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High concentrations (> 100 uM) of the ribonucleoside analog 4-thiouridine (4sU) is widely used in methods for RNA
analysis like photoactivatable-ribonucleoside-enhanced crosslinking and immunoprecipitation (PAR-CLIP) and nascent
messenger (m)RNA labeling (4sU-tagging). Here, we show that 4sU-tagging at low concentrations < 10 uM can be used
to measure production and processing of ribosomal (r)RNA. However, elevated concentrations of 4sU (> 50 uM), which
are usually used for mRNA labeling experiments, inhibit production and processing of 47S rRNA. The inhibition of rRNA
synthesis is accompanied by nucleoplasmic translocation of nucleolar nucleophosmin (NPM1), induction of the tumor
suppressor p53, and inhibition of proliferation. We conclude that metabolic labeling of RNA by 4sU triggers a nucleolar
stress response, which might influence the interpretation of results. Therefore, functional ribosome biogenesis, nucleolar
integrity, and cell cycle should be addressed in 4sU labeling experiments.

Introduction

Metabolic pulse labeling of nascent RNA is a powerful
approach to assess the kinetics of RNA metabolism. There
are several approaches to measure production, processing, and
turnover of nascent RNA. First, labeling experiments of nascent
RNA with radioactive uracil *H or C), methyl-methionine
(*H), or phosphoric acid (**P) allow direct autoradiographic
analysis of highly abundant transcripts such as ribosomal (r)
RNAs or transfer (RNAs."? Second, nascent RNA synthesis
can alternatively be analyzed by 5-bromouridine (5-BrU)
labeling. 5-BrU allows non-radioactive detection of less abundant
transcripts like pre-messenger (m)RNAs. However, issues with
cell permeability may restrain 5-BrU labeling to certain cell types
and tissues. Detection of 5-BrU-labeled transcripts is based on
the recognition of antibodies. More recently, activated uridine
analogs like 4-thiouridine (4sU) or 5-ethynyluridine (5-eU)
have been used to measure nascent RNA synthesis.>* Labeling
with activated uridine analogs enables analysis of nascent RNA
synthesis and metabolism at single nucleotide level with high
sensitivity, and is applicable to a broad range of RNA species.
For example, combination of 4sU labeling with crosslinking and
precipitation (CLIP) can identify binding sites of cellular RNA-
binding proteins.’

We could recently show that the incorporation of the uridine
analog 5-fluorouridine (5-FU) into nascent rRNA inhibits rRNA
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processing.® A complete block of rRNA processing was achieved
at concentrations > 100 pM. Here we show that 4sU treatment
of cells inhibits rRNA synthesis and nucleolar function in a con-
centration-dependent manner. While concentrations of = 10 pM
4sU are sufficient for labeling and purification of nascent IRNA
without significantly affecting rRNA synthesis, concentrations =
50 pM 4sU strongly inhibit production and processing of rRNA.
With regard to the high concentrations of 4sU required for cur-
rent RNA labeling protocols and the high sensitivity of rRNA
synthesis to 4sU, we conclude that 4sU itself has a strong impact
on rRNA metabolism of cells and can influence the outcome and
interpretation of experiments

