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SUMMARY

Ribosome biogenesis is a highly regulated, essential cellular process. Although studies in yeast
have established some of the biological principles of ribosome biogenesis, many of the intricacies
of its regulation in higher eukaryotes remain unknown. To understand how ribosome biogenesis is
globally integrated in human cells, we conducted a genome-wide siRNA screen for regulators of
nucleolar number. We found 139 proteins whose depletion changed the number of nucleoli per
nucleus from 2-3 to only 1 in human MCF10A cells. Follow-up analyses on 20 hits found many
(90%) to be essential for the nucleolar functions of rDNA transcription (7), pre-ribosomal RNA
(pre-rRNA) processing (16), and/or global protein synthesis (14). This genome-wide analysis
exploits the relationship between nucleolar number and function to discover diverse cellular
pathways that regulate the making of ribosomes and paves the way for further exploration of the
links between ribosome biogenesis and human disease.
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INTRODUCTION

Ribosome biogenesis is a highly regulated cellular process essential for growth and
development. In humans, production of ribosomes begins in the cell nucleolus with the
transcription of a 47S precursor rRNA (pre-rRNA) by RNA polymerase | (RNAPI). This
47S pre-rRNA is transcribed from the 5 acrocentric chromosomes in humans (13, 14, 15, 21,
and 22) that bear the repeated rDNA sequences. The 47S pre-rRNA is chemically modified
and processed before assembly with the 5S rRNA into the mature ribosomes that are
essential for protein synthesis. Production of a single human ribosome requires over 200
assembly factors, 80 ribosomal proteins (r-proteins), and all three RNA polymerases and
takes place in the nucleolus, nucleus, and cytoplasm of cells (Woolford and Baserga, 2013;
Turowski and Tollervey, 2015; Henras et al., 2008; Kressler et al., 2010). This process is
subject to complex regulation because it must be highly responsive to various cellular
stimuli, such as nutrient availability (ladevaia et al., 2014; Jastrzebski et al., 2007; Mitchell
etal., 2015).

Aberrant nucleolar morphology and function have been linked to numerous human
disorders, including cancer, Alzheimer’s disease, and disorders of ribosome biogenesis,
termed ribosomopathies (Derenzini et al., 2009, Dénmez-Altuntas et al., 2005; Pich et al.,
2000; Hein et al., 2013; Hariharan and Sussman, 2014; Brooks, 2017; Parlato and Kreiner,
2013; McCann and Baserga, 2013; Danilova and Gazda, 2015; Ruggero, 2012). For
example, pathologists have examined nucleoli in the staging of cancers for over 200 years,
with a worse prognosis correlated with increased size and number (Derenzini et al., 2017;
Farley et al., 2015). Additionally, many current cancer therapeutic agents target nucleolar
function because rapidly proliferating cancer cells need to increase their ribosome
production (Woods et al., 2015). In some ribosomopathies, inhibited ribosome production
causes a nucleolar stress response where the 5S ribonucleoprotein (RNP) complex binds
MDM2 (Sloan et al., 2013; Danilova and Gazda, 2015). This leads to p53 stabilization, cell

Cell Rep. Author manuscript; available in PMC 2018 February 27.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Farley-Barnes et al.

Page 3

cycle arrest, and apoptosis. Thus, nucleolar morphology is intricately linked to the creation
of ribosomes and cell proliferation. Understanding the cellular mechanisms responsible for
the crosstalk between nucleolar form and function could provide insights into disorders
affected by changes in nucleolar morphology.

Many of the protein components involved in ribosome biogenesis were first described in the
yeast Saccharomyeces cerevisiae because of tractable biochemistry and genetics (Dixon et al.,
2006; Weaver et al., 2015); however, there is growing evidence that ribosome biogenesis in
human cells has acquired greater complexity in regulation (James et al., 2014; Rubbi and
Milner, 2003; Zhang and Lu, 2009; Boulon et al., 2010; Vlatkovi¢ et al., 2014; Golomb et
al., 2014). Two genome-wide screens for nucleolar function have been carried out
(Badertscher et al., 2015; Neumdller et al., 2013). Screens performed in Drosophila
melanogasterand S. cerevisiae cells used nucleolar size as an endpoint (Neumdller et al.,
2013), whereas a screen performed in Hel a cells used an assay that detects ribosome
assembly and transport for the small ribosomal subunit (SSU) (Badertscher et al., 2015).
However, a complete genome-wide screen for large ribosomal subunit (LSU) assembly and
transport has yet to be carried out (Wild et al., 2010). Additionally, a report of an assay for
nucleolar morphology in Hela cells calculated specific parameters of abnormal-looking
nucleoli, termed the iNo, but the screen was restricted to ribosomal proteins (Nicolas et al.,
2016). Because human nucleolar function screens have been limited to the aneuploid HelLa
cell line, and no screen has examined both SSU and LSU biogenesis genome-wide, there
remain many open questions regarding the complex mechanisms that coordinate nucleolar
morphology and function in human cells.

