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Abstract 

The phylogenetically conserved DEAD-box protein Dbp4 is one of the nucleolar 
RNA helicases involved in ribosome biogenesis. Dbp4 is essential for growth of the 
yeast Saccharomyces cerevisiae, indicating that it plays an important fonction in the 
cell. There is a genetic link between Dbp4 and the U14 small nucleolar RNA 
(snoRNA), which is involved in ribosomal RNA (rRNA) processing; this suggests 
that Dbp4 plays a role in ribosome biogenesis. A more recent study revealed that 
Dbp4 is implicated in the early cleavages at sites A0, Al and A2 of the rRNA 
precursor (pre-rRNA). We showed that Dbp4 is associated with U3 snoRNA but not 
with U14 snoRNA, using immunoprecipitation experiments (IPs). IPs also showed 
association with the U3-specific protein Mpp 10, suggesting that Dbp4 interacts with 
the functionally active SSU processome (80S complex), which can be observed at the 
5' end of nascent pre-rRNA. Electron microscopy analyses indicated that depletion of 
Dbp4 impaired SSU processome formation and co-transcriptional cleavage of the pre­
rRNA. This suggests that Dbp4 is required for SSU processome formation. 

W e found that Dbp4 con tains a predicted coiled-coil motif, which is 
implicated in protein-protein interactions. W e showed that Bfr2 and Enp2 associate 
with Dbp4 in a RNA-dependent manner. We also demonstrated that, like Dbp4, Bfr2 
and Enp2 are required for the early processing steps that lead to the production of 18S 
rRNA. Our results demonstrated that Bfr2, Enp2 and Dbp4 associate with the U3 
snoRNA, the U3-specific protein Mppl0, and also with different pre-rRNA species. 
These results lead us to propose that Bfr2, Dbp4 and Enp2 might be components of 
the SSU processome. Sucrose gradient sedimentation analyses revealed that Dbp4, 
Bfi:2 and Enp2 sediment in a peak of about SOS, as well as in a peak of ~80S. Our 
studies showed that Bfr2, Dbp4 and Enp2 associate together in the SOS peak, which 
does not include U3 snoRNA. IPs demonstrated that U14 snoRNA associates with 
Dbp4 in the SOS complex, but not with Bfr2 or Enp2. However, these proteins 
associate with U3 snoRNA in the 80S peak. W e proposed that Bfr2, Dbp4 and Enp2 
form a SOS complex with other ribosome biogenesis factors, which would be 
incorporated at late steps into the SSU processome. 

DEAD-box RNA helicase DDXlO is the human homologue of yeast Dbp4. 
W e showed that DDX 10 and Che-1/ AA TF (Apoptosis Antagonizing Transçription 
Factor) co-localize with the nucleolar marker fibrillarin, suggesting that DDXlO and 
Che-1 (the human homologue of Bfr2) could participate in ribosome biogenesis. We 
tested different siRNAs against DDXJO to evaluate the effect of DDXl0 depletion on 
rRNA maturation and proliferation of HeLa cells. Loss of DDXlO and Che-1 resulted 
in decreased production of 18S rRNA. In line with the 18S rRNA defect, 
immunoprecipitation experiments demonstrated that DDXlO is associated with the 
U3 snoRNA, Che-1 and the U3-specific protein DRIM/UTP20. Flow cytometry 
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analyses revealed that cells treated with siDDXlO slightly accumulated in the Gl 
phase of the cell cycle. Immunofluoresence microscopy showed that treatment with 
siDDXlO strongly reduced the expression of the proliferation marker Ki-67. Taken 
together our data indicate that DDXlO is required for cell growth and proliferation, 
and that it plays a role in pre-18S rRNA maturation. 

Keywords: Ribosome biogenesis, DEAD-box RNA helicase, SSU processome, 
snoRNA 
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Résumé 

La protéine nucléolaire Dbp4 est une ARN hélicase de la famille « DEAD-box ». 

Dbp4 est phylogénétiquement conservée et elle est essentielle à la survie de la levure 
Saccharomyces cerevisiae, ce qui souligne son importance fonctionnelle dans la vie 
cellulaire. Il existe un lien génétique entre Dbp4 et U14, un petit ARN nucléolaire 
(snoRNA) essentiel à la production d' ARN ribosomique (ARNr) 18S. De plus, il a 
été démontré que Dbp4 est nécessaire pour les clivages aux sites AO, Al et A2 qui 
mènent à la production de l' ARNr 18S. Nous avons trouvé que Dbp4 n'est pas 
associée à U14 mais plutôt au snoRNA U3, ainsi qu'à la protéine MpplO une protéine 
« spécifique à U3 » et composante essentielle du SSU processome. Ce complexe 
d'environ 8OS représente la forme fonctionnelle de U3. Nos analyses par microscopie 
électronique ont démontré que la dépletion de Dbp4 empêche la formation du SSU 
processome et le clivage co-transcriptionel du pré-ARNr. 

Suite à des analyses bioinformatiques nous avons identifié un motif« coiled­
coil » putatif dans la partie C-terminale de Dbp4, une région qui est essentielle au 
fonctionnement de l'enzyme. Les « coiled-coil » sont des motifs d'interaction 
protéine-protéine, ce qui suggère que Dbp4 interagit avec d'autres protéines. Nous 
avons trouvé que Dbp4 participe à la maturation des pré-ARNr en formant un 
complexe avec les protéines Bfr2 et Enp2. Dbp4, Bfr2 et Enp2 s'associent avec le 
snoRNA U3 et MpplO. Ces protéines sont également impliquées dans les premiers 
clivages qui mènent à la maturation de l'ARN 18S. Ces résultats suggèrent que Dbp4, 
Bfr2 et Enp2 seront possiblement des composant de SSU processome. Les analyses 

· de sédimentation dans des gradients de saccharose ont révélé que Dbp4, Bfr2 et Enp2 
co-sédimentent dans un complexe de SOS. Les expériences d'immunoprécipitation 
ont démontré que Dbp4 s'associe au snoRNA U14 dans le complexe de SOS. Bfr2, 
Enp2 et Dbp4, sont également détectées dans un complexe de SOS avec le snoRNA 
U3. Il y a donc une réorganisation dynamique de ces complexes pendant la biogenèse 
des ribosomes. 

DDXlO est une ARN hélicase très conservée dans l'évolution. Son homologie 
avec l 'hélicase Dbp4 et sa localisation nucléolaire suggéraient déjà une éventuelle 
implication de DDXlO dans la biogenèse des ribosomes. Nous avons testé une variété 
de siRNA ciblant DDXlO afin d'évaluer l'effet de la perte de DDXlO sur la 
maturation des ARNr ainsi que sur la prolifération et la croissance cellulaire. DDXlO 
et Che-1/ AATF (Apoptosis Antagonizing Transcription Factor) localisent au 
nucléole. Une perte de DDXlO et de Che-1 entraine une diminution de la synthèse de 
l' ARNr 18S. Des expériences d'immunoprécipitation ont mis en évidence 
l'association de DDXlO avec le snoRNA U3, Che-1 et la protéine spécifique à U3 
DRIM/UTP2O. Les résultats en cytométrie de flux soulignent un arrêt de la croissance 
cellulaire en phase G 1 en absence de DDXlO. Les analyses par microscopie à 
immunoflueresence ont démontré une diminution du niveau d'expression du 
marqueur de prolifération Ki-67 en présence de siRNA ciblant DDXlO. Finalement, 
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toutes ces données démontrent que DDXlO serait nécessaire à la prolifération et la 
croissance cellulaire et qu'elle joue un rôle dans la maturation del' ARNr 18S. 

Mots-clés: ARN hélicase, biogenèse des ribosomes, SSU processome, petit ARN 
nucléolaire. 



1.1 The nucleolus 

Chapter I 

Introdùction 

In 1839, Valentin chose the name for the nucleolus. He found out that most cells had 

a secondary nucleus or a "nucleus within a nucleus" (Valentin, 1839). Montgomery 

described in detail the structure of the nucleolus in 1898 (Montgomery, 1898). 

The nucleolus is a membraneless nuclear substructure that organizes around 

chromosome fragments containing nucleolar-organizing regions (NORs). NORs are 

tandem repeats of ribosomal genes that consists of a transcribed sequence and an 

intergeni~ spacer, which are located on one or numerous chromosomes (Raska et al., 

2006). The nucleolus is the center of rDNA transcription and ribosome biogenesis 

(Busch et al., 1970; Carmo-Fonseca et al., 2000; Oison et al., 2000; Scheer and 

Hock, 1999), but it also has additional fonctions, including cell growth and cell cycle 

regulation, response to cellular stress, telomerase activity, signal recognition particle 

(SRP) biogenesis, p53 metabolism, small RNA processing, mRNA transport, and 

viral maturation and infection (Garcia and Pillus, 1999; Hiscox, 2007; Martindill 

and Riley, 2008; Mayer and Grummt, 2005; Oison et al., 2000; Pederson, 1998a, 

1998b; Rubbi and Milner, 2003). lt bas been proposed that the nucleolus plays 

different roles in health and disease (Matthews and Oison, 2006; Stark and 

Taliansky, 2009). Nucleolar perturbations have been observed in different cellular 

diseases, from auto-immunity to cancer (Montanaro et al., 2008). For example, a 

decrease in ribosome synthesis induces apoptosis either in a p53-dependent or 
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independent manner (David-Pfeuty et al., 2001; Pestov et al., 2001), and p53 

stabilization is mediated by nucleolar disruption (Rubbi and Milner, 2003). 

The nucleolus is composed of three types of components, showing a tripartite 

organization (Leger-silvestre and Gas, 2004; Raska, 2003; Scheer and Rock, 1999; 

Shaw and Jordan, 1995) (see Figure 1.1). It is considered that the fibrillar centers 

_(FCs) are the interphase counterparts of mitotic NORs (Goessens, 1984). FCs are 

normally surrounded by the dense fibrillar component (DFC). The DFC seems as 

densely packed fibrils. In electron micrographs of mammalian nucleoli, the DFC is 

heavily stained. The granular component (GC) shows a grainy appearance, containing 

RNP granules in different stages of maturation (McKeown and Shaw, 2009). 

Figure 1.1. Electron micrographs of the nucleolus, and spread preparations of 
nucleolar chromatin forming Christmas trees (CTs). Thin-sectioned nucleolus (A) and 
CTs from yeast (B, C). The nucleolus shows a tripartite structure with FC (F), DFC 
(D) and GC (G). The large terminal knobs are indicated with arrows. Adapted from 
Raska et al. (2006). 

The major part of the nucleolar volume consists of this peripheral nucleolar region 

(Busch et al., 1970; Leger-silvestre and Gas, 2004; Mosgoller, 2004). The nucleolar 
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structure is different between kingdoms, species, cell types and individual cells 

(McKeown and Shaw, 2009), (see Figure 1.2). The DFC is bigger in plants than in 

animals. In Saccharomyces cerevisiae, it is not easy to make the distinction between 

the DFC and the GC. The regions of the nucleolus fonction in different steps of rRNA 

synthesis. The FC contains RNA polymerase I and the transcription factor UBF 

(Emmott and Hiscox, 2009). The DFC contains the RNA methyltransferase fibrillarin 

and nucleolin, which have different fonctions in nucleolar and cellular biology 

(Mongelard and Bouvet, 2007). 

D Dense fibrillar cornponent (DFC) 

D Fibrillar center(FC) 

D Nucleoplasm 

C 

D Granular cornponent (GC) 

D Vacuole or cavity 

□ Nuclear envelope 

Figure 1.2. Substructure of nucleoli. A) animal nucleolus, B) plant nucleolus and C) 
yeast nucleolus. Taken from (McKeown and Shaw, 2009). 

The visualisation of active rDNA genes in the form of Christmas trees (CTs) by 

electron microscopy (EM) was a very important progress in understanding the 

nucleolus (Miller and Beatty, 1969). This technique revealed the gene axis with many 
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RNA polymerase I molecules and the attached nascent transcripts, which are 

increasing in length, and the globular RNP particles (knobs) at the 5' end of the 

transcripts. In mammalian cells as well as onion and pea root cells, CTs are observed 

in the DFC and the border region between the DFC and FC (Casafont et al., 2006; 

Cmarko et al., 2000; Gonzalez-Melendi et al., 2001; Melcak et al., 1996; Raska, 

2004; Shaw and Brown, 2004 ). The nucleolus is a distinct structure because 

particular proteins bind to the rDNA and forma relatively stable center so the rest of 

nucleolar interactions and dynamic processes are built onto it. There is a constant 

exchange of components between the nucleolus and the surrounding nucleoplasm. 

The nucleolar residence time of non-nucleolar proteins that do not associate with 

interacting partners in the nucleolus is shorter than that of nucleolar proteins, which 

leads to the steady□ state composition of the nucleolus. Therefore, the nucleolus is a 

steady□ state structure in which components are in dynamic equilibrium with the 

surrounding nucleoplasm (Raska et al., 2006). Contrary to the well known nuclear 

localization signal (NLS) (Cokol et al., 2000; la Cour et al., 2004), the nucleolar 

localization signal (NoLS) is not well characterized (Emmott and Hiscox, 2009). 

Nucleolin, a very abundant nucleolar protein, does not contain any defined NoLS. It 

is suggested that the RNA-binding domains of nucleolin mediates its nucleolar 

accumulation (Schmidt-Zachmann and Nigg, 1993). The nucleolus is organized by 

RNA polymerase I transcription and the presence of rDNA genes as nucleation sites, 

and they maintain the steady state nucleolar structure (Scheer and Hock, 1999). 
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Ribosomes are large ribonucleoprotein complexes essential for the translation of 

mRNAs into proteins in a cell. Their mechanism of action seems to be_ based 

essentially on rRNA. They therefore are ribozymes (Green and Noller, 1997; Nissen 

et al., 2000; Noller et al., 1992), based on the crystal structure of the complete 

Thermus thermophilus ?OS ribosome, the center of the interface between the 30S 

small subunit and the SOS large subunit, where the tRNA substrates bind, consists 

mainly of RNA, and proteins are located mostly at the periphery, which is consistent 

with rRNA based ribosomal fonction (Yusupov et al., 2001). The small subunit of the 

ribosome contains the mRNA decoding site and the large subunit contains the 

peptidyl transferase center (PTC). Interestingly, the PTC is composed exclusively of 

RNA (Nissen et al., 2000). Ribosome synthesis is a highly complex and regulated 

process that starts in the nucleolus but continues in the nucleoplasm and the 

cytoplasm of eukaryotic cells .. Ribosome biogenesis involves rRNA synthesis, 

maturation, and assembly of rRNA with ribosomal proteins into the small and large 

ribosomal subunits (40S and 60S in eukaryotes). This process is conserved 

throughout eukaryotes (Tollervey, 1996b), and is regulated throughout the cell cycle, 

predominantly at the level of rRNA synthesis (Hannan et al., 1998a). rDNA 

transcription takes place during the S and 02 phases, stops as cells enter mitosis, and 

then restarts as cells exit from mitosis (Grummt, 1999). Pre-rRNA processing has 

been studied very well in Saccharomyces cerevisiae (Kressler et al., 1999; Venema 
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and Tollervey, 1999; Woolford and Baserga, 2013). The operon organisation of 

rRNAs is similar between different eukaryotic species. Human cells contain about 

400 rDNA genes which are located on the short arms of the five acrocentric 

chromosomes (13, 14, 15, 21 and 22) (Hadjiolov, 1985) and Saccharomyces 

cerevisiae contains about 100-200 tandem repeats (9.1 kbp) in one cluster, which is 

on the long arm of chromosome XII (Planta, 1997). In most species, including 

mammals, each rDNA repeat consists of the coding sequence of the mature ribosomal 

RNAs, two transcribed internai and two extemal spacers (ITS and ETS) and a 

non□ transcribed intergenic spacer (Fatica and Tollervey, 2002; Hadjiolov, 1985). 

RNA polymerase I produces a large polycistronic precursor rRNA (35S pre-rRNA in 

yeast, 47S pre-rRNA in mammals) that contains the 18S, 5.8S, 25-28S rRNAs. In the 

budding yeast S. cerevisiae, each of the rDNA transcription unit also contains a SS 

rRNA gene within the "non□transcribed" spacer region (Neigebom and Wamer, 

1990), which is transcribed by RNA polymerase III in the opposite direction. In 

human cells, the main SS rRNA cluster is on chromosome region lq42.11-q42.1 

(Sorensen and Frederiksen, 1991) 
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Figure 1.3. Schematic representation pre-rRNA processing pathway in 
Saccharomyces cerevisiae. The maturation of rRNAs is explained in detail in the text. 
Taken from (Mullineux and Lafontaine, 2012). 
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The 35S pre-rRNA undergoes a series of modifications including 3' -external 

transcribed spacer cleavage, 2' -O-ribose methylation and pseudouridylation, followed 

by 5'-external transcribed spacer and internai transcribed spacer cleavages (Venema 

and Tollervey, 1999) to produce the mature 18S, 5.8S and 25S rRNAs (Figure 1.3). 

The 35S pre-rRNA is cleaved in the 5'ETS at site A0 (generating the 33S pre-rRNA), 

then at site Al, which produces the mature 5'-end of 18S rRNA (generating the 32S 

pre-rRNA) and at site A2 in ITS 1 (generating the 20S and 27SA2 pre-rRNAs). 

Further processing steps of the 20S rRNA occur in the cytoplasm by cleavage at site 

D to generate the mature 18S rRNA, but processing of the 27SA2 pre-rRNA 

continues. in the nucleus. The cleavage at site A0 requires U3 and snR30 snoRNAs 

whereas cleavages at the sites Al and A2 involve U3, U14, snRlO and snR30 

snoRNAs. The 27SA2 precursor is matured by two alternative pathways. The 

majority of the 27SA2 pre-rRNA is cleaved at site A3 in ITS 1 by RNase MRP, and a 

small amount of 27SA2 is cleaved directly at site B IL by an unknown endonuclease. 

Then, a series of cleavages by different exonucleases (Rat 1, Xrn 1, RrP 17 and the 

exosome) produce the mature 5.8S and 25S rRNA (Fromont-Racine et al., 2003; 

Oeffinger et al., 2009; Venema and Tollervey, 1999). As described in the previous 

section, the active rRNA transcription unit could be seen with the appearance of 

Christmas trees (CTs) in electron microscopy images from chromatin spread 

preparations. The terminal knobs on the nascent pre-rRNA transcripts correspond to 

rRNA processing complexes. These complexes contain the U3 snoRNP, which 

base□pairs with sequences near the 5' end of the pre□rRNA (Mougey et al., 1993; 
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Scheer and Benavente, 1990; Sharma and Tollervey, 1999). The terminal knobs are 

dynamic entities. Primarly, they are about 15 nm in size. Later during transcription, 

these knobs transform into a larger knob (40 nm), which corresponds to the so □called 

§.mall subunit (SSU) processome (Dragon et al., 2002). The large knobs are cleaved 

co□transcriptionally from the nascent transcript, which releases the pre□40S 

ribosome (Gallagher et al., 2004; Granneman and Baserga, 2005; Kos and 

Tollervey, 2010; Osheim et al., 2004). 

The rRNAs are assembled with ribosomal proteins into pre-ribosomal particles 

in the nucleolus. Most of the ribosomal proteins associate with pre-rRNA at early 

steps preceding cleavage (Kruiswijk et al., 1978), while others associate later in the 

final assembly steps, which produce the mature 40S and 60S ribosomal subunits. The 

composition of the pre-ribosomal subunits is highly dynamic, and more than 200 non­

ribosomal proteins (trans-acting factors) including 19 putative RNA helicases 

(Jankowsky et al., 2011), 76 small nucleolar ribonucleoproteins (snoRNP) and 

different endo- and exonucleases are implicated in the assembly of the ribosome 

(Dragon et al., 2002; Fatica and Tollervey, 2002; Fromont-Racine et al., 2003; 

Granneman and Baserga, 2005; Nagahama et al., 2004; Nissan et al., 2004; 

Tschochner and Hurt, 2003; Venema and Tollervey, 1999; Yager and Davidson, 

2006). At last, pre-40S and pre-60S subunits are exported to the cytoplasm for final 

maturation. 

Ribosome biogenesis in mammalian cells is more complex than in yeast.. The 

mature human rRNAs are similar in length except that the 28S rRNA is 1.5 fold 
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longer than the 25S rRNA. The non-coding spacers are extended 5-fold or even more. 

In addition the human nucleolus contains about ten times more proteins than the yeast 

nucleolar proteome (Ahmad et al., 2009; Huh et al., 2003; Mullineux and 

Lafontaine, 2012). rDNA is transcribed into a 47S pre-rRNA, which is cleaved at 

sites 01 in 5'-ETS and 02 in 3'-ETS to generate the 45S pre-rRNA (Mullineux and 

Lafontaine, 2012), (see Figure 1.4). The 45S is matured by two alternative pre-rRNA 

processing pathways, 1 and 2. In pathway 1, the first cleavage is at A0 followed by 

cleavage at site 1 (in 5' -ETS). Normally these two cleavages are coupled, producing 

the 41S pre-rRNA but if they are not concomitant it generates the 43S pre-rRNA. The 

41 S is cleaved at site 2 into 21 S and 32S pre-rRNA. In pathway 2, the first cleavage 

is at site 2 (in ITS 1) producing the 30S and 32S pre-rRNA. The 21 S is generated by 

simultaneous cleavage at sites A0 and 1, or via the 26S intermediate, which is 

produced by uncoupled cleavage of these sites. The 21S is trimmed to sites C and E 

generating the 21S-C and 18S-E pre-rRNA. The 18S-E is exported from the nucleus 

to the cytoplasm, and is matured to the 18S rRNA by cleavage at site 3. In parallel, 

the 32S is processed at site 3' (in ITS2) generating the 12S pre-rRNA and 28S rRNA. 

The 12S is furthq processed by a series of exoribonucleolytic cleavages (Lafontaine, 

2015). 
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Figure 1.4 Schematic representation of the pre-rRNA processing pathway in humans. 
The maturation of rRNAs is explained in detail in the text. Taken from (Mullineux 
and Lafontaine, 2012). 

The 12S is cleaved at site 4a into 7S, and afterwards at site 4' · to produce the 5.8S 
rRNA. 

1.2.2 The small nucleolar RNAs (snoRNAs) 

The two most abundant post-transcriptional modifications of cellular RNAs are 2'-0-

ribose methylation and pseudouridylation. Modification sites are found in 
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functionally important regions of the ribosome (Decatur and Fournier, 2002), and 

could facilitate the folding and stability of rRNA (King et al., 2003; Ofengand, 

2002). In eukaryotes, these modifications are conducted by small nucleolar 

ribonucleoproteins (snoRNPs) in the nucleolus. Similar RNPs are found in 

archaebacteria; they are called small RNPs (sRNPs) (Dennis and Omer, 2005; Omer 

et al., 2003). 

SnoRNAs are non-coding RNAs of different length generally ranging from 

~60-300 nucleotides. Besides being implicated in modification reactions of rRNAs, a 

small number of snoRNAs are necessary for pre-rRNA endonucleolytic cleavages. 

The snoRNAs are classified into two families, the CID and Hl ACA snoRNAs 

(Brown et al., 2003; Lestrade and Weber, 2006; Piekna-Przybylskà et al., 2007; 

Samarsky and Fournier, 1999). The CID and H/ACA snoRNAs associate with 

specific conserved proteins to form CID and H/ACA snoRNPs. The third family is 

RNase MRP, which processes the pre-rRNA endonucleolytically at the A3 site. Its 

RNA coipponent is structurally similar to that of RNase P. In yeast, RNase MRP 

contains 9 proteins: Snml is specifically associated with RNase MRP, but the other 8 

proteins are common with RNase P (Kressler et al., 1999; Venema and Tollervey, 

1999; Xiao et al., 2001). Few snoRNAs were identified with no obvious sequence 

complementarity to common substrates like rRNAs. They are called orphan snoRNAs 

because they have no known targets (Huttenhofer et al., 2001). Thus, they probably 

target other RNAs like mRNAs (Bratkovic and Rogelj, 2011). In addition, there is 
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another class of small RNAs called small Cajal body-specific RNAs (scaRNAs), 

which accumulate in Cajal bodies, a membraneless sub-compartment of the nucleus. 

They are involved in modification of snRNAs and snoRNAs, and in their assembly 

leading to the production of mature small RNAs (Stanek and Neugebauer, 2006). The 

scaRNAs contain motifs of CID and Hl ACA snoRNAs, and also a specific CAB box 

(motif UGAG), which is a Cajal body localization signal (Henras et al., 2004;· -

Richard et al., 2003). 

1.2.2.1 Guide snoRNPs 

The CID snoRNPs carry out site specific 2' -O-ribose methylation (Kiss-Laszlo et al., 

1996; Nicoloso et al., 1996; Tycowski et al., 1996) and the Hl ACA snoRNPs 

catalyze the isomerization of specific uridines to pseudouridines (\JI) (Ganot et al., 

1997a; Ni et al., 1997). The CID snoRNAs form a stem-bulge-stem structure and 

contain two consensus sequences (see Figure 1.5A). The box C motif RUGAUGA (R 

is a purine) is positioned near the mature 5'-end of the snoRNA, while the box D 

sequence CUGA is located near its 3' end. Many CID snoRNAs contain a second set 

of conserved sequences, the C' and D' boxes, located in the central region of the 

RNA (Reichow et al., 2007). Both the CID and C'ID' boxes are conserved in 

Archaea and form a kink-tum motif (Klein et al., 2001). In eukaryotes, the C' ID' 

motif is less conserved and often lacks the kink-tum motif. A sequence of 10-20 

nucleotides upstream of the D and/or D' box of the snoRNA base pairs with the 
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substrate RNA (Henras et al., 2004; Reichow et al., 2007). The methylation reaction 

is observed 5 nucleotides upstream of the conserved CUGA motif (Kiss-Laszlo et al., 

1996; Kiss-Laszlo et al., 1998). The secondary structure of H/ACA snoRNAs 

consists of two hairpins (Figure 1.5B). The two stem-loops are linked by a hinge 

region that contains the box H sequence AN ANNA (N is any nucleotide) and 

downstream of the second hairpin is a single-stranded segment with the ACA tri­

nucleotide box sequence positioned three nucleotides upstream of the mature 3' end 

of the snoRNA. The stem-loops contain internai loops with 9-13 nucleotides on each 

strand that form the pseudouridylation pocket. The pseudouridylation site is situated 

14-16 nucleotides upstream of either the H or ACA box motifs (Balakin et al., 1996; 

Ganot et al., 1997a; Ganot et al., 1997b; Ni et al., 1997). The class-specific 

sequence elements are conserved from Archaea to vertebrates, and are necessary for 

the assembly of functional RNPs (Balakin et al., 1996; Henras et al., 2004; Maxwell 

and Fournier, 1995; Tollervey and Kiss, 1997). The CID snoRNAs associate with 

common proteins Nopl (fibrillarin in humans), Nop56, Nop58 and Snu13 (15.5K in 

humans), which is the kink-tum binding protein, whereas the H/ACA snoRNAs 

associate with proteins Cbf5 (dyskerin in humans), Garl, Nhp2 and NoplO. Nopl is. 

the 2'-O-ribose methylase enzyme and Cbf5 is the pseudouridine synthase. The class 

specific core snoRNP proteins are necessary for enzymatic activity, stability and 

nucleolar localisation of the snoRNPs (Bachellerie et al., 2002; Eliceiri, 1999; 

Meier, 2005; Tollervey and Kiss, 1997). 
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B 

3' 

Figure 1.5. The secondary structure of snoRNAs. The class CID (A) and H/ACA (B) 
snoRNAs (grey) contain conserved motifs "boxes" (blue). Their target RNA is 
colored in magneta. The sites for nucleotide modification are marked with a star. 
Taken from Reichow et al. (2007). 

In eukaryotic, genomes the snoRNAs are expressed in different ways (Brown et al., 

2003; Filipowicz and Pogacic, 2002; Tems and Tems, 2002). ln vertebrates, most of 

the snoRNAs are present in introns of protein coding genes or non coding pol II 

transcribed genés (Maxwell and Fournier, 1995). In plants, snoRNAs are found in 

polycistronic clusters (Leader et al., 1997; Leader et al., 1994). In yeast, snoRNAs 

are encoded mostly from independent mono- or polycistronic transcripts and only few 

of them are located in introns (Chanfreau et al., 1997; Chanfreau et al., 1998; 

Maxwell and Fournier, 1995). 

1.2.2.2 Processing snoRNPs 

A number of snoRNPs are necessary for the early pre-rRNA cleavages, including 

U14 and U3 (CID snoRNAs), snRlO and snR30 (H/ACA snoRNAs), which are 
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involved in the maturation of 18S rRNA (Dunbar and Baserga, 1998; Hughes and 

Ares, 1991; Liang and Fournier, 1995; Savino and Gerbi, 1990; Tollervey, 1987; 

Tollervey and Guthrie, 1985; Venema and Tollervey,_ 1999). RNase MRP is 

implicated in the maturation of the 5.8S rRNA by cleaving the pre-rRNA in the 

interna! transcribed spacer 1 (ITSl) at the A3 cleavage site (Chu et al., 1994; 

Gutmann et al., 2012; Lygerou et al., 1996; Schmitt and Clayton, 1993). 

