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The antimetabolite 5-fluorouracil (5FU) is a widely used chemotherapeutic for the treatment of solid tumors.
Although 5FU slows DNA synthesis by inhibiting the ability of thymidylate synthetase to produce dTMP, the
drug also has significant effects on RNA metabolism. Recent genome-wide assays for 5SFU-induced haploin-
sufficiency in Saccharomyces cerevisiae identified genes encoding components of the RNA processing exosome as
potential targets of the drug. In this report, we used DNA microarrays to analyze the effect of 5SFU on the yeast
transcriptome and found that the drug causes the accumulation of polyadenylated fragments of the 27S rRNA
precursor and that defects in the nuclear exoribonuclease Rrp6p enhance this effect. The size distribution of
these RNAs and their sensitivity to Rrp6p suggest that they are normally degraded by the nuclear exosome and
a 5'-3' exoribonuclease. Consistent with this hypothesis, SFU inhibits the growth of RRP6 mutants with defects
in the degradation function of the enzyme and it interferes with the degradation of an rRNA precursor. The
detection of poly(A)™ pre-RNAs in strains defective in various steps in ribosome biogenesis suggests that the
production of poly(A)™ pre-rRNAs may be a general result of defects in rRNA processing. These findings
suggest that SFU inhibits an exosome-dependent surveillance pathway that degrades polyadenylated precursor

rRNAs.

5-Fluorouracil (5FU) is one of the most successful and
widely used chemotherapeutics for the treatment of solid tu-
mors in cancer patients (27). The drug was developed in a
rational strategy to inhibit DNA synthesis by interfering with
the activity of thymidylate synthetase (TS). Three mechanisms
have been proposed to explain the cytotoxic effects of SFU,
and each relies on the efficient import of the base into cells and
its rapid conversion into 5-fluoro-UMP (5F-UMP) and 5F-
dUMP (27, 33). SF-UMP is ultimately converted into SF-UTP,
which serves as a substrate for RNA synthesis. Normally,
dUMP is converted into dTMP by TS and ultimately into
dTTP, which serves as a substrate for DNA synthesis. The first
proposed mechanism of action for SFU relies on the fact that
the 5-fluoro linkage in SF-dUMP inhibits the TS-catalyzed,
5-position methylation that normally converts dUMP into
dTMP. The ultimate decrease in dTTP levels should inhibit
DNA synthesis. Indeed, inactivation of TS, encoded by CDC21
in Saccharomyces cerevisiae, or thymidine starvation, results in
S-phase cell cycle arrest (7). The second proposed mechanism
follows from TS inhibition that results in elevation of dUTP
levels. The decrease in dTTP and the increase in dUTP levels
enhance the incorporation of dUTP into DNA. Repair of ura-
cil-containing DNA begins with uracil removal by uracil-DNA
glycosylase to produce apyrimidinic sites in the DNA and pro-
ceeds with a DNA chain break and subsequent repair by DNA
polymerase and DNA ligase. Thus, inhibition of DNA synthe-
sis and/or the requirement for DNA repair may result in the
cell cycle arrest associated with SFU treatment. However, as-
sessment of the potential for DNA fragmentation in SFU-

* Corresponding author. Mailing address: Box 672, 601 Elmwood
Ave., Rochester, NY 14642. Phone: (585) 275-7921. Fax: (585) 473-
9573. E-mail: btlr@mail.rochester.edu.

treated cells indicated that the drug levels required for the
effect are 10 to 100 times those needed for cytotoxicity (33).
The third possible mechanism of SFU cytotoxicity features the
incorporation of SFU into RNA. The strongest argument for
the role of RNA in 5FU action comes from experiments show-
ing that cotreatment of cells with uridine, but not thymidine,
relieves the cytotoxic and apoptotic effects of SFU (6, 13, 26,
38). Since 5FU is a competitive inhibitor of TS, thymidine
abolishes the decrease in TTP levels caused by treatment with
the drug. Thus, relief of SFU’s cytotoxic effects by uridine, but
not thymidine, is inconsistent with mechanisms in which de-
fects in DNA metabolism feature in the antiproliferative ef-
fects of the drug.

