any Supplementary Information and Source Data files are available in the online 
version of the paper.
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ONLINE METHODS
Plasmids and cell lines. pcDNA5-TetO-Flag was previously described38. A cDNA 
encoding Stau1 (HindIII-NotI) was inserted into the polylinker of pcDNA5-
TetO-Flag. A cDNA encoding the Stau1 mutant lacking RNA-binding activity 
was created by PCR using primers carrying the mutations described in ref. 2, in 
which phenylalanines at position 216 in dsRBD3 and at position 319 in dsRBD4 
were mutated into alanines.

Stable cell lines were generated as described in ref. 38. In these cells, the 
expression level of the stably integrated Flag-tagged protein was optimized 
by titration of doxycycline (Dox; 0–2,000 ng ml−1) to determine a concentra-
tion at which exogenous protein expression levels were comparable to those of  
endogenous counterparts.

Generation of Stau1-knockdown cell line. HEK293T LentiX cells (Clontech) 
were transfected with pGIPZ encoding shRNAs directed against Stau1 (Open 
Biosystems, CloneID: V2LHS_42695), pPAX2 and pMD2.G at a 12:9:3 ratio 
with Lipofectamine 2000 (Invitrogen). 2 d after transfection, the supernatant of 
transfected cells was collected and passed through a 0.45-Mm filter. To generate 
the Stau1-knockdown cell line, HEK293 TRex cells (Invitrogen) were transduced 
with 7 mL of the supernatant of lentiviral-producing cells in the presence of  
10 Mg ml−1 polybrene for 6 h. Transduced cells were then selected in the presence 
of puromycin (3 Mg ml−1) for 2 weeks.

Stau1 RIPiT. The procedure was performed essentially as described in (ref. 38). 
For each Staufen purification, TRex-HEK293 cells containing a stable copy of Flag-
tagged Stau proteins (Stau1-WT and Stau1-mut) or control cells (expressing Flag 
tag only) were grown in four 15-cm plates. Expression of the Flag-tagged protein 
was induced with doxycycline for 16 h. 1 h before cell harvesting, cycloheximide 
(CHX) was added to 100 Mg ml−1. The monolayer was rinsed and harvested in 
phosphate-buffered saline (PBS) containing 100 Mg ml−1 CHX. The cells were 
lysed in 3 ml hypotonic lysis buffer (20 mM Tris-HCl, pH 7.5, 15 mM NaCl, 10 mM 
EDTA, 0.5% NP-40, 0.1% Triton X-100, 1× EDTA-free protease inhibitor cocktail 
(ROCHE), and 100 Mg ml−1 CHX) for 10 min on ice. The suspension was sonicated 
(Branson Digital Sonifier-250) at 40% amplitude with a Microtip for a total of 20 s 
(in 2-s bursts with 10-s intervals). NaCl was adjusted to 150 mM, and the lysate was 
cleared by centrifugation at 15,000g for 10 min at 4 °C. The lysate was incubated for 
2 h at 4 °C with 420 Ml of anti-Flag agarose beads (50% slurry, Sigma) prewashed 
twice with 10 ml isotonic wash buffer (IsoWB) (20 mM Tris-HCl, pH 7.5, 150 mM 
NaCl, and 0.1% NP-40). The RNA–protein (RNP) complexes captured on beads 
were washed four times (4 × 10 ml) with 10 ml IsoWB. After the fourth wash, 
bound RNP complexes were incubated with one bed volume of IsoWB containing 
1 U Ml−1 of RNase I for 10 min at 37 °C with intermittent shaking. RNP complexes 
were again washed four times with 10 ml IsoWB. Flag epitope–containing com-
plexes were affinity eluted from the beads in one bed volume of IsoWB containing  
250 Mg.ml−1 Flag peptide with gentle shaking at 4 °C for 2 h. To prepare the recov-
ered elution for input into a second IP, its volume was adjusted to 400 Ml and 
its composition adjusted to that of the lysis buffer above with NaCl at 150 mM.  
The suspension was incubated with 7 Mg of anti-Stau1 antibody (ab105398,  
Abcam, validation of IP in Supplementary Fig. 1c,d) precoupled to 35 Ml of 
Protein G Dynabeads (Invitrogen) according to the manufacturer’s instructions. 
Immunoprecipitation was carried out at 4 °C for 2 h. Captured RNP complexes 
were washed six times with 1 ml of ice-cold IsoWB and eluted with 200 Ml of clear 
sample buffer (100 mM Tris-HCl, pH 6.8, 4% SDS, 10 mM EDTA and 100 mM 
DTT) at 25 °C for 5 min and subsequently at 95 °C for 2 min.

For IPs under protein–cross-linking conditions, cells were collected and rinsed 
once in PBS + CHX and then resuspended in PBS + CHX. Formaldehyde was 
added to 0.1%, and the suspension was gently mixed at RT for 10 min. A one-
tenth volume of quenching buffer (2.5 M glycine, and 25 mM Tris base) was 
added. Cells were pelleted and lysed in hypotonic lysis buffer supplemented with 
0.1% SDS and 0.1% sodium deoxycholate. Sonication after cell lysis was per-
formed at 40% amplitude with a Microtip for a total of 90 s (in 5-s bursts with 
30-s intervals). After Flag IP as described above, IP samples were washed twice 
with IsoWB + 0.1% SDS and 0.1% sodium deoxycholate and then with IsoWB. 
All subsequent steps were as above with omission of RNase I treatment.

RIPiT RNA extraction. The volume of RIPiT elution was extracted as 
described in ref. 38. For Stau1 cross-linked RIPiT experiments, extracted RNAs 

were depleted of rRNA before cDNA library construction with the Ribozero  
rRNA-removal kit from Epicentre.

Preparation of samples for RNA-seq. 75 Mg of total RNA were poly(A)-selected 
with the Dynabeads mRNA-purification kit (Invitrogen). After poly(A) selection, 
mRNAs were fragmented with RNA-fragmentation buffer (Ambion) for 4 min 
and 30 s at 70 °C to obtain fragments 100–125 nt long. After fragmentation, RNAs 
were precipitated in three volumes of 100% ethanol at −20 °C overnight. After a 
wash with 70% ethanol, RNA was resuspended in 5 Ml of water and the 3` ends 
dephosphorylated with PNK (New England BioLabs) for 1 h at 37 °C. After this, 
RNAs were subjected to cDNA library preparation.

Poly(A)-site sequencing (PAS-seq). 75 Mg of total RNA were poly(A)-selected 
with the Dynabeads mRNA purification kit (Invitrogen). After poly(A) selection, 
mRNAs were fragmented with RNA fragmentation buffer (Ambion) for 5 min at 
70 °C to obtain fragments 60–80 nt long. After fragmentation, RNAs were reverse 
transcribed with an anchored and barcoded oligo(dT)21VN (where V corresponds 
to A, C or G residues) containing the sequences complementary to Illumina’s 
paired-end primers (PE1.0 and PE2.0) separated by a polyethylene glycol (PEG) 
spacer. After reverse transcription (RT) with Superscript III (Invitrogen), cDNAs  
were size-selected and circularized with Circligase I (Epicentre) for 4 h at  
60 °C. This was followed by inactivation at 80 °C for 10 min. After circularization, 
cDNAs were PCR-amplified with Illumina’s PE1.0 and 2.0 primers for a total of  
14 cycles. PCR products were size-selected on a nondenaturing polyacrylamide gel 
and sent for high-throughput sequencing on Illumina’s HiSeq2000 platform.

Quantitative RT-PCR. Total RNA from HEK293, Huh7 and HepG2 cells trans-
fected with control shRNA or a Stau1-targeting shRNA construct was reverse 
transcribed with the Vilo RT kit from Life Technologies. Obtained cDNAs were 
then used as input for quantitative PCR analysis as described in ref. 48 with 
the following primers: GAPDH forward, 5` tccaccaccctgttgctgtag 3` and reverse, 
5`acccactcctccacctttgac3`; Arf1 forward, 5` atcttcgcctcccgactc 3` and reverse, 
5`atgcttgtggacaggtgga3`; C11orf58 forward, 5` cagacgacgatctgggatct 3` and reverse, 
5` tgatctcctataacaagacgaccag 3`; PAICS forward, 5` aaggaaaagctgcaatctcaa 3` and 
reverse, 5` ccccacattttctggtgaag 3`; MDM2 forward, 5` catgcctgcccactttaga 3` and 
reverse, 5` ggaggctcccaactgctt 3`; MDM4 forward, 5` agggatgaaatgcttcttgg 3`  
and reverse, 5` aaggttgctatgaggtctaccttg 3`.

Sucrose-gradient sedimentation of Flag–Stau1-WT cells. HEK293 cells were 
plated at 5 million in a 150-mm2 plate and Flag–Stau1-WT expression induced 
overnight with doxycycline at 0.5 ng ml−1. 16 h after induction, cells were either 
incubated with cycloheximide (100 Mg ml−1) for 10 min or with harringtonine  
(2 Mg ml−1) for either 3, 10 or 40 min. This was followed by incubation with 
cycloheximide (100 Mg ml−1) for 10 min. Cells were then washed in PBS + 
cycloheximide (100 Mg ml−1) or PBS + harringtonine (2 Mg ml−1) + cyclo-
heximide (100 Mg ml−1) and scraped. Cells were then lysed in 1 ml of lysis buffer 
(10 mM Tris-HCl, pH 7.5, 5 mM MgCl2, 100 mM KCl, 1% Triton X-100, 2 mM 
DTT, 100 Mg/ml cycloheximide and 1× Protease-Inhibitor Cocktail EDTA-free  
(Roche). Lysate was homogenized by gentle pipetting up and down with a P1000 
pipettor for a total of eight strokes and incubated at 4 °C for 10 min. The lysate 
was centrifuged at 1,300g for 10 min at 4 °C; the supernatant was recovered. 
After this, samples were loaded on top of a 10–50% (w/v) sucrose gradient  
(20 mM HEPES-KOH, pH 7.4, 5 mM MgCl2, 100 mM KCl, 2 mM DTT, and  
100 Mg ml−1 cycloheximide) and centrifuged in a SW-40ti rotor at 35,000 r.p.m. 
for 2 h 40 min at 4 °C. Samples were fractionated into 14 individual samples that 
were subjected to SDS-PAGE to monitor Stau1 (ab105398, Abcam, 1:1,000 dilu-
tion) and Rpl26 (Bethyl, A300-685A, 1:1,000 dilution) levels by western-blotting. 
Experimental validation of antibodies used for western blots can be found at the 
manufacturers’ websites.

Oligo(dT) pulldown of poly(A) RNAs after UV exposure of living cells. 
HEK293 Flp-In cells were exposed to 0, 0.2, 0.4 and 0.8 J cm−2 of 254-nm 
UV light. Cells were then scraped and lysed with binding buffer (0.5 M NaCl,  
10 mM Tris-HCl, pH 7.5, 0.5% SDS, 0.1 mM EDTA and protease inhibitor cock-
tail). Cell lysates were passed through a 22-gauge syringe needle five times and 
spun at 15,000g for 10 min. Cleared cell lysates were added to oligo(dT) cellulose 
beads (Ambion, AM10020) previously washed in binding buffer. After 1 h of 
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 incubation at room temperature, beads were washed three times with binding 
buffer and once with nondenaturing wash buffer (0.5 M NaCl, 10 mM Tris-HCl, 
pH 7.5, 0.1% NP-40, 0.1% Triton-X 100 and 0.2 mM EDTA). Finally, beads were 
resuspended in elution buffer (10 mM Tris-HCl, pH 7.5, and 1 mM EDTA) com-
plemented with RNase A/T1 cocktail (Ambion AM2286) and incubated at 37 °C 
for 1 h. The supernatant was finally recovered and loaded on a 12% SDS-PAGE 
for western-blotting of hnRNPA1 and Stau1.

Stau1 RNA reassociation test. HEK293 Flp-In, Flag–Stau1-WT or Flag–Stau1-
mut cells were harvested and lysed as described in the Stau1 RIPiT section 
(above). After cell lysis, 0.1 pmol of a radiolabeled in vitro–transcribed Arf1  
3`-UTR sequence (labeled with [A-32P]UTP) was added for each 150-mm2 
plate. The remaining procedure is identical to that described in the Stau1 RIPiT  
section until the Flag elution step. Flag eluates on each sample were monitored 
for radioactivity with liquid scintillation.

Ribosome profiling. HEK293 Flag–Stau1-WT cells incubated in the presence of  
1 ng ml−1 of doxycycline (Stau1 overexpression) or not (control) as well as HEK293 
cells expressing the shRNAs against Stau1 (Stau1 knockdown) were seeded at  
5 million cells in a 150-mm dish. After 16 h of culture, cycloheximide was added 
to 100 Mg ml−1 for 10 min. Cells were then washed two times in ice-cold PBS +  
cycloheximide (100 Mg ml−1) and scraped in 1 ml of PBS + cycloheximide  
(100 Mg ml−1). Cells were pelleted at 500g for 5 min at 4 °C and lysed in 1 ml of lysis 
buffer (10 mM Tris-HCl, pH 7.5, 5 mM MgCl2, 100 mM KCl, 1% Triton X-100,  
2 mM DTT, 100 Mg/ml cycloheximide and 1× Protease-Inhibitor Cocktail EDTA-
free (Roche)). Lysate was homogenized with a P1000 pipettor by gentle pipetting 
up and down for a total of eight strokes and incubated at 4 °C for 10 min. The 
lysate was centrifuged at 1,300g for 10 min at 4 °C, the supernatant recovered 
and the absorbance at 260 nm measured. For the footprinting, 5 A260 units of the 
cleared cell lysates were incubated with 300 units of RNase T1 (Fermentas) and 
500 ng of RNase A (Ambion) for 30 min at RT. After this, samples were loaded 
on top of a 10–50% (w/v) linear sucrose gradient (20 mM HEPES-KOH, pH 7.4, 
5 mM MgCl2, 100 mM KCl, 2 mM DTT and 100 Mg ml−1 of cycloheximide) and 
centrifuged in a SW-40ti rotor at 35,000 r.p.m. for 2 h 40 min at 4 °C.

Samples were then collected from the top of the gradient while absorbance was 
measured at 254 nm and the fraction corresponding to 80S monosomes recov-
ered. The collected fraction was complemented with SDS to 1% final and protein-
ase K (200 Mg ml−1) and then incubated at 42 °C for 45 min. After proteinase K 
treatment, RNA was extracted with one volume of phenol (pH 4.5)/chloroform/
isoamyl alcohol (25:24:1). The recovered aqueous phase was supplemented with 
20 Mg of glycogen, 300 mM sodium acetate, pH 5.2, and 10 mM MgCl2. RNA 
was precipitated with three volumes of 100% ethanol at −20 °C overnight. After 
a wash with 70% ethanol, RNA was resuspended in 5 Ml of water and the 3` ends 
dephosphorylated with PNK (New England BioLabs) in MES buffer (100 mM 
MES-NaOH, pH 5.5, 10 mM MgCl2, 10 mM B-mercaptoethanol and 300 mM 
NaCl) at 37 °C for 3 h. Dephosphorylated RNA footprints were then resolved on 
a 15% acrylamide (19:1), 8 M urea denaturing gel for 1 h 30 min at 35 W and 
fragments ranging from 26 nt to 32 nt size-selected from the gel. Size-selected 
RNAs were extracted from the gel slice by overnight nutation at RT in RNA elu-
tion buffer (300 mM NaCl, and 10 mM EDTA). The recovered aqueous phase 
was supplemented with 20 Mg of glycogen, 300 mM sodium acetate, pH 5.2, and 
10 mM MgCl2. RNA was precipitated with three volumes of 100% ethanol at  
−20 °C overnight. After a wash with 70% ethanol, RNA was resuspended in 5 Ml 
of water and subjected to cDNA library construction.

The remaining undigested cell lysates were extracted with an equal volume 
of phenol (pH 4.5)/chloroform/isoamyl alcohol (25:24:1). The recovered aque-
ous phase was supplemented with 20 Mg of glycogen, 300 mM sodium ace-
tate, pH 5.2, and 10 mM MgCl2. RNA was precipitated with three volumes of 
100% ethanol at −20 °C overnight. After a wash with 70% ethanol, RNA was 
resuspended in 9 Ml of water and fragmented with RNA fragmentation buffer 
(Ambion) at 70 °C for 4 min 30 s in order to obtain RNA fragments of 100–150 nt.  
Fragmented RNAs were supplemented with 20 Mg of glycogen, 300 mM sodium 
acetate, pH 5.2, and 10 mM MgCl2 and precipitated with three volumes of 
100% ethanol at −20 °C overnight. After a wash with 70% ethanol, RNA was 
resuspended in 5 Ml of water and dephosphorylated as described above with 
PNK. After 3`-end dephosphorylation, RNA fragments were subjected to cDNA  
library construction.

Illumina cDNA library construction. cDNA libraries were prepared with a 
homemade kit (E.E.H., unpublished data). Briefly, RNA fragments with a 3`-OH 
were ligated to a preadenylated DNA adaptor. Following this, ligated RNAs were 
reverse transcribed with Superscript III (Invitrogen) with a barcoded reverse-
transcription primer that anneals to the preadenylated adaptor. After reverse 
transcription, cDNAs were resolved in a denaturing gel (10% acrylamide and 
8 M urea) for 1 h and 45 min at 35 W. Gel-purified cDNAs were then circular-
ized with CircLigase I (Epicentre) and PCR-amplified with Illumina’s paired-end 
primers 1.0 and 2.0 for 5 cycles (ribosome footprints), 12 cycles (Stau1 RIPiT) or 
16 cycles (RNA-seq libraries). PCR amplicons were gel-purified and submitted 
for sequencing on the Illumina HiSeq 2000 platform.

Mapping of high-throughput sequencing reads. First, reads were split with 
respect to their 5`-barcode sequence. After this, 5`-barcode and 3`-adaptor 
sequences were removed from reads. Reads were then aligned to University of 
California, Santa Cruz (UCSC) human hg18 assembly with TopHat49. Unmapped 
reads from TopHat were then mapped with Bowtie50 to a custom set of sequences 
including 18S, 28S, 45S, 5S and 5.8S rRNA, repeat elements, small-nuclear RNAs 
(snRNAs), tRNAs, microRNAs and pre-microRNAs.

Transcript-level quantification and normalization for all high-throughput 
sequencing libraries. Read counts from all high-throughput sequencing libraries 
were normalized to the total number of mapped reads. When a single read aligned 
across the boundary of two different regions (for example, CDS and 3` UTR), 
the read was divided proportionally to the aligned length in the given region.  
To quantify gene expression, reads per kilobase per million of mapped reads 
(RPKM) were calculated for the most abundant isoform of each gene.

Transcriptome-wide pairing of inverted and tandem Alu elements. Genomic 
coordinates for all Alu elements were obtained from the repeat-masker track of 
the UCSC genome browser. With the BedTools51 intersectBed function with 
–s(strand) option, we obtained coordinates of all Alu elements located in 3` UTRs, 
distal 3` UTRs and introns. After this step, Alu elements in Watson and Crick 
strands were separated. To pair inverted Alu elements, we used the ClosestBed 
function between Alu elements in the Watson and Crick strands. The same 
steps were also performed to detect same-strand pairs on Watson-Watson and  
Crick-Crick pairs. In this case, tandem pairs that had an inverted Alu pair less 
than 2,000 nt apart were excluded from the analysis.

