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Drugs for cancer therapy belong to different categories of
chemical substances. The cellular targets for the therapeutic
efficacy are often not unambiguously identified. Here, we
describe the process of ribosome biogenesis as a target of a large
variety of chemotherapeutic drugs. We determined the inhibi-
tory concentration of 36 chemotherapeutic drugs for transcrip-
tion and processing of ribosomal RNA by in vivo labeling exper-
iments. Inhibitory drug concentrations were correlated to the
loss of nucleolar integrity. The synergism of drugs inhibiting
ribosomal RNA synthesis at different levels was studied. Drugs
inhibited ribosomal RNA synthesis either at the level of (i) rRNA
transcription (e.g. oxaliplatin, doxorubicin, mitoxantrone,
methotrexate), (ii) early rRNA processing (e.g. camptothecin,
flavopiridol, roscovitine), or (iii) late rRNA processing (e.g.
5-fluorouracil, MG-132, homoharringtonine). Blockage of
rRNA transcription or early rRNA processing steps caused
nucleolar disintegration, whereas blockage of late rRNA proc-
essing steps left the nucleolus intact. Flavopiridol and 5-fluo-
rouracil showed a strong synergism for inhibition of rRNA proc-
essing. We conclude that inhibition of ribosome biogenesis by
chemotherapeutic drugs potentially may contribute to the effi-
cacy of therapeutic regimens.

Chemotherapeutic drugs (hereinafter drugs) are used for the
treatment of neoplastic diseases for more than 50 years. The
mode of action and specifically the therapeutic relevant targets
of many drugs, however, are often less defined. Recent studies
revealed that some drugs like 5-fluorouracil (5-FU),* which
were first assumed to interfere with DNA metabolism actually
act mainly on RNA metabolism (1-9). In fact an increasing
number of analyses identifies RNA metabolism as an important
target of cancer drugs.
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In a hallmark study, Rubbi and Milner (10) showed that accu-
mulation of the tumor suppressor p53 in UV- or drug-damaged
cells occurs only if nucleolar functions are affected. Local,
severe UV irradiation of the nucleoplasm could not stabilize
p53 accumulation. In contrast, UV damage in the nucleolus
induced a strong p53 response suggesting that the major sensor
controlling the stability and degradation of p53 is located in the
nucleolus, the place of ribosome biogenesis.

The stability of the p53 protein is controlled by the ubiquitin
ligase Mdm?2, which targets p53 to the proteasome for degrada-
tion. Strikingly, several ribosomal proteins, including L5, L11,
L23, and S7 proteins can bind and inactivate Mdm2 (11-14).
Conditional knockdown of these ribosomal protein genes pre-
vents Mdm?2 inactivation and p53 stabilization in 5-FU-treated
cells (15), consistent with the assumption that destruction of
nucleolar functions by 5-FU inhibits ribosome biogenesis and
results in liberation of ribosomal proteins followed by Mdm?2
inactivation and p53 stabilization. The inhibition of rRNA tran-
scription by knockout of the gene for the RNA polymerase I (Pol
I) transcription factor TIF-1A (16), by blockage of the tran-
scription factor UBF after microinjection of specific mono-
clonal antibodies (10), or by low concentrations (<5 nanomo-
lar) of actinomycin D (10), blocked transcriptional activity of
Pol I and consistently led to stabilization of p53. Likewise, the
inhibition of specific processing steps of rRNA, e.g. after knock-
down of genes required for maturation of 18 S and 28 S rRNA
results in p53 stabilization (17-21). Thus, functional ribosome
biogenesis is an essential prerequisite for inactivation of p53 in
proliferating cells. Inhibition of this process at the level of rRNA
transcription or rRNA maturation consistently leads to p53
accumulation, regardless of which level of the rRNA matura-
tion processes is affected.

Stabilization of p53 is a consistent response of cells treated
with classical chemotherapeutic drugs. The cellular signaling
pathways triggering the increase in p53 protein levels are often
not illuminated. We asked therefore, whether inhibition of
ribosome biogenesis could be the basis for p53 stabilization in
response to chemotherapy. To answer this question we studied
the potency of 36 drugs of different chemical categories to
interfere with ribosome biogenesis at the levels of transcription
and processing of rRNA.

