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INTRODUCTION 

I. Cellular adaptation through gene expression 

A. The cellular response to stress 

1. Towards a definition of stress 

The concept of stress emerged from studies of famous scientists, who have 

shaped the way we understand biology today (inspired from Goldstein and Kopin, 

2007; Szabo et al., 2012). In 1865, Claude Bernard first postulated in his book 

“Introduction to experimental medicine”, that the ability of an organism to maintain a 

constant fluid environment bathing cells of the body (the internal environment) is 

essential for life, and independent of the external environment. Later, Walter Cannon 

appropriated the idea and defined the term “homeostasis”, which consists in the 

maintenance of several physiological variables within a certain range, in other words, 

the stability of the internal environment. In 1936, Hans Selye defined the “general 

adaptation syndrome” as a generalized effort of the organism to adapt itself to new 

conditions (Selye, 1936). Based on experiments using rats, he observed that when 

the organism is severely damaged by acute non-specific harmful agents, the 

adaptation syndrome is composed of: 

(i) an initial alarm reaction, when the organism is suddenly confronted to a 

critical situation,  

(ii) a stage of adaptation, where the organism adapts to this imbalance, and 

the appearance and function of the tissues returns practically to normal,  

(iii) and eventually a stage of exhaustion and death of the organism if it did 

not manage to cope with the critical situation.  

Later, he coined the term “stress” to define this general adaptation syndrome, which 

was to him a nonspecific response of the body. He started to use the word “stressor” 

as the factor or agent that triggers the stress response. Stressor may be physical 

(e.g. cold, heat), chemical (e.g. paraquat, DTT), psychologic or biologic (e.g. 

infection). We can also add infection as a stressor, as it leads to the same stages of 

adaptation response.  
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Years later, experiments showed that the stress response is not unique, but 

has a degree of specificity, depending on many factors such as the type of challenge 

to homeostasis, the organism’s perception of the stressor and the ability to cope with 

it. Hans Selye thus popularized the term of stress, not without difficulties, as it was 

hard for these concepts to get acceptance in the 1940s. Nowadays, this area of 

research is still active, as impaired stress response is related to many pathologies, 

such as cancer or chronic inflammation (Dandekar et al., 2015). We will discuss 

further one example of stress response in light of Hans Selye definition of stress 

response.  

2. Case study: gene expression in the unfolded protein response 

The endoplasmic reticulum (ER) is a cellular organelle in which the majority of 

secreted proteins folds and assembles. When unfolded proteins accumulate in the 

lumen of the ER (for instance as a result of stress induced by chemicals perturbing 

the function of chaperones or by virus infection), the unfolded protein response 

(UPR) pathway is activated (Figure 1) (for precise information, please refer to Frakes 

and Dillin, 2017; Walter and Ron, 2011). The UPR response is classically divided into 

three branches, each resulting from the activation of an ER-resident protein, the 

initial alarm reaction. The first branch involves the activation of inositol requiring 

enzyme 1 (IRE1), which is conserved in all eukaryotes. When activated, IRE1 

induces the splicing of the mRNA encoding X-box binding protein 1 (XBP1), a 

transcription factor (TF) that regulates the expression of enzymes involved in lipid 

synthesis and of components of the ER-associated protein degradation (ERAD) 

pathway. The second branch involves a eukaryotic initiation factor 2α (eIF2α) kinase 

known as double-stranded RNA-activated protein kinase (PKR)–like ER kinase 

(PERK). Activation of PERK leads to the inhibition of translation through activation of 

the integrated stress response (ISR), which will be discussed later. This reduction in 

protein production alleviates ER stress. In parallel, activating transcription factor 4 

(ATF4) escapes this inhibition and is preferentially translated. In the nucleus, this TF 

leads to the expression of other UPR target genes such as the apoptosis modulator 

C/EBP homologous protein (CHOP). In the last UPR branch, the Activating 

Transcription Factor 6 (ATF6) is transported from the ER into the Golgi upon UPR 

activation, where it is cleaved by Golgi-resident proteases. The N-terminal part of 

ATF6 then translocates into the nucleus, where it activates the transcription of UPR  
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ER sensors: IRE1, PERK and ATF6. PERK and ATF6 are specific to Metazoan cells, whereas IRE1 is 
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in a return to an apparent homeostasis. In the case where the cell can not recover from the stress, it leads 
to cell death, the exhaustion phase.
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target genes such as Chaperones. Of note, the two latter branches of UPR are 

specific to Metazoan. 

 

All these pathways converge towards the transcription of genes required to 

restore the protein balance of the ER. Together, they compose the adaptation phase. 

Prolonged activity of the UPR, when homeostasis cannot be restored, leads to cell 

death, the exhaustion phase. Of note, although the transcriptional responses are the 

best understood aspects of the UPR, this response also involves critical post-

transcriptional steps, such as preferential translation of ATF4, IRE1-mediated 

splicing of XBP-1 mRNA and ERAD. Indeed, only few studies assessed the role and 

the precise mechanism of translation regulation in the UPR until recently (Young and 

Wek, 2016). It now appears that preferentially translated proteins play a major role in 

the maintenance of homeostasis, as revealed by the characterization of transcription 

factors (ATF4), amino acid transporters (CAT1), negative regulators of the pathway 

(GADD34) and apoptotic modulators (CHOP). This highlights the importance of 

considering any cellular processes (including stress response) as a whole, 

comprised of transcriptional and post-transcriptional regulations. We will now 

describe the latter.  

B. From mRNA to protein levels 

1. Post-transcriptional control of gene expression 

Gene expression has historically been measured by mRNA levels, as shown 

by the exponential increase in the number of transcriptome studies published since 

1997 (Figures 2A, 2B). It is only in the early 2000 that translatome studies were also 

published. This lag is mainly due to the emergence of polysome profiling and 

ribosome profiling techniques in 2001 and 2009 respectively (Piccirillo et al., 2014). 

Studies coupling transcriptomes and translatomes also arise since 2001. These 

studies allow assessing of the post-transcriptional control of gene expression. 

Indeed, messenger ribonucleic acids (mRNAs) are subjected to many regulated 

steps in the nucleus and the cytosol before being translated (Figure 2A) (reviewed in 

Corbett, 2018). Nuclear steps include 5’-end capping, splicing of introns by the 

spliceosome, 3’-end cleavage and polyadenylation. Once the mature mRNA is 

produced, it is exported to the cytoplasm through nuclear pores. There, it can be  
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either translated into proteins, stored in cytoplasmic bodies, or subjected to decay. Of 

note, the dynamics of RNA and protein production are different. It is estimated that a 

mammalian cell produces two copies of a given mRNA per hour, whereas one mRNA 

leads to the production of dozens of the corresponding protein per hour. Moreover, 

the average half-life of mRNAs is 2.6–7 hours whereas that of proteins is around 46 

hours (Vogel and Marcotte, 2012). These data suggest that protein levels are highly 

controlled, as they are the long lasting players of any biological response. 

2. mRNA levels do not entirely explain protein abundance 

At steady-state, mRNA level is a poor predictor of protein abundance  

 

Simultaneous measure of 96 mRNAs and proteins quantity in a single cell 

show a poor correlation between protein and mRNA levels, with a correlation 

between 0 and 35% (Darmanis et al., 2016). In early Drosophila embryos, where the 

amount of RNA is maternally-supplied and stable, mRNA abundance predicts only a 

third of the variance of protein synthesis (Dunn et al., 2013). Simultaneous 

measurement of absolute mRNA and protein abundance and turnover in mammalian 

cells showed that only around 40% of the variance in protein amounts is explained by 

the level of the corresponding mRNAs (Schwanhausser et al., 2011). Genes with 

stable mRNAs and proteins are enriched in constitutive metabolic cellular processes, 

whereas genes with unstable mRNAs and/or proteins are enriched in signal 

responsive genes, such as components of signaling pathways or chromatin-

modifying enzymes. Of note however, the estimation of the correlation between 

mRNA and protein levels seem to depend on the statistical model used. Indeed, re-

analysis of the same dataset led to the conclusion that up to 56-84% of the protein 

variation can be explained by mRNA levels (Li et al., 2014). These opposing results 

show the difficulty of establishing models of mRNA/protein dependency. Of note, 

comparison of neural tubes and forelimb buds of mouse embryo showed that around 

16% of mRNAs are differentially translated between the two tissues, even if mRNA 

levels are comparable between both tissues (Fujii et al., 2017). This indicates that 

cellular differentiation is driven mainly by differential translation of genes. 

 

Overall, steady state transcript abundances only partially predict protein 

abundances in almost every condition that has been tested, with correlations 

depending on the gene considered and on the status of the cell. This highlights the 
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importance of considering the dynamic relationship between protein and mRNAs in a 

physiological context (for a complete review, please refer to Liu et al., 2016). 

 

Correlation of RNA and protein levels in stressed systems 

 

Comparison between ribosome associated mRNAs and transcript levels in 

yeast shows that severe stress, such as amino acid depletion or osmotic shock, 

induces a highly correlated response between mRNAs and proteins (around 80%) 

(Halbeisen and Gerber, 2009). On the contrary, mild stresses have a minor and 

variable impact on translatome and transcriptome, with a correlation of 1-56%. These 

numbers were confirmed in other studies, where 80% of changes in protein 

expression could be explained by mRNA level after osmotic or oxidative stress in 

yeast (Liu et al., 2016). A more precise study assessed protein production as well as 

RNA amounts in dendritic cells stimulated with lipopolysaccharides (Jovanovic et al., 

2015). In this system, mRNA levels contribute to 59-68% of protein expression levels 

before stimulation, a percentage that increases to 87-92% after 12 hours of 

stimulation. Thus, mRNA dynamics is the major driver of protein expression after 

immune stimulation of these cells.  

 

In perturbed systems, it seems that mRNA levels are more correlated to protein 

abundance. However, the relationship between mRNA and protein levels depends on 

the cell type and the conditions. Overall, it seems that the interplay between levels of 

protein and mRNA levels is much subtle than previously expected. As stress 

response is a conjugated effect of transcription and translation, we now need deeper 

insight into the translation response. 
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II. Modulation of translation by stresses 

A. The role of initiation factors in translation initiation  

1. Canonical cap-dependent translation initiation 

Protein synthesis is an energetically expensive process that is tightly 

regulated. Translation is divided into four steps: initiation, elongation, termination and 

recycling. Regulation takes place mainly at the initiation step (reviewed in Hershey et 

al., 2012; Hinnebusch and Lorsch, 2012). In eukaryotes, initiation requires the 

formation of the ternary complex (TC) composed of the initiator methionyl transfer 

RNA (Met-tRNAi) and the eIF2 protein bound to guanosine tri-phosphate (GTP) 

(Figure 3). The TC binds to the small subunit of the ribosome (40S), giving rise to 

the 43S pre-initiation complex (PIC). This binding is promoted by initiation factors 

such as eIF1, eIF1A, eIF5 and eIF3. On the other hand, the capped and 

polyadenylated (polyA) mRNA interacts with polyA binding protein (PABP) and eIFs 

such as eIF4F and eIF4B. This forms the activated messenger ribonucleoprotein 

(mRNP). The eIF4F complex is composed of 3 eIFs, namely eIF4A (an RNA 

helicase, which unwinds RNA structures in the 5’untranslated region (5’UTR) of 

mRNAs with the help of eIF4B), eIF4E (a cap binding protein) and eIF4G (a 

scaffolding protein). The interaction between PABP and eIF4G allows the 

circularization of the mRNA to form the so-called “closed-loop structure”. This 

structure is thought to increase the efficiency of translation by favoring the recycling 

and re-initiation of ribosomes on the mRNA. However, whether the formation of this 

structure is stable over time is still a matter of debate, as single molecule end-to-end 

measurements recently revealed that translating mRNAs rarely show co-localizing 5’ 

and 3’ ends (Adivarahan et al., 2018). The 43S complex binds the mRNP near the 

cap and initiates scanning until an AUG initiation codon (or a near-cognate initiation 

codon) is recognized. Base-pairing between the anticodon of Met-tRNAi and the 

AUG in the peptidyl site of the 40S subunit triggers the conversion of eIF2-GTP into 

eIF2-GDP by the GTPase-activating factor eIF5 and the release of initiation factors 

(eIF4F, eIF4B, eIF3, eIF1A and eIF1). The precise timing of events leading to eIF4F 

release is still unknown and seems to depend on the mRNA (Gross et al., 2018). 

Finally, eIF5B catalyzes the joining of the large subunit of the ribosome (60S) to form 

the 80S initiation complex that will enter into the elongation phase. eIF2-GDP is 
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recycled into eIF2-GTP by eIF2B, thus allowing assembly of a new TC and 

translation initiation on another mRNA.  

2. Viral IRES-dependent translation initiation 

Many viruses hijack the host translation system by the use of alternative ways 

of translation initiation such as internal ribosome entry sites (IRES) (reviewed in Lee 

et al., 2017; Plank and Kieft, 2012). IRES-mediated translation occurs when cap-

dependent translation is inhibited, allowing the virus to replicate within the cell. The 

first IRES element was identified in the 1980s in poliovirus (PV) and 

encephalomyocarditis virus (EMCV) RNAs. Many viral IRESs were discovered since 

and classified according to the number of eIFs required for initiation and the use of 

IRES trans-acting factors (ITAFs). Type I IRESs are found in Enteroviruses (e.g. PV) 

and require almost all eIFs for initiation except eIF4E. Moreover, by contrast with 

other IRESs, type I IRESs necessitate a scanning step. Type II IRESs are mainly 

found in Picornaviridae (e.g. EMCV) and necessitate the recruitment of eIF3, eIF4G, 

eIF4B, eIF4A, eIF2 and ITAFs for IRES activity. Type III IRES are carried by 

members of the Flaviviridae (e.g. HCV) and only require eIF2 and eIF3. The last 

class of IRES, type IV class, contains IRESs that do not require any cellular factors 

for translation initiation, such as the intergenic (IGR) IRES of Cricket paralysis virus 

(CrPV). IRES elements are also found in cellular mRNAs and a recent study 

estimated that up to 10% of human 5’UTRs regulate translation in a cap-independent 

way (Weingarten-Gabbay et al., 2016). 

  
During the initiation process, the recruitment of the mRNA to the 40S 

ribosomal subunit is thought to be the rate-limiting step, and is often modulated. This 

involves mainly phosphorylation of eIF2α and regulation of the eIF4F complex 

availability, two examples which we will discuss further below.  
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B. Modulation of initiation factors activity by homeostasis 
disruption 

1. eIF2α is a key factor of ternary complex formation  

Activation of the Integrated Stress Response pathway 

 

A wide range of stimuli triggers the ISR. Stress signals activating this pathway 

are either cell extrinsic (hypoxia, amino acid starvation, viral or bacterial infections) or 

cell intrinsic (ER stress or oncogene activation). Sensing of these stresses is 

performed by four conserved Serine/Threonine (Ser/Thr) kinases, named PERK, 

general control non-derepressible 2 (GCN2), double-stranded RNA (dsRNA)-

dependent protein kinase (PKR) and heme-regulated eIF2α kinase (HRI), which 

phosphorylate one component of the eIF2 complex, the eIF2α protein (Figure 3) 

(Pakos‐Zebrucka et al., 2016). 

 

PERK is an ER-resident kinase activated by the accumulation of misfolded 

proteins in the ER lumen. It is part of the UPR pathway discussed above. Two 

mechanisms of PERK activation are described. In the classic model, PERK is bound 

to Binding immunoglobulin protein (BiP), a chaperone protein. Upon accumulation of 

misfolded proteins, BiP dissociates from PERK, allowing its activation. Other 

evidences suggest that the binding of misfolded proteins could directly activate 

PERK. GCN2 kinase is activated by the binding of deacylated transfer RNA (tRNA), 

which is a sign of amino acid deprivation (Pakos‐Zebrucka et al., 2016). Activation of 

this kinase prevents translation initiation if some amino acids are absent or rare in 

the cell. While PERK expression seem to be restricted to Metazoan, GCN2 is found 

in all eukaryotes (Taniuchi et al., 2016). PKR is an interferon-inducible protein 

activated by the presence of double stranded RNAs (dsRNAs) from viruses such as 

human immunodeficiency virus (HIV) and hepatitis C virus (HCV) or synthetic dsRNA 

such as polyI:C. Endogenous RNAs such as Tumor necrosis factor (TNF)α or 

interferon (IFN)γ mRNAs also activate PKR (Bou-Nader et al., 2019). Activation of 

PKR shuts down translation, thus blocking expression of viral mRNAs. Interestingly, 

some viruses have evolved mechanisms to counteract this recognition such as 

Middle East Respiratory Syndrome Coronavirus (MERS-CoV). Protein 4a of this virus 

is a dsRNA binding protein, which prevents the activation of the stress response 
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pathway, possibly by sequestering dsRNAs (Rabouw et al., 2016). Other stimuli such 

as oxidative or ER stress have been shown to activate PKR in a dsRNA-independent 

manner. Upon RNA recognition, PKR dimerizes, autophosphorylates and becomes 

active to phosphorylate eIF2α. The last Ser/Thr kinase involved in the UPR pathway, 

HRI, is expressed in erythroid cells and is activated by low heme levels. HRI is 

involved in the coupling of globin mRNA translation with heme levels, avoiding 

accumulation of toxic globin aggregates upon iron deficiency. HRI can also be 

activated by oxidative stress, heat shock, 26S proteasome inhibition and osmotic 

stress (Pakos‐Zebrucka et al., 2016). Both PKR and HRI kinases seem to be 

restricted to vertebrates (Taniuchi et al., 2016). 

 

All the four eIF2α kinases have overlapping functions and might be activated 

by a wide range of stress. For instance, bacterial infection induces the ISR through 

activation of several eIF2α kinases (Rodrigues et al., 2018).  

 

eIF2α phosphorylation and downstream effects 

 

Activation of all the eIF2α kinases leads to the phosphorylation of the initiation 

factor eIF2α. Phosphorylated eIF2α stabilizes the eIF2-guanosine diphosphate 

(GDP)-eIF2B complex and blocks the exchange of GDP to GTP by eIF2B protein, 

thus preventing the recycling of eIF2-GDP to eIF2-GTP. This inhibits the generation 

of a new TC, 43S PIC formation and cap-dependent translation.  

 

In this context, alternative translation mechanisms are favored, such as 

upstream open reading frame (uORF) translation. ATF4, one of the main effector of 

the ISR pathway is translated through an uORF-dependent mechanism. Indeed, 

upon ISR activation, the ribosome re-initiation is slower and allows initiation at 

alternative start codons. Moreover, ribosome scanning is slowed down by N6 

methylation of adenosine residues (m6A) in the mRNA 5’UTR. This methylation is 

reduced in ATF4 5’UTR upon amino acid deprivation, which favors its translation 

(Zhou et al., 2018). Of note, oxidative stress induces m6A modifications in mRNA 

5’UTR and leads to the triaging of these mRNAs into stress granules (Anders et al., 

2018). Here, translationally stalled mRNAs are waiting for translation to resume, 

showing that m6A modifications have dual roles towards translation regulation. In 

addition to ATF4, translation of uORFs allows expression of proteins important for 

ISR recovery such growth arrest and DNA damage-inducible protein 34 (GADD34). 
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Recent data show that the diversity of human leukocyte antigen peptides is in part 

due to 5’UTR uORFs (Starck et al., 2016). These results suggest that uORF 

translation might be a way to signal stressed cells to neighboring cells through 

immune pathways. 

 

Resolution of signaling, return to normal conditions and regulation 

 

Dephosphorylation of eIF2α is the key step in the termination of the ISR 

pathway. It is mediated by a complex containing the protein phosphatase 1 catalytic 

subunit (PP1c) and one of two different regulatory subunits. GADD34 is induced 

through ATF4 transcription factor in a negative feedback loop. The second regulatory 

subunit is the constitutively expressed constitutive repressor of eIF2α 

phosphorylation (CReP). The PP1c-CReP complex is responsible for the 

maintenance of low levels of eIF2α phosphorylation in basal condition (Pakos‐

Zebrucka et al., 2016). Interestingly, partial translational recovery upon chronic stress 

is mediated by an eIF3d-dependent mechanism of mRNA recruitment, indicating that 

even upon stress, translation re-starts to sustain cell viability (Guan et al., 2017). 

Cellular recovery depends on the nature and the intensity of the stress stimuli. The 

decreased in translation favors the recovery from different stresses and prevents the 

expression of pro-apoptotic molecules. In conditions where homeostasis cannot be 

restored, the transcriptional ATF4-target gene C/EBP homologous protein (CHOP) 

induces cell death by the expression of pro-apoptotic factors such as B-cell 

lymphoma 2 (Bcl-2) family members for instance (Pakos‐Zebrucka et al., 2016). 

 

Activation of the ISR is responsible, at least in part, for the memory deficits 

associated with traumatic brain injury in mice. Inhibition of the ISR by the potent ISR 

inhibitor (ISRIB) drug reverses memory defects associated with brain injury such as 

spatial learning and memory consolidation (Chou et al., 2017). This shows the 

importance of ISR regulation and its potential use as a therapeutic target. 
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2. Modulation of eIF4F activity influences messenger ribonucleoprotein 

recruitment to the ribosome  

Upstream signaling pathways 

 

Recruitment of the mRNP to the 43S pre-initiation complex is mainly 

regulated through the modulation of eIF4F complex components (Figure 3). One of 

the best-known regulators of translation is the mechanistic target of rapamycin 

(mTOR) pathway. It links cell growth and metabolism with environmental inputs such 

as nutrients availability and growth factors. mTOR is a Ser/Thr kinase, which is part 

of two complexes with different molecules, mTORC1 and mTORC2. Protein 

synthesis is stimulated by mTORC1 through the phosphorylation of two main 

effectors: the p70S6 kinase (S6K1) and eIF4E binding protein (4E-BP). 4E-BP 

sequesters eIF4E from the eIF4F complex. 4E-BP phosphorylation lowers its affinity 

for eIF4E, thus making the latter available for cap binding and downstream 

translation initiation (reviewed in Saxton and Sabatini, 2017). S6K has many different 

phosphorylation targets, among them eIF4B and Ribosomal protein S6 (RpS6).  

 

Signals such as mitogens and stresses modulate eIF4E activity through 

phosphorylation. Indeed, Mitogen-activated protein kinase interacting kinase (Mnk) 1 

and 2 phosphorylate eIF4E at Serine 209 (S209) after activation of the Mitogen-

activated protein kinase (MAPK) pathway by mitogens or stresses (Waskiewicz et al., 

1997). This phosphorylation is dependent on the interaction of Mnk with the scaffold 

protein eIF4G (Shveygert et al., 2010). Interestingly, Dengue virus (DENV) induces 

MAPK-Mnk1/2 signaling, which results in the phosphorylation of eIF4E (Roth et al., 

2017). This phosphorylation is essential for efficient production of virus particles. On 

the other hand, Influenza virus, Adenoviruses, EMCV and PV dephosphorylate 

eIF4E, showing that the effect of viral infection on eIF4E is virus-specific. 

Furthermore, 4E-BP1 is dephosphorylated in Vesicular stomatitis virus (VSV), EMCV 

and PV infected cells, which increases its affinity for eIF4E and results in subsequent 

shutoff of cap-dependent translation. By contrast, HCV infection increases the 

phosphorylation of 4E-BP1, thus up-regulating host translation (reviewed in Piccirillo 

et al., 2014). 
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Effect of eIF4F modulation on translation 

 

eIF4E phosphorylation increases the oncogenic activity of cells through 

preferential translation of pro-tumorigenic genes such as matrix metalloproteases 

and chemokines (Furic et al., 2010). Moreover, mice expressing a non-

phosphorylatable eIF4E (S209A) are resistant to the formation of lung metastases in 

a mouse syngeneic mammary tumor model (Robichaud et al., 2018). eIF4E 

phosphorylation also confers resistance to stresses induced by DNA damaging 

agents or oxidative stress (Martínez et al., 2015). Although 50% reduction in eIF4E 

expression is viable in mice, translation of genes involved in the regulation and 

response to reactive oxygen species is significantly reduced in these cells upon 

cellular transformation (Truitt et al., 2015). The 5’UTR of eIF4E-dependent mRNAs 

confers translational sensitivity to eIF4E levels. These results show a clear 

involvement of eIF4E in cancer progression. In the same way, 4E-BPs inhibit cell 

proliferation by blocking the translation of proliferation-promoting proteins or proteins 

involved in cell cycle regulation (Dowling et al., 2010). Of note, 4E-BPs also inhibits 

the translation of Interferon regulatory factor-7 (IRF-7) and thus type-I IFN production 

(Colina et al., 2008). Mice knock out (KO) for 4E-BPs are resistant to VSV infection. 

It is still unknown whether the role of 4E-BPs in the translation of specific mRNAs is 

through modulation of eIF4E activity. 

 

In mammalian cells, protein kinase C isoform βII (PKCβII) phosphorylates 

eIF4G and eIF3a and controls eIF4G:eIF3 assembly (Dobrikov et al., 2018a). This 

modulates translation initiation possibly by facilitating dissociation and recycling of 

the eIF4F complex (Dobrikov et al., 2018b). In yeast, TORC1 and Adenosine 

monophosphate-activated protein kinase (AMPK) signaling converge on the Kinase 

Suppressing Prp20-10 (Ksp1), which phosphorylate eIF4G under glucose deprivation 

conditions (Chang and Huh, 2018). This phosphorylation regulates the degradation 

of ribosomal proteins (RPs) mRNAs for instance, likely through the recruitment of an 

mRNA decay activator to the target mRNA. Viruses also use the eIF4G protein to 

shape translation initiation. PV infection leads to the cleavage of eIF4G, which 

renders the eIF4F inactive (reviewed in Piccirillo et al., 2014). On the opposite, 

ICP27 RNA binding protein of Herpes simplex virus 1 (HSV-1) interacts with PABP in 

a eIF4G-dependent, but cap-independent manner, stimulating the recruitment of the 

small subunit of the ribosome (Smith et al., 2017). Some cellular RNA binding 

proteins share this mechanism.  
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Triggering of mTOR pathway induces the activation of S6K and 

phosphorylation of eIF4B (Raught et al., 2004). This phosphorylation stimulates the 

helicase activity of eIF4A. It also increases eIF4B affinity for eIF3 and translation 

initiation (Shahbazian et al., 2006). Inhibition of eIF4A reveals that 284 genes rely on 

eIF4A for efficient translation in breast cancer cells (Rubio et al., 2014). Complexity 

of the 5’UTR is a major determinant of eIF4A sensitivity and altering the 5’UTR 

structure modifies this dependency. In the same way, depletion of eIF4B decreases 

translation of mRNAs harboring complex structures in their 5’UTR such as the pro-

apoptotic factor Bcl-2 in HeLa cells (Shahbazian et al., 2010). 

3. The particular and intriguing case of RpS6 phosphorylation 

Disruptions in homeostasis or external stimuli converge on the modulation of 

initiation factors to coordinate translation with the cellular state. Apart from initiation 

factors, one of the targets of the S6K is the ribosomal protein S6 (RpS6). Its 

phosphorylation controls cell size, malignant transformation and glucose 

homeostasis among others (Meyuhas, 2015). Viruses also take advantage of this 

pathway. Indeed, the viral protein kinase of Kaposi’s sarcoma-associated 

herpesvirus (KSHV) phosphorylates RpS6 and upregulates protein synthesis (Bhatt 

et al., 2016). These results reveal that the ribosome itself might have a regulatory 

capacity towards mRNA translation. 

III. The ribosome and its regulatory capacity 

In 1950, George Pallade discovered the existence of “small particulate 

component of the cytoplasm’’, that will be later called “ribosomes”. He uncovered that 

proteins are synthesized by ribosomes, a discovery that awarded him a Nobel Price 

in 1974. In 1959, Francis Crick hypothesized that ribosomes are carriers of the 

genetic information, and thus each ribosome in the cell is customized for the 

expression of only one protein: the “one gene – one ribosome – one protein” 

hypothesis. Experiments performed by Sydney Brenner, François Jacob, and 

Mathew Meselson in 1961 showed that infection of Escherichia coli (E. coli) with 

bacteriophages results in viral protein expression by a bacterial ribosome. Thus, 

ribosomes were then described as non-specialized structures which synthetize at a 

given time the protein encoded by the mRNA they contain. Consequently, the vision 
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of the ribosome radically changed over a few years from an extremely specialized 

molecular machine to a passive machine without any regulatory function (reviewed in 

Genuth and Barna, 2018a, 2018b). The eukaryotic ribosome is composed of 4 

ribosomal RNAs (rRNAs) (18S, 5.8S, 28S and 5S) and 79 ribosomal proteins (RPs). 

Among these, 46 are unique to eukaryotes, such as RpS6, RACK1 and RpL40 (Ban 

et al., 2014). These eukaryote-specific RPs often have important roles. Indeed, in 

addition to a function in the stabilization of the rRNA architecture, they appear to be 

important for binding of eukaryotic-specific regulatory factors (Wilson and Doudna 

Cate, 2012). Of note, a new nomenclature of RPs has been suggested in 2014, 

where homologous RPs are assigned the same name, regardless of species (Ban et 

al., 2014). The letters “e” and “u” precede the name of eukaryote-specific RPs and 

universal RPs respectively.  

A. Heterogeneity of the ribosome 

1. Hints for a ribosome heterogeneity 

Patterns of ribosomal proteins expression 

 

It is only since the 1980s that studies suggested again the existence of a 

ribosomal heterogeneity. The social amoeba Dictyostelium discoideum undergoes 

cell differentiation, which is accompanied by changes in the cell RP content 

(Ramagopal and Ennis, 1981). Two RPs are specific of the vegetative form, and 

three RPs are specific of the spore. Seven additional RPs are enriched in one cell 

type or the other, showing that cellular differentiation is related with ribosomal 

heterogeneity. More recent studies in vivo in mouse showed that the expression of 

72 RPs depends on the tested tissue (Kondrashov et al., 2011). This was confirmed 

at the protein level, by proteomic profiling of human samples (Figure 4) (Kim et al., 

2014). Some tissues such as the adult pancreas and fetal liver express an overall 

high but homogeneous level of RPs. By contrast, hematopoietic cells exhibit a high 

variability of RP level of expression, where all RPs are not expressed at the same 

level within one cell type. These data suggest a ribosomal heterogeneity in which 

each cell type has its own ribosome subset. 

RPs expression level is also modulated by external signals. Neuronal 

differentiation in human cultured cells induces changes in RPs expression levels. In 



Expression across tissues
Low High

Figure 4: Expression level of human ribosomal proteins.  The list of human ribosomal protein was 
obtained from the the HUGO gene nomenclature committee. Protein levels were quantified by in-depth 
proteomic of human samples including 17 adult tissues, 7 fetal tissues and 6 purified primary haematopoi-
etic cells (data extracted from Kim et al., 2014).
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this study, the majority of RPs are down regulated from the start to the end of 

differentiation (Bévort and Leffers, 2000). Infection by adenovirus induces a depletion 

of RpL29/eL29 from the nucleolus of infected cells, whereas RpS15a/uS8 is enriched 

(Lam et al., 2010). The biological significance of RP levels modulation is still 

unknown, but one intriguing hypothesis is that the ribosome adapts to the 

environmental conditions. 

 

In mammals, most functional RPs are encoded by a single gene. In the 

contrary, RPs are encoded by more than one gene in Drosophila, yeast and plants. 

Heterogeneity in RP paralogue expression exists in fruit fly. For example, RpL22-like, 

RpS5b, RpS19a, RpL10Aa and RpL37b have an enhanced expression in the testes 

compared to their paralogues (Xue and Barna, 2012). The yeast Saccharomyces 

cerevisiae (S. cerevisiae) genome carries two genomic copies of 59 out of 78 RPs. 

Deletion of one paralogue or the other induces the expression of different genes. For 

instance, the absence of Rpl12a induces the expression of genes involved in amino 

acid metabolism and biosynthesis, while the absence of Rpl12b induces the 

expression of nuclear proteins and represses genes involved in cell wall and RNA 

modification (Komili et al., 2007). These results show a differential expression of 

paralogues, as well as a functional specialization of some RPs.  

 

Dysfunctions in ribosomal components 

 

In Drosophila, mutations in RPs were initially identified by the Minute 

phenotype, which consists in a prolonged development, low fertility and viability, 

altered body size and short bristles on the body (Marygold et al., 2007). In mice, 

mutations in RpS7/eS7, RpS19/eS19, RACK1 and RpL24/eL24 lead to a white belly 

spot phenotype among other defects (Shi and Barna, 2015). 

 

Ribosomopathies are a group of human pathologies caused by RP 

haploinsufficiency or defects in ribosome biosynthesis (reviewed in McCann and 

Baserga, 2013; Mills and Green, 2017). One of the most studied is Diamond 

Blackfan anemia (DBA), in which around 60% of cases are caused by heterozygous 

mutations in one of 12 RPs, leading to bone marrow failure. Isolated congenital 

asplenia results from a haploinsuffiency of RpSA/uS2, which impairs splenic 

development. Thus, patients are very prone to severe infections. The 5q-syndrome is 

a pathology resulting in macrocytic anemia, erythroblastopenia and hypolobulated 

megakaryocytes in the bone marrow and is linked to a predisposition to leukemia. 
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5q-syndrome is often associated with haploinsufficiency of RpS14/uS11. 

Ribosomopathies do not only depend on RPs, but also on rRNAs. Mutations in 

Dyskerin, an enzyme involved in rRNA modifications, lead to the development of X-

linked Dyskeratosis Congenita (X-DC). This pathology is characterized by nail 

dystrophy and changes in skin pigmentation, as well as a high risk of developing 

bone marrow disorders. For a complete list of all ribosomopathies and the associated 

gene mutations, please refer to Armistead and Triggs-Raine, 2014. Mutations in RPs 

are correlated with increased cancer incidence in humans (Stumpf and Ruggero, 

2011). For instance, DBA, X-DC and 5q-syndrome patients have an increased risk of 

developing hematological tumors.  

 

It is surprising that mutations in such a ubiquitous complex as the ribosome 

lead to tissue specific defects (Mills and Green, 2017). One possible explanation is 

that a mutation in RPs would affect the concentration of ribosome, and consequently 

reduce the translation of mRNAs with low-efficiency of initiation. Therefore, these 

mRNAs are highly sensitive to ribosome defects. Another explanation is that the 

composition of ribosomes may be different depending on cell types, leading to a 

variable sensitivity among tissues towards the loss of a specific ribosomal 

component. Altogether, these results point to an heterogeneity of the ribosome.  

2. Ribosomal RNA modifications 

A study based on the 1000 Genomes project estimated that each human 

individual expresses on average 32 distinct rRNA alleles, which are differentially 

expressed between organs (Parks et al., 2018). The Plasmodium parasite carries 

two classes of rRNA genes. One form is predominantly expressed when the parasite 

is in the sporozoite form in the mosquito, whereas the other form is found when it is 

in the gametocyte form in the bloodstream of the mammalian host (Xue and Barna, 

2012). Multiple rRNA sequence variants have also been identified in mice, with some 

of them having tissue-specific expression. This diversity leads to the presence of 

ribosome varying by their rRNA sequence among and between individuals.  

 

In addition to sequence variation, the rRNA nucleotides themselves can be 

modified, creating further diversity. Indeed, approximately 2% of rRNA nucleotides 

are modified, corresponding to over 100 sites of modification in yeast and over 200 

sites in humans. Most of these modifications are 2’-O Methylation (2’O-Me) of the 
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sugar and pseudouridylation. Both modifications are made by enzymes guided by 

small nucleolar RNAs (snoRNAs) and are thought to occur co-transcriptionally or in 

early stages of ribosome biogenesis. These modifications are made at very 

conserved positions and cluster around functional sites in the rRNA, including the 

decoding site and the peptidyl transfer center. Nevertheless, some rRNA 

modifications are inducible by stress. How those modifications are induced and 

regulated is not yet fully understood (Roundtree et al., 2017).  

3. Modulation of ribosomal proteins 

In addition to the differential expression of RPs, recent evidences suggest 

that ribosome heterogeneity exists within a single cell type. Studies in mouse 

embryonic stem cells (mESC) showed that RpL10A/uL1, RpL38/eL38, RpS7/eS7 

and eS25/RpS25 are substoichiometric in polysomes (Shi et al., 2017). However, 

quantification of 76 RPs showed a similar abundance across monosomes and 

polysomes fractions in both human embryonic kidney (HEK)293T and HeLa cells 

(Imami et al., 2018). This might suggest that heterogeneity of the ribosome is cell-

type specific or specie-specific. 

 

RPs can be subjected to post-translational modifications (PTM). As previously 

mentioned, the first RP PTM identified was the phosphorylation of RpS6/eS6 as a 

consequence of mTOR pathway activation. A recent study in human cells identified 

46 phosphorylation sites in RPs (Imami et al., 2018). In addition, many RPs are 

modified at Ser and Thr residues by the addition of O-linked β-d-N-

acetylglucosamine (O-GlcNAc). In yeast, at least 16 ribosomal proteins are either 

methylated or acetylated (reviewed in Xue and Barna, 2012). RPs can also be Lysine 

63 (K63)-ubiquitinated. Indeed, experiments performed in yeast showed that RPs 

were ubiquitinated in response to hydrogen peroxide stress (Silva et al., 2015). 

Another stress, induction of the UPR, has been shown to induce ubiquitylation in RPs 

of the small subunit in human, Drosophila and yeast (Higgins et al., 2015). Defective 

ubiquitylation resulted in an elevated sensibility to UPR-induced cell death. 

RpL28/eL28 of S. cerevisiae is heavily ubiquitylated during the S phase of the cell 

cycle, and less ubiquitylated in the G1 phase, modulating the speed of translation at 

different steps of the cell cycle (Spence et al., 2000). Thus, we start to have a better 

view of the diversity of RPs PTM, although the functional consequences of these 

modifications are rarely addressed. 
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Altogether, these results reveal an heterogeneity of the ribosome, which can 

be modulated by extracellular signals (Figure 5). If we consider that all variations can 

be superimposed, this gives rise to millions of possibilities within a single cell 

(Dinman, 2016). Therefore, understanding the functional consequences of ribosome 

heterogeneity is now a major challenge in the field. Indeed, as early as 2007, Vincent 

Mauro and Gerald Edelman proposed their ribosome filter hypothesis, which 

postulates that ribosomes are not simply monolithic translation machines but also 

function as regulatory elements that differentially affect or filter the translation of 

particular mRNAs (Mauro and Edelman, 2007). 

B. The ribosome filter: a ribosome code 

1. A role of the ribosome in the regulation of gene expression 

In the past 10 years, evidences for the existence of a ribosome selectivity (or 

ribosome filter) have accumulated. For example, RpS25/eS25 is required for the 

translation of the IGR IRES of CrPV as well as for the HCV IRES, but not for cap-

dependent translation (Landry et al., 2009); RpL40/eL40 is necessary for 

Mononegavirales cap-dependent translation (VSV, Measles virus, Newcastle disease 

virus and rabies virus) as well as for the translation of some cellular mRNAs such as 

the stress-related DDR2 gene (Lee et al., 2013). Deletion of RpL13a/uL13 inhibits 

cellular IRES activity of p53, p27 and SNAT2 mRNAs by inhibiting rRNA methylation 

(Chaudhuri et al., 2007). Treatment of cells with cycloleucine, a methylation inhibitor, 

blocks cellular IRES activity whereas it does not affect viral IRES-dependent 

translation. Inhibition of the rRNA methyltransferase Fibrillarin modifies the 2’-O-Me 

repertoire and induces a decrease in translation initiation from CrPV IGR IRES, 

EMCV IRES and cellular IRESs of fibroblast growth factor 1 (FGF1), insulin-like 

growth factor 1 receptor (IGF-1R), but not Globin and Glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH) 5’UTRs (Erales et al., 2017). 

