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Nucleophosmin (NPM) (B23) is an essential protein in mouse development and cell growth; however, it has
been assigned numerous roles in very diverse cellular processes. Here, we present a unified mechanism for
NPM’s role in cell growth; NPM directs the nuclear export of both 40S and 60S ribosomal subunits. NPM
interacts with rRNA and large and small ribosomal subunit proteins and also colocalizes with large and small
ribosomal subunit proteins in the nucleolus, nucleus, and cytoplasm. The transduction of NPM shuttling-
defective mutants or the loss of Npm1 inhibited the nuclear export of both the 40S and 60S ribosomal subunits,
reduced the available pool of cytoplasmic polysomes, and diminished overall protein synthesis without affecting
rRNA processing or ribosome assembly. While the inhibition of NPM shuttling can block cellular proliferation,
the dramatic effects on ribosome export occur prior to cell cycle inhibition. Modest increases in NPM
expression amplified the export of newly synthesized rRNAs, resulting in increased rates of protein synthesis
and indicating that NPM is rate limiting in this pathway. These results support the idea that NPM-regulated
ribosome export is a fundamental process in cell growth.

The nucleolus is a dynamic subnuclear organelle that con-
tains proteins involved in not only ribosome production but
also oncogenesis and tumor suppression (28). As the site for
ribosome biogenesis, a cell’s nucleoli are centered around ri-
bosomal DNA (rDNA) genes, which are transcribed to pro-
duce rRNAs (49). A host of proteins are involved in the intri-
cate processing and assembly steps required to produce the
small, 40S, and large, 60S, ribosomal subunits (9, 30, 49). Once
exported from the nucleus, the 40S and 60S subunits are com-
bined in the cytoplasm to form functional 80S subunits (20, 30).
While the steps involved in the transcription and processing of
rRNAs within the nucleolus are beginning to be understood,
little is known about how ribosomal subunits are exported to
the cytosol in mammalian cells. Studies of Saccharomyces cer-
evisiae and Xenopus laevis oocytes have shown that the process
is dependent on the CRM1-RanGTP export receptor pathway
(20). Additionally, NMD3, a highly conserved adapter protein,
assists in the nuclear export of the 60S subunit in yeast (18).
However, experiments with mammalian cells have provided
evidence that a complex export network exists. The nuclear
export of some mammalian rRNAs is dependent on NMD3,
while the export of others is not (47). Thus, additional nucle-
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olar proteins must be involved in the nuclear export of ribo-
somes.

Nucleophosmin (NPM) is an abundant nucleolar phospho-
protein that is highly expressed in proliferating cells (10). NPM
is involved in numerous diverse cellular processes such as ri-
bosome biogenesis (33), centrosome duplication (31), protein
chaperoning (32), and transcriptional control (7). We have
shown that NPM can shuttle from the nucleolus/nucleus to the
cytoplasm (4), with its shuttling requiring a conserved CRM1
binding site (51). The mutation of two critical leucine residues
(Leu-42 and Leu-44 to Ala-42 and Ala-44) in NPM’s conserved
CRM1 binding domain blocks NPM’s ability to transit from the
nucleus, resulting in nuclear and nucleolar retention (51). Ad-
ditionally, NPM is an essential nucleolar protein with an acute
loss of expression, resulting in a severe attenuation of cellular
proliferation and increased apoptosis (3, 4, 19). In agreement
with these in vitro findings, two reports have shown that Npm1
is required for embryonic development and that fibroblasts
derived from NpmI-deficient embryos have a reduced capacity
to grow and proliferate (6, 15).

In an effort to define NPM’s role in the cell, we first char-
acterized endogenous NPM protein complexes. A majority of
NPM binding proteins were ribosomal subunit proteins or
were known players in ribosome biogenesis. In vivo, NPM
associated with ribosomes in the nucleolus, nucleus, and cy-
tosol. We found that NPM directed ribosome nuclear export in
a rate-limiting mechanism and that the export of ribosomes
was dependent on NPM expression. By setting the rate at
which ribosomes are exported to the cytosol, we discovered
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that NPM was a potent inducer of enhanced polysome forma-
tion and protein synthesis. Thus, we now describe a role for
NPM in driving ribosome nuclear export, providing a consen-
sus function for NPM in regulating cell growth.

MATERIALS AND METHODS

Cell culture, virus production, and nucleofection. HeLa cells were maintained
in Dulbecco’s modified Eagle’s medium supplemented with 10% fetal bovine
serum, 2 mM glutamine, 0.1 mM nonessential amino acids, and 100 U penicillin
and streptomycin. Npm ™" and Npm"™ litter-matched mouse embryo fibro-
blasts (MEFs), Aif /=~ MEFs, p53~/~ MEFs, double-knockout (DKO) MEFs
(537~ Mdm2~'7), and triple-knockout (TKO) MEFs (Arf/~ p537/~
Mdm2~'~) were maintained in identical media with gentamicin. Virus produc-
tion and infection of MEFs were carried out using retroviral helper and vector
plasmids provided by Charles Sawyers (UCLA). HeLa cells (2 X 10° cells) were
transduced with 2 pg of the indicated plasmids according to the manufacturer’s
instructions (Amaxa Inc.).

Plasmid constructs. Retroviral vectors encoding full-length His-tagged murine
NPM and NPMdL were described elsewhere previously (4, 16, 51), and pBabe-
GFP-NPM and pBabe-GFP-NPMdL were made by subcloning the Nhe-Pstl
green fluorescent protein (GFP)-NPM or GFP-NPMdL fragment from pEGFP-
NPM and pEGFP-NPMdL (51) into the SnaBI site of pBabe-puro for retroviral
production. His epitope-tagged NPM and His-NPMdL in pcDNA3.1 expression
vectors were previously described (51). Short interfering RNAs (siRNAs) against
NPM and a scrambled control siRNA were also previously described (51).

Fluid-phase liquid chromatography. HeLa cells were lysed in Tween 20 lysis
buffer (10 mM Tris-HCI [pH 7.4], 150 mM NaCl, 0.1% Tween 20, 1 puM NaVO,,
10 uM NaF, 1 mM phenylmethylsulfonyl fluoride [PMSF], 1 pg/ml aprotinin) by
sonication. Lysates (600 ng) were injected onto a HiPrep 16/60 Sephacryl S-300
column (Amersham). Proteins were eluted with 150 mM NaCl-50 mM NaH,PO,
(pH 7.2) using BioLogic fluid-phase liquid chromatography and HR software
(Bio-Rad). Fractions were precipitated with trichloroacetic acid (TCA), resus-
pended in 1 M Tris-HCI (pH 7.4), separated by sodium dodecyl sulfate (SDS)-
polyacrylamide gel electrophoresis, transferred onto polyvinylidene difluoride
membranes, and immunoblotted with antibodies recognizing NPM (Zymed). For
affinity chromatography, a custom rabbit polyclonal antibody recognizing the N
terminus of NPM (Sigma) was bound to NHS-activated Sepharose (Amersham).
HeLa cells were lysed in 20 mM Tris (pH 7.4)-0.1% Tween 20 and sonicated.
Lysates (600 pg) were first injected over the sizing column, and subsequent NPM
pools were loaded onto the NPM affinity column, washed with 20 mM Tris, and
eluted with an increasing NaCl gradient (0.1 to 1 M). Collected fractions were
pooled, precipitated, and subjected to proteomic analysis.