1.2.3 U3 snoRNP 

The U3 snoRNP is the most abundant of the snoRNPs, and it is required for 

processing of pre-rRNA. The role of U3 snoRNA has been studied in mice, Xenopus 

. laevis and Saccharomyces cerevisiae and these studies demonstrated that the U3 

snoRNA is necessary for pre-18S rRNA processing (Borovjagin and Gerbi, 1999; 

Hughes and Ares, 1991; Kass et al., 1990; Mougey et al., 1993; Savino and Gerbi, 

1990). In yeast, the U3 snoRNA consists of two secondary domains (Figure 1.6): a 5' 

domain (nt 1-39), which is linked via a hinge region to a 3' domain (nt 73 to 3' end) 

(Mereau et al., 1997; Samarsky and Fournier, 1998). The U3 snoRNA base pairs 

with the pre-rRNA at three sites. The 5' end of U3 containing sequence elements 

called GAC box, A' and A box binds to the 18S rRNA, the 5' of the hinge binds to 

the 5'-ETS of the pre-rRNA and the 3' hinge of U3 binds the 5'-ETS (Beltrame et al., 

1994a; Beltrame and Tollervey, 1992, 1995; Dutca et al., 2011; Hughes, 1996; 

Sharma and Tollervey, 1999; Sharma et al., 1999). According to the group of 

Baserga (Dutca et al., 2011), this later interaction recruits U3 snoRNA to the pre­

rRNA. U3 snoRNA is a component of the SSU processome that is necessary for 
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endonucleolytic cleavage at sites A0, Al, and A2, which leads to the production of 

mature 18S rRNA (Beltrame et al., 1994b; Beltrame and Tollervey, 1992, 1995; 

Dragon et al., 2002; Hughes, 1996; Hughes and Ares, 1991; Sharma and Tollervey, 

1999). Defects in cleavage at sites A0, Al, and A2 lead to decreased levels of 18S 

rRNA. This reduction causes accumulation of the 35S and 23S pre-rRNAs, and a 

decrease in the levels of the 27SA2 and 20S pre-rRNAs (Venema and Tollervey, 

1999). The U3 snoRNA is also involved in the formation of the 5'-end pseudoknot in 

the 18S rRNA (Henras et al., 2008; Hughes, 1996). 

u u u 

C-G 
C-G 
U-A 
U-A 
U···G u u 
U-A 

Hairpin 2 ~:: ~ 

Box B/C Motif 

A-U 
U-A 
G-C 
U-A 
U-A 
U-AU 

cA-Uu 
G U 
U U-A U 

G·••U 

a1rpin c u u A A c : a c G B C H • •4 C G~U 

G C U A U A A G-C G A OX 
A GGUU CGG CCA UAAUUU GA AAUUUUG U 

1 ! 1 1 1 1 1 1 1 1 1 1 1 1 1 1 l 1 1 1 11 1 ! 1 uc 
uucCUAA GCC GGU AUUAAA CU UUAAAGC Gu GUA 

C U UCG U A G AAC ACCCA UCCUAU CUUCUU 

A Ga· 
U A 
A U 

A 

AA A· 11111 :11111 1111 U 

~ .
C-GUGGGU GGGAUA GAAGuu 

Cc G A C G G 

BoxB A c:G ucu Hal 1 3 
A-U rp n 
U-A 
G-c Central Stem 
u..;..A 
U-A 

•. ,•.=U·-A 

Box C'/D Motif/'"'···· éJ,ô~I'~t'7, 

C G '-. 

Box A' u ~ 
C 

BoxA 

.ccAuAAC7"'.J:i,,c~· ·- .\ 

~
i .. ' j Bo.*D 

u 
u 
C 

·, G 

. U G G-C A , / 

Bôx C" . U':-;'~, . . . . ... · 
· ·· ·.u.~A~fferinlnal Stem 

',C.".'.'.'.G/>:,"· 
~ ~ 

GACbox lgj ~ 
C 

5' 2,2,7oaGppp~ 

TMG-cap 

;:-u·3' 
G C 

! Hlnge Reglon ~ 
U A 
C A 
GUCACUCUUUGACUCUUCAAAAGAGCCACUG 



35 

Figure 1.6. Secondary structure of U3 snoRNA from S. cerevisiae. The 5' extension 
consist of conserved boxes A and A' and a non-conserved element, called the GAC 
box, which is implicated in direct interaction with pre-rRNA and necessary for 
snoRNA fonction but not production. The 5' end interacting with pre-rRNA and the 
3' extension with RNA binding proteins are linked by a hinge region. The TMG cap 
protects the 5' and the hinge region from degradation. The box C' ID stem motif is 
homologous to the box CID stem motifs in other box CID snoRNAs. The pairing of 
the central stem forms the box C' ID stem structure. Boxes B and C probably form a 
box BIC structure motif serving as a recognition element for a trans-acting factor(s). 
Hairpins 2, 3, and 4 are not essential for U3 accumulation and fonction. The 
nucleotides necessary for fonctional U3 are showed by boldface letters. The putative 
protein recognition sites are shaded. Taken from Samarsky and Fournier ( 1998). 

1.2.4 U14 snoRNP 

U14 is necessary for processing of 18S rRNA in yeast and it is involved in ribose 

methylation (Kiss-Laszlo et al., 1996; Li and Fournier, 1992). U14 is present in 

several yeasts, vertebrates and plants (Leader et al., 1994; Maxwell and Fournier, 

1995; Zafarullah et al., 1992) and is characterized by four common sequence 

elements, the C and D boxes, and domains A and B (J armolowski et al., 1990) 

(Figure 1.7). A terminal stem links boxes C and D, and this C/D-helix motif is 

necessary for processing and accumulation of U14 snoRNA (Balakin et al., 1994; 

Huang et al., 1992; W atkins et al., 1996). Domains A and B base pair with 

conserved complementary elements in 18S rRNA (Liang and Fournier, 1995). 

Domain Ais required for processing activity (Jarmolowski et al, 1990). Domain Bis 

dispensable and is involved in the methylation of C414 (Kiss-Laszlo, 1996). Yeast 

U14 contains a unique structure not foundïn higher eukaryotes. This structure, called 

Y domain, is essential for viability (Li and Fournier, 1992). Different studies, like 
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deletion and substitution variants and hybrid yeast-mouse RNAs, indicated that the Y 

domain of U14 is essential in S. cerevisiae and complete deletion of the Y domain led 

to lethality (Li and Fournier, 1992; Liang et al, 1997). 
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Figure 1.7 Secondary structure of box CID U14 snoRNA. U14 contains two regions 
of complementarity to 18S rRNA: domain A (in green) is required for processing 
activity and cell viability whereas domain B (in blue) targets a methylation site in 18S 
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rRNA. In yeasts, U14 contains the Y domain (in purple) that is implicated pre-18S 
rRNA processing. Adapted from Liang et al. (1997). 

1.2.5 The small subunit (SSU) processome 

The SSU processome is a large ribonucleoprotein complex that sediments at ~80S 

and is required for pre □ 18S rRNA processing (Dragon et al., 2002). The SSU 

processome contains the U3 snoRNA and around 72 different proteins: these proteins 

include U3-specific proteins, named U three-associated proteins (Utps), ribosome 

biogenesis factors and ribosomal proteins (Bernstein et al., 2004; Dragon et al., 

2002; Limet al., 2011). This complex also consists of RNA helicases, ATPases and 

GTPases, endonucleases, kinases and other regulatory factors (Bleichert and Baserga, 

2007; Karbstein et al., 2005; Strunk and Karbstein, 2009). The majority of SSU 

processome components were identified by tandem affinity purification and mass 

spectrometry, and few of them by biochemical or genetic approaches (Bernstein et 

al., 2004; Dosil and Bustelo, 2004; Dragon et al., 2002; Krogan et al., 2004; Rudra 

et al., 2007). Criterias for proteins to be labelled a "SSU processome component" 

according to the group of Baserga are as follows: a) nucleolar localization, b) 18S 

rRNA processing defects upon depletion, c) co-immunoprecipitation with U3 

snoRNA and/or another SSU processome protein (Lim et al., 2011). The pre­

ribosome particle implicated in ribosome biogenesis is called the 90S pre-ribosome. 

According to Grandi et al. (2002), the characteristics of the 90S components are as 
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follows: a) nucleolar localization, b) sedimenting at about 90S on a sucrose gradient, 

c) co-immunoprecipitating with 35S pre-rRNA and U3 snoRNA. 

A number of SSU processome components are grouped together and form the 

following sub-complexes : t-Utp/UtpA, UtpB, UtpC, MpplO, Bmsl/Rcll and U3 

snoRNP sub-complex (Champion et al., 2008; Dosil and Bustelo, 2004; Freed and 

Baserga, 2010; Krogan et al., 2004; Lee and Baserga, 1999; Rudra et al., 2007; 

W egierski et al., 2001 ). The U3 snoRNP con tains the U3 snoRNA, the four common 
, 

CID box snoRNA proteins (see section 2.1.2) and the U3 specific Rrp9/U3-55K 

protein (Granneman et al., 2002; Venema et al., 2000). Sorne of these sub-complexes 

associate with the pre-rRNA in an orderly and stepwise manner (Dutca et al., 2011; 

Gallagher et al., 2004; Perez-Fernandez et al., 2011; Perez-Fernandez et al., 2007). 

Thirty one of the 72 SSU processome components · were identified as members of the 

sub-complexes mentioned above. A number of these proteins might associate with the 

SSU processome individually, and the rest are probably part of unknown sub­

complexes yet to be identified, see Figure 1.8. 
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Figure 1.8. Schematic representation of SSU processome assembly. The different 
sub-complexes assemble onto the nascent transcript in order to form the SSU 
processome. One rDNA tandem repeat is shown at the top in order to show the 
relative positions of the 35S pre-rRNA. Taken from (Phipps et al., 201 lb) 
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1.3 Ribosome biogenesis def ects, diseases and cancer in humans 

Ribosome biogenesis is a very complex and highly regulated process. This process 

affects cellular metabolism and survival. A series of different genetic diseases related 

to defects in ribosome biogenesis are called ribosomopathies (Freed et al., 201 0; 

Narla and Ebert, 2010). The following are some examples of these diseases: 

Mutations in ribosome biogenesis factors of the _small and large subunit can cause 

North American lndian Childhood Cirrhosis, NAIC, (Cirhin gene) (Chagnon et al., 

2002; Prieto and McStay, 2007) and Shwachman-Bodian-Diamond syndrome (SBDS 

gene) (Boocock et al., 2003; Goobie et al., 2001; Rujkijyanont et al., 2009), 

respectively. They are both autosomal recessive disorders: NAIC causes neonatal 

jaundice leading to biliary cirrhosis, and SBDS patients manifest growth problems 

and skeletal abnormalities. Dyskeratosis congenita (DC) is a X-linked or an 

autosomal recessive disease caused by mutations in Hl ACA snoRNP protein genes 

(DKCJ, NOPJ0, NHP2) (Vulliamy et al., 2008; Walne and Dokal, 2009; Walne et 

al., 2007; Woolford and Baserga, 2013). The clinical signs of DC are mucocutaneous 

abnormalities and bone marrow failure. Mutations in the following ribosomal genes 

RPS7, RPS17, RPS19, RPS24, RPL5, RPLJJ, RPL35A, RPS14 cause Diamond­

Blackfan anemia, an autosomal dominant disorder. Anemia, bone marrow failure and 

cardiac defects are among the observed symptoms of this disease. 

Changes in nuclear and nucleolar structure are observed in cancer cells (Maggi 

and Weber, 2005; Montanaro et al., 2008; Ruggero and Pandolfi, 2003). The 

number of nucle9li, their size and morphology are altered; these phenotypic changes 
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have been used as diagnostic markers (Jiao et al., 2013; Maggi and Weber, 2005; 

Ruggero and Pandolfi, 2003). Impaired ribosome biogenesis is also related to changes 

in cell cycle, cell growth and proliferation, and it could increase the risk of cancer 

(Montanaro et al., 2008; Ruggero and Pandolfi, 2003). Ribosomal proteins regulate 

the expression of the p53 tumor suppressor and c-Myc oncogene (Dai and Lu, 2008; 

Oskarsson and Trumpp, 2005; White, 2005). P53 is a transcription factor that is 

implicated in cell cycle arrest, DNA damage response, senescence and apoptosis 

(Lowe et al., 2004; Vogelstein et al., 2000; Vousden and Lane, 2007). MDM2, an 

E3 ubiquitin ligase, affects p53 activation by either proteasomal degradation _or by 

p53 binding with subsequent inhibition of its transactivation activity (Haupt et al., 

1997; Kruse and Gu, 2009; Ku~butat et al., 1997; Mornand et al., 1992). Impaired 

ribosome biogenesis leads to accumulation of non-incorporated ribosomal proteins, 

which bind MDM2 and inhibit its ubiquitin ligase activity on p53, thus stabilizing 

p53 (Deisenroth and Zhang, 2010; Fanciulli et al., 2000; Zhang and Lu, 2009). 

RPL5, RPLl 1 and RPL23 (ribosomal proteins of the large subunit), and RPS7 

(ribosomal protein of the small subunit) bind MDM2 and induce p53 stabilization 

(Chenet al., 2007; Dai and Lu, 2004; Dai et al., 2004; Zhang et al., 2003; Zhu et 

al., 2009). 

RPLl 1 also affects c-Myc activity, a transcription factor involved in cell 

growth, proliferation and apoptosis (Adhikary and Eilers, 2005; Pelengaris et al., 

2002a; Pelengaris et al., 2002b). It uses a negative feedback regulation to inhibit c­

Myc activity (Dai et al., 2007a; Dai et al., 2007b). 
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1.4 RNA Helicases 

1.4.1 Structure of RNA helicases 

Helicases are found in all domains of life: Bacteria, Archaea and Eukaryota, and 

many viroses encode them (Anantharaman et al., 2002; Leipe et al., 2002). Impaired 

fonction an_d expression of helicases are related to different diseases, like cancer, 

neurodegenerative diseases and developmental defects (Abdelhaleem, 2004; Clark et 

al., 2008; Hanada and Hickson, 2007). The eukaryotic and prokaryotic genomes 

encode DNA and RNA helicases (Shiratori et al, 1999; Silverman et al, 2003). There 

are two types of helicases, the ones forming ring-like hexameric structures and the 

ones not forming rings (Singleton et al., 2007). The classification of these pro teins 

was based on the characteristics of conserved motifs · in the primary sequence 

(Gorbalenya and Koonin, 1993). They are classified into different superfamilies 

(Savitsky et al.), SFl to SF6 (Gorbalenya and Koonin, 1993; Singleton et al., 2007). 

SFl and SF2 families include DNA and RNA helicases, which fonction as 

monomers or dimers (Tuteja and Tuteja, 2004a; Tuteja and Tuteja 2004b ). SF3, SF4, 

SF5 and SF6 consist mainly of hexameric helicases, having bacterial or viral origin 

(Patel and Picha, 2000). Among the different families of helicases, the DEAD-box 

family seems to include only RNA helicases (Fairman-Williams et al., 2010). 
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The crystal structure of SPl and SF2 helicases show two covalently linked 

globular domains, each of which usually contains five ~-strands surrounded by five 

a-helices, that resemble the folding of the RecA A TPase (Story and Steitz, 1992). 

RecA is an allosteric enzyme that uses ATP in order to catalyze strand exchange in 

homologous sequences in ssDNA and dsDNA. Thus it bas both a helicase-like strand 

separation activity and a strand annealing activity (Story and Steitz, 1992). SFl and 

SF2 contain 12 characteristic sequence motifs, (see Figure 1.9) (Fairman-Williams et 

al., 2010; Gorbalenya and Koonin, 1993; Jankowsky and Pairman, 2007). Helicases 

possess the conserved W alker A (motif 1) and B (motif Il) motifs (Walker et al, 

1982), which are also found in many NTPases in general. 

Holicase coro 

1 Dornnin 1 Domain2 ~ 

SF1 c=::-:=::1~)1 . 1 :■:iii~t:lfEl) ll· .. i 1 n~u: , :ta 1 1 .... c:::::,:_-:::::::, 
N-terminus l ; i ~ Î ~ ) l ~ C•terminus 

... 1 iiH~tl 
SF2 -.-.. -_::=H I O@@®O@· 1 ·1 :, · 1 . 1 . J .... c:::::,:6 ':::::::::J 

/ ' 
®@®®@ 

Figure 1.9. The catalytic core of SPI and SF2 proteins. The motifs are colored based 
on their biochemical fonction: red, ATP binding and hydrolysis; yellow, coordination 
between NTP and nucleic acid binding sites; blue, nucleic acid binding. Motif lb with 
asterisk is not present in all SPI and SP2 families. Green circles with asterisk 
correspond to insertion of additional domains taken from (Jankowsky, 2011). 

The Q motif, which binds the adenine base of ATP is less conserved among SPI and 
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SF2 members (Tanner et al., 2003). Motifs III and Va coordinate NTP and nucleic 

acid binding sites, motifs la, lb, le, IV, IV a, V and Vb bind nucleic acids, and motif 

IIIa in SFl appears to provide a stacking platform for the base of NTP (Fairman­

Williams et al., 2010). In several SFl and SF2 proteins, the catalytic core is flanked 

by N- and C-terminal extensions. Many of these extensions have specific fonctions 

like nuclease activity, DNA or RNA binding (e.g. Zn-fingers, dsRBDs), and 

involvement in protein-protein interactions (CARD-domains) (Bernstein and Keck, 

2003; Cui et al., 2008; He et al., 2010; Yoneyama and Fujita, 2008; Zhang and 

Grosse, 2004). Besides providing additional enzymatic activities, these extensions 

could promote oligomerization, recroit specific complexes, affect interactions with 

other proteins or influence recognition of specific nucleic acid regions (Karginov et 

al., 2005; Killoran and Keck, 2008; Klostermeier and Rudolph, 2009; Shereda et 

al., 2009; Trubetskoy et al., 2009; Yoneyama and Fujita, 2008). 

1.4.2 Function of RNA helicases 

RNA helicases are enzymes that fonction in an energy-dependent manner. They 

dissociate RNA-RNA duplexes (RNA helicase activity or unwindase) or RNA­

protein interactions (RNPase activity) by using the free energy of NTP binding and 

hydrolysis. There are three types of unwinding: translocation on nucleic acids 

(Lohman et al., 2008; Pyle, 2008; Singleton et al., 2007), translocation without 

unwinding (Myong et al., 2009; Seidel et al., 2008; Soultanas et al., 2000) and 

unwinding without translocation (Bize bard et al., 2004; Tijerina et al., 2006; Yang 
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et al., 2007; Yang and Jankowsky, 2006). RNA binding and unwinding of RNA 

helicases require NTP-dependent changes in the orientation of the two domains 

(Jankowsky and Fairman, 2007; Lohman et al., 2008; Pyle, 2008; Singleton et al., 

2007). In the absence of ATP, the cleft between two domains opens (Jankowsky and 

Fairman, 2007); the binding of ATP usually mediates the closure of the two domains 

(Jankowsky and Fairman, 2007; Lohman et al., 2008; Pyle, 2008; Singleton et al., 

2007). In addition to unwinding activity, RNA helicases have other activities. Sorne 

RNA helicases are involved in strand annealing or RNA folding (Jankowsky and 

Fairman, 2007). Many RNA helicases are implicated in specific processes in the cell, 

(see Figure 1.10). 

1.4.3 DEAD-box RNA helicases 

According Gorbalenya and Koonin (1993), the DExD/H helicase family is a member 

of SF2 and is divided to the DEAD-, DEAH-, DExD- and DExH-box families. These 

families share conserved motifs (Tannner and Linder, 2001; Caruthers and McKay, 

2002) and the variations in their conserved motifs make them distinguishable. The 

DEAD-box family is the largest family and it has twelve conserved motifs that are 

implicated in ATPase and helicase activity, and in their regulation (Tanner et al, 

2003). The conserved motifs of DExD/H helicases are found in a central core region 

of about 350 ~o 400 amino acids (Tanner and Linder, 2001; Caruthers and McKay, 

2002). The N- and C-terminal extensions that flank the conserved core are extremely 

variable in size and composition. 
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Figure 1.10. Different fonctions of RNA helicases in eukaryotic cells. The processes 
of RNA metabolism are indicated by white circles. The connection between processes 
are shown by grey lines. Yeast RNA helicases and their human orthologs are color­
coded based on their families (see legend left corner side). Dbp4 and its human 
ortholog DDXlO is shown with a pink arrow. Adapted from Jankowsky 2011. 
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DEAD-box proteins are found in all eukaryotes and most prokaryotes (Aubourg 

et al, 1999; de la Cruz et al, 1999; Rocak and Linder, 2004). They were identified in 

the 1980s after alignments were done with eight homologues of yeast translation 

initiation factor eIF4A, which showed the presence of several conserved motifs 

(Linder et al., 1989). The name of the family was derived from the amino acid 

sequence D-E-A-D (Asp-Glu-Ala-Asp) of motif II. Since then, a large number of 

DEAD-box proteins have been identified, and RNA helicases from DEAD-box and 

related families were shown to be very important components of living organisms 

(Silverman et al, 2003). 

The N-terminal portion of the core ( domain 1) consists of the A TP binding 

motifs I (Walker A), II (Walker B), the ATP hydrolysis motif III and the RNA 

binding motifs la and lb. The C-terminal portion of the core (domain 2) includes the 

RNA binding motifs IV and V and motif VI, which may coordinate the ATPase and 

unwinding activities. The Q motif, which is an ATP binding motif (Tanner, 2003) and 

a conserved upstream aromatic residue are specific to DEAD-box proteins. The 

ATPase activity of DEAD-box proteins is dependent on or stimulated by RNA. The 

ATPase activity usually doesn't necessitate a specific RNA substrate in vitro (Rocak 

and Linder, 2004). Many studies showed a cooperativity between RNA binding and 

ATP binding: in the presence of ATP, RNA binding is stronger, but it is -severely 

decreased upon binding of ADP (Cordin et al., 2004; Lorsch and Herschlag, 1998; 

Peck and Herschlag, 2003). A more recent study revealed that no conformational 
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change in the helicase core is observed when ADP, ATP or RNA binds alone but the 

simultaneous binding of ATP and RNA induces a conformational change (Theissen et 

al., 2008). DEAD-box proteins are involved in bidirectional unwinding (5' to 3' and 

3' to 5' unwinding), thus they show no unwinding polarity (Bizebard et al., 2004; 

Jankowsky, 2011; Jarmoskaite and Ru~sell, 2011; Pyle, 2008; Rogers et al., 1999; 

Tijerina et al., 2006; Yang and Jankowsky, 2006). The DEAD-box protein loads 

directly onto the duplex and unwinds it in an ATP-dependent manner, which is called 

local strand separatioh (Yang et al., 2007; Yang and Jankowsky, 2006). 

Furthermore the DEAD-box protein Dedl shows an RNPase activity (Fairman 

et al., 2004): It displaces an RNA-bound protein complex, called the exon junction 

complex (EJC), in an ATP-dependent manner, and independently from the RNA 

structure. 

DEAD-box proteins are involved in all processes involving RNA including 

transcription, mRNA splicing, tRNA maturation, ribosome biogenesis, nuclear­

cytoplasmic export, translation, mitochondrian gene expression to RNA degradation 

(de la Cruz et al., 1999). There are at least 37 DEAD-box proteins in humans and 26 

in Saccharomyces cerevisiae (Fairman-Williams et al., 2010). In yeast, 20 DEAD­

box proteins are required for ribosome biogenesis and rRNA maturation (Bleichert 

and Baserga, 2007; Jankowsky et al., 2011; Rodriguez-Galan et al., 2013). 

1.4.3.1 Dbp4 (DEAD-box protein 4) 

DEAD-box protein Dbp4, a nucleolar RNA helicase, is phylogenetically conserved 
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and essential for growth in yeast, indicating that it plays a critical fonction in the cell 

(Garcia et al., 2012; Garcia and Uhlenbeck, 2008; Huh et al., 2003; Liang et al., 

1997). Dbp4 was identified in a multicopy suppressor screen carried out to isolate 

factors that interact with the Y domain of U 14 snoRNA. Over-expression of Dbp4 

suppressed growth defects caused by mutations in the Y domain (Liang et al., 1997). 

This genetic link suggested arole for Dbp4 in ribosome biogenesis because the U14 

snoRNA is involved in processing reactions leading to the production of 18S rRNA. 

Another study showed that the absence of Dbp4 impaired the early cleavages at sites 

A0, Al and A2, and that Dbp4 was necessary for the release of U14 from the pre­

rRNA, therefore suggesting that Dbp4 plays a specific role in intramolecular RNA or 

RNA-protein interactions (Kos and Tollervey, 2005). The ATPase activity of Dbp4 is 

RNA-dependent but with no specificity for yeast rRNA (Garcia and Uhlenbeck, 

2008). The unwinding activity of Dbp4 was shown by the group of Uhlenbeck, and 5' 

or 3' single-stranded extensions increased its unwinding activity (Garcia et al., 2012). 

1.4.3.2 RNA helicase DDXlO 

DEAD-box RNA helicase DDXIO is the human homologue of yeast Dbp4. It was 

identified among candidate genes for ataxia-telangiatasia, a genetic disorder, located 

on chromosome 11 q22-q23 (Savitsky et al., 1996). The chromosome translocation, 

inv(l l)(p15q22), which involves DDXJO (l lq22) and NUP98 (l lp15), a member of 

the nucleoporin family, leads to the production of a chimeric NUP98-DDX10 protein 
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implicated in therapy-related myeloid malignancies (Arai et al., 1997). There is a 

considerable increase in proliferation and self-renewal of primary human CD34+ 

cells when NUP98-DDX10 is present (Yassin et al., 2010). Mutation in motif VI in 

the DDXlO portion of NUP98-DDX10 decreases the in vitro transforming ability of 

this fusion protein showing that it plays a role in leukemogenesis (Y as sin et al., 

2010). DDXlO was also identified as a candidate breast cancer gene (Sjoblom et al., 

2006). The group of Sjoblom recently showed that knock down of DDXl0 inhibited 

breast cancer cell growth (Jiao et al., 2013). Another study showed that RNA helicase 

DDXl0 is involved in ribosome biogenesis (Tafforeau et al., 2013). DDXlO is 

associated with a 50S complex including the U3 snoRNA, which is probably 

recruited to the pre-rRNA via binding nucleolin and RRP5, both of which are RNA­

binding proteins (Turner et al., 2009). 
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1.5 Hypotheses 

Ribosome biogenesis engages by far the largest number of RNA helicases, most of 

which are rilembers of the DEAD-box family. DEAD-box RNA helicase Dbp4 is 

phylogenetically conserved and essential for growth. DEAD-box RNA helicase 

DDXlO is the human homologue of Dbp4. Due to the complexity of ribosome 

biogenesis, little is known about the specific fonction of these helicases in vivo and 

the discrete pre-rRNA processing steps in which these helicases ni.ight fonction. 

Hypothesis 1: Overexpression of Dbp4 suppresses phenotypes of mutant U14 

snoRNA showing a genetic link between Dbp4 and Ul4 snoRNA. Thus, there might 

be a physical link between these two molecules. In addition, U14 snoRNA is 

involved in rRNA maturation and it required for cleavages at sites Al and A2 but not 

A0.This suggests that Dbp4 might also be implicated in ribosome biogenesis. 

Hypothesis 2: Dbp4 bas a predicted coiled-coil (CC) motif in its C-terminal 

extension. This suggests that Dbp4 might fonction in a complex with one or more 

proteins to perform its role in ribosome biogenesis. 

Hypothesis 3: The proteins and RNAs of the ribosome, and the factors involved in 

ribosome biogenesis are very well conserved from yeast to humans, and the pre­

rRNA processing and assembly pathways appear to be similar. Dbp4 is implicated in 
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the proce~sing reactions leading to the production of the mature 18S rRNA. This 

suggests that DDXlO, the human homologue of Dbp4, could also be involved in 

ribosome biogenesis. DDXlO was identified as a candidate breast cancer gene 

(Sjoblom et al., 2006), suggesting that DDX.10 probably plays a role in cellular 

growth and proliferation. 

1.6 Objectives 

In order to answer my first hypothesis, the physical interaction between Dbp4 and 

U14 snoRNA was studied by IPs, and the fonction of Dbp4 in molecular mechanisms 

and interactions leading to the production of 18S rRNA was studied by sucrose 

gradient sedimentation analyses. 

To test my second hypothesis, we attempted to identify partners of Dbp4. 

Potential partners of Dbp4 from a yeast two-hybrid screen and database mining were 

selected and their in vivo association was examined by IPs and GST pull-down. 

To verify my third hypothesis, the possible role of DDXlO in pre-rRNA 

processing was evaluated, and the effect of DDXlO knock down during rRNA 

maturation and also on cellular growth and proliferation was examined by northem 

hybridization, PACS and western blot analyses using Ki-67 proliferation marker. 



Chapter II 

2.1 Preface 

The U14 snoRNA is required for the processing reactions at cleavage sites Al and A2 

but it is also involved in ribose methylation (C414 in 18S rRNA). Dbp4 was found in 

a screen carried out to find interactors of the yeast-specific Y domain of U14. 

Overexpression Dbp4 suppressed the Y domain mutant phenotypes. Because of this 

genetic link between Dbp4 and U14, we decided to investigate the physical link 

between these two molecules. W e did immunoprecipitations experiments (IP) 

followed by 3' -end labeling, which suggested that Dbp4 might be associated with U3 

snoRNA and not U14 snoRNA. We confirmed these results by nothem hybridization 

using specific probes against the snoRNAs of interest. Different conditional strains 

were generated to perform sucrose gradient analyses in order to study the 

sedimentation behavior of Dbp4, U3, U14, MppiO (U3-specific protein) and some 

guide snoRNAs in the presence or absence of one of these molecules. In collaboration 

with the group of Dr. Ann Beyer, chromatin spread preparations were carried out in 

undepleted and Dbp4-depleted cells showing that Dbp4 is necessary for the SSU 

processome formation. 

I did the major part of all the experiments under the supervision of Dr. François 

Dragon, the 3 '-end labeling was done by Krasimir Spasov, Figure 3 was done by 

Christian Trahan, and the electron microscopy images, maps and gene tracing of the 

chromatin spread preparations were performed by Yvone Osheim and Ann Beyer. 
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2.2 Abstract 

DEAD-box RNA helicase Dbp4 is required for 18S rRNA synthesis: cellular 

depletion of Dbp4 impairs the early cleavage reactions of the pre-rRNA, and causes 

the U14 small nucleolar (sno) RNA to remain associated with pre-rRNA. 

Immunoprecipitation experiments (IPs) carried out with whole cell extracts (WCEs) 

revealed that HA-tagged Dbp4 is associated with U3 snoRNA but not with U14 

snoRNA. IPs with WCEs also showed association with the U3-specific protein 

Mpp 10, which suggests that Dbp4 interacts with the functionally active U3 RNP; this 

particle, called the SSU processome, can be observed at the 5' end of nascent pre­

rRNA. Electron microscopy analyses indicated that depletion of Dbp4 compromised 

SSU processome formation and co-transcriptional cleavage of the pre-rRNA. Sucrose 

density gradient analyses revealed that depletion of U3 snoRNA or MpplO protein 

inhibited the release of U14 snoRNA from pre-rRNA, just as seen with Dbp4-

depleted cells, indicating that alteration of SSU processome compone~ts has 

significant consequences on U14 snoRNA dynamics. We also found that the C­

terminal extension flanking the catalytic core of Dbp4 plays an important role in the 

release of U14 snoRNA from pre-rRNA. 
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2.3 Introduction 

Ribosome biogenesis in the nucleolus of eukaryotic cells begins with transcription of 

large rRNA precursors (pre-rRNAs), which are matured and assembled into the small 

(40S) and large (60S) ribosomal subunits. It is well established that a key step in the 

making of ribosomes is the production of mature rRNAs, the functional components 

of ribosomes (Venema and Tollervey, 1999; Moore and Steitz, 2002). 