Results

Measurement of rRNA production and processing by
4sU-tagging

Nascent RNA labeling with uridine analogs like 4-thiouridine
(4sU) allows global quantification of gene expression and kinetic
analysis of RNA production, processing, and degradation at
nucleotide resolution.”® Most 4sU labeling approaches focus on
the metabolism of mRNAs and neglect rRNA synthesis, which
comprises up to 70% of total RNA metabolism.” In rRNA
synthesis, a 47S rRNA primary transcript is produced by RNA
polymerase (RNAP)I and subsequently processed to various
intermediate (32S, 12S) and three mature (18S, 5.8S, 28S)
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Figure 1. Analysis of rRNA synthesis by 4sU-tagging. (A) Transcription and processing of rRNA. The polycistronic transcription unit encodes a 47S pre-
cursor rRNA containing 5' and 3' external transcribed spacers (5'ETS, 3'ETS), internal transcribed spacers 1 and 2 (ITS-1, ITS-2), and 18S, 5.8S, and 28S
rRNAs. The 47S rRNA undergoes a cascade of endonucleolytic cleavages (scissors) and exonucleolytic degradation steps. (B) Metabolic in vivo double-
labeling workflow. 2fTGH cells were pre-labeled with [*?P]-ortho-phosphate for one hour, 4sU (10 uM) was added as indicated, total RNA was prepared,
4sU-tagged RNA was biotinylated and separated from untagged RNA by streptavidin-coated magnetic beads. (C) Comparison of *P labeling and 4sU-
tagging approaches for the analysis of rRNA synthesis. 2fTGH cells were seeded and cultured overnight. Nascent RNA was prepared as indicated in (B).
Total or 4sU tagged RNA was separated by agarose gel electrophoresis and analyzed by autoradiography and ethidium bromide (EtBr) staining. 285

rRNA EtBr signals serve as loading control in this and subsequent experiments. A representative of two experiments is shown.

rRNA forms (Fig. 1A). Processing of rRNA involves about 200
factors such as nucleases, helicases, and small nucleolar (sno)
RNAs.'*! To investigate the possible impact of 4sU-tagging on
human rRNA processing, cells were pre-labeled with [**P]-ortho-
phosphate as tracer, followed by incubation with 10 ptM 4sU and
purification of 4sU-tagged RNA as indicated (Fig. 1B). Double
labeling with P and 4sU allows direct comparison of both
labeling approaches (Fig. 1C). Total RNA samples were purified
and used to measure production and processing of *P-labeled
nascent rRNA. 47S rRNA signals are visible after 60 min P
labeling (Fig. 1C lane 2, upper panel), and decrease with
prolonged 4sU incubation (lanes 3—8). Signals for intermediate
and mature rRNAs are weak initially, but concomitantly increase
over time. Analysis of 4sU-tagged RNA shows a time-dependent
increase of all rRNA signals, both, in the autoradiograph and
ethidium bromide gel (Fig. 1C, lower panel). Note that labeling
with 10 pM 4sU for 120-180 min is required to detect mature
rRNA forms, but does not impair production and processing of
47S rRNA. Thus, labeling with low concentrations of 4sU is a
well-suited alternative to [**P]-ortho-phosphate to analyze rRNA
synthesis.

High concentrations of 4sU inhibit the production and
processing of rRNA

Previously, we could show that the uridine analog
5-fluorouridine (5-FU) predominantly inhibits the maturation
of 28S and 18S rRNA, but not the production of 47S rRNA.¢ We
performed [*?P]-ortho-phosphate pulse chase labeling in human
U20S cells to analyze rRNA synthesis in presence of high levels
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of 4sU (100 pM), a concentration typically used in 4sU-tagging
and  photoactivatable-ribonucleoside-enhanced  crosslinking
and immunoprecipitation (PAR-CLIP)."? While uridine has no
impact on rRNA synthesis and 5-FU predominantly impairs
tfRNA processing, incubation of cells with 4sU inhibits both
production and processing of 47S rRNA (Fig. 2A). 4sU reduces
47S tRNA levels by about 75% and the processing of the
remaining primary transcript by about 60% (Fig. 2A and B).
Next, the 4sU-mediated inhibition of 47S rRNA production was
analyzed in more detail. While the levels of 47S rRNA showed
a comparable time-dependent increase in control cells and cells
treated with uridine, this increase was significantly reduced in the
presence of 4sU after 75 min chase (Fig. 2C). Delayed production
and impaired processing of 47S rRNA was also obtained after
prolonged chase times (Fig. S1). The inhibition of rRNA
metabolism was also measured in concentration kinetics. Fifty
pM 4sU for 6 h are sufficient to impair 285 rRNA maturation
comparable to 200 pM 5-FU treatment (Fig. 3). Similar results
were obtained for HeLa cells and H1299 cells (Fig. S2). When
cells were treated with 50 pM 4sU, 47S rRNA production is
reduced by 50%. Defective rRNA processing could be associated
with the stabilization of unprocessed rRNA precursors. We
found that 4sU induces the accumulation of an aberrant 28S
sized tRNA in U20S cells (Fig. 4). The aberrant 285 rRNA
is only detectable with a 5'ETS probe, but not with an ITS-2-
specific probe in Northern analysis. Whether 4sU stabilizes the
aberrant 285 rRNA due to perturbations in rRNA processing
steps and/or defects in the removal of unprocessed precursors by
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Figure 2. Inhibition of rRNA production and processing by 4sU treatment. (A) U20S cells were treated with uridine (100 pM), 5-FU (100 uM), or 4sU
(100 uM) and nascent RNA was labeled by [*?P]-ortho-phosphate as indicated. Total RNA was purified and analyzed as described in Materials and
Methods. Nascent RNA was visualized by autoradiography, total RNA was visualized by ethidium bromide (EtBr) staining under UV-light. A representa-
tive of four experiments is shown. (B) Quantitation of nascent and total RNA levels from A. rRNA signals and ratios were measured by Phosphorlmager
or AIDA and plotted relative to signals from control cells (0.1% DMSO). Error bars: Standard deviation (n = 4). (C) U20S cells were treated with drugs
(100 uM), and nascent RNA was pulse-labeled by [*?P]-ortho-phosphate as indicated. Newly synthesized 47S rRNA was analyzed and quantified as in (B).
47S signals from uridine-treated cells after 75 min pulse were set as one. 28S rRNA EtBr staining under UV-light was used to monitor equal loading, a

