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RÉSUMÉ 

Caractérisation de la protéine à doigt de zinc 277 et de son rôle dans le complexe 

extra-ribosomique uS5 

 
Par 

Kiersten Dionne 
Programmes de biochimie 

 
Mémoire présenté à la Faculté de médecine et des sciences de la santé en vue de l’obtention 

du diplôme de maitre ès sciences (M.Sc.) en biochimie, Faculté de médecine et des 
sciences de la santé, Université de Sherbrooke, Sherbrooke, Québec, Canada, J1H 5N4 

 
Les ribosomes, ainsi que leurs (r)-protéines ribosomiques, sont généralement reconnus pour 
leur capacité à traduire les ARNm en protéines. De plus, grâce aux récentes avancées dans 
le domaine, il est possible d’étendre les connaissances sur cette ribonucléoprotéine 
hautement complexe. Dernièrement, il a été reporté que les r-protéines forment des 
complexes en dehors du ribosome. Ces dernières participent à leur auto-régulation, au 
contrôle de la synthèse des ribosomes et sont associées à des fonctions extra-ribosomales 
inconnues. Par exemple, la protéine ribosomique S2 (uS5) est sujette à la méthylation de 
l’arginine par PRMT3 (protéine arginine méthyltransférase 3). Cette modification régule les 
fonctions physiologiques des protéines et a été conservée dans l’évolution depuis les levures 
jusqu’aux humains. Néanmoins, actuellement, PRMT3 est la seule partenaire d’interaction 
connue de uS5. En utilisant une approche protéomique quantitative dans des cellules 
humaines, il est possible d’obtenir une vue d’ensemble du réseau d’interaction de la protéine 
uS5. Notamment, on a pu identifier ZNF277 (protéine à doigt de zinc 277) comme nouvelle 
protéine associée à uS5. Au moyen d’essais de “Bimolecular fluorescence complementation” 
(BiFC), la colocalisation des complexes uS5-ZNF277 a été observée dans le cytoplasme et 
dans le nucléole. De manière intéressante, ni ZNF277 et ni PRMT3 (qui possèdent des doigts 
de zinc de type C2H2) n’ont été retrouvées dans leurs “pulldowns” respectifs. Cela mène à 
penser que les deux protéines forment avec uS5 des complexes indépendants. Des mutations 
dirigées dans les doigts de zinc C2H2 de ZNF277 ont confirmées que ces motifs sont 
cruciaux pour une interaction stable avec uS5, comme montrée précédemment pour PRMT3. 
De plus, la surexpression de PRMT3 réduit la formation de complexe ZNF277-uS5, alors 
que la suppression de ZNF277 conduit à une augmentation du niveau de uS5 associée à 
PRMT3 ; confirmant ainsi l’hypothèse précédente. L’approche par co-immunoprécipitation 
d’ARN in vivo révèle que le niveau d’ARNm de uS5 augmente significativement dans une 
purification ZNF277. Aussi ces résultats suggèrent que ZNF277 est recrutée de manière co-
traductionnelle sur les nouveaux uS5 via l’ARNm de ces derniers. Cependant ZNF277 ne 
semble pas jouer un rôle vital de chaperonne ribosomale de uS5. Ces résultats nous 
permettent de clarifier le rôle de uS5 en dehors du ribosome et la complexité de ses 
interactions en dehors du contexte du ribosome. 
 
Mots clés : Protéines ribosomales, Protéines chaperonnes, Protéine ribosomal S2 (uS5), 
Doigt de zinc 277 (ZNF277), Domaine doigt de zinc C2H2 
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SUMMARY 

 Characterization of Zinc Finger Protein 277 and its role in the extra-ribosomal uS5 

complex 

 
By 

Kiersten Dionne 
Biochemistry Program 

 
Thesis presented at the Faculty of medicine and health sciences for the obtention of Master 
degree diploma maitre ès sciences (M.Sc.) in Biochemisty, Faculty of medicine and health 

sciences, Université de Sherbrooke, Sherbrooke, Québec, Canada, J1H 5N4 
 
Ribosomes, along with their ribosomal (r)-proteins, are mostly known for their capacity to 
translate mRNA into proteins, yet, thanks to recent advances in the field, we are able to 
expand our knowledge of this highly complex ribonucleoprotein. In recent years, r-proteins 
have been reported to form complexes outside of the ribosome that aid in their auto-
regulation, the surveillance of ribosome synthesis, and that have been linked to unknown 
extra-ribosomal functions. For instance, the Ribosomal Protein S2 (uS5) is subjected to 
arginine methylation by PRMT3 (Protein Arginine Methyltransferase 3), a modification that 
regulates the physiological functions of proteins and that is evolutionarily conserved from 
yeast to humans. Unfortunately, to date, PRMT3 is the only know interacting partner of uS5. 
Using a quantitative proteomic approach in human cells, we were able to get a 
comprehensive view of the human uS5 protein interaction network. Notably, we identified 
ZNF277 (Zinc Finger Protein 277) as a new uS5-associated protein. By means of 
Bimolecular fluorescence complementation (BiFC) assays, uS5-ZNF277 complexes were 
co-localized to both the cytoplasm and the nucleolus. Interestingly, neither of our C2H2-type 
zinc finger domain proteins (ZNF277 and PRMT3) were found in each other’s pulldown, 
leading us to speculate that these two proteins form independent uS5-containing complexes. 
Site directed mutations in ZNF277’s C2H2 zinc fingers confirmed that these motifs are 
critical for the stable interaction with uS5, as previously shown for PRMT3. Moreover, the 
over-expression of PRMT3 reduced the formation of ZNF277-uS5 complexes, whereas the 
depletion of cellular ZNF277 resulted in increased levels of uS5 associated with PRMT3, 
thus confirming our previous hypothesis. An in vivo RNA co-immunoprecipitation approach 
revealed that the uS5 mRNA is significantly enriched in ZNF277 precipitates. Although 
these results suggest that ZNF277 is recruited co-translationally by nascent uS5 via its 
mRNA, unfortunately, ZNF277 does seem to play a vital role as a dedicated uS5 ribosomal 
chaperone. Our results have allowed us to further elucidate the role of uS5 outside of the 
ribosome and the complexity that is the uS5 extra-ribosomal protein interactome.   
 
Keywords: Ribosomal proteins, Chaperone proteins, Ribosomal Protein S2 (uS5), Zinc 
Finger 277 (ZNF277), C2H2 Zinc Finger Domain 
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CHAPTER 1 

1.1 Biology of the cell  

 

The eukaryotic cell is highly organized, compartmentalized structure consisting of a complex 

cytoskeleton and various membrane-bound organelles, such as the nucleus, the endoplasmic 

reticulum, the mitochondria, etc. In order for species survival, the cell must be able to store, 

retrieve and translate its genetic material, known as deoxyribonucleic acid (DNA). Thanks 

to discoveries made by scientists in the 1950s, we were able to greatly elaborate on the 

function of DNA. Specifically, due to the research of Watson and Crick, who proposed the 

first mechanism of how DNA could serve as a template for protein synthesis (Watson, 2014). 

For the first time, DNA did not only serve a structural role for our cell. Since then, our 

knowledge of DNA replication, the transcription of DNA to messenger ribonucleic acid 

(mRNA), and the translation of mRNA to ultimately give way to the production of proteins 

has vastly improved.  

 

1.1.1 Transcription, translation and protein synthesis  

 

As previously stated, cells must be able to replicate, transcribed and ultimately produce 

proteins. This highly energetic process is carried out in both the nucleus and the cytoplasm, 

and by a variety of proteins, catalytic enzymes, and RNAs. In order to initiate DNA 

replication, the tightly wound chromatin containing our genetic material must unravel to 

isolated regions of double stranded DNA. After the unravelling of the chromosome, DNA 

replication is performed in the replication fork, using both the leading (5’-to-3’) and lagging 

(3’-to-5’) strand as a template, with the aid of DNA polymerases (Pol). Next, replicated DNA 

is then transcribed into a single stranded pre-mRNA using complementary base-pairing of 

the incoming nucleotides with their respective ribonucleotide by RNA polymerases along 

with a series of elongation factors. After elongation, the pre-mRNA is subject to 3 important 

modifications; RNA splicing by the excision of introns and exons, the addition of a 5’cap 

consisting of a 7-methylguanosine group and a 5’ to 5’ triphosphate bridge, and the 

polyadenylation, the addition of multiple adenosine monophosphates, of the 3’end. Once 

maturation is completed, the ribosome can then bind to its initiation start site on the mRNA, 
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initiating translation by adding amino acids one at a time until it reaches the end of the 

mRNA, thus synthesizing a long polypeptide chain. Cleary, this is a very simplified version 

of protein synthesis, only briefly mentioning the ribosome during translation. With that being 

said, the ribosome is a much more complex molecular machine than what is depicted above.  

 

1.2 The Ribosome  

 

In 1955, Paul Zamecnik demonstrated that 14C-labeled amino acids are transiently associated 

with ribosomes, thus once again changing the way we view protein synthesis (Watson, 2014). 

Ribosomes are known the carry out five basic functions. This includes binding to mRNA, 

incorporating tRNA molecules into their suitable binding site, interacting with non-

ribosomal protein factors in order to promote polypeptide chain initiation, elongation and 

termination, translating sequential codons, and catalyzing peptide bond formation during 

elongation. Both prokaryotic and eukaryotic ribosomes are composed of two independent, 

unequal subunits consisting of an elaborate assortment of ribosomal RNAs (rRNA) and 

ribosomal (r)-proteins. Due to its complicated translation initiation mechanisms and its 

shuttling between the nucleus and cytoplasm during translation, the eukaryotic ribosome is 

much bigger than its prokaryotic counterpart. In eukaryotes, the mature 80S ribosome is 

composed of the small (40S) and large (60S) subunits. Specifically, the 40S subunit contains 

33 r-proteins assembled around the 18S rRNA, whereas the 60S subunit is constituted of 

three different rRNAs (25S, 5.8S, and 5S) along with 46 r-proteins (Nerurkar, 2015). An 

increasing amount of studies have been done in recent years to further define the role of this 

ribonucleoprotein in hopes to gain further insight into its structure, assembly and cellular 

function. 

 

1.3 Ribosome Biogenesis 

 

Production of a ribonucleoprotein particle of such complexity is one of the most energetically 

demanding process in eukaryotic cells that can be divided into six major steps; transcription, 

processing, modifications, assembly, transport, and surveillance (Fig. 1) (Lafontaine, 2015). 
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Figure 1. Eukaryotic ribosome assembly, adapted from Lafontaine, 2015. Schematic 

representation of eukaryotic ribosome assembly outlined by six major steps in red: 1- 

transcription of components (rRNAs, mRNAs encoding r-proteins and assembly factors; 2- 

processing (cleavage of pre-rRNAs); 3- modification of pre-RNAs, r-proteins and assembly 

factors; 4- assembly; 5- transport (nuclear import of r-proteins and assembly factors; pre-

ribosome export to the cytoplasm); and 6- quality control and surveillance. 

 

It involves the activity of all three RNA polymerases (RNAPI, II, and III) as well as over 

300 different proteins that function in ribosome assembly (Heras, 2015; Pena, 2017). 

Throughout ribosome production, genes encoding r-proteins and maturation factors are 

transcribed by RNAPII along with active RNAPIII, transcribes small, abundant and stable 

snoRNAs from pre-mRNA introns (Lafontaine, 2015). The resulting mRNAs are exported 

out of the nucleus for translation in the cytoplasm; yet, most of the translated protein products 

need to be imported back into the nucleus for assembly into pre-40S and pre-60S subunits 

(Heras, 2015; Nerurkar, 2015; Pena, 2017). In parallel, as part of ribosomal subunit assembly 

in the nucleolus, transcription of rDNA loci by RNAPI produces a primary rRNA transcript 
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(47S) that is co-transcriptionally processed into mature 25S, 18S, and 5.8S rRNAs via 

various endonucleolytic and exonucleolytic ribonuclease machineries alongside hundreds of 

maturation factors and r-proteins (Thomson, 2013; Woolford and Baserga, 2013). 

Additionally, pre-mRNAs are subject to many types of modifications, such as protein 

modifications (kinases, phosphatases, SUMO conjugases), RNP remodelling (helicases, 

ATPases and GTPases), other modifications involving snoRNPs and base methyltransferase 

(Kressler, 2009; Strunk and Karbstein, 2009). Ultimately, 40S and 60S precursor particles 

are exported out of the nucleus via independent export pathways for final maturation steps 

in the cytoplasm (Nerurkar, 2015). The following paragraphs will aid in the comprehension 

and elaborate each step of ribosome biogenesis outlined above.  

 

1.3.1 rRNA transcription, processing and modifications 

 

Before ribosome assembly can commence, rRNA must be processed into their mature 

transcripts (Fig.2). There are between 300-400 copies of the long 47S transcript in diploid 

human cells (Henras, 2015). As previously stated, transcription of rDNA loci by RNAPI 

produces a primary rRNA transcript (47S) that is co-transcriptionally processed into mature 

25S, 18S, and 5.8S rRNAs. It is important to note that these mature transcripts are separated 

by internal space 1 (ITS1) and 2 (ITS2) (Henras, 2015; Lafontaine, 2015). Furthermore, they 

are in the presence of external transcription spacers, 5’ETS and 3’ETS, along with 

endonucleolytic cleavage sites A0, A1, 2, and E (Lafontaine, 2015, Henras, 2015). The 

maturation pathway of this pre-rRNA can easily be divided into the processing of its small 

40S precursor transcript (18S) and of its large 60S transcripts (5.8S and 28S).  
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Figure 2. Eukaryotic rRNA processing, adapted from Lafontaine, 2015. Schematic 

representation of rRNA processing in human cells. Depiction of mature transcript separated 

by internal ITS1 and ITS2 along with 5’ETS and 3’ETS. Major Pathway 1 and 2 are in red 

followed by their endonucleolytic cleavage sites A0, A1, 2, and E in blue. The 47S transcript 

is processed into mature 25S, 18S, and 5.8S rRNAs. 

 

Processing of the 47S transcript begins with the production of 18S rRNA thanks to the 

elimination of the 5’ETS by endonucleolytic cleavage at sites A0 and A1. Unfortunately, to 

date, the enzyme responsible for this cleavage is still unknown. Though, it is known that a 

large number of factors, including snoRNAs (U3, snR30/U17, and U14), the small 40S 

subunit, and about half of the r-proteins are involved (Phipps, 2011, Dragon, 2002). 

Interestingly enough, sites A0 and 1 are found beside the U3 snoRNA binding site, which is 

known to hybridize with pre-rRNA segments and RNA folding (Kent, 2009). Alternatively, 

there is an additional, optional, cleavage site to separate the 5’-ETS from the pre-rRNA 18S 

transcript. It contains an evolutionarily conserved motif which is also known to bind the U3 

snoRNP (Gerbi and Borovjagin, 2013). In parallel, combined cleavage in the endonucleolytic 
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sites 2, followed by cleavage in site E releases the 18S from ITS1 (Henras, 2015). Cleavage 

in site E in the 18S-ITS1 junction, at nucleotides C5605 and C5608, created the 18S-E pre-

rRNA (Petri, 2013). After its export from the nucleus to the cytoplasm, 18S-E is subject to 

3’-5’ exonucleolytic trimming, to produce the mature 18S (Tafforeau, 2012). The current 

hypothesis states that NOB1, a PIN domain-containing protein, is involved in the trimming 

of the 18S-E by acting on site 3 (Petri, 2013, Sloan, 2013). Alterations in cleavage site 2 

leads to a defective cleavage of sites A0, 1, and E, thus creating a defective production of 

mature 18S, and leads to a shift in the processing pathways, namely leading to the 

accumulation of 41S and 36S intermediates, which ultimately leads to diseases and cancers 

linked to ribosome biogenesis, also known as ribosomopathies (O’Donohue, 2010).  

 

Unlike the mechanism for processing 18S, the production of the transcripts of the large 

subunit seems to be highly conserved throughout species. After cleavage in site 2, 30S and 

43S transcripts are generated, this 43S transcript is then ultimately processed into the 28S 

and the 5.8S (Henras, 2015). In order to obtain these mature transcripts, many exonucleolytic 

and endonucleolytic enzymes are used. Interestingly, the processing of 5’ end of the 5.8S 

transcript is coordinated with that of the 3’ end of the 28S. Cleavage in site 4 of the ITS2, by 

an unknown endonuclease in humans, gives rise to 5.8S and 28S precursors, 12S and the 

28.5S respectively (Wang and Pestov, 2010). Recruitment of the exosome complex to the 3’ 

extremity of the 12S transcript enables its 3’ to 5’ exonuclease activity to generate the short 

7S form (Preti, 2013, Tafforeau, 2013, Schilders, 2007). For proper maturation of the 7S 

rRNA, the recruitment of exosome-associated factors such as MTR4, MPP6 and CD1 is 

required, given rise to the 5.8S+40. Unfortunately, due to steric hindrance of the exosome 

complex, the 5.8S+40 is left with a 3’ overhang containing approximately 30 nucleotides 

(Tafforeau, 2013). The recruitment of RRP6 can thankfully further degrade the leftover ITS2 

sequence, leaving us with a 6S intermediate. Finally, this transcript is exported, where it can 

bind to ERI1 for final degradation into its mature 5.8S rRNA. In parallel, the 5’ end sequence 

of ITS2 on the 28.5S precursor is degraded by XRN2 (Gabel and Ruvkun, 2008).  

 

Unlike its yeast counterpart, the human 5S is transcribed on a separate transcript by RNAPII 

(Ciganda and Williams, 2011). So far, little is known about the maturation of this transcript 
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and has remained uncharacterized. To the contrary, a recent study using D. melanogaster, 

has linked Rexo5, a metazoan-specific 3’-5’ single-stranded RNA exonuclease, to the 3’ end 

selective processing in the aforementioned rRNA (Gerstberger, 2017).  Additionally, it has 

been shown that the 3’ processing in yeast involves the participation of several conserved 

RNase D exonuclease, Rex1p, Rex2p and Rex3p (van Hoof, 2000). Furthermore, the 5S 

structure has been well detailed in bacteria and will only aid in furthering our understanding 

of its role. For instance, based on its structure, we have been able to identify the binding sites 

for TFIIA (Loop E and Helix IV) along with r-protein L11 (uL5) (Loop G and Helix III), 

which are detrimental to 5S transcription activity and ribosomal assembly, making the 5S 

transcript quite unique (Szymanski, 2002, Ciganda and Williams, 2011).  

 

Interestingly enough, discoveries in the field of human pre-rRNA processing have been 

greatly stunted. This is due in part on the assumption that the mechanisms in play for yeast 

are evolutionarily conserved in humans. During a recent study, 625 human nucleolar proteins 

were screened for their functional role and conservation in pathways involved in ribosome 

biogenesis (Tafforeau, 2012). Of these proteins, 286 of them were found to play an important 

role in rRNA processing in the human, yet, 74 of them were without yeast counterparts. It is 

also interesting to note that most of these genes are implicated in diseases and cancers, such 

as chronic inflammatory diseases, perturbations in cardiac cellular metabolism and aging, 

genes involved in proper formation of mammalian blastocyst, colon cancer, etc (Zhang, 

2004; Maserati, 2012; Park, 2011; Caprara, 2009). For instance, the depletion of NOL7, a 

cervical carcinoma biomarker used for the prediction of patient relapse, was found to have 

increased levels of both 47S and 34S transcripts, along with decreased levels of 21S during 

rRNA processing (Tafforeau, 2012; Huang, 2012). Furthermore, one-third of these newly 

found proteins were stated to complete additional or completely independent processing 

functions compare to their yeast counterparts. This phenomenon can be observed in the 

LTV1 gene, where its yeast homolog is found predominately in pre-40S particles and 

involved in 35S, 32S, 23S and 21S accumulation and 20S reduction. This phenotype is no 

longer present in human, where an increase of 41S, 34S, 21S, and 18S-E is observed along 

with a decrease of 30S transcripts (Tafforeau, 2012).  
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1.3.2 Ribosome assembly and maturation 

 

After covalent modifications are finished on r-proteins and assembly factors, they are 

imported back into the nucleus for integration into their perspective pre-40S and pre-60s 

ribosomal subunits during the assembly phase which we will discuss in greater length in the 

following paragraphs below (Pena, 2017; Henras, 2015; Nerurkar, 2015).  

 

The assembly stage is achieved once the 18S is incorporated into its pre-40S subunits and 

5.8S, 28S and 5S into its pre-60S subunits (Nerurkar P, 2015). Afterwards, these pre-subunits 

are exported out of the nucleus into the cytoplasm, yet, the steps of their maturation and the 

incorporation of their r-proteins are less well studied, especially in mammalian cell lines. In 

recent years, researchers have used a yeast model to try to further elucidate this problem. 

Once again, we can easily divide steps of ribosome assembly based on the small and large 

subunit.  

 

As previously stated, the maturation of the pre-60S particle remains extremely ambiguous. 