Proteomic analysis. Proteins from fluid-phase liquid chromatography fractions
were precipitated with TCA and resuspended in rehydration buffer (Bio-Rad).
Five hundred micrograms of proteins and 12.5 wl of 200 mM tributylphosphine
(Bio-Rad) were mixed and loaded by passive in-gel rehydration. IPG strips (pH
3 to 10; Bio-Rad) were focused, and separated proteins were stained with Sypro
ruby (Bio-Rad). Tryptic peptides were calibrated with a Sequazyme peptide mass
standard kit (PE Biosystems) and analyzed by matrix-assisted laser desorption
ionization-time of flight (MALDI-TOF) mass spectrometry (Voyager DE Pro;
Applied Biosystems). The identification of proteins was performed using MS-Fit
software (http://prospector.ucsf.edu/ucsfhtml4.0/msfit.htm) and verified using
tandem mass spectrometry techniques.

rRNA immunoprecipitation. Ar7f '~ MEFs were starved in methionine-free
medium for 15 min prior to labeling with 50 wCi/ml [methyl-*H]methionine (GE
Healthcare) for 3 h. Cells were harvested and resuspended in NET2 lysis buffer
(50 mM Tris HCI [pH 7.4], 150 mM NaCl, 0.05% NP-40, 1 mM PMSF, protease
inhibitors, and 5 U/ml RNasin [Promega]). Five hundred micrograms or 1 mg of
total protein was immunoprecipitated with mouse anti-NPM (Zymed) or non-
immune mouse serum overnight at 4°C. The beads were washed in NET2 lysis
buffer and incubated in 100 pl proteinase K buffer (7 mM Tris-HCI [pH 7.5], 0.7
mM EDTA, 20 mM NacCl, 0.7% SDS, 5 U/ml RNasin, and 30 pug/ml proteinase
K) at 37°C for 30 min. Immunoprecipitated RNAs were isolated using RNA-solv
(Omega Bio-tek), separated on 1% agarose-formaldehyde gels, transferred onto
a Hybond XL membrane (GE Healthcare), sprayed with En*Hance (Perkin-
Elmer), and subjected to autoradiography.

Western blot analysis and immunoprecipitations. Cells were lysed by sonica-
tion in EBC buffer (25 mM Tris-HCI [pH 8], 150 mM NaCl, 1 mM EDTA, and
0.1% NP-40 with PMSF and protease inhibitors) at the indicated times, or cells
were fractionated into the cytoplasm and nuclei as described previously (51).
Lysates used for immunoprecipitation were incubated with NPM, L7, DHX9, or
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S3 antibody, and immunoprecipitates were probed by immunoblotting. NPM,
rpL7, DHXO, rpS3, lamin A/C, SOD, and GFP-tagged and His-tagged proteins
were visualized by direct immunoblotting with NPM (Zymed), rpL7, DHX9
(Bethyl Laboratories), rpS3 (Cell Signaling) lamin A/C (Santa Cruz), SOD
(Santa Cruz), GFP (Santa Cruz), and His (Santa Cruz) antibodies, respectively.
Blots were also probed with y-tubulin antibody (Santa Cruz) as indicated.

Cell growth curves. HeLa cells (2 X 10° cells) were transduced with the
indicated constructs, or TKO MEFs (5 X 10° MEFs) were infected with the
indicated retroviral constructs for 48 h, and 2 X 10* cells/condition were plated
in triplicate in 35-mm dishes. Every 24 h thereafter, cells were harvested and
counted.

BrdU assay. HeLa cells (2 X 10° cells) transduced with the indicated plasmids
or TKO MEFs infected with the indicated retrovirus for 48 h were plated onto
glass coverslips at 7.5 X 10* cells/3 ml culture medium, and 24 h later, they were
labeled with 10 mM bromodeoxyuridine (BrdU) for 2 h to label cells in S phase.
Cells were fixed, stained, and counted for BrdU and NPM constructs (His for
HeLa and GFP for TKO) as previously described (4). At least 100 cells per
condition were counted in triplicate using a Nikon epifluorescent compound
microscope (magnification, X40).

Apoptosis assay. TKO MEFs were infected with pBabe (control), pBabe-GFP-
NPM, or pBabe-GFP-NPMdL retrovirus for 48 h prior to harvesting. Cells were
stained with annexin V and propidium iodide using Vybrant apoptosis assay kit
3 (Molecular Probes) according to the manufacturer’s specifications. Cells were
analyzed by flow cytometry using a Becton Dickinson FACSCalibur cell sorter
with CELLQuest Pro (v5.2) analytical software.

Cell volume. HeLa cells were transduced with the indicated plasmids for 24 h
or siRNAs for 72 h, or TKO MEFs were infected with the indicated retrovirus for
48 h. Cells were harvested, and the cellular volume was calculated based on the
average diameter of the cells measured (at least 1,200 cells per condition) with
a Coulter Vi-Cell apparatus.

[35S]methionine labeling of newly synthesized proteins. HeLa cells were
transduced with the indicated plasmids for 24 h or siRNAs for 72 h, or TKO
MEFs were infected with the indicated retrovirus for 48 h before labeling with
150 pCi [**S]methionine in 5 ml methionine-free medium for the indicated
times. Cells were harvested and counted, and equal numbers of cells were lysed.
Total protein was precipitated with TCA, and *>S cpm were measured for each
time point.

rRNA [methyl-*H]methionine labeling. HeLa cells (2 X 10° cells) were trans-
duced with pcDNA3.1-His, His-tagged NPM, or His-NPMdL for 24 h or with
control and NPM siRNAs for 72 h. TKO MEFs were infected with the indicated
retroviruses for 48 h. Cells were methionine starved for 15 min and labeled with
50 pCi/ml L-[methyl-*H]methionine (GE Healthcare) for 30 min, followed by a
10-fold excess of cold methionine chase for the indicated times. For rRNA export
assays, cells were harvested and counted, and equal numbers were fractionated
into the cytoplasm and nuclei (51). Total RNA was isolated from the cytosolic
and nuclear fractions with Trizol (Invitrogen), fractionated by gel electrophore-
sis, transferred onto a Hybond NX membrane (GE Healthcare), sprayed with
En’*Hance (Perkin-Elmer), and subjected to autoradiography. For rRNA pro-
cessing assays, cells were harvested, total RNA was isolated, and equal cpm were
separated on agarose gels and processed as described above.

Ribosome fractionation. HeLa cells (2 X 10° cells) were transduced with
pcDNA3.1-His, His-tagged NPM, or His-NPMdL for 24 h or with siRNA against
NPM or control siRNA for 72 h. TKO MEFs were infected with the indicated
retroviruses for 48 h. Cells were treated with 50 pg/ml cycloheximide prior to
harvesting and counting. Cells were subjected to cytoplasmic (3 X 10° cells/
condition) or nuclear (2.5 X 10° cells/condition) ribosome fractionation essen-
tially as described previously (43) using a density gradient system (Teledyne
ISCO). For radiolabeling of newly synthesized rRNAs in polysomes, cells were
labeled with [methyl-*H]methionine and fractionated as described above. Frac-
tions were collected, RNA was extracted with Trizol, and *H cpm were measured
for each fraction and graphed for the 40S, 60S, 80S, and polysome peaks.

47S pre-rRNA quantitative PCR. Quantitative PCR for human 47S pre-rRNA
transcripts was performed in real time essentially as described previously by Cui
and Tseng (8) and modified for mouse sequences for murine 47S pre-rRNA
transcripts. Briefly, total RNA was isolated from cells (wild-type, Npm"™/"¥,
Arf~/~, p53~/~, DKO, and TKO MEFs or HeLa cells) with Trizol (Invitrogen)
according to the manufacturer’s instructions. First-strand cDNA was prepared
using the SuperScript III first-strand synthesis system (Invitrogen) with the fol-
lowing rDNA-specific primers: mouse primer 5'-CGTGGCATGAACACTTG
G-3' or human primer 5'-CGACGTCACCACATCGATCG-3'. Real-time PCR,
measuring the copy number of mouse and human 47S pre-rRNA, was performed
using iQ Sybr green supermix (Bio-Rad) on an iCycler apparatus (Bio-Rad) at
95°C for 3 min and 45 cycles of 95°C for 45s, 60°C for 45s, and 72°C for 75s, and
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the plate was read (forward mouse primer 5'CTGACACGCTGTCCTTTCCC-3’
and reverse mouse primer 5'-GTGAGCCGAAATAAGGTGGC-3' [324-bp
product] and human forward primer 5'-GCTCACACGCTGTCCTCTGG-3" and
reverse primer 5-GAGAACGCCTGACACGCACG-3" [320-bp product]).
Melting curve analysis was from 55°C to 95°C at 0.5°C/read and with a 10-s hold.
The experimental data were plotted against a standard curve generated from
serial dilutions of a known quantity of subcloned cDNA of the 47S pre-rRNA
product to obtain copy numbers.

