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Myb-binding Protein 1a (Mybbp1a) Regulates Levels and
Processing of Pre-ribosomal RNA™
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Background: rRNA gene transcription and processing have to be coordinated, as they are intimately linked.
Results: Mybbpla regulates RNA Pol I transcription and pre-rRNA processing.

Conclusion: Mybbpla coordinates both processes.

Significance: Mybbpla was shown to be an important regulator of cellular proliferation, related to RNA Pol II genes. We link its
function now as well to regulating RNA Pol I genes and to control ribosome biogenesis.

Ribosomal RNA gene transcription, co-transcriptional proc-
essing, and ribosome biogenesis are highly coordinated pro-
cesses that are tightly regulated during cell growth. In this study
we discovered that Mybbpla is associated with both the RNA
polymerase I complex and the ribosome biogenesis machinery.
Using a reporter assay that uncouples transcription and RNA
processing, we show that Mybbpla represses rRNA gene tran-
scription. In addition, overexpression of the protein reduces
RNA polymerase I loading on endogenous rRNA genes as
revealed by chromatin immunoprecipitation experiments.
Accordingly, depletion of Mybbpla results in an accumulation
of the rRNA precursor in vivo but surprisingly also causes
growth arrest of the cells. This effect can be explained by the
observation that the modulation of Mybbpla protein levels
results in defects in pre-rRNA processing within the cell. There-
fore, the protein may play a dual role in the rRNA metabolism,
potentially linking and coordinating ribosomal DNA transcrip-
tion and pre-rRNA processing to allow for the efficient synthesis
of ribosomes.

Cellular growth and division is tightly coupled to ribosome
synthesis, a major cellular undertaking that is energetically very
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costly (for review, see Ref. 1). This process requires the matched
activity of the three forms of RNA polymerase to produce the
building blocks of the ribosomes and the coordinated expres-
sion, processing, and assembly of the rRNA precursor (pre-
rRNA)* into ribosomes (2, 3).

Mammalian cells contain 300 —400 rRNA gene repeats, most
of which are arranged as tandem repeats. The level of rRNA
synthesis in the cell is determined by the dynamic regulation of
about half of those genes, whereas the remaining genes are con-
stantly repressed (4). Active and inactive gene populations are
discriminated by different epigenetic states and different topo-
logical conformations (5-7). The expression levels of the active
portion of the rRNA genes are tightly regulated in accordance
with the physiological condition of the cell. Various signal
transduction pathways, including the mTOR pathway and the
MAPK cascade, directly target different steps of rRNA synthe-
sis to efficiently regulate the production of ribosomes. Several
post-translational modifications of the Pol I-specific transcrip-
tion initiation factor TIF-IA and the rDNA transcription factor
Upstream Binding Factor have been characterized, and their
impacts on transcriptional pre-initiation complex (PIC) forma-
tion and/or elongation have been shown (8 -11).

The localization of ribosome biogenesis to the nucleolus and
the close juxtaposition of the factors involved in transcription,
processing, and ribosome assembly, as revealed by microscopy
techniques, suggest that these processes are directly coupled.
Co-transcriptional processing of the pre-rRNA transcript was
recently shown by EM visualization of nascent rRNA tran-
scripts. The 5'-terminal knobs containing U3 small nucleolar

“The abbreviations used are: pre-rRNA, rRNA precursor; PIC, pre-initiation
complex; 5'ETS, 5" external transcribed spacer; Mybbp1a, Myb-binding
protein 1a; rDNA, rRNA gene; RNA Pol |, RNA polymerase |; TTF-I, transcrip-
tion termination factor-I; Utps, U three protein; t-Utps, transcriptional-
Utps; ctrl, control; IRES, internal ribosome entry site; NLS, nuclear localiza-
tion signal; gPCR, quantitative real time PCR.
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RNA and associated Utps (U three proteins) increased in size
with transcript length, indicating that rRNA processing, RNA
folding, RNA modification, and ribosomal protein assembly
also occur co-transcriptionally (12-15).

Early rRNA processing is initiated by the assembly of the
small ribosome subunit processome complex, which contains
U3 small nucleolar RNA (14) that base pairs with sequences
near the 5" end of the pre-rRNA. Small ribosome subunit pro-
cessome-dependent processing leads to rRNA cleavage and the
release of the small subunit rRNA (18 S) from the ribosome
(13). A subset of seven small ribosome subunit processome pro-
teins, the t-Utps (transcriptional-Utps), is also required for effi-
cient rDNA transcription in yeast, linking rDNA transcription
with rRNA processing and ribosome assembly (2). McStay and
Prieto (16) identified the human orthologs of the t-Utps and
confirmed their requirement for both efficient transcription
and processing of the 47 S pre-rRNA, indicating that this coor-
dinated mechanism is conserved throughout evolution. Their
study further revealed that the t-Utps are recruited to rDNA,
irrespective of the transcription status of the rDNA gene.

Recently, Moss and co-workers (17) suggested a role for tran-
scription elongation in rRNA processing and ribosome assem-
bly. Erk-dependent phosphorylation of UBF directly influences
RNA Pol I elongation rates by inducing an UBF-dependent
rearrangement of the chromatin environment. This effect
could serve as a mechanism to coordinate transcription and the
assembly of pre-ribosomal complexes on nascent rRNA by
modulating the Pol I elongation rate. Further insights into how
these processes might be coordinated came from Nomura and
co-workers (18) who demonstrated a physical interaction of Pol
I with the elongation factors Spt4 and Spt5 and an rRNA proc-
essing defect upon depletion of the latter. A connection
between transcription elongation and rRNA processing was
further confirmed by using a yeast strain with a mutated RNA
Pol I enzyme with reduced elongation rates (3). Reduced elon-
gation rates led to severe defects in rRNA processing and ribo-
some assembly, suggesting an intimate link between elongation
rates and rRNA maturation. Thus, ribosome biogenesis appears
to be controlled by feedback mechanisms, which ensure that
proper assembly occurs on all synthesis levels, from transcrip-
tion initiation to ribosome export.

The expression of the rRNA genes is regulated at different
levels of the rRNA metabolic pathway at the stage of transcrip-
tion initiation (for review, see Ref. 19), transcription elongation
(17, 18), rRNA processing, and assembly (20-22). To identify
novel regulators of rRNA gene synthesis, we screened for fac-
tors interacting with RNA Pol I. We identified Myb-binding
protein 1a (Mybbp1la), which is ubiquitously expressed and pre-
dominantly localizes to the nucleolus (23, 24). The 160-kDa
Mybbp1la protein had originally been described as an interact-
ing partner of the proto-oncogene c-Myb and since then it has
been shown to interact with and to modulate the activity of
several regulators of Pol II-dependent transcription. In certain
myeloid cell types, the protein is post-translationally processed
to generate an N-terminal fragment of 67 kDa (p67™®") (23).
Mybbpla, and in some cases also p67MBP, have been described
to interact with several other transcriptional regulators, such as
peroxisome proliferator-activated receptor-y coactivator la,
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NEF-kB, aromatic hydrocarbon receptor, Prepl, and CRY1 and
linked to diverse cellular processes (e.g. mitochondrial biogen-
esis, cell proliferation, apoptosis etc.) by modulating the activity
of these regulators (25-29).

Despite its predominant localization to the nucleolus, the
function of Mybbpla in this cellular compartment remained
largely unclear. The data shown here demonstrate two new
functions for Mybbpla in the nucleolus. It associates with the
RNA Pol I machinery and is able to repress its transcriptional
activity.