EXPERIMENTAL PROCEDURES

Tissue Culture—Human 2fTGH fibrosarcoma cells were cul-
tured in Dulbecco’s modified Eagle (DME) complete medium
(Invitrogen) with 10% fetal bovine serum (PAA Laboratories) at
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37 °Cand 8% CO,. Cells were incubated with 36 different drugs
at increasing concentrations. All drugs were stored according
to the manufacturers’ instructions and freshly dissolved as
stock solutions in the solvents listed below. Prior to incubation,
drugs were diluted in phosphate-buffered saline (PBS) and
DME complete medium, resulting in 1-ml medium samples
with defined drug concentrations.

Calculation of Clinical Relevant Concentrations—Standard
clinical therapy protocols were used to translate commonly
used clinical doses into concentrations used in our experi-
ments. We are aware that this is a very simplified calculation in
respect to the often very different pharmacokinetic behavior of
many substances in patients. Nevertheless it will allow the com-
parison of ranges. The clinical doses are typically indicated as
[mg/m?]. To determine roughly the equivalent chemical con-
centration in [mol/liter], we considered a standard patient hav-
ing 70 kg distributed over 2 m> We calculated the maximal
chemical concentration of drug applied per day, using the
molar mass of each drug in [g/mol] and 70 liter-volumes/pa-
tient, which is equivalent to 70 kg body weight (see Table 1).

In Vivo Labeling of RNA and rRNA Analysis—For metabolic
labeling, 2 X 10° 2fTGH cells were grown in multiwell plates
with DME/10% FBS complete medium for 24 h. Subsequently,
cells were treated with increasing concentrations of drugs,
freshly dissolved in DME/10% FBS complete medium, for 2 h.
For phosphate depletion, DME/10% FBS complete medium was
replaced by phosphate-free DME/10% dialyzed FBS (Invitro-
gen), and cells were incubated in the presence of unchanged
drug concentrations for 1 h. Medium was then replaced by
DME/10%-dialyzed FBS medium containing 15 uCi/ml
[*’P]orthophosphate (Hartmann), and phosphate-depleted
cells were labeled for 1 h. Medium was again replaced by DME/
10% FBS complete, drug-containing medium, and total RNA
was isolated after 3 h using the PeqLab Gold total RNA kit
(PeqLab). RNA concentration was determined using a Biopho-
tometer (Eppendorf), and 1 ug of total RNA was separated on a
1% agarose-formaldehyde gel. After electrophoresis, 28 STRNA
amounts were controlled under UV light, and gels were placed
on Whatman paper and dried for 2 h at 80 °C under vacuum
suction. Dried agarose gels were exposed to regular x-ray films
(Kodak), and rRNA was visualized by autoradiography. A Phos-
phorImager (Fuji) was used for the quantification of signal
intensities.

Immunofluorescence Microscopy—Cells were grown on cov-
erslips with DME/10% FBS complete medium for 24 h, and then
incubated with several defined concentrations of drugs freshly
dissolved in DME/10% FBS complete medium for 6h. Cells
were washed in PBS and fixed with warm 3.7% paraformalde-
hyde for 4 min, permeabilized with PBS/Tween 0.04% for 7 min,
and unspecific binding was blocked with PBS/10% FBS for 2 h.
Nucleophosmin (NPM), Pescadillol (Pesl), and Fibrillarin
(Fib) were detected with a 1:2000 dilution of anti-NPM (Sigma,
B0556), a 1:1000 dilution of 8E9 anti-Pes1 hybridoma superna-
tant (18), and a 1:500 dilution of anti-Fib (Abcam, ab5821),
respectively. Primary antibodies were incubated overnight at
4 °C in a humidified chamber. After washing with PBS/Tween
0.04%, Cy3- (Jackson) or Alexa Flour 488- (Invitrogen) labeled
secondary antibodies were incubated at room temperature for
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FIGURE 1. Analysis of rRNA transcription and processing. A, inhibition of
rRNA transcription and processing by cytotoxic drugs in metabolic labeling
experiments. Cells were cultured with cytostatic drugs, phosphate-depleted,
and labeled with [*?P]orthophosphate as indicated. B, schematic of rRNA
processing in mammalian cells. ETS, external transcribed spacer; ITS, internal
transcribed spacer. C, total RNA was isolated, separated by agarose-formal-
dehyde gel electrophoresis and transferred to a Whatman paper. The signal
intensities of all detectable rRNA forms were quantified by phosphorimager
analysis. Lane 1 represents a schematic pattern of rRNA of cells with unaf-
fected rRNA synthesis, lanes 2—4 rRNAs of cells after inhibition of rRNA tran-
scription, early rRNA processing, or late rRNA processing.