Definition of distal 3`-UTR regions. To define distal 3`-UTR regions, we used 
PAS-seq mapped reads. For this, peaks were called from the PAS-seq library with 
ASPeak. With the BedIntersect function (BedTools) we found all genes that had 
a polyadenylation site within 10,000 nt of the canonical polyadenylation site, 
provided that they were upstream of the transcription start site of the downstream 
gene. If multiple peaks were called within that interval, the called peak most distal 
to the canonical polyadenylation site was selected.

Counting of sequencing reads for Alu pairs separated by different distances. 
With the genomic coordinates of tandem and inverted Alu pairs described above, 
we created a new file for each region (3` UTR, distal 3` UTR and introns) that con-
tained the genomic coordinates of each Alu element within every pair in addition 
to 1,000 nt upstream of the 5`-most Alu element and 1,000 nt downstream of the 
3`-most Alu element. After this, read counts from Stau1-WT CROSS, Stau1-mut 
CROSS and RNA-seq were obtained for each defined region within pairs and then 
normalized with RNA-seq RPKM value for the same interval. Normalized read 
counts for each interval were added for all Alu pairs located between 0 and 200 nt, 
200 and 500 nt, 500 and 1,000 nt, 1,000 and 2,000 nt, and 2,000 nt and beyond.

Secondary-structure analysis of inverted Alu pairs. To analyze the secondary 
structure of inverted Alu pairs, we obtained the sequence of both Alu elements, 
including the region separating them. As a control, same-length sequences were 
randomly chosen from the list of genes devoid of Stau1-target sites. After the 
sequences were obtained, the Vienna Package RNAfold 2.1.1 (ref. 47) was used 
to predict secondary structures.

Analysis of ribosome-profiling reads. To calculate translational-efficiency 
changes upon knockdown or overexpression of Stau1, we used a generalized 
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linear model (GLM). We used the number of sequencing reads mapping to 
the annotated coding region (or ORF) for each RefSeq transcript. In the GLM,  
we used the cell type (overexpression of Stau1WT, Stau1-shRNA), sequence-
library preparation batch and type of sequence data (RNA-seq or ribo-seq) as 
predictor variables of the number of mapped reads per transcript. We had two bio-
logical replicates for all conditions, which were used to estimate a biological vari-
ability in the number of counts. We used a trended dispersion estimation method,  
following ref. 52. To extract translation-efficiency changes upon a given  
treatment, we used the contrast between type of sequence data, ribo-seq versus 
RNA-seq, in each pair of conditions.

48. Ricci, E.P. et al. Translation of intronless RNAs is strongly stimulated by the Epstein-
Barr virus mRNA export factor EB2. Nucleic Acids Res. 37, 4932–4943 (2009).

49. Trapnell, C., Pachter, L. & Salzberg, S.L. TopHat: discovering splice junctions with 
RNA-Seq. Bioinformatics 25, 1105–1111 (2009).

50. Langmead, B., Trapnell, C., Pop, M. & Salzberg, S.L. Ultrafast and memory-efficient 
alignment of short DNA sequences to the human genome. Genome Biol. 10, R25 
(2009).

51. Quinlan, A.R. & Hall, I.M. BEDTools: a flexible suite of utilities for comparing 
genomic features. Bioinformatics 26, 841–842 (2010).

52. McCarthy, D.J., Chen, Y. & Smyth, G.K. Differential expression analysis of multifactor 
RNA-Seq experiments with respect to biological variation. Nucleic Acids Res. 40, 
4288–4297 (2012).
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A dynamic and coordinately regulated gene expression 
programme lies at the heart of the inflammatory process. 
This response endows the host with a first line of defence 
against infection and the capacity to repair and restore 
damaged tissues. However, unchecked, prolonged or 
inappropriately scaled inflammation can be detrimental 
to the host and lead to diseases such as atherosclerosis, 
arthritis and cancer1,2. 

The acute inflammatory programme is initiated 
when germline-encoded pattern recognition receptors 
(PRRs) that are present in distinct cellular compart-
ments respond to signs of microbial infection3,4. Once 
activated, these receptors trigger signalling cascades 
that converge on well-defined transcription factors. 
Mobilization of these factors leads to rapid, dynamic 
and temporally regulated changes in the expression of 
hundreds of genes that are involved in antimicrobial 
defence, phagocytosis, cell migration, tissue repair and 
the regulation of adaptive immunity.

Multiple genes within distinct functional categories are 
coordinately and temporally regulated by transcriptional 
‘on’ and ‘off ’ switches that account for the specificity of 
gene expression in response to external stimuli. Multiple 
layers of regulation — including chromatin state, histone 
or DNA modifications, and the recruitment of transcrip-
tion factors and of the basal transcription machinery — 
collaborate to control these pathogen-induced or danger 
signal-induced gene expression programmes5,6, which 
vary depending on the cell lineage involved and the 

specific signal that is encountered. Although transcrip-
tion is an essential first step, and certainly the most well-
scrutinized area in studies of innate immunity5,6, proper 
regulation of immune genes also involves a plethora of 
additional post-transcriptional checkpoints. These occur 
at the level of mRNA splicing, mRNA polyadenylation, 
mRNA stability and protein translation. Many of these 
mechanisms are particularly important for modulating 
the strength and duration of the response and for turn-
ing the system off in a timely and efficient manner. In  
this Review, we cover exciting recent developments in this 
under explored area. We also highlight the emerging role 
of long non-coding RNAs (lncRNAs) in controlling the 
inflammatory response. A better understanding of these 
processes could facilitate the development of selective 
therapeutics to prevent damaging inflammation.

Alternative splicing in innate immunity
Although transcriptional regulation has been at the 
forefront of studies of innate immunity, the role of post-
transcriptional regulation in controlling gene expres-
sion in macrophages and other innate immune cells is 
equally important. Almost one-fifth of the genes that 
are expressed in human dendritic cells (DCs) undergo 
alternative splicing upon bacterial challenge. Most of 
these genes are involved in general cellular functions 
but some participate directly in antimicrobial defence7. 
Furthermore, stimulation of human monocytes with the 
Toll-like receptor 4 (TLR4) ligand lipopolysaccharide 
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Abstract | Innate immune responses combat infectious microorganisms by inducing 
inflammatory responses, antimicrobial pathways and adaptive immunity. Multiple genes within 
each of these functional categories are coordinately and temporally regulated in response to 
distinct external stimuli. The substantial potential of these responses to drive pathological 
inflammation and tissue damage highlights the need for rigorous control of these responses. 
Although transcriptional control of inflammatory gene expression has been studied extensively, 
the importance of post-transcriptional regulation of these processes is less well defined. In this 
Review, we discuss the regulatory mechanisms that occur at the level of mRNA splicing, mRNA 
polyadenylation, mRNA stability and protein translation, and that have instrumental roles in 
controlling both the magnitude and duration of the inflammatory response.
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Pattern recognition 
receptors
(PRRs). Host receptors (such as 
Toll-like receptors (TLRs) or 
NOD-like receptors (NLRs)) 
that can sense pathogen- 
associated molecular patterns 
and initiate signalling cascades 
that lead to an innate immune 
response. These can be 
membrane-bound (for 
example, TLRs) or soluble 
cytoplasmic receptors (for 
example, retinoic acid- 
inducible protein I (RIG-I), 
melanoma differentiation- 
associated protein 5 (MDA5) 
and NLRs). 

microRNA
(miRNA). Non-coding RNA (21 
nucleotides in length) that is 
encoded in the genomes of 
animals and plants. miRNAs 
regulate gene expression by 
binding to the 3ʹ untranslated 
region of target mRNAs.

AU-rich elements 
(AREs). Regulatory elements 
usually located in the 3ʹ 
untranslated regions of mRNAs 
that mediate the recognition  
of an array of RNA-binding 
proteins and determine  
RNA stability and translation.

(LPS) and with interferon-γ (IFNγ) causes the poly-
adenylation machinery to favour proximal poly(A) site 
use in terminal exons that contain two or more poly(A) 
sites8. This type of alternative polyadenylation leads to a 
global shortening of 3ʹ untranslated regions (UTRs) and a 
loss of key regulatory elements such as microRNA (miRNA) 
target sites and AU-rich elements (AREs).

Alternative pre-mRNA processing. Following tran-
scription, pre-mRNA intronic sequences are removed 
by splicing. The 5ʹ and 3ʹ splice sites of introns are 
recognized by the small nuclear ribonucleic particles 
(snRNPs) U1 and U2, respectively, before the spliceo-
some assembles and catalyses excision of the introns 
and the ligation of flanking exons9 (FIG. 1a). In addi-
tion, a poly(A) tail is added to the 3ʹ end of transcripts. 
A poly(A) signal and nearby U-rich or GU-rich down-
stream sequence elements (DSEs) are recognized by 
two multi-protein complexes — namely, cleavage and 
polyadenylation specificity factor (CPSF) and cleavage 
stimulation factor (CSTF), respectively — that promote 
endonucleolytic cleavage of the pre-mRNAs. Poly(A) 
polymerase (PAP; also known as PAPα and PAPOLA) 
subsequently catalyses the addition of a stretch of  
adenosines from the cleavage site10 (FIG. 1b).

Remarkably, >94% of human genes are subject to 
alternative splicing and/or alternative polyadenylation11. 
Types of alternative splicing that alter the sequence of 
the encoded protein include mutually exclusive exons, 
exon skipping, intron retention and the alternative use 

of 5ʹ or 3ʹ splice sites at intron ends. Alternative poly-
adenylation within an intron can also generate an mRNA 
that encodes a truncated protein product. However, 
alternative processing is by no means limited to internal 
sites. Alternative promoter use results in alternative first 
exons, which changes the length and sequence of the 
5ʹ UTR. Similarly, alternative polyadenylation within  
the last exon can shorten or extend the 3ʹ UTR11 (FIG. 2a). 
Modifications to UTRs have important consequences 
because they can affect sequences that regulate sub-
cellular mRNA localization, translation efficiency and 
mRNA stability12.

Regulation of TLR signalling by alternative splicing and 
alternative polyadenylation. The TLR signalling pathway 
is subject to extensive post-transcriptional regulation, in 
which more than 256 alternatively processed transcripts 
encode variants of receptors, adaptors and signalling 
molecules13. Every TLR gene has numerous alternatively 
spliced variants13–18, and TLR1 to TLR7 all have between 
two and four predicted alternative polyadenylation sites16. 
These variant transcripts have myriad effects on signal 
transduction. For example, an alternatively spliced form 
of mouse Tlr4 mRNA includes an exon that is not pre-
sent in the canonical mRNA15. An in-frame stop codon 
in this extra exon generates a secretable receptor isoform 
that lacks the transmembrane and intracellular domains 
that are present in the full-length protein. LPS stimula-
tion enhances the expression of soluble TLR4 (smTLR4) 
by macrophages, and forced overexpression of smTLR4 
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Figure 1 | Pre-mRNA processing into mature mRNAs: intron splicing and polyadenylation. a | Following 
transcription, pre-mRNA intronic sequences are removed by splicing. The 5ʹ and 3ʹ splice sites of introns are recognized  
by the small nuclear ribonucleoproteins (snRNPs) U1 and U2, respectively, then the spliceosome assembles and catalyses 
the excision of the introns and ligation of the flanking exons. A multi-protein complex, the exon junction complex, is 
deposited on exon–exon junctions. b | A poly(A) tail is also added to the 3ʹ end of transcripts. The poly(A) signal and nearby 
U-rich or GU-rich downstream sequence elements are recognized by two multi-protein complexes — namely, cleavage 
and polyadenylation specificity factor (CPSF) and cleavage stimulating factor (CSTF), respectively — that promote 
endonucleolytic cleavage of the transcript. Poly(A) polymerase (PAP) catalyses the subsequent addition of a stretch of 
adenosines from the cleavage site. 
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inhibits LPS-mediated activation of nuclear factor-κB 
(NF-κB) and the production of tumour necrosis factor 
(TNF)15. An analogous TLR4 mRNA isoform that con-
tains a premature stop codon is upregulated following 
LPS stimulation of human monocytes14. Induction of this 
isoform is significantly lower in monocytes from patients 
with cystic fibrosis who, compared with healthy controls, 
produce more TNF in response to LPS14. These results 
suggest that production of a truncated form of TLR4 

generates a negative feedback loop that limits excessive 
inflammation. Another component of this negative feed-
back mechanism is the requisite TLR4 co-factor MD2 
(which is encoded by LY96). Shortened MD2 isoforms 
have been described in both mouse macrophages19 and 
human monocytic cell lines20. The mRNA encoding the 
mouse MD2B variant lacks the first 54 bases of exon 3 
(REF. 19), whereas the mRNA encoding the human MD2s 
variant lacks all of exon 2 (REF. 20). MD2s expression is 

Figure 2 | Regulation of Toll-like receptor  
signalling by alternative pre-mRNA processing.  
a | Toll-like receptor (TLR) signalling pathways are 
regulated through diverse transcripts that are generated 
by alternative splicing and alternative polyadenylation. 
Dashed lines indicate spliced transcript. b|^|6Je 6.4� 
signalling pathway is markedly regulated by alternative 
splicinI oH O40#s encodinI tJe TeceptoT 
6.4�� Cnd tJe 
co-receptor (MD2), the adaptor molecules (myeloid 
differentiation primary response protein 88 (MYD88) 
and TRIF-related adaptor molecule (TRAM)), as well as 
the IL-1R-associated kinases (IRAKs). Inhibitory isoforms 
are shown in red. AP-1, activator protein 1; IRF, interferon-
regulatory factor; LPS, lipopolysaccharide; MD2B, 
splice variant of MD2; MYD88s, splice variant of MYD88; 
NF-κB, nuclear factor-κ$� sO6.4�� solWDle 6.4� splice 
variant; TAG, splice variant of TRAM; TRAF, TNF receptor-
associated factor; TRIF, TIR-domain-containing adaptor 
protein inducing IFNβ. Part a from REF. 11, Nature 
Publishing Group. 
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upregulated by LPS, as well as by IFNγ and interleukin-6 
(IL-6)20. Both MD2B and MD2s proteins bind TLR4 
as efficiently as full-length MD2 but they fail to medi-
ate signalling. MD2B inhibits cell surface expression of 
mouse TLR4 (REF. 19), and MD2s inhibits the binding of 
full-length MD2 to TLR4 (REF. 20). Thus, these shortened 
forms of MD2 inhibit macrophage stimulation by LPS19,20 
by limiting productive interactions with full-length 
MD2. Together, these results suggest that the produc-
tion of altered forms of either TLR4 or MD2 modulate  
macrophage responses to LPS and bacterial pathogens.

This idea that shorter protein isoforms fine-tune  
signalling is a common mechanism that occurs through-
out the TLR signalling pathway. In response to LPS, mye-
loid differentiation primary response protein 88 (MYD88) 
enables the formation of multi-protein complexes that 
contain TLR4, MYD88, IL-1 receptor-associated kinase 1 
(IRAK1) and IRAK4. IRAK1 is phosphorylated by 
IRAK4; phosphorylated IRAK1 binds to TNF receptor-
associated factor 6 (TRAF6), and eventually NF-κB and 
activator protein 1 (AP-1) transcription factors are acti-
vated by IκB kinase (IKK) complexes (FIG. 2b). Stimula-
tion of mouse monocytes with LPS or pro-inflammatory 
cytokines induces the expression of a splice variant of 
MYD88 — known as MYD88s — that lacks exon 2, 
which causes an in-frame deletion of the MYD88 inter-
mediate domain21–23. Although MYD88s can still bind to 
TLRs and IRAK1, it cannot interact with IRAK4 (REF. 22). 
Consequently, MYD88s is unable to mediate IRAK1 
phosphorylation and NF-κB activation21. MYD88s also 
acts as a dominant-negative inhibitor of NF-κB signal-
ling by forming heterodimers with full-length MYD88 
(REF. 21). By contrast, MYD88s does not impair LPS-
induced AP-1 activation23. Thus, MYD88s production 
allows monocytes to differentially tune the NF-κB and 
AP-1 activation pathways.

Adding further complexity, IRAK1 is also subject to 
alternative splicing24,25. The IRAK1b24 and IRAK1-S25 
variants result from the use of alternative 3ʹ splice sites 
in exon 12. Both proteins lack kinase activity24,25 and 
IRAK1-S fails to bind TRAF6 (REF. 25). Nonetheless, 
both isoforms can induce NF-κB activation, possibly by 
forming functional heterodimers with full-length IRAK1 
(REFS 24,25). Conversely, a third alternatively spliced 
variant that lacks exon 11, IRAK1c, has no kinase activ-
ity and acts as a dominant-negative inhibitor26. IRAK1c 
suppresses both NF-κB activation and TNF produc-
tion in response to LPS26. IRAK2, another IRAK-like 
molecule, has four known alternatively spliced iso-
forms27. IRAK2a and IRAK2b potentiate NF-κB activa-
tion, whereas IRAK2c and IRAK2d act as inhibitors27. 
Finally (as reviewed in REF. 28), the NF-κB signalling 
cascade is tightly regulated by the expression of agonis-
tic and antagonistic splice variants of inhibitor of NF-κB 
(IκB), IKK and the NF-κB transcription factor subunits  
RELA (also known as the p65 subunit), RELB and NF-κB2  
(also known as the p100 subunit).

Regarding the MYD88-independent TLR pathway, 
TLR3 stimulation induces the association of the adap-
tor molecule TIR-domain-containing adaptor protein 
inducing IFNβ (TRIF) with TRIS, which is a shorter 

splice variant of TRIF that lacks the Toll/IL-1R (TIR) 
domain29. Overexpression of TRIS activates NF-κB and 
IFN-regulatory factor 3 (IRF3), whereas TRIS knock-
down inhibits TLR3-mediated signalling29. These results 
suggest that the TLR3 signalling pathway involves the 
formation of heterocomplexes between TRIF and 
TRIS. TRIF-dependent TLR signalling also involves 
TRIF-related adaptor molecule (TRAM; also known as 
TICAM2) (FIG. 2b). In unstimulated cells, TRAM local-
izes to the plasma membrane where it interacts with 
TLR4 (REF. 30). In human mononuclear cells, a longer iso-
form of TRAM, known as TAG, results from the use of 
an alternative 3ʹ splice site in exon 4 of TRAM, and this 
variant contains an additional Golgi dynamics domain. 
Consequently, TAG localizes to the endoplasmic reticu-
lum (ER)30. Following stimulation with LPS, TRAM and 
TAG colocalize to late endosomes where TAG displaces 
the adaptor TRIF from its productive association with 
TRAM. TAG expression also promotes TRAM degrada-
tion. As a result, TAG inhibits LPS-induced IRF3 acti-
vation30. Finally, IRF3 is also alternatively spliced, with 
eight different transcript variants described to date: 
IRF3, IRF3a to IRF3f, and IRF3CL31–33. Among them, 
only IRF3e is able to undergo cytoplasm-to-nuclear 
translocation in response to TLR3 ligands and bind to 
the IFNB promoter as full-length IRF3 does32. The other 
isoforms inhibit the transactivation potential of IRF3 to 
various degrees31–33.