Research into the effect of SFU on RNA metabolism has
focused largely on rRNA synthesis since rRNA is the most
abundant class of RNA produced by proliferating cells (re-
viewed in references 27 and 33). Eukaryotic rRNAs are syn-
thesized in the nucleus by RNA polymerase I (25S, 18S, and
5.8S rRNAs) and RNA polymerase III (5S rRNA). The 28S,
18S, and 5.8S rRNAs are transcribed into a single precursor
RNA (pre-rRNA) that undergoes a series of endo- and exo-
nucleotytic processing steps that produce the mature rRNAs
found in ribosomes. The nuclear RNA processing exosome, a
complex of 10 exoribonucleases, plays an important role in
rRNA processing as it is required for proper 3’-end processing
of 5.8S rRNA and for the degradation of abnormal pre-rRNA
processing intermediates (2, 4, 30). rRNA processing is best
understood in yeast, but evidence suggests that the same major
features are used to produce the 28S, 18S, and 5.8S rRNAs in
humans (18). SFU is rapidly incorporated into pre-rRNA in
treated cells, and some experiments suggest that it may cause
inhibition of processing at early steps that normally lead to the
production of 20S pre-rRNAs in human cells (10, 16, 17).
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TABLE 1. Yeast strains used in this study
Strain Designation Genotype® Reference
YSB2001 RRP6™'* MATa his3-A leu2-A metl15-A ura3-A/MATao his3-A leu2-A lys2-A ura3-A 45
YSB2002 RRP6™'~ MATa his3-A leu2-A met15-A ura3-A RRP6/MATo his3-A leu2-A lys2-A ura3-A rrp6::Kan 45
YSB2003 RRP4/~ MATa his3-A leu2-A met15-A ura3-A RRP4/MATo his3-A leu2-A lys2-A ura3-A np4::Kan 45
YSB2004 RRP41/~ MATa his3-A leu2-A met15-A ura3-A RRP41/MATa his3-A leu2-A lys2-A ura3-A rrp41::Kan 45
YSB2005 RRP42™/~ MATa his3-A leu2-A met15-A ura3-A RRP42/MATo his3-Aleu2-A lys2-A ura3-A rrp42:Kan 45
YSB2006 RRP43%/~ MATa his3-A leu2-A met15-A ura3-A RRP43/MATa his3-A leu2-A lys2-A ura3-A rrp43::Kan 45
YSB2007 RRP44™/~ MATa his3-A leu2-A metl5-A ura3-A RRP44/MATo his3-A leu2-A lys2-A ura3-A rrp44::Kan 45
YSB2008 RRP45/~ MATa his3-A leu2-A met15-A ura3-A RRP45/MATa his3-A leu2-A lys2-A ura3-A rrp45::Kan 45
YSB2009 RRP46™"'~ MATa his3-A leu2-A metl5-A ura3-A RRP46/MATo his3-A leu2-A lys2-A ura3-A rip46::Kan 45
YSB2010 LRPI*~ MATa his3-A leu2-A met15-A ura3-A LRP1/MATo his3-A leu2-A lys2-A ura3-A Irpl::Kan 45
YSB2012 CSL4+~ MATa his3-A leu2-A metl5-A ura3-A CSL4/MATo his3-A leu2-A lys2-A ura3-A csl4::Kan 45
YSB2013 RATI™ MATa his3-A leu2-A met15-A ura3-A RATI/MATo his3-A leu2-A lys2-A ura3-A ratl::Kan 45
YSB2014 CBF5*~ MATa his3-A leu2-A met15-A ura3-A CBF5/MATo his3-A leu2-A lys2-A ura3-A cbf5::Kan 45
YSB2015 MAK21*~ MATa his3-A leu2-A met15-A ura3-A MAK21/MATa his3-A leu2-A lys2-A ura3-A mak21::Kan 45
YSB2016 NOP4™~ MATa his3-A leu2-A metl5-A ura3-A NOP4/MATo his3-A leu2-A lys2-A ura3-A nop4:Kan 45
YSB2018 mp6 '~ MATa his3-A leu2-A met15-A ura3-A rip6:Kan/MATo his3-A leu2-A lys2-A ura3-A rrp6::Kan 45
YSB1002 RRP6 MATo his3-A leu2-A lys2-A ura3-A 45
YSB1005 p6-A MATa his3-A leu2-A lys2-A ura3-A rp6::Kan 45
YSB1007 Ipl-A MATo his3-A leu2-A lys2-A ura3-A lrp::Kan 45
R1158 MATa his3-A leu2-A metl5-A ura3-A URA3::CMV-tTA 22
YSB3002 tetO7-RRP43 MATa his3-A leu2-A met15-A ura3-A URA3::CMV-TA tetO7-RRP43 22
YSB3003 tetO7-RRP46 MATa his3-A leu2-A met15-A ura3-A URA3::CMV-tTA tetO7-RRP46 22
YSB3007 tetO7-CBF5 MATa his3-A leu2-A met15-A ura3-A URA3::CMV-tTA tetO7-CBF5 22
YSB3008 tetO7-MAK21 MATa his3-A leu2-A met15-A ura3-A URA3::CMV-TA tetO7-MAK21 22
YSB3009 tetO7-NOP4 MATa his3-A leu2-A metl5-A ura3-A URA3::CMV-tTA tetO7-NOP4 22
YSB3010 tetO7-UTP20 MATa his3-A leu2-A met15-A ura3-A URA3::CMV-tTA tetO7-UTP20 22
YSB151 rp6-A MATo adel ade? lys2 gall ura3-52 rrp6::Kan YCpGFP 37
YSB152 RRP6 MATao adel ade?2 lys2 gall ura3-52 rrp6::Kan YCpGFPH (RRP6) 37
YSB153 np6-3 MATo adel ade?2 lys2 gall ura3-52 rrp6::Kan YCpGFPH1 (r7p6-3) 37
YSB154 rmp6-13 MATo adel ade? lys2 gall ura3-52 rrp6::Kan YCpGFPHI10 (r7p6-13) 37

“ CMV-tTA, tetracycline-responsive transcriptional activator under control of the cytomegalovirus promoter.

Experiments with an rRNA processing system in vitro suggest
a role for SFU inhibition of a primary cleavage site of pre-
rRNA, but the physiological relevance of this site has not been
addressed (14). The importance of these findings is difficult to
assess since the experiments were carried out prior to the
availability of information on the specific pathway of rRNA
processing and because of the lack of reagents for measuring
effects on specific steps in the process. Moreover, the interpre-
tation of the experiments in vivo is hampered by the possibility
that the observed effects are secondary to some other target of
SFU. In some sense, the choice of rRNA synthesis as a poten-
tial target was ad hoc and inhibition alone cannot be used to
argue for specificity since SFU is incorporated into all types of
RNA and has been shown to alter pre-mRNA metabolism as
well (25).

Recent evidence has refocused attention on rRNA process-
ing as a target of SFU since genome-wide screens for gene
products sensitive to SFU identified components of the rRNA
processing pathway (15, 28). Specifically, yeast strains het-
erozygous for deletions of genes encoding proteins required
for pre-rRNA processing and ribosome biogenesis grew more
slowly in the presence of SFU than all other heterozygotes,
including CDC21"/~ strains. Heterozygosity of some compo-
nents of the exosome, in particular RRP6"'~ heterozygosity,
caused the highest observed sensitivity, suggesting that SFU
may inhibit the activity of this RNA processing complex. In-
deed, analysis of the effects of SFU on the processing of pre-
rRNAs in normal strains and the sensitive heterozygotes
showed defects in rRNA maturation steps consistent with in-

hibition of the exosome (28). The exosome functions in mRNA
decay pathways in the cytoplasm and in RNA processing and
degradation pathways in the nucleus, where its activity requires
Rrp6p (8, 30). Defects in exosome components including
Rrp6p lead to the accumulation of polyadenylated noncoding
RNAs including snRNAs, snoRNAs, rRNAs, and hypomodi-
fied initiator tRNA (1, 21, 23, 44). Here we report that a
genome-wide comparison of yeast strains treated with SFU
revealed the accumulation of polyadenylated pre-rRNAs in a
strain deficient in the nuclear exosome component Rrp6p.
Analysis of the structure of these products and the effect of
SFU on specific RRP6 mutants suggests that the drug may
inhibit a general pathway for the degradation of rRNA pre-
Cursors.

