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The PeBoW complex is essential for cell proliferation and maturation of the large ribosomal subunit in
mammalian cells. Here we examined the role of PeBoW-specific proteins Pes1, Bopl, and WDR12 in complex
assembly and stability, nucleolar transport, and preribosome association. Recombinant expression of the three
subunits is sufficient for complex formation. The stability of all three subunits strongly increases upon
incorporation into the complex. Only overexpression of Bop1 inhibits cell proliferation and rRNA processing,
and its negative effects could be rescued by coexpression of WDR12, but not Pesl. Elevated levels of Bopl
induce Bopl/WDR12 and Bop1/Pes1 subcomplexes. Knockdown of Bopl abolishes the copurification of Pesl
with WDR12, demonstrating Bop1 as the integral component of the complex. Overexpressed Bop1 substitutes
for endogenous Bopl in PeBoW complex assembly, leading to the instability of endogenous Bopl. Finally,
indirect immunofluorescence, cell fractionation, and sucrose gradient centrifugation experiments indicate that
transport of Bopl from the cytoplasm to the nucleolus is Pesl dependent, while Pesl can migrate to the
nucleolus and bind to preribosomal particles independently of Bopl. We conclude that the assembly and

integrity of the PeBoW complex are highly sensitive to changes in Bopl protein levels.

The nucleolus is the site of the highly regulated, evolution-
arily conserved processes of rRNA transcription, pre-rRNA
processing, and ribosome subunit assembly (30). The mamma-
lian 188, 5.8S, and 28S rRNAs are derived from a single 47S
precursor (pre-rRNA), which is processed to the mature spe-
cies through a series of endonucleolytic, exonucleolytic, and
modification steps (5, 31). Mature rRNAs are assembled into
40S and 60S ribosomal subunits (8). The biogenesis of ribo-
somes is a major expenditure of cellular resources that needs
to be tightly coordinated with cell cycle progression. Doubling
of the translational machinery is essential for continuous cell
proliferation to sustain the equilibrium between cell growth
and cell division (16, 24). The recent years have revealed in-
teresting links between the nucleolus and cell cycle regulation.
Ribosome biogenesis is highly sensitive to cellular stresses such
as chemotherapeutic agents like actinomycin D. Ribosomal
proteins like L11 are no longer incorporated into nascent ri-
bosomes. They accumulate as free proteins and bind and in-
activate the E3 ubiquitin ligase Hdm?2 that targets the tumor
suppressor p53 for degradation (21, 33). Thus, p53 accumu-
lates and elicits cell cycle arrest and apoptosis. Alternatively, it
was shown that a subset of ribosomes contained cytoplasmic
p53 covalently linked to 5.8S rRNA (7). Therefore, the export
of intact ribosomal subunits to the cytoplasm may be important
for p53 degradation as well (27). Despite these remarkable
connections between ribosome synthesis and other cellular
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processes, little is known about the mammalian ribosome bio-
genesis machinery compared to yeast.

We have recently characterized a nucleolar complex of en-
dogenous Pesl, Bopl, and WDR12 in mammalian cells, termed
the PeBoW complex (14). Interestingly, expression of N-terminal
or C-terminal truncations of Pesl, Bop1l, or WDR12 in mamma-
lian cells blocked processing of the 32S pre-rRNA into mature
28S rRNA and triggered p53-dependent cell cycle arrest (10,
14, 20, 23). Apparently, the PeBoW complex is a good target
for the generation of dominant-negative mutants and plays a
crucial role in rRNA processing and maturation of the large
ribosomal subunit.

Coimmunoprecipitation assays showed that dominant-nega-
tive mutant forms of Pesl were indeed incorporated into the
PeBoW complex, suggesting that they block its function by
building up dead-end complexes that prevent further essential
interactions (10, 20). Thus, the amount of PeBoW components
needs to be tightly controlled and adjusted to the rate of
ribosome synthesis and proliferation. Quiescent or serum-
starved cells exhibit low levels of Pesl, Bopl, and WDR12 that
are induced by the proto-oncogene c-Myc upon cell cycle entry
(14). c-Myc is overexpressed in a variety of human malignan-
cies, suggesting a coordinated upregulation of the PeBoW
complex in tumor cells. But interestingly, amplification of the
gene for Bopl, but not that for Pesl, was frequently found in
colorectal cancers, associated with an increase in Bopl mRNA
(18). The PeBoW complex may play an additional role in
mitosis, as transient overexpression of Bop1 increased the per-
centage of multipolar spindles. Depletion of Pesl or Bop1 also
caused an increase in abnormal mitotic figures (17).

These observations underline the importance of a functional
PeBoW complex playing a role in the cross talk between ribo-
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some biogenesis and the cell division cycle. However, it is
unknown how the integrity of the PeBoW complex is con-
trolled in mammalian cells.

In this study, we investigated how changes in the abundance
of individual PeBoW components affect its functionality. We
show that overexpression of Bopl disturbs cell proliferation
and ribosome biogenesis by titrating endogenous WDR12 into
a Bopl/WDR12 subcomplex and that its negative effects could
be rescued by coexpression of WDR12, but not Pesl. Further,
Bopl1 was found to be essential for the copurification of Pesl
and WDR12, thus arguing for an indirect interaction mediated
by Bopl. Finally, depletion of individual PeBoW components
by RNA interference revealed a strong interdependence of
their protein levels. Thus, the integrity of the PeBoW complex
is tightly controlled by protein-protein interactions and highly
sensitive to elevated levels of Bopl.

MATERIALS AND METHODS

Tissue culture. TGR-1 rat fibroblasts, U20S osteosarcoma cells, and H1299
lung carcinoma cells (non-small-cell lung carcinoma) were cultured in Dulbecco
modified Eagle medium with 10% fetal bovine serum at 8% CO,. For generation
of polyclonal cell lines, 6 X 10° cells were transfected with the respective pRTS-1
plasmids by using Polyfect (QIAGEN) and stably selected in the presence of 200
png/ml hygromycin B and/or 1 pg/ml puromycin for 10 to 14 days. Conditional
gene expression was induced with 1 pg/ml doxycycline. Pes1 and WDR12 car-
rying a C-terminal hemagglutinin (HA) tag are of human origin, whereas Bopl
carrying an N-terminal HA tag is mouse specific. Therefore, we analyzed differ-
ent cell types and species.