EXPERIMENTAL PROCEDURES

DNA Constructs—To generate a FLAG-tagged RPA1ll6
expression construct, the coding sequence of mouse RPA116
was amplified from the cDNA clone pBS-RPA 116 6-2 (kindly
provided by I. Grummt (30)) using the following primer pair in
a standard PCR with the Expand High Fidelity system (Roche
Applied Science). The forward (5'-ATG GAT CCA TGG ACT
ACA AGG ACG ACG ATG ACA AGG ATG TCG ACG GCC
GG-3') and reverse primers (5'-GAG GAT CCT CAG ATG
ACA TCC AGT TTC ACT-3’) introduced a FLAG coding
sequence upstream of the RPA116 ORF. The PCR product was
cloned into pEGZ (pEGZ-fRPA116).

The human FLAG-Mybbpla expression construct was gen-
erated by PCR amplification of the human Mybbpla cDNA
clone described previously (31) using Pfu DNA Polymerase
(Promega). The forward primer (5'-AG TCA AGC TTC ACC
ATG GAC TAC AAG GAC GAC GAT GAC AAG GAG AGC
CGG GAT CCC GCC-3') introduced an N-terminal FLAG tag
and Ncol restriction site at the initiation codon, and the reverse
primer (5'-GCT CTA GAT CAG GGT TTC CCT GCC TTC-
3’) introduced an Xbal restriction site at the stop codon to
facilitate cloning into the pact expression vector as used previ-
ously (23). The mouse FLAG-Mybbpla (mMybbpla), mouse
FLAG-p67™5”'NLS (FLAG-mp67™®*"), and human FLAG-
Tip5 have been previously described (Tavner et al. (23); Stroh-
ner et al. (32)). GFP-RPA43 was obtained from Addgene (Add-
gene plasmid 17659).

Cell Culture and Proliferation Assay—The mouse lympho-
blast cell line MB III (ATCC® number CCL-32™) was cultured
in minimum Eagle’s medium (Earles, with Glutamax) with non-
essential amino acids, sodium pyruvate (110 mg/liter), and 10%
heat-inactivated newborn calf serum (Invitrogen). To create a
MB III cell line stably expressing FLAG-RPA116, cells were
transfected with pEGZ-fRPA116, selected with Zeocin (Invit-
rogen), cloned by serial dilution, and then further maintained
with 100 wg/ml Zeocin. HeLa cells were cultured in DMEM
containing 10% heat-inactivated fetal calf serum (Invitrogen)
and penicillin/streptomycin. Both cell lines were cultured at
37°Cin 5% CO,.

To monitor proliferation rates, HeLa cells were detached
with trypsin-EDTA and diluted in PBS. Subsequently cells were
stained with trypan blue, and living cells were counted.

Preparation of Cellular Extracts and Immunopurification of
Proteins—To prepare nuclear extracts, MB III and FLAG-
RPA116-MB III cells were harvested, washed with PBS, and
resuspended in three packed cell volumes of buffer A (20 mm
HEPES, pH 7.9, 0.2% Nonidet P-40, 10 mm KCI, 1 mm EDTA,
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10% glycerol, 1 mm DTT, protease inhibitors) incubated on ice
for 10 min. Cell lysis was followed by microscopy. Nuclei were
washed in buffer A, resuspended in 3 packed cell volumes of
Buffer B (420 mMm NaCl, 20 mm HEPES, pH 7.9, 10 mm KCI, 1
mM EDTA, protease inhibitors) containing 2% (v/v) distamycin
A hydrochloride (Sigma, D6135), and incubated on a rotating
wheel at 4 °C for 40 min. After centrifugation the nuclear frac-
tion was collected and dialyzed against AM100 (100 mm NaCl,
20 mMm Tris-HCI, pH 7.9, 5 mm MgCl,, 0.1 mm EDTA, 20%
glycerol, 1 mm DTT, protease inhibitors). HEK293T nuclear
extracts were prepared 48 h after transfection with FLAG-
Mybbpla or empty vector control as described above.

HeLa nuclear extracts were prepared 48 h after transfection
with FLAG-Mybbp1la or vector control. Cells were detached by
trypsin-EDTA (Invitrogen), washed with PBS, centrifuged at
2,500 X gfor 5 min, and resuspended in 5X packed cell volumes
of Buffer C (10 mm KCI, 10 mm HEPES, pH 7.9, 1.5 mm MgCl,,
1 mm DTT, protease inhibitors). After incubation on ice for 15
min, the samples were centrifuged at 2,000 X g for 8 min, and
the cell pellet was resuspended in 2X packed cell volumes of
Buffer C. The cells were lysed with the help of a Dounce homog-
enizer (pestle B), and cell lysis was followed by light microscopy.
After two centrifugation steps at 1000 X gand 4000 X geach for
10 min, the pellet was resuspended in 3 ml of Buffer D (20 mm
HEPES, pH 7.9, 420 mMm NaCl, 1.5 mm MgCl,, 0.2 mm EDTA,
20% (v/v) glycerol, 1 mm DTT, protease inhibitors) per 10° cells.
After incubation at 4 °C for 30 min the extract was sonicated
2 X 20 sin a volume of 200 ul (alternatively 3 X 20 s in a volume
of 250 wl) with the Bioruptor (H, Diagenode) and centrifuged at
17,000 X g for 15 min. After centrifugation the nuclear fraction
was collected and dialyzed against Buffer D containing 300 mm
NaCl. MB III whole cell extracts were prepared according to the
Manley protocol (33) and dialyzed against AM100.

For immunoprecipitation experiments, extracts were incu-
bated with anti-FLAG M2-agarose in the presence of 0.02%
Nonidet P-40 or 0.25% Triton X-100, protease inhibitors, and
DTT (1 mm). FLAG-RPA116-containing complexes were addi-
tionally washed with AM300 buffer (300 mm NaCl). Proteins
were eluted with 0.25 mg/ml FLAG peptide. If needed proteins
were concentrated with Strata Clean resin (Stratagene) or by
TCA precipitation. Proteins were separated by SDS-PAGE and
either analyzed by Western blotting or silver or Coomassie
staining, cut out of the gel, and subjected to MALDI-TOF mass
spectrometry.

Fractionation by Glycerol Gradient and Superose 6 Gel
Filtration—500 pul of MB III whole cell extract was applied on a
12-ml 10-45% glycerol gradient (AM100) and centrifuged at
35,000 X g (Sw 41 Tirotor) in a Optima-LE 80K ultracentrifuge
(Beckman Coulter) at 4 °C for 12 h (no break). Subsequently
500-ul fractions were collected, and proteins were separated by
SDS-PAGE and subjected to Western blotting.

HeLa nuclear extract was incubated with or without 10
pg/ml RNase A (Sigma) at 4 °C for 2 h before Superose 6 HR
10/30 (GE Healthcare) fractionation. 500-ul fractions were col-
lected, and proteins were concentrated with the Strata Clean
resin (Stratagene) and analyzed by Western blotting.

