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SUMMARY

Ribosome biogenesis is a highly complex process
requiring many assisting factors. Studies in yeast
have yielded comprehensive knowledge of the
cellular machinery involved in this process. However,
many aspects of ribosome synthesis are different in
higher eukaryotes, and the global set of mammalian
ribosome biogenesis factors remains unexplored.
We used an imaging-based, genome-wide RNAi
screen to find human proteins involved in 40S ribo-
somal subunit biogenesis. Our analysis identified
�300 factors, many part of essential protein modules
such as the small subunit (SSU) processome, the
eIF3 and chaperonin complexes, and the ubiquitin-
proteasome system. We demonstrate a role for the
vertebrate-specific factor RBIS in ribosome synthe-
sis, uncover a requirement for the CRL4 E3 ubiquitin
ligase in nucleolar ribosome biogenesis, and reveal
that intracellular glutamine synthesis supports 40S
subunit production.
INTRODUCTION

Ribosomes are conserved molecular machines dedicated to

protein synthesis in all kingdoms of life. They are built from

a small and a large subunit, both of which are sophisticated

ribonucleoprotein particles composed of rRNA and ribosomal

proteins (RPs). Although the ribosome structure and mode of

operation follow the same principles in all species, ribosome

synthesis has become more complex during evolution. The

reasons for this greater complexity include increases in ribo-

some size, the establishment of nucleo-cytoplasmic com-

partmentalization, and the evolution of elaborate signaling net-

works that control ribosome synthesis and function, especially
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in higher eukaryotes. Importantly, deregulated ribosome pro-

duction is associated with various ribosomopathies and cancer

(Bywater et al., 2013; Hannan et al., 2013; Stumpf and Ruggero,

2011; Teng et al., 2013).

In vertebrates, the small 40S ribosomal subunit contains one

rRNA (18S) and 33 ribosomal proteins (RPSs), whereas the large

60S subunit is built of three rRNAs (28S, 5.8S, and 5S) and 47 ri-

bosomal proteins (RPLs). Ribosomal subunit biogenesis begins

in specialized nuclear regions, called nucleoli, that are organized

around repeats of rRNA genes. RNA polymerase I (Pol I) tran-

scribes these genes as long precursor rRNAs (pre-rRNAs).

Each pre-rRNA contains rRNA segments (18S, 5.8S, and 28S)

that are surrounded by RNA regions that are removed in a

number of temporally and spatially controlled rRNA processing

reactions. Concomitant with rRNA transcription and processing,

the pre-rRNA is modified by pseudouridylation and methylation,

mostly catalyzed by a large number of small nucleolar ribonu-

cleoprotein (snoRNP) particles. The process of rRNA maturation

is tightly coupled to the ordered deposition of ribosomal proteins

onto the pre-rRNA. An endonucleolytic cleavage step splits

the nascent pre-ribosome into the precursors of 40S and 60S

subunits in the nucleolus, which, thereafter, follow separate

biogenesis pathways. Pre-60S maturation also includes the

incorporation of 5S rRNA, which is synthesized independently

by RNA Pol III. Following further nuclear biogenesis steps and

nuclear export, pre-40S and pre-60S particles are finally

matured in the cytoplasm, where both subunits join to form the

translationally competent 80S ribosome. In yeast, the whole pro-

cess of ribosome production is assisted by >200 non-ribosomal

proteins known as trans-acting factors (Henras et al., 2008;

Thomson et al., 2013; Tschochner and Hurt, 2003; Turowski

and Tollervey, 2015; Woolford and Baserga, 2013).

Ribosome synthesis is an energy-demanding process that

is tightly regulated and occupies a central position in growth

control (Drygin et al., 2010; Warner, 1999). To adapt ribosome

production to cellular needs, vertebrate cells integrate a large va-

riety of upstream cues, including nutrient availability. Defects in
orts 13, 2879–2891, December 29, 2015 ª2015 The Authors 2879

mailto:ulrike.kutay@bc.biol.ethz.ch
http://dx.doi.org/10.1016/j.celrep.2015.11.061
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1016/j.celrep.2015.11.061&domain=pdf


ribosome synthesis, in turn, are relayed into elaborate stress

response pathways, such as p53 activation, that ensure cellular

and organismal homeostasis (Deisenroth and Zhang, 2010).

Although ribosome biogenesis in yeast has been studied

intensively, little is known about this process in vertebrate cells

in comparison. Recently, we and others took the first systematic

approaches to identify factors involved in ribosome biogenesis in

human cells by performing candidate RNAi screens on human

homologs of yeast ribosome synthesis factors and a subset of

nucleolar proteins, respectively (Tafforeau et al., 2013; Wild

et al., 2010). These screens revealed that basic aspects of the

process are conserved between yeast and mammals. However,

important dissimilarities in ribosome synthesis exist between

fungi and humans, caused by differences in the genomic organi-

zation of rDNA, rRNA maturation, subunit size, and regulation.

To shed light on the cellular machinery required for 40S syn-

thesis in human cells, we performed a genome-wide, image-

based siRNA screen yielding a high confidence group of proteins

required for small subunit biogenesis. Many of the identified

genes have been linked to disease, emphasizing the importance

of balanced ribosome synthesis for organismal homeostasis.

To demonstrate the utility of this dataset, we focused our

follow-up analyses on three factors without a characterized

role in ribosome production: ribosome biogenesis factor identi-

fied in screen (RBIS), a vertebrate-specific ribosome biogenesis

factor; a protein module belonging to the ubiquitin-proteasome

system, revealing a link between the cullin 4 E3 ubiquitin ligase

and human ribosome synthesis; and GLUL, an enzyme that

converts glutamate into glutamine. Collectively, our dataset not

only provides a collection of references for research on human

ribosome biogenesis but also a rich source for deciphering con-

nections between diverse cellular pathways and ribosome syn-

thesis—an anabolic pillar that is central to life.

