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ABSTRACT

Nucleophosmin (NPM1) is an abundant nucleolar
protein implicated in ribosome maturation and
export, centrosome duplication and response to
stress stimuli. NPM1 is the most frequently mutated
gene in acute myeloid leukemia. Mutations at the
C-terminal domain led to variant proteins that aber-
rantly and stably translocate to the cytoplasm. We
have previously shown that NPM1 C-terminal
domain binds with high affinity G-quadruplex DNA.
Here, we investigate the structural determinants of
NPM1 nucleolar localization. We show that NPM1
interacts with several G-quadruplex regions found
in ribosomal DNA, both in vitro and in vivo.
Furthermore, the most common leukemic NPM1
variant completely loses this activity. This is the con-
sequence of G-quadruplex-binding domain destabil-
ization, as mutations aimed at refolding the leukemic
variant also result in rescuing the G-quadruplex—
binding activity and nucleolar localization. Finally,
we show that treatment of cells with a G-quadruplex
selective ligand results in wild-type NPM1 dislocation
from nucleoli into nucleoplasm. In conclusion, this
work establishes a direct correlation between
NPM1 G-quadruplex binding at rDNA and its nucle-
olar localization, which is impaired in the acute
myeloid leukemia-associated protein variants.

INTRODUCTION

Nucleophosmin (hereby NPM1, also known as B23, No38
and numatrin) is an abundant non-ribosomal nucleolar
protein playing a key role in ribosome biogenesis. In
fact, NPM1 is able to bind RNA and DNA; it has intrinsic
RNAse activity that preferentially cleaves pre-rRNA (1);
and it directs the nuclear export of both 40S and 60S ribo-
somal subunits (2). NPM1 also plays several roles outside
the nucleolus. It shuttles between the nucleus and the cyto-
plasm and displays molecular chaperone activity (3,4).
Furthermore, a key role of NPMI1 in controlling centro-
some duplication has been suggested (5). This is confirmed
by the analysis of NPM1~/~ mice, who show unrestricted
centrosome duplication, genomic instability and mid-
gestation embryonic lethality (6). NPM1 has also been
shown to regulate the function of several tumor suppres-
sors, such as p53 (7), pldarf (8,9) and Fbw7y (10).
NPM1 is a commonly altered gene in hematological
malignancies (11). In particular, it was identified as the
most frequently mutated gene in acute myeloid leukemia
(AML), accounting for ~35% of cases (12). More than 50
mutations have been characterized so far; they are always
heterozygous, mostly localized at the terminal exon of the
gene, and consist of insertions or duplications of short-
base sequences (13). At the protein level, all mutations
cause similar abnormalities: the reading frame is altered,
thus leading to a mutated protein that (i) has acquired
four additional residues at the C-terminus, which define
a newly formed nuclear export signal, and (ii) is largely
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destabilized in its C-terminal domain because of the loss of
one or both of critical Trp288 and Trp290 residues
(13-16). Taken together, these variations account for the
aberrant and stable cytoplasmic localization of mutated
NPMI1 (13,17). Furthermore, as mutant NPM1 oligomer-
izes with the wild-type through its N-terminal domain
(18), the mutated protein is capable of displacing the
wild-type counterpart to the cytosol (13). Therefore, in
AML patients with NPM 1 mutations, NPM1 is largely
found in the cytosol, and only a limited portion of the
protein is retained in nucleoli (13). This feature character-
izes this type of leukemia that has been included as a new
provisional entity in the 2008 World Health Organization
classification of myeloid neoplasms (4).

The C-terminal domain of NPM1, which is the site of
AML-associated mutations, binds both RNA and DNA,
with a preference for single-stranded over double-stranded
oligonucleotides (19). Recently, we further investigated this
issue and established that a domain encompassing the last
70 residues of the protein (NPM1-C70), even though it
is able to interact with any DNA oligonucleotide tested,
binds with higher affinity two oligonucleotide sequences
with G-quadruplex structure found in the superoxide
dismutase 2 (SOD2) and ¢-M YC gene promoters (20).

G-quadruplexes are non-canonical nucleic acid struc-
tures resulting from the formation of guanine tetrads,
stabilized by Hoogsteen-type hydrogen bonds, that stack
onto each other to form extremely stable assemblies
(21,22). They can be formed both by DNA and RNA,
and they are gaining increasing attention, as they are
abundant at telomeric DNA, gene promoters and
mRNA 5-untranslated region (UTRs), and they have
been shown to regulate a variety of cellular processes at
the translational and post-translational levels (23-25).

Recently, we performed a structural analysis of the inter-
action of NPM1-C70 with the G-quadruplex region of the
¢-MYC promoter and showed that this association is
mainly electrostatic in nature. A stretch of backbone phos-
phates, contributing to the formation of each of the three
stacked guanine tetrads in the G-quadruplex scaffold,
accommodates into a specific groove between helices H1—
H2 of the NPM1 C-terminal three-helix bundle (26). This
analysis suggested that NPM1-C70 recognizes a conserved
feature in the G-quadruplex scaffold; therefore, it may be
able to interact with several G-quadruplexes in vivo.