Immunogold labeling and electron microscopy. Npm ™™ and Npm"¥/" MEFs
were fixed with 4% paraformaldehyde-0.05% glutaraldehyde in phosphate-buff-
ered saline (pH 7.2) at room temperature for 2 h, rinsed three times in phos-
phate-buffered saline, and embedded in 10% gelatin. After pelleting the cells, the
gelatin was solidified on ice and infused in 2 M sucrose-polyvinylpyrrolidone.
Ultrathin sections were prepared and immunolabeled as described previously by
Slot et al. (42), with the following modifications: 10% goat serum was used in the
blocking buffer in place of 1% bovine serum albumin. Immunolabeling was
carried out with primary antibodies (rabbit anti-L7 [1:250] and mouse anti-NPM
[1:250]) for 1 h, followed by secondary antibodies (12-nm-gold-labeled goat
anti-rabbit antibodies and 18-nm-gold-labeled goat anti-mouse antibodies) for 30
min. After washing, sections were stained with uranyl acetate and embedded in
methyl cellulose according to a modification of the method described previously
by Tokuyasu (46), which was introduced by Griffiths et al. (14). Npm™/* and
Npm™™ MEFs were embedded in plastic and processed for electron microscopy
as described previously (48). Specimens were viewed on a Zeiss 902 electron
microscope, and photographs were recorded with Kodak EM film. At least 10
fields over eight cells were examined and scored for NPM-L7 or NPM-S16
colocalization and nuclear membrane and rough endoplasmic reticulum (ER)
morphology.

5S rRNA in situ hybridization. Sections from embryonic day 10.5 (E10.5)
Npm™'* and Npm ™'~ embryos were mounted onto glass slides as previously
described (15). In situ RNA fluorescent in situ hybridization analysis was per-
formed using a biotin-labeled probe recognizing 5S rRNA (GeneDetect) accord-
ing to the manufacturer’s instructions. Biotin was detected using an in situ
hybridization biotin detection kit from DakoCytomation (purple). Nuclear Fast
Red (DakoCytomation) counterstaining was used to demarcate nuclei (pink).
Whole embryos were visualized at magnifications of X2 (Npm™/™) and x4
(Npm™'7) and insets were visualized at a magnification of X60 with a Nikon
CoolSnap ES camera attached to a Nikon Eclipse E800 microscope and pro-
cessed with Metamorph V6 software.

Densitometry, image, and statistical analysis. Autoradiograms were scanned
using an ImageScanner III apparatus (GE), and densities were determined using
ImageQuant V. 2005 (GE). Statistical analyses were performed using a Student’s
t test.

RESULTS

Endogenous NPM protein complexes contain ribosomal
proteins. Given NPM’s nuclear localization (10) and implied
role in ribosome biogenesis (33), we wanted to examine the
composition of in vivo NPM protein complexes isolated from
HeLa cells. Gel filtration chromatography of HeLa cell lysates
revealed numerous distinct endogenous NPM complexes (Fig.
1A). Due to the oligomeric structure of NPM, we chose to
focus on protein complexes greater than 370 kDa in size (Fig.
1A). In an attempt to identify the protein components of the
NPM complex, we generated an NPM polyclonal antibody
affinity column. Pooled NPM complexes eluted from the sizing
column were cleared over a control immunoglobulin G column
prior to passage over the NPM affinity column and eluted with
increasing salt concentrations. Further separation of NPM pro-
tein complexes by two-dimensional electrophoresis aided in
the positive identification of various NPM-associated proteins
via mass spectrometry analysis (Fig. 1B). Among those pro-
teins bound to NPM, a cluster of proteins associated with
ribosome biogenesis as well as the nuclear pore complex pro-
teins Nup50, Nup62, and Crm1 were identified (Fig. 1B and
Table 1). A list of identified NPM complex proteins is shown in
Table 1. Notably, the rpLS5, nucleolin, and Brcal proteins iden-
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tified from our isolated NPM complexes were previously
shown to interact with NPM, demonstrating the effectiveness
of our approach in identifying NPM complex components (27,
40, 51). Of the 23 known proteins identified in our NPM
complex, 10 constitute integral components of the 40S and 60S
ribosomal subunits. Additionally, 9 of the remaining 13 NPM
binding proteins are involved in translational regulation. Al-
though we could not determine the exact stoichiometry of
these complexes to one another, it was apparent that NPM
protein complexes involved in some facet of ribosome biogen-
esis predominated.

We verified the interactions between NPM and ribosomal
subunit proteins with coimmunoprecipitation assays in HeLa
cell lysates. Endogenous NPM was immunoprecipitated, and
NPM-bound proteins were analyzed by Western blotting. We
confirmed NPM interactions with both large (rpL7) and small
(rpS3) ribosomal subunit proteins in our pull-down assay, and
these two proteins pulled down NPM in reciprocal immuno-
precipitations (Fig. 1C). In addition, we were able to show that
the immunoprecipitation of endogenous NPM from whole-cell
lysates of [methyl->H]methionine-labeled Arf '~ MEFs was
able to pull down newly synthesized and processed rRNAs
(Fig. 1D). Finally, we performed electron microscopy on wild-
type MEFs with dual immunogold labeling of NPM (oversized
gold) and large (rpL7) and small (rpS16) subunit proteins
(undersized gold). NPM colocalized with both rpL7 and rpS16
in the cytosol of wild-type MEFs in over 50% of the fields
examined (Fig. 2). Further colocalization was found between
NPM and rpL7 in the nucleoplasm as well as in nucleoli in over
50% of the fields examined (Fig. 2). Taken together, the data
indicate that NPM exists in complex with both large and small
ribosomal subunits throughout the cell.

NPM nuclear export is required for protein synthesis. Given
that NPM-ribosomal protein complexes exist in cells, we
wanted to determine if NPM might play a role in regulating
protein synthesis. HeLa cells transduced with empty vector,
wild-type NPM, or NPMdL (a double-leucine mutant that is
unable to be exported from the nucleus) (51) for 24 h were
labeled with [**S]methionine for the indicated times, and total
TCA-precipitable proteins were counted for label incorpora-
tion. The addition of the shuttling-defective mutant NPMdL
significantly attenuated the amount of total protein synthesis.
Conversely, a slight overexpression of wild-type NPM (Fig. 3A,
inset) resulted in a significant increase in the amount of protein
synthesis. In agreement with the *3S labeling study, the amount
of protein per cell was also dramatically increased by NPM
overexpression. The shuttling-defective NPMdL mutant signif-
icantly attenuated the amount of protein produced on a per-
cell basis (Fig. 3B). This also correlated with alterations in
cellular volume. As shown in Fig. 3C, the volume of cells
increased with NPM overexpression, and the loss of NPM
shuttling significantly reduced cellular volume.