 

In response to osmotic and high-pH stress, yeast form ribosomes depleted 

from RpS26/eS26 (Ferretti et al., 2017). RpS26/eS26 deficient ribosomes bind to 

different mRNAs than WT ribosomes do. Indeed, Rps26/eS26-containing ribosome 

transcripts are enriched in genes coding for highly regulated processes, including 

transcriptional control, phosphorylation, cell cycle and DNA repair. This modulation of  
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RpS26/eS26 levels could be part of an adaptive response to extracellular stimuli. 

Hemizygous mice for RpL38/eL38 show tissue-patterning defects, as expression of 

only one copy of RpL38/eL38 led to the formation of 14 instead of 13 ribs associated 

with vertebrae (Kondrashov et al., 2011). This phenotype is due to an impaired 

translation of a specific subset of Hox mRNAs. Interestingly, these mRNAs are 

translated by an IRES cap-independent mechanism, which require RpL38/eL38 for 

translation (Xue et al., 2015). RpL10A/uL1 is substoichiometric in mESC and its 

presence at the ribosome directs it towards the translation of specific cellular and 

viral mRNAs. Interestingly, RpL10A/uL1-enriched transcripts show a higher 

sensitivity towards RpL10A/uL1 loss (Shi et al., 2017). Recently, is has been shown 

that RPs can modulate antigen peptide presentation, thus shaping surveillance by 

the immune system (Wei et al., 2019). For instance, depleting RpL6/eL6 or 

RpL28/eL28 decreases or increases peptide presentation respectively. 

 

Altogether, these results suggest that ribosome heterogeneity is accompanied 

by a regulatory capacity of the ribosome. As translation modulation is a fast response 

to environmental signals, the ribosome could be a player in this adaptation.  

2. The involvement of post-translational modifications of ribosomal 

components in selective translation  

An obvious way to modulate ribosome function in response to environmental 

changes is through the use of reversible PTMs. RpL12/uL11 is phosphorylated at 

Serine 38 by the Cyclin-dependent kinase 1 (CDK1) during mitosis (Imami et al., 

2018). This phosphorylation does not impact global protein synthesis, but regulates 

the translation of mitosis-related mRNAs. Interestingly, expression of a modified 

RpL12/uL11, which cannot be phosphorylated, induces the preferential translation of 

mRNAs that are more actively translated in S phase. Hence, phosphorylation of 

RpL12/uL11 appears to shape the cell cycle progression. RpL13a/uL13 is 

phosphorylated after a prolonged IFN-γ treatment, leading to its removal from the 

ribosome (Mazumder et al., 2003). Phosphorylated RpL13a/uL13 then binds to the 

3’UTR of the Ceruloplasmin mRNA containing an IFN-γ-Activated Inhibitor of 

Translation (GAIT) element and represses its translation. This mechanism is 

common to a subset of genes, which are mainly pro-inflammatory genes (Rauscher 

and Ignatova, 2015). Finally, RpS15/uS19 is phosphorylated by the leucine-rich 

repeat kinase 2 (LRRK2) (Martin et al., 2014). Mutations in this kinase are a common 
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cause of familial and sporadic Parkinson’s disease (PD) and stimulate cap-

dependent and cap-independent translation, which is reverted by the expression of a 

RpS15/uS19 mutant that cannot be phosphorylated. Of note, RpS11/uS17, 

RpS15/uS19, and Rps27/eS27 are the major interactors of LRRK2 and 19 of 67 RPs 

tested can be phosphorylated directly by this kinase (Simsek and Barna, 2017). 

These results suggest that RPs modifications could be part of the PD pathogenesis. 

 

In summary, accumulating evidences suggest the existence of a basal 

ribosomal heterogeneity, which can be increased by reversible modifications and 

participates in the preferential translation of specific subsets of mRNAs. The analysis 

of this ribosome code is still in its infancy and more in-depth molecular studies are 

required to understand this novel layer of regulation in gene expression. 

C. RACK1 in the ribosome code 

1. RACK1, a ribosomal protein and a signaling hub 

Receptor for activated protein C kinase 1 (RACK1) is a 36 kDa protein 

identified as an anchoring protein for activated Ser/Thr kinase PKC βII. It is encoded 

by the human gene gnb2l1 (Adams et al., 2011; Ron et al., 1994). This protein is 

evolutionarily conserved throughout eukaryotes, suggesting it carries important 

physiological functions (McCahill et al., 2002). In 2004, RACK1 has also been 

described as a RP, located at the small ribosomal subunit near to the mRNA exit 

channel (Nilsson et al., 2004). In mESC, RACK1 is stoichiometric in polysomes and 

free subunits (Shi et al., 2017). RACK1 is composed of tryptophane and aspartic acid 

(WD)-repeats that adopt a seven bladed propeller structure, facilitating protein-

protein interaction (Adams et al., 2011). In its ribosome-bound form, one face of 

RACK1 exposes its WD-repeats as a docking platform (Figure 6). Interestingly, 

RACK1 is subjected to various PTMs such as phosphorylation, O-GlcNAc or K63 

ubiquitination in response to various stimuli (e.g. viral infection, oxidative and ER 

stress), suggesting it may modulate ribosome activity in response to the cellular state 

(Higgins et al., 2015; Jha et al., 2017; Ohn et al., 2008; Silva et al., 2015). 
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RACK1 function was assessed in many model organisms. Deletion of RACK1 

orthologue in Saccharomyces cerevisiae, Asc1/RACK1, is not lethal but leads to a 

shift towards a hypoxic energy metabolism (Rachfall et al., 2012). Moreover, 

Asc1/RACK1 mutants show an increased fermentation and a lack of respiration, 

suggesting a role in metabolism regulation. In the contrary, depletion of RACK1 in 

multicellular organisms is lethal. For instance, fruit flies depleted from RACK1 never 

develop into adults (Kadrmas et al., 2007). In mice, homozygous mutation is lethal at 

the gastrulation stage but RACK1 heterozygous mutants are viable and have skin 

pigmentation defects, a phenotype similar to other RPs mutation (Shi and Barna, 

2015; Volta et al., 2013). However, even if RACK1 is known to be a RP, most of the 

knowledge on this protein is focused on its function in signaling pathways. Many 

studies have pointed a role of RACK1 in signaling pathways related to cell growth, 

apoptosis, proliferation… (reviewed in Adams et al., 2011; Li and Xie, 2015). 

Moreover, RACK1 expression is often deregulated in cancers, suggesting it might 

play a role in oncogenesis. Whether these signaling pathways depend on the 

localization of RACK1 at the ribosome is still debated and poorly studied (Gibson, 

2012; Nielsen et al., 2017). Nevertheless, from yeast studies, it seems that 

Asc1/RACK1 has both ribosome-dependent and independent functions (Coyle et al., 

2009).  

2. RACK1 role in ribosome function 

During translation initiation, eIF6 maintains both ribosomal subunits 

dissociated. Its removal from the 60S subunit leads to subsequent 80S initiation 

complex formation (Brina et al., 2015). Activation of PKCβII leads to eIF6 

phosphorylation, release and subsequent joining of the two ribosomal subunits, thus 

increasing translation rate (Ceci et al., 2003). RACK1 acts as a platform for PKCβII 

recruitment at initiating ribosomes and this recruitment increases translation rates 

(Grosso et al., 2008). As RACK1 interacts with both eIF6 and activated PKCβII, it 

was proposed that RACK1 is the bridge between both proteins, allowing PKC-

mediated translation initiation. Moreover, RACK1 is also required for the recruitment 

of the initiation factor eIF4E to the ribosome and subsequent translation initiation of 

capped mRNAs (Gallo et al., 2018). Furthermore, RACK1 localization at the 

ribosome is necessary for the association of the mRNA binding protein Scp160 with 

polysomes, which is thought to direct specific translation of mRNAs (Coyle et al., 

2009). These studies suggest that RACK1 could act as a ribosomal scaffold protein 
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for specific mRNA-RNA binding protein complexes, or initiation factors, to tightly 

regulate the translation of specific mRNAs. 

 

Translation elongation is subjected to quality control, where sensing of stalled 

ribosomes leads to ribosome subunits dissociation and degradation of both nascent 

peptide and associated mRNA, the no-go decay (Karamyshev and Karamysheva, 

2018). RACK1 participates in stalling regulation by controlling translation arrest and 

facilitating mRNA cleavage (Ikeuchi and Inada, 2016; Kuroha et al., 2010). In the 

same way, RACK1 plays a role in ribosome quality control by helping in the 

resolution of stalling on polyA sequences through ubiquitination of RPs 

(Sundaramoorthy et al., 2017). In addition, yeast Asc1/RACK1 prevents frameshifts 

during translation of mRNAs containing CGA codon repeats (Wolf and Grayhack, 

2015). Altogether, these results point to RACK1 as an important factor in ribosome 

quality control. 

3. RACK1 in selective translation 

RACK1 position at the small subunit of the ribosome suggests it might 

assemble signaling complexes at the ribosome, allowing translation regulation in 

response to cell stimuli (Nilsson et al., 2004). As Asc1/RACK1 yeast mutants show 

elevated levels of some proteins, one of Asc1/RACK1 functions may be gene 

repression (Gerbasi et al., 2004). Other data suggest on the contrary that 

Schizosaccharomyces pombe (S. pombe) Cpc2/RACK1 promotes the efficient 

translation of some mRNAs (Shor et al., 2003). In condition of peroxide stress, 

Cpc2/RACK1 regulates positively the translation of specific gene products involved in 

key biological processes such as MAPK cascade, defense against oxidative stress, 

and cell cycle progression (Núñez et al., 2009). More recently, Asc1/RACK1 has 

been suggested to enhance the translation of short mRNAs that form a closed-loop 

complex (Thompson et al., 2016). Indeed, yeast depleted from Asc1/RACK1 show a 

decreased translation of mRNAs coding for cytoplasmic and mitochondrial RPs. It 

was also shown that Asc1/RACK1 controls the translation of some transcription 

factor mRNAs through their 5’UTR (Rachfall et al., 2012). Moreover, overexpression 

of WT RACK1 in hepatocellular carcinoma (HCC) cells promotes cell survival and 

increases the 5’UTR activity of Cyclin D1, Myc, Survivin and Bcl-2 mRNAs (Ruan et 

al., 2012).  
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Our group came across RACK1 path by an unexpected discovery. The 

interest of our team is Drosophila antiviral immunity1, which is mainly composed by 

the nucleic acid-based RNA interference (RNAi) pathway among others 

(Mussabekova et al., 2017). Interactome study of the main RNAi components 

Argonaute 2 (Ago2), Dicer-2 (Dcr-2) and R2D2 in S2 cells led to the identification of 

103 partners (unpublished results). The most represented group was RPs (16 

proteins out of 103). Among them, RACK1 was found to interact with Ago2 and R2D2 

but only in cells infected with Drosophila C virus (DCV), a virus from the 

Dicistroviridae family. Depletion of RACK1 from S2 cells impaired the replication of 

DCV and CrPV, but not Flock House virus (FHV) or VSV (Majzoub et al., 2014). The 

team showed that RACK1 is required for the translation mediated by the 5’IRES of 

these Dicistroviridae, and that this function is dependent on RACK1 localization at 

the ribosome. Interestingly, RACK1 was found to be also required in human 

hepatocytes for the IRES-dependent translation of HCV. Finally, depletion of one 

subunit of the eIF3 complex, eIF3j, had a similar effect than RACK1 depletion 

towards CrPV and HCV replication. This raised the possibility that RACK1 and eIF3j 

might act together in viral selective translation. Of note, a proviral role for RACK1 

was subsequently confirmed. Indeed, RACK1 is required for the translation of 

Vaccinia virus (VacV), while it does not affect HSV-1 translation (Jha et al., 2017). 

Upon VacV infection, RACK1 is phosphorylated and favors the translation of polyA-

leader mRNAs of the virus. RACK1 is also required for Flaviviridae replication such 

as DENV, Zika virus (ZIKV) and West Nile Virus (WNV) replication (Hafirassou et al., 

2017). However, this dependency does not seem to depend on the viral translation. 

 

These results open possibilities for the use of RACK1 as a target for host-

targeted antivirals (HTAs), active against a broad range of viral infections, including 

viruses for which treatments are still missing such as ZIKV. Indeed, the design of 

HTAs aim to target host cell factors that are required for a pathogen replication or 

persistence, to enhance protective immune response or reduce exacerbated 

inflammation (Kaufmann et al., 2017). The advantage of these treatments is the 

lower risk of resistance, as it implies for the pathogen to use another cell host factor 

or to evade defense mechanisms. However, given that HTAs interfere with host 

proteins, one theoretical caveat is the possibly greater risk of cellular toxicity as 

compared to direct-acting antivirals (DAAs). Data obtained in cell culture did not 

reveal any major toxicity linked to RACK1 inhibition in laboratory cell culture 

                                                
1 A review on the cellular and molecular mechanism of insect immunity can be found in Annex. 
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conditions, but the role of RACK1 in perturbed systems was not assessed (Majzoub 

et al., 2014). Hence, we need to get deeper insight into the molecular function of 

RACK1 apart from its proviral role. In the context of selective translation, RACK1 is a 

promiscuous protein, as this signaling hub is an ideal candidate to integrate 

environmental signals to the ribosome. In this regard, the use of a multicellular 

organism such as Drosophila is an advantage. My PhD project focuses on the role of 

RACK1 in selective translation, which I tried to decipher through three main 

questions: 

1. Which are the structural features of the RACK1-dependent IRES? (Chapter 1) 

2. Are there cofactors of RACK1 in selective translation? (Chapters 2 and 3) 

3. Are there cellular mRNAs for which translation is RACK1-dependent? 

(Chapter 4) 
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CHAPTER I 
 
 

CHARACTERIZATION OF A RACK1-
DEPENDENT VIRAL IRES 

 

 

 

 

The CrPV RNA genome contains two IRES and translation of the 5’IRES 

requires RACK1 (Majzoub et al., 2014). In contrast to the extensively studied IGR 

IRES, the 5’IRES remained largely unexplored. The aim of the project was to get 

deeper insight into how CrPV 5’IRES mediates translation. Structural studies showed 

that the 5’IRES contains a pseudoknot structure. I tested the importance of its 

structure integrity ex vivo by generating point mutations in reporter plasmids and 

assessing the translation efficiency of the mutants by luciferase assay in cell culture 

(Figure 4E). Mass spectrometry analysis revealed that the 5’IRES recruits eIF3, 

showing that it belongs to type III class of IRES elements (like HCV). I performed 

immunoprecipitation of CrPV IRES with eIF3b antibody in Drosophila S2 cells and 

showed that although the pseudoknot is essential for the 5’IRES activity, it is not 

required for eIF3 recruitment (Figure 5C). Altogether, these results show that the 

5’IRES of CrPV belong to the type III class of IRES and that the pseudoknot structure 

is essential for proper folding of the RNA and subsequent ribosome recruitment. This 

work was done in collaboration with Dr. F. Martin (UPR9002, IBMC, Strasbourg) and 

was published in 2017 in Nucleic Acid Research (NAR) journal. 
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ABSTRACT

Cricket paralysis virus (CrPV) is a dicistrovirus. Its
positive-sense single-stranded RNA genome con-
tains two internal ribosomal entry sites (IRESs).
The 5′ untranslated region (5′UTR) IRES5′UTR medi-
ates translation of non-structural proteins encoded
by ORF1 whereas the well-known intergenic region
(IGR) IRESIGR is required for translation of structural
proteins from open reading frame 2 in the late phase
of infection. Concerted action of both IRES is es-
sential for host translation shut-off and viral trans-
lation. IRESIGR has been extensively studied, in con-
trast the IRES5′UTR remains largely unexplored. Here,
we define the minimal IRES element required for
efficient translation initiation in drosophila S2 cell-
free extracts. We show that IRES5′UTR promotes di-
rect recruitment of the ribosome on the cognate vi-
ral AUG start codon without any scanning step, us-
ing a Hepatitis-C virus-related translation initiation
mechanism. Mass spectrometry analysis revealed
that IRES5′UTR recruits eukaryotic initiation factor 3,
confirming that it belongs to type III class of IRES
elements. Using Selective 2′-hydroxyl acylation ana-
lyzed by primer extension and DMS probing, we es-
tablished a secondary structure model of 5′UTR and
of the minimal IRES5′UTR. The IRES5′UTR contains a
pseudoknot structure that is essential for proper fold-
ing and ribosome recruitment. Overall, our results
pave the way for studies addressing the synergy and
interplay between the two IRES from CrPV.

INTRODUCTION

Viruses use various strategies to hijack the host cellular
translational machinery in order to produce their viral pro-
teins. Among these, positive-stranded RNA viruses down-
regulate host translation while increasing viral translation
(1). For example, during poliovirus infection, an RNA
structural element on the viral genome, also named inter-
nal ribosome entry site (IRES), is able to recruit the host
ribosome while cap-dependent cellular translation is shut-
off upon cleavage of essential canonical translation factors
such as eukaryotic initiation factor eIF4G and PolyA Bind-
ing Protein (2–4). IRES has been classi!ed into four main
types according to their structural organization and their
eIF requirement (5,6). Type I and II are large IRES that
need most of the eIF except cap-binding protein eIF4E.
Type I IRES recruits the ribosome upstream of the AUG
start codon and then undergoes a scanning step to localize
the AUG. In contrast, type II IRES loads the ribosome di-
rectly on the start codon without any scanning step. Type
III IRES needs only eIF2 and eIF3 in order to bind directly
to the 40S ribosomal subunit and to load the ribosome on
the start codon without scanning. Finally, type IV IRES is
the most compact: they usually contains pseudoknots, do
not need any eIFs at all and can initiate translation on a
non-AUG start codon.

The genome of Dicistroviridae consists of an ∼9 kb
monopartite positive-stranded RNA containing two open
reading frames, ORF1 and ORF2, which encode respec-
tively non-structural and structural proteins. Cricket paral-
ysis virus (CrPV) is a prototype member of this family that
has been thoroughly investigated. Translation of viral pro-
teins is exclusively driven by two IRES: the 5′UTR contains
IRES5′UTR for ORF1 translation, while a type IV IRES is
located in the intergenic region (IGR) IRESIGR between
the two ORFs and controls expression of structural pro-
teins from ORF2 (7–10). Both IRES act in synergy to pro-
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duce the viral proteins required for rapid shut-off host pro-
tein translation to favor preferential viral protein synthe-
sis. Whereas expression of non-structural proteins driven
by IRES5′UTR is constant during the whole infectious pro-
cess, the expression of structural proteins from the IRESIGR
begins during the late phase of infection, with concentra-
tions gradually increasing until reaching supramolar con-
centration at the end of infection (8–10). The dramatic in-
crease in structural protein expression from the IRESIGR is
directly dependent on the expression of non-structural pro-
teins from IRES5′UTR, although the details of the underly-
ing mechanisms remain elusive (11).

Translation initiation mediated by IRESIGR has been ex-
tensively studied in the last two decades (12–17). Brie!y,
a pseudoknot structure named PKI mimics a codon–
anticodon interaction in the P-site of the ribosome, there-
fore allowing direct ribosome recruitment without any
translation factors and translation initiation from a non-
AUG codon (12,13,18–20). It was recently observed by
Cryo-electron microscopy (Cryo-EM) that PKI enters the
ribosome in the A-site of the ribosome and is then further
translocated into the P-site by eEF2, leaving the A-site free
to accept the "rst aminoacyl-tRNA in order to proceed to
elongation (18,19,21). In contrast to IRESIGR, translation
mediated by IRES5′UTR has been much less studied. The
IRES5′UTR of the related dicistrovirus Rhapdosilum padi
virus requires the scanning factors eIF1, eIF2 and eIF3 for
ef"cient translation in a reconstituted cell-free translation
extract (22). However, while the IRESIGR sequences of di-
cistroviruses are highly conserved (23), IRES5′UTR elements
are largely variable and do not share any common con-
sensus sequence suggesting the existence of different orga-
nizations among the Dicistroviridae family (24). Although
it was discovered in early 2000, the CrPV IRES5′UTR re-
mains largely uncharacterized (10). Recently, it was demon-
strated that IRES5′UTR-driven translation requires the ribo-
somal protein RACK1 while the IRESIGR can still promote
ef"cient translation initiation with RACK1-depleted ribo-
somes (25). Therefore, CrPV IRES5′UTR and IRESIGR are
using fundamentally different strategies to initiate transla-
tion. In order to better understand the translational events
leading to viral propagation, a better understanding of the
structure and function of the CrPV IRES5′UTR is needed.

Here, we have characterized structurally and function-
ally the CrPV IRES5′UTR. We have mapped the IRES to the
760 nt-long 5′UTR and, using selective 2′-hydroxyl acyla-
tion analyzed by primer extension (SHAPE) and dimethyl
sulfate (DMS) probing, established a secondary structure
model of the entire 5′UTR. Then, we have determined the
minimal IRES element, and shown that it contains a pseu-
doknot structure. The existence of the pseudoknot was val-
idated by mutational analysis. Finally, we have shown that
this structure is essential for proper folding and activity of
the IRES5′UTR in vitro in drosophila cell-free translation ex-
tracts and in vivo in S2 cells.

MATERIALS AND METHODS

RNA transcription

Renilla reporter mRNAs were synthesized from DNA
template by in vitro transcription using recombinant T7

RNA polymerase. After transcription, unincorporated nu-
cleotides were trapped on a G-25 column and RNA tran-
scripts were phenol-extracted and precipitated. RNA pel-
lets were resuspended in water and their concentration was
determined by absorbance measurements.

RNA translation in cell-free translation extract

In vitro translation competent extracts from Drosophila
melanogaster S2 cells were prepared as previously described
(25,26). Cells were lysed in 40 mM HEPES–KOH [pH8],
100 mM potassium acetate, 1 mM magnesium acetate, 1
mM DTT at a density of 109 ml−1 using a Cell Disruption
Bomb (Parr Instrument Company). The lysate was then
cleared by centrifugations at 4◦C and supplemented with
creatine kinase at 0, 24◦C, aliquoted and stored at −80◦C.
In vitro translation experiments were performed as previ-
ously described under subsaturating conditions to avoid
substrates titration (25,26). Translation ef"ciency was deter-
mined by Renilla Luciferase assay. RNA integrity of trans-
lated reporter mRNAs was checked by polyacrylamide gel
electrophoresis (PAGE) on denaturing 4% acrylamide gels.

RNA translation in S2 cells

The pACT5C–IRES5′CrPV–Renilla Luciferase was mutated
by site-directed mutagenesis to obtain the m1–m4 plasmids
(25). Drosophila S2 cells were transfected with reporter plas-
mid DNAs by the CaPO4 precipitation method (adapted
from (27)). Twenty-four hours later, medium was changed
and copper was added to the culture medium (0.5 mM)
to induce the expression of the capped Fire!y construct
(pMT-Fire!y). Forty-eight hours later, cells were lysed and
luciferase activity was measured with the Promega Dual-
Luciferase assay, using a Berthold luminometer.

SHAPE analysis

Full-length RNA was designed to comprise the following
elements: a leader sequence (19 nt), the entire CrPV 5′UTR
(709 nt), the beginning of the ORF1 (47 nt), a 3′ linker and a
generic reverse transcription primer-binding site (28). Mu-
tants comprising the 357–754 sequence did not possess any
leader or 3′ linker and generic primer-binding site. RNA
was transcribed and puri"ed on 4% acrylamide denaturing
gels.

RNA folding assays. For the full-length wt RNA, 18
pmoles RNA in 11 !l of a buffer containing 25 mM NaCl,
15 mM MgCl2, 25 mM Na cacodylate pH 6.5, were incu-
bated at 60◦C for 2 min, except for the no-refolding (NR)
control, which was not heated. Then, ‘Ra’ samples under-
went 1-h long cool down to 37◦C. A total of 10 pmoles of
NR RNA were used for SHAPE modi"cation (see below).
A total of 8 pmoles of NR and refolded RNA were added
to an equivalent volume (5 !l) of loading buffer (50% glyc-
erol, 2.5 mM Na cacodylate pH 6.5). Native PAGE was per-
formed at 4◦C on 4% acrylamide, 10 mM glycine, 10 mM
Tris base. RNA were detected with toluidine blue.

For each wt or mutant RNA (m1–m4), 15 pmoles RNA
in 10 !l of translation buffer and incubated at 50◦C for 5
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min, except for NR controls. Then, ‘Rb’ samples were kept
at 25◦C for 10 min, while ‘Rc’ samples underwent a 15 min-
long cool down to 25◦C. A total of 4–8 pmoles of Rb RNA
were used for SHAPE modi!cation.

SHAPE. SHAPE was performed in 10 !l containing 2
pmoles RNA (0.5 !M !nal concentration), 6.5 mM 1-
methyl-7-nitroisatoic anhydride (1M7) or 80 mM benzoyl
cyanide (BzCN; for full length wt RNA dataset only), 10%
dimethylsulfoxyde (DMSO), 90 mM Na HEPES pH 8.0.
Modi!cation is complete after 10 min at RT (∼23◦C). The
modi!ed RNA was precipitated, washed, dried and resus-
pended in 0.5X TE.

Reverse transcription was performed in 20 !l contain-
ing 2 pmoles RNA (except for BzCN dataset: 3 pmoles
RNA), 0.9 pmoles of a "uorescently labeled primer (ex-
cept for BzCN dataset: 6 pmoles; primers used: cr-
rev421: 5′-GACCACGCGAGTCGTAATC-3′; cr-rev529:
5′-CAAGGGCTAACTAATCAGGTGTAC-3′; cr-rev769:
5′-GAGTTGATGTTGTTGGTTGCGTTG-3′; 3′gen: 5′-
GAACCGGACCGAAGCCCG-3′), 160 U SuperScript III
reverse transcriptase, 83 mM KCl, 56 mM Tris–HCl (pH
8.3), 0.56 mM each deoxynucleotides (dNTP), 5.6 mM
DTT and 3 mM MgCl2. Denaturing occurred at 95◦C for
2 min, followed by annealing at 65◦C for 5 min and incuba-
tion on ice for 2 min. RT extension parameters were: 42◦C
for 2 min, 50◦C for 30 min and 65◦C for 5 min. Sequenc-
ing reactions were performed in parallel in similar condi-
tions, but containing 0.5 mM dideoxythymidine triphos-
phate (ddTTP). Reactions were stopped by the addition of
4 !l 50 mM EDTA pH 8.0, phenol–chloroform extracted,
precipitated, washed, dried and resuspended in 10 !l deion-
ized formamide. Samples were loaded on a 96-well plate for
sequencing on an Applied Biosystems 3130xl genetic ana-
lyzer.

The resulting electropherograms were analyzed using
QuSHAPE (29), which aligns signal within and across cap-
illaries, as well as to the dideoxy references and corrects for
signal decay. Normalized reactivities range from 0 to ∼2,
with 1.0–1.2 being the average reactivity for highly reactive
positions. For the sake of simplicity, the !nal *.shape !le
contains reactivities for the full length RNA (752 nt) that
were combined from reactivities for nucleotides 1–353 from
primer cr-rev421, reactivities for nucleotides 354–711 from
primer cr-rev769 (three datasets with 1M7 modi!cation)
and reactivities for nucleotides 712–752 from primer 3′-gen
(two datasets with BzCN modi!cation, for which 75% of
the residues have reactivities either >1.2 or undetermined,
which suggest that the region is highly unstructured).

Structure prediction. Secondary structure prediction was
obtained using the Fold and ShapeKnots algorithms avail-
able in RNAStructure v. 5.7 (30). The recommended param-
eters for pseudoknot and probing-based prediction were
used, using the *.shape !le as input. A value of −500 was
given to nucleotides for which reactivities were not deter-
mined. The output 2D models were rendered using VARNA
(31). The secondary structure of the region 357–466 region
was used as input for automated three-dimensional (3D)
modeling using the web-based RNAComposer server (32),
using default parameters.

DMS probing

Like the SHAPE experiments, the DMS probing reactions
were performed on 2 pmoles of the minimal IRES5′UTR.
Brie"y, the RNA is incubated for 10 min in dimethylsufate
(DMS) buffer (50 mM Na cacodylate, pH 7.5, 5 mM MgCl2
and 100 mM KCl). The RNA was modi!ed in the presence
of 1.25% DMS. The reaction is performed for 10 min at
20◦C and terminated on ice. Then, the modi!ed RNA are
precipitated in ethanol. The modi!cation sites were detected
by primer extension with two "uorescent primers comple-
mentary to nucleotides 732–755 and 517–707, respectively.
The resulting electropherograms were analyzed by the same
method as previously described for SHAPE analysis.

CMCT probing

The 1-cyclohexyl-3-(2-morpholinoethyl)carbodiimide met
ho-p-toluene sulfonate (CMCT) experiments were per-
formed on 4 pmoles RNA. The RNA is incubated for 10min
in CMCT buffer (Na borate 50 mM pH 8, 5; MgCl2 5 mM;
KCl 100 mM added with 1 !g of total tRNA). The modi!-
cations were done with 10, 5 g/l; !nal CMCT. The reaction
is completed in 30 min at 20◦C, then the RNA is precip-
itated. The primer extension and capillary electrophoresis
steps are the same as for the DMS probing.

Sucrose gradients

Pre-initiation complexes were assembled on 3′ 32P-labeled
RNA transcript by incubation in S2 cell-free extracts in
the presence of 2 mM of a non hydrolysable GTP analog
(GMP-PNP). The complexes are then resolved on sucrose
gradients 7–47% and centrifuged in a SW41 rotor for 2 h 30
min at 37K at 4◦. After centrifugation, the gradient is col-
lected into 45 distinct fractions, then the positions of pre-
initiation complexes were monitored by detection of radio-
labeled RNA transcripts by Cerenkov counting of each frac-
tion.

Mass spectrometry analysis and data processing.

Protein extracts were digested with sequencing-grade
trypsin (Promega) as described previously (33). Resulting
peptides were analyzed by nanoLC-MS/MS and MS data
were searched by the Mascot algorithm against the UniPro-
tKB D. melanogaster database. Identi!cations were vali-
dated with a protein False Discovery Rate (FDR) < 1% us-
ing a decoy database strategy. The total number of MS/MS
fragmentation spectra was used to quantify each protein
from three independent biological replicates. This spec-
tral count was submitted to a negative-binomial test us-
ing an edgeR GLM regression through the R-package. For
each identi!ed protein, an adjusted P-value corrected by
Benjamini–Hochberg was calculated, as well as a protein
fold-change (FC = average spectral count in IRES/average
spectral count in Domain I). The results are presented in a
Volcano plot using protein log2 fold changes and their cor-
responding adjusted log10 P-values highlighted proteins up-
regulated in each condition (Domain I and IRES).
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RNA immunoprecipitation

The reporter plasmids containing the Wt IRES5′UTR, mut2,
mut4 upstream of Renilla coding sequence were trans-
fected into drosophila S2 cells (Invitrogen) by the Ef-
fectene method following manufacturer’s instructions (Qi-
agen). Forty-eight hours later, cells were lysed and im-
munoprecipitated with an eIF3b antibody (gift from M.
Hentze) coupled to Dynabeads Protein G (Life tech-
nologies). After overnight incubation, RNA and proteins
were extracted with TriZol reagent (MRC). For reverse
transcriptase-quantitative polymerase chain reaction (RT-
qPCR), 500 ng RNA were used to perform reverse tran-
scription (iScript cDNA Synthesis Kit from BioRad) fol-
lowed by qPCR (BioRad SYBR-Green). Primers qPCR Re-
nilla: Fw 5′-GGATGATAACTGGTCCGCAG-3′, Rev 5′-
TTGCCTGATTTGCCCATACC-3′.

RESULTS AND DISCUSSION

The 712-nt long 5′UTR of CrPV contains an IRES that me-
diates translation of ORF1 polyprotein (7). In order to char-
acterize the minimal IRES element, we inserted nucleotides
1–761 from the 5′UTR or truncated versions upstream of
the reporter gene Renilla luciferase which leads to the pro-
duction of a fusion protein containing the !rst 17 viral N-
terminal amino acids fused to Renilla luciferase peptide se-
quence. These constructs were in vitro transcribed and used
for in vitro translation assays using S2 cell-free translation
extracts. Renilla luciferase activity was used to measure the
IRES translational activity driven by each RNA construct.

First, we demonstrated that capped and uncapped RNA
constructs are stable in S2-cell extracts and have identical
translational activity (Supplementary Figure S1). We only
used uncapped RNA in subsequent experiments. We then
proceeded to map the location of the IRES. Truncations
from the 5′ end revealed that the 5′ distal half of the 5′UTR
is not required for IRES activity, but that the 5′ proximal
half is essential (Figure 1A). More precise 5′ and 3′ trun-
cations revealed that the minimal IRES element is located
between nucleotides 357 and 761 (Figure 1B).

Translation ef!ciency was not modi!ed when the N-
terminal viral sequence coding for the !rst 17 amino acids
was deleted, indicating that the minimal IRES5′UTR is lo-
cated precisely between nucleotides 357 and 709 (see con-
struct 0 aa in Figure 2A). We next investigated whether
the IRES5′UTR is able to recruit the ribosome and promote
scanning for a downstream AUG start codon. We mutated
the viral AUG start codon at position 709 to ACG and
observed a dramatic decrease of translation activity. This
indicates that IRES5′UTR is not able to promote scanning
to reach the Renilla luciferase AUG codon further down-
stream and that it needs a genuine AUG start codon in its
immediate vicinity (Figure 2A). To further analyze the abil-
ity of IRES5′UTR to drive ef!cient ribosomal scanning, we
re-introduced in-frame AUG start codons (at codon num-
ber 5 and 8) downstream of the cognate AUG start codon
mutated to ACG. In order to avoid AUG context effects,
we kept the wt AUG "anking sequence, namely A at posi-
tion −3 and U at position +4 for these AUGs. (Figure 2B).
When the start codon was placed at codon 5, the translation

ef!ciency was already dramatically reduced (∼4-fold reduc-
tion), and when it was placed at codon 8 the IRES5′UTR was
almost totally inactive.

Interestingly, when a stop codon is introduced between
the two in-frame AUGs, translation is less severely affected.
This suggests that the ribosome cannot undergo a shunting
mechanism to bypass the stop codon but rather terminates
at the UAA codon and then proceed to partial re-initiation
on the next Renilla AUG codon. This probably explains the
better translation ef!ciency with the variant containing the
UAA codon (Figure 2A). These experiments con!rmed that
IRES5′UTR drives ef!cient ribosome assembly on the gen-
uine viral start codon but is not able to promote scanning
for another AUG start codon further downstream. The ob-
servation that IRES5′UTR was able to drive translation ini-
tiation with the same ef!ciency for three other constructs
containing frame shifting of the coding sequence by insert-
ing 1, 2 and 3 nts upstream of the !rst AUG supports this
interpretation (Figure 2C).

Altogether, our data show that IRES5′UTR recruits ribo-
somes to its cognate viral AUG start codon, and is not able
to scan for an alternative AUG start codon further down-
stream. This is evocative of type III IRES (5), and contrasts
with the model proposed for the related discistrovirus Rhap-
dopsilum padi virus (RhPV). Reconstitution experiments re-
vealed that the IRES5′UTR from RhPV requires the scanning
factor eIF1 in addition to eIF2 and eIF3 for translation and
belongs to the type I category of IRES (22). Similarly, the
IRES5′UTR from another positive-strand unclassi!ed virus,
Halastavi arva virus (34), behaves like a type I IRES and
allows the recruited ribosome to perform retrograde scan-
ning (35). The cadicivirus IRES5′UTR from the picornavirus
family, which shares a similar dicistronic genome structure
(36), is also a type I IRES that promotes normal 5′ scan-
ning (37). These differences in the translation mechanism
are consistent with the large differences both in size and se-
quence between the IRES5′UTR from members of this virus
family, which contrast with the high conservation of the
IRESIGR (10,23,24). They suggest that IRES5′UTR from di-
cistroviruses might use different strategies to recruit the host
translational machinery, re"ecting evolution of distinct host
adaptation strategies among members of this virus family.

We next determined the secondary structure of the whole
5′UTR using the SHAPE method (28), after checking that
the 709-nt long RNA was homogeneously folded (Supple-
mentary Figure S2A). The resulting predicted 2D model
shows that the overall 5′UTR contains three highly struc-
tured domains that are separated by "exible linkers (Fig-
ure 3). Domain I encompasses nucleotides 1–263 and con-
tains !ve stem-loops. Domain II (302–466) and III (505–
689) present a more sophisticated secondary structure with
hairpins and three- and four-way junctions. Based on our
deletion experiments (Figures 1 and 2), we mapped the min-
imal IRES5′UTR to nucleotides 357–709, which is in good
agreement with our predicted secondary structure model.
Indeed, construct 365 in which the !rst-half of P1 in do-
main II is deleted has a 4-fold reduction of its translation
activity compared with constructs 360 and 357. Therefore,
the minimal IRES5′UTR requires domains II and III to be
fully active.
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Figure 1. Mapping of the minimal IRES sequence in the 5′UTR of CrPV by 5′ and 3′ truncation. On the left panels, a cartoon representation of Renilla
luciferase reporter transcripts used in S2 cell-free translation extracts is shown. On the right panels, translation ef!ciencies are represented as raw bio-
luminescence activity (Relative Light Units or RLU) for each transcript. Standard deviations or translational activity for each transcript are shown and
calculated from three independent experiments. **P < 0.005 based on Student‘s t-test. RNA integrity was controlled by 4% denaturing polyacrylamide
gel electrophoresis (PAGE) and Ethidium Bromide staining. (A) IRES mapping within the entire CrPV 5′UTR and (B) precise mapping of 5′ and 3′ ends
of the IRES5′UTR from CrPV.

Domains II and III from IRES5′UTR are separated by a
"exible region, which contains a 7-nt loop and 6 bp stem.
Since domains II and III are suf!cient for IRES5′UTR ac-
tivity, we also determined the secondary structure of the
minimal IRES5′UTR construct isolated from the full-length
5′UTR. The SHAPE analysis revealed highly similar reac-
tivities between the full length and minimal IRES construct
(Supplementary Figure S3) indicating that domain II and
III retain their structure in an RNA fragment containing
residues 357–754 (Pearson correlation coef!cient RPearson =
0.8). Therefore, domains II and III can fold independently
from domain I.

A closer look at the SHAPE reactivity in domain
II revealed that loops J3/3a (382GGGA385) and L5
(436UCCC439) are completely inaccessible to the SHAPE
reagent (Figure 4A; Supplementary Figure S2B and C).
Moreover, the J3/3a and L5 loops contain complemen-
tary sequences suggesting long-range base pairs mediated
by a pseudoknot structure, as the ShapeKnots algorithm
helped us pinpoint (30). To strengthen this observation,
we performed DMS and CMCT probing. The pattern of
DMS/CMCT reactivities supports the 2D structure pre-
dicted on the basis of the SHAPE data (Figure 3, see insert).
The absence of DMS/CMCT reactivity for the nucleotides
involved in the putative pseudoknot structure con!rms the

SHAPE analysis and further supports the existence of a
long-range interaction between these residues.