Nucleoli are dynamic nuclear organelles that are mainly
formed by tandemly repeated clusters of rDNA and by
factors involved in ribosomal RNA transcription and pro-
cessing, including two of the most abundant protein com-
ponents, i.e. NPM1 and nucleolin. Interestingly, Drygin
et al. (27) have recently shown the presence of several
putative G-quadruplex—forming sequences (PQS) in the
non-template strand of the rDNA gene, which are
bound by nucleolin. As we have recently characterized
NPMI1 as a G-quadruplex—binding protein, we hypo-
thesized here that, like nucleolin, NPM1 may also bind
G-quadruplex regions at rDNA. Here, we show that this
is indeed the case, both in vitro and in vivo. Importantly,
we also show that the G-quadruplex—binding activity is
completely lost by the most common NPMI
AML-associated mutant, which is unfolded in its
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C-terminal DNA-binding domain, and that mutations
aimed at refolding the leukemic NPMI1 variant also
result in rescuing the G-quadruplex—binding activity.
Finally, to further establish a link between NPMI
G-quadruplex binding and its nucleolar localization, we
show that treatment of OCI-AML2 cells, bearing
wild-type NPM1 at both alleles, with the G-quadruplex
selective ligand TmPyP4 is sufficient to completely
displace NPM1 from nucleoli to the nucleoplasm.

MATERIALS AND METHODS
Oligonucleotides

Oligonucleotides used in this study were 5-GGGTCGGGG
GGTGGGGCCCGGGCCGGGG-3 (2957NT); 5-AGGG
AGGGAGACGGGGGGG-3F (570INT); 5'-GGGTGGCG
GGGGGGAGAGGGGGG-3 (6960NT); 5-GGGGTGG
GGGGGAGGG-3 (13079NT). High-performance liquid
chromatography purified oligos were purchased from
IDT (Coralville, IA, USA). Oligos for SPR analysis (see
later in the text) were also biotynylated at their 5-end.
Lyophilized oligos were dissolved in a buffer containing 4-
(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)
20mM, pH 7.0, and KCI 150 mM before annealing. For
annealing, oligos were heated at 95°C for 15min and were
then let to gently cool down overnight at room temperature.

NPM1 and NPM1 variants protein constructs

NPM1-C70 was expressed and purified as previously
described (20). The hexa-histidine tag was thrombin-
cleaved and removed by Nickel-nitrilotriacetic acid
(Ni-NTA) affinity.

The coding sequence for NPM1-Cter-MutA (residues
225-298 of the NPM1 Mutant A protein) was obtained
through gene synthesis and cloned into pGEX-6P1 vector
(GE Healthcare) within BamHI and EcoRI restriction
sites. Plasmid was transformed in Escherichia coli
BL21(DE3) cells. Cells were grown in Luria broth supple-
mented with glucose 20mM at 37°C to an ODgyy = 0.5,
induced with 1.0mM Isopropyl [-p-1-thiogalacto-
pyranoside (IPTG) and then transferred to 16°C for 1h
before harvesting. The cell pellet was resuspended in
Buffer A (Tris=HCl 20mM, pH 7.5, and NaCl 150 mM)
supplemented with protease inhibitor cocktail (Roche)
and sonicated. After separating the debris by centrifuga-
tion, the supernatant was loaded on a GSTrap-HP column
pre-equilibrated with Buffer A. After extensive washing
with Buffer A, the glutathione transferase (GST)-tagged
protein was eluted with a linear gradient of reduced
glutathione (0-10mM) in an FLPC system (AktaPrime,
GE Healthcare). Fractions containing the GST-tagged
protein were pooled and diluted 3-fold with Buffer A
and supplemented with dithiothreitol (DTT) 1 mM and
ethylenediaminetetraacetic acid (EDTA) 1 mM. At this
point, the GST-tagged protein was digested with
Prescission protease (GE Healthcare) at 4°C for 4h. The
cleavage mixture obtained was then loaded again onto a
GSTrap column to separate NPM1-Cter-MutA from the
GST and the uncleaved fusion protein. NPM 1-Cter-MutA
was recovered from the flow through and then loaded on
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an SP column (GE Healthcare) and eluted with a linear
gradient of NaCl (0.03—-1.0 M). Fractions containing the
protein were pooled, supplemented with 3.0 M NaCl and
then loaded onto a HighTrap Phenyl FF (high sub)
column (GE Healthcare) pre-equilibrated with Tris 50
mM, pH 7.5, and 3.0 M NaCl. Elution was performed
with a linear reverse gradient of NaCl (3.0-0.0 M). The
final protein product was buffer exchanged to Tris
50 mM, pH 7.5, concentrated and stored at —80°C.

The MutA-Ref288, MutA-Ref290 and MutA-Ref288—
290 constructs, encompassing the point mutations
C288W, A290W or both, on the NPM1-Cter-MutA con-
struct, were obtained by polymerase chain reaction (PCR)
amplification using the Quickchange II Lightning
Site-Directed Mutagenesis kit (Stratagene) following
manufacturer’s instructions. MutA-Ref288, MutA-
Ref290 and MutA-Ref288-290 proteins were expressed
and purified using the same protocol adopted for
NPM 1-Cter-MutA.

Circular dichroism

All circular dichroism (CD) experiments were performed
using a Jasco J710 instrument (Jasco Inc., Easton, MD,
USA) equipped with a Peltier apparatus for temperature
control. Static spectra of rDNA oligos were collected at
25°C, using oligos annealed in the appropriate buffer and
concentrated to 20 uM. Static spectra of protein samples
(NPM1-C70, NPMI1-Cter-MutA, MutA-Ref288, MutA-
Ref290 and MutA-Ref 288-290) were collected at 25°C.
Protein concentration was 20 uM. Spectra were collected
using a quartz cell with 1-mm optical path length (Hellma,
Plainview, NY, USA) and a scanning speed of 100 nm/min.
The reported spectra are the average of five scans. The
spectral contribution of buffers was subtracted as
appropriate.

