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Nm23-H1 is one of the most interesting candidate genes for a relevant role in Neuroblastoma pathogenesis.
H-Prune is the most characterized Nm23-H1 binding partner, and its overexpression has been shown in
different human cancers. Our study focuses on the role of the Nm23-H1/h-Prune protein complex in
Neuroblastoma. Using NMR spectroscopy, we performed a conformational analysis of the h-Prune
C-terminal to identify the amino acids involved in the interaction with Nm23-H1. We developed a
competitive permeable peptide (CPP) to impair the formation of the Nm23-H1/h-Prune complex and
demonstrated that CPP causes impairment of cell motility, substantial impairment of tumor growth and
metastases formation. Meta-analysis performed on three Neuroblastoma cohorts showed Nm23-H1 as the
gene highly associated to Neuroblastoma aggressiveness. We also identified two other proteins (PTPRA and
TRIM22) with expression levels significantly affected by CPP. These data suggest a new avenue for potential
clinical application of CPP in Neuroblastoma treatment.

N
euroblastoma (NBL) is one of the most common pediatric solid tumors, and it accounts for 15% of all
pediatric cancer deaths. NBL originates from the sympathoadrenal lineage derived from the neural crest.
The clinical course of NBL is markedly heterogeneous, as it can range from spontaneous regression or

maturation, to more benign forms (e.g, ganglioneuroblastoma, ganglioneuroma), or to rapid tumor progression
and patient death. The prognosis for NBL patients depends upon both clinical factors, including stage1, age at
diagnosis2 and tumor histopathology3, and upon genetic factors, such as MYCN amplification (MNA) status4 and
DNA index5.

Recent efforts to construct a novel tumor–risk stratification system for NBL have been based on the latest
genome-wide genetic and gene expression profiling assays6–10. MNA status has been considered the most import-
ant prognostic factor for progressive disease and poor patient outcome11. In fact, advanced stage NBL, and
especially those with genomic amplification of the MYCN oncogene, is frequently resistant to any therapy.
Thus, NBL is still one of the most challenging tumors to treat.

Nm23 was one of the first candidate genes to be identified on chromosome 17q. Its mRNA and protein
expression is high in advanced NBL, combined with high protein levels in serum12. Indeed, amplification and
overexpression of Nm23-H1, and also the S120G mutation of Nm23-H1 have been detected in 14% to 30% of
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patients with advanced NBL stages13,14. However, there is sufficient
data showing that increased levels of Nm23-H1 correlate with
decreased metastasis in most cancers15–19. While the mechanisms
through which Nm23-H1 suppresses metastasis have been thor-
oughly deciphered20, the Nm23-H1 mechanism in the mediation of
NBL aggressiveness remains to be understood.

Several proteins that interact with Nm23-H1 have been identified,
and among these, h-Prune has been the best characterized. The h-
Prune protein is a member of the phosphoesterases (DHH) protein
superfamily, and its overexpression in breast, colorectal and gastric
cancers correlates with the degree of lymph-node and distant meta-
stases21–24. The N-terminus of the h-Prune sequence contains the DHH
(amino acids 10–180) and DHHA2 (amino acids 215-360) domains
that are involved in its enzymatic functions. The inhibition of its
phosphodiesterase (cAMP–PDE) activity with dipyridamole sup-
presses cell motility in breast cancer cell lines25–27. Of note, there is
also an exopolyphosphatase (PPASE) activity within this N-terminus
that includes the DHH domains28. The C-terminal region of h-Prune is
responsible for its interaction with GSK-3b29 and with Nm23-H130.
The Nm23-H1/h-Prune interaction is mediated through casein kinase
phosphorylation of Ser120, Ser122 and Ser125 of Nm23-H131–33.

Our study focused on the role of Nm23-H1/h-Prune protein com-
plex formation in NBL tumor progression and metastasis. On this

basis, we characterized the three-dimensional model of the h-Prune
C-terminal obtained using NMR and then we mapped the h-Prune
surface regions involved in its interaction with Nm23-H1. We thus
developed a competitive permeable peptide (CPP), which mimics the
minimal region of interaction on Nm23-H132 and can bind to the C-
terminal of h-Prune. Moreover we report a meta-analysis showing
that NME1/NME2 are the genes highly connected to NBL aggres-
siveness in MNA-positive tumors. Furthermore, these findings high-
light the roles of two additional proteins linked to the NME1/NME2
network whose expression level was found impaired by CPP:
TRIM2234 and PTPRA35. In the present study, we show that the
Nm23-H1/h-Prune C-terminal interaction regulates NBL tumori-
genesis, and that the impairment of this complex using CPP is a
useful strategy for NBL treatment.