MATERIALS AND METHODS

Yeast strains, oligonucleotides, and reagents. Yeast strains are described in
Table 1. Yeast strains were grown in yeast extract-peptone-dextrose (YPD) or
synthetic complete dextrose (SCD) medium. Oligonucleotides used for reverse
transcription (RT)-PCR and Northern blot analysis are listed in Table 2. En-
zymes were purchased from Invitrogen (Carlsbad, Calif.) or Promega (Madison,
Wis.). Radioisotopes for random-primed hexamer probe labeling (5'-[a-
32P]dCTP; 3,000 Ci/mmol) and oligonucleotide labeling (5'-[y-**P]dATP; 3,000
Ci/mmol) were purchased from NEN Life Science Products (Boston, Mass.).

Northern blot analysis. Total RNA or poly(A)" RNA was isolated from yeast
strains grown to an Agy, of 0.6 to 0.9 (in SCD medium) or 1.0 to 1.2 (in YPD
medium) as previously described (34), and Northern blot analysis was carried out
as described by Briggs et al. (4).

RT-PCR. One microgram of DNase-treated total RNA and 1 pl of oligo(dT)
(OSB403; 50 pmol/pl) were used for cDNA synthesis in a 20-pl reaction mixture
using Moloney murine leukemia virus reverse transcriptase (200 U/ul) according
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TABLE 2. Oligonucleotides used in this study

Oligonucleotide Sequence” fgfli rr?né)er
OSBI151 5'-GTCTAGCCGCGAGGAAGG-3' 28
OSB155 5'-TCCAGTTACGAAAATTCTTGTTTTTGACAA-3' 28
OSB157 5'-GGCCAGCAATTTCAAGTTA-3' 28
OSB377 5'-CTCCTACCTGATTTGAGGTCAAAC-3' This study
OSB379 5'-ACAAATCAGACAACAAAGGCTTAATC-3' This study
OSB380 5'-T,,ACAAATCAGACAACAAAGGCTTAATCTCAGCAGAG-3' This study
OSB402 5'-GGCGGAAAGGCCTTGGGTGCTTGCTGGCG-3' This study
OSB403 5'-CACTCGAGTT;,-3’ This study
OSB451 5'-TGGGTTTGGAATCTGCCGGTATTG-3’ This study
OSB452 5'-TTAGAAACACTTGTGGTGAACGATAG-3’ This study

“T,; and T3, indicate sequences of 21 and 30 T’s, respectively.

to the instructions of the manufacturer (Invitrogen). Fifty-microliter PCR mix-
tures contained 0.25 pl of cDNA product, 12.5 pmol of oligonucleotide primer,
0.025 mM (each) deoxynucleoside triphosphates, 2.5 mM MgCl,, and 0.25 ul of
GoTaq DNA polymerase (Promega; 5 U/ul). PCR was performed with the
following conditions: 94°C for 3 min followed by 20 cycles (94°C for 30 's, 55°C for
30 s, and 72°C for 30 s) followed by 72°C for 7 min. PCR products were stored
at 4°C.

Microarray analysis. Cells were grown in YPD at an A4, of 1.0 to 1.2 and
treated with 20 pM 5FU for 1 h. Total RNA was isolated as previously described
(34). Affymetrix Yeast S98 arrays were used for expression profiling. Sample
labeling, hybridization, and scanning were conducted according to guidelines
from Affymetrix (Santa Clara, Calif.). Sample labeling involved oligo(dT)-
primed cDNA synthesis followed by transcription to yield single-stranded, bio-
tinylated RNA probes. Duplicate experiments were carried out for each strain
and condition, and the data were analyzed with GeneTraffic 3.1 (Iobion, La Jolla,
Calif.) and Excel (Microsoft Corp., Redmond, Wash.). Data were normalized to
the RRP6™/* data set for each duplicate group of RNA samples. Within each of
the two groups of array hybridizations, the total signal intensity from each chip
varied from the others by 3.2% or less, and so no corrections for signal intensity
were made. ACTI mRNA was chosen as a control for RT-PCR experiments used
to verify changes in RNA levels because its signal in the microarray analysis
changed by 2% or less in response to the r7p6 mutations and/or treatment with
SFU. The insensitivity of ACT1 mRNA to Rrp6p activity and SFU treatment was
verified by Northern blot analysis and will be discussed elsewhere.

Polyribosome analysis. Yeast polyribosome lysates were prepared from cells
grown to an Agyo of 1 to 2 at 30°C in YPD, and the lysates were separated by
ultracentrifugation through 15 to 50% sucrose gradients and analyzed as previ-
ously described (39).

RESULTS

5FU inhibits the growth of strains with exosome mutations.
Recent growth competition experiments indicated that yeast
strains heterozygous for deletions of genes encoding compo-
nents of the RNA processing exosome and several other genes
whose products play a role in 60S ribosome biogenesis exhibit
slowed growth in the presence of the antimetabolite SFU (15,
28). Specifically, strains heterozygous for deletions of RRPO,
RRP41, RRP46, and RRP44 grow more slowly than other het-
erozygotes in the presence of 2 uM 5FU. We directly tested
the effect of SFU on the growth of strains heterozygous for
each of the exosome genes, as well as CDC21, which encodes
TS, the predicted target of SFU (27). The results shown in Fig.
1 and summarized in Table 3 generally agree with the previous
findings with the exception that our test indicates modest sen-
sitivity of the RRP42"/~ heterozygote to 2 pM 5FU. The
CDC21"'~ strain did not appear to be sensitive to SFU under
these conditions, in agreement with its previously reported low
sensitivity to SFU (28).