RNA analysis and **P in vivo labeling. Total RNA was isolated with Trifast
(PeqLab). Two micrograms of total RNA for detection of ITS-1 and ITS-2 or 10
ng of total RNA for analyzing the endogenous mRNA levels was separated on
a 1% agarose-formaldehyde gel and blotted onto Hybond N membranes (GE
Healthcare). The following 3*P-end-labeled DNA oligonucleotides were used to
visualize TRNA precursors: ITS-1 (human specific), 5'-CCTCCGCGCCGGAA
CGCGCTAGGTACCTGGACGGCGGGGGGGCGGACG-3"; ITS-2 (human
specific), 5'-GCGGCGGCAAGAGGAGGGCGGACGCCGCCGGGTCTGC
GCTTAGGGGGA-3'; ITS-1 (rat specific), 5'-GGACCAGACCCGACACCCT
GCCACCGCACACCTGTCCCGAAACCCCCT-3'; ITS-2 (rat specific), 5'-GC
CCCGGGGAGCGGGCCCTGCGAGCAGACTCCCAGCCGCGCGACGCG
A-3"; 18S rRNA (human and rat specific), 5'-CACCCGTGGTCACCATGGTA
GGCACGGCGACTACCATCGAAAGTTGATAG-3'.

Metabolic labeling of rRNA has been described elsewhere (14).

Production of antibodies. Monoclonal antibodies (MAbs) against human nu-
cleostemin and human Nogl were generated as previously described (14). For
immunization, we used a glutathione S-transferase (GST)-nucleostemin fusion
protein and a Nogl-specific peptide coupled to ovalbumin (Peptide Specialty
Laboratories GmbH, Heidelberg, Germany). The Nogl peptide sequence is
ESKEKNTQGPRMPRTAKKVQRTVLEKC. The nucleostemin (7H3) MAb
belongs to the immunoglobulin G2b subclass, and the Nogl (1D8) MAbD belongs
to the immunoglobulin G2a subclass. Polyclonal antibodies against mouse Bopl
were raised by immunization of guinea pigs with a mixture of the peptides
GKPHMSPASLPGKRRLEPDQELQIQ and SOEHTQVLLHQVSRRRSQSP
FRRSHG.

Immunoblotting, immu escence, and im precipitation. For immu-
noblotting, cells were directly lysed with 2X sodium dodecyl sulfate (SDS) load-
ing 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-polyacrylamide gel electrophoresis and blotted onto nitrocellulose mem-
branes (GE Healthcare). Inmunodetection was performed with anti-HA (3F10;
Roche), anti-Pes1 (8E9), anti-Bop1 (6H11), anti-WDR12 (1B8), antinucleo-
stemin (7H3), anti-Nogl (1D8), anti-NPM1 (clone FC82291; Sigma Aldrich),
antitubulin (Sigma Aldrich), anti-p53 (PAb240; Dianova), and anti-c-Myc (N-
262; Santa Cruz Biotechnology, Inc.). Recombinant mouse Bopl protein was
detected with a 1:10,000 dilution of polyclonal mouse Bopl-specific guinea pig
antibodies in methanol-acetone-fixed cells. Immunofluorescence and immuno-
precipitation have been described elsewhere (14).

Native gel electrophoresis. Cells (3 X 10°) were lysed in 100 ul lysis buffer (50
mM Tris-HCI [pH 8.0], 1% NP-40, 150 mM NacCl, phosphatase inhibitors, pro-
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tease inhibitors) at 4°C for 20 min. A 7.5-pl volume of 2 sample buffer (125 mM
Tris-HCI [pH 6.8], 30% glycerol, 0.02% bromophenol blue) was added to 7.5 .l
of total lysate and separated by polyacrylamide gel electrophoresis (6.5%) in the
absence of SDS at 4°C. Blotting was performed in the absence of methanol.
Immunoblotting was performed as described above.

siRNA transfection. The day before transfection, ~5 X 10* to 10° cells were
seeded in six-well plates. Five microliters of 20 wM control, Pesl-, Bopl-, or
WDR12-specific small interfering RNA (siRNA) was diluted in 150 pl of Opti-
MEM (Invitrogen). One hundred fifty microliters of OptiMEM containing 5 .l
of Oligofectamine (Invitrogen) was added, and the mixture was incubated for 15
min. Finally, 600 pl of OptiMEM was added and the mixture was applied to cells
after aspiration of the culture medium. Cells were incubated for 5 to 6 h. The
following sequences (sense) were used: Pesl UTR, CCAGAGGACCUAAGU
GUGAJTAT; Pesl ORF, AGGUCUUCCUGUCCAUCAAJTDT; Bopl UTR,
UCGUGCUGAAGUCAACAGAJTAT; Bopl ORF, AUGGCAUGGUGUAC
AAUGAdTdT; WDR12 UTR-1, CGUACGUUUCCGUGGGCAAJdTAT;
WDR12 UTR-2, CGCUUACCUGUGCAGUCUAJdTJT; Control (nonspecific
siRNA), UUCUCCGAACGUGUCACGUJTJT.

Knockdown-knock-in assay. Exogenous gene expression (Pesl, Bopl, or
WDR12) was activated for 3 days by treatment with 1 pg/ml doxycycline and then
maintained throughout the subsequent course of two siRNA transfections with
siRNAs directed against the 3’ untranslated region (UTR) of the Pes1, Bopl, or
WDR12 mRNA.