Antibodies—The following antibodies were used for West-
ern blotting, ChIP, and immunostaining: rabbit polyclonal
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a-RPA116 (30), rabbit polyclonal a-PAF53 (34), and a-TIF-IA
(Ref. 35; kindly provided by I. Grummt), rabbit polyclonal
a-Mybbpla (generated to a GST fusion protein containing
amino acid residues 976-1263 of human Mybbpla) and
a-mouse Mybbpla (23), mouse monoclonal a-FLAG (M2,
Sigma), rabbit polyclonal a-FLAG (Sigma), mouse monoclonal
a-tubulin (Dmla, Sigma), rabbit polyclonal a-RPA194 (sc-
28174, Santa Cruz Biotechnology), a-BrdU (Roche Applied Sci-
ence), a-Pesl (36), a-TTF-1 (37), a-fibrillarin (P2G3 (38)),
a-B23 (sc-56622, Santa Cruz Biotechnology), a-EBP2 (kindly
provided by L. Frappier (39)), a-rpS2 (kindly provided by M.
Bedford (40)), a-DDX21 (Proteintech Group), «-Nol1, a-GFP-
Alexa488 (GBA-488, ChromoTek), goat-a-mouse-Alexa488
F(ab’), (Molecular Probes), and goat-a-rabbit-Alexa594
(Molecular Probes).

RNA Pol I Reporter Assay—HeLa cells were transfected with
Polyfect reagent (Qiagen) according to the manufacturer’s
instructions with the indicated amounts of expression con-
struct together with empty vector DNA to adjust DNA concen-
tration and the pHrD-IRES firefly reporter construct (a kind gift
of S. T. Jacob (41)) as a reporter for RNA Pol I transcription
activity. A plasmid carrying the renilla luciferase gene under the
control of a thymidine kinase promoter (transcribed by RNA
polymerase II) was co-transfected in each experiment to nor-
malize for differences in transfection efficiency. 48 h after
transfection, luciferase activity was measured using the Dual
Luciferase Assay kit (Promega). The firefly luciferase counts of
the RNA polymerase I reporter constructs were divided by the
Renilla luciferase counts and compared with control transfec-
tions with empty vector. Average and S.D. values of three bio-
logical replicates (each in technical duplicates) are shown. Pro-
tein levels were monitored by Western blotting.

Short interfering RNAs (siRNA)-mediated Protein Depletion—
The day before transfection 2 X 10° HeLa cells were seeded per
well (6 well format). 20 um siRNA were transfected using
Oligofectamine (Invitrogen) according to the manufacturer’s
instruction. The following siRNAs (Thermo or MWG) were
used: Control (ctrl; Luciferase), 5'-CUU ACG CUG AGU ACU
UCG AdTdT; Mybbpla.1l,5'-GCC GACUUG AAU AUA AUA
CdTdT; Mybbpla.2, 5'-UGG AUC AUC UUU CGA UUG
GdTdT; Mybbpla.3, 5'-AUA CGC AAG CUG UUU CUA
AdTdT; PES1 (ORF), 5'-AGG UCU UCC UGU CCA UCA
AdTdT; TIF-1A, 5'- CAA AGG ATC TAT ATC GCG AdTdT.
The three different siRNAs directed against Mybbpla had sim-
ilar effects on rRNA gene transcription and pre-rRNA process-
ing (supplemental Fig. S3), ruling out off-target effects.

RNA Extraction and Quantitative Real-time PCR—RNA was
extracted from HeLa cells with the RNeasy kit (Qiagen) accord-
ing to the manufacturer’s instructions. 1 pg of total RNA was
used for reverse transcription. A 20-ul reaction contained 2 ul
of random primer (500 pg/ml, Promega), 2 ul of dNTPs (2.5
mM each, Bioline), and sterile water as added to a total volume
of 12 ul. RNA was added and incubated for 5 min at 65 °C. After
cooling down, the reaction was supplemented with 5X First
Strand Buffer (Invitrogen), 2 ul of 0.1 M RNase-free DT T (Invit-
rogen), and 1 ul of RNasin (Promega) and incubated for 2 min
at 37 °C. 200 units of Moloney murine leukemia virus reverse
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transcriptase (Invitrogen) were added, and the reactions were
incubated for 1 h at 37 °C and subsequently heat-inactivated.

Quantitative PCR was carried out using the ABI PRISM 7000
Sequence detection system (Applied Biosystems). Tagman 2X
PCR Master Mix (Applied Biosystems) was used according to
the manufacturer’s instructions. To detect 47 S rRNA precur-
sor, the following oligos were used: forward, +132/+149 CCT
GCT GTT CTC TCG CGC; reverse +198/+181, GGT CAG
AGA CCC GGA CCC; Tagman, +155/+174 AGC GTC CCG
ACT CCC GGT GC. A B-actin-mRNA amplicon was used for
normalization (forward, HBacF +927/+945, TGC CGA CAG
GAT GCA GAA G; reverse, +1026/+1006, GCC GAT CCA
CAC GGA GTA CTT; Tagman, +980/+1003 TCA AGA TCA
TTG CTC CTC CTG AGC). For both amplicons an annealing
temperature of 60 °C was applied.

Northern Blot—Total RNA of transfected HeLa cells was iso-
lated using RNeasy (Qiagen). 5 ug of RNA was separated by
electrophoresis on 1% agarose-formaldehyde gel and blotted
onto a Hybond N+ membrane (Amersham Biosciences). The
filter was washed with 2X SSC and dried, and RNA was UV-
cross-linked. The filter was prehybridized for 1 h at 65 °C with
Church buffer (0.5 m Na-phosphate, pH 7.2; 7% SDS; 1 mm
EDTA) and hybridized for 4 h with a specific **P-labeled probe:
5’ external transcribed spacer (5'ETS) probe, CGG AGG CCC
AAC CTC TCC GAC GAC AGG TCG CCA GAG GAC AGC
GTG TCA GC; ITS1 prob, CCT CCG CGC CGG AAC GCG
CTA GGT ACCTGG ACG GCG GGG GGG CGG ACG. The
DNA oligonucleotides were 5’ end-labeled using T4 polynucle-
otide kinase in the presence of [y-**P]ATP. After hybridization,
the filters were washed with 3 changes (30 min each) of 0.2X
SSC, 0.1% SDS at 65 °C. Radioactive signals were detected
using phosphoimaging and quantified using the MultiGauge
software.

Polysome Gradient—A total of 2 X 107 293 cells grown in rich
medium and pretreated with 50 ug/ml cycloheximide for 5 min
at 37 °C were harvested and washed 2 times with cold phos-
phate-buffered saline containing 50 ug/ml cycloheximide.
Cells were resuspended in 600 ul of polysome buffer (20 mm
Tris-HCI, pH 7.5, 5 mm MgCl,, 50 mm KCI, 1 mm DTT). Non-
idet P-40 was added to a final concentration of 0.3%, and total
cell lysates were sonicated 3 times for 30 s. A total of 250 ug
RNA was loaded onto a 10-ml 10 -50% linear sucrose gradient
in polysome buffer. Subsequently, sucrose gradients were cen-
trifuged at 38 krpm for 2 h in a SW40Ti rotor. Fractions of 500
wl each were collected, and the A, was measured continu-
ously. Proteins were concentrated by TCA precipitation and
analyzed by Western blot.