RESULTS AND DISCUSSION

siRNA Screening Identifies 302 Factors Required for
40S Subunit Synthesis
To identify factors involved in the synthesis of human 40S ribo-

somal subunits by imaging-based RNAi screening, we used a

previously established HeLa cell line expressing a tetracycline-

inducible RPS2-yellow fluorescent protein (YFP) reporter (Wild

et al., 2010; Zemp et al., 2009). After induction, newly synthe-

sized RPS2-YFP is imported into the nucleus, assembled into

pre-ribosomes in the nucleolus, and exported along with freshly

made subunits back into the cytoplasm. In our assay, reporter

cells were first treated with siRNAs for 58 hr before the expres-

sion of RPS2-YFP was induced for 14 hr, allowing us to monitor

the effect of protein depletion on the biogenesis of newly synthe-

sized 40S subunits (Figure 1A).

In control cells, RPS2-YFP localized to the cytoplasm, mostly

as part of mature 40S subunits (Zemp et al., 2009), and was also

found in nucleoli, where it joins nascent subunits (Figure 1B).

Loss of cytoplasmic localization accompanied by nuclear accu-

mulation of the reporter was exploited for quantification of

siRNA-induced defects in 40S biogenesis. Based on distinct pat-

terns of nuclear localization of the RPS2-YFP reporter, we could

distinguish two different phenotypes: nucleolar accumulation of
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RPS2-YFP caused by early ribosome maturation defects (e.g.,

upon depletion of fibrillarin [si-FBL], a box C/D snoRNP-associ-

ated methyltransferase) and nucleoplasmic accumulation of

RPS2-YFP resulting from nucleoplasmic maturation or export

defects (e.g., induced by downregulation of the pre-40S exportin

XPO1/CRM1 [si-XPO1]) (Figure 1B).

For automated data analysis, images were segmented based

on Hoechst staining of cell nuclei, and diverse features were

extracted, including nuclear and cytoplasmic fluorescence in-

tensities, with a customized version of CellProfiler (Carpenter

et al., 2006). Supervised machine learning was applied to assign

cells into predefined phenotypic classes. These categories

included cells displaying 40S biogenesis defects based on the

subcellular localization of the RPS2-YFP reporter, cells without

reporter expression, and mitotic or apoptotic cells. For each

siRNA, a hit rate was calculated, defined as the percentage of

RPS2-YFP-expressing interphase cells showing nuclear accu-

mulation of the reporter (Wild et al., 2010).

The screening campaign was performed in two steps (Fig-

ure 1A). First, a primary screen was done on the entire

genome using an siRNA library that targets �19,600 genes

with �76,000 siRNAs (four individual siRNAs per gene). This da-

taset (Table S1) was used to generate a ranked list of targets

based on p values determined by the redundant siRNA activity

(RSA) method, a probability-based algorithm evaluating the col-

lective activities of multiple siRNAs per gene (König et al., 2007).

We provide this ranked gene list as an easy-to-read, color-coded

overview of the performance of each siRNA (Table S2). Second,

a validation screen was performed to confirm 1,000 selected

high-ranking candidate genes (Tables S3 and S4). This screen

relied on three additional individual siRNAs per target from a

different vendor and was repeated independently three times.

The entire dataset comprises 2,300,000 pictures containing

more than 60,000,000 cells. The quality of the screening

campaign was monitored based on the performance of control

siRNAs (Figures S1A and S1B). Separation of negative and pos-

itive controls was excellent for both the genome-wide and the

validation screens (Figures S1C and S1E), reflected by high Z’

factors (Figure 1C) that serve as numeric quality measures for

the screening data (Zhang et al., 1999).

To define high-confidence targets required for 40S subunit

synthesis in HeLa cells, we assembled a ranked RSA hit list

based on the performance of all seven siRNAs used in the

genome-wide and validation screens for the 1,000 candidate

genes. A cutoff was defined, taking into account the reproduc-

ibility of the three independent runs of the validation screen.

Possible off-target effects were reduced by correlation of our

hit list with HeLa cell proteomic datasets (Nagaraj et al., 2011;

Schaab et al., 2012; Table S8). This procedure resulted in a

high-confidence group of 302 final hits (pictures are available

at http://www.ribosomebiogenesis.org). Ribosomal proteins of

the small subunit are highly enriched in the top part of this ranked

hit list (Table S5). Of the 302 hit genes from our genome-wide

screen, we found�80%, i.e., 95 of the 117 factors identified pre-

viously in our candidate screen using the RPS2-YFP readout

(Figure 1D; Wild et al., 2010), supporting the quality of the

genome-wide dataset. Strikingly, we could identify 207 addi-

tional factors that are important for efficient biogenesis of the
thors
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Figure 1. A Genome-wide RNAi Screen Identifies Factors Required

for 40S Ribosomal Subunit Biogenesis

(A) Schematic of the screening setup. Tetracycline-inducible RPS2-YFP HeLa

cells were transfected with siRNAs. 58 hr post-transfection, reporter expres-

sion was induced for 14 hr. In total, seven individual siRNAs were used per

gene, four in the primary, genome-wide screen and three in each round of the

validation screen, performed in triplicates.

(B) Representative screening images of different phenotypes with merged

signals of RPS2-YFP (green) and Hoechst staining of nuclei (blue).
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40S ribosomal subunit in the genome-wide analysis. Most of the

95 common hits between the candidate and genome-wide

screen are RPs and ribosome biogenesis (RiBi) factors. Alto-

gether, our dataset constitutes a compilation of 40S subunit

biogenesis factors in humans on a genomic level.