We next examined NPM’s ability to influence cytosolic ribo-
some profiles. Cytosolic ribosomes were isolated via sucrose
gradient centrifugation from equal numbers of HeLa cells
transduced with empty vector, wild-type NPM, or NPMdL for
24 h. Continuous evaluation of the gradient by UV absorbance
for the presence of rRNAs indicated that in the absence of
NPM shuttling (NPMdL), the formation of cytosolic 40S and
60S ribosome subunits was dramatically impaired (Fig. 3D,
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FIG. 1. Isolation of endogenous NPM protein complexes. (A) HeLa cell lysates were injected onto a Sephacryl 300 gel filtration column,
and fractions were collected. Proteins were separated by SDS-polyacrylamide gel electrophoresis and immunoblotted with antibodies
recognizing NPM. Gel filtration sizes are indicated above the fractions, and the presence of NPM complexes is indicated below. (B) Pooled
sizing column fractions (fractions 2 to 6) containing NPM, precleared over an immunoglobulin G column, were injected onto an NPM
polyclonal antibody affinity column and eluted with an increasing NaCl gradient (0.1 tol.0 M). Eluted proteins were separated by
two-dimensional electrophoresis and visualized with Sypro ruby dye (2D). Tryptic peptides were analyzed by mass spectrometry. Repre-
sentative MALDI-TOF spectra of labeled spots from above are presented. (C) HeLa cell lysates were immunoprecipitated (IP) with mouse
anti-NPM, anti-rpL7, and anti-rpS3 antibodies or normal mouse serum (NMS) as a control. Immunoprecipitated proteins were subjected to
Western blot analysis for NPM, rpL7, and rpS3. (D) Arf '~ MEFs labeled with [methyl-*H]methionine were lysed, and the indicated amount
of total protein was immunoprecipitated with mouse anti-NPM antibodies or normal mouse serum. Total RNA was isolated from the
immunoprecipitates, separated, transferred onto membranes, and subjected to autoradiography.
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TABLE 1. Components of the NPM protein complex”

Protein

Function (reference)

rpL4 60S ribosome subunit

rpL5b Molecular chaperone for 5S rRNA
rpL7 60S ribosome subunit

rpL13a 60S ribosome subunit

rpL22 60S ribosome subunit

rpL27 60S ribosome subunit

rpS3a 40S ribosome subunit

rpS5 40S ribosome subunit

rpS6 40S ribosome subunit

rpS7 40S ribosome subunit
Nucleolinb Represses p53 translation

Bopl Required for rRNA processing (43)
CPSF6 mRNA processing

hnRNP Al mRNA processing and transport
hnRNP H2 mRNA processing

EF-2 Translational regulation

DDX1 RNA helicase

DDXS5 RNA helicase

DHX9 RNA helicase

Ebpl Nuclear export factor

Nup50 Nuclear pore complex

Nup62 Nuclear pore complex

Crml Nuclear export receptor
Brcal® E3 ubiquitin ligase for NPM (40)

“ Isolated by NPM affinity chromatography and identified by MALDI-TOF or
tandem mass spectrometry.
® Known NPM binding proteins.

dashed line), while a mild overexpression of NPM (Fig. 3D,
inset) resulted in the enhanced formation of cytosolic 40S and
60S subunits (Fig. 3D, solid line). Notably, NPM overexpres-
sion amplified (~30%) the amount of cytosolic ribosomes en-
gaged in active mRNA translation (polysomes in Fig. 3D, solid
line) in a mechanism that was dependent on the nuclear export
activities of NPM molecules (Fig. 3D, dashed line).

This was not a result of a simple acceleration of cell cycle
progression. HeLa cells expressing exogenous NPM or NPMdL
proliferated at a rate similar to that of control cells 24 h after
expression (Fig. 3E). However, over a prolonged growth curve,
the overexpression of wild-type NPM resulted in an increase in
cell number, while the overexpression of the shuttling mutant
NPMdL resulted in a decrease in cell number (Fig. 3F). These
effects on cell proliferation were not observed until 72 h post-
transduction, well after the 24-h time point of our experiments.

NPM is a rate-limiting factor for rRNA nuclear export and
cytosolic ribosome accumulation. We have presented data that
NPM nuclear export is required for the enhanced accumula-
tion of cytosolic ribosomal subunits and polysomes (Fig. 3). To
understand the mechanism behind this observed increase in
cytosolic ribosomes, we examined the effects of NPM on sev-
eral steps in the process of ribosome biogenesis. The overex-
pression of NPM and the shuttling mutant NPMdL in HeLa
cells for 24 h did not alter total cellular rRNA compared to
vector control levels as shown by ethidium bromide staining
(Fig. 4A). However, NPM and NPMdL overexpression in-
creased the amounts of the 47S pre-rRNA transcript produced
in HeLa cells four- and twofold, respectively, as measured by
quantitative real-time PCR (Fig. 4B). While there appeared to
be more 47S pre-rRNA transcription, the expression of wild-
type NPM and NPMdL did not affect newly synthesized rRNA
processing as measured by [methyl->H]methionine incorpora-

MoL. CELL. BIOL.

tion (Fig. 4C) (44), demonstrating that even though rDNA
transcription is elevated, the processing of the resultant rRNA
transcripts was not performed at an increased rate. This also
indicates that rRNA processing is limiting and not altered by
NPM expression (either the wild type or shuttling mutants).
Once transcribed and processed, rRNAs are assembled with
ribosomal proteins to form the pre-40S and pre-60S ribosomal
subunits in the nucleolus/nucleus. A block in the assembly
process can be monitored by nuclear ribosome profiles, with a
shift of the pre-40S and/or pre-60S peaks indicating a block in
proper ribosome assembly (11). We assessed the effects of

NPM/rpL7

FIG. 2. Endogenous NPM localizes with large and small ribosomal
subunit proteins. Wild-type MEFs were fixed, sectioned, and stained
with mouse anti-NPM and rabbit anti-rpL7 (left) or rabbit anti-rpS16
(right) and with 18-mm gold anti-mouse and 12-mm gold anti-rabbit
secondary antibodies prior to visualization by electron microscopy
(magnification, X20,000). Arrows indicate colocalization of NPM and
ribosomal proteins in the cytosol, nucleus, and nucleolus. Thick dashed
lines mark the nuclear membrane, and thin dashed lines demarcate the
nucleolus.
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FIG. 3. NPM nuclear export is required for new protein production and polysome formation. HeLa cells were transduced with pcDNA3.1-His
(dotted line), His-NPM (solid line), or His-NPMdL (dashed line) and incubated for 24 h. (A) Cells were labeled with [>*S]methionine for the
indicated times. Equal numbers of cells (3 X 10° cells) were lysed, and TCA-precipitated counts were measured. His-tagged NPM protein
expression was measured by anti-His immunoblot (inset). (B) Cells were harvested, counted, and lysed, and total protein was measured by a
Bradford assay (3a). The results are the averages *+ standard deviations (SD) for three independent experiments performed in triplicate (%, P >
0.0001 for vector versus NPM; #x, P > 0.0001 for vector versus NPMdL). His-tagged NPM protein expression was measured by anti-His
immunoblot (inset). (C) Cells were harvested, and live-cell diameter was measured using a Coulter Vi-Cell apparatus. Results are the averages +
SD for at least 1,200 cells/condition from three independent experiments. P values are indicated. His-tagged NPM protein expression was measured
by anti-His immunoblot (inset). (D) Cytosolic extracts from equal numbers of transduced cells (3 X 10° cells) were separated on sucrose gradients
with constant UV (254 nm) monitoring. His-tagged NPM protein expression was measured by anti-His immunoblot (inset). (E) Cells were labeled
with BrdU for 2 h, fixed, and subjected to immunofluorescence for BrdU and His. Results are the averages of data from three independent
experiments performed in triplicate (100 cells/condition counted) + SD. P values are indicated. (F) Cells (2 X 10*) were plated in triplicate for
each of the indicated time points. Cells were harvested and counted every 24 h after transduction. His-tagged NPM protein expression levels were
measured by anti-His immunoblotting (inset). Results are averages = SD.