Results
h-Prune and Nm23-H1 mRNA levels in Neuroblastoma. To
determine the expression levels of Nm23-H1 and h-Prune in
human NBL, we searched through a public database (http://
r2.amc.nl). This search revealed that Nm23-H1 (Fig. 1a) and h-
Prune (Fig. 1b) are significantly overexpressed in NBL tissues
compared to normal adrenal gland (p 5 2.7 e212 and 1.3 e211,
respectively). Moreover, we analyzed a cohort of 101 NBL samples

Figure 1 | Nm23-H1 and h-Prune gene expression and NBL overall survival. (a) NME1 expression in human NBL tissues (88 samples) compared to

normal adrenal gland (13 samples) searched through a public database (Versteeg database). (b) H-prune expression in human NBL tissues compared to

normal adrenal gland (Versteeg database). (c) In the Essen Affymetrix database, Nm23-H1 was detected with a probe which does not discriminate

between Nm23-H1 and Nm23-H2. High expression of Nm23-H1/H2 in tumors promotes worse overall survival. (d) High expression of h-Prune in NBL

tissues shows a trend towards worse overall survival that does not reach significance.
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(Essen database) showing that high expression of Nm23 (both H1
and H2) correlates significantly to poor survival (p 5 9.9 e210)
(Fig. 1c). These results are in agreement with studies performed
previously13,36. Although at the RNA level, h-Prune expression has
not yet been significantly correlated to NBL survival from the
previously analyzed cohorts, a positive association trend (p 5
0.072) was seen (Fig. 1d). Taken together, these findings allow us
to assume that the formation of the Nm23-H1/h-Prune complex is
likely to have a role in cancer progression in NBL.

NMR and molecular dynamics structural studies of h-Prune C-
terminus. The recombinant C-terminal domain of h-Prune (amino
acids 354–453) is stable and soluble, and it contains a disulfide bridge
that links cysteines 419 and 437, as shown by liquid chromatography–
mass spectrometry analysis (Fig. 2a). This domain has a low overall
hydrophobicity and a high net negative charge, and analyses accord-
ing to several algorithms have suggested that it is mostly unfolded in
the native protein. Far-UV circular dichroism spectrometry has con-
firmed this lack of secondary structure (see Supplementary Experi-
mental Procedures). Western blotting revealed that the h-Prune
C-terminal was sufficient for binding to the endogenous Nm23-H1
protein (Fig. 2b).

The chemical shift assignments (deposited into the Biological
Magnetic Resonance Bank with the accession number 19037) allowed
an analysis of the secondary structure of the protein by comparison
with random coil values corrected for local sequence effects. As
shown in Figure 2c, multinuclear (Ha, Cb , Ca, C9) chemical shift
indexing (CSI) plots suggest that the majority of the resonances of the
h-Prune C-terminal are within the random coil range. Nevertheless,
the CSI values of the amino-acid sequences from Leu355 to Ser365
(a1 helical region), from Glu381 to Asp388 (a2 helical region), and
from Leu428 to Gln439 (a3 helical region) are consistent with an a-
helical secondary structure propensity. The CSI data are also sup-
ported by the 3JHNHA coupling-constant measurements, which are
characteristic of unfolded molecules, with the exception of the three
helical regions, which have means of 5.3 Hz, as typical of helical
structures. To confirm these findings, other NMR parameters were
measured, including the 15N relaxation rates (i.e., R1, R2, and 1H-15N
nuclear Overhauser effects37) (see Supplementary Information).