Comparison of our hit list to the nucleolar proteome of human

cells (Ahmad et al., 2009; Andersen et al., 2005; Leung et al.,

2006) revealed that nucleolar proteins are highly represented in

our dataset and account for about 60% of all identified factors

(Figure 1E). For phenotypic classification of the hits, a nucleolar

accumulation score (NAS) was calculated for each gene (Figures

S1H and S1I; Table S5), defined as the ratio of cells displaying

nucleolar RPS2-YFP accumulation to the total of cells with a

phenotype (nucleolar and nucleoplasmic accumulation of

RPS2-YFP). This phenotypic analysis demonstrated that the

largest fraction of the identified factors (�80%) is involved in

nucleolar steps of 40S maturation (Figures 1F and 1G). A recent

screen exploring the role of 625 nucleolar proteins in pre-rRNA

processing (Tafforeau et al., 2013) confirmed 55% of non-

ribosomal factors derived from our previous candidate screen

on 40S and 60S biogenesis and overlaps to 20% with our

genome-wide analysis (Figure S1G). Although the overlap of

20% seems low at first glance, it is explained by our screen

covering the entire proteome and by the differences in the focus

of these screens (40S biogenesis versus rRNAprocessing of pre-

cursors to both subunits) in the readouts and in cutoff stringency.

Furthermore, the analysis of pre-rRNA processing was popula-

tion-based, whereas our screen relied on single-cell analysis

accompanied by phenotypic classification of cells as the basis

for hit definition.

Protein Modules Supporting 40S Subunit Biogenesis
Consistent with a function of the identified factors in ribosome

biogenesis, gene ontology (GO) term enrichment analysis (Reim-

and et al., 2011) revealed that ribosome biogenesis, rRNA pro-

cessing, and RNA binding are prominent terms in the categories

of biological process and molecular function, respectively (Fig-

ure 2A), showing that the expected categories were indeed

retrieved in the dataset.

To identify functional modules among the 302 hits, we used a

combination of bioinformatics, exploiting GO term analysis and

high-confidence protein-protein interaction networks (France-

schini et al., 2013), as well as manual literature searches. This

approach created ten functional clusters (Figure 2B; Table S6).

Conspicuous protein modules include RPs of both subunits

and RiBi factors, reinforcing the reliability of the screening
(C) Z’ factors for the positive control siRNAs directed against FBL and XPO1 as

measures for the quality of the screening campaign. GW, genome-wide.

(D) Venn diagram illustrating the intersection between the 302 identified genes

(purple) and 40S biogenesis factors described in a previous candidate screen

(yellow; Wild et al., 2010). Both screens used the identical RPS2-YFP cell line,

and 95 of the initially 117 identified factors could be validated.

(E) Fraction of identified factors previously assigned to the nucleolar proteome

(Ahmad et al., 2009; Andersen et al., 2005; Leung et al., 2006).

(F) Phenotypic classification of hits based on their NAS.

(G) NAS of nucleolar proteins identified as hits shown as box plots (Tukey-style

whiskers).

See also Figure S1 and Tables S1, S2, S3, S4, S5, S6, S7, and S8.
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procedure. The penetrance of RPs of the 60S subunit (RPLs) re-

produces our earlier findings that strong defects in 60S produc-

tion affect 40S biogenesis (Wild et al., 2010).

The cluster of ribosome synthesis factors is enriched for hu-

man homologs of the yeast small subunit (SSU) processome, a

large ribonucleoprotein complex composed of more than 60 fac-

tors that is required for early, nucleolar rRNA processing and 40S

subunit maturation (Phipps et al., 2011). Although the physical

existence of a large SSU processome-like complex remains to

be proven for metazoan cells, our analysis, together with previ-

ous candidate screens (Tafforeau et al., 2013; Wild et al.,

2010), provides strong evidence for a functional role of most of

its predicted constituents in 40S synthesis. Consistent with an

important functional role for the SSU processome in ribosome

biogenesis, mutations in its components have been implicated

in ribosomopathies, which are often associated with cancer sus-

ceptibility. Examples of identified disease-related SSU proces-

some components include WDR36/UTP21, mutations of which

have been suggested to result in adult-onset primary open-angle

glaucoma; CIRH1A/UTP4, causing an autosomal recessive form

of liver cirrhosis; and the DEAD box ATPase DDX10, a gene

translocation of which induces acute myelocytic leukemia (Son-

dalle and Baserga, 2014).

Additional identified protein modules comprise components

of the nuclear pore complex (NPC), the chaperonin-containing

TCP1 complex (CCT), and splicing factors, especially subunits

of the splicing factor 3 (SF3) complex. The enrichment of

splicing factors may merely reflect a need for proper general

pre-mRNA processing but could also be explained by effects

on snoRNP biogenesis through failure to properly excise

snoRNAs from introns. Interestingly, AQR/IBP160, a spliceoso-

mal intron binding protein that couples box C/D snoRNA pro-

cessing with pre-mRNA splicing (Hirose et al., 2006), ranks

high on our hit list (rank 116). In the protein translation module,

it is intriguing that constituents of the eIF3 translation initiation

complex are strongly overrepresented, suggesting a decisive

function of eIF3 for 40S subunit synthesis. Another prominent

group of hits contains factors of the ubiquitin-proteasome sys-

tem (UPS) and was selected for follow-up analysis (see below).

Importantly, we also identified factors involved in signaling,

transcription, and metabolism that might represent part of the

proteome dedicated to the control of ribosome synthesis in

response to growth factor and nutrient availability. These factors

and those �18% of all hit genes that could not be assigned to

any obvious functional class (‘‘miscellaneous’’ category; Table

S6) will be a rich source for researchers who wish to decipher

the mechanistic links between diverse cellular processes and

ribosome synthesis.