representative gel is shown. Drug: uridine, 5-FU, or 4sU.

exosomal degradation is currently unclear. Taken together, the
results indicate that high amounts of 4sU strongly and rapidly
inhibit rRNA synthesis at the levels of production and processing
of rRNA. Notably, 4sU-mediated rRNA synthesis inhibition
differs from 5-FU treatment, which predominantly blocks only
late rRNA processing into mature 28S and 18S rRNA forms, but
has little implication for 47S rRNA production.

4sU triggers translocation of NPM1, stabilization of p53,
and inhibition of proliferation

Having established that elevated concentrations of 4sU inhibit
tRNA synthesis, we next asked whether 4sU could interfere
with nucleolar integrity and trigger a nucleolar stress response.
We assessed the sub-cellular localization of nucleophosmin
(NPM1), a nucleolar phosphoprotein, which is involved in the
processing of 328 rRNA' and has been shown to translocate to
the nucleoplasm upon stress."* We found that treatment of U20S
cells with 4sU causes a dose-dependent translocation of nucleolar
NPM1 to the nucleoplasm in a subset of cells (Fig. 5A). In
contrast, incubation with uridine or 5-FU did not change NPM1

www.landesbioscience.com

localization significantly (Fig. S3). Translocation of NPM1 (and
other nucleolar proteins) to the nucleoplasm has been shown to
stabilize p53 and block cell cycle progression.””!® In line with
that, we measured a strong induction of p53 (Fig. 5B) and severe
reduction of cell proliferation (Fig. 5C; Fig. S4) upon treatment
of cells with 4sU. In summary, the data suggest that high
concentrations of 4sU are sensed by a nucleolar stress response,
which involves nucleolar disintegration, p53 stabilization, and
inhibition of proliferation.

Discussion

Inhibition of ribosome biogenesis is a drawback of 4sU
labeling

Data from this work show that 4sU treatment strongly impacts
on the metabolism of rRNAs. 4sU inhibits the production and
processing of rRNA. Importantly, 4sU-mediated inhibition of
rRNA synthesis strongly depends on the concentrations of 4sU
and incubation times. Our data demonstrate that labeling of
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Figure 3. Analysis of rRNA synthesis in presence of uridine, 5-fluorouridine (5-FU), and 4-thiouridine (4sU). U20S cells were incubated with increasing
concentrations of drugs as indicated. Nascent RNA was labeled by [*2P]-ortho-phosphate, total RNA was purified and analyzed as described in Materials
and Methods. Nascent RNA was visualized by autoradiography, total RNA was visualized by ethidium bromide (EtBr) staining under UV-light. Signals
were quantified by a Phosphorlmager and plotted as relative rRNA levels. Signals from control cells treated with 0.1% DMSO was set as one. A represen-