This ambiguity is clearly observed in two recent papers published by two distinct groups in 

2017; an article in Cell by Kater et al and a letter in Nature published by the Sanghai group 

(Fig. 3 and Fig. 4). Interestingly, both groups took on this project using a Cryo-electron 

(cryo-EM) microscopy model and obtained a similar resolution of the structure of their 

intermediates. Even though these models disagree on the organisation of the steps of 

maturation, they both work off of a hierarchical model to ultimately form the 60S ribosomal 

subunit, that is, to bind r-proteins to the solvent side of the subunit, the incorporation of the 

25S rRNA domains (I-VI), the maturation of the polypeptide exit tunnel (PET), construction 

of the peptidyl transferase center (PTC) interface, followed by the central protuberance (CP) 

in order for 60S maturation (Gamalinda, 2014). Ultimately, the assembly of the pre-60S 

particle is done in a modular fashion similar to that observed in its prokaryotic counterpart 

(Biedka, 2018; Davis, 2016).  
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Figure 3. Model 1: Maturation of the eukaryote early-60S nucleolar states, adapted from Sanghai 

2017. A simplified schematic representation of the maturation of the early-60S particle. The 

pre-60S is subject to three early nucleolar states (I-III) followed by an intermediate state 

before interacting with Nog2 along with other r-proteins and assembly factors to create the 

Nog2 particle. 

 

Based on previous knowledge in this field, the Sanghai group seems to take a more novel 

approach on pre-60S subunit maturation with the additional observation of three distinct 

early nucleolar states. According to their model, the pre-60S subunit have been found to 

evolve in a series of multiple particles intermediates before arriving to its final maturation; 

early nucleolar (States I, II, and III), and three late-stage particles (nucleolar, nuclear, and 

nucleo-cytoplasmic) (Sanghai, 2017; Ma, 2017; Wu, 2016; Barrio-Garcia, 2016). 

Interestingly, early nucleolar pre-60S intermediates incorporate the unprocessed 27SB 

rRNA, an upstream product of the mature 25S found in S. cerevisiae. Based on the 

maturation model of rRNA previously presented in mammalian cells, this transcript situated 

between the 32S rRNA and that of the 28.5S. Cryo-EM has revealed a high-resolution 

structure of the early nucleolar pre-60S particle validated this interaction and has also 

identified 21 ribosome assembly factors such as Ebp2, Mak11, and Ytm1 (Sanghai, 2017). 

Furthermore, three states of this particle were observed at 4.3Å, 3.7Å, and 4.6Å respectively. 
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State I clearly shows the density of ITS2, domains I and II alongside the 5.8S rRNA. The 

visualization of state 2 demonstrates an open architecture containing domains I, II, and VI 

that are exposed of the solvent side of the pre-60S subunit along with a series of 8 ribosome 

assembly factors known to play a vital role in prevention of ribosomal diseases (Sanghai, 

2017). Assembly factors creating the Brx1-Ebp2 complex (Brx1/Rpf1 and 

Ebp2/Mak16/Rrp15) create a ring-like structure and halt premature RNA-protein and RNA-

RNA interactions to the particle, thus decreasing the possibility of the formation of a 

premature large subunit (Sanghai, 2017). Interestingly, state three loses an ordered domain 

VI but gains the domain III. During the transition of each phase, the pre-60S particle interacts 

with various assembly factors and slowly incorporates ribosomal proteins amongst these 

changes in conformation. For instance, Rpf1 creates a structural support between domains I 

and II thanks to its capacity to bind Mak16, Rrp1 and Nsa1. During state 2, the position of 

Ssf1-Rrp15 along with its interaction with Rrp14 is extremely important for the identification 

of PET intermediates. This interaction allows the domains I and IV to flank either side of the 

PET. In contrast, these proteins along with domain IV are highly disordered which allows 

for PET to interact with Erb1 and domain III. Interaction of domain III and VI allows the N-

terminus of Nog1 to insert itself into the PET recruiting Rpl31 displacing Ssf1-Rrp15 once 

in for all from the PET. The addition of domain V and 5S rRNA allows for domain I-V 

interaction and thus releases Brx1-Ebp2 complex. The recruitment of Rix7 and Mdn1 further 

removes Rrp1, Rpf1, Mak16, Erb1 and Ytm1 assembly factors, subsequently releasing 

Nop16 and Has1 to make way for the binding of Nop53 thus creating the late-nucleolar Nog2 

particle (Kressler, 2008; Baler, 2010).  
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Figure 4. Model 2: Maturation of the eukaryote early-60S nucleolar states, adapted from Kater, 

2017. A simplified schematic representation of the maturation of the early-60S particle. The 

pre-60S is subject to six early nucleolar states (A-F) before export into the cytoplasm for its 

final maturation.  

 

The Kater group opposes the nomenclature previously published and has decided to classify 

the maturation of the pre-60S subunit into six states, A-F, before reaching its mature form in 

the cytoplasm. Thanks to their Cryo-EM model, they were able to observe a much more 

detailed process than that proposed in the early nucleolar states 1-3 mentioned above. Using 

this model, forms A-C show a typical arch-like morphology which is formed by the ITS2 

still present on the 27SB and by the clustering of factors Cic1/Nsa3, Nop7, Nop15, and Rlp7, 

also known as the A3 cluster. In addition, the A-C intermediates contain the N terminus of 

Erb1 instead of Nop53 observed in the mature 60S subunit. Near the end of the development 

of state C, domains I, II and VI are clearly presented along with 21 r-proteins along with the 

foot containing Nop15, Cic1, Nop7, Rlp7 and Nop53 (Wu, 2016). The intermediate D begins 

the visual shift from the arch-like morphology previously shown to a more globular state. In 

this current state, it now contains the domain III, parts of the domain V, and a fully mature 

25S rRNA, yet the apparition of the PET is still to remain unseen. It isn’t until stage E in 

which the tunnel is formed by the incorporation of nine additional r-proteins and five 
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assembly factors (Nip7, Noc3, Nop2, Spb1, and Ytm1). Interestingly, states D and E are 

quite similar, except that state E no longer binds Nsa1 and instead has been replaced by r-

protein L27a (uL15), making way for the construction of the PET. Contrary to their assumed 

model, the CP is not visualized during the E state, it is only seen in the final state F, similar 

to that of the nucleo-cytoplasmic stage that will be explored below, before full maturation of 

the 60S subunit after the 5S is stably incorporated. That being said, we are able to clearly 

visualize the L1 stalk at the end of the E state, yet it is important to note that its L1 stalk is 

strongly displaced for its localization in the mature form. The prevention of this final 

displacement is led by a set of maturation factors (Ebp2, Noc3, Nop2, Nip7, and Nsa2) that 

chaperone the L1 stalk, the displacement of the L1 stalk can only occur once these factors 

dissociate from the pre-60S particle (Bradatsch, 2012; Leidig, 2014; Wu, 2016). The binding 

of assembly factors and r-proteins to the foot during state E and D play a key part in the 

maturation of the pre-60S particle while also explaining why we are no longer able to 

visualize this protrusion in its mature form. It interacts with Nop7, Erb1, Nop16, Has1, and 

eL36 to further wrap around the pre-60S particle and bind to Spb1, Noc3, Ebp2 and Brx1, 

enabling interaction with domains I, III and IV (Kater, 2017). Interestingly, the Kater group 

has decided not to divide this final maturation step into the three late-stage particles, yet, 

their model shares the same basic principles.  

 

Following the formation of the late nucleolar stage of pre-60S maturation mentioned by the 

Shanghai laboratory, the maturation model corresponds to what is typically detailed in the 

literature. The maturation of the pre-60S is finally achieved in the cytoplasm, its export is 

achieved by the coordinated release of the guanosine triphosphatase GTPase Nog2 as well 

as Mrt4 allowing for the recruitment of the export adaptor Nmd3, by remodeling the PTC, 

and the binding of export receptor Mex67-Mtr2, respectively. (Matsuo, 2014; Sarkar, 2016; 

Ma, 2017). Though we must not underestimate the importance of Nog2 in the processing 

events of the pre-60S subunit, it aids in the rotation of the 5S rRNA, the construction and 

cleavage of ITS2, as well as the coordination of multiple assembly factors (Leidig, 2014; 

Matsuo, 2014; Wu, 2016) The C-terminus of Nmd3 contains a nuclear-export-signal 

sequence which allows for the association of the pre-60S particle to Crm1 (Fung, 2014; Ma, 

2017). Once in the cytoplasm, the removal of assembly factors and the addition of one last 
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wave of r-protein push the maturation forward, including r-protein L10 (uL16) and the 

GTPase Lsg1 are integrated to the particle, Nmd3 along with other assembly factors can 

finally be released from its active site (Wu, 2016; Ma, 2017). The PET is then filled with the 

C-terminal of Nog1 and Arx1-Alb1, also known as the Arx1 particle, is able to bind to the 

ribosomal exit site (Lo, 2010; Bradatsch, 2012; Wu, 2016). Unfortunately, details after the 

formation of the Arx1 particle are less clear. One can speculate that this conformation 

changes along with the addition of domain V in state D using the Kater model, enables the 

late acting CP and to take shape next to the PTC. In prokaryotes, the PTC active site, where 

protein bond formation and peptide release occurs, is located at the bottom of the interface 

of the large subunit underneath the CP and is surrounded by the central loop of domain V 

(Ban, 2000; Polacek and Makin, 2005) Finally, during the final stage of protein maturation, 

the lateral P stalk is a pentameric complex that is formed thanks to its association with r-

proteins (eL11 and eL10) and P proteins (eP1 and eP2) necessary for the communication 

between ribosomes and the translation/elongation of newly synthesized proteins (Santos and 

Ballesta, 1994; Huang, 2010; Mitroshin, 2016). The mature 60S with its mature L1 stalk, P 

stalk, CP and a fully functional PTC is now ready to associate with the fully mature 40S 

subunit to ultimately form the 80S ribosome.  

 

Contrary to the 60S particle, the maturation and export of the 40S is much less complicated. 

The export of the 40S subunit is still Crm1 dependant but does not contain a specific nuclear 

export signal (NES) containing export factor like Nmd3 as we saw during 60S export (Fung, 

2014; Nerurkar, 2015). That being said, assembly factors Ltv1 and hRio2 are known to 

associate with Crm1 and facilitate the export of the pre-40S particle (Zemp, 2009). The 

leucine-rich NES region on Ltv1 is able to bind to the pre-40S particle as well as CRM1, 

serving as a Crm1 mediated export adaptor (Ito, 2001; Seiser, 2006). hRio2 has been also 

identified as a NES-containing pre-40S adaptor, with its leucine-rich region in the C-

terminus of the gene mediates Crm1 interaction in a RanGTP-dependant manner (Zemp and 

Kutay, 2007). Interestingly, the interaction between Crm1 and pre-40S associated hRIO2 is 

facilitated by the RanGTP-binding protein, Slx9. This protein was found to optimize the 

RanGTP and NES placement of hRIO2 for CRM1 recognition and thus increasing the rate 

of mature 80S complex formation (Fischer, 2015). Finally, Yrb2, yet another RanGTP-
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binding protein, has been identified for pre-40S export via its interaction with the pre-40S 

export factors Mex67 and Mtr2 (Faz, 2012). Yrb2 interacts with Crm1 along with RanGTP 

similar to the function of Slx9, suggesting a pre-40S export model that is quite redundant 

(Ferreira-Cerca, 2012; Maurer, 2001). Once the pre-40S is exported into the cytoplasm, it 

undergoes two final maturation steps. The first is a structural rearrangement of the beak 

structure observed in the mature 40S subunit (Nerurkar, 2015). The coordinated release of 

assembly factors Enp1, Ltv1, Rio2, Tsr1 etc, along with the dephosphorylation of r-protein 

S3 (uS3) allows for the formation of the mature beak structure (Schafer, 2006).  It is 

important to note that these are not only important during nuclear export, but also play a vital 

role in preventing the premature formation of the 80S subunit (Karbstein, 2011). The second 

maturation step is the cleavage of the 20S pre-rRNA into the 18S, thanks to the endonuclease 

Nob1 as detailed during the rRNA processing section above (Petri, 2013; Sloan, 2013; 

Nerurkar, 2015). Once maturation of both subunits is finally achieved, the mature subunits 

can finally associate together. Interestingly, the 80S ribosome goes through one last 

conformational change before reaching full maturity. A recent study shows that one last 

ribosomal protein, eS26, replaces the assembly factor Pno1 giving rise to a mature ribosome 

decoding center (Ameismeier, 2018).  

 

1.3.3 Quality control and surveillance 

 

As briefly mentioned above, the assembly factors recruited during the pre-40S and pre-60S 

assembly are vital for the maturation of their respective subunits. However, these maturation 

steps also play a role as key quality control checkpoints during ribosome surveillance and 

assembly. The main objective of these mechanisms is to ensure that only mature, fully 

functional ribosomes perform translation. In order to block premature translation, assembly 

factors are employed to block r-protein binding, thus preventing the binding of several 

translation initiation factors. Even with these translation blocking mechanisms in place to 

assure proper pre-subunit assembly, it is impossible to distinguish between functional and 

non-functional ribosome. Thankfully, the ribosome has further ways to recognize functional 

ribosomes from their non-functional counterparts. Unfortunately, to date, most of these 

mechanisms have been detailed in yeast, such as Saccharomyces (S.) cerevisiae. A 
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translation-like cycle has been put in place in order test the functionality of nascent ribosomal 

subunits (Karbstein, 2013). It is unclear if this cycle performs quality control checks on the 

60S subunit. However, the translation-like cycle is able to search for key sites on assembling 

40S subunits, asses the ability to bind and position the large subunit, carry out eIF5B 

activation, determine if Dom34-Rli1 complex should be recruited to the 80S-like ribosome, 

and assure proper maturation of the 80S (Strunk, 2011; Lebaron 2013; Van Den Elzen, 2014).  

 

The ribosome is able to swiftly test its functionality by evaluating its capacity to bind r-

proteins, assembly factors, and translation factors (Karbstein, 2013). One of the ways to do 

so is to test ligand binding in nascent ribosomes. The binding of rpS15/rpS18 and rpS5/rpS28 

to the head of the pre-40S subunit is crucial for ensuring further processing of the particle 

(Léger-Silvestre, 2004; Ferreira-Cerca, 2005). Without the interaction of these r-proteins to 

the pre-40S late-nucleolar subunit the early intermediates remain in the nucleus and cannot 

be exported into the cytoplasm. During pre-40S maturation in the cytoplasm, seven assembly 

factors contribute to blocking essential translation initiation factors, indirectly stalling pre-

40S maturation (Karbstein, 2013). For example, Enp1 and Ltv1 inhibit the binding of r-

protein S10, thus preventing the opening of the mRNA channel (Strunk, 2011). Interestingly, 

these assembly factors not only block their counterpart r-proteins but also prevent the mature 

60S from joining the mature 40S subunit. The recruitment of Dim1 near the decoding site 

helix, which contains multiple contact points for the 60S subunit, causes steric hindrance to 

the site impeding the formation of the pre-80S (Xu, 2008; Strunk, 2011). The recruitment of 

assembly factors Tsr1, known for blocking eIF1A recruitment, and Pno1, described for 

blocking eIF3 binding, to the pre-40S subunit allow for critical rearrangements to the 

decoding site helix (Passmore, 2007; Strunk, 2011; Karbstein 2013). Once these 

rearrangements have been carried out along with the dissociation of Ltv1, the GTPase eIF5B 

is then able to promote 60S-40S binding (Strunk, 2011; Lebaron, 2013). Interestingly, four 

of the seven assembly factors (Dim1, Nob1, Pno1, and Rio2) are conserved in archaea, 

suggesting that the quality control mechanism observed in eukaryotes are evolutionarily 

conserved throughout species (Karbstein, 2013).  
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In parallel, the pre-60S subunit has its own set of barriers to clear before its assembly to the 

40S. As previously mentioned, assembly factor Nmd3 is recruited to the 60S subunit 

interface before its export into the cytoplasm (Fung, 2014; Ma, 2017) By doing so, Nmd3 is 

not only acting as an anchor for Crm1 binding but also as a key player in blocking the 

formation of the 80S ribosome (Sengupta, 2010). Mtr4 binding in the late stages of nuclear 

pre-60S assembly is also known to impede the interaction of the subunits by stalling the 

maturation of the P stalk. The binding of Mtr4 consequently inhibits ribosomal GTPases 

needed for the association of 60S subunits to 40S (Panse and Johnson, 2010). Moreover, 

proper formation of the pre-60S exit tunnel carried out by the Arx1 particle is essential for 

pre-60S export. Though, as previously stated, little is known about the conformational 

changes to the pre-60S caused by the Arx1 particle, it has been shown that Arx1 removal 

requires Jjj1. Jjj1 bound to Arx1 enables the recruitment of Ssa Adenosinetriphosphatase 

(ATPase) to dislodge Arx1 from its binding site on the exit tunnel. This action enables the 

activation of the signal recognition particle, an essential protein that directs the ribosome-

mRNA-polypeptide to the membrane of the endoplasmic reticulum during translation, 

previously blocked by Arx1 (Greber, 2012). Finally, if all else fails, Dom34 and Rli1 bind 

to the 80S-like ribosome in a last-ditch effort to rid the cell of non-functional 80S ribosome. 

Binding of the Dom34-Rli1 complex marks ribosomes for No-Go decay and also allows the 

dissociation of the pre-40S from the 60S subunit (Van Den Elzen, 2014). If ribosomes are 

deemed functional, there is no need for the discard pathways and the ribosome can enter its 

final maturation stage, where Pno1 is exchanged in favor of eS26 (Ameismeier, 2018). The 

fully operational 80S is now free to perform its duties in the cell.  

 

1.4 Dedicated chaperone proteins  

 

During ribosome assembly, millions of nascent r-proteins need to be imported into the 

nucleus for incorporation into pre-ribosomal particles (Warner, 2001). Though the definition 

of a chaperone can be at sometimes vague, the most current use of the term pertains to a 

molecules capability to associate with translating ribosomes and assist in the maturation of 

its newly synthesized polypeptides (Willmund, 2013). That being said, multiple studies have 

observed a general chaperone network that aids in the folding and the protection of r-proteins 
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(Huang, 2005; Koplin, 2010; Willmund, 2013). The general chaperone system first binds the 

nascent polypeptide chain by means of the nascent polypeptide-associated complex (NAC). 

Next, NAC recruits the SSB-RAC, a complex containing an ATP-dependent Hsp SSB 

protein along with the ribosome-associated complex (RAC). Together, they ensure proper 

co-translation folding of the emerging RNA and protecting from degradation and unwanted 

aggregation (Wang, 1995). Although importin -like receptors and the general chaperone 

network have been shown to be involved in r-protein nuclear import (Jakel and Gorlich, 

1998), the mechanistic details underlying the recognition of the 79 r-proteins by a few 

nuclear import receptors has remained poorly understood. Moreover, their presence alone 

does not seem sufficient enough to safeguard newly transcribed r-proteins.  

 

Recently, it has been demonstrated that r-proteins use dedicated chaperones that are recruited 

in the cytoplasm to coordinate their folding, nuclear export, and incorporation into ribosomal 

subunit precursors (Pausch, 2015; Stelter, 2015; Mitterer, 2016; Pillet, 2017). In S. 

cerevisiae, Syo1 has been shown to mediate the co-import of r-protein L5 (uL18) and uL5 

via the import receptor Kap104 (Kressler, 2012; Pausch, 2015). Similarly, the Ankyrin-

repeat protein Yar1 is recruited to nascent uS3 co-translationally and protects uS3 from 

aggregation thanks to its capacity to shield the positively charged uS3 protein from cellular 

debris. Yar1 has also been shown to shuttle between the cytoplasm and the nucleus by means 

of the export receptor Xpo1 (Fig. 5). This ultimately allows uS3 to be safely imported into 

the nucleus for pre-40S incorporation (Holzer, 2013; Pausch, 2015). As yet, however, only 

a few dedicated r-protein chaperones have been identified, mostly in the budding yeast S. 

cerevisiae (Pillet, 2017). Though, the necessity of dedicated chaperones to escort nascent r-

proteins appears to be evolutionarily conserved, as demonstrated by binding of Bcp1 and its 

human homolog, BCCIP, to r-protein L23 (uL14) in S. cerevisiae and human cells, 

respectively (Wyler, 2014). Importantly, several of the dedicated chaperones proteins found 

in S. cerevisiae have human homologs. Unfortunately, further studies need to be completed 

in order to confirm their functional conservation (Pillet, 2017).  
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Figure 5. Yar1’s dedicated chaperone protein models. Schematic representation of importin, 

Xpo1, interacting post-translationally to co-translationally bound uS3-Yar1 complex before 

interacting with pre-40S ribosomal subunits in the nucleus. 