A three-dimensional model of the full-length h-Prune protein was
then built using an N-terminal (amino acids 1–352) h-Prune struc-
ture derived via homology modeling and attached to a representative
NMR h-Prune C-terminal structure. The full-length h-Prune model
was then refined through molecular dynamics simulation in vacuo.
The analysis of the whole structure indicates that the N terminus
(amino acids 353–370) of the h-Prune C-terminal (Fig. 3a–c) is
indeed part of the h-Prune DHH2 domain, and in particular consti-
tutes the second part of the last helix and a turned region that inter-
acts with the preceding helix; accordingly, this region in the h-Prune
C-terminal has a clear helical propensity (Fig. 2c). Therefore, the IDP
h-Prune C-terminal domain that does not have specific interactions
with the globular portions of the whole protein begins at residue 371
and retains the secondary structure propensities (a2 and a3) indi-
cated by the NMR analysis, with a more compact C-terminal region
(amino acids 410–440; see Movie 1).

Then the interaction of Nm23-H1 and CPP with h-Prune C-ter-
minal was also followed via chemical shift mapping (see Supple-
mentary Information). These results map the site of interaction
between Nm23-H1 and the h-Prune C-terminal region in detailed
molecular dimensions; further studies will address these protein-
protein regions of interaction for therapeutic purposes, starting from
an in-vitro analysis in NBL.

Functional studies of the Nm23-H1 binding site of h-Prune. These
NMR methodologies have identified the most significant amino
acids of the h-Prune C-terminal region involved in binding to
Nm23-H1. We then undertook a functional analysis of three of the

most conserved amino acids (D388, D422 and C419) (Fig. 4a). The
amino acids were mutated to alanine, alanine and serine, respec-
tively. Then, we evaluated their functions on HEK293 cells in two-
dimensional cell-migration assays (Fig. 4b, Supplementary Fig. 1e).
Overexpression of the h-Prune-D388A and h-Prune-D422A mutated
proteins did not induce cell migration, as shown by empty-vector-
transfected cells, compared to the full-length h-Prune wild-type
transfected cells. The affinity chromatography in Fig. 4c shows that
the D388A and D422A mutant h-Prune proteins interact weakly with
Nm23-H1. Moreover, the h-Prune-C419S mutant did not affect cell
motility to the same extent (Supplementary Fig. 1f,g), thus indicating
direct correlation of protein complex formation and enhancement of
cell motility.

CPP impairs the Nm23-H1/h-Prune C-terminal interaction. Next,
we addressed the use of the CPP (Supplementary Fig. 4a) to
determine its therapeutic properties in vitro and in vivo in NBL.
We thus infected SH-SY5Y cells with adenovirus particles carrying
CPP (Ad-CPP), and initially validated its expression (Supplementary
Fig. 4b,c). The expression of the CPP impaired the binding between
Nm23-H1 and h-Prune, as assessed by affinity chromatography
(Fig. 4d) and decreased the amount of phosphorylated Nm23-H1
(Fig. 4e). However, the same was not seen in SK-N-BE. In both of
these cell lines, the levels of the Nm23-H1 and h-Prune proteins were
not changed upon Ad-CPP expression. Also, in other cell lines tested,
only a weak decrease in the levels of phosphorylated Nm23-H1 was
seen (Supplementary Fig. 4e). These data can be explained con-
sidering differential levels of endogenous phosphorylation of
Nm23-H1 at S122 and S125 in these cancer cells. Then, we assayed
the CPP effect on cellular motility in NBL cells and we observed a
significant impairment of cellular motility compared to adenovirus
mock-infected cells (Fig. 4f and Supplementary Fig. 4g). These data
are of particular pharmacological impact, especially as they were
obtained on two independent NBL cell lines.

In vivo functional studies of CPP in xenograft models of NBL
tumorigenesis. CPP function was then investigated in NBL
xenograft animal model. Ad-treated SH-SY5Y cells were injected
into the flanks of athymic nude mice. After 4 weeks, the tumors
were explanted and the inhibition of tumor growth by CPP
reached significance (p 5 0.00098), as compared to mock-treated
SH-SY5Y mice (Fig. 5a). Moreover, tumors obtained from the Ad-
CPP-treated SH-SY5Y mice showed a reduction in the expression of
the phosphorylated Nm23-H1 protein, while the levels of the Nm23-
H1 and h-Prune proteins did not changed, confirming the in vitro
data (Fig. 5b). We also assayed two groups of heterotopic xenograft
mice that were injected with SH-SY5Y-Luc cells (expressing the
luciferase gene) previously infected with Ad-CPP or the control
Ad-Mock; tumorigenesis was followed using in vivo biolumunis-
cence imaging (BLI) technology, over four weeks. The mice recei-
ving Ad-CPP-treated SH-SY5Y-Luc cells (7 mice) showed significant
reduction of tumor burden (Fig. 5c) compared to the control treated
group (Ad-Mock, 7 mice). This result was confirmed in the quan-
tified data that were obtained by counting the total photon emission
(BLI) through whole-body analyses (Fig. 5d and Supplementary
Table 1). The tumors generated from Ad-CPP-treated cells showed
reduced size and reduced positive staining for both Nm23-H1 and h-
Prune compared to Ad-Mock mice. In the Ad-CPP-treated tissues,
we also observed positive staining for the neuronal marker, Tuj1, as a
sign of benign neuronal differentiation processes, and minimal
Caspase3 activation (Fig. 5e). These data illustrate the therapeutic
benefit of the use of CPP in vivo.

