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Without ribosome biogenesis, translation of mRNA into protein ceases and cellular growth stops. We asked whether
ribosome biogenesis is cell cycle regulated in the yeasts Saccharomyces cerevisiae and Schizosaccharomyces pombe, and
we determined that it is not regulated in the same manner as in metazoan cells. We therefore turned our attention to
cellular sensors that relay cell size information via ribosome biogenesis. Our results indicate that the small subunit (SSU)
processome, a complex consisting of 40 proteins and the U3 small nucleolar RNA necessary for ribosome biogenesis, is
not mitotically regulated. Furthermore, Nan1/Utp17, an SSU processome protein, does not provide a link between
ribosome biogenesis and cell growth. However, when individual SSU processome proteins are depleted, cells arrest in the
G1 phase of the cell cycle. This arrest was further supported by the lack of staining for proteins expressed in post-G1.
Similarly, synchronized cells depleted of SSU processome proteins did not enter G2. This suggests that when ribosomes
are no longer made, the cells stall in the G1. Therefore, yeast cells must grow to a critical size, which is dependent upon

having a sufficient number of ribosomes during the G1 phase of the cell cycle, before cell division can occur.

INTRODUCTION

Ribosomes are essential for the translation of mRNA into
protein and are necessary for cell growth. Synthesis of the
small and large ribosomal subunits begins with the tran-
scription of rDNA into a single 35S pre-rRNA transcript
within the cell nucleolus. In yeast, the 355 pre-rRNA is
processed into the 5.8S, 18S, and 255 rRNAs. Pre-rRNA
processing occurs through distinct pathways at 10 known
processing sites by many trans-acting factors, including
small nucleolar ribonucleoproteins (snoRNPs; Lafontaine
and Tollervey, 1995; Kressler et al., 1999; Gerbi et al., 2001,
2003). The 18S rRNA is incorporated into the small ribo-
somal subunit, whereas the 5.8S and 25S rRNAs are incor-
porated into the large ribosomal subunit. The two ribosomal
subunits are transported from the nucleolus through the
nucleoplasm to the cytoplasm where they are assembled
into a fully functional ribosome.

The cellular sensors that coordinate ribosome biogenesis
and cell division are largely unknown (Jorgensen et al.,
2002). Cell cycle regulation of ribosome biogenesis was first
observed in metazoan cells, where several laboratories re-
ported a lack of RNA synthesis in mitotic cells (Taylor, 1960;
Prescott and Bender, 1962). Since then, others have shown
that both pre-rRNA transcription and processing cease dur-
ing mitosis in mammalian cells (Gautier et al., 1994; Dundr
and Olson, 1998; Sirri et al., 2000). When mitotic transcription
of the pre-rRNA is forced by inhibition of cdc2-cyclin B
kinase, defects in processing of the pre-rRNA are observed
(Sirri et al., 2000). These results indicate that both transcrip-
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tion and processing of the pre-rRNA are inhibited during
mitosis in mammalian cells.

Recently, ribosome biogenesis has been linked to the cell
cycle through studies of tumorigenesis (Ruggero and Pan-
dolfi, 2003). Changing the dynamics of protein synthesis can
promote cell transformation and cancer progression. In
mammalian cells, there is evidence that links the tumor
suppressor gene p53 to proteins required for ribosome bio-
genesis. For example, cell cycle arrest caused by deletion of
Bopl, a protein required for large subunit biogenesis and
cell cycle progression at G1, can be restored by inactivation
of p53 (Strezoska et al., 2000; Pestov et al., 2001a,b; Strezoska
et al., 2002). Links between ribosome biogenesis and the p53
pathway also have been observed by others (David-Pfeuty et
al., 2001). Many of the proteins required for ribosome bio-
genesis have conserved orthologues, suggesting that these
processes occur through similar mechanisms in all eu-
karyotes.

During the mid-to-late 1970s, several studies aimed to
determine whether ribosome biogenesis in yeast is cell cycle
regulated in the same manner as in metazoan cells (Shulman
et al., 1973; Wain and Staatz, 1973; Sogin et al., 1974; Elliot
and McLaughlin, 1979). Collectively, these studies revealed
that the rate of synthesis of the mature rRNAs remained
constant throughout the cell cycle, suggesting that ribosome
biogenesis is not cell cycle regulated in yeast. It remains
unknown whether pre-rRNA processing defects occur dur-
ing mitosis.

Contrary to earlier findings, a few examples of proteins
linking ribosome biogenesis and the cell cycle in the yeast
Saccharomyces cerevisiae have recently been identified. Deple-
tion of the nucleolar yeast protein Nop15 leads to defects in
both cytokinesis and processing of the 5.85 and 25S pre-
rRNAs (Oeffinger and Tollervey, 2003). Similarly, when
Sdal, a protein required for large subunit biogenesis, and
Swel, a protein required for cell cycle progression at G2/M,
are both depleted, cells are unable to reenter the cell cycle at
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G1 (Saracino et al., 2004). This result is not unexpected
because Sdal protein has previously been shown to be re-
quired for cell cycle progression during G1 (Buscemi et al.,
2000; Zimmerman and Kellogg, 2001). In addition, a protein
required for large ribosomal subunit biogenesis, Nop7/
Yphl, is required for normal S-phase progression as part of
the origin of replication complex (Du and Stillman, 2002). To
date, the role of proteins required for small subunit biogen-
esis in cell cycle regulation has not been determined. In
addition, it is unclear how ribosome biogenesis and the cell
cycle are coordinately regulated.