In yeast, RNA polymerase I synthesizes a long precursor of 35S that encodes 

the 18S, 5.8S and 25S rRNAs, while the 5S rRNA is independently transcribed_ by 

RNA polymerase III (Venema and Tollervey, 1999; Kressler et al., 1999). The 35S 

pre-rRNA is subjected to an orderly maturation process that requires over 200 trans­

acting factors (Fromont-Racine et al., 2003; Henras et al., 2008; Kressler et al., 

2010). In addition, tens of small nucleolar (sno) RN As base pair with pre-rRNAs and 

direct site-specific post-transcriptional modification of rRNAs (Henras et al., 2004). 

The snoRNAs are grouped in two large families, called CID and Hl ACA, and they 

assemble into RNPs with specific proteins to carry out 2' -O-ribose methylation and 

pseudouridylation, the conversion of uridines into pseudouridines ('P), respectively 

(Kiss, 2001; Decatur and Fournier, 2003; Henras et al., 2004). 

In contrast to the plethora of snoRNAs guiding post-transcriptional 

modifications, very few snoRNAs are required for the endonucleolytic cleavages that 

remove spacer sequences from pre-rRNAs. U3, U14 and snR30 snoRNAs are 

essential for the early cleavage reactions that lead to the production of 18S rRNA; 
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snR 10 is also implicated in these cleavages but it is not essential for growth (Maxwell 

and Fournier, 1995;(Venema and Tollervey, 1999; King et al., 2003; Liang et al., 

2010). U3 (CID class) and snR30 (H/ACA class) are involved in the three early 

processing reactions, i.e. the cleavages at sites A0, Al and A2 (for details on the 

processing pathway see (Woolford and Baserga, 2013). U14 and snRlO are unique in 

that they have dual fonctions: they are involved in pre-rRNA processing at sites Al 

and A2 but not at A0, and U14 targets 2'-O-methylation of C414 'in 18S rRNA while 

snRlO directs formation of \J'2923 in 25S rRNA (Piekna-Przybylska et al., 2007). 

Another essential snoRNA is RRP2, the RNA component of RNase MRP; this RNA 

does not belong to the CID or Hl ACA class but it is required for cleavage at site A3 

and production of 5.8Ss rRNA (Venema and Tollervey, 1999; Woolford and Baserga, 

2013). 

The §.mall §.Ub!!_nit (SSU) processome is a very large RNP of ~80S that forms 

the terminal knob observed at the 5'-end of nascent pre-rRNA transcripts (Dragon et 

al., 2002; Osheim et al., 2004). The SSU processome is con~tituted of the U3 

snoRNA and over 70 proteins, most of which are U3-specific and required for its 

fonction (Dragon et al., 2002 ; Bernstein et al., 2004; Phipps et al., 201 la; Limet al., 

2011; Perez-Femandez et al., 2011; Woolford and Baserga, 2013). At present it is not 

known whether U14 snoRNP contains specific proteins required for its fonction. 

Yeast U14 snoRNA has an extra stem-loop structure called the Y domain, which is 

essential for growth (Maxwell and Fournier, 1995). In a search for protein(s) that 
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interact with the Y domain, Liang et al. (Liang et al., 1997) identified Dbp4 in a 

multi-copy suppressor screen; growth defects caused by deleterious mutations in the 

Y domain of U14 could be suppressed by over-expression of Dbp4, a 

phylogenetically conserved DEAD-box RNA helicase (Liang et al., 1997; Garcia et 

al., 2012). 

RNA helicases are viewed as molecular motors that rearrange RNA structures 

or RNA-protein complexes in an energy-dependent fashion (Jankowsky, 2011). 

These enzymes are characterized by signature motifs that form a central, catalytic 

domain of about 400 amino acids. The catalytic core is flanked by N- and C-terminal 

extensions that vary in length and amino acid composition; these regions are thought 

to be important for substrate recognition and fonction of individual helicases, 

(Silverman et al., 2003; Cardin et al., 2006). Of the 45 putative RNA helicases 

identified in yeast ( de la Cruz et al., 1999), 20 are required for ribosome biogenesis 

(Bleichert and Baserga, 2007; Rodriguez-Galan et al., 2013): this reflects the 

complexity of RNA-RNA and RNA-protein rearrangements that are needed for the 

production of fonctional ribosomes. 

DEAD-box RNA helicase Dbp4 is essential for viability, indicating that its . 

fonction cannot be complemented by another helicase (Liang et al., 1997). A role for 

Dbp4 in ribosome biogenesis was demonstrated by Kos and Tollervey (Kos and 

Tollervey, 2005): they showed that depletion of Dbp4 impaired early cleavage 

reactions at sites A0, Al and A2 of the pre-rRNA, a phenotype that is normally seen 

with cells depleted of the U3 snoRNA or U3-specific proteins (Granneman and 
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Baserga, 2004). Cellular depletion of Dbp4 also impaired the release of U14 snoRNA 

from pre-rRNA, suggesting that Dbp4 is the RNA helicase that unwinds the U14 

snoRNA:pre-rRNA duplex (Kos and Tollervey, 2005). We recently showed that 

Dbp4 is associated with U14 snoRNA in a complex that sediments at about SOS in 

sucrose density gradients (Soltanieh et al., 2014 ). The human homologue of Dpb4 is 

also present in a complex of 50S but it is associated with the U3 snoRNA and not 

with U14 (Turner et al., 2009), indicating that the Dbp4 complex of SOS is different 

in yeast and humans (Soltanieh et al., 2014). 

Here we report that Dbp4 is associated with the U3 snoRNA and the U3-

specific protein Mpplü, which are components of the SSU processome. Electron 

microscopy analyses of chromatin spreads indicated that cellular depletion of Dbp4 

inhibited SSU processome formation. We also show that trapping of U14 snoRNA on 

pre-rRNA is observed not only in Dbp4-depleted cells but also upon depletion of the 

U3 snoRNA or Mpp 10 protein. Moreover, we found that the C-terminal extension of 

Dbp4 plays an important role. in the release of Ul4 snoRNA from high molecular 

weight complexes, and that it is necessary for its association with U14 in the SOS 

complex. 

2.4 Materials and Methods 

2.4.1 Y east strains and media 

Y east strains used in this study are listed in Table 1. Strains were usually grown in 

rich YP medium (1 % yeast extract, 2% peptone) supplemented with either 2% 
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dextrose (YPD) or 2% galactose (YPGal). For selection of auxotrophic markers, cells 

were grown in synthetic medium (0.17% yeast nitrogen base) supp~emented with the 

appropriate dropout mix (Clontech) and 2% galactose or glucose, as required. Media 

in culture plates included 2% bacto-agar. Yeast strains expressing HA-tagged proteins 

were generated as described by (Knop et al., 1999) using appropriate oligonucleotides 

(sequences of oligonucleotides are available on request): cells were plated on non­

selective YPD or YPGal agar plates, as required, and then replica plated onto 

selective agar plates containing 200 µg/ml geneticin (Gibco). Strain DBP4-HA was 

further engineered into a depletion strain by replacing its promoter with the inducible 

GAL] promoter as described by Longtine et. al. (Longtine et al., 1998). Depletion 

strain GAL::DBP4-HA was used for complementation assays with constructs that 
. 

were constitutively expressed from the single copy plasmid pCM188 (Gari et al., 

1997). Plasmid-bome Dbp4 contained a mye tag at its C-terminus . 

2.4.2 Immunoprecipitations 

Immunoprecipitation experiments (IPs) with WCEs were done essentially as 

described previously (Dragon et al., 2002). For· each IP, four mg of protein A­

Sepharose CL-4B (GE Healthcare) were first saturated with mouse monoclonal anti­

HA antibody (12CA5): binding was carried out ovemight on a nutator at 4°C in 

TMNlO0 buffer (25 mM Tris-HCl, pH 7.6, 10 mM MgCh, 100 mM NaCl, 0.1% 

Nonidet P-40, lmM DTT). The "HA beads" were then washed three times with 1 ml 
1 

TMNl00 and subsequently incubated with 500 µlof WCE on a nutator at 4°C for 1 
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hour. WCEs were prepared from exponentially growing cells (A600 = 0.5-0.7), and the 

equivalent of 5 A6oo units of cells were used for each IP. Cells were disrupted with 

glass beads (Sigma) in TMNlOO buffer containing Complete™ Protease Inhibitor 

Cocktail (Roche). After vigorous vortexing (seven times for 45 sec with intervals of 

45 sec on ice), lysates were cleared by centrifugation at 4°C in a microcentrifuge (5 

min at 18,0OOxg). After incubation, the beads were washed 5 times with 1 ml 

TMNlOO, TMN2OO or TMN4OO respectively (the numbers indicate the concentration 

of NaCl in mM). IPs with complexes isolated from sucrase gradient fractions were 

carried out as described in (Soltanieh et al., 2014). Co-immunoprecipitated RNAs 

were recovered by phenol/chloroform extraction, followed by ethanol precipitation in 

the presence of 40 µg glycogen (Roche). For protein analyses, the beads were mixed 

with 2x SDS loading buffer and the proteins were eluted by incubation at 9O°C for 5 

min. 

2.4.3 3'-end labeling of RNAs 

'Labeling of RNAs at their 3'-end was done essentially as described previously 

(Dragon et al., 2000). RNAs were mixed with T4 RNA ligase reaction buffer (50 mM 

HEPES, pH 8.3, 10 mM MgCh, 50 µM ATP, 3.3 mM DTT, 10% (v/v) DMSO, 40 

units RNasin (Promega) 10 µCi [5'-32P]pCp and 20 units T4 RNA ligase (New 

England Biolabs). The reaction mixture (30 µl) was in~ubated at 4°C for 16 hours, 

and an equal volume of Stop Solution (USB) was added to the reaction. Samples 



62 

were heat-denatured for 3 min at 90°C and immediately put on ice. Aliquots of 6 µl 

were separated on 8% polyacrylamide sequencing gels. 

2.4.4 Northern blotting 

Small RNAs recovered from IPs or sucrose gradient fractions were extracted with 

phenol-chloroform, precipitated with ethanol, separated on a denaturing 

polyacrylamide (8%) gel, transferred onto a nylon membrane, cross-linked under UV 

light, and hybridized with specific 5' -end labeled antisense oligonucleotides 

(sequences are available on request; (Soltanieh et al., 2014)). Hybridization was done 

for 16 hours at 37°C. Following two washes in 5x SSPE containing 0.1 % SDS and 

one wash in 0.5x SSPE containing 0.1 % SDS, the membranes were exposed to a 

phosphor screen and analyzed with a Molecular Imager FIX (Bio-Rad). 

2.4.5 Western blotting 

Proteins recovered after immunoprecipitations or from the sucrose gradient fractions 

were separated by SDS-PAGE and transferred onto a PVDV membrane (Immobilon­

P, Millipore). The blots were incubated for 1 hour with one of the following primary 

antibodies: mouse monoclonal 12CA5 anti-HA antibody, mouse monoclonal 9E10 

anti-myc antibody, rabbit polyclonal anti-MpplO antibodies (Dunbar et al., 1997), 

rabbit polyclonal anti-Tsrl antibodies _(Strunk et al., 2012), rabbit polyclonal anti­

Rpl3 and anti-Rpl30 antibodies. Note that anti-Rpl30 (formerly L32) also recognize 
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Rps2 (formerly S4; (Vilardell and Warner, 1997)). After three washes, the blots were 

incubated with the appropriate HRP-conjugated secondary antibodies (GE 

Healthcare) following the manufacturer' s recommendations. The blots were washed 

and revealed using the ECL-Plus Western Blotting Detection System (GE 

Healthcare ). 

2.4.6 Sucrose density gradient analyses 

Prior to harvesting cells, cultures were incubated with cycloheximide (100 µg/ml; 

Sigma), and cycloheximide was- maintained in all following steps. Cells (30 A600 

units) were harvested by centrifugation, washed with cold water, and resuspended in 

0.5 ml of TMKl00 buffer (same as TMNl00 but KCI was substituted for NaCl) 

containing Complete™ Protease Inhibitor Cocktail (Roche) and cycloheximide. 

Cellular extracts were prepared with glass beads (Sigma) by vigorous vortexing 

(seven times for 45 sec with intervals of 45 sec on ice), and lysates were cleared by 

centrifugation at 4 °C in a microcentrifuge (5 min at 2,500xg). Fifteen A260 units of 

extract were loaded ohto 7-47% (w/v) linear sucrose gradients prepared in TMKlO0. 

The gradients were spun in a SW41 rotor at 39000 rpm for 165 min. Fractions were 

collected using an ISCO density gradient fractionator equipped with a UA-6 detector 

with constant monitoring of the absorbance at 254 nm to follow the presence of 40S 

and 60S ribosomal subunits, SOS ribosomes and polysomes. Each fraction was 

separated in two aliquots: an aliquot of 200 µl was used for RNA analyses by 
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northem hybridization (see above ), and 300 µl were subjected to TCA precipitation 

before analyzing proteins by western blotting. 

2.4. 7 Cellular depletion of individual components 

Conditional strains were first grown to exponential phase (A600 ::::: 0.5) at 30°C in 

liquid YPGal medium and then transferred into pre-warmed YPD medium. When 

required, cultures were diluted with pre-warmed YPD to maintain exponential 

growth. Cellular growth was monitored at different time points by measuring the 

A6oo. 

2.4.8 Electron microscopy 

Miller spreads were performed as described in (Osheim et al., 2004). Briefly, 1 ml of 

the appropriate yeast culture was added to 5 mg zymolyase for 4 min, centrifuged 

briefly and the. pellet was resuspended in 1 ml 0.025% Triton, pH 9.2. After thorough 

mixing, the solution was added to 6 ml 11 mM KCl, pH 7, and allowed to disperse for 

about 40 minutes with swirling. One-tenth_ volume of 0.1 M sucrose, 10% formalin, 

pH 8.65, was added and grids were made 15 min later. 
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2.5 Results 

2.5.1 Dbp4 specifically associates with the U3 snoRNA 

Deleterious mutations in the Y domain of U14 snoRNA can be suppressed by over­

expression of DEAD-box pratein Dbp4 (Liang et al., 1997). To examine the possible 

association of Dbp4 with U14 snoRNA, we carried out immunoprecipitation 

experiments (IPs) with cellular extracts prepared from yeast strain DBP4-HA, a 

derivative of YPH499 (Sikorski and Hieter, 1989). DBP4-HA expresses Dbp4 with a 

triple HA epitope at its C-terminus (hereafter named Dbp4-HA); it is important to 

mention that in this strain, Dbp4-HA is not over-expressed because transcription is 

under the contrai of its endogenous pramoter (Knop et al., 1999). No grawth defects 

were observed with strain DBP4-HA, indicating that the triple HA tag at the C­

terminus of Dbp4 did not affect its essential fonction ( data not shown). 

We conducted IPs with cellular extracts prepared from the DBP4-HA strain 

and other contrai strains, and we analyzed the co-immunoprecipitated RNAs. The 

immunoprecipitates were washed with increasing sait concentrations to assess the 

stability of complexes. In a first series of experiments, RNAs that co­

immunoprecipitated with Dbp4-HA were directly labeled at their 3 '-end with [5' -

32P]pCp and separated on a sequencing gel. These experiments revealed a faint band 

of about 330 nucleotides (nt) that pragressively disappeared with increasing sait 

concentrations (Figure lA, lanes 3-5). This band co-migrated with the U3 snoRNA, 

which gave a very strang signal in contrai IPs with HA-tagged Nopl, a pratein 
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common to all CID snoRNPs (Henras et al., 2004); Figure lA, lanes 7-9). In marked 

contrast with the Nopl-HA IPs, no band corresponding to U14 snoRNA (126 nt) was 

detected in the Dbp4-HA immunoprecipitates ( compare lanes 3-5 with 7-9 in Figure 

lA). Note that tRNAs, 5S rRNA and 5.8S rRNA were also detected in these 

experiments but those RNAs are known as sticky, non-specific contaminants (see 

(Dunbar et al., 1997; Dragon et al., 2002; Lemay et al., 2011)). To identify the RNAs 

that co-immunoprecipitated with Dbp4 we carried out northem hybridization analyses 

with 32P-labeled oligonucleotides. These experiments showed that HA-tagged Dbp4 

is specifically associated with the U3 snoRNA (Figure 2.lB). The signal for U3 

decreased with increasing sait concentrations, showing that the association of Dbp4 

with U3 was sait-sensitive, in contrast with the U3-Nopl association (compare lanes 

8-10 and 13-15 in Figure 2.lB). Contrai experiments with the untagged parental 

strain did not reveal the presence of U3 in immunoprecipitates (Figure 2. lB, lanes 3-

5), ruling out the possibility that the faint U3 band observed in Dbp4-HA IPs resulted 

from a non-specific interaction. 

2.5.2 Dbp4 interacts with the SSU processome, the active U3 particle 

U3 is a dynamic RNP that can be detected in alternative states of~ 12-15S and ~80S; 

the larger form is the functionally active U3 RNP and is coined the SSU processome 

(Fabrizio et al., 1994; Billy et al., 2000; Dragon et al., 2002). Being an RNA 

helicase, Dbp4 could be required for assembly of the U3 RNP at an early (~12-15S) 

or late stage ( ~80S). To assess this latter possibility we asked whether Dbp4 co-
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immunoprecipitated with the U3-specific protein Mpp 10, which is an integral 

constituent of the SSU processome (Dunbar et al., 1997; Dragon et al., 2002; Osheim 

et al., 2004). Western blotting analyses indicated that Dbp4 was associated with 

MpplO, and that this association was salt-sensitive (Figure 2.2A, lanes 10-12). The 

co-IP of MpplO with Dbp4-HA was much less efficient than with the core component 

Nopl-HA (compare lanes 6-8 and 10-12 in Figure 2.2A), but the signal was well 

above background levels ( compare lanes 2-4 and 10-12 in Figure 2.2A), indicating 

that co-IP of Mpp 10 with Dbp4 was specific and not due to fortuitous interactions. 

Sucrose gradient sedimentation analyses indicated that Dbp4-HA was enriched in the 

lower density fractions of the gradient, forming a peak at 40-50S, as observed by 

(Soltanieh et al., 2014), and that a very small portion of Dbp4-HA co-sedimented 

with MpplO and the U3 snoRNA in the SOS region of the gradient (Figure 2.2B). 

These results are consistent with IPs showing that only a fraction of the U3 snoRNA 

and MpplO co-immunoprecipitated with Dbp4-HA (Figures 2.lB and 2A). We 

recently proposed that Dbp4 is a SSU processome component (Soltanieh et al., 2014); 

here we showed that association of Dbp4 with the SSU processome is not stable, 

which could reflect the transient nature of the interaction between RNA helicase 

Dbp4 and the SSU processome. 

2.5.3 Loss of Dbp4 alters the sedimentation of snoRNPs 

We generated the conditional strain GAL::DBP4-HA that expresses Dbp4-HA under 

the control of the GALJ promoter (Longtine et al., 1998). This promoter is active in 
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galactose-containing medium (YPGal) but is tumed off when cells are grown in the 

presence of glucose (dextrose; YPD). We found that the growth rate of strain 

GAL::DBP4-HA was identical to that of the parental strain DBP4-HA and wild-type 

strain YPH499 when cells were grown in YPGal ( data not shown). When 

exponentially growing cells were shifted from YPGal to YPD, growth of strain 

GAL::DBP4-HA began to slow down within 3-4 hours after the shift to YPD, 

whereas strains DBP4-HA and YPH499 maintained exponential growth rates (Figure 

2.3A). 

To avoid possible secondary effects caused by the depletion of Dbp4, we 

chose to analyze cellular extracts prepared at early time points after the shift to YPD. 

Cells were harvested at 4 and 6 h following the shift to YPD (indicated by arrows in 

Figure 2.3A), and cellular extracts were analyzed by ultracentrifugation through 

sucrose density gradients. Continuous monitoring of the absorbance at 254 nm during 

gradient fractionation generated a. sedimentation profile of ribosomal partiel es ( 40S 

and 60S ribosomal subunits, SOS ribosomes; and polysomes). For comparison, 

extracts were prepared from non-depleted, exponentially growing cells (0 h in YPD) 

and were analyzed in parallel. Note that the 60S peak was less pronounced than the 

40S peak in non-depleted cells (this was also seen with extracts from other non­

depleted strains or the parental DBP4-HA strain), and switching ceils from galactose­

to dextrose-containing medium restored the normal smaller size of the 40S peak (data 

not shown). Depletion of Dbp4 caused a strong decrease in the amount of free 40S 

ribosomal subunits and a graduai increase of free 60S ribosomal subunits over time 
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(Figure 2.3B). These results are consistent with the implication of Dbp4 in 18S rRNA 

production (Liang et al., 1997; Kos and Tollervey, 2005). Indeed, impairment of 18S 

rRNA synthesis leads to a deficit in 40S subunits, which is accompanied by a 

concomitant excess of free 60S subunits because 80S ribosomes can no longer be 

formed. Curiously however, the intensity of the 80S peak did not diminish, even 6 

hours after the shift to YPD. This phenomenon is unique to Dbp4-depletion, and it 

was not observed for depletion of U14, U3 or MpplO (see below). 

The distribution of snoRNAs in sucrose density gradients was analyzed by 

northern hybridization (Figure 2.3C). In comparison with non-depleted cells (0 h in 

YPD), the distribution pattern of U3 and U14 snoRNAs changed: Ul4 moved from 

the SOS to higher molecular weight fractions of the gradient, indicating that U 14 was 

trapped in higher-order complexes. U3 normally sediments as free RNPs ( ~ 12-15S) 

and active particles ( ~80S) but during depletion of Dbp4, free RNPs were barely 

detected and the bulk of U3 accumulated in high-density regions of the gradient 

(2:80S). Individual fractions were also analyzed for the presence of the U3-specific 

protein MpplO by western blotting (Figure 2.3D). In depleted cells, the sedimentation 

profile of MpplO was similar to that of the U3 snoRNA, with the exception that a 

larger portion of Mpp 10 was found in free form at the top of the gradient; it is known 

that the Mpp 10 complex, which is small and con tains Imp3 and Imp4, independently 

joins the nascent SSU processome (Wehner et al., 2002; Perez-Fernandez et al., 

2007; Dutca et al., 2011; Lim et al., 2011; Perez-Fernandez et al., 2011 ). 
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W e also examined the sedimentation profile of modification guide RN As 

because depletion of Dbp4 can alter their sedimentation (Kos and Tollervey, 2005). 

In Dbp4-depleted cells, the box CID guide snoRNAs snR41 and snR77 showed an 

increased distribution in fractions corresponding to very large complexes (polysome 

size fractions), and snR47 moved from the 40S-60S to the 60S-80S region of the 

gradient. In contrast, we did not observe major changes in the distribution of Hl ACA 

guide snoRNAs snRlO and snR46 or the processing H/ACA snoRNA snR30. Overall, 

these sedimentation profiles suggest that depletion of Dbp4 can alter the dynamics of 

snoRNPs, with a more pronounced effect on CID snoRNPs. 

2.5.4 Effects of depleting the U14 snoRNA 

Considering the link between Dbp4 and U14 snoRNA (Liang et al., 1997), (Kos and 

Tollervey, 2005), we analyzed the effects of depleting U14. Strain YS626, which 

expresses U 14 under the control of the GALJ promo ter (Liang et al., 1997), was 

further engineered to encode HA-tagged Dbp4 under the control of its endogenous 

promo ter (Knop et al., 1999). This new strain was named YSS 1 and used for our 

analyses. Exponentially growing cells were transferred from YPGal to YPD, and the 

growth rate decreased gradually after the shift (Figure 2.4A). Depletion times of 4 

and 8 hours were chosen for further experiments with strain YSS 1. W e examined the 

sedimentation profile of ribosomal particles before and after the shift to YPD (Figure 

2.4B). Consistent with the essential role of U14 in 18S rRNA production, the peak of 

free 40S ribosomal subunits was almost undetectable upon depletion of U14. As 
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expected, this deficit was accompanied by an increase of free 60S ribosomal subunits, 

and the overaU content of 80S ribosomes and polysomes was decreased due to the 

impaired balance between the amount of 40S and 60S ribosomal subunits (Figure 

2.4B). Gradient fractions were subjected to northem and western blotting analyses 

(Figure 2.4C and 2.4D). Interestingly, depletion of U14 caused a change in the 

sedimentation profile of the U3 snoRNA: as seen with Dbp4-depleted cells (Figure 

2.3), free U3 RNPs were no longer detected in the lower density region of the 

gradient, and U3 accumulated in large complexes. Before its depletion, U14 

sedimented in low molecular weight fractions but after a few hours in YPD it was no 

longer detected in those low molecular weight fractions. 

Depletion of Ul4 also caused a redistribution of box CID guide snoRNAs, 

which was similar to that seen upon depletion of Dbp4. Note, however, that these 

snoRNAs could be detected in large complexes even before depletion, which is 

different from what was observed with the GAL::DBP4-HA strain (compare the time 

0 h for snR41, snR47 and snR77 in Figures 2.3C and 2.4C). As reported previously, 

the sedimentation profiles of snoRNAs can differ between strains with different 

genetic backgrounds (Kos and Tollervey, 2005). Nevertheless, U14-depletion 

changed the sedimentation profile of these CID guide snoRNAs in a manner similar 

to that seen upon depletion of Dbp4. Moreover, depletion of U14 affected 

sedimentation of the H/ACA processing snoRNA snR30, which largely disappeared 

from low molecular weight fractions and accumulated in the 80S region of the. 

gradient (Figure 2.4C). H/ACA guide snoRNAs snRIO and snR35 also slightly 
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accumulated in the SOS region of the gradient upon U14 depletion (Figure 2.4C). 

Western blot analyses showed that depletion of U14 had little effect on the 

distribution of Mpp 10, while Dbp4 was no longer detected in high-density fractions 

(Figure 2.4D). Taken together these results indicate that depletion of U14 affects the 

sedimentation profile of many nucleolar factors. 

2.5.6 Depletion of the U3 snoRNA alters the sedimentation of snoRNAs 

The U3 snoRNA ~s the central constituent of the SSU processome. Because U3 and 

Dbp4 are associated (see Figure 2.1), we analyzed the consequences of depleting the 

U3 snoRNA. Strain JH84 that conditionally expresses the U3 snoRNA from the 

GAL] promoter (Samarsky and Fournier, 1998) was modified to encode HA-tagged 

Dbp4 from its endogenous promoter (strain YSS2). As observed previously with 

depletion of other components, blocking the production of U3 snoRNA caused severe 

growth defects (Figure 2.5A). W e chose to carry out further experiments with cells 

depleted of the U3 snoRNA for 3 and 6 hours. The sedimentation profile of ribosomal 

particles was similar to that seen with U14-depleted cells, except that the decrease of 

the SOS peak was less pronounced (compare Figure 2.5B and Figure 2.4B). The 

sedimentation profile of the U3 snoRNA itself was like that seen with cells depleted 

of Dbp4 or U14 snoRNA (compare Figure 2.5C with Figures 2.3C and 2.4C). 

Surprisingly, depletion of the U3 snoRNA also affected the sedimentation profile of 

U14, which showed an increased distribution and abundance in the fractions 

corresponding to large complexes (Figure 2.5C). In fact, the sedimentation profile of 
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U14 snoRNA was very similar to that observed during depletion of Dbp4 (see Figure 

2.3C), indicating that depletion of the U3 snoRNA also resulted in trapping U14 in 

high molecular weight complexes. 

As seen with the U14 depletion strain YSSl grown in YPGal (Figure 2.4), we 

noted that snR41 accumulated in two regions of the gradient in non-depleted cells, 

one at ~50S and the other one corresponding to high-density fractions (Figure 2.5C). 

Upon U3-depletion this distribution changed, and snR41 moved from the ~50S region 

to the 60S-80S region of the gradient, while a good proportion of snR41 was 

maintained in high-density fractions. There were no major changes in the distribution 

of guide snoRNAs snRlO, snR46, and snR77; however, snR47 largely accumulated in 

the ~80S region of the gradient, as seen previously during depletion of Dbp4 (Figure 

2.3C) and U14 snoRNA (Figure 2.4C). Only minor changes were observed in the 

sedimentation profiles of the Hl ACA processing snoRNA snR30 (Figure 2.5C) and 

with proteins Mppl0 and Dbp4 (Figure 2.5D). 

2.5.7 Effects of MpplO depletion 

The U3-specific protein MpplO is required for pre-18S rRNA processing and is a 

genuine SSU processome component (Dunbar et al., 1997; Dragon et al., 2002). We 

have shown that MpplO and Dbp4 are associated in vivo (see Figure 2A). Hence we 

analyzed the effect of depleting Mpp 10 using the depletion strain YSS3 that 

expresses Mpp 10 under the control of a GAL] -10 promo ter (Dunbar et al., 1997) and 

HA-tagged Dbp4 from its endognous promoter. When exponentially growing cells 
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were shifted from YPGal to YPD, there was a graduai reduction of growth rate 

(Figure 2.6A), and further experiments were done 6 and 10 hours after the shift to 

YPD. The sedimentation profiles of ribosomal particles from MpplO-depleted cells 

were very similar to those seen with U14-depleted cells (compare Figures 2.4B and 

2.6B). Lass of MpplO induced a strong deficit of 80S ribosomes and concomitant 

accumulation of free 60S subunits. W e also examined the sedimentation profile of 

snoRNAs involved in processing reactions and that of Dbp4 by northem and western 

blotting (Figures 2.6C and 2.6D). After 6 hours of depletion U3 and U14 snoRNAs 

were no longer detected in low molecular weight fractions (free RNPs ), and 

accumulated in higher density fractions ( ~80-90S). After 10 hours of depletion, there 

was a quite uniform distribution of U3 and U14 snoRNAs throughout the gradient. In 

contrast, there was almost no change in the distribution of snoRNAs snRlO, snR30 as 

well as Dbp4 protein upon depletion of MpplO. The effects on snoRNAs are 

reminiscent of what was seen with Dbp4-depleted cells and suggest that depletion of 

MpplO primarily affected the distribution of U3 and U14 snoRNAs. 