Cell fractionation and sucrose gradients. Cells were harvested by trypsiniza-
tion and washed three times with cold phosphate-buffered saline. Cells (3 X 10°)
were lysed in 100 pl lysis buffer A (10 mM HEPES [pH 7.9], 10 mM KCl, 1.5 mM
MgCl,, 0.5 mM dithiothreitol, 0.5% NP-40, protease inhibitors) at 4°C for 20
min. Cytoplasmic fractions were isolated after centrifugation. The pelleted nuclei
were washed three times with cold lysis buffer A and then lysed in 100 wl lysis
buffer B (50 mM Tris-HCI [pH 8.0], 1% NP-40, 150 mM NaCl, protease inhib-
itors) at 4°C for 20 min. Sucrose gradients have been described elsewhere (10).

RESULTS

Overexpression of Bop1l negatively affects proliferation and
processing of pre-rRNA. We aimed to investigate the control
of PeBoW complex integrity by increasing or decreasing the
amount of its individual members. First, we determined the
proliferation rates of TGR-1 and H1299 cells overexpressing
Pesl, Bopl, or WDR12. Cells were stably transfected with
pRTS constructs (1) conditionally expressing the respective
HA-tagged wild-type forms or luciferase in a doxycycline-de-
pendent manner. Equal numbers of cells were seeded in the
presence of doxycycline, and cell numbers were determined
after 6 days. Overexpression of Bopl-HA reduced the cell
count up to 41% in TGR-1 and to 20% in H1299 cells (Fig. 1A,
lanes 3 and 7) compared to control cells expressing luciferase
(lanes 1 and 5). Overexpression of neither WDR12-HA (lanes
2 and 6) nor Pes1-HA (lanes 4 and 8) significantly affected cell
proliferation. Expression of the HA-tagged forms of Pesl,
Bopl, and WDR12 was verified by Western blot analysis (Fig.
1B).

Next, we tested whether the antiproliferative effect of Bopl
overexpression resulted from an altered stoichiometry of the
PeBoW complex and could be alleviated or rescued by coex-
pression of either Pesl or WDR12. H1299 cells were stably
transfected with two individual pRTS constructs harboring a
puromycin or a hygromycin resistance gene. The enhanced
green fluorescent protein of the last one was replaced with
monomeric red fluorescent protein to better monitor coexpres-
sion (data not shown). Cells expressing Pes1, Bop1, or WDR12
or combinations thereof were seeded in equal cell numbers.
The number of cells was determined in multiples and com-
pared with the mean cell count of a mock-treated cell line after
6 days (Fig. 1C). The negative effect of Bop1 overexpression on
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cell proliferation could be rescued by coexpression of WDR12,
but not Pesl (Fig. 1C, lanes 4 and 6). Expressing WDR12
together with Pes1 did not alter the proliferation rate (Fig. 1C,
lane 7). Equal expression levels were determined by Western
blot analysis (Fig. 1D).

The PeBoW complex is involved in pre-rRNA processing.
Therefore, we studied the maturation of rRNA in cells over-
expressing individual PeBoW components. A scheme of mam-
malian RNA-processing pathways is shown in Fig. 1E. Pesl,
Bopl, WDRI12, and combinations thereof were stably ex-
pressed in H1299 and TGR-1 (data not shown) cells for 24 h.
Total RNA was isolated and analyzed by Northern blot anal-
ysis with probes specific for internal transcribed spacer 1
(ITS-1) and ITS-2 of the ribosomal pre-rRNA (Fig. 1F and G).
Bopl-overexpressing cells accumulated the 47/45S and 32S
pre-TRNAs by twofold (Fig. 1F and G, lanes 2) whereas over-
expression of WDR12 or Pesl did not interfere with pre-rRNA
processing (Fig. 1F and G, lanes 3 and 5). The Bopl-mediated
aberrant accumulation of pre-rRNAs could be completely re-
versed through coexpression of WDR12, but not Pes1 (Fig. 1F
and G, lanes 4 and 6). These results are in line with the
proliferation experiments showing that coexpression of WDR12
but not Pesl alleviates the negative effects of Bopl overexpres-
sion.

Overexpression of Bopl titrates endogenous WDRI12 into a
Bop1/WDR12 subcomplex. These results prompted us to in-
vestigate the impact of Bopl overexpression on the PeBoW
complex in more detail. We examined whether ectopically ex-
pressed Pesl1, Bopl, or WDR12 affected the abundance of the
endogenous PeBoW proteins. Endogenous Pesl and WDR12
can be discriminated from the human HA-tagged forms by
their lower molecular weights. Recombinant rodent HA-Bop1
is not recognized by the human-specific Bopl MAb. Overex-
pression of HA-Bopl, but not WDR12-HA, Pesl-HA, or
luciferase, strongly reduced the steady-state levels of endog-
enous Bopl in H1299 cells after 6 days (Fig. 2A). However,
such a decrease in the endogenous Bopl protein level was
not detected in cells overexpressing Bopl for only 1 day
(data not shown). We did not observe a decrease in the
protein levels of endogenous proteins WDR12 and Pesl
(Fig. 2A, lanes 2 and 4) after expression of Pesl-HA and
WDRI12-HA, respectively.

We have previously shown that the intact PeBoW complex
can be visualized by native gel electrophoresis. Therefore, we
established stable U20S cell lines that conditionally overex-
pressed HA-tagged Pesl, Bopl, WDR12, or luciferase for 1
day and analyzed the PeBoW complex by native gel electro-
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phoresis (14). Immunoblot analysis of all three proteins
showed a single band representing the PeBoW complex (Fig.
2B). Overexpression of WDR12 (Fig. 2B, lane 3) and Pesl
(lane 2) resulted in faster-migrating bands indicating free non-
incorporated protein. In contrast, overexpression of Bop1 led
to the formation of an additional complex consisting of Bopl
and WDR12 but lacking Pesl (Fig. 2B, lane 6). The immuno-
blot analysis of WDRI12 further indicated that the overexpres-
sion of Bopl titrated free endogenous WDR12 into this sub-
complex (Fig. 2B, lane 6). Bopl-overexpressing cells lack
monomeric WDR12, in contrast to Pesl-overexpressing cells.
The overexpression of another nucleolar protein, nucleostemin
or Nogl, did not influence the PeBoW complex (Fig. 2B, lanes
4 and 5).