To enhance our understanding of the mechanisms regulating ribosome biogenesis in human
cells, we embarked on an unbiased, genome-wide small interfering (sSiRNA) screening
campaign using a readout of nucleolar number. Previously, we determined that defective
ribosome biogenesis resulting from siRNA depletion of ribosome biogenesis factors (UTP4
and NOL11) correlates with changes in nucleolar number in human cells (Freed et al.,
2012). We therefore exploited this relationship between nucleolar number and function in a
genome-wide screen. The screen, conducted in the “near-normal” human MCF10A breast
epithelial cell line (Soule et al., 1990), identified 139 proteins whose depletion altered the
number of nucleoli per nucleus from 2-3 to only 1, uncovering 139 candidate regulators of
human ribosome biogenesis. The identified proteins have a wide range of known functions
and likely regulate nucleolar processes from both inside and outside of the nucleolus. To
delve deeper into the specific ways in which these hits influence the production of
ribosomes, we examined the effects of depleting 20 high-confidence hits on transcription of
rDNA, pre-rRNA processing, and overall cellular translation. The vast majority of hits tested
(90%) alter ribosome biogenesis in one or more of these assays, validating this screening
approach to identify regulators of ribosome biogenesis. The results from this screen reveal
how multiple cellular pathways converge in the regulation of human ribosome biogenesis
and pave the way for knowledge of how ribosome biogenesis is affected in human disease.
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RESULTS

A Genome-wide siRNA Screen ldentifies 139 Hits as Regulators of Nucleolar Number

To identify regulators of nucleolar number in human cells, we screened 18,107 siRNAs
using the GE Healthcare Dharmacon siGENOME library (Figure 1A; Table S1). MCF10A
breast epithelial cells were reverse-transfected in each well of a 384-well plate with a pool of
4 siRNAs targeting the same gene of interest. Nucleoli were detected by staining with an
anti-fibrillarin (FBL) antibody (Reimer et al., 1987), nuclei were detected by Hoechst, and
the number of nucleoli per nucleus was quantified using a CellProfiler (Carpenter et al.,
2006) pipeline (Figures 1B and S1). For each sample well, we calculated a percent effect for
the change from 2-3 nucleoli per nucleus to only 1, termed the one-nucleolus phenotype.
The percent effect is defined as the percentage of cells harboring 1 nucleolus normalized to
the negative and positive control data from the same plate (i.e., a mean of 16 siGFP negative
control wells was set as 0% effect, and the mean of 16 UTP4-positive control sSiRNA
replicates was set as 100% effect). To monitor screen performance, coefficient of variation
(CV), signal-to-background window (S/B), and Z prime (Z") statistical parameters were
calculated for each screening plate using the mean and SD of control samples. Dataset
statistics indicate an average 6.8% CV and an average S/B of 4.7 (range, 3.1-8.9). The
average Z~ for the screen was 0.54 (range, 0.3-0.71) (Figure 1C). Overall, these statistics
demonstrate both the low variability and the high robustness of the screen.

This siRNA campaign revealed 191 screen hits that cause the one-nucleolus phenotype using
a highly stringent cutoff of 3 SDs from the mean percent effect of the entire screening
population (percent effect greater than 122%). This corresponds to an ~1% hit rate (Figure
1; Table S1). In an effort to eliminate any false positives, the 191 screen hits were filtered to
exclude any toxic siRNAs that conferred a viability of less than 10% of the siGFP controls
(Figures 1A and 1D). Any hits not expressed in breast cells (fragments per kilobase million
[FPKM] = 0 in the lllumina Body Map; Petryszak et al., 2016) were also removed from the
dataset, leaving 139 siRNAs that gave the one-nucleolus phenotype (Figure 1A; Table S2).

The presence of nucleolar hits validates the screening approach because it has been
established that depletion of nucleolar proteins disrupts nucleolar architecture (Freed et al.,
2012; Olson, 2004; Raska et al., 1990; Turner et al., 2012). Of the 139 high-confidence hits,
38 were characterized as nucleolar in 1 or more of 3 databases: the Human Protein Atlas
(http://www.proteinatlas.org; Thul et al., 2017), the T cell nucleolar proteome (Jarboui et al.,
2011), and the Nucleolar Proteomics Database (NOPdb) (Ahmad et al., 2009; Figure 1E).

Comparison with Existing Screens

Comparison of the hit list with hit lists of existing genome-wide screens for ribosome
biogenesis factors emphasizes the ability of our screening approach to discover regulators of
ribosome biogenesis. Compared with previously published genome-wide studies, we found
that the screen overlap ranged from 8.5%-12.9% after correcting for interspecies
conservation (Figure 1F; Table S3). Although this overlap may appear low, the differences in
species and tissue type as well as the differences in screen readouts, cutoff stringency, and
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lack of screen saturation may contribute. Notably, this overlap was also consistent with the
overlap of the previous screens with each other (Figure 1F; Table S3).