Chromatin Immunoprecipitations—ChIP experiments were
performed using rabbit polyclonal a-RPA116, rabbit polyclonal
a-Mybbpla, and rabbit polyclonal a-FLAG and a-TTF-I anti-
bodies as described (5, 42). Purified DNA of the immunopre-
cipitates and of input DNA were analyzed by real-time PCR
using the SYBR Green (Applied Biosystems) quantitation
method according to the manufacturer’s instruction on an ABI
PRISM 7000 Sequence detection system (Applied Biosystems).
Results were calculated relative to standard curve values, cor-
rected for nonspecific binding (normal rabbit IgG ChIP), and
presented as the percentage of input DNA. The following
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primer sequences for the rDNA loci were used; for the pro-
moter, forward (5'-ATG GTG GCG TTT TTG GGG) and
reverse (5'-AGG CGG CTC AAG GCA GGA G; product —133
to +116 relative to the transcription start site) and for the inter-
genic spacer, forward (5'-CGCTGT CCATCT CTGTCT TTC
TAT G) and reverse (5'-ATA CAC CGA GTG GGG AAG CC;
product +22730 to +22906 relative to the transcription start
site). In ChIP experiments shown in supplemental Fig. S3 a
rabbit polyclonal «-RPA194 antibody was used, and real-time
quantitative PCR experiments were performed in a Rotor-Gene
Q (Qiagen) instrument with the following primers and SYBR
Green detection: Hr42857F (promoter forward) 5' ATG GTG
GCG TTT TTG GGG AC; Hr42964R (promoter reverse) 5’
CGA AAG ATA TAC CTC CCC CG; Hr5232F (18 S forward)
GGT AAC CCG TTG AAC CCC ATT C; Hr5375R (18 S
reverse) GCC TCA CTA AAC CAT CCA ATC G; Hr9661F (28
S forward) 5° CGA ATG ATT AGA GGT CTT GGG GC;
Hr9860R (28 S reverse) 5" TGG GGT CTG ATG AGC GTC
GG; Hr36189F (intergenic spacer forward) 5" TCG CCG ACT
CTCTCT TGA CTT G; Hr36399R (intergenic spacer reverse)
5" TGG AGC ACA GTG ACA CAA CTA TGG. The numbers
of human rDNA (Hr) oligos indicate the position of the 5" end
relative to the transcription start site (+1) in the repeat unit
(GenBank™ accession number U13369).

Immunofluorescent Staining and Image Capture—Cells were
grown on coverslips or in Labtech chambers overnight and
fixed in ice-cold methanol/acetone (1:1) for 1 min. Alterna-
tively, cells were fixed in 2% paraformaldehyde, PBS on ice for
15 min and permeabilized with 0.25% Triton X-100 in the pres-
ence of 1% paraformaldehyde, PBS on ice for 10 min. Unspecific
binding was blocked with PBS-Tween 0.01% (PBS-T) contain-
ing 2% BSA and 5% goat serum for 1 h. Primary antibodies were
incubated in blocking solution at room temperature for 1 h or at
4°C in a humidified chamber overnight. Cells were washed
with PBS-T and incubated with Cy2- or Cy3-labeled secondary
antibodies (Dianova) in blocking solution at room temperature
for 1 h. DNA was counterstained with Hoechst 33342 stain
(Sigma) and mounted in Vectashield (Axxora). Fluorescence
images were acquired with a Zeiss Axiovert 200 inverse
microscope.

To assess RNA-dependent localization of proteins, HeLa
cells were washed with PBS and incubated with PBS containing
0.1% (v/v) Triton X-100 for 10 min and subsequently incubated
with 1 mg/ml RNase A (Sigma) in PBS at room temperature for
20 min. Control cells were incubated with either 3 ul/ml
RNase-free DNase I (Roche Applied Science) and 3 mm MgCl,
or both RNase A and DNase L. Cells were washed with PBS,
fixed, and prepared for immunofluorescence microscopy as
described above.

HeLa cells were incubated in DMEM containing 10 um BrdU
at 37 °C for 30 min, washed with PBS-T, and fixed with 4%
formaldehyde, PBS at room temperature for 10 min. Cells were
washed, permeabilized with 0.2% Triton X-100/PBS, and incu-
bated with 2 N HCI, PBS for 10 min. After two washing steps,
cells were analyzed by immunostaining for the presence of
BrdU incorporation.

Super-resolution Fluorescence Microscopy—HeLa cells were
grown on coverslips and transfected with EGFP-RPA43 (43).
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FIGURE 1. Characterization of the subcellular localization of Mybbp1a
and its interaction with RNA Pol I. A, control MB Il cells and MB Il cells stably
expressing FLAG-RPA116 (FLAG-RPA116-MB IIl) were incubated with
a-RPA116 (green) and a-FLAG (red) antibodies to detect the endogenous and
tagged RPA116 proteins and analyzed by phase contrast and immunofluo-
rescence microscopy. A larger field is shown (right). B, FLAG-RPA116-contain-
ing complexes were immunoprecipitated with a-FLAG-agarose from nuclear
extracts of control MB Ill and FLAG-RPA116-MB Il cells. Load (L; 6%), flow-
through (FT; 6%), and eluted proteins (E) were analyzed by Western blotting
with the indicated antibodies. C, FLAG-RPA116-containing complexes were
immunoprecipitated with a-FLAG-agarose from whole cell extracts of MB Il
and FLAG-RPA116-MB lll cells. For the detection with @-RPA116 and a-FLAG
load (L, 40%), flow-through (FT, 40%), bead-bound (B), and eluted (E) proteins
were analyzed by Western blotting. For the detection with a-Mybbp1a anti-
bodies 0.8% of the load and flow-through were loaded on the gel. D, shown is
a schematic representation of structural features of human Mybbp1a and its
proteolytic cleavage products p140ME” and p67™M8". Mybbp1a contains sev-
eral potential leucine charged domain motifs (A), basicamino acid repeats (¥),
an acidic domain (black box), and two highly conserved regions (CR) 1 and 2
harboring several strictly conserved polar residues (31, 46). Sequence analysis
of Mybbp1a (ref AF147709.1) with the Conserved Domain data base search
(70) (Version v.2.22) revealed two conserved domains: the DNA polymerase ¢
domain (DNA pol ¢; pfam 04931; E value, 1.54e-138) and the transcription
initiation factor IIF « subunit (TFIIF-a; pfam 05793; E value, 6.55e-03). Upon
transcription impairment by chemical stress Mybbp1a gets partially proteo-
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Non-transfected and transfected cells were fixed with 4% para-
formaldehyde in 1X PBS for 10 min permeabilized with 1%
Triton X-100 in 1X PBS for 10 min, and immunofluorescence
detections of Mybbpla, fibrillarin, B23/nucleophosmin, and
GFP-RPA43 were performed. The nuclei were counterstained
with 4’,6-diamidino-2-phenylindole (DAPI). Super-resolution
fluorescence microscopy was performed with a DeltaVision
OMX V3 3D-SIM system (Applied Precision) equipped with a
100X/1.40 NA PlanApo oil immersion objective (Olympus),
Cascade II:512 EMCCD cameras (Photometrics), and 405-,
488-, and 593-nm diode lasers. Image stacks of 8 —10 uwm were
recorded with z-distances of 125 nm. Iterative three-dimen-
sional deconvolution, structured illumination reconstruction,
and image processing was performed with the SoftWoRx 3.7
imaging software package (Applied Precision).

RESULTS

RNA Polymerase I Is Associated with Mybbpla—To reveal
potential regulators that act at the level of transcription initia-
tion and elongation, we generated a murine MB III cell line
stably expressing FLAG-tagged RPA116 (FLAG-RPA116-
MBIII), the second-largest subunit of RNA Pol I (30). The
N-terminal-tagged protein was constitutively expressed at low
levels in this cell line and localized similarly to the endogenous
protein (Fig. 14). FLAG-RPA116 was fully incorporated into
the RNA Pol I complex, as revealed by co-immunoprecipitation
analysis. FLAG-RPA116 co-purified with PAF53, a known sub-
unit of the RNA Pol I complex (Fig. 1B).