To verify that recombinant Bopl1 is incorporated into the
PeBoW complex, we performed native gel electrophoresis af-
ter 6 days of Bopl overexpression (Fig. 2C). Recombinant
Bopl, which is only recognized by the HA-specific but not the
human-specific Bopl MADb, replaced the endogenous Bopl in
PeBoW complex assembly (Fig. 2C, lanes 2 and 4).

As overexpression of Bopl titrates endogenous WDR12 into
a Bopl/WDR12 subcomplex without Pesl, we tested whether
additional coexpression of Pesl restores PeBoW complex for-
mation. U20S cells were stably transfected with two or three
individual pRTS constructs. We performed native gel electro-
phoresis after 6 days of coexpression. The immunoblot of
WDR12 shows that monomeric WDR12 (Fig. 2D, lane 1)
builds a subcomplex with coexpressed Bopl (lane 2) but not
with coexpressed Pesl (lane 3). The recombinant expression of
all three PeBoW subunits is sufficient for the establishment of
the PeBoW complex (Fig. 2D, lane 4). Equal expression levels
were determined by Western blot analysis (Fig. 2D).

Overexpression of Bopl and Pesl induces a Bop1/Pes1 sub-
complex. Overexpression of Bopl did not reveal a detectable
subcomplex with the endogenous Pes1, possibly because of its
low stability. To test whether such a complex can generally be
formed, we overexpressed Bopl and Pesl together. Cell frac-
tionation experiments revealed a Bop1/Pes1 subcomplex in the
nuclear fraction but not in the cytoplasmic fraction (Fig. 2E).
In contrast, the Bopl/WDR12 subcomplex appeared only in
the cytoplasmic fraction and was absent from the nuclear frac-
tion.

Knockdown of Pesl induces a Bopl/WDR12 subcomplex.
Overexpression of Bop1 resulted in the formation of an incom-
plete PeBoW complex containing Bopl and WDR12 but not
Pesl. Therefore, we aimed to investigate whether this Bop1/
WDRI12 subcomplex would also appear in cells depleted of

FIG. 1. Overexpression of Bopl inhibits cell proliferation and pre-rRNA processing. (A) Equal numbers of H1299 and TGR-1 cells stably
transfected with the indicated constructs were seeded in the presence of 1 wg/ml doxycycline. After 6 days, cells were trypsinized and counted by
trypan blue exclusion. The histogram depicts the cell counts relative to that of the mock-treated cell line expressing luciferase. Error bars indicate
standard deviations. (B) Expression levels of HA-tagged proteins were determined with the anti-HA antibody 3F10. Equal loading was verified by
immunodetection of a-tubulin. (C) The proliferation of stable polyclonal H1299 cell lines expressing the indicated proteins was analyzed as
described for panel A. (D) Expression levels of HA-tagged proteins were determined as described for panel B. (E) Diagram of the primary 47S
rRNA transcript and the major rRNA intermediates. Positions of the hybridization probes are depicted. ETS, external transcribed spacer.
(F) Northern blot analysis of rRNA precursors. Total RNA was extracted from subconfluent H1299 cells expressing the indicated HA-tagged
proteins for 24 h. Equal amounts of total RNA were separated by agarose-formaldehyde gel electrophoresis and hybridized with probes specific
for ITS-1 and ITS-2 of the rRNA intermediates. As a loading control, blots were incubated with a probe specific for 18S rRNA. (G) Ratios of

47S-455/18S and 32S/18S rRNAs.
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FIG. 2. (A) Overexpression of Bopl reduces the endogenous Bop1 protein level. H1299 cells were stably transfected with the indicated constructs.
After 6 days, endogenous Pesl, Bopl, and WDRI12 protein levels were analyzed by Western blotting. Human-specific anti-Bopl MAb 6H11 does not
recognize recombinant mouse Bopl. Expression levels of HA-tagged proteins were determined with anti-HA antibody 3F10. Equal loading was verified
by immunodetection of a-tubulin. (B) Overexpression of Bopl titrates endogenous WDR12 into a Bopl/WDR12 subcomplex. Total cell lysates of U20S
cells expressing the indicated proteins were separated by native gel electrophoresis after 1 day of expression. Pesl, Bopl, and WDR12 were visualized
by immunoblotting. Nonincorporated proteins or complexes containing the respective factor are indicated. (C) Overexpression of Bopl-HA replaces
endogenous Bopl in PeBoW complex formation. Total lysates of U20S cells expressing luciferase or Bopl-HA were separated by native gel electro-
phoresis after 6 days of expression. Pes1, Bopl, WDR12, and Bop1-HA were visualized by immunoblotting. An asterisk indicates monomeric Bop1-HA.
Double asterisks indicate the Bopl/WDR12 subcomplex. (D) Total lysates of U20S cells expressing the indicated proteins were separated by native gel
electrophoresis. WDR12 were visualized by immunoblotting. Nonincorporated proteins or complexes containing the respective factor are indicated.
Expression levels of HA-tagged proteins were determined by Western blot analysis with anti-HA antibody 3F10. Equal loading was verified by
immunodetection of a-tubulin. (E) Cytoplasmic and nuclear fractions of H1299 cells expressing the indicated genes were analyzed by native gel
electrophoresis as described for panel B. Complexes were visualized by immunostaining with HA-specific antibodies.

