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Insulin-like growth factor-I (IGF-I) signaling is strongly asso-
ciated with cell growth and regulates the rate of synthesis of the
rRNA precursor, the first and the key stage of ribosome biogen-
esis. In a screen for mediators of IGF-I signaling in cancer, we
recently identified several ribosome-related proteins, including
NEP1 (nucleolar essential protein 1) andWDR3 (WD repeat 3),
whose homologues in yeast function in ribosome processing.
The WDR3 gene and its locus on chromosome 1p12-13 have
previously been linked with malignancy. Here we show that
IGF-I induces expression ofWDR3 in transformed cells. WDR3
depletion causes defects in ribosome biogenesis by affecting
18 S rRNA processing and also causes a transient down-reg-
ulation of precursor rRNA levels with moderate repression
of RNA polymerase I activity. Suppression of WDR3 in cells
expressing functional p53 reduced proliferation and arrested
cells in the G1 phase of the cell cycle. This was associated with
activation of p53 and sequestration ofMDM2by ribosomal pro-
tein L11. Cells lacking functional p53 did not undergo cell cycle
arrest upon suppression of WDR3. Overall, the data indicate
that WDR3 has an essential function in 40 S ribosomal subunit
synthesis and in ribosomal stress signaling to p53-mediated reg-
ulation of cell cycle progression in cancer cells.

Ribosome biogenesis is a tightly regulated and complex pro-
cess essential for development, growth, and cell cycle regulation
(1, 2). Transcription of the 47 S rRNA precursor, a key step in
ribosome synthesis, occurs in the nucleolus and is dependent
on RNA polymerase I (pol I)2 activity (3, 4). This precursor is
processed by endo- and exonucleolytic cleavagemechanisms to
generate the mature 18, 5.8, and 28 S rRNA (5). The processing
of ribosomes is highly responsive to extracellular growth signals
and constitutes a major energy-consuming process within cells
(6). Thus, it is not surprising that the rate of ribosome biogen-

esis is tightly coordinated with cell growth and proliferation.
Alterations to ribosome biogenesis often result in disruption to
the cell cycle, mediated by the tumor suppressor protein p53
(7, 8).
Ribosome-induced nucleolar disturbance is thought to acti-

vate p53 by blocking proteasomal degradation via MDM2 (9,
10). This can be achieved by negative regulation of MDM2 by
the tumor-suppressor protein p19ARF or ribosomal proteins,
both of which can sequester MDM2 leading to stabilization of
p53 (11–13). Recently, ribosomal protein (rp) L11 was found to
bind MDM2 resulting in activation of p53 upon impairment of
40 S ribosome synthesis with no evident effect on nucleolar
integrity (14), indicating that defects in ribosome biogenesis
could trigger activation of the p53 stress response pathway in
the presence or absence of intact nucleoli.
The IGF-I signaling pathway has a significant role in ribo-

some biogenesis. It enhances rRNA transcription by increasing
the activity of the upstream binding factor (15, 16) and by
increasing promoter occupancy with the essential core pro-
moter-binding factor SL1 (17). Mouse embryonic fibroblasts
derived from an IGF-I receptor (IGF-IR) knock-out mouse, R�

cells (18), exhibit slower growth rates, elongation of all stages of
the cell cycle, and a decreased rate of ribosome synthesis in
comparison with wild-type cells (19). However, there are no
reports of IGF-I regulating the expression of proteins involved
in ribosome biogenesis.
We recently carried out a functional screen to identify

proteins associated with IGF-IR-mediated cellular transforma-
tion, which included several proteins involved in metabolism,
such as the mitochondrial carrier PNC1 and the vacuolar
H�-ATPase regulator HRG-1 (20–22). Moreover, in this
screen, a number of ribosomal proteins associated with both
the large and small ribosomal subunit formation were identi-
fied. Two proteins with homologues involved in yeast 18 S
rRNA synthesis, NEP1 and WDR3, were among this group.
NEP1, also known as EMG1 (essential for mitotic growth 1), is
essential for the biogenesis of 18 S rRNA and 40 S ribosome
synthesis in yeast (23, 24).WDR3 is a nuclear protein consisting
of 10 WD repeat units. It is located on chromosome 1p12-p13
(25), at a region that is frequently altered in malignancies and
solid tumors (26, 27). The yeast homologue ofWDR3, Utp12, is
a component of the pre-rRNAprocessing complex and is essen-
tial for rRNA processing and synthesis of the small ribosomal
subunit (28). In this study we sought to determine how the
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function of WDR3 in ribosome biogenesis affects the growth
and proliferation of cancer cells.

MATERIALS AND METHODS

Cell Culture and IGF-I Stimulation—R�, R�, Rat-1, Rat-1/
Myc,MCF-7, U2OS, SAOS-2, andHeLa cell lineswere cultured
in Dulbecco’s modified Eagle’s medium (supplemented with
10% fetal bovine serum, 20% fetal bovine serum for SAOS-2 cell
line), 10 mM L-glutamine, and 5 mg/ml penicillin and strepto-
mycin (all from Sigma). For IGF-I stimulations, R� andMCF-7
cells were serum-starved for 4 or 12 h, respectively, prior to
stimulationwith 100ng/ml (or 10 ng/mlwhere indicated) IGF-I
(PeproTech, RockyHill, NJ). All pharmacological inhibitors (20
�M LY294002, 20 nM rapamycin, and 30 �M PD98059) were
from Calbiochem and were added 30 min prior to IGF-I
stimulation.
Small Interfering RNA (siRNA) Transfection—Two pre-de-

signed siRNA oligonucleotides specific for the human WDR3
gene (siRNAA ID136062 and siRNAB ID136064) andnegative
control siRNA (siNEG) were obtained from Ambion (Austin,
TX). Transfections were carried out with 10 nM oligonucleo-
tides using Oligofectamine transfection reagent (Invitrogen)
according to the manufacturer’s instructions. Protein levels
were assessed for WDR3 expression by Western blot analysis
48–72 h post-siRNA transfection.
Northern Blot and pre-rRNA Analysis—Total RNA from