Thermal denaturation experiments on protein samples
(20 uM) were performed using a quartz cell with 1-mm
optical path length and monitoring the variation of CD
signal at 222nm. Temperature was progressively
increased, in 1°C/min steps, from 20°C to 90°C. Data
were analyzed as previously reported (15). The Kalei-
dagraph software was used for spectra representation.

Surface plasmon resonance

The interactions between DNA oligonucleotides (ligands)
with the purified proteins NPM1-C70, NPM1-Cter-MutA
and MutA-Ref288-290 (analytes) as well as with the por-
phyrin TmPyP4 (analyte) [meso-5,10,15,20-Tetrakis-(N-
methyl-4-pyridyl)porphine, Tetratosylate] (Calbiochem),
were all measured by surface plasmon resonance (SPR)
technique using a Biacore X100 instrument (Biacore,
Uppsala, Sweden). Each biotynylated DNA construct
was immobilized on a Sensor Chip SA, pre-coated with
streptavidin  from Biacore AB (Uppsala, Sweden).
Capturing procedure on biosensor surface was performed
according to manufacturer’s instructions and setting the
aim for ligand immobilization to 1000 RU. Running
buffer was HEPES-buffered saline-EP (HBS-EP), which
contains 10mM HEPES (pH 7.4), 0.15M NaCl, 3mM
EDTA and 0.005% (v/v) Surfactant P20 (Biacore AB,

Uppsala, Sweden). NPM1-C70, NPM1-Cter-MutA and
MutA-Ref288-290 (SA analytes) were dissolved in
running buffer, and binding experiments were performed
at 25°C with a flow rate of 30 pl/min. The association
phase (k,,) was followed for 180s, whereas the dissoci-
ation phase (k) was followed for 300s. The complete
dissociation of active complex formed was achieved by
addition of 10mM HEPES, 2M NaCl, 3mM EDTA
and 0.005% (v/v) P20, pH 7.4, for 60s before each new
cycle start, as expected if the interaction formed is mainly
electrostatic. SA analytes were tested in a wide range of
concentrations to reach at least a 2-fold increase from the
lower concentration tested.

To test the interaction between NPMI1-C70 and the
13079NT oligo, alone and in presence of increasing
amounts of TmPyP4, his-tagged NPMI1-C70 (NTA
ligand) was immobilized on an NTA Sensor Chip,
pre-coated with nitrilotriacetate group from Biacore AB
(Uppsala, Sweden). Capturing procedure on the biosensor
surface was performed according to manufacturer’s in-
structions and setting the contact time of the his-tagged
protein to 60s at 0.7ug/ml. Running buffer was
HEPES-buffered saline-P (HBS-P), which contains
10mM HEPES (pH 7.4), 0.15M NacCl and 0.005% (v/v)
Surfactant P20, supplemented with 50 uM EDTA to neu-
tralize contaminating metal ions (Biacore AB, Uppsala,
Sweden). The 13079NT oligo and TmPyP4 (NTA
analytes) were dissolved in running buffer at varying
molar ratios in the different binding experiments, starting
from the oligo alone until reaching a 5-fold exess of
TmPyP4 versus 13079NT. Binding experiments were per-
formed at 25°C with a flow rate of 30 pl/min. The associ-
ation phase (ko,) was followed for 180s, whereas the
dissociation phase (k) was followed for 600s. The
complete dissociation of active complex formed was
achieved by addition of 10mM HEPES, 150 mM NacCl,
350mM EDTA and 0.005% (v/v) P20, pH 8.3, for 30s
before each new cycle start.

When experimental data met quality criteria, kinetic par-
ameters were estimated according to the selected binding
model using Biacore X100 Evaluation Software. Two
possible models were used to fit the kinetic data, which
are the simple 1:1 binding model and the so called hetero-
geneous ligand one; the latter describes the experimental
condition of one ligand with two independent binding sites.

Cell cultures

OCI-AML2 cells were grown in MEM-a-Medium with
high glucose (GibcoBRL, Gaithersburg, MD, USA).
Cells were grown in suspension at 37°C in a humidified
atmosphere of 5% (v/v) CO, in air. All the media were
supplemented with 20% (v/v) fetal bovine serum
(GibcoBRL). When indicated, cells were treated with 50
or 100 pM TmPyP4.

Viable count of cells was performed using Trypan Blue
solution (Sigma-Aldrich).

Chromatin immunoprecipitation

The chromatin
performed

immunoprecipitation
using the EpiQuik

assay  was
chromatin



immunoprecipitation kit (Epigentek). For each immuno-
precipitation, 6 x 10° OCI-AML2 cells were cross-linked
with 1% formaldehyde at room temperature for 8 min in
the MEM-a 10% fetal bovine serum medium. The
reaction was stopped by adding glycine to the medium
to the final concentration of 0.125M. Cells were
harvested, pelleted and washed once with ice-cold
phosphate-buffered saline (PBS) and then re-suspended
and incubated in lysis buffer containing protease inhibi-
tors. Samples were sonicated on ice six times for 12s
pulses with 1 min intervals between each pulse to obtain
500- to 200-bp chromatin fragments as confirmed by
agarose gel electrophoresis.  After centrifugation
(14000g for 10min), an aliquot of the supernatant was
incubated (60min) with 3pg of anti-NPM antibody
(Abcam) previously cross-linked (90 min) to the 96-well
strips. An aliquot of each supernatant was used as the
input control. Positive and negative controls were pro-
cessed using | pg of anti-RNA polymerase II IgG and
anti-hemagglutin (HA) antibodies, respectively. The
immunoprecipitation of the protein—-DNA complex was
performed as recommended by the manufacturer. The
immuno-complexes and input controls were incubated
with proteinase K at 65°C, the samples transferred to
the column, washed with 70 and 90% ecthanol and the
purified DNA eluted. To verify the binding of NPM1 to
the ribosomal DNA quadruplex regions, PCR was
carried out according to standard procedure, using 1 pl
of the immunoprecipitated DNA. The PCR primers used
to amplify the different rDNA G-quadruplex regions are
reported in Supplementary Table S1.

