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ABSTRACT

Ribosome assembly is an essential process that
is linked to human congenital diseases and
tumorigenesis. While great progress has been made
in deciphering mechanisms governing ribosome
biogenesis in eukaryotes, an inventory of factors
that support ribosome synthesis in human cells is
still missing, in particular regarding the maturation
of the large 60S subunit. Here, we performed a
genome-wide RNAI screen using an imaging-based,
single cell assay to unravel the cellular machinery
promoting 60S subunit assembly in human cells. Our
screen identified a group of 310 high confidence
factors. These highlight the conservation of the
process across eukaryotes and reveal the intricate
connectivity of 60S subunit maturation with other key
cellular processes, including splicing, translation,
protein degradation, chromatin organization and
transcription. Intriguingly, we also identified a
cluster of hits comprising metabolic enzymes of
the polyamine synthesis pathway. We demonstrate
that polyamines, which have long been used as
buffer additives to support ribosome assembly in
vitro, are required for 60S maturation in living cells.
Perturbation of polyamine metabolism results in
early defects in 60S but not 40S subunit maturation.
Collectively, our data reveal a novel function for

polyamines in living cells and provide a rich source
for future studies on ribosome synthesis.

INTRODUCTION

All known organisms rely on ribosomes for translating
messenger RNAs (MRNAS) into proteins. Ribosomes are
macromolecular complexes consisting of a large and a small
subunit, each composed of ribosomal RNA (rRNA) and
ribosomal proteins. Human 40S subunits are built of the
18S rRNA and 33 ribosomal proteins (RPSs), whereas 60S
subunits harbor three rRNAs, 28S, 5.8S and 5S, as well as
47 ribosomal proteins (RPLS).

Early steps of ribosome maturation occur in the
nucleolus, where RNA polymerase | transcribes a
polycistronic pre-rRNA that contains the 18S, 5.8S
and 28S rRNAs surrounded by external and internal
transcribed spacer regions. The emerging pre-rRNA is
quickly bound by early assembling ribosomal proteins as
well as ribosome biogenesis factors (RBFs). These non-
ribosomal proteins function as chaperones, processing and
assembly factors, supporting rRNA modi cation, folding
and compaction as well as incorporation of ribosomal
proteins (1-5). During the assembly process, the three
mature rRNAs are excised from the pre-rRNA by a series
of endo- and exonucleolytic rRNA cleavage and trimming
steps (6-9). A critical cleavage step occurs in the initially
formed 90S particle to separate the emerging pre-40S and
pre-60S particles. The released pre-40S particle progresses
through several nucleoplasmic maturation events and is
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then rapidly exported to the cytoplasm. Meanwhile the pre-
60S particle undergoes extensive nucle(ol)ar remodeling
before it reaches competence for nuclear export. These 60S
maturation steps involve several ATPases and GTPases
that catalyze energy-dependent reactions, directing the
assembly process (1,10). Intertwined folding events of the
six subdomains of the 28S rRNA rst yield major parts of
the solvent-exposed regions of the pre-60S particle. Internal
structures of the 60S subunit including the catalytic peptidyl
transferase center (PTC) and the peptide exit tunnel (PET)
start forming during later nucleolar maturation steps.
Besides 28S and 5.8S rRNA, 60S subunits also contain the
5S rRNA, transcribed by RNA polymerase 111, which is
incorporated into maturing pre-60S particles in nucleoli
as a 5S RNP complex with RPL5/uL18 and RPL11/uLb5.
Both small and large subunits require a series of nal
biogenesis steps in the cytoplasm, giving rise to mature,
translationally competent 40S and 60S subunits.

lllustrating the importance of ribosome synthesis for
cellular growth and homeostasis, many regulatory pathways
govern ribosome biogenesis, including extracellular
signaling and internal stress response pathways that
adjust the production of new ribosomes to cellular needs
(11,12). An increase in size and number of nucleoli, which
re ects enhanced ribosome production, has been known
as a hallmark of cancer for more than a century (13).
Increased ribosome production and changed ribosomal
modi cations have also been suggested to directly promote
tumor development (11). Therefore, even though ribosome
biogenesis is essential in both normal and malignant cells,
it can serve as a target for cancer therapy (14). Importantly,
impaired ribosome biogenesis can also manifest in a class
of severe congenital conditions generally referred to as
ribosomopathies (8,15,16). Defects in nucleolar steps of
ribosome biogenesis can activate a nucleolar stress response
pathway that is initiated by a failure to incorporate the 5S
RNP into nascent 60S subunits. The 5S RNP then binds
and inhibits the p53 E3 ubiquitin ligase MDM2/HDM?2,
leading to p53 stabilization and cell cycle arrest, eventually
followed by apoptosis or senescence (8,17,18).

The highly orchestrated and complex process of
ribosomal subunit assembly in eukaryotes involves
more than 350 RBFs, which support pre-rRNA folding,
modi cation and processing as well as the concomitant
deposition of ribosomal proteins on the rRNAs (1,4,19).
Besides RBFs, cells also rely on other cellular key processes
for ribosome production, including transcription by all
three RNA polymerases, splicing, mMRNA processing as
well as translation and nuclear transport. Most of the
currently known eukaryotic RBFs were initially identi ed
by studies in budding yeast exploiting genetic screens or
af nity puri cation of pre-ribosomal particles followed by
mass spectrometry (20-28). Biochemical and structural
analyses of precursor particles then revealed the molecular
function of a number of RBFs (1,4). Yet, although many
principles of ribosome biogenesis are conserved from yeast
to human, RNAI screens have revealed that synthesis of
human ribosomes requires additional factors and unique
regulatory mechanisms (29-33). Screens for human RBFs
have so far focused on the function of nucleolar factors
in rRNA processing, the regulation of nucleolar numbers
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and the identi cation of factors involved in 40S biogenesis
(29-33). However, only selected candidates have been
tested for a possible function in the maturation of the large
ribosomal subunits until now.

To generate an unbiased inventory of factors required
for human 60S assembly, we performed a genome-
wide RNAI screen in human cells using the localization
of RPL29/eL29-GFP as a readout. We screened two
genome-wide libraries each targeting ~20 000 genes
with on average seven siRNAs per gene, and con rmed
unexpected hits in a validation screen. In total, we identi ed
310 high con dence factors required for nucle(ol)ar
steps of 60S maturation, including some major cellular
protein modules contributing to subunit maturation. In
addition, we found numerous factors that have hitherto
not been linked to 60S subunit production, among them
metabolic enzymes involved in polyamine synthesis. Our
follow-up analysis indeed con rmed a requirement of
polyamine metabolism speci cally for ef cient large subunit
maturation, highlighting the validity and potency of our
dataset.

MATERIALS AND METHODS

Reagents
For a complete list of reagents please refer to
Supplementary Table S1.