2 h in a humidified chamber. Cells were washed with PBS/
Tween 0.04% again, and nuclei were counterstained with 0.1
pg/ml DAPI (Sigma) for 2 min. Prior to microscopy, cells were
treated with Vectashield mounting medium (Vectalabs). Digi-
tal images were acquired using the Openlab acquisition soft-
ware (Improvision) and a microscope (model Axiovert 200 m;
Carl Zeiss Microlmaging, Inc.) with a 100X (1.30) plan oil
objective connected to a 5 charge-coupled device camera
(model ORCA-479; Hamamatsu). Exposure times: Cy3 10150
ms, Alexa Flour 488: 50700 ms, DAPIL: 5-12 ms.

Western Blot Analysis—Cells were washed in PBS and lysed
in warm SDS-loading buffer (50 mm Tris-HCI, 100 mum dithio-
threitol, 2% SDS, 0.1% bromphenol blue, and 10% glycerol).
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FIGURE 2. Cytostatic drugs inhibit rRNA transcription and processing. A-D, cytostatic drugs cisplatin, oxaliplatin, doxorubicin, and mitoxantrone inhibited
transcription of rRNA genes. Specific inhibition was demonstrated by a fast and complete decrease of the 47 S/45 S rRNA signal within a small range of
concentrations. The signals of the intermediate and mature rRNA forms downstream of the 47 S/45 S transcript decreased concomitantly indicating that rRNA
processing is not primarily affected. E-H, cytostatic drugs DRB, roscovitine, MG-132, and homoharringtonine inhibited rRNA processing at various levels. DRB
and roscovitine inhibited the occurrence of the 32 S rRNA indicative for inhibition of early processing steps. MG-132 and homoharringtonine inhibited the
occurrence of the 18 S and 28 S rRNAs indicative for inhibition of late rRNA processing steps. Green bars indicate mean body concentrations for clinical
applications. Ethidium bromide (EtBr)-stained 28 S rRNA served as loading control. Control 1, water; control 2, solvent with highest concentration; control 2*, 1%
ethanol; control 3, 0.125% ethanol. /, quantification of signals by phosphorimager, controls were set as 100%.
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TABLE 1
Effect of cytostatic drugs on rRNA synthesis and nucleolar integrity

Inhibition of Ribosome Biogenesis by Chemotherapy

Substances are divided into nine classes. The mode and the efficiency of rRNA synthesis inhibition are depicted together with the potential of drug-mediated nucleolar
phenotype induction. Transcription: inhibition of the 47 S rRNA; early processing: inhibition of 32 S rRNA precursor; late processing: inhibition of mature 28 S and 18 S
rRNA. “Caps,” “spots,” and “necklace” indicate nucleolar protein translocation phenotypes. The inhibitory effect of drugs on rRNA synthesis was rated as follows: (—) little
or no effect <50%; (+) 50-90% inhibition; (++) >90% inhibition; (+ + +) >90% inhibition occurs with 4 or less doublings of concentrations. The concentrations relevant
to inhibit rRNA synthesis with 50 and 80% (IC;,/ICy,) efficiency are shown and compared to the mean clinical concentrations applied per kg body mass, roughly calculated

as described under “Experimental Procedures.”