 

1.5 Extra-ribosomal functions 

 

In addition to their role in the ribosome, r-proteins have been reported to form complexes 

outside the ribosome (Lindstrom, 2009; Warner, 2009). To date, most of the documented 

extra-ribosomal functions are involved in either auto-regulation of r-protein production or 

surveillance of ribosome synthesis (Warner, 2009). uS3 and r-protein S13 (uS15) are known 

to regulate their own gene expression, using negative feedback loop, by inhibiting the 

splicing signals within intron 1 of its pre-mRNA and targeted for nonsense-mediated mRNA 

decay (NMD) (Cuccurese 2005; Maylgin, 2007). Thanks to advances in mass spectrometry 

and cryo-EM, Receptor of Active C Kinase (RACK1) was found to interact with not only r-

proteins but to the head of the 40S subunit (Sengupta, 2004). Though RACK1 has been 

classified and known to associate with r-proteins, it is not a permanent member of the 

ribosome (Baum, 2004). RACK1’s extra-ribosomal function remained unclear up until 

recently. It has now been shown that RACK1 is involved in the ribosome-associated quality 

control pathway by screening for poly(A)-induced stalled ribosomes, recruiting ZNF598 and 

its mediated site-specific regulatory ubiquitylation of 40S ribosomal proteins (RRub) events, 

and marking them for degradation (Sundaramoorthy, 2017). 

 

Interestingly, uL18 and uL5, previously detailed above for having their own chaperone 

proteins, have also been greatly studied for their response during nucleolar stress. 

(Lindstorm, 2007, Nicolas, 2015) These proteins have been shown to associate with the 
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Murine Double Minute 2 (MDM2) protein, which can bind and promote p53 ubiquitination, 

ensuring rapid p53 degradation. Under normal cellular conditions, this tightly controlled 

mechanism can effectively suppress tumor formation. Accordingly, growth conditions that 

affect ribosome assembly cause the accumulation of free uL5 and uL18. By sequestering 

MDM2 and disabling its E3 ligase activity, these r-proteins interfere with p53 degradation 

resulting in cell cycle arrest or apoptosis. (Lohrum, 2003; Dai, 2004; Linstrom, 2007; Horn, 

2008). These results lead to further studies examining the damage disproportional levels of 

r-proteins could have on the cell and their implication in diseases.  

 

1.5.1 Ribosomopathies  

 

The emergence of r-proteins linked to diseases in human, now more commonly known as 

ribosomopathies, lead us to re-examine the way we look at r-proteins. Once more, 

deregulated r-proteins levels are not only tied to cell cycle arrest or apoptosis, as depicted 

above, but are now synonymous with key clinical phenotypes. Ribosomopathies are typically 

caused by r-protein haploinsufficiency and altered ribosome biogenesis, notably by 

mutations or deletions in r-proteins or their maturation factors (Teng, 2013; Mills and Green, 

2017). This altered rate of ribosome biogenesis decreases the overall production of mature 

ribosomes and thus decreases the rate of protein synthesis and cellular proliferation (Narla 

and Ebert, 2010). Diamond Blackfan anemia, (DBA) the first discovered ribosomopathy, is 

caused by mutations in ribosomal protein S19 (eS19) characterized hypoplastic, macrocytic 

anemia. Mutations in eS19 are only characterized in 25% of affected by DBA, since then 

additional candidates have been associated to the disease (Danilova and Gazda, 2015, 

Nakhoul, 2014). Deletion of r-proteins associated to the large subunit, including r-protein 

L35a (eL33), uL18 and uL5 creates an unbalance in the number of 60S subunits and reduces 

overall levels of 80S ribosome. Interestingly, the phenotypes observed in DBA patients is 

highly variable. For instance, those affected by uL18 mutations tend to have oral cleft 

abnormalities whereas those affected by uL5 mutations seem to have thumb abnormalities 

(Nakhoul, 2014). Moreover, interstitial deletions along the long arm of chromosome 5 

eliminates an allele of the r-protein S14 (uS11) creates a subtype of myelodysplastic 

syndrome. The haploinsufficiency expression of the gene leads to the discovery of 5q-
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Diamond Blackfan anemia, named due to its similar phenotype with Diamond Blackfan 

anemia. These seemingly small changes increase apoptosis in erythroid cells of the bone 

marrow and lead to p53-mediated apoptosis (Teng, 2013). 

 

As our understanding of r-proteins develops, more and more ribosomopathies are emerging. 

Some of these include Shwachman-Diamond syndrome and Treacher Collins syndrome, 

caused by a deregulation of SBDS and TCOF1, respectively (Warner, 2009; Narla and Ebert, 

2010; Nakhoul, 2014; Danilova and Gazda, 2015) Both of these diseases present specific-

associated clinical features; neutropenia, pancreatic insufficiency and short stature are 

observable phenotypes of those effected by Shwachman-Diamond syndrome, whereas those 

with Treacher Collins syndrome present craniofacial abnormalities exclusively (Nakhoul, 

2014). Over the last decades many diseases have been linked to r-proteins, we must continue 

to study their role to continue to debunk their extra-ribosomal functions.  

 

1.5.2 Unknown extra-ribosomal function  

 

In addition, there are clear indications that implicate r-proteins in extra-ribosomal 

complexes, but for which the function remains elusive (Warner, 2009). This is the case for 

r-protein S2 (uS5), which has been shown to form an extra-ribosomal complex with the 

protein arginine methyltransferase 3 (PRMT3) in the fission yeast Schizosaccharomyces 

pombe and mammalian cells (Bachand, 2004; Swiercz, 2005). Recently, we have reported 

that the human PRMT3-uS5 complex can also recruit the programmed cell death protein 2 

(PDCD2) and PDCD2-like (PDCD2L) (Landry-Voyer, 2016). The existence of a similar 

complex in flies is also supported by results from a high-throughput two-hybrid screen, 

showing interactions between homologs of PRMT3 (Art3), uS5 (Sop), PDCD2 (ZFRP8), and 

PDCD2L (Trus) in Drosophila (Giot, 2003; Minakhina, 2016). Interestingly, co-

immunoprecipitation assays in both PDCD2 and PDCD2L expressing cell lines suggest that 

they form distinct uS5-PRMT3 complexes. PDCD2L was not detected in a PDCD2 

purification, and reciprocally, PDCD2 was not identified as a PDCD2L-associated protein 

(Landry-Voyer, 2016). Based on our findings, we proposed a model in which uS5 

coordinates PRMT3 and PDCD2/PDCD2L binding (Fig. 6). 
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Figure 6. Proposed uS5-extra-ribosomal interacting network. Schematic representation of the top 

extra-ribosomal uS5 protein interactors based on in laboratory experiments and high-

throughput two-hybrid screening in Drosophila.  

 

1.6 Proposed approach  

 

With the goal of getting a comprehensive view of the human uS5 protein interaction network, 

we used quantitative proteomics to identify additional uS5-associated proteins. Notably, we 

identified a conserved C2H2 zinc finger protein, ZNF277, as a novel uS5-associated protein. 

By means of a duel-expression vector in E. coli, we were able to validate that ZNF277 

directly binds with uS5.  Bimolecular fluorescence complementation assays revealed that the 

uS5-ZNF277 complex are located in the cytoplasm and nucleolus. Using site directed 

mutagenesis, as previously done for PRMT2, we found that the most C-terminal zinc finger 

domain of ZNF277 is critical for a stable interaction with uS5. Importantly, our data indicates 

that ZNF277 and PRMT3 compete for the same binding site on uS5, suggesting an intricate 

protein-protein model in which uS5 acts as the core protein of these extra-ribosomal 

complexes. Furthermore, our research has revealed that the uS5 mRNA is significantly 

enriched in ZNF277 precipitates, suggesting that ZNF277 is recruited co-translationally by 

nascent uS5. Unfortunately, polysome profile assays using siRNAs against ZNF277 did not 
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affect ZNF277 capacity to interact with uS5, contrary to the results published in similar 

studies regarding chaperone proteins. Understanding the role and the evolutionary 

significance and the role of these distinct extra-ribosomal uS5 complexes remains essential 

to expanding our knowledge of r-proteins beyond the ribosome. 
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Figure 5. The creation of cells lines (shNT, shuS5-1 and shuS5-10) in Figure 5A was thanks 

to the work of Danny Bergeron. Experiments for Figures 5A-C were performed by myself.  

Figure 6. The creation of GFP-PRMT3 cell line in Figure 1A was performed by Anne-Marie 

Landry-Voyer. The creation of GFP-ZNF277 m.5 cell line in Figure 1C was carried out by 

myself. Experiments for Figure 6A and 6B were performed by both Anne-Marie Landry-

Voyer and myself 50:50. Experiments for Figure 6C and 6D were carried out by Danny 

Bergeron.  

Figure 7. Figure 7A and B were performed by Anne-Marie Landry-Voyer and myself 

(90:10). 

Figure 8. Schematization of the interaction network of uS5 in Figure 8 was realized by 

experiments done by Anne-Marie Landry-Voyer, Danny Bergeron, and myself (28:15:57) 
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Supplementary Figures: 

Sup. Figure 1. Experiments for Supplementary Figure 1 was performed by myself. 

Sup. Figure 2. Research and Analysis for Supplementary Figure 2 was carried out by myself. 

Sup. Figure 3. Experiments for Supplementary Figure 3 was carried out by Danny Bergeron 

(Fig. 3C).  

Sup. Figure 4. Experiments for Supplementary Figure 4 was performed by both Danny 

Bergeron and myself (50:50).  

 

Supplementary Data: 

Sup. Data 1. The experiment for Supplementary Data 1 was performed by Danny Bergeron 

and myself (Fig. 1A). Analysis of the Data was carried out by myself.  

Sup. Data. 2. The experiments and analysis for Supplementary Data 2 were carried out my 

myself.  

Sup. Data. 3. The experiments and analysis for Supplementary Data 2 were carried out my 

myself. 
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RÉSUMÉ 

Les protéines ribosomales (r-protéines) sont généralement perçues comme des protéines 

ubiquitaires et constitutives, dont la fonction est simplement de maintenir l’intégrité du 

ribosome. Cependant, ces dix dernières années, des travaux ont soulevés l’idée que les r-

protéines auraient d’autres fonctions spécialisées en dehors du ribosome. Par exemple, la 

protéine ribosomale uS5 (PRS2) du ribosome 40S forme un complexe extra-ribosomal avec 

la protéine arginine méthyltransférase PRMT3, qui est conservé entre les levures à fission et 

les humains. Dans cette étude, la protéine conservée à doigt de zinc 277 (ZNF277) a été 

identifié comme une nouvelle protéine associée à uS5 en utilisant une approche de 

protéomique quantitative dans des cellules humaines. De la même façon que pour PRMT3, 

il a été démontré que ZNF277 utilise un domaine à doigt de zinc de type C2H2 pour 

reconnaître uS5. L’analyse d’interaction protéine-protéine dans des cellules en culture 

indique que le complexe ZNF277-uS5 est présent dans le cytoplasme et le nucléole. De 

manière intéressante, il a été montré que ZNF277 et PRMT3 sont en compétition pour la 

liaison avec uS5. En effet, la surexpression de PRMT3 inhibe la formation du complexe 

ZNF277-uS5 alors que la suppression du ZNF277 induit l’augmentation du niveau de uS5-

PRMT3. Bien que les résultats indiquent que ZNF277 a la capacité de reconnaître les 

nouveaux uS5 de manière co-traductionnelle, des essais fonctionnels supportent qu’il soit 

peu probable que ZNF277 agissent comme une chaperonne dévouée à escorter uS5 vers les 

précurseurs du 40S. Ces résultats dévoilent un réseau complexe d’interaction protéine-

protéine, conservé dans l’évolution, et qui implique un uS5 extra-ribosomal. Cela suggère 

ainsi un rôle clef d’uS5 en dehors du ribosome.   
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ABSTRACT 
Ribosomal proteins (r-proteins) are generally viewed as ubiquitous, constitutive proteins that 

simply function to maintain ribosome integrity. Findings in the past decade, however, have 

led to the idea that r-proteins have evolved specialized functions beyond the ribosome. For 

instance, the 40S ribosomal protein uS5 (RPS2) forms an extra-ribosomal complex, which 

is conserved from fission yeast to humans, with the protein arginine methyltransferase 

PRMT3. In this study, we identify the conserved Zinc Finger Protein 277 (ZNF277) as a new 

uS5-associated protein by using quantitative proteomics approaches in human cells. As 

previously shown for PRMT3, we found that ZNF277 uses a C2H2-type zinc finger domain 

to recognize uS5. Analysis of protein-protein interactions in living cells indicated that the 

ZNF277-uS5 complex is found in the cytoplasm and the nucleolus. Interestingly, we show 

that ZNF277 and PRMT3 compete for uS5 binding, as overexpression of PRMT3 inhibited 

the formation of the ZNF277-uS5 complex, whereas depletion of cellular ZNF277 resulted 

in increased levels of uS5-PRMT3. Although our results indicate that ZNF277 has the 

capacity to recognize nascent uS5 in a co-translational manner, functional assays argue that 

ZNF277 is unlikely to function as a dedicated chaperone that escorts uS5 to 40S precursors. 

Our findings unveil an intricate network of evolutionarily conserved protein-protein 

interactions involving extra-ribosomal uS5 suggesting a key role for uS5 beyond the 

ribosome.  
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INTRODUCTION 
The ribosome is a large and complex molecular machine responsible for coordinating protein 

synthesis. In eukaryotes, the mature 80S ribosome is composed of two independent subunits: 

the small (40S) and large (60S) subunits that individually consist of an elaborated assortment 

of ribosomal RNAs (rRNA) and ribosomal (r)-proteins. Specifically, the 40S subunit 

contains 33 r-proteins assembled around the 18S rRNA, whereas the 60S subunit is 

constituted of three different rRNAs (28S, 5.8S, and 5S) along with 46 r-proteins (1). Thanks 

to recent advances in protein structure determination approaches, unprecedented insights into 

how individual r-proteins and rRNAs are arranged into this exceptionally complex RNA-

protein structure have been disclosed, helping to further our understanding of mRNA 

translation (2).  

Production of a ribonucleoprotein particle of such complexity is one of the most 

energetically demanding process in eukaryotic cells, involving the activity of all three RNA 

polymerases (RNAPI, II, and III) as well as over 300 different proteins that function in 

ribosome assembly (3,4). Throughout ribosome production, genes encoding r-proteins and 

maturation factors are transcribed by RNAPII and the resulting mRNAs are exported out of 

the nucleus for translation in the cytoplasm; yet, most of the translated protein products need 

to be imported back into the nucleus for assembly into pre-40S and pre-60S subunits (1,3,4). 

In parallel, as part of ribosomal subunit assembly in the nucleolus, transcription of rDNA 

loci by RNAPI produces a primary rRNA transcript (47S) that is co-transcriptionally 

processed into mature 28S, 18S, and 5.8S rRNAs via various endonucleolytic and 

exonucleolytic ribonuclease machineries alongside hundreds of maturation factors and r-

proteins (5,6). Ultimately, 40S and 60S precursor particles are exported out of the nucleus 

via independent export pathways for final maturation steps in the cytoplasm (1).  

During ribosome assembly, millions of nascent r-proteins need to be imported into 

the nucleus for incorporation into pre-ribosomal particles (7). Although importin -like 

receptors have been shown to be involved in r-protein nuclear import (8), the mechanistic 

details underlying the recognition of the 79 r-proteins by a few nuclear import receptors has 

remained poorly understood. Recently, it has been demonstrated that r-proteins use dedicated 

chaperones that are recruited in the cytoplasm to coordinate their folding, nuclear export, and 

incorporation into ribosomal subunit precursors (9-12). In S. cerevisiae, Syo1 has been 
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shown to mediate the co-import of r-protein L5 (uL18) and r-protein L11 (uL5) via the import 

receptor Kap104 (10,13). Similarly, the Ankyrin-repeat protein Yar1 is co-translationally 

recruited to nascent r-protein S3 (uS3) and protects uS3 from aggregation as well as escorts 

uS3 into the nucleus (10,14,15). The necessity of dedicated chaperones to escort nascent r-

proteins appears to be evolutionarily conserved, as demonstrated by binding of Bcp1 and its 

human homolog, BCCIP, to r-protein L23 (uL14) in S. cerevisiae and human cells, 

respectively (16,17). As yet, however, only a few dedicated r-protein chaperones have been 

identified, mostly in the budding yeast S. cerevisiae (18).  

In addition to their role in the ribosome, r-proteins have been reported to form 

complexes outside the ribosome (19,20). To date, most of the documented extra-ribosomal 

functions are involved in either auto-regulation of r-protein production or surveillance of 

ribosome synthesis (20). In mammalian cells, several r-proteins, including uL5, uL11, and 

uL14, have been shown to associate with the Murine Double Minute 2 (MDM2) protein, 

which can bind and promote p53 ubiquitination, ensuring rapid p53 degradation. 

Accordingly, growth conditions that affect ribosome assembly cause the accumulation of 

free uL5, uL11, and uL14, which interfere with p53 degradation by sequestering MDM2, 

resulting in cell cycle arrest or apoptosis (21-25). In addition, there are clear indications that 

implicate r-proteins in extra-ribosomal complexes, but for which the function remains 

elusive. This is the case for r-protein S2 (uS5), which has been shown to form an extra-

ribosomal complex with the protein arginine methyltransferase 3 (PRMT3) in the fission 

yeast Schizosaccharomyces pombe and mammalian cells (26,27). The existence of a similar 

complex in flies is also supported by results from a high-throughput two-hybrid screen, 

showing interactions between Drosophila homologs of PRMT3 (Art3) and uS5 (Sop) (28). 

Recently, we have reported that the human PRMT3-uS5 complex can also recruit the 

programmed cell death protein 2 (PDCD2) and PDCD2-like (PDCD2L) (29). Specifically, 

biochemical analysis revealed that PDCD2 and PDCD2L form distinct complexes with uS5-

PRMT3, as PDCD2L was not detected in a PDCD2 purification, and reciprocally, PDCD2 

was not identified as a PDCD2L-associated protein (29). Interestingly, the uS5-PDCD2 

interaction has been also observed in Drosophila (30). 

With the goal of getting a comprehensive view of the human uS5 protein interaction 

network, we used quantitative proteomics to identify additional uS5-associated proteins. 
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Notably, we identified a conserved zinc finger protein, ZNF277, as a novel uS5-associated 

protein that directly interacts with uS5. Bimolecular fluorescence complementation assays 

revealed that the uS5-ZNF277 complex is located in the cytoplasm and the nucleolus. We 

also found that the most C-terminal zinc finger domain of ZNF277 is critical for a stable 

interaction with uS5. Importantly, our data indicate that ZNF277 is recruited co-

translationally by nascent uS5 and that ZNF277 and PRMT3 compete for the same binding 

site on uS5. Our findings have uncovered ZNF277 as a novel protein that forms an extra-

ribosomal complex with the 40S ribosomal protein uS5.  
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MATERIAL AND METHODS 
Cell culture. HEK 293FT, U-2 OS, and HeLa cells were grown in Dulbecco’s modified 

Eagle’s medium (DMEM) supplemented with 10% of tetracycline-free fetal bovine serum 

(FBS). Inducible expression of GFP, GFP-PRMT3, GFP-ZNF277, GFP-ZNF277 mutant #5, 

BirA and BirA-ZNF277 was achieved by flippase-mediated recombination in HEK 293-FT 

and/or in U-2 OS-FT cells, as previously described (31). Inducible lentiviral shRNA-

expressing cells were generated using the pTRIPZ lentiviral inducible vector (GE 

Healthcare). Induction of GFP-tagged proteins was achieved with 500 ng/mL of doxycycline 

for 48h, whereas the induction shRNA cells lines was achieved with a 72-96h incubation 

with doxycycline. Induction of BirA-tagged proteins was achieved with 50uM biotin for 24h. 

siRNAs were transfected with Lipofectamine 2000 at a final concentration of 25nM 

(siControl and siZNF277) or 32 nM (siuS5) for 72 h. 

 

SILAC and BioID. For SILAC and BioID experiments, proteins were metabolically-labeled 

with stable isotopes of arginine and lysine in cell culture, as previously described (29). 