MCF-7 and U2OS cells was isolated using TRIzol (Invitrogen)
according to the manufacturer’s instructions. 20 �g (MCF-7
cells) or 10 �g (U2OS cells) of total RNAwas separated on a 1%
(w/v) agarose-formaldehyde gel and blotted onto Hybond N�

membrane (GEHealthcare) followed by UV cross-linking (UV-
Stratalinker 1800, Stratagene). Pre-hybridization and hybrid-
ization were carried out at 42 °C in 50% formamide, 5� SSC,
4� Denhardt’s solution, 0.1% SDS for 2 and 16 h, respectively.
For Northern blot analysis ofWDR3 expression, a probe span-
ning nucleotides 48–906 of WDR3 cDNA was labeled with
[�-32P]ATP by the random primer method (NEBlot, New
England Biolabs). Membranes were washed twice using 2�
SSC, 0.1% SDS, for 5 min at 42 °C and twice using 0.5� SSC,
0.1% SDS for 15 min at 42 °C and then exposed to Storm
PhosphorImager screen. rRNA precursors were visualized
using DNA oligonucleotide (10 pmol) specific for human
ITS-1, ITS-2, and 18 and 28 S as described (29). Oligonucleo-
tides were end-labeled with [�-32P]ATP and T4 polynucle-
otide Kinase (New England Biolabs). Signal intensities from
phosphorimages were quantified using ImageQuant TL software
(Amersham Biosciences).
In Vitro Transcription Assays and pre-rRNA Level Deter-

mination—In vitro specific transcription reactions were per-
formed as described previously (30, 31) at a final salt concen-
tration of 50 mM KCl. The resulting transcripts were analyzed
in an S1 nuclease protection assay after annealing the RNA to a
5�-end 32P-labeled oligonucleotide, which was complementary
to the region between �1 and �40 of 47 S pre-rRNA. Signals
were quantified using Fuji PhosphorImager and Aida software.
Nonspecific (promoter-independent and randomly initiated)
transcription assay was performed as described previously (32).
Total RNA and proteins were isolated using RNeasy kit (Qia-

gen) according to the manufacturer’s instructions (only isolate
RNAwhich is longer then 200 bp). pre-rRNA levels were deter-
mined by S1 nuclease protection assay (as above) using 5 and 10
�g of RNA per reaction.
Western Blotting and Immunoprecipitation—Cells were

lysed in 50mMTris-HCl, pH 8, 150mMNaCl, 1%Nonidet P-40,
0.1% SDS, 0.5% sodium deoxycholate, 1 mM NaF, 1 mM phen-
ylmethylsulfonyl fluoride, 1 mM sodium orthovanadate, 1 �M

pepstatin, 1.5 �g/ml aprotinin (RIPA buffer). Cytoplasmic, sol-
uble nuclear and insoluble nuclear extracts were prepared as
described previously (33). Following separation in SDS-PAGE
on 8 or 4–20% gradient gels, proteins were transferred to nitro-
cellulose membrane for Western blotting. Membranes were
incubated overnight with the following primary antibodies:
WDR3 polyclonal antibody (generated using a peptide corre-
sponding to amino acids residues 114–127 of human and
mouse WDR3 protein (KYDQLGGRLASGSK) (GenScript,
NJ)); anti-WDR3 (Bethyl Laboratories, Inc.); anti-�-actin and
anti-�-tubulin (both Sigma); anti-L11 (Invitrogen); anti-p53
(DO-1), anti-MDM2 (SMP14), anti-p21 (C-19), anti-lamin B
(M-20), anti-RPA135 (N17) (all Santa Cruz Biotechnology);
anti-poly(ADP-ribose) polymerase anti-p53 (1C12) and anti-
phospho-Rb (Ser-780) (all Cell Signaling Technology); anti-po-
lymerase I -associated factor 53 (PAF53) antibodies (Transduc-
tion Laboratories); and anti-�-actin-horseradish peroxidase

FIGURE 1. IGF-I induces expression of WDR3 and NEP1 mRNA. A, MCF-7
cells were serum-starved for 12 h and stimulated with 100 ng/ml IGF-I for the
indicated time. Total RNA was extracted, and Northern blot analysis was per-
formed using probes specific for WDR3 and 18 S rRNA. Numerical values rep-
resent fold change WDR3 mRNA expression relative to 18 S rRNA and normal-
ized to expression at time 0 h. Results represent one of two independent
Northern blotting experiments with similar results. B, MCF-7 cells were serum-
starved for 12 h and stimulated with 100 ng/ml IGF-I for the indicated times.
Total RNA was extracted and analyzed by semi-quantitative RT-PCR using
NEP1 and GAPDH primers. Results represent one of three independent exper-
iments with similar results. C, MCF-7 cells were pre-treated with LY294002
(LY), rapamycin (Rap), and PD98059 (PD) for 30 min prior to IGF-I stimulation
with 100 ng/ml IGF-I. Total RNA was extracted and analyzed by semi-quanti-
tative RT-PCR using WDR3 and GAPDH primers. Results represent one of three
independent experiments with similar results. D, MCF-7 cells were treated as
in C. Total RNA was extracted and analyzed by semi-quantitative RT-PCR
using NEP1 and GAPDH primers. Results represent one of three independent
experiments with similar results. E, level of WDR3 protein was analyzed from
protein lysates of R�, R�, Rat-1, and Rat-1/Myc cells by Western blot analysis
using an antibody generated to detect WDR3. �-Tubulin was used as a load-
ing control. Results represent one of five independent experiments with sim-
ilar results. F, graph represents fold change WDR3 expression relative to �-tu-
bulin normalized to levels in R� or Rat-1 cells from three similar experiments
to that shown in E. *, p � 0.05, Student’s t test.
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AC-15 (Abcam). Membranes were washed with TBS-T and
incubated with IRdye-conjugated secondary antibodies (LI-
COR Biosciences, Cambridge, UK), and protein was detected
using Odyssey Image scanner system (LI-COR). Alternatively,
membranes were incubated with horseradish peroxidase-con-
jugated secondary antibodies (Jackson ImmunoResearch), and
immunocomplexes on the blots were detected by chemilumi-
nescence (ECL Plus, GE Healthcare). Co-immunoprecipitation