NPM and the NPMdL shuttling mutant on ribosome assembly 24 h in HeLa cells resulted in a significant increase in pre-40S
by performing nuclear ribosome profiling. As shown in Fig. 4D, and pre-60S ribosomal complexes over vector control levels
the overexpression of NPM or NPMdL did not alter the as- (Fig. 4D, dotted line). In contrast, the overexpression of wild-
sembly of the pre-40S and pre-60S ribosomal complexes, as the type NPM (Fig. 4D, solid line) resulted in a significant atten-
pre-40S and pre-60S peaks matched the vector control. How- uation in levels of both preribosomal complexes in the nucleus
ever, the overexpression of NPMdL (Fig. 4D, dashed line) for compared to that of the vector control, suggesting that rRNAs
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FIG. 4. NPM is a rating-limiting factor for rRNA export. HeLa cells were transduced with pcDNA3.1-His (control [CTL]), His-NPM
(+NPM), or His-NPMdL (+NPMdL) for 24 h. (A) Cells were harvested, and total RNA extracted from each condition was separated on
a 1% agarose gel and stained for total 28S and 18S rRNA with ethidium bromide. (B) Total RNA from cells was analyzed by Sybr green
quantitative PCR for 47S pre-rRNA transcript copy number. Results are means = SD (P > 0.001 versus control). His-tagged NPM protein
expression was measured by anti-His immunoblotting (inset). (C) Cells were labeled with [methyl->H]methionine for 15 min and chased for
the indicated times. Total RNA extracted from each sample was separated, transferred onto membranes, and subjected to autoradiography.
Newly synthesized and processed rRNAs are indicated by arrows. (D) Nuclear extracts from equal numbers of transduced cells (2.5 X 10°
cells) were separated on sucrose gradients with constant UV (254 nm) monitoring. His-tagged NPM protein expression was measured by
anti-His immunoblotting (inset). (E) Cells were labeled with [methyl-*H]methionine for 30 min and chased for 2 h. Equal numbers of labeled
cells (2 X 10° cells) were subjected to fractionation into cytoplasmic (C) and nuclear (N) extracts. Total RNA extracted from each fraction
was separated, transferred onto membranes, and subjected to autoradiography. Newly synthesized and labeled 28S, 18S, and 5.8S/5S rRNAs
are indicated by arrows. The bottom 5.8S/5S panel is a longer exposure of the same autoradiograph shown above. Parallel samples were
harvested prior to labeling and subjected to fractionation in cytosolic (C) and nuclear (N) extracts. Proteins were subjected to Western blot
analysis for lamin A/C (cytosol control) and SOD (nuclear control). (F) Cells were labeled with [methyl->H]methionine for 30 min and chased
for 2 h, and 3 X 10° cells were subjected to polysome fractionation. Fractions from the sucrose gradient were isolated and counted for
[methyl-*H]methionine incorporation into newly synthesized rRNA-assembled cytosolic ribosomes. *H counts were normalized for the
efficiency of label incorporation into total RNA for each condition (%, P > 0.005).
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were being accumulated in the nucleus of NPMdL-transduced
cells and rapidly exported in NPM-expressing cells.

We previously showed that NPM shuttles from the nucleus
to the cytoplasm (4, 51) and, thus, next asked if NPM’s shut-
tling activity was required for the export of assembled ribo-
somal subunits from the nucleus to the cytoplasm. HeLa cells
transduced with control vector, wild-type NPM, or the NPMdL
shuttling mutant for 24 h were pulsed with [methyl-*H]methi-
onine to label newly synthesized and processed rRNAs (44).
Consistent with our earlier findings for protein synthesis and
cytoplasmic and nuclear ribosome profiles, NPMdL signifi-
cantly attenuated (>12-fold) the cytoplasmic accumulation of
all rRNAs to nearly undetectable levels (Fig. 4E). In contrast,
cells overexpressing wild-type NPM exhibited a significant in-
crease (more than sevenfold) in the cytoplasmic accrual of
rRNAs (Fig. 4E). Western blot analysis of lamin A/C (nuclear)
and SOD (cytoplasmic) showed no contamination in the frac-
tionation procedure (Fig. 4E). Taken together, these data in-
dicate that rRNA export was dependent on the NPM shuttling
activity and could not be attributed to a block in ribosome
biogenesis, as transcription, processing, and assembly are not
attenuated in NPMdL-expressing cells.

To determine the distribution of newly exported rRNAs into
cytosolic ribosomes and polysomes, we pulse-labeled cells with
[methyl-*H]methionine and measured the amount of incorpo-
rated label in each sucrose gradient fraction containing 40S,
60S, 80S, and polysomes. Importantly, absolute amounts of
newly processed rRNAs were identical regardless of the level
of NPM expression (Fig. 4C). While NPM overexpression ap-
peared to affect the steady-state levels of polysome production
(~30%) (Fig. 3D), the transduction of cells with wild-type
NPM greatly increased (by about threefold) the amounts of
newly exported cytosolic ribosomal subunits, including 40S,
60S, 80S, and polysomes available for protein synthesis (Fig.
4F). This underscores the ability of NPM not only to enhance
the export of ribosomal subunits but also to provide more
ribosomes for polysome-directed protein synthesis.

NPM-mediated changes in polysome production do not rely
on p19*®¥ or p53. Given the interactions of NPM with p194RF
and p53 (3, 4, 7, 19), we wanted to know if the NPM-induced
changes in rRNA export and cytosolic polysome formation that
we had observed were influenced by these tumor suppressors.
We utilized TKO (Arf '~ p53~'~ Mdm2~'~) MEFs deficient in
the ARF-Mdm2-p53 axis. Retroviral infection of TKO MEFs
with pBabe (control), GFP-tagged NPM, or GFP-tagged
NPMdAL for 48 h showed results similar to those previously
observed in HeLa cells (Fig. 3 and 4). TKO MEFs overexpress-
ing GFP-NPM or GFP-NPMdL (Fig. 5C, inset) for 48 h were
labeled with [>*S]methionine over 24 h, and TCA-precipitable
counts were measured at the indicated times. As shown in Fig.
5A, NPM overexpression increased protein synthesis rates in
TKO MEFs, while the inhibition of NPM shuttling with the
NPMdL mutant reduced protein output. In addition, TKO
MEFs overexpressing NPM for 48 h appreciably increased
their total cellular protein levels, while the overexpression of
the NPM shuttling mutant NPMdL reduced them (Fig. 5B).
Finally, while TKO MEFs overexpressing NPM for 48 h did
not greatly increase cell size, the loss of NPM shuttling activity
through the overexpression of NPMdL significantly reduced
the total cellular volume.

NPM DIRECTS RIBOSOME EXPORT 7057

We next examined the effects of the loss of Arf and p53 on
NPM-mediated cytosolic polysome formation. Equal numbers
of TKO MEFs transduced with empty pBabe, GFP-NPM, or
GFP-NPMdL for 48 h were lysed, and cytosolic ribosomes
were isolated via sucrose gradient centrifugation. Continuous
monitoring of RNA levels in gradients by UV absorbance
indicated that in the absence of NPM shuttling (NPMdL), the
buildup of cytosolic 40S and 60S ribosome subunits was mildly
impaired (Fig. 5D, dashed line), while the overexpression of
NPM (Fig. 5C, inset) resulted in a modestly enhanced forma-
tion of cytosolic 40S and 60S subunits (Fig. 5D, solid line).
Importantly, the overexpression of NPMdL resulted in dra-
matic decreases in actively translating polysomes (Fig. 5D,
dashed line). Conversely, the overexpression of NPM had little
effect on actively translating polysome levels (Fig. 5D). This
may be due to the high levels of endogenous NPM protein
expression already present in TKO MEFs (>3.5-fold versus
WT MEFs) (Fig. 6A).