Cell lines, drugs and antibodies

All cell lines were grown in DMEM supplemented
with 10% fetal calf serum (FCS) and 100 g/ml
penicillin/streptomycin  (DMEM+/+) at 37°C in 5%
CO,. The tetracycline-inducible HeLa RPS2-YFP and
HelLa RPL29-GFP cells have been described previously
(30,31). HeLa K cells were a kind gift from D. Gerlich
(IMBA, Vienna, Austria). All cell lines tested negative for
mycoplasma using PCR assays. HeLa RPL29-GFP cells
were induced for 8 h by addition of 0.5 g/ml tetracycline,
followed by a 20 h chase period in tetracycline-free medium
before xation. HeLa RPS2-YFP cells were induced for
16 h, followed by a 4 h chase period in tetracycline-free
medium before xation.

Tetracycline  (cat. no. 550205) and DL- -
di uoromethylornithine hydrochloride hydrate (DFMO,
cat. no. D193) were purchased from Sigma-Aldrich,
leptomycin B (LMB; cat. no. L-6100) from LC
Laboratories, and cycloheximide (CHX; cat. no. C7698)
from Invitrogen.

The following commercial antibodies were used in
this study: anti- -actin (Santa Cruz Biotechnology, sc-
47778), anti-AMD1 (Proteintech, 11052-1-AP), anti-GFP
(Santa Cruz Biotechnology, sc-9996), anti-HSP60 (Abcam,
ab45134), anti-MRTO4 (Santa Cruz Biotechnology,
sc-81856), anti-ODC1 (Abcam, ab193338), anti-RPL11
(uL5) (Abcam, ab79352), anti-RPS4X (eS4X) (Abcam,
ab211427), anti-RPL29 (eL29) (Abcam, ab88514). Other
used antibodies have been described previously: anti-
RPL23A (uL23) (34), anti-RPS3 (uS3) (35), anti-LSG1
(36), anti-ENP1 (35), anti-RRP12 (34).
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SiRNA screening libraries

Two genome-wide SiRNA libraries from Qiagen and
Ambion/Thermo Fisher Scienti ¢ were used in this study.
The custom-designed screening plates were produced
at the ETH Zurich Scienti ¢ Center for Optical and
Electron Microscopy (ScopeM). The Qiagen siRNA library
consisted of three Qiagen libraries containing ~four
siRNAs per gene: HsDgV3 (druggable genome), HsSNmV1
(genome extension) and HsXmV1(predicted genes). The
library was re-annotated using an updated version of
the human transcriptome and contained ~72’000 siRNAs
targeting ~19 000 genes. The nal Qiagen library contained
296 assay plates in a 384-well plate format. Control sSiRNAs
were placed in columns 1, 2, 23 and 24 (Supplementary
Figure S1C). As a second genome-wide library the Silencer
Select Human Genome siRNA Library V4 was obtained
from Ambion/Thermo Fisher Scienti c¢. It contained
~three siRNASs per gene, in total ~59 000 siRNAs targeting
roughly 20 500 genes. The Ambion screening library was
pipetted on 192 assay plates in a 384-well plate format.
Pre-tested control siRNAs were placed in columns 23
and 24 (Supplementary Figure S1C). A custom siPool
library was purchased from siTOOLs Biotech for validation
screening, with each pool being a mix of 30 individual
siRNAs against the target gene. The library contained
480 siPools targeting high ranking genes of the genome-
wide screens that had not previously been associated with
ribosome biogenesis. Validation screening was performed
using two 384 well plates per replicate, with pre-tested
control siPools scattered on each plate (Supplementary
Figure S1C).

siRNA screening procedure

Qiagen and Ambion libraries were screened in four and
three batches, respectively, with each batch containing one
siRNA per gene. The three replicates of the validation
screen with two plates each were processed independently.
For reverse transfection, DMEM was mixed with
Lipofectamine RNAiIMax (Invitrogen) (0.1 | RNAiMax
in 20 | DMEM), added to the wells, and incubated for
45 min at room temperature. Then HeLa RPL29-GFP
cells were seeded (900 cells/well in 50 | DMEM +/+).
44 h after transfection, expression of RPL29-GFP was
induced by addition of 0.5 g/ml tetracycline for 8 h.
Cells were then washed with DMEM and cultured in
tetracycline-free DMEM +/+ for 20 h. Cells were xed in
medium by addition of 14.7% paraformaldehyde in PBS
(15 1, containing 5.6 g/ml Hoechst). During validation
screening, the medium was removed, and cells were xed
with 4% formaldehyde in PBS (60 |, containing 1 g/ml
Hoechst). After 15 min xation, cells were washed three
times with 95 | H,O and then kept in H,O/NaNs.
Plates were imaged on a Molecular Devices ImageXpress
microscope equipped with a Thermo CRS plate loader. Per
well, nine images (Hoechst and GFP) were acquired with a
10x Plan Fluor 0.3 objective. Laser-based autofocus was
used at each site. In total, ~3 415 000 images were acquired
(296 x 384 wells, 192 x 384 wells and 3 x 2 x 384 wells;
per well: nine images, two channels).

Image processing and phenotype classi cation

After signal intensities were rescaled and corrected for
batch effects and uneven illumination (37), cell nuclei were
identi ed based on the Hoechst signal. For the genome-
wide screens, a server-based version of the CellPro ler
program (38) with custom modi cations was used to
segment cells and extract their properties. The cytoplasm
was approximated as a ring around the cell nucleus (width of
roughly 6.5 m). Nuclei and cytoplasm were used as masks
to extract various cell features (e.g. intensity values, texture,
morphological descriptors). For the validation screen
images were segmented with nucleAlzer (39). Advanced
Cell Classi er (ACC), a supervised machine learning tool,
was used to classify cells based on their phenotypes (40).
The following categories were distinguished: wild-type,
hits (cells with ribosome biogenesis defects), mitotic cells,
apoptotic cells, cells without GFP signal and incorrectly
segmented cells. Cells were classi ed with multi-layer
perceptron (MPL) using the Weka library in ACC.

Hit classi cation and evaluation

Cell number cut-offs were chosen based on the cell
count in si-PLK1 and si-KIF11 control wells. Thresholds
were set by adding three standard deviations to the
mean cell number of these cell death controls, resulting
in the following thresholds: 370 for the Qiagen library,
385 for the Ambion library, 200 for the validation
screen. To combine results obtained with the individual
SiRNAs in the genome-wide screens (3-7 siRNAs per
gene), the redundant siRNA activity (RSA) algorithm
(41) implemented in the R package ‘scsR’ (Bioconductor,
DOI: 10.18129/B9.bioc.scsR) was used. RSA scoring was
performed for the combined results of the Qiagen and
Ambion libraries but also individually for each library.

In the validation screen, hits of the genome-wide
screens were tested that had not been implicated in
ribosome biogenesis directly or indirectly based on previous
literature, but had an RSA P-value  <0.0075 for the
combined genome-wide screening results (Supplementary
Table S5). Genes without evidence of mRNA and/or
protein expression in HelLa cells were excluded. Further,
all genes with an average hit rate of >0.3, or at least
two siRNAs scoring higher than 0.5 were included in the
validation screen, as well as genes in the top 300 hits in
the RSA ranked hits of the individually analyzed Qiagen
and Ambion libraries. Finally, additional interesting hits in
the top 850 RSA ranked genes were selected for validation
after visual inspection. Targets were considered validated
if the average hit rate of the three biological replicates
of the validation screen was greater than the mean false-
positive rate plus ve standard deviations (>0.229). Based
on the selection criteria of the validation screen, the nal
hit list contains all genes expressed in HelLa cells with
a P-value  <0.0075. Genes that were non-hits in the
validation screen were removed. After visual inspection of
validation screen images, genes with >10% of cells classi ed
as incorrectly segmented, re ecting multinucleation and
mitotic escape, were excluded from the nal hit list as well.