2.5.8 Dbp4 is required for SSU processome formation 

The SSU processome forms at the 5' end of nascent pre-rRNA and decorates active 

transcription units, which take the shape of "Christmas trees"; electron microscopy 

(EM) analyses revealed that depletion of various SSU processome components 

abolished its formation, although the extent of alterations seen by EM varied between 

various SSU processome components (Dragon et al., 2002; Osheim et al., 2004; 
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Gallagher et al., 2004). Because depletion of Dbp4 leads to pre-18S rRNA processing 

defects related to SSU processome dysfonction, we carried out EM analyses on 

chromatin spreads of the GAL::DBP4-HA strain to determine if the absence of Dbp4 

could affect the formation of "Christmas trees". As shown in Figure 2. 7, there was a 

marked difference between non-depleted cells (0 h in YPD) and cells depleted of 

Dbp4 for various times. In non-depleted cells, rRNA genes showed the characteristic 

pattern in which nascent transcripts are first packaged into SSU processomes and then 

co-transcriptionally cleaved at site A2 (Osheim et al., 2004). After a few hours of 

depletion, there were fewer transcripts per gene on average and fewer terminal knobs. 

The few SSU processomes that formed did so on more mature transcripts near the 3' 

end of the gene (small arrows, Figure 2.7 A). This phenotype was exacerbated over 

time and resulted in nearly complete loss of terminal knobs within 12 h of depletion 

(see Figures 2.7 and 2.8). The most striking effect of Dbp4-depletion was seen on 

normal co-transcriptional cleavage of pre-rRNA, which was nearly abolished within 5 

h of depletion (Figure 2.8). Taken together these results demonstrate that Dbp4 is 

required for co-transcriptional SSU processome formation and fonction. 

2.5.9 The C-terminal extension of Dbp4 is required for association with U14 

Point mutations in the catalytic core of Dbp4 induced trapping of U14 snoRNA in' 

high molecular weight complexes, suggesting that the ATPase/helicase activity of 

Dbp4 is required to release U14 from pre-rRNA (Kos and Tollervey, 2005). The 

extensions flanking the catalytic core of DEAD-box proteins are thought to be 
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important for substrate recognition (Cordin et al., 2006; Silverman et al., 2003). We 

therefore tested whether deleting the C-terminal extension of Dbp4 would affect the 

release of U14 from pre-rRNA. Depletion strain GAL::DBP4-HA was transformed 

with single copy plasmids that constitutively express full-length Dbp4 (control) or a 

truncated version lacking the C-terminal extension (Dbp4~Ct); these constructs bear 

a mye tag at their C-terrhinus to distinguish them from chromosome-encoded HA­

tagged Dbp4. Expression of myc-tagged Dbp4 restored growth in YPD but Dbp4~Ct 

did not (data not shown). Cultures were harvested before depletion or 6 hours after 

the shift to YPD, and cellular extracts were fractionated on sucrose gradients to 

analyze the sedimentation pattern of U3 and U14 snoRNAs. The distribution of U3 

was the same in cells expressing plasmid-bome Dbp4 or Dbp4~Ct either in non-

, depleted (0 h) or depleted cells (6 h) (see top panels of Figure 2.9A). The distribution 

of Ul4 was also similar in non-depleted cells expressing plasmid-bome Dbp4 or 

Dbp4~Ct (0 h panels for U14 in Figure 2.9A) but in depleted cells, there was a 

marked difference between cells expressing Dbp4~Ct and those expressing full­

length Dbp4 (see bottom panels in Figure 2.9A). In fact, the distribution of U14 with 

cells expressing Dbp4~Ct was identical to that seen in cells depleted of Dbp4 (Figure 

3C). These results suggest that, in addition to the helicase activity of Dbp4 (Kos and 

Tollervey, 2005), the C-terminal extension of Dbp4 is required to release U14 from 

pre-rRNA. 
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We examined the sedimentation profile of plasmid-bome Dbp4 and Dbp4~Ct 

by western blotting. The distribution of full-length Dbp4 was similar in non-depleted 

and deplete~ cells, and the same was observed with Dbp4~Ct, however, very little 

Dbp4~Ct was detected in high molecular weight fractions compared to full-length 

Dbp4 (Figure 2.9). We also verified that expression of the myc-tagged Dbp4 

constructs did not alter the distribution of chromosome-encoded Dbp4 in non­

depleted cells ( data not shown). 

IPs carried out with WCEs indicated that Dbp4 is not associated with U14 

snoRNA (Figure 2.1 ). However, when cellular ex tracts a~e fractionated on sucrose 

gradients and IPs are done with 50S fractions, U14 co-immunoprecipitated with Dbp4 

(Soltanieh et al., 2014). We examined if the C-terminal extension of Dbp4 is required 

for its association with U14 snoRNA in the 50S complex (Figure 2.9). IPs were 

carried out with sucrose gradient fractions of 50S and 80S (SSU processome) as 

described previously (Soltanieh et al., 2014), except that extracts were prepared from 

cells expressing myc-tagged Dbp4 or Dbp4~Ct. U14 snoRNA did not co­

immunoprecipitate with Dbp4~Ct in the 50S complex ( compare lanes 2 and 6 in 

Figure 2.9Ç). We conclude that the C-terminal extension of Dbp4 is required for its 

association with U14 snoRNA. 

2.5.10 Dbp4-depleted cells accumulate mature LSU RNAs in the 80S peak 
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The sucrose gradient sedimentation profile seen with Dbp4-depleted cells was very 

peculiar: even though in those cells production of 40S subunits was impaired and 

accompanied by an excess of free 60S subunits (LSU), there was no diminution of the 

80S peak that normally contains free ribosomes (see Figure 2.3B). Because Dbp4 is 

required for pre-rRNA processing (Kos and Tollervey, 2005), the unaltered 80S peak 

. seen in Dbp4-depleted cells could result from accumulation of immature, pre­

ribosomal RNPs. We thoroughly e:X:amined extracts prepared from cells depleted of 

Dbp4 for 6 hours and found that the 80S peak was enriched in low molecular weight 

pro teins when compared to the 80S peak of non-depleted cells ( compare time O h and 

6 h in Figure 2. IOA). Western blotting analyses with antibodies directed against 

ribosomal proteins L3 and S2 (also known as uL3 and uS5, respectively; (Ban et al., 

2014)) showed that ratios of Rpl3 over Rps2 in the 80S peak were increased upon 

depletion of Dbp4 (Figure 2.1 OB). This suggests that the 80S peak of Dbp4-depleted 

cells is deprived of 40S subunits and does not represent free ribosomes. Northem 

hybridization revealed that the 80S peak of Dbp4-depleted cells was enriched in 

mature 25S and 5.8S rRNAs (Figures 2. IOC and 2.10D), whereas the abundance of 

various pre-rRNA species in the 80S peak was the same in depleted and non-depleted 

cells (compare lanes 3 and 4 in Figure 2.IOC). Furthermore, 7S and 6S pre-rRNAs, 

which are precursors of 5.8S rRNA (Woolford and Baserga, 2013), did not 

accumulate in the 80S peak of Dbp4-depleted cells ( data not shown). 

Alteration of SSU biogenesis can lead to relocation of pre-40S RNPs into 

80S-like particles (Strunk et al., 2012; Ferreira-Cerca et al., 2014). To determine if 
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the 80S peak observed upon Dbp4 depletion contained pre-40S particles, sucrose 

gradient fractions corresponding to 40S and 80S peaks were isolated from non­

depleted and Dbp4-depleted cells, and subjected to western blot analyses for the pre-

40S assembly factor Tsrl (Strunk et al., 2012). There was no accumulation of Tsrl in 

the 80S peak from Dbp4-depleted cells (compare lane 6 with lane 4 in Figure 2.lOE). 

W e conclude that depletion of Dbp4 did not lead to relocation of pre-40S partiel es in 

the 80S peak. 

2.6 Discussion 

A role for Dbp4 in ribosome ~iogenesis was originally proposed on the basis of its 

genetic interaction with U14 snoRNA, which is essential for 18S rRNA production 

(Maxwell and Fournier, 1995; Venema and Tollervey, 1999): over-expression of 

Dbp4 could suppress growth defects caused by mutations in the Y domain of U 14, 

and it was proposed that Dbp4 would also be required for 18S rRNA synthesis (Liang 

et al., 1997). lt was later shown that cellular depletion of Dbp4 impaired production 

of 18S rRNA due to cleavage defects at sites A0, Al and A2, which leads to 

accumulation of the aberrant 23S pre-rRNA species (Kos and Tollervey, 2005), a 

phenotype that is identical to that seen in cells depleted of the U3 snoRNA or U3-

specific proteins (Venema and Tollervey, 1999; Dragon et al., 2002; Dunbar et al., 

1997). Depletion of Dbp4 also caused the U14 snoRNA to r_emain associated with the 

35S pre-rRNA, and it was envisioned that the RNA helicase activity of Dbp4 could 

release U14 from the pre-rRNA (Kos and Tollervey, 2005). 
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To examine the physical interaction of Dbp4 with U14 snoRNA we first 

carried out IPs using whole cell ex tracts (WCEs) prepared from a yeast strain that 

expresses HA-tagged Dbp4; it is important to note that in this strain expression of 

Dbp4-HA is under the control of its endogenous promoter to prevent its over­

expression (Knop et al., 1999). IPs with anti-HA mAb indicated that Dbp4 is 

· associated with the U3 snoRNA and the U3-specific pro teins Mpp 10 (Figures 2.1 and 

2.2A). Since U3 and MpplO are required for pre-rRNA processing reactions at sites 

AO, Al and A2, our results are consistent with the observation that cellular depletion 

of Dbp4 leads to processing defects at sites AO-A2 (Kos and Tollervey, 2005). The 

. 
U14 snoRNA did not co-immunoprecipitate with Dbp4 when using WCEs (Figure 

2.lB). Although this was also observed in previous experiments (Soltanieh et al., 

2014), our results are different from the earlier study of Kos and Tollervey (Kos and 

Tollervey, 2005) who showed that both U3 and U14 snoRNAs co­

immunoprecipitated with Dbp4. This could be due to variations in experimental 

procedures, such as the difference in the concentration of WCEs, which was about 

20-fold higher in the experiments done by Kos and Tollervey (Kos and Tollervey, 

2005). 

The U3 snoRNA and Mpp 10 are components of the SSU processome, a large 

RNP that sediments at ~SOS in sucrose gradients (Dragon et al., 2002). As seen in 

Figures 1 and 2A, association of Dbp4 with U3 and MpplO was not sait-stable. This 

is in marked contrast with what is generally observed in IPs conducted with genuine 

SSU processome components (Dragon et al., 2002; Bernstein et al., 2004). The 
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sensitivity to sait concentrations suggests that interaction of Dbp4 with the SSU 

processome could depend on electrostatic interactions (Katsamba et al., 2001 ), 

(Doetsch et al., 2011), which is plausible because Dbp4 contains patches of positively 

and negatively charged residues (Liang et al., 1997; Garcia et al., 2012). Sucrose 

gradient sedimentation analyses indicated that a large fraction of Dbp4 did not co­

sediment with U3 and Mpplü in the ~80S region of the gradient (Figure 2.2B). This 

observation is in agreement with proteomic studies that did not identify Dbp4 in SSU 

processome/90S pre-ribosome preparations (Dragon et al., 2002; Grandi et al., 2002; 

Bernstein et al., 2004 ), and support the idea that Dbp4 is not a stable component of 

the SSU processome. Nevertheless, Dbp4 is required for SSU processome formation 

and fonction: EM studies on chromatin spreads revealed that depletion of Dbp4 

rapidly caused defects in appearance of terminal knobs (Figure 2.7), however, the 

most striking defect seen in Dbp4-depleted cells was the strong reduction in pre­

rRNA co-transcriptional cleavage, which crashed within a few hours of depletion 

(Figure 2.8). Taken together, our results suggest that Dbp4 is a SSU processome 

component but its association with the SSU processome is likely to be transient. 

Cellular depletion of Dbp4 leads to retention of U14 snoRN~ on the pre­

rRNA (Kos and Tollervey, 2005); see Figure 2.3C), and it is reasonable to assume 

that Dbp4 is the RNA helicase that unwinds the U14:pre-rRNA duplex. Here we 

showed that depletion of two SSU processome components, the U3 snoRNA and 

Mppl0, also led to trapping of U14 in very large complexes (Figures 2.5C and 2.6C). 

With extracts from U3- and Mpplü-depleted cells we were expecting that the sucrose 
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gradient sedimentation profile of Dbp4 and U14 would be the same, which was not 

the case. In fact, in marked contrast with what happened to U14 snoRNA, depletion 

of U3 or Mpp 10 did not considerably alter the sedimentation profile of Dbp4 (Figures 

2.5D and 2.6D), implying that Dbp4 did not follow U14 in very large complexes. 

Depletion of U3, Mppl0, U14 or Dbp4 prevents SSU processome formation 

(Dragon et al., 2002; Osheim et al., 2004); Figure 2.7, and leads to trapping of U14 in 

large complexes (Figures 3-6). Depletion of Bfr2, another SSU processome 

component, caused a similar phenotype for U14 snoRNA (Soltanieh et al., 2014). 

Therefore, assembly of the SSU processome could be a prerequisite for Dbp4 to 

"find" Ul4, and release it from pre-rRNA. If trapping of U14 is a consequence of 

impaired SSU processome formation, one could view U14 as a sentine! or sensor of 

correct SSU processome assembly and fonction, and the release of U14 by Dbp4 

would be a checkpoint in this process. It is not clear what mediates the interaction of 

Dbp4 with the SSU processome. Although we showed an association of Dbp4 with 

the U3 snoRNA (Figure 2.1), a direct interaction of Dbp4 with U3 appears unlikely 

because many proteins are probably already present in the particle before Dbp4 

interacts with it (see also the model proposed by (Soltanieh et al., 2014). Since Dbp4 

contains a highly conserved coiled-coil motif in its C-terminal extension (Soltanieh et 

al., 2014), it is probable that Dbp4 would contact the SSU processome through 

interactions with SSU processome proteins, many of which contain coiled-coil motifs 

(Dragon et al., 2002). Such interactions could allow the correct positioning of Dbp4 

prior toits action on the U14:pre-rRNA duplex. 
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Complementation assays with a truncated Dbp4 that lacks its C-terminal 

extension (Dbp4~Ct) revealed that this region is essential for growth (data not 

shown). Dbp4~Ct changed the sucrose gradient sedimentation pattern of U14 

snoRNA, which was trapped in high molecular weight complexes (Figure 2.9A). This 

phenotype was identical to that seen upon cellular depletion of Dbp4 (Figure 2.3) or 

when introducing point mutations in the catalytic core of Dbp4 (Kos and Tollervey, 

2005). Therefore, in addition to the A TPase/helicase activity of Dbp4, the C-terminal 

extension plays a critical role in releasing U14 from pre-rRNA. We know that Dbp4 

associates with U14 snoRNA in a complex of about SOS (Soltanieh et al., 2014). Here 

we demonstrated that the C-terminal extension is required to maintain the association 

of Dbp4 with Ul4 snoRNA in the SOS complex (Figure 2.9C). 

Given that depletion of Dbp4 impairs 18S rRNA synthesis (Kos and 

Tollervey, 2005), it was stunning to observe that the 80S peak did not diminish upon 

depletion of Dbp4 (Figure 2.3B). We first suspected that the 80S peak contained 23S 

pre-rRNA associated with ribosomal proteins and other nucleolar factors, but a 

detailed analysis indicated that this 80S peak was not enriched in 23S but rather 

contained large amounts of mature rRNAs of the LSU (25S and 5.8S) and very little 

mature 18S RNA (Figure 2.10). To determine whether the 80S-like particles could be · 

pre-40S subunits we examined the presence of Tsrl, which is a late pre-40S assembly 

factor (Strunk et al., 2012; Ferreira-Cerca et al., 2014). Tsrl did not accumulate in the 

80S peak, suggesting it did not con tain pre-40S partiel es (Figure 2.1 OE). Taken 

together, the data suggest that Dbp4-depleted cells accumulate LSU particles 
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containing mature rRNAs; these LSUs likely interact with additional cellular 

components to form RNPs of ~SOS. To our knowledge this is the first time such an 

observation is reported. Further studies will be required to determine what makes 

"normal" 60S subunits sediment at SOS. 
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Table 2.1: Yeast strains used in this study 

Strain 

YPH499 

DBP4-HA 

GAL::DBP4-

HA 

NOPl-HA 

YS626 

YSSl 

JH84 

YSS2 

YPH258 

Genotype Reference' 

or source 

Mata, ura3-52, lys2-801, ade2-101, trpJ-1),.63, his3- ((Sikorski. 

1),.200, leu2-!),.J and Hieter, 

1989)) 

Same as YPH499 except DBP4::DBP4-3HA- This study 

kanMX6 

Same as DBP4-HA except TRPJ:: PcAu-DBP4- This study 

3HA 

Same as YPH499 except NOPJ::NOPJ-3HA- ((Dragon et 

kanMX6 

Mata, leu2 ura3 trpl his3 HIS3::GALJ::Ul4 

al., 2002)) 

((Liang et 

al., 1997)) 

Same as YS626 except DBP4::DBP4-3HA-kanMX6 This study 

Mata, leu2-3,12 ura3-52 his3-L1 ade2-1 canll00 ((Samarsky 

u3aL1 UAScAL :U3A::URA3 U3B::LEU2 and 

Fournier, 

1998)) 

Same as GAL::U3 except DBP4::DBP4-3HA- This study 

kanMX6 ( (Sikorski 



GAL::MPPlO 

YSS3 

86 

Mata, ura3-52, lys2-801, ade2-101, his3-11200, and Hieter, 

leu2-111 1989)) 

Same as YPH258 except mpp10::HIS3 ADE2 ((Dunbar et 

URA3:: PGAu-10-MPP 10 al., 1997)) 

Same as GAL::MPPlO except DBP4::DBP4-3HA- This study 

kanMX6 
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2.9 Figure legends 

Figure 2.1: Dbp4 is associated with the U3 snoRNA. 

(A) 3'-end labeling of RNAs. Whole cell extracts (WCEs) were prepared from yeast 

strains expressing HA-tagged Dbp4 (lanes 2-5) or HA-tagged Nopl (lanes 6-9). 

Beads coated with HA mAb were incubated with WCEs, recovered by centrifugation, 

and washed with increasing salt concentrations. RNAs were extracted with 

phenol/chloroform, precipitated with ethanol, labeled at their 3' end with [5'-32P] 

pCp, and separated on a sequencing gel. T lanes are total RNA from WCEs. DNA 

molecular weight markers (M) are shown in lane 1 '(in nt). The predicted position of 

some RNAs is indicated on the right. 

(B) Northem blotting of recovered RNAs. IPs and RNA isolation were conducted as 

in (A) with WCEs prepared from an untagged yeast strain (lanes 1-5), or yeast strains 

expressing HA-tagged Nopl (lanes 6-10) or HA-tagged Dbp4 (lanes 11-15). 

Immunoprecipitated RN As were separated in a denaturing gel, transferred onto a 

nylon membrane, and probed with radiolabeled oligonucleotides complementary to 

various snoRNAs (indicated on the right). Lanes T corre~pond to RNAs isolàted from 

WCEs, and lanes Sare RNAs from supematants. 

Figure 2.2: Dbp4 associates with Mpp 10 but is not enriched in SSU processome 

fractions. 
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(A) Western analysis of IPs conducted as in Figure lB. WCEs were prepared from an 

untagged yeast strain (lanes 1-4) or yeast strains expressing HA-tagged Nopl (lanes 

5-8) or HA-tagged Dbp4 (lanes 9-12). Proteins were fractionated by SDS-PAGE, 

transferred onto a PVDF membrane, and subjected to immunoblotting with anti­

Mpp 10 antibodies. 

(B) Sucrose gradient sedimentation analyses. Top panels are northern blots for U3 

and U14 snoRNAs. Bottom panels are western blots for Dbp4 and MpplO proteins. 

The position of 40S and 60S ribosomal subunits, 80S ribosomes, and polysomes is 

indicated. 

Figure 2.3: Depletion of Dbp4 affects sedimentation of U14 and other snoRNAs 

(A) Growth curves of the strains YPH499, DBP4-HA and GAL::DBP4-HA after shift 

into glucose-containing medium. The cultures were diluted as necessary to maintain 

exponential growth. Absorbance at 600 nm was measured over time. Arrows show 

depletion time points that were chosen for subsequent analyses. 

(B) Sucrose gradient sedimentation profiles of extracts prepared from the 

GAL::DBP4-HA strain before (Oh) and after shift to YPD (4h and 6h, left to right). 

The position of free 40S and 60S subunits, 80S ribosomes and polysomes is 

indicated. 

(C) Northern analysis of snoRNAs in sucrose gradient fractions. RNAs were 

extracted from gradient fractions of the GAL::DBP4-HA strain grown in YPGal (0 h) 

or in YPD to deplete Dbp4 for 4 h or 6 h (time of depletion is indicated on the left). 
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W e used oligonucleotides complementary to different snoRNAs that belong to the 

CID or Hl ACA class (indicated on the right). Gradients were fractionated in 22 

samples (numbered 1 to 22 under the panels). T lanes are total RNAs of the extracts. 

Sedimentation is from left to right. The position of 40S and 60S subunits, 80S 

ribosomes and polysomes are indicated on the top. In the snRlO panel, asterisks 

indicate that snRlO corresponds to the lower band in fractions 3 and 4 (time O h). 

Note that fraction 12 of the 6 h depletion time was lost. 

(D) Western blotting analysis of sucrose gradient fractions. The time of growth of the 

GAL::DBP4-HA strain in YPD medium is indicated on the left of each panel. 

Samples (numbered 1 to 22 under the panels) were analyzed with an antibody against 

MpplO. 

Figure 2.4: Effects of depleting the U14 snoRNA 

(A) Effect of U14 gene repression on cellular growth. Strain YSSl was· grown to 

exponential phase in YPGal and shifted to YPD as described in Fig. 3A. 

(B) Polysome profile of strain YSS 1 at time O h (before depletion), 4 h and 8 h after 

the shift to YPD. The peaks of free 40S and 60S subunits, 80S ribosomes and 

polysomes are indicated. 

(C) Northem hybridization analysis of snoRNAs in sucrose gradient fractions (see 

Fig. 3C for details ). 
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(D) Sedimentation analysis of Dbp4 and MpplO proteins by western blotting. Sucrase 

gradient fractions were analyzed before and after depletion of U14 snoRNA (time in 

YPD is indicated on the left). 

Figure 2.5: Depletion of U3 snoRNA affects sedimentation of U14 

(A) Cellular growth analysis during U3 snoRNA depletion. The experiment with 

strain YSS2 was done as previously described (Fig. 3A). 

(B) Polysome profile of strain YSS2 at time Oh (before depletion), 3 h and 6 h after 

depletion. The peaks of free 40S and 60S subunits, SOS ribosomes and polysomes are 

indicated. 

(C) Analysis of the sedimentation profile of different snoRNAs by northem 

hybridization as shown in Fig. 3C. 

(D) Distribution pattern of Dbp4 and MpplO in the presence or absence of U3 

snoRNA using anti-HA and anti MpplO antibodies (time in YPD is indicated on the 

left). 

Figure 2.6: Depletion of MpplO affects sedimentation of U14 

(A) Cellular growth analysis during MpplO depletion. Strain YSS3 was grown in 

YPD (see details in Fig. 3A). 

(B) Polysome profile of strain YSS3 at time Oh (before depletion), 6 h and 10 h after 

the shift to YPD. The peaks of free 40S and 60S subunits, SOS ribosomes and 

polysomes are indicated. 
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(C) Northem hybridization analysis of processing snoRNAs with strain YSS3 (see 

Fig. 3C for details). 

(D) Western blotting analysis of Dbp4 with strain YSS3 (time in YPD is indicated on 

the left). 

Figure 2.7: Dbp4 is required for SSU processome formation. 

Electron micrographs of rRNA genes from strain GAL::DBP4-HA. Examples of 

genes from the O hr (non-depleted) and 5 hr, 6 hr and 12 hr depletions are displayed 

in (A). Small arrows indicate examples of SSU processomes and large arrows 

indicate examples of transcripts that have been co-transcriptionally cleaved. Panel (B) 

shows interpretive line tracings of the genes. Panel (C) contains maps of the genes 

with the following features highlighted: 5' ETS particles are small and light gray, 

SSU processomes are larger and black, and LSU particles beginning to form are small 

and light gray with a black center (see (Osheim et al., 2004)). 

Figure 2.8: EM analyses of co-transcriptional pre-rRNA processing. 

Semi-quantitative analysis of the state of rRNA genes in strain GAL::DBP4-HA at 

various times of depletion ( cells were grown in YPGal and then switched to YPD for 

the depletions). Fields of rRNA genes from EM analysis of Miller chromatin spreads 

were examined and the foJlowing features were given a visual score of O to 3: 

transcription level (i.e., density of transcripts/gene), presence of 5' ETS particles, 

presence of SSU processomes, and normal co-transcriptional cleavage. The scores 
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were then normalized (0 to 1) and plotted as a bar graph. The number of fields 

examined ranged from 56 to 133 (average 83) and each field contained multiple 

genes. As a general rule, the rRNA genes in a given nucleolus display similar 

morphologies. The transcription level at 0 hr is slightly lower than that at 3 hr 

depletion because of the transcriptional advantage of growth in glucose. 

Figure 2.9: Deletion of the C-terminal extension of Dbp4. 

Depletion strain GAL::DBP4-HA was transformed with a plasmid expressing full­

length Dbp4 (Dbp4) or a truncated version lacking its C-terminal extension 

(DBP4~Ct). In (A) and (B), cells were grown in galactose-containing medium (0 h) 

and shifted to YPD for 6 hours (6 h). Northem hybridization (A) and western blot 

analyses (B) were carried out as in Figure 3 excepi that 16 fractions were collected 

instead of 22 and immunoblots were done with anti-myc monoclonal antibody 

(mAb). 

C) IPs with anti-myc mAb were done on sucrose gradient fractions corresponding to 

the 50S and 80S peaks, and U14 snoRNA was detected by northem hybridization (as 

described in (Soltanieh et al., 2014)): 

Figure 2.10: Depletion of Dbp4 leads to accumulation of mature LSU rRNAs in the 

80S peak. Extracts were prepared from non-depleted cells (0 h) or cells depleted of 

Dbp4 for 6 h. 
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(A) Proteins isolated from the 80S peak of sucrose gradients were analyzed by SDS­

P AGE and stained with silver nitrate. Molecular weight markers are indicated in kDa 

on the left. 

(B) Analysis of ribosomal proteins. Proteins of the 60S and 80S peaks of the 

gradients were fractionated by SDS-PAGE and transferred to a PVDF membrane. 

The blot was subjected to immunodetection with anti-Rpl3 (LSU protein) and anti­

Rps2 (SSU protein) antibodies. 

(C) Northem hybridization of precursor and mature rRNAs. Total RNA (Wiederkehr 

et al.) and RNAs from the 80S peak (80S) were fractionated in a denaturing agarose 

gel and transferred to a nylon membrane. The blot was probed for various pre-rRNAs 

species or mature rRNAs indicated on the right. 

(D) Northem blot of 5.8S rRNA in fractions of sucrose gradients. The blots shown in 

Fig. 3C (time Oh and 6 h) were probed for mature 5.8S rRNA. 

(E) Analysis of the pre-40S assembly factor Tsrl. Proteins of the extracts 

(Wiederkehr et al.), 40S and 80S peaks of sucrose gradients were from non-depleted 

(0 h) or Dbp4-depleted cells (6 h), fractionated by SDS-PAGE and transferred to a 

PVDF membrane. The blot was subjected to immunodetection with anti-Tsrl 

antibodies. 
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Figure 2.3 
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Figure 2.4 

A 

1{>!:=:1 
0,1 

10 15 20 25 
Time after shift (h) 

C 
't;,..ç::,0 ror::::,0 'Or::::,0 polysomes 

'"'!·" 1' 

Oh i t !! 
• t 

4h- # w - et-' 

8h. 
~ 

j; 

,;;:-; ~ m,,,.,, ,. .. 
;; 

T 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 

Oh!, n •• e-., - -

4hf - - - "". ::- -

8h t! - - - - - ., t i'.: .. 
T 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 

Oh! 

4hl 

8hj 

~ .. -- - ~ - f\ - ~ 
~~ •h !"'.,..,.,~.,. 

~ .. ;~ 
T 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 

Ohfl 

4htt 

8h~ ,:,:.<c #i; M ¾ ~"' 

,r;: 3/ :?/,: 

.. ~ .. 
..... 

T 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 

D 
't;,..<::::,0 ror::::,0 'Or::::,0 --~l_ysomes 

s:tÔ 
5Q. 

0~ 
MU 
~::!; 
U) ;s 

0~ ..--u 
~::!; 
U) ;s 

lO~ 
MU 
O:::<t: 
e-
u, ;s 

:~ ==~;;;:·-:=~~~:,·~ . ~=J~ 
T 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 

B 
Oh 4h 8h 

~ 

--··li 

1

1

~po~somes r· ~ ~ r· r· ! ~ 1 / i 1"' (1) l ~lysomes ~ 
~ "' . \ r, \ \ gJ r \ \ "' ' \ ~ po/ysomes 1JJ Vvv,,_ \,-;JV\Nw, \:J ·J\JJv~ 

t,,.<::::,0 ror::::,0 'Or::::,0 polysomes 

Oh .. t,t I tf t! " ._ .... • ,. "' ... _ " .. .. ,. .,. Me 
::>~ 4h • _ _ ,, .. • ,... _ • • _ ••• - -

8h • ,L ,. •• - - - • ,- • • .. e • - - - - - - -
T 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 

'/ ·- ...... ' .. Oh ' • • .. ~. ',, • • 4h I 

, snR41 I 
,. ,. .. • • • • I! f snR47 Ô ., ____ ••• - ù 

.. " " " • .. ,. · , • snR77 ~ 

• I> snR41 i 

* "' m .. · .. • • • •. • • • • t snR47 Ô •••••• .. ••• Q. 
snR77 

• " il. "' 

• 8h .. 