Class Substance Inhibition of Nucleolar Concentration
rRNA synthesis phenotype range
Transcription Early Late Nucleoplasmatic translocations IC50/1C80 mean conc./
pr ing processing NPM Pes1 Fib [uM] kg body mass
Alkylating Busulfan - - - - - - - 0.03-0.46
agents Chlorambucil - - - - - - - 164 - 657
Melphalan + - - - - - 7517195 0.75-18.7
Nimustine - - - - - - - 9-10.5
Cyclophosphamide - - - - - - - 5.12-102
Cisplatin 4+ - - e caps caps 30/55 140-19
Oxaliplatin +++ - - +++ caps caps 16/3 72-93
Dacarbazine - - - - - - - 31.4-133
Thio-TEPA - - - - - - - 1.8-22.6
Intercalating Doxorubicin +++ - - e caps caps 03/04 22-77
agents Mitoxantrone +++ - - + spots caps 0.65/0.80 0.55-0.77
Actinomycin D ++4 - - 44 caps caps 0.002/0.004 0.006 - 0.046
Mitomycin C ++ - - + caps caps 30/75 0.85-1.71
Antimetabolics Methotrexate ++4+ - - 44 caps caps 02/04 1.26-314
6-Mercaptopurine - - - - - - - 13.1-18.8
6-Thioguanine - - - - - - - 12.8-34.2
Fludarabine - - - - - - - 2-3
5-Fluorouracil - - +++ - - - 10/15 165 - 571
Cytarabine - - - - - - - 1.20 - 352
Hydroxyurea - - - - - - - 188 - 376
Topoisomerase Etoposide - - + +++ spots caps 300/ 600 24-243
inhibitors Camptothecin + +++ - + caps - 08/15 0.29-29
Irinotecan - - - - - - - 5.7-16
Mitosis Vinblastine - - + - - - 35175 125 - 566
inhibitors Paclitaxel - - - - - - - 2.67 - 6.68
Kinase DRB - +++ - + spots necklace 10/25 -
inhibitors Flavopiridol - +++ - 4+ caps necklace 0.13/0.20 0.007-3.3
Rapamycin + - - - - - 40/ - 0.016 - 0.203
Roscovitine - +++ - +++ spots necklace 45/57 0.004 -2
Sorafenib/Nexavar - - - - - - - 1.88 - 22.6
HDAC Vorinostat/SAHA - - - - - - - 8.1-48.7
inhibitors Trichostatin A - - - - - - - 33.1
Proteasome MG-132 - - ++ - - - 3.2/15 -
inhibitors Bortezomib - - + - - - 0.1/- 0.1
Translation Cycloheximide - - +++ - - - 0.8 /3.2pg/ml -
inhibitors Homoharringtonine - - +++ - - - 0.009/0.036 0.08

Total cell lysates were sonicated, heated, separated on
10-12% SDS-PAGE gel, and blotted on nitrocellulose mem-
branes (GE Healthcare). Immunodetection was performed
with anti-Pesl (8E9) and anti-p53 (DO-1 Santa Cruz Bio-
technology, sc-126) antibodies, horseradish peroxidase-la-
beled secondary antibodies.

RESULTS

Analysis of rRNA Transcription and Processing—The impact
of chemotherapeutic drugs on ribosome biogenesis was
studied in the human sarcoma cell line 2fTGH. To measure
the impact of drugs on transcription and processing of
ribosomal RNA (rRNA) simultaneously, cells were metabol-
ically labeled with [**P]orthophosphate along the protocol

APRIL 16, 2010+VOLUME 285+NUMBER 16

depicted in Fig. 1A. The primary 47 S rRNA transcript is first
processed into intermediate products and finally into the
mature 18 S, 5.8 S, and 28 S rRNAs (Fig. 1B). This process
becomes apparent, if labeled total RNA is separated by gel
electrophoresis and visualized by autoradiography. The
amount of label incorporated into individual fragments was
determined for the primary 47 S transcript, the 32 S major
intermediate form, and for the mature 18 S and 28 S rRNAs
by phosphorimager analysis (Fig. 1C). Precursor and mature
rRNAs were sufficiently labeled when cells were pulsed for
1 h followed by a 3 h chase (supplemental Fig. S1, lane 5).
Reduced incorporation rates into the 47 S rRNA were inter-
preted as inhibition of rRNA transcription (Fig. 1C, lane 2).
Reduced amounts of label in the 32 S rRNA and rRNAs
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for mitoxantrone. The strong inhib-
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6-dichloro-1-B-p-ribofuranosylben-
zimidazole), roscovitine, MG-132,
and homoharringtonine blocked
processing of rRNA at different lev-
els (Fig. 2, E-H). DRB and roscovi-
tine, inhibitors of cellular kinases,
blocked early rRNA processing
steps. DRB and roscovitine inhib-
ited the occurrence of the 32 S
rRNA at concentrations of >12 um
and >6 uwMm, respectively (Fig. 2, E
and F), whereas the signal intensity
of the primary 47 S rRNA was only
marginally or not affected. The pro-
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0% tions >6 uM, and at higher concen-
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rRNA (Fig. 2G). A similar inhibitory

328
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profile was observed for homohar-

ringtonine, an inhibitor of transla-
tion (Fig. 2H).
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All together, the impact of 36
substances on rRNA synthesis was

s T o O o S

1.2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

separated by gel electrophoresis. 47 S rRNA precursor and 28 S rRNA stained
ties determined by phosphorimager. Signals in lane 5 were set as 100%.

downstream thereof were interpreted as inhibition of early
rRNA processing steps (lane 3) and reduction of only 28 S
and 18 S rRNA as inhibition of late rRNA processing steps
(lane 4).