For evaluation of clusters of genes in the nal hit list, the
STRING database version 11.5 (42) and Cytoscape version
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3.8.2 (43) were used. Gene ontology (GO) term analysis was
performed using the PANTHER online tool version 16.0
(44). Disease associations of the hit genes were evaluated
using the DisGeNET database, version v7 (45).

RNA interference

HeLa cells were transfected with SIRNAs using
Lipofectamine RNAiMax (Invitrogen). siPools (si-
AMD1, si-ODC1) were purchased from siTOOLs and
containing 30 different sSiRNAs each. The following single
siRNAs were used: Allstars siRNA (Qiagen) si-control,
si-RPL11 (GGUGCGGGAGUAUGAGUUA), si-RPS4X
(CAAGGUGAAUGAUACCAUU). si-AMD1, si-ODC1
and siRPL11 were used at a nal concentration of 5 nM
for 48 h. si-RPS4X was used at 2.5 nM for 48 h.

Metabolomics

After removal of growth medium with an aspirator, cell
culture plates containing 10° cells were washed twice with
PBS and subsequently twice with freshly prepared 75 mM
ammonium carbonate buffer pH 7.4. Plates were snap-
frozen in liquid N, and stored at —80°C until further
processing. After thawing, cells were extracted twice with
400 | pre-cooled (—20°C) extraction solvent, consisting of
acetonitrile, methanol and milliQ water (40:40:20, vol%) for
10 min at —20°C. Extracts were pooled and collected in 1.5
ml Eppendorf tubes including scraped cells from the second
extraction. Extracts were centrifuged at 4°C and 14 000 rpm
for 2 min and cell-free supernatants were transferred to 1.5
ml Eppendorf tubes and stored at —20°C.

Prior to measurements, supernatants were dried in a
speed-vac at room temperature, resuspended in 120 |
ddH,0 and centrifuged at 14 000 rpm at 4°C for 5 min.
40 | of clean precipitate-free supernatant was transferred
to 96-well microtiter plates for analysis. Five microliters of
sample were ipjected on to a Acquity UPLC BEH C18
Column, 130 A, 1.7 m, 2.1 mm x 30 mm installed on a
LC-MS/MS system composed of a Shimadzu Nexera XR
LC System coupled to an AB Sciex QTRAP 5500 mass
spectrometer. Flow rate was kept constant at 0.4 ml/min
using mobile phases composed of 0.1% formic acid in water
(A) and acetonitrile (B). The gradient was run at 30°C as
follows: 0 min, 0%; 1 min, 0%; 5 min, 30%; 6 min 50%; 7
min, 50%; 8 min, 0% B with 5 min initial equilibration time.
The mass spectrometer was operated in positive mode with
multiple reaction monitoring (MRM) settings provided
as Supplementary Table S2. Quanti cation was achieved
by measuring pure amino acids and freshly prepared
polyamine standards.

Sucrose gradient analysis

Cells were pre-treated with 100 g/ml CHX at 37°C for 3
min before harvest. For polysome pro ling, cells were lysed
in 10 mM Tris pH 7.5, 100 mM KCI, 10 mM MgCl,, 1%
(w/v) TX-100, 100 g/ml CHX, 1 mM DTT and protease
inhibitors. After removal of cell debris by centrifugation (10
000 g, 3 min, 4°C) 1 mg of total protein was loaded onto a
linear 15-45% sucrose gradient in 50 mM HEPES pH 7.5,
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100 mM KCI, 10 mM MgCl,. After centrifugation (210 min,
38 000 rpm, Beckman Coulter SW41 rotor, 4°C), gradients
were analyzed at ODys4 with a Foxy Jr. Gradient collector
(IsCO).

For analysis by immunoblotting, cells were lysed in 50
mM HEPES pH 7.5, 100 mM KCI, 3 mM MgCl,, 0.5%
(w/v) NP-40, 50 g/ml CHX, 1 mM DTT and protease
inhibitors. After removal of cell debris by centrifugation (16
000 g, 5 min, 4°C), 600 g total protein were loaded onto a
linear 10-45% sucrose gradient in 50 mM HEPES pH 7.5,
100 mM KCI, 3 mM MgCl,. After centrifugation (80 min,
55 000 rpm, Beckman Coulter TLS55 rotor, 4°C), proteins
in collected fractions were precipitated with trichloroacetic
acid (TCA) and analyzed by immunoblotting.

rRNA pulse labeling

Cells were starved in phosphate-free DMEM (Invitrogen,
cat. no. 11971-02) supplemented with 10% dialyzed FCS for
1 h at 37°C and subsequently pulse-labeled in phosphate-
free DMEM containing **P phosphoric acid (20 C/ml)
for 1 h at 37°C. Cells were brie y washed in DMEM —/—
and kept in non-radioactive DMEM +/+ until harvest
after a chase period of 240 min. Total RNA was extracted
using the RNeasy mini kit (Qiagen) and 800 ng total RNA
were separated on a 1.2% agarose-formaldehyde gel in 50
mM HEPES pH 7.8, 1 mM EDTA (75 V, 3.5 h). RNA
was stained with GelRed (Biotium, cat. no. 41003). After
washing the gel with 75 mM NaOH for 15 min, 0.5 M Tris
pH 7.0, 1.5 M NacCl for 20 min and 10x SSC for 10 min,
RNA was transferred onto a nylon membrane (Hybond-
N*; GE Healthcare) by capillary transfer. The membrane
was analyzed by phosphor-imaging using a Typhoon FLA
900 imager (GE Healthcare). Signals were then analyzed
using the Fiji Software.