Together, these studies reveal how alternative splicing 
and alternative polyadenylation are exceedingly com-
mon events that occur throughout innate immunity 
and fine-tune almost all steps in the process (FIG. 2b).  
Nevertheless, surprisingly little is known about the 
mechanisms that drive this alternative processing. 
What is known is that bacterial challenge of human 
DCs changes the mRNA levels of >70 splicing factors34 
and LPS stimulation of mouse macrophages increases 
the mRNA and protein levels of CSTF64 (also known 
as CSTF2), which can favour the use of weak proximal 
polyadenylation sites34. Finally, two recent reports35,36 
indicate that the kinetics of pre-mRNA splicing itself 
might regulate gene expression during innate immune 
responses. Transcriptome-wide analysis of lipid A- 
stimulated macrophages revealed an accumulation of 
fully transcribed, but incompletely spliced, pre-mRNAs 
following TLR4 activation35. Similarly, TNF-induced 
splicing of intermediate and late transcripts is delayed 
compared with splicing of early gene pre-mRNAs36. 
These results suggest that not only are innate immune 
responses regulated by alternative pre-mRNA processing 
but the rate of such processing is also subject to vari-
ation, possibly to regulate the temporal order of gene 
expression in response to pro-inflammatory signals.

mRNA stability in innate immunity
Cellular mRNA levels are established by both mRNA 
production and degradation. Recently, in vivo label-
ling of newly synthesized RNAs using modified uridine 
(4-thiouridine (4sU)37 or bromodeoxyuridine (BrU)38), 
or purification of chromatin-associated mRNAs35  
enabled the simultaneous assessment of total and 
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nascent transcript levels in cells stimulated with LPS35,37 
or TNF38. As a result, both gene transcription and RNA 
decay rates could be evaluated for their respective con-
tributions to cell responses. These analyses showed 
that increases in RNA levels that are induced by pro-
inflammatory stimuli are mainly due to changes in the 
rate of transcription35,37. However, the duration of these 
responses — particularly those that are rapid and tran-
sient — is mainly determined by the rate of RNA decay37. 
In LPS-stimulated and TNF-stimulated macrophages, 
a negative correlation can be observed between the 
speed of transcript induction and intrinsic mRNA sta-
bility39,40. In addition, challenge with LPS37, TNF38 and 
Myco bacterium tuberculosis17 modulates the stability of 
numerous transcripts. For example, stimulation of fibro-
blasts with TNF induces stabilization of 152 mRNAs 
and destabilization of 58 other transcripts38. Similarly, 
LPS treatment of DCs alters the stability of 6% of the 
expressed mRNAs37. Interestingly, the affected tran-
scripts are enriched for inflammatory and immune sig-
nalling genes, as well as NF-κB targets37. Together, these 
results indicate that regulation of mRNA degradation 
is also essential for shaping innate immune responses.

ARE-mediated regulation of mRNA stability. In 1986, 
conserved AU-rich sequences were discovered in the 
3ʹ UTR of the genes that encode the short-lived cytokines 
TNF41 and granulocyte–macrophage colony-stimulating 
factor (GM-CSF; which is encoded by CSF2)42. Insertion 
of the CSF2 AU-rich sequence into the 3ʹ UTR of the sta-
ble transcript encoding β-globin was shown to strongly 
induce its degradation42. These studies pioneered the dis-
covery of AREs as major regulators of mRNA stability. 
Approximately 5–8% of all human transcripts contain 
AREs43,44 and many of these ARE-containing mRNAs 
are involved in inflammation43. Consistent with rapid 
mRNA decay being essential for controlling response 
duration, early and transient transcripts that are induced 
in LPS-stimulated or TNF-stimulated macrophages 
contain significantly more AREs in their 3ʹ UTRs than 
intermediate and late transcripts40. Moreover, numerous 
pro-inflammatory factors, as well as anti-inflammatory 
cytokines, undergo ARE-mediated regulation, including 
IL-6, IL-8, TNF, IL-1β, GM-CSF, inducible nitric oxide 
synthase (iNOS; also known as NOS2), transforming 
growth factor-β (TGFβ) and IL-10 (REFS 45,46).

AREs consist of various large clusters of over lapping 
AUUUA pentamers and UUAUUUAUU nonamers 
that are specifically recognized by over 20 different 
ARE-binding proteins. Among them, tristetraprolin 
(TTP), butyrate response factor 1 (BRF1; also known 
as ZFP36L1), BRF2 (also known as ZFP36L2), KH-type 
splicing regulatory protein (KSRP; also known as KHSRP) 
and AU-rich element RNA-binding protein 1 (AUF1; also 
known as HNRNPD) stimulate target transcript decay 
by recruiting deadenylases and downstream degrada-
tion machineries45,46. By contrast, Y-box binding protein1 
(YB1; also known as NSEP1) and the ELAV (embryonic 
lethal and abnormal vision) family members Hu-antigen R 
(HUR; also known as ELAVL1) and HUD (also known 
as ELAVL4) stabilize their targets by competing with 

the destabilizing ARE-binding proteins for ARE occu-
pancy45,46 (FIG. 3a). ARE-mediated regulation of Tnf and 
Il1b mRNA stability has been well studied. Notably, HUR 
initially stabilizes both transcripts in response to LPS47. 
LPS also induces TTP synthesis and phosphorylation48,49, 
and phosphorylated TTP is sequestered by the chaper-
one protein 14-3-3 (REF. 49). When dephosphorylated by 
protein phosphatase 2A50, TTP displaces HUR, binding 
the Tnf ARE with high affinity and the Il1b ARE with 
a lower affinity. TTP then recruits degradation factors 
to the Tnf transcript, but not to Il1b48. The destabilizing 
protein AUF1 also targets Tnf and Il1b mRNAs51. This 
regulation results in a rapid and transient induction of 
Tnf mRNA expression in response to LPS, whereas Il1b 
mRNA is induced more slowly and has a longer half-life48. 
Mice that are deficient in TTP52,53 or AUF1 (REFS 51,54), or 
that express a mutant version of TNF that lacks its ARE47, 
develop severe inflammatory diseases52,53, including LPS-
induced shock51,54. These symptoms, which result from 
excessive TNF and IL-1β production, illustrate the crucial 
role of ARE-mediated mRNA degradation in controlling 
inflammatory responses. Unexpectedly, mice that lack 
HUR expression in myeloid cells also show pathological 
exacerbation of their immune response55. This outcome 
might result from HUR-mediated stabilization of anti-
inflammatory transcripts and/or inhibition of HUR-
mediated translation in wild-type mice (see below). 
Together, these data highlight both the importance and 
the complexities of ARE-mediated post-transcriptional 
control of inflammation.

Non-ARE-mediated regulation of mRNA stability. The 
modulation of pro-inflammatory transcript stability also 
involves non-ARE regulatory elements. For example, a 
constitutive decay element (CDE) in the TNF 3ʹ UTR 
confers an intrinsic short half-life to the transcript that 
is independent of ARE-mediated decay56. Recognition of 
embryo deadenylation element (EDEN)-like sequences 
— which are rich in uridine–purine dinucleotides — by 
CUG triplet repeat RNA-binding protein 1 (CUGBP1; 
also known as CELF1) additionally induces TNF and 
FOS mRNA deadenylation57. By contrast, poly pyrimidine 
tract-binding protein (PTB; also known as PTBP1), 
which is induced by pro-inflammatory cytokines,  
stabilizes iNOS transcripts through the recognition of a 
UC-rich sequence in the 3ʹ UTR58 (FIG. 3b). 

Among 3ʹ UTR regulatory elements, miRNAs have 
emerged as key modulators of mRNA decay and trans-
lation. They consist of ~21-nucleotide-long non-coding  
RNAs that base-pair to partially complementary 
sequences in the 3ʹ UTR of their target RNAs. miRNAs 
act as the nucleic acid core of the RNA-induced silencing 
complex (RISC), which inhibits mRNA translation and/or 
causes deadenylation and the subsequent decay of target 
transcripts59 (FIG. 3c). More than 1,000 miRNAs have been 
identified in the human genome60 and as many as 60% of 
all mRNAs are predicted to contain a miRNA target site 
(or multiple sites)61. Abundant evidence has revealed the 
importance of miRNAs in the development of immune 
cells, as well as in the initiation and termination of  
inflammation (reviewed in REFS 62,63).
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Finally, transcripts that contain a very long 3´ UTR 
or an exon junction complex downstream of the transla-
tion termination codon can be degraded by nonsense- 
mediated decay (NMD) (FIG.  3d). This mechanism 
prevents the production of deleterious truncated pro-
teins that are encoded by mutant or aberrantly spliced 
mRNAs containing premature termination codons. 
However, accumulating evidence shows that there is 
conserved expression of transcripts that are naturally 
spliced in their 3ʹ UTR64, notably in haematopoietic 
cells. Inhibition of NMD impairs haematopoiesis65 and 
deletion of the NMD factor regulator of nonsense tran-
scripts 2 (UPF2) induces the upregulation of 186 genes 
in macro phages65. These results suggest that, in addition 
to its function as a quality control mechanism, NMD 
regulates gene expression in innate immune cells by  
controlling transcript stability.

Translation initiation in innate immunity 
Many signalling events in innate immunity require gene 
expression changes that are too fast for new transcrip-
tion or alternative pre-mRNA processing. In this case, 
changes in the translation of pre-existing mRNAs can 
allow for more rapid dynamic responses. Illustrating 
the importance of this post-transcriptional regulatory 
mechanism, LPS stimulation of DCs induces an immedi-
ate and massive increase in new protein synthesis within 
the first 60 minutes66.

Regulation of translation initiation factor activity. 
Among all translation initiation factors, eukaryotic 
translation initiation factor 2 (eIF2) is the best studied 
regulator in innate immunity. eIF2 forms a ternary com-
plex with the initiator methionyl-tRNA and a molecule 
of GTP, and this complex binds to the 40S ribosomal 
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Figure 3 | Regulation of mRNA stability during innate immune responses. a | Many cytokine transcripts contain 
AU-rich elements (AREs) in their 3ʹ untranslated regions (3ʹ UTRs). The recognition of these motifs by destabilizing 
ARE-binding proteins, such as tristetraprolin (TTP), stimulates mRNA deadenylation and decay. Conversely, the binding 
of stabilizing proteins — such as Hu-antigen R (HUR) — that compete with destabilizing factors inhibits ARE-mediated 
RNA degradation. b | The recognition of other regulatory elements, such as embryo deadenylation element (EDEN)-like 
sequences by CUG triplet repeat RNA-binding protein 1 (CUGBP1) can additionally stimulate RNA deadenylation, 
whereas binding of polypyrimidine tract-binding protein (PTB) to UC-rich sequences stabilizes mRNAs. c | Numerous 
transcripts that are involved in innate immune responses also contain a microRNA (miRNA) target site (or multiple 
sites) in their 3ʹ UTRs. Specific recognition of these sites by the RNA-induced silencing complex (RISC) leads to 
deadenylation of the mRNA and its subsequent degradation. d | Finally, the presence of an exon junction complex 
downstream of a stop codon of a translated mRNA induces nonsense-mediated decay through interactions between 
regulator of nonsense transcripts (UPF) proteins, phosphorylation of UPF1 and endonucleolytic cleavage of the 
transcript. ORF, open reading frame.
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Unfolded protein response
(UPR). A response that 
increases the ability of the 
endoplasmic reticulum (ER) to 
fold and translocate proteins, 
decreases the synthesis  
of proteins, degrades 
misfolded proteins and 
corrects disturbances in 
calcium and redox imbalance 
in the ER. If prolonged, the 
UPR can trigger apoptosis.

Stress granules
Cytoplasmic RNA–protein 
complexes that contain 
non-translating mRNAs, 
translation initiation 
components and other 
proteins that affect mRNA 
function. Stress granules are 
induced by stress and affect 
mRNA translation and stability.

subunit where it is essential for start codon recognition 
and recruitment of the 60S ribosomal subunit. Upon 
positioning of the 40S subunit at the start codon, eIF2 
hydrolyses its bound GTP, which causes the release 
of eIF2 from the ribosome (FIG.  4a). The resulting 
eIF2–GDP is then recycled by the guanine nucleotide 
exchange factor eIF2B to form a new ternary complex 
that is competent for a new round of translation. The 
activity of eIF2 is regulated by four different kinases 
that phosphorylate its α-subunit (eIF2α) and block 
its recycling by eIF2B. The phosphorylation of eIF2 
can be triggered by double-stranded RNA (through 
protein kinase RNA-activated (PKR; also known as 
eIF2AK2)), ER stress (through PKR-like ER kinase 
(PERK; also known as eIF2AK3)), exposure to ultra-
violet light (through GCN2; also known as eIF2AK4) 
or haem deficiency (through haem-regulated inhibitor 
(HRI; also known as eIF2AK1)). The phosphorylation 
of eIF2 leads to global translational repression of most 
cellular and viral mRNAs67. Suppression of translation 
mediated by eIF2 phosphorylation is beneficial during 
viral infection as it blocks the production of new viral 
proteins and limits viral spread. However, under the 
pathological chronic ER stress, prolonged eIF2 phos-
phorylation can be deleterious and lead to apoptosis68. 
Interestingly, TLR3 or TLR4 activation in macrophages 
and fibroblasts leads to the dephosphorylation of eIF2B 
via TRIF69,70. As a consequence, the guanine exchange 
activity of eIF2B is strongly stimulated and recycling of 
eIF2 occurs even though eIF2α remains phosphorylated 
(FIG. 4a). This allows the maintenance of efficient mRNA 
translation rates and an increase in cell survival upon 
prolonged ER stress, while still benefitting from the  
unfolded protein response (UPR) that is triggered by  
the ER stress and is essential to restore protein-folding 
homeostasis in the cell.

In addition to eIF2, the cap-binding protein eIF4E 
is highly regulated. eIF4E mediates the recruitment of 
the 40S ribosomal subunit by interacting both with the 
5ʹ mRNA cap structure and the scaffold initiation factor 
eIF4G, which in turn contacts the 40S ribosome through 
eIF3 (FIG. 4b). In most cells, eIF4E levels are limiting, and 
thus the regulation of its activity has a strong impact 
on the translation efficiency of many mRNAs. Notably, 
eIF4E phosphorylation was recently shown to regulate 
the translation of pro-tumorigenic mRNAs71, and eIF4E 
phosphorylation is usually altered in response to viral 
infection, which suggests a potential role in regulating 
innate immunity72. Consistent with this, mice that lack 
the two MAPK-interacting protein kinases (MNK1 and 
MNK2) that are responsible for eIF4E phosphorylation 
(FIG. 4b), or that express a mutant form of eIF4E that 
cannot be phosphorylated, have an enhanced type I 
IFN response that blocks infection by RNA viruses73. 
Surprisingly, although the lack of eIF4E phosphoryla-
tion does not affect global mRNA translation, it leads to 
specific translational downregulation of many mRNAs, 
including the mRNA that encodes IκBα. This increases 
NF-κB expression following RNA virus infection or  
specific TLR3 activation, which results in the induction 
of mRNAs that encode IFNβ and IRF7. 

The phosphorylation of eIF4E is also regulated by 
IRAK2 and IRAKM (also known as IRAK3) (FIG. 4b). 
It has been shown that MNK1 and eIF4E were hypo-
phosphorylated upon LPS stimulation in IRAK2- 
deficient mice compared with wild-type mice74. Consist-
ent with low eIF4E phosphorylation levels, translation 
of several cytokines (including TNF and IL-6) was less 
efficient in IRAK2-deficient macrophages in response 
to LPS stimulation. Thus, in addition to its role in pro-
moting NF-κB induction, IRAK2 promotes the trans-
lation of pro-inflammatory cytokines. Interestingly, 
IRAKM was recently shown to interact with IRAK2 and 
inhibit its ability to phosphorylate eIF4E (FIG. 4b), thereby  
preventing increased translation of cytokine mRNAs75. 
This inhibitory effect is thought to be important for 
downregulating TLR responses.

The activity of translation initiation factors is also 
subject to regulation by lipid mediators. In alveolar 
macrophages that are exposed to prolonged LPS treat-
ment, 15-deoxy-Δ-12,14-prostaglandin J2 (15d-PGJ2) 
— a prostaglandin with anti-inflammatory activity — 
inhibits eIF4A activity and induces the formation of 
stress granules76. eIF4A is a DEAD-box RNA helicase that 
is required to unwind any RNA secondary structures 
that might otherwise block 40S ribosome progression 
through the 5ʹ UTR to find the start codon. Impairment 
of eIF4A activity by 15d-PGJ2 leads to translational 
repression of most cellular mRNAs, as well as sequestra-
tion of the pro-inflammatory TRAF2 protein into stress 
granules to resolve chronic inflammatory responses76.

Together, these studies illustrate the diversity of 
mechanisms by which translation initiation factor activ-
ity is controlled by phosphorylation or direct interaction 
with small molecules to modulate both activation and 
resolution of inflammation.

