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RESEARCH ARTICLE

MOLECULAR BIOLOGY

Conserved Regulators of Nucleolar Size
Revealed by Global Phenotypic Analyses

Ralph A. Neumiiller,'* Thomas Gross,'* Anastasia A. Samsonova,’
Arunachalam Vinayagam,' Michael Buckner,' Karen Founk,? Yanhui Hu,' Sara Sharifpoor,?

Adam P. Rosebrock,? Brenda Andrews,? Fred Winston,'" Norbert Perrimon

1,3t

Regulation of cell growth is a fundamental process in development and disease that integrates a vast array
of extra- and intracellular information. A central player in this process is RNA polymerase I (Pol I), which tran-
scribes ribosomal RNA (rRNA) genes in the nucleolus. Rapidly growing cancer cells are characterized by
increased Pol I-mediated transcription and, consequently, nucleolar hypertrophy. To map the genetic net-
work underlying the regulation of nucleolar size and of Pol I-mediated transcription, we performed compar-
ative, genome-wide loss-of-function analyses of nucleolar size in Saccharomyces cerevisiae and Drosophila
melanogaster coupled with mass spectrometry-based analyses of the ribosomal DNA (rDNA) promoter. With
this approach, we identified a set of conserved and nonconserved molecular complexes that control nucleolar
size. Furthermore, we characterized a direct role of the histone information regulator (HIR) complex in
repressing rRNA transcription in yeast. Our study provides a full-genome, cross-species analysis of a nu-
clear subcompartment and shows that this approach can identify conserved molecular modules.

INTRODUCTION

An aberrant increase in nucleolar size in cancer cells was documented
more than a century ago (/). Subsequently, this observation, combined
with further research, led to the conclusion that nucleolar hypertrophy is
a common feature in cancer and that nucleolar size can be used as a histo-
pathological marker to grade the malignancy of tumors (2, 3). Despite this
early association of enlarged nucleoli and cancer, the genetic network
underlying the regulation of nucleolar size is still poorly understood.

The nucleolus assembles around nucleolar organizer regions (NORs)
(4), which are chromosomal regions that contain ribosomal RNA (rRNA)—
encoding gene clusters [ribosomal DNA (rDNA)]. Transcription of rDNA
by RNA polymerase I (Pol I) is a major determinant of the cellular ribosome
concentration and positively correlates with both the magnitude of protein
biosynthesis and the rate of growth (2, 5, 6). Several studies have demon-
strated that the size of the nucleolus reflects the rate of rDNA transcription
(6). Rapidly growing yeast cells contain big nucleoli and show increased
rDNA transcription, and up to 80% of their total nucleic acid content is
composed of rRNA molecules (7). The high rate of energy consumption
during rDNA transcription requires cells to tightly control their rRNA pro-
duction rate, especially under nonfavorable growth conditions. Consequently,
nutrient starvation or inhibition of signals promoting cell growth [for exam-
ple, the target of rapamycin (TOR) pathway] results in a marked decrease
in nucleolar size and a concurrent reduction in Pol -mediated transcription
and rRNA abundance (8).

Several studies have linked the growth of tumors with nucleolar hyper-
trophy. Oncogenes like c-Myc stimulate rDNA transcription and induce
nucleolar hypertrophy upon overexpression (9—11). Moreover, studies in
Drosophila have demonstrated that nucleolar hypertrophy is a conserved
feature of tumor formation (/2—74) and that tumor stem cells in different
tissues are highly dependent on growth-promoting molecular feedback
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loops (15). Currently, it is less clear whether mutations that cause an
increase in rDNA transcription are a general class of cell growth sup-
pressors. Similarly, a systematic understanding of the genes that are re-
quired to sustain rDNA transcription is still lacking because comprehensive
studies focused on nucleolar function have not yet been performed. Be-
cause interfering with Pol I-mediated transcription has been proposed as a
beneficial strategy in the treatment of cancer (2, 16, 17), understanding
how cells regulate rDNA transcription has medical implications and might
suggest new strategies of how to interfere with unrestricted growth.

To identify both evolutionarily conserved and species-specific genetic
networks that influence nucleolar size regulation and rDNA transcription,
we performed a comparative, genome-wide phenotypic analysis of nucle-
olar size in Saccharomyces cerevisiae and Drosophila melanogaster. This
analysis allowed us to directly assess the conservation of gene function at
the level of nucleolar phenotypes. We combined our genetic results with a mass
spectrometry (MS)-based analysis of the 35S rDNA promoter—associated
proteome in S. cerevisiae to systematically identify direct regulators of tDNA
transcription. Together, these approaches enabled us to generate a comprehen-
sive map of the conserved core set of factors that control nucleolar size. Our
analysis reveals a complex cellular network underlying nucleolar size regula-
tion and serves as a useful resource for further studies of cell growth and
Pol I-mediated transcription. In addition, we demonstrate a direct role for
the histone information regulator (HIR) complex in repressing rDNA
transcription in yeast. Overall, our analysis illustrates the power of perform-
ing parallel loss-of-function analyses in different species to establish a com-
prehensive network of evolutionarily conserved regulators for a given process.

RESULTS

Genome-wide analysis of nucleolar size in yeast

To analyze nucleolar phenotypes in yeast on a genome-wide scale, we first
established a “nucleolar query” strain compatible with the synthetic genetic
array (SGA) platform (18). We constructed a yeast strain with fully func-
tional fluorescent reporter proteins that differentially label three cellular
compartments: nucleolus [Nop10-GFP (green fluorescent protein)], nucleus
(Hta2-mCherry), and cytoplasm (tdTomato) (fig. S1, A and B). Epitope
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tagging of the essential Nop10 protein and the histone H2A protein, as
well as the expression of a cytoplasmically localized tdTomato, did not
interfere with the growth rate of haploid cells (fig. S1C). The nucleolar
size of our nucleolar query strain during different growth phases was
similar to that of wild-type strains (8). First, we observed a significant
decrease in nucleolar size in stationary phase as compared to cells in mid-
log phase (fig. S1D). In addition, cells treated with the TOR inhibitor rapa-
mycin had smaller nucleoli than untreated cells, in agreement with previous
reports (16, 19-23).

We next measured nucleolar morphology and size for a genome-wide
set of haploid yeast strains (/8), each containing the reporter genes and a
deletion allele for each of the nonessential genes (24) or a temperature-
sensitive allele for a large set of essential genes (25). We used high-
throughput automated confocal microscopy to image the reporter proteins
in mid-log phase yeast cells and subsequently quantified nucleolar size
and nucleolar fragmentation, as hallmarks for altered Pol I-mediated
transcription (26), using automated image analysis (Fig. 1A and figs.
S1, A, E, and E and S2, A and B). For the temperature-sensitive collec-
tion, we analyzed nucleolar fragmentation at both permissive (25°C) and
nonpermissive (37°C) temperatures and observed nucleolar fragmentation

for many temperature-sensitive mutants of genes that are involved Pol
I-mediated transcription (fig. S1E).

We quantified nucleolar area on a genome-wide scale by fitting a
regression curve through the nucleolar data obtained from wild-type
wells. The regression analysis yielded an estimated range of nucleolar
areas specific to particular cell concentrations that allowed us to score
phenotypic changes in nucleolar area that significantly deviated from
wild type (Fig. 1B and fig. S2, A and B). The severity of a phenotype
was calculated as the distance (A) of a data point to the fitted model. In
addition, we quantified nucleolar fragmentation and observed nucleo-
lar phenotypic changes in mutants of genes that alter Pol I-mediated
transcription (fig. S1, E and F), which is consistent with observation
described in previous reports. For example, yeast strains with temperature-
sensitive mutations in genes encoding the Pol I subunits Rpal90 or Rpc40
(27, 28), the Pol I-specific transcription initiation factor Rm3 (29), the
TATA box-binding protein (TBP)-associated protein Mot1 (30), the nu-
cleolar proteins Nopl or Nop2, or several previously identified com-
ponents of the secretory pathway (37) showed a decrease in nucleolar
size and a concurrent increase in nucleolar fragmentation (Fig. 1, A and
C, and fig. S1E).