Northern blot analysis

Total RNA was extracted from cells using the RNeasy
mini kit (Qiagen). Northern blot analysis was performed
as described previously (32). 1.5 g of total RNA were
separated on a 1.2% agarose—formaldehyde gel in 50 mM
HEPES pH 7.8, 1 mM EDTA (75 V, 5 h). RNA was stained
with GelRed (Biotium, cat. no. 41003). After washing the
gel with 75 mM NaOH for 15 min, 0.5 M Tris pH 7.0,
1.5 M NaCl for 20 min and 10X SSC for 10 min, RNA
was transferred onto a nylon membrane (Hybond-N*; GE
Healthcare) by capillary transfer. After the RNA was UV
crosslinked, the membrane was prehybridized in 50% (v/v)
formamide, 5x SSPE, 5x Denhardt’s solution, 1% SDS,
200 g/ml DNA (Roche, cat#11467140001) for 1 h at
65°C. rRNA precursors were hybridized with radioactively
(*2P) labeled probes (5'1TS1: CCTCGCCCTCCGGGCT
CCGTTAATGATC, ITS2 GCGCGACGGCGGACGA
CACCGCGGCGTC) (46) for 1 h at 65°C and subsequent
overnight incubation at 42°C. After three washes for 5
min with 2x SSC at 37°C, the membrane was analyzed
by phosphor-imaging using a Typhoon FLA 900 imager
(GE Healthcare). Signals were then analyzed using the Fiji
Software.
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Immuno uorescence analysis and confocal microscopy

Cells grown on coverslips were xed with 4%
paraformaldehyde in PBS for 15 min at room temperature.
After permeabilization with 0.1% Triton X-100, 0.02%
SDS in PBS for 5 min, cells were blocked by incubation
with 2% BSA in PBS (BSA/PBS) for 30 min. Next, cells
were incubated with primary antibody diluted in BSA/PBS
for 1 h, washed three times for 5 min with BSA/PBS
and then incubated with secondary antibody diluted in
BSA/PBS for 30 min. After three 5 min washes with PBS,
coverslips were mounted onto glass slides with Vectashield
(Vector Laboratories) for confocal microscopy. Images were
acquired using a Zeiss LSM780 or LSM880 microscope
with a 63x 1.4 NA oil DIC Plan-Apochromat objective.

Immunoblot analysis

Samples in SDS sample buffer were separated on SDS-
PAGE gels and proteins were transferred to a nitrocellulose
membrane by semi-dry blotting. After blocking the
membrane with 4% milk in PBST for 30 min, it was
incubated with primary antibody diluted in 4% milk in
PBST over night at 4°C. The membrane was washed three
times for 5 min with PBST and subsequently incubated with
secondary antibody in 4% milk in PBST. After three further
5 min washes with PBST, the signal was either detected
using a Fusion (Vilber) or an Odyssey (LI-COR) imaging
system.

RESULTS

High-content screening identi es 310 factors required for 60S
subunit maturation

To identify factors required for 60S ribosomal subunit
maturation in human cells, we screened with two genome-
wide siRNA libraries containing ~72’000 siRNAs (~four
individual siRNAs per gene, Qiagen) and ~59’000 siRNAs
(~three individual SiIRNAs per gene, Ambion), respectively
(Figure 1A). The genome-wide libraries together targeted
~20’500 genes with a coverage of 3-7 siRNAs per gene. Asa
readout for 60S maturation, we used a previously described
ribosomal protein reporter, RPL29/eL.29-GFP, expressed
under control of a tetracycline-inducible promoter in HelLa
cells (30). 44 h after reverse sSiRNA transfection, expression
of RPL29-GFP was induced for 8 h followed by a 20 h
chase period before xation and automated uorescence
microscopy (Figure 1B).

Upon induction, RPL29-GFP is imported into the
nucleolus, where it is incorporated into maturing ribosomal
60S subunits. RPL29-GFP containing ribosomes are
then exported to the cytoplasm where they engage in
translation, evidenced by the co-sedimentation of RPL29-
GFP with polysome-containing fractions in a sucrose
gradient (Supplementary Figure S1A). Interestingly, cells
compensated for RPL29-GFP expression by lowering the
level of endogenous RPL29 (Supplementary Figure S1B).
In control cells, RPL29-GFP was mainly localized to the
cytoplasm and nucleoli (Figure 1C, D). Perturbations of
nucle(ol)ar steps of ribosome biogenesis, e.g. depletion
of the ribosomal protein RPL11 or the pre-60S export

factor XPO1/CRML1 (47,48), led to an accumulation of the
reporter in nucleoli and the nucleoplasm (Figure 1D), which
we used as a single-cell readout in the screening assay. As
a negative control to determine the false-positive hit rate,
we used a scrambled siRNA (si-control). In addition, we
exploited cell death-inducing siRNAs targeting PLK1 and
KIF11, which are commonly used to score for the ef ciency
of siRNA transfections (49-51), and to de ne a cell number
threshold (Supplementary Figure S1C). In all three screens,
we applied further positive controls targeting ribosomal
proteins, RBFs and the nuclear transport machinery
(Supplementary Figure S1C).

Image analysis was performed using an automated
pipeline supporting illumination-correction (37), image
segmentation based on Hoechst staining of cell nuclei
and extraction of =150 features per cell. Next, we
used the supervised machine learning software Advanced
Cell Classi er (40) for phenotypic hit classi cation. The
resulting hit rate describes the fraction of cells displaying
nuclear accumulation of the RPL29-GFP reporter over all
reporter-positive cells excluding mitotic or apoptotic cells
(Supplementary Tables S3 and S4). To eliminate siRNAs
with a strong negative effect on cell proliferation, we de ned
a cell number cut-off (Supplementary Figure S2D). We also
excluded some genes that are not expressed in HelLa cells
according to published transcriptomic and proteomic data
(52,53). Based on the hit rates of all remaining siRNAs, we
generated a preliminary ranked hit list by calculating the
P-values for each gene using the redundant siRNA activity
(RSA) algorithm (41) (Supplementary Table S5).

To validate selected high scoring hits not previously
associated with ribosome biogenesis, we subsequently
performed a validation screen in biological triplicates using
pools of 30 siRNAs per gene (Supplementary Table S6).
Because the individual siRNAs of the pools acted at
a concentration of only 100 pM, off-target effects are
known to be greatly reduced (54). Of the 480 genes tested
in the validation screen, 83 could be validated using a
very stringent cut-off that was de ned as the mean hit
rate of the negative control plus ve standard deviations
(Supplementary Table S7). In addition to these 83 validated
hits, the nal hit list contains 224 factors, which were
previously shown to be involved in ribosome assembly and
had a RSA-ranked P-value <0.0075 in the preliminary
genome-wide hit list (Supplementary Table S8). Overall,
this procedure identi ed 310 high con dence hit genes
required for 60S maturation in human cells.

The robustness and reproducibility of the three screening
campaigns were assessed using the control siRNAs present
on all screening plates (Supplementary Figure S1C). Both
genome-wide screens and the validation screen had high Z’
scores (0.91, 0.9 and 0.84 for si-RPL11 against si-control in
the Qiagen, Ambion and validation screens, respectively)
re ecting the excellent separation of positive and negative
control siRNAs as a numeric quality measure (Figure
1E). The hit rates and cell numbers of control siRNAs
were comparable between screening batches/replicates
(Supplementary Figure S2A-C). Moreover, the overall
distribution of cell number and hit rates was similar for
the two genome-wide screening libraries (Supplementary
Figure S2D, E). Altogether, these data demonstrate
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the robustness of our RPL29-GFP-based screening
campaigns.