of the MDM2-rpL11 complex was
carried out as described previously
(14).
Quantitative and Semi-quantita-

tive RT-PCR—Total RNA from R�

and MCF-7 cells was isolated using
TRIzol (Invitrogen) according to
the manufacturer’s instructions,
and cDNA was synthesized by
reverse transcription using 2 �g of
RNA and Moloney murine leuke-
mia virus reverse transcriptase kit
(Invitrogen). For semi-quantita-
tive RT-PCR, equal amounts of
cDNA were amplified using HotStar
TaqDNA polymerase (Qiagen, Ger-
many) with WDR3-specific primers,
NEP1-specific primers, �2-micro-
globulin (�2M) primers, or GAPDH
primers. Primer sequences were as
follows:Mousewdr3, 5�-TGCATCT-
AGCTGTTGGCTATGAGGATG-
GAG-3� and 5�-CCTGTCTTGTC-
CACGGCGAGGTTCACAACT-3�;
human WDR3, 5�-ATGCCTCGA-
GATATGGGGCTCACCAAGCA-
GTA-3� and 5�-ATGCAAGCTTG-
TCGACTGCAAGGTTTACAAC-
3�; mouse nep1, 5�-ATGTCTGC-
GGCCAGTGGTGGCT-3� and 5�-
TCAAATGACACCCCATACTT-
3�; human NEP1, 5�-ATGGCCG-
CGCCCAGTGATGGAT-3� and 5�-
TCAAATGACCCCCCATACTT-
3�; �2M, 5�-CCAGCAGAGAATG-
GAAAGTC-3� and 5�-CCTCCAT-
GATGCTGCTTACA-3�; GAPDH,
5�-ACCACAGTCCATGCCATCAC-
3� and 5�-TCCACCACCCTGT-
TGC-3�. For quantitative RT-PCR,
equal amounts of cDNA were
amplified using QuantiTect SYBR
Green PCRkit (Qiagen)withWDR3
and �2-microglobulin primers.
Cell Size and Cell Cycle Analy-

sis by Flow Cytometry—Cells were
removed from culture dishes with
trypsin, resuspended in phosphate-
buffered saline, and were analyzed
(10,000 cells from triplicate sam-

ples) by fluorescence-activated cell sorting using CellQuest
software (BD Biosciences) to obtain the mean forward scatter
height (FSC-H).
For cell cycle analysis, cells were removed from culture

dishes and resuspended in ice-cold phosphate-buffered saline
containing 200 �g/ml RNase A (Sigma). Prior to analysis by
fluorescence-activated cell sorting, Nonidet P-40 and pro-
pidium iodide were added to a final concentration of 0.1% and

FIGURE 2. WDR3 is required for rRNA processing. A, U2OS cells were transfected with mock, control siRNA
(siNEG), or two siRNA oligonucleotides targeting WDR3, siWDR3 A, and siWDR3 B. WDR3 protein levels were
analyzed by Western blot analysis 72 h post-siRNA transfection using commercially available WDR3 antibody.
�-Actin was used as a loading control. Data shown indicate WDR3 protein levels in cells used in C and represent
one of three independent experiments with similar results. B, schematic diagram representing the primary 47 S
rRNA transcript and mammalian rRNA processing pathways, with the position of hybridization probes shown.
C, total RNA from U2OS cells transfected with mock, control siRNA (siNEG), or siRNA targeting WDR3 was
analyzed by Northern blotting for rRNA species using probes specific for human ITS-1, ITS-2, and 28 and 18 S
rRNA. Ratios of the 18/28 S rRNA are shown. Results represent one of two independent experiments with
similar results. D, total RNA from MCF-7 cells transfected with mock, control siRNA (siNEG), or siRNA targeting
WDR3 was analyzed by Northern blotting 72 h post-transfection using 28 and 18 S rRNA probes. The ratios of
the 18/28 S rRNA are shown. The graph represents fold change in 18/28 S rRNA levels relative to mock-treated
cells from three independent experiments (p � 0.05, Student’s t test). E, total RNA from siRNA-transfected U2OS
cells was analyzed by S1 nuclease protection assay using a probe complementary to the first 40 nucleotides of
47 S pre-RNA, and total protein was analyzed for �-actin expression by Western blotting (top panel). pre-rRNA
and �-actin signals were quantified from triplicate samples using Aida software, and the levels of pre-rRNA
were normalized to �-actin levels and expressed as a percentage from the highest signal (set at 100%) (bottom
panel).
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50 �g/ml, respectively. DNA content was measured in the FL2
channel using CellQuest software (BD Biosciences). Cell viabil-
ity was assessed by the uptake of propidium iodide using flow
cytometry as described above.
Proliferation and Plating Efficiency Assay—Equal numbers of

mock, control siRNA-(siNEG), or siRNA WDR3-transfected
cells were cultured post-siRNA transfection for 24, 48, 72, or
96 h, then fixed in 96% ethanol, and stained with 0.05% crystal
violet. Crystal violet staining was quantified using the Odyssey
Image scanner system and normalized to the amount of stain-
ing on the 1st day of culture.
To assess plating efficiency, mock, control siRNA-(siNEG),

or siRNAWDR3-transfected cellswere plated in triplicatewells
of a 6-well plate 24 h post-siRNA transfection, at a density of
500 cells per well, and cultured in complete media for 10 days.
Cells were fixed in 96% ethanol and stained with 0.05% crystal
violet. The numbers of colonies formed in each well were then
counted.