Pesl. We performed endogenous Pesl, Bopl, and WDR12 induced a strong reduction of the respective proteins within 2
siRNA knockdown experiments. U20S cells were transfected days after the last transfection (Fig. 3A). We also tested
two times with siRNAs directed against the UTR or open whether knockdown of Pes1, Bopl, or WDR12 interfered with
reading frame of WDR12, Bopl, or Pes] mRNA. All siRNAs rRNA processing. Metabolic labeling of nascent rRNA re-
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FIG. 3. Bopl is the core factor of the PeBoW complex. (A) U20S cells were transfected twice with the indicated siRNAs. Endogenous protein
levels were analyzed by Western blotting 2 days after the last transfection. a-Tubulin is shown as a loading control. (B) Cells were treated as
described for panel A and metabolically labeled with [**P]orthophosphate for 60 min 1 day after the last transfection. Subsequently, cells were
incubated for 2 h in regular culture medium. Labeled rRNAs are indicated. Ethidium bromide staining is shown as a loading control. (C) Total
cell lysates of U20S cells transfected twice with the indicated siRNAs were separated by native gel electrophoresis 1 day after the last transfection.
Endogenous Pesl1, Bopl, and WDR12 were visualized by immunoblotting. Nonincorporated proteins or complexes containing the respective factor
are indicated. (D) U20S cells were transfected at days 0 and 1 with either control or Bop1-specific siRNA. Total cell lysates were subjected to
immunoprecipitation with antibodies either against Pesl (8E9), Bopl (6H11), WDR12 (1B8), or the isotype control coupled to protein G-
Sepharose beads 2 days after the last transfection. Equivalent amounts of total lysates used for immunoprecipitation (IP) were loaded in each lane
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indicates cross-reactivity to immunoglobulin molecules.

vealed that cells depleted of a single PeBoW component failed
to produce mature 28S rRNA (Fig. 3B).

To study the integrity of the PeBoW complex in cells de-
pleted of its individual components, we performed native gel
electrophoresis 1 day after the last siRNA transfection (Fig.
3C). Immunoblot analysis of Pes1, Bopl, and WDR12 showed
that knockdown of either protein led to the disappearance of
an intact PeBoW complex (Fig. 3C, lanes 3 to 5, 8 to 10, and 13
to 15). Bopl- or Pesl-depleted cells accumulated free nonin-
corporated WDR12 (Fig. 3C, lanes 3 and 4), whereas knock-
down of WDR12 and Bopl led to an accumulation of mono-
meric Pesl (lanes 13 and 14). We were not able to detect
nonincorporated Bopl in this assay (Fig. 3B, lanes 6 to 10),
possibly because of the low stability of free Bopl (see below).

Interestingly, Pesl-depleted cells exhibited a subcomplex of
WDR12 and Bop1 (Fig. 3C, lanes 5, 10, and 15), as observed in
Bopl-overexpressing cells (Fig. 2B).

Bop1 mediates the interaction of Pes1 and WDR12. WDR12
and Bopl, as well as Pes1 and Bop1, can form a subcomplexes,
but we failed to detect a Pes1/WDR12 subcomplex. Therefore,
we studied the interaction of Pes1, Bopl, and WDR12 in more
detail. U20S cells were transfected two times with either con-
trol or Bopl-specific siRNA, and coimmunoprecipitation ex-
periments were performed (Fig. 3D). In control cells, WDR12
and Pesl were specifically immunoprecipitated and also coim-
munoprecipitated (Fig. 3D, lanes 3 to 5). In contrast, WDR12
and Pesl could not be coimmunoprecipitated in Bopl-de-
pleted cells (Fig. 3D, lanes 8 and 9). Therefore, we suppose
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endogenous protein level

that the interaction of Pesl and WDR12 is indirect and medi-
ated by the core factor Bopl.

Interdependent stability of PeBoW components. Native gel
electrophoresis revealed that Pesl-, Bopl-, or WDR12-de-
pleted cells lack intact PeBoW complexes. Therefore, we an-
alyzed whether depletion of single PeBoW components af-
fected the abundance of the other components. H1299 cells
were transfected twice with siRNA against the 3" UTR of the
Pesl, Bopl, or WDR12 mRNA, and cells were harvested daily.
The strongest reduction of the respective proteins was ob-
served 3 days after the last siRNA transfection (Fig. 4A).
Knockdown of WDR12 slightly reduced the abundance of
Bop1 but not of Pes1. In contrast, depletion of Pesl resulted in
a concomitant loss of Bopl and WDRI12. Furthermore, the
knockdown of Bop1 strongly reduced the protein levels of Pesl
and WDR12. The abundances of three other nucleolar pro-
teins, Nog1, nucleostemin, and nucleophosmin (NPM1), were
not affected. In addition to their nucleolar localization, Nogl
and NPM1 were found in preribosomal complexes and shown
to function in the processing of the 28S rRNA (15, 25, 29).
These results indicate that the interdependence of the steady-
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state levels of individual PeBoW components is specific for and
restricted to this subcomplex (Fig. 4B).

Knockdown-knock-in experiments reconstitute steady-state
levels of PeBoW proteins. To verify that the mutual reduction
of PeBoW proteins after knockdown of a single component is
not an off-target effect, we aimed to rescue the depletion phe-
notype specifically by coexpression of the respective wild-type
protein by a knockdown—knock-in approach. H1299 cells were
stably transfected with pRTS constructs conditionally express-
ing the respective HA-tagged form of Pesl, Bopl, or WDR12
in a doxycycline-dependent manner. Exogenous gene expres-
sion was activated for 3 days and then maintained throughout
the subsequent course of two siRNA transfections. We used
siRNAs directed against the 3" UTRs of the Pesl, Bopl, and
WDR12 mRNAs. These siRNAs were used to specifically de-
plete the endogenous, but not the HA-tagged, recombinant
proteins.