To demonstrate the presence of the pseudoknot structure,
we constructed minimal IRES5′UTR fragments containing
mutations in J3/3a and L5. Mutants m1 and m2 contained
non-complementary sequences in the two loops, whereas
mutants m3 and m4 contained compensatory mutations
that are complementary but different from the wt sequence
(Figure 4A). In compensatory mutant m3, 3 nts in the loops
of the putative pseudoknot have been swapped whereas in
m4, the 4 nts have been swapped. To assess the impact of
these mutations on the IRES5′UTR secondary structure, we
determined the SHAPE reactivity pro!les of the four mu-
tants in the buffer used for translation assays (see ‘Materi-
als and Methods’ section; Supplementary Figure S4) and
compared it with the wt IRES5′UTR. As expected, the loops
J3/3a and L5 are more reactive to the SHAPE reagent in
the non-complementary mutants m1 and m2 than in the
wt sequence indicating an increased "exibility (Figure 4B,
green boxes). On the contrary, compensatory mutants m3
and m4 have reduced accessibility to the SHAPE reagent
in loops J3/J3a and L5, as observed for the wt IRES5′UTR,
suggesting that these loops are indeed involved in a pseu-
doknot interaction. Moreover, mutations m1 and m2 not
only destabilize the long-range interaction but also affect
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Figure 2. AUG start codon recognition during CrPV IRES5′UTR-driven translation initiation Renilla luciferase reporter transcripts used in S2 cell-free
translation are represented as raw bioluminescence activity (RLU) for each transcript. Standard deviations or translational activity for each transcript
are shown and calculated from three independent experiments. **P < 0.005 based on Student’s t-test; ns, nonsigni!cant. RNA integrity was controlled
by 4% denaturing PAGE and Ethidium Bromide staining. Viral coding sequences are shown in gray and fused to Renilla luciferase coding sequence. (A)
IRES5′UTR drives translation initiation on viral cognate AUG start codon but does not promote scanning further downstream to !nd the Renilla AUG
when the viral AUG is mutated to ACG (B) In these transcripts, the cognate viral AUG start codon is mutated to ACG. In addition in-frames AUGs were
inserted at codon position 5 and 8 with the same context than the wt viral AUG. The 5′ proximal AUG codons are shown in bold. (C) In these transcripts
the cognate viral AUG is shifted by 1, 2 or 3 nts.
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Figure 3. The predicted secondary structure of the IRES5′UTR of CrPV reveals three highly structured domains named I, II and III separated by !exible
linkers. Selective 2′-hydroxyl acylation analyzed by primer extension (SHAPE) data are overlaid on the structure prediction for the full-length 5′UTR
RNA. Reactivities are shown as averages from three independent experiments (except for region 711–754: average from two experiments). Position of the
minimal IRES is indicated (375–709). DMS and CMCT reactivity data for the minimal IRES domain (357–710). Reactivities are represented as averages
from three independent experiments in the box of the right part of the "gure. Nucleotides from J3/3a and L5 involved in long-distance interaction to form
the pseudoknot are boxed. Reactivity values with standard deviations are listed in Supplementary Tables S1–4.

the overall folding of domain II when compared with the
wt IRES5′UTR as shown by the Pearson correlation coef"-
cients for both m1 and m2 mutants with the wt structure
(RPearson = 0.2) (Alternative folds for m1 and m2 are pre-
sented in Supplementary Figure S5). Both compensatory
mutants m3 and m4 present an overall folding of domains
II and III very close to that of the wt IRES5′UTR (RPearson
= 0.9) (Figure 4B). Altogether, these data demonstrate that
loops J3/3a and L5 are involved in a pseudoknot structure
and that this long-range interaction is essential to reach the
native folding of domain II.

We next addressed the requirement of the pseudoknot
structure for the IRES5′UTR translation activity. Mutants
m1–m4 were inserted upstream of Renilla luciferase cod-
ing sequences in reporter constructs and the IRES activity
was tested in in vitro translation assays with S2 cell-free ex-
tracts. The mutants m1 and m2 were inactive and unable
to drive ef"cient translation, whereas mutants m3 and m4
showed partial or even fully restored IRES5′UTR activity (60
and 90% respectively) (Figure 4C). We conclude that the
pseudoknot structure is essential for the IRES5′UTR activ-

ity, indicating that these long-range distances are required
for proper folding and translation initiation. In addition, a
3 bp inversion in mutant m3 is less ef"cient than a full 4 bp
inversion as shown by the near wt IRES activity driven by
mutant m4.

In order to determine the precise role of the pseudo-
knot structure, we performed translation initiation com-
plex assembly and analyzed these complexes by sucrose
gradient analysis. We "rst checked that the mutations did
not affect RNA stability in S2-cell extracts (Supplementary
Figure S6). Then, in the presence of GMP-PNP (a non-
hydrolysable GTP-analog), the wt IRES showed accumu-
lation of the 48S pre-initiation complexes (Figure 4D and
Supplementary Figure S7). As expected the null mutants
m1 and m2 showed a signi"cant decrease in the 48S com-
plex formation. The compensatory mutant m3 and m4 re-
stored 48S complex assembly although with different ef"-
ciencies. The most ef"cient mutant was m4 as already ob-
served in previous in vitro translation experiments with S2
cell-free extracts (Figure 4C). Taken together, these experi-
ments indicate that the pseudoknot structure in domain II
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Figure 4. A pseudoknot is required for correct folding and ef!cient IRES5′UTR -driven translation. (A) Mutants in the J3/3a and/or L5 regions used in this
study, mutated nucleotides are shown in yellow. (B) Absolute SHAPE reactivities for 357–754 RNA transcripts with either wt or m1–m4 mutant sequence.
Reactivities are shown as averages from two independent experiments (reactivity values with standard deviation are given in Supplementary Table S2).
The Pearson correlation coef!cients (RPearson) with the 357–754 wt dataset are shown on the left of each histogram. J3/3a and L5 are boxed in green.
(C) Translation activity of IRES 357–754 wt and mutants m1–m4 when placed upstream of Renilla luciferase coding region. RNA integrity control by
denaturing 4% sodium dodecyl sulphate-PAGE is shown under the histogram. (D) Pre-initiation complex assembly and analysis on 7–47% sucrose gradient
with P32 radio-labeled wt and mutant m1–m4 IRES. (E) In vivo translation assay using monocistronic reporters transfected in S2 cells. The mutants m1–m4
are compared with wt IRES5′UTR activity. *P < 0.05 and **P < 0.005, ***P < 0.0005 based on Student’s t-test.
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Figure 5. Eukaryotic initiation factor (eIF)3 is recruited speci!cally by the IRES5′UTR in a pseudoknot-independent manner. (A) Mass spectrometry
analysis of edeine-blocked translation initiation complexes on the 5′ proximal fragment (1–356) and the minimal IRES (357–709). Graphical representation
of proteomics data: protein log2 spectral count fold changes (on the x-axis) and the corresponding adjusted log10 P-values (on the y-axis) are plotted in
a pairwise volcano plot. The signi!cance thresholds are represented by a horizontal dashed line (P-value = 0.05, negative-binomial test with Benjamini–
Hochberg adjustment) and two vertical dashed lines (−2.0-fold on the left and +2.0-fold on the right). Data points in the upper left and upper right
quadrants indicate signi!cant negative and positive changes in protein abundance. Protein names are labeled next to the off-centered spots and they are
depicted according to the following color code: proteins represented by a red spot are identi!ed by more than 30 MS/MS spectra, by a green spot when
identi!ed by 11–30 spectra and by a gray spot when identi!ed by <10 spectra. Data points are plotted on the basis of average spectral counts from triplicate
analysis. For an exhaustive list of hits, see Supplementary Table S5. (B) Western blots analysis with drosophila eIF3b antibody of edeine-blocked translation
initiation complexes programmed with Wt and m2 and m4 mutants. The complexes were assembled in vitro in S2-cell extracts. The histogram represents
the quanti!cation of three independent experiments. (C) In vivo RNA immunoprecipitation of IRES5′UTR-Renilla reporter mRNA in S2 cells. Wt, m2 and
m4 mRNA were immunoprecipitated using drosophila eIF3b antibody and quanti!ed by RT-qPCR. The histogram represents the quanti!cation of three
independent experiments. The enrichment fold was calculated by the ratio between immunoprecipitated and the input and was set to 100% for the Wt.
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is essential for 48S pre-initiation complex formation and is
therefore essential at an early step of translation initiation.

Finally, mutants m1–m4 were tested for IRES activity in
vivo using monocistronic reporters transfected in S2 cells
(Figure 4E). Here again, m1 and m2 mutants were totally
inactive, whereas the IRES activity was restored to the
same extent for m3 and m4 mutants. Taken together, this
demonstrates that the pseudoknot structure is essential for
IRES5′UTR activity in vivo as well.

To further characterize the CrPV IRES5′UTR, we per-
formed mass spectrometry analysis on translation initiation
complexes in order to determine the factors that bind specif-
ically to the IRES. To do so, translation initiation com-
plexes were assembled on a biotinylated CrPV IRES5′UTR in
S2-cell extracts. Translation initiation complexes were then
!rst immobilized on magnetic streptavidin beads and subse-
quently eluted by DNAse treatment as previously described
(33,38). The composition of the puri!ed translation initia-
tion complex was then determined by mass spectrometry. To
determine the factors required at the initial step of the trans-
lational process, translation initiation was blocked by ad-
dition of edeine, which prevents initiator tRNAMet codon–
anticodon interaction in the P-site of the ribosome (39–41).
As a negative control, we performed the same experiments
with the 5′ proximal part of the 5′UTR that is not essential
for IRES activity. Interestingly, 12 of the 13 subunits of eIF3
are speci!cally found on the IRES fragment, indicating that
IRES5′UTR recruits this factor (Figure 5A and Supplemen-
tary Table S5), the only missing factor being eIF3j. How-
ever, we have previously shown that eIF3j is required for the
activity of IRES5′UTR (25). In yeast, eIF3j/hcr1 has been
shown to participate in ef!cient AUG recognition during
the scanning process by directly interacting with eIF1A for
canonical cap-dependent translation (42). A similar func-
tion has also been proposed for mammalian eIF3j (43,44).
Since we have shown that IRES5′UTR does not promote
scanning for initiation on the viral AUG, our data show
that eIF3j has a different function for IRES5′UTR. We pro-
pose that eIF3j is essential for ribosome recruitment to the
IRES5′UTR and that it dissociates after complex formation
prior to AUG recognition.

In order to determine whether the pseudoknot is nec-
essary for eIF3 recruitment, pre-initation complexes were
programmed in vitro with S2-cell extracts with Wt, m2 and
m4 and were puri!ed as previously described. Western blot
analysis with an antibody speci!c for drosophila eIF3b sub-
unit showed that mutant m2 (which has no pseudoknot) is
also able to recruit eIF3 suggesting that eIF3 interaction
does not require the pseudoknot (Figure 5B). To further
corroborate this statement in vivo, Renilla reporter mRNAs
containing the Wt IRES5′UTR and mutants m2 and m4 were
transfected in S2 cells. Then we performed RNA immuno-
precipication with an antibody raised against drosophila
eIF3b subunit, we quanti!ed the Renilla reporter mRNA by
RT-qPCR. Indeed, mutant m2 is also able to interact with
eIF3 in vivo con!rming that the pseudoknot is not required
for eIF3 recruitment (Figure 5C). The interaction between
the IRES5′UTR and eIF3 is transient during the translation
initiation process. In both experiments, mutant m2 seems to
interact more ef!ciently than Wt and m4, this might be ex-

plained by the fact that mutant m2 is inactive and therefore
accumulates more complexes with eIF3 than Wt and m4.

The IRES5′UTR is preceded by domain I which is dispens-
able for translational activity. A few other proteins bind
speci!cally to this domain (Figure 5A and Supplementary
Table S5). These secondary structures might be involved in
other steps required for viral propagation such as initiation
of replication or encapsidation. Our data are in good agree-
ment with previous observations made while constructing
an infectious molecular clone of CrPV (45). The authors
isolated a clone containing a duplication of fragment 75–
271, which inhibits viral infectivity. In our secondary struc-
ture model, this duplication is located in domain I, away
from the minimal IRES sequence. The duplication how-
ever has no effect on viral translation and RNA accumula-
tion during CrPV infection suggesting it impacts viral entry
and/or viral packaging (46).

In addition, the structured arrangements of domains II
and III with several helices connected by three- and four-
way junctions and loops is reminiscent of those in the classi-
cal swine fever virus (CSFV), the Hepatitis-C virus (HCV),
the foot-and-mouth disease virus (FMDV) and other IRE-
Ses (6). These structured domains were shown to be impor-
tant for IRES function, through binding to eIF3 (47), pro-
moting long-range interactions (48,49), or binding to IRES-
trans acting factors (50,51). The secondary structure of the
apical domain II in CrPV IRES5′UTR that harbors a pseu-
doknot bears some resemblance to that of residues 153–255
in CSFV and residues 134–249 in FMDV (Supplementary
Figure S8). Automatic 2D-based 3D-RNA modeling sug-
gests that, because of the pseudoknot, the four-way junc-
tion would adopt a topology closer to that of the L-shaped
CSFV (52), than to the topology modeled for FMDV (49).
Future studies using X-ray crystallography or cryo-EM will
be needed to pinpoint the similarities and differences in how
type III IRES domains fold, and what role they play in
IRES function.

In summary, the IRES5′UTR contains a three-way junc-
tion structure with a pseudoknot that recruits the ribosome
on the cognate viral AUG start codon without any scan-
ning step. Moreover IRES5′UTR speci!cally recruits eIF3.
This is reminiscent of translation driven by the HCV–IRES,
the prototypic type III IRES (5). This similarity between
CrPV IRES5′UTR and HCV–IRES is in agreement with the
fact that both IRES are strictly dependent on the ribosomal
protein RACK1. On the contrary IRESIGR-driven trans-
lation ef!ciency does not require the presence of RACK1
on the ribosome, suggesting fundamentally distinct molec-
ular mechanisms for ribosome recruitment (53). The struc-
tural characterization of the IRES5′UTR from CrPV will fa-
cilitate the investigation of the role played by RACK1 in
cap-independent translation. During CrPV infection, the
IRES5′UTR promotes translation from ORF1 in a constitu-
tive manner during the whole infectious process, whereas
IRESIGR-driven translation starts in the second half of in-
fection and is boosted in the late phase of infection (11).
The molecular basis for this differential expression pattern,
which is essential for the progression of the viral infection,
remains unexplored. Our data on the IRES5′UTR represent a
!rst step toward a better understanding of the concerted ac-
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tion of the two structurally and functionally different IRES
active in dicistroviruses.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.

ACKNOWLEDGEMENTS

We thank Claire Batisse and Adeline Renaud for S2-cell
extracts preparation. We are thankful to Matthias Hentze
for drosophila eIF3 antibodies. We also thank Redmond P.
Smyth for critical reading of the manuscript.

FUNDING

Centre National de la Recherche Scienti!que (CNRS);
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CHAPTER II 
 
 

CHARACTERIZATION OF A RACK1 
INTERACTOME 

 

RACK1 is known to interact with many signaling partners including PKC, 

transmembrane receptors and receptor tyrosine kinases (reviewed in Adams et al., 

2011; Nielsen et al., 2017). However, none of the studies concerning RACK1 

interactome had been performed in Drosophila. Moreover, we wanted to uncover 

proteins acting together with RACK1 in CrPV translation. Thus, we used Drosophila 

S2 cells overexpressing tagged versions of RACK1 to uncover RACK1 partners. 

These cells were infected or not with the virus CrPV to decipher whether the RACK1 

network was affected by infection. Mass spectrometry after RACK1 pull-down 

identified 52 interacting partners of RACK1. These molecules include several 

proteins involved in translation (structural components of the ribosome, factors 

regulating translation initiation or elongation and RNA binding proteins) and some 

proteins involved in stress response such as chaperones (e.g. Hsc70-3 and Hsp26), 

Thioredoxin reductase 1 (Trxr-1) and a catalase (Cat). 

 

I performed a RNA interference screen in S2 cells and showed that among 

these 52 interactants, 10 were restricting viral replication, and only Lark (RBM4 in 

mammals) was a proviral factor like RACK1. However, although Lark knock down 

(KD) impaired CrPV replication, it did not affect translation driven by the 5’ IRES of 

the virus (Figure 5 of the article). We concluded that Lark promotes CrPV replication 

by a mechanism different from RACK1. This work was published in 2017 in the 

journal Genes Genomes Genetics (G3). 
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ABSTRACT Receptor for Activated protein C kinase 1 (RACK1) is a scaffold protein that has been found in
association with several signaling complexes, and with the 40S subunit of the ribosome. Using the model
organism Drosophila melanogaster, we recently showed that RACK1 is required at the ribosome for internal
ribosome entry site (IRES)-mediated translation of viruses. Here, we report a proteomic characterization of the
interactome of RACK1 in Drosophila S2 cells. We carried out Label-Free quantitation using both Data-
Dependent and Data-Independent Acquisition (DDA and DIA, respectively) and observed a significant advan-
tage for the Sequential Window Acquisition of all THeoretical fragment-ion spectra (SWATH) method, both in
terms of identification of interactants and quantification of low abundance proteins. These data represent the
first SWATH spectral library available for Drosophila and will be a useful resource for the community. A total of
52 interacting proteins were identified, including several molecules involved in translation such as structural
components of the ribosome, factors regulating translation initiation or elongation, and RNA binding proteins.
Among these 52 proteins, 15 were identified as partners by the SWATH strategy only. Interestingly, these
15 proteins are significantly enriched for the functions translation and nucleic acid binding. This enrichment
reflects the engagement of RACK1 at the ribosome and highlights the added value of SWATH analysis. A
functional screen did not reveal any protein sharing the interesting properties of RACK1, which is required for
IRES-dependent translation and not essential for cell viability. Intriguingly however, 10 of the RACK1 partners
identified restrict replication of Cricket paralysis virus (CrPV), an IRES-containing virus.
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Infectious diseases represent a major cause of death for animals, in-
cluding humans. Among them, viral infections are particularly hard to

treatbecausevirusesreplicate insidehostcells.Manycellularproteinsare
hijacked by viruses to complete their replication cycle and represent
putative targets for host-targeted antiviral drugs. Using the model
organism Drosophila melanogaster, we recently showed that RACK1
is an essential host factor for the replication of fly and human viruses
(Majzoub et al. 2014).More specifically, we demonstrated that RACK1,
a component of the 40S subunit of the ribosome, is required for trans-
lation driven by the 59 IRES element of two members of the Dicistro-
viridae family in flies, Drosophila C virus (DCV) and CrPV. Related to
Picornaviridae, these viruses are used as models to decipher the
genetic basis of host–virus interactions in flies. Importantly, RACK1
is also essential for translation driven by the IRES of human hepa-
titis C virus in human hepatocytes. By contrast, RACK1 is not re-
quired for general 59 cap-dependent translation, indicating that this
factor regulates selective translation at the level of the ribosome
(Majzoub et al. 2014). Thus, RACK1 could be used as target for
the development of new host-targeted antiviral drugs (Martins
et al. 2016). The ribosomal proteins RpS25 (Landry et al. 2009),
RpL40 (Lee et al. 2013), and RpL38 (Kondrashov et al. 2011)
are also required for selective translation, bringing support for the
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existence of a ribosomal code (Mauro and Edelman 2002;
Topisirovic and Sonenberg 2011; Barna 2015).

RACK1 is a 36 kDa protein containing seven WD40 b-propeller
domains, evolutionarily conserved throughout eukaryotes (Wang et al.
2003; Kadrmas et al. 2007). RACK1was also identified as an interacting
partner of many proteins, including kinases, phosphatases, and adhe-
sion molecules, suggesting that it functions as a scaffold protein
(Gibson 2012; Long et al. 2014; Li and Xie 2015). Of note, we identified
RACK1 as a factor pulled down with Argonaute (AGO) 2, a key com-
ponent of the Drosophila antiviral RNA interference (RNAi) pathway,
in virus-infected cells (Majzoub et al. 2014). Independent studies con-
firmed that RACK1 can interact with components of the RISC complex
and impacts microRNA (miRNA) function (Jannot et al. 2011; Speth
et al. 2013). In summary, RACK1 appears to be the central node of a
molecular hub at the interface of the ribosome and signaling com-
plexes. Hence, a comprehensive characterization of the RACK1
interactome is of central importance to gain insight into the function
of this molecule.

Affinity purification followed by mass spectrometry (AP-MS) is a
popular strategy for identifying interactions between an affinity-purified
bait and its copurifying partners (Rinner et al. 2007; Gingras et al. 2007;
Wepf et al. 2009; Collins et al. 2013; Lambert et al. 2013). This approach
is particularly appreciated because experiments can be performed un-
der near physiological conditions and because dynamic changes can be
assessed by quantitative techniques operated under DDAs, with or
without labeling strategies (Gavin et al. 2006, 2011; Krogan et al.
2006; Kühner et al. 2009). In the past few years, targeted proteomics
as well as techniques derived from DIAs, such as sequential windowed
acquisition termed MS/MSALL with SWATH acquisition (Gillet et al.
2012), have emerged as a complement to these more widely used dis-
covery proteomic methods. DIA results in comprehensive high resolu-
tion data with qualitative confirmation and no tedious method
development (Bisson et al. 2011; Chang et al. 2012; Picotti and Aeber-
sold 2012; Picotti et al. 2013; Selevsek et al. 2015). Moreover, one can
acquire useful information for all analytes in a single run, thus enabling
retrospective in silico interrogation to explore unexpected biological
pathways for example (Gillet et al. 2012). Here, we applied these tech-
niques to define the RACK1 interactome in tissue cultureDrosophila S2
cells infected or not by the dicistrovirus CrPV.

MATERIALS AND METHODS

Cell culture and immunoaffinity purification
Drosophila S2 cells were grown in Schneider medium complemented
with 10% fetal bovine serum, 1% glutamax, and 1% Penicillin/Strepto-
mycin. RACK1 immunoprecipitation (IP) was performed after the
transient transfection (Effectene, QIAGEN) of RACK1 tagged with
the 3xHA or 3xFLAG versions in 30 million cells in triplicate. Cells
were either mock-infected or infected with DCV or CrPV at multiplic-
ity of infection (MOI) 1 for 16 hr. Protein purification and identifica-
tion was performed as previously described (Fukuyama et al. 2013).
Next, 1ml of TNT lysis buffer (50mMTris-HCl pH 7.5, 150mMNaCl,
10% Glycerol, 1% Triton X-100, 100 mMNaF, 5mMZnCl2, 1 mMNa3
VO4, 10 mM EGTA pH 8.0, and Complete Protease Inhibitor Cocktail
containing EDTA from Roche) was used and kept on ice for 30 min
before centrifugation at 13,000 rpm for 30min at 4!. Supernatants were
mixed with 150 ml of either prewashed anti-DYKDDDDK (Clontech
#635686) or anti-HA (Sigma #A2095) beads and incubated for 1 hr at
4!. Beads were washed three times with 1mlwash buffer I (50mMTris-
HCl pH 7.5, 150 mMNaCl, 10% Glycerol, 0.1% Triton X-100, 100 mM
NaF, 5mMZnCl2, 1mMNa3VO4, and 10mMEGTApH8.0), one time

with 1 ml wash buffer II (wash buffer I without Triton X-100), and
suspended in 1 ml wash buffer II plus Complete Protease Inhibitor
Cocktail containing EDTA. The elution was performed with Laemmli
1 · buffer. Eluates fromRACK1 and control cell lines were separated by
SDS-PAGE: a precast gradient 4–12% acrylamide gel was used followed
by Coomassie Blue staining. Each gel lane was cut into 48 consecutive
bands, with the exception of the two bands containing the light and
heavy chains of immunoglobulins, and submitted to proteomic
analysis.

Label-free quantification using DDAs and DIAs
A Spectral Counting (SpC) strategy was carried out using the Mascot
identification results and Proteinscape 3.1 package. A total number of
MS/MS spectra (includingmodified and shared peptides)was attributed
to each protein in each of the 18 conditions. The partner quality was
positively assessed if Ratio(RACK-Cter/Control) . 2 and/or
Ratio(RACK-Nter/Control). 2. The MS1 label-free strategy was car-
ried out using the PeakView v1.2 and MarkerView v1.2 software from
Sciex. Resulting tables were then submitted to a Student’s t-test: pep-
tides and proteins validated with a P-value , 0.05 were considered
statistically significant. The SWATH strategy was carried out using an
AB Sciex informatics package to extract the quantitative information
from the files acquired in Data-Independent mode (MS/MSALL with
SWATH acquisition). The Paragon results file (group) was imported
into PeakView v1.2 to create an experimental in-house Drosophila
spectral library. Data were further evaluated in MarkerView using a
Principal Component Analysis (PCA) (Pareto) and a Student’s t-test.
The same significance criteria were applied to the ion, peptide, and
protein tables. More detailed presentation of the mass spectrometry
data analysis can be found in the supplemental information (File S1).

Functional classification and network analysis of RACK1
identified partners
Gene Ontology (GO) annotations were retrieved from the PANTHER
classification system (v10.0 Released 2015-05-15) with the following
parameters: (i)Enter IDs:UniProtKBaccessionnumbers; (ii)Organism:
D. melanogaster; and (iii) Analysis: functional classification viewed in
pie chart. GO enrichment analysis was performed using the same clas-
sification system with the following parameters: (i) Enter IDs: Uni-
ProtKB accession numbers; (ii) Organism: D. melanogaster; and (iii)
Analysis: statistical overrepresentation test release 20160302. The net-
work of RACK1-interacting proteins was further constructed by
STRING (http://string-db.org/,v10.0) while considering the following
active interaction sources: “Coexpression,” “Databases,” “Experiments,”
and “Textmining.”

RNAi screen and RT-qPCR
Target geneswere amplifiedbyPCRwith specificprimers containing the
T7 RNA polymerase binding site in their 59-end. After PCR product
purification by GE Illustra GFX PCR DNA purification kit and verifi-
cation on agarose gels for correct sizes, 1mg of DNA template was used
to generate dsRNA with the MEGAscript T7 Ambion kit. After over-
night incubation, dsRNA was precipitated with 0.3 M NaAc and abso-
lute ethanol and resuspended in nuclease-free water. Then, 3 mg of
dsRNA was mixed with 2 · 104 S2 cells in serum-free medium for
2–3 hr in 96-well plates, allowing the penetration of dsRNA into the
cells. Four replicates of the same dsRNA were tested. Afterward, com-
plete medium was added. After 1 wk incubation, cells were infected for
1 d with DCV (MOI 1) and CrPV (MOI 0.1). Cell lysis, retrotranscrip-
tion, and qPCR against the target virus genome were performed using
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the Cell-To-Ct Ambion kit. Cells were lysed in 50 ml lysis buffer for
5min. Reverse transcriptionwas performed on 10ml lysate in SYBRRT
buffer and enzymemix in a final volume of 50ml. Quantitative PCR on
4 ml cDNA samples was done in 20 ml final volumes with 10 ml SYBR
Green powermastermix and 0.5mMof each primer. An unpaired two-
tailed t-test was then performed, comparing control dsRNA against
GFP with all tested dsRNA. At least three independent biological rep-
licates were performed for each experiment. All primers used are pre-
sented in the supplemental information.

Cell viability upon dsRNA treatment was tested with CellTiter
96 AQueous One Solution Cell Proliferation Assay (MTS) reagent
(Promega) or assessed on the genome RNAi database (http://www.
genomernai.org).

Luciferase assay
Drosophila S2 cells (Invitrogen) were soaked with dsRNA. Four days
later, reporter plasmids (CrPV59 IRES-Renilla and Cap-Firefly) were
transfected using an Effectene kit (QIAGEN). After 48 hr, cells were
lysed and luciferase activity was measured with the Promega dual-
luciferase assay, using a Berthold Luminometer.

Data availability
Datasetshavebeendeposited to theProteomeXchangeConsortiumwith
identifiers PXD002965 (http://proteomecentral.proteomexchange.org)
via the PRIDE partner repository.

RESULTS

Identification of 37 RACK1-interacting proteins using
data-dependent acquisition
In order to define the RACK1 interactome in D. melanogaster, N- or
C-terminal FLAG-tagged RACK1 was transiently expressed in Dro-
sophila S2 cells, in mock- or virus-infected conditions (Figure 1). A
vector expressing RACK1 with a hemagglutinin (HA) tag was used as
control, which is not recognized by the anti-FLAG antibody, so that
cells expressing similar levels of RACK1 were compared. Biological
triplicates were analyzed for each of the six samples. We first optimized
the AP-MS protocol at three critical steps to improve specificity (type of
tag, incubation time and salt concentration in the washing buffer, and
type of virus, see Supplemental Material, in Figure S1 in File S1). We
also ran a quality control sample in triplicate (500 ng of a trypsin-
digested HeLa lysate) to ascertain the technical reproducibility of the
MS instrument. As expected, the variability of the affinity purification
replicates is higher than that of the technical replicates of injection
(Table S1 in File S2). Purified complexes were eluted from the beads
with Laemmli buffer and separated by SDS-PAGE. Proteins bands were
in-gel digested with trypsin before being submitted to liquid chroma-
tography MS analysis. DDA was used in the first instance to estimate
relative changes between all conditions via SpC (Table S2 in File S2).
After normalization, we calculated the ratio RACK1/control for the N-
and C-terminally tagged protein in mock- and virus-infected cells, to
assess the quality of the partners. A protein was considered as a RACK1
partner if it was enriched in the condition where RACK1 was overex-
pressed and pulled-down, using the following criterion: ratio (IP/
Ctrl). 2 and P-value, 0.05 (t-test). The P-values were not corrected
bymultiple testing in this initial step, in which the goal was to identify a
list of putative partners for RACK1. This criterion identified 34 poten-
tial interacting proteins (Figure 2A), having either an “on/off” behavior
or being enriched by a factor of $ 2 when RACK1 was pulled-down.
The sameDDA data were then submitted to anMS1 label-free analysis,
using the vendor’s processing package and composed from PeakView

v1.2 and MarkerView v1.2 software (Sciex). This identified 19 RACK1
partners in either mock- or virus-infected samples (Figure 2, A and B
and Table S2 in File S2). Of note, the average coefficient of variation
(CV) of the 18 samples is 25% higher than the average CV of the nine
noninfected samples. Altogether, close to 75% of the partners were
identified with both tagged versions of RACK1. This highlights the
overall good reproducibility and attests to the reliability of the ap-
proach, even if the position of the tag appears to influence the recovery
of some partners, possibly reflecting their interaction with the extrem-
ities of RACK1.

SWATH-MS quantification reveals an additional
15 RACK1-interacting proteins
WenextusedtheMS/MSspectraobtainedwith theDDAmode tobuilda
spectral library to be used for 18 consecutive DIA injections. Up to
10peptides per protein and5 transitionsperpeptidewere considered for
SWATH-MSquantification leading a total of 3368 transitions. A careful
adaptation of the retention time window reduced the sensitivity of peak
picking interferences, as reflected by the very low chromatographic shift
observed all along the separation (1.48 min). Each protein detected as
being a RACK1 partner was manually inspected and validated or
corrected (Figure S2 in File S1). As in theMS1 label-free quantification,
the CV of the SWATH data decreases by 21% when only the nine
noninfected samples are taken into account. The PCA analysis revealed
a clear-cut difference between the control and the co-IP samples (Figure
2C). A total of 48 RACK1 partners were identified, which included
17 out of the 19 partners identified using the MS1 quantification
method. This indicates that SWATH quantification is as reliable as
the standard MS1 label-free approach, yet more sensitive (Figure 2A
and Table S2 in File S2). The IP bait, RACK1, identified both by MS1
and SWATH, was enriched by an average factor of 27.7 with SWATH,
which is significantly higher than with the MS1 quantification (average
fold change of 8.4, Figure S3 in File S2). Most of the partners identified
by SWATH (53.5%) were validated with both C- and N-terminally
tagged constructions.

The selective requirement forRACK1 in IRES-dependent translation
suggests that infection by an IRES-containing virus, such as CrPV, may
involve an association with specific cofactors. However, our approach
didnot reveal specific factors recruited toRACK1 in the context ofCrPV
infections. As the infection can affect the post-translational status of
RACK1 and its partners (e.g., Valerius et al. 2007), an extendedMascot
search was performed using an “Error Tolerant Search” strategy. This
did not lead to the identification of novel interactants. Despite the fact
that RACK1 is a phosphoprotein itself and that ubiquitination has been
demonstrated for the orthologs in yeast and human cells (Starita et al.
2012; Yang et al. 2017), the only modifications we detected were: (i) the
acetylation of the second residue (S2) with the loss of the initiation
methionine, and (ii) deamidation on N24 and N52. Regarding the in-
volvement of RACK1 in cell signaling, we did identify some signaling
proteins, such as the serine/threonine kinase Polo, but we did not iso-
late the kinases previously reported to interact with RACK1, such as
protein kinase C b (PKCb) or Src. We note that these proteins were
also not detected in the RACK1 interactome inAedes albopictus cells, in
which the endogenous protein was pulled down (González-Calixto
et al. 2015).

Characteristics of the RACK1 interactome in Drosophila
S2 cells
The PANTHER classification system (http://www.pantherdb.org) was
used to assess the GO annotations of the 52 different proteins retrieved
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(Figure 3 and Table S3 in File S2). The PANTHER overrepresentation
test used a reference list of 13624 D. melanogaster accessions, as well as
adjusted P-values (correction for multiple testing using the Benjamini–
Hochberg method). Of note, the PANTHER Protein Classes “Nucleic
Acid Binding proteins” and “Chaperones” were well represented, and
37.5% of the proteins were annotated as “Macromolecular complexes.”
Interestingly, when considering each of the three quantitative methods
independently, the SWATH approach identified more proteins in-
volved in nucleic acid binding (n= 13) than the SpC orMS1 approaches
(n = 5 for each). It also recognized eight proteins involved in RNA
interaction or translation regulation, including several ribosomal pro-
teins (Table S3 in File S2). Thus, the SWATH analysis appears to best
reflect the known cellular functions of RACK1 in regulation of mRNA
translation.

The whole set of 52 RACK1-interacting partners was further sub-
mitted to a PANTHER overrepresentation test, whichwas subsequently
runwith the37RACK1partners identifiedby theSpCandMS1methods
only (Table S4 in File S2). Figure 4A displays the fold enrichment
returned by PANTHER with or without the SWATH-specific RACK1
partners for each of the three GO terms, as well as the significance of the
fold enrichment (P-value , 0.05). Nine GO annotations exhibit in-
creased fold enrichmentwhen the 16 additional SWATH-specific inter-
actors are included. Eight of them are related to translation, RNA
helicase activity, and nucleic acid binding. Moreover, the fold enrich-
ment systematically becomes significant for the nine GO terms when
including the SWATH dataset. To further elucidate the relationships
between the set of 52 RACK1-interacting proteins and to identify func-
tional complexes, the STRING interaction database was used to map

Figure 1 Immunoprecipitation and proteo-
mic workflows used to identify RACK1 part-
ners. Thirty million D. melanogaster S2 cells
were transiently transfected with RACK1,
tagged either at the N- or C-terminus with
the indicated peptide epitopes. Cells were
then left uninfected or challenged with CrPV
MOI 0.1 for 24 hr and co-IP experiments were
performed using an anti-FLAG antibody. Fol-
lowing SDS-PAGE, in-gel trypsin digestion
was performed, before nanoLC-MS/MS anal-
yses. Quantification was made under either
Data-Dependent Acquisition mode, thus en-
abling Spectral Counting and MS1 label-free
methods, or Data-Independent Acquisition
mode, dedicated toMS/MSALL with SWATH-MS
quantification method. The biological relevance
of potential RACK1 partners, identified and sta-
tistically validated by these three quantification
methods, was finally tested using RNAi. co-IP,
co-immunoprecipitation; CrPV, Cricket paralysis
virus; MOI, multiplicity of infection; MS, mass
spectrometry; N.I., noninfected; RACK1, Recep-
tor for Activated protein C kinase 1; RNAi, RNA
interference; SDS-PAGE, sodium dodecyl
sulfate polyacrylamide gel electrophoresis;
SWATH, Sequential Window Acquisition of
all THeoretical fragment-ion spectra.
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the RACK1 network (Figure 4B). This analysis reveals that the vast
majority of the protein nodes are connected together. It also shows a
high connectivity with a total of 21 protein nodes between the group of
ribosomal proteins, to which RACK1 belongs, and three other groups:
(i) RNA-related proteins; (ii) chaperones and chaperonins; and (iii)
translation regulation factors.

One family of molecules reported to interact with RACK1 and
possessing interesting properties in the context of the regulation of
translation and the control of viral infections are members of the AGO

family. Indeed, RACK1 is involved in miRNA function in the plant
Arabidopsis thaliana (Speth et al. 2013), the nematode Caenorhabditis
elegans (Jannot et al. 2011), and humans (Otsuka et al. 2011). In Dro-
sophila as well, we previously reported that RACK1 participates in
silencing triggered by miRNAs, although its impact was stronger for
some miRNAs than others (Majzoub et al. 2014). In Drosophila, most
miRNAs are loaded onto AGO1, with only a small subset loaded onto
AGO2. Interestingly, we recovered AGO2, but not AGO1, in the
RACK1 interactome (Figure 2A). The functional significance of the

Figure 2 RACK1 partners identified by either the DDA (Spectral Counting = SpC, MS1 label-free = MS1) or DIA approach (MS/MSALL with
SWATH = SWATH). (A) Proteins identified as RACK1 partners by the three types of quantitative methods. The Venn diagram shows the global
overlap between the three strategies. Five functional categories are represented. (B) Principle Component Analysis for the MS1 label-free dataset:
231 proteins were identified by Paragon algorithm and further quantified after the automatic reconstruction of peptide features at the MS level
(XIC). (C) Principle Component Analysis for the SWATH dataset: proteins were quantified by interrogation of a home-made spectral library at the
MS/MS level. co-IP, co-immunoprecipitation; DDA, Data-Dependent Acquisition; DIA, Data-Independent Acquisition; MS, mass spectrometry;
RACK1, Receptor for Activated protein C kinase 1; SWATH, Sequential Window Acquisition of all THeoretical fragment-ion spectra.
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interaction of RACK1, which promotes translation driven by viral IRES
elements, and AGO2, a major effector of antiviral immunity in flies,
deserves further investigation.

Functional characterization of the RACK1 interactome
To assess the biological significance of the interactions identified in the
context of viral infection, we used RNAi in S2 cells to silence expression
of the RACK1-interacting proteins (Figure 5A). Silencing of 17 of the
52 identified proteins affected cell viability or proliferation, preventing
further characterization. As expected, these included themajority of the
ribosomal proteins, with the notable exception of RpS20 and RACK1.
We next tested the impact on CrPV replication of the remaining
35 genes. Genes were silenced for 4 d prior to CrPV infection and
accumulation of viral RNA was monitored by RT-qPCR 16 hr later.
Twenty-three genes (66%) did not significantly impact CrPV replica-
tion. Interestingly, 10 genes (28%) led to increased CrPV RNA in in-
fected cells when their expression was knocked-down, suggesting that
they encode factors restricting viral infection. Indeed, these include
AGO2, a central component of the antiviral siRNA pathway (van Rij
et al. 2006; Mueller et al. 2010) (Figure 5A). The others were not pre-
viously associated with the control of viral infections. Besides RACK1,
only one other gene, Lark, led to decreased CrPV replication when it
was silenced (Figure 5A). To rule out off-target effects, we synthesized
two dsRNA targeting different regions of the Lark gene. Both dsRNAs
efficiently silenced Lark expression (Figure 5B) and suppressed CrPV
replication, although not as efficiently as silencing of RACK1 (Figure

5C). This suggests that Lark, an RNA-binding protein, might partici-
pate in selective mRNA translation together with RACK1. Because
RACK1 is also required for translation of the related virus DCV, we
next tested replication of this virus in Lark-silenced cells. However,
silencing Lark had no significant impact on DCV (not shown). Finally,
we tested directly whether Lark had an effect on viral translation, using
a CrPV-59 IRES luciferase reporter (Majzoub et al. 2014). As expected,
silencing RACK1 had a strong impact on the expression of the reporter.
By contrast, silencing of Lark did not affect its activity (Figure 5D). We
conclude that Lark and RACK1 promote CrPV replication by different
mechanisms.