• 
M "' ;, "' • • • • 11 ,. fJ • snR41 1 ~ 

If 1 !If "" ,, ,. ,, ,. ~ ,. ., • ,, • snR47 ~ 
· snR77 

T 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 

t,,.r::::,0 roç::,0 'br::::,0 polysomes 

Oh ,,M .. ·" ~~~-77~~,/'••·•''.""' ,,½ '?# j 10 
4h litMER-~•-·-·=~-·~~·~ 8: 8h ..-.... -. ,_ '4Pc ~.._. . .,. ·--·· "' - ---~,<,~, .. :--< ·w· - -· · -~ <; · ,.-....: · j :E 

T 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 



98 

Figure 2.5 
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Figure 2.8 
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Chapter III 

3.1 Preface 

The assembly of U3 snoRNP and protein subco~plexes leads to the formation of 

SSU processome, which takes place in a hierarchical manner. We have found that 

Dbp4 associates with Bfr2 and Enp2, two conserved nucleolar proteins, and that they 

are all implicated in the early cleavages leading to 18S rRNA production. We showed 

that Dbp4, Bfr2 and Enp2 associate with the U3 snoRNA and the U3-specific protein 

Mpp 10, suggesting that the y might be components of the SSU processome (80S 

complex). Sucrose gradient analyses showed that Dbp4, Bfr2 and Enp2 are formed in 

complexes of SOS and 80S. Our studies revealed that Bfr2, Dbp4 and Enp2 associate 

together in the SOS peak, which does not include U3 snoRNA. In addition, Dbp4 

associates with Ul4 snoRNA in the SOS peak. However, all these proteins associate 

with U3 snoRNA in the 80S peak. We proposed that Bfr2, Dbp4 and Enp2 form a 

SOS complex, which will later be incorporated into the SSU processome. 

Martin Lapensée produced the anti-Dbp4 polyclonal antibodies and I did all of the 

experiments under the supervision of Dr. François Dragon. 
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3.2 Abstract 

Different pre-ribosomal complexes are formed during ribosome biogenesis, and the 

composition of these complexes is highly dynamic. Dbp4, a conserved DEAD-box 

RNA helicase implicated in ribosome biogenesis, interacts with nucleolar proteins 

Bfr2 and Enp2. We show that, like Dbp4, Bfr2 and Enp2 are required for the early 

processing steps leading to the production of lSS rRNA. We also found that Bfr2 and 

Enp2 associate with the U3 snoRNA, the U3-specific protein MpplO, and various 

pre-lSS rRNA species. Thus, we propose that Bfr2, Dbp4 and Enp2 are components 

of the SSU processome, a large complex of ..:..SOS. Sucrose gradient sedimentation 

analyses indicated that Dbp4, Bfr2 and Enp2 sediment in a peak of ~SOS and in a 

peak of ~SOS. Bfr2, Dbp4 and Enp2 associate together in the SOS complex, which 

does not include the U3 snoRNA; however, they associate with U3 snoRNA in the 

SOS complex (SSU processome). Immunoprecipitation experiments revealed that Ul4 

snoRNA associates with Dbp4 in the SOS complex, but not with Bfr2 or Enp2. The 

assembly factor Tsrl is not part of the "SOS" complex, indicating this complex is not 

a pre-4OS ribosome. A combination of experiments leads us to propose that Bfr2, 

Enp2 and Dbp4 ·are recruited at late steps during assembly of the SSU processome. 
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3.3. Introduction 

The making of eukaryotic ribosomes is an intricate process that is highl y conserved. 

Our knowledge of ribosome biogenesis cornes· mainly from studies in the budding 

yeast Saccharomyces cerevisiae (Henras et al., 2008; Venema and Tollervey, 1999; 

Wamer, 1989; Woolford, 1991). Ribosome biogenesis initiates within the nucleolus, 

continues in the nucleoplasm and terminates in the cytoplasm. This process involves 

rRNA transcription, processing, modification and assembly of rRNAs with ribosomal 

pro teins, which leads to the synthesis of the small and large ribosomal subunits ( 40S 

and 60S) (Fromont-Racine et al., 2003; Henras et al., 2008; Lafontaine and 

Tollervey, 2001; Venema and Tollervey, 1999). 

A key process in ribosome biogenesis is the production of mature ribosomal 

RNAs (rRNAs), the functional components of ribosomes (Moore and Steitz, 2002). 

Yeast RNA polymerase I synthesizes a long precursor of 35S that encodes the 18S, 

5.8S and 25S rRNAs, while the SS rRNA is independently transcribed by RNA 

polymerase III (Kressler et al., 1999; Venema and Tollervey, 1999). The 35S pre­

rRNA is subjected to an orderly maturation process that requires about 200 trans­

acting factors (Fromont-Racine et al., 2003; Henras et al., 2008; Kressler et al., 

2010; Kressler et al., 1999). In addition, tens of small nucleolar RNAs (snoRNAs) 

basepair transiently with pre-rRNAs and direct site-specific post-transcriptional 

modification of rRNAs. Very few snoRNAs are required for the endonucleolytic 

cleavages that remove spacer sequences from pre-rRNAs. ln yeast, only U3, U14 and 
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snR30 snoRNAs are essential for the cleavage reactions that lead to the production of 

18S rRNA (Henras et al., 2004; Maxwell and Fournier, 1995; Venema and 

Tollervey, 1999). The functionally active U3 RNP is a very large complex of ~80S 

called the §.mall §.Ub!!nit (SSU) processome, which is formed at the 5' end of nascent 

pre-rRNA and can be seen under the electron microscope (Dragon et al., 2002; 

Osheim et al., 2004). In yeast, the SSU processome is implicated in early pre-rRNA 

cleavages at processing sites A0, Al and A2 (Dragon et al., 2002; Osheim et al., 

2004). The SSU processome is an early pre-ribosomal particle that is necessary for 

maturation of the 18S rRNA: i~ contains the U3 snoRNA and about 72 proteins, 

· including ribosome biogenesis factors and ribosomal proteins (Lim et al., 2011 ). 

These proteins assemble and interact together to form the SSU processome. A 

number of studies identified the presence of sub-complexes of the SSU processome. 

These sub-complexes · are called UtpA/tUTP, UtpB, UtpC, MpplO, Rcll/Bmsl and 

U3 snoRNP (Champion et al., 2008; Dosil and Bustelo, 2004; Freed and Baserga, 

2010; Gallagher et al., 2004; Granneman et al., 2009; Krogan et al., 2004; Lee and 

Baserga, 1999; Rudra et al., 2007; Venema et al., 2000; Wegierski et al., 2001; 

Wehner et al., 2002). However, proteins identified from these sub-complexes account 

for 43% of the proteins of the SSU processome, indicating that many proteins of the 

SSU processome have not yet been identified as components of a sub-complex (Lim 

et al., 2011; Phipps et al., 2011 b ). There are also studies showing that some of the 

sub-complèxes of the SSU processome associate with the rRNA precursors in a 



109 

hierarchical and stepwise manner (Gallagher et al., 2004; Perez-Femandez et al., 

. 2011; Perez-Femandez et al., 2007). 

Many of the non-ribosomal factors involved in rRNA maturation are RNA 

helicases. These enzymes are viewed as molecular motors that rearrange RNA 

structures in an energy-dependent fashion (Bleichert and Baserga, 2007; Cordin et 

al., 2006; Jankowsky et al., 2011; Jankowsky, 2011; Rajkowitsch et al., 2007; 

Staley and Guthrie, 1998; Tanner and Linder, 2001): However, some can rearrange 

RNA-protein complexes, and many could in fact be RNPases (Jankowsky and 

Bowers, 2006; Tanner and Linder, 2001). DEAD-box protein Dbp4 is a putative 

RNA helicase that is phylogenetically conserved and essential for yeast viability; 

Dbp4 was first identified as a multi-copy suppressor of lethal mutations in the Y 

domain of U14 snoRNA (Liang et al., 1997). More recently it was shown that Dbp4 

is required for the production of 18S rRNA. and more specifically for the early 

cleavages at sites A0, Al and A2 of the pre-rRNA (Kos and Tollervey, 2005). The C­

terminal extension that flanks the catalytic core of Dbp4 contains a predicted coiled­

coil motif, which is conserved in all Dbp4 orthologs ( our unpublished observation). 

Because this motif is implicated in protein-protein interactions, Dbp4 might fonction 

in a complex with other proteins. We found that Dbp4 associates with the essential 

nucleolar proteins Bfr2 and Enp2 (Bernstein et al., 2004; Chabane and Kepes, 1998; 

Li et al., 2009). We also show that Bfr2 and Enp2 are implicated in the early 

cleavages leading to 18S rRNA production, and that Bfr2 and Enp2 associate with the 

U3 snoRNA and the U3-specific protein Mppl0. Sucrose gradient analyses and 
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immunoprecipitation assays revealed that Dbp4, Bfr2 and Enp2 associate together in 

complexes of 50S and 80S. J'hese proteins do not associate with the U3 snoRNA in 

the 50S peak, however they interact with the U3 snoRNA in the 80S peak. 

3.4 Materials and Methods 

3.4.1 Y east strains and media 

All conditional yeast strains and strains expressing tagged proteins were derived from 

YPH499 (MATa, ura3-52, lys2-80, ade2-101, trpl-LJ63, his3-&00, leu2-LJJ) 

(Sikorski and Hieter, 1989). We generated strain GAL::HA-BFR2 (alias YSS5) that 

expresses 3xHA-tagged Bfr2 under the control of the GAL] promoter, which was 

substituted for the natural promoter by chrom"osomal integration at the BFR2 locus 

(Longtine et al., 1998). Strain YSS5 was further engineered to produce 9xmyc tagged 

Enp2 expressed form its natural promoter (Knop et al., 1999): this new strain (YSS7) 

is hereafter referred to as the double-tagged strain. Strain GAL::ENP2-myc (alias 

YSS9) expresses C-terminally 9xmyc-tagged Enp2 under the control of the GAL] 

promoter (Longtine et al., 1998). Strain GAL::DBP4-HA expresses 3xHA-tagged 

Dbp4 under the control of the GAL] promoter (Longtine et al., 1998). Strain AH109 

was obtained form Clontech (MATa, trpl-901, leu2-3, 112, ura3-52, hisJ-200, gal4LJ, 

gal80LJ, LYS2:: GALJ uAs-GALhATA-HIS3, GAL2uAs-GAL2TATA-ADE2 URA3:: 

MEL] uAs-MELhATA-LacZ MEL]). The strains were grown in rich medium YPD (1 % 

yeast extract, 2% peptone, 2% dextrose), YPGal (1 % yeast extract, 2% peptone, 2% 
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galactose) or synthetic minimal media (0.67% yeast nitrçgen base) complemented 

with the proper dropout mix and appropriate carbon source. 

3.4.2 Two-hybrid analyses 

The ORF encoding Dbp4 was amplified by PCR from genomic DNA isolated from 

yeast strain YPH499 following the procedure of Asubel et al. (1999). Primers DBP4-

Nco 5'-CAT GCC ATG GCC AAA AAA AAT AGA TTG AAC-3' and DBP4-Xma 

5'-CCC CCC GGG TTA ACC CTG GAT TAA TTT AGC TGT C-3' were used, and 

the DNA fragment was cloned between the Ncol and Xmal sites of pGBKT7 

(Clontech) to produce pGBK-DBP4. This plasmid was transformed into yeast strain 

AH 109 and used as bait in a two-hybrid screen carried out with yeast genomic 

libraries (James et al., 1996). Plasmids pGAD-DBP4, pGAD-BFR2 and pGAD-ENP2 

were prepared as described above except that primer pairs DBP4-forXma 5'-CCC 

CCC GGG TAT GGC CAA AAA AAA TAG ATT GAA-3' and DBP4-revXho 5'­

CCG CTC GAG TTA ACC ATG GAT TAA TTT AGC TGT C-3', BFR2-forXma 

S>CCC CCC GGG TAT GGA AAA ATC ACT AGC GGA TCA AAT TTC C-3' 

and BFR2-revXho 5'-CGC CTC GAG TCA ACC AAA GAT TTG GAT ATC ATC 

GTT TTT AAC-3', ENP2-forXma 5'-CCC CCC GGG TAT GGT TTT GAA ATC 

TAC TTC CGC AAA TG-3' and ENP2-revXho 5'-CGC CTC GAG CTA CAT ACC 

ACG GAA CGC ATT TTT G-3', were used to amplify the ORFs of DBP4, BFR2 

and ENP2, respectively, and the DNA fragments were individually cloned between de 

Xmal and Xhol sites of pGADT7 (Clontech). The integrity of two-hybrid constructs 
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was verified by automated sequencing at the McGill University and Génome Québec 
. . 

Innovation Centre. 

The interaction between Dbp4 and various proteins was assessed by the yeast 

two-hybrid assay in strain AH109. To this end, pGBK-DBP4 was used as bait, and 

prey plasmids included pGAD-DBP4, pGAD-BFR2, pGAD-ENP2 and pGAD-NOP6. 

Bait and prey plasmids were simultaneously transformed into yeast strain AH109, 

and double transformants were selected onto SD-Trp-Leu agar plates (Ausubel 1999). 

For each combination of bait and prey plasmids, transformants were first streaked 

onto a SD-Trp-Leu plate and after 3 days of incubation at 30°C, the cells were 

restreaked onto a SD-Trp-Leu-His plate. To increase the stringency of the two-hybrid 

assay, 3-Amino-1,2,4-triazole (3-AT) was added to SD-Trp-Leu-His plates at 

concentrations of 2 mM or 20 mM. Empty bait or prey plasmids were used as 

controls. 

3.4.3 Antibodies 

The antibodies used in this study are as follows: anti-HA mouse monoclonal antibody 

(12CA5 hybridoma supematant), anti-myc mouse monoclonal antibody (9E10 

hybridoma supematant), anti-MpplO rabbit polyclonal (Dunbar et al., 1997), anti-

. Dbp4 rabbit polyclonal antibodies, anti-Tsrl rabbit polyclonal (Strunk et al., 2011), 

anti-MBP rabbit polyclonal antibodies (NEB), anti-Penta·His mouse monoclonal 

antibody (QIAGEN), and anti-GST goat polyclonal antibodies (GE Healthcare). 
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The anti-Dbp4 antibodies were raised against recombinant Dbp4Llcat, which 

lacks most of the catalytic domain of Dbp4 to avoid cross-reaction with other DEAD­

box RNA helicases. His-tagged Dbp4Llcat was produced in Escherichia coli 

BL2l(DE3) pLysA from the pET23a(+) vector, a kind gift of T.H. King and M.J. 

Fournier (University of Massachusetts, Amherst, U.S.A.); this construct encodes a 

mutant derivative of Dbp4 lacking most of the catalytic domain due to elimination of 

the in-frame EcoRI fragment. His-tagged Dbp4Llcat was first isolated on a HisTrap 

column using the ÂKTApurifier as recommended by the manufacturer (GE 

Healthcare). During elution, fractions of 500 µL were collected and peak fractions 

were pooled; recombinant Dbp4Llcat was further purified by electrophoresis in 

preparative SDS-gels. These gels were subjected to reverse staining (Ortiz et al., 

1992), and the 46-kDa band corresponding to Dbp4Llcat was excised, electro-eluted 

and concentrated (Microcon filters, Millipore ). The purified protein was quantified 

with the Bio-Rad Protein Assay and stored at -80°C. Immunization of rabbits was 

carried out in-bouse at the Animal Care Facility. 

3_.4.4 Immunoprecipitations 

Immunoprecipitation experiments (IPs) were conducted with whole cell ex tracts 

(WCEs) prepared from exponentially growing cells. Cells were harvested by 

centrifugation, washed with sterile water and broken with glass beads in TMN 100 

buffer (25 mM Tris-HCI, pH 7,5, 100 mM NaCl, 10 mM MgCh, 0.1 % NP-40). For 
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RNase treatment, the WCEs were pre-incubated with 30 µg RNase A (Sigma) for 10 

min at 37°C, and Mock experiments were incubated similarly except that no RNase A 

was added. Thirty A6oo units of cells were collected and after preparation of cellular 

extract, the equivalent of five A600 units were used for each 1P experiment; when IPs 

were done to verify association of large RNA precursors, 30 A600 units were used. IPs 

were also carried out on fractions from sucrase density gradients: fractions 3, 4 and 5 

(the "5OS" peak) were pooled together, while pooled fractions 7 and 8 formed the 

"8OS" peak. Cell lysates were incubated with protein-A agarose beads (Roche) 

saturated with anti-Dbp4, anti-MpplO, anti-HA or anti-myc antibodies. IPs were done 

at 4 °C for 1 hour on a Nutator, and immunoprecipitates were washed five times with 

1 ml of TMNlOO buffer. For protéin analyses, the immunoprecipitates were either 

mixed with 2xSDS-loading buffer or eluted with elution buffer (25 mM Tris-HCl, pH 

7.5, 10 mM EDTA, 0.5% SDS) for 10 min at 65°C, and 2xSDS-loading buffer was 

added afterwards. For RNA analysis, the immunoprecipitates were eluted with the 

elution buffer, extracted with phenol/chloroform and precipitated with ethanol. The 

precipitated RNA was either resuspended in 95% formamide or in 51 % formamide 

and 17% formaldehyde in order to analyze the U3 snoRNA or large RNAs, 

respectively. 
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3.4.5 Western blotting 

Protein samples were separated by SDS-PAGE, transferred onto a PVDF membrane, 

and subjected to immunodetection with anti-HA (1/100), anti-myc (1/100), anti­

MpplO (1/10000), anti-Dbp4 (1/3000), anti-MBP (1/10000), anti-His (1/1000) and 

anti-GST (1/1500), and the appropriate HRP-conjugated secondary antibodies were 

used (GE Healthcare). Immunoblots were revealed by chemiluminescence with the 

Immmobilon W estem kit (Millipore ). 

3.4.6 Northern blotting 

To analyze precursor and mature ribosomal RNAs, total RNA was extracted with hot 

acidic phenol (Ausubel 1999). To detect the U3 snoRNA in either sucrose gradient 

fractions or 1P assays, RNA was isolated using phenol/chloroform extraction as 

described by (Ausubel 1999). Large RNAs were separated on 1,2% formaldehyde­

agarose gels and small RNAs were separated on 8% denaturing polyacrylamide gels. 

Northem hybridization was carried out with a radiolabeled oligonucleotide probes 

complementary to the U3 snoRNA or to different rRNA precursors. The 

oligonucleotide used are as follows: anti-U3, 5'- CCA AGT TGG ATT CAG TGG 

CTC-3 ; 5'-A0, 5'- CGC TGC TCA CCA ATG G- 3' ; D-A2, 5'-GCT CTC ATG 

CTC TTG CC-3' ; A2-A3, 5'- TTG TTA CCT CTG GGC CC -3' ; anti-18S, 5'­

CAT GGC TTA ATC TTT GAG AC-3' ; anti-25S, 5'-CTC CGC TTA TTG ATA 

TGC-3' ; anti-5.8S, 5'-GCG TTG TTC ATC GAT GC-3' ; anti-U14 CGA TGG GTT 

CGT AAG CGT ACT CCT ACC GTG G. The mature 18S and 25S rRNAs were 



116 

visualized by staining with GelRed™ (Biotium). Membranes were exposed to a 

phosphor screen and revealed with a Molecular Imager FX (Bio-Rad). 

3.4. 7 Sucrose density gradients 

WCEs were fractionated on 7-47% linear sucrase gradients as described by (Lemay 

et al., 2011) except that the lysis buffer was TMKlO0 (25 mM Tris-HCl, pH 7,5, 100 

mM KCl, 10 mM MgCh, 0.1 % NP-40). Sixteen fractions were collected with an 

ISCO density gradient fractionation system coupled to a UA-6 detector to produce 

continuous absorbance profiles at 254 nm. Eighty µl of each fraction was used for 

protein analyses, and 200 µl were used for RNA analyses. 

3.4.8 Pull-down assays 

The ORFs encoding Bfr2, Dbp4 and Enp2 were cloned into the following plasmids: 

pMAL-c5 (NEB), pET-23a(+) (Novagen) and pGEX-4T-1 (GE Healthcare). Proteins 

were expressed in Rosetta™(DE3) pLysS cells (Novagen). Chloramphenicol and 

ampicillin were supplemented to the LB medium. Ovemight cultures were grown at 

37°C, then diluted and grown again to an A6oo of ~0.6 before induction of 1 mM 

IPTG. After 2 to 4 hours of induction at 30°C, the cells were harvested, and the pellet 

was resuspended in lysis buffer (BugBuster®, Novagen). The MBP-Bfr2 extract was 

precipitated with ammonium sulphate ( 40% ), and the pellet was resuspended in 

TMNl00. The binding and elution of MBP or MBP-Bfr2 fusion protein was carried 
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out according to pMAL protein fusion and purification system manual (NEB), using 

amylose magnetic beads (NEB ). MBP-Bfr2 coated beads were incubated with Dbp4-

His or GST-Enp2, washed with TMNlO0, and eluted with amylose. Pull-down 

experiments were also done in the presence of yeast total RNA isolated by the hot 

acidic phenol procedure (Ausubel 1999). Eluted proteins were analyzed by SDS­

PAGE (8% polyacrylamide). 

3.5 Results 

3.5.1 Bfr2 interacts with Dbp4 and Enp2 

The fonction of many RNA helicases is likely modulated by interacting protein(s) 

(Silverman et al., 2003). Our bioinformatics searches revealed that the C-terminal 

extension of Dbp4 harbors a coiled-coil motif that is conserved in all orthologs of 

Dbp4 (data not shown). This suggested that Dbp4 could internet with other protein(s) 

through its coiled-coil motif. To identify potential partners of Dbp4 we carried out 

extensive two-hybrid screens with yeast genomic libraries (James et al., 1996). 

Among the two-hybrid bits that were identified (unpublished data), Bfr2 was a very 

attractive candidate because it is a nucleolar protein that has a role in ribosome 

biogenesis (Bernstein et al., 2004 ). Database mining further suggested that Bfr2 was 

a likely partner of Dbp4, together with Enp2 (Collins et al., 2007; Nash et al., 2007; 

Riffle et al., 2005). All three pro teins are essential for yeast growth; they are 

phylogenetically conserved, and contain at least one coiled-coil motif (data not 

shown). Like Bfr2, Enp2 is a nucleolar protein that has been classified as a non-SSU 
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processome component (Bernstein et al., 2004 ). W e carried out directed two-hybrid 

assays using full-length Dbp4 as hait, and full-length Bfr2 and Enp2 as prey. We also 

included Dbp4 as prey because DEAD-box RNA helicases can fonction as dimers 

(Tanner and Linder 2001), and Dbp4 might do so as well (Krogan et al. 2004). 

Controls with empty prey plasmid or empty hait plasmid (Figure 3.2) did not grow on 

selective media ruling out a possible auto-activation of the reporter gene by the hait 

or preys. We used the ribosome biogenesis factor Nop6 as an additional negative prey 

control. W e could not use Bfr2 as hait because it is an auto-activator ( our unpublished 

observation). Cell growth was observed when Dbp4 (hait) was tested together with 

Bfr2, Enp2 or Dbp4 as preys on selective medium lacking 3-AT (data not shown). 

However, when adding 2 mM 3-AT to eliminate background activation of the HIS3 

reporter gene, or up to 20 mM 3-AT to increase the stringency of the selective 

medium (Toby and Golemis, 2001), only the Dbp4-Bfr2 combination could grow 

(Figure 3.2), indicating that Dbp4 interacts more strongly with Bfr2 than with the 

other proteins. 

Similar experiments were carried out using Enp2 as hait (Figure 3.2). Growth 

on selective medium was seen when Enp2 was co-transformed with either Bfr2 or 

Dbp4, but only the Enp2 and Bfr2 combination could grow in the presence of 20 mM 

3-AT. This result indicates that Enp2 and Bfr2 strongly internet together (Toby and 

Golemis, 2001). Our data are supported by previous studies that identified Bfr2 and 

Enp2 as potential partners of Dbp4, and Bfr2 as a potential partner of Enp2 (Gavin et 

al., 2002; Hazbun et al., 2003; Krogan et al., 2006). Taken together, our two-hybrid 
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analyses suggest that the association between Dbp4 and Enp2 might be dependent on 

the presence of Bfr2. 

3.5.2 Dbp4 is associated with Bfr2 and Enp2 in vivo 

To validate the two-hybrid results, we verified the interaction between Dbp4, Bfr2 

and Enp2 in vivo. We were not able to tag Bfr2 at its C-terminus (see also reference 

Bernstein et al, 2004), we therefore generated a strain that expresses HA-tagged Bfr2 

(HA-Bfr2) under the control of the GALJ promoter and myc-tagged Enp2 (Enp2-

myc) from its ei1dogenous promo ter; this strain was named double-tagged strain. We 

carried out immunoprecipitation experiments (IPs) with ex tracts prepared from the 

double-tagged strain grown in galactose-containing medium (Figure 3.3A). IPs were 

done using the anti-HA monoclonal antibody (mAb) for Bfr2 IPs, an anti-myc mAb 

for Enp2 IPs and rabbit polyclonal antibodies raised against ·obp4 (hereafter named 

anti-Dbp4). Control IPs were done with uncoated agarose beads (BA). These 

experiments show that Dbp4 is associated with Bfr2 and Enp2 in vivo (lane 4 in 

Figure 3.3A) and Bfr2 and Enp2 also interact together in vivo (lanes 3 and 5 in Figure 

3A). Thus, IPs confirm the two-hybrid assays showing a strong interaction between. 

Bfr2 and Enp2. 

DEAD-box RNA helicases use the energy of ATP to bind and remodel RNA 

or RNA-protein complexes (Garcia and Uhlenbeck, 2008; Jankowsky, 2011). We 

tested whether the association between Dbp4 and its two partners was dependent on 

the presence of RNA. IPs were carried out with cellular extracts pre-treated with 

RNase A. As shown in Figure 3.3B, the association of Dbp4 with either Bfr2 or Enp2 
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was lost when using RNase-treated extracts (compare lane 7 with lanes 3 and 5) 

showing that their association· is RNA-dependent in agreement with the recent 

demonstration that Dbp4 needs additional contacts with the extension flanking the 

RNA duplex for optimal helicase activity (Garcia et al., 2012). In contrast, the 

interaction between Bfr2 and Enp2 was not affected by RNase treatment, showing 

that their association is not dependent on the presence of RNA (Figure 3.3C). 

To determine if Bfr2 is required for the association of Dbp4 with Enp2, we 

carried out IPs with Bfr2-depleted cellular extracts. The double-tagged strain was 

grown to exponential phase in medium containing galactose (YPGal) and then shifted 

to dextrose-containing medium (YPD) for 8 hours. We chose the 8-hour time point 

for our experiments because western blot analysis showed no detectable Bfr2 in the 

cellular extract (Figure 3.5D, lower panel). Cells were collected from both culture 

media and IPs were done with anti-Dbp4 Abs (Figure 3.3D). These experiments 

showed that the interaction between Dbp4 and Enp2 was decreased in Bfr2-depleted 

cells, and this was not due to loss of Dbp4 in the immunoprecipitate (Figure 3.3D, 

lower panel). These data corroborate our two-hybrid results suggesting that Bfr2 

bridges Dbp4 and Enp2. 

3.5.3 Bfr2 and Enp2 are necessary for early cleavages leading to 18S rRNA 

maturation 

It has been shown that Dbp4 is necessary for early pre-rRNA cleavages at sites A0, 

Al and A2 (Kos and Tollervey, 2005; see Figure 3.1). Because Bfr2 and Enp2 
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associate with Dbp4, we decided to investigate their involvement in rRNA 

maturation. 

Cells were grown to exponential phase in YPGal using the following two 

strains GAL::HA-BFR2 expressing HA-tagged Bfr2, and GAL::ENP2-myc encoding 

myc-tagged Enp2, both under the control of the GAL] promoter. The cells were then 

shifted to YPD and harvested at different time points after depletion; total RNA was 

extracted and used for northem analyses. Results of Bfr2-depletion are shown in 

Figure 3.4A: upon depletion of Bfr2 there is a decrease in the production of the 

27SA2 precursor, consistent with the loss of cleavage at site A2. We also observed an 

increase in the amount of 35S and 23S pre-rRNAs compared to the non-depleted 

sample. The 35S and 23S pre-rRNA usually accumulate in absence of early cleavages 

at sites A0-A2 (Venema and Tollervey, 1999). The levels of 20S pre-rRNA and the 

mature 18S rRNA were decreased, consistent with impaired cleavages at sites A0-A2. 

There were no changes observed in the abundance of the mature 25S and 5.8S rRNA. 

The same type of results were obtained with Enp2-deplete~ cells (Figure 3.4B): 1) 

high levels of 35S and 23S pre-rRNAs; 2) low levels of 27SA2, 20S pre-rRNAs and 

mature 18S rRNA; and 3) no change in the levels of 25S and 5.8S rRNAs. Taken 

together these results indicate that Bfr2 and Enp2 are implicated in early processing 

events that lead to 18S rRNA production. 

Polysome profiles of Bfr2- and Enp2-depleted cells were analyzed by sucrose 

density gradient sedimentation: we observed decreased amounts of 40S and 80S 

ribosomes, and an increase of free 60S subunits ( data not shown). These defects are 
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consistent with impaired 40S subunit biogenesis and the altered pre-rRNA processing 

events seen in Bfr2- and Enp2-depleted cells (Figure 3.4A and 3.4B). 

3.5.4 Bfr2 and Enp2 associate with the U3 snoRNA and MpplO 

We know that Dbp4 associates specifically with the U3 snoRNA and the U3-specific 

'protein MpplO (our unpublished data). We decided to verify if Bfr2 and Enp2 also 

associate with these SSU processome components. IPs were carried out with MpplO 

antibodies followed by western analysis (Figure 3.5A). The results show that MpplO 

associates with Bfr2 and Enp2. W e also immunoprecipitated Bfr2 and Enp2, and 

observed that Bfr2 associate with MpplO (Figure 3.5B). The fact that Enp2 co­

immunoprecipitates with Mpp 10 but Mpp 10 was not detected in Enp2 IPs suggests 

that the bulk of Enp2 is not in complex with Mpp 10 or that the amount of co­

immunoprecipitated MpplO is below detection limit. Nevertheless, these results show 

that Bfr2 and Enp2 can associate with MpplO. To verify the association of the U3 and 

U14 snoRNAs with Bfr2, Dbp4 and Enp2, IPs were done using WCEs as described in 

Figure 5B, 'followed by northem analysis (Figure 3.5C). The results indicate that 

Bfr2, Dbp4 and, to ·a lesser extent, Enp2 associate with the U3 snoRNA. There was 

no association between U14 snoRNA and Bfr2, Dbp4 or Enp2 (Figure 3.5C, upper 

panel). We then asked if the absence of Bfr2 affected the interactions between U3 

snoRNA and Dbp4 or Enp2. Cellular extracts were prepared from the double-tagged 

strain after growth in YPD to deplete Bfr2, and IPs were done as described above. In 

the absence of Bfr2 the interaction between Enp2 and the U3 snoRNA was lost, 
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whereas the association of Dbp4 with U3 was decreased about 2-fold (Figure 3.5C, 

lower panel). These data indicate that Bfr2 is necessary for the association of Enp2 

with the U3 snoRNA. The absence of Bfr2 also affected the Dbp4-U3 snoRNA 

interaction (but to a lesser extent). Note that the efficiency of Dbp4 and Enp2 IPs 

with extracts from undepleted and Bfr2-depleted cells were the same (Figure 3.5D, 

upper and middle panel). 