Regulation by mTOR and 4EBPs. Mammalian target 
of rapamycin (mTOR) is a serine/threonine kinase 
that responds to many cellular stimuli, including 
TLR ligands. Its activation in macrophages occurs 
through MYD88–TRIF–phosphoinositide 3-kinase 
(PI3K)–AKT pathways77. In addition to regulating the 
transcription of immune genes, mTOR mediates the 
phosphorylation of eIF4E-binding proteins (4EBPs) 
(FIG. 4b). When hypophosphorylated, 4EBPs bind and 
sequester the translation initiation factor eIF4E to block 
its association with the scaffold initiation factor eIF4G 
and repress cap-dependent translation. Upon mTOR 
activation, 4EBPs become hyperphosphorylated and 
release eIF4E, which is then available to bind to eIF4G 
and participate in translation (FIG. 4b). The importance 
of 4EBPs in the translational control of innate immunity 
was revealed in mice that lack both 4EBP1 and 4EBP2 
(Eif4ebp1−/−Eif4ebp2−/− mice), which are refractory to 
RNA virus infection78. Further analysis revealed that 
4EBP-depleted cells have increased type I IFN produc-
tion following exposure to polyinosinic:polycytidylic 
acid (poly(I:C)) or in response to viral infection. Inter-
estingly, although eIF4E is required for the translation 
of most cellular mRNAs, its sequestration by 4EBPs 
mainly affects the expression of those transcripts with 
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/et�t40#i� Cnd tJe ��S TiDosoOe to pCTticipCte 
in translation initiation. After initiation, the GTP molecule is hydrolysed  
Cnd e+(� is TeleCsed HToO tJe ��S TiDosoOe� 6Je )&2�CssociCted e+(� is tJen 
recycled by eIF2B into a GTP-associated eIF2 that can re-engage in 
translation. During viral infection or endoplasmic reticulum (ER) stress,  
eIF2 can be phosphorylated, which impairs its recycling by eIF2B, leading 
to translational inhibition of most mRNAs. Toll-like receptor (TLR) 
engagement under ER stress conditions leads to eIF2B stimulation, which 
in turn is able to efficiently recycle eIF2, even in its phosphorylated form, to 
maintain translation. b ^ 4eIWlCtion oH e+(�' CctiXit[� 6.4 oT inteTleWMin�� 
TeceptoT 
+.��4� enICIeOent indWces tJe pJospJoT[lCtion oH e+(�' in Cn 
IL-1R-associated kinase 2 (IRAK2)-dependent and MAPK-interacting 
protein kinase 1 (MNK1)-dependent or MNK2-dependent manner to 
stimulate the translation of a subset of mRNAs. TLR engagement also 
activates the mammalian target of rapamycin (mTOR) pathway, which 
leCds to e+(�'�DindinI pTotein 
�'$2� pJospJoT[lCtion� tJWs TeleCsinI tJe 
cCp�DindinI pTotein e+(�' to stiOWlCte tJe tTCnslCtion oH O40#s YitJ JiIJl[ 

structured 5ʹ untranslated regions (5ʹ UTRs). c | Translation re-initiation.  
A large proportion of cellular transcripts have predicted short upstream 
open reading frames (uORFs). When translated, these uORFs can affect the 
expression of the canonical ORF by different means. If the uORF overlaps 
with the main ORF, its translation will downregulate the translation of the 
OCin 14(� YJicJ Yill depend eZclWsiXel[ on leCM[ scCnninI oH ��S TiDosoOCl 
subunits that fail to recognize the start codon of the uORF and continue 
scanning the 5ʹ UTR until they reach the canonical ORF start codon — in 
this case the full-length mitochondrial antiviral signalling protein 
(FL-MAVS). Ribosomes that terminate translation of the uORF sometimes 
HCil to dissociCte HToO tJe O40#� Cnd tJe ��S TiDosoOCl sWDWnit OiIJt 
re-initiate scanning in a 5ʹ to 3ʹ direction until the ribosomes reach a new 
start codon situated in an optimal Kozak context. In this case, if the start 
codon is in the same reading frame as that of the canonical ORF, translation 
re-initiation will produce a truncated version of the canonical protein that 
is synthesized from the canonical ORF (in this case, the truncated version 
is called miniMAVS). If the internal start codon is not in the same reading 
frame, it can lead to the synthesis of a completely different protein.  
IFN, interferon; LPS, lipopolysaccharide; PABP, poly(A)-binding protein; 
TRIF, TIR-domain-containing adaptor inducing IFNβ. 
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Dot/Icm secretion system 
A specialized bacterial 
secretion system that is 
encoded by 26 Dot/Icm  
(defect in organelle trafficking/
intracellular multiplication) 
genes in Legionella 
pneumophilia. It is used to 
inject bacterial effector 
proteins into the host cell, 
which increase the ability  
of the bacteria to survive 
inside the host cell. 

large secondary structures in their 5ʹ UTR and those 
that contain 5ʹ UTR oligopyrimidine tracts. Both of 
these UTR classes are highly dependent on eIF4E for 
efficient translation79,80. Among these genes, transla-
tion of IRF7 — which has a long and highly structured 
5ʹ UTR — is stimulated in cells in which 4EBP1 and 
4EBP2 are depleted. Consistent with a role of 4EBPs in 
regulating innate immunity-related genes, LPS-mediated 
activation of macrophages leads to mTOR-dependent 
4EBP phosphorylation, which activates the translation 
of TNF, IL-6 and CXC-chemokine ligand 1 (CXCL1)79. 
Thus, 4EBPs act as negative regulators of innate immu-
nity in unstimulated cells and are required both for 
inducing efficient expression of IFN-regulatory genes as 
well as for avoiding an excessive innate immune response 
against pathogens. In agreement with such an impor-
tant role, inactivation of mTOR by the Leishmania spp. 
protease GP63 (also known as leishmanolysin) leads to 
translational repression of macrophage transcripts and is 
required for pathogen survival81.

In contrast to these findings, mTOR inactivation by 
rapamycin during the course of a bacterial infection has 
been shown to stimulate innate immunity by favouring 
the expression of pro-inflammatory genes82. Further-
more, infection of macrophages with a virulent strain 
of Legionella pneumophilia results in mTOR ubiquityla-
tion and degradation, thereby suppressing its function83. 
Surprisingly, in this case, the resulting hypophosphory-
lation of 4EBPs leads to translational repression of low-
abundance transcripts and activation of high-abundance 
transcripts. Among these abundant transcripts are those 
for pro-inflammatory cytokines. Interestingly, mTOR 
inactivation by L. pneumophilia requires the Dot/Icm 
secretion system, which suggests that triggering the innate  
immune system involves translational regulation  
following the detection of pathogen signatures.

The above data demonstrate the importance of 
translational regulation mediated by mTOR and 4EBPs 
in innate immunity. These data further illustrate the 
dual role of 4EBPs in restricting or promoting innate  
immunity depending on the nature of the pathogen.

Regulation of poly(A) length. The poly(A) tail located 
at mRNA 3ʹ ends has an essential role in translation by 
serving as a binding site for poly(A)-binding protein 
(PABP; also known as PABP1). Although recruited to 
the 3ʹ end, PABP interacts with multiple translation ini-
tiation factors and stimulates their activities (FIG. 4b). 
These interactions also bring the 5ʹ and 3ʹ ends into 
close proximity, thereby pseudo-circularizing the 
mRNA, which is thought to improve ribosome recy-
cling and therefore translational efficiency84. Dynamic 
regulation of poly(A) tail length in numerous cell types 
has a strong impact on both translational efficiency and 
transcript stability85. 

In unstimulated macrophages, TNF mRNA is con-
stitutively expressed but it lacks a poly(A) tail and so 
fails to engage the translation machinery and produce 
TNF protein86. However, following LPS stimulation, 
TNF transcripts gain poly(A) tails, which activates 
their translation and allows the rapid and abundant 

expression of TNF protein. Such regulation is similar 
to that occurring in resting memory CD8+ T cells, in 
which constitutively expressed mRNA that encodes 
CC-chemokine ligand 5 (CCL5) lacks a poly(A) tail 
and so is translationally repressed until the T cell recep-
tor is re-engaged. This re-engagement triggers poly-
adenylation of the pre-existing pool of CCL5 mRNA, 
which facilitates rapid translation and CCL5 protein 
secretion87. Interestingly, although the mechanism 
responsible for the deadenylation and subsequent read-
enylation of TNF has not been elucidated, the AU-rich 
elements that are located within its 3ʹ UTR are very 
similar in sequence to the motif that is recognized by 
the cytoplasmic polyadenylation element binding pro-
tein (CPEB; also known as CPEBP1). CPEB has been 
shown to regulate the translation of mRNAs for many 
pro-inflammatory cytokines (including IL-6) in mouse 
embryonic fibroblasts88. It is therefore possible that, in 
addition to TNF, many other transcripts may be con-
stitutively produced in resting macrophages and stored 
in a translationally silent state until TLR engagement 
triggers their rapid readenylation and translation.

Alternative translation initiation pathways 
Although most mRNAs are translated through the 
classical cap-dependent mechanism, a subset of cellu-
lar mRNAs can also rely on alternative ways to initiate 
translation, such as leaky scanning, non-AUG transla-
tion initiation, translation re-initiation and internal  
ribosome entry sites (IRESs).

Recognition of the start codon by the scanning 
43S ribosome is modulated by the nucleotide sequence 
surrounding the AUG, which is also known as the 
Kozak context89. The optimal sequence corresponds to 
a purine at position –3 and a guanosine at position +1. 
If the Kozak context is not optimal, the 43S ribosome 
fails to recognize the AUG codon and continues its 
5ʹ to 3ʹ scanning until it reaches a downstream start 
codon — this mechanism is known as leaky scanning. 
Leaky scanning occurs in a variety of transcripts and 
allows the expression of multiple isoforms of the same 
protein without the requirement for alternative splic-
ing. In DCs, translation of the transcript that encodes 
the secreted protein osteopontin (also known as SPP1) 
is controlled by leaky scanning to produce full-length 
secreted osteopontin and an amino-terminal truncated 
osteopontin isoform that is restricted to the cytoplasm90. 
Interestingly, translation of the N-terminal isoform is not 
initiated at an AUG codon but probably at a GCC codon 
(coding for aspartic acid) that is located downstream of 
the canonical AUG. Expression of this N-terminal trun-
cated osteopontin isoform is required for efficient podo-
some formation upon DC activation by CpG-containing 
oligonucleotides90.

Translation re-initiation occurs when an 80S ribo-
some that terminates translation at the stop codon is not 
completely recycled and the 40S ribosomal sub unit is 
able to resume 5ʹ to 3ʹ scanning to reach a downstream 
initiation codon and re-initiate translation. The efficiency 
of re-initiation is linked to the length of the first open 
reading frame (ORF) that is translated, with shorter 
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Processing bodies
(P-bodies). These are identified 
as distinct foci within the 
cytoplasm. They are reversible 
non-membrane-bound 
structures that are involved in a 
number of processes, including 
mRNA decay, RNA-mediated 
silencing and translational 
control.

ORFs allowing for a more efficient re-initiation91. Indeed,  
it is thought that translation initiation factors (which are 
required for translation re-initiation) remain associated 
with ribosomal subunits for some time after elongation 
begins and, therefore, ribosomes that are translating 
short ORFs will have more chance of carrying all of the 
factors that are necessary for re-initiation. Interestingly, 
more than 45% of mammalian mRNAs are predicted to 
contain small upstream ORF (uORF) in their 5ʹ UTR92, 
which suggests that they could have a widespread role 
in regulating translation of the main ORF. In a recent 
report, two isoforms of the antiviral retinoic acid- 
inducible gene I (RIG-I) adaptor protein mitochon-
drial antiviral signalling protein (MAVS) — full length 
MAVS (FL-MAVS) and an N-terminal truncated isoform  
(miniMAVS) — were shown to be expressed from a sin-
gle transcript species through the use of two in-frame 
start codons93. FL-MAVS is responsible for efficient 
type I IFN production during viral infection, whereas 
miniMAVS antagonizes FL-MAVS. Surprisingly, when 
dissecting the molecular mechanism responsible for 
miniMAVS translation, the authors revealed the pres-
ence of a short uORF in the 5ʹ UTR of the MAVS tran-
script that terminates downstream of the FL-MAVS 
start codon (FIG. 4c). Translation of this uORF allows 
ribosomes to bypass the FL-MAVS start codon. Then, 
through a mechanism of translation re-initiation, ribo-
somes can resume scanning and reach the start codon 
for translation of miniMAVS (FIG. 4c). By contrast, trans-
lation of FL-MAVS occurs through a leaky scanning 
mechanism whereby 40S ribosomal subunits fail to rec-
ognize the uORF start codon and continue scanning 
until they reach the start codon for FL-MAVS (FIG. 4c). 
The ratio of FL-MAVS and miniMAVS is dynamic dur-
ing the course of viral infection, which suggests that 
leaky scanning and translation re-initiation can be dif-
ferentially regulated. Finally, by performing genome-
wide ribosome-footprinting experiments, numerous 
genes with multiple translation start sites have been 
identified, including genes that are involved in innate 
immunity, which demonstrates the widespread use of 
alternative translation initiation codons to increase 
the coding potential of mRNAs without involving  
alternative splicing.

In addition to translation re-initiation, some cell-
ular transcripts rely on IRESs to initiate their transla-
tion. IRESs are RNA elements that can, through their 
secondary structure or primary sequence, recruit a 40S 
ribosomal subunit independently of the mRNA 5ʹ cap 
structure and the cap-binding factor eIF4E (reviewed 
in REF. 84). Ribosome recruitment occurs through 
direct interactions between components of the trans-
lation machinery (including translation initiation 
factors) and the RNA sequence or structure, and can 
be regulated by IRES trans-acting factors. Although 
translation that is mediated by cellular IRESs is usu-
ally inefficient under normal conditions, it allows 
translation to be sustained during conditions where 
cap-dependent translation is compromised. A few 
genes that are involved in innate immunity have been 
reported to contain IRESs in their 5ʹ UTR, including 

hypoxia-inducible factor 1α (HIF1α) and human sur-
factant protein A (SPA; also known as PSPA)94,95. How-
ever, IRES activity for these transcripts has not yet 
been monitored in the context of innate immunity. By 
contrast, polysome profiling of breast cancer cells that 
had been incubated with conditioned medium from 
activated macrophages revealed the genes for which 
translation was upregulated in the context of an inflam-
matory response96. Among these genes, early growth 
response gene 2 (EGR2) and 1,25-dihydroxyvitamin D3 
24-hydroxylase (CYP24A1) were reported to depend 
on IRESs for their translation under inflammatory 
conditions96,97. As innate immunity is often associated 
with cellular stress conditions in which cap-dependent 
translation is highly regulated, it is tempting to specu-
late that IRES-mediated translation could have a role in 
allowing the translation of transcripts that are required 
to cope with such stresses.

Gene-specific regulation 
Translation can be regulated in a transcript-specific 
manner through the recruitment of RNA-binding pro-
teins, lncRNAs or small RNAs (FIG. 5a,b). Such inter-
actions can occur on the 5ʹ UTR, the coding sequence 
or the 3ʹ UTR of target mRNAs and depend either on 
the transcript primary sequence or on particular RNA 
secondary structures. 

Regulation by ARE-binding proteins. ARE-binding 
proteins are among the most important TLR-dependent 
regulators of translation. In addition to their role in 
modulating mRNA stability (see above), ARE-binding 
proteins have been reported to regulate the translation 
of key ARE-containing mRNAs following TLR engage-
ment. Interestingly, because different ARE-binding 
proteins recognize similar sequence motifs, they can 
compete with one another for individual AREs and 
simultaneously occupy a single transcript that contains 
multiple AREs98 (FIG. 5a). This results in complex and 
dynamic regulatory networks, which possibly involve 
multiple molecular mechanisms that affect both  
transcript translation and stability. Illustrating this, 
translation of TNF in resting macrophages is repressed 
by the ARE-binding protein TTP. However, follow-
ing LPS stimulation, activation of the p38 mitogen- 
activated protein kinase (MAPK)–MAPK-activated  
protein kinase 2 (MAPKAPK2) pathway leads to TTP 
phosphorylation, which decreases its affinity for TNF 
AREs. As a consequence, TTP is replaced by HUR, 
which stimulates TNF translation99.

The exact molecular mechanisms by which ARE-
binding proteins regulate translation remain largely 
unexplored but most probably depend on the recruit-
ment of additional proteins. In resting macrophages, 
TTP was shown to interact with DEAD-box protein 6 
(DDX6; also known as RCK) and repress TNF trans-
lation, possibly by recruiting the mRNA to processing 
bodies (P-bodies)100. Nucleolysin TIA1 isoform p40 
(TIA1), an ARE-binding protein that is required for 
translational regulation of TNF and other cytokines 
following TLR activation, has been shown to repress 

REVIEWS

370 | JUNE 2014 | VOLUME 14  www.nature.com/reviews/immunol

© 2014 Macmillan Publishers Limited. All rights reserved



the translation of target mRNAs by preventing their 
engagement with polyribosomes101. Although the 
mechanism of this TIA1-dependent translational 
repression has not been fully elucidated, it has been 
suggested that TIA1 promotes the assembly of 48S-like 
ribosomes that lack eIF2 and are therefore unable to 

initiate translation102. This would be consistent with 
the known role of TIA1 in repressing the translation 
of mRNAs with 5ʹ UTR oligopyrimidine tracts under 
stress conditions — when eIF2α is phosphorylated and 
thus unavailable for translation — by relocalizing these 
mRNAs to stress granules103.
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(GAIT) complex through the association of glutamyl-prolyl tRNA synthetase (EPRS) and heterogeneous nuclear 
TiDonWcleopTotein 3 
*0423� �|JoWTs CHteT +(0γ treatment, which is followed by the association of the large ribosomal 
subunit protein L13A with glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and the formation of the fully functional 
GAIT complex. The GAIT complex binds to the 3ʹ untranslated region (UTR) of transcripts containing the GAIT element 
Cnd TepTesses tJeiT tTCnslCtion D[ CDolisJinI tJe inteTCction DetYeen eWMCT[otic tTCnslCtion initiCtion HCctoT �)� 
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activated protein kinase (MAPK)-dependent manner, the kinase activity of eukaryotic elongation factor 2 kinase (eEF2K), 
thus increasing the pool of active eEF2 in the cell and stimulating translation elongation. HUR, Hu-antigen R; ORF, open 
TeCdinI HTCOe� 2#$2� pol[
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Regulation by the GAIT complex. In addition to ARE-
binding proteins, the IFNγ-activated inhibitor of 
translation (GAIT) complex has an important role in 
gene-specific translational control in innate immunity. 
Evidence for the GAIT complex was first found in IFNγ-
treated human monocytic U937 cells in which transla-
tion of the mRNA encoding ceruloplasmin (CP) was first 
stimulated and then strongly repressed after 16 hours of 
treatment104. Later, a 29-nucleotide bipartite stem–loop 
RNA structure that is located in the 3ʹ UTR of the CP 
transcript was reported to interact with a protein com-
plex and shown to be sufficient to mediate translational 
repression of CP and that of reporter constructs expressed 
in IFNγ-treated cells105. Identification of the protein part-
ners involved in GAIT — carried out using a yeast three-
hybrid screen and affinity chromatography — revealed a 
450 kDa complex that is composed of the large ribosomal 
subunit protein L13A (also known as RPL13A), glutamyl-
prolyl tRNA synthetase (also known as EPRS and bifunc-
tional glutamate/proline tRNA ligase), heterogeneous 
nuclear ribonucleoprotein Q (HNRPQ; also known as 
NSAP1) and glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH)106,107. Interestingly, the GAIT complex 
is assembled in a two-step process in which, 8 hours 
after IFNγ treatment, EPRS and HNRPQ first assem-
ble together but are unable to bind to GAIT element-
containing mRNAs106 (FIG. 5b). After 12 to 24 hours of 
treatment, L13A is phosphorylated and released from the 
60S ribosomal subunit, which allows its interaction with 
GAPDH and with the EPRS–HNRPQ heterodimer106,107 
(FIG. 5b). The formed complex can then interact with the 
GAIT RNA element and drive translational repression 
by a mechanism that involves the direct interaction of 
L13A with the translation initiation factor eIF4G108. The 
L13A–eIF4G interaction interferes with the association 
of eIF4G with eIF3 and thus blocks the recruitment of 
the 40S ribosomal subunit to the target mRNA108 (FIG. 5b). 

In addition to regulating translation of the CP tran-
script, a polysome-profiling experiment combined with 
microarray analysis of IFNγ-treated cells revealed that 
many other mRNAs are also regulated by the GAIT 
complex, including chemokines and chemokine recep-
tors109, as well as genes that are involved in regulating 
GAIT complex assembly110. Among these genes, vascular 
endothelial growth factor A (VEGFA), which has a role 
in promoting angiogenesis during inflammation, was 
shown to contain a GAIT element in its 3ʹ UTR that was 
able to recruit the GAIT complex and repress VEGFA 
translation111. The GAIT RNA element that is located 
in the 3ʹ UTR of VEGFA is in close proximity to a bind-
ing site for the RNA-binding heterogeneous nuclear 
ribo nucleoprotein L (HNRNPL) in complex with the 
double-stranded RNA-binding protein DRBP76 (also 
known as ILF3) and HNRNPA2/B1; this is also known as 
the HILDA complex. Binding of the GAIT complex and 
HNRNPL is mutually exclusive and mediated by a differ-
ential conformational change of the target RNA induced 
by each complex that, in turn, blocks the binding of the 
other complex112,113. This conformational switch allows 
the fine-tuning of VEGFA translation in the course 
of inflammation. Under normoxic conditions, IFNγ 

treatment activates the GAIT complex, which binds to 
the 3ʹ UTR of VEGFA to inhibit its translation. How-
ever, during hypoxia, HNRNPL is phosphorylated and 
relocalizes to the cytoplasm and binds to the 3ʹ UTR of 
VEGFA, thus impeding GAIT complex binding to allow 
for efficient VEGFA protein expression and to promote 
angiogenesis113. 