The cellular network underlying

A Nucleus/ B Essential genes Nonessential genes nucleolar size regulation in yeast
nucleolus 104 = WT 107 = WT The SGA analysis uncovered 388 genes (rep-
E g, mut ] mut resenting ~6% of the yeast genome) for

o hits s o hits . . . .
— g 8 g 81 which mutatlons causeq either a significant
= = = change in nucleolar size and/or nucleolar
§ 64 § 64 fragmentation (Fig. 1B, fig. S1, E and F,
- - and table S1). From those, we identified
& é . é al 113 genes as high-confidence candidates be-
§) % % cause multiple mutant alleles of a specific
b S 3 gene showed similar phenotypes (table S1).
S 21, . . . . . 2] . i i i i . The phenotypic rate varied between the es-
35 40 45 50 55 6.0 35 40 45 50 55 6.0 sential (~23%) and the nonessential (~2%)
Log(area nucleolus well/area nucleolus WT)  Log(area nucleolus well/area nucleolus WT) gene data sets. For the temperature-sensitive
Cc Essential genes Nonessential genes capdldates, ~88% (72 of 82) of the mutapts
with an apparent nucleolar fragmentation
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Fig. 1. SGA screen for nucleolar defects in S. cerevisiae. (A) Computer-based detection of nuclear
(green outlines) and nucleolar (red outlines) size and morphology changes in the RNA Pol | transcription
initiation mutant rm3-S213P or wild-type (WT) cells. Images are representative of four independent
biological replicates. (B) Scatter plot illustrating the dependence of nucleolar area [x axis: (per plate) nor-
malized nucleolar area] on cell number (number of nucleoli per well). Black dots, WT control wells; blue
dots, loss-of-function alleles that are similar to WT; red dots, wells that were classified as phenotypes
based on their localization outside the WT region. Phenotypic strength was calculated as the distance
to the regression line (gray). (C) Representative examples of different nucleolar phenotypes in the essential
and nonessential gene set collections (close-ups show individual representative nucleoli of the respective
genotype). Images are representative of four independent biological replicates.
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phenotype had an observable phenotype
only at high temperature (fig. S1E). The high
frequency of candidates in the temperature-
sensitive class and the requirement for a shift
to nonpermissive temperature are consist-
ent with the idea that strong perturbations
in rDNA transcription cause inviability.
Next, we used publicly available data
sets from genome-wide subcellular local-
ization studies in yeast (32) to analyze the
subcellular distribution of the gene products
identified in our screen. This analysis revealed
a strong enrichment for genes encoding pro-
teins that localize to the nucleolus, nucleus,
and endoplasmic reticulum (ER)-Golgi net-
work, indicating an important role of these
compartments in Pol [-mediated transcrip-
tion (Fig. 2A). Gene products localizing to
other compartments, such as peroxisomes,
endosomes, lipid particles, or the vacuole,
were conversely underrepresented in our data
set, suggesting a negligible role for these
compartments in nucleolar size regulation.

Increased
nucleolar
area
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To identify the functional categories that
are associated with mutations causing a
change in nucleolar size, we performed GO
(Gene Ontology) term enrichment analyses.
Consistent with the subcellular distribution re-
sults, genes regulating ER—to—Golgi vesicle—
mediated transport, rRNA biosynthesis,
nucleosome assembly, general regulation
of transcription, or histone acetylation were
enriched in the “decreased nucleolar size”
category (table S2). Conversely, mutations
in various genes involved in cell division con-
ferred an increase in nucleolar size, suggest-
ing that this phenotype might be common
with defects in the cell cycle machinery. This
is consistent with the observation that cell
cycle regulators, such as Cdcl4 (33), can
directly modulate rDNA transcription. To-
gether, the overall coverage of identified
genes that influence nucleolar size control
in our data set, the enrichment of genes en-
coding factors that function in the nucleus
or nucleoli, and the results of the GO term
enrichment analyses suggest that our data
set is of high quality and should be useful
for identifying potential new regulators of
nucleolar size.

To further reduce residual experimental
noise and to identify regulatory modules in
our data set, we identified the molecular
complexes, as defined by protein-protein
interaction (PPI) evidence, which underlie
nucleolar size regulation. To do this, we
used COMPLEAT [a database containing
all publicly available high-quality PPIs (34)]
to perform an enrichment analysis to identify
defined molecular complexes in the SGA
data set. This approach provides an unbiased
strategy to uncover regulatory modules con-
trolling nucleolar size because it integrates
PPI data and phenotypic consistency of indi-
vidual complex members. This analysis
allowed us to identify 339 molecular com-
plexes that influence nucleolar size upon loss
of function (Fig. 2B, fig. S4A, and table S3).
Moreover, this complex-based analysis re-
vealed insights that would have not been
possible by solely using GO term or path-
way enrichment analyses. For example, the
HIR complex was identified in this analysis
as a high-confidence regulator of nucleolar
size based on the phenotypic consistency
of the complex members. In addition, this
analysis revealed roles in nucleolus size reg-
ulation for the FACT (facilitates chromatin
transcription) complex, several molecular
complexes regulating the chromatin state,
as well as molecular modules regulating
RNA processing, intracellular trafficking,
or splicing.
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Fig. 2. Identification of direct regulators of rDNA transcription through promoter proteomics in S. cerevisiae.
(A) Subcellular localization of proteins whose corresponding genes resulted in a decrease (blue nodes) or
an increase (red nodes) of nucleolar size upon loss of function. (B) Examples of molecular complexes im-
plicated in transcriptional processes identified in the SGA screen [red: increase in nucleolar size, blue:
decrease in nucleolar size (color intensity correlates with nucleolar size phenotypic strength), gray: not
screened; asterisks denote proteins identified in the TALO8 purification]. (C) Representative silver-stained
polyacrylamide gel of the purified proteins associated with TALO8 and TALO8-35S rDNA (M, marker; L,
lysate; S, supernatant; E, eluate; B, beads). Images are representative of two independent biological rep-
licates. (D) Venn diagram representing the overlap between SGA screen and TALOS purification. P value
(P =6.82 x 107*) was calculated using a hypergeometric test. (E) 35S pre-rRNA abundance is significantly
increased in eap1 and rsc2 mutants compared to WT as measured by gRT-PCR. Bars represent the

means + SD of five independent biological replicates. ***P < 0.001.
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Identification of the rDNA

promoter-associated proteome

Because the SGA screen does not allow us to distinguish between direct
and indirect regulators of rDNA transcription, we next sought to compre-
hensively characterize the proteomic composition of the 35S rDNA pro-
moter and complement the phenotypic SGA data set. We purified the 35S
rDNA promoter region by isolating minichromosomes from wild-type
yeast cells that contained either the TALOS (control) or the TALO8-35S
rDNA minichromosome and determined the associated proteins by MS
analysis (fig. S3A) (35, 36). As expected, the control and 35S rDNA
minichromosomes exhibited different protein banding patterns but simi-
lar amounts of both histones and the 3XxFLAG-Lacl repressor protein
(Fig. 2C), suggesting the control and the rDNA promoter had different
protein compositions. Similar to previous reports, most proteins identi-
fied in both purifications nonspecifically associated with 3XxFLAG-Lacl
or interacted with DNA (for example, histones or proteins that are in-
volved in DNA replication, such as the minichromosome maintenance
protein complex).

From the MS analysis, we identified a total of 308 proteins that were
specific for the 35S rDNA promoter plasmid (table S4). We identified
many factors that have been previously shown to be involved in 35S
rDNA transcription, including all the components of the Pol I upstream
activating factor complex (UAF) (Rm5, Rm9, Rm10, and Uaf30), the TBP,
the Pol I enhancer binding protein Rebl, as well as the components of the
RENT complex (Cdc14, Netl) (fig. S3B). Whereas Netl stimulates, Cdc14
represses Pol I-mediated transcription (33, 37-39), suggesting that the
purification can identify regulators that can stimulate or inhibit. To analyze
the functional categories that are associated with the 35S rDNA promoter
proteome, we performed functional and localization GO term enrichment
analyses (fig. S3, C and D). As expected, most of the identified proteins
localize to the nucleolus or nucleus, and certain GO categories such as
“transcription” or “regulation of transcription” and identified proteins with
chromatin remodeling and modifying activities were enriched. To identify
potential direct mediators of rDNA transcription, we compared the yeast
SGA screen to the 35S rDNA promoter proteome and found an overlap of
44 proteins (Fig. 2D). Because many of the Pol I-associated core tran-
scription factors are not covered by temperature-sensitive alleles in the
SGA screen, we could not identify these proteins in the overlap, although
many were found in the purification (fig. S3B). These overlapping pro-
teins [including Nop1, Nop2, Motl, Rpal90, Rpc40, Taf5, Taf6, Mtr4,
Abfl, Eapl, Sub2, Rpll6b, Hir2, Spt5, the FACT complex (Spt16, Pob3),
and members of the RSC complex (Rsc2, Rsc8, Sthl, Arp7)] are mainly
implicated in transcriptional regulation, suggesting a direct role for these
factors in Pol I-mediated transcription (Fig. 2B and fig. S4B).