RESULTS

IGF-I Induces the mRNA Expression of WDR3 and NEP1—In
a cDNA screen for genes differentially expressed in R� cells
(mouse embryonic fibroblast cell line derived from IGF-IR
knock-out mouse) and R� cells (R� cells overexpressing the
IGF-IR) (21), we identified genes encoding several ribosome-
related proteins, including two proteins whose homologues
are required for 40 S ribosome biogenesis in yeast, WDR3
(accession numberNM_175552), andNEP1 (accession number
NM_013536). To determine whetherWDR3 andNEP1 expres-
sion were induced by IGF-I, R� cells were serum-starved, stim-
ulated with IGF-I, and assessed for mRNA expression by semi-
quantitative RT-PCR. wdr3mRNA accumulated 4, 8, and 12 h
after IGF-I stimulation (supplemental Fig. S1A), although
only a slight increase in nep1mRNAwas observed after 4 and
6 h of IGF-I stimulation in R� cells (supplemental Fig. S1B).
Northern blot analysis revealed that WDR3 mRNA expres-
sion was also induced 4, 8, and 12 h post-IGF-I stimulation in
the well characterized IGF-I-responsive tumor cell line,
MCF-7 (Fig. 1A). Quantitative RT-PCR analysis also con-
firmed induction ofWDR3mRNA using a lower IGF concen-
tration (10 ng/ml) in MCF-7 cells (supplemental Fig. S1C).
Similarly, NEP1 mRNA was found to be more highly
expressed 4, 8, and 12 h post-IGF-I stimulation by semi-
quantitative RT-PCR (Fig. 1B).
We next analyzed the downstream signaling pathways acti-

vated by the IGF-IR that may be required for induction of
WDR3 andNEP1. MCF-7 cells stimulated with IGF-I were pre-
treated with pharmacological inhibitors of the phosphatidyl-
inositol 3-kinase (PI3K) (LY294002), mammalian target of
rapamycin (mTOR) (rapamycin), or mitogen-activated protein
kinase (MAPK)/extracellular signal-regulated kinase (ERK)
kinase (MEK1) (PD98059) signaling pathways. WDR3 and
NEP1 mRNA expression were assessed by semi-quantitative
RT-PCR. Induction of WDR3 mRNA by IGF-I was sup-
pressed by inhibitors of the PI3K/mTOR pathway (Fig. 1C),
although the MEK1 inhibitor PD98059 had no effect. Simi-
larly, the induction of NEP1mRNA by IGF-I was suppressed
by PI3K inhibition, although rapamycin and PD98059 had no

effect (Fig. 1D). These data indicate that PI3K and mTOR
activity are necessary for IGF-I-mediated induction of
WDR3 mRNA, but only PI3K activity is required for induc-
tion of NEP1 mRNA.

FIGURE 3. Suppression of WDR3 results in reduced cell proliferation, cell
size, and foci formation. A, MCF-7 cells were mock-transfected, transfected with
control siRNA, or siRNA targeting WDR3 for 24 h and then seeded at equal num-
bers in complete media cultures. Cell density was monitored by crystal violet
staining for up to 96 h post-transfection. The data represent an average of 6 wells
from a representative experiment (*, p � 0.001, Student’s t test). B, cells trans-
fected as in A were assessed for cell size 72 h post-siRNA transfection using the
mean FSC-H signal on a flow cytometer as a measure of relative cell size. Data
represent an average of the mean FSC-H from five independent samples and
graphed as change in percentage cell size relative to control siRNA-transfected
cells (siNEG) (**, p � 0.001, Student’s t test). C, MCF-7 cells were mock-transfected
and transfected with control siRNA, or WDR3 siRNA for 24 h. Cells were seeded at
a density of 500 cells per well of a 6-well plate in complete media for 10 days, at
which time cells were stained with crystal violet. The number of colonies formed
were counted and presented as the mean � S.D. of colonies per well from tripli-
cate samples (**, p � 0.001, Student’s t test).
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Because little is known aboutWDR3 function inmammalian
cells and because it is located on a region of chromosome 1
(1p12-13) disrupted in malignancies and solid tumors (26), we
focused our subsequent studies on this gene. WDR3 protein
expression was examined by Western blotting in R� and R�

cells using antisera raised against a peptide corresponding to an
amino acid sequence of the protein. WDR3 protein was more
highly expressed in R� cells than R� cells (Fig. 1, E, left panel,
and F). Induction of WDR3 protein in response to IGF-I was
not evident, andWDR3 protein was not altered by exposure of
cells to cycloheximide for up to 48 h, suggesting thatWDR3 is a
very stable protein. WDR3 protein was also found to be more
highly expressed in the transformed Rat-1/Myc cells compared
with Rat-1 cells (Fig. 1, E, right panel, and F), supporting previ-
ous reports in whichWDR3mRNAexpressionwas shown to be
enhanced by c-Myc (34). Overall, these results indicate that
WDR3 is more abundant in cells transformed by overexpres-
sion of the IGF-IR or c-Myc.
WDR3 Is Required for Processing of 18 S rRNA—The yeast