Immunofluorescence

Immunofluorescence was performed as described previ-
ously (28). Briefly, cells were spotted on microscope
slides with cytospin at 900g for 3min and then were
fixed in 4% (wt/vol) paraformaldehyde in PBS for
10min. After fixation, cells were permeabilized with
0.1% Triton X-100 for 10min and then incubated for
lh in 10% goat serum. After blocking, they were
incubated over night with rabbit anti-NPM antibody
(1:50 dilution, Cell Signaling Technology), rabbit anti-
fibrillarin antibody (1:400, Cell Signaling Technology) or
mouse anti-nucleolin antibody (1:100, Upstate, Lake
Placid, NY, USA) in blocking solution. Cells were
washed three times and incubated for 1 h with secondary
antibodies: goat anti-rabbit-Alexa 488; goat anti-mouse-
Alexa 488 (1:2000) (Molecular Probes, Eugene, OR, USA)
in blocking solution. Then, cells were washed twice and
were fixed with Prolong Gold antifade with Dapi kit
(Molecular Probes, Invitrogen).

Confocal imaging was performed using a 480-nm ion
argon laser and a 542-nm helium—neon laser connected
to a Nikon C1 microscope (Nikon, Tokyo, Japan) with
a 60x numerical aperture 1.4 lens and analyzed with
EZC1 software from Nikon.

Western blotting

Total cell extracts were resolved on a sodium dodecyl
sulfate—polyacrylamide gel and blotted onto a Westran
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clear signal polyvinylidene fluoride (PVDF) membrane
(Whatman, Sigma-Aldrich). Membranes were blocked
with phosphate buffered saline with Tween 20 (PBST)
5% non-fat dry milk, incubated with primary antibodies
for 2h at room temperature, washed and hybridized for
1 h at room temperature using the appropriate horserad-
ish peroxidase-conjugated secondary antibody (rabbit
and mouse; BioRad, Hercules, CA, USA). Detection
was performed with the ECL chemiluminescence kit
(Perkin Elmer, Waltham, MA, USA). The antibodies
used were anti-nucleophosmin (#3542, Cell Signaling),
anti-nucleolin clone 3G4B2 (#05-565, Millipore), anti-
fibrillarin (#2639, Cell Signaling) and anti—B-actin
(#A5441, Sigma).

RESULTS

NPMI1 C-terminal domain interacts in vitro with
rDNA G-quadruplexes

The rDNA gene is transcribed in a 47S precursor that is
then processed to generate the 28S, 18S and 5.8S rRNAs
(29). Figure 1A shows the organization of the rDNA
gene, with two external transcribed regions (ETS) and
two internal transcribed regions (ITS) that are present
in the 47S pre-rRNA. Several putative quadruplex
sequences (PQS) are present in the non-template strand
of the rDNA gene (27). These are mainly found in the
ETS and ITS regions as well as in the 28S one (yellow
bars in Figure 1A). We selected four PQS, each belonging
to one of the processed regions, and synthesized the cor-
responding oligonucleotides (namely, 2957NT, 5701NT,
6960NT and 13079NT). The four oligos property to
assume a G-quadruplex assembly in solution was con-
firmed by circular dichroism. Spectra recorded after an-
nealing the oligos in a buffer containing 150 mM KCl as a
stabilizing cation show a positive peak at 262nm and a
through at 240nm (Figure 1B). Both features are con-
sidered typical signatures of a parallel G-quadruplex
structure (21).

Next, we assessed whether these G-quadruplex regions
are recognized by NPM1 in vitro by surface plasmon res-
onance analysis. As the analyte, we used NPM1-C70, i.c.
a construct comprising the last 70 residues of NPMI,
namely, residues 225-294, which we have previously
shown to be the functional NPMI domain for
G-quadruplex binding (20,26). Figure 2A-D shows the
sensorgrams measured for these interactions. In all
cases, it was possible to fit the association and dissoci-
ation curves with a single-exponential model, indicating
that NPM1-C70 binds the four G-quadruplex regions
with a 1:1 stoichiometry. Table 1 reports the kinetic
and the dissociation constants obtained. The four
rDNA G-quadruplex regions are all bound with similar
dissociation constants for the 1:1 complexes, ranging
from 4.3 to 13.3uM depending on the oligonucleotides
tested (Table 1). These values are similar to those previ-
ously obtained with the G-quadruplex regions from the
¢-MYC and SOD2 promoters (20) and reveal that
NPMI1-C70 is able to Dbind several different
G-quadruplexes with similar affinities.
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Table 1. SPR kinetic parameters of the interaction between NPM1-C70 and its mutants with different oligos