More than 80% of the 310 high con dence hits are
known to reside in the nucleus according to the Human
Protein Atlas (55) (Figure 1F) and roughly 60% are found
in nucleoli based on comparison with the Human Protein
Atlas and the Nucleolar Proteome Database (NOPdb)
(56-58). Nucle(ol)ar proteins were expected to be highly
represented, since nucleoli are the cellular hub for ribosome
production. In addition, we observed an excellent overlap
(81.7%) with the hits of a previous candidate RNAI screen
using the same reporter (31) (Figure 1G). Highlighting the
organismal importance of ribosome synthesis, about half
the hit genes (52%) are associated with diseases, particularly
neoplasms, based on the DisGeNET database (45) (Figure
1H, Supplementary Table S10).

Several functional protein clusters support 60S subunit
maturation

Gene ontology (GO) term overrepresentation analysis
(59) revealed prominent GO-terms linked to ribosome
biogenesis in all three categories, i.e. ‘ribonucleoprotein
complex biogenesis’ and ‘RNA processing’ in the
‘biological process’ category, ‘RNA binding’ in the
‘molecular function’ category, and ‘ribonucleoprotein
complex’ and ‘ribosome’ in the ‘cellular component’
category (Figure 2A). This illustrates that the hit list of the
genome-wide 60S screen is highly enriched in proteins with
known links to ribosome biogenesis and related cellular
processes.

Next, we clustered the 310 hit genes based on high
con dence protein—protein interactions annotated in the
STRING database (42) and published literature, into
twelve functional and one miscellaneous cluster (Figure
2B, Supplementary Table S9). Ribosomal proteins, in
particular those of the large subunit, were highly enriched
among the top-ranking hits. Almost all proteins of the
60S and approximately half of the proteins of the 40S
subunit were scored as hits in the screen. Also, several
known 60S-speci ¢ RBFs and factors involved in both
40S and 60S maturation were found as high- con dence
hits, validating the screening approach. This genome-wide
screen thus underlines the functional conservation of many
60S RBFs from yeast to humans, con rming previous
candidate screens (31,32). Moreover, our data show for the

rst time that RLP24/RSL24D1 and DDX18, the human
homologs of the yeast 60S biogenesis factors RIp24 and
Has1 respectively, function in human 60S subunit synthesis,
in analogy to the yeast data (60,61). Interestingly, a few
factors involved in early nucleolar steps of 40S biogenesis,
including almost all members of the UTP-A complex, were
also required for 60S biogenesis, re ecting the role of the
UTP-A complex in the transcription of the joint pre-rRNA
for both subunits (62,63).

An additional cluster of hits comprises proteins active
in transcription, mMRNA processing and chromatin
remodeling. We identi ed subunits of all three RNA
polymerases re ecting the requirement of rRNA, mRNA
and snoRNA transcription for ribosome maturation.
This is further echoed by other hits like DHX33 or

TCOF1, which are involved in RNA polymerase |
transcription (64,65), or BDP1, which is required for
initiation of transcription by RNA polymerase 111 (66).
Several members of the RNA polymerase Il transcription
initiation and elongation machinery are also part of
the identi ed protein module. Moreover, the master
transcriptional regulator MYC, which directly supports
ribosome biogenesis (67), is a hit present in this cluster.
We further identi ed several transcription and chromatin
remodeling factors not previously implicated in human
ribosome biogenesis. One example is FOXN1, one of
several orthologs of the yeast transcription factor Fhll,
which is involved in ribosomal protein gene transcription
in yeast (68,69). We also found KAT5, TRRAP and EP400,
key components of the NuA4 complex as well as SET1A
and WDR82, which are members of COMPASS complex.
Both complexes function in chromatin remodeling, with
the NuA4 complex acting as a histone acetyltransferase
(70,71) and the COMPASS complex methylating H3K4
(72,73).

Notably, another cluster is formed by three members of
the PP1 phosphatase complex, namely the catalytic PP1
subunit as well as the nuclear regulatory subunits PPP1R7
and PPP1R10. PP1 phosphatases have been linked to a
variety of cellular processes, ranging from cell cycle control
and metabolism to apoptosis (74). So far, only PP1 was
shown to interact with pre-60S subunits in human cells (75),
and the role of these newly identi ed players remains to be
investigated.

Other prominent clusters include the splicing, nuclear
export, and translation machineries as well as the CCT
complex, which aids folding of newly synthesized proteins.
In addition, similar to our previous screening campaign
on 40S subunit maturation (30), almost all proteasomal
subunits were identi ed. Also, various other factors linked
to protein ubiquitination scored highly, including several
cullin-RING ubiquitin ligase components such as RBX1,
DDB1, VPRBP, DCAF4L1, KCTD2 and ZERL1 as well
as all members of the COP9 signalosome. Some of these
factors are also required for 40S biogenesis (30), but how
they support ribosome synthesis is only poorly understood.
Notably, VPRBP, a substrate adaptor for the CRL4 E3
ligase, has recently been linked to the degradation of the 60S
subunit RBF PWP1 (76). Finally, the screen also revealed
a number of uncharacterized factors such as ZSCANZ23,
UBAP2 and UBALD1, whose mechanistic roles remain to
be explored. Taken together, these screening results provide
a rich source of information to inform and guide future
mechanistic studies as to how their action is linked to
ribosome synthesis.

Key enzymes of the polyamine biosynthesis pathway are
required for ef cient 60S subunit synthesis

We were especially intrigued by a small cluster of hits
comprising factors involved in metabolism. These three hits
are functionally linked as they play an important role in
cellular polyamine metabolism, namely AMD1, ODC1 and
AZIN1 (Figure 3A). Polyamines are highly abundant,
small and positively charged molecules. These polycations
interact with negatively charged factors such as RNA,
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experiments, >0.7) (42).

DNA, ATP, but also proteins or lipids in various cellular
processes (77,78). The adenosyl methionine decarboxylase
AMDL1 (hit list rank #88) and the ornithine decarboxylase
ODC1 (hit list rank #108) are the rate-limiting enzymes
of the polyamine synthesis pathway, which converts
ornithine in a stepwise manner into putrescine, spermidine,
and spermine (Figure 3A) (78-80). Speci cally, ODC1

converts ornithine into the spermidine precursor putrescine,
and AMD1 produces decarboxylated adenosyl-methionine,
which is used in two consecutive steps to elongate putrescine
into spermidine and then spermine. Other enzymes of the
pathway did not rank among the top hits of the genome-
wide screen (Figure 3B), but depletion of the regulatory
factor AZIN1 (antizyme inhibitor 1, hit list rank #194)
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also resulted in signi cant 60S biogenesis defects. AZIN1
is a known positive regulator of ODC1, whose function
is tightly regulated also at the post-transcriptional level.
ODCL1 needs to form a homodimer to be active but
inhibitory proteins called antizymes (OAZ1, OAZ2, OAZ3)
bind ODC1 monomers and promote their proteasomal
degradation (81). AZIN1, which is structurally similar to
ODC1, binds these antizymes with high af nity, thereby
stabilizing ODC1 and promoting polyamine synthesis (82—
84). Polyamines have been used for decades as buffer
additives to stabilize isolated ribosomes, enhance in vitro
translation ef ciency and support in vitro reconstitution
of ribosomal particles (85-88). In the 1980s, polyamines
were implicated in rRNA synthesis in E. coli and human
lymphocytes (89,90). Yet, these results were never followed
up upon and a thorough investigation of the links between
polyamine metabolism and ribosome biogenesis is missing.