homologue of WDR3, Utp12, has been implicated in the pro-
cessing of18 SrRNA(28).More recently,WDR3was identified as
a component of an 80 S U3 small nucleolar ribonucleoprotein
complex involved in pre-rRNA processing of the small riboso-
mal subunit (35), but its function in this complex is still
unknown. To investigate the function of WDR3 in rRNA pro-
cessing of mammalian cells, we first suppressed its expression in
two cell lines that are responsive to IGF-I and express func-
tional p53 (MCF-7 and the osteosarcoma cell line U2OS) using
siRNA. Two oligonucleotides (siWDR3 A and siWDR3 B) spe-
cifically targeting WDR3 reduced the expression of WDR3

protein by �85 and 90%, respec-
tively, when compared with mock
or control siRNA-transfected cells
(siNEG) by 72 h post-siRNA trans-
fection (Fig. 2A).
To assess rRNA processing we

investigated the levels of rRNA spe-
cies in cells with suppressedWDR3.
Northern blots representing total
RNA were probed with sequences
complementary to precursor and
mature rRNA species, namely
human ITS-1 (internal transcribed
spacer), ITS-2, and 28 and 18 S
rRNA within the primary 47 S
rRNA transcript (Fig. 2B). Hybrid-
ization of the ITS-1 probe indicated
an accumulation of 34 S pre-rRNA
upon suppression of WDR3 com-
pared with control siRNA-trans-
fected cells (Fig. 2C). Furthermore,
a reduction of a downstream 21 S
pre-rRNA intermediate was de-
tected upon suppression of WDR3
compared with controls. Precursors
of the 5.8 or 28 S rRNA (12 and 32 S
rRNA, respectively) were unaf-
fected by suppression of WDR3

protein. Hybridization with probes specific for 18 and 28 S
rRNA indicated a marked reduction in the production of
mature 18 S rRNA upon suppression ofWDR3 protein with no
change in 28 S rRNA. Similarly the levels of 18 S rRNA in
MCF-7 were reduced by suppression of WDR3, but no change
in 28 S rRNA production was detected (Fig. 2D).
We also determined the levels of pre-rRNA in cells by ana-

lyzing total cellular RNA (greater than 200 bp) in S1 nuclease
protection assays (Fig. 2E). No significant difference was
observed in pre-rRNA levels upon suppression of WDR3 com-
pared with controls at 24 h post-siRNA transfection. However,
both siWDR3 A- and siWDR3 B-transfected cells exhibited a
1.5–2-fold decrease in pre-rRNA levels after 48 h siRNA trans-
fection (Fig. 2E, bottom panel, gray bars). Interestingly, at 72 h
post-siRNA transfection, cells with suppressed WDR3 con-
tained higher levels of pre-rRNA compared with controls (Fig.
2E, bottom panel, white bars). This increase is likely due to an
accumulation of the 47 S rRNA caused by defects in rRNA
processing in cells lacking WDR3.
Because IGF-I stimulation leads to increased levels ofWDR3

mRNA (this study) and also to the activation of rRNA synthesis
(15–17), we next sought to determine whetherWDR3may also
regulate rRNA synthesis by investigating the effect of WDR3
suppression on the activity of pol I transcription machinery
using in vitro transcription assay. No changes in the specific
activity of nuclear extracts from U2OS cells transfected with
either control or WDR3-specific siRNA were observed at 48 h
(supplemental Fig. S2A, right panel, black bars). However, at
72 h post-siRNA transfection, the specific activity of nuclear
extracts from cells with suppressed WDR3 was detectably

FIGURE 4. Suppression of WDR3 results in an accumulation of cells in the G1 phase of the cell cycle. A, cell
cycle profiles of MCF-7 cells that were mock-transfected, transfected with control siRNA, or siRNA targeting
WDR3 were stained with propidium iodide. DNA content was analyzed by flow cytometry 48 h (left panel) and
72 h (right panel) post-transfection. Graphs indicate the percentages of cells in G1 (black), S (gray), and G2/M
(white) phases of the cell cycle from triplicate samples for three separate experiments (**, p � 0.001, Student’s
t test). B, levels of WDR3 protein expression are shown with �-tubulin as a loading control. Results represent
one of three independent experiments with similar results. C, phosphorylation of Rb at serine 780 was analyzed
by Western blotting at 48 and 72 h post-transfection. �-Tubulin is shown as a loading control. Results represent
one of three independent experiments with similar results.
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lower than controls (supplemental Fig. S2A, right panel,
gray bars). Although no major decrease in the levels of pol I
subunits RPA135 and PAF53 were observed after WDR3
depletion (supplemental Fig. S2B), the catalytic (nonspecific)
activity of pol I was also decreased in nuclear extracts from cells
with suppressed WDR3 but only 72 h after transfection
(supplemental Fig. S2C, gray bars). These data suggest that cells
with suppressedWDR3 exhibit a slightly lower rRNA synthesis
capacity. However, it is unclear whether WDR3 can directly
regulate pol I transcription or whether its suppression leads to
activation of another regulatory pathway that down-regulates
pol I activity (such as p53). Overall, these results demonstrate
that WDR3 is required for efficient processing of 18 S rRNA in
mammalian cells and are consistent with studies in yeast show-
ing that the WDR3 homologue Utp12 is required for rRNA
processing of the small ribosome subunit (28).
WDR3 Suppression Reduces Cell Proliferation, Cell Size, and

Foci Formation—Given that ribosome biogenesis, cell growth,
and cell proliferation are tightly linked, we next investigated the
effect of suppressing WDR3 protein on cell proliferation and
cell size. MCF-7 cells with suppressed WDR3 expression
showed a 35% decrease in proliferation rate compared with
control siRNA-transfected cells (Fig. 3A). Moreover, WDR3
depletion led to an 8–10%decrease in cell size as determined by
flow cytometry using the mean forward scatter height (FSC-H)
value as a measure of relative cell size (Fig. 3B).
To determinewhetherWDR3plays a role in the proliferation

of transformed cells, we performed plating efficiency assays,
which measure the ability of cells to form foci in low density
cultures. MCF-7 cells with suppressed WDR3 exhibited a
marked reduction in the number of foci compared with con-
trols (Fig. 3C). Taken together, these data indicate that WDR3
enhances the growth and proliferation of transformed cells.
Suppression of WDR3 Results in Cell Cycle Arrest in the G1