Together, available data exemplify the complexity and 
dynamic aspect of gene-specific translational control in 
innate immunity. Indeed, simultaneous binding and com-
petition for binding sites between different RNA-binding 
proteins allows the cell to integrate multiple inputs at the 
same time and to differentially regulate gene expression 
in a target-specific manner as appropriate. Furthermore, 
it introduces the notion of a post-transcriptional code 
for regulating gene expression whereby the combina-
torial binding of RNA-binding proteins to a particular  
transcript determines its expression level.

Regulation of translation elongation
Although most regulation of translation is thought 
to occur at the initiation step, translation can also be 
controlled at the elongation step. However, the mecha-
nisms for regulating elongation, as well as their impact 
in physiological processes, are still poorly understood. 
It is known that translation elongation can be regu-
lated by the mTOR and MAPK pathways in response 
to many stimuli79. Among these, TLR activation in 
macrophages that are deficient in MAPK kinase kinase 
8 (MAP3K8; also known as COT and TPL2) results 
in reduced phosphorylation of eukaryotic elongation 
factor 2 kinase (eEF2K), which suggests a role for  
MAP3K8 in the regulation of translation elongation79. 
In its unphosphorylated form, eEF2K acts as a trans-
lational repressor by phosphorylating eEF2 (FIG. 5c). 
Confirming an involvement of eEF2 in innate immu-
nity, activation of the MAPK proteins p38γ (also known 
as MAPK12) and p38δ (also known as MAPK13) in a 
model of LPS-induced hepatitis was shown to stimulate 
eEF2 activity in macrophages114. As a consequence, the 
translation of TNF is upregulated, which induces apop-
tosis and necrosis of hepatic cells. Interestingly, par-
tial knockdown of eEF2 using small interfering RNAs 
blocked TNF expression by macrophages following LPS 
stimulation both in vitro and in vivo, and this blockade 
was sufficient to protect mice from liver failure. This 
result highlights the importance of the regulation of 
translation elongation in pro-inflammatory cytokine 
expression. As regulation of eEF2 activity should have 
an impact on the translation of most cellular mRNAs, it 
would be of interest to monitor its effect on additional 
cellular functions.

lncRNAs in innate immunity
Although miRNAs modulate inflammatory gene 
expression62,63, exciting recent studies support impor-
tant roles for additional non-coding RNAs in this set-
ting. Although several lncRNAs were discovered and 
characterized prior to 2005 (REFS 115–117), advances in 
sequencing and array technologies over the past few 
years have led to the discovery of thousands of lncRNA 
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Box 1 | Emerging roles of long non-coding RNAs in immunity 

Recent studies have revealed functional roles for long non-coding RNAs (lncRNAs) in immunity. The lncRNA Tmevpg1 
(also known as NeST) controls Theiler’s virus persistence in mice126,127 by promoting the transcription of interferon-γ (Ifng) 
in CD8+ T cells. The Tmevpg1 lncRNA binds to WD repeat-containing protein 5 (WDR5), a histone-modifying complex, 
altering histone 3 (H3) lysine 4 trimethylation at the Ifng locus. Studies in macrophages have also revealed important roles 
for lncRNAs in controlling inflammatory gene expression. Many lncRNAs were found to be dynamically regulated in 
macrophages that were exposed to Toll-like receptor 2 (TLR2) ligands (see figure). One such transcript, long intergenic 
non-coding RNA (lincRNA)-Cox2, was found to act as a master regulator of gene expression. lincRNA-Cox2 represses the 
basal expression of interferon-stimulated genes (ISGs) by partnering with the heterogeneous nuclear ribonucleoproteins 
(HNRNPs) HNRNPA/B and HNRNPA2/B1. Remarkably, lincRNA-Cox2 was also essential for the TLR-induced expression of 
interleukin-6 (Il6) and more than 700 additional genes — many of which are secondary response genes128 — through a 
mechanism that remains to be fully elucidated (indicated by a question mark in the figure). A pseudogene RNA named 
Lethe (also known as Rps15a-ps4) binds RELA — the p65 subunit of the nuclear factor-κB (NF-κB) heterodimeric complex 
— which prevents NF-κB from binding to promoter regions of target genes129. Finally, a lincRNA called TNF and 
HNRNPL-related immunoregulatory lincRNA (THRIL) was shown to regulate the expression of tumour necrosis factor 
(TNF) in human monocytes through its interactions with HNRNPL130. Collectively, these studies emphasize the 
importance of lncRNAs in regulating gene expression in macrophages and highlight yet another layer of complexity in 
gene regulation. Further analysis of their molecular functions could provide important insights into gene regulation, 
inflammation and human diseases.

lncRNAs can also act via post-transcriptional mechanisms altering mRNA splicing, turnover or translation. lncRNAs  
can act as microRNA (miRNA) sponges by preventing miRNA-mediated degradation of target mRNAs131. Metastasis- 
associated lung adenocarcinoma transcript 1 (MALAT1) controls alternative splicing of mRNA, whereas a newly defined 
class of lncRNAs (that is referred to as sno-lincRNAs) can affect RNA-binding protein fox-1 homologue 2 (FOX2)-mediated 
pre-mRNA splicing132,133. The lncRNA β-secretase 1 antisense transcript (BACE1-AS), which is upregulated in the brains of 
patients with Alzheimer’s disease, stabilizes its protein-coding sense transcript BACE1 by protecting it from RNase 
cleavage134. Hu-antigen R (HUR) can drive the translation of several mRNAs in a lncRNA-dependent manner. In HeLa cells, 
lincRNA-p21 (also known as Trp53cor1) can interact with several mRNAs through direct base-pairing at complementary 
regions, repressing translation in a mechanism that requires DEAD-box protein 6 (DDX6)135. The role of lncRNAs in post-
transcriptional gene regulation has been reviewed extensively136. Whether lncRNAs control gene expression through 
these mechanisms in the context of innate immune signalling remains to be determined.

CCL5, CC-chemokine ligand 5; IκBα, NF-κB inhibitor-α; TNFR, TNF receptor.

transcripts in diverse cell types118–124. These lncRNAs 
have primarily been studied in the context of genomic 
imprinting, cancer and cell differentiation. More 
recently, however, their expression in immune cells has 
prompted investigation into their roles in transcrip-
tional and post-transcriptional regulation of immune 
gene expression (BOX 1).

Nature Reviews | Immunology

p50 p65

NF-κB

TLR

TLR ligand

TNFR

TNF

Lethe

Nucleus

Cytoplasm

IincRNA-
Cox2

THRIL
HNRNPL

HNRNPA/B
HNRNPA2/B1

CCL5, type I IFNs
and ISGs

?

IκBα

p50 p65

NF-κB
IL-6, IL-23A
and others

p50 p65

TNF

Conclusions and perspectives
This Review highlights the wealth of post-transcriptional 
mechanisms that control the expression levels of 
immune genes. Although transcriptional regulation has 
been the focus in this area, it is clear that splicing, poly-
adenylation, mRNA stability and protein translation all 
act in concert to fine-tune and modulate the initiation, 
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duration and magnitude of inflammatory gene expres-
sion in innate immunity. The expression of inhibitory 
splice variants that are induced by inflammatory sig-
nals, as well as tight control of mRNA half-lives, enable 
rapid and transient responses. Furthermore, regulation 
of mRNA translation allows a rapid response that can 
be directed against a specific set of genes or against the 
entire transcript population. Although exuberant ‘on’ 
signals clearly contribute to chronic inflammation, dys-
regulation of the ‘off ’ signals can be equally damaging to 
tissues. Turning off the system in a timely and efficient 
manner is essential. The existence of multiple and appar-
ently non-redundant regulatory mechanisms raises an 

important question concerning the relative importance 
of these individual controls. Such control at multiple 
checkpoints suggests that, individually, these hurdles 
are not sufficient to modulate a particular response, and 
a concerted effort by multiple regulatory mechanisms 
is required. A broader understanding of all of the lay-
ers of regulation in this system can provide important 
information that could be harnessed in vaccine develop-
ment to improve the efficacy and duration of vaccine-
induced immunity. Additionally, these multiple layers 
could be modulated therapeutically to thwart chronic 
inflammation, which contributes to a growing array of 
human diseases.
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ARTICLE

Genome editing in primary cells and in vivo using
viral-derived Nanoblades loaded with Cas9-sgRNA
ribonucleoproteins
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Théophile Ohlmann1 & Emiliano P. Ricci 1,5

Programmable nucleases have enabled rapid and accessible genome engineering in eukar-

yotic cells and living organisms. However, their delivery into target cells can be technically

challenging when working with primary cells or in vivo. Here, we use engineered murine

leukemia virus-like particles loaded with Cas9-sgRNA ribonucleoproteins (Nanoblades)

to induce efficient genome-editing in cell lines and primary cells including human

induced pluripotent stem cells, human hematopoietic stem cells and mouse bone-marrow

cells. Transgene-free Nanoblades are also capable of in vivo genome-editing in mouse

embryos and in the liver of injected mice. Nanoblades can be complexed with donor DNA for

“all-in-one” homology-directed repair or programmed with modified Cas9 variants to mediate

transcriptional up-regulation of target genes. Nanoblades preparation process is simple,

relatively inexpensive and can be easily implemented in any laboratory equipped for cellular

biology.
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Targeted genome editing tools, such as meganucleases
(MGN), zinc-finger nucleases (ZFN), transcription
activator-like effector nucleases (TALENs) and more

recently the clustered regularly interspaced short palindromic
repeats (CRISPR) have revolutionized most biomedical research
fields. Such tools allow to precisely edit the genome of eukaryotic
cells by inducing double-stranded DNA (dsDNA) breaks at
specific loci. Relying on the cell endogenous repair pathways,
dsDNA breaks can then be repaired by non-homologous end-
joining (NHEJ) or homology-directed repair (HDR) allowing the
removal or insertion of new genetic information at a desired
locus.

Among the above-mentioned tools, CRISPR-Cas9 is cur-
rently the most simple and versatile method for genome engi-
neering. Indeed, in the two-component system, the bacterial-
derived nuclease Cas9 (for CRISPR-associated protein 9)
associates with a single-guide RNA (sgRNA) to target a com-
plementary DNA sequence and induce a dsDNA break1.
Therefore, by the simple modification of the sgRNA sequence,
users can specify the genomic locus to be targeted. Consistent
with the great promises of CRISPR-Cas9 for genome engi-
neering and gene therapy, considerable efforts have been made
in developing efficient tools to deliver the Cas9 and the sgRNA
into target cells ex vivo either by transfection of plasmids
coding for the nucleases, transduction with viral-derived vec-
tors coding for the nucleases or by direct injection or electro-
poration of Cas9-sgRNA complexes into cells.

Here, we have designed Nanoblades, a protein-delivery vector
based on friend murine leukemia virus (MLV) that allows the
transfer of Cas9-sgRNA ribonucleoproteins (RNPs) to cell lines
and primary cells in vitro and in vivo. Nanoblades deliver the
ribonucleoprotein cargo in a transient and rapid manner without
delivering a transgene and can mediate knock-in in cell lines
when complexed with a repair template. Nanoblades can also be
programmed with modified Cas9 proteins to mediate transient
transcriptional activation of targeted genes.

Results
Cas9-sgRNA RNP delivery through MLV virus-like particles
(VLPs). Assembly of retroviral particles relies on the viral
structural Gag polyprotein, which multimerizes at the cell
membrane and is sufficient, when expressed in cultured cells, to
induce release of VLPs into the cell supernatant2. When Gag is
coexpressed together with a fusogenic viral envelope, pseudo-
typed VLPs are produced that lack a viral genome but still retain
their capacity to fuse with target cells and deliver the Gag
protein`into their cytoplasm. As previously investigated3,4, we
took advantage of the structural role of Gag and designed an
expression vector coding for the MLV Gag polyprotein fused, at
its C-terminal end, to a flag-tagged version of Streptococcus
pyogenes Cas9 protein (Gag::Cas9, Fig. 1a). The two fused pro-
teins are separated by a proteolytic site which can be cleaved by
the MLV protease to release the Flag-tagged Cas9 (Fig. 1a). By
cotransfecting HEK-293T cells with plasmids coding for Gag::
Cas9, Gag-Pro-Pol, a sgRNA, and viral envelopes, fusogenic VLPs
are produced and released in the culture medium (herein
described as Nanoblades). Biochemical and imaging analysis of
purified particles (Supplementary Figure 1a, 1b, 1c and 1d)
indicates that Nanoblades (150 nm) are slightly larger than wild-
type MLV (Supplementary Figure 1b) but sediment at a density
of 1.17 g/ml (Supplementary Figure 1c) as described for MLV
VLPs5. As detected by western blot, Northern blot, mass-spec-
trometry, and deep-sequencing, Nanoblades contain the Cas9
protein and sgRNA (Supplementary Figure 1 and 2 and Supple-
mentary Data 1). In addition to Gag, Cas9 and envelope proteins,

mass-spectrometry analysis of Nanoblades identified several
cellular proteins, mostly membrane-associated proteins (Supple-
mentary Figure 2a and Supplementary Data 1). Interestingly,
the packaging of sgRNA depends on the presence of the Gag::
Cas9 fusion protein, since Nanoblades produced from cells that
only express the Gag protein fail to incorporate detectable
amounts of sgRNA (Supplementary Figure 1d). Furthermore,
Cas9-dependent loading of the sgRNA within Nanoblades is not
limited by the efficiency of the interaction between the Cas9 and
the sgRNA, since expressing an optimized version of the sgRNA
that improves binding to Cas96 does not appear to increase
sgRNA levels within purified VLPs (Supplementary Figure 1d
see sgRNA(F+E)).

To assess for Cas9-sgRNA RNP delivery efficiency in target
cells and induction of genomic dsDNA breaks, we designed
Nanoblades with a sgRNA targeting the 45S rDNA loci. Human
45S rDNA genes are present in hundreds of tandem repeats
across five autosomes, locate in the nucleolus and are transcribed
exclusively by RNA polymerase (Pol) I7. Using immunofluores-
cence microscopy, it is therefore possible to follow the occurrence
of dsDNA breaks at rDNA loci with single-cell resolution
by monitoring the nucleolus using the nucleolar marker RNA
Pol I and the well-established dsDNA break-marker, histone
variant γ-H2AX8, that localizes at the nucleolar periphery after
dsDNA break induction within rDNA9. U2OS (osteosarcoma
cell line) cells transduced for 24 h with Nanoblades programmed
with a sgRNA targeting rDNA display the typical γ-H2AX
distribution at the nucleolar periphery with RNA Pol I, indicative
of rDNA breaks, whilst cells transduced with Nanoblades with
control sgRNAs do not (Fig. 1b, top panel). Interestingly, this
distribution of γ-H2AX at the nucleolar periphery can be
observed as early as 4 h after transduction in 60% of cells with
a maximum effect observed at 16 h after transduction, where
almost 100% of observed cells display this γ-H2AX distribution
(Fig. 1b, bottom panel and quantification below). In comparison,
only 60% of cells transfected with a plasmid coding for Cas9
and the sgRNA display the perinucleolar γ-H2AX/RNA Pol I
localization 24 h after transfection. Similar results were obtained
in human primary fibroblasts with more than 85% cells
displaying this distribution after 16 h (Supplementary Figure 1e).
These results suggest that Nanoblade-mediated delivery of the
Cas9-sgRNA RNP is both efficient and rapid in cell lines and
primary human cells. To further confirm these results, we
designed and dosed Nanoblades (by ELISA assay using anti-Cas9
antibodies) programmed with a sgRNA widely used in the
literature10 that targets the human EMX1 gene to induce dsDNA
cleavage at a single locus. HEK-293T cells were then transduced
with increasing amounts of Nanoblades and gene editing was
measured from the bulk population 48 h after transduction
(Fig. 1c). Under these conditions, we observed a dose-dependent
effect of Nanoblades ranging from 35% of EMX1 (at 4 pmol of
Cas9) editing to 77% of editing at the highest dose (20 pmol)
of Cas9 (Fig. 1c).

Because Nanoblades carry cellular proteins from producer
cells in addition to Cas9 (Supplementary Data 1), we tested
whether these proteins could also be delivered to recipient
cells. For this, we over-expressed the firefly luciferase in
producer cells and collected Nanoblades targeting EMX1 from
the supernatant. Luciferase-loaded Nanoblades were then
used to transduce HEK293T cells for 24 h. Cells were then
washed twice in PBS and incubated in fresh medium for 4, 8,
24, and 48 h. Luciferase activity was measured at each time
point, as well as in input Nanoblades (Supplementary
Figure 2c). As observed, we could detect a mild luciferase
signal (4–6% of input) at 4 and 8 h upon transduction.
However, the signal rapidly faded at 24 h (2% of input) and
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was almost undetectable at 48 h (Supplementary Figure 2c).
In addition to the ectopically expressed firefly luciferase, we
also investigated transmission of the CD81 cell-surface protein,
which is highly expressed in HEK293T producer cells and
is present in Nanoblades as revealed by mass spectrometry
(Supplementary Data 1). HepG2 cells, a hepatic cell line that
lacks CD81 expression11, were transduced for 24 h with
Nanoblades targeting EMX1 and then washed twice with PBS
before monitoring CD81 residual signal immediately after
the washes or 8 and 48 h after incubation with fresh medium
(Supplementary Figure 2d). As observed, even though CD81
was very abundant at the cell surface of producer cells

and completely absent in recipient cells (Supplementary
Figure 2d, left and middle panels), we could only detect a
mild CD81 signal immediately after transduction (see Supple-
mentary Figure 2d, right panel). Later time points (8 and 48 h)
did not show any specific CD81 labeling in recipient HepG2
cells. The impact of cellular proteins delivered by Nanoblades
into recipient cells appears therefore limited and restricted to
a short time frame.

Taken together, our results indicate that Nanoblades can
be efficiently used to mediate genome editing in a rapid and
dose-dependent manner with limited impact on the proteome
of target cells.
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Fig. 1 Nanoblade-mediated genome editing. a Scheme describing the MLV Gag::Cas9 fusion and the Nanoblade production protocol based on the
transfection of HEK-293T cells by plasmids coding for Gag-Pol, Gag::Cas9, VSV-G, BaEVRLess, and the sgRNA. b Top panel, immunofluorescence analysis
of γ-H2AX (green), RNA polI (red) in U2OS cells 8 h after being transduced with control Nanoblades or with Nanoblades targeting ribosomal DNA genes.
Bottom panel, quantification of γ-H2AX and RNA polI colocalization foci in U2OS cells at different times after Nanoblades transduction or after classical
DNA transfection methods (n= 3, error bars correspond to standard deviation). c Dose response of Nanoblades. HEK-293T cells were transduced with
increasing amounts of Nanoblades targeting human EMX1 (n= 1 displayed). The exact amount of Cas9 used for transduction was measured by dot blot (in
gray). Genome editing was assessed by Sanger sequencing and Tide analysis (in red)
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Nanoblades-mediated genome editing in primary cells. Gen-
ome editing in primary cells and patient-derived pluripotent cells
represents a major interest both for basic science and ther-
apeutical applications. However, primary cells are often refractory
to DNA transfection and other gene delivery methods. Because
Nanoblades were capable of efficient delivery of functional Cas9-
sgRNA RNPs into primary fibroblasts, we tested whether they

were effective in other primary cells for genome editing. To this
aim, Nanoblades targeting EMX1 were used to transduce human-
induced pluripotent stem cells (hiPSCs). Genome editing at the
EMX1 locus was assessed in the bulk cellular population 48 h after
transduction by deep-sequencing of the EMX1 locus (Fig. 2a, left
panel). As observed, Nanoblades were capable of mediating 67%
genome editing at the EMX1 locus in hiPSCs. Notably, hiPSCs
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treated with EMX1 Nanoblades maintained constant levels of
pluripotency markers compared to control cells (Fig. 2a, right
panel) thus indicating that their multipotent status did not appear
to be affected.