We also tested RATI*~ and LRPI*/~ strains, neither of

which appeared to be sensitive to SFU. RAT! encodes a nu-
clear 5'-3' riboexonuclease involved in rRNA processing (20),
and LRPI (RRP47) encodes a protein involved in some aspects
of Rrp6p function (29, 35). Although the LRP1™/~ heterozy-
gote showed no sensitivity to SFU under these conditions, a
haploid deletion of the gene rendered the cells slightly sensi-
tive to SFU. These findings confirm that some, but not all,
exosome mutations render heterozygotes hypersensitive to
SFU. These results, as well as the previous findings, indicate

SCD SCD+ 2 uM SFU

RRPﬂ‘h{‘i‘ L S S i" M .'
RRP4+/-

RRP6+/~-
RRP41+/-
RRP42+/-
RRP43+/-
RRP44+/-
RRP45+/-
RRP46+/-
RRP47+/-
CDC21+/-

CSL4+/-

RATIH-

rrp6-/-
CBF5+/-

rrp6-A [ M-
Irpl-A LK

FIG. 1. 5FU-induced growth deficiency in various yeast strains.
Yeast strains were grown to an A4y, of 0.5 to 1.0, and 10-fold serial
dilutions were spotted onto synthetic complete plates containing 2%
dextrose (SCD) in the absence or presence of 2 uM 5FU. The plates
were incubated for 2 days at 30°C. All diploid strains contained Kan"
knockouts of the indicated genes in the background of the normal
(+/+) strain YSB2001. All haploid strains contained Kan" knockouts
of the indicated genes in the background of the normal (RRP6) strain
YSB1002.
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TABLE 3. Relative sensitivities of yeast heterozygotes to SFU

Growth” on:
Relevant genotype
SCD SCD + 2 uM 5FU
RRP6"™* +++++ +++++
RRP4*/~ +++++ +++++
RRP6"/~ +++++ ++
RRP41%~ +++++ +++
RRP42"/~ +++++ ++++
RRP43"/~ +++++ +++++
RRP44™/~ +++++ +++++
RRP45"/~ +++++ +++++
RRP46™/~ +++++ ++
LRPI"™ +++++ +++++
CSL4%/~ +++++ +++++
RATI"'~ +++++ +++++
mp6~ +++++ +++
CDC21"~ ++++ ++++
CBF5"/~ +++++ +++++
MAK21~ +++++ ++
NoOP4*~ +++++ ++
RRP6 +4++++ FH++++
11p6-A +++++ +++
Iip1-A +4++++ +4+++

¢ 4+, least growth; +++++, most growth.

that defects in the nuclear exosome component RRP6 cause
the greatest sensitivity to SFU (28).

5FU-treated cells accumulate polyadenylated rRNAs. To
gain a better understanding of the effects of SFU on RNA
metabolism in yeast cells, we compared duplicate experiments
that analyzed the abundance of RNAs in treated and untreated
strains by using the Affymetrix S98 microchip system. A strik-
ing feature of the microarray results is a significant increase in
signal from array probes sets corresponding to portions of the
rRNA locus (Fig. 2A). Because the oligonucleotide arrays
were probed with fluorescent RNAs generated by transcription
of cDNAs synthesized by oligo(dT) priming of reverse tran-
scriptase, the original transcripts from the treated strains must
carry poly(A) tracts to produce signals on the chips.

The rRNA locus of yeast is composed of the 5S rRNA gene,
transcribed by RNA polymerase 111, and the 18S, 5.8S, and 25S
genes, transcribed as a single pre-rRNA by RNA polymerase 1.
The Affymetrix S98 microarray chip uses a series of probe sets
to distinguish between transcripts produced from different re-
gions of this locus (Fig. 2A). Analysis of the signals from these
probe sets revealed a dramatic increase in TRNA levels in
response to SFU treatment that was significantly more pro-
nounced in RRP6*'~ cells than in RRP6™'* cells. As illustrated
in Fig. 2A, the results show a distinct polarity of the signals
coming from these probe sets. The chart shows that the most
significant increases in TRNA signal in response to SFU treat-
ment came from the 3’ half of the 25S rRNA region. This
polarity most likely reflects the inability of oligo(dT)-primed
reverse transcriptase to reach the end of the long poly(A)* 27S
rRNA template but may also partly result from the polarity of
degradation of these molecules (see below).

As an initial test of whether SFU induced the accumulation
of polyadenylated forms of 25S rRNA, we amplified such tran-
scripts by RT-PCR with an oligo(dT) primer and a primer
internal to 25S under nonsaturating PCR conditions and com-
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pared these with ACTI mRNA, which is unaffected by rp6
mutations and 5FU treatment. The result, shown in Fig. 2B,
supports the idea that SFU treatment enhances the levels of
rRNAs polyadenylated at the 25S rRNA 3’ end. DNA se-
quence analysis of 10 independent clones of these PCR prod-
ucts confirmed the presence of a poly(A) tail and showed that,
in 9 of 10 cases, polyadenylation occurred at the mature 3’ end
of 25S rRNA while in the remaining case it occurred one
nucleotide before the mature 3’ end. Since the sequence just 3’
of the mature end of 255 rRNA does not contain a stretch of
adjacent adenosines, it is unlikely that these products resulted
from reverse transcriptase priming at template-encoded ad-
enosines. Similar oligo(dT)-dependent RT-PCR experiments
with primers internal to 5S, 18S, and 5.8S rRNAs did not show
significant enhancement of the products by 5FU (data not
shown).

