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Nucleostemin (NS) is a nucleolar-nucleoplasmic shuttle pro-
tein that regulates cell proliferation, binds p53 and Mdm?2, and
is highly expressed in tumor cells. We have identified NS as a
target of oxidative regulation in transformed hematopoietic
cells. NS oligomerization occurs in HL-60 leukemic cells and
Raji B lymphoblasts that express high levels of c-Myc and have
high intrinsic levels of reactive oxygen species (ROS); reducing
agents dissociate NS into monomers and dimers. Exposure of
U20S osteosarcoma cells with low levels of intrinsic ROS to
hydrogen peroxide (H,O,) induces thiol-reversible disulfide
bond-mediated oligomerization of NS. Increased exposure to
H,O, impairs NS degradation, immobilizes the protein within
the nucleolus, and results in detergent-insoluble NS. The regu-
lation of NS by ROS was validated in a murine lymphoma tumor
model in which c-Myc is overexpressed and in CD34+ cells from
patients with chronic myelogenous leukemia in blast crisis. In
both instances, increased ROS levels were associated with mark-
edly increased expression of NS protein and thiol-reversible
oligomerization. Site-directed mutagenesis of critical cysteine-
containing regions of nucleostemin altered both its intracellular
localization and its stability. MG132, a potent proteasome
inhibitor and activator of ROS, markedly decreased degradation
and increased nucleolar retention of NS mutants, whereas
N-acetyl-L-cysteine largely prevented the effects of MG132.
These results indicate that NS is a highly redox-sensitive pro-
tein. Increased intracellular ROS levels, such as those that result
from oncogenic transformation in hematopoietic malignancies,
regulate the ability of NS to oligomerize, prevent its degrada-
tion, and may alter its ability to regulate cell proliferation.

Nucleostemin (NS) is a GTP-binding nucleolar protein that
has been implicated in a variety of cellular processes, including
cell cycle progression involving the G,-S (1, 2) and G,-M tran-
sitions (3), pre-rRNA processing (4), stress responses involving
nucleoplasmic translocation (5, 6), cellular senescence (7), and
inhibition of cell proliferation (8). NS shuttles from the nucle-

* This work was supported by a SCOR Award and a Translational Award from
the Leukemia and Lymphoma Society. This work was also supported by a
Western States Postdoctoral Fellowship from the American Heart Associa-
tion (to J. V. C)).

5] The on-line version of this article (available at http://www.jbc.org) contains
supplemental Table 1.

"To whom correspondence should be addressed: Stanford Cancer Center,
LLSCResearch Bldg. (SIM1),Rm.2167,265 Campus Dr., Stanford, CA 94305-
5458. Tel.: 650-725-9621; Fax: 650-736-0607; E-mail address: bmitchell@
stanford.edu.

APRIL 1,2011+VOLUME 286+NUMBER 13

olus to the nucleoplasm in response to a variety of cellular stres-
sors, including inhibition of RNA synthesis (5). We have
recently demonstrated that reduction of intracellular GTP lev-
els results not only in the nuclear translocation of NS, as had
been observed previously (6), but also its rapid proteasomal
degradation in an apparent Mdm2-dependent manner (9). A
number of nuclear proteins interact with nucleostemin (10),
including p53 (1, 8), Mdm2 (2, 3), ribosomal L1 domain-con-
taining 1 (RSL1D1) (11), and telomeric repeat binding factor 1
(TRE-1) (7, 12). The regulation of these diverse proteins
through their interactions with NS results in functional altera-
tions in cell cycle control and telomere maintenance (10),
although the precise mechanisms of regulation remain to be
elucidated. Complete loss of NS, either through siRNA knock-
down experiments (1, 2, 13, 14) or through its proteolytic deg-
radation (9), leads to p53 up-regulation and cell cycle arrest or
apoptosis, whereas heterozygous loss of NS leads to cellular
senescence (7). Because NS is expressed at particularly high
levels in tumor cells (8), understanding its regulation at the
protein level has important ramifications for cancer cell biology
and treatment.

Reactive oxygen species (ROS),> which include hydrogen
peroxide (H,O,), superoxide anions (O,), hydroxyl radicals
(OH), nitric oxide (NO), and monoxide radical (NO"), play cru-
cial roles in modulating many physiologic and pathologic pro-
cesses. ROS act as mitogenic signals to promote cellular prolif-
eration at lower concentrations and as inducers of apoptosis or
necrotic cell death at higher concentrations (15-17). Reduced
GSH is a major antioxidant and intracellular free radical scav-
enger of ROS, whereas N-acetyl-L-cysteine (NAC) is a cell-per-
meable precursor of GSH (18).