Whole cell extracts were prepared from MB III and FLAG-
RPA116-MB III cells growing in suspension. Immunoaffinity
purifications were performed under conditions that preserve
complex integrity and generate transcriptionally active RNA
Pol I complexes (supplemental Fig. S1). The purified proteins
were subjected to protein gel electrophoresis and subse-
quent mass spectrometric analysis (data not shown).
Mybbpla (accession number NP_058056) was identified as
an RNA Pol I interacting protein by MALDI-TOF analysis.
The specific association of Mybbpla and RNA Pol I was ver-
ified by co-immunoprecipitation experiments and Western
blot analysis (Fig. 1C).

Mybbpla was originally identified as an interacting partner
of the c-myb proto-oncogene product in mouse cell lines. In
certain cell lines, a specific portion of mouse Mybbpla is pro-
cessed by proteolytic cleavage to generate the N-terminal frag-

lyzed to generate the N-terminal fragments p140™&° and p67"5° (24, 44). E,
localization Mybbp1a in Hela cells is shown. 48 h after transfection with
human FLAG-hMybbp1a, mouse FLAG- mouse Mybbp1a, and mouse FLAG-
p67MBP'NLS (FLAG-mp67MB™"), expression constructs cells were fixed and
stained with the antibodies indicated on top. Co-localization is indicated by
the orange color. Non-transfected Hela cells stained with a-Mybbp1a recog-
nizing endogenous Mybbp1a are shown on the right. The positions of the
nucleoli are indicated by arrows. F, shown is subnuclear localization of
Mybbp1a in relation to nucleolar marker proteins analyzed with super reso-
lution-structured illumination microscopy (71). Shown is co-immunofluores-
cence staining of Hela cells with anti-Mybbp1a antibody versus anti-B23 anti-
body (granular component; top panel), anti-fibrillarin antibody (dense fibrillar
component; middle panel), and GFP-RPA43 (fibrillar center, bottom panel).
DNA was counterstained with DAPI. Mid-section with conventional optical
resolution is shown for comparison (left column). Scale bars, 5 and 0.5 um
(inset).
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ment p67™B" (23). The existence of such post-translational
cleavage products has also been confirmed in human cell lines.
After exposing HeLa cells to UV light or chemicals that impair
transcription, Ishii and co-workers (44) observed the appear-
ance of N-terminal fragments of Mybbpla with molecular
masses of 67 and 140 kDa (p67™P" and p140™®®, respectively)
as well as a translocation of the full-length protein and its cleav-
age products from the nucleolus to the nucleoplasm (Fig. 1D).

Next, we verified the potential Mybbpla/RNA Pol I associa-
tion in human HeLa cells by studying protein localization. In
agreement with previous observations (44, 45), Mybbpla pref-
erentially localizes to the nucleolus also in HeLa cells as shown
by immunofluorescence experiments that detect the endoge-
nous human protein and transiently transfected mouse and
human FLAG-Mybbpla protein (Fig. 1E). To reveal the sub-
nucleolar distribution of Mybbpla, the protein was visualized
at subdiffraction resolution in parallel with marker proteins of
the different functional regions of the nucleolus. The RNA Pol I
subunit RPA43, fibrillarin, and B23/nucleophosmin served as
markers for the fibrillar center, dense fibrillar component, and
granular component, respectively. The pictures reveal that
Mybbpla localizes closer to or overlaps in part with RNA Pol I
and fibrillarin but not with B23/nucleophosmin, suggesting a
role in transcription and early processing (Fig. 1F). Mybbpla
was shown to shuttle between the nucleus and the cytoplasma,
and in agreement with these studies we detected different levels
of Mybbpla in these compartments (24, 44).

Mybbpla Represses rRNA Gene Transcription—Because of
the subnucleolar distribution of Mybbp1la, its interaction with
RNA Pol I, and the fact that the protein is widely conserved
throughout evolution, orthologs that have been identified in
animals, plants, and fungi (23, 31, 46) suggest that Mybbpla
may play a role in the regulation of rRNA synthesis. First, the
physical association of Mybbpla with the RNA Pol I complex
was confirmed by co-immunoprecipitation experiments using
the transiently transfected FLAG-Mybbpla construct. Affinity
tag purification revealed the specific interaction of Mybbpla
with PAF53, a subunit of the RNA Pol I complex (Fig. 24).
Snf2h has been previously described as an interacting protein of
Mybbp1laand was used as a positive control (47). Next we tested
Mybbpla function in the regulation of rRNA gene transcription
using a reporter system in HelLa cells. To visualize RNA Pol I
activity, we employed the human rRNA minigene construct
pHrD-IRES-Luc that harbors the rRNA gene promoter (—410
to +314 bp relative to the transcription start site) followed by
an internal ribosome entry site (IRES) and the coding sequence
for the firefly luciferase protein (Fig. 2B) (41, 48). The IRES
sequence allows translation of the rRNA Pol I transcripts and
relative quantification of the minigene RNA levels via the lucif-
erase activity. RNA Pol I transcription efficiency from the mini-
gene construct was normalized to a co-transfected RNA Pol
II-dependent construct expressing the Renilla luciferase (Fig.
2B).

Overexpression of human or mouse Mybbpla in HeLa cells
resulted in a dose-dependent transcriptional repression of the
rRNA minigene expression, comparable to the repressive effect
of Tip5 (Fig. 2C and supplemental Fig. S2), which is the large
subunit of the nucleolar remodeling complex, NoRC, that
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FIGURE 2. Mybbp1a represses rRNA gene transcription. A, nuclear extracts
of HEK239T cells either transfected with FLAG-Mybbp1a expression plasmid
(lanes 4-6) or control DNA (lanes 1-3) were incubated with a-FLAG-agarose.
For the detection with a-Mybbp1aand a-Snf2h load (L, 5%), flow-through (FT,
5%), bead-bound (B), and eluted (E) proteins were analyzed by Western blot-
ting. For the detection with a-PAF53, 0.3% of the load and flow-through were
loaded on the gel. B, the pHrD-IRES-Luc (41) construct contains the human
rDNA (hrDNA) promoter from —410 to + 314 (relative to the transcription
start site) followed by an IRES fused to the firefly luciferase coding region. The
renilla control construct carrying the renilla luciferase gene under the control
of a thymidine kinase promoter (transcribed by Pol Il) was used to normalize
for transfection efficiency. C, Hela cells were co-transfected with both lucif-
erase reporter constructs, pHrD-IRES-Luc and renilla control, and increasing
amounts (188, 375, 750 ng) of either human Mybbp1a, mouse Mybbp1a, or
Tip5 expression plasmids. The mouse p67MEP"NLS (p67) expression plasmid
was transfected with an amount of 188 ng. 48 h after transfection, luciferase
activity was measured, and firefly luciferase counts (RNA Pol | reporter) were
normalized to renilla luciferase counts and compared with the control trans-
fection reaction (ctrl). Protein levels were analyzed by Western blotting with
a-FLAG antibody. An unspecific band (*) served as loading control. D, ChIP
experiments were performed with chromatin derived from purified nucleoli
(left) or whole cell extracts (right) of cells either transfected with human FLAG-
Mybbp1a expression plasmid (FLAG-hMybbp1a) or control DNA (ctrl). For
immunoprecipitation a-FLAG, a-hMybbp1la, a-RPA116, and «-TTF-I were
used as indicated. Purified rabbit immunoglobulin G was used for back-
ground estimation. FLAG-hMybbp1a protein levels were analyzed by West-
ern blotting with a-Mybbp1a and a-FLAG antibodies as indicated.
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serves to silence rRNA genes by changing their chromatin
structure and initiating heterochromatinization of rDNA (32,
49, 50). In contrast, overexpression of equal amounts of a C-ter-
minal-truncated form of mouse Mybbpla (mp67MPF"NLS)
containing the SV40-T-antigen NLS to target the protein to the
nucleus and nucleolus (24) (Fig. 1D) had no effect on RNA Pol
I-dependent transcription (Fig. 2C). These results suggest that
the C terminus of Mybbpla is required for efficient transcrip-
tional repression. To obtain more insight into the action of
Mybbpla at rRNA genes, ChIP experiments were performed.
Nuclear and nucleolar extracts of control cells and cells over-
expressing the FLAG-tagged Mybbpla were immunoprecipi-
tated with antibodies against the FLAG tag, hMybbpla,
RPA194, RPA116, and transcription termination factor-I
(TTF-I; Fig. 2D and supplemental Fig. S3). In these experiments
neither the a-FLAG nor the a-Mybbpla antibodies were able to
co-precipitate rDNA fragments, which suggests that Mybbpla
functions at a distance that cannot be captured by formalde-
hyde cross-link. However, we did observe reduced rDNA bind-
ing of RNA Pol I and TTF-I upon overexpression of FLAG-
Mybbpla, correlating with Mybbpla-dependent Pol I
transcription repression. The results suggest that Mybbpla
may repress transcription through its binding to the RNA Pol I
complex.