5FU causes accumulation of polyadenylated forms of 27S
rRNA in RRP6 mutants. We addressed directly the issue of
whether polyadenylated forms of 25S rRNA accumulate in
RRP6 mutants treated with SFU by analyzing rRNAs that bind
to oligo(dT)-cellulose with the use of Northern blots probed
with radiolabeled oligonucleotides spanning the 5.8S and 25S
regions of the rRNA locus (Fig. 3A). In this experiment, we
compared RRP6, RRP6™'~, and rrp6~'~ diploid strains treated
and untreated with SFU. Detection with an oligonucleotide
(OSB157) that hybridized to the internal transcribed spacer
region 2 (ITS2) just 3’ of the mature 3’ end of 5.8S rRNA
revealed 27S, 7S, 35S, and 32S pre-rRNAs that bind to oli-
go(dT) (Fig. 3). Consistent with the microarray results, the
levels of polyadenylated 27S pre-rRNA increased significantly
upon addition of 5FU to the RRP6"'* and RRP6™/~ cells (Fig.
3B, lanes 13 to 16). The homozygous deletion strain (77p6 ")
accumulated polyadenylated 27S rRNA in the absence of SFU,
and addition of the drug enhanced this effect (Fig. 3B, lanes 17
and 18). Small amounts of polyadenylated RNAs also ap-
peared in the 35S-32S region of the blots, suggesting that these
precursors may also accumulate as polyadenylated forms as a
result of deletion of RRP6 and addition of SFU. Polyadenyl-
ated 7S pre-rRNA showed a SFU-dependent pattern opposite
to that of 27S rRNA. Blots probed with OSB157 revealed that
the level of polyadenylated 7S RNA decreased in the presence
of SFU. This is consistent with previous results that showed
that SFU inhibits the accumulation of 7S and 5.8S rRNAs in
yeast, possibly by inhibiting early cleavage steps in rRNA pro-
cessing (28).

Hybridization of the same blot with an oligonucleotide that
hybridized near the 5’ end of mature 25S rRNA (OSB377)
(Fig. 3A) detected a similar pattern of accumulation of
poly(A)™ 27S rRNA (Fig. 3C, lanes 12 to 18). Due to the large
amounts of mature 25S rRNA in total RNA samples, various
amounts of this RNA carried over and were detected in the
bound fractions of the oligo(dT) separations (Fig. 3C and D,
lanes 13 and 15). Northern blot analysis with a probe carrying
21 T’s following the mature 3’ end of 25S rRNA (OSB380)
(Fig. 3A) revealed 27S rRNA, as well as numerous shorter
RNAs, in the poly(A)™ fractions. This probe was expected to
hybridize strongly to polyadenylated 27S rRNAs based on the
findings that such molecules accumulate in 77p6 '~ mutants
and that poly(A) is added to the mature 3’ end of 25S rRNA.
The fact that the oligo(dT)-containing probe OSB380 hybrid-
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FIG. 2. 5FU causes the accumulation of poly(A)* rRNAs. (A) Fold change in signal as a function of the microarray oligonucleotide probe set
specific for the rRNA locus from each of the indicated strains grown in YPD at 30°C and treated or untreated with 20 uM 5FU for 60 min. The
diagram below the chart represents the rRNA locus. The lines above represent the positions and lengths of sequence coverage of individual probe
sets on the Affymetrix S98 microarray chips. The arrows point to positions in the chart where the fold changes from the respective probe sets are
illustrated. (B) RT-PCR analysis of the levels of 27S rRNA from the indicated strains. Total RNA from each of the strains was reverse transcribed
using an oligo(dT) primer, followed by PCR for 20 cycles using oligo(dT) and OSB402 as primers. M, molecular weight markers.

ized more efficiently to oligo(dT)-selected 27S rRNA than to
25S rRNA, in contrast to OSB377, supports the idea that the
278 transcripts are poly(A)* and the 25S transcripts are not.
Comparison of the blots analyzed with the OSB157 and

OSB377 probes that hybridized near the 5’ ends of 27S rRNA
and 25S rRNA, respectively, with the hybridization pattern
revealed by OSB380 suggests the presence of rRNAs polyad-
enylated at the end of 25S and truncated at various positions
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FIG. 3. Ribosomal RNAs from SFU-treated strains bind to oligo(dT)-cellulose. (A) Simplified diagram of the processing of 35S pre-rRNA into
328, 278, and 7S pre-rRNAs. The diagram indicates the position to which the indicated oligonucleotide probes bind 27S pre-rRNA. T21, sequence
of 21 T’s following the 3’ end of OSB380. (B to D) Northern blot analysis of oligo(dT)-selected RNAs. Total RNA from the indicated strains
untreated or treated with 20 uM 5FU for 60 min was separated into unbound [poly(A)~ (A—)] and bound [poly(A)* (A+)] fractions and analyzed
by Northern blotting with the indicated radiolabeled oligonucleotide probes. Lanes 13 to 18 are shown once at the same exposure as that of lanes

1 to 12 (left) and again at a longer exposure (right panel).

upstream of the 3’ end. This pattern is consistent with the
polarity of hybridization seen in the microarray experiment
(Fig. 2A) and suggests that the polyadenylated 27S rRNAs may
undergo 5'-3" degradation.

rRNA processing defects cause accumulation of poly(A)™
278 rRNAs. Our findings suggest that SFU interferes with the
ability of the nuclear exosome to degrade poly(A)™* 27S rR-
NAs. However, since mutations in RRP6 lead to defects in
degradation of aberrant RNAs, as well as defects in rRNA
processing, it remained unclear whether poly(A)* rRNAs arise
from defects in rRNA processing alone. Accordingly, we asked
whether inhibition of rRNA processing independent of SFU
treatment leads to the accumulation of poly(A)* 27S rRNAs.
We employed an RT-PCR assay in which the level of poly(A)™*
27S rRNA detected was directly proportional to the amount of
DNase-treated total RNA added at the RT step of the assay
(Fig. 4A). Amplification of ACTI mRNA served as an internal
control for each sample.