Increased levels of ROS also result from the expression of
oncogenes (19, 20). The BCR-ABL translocation that results in
chronic myelogenous leukemia (CML) has been shown to
increase ROS levels in both BCR-ABL-transformed hematopoi-
etic cell lines and primary CML cells (21-23). Mutations within
the BCR-ABL tyrosine kinase domain that lead to resistance to
imatinib as well as to other manifestations of DNA damage are
accelerated by ROS generation and reduced by the concomitant
administration of antioxidants (23). Similarly, increased

2 The abbreviations used are: ROS, reactive oxygen species; NAC, N-acetyl-L-
cysteine; CML, chronic myelogenous leukemia; PBMC, peripheral blood
mononuclear cell; IMDM, Iscove’s modified Dulbecco’s medium;
H2-DCFDA, 2',7’-dichlorofluorescein diacetate; DHE, dihydroethidium; aa,
amino acid(s); CML-BC, chronic myelogenous leukemia in blast crisis; EGFP,
enhanced green fluorescent protein.
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expression of the Myc oncogene because of amplification,
mutation, increased transcription, or translocation results in
increased ROS levels that appear to promote genomic instabil-
ity in transformed cells (19, 24). Thus, ROS induction as a con-
sequence of oncogenic transformation contributes to genomic
instability and most likely to disease progression in tumors
expressing these oncogenes. Further understanding of the oxi-
dant-dependent signaling pathways induced during transfor-
mation should therefore be useful in identifying previously
unrecognized redox-sensitive targets that may play a role in the
progression of diseases such as CML or those resulting from
increased c-Myc expression.

We have identified NS as a target of increased ROS levels.
Cell lines with Myc amplification express an oligomerized form
of NS that is reduced after incubation with NAC and other
reducing agents. This observation led us to examine the role of
intracellular ROS as a potentially important regulator of NS
stability and function.

MATERIALS AND METHODS

Cell Culture and Reagents—Raji, HL-60, and U20S cell lines
were obtained from ATCC. The U20S cell line stably express-
ing EGFP-tagged NS was described previously (9). Cells were
grown in DMEM or RPMI 1640 medium supplemented with
10% FCS (HyClone, Perbio) and 100 units/ml penicillin and
streptomycin at ambient oxygen concentration. The human
c-Myc lymphoma cell line 6780 (25) was grown in RPMI 1640
medium with 10% FCS, 100 units/ml penicillin and streptomy-
cin, 1% L-glutamine, and 50 uMm 2-mercaptoethanol. The pri-
mary peripheral blood mononuclear cells (PBMC) and primary
lymphoma cells from mice transgenic for both EuSR-tTA and
Tet-o-Myc tumors (26) were grown in Iscove’s modified Dul-
becco’s medium (IMDM) supplemented with 10% FCS
(HyClone; Perbio) and 100 units/ml penicillin and streptomy-
cin. GSH, NAC, H,0,, and FLAG peptides were obtained
from Sigma. DAPI, 2’,7'-dichlorofluorescein diacetate (H2-
DCFDA), and dihydroethidium (DHE) were purchased from
Molecular Probes, Inc. (Eugene, OR). Rhodamine-conjugated
goat anti-mouse secondary antibodies were purchased from
Jackson ImmunoResearch (West Grove, PA). Goat anti-nucle-
ostemin polyclonal antibody was from R&D Systems, Inc. Full-
length Aequorea victoria polyclonal EGFP antibody was from
Clontech Laboratories. Anti-Mdm2 monoclonal antibody,
anti-FLAG-BioM2 (F-9291), and anti-FLAG-M2-agarose
(A2220) were from Sigma. Mouse monoclonal anti-nucleolin
(MS-3), anti-p53 (DO-1), and anti-Mdm?2 (sc-965) antibodies
and protein A/G PLUS-agarose were from Santa Cruz Biotech-
nology (Santa Cruz, CA).

Mutagenesis of NS, Construction of FLAG-tagged NS, and
Transient Transfection Experiments—EGFP (C3)-NS was
described previously (9). The human NS deletion construct
EGFP (C3)-d111-160 amino acids (aa) was created using the
QuikChange mutagenesis kit (Stratagene). Nine cysteines
within NS were individually mutated to serines. Primer
sequences are listed in supplemental Table 1. All constructs
were confirmed by sequencing. The pcDNA3-FLAG-NS plas-
mid was constructed using EGFP-C3-NS as a template and PCR
amplification with high-fidelity Platinum pfx DNA polymerase
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(Invitrogen). The primer sequences for amplifying the
FLAG-NS are shown in supplemental Table 1. The italicized
bases are the restriction enzyme sites (BamH1 and Xhol) with
four extra bases added at each end to promote efficient diges-
tion. Amplified NS with an N-terminal FLAG tag was cloned
into the BamH1land Xhol sites of pcDNA3, and the resulting
plasmids were sequenced. Transient transfections were per-
formed using the Superfect transfection reagent (Qiagen)
according to the manufacturer’s instructions.