Our laboratory has recently identified a new, large ribo-
nucleoprotein that contains the U3 snoRNA and at least 40
proteins, which is required for 18S rRNA biogenesis
(Dragon et al., 2002). This complex has been named the small
subunit (SSU) processome because it is required for process-
ing of RNA precursors of 18S, the small subunit rRNA. A
similar complex was isolated by Grandi et al. (2002) and
termed the 90S pre-ribosome. We sought to determine
whether the SSU processome might provide a link between
ribosome biogenesis and the cell cycle. One of the SSU
processome proteins, Netl-associated nucleolar protein 1 or
U3-associated protein 17 (Nanl1/Utp17), had originally been
suggested to be associated with Netl, a protein required for
mitotic exit at G2/M (Shou et al., 1999). Therefore, Nanl/
Utpl7 was hypothesized to be involved in mitotic exit
through this association.

We sought to determine whether ribosome biogenesis is
cell cycle regulated in yeast in the same way as metazoan
cells. Ribosome biogenesis is a highly regulated process and,
in metazoan cells, ceases at the G2/M phase of the cell cycle.
Our results indicate that ribosome biogenesis is not cell cycle
regulated in either S. cerevisiae or Schizosaccharomyces pombe
in the same manner as in mammalian cells. These differences
can be explained by the different types of mitoses that mam-
malian and yeast cells undergo. Mammalian cells undergo
an open mitosis, where their nuclear envelope breaks down
and nucleolus fragments. Yeast undergo a closed mitosis,
where their nuclear envelope remains intact throughout the
cell cycle. In addition, the SSU processome protein Nanl/
Utp17 did not provide a link between these two processes.
However, growth in size and ribosome biogenesis are
tightly linked in all eukaryotic cells. Recent genomic studies
have supported these observations by implicating the deple-
tion of many ribosomal proteins and proteins required for
ribosome biogenesis lead to growth in size defects (Jor-
gensen et al., 2002), whereas overexpression or deletion of
these proteins cause cell cycle defects (Kondoh et al., 2000;
Pestov et al., 2001a; Tallada et al., 2002). Our results support
these observations, because depletion of SSU processome
proteins leads to G1 arrest. This suggests that if rRNA can-
not be made at G1, then progression through the cell cycle is
blocked.

MATERIALS AND METHODS

Yeast Strains and Media

All yeast strains were derived from YPH499 (Mata, ura3-52, lys2-80, ade2-101,
trp1-D 63, his3-D 200, leu2-D 1). S. cerevisiae yeast strains were grown in rich
medium YPD (1% yeast extract, 2% peptone, 2% glucose) or YPG/R (1% yeast
extract, 2% peptone, 2% galactose, 2% raffinose) where specified. S. pombe was
grown in YEPD (1% yeast extract, 2.5 mg/1 phloxin B [P 4030; Sigma-Aldrich,
St. Louis, MOJ], 2% glucose) and EMM (4110-012; Bio 101, Vista, CA) where
specified. Utpl, Utp2, Utp3, Utp4, Utp5, Utp6, Utp7, Utp8, Utp9, Utpl0,
Utpl1, Utpl2, Utp13, Utpl4, Utpl5, Utpl6, and Utpl7 triple HA-tagged
strains and GAL-3xHA-tagged strains were from Dragon et al. (2002). The
NET1-3xHA strain was a gift from Danesh Moazed (Straight et al., 1999).
Integration of the TAP tag at NAN1 and 3xHA at NET1 in YPH499 were
created as described previously (Rigaut et al., 1999). For cell synchronization
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studies, expression of the relevant proteins was placed under the control of
the GAL promoter (GAL:RPS14A, GAL::UTP1, GAL::UTP2, and GAL::UTP4;
Longtine ef al., 1998). In these strains, deletion of BART (Abar1), integration of
the TAP tag at CLN2 (Rigaut et al., 1999) and integration of the 3xHA tag at
CLB2 (Knop et al., 1999) were carried out.

Metabolic Labeling of RNA

S. cerevisine were grown to early log phase in YPD and shifted to medium
minus methionine for 48 h. Nocodazole-treated cultures were incubated with
12.5 pg/ml nocodazole after 44 h of growth in medium lacking methionine
for 4 h. Cells were examined by light microscopy to verify cell cycle arrest.
Ten milliliters of cells at ODgq, 0.4-0.5 were then pulsed for 10 min with 50
wnCi of [PH]methyl-methionine. RNA was extracted and 10,000 cpm of each
sample was analyzed as described previously (Dunbar et al., 1997). S. pombe
were grown to early log phase in YEPD and then depleted of methionine for
48 h by growth in EMM medium. Nocodazole-treated cultures were incu-
bated with 12.5 ug/ml nocodazole after 44 h of growth for 4 h in EMM
medium. Cells were examined by light microscopy to verify cell cycle arrest.
Ten milliliters of cells at ODg(, 0.4—0.5 were pulsed for 10 min with 50 uCi of
[*H]methyl-methionine. RNA was extracted and 10,000 counts per sample
were analyzed as described previously (Dunbar et al., 1997).