First, we asked whether depletion of proteins required for
rRNA processing causes an increase in poly(A)™ 27S rRNA

levels. Strains with rRNA processing factors under control of
the tetO7 promoter were treated with doxycycline for 24 h to
repress transcription and allow depletion of the proteins. RNA
was extracted from these cells before and after depletion and
analyzed by Northern blotting for rRNA processing defects
and by RT-PCR for poly(A)* 27S rRNA (22). MAK21, NOP4,
RRP43, and RRP46 each encode proteins required for 60S
ribosomal subunit biogenesis, and diploids heterozygous for
deletions of these genes, with the exception of RRP43, exhibit
5FU hypersensitivity (12, 28, 30, 43) (Fig. 1). CBF5 and UTP20
encode factors required for efficient processing of pre-rRNAs
that form the 40S and 60S ribosomal subunits (22, 24). How-
ever, strains heterozygous for deletion of CBF5 (Fig. 1) or
UTP20 (15, 28) do not exhibit hypersensitivity to SFU. Deple-
tion of these gene products caused the expected defects in
rRNA processing as judged by Northern blot analysis with an
oligonucleotide probe that hybridized just downstream of the
mature 3" end of 5.8S rRNA (OSB157) (Fig. 3A). In the cases
of NOP4, RRP46, and UTP20, a clear defect in rRNA process-
ing occurred in the absence of doxycycline, suggesting that
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FIG. 4. Ribosomal processing mutations cause accumulation of poly(A)* 27S rRNAs. (A) RNA titration of the RT-PCR assay mixture.

Reverse transcription with an oligo(dT) primer was carried out with twofold

dilutions of DNase-treated total RNA from an rp6 ~/~ strain, followed

by PCR using primers OSB451 and OSB452 for ACTI mRNA and OSB402 and OSB379 for 27S rRNA. (B) RT-PCR analysis of DNase-treated

total RNA from the indicated strains. The top panel shows 2% agarose ge
shows a Northern blot of the same RNA samples. The blot was hybridized

I electrophoretic analysis of the RT-PCR products. The bottom panel
with OSB157. Strains producing RNA in lanes 1 to 14 were grown in

SCD at 30°C and treated with 10 wg of doxycycline/ml for 24 h before RNA isolation.

replacement of the native promoters with terO7 results in in-
adequate expression of the respective gene products. All of the
depletions tested resulted in the accumulation of polyadenyl-
ated 27S rRNA, which was enhanced by repression of expres-
sion by the addition of doxycycline (Fig. 4B).

Finally, we analyzed the effects of deletions of the nones-
sential RAI1 and LRPI genes, whose products play roles in 5'-
and 3’-end processing of 5.8S rRNA, respectively. Both dele-
tions caused the expected accumulation of 7S rRNA, and both
resulted in increased levels of poly(A)* 27S rRNA (Fig. 4B).
These findings suggest that the production of poly(A)™ 27S
rRNA may be a general result of the inhibition of rRNA
processing.

Evidence that SFU treatment inhibits the degradation ac-
tivity of Rrp6p. Rrp6p functions in the formation of the mature
3’ ends of 5.85 rRNAs and various snRNAs and snoRNAs and
in the degradation of aberrant rRNAs and mRNAs (3, 8, 44).
The rrp6-3 and rrp6-13 mutations partially separate the 3'-end
formation and degradation functions of Rrp6p (37). For ex-
ample, the rp6-A, rrp6-3, and rrp6-13 mutations all cause the
accumulation of a 5.8S pre-rRNA extended by 27 nucleotides
at its 3’ end, indicating defects in 5.8S 3’-end processing. How-
ever, while the m7p6-A and rp6-3 mutations abolish the degra-
dation of the rRNA 5’ external transcribed spacer fragment,

the r7p6-13 mutation has no effect and does not cause accu-
mulation of poly(A)™ snRNAs and snoRNAs (37). These find-
ings suggest that r7p6-13 strains are defective for the process-
ing, but not the degradation, functions of Rrp6p. Analysis of
the SFU growth sensitivities of strains carrying these mutations
revealed SFU sensitivity of the r7p6-3 strain comparable to that
of a strain with a deletion of RRP6 (Fig. SA). In contrast, the
rp6-13 mutant showed no growth defect under these condi-
tions. These results suggest that sensitivity to SFU requires a
defect in the degradation activity of Rrp6p.

SFU treatment caused the accumulation of an aberrant 5'-
and 3’-extended 5.8S rRNA that ended at the A, and C, sites
within ITS1 and ITS2, respectively (Fig. 3A). This product also
accumulated in mp6-A strains, in strains depleted of other
exosome components, and after SFU treatment in strains het-
erozygous for deletions of some exosome components (2, 28).
Strains heterozygous for deletions of RRP6, RRP41, RRP44,
and RRP46 all showed enhanced accumulation of A,-C, rRNA
in the presence of SFU compared to a normal strain (28). A
similar pattern resulted from SFU treatment of haploid rrp6
mutants (Fig. 5B). Northern blot analysis of RNA from rrp6-A
and rrp6-3 cells revealed the accumulation of A,-C, RNA and
a series of shorter RNA products (Fig. 5B, lanes 1 to 4). These
products must differ in the sites of their 3" ends since they were
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FIG. 5. 5FU inhibits degradation of rRNA. (A) Tenfold serial dilutions of strains with the indicated genotypes were incubated at 30°C on
SCD-URA-MET plates with or without the indicated amount of SFU. (B) Northern blot analysis of RNA from the indicated strains grown as
described for panel A with (+) or without (=) 20 wM 5SFU. The blot in the top panel was probed with OSB155 and the blot in the bottom panel
was probed with OSB151 for SCRI RNA. The positions of A,-C, RNA and SCRI RNA are indicated to the left of the panels.

detected by Northern blot analysis with an oligonucleotide
(OSB155) (Fig. 3A) complementary to the region just 3’ of the
A, site in ITS1. Addition of SFU caused the appearance of
these products in the normal and rp6-13 strains (Fig. SA, fifth
and eighth lanes). The drug also increased the level of the
A,-C, RNA in the mp6-A and rp6-3 cells but caused a relative
decrease in the levels of the shorter products (Fig. SA, sixth
and seventh lanes). Alternatively, the short RNAs we ascribe
to A,-C, may result from processing of other longer precur-
sors. Nevertheless, the observed increase in levels of A,-C,
RNA upon 5FU treatment suggests its stabilization by the
drug. Neither the mutations nor SFU treatment affected the
levels of SCRI RNA, as shown previously (28, 37). These
findings suggest that SFU treatment inhibits the 3'-5" degra-
dation of the A,-C, RNA.