We next sought to validate candidates found in both assays by analyzing
35S pre-rfRNA abundance using quantitative reverse transcription polymerase
chain reaction (QRT-PCR). As a proof of principle, qRT-PCR analysis
indicated decreased 35S pre-rRNA abundance in the #pal90 and rrn3
temperature-sensitive mutants, consistent with the SGA nucleolus pheno-
types (fig. S4A). For all positive controls tested, we found that a decrease
in nucleolar size correlated with decreased amounts of 35S pre-rRNA (fig.
S4A). In contrast, mutations resulting in an enlarged nucleolus, such as
mutations in EAPI, a gene that encodes a protein implicated in TOR sig-
naling (40), or in RSC2, a component of the RSC chromatin remodeling
complex (41), showed increased abundance of 35S pre-rRNA (Fig. 2E).
Among the tested candidates, we identified several members of the RSC
complex that have not been previously implicated in rDNA transcription.
Moreover, Hir2, a component of the HIR histone chaperone complex, and
the FACT complex members, Spt16 and Pob3, were identified by both
approaches. These data suggest that RSC, HIR, and FACT are direct reg-

ulators of rDNA transcription in yeast (Fig. 2B). Together, our integrative
approach allowed us to identify putative direct regulators of Pol [-mediated
transcription (of which we validate the HIR complex in sections below) in
our phenotypic-based SGA data set.

A comparative RNA interference screen in Drosophila
to identify conserved regulators of nucleolar function
The results of our phenotypic screen in yeast indicate that we can identify
molecular complexes altering nucleolar size upon loss of function with high
confidence using a combined genetic and proteomic approach. Never-
theless, S. cerevisiae deviates in several cell biological aspects from higher
eukaryotes, obfuscating the extent of evolutionary conservation. To iden-
tify proteins and protein complexes with an evolutionarily conserved role in
nucleolar size regulation, we designed a genome-wide RNA interference
(RNAI) screen for nucleolar-size phenotypes in D. melanogaster cultured
cells. Similar to the yeast SGA screen, we used three reporters that differ-
entially labeled the nucleolus (fibrillarin), the nucleus [4’,6-diamidino-2-
phenylindole (DAPI)], and the cell border (phalloidin) (fig. S5). We performed
an immunofluorescence-based genome-wide RNAI screen (42) at 1.7 double-
stranded RNAs (dsRNAs) per gene coverage using high-throughput con-
focal microscopy combined with automated image analysis. This approach
identified 757 genes (~5% of all protein-coding genes) that scored greater
than or less than a z score cutoff of 2 (Fig. 3, A and B, and table S5). As
expected, we found numerous genes previously implicated in nucleolar size
regulation in Drosophila or other species, including the tumor suppressor
brat (12), the transcriptional repressor sin3a (8), nucleolar proteins such as
NopS5, Nop56, and Nopp140 (43), as well as transcription factors such as
diminutive (dm), the Drosophila myc homolog (11), and tifla (44), which
have been implicated in Pol I-mediated transcription (Fig. 3, A to C). To
determine whether changes in nucleolar size indeed reflect differences in
rDNA transcription, we quantified pre-fRNA abundance in selected positive
controls. We consistently observed a decrease in pre-rRNA abundance upon
knockdown of fifla, nopp140, or reptin (Fig. 3C), suggesting that the quan-
tification of nucleolar size in Drosophila cell culture can be used to infer the
Pol I transcriptional state.

Analogous to the yeast SGA screen, we determined general trends in
the data set by performing a functional GO term enrichment analysis,
which, as expected, yielded categories such as “Pol I transcription factor
activity,” “histone acetyltransferase complex activity,” and “chromatin re-
modeling activity” in the reduced nucleolar size category. Similar to the
yeast SGA screen, GO terms associated with the cell cycle were enriched
in the increased nucleolar size category. Additionally, knockdown of genes
with roles in RNA splicing, ribosomal function, and general translation is
associated with increased nucleolar size (Fig. 4A and table S2). Because
large-scale RNAI experiments are inherently noisy (45, 46), we next iden-
tified the molecular complexes that were enriched in the Drosophila data
set. This analysis revealed 192 molecular complexes that influence nucle-
olar size upon loss of function and included many complexes that contain
regulators of Pol I-mediated transcription (Fig. 3D and table S6). We iden-
tified several molecular complexes for which mutations were not analyzed
in the orthologous yeast genes because they are essential for viability and
were not present in the temperature-sensitive collection. For example, four
members of the box C/D small nucleolar (sno) RNP complex—nop56,
fib, hoip, and nop5—were identified in the screen (Fig. 3D). The complex
is required for ribose-2’-O-methylation of rRNA, which is essential for
ribosome function and conserved from yeast to humans (47, 48). Together,
these data demonstrate that the Drosophila RNAI screen enriched the
combined data set for genes that are required for nucleolar size regulation
and identified previously unknown factors that might have a direct func-
tion in regulating rDNA transcription.
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mediating histone acetylation or the TRAMP
complex, which has been implicated in
pre-rRNA surveillance, in the regulation
of nucleolar size. Molecular complexes that
participate in various different cellular func-
tions appear to share a conserved role in
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regulating nucleolar size. Depletion or dele-
tion of components of molecular com-
plexes that mediate “mRNA export from
the nucleus,” “general transcriptional regu-
lation,” or “ER-to—Golgi vesicle-mediated
transport” caused nucleolar phenotypes in
both yeast and Drosophila. These data un-
ravel a complex, evolutionarily conserved
genetic network underlying nucleolar size
control.

In addition to identifying similarly en-
riched GO terms, we also identified terms
that were only associated with one species
because incomplete coverage of the respec-
tive genes in the screening pipeline of the
other species precluded their systematic
analysis. For example, we identified several
ribosomal protein genes in D. melanogaster
that resulted in a pronounced increase in
nucleolar size upon knockdown (Fig. 4A
and fig. S7A). Consistent with this finding,
pre-rRNA abundance was significantly in-
creased upon knockdown of either rp/27a
or rpi23a (fig. STB). Because the yeast mu-
tant collections that we screened do not
contain all ribosome protein gene mutants,

maintenance

Cdc28p/Cibsp
complex

complex

‘ Increase in nucleolar size ‘ Decrease in nucleolar size

we did not identify the ribosome as an en-
riched GO term in the SGA screen. How-

Fig. 3. A genome-wide RNAI screen for nucleolar size defects in Drosophila cell culture. (A) Representative
images of different nucleolar phenotypes upon RNAi-mediated loss of function. Images are representative
of three or more independent biological replicates. (B) Z score—ordered rank plot of all screened Drosophila
RNAI Screening Center (DRSC) amplicons. Red circles indicate the z score of the respective genes (red
lines represent a z score of +2 used for hit selection). (C) 35S pre-rRNA abundance is decreased upon
RNAI targeting tif1a, nopp 140, and pontin as measured by gRT-PCR. Bars represent the means + SD of
four independent biological replicates. *P < 0.05. (D) Examples of enriched molecular complexes regulat-
ing nucleolar size (red: increase in nucleolar size, blue: decrease in nucleolar size).