Ligand Analyte kon M~ 's™h ko (371 Kp (uM)
2957NT NPM1-C70 360 + 20 (1.6 £02)x 1073 43+0.7
570INT NPM1-C70 680 + 40 (5.6 £0.2)x 1073 82+0.8
6960NT NPM1-C70 470 + 30 (4.86 £ 0.08) x 1073 10.3 £0.7
13079NT NPM1-C70 630 + 40 83 +0.1)x 1073 13.3+0.9
13079NT NPM1-Cter-MutA No interaction detected

13079NT MutA-Ref288-290 280 + 10 (3.02 £ 0.03) x 1073 11.0 £ 0.6

Mutant A NPM1 does not interact with
G-quadruplex rDNA

AML-associated NPM1 mutations map to the C-terminal
domain of the protein and cause its aberrant cytosolic
translocation (12). As we showed that NPM1-C70 is
able to interact in vitro with G-quadruplex regions at
rDNA, we assessed whether this activity is retained by
the mutated protein. To this purpose, we expressed and
purified a construct encompassing residues 225-298 of the
most common AML-associated mutant NPM1, namely,
mutant A, which accounts for nearly 75% of AML cases
with NPM I mutations (4). This construct (NPM1-Cter-
MutA) differs from NPM1-C70 because it has four add-
itional residues at the C-terminus, and a different sequence
in the last seven, including the replacement of both Trp288
and Trp290 (Figure 3A). Grummit et al. (14) previously
reported that a shorter construct for mutant A, encom-
passing residues 242-298, is natively unstructured.
Therefore, we first assessed whether this was also the
case for NPMI1-Cter-MutA. Figure 3B shows the CD
spectra for both NPMI-Cter-MutA and NPMI1-C70.
Although the latter is the typical spectrum of an o-helical
protein, the spectrum for NPMI-Cter-MutA resembles
that of a random coil peptide. This is further confirmed
by looking at the thermal melting profiles (Figure 3C).
A clear transition from the folded to the unfolded
species is observed for NPM1-C70. Conversely, no differ-
ence in signal at increasing temperatures is observed for
NPM1-Cter-MutA.

Then, we measured the interaction of NPMI-Cter-
MutA with G-quadruplex DNA by surface plasmon
resonance. Figure 3D reports the sensorgrams for the
interaction between the immobilized 13079NT oligo-
nucleotide and both NPM1-C70 and NPM1-Cter-MutA,
as ligands. The association and dissociation curves are
clearly detected with NPM1-C70 at all analyte concentra-
tions. Conversely, no binding at all is detected for
NPM1-Cter-MutA and, by increasing its concentration,
the signal becomes negative, reflecting a larger specific
association to the reference cell (30).

Taken together, these data indicate that NPMI-
Cter-MutA is completely unfolded and does not bind
G-quadruplex regions at rDNA in vitro.

Rescue of Mutant A G-quadruplex binding by
stabilizing mutations

NPM 1-Cter-MutA has four additional residues and a dif-
ferent sequence in the last seven with respect to its
wild-type counterpart (Figure 3A). Therefore, its loss of

affinity for G-quadruplexes might in principle be because
of the different sequence, rather than to C-terminal
domain unfolding. To test this hypothesis, we rein-
troduced, by site-directed mutagenesis, Trp residues at
their topological positions, in the NPM1-Cter-MutA con-
struct, thus obtaining three new variant proteins, namely,
MutA-Ref288, MutA-Ref290 and MutA-Ref288-290
(Figure 3A). In both the MutA-Ref288 and MutA-
Ref290 constructs, we observed only a partial recovery
of folding (Figure 3E and F), which was slightly more
pronounced in the MutA-Ref290 construct. Conversely,
with the MutA-Ref288-290 construct, where both Trp
residues are present in their native topological positions,
we observed the typical spectrum of an a-helical protein,
almost completely superimposible to that of NPM1-C70
(Figure 3E) and a clear transition from the folded to the
unfolded species as a function of increasing temperatures
(Figure 3F). These results clearly show that the MutA-
Ref288-290 construct is folded similarly to the wild-
type, albeit with a reduced stability as indicated by a Tm
of 55.6°C versus 66.7°C for the wild-type construct
(compare Figure 3F and C).

Next, we tested the ability of the MutA-Ref288-290
construct to interact with the 13079NT rDNA
G-quadruplex by SPR. As shown in Figure 3G, MutA-
Ref288-290 binds this oligonucleotide similarly to the
wild-type domain, with a Kp = 11 uM (Table 1).

Thus, the folding of NPM1 C-terminal domain and its
ability to bind G-quadruplex regions are strictly
correlated.