Analysis of c-Myc-induced Tumors—Conditional human
c-Myc transgenic mice have been described previously (26).
Transgenic mice from a cross between EuSR-tTA and Tet-o-
Myc mice produce hematopoietic tumors with 100% frequency
(26). In the absence of doxycycline treatment, mice transgenic
for both EuSR-tTA and Tet-o-Myc die within 5 months of age
with invasive hematopoietic tumors. In this study, 2- to
3-month-old mice transgenic for both EuSR-tTA and Tet-o-
Myc and control FVB/N mice were sacrificed by CO, asphyxi-
ation. Tumors were manifest by gross enlargement of the thy-
mus, spleen, and mesenteric lymph nodes. The spleen, thymus,
and lymph nodes were removed and collected in a sterile 70-um
cell strainer (BD Biosciences) over a Petri dish half filled with
media, and single cell suspensions from these tissues were iso-
lated by gently pressing the tissues through the cell strainer
mesh with a plunger from a 15-ml syringe. Bone marrow cells
were collected by flushing femurs and tibias with IMDM con-
taining 10% FCS (Hyclone), 100 units/ml penicillin, and 100
pg/ml streptomycin with a 23- or 25-gauge needle. 5 X 10°
cells/sample were incubated with the fluorochrome dyes
H2-DCFDA and DHE for 30 min, and the level of intracellular
H,0, and superoxide was measured by flow cytometry. 5 X 10°
cells/sample were centrifuged at 2,000 rpm for 5 min, washed
with PBS twice, and then cell pellets were lysed for Western blot
under non-reducing and reducing conditions.

Isolation of Human PBMC—PBMC from CML patients in
blast crisis (CML-BC) were obtained from the Stanford Tissue
Bank following Ficoll-Hypaque gradient separation and storage
in 10% dimethyl sulfoxide in FCS. All analyzed CML-BC sam-
ples were obtained prior to treatment. After thawing, cells were
washed three times with PBS, and 5 X 10° cells/sample were
incubated in 20 ml IMDM supplemented with 10% FBS with or
without 50 mm NAC/50 mMm GSH for 4 h. The pH of the NAC-
or GSH-containing medium was adjusted to 7.4. 5 X 10°
PBMC/sample were harvested, washed, and sonicated as
described above. 60 ug of the total lysate was then separated on
SDS-PAGE and immunoblotted for NS, nucleoplasmin (NPM-
1), and B-actin in the presence or absence of DTT with or with-
out heat denaturation. To measure the intracellular level of
H,0,, 5 X 10° cells/sample were incubated with H2-DCFDA
for 30 min, and the level of intracellular H,O, was determined
by flow cytometry.

Cytospin and Immunostaining—Ficoll-purified PBMC from
CML-BC patients were first stained with phycoerythrin-coupled
anti-CD34 for 30 min on ice. After washing with PBS, the
CD34-stained PBMC were cytospun onto coverslips at 500 rpm
for 5 min, fixed with 4% paraformadehyde in PBS for 20 min at
RT, and permeabilized with 0.1% Tritonin PBS for 15 min at
RT. Following blocking with 3% BSA in PBS, slides were incu-
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FIGURE 1. NS oligomerization in Raji and HL-60 cells: effect of reducing agents. Cultured Raji (A) or HL-60 (B) cells were untreated or exposed to 50 mm NAC
for 8 or 24 h (A) or 10 mm for 24 h (B). Cell lysates (60 wg) were separated on SDS-PAGE under non-reducing or reducing conditions and immunoblotted with
anti-NS or anti-nucleolin antibodies. C, ROS levels in U20S, HL-60, and Raji cells measured by DCFDA fluorescence (FL1-H). D and E, effect of NAC on ROS levels

in Raji and HL-60 cells as measured by DCFDA fluorescence.

bated with anti-NS antibody and stained with a FITC-conjugated
secondary antibody (9). Immunostaining of NS, NPM-1, and
nucleolin in U20S cells was performed as described previously (9).

Immunoprecipitation and Western Blotting Experiments—
U20S cells were transfected with FLAG-tagged NS. 24 h after
transfection, cells were treated with 10 mm H,O, for 30 min.
Cells were rinsed twice with PBS and lysed at 4 °C in a lysis
buffer containing 20 mm Tris-HCI (pH 7.5), 137 mm NaCl, 1%
Triton X-100, 10% glycerol, 2 mm EDTA, and the protease
inhibitors (150 um Na;VO,, 0.25 mm PMSF, 5 wg/ml leupeptin,
and 10 nm microcystin LR). The lysate was then sonicated and
centrifuged at 12,000 X g for 10 min. The supernatants from the
cell lysates were precleared with protein A/G PLUS-agarose at
4°C for 1 h. 800 ug of total protein in 1 ml cell lysis buffer
containing inhibitors from the precleared extracts were then
incubated with 40 ul of anti-FLAG-agarose beads with gentle
rocking at 4 °C for 2 h. Beads were washed five times with lysis
buffer and twice with PBS. The immunoprecipitates were eluted
from beads in 100 ul of TBS (50 mm Tris HCI/150 mm NaCl (pH
7.4)) elution buffer containing 500 ug/ml synthetic FLAG pep-
tides. For immunoblot analysis, 30 ul of the elution fraction and 60
g of total protein lysate were electrophoresed on 4 —10% gradient
SDS-PAGE gels and transferred onto nitrocellulose membranes
(Immobilon-P, Millipore, Bedford, MA). Specific antigens were
blotted with the corresponding primary antibody followed by
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horseradish peroxidase-conjugated secondary antibody. Western
blots were visualized using ECL (Chemiluminescence Reagent
Plus, PerkinElmer Life Sciences, Boston, MA).