Nm23-H1 correlates with aggressive human neuroblastoma. In
order to discover the genes related to Myc activity, and to
investigate how these genes might interact, we performed meta-
analysis of data from two different datasets and produced a
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Figure 2 | Three-dimensional model of h-Prune protein based on protein similarities at the N-H2 terminal domain region combined with NMR
h-Prune C-terminal structural studies. (a) The h-Prune C-terminal sequence. The amino acids given in bold represent those that are more exposed

according to limited proteolysis experiments. (b) Affinity chromatography. His-tagged amino acids 354-453 of h-Prune was immobilized on the resin.

SH-SY5Y and SH-SY5Y-Nm23-H1 total extracts were loaded as control. Elution E3 (from 200 mM imidazole) and E4 (from elution of the complex) were

loaded. An anti-His antibody was used as control of immobilized protein. The anti-Nm23-H1 antibody shows that h-Prune C-terminal interacts with

Nm23-H1. (c) The secondary chemical shift index, corrected for sequence-dependent contributions, based on1Ha,13Cb,13Ca and13CO chemical shifts of

the h-Prune C-terminal. Protein regions with a propensity to a helical structure (a1, a2 and a3) are highlighted. The1H-15N steady-state heteronuclear

NOE values are also reported, according to the h-Prune C-terminal amino acids.

www.nature.com/scientificreports
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network (see Supplementary Information). In this network, NME1
and NME2 resulted the most connected genes to NBL aggressiveness
(Fig. 6a). In addition to these genes, PTPRA, NTRK1, PHGDH, and
LAPTM4B are also highly connected.

Then, we investigated whether overexpression of CPP in SH-SY5Y
cells impairs mRNA expression levels of these identified connected
genes. Among the genes analyzed, TKT, RPL4, TRIM2238 and
PTPRA39 mRNA expression levels were significantly affected by CPP
overexpression (Supplementary Fig. 5a). TRIM22 and PTPRA were
further analyzed. Also, upon CPP overexpression in SH-SY5Y cells, the
mRNA and protein levels of TRIM22 decreased, both in vitro and in
vivo. Interestingly, although CPP markedly increased the mRNA levels
of PTPRA, the protein levels of PTPRA were actually reduced (Fig. 6b).
Thus it appears that an increase in PTPRA mRNA expression does not
translate into an appropriate increase in its protein levels.

We then asked whether CPP has any effects on genes related to
TRIM22 and PTPRA in NBL. For this reason, in a public database we
searched the set of genes positively correlated to TRIM22 and
PTPRA (see Supplementary Information). The selected genes were
used to obtain a molecular network using STRING analyses
(Fig. 6c,d). TRIM22 was correlated to genes involved in apoptosis,
inflammation and cell proliferation. To investigate the effects of
perturbation of the TRIM22 network by CPP overexpression, we
performed Western blotting. This showed the impairment of the
Akt signaling pathway, as there was decreased phosphorylation of
Akt (Ser473) and increased levels of Pten (Fig. 6e). Among the
TRIM22-connected genes, we found beta-transducin-repeat-con-
taining protein (BTRC) involved in the proteasomal degradation of
b-Catenin and Ikb-a40. We observed that upon CPP treatment, the
levels of active b-Catenin (dephosphorylated on Ser37 and Thr41)
and its target gene C-Myc decreased; this is in agreement with the
diminished levels of phospho-Ikb-a (Ser32/36) (Fig. 6f).