DISCUSSION
The present study represents a first description in the model organism
Drosophila of the interactome of RACK1, an intriguing cytoplasmic
protein at the interface of the ribosome and cell signaling pathways. In
spite of its limitations (transient overexpression of the bait; analysis of a
single cell line; interactions not confirmed by alternative techniques;
and only one time point analyzed for viral infection), the study con-
firms the power of SWATH for the establishment of the RACK1 in-
teraction network under the biological conditions described in this
study, and reveals some interesting findings. Indeed, 48 out of the
52 RACK1 interactants were identified using SWATH, and 9 of the
15 partners identified only by this method are RNA-related proteins
(Bel, Hel25E, How, Lark, Pen, and Hrb27c) or translation regulation
factors (eIF-2a, eIF-4B, and pAbp). Overall, our data are consistent

Figure 3 Heat map displaying the Gene Ontology (GO) annotations of the Molecular Process of the identified proteins. The classification system
made by PANTHER (http://www.pantherdb.org). Proteins included in heat map were identified by either one or several of the three quantification
methods [Spectral Counting (SpC), MS1 Label-Free (MS1), and MS/MSALL with SWATH (SWATH, Sequential Window Acquisition of all THeoretical
fragment-ion spectra)].
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with RACK1 playing a major role at the level of the ribosome on
translational control. RACK1 has been proposed to interact with an
array of signaling molecules and to act as a scaffold protein (Adams
et al. 2011; Li and Xie 2015). Indeed, RACK1 was identified as a partner
of several kinases (e.g., PKCb (Ron et al. 1994; Sharma et al. 2013), Src
(Chang et al. 1998), p38 MAPK (Belozerov et al. 2014), a phosphatase
(PP2A, Long et al. 2014), and membrane receptors [e.g., Flt1 (Wang
et al. 2011) and integrins (Liliental and Chang 1998)]. It is intriguing
that we only identified a few signaling proteins (e.g., polo kinase, Rab1,

and a myo-inositol 1-phosphate synthetase). Interestingly, the interac-
tome of RACK1 in a mosquito cell line also revealed that 25% of the
RACK1 partners were annotated as involved in ribosomal structure
and/or translation (González-Calixto et al. 2015). This study also de-
tected a few signaling proteins, which differ from the ones reported
here. Our failure to identify signaling proteins associated with RACK1
could reflect the experimental settings used (e.g., use of cell line, and
high detergent and salt concentration in the washing steps to minimize
nonspecific interactions, at the risk of elimination of weak interactors).

Figure 4 Functional Classification and Enrichment analysis of the RACK1-interacting proteins identified by the three quantification methods. (A)
STRING network prediction of the 52 proteins identified as partners by SpC, MS1, and SWATH approaches. (B) Gene Ontology terms
overrepresentation analysis by PANTHER: GO terms with an increased fold enrichment when considering SWATH data and for which P-value
becomes significant (, 0.05) are highlighted by a red box. GO, Gene Ontology; MS1, MS1 Label-Free; RACK1, Receptor for Activated protein C
kinase 1; SpC, Spectral Count; SWATH, Sequential Window Acquisition of all THeoretical fragment-ion spectra.

Volume 7 July 2017 | A RACK1 Interactome in Drosophila | 2255



It could also reflect a transient, signal-dependent nature of the interac-
tion. This hypothesis could also account for the lack of interaction
induced by CrPV infection. Although RACK1 is known to be subject
to post-translation modification, we did not detect any (Adams et al.
2011; Schmitt et al. 2017; Yang et al. 2017). Additional experiments in
conditions stabilizing these modifications (e.g., in the presence of phos-
phatase inhibitors) could clarify this issue and confirm that RACK1 acts
as a scaffold protein (Adams et al. 2011). However, we cannot rule out
the possibility that all functions so far attributed to RACK1 indirectly
result from its presence at the ribosome (Schmitt et al. 2017). This
hypothesis is consistent with the fact that RACK1 appears to be exclu-
sively associated with ribosomes and polysomes in Drosophila cells
(E. Einhorn, F. Martin, C. Meignin and J. Imler., unpublished data).

Our aim was to identify proteins functioning together with RACK1
in IRES-dependent translation. However, none of the 52 interacting
proteins identified behaved like RACK1 in our functional assays. In-

terestingly however, one of them, Lark, appears to be required for CrPV
replication, although it is not required for translation driven by the 59
IRES of the virus. Lark encodes a protein composed of an N-terminal
Zinc knuckle domain, followed by two RRM motifs, initially charac-
terized for its role in mRNA splicing and regulation of the circadian
rhythm (Huang et al. 2007). Interestingly, Lark is evolutionarily con-
served, and both Lark and its mammalian homolog RBM4 participate
inmiRNA-dependent inhibition of translation by AGO proteins (Höck
et al. 2007; Lin and Tarn 2009). Thus, the functional significance of the
interaction between RACK1 and Lark/RBM4 deserves to be tested in
other settings (Otsuka et al. 2011; Jannot et al. 2011; Speth et al. 2013).
Of note, our functional analysis is limited to the genes not affecting cell
viability or proliferation, which could explain our lack of success in
identifying functional partners of RACK1.

One unexpected finding of our study was that 20% of the identified
interacting proteins (10 out of 52) restrict CrPV replication. Thismay at

Figure 5 Functional characterization of the 52 RACK1
interactors identified (A). Impact of the silencing of
the 52 genes on cell number and CrPV replication.
Cell viability/proliferation was monitored by counting
nuclei following DAPI staining. Viral load was moni-
tored only on cells not impacted by silencing of the
candidate genes (B). Incubation of S2 cells with two
dsRNAs targeting different regions of the gene result
in efficient Lark silencing. (C) Silencing of Lark affects
CrPV replication in S2 cells. (D) Silencing of Lark does
not affect translation driven by 59 IRES from CrPV,
unlike silencing RACK1. Statistical analysis with t-test:
!P , 0.05, !!P , 0.01, !!!P , 0.001 and ns, not
significant. CrPV, Cricket paralysis virus; DAPI, 4’,6-
diamidino-2-phenylindole; dsRNA, double-stranded
RNA; GFP, green fluorescent protein; IRES, internal
ribosome entry site; RACK1, Receptor for Activated
protein C kinase 1.
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first sight seemsurprising in light of theopposite effect ofRACK1on this
virus.However, translationcontrol isa critical step in theviral replication
cycle,where the viral RNAs are exposed to host cellmolecules, including
restriction factors. Thus, it is possible thatRACK1, a criticalmolecule for
viral IRES-dependent translation, is used as a surveillance platform for
proteins participating to cellular intrinsic antiviral responses. Although
we cannot rule out that the antiviral effect of some of these genes is
indirect at this stage, AGO2 has antiviral functions that have been well
characterized in vitro and in vivo (Wang et al. 2006; van Rij et al. 2006;
Nayak et al. 2010; van Mierlo et al. 2012). Therefore, this protein
represents a prime candidate to elucidate the biological significance
of the interaction between factors restricting viral replication and
RACK1.
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CHAPTER III  
 

FUNCTIONAL CHARACTERIZATION OF POST-
TRANSLATIONAL MODIFICATION SITES IN 

RACK1 

 

 

I. INTRODUCTION 

RACK1 was initially identified as a protein interacting with the signaling 

protein PKC (Ron et al., 1994). Several studies also reported RACK1 as a signaling 

hub interacting with a plethora of signaling proteins (Adams et al., 2011; Nielsen et 

al., 2017). This protein is present in all eukaryotes (Dresios et al., 2006) and is a 

stoichiometric component of the 40S subunit of the ribosome and thus a core 

ribosomal protein (Sengupta et al., 2004; Slavov et al., 2015). These properties make 

RACK1 an ideal candidate to integrate inputs from distinct signaling pathways at the 

level of the ribosome. Curiously however, the relation between the signaling and 

translation functions of RACK1 has not been addressed so far (Gibson, 2012). The 

available the fly genetic tools provide a powerful system to explore this question in a 

multicellular organism. 

 

RACK1 mutants unable to associate with the ribosome do not support 

translation and replication of CrPV (Majzoub et al., 2014). We wondered whether 

RACK1 residues reported to associate with signaling molecules (Chang et al., 2001; 

Kiely et al., 2009), adhesion molecules (Kiely et al., 2008), or components of the 

autophagy pathway (Zhao et al., 2015) in mammalian cell culture were also involved 

in the translation of CrPV in Drosophila cells. We mutated the corresponding 

residues in Drosophila RACK1 to test their function (Figure 7A). We also deleted the 

knob region of RACK1 (Δknob), a conserved loop (amino acids 275-283) pointing to 
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the ribosome, although its presence is not required for RACK1 binding to the 

ribosome (Figure 7B) (Coyle et al., 2009). A closer analysis of the structure of the 

RACK1 knob at the ribosome made us suspect that Threonine 279 (T279) could 

interact with Aspartic acid 283 (D283). We thus modified both amino acids into 

Alanine to prevent this potential interaction. The orientation of the Serine 280 

(Ser280) and Lysine 281 (Lys281) suggested they might interact with the 18S rRNA 

and RpS17/eS17 protein respectively. We thus modified these amino acids into 

Alanine to prevent a potential interaction. Moreover, a recent study showed that 

poxviruses phosphorylate RACK1 knob upon infection (Jha et al., 2017). These 

phosphorylations confer a negative charge to the knob, which favors translation of 

viral late mRNAs that contain polyA leaders. To see whether the phosphorylation of 

the conserved Threonine 279 (Thr279) and the region containing Serine 277 - 

Proline 278 - Threonine 279 – Glutamic acid 280 (SPTE) were also involved in viral 

IRES translation, we decided to include the equivalent phosphomimetics 

modifications in our study by replacing the potentially phosphorylated amino acids by 

Glutamic acids (T279E and SPTE-EPEE). 

II. RESULTS 
 

A. The knob region of RACK1 is required for translation 
and replication of Dicistroviridae 

 

To assess the role of the modified versions of RACK1 in viral IRES 

translation, we used a modified S2 cell line (S2_shRACK1) that stably expresses a 

small hairpin RNA (shRNA) targeting the 5’UTR of RACK1 mRNA expressed under 

the control of the metallothionein promoter (Majzoub et al., 2014). We rescued the 

expression of RACK1 in these cells by transfection of plasmids coding for different 

versions of tagged-RACK1 complementary (cDNA) under the actin42A promoter. 

These cells were also transfected with a CrPV 5’IRES-Renilla reporter plasmid and a 

standard capped-Firefly reporter plasmid (Figure 8A). Expression of a FLAG-tagged 

wild-type (WT) version of RACK1 allowed the translation of the CrPV 5’IRES 

whereas expression of RACK1 versions unable to bind to the ribosome (D108Y) did 

not allow CrPV 5’IRES translation (Figure 8B). Both WT Drosophila and human 

RACK1 proteins were able to support CrPV 5’IRES translation, showing that the 

function of RACK1 towards viral replication is conserved across species.  
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To rule out an influence of the peptide tag used, we also expressed HA-

tagged RACK1. Expression of a HA-tagged WT version of RACK1 allowed the 

translation of the CrPV 5’IRES whereas expression of two RACK1 versions unable to 

bind to the ribosome (R36D-K38E and D108Y) did not allow CrPV 5’IRES translation 

(Figure 8C). We showed by western-blot that all the signaling mutants (T51A, Y53F, 

Y229F, Y247F and Y303F) were expressed in S2 cells. Furthermore, all these 

modified versions of RACK1 were able to support translation driven by the 5’IRES of 

CrPV, like the WT protein. This suggests that the interaction of RACK1 with the 

tested cofactors (Vps15, Atg14, Beclin, FAK, Src, β-integrin, PP2A) is not necessary 

for its role in the selective translation of viral IRES. 

 

Interestingly however, a complete deletion of the knob (Δknob) affected CrPV 

translation similarly to cells depleted of RACK1 (Figure 8D). The T279A and T279E 

substitutions also showed an impaired CrPV 5’IRES translation, but the proteins 

were not expressed properly (Figures 8D, 8E). In the same way, the SPTS-EPEE 

mutant showed an impaired translation of the virus, but the SPTS-EPEE protein was 

less expressed than the WT protein (Figure 8E). All the other proteins with point 

mutations in the knob (S208A, K281A and D283A) were expressed at the same level 

as the WT protein and behaved like WT RACK1 (Figure 8D). Overall, these results 

reveal that the knob region of RACK1 is necessary for CrPV translation, although the 

precise residues involved remain to be pinpointed. 

 

We conclude that the interaction of RACK1 with the tested cofactors does not 

play a crucial role in the regulation of an IRES-containing virus, at least in this tissue 

culture assay. One caveat is that we did not confirm by co-immunoprecipitation that 

the interaction between RACK1 and its cofactor is abolished upon mutation of the 

corresponding residue in our Drosophila model. Nevertheless, the knob region of 

RACK1 appears to play an important role in this process. Finally, we validated these 

results on the importance of the knob in the context of virus-infected cells. We 

complemented the S2_shRACK1 cells with different versions of RACK1 and infected 

the cells with CrPV or DCV (Figure 9A). As expected, expression of the WT version 

of RACK1 allowed replication of both viruses, whereas expression of the two 

versions of RACK1 unable to bind to the ribosome did not allow viral replication 

(Figures 9B, 9C). By contrast, expression of the RACK1 Δknob did not support the 

replication of either CrPV or DCV.  
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These results confirm the importance of the knob for the replication of IRES-

containing viruses. This might be explained in two ways: (i) complete deletion of the 

knob in Drosophila RACK1 impairs its integration into the ribosome, or (ii) RACK1 

knob is a central region for RACK1 activity as a translational selector. 

 

B. Towards the role of RACK1 interaction with cofactors in 

vivo 
 

Until now, the function of RACK1 remains poorly characterized in vivo. 

Indeed, most functional studies have been carried in yeast, a unicellular eukaryote. 

We wanted to take advantage of the Drosophila model to gain insight on the role of 

RACK1 in a multicellular organism. In vivo, RACK1 deletion is lethal during 

development in flies and mice (Kadrmas et al., 2007; Volta et al., 2013). To 

understand whether the interaction of RACK1 with the ribosome and/or cofactors is 

important during development, we aimed at complementing RACK1 mutant flies with 

some of the mutant versions of RACK1 described above. We also generated a 

transgene to see if human RACK1 could substitute to the drosophila protein in vivo. 

We generated transgenic flies expressing under the ubiquitous hsp70 promoter 

different RACK1 versions, carrying a FLAG-tagged at their N-termini. All transgenes 

were inserted in the same region of the third chromosome in the Drosophila genome 

using ΦC31-mediated integration at attP sites. We first tested the incorporation of 

RACK1 in the ribosomes in vivo (Figure 10). Flies overexpressing the modified 

versions of RACK1 were subjected to sucrose gradient fractionation followed by 

western-blot. The WT version of RACK1 integrated into the ribosome, as did the 

human version of the protein. As expected, the two RACK1 versions unable to bind 

to the ribosome (R36D-K38E and D108Y) were found only in the free fraction. The 

Y247F and Y303F versions, which were active in the 5’IRES reporter assay in S2 

cells, were correctly inserted into the ribosome. Interestingly, the Δknob version, 

which was inactive in this assay, was also inserted in ribosomes. This confirms the 

results obtained in yeast (Coyle et al., 2009) and highlights the importance of the 

knob in the activity of RACK1 at the ribosome. Of note, RACK1 was detected in the 

free fraction for many constructs (WT, human RACK1, Y247F, Y303F and Δknob) 

although the endogenous RACK1 protein from CantonS WT flies was restricted to 

the ribosomal fractions. We hypothesize that the presence of RACK1 in the soluble 

fraction could result from the overexpression of the protein.  
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The function of these RACK1 mutants was tested by genetic 

complementation in a RACK1 null mutant background (Figure 11). None of the 

transgenes, even the WT version of RACK1, could rescue the mutant lethal 

phenotype. This is surprising, especially because Carine Meignin succeeded in 

previous unpublished experiments to rescue the RACK1 mutants with a WT 

transgene, but not with the R36D-K38E or D108Y transgene. We reasoned that the 

parental mutant line might have acquired other mutations elsewhere in the genome. 

Therefore, we generated our own Clustered Regularly Interspaced Short Palindromic 

Repeats (CRISPR)/CRISPR associated (Cas9) knock out (KO) flies. We used the 

protocol already described in Port and Bullock, 2016, and generated transgenic flies 

expressing three different single guide RNA (sgRNAs) targeting RACK1 exons 

(Figure 12A). We crossed these flies with females expressing the Cas9 protein in 

the germline (Figure 12B) and screened by PCR the offspring. More than half of the 

males tested had a deletion in the region of the RACK1 gene (Figure 12C). We 

sequenced the genomic DNA of F2 flies and observed a deletion of 845 nucleotides 

in the gene region of RACK1, resulting in a premature stop codon at the amino acid 

48. After performing all the crosses depicted in Figure 12B, we obtained 

heterozygous mutants of RACK1 using this technique. However, we were not able to 

maintain the mutation with the CyO balancer chromosome and the mutation was lost. 

Indeed, this balancer chromosome is known to be poorly efficient at maintaining 

mutations near the chromosome ends (Bloomington Drosophila Stock Center). As a 

result, we were not able to perform the planned phenotypic rescue experiments with 

the panel of RACK1 mutants we constructed. Nevertheless, we have introduced the 

CRISPR/Cas9 system in the team and all the tools are now available to generate 

new mutants. Other balancer chromosomes such as SM1, SM5, or SM6a will be 

used to maintain heterozygous RACK1 mutation in future experiments. 
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Figure 12: Strategy for the generation of RACK1 mutation in vivo by CRISPR/Cas9. A. Annotated 
RACK1 gene region showing the position of the 3 sgRNA used, the PCR primers used for screening of 
mutants and the position of one of the deletions obtained (Male 3 cross C). B. Crossing scheme made to 
obtain heterozygous RACK1 mutants (mutation noted RACK1  ). C. Agarose gel after PCR made on 
individual males from the F1. The sequenced line is framed in red.
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III. DISCUSSION 
 

A. A role of PKC in RACK1-dependent selective 
translation?  

 

RACK1 was first identified as an anchoring protein for activated PKC (Ron et 

al., 1994). Since then, it has been proposed that RACK1 links PKC and the 

ribosome. In mammalian cells, PKC stimulation leads to eIF6 phosphorylation, 

release, and subsequent joining of the two ribosomal subunits (Ceci et al., 2003). 

RACK1 interaction with eIF6 thus provides a physical link between PKC signaling 

and ribosome activation. Moreover, binding of PKCβII to RACK1 is important for 

PKC-mediated translational control (Grosso et al., 2008). This was confirmed in vivo, 

as MEFs derived from RACK1 heterozygous mutant mice have reduced PKC-

stimulated translation activity in cell culture assays (Volta et al., 2013). All these data 

point to a role of RACK1 as a PKC platform at the ribosome, linking extracellular 

stimuli to translation. Unfortunately, we could not test the relevance of PKC 

interaction towards viral translation, since its binding site on RACK1 is still unknown. 

 

B. How to separate between RACK1 function at the 
ribosome and in signaling? 

 

RACK1 has previously been associated with a diversity of signaling pathways 

(Adams et al., 2011; Nielsen et al., 2017). Hence, the function of RACK1 in selective 

translation of mRNAs may be dependent on the signaling activity of its binding 

partners. Our ex vivo data do not support this hypothesis. However, we only tested 

cofactors for which the interacting site on RACK1 was mapped. This small list of 

proteins does not represent the plethora of RACK1 protein partners described. Of 

note, our study of RACK1 partners ex vivo in S2 cells did not identify PKC, FAK, or 

other signaling proteins reported to interact with RACK1 (see above Results Chapter 

II and Kuhn et al., 2017). However, we still cannot exclude that RACK1 has a role in 

signaling pathways and interact with its signaling partners in a transient interaction. 

Indeed, comparison of the phosphoproteome of WT and Asc1/RACK1 mutant S. 

cerevisiae showed that the phosphorylation of 120 sites in 90 proteins is dependent 

on Asc1p/RACK1 (Schmitt et al., 2017). Additionally, several subunits of eIF3 are 
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phosphorylated. Thus, it is possible that RACK1-associated kinases could regulate 

the function of eIF3 on the ribosome, regulating the initiation process (Siridechadilok 

et al., 2005). A way to decipher the mechanism of RACK1-dependent translation of 

viral RNAs would be to perform mass spectrometry analysis of endogenous RACK1 

immunoprecipitates in vivo, in the course of an infection. The identification of RACK1 

partners and/or PTMs should help in understanding how RACK1 is acting at the 

interface between signaling and translation. 

 

However, some functions of RACK1 might be strictly dependent on its 

function at the ribosome. For instance, expression of WT RACK1 in Huh7 cells 

promotes resistance to apoptosis induced by doxorubicin (an anti-cancer drug used 

in chemotherapy) (Ruan et al., 2012). Expression of the ribosome-binding defective 

mutant had the opposite phenotype, as it increases the cell sensibility to this drug. 

The other mutants (Y302F, Y52F, and Y228F/Y246F) still promoted resistance of 

HCC cells like WT RACK1. As in our assay, it seems that resistance to apoptosis is 

due to the function of RACK1 at the ribosome, and not to its interaction with 

cofactors. However, similar to our experiments, this study only tested the effect of the 

interaction with a limited number of cofactors. 

 

C. Mechanism by which the RACK1 knob mediates 
selective translation 

 

Overall, our results suggest a role of the knob region of RACK1 in the 

selective translation of the 5’IRES of CrPV and DCV. Indeed, its complete deletion 

does not affect the integration of RACK1 to the ribosome, but affects 5’IRES 

translation in a similar way than a ribosomal mutant. We did not manage to narrow 

down the important residues, as single amino acid mutations in this region either did 

not impact the tested function of the protein or affected its expression. In particular, 

we highlighted the importance of the residue Thr279 in the stability of the protein. 

Indeed, both T279A and T279E mutants are unstable and degraded.  

 

The knob region of RACK1 is of particular interest, as it has been shown to 

be phosphorylated by Poxviruses kinase and to favor viral RNA translation (Jha et 

al., 2017). In our experimental system, expression of the phosphomimics SPTS-

EPEE, which favors Poxviruses translation, seemed to prevent CrPV 5’IRES 

translation. Thus, the knob region of RACK1 might play a role in viral translation 
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through virus-specific mechanisms. We suspect that some residues in the knob could 

be phosphorylated upon viral infection. Indeed, Drosophila RACK1 knob region (9 

amino acids) contains two serines and one threonine, which are potential 

phosphorylation sites. Thus, our results suggest that the knob region of RACK1 is a 

platform for the recruitment to the ribosome of cofactors required for selective 

translation. Clearly, a more detailed analysis of the function of this region of RACK1 

is warranted. 
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CHAPTER IV 
 

RACK1 REGULATES GENE EXPRESSION IN 
RESPONSE TO STRESS 

I. Introduction 

In the last five years, RACK1 has been described as an host factor necessary 

for the replication of several human diseases-causing viruses such as HCV, VacV, 

DENV, ZIKV and WNV (Hafirassou et al., 2017; Jha et al., 2017; Majzoub et al., 

2014). These results raise interest for the use of RACK1 as a HTA target for a broad 

range of viral infections. However, targeting a host protein might result in cellular 

toxicity, highlighting the importance of understanding the role of RACK1 in the cell 

biology in non-infected conditions. 

 

Our ex vivo studies in Drosophila cells suggest that RACK1 is not required for 

cell viability in normal culture conditions (Majzoub et al., 2014). Furthermore, 

depletion of RACK1 in vivo only affects long-term survival in optimal conditions. 

However, RACK1 is necessary during the development of multicellular organisms 

such as mouse and Drosophila (Kadrmas et al., 2007; Volta et al., 2013). One 

obvious way to identify cellular mRNAs for which translation require RACK1 would be 

to study the precise role of RACK1 in development. However, this can be expected 

to be a complicated task, as RACK1 homozygous mutant flies are not viable and 

lethality could result from tissue-specific defects or occur with delayed kinetics 

following defective translation of one or a set of mRNAs. Reports published in the 

literature, mainly on yeasts, suggest a role for RACK1 in stress response. For 

example, in S. pombe, Cpc2/RACK1 is involved in the control of arsenite response 

(Sanchez-Marinas et al., 2018). Moreover, the cellular response against hydrogen 

peroxide stress is partially compromised in Cpc2/RACK1 depleted cells (Núñez et al., 
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2009). In cultured human cells as well, RACK1 facilitates the activation of the MAPK 

pathway by X-rays or genotoxic drugs (Arimoto et al., 2008). 

 

All these results made us wonder whether RACK1 may also be involved in 

stress response in a multicellular organism such as Drosophila. Indeed, the rapid 

response to stress would provide an interesting experimental system to uncover the 

RACK1-dependent cellular mRNAs with the aim of shedding light on translation-

based mechanisms of adaptation to stress. 

II. Results 

A. RACK1 is required for viability after stress in vivo and ex 

vivo 

To identify RACK1-dependent mRNAs, we looked for conditions in which 

RACK1 is required for cell viability. To this aim, we tested the response to ER and 

oxidative stress both in vivo and ex vivo. As RACK1 null mutations are lethal during 

development (Kadrmas et al., 2007), we used the inducible ActinGal4/TubulinGal80TS 

system that drives the expression of a transgene under the control of an upstream 

activating sequence (UAS) in the whole organism, upon temperature switch to 29ºC. 

Once adult flies hatched, we incubated them at 29°C for five days to drive the 

ubiquitous expression of shRNAs targeting either RACK1 (shRACK1) or mCherry 

(shmCherry) as a control. We previously showed that the RACK1 protein is knocked-

down (KD) after five days at 29°C (Majzoub et al., 2014). We then fed the shmCherry 

and shRACK1 flies with a sucrose solution containing or not the tested chemical. 

Expression of RACK1 was still strongly reduced three days post exposure to the 

stress (Figure 13A). We monitored fly survival every day after exposure to 25mM or 

50mM Dithiothreitol (DTT), an inducer of endoplasmic reticulum (ER) stress (Figures 

13B, 13C). We also used paraquat, a well-known herbicide inducing an oxidative 

stress (Figures 13D, 13E) and tunicamycin, another inducer of ER stress (Figures 

13F, 13G). After 7 days with the control regimen (sucrose only), both fly lines started 

to decline. When treated with the drugs, the survival of the flies was impaired in a 

dose-dependent manner. Interestingly, shRACK1 flies succumbed faster than the 

shmCherry control flies when exposed to DTT (25mM and 50mM), tunicamycin 
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(8µM) and paraquat (3mM and 4mM). These results suggest that RACK1 participates 

in stress responses in vivo. 

 

In parallel, we tested the role of RACK1 in response to stress ex vivo using 

cell culture. We used a modified S2 cell line (S2_shRACK1) that stably expresses a 

shRNA targeting the 5’UTR of RACK1 mRNA expressed under the control of the 

metallothionein promoter (Majzoub et al., 2014). Treatment with 0.5mM CuSO4 

induced the expression of the shRACK1 and an efficient KD of RACK1 after five days 

compared to CuSO4 treated S2 cells, as previously reported (Figure 14A). We then 

incubated both cell lines with normal medium, or medium containing 25mM DTT for 

one hour and monitored the cell viability during the following days. After two days of 

culture in non-stressed condition, 90% of the untreated cells were viable for both cell 

lines (Figure 14B). However, we observed an impaired viability of the S2_shRACK1 

cells 48 hours after the ER stress compared with the control cells (Figure 14C). 

Similar results were obtained when cells were treated with 10mM hydrogen peroxide 

(H2O2) for one hour (Figure 14D). These data indicate that RACK1 is also required 

for stress response in tissue culture cells. 

 

To test whether RACK1 is also required for cell viability upon stress in human 

cells, we used the Hap1 cell line and two derived KO lines (Jha et al., 2017). We 

confirmed by western-blot the loss of RACK1 expression in the two KO cell lines 

(Figure 14E). We then subjected these cells to medium containing 1mM H2O2 or not 

for one hour and monitored cell viability for two days. Treatment with control medium 

did not affect cell viability (Figure 14F). However, upon treatment with H2O2, we 

observed an impaired viability of both RACK1 E3A5 and E3A6 KO cell lines two days 

after the stress (60% and 40% of living cells respectively) (Figure 14G). These 

results indicate that RACK1 is required for stress response to oxidative stress in 

human Hap1 cells, as in Drosophila.  

 

Overall, these data reveal that RACK1 is required for cell viability in vivo and 

ex vivo, in flies and humans. We hypothesized that this reflected the role of RACK1 

in the translational regulation of mRNAs involved in stress response. 

 
  



Figure 13: RACK1 is required for stress response in Drosophila in vivo. A. ActinGal4;TubulinGal80  . 
>UAS::shmCherry and >UAS::shRACK1 flies were raised for 5 days at 29ºC to induce shRNA expression. 
Flies were treated with sucrose supplemented or not with DTT and Western-blot (WB) was performed 3 
days later to assess RACK1 KD efficiency. One blot representative of 2 independent experiments is 
presented. B-C. Survival of ActinGal4;TubulinGal80  >UAS::shmCherry and >UAS::shRACK1 flies after 
ER stress induced by DTT feeding at 25mM (B) or 50mM (C). D-E. Survival of ActinGal4;TubulinGal80  .  
>UAS::shmCherry and >UAS::shRACK1 flies after oxidative stress induced by paraquat feeding at 3mM 
(D) or 4mM (E). F-G. Survival of ActinGal4;TubulinGal80   >UAS::shmCherry and >UAS::shRACK1 flies 
after ER stress induced by tunicamycin feeding at 4µM (F) or 8µM (G). B-G. Fly survival was monitored 
every day and statistical analysis was performed using Log-rank (Mantel-Cox) Test. Data represent 
mean+SEM of 3 independent experiments (total of n=60 flies). ns: nonsignificant; *p<0.05; **p < 0.01; 
***p<0.001.
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Figure 14: RACK1 is required for stress response in Drosophila and human cells. A. Western-blot 
(WB) of S2 and S2_shRACK1 cells after 5 days of CuSO4 treatment. One blot representative of 3 inde-
pendent experiments is presented. B-D. Drosophila S2 cells or S2_shRACK1 cells were incubated with 
control culture medium (B), medium containing 25mM DTT (C) or medium containing 10mM H2O2 (D) for 
one hour. This medium was replaced by control medium and cell viability was monitored at day 0 (D0), day 
1 (D1) and day 2 (D2) by Trypan blue. E. Western-blot showing RACK1 expression the Hap1 cell line and 
the two RACK1 KO cell lines. Data representative of two independent experiments. F-G. Hap1 parental 
cell line and two RACK1 KO cell lines were incubated with control medium (F) or medium containing 1mM 
H2O2 (G) for one hour. Cell viability was monitored at day 0 (D0), day 1 (D1) and day 2 (D2) by Trypan 
blue. B-D, F-G. Data represent mean+SEM of 3 independent experiments. Statistical analysis was 
performed using 2way ANOVA followed by Bonferroni’s post test. ns: nonsignificant; *p<0.05; **p < 0.01; 
***p<0.001.
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B. Transcriptomic analysis reveals RACK1-dependent or 
stress-dependent genes 

To identify mRNAs that may require RACK1 for their translation during stress, 

we performed polysome profiling in control shmCherry and in shRACK1 flies 

(Figures 15A). We chose the 25mM DTT treatment as a stress condition, and 

collected the flies at three days post treatment, when the stressed flies start to die. 

As a control, we also performed a transcriptome analysis of whole flies before 

fractionation, to verify global mRNA quantity. Principal component analysis (PCA) 

showed that triplicates of transcriptome samples were clustering according to the 

conditions (Figure 15B). We performed pairwise comparison of (i) shRACK1 vs 

shmCherry or (ii) DTT vs sucrose for all combinations of transcriptome to uncover 

genes which depend on RACK1 or that are regulated in response to stress 

respectively (Figure 16A). The sequencing of triplicates allowed assigning a pvalue 

to each fold change ratio, and we chose a twofold ratio (log2 fold change > 1 or < -1) 

with p<0.05 as a biological significance threshold. 

 

We first analyzed the effect of RACK1 KD in vivo in both unstressed 

(Sucrose) and DTT stressed conditions (Figure 16B, Table 1). Of note, RACK1 

mRNA was highly expressed in vivo and its level was reduced by two-fold in sucrose-

treated shRACK1 flies compared to sucrose-treated shmCherry flies (Figure 17). In 

the absence of stress, 82 or 53 genes were respectively up- or down-regulated in 

shRACK1 flies. In the same way, 55 or 44 genes were respectively up- or down-

regulated in stressed shRACK1 flies. In each case, around 30% of these genes were 

commonly regulated in both unstressed and stressed conditions. Gene ontology 

(GO) analysis in the different gene populations did not detect enrichment of any 

biological process. These results suggest that RACK1 can have an effect on mRNA 

transcription or stability. 

 

We then analyzed the changes in mRNA levels in response to stress (Figure 

16C, Table 2). In shmCherry flies, 60 or 112 genes were up- or down-regulated in 

DTT-treated conditions. In the absence of RACK1, 45 or 152 genes were 

respectively up- or down-regulated in DTT-treated conditions. We observed an 

overlap between DTT-dependent genes in both fly lines (between 25 and 28% of the 

genes). For instance, genes involved in lipid metabolic processes were repressed by 

DTT in both fly lines, suggesting that part of the lipid metabolism is shut down in  
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response to ER stress in a RACK1-independent manner. Strikingly, many biological 

processes were enriched in the 22 genes up-regulated only in the shRACK1 flies. 

These biological processes displayed a very low pvalue, indicating a very robust 

enrichment in genes involved in immune response such as antibacterial humoral 

response. Of note, some genes classified as “response to oxygen levels” were also 

enriched only in the shRACK1 fractions but all of them were immune-related genes. 

These results suggest that RACK1 prevents the induction of mRNAs encoded by 

immune genes in response to an abiotic stress. 

 

C. RACK1 represses the transcription of IMD target genes 

We next looked at the 22 genes induced by DTT only in RACK1 silenced 

flies. Eleven of them are immune genes related to the Drosophila immune deficiency 

(IMD) pathway (Figure 18A). This pathway is induced following infection with gram-

negative bacteria and leads to the expression of anti-microbial peptides (AMPs) such 

as Attacins (e.g. AttA), Diptericins (e.g. DptA) and Cecropins (e.g. CecC), mainly 

through the transcription factor Relish (Myllymäki et al., 2014). We confirmed that the 

AMPs and other IMD-regulated genes are upregulated by DTT in shRACK1 flies 

(Figure 18B). Of note, we also observed an increased expression of those genes in 

DTT-stressed shmCherry flies, although it was not statistically significant. Moreover, 

we also noted that AMPs expression is higher in stressed shRACK1 flies than in 

stressed shmCherry flies, although the difference is again not significant. This is 

explained by the increase in AMPs expression upon stress in the shmCherry 

controls. In S2 cells, AMPs were not regulated by DTT, whether RACK1 was 

silenced or not (Figure 18C). Strikingly however, we observed a significant 

upregulation of the IMD-regulated genes DptA, Peptidoglycan recognition protein 

SB1 (PGRP-SB1), edin and Metchnikovin (Mtk) when expression of RACK1 was 

silenced in control cells. Increased expression of AttA and CecC in the absence of 

RACK1 was also visible, but the difference was not statistically significant. We 

monitored the activity of the promoters of DptA and Mtk genes using luciferase 

reporters in both S2 and S2_shRACK1 cells and observed that the activity of the 

promoters reflected the accumulation of the corresponding mRNAs (Figure 18D). 

Overall, these unexpected results show that RACK1 represses the transcription of 

IMD target genes. In vivo, this repression is visible in DTT-treated conditions, 

whereas it is constitutive ex vivo. 
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D. RACK1 represses the translation of AMPs mRNAs 
through their 5’UTR 

We wondered whether RACK1 was also involved in the selective translation 

of mRNAs during stress. We fractionated whole fly extracts from control shmCherry 

and shRACK1 flies, DTT-treated and untreated, and extracted RNAs from different 

sucrose gradient fractions, according to their translational status: polysomes (actively 

translated), monosomes (mRNAs in initiation and/or with short open reading frames) 

and free (untranslated) (Figure 15A). PCA of all the sequencing data showed that 

one of the triplicates from the monosomes fraction (shRACK1 DTT) did not cluster 

with the two other replicates. It was the source of many false positive candidates and 

was thus excluded from the analysis (Figure 15B).  

 

We performed pairwise comparison of DTT vs sucrose for all fractions to 

uncover genes translationally deregulated by DTT stress in both fly lines. We 

identified genes enriched or depleted from polysomes, monosomes and free fraction 

in stressed condition (Figure 19, Table 2). Again, we found genes specifically 

modulated by DTT-stress in shmCherry or shRACK1 flies, as well as genes 

commonly regulated between the two fly lines. The genes depleted from polysomes 

of shmCherry flies upon DTT treatment were enriched in biological process related to 

vesicular trafficking (Figure 19A). Genes related to hexose metabolic process were 

enriched in both shmCherry and shRACK1 flies, suggesting that upregulation of this 

pathway is related to a stress response independent of RACK1. More strikingly, we 

observed a strong and consistent GO enrichment of immune-related genes in the 

polysomes, monosomes and free fractions of shRACK1 DTT-stressed flies (Figures 

19A, 19B, 19C), similar to the enrichment we observed in the transcriptome data 

(Figure 16). These genes were again mainly AMPs from the IMD pathway (Figures 

20A, 20B). This enrichment could reflect the increased total mRNA levels observed 

for these genes. Alternatively, RACK1 may also repress the translation of these 

mRNAs, resulting in an upregulation when RACK1 is depleted. 

 

To distinguish between these possibilities, we monitored mRNA translation 

efficiency, using a cell culture model. We transfected mRNAs containing the 5’UTR 

or the IGR IRES of CrPV upstream of the Renilla luciferase into S2 and 

S2_shRACK1 cells. These mRNAs were capped with a non-functional G(5’)ppp(5’)A 

cap to avoid cap-dependent translation of the IRES constructs as well as 5’-3’ mRNA 
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degradation. We tested the translational activity of the whole 5’IRES (709 nucleotides 

upstream of the AUG codon), the minimal 5’IRES (352 nucleotides upstream of the 

AUG codon) and the intergenic IRES (Gross et al., 2017). All CrPV reporter mRNAs 

were co-transfected with an mRNA containing the 5’UTR of the actin42A gene 

upstream of the Firefly luciferase to normalize the transfection efficiency. This mRNA 

was polyadeylated and capped with a functional m7G anti-reverse cap analogue 

(ARCA). RACK1 depletion prevented the translation of both whole and minimal 

5’IRES, whereas it had no effect on the IGR IRES translation (Figure 20C). As 

previous reports suggested an involvement of RACK1 in translation regulation 

through the 5’UTR (Rachfall et al., 2012; Ruan et al., 2012), we constructed reporter 

mRNAs containing the 5’UTR of DptA, Cecropin A1 (CecA1), Cecropin B (CecB) and 

Attacin C (AttC) upstream of the firefly luciferase. We also added reporter containing 

the 5’UTR of Poor imd response upon knock-in (Pirk), a negative regulator of the 

IMD pathway (Kleino et al., 2008) which was depleted from the polysome and 

monosomes of DTT-stressed shRACK1 flies. After addition of the m7G ARCA cap 

and polyA tail, these mRNAs were transfected into S2 and S2_shRACK1 cells. An 

mRNA containing the 5’UTR of the gene TNF associated factor 6 (TRAF6) was 

added as a negative control, as TRAF6 mRNAs expression was found to be stable in 

all the fractions recovered. These mRNAs were co-transfected with an mRNA 

containing the Renilla luciferase under the control of the 5’UTR of the gene actin42A, 

to normalize for transfection efficiency. Translation of the AttC, CecB and DptA 

reporter mRNAs significantly increased in S2_shRACK1 cells compared to the S2 

control cell line, whereas translation of the CecA1 and TRAF6 reporter mRNAs did 

not (Figure 20D). Moreover, the 5’UTR of Pirk-RA isoform was not affected by 

RACK1 depletion. Unfortunately, the construct containing the 5’UTR of Pirk-RB 

isoform did not allow the detection of the Firefly luciferase. Thus, we cannot conclude 

yet whether Pirk-RB mRNA is translated in a RACK1-dependent way. Of note, we did 

not test mRNA stability of our constructs. Nevertheless, these results demonstrate 

that RACK1 represses the translation of AttC, CecB and DptA mRNAs through their 

5’UTR ex vivo.  