RBIS: A Vertebrate-Specific Ribosome Synthesis Factor
Our first follow-up analysis focused on the gene product of

C8ORF59, the uncharacterized open reading frame (ORF)
Figure 2. Functional Classification of Factors that Support 40S Matura

(A) GO term analysis for the group of 302 hit genes (Table S5) with respect to ‘‘b

(B) Classification of identified factors into functional clusters. Connections betwe

Subclusters are highlighted by white circles. Genes assigned to the miscellaneo

See also Figure S1 and Tables S5, S6, S7, and S8.
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ranking the highest on our list (rank 88), and was used to demon-

strate that our screen identified bona fide trans-acting factors in

ribosome biogenesis. C8ORF59 encodes a small, vertebrate-

specific protein of 100 amino acids (Figure 3A) that we dubbed

RBIS. Phenotypic analysis showed that RBIS depletion primarily

caused a nucleoplasmic accumulation of the RPS2-YFP re-

porter, also reflected by a low nucleolar accumulation score of

0.24 (Table S5).

Analysis of RBIS localization revealed that RBIS is a nuclear

protein that is strongly enriched in nucleoli (Figure 3B; Figure S2).

To determine whether RBIS is required for nucleolar pre-rRNA

synthesis, we performed fluorescence in situ hybridization

(FISH) experiments using a 50 ETS1 probe detecting the initial

47S rRNA precursor (Figure 3C). Whereas, as expected, deple-

tion of the catalytic subunit of Pol I [si-POLR1A] strongly reduced

the levels of early, nucleolar pre-rRNAs (Figure 3D; Figure S2C),

downregulation of RBIS did not, suggesting that RBIS functions

downstreamof transcription. Northern blot analysis of rRNA from

cells depleted of RBIS revealed a weak accumulation of 41S and

21S rRNA but nomajor defects in rRNA processing (Figure S2D).

Quantification of pulse-labeling experiments following pre-rRNA

maturation showed that depletion of RBIS reduced the levels of

both mature 18S and 28S rRNA relative to 47/45S pre-rRNA,

indicating that RBIS is required for efficient 40S and 60S subunit

production (Figures 3E and 3F).

To confirm this observation, we analyzed the effect of RBIS

depletion on 40S and 60S subunit synthesis using RPS2-YFP

andRPL29-GFP reporter cells (Wild et al., 2010). Downregulation

of RBIS indeed impaired 40S and 60S subunit biogenesis, as re-

vealed by nuclear accumulation of both ribosomal reporter pro-

teins as well as by nucleoplasmic accumulation of endogenous

ENP1/BYSTIN and MRTO4, two trans-acting factors involved

inmaturation of the small and large subunit, respectively (Figures

3G and 3H; Figure S2E). Relocalization of ENP1 and MRTO4 to

the nucleoplasm could be rescued using an siRNA targeting

the 30 UTR of the RBIS mRNA combined with ectopic expression

of RBIS, excluding possible off-target effects (Figure S2F).

Notably, RBIS depletion also induced nucleoplasmic accumula-

tion of RIOK2 (Figure S2G), a protein kinase known to support

cytoplasmic remodeling and nuclear export of pre-40S subunits

(Zemp et al., 2009). RIOK2 is cytoplasmic at steady state and

harbors a leucine-rich nuclear export signal recognized by the

exportin XPO1 (Zemp et al., 2009). Nuclear accumulation of

RIOK2 upon RBIS depletion was, however, not merely the result

of a general defect in XPO1-mediated protein export (Fig-

ure S2G). Therefore, the observed nucleoplasmic accumulation

of trans-acting factors and fluorescent ribosomal reporter pro-

teins is indicative of a key role for RBIS in nucleoplasmic matura-

tion or export of ribosomal subunits.

To test whether RBIS is a trans-acting factor in ribosome

biogenesis, we analyzed whether RBIS is associated with pre-

40S or pre-60S pre-ribosomal particles isolated by tandem
tion Steps

iological process,’’ ‘‘molecular function,’’ and ‘‘cellular component’’ (p < 0.05).

en genes within a cluster indicate high-confidence (>0.7) STRING interactions.

us category (Table S6) are not shown.

orts 13, 2879–2891, December 29, 2015 ª2015 The Authors 2883



Figure 3. RBIS Is a trans-Acting Ribosome Biogenesis Factor Specific for Vertebrates

(A) Multiple-sequence alignment of RBIS homologs from vertebrate species.

(B) HeLa K cells were analyzed by immunofluorescence (IF) of RBIS and the nucleolar marker MRTO4.

(C) Schematic of the major pre-rRNA processing steps in human cells, indicating the rRNA regions detected by probes used for FISH and northern blotting

experiments.

(legend continued on next page)
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affinity purifications (TAPs) using the trans-acting factors LTV1

and MRTO4 as baits (Wild et al., 2010; Wyler et al., 2011).

Surprisingly, RBIS could only be identified as part of pre-60S

particles isolated by MRTO4-TAP, like RLP24 and NMD3, two

well characterized, 60S-specific trans-acting factors (Saveanu

et al., 2003; Thomas and Kutay, 2003; Trotta et al., 2003), but

was absent from pre-40S particles retrieved by TAP-LTV1 (Fig-

ure 3I). Consistent with a role of RBIS in 60S subunit synthesis,

polysome profiling by sucrose gradient analysis revealed the

appearance of half-mer polysomes upon RBIS depletion, indic-

ative of a 60S subunit shortage (Figure 3J).

Collectively, our analysis identifies RBIS as a vertebrate-spe-

cific trans-acting factor in ribosome biogenesis. Because RBIS

resembles RPs in both its small size and basic isoelectric point,

it could potentially chaperone rRNA during maturation or act as

placeholder for a ribosomal protein. At least two different sce-

narios might explain the observed defects in maturation of

both ribosomal subunits upon RBIS depletion despite the selec-

tive interaction of RBIS with pre-60S particles: RBIS acts at a

nucleolar step of ribosome biogenesis that affects the fate of

both subunits, and, after their endonucleolytic separation, it re-

mains selectively associated with pre-60S; or RBIS is a 60S-spe-

cific trans-acting factor, and the 60S biogenesis defect caused

by its depletion indirectly affects the production of 40S subunits

(Wild et al., 2010). Because the presence of RBIS is required for

biogenesis of both subunits, it may well contribute to their

balanced synthesis.