Phase of the Cell Cycle—We next investigated whether the
effects of suppressingWDR3 on cell growth were due to differ-
ences in cell viability or cell cycle progression. Cell viability and
cell cycle profiles were analyzed using flow cytometry 48 and
72 h after transfection with siRNA. There was no morphologi-
cal evidence of cell death/apoptosis in the cultures and no
change in propidium iodide uptake in cells with WDR3 ex-
pression suppressed compared with controls (supplemental
Fig. S3), which indicates no cell death was occurring. However,
suppression ofWDR3 resulted in an increased accumulation of
cells in the G1 phase of the cell cycle compared with controls
(Fig. 4A), which indicates a G1 cell cycle arrest. The number of
cells in the G1 phase of the cell cycle was increased by 10–18%
following suppression ofWDR3 for 48 and 72 h. This correlated
with a decrease in the number of cells in the S and G2 phases of
the cell cycle (Fig. 4A). Expression levels of WDR3 protein are
shown in Fig. 4B.
Phosphorylation of Rb at serine 780 is necessary for cycling

cells to enter the S phase of the cell cycle (36). Cells with sup-
pressed WDR3 exhibited a marked reduction in the levels of
phosphorylation of Rb at serine 780 compared with controls
(Fig. 4C), which confirms they are unable to pass theG1/S phase
checkpoint, thus they accumulate in the G1 phase of the cell
cycle.

p53 Stress Response Pathway IsActivated upon Suppression of
WDR3—It has previously been demonstrated that cross-talk
between ribosome biogenesis and cell cycle regulation is medi-
ated by stabilizing the tumor suppressor protein p53 (8, 37, 38).
Since depletion of WDR3 leads to defects in 18 S rRNA pro-
cessing, we next investigated whether p53 is involved in the cell
cycle arrest induced by WDR3 suppression. We first deter-
mined p53 protein levels in the subcellular fractions of U2OS
cells. Compared with control cells, in which p53 is present at
low levels and primarily in the cytosolic fraction (Fig. 5A), both
siWDR3 A- and siWDR3 B-transfected cells exhibited in-
creased p53 expression in the cytoplasmic fractions and an
accumulation of p53 in the soluble nuclear fractions. To deter-
mine whether the increase in p53 levels correlates with p53
transcriptional activity, we analyzed the expression of proteins
encoded by p53-responsive genes, p21WAF1/CIP1 and MDM2.
Both p21 and MDM2 protein levels were increased in U2OS
cells with suppressed WDR3 expression (Fig. 5B), indicating
that both p53 levels and activity are increased upon suppression
of WDR3. Similar results were observed in MCF-7 cells
(supplemental Fig. S4), which like U2OS cells do not express
p14ARF, suggesting that the activation of p53 upon suppres-
sion of WDR3 is ARF-independent.

FIGURE 5. Suppression of WDR3 results in activation of the p53 stress
response pathway. A, U2OS cells were mock-transfected, transfected with
control siRNA, or siRNA targeting WDR3 for 72 h. Subcellular fractions were
prepared for cytoplasmic (CP), soluble nuclear (SN), and insoluble nuclear (IN)
fractions. Expression of WDR3, p53, and �-tubulin as a marker for the cyto-
plasmic fraction, poly(ADP-ribose) polymerase as a marker for the soluble
nuclear fraction, and lamin B as a marker for the insoluble nuclear fraction
were determined by Western blotting. Results represent one of three inde-
pendent experiments with similar results. B, U2OS cells mock-transfected,
transfected with control siRNA, or siRNA targeting WDR3 for 48 and 72 h were
analyzed by Western blot for expression of p21 and MDM2. �-Tubulin is
shown as a loading control. Results represent one of three independent
experiments with similar results. C, U2OS cells were transfected with control
siRNA or siRNA targeting WDR3 for 48 h or were exposed to 10 ng/ml actino-
mycin D (Act D) or DMSO vehicle control for 10 h prior to immunoprecipita-
tion (IP) with anti-MDM2 antibody. MDM2 and rpL11 levels present in immu-
noprecipitations were analyzed by Western blotting (top panel). The levels of
MDM2 and rpL11 present in lysates are shown (bottom panel) and represent
20% of total lysate input used in immunoprecipitations. Results represent one
of three independent experiments with similar results. D, U2OS cells mock-
transfected, transfected with control siRNA, or siRNA targeting WDR3 were
analyzed for rpL11 protein expression after 48, 72, and 96 h. �-Actin is shown
as a control for loading. Results represent one of three independent experi-
ments with similar results.
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Defects in ribosome biogenesis can lead to reduced degrada-
tion of p53 by the proteasome via an MDM2-dependent path-
way (10) that causes stabilization and accumulation of p53. In
U2OS cells, we observed that steady-state levels of p53
increased when WDR3 was suppressed (time 0 h, supple-
mental Fig. S5). Moreover, exposure of cells to the proteasome
inhibitorMG132 causes an accumulation of p53 protein in con-
trol cells with little change in p53 levels in cells with suppressed
WDR3, suggesting that in these cells p53 is already stabilized
and is not targeted for proteasomal degradation.
Stabilization of p53 upon impairment of ribosome synthesis