Mybbpla Is Involved in Pre-rRNA Processing—In a recent
study, Greenblatt and co-workers (51) analyzed the composi-
tion of yeast rRNA-processing complexes and found that Pol5p,
the suggested yeast homolog of Mybbpla, is associated with the
UtpA complex. UtpA is the possible equivalent of the t-Utp
subcomplex of the small ribosome subunit processome that
was identified in an independent study (2). Accordingly, we
studied the role of Mybbpla in pre-rRNA processing, which
involves a number of ordered and consecutive endo- and exo-
nucleolytic cleavages of the 47 S precursor to produce the 18 S,
5.8 S, and 28 S rRNAs. A short overview of the major mamma-
lian rRNA processing pathways is depicted in Fig. 34 (for a
detailed review, see Ref. 52).

The reporter assay described above allowed the uncoupling
of rRNA transcription from processing, whereas the analysis of
cellular rRNA levels reflects the sum of these processes. To
characterize gain-of-function effects of Mybbp1la, 47 S precur-
sor, intermediate and mature rRNA levels were measured in
qRT-PCR and Northern blot experiments (Fig. 3). To our sur-
prise, overexpression of Mybbpla resulted in elevated steady-
state levels of the 5'ETS) fragment of rRNA when measured by
qRT-PCR (Fig. 3B).

This result did apparently contradict the reporter assay that
monitors only transcription initiation (Fig. 2C). To confirm the
qRT-PCR in an independent assay and to rule out the possible
accumulation of the 5'ETS fragment after co-transcriptional
cleavage, 47 S pre-rRNA levels were measured by the Northern
blot assay (Fig. 3C, upper panel). Because the result confirmed
the qRT-PCR observations, we hypothesize a dominant nega-
tive effect of Mybbp1la on pre-rRNA processing. The difference
between both assays is that the reporter assay using the core
promoter is only capable of revealing the effects on transcrip-
tion initiation, whereas qRT-PCR and Northern blot analyze
the combined effects of transcription initiation and pre-rRNA
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processing. An inhibition of rRNA processing steps may result
in 47/45 S rRNA accumulation even though rRNA transcrip-
tion levels are decreased. Thus, we investigated the levels of
rRNA processing intermediates by Northern blot analysis of the
RNA (Fig. 3C). The quantification of the data (Fig. 3D)
approved our hypothesis, demonstrating accumulation of the
47/45 S, 41 S, and to a lower level of 30 S and 21 S rRNA inter-
mediates. Mainly pathway A (Fig. 34) was affected by over-
expression of Mybbpla; however, also minor effects on the
pathway B were observed. Our data suggest that Mybbpla
participates in transcriptional repression and is involved in
pre-rRNA processing.

Mybbpla Associates with the Ribosome Biogenesis Machinery—
Several large RNA-containing complexes are involved in ribo-
some synthesis and implement pre-rRNA processing and pre-
ribosome assembly in accordance with rDNA transcription (for
review, see Ref. 53). To reveal the binding of Mybbpla to RNA-
containing complexes, we first monitored the cellular localiza-
tion of Mybbpla after RNase A treatment in HeLa cells (sup-
plemental Fig. S4). Immunodetection of the endogenous
protein revealed a relocalization of Mybbp1la from the nucleoli
to the nucleoplasm upon RNase A treatment, whereas the Pol
I-specific and rDNA binding TTEF-I remained nucleolar. Fur-
thermore, control treatment with DNase I, an enzyme that does
not hydrolyze RNA, did not change the localization of
Mybbpla. These findings suggest that nucleolar localization of
Mybbpla depends on the interaction with a nucleolar RNA
component and confirm very recent data obtained in the
human breast cancer cell line MCF-7 (54).

We next investigated whether Mybbpla is part of an RNA-
containing complex, as suggested by the immunofluorescence
experiments. Therefore, HeLa nuclear extract was fractionated
by gel filtration on a Superose 6 column, and the fractions were
assayed for the presence of Mybbp1la (Fig. 44). Mybbpla mostly
eluted with an apparent molecular mass in the MDa range, co-
migrating with the RNA Pol I holoenzyme complex. In agree-
ment with this observation, a recent analysis of the protein
composition of transcription factories also revealed the associ-
ation of Mybbp1la with the RNA Pol I transcription factory (55).
Furthermore, the protein co-migrates with fibrillarin, a protein
involved in several steps of ribosome biogenesis (56). Mybbpla,
and in part fibrillarin, were shifted to fractions corresponding
to lower molecular masses when the extract was incubated with
RNase A, confirming that it is part of a large multisubunit
RNase-sensitive complex such as the ribosome biosynthesis
machinery. To confirm that fibrillarin and Mybbpla are pres-
ent in a single complex, we transfected HeLa cells with the
human FLAG-Mybbpla expression construct and performed
co-immunoprecipitation experiments. FLAG-Mybbpla co-
precipitated fibrillarin, and fibrillarin also specifically eluted
with Mybbp1la from the affinity matrix (Fig. 48). Our data con-
firm the proteomics data and identify Mybbp1la as an interactor
of fibrillarin (57).

Next we studied the association of Mybbpla with the ribo-
somal biogenesis machinery. We studied its sedimentation
behavior on a sucrose gradient with regard to pre-ribosomal
particles and polyribosomes. Sucrose gradient centrifugation in
combination with UV profiling and Western blotting clearly
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revealed a co-migration of Mybbpla with the 40 S and 60 S
pre-ribosomal particles, whereas no Mybbpla was detected in
the mRNA-associated polysome fractions (Fig. 4C). Pes1, a fac-
tor involved in the processing of the 32 S precursor, showed a
preference for the 60 S pre-ribosomal particle as expected. This
finding suggests that Mybbpla is involved in the maturation of
the ribosomal subunits, but it does not interact with the mature,
translating ribosomal particles.

To reveal additional binding partners of Mybbpla, the
FLAG-tagged protein was transiently transfected into HeLa
cells, and associated proteins were purified by affinity chroma-
tography, separated by gel electrophoresis, and analyzed by
MALDI-TOF mass spectrometry (Fig. 4D). As suggested by our
experiments, Mybbp1la interacts with proteins belonging to the
ribosome biogenesis pathway and the small and large ribosomal
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proteins that are assembled during rRNA transcription. We
tested several of those proteins for co-migration with Mybbp1la
in the presence or absence of RNA. Interestingly, those proteins
co-migrated with Mybbpla in the large complex and were con-
verted to distinct smaller complexes after RNase A treatment
(supplemental Fig. S5).