The endogenous Pesl, Bopl, and WDRI12 protein levels
were studied in cells depleted of the endogenous protein and
additionally expressing either of the HA-tagged PeBoW com-
ponents (Fig. 5). The endogenous, as well as the exogenous
HA-tagged, Pesl and WDR12 proteins were detected by the
MADs but could be discriminated by their increased molecular
weights and slower migration due to the C-terminal HA tag.
The MAD specific for human Bopl did not recognize recom-
binant mouse Bopl-HA. First of all, overexpression of
Bopl-HA down-regulated the endogenous Bopl, as described
above (Fig. 5A to D, lanes 3), consistent with our previous
results (Fig. 2A). Knockdown of WDR12 slightly reduced en-
dogenous Bopl protein levels but not endogenous Pesl pro-
tein levels (Fig. 5B). This reduction of Bop1l was rescued upon
coexpression of WDRI12-HA (Fig. 5B, lane 1), but not
Pes1-HA or Bopl-HA (lanes 2 and 3). Depletion of endoge-
nous Pesl caused a concomitant loss of Bopl and WDR12
(Fig. 5C) that was alleviated by expression of Pes1-HA (Fig.
5C, lane 2), but not WDR12-HA or Bopl-HA (lanes 1 and 3).

In addition, the knockdown of Bopl reduced the Pesl and
WDRI12 protein levels (Fig. 5D). The expression of Bopl-HA
(Fig. 5D, lane 3) but not WDR12-HA or Pes1-HA (lanes 1 and
2) fully prevented this reduction. Thus, these reconstitution
experiments verify that the Pesl, Bopl, and WDRI12 protein
levels reciprocally depend on each other after experimentally
induced knockdown of any one of them.

Interdependence of PeBoW protein levels is transcription
independent. In parallel with the Western blot analysis, nRNA
levels of Pesl-, Bopl-, or WDR12-depleted cells were investi-
gated by Northern blot analysis (Fig. 6A and B). The knock-
down of Pesl, Bopl, or WDR12 strongly reduced the mRNA
levels of the respective genes but did not reduce the mRNA
levels of other PeBoW components. We even observed a slight
increase in mRNA levels. Therefore, the interdependency of
the PeBoW proteins is not caused by regulation of the abun-
dance of their mRNA but suggests a translational or posttrans-
lational mechanism.

Interdependence of PeBoW proteins is caused by protein
destabilization. These results prompted us to study whether
the stability of the PeBoW proteins is reduced in cells depleted
of the other PeBoW components. First we analyzed the stabil-
ity of endogenous PeBoW proteins in untreated cells. There-
fore, U20S cells were incubated with cycloheximide for differ-
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FIG. 5. Knockdown-knock-in assay of stable polyclonal H1299 cell lines expressing Pes1-HA, Bopl-HA, or WDR12-HA. Cells were treated
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recombinant mouse Bopl. a-Tubulin is shown as a loading control.

ent time intervals to block de novo protein synthesis (Fig. 7A).
The levels of the Pes1, Bopl, and WDR12 proteins were barely
affected over 24 h. In contrast, short-lived proteins such as p53
and c-Myc rapidly decreased within a few hours. Hence, en-
dogenous PeBoW proteins are quite stable.

Next, we aimed to assess whether the turnover of PeBoW
proteins is increased in Pesl, Bopl, or WDR12 knockdown
cells. Therefore, we monitored the abundance of HA-tagged
PeBoW proteins at different time points after a pulse expres-
sion in cells depleted of the endogenous PeBoW members.
H1299 cells conditionally expressing the respective HA-tagged
forms were treated with WDR12 (3’ UTR)-, Pesl (3’ UTR)-,
or Bopl (3" UTR)-specific siRNA. Two days after the last
siRNA transfection, pulse expression of HA-tagged proteins
was performed for 6 h by addition and subsequent removal
of doxycycline. The stability of Pesl-HA, Bopl-HA, and
WDR12-HA was analyzed by Western blotting with the anti-HA
antibody. In control siRNA-treated cells, WDR12-HA and
Pes1-HA exhibited only a little turnover within 24 h, consistent
with the cycloheximide time course experiments (Fig. 7B and
C, lanes 1 to 4). The decline in Pesl was more pronounced
between 24 and 48 h after the pulse expression. The levels of

Bopl-HA already decreased substantially within 24 h (Fig. 7D,
lanes 1 to 4). This apparent discrepancy between the pulse-
chase and the cycloheximide time course experiment suggests
that Bopl is only stable in the context of the PeBoW complex
but unstable as a free protein. These results support the ob-
servations that the amounts of Bop1 are tightly controlled in
mammalian cells (Fig. 2A).

The stability of Bopl-HA was further diminished in Pesl-
depleted cells (Fig. 7D, lanes 9 to 12) but not in WDR12-
depleted cells (lanes 5 to 8). WDR12-HA protein levels were
significantly reduced within 24 h in cells lacking endogenous
Bopl (Fig. 7B, lanes 5 to 8) or Pesl (lanes 9 to 12), and the
stability of Pesl was dependent on the presence of Bopl (Fig.
7C, lanes 9 to 12) but not WDR12 (lanes 5 to 8). All of these
results are fully in line with the mutual dependency of endog-
enous PeBoW protein levels observed after siRNA knockdown
(Fig. 4). In conclusion, the abundance and stability of Pesl,
Bopl, and WDR12 are interdependent.

Nucleolar localization of Bopl requires Pesl. Bop1 overex-
pression induces subcomplexes of Bopl/WDR12 and Bopl/
Pesl. To study the subcellular distribution of these complexes,
we preformed indirect immunofluorescence assays with Bop1-
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deviations.

specific antibodies. Recombinantly expressed Pesl and WDR12
proteins show predominant nucleolar staining (10, 14). In con-
trast, recombinant Bop1 localized exclusively to the cytoplasm
in H1299 and TGR-1 cells (Fig. 8A and B). Only cells express-
ing minor levels of Bop1 also revealed nucleolar staining (data
not shown). The cytoplasmic localization of Bopl was not
affected by coexpression of WDR12. However, coexpression of
Pesl fostered the nucleolar localization of Bopl. These results
are in line with the cell fractionation experiments in Fig. 2E
and further suggest that the titration of WDR12 into the Bop1/
WDR12 subcomplex retains WDR12 in the cytoplasm.