Protein-Protein Coimmunoprecipitation

Nanl/Netl coimmunoprecipitation experiments were carried out with Net1-
3xHA, Nanl-TAP, YPH499 (parent strain), and Netl-3xHA/Nanl-TAP-
tagged strains. Net]l immunoprecipitations were carried out with 200 ul each
of anti-hemagglutinin (HA) (12CA5 culture supernatant) with glass bead
extracts (Lee and Baserga, 1999) and blotted with anti-PAP antibodies (1:6666)
as described previously (Rigaut et al., 1999). Immunoprecipitation of Nanl-
TAP was carried out with 20 ul of IgG-Sepharose beads (Amersham Bio-
sciences, Uppsala, Sweden) and blotted with anti-HA (12CAS5 culture super-
natant) at a dilution of 1:666.

Coimmunoprecipitation of 3xHA-tagged SSU processome proteins (Utpl,
Utp2, Utp3, Utp4, Utp5, Utpé6, Utp7, Utp8, Utp9, Utp10, Utp11, Utp13, Utp14,
Utp15, Utp16, and Utp17) was carried out with 200 ul each of anti-HA (12CA5
culture supernatant) and glass bead extracts. Immunoprecipitated proteins
were run on 10% SDS-PAGE gels and Western blotted with anti-Mpp10
antibodies (Lee and Baserga, 1999). The NET1-3xHA strain was obtained from
Danesh Moazed (Straight et al., 1999).

Protein Depletion

Twenty milliliters of cells from YPH499, GAL:3xHA-UTP1, GAL:3xHA-UTP2,
GAL:3xHA-UTP3, ~ GAL:3xHA-UTP4, GAL:3xHA-UTP5, GAL:3xHA-UTPG,
GAL:3xHA-UTP7, GAL:3xHA-UTPS, GAL:3xHA-UTPY9, GAL:3xHA-UTPI0,
GAL:3xHA-UTP11, GAL:3xHA-UTP12, GAL:3xHA-UTP13, GAL:3xHA-UTP14,
GAL:3xHA-UTP15, GAL::3xHA-UTP16, and GAL::3xHA-UTP17 were grown to early
log phase in YPG/R. Two milliliters of cells at ODjq 0.5 were collected and washed
with water. Cells were shifted into YPD media for 24 h. At 3, 6,12, and 24 h of growth
in YPD, 2 ml of cells at ODgy, 0.5 were collected and washed with water. Protein
extracts were prepared as described previously (Kushnirov, 2000). Protein was run
on 10% SDS-PAGE gels and Western blotted with anti-HA antibodies (Dragon et al.,
2002).

Flow Cytometry

Two milliliters of cells from YPH499, GAL:3xHA-RPS14A, GAL:3xHA-UTPI1,
GAL:3xHA-UTP2, GAL:3xHA-UTP3, GAL:3xHA-UTP4, GAL:3xHA-UTP5,
GAL:3xHA-UTP6, GAL:3xHA-UTP7, GAL:3xHA-UTPS, GAL:3xHA-UTP9,
GAL:3xHA-UTP10, GAL:3xHA-UTP11, GAL:3xHA-UTP12, GAL:3xHA-UTPI3,
GAL::3xHA-UTP14, GAL:3xHA-UTP15, GAL::3xHA-UTP16, and GAL::3xHA-UTP17
were collected from early log phase cultures of yeast strains grown in YPG/R and
fluorescence-activated cell sorting (FACS) analyzed as described previously (Burton
and Solomon, 2000). These cultures were then shifted into YPD for 24 h, and 2 ml of
culture was collected from early log phase (Burton and Solomon, 2000).
GAL:RPS14A, GAL:UTP1, GAL:UTP2, GAL::UTP4 yeast strains bearing Abar1, Cln2-
TAP, CIb2-3xHA were grown to early log phase in YPG/R liquid media and then
shifted into YPD liquid media for 21 h. Cells were synchronized with a-factor (2
pg/ml) for 25 h in YPD liquid media. Two milliliters of cells at ODyy, 0.5 were
analyzed by FACS after synchronization with a-factor and after 105 min of release by
washing out a-factor (Burton and Solomon, 2000).