SFU causes ribosome biogenesis and translation defects.
Previous experiments showed that S5FU treatment of an
RRP6™'~ strain causes the accumulation of rRNA processing
intermediates to a significantly greater degree than that seen in
a normal strain (28). Specifically, these strains accumulate 35S
rRNA, 27S rRNA, and A,-C, RNA. We analyzed polyribo-
some profiles from these strains to determine the extent to
which these changes affect the number of ribosomes and the
efficiency of translation in the presence of 5SFU. The RRP6™'*
and RRP6"/~ strains in the absence of S5FU yielded typical
polyribosome profiles showing 40S, 60S, and 80S ribosomes
and translating polyribosome peaks (Fig. 6A and C). Growth
of these cells in the presence of SFU dramatically altered these
profiles. Specifically, the sizes of the 60S and 80S peaks de-
creased significantly but the size of the 40S peaks remained
nearly the same as those for untreated cells (Fig. 6B and D).
This pattern indicates a decrease in the number of 60S ribo-
somes, suggests a defect in 60S biogenesis, and is consistent
with the observation that SFU causes defects in 25S and 5.8S,
but not 18S, rRNA production (28). While the effects of SFU
on the numbers of 80S and 60S ribosomes appear to be similar
in RRP6™'" and RRP6*'~ cells, the appearances of the poly-
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FIG. 6. SFU inhibits 60S ribosome formation. Strains with the in-
dicated genotypes were grown in the presence or absence (—) of 20
wM SFU at 30°C, and cell extracts were prepared in the presence of
cycloheximide. Extracts were separated by ultracentrifugation through
15 to 50% sucrose gradients, and the positions of ribosomes were
determined by continuous analysis of the absorbance at 254 nM and
are drawn in the figure using the same scale. The positions of the
polyribosomes, the 80S, 60S, and 40S ribosome subunits, and the
60S/40S ratio are indicated in each panel.

4= sedimentation
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ribosome portions of the profiles differ in a potentially signif-
icant manner. The heights of the largest RRP6™'~ strain poly-
ribosome peaks decreased more in relation to those of the
smaller polyribosomes upon SFU treatment than did the larg-
est RRP6™'* strain polyribosome peaks. This difference in
translation between the two strains may represent the basis for
the slower growth of RRP6™*/~ cells in the presence of SFU.

DISCUSSION

In this report we present evidence that the antiproliferative
antimetabolite SFU inhibits ribosome biogenesis and the abil-
ity of the nuclear exosome to degrade polyadenylated noncod-
ing RNAs. It was previously reported that SFU treatment
causes the accumulation of aberrant rRNA processing inter-
mediates and that heterozygosity for a deletion of the nuclear
exosome subunit Rrp6p enhances this defect (28). Several ob-
servations indicate that the accumulation of such products
results from inhibition of the degradation function of Rrp6p.
First, sensitivity of 7p6~ mutants to SFU requires a defect in
the degradation function of the exoribonuclease. A strain with
a mutation (r7p6-13) causing a partial defect in 3’-end process-
ing of 5.8S rRNA and snoRNAs, but no defect in degradation
of aberrant pre-RNAs such as A,-C,, grows as well as a normal
strain in the presence of SFU levels that inhibit the growth of
strains with r7p6-A and rrp6-3 mutations, which cause defects in
processing and degradation (Fig. SA). Moreover, in the rrp6-A
and m7p6-3 mutants, the pattern of A,-C, RNAs changes upon
addition of SFU such that the relative level of smaller degra-
dation products decreases and the level of full-length A,-C,
increases (Fig. 5B). These observations indicate that SFU
treatment exacerbates the defect in the degradation of the
aberrant A,-C, RNA caused by the rp6-A and rrp6-3 muta-
tions.

Finally, the microarray results revealed a significant increase
in the level of 27S rRNA in SFU-treated cells, indicating that
they accumulate polyadenylated forms of this rRNA. Our find-
ings suggest that these RNAs represent polyadenylated forms
of 27S pre-rRNA degradation intermediates. This conclusion
is supported by the detection of poly(A)™ 27S precursors by
Northern blot analysis and by the fact that shorter versions of
these RNAs are detected when analyzed with probes comple-
mentary to 3’ distal portions of 27S rRNA. The appearance of
these RNAs in untreated 77p6~/~ homozygotes and in het-
erozygotes treated with SFU implies that Rrp6p normally de-
grades these transcripts, presumably in concert with the rest of
the exosome. The truncated 27S pre-rRNAs all carry poly(A)
tails and hybridize to a probe complementary to the 3’ end of
25S rRNA. This indicates that their length heterogeneity re-
sults from hydrolysis upstream of the 3’ end. Thus, the role of
the exosome in limiting the levels of these aberrant pre-rR-
NAs, as well as their 5'-end heterogeneity, implies that the
transcripts are degraded in both the 5'-3’ and 3’-5 directions.
Whether the 5’ heterogeneity of these transcripts reflects exo-
or endonucleolytic cleavage remains unclear.