nascent RNA using low concentrations of 4sU (e.g., 10 pM) in
principle is a suitable approach to analyze nascent rRNA synthesis.
Interestingly, exposure of murine fibroblasts to 200 pM 4sU for 1
and 2 h did not result in any significant effects on cellular mRNA
levels detectable by microarray analysis of total cellular RNA."7
While the sensitivity of gene expression profiling on total
cellular RNA in these rather short time-scales is low* substantial
alterations in RNA synthesis rates of short-lived transcripts
would have likely been picked up. Nevertheless, the impact of
short-term 4sU exposure (= 2 h) on RNA metabolism may not
only be restricted to rRNAs in other cell types or conditions.
Recently, we applied ultra-short and progressive 4sU labeling
to study the kinetics of RNA processing. Of note, we observed
both substantially delayed splicing of numerous known retained
introns as well as very rapid co-transcriptional splicing of other
transcripts indicating that 4sU exposure does not impact on RNA
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processing in general.® It is, however, important to note that long-
term (> 12 h) 100 pM 4sU exposure, as commonly employed in
PAR-CLIP experiments, does result in reduced cell proliferation
(data not shown) and may thus result in experimental bias. We
conclude that the impact of 4sU on RNA metabolism may not
only be restricted to rRNAs, but might cause issues in the analysis
of mRNAs when applying 4sU-tagging or PAR-CLIP.

How can the inhibition of rRNA synthesis by 4sU be explained
on the molecular level? Correct processing of rRNA depends on
the correct formation of stem loops and long-range secondary
structures. For example, processing of the 3' external transcribed
spacer (3'ETS) requires snoRNA U8 in mammals.'® Hybridization
of U8 with unprocessed rRNA allows formation of secondary
structures and recruitment of downstream processing factors.”
Depletion of Ddx51, a helicase regulating U8 hybridization, blocks
3'ETS processing.”” It might well be that incorporation of 4sU into
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rRNA.%* How can this difference be explained? Both
drugs are uridine analogs, but modified at different
positions and resemble different structures. 4sU and
5-FU are substrates for RNA polymerases and can be
incorporated at sites, which require modifications (e.g.,
pseudouridylation) for correct function. For example,
incorporation of 5-FU into U2 small nuclear (sn) RNA
prevents pseudouridylation and inhibits the formation

Figure 4. Accumulation of an aberrant 28S rRNA intermediate (IM) upon 4sU treat-
ment. (A) Scheme of the 47S rRNA primary transcript sequence composition and
hybridization sites of Northern probes. (B) Analysis of rRNA synthesis by northern blot
hybridization. U20S cells were treated with uridine (100 uM) or 4sU (100 pM) for 6 h
and total RNA was purified. Northern blot analysis was performed with probes recog-
nizing 5' external transcribed spacer (5'ETS, probe 1) or internal transcribed spacer-2
(ITS-2, probe 2) sequences. (C) Quantitation of RNA signals gained by hybridization
with probe 1 upon 4sU treatment. Signals corresponding to 47S rRNA and an aberrant
intermediate rRNA form (IM) were quantified by Phosphorlmager analysis and plotted
relative to signals from control cells (0.1% DMSO). Error bars: standard deviation (n = 3).

of functional snRNPs for pre-mRNA splicing.”® In

analogy, inhibition of 32S rRNA processing by 5-FU
could beexplained by itsincorporation into rRNA and/or snoRNAs,
to allow proper IRNA processing. In analogy, we speculate that
incorporation of 4sU into nascent rRNA impairs correct IRNA
pseudouridylation, changes the secondary structure of unprocessed
tRNAs, and correct tRNA processing. It is tempting to speculate,
if 4sU treatment also reduces translational fidelity of ribosomes, as
reported for ribosomes lacking pseudouridine synthase dyskerin.
It also remains to be established, whether other uridine analogs,
such as 5-BrU or 5-eU impact on rRNA metabolism.