Immunofluorescence

The GAL:3xHA-UTP and GAL::3xHA-NET1 strains were used for indirect
immunofluorescence as described previously (Dunbar et al., 2000). Rat anti-
tubulin (YOL1/34) (diluted 1:100; Kilmartin et al., 1982) and rabbit anti-
Mpp10 polyclonal antibodies (diluted 1:2000; Lee and Baserga, 1997) were
detected by tetramethylrhodamine B isothiocyanate (TRITC)-conjugated don-
key anti-rat IgG (diluted 1:200) and FITC-conjugated donkey anti-rabbit IgG
(diluted 1:200) secondary antibodies (Jackson ImmunoResearch Laboratories,
West Grove, PA). Imnmunofluorescence was carried out on strains where the
gene was expressed from a conditional promoter, including UTP18, and NET1
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Figure 1. rRNA transcription and processing occurs during mito-
sis in S. cerevisiae and S. pombe. Cells were grown in media lacking
methionine for 48 h. Cells were arrested in mitosis with the drug
nocodazole. Both interphase and mitotic cells were pulsed for 10
min with [*H]methyl-methionine, rRNA extracted, and analyzed by
gel electrophoresis and blotting.

from 4 ml of cells grown to early log phase in YPG/R (undepleted) and after
23 h in YPD (depleted).

a-Factor Synchronization

GAL:RPS14A, GAL:UTP1, GAL:UTP2, GAL:UTP4 yeast strains bearing
Abar1, CIn2-TAP, Clb2-3xHA were grown to early log phase in YPG/R liquid
media and then shifted into YPD liquid media for 21 h. Cells were synchro-
nized with a-factor (2 ug/ml) for 2.5 h in YPD liquid media. Cells were
pelleted, washed with water, and resuspended into media containing glucose.
One milliliter of cells at ODgq, 0.4-0.5 was pelleted, washed with water, and
protein was extracted every 15 min after a-factor release for 105 min. Proteins
were run on 10% SDS-PAGE gel for 50 min at 200 V, transferred onto
nitrocellulose membrane, and Western blotted for the TAP tag to detect CIn2
(anti-PAP antibodies) or Clb2 (anti-HA antibodies) and exposed to film.

RESULTS

Because it is well known that ribosome biogenesis ceases
during mitosis in mammalian cells, we sought to determine
whether rRNA is made and processed during mitosis in
yeasts. To do this, we pulsed interphase (untreated cells) or
mitotically arrested yeast cells with [*H]methyl-methionine
and looked for defects in transcription and processing of
pre-rTRNA (Figure 1). Cell cycle arrest was verified by light
microscopy that showed that >90% of the cells were ar-
rested as large-budded cells, indicating a block at G2/M
(our unpublished data). Equal amounts of tritiated RNA
were resolved on denaturing agarose gels. These results
show that mitotically arrested S. cerevisiae cells transcribe
and process the nascent 35S pre-rRNA equally well during
interphase and mitosis (Figure 1). We also conducted similar
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Figure 2. The SSU processome remains intact in mitotic cells.
3xHA-tagged SSU processome proteins Utpl-10, 12-17 were
immmunoprecipitated from glass bead extracts made from inter-
phase or mitotically arrested cells, by using beads conjugated with
anti-HA antibodies. SSU processome proteins were tested for their
ability to coimmunoprecipitate Mpp10 by Western blot with anti-
Mpp10 antibody.

experiments in S. pombe, because they are more similar to
mammalian cells with respect to their cell cycle. As de-
scribed above, equal amounts of tritiated RNA were re-
solved on denaturing agarose gels. We found that they, too,
continue to make and process pre-RNA during mitosis (Fig-
ure 1). Cell cycle arrest was again verified by light micros-
copy where 90% of the cells were arrested as large, elon-
gated cells, indicating a block at G2/M (our unpublished
data). Together, these results suggest that ribosome biogen-
esis continues during mitosis in the yeasts S. cerevisiae and S.
pombe, unlike in metazoan cells.

Next, we determined whether synthesis of the SSU pro-
cessome is itself mitotically regulated in S. cerevisiae by
testing whether it was intact during mitosis. This was done
by assessing the ability of SSU processome proteins to asso-
ciate with each other. To assess whether the SSU processome
was intact, coimmunoprecipitation of 3xHA-tagged SSU
processome proteins with Mpp10 was tested in interphase
and mitotically arrested cells. Utp1, Utp2, Utp3, Utp4, Utp5,
Utp6, Utp7, Utp8, Utp9, Utp10, Utp12, Utpl3, Utp14, Utp15,
Utpl6, and Utpl7 were all able to coimmunoprecipitate
Mpp10 during interphase as well as during mitosis (Figure
2). These results suggest that the SSU processome remains
intact during mitosis.

Previous results indicated that one SSU processome com-
ponent, Utp17/Nanl, might link ribosome biogenesis with
the exit from mitosis (Shou et al., 1999). Utp17 was originally
named Nanl for Netl-associated nucleolar protein 1. Utp17/
Nanl was originally purified as a Netl-associated protein
through affinity chromatography (Shou et al., 1999). Net1 is
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Figure 3. Netl and Nanl do not coimmuno-
precipitate. Nan1/Netl coimmunoprecipitation
experiments were carried out with Net1-3xHA-,
Nan1-TAP-, YPH499-, and Net1-3xHA /Nan1-
TAP-tagged yeast strains. YPH499 (untagged
parent strain), Netl-3xHA, and Nanl-TAP
strains were used as controls. Netl-3xHA was
immunoprecipitated with beads conjugated to
anti-HA antibodies (IP, immunoprecipitation