Analysis of the Screen Hits

To identify the functional categories associated with the one-nucleolus phenotype, we
explored existing algorithms that group proteins based on their gene ontology (GO)
functions and high-confidence protein-protein interactions (Figure 2). GO analysis (database
release date 12/28/2016) of the 139 hits shows significant (p < 0.05) enrichment of 42
biological processes, including translation initiation, ribosome biogenesis, rRNA processing,
rRNA metabolic process, RNA catabolic process, ribonucleoprotein complex biogenesis,
translation, and RNA processing (Figure 2A; Gene Ontology Consortium, 2015). Search tool
for recurring instances of neighboring genes (STRING) grouping of the 139 hits shows only
one major high-confidence interaction network (interaction score > 0.7), with most of the
interacting partners having known functions in ribosome biogenesis and some proteins
known to have roles in RNA polymerase Il (Pol II) transcription (Figure 2B; Szklarczyk et
al., 2015). Because our hits are enriched for proteins required for ribosome biogenesis and
related cellular processes, these analyses validate the screen and highlight its ability to
identify regulators of ribosome biogenesis.

Current literature supports roles for 3 of the 38 nucleolar proteins in RNAPI transcription
and 5 of the 38 nucleolar proteins in ribosome biogenesis. An additional 11 of the 38
nucleolar hits are ribosomal proteins (Figure 2C). For the other 19, literature searching
reveals that they are undercharacterized with regard to their specific function in ribosome
biogenesis. This screen was therefore successful in identifying known regulators of
ribosome biogenesis.

Validation by siRNA Deconvolution

A subset (43) of the 139 hits were chosen for validation by deconvolution of the pool of 4
siRNAs (Figure 1A; Weiss et al., 2007; Mohr et al., 2014). These hits were selected because
they were undercharacterized with respect to ribosome biogenesis in the literature and/or had
been implicated in human disease. Of the 43 hits, 14 are nucleolar proteins listed in existing
databases and 29 are not (Ahmad et al., 2009; Jarboui et al., 2011; Thul et al., 2017). In
deconvolution experiments, each of the 4 siRNAs comprising the pool used in the primary
screen were tested individually. When 2 of the 4 siRNAs recapitulated the one-nucleolus
phenotype by having a percent effect greater than or equal to 50%, the hit was considered
validated. Of the 43 tested hits, 40 were validated using this approach, resulting in a 93%
validation rate (Figure 1A; Table S4). We went on to test half of the resulting 40 hits for a
functional role in making ribosomes in three secondary assays.

Rationale for Focusing on 20 Hits for Functional Assays

From the high-confidence hit list, 20 hits were chosen for an in-depth analysis of their
functional roles in ribosome biogenesis (Table 1). These hits were chosen because of their
originality compared with similar screens (only IQSEC3, KAT5, SUPT5H, and NMT2 were
hits in previous screens; Table S3; Badertscher et al., 2015; Neumdiller et al., 2013;
Tafforeau et al., 2013; Wild et al., 2010) and their varying known roles in human
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development and disease. The protein hits represent a panoply of diverse cellular processes,
including the chromatin state of the cells and transcription (SUPT5H, KAT5, ZNF76,
HIST1H2BO, and TERF2), cell division and structural organization (ANLN, NUMAL, and
IQSEC3), embryonic development (LIN28A and NODAL), gene expression (NTN3 and
THAP1), and cancer (CRK, PRL, and GRB2).

Of the 20 hits chosen, 10 are known to be nucleolar (Ahmad et al., 2009; Jarboui et al.,
2011; Thul et al., 2017). Although KATS5 is not annotated as nucleolar in any of these
databases, published literature supports nucleolar localization (Halkidou et al., 2004).
Additionally, LIN28A has been characterized as nucleolar, nuclear, and cytoplasmic in
different cell types and at different developmental stages but was not annotated as nucleolar
in any of the databases used here (Kim et al., 2014; Chen and Carmichael, 2009; Heo et al.,
2008; Balzer and Moss, 2007; Piskounova et al., 2011; Vogt et al., 2012).

7 of 20 Hits Are Required for Transcription of rDNA

Transcription of rDNA plays a key role in nucleolar architecture (Freed et al., 2012; Grob et
al., 2014; Hamdane et al., 2014; Derenzini et al., 1998). Therefore, we investigated the effect
of depletion of the 20 high-confidence screen hits on RNAPI transcription. RNAPI
transcription was monitored using a dual-luciferase reporter assay that has previously been
shown to be an accurate measure of rDNA transcription (Freed et al., 2012; Ghoshal et al.,
2004). The ratios of firefly to Renillaluciferase were normalized to a control non-targeting
SiRNA (siNT). siRNAs targeting NOL11 were used as a positive control (Freed et al., 2012).
Our results show that 7 of the 20 hits are required for transcription of the rDNA by RNAPI
(Figure 3B). Notably, a decrease in rDNA transcription upon SUPT5H depletion was
expected because the yeast ortholog Spt5p has previously been shown to interact with
RNAPI and to associate with the rDNA (Schneider et al., 2006; Anderson et al., 2011;
Leporé and Lafontaine, 2011). Additionally, although some studies have shown that both
KATS5 and its yeast ortholog Esal function to downregulate rDNA transcription (Koiwai et
al., 2011; Clarke et al., 2006; Chang et al., 2012), our work provides evidence for the
alternative hypothesis that KAT5 increases rDNA transcription (Halkidou et al., 2004).
Finally, a recent paper used different assays and experimental conditions to describe
NUMAL1 as an enhancer of rDNA transcription, contrary to the lack of effect on transcription
reported here (Jayaraman et al., 2017).