3.5.5 Dbp4, Bfr2 and Enp2 associate with pre-rRNAs 

Our results suggest that Bfr2, Dbp4 and Enp2 could be SSU processome components. 

To further investigate this possibility, we tested whether these proteins associate with 

rRNA precursors. Extracts were prepared from undepleted and Bfr2-depleted cells, 

and we carried out IPs followed by northem analyses (Figure 3.6). The results show 

that in the presence of Bfr2, the 23S pre-rRNA associates with Bfr2, Dbp4 and Enp2 

(lanes 3-5). Interestingly, we observed that Bfr2, Dbp4 and Enp2 also interact with 

the 20S pre-rRNA (lanes 3-5). This result suggests that Bfr2, Dbp4 and Enp2 stay 

associated with the pre-rRNA after its cleavage at site A2. We were also able to 

detect the association of Bfr2 with the 35S and 32S pre-rRNA (lane 3). In the absence 

of Bfr2, there was a loss of association of Enp2 with the pre-rRNAs (lane 10). In 

contrast, Dbp4 remained assoçiated with the 23S pre-rRNA, and to a lesser extent 

with the 35S pre-rRNA (see upper panel in Figure 3.6). 
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3.5.6 Depletion of Bfr2 alters the sedimentation profile of Dbp4 and Enp2 

We carried out sucrose gradient sedimentation analyses to determine the 

sedimentation behavior of Bfr2, Dbp4 and Enp2. The double-tagged strain was grown 

in YPGal and then shifted to YPD, and cellular extracts were prepared for 

ultracentrifugation through sucrose gradients. The gradients were fractionated into 16 

fractions, and each fraction was subjected to western and northern analyses. As 

shown in Figure 3.7A, Dbp4, Bfr2 and Enp2 co-sediment in a peak of about SOS in 

sucrose gradients. Bfr2 and Enp2 are also enriched in the 80S region of the gradient, 

which contains very little Dbp4. The distribution of Dbp4 could reflect the transient 

nature of its interactions with component(s) of the 80S complex (see below). We also 

analysed the sedimentation profile of Mpp 10, which was enriched at the top of the 

gradient and in the 80S region of the gradient. When cells were depleted of Bfr2 for 8 

hours, Dpb4 was distributed in a wide peak of 40-80S; the fact that Dbp4 appears in 

complexes of various sizes upon depletion of Bfr2 implies that dynamic 

rearrangements of Dbp4 complexes require the presence of Bfr2. Depletion of Bfr2 

also changed the sedimentation profile of Enp2, which sedimented in low-density 

fractions, suggesting that Bfr2 is required for association of Enp2 with complexes of 

about SOS and 80S. In contrast, the sedimentation profile of Mppl0 remained almost 

unchanged. These data indicate that depleti9n of Bfr2 alters the sedimentation 

profiles of Dbp4 and Enp2 but not that of Mpp 10. 

We also analyzed the sedimentation pattern of the U3 and U14 snoRNAs in 

the presence or the absence of Bfr2 (Figure 3.7B). The U3 snoRNA is normally 
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detected in .low-density fractions and in the 80S region of the gradient (top panel in 

Figure 3.7B). In the absence of Bfr2, there was no change in the overall 

sedimentation pattern of the U3 snoRNA (bottom panel in Figure 3.7B). This is 

similar to what was observed with Mpplü in Bfr2-depleted cells (see Figure 3.7A). 

However, there was an important change in the distribution pattern of U14 snoRNA 

with Bfr2-depleted extracts: U14 accumulated to a much higher extent in the 80S 

region, and this was accompanied by a decrease in its abundance in fractions 3-5 

(Figure 3.7C). These results suggest that Bfr2 affects the release of U14 snoRNA 

from pre-rRNAs by Dbp4. 

3.5. 7 Molecular interactions of Bfr2, Dbp4 and Enp2 in the SOS and 80S 

complexes 

We conducted a more refined analysis to investigate the association between Bfr2, 

Dbp4 and Enp2 in the SOS and 80S peaks. Sucrose gradient fractions were obtained 

from undepleted and Bfr2-depleted cells; fractions 3-5 ("50S" complex) or 7-8 

("80S" complex) were pooled together, and IPs were carried out on the SOS pool and 

the 80S pool followed by western blot analyses (Figure 3.8A). 

The intensity of the signals in Bfr2, Dbp4 and Enp2 inputs from SOS and 80S 

peaks in undepleted and Bfr2-depleted cells correlated with their sedimentation 

profiles in sucrose gradients; for example, upon Bfr2 depletion the amount of Enp2 

was reduced in the 80S peak compared to undepleted cells ( compare lane 2 and 4 in 

Figure 3.8A). 
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IPs with the "SOS" and "SOS" peak of undepleted cells revealed that Bfr2, 

Dbp4 and Enp2 co-precipitated (see lanes 5, 9, 13 and 6 in Figure 3.8A). These 

results suggest that Bfr2, Dbp4 and Enp2 associate together in the 5OS and SOS peak. 

When Bfr2 was depleted, Dbp4 could no longer associate with Enp2 in the 5OS and 

SOS (lanes 7 and 8). 

We investigated the association of the U3 snoRNA with Bfr2, Dbp4 and Enp2 

in the "SOS" and "SOS" peaks. IPs were done as described in Figure 3.8A using 

undepleted cells and the U3 snoRNA was detected by northem hybridization (Figure 

3.8B). U3 could be detected in the 5OS peak but it did not co-immunoprecipitate with 

Bfr2, Enp2 or Dbp4. However, the U3 snoRNA present in the SOS peak (SSU 

processome) did co-immunoprecipitate with Bfr2 and Enp2, and to lesser extent with 

Dbp4 ( detectable upon overexposure; see the bottom panel with the asterisk). Thus, 

the "SOS" complex containing Bfr2, Dbp4 and Enp2 does not include the U3 

snoRNA, but Bfr2, Dbp4 and Enp2 associate with U3 in the SSU processome. 

We also verified if Bfr2, Dbp4 and Enp2 are associated with U14 snoRNA in 

the "SOS" and "SOS" peaks. There is no association between U14 snoRNA and Bfr2 

or Enp2 in these peaks (data not shown). In contrast, U14 snoRNA was associated 

with Dbp4 in the "SOS" peak of undepleted cells, and in the "SOS" peak of Bfr2-

depleted cells (Figure 3.8C). These results correlate well with the sucrose gradient 

sedimentation profiles (Figure 3.7C). In Bfr2-depleted cells, Dbp4 and U14 snoRNA 

remained associated in the SOS peak, suggesting the release of U14 snoRNA from the 

SOS complex was impaired in the absence of Bfr2. 
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To determine whether the "50S" complex could be a pre-40S ribosome, we 

verified if Bfr2 and Enp2 were associated with Tsrl, a GTPase-like protein involved 

in assembly of pre-40S ribosomes (Campbell and Karbstein, 2011; Gelperin et al., 

2001 ). · IPs conducted with the 50S and 80S peaks isolated from undepleted cells 

revealed that Tsrl did not co-immunoprecipitate with Enp2, nor with Bfr2 (Figure 

3.9). Therefore, the "SOS" complex containing Enp2 and Bfr2 is not a pre-40S 

ribosome. 

3.5.8 The binding partners of Bfr2 

To better define the nature of the interaction between Bfr2, Dbp4 and Enp2, we 

carried out pull-down experiments using bacterially expressed recombinant proteins. 

The results show that Bfr2 binds directly to Enp2 but not to Dbp4 (Figure 3.10, left 

panel). Adding Enp2 to the mixture did not improve Dbp4 binding to Bfr2 (data not 

shown). Interestingly, when yeast total RNA extracted with hot acidic phenol (and 

devoid of proteins) was added to the mixture, Dbp4 could bind Bfr2 (Figure 3.10, 

right panel). These results are in perfect agreement with our IP experiments showing 

that association of Dbp4 with Bfr2 is RNA-dependent, and that the interaction of 

Enp2 with Bfr2 is not dependent on the presence of RNA (Figure· 3.3). 

3.5.9 Association of U3 snoRNA with MpplO in depleted cells 

In order to test the order of recruitment of Bfr2 and Dbp4 into the SSU processome 

complex, we determined whether the Mpp10-U3 snoRNA association was perturbed 
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in the absence of Bfr2 or Dbp4 (Figure 3.11)~ These experiments showed that U3 

snoRNA and Mpp 10 remained associated in Bfr2- or Dbp4-depleted cells. Thus, our 

results suggest that Bfr2 and Dbp4 .are recruited into the SSU processome after the 

incorporation of the U3 snoRNP and Mpp 10 subcomplex. 

3.6 Discussion 

There are more than 200 non-ribosomal factors required for processing, modification 

and assembly reactions during ribosome biogenesis (Fromont-Racine· et al., 2003; 

Henras et al., 2008; Kressler et al., 2010; Phipps et al., 2011b). A large number of 

these proteins are part of the SSU processome corn pl ex (Lim et al., 2011 ), which is 

necessary for the maturation of 18S rRNA (Dragon et al., 2002; Osheim et al., 

2004 ). Sorne pro teins of the SSU processome form specific sub-complexes 

(Champion et al., 2008; Dosil and Bustelo, 2004; Freed and Baserga, 2010; 

Gallagher et al., 2004; Granneman et al., 2009; Krogan et al., 2004; Lee and 

Baserga, 1999; Rudra et al., 2007; Venema et al., 2000; Wegierski et al., 2001; 

Wehner et al., 2002) but more than a half of its components are not categorized into 

known sub-complexes (Phipps et al., 2011 b ). Moreover, most of the protein-protein 

interactions between SSU processome components have not been identified yet 

(Phipps et al., 2011 b ). Thus, studying the protein interactions of the SSU processome 

is important to refine our understanding of the assembly, architecture and activity of 

this complex during ribosome biogenesis (Lim et al., 2011; Phipps et al., 2011b). 

Dbp4 is one of the DEAD-box RNA helicases necessary for the early cleavages of the 
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pre-rRNA at sites A0-A2, cleavages that lead to the production of 18S rRNA (Kos 

and Tollervey, 2005; see Figure 1). To get a better understanding of the assembly and 

functi~n of the SSU processome, we decided to analyze the role of Dbp4 in molecular 

interactions leading to the production of 18S rRNA. 

W e identified Bfr2 and Erip2 as partners of Dbp4 using yeast two-hybrid 

assays (Figure 3.2), and we showed by immunoprecipitation with antibodies to Dbp4 

that Bfr2 and Enp2 associate with Dbp4 in vivo (Figure 3.3). With the yeast two­

hybrid system, there is always a risk that the bait protein binds a secondary factor that 

mediates (or bridges) the interaction with the prey protein. Pull-down assays with 

bacterially expressed recombinant proteins revealed that Bfr2 binds directly to Enp2 

but not to Dbp4; however, when adding yeast total RNA to the mixture, Dbp4 could 

bind Bfr2 (Figure 3.10). The RNA used in these experiments is devoid of proteins, 

ruling out the possible involvement of third protein mediating the interaction. Since 

Bfr2 does not contain an RNA-binding motif, it is unlikely that RNA acts as a 

mediator of the interaction with Dbp4. Thus, the simplest explanation is that RNA 

binding to Dbp4 could induce a conformational change that .facilitates its interaction 

with Bfr2. 

When IPs were done via the Brf2 or Enp2 component, the results showed that 

Bfr2 and Enp2 interacted with each other, but not with Dbp4 (Figure 3.3A). It is 

possible that the amount of co-precipitated Dbp4 in IPs for either Bfr2 or Enp2 was 

under the detection limit. This may also reflect differences in the stoichiometry or 

differential accessibility of the tags within the complex. Depletion of Bfr2 impaired 
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the association of Dbp4 with Enp2 (Figure 3.3D). Note that the association between 

Dbp4 and Enp2 was not completely lost, possibly because small amounts of Bfr2 

could still be present after 8 hours of depletion. Based on the results from two-hybrid 

assays, IPs and pull-down assays, we propose a model for the interaction between 

these three proteins. Bfr2 and Enp2 internet directly together in an RNA-independent 

manner (Figures 3.3 and 3.10). RNA binding to Dbp4 induces a conformational 

change, which allows interaction with Bfr2. In this scenario, Bfr2 would act as a 

bridge between Dbp4 and Enp2. 

Previous studies showed that Dbp4 is involved in the maturation of .18S 

rRNA. Our findings indicate that Bfr2 and Enp2 are also implicated _in this process 

(Figure 3.4). In fact, the processing defects observed in either Bfr2- or Enp2-depleted 

cells are consistent with the involvement of Bfr2 and Enp2 in the early processing 

events at cleavage sites A0, Al and A2. The hallmark of such processing defects is 

the strong accumulation of 23S pre-rRNA, which was observed in Bfr2- and Enp2-

depleted cells (Figure 4). Li et al. 2009 reported that Bfr2 and Enp2 are involved in 

pre-rRNA processing because their depletion led to accumulation of the 35S pre­

rRNA; however, they did not see strong accumulation of 23S pre-rRNA upon 

depletion. The phenotypes observed by Li et al. 2009 could be due to degradation of 

23S pre-rRNA upon long depletion times (see also Bernstein et al, 2004). 

Formation of the SSU processome is necessary for the maturation of the 18S 

rRNA (Osheim et al., 2004). The SSU processome complex consists of the U3 

snoRNA, Mpp 10 (U3-specific protein) and man y other nucleolar factors (Bernstein et 
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al., 2004; Dragon et al., 2002; Lim et al., 2011 ). Previous investigations indicated 

that Dbp4 associates with U3 snoRNA and Mpp 10 (unpublished data), and here we 

showed that Bfr2 and Enp2 also associate with U3 and MpplO (see Figure 3.5). We 

were able to co-immunoprecipitate MpplO with Bfr2 but not with Enp2 (Figure 

3.5B), (though the amount of MpplO co-precipitated with Enp2 may be too small in 

order to be detectable by our western analyses). These analyses suggest that Dbp4, 

Bfr2 and Enp2 could be SSU processome components. 

We showed that Bfr2, Dbp4 and Enp2 associate with various pre-rRNAs in 

non-depleted cells (Figure 3.6). lnterestingly, these three proteins associate with the 

20S pre-rRNA, suggesting that they remain associated with the rRNA precursor after 

the A2 cleavage until nuclear export, in line with the findings of Li et al. 2009 who 

reported that Bfr2 and Enp2 were required for small subunit export. In Bfr2-depleted 

cells, the interaction of Enp2 with 23S and 20S pre-rRNA was lost. Thus, the 

presence of Bfr2 is required for the association of Enp2 with these pre-RNAs. In 

contrast, Dbp4 interacts with the 35S pre-rRNA and stays associated with the 23S 

pre-rRNA in Bfr2-depleted cells. Therefore, it appears that Bfr2 affects the molecular 

interactions of Dbp4 with pre-18S rRNAs during processing events leading to the 

maturation of 18S rRNA. 

Analyzing the sedimentation pattern of ribosome biogenesis factors by 

sucrase gradient sedimentation is useful because co-sedimentation of non-ribosomal 

factors with the pre-ribosomal particles may suggest physical interaction with these 

particles. The SSU processome has a sedimentation coefficient of about 80S (Dragon 



132 

et al., 2002). The data obtained from sucrose gradient sedimentation and IPs on 

pooled fractions of the gradient (Figure 3.7 and 3.8) indicate that the SOS complex 

contains Bfr2, Dbp4, Enp2 and U14 snoRNA (and possibly additional nucleolar 

factors), whereas the 80S complex (the SSU processome) contains Bfr2, Dbp4, Enp2 

and U3 snoRNA (Figure 3.8A and B). These results highlight the dynamic 

reorganization of large complexes during maturation of 1_8S rRNA. Note that the 

"SOS" complex is not a pre-40S ribosomal particle since there was no association of 

Tsrl with Bfr2 or Enp2 (Figure 3.9). lt has been shown that actinomycin D treatment 

induces accumulation of a SOS U3 snoRNP particle that c_ontains DDXlO (human 

homologue of Dbp4) in HeLa cells (Turner et al., 2009). Given that the "SOS" 

complex described in this study does not contain the U3 snoRNA, it appears that the 

SOS complex seen in HeLa cells is not the same as the one we characterized here. 

Another interesting observation was that, when using WCEs for IPs, there was 

no association between U14 snoRNA and Bfr2, Dbp4 or Enp2 (Figure 3.SC). 

However, Dbp4 was associated with U14 snoRNA in the "SOS" peak in undepleted 

cells (Figure 3.8C). When cells were depleted of Bfr2, U14 snoRNA was associated 

with Dbp4 in the 80S peak, suggesting that Bfr2 could be implicated in the release of 

U14 snoRNA from the "80S" complex. Discrepancies between IPs with WCEs and 

sucrose gradient fractions could be explained by the amount of material used, or 

simply by the fact that fractions isolated from sucrose gradients are partially purified 

complexes, which may enhance the efficiency of IPs by eliminating interfering 

components. 
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Based on the following data, we propose that Bfr2, Dbp4 and Enp2 are SSU 

processome components: 1) Bfr2, Dbp4 and Enp2 are nucleolar proteins 2) they are 

involved in pre-rRNA processing at cleavage sites AO, Al and A2, 3) these proteins 

associate with the U3 snoRNA and MpplO, and also interact with different pre-18S 

rRNA species, 4) Bfr2, Dbp4 and Enp2 co-sediment in a peak of about SOS, and they 

associate with U3 snoRNA in that peak. 

Nanl is a component of the t-UTP sub-complex, which assembles at a very 

early step during SSU processome formation (even before U3 snoRNP 

incorporation). Depletion of Nanl changes the sedimentation profile of U3 snoRNA 

(Dutca et al., 2011; Perez-Femandez et al., 2007). The absence of Bfr2 did not alter 

the sedimentation profile of the U3 snoRNA and MpplO (Figure 3.7). Moreover, the 

absence of Bfr2 or Dbp4 did not affect the association between U3 snoRNA and 

MpplO (Figure 3.11). These results suggest that Bfr2 and Dbp4 might assemble into 

the SSU processome after assembly of the U3 snoRNP and MpplO sub-complexes. 

According to our results and the studies of (Perez-Femandez et al., 2007), we propose 

a simplified model for the assembly steps of the SSU processome (Figure 3.12). First 

the UtpA/t-Utp binds to the pre-rRNA followed by two mutually independent steps: 

one step includes the assembly of the UtpB and the other involves the association of 

UtpC with the 35S during later assembly steps. The U3 snoRNP base pairs with the 

pre-rRNA after UtpB binding, which in turn allows the assembly of the Mpp 10 sub­

complex on the nascent pre-rRNA. Bfr2, Enp2 and Dbp4 then incorporate into the 

SSU processome particle. The results from IPs and sucrose gradient sedimentation, 
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combined with the observation that the absence of Bfr2 did not affect the association 

of Dbp4 and U3 snoRNA in the 80S peak ( data not shown), suggest that Bfr2 and 

Enp2 are recruited together but Dbp4 could be incorporated independently from Bfr2 

and Enp2. 

Our results provide new insight into the order of assembly of three nucleolar 

proteins into the nascent SSU processome. This additional data refines our 

understanding of SSU processome structure and fonction. 
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3.9 Figure Legends 

Figure 3.1. The pre-rRNA processing pathway in yeast. 

The structure of the 35S pre-rRNA (primary transcript) is shown on top. The 

rectangles represent cellular compartments in which different steps of the processing 

pathway take place. The pre-rRNA cleavage sites are indicated on the transcripts. 

Figure 3.2. Directed yeast two-hybrid assays. 

Yeast strain AH109 was transformed with bait plasmid pGBKT7 (Vec) or its 

derivative pGBK-DBP4 or PGBK-ENP2, and prey plasmid pGADT7 (Vec) or its 

derivatives pGAD-DBP4, pGAD-ENP2, pGAD-BFR2 and pGAD-NOP6. The bait 

and prey plasmids respectively carry TRP 1 and LEU2 auxotrophic markers that allow 

growth on medium lacking tryptophan and leucine (upper panel). Interactions 

between bait and prey hybrid proteins activate transcription of the HIS3 reporter gene, 

which is monitored by growth on medium lacking histidine; addition of 2 or 20 mM 

3-AT to this medium enhances the stringency of the HIS3 reporter, allowing detection 

of the strongest two-hybrid interactions (middle and lower panels, respectively). 

Figure 3.3. Analyzing interaction between Bfr2, Dbp4 and Enp2 by IPs. 

(A) Dbp4 associates with Bfr2 and Enp2 in vivo. IPs were carried out with anti-HA, 

anti-myc, and anti-Dbp4 antibodies using extracts prepared from the double-tagged 

strain that expresses HA-tagged Bfr2 under the contrai of the GAL] promoter and 
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myc-tagged Enp2 from its natural pramoter. Contrai IPs were done in absence of 

antibodies (beads alone, BA). Lane 1 is whole cell extract (T is 6.5% input), and lanes 

2-5 are IPs with beads alone (BA), anti-HA mAb (Bfr2), anti-Dbp4 antibodies and 

anti-myc mAb (Enp2). The same blot was subjected to immunodetection with various 

antibodies recognizing prateins identified on the right. 

(B) Dbp4 associates with Bfr2 and Enp2 in a RNA-dependent manner. Contrai 

IPs (lanes 1-3) were done as in Figure 3A. In the Mock (lanes 4-5) the cellular extract 

was incubated at 37°C for 30 min prior to IP, and in lanes 6 and 7 the cellular extract 

was treated with RNase A for 37°C for 30 min. IPs were done in absence of 

antibodies (BA, lane 2) or with anti-Dbp4 antibodies (lanes 3-7), and immunoblotting 

was performed using anti-myc (Enp2) and anti-HA mAbs (Bfr2). T is 6.5% of input. 

(C) Association of Bfr2 with Enp2 is not RNA-dependent. IPs were carried out as 

in Figure 3B except that anti-myc mAb (Enp2) was used for IP, and immunodetection 

was performed with anti-HA mAb (Bfr2). T is 6.5% of input. 

(D) Bfr2 is required for the association of Dbp4 with Enp2. Cellular extracts were 

prepared from undepleted cells (Oh, lanes 1-2) or Bfr2-depleted cells (8h, lanes 3-4). 

IPs were carried out with anti-Dbp4 antibodies and western blotting for Enp2 and 

Dbp4 were done with anti-myc mAb and anti-Dbp4 antibodies respectively. The 

asterisk indicates the overexposed blot. T is 6.5% of input. 
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Figure 3.4. Bfr2 and Enp2 are required for pre-rRNA processing. 

Total RNA was extracted from depletion strains GAL::HA-BFR2 (A) and 

GAL::ENP2-myc (B) grown in YPGal (Oh, lane 1), and at different depletion times 

after the shift in YPD (lanes 2-4). RNAs were analyzed by northem hybridization 

using probes directed against different rRNA precursors indicated on the right. 

Mature 18S and 25S rRNAs were visualized by staining with GelRed™. The short 

and long forms of 5.8S rRNA were detected by northem hybridization. 

Figure 3.5. Bfr2 and Enp2 associate with MpplO and the U3 snoRNA. 

(A) MpplO associates with Bfr2 and Enp2. IPs were carried out with anti-Mpp 10 

antibodies, and immunoblotting was done with anti-myc (Enp2) and anti-HA (Bfr2) 

antibodies. 

(B) Bfr2 interact with MpplO. IPs were carried out with anti-HA (Bfr2) and anti­

myc (Enp2) antibodies and western blotting was done with anti-MpplO antibodies. 

(C) Association of U3 snoRNA with Bfr2, Dbp4 and Enp2 in presence or absence 

of Bfr2. IPs were carried out with beads alone (BA), anti-HA (Bfr2), anti-Dbp4 and 

anti-myc (Enp2) antibodies. Northem analysis was done with a radiolabeled 

oligonucleotide complementary to the U3 and U14 snoRNAs. In the top panel, 

cellular extracts were prepared from undepleted cells (0 h). In the bottom panel, 

cellular extracts were obtained form Bfr2-depleted cells (8 h). T is the input (10% ), S 

is the supematant (10% ), and 1P is the immunoprecipitated RNA. 
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(D) IPs of Dbp4 and Enp2 in undepleted and Bfr2-depleted cells 

IPs were done with undepleted (0 h) and Bfr2-depleted cells (8 h) using anti-Dbp4 

and anti-myc (Enp2) antibodies, and immunoblotting was done with anti-myc (Enp2), 

anti-Dbp4 and anti-HA (Bfr2) antibodies. The asterisks indicate the overexposed 

blots. 

Figure 3.6. Bfr2, Dbp4 and Enp2 associate with pre-rRNAs. 

Cellular extracts were prepared from undepleted and Bfr2-depleted cells. IPs were 

done without antibodies (BA) artd with anti-HA (Bfr2), anti-Dbp4 and anti-myc 

(Enp2) antibodies. Northem analysis was done with a radiolabeled oligonucleotide to 

detect pre-rRNAs. The asterisk indicates the overexposed blot. 

Figure 3. 7. Sedimentation patterns upon Bfr2-depletion 

(A) Sedimentation profiles of Dbp4, Bfr2, Enp2 and MpplO. Cellular extracts 

were prepared from undepleted (Oh) and Bfr2-depleted cells (8h) and fractionated on 

7-47% sucrose density gradients. Fractions 1-16 were subjected to western blot 

analysis using anti-myc (Enp2), anti-Dbp4, anti-HA (Bfr2) and anti-Mpplü 

antibodies. The position of 40S and 60S ribosomal subunits, 80S ribosome and 

polysomes are indicated. 

(B) Sedimentation profile of the U3 and U14 snoRNAs. Sucrose gradient fractions 

were prepared as in Figure 6A except that RNAs ,were extracted from fractions 1-16 
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and subjected to northern blot analysis with radiolabeled oligonucleotides 

complementary to the U3 or U14 snoRNA. 

Figure 3.8. Association of Bfr2, Dbp4 and Enp2 in complexes of "SOS" and 

"80S" isolated from sucrose gradients. 

(A) Cellular extracts obtained from undepleted and Bfr2-depleted cells were 

fractionated on sucrose gradients as in Figure 7 A, and two series of inputs (In) were 

prepared for IPs: pooled fractions 3-5 correspond to the "SOS" complex and fractions 

7-8 are the "80S" complex. IPs were done with anti-Dbp4 (lanes 5-8), anti-myc (lanes 

9-12), and anti-HA Abs (lanes 13 and 14). Western blot analyses were carried out 

using the same antibodies to detect the presence of Enp2 (mye), Bfr2 (HA) and Dbp4. 

Input lanes correspond to 12% of pooled fractions. 

(B) Gradient fractions were prepared from undepleted cells and IPs were done as in 

Figure 8A except that RNAs were extracted and subjected to nothern hybridization 

with a radiolabeled oligonucleotide complementary to the U3 snoRNA. Inputs (In) 

correspond to 10%. The asterisk indicates the overexposed blot of Dbp4 IP. 

(C) IPs were done with anti-Dbp4 Abs as in Figure 8B, except that northern 

hybridization was carried out with a radiolabeled oligonucleotide complementary to 

the U14 snoRNA. 

Figure 3.9. Bfr2 and Enp2 do not associate withand Tsrl. 
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IPs were carried out with anti-myc (Enp2; upper panel) and anti-HA (Bfr2; lower 

panel) mAbs as in Figure 8A, except that western blot analyses were done using anti­

Tsrl polyclonal antibodies. 

Figure 3.10. Pull-down assays with recombinant proteins. 

Pull-down experiments were carried out using MBP (lanes 2 and 5) or MBP-Bfr2 

(lanes 3 and 6) bound to amylos~ beads. After incubation and elution, the presence of 

proteins Dbp4-His, GST-Enp2 and MBP-Bfr2 was detected by immunoblotting. 

Experiments were done in the absence of RNA (w/o RNA; left panels) or in the 

presence of yeast total RNA (with RNA; right panels). 

Figure 3.11. Association of U3 snoRNA and MpplO is not affected by depletion 

of Bfr2 or Dbp4. 

IPs )with anti-MpplO Abs were done with extracts from undepleted cells, or cells 

depleted of Bfr2 or Dbp4 for 8 hours (as in Figure 5C). 

Figure 3.12. Simplified model for the assembly steps of the SSU processome 

1) The UtpA/t-Utp sub-complex assembles on the 5'ETS of the nascent pre-rRNA; 2) 

UtpB then associates with the pre-rRNA followed by binding of the U3 snoRNP 

complex (3); 4) UtpC interacts with the pre-rRNA independent of UtpB and U3 

snoRNP; 5) MpplO sub-complex assembly takes place after U3 snoRNP binding; 6) 

The Bfr2-Enp2 d1mer and Dbp4 incorporate the SSU processome particle. 
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Figure 3.2 
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Figure 3.3 
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Figure 3.6 
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Figure 3.8 
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Figure 3.9 
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Figure 3.10 
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Chapter IV 

4.1 Preface 

A number of studies showed that human diseases are associated with impaired 

ribosome biogenesis, but our knowledge about ribosome biogenesis was mostly 

obtained from stuqies done in yeast. DDXIO is the human homologue of yeast Dbp4 

and it belongs to the DEAD-box family of putative RNA helicases. We showed that 

DDXl0 and Che-1 (the homologue of Bfr2) co-localize with the nucleolar marker 

fibrillarin, suggesting that DDXIO could participate in ribosome biogenesis. Our 

results indicated that DDX 10 bearing mutations associated with breast cancer also 

localized to the nucleolus. We tested the effects of DDXIO and Che-1 knock down on 

rRNA maturation and proliferation of HeLa cells. Loss of DDXIO and Che-1 resulted 

in decreased production of 18S rRNA. In line with the 18S rRNA defect, 

immunoprecipitation experiments indicated that DDXIO is associated with the U3 

snoRNA, Che-1 and the U3-specific protein DRIM/UTP20. Breast cancer mutations 

in DDX 10 did not affect its interaction with Che-1. Flow cytometry analyses 

revealed that cells treated with siDDXIO slightly accumulated in the G 1 phase of the 

cell cycle. Immunofluoresence microscopy indicated that treatment with siDDXlO 

strongly reduced the expression of the proliferation marker Ki-67. Taken together our 

data indicate that DDXIO is required for cell growth and proliferation, and that it 

plays a role in pre- l 8S rRNA maturation. 