Extraction of Triton-soluble and Triton-insoluble Protein—
Cells were rinsed twice with PBS and lysed at 4 °C in a lysis
buffer containing protease inhibitors. The lysate was then son-
icated while immersed in ice and centrifuged at 12,000 X g for
15 min. at 4 °C. The supernatant was transferred to fresh tubes,
and the Triton-insoluble fractions were resuspended in the
same volume of lysis buffer containing protease inhibitors and
sonicated three times. An identical amount of Triton-insoluble
material was separated on SDS-PAGE.

Detection of Intracellular H,O., and Superoxide—Intracellu-
lar ROS levels were measured as described previously (27). Cells
were washed with PBS and incubated in growth medium con-
taining 10 uM H2-DCFDA or DHE at 37 °C for 30 min in the
dark. H,O, oxidizes the H2-DCFDA probe to a green fluores-
cent DCFDA, whereas superoxide (O5) oxidizes the DHE probe
to a red fluorescent hydroethidium. U20S cells were harvested
by trypsinization, washed with PBS, and analyzed by flow cyto-
metric analysis (FACS Calibur™, BD Biosciences).

RESULTS

ROS-dependent  Oligomerization of NS—Having first
observed during purification from Raji cells that NS existed as a
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FIGURE 2. Induction of NS oligomerization by H,0, and reversal by reducing agents. U20S cells were exposed to increasing concentrations of H,0O, for 30
min. Cell lysates were separated using SDS-PAGE under non-reducing (A, upper panel) or reducing (lower panel) conditions. U20S cells expressing EGFP-NS
were preincubated with NAC (10 mm or 50 mm) for 16 h and exposed to 10 mm H,O, for 30 min, followed by separation on SDS-PAGE and analysis for NS using
goat antibody against full-length NS under non-reducing (B, left panel) or reducing conditions (right panel). Endo-NS represents endogenous NS. Cand D, U20S
cells were transfected with pcDNA (control) or a FLAG-NS construct. After 24 h, cells were either untreated or exposed to 10 mm H,0, for 30 min. FLAG-NS was
immunoprecipitated (/P) from 800 ug of cell lysate, separated using SDS-PAGE under non-reducing (upper panel) or reducing (lower panel) conditions, and
immunoblotted (/B) for NS (C) or nucleolin (D). Input (whole cell lysate) constituted one-twentieth of the total amount of immunoprecipitated protein.

high molecular weight multimer (data not shown), we pro-
ceeded to examine NS expression in cell lysates from Raji and
HL-60 cells under non-reducing conditions by Western blot
analysis. Separation by SDS-PAGE demonstrated a high molec-
ular weight smear of NS in both Raji (Fig. 14) and HL-60 cells
(Fig. 1B). Incubation of intact cells with NAC diminished, but
did not eliminate, the high molecular weight form, whereas
boiling of cell extracts with DTT reduced NS to its monomeric
and dimeric forms (Fig. 1, A and B). These observations sug-
gested that NS, which contains nine cysteine residues, exists in
these cell lines as higher molecular weight oligomers that are
dissociable in the presence of reducing agents, both in cell
lysates and in intact cells. DTT-resistant dimerization of NS
suggests that mechanisms other than disulfide bond formation
may be involved in dimer formation. Dimer formation may be
related to the presence of a coiled-coil domain at residues
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47-115 of NS (3, 8). Coiled-coil domains have been shown to
play a role in the dimerization of other proteins (28, 29).

Raji and HL-60 cells both have amplification of the c-Myc
protooncogene (30-32), which has been associated with
increased intracellular levels of ROS (19, 32—34). We therefore
analyzed the levels of intracellular hydrogen peroxide in both
cell lines using the H2-DCFDA assay (27). As shown in Fig. 1C,
both HL-60 and Raji cells have increased levels of DCFDA
fluorescence as compared with U20S osteosarcoma cells that
do not express high levels of c-Myc. In both Raji and HL-60
cells, fluorescence was decreased by incubation of cells with
N-acetyl-L-cysteine (Fig. 1, D and E) or glutathione (data not
shown).

To determine whether the induction of ROS could promote
the formation of high molecular weight complexes in cells with
lower ROS levels, we added increasing concentrations of H,O,
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FIGURE 3. Effect of hydrogen peroxide on NS protein levels, nucleoplasmic translocation, and degradation. Aand B, U20S cells were pretreated with 500
M H,0, for 30 min, 1 um AVN-944 for 8 h, or both, as indicated. Cells were then permeabilized and stained for nucleostemin and nucleolin. C, U20S cells
expressing EGFP-NS were treated with 500 um H,O, for 5 days and analyzed for EGFP-NS fluorescence by flow cytometric analysis (FL7-H). D, U20S cells stably
expressing EGFP-NS were untreated or preincubated with 500 um H,O, for 4 h and then left untreated or exposed to 1 um AVN-944 for 20 h, followed by flow
cytometric analysis of EGFP-NS fluorescence. E, Raji cells were exposed to H,0, at concentrations indicated for 16 h. Triton-soluble and Triton-insoluble NS was

extracted and blotted for NS.