Inhibition of rRNA Transcription by Chemotherapeutic
Drugs—Cisplatin, oxaliplatin, doxorubicin, and mitoxantrone
strongly inhibited transcription of rRNA genes. Labeling of the
47 S rRNA precursor was entirely blocked by these substances.
The signals for the intermediate and mature rRNAs disap-
peared concomitantly, indicating that rRNA processing was
not directly affected (Fig. 2, A-D).

In detail, the drugs were titrated from nanomolar to micro-
molar concentrations. Half-maximal inhibition of rRNA syn-
thesis was detectable at concentrations >50 um for cisplatin,
>3 uM for oxaliplatin, >0.4 uMm for doxorubicin, and >0.8 um
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FIGURE 3. Inhibition of rRNA processing does inhibit production of 47 S rRNA precursor. A, cells were
pulse-labeled for 1 h and chased for various periods of time as indicated. B, autoradiography of labeled rRNAs

0% studied (Table 1). Ten substances

inhibited rRNA transcription, four
early rRNA processing steps, and
seven late rRNA processing steps
(for further details, see supplemen-
tal Fig. S2). We conclude that chemotherapeutic drugs can
inhibit ribosome biogenesis at the levels of (i) rRNA transcrip-
tion, (ii) early rRNA processing, and (iii) late rRNA processing.

Does Inhibition of rRNA Processing Feedback to rRNA
Transcription?—Short pulse labeling for 15-60 min in the
presence and absence of flavopiridol or 5-FU revealed a sim-
ilar labeling index for the 47 S rRNA, whereas labeling of 47 S
rRNA was entirely blocked by doxorubicin (supplemental Figs.
S3 and S4). To rule out that the block in rRNA processing by
flavopiridol and 5-FU can feedback and block the Pol I tran-
scriptional machinery, as recently reported for demethylated
ribosomal gene loci (22), long term kinetic experiments were
performed. Cells were pulse-labeled for 1 h and chased for 21
and 27 h. After this period, label was detectable in the mature 18
S and 28 S rRNAs in control cells, but no longer in the 47 S

QsE

by EtBr. C, relative signal intensi-
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FIGURE 4. Inhibition of rRNA transcription and early rRNA processing, but not late rRNA processing induces nucleoplasmic translocation of NPM.
A, methotrexate inhibited transcription of rRNA; B, flavopiridol early rRNA processing steps; C, 5-fluorouracil late rRNA processing steps. A panel of
concentrations with increasing inhibitory activity (blue box) was analyzed in parallel for NPM translocation to the nucleoplasm and the ratio of 32 5/28
S rRNA.
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rRNA precursor (Fig. 3). In contrast, label in the 47 S rRNA
precursor was still present in flavopiridol and 5-FU-treated
cells after a chase of 27 h. This observation suggests a process-
ing block. Importantly, we also noticed an accumulation of the
47 S rRNA precursor in the EtBr-stained gel 21 and 27 h after
chase. The increase of steady-state 47 S rRNA levels is a clear
indication for ongoing Pol I transcription in flavopiridol- and
5-FU-treated cells.

Inhibition of rRNA Transcription and Early rRNA Processing
Steps, but Not of Late rRNA Processing Steps, Coincides with the
Loss of Nucleolar Integrity—Various substances have been
reported to affect ribosome biogenesis and nucleolar integrity
(23, 24). After defining three different levels for inhibition of
ribosome biogenesis by chemotherapeutic drugs, we asked to
which extent does inhibition of rRNA synthesis at different lev-
els contribute to disintegration of nucleolar structures? For this
purpose, we treated cells with methotrexate, flavopiridol, and
5-fluorouracil, which inhibit ribosome biogenesis at the level of
transcription, early rRNA processing, and late rRNA process-
ing, respectively (Fig. 4, A-C). For each substance the critical
concentration range for inhibition was determined (blue box)
and applied for experiments, in which the translocation of
NPM from the nucleolus into the nucleoplasm was studied (Fig.
4, right panels). Control cells show a preferred localization of
NPM in the nucleolus, which steadily diminished, if cells were
treated with increasing concentrations of methotrexate or fla-
vopiridol (Fig. 4, A and B). Completion of the nucleoplasmic
translocation of NPM coincided with either the complete inhi-
bition of rRNA transcription or the complete inhibition of the
occurrence of the 32 S rRNA precursor. In contrast, the com-
plete inhibition of late processing steps by 5-fluorouracil did
not provoke the translocation of NPM into the nucleoplasm
(Fig. 4C). For further results see also supplemental Fig. S5.