 

One key question emerging from these results is to uncover the cis-acting 

sequences/structures that drive RACK1-dependent selectivity. AMPs mRNAs have 

relatively short 5’UTRs (64nt for AttC, 44nt for DptA), compared to the average size 

of Drosophila 5’UTRs (around 217-260nt) (Celniker and Rubin, 2003). Using a 

bioinformatics analysis based on alternative start codon efficiency (Diaz de Arce et 



43153 55

shmCherry shRACK1

4123 52

shmCherry shRACK1

shmCherry shRACK1

5521 21

Effect of DTT stress in polysomes

Effect of DTT stress in monosomes

shmCherry
sucrose

shmCherry
DTT

shRACK1
sucrose

shRACK1
DTT

induced by DTT:
42 genes

depleted by DTT:
75 genes

induced by DTT:
76 genes

depleted by DTT:
49 genes

shmCherry shRACK1

0 5 10 15 20 25

protein secretion

regulation of exocytosis

organelle localization by membrane tethering

- log (pvalue)

0 5 10 15 20 25

defense response to Gram-positive bacterium

antibacterial humoral response

defense response to Gram-negative bacterium

response to oxygen levels

immune response-activating signal transduction

regulation of lymphocyte diffentiation

lymphocyte differentiation

immune effector process

activation of innate immune response

negative regulation of multicellular organismal process

negative regulation of cell differentiation

innate immune response

hexose metabolic process

- log (pvalue)

0 5 10 15 20 25

defense response to Gram-positive bacterium

antibacterial humoral response

defense response to Gram-negative bacterium

response to oxygen levels

- log (pvalue)

Effect of DTT stress in free fraction

1532 6

shmCherry shRACK1

0 5 10 15 20 25

antibacterial humoral response

defense response to Gram-negative bacterium

defense response to Gram-positive bacterium

response to oxygen levels

- log (pvalue)

shmCherry
sucrose

shmCherry
DTT

shRACK1
sucrose

shRACK1
DTT

induced by DTT:
75 genes

depleted by DTT:
208 genes

induced by DTT:
93 genes

depleted by DTT:
98 genes

shmCherry shRACK1

shmCherry
sucrose

shmCherry
DTT

shRACK1
sucrose

shRACK1
DTT

induced by DTT:
38 genes

depleted by DTT:
52 genes

induced by DTT:
21 genes

depleted by DTT:
97 genes

shmCherry shRACK1

Induced by DTT
log2 fold change

DTT vs Sucrose >1
p<0.05

Depleted by DTT
log2 fold change

DTT vs Sucrose <-1
p<0.05

Depleted by DTT
log2 fold change

DTT vs Sucrose <-1
p<0.05

Induced by DTT
log2 fold change

DTT vs Sucrose >1
p<0.05

Depleted by DTT
log2 fold change

DTT vs Sucrose <-1
p<0.05

Induced by DTT
log2 fold change

DTT vs Sucrose >1
p<0.05

B

C

GO enrichment

GO enrichment

GO enrichment

GO enrichment

A

61% 21.9% 17.1%

19.8% 44.9% 35.3%

3359 16

shmCherry shRACK1

54.6% 14.8% 30.6%

6520 32

shmCherry shRACK1

17.1% 27.4% 55.5%

60.4% 11.3% 28.3%

21.7% 21.7% 56.6%

Figure 19: Polysome profiling followed by RNA sequencing identifies genes modulated by DTT 
treatment. Analysis of the effect of DTT treatment (pairwise comparison DTTvs Sucrose) in both fly geno-
types for polysomes (A), monosomes (B) and free (C) fractions. Venn diagramm allowed to identify genes 
induced or depleted by DTT stress in shmCherry flies only, shRACK1 flies only, or in both fly lines. Gene 
Ontology enrichment of Biological process was performed with pantherdb.org. 



A B

Legend ns

p<0.05 in shmCherry and shRACK1

p<0.05 in shmCherry

p<0.05 in shRACK1

CecC

&\WïE�ïU

Pepck

DptA

Dro
AttA

6RGKï�

Tom

FASN1

TotA

Hayan

5S/��
List

DptB

pirk

PHES�

Ocho

%RE$

AttC

AttB

3*53ï6%�

TotC

'UVO�

ï�

ï�

ï�

�

�

�

ï� ï� ï� � � �

ORJ��)ROG�&KDQJH�DTTvsSucrose in shmCherry

OR
J�
�)
RO
G�
&
KD
QJ
H�
DT

Tv
sS
uc
ro
se

 in
 s

hR
AC

K1

CecA1

&HF$�

CecB
CecC

Pepck

DptA

Cyp18a1

Mtk

FASN1

TotA

TotM

DptB

pirk

3*53ï6'

Osi7
Osi15

Osi18
Osi19

AttD

MtnC

AttC

AttB

3*53ï6%�

TotC

IM18

ï�

ï�

ï�

ï�

0

�

�

�

�

ï� ï� ï� ï� 0 � � � �

Monosomes Polysomes

OR
J�
�)
RO
G�
&
KD
QJ
H�
DT

Tv
sS
uc
ro
se

 in
 s

hR
AC

K1
ORJ��)ROG�&KDQJH�DTTvsSucrose in shmCherry

C
Firefly AAAAAAA

Candidate 5’UTR

Renilla AAAAAAA

Actin42A 5’UTR

Firefly 

CrPV IRES

Renilla

AAAAAAA
Actin42A 5’UTR5’ARCA cap

G(5’)ppp(5’)A cap
5’ARCA cap

5’ARCA cap

w
ho

le
IR

E
S

m
in
im

al
IR

E
S

IG
R
 IR

E
S

0

5

10

15

***

***

ns

R
a

ti
o

 I
R

E
S

-R
e

n
il
la

 /
 a

c
ti
n

-F
ir
e

fl
y

D

S2

S2_shRACK1

S2

S2_shRACK1

Figure 20: RACK1 prevents AMPs translation. A-B. Scatterplot showing the effect of DTT stress (log2 

fold change between DTT and sucrose) in both shmCherry and shRACK1 fly lines. Blue dots indicate the 

genes significantly enriched/depleted from monosomes (A) or polysomes (B) of stressed shRACK1 flies. 

C. Functional control of the S2 and S2_shRACK1 cells. These cells were transfected with mRNA bearing 

a non-functional cap containing the full CrPV 5’IRES, the minimal CrPV 5’IRES or the CrPV IGR IRES 

driving Renilla luciferase translation. A capped actin-Firefly mRNA was co-transfected and the ratio of 

Renilla / Firefly is represented. D. mRNAs encoding the Firefly luciferase under the control of the indicated 

5’UTR were transfected into S2 and S2_shRACK1 cells together with a 5’UTR(actin42A)-Renilla luciferase 

mRNA. Ratios of Firefly / Renilla values are normalised to the ratio of 

5’UTR(actin42A)-Firefly/5’UTR(actin42A)Renilla for each cell line. (C-D) Data show mean+SEM of 3 inde-

pendent experiments. Statistics were performed using 2way ANOVA followed by Bonferroni’s post-test. ns: 

nonsignificant; *p<0.05; **p < 0.01; ***p<0.001; nd: not detected.

A
ttC

C
ec

B

D
pt

A

C
ec

A
1

P
irk

-R
A

P
irk

-R
B

T
R
A
F
6

0.0

0.5

1.0

*** ***

***

ns

R
a

ti
o

 F
ir
e

fl
y
 /
 R

e
n

il
la

5'UTR

ns
ns

nd



 86 

al., 2017), we did not find any enrichment in potential uORFs in RACK1-dependent 

5’UTRs compared to the RACK1-independent 5’UTRs. Altogether, these results point 

to a role of RACK1 in the selective translation of some AMPs mRNAs and suggest 

the presence of a cis-acting element within their 5’UTR involved in this regulation.  

E. Involvement of the IMD pathway in RACK1-dependent 
AMP expression and in stress survival 

The upregulation of IMD-dependent genes when RACK1 is silenced raises 

the question whether it is dependent on the activation of the IMD pathway. We 

treated S2 and S2_shRACK1 cells with dsRNAs targeting the TF Relish (Rel) or its 

activating kinase Immune response-deficient 5 (Ird5), and checked AMPs expression 

(Figure 21A). RACK1 mRNA was almost not detectable in S2_shRACK1 cells and 

both Ird5 and Rel mRNAs were efficiently silenced upon treatment with the 

corresponding dsRNAs (Figure 21B). As expected, RACK1 KD led to an increased 

expression of DptA, Mtk, edin and AttA mRNAs. This induction was strongly reduced 

in Relish KD cells and to a lower extent in Ird5 KD cells. These results suggest that 

the RACK1-dependent overexpression of AMPs is mediated by the IMD pathway 

through the Relish TF. As overexpression of AMPs is known to be detrimental for fly 

survival (Katzenberger et al., 2015; Lamiable et al., 2016; Lin et al., 2018), these 

results suggest that the increased lethality of RACK1 silenced flies upon DTT 

treatment results from the deregulated expression of IMD target genes. To test if 

AMPs deregulation could explain the phenotype of shRACK1 flies, we fed control 

(w1118) and Relish homozygous mutant flies (RelE20) with a sucrose solution 

containing or not 25mM DTT (Figure 21C). We monitored fly survival every day after 

exposure and observed an impaired survival of Relish mutant flies compared to the 

controls. Surprisingly, these data, which will need to be confirmed, suggest that the 

complete absence of AMPs is detrimental for survival. 
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Figure 21: The IMD pathway is involved in stress response. A. S2 and S2_shRACK1 cells were trans-

fected with dsRNAs targetting GFP, Ird5 or Rel and the expression of edin, Mtk, DptA and AttA was quanti-

fied by RT-qPCR. B. In parallel, KD efficiency was assessed by quantifying the expression of Ird5, Relish 

and RACK1 mRNA. A-B. Data show mean + SEM of 3 independent experiments. Statistics were 

performed using 2way ANOVA followed by Bonferroni’s post-test. C. Survival of WT w      and Rel      flies 

after ER stress induced by DTT feeding at 25mM. Fly survival was monitored every day and statistical 

analysis was performed using Log-rank (Mantel-Cox) Test. Data represent mean+SEM of 3 independent 

experiments (total of n=60 flies). ns: nonsignificant; *p<0.05; **p < 0.01; ***p<0.001; ****p<0.0001.
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F. Identification of a set of genes requiring RACK1 for 
translation 

Our polysome profiling followed by RNA sequencing identified many mRNAs 

depleted from polysomes or monosomes in shRACK1 flies. Even if no GO 

enrichment other than vesicular trafficking-related genes was detected (Figure 19), it 

still remains that these RACK1-dependent mRNAs might play a role in stress 

response. Genes from the Osiris family (Osi7, Osi15, Osi19 and Osi18) were strongly 

depleted from polysomes of shRACK1 flies upon DTT stress (Figures 20B, 22A). 

These genes are conserved in insects but do not have any known function in 

Drosophila yet (FlyBase Curators et al., 2004; Shah et al., 2012). However, the 

common RACK1-dependent regulation of four genes of this family might reflect a 

functional role, which needs to be further studied  

 

Moreover, the mRNAs for CG18814, a gene with unknown function potentially 

involved in oxidation-reduction process (FlyBase Curators et al., 2004), and 

Cytochrome P450-18a1 (Cyp18a1), an enzyme known to inactivate 20-

hydroxyecdysone (Guittard et al., 2011), were also depleted from the polysomes of 

stressed RACK1-silenced flies (Figure 22A). Interestingly, the phenotype of 

Cyp18a1 mutant flies was reminiscent of the developmental phenotype of RACK1 

mutant flies we observed (C. Meignin, unpublished). To test whether the impaired 

expression of the CG18814 or Cyp18a1 mRNAs in shRACK1 flies contributes to the 

lethality upon DTT stress, we used the ActinGal4/TubulinGal80TS system and UAS-

shRNA transgenes targeting the two genes. We fed shmCherry, shRACK1, 

shCG18814 and shCyp18a1 flies with a sucrose solution containing or not 25mM 

DTT and monitored survival daily (Figure 22B). Upon sucrose regimen, we observed 

no difference in viability between all four fly lines. As expected, shRACK1 flies 

succumbed faster than the control shmCherry upon DTT treatment. Interestingly, the 

survival of Cyp18a1 silenced flies was also significantly affected by DTT stress, 

although these flies resisted longer than the RACK1 depleted ones. A trend for 

reduced survival was also observed for CG18814 silenced flies (Figure 22B). These 

results indicate that the loss of one RACK1-dependent gene is probably not sufficient 

to entirely recapitulate the phenotype of shRACK1 flies. Nevertheless, they suggest 

that the concomitant decreased translation of several mRNAs in RACK1-silenced 

flies might explain the lethality upon DTT stress. 
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We thus constructed reporter mRNAs containing the 5’UTR of the two 

isoforms of Cyp18a1, Cyp18a1-RA and Cyp18a1-RB, upstream of the firefly 

luciferase and tested their translation efficiency in our cell culture model (Figure 

22C). The luciferase activity of both Cyp18a1-RA and Cyp18a1-RB 5’UTR reporters 

was barely detected. Nevertheless, we did not see a RACK1-dependency of these 

5’UTRs. Further optimizations are required to confirm these results.  

 

Altogether, these results show that many genes might be translated in a 

RACK1-dependent manner. These genes still need further characterization to 

understand the role of RACK1 in stress response. 

 

III. Discussion 

A. Comments on the polysome profiling followed by RNA 
sequencing 

The two main techniques for the quantification of the translatome are 

polysome profiling and ribosome profiling. Historically, polysome profiling was aimed 

at analyzing the translation efficiency of individual genes, but its coupling to high-

throughput sequencing made it a powerful tool to generate translatomes. Polysome 

profiling gives a direct view of ribosome density on each mRNAs by the separation of 

polysomal, monosomal and free mRNAs for instance. On the other hand, ribosome 

profiling results from an estimation of ribosome occupancy (ribosome footprints) 

relative to the total mRNA abundance. Nevertheless, this technique indicates the 

precise position of ribosome, allowing the identification of alternative initiation codons 

for instance (Ingolia, 2014; Jin and Xiao, 2018). In our case, we used polysome 

profiling because we wanted to see the difference in translation efficiency by a shift 

from polysome to monosomes or free fraction. However, we did not observe such 

shifts in our data. Nevertheless, we observed a shift from polysomes to monosomes 

for some genes, although we did not analyze it further yet. More bioinformatics 

analyses are required to dissect changes on translation efficiencies. 

  



0 2 4 6 8 10
0

20

40

60

80

100

Days post stress

P
er

ce
nt

 s
ur

vi
va

l

shmCherry Sucrose
shRACK1 Sucrose
shCG18814 Sucrose
shCyp18a1 Sucrose

ns
ns
ns

Figure 22: Identification of RACK1-dependent mRNAs. A. Heatmap showing the log2 Fold Change of 
DTT vs Sucrose obtained in the transcriptome and polysome profiling in all fractions for Osi7, Osi15, 
Osi19, Osi18, CG18814 and Cyp18a1. B. Survival of ActinGal4;TubulinGal80 >UAS::shmCherry, 
>UAS::shRACK1, >UAS::shCG18814 and >UAS::shCyp18a1 flies after ER stress induced by DTT feeding 
at 25mM. Fly survival was monitored every day and statistical analysis was performed using Log-rank 
(Mantel-Cox) Test. Data represent mean+SEM of 3 independent experiments (total of n=60 flies). C.  
mRNAs encoding the Firefly luciferase under the control of the indicated 5’UTR were transfected into S2 
and S2_shRACK1 cells together with a 5’UTR(actin42A)-Renilla luciferase mRNA. Ratios of Firefly / 
Renilla values are normalised to the ratio of 5’UTR(actin42A)-Firefly/5’UTR(actin42A)Renilla for each cell 
line. Data show mean+SEM of 3 independent experiments. Statistics were performed using 2way ANOVA 
followed by Bonferroni’s post-test. ns: nonsignificant; *p<0.05; **p < 0.01; ***p<0.001. nd: not detected.

-1
-2
-4

log2FC
p<0.001    ***
p<0.01       **
p<0.05        *

A

C

TS

B

Firefly AAAAAAA

Renilla AAAAAAA
Actin42A 5’UTR

5’ARCA cap

5’ARCA cap

S2

Cyp18a1 5’UTR

ns

**
ns

**

* ns

shmCherry Sucrose + DTT 25mM
shmRACK1 Sucrose + DTT 25mM
shCG18814 Sucrose + DTT 25mM
shCyp18a1 Sucrose + DTT 25mM

Cyp
18

a1
-R

A

Cyp
18

a1
-R

B
0.0

0.5

1.0

5'UTR

N
or

m
al

is
ed

 R
at

io
 

Fi
re

fly
 / 

ac
tin

-R
en

ill
a

ns ns

S2_shRACK1

ge
ne

 n
am

e

Tr
an

sc
rip

to
m

e

Po
ly

so
m

es

M
on

os
om

es

Fr
ee

Tr
an

sc
rip

to
m

e

Po
ly

so
m

es

M
on

os
om

es

Fr
ee

Osi7 ns ns ns ns ns *** ns ns
Osi15 ns ns ns ns ns * ns ns
Osi19 ns ns ns ns ns * ns ns
Osi18 ns ns ns ns ns * ns ns
CG18814 ns ns ns ns ns * ns ns
Cyp18a1 ns ns ns ns ns * ns ns

log2FC DTT vs Sucrose 
in shmCherry

log2FC DTT vs Sucrose 
in shRACK1



 91 

This method identified hundreds of mRNAs regulated by RACK1. We focused 

our attention on AMPs genes and some stress-related genes, but the study of many 

other genes would be relevant as well. For instance, we identified 23 genes enriched 

in the polysomes of DTT-stressed shmCherry flies only (Figure 19A). Translation of 

these genes might take part in the increased resistance to stress of the shmCherry 

flies compared to the shRACK1 flies. Of note, we found long non-coding RNAs 

(lncRNAs) in polysomes and monosomes fractions (e.g. CR45045 and CR44404). 

This suggests that the status of these RNAs as non-coding needs to be re-evaluated. 

In this aim, ORF prediction might be performed together with whole fly mass 

spectrometry to identify the corresponding peptide. 

B. RACK1 is involved in transcription regulation of immune 
genes 

We observed a clear and strong signature of IMD target genes in DTT 

stressed shRACK1 flies, at the level of transcription. One trivial explanation for this 

result may be a modification of the gut barrier permeability in RACK1 silenced flies. 

Indeed, as every animals, flies possess a gut microbiota composed among other of 

Gram-negative bacteria such as Proteobacteria (Broderick and Lemaitre, 2012). DTT 

feeding in these conditions would result in bacterial crossing of the barrier, leading to 

systemic infection and activation of the IMD pathway. While we cannot completely 

rule out such a scenario, we think it is unlikely since (i) we failed to detect increased 

gut permeability in RACK1 silenced flies and (ii) we also observed an induction of 

AMPs upon RACK1 silencing in our bacteria-free S2 cell culture model. 

 

In Drosophila, we identified Pirk as a potential RACK1-dependent gene, both 

at the level of transcriptome and translatome (Table 2). Further experiments are 

required to confirm these results. For instance, we still need to confirm the decreased 

Pirk mRNA expression in DTT-stressed shRACK1 flies and in S2_shRACK1 cells. 

Expression of a WT RACK1 or a ribosome-binding defective mutant of RACK1 (e.g. 

R36D-K38E) in these cells should indicate whether this regulation of Pirk is 

dependent on translation or on an extra-ribosomal function of RACK1. Moreover, we 

did not see a RACK1-dependency of Pirk-RA translation in our S2 cell model, 

although we cannot exclude that Pirk-RB 5’UTR is RACK1-dependent. We might turn 
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to in vitro translation experiments to increase the luciferase signal we obtained from 

this reporter.  

 

Additionally, we identified some AMPs (e.g. DptA and CecB) as being 

negatively regulated by RACK1, both at the level of transcriptome and translatome 

(Table 2). It was at first unexpected to observe a role for a ribosomal protein in the 

regulation of transcription of immune genes. Nevertheless, RACK1 has been shown 

to have an extra-ribosomal signaling function in immune pathways in mammals. 

Indeed, overexpression of RACK1 in HEK293T cells delays the expression of TNF-

induced genes such as Interleukin 8 (IL-8) and TNFα (Yao et al., 2013). RACK1 

interaction with IκB kinase (IKK) proteins delays the activation of the pathway. 

Similarly, RACK1 is a negative regulator of interferon (IFN)-β-luciferase reporter and 

KD of RACK1 increases IFNβ1, Interferon stimulated gene 15 (ISG15) and 

Regulated upon Activation, Normal T cell Expressed, and Secreted (RANTES) 

mRNA levels induced by poly(I:C) or Sendai virus (Long et al., 2014). In the retinoic 

acid-inducible gene I (RIG-I) pathway, RACK1 interacts with Virus-induced signaling 

adapter (VISA) and prevent its association with TRAF proteins, impairing the 

activation of IFNβ promoter (Xie et al., 2019). These studies and our results point to 

a role of RACK1 as a negative regulator of immune pathways, in Drosophila and 

mammals. 

C. Link between RACK1 and fly survival upon stress 

In this study, we observed an impaired viability of RACK1 silenced flies 

compared to shmCherry control flies. In parallel, we identified mRNAs whose 

translation is blocked by RACK1 (e.g. AMPs such as AttC and DptA) or require 

RACK1 (e.g. stress-related genes such as Cyp18a1 and CG18814). This raises two 

scenarios for the role of RACK1 in stress response. 

 

(1) In the case of genes translationally repressed by RACK1 (e.g. AMPs):  

DTT stress induces the expression of genes, which are harmful for the 

fly. The presence of RACK1 at the ribosome prevents the translation of 

these mRNAs. To verify that AMP expression contributes to the demise 

of the DTT stressed flies, we used Relish mutant flies, but we found 

that they succumb much more rapidly than the WT controls. This may 

be explained by the fact that Relish regulates a large number of genes 
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besides AMPs, some of which may participate in resistance to stress 

(De Gregorio et al., 2002). We now need to test in vivo whether the 

silencing of AMPs alone or in combination in shRACK1 flies is 

beneficial for survival. In the opposite, depletion of Pirk in shRACK1 

flies should reduce even more the fly survival. This will give us a hint 

whether deregulated AMPs expression is the cause of the lethality of 

RACK1 depleted flies. 

 

(2) In the case of genes which require RACK1 for their translation: 

DTT stress induces the expression of genes beneficial for fly survival. 

The presence of RACK1 at the ribosome is required for the translation 

of these mRNAs. We showed that depletion of CG18814 and Cyp18a1 

impairs fly survival upon treatment with DTT, albeit to a lower extent 

than depletion of RACK1. However, we did not confirm the RACK1-

dependency of the 5’UTR of these mRNAs in our tissue culture assay. 

As with Pirk, we might have to turn to in vitro translation assays to 

increase the luciferase signal from the reporters. Moreover, we only 

tested two genes in our DTT-stress assay, but more genes were 

identified as RACK1-dependent upon stress and need further 

characterization (e.g. Osiris family members). 

 

While we cannot with our present results rule out one of the two scenarios, 

we note that they are not mutually exclusive. Indeed, the conjunction of positive 

regulation of beneficial genes and negative regulation of harmful genes may explain 

the sensitivity of RACK1 silenced flies to stress.  

D. Post-transcriptional regulation of immune genes 

Our results suggest the existence of a post-transcriptional regulation of IMD-

dependent genes. Activation of the UPR leads to nuclear factor-kappa B (NF-κB)-

dependent transcription of immune genes and to the phosphorylation of eIF2α and 

subsequent cap-dependent translation shutdown (Frakes and Dillin, 2017). 

Interestingly, bacterial infection in Drosophila activates GCN2, and leads to the 

expression of 4E-BP and shut-down of cap-dependent translation (Vasudevan et al., 

2017). Nevertheless, AMPs mRNAs such as DptA and AttA are still translated, in a 

cap-independent manner. As we showed that RACK1 represses the translation of 
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AMPs, we can speculate that RACK1 represses the cap-independent translation of 

these mRNAs (Figure 23). Of note, a similar mechanism of post-transcriptional 

regulation might exist in mammals, as a recent study identified cap-independent 

sequences in the 5’UTR of immune genes such as IL-6, IL-11 and IL-32 

(Weingarten-Gabbay et al., 2016). Overall, it seems that when a cell encounters a 

stressor, the first step is to activate transcription of immune genes. In a second step, 

their translation is modulated to avoid harmful effect. Our results suggest that RACK1 

might play a key role in this process, as a gatekeeper of immune genes expression. 

 
 
 
 
  



Figure 23: Post-transcriptional gene regulation in abiotic and biotic stresses. Both stresses activate 
PERK and GCN2, kinases from the integrated stress response pathway, leading to shutdown of cap-
dependent translation. In parallel, both stresses activate the transcription of immune pathways and 
expression of AMPs mRNA. AMPs are translated by cap-independent mechanisms and their translation is 
blocked by RACK1.
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Table 1: Heatmap showing the log2 Fold change of 
shRACK1 vs shmCherry in all fractions. The color code 
correspond to the log2 Fold change (log2FC) value, and the 
statistical value is indicated. ****: p<0.0001; ***: p<0.001; **: 
p<0.01; *: p<0.05; ns: not significant.
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CG8509 * ns
eIF3g2 * ns
CG13471 * ns
asRNA:CR45271 * ns
CG14684 * ns
CG14070 * ns
CG32812 * ns
d-cup * ns
ATPsynGL * ns
e(y)2b * ns
CG33267 * ns
bab1 * ns
fan * ns
CG32488 * ns
Eip78C * ns
Appl * ns
bw * ns

POLYSOMES

Sucrose DTT Sucrose and DTT
UP DOWN UP DOWN UP DOWN

Table 1



shRACK1 vs shmCherry
log2FC>1 or <-1 and p<0.05
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CG34434 *** ns lncRNA:CR45259 **** ns CG31275 ns **** lncRNA:CR44298 ns **** lncRNA:sphinx **** **** lncRNA:CR43256 **** ***
BBS8 *** ns CG14500 **** ns vri ns **** asRNA:CR44704 ns **** Pp1-Y1 **** **** Mal-B1 **** ****
CG10822 *** ns CG15721 *** ns Cyp28d2 ns *** CG12708 ns **** asRNA:CR43767 **** **** lncRNA:dntRL **** ***
lncRNA:CR44112 *** ns lncRNA:CR44316 ** ns CG34173 ns *** lncRNA:CR44557 ns **** l(2)03659 *** **** CG10013 *** ***
Vha16-3 *** ns CG42728 ** ns CG43638 ns *** snRNA:U2:38ABa ns **** asRNA:CR43433 *** *** CG34038 * *
CG14106 *** ns CG34136 ** ns asRNA:CR44370 ns *** CG30334 ns **** CG7295 *** ***
ND-51L1 *** ns CG34040 ** ns CG7634 ns *** CG34227 ns **** eIF4E3 *** **
Rack1 *** ns CG10912 ** ns janB ns *** CG3640 ns **** CG3927 *** *
lncRNA:CR43854 ** ns CG34176 ** ns TotA ns ** CG15067 ns **** CG15734 *** *
lncRNA:CR43721 ** ns LysP ** ns CG43673 ns ** CG18107 ns **** phr6-4 ** ****
lncRNA:CR44789 ** ns Ilp6 ** ns CG33285 ns ** CG9691 ns **** lncRNA:CR45410 ** **
CG13426 ** ns IM4 * ns CG34287 ns ** l(2)34Fc ns **** eIF3d2 ** *
VhaAC39-2 ** ns CG43074 * ns CG18536 ns ** SPH93 ns *** CG7768 * ****
yip3 ** ns CG43349 * ns Naa30B ns ** CG6220 ns *** lncRNA:CR44344 * **
CG3515 ** ns GstZ2 * ns CG34292 ns ** CG10918 ns *** lncRNA:CR45560 * *
asRNA:CR45886 ** ns CG18641 * ns Spag1 ns ** snRNA:U2:38ABb ns *** CG41562 * *
betaNACtes4 ** ns CG43295 * ns CG31804 ns ** snRNA:U2:14B ns *** CG40813 * *
vanin-like ** ns Fst * ns Pebp1 ns ** CG43403 ns ***
CG3528 ** ns CG18628 * ns CG14926 ns ** CG43236 ns ***
CG42870 * ns CG5011 * ns CG32371 ns ** CG9650 ns ***
lncRNA:CR43940 * ns CG9344 * ns CG30039 ns ** CG15646 ns ***
CG43308 * ns CG13428 * ns CG18446 ns ** CG15065 ns ***
CG34279 * ns CG43773 ns * Drsl4 ns ***
CG17580 * ns Muc14A ns * sick ns ***
Best3 * ns CG16995 ns * CG5791 ns ***
Vha16-5 * ns lncRNA:CR45279 ns * RNaseMRP:RNA ns ***
lncRNA:CR44617 * ns CG6295 ns * CG16713 ns ***
CG10748 * ns daw ns * IM23 ns ***
Cyp4d14 * ns CG12402 ns * CG34250 ns ***
lncRNA:CR42696 * ns CG43800 ns * Nepl17 ns **
CG32320 * ns CG31525 ns * snRNA:U2:34ABa ns **
CG14456 * ns Mdr50 ns * CG14795 ns **
CG10993 * ns CG31230 ns * Alp11 ns **
Vha16-4 * ns GstD10 ns * CG2650 ns **
CG14763 * ns Uhg4 ns * Drsl3 ns **
asRNA:CR31912 * ns CG18132 ns * CG13641 ns **
lncRNA:CR43264 * ns Ugt37A2 ns * lncRNA:CR43793 ns **
CG32639 * ns alphaTub85E ns * CG16837 ns **
ATPsynbetaL * ns Myo28B1 ns * Obp56e ns **
phu * ns CG31952 ns * CG43267 ns **
lncRNA:CR45248 * ns CG14708 ns * CG32512 ns **
rho-6 * ns CG11892 ns * CG6403 ns **
CG34283 * ns CG31690 ns * Reg-2 ns **
CG1428 * ns NimB3 ns **
CG7573 * ns CG12310 ns **
CG10931 * ns CG3699 ns **
asRNA:CR45927 * ns lncRNA:CR43411 ns **
Rpt4R * ns CG42471 ns **
Rab9E * ns CG8369 ns **
ND-20L * ns CG13227 ns *
CG32232 * ns lncRNA:CR43486 ns *
Rab9D * ns snRNA:U2:34ABc ns *
lncRNA:CR43763 * ns CG11912 ns *
CG9308 * ns snRNA:U2:34ABb ns *
Zmynd10 * ns CecC ns *
G6P * ns CG30178 ns *
asRNA:CR45271 * ns lncRNA:CR44236 ns *
CG2772 * ns lncRNA:CR45256 ns *
Ir75d * ns DIP-beta ns *
lncRNA:CR32658 * ns asRNA:CR46047 ns *
Jheh3 * ns Spn88Eb ns *

asRNA:CR44381 ns *
NimC4 ns *
Stacl ns *
lncRNA:CR45631 ns *
Cp16 ns *
CG43061 ns *
CG43060 ns *
usp ns *
CG43788 ns *
nAChRalpha5 ns *
CG17239 ns *

MONOSOMES

Sucrose DTT Sucrose and DTT
UP DOWN UP DOWN UP DOWN
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shRACK1  vs shmCherry
log2FC>1 or <-1 and p<0.05
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lncRNA:CR46063 ** ns lncRNA:CR45449 * ns cn ns ** CG12057 ns **** lncRNA:CR45259 **** **** Pp1-Y1 **** ****
CG34211 **** ns lncRNA:CR45410 *** ns CG34038 ns * lncRNA:CR44389 ns **** lncRNA:CR44316 **** **** lncRNA:sphinx **** ****
snRNA:U2:38ABa * ns yellow-e2 ** ns lncRNA:CR44199 ns * Pebp1 ns **** lncRNA:CR43256 **** **** CG18536 **** ****
snRNA:U2:38ABb * ns lncRNA:CR43854 * ns LysS ns * CG3106 ns *** CG10918 **** *** lncRNA:CR44344 *** ****
snRNA:U2:14B * ns CG13739 * ns SPH93 ns **** CG42828 ns ** CG33301 **** **** lncRNA:CR32658 *** ****
IM1 * ns Acp54A1 ns **** nompC ns * CG14500 ** **** CG7768 *** **

lncRNA:CR43399 ns *** Cpr65Ec ns * CG11912 ** **** lncRNA:CR32652 ** ****
lncRNA:CR43414 ns *** CG44088 ns * Mal-B1 ** ** Obp99b * *
Nlg4 ns ** CG43773 ns * asRNA:CR44704 ** *
CG43814 ns * eIF4E3 ns **** lncRNA:CR41443 * **
Cpr72Eb ns * CG14763 ns ****
CG34273 ns * asRNA:CR43433 ns ***
lncRNA:CR43969 ns * Mipp1 ns ***
CG17075 ns * Cp15 ns ***
flz ns * CG8834 ns ***
Efhc1.2 ns * Acbp5 ns ***
en ns * Six4 ns **
asRNA:CR44981 ns * PGRP-SC1a ns **
CG2650 ns **** Rack1 ns **
CG12708 ns *** PGRP-SC1b ns **
lncRNA:CR46112 ns ** asRNA:CR43430 ns **
snoRNA:660 ns ** daw ns **
lncRNA:CR44236 ns ** asRNA:CR46101 ns **
CG45770 ns ** lncRNA:CR44324 ns **
Mst77Y-7 ns ** CG3739 ns **
CG12448 ns ** CG34279 ns **
side-V ns ** CG18446 ns **
Mst77Y-13 ns ** CG15649 ns **
Cyp6a23 ns ** CG17124 ns **
lncRNA:CR45448 ns ** CG15734 ns **
CG9344 ns ** E(spl)mbeta-HLH ns *
CG11342 ns ** CG31041 ns *
Ac78C ns ** SP ns *
lncRNA:CR44360 ns * Mst57Db ns *
lncRNA:CR45286 ns * sug ns *
lncRNA:CR44710 ns * Nrk ns *
r-cup ns * Tret1-1 ns *
asRNA:CR31845 ns * CG4250 ns *
dimm ns * Zmynd10 ns *
CG10912 ns * CG13171 ns *
LysP ns * CG13607 ns *
CG44355 ns * MFS14 ns *
lncRNA:CR44660 ns * lncRNA:CR43960 ns *
CG43348 ns * Atg8b ns *
lncRNA:CR43486 ns * Mur2B ns *
DIP-beta ns *
CG11630 ns *
CG15071 ns *
CG15484 ns *
CG6996 ns *
Uro ns *
Nepl17 ns *
Mst77Y-9 ns *
CG13538 ns *
CG45765 ns *
CG45764 ns *
CG13021 ns *
CG43998 ns *
CG43999 ns *
CG45766 ns *
CG18063 ns *
Obp56g ns *
dpr10 ns *
GstZ2 ns *

FREE

Sucrose DTT Sucrose and DTT
UP DOWN UP DOWN UP DOWN

Table 1



DTT vs SUCROSE Transcriptome

log2FC>1 or <-1 and p<0.05
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CR44404 ns **** Tom ns **** CG34211 *** ns MFS1 ** ns CG32284 **** **** Vm26Aa **** ****
edin ns ** Brd ns *** CG31089 ** ns E(spl)mgamma-HLH ** ns CR44138 **** **** Vm34Ca * ***
AttA ns **** Ocho ns *** CG33301 **** ns E(spl)m5-HLH * ns CG10814 ** **** BobA * ***
AttB ns **** CG13465 ns *** CG34040 **** ns CG14110 * ns Drsl3 ** **** CG12011 *** **
CR45045 ns **** CG13427 ns ** GstZ2 **** ns E(spl)m4-BFM *** ns Dro * **** nw ** **
AttC ns **** CG15731 ns ** LManV **** ns CG10591 *** ns CG13749 *** ** CG4830 ** *
DptB ns **** Jon66Cii ns ** CG11842 **** ns Cyp6a16 ** ns Cyp6w1 **** **** CG6738 * *
DptA ns **** CG13159 ns ** CG10513 **** ns nerfin-1 * ns Mal-B2 **** **** Vm26Ab **** ****
CG43920 ns *** CG4440 ns * Cyp12a5 *** ns CG13083 * ns Cyp28a5 **** **** CG17192 *** ****
CecC ns **** CG2962 ns * CR45144 *** ns CR30009 * ns Gnmt **** **** Jon66Ci * ****
CecA2 ns **** CG6295 ns **** CG13659 *** ns ImpL1 * ns Cyp6a8 ** **** PPO1 **** ****
Mtk ns **** PGRP-SC1a ns **** CG9498 *** ns yellow-g2 * ns TotM * *** Lsp1beta **** ****
CecB ns ** PGRP-SC1b ns **** CG15784 *** ns link * ns CG34136 **** ** fit **** ****
CG12826 ns ** TotX ns **** IM3 *** ns CG7804 *** ns CG13905 **** ** Obp99b **** ****
Lip3 ns ** Drsl4 ns **** CG16836 *** ns CG9259 *** ns CG43348 *** ** CG12374 *** ****
phu ns **** CG32368 ns **** CG31975 ** ns Pkd2 *** ns CG11425 *** ** CG12057 *** ****
PGRP-SB1 ns ** Jon74E ns **** ovm ** ns CG14500 ** ns Cpr62Ba ** ** CR43887 ** *
CG6403 ns ** Obp56a ns **** CG5724 ** ns CG15570 ** ns CG32198 * ** CG6733 **** ****
CG13306 ns ** CG45087 ns **** CG34316 ** ns CG2861 ** ns LManIII **** * Diedel3 **** ****
NPFR ns * Pepck ns **** CG31272 ** ns Rbp4 ** ns CG17560 ** * Def ** ****
CG2650 ns * Npc2e ns *** Cyp9b2 ** ns CG6675 ** ns CG33282 * * CG15353 ** ****
CR44640 ns * TotC ns *** IM14 ** ns CG4021 ** ns CG45061 * * CG5770 ** ****