NPMI interacts with rDNA G-quadruplex in
OCI-AML2 cells

Having shown that NPMI-C70 interacts with
G-quadruplex regions in the rDNA gene and that the
most common AML-associated mutation impairs this
activity in vitro, we wanted to assess whether NPMI is
equally able to interact with G-quadruplex regions
within a cellular context. To this end, we performed chro-
matin immunoprecipitation experiments on OCI-AML2
cell lysates. In these AML cells, bearing wild-type
NPM1 at both alleles, the protein is mainly localized in
the nucleoli. Cell lysates were immunoprecipitated with
either an anti-NPM1 antibody or an unrelated antibody,
as negative control, and the immunoprecipitates were
PCR amplified with oligos matching PQS belonging to
different regions of the rDNA gene. As an internal
negative control, we also amplified a region in between
the tDNA gene promoter and the 5-ETS (—48NT),
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Figure 3. AML associated mutant A is unfolded in its DNA binding domain and does not bind rDNA G-quadruplexes. (A) NPM1-Cter-MutA
differs from its wild-type counterpart (NPM1-C70) because it is four residues longer, and it has a different sequence in the last seven (residues in
black). Refolding mutants were prepared by introducing Trp288 or Trp290, or both (in red), at their wild-type topological position, in the
NPMI1-Cter-MutA sequence. (B) CD spectra of NPMI1-C70 (blue trace) and NPMI-Cter-MutA (red trace). (C) Thermal denaturations of
NPMI1-C70 (blue trace) and NPMI-Cter-MutA (red trace). (D) Sensorgrams of the interaction between the immobilized oligo 13079NT and
NPMI1-C70 (blue traces) or NPMI-Cter-MutA (red traces) as the analytes. No binding at all is observed with the leukemic variant. (E) CD
spectra of MutA-Ref288 (pink trace), MutA-Ref290 (orange), MutA-Ref288-290 (green) and NPMI1-C70 (blue). (F) Thermal denaturation
profiles of MutA-Ref288 (pink), MutA-Ref-290 (orange) and MutA-Ref288-290 (green). (G) Sensorgrams of the interaction between the immobilized
oligo 13079NT and MutA-Ref288-290 as the analyte. A 1:1 kinetic model was used to fit the association and dissociation curves. Kinetic and

dissociation constants are reported in Table 1.

which does not contain PQS (27). As shown in Figure 4,
NPMI binds to all the regions containing PQS but not to
the —48NT region. Therefore, these data indicate that
NPMI1 binds G-quadruplex regions on the rDNA gene
also in vivo.

TmPyP4 competes with NPM1-C70 for
G-quadruplex binding

As NPMI interacts with rDNA G-quadruplexes both
in vitro and in vivo, we asked whether a G-quadruplex
selective ligand, like the porphyrin TmPyP4 (31-33),
might interfere with this activity.

First, we tested the interaction between the four rDNA
G-quadruplexes, biotynylated and immobilized on
streptavidin chips as ligands and TmPyP4 as the analyte

in a SPR assay. As shown in Figure 5A for the 13079NT
oligonucleotide and in Supplementary Figure S1 for the
other three oligonucleotides, all sensorgrams are fitted
with a heterogenous ligand kinetic model, which postulates
two binding sites for TmPyP4 on the DNA scaffold, with
different affinities. The kinetic and dissociation constants
are reported in Table 2, with values ranging from 8 to
16nM and from 1 to 3 uM, for the first and second Kp,
respectively. Both the stoichiometry of the interaction and
the Kp values are those typical for the interaction of
TmPyP4 with a G-quadruplex scaffold, whereas the same
molecule binds unstructured oligos with 1:1 stoichiometry
and reduced affinity (20,31-33).

Having shown that TmPyP4 Dbinds rDNA
G-quadruplexes with much higher affinity than NPM1-
C70, we next wanted to assess whether TmPyP4 effectively
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ments. All traces (open circles) were fitted (black lines) with a heteroge-
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in Table 2. (B) The histidine-tagged NPM1-C70 protein was immobilized
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nucleotide (1 uM) alone (red) or in combination with 0.1 (magenta), 0.5
(orange), 1.0 (green) and 5 M (cyan) TmPyP4. Data show that the signal
decreases at increasing amounts of TmPyP4.
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competes with NPM1-C70 for G-quadruplex binding. To
this purpose, we immobilized the histidine-tagged
NPM1-C70 protein on an NTA chip and used the
13079NT as the analyte in a SPR assay. Figure 5B
shows the sensorgrams obtained when challenging the
immobilized protein with 1 uM 13079NT alone or mixed
with increasing amounts of TmPyP4. We observe that, in
the presence of 0.1 uM TmPyP4, the signal decreases by
~50%. This is ascribed to the fact that the association
time course is heterogeneous and considerably slowed
down, preventing equilibrium to be reached within the
time of the association phase (1805s). By further increasing
the ratio between TmPyP4 and the G-quadruplex, the
signal is consistently reduced. An 80% reduction of the
signal is observed with an equimolar ratio and, at a 5-fold
molar excess of TmPyP4, the binding is completely lost.
This experiment demonstrates that the G-quadruplex, on
binding TmPyP4, completely loses affinity for NPM1-C70
and that a ternary complex does not form.

Interfering with G-quadruplex binding displaces NPM1
from nucleoli in cells

NPMI1 mutations cause loss of nucleolar localization, and
because of the appearance of an additional nuclear export
signal (Figure 3A), they also cause the stable and aberrant
cytosolic localization of the variant protein (12,34).
As NPMI1-Cter-MutA loses the ability to bind
G-quadruplex regions at rDNA, this might correlate
with the loss of nucleolar localization of NPM1-MutA.
If this is the case, it should be equally possible to
displace wild-type NPM1 from nucleoli by competing
with its binding to G-quadruplex regions in the rDNA.

Having shown (Figure 5A and Table 2) that TmPyP4
binds rDNA G-quadruplexes with higher affinity than
NPM1-C70, and that it effectively competes with
NPM1-C70 for G-quadruplex binding (Figure 5B), we
next tested whether TmPyP4 treatment impacts on
NPMI1 localization within OCI-AML2 cells.