I did the major part of experiments under the supervision of Dr. François Dragon. 

Florian Palabaud and Pauline Vermulen performed some of the experiments under 
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my supervision. Tiziana Bruno carried out the Che-1 knockdown experiment in the 

laboratory of Maurizio Fanciulli. 
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4.2 Abstract 

DDXlO belongs to the DEAD-box family RNA helicases. Here we show that DDXlO 

localizes to the nucleolus together with the apoptosis-antagonizing transcription 

factor AA TF/Che-1, suggesting they could participate in ribosome biogenesis. 

Knockdown of DDXJ O or CHE-1 resulted in pre-rRNA processing defects and 

decreased production of 18S rRNA. In line with a possible role for DDXlO in 18S 

rRNA processing, immunoprecipitation experiments with FLAG-tagged DDXlO 

revealed its association with the U3 snoRNA, Che-1 and the U3-specific protein 

DRIM (Down-Regulated In Metastasis), also known as UTP20. DDXlO mutations 

associated with breast cancer did not alter the nucleolar localization of FLAG-tagged 

DDXlO or the co-immunoprecipitation of Che-1. HeLa cells treated with siDDXlO 

slightly accumulated in the G 1 phase of the cell cycle, and immunofluorescence 

microscopy revealed that treatment with siDDXlO strongly reduced the expression of 

the proliferation marker Ki-67. Taken together our data indicate that RNA helicase 

DDXlO is required for cell growth and proliferation, and-that it plays a role in pre-

18S rRNA maturation. 
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4.3 Introduction 

The nucleolus is the primary site of eukaryotic ribosome biogenesis. Cancer cells 

generally harbor multiple, larger nucleoli. This phenotypic change, which likely 

reflects the high demand for protein synthesis in tumor cells, has been used in the 

diagnosis of cancer ((Busch, 1990); (Derenzini et al., 2009)). But the nucleolus is not 

merely a "ribosome factory". Indeed, nucleolar fonction is far more diverse and 

includes regulation of mitosis, cell-cycle progression, cellular proliferation, apoptosis 

and aging (Boisvert et al., 2007; Horky et al., 2002; Maggi and Weber, 2005). 

Ribosomes are complex "RNA machines": the tightly compacted rRNA 

molecules are the catalytic components of ribosomes (Moore and Steitz, 2011). Not 

surprisingly, ribosome biogenesis is the process that employs the majority of cellular 

RNA helicases (Bleichert and Baserga, 2007; Martin et al., 2013; Rodriguez-Galan 

et al., 2013). These enzymes are constituted of a conserved catalytic core flanked by 

N- and C-terminal extensions that vary in length and composition; these extensions 

are important for substrate recognition and fonction of individual helicases (Luking et 

al., 1998; Rocak and Linder, 2004; Umate et al., 2011). In yeast, most RNA 

helicases are essential for viability, indicating that they perform critical, non­

redundant biological fonctions. Bioinformatics searches led to the identification of 64 

RNA helicases in humans (Umate et al., 2011); 36 of those belong to the DEAD-box 

family and likely have homologues in yeast, which is the case of DDXlO 

(Abdelhaleem et al., 2003). The yeast homologue of DDXlO is Dbp4, a nucleolar 

protein that is essential for viability (Huh et al., 2003; Liang et al., 1997). Dbp4 
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genetically interacts with U14, a conserved small nucleolar RNA (snoRNA) required 

for pre-rRNA processing (Liang et al., 1997). Cellular depletion of Dbp4 impairs the 

release of U14 snoRNA from pre-rRNA, suggesting that Dbp4 could unwind 

snoRNA:pre-rRNA duplexes (Kos and Tollervey, 2005). Curiously however, pre­

rRNA processing defects in Dbp4-depleted cells are identical to those of U3-depleted 

cells (Kos and Tollervey, 2005). U3 is another highly conserved snoRNA that is 

essential for pre-rRNA processing (Venema and Tollervey, 1999). The functionally 

active U3 particle is a very large RNP of ~80S that we have coined the SSU 

processome (Dragon et al., 2002); this complex is constituted of the U3 snoRNA and 

72 proteins, 36 of which are U3-specific and generally named Utp proteins (Bernstein 

et al., 2004; Dragon et al., 2002; Limet al., 2011). We recently proposed that Dbp4 

might be a SSU processome component (Soltanieh et al., 2014 ). 

The SSU processome forms at the 5' end of nascent pre-rRNA transcripts 

upon association of numerous proteins with the U3 snoRNA (Dragon et al., 2002; 

Gallagher et al., 2004; Osheim et al., 2004). Most proteins of the SSU processome 

are conserved in higher eukaryotes (Bernstein et al., 2004; Dragon et al., 2002), 

suggesting that this complex likely exists in humans (Takahashi et al., 2003). Sorne 

components of the human SSU processome have been linked to cancer. To name a 

few, PDCDll (programmed cell death 11), also named NFBP (NF-KB binding 

protein), is associated with the U3 snoRNA and is involved in pre-18S rRNA 

processing (Sweet et al., 2008). DRIM (Down-Regulated In Metastasis) is a nucleolar 
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protein first identified in a human breast carcinoma cell line (Liu et al., 2006; 

Schwirzke et al., 1998). DRIM is the functional homologue of yeast Utp20 (Wang et 

al., 2007). UTP14A is required for pre-18S rRNA processing and interacts not only 

with the U3 snoRNA but also with p53, and-promotes p53 degradation (Hu et al., 

2011). Thus, a number of proteins involved in SSU processome assembly and 

fonction are linked to cancer, highlighting the importance of ribosome biogenesis in 

cell homeostasis. 

Ribosome synthesis is a highly complex and coordinated process, which takes 

place in the nucleolus and. involves rRNA synthesis, maturation, and assembly of 

rRNA and ribosomal proteins into the small and large ribosome subunits. The major 

steps in ribosome synthesis are conserved throughout eukaryotes (Tollervey, 1996a). 

This process is regulated throughout the cell cycle, primarily at the level of rRNA 

synthesis (Hannan et al., 1998b). In humans, RNA polymerase I transcribes the 47S 

precursor, which is processed into 18S, 5.8S and 28S rRNAs, and RNA polymerase 

III transcribes SS rRNA (Henras et al., 2008). 

Initial proteomic studies of HeLa cell nucleoli identified around 400 proteins 

that are stable or transient components of the nucleolus (Andersen et al., 2002; 

Scherl et al., 2002). Based on the online database of (Andersen et al., 2005), about 

700 proteins were identified from purified nucleoli, but according to a more recent 

study this number was increased to 4500 proteins in humans (Ahmad et al., 2009). 

Among those, DEAD-box RNA helicase DDXlO and the apoptosis-antagonizing 

transcription factor AATF/Che-1 are highly conserved in eukaryotes, and their 
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orthologs are present in the budding yeast Saccharomyces cerevisiae (Chabane et al., 

1998; Liang et al., 1997)·as well as in plants, nematodes, fruit flies, birds, frogs and 

mammals (our unpublished results). Che-1/AATF is an RNA polymerase binding 

protein implicated in gene transcription regulation (Fanciulli et al., 2000; Floridi and 

Fanciulli, 2007). Che-1 is also implicated in cell cycle, DNA repair and apoptosis 

(Floridi and Fanciulli, 2007; Passananti and Fanciulli, 2007). Moreover, Che-1 is 

also a retinoblastoma (Rb) binding protein affecting cellular growth (Bruno et al., 

2002). Besides the anti-apoptotic role of Che-1 in cancer cells, it may have an 

opposite role in regulating apoptosis in adult neurons (Barbato et al., 2003). Che-1 

activates p53 transcription and many of its target genes upon DNA damage (Bruno et 

al., 2006). 

Here we show that DDXlO and Che-1 localize to the nucleolus, which speaks 

m favor of a role in ribosome biogenesis, but DDXlO _ could also have other 

function(s) in the cell. Our data indicate that DDXlO is associated with the U3 

snoRNA, Che-1 and DRIM/UTP20, and that DDXlO and Che-1 are implicated in 

maturation of the pre-18S rRNA. Moreover, knockdown of DDXJO perturbs cell 

cycle progression and cellular proliferation. 

4.4 Materials and Methods 

4.4.1 Plasmids 

The open reading frame (Westendorf et al.) encoding human DDXl0 (Savitsky et al., 

1996) was amplified by PCR from a cDNA library derived from a human Namalwa 
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(Burkitt lymphoma) cell line (Strubin et al., 1995) with primers DDXlO-EcoRI-for 

(5'-CCG GAA TTC ATG GGC AAA ACG GCC AAC TC-3') and DDXlO-EcoRI­

rev (5'-CCG GAA TTC TTA GCT TTG ACT TCT TAG CAG AT-3'), and cloned 

into the EcoRI restriction site of pBluescript SK(-) to generate pBS-DDXlO. The 

ORF encoding DDXlO was independently subcloned into the EcoRI site of the · 

mammalian expression vector pBact-FLAG, which is identical to pBact-myc 

(Cravchik and Matus, 1993) except that the sequence encoding the mye epitope has 

been replaced by that encoding FLAG: vector pBact-myc was cleaved with HindIII to 

remove the small DNA fragment encoding the mye tag, and this piece of DNA was 

replaced by another one encoding the FLAG tag, following the shot-gun ligation 

method (Grundstrom et al., 1985) with oligonucleotides FLAG-topl (5'-AGC TTC 

GGA CCA TGG ACT ACA AA GAC-3'), FLAG-top2 (5'-GAT GAC GAT AAA 

GCA GAA TTC ATC GAT A-3'), FLAG-bottoml (5'-GTC ATC GTC TTT GTA 

GTC CAT GGT CCG A-3') and FLAG-bottom2 (5'-AGC TTA TCG ATG AAT 

TCT GCT TTA TC-3'). Recombinant proteins produced from pBact-FLAG bear the 

FLAG epitope at their N-terminus. Site-directed mutagenesis (Higuchi et al., 1988) 

was carried out to introduce mutations associated with breast cancer (Sjoblom et al., 

2006) in the ORF of DDXlO (mutation L566V and deletion of residues K595 to 
( 

V619). Plasmid pBact-FLAG-DDXlO and its mutant derivatives were used for 

transfection of HeLa cells (see below). The integrity of all constructs was verified by 

automated sequencing at the McGill University and Génome Québec Innovation 

Center. 
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4.4.2 Antibodies 

The rabbit anti-Che-1 antibodies have been described previously (Fanciulli et al., 

2000). Rabbit anti-DDXlO antibodies used for western blotting were purchased from 

Bethyl Laboratories. Irnmunolocalization of endogenous DDXlO was done with a 

goat anti-DDXlO antibody (Santa Cruz Biotechnology, sc-132640). FLAG-tagged 

DDXlO was detected with two different anti-FLAG antibodies: a rabbit polyclonal 

antibody (Rock.land, 600-401-383) and a mouse monoclonal antibody (Sigma, 

F7425). Mouse monoclonal anti-DRIM antibody was purchased from Novus 

Biochemicals (H00027340-A01). Rabbit anti-Ki-67 was purchased from Abcam. 

Mouse monoclonal anti-fibrillarin antibody 72B9 (Reimer et al., 1987) was kindly 

provided by Dr. Michael Pollard. GAPDH was detected on western blots with a 

mouse monoclonal antibody (Santa Cruz Biotechnology, sc-47724). HRP-conjugated 

secondary antib6dies used in western analyses were from GE Healthcare. 

4.4.3 Cell culture and transfections 

HeLa cells (ATCC CCL-2) were grown in DMEM containing 10% FBS and 

penicillin-streptomycin (Wisent) at 37°C in a 5% C02 humidified atmosphere. For 

transient expression of recombinant proteins, 600 000 cells were seeded in 10 cm 

Petri dishes; after 16 h, plasmids encoding human DDXlO or its mutant derivatives 

were transfected with FuGene (R_oche) following the manufacturer's instructions, and 

cells were harvested 48 h post-transfection. Transfection efficiencies were about 

30%. For Transfection with siRNAs, 2 x 105 cells were seeded in each well of 6-well 
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plates the day before transfection. The anti-DDXlO siRNAs were obtained from 

Qiagen (siRNA5: 5'-TAGAAGCGATCGTATCTCCAA-3' S103226629, siRNA6: 

5'-AACCTTGGTTATGACTGCGTA-3' S1041422551). The siRNAneg (AllStars 

Negative Control siRNA, S 103650318) is a scrambled sequence that is not specific to 

DDXlO; it was designed to serve as a negative control, and its sequence is proprietary 

(Qiagen). To knockdown DDXJ 0, 450 ng siRNA in 100 µl culture medium (DMEM) 

without serum were used (final siRNA concentration of 15 nM), and 12 µl of 

HiPerFect Transfection Reagent (Qiagen) were added to the diluted siRNA. This mix 

was added to cells, which were previously washed and contained in 2.3 ml of grown 

medium. Cells were incubated at 37°C for 48 hours. Transfection with siRNA against 

Che-1 was done according to (Bruno et al., 2010). 

4.4.4 Immunoprecipitation experiments (IPs) 

IPs were carried out essentially as described previously (Pogacic et al., 2000), except 

that 20 µl of M2 beads (Sigma) were incubated with 1 ml whole cell extracts 

prepared from about 5 million transfected HeLa cells. Whole-cell extracts were 

prepared in NET-2 buffer (20 mM Tris-HCl [pH 7.5], 150 mM NaCl, 0.05% Nonidet 

P-40) by sonication (six times for 15 s at 10 W; Sonic Dismembrator sonicator, 

FISHER). To analyze the immunoprecipitated proteins, samples were separated on 

8% polyacrylamide-SDS gels and analyzed by western blotting. Immunoprécipitated 

RNAs were extracted with phenol-chloroform, precipitated with ethanol, and further 

analyzed by RT-PCR (see below). 
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4.4.5 Immunofluorescence microscopy 

Coverslips were placed in 6-well plates (Coming), and 100 000 HeLa cells were 

seeded in each well. When required, plasmids were transfected 16 h later as described 

above, and cells were processed for immunolocalization 48 h post-transfection. Cells 

were fixed with fresh 3.7% paraformaldehyde solution in PBS for 20 minutes, 

permeabilized with 0.5% Triton X-100 for 10 minutes, and incubated for 20 minutes 

with blocking solution (3% BSA in PBS). Cells were incubated for lh with the 

primary antibodies (goat anti-DDXlO antibody, dilution 1/500; mouse anti-fibrillarin 

antibody, dilution 1/10; rabbit anti-Che-1, dilutionl/1000; mouse anti-FLAG, 

dilutionl/1000; rabbit anti-Ki-67, dilution 1/1000) prepared in 3% BSA, followed by 

two washes with 3% BSA. Cells were then incubated with the appropriate secondary 

antibodies diluted in 3% BSA following the manufacturer's recommendations (anti­

goat IgG Alexa Fluor® 555, anti-mouse lgG Alexa Fluor® 488, anti-mouse IgG 

Alexa Fluor® 555, anti-rabbit lgG Alexa Fluor® 488 or anti-rabbit IgG Alexa 

Fluor® 555; Invitrogen) for 30 minutes at room temperature in a dark chamber. The 

first wash was done with 3% BSA containing DAPI (Sigma, 1: 1000 dilution) in PBS 

for 10 minutes, followed by two washes with PBS for 10 minutes. Cells were 

mounted with ProLong® Gold antifade reagent (lnvitrogen) and visualized under a 

fluorescence microscope (Observer Al Microscope, Zeiss). Images were analysed 

with the software ImageJ (Collins, 2007). 
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4.4.6 RNA analyses 

In order to have enough RNA, we worked with samples in triplicate. After 

transfection of HeLa cells with siRNAs, cells were washed with PBS and centrifuged 

for 5 minutes at 300 g. The triplicates were then pooled, and RNA was extracted with 

Trizol reagent (1 ml) and chloroform (0.2 ml). Samples were centrifuged at 4 °C for 

15 minutes at 15 000 g. The supematant was kept and 0.5 ml isopropanol was used to 

precipitate the RNA. Samples were centrifuged at 4°C for 10 minutes at 15 000 g. 

The pellet was washed with 1 ml 70% ethanol. Samples were centrifuged at 4 °C for 5 

minutes at 15 000 g. The pellet was resuspended in 10 µl RNase-free water and 

quantified with a NanoDrop. 

To detect U3 and Ul4 snoRNAs after IPs, reverse transcription was done 

using AffinityScript Multiple Temperature Reverse Transcriptase (Agilent) with 1 µg 

of RNA and the following oligonucleotides: 5' GTT TCT CTG AAC GTG TAG 

AGC ACC G 3' and 5' ACC ACT CAG ACC GCG TTC TCT C 3' for U3 snoRNA, 

5' TCA CTG TGA TGA TGG TTT TCC AAC ATT C 3'and 5' CTC ACT CAG 

ACA TCC AAG GAA GGT TTA C 3' for U14 snoRNA. The reaction was 

performed according to the manufacturer' s instructions. The cDNAs were amplified 

by PCR in a final volume of 50 µl with Taq DNA polymerase (New England Biolabs) 

·using 2 µl of reverse transcription product. 

To detect DDXJ O and GAPDH after treatment with anti-DDXlO siRNAs, 

reverse transcription was carried out with the qScript cDNA SuperMix kit 

(Quanta). For cDNA synthesis, 1 µg of total RNA was added to 4 µl of SuperMix and 



166 

completed to 20 µl with RNase-free water. Samples were incubated 5 minutes at 

25°C, 30 minutes at 42°C and 5 minutes at 85°C. PCRs were carried out with Taq 

DNA polymerase using 2 µlof the previous mix and the following oligonucleotides: 

5'-CGT AGC CGG CAA AAC ACT CG-3' and 5'-GCA CCC CTG CCA CTT TGG 

A-3' for DDXlO, 5'-TCC TGC ACC ACC AAC TGC TTA GC-3' and 5'-AGG TCC 

ACC ACC CTG TTG CTG TA-3' for GAPDH. The PCR products were separated by 

electrophoresis on 2% agarose 0.5% TBE gels containing GelRed (Biotium) and 

visualized with a UV transilluminator. 

For northem hybridization analyses of pre-rRNAs, 10 µg of total RNA were 

separated in 1.2% agarose gels containing 7% formaldehyde and MOPS buffer (0.2 

M MOPS, pH 7, 0.5 M sodium acetate, 10 mM EDTA). Electrophoresis was carried 

out for 21 h at 59 volts. The RNAs were transferred onto a Hybond-XL membrane 

(GE Healthcare) by capillarity ovemight in 20X SSC (3 M NaCl, 0.3 M trisodium 

citrate 2H2O, pH 7). Membranes were hybridized ovemight with 5' -labeled 

oligonucleotide probes (20,000,000 cpm each) and washed with 20X SSPE (3 M 

NaCl, 0.2 M NaH2PO4-lH2O, 0.2 M Na2EDTA, pH 7.4) and 1 %SDS. To detect 

rRNAs precursors, the following probes were used (Gerus et al., 2010): probe d 5'­

AGA CGA GAA CGC CTG ACA CGC ACG GCA C-3', probe e 5' -CCT CGC CCT 

CCG GGC TCC GTT AAT GAT C-3', probe f 5'-GCG CGA CGG CGG ACG ACA 

CCG CGG CGT C-3'. 

To analyse mature 18S and 28S rRNAs, total RNA was loaded on a 1.2% 

agarose gel containing 7% formaldehyde and MOPS. Electrophoresis was done for 3 
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h at 50 volts. RNAs were stained with GelRed (Biotium) and detected with a UV 

transill uminator. 

To analyse mature 5.8S rRNA, total RNA was loaded on an 8% denaturing 

acrylamide gel, and electrophoresis was carried out for 1 h 45 min at 45 watts. The 

samples were transferred onto GE Hybond-XL membranes in a TransBlot Cell (Bio­

Rad) with TBE at 30 volts for 16h at 4 °C. The hybridization and the wash steps were 

done as previously described (Soltanieh et al. 2014). We used probe 5.8S 5' -

CAATGTGTCCTGCAATTCAC-3' (Gerus et al., 2010). 

4.4. 7 Western blotting 

Proteins were separated on 8% polyacrylamide-SDS gels and transferred onto a 

PVDF membrane (Millipore). DDXIO was detected with anti-DDXIO antibodies 

diluted 1/2000 in TBS-T (100 mM Tris-HCl, pH 7.5, 0.9% NaCl, 0.2% Tween-20) 

and HRP-conjugated anti-rabbit antibody diluted 1/100000. For GAPDH, anti­

GAPDH antibody was diluted to 1/1000 in TBS-T and detected with HRP-conjugated 

anti-mouse antibody diluted 1/10000. Anti-Che-1 antibodies were diluted 1/1000 in 

PBS and detected with HRP-conjugated anti-rabbit antibody. Anti-DRIM antibodies 

were diluted 1/1000 TBS-T detected with HRP-conjugated anti-mouse antibody. 

4.4.8 Flow cytometry analyses 

About 1 x 106 growing cells were fixed in 4 ml of cold ethanol (70%) and kept at 4 °C 

for one week. Before analysis, cells were centrifuged for 5 minutes at 500 g and 
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resuspended in the following mixture: 950 µlof PBS, 10 µl RNase A (10 mg/ml) and 

40 µl of propidium iodide (1 mg/ml). Samples were kept at 37°C for 30 minutes and 

analyzed with the FACScan system (Becton Dickinson). 

4.5 Results 

4.5.1 DDXlO and Che-1 localize to the nucleolus of HeLa cells 

DDX 10 and AA TF/Che-1 have been detected in nucleolar preparations of large-scale 

proteomics studies, suggesting they are nucleolar proteins (Andersen et al., 2002; 

Scherl et al., 2002). To determine if DDXlO and Che-1 are only transiting through 

the nucleolus or if they reside in this nuclear compartment, we did indirect 

immunofluorescence studies with HeLa cells. As seen in Figure 1, DDXlO and Che-1 

co-localized with fibrillarin, a nucleolar marker specific for the dense fibrillar 

component (Pogacic et al., 2000). This localization is consistent with a role for 

DDXlO and Che-1 in · pre-rRNA processing because fibrillarin is a common 

component of box CID snoRNPs, which are required for maturation of rRNAs 

(Henras et al., 2008). 

DDXl0 was identified as a candidate breast cancer gene (Sjoblom et al., 

2006). This group identified two different mutations in DDXJ 0: a missense mutation 

(L566V) and a deletion mutation (residues 594-619). We decided to analyze the 

cellular localization of FLAG-tagged DDXlO bearing mutations associated with 

breast cancer. These mutations did not alter the nucleolar localization of FLAG­

tagged DDXlO or that of Che-1 (data not shown). 
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4.5.2 DDXlO associates SSU processome components and Che-1 

W e· carried out immunoprecipitation experiments (IPs) with ex tracts from HeLa cells 

transiently expressing the FLAG-tagged DDXlO constructs to determine whether 

DDXlO is associated with the U3 snoRNA. This was prompted by the observation 

that in yeast, IPs carried out with whole cell extracts indicated that Dbp4 (the 

ortholog of DDXlO) is specifically associated with U3 snoRNA and not with U14 

snoRNA (Soltanieh et al. 2014), as originally suspected (Liang et al., 1997). RNAs 

recovered from IPs were used for RT-PCR with primers specific for the U3 or U 14 

snoRNAs. IPs conducted with FLAG-DDXlO co-immunoprecipitated U3 but not 

U14 (Figure 4.2 A). Contrai experiments with extracts of non-transfected HeLa cells 

did not show any signal for U3 or U 14 snoRNAs. The immunoprecipitates were also 

analyzed by western blotting to determine if proteins that associate with the U3 

snoRNA were also co-immunoprecipitated. The blot was probed with antibodies 

against DRIM (Down-Regulated In Metastasis) and Che-1 (Figure 4.2 B). DRIM is 

the ortholog of yeast Utp20 (Peng et al., 2010; Wang et al., 2007), a component of 

the functionally active U3 RNP (Bernstein et al., 2004; Dragon et al., 2002). 

Since yeast Dbp4 strongly interacts with the SSU processome component 

Èfr2, yeast homologue of Che-1, (Soltanieh et al. 2014 ), the blot was probed with 

antibodies against Che-1. The co-IP of Che-1 with FLAG-DDXlO was efficient 

(Figure 4.2 B), even more so than that of DRIM (compare IP lanes with input lanes 

for DRIM and Che-1 in Figure 4.2B). These results suggest that the interaction of 



170 

DDXlO with Che-1 is more stable or that a larger proportion of DDXlO associates 

with Che-1 rather than with DRIM. Co-immunoprecipitation of U3 snoRNA and 

DRIM suggests that DDXlO interacts with the human SSU processome. We also 

verified if breast cancer mutations in DDXlO affected its interaction with Che-1. As 

seen in Figure 4.2C, DDXlO mutants· remained associated with Che-1, showing that 

breast cancer mutations in DDXlO did not affect the interaction between these two 

proteins. DDXlO mutants also remained associated with DRIM (data not shown). 

4.5.3 DDXlO and Che-1 are required for pre-rRNA processing 

The nucleolar localization of DDXlO and Che-1 (Figure 4.1) and the association of 

DDXlO with SSU processome components (Figure 4.2) led us to analyze the effects 

of DDXlO and Che-1 knockdown on pre-rRNA processing. We tested various 

siRNAs against DDXlO to analyze the efficiency of siRNAs on expression DDXlO. 

An example of RT-PCR analysis is shown in Figure 4.3 A, where siRNA5 more 

efficiently reduced DDXJ O mRNA levels than siRNA6; however, both siRNAs 

efficiently reduced DDXlO protein levels (Figure 4.3 B). To investigate the role of 

DDXlO in ribosome biôgenesis, HeLa cells were treated with siRNAs to knock down 

its expression and we analyzed rRNA synthesis. Because it was routinely found to be 

more efficient (as judged by RT-PCR analyses), we decided to pursue our studies 

with siRNA5, which we now refer to as siDDXlO. The amount of 18S rRNA was 

decreased in samples transfected with DDXlO siRNAs but 28S rRNA levels were 

nearly unchanged (Figure 4.4 A). Thus, only the 18S rRNA seems to be affected 
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upon DDXJO knock down. We further analyzed the pre-rRNA processing defects 

after treatment with siDDXlO. Our results showed that upon depletion of DDXlO, 

there was a decrease in the amount of 21S and 18S-E pre-rRNAs (Figure 4.4 A). 

Because the homologue of Che-1 (Bfr2) is necessary for 18S rRNA maturation in 

yeast and Che-1 associates with DDXl0, we analyzed the role of Che-1 in ribosome 

biogenesis. We used siChe-1 (Bruno et al., 2010) to knock down Che-1 expression, 

and we observed a decrease in the amount of mature18S rRNA in siChe-1 treated 

cells compared to non-tranfected cells; in contrast, there was no change in the levels 

of the mature 28S rRNA (Figure 4.4). Nothern blot analyses indicated that in the 

absence of Che-1 levels of 21S and 18S-E pre-rRNAs decreased, and this was 

accompanied by an accumulation of 45S pre-rRNA (Figure 4.4.B), a phenotype that 

is similar to that seen upon DDXl0 depletion (Figure 4.4 A). These data indicate that 

DDXlO and Che-1 are implicated in pre-rRNA processing events leading to the 

production of 18S rRNA. 

4.5.4 Knockdown of DDXlO alters G 1/S transition and reduces proliferation of 

HeLa cells 

Cell cycle progression upon DDXJO silencing was analyzed by FACS (Figure 4.5 A). 

In comparison with HeLa cells transfected with the negative contrai siRNA (siRNA 

neg), cells transfected with siDDXlO slightly accumulated in G 1 phase; this was 

accompanied by a concomitant decrease of cells in S phase, indicating that knock 

down of DDXl0 affects the G 1/S transition of the cell cycle. Ki-67 is a 
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nuclear/nucleolar protein (Endl and Gerdes, 2000; Scholzen and Gerdes, 2000), and 

it is associated with cell proliferation because it is only detected in cells that 

proliferate (Schluter et al., 1993). The signal for Ki-67 was decreased when cells 

were treated with siDDXl0 (Figure 4.5 B), indicating that knock down of DDXJO 

perturbs cell proliferation. 

In unstressed cells, low levels of p53 protein are maintained by reducing its 

stability using negative feedback regulators like MDM2 (Vogelstein et al., 2000; 

Vousden and Lu, 2002). We examined p53 proteins levels after silencing DDXlO 

expression (Figure 4.5 C). Knock down of DDXJ O resulted in elevated levels of p53. 

This result is consistent with nucleolar stress response where excess of free ribosomal 

proteins caused by 40S ribosome synthesis defects lead to stabilization of p53 protein 

(Fumagalli et al., 2012). 

4.6 Discussion 

Ribosome biogenesis is one the highest energy consuming processes in the cell 

(W amer, 1999) and it is tightly regulated during development, cell growth, cell cycle 

and stress (Ruggero and Pandolfi, 2003). Several human diseases are associated with 

increasing risk of cancer development without genetic alterations of oncogenes or 

tumor suppressors, such as quantitative or qualitative changes in ribosome synthesis 

(Montanaro et al., 2012). Up-regulation of ribosome biogenesis increases the 

possibility of tumorigenesis (Montanaro et al., 2012). Thus to obtain more useful 

insight into ribosomopathies, more profound understanding of ribosome biogenesis in 
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humans is required. · For years, ribosome synthesis has been studied using the yeast 

Saccharomyces cerevisiae as a model organism because this process is highly 

conserved in eukaryotes. But there are human factors that have different or additional 

fonction compared to their yeast orthologs (Tafforeau et al., 2013). Pre-rRNA 

maturation is one of the many aspects of ribosome biogenesis. RNA helicases are 

among the trans-acting factors involved in this process. Deregulation of numerous 

RNA helicases is observed in cancer, usually due to chromosomal translocation, 

down-regulation and overexpression (Abdelhaleem, 2004 ). One of the genetic 

rearrangements, which occur in myeloid leukemia is the NUP98-DDX10 fusion (Arai 

et al., 1997); it has been shown that a helicase motif of DDXIO plays a role in 

leukemogenesis (Y as sin et al., 2010). 