16 of 20 Hits Are Required for Processing of the Pre-rRNA

To find out whether depletion of the 20 hits affects pre-rRNA processing, we used northern
blot analysis to detect and quantify the pre-rRNAs (Figure 3). After depletion of each hit, the
pre-rRNA intermediates were observed via northern blotting with 6 different oligonucleotide
probes (labeled 5" External Transcribed Spacer [5°ETS], P1, P2, 5"ITS1, P3, and P4), each
detecting different pre-rRNAs (Figures 3A, 3C, and 3D and S2). The designation 1°
indicates both the 47S and 45S pre-rRNA processing intermediates. Equal amounts of total
RNA were loaded on each northern blot, and a probe for the 7SL RNA was used as a loading
control. Ratio analysis of multiple precursors (RAMP) (Wang et al., 2014) profiles were
compiled for every processing intermediate observed by probes P1, P2, P3, and P4, allowing
us to obtain a snapshot of processing defects in cells depleted of each protein hit (Figure S3).
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Of the 20 tested hits, 16 showed significant processing defects by the RAMP analysis
(Figure S3). These defects also largely correlate with the ratio of the intermediates relative to
the 7SL (Figure S4). Additionally, 3 of the 4 hits without processing defects by RAMP had
significantly decreased levels of almost all intermediates relative to the 7SL loading control
(Figure S4). With 3 biological replicates for each hit for the P1, P2, P3, and P4 probes, this
quantitative RAMP analysis revealed the presence of 3 distinct patterns of pre-rRNA
processing deficiencies (Figure 3E).

Pattern A was the most common pattern observed, characterized by defects in processing in
the 5'ETS (Figure 3E). Pattern A is revealed by an increase in the 30S pre-rRNA and a
concomitant decrease in its processing product, the 21S pre-rRNA. Hits included in this
pathway are NODAL, LIN28A, NTN3, RBM43, NUMA1, THAPL, and IQSEC3 (see lanes
6,7,11,12,17, 21, and 23 in Figure 3C). Interestingly, this pattern has been previously seen
upon depletion of a subset of r-proteins required for 5'ETS and ITS1 processing, termed
initiation ribosomal proteins of the small subunit (i-RPSs) (O’Donohue et al., 2010),
connecting the function of these hits to mammalian SSU biogenesis.

Pattern B involved a dramatic decrease of all intermediates relative to their precursors
(Figure 3E). Protein hits in this category include ANLN, CRK, TERF2, HIST1H2BO, and
PRL (see lanes 4, 9, 13, 15, and 20 in Figures 3C and 3D). Interestingly, we find that this
pre-rRNA processing defect is not directly correlated with effects on rDNA transcription
because, among these proteins, only HIST1H2BO and PRL depletion causes a transcription
defect (Figure 3B).

Pattern C includes only one analyzed hit, ARMC2, but nevertheless shows a strikingly
different defect of pre-rRNA processing (Figure 3E and lane 19 of Figure 3D). In this
pattern, the 32S pre-rRNA required for making the 5.8S and 28S rRNAs accumulates,
whereas the 12S pre-rRNA decreases, relative to this 32S precursor. Notably, this coincides
with a decrease in the 21S pre-rRNA required to make the 18S rRNA, possibly indicating a
feedback mechanism at that step of the processing pathway.

Three additional hits also had minor but significant, processing defects that did not fit into
any of the above patterns: ZNF76, KAT5, and FBXWS8.

Interestingly, none of the 20 tested hits showed an increase in the levels of the 30S*1 pre-
rRNA, also known as the 34S pre-rRNA (Figure 3A and 5°ETS probe, data not shown). This
stands in contrast to UTP4, which is the positive control for the siRNA screen and whose
depletion had previously been shown to result in 30S*1 accumulation (Freed et al., 2012). In
their study of SSU r-proteins, O’Donochue et al. (2010) also found very few changes in this
transcript upon SSU r-protein depletion, leading them to postulate that the early cleavage
step at site A’ is uncoupled from the other steps in 18S formation. Additionally, none of the
20 tested hits showed significant accumulation of the 18SE pre-rRNA levels relative to the
primary transcript (Figure S2C).
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14 of 20 Hits Are Proteins Required for Global Cellular Translation

Defects in pre-rRNA transcription and/or processing are likely to lead to a reduction in
protein synthesis. To measure this, we employed a puromycin incorporation assay (Schmidt
et al., 2009). Pulses of low doses of puromycin followed by western blotting using an anti-
puromycin antibody gave a robust readout of the overall levels of protein synthesis in cells
depleted of each protein hit (Figure 4). Of the 20 hits examined using this assay, depletion of
14 resulted in reduced levels of global protein synthesis. As expected, most hits whose
depletion did not affect ribosome biogenesis (SAMD15 and NMT2; Figure 3) also did not
affect global protein synthesis.

Ultimately, we have shown that knockdown of 18 of 20 tested screen hits results in defective
rDNA transcription, pre-rRNA processing, and/or global protein synthesis (Table 2). For the
2 hits that did not give a phenotype in one of these assays (SAMD15 and NMT2) and 4 hits
that did give a phenotype (THAP1, KAT5, CRK, and GRB2), we performed additional
gPCR experiments to demonstrate that the target mMRNAs are, in fact, knocked down in
MCF10A cells (Figure S5).