IP: Net1-3HA, Blot: Nan1-TAP|
IP: Net1-3HA, Blot: Net1-3HA | |

IP: Nan1-TAP, Blot: Net1 3H»"~_

Linking Ribosome Biogenesis and Cell Cycle
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lane), and totals (T, total, representing 5% of the total protein extracted) were Western blotted with PAP antibodies, recognizing protein A. This blot
was stripped and reprobed with anti-HA antibodies. Nan1-TAP was immunoprecipitated with IgG beads and Western blotted with anti-HA

antibodies. Beads alone (BA) was used as a control.

a component of the regulator of nucleolar silencing and telo-
phase (RENT) complex, which is important for mitotic exit
through its association with Cdcl4 and silencing through its
association with Sir2 (Shou ef al., 1999). Utp17/Nanl was sub-
sequently purified as a component of the SSU processome, the
results were extensively validated, and it was shown to be
required for generation of the 185 rRNA (Dragon et al., 2002).
YPH499, the untagged parent strain, is used as a control for this
and subsequent experiments. We asked whether Utp17/Nanl
was also a true component of the RENT complex by examining
whether it could coimmunoprecipitate Netl. We constructed
double-tagged strains where Nanl was tagged with the TAP
tag (Rigaut ef al., 1999) and Netl with 3xHA. When Netl-
3xHA was immunoprecipitated and then Western blotted for
Nan1, the same amount of Nan1l coimmunoprecipitated in the
double-tagged strain as in the single Nan1-TAP strain (Figure
3), thus representing background. We have confirmed that
Net1-3xHA was enriched by coimmunoprecipitation by blot-
ting with anti-HA antibodies (Figure 3). We obtained the same
result by coimmunoprecipitating Nanl-TAP first and then
Western blotting for Netl-3xHA (Figure 3). This suggests that
Nanl and Netl do not coimmunoprecipitate. These results
suggest that Nan1 is likely not Netl-associated during inter-
phase and is therefore not a component of the RENT complex,
contrary to what has been previously reported.

We determined whether ribosome biogenesis was re-
quired for cell cycle progression by asking whether deple-
tion of individual SSU processome proteins would lead to
arrest at a particular stage of the cell cycle. Because all but
one of the SSU processome proteins are essential, their de-
pletion ultimately affects cell growth. In these strains, the
SSU processome proteins are under the control of a galac-
tose-inducible promoter and tagged with a 3xHA tag. In the
presence of galactose, the protein is made; however, in glu-
cose, protein levels are depleted. Growth of cells depleted of
SSU processome proteins begins to decline after 12 h of
depletion (Figure 4A). Growth of cells depleted of Utp16, a
nonessential SSU processome component, was only slightly
slowed in comparison with the parent strain YPH499, as
expected. After 24 h of protein depletion, the SSU proces-
some components were not detectable by Western blot (Fig-
ure 4B).

The cell cycle profiles of SSU processome-depleted strains
were compared with those obtained from control strains
YPH499 (parent strain) and GAL:3xHA-RPS14A, after
growth in galactose and glucose. Rps14A is a redundant
ribosomal protein; that is, depletion of one of the Rpsl4
proteins (Rps14A or Rps14B) does not appreciably affect cell
growth. When the normally expressed Rps14A is depleted,
protein levels of Rps14B are increased 10-fold (Paulovich et
al., 1993). Up-regulation of Rpsl4B protein levels occur
through posttranslational modification of RPS14B (Li et al.,
1995; Fewell and Woolford, 1999). The growth of YPH499
and GAL::3xHA-RPS14A in galactose yields a cell cycle pro-
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file indicative of cells primarily in the G1 phase of the cell
cycle upon FACS sorting (Figure 5, Undepleted). This is
because galactose is a poor carbon source and the cells grow
slowly. However, when these strains are shifted to glucose
and analyzed by FACS sorting, the cell cycle profile for these
two strains shifts to nearly equal G1 and G2 peaks (Figure 5,
Depleted). Thus, this is the expected cell cycle distribution
result after the switch from galactose to glucose if cells are
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Figure 4. Depletion of the essential SSU processome proteins
slows growth. Strains expressing Utp1-17 from a galactose-induc-
ible/glucose-repressible promoter with a 3xHA tag were grown to
early log phase in galactose/raffinose media (undepleted) and then
shifted into glucose media (depleted) for 24 h. YPH499 (the parent
untagged strain) was used as a control. After 0, 3, 6, 12, and 24 h of
depletion, cells were analyzed for growth by ODgy, (A) and for
protein expression by Western blotting with anti-HA antibodies (B).
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Figure 5. Depletion of SSU processome proteins leads to G1 arrest. Strains expressing Utp1l-17 and Rps14A from galactose-inducible/
glucose-repressible promoters were grown in early log phase in galactose/raffinose media (undepleted) and then shifted into glucose
(depleted) for 24 h. YPH499 (the parent untagged strain) and Rps14A (a redundant ribosomal protein) were used as controls. Cells were

stained with propidium iodide and FACS sorted.