Similarly to hiPSCs, mouse bone marrow (BM) cells can be
collected and differentiated in vitro into various hematopoietic
cell types, such as macrophages (bone marrow-derived macro-
phages or BMDMs) and dendritic cells. Efficient genome editing
of specific genes in BM cells would therefore allow for the
corresponding pre-existing protein to be degraded during
differentiation and obtain a functional knockout. To test this
hypothesis, BM cells obtained from GFP transgenic mice12 were
transduced with Nanoblades programmed with a sgRNA
targeting the GFP coding sequence. 6 h after transduction, cells
were washed and incubated in presence of macrophage colony-
stimulating factor (MCSF) for 1 week. After this, cells were
collected to monitor GFP levels by fluorescence microscopy,
FACS and genome editing by T7 endonuclease assay (Fig. 2b).
We consistently obtained close to 75% reduction of GFP
expression as measured by FACS analysis and around 60–65%
genome editing at the GFP locus as measured by T7 endonuclease
assays (Fig. 2b). Importantly, genome editing through Nano-
blades did not affect the capacity of BMDMs to respond to LPS
as their cytokine expression remains identical to that of
untreated control cells (Fig. 2b bottom right panel). Nanoblades
can therefore be used to inactivate genes in BM cells and study
their function in differentiated cells. To further complement
these results, we compared the efficiency of Nanoblades to that
of recombinant Cas9-sgRNA RNP electroporation in targeting
an endogenous gene in primary mouse BM cells. For this,
Nanoblades or Cas9-sgRNA RNPs programmed to target the Fto
gene were used, respectively, to transduce or electroporate
primary BM cells freshly extracted from mice. As a control,
Nanoblades or Cas9-sgRNA RNPs programmed to target human
EMX1 were also tested in HEK293T cells. In both cases, the
efficiency of genome editing was assessed 24 h after transduction
or electroporation. As observed (Fig. 2c), both Nanoblades and
Cas9-sgRNA electroporation mediate efficient genome editing
in HEK293T at 71% (Nanoblades) and 44% (Electroporation)
of editing efficiency at the EMX1 locus. Interestingly, in primary
BM cells, while Nanoblades achieve highly efficient genome
editing of the Fto locus (up to 76% as measured by TIDE13
analysis), Cas9 electroporation was much less efficient at both
conditions that we tested (1350 and 1680 V) yielding a mild
but visible signal in the T7 endonuclease assay which was
nevertheless below the detection limit for TIDE analysis.
Interestingly both protocols (Nanoblades and protein electro-
poration) did not have an important impact on cell viability 24 h
after Cas9 delivery (Supplementary Figure 2e).

Nanoblades efficiency was also investigated in human cells that
represent a major interest in research and gene therapy like
human primary hepatocytes and human hematopoietic stem cells
(HSCs) that both have the capacity to colonize and regenerate
fully functional tissues. For both these cell types, Nanoblades
programmed with two sgRNAs targeting the human Myd88
gene were prepared and achieved significant cleavage efficiencies,
as revealed by flanking PCR assays (Fig. 2d). Interestingly, HSCs
are difficult to transduce with classic VSV-G pseudotyped
lentiviral vectors (LVs) because they lack the LDL receptor14,
a limitation that can be alleviated by the use of the baboon
retroviral envelope glycoprotein (BaEV)15. This prompted us to
equip Nanoblades with both BaEV and VSV G-envelopes for
these cells and finally in all our study as the combination of both
envelopes improved Cas9 delivery in most cells (Supplementary
Figure 6a and b). As observed, Nanoblades were also able to
induce genome editing in these cells (50% genome editing based
on T7 endonuclease assay, Fig. 2d) thus expanding the catalog
of primary cells that can be edited using Nanoblades.

Taken together, our results indicate that Nanoblades are an
efficient delivery system to induce rapid and effective genome
editing in murine and human primary cells of high therapeutic
value that are notoriously difficult to transfect.

“All-in-one” Nanoblades for homology directed repair. Precise
insertion of genetic material (also known as Knock-in) using
CRISPR-Cas9 can be achieved through HDR. This occurs when a
donor DNA template with sequence homology to the region
surrounding the targeted genomic locus is provided to cells
together with the Cas9-sgRNA RNP. Based on a previous finding
showing that retroviral-particles can be complexed with DNA in
the presence of polybrene to allow for virus-dependent DNA
transfection16, we tested whether Nanoblades could be directly
complexed with a DNA template to mediate HDR in target cells.
To test this approach, Nanoblades programmed to target a locus
close to the AUG start codon of the human DDX3 gene were
complexed to a single-stranded DNA oligomer bearing the
FLAG-tag sequence flanked with 46 nucleotide (nt) homology
arms corresponding to the region surrounding the start-codon of
DDX3 (Fig. 3a, left panel). HEK293T were transduced with these
“All-in-one” Nanoblades and passed 6 times before assessing
HDR efficiency in the bulk cellular population both by PCR and
by Flag-immunoprecipitation followed by western-blotting (using
a DDX3 and FLAG-antibody). As observed (Fig. 3a, right panel),
cells transduced with “All-in-one” Nanoblades showed incor-
poration of the FLAG-tag at the DDX3 locus both genetically
and at the level of protein expression (Fig. 3a right panel, see
Flag-IP elution and Genotyping panels). In parallel, single-cell

Fig. 2 Genome editing in primary cells transduced with Nanoblades. a Left panel, editing efficiency at the EMX1 locus (measured by high-throughput
sequencing on the Illumina Miseq platform) of human-induced pluripotent stem cells (hiPSCs) transduced with Nanoblades targeting human EMX1 (n= 3).
Right panel, expression of pluripotency markers measured by qPCR in control cells and cells transduced with Nanoblades targeting EMX1 (n= 3). b Left and
middle panels, fluorescence microscopy and FACS analysis of GFP expressing BMDMs transduced at the bone marrow stage (day 0 after bone marrow
collection) with control Nanoblades or Nanoblades targeting the GFP-coding sequence (n= 3). Right top panel, T7 endonuclease assay against the GFP
sequence from Nanoblades-treated BMDMs. Right bottom panel, cytokine expression levels (measured by qPCR) in untreated or Nanoblade-treated cells
upon LPS stimulation (n= 4). c T7 endonuclease assay against mouse Fto or human EMX1 genomic sequences amplified by PCR from primary mouse bone
marrow cells transduced with Nanoblades or electroporated with recombinant Cas9-sgRNA RNPs. For bone marrow cells, two electroporation settings
were tested. Lanes numbered #1–#3 correspond to biological replicates. Editing efficiencies were calculated by TIDE13 analysis of the Sanger sequencing
electropherograms for each PCR amplicon d Left panel, excision of a 160 bp DNA fragment of MYD88 using Nanoblades. Middle panel PCR results
obtained in human primary hepatocytes transduced with Nanoblades. Right-panel (top), FACS analysis of CD34+ cells purified from human cord-blood.
Bottom, genome editing at the MYD88 locus assessed by PCR in untreated and Nanoblades-treated CD34+ cells. Error bars in all figures correspond to
standard deviation
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clones were derived from the Flag-DDX3 bulk population and
tested for Flag incorporation by PCR. As shown (Fig. 3a left
bottom panel), 12 out of 20 isolated clones displayed incor-
poration of the Flag-sequence at the DDX3 locus thus suggesting
a knock-in efficiency of more than 50% of cells using “all-in-one”
Nanoblades.

Knock-in assisted by “All-in-one” Nanoblades was also
obtained at the AAVS1 locus which has been described as a safe

harbor for transgene insertion17. For this we designed a dsDNA
template of 4 kb bearing the puromycin resistance gene with
homology arms to the AAVS1 locus. After transduction of HEK-
293T cells with Nanoblades complexed with this template using
polybrene, single-cell-derived clones were selected with puromy-
cin. Out of 1 × 105 transduced cells, we obtained 47 puromycin-
resistant clones (Supplementary Figure 3b, c and d). A PCR-assay
revealed that 42 out of 47 puromycin-resistant clones tested had
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the puromycin cassette inserted at the AAVS1 locus (Supple-
mentary Figure 3d).

Taken together, our results show that Nanoblades can be
used for the precise insertion of genetic material through HDR
both with ssDNA and dsDNA donor DNA template and no
requirement for any transfection reagent.

Nanoblades confer low off-target genome-editing. A major
concern related to the use of CRISPR/Cas9-mediated gene editing
are the potential off-target effects that can occur at genomic loci
that are similar in sequence to the original target. Interestingly,
several reports have shown that transient delivery of the Cas9-
sgRNA complex by injection or RNP transfection generally leads
to reduced off-target effects as compared to constitutive expres-
sion of Cas9 and sgRNA from DNA transfection experiments18.
Since Nanoblades deliver the Cas9-sgRNA complex in a dose-
dependent and transient fashion, we tested whether they could
also lead to reduced off-target effects when compared to classical
DNA transfection. For this, we developed an approach similar to
that described by Fu and colleagues19 by creating a series of HEK-
293T reporter cell lines transduced with different versions of a
GFP transgene bearing silent point mutations located in the
sgRNA target site (Fig. 3b, right panel). These cells were either
transfected with plasmids coding for Cas9 and the sgRNA tar-
geting the GFP or transduced with Nanoblades programmed with
the same sgRNA. 96 h after transfection/transduction, cells were
collected and GFP expression was monitored by FACS (Fig. 3b,
left panel). As expected, GFP expression from cells bearing the
wild-type GFP sequence (No Mismatch) was efficiently repressed
both after Nanoblades transduction (close to 80% repression) and
DNA transfection (close to 60% repression) (Fig. 3b, left panel
“No Mismatch”). When two mismatches were introduced in the
target site, Nanoblades were no longer able to efficiently repress
GFP expression (20% compared to control) while GFP expression
from transfected cells was still reduced to levels similar to that of
the GFP bearing a perfect match with the sgRNA. Interestingly,
the presence of three or four mismatches completely abolished
GFP editing in Nanoblades-treated cells while cells transfected
with the Cas9 and sgRNA plasmids still displayed a mild inhi-
bition of GFP expression (Fig. 3b see 3 and 4 Mismatches).

To complement these results, we further tested for genomic
off-target effects using the well-characterized sgRNA targeting
human EMX1. Off-targets for this sgRNA have been extensively
studied using T7 endonuclease assays and high-throughput
sequencing approaches10. We PCR-amplified the EMX1 locus
and one of the previously described EMX1 genomic off-target loci
occurring at the intron of MFAP110 in cells treated for 72 h with

Nanoblades programmed with the EMX1 sgRNA or transfected
with a DNA construct coding for Cas9 and the EMX1 sgRNA.
We then assessed genome-editing on each sample by high-
throughput sequencing (Fig. 3c)13. Editing at the on-target site
was efficient in Nanoblade-treated cells (75% in average) and
to a less extent in cells transfected with the DNA coding for
Cas9 and the sgRNA (53% in average) (Fig. 3c, left panel). As
expected, small INDELs (insertions and deletions) occurred close
to the expected Cas9 cleavage site located 3nt upstream the
PAM sequence both in Nanoblades treated and in DNA-
transfected cells (Supplementary Figure 4). Surprisingly, in spite
of the higher editing efficiency at the on-target site, we could not
detect any significant editing at the MFAP1 off-target site in
Nanoblades-treated cells (Fig. 3c, right panel). In contrast, cells
transfected with the DNA coding for Cas9 and the sgRNA
displayed significant editing (close 6%) at the off-target site
(Fig. 3c, right panel) and had INDELs at the expected cut site
(Supplementary Figure 4).

Taken together, our results indicate that similarly to other
protocols that lead to transient delivery of the Cas9-sgRNA RNP,
Nanoblades display low off-target effects.

Targeted transcriptional activation through Nanoblades. Hav-
ing shown efficient genome editing using Nanoblades loaded with
the catalytically active Cas9, we tested whether Nanoblades could
also deliver Cas9 variant proteins for applications, such as tar-
geted transcriptional activation. To this aim, we fused the Cas9-
derived transcriptional activator (SP-dCas9-VPR)20 to Gag from
MLV and expressed the fusion protein in producer cells together
with a control sgRNA or different combinations of sgRNAs tar-
geting the promoter region of human Titin (TTN) as previously
described20 (Fig. 3d, left panel). Nanoblades loaded with SP-
dCas9-VPR were then incubated with MCF-7 cells and induction
of TTN measured by quantitative RT-PCR (normalized to
GAPDH expression). As observed (Fig. 3d, right panel), when
two different sgRNAs were used in combination, TTN tran-
scription was stimulated from 50 to 200 fold compared to the
control situation. Interestingly, when combining the four differ-
ent sgRNAs in a single VLP, we obtained up to 400-fold tran-
scription stimulation of TTN after 4 h of transduction. Our
results therefore suggest that in spite of the large molecular size of
the SP-dCas9-VPR (predicted at 224 kDa alone and 286 kDa
when fused to MLV Gag), neither its encapsidation within VLPs
nor its delivery and function within target cells are impaired. The
use of Cas9 variants could therefore expand the toolbox of
potential applications of Nanoblades in immortalized and pri-
mary cells.

Fig. 3 “All-in-one” Nanoblades for knock-in experiments and assessment of Nanoblades off-target activity. a Left panel, Nanoblades targeting human DDX3
close to its start codon were complexed with a donor ssDNA bearing homology arms to the targeted locus and a Flag-tag sequence in the presence of
polybrene. HEK293T cells were then transduced with these “All-in-one” Nanoblades. After cell amplification, a fraction of cells were collected to extract
genomic DNA and total proteins while the remaining cells were cultured to obtain single-cell clonal populations. Right panel, insertion of the Flag-tag in
HEK-293T cells transduced with “all-in-one” Nanoblades complexed with increasing amounts of donor ssDNA was assessed by Flag-immunoprecipitation
followed by western-blot using anti-flag or anti-DDX3 antibodies in the input and Flag-immunoprecipitation elution fractions. Flag insertion was also
assessed by PCR using a forward primer in the flag-sequence and a reverse primer in the DDX3 locus (Orientation PCR assay) or using primers flanking the
Flag sequence (Insertion PCR assay). Bottom panel, Flag-insertion in 20 different single-cell-derived clones was assessed by PCR using primers flanking
the Flag-sequence. b Left panel, off-target monitoring in immortalized mouse macrophages stably expressing GFP transgenes bearing silent mutations in
the region targeted by the sgRNA. Right panel, cells were transfected with plasmids coding for Cas9 and the sgRNA or transduced with Nanoblades. GFP
expression was measured by FACS 72 h after transfection/transduction (n= 3). c Left and right panels, gene-editing at the EMX1 on-target site and the
MFAP1 intronic off-target site measured by high-throughput sequencing in untreated cells (control cells) and cells transduced with EMX1 Nanoblades
(Nanoblades) or transfected with plasmids coding for Cas9 and the EMX1 sgRNA (DNA transfection) (n= 3). Statistical significance of the Nanoblades and
DNA transfection comparison at the on-target site was computed using a two-tail Student test. d Left panel, position of sgRNAs targeting the promoter of
TTN and VLPs with different combination of sgRNAs produced for the experiment. Right-panel, TTN mRNA expression levels (normalized to Control) as
measured by qPCR in MCF7 transduced with VLPs (n= 3). Error bars in all figures correspond to standard deviation
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Nanoblades-mediated transduction of mouse zygotes. CRISPR-
Cas9 has been extensively used to generate transgenic animals
through microinjection of zygotes with DNA coding for Cas9 and
the sgRNA or with the synthetic sgRNA and a Cas9 coding
mRNA or directly with the preassembled Cas9-sgRNA RNP21.
However, some of these options usually require injection into the

pronucleus or the cytoplasm of zygotes, which can significantly
impact their viability. Moreover, in some species, pronucleus and
even cytoplasmic microinjection can be technically challenging.

Because Nanoblades are programmed to fuse with their target
cells, we reasoned that they could also transduce murine zygotes
without requiring intracellular microinjection. To test this
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hypothesis, VLPs loaded with the mCherry protein (instead of
Cas9) were produced and injected in the perivitelline space of
mouse zygotes (Fig. 4a, top panel). Embryos were harvested 80 h
after injection (blastocyst stage) and visualized by fluorescence
microscopy, showing mCherry protein delivery within embryo
cells (Fig. 4a, right panel).

Nanoblades programmed with a sgRNA targeting the first
exon of the tyrosinanse (Tyr) gene previously described in ref. 22
were produced and injected in the perivitelline space of mouse
zygotes. This particular sgRNA was specifically designed to
target a HinfI restriction site in the Tyr gene that should be
disrupted upon dsDNA cleavage and NHEJ repair22 (Fig. 4b).
80 h after injection, blastocysts were harvested and genomic DNA
extracted to monitor genome-editing by PCR amplification
followed by T7 endonuclease assay or HinfI restriction. As
observed (Fig. 4d), 16 out of 40 blastocysts were positive for
genome-editing at the Tyr gene both for the T7 endonuclease
and the HinfI restriction assays. Interestingly, three blastocysts
(#11, #20, and #33) appeared to bear complete Tyr editing as
we could not detect any residual HinfI restriction products
(Fig. 4d). In the remaining 13 blastocysts that were positive for
genome editing at the Tyr locus, we observed different editing
efficiencies thus arguing for variable levels of mosaicism between
individuals (Fig. 4d). Interestingly, injection of Nanoblades in the
perivitelline was not associated with embryo mortality as we
did not obtain any significant difference in survival rates between
injected and non-inject embryos (Fig. 4c). To further validate
these results, we produced Nanoblades programmed with two
sgRNAs targeting the Tyr locus (see Fig. 4e bottom scheme) that
were injected in the perivitelline space of single-cell embryos,
which were then implanted into pseudopregnant females and
carried to term. In this case, five out of eight F0 mice obtained
carried detectable Tyr editing both at the phenotype and genotype
level as assayed by PCR amplification of the Tyr locus from
genomic DNA extracted from the fingers of each animal (Fig. 4e).
Interestingly, one of the two fully albino mice carried a complete
deletion of the DNA segment between the two sgRNA-targeted
loci in all tested cells (as assayed by Sanger sequencing of the bulk
PCR product and Sanger sequencing of single clone PCR
fragments (Fig. 4e bottom panels)). The remaining F0 mice that
displayed a partial Tyr disruption phenotype had an editing
efficiency ranging from 11% up to 78% of all Tyr alleles (Fig. 4e
see table). Sanger sequencing of individual PCR clones amplified
from these mice indicated that one of the two sgRNAs (sgRNA1)
was more efficient in inducing INDELs (Fig. 4e bottom scheme).
Moreover, we also detected some degree of mosaicism within
each individual mouse (with the exception of mouse #3 which
had complete bi-allelic excision of the Tyr sequence between the
two target loci) with at least two types of INDELs detected in
mice 7 and 8 (Fig. 4e, see genomic alignment scheme). This,
however, is very similar to the degree of mosaicism found in other
approaches22,23. Taken together, these results validate the use of

Nanoblades to generate transgenic mice upon perivitelline
injection of single-cell embryos.