Transcription and Early Processing Steps of rRNA Are Essen-
tial for Maintenance of Nucleolar Integrity—T o verify whether
inhibition of rRNA transcription and early processing steps, but
not late processing steps, lead to disintegration of the nucleolar
structure we extended the analysis to all 36 substances and the
nucleolar factors fibrillarin (Fib) and pescadillo (Pes1), which
are involved in early and late rRNA processing steps. Treatment
of cells with substances that inhibit transcription and early
processing of rRNA all resulted in translocation of NPM into
the nucleoplasm (Fig. 5 and supplemental Figs. S6 and S7). The
same substances affected also the localization of Pes1 and Fib,
which translocated into nuclear spot and nucleolar cap struc-
tures (Fig. 5 and supplemental Fig. S6). Divergent from these
phenotypes, the kinase inhibitors DRB, roscovitine, and fla-
vopiridol, which all inhibited early rRNA processing steps,
induced necklace structures for Fib (Fig. 5, F and G and
supplemental Fig. S6H). Inhibitors of late rRNA processing
steps, MG-123, homoharringtonine, cycloheximide, and 5-flu-
orouracil apparently did not induce an altered nucleolar local-
ization of NPM, Pesl, and Fib (Fig. 5, H and I and
supplemental Fig. S6, G and J). The nucleolar integrity was
maintained for drugs without inhibitory activity on ribosome
biogenesis (supplemental Fig. S7).
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FIGURE 5. Inhibition of rRNA transcription and early rRNA processing, but
not late rRNA processing alters the nucleolar localization of NPM, Pes1
and Fib. Cells were treated with inhibitory concentrations of drugs for 6 h,
fixed, and cellular localization of the nucleolar proteins nucleophosmin
(NPM), pescadillo (Pes1), and fibrillarin (Fib) was determined after immuno-
chemical staining with specific antibodies. Nucleoplasmic translocation of
NPM is indicated by an arrow, nucleolar cap structures by arrowheads, and
necklace structures by a star. PhC, phase contrast. Pictures for PhC, DAPI, and
NPM are taken from the same cell.

Synergistic Inhibition of rRNA Processing by Flavopiridol and
S-Fluorouracil—Having defined different inhibitory levels for
production of rRNA, we asked, if chemotherapeutic drugs
might synergize in their inhibitory activity. Therefore, we
titrated increasing concentrations of flavopiridol and 5-FU, two
drugs, inhibiting early and late processing steps of 28 S rRNA.
The levels of 28 S rRNA were reduced to 0.19-fold by 25 um
5-FU (Fig. 6, A and B, lane 4) and to 0.30-fold by 150 nm fla-
vopiridol (Fig. 6, A and B, lane 7). The combination of both
drugs reduced the levels of 28 S rRNA further to 0.06-fold (Fig.
6, A and B, lane 22), suggesting that both substances might act
additively in inhibition of rRNA processing. The same additive
effect was seen when cells were treated with 50 um 5-FU (lane
5), 300 nm flavopiridol (lane 8), or a combination of both (lane
23). The result indicates that 5-FU and flavopiridol block two
different maturation steps for 28 S rRNA, which are uncoupled
from each other. This may establish the basis for a combinato-
rial analysis of more substances presented in this study.

The strength of inhibition of rRNA processing correlated
with the level of p53 induction (Fig. 64). It is important to note
in this context that the accumulation of p53 did not inhibit
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FIGURE 6. 5-Fluorouracil and flavopiridol have additive inhibitory effects on rRNA processing. A, cells
were treated with 5-FU and FL alone or in combination for 6 h as indicated. Maturation of 28 S rRNA is additively
inhibited by 5-FU and FL (filled arrowheads). Levels of p53 induction are determined by Western analysis.
EtBr-stained 28 S rRNA and Pes1 served as loading controls. B, quantification of the label of 28 S rRNA signals of
A reveals additive inhibition of 28 S rRNA maturation by 5-FU and FL. Signal intensities were determined by
phosphorimager and plotted as relative signal intensity normalized to control lane 1.

transcription of rRNA genes and labeling of the 47 S rRNA
precursor. An inhibitory effect of p53 on Pol I transcription has
been suggested earlier (25, 26).