Do subcomplexes of PeBoW bind to preribosomal particles?
The association of Bopl/WDR12 and Bop1/Pes1 with preribo-
somal complexes was studied by sucrose gradient centrifuga-
tion with TGR-1 total cell lysates (Fig. 9). All recombinant
proteins accumulated in low-molecular-weight fractions, most
likely because of an access of overexpressed free protein in
total lysates. However, recombinant Pes1 and WDR12, but not
Bopl, exhibited specific enrichment in high-molecular-weight
fractions that cofractionated with ribosomal particles. Impor-
tantly, coexpression of Bopl abolished the association of
WDR12 with preribosomal particles, while coexpression of
Pesl led to a significant albeit restricted increase in preribo-
some-associated Bopl. The results are compatible with the
model in which overexpression of Bop1 leads to the formation
of two subcomplexes, Bopl/WDR12 and Bopl/Pesl. The
former is retained in the cytoplasm and inhibits the transloca-
tion of WDR12 to the nucleolus, the later enables the trans-

port of Bopl to the nucleolus, but a functional PeBoW com-
plex cannot assemble in the absence of WDRI12.

DISCUSSION

Ribosome biogenesis is an essential and evolutionarily
highly conserved process. Mature 60S and 40S subunits contain
different species of rRNA and ribosomal proteins (8). Numer-
ous frans-acting factors are required along the maturation of
ribosomes for processing and modification of rRNA and pre-
ribosome assembly (6). So far, it remains elusive how the
timely and sterically correct assembly of so many different
factors and rRNAs into macromolecular preribosomal com-
plexes is achieved. It is thought that several factors preas-
semble into subcomplexes that orchestrate the formation and
maturation of preribosomes (3). The yeast small-subunit
(SSU) processome, the macromolecular correlate of the ter-
minal knob structure of nascent primary rRNA transcripts, was
previously shown to consist of distinct subcomplexes (4, 11, 19,
21). Depletion of individual SSU processome components af-
fected ribosome synthesis differently, depending on the com-
plex that they associated with (9). Another subcomplex iden-
tified in yeast, containing the factors Nop7p, Erblp, and
Ytmlp, is involved in the maturation of the large ribosomal
subunit (11, 19, 21). We have previously characterized the
homologous mammalian complex (PeBoW complex), consist-
ing of Pesl, Bopl, and WDR12 (14). The PeBoW complex is
critical for mammalian ribosome biogenesis, as it proved to be
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FIG. 7. Knockdown of Pesl, Bopl, or WDRI12 influences the stability of the PeBoW components. (A) U20S cells were treated with 50 pg/ml
cycloheximide (CHX) for the indicated times. The stability of the indicated endogenous proteins was monitored by Western blot analysis.
Immunodetection was performed with antibodies against Pes1, Bopl, WDR12, p53 (PAb240), and c-Myc (N-262). Equal loading was verified by
immunodetection of a-tubulin. (B to D) H1299 cells stably transfected with the indicated constructs were treated two times with control or WDR12
(3" UTR)-, Pesl (3" UTR)-, or Bopl (3" UTR)-specific siRNA. Expression of HA-tagged proteins was induced 2 days after the last siRNA
transfection for 6 h by addition of 0.1 pg/ml doxycycline and stopped by its removal. The stability of Pes1-HA, Bopl-HA, and WDR12-HA was
analyzed by Western blotting with anti-HA antibody 3F10. a-Tubulin is shown as a loading control.

highly susceptible for the generation of dominant-negative mu-
tants that specifically abrogated the synthesis of the 28S rRNA
(10, 14, 20, 28). However, it is unknown how the integrity of the
PeBoW complex is preserved. First of all, the amount of each

component must be adjusted coordinately to the rate of ribo-
some biogenesis. In mammalian cells that transit from a qui-
escent into a proliferating state, this concerted action may be
accomplished by the oncogenic transcription factor c-Myc,
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which upregulates the mRNAs of Pesl, Bopl, and WDR12 in
conjunction with many other genes involved in ribosome bio-
genesis (26). However, this global transcriptional regulation
might be insufficient for fine-tuned control of PeBoW protein
levels, as the respective mRNAs are relatively long-lived (un-
published results). Therefore, we aimed to investigate how
altered abundances of individual PeBoW proteins affect com-
plex integrity. In proliferating cells, Pesl, Bopl, and WDR12
are relatively stable factors, as revealed by cycloheximide treat-
ment blocking de novo protein synthesis. However, their sta-
bility is dramatically reduced in cells depleted of a single PeBoW
protein. We identified a specific pattern of their destabiliza-
tion. For example, pulse-chase expression of tagged wild-type

WDRI12 or Pesl in Bopl-depleted cells demonstrated that the
half-life of both was strongly reduced compared with that of
control siRNA-treated cells, but the half-life of Pesl was not
affected in WDR12-depleted cells. Thus, individual PeBoW
factors are only stable in the context of an intact PeBoW
complex (Fig. 10). These results also explain the observation
that the amounts of Pesl, Bopl, and WDRI12 are interdepen-
dent in a specific manner. Continuously disturbing the stoichi-
ometry of their expression levels within the cell by RNA inter-
ference triggers a cascade of reduced stabilization and thus
increased degradation. But it is noteworthy that the extent of
the mutual destabilization mediated by knockdown through
RNA interference significantly differed, depending on the de-



VoL. 27, 2007

60S subunits
pre-66S free protein

L

sucrose 50% M 5%

=1 —ee-
Pesl [ - - - - === — — ceummiian
WDR12 | = = eemam—)

a-HA — «sail — Bop1

Bop1/WDR12

- - e — VDR12

- - — Bop1
- — Pes1

FIG. 9. Association of recombinant PeBoW components with large
preribosomal particles after overexpression. Shown is a Western blot
analysis of sucrose gradient fractions of TGR-1 cells expressing Bop1-HA,
Pes1-HA, and WDR12-HA or coexpressing Bopl-HA/WDR12-HA and
Bopl-HA/Pes1-HA. Fractions containing the 60S/pre-66S subunits (28S
rRNA) are indicated.