Given the effects of the inhibition of NPM shuttling on
protein synthesis levels and cytosolic ribosome formation in
the absence of the Arf and p53 tumor suppressors, we wanted
to examine the effects of NPM on ribosome biogenesis in this
setting. The overexpression of both NPM and NPMdL in TKO
MEFs for 48 h did not alter total 28S and 18S levels, as
determined by ethidium bromide staining (data not shown),
similar to our data for HeLa cells, which lack functional ARF
and p53 (Fig. 4A). We next wanted to determine the effects of
NPM shuttling on 47S pre-rRNA transcription. The overex-
pression of NPM and NPMdL for 48 h in TKO MEFs (Fig. SE,
right, and data not shown) resulted in a significant increase in
the levels of the 47S pre-rRNA transcripts similar to that seen
in HeLa cells lacking functional ARF and p53 (Fig. 4B). In-
terestingly, the presence of either p53 or ARF resulted in an
inhibition of 47S pre-rRNA transcription in the absence of
functional NPM. As shown in Fig. 5E, wild-type, Arf /",
p537~/~, or DKO (Mdm2~'~ p53~/~) MEFs which express ei-
ther ARF or p53 are able to decrease 47S pre-rRNA transcrip-
tion when NPM shuttling was inhibited. Taken together, these
data indicate that in the absence of functional NPM, either
ARF or p53 is required to properly adjust 47S pre-rRNA
transcription; cells lacking both ARF and p53 (TKO MEFs
and HeLa cells) fail to properly regulate rRNA transcription.

No block in ribosome assembly was detected upon NPM or
NPMdL expression in TKO MEFs (Fig. 5F). However, the
overexpression of both NPM (gray line) and NPMdL (dotted
line) resulted in an increase of the amount of nuclear pre-40S
and pre-60S ribosomal complexes over control levels (Fig. 5F,
black line), suggesting that in TKO cells, NPM function is
critical in ribosome subunit export, but factors other than NPM
might also be rate limiting.

Finally, we wanted to examine the effects of NPM shuttling
on rRNA export in the absence of ARF and p53. TKO MEFs
infected with pBabe, GFP-tagged NPM, and GFP-tagged
NPMdAL for 48 h (Fig. 5C inset) were labeled with [methyl-
*H]methionine and chased for 2 h, and RNA was isolated from
nuclear and cytosolic fractions to monitor the export of newly
synthesized and processed rRNAs. The overexpression of wild-
type NPM resulted in an increase in all forms of rRNA ex-
ported into the cytoplasm (more than twofold each for 28S,
18S, and 55/5.8S) (Fig. 5G), while the inhibition of NPM shut-
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FIG. 5. NPM-mediated rRNA export occurs in the absence of Arf and p53. TKO (Arf '~ p53~'~ Mdm2~'~) (A to G) and wild-type (WT),
Arf~'~, p5377, and DKO (Mdm2~'~ p53~/7) (E only) MEFs were infected with pBabe, GFP-NPM, or GFP-NPMdL retroviruses for 48 h.
(A) Cells (5 X 10*) were labeled with [*S]methionine for the indicated times and lysed, and TCA-precipitated counts were measured. Results are
averages = SD. (B) Cells were harvested, counted, and lysed, and total protein was measured by Bradford assay (3a). The results are the averages *
SD for two independent experiments performed in triplicate. (*, P > 0.0001 for pBabe versus NPM; #*, P > 0.01 for pBabe versus NPMdL).
(C) Cells were harvested, and live-cell diameter was measured using a Coulter Vi-Cell apparatus. Results are the averages * SD for at least 1,200
cells/condition from three independent experiments (*, P > 0.001 for pBabe versus NPMdL). (D) Equal numbers of cells (3 X 10° cells) transduced
with pBabe (dotted line), NPM (solid line), or NPMdL (dashed line) were lysed and separated on sucrose gradients with constant UV (254 nm)
monitoring. (E) Total RNA from cells was analyzed by Sybr green quantitative PCR for 47S pre-rRNA transcript copy number. Results are
means * SD. (F) Nuclear extracts from equal numbers of transduced cells (2.5 X 10° cells) were separated on sucrose gradients with constant UV
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FIG. 6. NPMdL does not alter cell proliferation or death in the absence of Arf and p53. (A) NPM protein levels were determined by anti-NPM
immunoblotting using wild-type (WT) and TKO MEF lysates. NPM levels were normalized to y-tubulin, and changes are indicated. (B to D) TKO
(Arf~'~ p53~'~ Mdm2~'~) MEFs were infected with pBabe, GFP-NPM, or GFP-NPMdL retroviruses for 48 h. (B) Cells were labeled with BrdU
for 2 h, fixed, and subjected to immunofluorescence for BrdU and GFP. Results are the averages of two independent experiments performed in
triplicate (100 cells/condition counted) = SD. P values are indicated. (C) Cells (2 X 10%) were plated in triplicate for each of the indicated time
points. Cells were harvested and counted every 24 h after transduction. Results are averages = SD. (D) Cells were harvested and stained with
annexin V and propidium iodide (PI) prior to flow cytometric analysis. Apoptotic cells are annexin V positive, dead and/or necrotic cells are
annexin V/propidium iodide positive, and living cells are double negative.

tling with the NPMdL mutant attenuated the export of all four not rule out the possibility that the NPMdL mutant prevents
mature TRNAs (>90% inhibition for 28S and 18S and 73% ribosome export in an indirect and passive manner. Thus, we
inhibition for 55/5.8S) (Fig. 5G). These data indicate that in directly examined the effect of the loss of NPM expression on
the absence of the ARF and p53 tumor suppressors, NPM can protein synthesis. As shown in Fig. 7B, the loss of NPM protein
still exert its effects on TRNA export, polysome formation, expression through the siRNA-mediated knockdown of NPM

protein synthesis, and, ultimately, cellular growth. (99% decrease compared to the siRNAs directed against lu-
Notably, the overexpression of NPM or NPMdL in TKO ciferase control) (Fig. 7A) in HeLa cells for 72 h resulted in a
MEFs for 48 h did not alter S-phase progression in these cells, dramatic attenuation of **S-precipitable counts compared to

as measured by a 2-h pulse of BrdU incorporation into newly the control. In addition, the total cellular protein level was
synthesized DNA (Fig. 6B); however, prolonged (>120 h) ex- significantly reduced with the loss of NPM (Fig. 7C). The
pression of NPMdL did block cell cycle progression (Fig. 6C) knockdown of NPM resulted in a significant decrease in cell
(51), while NPM overexpression had no effect on long-term size compared to that of control siRNAs (Fig. 7D). We next
growth. In addition, the overexpression of NPM and NPMdL examined the effects of the loss of NPM on cytosolic ribosome
for 48 h in TKO MEFs did not increase apoptotic (black bars) levels. The transduction of HeLa cells with NPM siRNAs sig-
or necrotic (white bars) cell death over control levels (Fig. 6D). nificantly decreased the steady-state levels of all cytosolic ri-
These data indicate that the effects of NPM and NPMdL on bosomal subunits (40S, 60S, 80S, and polysomes) compared to
rRNA biogenesis, export, polysome formation, and protein that of the scrambled control (Fig. 7E), providing strong evi-

production in the absence of Arf and p53 are not due to alter- dence that NPM is an essential component in the nuclear

ations in cell cycle progression or cell death. export of ribosomal subunits and the maintenance of cytosolic
Loss of NPM blocks rRNA export in vitro and in vivo. The polysomes.

inhibition of NPM shuttling activity using the dominant nega- As observed with the NPMdL shuttling mutant, the loss of

tive NPMdL mutant indicated that NPM nuclear export is NPM expression did not alter ribosome biogenesis. The knock-
required for rRNA export to the cytoplasm. However, we can- down of NPM with siRNAs in HeLa cells for 72 h resulted in