The CUL4-RING E3 Ubiquitin Ligase Complex Is
Required for Ribosome Synthesis
The early steps of ribosome biogenesis are known to be pro-

mptly sensitive to inhibition of the proteasome (Fátyol and

Grummt, 2008; Lam et al., 2007; Stavreva et al., 2006), a multi-

protein complex responsible for the degradation of polyubiquiti-

nated proteins. Thus, the activity of the cell’s major protein

degradation complex sustains the ability of cells to produce

new ribosomes for protein synthesis. However, how protein

degradation is linked to ribosome synthesis has remained

elusive. Therefore, we focused our second follow-up on the

UPS cluster and exploited the predictive power of our dataset

to identify key players in this pathway. In the UPS module, we

not only detected several proteasome subunits but also the

COP9 signalosome (CSN), a regulator of cullin-RING E3 ligases

(CRLs) (Figure 2B). CRLs represent the largest class of ubiquitin

ligases and consist of scaffolding cullins and characteristic sets
(D) HeLa K cells were treated with the indicated siRNAs, fixed, and analyzed by

(E) HeLa K cells were treated with the indicated siRNAs, followed by pulse-labeli

and pre-rRNA processing was analyzed by autoradiography.

(F) Quantification of the experiment in (E) (at t = 240min). Data aremean ±SEM fro

Dunnett’s test).

(G) Tetracycline-inducible reporter cells were transfected with the indicated siRNA

chase in tetracycline-free medium. RPL29-GFP cells were induced 44 hr post-RNA

transfection and analyzed by confocal microscopy.

(H) HeLa K cells were treated with the indicated siRNAs, fixed, and analyzed by

(I) Pre-ribosomal particles were purified from HEK293 cells bearing an inducibl

induction, followed by western blot analysis. TAP-GFP served as a negative con

(J) HeLa K cells were treated with the indicated siRNAs, followed by sucrose gra

Scale bars, 20 mm. See also Figure S2.
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of associated factors (Petroski and Deshaies, 2005). Strikingly,

not only RBX1 (rank 203), a ring finger protein shared between

most CRLs, but also the linker protein DDB1 (rank 78), specific

to CUL4 E3 ubiquitin ligase (CRL4) complexes, caused nucleolar

accumulation of RPS2-YFP (Figure S3A; Table S5), suggesting a

role of CRL4 in 40S production.

In humans, two genes encode for CUL4 (CUL4A and CUL4B),

and they share extensive homology and functional redundancy

(Jackson and Xiong, 2009; Sharma and Nag, 2014), potentially

explaining why CUL4 itself was not identified in our screen. Inter-

estingly, both CUL4 proteins have been detected in purified

nucleoli (Ahmad et al., 2009). To investigate whether CRL4 is

required for 40S subunit synthesis, as predicted by our

screening data, we analyzed the effect of the downregulation

of CUL4A and CUL4B on 40S subunit synthesis using the

RPS2-YFP reporter. Although individual depletion of either

CUL4A or CUL4B had only a very mild effect on 40S synthesis,

their combined downregulation caused a nucle(ol)ar accumula-

tion of the reporter protein (Figure S3B).

To substantiate this observation, we used changes in the dy-

namic localization of the 40S trans-acting factor ENP1 as an

assay. Under steady-state conditions, ENP1 predominantly local-

izes to nucleoli, from where it shuttles, along with newly synthe-

sized 40S subunits, into the cytoplasm. When nuclear export of

pre-40S is inhibited by leptomycin B (LMB), which blocks

XPO1-mediated 40S subunit export, ENP1 accumulates in the

nucleoplasm as part of 40S precursors (Figure 4A). This nucleo-

plasmic accumulation of ENP1 is prevented by early biogenesis

defects that trap pre-40S subunits in nucleoli; e.g., by depletion

of FBL. Similarly, co-depletion of CUL4A and CUL4B resulted in

a failure of ENP1 release from nucleoli, indicative for a defect in

nucleolar 40S biogenesis steps (Figure 4A). The same phenotype

was observed upon downregulation of DDB1 and RBX1. Also,

depletion of selected subunits of the CSN and the proteasome re-

produced this defect, underscoring the involvement of the UPS in

40S subunit synthesis (Figures 4A; Figure S3C). Notably, although

depletion of POLR1A, which reduces rRNA transcription, was

accompanied by a reduction of nucleolar size, depletion of

CUL4A/B, DDB1, RBX1, CSN, and proteasome subunits was

not, suggesting a function of these factors downstream of tran-

scription. rRNA pulse-labeling analysis revealed a reduction of

newly synthesized mature 18S and 28S rRNA relative to 47/45S

pre-rRNA upon CUL4A/B co-depletion and DDB1 RNAi, indi-

cating that the CRL4-DDB1 complex assists with the production

of both the 40S and 60S subunits (Figures 4B and 4C). Taken
FISH with a 50 ETS1 probe. Ctrl, control.

ng with 33P-orthophosphate. Total RNA was separated by gel electrophoresis,

m three experiments. *p% 0.05, **p% 0.01, ***p% 0.001 (one-way ANOVA and

s. 52 hr post-RNAi, RPS2-YFP cells were induced for 16 hr, followed by a 4-hr

i for 8 hr, followed by a 20-hr chase. Both cell lines were fixed 72 hr after siRNA

IF of ENP1 (40S) and MRTO4 (60S).

e copy of TAP-tagged MRTO4 (60S) or LTV1 (40S) after 24 hr of tetracycline

trol.

dient centrifugation of cell extracts and polysome profiling.
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Figure 4. CUL4-RING E3 Ubiquitin Ligase Complexes Contribute to the Synthesis of Ribosomes

(A) HeLa K cells were transfected with the indicated siRNAs. After 72 hr, cells were subjected either to a solvent control or treated with 20 nM LMB for 2 hr,

followed by fixation and IF analysis of ENP1. Also shown is a schematic of the experiment. Under control conditions, ENP1 shuttles between the nucleolus and the

cytoplasm as a constituent of maturing 40S subunits but is nucleolar at steady state. If 40S subunit export is inhibited by LMB treatment, then ENP1 accumulates

in the nucleoplasm (Zemp et al., 2009). Depletion of factors required for nucleolar maturation of pre-40S subunits can lead to a failure of release of pre-40S from

nucleoli, manifested by diminished nucleoplasmic ENP1 in the presence of LMB. Scale bar, 20 mm.