The network of genes related to PTPRA appears to be mainly
involved in cellular motility. Indeed, PTPRA can dephosphorylate
Tyr527 of c-Src in vitro, and this can lead to increased c-Src kinase
activity, and transformation once overexpressed. Here, we showed
that the overexpression of CPP in SH-SY5Y cells leads to reduction in
EGFR, Fak (Y397) and the adaptor protein Grb2 (Fig. 6g). Moreover,
decreased PTPRA leads to increased phosphorylation of c-Src
(Tyr527), thus reducing further c-Src activity, and thus resulting in
a reduction in cell motility.

Overall, our data show that the network proteins within the
Nm23-H1/h-Prune protein complex pointing to PTPRA and
TRIM22 are negatively regulated using CPP.

Discussion
Despite the aggressive treatment strategies, for patients with NBL the
five-year survival rate for metastatic disease is still less than 60%, and
consequently, novel therapeutic approaches are needed.

Protein–protein interactions are essential in every aspect of cel-
lular activity, and the discovery of many small molecules that can
modulate such interactions is an attractive aim for the design of new
agents that will represent new drugs. Together, Nm23-H1 and h-
Prune form a protein complex that is part of a network not yet fully
known. H-Prune has been shown to be a marker of aggressiveness in
breast cancer, as well in other cancers22,24,31 and to date its tumor
function has been correlated mainly to its cAMP-PDE activity.
Nm23-H1 is a well-known metastasis suppressor in breast cancer,
and it binds to the C-terminal region of the h-Prune protein upon
CKI phosphorylation.

In NBL, elevated expression of Nm23-H1 is correlated to poor
survival and to the overexpression of N-Myc, which is a negative
diagnostic biomarker20. In the present study, to underline the

Figure 3 | Three-dimensional model of full-length h-Prune. (a) The amino acids showing large variations upon complex formation with Nm23-H1 and

the CPP peptide are mapped in cyan. The regions colored in magenta correspond to the amino acids recognized exclusively by Nm23-H1, as shown in

detail in panels b and c.

www.nature.com/scientificreports
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Figure 4 | Migration assays to assert migration properties of differential protein domains of the h-Prune protein. (a) Alignment of the h-Prune C-

terminal. Amino acids involved in Nm23-H1 binding are highlighted in yellow. (b) Two-dimensional invasion assay. HEK293 cells transfected with h-

Prune mutant proteins (D388A and D422A) showed decreased migration ability. Data are represented as relative (fold) increases in the number of cells

migrating compared to full-length h-Prune wild-type transfected cells. (c) Affinity chromatography. The His-tagged 354-453 h-Prune D422A mutant

(upper) and D388A mutant (lower) were immobilized on the resin. HEK293 total extract was loaded as control. An anti-His antibody was used as control

for the protein immobilized. An anti-Nm23-H1 antibody shows that the mutated 354–453 h-Prune interacts weakly with Nm23-H1. (d) Affinity

chromatography. SH-SY5Y pre-infected cells (Ad-CPP) were loaded onto the chromatography column and the eluates were loaded onto acrylamide gels.

Nm23-H1 was detected using an anti-Nm23-H1 antibody. Protein 373–353 h-Prune was revealed using an antibody against the His tag. (e) Following Ad-

CPP and Ad-Mock infections in SH-SY5Y and SK-N-BE cells, the protein levels of phospho-Nm23-H1, Nm23-H1 and anti-h-Prune were analyzed by

Western blotting. b-Actin was used as the loading control. (f) Two-dimensional migration assay of NBL cells showing that CPP overexpression reduces

the migratory properties of both SH-SY5Y and SK-N-BE cells.

www.nature.com/scientificreports
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negative functions of Nm23-H1 in NBL, meta-analyses of functional
genomic analyses combined with gene expression data showed fur-
ther stratification of the subtypes of aggressive NBL tumors. We have
seen here that Nm23-H1 functions as a central node of these MYC-
N-positive tumors, together with other genes where up-regulation
promotes tumorigenesis. A validation of these results was further
obtained by analyzing an additional gene expression database where,
as expected, the expression of these genes correlated with bad clinical

outcome in NBL. We further identified two new genes in the network
that are unbalanced followed CPP treatment, TRIM22 and PTPRA,
the expression of which is associated with poor prognosis. Looking at
the public database, we selected a list of genes that positively corre-
lated with TRIM22 and PTPRA in NBL, thus obtaining new gene
networks, in turn unbalanced by CPP.