(254 nm) monitoring. GFP-tagged NPM protein expression levels were measured by anti-GFP immunoblotting (inset). (G) Cells were labeled with
[methyl-*H]methionine for 30 min and chased for 2 h. Equal numbers of labeled cells (2 X 10° cells) were subjected to fractionation into
cytoplasmic (C) and nuclear (N) extracts. Total RNA extracted from each fraction was separated, transferred onto membranes, and subjected to
autoradiography. Newly synthesized and labeled 28S, 18S, and 5.85/5S rRNAs are indicated. GFP-tagged NPM and NPMdL protein expression
levels were measured by anti-GFP immunoblotting.
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FIG. 7. Endogenous NPM is an essential mediator of ribosome nuclear export. HeLa cells were transduced with scrambled or NPM siRNAs
and incubated for 72 h. (A) Western blot analysis using antibodies recognizing NPM was used to demonstrate knockdown. Knockdown was
normalized to y-tubulin, and changes are indicated. (B) Cells (5 X 10*) were labeled with [**S]methionine for the indicated times and lysed, and
TCA-precipitated counts were measured. Results are averages = SD. (C) Cells were harvested, counted, and lysed, and total protein was measured
by Bradford assay (3a). The results are averages + SD for two independent experiments performed in triplicate. (%, P > 0.003). (D) Cells were
harvested, and live-cell diameter was measured using a Coulter Vi-Cell apparatus. Results are averages = SD for at least 1,200 cells/condition from
three independent experiments (*, P > 0.003). (E) Cytosolic extracts from equal numbers of cells (3 X 10° cells) were separated on sucrose
gradients with constant UV (254 nm) monitoring. (F) Total RNA from cells was analyzed by Sybr green quantitative PCR for 47S pre-rRNA
transcript copy number. Results are averages = SD (*, P > 0.005). (G) Nuclear extracts from equal numbers of cells (2.5 X 10° cells) were
separated on sucrose gradients with constant UV (254 nm) monitoring. (H) Cells were labeled with [methyl-*H]methionine for 30 min and chased
for 2 h, and equal numbers of cells (2 X 10° cells) were subjected to fractionation into cytoplasmic (C) and nuclear (N) extracts. Total RNA
extracted from each fraction was separated, transferred onto membranes, and subjected to autoradiography. Newly synthesized and labeled 28S,
18S, and 5.85/5S rRNAs are indicated by arrows. Western blot analysis using antibodies recognizing NPM was used to visualize efficient knockdown
(bottom). (I) Cells (2 X 10%) were plated in triplicate for each of the indicated time points. Cells were harvested and counted every 24 h after
transduction. Results are averages = SD.
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an increase in 47S pre-rRNA transcript levels (>2.5-fold) (Fig.
7F). In addition, siRNA-mediated NPM knockdown did not
inhibit ribosome assembly as measured by nuclear ribosome
profiling and resulted in the nuclear accumulation of pre-40S
and pre-60S ribosome complexes (Fig. 7G) similar to that
observed with the NPMdL shuttling mutant in HeLa cells and
TKO MEFs (Fig. 4D and 5SF, respectively).

To confirm that NPM was required for the nuclear export of
rRNAs, we examined the effects of the loss of NPM expression on
the export of newly synthesized rRNAs. HeLa cells transduced
with scrambled control or NPM-specific siRNAs (51) were pulsed
with [methyl-*H]methionine to label newly synthesized and pro-
cessed rRNAs. The specific knockdown of endogenous NPM was
confirmed (Fig. 7H, bottom). The dramatic reduction of NPM
protein expression significantly attenuated the cytoplasmic accu-
mulation of all newly processed rRNAs to nearly undetectable
levels (Fig. 7H, top). Moreover, cells lacking NPM displayed
normal processing of rRNAs (Fig. 7H, lanes 1 and 3). The reduc-
tion in protein synthesis, cytosolic ribosome accumulation, and
ribosome export were not due to an inhibition in cellular prolif-
eration. As shown in Fig. 7I, HeLa cells were transduced with
siRNAs directed against luciferase and NPM for 48 h (day 0)
prior to plating for the cell growth assay. The loss of NPM protein
expression resulted in a significant reduction in cell growth only
past 120 h (day 4) after siRNA transduction. Our experiments
were performed at 72 h after siRNA transduction (day 1), when
no difference in cell proliferation was observed.

Similarly, MEFs carrying hypomorphic NPM alleles (Npm™’
hy), which express nearly undetectable levels of NPM (15) (Fig.
8A, bottom), showed a striking decrease in the nuclear export
of 28S and 18S rRNA compared to that of littermate-matched
wild-type MEFs (Fig. 8A). Again, we observed normal pro-
cessing of rRNAs in the absence of Npm! (Fig. 8A, lanes 1 and
3). The chronic loss of Npm1 in the presence of ARF and p53
resulted in an inhibition of 47S pre-rRNA transcription (Fig.
8B), as opposed to the acute loss of NPM in the absence of
ARF and p53 (seen with siRNA treatment), resulting in in-
creased levels of 47S pre-rRNA transcription (Fig. 7D). How-
ever, the 60% decrease in transcription did not result in lower
levels of processed rRNA as seen in Fig. 8A, indicating that
Npml is not absolutely required for rRNA processing but,
rather, appears to be necessary for the nuclear export of newly
processed TRNAs. These data also suggest that ARF and/or
p53 is required to dampen 47S rRNA transcription in the
absence of NPM expression given that HeLa and TKO cells
are incapable of lowering 47S rRNAs in the absence of NPM
(Fig. 4, 5, and 7). These findings are further supported by
electron microscopy of Npm™'" and Npm™" MEFs. As
shown in Fig. 8C, the loss of Npm1 resulted in a severe loss of
electron density in nucleoli (100% of cells examined), similar
to that observed when rDNA transcription is inhibited (35). In
addition, Npm™"™ MEFs exhibited an accumulation of ribo-
some particles at the nuclear membrane (100% of cells exam-
ined) (Fig. 8C, right) and a paucity of rough ER in the cyto-
plasm (100% of cells examined) (Fig. 8C, bottom), supporting
a requirement of NPM in ribosome export.

Embryos nullizygous for Npm1 fail to develop properly and
die in utero between days 11.5 and 16.5 (15). To determine
whether a defect in rRNA nuclear export might be visible in
these NpmI-null embryos, we examined in vivo 5S rRNA ex-
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port. Utilizing a biotinylated 5S rRNA probe, we performed
RNA in situ hybridization on wild-type and Npm '~ embryos
at E10.5. Littermate-matched wild-type embryos readily ex-
ported 5S rRNA (purple staining) out of the nucleus (pink
staining) and into the cytoplasm in numerous embryonic cell
compartments (Fig. 9A to D). In contrast, Npm '~ embryos
did not export 5S rRNA in any of the embryonic cells as
evidenced by the accumulation (over 10-fold) of dark nuclear
5S rRNA staining (purple) and the lack of cytoplasmic 5S
rRNA (Fig. 9E to H). Taken together, these data indicate that
NPM is required for the export of rRNAs in vivo.

DISCUSSION

The nucleolus is a dynamic subnuclear organelle tasked with
producing the core of the protein translation machinery of a
cell, the ribosome (30, 49). Historic models of nucleolar func-
tion have depicted ribosome biogenesis as more of a passive,
reactionary process in the cell, where growth signals are re-
layed to the nucleolus to increase rRNA synthesis, resulting in
higher rates of ribosome production to meet the demands of
increased proliferation rates. However, a more current view of
the nucleolus as a sensor of both stress and growth has
emerged. In challenge of this “static ribosome factory” model,
numerous proteins originally thought to reside solely in the
nucleolus have recently been shown to continuously shuttle
from the nucleolus to various subcellular compartments in a
regulated manner, providing evidence that the nucleolus is a
dynamic site of numerous cellular events (2, 4, 21, 22, 51, 52).
One of these nucleolar proteins, NPM, has been suggested to
be involved in a variety of important cellular processes in and
out of the nucleolus, including ribosome processing, molecular
chaperoning, centrosome duplication, and transcriptional reg-
ulation in order to regulate cell growth and proliferation (5, 10,
23, 31-33).