DISCUSSION

We have identified 139 protein regulators of nucleolar number in human cells in an unbiased
genome-wide screen using a stringent cutoff (Figure 1; Table S2). Of the 20 representative
validated hits we chose for functional analysis, 7 are required for pre-rRNA transcription, 16
for pre-rRNA processing, 6 for both, and 14 to maintain normal levels of protein synthesis
(Table 2). Thus, our screen was highly successful in identifying a wide range of proteins that
are functionally implicated in making ribosomes in the cell nucleolus. Although this
information does demonstrate functional roles for 18 of 20 hits, not all steps in ribosome
biogenesis were tested in our assays, including nuclear export of the ribosomal subunits.
This work integrates the varied cellular functions of the 20 screen hits with the nucleolar
functions of rDNA transcription, pre-rRNA processing, and global protein synthesis. Most
proteins identified by this screen (69.1%) are not conserved from humans to yeast,
highlighting the additional complexities of human ribosome biogenesis. The 139 screen hits
include both nucleolar (27.3%) and non-nucleolar (72.7%) proteins, revealing a critical
contribution to the regulation and modulation of ribosome biogenesis by proteins outside of
the nucleolus in human cells.

The use of MCF10A breast epithelial cells revealed several hits, such as LIN28A, that could
not have been identified by screening in other cell lines. MCF10A cells are unique in that
they unexpectedly express stem cell markers, including OCT4 and SOX2 (Qu et al., 2015).
Similarly, LIN28A is expressed only during embryonic development and not in many human
cell lines (Piskounova et al., 2011), and, thus, its function in ribosome biogenesis has not
been studied in detail. LIN28A localizes to the nucleolus during early mouse development,
and lack of LIN28A arrests murine development at the 2- to 4-cell stage transition (Mogt et
al., 2012). Based on its ability to bind RNA, LIN28A has been postulated to play a role in
pre-rRNA processing (Daley and Sung, 2014). Additionally, it has been shown to bind and
enhance the translation of several ribosomal proteins (uS17, uS15, uS11, and uS4) (Peng et
al., 2011) whose depletion causes a similar pre-rRNA processing defect in HeLa cells
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(O’Donohue et al., 2010) as that of the LIN28A depletion described here (Figures 3 and S3).
This work therefore shows that a role for LIN28A in human ribosome biogenesis has been
identified, and we have shown that LIN28A depletion does, in fact, alter pre-rRNA
processing by causing an accumulation of the 30S pre-rRNA (Figures 3 and S3).

PRL is another interesting hit that was identified because of the use of MCF10A cells. We
have shown here that PRL knockdown in MCF10A cells results in decreased rDNA
transcription (Figure 3B). This unexpected role contributes to a body of work describing an
extra-pituitary role for PRL, whose overexpression is associated with increased risk of
multiple cancers (reviewed in Bernard et al., 2015; Marano and Ben-Jonathan, 2014; Sethi et
al., 2012). Current therapeutic agents for breast cancer, such as the dopamine agonist
bromocriptine, act at the pituitary level and so would not be effective at targeting
endogenous PRL (Sethi et al., 2012). This extrapituitary role for PRL in rDNA transcription
could provide insight into why current treatments targeting a secreted PRL have been
unsuccessful.

Although the screen was effective in identifying a plethora of factors required for human
ribosome biogenesis, the precise mechanisms regulating the formation of the one-nucleolus
phenotype remain unknown. Many of the proteins we identified in this screen have known
roles in cytoskeletal organization and cell division, and those studied functionally (ANLN,
NUMAUL, and IQSEC3) were required for pre-rRNA transcription or processing (Figure 3).
Interestingly, this connects to work by the Brangwynne laboratory that postulates that cells
require a scaffolding network within the nucleus to maintain nucleolar position (Feric and
Brangwynne, 2013). Thus, it is possible that disruption of this scaffolding network through
depletion of these cytoskeleton-related protein hits causes the nucleoli to merge into one
because of gravitational sedimentation forces. Additionally, in mouse embryonic stem cells
lacking upstream binding factor (UBF), it has been shown that FBL relocalizes away from
the rDNA to form a nucleolar precursor body (NPB) that would be similar in appearance to
the one-nucleolus phenotype (Hamdane et al., 2014, 2017). However, because many of the
hits we obtained do not affect rDNA transcription (Figure 3B), it would be unlikely that the
one-nucleolus phenotype is solely a measure of NPB formation. Further studies are needed
to identify the precise cellular mechanism(s) regulating the formation of the one-nucleolus
phenotype.