to U20S cells in which NS is present predominantly as a mono-
mer. The addition of H,O, resulted in a pronounced shift of NS
to higher molecular weight forms and resulted in a new band
that ran slightly above the monomeric form at the highest doses
of H,0, (Fig. 2A4). This DTT-reversible band shift may repre-
sent one of several reversible oxidative modifications of NS,
such as glutathionylation, sulfenic or nitroso modification of
cysteines, or intramolecular disulfide bond formation within
the molecule. The oligomerization of NS was both dose- and
time-dependent. Boiling U20S cell extracts in the presence of a
reducing agent following H,O, treatment reduced NS to the
monomeric form (Fig. 24, lower panel), and heat denaturation
was not required (data not shown). Immunoblotting using goat
anti-NS antibody developed against full-length NS (Fig. 24) or

APRIL 1,2011+VOLUME 286-NUMBER 13

rabbit anti-NS antibody developed against the C-terminal pep-
tide of NS (data not shown) demonstrated similar patterns of
oligomerization in response to H,O, exposure. Preincubation
of cells with 50 mm NAC to increase intracellular GSH partially
decreased complex formation induced by H,O, (Fig. 2B).
Immunoprecipitation of FLAG-tagged Nucleostemin—To
further confirm the ability of NS to oligomerize, a FLAG-tagged
NS expression construct and control pcDNA3 vector were
transfected into U20S cells. NS protein immunoprecipitated
using anti-FLAG-agarose beads was eluted with synthetic
FLAG peptides and analyzed by Western blotting. In the
absence of H,O, NS was eluted predominantly as a monomer
with some dimer, but exposure to 10 mm H,O, for 30 min
resulted in oligomer formation (Fig. 2C, upper panel), which
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5 wm MG132 for 16 h. Cells were washed, fixed, and observed using fluorescent microscopy at a magnification of 100X.

was reduced by DTT (lower panel). In contrast, nucleolin, a
nucleolar protein used for control, did not immunoprecipitate
with NS and was present only as a monomer under non-reduc-
ing conditions (Fig. 2D).

Effect of H,O, Treatment on NS Localization, Stability, and
Solubility—U20S cells stably expressing EGFP-tagged NS (9)
were used to determine whether NS localization and stability
were altered by H,O, treatment. This cell line has the advan-
tage of demonstrating excellent nucleolar morphology by
immunostaining. Previous studies have shown that depletion of
guanine nucleotide levels by the inosine monophosphate dehy-
drogenase inhibitor AVN-944 causes nucleolar stress and
results in NS translocation from the nucleolus to the nucleus
with subsequent degradation of the protein (9). As shown in
Fig. 34, H,O, treatment prevented the nuclear translocation of
NS, which remained within the nucleolus despite AVN-944
treatment. Similar results were obtained with low-dose actino-
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mycin D, a well known inducer of nucleolar stress (data not
shown). The retention of nucleolin within the nucleolus was
concomitantly increased (Fig. 34). We have used EFGP-NS to
follow protein stability by flow cytometry in previous studies
(9). Treatment of cells with 500 um H,O, for 5 days markedly
impaired degradation of the protein (Fig. 3C) and prevented
AVN-944-induced degradation (Fig. 3D). H,O, treatment of
Raji cells also stabilized NS within the nucleolus, and degra-
dation induced by AVN-944 (Fig. 3B) and actinomycin D
(data not shown) was prevented. Prolonged exposure of Raji
cells to H,O, also increased the Triton-insoluble fraction of
NS in a dose-dependent manner (Fig. 3E), possibly because
of irreversible oxidative modifications such as carbonyla-
tion. We conclude that, at high levels of ROS, NS forms an
insoluble aggregate within the nucleolus and is no longer
able to function as a shuttle protein in the face of nucleolar
stress.
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FIGURE 5. Effects of deletion of aa 111-160 and of individual cysteine mutations on NS protein levels and oligomerization. U20S cells were transfected
with EGFP-tagged wild-type NS or the various cysteine mutants shown in Fig. 4A. A, 24 h after transfection, cells were exposed to 5 um MG132 for 16 h. Sixty
micrograms of cell extracts were subjected to SDS-PAGE and immunoblotted for NS under non-reducing conditions without heat denaturation (upper panel)
and NS (center panel) or B-actin (lower panel) under reducing conditions plus heat denaturation. B, U20S cells were exposed to MG132 or H,0, for 16 h, then
incubated with DHE dye or H2-DCFDA dye followed by flow cytometric analysis of oxidized hydroethidium (HE) (upper panel, FL2-H) or DCFDA fluorescence
(lower panel, FL1-H). U20S cells were transfected with EGFP-tagged wild-type NS constructs and C156S-EGFP-NS or C158S-EGFP-NS. 24 h after transfection, cells
were pretreated with 10 or 50 mm NAC for 2 h, after which 5 um MG132 was added for 24 h. Sixty micrograms of cell extracts were separated using SDS-PAGE
and immunoblotted for NS and B-actin under reducing conditions with heat denaturation (C and D).