One of the challenges surrounding NPM is its apparent
ability to perform functions that are in stark contrast to one
another. Specifically, NPM has been reported to interact with
all three components of the ARF-p53-Mdm2 pathway to both
activate and suppress this cascade (3, 4, 7, 19, 24-26, 45).
However, the overarching theme of this pathway is the regu-
lation of growth and proliferation. Taken as single observa-
tions, numerous conflicting views of NPM function can be
readily made. However, when placed together with our current
findings, a more unified outlook on NPM function emerges, as
we will discuss below. Our current study offers data that inte-
grate many of these seemingly disconnected functions of NPM.
We show that NPM interacts with components of the ribo-
some, acting as a chaperone to direct the nuclear export of
ribosomes. The loss of functional NPM (either through a loss
of expression or shuttling-defective mutants) results in a com-
plete loss of ribosome nuclear export and subsequent attenu-
ation in cell growth. Moreover, the transcription of the IDNA
locus is severely reduced in the absence of NPM, most likely
through an indirect mechanism controlled by ARF and p53.
Thus, it is possible that NPM’s apparent indirect control of
numerous cellular functions stems from its ability to regulate
ribosome production and nuclear export using the ARF and
pS3 tumor suppressors to serve as feedback sensors set to
prevent these cell growth processes (e.g., IDNA synthesis,
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FIG. 8. Loss of Npm results in inhibition of rRNA export and 47S pre-rRNA transcription. (A) Npm */* and Npm™"™ MEFs were labeled with
[methyl-*H]methionine for 30 min and chased for 2 h, and equal numbers of cells (3 X 10° cells) were subjected to fractionation into cytoplasmic
(C) and nuclear (N) extracts. Total RNA extracted from each fraction was separated, transferred onto membranes, and subjected to autoradiog-
raphy. Newly synthesized and labeled 28S and 18S rRNAs are indicated by arrows. The lack of NPM protein expression in Npm™™ cells was
monitored via Western blot analysis using antibodies recognizing NPM. (B) Total RNA from Npm*/* and Npm"™/™ MEFs was analyzed by Sybr
green quantitative PCR for 47S pre-rRNA transcript copy number. Results are averages = SD (*, P > 0.001). (C) Npm"’* and Npm"" MEFs
were fixed, sectioned, and visualized by electron microscopy. Top panels showing nucleoli were taken at a magnification of X30,000, and bottom
panels showing the nucleus (N) and cytosol (C) were taken at a magnification of X12,000. Bottom panels are enlargements of the nuclear
membrane and rough ER from the indicated areas of the panels with a magnification of X12,000.

rRNA processing, and centrosome duplication) in the absence
of NPM. This is consistent with the notion that the loss of
Npml is tumorigenic (15). We predict that the loss of Npm1,
which induces a p53 response (15), places genetic pressure on
the ARF/p53 axis through the cell’s ultimate need to produce
functional cytosolic ribosomes, eventually selecting for the loss
of ARF/p53 pathway components and leading to cellular trans-
formation. In agreement with this notion, the concomitant loss

of p53 rescues the growth defects observed in NpmI '~ MEFs
(15).

The mechanism of NPM’s growth-promoting properties is
thought to be mandated through alterations in rRNA process-
ing (41). We have provided evidence that overexpressed NPM
does not alter rRNA processing or ribosome assembly, nor is
Npm1 obligatory for rRNA processing or ribosome assembly to
occur normally. We now show that NPM serves as a nuclear
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D) and Npm ™'~ (E to H) E10.5 embryos using a probe recognizing 5S rRNA (purple). Nuclear fast red counterstaining was used to demarcate
nuclei (pink). Whole embryos were visualized at magnifications of X2 (wild type) and X4 (Npm ~'~). Cell images were observed at a magnification

of X60.

export chaperone for the ribosome, drawing similarities to
previous studies that showed an in vitro propensity for NPM to
serve as a protein chaperone (32, 45). Even modest increases in
NPM protein expression amplified ribosome export, resulting
in increased rates of protein synthesis, demonstrating that
NPM is rate limiting in its capacity to shuttle ribosomes to the
cytosol. Under this model, NPM would serve as an adaptor,
analogous to NMD3, bridging the ribosome with CRM1 prior
to export through the nuclear pore (47). In fact, we were able
to copurify the nuclear pore proteins Nup50 and Nup62 with
NPM, demonstrating that these export complexes exist in vivo.

The similarities between NPM and NMD3 are intriguing,
but there are enough measurable differences to suggest that
they do not perform identical functions and rather, most likely,
complement one another in their abilities to act as nuclear
export chaperones. Unlike NMD3, we found NPM in com-
plexes with ribosomal proteins and rRNAs from both the small
and large ribosome subunits. Additionally, the mutation of the
NMD3 nuclear export signal resulted in only an attenuation of
28S rRNA export (47), whereas NPMdL readily inhibits the
nuclear export of all newly synthesized 28S, 18S, and 5S
rRNAs, suggesting that NPM may reside upstream of NMD3
in regulating the nuclear export of all ribosomal subunits.
Moreover, the overexpression of NPM is capable of dramati-
cally increasing ribosome nuclear export. The striking seques-
tration of the entire ribosome in the nucleus by mutant NPM
molecules is underscored further by the rapid depletion of
newly assembled polysomes in cells unable to shuttle NPM
protein complexes. Thus, we propose that NPM serves as a
“growth thermostat” in the nucleolus, ready to respond to
changes in the cell that might require more or less ribosome
output for protein synthesis. The loss of NpmI confirms this
hypothesis, with Npm™™ and Npm /"~ cells displaying a severe
attenuation of all rRNA export. Moreover, cells displaying
hyperactivated mTOR signaling exhibit elevated NPM protein
levels and produce dramatic increases in levels of rRNA export
and polysome formation, all of which require functional NPM
(36).

Given NPM’s role in the nucleolar growth-promoting path-
way, through ribosome export regulation, it is not surprising
that several groups including our own have shown NPM to be
a p53-independent target of the nucleolar ARF tumor suppres-
sor (3, 4, 19). In order to maintain proper nucleolar function,
AREF should be sensitive to abrupt changes in ribosome output,
constantly monitoring the rate of ribosome synthesis and ex-
port by NPM. ARF is often referred to as a sensor of hyper-
proliferative signals, such as those emanating from Myc and
Ras (16, 34, 54), but both of these oncoproteins are quite
capable of eliciting hypergrowth signals as well. Indeed, recent
evidence has demonstrated that oncogenic myc translocates to
the nucleolus in order to greatly increase rDNA synthesis (1,
12), and under some settings, ARF can act to antagonize nu-
cleolar myc oncoproteins (13, 38). In order to maintain nucle-
olar integrity in the face of myc-induced increases in rRNAs,
the cell might also require NPM to enhance the rate of ribo-
some nuclear export. In support of this notion, Npm1 is a direct
transcriptional target of myc (17, 29, 50, 53). Accordingly,
nucleolar ARF may have evolved to monitor this process and,
as such, is also a target of myc induction (54). In cancers, it
then becomes advantageous to disrupt the normal regulation
of this pathway. Under normal conditions, NPM is devoted to
ribosome nuclear export to maintain protein synthesis at a
constant rate. We predict that the interruption of this nucleolar
homeostasis occurs through two different signals. First, stress
signals that alter nucleolar structures (39) and delocalize NPM
to the nucleoplasm, where it binds to p53 or Mdm2 (7, 25),
would serve to not only activate the p53 pathway but also divert
NPM from its normal role in rRNA export. Dramatic de-
creases in protein synthesis rates are hallmarks of these cellu-
lar stress outcomes (37). Second, oncogenic growth signals that
upregulate NPM protein expression (36) might also trigger the
ARF checkpoint, with accumulated nucleolar ARF proteins
preventing the nuclear export of NPM-ribosome complexes (4,
51). However, in the absence of functional ARF (such as in
HeLa or TKO cells), NPM function would be unopposed.
Thus, endogenous NPM proteins are capable of amplifying the
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rate of rRNA export, resulting in dramatic increases in poly-
some formation and protein translation, a hallmark of tumor-
igenesis.
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