(B) HeLa K cells were transfected with the indicated siRNAs, and pre-rRNA maturation was analyzed by pulse-labeling as shown in Figure 3E.

(C) Quantification of the experiment shown in (B) (240-min chase) as shown in Figure 3F.

See also Figure S3.
together, as predicted by the presence of the proteasome, the

COP9 signalosome, RBX1, and DDB1 in the results of our screen,

CUL4A/B function is also required for ribosome biogenesis.

Previous studies have demonstrated that RPs are produced in

excess and that unassembled RPs are degraded continuously

(Lam et al., 2007), perhaps to prevent potential dominant-nega-

tive effects on ribosome assembly. However, the responsible

ubiquitin ligases have remained elusive. Our data identify CRL4

as a candidate E3 ligase for this process based on the similar ef-

fects of proteasome inhibition and CRL4 depletion on ribosome

synthesis. It is also possible that CRL4 assists with ribosome
2886 Cell Reports 13, 2879–2891, December 29, 2015 ª2015 The Au
synthesis by different means, for instance by ubiquitination of

RiBi factors (Matsumoto et al., 2005; Peng et al., 2003) or through

its role in chromatin regulation (Jackson and Xiong, 2009;

Sharma and Nag, 2014). Because CUL4 has been described

as an attractive target for therapeutic interventions in cancer

and other human diseases (Sharma and Nag, 2014), it will be

all the more important to understand the molecular mechanisms

accounting for the observed ribosome biogenesis defects. The

identification of CRL4 as a novel regulator of ribosome biogen-

esis guides the way for this endeavor. Toward this goal, it will

be essential to identify the respective ubiquitination substrates
thors



of CLR4. Substrate specificity of CRL4 is determined by a set of

DDB1- and CUL4-associated factors (DCAFs) (Lee and Zhou,

2007). Among the hits in our screen, there are a number of

proven or putative substrate-specific adaptors of CRL4, like

DCAF1/VPRBP (rank 33), a promiscuous substrate adaptor (Na-

kagawa et al., 2013), or DCAF13/WDSOF1 (rank 38), a potential

SSU component (Phipps et al., 2011), again emphasizing the

predictive strength of our dataset.

The Glutamine Synthetase GLUL Supports Ribosome
Biogenesis
Among the identified metabolic enzymes was GLUL (rank 266).

GLUL catalyzes intracellular production of L-glutamine (Gln) by

ATP-dependent addition of ammonia to glutamate. For many

cancer cells, Gln is a central nutrient, providing carbon and nitro-

gen for protein and nucleotide synthesis, whereas its conversion

into a-ketoglutarate fuels ATP production (Lunt and Vander Hei-

den, 2011; Wise and Thompson, 2010). Because GLUL opposes

the metabolic flux in this direction, its identification in our screen

was unpredicted. Depletion of GLUL by RNAi resulted in a prom-

inent 40S biogenesis defect, reflected by nucleoplasmic accu-

mulation of RPS2-YFP in reporter cells and of the 40S trans-

acting factors ENP1, RRP12, DIM2, and NOB1 in HeLa K cells

(Figures 5A–5C). In contrast, production of 60S subunits, in-

spected by RPL29-GFP and eIF6 localization, was only affected

weakly.

A major cellular hub integrating the availability of amino acids,

including Gln, is the mTOR kinase signaling pathway (Shimo-

bayashi and Hall, 2014). In humans, two distinct mTOR protein

complexes exist, specified by the mTOR kinase-associated fac-

tors RAPTOR (mTORC1) and RICTOR (mTORC2) (Laplante and

Sabatini, 2012). mTORC1 is known to regulate ribosome biogen-

esis at various levels (Gentilella et al., 2015). To elucidate

whether GLUL depletion influences mTORC1 activity and,

thereby, 40S subunit biogenesis, we compared the effect of

GLUL and RAPTOR depletion. As expected, depletion of

RAPTOR caused an early ribosome biogenesis defect (Fig-

ure S4B), manifesting in a failure of ENP1 to accumulate in the

nucleoplasm in the presence of LMB. In contrast, GLUL deple-

tion led to nucleoplasmic accumulation of ENP1 in the absence

of LMB. Furthermore, there was no obvious defect in mTORC1

signaling upon GLUL depletion, indicated by the efficient phos-

phorylation of the mTORC1 downstream targets 4EBP1 and

RPS6 (Figure S4C). We conclude that GLUL influences 40S syn-

thesis by an mTORC1-independent mechanism. Interestingly,

we observed that depletion of RICTOR induced nucleoplasmic

accumulation of ENP1 (Figure S4B), revealing an unexpected

contribution ofmTORC2 to thematuration of ribosomal subunits.

In proliferating cells, the majority of total transcription is dedi-

cated to rRNAproduction (Warner, 1999). BecauseGln is an obli-

gate nitrogen donor for various steps of purine and pyrimidine

synthesis (Wise and Thompson, 2010), we investigated rRNA

transcription in cells depleted of GLUL. Surprisingly, analysis

of 47S rRNA levels by FISH (Figure 5D) and pulse-labeling anal-

ysis (Figures 5E and 5F) revealed no reduction in rRNA transcrip-

tion, suggesting that the effect of GLUL depletion on 40S subunit

synthesis is downstream of transcription. Furthermore, mea-

surements of the abundance of multiple nucleotides and their
Cell Rep
precursors by flow injection time of flight (TOF) mass spectrom-

etry (MS) showed no significant concentration changes (Figures

S4D and S4E), indicating that nucleotides are not limiting for

rRNA synthesis in cells depleted of GLUL. In contrast, GLUL

depletion led to rRNA processing defects, illustrated by an

increased 50 ITS1 signal in FISH experiments (Figure 5D, bot-

tom), a pile-up of precursors to 18S rRNA observed by northern

blotting, and a reduction of newly synthesized 18S and 28S

rRNAs relative to 47/45S pre-rRNA (Figures 5G–5I).