cycling normally. When SSU processome proteins are not
depleted (Utp1-17 grown in galactose) the yeast strains yield
cell cycle profiles identical to those obtained by FACS sort-
ing of YPH499 and GAL::3xHA-RPS14A, with a prominent
G1 peak (Figure 5, Undepleted). Cells with integrated galac-
tose promoters grew slower in galactose media and had a
more prominent G1 peak than YPH499. However, when
these cells are shifted into glucose to deplete the indicated
proteins and analyzed by FACS sorting, the cell cycle pro-
files are different from those obtained from cells that are
cycling normally. In yeast depleted of SSU processome pro-
teins Utp1-15, and Utpl7 by growth in glucose (Figure 5,
Depleted) the G1 peak continues to be much larger than the
G2 peak, with little change upon shift to glucose (compare
Depleted YPH499 and Rps14A to the Utp proteins). This
indicates arrest in the G1 phase of the cell cycle. In contrast,
yeast depleted of Utpl6, a nonessential SSU processome
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protein, yielded a cell cycle profile similar to the YPH499
and GAL:3xHA-RPS14A strains, with equal G1 and G2
peaks (Figure 5). Thus, as expected, depletion of the nones-
sential Utp16 protein does not cause arrest at G1.

The G1 arrest upon essential Utp protein depletion was
further supported by lack of immunofluorescence of a
marker for the G2 phase of the cell cycle (Figure 6). Tubulin
staining is indicative of progression to G2 phase of the cell
cycle, because tubulin is only detectable in G2 when the
mitotic spindle is present. YPH499, GAL::3xHA-NET1, and
GAL::3xHA-UTP18 were grown to early log phase in galac-
tose-containing medium and then shifted to glucose-con-
taining medium for 24 h. Cells were analyzed by immuno-
flouresence for the presence of cellular DNA (blue); Mpp10,
an SSU processome component (red); and tubulin (green).
As expected, both Mpp10 and tubulin were expressed in the
parent YPH499 strains (Figure 6). Similarly, cells depleted of
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YPH499
Net1
Depleted
Figure 6. Immunofluorescence of depleted SSU proces- Utp‘] 8
some proteins is consistent with G1 arrest. YPH499,
GAL:3xHA-NET1, and GAL:3xHA-UTP18 yeast strains Undepleted
were grown to early log phase in galactose/raffinose
media (undepleted) and then shifted into glucose (de-
pleted) for 23 h. YPH499 (the parent untagged strain)
and GAL:3xHA-NET1 (a protein required for mitotic Utp18
exit) were used as controls. Immunofluorescence was p
carried out using antibodies to tubulin and detected with Dep|eted

TRITC (green), and Mpp10 was detected with FITC (red).
DAPI (blue) was used to stain the cellular DNA.

Netl, a protein required for cell cycle progression at G2/M
(Straight et al., 1999) resulted in expression of Mpp10 and
tubulin (Figure 6). However, when Utpl8 was depleted,
Mppl0 and tubulin expression were no longer observed
(Figure 6). This suggests that these cells no longer form
mitotic spindles and is consistent with an arrest in GI.
Because Mpp10 is a component of the SSU processome, the
lack of Mpp10 staining in Utp18-depleted cells suggests that
the SSU processome is no longer intact. Therefore, the lack of
ribosomes after depletion of SSU processome proteins leads
to stalling in the G1 phase of the cell cycle. Yeast depleted of
SSU processome proteins are able to form small buds, sug-
gesting that these yeast may be stalled in late G1 (our
unpublished data). Therefore, this suggests that the SSU
processome is required for cell cycle progression at G1.

To further verify this arrest, we created yeast strains that
could be synchronized and monitored for the expression of
additional cell cycle markers. Yeast strains were created by
the disruption of BARI that could be easily synchronized in
G1 by the addition of low concentrations of the mating-type
pheromone a-factor. In the Abar1 strain, the cell cycle cyclins
CIn2 and CIb2 were chromosomally tagged with TAP and
3xHA, respectively. CIn2 is a cell cyclin that is expressed
during G1, whereas Clb2 is a cyclin that is expressed at G2.
In normally cycling cells, after they are released from the G1
arrest, the cells will first express the cell cyclin CIn2-TAP and
then express Clb2-3xHA as the cells progress into G2. The
cells remain synchronized for one cell cycle (~100 min) after
being released from a-factor. The necessary strains were
constructed for GAL::UTP1, GAL::UTP2, GAL::UTP4, and
GAL::RPS14A by deletion of Barl (Abar1) and the integration
of TAP tag and the HA tag at CLN2 (CIn2-TAP) and CLB2
(Clb2-3xHA) in each strain.

SSU processome-depleted cells were synchronized with
a-factor and then released to determined whether cells de-
pleted of SSU processome proteins were then able to enter
G2. The strains (construction described in the above para-
graph) were grown in medium containing galactose (Unde-
pleted) until ODy, 0.2-0.6. The cells were shifted into glu-
cose media (Depleted) for 21 h and then arrested in G1 with
a-factor for 2.5 h. Cells were released from the G1 arrest (by
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washing a-factor out of the media), and the extracts were
analyzed by Western blot or the cells sorted by FACS. The
same number of cells were collected every 15 min after the
G1 arrest, protein extracted, and Western blotted for the G1
cyclin CIn2-TAP or the G2 cyclin Clb2-3xHA via their re-
spective tags (Figure 7A). After release from the G1 arrest,
cells depleted of Rps14A, a redundant nonessential ribo-
somal protein, expressed CIn2 beginning at ~30 min after
release, and the levels of this cyclin declined over time. In
this same strain, protein levels of Clb2 were visualized at
~75 min after release and remained constant after this time
point. Expression of this protein demonstrated that these
cells were cycling from G1 into the G2 stage of the cell cycle.
In contrast, cells depleted of Utpl, Utp2, and Utp4 only
expressed the G1 cyclin CIn2, although expression of this
protein was variable from strain to strain (Figure 7A). Ex-
pression of the G2 cyclin could not be detected at all when
these SSU processome components were depleted.