We initially tested several concentrations of TmPyP4 on
these cells to assess its potential toxicity. As shown in
Figure 6AB, OCI-AML2 cells treated with 100uM
TmPyP4 are still viable after 48h, but they show a
reduced growth rate, whereas at longer time points, cells
undergo cell death. At a lower TmPyP4 concentration
(50 uM), cells remain viable throughout most of the ex-
periment, showing 30% of cell death only after 72h of
treatment. To investigate the effect of TmPyP4 on the
nucleolar localization of NPM1, OCI-AML2 cells were,
therefore, treated with the non-toxic concentration of
50 UM, and endogenous NPM1 localization was visualized
at various time points by immunofluorescence. Figure 7
shows that already 12 h after treatment, NPMI1 starts to
localize outside the nucleolus and shows an almost
complete diffused nuclear staining 24 h after treatment.
Other two nucleolar proteins commonly used as nucleolar
markers, nucleolin and fibrillarin also leave the nucleolus
and show a more diffused staining. Both these proteins are
known to bind NPM1 (35,36), and nucleolin has also been
shown to directly bind rDNA G-quadruplexes (27).
Interestingly, the staining for fibrillarin after treatment
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Table 2. SPR kinetic parameters of the interaction between TmPyP4 and different oligos
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Figure 6. Effect of TmPyP4 treatment on OCI-AML2 cell growth and
protein levels. (A) Viability assay of OCI-AML2 cells untreated (ctrl) and
treated with 50 uM and 100 uM TmPyP4 for the indicated time points
(hours). (B) Percentage of OCI-AML2 cell death after treatment with 50
and 100 uM TmPyP4 for the indicated times (hours). (C) Western blot
analysis of OCI-AML2 cells treated as described earlier in the text, using
antibodies against NPM1, nucleolin, fibrillarin and B-actin as a loading
control. Numbers on the left indicate the corresponding molecular weights.
NPMI and nucleolin levels seem to be stable at both TmPyP4 concentra-
tions at early time points. After 72 h, with 100 uM TmPyP4, both NPM1
and nucleolin levels decrease, probably because of cell death. Conversely,
fibrillarin levels start decreasing at both TmPyP4 concentrations as soon as
12h after treatment, in a dose-dependent manner.

with TmPyP4 seems to be faint, suggesting that, contrary
to NPM1 and nucleolin, this protein might be rapidly
degraded on delocalization from the nucleolus. Indeed,
WB analysis of the three proteins after treatment with
50uM TmPyP4 shows that although nucleolin and
nucleophosmin levels are stable, fibrillarin seems to be
degraded (Figure 6C). Treatment with TmPyP4 100 uM
shows a more dramatic effect on fibrillarin protein
levels, but it still has no or modest effect on NPM1 and
nucleolin protein levels at early time points. At longer time
points, at this concentration, the reduction of all three
protein levels is probably linked to the fact that the cells
are undergoing massive cell death (Figure 6C).

DISCUSSION

The nucleolus is a highly dynamic compartment whose
functions extend beyond the classical and well established
role of ‘ribosome factory’ (37). For instance, a great deal
of data suggest an involvement of nucleoli in the responses
to several stress signals and in the regulation of cell cycle
and cell growth (37,38). The highly regulated trafficking of
NPM1 seems to be critical for many of these functions (3).
In fact, although the bulk of the protein is mainly found at
nucleoli during interphase, NPMI1 is also capable of
shuttling between nucleoli, nucleus and cytoplasm in
response to a variety of post-translational modifications
and at different stages of the cell cycle (39). NPMI
trafficking is mediated by specific signals in the protein
sequence. In particular, two nuclear export signals
(NES) and two nuclear localization signals are present in
NPM1 N-terminal core domain and central acidic
domain, respectively (1,13,34). Furthermore, a highly
specific and strong nucleolar localization signal is found
in the C-terminal end of the protein. This signal was ori-
ginally identified by Nishimura et al. (40) who observed,
using green fluorescent protein (GFP)-tagged protein
deletions, that the two tryptophan residues at positions
288 and 290 were necessary for nucleolar localization.
Both truncation of the protein sequence immediately
before Trp288, or mutation to alanine of both Trp
residues, was sufficient to dislocate the protein in the
nucleoplasm (40).

In NPM1 AML-associated mutations, the insertion or
duplication of short-base sequences at the terminal exon
of the gene results in the aberrant export of the encoded
protein in the cytoplasm (41). This is likely because of the
increased probability of exportinl - chromosome region
maintenance 1 (CRMI1) to interact with NPM1 mutants.
In fact, on the one hand, NPM1 mutants carry an add-
itional NES motif (the sequence specifically recognized by
CRM1) as compared with native NPM 1, and on the other
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Figure 7. Immunofluorescence of OCI-AML2 cells treated with 50 uM TmPyP4 for the indicated times and stained with anti-NPM 1 antibody (green)
anti-nucleolin antibody (green), anti-fibrillarin antibody (green) and with Dapi dye (blue) to highlight the nucleus (scale bar: 20 pm).

hand, they roam in the nucleoplasm where CRM1 is also
located. Roaming of NPM1 mutants in the nucleoplasm is
the result of their absent or markedly reduced capability to
bind the nucleolus because of the loss of Trp288 and
Trp290, or Trp290 alone. However, the underlying mo-
lecular mechanism responsible for the impaired capability
of the NPM1 mutants to bind the nucleolus remained
unknown.