To validate the screening results, ODC1 and AMD1
were depleted in HeLa RPL29-GFP reporter cells and in
a previously described HeLa cell line inducibly expressing
RPS2-YFP as a 40S subunit biogenesis reporter (31). While
depletion of ODC1 or AMDL1 resulted in 60S biogenesis
defects, indicated by the accumulation of RPL29-GFP
in nucleoli, RPS2-YFP localization remained unchanged
(Figure 3C, D, Supplementary Figure S3A). This suggests
that the lack of polyamines predominantly impairs 60S
subunit maturation. To examine the impact of the RNA.-
induced perturbations on polyamine metabolism, we
analyzed cells depleted of AMD1 and ODC1 by targeted
metabolomics. Depletion of both AMD1 or ODC1 indeed
led to a reduction of spermine and spermidine levels
compared to control conditions, while putrescine levels
were affected differentially by the two treatments, in line
with the distinct functions of AMD1 and ODC1 in
the metabolic pathway (Figure 3A, E). Taken together,
metabolomic analysis indicates that AMD1 or ODCl1
depletion-mediated reduction in levels of the polyamines
spermine and spermidine evokes 60S biogenesis defects.

To con rm these results, we next monitored the effects
of AMD1 or ODC1 depletion on the dynamic shuttling
behavior of ENP1, a 40S biogenesis factor (91,92), and
RRP12, a factor involved in both 40S and 60S maturation
(93) (Supplementary Figure S3B). Both ENP1 and RRP12
are enriched in nucleoli at steady state but accompany
ribosomal subunits into the cytoplasm (35,93). Depletion
of neither AMD1 nor ODCL1 altered the steady state
localization of ENP1 or RRP12. However, when we
additionally inhibited nuclear export of ribosomal subunits
by leptomycin B (LMB) treatment (47,48), RRP12 was
retained in nucleoli while localisation of ENP1 was
largely unchanged (Supplementary Figure S3B). This result
supports a function of polyamines in early steps of 60S but
not 40S biogenesis.

To investigate whether perturbations in polyamine
metabolism affect ribosomal subunit stoichiometry or
MRNA translation, we performed polysome pro le analysis
of Hela K cells depleted of AMD1 and ODC1. Indeed,
AMD1 and ODC1 depletion resulted in smaller-sized 60S
peaks concomitant with an increase in free 40S subunits and
increased appearance of half-mer polysomes, indicating a
shortage of 60S subunits (Figure 3F, G). Taken together,
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these data con rm the results obtained with the reporter
cell lines and suggest that perturbation of polyamine
metabolism strongly affects nuclear maturation of 60S but
not 40S subunits.

AMD1 and ODC1 depletions result in defective rRNA
processing

Next, we tested whether changes in polyamine metabolism
in uence rRNA maturation. In human cells, the 18S, 5.8S
and 28S rRNAs are synthesized as parts of a polycistronic
47S rRNA precursor that undergoes a series of endo- and
exonucleolytic processing reactions with several de ned
pre-rRNA intermediates to nally yield the three mature
rRNAs (Figure 4A). We rst investigated the effect of
AMD1 and ODC1 depletion on pre-rRNA processing by
radioactive 3P pulse-labeling experiments. Hela K cells
were analyzed after a 4 h period, during which cells
processed the initially transcribed 33P-labeled 47S pre-
rRNA (Figure 4B). Perturbation of the polyamine synthesis
pathway signi cantly reduced 28S rRNA production, while
generation of 18S rRNA was only mildly affected. This
was further underlined by the decreased ratio of 28S to
18S rRNA (Figure 4C). Consistent with these results, the
analysis of total RNA by Northern blot with a probe
against the 1TS2 region revealed an accumulation of the
41S, 32S and 12S pre-rRNAs upon AMD1 or ODC1
depletion (Figure 4D, E). Accumulation of these precursors
indicated defects in rRNA cleavage at sites 2 and 4 as well
as defects in trimming of the 5.8S rRNA 3’end. Using
a probe detecting 18S rRNA processing intermediates by
targeting the ITS1 region, stabilisation of the 41S and
a decrease of the 30S pre-rRNAs were observed, while
later intermediates of the 18S maturation pathway were
unchanged upon AMD1 or ODC1 depletion. Despite the
mild accumulation of the 41S pre-rRNA, this did not
manifest in an obvious 40S subunit biogenesis defect judged
based on the RPS2-YFP reporter and the ENP1 readout
(Figure 3C, Supplementary Figure S3B). Co-depletion of
AMDL1 and ODC1 did not result in signi cantly stronger
effects on rRNA processing in pulse labeling or Northern
blot analysis as expected given their function in the
same pathway (Figure 4B-E). Together, analysis of rRNA
processing revealed that depletion of AMD1 and ODC1
impinges in particular on the maturation of the 28S and
5.8S rRNA:s.

Chemical inhibition of ODC1 leads to 60S biogenesis defects

To validate the RNAi-based experiments by an
independent method, we manipulated cellular polyamine
synthesis using a well-established chemical compound,
di uoromethylornithine (DFMO), which inhibits the
enzymatic activity of ODC1 (94-97). Metabolomic
analysis showed that inhibition of ODC1 by DFMO results
in similar albeit more pronounced changes in metabolite
levels along the polyamine pathway compared to RNAI-
mediated depletion of ODC1 (Figures 3E and 5A). Levels
of spermidine and putrescine were strongly reduced, while
spermine levels were only slightly decreased, as previously
observed (98,99). In agreement with the RNAI depletion
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Figure 4. Depletion of AMD1 and ODC1 results in rRNA processing defects. (A) Illlustration of major rRNA processing intermediates in human cells.
rRNA regions bound by probes used for Northern blot experiments are indicated. (B) Hela K cells were treated with the indicated siRNAs and analyzed
by pulse labeling with 3P orthophosphate. Total RNA was extracted from cells harvested 240 min after 3P washout. rRNA processing was analyzed by
autoradiography. Levels of mature 18S rRNA were visualized with GelRed as loading control. (C) Quanti cation of the 28S/18S ratio of the autoradiograph
in (B) expressed as fold change against si-control. Mean + SEM, N = 3, unpaired t-test against si-control, **P < 0.01, ***P < 0.001. (D) Northern blot
analysis of total RNA extracted from HelLa K cells treated with the indicated siRNAs using radioactively labelled probes targeting the ITS2 or ITS1
regions as indicated in (A). Levels of mature 18S rRNA were visualized with GelRed as a loading control. (E) Quanti cation of indicated rRNA precursors
detected with the ITS2 or ITS1 probe shown in (D) normalized to the amount of 47S rRNA precursor and expressed as fold change relative to si-control.
Mean + SEM, N = 3, unpaired t-test against si-control, *P < 0.05, **P < 0.01, ***P < 0.001, ns = non-signi cant.

experiments, DFMO treatment of the reporter cell lines
revealed the accumulation of RPL29-GFP in nucleoli
and the nucleoplasm, while the localization of RPS2-YFP
was comparable to solvent-treated cells (Figure 5B, C).
Effects of DFMO treatment on the localization of ENP1
and RRP12 also mirrored the results obtained by RNAI-
mediated depletion of AMD1 and ODC1 (Supplementary
Figure S4A). Speci cally, the 60S and 40S biogenesis factor
RRP12 was retained in nucleoli when cells were treated
with DFMO and nuclear export of ribosomal subunits was
blocked by LMB. Localization of the 40S biogenesis factor
ENPL1 on the other hand remained unchanged upon ODC1

inhibition by DFMO, in presence or absence of LMB.
Together, these data reveal that ODC1 activity is required
for nucle(ol)ar 60S maturation.