Stabilization of p53 is a key feature of 4sU-mediated
nucleolar stress

The structural and functional integrity of the nucleolus
is directly involved in the control and turnover of the p53
tumor suppressor by the E3 ubiquitin ligase Hdm2.5% In
brief, nucleolar disintegration facilitates p53 induction by the
inactivation of Hdm2 by translocation of various nucleolar

www.landesbioscience.com
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proteins, including L5, L11, and L23, to the nucleoplasm.?-33 We
find that 4sU treatment causes a nucleolar disruption phenotype,
which is accompanied by induction of p53 and reduction of
cellular proliferation. Inhibition of rRNA synthesis by 4sU
directly triggers the onset of a nucleolar stress response.

Taken together, 4sU-tagging of nascent RNA is a sophisticated
technique to measure transcription, processing, and turnover of
newly transcribed RNA.**3*3 However, 4sU labeling time and
concentration should be kept as short as possible, with regard to
the severe nucleolar stress 4sU can cause.

Materials and Methods

Tissue culture and treatments
Human U20S and 2fTGH cells were cultured in Dulbecco’s
modified Eagle’s medium with 10% fetal bovine serum at 8% CO,.
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Figure 5. Induction of nucleolar stress upon 4sU treatment. (A) Analysis of nucleophosmin (NPM1) localization in presence of 4sU. U20S cells were treated
with 4sU for 6 h as indicated. NPM1 localization was analyzed by immunofluorescence analysis using a specific antibody. Nuclei were stained with DAPI.
Cake diagrams indicate the number of cells with nucleolar (gray) and nuclear (red) NPM1 staining. Scale bar: 1 um. (B) Analysis of p53 levels upon 4sU
treatment. U20S cells were treated with 4sU as indicated, whole cell lysates were separated by SDS-PAGE and analyzed by Western Blot. P53 levels were
quantified by AIDA software and plotted relative to signals from control cells (0.1% DMSO). (C) Analysis of proliferation upon 4sU treatment. U20S cells
were seeded and cultured overnight. Drugs (uridine, 100 uM; 4sU 100 uM; 5-FU 100 uM; ActD 1 uM) were added for 6 h (gray box), medium was replaced
and cells were cultured for 100 h. Cell number was measured in real time and compared with control cells (DMEM, ctrl. 1; 0.1% DMSO, ctrl. 2). The cell num-

ber correlates to changes in impedance, which is termed “cell index” (see details in Material and Methods). Error bars: Standard deviation (n = 3).

Cells were treated with uridine (Sigma), 5-fluorouracil (Sigma),
4-thiouridine (Sigma), or actinomycin D (Sigma) as indicated.

[**P]-ortho-phosphate metabolic labeling and RNA
extraction

2.5 x 10° U20S cells were incubated in phosphate-free
Dulbecco’s modified Eagle’s medium/10% fetal bovine serum for
1 hand then incubated for 1 h in presence 15 pCi/ml [**P]-ortho-
phosphate (pulse). Labeling medium was removed and cells
were further cultivated for 3 h in Dulbecco’s modified Eagle’s
medium/10% fetal bovine serum (chase). RNA was extracted
using the PeqGOLD total RNA kit (PeqLab). One pg total RNA
was separated on a 1% agarose-formaldehyde gel. The gel was
dried on a Whatman paper using a regular gel drier (Bio-Rad)
connected to a vacuum pump for 4 h at 80 °C. Metabolically
labeled RNA was visualized by autoradiography and quantified
by a Phosphorlmager and AIDA software.