has been linked to increased binding of free (nonribosomal)
rpL11 to MDM2 (14, 37). We observed increased levels of
rpL11 co-immunoprecipitating with MDM2 from cells with
suppressed WDR3 for 48 h compared with controls (Fig. 5C).
ActinomycinD, which has previously been reported to increase
the rpL11-MDM2 interaction (10, 39), was used as a positive
control. MDM2 levels were moderately increased in cells with
suppressed WDR3 (Fig. 5B), which could potentially lead to
increased MDM2-rpL11 interactions. However, it has been
shown previously that themere stabilization ofMDM2without
nucleolar stress does not induce the rpL11 binding to MDM2
(39). In addition, no change in steady-state levels of rpL11

expression were detected 48 or 72 h
after siRNA transfection (Fig. 5D).
However, rpL11 expression in-

creased over longer periods of
WDR3 suppression (96 h after
transfection), which is consistent
with reports that rpL11 is up-regu-
lated upon impairment of 40 S ribo-
some biogenesis (14). Overall, the
data indicate that defects in ribo-
some biogenesis caused by deple-
tion of WDR3 lead to increased
rpL11 binding to MDM2, which
results in the activation of a p53-de-
pendent stress response pathway.
Suppression of WDR3 Protein in

SAOS-2 Cell Does Not Result in Cell
Cycle Arrest—To further investigate
whether p53 is required for cell
cycle arrest upon WDR3 suppres-
sion, we compared the effects of
WDR3 depletion in U2OS and
MCF-7 cells that express wild-type
p53 with two cell lines that are
deficient in p53 (SAOS-2, human
osteosarcoma cell line, and HeLa
cells). InU2OS cells (Fig. 5B), deple-
tion of WDR3 leads to up-
regulation of p21 and MDM2
expression. In contrast, depletion of
WDR3 has no effect on p21 or
MDM2 protein levels in SAOS-2
cells (Fig. 6A), confirming that
p53 is necessary for the regulation
of these proteins. Similarly, no

increases in p53, p21, or MDM2 levels were observed in HeLa
cells when compared with MCF-7 cells (supplemental Fig.
S4B). Moreover, WDR3 suppression in SAOS-2 cells had no
effect on cell cycle distribution (Fig. 6C) when compared with
cells containing wild-type p53 (Fig. 4A). HeLa cells also exhib-
ited no change in cell cycle distribution when WDR3 was sup-
pressed (supplemental Fig. S6). These data indicate that the cell
cycle arrest provoked by the impairment of 18 S rRNA synthe-
sis upon suppression ofWDR3, is due to activation of a p53-de-
pendent G1 cell cycle checkpoint.

To determine whether p53 is required for the reduction in
cell size upon suppression of WDR3 (Fig. 3B), SAOS-2 cells
were assessed for size 72 h after transfection with siRNA. A
slight reduction in size was observed in cells transfected with
siWDR3 A or siWDR3 B compared with controls (Fig. 6B) that
is within 3–4% less than that observed in cells containing wild-
type p53 (Fig. 3B). This suggests that the reduction in cell size in
WDR3-depleted cells is, at least in apart, independent of p53.
Taken together, the data indicate that suppression of WDR3
does not result in the accumulation ofMDM2 and p21 proteins
or result in G1 phase cell cycle arrest in p53-deficient SAOS-2
cells. This suggests that p53 is the key regulator of cell cycle

FIGURE 6. Cell cycle arrest due to suppression of WDR3 does not occur in cells deficient in Rb and p53.
A, U2OS and SAOS-2 cells were mock-transfected, transfected with control siRNA, or siRNA targeting WDR3 and
then analyzed for expression of WDR3, p21, MDM2, and �-tubulin by Western blot. Results represent one of
three independent experiments with similar results. B, SAOS-2 cells transfected as in A for 72 h were assessed
for cell size using the mean FSC-H signal on a flow cytometer. Data represent an average of the mean FSC-H
from six independent samples and graphed as change in percentage cell size relative to control
siRNA-transfected cells (siNEG) (*, p � 0.05, Student’s t test). C, cell cycle profiles of SAOS-2 cells mock-trans-
fected, transfected with control siRNA, or siRNA targeting WDR3 were stained with propidium iodide, and DNA
content was analyzed by flow cytometry at 48 h (left panel) and 72 h (right panel) post-transfection. Graphs
indicate the percentages of cells in G1 (black), S (gray), and G2/M (white) phases of the cell cycle from triplicate
samples of three independent experiments.
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progression in response to the disturbance of ribosome biogen-
esis by depletion of WDR3.

DISCUSSION

Ribosome biogenesis and cell cycle regulation are two tightly
coordinated cellular processes necessary for cell proliferation
and survival. In this study, we show for the first time thatWDR3
is an IGF-I-responsive gene involved in ribosome biogenesis
and p53-mediated cell cycle regulation in mammalian cells
(summarized in model in Fig. 7). Our findings also support
other studies (7, 40) indicating that cross-talk exists between
impairment of ribosome biogenesis and p53-dependent cell
cycle arrest that serves to protect cells from replicating in unfa-
vorable conditions.WDR3 is also a new transcriptional target of
the IGF-I signaling pathway that is directly involved in ribo-
some synthesis, which is consistent with the essential function
of IGF-IR signaling in cell growth.
The IGF-IR can regulate cell growth and differentiation by

controlling transcription of rRNA by RNA pol I (15). Thus, it
controls the rate of ribosome synthesis, protein turnover, and
cell growth. WDR3 and NEP1 were among several ribosome-
related proteins expressed more highly in cells overexpressing
the IGF-IR compared with IGF-IR null cells. These included
ribosomal proteins involved in the assembly of the small (rpS21,
rpS24, and rpS26) and large (rpL3, rpL7, rpL10a, rpL35a, and
rpL37a) ribosomal subunits (21).WDR3 andNEP1mRNAwere
inducedwithin a few hours of IGF-I stimulation suggesting that