Identification of evolutionarily conserved modules

by cross-species analysis

To probe the extent of evolutionary conservation in the regulation of
nucleolar size between S. cerevisiae and D. melanogaster, we performed a
comparative GO enrichment analysis (Fig. 4A, fig. S6, and table S2). This
analysis revealed extensive similarities in the overall trends of nucleolar
size regulation between the two organisms. A decrease in nucleolar size
is observed in both species upon loss of genes whose products are anno-
tated to participate in processes such as chromatin organization, histone
acetylation, nucleolar processes, or intracellular transport. Conversely, an
increase in nucleolar size is observed upon loss of genes whose products
function in cell division, mRNA processing, or DNA replication. The sim-
ilarities at the level of GO terms were also reflected in a comparative anal-
ysis of molecular complexes. We identified 74 molecular complexes that
are comparably enriched in both species (Fig. 4B and table S7). We found
evidence for an evolutionarily conserved role for molecular complexes

ever, the results of the complex-based analysis
and the phenotypes of individual yeast ribo-
somal protein mutants revealed an increase
in nucleolar size, suggesting that the nucle-
olar size phenotype upon loss of ribosomal
proteins is evolutionarily conserved (fig.
S7A). To test this idea, we measured 35S
pre-rRNA abundance in mutants for ribo-
somal protein genes that showed an increase
in nucleolar size in the yeast SGA screen.
Consistent with the observed phenotype, rp/34aA and rpl22aA mutant
yeast strains showed an about fivefold increase in 35S pre-rRNA abun-
dance as compared to wild-type (fig. S7B), demonstrating that ribosomal
integrity is a critical evolutionarily conserved parameter in maintaining
proper nucleolar size. Overall, our comparative, complex-based analysis
suggests that the main architecture of the cellular network that controls
Pol I-mediated transcription is similar between S. cerevisiae and D. mela-
nogaster, and reveals considerable evolutionary conservation in the regula-
tion of nucleolar size.

Use of complementary phenotypic analysis to
complement high-throughput data sets

The yeast SGA screen as well as the TALOS purification identified molecular
complexes for which we did not obtain evidence in the Drosophila RNAi
screen, potentially due to nonfunctional RNAI constructs. One of these
complexes is the chromatin remodeling complex FACT, which is required
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prompted us to test for a role for the FACT
complex in controlling nucleolar size and
cell growth in Drosophila. To do this, we
analyzed nucleolar size in third instar sali-
vary glands upon knockdown of spt/6 or
ssrp (the Drosophila homolog of POB3).
Consistent with the data obtained in yeast,
depletion of either Spt16 or Ssrp resulted
in a significant reduction of nucleolar size,
suggesting that the FACT complex has an
evolutionarily conserved role in control-
ling nucleolar size (Fig. 5, B and C, and
fig. S8A).

To determine whether the FACT com-
plex is also required for cell growth regu-
lation in Drosophila, we analyzed germline
stem cell maintenance and tumor growth
upon loss of FACT complex members.
Germline stem cells in Drosophila asym-
metrically retain the cell growth—promoting
nucleolar protein Wicked, and reduction
of a high cell growth rate results in stem
cell maintenance defects (13, 50). Consist-
ent with a role for the FACT complex in
cell growth regulation, we observed germ-
line stem cell maintenance defects upon
knockdown of spt/6 using two indepen-
dent, non-overlapping short hairpin RNA
constructs (Fig. 5D). To determine whether
the FACT complex is also required for tu-
mor growth, we generated a brain tumor
model in which we could monitor the
growth rate over prolonged periods using
luciferase activity as a readout (57). Because
type II neuroblast lineages are not required
for survival, we expressed a brat-RNAi
construct from worniu-Gald, asense-Gal80
to obtain viable flies with neural stem cell-
derived tumors (52). To test the approach,
we expressed RNAI constructs targeting
nopp140, which completely disrupts nu-
cleolar architecture, and dm (the Drosoph-
ila myc homolog), which results in a ~90%
reduction of nucleolar area in salivary
gland nuclei (Fig. 5B). Luciferase activity
was reduced ~95 and ~50% with nopp140
and dm RNAI, respectively (Fig. 5SE and
fig. S8B). Consistent with a reduction in
nucleolar size, depletion of FACT complex
members with multiple non-overlapping
RNAI constructs against spt/6 or ssrp re-
sulted in decreased luciferase activity in
adult flies (Fig. SE and fig. S8B), suggest-
ing that the FACT complex is an evolu-
tionarily conserved regulator of rDNA
transcription required for sustaining proper

for rDNA transcription in mammalian cells (49). Mutations in either one of
the two yeast genes encoding FACT members, SPT16 or POB3, resulted in
significantly smaller and condensed, round nucleoli as compared to wild
type (Figs. 2B and 5A). These results, along with a previous study (49),

cell growth rates. Together, these data demonstrate that cross-species com-
parison of loss-of-function assays can be used to complement an incom-
plete genetic screen from one species and thus obtain a more comprehensive
view of a given genetic process.
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In the yeast SGA screen, we found
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Fig. 5. The FACT complex is an evolutionarily conserved regulator of nucleolar size. (A) Small nucleolus
phenotype in S. cerevisiae FACT complex mutants. Images are representative of five independent
biological replicates. (B) Examples of nucleolar size phenotypes in D. melanogaster third instar larval
salivary glands upon knockdown of the indicated genes using transgenic RNAI. Images are representa-
tive of five independent biological replicates. (C) Quantification of the indicated nucleolar size phenotypes
is shown in (B). Bars represent means + SEM. ***P < 0.001; **P < 0.01; *P < 0.05. (D) Loss of germline
cells upon knockdown of spt16 using two independent, non-overlapping RNAI constructs. Images are
representative of four independent biological replicates. (E) Suppression of neural stem cell tumor growth
in D. melanogaster (assayed by tumor-specific luciferase expression) upon targeting genes that result in
smaller nucleoli upon transgenic RNAI. Bars represent the means + SEM of four independent biological

replicates. **P < 0.001.

Regulation of rDNA transcription by the HIR

complex in S. cerevisiae

In addition to using our approach to identify evolutionarily conserved reg-
ulators of nucleolar size, we also determined if our cross-species analysis
would allow us to identify molecular complexes that result in species-
specific nucleolar phenotypes upon loss of function. One candidate
complex for a nonconserved role in controlling nucleolar size was the
HIR complex, for which an involvement in rDNA transcription has not
previously been documented. In S. cerevisiae, the genes HIRI, HIR2,
HIR3, and HPC?2 encode components of the HIR complex, which is evo-
lutionarily conserved from yeast to humans (53). The HIR complex acts
as a histone H3-H4 chaperone in nucleosome assembly and has impor-
tant functions in transcriptional regulation, elongation, gene silencing,
cellular senescence, and aging (54—57). Moreover, the HIR complex reg-
ulates three of the four histone gene loci during the cell cycle in yeast
(58, 59). In Drosophila, the HIRA complex consists of the proteins Hira
and yemanuclein-o. Their function in nucleosome assembly is required
during sperm decondensation by deposition of the histone H3.3 in the
male pronucleus (60-64).

UAS-brat RNAi, UAS-/uciferase

that deletion of either HIRI or HIR2 re-
sulted in increased nucleolar size, and
our complex-based analysis identified a
statistical enrichment of the whole HIR
complex, indicating that rDNA transcrip-
tion might be increased in HIR complex
mutants. We also identified Hir2 in the
rDNA promoter proteome analysis, sug-
gesting that the HIR complex might be a
direct regulator of rDNA transcription in
S. cerevisiae. To test this hypothesis, we
analyzed binding of the HIR complex to
the rDNA using chromatin immunoprecip-

dm-RNAi Inopp140-BNAI

ssrp-RNAI

wor-gal4, ase-gal80 >>

ok itation (ChIP). Consistent with the SGA
— screen and the rDNA promoter proteome,
301 e, we found a specific association of both myc-

tagged Hirl and Hir2 at the 35S rDNA re-
gion, whereas these proteins were absent
from a nontranscribed region (Fig. 6A).
Because deletion of the genes encoding
individual HIR complex members results
in an increase in nucleolar size, we hy-
pothesized that the phenotype we observed
might be a result of increased rRNA abun-
dance. qRT-PCR analysis of 35S pre-tRNA
abundance in AirlA, hir2A, hir3A, and hpc2A
mutants consistently revealed increased
abundance of the rRNA precursor (Fig.
6B). In agreement with these results, we
found an increased association of Pol I at
the rDNA locus in HIR mutants (fig. S9,
A and B), demonstrating that rDNA tran-
scription is increased upon loss of the HIR
complex.