Bop1 / Pes1

pleted PeBoW component. Loss of WDR12 had no detectable
effect on Pesl expression levels, whereas loss of Bop1 destabi-
lized Pesl and caused its concomitant reduction. This obser-
vation might be explained by our finding that the interaction of
Pesl and WDRI12 is indirect and mediated by Bopl, as re-
vealed by coimmunoprecipitation experiments. Similar results
were reported in a recent study that investigated the physical
interaction of the corresponding yeast homologues by GST
pull-down assays. Nop7p, the homologue of Pesl, interacted
with Erblp but not Ytmlp, the homologues of Bopl and
WDR12, respectively (22). The fact that knockdown of Pesl
very strongly codepletes Bopl suggests that the Pesl-depen-
dent codepletion of WDR12 is mediated by the reduction of
Bopl. As loss of WDR12 only slightly affected the abundance
of Bopl, the amount of Bopl is still sufficient to prevent sig-
nificant destabilization of Pesl. These results indicated a cru-
cial role for Bopl in PeBoW complex assembly and integrity.
This notion was further supported by our studies of cells over-
expressing Bopl. Excess amounts of Bopl impaired cell pro-
liferation and rRNA processing, and this could be rescued by
coexpression of WDR12, but not Pesl1. It was previously shown
that truncation mutant forms of Bop1, but not wild-type Bopl,
impaired cell proliferation and rRNA maturation (23, 28).
Indeed, we can fully confirm that dominant-negative BoplA
potently blocks rRNA processing and cell cycle progression.
Also, in our experiments, Bop1A elicited a profound cell cycle
arrest, in contrast to wild-type Bop1, as revealed by a bromode-
oxyuridine-light assay investigating the efficiency of reversible
cell cycle arrests (unpublished results). However, the compar-
ison of mock-treated cells with wild-type Bopl- and BoplA-
overexpressing cells in long-term proliferation assays revealed
an inhibitory effect of Bop1 (1). Similarly, overexpressed Bopl
disturbs TRNA processing, although less severely than Bop1A,
but significantly compared to that in control cells.

We also found that the levels of Bop1 within a cell are tightly
controlled. Enforced expression of HA-tagged Bopl was par-
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tially compensated for by a decrease in endogenous Bopl.
Pulse-chase-expressed, tagged Bopl was also less stable than
Pesl or WDR12. Thus, any excess of Bopl is counteracted by
its rapid degradation. Therefore, recombinant Bopl that
largely replaces endogenous Bopl, as the tagged form is also
incorporated into the PeBoW complex, provokes the degrada-
tion of nonincorporated endogenous Bop1. Further, Bop1 con-
tains a PEST motif that is generally thought to mediate desta-
bilization. Our data suggest that the PEST sequence of Bopl
might render the protein unstable in its free form, but incor-
poration into the PeBoW complex blocks the function of the
PEST motif and protects it from rapid degradation.

In addition, depletion of Pesl triggered the formation of a
Bop1/WDR12 subcomplex. Inadequately high levels of Bopl
likewise sequestered endogenous or recombinant WDR12 into
this incomplete PeBoW complex. Apparently, the Bopl/
WDR12 subcomplex resulted from a relative deficiency of
Pesl, as additionally providing sufficient amounts of Pesl re-
stored PeBoW formation. Alternatively, overexpression of
Bop1 and Pesl induced the formation of a Bop1/Pesl subcom-
plex. Thus, overexpression of Bopl leads to sequestration of
Pesl and WDR12 in two subcomplexes, each containing Bop1
(Fig. 10). In addition, cell fractionation, indirect immunofluo-
rescence, and sucrose gradient centrifugation experiments
demonstrated that the subcomplexes behave differently. While
the Bopl/WDR12 subcomplex is retained in the cytoplasm, the
Bop1/Pes] subcomplex is located in the nucleolus (Fig. 10). It
is further evident that Bopl requires the help of Pesl for
translocation into the nucleolus. We could recently show that
two domains are essential for the nucleolar transport of Pesl,
the Bopl1 interaction domain and the BRCT domain (10, 13).

Studies of preribosomal complexes in yeast suggest that the
Bop1 and Pesl homologues Erblp and Nop7p assemble at the
preribosome prior to the WDR12 homologue Ytmlp (2, 22).
Overexpressed WDR12 is largely located in the nucleolus (14),
suggesting that in mammals nucleolar transport of WDR12
also occurs independently of Pesl and Bopl and that the
PeBoW complex assembles in the nucleolus. Interdependency
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of factors has recently also been reported for the activity of the
SSU processome in yeast (32).

In the present study, we have identified a crucial role for
Bopl in PeBoW homeostasis. As the gene for Bopl is fre-
quently amplified in colorectal cancers (18), its deregulation
might be involved in carcinogenesis. Overexpression of Bopl,
as well as expression of a dominant negative C-terminally trun-
cated Bop protein, affects ribosome biogenesis (28). Whether
Bopl overexpression increases the risk of cancer by impair-
ment of the PeBoW complex or by interaction with other
cellular factors like the Cdcl4 phosphatase (12), which is im-
portant for exit of mitosis, remains unclear and deserves fur-
ther investigation. We also cannot rule out the possibility that
overexpression of Bopl induces p53 and thereby selects for
mutants inactivating p53.

We have conclusively shown that the PeBoW complex is
essential for ribosome biogenesis and that its integrity is con-
trolled by its interdependent subunits Pesl, Bopl, and
WDR12. The PeBoW complex demonstrates that the stability
of free and complex-associated proteins can differ substan-
tially. This complex-specific mutual dependency of protein sta-
bility might serve as a control mechanism to accurately adjust
expression levels and to ensure correct subcomplex assembly,
subsequently required for the proper maturation of a large
macromolecule such as the ribosome.
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