We investigated the fonction of the human RNA helicase DDXIO, the 

homologue of yeast Dbp4, in ribosome biogenesis. We showed that DDXl0 and Che-

1 localize to th~ nucleolus, suggesting that they could be involved in ribosome 

biogenesis (Figure 4.1). DDXIO constructs bearing mutations associated with breast 

cancer (Sjoblom et al., 2006) also localized to nucleolus, showing that the point 

mutation L566V and deletion of residues 594-619 did not alter the localization of 

DDXIO or Che-1. We tested different siRNAs against DDXJO to analyze the 

efficiency of DDXIO knock down in HeLa cells (Figure 4.3). Although the synthesis 

of 18S rRNA was decreased upon depletion of DDXlO, this did not affect the 

production of 28S rRNAs (Figure 4.4 A). Further analyses showed that knock down 

of DDXlO altered pre-rRNA processing events leading to the production of 18S 
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rRNA: this was revealed by the reduction of the signais corresponding to the 21 S and 

18S-E pre-rRNAs (Figure 4.4 A), suggesting defects at cleavage sites 01, A0, 1, 2 

and C (Tafforeau et al., 2013). Similar patterns were observed when Che-1 was 

knocked down: the data indicated a decrease in the levels of the mature18S rRNA as 

well as the 21S and 18S-E pre-rRNAs, with a concomitant accumulation of the 45S 

pre-rRNA (Figure 4.4 B). This phenotype suggests that the absence of Che-1 affects 

the cleavage of the 45S precursor at sites 01 and 02 (Tafforeau et al., 2013), leading 

to the accumulation of the 45S pre-rRNA. In contrast, there was only a slight 

accumulation of 45S pre-rRNA (about 5%) upon DDXlO depletion. These 

differences could be explained by the fact that knock down of DDXlO did not have a 

strong effect on the early cleavages of the 45S precursor. The group of Lafontaine 

(Tafforeau et al., 2013) showed that knock down of DDXlO and Che-1 resulted in 

strong accumulation of 45S (47S) pre-rRNA. This might be due to differences in 

experimental procedures such growth conditions or siRNA design and treatment. 

In addition to the pre-18S rRNA processing defect, IPs showed that DDXlO is 

associated with the U3 snoRNA, the U3-specific protein DRIM/UTP20 and Che-1 

(Figure 4.2). These results suggest that DDXlO might be a SSU processome 

component. DDXl0 mutations associated with breast cancer did not affect the 

interaction between DDXlO and Che-1 (Figure 4.2 C) or DRIM (data not shown). 

According to our bioinformatics analyses, DDXlO contains two coil-coiled motifs, 

which could be implicated in protein-protein interactions. Both DDXlO mutations 

examined in this study are located in one of the coil-coiled motifs. It remains to be 



175 

determined whether mutation of the other coil-coiled motif ( or mutation of the two 

motifs) might be necessary to disrupt the association of DDXlO and Che-1. 

PACS analyses revealed that siDDXlO-treated HeLa cells slightly 

accumulated in the G 1 phase of the cell cycle (Figure 4.5 A), suggesting that knock 

down of DDXl0 affects cellular growth. In line with this view, immunofluoresence 

microscopy showed that expression of the proliferation marker Ki-67 was heavily 

reduced upon siDDXlO treatment (Figure 5B). In addition, DDXlO knock-down 

resulted in increased levels of p53 protein in those cells (Figure 5C), a phenomenon 

that is often observed upon nucleolar stress (Mayer and Grummt, 2005). Taken 

together, our data suggest that RNA helicase DDXl0 is necessary for cellular growth 

and proliferation, and that it is required for pre-rRNA processing events leading to the 

production of 18S rRNA. 
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4.8 Figures legends 

Figure 4.1. Localization of DDXlO and Che-1 in HeLa cells. A) The subcellular 

localization of endogenous DDXlO was evaluated by immunofluorescence 

microscopy. Nuclei were stained with DAPI (blue). The images of DDXlO (red 

channel) and fibrillarin (green channel) were superimposed (Merge). The yellow 

signal results from superimposition of the red and green signais. B) The experiment 

was performed as in Figure lA except that Che-1 was detected using a red fluophore. 

Figure 4.2. DDXlO is associated with the 03 snoRNA, DRIM and Che-1. Extracts 

of HeLa cells expressing FLAG-tagged DDXlO and mutant derivatives were used for 

IPs with an anti-FLAG mAb. A) The presence of U3 and U14 snoRNAs was 

analyzed by RT-PCR carried out in the presence (+) or the absence (-) of reverse 

transcriptase. Lanes Tare RT-PCR done with total RNA and lanes 1P are RT-PCR 

done with immunoprecipitated RNAs. B) Western analyses with anti-DRIM and anti­

Che-1 antibodies. Whole cell extracts (lanes T) and anti-FLAG immunoprecipitates 

(lanes IP) from non-transfected cells (NT) or cells expressing FLAG-tagged DDXlO. 

C) Western analyses carried out as in Figure 2B after transfection of HeLa cells with 

FLAG-tagged DDXlO constructs: wild-type (WT, lanes 1-2), mutant L566V (lanes 3-

4), or mutant ~ lacking residues 594-619. In addition to Che-1, DDXlO constructs 

were detected with anti-FLAG mAb. 
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Figure 4.3. Silencing of DDXlO with siRNAs. A) HeLa cells were treated for 48h 

with two different anti-DDXlO siRNAs (siRNA 5 and siRNA 6), a scrambled siRNA 

(siRNA neg) or non-transfected (NT). Total RNA was used for RT-PCR analyses. 

RT-PCR on GAPDH mRNA was used as loading control. B) Cellular expression of 

DDXlO protein was assessed by western blot analysis. The blot was also subjected to 

immunodetection with anti-GAPDH antibodiès (loading control). 

Figure 4.4. Effects of DDXlO and Che-1 knock down on the maturation of 

ribosomal RNAs. 

A) Total RNA was extracted 48 hours post-transfection with siDDXlO (siRNA 5, 

lane 2) or from non-transfected HeLa cells (NT, lane 1), and RNAs were resolved on 

a 1.2% agarose gel containing 7% formaldehyde and transferred onto a Hybond-XL 

membrane. Blots were probed with radiolabeled oligonucleotides to detect various 

precursors. The 18S and 28S -rRNAs were detected by staining the agarose­

formaldehyde gel B) RNA analysis was carried out as in Figure 4A except that the 

cells were treated with siRNA against Che-1 (lane 2). 

Figure 4.5. Loss of DDXlO alters cell cycle progression and proliferation. A) 

HeLa cells were transfected for 48 hours with siDDXlO or siRNA neg (negative 

control). Analyses by flow cytometry were performed, and data were presented in 

histograms. B) Localization of Ki-67 in HeLa cells. In non-transfected cells (NT; left 

panel), Ki-67 (green channel) is expressed in each cell and co-localize with the 
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nucleolar marker fibrillarin (red channel). In siDDXlO-treated cells (right panel), Ki-

67 expression was reduced and barely detected (in green), so that only the nucleolar 

marker fibrillarin was detected (in red) in these cells. Images are overlays of the green 

and red channels together with the DAPI staining of nuclear DNA. C) Expression of 

p53 protein was a!}alyzed in DDXlO silenced HeLa cells. Western blot analysis was 

carried on non-transfected cells (NT) and siDDXlO-treated cells; p53 and GAPDH 

proteins were detected with appropriate antibodies. 
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Chapter V 

Discussion and perspectives 

Protein synthesis is an essential cellular process and ribosomes are the main players 

of it. Ribosome synthesis is very complex and is a major metabolic task in a cell and 

conserved among all eukaryotes. About 80% of the total cellular RNA is found in 

ribosomes. In yeast, more than 75% of cellular transcription is related to ribosome 

biogenesis, from which about 60% is implicated in transcription of rRNAs (Moss et 

al., 2007; Wamer, 1999). Eukaryotic ribosome biogenesis starts in the nucleolus with 

rRNA transcription, and then folding, binding with ribosomal proteins and assembly 

factors while being modified and processed to produce mature ribosomal subunits. 

Maturation of pre-ribosomal particles involves a dynamic series of protein-protein, 

RNA-protein and RNA-RNA interactions, which are formed, disrupted and 

rearranged (Fromont-Racine et al., 2003; Granneman and Baserga, 2004; Henras et 

al., 2008; Karbstein, 2011; Kressler et al., 2010; Panse and Johnson, 2010; Staley 

and Woolford, 2009; Tschochner and Hurt, 2003; Venema and Tollervey, 1999). 

Thus, a variety of pre-ribosomal complexes are formed in this pathway. The pre­

ribosome subunits composition is highly dynamic and there are more than 200 trans­

acting factors implicated in the assembly of ribosomes in yeast (Fromont-Racine et 

al., 2003; Granneman and Baserga, 2004; Henras et al., 2008; Kressler et al., 2010; 

Tschochner and Hurt, 2003; Venema and Tollervey, 1999). Saccharomyces 

cerevisiae is the best-studied organism for ribosome biogenesis. This process has 

been the subject of intense study over the last decades in order to determine how pre-
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ribosomal particles are assembled, and which proteins or RNA elements are directly 

involved in the cleavage events required to remove spacer sequences from rRNA 

precursors. RNA helicases are among the enzymes that are implicated in the 

maturation steps. DEAD-box protein Dbp4 is one of the RNA helicases involved in 

this process. 

5.1. Involvement of DEAD-box RNA helicase Dbp4 in ribosome biogenesis 

Due to the complexity of ribosome biogenesis; little is known about Dbp4's specific 

fonction in vivo and the discrete pre-rRNA processing steps in which this helicase 

fonctions. Thus, the objective of my thesis was to better understand the cellular roles 

of Dbp4. Immunoprecipitation experiments using whole cell extracts showed that 

Dbp4 associates with U3 snoRNA but not with U14 snoRNA, both of which are 

required for pre-18S rRNA processing. IPs also indicated that Dbp4 interacts with 

MpplO, a U3- specific protein, suggesting that it interacts with the functionally active 

SSU processome. Electron microscopy analyses revealed that loss of Dbp4 impaired 

SSU processome formation and co-transcriptional cleavage of the pre-rRNA. Sucrose 

gradient analyses showed that the release of U14 snoRNA from pre-rRNA was 

disturbed upon loss of U3 snoRNA or MpplO protein, like what is observed in Dbp4-

depleted cells, indicating that alteration of the SSU processome affects U14 snoRNA 

dynamics. 

The following future perspectives will give more insight on the role of Dbp4 

in rRNA maturation. lt is supposed that the catalytic core of RNA helicases interacts 
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transiently with its substrates, while often additional domains or cofactors provide 

specificity (Linder and Jankowsky, 2011). Under our experimental conditions, and 

based on the probable nature of the transient interaction between Dbp4 and its 

substrate, we observed no association between Dbp4 and U14 snoRNA using whole 

cell extracts (Chapter Il). To verify whether there is an interaction between these two 

molecules, RNA immunoprecipitation (RIP) experiments should be carried out 

(Gilbert and Svejstrup, 2006). Cells could be treated with formaldehyde to induce 

RNA-protein crosslinks before conducting IPs for Dbp4. Reverse transcription-PCR 

usi_ng U14 snoRNA specific oligonucleotides would be carried out to detect the 

presence of U14. 

Dbp4 is one the RNA helicases for which the target site on the RNA is not 

identified. Thus the CRAC method could be used to identify the binding sites of 

Dbp4. CRAC is a UV cross-linking and analysis of cDNA method, and it is being 

used to identify binding sites of ribosome synthesis factors on snoRNAs and/or pre­

rRNAs (Bohnsack et al., 2009; Granneman et al., 2009; Granneman et al., 2010; 

Granneman et al., 2011; Segerstolpe et al., 2013). CRAC uses a bipartite tag on the 

protein of interest and involves a purification step under highly denaturing conditions 

followed by partial RNase digestion and deep sequencing (Bohnsack et al., 2012; 

Granneman et al., 2009). 

Dbp4 was first identified as a multicopy suppressor of mutations in the Y 

domain of U14 snoRNA (Liang et al., 1997). This yeast specific Y domain of U14 

snoRNA is a highly folded stem-loop structure, and it is necessary for its activity (Li 
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and Fournier, 1992; Samarsky et al., 1996). The pentanucleotide sequence GAACC 

(nt 62-66) in the loop is conserved in yeasts and point mutations or deletions in this 

sequence caused slow growth or lethal phenotypes. To further analyze the genetic 

link between Dbp4 and U14 snoRNA, the effect of U14 snoRNA mutations on 

molecular interactions involving Dbp4 and U3 snoRNA should be studied. The Y 

domain mutations could be expressed as described by Liang et al. (1997). A multi­

copy plasmid carrying the DBP4 gene along with plasmid-encoded U14 mutants 

could be transformed into the GAL::U14 strain (chapter Il). The strains containing 

U 14 mutants and the over-expressed Dbp4 would be grown in galactose-containing 

media, and afterwards the cells would be shifted to glucose-containing media to shut 

down production of genome-encoded U14. Thus the wild type genomic U14 would 

be depleted and only the U14 mutants would be expressed. The sedimentation pattern 

of U14 mutants could be compared with the wild-type U14 snoRNA by sucrose 

gradient analyses in order to find out whether the U14 mutants sediment differently 

from wild-type U14. The sedimentation profile of U3 snoRNA and Dbp4 would be 

analyzed in parallel. These experiments could reveal whether the expression of U14 

mutants affects the molecular interactions and dynamics of U3 snoRNA and Dbp4 

during ribosome biogenesis. 

5.2. Nucleolar proteins Bfr2 and Enp2 are partners of Dbp4 

Many of the factors involved in ribosome biogenesis have already been discovered 

and now it is important to find out how these factors are implicated in the 
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rearrangement of pre-rRNAs and pre-rRNPs. Genetie analyses and affinity 

purification of pre-ribosomes were used to identify assembly factors and their 

associated pre-rRNAs. T4ese data helped us to obtain a timeline of assembly for the 

different factors during ribosome biogenesis but this assembly pathway includes more 

detailed steps than those already defined by the approaches mentioned above. 

Therefore, we need to obtain a higher resolution for the recruitment of the various 

trans-acting factors. Pre-rRNA processing and assembly steps are accompanied with 

numerous changes in the set of trans-acting factors associated with pre-rRNAs. Thus, 

pre-ribosomes are distinguishable by composition of pre-rRNAs and associated 

factors (Bernstein et al., 2004; Milkereit et al., 2003; Perez-Femandez et al., 2007; 

Schafer et al., 2003). Most of the ribosome biogenesis factors associate transiently 

with nascent ribosomal subunits to form specific pre-ribosomal intermediates. The 

SSU processome is a ribonucleoprotein of about SOS implicated in the processing, 

assembly and maturation of the small subunit of the ribosome (Dragon et al., 2002). 

An inclusive interactome map of the SSU processome will give us more detailed 

information about the assembly, fonction and regulation of this complex. Studying 

the assembly of the SSU processome is important to better understand its fonction in 

ribosome biogenesis. Based on the database analyses done by the group of Baserga. 

(Lim et al., 2011), about 70% of the physical protein-protein interactions in the SSU 

processome need to be determined in order to find out exactly how this complex is 

assembled. The missing data includes proteins with no known partners and 

unidentified protein-protein interactions. The second objective of my thesis was to get 
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a better understanding of the assembly and fonction of the SSU processome by 

analyzing molecular interactions of trans-acting factors involving RNA helicase 

Dbp4. 

W e identified Bfr2 and Enp2 as potential partners of Dbp4. Bfr2 and Enp2 are 

nucleolar pro teins essential for viability of yeast cells. W e also found that, like Dbp4, 

Bfr2 and Enp2 are required for the early processing steps that lead to the production 

of lSS rRNA. We demonstrated that Bfr2, Enp2 and Dbp4 associate with the U3 

snoRNA, the U3-specific protein MpplO, and also with different pre-rRNA species. 

These results led us to propose that Bfr2, Dbp4 and Enp2 are components of the SSU 

processome (SOS complex). Sucrose gradient sedimentation analyses revealed that 

· Dbp4, Bfr2 and Enp2 sediment in a peak of about SOS, as well as in a peak of ~SOS, 

suggesting a dynamic reorganization of large complexes that likely contain other 

nucleolar factors. Our studies revealed that Bfr2, Dbp4 and Enp2 associate together in 

the SOS peak, which does not include the U3 snoRNA. However these proteins 

associate with U3 snoRNA in the SOS peak. U14 snoRNA associates with Dbp4 in 

the SOS peak but does not interact with Bfr2 or Enp2. A. set of our experiments 

suggested that Bfr2, Enp2 and Dbp4 are incorporated at late steps during assembly of 

the SSU processome. The proposed subsequent experiments should give us additional 

data about ribosome biogenesis factors and molecular interactions required for rRNA 

maturation. To identify the protein composition of the "SOS complex" including 

Dbp4, Bfr2 and Enp2, a yeast strain will be constructed in which Dbp4 will be TAP­

tagged (Ghaemmaghami et al., 2003) and sucrose gradient fractions corresponding to 
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the 50S peak will be prepared. Tandem affinity purification (TAP) (Rigaut et al., 

1999) of the 50S complex followed by mass spectrometry will be carried out. The 

identified proteins would be further analyzed to find out whether they are implicated 

in ribosome biogenesis and whether they are components of the SSU processome. 

Many pre-ribosomal particles have complex protein compositions. Isolation of 

free ribosome biogenesis factor complexes provides better perception of the 

architecture of pre-ribosomes. It remains unclear if these complexes form and persist 

independently from pre-ribosome particles (Merl et al., 2010). To verify whether our 

"50S complex" can form independently of (pre)-rRNAs, the following experiments 

could be carried out. The RNA polymerase I machinery can be shut down by 

expressing a conditional temperature-sensitive mutant of Rrn3, which is an essential 

RNA polymerase I transcription factor (Merl et al., 2010). The phenotype of the 

mutant rm3-8 would be expressed by shifting the cells from permissive to restrictive 

temperature according to (Merl et al., 2010). Then sucrose gradient analyses will be 

performed to compare the sedimentation patterns of Dbp4, Bfr2 and Enp2 in cells 

with or without ongoing rRNA synthesis, and to find out if shutting down rRNA 

synthesis affects the sedimentation profile of these proteins. If there is no change in 

the sedimentation pattern of these proteins and they remain associated together in the 

50S peak, this would suggest that forµiation of the 50S complex might be 

independent of the synthesis of rRNA. The protein composition of the 50S complex 

would be identified in rm3-8 _mutant using tandem affinity purification and mass 

spectrometry, as described above. The next step would be to verify if the absence of 
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the U3 snoRNA affects the formation of the 50S complex. A strain will be used in 

which U3 snoRNA could be depleted by shifting the cells from galactose to glucose 

(described in chapter II). In this strain one of the U3 snoRNA genes is disrupted and 

the other is under the control of the galactose promoter (Hughes and Ares, 1991; 

Samarsky and Fournier, 1998). The sedimenation profiles of Bfr2 and Enp2 could be 

analyzed in undepleted and U3-depleted cells using sucrose gradients. To find out 

whether these proteins remain associated in the absence of U3 snoRNA, IPs will be 

carried out using whole cell extracts and fractions .of the sucrose gradient 

corresponding to the 50S peak. These experiments could tell us whether the 50S 

complex is formed independently from the SSU processome being assembled, or if it 

depends on the assembly of U3 snoRNP on the nascent pre-rRNA. 

5.3. RNA helicase DDXlO is the hurrian homolgue of yeast Dbp4 

Our understanding of the molecular mechanisms underlying ribosome biogenesis has 

enormously increased over the past decades. Yet there are still questions left 

unanswered. Over the past 10 years, numerous studies have identified factors 

implicated in ribosome biogenesis mostly in yeast Saccharomyces cerevisiae. The 

various ribosome biogenesis studies in yeast led to a better understanding of ribosome 

biogenesis pathway (Li et al., 2009; Tschochner and Hurt, 2003). In higher 

eukaryotes, model systems like cultured cells and frog oocytes were used to study 

rRNA transcription, rRNA processing, snoRNP biogenesis and nuclear export 

(Grummt, 2007; Henras et al., 2008; Kiss et al., 2006; Smith and Steitz, 1997). We 
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know that the major steps of ribosome biogenesis are highly conserved from yeast to 

humans, and most of the transacting factors in yeast have homologs in mammals 

(Adachi et al., 2007; Coute et al., 2008; Ginisty et al., 1998; Holzel et al., 2007; 

Holzel et al., 2005; Prieto and McStay, 2007; Rohrmoser et al., 2007; Rouquette et 

al., 2005; Strezoska et al., 2000; Thomas and Kutay, 2003; Trotta et al., 2003; 

Turner et al., 2009; Wang et al., 2007; Westendorf et al., 1998; Zemp and Kutay, 

2007). However in mammals the complexity of ribosome biogenesis is much higher 

·and it is less studied than in yeast. There are differences between yeast and 

mammalian ribosome synthesis, like rDNA genomic organization (Richard et al., 

2008) and stress response pathways (Zhang and Lu, 2009), which are unique to 

higher eukaryotes. There are also considerable differences in pre-rRNA maturation 

steps, and the human nucleolar proteome con tains man y more proteins (Ahmad et al., 

2009; Mullineux and Lafontaine, 2012). The making of ribosomes is one of most 

energy consuming processes in a cell. Because of its importance and crucial role in 

the cell, defects in ribosome biogenesis negatively affect cellular metabolism and 

vitality. Ribosome synthesis is related to cell size regulation, cell growth and 

division, and it affects cell-cycle progression (Bernstein et al., 2007; Dez and 

Tollervey, 2004; Jorgensen et al., 2004) and it is up-regulated in cancer (Ruggero 

and Pandolfi, 2003). The role of ribosome biogenesis in cancer is not well studied. 

Cell growth (change in cell mass) a_nd cell proliferation (change in cell number) are 

very intimately linked. There is an increase in protein synthesis during cell growth 

and ribosome biogenesis is an important metabolic effort in proliferating cells. lt is 
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known that the number of synthesized ribosomes controls the G 1-S phase transition, 

thus affecting cell cycle progression (Donati et al., 2012). Genetie a~normalities 

leading to impaired ribosome biogenesis and fonction, which show specific clinical 

phenotypes, are called ribosomopathies. Defects in ribosome biogenesis activate a 

cell-cycle checkpoint through the activation of the tumor suppressor p53 causing cell­

cycle arrest and apoptosis (Deisenroth and Zhang, 2010; Mayer and Grummt, 2005; 

Zhang and Lu, 2009). In more than half of human tumours the fonction of p53 is 

impaired, therefore it is one of the most recurrent gene alteration in cancers (Soussi et 

al., 2000). Thus activation of p53 by ribosome biogenesis inhibition could be used as 

target in ribosomepathies where the pathogenic role p53 has been proven. There are a 

number of diseases associated with defects in ribosome synthesis pathway (Freed et 

al., 2010; Narla and Ebert, 2010). A study has shown that ribosome synthesis is 

implicated in stem cell differentiation in Drosophila (Fichelson et al., 2009). In the 

case of HIV infection, the virus may use ribosome biogenesis to modulate host 

respon~e (Ponti et al., 2008). Haplo-insufficiencies of some ribosomal proteins are 

related to defects in pre-rRNA processing steps causing different ribosompathies (Liu 

and Ellis, 2006). Many ribosomal proteins have extraribosomal fonctions like 

replication and DNA repair showing that defects cause~ by mutations in these genes 

could be independent of their role in ribosome fonction (Wamer and Mclntosh, 

2ü_09). The number of RNA helicases in humans are two times higher than in yeast 

(Fairman-Williams et al., 2010; Umate et al., 2011). Among the different RNA 

helicases in humans (Umate et al., 2011), 40 localize to the nucleqlus, and 25 of them 
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are probably involved in ribosome biogenesis (Ahmad et al., 2009; Rodriguez-Galan 

et al., 2013). Severa! human RNA helicases have yeast homologues. Therefore the 

molecular fonctions of helicases in human and yeast could be similar (Rodriguez­

Galan et al.; 2013). DDXlO is the human homologue of Dbp4 (Liang et al., 1997). 

One of the goals of my thesis was to determine whether DDXl0 is involved in 

ribosomes synthesis, and to analyze the effects of DDXlO down-regulation on 

cellular growth and proliferation. Knock down of DDXlO resulted in pre-rRNA 

processing defects and decreased production of 18S rRNA. We showed that DDXlO 

is associated with the U3 snoRNA, the U3-specific protein DRIM/UTP20 and Che-1 

(human homologue of Bfr2). Flow cytometry analyses revealed that cells slightly 

accumulated in the G 1 phase of the cell cycle upon loss of DDXlO. 

Immunofluoresence microscopy indicated that treatment with siDDXlO strongly 

reduced the expression of the proliferation marker Ki-67. Based on our results, we 

suggested that DDX 10 is necessary for cell growth and proliferation, and that it is 

implicated in pre-l 8S rRNA maturation. 

The following experiments could provide additional data to better understand 

the role of DDXlO in ribosome biogenesis and its possible implication in human 

.diseases. We found . that DDXl0 is associated with Che-1/AATF, Apoptosis 

Antagonizing Transcription Factor (Fanciulli et al., 2000). Che-1 is a multifunctional 

protein involved in transcription regulation, cell-cycle control, DNA damage response 

and apoptosis (Passananti et al., 2007). Our bioinformatics analysis showed that 

DDXlO contains two predicted coiled-coil (CC) motifs, which mediate protein-
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protein interactions. Based on the results from chapter IV, DDXIO associated with 

Che-1 and the mutant DDXl0 did not affect the interaction between these two 

proteins. To further study the nature of the interaction between DDXIO and Che-1, 

mutant DDXIO constructs bearing deletions of the second coiled coil or both coiled­

coils will be expressed. IPs will be carried out to determine if these mutants remain 

associated with Che-1. In yeast, Dbp4 binds directly to Bfr2, the yeast homologue of 

Che-1 · (Soltanieh et al., 2014) Therefore it would be interesting to find out if there is a 

direct association between DDXIO and Che-1 using OST-pull down experiments. 

Nucleolar stress induced by impaired ribosome biogenesis triggers p53 signaling 

pathway (Chakraborty et al., 2011). In order to analyze the effect of DDXIO 

knockdown on cell apoptosis, cells treated with siDDXIO and control siRNA will be 

double stained with annexin V and propidium iodide, and subjected to PACS 

analysis. The poly (ADP-ribose) polymerase (PARP) is involved in DNA repair 

(Trucco et al., 1998). Cleaved P ARP is no longer implicated in DNA repair fonction 

and therefore might facilitate induction of apoptosis (Smulson et al., 1998; Trucco et 

al., 1998). To further confirm induced apoptosis by DDXIO knock down, PARP 

cleavage will be determined using anti-PARP antibody by western blotting. 

DDXIO was identified as a candidate breast cancer gene (Sjoblom et al. 

2006): two mutations in DDXIO were associated with breast cancer, the point 

mutation L556V and the deletion of amino acids 593-618 (delta). DDXIO is 

expressed in a variety of human tissues (Savitsky et al., 1996). Cell type and tissue 

specific expression of a target protein at the gene and protein level provide the 
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starting point for further studies to explore its specific role and fonction. Thus it could 

be helpful to analyze expression levels of DDXlO in different cell lines like MCF7 

and MDA-MB-231 (breast cancer cell lines), HeLa (cervical cancer cell line), 

HEK293 (human embryonic kidney cell line) and other canc~r and non-cancer cell 

lines. lt would be interesting to analyze the effect of the two breast cancer mutations 

in DDXlO on cellular growth and proliferation in the different cell lines mentioned 

above. To verify cellular growth, cell counting and FACS analysis will be performed 

on cells expressing wild type and mutant DDXlO L566V and delta. To analyze 

cellular proliferation, BrdU Cell Proliferation Assay Kit (5-bromo-2' -deoxyuridine), 

immunofluoresence microscopy and western blot analysis using anti-Ki-67 antibodies 

proliferation maker could be carried out. Estrogens (E2) are hormones that are 

involved in initiation and progress of breast and uterine cancer (Yager and Davidson, 

2006). Estrogen receptor a mediates E2 response in breast cancer (Bjomstrom and 

Sjoberg, 2005) and MCF7 is an estrogen receptor (ER) positive control cell line. 

DDXlO is an E2 responsive gene based on the study of (Hua et al., 2008). Because 

DDXlO is a candidate breast cancer gene (Sjoblom et al., 2006), it would be 

interesting to find out if DDXlO is a mediator of E2-stimulated cell proliferation. 

This would provide additional data to support the involvement of DDXlO in breast 

cancer. Cellular proliferation of siDDXl0-treated and control cells will be measured 

under E2-depleted and E2-stimulated conditions using MCF7 cell lines. 
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5.4. General Conclusion 

RNA helicases are ubiquitous and they participate in all aspects of RNA metabolism 

including ribosome biogenesis (Rocak and Linder, 2004 ), a complex process 

involving various components and different orderly steps. My work allowed a better 

understanding of the role of DEAD-box RNA helicase Dbp4 in ribosome biogenesis. 

The involvement of different RNA helicases in complexes with RNA and/or proteins 

and factors during ribosome biogenesis needs to be studied in detail. My 

experimental approaches and results provided insight into the order of assembly of 

Dbp4, Bfr2 and Enp2 into the SSU processome. There are growing evidences for 

various links between human diseases and ribosome biogenesis and fonction (Dai and 

Lu, 2008; Freed et al., 2010; Narla and Ebert, 2010). Understanding how ribosome 

biogenesis factors like RNA helicases contribute to cancer initiation and progress and 

human diseases is a challenge, and progress in this field is needed. Chapter IV of my 

thesis presents additional findings in this regard. W e showed that the human RNA 

helicase DDXl0, homologue of yeast Dbp4, is involved in ribosome biogenesis, and 

is implicated in cellular growth and proliferation. 
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