Efficient regulation of rDNA transcrip-
tion involves the epigenetic silencing of a
subset of IDNA genes. To determine whether
the increased rRNA abundance observed in
HIR complex mutants might stem from de-
fects in this process, we performed a silencing
assay based on growth of yeast strains bearing a reporter gene in the rDNA
repeats on selective or counterselective medium (65, 66). We constructed
yeast strains containing a deletion of each gene encoding a HIR complex
component as well as a modified URA3 reporter (mURA3) inserted into
the 35S rDNA region. As reported previously, the mURA3 reporter gene
was efficiently silenced in wild-type cells, and thus, the reporter gene
strain grew poorly on SC (synthetic complete) medium lacking the amino
acid uracil (-URA), but grew well on medium containing 5-fluoroorotic
acid (FOA), which selects against URA3 expression (Fig. 6C). Deletion of
HIR complex genes resulted in poor growth on FOA plates and enhanced
growth on “URA plates, suggesting increased transcription of the reporter.
These silencing defects, along with the histone H3-H4 chaperone activity
of the HIR complex, suggested that nucleosomal occupancy might be re-
duced at rDNA genes in HIR complex mutants. ChIP experiments revealed
a ~30 to 50% decrease in H3 occupancy at the 35S rDNA in HIR complex
member deletions in comparison to wild type (Fig. 6D). In contrast, the
abundance of H3 at a nontranscribed region or at the highly transcribed
PMA1 gene did not appreciably change. This suggests that loss of HIR
complex function results in increased rDNA transcription caused by
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Fig. 6. The histone chaperone HIR complex 3
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in increased 35S pre-rBNA abundance,
as determined by gRT-PCR with specific
oligonucleotides recognizing the 35S pre-
rRNA. Values are normalized relative to the
PMA1 control gene, and 35S pre-rRNA abun-
dance for WT is set to 1. Bars represent the
means = SD of five independent biological
replicates. ***P < 0.001. (C) Mutants of
the HIR complex in S. cerevisiae show 35S
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three independent biological replicates.
(H) gRT-PCR experiment in control (w1118)
and hira null adult male flies assaying the
35S pre-rRNA abundance. Bars represent
the means + SD of three independent biological replicates.

diminished incorporation of histone H3-H4 dimers into nucleosomes at
rDNA genes. These data show that the HIR complex is required for
rDNA transcription in S. cerevisiae.

Further, we did not obtain evidence for a conserved role of the HIR
complex in rDNA transcriptional suppression in the Drosophila RNAi
screen, although Drosophila HIRA is associated with rDNA and is re-
quired for histone H3.3 deposition, presumably at rDNA genes (67). To
clarify if the HIR complex indeed functionally diverges in Drosophila

with respect to rDNA transcription, we took advantage of previously pub-
lished hira null mutant flies (62). We did not detect a significant change in
nucleolar size in hira™" null mutant third instar salivary gland nuclei as
compared to wild type (Fig. 6, E and F). Consistent with this result, we did
not find changes in the pre-rRNA abundance in third instar Airg™' mutant
larvae or adult ~ira™! mutant flies when measured by gRT-PCR (Fig. 6,
G and H), demonstrating that Aira loss of function does not affect rDNA
transcription or the regulation of nucleolar size in Drosophila.
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Finally, we wanted to determine whether increased nucleolar size or
increased Pol I transcriptional activity, as observed in HIR complex mu-
tants, translates into an increased cell growth rate. We therefore examined
several key parameters of cell growth and division across our hits and a
variety of control strains (Fig. 7, A and B, and fig. S10, A to C). From our
primary screen, we selected 50 strains carrying loss-of-function mutations
in nonessential genes that conferred an increased nucleolar size and 10
negative control strains that did not show significant alteration of nucleolar
size. We also included a panel of replicate wild-type strains (/2) in parallel
to determine the relative phenotypic variation between and within these
groups. We did not observe differences in the growth kinetics between
wild type and mutants with increased nucleolar size (including the HIR
complex, RSC2, EAP1, RPL22A, and RPL34A). Similarly, we did not
detect enhanced growth in mutants with increased Pol I transcription
(SIN3 or HIR mutants), nor did we detect an increased resistance to
rapamycin in HIR complex mutants. We therefore conclude that the en-
hanced rDNA transcriptional activity is frequently decoupled from cell
growth regulation.

DISCUSSION

Comparative phenotypic analysis

Here, we describe a comparative, genome-wide phenotypic analysis in
S. cerevisiae and D. melanogaster to map the cellular network regulating
nucleolar size. This study revealed important insights into the use of per-
forming comparative phenotypic analyses in two species. We demonstrate
that this approach can overcome species-specific limitations such as in-
complete genome coverage or experimental noise. As a result, the com-
bined data set is improved in terms of both confidence and comprehensive
coverage. Although the yeast SGA technology enables large-scale pheno-
typic analyses, not all genes can be analyzed because of experimental limi-
tations. For example, we were able to assay 71% (4202 of 5882 protein-coding
genes) of the genome in our analysis because of slow growth rate of some
mutant temperature-sensitive strains (25). Likewise, RNAi-based methods

in Drosophila have limitations, including experimental noise primarily due
to off-target effects of the dsSRNA constructs. To generate a high-confidence
data set, we used phenotypic consistency at the protein complex level and
cross-species comparison to filter and complement the single species-
derived data sets. Overall, we demonstrate that comparative systems
biology holds the promise to identify evolutionarily conserved core com-
ponents as well as species-specific regulators of a biological process in a
high-throughput manner.

Organelle-specific comparative phenotypic analysis
Organelles spatially segregate cellular processes into defined subcompart-
ments. As a subnuclear organelle, the nucleolus assembles and adjusts in
its size primarily in response to the rate of rDNA transcription. Consistent
with the idea that Pol I is a convergence point for a vast array of cellular
inputs, we found a complex cellular network underlying the regulation of
nucleolar size. Our comparative approach provides evidence that at the
level of nucleolar size regulation, the phenotypic manifestations upon
loss of specific gene groups are conserved between S. cerevisiae and
D. melanogaster. This is consistent with reports that suggest that core fea-

tures of ribosome biogenesis are evolutionarily conserved (68, 69).
Nucleolar size has been used in several organisms to probe the cell
growth state because the Pol I transcriptional rate is correlated with the
protein biosynthesis rate (6). Our data suggest that this correlation holds
for genes that are required for sustaining and promoting growth and whose
loss-of-function phenotype is consequently associated with a decrease in
nucleolar size. The identification of suppressors of cell growth solely
through quantification of nucleolar size is, however, hindered by the fact
that an increase in the Pol I transcriptional rate does not necessarily lead
to an increased cell growth rate. Our data on mutations in ribosomal pro-
tein genes, SIN3, RSC2, EAP1, or HIR complex members demonstrate
that Pol [-mediated transcription can be decoupled from cell growth reg-
ulation. Although increased Pol I-mediated transcription has been reported
to be sufficient to increase the transcription in a subset of Pol II-regulated
growth genes in yeast (70) and flies (44), our data suggest that enhanced
rDNA transcription in many cases does not translate into an increased cell
growth rate, suggesting that only a small
subset of genes that induce nucleolar hy-

A 0.12. B 20 W pertrophy upon loss of function are bona
: . fide growth suppressors. Consistent with
-~ g W hiria this idea, the increase in rDNA transcrip-
< 0.10 = 1.5 . hireA tion that occurs after overexpressing Tif-la
o - - o ) in Drosophila is insufficient to increase the

£ = = i g hir3A
= 0.084 = 2 cellular growth rate (44). Increased cell
2 —- 2 1.04 hpc2A  growth as observed in cancer might rather
S 0.061 § [ sin3A be induced by a global amplification of
a i 8 051 eapTh growth-promoting transcriptional programs
- a as has been suggested for the oncogene

0.041 . O W pi22ar o myc (71, 72).
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regulators of cell growth with high confi-
dence. These genes might be valuable targets
for cancer therapy. We exemplify the use
of this strategy by interfering with rDNA

Fig. 7. Increased rDNA transcription does not translate into an increased growth rate in HIR mutants. (A)
Analysis of the cell growth rate by online optical density measurements of WT, mutant yeast strains with
no phenotype in nucleolar size regulation (No change nucleolar size), and mutants with increased
nucleolar size (Increased nucleolar size). n = 2 independent biological replicates. (B) Growth of WT
and hir mutants and a selected set of mutants affecting nucleolar size and/or rRNA abundance. The
HIR complex mutants show no difference in growth behavior compared to WT. Data are from one rep-
resentative experiment of n = 3 independent biological replicates.
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transcription in a Drosophila model of tu-
mor formation. Collectively, these data show
that interference with regulators of Pol I-
mediated transcription might be a general
and promising way to limit tumor growth as
previously proposed (16). The Pol I inhibitor
CX-3543, which shows antitumor properties
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in xenograft assays, has entered clinical trials (/7). In this context, our
study defines an evolutionarily conserved network of genes that is required
to sustain cell growth and might provide new approaches to limiting cell
growth in tumors. In contrast to vertebrates, in which the nucleolus can be
divided into three subcompartments, in S. cerevisiae and D. melanogaster,
the nucleolus follows a bipartite architecture (73). It will thus be interesting
to extend phenotypic analysis to vertebrate nucleoli to determine whether
core components of nucleolar size regulation are conserved despite these
architectural differences.