Briefly, HEK 293-FT cells expressing GFP- or BirA-tagged versions of proteins were grown 

in media containing labeled amino acids. 24-48h after induction with doxycycline (SILAC) 

or biotin (BioID) cells were collected in lysis buffer (50mM Tris-HCL, pH 7.5, 150 mM 

NaCl, 0.1% Triton X-100, 10% glycerol, 2 mM MgCl2, 1 mM dithiothreitol [DTT] and 1X 

Complete protease inhibitor cocktail [Roche]) and incubated at 4°C for 20 min. Lysates were 

centrifuged for 10 min at 13,000 rpm at 4°C and equal amount of proteins were incubated 

with GFP-trap agarose beads from ChromoTek (Martinsried, Germany) or Dynabeads M-

270 Streptavidin (Thermo Fisher) for 3h at 4°C. Beads were then washed 5 times with lysis 

buffer and proteins were subjected to two rounds of elution by adding 100µl of denaturing 

buffer (50 mM Tris-HCl pH 6.8, 2% SDS, 0.1 mM DTT) for 10 min at 90°C. SILAC eluates 

were vaccum concentrated in a speedvac and resuspended in reducing buffer (125 mM Tris-

HCl pH 8.0, 1.25% SDS, 37.5% glycerol, 60 mM DTT, 0.025% bromophenol blue). Gel 

electrophoresis, in-gel digestions, LC-MS/MS, and analysis of SILAC ratios were performed 

as described previously (29). BioID used on-bead digestion with trypsin followed by LC-

MS/MS.  
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Sucrose gradient analysis. To analyze the sedimentation pattern of ZNF277, sucrose 

gradient centrifugation was performed as previously described (26,29). Briefly, 

cycloheximide-treated cells were washed twice with PBS and lysis buffer (10 mM Tris-HCL, 

pH 7.4, 100 mM KCl, 10 mM MgCl2, 1 mM DTT, 1% Triton X-100, Complete protease 

inhibitor cocktail [Roche], 40U/mL RNase OUT [Life Technologies], and 50 µg/mL 

cycloheximide [Sigma Aldrich]) was added directly to a 15-cm dish. Cells were scraped, 

incubated 15 min at 4°C, and centrifuged 10 mins at 4°C. Five percent of the supernatant 

was kept for western analysis of the input and the remainder (5-10 mg of total protein) was 

loaded onto a 5-50% sucrose gradient and centrifuged for 3h at 40,000 rpm in a SW41 rotor 

(Beckman Coulter). The gradient was then fractionated by upward displacement with 55% 

(w/v) sucrose using a gradient fractionator (Brandel Inc.) connected to a UA-6 UV monitor 

(Teledyne Isco) for continuous measurement of the absorbance at 254 nm. 0.6-ml fractions 

were collected, proteins were precipitated with TCA (15% final), and analyzed by western 

blotting. 40S, 60S, and 80S subunits curves were reproduced using WinDaq system and the 

area under the curve was calculated.  

 

Protein analysis and antibodies. Proteins were separated by SDS-PAGE, transferred to 

nitrocellulose membranes, and analyzed by immunoblotting using the following primary 

antibodies: anti-tubulin and anti-Flag (T5168, and F1804, respectively; Sigma-Aldrich); 

anti-PRMT3, anti-PDCD2L, anti-PDCD2 (A302-526A, A303-783A, and A303-599A), 

respectively, Bethyl); anti-PDCD2L (A303-783A; Bethyl); anti-hRRP12 (sc-139043; Santa 

Cruz Biotechnology); anti-RPL17 (GTX111934; GeneTex), and anti-uS5 (RPS2) (a 

generous gift from Dr. Mark Bedford). Membranes were then probed with either a donkey 

anti-rabbit antibody conjugated to IRDye 800CW (926-32213; LiCOR) or a goat anti-mouse 

antibody conjugated to Alexa Fluor 680 (A-21057; Life Technologies). Proteins detection 

was performed using an Odyssey infrared imaging system (LiCOR).  

 

Recombinant proteins. For the co-expression of uS5 and ZNF277 in E. coli, we used the 

pET-duet-1 vector (Novagen) in BL21 DE3 cells. Construct pFB1329 contained the uS5 

cDNA with sequence for a C-terminal Flag tag in the first multiple cloning site (MCS) and 

the ZNF277 cDNA with sequence for a C-terminal His-tag in the second MCS. pFB1340 
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only contained the ZNF277-His cDNA in the second MCS. Pre-cultures of BL21 DE3 cells 

containing either pFB1329 or pFB1340 were diluted in a 1:10 ratio into fresh media 

supplemented with 10M ZnCl2 and incubated 2-3h at 37°C until a DO600nm of 0.5. Cultures 

were then supplemented with 0.5 mM IPTG and 2% EtOH and incubated with shaking at 

18°C overnight. After a 20 min centrifugation at 4000 rpm, cells were resuspended in RIPA 

lysis buffer (10 mM Tris-Cl (pH 8.0), 350 mM NaCl, 1% Triton X-100, 0.1% sodium 

deoxycholate, 0.1% SDS, Complete protease inhibitor cocktail [Roche]) and were treated 

with lysozyme at a final concentration of 1mg/ml. Total extracts and non-lyzed cells were 

then sonicated at 4°C by intervals of 5 secs on, 5 secs off, for a total of 20 times at an 

amplitude of 19%. After sonication, Triton-X 100 was added to a final concentration of 1%, 

incubated 30 mins at 4°C, and centrifuged for 30 mins at 7000 rpm. 10% of the lysate was 

kept as an input for protein analysis. The remainder of the lysate was incubated with Flag 

M2 affinity gel (Sigma Aldrich) for 3h at 4°C. Beads were then washed 5x using RIPA 

buffer. Beads were then subjected to either an elution using Flag wash buffer (50mM Tris 

pH 8.0, 250 mM NaCl, 0.1% Triton X-100, 10M ZnCl2) with 200ug/ul of Flag peptide or 

treated with 2x SDS-PAGE loading dye and heated at 95°C for 10 mins.  

 

Microscopy. Visual analysis of GFP-tagged proteins in human cells was as previously 

described (32). U-2 OS cells were washed twice with PBS, fixed with 4% paraformaldehyde 

for 15 min at room temperature, and washed twice again with PBS. Fixed cells were 

permeabilized using a 0.5% triton X-100/PBS solution for 10 min and washed 3 times with 

PBS. For Fig. 3B, cells were equilibrated for 20 min in PBS/1% BSA followed by a 1h 

incubation with primary antibody dilution in PBS/1% BSA (anti-fibrillarin 1/50 [Santa 

Cruz]). Cells were washed 3 times with PBS/1% BSA and incubated with a secondary 

antibody dilution (mouse Alexa Fluor 568 1/500 [Invitrogen], in PBS/1% BSA) for 1 h. For 

the BiFC experiments shown in Fig. 3C, U-2 OS cells were co-transfected with Venus vector 

N (VN) or Venus vector C (VC) fusions and fixed 20-24h post-transfection for visual 

analysis as described above. For all microscopy experiments, 3 final washes with either PBS 

or PBS/1% BSA were performed before slides were mounted on a coverslip with SlowFade 

Gold Antifade solution (Life Technologies). Images were captured by Zeiss Axio Observer 

microscope using a 63X oil objective. 
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RNA coimmunoprecipitation assay. 15-cm dishes of HEK 293-FT conditionally 

expressing GFP, GFP-PDCD2, GFP-ZNF277 or GFP-ZNF277 mutant #5 were induced 

using doxycycline for 48h. Cells were washed twice with PBS and 5% of cells were kept for 

total RNA extraction (input fraction). Cells were then resuspended in lysis buffer (50mM 

Tris-HCL, pH 7.5, 150 mM NaCl, 0.1% Triton X-100, 10% glycerol, 2 mM MgCl2, 1 mM 

DTT, Complete protease inhibitor cocktail [Roche] and 40U/mL RNase OUT [Life 

Technologies]) and incubated 15 min at 4°C. Lysate was centrifuged at 13,000 rpm for 10 

min at 4°C and 5% of the lysate was kept for protein analysis. The remainder of the lysate 

was incubated with GFP-Trap beads for 3h at 4°C. The beads were washed 5 times with lysis 

buffer and 10% of the beads were kept for protein analysis. RNA was extracted from the 

remainder of the beads using TRIzol reagent (Life Technologies) and analyzed by RT-qPCR 

using the following set of primers : (uS5 : 5’-TATGCCAGTGCAGAAGCAGACC-3’ / 5’-

CCTCCTTGGAGCACTTAACAC-3’ or 5’-GATGCCCGTCACCAAGTT-3’ / 5’-

CTGATTCCTTAATAGGCAGGG-3’ ; uS3 : 5’-CAAGAAGAGGAAGTTTGTCGC-3’ 

/ 5’-GAACATTCTGTGTTCTGGTGG-3’ ; uL4 : 5’-GCAGGTCATCAGACTAGTGC-3’ / 

5’-GGTTTTGGTTGGTGCAAAC-3’ ; 18S : 5’-AAACGGCTACCACATCCAAG-3’ / 5’-

CCTCCAATGGATCCTCGTTA-3’ ; GAPDH : 5’- GTCAGCCGCATCTTCTTTTG-3’ / 

5’-GCGCCCAATACGACCAAATC-3’).  
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RESULTS 
ZNF277 is a new uS5-interacting protein 

To get a comprehensive view of the protein interaction network of human uS5, we generated 

a HEK 293 cell line expressing a tetracycline-inducible GFP-tagged version of uS5. Specific 

uS5-associated proteins were determined by a quantitative proteomics approach (SILAC) 

that classifies interactions on the basis of specificity (ratio of peptide intensities between the 

GFP-uS5 pull-down and the control purification) and protein abundance, as estimated by the 

sum of peptide signal intensities of a given protein normalized to its molecular mass (33). In 

total, 282 proteins showed at least a 5-fold enrichment of the SILAC ratio in the GFP-uS5 

purification relative to the control (Table S1). As expected for a component of the small 

ribosomal subunit, several r-proteins and 40S maturation factors were identified among the 

top-15% of uS5-associated proteins (Fig. 1A and Table S1). Proteins that were previously 

shown to form extra-ribosomal complexes with uS5, including PRMT3, PDCD2, and 

PDCD2L (29), were clearly enriched in the GFP-uS5 purification (Fig. 1A). Interestingly, a 

zinc finger protein, ZNF277, was also detected among the top-15% of uS5-copurifying 

proteins (Fig. 1A, red dot; Table S1). Although microdeletions in ZNF277 were recently 

linked to increased risk of language impairments (34), little is known about the molecular 

function of this evolutionarily conserved zinc finger protein. To validate the ZNF277-uS5 

association and begin to explore the functional role of ZNF277 in human cells, we performed 

a reciprocal SILAC-based affinity purification (AP) of ZNF277 as well as a complementary 

proximity-dependent biotinylation assay using BioID (35). In total, we identified 5 and 9 

ZNF277-associated proteins using the SILAC-AP and BioID approaches, respectively 

(Tables S2-S3). Importantly, as shown in Figure 1B, uS5 was found to be the strongest 

ZNF277-interacting protein in both SILAC and BioID analyses. PDCD2L was also identified 

in the BioID assay of ZNF277, but showed lower enrichment and abundance as compared to 

uS5 (Fig. 1B). As we have shown for the association between PRMT3 and PDCD2L (29), 

the co-purification of PDCD2L with ZNF277 requires uS5 (Fig. S1), suggesting that uS5 

bridges/stabilizes the association between ZNF277 and PDCD2L. Our results thus define 

ZNF277 as a new uS5-associated protein. 

 We next addressed whether ZNF277 associated with free or 40S-incorporated uS5 

by examining the distribution of ZNF277 after velocity sedimentation on sucrose gradients. 



 36

As shown in Fig. 1C, the majority of ZNF277 was distributed in the low-density fractions 

(fractions 2-4), showing a similar distribution as PRMT3, which forms an extra-ribosomal 

complex with free uS5 (29). In contrast, 40S ribosomal subunits, 80S monosomes, and 

polysomes were detected from fractions 6 to 14, were ZNF277 was not detected (Fig. 1C). 

Importantly, detection of the 40S maturation factor RRP12 in fractions 6 and 7 (Fig. 1C) 

confirmed that our procedure could detect transient associations between a maturation factor 

and a ribosomal subunit precursor. Together with the absence of additional r-proteins in 

affinity purification assays of ZNF277 (Fig. 1B), the sucrose gradient sedimentation analysis 

supports a model in which ZNF277 primarily associates with free uS5.  

 To examine whether uS5 interacts directly with ZNF277, we tested whether a uS5-

ZNF277 complex could be reconstituted in vitro using recombinant versions of both proteins. 

Notably, co-expression of uS5 and ZNF277 in E. coli was able to reconstitute a stable 

complex as demonstrated by the detection of uS5 and ZNF277 as the two main proteins after 

affinity purification of uS5-Flag under stringent conditions (Fig. 1D, lane 2). As a control, 

anti-Flag affinity purification using extracts of E. coli that did not express uS5-Flag did not 

recover ZNF277 (Fig. 1D, lane 1) despite the presence of ZNF277 in the extract (Fig. 1D, 

bottom panel, lanes 1-2). From these data, we conclude that ZNF277 can recognize uS5 

directly.  
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Figure 1. Identification of a human uS5-ZNF277 complex. (A) GFP-uS5 SILAC results plotted by SILAC 

ratio out the x-axis (peptide intensity originating from the GFP-uS5 purification versus the GFP control), which 

reflects specificity; and peptide intensity up the y-axis (total peptide intensity for each protein), reflecting the 

relative abundance of each protein in the purification. Note that the y-axis starts with intensity levels above 

5x109 to emphasize the top-15% most abundant proteins. (B) Results from GFP-ZNF277 SILAC (dots) and 

BirA-ZNF277 BioID (square) assays as described in Fig. 1A. (C) Western analysis of the indicated proteins 

using fractions of centrifuged sucrose gradients that were prepared using extracts of HEK 293 cells. The 

positions of the 40S, 60S/80S, and polysomes sedimentation are indicated on top. The red asterisk indicates the 

presence of a non-specific protein detected using the PRMT3 antibody. (D) Top, sypro Ruby-stained SDS-

PAGE of anti-Flag precipitates prepared using extracts of E. coli that co-expressed ZNF277-His and uS5-Flag 

(lane 2) or that expressed ZNF277-His alone (lane 1). The red asterisks indicate the position of the IgG heavy 

and light chains. Bottom, Western blot analysis of total extracts (Input, lanes 1-2) and anti-Flag precipitates (IP, 

lanes 3-4) prepared from E. coli that co-expressed ZNF277 and uS5 (lanes 2 and 4) or that expressed ZNF277 

alone (lanes 1 and 3). 
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The C2H2 zinc finger domains of ZNF277 are important for the association with uS5 

The single C2H2 zinc finger domain of PRMT3 is critical for binding to uS5 in both yeast 

and human cells (27,36). Inspection of ZNF277 annotation using UniProt (37) indicates the 

presence of two typical C2H2 zinc finger domains with the consensus amino acid sequence 

pattern: C-x(2,4)-C-x(3)-[LIVMFYWC]-x(8)-H-x(3,5)-H (Fig. 2A, see ZF#1 and ZF#2). 

However, further inspection of ZNF277 amino acid sequence across multiple eukaryotic 

species revealed the presence of three additional atypical C2H2 zinc finger domains that 

slightly deviate from the consensus pattern (Fig. 2A, see ZF#3-ZF#5 and Fig. S2). To 

determine the functional relevance of the different ZNF277 zinc finger domains for uS5 

association, we substituted the first cysteine for a serine and the last histidine for an alanine 

in each zinc finger domain, generating zinc finger mutants 1-5 (m.1-m.5). We next assessed 

the ability of wild-type and mutant versions of GFP-ZNF277 to associate with endogenous 

uS5 by co-immunoprecipitation (coIP) assays. As shown in Fig. 2B, uS5 was efficiently 

recovered in anti-GFP precipitates prepared from extracts of cells that expressed the wild-

type version of ZNF277 (see lane 9). In contrast, a control GFP purification prepared from 

extracts of cells that expressed GFP alone did not copurify uS5 (Fig. 2B, lane 8). Analysis 

of uS5 recovery using ZNF277 zinc finger mutants indicated that the integrity of all five zinc 

finger domains is important for association with uS5 (Fig. 2B, compare lanes 10-14 to lane 

9). Notably, ZF#5 was found to be absolutely required for the stable association between uS5 

and ZNF277 (see lane 14). Quantification of multiple coIP experiments confirmed that the 

integrity of ZF#5 in ZNF277 was critical for uS5 binding (Fig. 2C). We conclude that, as for 

PRMT3, the integrity of a C2H2 zinc finger domain in ZNF277 is essential for stable 

association with uS5, suggesting a conserved mode of uS5 recognition between PRMT3 and 

ZNF277.  
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Figure 2. The integrity of zinc finger domains in ZNF277 is important for uS5 binding. (A) Schematic of 

ZNF277 primary structure showing its five zinc finger (ZF) domains. The asterisks denote typical C2H2 zinc 

fingers, whereas ZF#3-ZF#5 are atypical C2H2 zinc fingers (see also Fig. S2). (B) Western analysis of total 

extracts (lanes 1-7) and anti-GFP precipitates (lanes 8-14) prepared from HEK 293 cells that were transiently 

transfected for 48h with the indicated versions of ZNF277. Mock refers to HEK 293 cells transfected with a 

GFP control plasmid. (C) Quantification of uS5 levels recovered in GFP immunoprecipitates normalized to the 

levels of GFP-ZNF277. Values were expressed relative to wild-type ZNF277, which were set to 1.0. The data 

and error bars represent the average and standard deviation from four independent experiments. *  0.05, **  

0.01, ****  0.0001; Student’s t-test.  

 

ZNF277-uS5 extra-ribosomal complexes are found in the cytoplasm and nucleolus 

A proteome-wide analysis of subcellular localization in different human cell types indicates 

that ZNF277 is mainly localized to the nucleus with some cytoplasmic staining (38). 

Consistent with these results, a U2-OS cell line stably expressing a GFP-tagged version of 

ZNF277 showed fluorescence signal in both the nucleus and the cytoplasm (Fig. 3A, d-f). 

Interestingly, the nuclear distribution of ZNF277 in U2-OS cells showed concentrated signal 

reminiscent of nucleolar staining (Fig. 3A, e), which are sites of ribosome biogenesis. To test 

this possibility and further characterize the subcellular localization of ZNF277, the 

fluorescence analysis was combined with an immunostaining procedure for endogenous 
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fibrillarin, which is a nucleolar marker protein. Comparison of the different fluorescence 

signal showed that a fraction of GFP-ZNF277 was concentrated in nuclear regions that 

colocalized with anti-fibrillarin staining (Fig. 3B, a-d). In contrast, U2-OS cells that stably 

expressed GFP did not show nucleolar staining (Fig. 3A, b-c). 

 We next used the bimolecular fluorescence complementation (BiFC) assay to address 

where in the cell the uS5 and ZNF277 physical interaction existed. BiFC consists of fusing 

two non-fluorescent fragments of the yellow fluorescent protein (YFP) to two proteins from 

a stable complex leading to restoration of fluorescence within a cell by reconstituting the 

split YFP, thereby providing indication about the cellular localization of a complex (39). We 

used an improved version of YFP named Venus (40) to create fusions with uS5 and ZNF277:  

the N-terminal fragment of Venus (VN) was fused to the N-terminus of uS5, while the C-

terminal fragment of Venus (VC) was fused to the C-terminus of both wild-type and ZF#5 

mutant versions of ZNF277. Next, the VN-uS5 and ZNF277-VC constructs were co-

transfected in U2-OS cells, and 24h post-transfections cells were fixed and visualized by 

fluorescence microscopy. Consistent with our biochemical studies, uS5 and ZNF277 

interacted with each other, resulting in a reconstituted Venus signal that showed nucleolar 

localization as well as a diffuse cytoplasmic distribution (Fig. 3C, panels d-f). In contrast, 

despite confirmation that each fusion protein was expressed (Fig. S3), combining fusions of 

uS5 and ZNF277 mutant ZF#5 produced background fluorescence (Fig. 3C, panels g-i), 

consistent with biochemical results indicating that a functional ZF#5 is required for ZNF277 

to interact with uS5 (Fig. 2). Together, these results confirm a direct interaction between uS5 

and ZNF277 that occurs in the cytoplasm and the nucleolus.  
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Figure 3. ZNF277-uS5 complexes localize to the cytoplasm and nucleolus. (A) U-2 OS cells induced to 

expressed GFP (a-c) and GFP-ZNF277 (d-f) were fixed and analyzed by direct fluorescence. DNA staining 

with 4′,6-diamidino-2-phenylindole (DAPI) shows the nucleus of each cell (a and d). Bar, 10 μm. (B) U-2 OS 

cells induced to express GFP-ZNF277 were simultaneously analysed by direct GFP fluorescence (b) and 

immunostaining for the nucleolar marker fibrillarin (c). DNA staining with DAPI shows the nucleus of each 

cell (a). Bar, 10 μm. (C) Representative BiFC images showing in vivo interaction of VN-uS5 with ZNF277-

VC. U-2 OS cells that co-expressed VN-uS5 with either the VC control (a-c), wild-type ZNF277-VC (d-f), and 

ZF#5 mutant ZFN277-VC (g-i) were fixed and analyzed by direct fluorescence. DNA staining with DAPI 

shows the nucleus of each cell (a, d, g). Bar, 10 μm. 