4-thiouridine-(4sU)-tagging

1.5 x 10° 2fTGH cells were cultured in presence of 4sU
(10 pM), lysed, and total RNA was extracted as described for
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metabolic in vivo labeling. 50 pg total RNA was incubated with
biotin-HPDP (Pierce, 1 mg/ml; 2 pl/pg RNA) in biotinylation
buffer (100 mM Tris, 10 mM EDTA, pH 74, 1 pl/pg RNA)
for 1.5 h at RT. An equal volume of chloroform was added,
mixed, and incubated with biotinylated RNA for 3 min. The
mixture was separated in pre-spun Phase Trap Gel Heavy Tubes
(5 min, 16000 rpm). For RNA precipitation and removal of
unincorporated biotin-HPDP, a 1/10 volume 5 M NaCl and an
equal volume of absolute isopropanol were added to the aqueous
phase and centrifuged (20 min, 16000 rpm). The pellet was
washed in an equal volume of 75% ethanol and centrifuged
(10 min, 16000 rpm). RNA was resuspended in 100 pl RNase-
free H,O. For separation, untagged and 4sU-tagged RNA was
first heated to 65 °C for 10 min and cooled on ice for 5 min. RNA
was incubated with 75 pl streptavidin-coated magnetic beads
(Miltenyi) for 15 min with rotation. The reaction volume was
applied to ptMACs columns (Miltenyi), placed in an OctoMACS
Seperator magnetic stand (Miltenyi), and equilibrated with
900 pl pMACS washing buffer (100 mM Tris, 10 mM EDTA,
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1 M NaCl, 0.1% Tween-20, pH 7.5). The columns were washed
with pMACS washing buffer. 4sU-biotin-streptavidin-tagged
RNA was eluted in 700 pl RLT lysis buffer (PeqLab) with
dithioerythritol (100 mM). 4sU-tagged RNA was recovered with
the PeqGOLD total RNA kit as described above. 4sU-tagged
RNA was separated on a 1.5% agarose-gel, containing ethidium
bromide (37.5 pg/100 ml). Signals of RNA under UV-light were
quantified by AIDA software.

Northern blot hybridization

Two pg of U20S total RNA was separated on a 1% agarose-
formaldehyde gel and blotted on Hybond N+ membranes
(Amersham Biosciences). Probes were as following: 5'ETS,

CGGTACCCCC AAGGCACGCC TCTCAGATCG
CTAGAGAAGG CTTTTCTC; ITS-2, CTCTCTTTCC
CTCTCCGTCT TCCGGCGGCG GCGCCGCCCT
CCCCGTCT.

Immunoblotting and immunofluorescence

For immunoblotting, 2.5 x 10° U20S cells were washed
with phosphate-buffered saline and directly lysed in 2 x SDS
loading buffer (100 mM Tris/HCI, 200 mM dithioerythritol,
4% SDS, 10 mM EDTA, 0.2% bromophenol blue, 20%
glycerol). Whole cell lysates were separated by SDS-PAGE
and blotted on nitrocellulose membranes (Amersham
Biosciences). Immunodetection was performed with antibodies
as following: human anti-p53 (Santa Cruz, sc-126, DO-1)
and human anti-Pesl.*® Signals were quantified by AIDA
software. For immunofluorescence, 8 x 104 U20S cells were
grown on coverslips and fixed in 2% formaldehyde for 2 min
and permeabilised with PBS/Tween 0.04% for 7 min at RT.
Unspecific binding was blocked with PBS/10% FBS for 2 h.

Human anti-NPM1 (Sigma, B0556) primary antibody was
incubated over night at 4 °C in a humidified chamber. Cy3-
labeled secondary antibody (Dianova) was incubated for
30 min at RT. Nuclei were counterstained with DAPI (Sigma-
Aldrich). Images were acquired using the Openlab software
(Improvision) and a microscope (model Axiovert 200M; Carl
Zeiss Microlmaging, Inc.)

Proliferation assay

Cell proliferation was measured by electric impedance
detection using the xCELLigence device (Roche). Three x 10°
U20S cells were plated on an electronic plate (E-plate), which is
capable of measuring electric impedance in real time by electrodes
in direct contact with adherent cells. Impedance increases with
the area on electrodes, which is covered by proliferating cells
and termed “cell index.” Cells were cultured overnight, drugs
were added for 6 h, and cells were measured for 100 h in 15 min
intervals.
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