Regulation of Pol | transcription by the HIR complex
The HIR complex has been identified as a transcriptional repressor of his-
tone genes in yeast, and our data demonstrate that it similarly functions as a
transcriptional repressor at the rDNA cluster. We provide several lines of
evidence that the HIR complex is directly required for silencing of rDNA
genes in S. cerevisiae. The HIR complex is associated with the rDNA
cluster, and loss of the HIR complex subunits results in an increased nucleolar
size and rDNA silencing defects. Consistently, Pol I occupancy and the
amount of 35S pre-TRNA are increased in Airl, hir2, hir3, and hpc2 mutants.
Pol [-mediated transcription is regulated through two major mecha-
nisms. First, short-term adjustments are established by posttranslational
modifications of Pol I and associated transcription factors, which collect-
ively modulate Pol I transcriptional activity (74, 75). Second, the overall
fraction of actively transcribed rDNA genes is set epigenetically by mod-
ulating the chromatin state at individual units of the rDNA gene cluster
(76). Silent rDNA genes are organized into canonical nucleosomal struc-
tures reminiscent of heterochromatin. Our data suggest that the HIR com-
plex is required for nucleosome assembly and heterochromatin formation
at the rDNA locus. Consistent with these functions, the HIR complex has
been implicated in gene silencing at other genomic loci, such as at the telo-
meres and the mating type loci (53). Moreover, Aira null mutant flies do
not show an increase in nucleolar size nor is the amount of pre-rRNA in-
creased, although Hira acts in nucleosome replacement at active rDNA
genes (67). These data demonstrate that the nucleolar phenotypes that
occur after HIR complex function is impaired are not conserved and sug-
gest that the HIR complex might function in a different or redundant
genetic network in flies, underlining that the molecular aspects of rDNA
silencing have changed over evolutionary time.

MATERIALS AND METHODS

Strains and plasmids

The yeast strains and primers used in this study are listed in tables S8 and
S9. All yeast strains are in the S288C genetic background. To analyze
multiple proteins in the same S. cerevisiae background, we used wild-
type cells with genomically tagged genes. Standard media were used,
and strains were constructed by standard methods (crossing or transfor-
mation). All strains for follow-up experiments were confirmed by PCR,
Western blot, or fluorescence microscopy. Double-mutant strains used to
assess the potential for 35S rDNA readthrough were generated by cross-
ing the appropriate parental strains of the opposite mating types. Diploid
strains were then sporulated and subjected to tetrad dissection. Double
mutants were identified by analysis of genetic markers and verified with
PCR. For all growth tests, the appropriate yeast strains were grown to
saturation overnight in YPD (yeast extract, peptone, and dextrose) me-
dium at 30°C. Tenfold serial dilutions of each culture starting with about
10 cells per drop are shown. Plates were scanned after 2 to 4 days of
incubation at 30°C. A detailed description of plasmid construction is avail-
able upon request.

In Drosophila, the salivary gland and neuroblast-specific driver line
UAS-Dicer2; insc-Gal4, UAS-cd8::GFP (52) was used for quantification
of nucleolar size. Luciferase-based quantification of tumor growth was
done by crossing RNAI lines to the type II neuroblast—specific driver line
(52) wor-Gald, ase-Gal80/CyO; UAS-brat RNAi, UAS-luciferase/TM3,
tubP-gal80”. Subsequently, adult flies of the correct genotype were chosen
and assayed with a standard luciferase luminescence kit (Promega). To
control for a similar number of UAS (upstream activation sequences), a
UAS-GFP fly strain served as the control. For quantification of nucleolar
size in hira mutant animals, the Aira”’ (62) null mutant knockout flies (in
the w'’’® background) were crossed to w’’’® flies for two generations.
Homozygous mutant animals were then compared to either w’/’® or het-
erozygous hira™'/+ flies. For transgenic RNAi experiments, the follow-
ing strains were used: dm-RNAi [JF01761, from the Transgenic RNAi
Project at Harvard Medical School (HMS)], brat-RNAi [HMS01121
(HMS)], spt16-RNAi [GL00017 (germ line—specific) (HMS), HMS01332
(HMS), 1828R (National Institute of Genetics of Japan (NIG)], ssrp-RNAi
[JF02120 (HMS), 44343 (Vienna Drosophila RNAi Center), 4817R-2
(NIG)], and nopp140- RNAi [HMS00564 (HMS)].

SGA screen

To perform the SGA screen, we first created a query strain endogenously
expressing NOP10-GFP, HTA2-mCherry, and tdTomato (Y7039 MATo
canlprA::RPL39pr-tdTomato-CaURA3can1A::STE2pr-LEU2 lyplA
his3A1 leu2A0 ura3A0 NOP10::GFP-HIS3 HTA2::mCherry-natMX). Epi-
tope tagging was performed by homologous recombination of PCR-generated
DNA sequences into the genome. Subsequently, the cassettes encoding the
tag and a selection marker were integrated at the 3’ end of the gene, remov-
ing the endogenous stop codon. For epitope tagging of Nop10 at the C terminus,
a GFP-HIS3 cassette was PCR-amplified (RN154, RN155), followed by
transformation and selection on SD-HIS plates. Similarly, HTA2-mCherry
was created by transformation of an mCherry-natMX PCR fragment (RN169,
RN170) amplified from pKT-mCherry-natMX. Finally, a yeast strain con-
stitutively expressing RPL39 promoter driving tdTomato (77) inserted in the
CANI1 promoter region was crossed to the Nop10-GFP and HTA2-mCherry
strain. After sporulation and subsequent tetrad dissection, the final haploid
query strain was selected. The establishment of haploid cells contain-
ing the three fluorescent markers and individual knockout mutations or
temperature-sensitive alleles using the SGA pipeline was performed as de-
scribed in (18).

Haploid yeast strains derived from the SGA pipeline were grown in liquid
synthetic medium (SD + methionine +NAT + G418) overnight in a 96-well plate,
diluted, and grown to mid-log phase (overnight) in low-fluorescence medium
(LFD + methionine + NAT + G418). After a measurement of the optical den-
sity of every culture, cells were transferred into PerkinElmer Opera compatible
plates and subsequently imaged with a PerkinElmer Opera microscope using a
60x objective. For nonessential genes, the plates were imaged at room tem-
perature. For essential genes, plates containing strains expressing temperature-
sensitive alleles of essential genes were imaged at room temperature, incubated
at 37°C for 3 hours, and then re-imaged in a 37°C chamber. Single plain con-
focal images were recorded from 16 positions per well (images are available
upon request). To avoid problems with movement of nonfixed yeast cells during
the imaging procedure, red fluorescent protein and GFP were imaged simulta-
neously. Measurement of nucleolar size and determination of fragmentation
phenotypes were performed with a dedicated Definiens IDE (integrated devel-
opment environment) (v.7**) image processing pipeline.

Image acquisition and bioinformatics analyses
Data for the SGA screen were preprocessed as follows: Images containing
fewer than 10 cells were discarded. To score a fragmentation phenotype, a
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fragmentation index (®) was introduced. For each imaged location, ® was
calculated in the following form: @ = 33 weni /Y wy as the weighted
average of a number of nucleoli per nucleus in a given image. In the above
formula, n;, represents the number of nucleoli identified in a nucleus, wy is a
weight constant, and N is the total number of nucleoli detected in the image.
The weights for each nucleolus were computed as a ratio of the number of
fragmented nucleoli in the image versus the total number of nucleoli found
in the image. The data generated with the image processing pipeline, as
well as the calculated values for ®, were averaged in every well to create a
cumulative value for each feature.

Mutants with fragmented nucleoli were identified as follows: To iden-
tify fragmented phenotypes, we compared the probability distributions of
the mean number of nucleoli per nucleus versus the mean in a well. The yeast
nonessential gene collection did not exhibit any overfragmented wells; hence,
the subsequent analysis was run for the essential gene collection only.