Mybbpla Is Essential for Cellular Proliferation—To study the
consequence of Mybbpla-dependent perturbation of ribosome
biogenesis on cell proliferation, loss of function experiments
were performed using siRNA. Knockdown experiments were
performed with GL3- (a control siRNA directed against the
luciferase gene), TIF-IA-, and Mybbpla-specific siRNAs (Fig.
5A and supplemental Fig. S6). Knockdown of Mybbpla and
TIF-IA was monitored at the protein level and followed for up
to 12 days (Fig. 5A). siRNA-mediated knockdown of Mybbpla

VOLUME 287+NUMBER 29-JULY 13, 2012


http://www.jbc.org/cgi/content/full/M111.303719/DC1
http://www.jbc.org/cgi/content/full/M111.303719/DC1

Coordination of rRNA Gene Transcription and Processing

A 443 kDa
2 MDa 669 kDa | 66 kDa
1 1 1 -
a-MybbpT1a| == e - -
a-Fibrillarin s == s — -
e
a-TTF-I -— & -
a-PAF53 = — - -
a-Mybbp1a = m
r . s | £,
a-Fibrillarin -
Y
z
Q
a-TTF-I ®
>
a-PAF53
A
ctrl Flag-Mybbp1a
L FT B E L FT B E € Polysomes
[
- - =@ e | -Mybbpla B
k73
Q
- @™ — — |o-Fibrilarin <
1 2 3 4 56 7 8 _
a-Mybbp1la == W
A a-Pes1 PGS =@ — — ~
D \M@Q
XN
o eed
200 |+ protein pre-40S pre-60S export other
Nop2 +
150 | -
._hMM’t't.’bp“ DDX21 + +
120 =~ : :ngré” Karyopherin a6 +
100 | s ‘\‘Alpha-actinin RRS1 + *
90 | W DDX21 EBP2 +
1 Hsp70/70.5
70 | — _ mRNA
60 | __Karyopherinaé ~ hnRNP A1 processing
= (Importin a7) Eibrillari
rillarin + + +
e ¥ ;Egiﬁ r-I roteirlls + + + cell cycle
20 B iy p control
hnRNP A1
30 [ = GNBZL1 )
— ribosomal proteins
25 %= . . |k | 40S SU: S19, S13, S5, S8, S2, S3a, SA
0 7 | JeoSSU: L27, L27a, L26, L23, L23a, L15, L10a, L13, L7, L5, L6, PO, L3

FIGURE 4. Mybbp1a is part of a RNA-sensitive protein complex. A, RNase A-treated and mock-treated (ctrl) HeLa nuclear extracts were separated on a
Superose 6 gelfiltration column. Load (9%), and collected fractions (every second fraction from 12 to 34) were analyzed by Western blotting with the indicated
antibodies. B, nuclear extracts of HeLa cells either transfected with FLAG-Mybbp1a expression plasmid (lane 5-8) or control DNA (ctrl; lane 1-4) were incubated
with a-FLAG-agarose. Load (L; 5%), flow-through (FT; 5%), bead-bound (B), and eluted proteins (E) were analyzed by Western blotting with the indicated
antibodies. C, polysome fractionation was performed on a sucrose gradient, and Mybbp1a and Pes1 protein levels of the fractions were detected by immu-
noblotting. Pre-assembled ribosomal subunit, monosome, and polysome fractions were detected by measuring UV absorbance at 254 nm as indicated.
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ribonucleoprotein.

To monitor the effect of protein depletion on rRNA levels, we
measured first the steady-state levels of the 5'ETS by quantita-
tive real time PCR (supplemental Fig. S6). Total cellular RNA
was isolated and reverse-transcribed, and the level of the 5’ETS
was quantified and normalized to B-actin mRNA. In agreement

efficiently reduced protein levels from day 2 through day 7 fol-
lowed by partial (day 9) and full (day 12) recovery of Mybbpla
protein levels. siRNA-mediated knockdown of TIF-IA was not
as efficient as Mybbp1la depletion, but a visible reduction in the
protein level was detected from day 2 to day 7.
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FIGURE 5.siRNA-mediated depletion of Mybbp1a delays cellular prolifer-
ation. A, Hela cells were transfected with siRNA targeting Mybbp1a (si-
Mybbp1a.2), TIF-IA, and a control siRNA (si-ctrl). Protein levels were analyzed
by Western blotting 2, 4, 7,9, and 12 days after transfection, as indicated. The
a-tubulin staining of the membrane served as loading control. B, cellular pro-
liferation upon siRNA treatment of the cells using si-Mybbp1a (white triangle),
si-TIF-IA (white square), or si-ctrl (black square) was followed from days 0 to 12
by counting the number of living cells. Cell numbers are plotted in log 10
scale. The average and S.D. values were calculated from three technical rep-
licates. One of two independent data sets is shown.

with the rRNA minigene expression studies (Fig. 2), depletion
of Mybbpla resulted in an increase in pre-rRNA levels in the
cell. As expected, reduced TIF-IA levels resulted in a strong
decrease of pre-rRNA synthesis, as this protein is an essential
transcription initiation factor (58, 59) (supplemental Fig. S6).

In addition, we observed that cells depleted of either TIF-IA
or Mybbp1labehaved similarly and ceased cellular proliferation.
BrdU labeling experiments of Mybbpla-depleted cells showed
a reduced number of cells in S-phase (supplemental Fig. S7A).
Quantification of cellular proliferation by counting cells after
protein knockdown (Fig. 5B) revealed a stronger effect of
Mybbpla on cellular proliferation as compared with TIF-IA.
Halted cellular proliferation correlates with the time frame of
reduced protein levels (Fig. 5). According to our observation
that depletion of Mybbp1la resulted in the accumulation of pre-
rRNA, we would have expected increased proliferation rates
after Mybbpla knockdown. These findings appear to be coun-
terintuitive, as high rDNA transcription activity and rRNA lev-
els are the major determinants of cellular growth and prolifer-
ation but can be explained by our experimental data on rRNA
processing that indicate additional roles for Mybbpla in
growth-related processes other than rDNA transcription. Fur-
thermore, visual inspection of the Mybbpla knockdown cells
revealed an abnormal, flattened, and enlarged morphology
(supplemental Fig. S7B).

DISCUSSION

We identified Mybbp1la association with RNA PolI and dem-
onstrated that Mybbpla serves both as a negative regulator of
rRNA gene transcription and as a functional part of the ribo-
some biogenesis machinery. The results of the loss-of-function
studies together with the gain-of-function experiments suggest
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that Mybbpla plays a dual role in rRNA metabolism; first, reg-
ulating transcription initiation and, second, being essential for
the correct processing of the pre-rRNA. Depletion of the pro-
tein leads to a dominant anti-repression effect on rRNA synthe-
sis, whereas the overexpression of Mybbpla impairs domi-
nantly the rRNA processing. Although ribosome biogenesis is a
major determinant of cellular growth and proliferation, addi-
tional functions of Mybbpla in growth-related processes may
explain its effects on cellular proliferation. Yet our data showed
that Mybbpla plays a role in the regulation of rRNA transcrip-
tion and is an essential component of the ribosome biogenesis
machinery at the same time, placing the protein at the interface
of transcription and processing.