The cell cycle arrest resulting from depletion of SSU pro-
cessome components was further analyzed by FACS analy-
sis of synchronized cells (Figure 7B). Cells arrested with
a-factor for 2.5 h or released from this arrest for 105 min
were collected and analyzed for one or two DNA contents
(1C or 2C, respectively). After incubation with o-factor,
Rps14A-, Utpl-, Utp2-, and Utp4-depleted cells had pre-
dominantly arrested in G1 (1C DNA at 0 min). When re-
leased from this arrest for 105 min, Rps14A-depleted cells
were predominantly in G2 with a 2C DNA content at 105
min, whereas Utpl-, Utp2-, and Utp4-depleted cells were
still arrested in G1 (1C at 105 min). Together, these results
suggest that the SSU processome is required for cell cycle
progression at GI.

DISCUSSION

Ribosomes are the protein factories of the cell and without
them cellular growth stops. Due to the highly regulated
nature of ribosome biogenesis, we hypothesized that the
activity of the SSU processome must be coordinately regu-
lated with other cellular processes such as mitosis and
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A.
Protein Depleted: 0 1530 4560 75 90 105:time released
GAL::RPS14A Clb2-3xHA
GAL:UTP1|™ Fessssesesal Cln2-TAP
" Clb2-3xHA
GAL=UTP2 e el CIN2-TAP
Clb2-3xHA
GAL:UTP4 e | CIn2-TAP
N Clb2-3xHA
B.
GAL::RPS14A GAL:UTP1
Figure 7. Synchronized depleted SSU processome
proteins arrest in Gl upon cell cycle release.
GAL::RPS14A, GAL:UTP1, GAL::UTP2, GAL:UTP4
yeast strains bearing Abarl, CIn2-TAP, Clb2-3xHA
.+ 105 (min) 105 were grown to early log phase in galactose/raffinose
(min) 0 - 0 media (undepleted) and then shifted to glucose (de-
1C 2C 1C 2C pleted) for 21 h. a-Factor (2 png/ml) was added to cells
for 2.5 h and then washed out of the media. (A)
Western blot on synchronized and released yeast.
Protein was extracted from equal amounts of cells
. . every fifteen minutes after the a-factor release and
GAL:UTP2 NGALUT‘D‘; Western blotted with PAP antibodies (to visualize
|' \ CIn2-TAP) and anti-HA antibodies (to visualize Clb2-
A 3xHA). (B) FACS analysis of synchronized and re-
- leased yeast. Cells were arrested with a-factor for
105 e M%N 25 h and analyzed for DNA content (1C, 1 DNA
. . 1l \ . .
(m]n) - {ml n) 0 i e content; 2C, 2 DNA content) by FACS. After 105 min
0 1C_2oC 1C_2C of release from a-factor, yeast were again analyzed

growth in cell size. Although ribosome biogenesis is mitot-
ically regulated in metazoan cells, our results suggest that
ribosome biogenesis continues during mitosis in the yeasts
S. cerevisiae and S. pombe. Even though ribosome biogenesis
is not mitotically regulated in yeast, our data support the
observations that ribosome biogenesis is critical for cell di-
vision to occur. Genetic depletion of SSU processome pro-
teins leads to a Gl arrest as observed by FACS sorting,
immunofluorescence, and Western blotting of G1- and G2-
specific factors.

In mammalian cells, ribosome biogenesis is mitotically
regulated. In previously described experiments, mammalian
cells were mitotically arrested with colchicine, a drug that
inhibits microtubule assembly (Prescott and Bender, 1962).
We arrested yeast with the analogous drug nocodazole to
arrest the cells at the same point during the cell cycle when
transcription of rRNA was previously observed to cease.
However, we did not observe any difference in transcription
or processing of the rRNA. Therefore, yeast and mammalian
cells regulate ribosome biogenesis differently. One possible
reason for this lies in the biology of cell division; yeast have
a “closed” mitosis, whereas mammalian cells have an
“open” mitosis. Yeast cells in mitosis maintain their nuclear
envelope, whereas the nuclear envelope dissolves in mam-
malian cells. Because the structure of the nucleus and nucle-
olus is completely disrupted during mitosis in mammalian
cells, they cease making ribosomes. In contrast, the yeast
nuclear envelope remains intact throughout the cell cycle,
thereby enabling ribosome biogenesis to continue.
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for DNA content by FACS sorting.