The quantile-quantile dependence shown in fig. S1F demonstrates that
the arguments of the distribution functions are coupled by a piecewise
linear transformation. Moreover, the distribution laws become identical after
a salient point of the regression plot. We applied linear piecewise regression
to model the relationship between averaged @ and the number of nucleoli
per nucleus and used residual values to compute z scores to identify the
fragmentation mutants (fig. SI1F). To eliminate images with a small number
of cells and few fragmented nucleoli, we set the z score tolerance interval to
[2,2]. Our next step was to exclude non—wild-type wells clustered in the
vicinity of the salient point of the regression plot and, therefore, considered
to be similar to controls. To do this, we selected a threshold @, which is com-
puted as @, = ® + o(P), using wild-type fragmentation index measure-
ments only. Here, 6 denotes SD, and @ is mean value of the fragmentation
index. The threshold @ is equal to 1.097. All wells with z scores lying within
the tolerance range, and for which the average fragmentation index exceeds
®,, are considered as hits.

Using this approach, we identified 82 genes whose loss of function was
associated with apparent nucleolar fragmentation, and in ~88% of cases (72
of 82 genes), the phenotype was only observable at high temperature,
validating the high specificity of the screening approach (fig. S1D). We
observed nucleolar fragmentation for many temperature-sensitive mutations
in genes previously implicated in Pol I-mediated transcription. The pheno-
typic analysis of all temperature-sensitive strains was carried out after
3 hours of incubation at nonpermissive temperature. Because nucleolar
fragmentation is indicative of altered Pol I-mediated transcription, this
phenotypic analysis was included in the data analysis along with the anal-
ysis in nucleolar size changes. The nucleolar fragmentation phenotype
could be intermediate and might frequently translate into a complete loss
of the nucleolus at later time points.

Mutants with a decrease or increase in nucleolar size were identified as
follows: To detect genes regulating nucleolar size in yeast, we exploited
the fact that the average nucleolar size decreases with an increased density
of the culture. For simplicity, the analysis was carried out on log-transformed
and per plate—normalized values (Fig. 1B). The relationship between nu-
cleolar size and cell culture density was estimated using regression anal-
ysis. To detect mutant phenotypes, we introduced a distance measure (A),
which is computed as a standard score of residual values to the regression
line. The regression was performed on the wild-type wells only, providing
a model of a maximum span of A. Distance thresholds estimated from
control wells were used to identify mutant phenotypes consistent with
changes in the regulation of nucleolar size.

Essential yeast strain collection
Most control wells in the essential collection are overgrown (in that they
contain a high cell number per well) (fig. S2, A and B, an agglomeration

of wild-type wells in the upper right quadrant) due to the incubation at
37°C. Such agglomeration poses a considerable problem during regression
analysis and biases fitting for the rest of the control wells in the lower
quadrants of the plot. Therefore, we aggregated the control wells and per-
formed weighted nonlinear regression modeling. The weights were con-
structed to compensate for agglomeration of control wells and computed
as exp(t, — t,), where #, denotes the transformed data point x coordinate
and ¢, is a y coordinate. The goodness-of-fit analysis confirmed that the var-
iability in a data set is well accounted for by the regression model yielding
adjusted R* = 0.6283. The model was then applied to compute A distances for
all control wells and to all data in the essential collection. The wild-type bound-
ary wells were used to estimate thresholds for identification of genes regu-
lating nucleolar size. Wells characterized with A & (—o0; —0.475] U [1.298; o)
define a set of genes with nucleolar size defects.

Nonessential yeast strain collection

To identify the subset of genes that control nucleolar size, a linear weighted
regression was used because the correlation between cell number in a well
and nucleolar area is much less pronounced. The coefficient extracted
from the regression model that describes the relationship between the
normalized nucleolar area and the number of cells in a well equals 0.94.
The interval of distances used to determine mutant phenotypes was:
(—o0; —2.42] U [2.08; o). Note that these values were scaled to the bound-
aries of the essential collection for the purpose of pooling all SGA nu-
cleolar size data in table S1.

Overall, this analysis miscategorized only 14 of 388 (~4%) wild-type
measurements in the essential collection as mutant phenotypes, thus
demonstrating that we have established a robust and high-stringency dis-
covery pipeline for nucleolar size phenotypes.

Drosophila cell-based RNAi screen

The Drosophila RNAI screen was carried out at the DRSC (http://www.
flymai.org/) (78). A total of 0.25 pg of dsSRNA per well was arrayed in 384-well
PerkinElmer Opera compatible plates. Serum-starved cells were incubated with
the dsRNA for 1 hour, and subsequently, fetal bovine serum in Schneider’s
medium was added to a final concentration of 10%. After 96 hours, cells
were fixed in 4% paraformaldehyde in phosphate-buffered saline with 0.1%
Triton X-100 for 30 min. A standard staining protocol was used to label the
nucleolus [anti-fibrillarin antibody (1:555, EnCor Biotechnology)], the outline
of the cell [Alexa Fluor 488—coupled phalloidin (1:1000, Life Technologies)],
and DNA [DAPI (1:1000)]. The plates were imaged with an automated high-
throughput confocal microscope (PerkinElmer Evotec Opera). Z-axis stacks
were recorded for seven positions in each well with a 60 objective. To cap-
ture the maximum size of the nucleolus in one cell layer, images were col-
lapsed into one plane using a maximum intensity projection function.
Segregation, detection, and measurement of the imaged objects were done
using a Definiens software pipeline. All mean values for nucleolar area
(per well) on a plate were normalized to the mean of pooled, dedicated wells
with RNAI targeting GFP (control) on the same plate (note: we did not ob-
serve a correlation between the number of cells per well and the area of the
nucleoli). Subsequently, z scores were calculated for genes expressed in KC
cells and used for downstream analyses such as GO term enrichment or
complex analysis. A z score above or below +2 was used as a cutoff for hit
selection (note: z scores >7 are not displayed in Fig. 3B but are listed in
table S4; data are available in table S4 and at http://www.flyrnai.org/).

TALO8 minichromosome purification

The TALOS minichromosome purification was done as previously described
(35, 36) with minor modifications. The small size of the minichromosome
(~2 kb) and the average presence of ~50 copies per cell ensure a high ratio
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of promoter-associated proteins relative to other chromatin-associated pro-
teins. We introduced circular minichromosomes containing a selectable
marker (TRPI), an origin of replication (ARS!), tandem repeats of lactose
operators (LacO), and the promoter region of the 35S rDNA into a host
strain expressing a FLAG-Lacl fusion protein from a constitutive promoter.
Using these strains, each purification was done using a 10 liters of yeast culture
grown overnight at 30°C to mid-log phase (ODgponm, 0.6 to 0.8). Whole-cell
extracts were made using a cryogenic grinder (Mixer Mills MM 400, Retsch)
with the following setting: five cycles each at 30 Hz with a 1-min break in be-
tween followed by freezing the sample in liquid nitrogen. After resuspending
the cell powder in the appropriate buffer volume, the procedure was carried
out following the original protocol. Purified minichromosomes were ana-
lyzed by agarose gel electrophoresis, and proteins were visualized by silver
staining on a 10% (v/v) SDS polyacrylamide gel and Western blot. Finally, the
eluates were purified (trichloroacetic acid precipitation) and submitted for
MS analysis [Taplin Mass Spectrometry Core Facility (https:/taplin.med.
harvard.edu)]. Data are available in table S4 and Raw images S1 to S4.

RNA extraction and qRT-PCR analysis

For qRT-PCR, RNA was isolated from yeast cells using standard labora-
tory techniques, treated with DNase (TURBO DNA-free Kit, Ambion), and
1 pg of RNA was reverse-transcribed using random hexamers (SuperScript
III First-Strand Kit, Invitrogen). The resulting complementary DNA (cDNA)
was analyzed in triplicate and quantified by comparison to a standard curve,
composed of 10-fold serial dilutions of wild-type cDNA using the Stratagene
Mx3000P according to the manufacturer’s instructions. Shown is the mean
and SD for at least three independent experiments. Primers used for qRT-PCR
amplification are listed in table S9, and primer pairs produced only one
amplification band (140 to 250 bp) when tested by conventional RT-PCR.
The specificity of individual gqRT-PCR products was assessed by melting
curve analysis. Control reactions (that is, PCR amplification of total RNA
without RT) were performed in parallel. The signal at regions of interest was
normalized to PMA 1. For plotting the data, combined data were normalized
to wild-type values.