these genes are rapidly transcribed
in response to IGF-I. This induction
is dependent on the activity of the
PI3K and mTOR pathway, whose
activity is essential for ribosome
processing and expression of ribo-
somal proteins, including rpS6 (41).
The PI3K/mTOR pathway also
plays a central role inRNApol I acti-
vation in response to IGF-I (17).
WDR3 and NEP1 homologues in
yeast are essential for processing
18 S rRNA (23, 28). Thus, overall
IGF-I signaling regulates ribosome
biogenesis not only by controlling
the rate of rRNA transcription by
pol I (15) but also through the
induction of structural proteins (21)
and ribosome processing factors
such as WDR3 and NEP1.
In this study we chose to focus on

the WD repeat protein WDR3, as
this gene is located on chromosome
1p12-p13 (25), a region of chromo-
some 1 that is associated with many
cancers. Individuals bearing a single
nucleotide polymorphism (SNP) in
theWDR3 gene locus have a strong
association with thyroid cancer
susceptibility (42). Deletions of the
WDR3 gene locus have been de-

tected in many malignant solid tumors of epithelial origin (26),
and the unbalanced translocation t(1;3)(p12–13;q11) of the
WDR3 locus has been detected in several brain tumors (43).
These data strongly suggest that WDR3 may be implicated in
cancer development. Our findings indicate thatWDR3 is more
highly expressed in cells overexpressing the IGF-IR and the
proto-oncogene c-myc, another well characterized regulator of
ribosome synthesis and cell growth (6). Thus, WDR3 may be
a common mediator of IGF-IR and Myc action in transformed
cells. Our observation that suppression of WDR3 in the breast
carcinoma cell lineMCF-7 reduced cell proliferation, decreased
cell size, and reduced foci formation indicates thatWDR3 con-
fers a growth and proliferative advantage on cancer cells.
Mammalian WDR3 is a component of the 80 S complex of

the small subunit processome, implicated in the 40 S ribosome
synthesis pathway (35). Here, we show thatWDR3 is necessary
for processing of 18 S rRNA, the main RNA component of the
small 40 S ribosome subunit. WDR3 is therefore a functional
homologue of the yeast Utp12 protein. Interestingly, suppres-
sion of WDR3 also leads to a moderate down-regulation of pol
I activity. This effect is most likely secondary to the role of
WDR3 in 18 S rRNA processing and is likely caused by the
activation of p53, which has previously been demonstrated to
repress pol I transcription activity (44). Several WD40 repeat
proteins, including Bop1, WDR12, and WDR36, have recently
been associated with ribosome synthesis and cell proliferation
(29, 45, 46). The exact mechanism of action of theseWD repeat

FIGURE 7. Model illustrating the role of WDR3 in mediating cross-talk between ribosome biogenesis and
p53-mediated cell cycle regulation. In cells expressing WDR3 (left panel), WDR3 gene expression is induced
by the IGF-I signaling pathway, and the protein is localized to the nucleus where it is required for pre-rRNA
processing of 18 S rRNA. Under these conditions, protein synthesis and cell cycle progression occur. In cells
with suppressed WDR3 (right panel), defects in 18 S rRNA synthesis occur resulting in impaired 40 S ribosome
biogenesis. As a result of impaired ribosome biogenesis (ribosomal stress), free rpL11 binds MDM2 allowing
stabilization of p53. Under these conditions of impaired ribosome synthesis, p53 triggers cell cycle arrest at the
G1/S checkpoint.
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proteins, including WDR3, is not known, but it is logical to
propose that they may act as scaffolds for other proteins
through interactions with their multiple WD40 protein-bind-
ing faces. We observed that WDR3 protein is redistributed
within the nucleus when ribosome biogenesis is disrupted
using low concentrations of actinomycin D (supplemental
Fig. S7). This is in agreement with reports indicating that
nucleolar proteins required for ribosome biogenesis move
within the nucleus under varying stress conditions (47).
The nucleolus has been described as a stress sensor that

maintains p53 at low levels. Inhibition of ribosome biogenesis
leads to accumulation of p53, in the presence or absence of
nucleolar disruption (9, 14, 37). Here, upon suppression of
WDR3we observed stabilization of p53 in response to impaired
ribosome biogenesis. Accumulation of p53 in conditions of
nucleolar stress occurs by inhibition of its degradation medi-
ated by MDM2 (48). Sequestration of MDM2 and activation of
p53 involve the tumor suppressor protein p14ARF and riboso-
mal proteins, including rpL5, rpL11, or rpL23 (12, 39, 49). In
this study we used cell lines that do not express the p14ARF
protein. Therefore, we can conclude that the induction of p53
upon WDR3 suppression is an ARF-independent process. We
investigated the involvement of ribosomal protein L11 because
it has recently been identified as a negative regulator of MDM2
upon impairment of 40 S ribosome synthesis (14). Suppression
of WDR3 resulted in increased binding of rpL11 to MDM2,
which leads to a p53-dependent G1 cell cycle arrest (Fig. 7). Our
results demonstrate that 40 S ribosome biogenesis is tightly
coordinated with cell cycle progression through regulation of
MDM2/p53 signaling and are consistentwith a role for rpL11 as
a key mediator in the cellular response to impaired ribosome
biogenesis due to defective 18 S rRNA processing.
In conclusion, our study has shown that IGF-IR signaling

controls ribosome biogenesis by regulating the expression of
proteins directly involved in the processing of ribosomal sub-
units and that this is integrated with p53-mediated regulation
of cell cycle progression. We propose that deregulated expres-
sion of WDR3 in cancer cells would disrupt the signaling path-
ways that exist between ribosome biogenesis and p53 activa-
tion. Thus, increased expression of WDR3 would promote cell
proliferation, especially in tumor cells where p53 is mutated or
not expressed.
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