Role of Individual Cysteines in the Regulation of NS Nucleolar
Retention and Stability—Analysis of the amino acid sequence
of NS reveals a cysteine-rich region at aa 111-160 that contains
four cysteine residues (Cys-113, Cys-131, Cys-156, and Cys-
158). To determine whether this region is involved in the regu-
lation of the oxidative modification, nucleolar localization,
and/or protein stability of NS, an EGFP-NS construct
containing a deletion of aa 111-160 was made. In addition, each
of the nine cysteines within EGFP-NS (Fig. 44) was mutated to
serine. Constructs were transfected into U20S cells, seeded
onto coverslips, and treated with 10 mm H,O, for 10 min or 5
uM MG132, a potent proteasome inhibitor, for 16 h. Deletion of
aa 111-160 resulted in reduced nucleolar retention of NS (Fig.
4B) and cleavage of NS into smaller fragments (Fig. 5A, center
panel). MG132 partially increased the nucleolar retention of
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EGFP-tagged NS del111-160 (Fig. 4B) but did not prevent its
cleavage (Fig. 5A, center panel). A similar reduction in nucleolar
localization (Fig. 4B) and protein stability (Fig. 54, center panel)
was also observed with three of the four individual cysteine
mutations (C131S-NS, C156S-NS, and C158S-NS), each of
which was also rescued by MG132 (Figs. 4B and 5A, center
panel). In contrast, the amount of NS monomer and the level of
B-actin were unaffected by MG132 treatment (Fig. 54, lower
panel and data not shown). Because MG132 also increases
intracellular ROS levels (Fig. 5B), we then asked whether
increased ROS resulting from this drug caused oligomerization
and stabilization of the NS protein. As shown in Fig. 54 (upper
panel), MG132 treatment increased NS oligomerization under
non-reducing, but not reducing, conditions (Fig. 54, center
panel). However, NS oligomerization was largely diminished in
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FIGURE 6. Reversal of MG132 stabilization of NS mutants by NAC in U20S cells and effect of NAC on endogenous NS levels after cycloheximide
treatment in Raji and HL-60 cells. Raji (A) and HL-60 (B) cells were untreated or preincubated with 25 mm NAC for 4 h and then treated with 20 ng/ml
cycloheximide or vehicle control for 8, 24, and 48 h. Cell lysates were separated on SDS-PAGE and blotted for NS using goat antibody against full-length NS.

the del111-160 mutant. The response to H,0O,-induced oligo-
merization and NS protein levels were not altered when any of
the remaining six cysteines (Cys-113, Cys-15, Cys-234, Cys-
251, Cys-280, and Cys-403) were mutated (Figs. 4B and 54 and
data not shown). These results suggest that Cys-131, Cys-156,
and Cys-158 are directly involved in the disulfide bond forma-
tion responsible for NS oligomerization. To further determine
the role of ROS as generated by proteasome inhibition, U20S
cells were transfected with constructs encoding wild-type or
mutated NS and exposed to MG132 in the presence or absence
of NAC for 24 h. The results demonstrate that NAC treatment
reduced the stabilizing effects of MG132 on NS mutants at cys-
teines 156 and 158 (Fig. 5, C and D). Collectively, our data sug-
gest that the stabilizing effect of MG132 on NS cysteine
mutants may occur at least partially through the generation of
increased levels of ROS.

Effects of NAC on Endogenous NS Protein Turnover in Raji
and HL-60 Cells—To further examine the effects of reducing
agents on endogenous NS protein turnover, we measured the
effect of NAC on protein levels following cycloheximide treat-
ment. As shown in Fig. 6, A and B, treatment with cyclohexi-
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mide alone reduced endogenous NS levels to less than 50% of
the control level in both Raji and HL-60 cell lines, suggesting
that the NS half-life is between 24 h and 48 h in these cell lines.
The addition of NAC to cycloheximide markedly decreased NS
levels at both 24 and 48 h, further underscoring the role of ROS
in increasing the level of protein expression.

Effects of Oncogene-induced Tumorigenesis on ROS Levels
and NS—The conditional expression of human c-Myc in trans-
genic mice invariably results in hematopoietic tumors with a
predominance of T-cell lymphomas (26). We therefore used
this animal model to examine the effects of ROS elevation on
NS oligomerization and protein stability in murine tumors that
result from c-Myc overexpression. Consistent with what was
observed in Myc-expressing HL-60 and Raji cell lines, oligo-
merization of NS was present in tumors isolated from the
spleen, thymus, lymph nodes, and bone marrow of these mice
(Fig. 7A, upper panel). NS was reduced to monomeric form
after incubation of tumor lysates with DTT and heat denatur-
ation (Fig. 7A, center panel). Strikingly, a very dramatic increase
in NS protein expression was observed in all tumor tissues over
that seen in control tissues from non-transgenic mice (Fig. 7A,
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FIGURE 7. Effect of c-Myc-induced tumorigenesis on NS expression, oligomerization, and intracellular ROS levels in murine cells. A, cell lysates from the
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anti-NPM-1, or anti-actin antibodies (lower panels). B-E, cells isolated from thymus and spleen from these mice were exposed to H2-DCFDA (B and D) or DHE (C

and E) dyes followed by flow cytometric analysis (FL1-H).