DISCUSSION

The identification of the cellular targets of chemotherapeutic
drugs is an important challenge for the improvement of therapy
regimens in the future. Previous molecular and biochemical
approaches have characterized a number of potential molecu-
lar targets, but were faced with the limitation that these analy-
ses are usually not comprehensive. In addition, many drugs
have an impact on a variety of cellular structures and enzymatic
activities and affect cellular processes such as ribosome biogen-
esis at multiple levels and often indirectly. Moreover, if a cellu-
lar target has been identified for a specific drug at the molecular
level the relevance of this target for the therapeutic use could
often not ultimately be determined. The lack of a general over-
view for a cellular system has recently been overcome in yeast:
the yeast fitness data base describes the impact of chemother-
apeutic drugs on cell viability dependent on the genetic back-
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library of Saccharomyces cerevisiae
haplo-deficient strains was studied
in response to different kinds of
stresses by chemotherapeutic drugs,
including 14 drugs investigated in
our study. The rational of this
approach is the identification of cel-
lular targets (genes) or pathways
with high sensitivity to a specific
drug. The results obtained in yeast
are useful for the identification of
cellular targets in mammalian cells,
because many cellular processes of
DNA, RNA, and protein metabo-
lism, as well as the factors involved
are conserved between yeast and
mammals. The identification of
pathways affected in yeast should
help to clarify the relevant pathways
in mammals.

5-FU is a potent chemotherapeu-
tic drug described as an inhibitor of
the enzyme thymidylate synthetase.
Inhibition of this enzyme leads to a
depletion of dTTP pools accompa-
nied by a misincorporation of
deoxyuridine into newly synthe-
sized DNA and irreversible DNA
damage. The effects of 5-FU on
DNA synthesis have been charac-
terized in detail (29-32). However,
mounting evidence indicates that
5-FU also has important effects on
RNA metabolism that contribute
significantly to the toxicity of the
drug. Incorporation of 5-FU into
RNA inhibits rRNA processing,
post-transcriptional modification of tRNA, rRNA, and
snRNA as well as mRNA splicing (2—-9). 5-FU-marked RNAs
inhibit pseudouridylation, the most abundant post-tran-
scriptional modification of noncoding RNA, and are target of
exosome-mediated degradation (33). Interestingly, haplo-
insufficiency of several components of the exosome, namely
MTR3, Rrp4, Rrp6, Rrp42, and Rrp46, make yeast strains
extremely sensitive to 5-FU (27), suggesting that exosome-
linked processes are the major cellular targets of 5-FU in
terms of its growth inhibitory and cytotoxic behavior in
yeast. This is in line with the observations that yeast cells
with a functional knock-out of the exosome accumulate huge
amounts of unprocessed rRNAs in response to 5-FU (34),
and that 5-FU enhances exosome-dependent accumulation
of polyadenylated ribosomal RNA in a discrete domain
within the nucleolus (2). Because inhibition of rRNA proc-
essing triggers inhibition of p53 degradation, the cellular
response to 5-FU consistently involves the stabilization of
p53. Disruption of p53 in vitro and in vivo renders cells strik-
ingly resistant to the effects of 5-FU (1).
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Whereas there is ample evidence in the literature for target-
ing of RNA metabolism by 5-FU, this question has not fully
been addressed for substances like oxaliplatin, doxorubicin,
mitoxanthrone, methotrexate, or actinomycin D, which all
inhibited the synthesis of the 47 S rRNA precursor. Several of
these substances have been studied in haplo-insufficient yeast
strains (27, 28). Unexpectedly, yeast strains haplo-insufficient
for genes of RNA metabolism including several subunits of the
exosome, but also essential factors for the formation of 90 S
preribosome as well as nucleolar RNA helicases, displayed a
particular high sensitivity to these drugs. Again, this observa-
tion identified the nucleolus and ribosome biogenesis as the
cellular process with the highest sensitivity toward chemother-
apeutic drugs. But how can the exosome be a critical factor for
substances, if the production of the 47 S rRNA precursor is
blocked? A recent study showed that actinomycin D, a global
inhibitor of transcription, does not block cellular transcription
entirely. In exosome-depleted cells, high levels of upstream
promoter transcripts have been reported to accumulate in the
presence of Actinomycin D (35). Thus, an imbalance of the
RNAs produced could render cells particular dependent on
exosome function after treatment with actinomycin D.