What then is the effect of SFU on rRNA processing in yeast?
The drug appears to cause a defect in ribosome biogenesis as
shown by the inability of treated cells to produce normal
amounts of 60S ribosomal subunits (Fig. 6). This effect is less
pronounced than that seen for an r7p6-A strain, which shows a
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dramatic decrease in the number of 60S ribosomes and a clear
formation of half-mer polyribosomes (4). Nevertheless,
RRP6™'* and RRP6™"'~ cells show a 35 and 33% decrease in
the 60S/40S subunit ratio, respectively, upon treatment with
SFU, consistent with a decrease in the rate of 60S formation.
The similarity of the effects in RRP6*'" and RRP6™'~ cells
suggests that inhibition of protein synthesis may not cause the
enhanced sensitivity of the heterozygote to SFU. The inhibi-
tion of 60S ribosome biogenesis caused by SFU treatment may
result from the previously reported SFU-dependent defects in
25S and 5.8S, but not 18S, rRNA processing and is similar to
that seen for other strains with mutations that affect 60S bio-
genesis (4, 28). We suggest that the imbalance in ribosome
production caused by 5FU results from direct defects in the
processing steps leading to maturation of 27S rRNA and/or
imbalances in ribosome assembly that shunt rRNA precursors
into a degradation pathway. Consistent with this model, mu-
tations causing a variety of defects in rRNA processing elevate
the levels of poly(A)" rRNAs (Fig. 5B). One step in such a
degradation pathway would catalyze polyadenylation of the
excess, or aberrant, pre-rRNAs, which may accelerate their
degradation. The major poly(A) polymerase Paplp is the most
likely candidate for polyadenylation of rRNAs, since inactiva-
tion of the enzyme in a papI-1 mutant inhibits polyadenylation
of such rRNAs in mp6-A strains (23). These polyadenylated
rRNAs would then be degraded by the exosome, possibly in
concert with the 5'-3" exoribonuclease Ratlp. This model re-
flects the mechanism of RNA degradation by the bacterial
degradasome, which is activated to degrade transcripts in a
3'-5'" direction by polyadenylation of the RNAs (9). Interest-
ingly, experiments have shown that high-level expression of
poly(A) polymerase in Escherichia coli leads to polyadenyla-
tion of rRNAs (31). Alternatively, polyadenylation of noncod-
ing RNAs may be a normal, very low efficiency process result-
ing from lack of Paplp specificity. In this case, the nuclear
exosome would routinely degrade aberrant molecules before
they accumulate to readily detectible levels.

At present the mechanism of inhibition of Rrp6p by SFU
remains unclear. Analysis of Rrp6p hydrolysis of synthetic
RNAs containing SFU in vitro indicates that the rate is not
decreased compared to that of normal RNAs and the addition
of SFU or SF-UTP to the assays has no effect (data not shown).
The fact that defects in other exosome components cause SFU
sensitivity suggests that detection of the effect of the modified
nucleotide may require the presence of the entire exosome.
Another possibility follows from the fact that the 5-fluoro sub-
stitutions in RNA can inhibit the conversion of uridine to
pseudouridine, a modification necessary for efficient TRNA
processing (24, 46). In this view, pre-rTRNAs containing SFU
would fail to be correctly processed, leading to their polyade-
nylation and degradation by the nuclear exosome. This model
predicts that heterozygosity of CBF5, the major rRNA
pseudouridylase, would lead to SFU sensitivity and that deple-
tion of Cbf5p would cause polyadenylation of rRNAs. How-
ever, although depletion of Cbf5p does cause accumulation of
poly(A)™ 27S rRNAs, 5FU treatment does not inhibit growth
of a CBF5™/~ strain, as previously shown by Lum et al. (28)
(Fig. 1). Moreover, we have not observed SFU sensitivity of a
tetO7-CBF5 strain treated with a range of doxycyline levels that
inhibit growth and rRNA processing (1 to 10 pg/ml) (Fig. 5B),
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nor have we observed SFU sensitivity of a ¢cbf5 D9SA mutant
known to be deficient in pseudouridylation of rRNAs (data not
shown) (24, 46).

The inhibition of rRNA processing by SFU may have signif-
icant implications for the drug’s role in cancer therapy. Several
experiments indicate that cotreatment with uridine, but not
thymidine, abolishes the cytotoxic effects of SFU, suggesting
that the drug’s effects reflect inhibition of RNA metabolism (5,
13, 26, 38). These effects appear to be mediated by p53 since (i)
administration of the drug causes apoptosis in p53*/*, but not
p537/~, intestinal epithelial cells (38) and (ii) drug-induced
depletion of ribonucleotides causes cell cycle arrest in a p53-
dependent manner in the absence of observable DNA damage,
suggesting that pS3 may act as a sensor of alterations in ribo-
nucleotide metabolism (26). Interestingly, a dominant-negative
version of the murine nucleolar Bopl gene inhibits rRNA
processing and induces G,/S arrest in a p5S3-dependent manner
(36, 41). Erblp, the yeast homologue of Bopl, interacts with
Yphlp, a yeast protein that binds the DNA replication origin
recognition complex, as well as with 60S preribosomal particles
(11). Mutations in Yphlp, as well as in Noc3p, another origin
recognition complex protein, cause defects in rRNA process-
ing, DNA replication, and cell cycle checkpoint control (47).
These and other findings gave rise to the hypothesis that nu-
trient deprivation, cellular insults, or DNA replication blocks
may activate a ribosome biogenesis checkpoint that inhibits or
slows the production of ribosomes until conditions improve
(11, 19, 40, 42). Likewise, conditions that block ribosome bio-
genesis may result in activation of checkpoints governing cel-
lular proliferation, thereby coordinating cell division and the
production of ribosomes (11, 19, 32, 40, 42). In this regard, the
SFU sensitivity of cells deficient in the exosome and other
rRNA processing components supports the idea that some of
the drug’s antiproliferative effects may reflect the inhibition of
rRNA processing.

In summary, this report provides evidence for an rRNA
degradation pathway that features polyadenylation of rRNA
precursors followed by degradation by the nuclear exosome.
Activation of this pathway may occur due to defects in rRNA
processing or treatment of cells with the anticancer, antime-
tabolite SFU, which appears to antagonize the ability of the
exosome to degrade polyadenylated rRNAs.
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