upper and center panels). Of note, NS expression in the spleen
of the control mice was relatively higher than that in other
normal tissues, such as lymph node, thymus, bone marrow (Fig.
7A), and liver (data not shown). The increased expression of NS
was associated with a number of proteolytic degradation prod-
ucts in the splenic and marrow tumors, despite the use of a
mixture of proteolytic inhibitors during extraction. Levels of
H,O, and superoxide were determined in tumor and normal
cell suspensions using the intracellular dyes H2-DCFDA and
DHE, respectively. As shown in Fig. 7, B and C, cells from the
thymic tumor exhibited an increased level of both H,O,
(DCFEDA fluorescence) and superoxide (hydroethidium fluo-
rescence) when compared with control thymus. Similarly, sple-
nic tumors from the c-Myc-overexpressing mice exhibited a
higher level of intracellular superoxide than did a normal
spleen, despite a comparable level of H,O, between the two cell
types (Fig. 7, D and E). The dual peaks in the tumor sample most
likely reflect an admixture of untransformed and transformed
cell types.

Effect of ROS Levels on NS in CD34+ PMBC of Patients with
CML-BC—Because increased ROS levels are also associated
with BCR-ABL transformation, especially in CML-BC (23), we
hypothesized that NS would be present as an oligomer in the
CD34+ cells of these patients. Ficoll-purified PBMC from a
CML-BC patient were co-stained for CD34 and NS. Markedly
enhanced NS staining was evident only in CD34+ CML-BC
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and not in the CD34— cells (Fig. 84). We then examined the
effect of in vitro incubation of PBMC cells from this patient
with either NAC or GSH. Incubation of cells with either NAC
or GSH for 4 h reduced intracellular H,O, levels in the leuke-
mic cells as measured by DCFDA fluorescence (Fig. 8B) and
also reduced, but did not eliminate, the oligomerization of NS
(C). In contrast, neither NAC nor GSH affected NPM-1 pen-
tamers (35) (Fig. 8D), confirming a previous report that NPM-1
pentamers are not dependent on disulfide bridge formation
(36). NS protein levels were also somewhat reduced after incu-
bation with NAC or GSH (Fig. 6C), whereas the expression of
NPM-1 and actin was unaffected (Fig. 8, D and E). Dicoumarol,
an activator of 20 S proteasomal degradation (37), did not alter
NS levels under these conditions (Fig. 8C).

DISCUSSION

Oxidative stress results from an imbalance between excessive
ROS production and limited antioxidant defenses (17). Moder-
ate increases in ROS may act to promote cell proliferation, sig-
nal transduction, and possibly genomic instability (38, 39),
whereas higher levels of ROS can induce extensive oxidation of
essential cellular proteins, leading to the accumulation of
unfolded or misfolded aggregates and protein inactivation (18,
40, 41). Accumulation of such aggregated proteins is known to
play an important role in oxidative damage-mediated cell death
(a1).
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non-reducing (C, upper panel) or reducing (lower panel) conditions and immunoblotted for NS. The blots were reprobed for either NPM-1 or actin (D and E).

We have demonstrated that NS, which contains nine cys-
teine residues, forms oligomers in response to oxidative stress.
Oxidative modifications of cysteines have been shown to result
in changes in protein conformation, activity, localization, sta-
bility, or interactions (15, 18, 20, 42—44). Our data have dem-
onstrated that ROS, generated endogenously in transformed
cells or induced exogenously by oxidizing agents, result in NS
oligomerization, impaired protein degradation and, under
more pronounced oxidative conditions, reduced solubility and
immobilization of NS in the nucleolus. We also show that inhi-
bition of endogenous ROS by antioxidants such as GSH and
NAC abolishes NS oligomerization, indicating that disulfide
bond formation is essential to oligomerization.

Elevated levels of NS are present in tumor cells compared
with their untransformed counterparts (8). Whereas the tran-
scriptional regulation of NS may contribute to this elevation, in
particular as the NS gene is directly regulated by c-Myc (45, 46),
the lack of NS degradation now appears to be a major contrib-
uting factor. Not only do elevated ROS levels stabilize the pro-
tein against degradation induced by GTP depletion, they also
enhance basal levels of NS protein expression, as demonstrated
by the shorter half-life of NS resulting from NAC exposure. The
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precise mechanisms by which ROS modulate NS protein levels
remain to be fully explored. We postulate that one potential
mechanism involves the regulation of degradation of NS by
the ROS-mediated formation of high molecular weight NS
oligomers that decrease its proteolysis. Alternatively, ROS
levels may directly alter the activity of proteases that are
responsible for ongoing NS degradation (47).