Besides rRNA transcription, and late rRNA processing steps,
chemotherapeutic drugs could also inhibit the early rRNA
processing steps required for the production of the 32 S rRNA
precursor. Several kinase inhibitors could specifically block the
processing of the internal transcribed sequence 1 (ITS1, see Fig.
1) without having a detectable effect upstream on the produc-
tion of the 47 S rRNA. The targets of these inhibitors involve
several cyclin-dependent kinases, which are critical for RNA
polymerase II-dependent gene expression. Thus, the effect of
these inhibitors on early rRNA processing could be indirect.
However, inhibition of protein synthesis by cycloheximide
(supplemental Fig. S2I) had only a little effect on rRNA tran-
scription and early rRNA processing steps, supporting the
notion that short-lived proteins are not critical downstream
targets of the applied kinase inhibitors. The kinase inhibitors
used in our study have not yet been tested in the yeast fitness
data base. However, treatment of haplo-insufficient yeast
strains with 5-FU or methotrexate identified the kinases CMK1
and YCK2 (25). Mammalian homologues of CMK1 and YCK2
are glycogen synthase kinase 3 (GSK3) and casein kinase 1,
respectively. Interestingly, roscovitine and flavopiridol are cur-
rently used in clinical trials as CDK/GSK3 inhibitors for the
treatment of renal cell carcinoma (36) and high risk chronic
lymphatic leukemia patients (37).

In our study, we identified different cellular levels of rRNA
synthesis as targets for inhibition by chemotherapeutic drugs.
This raised the question, whether combinations of drugs were
able to inhibit rRNA synthesis synergistically. We tested two
drugs, which affected rRNA processing at different levels. Fla-
vopiridol inhibited the formation of the 32 S rRNA precursor,
while 5-FU specifically inhibited the formation of the mature 28
S and 18 S rRNAs. The flow diagram in Fig. 1 suggests that the
formation of the 32 S rRNA is a major intermediate form of the
processing cascade and appears to be a prerequisite for the for-
mation of the 28 S rRNA. Surprisingly, flavopiridol and 5-FU
inhibited the formation of the 28 S rRNA additively, suggesting
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that the flowchart in Fig. 1C does not necessarily reflect the
quantitative order of processing steps in vivo. The flowchart
may depict the stability of processing intermediates rather than
their quantitative importance for the entire rRNA processing
process. Otherwise, a plausible explanation for the synergism is
difficult to achieve. An explanation could be that flavopiridol is
inhibitory for the proper 3'-end processing of the 28 S rRNA
while 5-FU inhibits the proper formation of the 5’'-end of 28 S
rRNA. Alternatively, the drugs act additively simply because
neither drug gives absolute inhibition at the concentration
tested, and the fractional decrease from one drug is maintained
in the presence of the other. Thus, our assay does not only
identify the cellular levels for action of drugs, but also may allow
the testing for their synergism.

In conclusion, we have identified a large panel of chemother-
apeutic drugs with an inhibitory effect on ribosome biogenesis.
These drugs inhibit either the production (transcription) of the
47 S rRNA precursor or different processing steps further
downstream. The question, whether the drugs used in our
study act as direct inhibitors of distinct steps of ribosome bio-
genesis has not been addressed. Many effects are probably
indirect.

Combinations of drugs, like oxaliplatin/5-FU, methotrexate/
5-FU, are currently used in protocols for the treatment of vari-
ous forms of cancer. Whether these drugs also act synergisti-
cally in therapeutic regimens iz vivo is unknown and has to be
clarified. The utilization of the yeast fitness data base identified
the RNA metabolism, and in particular rRNA synthesis, as a
major target of many chemotherapeutic drugs. If this holds true
for cancer cells, the question arises: how important is the geno-
toxic activity of many drugs for their therapeutic efficacy? If the
therapeutic efficacy is achieved mainly via the RNA metabo-
lism, as already proven for 5-FU, the screen for new substances
with less genotoxic activity can even be considered for inhibi-
tion of the RNA metabolism, with a focus on rRNA synthesis.
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