This work establishes a direct link between NPM1 nu-
cleolar localization and its G-quadruplex—binding
properties. We have shown that G-quadruplex sequences
found at rDNA genes, which are clustered in tandem
arrays in the nucleoli, are specifically recognized by
NPMI1, both in vitro and in vivo. This activity seems to
be correlated with the nucleolar localization of the
protein. Consistently, treatment of OCI-AML2 cells with
TmPyP4, a G-quadruplex ligand, results in a rapid and
complete displacement of NPMI1 from nucleoli.
Importantly, nucleolar displacement was observed at
early time points, and the protein was mostly

nucleoplasmic 24 h after treatment, with still viable and
dividing cells. This fact argues in favor of a competitive
effect of TmPyP4 on NPM1 G-quadruplex binding, rather
than on an indirect consequence of ligand mediated nucle-
olar disruption. However, it has to be noted that TmPyP4
is also able to bind, albeit with reduced affinity, duplex
DNA; therefore, it may not be excluded that other NPM1
interactions with nucleic acids, at the nucleolar level,
might be affected by TmPyP4. At longer time points,
TmPyP4 treatment results in OCI-AML2 cell death in a
dose-dependent manner. This behavior may not be neces-
sarily or solely ascribed to NPMI1 dislocation from
nucleoli. For instance, we have shown that, on TmPyP4
treatment, nucleolin and fibrillarin are also displaced from
nucleoli, with a kinetic similar to NPM1, and that, al-
though NPM1 and nucleolin remain stable in nucleo-
plasm, fibrillarin is rapidly degraded. Nucleolin was
previously shown to specifically interact with
G-quadruplex regions at rDNA (27), whereas fibrillarin
was reported to interact with both NPM1 and nucleolin
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(35,42), thus explaining the effect of TmPyP4 on both
these proteins.

NPM1 and nucleolin are thought to act as hub proteins
in the nucleoli (37). They participate to the initial forma-
tion of nucleolus-derived foci around clusters of rDNA,
and then they contribute to the final nucleolar assembly by
segregating in this compartment a wide array of other
protein components (37,43). Hence, it is not surprising
that TmPyP4 treatment finally results in massive cell
death, possibly as a consequence of nucleolar stress
induced by NPM1 and nucleolin dislocation.

Having established that NPM 1 nucleolar localization is
dictated by G-quadruplex binding at rDNA, the following
step was to assess whether the loss of nucleolar localiza-
tion of AML-associated NPM 1 variants might be because
of impaired G-quadruplex binding at rDNA. To do this,
we expressed the C-terminal domain of mutant A NPM1,
the most common leukemic variant which is devoid of
both Trp288 and Trp290, and we showed that the
G-quadruplex—binding activity is completely lost in the
mutant. We further investigated this issue by
re-introducing the Trp residues in their native topological
positions but in the context of the mutant A sequence, and
we showed that (i) by introducing Trp288 or Trp290 sep-
arately, only a partial rescue of folding is observed; (ii)
when both Trp288 and Trp290 are inserted in their topo-
logical position, the complete refolding of the domain is
observed in the context of the variant sequence; and (iii)
the NPMI-Cter-MutA refolded variant binds to
G-quadruplex regions at rDNA with an affinity similar
to the native construct. Importantly, previous work
already demonstrated that such variant re-acquire nucle-
olar localization (41). Taken together, these data demon-
strate that a direct correlation exists between NPM1
G-quadruplex binding at rDNA and its nucleolar localiza-
tion. In the NPMI1 mutated counterpart, the loss of
C-terminal domain native structure results in decreased
affinity for rDNA and, consequently, in the movement
of the protein to the nucleoplasm. The presence of an
additional NES in the C-termini reinforces CRMI-
mediated nuclear export and finally results in the
aberrant and stable cytoplasmic localization of the
protein, which is the hallmark of this AML subtype
(12,13,34). Furthermore, NPMI-MutA interacts with
wild-type NPM1 through the N-terminal oligomerization
domain, and this results in cytosolic translocation of the
majority of both wild-type and mutated proteins, even
though in AML patients mutations are always heterozy-
gous (12,13).

Previous data on NPM 1™/~ knockout mice have shown
early embryonic lethality (6) and suggested that NPM1
heterozygosity may be obligate in this kind of leukemia
(44). In fact, in patients’ leukemic blasts, although emi-
nently cytosolic, a small fraction of the wild-type protein
always resides in nucleoli, and this probably avoids
exessive nucleolar stress that may be a disadvantage for
the blasts (44). We have shown here that treatment with
TmPyP4 displaces NPM1 and other important nucleolar
components, such as nucleolin and fibrillarin, from their
native compartment and this, at longer time points, results
in cell death. We plan in the future to further investigate

this issue and to better characterize the molecular mech-
anism underlying cell death in these cells and in primary
AML cells bearing NPM I mutations, also extending these
studies to other, more specific, G-quadruplex ligands. In
fact, it has been previously suggested (44) that one
possible strategy to specifically treat this kind of
leukemia might be that of targeting residual wild-type
NPM1 nucleolar localization. As leukemic blasts do
possess low amounts of the protein in nucleoli with
respect to healthy cells, it might be possible to selectively
induce nucleolar stress only in the former by adjusting the
dosage of a putative drug aimed at displacing NPM1 from
nucleoli. Alternatively, as we have shown that NPM1
C-terminal domain folding and G-quadruplex binding
are correlated, one other strategy might be that of
searching for a ligand aimed at refolding the mutated
protein, possibly restoring nucleoplasmic and/or nucleolar
localization.

Future work in our laboratories will investigate both
these possibilities in search for a specific treatment for
AML with mutated NPM1.
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