CG12998 ns ** CG14109 ** ns sa ** ns CG13641 * * Obp99a ** ****
Zip42C.2 ns ** CG6271 ** ns Pk34A * ns PPO2 ** ****
Cpr60D ns ** CG5999 * ns CG33290 * ns Pebp1 * ****
Cp7Fb ns * CR45813 * ns mira * ns CG9184 ** **
CR45330 ns * CG13325 * ns CG7991 * ns Npc1b ** **
lectin-37Da ns **** CR45875 * ns CG2663 * ns dec-1 **** **
CG34026 ns **** CG9312 * ns CG3123 * ns Sfp24Ba ** **
Jon65Ai ns **** Cyp6t3 * ns Vha16-5 * ns CR45142 * *
CG13607 ns **** CG1698 * ns Art2 * ns Yp2 **** ****
thetaTry ns **** Cpr66D * ns CG43167 * ns CG16762 **** ****
MtnC ns **** CG7142 * ns CG5681 * ns Lsd-1 *** ****
Cpr65Au ns **** Ugt86Dd * ns tbrd-3 * ns CR45046 *** ****
Cp15 ns **** Mal-B1 * ns LS2 * ns CG5773 ** ****
pirk ns **** Act88F * ns CG42300 * ns Nplp3 * ****
Listericin ns **** MtnE * ns Tsp42A * ns Acp54A1 **** ***
epsilonTry ns **** CG32259 * ns EbpII **** ***
CG5804 ns **** B9d2 * ns Sfp87B **** ***
CG1648 ns **** tctn * ns Lsp2 *** ***
mag ns *** CG18258 * ns Sfp24Bb *** ***
TotA ns *** CG3927 * ns CG5853 ** ***
CG7203 ns *** CG9701 * ns CG8129 * ***
Met75Ca ns *** CG5246 * ns Cp38 * ***
Met75Cb ns *** CG42299 * ns CG15199 *** **
CG8628 ns *** blanks * ns CG14439 *** **
Jon99Ci ns *** CG18284 * ns CG42782 ** **
FASN1 ns *** Acp26Aa * ns CG7300 * **
CG5945 ns *** CG32568 * ns Yp3 *** *
CG13360 ns *** CG30025 * ns Acp24A4 *** *
CR43051 ns *** CG1428 * ns Npc2d * *
CR43432 ns ** CG10748 * ns CG17637 * *
CG43673 ns ** alphaTry * ns Cpr49Ab * *
Jon99Fii ns ** Vha16-2 * ns
Dr ns ** CG30031 * ns
Jon99Fi ns ** deltaTry * ns
msopa ns ** gammaTry * ns
Mst57Db ns ** Muc30E * ns
Jon65Aiv ns ** Ssl * ns
CG31313 ns **
Obp19d ns **
CG31233 ns **
CG16749 ns **
sug ns **
CG32633 ns **
dsb ns **
CG10300 ns *
CR45601 ns *
CR44181 ns *
CG43251 ns *
betaTry ns *
Jon99Ciii ns *
CG14963 ns *
CG43319 ns *
Jon99Cii ns *
Obp56e ns *
CG10943 ns *
vri ns *
Cp36 ns *
CG42481 ns *
CG11892 ns *
TpnC47D ns *
CG43061 ns *
odd ns *
snoRNA:CG43051-a ns *
CG6125 ns *
CG42656 ns *
CG10657 ns *
CG14949 ns *
Cys ns *

shRACK1 and shmCherry

UP DOWNUP DOWN

shRACK1 shmCherry

UP DOWN

Table 2

CG34291 ns *
CG8773 ns *
Tsf1 ns *
CG42825 ns *
CG17124 ns *
CG5162 ns *
Scp2 ns *
Clect27 ns *
CG15202 ns *
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Table 2: Heatmap showing the log2 Fold change of DTT 

vs Sucrose in all fractions. The color code correspond to 
the log2 Fold change (log2FC) value, and the statistical value 
is indicated. ****: p<0.0001; ***: p<0.001; **: p<0.01; *: 
p<0.05; ns: not significant.
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Table 2
DTT vs SUCROSE POLYSOMES
log2FC>1 or <-1 and p<0.05
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CG43920 ns **** Tom ns **** CG43894 * ns CG9184 **** ns edin * ** Brd ** ****
DptB ns **** SNCF ns **** mir-2494 * ns CG10591 ** ns CR44138 **** **** Ocho ** ****
AttB ns **** CR45138 ns *** CG34040 **** ns ImpE2 * ns CG32284 **** **** Vm34Ca * ****
CecA2 ns **** Osi7 ns *** CG15784 **** ns nerfin-1 * ns Drsl3 **** **** CG12011 **** ***
CecC ns **** CG14317 ns ** Chchd2 **** ns E(spl)mdelta-HLH* ns Dro * **** E(spl)m4-BFM *** *
DptA ns **** Bsg25A ns ** CG5999 *** ns Obp99b **** ns CR44404 * **** CG4830 **** ****
CR45045 ns **** Osi15 ns * CR45144 *** ns CG14500 **** ns Lip3 **** **** CG13427 **** ****
AttC ns **** Osi19 ns * beat-Vb *** ns CR45945 *** ns CG10814 ** **** BobA * ****
IM18 ns **** Osi18 ns * Cyp9b2 *** ns CG7991 *** ns Drsl2 ** **** CG13465 * ****
CG10332 ns **** CG2962 ns * CG33301 ** ns Ilp4 ** ns AttA * **** CG4440 * ****
Mtk ns **** CG13159 ns * CG10912 ** ns Vm32E ** ns CG31089 ** *** Vm26Aa ** **
CG43729 ns **** CG10035 ns **** bbg ** ns CG14756 ** ns Cyp6w1 *** **** Cpr60D **** ****
PGRP-SB1 ns **** CG31002 ns ** CG8745 ** ns CG4702 ** ns CR44640 *** **** CG12374 **** ****
CecB ns *** CG6034 ns ** CG13309 ** ns nw ** ns CG6403 ** **** PPO1 **** ****
CG13227 ns ** halo ns * CG3726 ** ns CG14110 * ns Cyp6a8 * **** PPO2 **** ****
CG1273 ns ** CG15731 ns * Cyp4p1 ** ns MFS1 * ns CG13905 **** **** fit **** ****
TotM ns **** Sfp79B ns * CG13325 * ns ImpL1 * ns CG12826 ** ** Jon66Ci *** ****
PGRP-SD ns **** Lcp65Ag3 ns * CG33093 * ns Vm26Ac * ns CG13749 **** * CG12998 ** ****
Alp2 ns **** CG18814 ns * CR45813 * ns Zip42C.2 * ns CG34136 **** * CG6738 * ****
AttD ns *** ppk20 ns * CG31778 * ns CG13801 * ns CG43348 **** **** CG17192 ** **
CG43403 ns *** Obp56a ns **** Act88F * ns CR44817 * ns CG11425 **** **** E(spl)mgamma-HLH ** *
CG13641 ns *** CG15282 ns *** Fs * ns CG7213 * ns Gnmt **** **** Jon66Cii * *
CecA1 ns ** TotC ns *** Ugt86Dd * ns link * ns CG1698 * *** CR43887 * *
Cyp28a5 ns ** Lsp2 ns *** CG43355 * ns phu * **** CG6295 **** ****
CG9312 ns ** TotA ns *** sala * ns CG3285 * **** Diedel3 **** ****
CG5955 ns ** Pepck ns *** Acp54A1 **** ns CG9498 *** **** Def **** ****
Cyp12d1-d ns ** CG45087 ns *** CG42782 **** ns MtnB ** **** Lsp1beta *** ****
GstD5 ns ** CG32368 ns *** CG2663 *** ns CG5697 ** **** Npc1b *** ****
Cyp12d1-p ns ** mira ns ** Rbp4 *** ns CG45061 **** *** TotX ** ****
CR44641 ns * Npc2e ns ** EbpII *** ns Cyp12a5 **** *** PGRP-SC1a ** ****
CG14291 ns * pirk ns ** Mst57Db *** ns CG10513 **** *** PGRP-SC1b ** ****
CG34290 ns * CG13607 ns ** CG4891 *** ns CG31272 ** *** Vm26Ab * ****
CG43400 ns * CR45949 ns * CG13639 ** ns CG33282 * *** CG42586 ** **
CG17751 ns * CG43673 ns * Cyp6a16 ** ns CG13324 * *** CG31775 ** **
CG2650 ns * CG1648 ns * CG11269 ** ns Mal-B2 **** ** dec-1 *** **
CG6283 ns * CG5157 ns * CG9962 ** ns CG13659 **** ** Drsl4 **** *
CG14606 ns * MtnC ns * Acp98AB ** ns CG2004 **** ** CR45046 **** ****
CG15408 ns * Cyp18a1 ns * Vha16-3 ** ns LManIII *** ** Lsd-1 **** ****
CG10592 ns * CG13155 ns * hog ** ns Mal-B1 *** ** mag *** ****
LManVI ns * Cp15 ns * CG7907 ** ns CG31975 *** ** Pebp1 ** ****
CG30022 ns * Jon65Aiv ns * yip3 ** ns ovm *** ** Jon74E ** ****

FASN1 ns * CG42852 ** ns CG10477 ** ** CG6733 **** ***
Ebp ns * CR43264 ** ns Fst ** ** CG12057 *** ***

CG4563 ** ns LManV **** * Yp2 ** ***
CG1428 ** ns CG10383 **** * Yp3 * ***
CG31848 ** ns CG5724 *** * Obp99a **** **
CG42481 ** ns CG11842 ** * Cpr49Ab **** **
CG14070 ** ns Cht4 * * CG5773 ** **
CG43251 ** ns NPFR * * CG5770 * **
CG14841 ** ns CG34316 * * CG8129 * **
Cyp4d14 ** ns CG17560 * * CG14439 **** *
CG5250 ** ns CG15043 * * CG15199 **** *
Acp24A4 ** ns CG15353 ** *
CG9259 ** ns CG9701 ** *
betaTry ** ns CG7300 * *
CG4000 ** ns
CG10748 ** ns
CR43812 ** ns
Vha100-3 ** ns
CG12078 ** ns
Twdlalpha ** ns
msopa ** ns
CG16762 ** ns
CG32277 ** ns
CG30431 ** ns
Npc2h ** ns
CG13360 ** ns
CR43637 ** ns
phm * ns
kmg * ns
CG14635 * ns
CG8117 * ns
Cp16 * ns
CG42580 * ns
CR43239 * ns
Pk34A * ns
CG42579 * ns
Rab9Fa * ns
CR31429 * ns
Rab9E * ns
Rab9D * ns
CG31776 * ns
CG43980 * ns
Rab9Db * ns
Cp18 * ns
CG33290 * ns
CG32833 * ns
ATPsynbetaL * ns

shRACK1 shmCherry shRACK1 and shmCherry
UP DOWN UP DOWN UP DOWN

CG10931 * ns
CG3491 * ns
betaNACtes6 * ns
Cpr62Bb * ns
CG10300 * ns
CG7227 * ns
Sfp87B * ns
CG42300 * ns
tbrd-3 * ns
CG3927 * ns
CG34434 * ns
NetB * ns
CG12477 * ns
RpL37b * ns
Tsp42A * ns
CG3515 * ns
Npc2d * ns
CG34230 * ns
VhaAC39-2 * ns
CG32259 * ns
CG11741 * ns
Nplp3 * ns
CR44269 * ns
Acp53C14c * ns
CR45055 * ns
Tim17b1 * ns
CG14839 * ns
CG17633 * ns
CG31642 * ns
CG16904 * ns
Tsp33B * ns
CG17580 * ns
TpnC47D * ns

brv3 * ns
Cpr65Au * ns
CG34289 * ns
Vha16-2 * ns
CG41562 * ns
CG40813 * ns
CG14840 * ns
CG15641 * ns
svp * ns
CG5653 * ns
CG17625 * ns
CG31068 * ns
Sfp60F * ns
CG10909 * ns
G6P * ns
CG43292 * ns
CG14456 * ns
Vha16-5 * ns
CG5246 * ns
CR44389 * ns
CG11630 * ns
CG10459 * ns
VhaPPA1-2 * ns
Prosbeta2R2 * ns
CG15450 * ns
HP6 * ns
CG16848 * ns
Prosbeta4R1 * ns
CG15357 * ns
CG30184 * ns
Acp53C14a * ns
Acp33A * ns
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DTT vs SUCROSE MONOSOMES
log2FC>1 or <-1 and p<0.05
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DptB ns **** CG6295 ns **** CR44138 **** ns CG12011 **** ns Drsl3 **** **** Lsp1beta **** ****
AttA ns **** CG43673 ns **** CG13905 **** ns CG10591 **** ns CG32284 **** **** CG12374 **** ****
CG43920 ns **** TotA ns **** Cyp12a5 **** ns CG9184 **** ns CG10814 **** **** Diedel3 **** ****
AttB ns **** Vm34Ca ns **** CG15784 **** ns CG15199 **** ns CG11425 **** **** Vm26Ab *** ****
CR44404 ns **** Pepck ns **** Cyp9b2 **** ns Acp54A1 **** ns Mtk *** **** mag *** ****
Dro ns **** CG45087 ns **** CR44640 *** ns PPO1 *** ns CG43729 ** **** CG17192 **** ***
CecC ns **** BobA ns *** CG34136 *** ns CG31068 *** ns IM18 * **** fit **** ****
CG13227 ns **** CG13465 ns *** CG13659 *** ns CG6675 *** ns CG10332 * **** CR45046 **** ****
CR45045 ns **** pirk ns *** CG34040 *** ns Lsd-1 *** ns CecA2 **** *** CG6733 **** **
CG13641 ns **** Npc2e ns *** CG45061 ** ns CG6220 ** ns MtnB **** **** PPO2 ** **
CG30334 ns **** Jon74E ns *** CG13749 ** ns CG7991 ** ns Mal-B2 **** *** CG13427 **** *
RNaseMRP:RNA ns **** Tom ns ** CG34211 ** ns Jon66Ci ** ns Gnmt **** *** Yp2 **** *
AttC ns **** Pgcl ns ** CG31089 ** ns CG4830 ** ns CG17560 * *** Def *** *
CG2650 ns **** CG43402 ns ** CR45813 ** ns CR43494 ** ns CG2004 **** ** CG12057 ** *
CG3640 ns **** CG15353 ns ** CG33301 ** ns CR45945 ** ns Cyp6a8 ** ** Nplp3 ** *
Drsl2 ns *** TotC ns ** CG5724 ** ns Best3 ** ns CG9498 ** ** Cpr60D ** *
phu ns **** FASN1 ns ** CG8745 ** ns TotX ** ns CG31975 ** **
CG6403 ns **** CG13607 ns ** CG16836 ** ns Lsp2 ** ns ovm ** **
CR43793 ns *** Ocho ns * CR45875 * ns CR43358 ** ns CG43348 **** *
Cpr62Ba ns *** CG10943 ns * CG31272 * ns Osi2 ** ns CG10513 ** *
snRNA:U11 ns *** CG43773 ns * GstD10 * ns Sfp87B ** ns CG13324 ** *
DptA ns *** CG5157 ns * Brd ** ns
PGRP-SB1 ns *** CG5509 ns * CG13829 ** ns
Sodh-2 ns *** SNCF ns * CG31642 ** ns
Cyp6w1 ns *** CG5770 ns * Tsp33B ** ns
CG32599 ns ** Spn28F ns * CR31429 ** ns
CG34316 ns ** msopa ns * brv3 ** ns
CG18107 ns ** CG9568 ns * CG31465 ** ns
CG9993 ns ** fln ns * CG30432 ** ns
CR43683 ns ** thetaTry ns * CG5653 ** ns
7SLRNA:CR32864 ns * Jon65Aiv ns * Rtnl2 ** ns
7SLRNA:CR42652 ns * Pebp1 ns * CG8219 ** ns
CG43236 ns * betaTry ns * betaNACtes1 * ns
CG1698 ns * CG9657 * ns
CR44298 ns * jb * ns
snRNA:U2:34ABa ns * CG6738 * ns
CG11852 ns * dec-1 * ns
NimC4 ns * CR44817 * ns
Hayan ns * CG15056 * ns
CG17999 ns * Pk34A * ns
List ns * CG3513 * ns
CG1271 ns * CG14111 * ns
CR44784 ns * Vha16-4 * ns
nAChRalpha5 ns * CG2663 * ns
CG3285 ns * CG18558 * ns
RpL24 ns * yellow-g2 * ns
CG13133 ns * PpD5 * ns
CG14196 ns * CG32259 * ns
Cht8 ns * Tsp42A * ns
CG15067 ns * CG17637 * ns
Cyt-b5-r ns * CG4563 * ns
CG14292 ns * CG4702 * ns
CG7882 ns * Acp24A4 * ns
CG5955 ns * VhaAC39-2 * ns
CG3500 ns * CG14187 * ns

Obp99b * ns
Yp3 * ns
CG10931 * ns
Npc1b * ns

shRACK1 shmCherry shRACK1 and shmCherry
UP DOWN UP DOWN UP DOWN

Table 2
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log2FC
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- 1
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- 4



DTT vs SUCROSE FREE
log2FC>1 or <-1 and p<0.05
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CR44404 ns **** Jon66Cii ns **** CG11425 ** ns Vm26Aa **** ns Drsl3 **** **** Tom ** **
CR45045 ns **** BobA ns *** CG13749 ** ns Vm34Ca * ns CG32284 **** **** Brd ** *
Dro ns **** Vm26Ac ns *** Cyp12a5 * ns CG12011 * ns CG10814 **** **** Jon66Ci ** ****
AttA ns **** CG13465 ns ** CG34211 **** ns CG13159 * ns CR44138 *** **** CG17192 * ***
DptB ns **** CR43887 ns ** CR45813 **** ns Acp54A1 **** ns Gnmt **** **** CG13427 * ***
AttB ns **** SNCF ns * CG13641 *** ns dec-1 ** ns Mal-B2 **** * Zip42C.2 * **
AttC ns **** CG6295 ns **** CG45061 ** ns CG10591 * ns CG10035 * **
DptA ns **** Cp38 ns **** CG34040 ** ns CG6220 * ns Vm26Ab **** ****
CG43920 ns *** PGRP-SC1a ns **** CG13306 ** ns Ca-beta * ns Lsp1beta **** ****
Drsl2 ns ** PGRP-SC1b ns **** CG15784 ** ns CG5770 * ns CG12374 **** ****
CecC ns * Cpr60D ns **** CG34316 ** ns CG33290 * ns fit **** ****
Cyp6w1 ns *** Npc2e ns **** CG6403 ** ns CG43167 ** ns CR45046 **** ****
Mtk ns * Pebp1 ns **** Cpr62Ba ** ns CG32259 ** ns Obp99b **** ****
TotM ns * Jon74E ns **** CG10513 ** ns CG40813 ** ns Sfp79B ** ****
CG43729 ns * Def ns **** CG8745 ** ns CG41562 ** ns Diedel3 * ****

PPO2 ns **** CG2650 * ns aust * ns CG12057 * ****
Obp56a ns **** MtnB * ns CG30472 * ns mag * ****
Cp15 ns **** CG32198 * ns svp * ns Lsp2 ** ***
CG5804 ns **** CG33301 * ns CG42299 * ns CR44942 **** **
Cp36 ns *** CG31975 * ns CG13481 * ns CG9184 ** **
Drsl4 ns *** ovm * ns CR43494 * *
TotX ns *** CG13659 * ns PPO1 * ****
Mst57Db ns *** CG9498 * ns CG6733 ** ****
Cp18 ns ** Ugt86Dd * ns CG16762 ** **
Npc2d ns ** CG17560 * ns CR44672 ** *
Jon99Fii ns ** CG14120 * ns msopa * ***
CG13947 ns ** CG31272 * ns CG15353 *** *
Cpr65Au ns ** CG14022 * ns Sfp24Bb ** *
Obp99a ns ** LManIII * ns Sfp87B ** *
epsilonTry ns ** CG2004 * ns Nplp3 ** *
Jon25Bi ns ** Cyp9b2 * ns Yp2 * *
betaTry ns ** Cyp28a5 * ns EbpII * *
CR43358 ns *
Jon99Fi ns *
Jon99Ciii ns *
Jon99Cii ns *
Jon65Ai ns *
CG42782 ns *
CG13607 ns ***
CG34026 ns **
Tsf1 ns **
Yp3 ns **
CG5773 ns **
TotC ns **
Met75Cb ns *
Met75Ca ns *
Jon65Aiv ns *
CG30025 ns *
CG4734 ns *
obst-A ns *
CG30031 ns *
gammaTry ns *
deltaTry ns *
Listericin ns *
alphaTry ns *
CG7203 ns *
Pepck ns *
CG45087 ns *
TotA ns *
CR44389 ns *
CG42852 ns *
MtnC ns *
CG16775 ns *
FASN1 ns *
Lsd-1 ns *

shRACK1 and shmCherry
UP DOWN UP DOWN UP DOWN

shRACK1 shmCherry

Table 2

ns

log2FC
1
2
4

log2FC

ns

- 1
- 2
- 4
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V. CONCLUDING REMARKS 

Did we crack the RACK1-code? 

 

 

 

This PhD work led to the characterization of the RACK1-dependent 5’IRES of 

CrPV as a class III IRES, similar to the 5’IRES of HCV. It also characterized RACK1 

cofactors that may play a role in RACK1-mediated selectivity in the model organism 

Drosophila melanogaster. We uncovered the RACK1 knob region as an important 

region for viral IRES-dependent translation. Finally, we described a role for RACK1 in 

stress response and as a modulator of the expression of several genes, including 

genes from the Drosophila IMD pathway. 

 

Overall, we made a step forward in deciphering the RACK1-code, but we still 

miss the mechanism by which this selectivity towards specific mRNAs is mediated. 

We showed that RACK1 has a dual role towards mRNA translation regulation. On 

one hand it favors viral IRES translation such as CrPV and HCV (Majzoub et al., 

2014). On the other hand, it prevents translation of cellular AMP mRNAs (Figure 24). 

RACK1 position at the ribosome close to the mRNA exit channel opens intriguing 

possibilities for RACK1 as a translational selector. During scanning, the mRNA 

5’UTR would come in close proximity to RACK1, and be blocked (in the case of 

AMPs mRNAs for instance) or not (in the case of viral IRES-dependent mRNAs). 

One intriguing possibility pertains to the role of the RACK1 knob in this selective 

translation. Indeed, we showed that the RACK1 knob is required for IRES-dependent 

translation of viruses, and its depletion does not impair RACK1 incorporation into the 

ribosome. It is tempting to speculate that this region would also play a role in the 

repression of AMPs translation. As mentioned above, the RACK1 knob has a high 

potential for PTMs. These PTMs could be different depending on the stressor (viral 

infection or ER stress), and lead to a switch of RACK1 from a translational enhancer 

to repressor respectively, possibly by the differential recruitment of proteins. This 
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hypothesis brings together both signaling and translation functions of RACK1, as 

RACK1 would be a stress sensor that impacts translation of specific mRNAs. In this 

regard, our RACK1 interactome study identified partners of RACK1, which did not 

play a role in viral translation, but which might be involved in the repression of AMPs 

translation (Kuhn et al., 2017). Of note, recent work assessed the ribo-interactome 

and revealed many ribosome-associated proteins with various functions, including 

viral IRES-dependent translation, RNA- and protein-modifying enzymes (Simsek et 

al., 2017). One intriguing possibility is that some of these interactions depend on 

RACK1.  

 

Similarly, opposite outcomes regarding mRNA translation have been 

previously shown for the eIF3 initiation factor (Lee et al., 2015; Meyer et al., 2015). 

eIF3 binds to the 5’UTR of mRNAs and has opposed effects on mRNAs translation 

depending on the 5’UTR structure, cofactors or m6A RNA modifications in the 5’UTR. 

It was shown that 12 of the 13 eIF3 subunits are recruited by the CrPV 5’IRES and 

that the eIF3j subunit is required for CrPV and HCV replication (Gross et al., 2017; 

Majzoub et al., 2014). Moreover, RACK1 associates with eIF3 subunits in yeast 

(Kouba et al., 2011) and is close to eIF3 in mammalian 43S pre-initiation complex 

(des Georges et al., 2015; Hashem et al., 2013). Thus, we can speculate that 

RACK1 and eIF3 act together in viral selective translation, and possibly in cellular 

mRNA selective translation as well. 

 

The next step in deciphering the RACK1-code will be to identify the cis-acting 

sequences or mRNA structures that underlie this code. As RACK1 is conserved 

through evolution, we can suspect this RACK1-code to be conserved in mammals. It 

could be applied to human mRNAs in order to predict and test the effect of RACK1 

targeting as an HTA. Indeed, the results presented in this manuscript show a role of 

RACK1 in cellular resistance to stress, and suggest an unforeseen role of RACK1 as 

a regulator of a pro-inflammatory pathway. This is reminiscent of the GAIT system, 

where expression of pro-inflammatory genes are regulated by a complex containing 

a ribosomal protein (RpL13/uL13) through a specific sequence in the 3’UTR 

(Rauscher and Ignatova, 2015). 

 

RACK1 is stoichiometric in mESC (Shi et al., 2017), but its expression is 

deregulated in many cancers, including breast cancer (Collins et al., 2018). As 

eukaryotic cells possess between 1 and 10 million ribosomes (Shi et al., 2017), even 

a slight down-regulation of RACK1 expression can lead to a huge amount of 
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ribosomes depleted of RACK1. Thus, in the case of breast cancer, we can suspect 

that RACK1 down-regulation will have major impact on the cellular translatome, 

possibly associated with immune or pro-inflammatory genes being upregulated. A 

topic we did not discuss here is the extra-ribosomal activity of RPs (Warner and 

McIntosh, 2009). In yeast, nearly half of ASC1/RACK1 is not associated with 

ribosomes at the stationary phase. We suspect that the situation is different in 

multicellular organisms, as we never detected endogenous RACK1 in the free 

fractions in our polysome profiling experiments in Drosophila. Only when RACK1 was 

overexpressed did we detect a significant portion of RACK1 protein in the free 

fraction, which might also be the case in some cancers, such as HCC, where RACK1 

expression is often up-regulated (Ruan et al., 2012). In these conditions, RACK1 

might have extra-ribosomal functions, be sensed as a damage signal or bind to 

murine double minute 2 (MDM2) and modulate the p53 oncogene activity, like other 

RPs (Warner and McIntosh, 2009). 

 

From this study, we can predict that the use of RACK1 as an HTA protein will 

cause side effects. In this regard, the unexpected discovery that RACK1 is a 

negative regulator of the expression of innate immunity genes represents an 

important step forward. It would thus be of the utmost interest to understand the 

duality of RACK1 function, in order to block its function as an activator of IRES-

dependent translation, without affecting its role in the control of inflammation-like 

process. The RACK1-dependent genes identified in this work will provide useful tools 

to decipher the mechanisms by which RACK1 regulates gene expression. There is 

no doubt that this promiscuous little molecule will continue to raise interest in the 

coming years.  
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Figure 24: The dual role of RACK1 in viral and cellular mRNA translation. RACK1 has no effect on 
general cap-dependent translation. It favors the translation of viral IRESes such as CrPV, DCV and HCV 
through their 5’IRES. The knob region of RACK1 is involved in the selective translation of viruses. In the 
opposite, it represses cellular cap-independent translation of anti-microbial peptides (AMPs) through their 
5’UTRs. Figure adapted from Majzoub et al., 2014.



 108 

VI. MATERIALS & METHODS 

Fly Breeding 
 

Stocks used in the study 

The Transgenic RNAi Project (TRiP) lines (shRACK1 [#34694], shmCherry 

[#35785], shCG18814 [#61975] and shCyp18a1 [#64923]) were obtained from the 

Bloomington Drosophila stock center, as well as the nanosCas9 (#54591) line. The 

drivers used were Actin5C-Gal4/CyO; Tub-Gal80TS/Tub-Gal80TS. Transgenic lines for 

expression of HA-RACK1 WT, modified versions of RACK1 or sgRNAs were inserted 

at attP2 sites (68A4 on 3L) (BestGene). RelishE20 (Hedengren et al., 1999) flies were 

used as mutant deficient for the IMD pathway, and were isogenized into the w1118 WT 

background. w1118 flies were used as controls for RelishE20 mutants. All flies used 

were Wolbachia-free. 

 

Stress of flies 

Males TRIP shRNA fly lines were crossed with Actin5C-Gal4/CyO, Actin5C-

Gal4/CyO; Tub-Gal80TS/Tub-Gal80TS females and maintained at 18°C. 3 weeks later, 

the progeny of the desired genotype (Actin5C-Gal4/UAS-shRNA; Tub-Gal80TS/3) was 

sorted according to wing phenotype and placed at 29°C to induce shRNA expression 

and subsequent knock-down. After 5 days, 10 males and 10 females from each 

genotype were put in tubes with Whatmann pad and 50mM sucrose solution 

supplemented or not with paraquat (Sigma), tunicamycin (Sigma) or DTT 

(Euromedex) at the indicated concentrations. 100mM sucrose solution was added 

daily and flies were kept at 29°C. 

 

Cloning 
 

sgRNA plasmid for in vivo transgenic line. 

The sgRNAs were designed using the FlyRNAi website. Plasmid containing 

the 3 sgRNAs was generated following the protocol of Port and Bullock, 2016. 

Briefly, Gibson assembly was used to assemble polymerase chain reaction (PCR) 

products containing the sgRNAs sequences and the pCFD5 backbone plasmid. 
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RACK1 point mutations plasmids 

Directed mutagenesis of RACK1 was performed directly on a Gateway entry 

plasmid containing the RACK1 sequence. DH5α bacteria were transformed using the 

CaCl2 method (Maniatis et al., 1989) and grown in Luria Bertani (LB) medium 

containing 25µg/mL kanamycin. Plasmidic DNA was extracted using the IllustraTM 

plasmidPrep Mini Spin kit (GE Healthcare). After confirmation of the mutation by 

sequencing, the LR reaction was performed to transfer the RACK1 sequence into a 

S2 cell expression plasmid containing the actin promoter and a HA tag sequence or 

FLAG tag sequence either in N-terminal or C-terminal of the protein. LR reaction was 

also performed to transfer the RACK1 sequence into a fly expressing plasmid 

containing attR recombination sites, hsp70 promoter and a FLAG tag sequence in N-

terminal of the protein. DH5α bacteria were transformed again and grown in LB 

containing 0.1mg/mL ampicillin. Plasmidic DNA was extracted using the QiaFilter 

Plasmid Midi kit (Qiagen) and correct insertion of the construct was checked by 

digestion with the restriction enzyme BamHI (Invitrogen). 

 

Generation of 5’UTR candidates luciferase reporters 

Sequences of 5’UTRs were downloaded from Flybase website. PCR 

amplification of 5’UTRs was performed using wild-type flies (Canton S) genomic DNA 

(for 5’UTRs without introns) or S2 cells cDNA (for 5’UTRs with introns) For Pirk-RB 

5’UTR, the dsDNA was ordered from Intergrated DNA technologies website (gBlock). 

In parallel, luciferase (Firefly and Renilla) sequence was amplified from a luciferase-

coding plasmid. PCR products were purified using QIAquick PCR purification kit 

(Qiagen) according to manufacturer’s instructions. PCR primers were designed with 

the help of nebuilder.neb.com website. The pBluescript KS(-)plasmid (Agilent 

#212208) containing T7 promoter site was linearized using EcoICRI enzyme. 

Digested plasmid was purified by phenol/chloroform extraction. NEBuilder HIFI DNA 

assembly (NEB) was performed following manufacturer’s instructions, allowing the 

assembly of backbone plasmid, candidate 5’UTR and Luciferase coding sequence. 

The obtained plasmids were digested with HincII enzyme to check for correct 

assembly and sequenced. All plasmids were linearized with SalI enzyme, which cuts 

76nt after the STOP codon. Viral IRES DNA template was obtained by PCR 

amplification of plasmid vectors with primers containing the T7 promoter. Linearized 

DNA and PCR products were purified by phenol/chloroform method. 

Functionally capped mRNAs were synthesized using HiScribe™ T7 ARCA 

mRNA Kit with tailing (NEB) following manufacturer’s instructions. Viral IRES 
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constructs were in vitro transcribed using T7 HiScribe T7 High yield RNA synthesis 

kit (NEB) and capped with a non-functional G(5’)ppp(5’)A cap structure analog 

(NEB). After LiCl purification, mRNA integrity was checked on a TBE-Urea gel and 

quantified on Nanodrop One (Thermo). 

 

dsRNA synthesis and purification 

PCR amplification of S2 cells cDNA was performed followed by PCR 

purification using QIAquick PCR purification kit (Qiagen) according to manufacturer’s 

instructions. In vitro transcription reaction was performed with the T7 Megascript kit 

(Thermo). After overnight incubation at 37°C, the reaction was stopped with 0.5M 

ammonium acetate. RNAs were extracted by adding an equal volume of 

phenol/chloroform (1:1). After centrifugation, the top aqueous phase was transferred 

to a new tube and dsRNAs were precipitated by adding isopropanol. After 

centrifugation, the pellet was washed with 70% ethanol, dried, and resuspended in 

water. dsRNAs were incubated at 65°C for 30 minutes and cooled down slowly at 

room temperature prior to quantification (Nanodrop One, Thermo). 

 

Cell culture 
 

Maintenance of S2, S2_shRACK1 and Hap1 cell lines 

Schneider 2 (S2) cells were grown in Schneider medium (Biowest) 

complemented with 10% fetal bovine serum, 2mM glutamax, 100U/mL penicillin and 

100µg/mL streptomycine (Life technologies). S2_shRACK1 cells are stably 

transfected under puromycin selection (1µg/mL) with a small hairpin RNA targetting 

the 5’UTR of RACK1 mRNA (shRACK1), expressed under the control of the 

metallothionein promoter. Treatment with 0.5mM CuSO4 induces expression of the 

shRACK1 and efficient knock-down (KD) of RACK1 after five days (Majzoub et al., 

2014).  

Hap1 cells, and its derivatives RACK1 KO E3A5 (exon 3 sgRNA), RACK1 KO 

E3A6 (exon 3 sgRNA) and RACK1 WT rescue E2C5 (exon2 sgRNA expressing WT 

RACK1) were kindly provided by Gabriele Fuchs, University of Albany, USA. These 

cells were grown in Iscove's Modified Dulbecco's Media (IMDM) medium (Gibco) 

complemented with 10% fetal bovine serum, 2mM glutamax, 100U/mL penicilline and 

100µg/mL streptomycine (Life technologies). 
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Cell stress 

Five days after treatment with 0.5mM CuSO4, 100 000 S2 and S2_shRACK1 

cells per well were seeded into 96 well plate. Culture media was then replaced by 

Schneider medium containing CuSO4, and H2O2 or DTT at the indicated 

concentrations. One hour after the stress, the medium was replaced by normal 

Schneider medium supplemented with CuSO4.  

For human cells, 25 000 Hap1 and WT rescue cells or 50 000 RACK1 KO 

E3A5 and E3A6 cells per well were seeded in 96 well plate. One or two days later, 

the medium was removed and replaced by IMDM medium containing the indicated 

concentration of H2O2 or DTT. One hour later, the culture medium was replaced.  

Cell viability was assessed every day using Trypan blue (Invitrogen) and 

automatic cell count was performed using the Countess (Thermo). 

 

DNA plasmids and dsRNA transfections 

Plasmids coding for the Firefly luciferase under the control of the 5’IRES of 

CrPV as well as the actin-Renilla plasmid used are described in Majzoub et al., 2014. 

Plasmids coding for the Mtk (1528 nucleotides upstream of the AUG) and DptA 

(2204 nucleotides upstream of the 5’UTR and the 13 first nucleotides of the 5’UTR) 

promoters were derived from the pGL3 plasmid (Promega). For DptA-promoter 

plasmid expression, 10-6M ecdysone (Sigma) was added 24 hours prior to cell 

collection and subsequent analysis. 

Plasmid transfection was performed using the Effectene kit (Qiagen) following 

manufacturer’s instructions on wells containing 100 000 cells (100ng DNA 

transfected) in 96 well plate or 500 000 (500ng DNA transfected) in 24 well plate. 

Alternatively, the calcium phosphate technique was used (Maniatis et al., 1989). 

Further analyses were performed 48 hours after transfection.  

For infections, DCV and CrPV was used at a multiplicity of infection of 1 and 

0.1 respectively for 16 hours and viral load was followed by qPCR.  

For luciferase assay, cells were lysed and the luciferase activity was 

monitored according to the Dual-Luciferase® Reporter Assay kit (Promega). 
 

mRNA Transfection in S2 cells 

S2 and S2_shRACK1 cells were grown on medium containing 0.5mM CuSO4 

for five days. 50 000 cells per well were seeded in Schneider medium without serum 

complemented with CuSO4. Two hours later, cells were transfected using 2µL 
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Lipofectamine messengerMax (Thermo) and 500ng mRNA per well, mixed in 

Schneider medium without serum. Two hours later, complete medium was added to 

the cells. Subsequent analysis by luciferase measurement was performed 24 hours 

later following the Dual-Luciferase® Reporter Assay kit (Promega) instructions. 
 

dsRNA soaking in S2 cells 

For dsRNA treatment, 50 000 cells were seeded in 24-well plate in 250μL 

serum-free media and incubated with 6µg dsRNA for 4 hours. Complete medium was 

the added. Five days later, cells were stimulated with heat-killed E. coli for 1, 2 or 4 

hours. 

 

Western blot 
 

Protein lysates were run on 4-12% acrylamide gels (Biorad). Semi-dry 

transfert to nitrocellulose membrane was performed with Biorad TransBlot Turbo 

machine. Membranes were blocked with 5% non-fat dry milk in Tris-buffered saline 

(TBS)-Tween 0.05% one hour at room temperature (RT) and incubated overnight at 

4°C with primary antibody in non-fat dry milk 2% TBS-Tween 0.05%. After washing, 

the secondary anti-Rabbit or anti-Mouse antibody fused to horseradish peroxidase 

(Abcam) was added to the membrane in non-fat dry milk 2% TBS-Tween 0.05% for 

one hour at RT. Membranes were washed and revealed with the enhanced 

chemiluminescence reagent (GE Healthcare). 

 

Antibodies used and dilutions 

Target   Reference    Origin  Dilution 
hRACK1  Cell signaling technologies (D59D5)  Rabbit  1/1000 
dRACK1  kindly provided by Berckerle lab Rabbit  1/5000 
Tubulin  Abcam (ab7291)   Mouse  1/5000 
RpL10A  Abcam (ab55544)   Mouse  1/5000 
RpS15   Abcam (ab157193)   Rabbit  1/10 000 
Rabbit-HRP  Amersham (NA934)   Horse  1/10 000 
Mouse-HRP  Amersham (NA931)   Sheep  1/10 000 
Actin   Millipore (#MAB1501R)  Mouse  1/5000 
FLAG tag  Sigma (F3165)   Mouse  1/5000 
HA tag   Abcam (ab9110)   Rabbit  1/5000 
HA-Peroxidase Roche (3F10)    Rat  50U/mL 
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RNA extraction and quantitative RT-PCR 
 

For infected cells, cell lysis, retrotranscription (RT) and quantitative PCR 

(qPCR) analysis were performed using the Cell-To-Ct kit (Ambion). Cells were 

washed in phosphate buffered saline, lysed in lysis buffer supplied by the 

manufacturer in the presence of DNAse I. Reverse transcription was performed on 

the lysate in SYBR RT buffer using the RT enzyme mix. Quantitative PCR was done 

using the SYBR Green power master mix and 0.5mM of forward and reverse 

primers. 

106 cells or 6 flies per tube were lysed in 200µL or 350µL TRIzol RT (MRC) 

respectively together with 1/20 volume of Bromoanisole (MRC) added. After 

centrifugation, the top aqueous phase was recovered and precipitated with 

isopropanol. The pellet was washed with 70% ethanol, dried and resuspended in 

water. 1µg of RNA was used to perform reverse transcription with iScript cDNA 

synthesis kit (BioRad) or iScript gDNAclear cDNA synthesis kit (BioRad) following 

manufacturer’s instructions. Quantitative PCR was done using the SYBR Green 

master mix (BioRad) and 0.5mM of forward and reverse primers. The qPCR cycle 

was the following: an initial denaturation of 15s at 98°C, followed by 35 cycles of 2s 

at 95°C and 30s at 60°C. The threshold cycle (Ct) of each sample is calculated by 

linear regression. Analysis is made by the ΔCt method using Rp49 as a reference 

gene: 2Ct(Rp49) - Ct(target). 