Total RNA extractions of Drosophila KC cells (3 days after dsSRNA treat-
ment), third instar wandering larvae, and adult flies were performed with
the TRIzol reagent (Life Technologies) following the manufacturer’s recom-
mendations. For extraction of RNA out of whole larvae and adults, five
animals per genotype were homogenized in TRIzol using a Bullet Blender
(Next Advance). After RNA purification, 1 ug of RNA was reverse-transcribed
and used in the qRT-PCR as described above. qPCR primers used for quan-
tifying pre-rRNA in Drosophila map to the internal transcribed spacer
1 and were designed after a probe used by Fichelson ef al. (50) [values were
normalized to a-tubulin, rpl32, GAPDH, or nuclear fallout (CG33991); used
primers are listed in table S9].

Chromatin immunoprecipitation

ChIPs were performed as previously described (37), with minor modifica-
tions. Briefly, 100 ml of yeast culture was grown in YPD to mid-log phase
(ODggonms 0.6 to 0.8), cross-linked in 1% (v/v) formaldehyde for 30 min,
and quenched with 0.115 M glycine. Cells were then lysed by bead
beating, and the chromatin fraction was sheared to 200- to 500-bp frag-
ments using a Bioruptor sonicator (Diagenode) (twelve 30-s pulses, with a
90-s break between pulses). For immunoprecipitations, 5 pul of anti-myc
antibody A14 (Santa Cruz Biotechnology) or 1 pl of anti-histone H3 anti-
body (Abcam) was incubated overnight at 4°C with the chromatin extracts
(500 pg of soluble lysate in 1 ml of lysis buffer) and then coupled for 3 to
5 hours at 4°C to 50 pul of 50% (w/v) Protein G—Sepharose 4 Fast Flow (GE
Healthcare Life Sciences). After washing, samples were eluted, and cross-
linking was reversed at 65°C overnight. Samples were subjected to proteinase

K digestion and phenol-chloroform extraction, and the DNA was then precip-
itated. For input samples, cross-linking was reversed for 5 pg of soluble
lysate in parallel with the immunoprecipitation samples described above. ChIP
DNA was quantified by real-time PCR, using a Stratagene MX3000P. qPCR
was done in triplicate for each primer set using a standard curve that was
established by serial 10-fold dilutions of a representative input DNA from
wild type. To determine the specificity of enrichment of the tagged proteins
Hirl-myc and Hir2-myc, respectively, DNA was immunoprecipitated using
an anti-myc antibody (A14; Santa Cruz Biotechnology), and the correspond-
ing untagged control samples were included in each ChIP experiment. For
determining the occupancy of histone H3, DNA was immunoprecipitated
using an anti—histone H3 antibody (Abcam). The specificity of histone
H3 binding was controlled by a “no-antibody” precipitation from the same
chromatin extracts. The primer sequences are listed in table S9.

Immunohistochemistry

Staining of yeast cells was performed by growing cells into log phase and
subsequent fixation with 5% formalin for 1 hour. Thereafter, cells were
washed in a 1.2 M sorbitol, 0.1 M KPi (pH 7.5) buffer. After a 40-min
zymolyase treatment, cells were plated on a poly-lysine—coated slide (1 mg/ml)
and treated with methanol and acetone. After washing and blocking steps,
cells were incubated with the primary antibody overnight, and then sub-
sequent steps were carried out following a standard staining protocol. Stain-
ing of Drosophila salivary glands and ovaries was performed with standard
methods as previously described in (52). The size of the nucleolus was quan-
tified by imaging z-axis stacks through nuclei in third instar salivary gland
cells, followed by a maximum intensity projection and a subsequent measure-
ment of the area using the ImagelJ software package. For statistical analysis,
unless otherwise stated, two-tail unpaired Student’s 7 test was applied.

GO term and complex enrichment analysis

For the protein complex enrichment, we used COMPLEAT, a protein
complex—based enrichment analysis tool to analyze the S. cerevisiae
SGA screen and D. melanogaster RNAI data (34). COMPLEAT uses com-
prehensive protein complex resources generated for D. melanogaster and
S. cerevisiae by (1) compiling literature-based protein complexes and (ii)
predicting protein complexes from PPI networks. The resources consist of
6703 and 7713 protein complexes for S. cerevisiae and D. melanogaster,
respectively, which cover almost 70% of proteins in S. cerevisiae and 50%
of Drosophila proteins. For both S. cerevisiae and D. melanogaster data,
we run the tool without preselecting hits (that is, complete genome-wide
data were used as input data). The tool maps the distance (A) (S. cerevisiae)
or z scores (D. melanogaster) of individual proteins or genes from the
screen data sets to the complexes, and then a complex score is determined
by calculating the interquartile mean:

1 o
@oQn 12"
Q1 :Z+1 Qlez

_3n

Q=

Ciqm =

Q3 ez

where n denotes the number of proteins in the complex, and x; is the score
(A or z score) of the ith protein in the complex.

The complex score directly reflects whether the complex is a positive
or negative regulator of nucleolar size and preserves the magnitude of the
A and the z score of the individual components. Furthermore, a P value is
computed to estimate the significance of complex scores as compared to
simulations of 1000 random complexes of the same size. The enriched com-
plexes were visualized using the Cytoscape network visualization software.
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For the comparison across D. melanogaster and S. cerevisiae com-
plexes, we used COMPLEAT to identify commonly required complexes that
regulate nucleolar size in both species. First, we mapped the z score from the
D. melanogaster RNAI data to the S. cerevisiae ortholog genes using DIOPT,
an ortholog mapping tool (http://www.flyrnai.org/cgi-bin/DRSC_orthologs.pl)
(79). In case of one-to-many ortholog relationships (that is, a Drosophila
gene mapped to multiple yeast genes), we used DIOPT scores to select
the best ortholog match. Next, we performed the complex enrichment anal-
ysis on these data (RNAi data mapped from D. melanogaster to S. cerevisiae)
using yeast complex resource. This step enables direct comparison of
enriched complexes from the SGA screen and RNAi data sets because both
enrichment analyses use the yeast complex resource. Similarly, we performed
enrichment analysis using the Drosophila complex resource, where the yeast
deletion screen data were mapped to Drosophila orthologous genes.

To perform a GO term enrichment, positive and negative nucleolar size
regulators in D. melanogaster were analyzed using the fly genome as a
background for GO term enrichment tests using the DAVID Bioinformatics
Resources. S. cerevisiae data were analyzed in a similar way. The portion of
the genome not covered by the screen was subtracted from the background
set. Besides the enrichment analysis using the S. cerevisiae—positive and
S. cerevisiae—negative hits, we also analyzed the yeast genes not covered
in the SGA to identify the gene groups underrepresented in the yeast data
set. Enriched GO terms were compared either directly or through imme-
diate parent terms across positive and negative hits within a species or
between D. melanogaster and S. cerevisiae data sets. Heat maps display
the absolute value of the natural log—converted P values.

All analyses were performed in R environment (v. 2.15) and Perl (scripts
are available upon request).

Optical density, flow cytometry, and cell size analysis
Cell growth rate was determined by online optical density measurement.
Briefly, loss-of-function mutant strains harboring a KanMX-mediated dele-
tion were subcultured from log-phase growth into optical-bottom 96-well
plates containing 100 pl of fresh low-fluorescence medium. Cells were in-
cubated at 30°C with intermittent shaking, and ODggon,, Was measured
every 15 min for 35 hours using a GENios Plate Reader (Tecan). Growth
rate was determined by building a linear model from 13 optical density
measurements (3.25 hours) selected from mid-log phase growth.

Cell cycle distribution was determined by flow cytometry. Cells were
grown at 30°C with shaking to mid-log phase in low-fluorescence medium
in 24-well blocks containing a single borosilicate glass bead to aid mix-
ing. Cells (100 pl) were ethanol-fixed, treated serially with RNase A and
Proteinase K, and stained with SYTOX Green (Invitrogen). Fluorescence
measurements were recorded using an LSR II flow cytometer (Becton
Dickinson). A total of 50,000 single-cell measurements were recorded per
strain. 1c and 2c DNA populations were analyzed using ModFit LT 3.3
(Verity Software House). Ploidy was determined by modal DNA content
compared to a haploid reference. The ratio of G;:G, cells is shown.

Cell size distribution in mid-log phase was determined directly from
the cultures used to measure cell cycle distribution, above. One milliliter
of culture was diluted into isotonic buffer, sonicated briefly, and a volume
equivalent to 100 pl of original culture was measured through a calibrated
50-um aperture on a Coulter Counter Z2 channelizer (Beckman Coulter
Particle Characterization). Median cell volumes are shown.

SUPPLEMENTARY MATERIALS
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