To further confirm the ability of Nanoblades to mediate
genome-editing in mouse embryos and transmission of the edited
locus to the offspring, we designed a sgRNA targeting the loxP
sequence that could mimic the action of the Cre recombinase by
removing a loxP flanked cassette (Supplementary Figure 5, left
panel). These Nanoblades were first tested in primary BM cells
derived from R26R-EYFP transgenic mice bearing a single-copy
of the YFP transgene under control of a “lox-stop-lox” cassette24
(Supplementary Figure 5, top right panel). Nanoblades were then
injected in the perivitelline space of heterozygous R26R-EYFP 1-
cell embryos which were then implanted into pseudopregnant
females and carried to term. In this case, 1 out of 14 founder
animals was YFP positive under ultraviolet (UV) light and
displayed efficient excision of the “lox-stop-lox” cassette as
confirmed by PCR25 (Supplementary Figure 5, bottom left panel).
Consistent with our previous results, the F1 progeny obtained
after mating the loxed F0 mouse with a wild-type mouse
contained the “loxed” version of the YFP allele and displayed YFP
expression in tails and muscle fibers (Supplementary Figure 5,
bottom right panel), indicating efficient transmission of the loxed
allele from the F0 founder to its progeny.

Taken together, Nanoblades can represent a viable alternative
to classical microinjection experiments for the generation of
transgenic animals, in particular for species with fragile embryos
or with poorly visible pronuclei.

In vivo editing of Hpd in the liver of tyrosinaemic FRG mice.
Hereditary tyrosinemia type I (HT1) is a metabolic disease caused
by disruption of fumarylacetoacetate hydrolase (Fah), which is an
enzyme required in the tyrosine catabolic pathway. Fah-/- mice
recapitulate many phenotypic characteristics of HT1 in humans,
such as hypertyrosinemia and liver failure and have to be
treated with nitisinone for their survival. Disruption of hydro-
xyphenylpyruvate dioxigenase (HPD, the enzyme targeted by
nitisinone) through hydrodynamic tail vein injection in Fah-/-
mice was recently shown to restore their survival in the absence of
nitisinone thanks to the selective advantage of Hpd negative
hepatocytes26. We therefore reasoned that Nanoblades could
represent a non-invasive method to inactivate the Hpd gene
in NRG (NODFah-/-/Rag2-/-/Il2rg-/-) mice27. To this aim, we
designed a sgRNA directed against the fourth exon of Hpd, which
should disrupt the reading frame through the INDELs caused
by NHEJ (see Methods section for the sequence). Nanoblades
directed against Hpd or against human EMX1 (control) were
introduced in NRG mice through retro-orbital injection (Fig. 5a).
Upon injection, mice were weaned off nitisinone until they
reached a 20% loss of their body weight, in which case nitisinone
was subsequently administered punctually. Two weeks after
injection, all mice injected with Nanoblades targeting Hpd dis-
played detectable editing in the liver (between 7% and 13%

Fig. 4 Generation of transgenic mice using Nanoblades. a Left panel, scheme describing injection of mCherry VLPs or Nanoblades in the perivitelline space
of mouse 1-cell embryos. Right panel, fluorescence microscopy of mouse blastocysts injected with mCherry VLPs at the single-cell stage. b Scheme of the
design strategy to target the mouse Tyr locus (adapted from ref. 22). Upon editing and NHEJ repair, the HinfI restriction site becomes inactive. c Survival
rates of injected embryos at two-cell, blastocyst, and newborn stage (the latter obtained from experiments presented in Supplementary figure 5). d T7
endonuclease (top panel) and HinfI restrictions (bottom panel) assays on PCR fragments amplified from the Tyr locus of Control or Nanoblades-injected
embryos. e Top left panel, photographs of F0 mice generated from embryos injected with Nanoblades programmed with two sgRNAs targeting the Tyr
locus. Top-right panel, phenotype, editing efficiency (as measured by TIDE analysis of the Sanger-sequencing electropherograms) and the main INDEL type
as detected by Sanger sequencing of individual PCR clones. Bottom-panel, alignment of individual PCR clones obtained from the Tyr locus of F0 mice
against the mouse mm10 genome indicating the main observed INDELs in chimeric mice (mouse #4, #7, and #8) and total excision of the Tyr sequence
between the sgRNA1 and sgRNA2 targeting loci for the complete albino mouse (mouse #3). The Sanger sequencing electropherogram from the bulk PCR
amplicon obtained from mouse #3 indicates complete editing at both targeted sites
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efficiency, Fig. 5b). On the contrary, no editing was detected in
control (uninjected) mice or in mice injected with Nanoblades
targeting human EMX1 (Fig. 5b). Similar results were obtained
4 weeks post-injection where all mice injected with Nanoblades
targeting Hpd displayed genome editing in the liver (Fig. 5b).
Furthermore, genome-editing occurred in a homogenous
fashion across the liver as shown by T7 endonuclease assay from
biopsies recovered from three different lobes of a single ani-
mal (Fig. 5b, bottom panel). In contrast, editing in other
organs, such as spleen was weak or not detectable (Fig. 5b).

Interestingly, we observed a small overall increase in editing
levels at 4 weeks post-injection compared to 2 weeks post-

injection suggesting that cells with Hpd editing could have
a selective advantage over non-edited cells (Fig. 5b compare
middle and bottom panel). Because we did not monitor
genome editing earlier than 2 weeks post injection, we cannot
rule out that a similar selective advantage of edited cells
might have occurred during this incubation time. Nevertheless,
based on the weak increase of the editing efficiency observed
between 2 and 4 weeks after injection, we do not expect this
selective advantage to significantly improve the observed editing
efficiency during the first 2 weeks after injection. Importantly,
Nanoblades injection was not associated with any signs of
morbidity.
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Fig. 5 Inactivation of Hpd in the liver of tyrosinaemic FRG mice. a Scheme of the experimental approach to target the liver of FRG mice. b T7 endonuclease
assay to monitor genome editing at the Hpd gene in immortalized mouse macrophages and in the liver or spleen of injected mice. Samples were quantified
using a Tapestation chip
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Discussion
Genome editing should ideally be achieved in a fast and precise
fashion to limit toxicity and possible off-target effects due to a
sustained expression of effectors. In this regard, extensive efforts
have been recently described to vehicle Cas9-sgRNA RNPs in
cultured cells and in vivo by non-coding material including
Nanocarriers28, optimized transfection reagents18, or lentivirus-
derived particles29.

This work describes and characterizes VLPs to efficiently
vectorize the CRISPR-Cas9 system into primary cells, embryos,
and animals. These non-coding agents—we called herein Nano-
blades—incorporate the Cas9 endonuclease into their internal
structure. The molecular basis of this technology is the fusion of
Cas9 from Streptococcus pyogenes to Gag from MLV. Expressed
with other components of viral assembly and construct encoding
gRNA(s), this molecule can bind sgRNAs into producer cells,
forms RNP complexes and cohabit with Gag and Gag-Pol within
particles. We indeed show that robust packaging of sgRNAs into
Nanoblades depends on their interaction with Gag::Cas9 (Sup-
plementary Figure 1d).

When compared to other methods of delivery such as lipo-
fection or electroporation, Nanoblades were more efficient and
rapid in inducing dsDNA breaks both in immortalized U2OS
cells, primary fibroblasts (Fig. 1b, Supplementary Figure 1e).
Nanoblades are also functional in primary cells that are
known to be difficult to transfect and transduce using classical
delivery methods, such as human iPS cells, human CD34+ and
primary mouse bone-marrow cells (Fig. 2) reaching efficiencies
comparable or even superior to other recent methods30,31, such as
Cas9-sgRNA ribonucleoprotein electroporation (Fig. 2c), together
with low off-target effects (Fig. 3b and c). Furthermore, Nano-
blades achieve genome editing in a dose-dependent manner
(Fig. 1c). Beyond delivery of Cas9-sgRNA complexes, we also
show that Nanoblades can be complexed with DNA repair tem-
plates to mediate homologous recombination-based knock-in
cultured cells in the absence of any transfection reagent. Our
results also validate the use of Nanoblades in vivo for generating
transgenic mice upon embryo injection in the perivitelline space
(Fig. 4 and Supplementary Figure 5) or in the liver of injected
animals (Fig. 5). Although, other recent methods for in vivo
genome editing of zygotes and animals have reached higher
editing rates22,23,32–34, Nanoblades represent a viable, inexpen-
sive, and accessible alternative that can still benefit from further
improvements.

Similarly to other cell-derived particles (including most viral
vectors), Nanoblades incorporate RNAs and proteins from pro-
ducer cells that could be responsible for the transmission of
undesired effects. Mass spectrometry analysis of the content of
Nanoblades revealed that plasma membrane terms were parti-
cularly enriched, which is consistent with the vesicular nature
of Nanoblades (Supplementary Figure 2a and Supplementary
Data 1). As previously described for retroviral-VLPs35, char-
acterization of the RNA content revealed that Nanoblades contain
thousands of individual cellular mRNA species, most of these
being encapsidated stochastically, in proportion to their abun-
dance in the producer cell. We found that transcripts over-
expressed for production purposes (GAG, VSV-G, etc.) represent
<0.4% of Nanoblades RNAs (Supplementary Figure 2b) sup-
porting the notion that their delivery to recipient cells is marginal.
Confirming this observation, transfer of cellular proteins loaded
in Nanoblades from producer cells to recipient cells appears to be
minimal and restricted to a short time window between 8 and
24 h after transduction (Supplementary Figure 2c and d). While
we cannot exclude the fact that VLPs may be responsible for some
cellular responses, depending on the nature of recipient cells,
efficient doses of Nanoblades were globally harmless for most

primary cells we tested and in injected animals. In our effort to
exploit the retroviral nature of Nanoblades, we explored diverse
pseudotyping options (Supplementary Figure 6) and finally
focused on the use of an original mixture of two envelopes (VSV-
G plus BRL), a recipe that we have optimized (Supplementary
Figure 6) and which systematically displayed the best cleavage
results in most recipient cells. Depending on the cellular target, it
may be possible to pseudotype Nanoblades with envelopes from
Measles virus36, influenza virus37, or other targeting systems38,39
to restrict or improve Cas9 delivery to certain cell types (Sup-
plementary Figure 6a).

Next generation Nanoblades may also benefit from the con-
tinual evolutions of Cas9-derivatives that can support fusion with
Gag from MLV (Fig. 3) and could be adapted to other gene-
editing targetable nucleases like Cpf1 nucleases40 or even the
latest generation of programmable base editors41. We also noted
that Nanoblades can be engineered to accommodate other pro-
teins/RNAs in addition to Cas9-RNPs and serve as multi-
functional agents. Nanoblades capable of delivering both Cas9-
RNPs and a reverse-transcribed template that can serve for
reparation by homologous-recombination could therefore be
envisioned. Furthermore, multiple sgRNAs can be incorporated
within Nanoblades thus allowing gene excisions or multiple genes
to be targeted. Multiplexing of sgRNAs may also allow the
introduction of an additional sgRNA targeting a specific gene that
will allow selection of cells efficiently edited by Nanoblade-
mediated CRISPR42.

This versatility allows any laboratory equipped with BSL2
facilities to generate its own batches of particles. Beyond cell lines,
our VLP-based technique provides a powerful tool to mediate
gene editing in hiPSCs and primary cells including macrophages,
human hematopoietic progenitors and primary hepatocytes. We
have shown that Nanoblades injection into the perivitelline space
of mouse-zygotes was particularly harmless for the recipient cells,
since none of the injected zygotes were affected in their devel-
opment after treatment. Generation of transgenic animals upon
perivitelline space injection of VLPs could be adapted to other
species, including larger animals for which the number of zygotes
is limited. Finally, we achieved significant gene-editing in the liver
of injected adult mice with no consequences on their viability.
Nanoblades, could therefore represent an interesting route for the
delivery of Cas9 in vivo to inactivate gene expression but also
used in combination with other viral delivery tools carrying a
donor DNA template (such as Adeno-associated virus (AAV)) to
perform in vivo HDR experiments as recently shown32.

Considering the examples provided in our work, we believe
that the Nanoblade technology will facilitate gene editing in
academic laboratories working with primary cells and could
represent a viable alternative for therapeutical purposes and the
rapid generation of primary cell-types harboring genetic diseases,
humanized-liver mouse models and transgenic animal models.

Methods
Plasmids. SP-dCas9-VPR was a gift from George Church (Addgene plasmid
#63798). Lenti CRISPR was a gift from F. Zhang (Addgene plasmid #49535).
The GagMLV-CAS9 fusion was constructed by sequential insertions of PCR-
amplified fragments in an eukaryotic expression plasmid harboring the human
cytomegalovirus early promoter (CMV), the rabbit Beta-globin intron and
polyadenylation signals. The MA-CA-NC sequence from Friend MLV (Accession
Number: M93134) was fused to the MA/p12 protease-cleavage site (9 aa) and
the Flag-nls-spCas9 amplified from pLenti CRISPR.

Cell culture. Gesicle Producer 293T (Clontech 632617), U2OS cells, and primary
human fibroblasts (Coriell Institute, GM00312) were grown in DMEM supple-
mented with 10% fetal calf serum (FCS).

hiPSCs were obtained and cultured as described in ref. 43.
Bone marrow-derived macrophages (BMDMs) were differentiated from BM

cells obtained from wild-type C57BL/6 mice. Cells were grown in DMEM
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supplemented with 10% FCS and 20% L929 supernatant containing MCSF as
described in ref. 44. Macrophages were stimulated for the indicated times with LPS
(Invivogen) at a final concentration of 100 ng/ml.

CD34+-cell sample collection, isolation, and transduction. Cord blood (CB)
samples were collected in sterile tubes containing the anti-coagulant, citrate-
dextrose (ACD, Sigma, France) after informed consent and approval was obtained
by the institutional review board (Centre international d’infectiologie (CIRI), Lyon,
France) according to the Helsinki declaration. Low-density cells were separated
over, Ficoll-Hypaque. CD34+ isolation was performed by means of positive
selection using magnetic cell separation (Miltenyi MACs) columns according to the
manufacturer’s instructions (Miltenyi Biotec, Bergisch Gladbach, Germany). Purity
of the selected CD34+ fraction was assessed by FACS analysis with a phycoery-
thrin (PE)-conjugated anti-CD34 antibody (Miltenyi Biotec, Bergisch Gladbach,
Germany) and exceeded 95% for all experiments. Human CD34+ cells were
incubated for 18–24 h in 24-well plates in serum-free medium (CellGro, CellGenix,
Germany) supplemented with human recombinant: SCF (100 ng/ml), TPO (20 ng/
ml), Flt3-L (100 ng/ml) (Myltenyi, France). 5 × 104 prestimulated CD34+ cells
were then incubated with nanoblades in 48-well plates in serum-free medium.

sgRNA design and sequences (+PAM). sgRNAs targeting MYD88, DDX3, GFP,
Hpd, Fto, Tyr, and the LoxP sequence were designed using CRISPRseek45.

Human AAVS1: 5′ ACCCCACAGTGGGGCCACTAggg 3′
Human DDX3: 5′ AGGGATGAGTCATGTGGCAGtgg 3′
Human EMX1: 5′ GAGTCCGAGCAGAAGAAGAAggg 3′
Human MYD88 #1: 5′ GAGACCTCAAGGGTAGAGGTggg 3′
Human MYD88 #2: 5′ GCAGCCATGGCGGGCGGTCCtgg 3′
Human rDNA: 5′ CCTTCTCTAGCGATCTGAGagg 3′
Human TTN -169: 5′ CCTTGGTGAAGTCTCCTTTGagg 3′
Human TTN -252: 5′ ATGTTAAAATCCGAAAATGCagg 3′
Human TTN -326: 5′ GGGCACAGTCCTCAGGTTTGggg 3′
Human TTN -480: 5′ ATGAGCTCTCTTCAACGTTAagg 3′
Mouse Fto: 5′ CATGAAGCGCGTCCAGACCGcgg 3′
Mouse Hpd: 5′ GAGTTTCTATAGGTGGTGCTGGGTGggg 3′
Mouse Tyr: 5′ GGGTGGATGACCGTGAGTCCtgg 3′ obtained from Chen et al. 22
Mouse Tyr: 5′ AACTTCATGGGTTTCAACTGcgg 3′ obtained from Yoon et al. 23
Mouse Tyr: 5′ ATGGGTGATGGGAGTCCCTGcgg 3′ this study
LoxP: 5′ CATTATACGAAGTTATATTAagg 3′
GFP: 5′ CGAGGAGCTGTTCACCGGGGtgg 3′

Production of Nanoblades. Nanoblades were produced from transfected gesicles
producer 293T cells plated at 5 × 106 cells/10 cm plate 24 h before transfection with
the JetPrime reagent (Polyplus). Plasmids encoding the GagMLV-CAS9 fusion
(1.7 µg), Gag-POLMLV (2.8 µg), gRNA expressing plasmid(s) (4.4 µg), VSV-G
(0.4 µg), the Baboon Endogenous retrovirus Rless glycoprotein (BaEVRless)15
(0.7 µg) were cotransfected and supernatants were collected from producer cells
after 40 h. For production of serum-free particles, medium was replaced 24 h after
transfection by 10 ml of Optimem (Gibco) supplemented with
penicillin–streptomycin. Nanoblade-containing medium was clarified by a short
centrifugation (500 × g 5 min) and filtered through a 0.8 µm pore-size filter before
ultracentrifugation (1h30 at 96,000 × g). Pellet was resuspended by gentle agitation
in 100 µl of cold 1X PBS. Nanoblades were classically concentrated 100-fold. X-
Nanoblades referred as Nanoblades loaded with gRNA(s) targeting the x-gene.

To dose Cas9 packaged into particles, Nanoblades or recombinant Cas9 (New
England Biolabs) were diluted in 1X PBS and serial dilutions were spotted onto a
Nitrocellulose membrane. After incubation with a blocking buffer (nonfat Milk 5%
w/v in TBST), membrane was stained with a Cas9 antibody (7A9-3A3 clone, Cell
signaling) and revealed by a secondary anti-mouse antibody coupled to horseradish
peroxidase. Cas9 spots were quantified by Chemidoc touch imaging system
(Biorad).

Transduction procedure. Transductions with Nanoblades were performed in a
minimal volume to optimize cell/particles interactions for at least 2 h before sup-
plementing with fresh medium. When specified, polybrene was used at a final
concentration of 4 µg/ml in the transduction medium. After dosing Cas9 amount
in each Nanoblades preparation, we typically used 10 pmol of encapsidated Cas9
for 1 × 105 adherent cells.

sgRNA in vitro transcriptions. sgRNAs were in vitro transcribed using the EnGen
sgRNA Synthesis kit, S. pyogenes (New England Biolabs; E3322S) following the
manufacturer’s protocol with the following oligonucleotides:

Human EMX1: 5′ TTCTAATACGACTCACTATAgagtccgag
cagaagaagaaGTTTTAGAGCTAGA 3′

Mouse Fto: 5′ TTCTAATACGACTCACTATAgcatgaagcgcgtc
cagaccgGTTTTAGAGCTAGA 3′

After transcription, sgRNAs were purified by acidic phenol/chloroform
extraction and precipitated using 2.5 volumes of 100% ethanol. sgRNA integrity
was then assessed by denaturing urea polyacrylamide gel electrophoresis.