 

In vivo polysome profiling and bioinformatic analysis 
 

Polysome profiling 

100 Drosophila (50 males and 50 females) were collected in a tube and flash-

frozen in liquid nitrogen. Lysis buffer containing 25mM Tris-HCl, 50 mM KCl, 5mM 

MgCl2, 0.1% Triton X-100, 1mM dithiothreitol, 100μg/ml cycloheximide, protease 

inhibitor (Sigma) and 1U/µL RNAsin (Promega), adjusted at pH 7.4 was added and 

flies were smashed using Precellys Evolution and Cryolys (Bertin). Lysates were 

cleared by centrifugation several times for 10 minutes at 14 000 rpm at 4°C. After 

centrifugation, lysates were collected and put into 7%–47% sucrose gradients 

containing 25mM Tris-HCl pH7.4, 50mM KCl, 5mM MgCl2, and 1mM dithiothreitol. 

Gradients and lysates were ultracentrifuged in a SW41 rotor for 2h30 at 37,000 rpm 

and fractions were collected and monitored using BioRad Econo UV monitor. 

 



 114 

RNA purification and sequencing 

Each selected sucrose fraction was incubated at 50°C for 30 minutes with 

0.5% SDS and 200μg/mL proteinase K. RNAs were then extracted by adding an 

equal volume of TRIzol (Thermo) to the fractions. After 5 minutes incubation at room 

temperature, 200µL of chloroform per mL of TRIzol were added. After centrifugation, 

the top aqueous phase was collected and RNAs were precipitated by adding 

isopropanol and 20µg glycogen for pellet visualization. After centrifugation, pellets 

were washed in 70% ethanol, dried, dissolved in nuclease-free water and quantified 

by Nanodrop One (Thermo). To remove any phenol contamination, RNAs from 

sucrose samples were clean using NucAway kit (Thermo), following manufacturer’s 

instructions. RNA integrity was subsequently checked for integrity by Bioanalyzer 

(Genomics agilent) and sent for sequencing at IGBMC sequencing platform 

(Strasbourg). There, 400ng (input, polysomes and free samples) or 1µg 

(monosomes) of RNA was used for library preparation with TruSeq Stranded mRNA 

Sample Preparation Kit (Illumina, Part Number RS-122-2101). Briefly, following 

purification with poly-T oligo attached magnetic beads, the mRNA was fragmented 

using divalent cations at 94°C for 2 minutes. The cleaved RNA fragments were 

copied into first strand cDNA using reverse transcriptase and random primers. Strand 

specificity was achieved by replacing dTTP with dUTP during second strand cDNA 

synthesis using DNA Polymerase I and RNase H. Following addition of a single 'A' 

base and subsequent ligation of the adapter on double stranded cDNA fragments, 

the products were purified and enriched with PCR (30 sec at 98°C; [10 sec at 98°C, 

30 sec at 60°C, 30 sec at 72°C] x 12 cycles; 5 min at 72°C) to create the cDNA 

library. Surplus PCR primers were further removed by purification using AMPure XP 

beads (Beckman Coulter) and the final cDNA libraries were checked for quality and 

quantified using capillary electrophoresis. Libraries were sequenced in Illumina Hiseq 

4000 and image analysis and base calling were performed using RTA 2.7.3 and 

bcl2fastq 2.17.1.14. Venn diagrams were generated using the jVenn Plug-in (Bardou 

et al., 2014). Gene ontology (GO) enrichment analysis was performed using 

PANTHER version 14.1 released 2019-03-12. 

 

Protein purification 

Proteins were purified directly from sucrose fractions by adding trichloroacetic 

acid up to 25% volume. After 30 minutes of precipitation, precipitates were 

centrifuged 15 minutes at 14 000 rpm at 4°C. Pellets were washed with 5mM HCl in 

acetone, then with pure acetone. Pellets were dried at RT and dissolved in protein 
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loading buffer containing NuPage LDS sample buffer (Thermo) and Reducing agent 

(Thermo) and boiled for 5 minutes at 95°C for subsequent analysis by western blot. 

 

List of primers used, in 5’-3’ orientation 
 
Genotyping RACK1 (CRISPR/Cas9) 
 

RACK1 
Fw CAAGATGTCCGAGACCCTGC 

Rv GACGCCCGTTACAAAGGTCAG 

 
Quantitative PCR 
 

DCV 
Fw TCATCGGTATGCACATTGCT 

Rv CGCATAACCATGCTCTTCTG 

CrPV 
Fw  GCTGAAACGTTCAACGCATA 

Rv CCACTTGCTCCATTTGGTTT 

DptA 
Fw GCGCAATCGCTTCTACTTTG 

Rv CCTGAAGATTGAGTGGGTACTG 

PGRP-SB1 
Fw AATCGCAAGAGCATTGGCATCGTC 

Rv TTAGATCCTTGGCGTTCTGGAGCA 

AttA 
Fw CTGGTCATGGTGCCTCTTT 

Rv AGACCTTGGCATCCAGATTG 

CecC 
Fw AAGCCGGTTGGCTGAAGAAACTTG 

Rv GTTGCGCAATTCCCAGTCCTTGAA 

edin 
Fw TCCTGCTGTCTGGTGACAAT 

Rv CTGGAACTCCTCGGGATATG 

Mtk 
Fw GCAACTTAATCTTGGAGCGATTT 

Rv GGTCTTGGTTGGTTAGGATTGA 

RACK1 
Fw AGACCCTGATCGTGTGGAAG 

Rv TAGAGACGCTTCTGGGGGTA 

imd 
Fw TCAGCGACCCAAACTACAATTC 

Rv TTGTCTGGACGTTACTGAGAGT 

RP49 
Fw GCCGCTTCAAGGGACAGTATCT 

Rv AAACGCGGTTCTGCATGAG 

Ird5 
Fw TTGCAGATGTTGATGTCAGCC 

Rv CCTTTCTGCCTCTTCGATAGC 

Relish 
Fw CCACCAATATGCCATTGTGTGCCA 

Rv TTCCTCGACACAATTACGCTCCGT 

 
Primers for dsRNA templates 
 

RACK1 Fw TAATACGACTCACTATAGGGAAGACCATCAAGCTGTGGAA 

Rv TAATACGACTCACTATAGGGGCTCCTCAACGGTCTTCTTG 

GFP Fw TAATACGACTCACTATAGGGAGACCTGAAGTTCATCTGCACCA 
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Rv TAATACGACTCACTATAGGGAAGTGGTTGTGGCGGATCTTGAAGT 

Ird5 (1) Fw TAATACGACTCACTATAGGGACTGGAATGGACGAAAAGGAACTGT 

Rv TAATACGACTCACTATAGGGCTTGTTAGCTGATCATAGGCAAAGG 

Ird5 (2) Fw TAATACGACTCACTATAGGGCAAGCAAAGATTCCGTCCCGC 

Rv TAATACGACTCACTATAGGGCCTCGCCCTCGTTATATAACTTG 

Relish (1) Fw TAATACGACTCACTATAGGGCGCAAACTTATCGAGCACAAC 

Rv TAATACGACTCACTATAGGGACCTGTATCGTCTGGATGGCC 

Relish (2) Fw TAATACGACTCACTATAGGGCGGCGTTGCTAATGTCACCAG 

Rv TAATACGACTCACTATAGGGAGGTTTTGGGCGTCCGCTTC 

 
sgRNA cloning in pCFD5  
 

PCR1 
Fw gcggcccgggttcgattcccggccgatgcaCCGACAACACCATCCGCGTCTGG 

GTTTTAGAGCTAGAAATAGCAAG 

Rv CCGATAACCGTCAGATCGTGTCCTGCACCAGCCGGGAATCGAACCC 

PCR2 
Fw GGACACGATCTGACGGTTATCGGGTTTTAGAGCTAGAAATAGCAAG 

Rv attttaacttgctatttctagctctaaaacCCACCCGTCGCTTCGAGGGACAC 
TGCACCAGCCGGGAATCGAACCC 

 
UNDERLINED : sgRNA guides 
lowercase: Gibson homology sequence 
UPPERCASE: gRNA core 
 
RACK1 mutagenesis 
 

R36D-
K38E 

Fw CCATAATTTCGGCCTCCGATGACGAGACCCTGATCGTGTGG 

Rv CCACACGATCAGGGTCTCGTCATCGGAGGCCGAAATTATGG 

D108Y 
Fw CTTCGAGGGACACACTAAGTATGTTTTGTCGGTTGCCTTCT 

Rv AGAAGGCAACCGACAAAACATACTTAGTGTGTCCCTCGAAG 

T51A 
Fw CTGACCCGCGACGAGGACGCCAACTACGGCTACC 

Rv GGTAGCCGTAGTTGGCGTCCTCGTCGCGGGTCAG 

Y53F 
Fw CGACGAGGACACCAACTTCGGCTACCC  

Rv GGGTAGCCGAAGTTGGTGTCCTCGTCG  

Y303F 
Fw CTGTTCGCCGGCTTCTCCGACAACACC  

Rv GGTGTTGTCGGAGAAGCCGGCGAACAG  

Y247F 
Fw CGCCCAACCGCTTCTGGCTGTGCGT  

Rv ACGCACAGCCAGAAGCGGTTGGGCG  

Y229F 
Fw GACGGCAAGAACCTGTTCACTCTGGAGCACAAC  

Rv GTTGTGCTCCAGAGTGAACAGGTTCTTGCCGTC  

T279A 
Fw CCGAGGTCGTTTCGCCCGCGTCGAAGGCCGATCAG 

Rv CTGATCGGCCTTCGACGCGGGCGAAACGACCTCGG 

T279E 
Fw GCCCCGAGGTCGTTTCGCCCGAGTCGAAGGCCGATCAGCC 

Rv GGCTGATCGGCCTTCGACTCGGGCGAAACGACCTCGGGGC 

SPTS-
EPEE 

Fw GAGCTGCGCCCCGAGGTCGTTGAGCCCGAGGAGAAGGCCGATCAGCCCC
AGTG 

Rv CACTGGGGCTGATCGGCCTTCTCCTCGGGCTCAACGACCTCGGGGCGCA
GCTC 

S280A Fw GAGGTCGTTTCGCCCACGGCGAAGGCCGATCAGCC 
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Rv GGCTGATCGGCCTTCGCCGTGGGCGAAACGACCTC 

K281A 
Fw TTCGCCCACGTCGGCGGCCGATCAGCCC  

Rv GGGCTGATCGGCCGCCGACGTGGGCGAA  

D283A 
Fw GCCCACGTCGAAGGCCGCTCAGCCCCAGTGCCTG 

Rv CAGGCACTGGGGCTGAGCGGCCTTCGACGTGGGC 

Δknob 
Fw CTGCGCCCCGAGCAGCCCCAGTGC  

Rv GCACTGGGGCTGCTCGGGGCGCAG  

 
Generation of CrPV mRNA reporters 
 

whole IRES 
Fw CAACAAATATTAATACGACTCACTATAGTTTAATAAGTGTTGTGCAG 

Rv CTTATCATGTCTGCTCGAAG 

minimal IRES 
Fw CAACAAATATTAATACGACTCACTATAGTTCGATACCAAGAGCTGGTG 

Rv CTTATCATGTCTGCTCGAAG 

IGR IRES 
Fw CAACAAATATTAATACGACTCACTATAGGCAAAAATGTGATCTTGCTTG 

Rv CTTATCATGTCTGCTCGAAG 

 
Generation of 5'UTR mRNA reporters 
 

!
Pirk-

RA-FF 
Luc 

Fw CACTATAGGGCGAATTGGAGGTTCAATAGCCAAAGTGC Pirk-
RA_5'UTR  

Rv CTTCGGCCATTTTGGTGTGAATTACCGC Pirk-
RA_5'UTR  

Fw TCACACCAAAATGGCCGAAGACGCCAAAAAC Pirk-RA Luc  

Rv CGGCCGCCACCGCGGTGGAGCAATTTGGACTTTCCGCCC Bluescript-Luc  

Pirk-
RB-FF 

Luc 

x ordered from gBlock (IDT) Pirk-RB 5'UTR 

Fw TCACACCAAAATGGCCGAAGACGCCAAAAAC Pirk-RB Luc  

Rv CGGCCGCCACCGCGGTGGAGCAATTTGGACTTTCCGCCC Bluescript-Luc  

AttC-FF 
Luc 

Fw CACTATAGGGCGAATTGGAGATCGTCAGTCAACAGTCAG AttC_5'UTR 

Rv CTTCGGCCATCTTGCTGTATTAATCTCTTGATTTTC AttC_5'UTR  

Fw ATACAGCAAGATGGCCGAAGACGCCAAAAAC AttC Luc  

Rv CGGCCGCCACCGCGGTGGAGCAATTTGGACTTTCCGCCC Bluescript-Luc  

CecB-
FF Luc 

Fw CACTATAGGGCGAATTGGAGCATCAGTCGCACAGTTCTC CecB_5'UTR  

Rv CTTCGGCCATGACGAGATTGTTGGCTTAC CecB_5'UTR  

Fw CAATCTCGTCATGGCCGAAGACGCCAAAAAC CecB Luc  

Rv CGGCCGCCACCGCGGTGGAGCAATTTGGACTTTCCGCCC Bluescript-Luc  

DptA-FF 
Luc 

Fw CACTATAGGGCGAATTGGAGGTATCAGTCAGCATATTCC DptA_5'UTR  

Rv CTTCGGCCATCTCAGTTGTTCTCAATTGAAG DptA_5'UTR  

Fw AACAACTGAGATGGCCGAAGACGCCAAAAAC DptA Luc  

Rv CGGCCGCCACCGCGGTGGAGCAATTTGGACTTTCCGCCC Bluescript-Luc  

CecA1-
FF Luc 

Fw CACTATAGGGCGAATTGGAGCATCAGTCGCTCAGACCTC CecA1_5'UTR  

Rv CTTCGGCCATGGTGATATTTTCTTGATTTTTTCTTAGG CecA1_5'UTR  

Fw AAATATCACCATGGCCGAAGACGCCAAAAAC CecA1 FFLuc  

Rv CGGCCGCCACCGCGGTGGAGCAATTTGGACTTTCCGCCC Bluescript-Luc  

Cyp18a
1-RA-FF 

Luc 

Fw CACTATAGGGCGAATTGGAGCGAGCCATTAGTCGAAAACTATAAACG Cyp18a1-
RA_5'UTR  

Rv CTTCGGCCATGGCGGTGTAGCTGTAGCTG Cyp18a1_5'U
TR  

Fw CTACACCGCCATGGCCGAAGACGCCAAAAAC Cyp18a1 Luc  

Rv CGGCCGCCACCGCGGTGGAGCAATTTGGACTTTCCGCCC Bluescript-Luc  
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Cyp18a
1-RB-FF 

Luc 

Fw CACTATAGGGCGAATTGGAGTGCAGAGCTGCAGAGCTG Cyp18a1-
RB_5'UTR  

Rv CTTCGGCCATGGCGGTGTAGCTGTAGCTG Cyp18a1_5'UTR--

Fw CTACACCGCCATGGCCGAAGACGCCAAAAAC Cyp18a1-Luc--

Rv CGGCCGCCACCGCGGTGGAGCAATTTGGACTTTCCGCCC Bluescript-Luc  

TRAF6-
FF Luc 

Fw CACTATAGGGCGAATTGGAGCCAGTGTTGCACAATCCTCG TRAF6_5'UTR  

Rv CTTCGGCCATCTTGGCTGCTCCTCTGGC TRAF6_5'UTR 

Fw AGCAGCCAAGATGGCCGAAGACGCCAAAAAC TRAF6 Luc  

Rv CGGCCGCCACCGCGGTGGAGCAATTTGGACTTTCCGCCC Bluescript-Luc  

actin42
a-FF 
Luc 

Fw CACTATAGGGCGAATTGGAGCCACTTTAACTCGAAAAAG Act42A_5'UTR  

Rv CTTCGGCCATTTTGTAGAAATTTTATTTGGATCTTTTATG Act42A_5'UTR  

Fw TTTCTACAAAATGGCCGAAGACGCCAAAAAC Act42A Luc  

Rv CGGCCGCCACCGCGGTGGAGCAATTTGGACTTTCCGCCC Bluescript-Luc  

actin42
a-Rluc 

Fw CACTATAGGGCGAATTGGAGCCACTTTAACTCGAAAAAG Act42A_5'UTR  

Rv GAAAAGACATTTTGTAGAAATTTTATTTGGATCTTTTATG Act42A_5'UTR  

Fw TTTCTACAAAATGTCTTTTCAACAAACAAAC Act42A 
RenLuc  

Rv CGGCCGCCACCGCGGTGGAGTTATTGTTCATTTTTGAGAACTC Bluescript 
RenLuc  

 
 
 
 
(Anger et al., 2013) 
(Holcik and Sonenberg, 2005) 
(Prlić et al., 2018)  
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Chapter 9
Insect Immunity: From Systemic 
to Chemosensory Organs Protection

Evelyne Einhorn and Jean-Luc Imler

Abstract Insects are confronted to a wide range of infectious microorganisms. 
Tissues in direct contact with the environment, such as olfactory organs, are particu-
larly exposed to pathogens. We review here the immune mechanisms operating in 
insects to control infections. Experiments conducted on the model organism 
Drosophila melanogaster (fruit !y) have provided genetic evidence that insects rely 
on both cellular and humoral mechanisms to control infections. Once epithelial bar-
riers have been breached, circulating or membrane-associated innate immunity 
receptors trigger signaling in the fat body and lead to secretion of high concentra-
tions of antimicrobial peptides active on fungi and bacteria in the hemolymph. This 
induced response involves the evolutionarily conserved Toll and immune de"ciency 
(IMD) signaling pathways, which promote nuclear translocation of transcription 
factors of the NF-κB family. In addition, different subsets of differentiated blood 
cells or hemocytes can neutralize bacteria, fungi or parasites by phagocytosis, pro-
duction of microbicidal compounds, or encapsulation. An alternative to mount 
costly immune responses is to sense pathogens through chemosensory cues and 
avoid them. Interestingly, some families of molecules, including the Toll receptors, 
participate in both olfaction and immunity.
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1  Introduction

Insects represent by far the largest class of multicellular organisms, both in terms of 
number of species (corresponding to more than half of the animal species docu-
mented) and number of individuals (Misof et al. 2014). They also exhibit a fantastic 
variation of morphologies, which make them a fascinating group to study.

Insects have colonized all terrestrial biotopes and are exposed to all kind of 
infectious agents, raising the question of how they defend themselves (see Chaps. 1, 
2, 3, 4, 5, and 6, volume 1). There are several speci"c reasons to be interested in 
host-pathogen interactions in insects. First, infection of insects can cause important 
economic losses (e.g. #acherie or pébrine disease of silkworms; contribution to 
colony-collapse disorder in honey-bees) (also see Chaps. 1, 2, and 3, volume 1). 
Second, hematophagous insects such as Aedes or Anopheles mosquitoes can trans-
mit viral (caused by so-called arthropod-borne viruses or arboviruses, e.g. dengue, 
yellow fever, West-Nile virus) or parasitic (e.g. malaria) diseases to mammalian 
hosts (see Chap. 1, volume 1). Third, microbial pathogens (e.g. baculoviruses) can 
be used as biological control agents against insect pests, which necessitates some 
knowledge of the host response to these microorganisms (see Chap. 4, volume 1).

To these, we may add a fourth and last reason, which is that the fruit #y Drosophila 
melanogaster is a valuable model organism used in the biomedical "eld to decipher 
complex issues in biology, including immunology (Fernández-Hernández et  al. 
2016).

Whereas the immune system of vertebrates is composed of two arms, innate and 
adaptive immunity, invertebrates and insects in particular only rely on innate immu-
nity to counter infections. Innate immunity, which senses infection through pre-
formed receptors, rapidly reacts to the invasion of microorganisms and triggers the 
production of antimicrobial compounds (Fig. 9.1) (Hoffmann et al. 1999). We pres-
ent below the main mechanisms involved in insect immunity, which bear many 
similarities with mammalian innate immunity, betraying common phylogenetic ori-
gins (Hoffmann 2003).

Emphasis is placed on the Drosophila model, which has provided strong genetic 
evidence for involvement of several pathways in insect immunity. We "rst present 
the systemic humoral response and its regulation, which bears several interesting 
similarities with the induction of in#ammation in vertebrates. We then highlight 
how two cell intrinsic mechanisms, RNA interference and apoptosis, participate in 
the control of viral infections. The insect immune system also encompasses a cel-
lular arm, and we present the different population of hemocytes present in the blood 
and associated with tissues, and discuss their contribution to host defense. Finally, 
we turn to immunity at barrier epithelia, before closing the chapter with the particu-
lar case of chemosensory organs.
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2  The Systemic Humoral Response to Infection by Bacteria, 
Fungi and Protozoa

2.1  A Battery of Secreted Antimicrobial Peptides Contribute 
to Humoral Immunity

One hallmark of the immune response of insects is the secretion in the hemolymph 
of a cocktail of small (<10 kDa for most of them), cationic antimicrobial peptides 
(AMPs).

These peptides, which participate in host defense in all metazoa, but also in 
plants, were initially discovered in an insect, the moth Hyalophora cecropia (Steiner 
et al. 1981). AMPs belong to different structural families and are active in micromo-
lar concentrations against a broad range of microbes, with some speci"city. They 
act on the microbial cell wall, although some have intracellular targets (Imler and 
Bulet 2005) (see Fig. 9.1).

Drosomycin
(100µM)

Cecropin
(20µM)

Defensin
(1µM)

Drosocin
(40µM)

Fat body

Hemocytes

Epithelia

Gram negative
bacteria

Gram negative
bacteria

(and some fungi and yeast)

Gram positive
bacteria

(and some fungi and yeast)

Fungi

Fig. 9.1 The insect humoral response to microbial infections. Representative examples of antimi-
crobial peptides are shown with their microbial targets. Their concentration in the hemolymph of 
immune challenged Drosophila is indicated in parenthesis. These peptides are secreted by the fat 
body, but also plasmatocytes and surface epithelia
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The most commonly found AMPs in insects are the α-helical Cecropins, which 
are mainly active against a range of Gram-negative bacteria, and the disulphide- 
bridged Defensins, mostly active against Gram-positive bacteria (Boman et  al. 
1991; Hoffmann and Hetru 1992; Vilmos and Kurucz 1998). Besides these, each 
insect expresses a speci"c repertoire of AMPs (Koehbach 2017). One AMP speci"c 
to D. melanogaster is the antifungal peptide Drosomycin, which turned out to be an 
important marker of the immune response for the deciphering of the pathways lead-
ing to AMP expression (Zhang and Zhu 2009).

2.2  Evolutionarily Conserved Signaling Pathways Control 
AMP Expression

AMPs are induced upon infection, and are secreted in the hemolymph, where their 
combined concentration can reach 300 μM in the fruit #y D. melanogaster. The 
transcriptional induction of the genes encoding AMPs is mediated by factors of the 
NF-κB family, which in mammals play important roles in the induction of in#am-
mation and immunity (Hoffmann et  al. 1999). These transcription factors are 
retained in the cytosol of non-infected cells by ankyrin-repeat containing inhibitors 
of the IκB family. In response to an immune challenge, they rapidly translocate to 
the nucleus. Two pathways, named Toll and IMD, regulate AMP expression in 
insects, through activation of different members of the NF-κB family (Ferrandon 
et al. 2007) (Fig. 9.2).

The Toll pathway, named after the transmembrane receptor Toll, is involved in 
the humoral response to fungi and Gram-positive bacteria (Valanne et al. 2011). It 
is activated by a neurotrophin-like cytokine, Spaetzle, which is expressed as an 
inactive precursor unable to bind Toll (Weber et al. 2003). Infection by fungi or 
Gram-positive bacteria triggers a proteolytic cascade that culminates in the activa-
tion of the serine protease Spaetzle Processing Enzyme (SPE) and generates an 
active Toll ligand (Jang et al. 2006). Activation of Toll triggers intracytoplasmic 
signaling through the death domain (DD) adapter proteins DmMyD88 and Tube. 
This leads to activation of the serine/threonine kinase Pelle through speci"c homo-
typic DD-DD interaction (Sun et al. 2004). Pelle phosphorylates the IκB-like mol-
ecule Cactus, triggering its degradation by the proteasome. This releases the NF-κB 
transcription factor DIF, which translocates to the nucleus and activates expression 
of genes encoding AMPs such as antifungal peptide drosomycin (Rutschmann et al. 
2000; Daigneault et al. 2013).

The IMD pathway, named after the Drosophila gene immune de!ciency (imd), 
mediates inducible expression of antibacterial peptides (e.g. Diptericin, Drosocin) 
in response to infection by Gram-negative bacteria (Georgel et al. 2001). The path-
way is activated by receptors of the PGRP family (see below) and involves the DD 
adapter proteins IMD and dFADD, and the caspase DREDD (Naitza et al. 2002). 
One target of DREDD is IMD itself. The new N-terminus of IMD then recruits the 
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complex TAB2/TAK1, promoting the activation of the serine/threonine kinase 
TAK1 (Paquette et al. 2010). TAK1, together with the E3 ubiquitin ligase Uev1A/
Ubc13, then activates the IκB kinase (IKK) complex formed by the kinase DmIKKβ 
and its regulatory subunit DmIKKγ. DmIKKβ subsequently phosphorylates the 
NF-κB protein Relish, thus promoting its cleavage by DREDD (Stoven et al. 2003). 
The 110  kDa Relish contains an N-terminal inhibitory ankyrin-repeat domain, 
which restrains the transcription factor to the cytosol. Proteolytic cleavage by 
DREDD releases the active domain of Relish, which is then free to translocate to the 
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Fig. 9.2 Overview of the Drosophila Toll and IMD pathways. The Toll pathway is activated by a 
proteolytically processed form of the cytokine Spaetzle. Proteolytic cascades upstream of Spaetzle 
are induced upon sensing of ß-glucans or lysine-type peptidoglycan (derived respectively from the 
cell wall of fungi and most Gram positive bacteria) by circulating PRRs, or upon detection of 
abnormal proteolytic activity associated with infection. Activation of Toll leads to nuclear translo-
cation of the NF-κB transcription factor Dif and/or Dorsal, which promote expression of AMPs 
such as Drosomycin. The IMD pathway is activated by members of the PGRP family that sense 
DAP-type peptidoglycan found in the cell wall of Gram-negative bacteria. It activates the NF-κB 
transcription factor Relish, which controls genes encoding AMPs (e.g. Diptericin) or negative 
regulators of the pathway (e.g. Pirk, PGRP-SC and PGRP-LB)
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nucleus, to trigger expression of antibacterial peptides genes, e.g. diptericin and/or 
drosocin (Stoven et al. 2003).

Interestingly, both the Toll and IMD pathways are evolutionarily ancient, and 
bear striking similarities with the mammalian Toll-like receptor (TLR)/interleukin-
 1 receptor (IL-1R) and Tumor necrosis factor receptor (TNF-R) pathways, respec-
tively. The genetic characterization of these pathways in the Drosophila model 
organism was instrumental in revealing the interplay of molecules involved, and in 
particular played a decisive role in revealing the importance of TLRs in mammalian 
innate immunity (Hoffmann 2003).

2.3  Non-self and Danger Signals Trigger Humoral Immunity

In spite of the similarities mentioned above, the sensing of microorganisms upstream 
of the Toll and IMD pathways exhibit some differences with mammals.

Activation of innate immunity involves receptors commonly known as pattern- 
recognition receptors (PRRs), which recognize molecular motifs, or “patterns”, 
shared by large groups of microorganisms and essential for their biology (e.g. lipo-
polysaccharide found in the cell wall of all Gram-negative bacteria, double-stranded 
RNA generated during viral replication), but absent from the host (Medzhitov and 
Janeway 2002). Whereas TLRs represent a major family of PRRs in vertebrates, 
Tolls in insects function as cytokine receptors or adhesion molecules (McIlroy et al. 
2013; Paré et al. 2014). Recognition of microbial infection is mediated by receptors 
that belong to two other families of PRRs, the peptidoglycan (PGN) recognition 
proteins (PGRPs) and the β-glucan binding proteins (GNBPs) (Ferrandon et  al. 
2007). Initially identi"ed in the silkworm moth Bombyx mori, these molecules were 
genetically characterized in Drosophila (Yoshida et  al. 1986; Choe et  al. 2002; 
Gottar et al. 2002, 2006).

The IMD pathway in #ies is activated by a characteristic feature of PGN from 
Gram-negative bacteria (shared by Gram-positive bacilli), namely the presence of a 
diaminopimelic acid (DAP) residue at the third position in the four amino-acid pep-
tide bridge between the chains of glycans (Kaneko et  al. 2006). Two negatively 
charged groups of DAP form a strong electrostatic interaction with an Arginine resi-
due in a speci"c pocket in the transmembrane receptor PGRP-LC, thus triggering 
signaling (Chang et  al. 2005). A second member of the PGRP family in #ies, 
PGRP-LE, exists as either a secreted isoform that facilitates interaction between 
PGN and PGRP-LC, or an intracellular isoform that senses PGN from intracellular 
bacteria (Steiner 2004; Royet et al. 2011). Of note, this cytosolic receptor also trig-
gers a cell intrinsic response to infection, namely autophagy (Yano et al. 2008). 
Therefore, the IMD pathway is activated by PRRs that directly sense PGN from 
infecting bacteria.

By contrast, in the Toll pathway, recognition occurs upstream of Toll, and is 
mediated by circulating PRRs. In the case of many important Gram-positive bacte-
ria, a Lysine residue replaces the DAP in the peptide stem of PGN, and this differ-
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ence is sensed by PGRP-SA, with a contribution from PGRP-SD. Thus, a subtle 
difference in the structure of PGN between Gram-negative and Gram-positive bac-
teria is responsible for the activation of either the IMD or the Toll pathway, respec-
tively (Steiner 2004; Royet et al. 2011). Recognition of fungi, on the other hand, 
involves a PRR from a different family, GNBP3, which binds β1-3-glucans (Gottar 
et al. 2006).

A second member of the GNBP family, GNBP1, participates to the sensing of 
Gram-positive bacteria, together with PGRP-SA (Gobert et al. 2003). Thus, GNBPs 
are not restricted to the sensing of fungal components. The PRRs acting upstream of 
Toll activate proteolytic cascades that culminate in the production of an endogenous 
ligand for the Toll receptor (Ferrandon et al. 2007).

Besides PGRPs and GNBPs, the Toll pathway can also be activated by the sens-
ing of abnormal proteolytic activity in the hemolymph. This is mediated by the 
circulating zymogene Persephone, which can be activated by fungal or bacterial 
proteases (Gottar et al. 2006; El Chamy et al. 2008; Issa et al. 2018). These prote-
ases are often used to penetrate the insect cuticle, and as such are important viru-
lence factors, which can be sensed by Persephone. Upon activation, this serine 
protease activates a proteolytic cascade leading to processing of the Spaetzle pre-
cursor (Levashina et al. 1999; Ligoxygakis et al. 2002).

2.4  Complement Factors Contribute to Anti-parasitic 
Immunity

A family of secreted complement-like factors known as TEPs (thioester containing 
proteins) participates in host-defense in insects.

In vertebrates, the TEP family includes not only the protease inhibitors α2- 
macroglobulins, but also the complement factors C3, C4 and C5 (Nonaka 2000; 
Shokal and Eleftherianos 2017).

Initially identi"ed as immune-induced genes in Drosophila, the TEPs have been 
best characterized in the mosquito Anopheles, which transmit the malaria parasite to 
mammals (Levashina et al. 2001; Blandin and Levashina 2004). Out of the 19 TEPs 
identi"ed in the genome of Anopheles gambiae, TEP1 is an extremely polymorphic 
gene that encodes for an acute phase secreted protein, which binds to the surface of 
bacteria and parasites. It promotes phagocytosis of bacteria and killing of parasites 
at the ookinete stage (Blandin et al. 2004; Obbard et al. 2008). Polymorphism in the 
gene encoding TEP1 explains a substantial part of the variability in transmission of 
Plasmodium parasites observed between A. gambiae individuals (Blandin et  al. 
2009). Interestingly, TEP1 bears similarities to the mammalian complement factor 
C3, both at the structural and functional levels (Baxter et al. 2007; Fraiture et al. 
2009). In particular, two leucine-rich repeat proteins, APL1 and LRIM1, function 
like complement control proteins, preventing TEP1 from binding to self-tissues in 
the absence of infection.
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2.5  RNAi and Apoptosis: Two Cell Intrinsic Mechanisms 
of Antiviral Immunity

Viruses represent a special challenge for multicellular organisms. Indeed, their 
small size, their great diverse shape, very robust replicable structure and simplicity 
of organization offer limited options for sensing and neutralization by the immune 
system. In addition, they replicate in the cytoplasm or nucleus on infected cells, 
which blurs the distinction between self and non-self. Finally, their error prone 
polymerases allow them to evolve rapidly, facilitating evasion from antiviral 
immune defenses (see Chap. 10 about evolution of chemosensory proteins).

RNA interference (RNAi) provides insects with a powerful mechanism of antivi-
ral defense. It involves RNA targeting enzymes from two families, the Dicers and 
the Argonautes (AGOs) (Fig. 9.3).

RNAi was "rst identi"ed as a potent antiviral defense mechanism in plants (Ding 
2010). More recently, RNAi was also found to play an important role in the control 
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Fig. 9.3 The antiviral small interfering RNA (siRNA) pathway. Upon infection by a positive 
strand RNA virus, translation of the viral RNA dependent-RNA polymerase (RdRP) leads to initia-
tion of replication. The resulting double-strand RNA (dsRNA) is sensed by the RNAseIII enzyme 
Dicer-2 (Dcr-2) and cleaved into virus-derived siRNAs duplexes. Upon loading onto Argonaute 2 
(AGO2), one strand of the duplex is discarded and the remaining strand will guide the nuclease 
AGO2 and the RNA induced silencing complex (RISC) towards viral RNAs. Many insect viruses 
express suppressors that antagonize the siRNA pathway at different levels
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of viral infection in insects (Aliyari and Ding 2009), eventually providing a new 
area of research for insect control (see also Chap. 5, volume 1).

Central to the RNAi mechanism are the enzymes of the AGO family, which 
mediate highly speci"c neutralization of target RNA molecules (Herzog and Ameres 
2015). The speci"city of AGO enzymes is achieved by their association with small 
RNAs, which guide them towards RNA molecules with complementary sequences. 
Three RNAi pathways, involving different members of the AGO family, have been 
de"ned in insects: (i) the small interfering (si)RNA pathway involves AGO-2, and 
is activated by double stranded (ds)RNA. siRNAs are produced by the RNaseIII 
enzyme Dicer-2, which forms a complex with the dsRNA binding protein (dsRBP) 
protein R2D2 (Paro et al. 2015); (ii) the micro (mi)RNA pathway involves AGO-1, 
Dicer-1 and its dsRBD co-factor Loquacious, and modulates expression of insect 
genes, in particular during tissue development (Carthew et al. 2017); (iii) "nally, the 
piRNA pathway involves the other AGO proteins (Piwi, Aubergine and AGO3 in 
Drosophila).

Piwi-associated RNAs (piRNAs) are involved in the control of mobile genetic 
elements, including the retrovirus gypsy, in the germ line of Drosophila (Siomi 
et al. 2010). Virus-derived piRNAs are also generated in infected insect cell lines as 
found in Drosophila and mosquitoes. However, the piRNA pathway does not appear 
to participate in antiviral host defense at least in the fruit #y Drosophila (Petit et al. 
2016). It is still unclear whether it participates in the control of viral infections in 
mosquitoes (Morazzani et al. 2012; Vodovar et al. 2012; Léger et al. 2013).

Demonstration of the critical role of the siRNA pathway in antiviral immunity in 
insects relies on three lines of evidence: "rst, genetic data indicating that siRNA 
pathway mutants (Dicer-2, r2d2 or AGO2) are hypersensitive to RNA virus infec-
tions, and contain increased viral load (Galiana-Arnoux et al. 2006; van Rij et al. 
2006; Wang et al. 2006); second, siRNAs of viral origin can be detected in infected 
cells or insects from a variety of species (Aliyari et al. 2008; Aguiar et al. 2015); and 
third, viral suppressors of RNAi (VSRs), which counteract the immune defense of 
the #y, have been identi"ed in several insect viruses (van Rij et al. 2006).

RNA interference provides a highly speci"c and even adaptive mechanism to 
degrade viral nucleic acids in infected cells. Indeed, the sensing by Dicer-2 of a 
molecular pattern characteristic of viral infection, double stranded RNA, triggers 
the production of guide siRNAs for AGO2, thus programming it to speci"cally neu-
tralize viral RNAs (Kemp and Imler 2009). RNAi is a cell autonomous process in 
Drosophila (Roignant et al. 2003), although in the context of infectious viral dsRNA 
released upon cell lysis can be taken up by non infected cells and trigger the antivi-
ral siRNA pathway (Saleh et al. 2009). In addition, viral dsRNA and siRNAs can be 
shared between cells by cytoplasmic bridges (Karlikow et al. 2016). Besides RNAi, 
apoptosis is another cell intrinsic mechanism of antiviral defense operating in 
insects (Clem 2015; Nainu et al. 2015) (see also Chap. 5, volume 1).
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3  Cellular Responses to Infections

3.1  Differentiation of Hemocytes in Insects

Hematopoiesis in insects occurs during embryogenesis and in larvae. It originates 
from the head mesoderm in embryos, and from a speci!c hematopoietic organ, the 
lymph gland, in larvae.

This gland is composed of two primary lobes, located on the sides of the aorta, 
which grow and form more posterior secondary lobes. While the secondary lobes 
contain only frequently dividing precursors called prohemocytes (small rounded 
cells [4–6 μm diameter] with a high nucleocytoplasmic ratio), the primary lobe can 
be differentiated in three zones. The medullatory zone composed of prohemocytes; 
the cortical zone composed of differentiating hemocytes; and a group of 20–30 cells 
at the posterior end of each lobe forming the posterior signaling center (PSC). The 
PSC plays a key regulatory role in third instar larvae, maintaining the balance 
between multipotent prohemocytes in the medullary zone and controlling hemocyte 
differentiation (KrzemieĔ et al. 2007; Mandal et al. 2007). Interestingly, odorant 
receptors activation contributes to blood progenitors maintenance in Drosophila 
(Shim et al. 2013).

Several kinds of hemocytes have been described in insects and, because of the 
great diversity of insects and the important variability of histological features of the 
cells within one insect, it is dif!cult to provide a uni!ed view of the different types 
of blood cells. Nevertheless, based on morphological and functional characteristics, 
it appears that insects contain a few blood cell types, which bear resemblance to cells 
of the myeloid lineage in vertebrates. They include the macrophage-like  plasmatocytes 
and other non-phagocytic cells, which seem to be characteristic of particular groups 
of insects (e.g. crystal cells and lamellocytes in Drosophila) (Fig. 9.4).

plasmatocytes

crystal cells

lamellocytes

Phagocytosis
AMPs
Sensing and signaling

Wound healing
Melanization
Production of ROS

Encapsulation

bacteria

fungi

parasite

prohemocyte

Fig. 9.4 Cellular immunity in the fruit #y Drosophila melanogaster. Differentiation of prohemo-
cytes generates three types of hemocytes, which contribute by different mechanisms to host 
defense. (See paragraph 3.1)
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Regulation of hemocyte differentiation involves evolutionarily conserved tran-
scription factors also participating in hematopoiesis in mammals (e.g. Runx, GATA, 
STAT families). In addition to the larval lymph gland, hemocytes are found in cir-
culation or in sessile patches of cells accumulating in various locations of the body 
(Lanot et al. 2001; Hillyer 2016).