The expression of many oncoproteins, including c-Myc, Ber-
Abl, activated Ras, and Flt3, have been shown to result in
increased levels of ROS in tumor cells (19 -21, 32—-34, 48, 49).
Thus, oxidative modifications of NS should be prevalent in the
setting of oncogenic transformation. To further examine the
link between oncogene-generated ROS and NS oligomeriza-
tion, we turned to a murine lymphoma model resulting from
c-Myc overexpression. In this model, Myc-induced lymphomas
are associated with a dramatic increase in NS expression and
oligomerization compared with that present in normal lymph-
oid tissues. High levels of expression are also associated with a
minor degree of proteolytic degradation. To determine
whether similar results are present in primary human tumor
cells, we turned to cells from patients with CML-BC. ROS levels
were markedly and selectively elevated in CD34+ cells isolated

VOLUME 286+NUMBER 13-APRIL 1, 2011



from a patient with CML-BC and were associated with oligo-
merization of NS that was reversible with exposure to either
NAC or GSH. Overall, these data support the conclusion that
NS levels are directly influenced by the levels of endogenous
ROS and that transformation by either c-Myc or Ber-Abl is
associated with both high ROS levels and with major increases
in NS protein levels.

The cellular localization of NS is another major factor in
regulating its function. As a shuttle protein, it is capable of
binding both Mdm?2 and p53 when released from the nucleolus
into the nucleus. With increased oxidation induced by more
prolonged exposure to H,0O,, NS undergoes irreversible oxida-
tion that is associated with immobilization of the protein within
the nucleolus and conversion into a detergent-insoluble frac-
tion. Therefore, the extent of NS oxidation and its potential
reversibility in any individual cell type is most likely determined
by the relative intracellular levels of ROS in relationship to the
expression and activity of ROS-scavenging enzymes. One form
of irreversible protein modification that results from high levels
of oxidative stress is carbonylation. Carbonylated proteins are
more susceptible to proteolytic degradation and aggregation
than are their non-carbonylated counterparts (50, 51), and sig-
nificantly higher levels of carbonylated proteins have been
found in the plasma of CML-BC patients as compared with
plasma from patients with chronic-phase CML (52). Thus, it is
conceivable that the progressive increase in ROS levels that
occurs in CML with progression to blast crisis may irreparably
alter NS function.

Because identification of the specific redox-sensitive cysteine
residues within NS could provide insights into the functional
consequences of oligomerization, we constructed serial domain
deletion mutants that lack one or more cysteine residues. Nei-
ther the deletion mutant (del111-160-EGFP-NS) nor the nine
individual cysteine mutations completely abrogated the ability
of NS to form oligomers in response to H,O,, suggesting that
more than one cysteine residue is involved. NS contains two
known nucleolar-targeting regions, the N-terminal basic
domain and the GTP-binding domain (11). We found that dele-
tion of the N-terminal basic domain (aa 1-46) and the GTP
binding domain (aa 116 —270) led to predominantly nucleoplas-
mic accumulation of NS (data not shown), consistent with pre-
vious reports (5). Deletion of a region containing four cysteines
(aa 111-160) decreased both nucleolar localization and protein
levels. Within this region, the three cysteine residues located at
Cys-131, Cys-156, and Cys-158 appear to be involved in regu-
lating both nucleolar localization and protein expression. We
conclude that these cysteine residues are essential for the cor-
rect folding of the NS protein. The appearance of a large deg-
radation fragment from the combined deletion of Cys-131 with
either Cys-156 or Cys-158 indicates that this cysteine mutant is
important in preventing proteolytic degradation (data not
shown). In addition, the aa 111-160 region is in proximity to
the two major GTP binding sites, G4 (aa 178 -182) and G1 (aa
261-268) (53). Thus, it is possible that this cysteine-rich
domain may affect the binding of GTP to NS, which is essential
for both nucleolar localization and protein stability (5, 9, 11,
53). The nucleolar localization and stability of NS may also be
affected by the formation of intermolecular disulfide bonds that
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could enhance its ability to interact with a variety of other pro-
teins. These hypotheses will have to be tested by obtaining a
crystal structure of NS to further elucidate the positioning of
these cysteine residues within the molecule.

Proteasome inhibitors are commonly used as a first approx-
imation to determine whether proteins are subject to ubiquiti-
nation and proteolytic degradation by the 26 S proteasome. We
previously argued that NS could be a substrate for Mdm?2 based
on its enhanced stability upon GTP depletion in the presence of
MG132 (9), although we had no direct evidence that the protein
was ubiquitinated. The reversal of MG132 effects by NAC leads
us now to implicate ROS-dependent oxidative modifications of
NS as at least a partial explanation for its increased expression
and nucleolar retention in the presence of a proteasome
inhibitor.

In summary, this study demonstrated that NS is highly
responsive to changes in ROS levels that are found in oncogene-
transformed cells and that the elevated levels of NS found in
these cells result in part from increased protein stability result-
ing from oxidative modification. Deletion of a cysteine-rich
domain and mutation of three cysteine residues within this
domain reduced nucleolar retention and protein stability. Fur-
ther identification of sites or types of oxidative modifications
that regulate NS function will provide insights into the struc-
tural basis of these changes.
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