 

ZNF277 and PRMT3 compete for uS5 binding  

The observation that ZNF277 and PRMT3 both require a functional C2H2-type zinc finger 

domain to form a stable complex with extra-ribosomal uS5 suggested a similar mode of uS5 

recognition by PRMT3 and ZNF277. Furthermore, it is noteworthy that PRMT3 was not 
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detected in a ZNF277 purification (Fig. 1B), and reciprocally, ZNF277 was not identified as 

a PRMT3-associated protein (29). Collectively, these observations suggested a model in 

which PRMT3 and ZNF277 are mutually exclusive partners of uS5, using their C2H2 zinc 

finger domains to recognize a similar binding site on uS5. To test this possibility, we 

examined whether increase levels of PRMT3 impaired the formation of uS5-ZNF277 

complex in human HEK 293 cells. Notably, increased dosage of PRMT3 resulted in a marked 

decrease in the level of uS5 that was copurified with a GFP-tagged version of ZNF277 as 

compared to cells that overexpressed a control protein (Fig. 4A, compare lanes 4-5). To 

confirm that the impairment in ZNF277-uS5 complex formation was due to increase levels 

of PRMT3-uS5 complex, we used a version of PRMT3 that no longer binds to uS5 as a result 

of a substitution (cysteine 50 to serine) that disrupts the C2H2 zinc finger domain of PRMT3 

(27,36). Consistent with the idea that PRMT3 and ZNF277 compete for uS5 binding, 

overexpression of the PRMT3 C50S zinc finger mutant did not outcompete the formation of 

the ZNF277-uS5 complex (Fig. 4A, lane 6).  

 Next, we assessed whether we could reciprocally affect the levels of endogenous 

PRMT3-uS5 complex by reducing the cellular abundance of ZNF277. For this, we depleted 

ZNF277 from human HEK 293 cells using siRNAs (Fig. 2B, compare lane 3 to lanes 1-2), 

and analyzed the levels of uS5 that was copuried with endogenous PRMT3 after 

immunoprecipitation using a PRMT3-specific antibody. As shown in Fig. 4B, a deficiency 

in ZNF277 resulted in increased levels of uS5 in PRMT3 immunoprecipitates as compared 

to cells treated with a control siRNA (compare lane 6 to lane 5; see quantification in Fig. 

4C). We conclude that PRMT3 and ZNF277 can compete for association with uS5 by 

forming mutually exclusive ZNF277-uS5 and PRMT3-uS5 complexes. 



 43

 
Figure 4. ZNF277 and PRMT3 compete for uS5 binding. (A) Western analysis of total extracts (lanes 1-3) 

and anti-GFP precipitates (lanes 4-6) prepared from a HEK 293 cell line that stably expresses GFP-ZNF277 

and that were previously transfected with DNA constructs expressing Flag-Dyskerin (lanes 1 and 4), Flag-

PRMT3 (lanes 2 and 5), and a zinc finger mutant (C50S) of Flag-PRMT3 (lanes 3 and 6). (B) Western analysis 

of total extracts (lanes 1-3) and immunoprecipitates (lanes 4-6) prepared from HEK 293 cells that were 

previously treated with ZNF277-specific (lanes 3 and 6) and control nontarget (lanes 2 and 5) siRNAs. Control 

IgG (lane 4) and PRMT3-specific (lanes 5-6) antibodies were used for immunoprecipitations. (C) 

Quantification of uS5 levels recovered in anti-PRMT3 immunoprecipitates normalized to the levels of 

endogenous PRMT3. Values were expressed relative to cells treated with control siRNAs, which were set to 

1.0. The data and error bars represent the average and standard deviation from three independent experiments. 

The P value was calculated using Student's t test. 

 

Normal uS5 levels are required for the cellular accumulation of ZNF277 and PRMT3  

We noted that zinc finger mutants of ZNF277 that fail to associate with uS5 were expressed 

at lower levels than the wild-type protein (Fig. 2), as previously observed for PRMT3 (36). 
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We therefore addressed whether free uS5 is needed for the proper accumulation of PRMT3 

and ZNF277 in human cells. Using stable cell lines engineered to induce uS5-specific 

shRNAs after addition of doxycycline to the culture medium, we depleted between 50-60% 

of the total level of uS5 in a doxycycline-dependent manner (Fig. 5A, compare lanes 5-6 to 

lanes 2-3). Notably, depletion of uS5 using two independent clones that expressed different 

uS5-specific shRNAs resulted in a significant reduction of ZNF277 and PRMT3 protein 

accumulation (Fig. 2A-2B), but had no effect on the levels of PRMT3 and ZNF277 mRNAs 

(Fig. 5C). Interestingly, the effect of uS5 deficiency on PRMT3 and ZNF277 accumulation 

was not generalized to all uS5-associated proteins, as levels of PDCD2 remained unchanged 

after uS5 depletion (Fig. 2A-2B). Thus, loss of free uS5 caused the concomitant loss of 

PRMT3 and ZNF277, indicating that they need to be associated with uS5 for normal cellular 

accumulation.  
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Figure 5. uS5 is required for the cellular accumulation of ZNF277 and PRMT3. (A) Western blot analysis 

of the indicated proteins using extracts prepared from HEK 293 cells that stably express inducible version of a 

control shRNA (lanes 1 and 4) and uS5-specific shRNAs (lanes 2-3 and 5-6).  Cells were grown in the absence 

(lane 1-3) or presence (lanes 4-6) of doxycycline to induce the expression of the different shRNAs. (B-C) 

Quantification of protein (B) and mRNA (C) levels for the indicated genes as determined by immunoblotting 

(B) and RT-qPCR (C), respectively, using extracts of control (shControl) and uS5-deficient (shuS5-1 and 

shuS5-10) cells cultured in the presence of doxycycline. Protein levels (B) were normalized to Tubulin and 

expressed relative to shControl cells, while mRNA levels (C) were normalized to the GAPDH mRNA and 

expressed relative shControl cells. The data and error bars represent the average and standard deviation from 

at least three independent experiments. **  0.01, ****  0.0001; Student’s t-test.  

 

Co-translational recruitment of ZNF277 to nascent uS5  

Given that uS5 was identified as the main ZNF277-associated protein as determined by both 

SILAC and BioID approaches (Fig. 1), we explored the possibility that ZNF277 could play 

a chaperoning function toward uS5. Accordingly, an increasing amount of r-proteins have 

been shown to require dedicated chaperones for soluble expression and delivery to assembly 

sites (18). One frequent observation of dedicated r-protein chaperone is the co-translational 

recognition of the nascent r-protein (10). To test whether ZNF277 is recruited to uS5 in a co-

translational manner, we affinity purified GFP, GFP-PRMT3, and GFP-ZNF277 from 

extracts of HEK 293-FT cells (Fig. 6A) that were previously treated with cycloheximide to 

block translation elongation, and thereby maintain ribosome:mRNA associations. RNA was 

subsequently isolated from the GFP-Trap beads and analyzed by RT-qPCR for the specific 

enrichment of the uS5 mRNAs. Data were normalized to the GAPDH mRNA to control for 

experimental variation, and values were set to 1.0 for the control GFP purification. As shown 

in Fig. 6B, we observed a significant enrichment of the uS5 mRNA in GFP-ZNF277 

precipitates, whereas the uS5 mRNA did not selectively copurify with GFP-PRMT3. 

Importantly, the enrichment of the uS5 mRNA in GFP-ZNF277 pull-downs was specific, as 

mRNAs encoding uS3 (RPS3) and uL4 (RPL4) were not found to be selectively enriched 

with GFP-ZNF277 (Fig. 6B). Next, we examined whether the ZF#5 mutant of ZNF277, 

which did not bind to the uS5 protein (Fig. 2), could copurify with the uS5 mRNA. Notably, 

affinity purification of the ZNF277 mutant containing substitutions in ZF#5 failed to show 

any enrichment of the uS5 mRNA (Fig. 6C-6D), suggesting that a ZNF277-uS5 protein-
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protein interaction is required for the copurification of the uS5 mRNA with ZNF277. We 

conclude that ZNF277 has the capacity to recognize uS5 in a co-translational manner. 

 

 
Figure 6. ZNF277 binds to uS5 in a co-translational manner. (A) Western blot analysis of total extracts 

(lanes 1-3) and anti-GFP precipitates (lanes 4-6) prepared from HEK 293 cells that stably express GFP (lanes 

1 and 4), GFP-PRMT3 (lanes 2 and 5), and GFP-ZNF277 (lanes 3 and 6). (B) Analysis of mRNA enrichment 

(IP/input ratio) for the indicated genes in GFP, GFP-PRMT3, and GFP-ZNF277 immunoprecipitates was 

analyzed by RT-qPCR and normalized to a control housekeeping mRNA (GAPDH). Values were then set to 

1.0 for the control GFP purification. *  0.05; Student’s t-test. (C) Western blot analysis of total extracts (lanes 

1-3) and anti-GFP precipitates (lanes 4-6) prepared from HEK 293 cells that stably express GFP (lanes 1 and 

4), GFP-ZNF277 wild-type (lanes 2 and 5), and GFP-ZNF277 with substitutions in ZF#5 (lanes 3 and 6). (D) 

Analysis of mRNA enrichment as described in panel B, but using GFP, GFP-ZNF277 WT, and GFP-ZNF277 

m.5 immunoprecipitates. *  0.05; **  0.01, Student’s t-test. 

 

A deficiency in ZNF277 does not affect ribosome biogenesis 

Co-translational recognition of nascent uS5 by ZNF277 may support a chaperoning function 

to ZNF277. The idea of dedicated r-proteins chaperones, specialized at accompanying and 

guarding highly basic and abundant r-proteins, is an emerging research area. As mutants in 

r-proteins chaperones usually result in ribosome biogenesis defects that resemble those 

observed upon depletion of their r-proteins client, we analyzed ribosome profiles of cells 
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deficient for ZNF277. Depletion of over 90% of total ZNF277 (Fig. 7A, compare lanes 1-2) 

did not alter the levels of uS5 protein (Fig. 7A, compare lanes 1-2) and did not affect the 

ribosome profile detected from growing HeLa cells as compared to control cells (Fig. 7B, 

see panels b and d). In contrast, a 35% depletion of total cellular uS5 (Fig. 7A, lane 3) caused 

a marked accumulation of free 60S subunit (Fig. 7B, see panels c-d) as a result of a 40S 

subunit deficit, consistent with previous results obtained in fission yeast (41) and human cells 

(42). A deficiency in uS5 also caused a reduction in 80S monosomes (Fig. 7B, panels c-d). 

As shown in Fig. 5, the levels of ZNF277 was drastically reduced in uS5-depleted cells (Fig. 

7A, lanes 1-2). Together, these data argue that ZNF277 is unlikely to function as a dedicated 

chaperone involved in escorting uS5 from its synthesis in the cytoplasm until its assembly in 

the pre-ribosome.  

As our proteomic data indicated that the PRMT3-uS5 complex is more abundant than 

the ZNF277-uS5 complex (Fig. 1A) and given that ZNF277 and PRMT3 compete for uS5 

association (Fig. 4), we tested the possibility that increased dosage of ZNF277, rather than a 

deficiency, could alter the ribosome profile. Transient expression of a GFP-tagged version 

of ZNF277 in HeLa cells resulted in a 10-fold increase relative to endogenous ZNF277 (Fig. 

S4A, lanes 3-4). Notably, increased levels of ZFN277 caused a small, but significant change 

in the ratio between small and large ribosomal subunits (Fig. S4B-S4C): cells with increased 

levels of GFP-ZNF277 showed reduced levels of free 40S subunit concomitant with greater 

levels of free 60S subunit compared to cells that overexpressed GFP alone. Increased dosage 

of ZNF277 did not appear to affect polysome levels, however (Fig. S4B). These results 

suggest that excess ZNF277 in human cells can sequester uS5 and alter the balance between 

free ribosomal subunits.   
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Figure 7. A deficiency in ZNF277 does not impair ribosome biogenesis. (A) Western blot analysis of total 

extracts prepared from HeLa cells that were transfected with siRNAs specific to the ZNF277 (lane 1) and uS5 

(lane 3) mRNAs as well as nontarget control siRNAs (lane 2). Extracts were analyzed antibodies specific for 

ZNF277, uS5, and tubulin. (B) Polysome profiles using extracts prepared from HeLa cells transfected with 

siRNAs specific to the ZNF277 (panel b) and uS5 (panel c) mRNAs as well as nontarget control siRNAs (panel 

a). were separated using 5–45% sucrose gradients. Panel d shows an overlay of the ribosome profiles shown in 

panles a-c. The positions of free small (40S) and large (60S) ribosomal subunits, monosomes (80S), and 

polysomes are indicated.  
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DISCUSSION 
In this study, we report that human ZNF277 forms a stable extra-ribosomal complex with 

the 40S ribosomal protein uS5. Our results also distinguish two mutually exclusive extra-

ribosomal complexes involving uS5:  ZNF277-uS5 and PRMT3-uS5, both of which using a 

C2H2-type zinc finger domain to direct uS5 recognition. Interestingly, our data revealed that 

ZNF277 associates with nascent uS5 co-translationally, whereas PRMT3 interacts with uS5 

post-translationally. Collectively, our findings reveal an intricate network of evolutionarily 

conserved protein-protein interactions involving extra-ribosomal uS5 suggesting a key role 

for uS5 beyond the ribosome.  

 Previous work using fission yeast, Drosophila, and human cells (26-30) uncovered 

the existence of two independent protein complexes that involve an extra-ribosomal 

population of uS5 consisting of PRMT3-uS5-PDCD2L and PRMT3-uS5-PDCD2 (Fig. 8). 

The work described in the current study therefore adds a new layer to our understanding of 

extra-ribosomal uS5 by identifying the multi-zinc finger protein ZNF277 as a new uS5-

associated protein. A complex between ZNF277 and uS5 (Fig. 1) is supported by 

independent studies using high-throughput affinity purifications coupled to mass 

spectrometry in human cells (43) as well as analysis of protein-protein interactions in 

Drosophila using high-throughput two-hybrid screening (28). Furthermore, genomic 

mediation analysis of trans-expression quantitative trait loci (trans-eQTL) in uS5 using 

multi-omics datasets from the BXD mouse cohort identified Zfp277 (mouse homolog of 

human ZNF277 gene) as the potential regulator of uS5 (44). Together, all of these findings 

support the existence of evolutionarily conserved physical and functional connections 

between ZNF277 and uS5. What is the function of ZNF277 and the biological relevance of 

the ZNF277-uS5 interaction? Despite data consistent with recognition of nascent uS5 by 

ZNF277 in a co-translational manner (Fig. 6), our data argue that ZNF277 is unlikely to act 

as a dedicated chaperone that protects and escorts free uS5 to 40S precursors. The line of 

evidence to support this conclusion is that a deficiency of ZNF277 affected neither uS5 

protein levels nor ribosome biogenesis (Fig. 7), which contrasts with known dedicated r-

protein chaperones (18). Independent of chaperoning functions, co-translational formation 

of protein complexes has become an emerging concept of biology which contributes to 

structural, spatial, and temporal aspects of complex assembly (45). We thus speculate that 
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co-translational recognition of uS5 by ZNF277 may provide a kinetic advantage to a 

potentially stronger interaction between uS5 and PRMT3.  

 

 
Figure 8. Protein complexes revolving around extra-ribosomal uS5. Schematic of independent PDCD2-

uS5-PRMT3 (upper left) and PDCD2L-uS5-PRMT3 (upper right) complexes as we have described in humans 

(29). Mutually exclusive interactions of uS5 with ZNF277 and PRMT3 result in the formation of PDCD2-uS5-

ZNF277 (lower left) and PDCD2L-uS5-ZNF277 (lower right) complexes. The existence of conserved 

complexes in Drosophila is supported by results from a high-throughput two-hybrid screen, showing that 

homologs of PRMT3 (Art3), ZNF277 (CG9890), PDCD2 (Zfrp8), and PDCD2L (Trus) interact with uS5 (Sop) 

(28). 

 

Proteins with clusters of C2H2 zinc fingers represent the largest class of human 

transcription factors (46). Accordingly, the mouse homolog of human ZNF277, Zfp277, was 

shown to function in the transcriptional repression of the CDKN2A (Ink4a/Arf) locus in a 

manner dependent on the Polycomb group protein Bmi1 (47). Depletion of ZNF277 in 

human HeLa cells did not result in a significant increase in mRNA levels expressed from the 

CDKN2A gene, however (data not shown). It is therefore possible that the ZNF277-CDKN2A 

regulatory circuit is inactive in immortalized human cancer cells, as the transcriptional role 

of mouse Zfp277 was demonstrated in non-immortalized embryonic fibroblasts (47). 

Recently, a novel proteomics approach to identify proteins that bind RNA sequences of 
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interest in living cells identified human ZNF277 as a protein recognizing the Nanos Response 

Element (NRE) of the p38-MAPK14 mRNA (48), thus raising the possibility that ZNF277 

can also bind RNA. It will thus be interesting to learn whether extra-ribosomal uS5 functions 

in the regulation of ZNF277 DNA- and RNA-binding activities.  

 Our findings suggest an attractive mode of cross-regulation between the ZNF277-

uS5 and PRMT3-uS5 complexes. This conclusion is supported by data showing that 

overexpression of PRMT3 limits uS5 association with ZNF277, while a deficiency in 

ZNF277 increases the proportion of uS5-associated PRMT3 (Fig. 4). Depletion of uS5 also 

caused the concomitant loss of PRMT3 and ZNF277 (Fig. 5), a behavior that is frequently 

observed for constitutively interacting proteins (49). Interestingly, ZNF277 overexpression 

is associated with improved prognosis of human cancers according to the Human Protein 

Atlas Project analysis of available human tumors in the repository (50). Conversely, PRMT3 

overexpression, which decreases the amount of ZNF277-uS5 complex, is associated with 

poor prognosis of human cancers (50). The opposing effects of ZNF277 and PRMT3 

expression on human cancer prognosis thus suggest that extra-ribosomal uS5 can be targeted 

to reduce the growth of human cancers. 

Our BioID analysis of ZNF277 also identified PDCD2L (Fig. 1B and Fig. 8), a 

protein that directly interacts with uS5 (29). The copurification of PDCD2L with ZNF277 is 

consistent with previous results from proteomic analyses of PDCD2- and PDCD2L-

associated proteins, which identified ZNF277 among the significant hits (29). Our data also 

revealed that copurification of ZNF277 and PDCD2L is dependent on uS5 (Fig. S1), as 

previously shown for the copurification of PRMT3 and PDCD2/PDCD2L (29), thus 

supporting a model in which uS5 bridges or stabilizes the association between ZNF277 and 

PDCD2L. It remains unclear why PDCD2 was not detected in our mass spectrometry-based 

analysis of ZNF277-associated proteins despite the fact that endogenous ZNF277 was a top 

hit in PDCD2 purifications (29). One possibility is that the use of ZNF277 fusion proteins 

repelled the association between PDCD2 and uS5 in the context of the ZNF277-uS5-PDCD2 

complex. Collectively, our findings suggest the occurrence of four independent complexes 

revolving around extra-ribosomal uS5 (Fig. 8). As uS5 is overexpressed in diverse cancers 

(51-54) and is reported as a potential therapeutic target in colorectal (52) and prostate (54) 

cancers, elucidating the biological role of extra-ribosomal uS5 and its evolutionarily 
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conserved associated proteins should provide significant insights into the emerging concept 

of ribosomal protein specialization and ultimately be exploited to design strategies aimed at 

targeting extra-ribosomal uS5 in tumor cells. 
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SUPPLEMENTARY FIGURES 
 

 

Figure S1. uS5 is required for the copurification of PDCD2L with ZNF277. Western blot 

analysis of total extracts (lanes 1-2) and anti-GFP purifications (lanes 3-4) prepared from 

HEK 293 cells that stably express GFP-ZNF277 and that were previously transfected with 

siRNAs specific to the uS5 mRNA (lanes 2 and 4) or nontarget control siRNAs (lanes 1 and 

3). 

 

 



 61

 



 62

 

 

Figure S2. Amino acid sequence alignment of ZNF277 from multiple species. Identical 

amino acids are shown in black and similar amino acids are shown in grey. The two typical 

C2H2-type zinc finger domains of ZNF277 (ZF #1 and ZF #2) are boxed in purple, whereas 

the three atypical C2H2-type zinc finger domains are boxed in blue. Purple squares are 

present under the canonical cysteine and histidine residues of the zinc finger motifs.  

Sequence alignments are from Homo sapiens, Mus musculus, Drosophila melanogaster, 

Danio rerio, Caenorhabditis elegans, and Schizosaccharomyces pombe. Alignment and 

shading were generated using ClustalW and Boxshade, both available via the World Wide 

Web. 
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Figure S3. Detection of VN-uS5 and ZNF277-VC fusion proteins for their use in the 

BiFC assay. Western blot analysis of total extracts prepared from U2-OS cells that were 

previously transfected with the indicated DNA constructs for 24h.  
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Figure S4.  Excess ZNF277 affects the ratio between small and large free ribosomal 

subunits. (A) Western blot analysis of total extracts prepared from HEK 293 cells that were 

transfected with DNA constructs expressing GFP (lanes 1 and 3) and GFP-ZNF277 (lanes 2 

and 4). Extracts were analyzed using anti-GFP and anti-Tubulin (lanes 1-2) as well as anti-

ZNF277 (lanes 3-4). (B) Polysome profiles of ribosomes isolated from GFP- (blue profile) 

and GFP-ZNF277-expressing (red profile) cells were separated using 5–45% sucrose 

gradients. The positions of free small (40S) and large (60S) ribosomal subunits, monosomes 

(80S), and polysomes are indicated. (C)  Quantification of ratios of 60S/40S free ribosomal 

subunits expressed relative to values for GFP-expressing cells. The data and error bars 

represent the average and standard deviation from three independent experiments. *  0.05, 

as determined by Student's t test. 
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SUPPLEMENTARY DATA 
Table S1. Proteins detected in the GFP-uS5 purification with SILAC ratio >5.0 and a  

minimum of 2 unique peptides. (Highlighted genes comprise the top 15% of hits). 