Interestingly, we have found only SSU r-proteins as hits in our screen, except for RPLP2,
implying that nucleolar number may be more influenced by SSU factors than LSU factors.
Indeed, SSU processing defects (pattern A; Figure 3) were the most common defects
observed in our analysis of 20 screen hits. This directly contrasts with a recent siRNA screen
performed only on ribosomal proteins that found that nucleolar morphology (measured by
an iNo score) is more affected by depletion of LSU r-proteins than by SSU r-proteins
(Nicolas et al., 2016). Such differences may be attributed to differences in screen readout
and cell line used. Additionally, the iNo screen readout may not accurately reflect nucleolar
function because it has been shown that depletion of both SSU and LSU r-proteins causes
clear pre-rRNA processing defects (Tafforeau et al., 2013; O’Donohue et al., 2010). Notably,
our screen may be enriching for SSU biogenesis factors because the positive control for this
screen, UTP4, plays a role in SSU biogenesis but not LSU biogenesis.
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Ribosome biogenesis is a complex and essential process that must be performed accurately
and often. Therefore, human cells must be able to effectively coordinate ribosome
biogenesis with a wide range of cellular cues. This screen highlights how ribosome
biogenesis is enmeshed in such diverse cellular processes. Further exploration of the
crosstalk between ribosome production and diverse non-nucleolar processes is essential to
understanding the link between the nucleolus and human disease. This rich resource
developed from our screening campaign not only increases our understanding of nucleolar
regulation in human cells but could also lead to additional and better therapeutic agents for a
wide range of diseases.

EXPERIMENTAL PROCEDURES

Cell Lines

MCF10A cells (ATCC, CRL-10317) were grown in DMEM/nutrient mixture F-12 (DMEM-
F12, Gibco, 1130-032) supplemented with 5% horse serum (Gibco, 16050), 20 ng/mL
epidermal growth factor (EGF; Sigma, E4127), 0.5 pg/mL hydrocortisone (Sigma, H0135),
100 ng/mL cholera toxin (Sigma, C8052), and 10 ug/mL insulin (Sigma, 11882) at 37°C in a
humidified incubator with 5% CO-.

SiRNA Screen

In 384-well plates, MCF10A cells (3,000 cells per well) were reverse-transfected with GE
Healthcare Dharmacon siGENOME library SMARTpool siRNAs (20 nM final siRNA
concentration per well) using Lipofectamine RNAimax. In addition to 320 library siRNAs,
each screening plate contained 16 negative control wells (GFP siRNA) and 16 positive
control wells (UTP4 siRNA). After 72 hr, cells were fixed with 1% paraformaldehyde in
PBS for 20 min, permeabilized with 0.5% Triton X-100 for 5 min, and blocked in 10% fetal
bovine serum (FBS) in PBS for 1 hr at room temperature before immunofluorescence
staining with anti-fibrillarin antibodies (72B9; Reimer et al., 1987; 1:2,000 dilution) for 2 hr
at room temperature and secondary Alexa Fluor 647-conjugated goat anti-mouse
immunoglobulin G (IgG) (heavy + light chain [H+L]) for 1 hr at room temperature. Hoechst
33342 (1:4,000, 1 hr at room temperature) was used to detect nuclei. After washing twice
with PBS, three images per well for each of the 58 library plates were acquired using the
InCell 2200 imaging system (GE Healthcare). See Supplemental Experimental Procedures
for image analysis and hit selection. The complete list of screen hits can be found in Table
S1.

Deconvolution of siRNA Pools

SiRNA pool deconvolution was used to validate 43 hits from the genome-wide siRNA
screen. MCF10A cells (3,000 cells per well) were transfected as above with the individual
siRNAs corresponding to the selected hits (sIGENOME, Dharmacon) in 384-well plates.
After 72 hr, the cells were fixed and imaged, and the percent effect of each individual sSiRNA
was calculated as in the genome-wide siRNA screen. A hit was considered validated when at
least two of the four siRNAs met a minimum threshold of 50% effect.
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RNAI

All siRNAs were purchased from Dharmacon (sSiGENOME). siNT (catalog no.
D-001810-10-20) was also purchased from Dharmacon.

Luciferase Assays

Luciferase assays were performed as in Freed et al. (2012). See Supplemental Experimental
Procedures for modifications and statistical analyses.

Northern Blotting

Northern blotting was performed as described previously (Pestov et al., 2008). See
Supplemental Experimental Procedures for details, probe sequences, and statistical analyses.

Puromycin Incorporation Assay

To assess global protein synthesis, a puromycin incorporation assay was performed as in
Schmidt et al. (2009). See Supplemental Experimental Procedures for modifications.

gPCR Assay

gPCR analysis was performed on selected hits using SYBR Green reagent. Because of low
SAMD15 expression (cycle threshold [C+] values > 35), we utilized the SsoAdvanced
PreAMP Supermix kit from Bio-Rad (catalog no. 172-5160) to achieve appropriate Ct
values for quantitation of that sample and appropriate controls. See Supplemental
Experimental Procedures for cycle parameters, primer sequences, and additional details.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Genome-wide siRNA screen for human proteins that regulate nucleolar
number

Biochemical analyses of the 139 hits found roles for 18/20 in ribosome
biogenesis

The results reveal an orchestrated gene network that co-regulates ribosome
assembly
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Figure 1. Genome-wide siRNA Screen Reveals 139 High-Confidence Regulators of Nucleolar
Number