Here, we represent these findings by the model outlined in
Figure 7. Although the exact Nm23-H1 mechanism of action for

Figure 5 | In vivo functional effect of CPP expression. (a) Representative explanted tumors. Tumor weight data are presented as means 6 standard

deviation. (b) Proteins extracted from tumor tissues were loaded onto acrylamide gels to evaluate the protein expression levels of phospho-Nm23-H1,

Nm23-H1 and h-Prune. b-Actin was used as the loading control. (c, d) Two NOD/SCID mice groups were given intra-adrenal gland injections of

SH-SY5Y-luc cells previously infected with Ad-Mock (7 mice) or Ad-CPP (7 mice). Tumorigenesis was followed by in-vivo bioluminescence photon

emissions signals (IVIS Imaging System). Cells pre-infected with Ad-CPP showed impaired tumor growth, with respect to controls. (e) Photograph of

resected tumors and representative images of the immunostaining for Ha-Tag, Nm23-H1, h-Prune, Tuj1 and Caspase 3.

www.nature.com/scientificreports
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Figure 6 | A common molecular network for NBL aggressiveness, derived by meta-analysis, combining gene expression NBL databases from two
different studies. (a) Two microarray datasets were analysed: Cologne 2-Color (251 samples) and Essen Affymetrix (76 samples). In the network, the

NME1 gene is the most connected. Nodes represent genes; node size represents the degree of the node (i.e., the number of connections it has). Nodes are

connected with lines, which represent interactions between genes. Line thickness represents the strength of interactions, as measured by mutual

information. Statistical confidence of the interactions is represented by the opacity of the color of the lines (strong gray, most reliable interactions; light

gray, least reliable interactions). (b) Proteins extracted from tumor tissues and SH-SY5Y cells were loaded on acrylamide gels to determine the protein

expression levels of TRIM22 and PTPRA. b-Actin was used as the loading control. Action view of gene networks of genes that are highly correlated with

Trim22 (c, green) and PTPRA (d, green). Modes of action are shown in different colors. Genes highlighted in yellow were further investigated. (e) Western

blotting showing CPP effects on the Akt pathway in SH-SY5Y cells. b-Actin was used as the loading control. (f) Western blotting for activated b-Catenin,

c-Myc, P-Ikba, and Ikba protein levels in SH-SY5Y cells after CPP overexpression. b-Actin was used as the loading control. (g) Following Ad-CPP

infections in SH-SY5Y cells, protein levels of EGFR, Paxillin, Fak, Fak (Y397), Grb2 and Src (Y527) were analyzed by Western blotting. b-Actin was used as

the loading control.

www.nature.com/scientificreports
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the mediation of NBL aggressiveness is not completely understood,
the data presented here supports the concept that Nm23-H1,
through the binding with h-Prune, could act as pro-metastatic gene.
In silico data demonstrates that Nm23-H1 was also overexpressed in
Th-ALKF1174 41 and Lin28b37 transgenic mice (Supplementary Fig.
9b). Those results are of importance because CPP was already found
impairing the same pathways (Fig. 6), hence arguing its efficacy in
future experiments using genetic animal model of NBL.

A structural analysis by means of combined NMR, homology
modelling, and molecular dynamics has shown that h-Prune has
two globular domains, DHH and DHH2 and an IDP domain, which
contains two stretches (a2 and a3) which have clear propensity to
fold as helices, and a small globular region (amino acids 413–439)

that is constrained by the disulfide bridge and which includes a3. The
h-Prune interaction with Nm23-H1 is mediated by the IDP domain,
particularly through the small globular region and by amino acids
387–396, including the a2 C-terminus (Fig. 3). This suggests that in
the Nm23-H1/C-terminal h-Prune complex, the entropic cost of
approaching the amino acid 387–396 region to the globular region
will probably be balanced by the enthalpic contribution of the inter-
action between Nm23-H1 and the h-Prune C-terminal globular
region. Interestingly, the h-Prune C-terminal interaction surface,
seen as the smaller CPP, preserves most of the amino acids of the
387–396 region but a much smaller part of the C-terminal globular
region. Therefore, covalent linking of a molecular binder of the h-
Prune C-terminal globular region to CPP represents a promising

Figure 7 | Status of N-MYC/Nm23-H1 high and h-Prune NBL tumors and a model of action of CPP. (a) Level of phosphorylation of Nm23-H1 and

complex formation through the h-Prune C-terminal has prognostic relevance for determining an aggressive NBL phenotype, and thus worse outcome.