As ribosome biogenesis is a highly energy-consuming process

(Warner, 1999), we analyzed the levels of various energy-rich

carrier molecules after GLUL depletion. However, neither the

level of NADH, a reducing agent derived from the tricarboxylic

acid (TCA) cycle, nor total ATP or guanosine triphosphate

(GTP) levels appeared to be changed (Figure S4E), suggesting

that the observed ribosome biogenesis defect cannot be ex-

plained by an overall lack of energy in GLUL-depleted cells.

Consistently, there was also no reduction in global translation

upon downregulation of GLUL compared with cells treated

with control siRNAs (Figures S4F and S4G). Although general

protein synthesis remained unperturbed upon depletion of

GLUL, it cannot be completely excluded that synthesis of certain

Gln-rich proteins is diminished.

Our RNAi experiments were performed in complete medium

containing Gln, which is known to be unstable. We reasoned

that reduced uptake of Gln, because of limiting extracellular

levels over the time course of the experiment, may render ribo-

some synthesis sensitive to inactivation of GLUL. Indeed, adding

10 mMGln to the medium at regular intervals of 12 hr attenuated

the ribosome biogenesis defects (Figures 6A and 6B). However,

to restore the production of ribosomes, a high dose of Gln was

required (data not shown), exceeding the standard concentra-

tion in cell culturemedia 5-fold. These data show that a high con-

centration of extracellular glutamine can overcome the lack of

intracellular Gln synthesis in HeLa cells.

Consequently, we tested whether there is a direct connection

between intracellular Gln synthesis by GLUL (i.e., its enzymatic

activity) and the capability of GLUL to support ribosome biogen-

esis. GLUL expression was downregulated by an siRNA targeting

the 30 UTRof the GLULmRNA, resulting in the expected accumu-

lation of ENP1 in the nucleoplasm. Expression of wild-type GLUL

rescued 40S biogenesis and restored the predominantly nucle-

olar localization of ENP1 (Figure 6C). Strikingly, expression of

GLUL variants impaired in synthetase activity by mutation of

Arg324 (R324A or R324C), a strictly conserved residue situated

in the substrate-binding pocket of GLUL and involved in ATP

binding (Krajewski et al., 2008), did not rescue the 40S biogenesis

defect. It is noteworthy that congenital mutations of R324 in hu-

man GLUL cause defects in brain development and neonatal

death (Häberle et al., 2005), highlighting the importance of intra-

cellular Gln synthesis for tissue homeostasis and development.

These data show that the catalytic activity of GLUL is central to

40S production in HeLa cells. Interestingly, maturation of 40S

subunits appears to react to failure in intracellular Gln synthesis

before significant changes in other intracellular metabolites can

be detected. A previous study has revealed that depletion of

extracellular Gln synergizes with increased MYC expression in

driving apoptosis of cancer cells (Yuneva et al., 2007). In this
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Figure 5. GLUL Supports the Production of Ribosomal Subunits in HeLa Cells

(A) Tetracycline-inducible reporter cells were transfected with the indicated siRNAs and analyzed as described in Figure 3G.

(B) HeLa K cells treated with the indicated siRNAs were analyzed by IF of ENP1 (40S) and eIF6 (60S).

(C) Experiment as in (B). Shown is the IF analysis of the 40S trans-acting factors ENP1, RRP12, DIM2, and NOB1.

(D) HeLa K cells were transfected with the indicated siRNAs, and localization of pre-rRNA was analyzed by FISH using the 50 ETS1 or 50 ITS1 probes.

(E) HeLa K cells were treated with the indicated siRNAs, pulse-labeled with 33P for 30 min, and analyzed as shown in Figure 3E.

(F) 47/45S pre-rRNA levels from (E) were analyzed as in Figure 3F. ***p % 0.001; ns, not significant.

(G) Northern blot analysis of RNA isolated from cells treated with the indicated siRNAs using probes directed to the 50 ITS1 or ITS2 (Figure 3C).

(H) After treatment of HeLa K cells with the indicated siRNAs, pre-rRNA maturation was followed by pulse-labeling as shown in Figure 3E.

(I) Quantification of the experiment shown in (H) (240-min chase) as in Figure 3F. *p % 0.05, **p % 0.01.

Scale bars, 20 mm. See also Figure S4.
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Figure 6. The Catalytic Activity of GLUL Is

Required for the Efficient Synthesis of 40S

Subunits

(A) HeLa K cells were subjected to RNAi for 72 hr. In

the course of the experiment, the cell culture me-

dium was supplemented with 10 mM fresh Gln

every 24 or 12 hr.

(B) Quantification of the experiment shown in (A). n,

number of counted cells.

(C) HeLa K cells were transfected with Ctrl siRNA

or an siRNA targeting the 30 UTR of the GLUL

mRNA. 24 hr post-transfection, cells were tran-

siently transfected with different HA-tagged GLUL

constructs. Cells were fixed after another 48 hr and

analyzed by IF of ENP1 and HA (GLUL). GLUL-HA-

expressing cells, marked by white arrowheads,

are insensitive to depletion of endogenous GLUL.

Depiction of the glutamate-binding pocket of

GLUL (PDB ID code 2OJW) generated by PyMOL.

Arg324 (yellow) is involved in binding of ATP

(phosphates shown in orange) and, therefore,

crucial for the catalytic activity of GLUL.