(A) Workflow of the screening campaign. In 384-well plates, MCF10A cells were reverse-
transfected with pools of siRNAs targeting 18,107 genes (each pool consisting of 4
individual siRNAs targeting a single gene). After 72 hr, the cells were stained with
antibodies to fibrillarin (a-fibrillarin, to detect nucleoli) and Hoechst (to detect nuclei).
Nucleoli and nuclei were segmented, and the number of nucleoli per nucleus were counted
using a pipeline developed in CellProfiler (Jones et al., 2008). Hits (191) were identified
whose depletion changed the number of nucleoli from 2-3 to 1, termed the one-nucleolus
phenotype. These hits were filtered by viability (> 10% relative to siGFP control) and
expression (FPKM > 0 in Illumina Body Map; Petryszak et al., 2016), leaving 139 high-
confidence hits. Of the high-confidence hits, 40 of 43 were validated in a secondary
oligonucleotide deconvolution screen, where at least 2 of the 4 individual siRNAs gave the
one-nucleolus phenotype (= 50% effect). Of the validated candidates, 20 were chosen for
further analyses via secondary assays.

(B) Representative images from the screen showing the one-nucleolus phenotype for six
screen hits. The negative and positive controls are also shown (siGFP and siUTP4,
respectively). Nuclei are shown in blue (Hoechst). Nucleoli are shown in red (a-fibrillarin).
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Histograms showing the frequency of the number of nucleoli per nucleus for the 20
candidates chosen for further analyses and the controls can be found in Figure S1.

(C) Z’ factors for the genome-wide siRNA screen by plate relative to the siUTP4 and siGFP
controls. The dashed line shows an average Z” of 0.54.

(D) Percent viability of each siRNA pool (n = 18,107) relative to the siGFP negative control.
A dashed line is drawn at 100% viability.

(E) Percentage of hits identified as nucleolar (black) or not nucleolar (gray) in existing
databases (Jarboui et al., 2011; Ahmad et al., 2009; Thul et al., 2017).

(F) Diagram showing the percent of overlap between this screen and existing genome-wide
siRNA screens for ribosome biogenesis factors (Badertscher et al., 2015; Neumdiller et al.,
2013) when corrected for species conservation. “Badertscher” refers to the screen for SSU
biogenesis performed in Badertscher et al. (2015). “Neumdller Drosgphila’ and “Neumller
Yeast” refer to the screens for nucleolar size performed in Drosophila and Saccharomyces
cerevisiae, respectively, performed in Neumdller et al. (2013).
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Figure 2. Functional Analysis of the 139 High-Confidence Screen Hits Shows Enrichment of
Ribosome Biogenesis Factors

(A) GO analysis (Gene Ontology Consortium, 2015; p < 0.05, fold enrichment = 5) of the
139 screen hits reveals enrichment of 6 biological processes (red bars) related to ribosome
biogenesis.

(B) STRING grouping shows one large high-confidence interaction network (interaction
score > 0.7) that can be further separated into two functional units (dashed circles): RNAPI/
ribosome biogenesis factors and Pol Il transcription-related factors.

(C) Pie chart showing that the 38 hits annotated as nucleolar in existing databases (Jarboui et
al., 2011; Ahmad et al., 2009; Thul et al., 2017) can be separated into 4 functional
categories: ribosomal proteins (blue), ribosome biogenesis factors (red), RNA polymerase |
(RNAPI) transcription factors (green), and unknown function (purple).
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Figure 3. Functional Testing of 20 Hits for Roles in RNAPI Transcription and Pre-rRNA
Processing

(A) Overview of the human pre-rRNA transcription and processing that forms the mature
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18S, 5.8S, and 28S rRNAs. The repeated rDNA is transcribed by RNAPI into the 47S pre-
rRNA. The 47S pre-rRNA is further processed through one of two major pathways into the
mature rRNAS that are incorporated into the small (18S) and large (5.8S and 28S) ribosomal
subunits. Probes for northern blots (5'ETS, P1, P2, P3, 5"1TS1, and P4) are shown in gray

below the 47S pre-rRNA.
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(B) Depletion of 7 of 20 hits results in decreased RNAPI transcription. MCF10A cells were
transfected with the indicated siRNAs. After 48 hr, two plasmids were transfected: one
containing firefly luciferase under the control of the rDNA promoter (pHrD-IRES-Luc)
(Ghoshal et al., 2004) and a Renillaluciferase transfection control (Freed et al., 2012).
Twenty-four hours later, luminescence was measured using a 20/20n luminometer (Turner
Biosystems) and the Dual Luciferase Reporter Assay System (Promega). The ratio of firefly
to Renillaluciferase activity was normalized to the siNT control. Data are shown as mean +
SEM; n = 3. Significance was calculated by Student’s t test using GraphPad Prism. *p <
0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

(C) Depletion of 16 of 20 hits results in defective pre-rRNA processing. Shown is a northern
blot analysis of the 20 selected hits using a probe for the ITS1 (P3). siRNAs targeting each
hit as well as mock, siNT, and siUTP4 controls were transfected into MCF10A cells.
Seventy-two hours later, RNA was harvested and analyzed by northern blot (probe P3). A
probe for the 7SL RNA is shown as a loading control. A diagram of the pre-rRNA
processing intermediates detected by probe P3 is shown to the right. 1° indicates the 47S and
45S pre-rRNA processing intermediates.