These results are consistent with Elliot and McLaughlin
where they pulsed S. cerevisiae throughout the cell cycle
(obtained by cell elutriation) with [*H]methionine and
[*H]uracil and examined the rate of synthesis of 18S, 25S,
5.8S, and 55 rRNAs (Elliot and McLaughlin, 1979). They
similarly concluded that rRNA is transcribed during mitosis.
However, they did not analyze the pre-rRNAs, as we have
done here. Similarly, our results are consistent with those of
Sogin et al. (1974) who also looked at synthesis of rRNAs
during mitosis in S. cerevisiae by the incorporation of *C and
32P. Both studies concluded that overall levels of rRNA
increased during the cell cycle but could not differentiate
this from the doubling rate. In another study, the levels of
the SSU processome protein MpplO remained constant
throughout the cell cycle (Burton and Solomon, 2000).

We also investigated whether Nanl/Utpl7 provides a
link between ribosome biogenesis and mitotic exit. Nan1/
Utpl7 was originally purified through its association with
Netl, a protein required for mitotic exit and silencing. How-
ever, our coimmunoprecipitation experiments suggest that
Nanl/Utpl7 and Netl do not interact. In addition, when
proteins required for mitotic exit are depleted, these cells
arrest in G2/M. When Nanl is depleted, these cells arrest in
G1, suggesting that Nanl is not required for G2/M. Al-
though it is clear that the majority of Nanl/Utp17 is asso-
ciated with the SSU processome, it is possible that small,
substoichiometric amounts of Nanl/Utpl7 do associate
with Netl. In addition, Nan1 may have been found to be
associated with Netl in the affinity purification because it
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resides in the nucleolus. Because Nanl is not primarily
associated with Netl, we suggest Nanl should be renamed
and referred to as Utpl7.

Cell division is highly coordinated with cellular growth
and size (Jorgensen et al., 2004). Progression through START
is regulated through growth in size where cells must reach
a minimum cell size before S phase can begin (Johnston and
Singer, 1978; Moore, 1988). Many of the cellular sensors that
regulate cell progression through START have remained
elusive. Recently, Jorgensen et al. (2002) conducted a ge-
nome-wide approach to identify proteins that regulate
growth in size. This group suggested that deletion of genes
involved in ribosome biogenesis lead to decreased cell size.
For example, Jorgensen et al. (2002) found using microarrays
that inducing Sfp1 expression, a gene implicated in cell size
control, may target mRNA expression of Utp4, Utp6, Utp10,
Utp17, and Utp20. This indirectly suggests that expression
of a subset of SSU processome proteins is necessary for cells
to grow in size. Recent work by Mnaimneh et al. (2004) also
used a genome-wide approach to find essential genes that
when depleted lead to decreased cell size. This group also
found a link between proteins required for ribosome biogen-
esis and cell size. Our data support the findings that the SSU
processome proteins are required for cell cycle progression
at G1. This suggests that if a cell cannot make ribosomes and
ultimately synthesize proteins, these cells cannot reach the
critical cell size required for division to occur (Johnston and
Singer, 1978). Because ribosome biogenesis and protein syn-
thesis are intertwined, we cannot rule out the possibility that
the G1 arrest caused by depletion of SSU processome pro-
teins may be due to decreased protein synthesis as well as to
the deficits in ribosome biogenesis.

Reaching the minimum cell size necessary for cell division
is regulated through the target of rapamycin (TOR) pathway
(Fingar and Blenis, 2004). It is clear that cell growth and
ribosome biogenesis are linked somehow through the TOR
signaling pathway (Thomas, 2000). In higher eukaryotes, the
40S ribosomal protein S6 seems to be critical for TOR sig-
naling and cell cycle progression (Thomas, 2000; Fingar ef al.,
2004). For example, when transgenic mice have ribosomal
protein S6 deleted in their liver cells, these cells arrest in late
G1 phase of the cell cycle and cannot proceed into S phase
(Volarevic et al., 2000).

What is the minimal number of ribosomes required for
cell cycle progression in yeast? Previous observations sug-
gest that there may be a threshold for ribosome number
below which yeast cannot grow. Two different mutations in
the SSU processome protein Mpp10 both affect levels of the
18S rRNA at 30°C. However, the mpp10-2 mutant results in
a greater decrease in 185 rRNA levels than the mpp10-1
mutant (Lee and Baserga, 1997). Surprisingly, the mpp10-1
strain grows normally whereas the mpp10-2 strain grows
very slowly. This suggests that the number of 40S ribosomes
in the mpp10-1 strain is sufficient for cell cycle progression,
even though it is less than normal. In contrast, in the
mpp10-2 mutant, the number of 40S ribosomes is below the
threshold for rRNA production and cell growth. We believe
that future analysis of these mutants will begin to elucidate
the relationship between ribosome number, cell growth, and
cell division.

Although ribosome biogenesis is not cell cycle regulated
in yeasts, SSU processome proteins are required for cell
cycle progression at G1. These results support the observa-
tion that cell size is critical for cell division to occur, because
ribosome biogenesis proteins have been shown to be impor-
tant for cellular growth in size. Our results suggest that the
SSU processome, a complex required for biogenesis of the
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small ribosomal subunit, may be critical for regulating cell
growth and division. In the future, it will be important to
understand what specific signals convey to a yeast cell that
it has sufficiently grown in size to progress from Gl1 to S.
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