Gene 

Names 

Uniprot Unique 

Peptides 

Sequence 

Coverage 

[%] 

SILAC 

Ratio 

MS Count Intensity 

RPS2 P15880;H

0YEN5;E9

PQD7;E9P

MM9;E9P

PT0;I3L40

4;E9PM36

;H3BNG3;

H0YE27 

28 76.5 23.711 59 1.1846E+11 

RPSA;RPS

AP58 

C9J9K3;P0

8865;A6N

E09;C9JQ

R9 

23 76.9 30.183 26 62725000000 

PDCD2L Q9BRP1;K

7EQD9;K7

ESF4 

17 53.4 45.571 100 59681000000 

RPS3 P23396;P

23396‐

2;E9PL09;

E9PPU1;E

9PL45;F2Z

2S8;H0YCJ

7;H0YEU2;

H0YF32;E

25 84 29.568 17 59031000000 
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9PQ96;E9

PJH4;E9PK

82;E9PSF4

;E9PQX2;

H0YES8 

PRMT3 O60678;O

60678‐2 

33 54.8 18.808 97 54889000000 

PDCD2 Q16342;F

5H4V9;J3

QK82;E9P

CU7;F5G

WT2;H0YF

S8 

27 67.7 18.164 14 47238000000 

GNB2L1 P63244;J3

KPE3;D6R

AC2;D6RH

H4;D6REE

5;H0YAF8;

H0Y8W2;

D6R9Z1;D

6R9L0;D6

RAU2;E9P

D14;D6RF

X4;H0YA

M7;D6RB

D0;D6RFZ

9;D6RF23;

D6R909;H

0Y8R5;D6

23 87.1 29.045 18 45983000000 
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RGK8;D6R

HJ5;H0Y9

P0;D6RDI0 

RPS8 P62241;Q

5JR95 

15 59.1 28.197 12 32674000000 

RPS4X P62701;Q

8TD47;A6

NH36;C9J

EH7;P220

90;C9JQ55 

21 64.3 29.716 21 30424000000 

RPS3A P61247;D

6RG13;D6

RAT0;D6R

B09;F5H4

F9;E9PFI5;

H0Y9Y4;H

0Y8L7;D6

RAS7;D6R

ED7;D6RI0

2;D6RGE0 

17 62.5 29.828 16 27058000000 

RPS6 P62753;A

2A3R5;A2

A3R7 

14 29.7 27.313 5 22748000000 

LTV1 Q96GA3 25 39.4 37.131 131 21843000000 

BYSL Q13895;F

8WBL2 

28 61.8 26.802 9 20182000000 

TSR1 Q2NL82;I3

L1Q5;I3L4

E8 

31 43.7 303.27 230 19714000000 
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RPS18 P62269;J3

JS69 

13 58.6 28.913 10 17083000000 

RPS16 P62249;M

0R210;M0

R3H0;M0

R1M5;M0

QX76;Q6I

PX4 

12 56.8 29.531 15 17007000000 

RPS9 P46781;B

5MCT8;C9

JM19;F2Z

3C0;A8MX

K4 

15 44.3 29.617 9 15471000000 

NCL P19338;H

7BY16;C9J

YW2;C9JL

B1;C9J1H7

;C9JWL1 

23 29.6 13.52 41 15111000000 

NPM1 P06748‐

2;P06748;

P06748‐

3;E5RI98;E

5RGW4 

11 49.4 5.4047 50 14291000000 

RRP12 Q5JTH9;Q

5JTH9‐

2;Q5JTH9‐

3;F5H456 

53 46.8 28.535 12 14265000000 

RPL7 P18124;A

8MUD9;C

17 52.8 19.761 18 13970000000 
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9JIJ5;C9JZ

88 

RPL4 P36578;H

3BM89;H3

BTP7;H3B

U31 

22 46.4 19.933 28 13919000000 

NOB1 Q9ULX3;H

3BUR4 

19 46.6 350.85 65 13617000000 

RPS14 P62263;H

0YB22;E5

RH77 

9 41.1 28.137 10 13556000000 

RPL7A P62424;Q

5T8U2;Q5

T8U3 

18 45.1 19.728 12 13046000000 

RPS25 P62851 6 32.8 32.506 6 11782000000 

RPS13 P62277;J3

KMX5;E9P

S50 

12 61.6 27.304 7 11772000000 

RPS19 P39019;M

0R2L9;M0

QXK4;M0

QYF7;M0R

140 

9 44.8 35.695 9 10577000000 

ZNF277 Q9NRM2;

G5E9M4;C

9JH62;H7

C460;C9J3

B6;F8WBE

4 

20 47.3 26.49 16 10342000000 



 70

PRMT5 O14744;G

3V5W5;O

14744‐

2;B4DX49;

B4DV00;A

8MTP3;H0

YJX6;G3V5

80;G3V5L

5;G3V2X6;

C9JSX3;G3

V2L6;H7B

Z44;H0YJD

3;H0YJ77;

G3V507;G

3V2F5;G3

V5T6 

26 47.1 232.51 84 10161000000 

RPLP0;RPL

P0P6 

P05388;F8

VWS0;Q3

B7A4;F8V

U65;F8VP

E8;G3V21

0;F8VW21

;F8VQY6;F

8VRK7;F8

VZS0;Q8N

HW5;F8VS

58;F8VWV

4;F8W1K8 

12 47.6 24.195 9 9206400000 
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DDX21 Q9NR30;Q

9NR30‐2 

41 51.1 7.2373 66 9065400000 

RIOK2 Q9BVS4;Q

9BVS4‐

2;H0Y919;

H0Y8R4 

24 50 39.714 77 8947900000 

RPS17L;RP

S17 

P0CW22;P

08708;H0

YN88;H0Y

K46;H0YN

73;H3BNC

9 

12 66.7 35.107 6 7958300000 

RPL3 P39023;G

5E9G0;H7

C422;B5M

CW2;H7C

3M2;F8W

CR1;Q929

01 

20 43.2 18.207 21 7928100000 

SERBP1 Q8NC51‐

3;Q8NC51

‐4 

25 63.4 27.503 16 7795700000 

RPL6 F8W181;Q

02878;F8V

Z45;F8VR6

9;F8VZA3;

F8VWR1 

19 60.2 18.629 22 7441100000 

YBX3 P16989;P

16989‐

19 68 13.669 18 7409400000 
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3;H0YG22;

Q9Y2T7 

RPL5 P46777;Q

5T7N0 

14 38.7 15.784 12 7321900000 

RPS11 P62280;M

0QZC5;M0

R1H5;M0

R1H6 

16 63.3 29.971 9 6985400000 

RPS12 P25398 9 71.2 34.189 10 6899200000 

RPL10A P62906 11 41 16.868 13 6493800000 

YBX1 P67809;H

0Y449;C9J

5V9 

17 68.5 12.446 5 5930500000 

PNO1 Q9NRX1;F

8WBJ6 

13 55.6 106.8 28 5781300000 

RPL13 P26373;J3

QSB4;P26

373‐

2;H3BTH3;

H3BUK8 

9 36.5 17.985 7 5447800000 

RPLP2 P05387;H

0YDD8;P0

5386‐2 

9 88.7 24.627 10 5365100000 

RPS20 P60866;P

60866‐

2;E5RJX2;

E5RIP1;G3

XAN0 

6 31.9 33.523 6 5242600000 
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RPS5 M0R0F0;

M0R0R2;P

46782;M0

QZN2 

14 46.5 29.784 10 5065100000 

PABPC1 P11940;P

11940‐

2;E7EQV3;

E7ERJ7;H0

YAR2;Q9H

361;H0YB

N4;H0YAP

2;E5RJB9;

H0YB86;H

0YAS6;H0

YB75;H3B

NY3;E5RG

H3;E5RH2

4;H0YAS7;

Q4VXU2;H

3BPI5;H0Y

C10;E5RH

G7;Q4VY1

7;E5RGC4;

E5RFD8;E

5RJM8;H0

YAW6;Q9

6DU9 

27 47.3 12.72 20 4820700000 

RPL27 P61353;K

7ELC7;K7E

8 49.3 16.458 8 4448300000 
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QQ9;K7ER

Y7 

RPL18 G3V203;J3

QQ67;Q07

020;H0YH

A7;F8VWC

5;F8VYV2;

F8VUA6;F

8VXR6 

8 40.9 19.325 6 4419100000 

RPS24 E7ETK0;P6

2847‐

2;P62847‐

3;P62847;

P62847‐4 

5 35.9 33.697 8 4285500000 

RPS10;RPS

10P5 

P46783;F6

U211;Q9N

Q39 

7 42.4 37.422 7 4147100000 

RPS23 P62266;D

6RD47;D6

RDJ2;D6RI

X0;D6R9I7 

5 42.7 29.139 7 4132400000 

RPS7 P62081;B

5MCP9 

11 49 33.714 4 4125300000 

WDR77 Q9BQA1;B

4DP38;H0

Y711 

10 43 28.508 21 3904900000 

RPL8 P62917;E9

PKU4;E9P

KZ0;G3V1

11 49.8 18.027 4 3823200000 
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A1;E9PP3

6 

PDCD4 Q53EL6‐

2;Q53EL6;

Q5VZS7 

16 43.4 20.305 38 3753300000 

RPL14 E7EPB3;P

50914 

4 36.3 17.826 4 3660700000 

RPL17 J3QQT2;J3

KRX5;P18

621;P1862

1‐

3;J3QLC8;

P18621‐

2;J3QS96;J

3KRB3;J3K

SJ0 

11 57.3 21.03 10 3581100000 

LYAR Q9NX58;D

6RDJ1 

18 43.8 25.397 5 3550900000 

LARP1 Q6PKG0;Q

6PKG0‐

3;E5RH50;

H0YC33;H

0YBW1;H0

YC73;H0Y

BM7;Q65

9C4‐

7;Q659C4‐

6;Q659C4‐

5;Q659C4‐

30 36.2 27.887 7 3339900000 
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2;Q659C4;

H0YBR8;H

0YAX9;H0

YBJ5;E5RH

K4;H0YAN

4;Q659C4‐

9 

RPL23A H7BY10;K

7EJV9;K7E

RT8;A8M

US3;P627

50;K7EMA

7 

9 34.8 23.383 6 3302000000 

RPL10 P27635;H

7C123;H7

C2C5;B8A

6G2;A6QR

I9;Q96L21 

9 39.3 23.711 10 3289500000 

EEF2 P13639 35 41.7 21.994 12 3244000000 

RSL1D1 O76021;J3

QSV6;I3L3

U9;I3L3C4

;B4DJ58;I3

L234;I3L1

A3;J3KPU

7;I3L2F2;I

3L4T8;I3L

1Y4 

24 43.3 5.2632 28 3205400000 
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RIOK1 Q9BRS2;E

9PFQ8 

21 40.5 145.1 52 3156800000 

RPS15A I3L3P7;P6

2244;I3L2

46;H3BN9

8;H3BV27;

H3BT37;I3

L303;H3B

VC7 

7 59 27.624 6 3020900000 

RPS28 P62857 3 49.3 30.48 8 2978900000 

RPL24 C9JXB8;C9

JNW5;P83

731 

5 34.7 27.327 4 2945900000 

RPS21 Q8WVC2;

P63220;Q

9BYK1;Q9

BYK2 

7 65.4 31.915 7 2917400000 

RPS26;RPS

26P11 

P62854;Q

5JNZ5 

3 31.3 29.695 8 2739000000 

H1FX Q92522 8 31.9 7.2184 7 2519800000 

GTPBP4 Q9BZE4;B

7Z7A3;B4

DY13;Q5T

3R7 

30 52.7 5.2307 24 2518200000 

EIF3L B0QY89;Q

9Y262;Q9

Y262‐

2;B0QY90;

C9JHP4;C9

24 39.2 34.116 4 2500300000 



 78

K0Q7;H7C

3A0;H0Y7

E6 

RPL23 P62829;C

9JD32;B9Z

VP7;J3KT2

9;J3KTJ3 

5 43.6 16.27 11 2262600000 

RPL22 K7ERI7;P3

5268;K7EJ

T5;K7EP65

;K7EKS7;K

7ELC4;K7E

MH1 

3 41.1 16.142 4 2258000000 

RPL19 J3QR09;J3

KTE4;P840

98;J3QL15 

6 23.8 21.697 3 2250800000 

RPS27L H0YMV8;

Q71UM5;

C9JLI6 

6 35 32.985 4 2218100000 

EIF3A Q14152;F

5H335 

51 36 27.559 7 2217400000 

RPL27A P46776;E9

PLL6;E9PJ

D9;E9PLX

7 

6 37.8 17.394 5 2196100000 

NAT10 Q9H0A0;E

7ESU4;E9

PMU0;E9P

JN6 

41 41.7 7.3954 36 2109500000 



 79

PA2G4 Q9UQ80;F

8VR77;F8

W0A3;H0

YIN7;F8VZ

69 

18 54.8 94.111 28 2056700000 

RPS15 K7EM56;K

7ELC2;P62

841;K7EQJ

5 

4 41.5 34.132 4 1929400000 

MTDH Q86UE4;E

5RJU9;H0

YBJ8;H0YB

56 

20 35.1 86.253 30 1869400000 

KRR1 Q13601;Q

13601‐2 

17 44.9 13.561 9 1849800000 

STAU1 O95793‐

2;O95793;

Q5JW30;O

95793‐

3;Q5JW28

;F6UDC6 

23 54.2 8.9756 12 1812800000 

RPL13A;R

PL13AP3 

P40429;M

0QYS1;Q6

NVV1;M0

QZU1 

10 36 19.137 6 1794000000 

NOL6 Q9H6R4‐

4;Q9H6R4

;Q9H6R4‐

29 28.9 15.418 11 1777200000 



 80

2;G8JLK7;

Q9H6R4‐3 

RPL11 P62913;P

62913‐

2;Q5VVC8

;Q5VVC9 

5 28.1 16.118 3 1731200000 

GNL3 Q9BVP2‐

2;Q9BVP2

;C9JYH9;C

9JZT7;B4D

MU5 

18 40.6 6.0308 26 1703000000 

EIF3F B3KSH1;O

00303;B4

DEW9;H0

YDT6;E9P

QV8 

8 28 35.258 4 1666700000 

RPL30 E5RI99;P6

2888;E5RJ

H3 

5 51.8 18.629 10 1545200000 

EIF3E P60228;E5

RGA2;H0Y

BR5;E5RIT

4;H0YAW

4;E5RHS5;

H0YBP5;E

5RII3 

17 43.4 31.637 3 1519400000 

EIF3B P55884;P

55884‐

26 35.4 634 61 1500800000 



 81

2;C9JZG1;

C9JQN7 

RPL35 P42766;H

0Y3A0;F2Z

388 

5 29.3 34.457 3 1424700000 

RPL18A M0R3D6;

M0R1A7;

M0R117;

Q02543;M

0R0P7 

7 48.9 19.033 5 1394000000 

RBM39;R

NPC2 

Q14498‐

3;Q14498‐

2;Q14498;

E1P5S2;G

3XAC6;H0

Y4X3;Q5Q

P23;Q5QP

22;Q5QP2

1;F8WF24

;F2Z3E6;F

2Z2Z5;F8

WF73;A8

MYG5;Q8

6U06‐

5;G3V5Z6;

H0YJJ3;G3

XAP0 

15 37.2 6.6051 19 1391100000 

RPL9 P32969;D

6RAN4;H0

8 53.6 19.3 5 1334300000 



 82

Y9V9;E7ES

E0;H0Y9R

4 

RPL15 E7EQV9;P

61313;E7E

NU7;E7EX

53;P61313

‐2;E7ERA2 

10 45.4 19.829 7 1265200000 

PRMT1 Q99873;E

9PKG1;H7

C2I1;Q998

73‐

3;Q99873‐

2;Q99873‐

4;E9PQ98;

E9PIX6;E9

PNR9;H0Y

DE4;E9PM

W9;E9PI8

3;Q9NR22

‐

2;Q9NR22 

15 50.1 8.2024 18 1258300000 

EIF3C;EIF3

CL 

H3BRV0;Q

99613;B5

ME19;H3B

PE3;H3BP

E4;H3BTY

8 

22 24.3 67.872 48 1258100000 



 83

DHX57 Q6P158;H

7C109;Q6

P158‐

2;F8WAZ3

;Q6P158‐

3;E7EWK3

;F5GZS0;Q

9H2U1‐

3;Q9H2U1

‐

2;Q9H2U1

;H7BZ23 

36 26.8 137.04 51 1246300000 

SND1 Q7KZF4;H

7C597 

31 37.5 23.831 50 1244900000 

PNPLA7 Q5T362;Q

6ZV29‐

3;Q6ZV29‐

4;Q6ZV29;

Q6ZV29‐

5;E2QRF8 

2 1.7 37.591 1 1226500000 

FAU E9PR30;P

62861 

3 12.2 32.208 11 1187100000 

RPL12 P30050;P

30050‐2 

6 54.5 16.883 5 1163700000 

PABPC4 B1ANR0;Q

13310‐

2;Q13310;

Q13310‐

3;H0Y5F5;

23 41.6 13.996 9 1163000000 



 84

H0YEU6;B

1ANR1;H0

YEQ8;H0Y

6X6;H0YC

C8;H0YER

0;E9PIA5 

RPL28 H0YKD8;P

46779;P46

779‐

2;P46779‐

3;H0YMF4

;P46779‐

4;P46779‐

5;H0YLP6 

7 32.4 19.992 5 1130400000 

PDCD11 Q14690 49 29.9 5.3211 44 1108800000 

RPL31 P62899;H

7C2W9;C9

JU56;B7Z4

E3;B7Z4C8

;P62899‐

3;P62899‐

2;B8ZZK4 

4 32.8 20.833 7 1107100000 

RPL32 D3YTB1;F

8W727;P6

2910 

7 41.4 23.308 7 1062600000 

EIF3D B4DVY1;O

15371;B0

QYA5;B0Q

YA3;B0QY

11 24.2 49.869 19 1042800000 



 85

A4;B0QYA

6;B0QYA7

;B0QYA8 

AATF Q9NY61;K

7ERC2;K7

EK88 

16 39.5 6.3804 10 1004000000 

CCDC88B A6NC98‐

2;A6NC98

‐

4;A6NC98 

2 1.9 7.205 2 993000000 

DDX56 Q9NY93‐

2;Q9NY93

;G3V0G3;

H7C3E9;F

8WDT8;F8

WEI3;H7B

ZN7 

21 47.3 5.0431 20 977320000 

MYBBP1A Q9BQG0;

Q9BQG0‐

2;I3L1L3;I

3L2H8;I3L

311 

38 34.3 6.8837 39 962440000 

EBNA1BP2 H7C2Q8;Q

99848 

12 36.3 5.2108 10 943550000 

NAP1L1 F8W020;F

8VY35;F8

W0J6;F5H

4R6;H0YIV

4;B3KNT8;

9 42.5 13.933 7 888210000 



 86

P55209;H

0YHC3;F8

W118;F8V

V59;B7Z9

C2;H0YH8

8;F8VXI6;F

8VUX1;F8

W543;F8V

RJ2;F8VVB

5;B3KV44 

NOL10 Q9BSC4;Q

9BSC4‐

2;Q9BSC4‐

4;F5H6G7;

H7C1Z3;Q

9BSC4‐3 

17 27.2 7.4267 8 881470000 

GTF2I P78347‐

2;P78347‐

4;P78347‐

3;P78347;

Q86U51;C

9J6M0;H7

BYM4;G8J

LD9;Q86U

P8‐

3;Q86UP8

;Q6EKJ0 

46 49.9 1026 141 859450000 

CCDC124 Q96CT7;M

0R2F5 

12 45.7 24.352 8 850530000 



 87

RRP7A Q9Y3A4 11 44.6 7.841 16 784560000 

KRI1 Q8N9T8;D

3YTE0;Q8

N9T8‐

2;H0YFD2;

F8WFC1;H

0YH26 

10 17.3 17.231 7 779110000 

RPL34 P49207 3 13.7 25.535 7 726350000 

RPLP1 P05386 2 28.9 23.299 2 698490000 

PURA Q00577 7 32.3 18.152 4 695270000 

DDX50 Q9BQ39 21 31.1 12.55 7 662880000 

RIOK3 B4E1Q4;O

14730;O1

4730‐

2;J3QQL5;

J3QLP4 

12 29 44.666 20 662550000 

FAM207A Q9NSI2‐

2;Q9NSI2;