(D) Northern blot analysis of the 20 selected hits using a probe for the ITS2 (P4) as in (C).
(E) RAMP analysis (Wang et al., 2014) reveals three major patterns of pre-rRNA processing
defects among the 20 selected hits. RNAs were quantitated from the northern blots with each
of the 6 probes shown in (A) using a Phosphorlmager. Representative RAMP profiles for
probes P1, P2, P3, and P4 are shown below each pattern, as well as a list of hits that give that
pattern when siRNA-depleted. Probes used to detect each ratio are listed to the left of each
RAMP profile. Data are shown as mean + SEM, relative to siNT, on a logs scale; n = 3.
Significance was calculated by two-way ANOVA with Sidak’s multiple comparisons test
using GraphPad Prism. *p < 0.05, ****p < 0.0001. RAMP profiles of all 20 analyzed hits
and controls are shown in Figure S3. 1° indicates the 47S and 45S pre-rRNA processing
intermediates.
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Figure 4. Global Protein Synthesis Is Reduced upon Depletion of 14 of 20 Hits of Interest
(A) MCF10A cells were transfected with the indicated siRNAs for 72 hr. Cells were then
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before harvesting protein and western blotting with a-puromycin antibodies. An antibody to
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(B) Quantitation of the global protein synthesis assay. ImageJ (Schneider et al., 2012) was
used to quantify the relative puromycin incorporation for cells depleted with the indicated
SiRNAs relative to siNT and the B-actin loading control. Data are shown as mean + SEM; n
= 3. Significance was calculated by Student’s t test using GraphPad Prism. *p < 0.05, **p <

0.01, ***p < 0.001, ****p < 0.0001.
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Table 1

High-Confidence Screen Hits Chosen for Further Analyses

Page 23

Protein Name HGNC Symbol Nucleolar/Non-nucleolar  Description

Anillin actin binding protein ANLN nucleolar actin-binding protein with a role in cytokinesis

Armadillo repeat-containing 2 ARMC2 non-nucleolar armadillo repeat containing

CRK proto-oncogene, adaptor protein CRK non-nucleolar adaptor protein involved in multiple signaling
pathways, proto-oncogene

F-box and WD repeat domain FBXW8 non-nucleolar F-box protein, substrate recognition component

containing 8 ubiquitin protein ligase complex

Growth factor receptor-bound protein2  GRB2 non-nucleolar adaptor protein that links cell receptors to the
Ras signaling pathway

Histone cluster 1 H2B family member HIST1H2BO nucleolar core component of the nucleosome

0

1Q motif and Sec7 domain 3 IQSEC3 non-nucleolar guanine nucleotide exchange factor

Lysine acetyltransferase 5 KAT5 non-nucleolar histone acetyltransferase

Lin-28 homolog A LIN28A non-nucleolar N-terminal myristoyltransferase

N-myristoyltransferase 2 NMT2 non-nucleolar N-terminal myristoyltransferase

Nodal growth differentiation factor NODAL non-nucleolar essential for mesoderm formation and axial

patterning

Netrin 3

NTN3 non-nucleolar

system

may function in axon guidance during nervous
system development

Nuclear mitotic apparatus protein 1 NUMA1 nucleolar microtubules pole in mitotic spindle formation, binds
microtubules

Prolactin PRL non-nucleolar pituitary hormone

RNA binding motif protein 43 RBM43 non-nucleolar contains an RNA binding motif

Sterile alpha motif domain containing SAMD15 nucleolar contains a sterile alpha motif

15

SPT5 homolog, DSIF elongation factor ~ SUPT5H nucleolar component of DRB sensitivity-inducing factor

subunit complex, role in Pol Il transcriptional
elongation and mRNA processing

Telomeric repeat binding factor 2 TERF2 nucleolar binds and stabilizes telomeres

THAP domain-containing 1 THAP1 non-nucleolar DNA-binding pro-apoptotic factor

Zinc-finger protein 76 ZNF76 nucleolar zinc-finger domain, transcriptional regulator

DRB, 5,6-Dichloro-1-p-D-ribofuranosylbenzimidazole.
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Summary of Defects in Pre-rRNA Transcription, Processing, or Global Protein Synthesis after Depletion of

the 20 Selected Hits

HGNC Symbol  Transcription  Processing  Global Protein Synthesis
ANLN - pattern B Y
ARMC2 - pattern C -
CRK - pattern B Y
FBXW8 Y misc Y
GRB2 - - Y
HIST1H2BO Y pattern B Y
IQSEC3 Y pattern A Y
KATS Y misc Y
LIN28A - pattern A Y
NMT2 - - -
NODAL - pattern A Y
NTN3 Y pattern A Y
NUMAL1 - pattern A Y
PRL Y pattern B Y
RBM43 - pattern A -
SAMD15 - - -
SUPT5H Y - Y
TERF2 - pattern B -
THAP1 - pattern A -
ZNF76 - misc Y

Yes () indicates defective transcription or global protein synthesis. Pattern A/B/C indicates the RAMP processing defect patterns shown in
Figures 3E and S3. misc, miscellaneous.
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