(b) Use of the mimetic peptide CPP which can impair the binding of Nm23-H1 and h-Prune in vitro and in vivo, resulting in substantial impairment of cell

motility and metastatic niche formation in vivo, with therapeutic benefit. This is accompanied by inhibition of the WNT, NF-kb, AKT and FAK

intracellular signaling pathways.
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route for the development of a lead compound that can impair
the Nm23-H1/h-Prune interactions with a pharmaceutical aim.
However, the results seen here in vitro show that a single mutation
is sufficient to impair such interactions. The occurrence of an IDP of
significant size (.50 amino acids) is surprisingly common in func-
tional proteins42. Their functions include regulation of transcription
and translation, cell-signal transduction, protein phosphorylation,
the storage of small molecules, and regulation of the self-assembly
of large multi-protein complexes43. How this IDP structure will
assemble with other proteins in the network is issue of future studies.
The overexpression of Nm23-H1 and h-Prune enhances the aggres-
siveness of NBL cells in vitro and in vivo. In mouse orthotopic xeno-
graft models of NBL, Nm23-H1 and h-Prune enhance the formation
of metastatic foci, which suggests that when the complex is forced
from both sides, the cells became more aggressive compared to the
control NBL cell lines.

As CPP is a mimetic peptide of a phosphorylated domain of
Nm23-H1, it might impair the interactions of Nm23-H1 with several
other proteins, while impairing other biological function in the cells.
Moreover, in other cellular systems where high expression of Nm23-
H1 is associated with good prognosis, the impairment of phosphor-
ylation-mediated functions by the use of CPP might not provide a
relevant therapeutic strategy. For this reason, we investigated the
contributions of putative amino acid interaction regions on h-
Prune as sufficient to stabilize the pro-motility ability of the complex.
This observation is issue of future laboratory investigations.
Meanwhile, by applying the power of meta-analysis, we propose here
a network that is further regulated by CPP in vivo and in vitro. Thus
impairing this protein complex (Nm23-H1/h-Prune) with CPP
results not only in impaired cell motility in vitro, but also, impaired
tumorigenesis and metastasis formation in vivo, all of which are
processes that are in turn further linked to the expression of the genes
related within this network, as strongly predicted by meta-analysis
statistical efforts.

Our data presented here suggest that the therapeutic application of
CPP should be relevant for the treatment of the tumors characterized
by the chromosome 17q gain, MYC-N amplification, ALK mutations
which highly expresses Nm23-H1, together with the altered linked
network genes (PTPRA and TRIM22). These selected tumors, and
hence patients, could have a definitive benefit from CPP treatment.
Further novel treatment modalities like this peptidomimetic
approach and innovative drug delivery systems such as the use of
liposomes should improve the treatment of the high-risk group of
NBL, as well as decrease the number of late side effects.

Methods
Adenovirus constructs and infection. The Nm23-H1 region (aa.115–128) was 59-
XhoI, 39-HindIII synthesized downstream in-frame to the HA epitope sequence and
upstream of the TAT protein sequence. The sequence coding the peptide, called CPP,
was directly cloned into the VQ Ad5CMV K-NpA shuttle vector, supplied by
ViraQuest (North Liberty, IA, USA), which provided its recombination and the CPP
adenovirus construct (Ad-CPP) with a solution of 1012 virus particles/ml. They also
supplied the control backbone E3 luciferase virus, generated from a VQ
Ad5CMVeGFP plasmid. Infection with recombinant viruses was accomplished by
exposing the cells (100 MOI/cell) to adenovirus in 500 ml complete cell culture
medium for 1 h, followed by addition of other medium.