Next, we analyzed pre-rRNA processing in cells treated
with DFMO or solvent by both the 3P pulse labeling
approach and Northern blot analysis. Pulse labeling
experiments revealed a reduction of 28S production
and a decreased 28S/18S ratio upon DFMO treatment
(Supplementary Figure S4B, C), re ecting defects in 60S
subunit maturation. A slight reduction in 18S rRNA
production was also detected upon ODC1 inhibition, yet
no defects in 40S subunit maturation were observed with
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cells upon ODCL1 inhibition with DFMO (2.5 mM, 48 h) expressed as fold change relative to solvent control. Mean + SEM, N = 3. Measurements of cells
treated with si-ODC1 (Figure 3E) are shown for comparison. (B) Ribosomal reporter HeL a cell lines inducibly expressing RPL29-GFP or RPS2-Y FP were
treated with 2.5 mM DFMO or solvent control for 48 h. Expression of RPL29-GFP was induced for 8 h with tetracycline and chased in tetracycline-free
medium for 20 h prior to xation. Expression of RPS2-YFP was induced for 16 h, followed by a 4 h chase period. Scale bar: 20 m. (C) Quanti cation of
cells with ribosome biogenesis defects (hit rate) in (B). Mean + SEM, N =4, n > 160, unpaired t-test against solvent control of the same cell line, **P < 0.01.
(D) Northern blot analysis of total RNA extracted from HelLa K cells treated with DFMO (2.5 mM, 48 h) or solvent control using radioactively labelled
probes targeting the ITS2 or ITS1 region. Levels of mature 18S rRNA were visualized with GelRed as a loading control. (E) Quanti cation of rRNA
precursors detected with 1TS2 and ITS1 probes as shown in (D) normalized to the amount of 47S rRNA precursor and expressed as fold change relative
to solvent control. Mean + SEM, N = 3, unpaired t-test, *P < 0.05, ns = non-signi cant.

the RPS2-YFP reporter cells and the ENP1 readout (Figure
5B, Supplementary Figure S4A). Northern blot analysis of
total RNA from DFMO-treated cells using a probe against
the ITS2 region demonstrated an accumulation of the 32S
pre-rRNA, indicating that ODC1 activity is required for
28S rRNA maturation (Figure 5D, E), consistent with the
ODCL1 depletion experiment. In contrast, rRNA processing
intermediates of the 18S maturation pathway detected with
the ITS1 probe were not changed signi cantly. In sum, two
complementary approaches manipulating on the polyamine
synthesis pathway, i.e. RNAi-mediated depletion of the
rate-limiting enzymes AMD1 and ODC1 as well as DFMO-
mediated inhibition of ODCL1, con rmed the requirement
of this pathway for ribosome biogenesis, and 60S subunit
maturation in particular.

DISCUSSION

By performing two complementing genome-wide RNAI
screens followed by a validation screen, we identi ed a
function for at least 310 proteins in the maturation of the

large ribosomal subunit in human cells. Most of these
310 high con dence screening hits fall into prominent
functional protein clusters that comprise ribosomal
proteins and RBFs, as expected, as well as key cellular
modules such as chromatin organization and transcription,
splicing, translation, and protein degradation, highlighting
both the strong conservation of 60S subunit maturation
from yeast to human and the interconnectivity of 60S
synthesis with other fundamental cellular pathways. In
addition, the hit list also contains many proteins that had
previously not been implicated in ribosome biogenesis,
including factors of unknown function. In the follow-up
analysis, we concentrated on a cluster of proteins involved
in polyamine synthesis. Depletion of the rate-limiting
enzymes of the polyamine synthesis pathway AMD1 and
ODC1, which both ranked high in the screen, as well
as chemical inhibition of ODC1 activity with the small
molecule inhibitor DFMO con rmed a critical role of this
pathway in the synthesis of 60S subunits. Microscopy-based
assays and pre-rRNA processing analysis revealed that
nuclear steps of 60S subunit synthesis rely on polyamine
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production. As a consequence, defects in polyamine
synthesis lead to subunit imbalance and a shortage of 60S
subunits.

To reduce the number of false-positives in our screening
campaign, we not only used an average of seven siRNAs
per gene but also applied very stringent thresholds for
the generation of the nal list of high con dence hits. As
a consequence, the resulting hit list does not represent
a complete inventory of factors required for 60S subunit
synthesis, due to both our stringent cut-offs and the
inherent nature of RNAi-based screens, which are known
to suffer from false-negative results because of insuf cient
knockdown or hypomorphic effects (100). Therefore,
several known 60S RBFs did not pass the chosen threshold
criteria and were not de ned as hits, including RRS1
(rank #710), BXDC1/RPF2 (rank #858) or LASLL (rank
#929). However, they still ranked in the top 5% of all
tested genes. The appended full dataset containing hit
rates of every tested siRNA (Supplementary Table S5)
provides important information for researchers to judge the
involvement of their genes-of-interest in 60S maturation.
It is also important to point out that auxiliary, non-
essential factors supporting ribosome biogenesis as well
as quality control factors are likely not identi ed by our
screening approach, since the used endpoint assay only
captures strong effects on synthesis kinetics. Furthermore,
the RPL29-GFP readout only allows to detect defects
in nucleolar and nucleoplasmic steps of 60S maturation,
while factors required for cytoplasmic maturation steps
are likely not detected unless their depletion impairs the
recycling of RBFs with a nuclear function. In conclusion,
the use of stringent cut-offs enabled the generation of a
high con dence list, while the full dataset provides further
information on the potential involvement of other genes in
the process.

As expected, the nal hit list contained many bona

de RBFs and ribosomal proteins of both subunits
as well as proteins of several other essential cellular
modules such as factors involved in transcription, splicing,
translation and cellular traf cking. Several hits in the
cluster of transcription, MRNA processing and chromatin
remodeling factors, including FOXNL1, were unexpected.
FOXNL1 is an ortholog of yeast Fhll, which binds to
ribosomal protein gene promoters in yeast together with
Esal, Hmol, Ifhl, Rapl and Sfpl (68,69,101,102). While
regulation of ribosomal protein gene transcription is well
understood in yeast, much less is known in the human
system, where a common regulatory machinery for all
ribosomal protein gene promoters seems to be lacking (69).
Notably, a study investigating interactomes of transcription
factorsidenti ed an interaction between FOXNZ1and YY1,
a transcription factor known to bind ribosomal protein
gene promoters in human cells (103,104). Further, we
identi ed KATS5, the human homolog of Esal in yeast, in
the screen. KAT5 is part of the NuA4 complex and was
previously shown to be recruited to ribosomal protein gene
promoters in a MYC/MAX-dependent manner (105,106).
Moreover, we found RUVBL1 and RUVBL2, which can
associate via EP400 with the NuA4 complex, but also
function as independent ATPases, e.g. in SNHORNP synthesis
(107,108). Overall, follow-up investigations of the function

of FOXNL1 and other factors in this cluster should shed
more light on ribosomal protein gene regulation in human
cells.