C9JJU7 

7 44.2 8.8766 9 652600000 

SSB P05455;E7

ERC4;E9P

GX9;E9PFL

9 

17 38.5 148.07 20 641200000 

DIMT1 Q9UNQ2;

D6RCL3 

11 41.2 12.445 14 621930000 

EIF3G O75821;K

7ER90;K7E

L20;K7EP1

10 24.4 94.938 13 603990000 



 88

6;K7ENA8;

K7EL60 

RPL21 P46778;G

3V1B3;M0

R181 

5 22.5 20.291 5 578970000 

RPS29 P62273;P

62273‐2 

3 46.4 20.559 8 575370000 

SRPK1 B4DS61;H

3BLV9;Q9

6SB4;Q96

SB4‐

3;Q5R363;

D6RBM8;

D6RBF8 

12 22.5 29.222 19 572050000 

CSNK1E P49674;B

0QY35;B0

QY34;H0Y

645;B0QY

36;J3QQI9

;H0Y2N6 

10 30.8 19.628 12 568480000 

RPL38 P63173;J3

KT73;J3QL

01;J3KSP2 

6 50 33.134 9 562640000 

TRIM28 Q13263;Q

13263‐

2;M0R0K9

;M0R3C0;

M0R2I3 

17 29.3 7.0696 10 556720000 



 89

EIF3I Q13347;Q

5TFK1 

10 43.1 70.379 9 547500000 

RCL1 Q9Y2P8;Q

5VZU3;Q5

VYW8;Q5

VZU1;Q5V

ZU2 

13 33.2 5.2698 11 521180000 

WBP2 K7ESN4 2 11.2 8.4842 5 514060000 

NGDN Q8NEJ9‐

2;Q8NEJ9;

H0YJ17;G

3V4G1 

10 34.4 6.7208 6 503270000 

ASCC3 Q8N3C0;Q

8N3C0‐4 

43 20.3 4447.8 43 490310000 

EIF3S3;EIF

3H 

B3KS98;O

15372;E5

RJT0;E5RG

U4;E5RFW

7;E5RFH0 

11 30.1 20.823 12 486150000 

RPL36 Q9Y3U8;J

3QSB5;J3K

TD3 

5 30.5 14.997 24 469880000 

EIF3M Q7L2H7;B

4E2Q4;J3K

NJ2;H0YC

Q8;E9PRY

0;E9PN86;

E9PRI2;E7

ESM3 

13 42 52.14 18 459510000 



 90

TRPC5;TR

PC4 

Q9UL62;Q

9UBN4‐

6;Q9UBN4

‐

4;Q9UBN4

‐

3;Q9UBN4

‐

2;Q9UBN4

;Q9UBN4‐

5 

2 2.1 39.785 3 457290000 

PDAP1 Q13442;F

8WBW6 

6 27.1 19.078 8 455670000 

PRRC2C E7EPN9;Q

9Y520‐

3;Q9Y520‐

6;Q9Y520‐

4;Q9Y520‐

5;Q9Y520;

Q9Y520‐

7;Q9Y520‐

2;H7C5N8 

32 13.7 26.31 4 416240000 

LARP7 Q4G0J3;Q

4G0J3‐

3;H0YA82;

D6RFF0;Q

4G0J3‐

2;D6R9Z6;

D6RF22;D

14 27.1 12.255 15 414670000 



 91

6RF49;D6

RAF3 

LUC7L2 Q9Y383;Q

96HJ9‐

2;Q9Y383‐

3;Q9Y383‐

2;C9JWT3;

F8WB41;F

8WEU3 

10 27.6 11.083 7 382340000 

DHX30 H7BXY3;Q

7L2E3‐

3;Q7L2E3;

Q7L2E3‐2 

23 22.3 8.297 17 374950000 

RPL35A P18077;F8

WBS5;F8

WB72;C9K

025 

5 22.7 17.185 3 371340000 

TCOF1 Q13428‐

8;Q13428‐

3;E7ETY2;

E9PHK9;Q

13428‐

2;Q13428‐

7;Q13428;

Q13428‐

4;J3KQ96;

Q13428‐

6;Q13428‐

5 

12 10.3 17.421 4 353060000 



 92

RPS27 P42677;Q

5T4L4;C9J

1C5 

5 40.5 16.464 9 339190000 

PWP1 Q13610;B

4DJV5;F8V

Z56;Q7Z3

X9 

9 22.8 7.4586 4 314520000 

DPY19L1 Q2PZI1;H7

C3M5 

2 4.4 18.309 3 313420000 

GPR84;M

GRN1 

E9PB19;K

7EPJ5;O60

291‐

4;O60291;

O60291‐

3;O60291‐

2;B4DR12;

K7EIM7;K

7ERA1;K7

EJN3;Q96

PX1‐

2;Q96PX1 

8 19.8 6.2313 21 309310000 

DDX10 Q13206;E

9PIF2 

19 24.6 6.8387 7 300050000 

EIF2B4 Q9UI10‐

3;Q9UI10‐

2;E7ERK9;

Q9UI10;F8

W8L6;H7C

2L8 

12 32 16.984 12 298190000 



 93

ZFR Q96KR1;H

0Y8W1 

15 18.2 7.6691 13 286620000 

RBM19 Q9Y4C8;H

0YIL2 

14 17.9 17.251 4 283320000 

ASCC2 Q9H1I8;Q

9H1I8‐

3;B1AH59;

B1AH60;F

2Z2W4;F8

WAQ6;Q9

H1I8‐

2;H7C3Y4 

9 12.7 15.173 10 275050000 

EPX P11678 2 3.2 7.5318 2 270120000 

LUC7L3 J3KPP4;O9

5232;B4DJ

96;D6RDI2

;D6RHH0;

E7EN55;C

9JL41;O95

232‐2 

6 16.8 7.2748 4 264970000 

EIF3J F5H425;O

75822;B4

DUI3;H0Y

GJ7;H0YLP

3 

6 33 15.655 4 255600000 

BMS1 Q14692;A

8MXU9;A

8MV67 

15 13.3 6.0636 9 253960000 



 94

RPL26;KR

BA2;RPL2

6L1 

J3QRI7;J3

QQQ9;J3Q

QV1;P612

54;J3KTJ8;

E5RIT6;J3

QRC4;J3KS

S0;E5RHH

1;J3KS10 

9 55.1 20.438 3 250940000 

TRIP4 Q15650;H

0YL91;H0Y

LN7;H0YK

63 

10 19.6 10.122 11 249350000 

SMC1A H0Y7K8 6 22.1 97.42 1 244970000 

RBM42 K7EQ03;K

7EP90;Q9

BTD8‐

4;Q9BTD8

‐

2;Q9BTD8

‐

3;Q9BTD8

;K7ER08;K

7EML2 

7 23 14.07 10 238760000 

ASCC1 F5H874;Q

8N9N2‐

2;H0YCB3;

Q8N9N2;

H0YE76;H

0YER2;E9P

9 24.8 13.733 11 197780000 



 95

M82;E9PR

40;E9PQZ

6;E9PKM6 

IFRD2 Q9UJ88;Q

12894;H7

C444;H7C

2Z4 

5 9.4 6.7866 8 195300000 

EIF3K K7ERF1;Q

9UBQ5;K7

ES31;K7E

MQ9;B7Z

AM9;K7E

QM4;K7EK

53 

6 38.5 15.446 4 194580000 

DDX24 G3V529;Q

9GZR7;F5

GYL3 

18 31.5 5.4806 8 184730000 

LRRC47 Q8N1G4 10 21.1 8.1256 11 183950000 

RRP15 Q9Y3B9 4 14.2 5.2004 4 181980000 

DDX55 F5H5U2;Q

8NHQ9;Q

8IYH0;E7E

X41 

7 12.7 11.529 11 175020000 

SURF6 O75683 8 29.9 5.5758 7 168820000 

STRBP Q96SI9‐

2;Q96SI9;

H0YC91;Q

5JPA5 

19 31.3 6.103 6 168620000 



 96

PRRC2A P48634;P

48634‐

2;P48634‐

3;P48634‐

4 

17 10.5 15.09 18 163410000 

RFC4 P35249;C

9JZI1;C9J8

M3;C9JTT

7;C9JXZ7;

C9JGY5;F8

WE44;H7C

1P0;C9JW

34 

9 25.6 7.0707 3 161970000 

UTP20 O75691 21 8.1 9.376 6 160780000 

RPL36A;R

PL36AL;RP

L36A‐

HNRNPH2 

J3KQN4;Q

969Q0;P8

3881;H7B

Z11;H0Y5

B4;R4GN1

9;H7BY91;

H0Y3V9 

4 26.1 33.398 4 158790000 

LUC7L Q9NQ29‐

2;Q9NQ29

;Q9NQ29‐

3;A8MYV2

;B8ZZ10;B

8ZZ09;B8Z

Z12;F8WB

C1;F2Z322 

6 22.2 8.6443 6 156490000 



 97

NKRF O15226;O

15226‐2 

12 19.3 5.552 7 152550000 

ZNF768 H3BS42;Q

9H5H4 

6 13.2 6.6654 9 147300000 

YTHDC2 Q9H6S0;D

6RA70;D6

RF50;D6R

9T8 

15 11.5 15.198 3 141250000 

RPL37A C9J4Z3;P6

1513;M0R

0A1;Q6P4

E4;E9PEL3

;M0R2L6 

2 44.1 22.145 4 136060000 

MOV10 Q5JR04;Q

9HCE1;Q9

HCE1‐2 

16 19.6 9.5513 7 135110000 

C7orf50 C9JQV0;Q

9BRJ6;H7

C0T1;H7C

2R9 

4 30.7 15.417 5 134370000 

RFC3 P40938;P

40938‐2 

12 37.9 6.7495 7 131980000 

MMTAG2 Q9BU76‐

4;Q9BU76

;Q9BU76‐

3;Q9BU76

‐2 

3 17.5 9.7703 3 130680000 

PRKRA O75569‐

3;O75569‐

3 15.3 9.7971 3 119500000 



 98

2;O75569;

B4DJC7;F8

WEG8;G5

E9Q4;C9J

MM3 

HADHB B4E2W0;P

55084;F5

GZQ3;B5

MD38;C9J

EY0;C9JE8

1;C9K0M0 

9 23.2 6.334 5 116010000 

POP1 Q99575;E

5RK39 

10 12.8 12.707 3 95090000 

CCNK O75909;O

75909‐

4;G3V2Q3

;G3V5E1;

O75909‐

2;O75909‐

1;G3V235 

4 12.8 9.9102 4 91190000 

TPD52L1 E9PNQ9;E

9PNK6;E9

PPQ1;J3K

NE7;Q168

90‐

4;Q16890‐

3;Q16890‐

2;F6V707;

Q16890 

2 16.3 16.004 2 90058000 



 99

SERBP1 Q8NC51;Q

8NC51‐2 

24 55.6 18.015 1 89684000 

DNAJA1 P31689;B

7Z5C0;P31

689‐2 

4 13.6 9.3459 5 85714000 

IFRD1 C9JA65;O

00458;E9P

MY4;C9JN

M6;O0045

8‐

2;C9JLG5 

4 34.5 19.733 5 82635000 

ABT1 Q9ULW3 5 19.5 5.3957 5 81602000 

LLPH Q9BRT6 4 29.5 8.5893 5 81336000 

SRP14 P37108;H

0YLA2 

3 24.3 6.8769 4 80623000 

ZNF622 Q969S3 5 14.3 10.578 4 80035000 

ZNF771 Q7L3S4;I3

L3L5;H3B

RY2 

5 17.7 12.553 5 78629000 

YBX3 P16989‐2 15 71 12.701 2 75876000 

RBM4 Q9BWF3;E

9PB51;D6

R9K7;J3Q

RR5;Q9B

WF3‐

3;Q9BWF

3‐

4;Q9BWF

3‐2 

7 25 5.2636 7 75009000 



 100

ZC3HAV1 Q7Z2W4‐

2;Q7Z2W4

;C9J6P4;Q

7Z2W4‐

3;H7C5K1;

Q7Z2W4‐

5;Q7Z2W4

‐4 

6 11.2 6.6185 10 70541000 

RFC2 P35250‐

2;P35250;

H7C5P1;H

7C5Q7;F8

WC37;H7

C5A0;H7C

5G4;H7C5

P4 

5 18.1 6.3674 3 70172000 

RPP30 P78346;P

78346‐

2;Q5VU11

;Q5VU10 

4 17.5 7.6403 3 66865000 

HDLBP Q00341;H

0Y394;Q0

0341‐

2;H7C0A4;

C9JZI8;C9J

5E5;C9JIZ

1;H7BZC3;

C9JHS9;C9

J739;C9JM

10 8.2 6.035 9 66812000 
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Q6;C9JQ8

2;C9JBS3;

C9JEJ8;C9J

KQ5;C9JH

N6;C9JT62

;C9JHS7;C

9JK79;C9J

HZ8;C9JES

8 

SRPK2 P78362;P

78362‐

2;H7C5L6;

H7C521;H

7C2I2;C9J

2M4;C9J

WF7 

9 13.7 7.0804 8 65717000 

TSPYL1 Q9H0U9 2 8.5 9.8203 2 64758000 

MRPS22 G5E9W7;

G5E9V5;P

82650;H7

C5L9;H7C

5F2;H7C5

H3;Q9H3I

1 

3 11.9 12.085 2 59043000 

RSBN1 Q5VWQ0;

H0YDA9;Q

5VWQ0‐4 

5 9.6 5.2936 4 57875000 

UTP23 Q9BRU9;E

5RH13;E5

3 16.5 10.43 3 56115000 
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RIC4;G3X

AM4;E5R

GP0;Q9BR

U9‐2 

WIBG Q9BRP8‐

2;Q9BRP8 

3 20.7 6.381 2 55542000 

SLC25A31 Q9H0C2 3 10.5 23.59 1 52861000 

ZKSCAN8 Q15776 4 8.5 5.7333 3 51336000 

CMAS Q8NFW8;

Q8NFW8‐

2;F5GYM0

;F5H296 

6 17.1 5.0232 6 51098000 

CDK12 Q9NYV4‐

2;Q9NYV4

;J3QSD7;Q

9NYV4‐

3;F8VXD2;

K7ELV5;F8

VYH9;F8V

ZZ0;E5RIU

6;F8VTV8;

F8VWX7;F

8VZ51;K7

EJ83;E7ESI

2;H0YAZ9;

E7EUK8;G

3V5T9;E5

RGN0;B4D

NF9;Q005

4 3.8 12.022 4 46054000 
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35‐

2;P24941‐

2;Q00535;

P06493;P

24941;P11

802;Q005

26;Q0053

4;Q96Q40

‐

2;Q96Q40

‐

3;O94921‐

3;O94921‐

2;O94921;

Q07002‐

2;Q00536;

Q07002‐

3;Q00536‐

2 

AIFM1 O95831‐

3;O95831;

Q1L6K4;O

95831‐

4;E9PMA0

;O95831‐

5;O95831‐

2 

5 12.3 5.5203 5 45064000 

MRPL38 Q96DV4 4 11.1 11.159 4 43347000 
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ZCCHC6 Q5VYS8‐

6;Q5VYS8;

Q5VYS8‐

4;Q5VYS8‐

3;Q5VYS8‐

2;Q5VYS8‐

5;Q5VYS9;

Q5VYT0;E

9PKX1;E9

PKY2;Q5T

AX3 

7 5.1 14.309 5 43222000 

MAST3 O60307 2 1.7 40.801 4 43099000 

EIF2B3 Q9NR50‐

3;Q9NR50

‐

2;Q9NR50

;H0Y580;

Q5QP88 

5 18.2 8.0563 5 42673000 

ZNF668 Q96K58;C

9JHH8;C9J

CJ0;C9JG3

5 

4 9.9 8.4472 5 42503000 

GTF3C5 Q5T7U1;H

7BY84;Q9

Y5Q8‐

2;Q9Y5Q8

;Q9Y5Q8‐

3;Q5T7U4 

4 10.1 6.3817 4 41161000 
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SRP9 P49458;E9

PE20;P494

58‐2 

2 22.1 6.4156 2 39537000 

DHX16;DH

X8 

B0V0F8;O

60231;F5

H658;Q14

562 

2 1.9 11.02 1 38833000 

RPL10 F8W7C6 8 44.8 16.235 1 38689000 

RFC1 P35251‐

2;P35251;

E0CX09;H

0Y8U4 

4 3.7 6.3368 4 37419000 

PPM1G O15355 3 8.8 6.676 3 34703000 

NOM1 Q5C9Z4 4 5.5 12.546 4 33940000 

STARD9 Q9P2P6 2 0.5 15.883 2 30673000 

DNAJA2 O60884;H

3BMW5 

2 6.1 7.9314 2 30277000 

TRMT1L Q7Z2T5;Q

7Z2T5‐2 

4 6 8.5066 3 30276000 

ZC3H8 Q8N5P1 2 6.5 13.439 2 29917000 

TRMT2A F2Z2W7;Q

8IZ69‐

2;Q8IZ69;

H7C100 

3 5.3 5.1554 5 28874000 

YTHDF2 Q9Y5A9;Q

9Y5A9‐

2;R4GMX0

;R4GN55;

Q7Z739 

3 5.2 7.0721 3 27851000 
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EIF1AX;EIF

1AY 

P47813;A

6NJH9;O1

4602 

2 18.1 9.2108 2 27349000 

ZNF574 Q6ZN55‐

2;Q6ZN55 

4 7 6.015 4 25567000 

EXOSC10 B4DKG8;Q

01780‐

2;Q01780;

K7EJ37 

3 5.6 5.0214 3 25269000 

CENPU;M

LF1IP 

Q71F23;Q

09GN1;Q7

1F23‐

2;Q09GN2

;D6R9S4 

3 9.3 5.2473 3 25003000 

CCT6A B4DPJ8;P4

0227‐

2;P40227 

3 7 5.0159 3 24507000 

PDE1C Q14123‐

2;Q14123;

Q14123‐3 

4 8.2 8.5702 3 22564000 

MAP7D1 Q3KQU3‐

2;Q3KQU3

‐

4;Q3KQU3

;H0YF21 

3 5 8.0005 3 22564000 

LARP4B Q92615;H

0Y641;H0

Y4V9 

3 4.1 8.2908 4 21879000 
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MRPS34 C9JJ19;P8

2930 

2 7.1 10.22 1 21810000 

TARBP2 Q15633‐

2;Q15633;

F8VYK6;F8

VZZ7;F8VT

T7;F8VP94

;F8VYK3;F

8VZ57;H3

BV98 

3 11.6 7.6323 3 20330000 

CMSS1 C9J384;Q9

BQ75‐

2;Q9BQ75

;H7C515 

2 10.7 6.4225 2 20076000 

TFB1M Q8WVM0 3 9 9.6949 2 19411000 

SQLE E5RJH9 2 9.2 10.233 2 18849000 

TRIP11 H0YJ97;Q

15643;H0

YJI2 

2 1.1 20.89 2 18696000 

PRRC2B Q5JSZ5;Q

5JSZ5‐

5;H0Y412 

4 2.4 13.496 3 18170000 

AKAP17A Q02040‐

2;Q02040‐

3;Q02040 

3 8.8 5.4387 3 17654000 

POLR1C D6RDJ3 3 41.1 7.6514 1 16451000 

CSNK1D H7BYT1;P

48730‐

6 17.3 13.399 1 16355000 
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2;P48730;

J3KRM8 

THAP11 Q96EK4 3 8.3 5.0938 3 16340000 

BRD9 Q9H8M2‐

6;Q9H8M

2‐

3;Q9H8M

2‐

1;Q9H8M

2;F2Z2E8;

Q9H8M2‐

2 

3 7.2 7.0875 3 14922000 

PRKRIR O43422;E

9PSI2;B4D

S64;O434

22‐2 

2 2.6 11.669 1 14288000 

SRSF4 Q08170;F

6T1J1 

4 9.7 5.4366 1 14258000 

SPATS2 Q86XZ4 3 5.9 6.9973 4 14217000 

EIF2B2 H0YK01;P

49770 

2 25.6 10.254 2 12816000 

MRPL46 Q9H2W6 2 8.2 5.043 1 12792000 

HAX1 E9PIQ7;O

00165‐

5;O00165‐

3;O00165;

O00165‐

2;Q5VYD6 

2 14.6 5.7242 2 12434000 
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POLRMT K7EKS3;O

00411;K7E

SD1 

3 2.7 5.5595 4 12133000 

ACAD11 Q709F0;F

8WEV0;D

6RDI8;Q7

09F0‐

3;Q709F0‐

2 

2 2.9 6.0983 2 10271000 

ZNF70 Q9UC06 2 7.2 9.9854 1 9810300 

ZBTB11 O95625 2 2.4 13.196 2 9810100 

ZNF629 Q9UEG4 3 3.7 10.405 3 8612900 

MRPS17 I3L0E3;Q9

Y2R5;F8W

D84;E9PE

17;Q8N85

9 

3 15.1 15.908 1 8421100 

POLR1A B9ZVN9;O

95602;F2Z

3I7 

4 2.7 5.1142 3 7756500 

DAP3 P51398‐

2;P51398‐

3;P51398 

2 7 5.5315 2 7539600 

SIN3A Q96ST3 2 1.8 5.1971 2 6961200 

SYK P43405‐

2;P43405 

2 7.5 8.8306 1 6706600 

RPL26L1 Q9UNX3 9 40 14.749 1 5254100 

ZCCHC3 Q9NUD5 2 6.9 12.311 1 4481900 
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DGCR8 Q8WYQ5‐

3;Q8WYQ

5;C9JSD5;

Q8WYQ5‐

2 

2 3.5 5.8591 2 4139700 

RACGAP1 F8VVE5 4 20.3 14.558 1 1557500 

RPS2 P15880;H

0YEN5;E9

PQD7;E9P

MM9;E9P

PT0;I3L40

4;E9PM36

;H3BNG3;

H0YE27 

28 76.5 23.711 59 1.1846E+11 

RPSA;RPS

AP58 

C9J9K3;P0

8865;A6N

E09;C9JQ

R9 

23 76.9 30.183 26 62725000000 
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Table S2. Proteins detected in the GFP-ZNF277 purification showing a SILAC ratio >2.5 

and a minimum of 2 unique peptides. 