Intriguingly, Mybbpla was very recently identified to acti-
vate the tumor suppressor p53 as a consequence of nucleolar
stress (54). Upon inhibition of rRNA synthesis by TIF-IA
knockdown or treatment with low doses of actinomycin D,
Mybbpla translocated to the nucleoplasm and increased the
acetylation levels of p53. Mybbp1la did stimulate the interaction
of p53 with the histone acetyltransferase p300, leading to the
p53-dependent gene activation. Taken together, it seems that
Mybbpla plays an important role as a central regulator of pro-
liferation, cell cycle progression, and differentiation in the
mammalian system. As shown by our study, Mybbpla affects
simultaneously the Pol II and Pol I transcription systems to
achieve its regulatory function.

Inbudding and bakers’ yeast, the protein Pol5p was identified
as the potential homolog of Mybbp1la and was shown to bind to
the rRNA gene repeat (60, 61). In yeast, Pol5p has been con-
nected with an essential role in rRNA synthesis. We present
here substantial evidence for the role of its potential mamma-
lian homologue both in rRNA synthesis and processing. In the
absence of Mybbp1la, rRNA synthesis became de-repressed, but
cells ceased proliferation at the same time (Fig. 5 and supple-
mental Fig S6). These results argue that Mybbpla has a pro-
proliferative role, as was observed in yeast. In the case of tran-
scriptional regulation, the further analysis of Mybbpla
interaction with RNA Pol I could provide more mechanistic
insights into the function of the protein. Here, the identification
and function of the RNA component(s) involved in Mybbpla-
dependent regulation of rRNA synthesis would be particularly
interesting. The RNase A sensitivity of the major fraction of
RNA Pol I-Mybbpla-containing complexes (Fig. 4A) suggests
that the association of the proteins may take place in a tran-
scriptionally engaged ternary protein-DNA-RNA complex.

We propose that the accumulation of 47 S pre-rRNA upon
Mybbpla depletion is a combined consequence of transcrip-
tion up-regulation due to de-repression of the rRNA gene and a
defect in rRNA processing. A similar effect was suggested for
Pwp2 (Utpl), a component of the small ribosome subunit pro-
cessome (62). Depletion of Pwp2 leads to pre-rRNA accumula-
tion due to stalling rRNA processing. In turn, when cells were
overloaded with Mybbpla, the excess of the protein may per-
turb dominantly the rRNA processing pathway (Fig. 3). In con-
clusion, it is likely that the functional role of Mybbp1la involves
the coordination of transcription and processing. However,
additional experiments have to be performed to unravel the
detailed mechanism. These include the dissection of direct and
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indirect Mybbp1a effects on rDNA transcription by identifying
the protein domains and/or RNA that are involved in
Mybbpla-RNA Pol I and Mybbpla-processome interactions.
Functional characterization of specific interaction-defective
mutants will give insights into the molecular mechanisms of
Mybbpla-dependent regulation of ribosome biogenesis.

To initially characterize the Mybbpla mode of action, we
have purified Mybbpla-containing complexes (Fig. 4D). We
identified a large variety of ribosomal proteins of both the small
and large ribosome subunits as well as of several other factors
such as fibrillarin, DDX21, Rrs1, Ebp2, and Noll (yeast Nop2)
to which roles in rRNA processing and ribosome assembly have
been assigned in previous studies (56, 63—66). This result was
supported by the observation that Mybbpla co-migrated with
the small and large ribosome subunit pre-ribosomal particles
on a polysome sucrose gradient (Fig. 4C). The data show that
Mybbpla is a component of pre-ribosomal complexes and
together with the effects in de-regulation pathways A + B (Fig.
3A) in pre-rRNA processing suggests that it is functionally and
structurally involved in this process.

Recently, Yamauchi and co-workers (44) have shown that
Mybbpla is processed upon ribosomal stress induction. Treat-
ment of cells with actinomycin D, cisplatin, or UV, all of which
inhibit ribosome biogenesis, lead to proteolytic cleavage of
Mybbplainto C-terminal-truncated p140™®” and p67™®" pro-
teins. Proteolysis of Mybbpla results in its translocation to the
nucleoplasm (24, 44). The full-length Mybbpla and the pro-
cessed forms were found in distinct complexes, both of which
contained nucleophosmin and nucleolin, and the large complex
containing the full-length protein also contained nucleostemin
and ribosomal proteins (44). We speculate that the Mybbpla-
containing ribosome assembly/processing machinery identi-
fied in this study is likely to be equivalent to the large complex
purified by Yamauchi and co-workers (44). Indeed, a recent
characterization of Mybbpla-containing complexes in MCE-7
cells by Yanagisawa and co-workers (54) also revealed some of
the factors identified in this study, such as EBP2 and Noll, con-
firming our results.

Interestingly, depletion of Rrs1 or Ebp2, factors that co-pu-
rified with Mybbpla, were also shown to affect rRNA process-
ing, mirroring the effects observed for Mybbp1la (63, 64). Rrs1 is
a ribosome assembly factor that recruits the 5 S rRNA and the
ribosomal proteins rpL5 and rpL11 into nascent ribosomes
(67). Moreover, Rrs1 seems to be involved in rDNA transcrip-
tion regulation, as a yeast rrs1 mutant has been shown to reduce
transcriptional repression of the rRNA gene (63). Both Rrs1 and
Ebp2 have recently been connected to a role in the progression
of mitosis as well. Mybbpla is phosphorylated by the mitotic
kinase Aurora B, and it has been revealed that depletion of
Mybbpla or Rrsl leads to a mitotic delay and abnormalities in
spindle organization (45, 68). Additionally, the involvement of
Mybbpla, rpL5, and rpL11 was shown in p53 acetylation and
accumulation, which is dependent on the release of Mybbpla
from nucleolar RNA upon stress (54). This study strongly sug-
gests a role for Mybbpla in rRNA metabolism, based on its
binding to nucleolar RNA.

We have shown that Mybbpla is required for cellular prolif-
eration, an effect that may relate either to its role in pre-rRNA
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processing or in the regulation of extra-nucleolar interaction
partners. Our experiments cannot discriminate between these
scenarios. Mybbpla-depleted cells exhibit a flattened and
enlarged morphology that is clearly visible on day 4 after
siRNA-mediated knockdown (supplemental Fig. S7B). This
phenotype mirrors the “flat cell phenotype” of retinoblastoma
(Rb)-negative SAOS-2 sarcoma cells when overexpression of
Rb leads to a cell cycle arrest in late G; phase (69). Thus, it
would be interesting to address the possible role of Mybbp1la in
coordinating ribosome biogenesis and cell cycle progression in
future studies.

As transcription of rRNA genes and subsequent pre-RNA
processing and ribosome assembly processes are the major
energy-consuming processes in the cell, the rate of biogenesis is
tightly linked to cellular proliferation. We suggest that in pro-
liferating cells, Mybbpla is mainly associated with the pre-ri-
bosomal complexes where it acts as a scaffold for rRNA proc-
essing and assembly factors and is functionally required to drive
efficient ribosome biogenesis. Reduced levels of ribosome bio-
genesis upon stress signals and/or reduced demands of ribo-
somes potentially result in the disassembly of pre-ribosomal
particles and a translocation of Mybbpla to the nucleoplasm.
Although nucleolar Mybbpla would repress RNA Pol I tran-
scription, the nuclear proteins would modulate the activity of
transcription regulators, such as c-myb, peroxisome prolifera-
tor-activated receptor-+y coactivator 1o, NF-«B, or p53, to cease
cell cycle progression, proliferation, and energy production.
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