In another interesting cluster of hits, we identi ed
components of the 26S proteasome as well as several
E3 ligase components and the COP9 signalosome. The
proteasome as well as several members of the ubiquitin
proteasome system were also identi ed in a previous
genome-wide screen for factors involved in 40S synthesis
(30). Yet, even though proteasomal activity had been linked
to ribosome maturation several years ago (109,110) little is
known about the mechanistic contribution of the ubiquitin
proteasome system to ribosome biogenesis in general and
of the identi ed factors in particular. Our previous follow-
up analysis of the 40S screen had con rmed a role of CRL4
and its constitutive E3 ligase components RBX1 and DDB1
in ribosome maturation (30). DDB1, RBX1 as well es the
CRL4 substrate adaptors VPRBP and DCAF4L1, were
also identi ed in this screen for 60S maturation factors,
showing that CUL4 plays a role in both 40S and 60S
synthesis. Notably, depletion of another E3 ubiquitin ligase,
ZNRF3 also resulted in 60S biogenesis defects. ZNRF3
is an established negative regulator of the Wnt/ -catenin
pathway (111). MYC and multiple 60S RBFs including
the PeBoW complex have been previously identi ed as
targets of Wnt/ -catenin signaling (112). Based on the
diverse hits linked to the ubiquitin-proteasome system, we
hypothesize that it in uences ribosome maturation through
several mechanisms.

An unexpected cluster of hits identi ed by our genome-
wide screening approach was linked to polyamine
metabolism. We validated these hits in follow-up
experiments, revealing a strong dependency of 60S
synthesis, including 28S and 5.8S rRNA processing, on
polyamine synthesis. Polyamines function as modulators
of various types of RNA by binding and stabilizing both
single and double-stranded RNA in all kingdoms of life
(77). Early studies in bacteria indicated that 12-15% of
total polyamines are stably associated with ribosomes
(86). Given their positive charge and stabilizing effect,
we hypothesize that polyamines could be required as
permanent structural components of 60S subunits and/or
be necessary to chaperone rRNA folding during 60S
biogenesis. Although direct evidence for such a model is
hard to generate, this hypothesis is corroborated by several

ndings. Using a photoactivatable spermine analog in
cross-linking experiments, spermine binding sites were
mapped on the mature E. coli 16S (24 cross-links) and
23S (54 cross-links) rRNAs in vitro (113,114). In the large
subunit, spermine binding sites clustered in functionally
important regions including the PTC and tRNA binding
sites. However, it is currently unclear, whether the mapped
sites are bound by polyamines in a stable or transient
manner (115,116).

In support of our hypothesis, polyamines have also been
identi ed in several high-resolution electron density maps
of ribosomal structures (117-119). One spermidine could
be clearly mapped in a 2.4 A structure of E. coli 70S
ribosomes (117), and 17 polyamine moieties were found
in a higher resolution 2.0 A electron density map (119)
(Supplementary Figure S5A). Most of these were localized
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in the large 50S subunit, with a cluster of spermidines
positioned close to the PTC and PET. Interestingly, when
we overlayed the two cryo-EM structures, the location of the
one spermidine found by Noeske and colleagues overlapped
with the position of one of the 16 spermidines mapped
in the structure by Watson and colleagues, indicating
that this site is consistently bound by a spermidine
molecule. In most high-resolution structures of eukaryotic
ribosomes, polyamines have not been mapped, although
two spermidine molecules were found close to the PET
and PTC in a recent structure of a stalled mammalian
ribosome solved at 2.8 A (118), (Supplementary Figure
S5B). However, when we aligned the bacterial 23S and
mammalian 28S rRNA, it became apparent that the so far
identi ed spermidine binding sites are located in different
positions on the 60S subunit in bacteria and mammals.
Most mapped 60S polyamine binding sites are buried deep
in the core of the 60S subunit. While exchange of these
polyamines is probably limited, some polyamines bound
close to the PET are solvent-exposed and therefore likely
exchangeable. As all these polyamine positions have been
determined in structures obtained from ribosomes likely
puri ed with polyamine-containing buffers, it remains to
be clari ed whether they can be con rmed in structures
obtained from ribosomes that only encountered polyamines
in living cells. Higher resolution electron density maps of
human ribosomes will be key to faithfully map polyamine
binding sites for analysis of their conservation. Together,
cross-linking and high-resolution structures indicate that
both spermidine and spermine are constitutive members of
ribosomal subunits, which could explain the requirement of
polyamine synthesis for ribosome maturation.

Currently, it is however unclear whether polyamines
are directly involved in ribosomal subunit maturation as
structural components of ribosomes as described above
or if they support the process indirectly e.g. by their
known contribution to translation (115). A direct in uence
of polyamines on translation ef ciency was suggested by
several studies, yet the precise mechanisms remain unclear.
Notably, spermidine is also a co-substrate for EIF5A
hypusination, a unique post-translational modi cation
conserved in all eukaryotes (120). Hypusinated EIF5A
supports peptide bond formation for dif cult amino
acid sequences such as polyprolines (121-123). EIF5A
hypusination could thus in uence ribosomal subunit
maturation indirectly if EIF5A is required for translation of
factors involved in ribosome biogenesis, such as ribosomal
proteins or RBFs. Yet, depletion of deoxyhypusine synthase
(DHPS) or deoxyhypusine hydrolase (DOHH), the two
enzymes catalyzing EIF5A hypusination, did not result
in 60S biogenesis defects in the screen. Because these
are negative data, we cannot formally exclude an indirect
effect of polyamine metabolism on ribosome biogenesis by
translation. Nevertheless, we consider this as rather unlikely
since we expect such a scenario to likely affect both 60S
and 40S subunit maturation to the same extent. Given their
molecular nature and their widespread function in cells, it
will be challenging to decipher the role(s) of polyamines
in ribosome maturation in detail, in particular in light of
their contribution to the stability and function of mature
ribosomes in vitro and in vivo (87,115,118). Several agents
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targeting polyamine synthesis and uptake are in clinical
trials as combination therapies for cancer patients (124).
Therefore, a better understanding of the role of polyamine
metabolism in ribosome biogenesis, which is known to be
closely linked to cancer progression, could further support
the development of cancer treatment strategies.

In general, we expect that our screening dataset may
serve as a rich resource for further research to better
understand ribosome biogenesis and its regulation in
human cells, which will be important to develop more
speci ¢ therapeutic strategies for ribosomopathies and
cancer.
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