Cas9-sgRNA RNP electroporation procedure. Cas9-sgRNA RNP electroporation
was performed as described in the manufacturer’s protocol. Briefly, 12 pmol of
recombinant Cas9 (EnGen Cas9 NLS, S. pyogenes; New England Biolabs; M0646T)
were incubated with 12 pmol of in vitro transcribed sgRNAs in the presence of
Resuspension Buffer R (Neon Transfection System; ThermoFisher Scientific;
MPK1025) for 20 min at room temperature. After this, 1 × 105 cells resuspended in
5 µl of resuspension buffer R (for HEK293T cells) or resuspension buffer T (for
primary mouse BM cells) are added to the Cas9-sgRNA mix and the whole mixture
electroporated with the following settings:

-1700 V, 20 ms, 1 pulse (HEK293T cells)
-1350 V, 10 ms, 4 pulses (mouse BM cells)
-1680 V, 20 ms, 1 pulse (mouse BM cells)
Upon electroporation, cells were incubated in their corresponding medium

(DMEM complemented with 10% FCS for HEK293T cells and DMEM
complemented with 10% FCS and 20% L929 supernatant containing MCSF for
24 h before extracting their genomic DNA to assess genome editing.

Combination of Nanoblades with ssDNA and dsDNA. Nanoblades programmed
to target the AUG codon of DDX3 were resuspended in PBS 2% FBS and combined
with ssDNA donor repair template (see the sequence of “Flag-DDX3 primer”
below) at a final concentration of 0.3, 1.3 or 6.7 µM in 30 µl of PBS supplemented
with polybrene (Sigma) at 4 µg/ml. Complexes were let 15 min on ice before
addition to 7 × 104 HEK293T cells plated 6 h before in 400 µl of complete medium
supplemented with polybrene (4 µg/ml). 24 h latter, transduction medium was
supplemented with 1 ml of fresh medium (10% FCS) and cells were passed the day
after into six-well plates for amplification. Cells were amplified in 10 cm dishes and
passed six times during 3 weeks before extraction of proteins and genomic DNAs.

Sequence of the Flag-DDX3 primer (HPLC-purified):
5′-ACTCGCTTAGCAGCGGAAGACTCCGagTTCTCGGTA

CTCTTCAGGGATGGA
CTACAAGGACGACGATGACAAGagTCATGTGGCAGTG

GAAAATGCGCTCGGGCTGGACCAGCAGGTGA-3’
DDX3 amplification was performed using the following primers: DDX3-

Forward 5′-CTTCGCGGTGGAACAAACAC-3′ and DDX3-Reverse1 5′-
CGCCATTAGCCAGGTTAGGT-3′ for the “Insertion PCR assay” and Flag-
Forward 5′-GACTACAAGG
ACGACGATGACAAG-3′ and DDX3-Reverse2 5′-CGCCATTA
GCCAGGTTAGGT-3′ for the “Orientation PCR assay”. PCR conditions were
performed as follows: 94 °C 5min, followed by three cycles (94 °C 30 s, 64 °C 30 s,
72 °C 30 s), followed by 25 cycles (94 °C 30 s, 57 °C 30 s, 72 °C 30 s), followed by 5min
at 72 °C.

dsDNA (AAVS1): 10 µl of concentrated Nanoblades were complexed with
650 ng of dsDNA in a total volume of 30 µl of PBS with polybrene at a final
concentration of 4 µg/ml. After 15 min of incubation on ice, complexes were used
to transduce 1 × 105 HEK293T cells in a 24-well plate containing medium
supplemented with polybrene (4 µg/ml). Two days latter cells were reseeded in a
10 cm dish before puromycin selection (0.5 µg/ml). Single-cell-derived clones were
next isolated and cultivated in a 12-well plates before PCR analysis performed on
genomic DNAs (500 ng).

Primers used to assess the presence of the puromycin cassette are:
Puromycin-forward 1: 5′-GGCAGGTCCTGCTTTCTCTGAC-3′
Puromycin-reverse 1: 5′-GATCCAGATCTGGTGTGGCGCG

TGGCGGGGTAG-3′
Followed by a nested-PCR using the following primers:
Puromycin-forward 2: 5′-GATATACGCGTCCCAGGGCCGG

TTAATGTGGCTC-3′
Puromycin-reverse 1: 5′-GATCCAGATCTGGTGTGGCGCG

TGGCGGGGTAG-3′
Primers used to assess correct integration of the cassette at the AAVS1 locus

are:
AAVS1-forward: 5′-CGGAACTCTGCCCTCTAACGCTG-3′
Puromycin reverse 2: 5′-GATCCAGATCTGGTGTGGCGCG

TGGCGGGGTAG-3′
Followed by a nested-PCR using the following primers:
AAVS1-forward: 5′-GGCAGGTCCTGCTTTCTCTGAC-3′
Puromycin reverse 3: 5′-CACCGTGGGCTTGTACTCGGT

CAT-3′

Flag-immunoprecipitation and western-blotting. For Flag-immunoprecipitation,
5 × 106 cells were lysed in 500 µl of lysis buffer (NaCl 300 mM, MgCl2 6 mM,
Tris–HCl 15 mM, 0.5% NP40). 250 µl of the cell lysate (1 mg of total proteins) was
incubated with 40 µl of M2-antiFlag magnetic beads (Sigma M8823) equilibrated in
TBS. After incubation for 2 h at 4 °C, beads were washed four times in lysis buffer
and proteins eluted in 60 µl of TBS supplemented with Flag-peptide (120 µg/ml
final) for 2 h at 4 °C. The supernatant (without beads) was then collected and used
for western-blot analyses.

Western-blotting against Flag-DDX3 and endogenous DDX3 was performed
using the following antibodies: anti-DDX3 (rabbit, Sigma 19B4, 1/1000 dilution),
Flag-M2 Antibody (mouse, Sigma F3165, 1/2000 dilution), and actin antibody
(mouse, Sigma A1978, 1/10,000 dilution). The uncropped images for
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Supplementary Figs. 1a, 2d, 3d and 2b–d, 3a, 4d are provided in Supplementary
Fig. 7.

T7 endonuclease assay. Genomic DNA was extracted from VLP-treated cells
using the Nucleospin gDNA extraction kit (Macherey-Nagel). 150 ng of genomic
DNA was then used for PCR amplification. PCR products were diluted by a factor
2 and complemented with Buffer 2 (New England Biolabs) to a final concentration
of 1×. Diluted PCR amplicons were then heat denatured at 95 °C and cooled down
to 20 °C with a 0.1 °C/s ramp. Heteroduplexes were incubated for 30 min at 37 °C
in presence of 10 units of T7 Endonuclease I (NEB). Samples were finally run on a
2.5% agarose gel or on a BioAnalyzer chip (Agilent) to assess editing efficiency.

Reverse-transcription and quantitative PCR. Total RNAs were extracted using
TriPure Isolation Reagent (Roche, 11667165001) following the manufacturer’s
instructions. 1.5 µg of total RNA was treated with DNase and reverse-transcribed
using Maxima First Strand cDNA Synthesis Kit for RT-qPCR (Thermo Scientific,
K1672) following the manufacturer’s instructions. qPCR experiments were per-
formed on a LightCycler 480 (ROCHE) in technical triplicates in 10 µl reaction
volume as follows: 5 µl of 2X SYBR qPCR Premix Ex Taq (Tli RNaseH Plus)
(TAKARA, TAKRR420W); forward and reverse primers (0.5 µM each final); 7.5 ng
of cDNA.

Immunofluorescence and imaging. Cells were fixed in 1X PBS supplemented with
4% of paraformaldehyde (PFA) for 20 min, washed three times with 1X PBS and
permeabilized with 0.5% Triton X-100 for 4.5 min. Cells were incubated with
primary antibodies overnight at 4 °C. Primary antibodies used are: rabbit yH2AX
(1:1000; Abcam 81299) and mouse RNA pol I RPA194 (1:500; Santacruz sc48385).
Cells were washed three times in 1X PBS, followed by incubation of the secondary
antibodies conjugated to Alexa 488 or 594 used at a 1:1000 dilution (Life Tech-
nologies) for 1 h at room temperature. After three 1X PBS washes, nucleus were
stained with Hoechst 33342 at 1 μg/ml for 5 min. The coverslips were mounted in
Citifluor medium (AF1, Citifluor, London, UK). Cells were observed under a Leica
DM6000. At least 100 cells were counted in each indicated experiment. Averages
and standard deviation values were obtained from three independent biological
replicates.

Flow cytometry analysis of CD81 expression. 1 × 106 HepG2 or HEK293T cells
were detached from the cell culture plate using Accutase (Stemcell technologies
#07920) and washed twice in PBS+ 2%BSA. Cells were then incubated in 100 µl of
PBS+ 2%BSA+Anti-CD81 (BD Biosciences #555675, clone JS-81, 1/200 dilution)
for 30 min at 4 °C. Cells were then washed three times in PBS+ 2% BSA and
incubated in 100 µl of PBS+ 2 %BSA+ anti-mouse FITC (Biolegend # 406001, 1/
2000 dilution) for 30 min at 4 °C in the dark. Cells were then washed three times in
PBS+ 2%BSA and fixed with 4% of paraformaldehyde (PFA) for 15 min and
washed in PBS+ 2%BSA before flow cytometry analysis on a BD FACSCanto II.

Northern-blot of sgRNAs. 2 µg of total RNA extracted from Nanoblades or
Nanoblade-producing cells were run on a 10% acrylamide, 8 M Urea, 0.5X TBE gel
for 1 h at 35W. RNAs were then transferred onto a Nitrocellulose membrane
(Hybond Amersham) by semi-dry transfert for 1 h at 300 mA in 0.5X TBE. The
membrane was UV-irradiated for 1 min using a stratalinker 1800 and then baked at
80 °C for 30 min. The membrane was then incubated in 50 ml of Church buffer
(125 mM Na2HPO4, 0.085% phosphoric acid, 1 mM EDTA, 7% SDS, 1% BSA) and
washed twice in 10 ml of Church buffer. The 5′ P32-labeled (1 × 107 cpm total) and
heat-denatured ssDNA probe directed against the constant sequence of the
guideRNA (sequence of the sgRNA antisense probe: 5′GCACCGACTCGGTGCCA
CTTTTTCAAGTTGATAACGGACTAGCCTTATTTTAACTTGCTATTTCTA
GCTCTA3′) was diluted in 10 ml of Church buffer and incubated with the
membrane overnight at 37 °C. The membrane was washed four times in 50 ml of
wash buffer (1X SSC+ 0.1% SDS) before proceeding to phosphorimaging.

Transmission electron microscopy (TEM) and mass spectrometry (MS).
Nanoblades programmed to target the YFP were prepared and processed for TEM
and MS as previously described46. Briefly, Nanoblades were produced from
transfected Gesicles Producer 293T cells plated at 5 × 106 cells/10 cm plate 24 h
before transfection with the JetPrime reagent (Polyplus) and supernatants were
collected from producer cells after 40 h, passed through a 0.45 µm filter and con-
centrated 100-fold by overnight centrifugation at 3800 × g. This preparation was
next laid overlaid on a continuous optiprep gradient and ultracentrifuged to obtain
density fractions. Fractions containing Nanoblades were next pooled and cen-
trifuged overnight at 3800 × g before PBS resuspension to obtain a 6000×-con-
centrated sample.

For electron microscopy, after a flash-fixation in glutaraldehyde, staining was
amplified using the R-Gent Kit (Biovalley, Marne-la-Vallee, France) before the
negative coloration (phosphotungstic acid 2%). Specimen were observed under a
JEM-1400 microscope (Jeol, Tokyo, Japan) coupled with the Orius-600 camera
(Gatan, Pleasanton, CA).

High-troughput sequencing of RNAs extracted from Nanoblades. Total RNA
was extracted from purified Nanoblades programmed to target the YFP using
Trizol. RNAs were then fragmented to 100nt and used as input for the preparation
of cDNA libraries following the protocol described in ref. 47. Briefly, RNA frag-
ments with a 3′-OH were ligated to a preadenylated DNA adaptor. Following this,
ligated RNAs were reverse transcribed with Superscript III (Invitrogen) with a
barcoded reverse-transcription primer that anneals to the preadenylated adaptor.
After reverse transcription, cDNAs were resolved in a denaturing gel (10% acry-
lamide and 8M urea) for 1 h and 45 min at 35W. Gel-purified cDNAs were then
circularized with CircLigase I (Epicentre) and PCR-amplified with Illumina’s
paired-end primers 1.0 and 2.0.

Analysis of high-troughput sequencing data was performed as previously
described48. Briefly, reads were split with respect to their 5′-barcode sequence.
After this, 5′-barcode and 3′-adaptor sequences were removed from reads. Reads
were mapped to a custom set of sequences including 18S, 28S, 45S, 5S, and 5.8S
rRNA, tRNAs, the sgRNA directed against the GFP sequence and all transcripts
coding for Nanoblades components (Envelopes, Gag and Pol, Cas9) using
Bowtie49. Reads that failed to map to this custom set of sequences were next
aligned to University of California, Santa Cruz (UCSC) human hg18 assembly
using TopHat250. Read counts on all transcripts of interest were obtained using the
HTSeq count package51.

High-throughput sequencing of Emx1 On-target and Off-target loci. Genomic
DNA was extracted from Nanoblades-treated cells using the Nucleospin gDNA
extraction kit (Macherey-Nagel). 150 ng of genomic DNA was then used for PCR
amplification using primers specific for the EMX1 On-target locus (EMX1-Forward
5′-ACACTCTTTCCCTACACGACGCTCTTCCGATCTGGTTCCAGAACCGG
AGGACAAAGTAC-3′ and EMX1-Reverse 5′-GTGACTGGAGTCCTCTCTAT
GGGCAGTCGGTGAAGCCCATTGCTTGTCCCTCTGTCAATG-3′) and the
previously described Off-target locus in the intron of MFAP1 (MFAP1-Forward 5′-
ACACTCTTTCCCTACACGACGCTCTTCCGATCTCCATCACGGCCTTTG
CAAATAGAGCCC-3′ and MFAP1-Reverse 5′-GTGACTGGAGTCCTCTCTA
TGGGCAGTCGGTGACAGAGGGAACTACAAGAATGCCTGAGC-3′) bear-
ing adapters sequencing for Illumina’s Miseq platform. Obtained PCR products
were purified and PCR amplified with a second set of primers bearing specific
barcodes for multiplex sequencing. Final PCR products were sequenced on the
Miseq platform using a custom sequencing primer (Miseq-Custom 1: 5′
ATCACCGACTGCCCATAGAGAGGACTCCAGTCAC 3′) and a custom index
sequencing primer (Miseq-Custom 2: 5′ GTGACTGGAGTCCTCTCTATGGGC
AGTCGGTGAT 3′).

Animal experimentation. All animal experiments were approved by a local ethics
committee of the Université de Lyon (CECCAPP, registered as CEEA015 by the
French ministry of research) and subsequently authorized by the French ministry
of research (APAFIS#8154-20161l2814462837 v2 for the generation of transgenic
animals and C 69 123 0303 for the usage of Nanoblades in vivo). All procedures
were in accordance with the European Community Council Directives of Sep-
tember 22, 2010 (2010/63/EU) regarding the protection of animals used for sci-
entific purposes.

Mouse oocyte injection. Four or five weeks old FVB/NRj female mice (Janvier
Labs, France) were superovulated by intraperitoneal (i.p.) administration of 5 IU of
pregnant mare serum gonadotropin (PMSG, Alcyon, France), followed by an
additional i.p. injection of 5 IU human chorion gonadotropin 48 h later (hCG,
Alcyon, France). Superovulated females were mated with B6D2F1 adult males
(1 male/2 females) and euthanatized at 0.5 day post coitum (usually between 10
and 11 a.m.). Oviduct were dissected, and the ampulla nicked to release zygotes
associated with surrounding cumulus cells into a 200 µl droplet of hyaluronidase
(Sigma) in M2 solution (300 µg/ml, Sigma) under a stereomicroscope (Olympus
SZX9). Zygotes were incubated for 1 min at room temperature and passed with a
mouth pipette through three washes of M2 medium to remove cumulus cells.
Zygotes were kept in M16 medium (Sigma) in a water jacketed CO2 incubator
(5% CO2, 37 °C) until microinjection with Nanoblades. Micro-injection were
carried-out under a stereomicroscope (Olympus SZX9) using a FemtoJet 4i
(Eppendorf) microinjecter. Briefly, 1 pl of Nanoblades were injected in the peri-
vitelline space of oocytes. Zygotes were then transferred into M16 medium and
kept overnight in incubator. The embryos that reached the two-cell stage were
transferred into the oviduct of B6CBAF1 (Charles River, France) pseudopregnant
females (15–20 embryos per female).

Retro-orbital injection of Nanoblades. All experiments were performed in
accordance with the European Union guidelines for approval of the protocols by
the local ethics committee (Authorization Agreement C2EA 15, “Comité Rhône-
Alpes d’Ethique pour l’Expérimentation Animale”, Lyon, France). The highly
Immunosuppressed NOD FRG mice (Fah-/-/Rag2-/-/Il2rg-/-) (Yecuris cooration),
deficient for T-cell, B-cell, and NK-cell are maintained in pathogen-free facility.
Retro-orbital injection (SRO) were performed under isoflurane anesthésia.

Genomic DNA from each mouse (treated either by control or Hpd targeting
Nanoblades) was extracted from three distinct liver lobes and pooled together.
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Following this, a two-step PCR was performed on 300 ng of gDNA template, the
first PCR using primers Hpd-Forward 1: 5′-CTTAGGAGGTTAGCCAAAGATG
GGAG-3′ and Hpd-Reverse 1: 5′-TCTAGTCTCTATCCAGGGCTCCAGCC-3′ to
amplify the Hpd gene (94 °C 5min, 3 cycles 94 °C, 64 °C, 72 °C, and 20 cycles 94 °C,
58 °C, 72 °C, 5 min 72 °C). The second nested-PCR used primers Hpd-Forward 2:
5′-GAACTGGGATTGGCTAGTGCG-3′ and Hpd_Reverse 2: 5′-CACCCAG
CACCACCTATAGAAACTC-3′ (94 °C 5min, 3 cycles 94 °C, 64 °C, 72 °C and
30 cycles 94 °C, 57 °C, 72 °C, 5 min 72 °C). Amplicons were next analyzed by T7-
endonuclease assay as described.

Raw data files. Uncropped scans of ethidium bromide gels and western-blotting
figures are displayed in Supplementary Figure 7.

Data availability
Gene Expression Omnibus: GSE107035. The following plasmids will be available
from Addgene: Gag::Cas9 fusion (BIC-Gag-CAS9, Plasmid ID: 119942), the Gag::
Cas9-VPR fusion (BICstim-Gag-dCAS9-VPR, Plasmid ID: 120922) and the Gag::
Cre fusion (GAG-CRErec, Plasmid ID: 119971).
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