In vivo xenograft model. Human NBL SH-SY5Y cells were stably transfected with a
pLentiV5-luciferase-expressing vector (Invitrogen) as described elsewhere44. SH-
SY5Y-LUC clones were grown under standard conditions in DMEM containing 10%
(v/v) fetal calf serum, 2 mM L-glutamine, and 5 mg/ml blasticidine for selection. The
cells were infected with 100 MOI of the specified virus (adenovirus type 5) following
standard protocols. 48 hours later, the cells were harvested and 2 3 106 infected SH-
SY5Y-LUC cells in 10 mL PBS solution were inoculated into the left adrenal glands of
five-week-old female athymic nude mice (Harlan Laboratories). Tumor cell growth
was monitored weekly, as described by45, measuring luminescence emission, using the
IVIS 3D Illumina Imaging System (Perkin Elmer, USA). Quantitative data analysis of
the tumor size was performed and evaluated by ANOVA statistical tests, using the
Statview program, version 5.0.1. Mice experiments were conducted according to
Institutional Animal Care and Ethical Committee of CEINGE-University of Naples

‘Federico II’ (Protocol 29, September 30, 2009), and of the Italian Ministry of Health
(Dipartimento Sanità Pubblica Veterinaria D.L. 116/92).

Wound healing assay and two-dimensional migration assay. HEK293 and NBL
cells (SH-SY5Y and SK-N-BE) were transfected with the previously described
plasmids. After 24 h from transfection, the cells were scratched, and after 12 h the
ability of the cells to cover the wound was assessed. Images were taken using bright-
light microscopy. To performed the motility assay, the cells were trypsinized, counted
and seeded into transwell inserts in the presence of 2% fetal bovine serum, with
treated polycarbonate membrane (Corning Incorporated Costar). The migration
toward the bottom of the insert driven by the presence of 6% fetal bovine serum was
stopped after 2 h. The cells on the membrane were washed in PBS, fixed in acetic acid
(5%) and ethanol (95%), and stained with Hematoxilin & Eosin. The membrane
images were acquired using a photocamera and the stained cells were counted using
the ImageJ software.

Orthotopic xenografts of NBL SH-SY5Y cells. SH-SY5Y cells were infected with
100 MOI of the specified virus (adenovirus type 5) following standard protocols. 24
hours later, the cells were harvested and 2 3 106 infected SH-SY5Y-LUC cells, in
100 ml PBS solution, were implanted in the flanks of athymic nude mice (Harlan
Laboratories). Tumors were explanted four weeks after injection and their weight was
misured. The tissues were then homogenized for 2 3 3 min with TissueLyser
(Qiagen), according to the manufacturer instructions, and lysed in protein lysis buffer
(20 mM sodium phosphate, pH 7.4, 150 mM NaCl, 10% glycerol, 1% Na-
deoxycholate and 1% Triton X-100) supplemented with protease inhibitors (Roche).
Tissues lysates (50 mg) were electrophoresed on 10% SDS-PAGE gels and transferred
onto PVDF membranes (Millipore).

Western blotting. Cells were washed in cold phosphate-buffered saline and lysed in
protein lysis buffer (20 mM sodium phosphate, pH 7.4, 150 mM NaCl, 10% glycerol,
1% Na-deoxycholate and 1% Triton X-100) supplemented with protease inhibitors
(Roche). Cell lysates (50 mg) were electrophoresed on 10% SDS-PAGE gels and
transferred onto PVDF membranes (Millipore). After 1 h blocking with 5% dry milk
fat in phosphate-buffered saline containing 0.02% Tween-20, the membranes were
incubated with the primary antibody overnight at 4uC, and with the secondary
antibody for 1 h at room temperature. The bands were visualized with a
chemiluminescence detection system (Pierce), according to the manufacturer
instructions. The antibodies used were as follows: anti-Nm23-H1 (Santacruz sc-343),
anti-c-Myc (Santacruz sc-47694), anti-b-catenin (Millipore 05-665), anti-p-IkB-a
(ser32/36) (Santacruz sc-101713), anti-Flag (Sigma A2220), anti-b-actin (Sigma A
5441), anti-FAK (Abcam ab40794), anti-Fak (phospho Y397) (Abcam ab4803), anti-
p-Akt (ser473) (Cell Signaling 4060), anti-TRIM22 (Sigma HPA003575), and anti-
PTPRA (Sigma HPA029412).

Statistical analyses. All biochemical experiments were done in triplicate unless
otherwise stated. Two-tailed Student’s t test was used to test significance. Statistical
significance was established at *P # 5 3 1022, **P # 5 3 1024, ***P # 5 3 1026.
Survival curves were constructed by the Kaplan and Meier method, with differences
between curves tested for statistical significance using the log-rank test.
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