3.2  Plasmatocytes Phagocytose Microbes and Dead Cells

Plasmatocytes form the majority of differentiated blood cells (90–95% of hemo-
cytes in Drosophila larvae). They are relatively round cells, with diameter of 
8–10 μm, which display phagocytic activity. Accordingly, their cytoplasm is rich in 
endoplasmic reticulum and lysosomes.

In some conditions, these cells exhibit pseudopod-like extensions (e.g. at the 
onset of metamorphosis), suggesting that the podocytes described in some insects 
may represent a specialized subtype of plasmatocytes. Commonly referred to as 
macrophages, plasmatocytes engulf and degrade dead cells, debris and invading 
pathogens. They also produce antimicrobial peptides in response to infection and 
participate to tissue remodeling through the secretion of extracellular matrix pro-
teins (see Fig. 9.4). Phagocytosis involves several types of receptors, including the 
CD36 scavenger receptor homologue Croquemort for the removal of apoptotic cells 
and the EGF domain protein Eater (Franc et al. 1999; Kocks et al. 2005).

3.3  Phenoloxydases Catalyze the Production of Melanin 
and Toxic Microbicidal By-Products

Crystal cells (5% of larval hemocytes in Drosophila) are round cells with a 10–12 μm 
diameter and characteristic paracrystalline cytoplasmic inclusions. They are not 
involved in phagocytosis, but play a key role in melanization, participating to host 
defense and wound healing.

The crystal cell inclusions consist of massive amounts of components of the 
melanization enzymatic cascade, such as the prophenolxydase enzyme (PPO; Lu 
et al. 2014). A poorly characterized serine protease cascade converts the propheno-
loxydase zymogen into active phenoloxydase. This oxydo-reductase then catalyzes 
the oxidation of phenols to quinones, which then polymerize into melanin. In the 
process, microbicidal reactive oxygen species such as hydrogen peroxide and nitric 
oxyde are generated. Insects express a varying number of PPOs. In Drosophila, two 
of the three PPOs, PPO1 and PPO2 are expressed in crystal cells (the third member 
of the family, PPO3, is expressed in lamellocytes). They contribute to the resistance 
to bacterial and fungal infections, but also to large parasites, in conjunction with 
lamellocytes (Binggeli et al. 2014).
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3.4  Lamellocytes Encapsulate Large Parasites

Lamellocytes are large (15–40 μm diameter) "at adherent cells, which encapsulate 
and neutralize objects too large to be phagocytosed by plasmatocytes (see Fig. 9.4).

Interestingly, these cells can only be seen in parasitized larvae, indicating that 
their differentiation represents a dedicated immune response. Parasitization occurs 
frequently in nature when Hymenopteran wasps such as Leptopilina lay their eggs 
in larvae (Colinet et al. 2013). Detection of the egg, or of any object, even arti#cial, 
too large to be phagocytosed by plasmatocytes generates a signal that triggers a dif-
ferentiation program in the PSC of the lymph gland, leading to the production and 
release of lamellocytes. These cells then adhere tightly to the foreign object and 
surround it to form a capsule. Crystal cells are subsequently recruited and melaniza-
tion of the capsule participates in the containment and killing of the parasite.

In addition to these cell-mediated immune functions, hemocytes also participate 
in humoral response through production of AMPs and secretion in the 
hemolymph.

4  Immunity at Barrier Epithelia

In insects, as in many other organisms, surface epithelia represent a #rst barrier to 
infection. Surface epithelia are sites of major physiological functions involving 
exchange with the external environment, such as nutrient absorption, gas exchange, 
water conservation and reproduction. As a consequence, these cells are largely 
exposed to microorganisms (see Chap. 4, volume 1).

Host-defense in epithelia is mediated by both physical and chemical barriers.

4.1  Secreted Chitin-Based Matrices Form an Ef"cient 
Physical Barrier

One hallmark of insects is the presence of an exoskeleton, the cuticle, which forms 
an ef#cient physical barrier against infection but also as insecticide (Balabanidou 
et al. 2018) (see Chap. 3, volume 1).

The cuticle is composed of layers of chitin, a long chain polymer of N-acetyl- 
glucosamine secreted by the ectodermal epithelium, which can be cross-linked with 
proteins to increase rigidity and resistance. This protective layer also covers the 
tracheal tubes, which allow oxygen to diffuse to tissues. Only the thinner sub- 
branches, the tracheolae, which ultimately bring oxygen directly to cells, are devoid 
of cuticle. In the digestive tract, the foregut and hindgut are lined by impermeable 
cuticle, but not the midgut, where food absorption occurs. However, the epithelial 
cells of the midgut are protected from the external environment by a peritrophic 
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matrix, lining the gut epithelium and isolating it from the food bolus. Composed of 
chitin and glycoproteins, the peritrophic matrix is produced continuously or upon 
ingestion of a meal (depending on the type of insects) by a specialized organ at the 
entry of the midgut, the cardia. It prevents direct contact of microbes with midgut 
epithelial cells and limits the action of microbial toxins produced in the gut, in a 
manner similar to mucous secretions in the mammalian gut (Kuraishi et al. 2011; 
Xuan et al. 2015; Liu et al. 2017).

These chitin-based barriers can be breached by injuries or pathogen-secreted 
enzymes. This leads to activation of chemical barriers, a second layer of defense in 
epithelia.

4.2  Chemical Barriers to Infection in Epithelia

The Drosophila digestive tract produces two different types of antimicrobial effec-
tors, reactive oxygen species (ROS) and AMPs, which function in a complementary 
and probably synergistic manner to control infections.

In the digestive tract of dipteran insects microbicidal ROS are produced by the 
dual oxidase (DUOX) enzyme, which is also known to be essential to avoid eggshell 
dessication (Dias et  al. 2013). This member of the NADPH oxidase family is 
expressed at a basal level in the gut, killing dietary yeasts but sparing the microbiota 
(Bae et al. 2010). Upon gut infection, it is strongly induced, leading to the destruc-
tion of many microbes. Induction of DUOX is mediated by the nucleotide uracil 
released by infecting bacteria. Uracil is thought to be sensed by an unidenti"ed 
G-protein coupled receptor, signaling through the protein Gαq and the phospholi-
pase C (PLC) β (Lee et al. 2013).

Another chemical barrier to infection operating in the digestive tract, but also in 
other epithelia is the production of AMPs. Initially characterized for their role in the 
systemic humoral response (see above), AMPs are also expressed in epithelia from the 
digestive tract, the respiratory tract, the excretory system or the reproductive tract. 
AMPs are expressed in a tissue-speci"c manner in epithelia, either constitutively or in 
response to local activation of the IMD signaling pathway (Tzou et al. 2000).

5  Immunity in Chemosensory Organs

5.1  Chemosensory Organs Are Permanently in Contact 
with the Environment

In insects, sensing of the environment occurs through specialized organs like anten-
nae and maxillary palps (see Chaps. 1, 2, 3, 4, 5, 6, 7, 8, this chapter and counter-
parts 10, 11, 12 in this volume). An opening in the cuticule at the level of these 
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structures allows permanent exchanges with the environment. Therefore, chemo-
sensory organs may represent a crucial portal of entry through which speci!c micro-
organisms and/or pathogens enter a susceptible insect host to cause disease or 
infection (see Chap. 4, volume 1).

Olfactory sensilla possess a discontinuous cuticule containing pores that range 
from 10 to 25  nm, followed by a pore kettle of 10–20  nm diameter (Cribb and 
Merritt 2013). Hence, even the smallest viruses, which have a diameter of ca. 30 nm, 
cannot pass through these pores. Below the cuticle, intercellular septate junctions 
form a second barrier compromising the spreading of infectious microorganisms 
(e.g. Bonnay et al. 2013). These natural barriers, however, may not be suf!cient to 
prevent infection by bacterial microorganisms that can secrete speci!c chitinolytic 
enzymes (or chitinases; Patil et al. 2000). In addition, pathogens can access chemo-
sensory organs through other routes, as suggested by the recent identi!cation of a 
viral nucleocapsid in the antenna of Rhodnius prolixus (Oliveira et al. 2017).

Just like the rest of the insect body, antennae contain hemolymph within an 
antennal vessel. In Cockroaches (blattidae), this vessel contains hemocytes (Pass 
1985), which may participate in host defense in the antennae. This is, however, not 
relevant for all insects, since the diameter of the antennal vessel is too small to allow 
circulation of hemocytes (e.g. 1–2  μm), as found for instance in mosquitoes 
(Boppana and Hillyer 2014).

5.2  Constitutive Expression of AMPs in Chemosensory Organs

Expression of AMPs largely contributes to the protection of chemosensory organs 
against microbial infection. In the fall armyworm Spodoptera frugiperda, antennae 
and maxillary palps strongly express AMPs. Most strikingly, Cecropin and Defensin 
peptides are expressed at higher levels in unchallenged antennae and maxillary 
palps than in the fat body after bacterial infection (Legeai et al. 2014). In the silk-
worm moth B. mori, antennae also express immune-related genes such as pheno-
loxidase, a member of the Toll receptor family and the immune-induced gene Hdd13 
(Zhao et al. 2015). Of note, this expression of AMP might be regulated, as Drosophila 
antennae express Dnr1, a negative regulator of the IMD pathway that blocks Dredd 
activity (Foley and O’Farrell 2004; Anholt and Williams 2010).

Interestingly, the expression of immune genes in chemosensory organs appears 
to differ between social casts in the leaf-cutting ant Atta vollenweideri. Indeed, 
analysis of the antennal transcriptome of different social casts revealed a higher 
expression of most immune genes in antennae from queens compared to males and 
workers. In addition, differences in the sets of immune genes expressed were 
observed between workers and queens (e.g. hymenoptaecin expressed in the former 
and defensin in the latter) (Koch et al. 2013).
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5.3  Induction of Pherokines (CSP-Like) Upon Microbial 
Challenge

Besides AMPs, many other protein families are up-regulated in the insect body in 
response to bacterial infection (Irving et  al. 2001; De Gregorio et  al. 2002). 
Interestingly, these include molecules related to the insect chemosensory protein fam-
ily (see Chaps. 6 and 10). The most striking examples are pherokine-2 and -3, which 
are related to OS-D/A10, a secreted factor highly expressed not only in olfactory 
organs but throughout the whole insect body (Fig. 9.5) (Picimbon et al. 2000a, b, 

A

Fat body
(fruit fly)

Macrophage
(mammals)

TLR4 Toll Toll6

Spz Spz2
(DNT1)

MD2-LPS

Immune
response

Cell
survival
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ORX/OR83b

SNMP1

OBP pheromone

Pheromone-evoked
neuronal activity

TLR2/TLR6
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Innate immune
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Fig. 9.5 Shared molecular mechanisms of immunity and olfaction. (a) Sequence alignment of D. 
melanogaster OS-D/A10, and its paralogs Pherokine-2 and -3, which are induced by infection. A 
model for the 3D structure of OS-D/A10 is shown at the bottom (Swissmodel; see Chaps. 6 and 
10). The hydrophobic binding pocket (arrowhead) is highlighted in blue. (b) Involvement of 
CD36-related receptors in the transfer of hydrophobic ligands to signaling transmembrane recep-
tors in the olfactory system and in the immunological system (Adapted from Benton et al. 2007). 
(c) Function of Toll receptors in the immune and nervous systems of insects. Whereas mammalian 
TLRs directly sense microbial ligands, as shown for TLR4 recognizing lipopolysaccharides (LPS) 
bound to the lipid-binding protein MD2, Toll receptors from insects are activated by neurotrophin- 
related cytokines
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2001; Picimbon 2003). Secretion of the 13 kDa Phk-2 protein in the hemolymph is 
induced speci"cally in response to infection with DCV, whereas expression of the 
mRNA encoding Phk3 is induced by bacterial and fungal infection (Sabatier et al. 
2003). Unfortunately, the function of these Drosophila molecules remains unknown. 
However, studies in other insects such as the white#y Bemisia tabaci, the silkworm 
moth B. mori and the red #our beetle Tribolium castaneum strongly point to the 
involvement of the chemosensory protein family in insect defense (Xuan et al. 2015; 
Liu et al. 2014, 2016, 2017).

Other “olfactory” binding protein families are possibly involved in the insect 
response to chemical/viral infection (Xuan et al. 2015). For example, a transcrip-
tomic analysis revealed an enrichment of pheromone binding proteins in hemocytes 
from Aedes aegypti, the mosquito vector of dengue, chikungunya or zika viruses 
(Bartholomay et al. 2004). In addition, two putative odor binding proteins (OBPs; 
see Chaps. 6, 7, 8, 10, 11, 12 and this chapter), OBP10 and OBP22 are up-regulated 
in the salivary glands of A. aegypti upon infection by dengue virus (Sim et al. 2012). 
Interestingly, silencing of these two genes impaired the ef"ciency of blood feeding. 
Regulation of chemosensory proteins by infection was also reported in another 
mosquito, the malaria vector A. gambiae, Indeed, the genes annotated as obp4, 7 
and obpd-2 (obp domain 2) are upregulated following infection with the fungus 
Beauveria bassiana, whereas obpd-1 (obp domain 1) is downregulated upon infec-
tion with Salmonella typhimurium (Aguilar et al. 2005).

In the silkworm B. mori, CSP11 was among the 50 genes induced by B. bassiana 
infection (Hou et al. 2013). It was also among the 17 CSP genes upregulated by 
insecticide (Xuan et  al. 2015). Finally, studies in yet another insect, honeybees, 
point to a role for olfaction in induction of a hygienic behavior leading to a better 
ability to remove brood infested with Varroa destructor. Indeed, transcriptomic 
analysis of honeybees exposed to this ectoparasite showed that tolerant bees mainly 
differ from the others by a higher expression of genes regulating olfaction (Navajas 
et al. 2008) (see Chap. 6, volume1).

5.4  Biological Signi!cance of the Immune Induction of OBP/
CSP Molecules

Induction of chemosensory proteins (CSPs) and odor binding proteins (OBPs) in 
response to infection could re#ect behavioral modi"cations participating in the 
resistance to infection. Indeed, although immunity represents a crucial aspect of 
resistance to infection, induction of an immune response is metabolically costly 
(Lazzaro 2015) and can have deleterious side effects (Cao et al. 2013). Avoiding 
infection by sensing contaminated food sources represents an interesting alternative 
for all animals, including insects. This is particularly relevant for insects like the 
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fruit !y D. melanogaster, which is known to feed on decaying/fermenting microbe- 
rich organic matter (Petkau et al. 2016).

Recent studies exploiting the Drosophila genetics toolbox emphasize the impor-
tance of gustatory and olfactory circuits in pathogen avoidance. For example, !ies 
can taste the presence of bacterial LPS through gustatory neurons expressing Gr66a 
receptors. The subsequent activation of the chemosensory cation channel DTRP1 
triggers a strong aversive response monitored in both feeding and egg laying assays 
(Soldano et  al. 2016). Fruit !ies can also distinguish food sources covered with 
toxic microbes. This is mediated by the microbial odorant geosmin (trans-1,10- 
dimethyl- trans-9-decalol), which alerts sensory neurons expressing the olfactory 
receptor OR56a and averts the !y to unsuitable feeding and breeding sites (Stensmyr 
et al. 2012) (see Chap. 4). Also in support for a role of CSPs/OBPs in behavioral 
modi#cations associated with infection, !ies are more sexually attracted to indi-
vidual fed on the same diet and this appears to depend on the composition of the gut 
microbiota. In particular, the symbiontic bacteria Lactobacillus plantarum affects 
the levels of cuticular hydrocarbon sex pheromones (Sharon et al. 2010; Venu et al. 
2014). The mechanism by which this occurs is unknown, but could involve trans-
mission of information through a cytokine participating in the innate immune 
response (Ringo et al. 2011). Indeed, a connection between immune stimulation and 
modulation of social interaction was reported in honeybee (Richard et al. 2008).

Alternatively, upregulation of OBP/CSP-related proteins may re!ect functions 
other than olfaction as strongly emphasized by Xuan et al. (2015). Indeed, many 
chemosensory or odorant binding related proteins were annotated on the sole basis 
of their tissue speci#c expression in olfactory tissues or sequence homology to 
known proteins, and their names may not re!ect their real function (Picimbon 
2014). Indeed, a shared characteristic of the olfactory and immune systems is the 
need for soluble carriers of hydrophobic moieties to be delivered at plasma mem-
brane receptors (e.g. pattern recognition receptors or odorant receptors) (Fig. 9.5). 
As an example, the protein RYA3, which is expressed exclusively in the rat olfac-
tory mucosae, exhibits signi#cant sequence homology to the LPS-binding protein, 
which transports LPS in the serum (Dear et al. 1991). Thus, an intriguing possibil-
ity is that some odorant-like binding proteins participate in tissue-speci#c defense 
mechanisms in olfactory organs, rather than olfaction per se. This is strongly sup-
ported by the existence of CSPs (and OBPs) in bacterial species such as 
Acinetobacter baumannii (Liu and Picimbon 2017). A second intriguing example 
was recently provided by the demonstration that OBP6 from tsetse !ies activates a 
transcriptional program leading to differentiation of crystal cells and increased 
melanotic immune response. Of note, Obp28a, the orthologue of OBP6  in 
Drosophila, induces a similar response in fruit !ies. Therefore, it appears that one 
OBP regulated by gut microbiota plays a conserved role in cellular immunity in 
dipteran insects (Benoit et al. 2017). This is reminiscent of the connection between 
olfactory stimulation and maintenance of a pool of progenitor blood cells in 
Drosophila larvae (Shim et al. 2013).
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5.5  Receptors Shared Between Immunity and Chemosensory 
Pathways

Interestingly, some receptors activating innate immunity also have a role in olfac-
tion. For example, CD36-related receptor participate in immunity and pheromone 
detection in Drosophila (Benton et al. 2007).

Several proteins from this family function in the immune system of animals as 
scavenger receptors recognizing lipids derived from bacteria. In "ies, one family 
member, Peste, mediates uptake of mycobacteria by phagocytes (Philips et  al. 
2005). In addition, three other CD36-like receptors, CG10345, CG31741 and 
Croquemort mediate phagocytosis of Leishmania parasites, resulting in decreased 
parasite burden in "ies (Okuda et al. 2016).

Of note, the latter of these receptors, Croquemort, also participates in the uptake 
and disposal of apoptotic cells (Franc et al. 1999). Sensory neurone membrane pro-
tein 1 (SNMP1) also belongs to the CD36 family. It is expressed in a population of 
olfactory sensory neurons where it is required for activation of odorant receptors by 
lipid-derived pheromone ligands (Rogers et  al. 1997; see Chap. 4). Thus, CD36 
receptors appear to participate in a common function in olfaction and innate immu-
nity, coupling sensing of hydrophobic, lipid-derived ligands to activation of signal-
ing transmembrane receptors (Benton et al. 2007; Gomez-Diaz et al. 2016) (see 
Fig. 9.5).

Toll receptors represent another example of a family whose members function in 
both immune system and nervous system, in particular olfaction. Toll receptors par-
ticipate in host defense in both mammals and insects, albeit by different means. 
Indeed, whereas mammalian TLRs function as PRRs, directly interacting with 
microbial ligands (Lu and Sun 2012), Drosophila Toll function as receptor for the 
cytokine Spaetzle (Weber et al. 2003) (see Fig. 9.5). This dichotomy is supported by 
phylogenetic analysis, which reveals that insect Tolls and mammalian TLRs evolved 
independently (Imler and Zheng 2004).

Interestingly, it is becoming apparent that several Drosophila Toll receptors 
function in the nervous system and can affect olfaction. The Drosophila genome 
encodes a family of six neurotrophin-like ligands including Spaetzle. Some of them 
have been shown to promote cell survival in the central nervous system and to in"u-
ence motor exon targeting (Zhu et al. 2008). Toll 6/7/8 function as receptors for 
these neurotrophins (McIlroy et al. 2013; Ballard et al. 2014) (see Fig. 9.5). Thus, a 
subset of Toll receptors actively participates in the development of the nervous sys-
tem in Drosophila.

Interestingly, Toll6 and Toll7 also instruct wiring speci#city in the Drosophila 
olfactory circuit (see Chaps. 1, 2, and 3). Toll2 and Toll8 could participate in the 
establishment of wiring speci#cities in other parts of the nervous system (Ward 
et  al. 2015). Interestingly, a cell adhesion role for Toll receptors has also been 
reported during embryogenesis in the "y (Paré et al. 2014). In addition, Toll6 and 
Toll7 are known to promote microtubule dynamics in motoneurons through a non- 
canonical pathway, thus enabling rapid activity-dependent structural plasticity. 
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There is no indication at this stage that the involvement of Toll receptors in these 
neuronal functions impacts the resistance to infections. Interestingly, however, in 
another model organism, the nematode Caenorhabditis elegans, the only Toll recep-
tor encoded by the genome, Tol-1, promotes the development of neurons that are 
required for sensory detection on bacterial microbes (Pradel et al. 2007; Brandt and 
Ringstad 2015), providing a connection between the function of Toll receptor in 
chemosensory neurons and infection.
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I. Introduction 

 

L'expression génique est un processus hautement régulé. Depuis la 

découverte de l'opéron lactose chez les bactéries (Jacob et Monod, 1961), 

d'importants progrès ont été réalisés dans la compréhension de la régulation de 

l'expression des gènes au niveau de la transcription. En revanche, le ribosome était 

principalement considéré comme une machine moléculaire complexe composée de 

protéines ribosomales (RP) et d’ARN (ARNr) impliqué dans la traduction des 

protéines mais dépourvu de capacité de régulation intrinsèque. Des études 

comparatives ont montré que les transcriptomes et les protéomes cellulaires 

présentent très peu de corrélation, soulignant l'importance majeure de la traduction 

dans la régulation de l'expression des gènes (Schwanhausser et al., 2011). Peu à 

peu, il est devenu évident que le ribosome lui-même joue un rôle majeur dans la 

régulation de la traduction. En effet, certaines RP sont maintenant décrites comme 

des facteurs régulant la traduction sélective d’un sous-ensemble d’ARNm. Les souris 

hémizygotes pour gène codant RpL38 présentent des défauts tissus-spécifiques au 

cours du développement. Ce phénotype résulte de la traduction altérée d'un sous-

ensemble d'ARNm homéobox (hox) (Kondrashov et al., 2011). Des résultats récents 

indiquent que RpL38 intervient dans la traduction du gène hox par le biais de 

régulons d'ARN dans la région 5’ non traduite de l’ARNm (5’UTR) (Xue et al., 2015). 

De plus, il est devenu évident que même dans un type de cellule, tous les ribosomes 

n'ont pas le même contenu de RP. Cette hétérogénéité du ribosome lui-même 

conduit à une traduction sélective (Genuth et Barna, 2018; Shi et al., 2017). 
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Certains ARNm contiennent des sites d’entrée internes du ribosome (IRES), 

dont l’initiation de la traduction est effectuée indépendamment de la coiffe en 5’. 

Initialement caractérisés chez les virus, les éléments IRES contournent certains des 

facteurs d'initiation, permettant ainsi la traduction virale lorsque la traduction 

cellulaire est arrêtée. En conséquence, les virus détournent les ribosomes de la 

cellule hôte pour leur traduction (Simoes et Sarnow, 1991). RpS25, une protéine de 

la petite sous-unité du ribosome, est nécessaire à la traduction dépendante de l'IRES 

du virus de la paralysie de Cricket (CrPV) et du virus de l'hépatite C (HCV). La 

présence de RpS25 au niveau du ribosome est nécessaire à la traduction de ces 

ARNm viraux, mais pas à la traduction générale (Landry et al., 2009). Par 

conséquent, l'image du ribosome eucaryote évolue et celui-ci est de plus en plus 

considéré comme une machine dynamique dotée de capacités de régulation et 

capable de filtrer la traduction d'ARNm spécifiques, sur la base d'un «code 

ribosome» (Mauro et Edelman, 2007). ; Shi et Barna, 2015; Topisirovic et 

Sonenberg, 2011). 

 

Le laboratoire dans lequel j’effectue ma thèse a identifié la protéine RACK1 

(Receptor for activated PKC 1) de la petite sous-unité du ribosome comme étant 

nécessaire à la traduction de virus à IRES (Site d’entrée interne du ribosome) 

comme le CrPV (Cricket Paralysis Virus) ou le virus de l’hépatite C (Majzoub et al., 

2014). Initialement identifiée comme protéine d’ancrage à la PKC (protéine kinase C) 

activée, RACK1 a par la suite été impliquée dans de nombreuses voies de 

signalisation. De plus, de par sa localisation au ribosome, RACK1 est un candidat 

idéal pour intégrer les signaux provenant de différentes voies de signalisation et 

orchestrer une réponse traductionnelle. Cependant, aucune étude n’a été réalisée à 

ce jour pour étudier le lien entre les fonctions de traduction et de signalisation de 

RACK1. 

 

Mon objectif est de déchiffrer le mécanisme par lequel RACK1 intervient dans 

la traduction sélective d'ARNm et de comprendre comment l'interaction avec les 

molécules de signalisation module cette activité. 
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II. Résultats 
 

A. Caractérisation de RACK1 et d’un IRES viral dépendant 
de RACK1 

Pour comprendre le rôle de RACK1 dans la traduction, j’ai participé à deux 

projets destinés à (1) définir l’intéractome de RACK1 et (2) caractériser l’IRES en 5’ 

RACK1-dépendant du virus CrPV. 

 

1. Définition d’un interactome de RACK1 

Des résultats préliminaires du laboratoire ont identifié 52 protéines 

interagissant avec RACK1 par spectrométrie de masse, y compris plusieurs 

molécules impliquées dans la traduction (composants structuraux du ribosome, 

facteurs régulant l'initiation ou l'élongation de la traduction et les protéines de liaison 

à l'ARN). J’ai réalisé un criblage par ARN interférence en cellules S2 de drosophile et 

montré que parmi ces 52 partenaires, 10 sont des facteurs antiviraux et que seul 

Lark (RBM4 chez les mammifères) est un facteur proviral comme RACK1 (Figure 

1A). Cependant, bien que la déplétion de Lark empêche la réplication du virus CrPV, 

celle-ci n’affecte pas la traduction de l’IRES en 5’ du CrPV (Figures 1B-D). La 

protéine Lark favorise la réplication du virus CrPV par un mécanisme différent de 

RACK1. Ces résultats ont été publiés en 2017. 

 

2. Caractérisation de l’IRES en 5’ de CrPV 

Le génome du virus CrPV contient deux IRES, mais seule la traduction de 

l’IRES en 5’ (5’IRES) est dépendante de RACK1. Contrairement à l’IRES 

intergénique, le 5’IRES reste largement inexploré. L’objectif du projet était 

d’approfondir la compréhension du mécanisme de traduction du 5’IRES. L’analyse 

par spectrométrie de masse a révélé que le 5’IRES recrute le facteur d’initiation eIF3,  



Figure 1: Caractérisation fonctionnelle des 52 partenaires de RACK1. A. Effet de l’inhibition de 
l’expression génique des 52 gènes sur la viabilité des cellules et la réplication de CrPV. La charge virale 
n’a été mesurée que sur les cellules dont la viabilité n’était pas affectée par l’inhibition de l’expression 
génique. B. L’incubation de cellules S2 avec deux ARN bouble brin (dsRNA) dirigés contre le gène Lark 
induit une inhibition efficace de l’expression du gène. C. L’inhibition de l’expression du gène Lark 
empêche la réplication de CrPV, de façon similaire à RACK1. D. L’inhibition de l’expression du gène Lark 
n’a pas d’effet sur la traduction de l’IRES en 5’ de CrPV, par opposition à RACK1.  L‘analyse statistique 
est effectuée par t-test de Student; ns: non significatif; *p<0.05; **p < 0.01; ***p<0.001.
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ce qui confirme son appartenance à la classe d’éléments de classe III de type IRES 

(comme le HCV). Des études structurelles ont montré que le 5’IRES contient une 

structure pseudo-noeud essentielle au bon repliement et au bon recrutement des 

ribosomes. J'ai testé l'importance de l'intégrité de cette structure pseudo-noeud ex 

vivo en générant des mutations ponctuelles dans cette structure (Figure 2A). 

L’efficacité de la traduction de ces mutants a ensuite été évaluée par dosage de la 

luciférase en culture cellulaire (Figure 2B). J'ai également montré que, bien que le 

pseudo-noeud soit essentiel pour l’activité 5’IRES, il n’est pas nécessaire pour le 

recrutement d’eIF3b (Figure 3C). Ces résultats ont été publiés en 2017. 

 

B. Caractérisation fonctionnelle des modifications post-
traductionnelles de RACK1 ex vivo et in vivo 

Pour comprendre le lien entre les fonctions de traduction et de signalisation 

de RACK1 décrites dans la littérature, j’ai généré plusieurs versions mutantes de 

RACK1. Certaines sont défectives pour l’interaction de RACK1 avec le ribosome ou 

des protéines de signalisation, d’autres portent des mutations localisées dans une 

protubérance de RACK1 située à l’interface entre le ribosome et le cytosol appelée 

« knob » (bouton). Ces constructions ont été testées en cellules S2 pour leur 

capacité à permettre la traduction du 5’IRES de CrPV (Figure 3). La présence de 

RACK1 au ribosome est nécessaire pour la traduction de l’IRES, tandis que 

l’interaction avec les protéines de signalisation testée n’est pas nécessaire. De façon 

intéressante, l’expression de la protéine ribosomale RACK1 délétée du « knob » ne 

permet pas la traduction du 5’ IRES. 

 

L’étude de drosophiles sauvages et mutées pour RACK1 a montré que la 

protéine RACK1 est requise pendant le développement. Cependant, les mécanismes 

moléculaires impliqués sont inconnus. Il a été montré au laboratoire que l’expression 

d’un transgène exprimant une version sauvage de RACK1, mais pas un mutant 

défectif pour son association aux ribosomes permet un sauvetage de ce phénotype 

développemental.  

  



A

B C

Figure 2: Le pseudo-noeud est nécessaire pour la traduction de CrPV, mais pas pour le recrute-
ment de eIF3b. A. Structure du pseudo-noeud de l’IRES en 5’ de CrPV et les mutants générés. B. Traduc-
tion ex vivo des rapporteurs luciférase après transfection en cellules S2. L‘analyse statistique est effec-
tuée par t-test de Student; ns: non significatif; *p<0.05; **p < 0.01; ***p<0.001. C. Immunoprécipitation par 
l’anticorps anti-eIF3b des ARN générés par les versions WT, mut2 et mut4 et quantification par RT-qPCR. 
L’enrichissement représente le ratio immunoprécipitation / input. 
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C. RACK1 et la traduction sélective en réponse au stress 
 

1. RACK1 est nécessaire pour la réponse au stress 

 

Afin d'identifier les ARNm dont la traduction dépend de RACK1, j'ai recherché 

des conditions dans lesquelles RACK1 est nécessaire à la viabilité ex vivo et in vivo. 

J'ai testé plusieurs types de stress (exposition au paraquat, au peroxyde 

d’hydrogène [H2O2], à la tunicamycine, et au dithiothréitol [DTT]) et observé une 

contribution significative et reproductible de RACK1 dans la récupération des cellules 

S2 de drosophile après un stress dû à l’H2O2 et au DTT. Ces résultats ont été 

confirmés pour l’H2O2 en cellules humaines. J'ai mené une expérience similaire in 

vivo et montré que les drosophiles déplétées de RACK1 avec un shARN (shRACK1) 

succombent plus rapidement que les drosophiles témoins shContrôle (shmCherry) 

lorsqu'elles sont exposées au paraquat, au DTT et à la tunicamycine (Figure 4). Ce 

résultat indique que RACK1 est nécessaire à la réponse au stress ex vivo et in vivo, 

potentiellement en régulant la traduction des ARNm impliqués dans la réponse au 

stress. 

 

2. Identification des ARNm dépendant de RACK1 

L’étape suivante consiste à identifier les ARNm dépendant de RACK1 en 

réponse au stress. J’ai utilisé la condition de stress au DTT in vivo pour effectuer une 

approche de séquençage des ARNm. Pour ce faire, des lysats de drosophile ont été 

séparés sur des gradients de sucrose par ultracentrifugation. Ceci permet de 

discriminer entre les ARNm fortement traduits (polysomes), les ARNm en initiation 

ou à court cadre de lecture (monosomes) et les ARNm non traduits (libres). J’ai aussi 

utilisé des lysats totaux de drosophiles sans séparation sur gradient de sucrose afin 

de déterminer le niveau d’expression des ARNm en réponse au stress. Après 

extraction des ARN de ces fractions, les échantillons ont été envoyés pour 

séquençage.  

  



Figure 4: RACK1 est nécessaire à la réponse au stress chez la Drosophile in vivo. A. Des drosophiles 
ActineGal4;TubulineGal80 . >UAS::shmCherry et >UAS::shRACK1 ont été exposées à une température 
de 29ºC pendant 5 jours pour induire l’expression du shARN. Les drosophiles ont été traitées avec une 
solution de sucrose supplémentée ou non de DTT. Un western-blot a été effectué 3 jours pous tard pour 
mesurer l’efficacité de knock-down. B-C. Survie des drosophiles ActineGal4;TubulineGal80 :  
>UAS::shmCherry et >UAS::shRACK1 après stress du réticulum endoplasmique par ingestion de DTT à 
25mM (B) ou 50mM (C). D-E. Survie des drosophiles ActineGal4;TubulineGal80  .  >UAS::shmCherry et 
>UAS::shRACK1 après un stress oxidatif induit par ingestion de paraquat à 3mM (D) ou 4mM (E). F-G. 
Survie des drosophiles ActineGal4;TubulineGal80   >UAS::shmCherry et >UAS::shRACK1 après stress du 
réticulum endoplasmique par ingestion de tunicamycine à 4µM (F) or 8µM (G). B-G. L’analyse statistique 
est effectuée par test Log-rank (Mantel-Cox) Test. ns: non significatif; *p<0.05; **p < 0.01; ***p<0.001.
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L’analyse des extraits totaux a montré que 376 gènes ont une expression 

dérégulée dans les drosophiles shContrôle et/ou shRACK1. Seuls 22 gènes sont 

plus exprimés spécifiquement dans les drosophiles shRACK1 stressées. La moitié 

de ces gènes sont reliés à la voie antibactérienne IMD. Cette voie est homologue à 

la voie pro-inflammatoire TNF-R des mammifères et régule l’expression de peptides 

antimicrobiens (AMPs) en réponse à des infections bactériennes de type Gram 

négatif (Figure 5). Ces résultats suggèrent un rôle de RACK1 dans l’expression de 

gènes immuns. 

 

L’analyse du traductome a aussi montré des ARNm qui sont 

différentiellement représentés dans les polysomes et/ou les monosomes des 

drosophiles shRACK1 stressées. Ces ARNm codent principalement pour des 

protéines de fonction inconnue, mais j’ai sélectionné quelques candidats dont la 

traduction est dépendante de RACK1 comme preuve de principe. J’ai ainsi pu 

montrer que la traduction des AMPs via leur 5’UTR est réprimée par RACK1 (Figure 

6). 

 

III. Conclusion 

J’ai participé pendant ma thèse à la caractérisation fonctionnelle de l’IRES 5’ 

du virus CrPV et à l’analyse de l’interactome de RACK1. Les deux projets ont tous 

les deux donné lieu à des publications. J’ai établi un modèle expérimental permettant 

d’étudier le lien entre les fonctions de signalisation et de traduction de RACK1, et 

montré que le « knob » est une région importante de RACK1 pour la traduction du 

5’IRES de CrPV. De plus, j’ai identifié par séquençage des ARNm dont la traduction 

est dépendante de RACK1 et je les ai validés fonctionnellement.  
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Figure 20: RACK1 empêche la traduction des AMPs. A-B. Nuage de points représentant l’effet du 

stress au DTT chez les drosophiles contrôles (shmCherry) et shRACK1. Les points bleus indiquent les 

gènes enrichis ou déplétés de façon significative dans les monosomes (A) ou les polysomes (B) des 

drosophiles shRACK1 stressées. C. Contrôle fonctionnel des cellules S2 et cellules S2_shRACK1. Ces 

cellules ont été transfectées avec un ARNm contenant l‘IRES 5’ de CrPV, l‘IRES 5’ minimal de CrPV, ou 

l‘IGR IRES de CrPV permettant l’expression de la Renilla. Ces ARNm possédent une coiffe non-

fonctionnelle. Un ARNm coiffé fonctionnellement contenant le 5’UTR de l’actine permettant l’expression de 

la Firefly a été co-transfecté. Le ratio Renilla/Firefly est représenté. D. Des ARNm codant la Firefly sous le 

contrôle des 5’UTR indiqués ont été transfectés dans des cellules S2 ou S2_shRACK1 avec un ARNm 

contenant le 5’UTR de l’actine permettant l’expression de la Renilla. Ces ARNm ont été coiffés avec une 

coiffe fonctionnelle. Le ratio Firefly/Renilla est représenté. (C-D) L‘analyse statistique est effectuée par 

2way ANOVA suivi d’un post-test de Bonferroni; ns: non significatif; *p<0.05; **p < 0.01; ***p<0.001.  
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Evelyne EINHORN 
Rôle de la protéine ribosomale 
RACK1 dans la régulation de 

la traduction 

 

 

Résumé 
RACK1 (Receptor for activated protein C kinase 1) est une protéine ribosomale associée à de 
nombreuses voies de signalisation. RACK1 est nécessaire à la traduction sélective de virus 
contenant des sites d’entrée interne du ribosome (IRES). En outre, l’expression de RACK1 est 
nécessaire au cours du développement, suggérant que ce facteur participe à la traduction de 
certains ARNm cellulaires. 

Dans le but de mieux comprendre la fonction de RACK1 chez la drosophile, j’ai au cours de ma 
thèse caractérisé l’interactome de RACK1 et un IRES viral régulé par ce facteur. J’ai également 
essayé d’établir un lien entre signalisation cellulaire et traduction, et montré que la région du knob 
est importante pour la fonction de RACK1 au ribosome. Enfin, j’ai établi que RACK1 est nécessaire à 
la réponse à des stress abiotiques, et identifié les gènes cellulaires régulés par RACK1 dans ce 
contexte. J’ai en particulier découvert que RACK1 était un régulateur négatif de l’expression de 
plusieurs gènes de l’immunité innée. Mes résultats suggèrent que RACK1 joue un rôle pivot au sein 
du ribosome, régulant la traduction de façon positive ou négative selon l’ARNm et le contexte 
cellulaire.  

Mots clés : RACK1 – IRES – traduction sélective – stress – Drosophila melanogaster.  

 

 

Résumé en anglais 
RACK1 (Receptor for activated protein C kinase 1) is a ribosomal protein associated to many 
signaling pathways. RACK1 is required for the selective translation of viruses containing internal 
ribosome entry sites (IRES). In addition, expression of RACK1 is necessary during development, 
suggesting that it regulates the translation of cellular mRNAs. 

In order to better understand the function of RACK1 in Drosophila, I have participated in the 
characterization of the RACK1 interactome and of a RACK1-dependent viral IRES. I have also 
attempted to establish a connection between the function of RACK1 in signaling and in translation, 
and I have shown that the knob domain of RACK1 is important for IRES-dependent translation. 
Finally, I have established that RACK1 is required for the response to abiotic stresses, and I have 
identified cellular genes regulated by RACK1 in this context. In particular, I discovered that RACK1 is 
a negative regulator of several innate immunity genes. My results suggest that RACK1 plays a 
pivotal role within the ribosome, regulating translation positively or negatively in an mRNA- and 
possibly context-specific manner.  

Keywords: RACK1 – IRES – selective translation – stress – Drosophila melanogaster. 

 