Gene 

Names 

Uniprot Unique 

Peptides 

Sequence 

Coverage 

[%] 

SILAC 

Ratio 

MS 

Count 

Intensity 

ZNF277  Q9NRM2;G5E9
M4;C9JH62;H7C
460;C9J3B6;F8
WBE4 
 

16 
 

28.2 
 

7.007 
 

41 
 

7199200000
 

RPS2 
 

P15880;H0YEN5
;E9PQD7;E9PM
M9;I3L404;E9PP
T0;E9PM36;H3B
NG3;H0YE27 

10  40.3  14.239  9  1644400000

HIST1H
2BL;HIS
T1H2B
M;HIST
1H2BN;
HIST1H
2BH;HI
ST2H2B
F;HIST1
H2BC;H
IST1H2
BD;H2B
FS;HIST
1H2BK;
HIST3H
2BB;HIS
T2H2BE
;HIST1H
2BB;HIS
T1H2B
O;HIST
1H2BJ;
HIST1H
2BA 

B4DR52;Q99880
;Q99879;Q9987
7;Q93079;Q5QN
W6;P62807;P58
876;P57053;O60
814;Q5QNW6‐
2;Q8N257;Q167
78;P33778;P235
27;P06899;Q96
A08 

2  10.8  4.6663  2  57921000 

H2AFV;
HIST1H

C9J0D1;Q71UI9‐
2;Q99878;Q96K

2  13.1  4.2953  2  20579000 
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2AJ;HIS
T1H2A
H;H2AF
Z;H2AF
J;HIST2
H2AC;H
IST1H2
AC;HIST
3H2A;H
IST2H2
AA3;HI
ST1H2A
D;HIST1
H2AG;
HIST1H
2AB;HI
ST1H2A
A;H2AF
X;HIST2
H2AB 

K5;Q71UI9;P0C0
S5;Q9BTM1;Q16
777;Q93077;Q7
L7L0;Q6FI13;P2
0671;P0C0S8;P0
4908;Q96QV6;P
16104;Q9BTM1‐
2;C9J386;H0YFX
9;Q71UI9‐
5;Q71UI9‐
3;Q71UI9‐
4;Q8IUE6 

PABPC1  E7EQV3;E7ERJ7;
P11940‐
2;P11940;H0YA
P2;H0YAR2;E5R
HG7;E5RGH3;E5
RH24;E5RJB9;B1
ANR1;H0YBN4;H
3BPI5;Q4VY17;H
3BNY3;B1ANR0;
Q4VXU2;Q9H36
1;Q13310‐
2;Q13310;Q133
10‐3 

3  5.9  2.5448  3  11222000 
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Table S3. Proteins detected in the BiRA-ZNF277 purification showing a SILAC ratio >2.5 

and a minimum of 2 unique peptides. 

Gene 

Names 

Uniprot Unique 

Peptides 

Sequence 

Coverage 

[%] 

SILAC 

Ratio 

MS 

Count 

Intensity 

ZNF277  Q9NRM2;G5E9

M4;C9JH62;H7C

460;C9J3B6;F8

WBE4 

23 46 5662.3 60 6168600000

0 

RPS2  P15880;H0YEN5
;E9PQD7;E9PM
M9;I3L404;E9PP
T0;E9PM36;H3B
NG3;H0YE27 

11  46.8  22.39  14  1135000000

CCDC8
8A 

H0Y470;H7C2C6
;Q3V6T2‐
4;Q3V6T2‐
2;Q3V6T2‐
3;Q3V6T2;H0Y7
U8;Q3V6T2‐5 

2  3.4  501.27  1  861290000

MPHOS
PH9 

Q99550;F5H5S6
;H0YG46;J3KNE4
;Q99550‐2 

2  2.4  4.4962  3  651060000

PDCD2L  Q9BRP1;K7EQD
9 

2  6.1  2.8289  3  106140000

PLAC9  Q5JTB4  2  29.1  8.5121  2  79874000

MOAP1  Q96BY2  2  11.4  29.57  2  24054000

MPDZ  B7ZB24;H0YGQ3
;F5H1U9;B7ZMI
4;O75970‐
3;O75970‐
2;O75970;B3KQ
C9 

2  5.3  4.4892  2  6392500

API5  Q9BZZ5‐
5;G3V1C3;B4E2
83;Q9BZZ5‐
1;Q9BZZ5‐
2;Q9BZZ5;H0YE
R7;Q9BZZ5‐3 

2  12.9  2.5592  5  4640700



 

CHAPTER 3 

The role of r-proteins is not limited to their role within the 80S monosome. It has been well 

documented that many r-proteins have essential extra-ribosomal functions in their auto-

regulation, the ribosomal quality control pathways and as regulators of nucleolar stress 

(Lindstrom, 2009; Warner, 2009; Nicolas, 2015). Even though research into extra-ribosomal 

protein function is relatively new, studies have been able to link r-proteins to varies cancers 

and a multitude of diseases, proving the importance and prevalence this field of study has 

become.   

 

Our previous work identified a conserved yet uncharacterized extra-ribosomal complex 

between uS5 and PRMT3. uS5 has been shown to interact with PRMT3 in fission yeast 

Schizosaccharomyces pombe, mammalian cells, as well as in Drosophila using high-

throughput two-hybrid screening (Giot, 2003; Bachand, 2004, Swiercz, 2005). By using a 

novel proteomics approach, we were able to gain insight on the main interacting proteins of 

uS5 and PRMT3, respectively. As detailed in our previous manuscript, uS5-PRMT3 

complexes were able to interact with two distinct complexes; with either PDCD2 or 

PDCD2L, as PDCD2L was not detected in a PDCD2 purification, and reciprocally, PDCD2 

was not identified as a PDCD2L-associated protein (Landry-Voyer, 2016). This, along with 

pulldown experiments, lead us to propose a model in which uS5-PRMT3 complexes bind 

PDCD2 or PDCD2L by means of their interaction with uS5.  Unfortunately, the main 

function of these complexes has remained elusive to us.  

 

With the knowledge that uS5 was the central hub of our complexes, we decided to explore 

its protein-protein interacting network (Fig. 1, Manuscript 1, Dionne, 2018). Interestingly, 

our analysis identified ZNF277, another protein with multiple C2H2 domains reminiscent of 

the previously identified PRMT3. Using reciprocal proteomic assays, SILAC and BioID, in 

ZNF277 expressing cell lines, we observed that ZNF277 has very few direct or transient 

interacting proteins (Fig. 1, Manuscript 1, Dionne, 2018). Earlier SILAC experiments carried 

out in the laboratory normally lead to hundreds of interacting proteins per pulldown. In order 

to rule out technical error, this phenomenon was validated by three separate SILAC 

experiments, 2 which were performed in beads and a last experiment which was done in gel. 
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Each experiment lead to the same conclusion, that uS5 is the principal protein interactor of 

ZNF277. Moreover, high-throughput two-hybrid screening in Drosphila as well as genomic 

mediation analysis of trans-expression quantitative trait loci (trans-eOTL) in BXD mouse 

cohorts identified ZNF277 homologs as uS5 interacting partners (Giot, 2003; Li, 2018). 

Additionally, we were able to validate that ZNF277 directly binds with uS5 by means of a 

duel-expression vector in E. coli (Fig. 1, Manuscript 1, Dionne, 2018).  

 

Comparably to PDCD2 and PDCD2L data, ZNF277 was not previously identified in 

PRMT3’s pulldown (Landry-Voyer, 2016). The similarities between ZNF277 and PRMT3 

lead us to further explore the hypothesis that these two proteins were also mutually exclusive. 

Co-expression of WT or Zinc Finger mutant version of PRMT3 in a ZNF277 expressed cell 

line indicated that ZNF277 and PRMT3 compete for uS5-binding, supporting our previous 

hypothesis in which uS5 acts as the core protein of these extra-ribosomal complexes (Fig. 4, 

Manuscript 1, Dionne, 2018). Understanding the role and the evolutionary significance of 

these distinct extra-ribosomal uS5 complexes remains essential to expanding our knowledge 

of r-proteins beyond the ribosome. 

 

As one can imagine, it is quite the task to discover the role of all these four distinct 

complexes. That being said, my main research objective was to examine the role of the uS5-

ZNF277 complex. Further characterization of ZNF277 is needed to clarify its action on extra-

ribosomal uS5. First, we hoped to gain insight on ZNF277-uS5 binding using site directed 

mutagenesis. Previous experiments in our laboratory demonstrated the importance of 

PRMT3’s C2H2 zinc finger motif in uS5 recognition (Landry-Voyer, 2016). Excitingly, we 

identified 5 C2H2 zinc finger motifs, two containing the typical amino acid consensus 

sequence (C-x(2,4)-C-x(3)-[LIVMFYWC]-x(8)-H-x(3,5)-H) and three containing atypical 

consensus motifs (Uniprot. 2018). By mutating the first cysteine and the last histidine for an 

alanine and a serine, respectively, in each of the observable zinc finger motifs, we proved 

that ZNF277’s zinc finger domains are critical for stable uS5 interaction (Fig. 2, Manuscript 

1, Dionne, 2018). Furthermore, we found that mutations in the atypical ZNF277 zinc finger 

domain #5, the most C-terminal domain, nearly eliminated all interaction with uS5. Using 

an in cellulo approach, we were then able to visualize the localization of a GFP-tagged 
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version of ZNF277 in U20S cells (Fig. 3, Manuscript 1, Dionne, 2018). Although, the 

original signal of ZNF277 seem to be primarily ubiquitous, showing fluorescence in both the 

nucleus and cytoplasm, deconvolution using Zeiss Zen software showed that GFP-ZNF277 

fluorescence was highly concentrated in nuclear regions. Anti-fibrillarin staining colocalized 

with this enriched signal, allowing us to conclude that a fraction of ZNF277 is also present 

in the nucleolus. Bimolecular fluorescence complementation assays revealed that uS5-

ZNF277 complexes colocalized in the cytoplasm and the nucleolus (Fig. 3, Manuscript 1, 

Dionne, 2018). Using this technique, we confirmed the importance of ZNF277’s zinc finger 

domain #5 for the interaction of uS5. U20S cells co-expression mutant ZNF277 and uS5 

showed absolutely no fluorescence, similar to that of our control (Fig. 3, Manuscript 1, 

Dionne, 2018).  

 

Dedicated ribosomal chaperone proteins are known to aid the holding and the recruitment of 

r-proteins into their perspective pre-subunits (Huang, 2005; Koplin, 2010; Willmund, 2013). 

The initial interaction of chaperone protein to r-protein is situated, more often than not, in 

the cytoplasm during the early stages of translation to help r-protein return to the nucleus 

(Pausch, 2015; Stelter, 2015; Mitterer, 2016; Pillet, 2017). Once in the nucleus, several r-

proteins are then recruited to the nucleolus to aid in the early stages of preribosomal subunit 

assembly (Cooper, 2010). The discovery of ZNF277 having high concentrations of nucleolar 

fluorescence, along with the fact that uS5-ZNF277 complexes colocalize to the nucleolus, 

lead us to speculate that ZNF277 could be an uS5-specific chaperone protein (Fig. 7) 
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Figure 7. ZNF277 is a dedicated uS5 chaperone protein. Schematic representation of ZNF277 

being recruited co-translationally to nascent uS5 before interacting with pre-40S ribosomal 

subunits in the nucleus.  

 

RNA immunoprecipitation (RIP) experiments and polysome assays where optimized in order 

to test this hypothesis. This will not only allow not only to test whether or not uS5 mRNA is 

enriched in ZNF277 precipitates, but whether depletion using siRNAs against ZNF277 

affects translation activity and uS5 binding (Gagliardi and Matarazzo, 2016; Panda, 2017) 

Our research revealed that uS5 mRNA is significantly enriched in ZNF277 precipitates, 

suggesting that ZNF277 is recruited co-translationally by nascent uS5 further validating our 

hypothesis that ZNF277 could be a potential uS5 chaperone protein (Fig. 6, Manuscript 1, 

Dionne, 2018). Unfortunately, polysome profile assays using siRNAs against ZNF277 did 

not affect ZNF277 capacity to interact with uS5 (Fig. 7, Manuscript 1, Dionne, 2018). Based 

on current studies regarding chaperone proteins, we would have expected to see an altered 

state in translation activity similar to that of its proposed r-protein partner (uS5), which we 

did not see when we depleted ZNF277. Though our findings have not allowed us to find the 

functional role of the extra-ribosomal uS5-ZNF277 complex, we have, however, been able 

to well characterize the complex and narrow down its potential role in mammalian cells.  

 

In this study, we did not address the fact that, by means of proteomic analysis and co-

immunoprecipitations, we hypothesis that uS5 interacts with four main complexes, including 

a uS5-PDCD2-ZNF277 complex (Fig. 8, Manuscript 1, Dionne 2018). Though we did not 

discovery PDCD2 during ZNF277 SILAC and BioID analysis, reciprocal pulldowns using 

PDCD2 did identify ZNF277 as a potential PDCD2-interacting protein (Landry-Voyer, 

2016, Fig. 1, Manuscript 1, Dionne, 2018). Furthermore, preliminary data suggest that uS5 

is required for the copurification of PDCD2 with ZNF277, as previously shown for PDCD2L 

(Fig. S1, Manuscript 1, Dionne, 2018). The transient interaction between PDCD2 and 

ZNF277 via uS5 could explain why PDCD2 was not recovered in ZNF277. Looking into the 

abundance of our proteins of interest by gel filtration chromatography could help us gain 

further insight into this irregularity.  
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Importantly, similar experiments previously described for the characterization and 

determination of functional role of uS5-ZNF277 complex were carried out in parallel on 

other uS5 extra-ribosomal complexes. Preliminary data during BiFC experiments showed 

that the uS5-PDCD2 fluorescence co-localized to both the cytoplasm and the nucleolus, the 

same pattern observed during for uS5-ZNF277 (Fig. A1, Annex). Additionally, if we 

compare polysome assays in cells treated with siRNAs against uS5 and against PDCD2, 

respectively, we notice a striking resemblance in their profiles. Notably, a drastic increase of 

free 60S subunits caused by a decrease in 40S subunits followed by an overall decrease of 

80S monosomes (Landry-Voyer, 2016, Fig. 7, Manuscript 1, Dionne, 2018). Northern blot 

experiments carried out in the laboratory also showed similar pre-rRNA processing patterns 

between uS5 and PDCD2 (Fig. A2, Annex). Depletion of uS5 or PDCD2 reveals an increase 

of 43S, 41S, 26S, and 21S precursors along with a decrease in 30S pre-rRNA, suggesting 

that decrease in uS5 and PDCD2 levels tend to favor the 41S pre-rRNA maturation pathway 

over the 30S (Henras, 2015, Lafontaine, 2015). Even though we have been able to identify 

changes in rRNA maturation, we, unfortunately, still don’t understand its overall impact on 

ribosome biogenesis and on the cell. As previously mentioned, alteration in rRNA 

processing, such as 41S precursor accumulation, can lead to ribosomopathies and cancers 

(O’Donohue, 2010). High-throughput RNA sequencing using cross-linking techniques 

would allow us to get a comprehensive view of modifications in pre-rRNA processing by 

identifying affected maturation factors in the pre-ribosomal structure in uS5 and PDCD2 

depleted conditions (Granneman, 2010; Kudla, 2011).  

 

Preliminary RIP using HEK 293-FT cells expression a GFP tagged version of PDCD2 

initially ruled out PDCD2 as a possible co-transitional-uS5 protein as PDCD2 did not show 

as great as an enrichment for uS5 mRNA compared to ZNF277 (Fig. 6, Manuscript 1, Dionne 

2018; Fig. A3, Annex). However, it is important to note that importins have been shown to 

mediate nuclear import, by interacting post-translationally to r-proteins already bound to 

their dedicated chaperones (Holzer, 2013; Wyler, 2014; Pausch, 2015). Furthermore, it has 

been shown that proteins chaperones may interact on more than one r-protein to mediate co-

transport of r-proteins to their pre-ribosomal subunits (Kressler, 2012; Pausch, 2015; Pillet, 

2017). In such a new and emerging field, it is highly unlikely that we have discovered all the 
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possible scenarios for r-protein import. It is possible that r-proteins may require multiple 

chaperones to assure their proper formation and pre-ribosomal incorporation. Our 

preliminary data suggest a model in which PDCD2 could potentially be recruited post-

translationally to play a role as a co-uS5-ZNF277 chaperone (Fig. 8).  

 

 

Figure 8. PDCD2 is a potential uS5-ZNF277 co-chaperone. Schematic representation of PDCD2 

interacting post-translationally to co-translationally bound uS5-ZNF277 complex before 

interacting with pre-40S ribosomal subunits in the nucleus. 

 

Additional research is needed to explore this newly proposed model, including but not 

limited to reproducing the experiments mentioned in figures 1A-1C. Replicating BiFC 

experiments in which uS5-PDCD2 and ZNF277-PDCD2 are expressed in deconvoluted cells 

will allow us to determine if all three of our co-expression vectors co-localize to the same 

cellular compartments. Preliminary data show ZNF277-PDCD2 fluorescence co-localizing 

to the cytoplasm (data not shown). However, my own microscopy experiences have shown 

that deconvolution is needed in certain cases to observe clear nucleolar signals (Data not 

shown). Moreover, it would be pertinent to add an extra condition to polysome and northern 

blot assays, in which siuS5 and siZNF277 would be co-transfected. This would allow us to 

determine whether or not their co-depletion has a synergistic effect on the cell as we have 

previously seen in PDCD2 and PDCD2L co-depleted cell lines (Landry-Voyer, 2016).  

 

Understanding protein-protein interaction in their specific complexes is now realizable 

thanks to newly emerging techniques in proteomics. The creation of a protein fragment 

complementation assay coupled with BioID (Split-BioID) will allow us to observe the 
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interacting protein network of our complexes (Schopp, 2017). Using Split-BioID on uS5-

ZNF277, uS5-PDCD2, and ZNF277-PDCD2 complexes will allow for a comprehensive 

uS5-ZNF277-PDCD2 complex protein interactome. Data-sets from each experiment can be 

analyzed to detect overlapping interacting proteins and give helpful insight to the functional 

role of this complex: Is it a chaperone protein? Could it act on a different cellular pathway? 

The fact that r-protein chaperones have also been associated with other extra-ribosomal 

functions and linked to ribosomopathies and cancer could imply various cellular functions 

for our complex (Lindstorm, 2007; Nakhoul, 2014; Danilova and Gazda, 2015; Nicolas, 

2015).  
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ANNEX 

 

 

Figure A1. PDCD2-uS5 complexes localize to cytoplasm and nucleolus. Representative 
BiFC showing in vivo interaction of VN-uS5 with PDCD2-VC cells that co-expressed VN-
uS5 with either the VC control (a-c) and PDCD2-VC (d-f) were fixed and analyzed by direct 
fluorescence. DNA staining with DAPI shows the nucleus of each cell. Preliminary data: 
VN-uS5+PDCD2-VC is not to scale, nor have it been subject to deconvolution.  
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Figure A2. Depletion of uS5 and PDCD2 present similar defects in pre-rRNA 
maturation processing. Northern blot analysis of mature and precursor rRNAs using total 
RNA prepared from WT and PDCD2 depleted cells that were previously treated with non-
target or uS5-specific siRNAs. Pre-rRNAs were detected by using a probe complementary 
to sequences in the 5’ ITS region.  
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Figure A3. PDCD2 does not bind to uS5 in a co-translational manner. Analysis of 
mRNA enrichment (IP/input ratio) for the indicated genes in GFP and GFP-PDCD2 
immunoprecipitates was analyzed by RT-qPCR and normalized to a control housekeeping 
mRNA (GAPDH). Values were then set to 1.0 for the control GFP purification. Preliminary 
data: n=2, no student’s t-test. 
 