Scale bars, 20 mm. See also Figure S4.
system, similar to our studies, cellular ATP levels were not

majorly affected by Gln deficiency, indicating that the cause of

cell death was unrelated to energy depletion. Because MYC is

a driver of ribosome biogenesis in cancer cells, it is conceivable

that upregulation of ribosome synthesis renders cancer cells

especially sensitive to depletion of Gln. Our data highlight that

intracellular Gln synthesis is a major pillar for sustained produc-

tion of 40S ribosomal subunits in HeLa cells. Although most

studies have emphasized the importance of Gln as fuel for the

TCA cycle (Lunt and Vander Heiden, 2011; Wise and Thompson,

2010), our data shed new light on the importance of Gln, demon-

strating that cytoplasmic Gln synthesis is required for efficient

ribosome synthesis. It will be interesting to decipher whether

the dependency of ribosome production on GLUL activity is uni-

versal or specific to cancer cells.

Collectively, our screening results provide a rich source for

studies of ribosome biogenesis and its connection to other

cellular pathways. Unbalanced ribosome synthesis is the cause

of devastating inherited diseases and is associated with the

development of cancers. Given the complex networks of factors

that assist with and control ribosome production, as highlighted

by our screening data, one can expect thatmore disease-causing

mutations in genes encoding for ribosomesynthesis factorsmight

be discovered, as exemplified by our studies onGLUL. These fac-

tors may provide a suite of promising targets for the development

of new therapies affecting ribosome synthesis to treat cancer.
EXPERIMENTAL PROCEDURES

Cell Lines and Antibodies

The HeLa reporter cell line carrying a tetracycline-inducible RPS2-YFP gene

has been described previously (Wild et al., 2010; Zemp et al., 2009). Analogous
Cell Rep
RPS2-YFP or RPL29-GFP reporter cell lines for follow-up analyses were

generated using a different parental HeLa Flp-In T-REx cell line (Häfner

et al., 2014). HeLa K and RPE2 cells were obtained from D. Gerlich (Institute

of Molecular Biotechnology) and U2OS and HaCaT cells from C. Azzalin and

S. Werner (ETH Zurich), respectively. All cell lines were grown in DMEM sup-

plemented with 10% fetal calf serum (FCS) and 13 penicillin/streptomycin

(DMEM+/+) at 37�C in 5% CO2.

Antibodies against the following human proteins have been described pre-

viously: ENP1, NMD3, DIM2, NOB1, and RIOK2 (Zemp et al., 2009); RPL23A

and RLP24 (Wild et al., 2010); TRS1 (Zemp et al., 2014); and RRP12 (Wyler

et al., 2011). Antibodies against human RBIS were raised in rabbits against

recombinant His-tagged RBIS and a C-terminal peptide (C-HESKPVNV

DEATRLMALL). For commercial antibodies, see the Supplemental Experi-

mental Procedures.

siRNA Screening Procedure

Screenswereperformed in384-well plates using reverse transfection.Perwell, 1

pmol siRNA dissolved in 5 ml H2O was supplemented with transfection reagent

(0.0625 ml Oligofectamine [Invitrogen] in 10 ml Opti-MEM [Life Technologies] for

the primary screen and 0.125 ml INTERFERin [Polyplus transfection] in 10 ml

Opti-MEM for validation screens). Plates were incubated for 30 min at room

temperature (RT). Then 60 ml of HeLa RPS2-YFP cells (8,000 cells/ml in

DMEM+/+) were added. Plates were incubated for 58 hr. Expression of the

RPS2-YFP reporter was induced for 14 hr by addition of 10 ml DMEM+/+ supple-

mented with tetracycline (final concentration, 125 ng/ml). Cells were fixed by

addition of 20 ml 16% paraformaldehyde (PFA) in PBS. After 10 min, cells were

washed once with PBS, incubated with Hoechst in PBS for 10 min, washed

again, and kept in H2O/NaN3. Pictures were taken by automated microscopy

(MD IXM).

Access to Screening Data

Imagesandnumericaldatacanbe foundathttp://www.ribosomebiogenesis.org.

RNAi and Transient Transfections

DNA plasmids were transfected using X-tremeGENE. Transfection of siRNAs

was performed with INTERFERin or RNAiMAX. The siRNAs were used at
orts 13, 2879–2891, December 29, 2015 ª2015 The Authors 2889
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9 nM for 72 hr unless indicated otherwise. Sequences of siRNAs and additional

information are specified in the Supplemental Experimental Procedures.

Immunofluorescence

Cells were fixed in 4% PFA and permeabilized in 0.1% Triton X-100, 0.02%

SDS in PBS for 5 min. All subsequent steps were performed as described pre-

viously (Zemp et al., 2009).

FISH

FISH was carried out as described previously (Rouquette et al., 2005) using 50

Cy5-labeled probes targeting the 50 ETS1 (Granneman et al., 2004), ETS1, or 50

ITS1 (Rouquette et al., 2005).

rRNA Pulse-Labeling

Cells were starved in phosphate-free DMEM (Invitrogen) for 1 hr at 37�C fol-

lowed by pulse-labeling in phosphate-free DMEM supplemented with 33P-

phosphoric acid (20 mCi/ml) for 1 hr at 37�C. The cells were washed with

DMEM+/+, and, after different chase periods in nonradioactive DMEM+/+, to-

tal RNA was extracted using the RNeasy mini kit (QIAGEN). RNA derived from

an equal number of cells was separated on a 1.2% agarose gel in 50 mM

HEPES (pH 7.8) and 6% formaldehyde and transferred to a nylon membrane

by capillary transfer. The membrane was analyzed by phospho-imaging.

TAP

Purification of pre-ribosomal particles was performed as described previously

(Wyler et al., 2011).

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,

four figures, and eight tables and can be found with this article online at

http://dx.doi.org/10.1016/j.celrep.2015.11.061.
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