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Introduction

Neuroblastoma (NB) represents the most frequent extra-cranial 
solid neoplasia in children, and it is responsible for about 15% 
of all pediatric cancer deaths. It is an embryonic malignancy of 
the postganglionic sympathetic nervous system that generally 
arises in one of two locations: the adrenal medulla or the para-
spinal sympathetic ganglia.1 The clinical hallmark of NB is its 
large heterogeneity; indeed, NB shows diverse clinical and bio-
logical characteristics and behavior.2-4 The treatments used in the 
management of NB include surgery, chemotherapy and radio-
therapy. Most pediatric clinical trials stratify patients into dif-
ferent groups at diagnosis based on the many risk factors, such as 
age at diagnosis, International NB Staging System stage, tumor 
histopathology and MYCN gene status.1,5

Retinoic acid is an essential factor derived from vitamin A, 
and during embryonic development in normal tissues, it has 
been shown to have a variety of functions in cell differentia-
tion, proliferation and apoptosis.6 All-trans retinoic acid (ATRA) 
has been used as a chemotherapeutic agent with some success,7 
although 13-cis-retinoic acid (13-cis-RA) is preferred due to 
its more favorable pharmacokinetics.8-10 Indeed, a phase I trial 
showed that higher and more sustained drug levels are obtained 
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with 13-cis-RA relative to ATRA.7 High levels of either ATRA 
or 13-cis-RA can cause arrest of cell growth and morphological 
differentiation of human NB cell lines.7 A phase III, randomized 
trial showed that high-dose, pulse therapy with 13-cis-RA after 
completion of intensive chemoradiotherapy (with or without 
autologous bone-marrow transplantation) significantly improves 
event-free survival for patients with high-risk NB.

The retinoic acids affect NB differentiation through tran-
scriptional regulation of genes that are either directly involved 
in the differentiation process or that control the differentiation 
process.11-13 Gene expression profiling on NB specimens has iden-
tified molecular signatures for high-risk and low-risk tumors14-16 
and novel prognostic markers.17-19 We investigated the expression 
profile of NB cell lines induced to differentiation using ATRA to 
identify early target genes that are involved in this transcriptional 
network.

Through this screening, we identified the Mpped2 gene (also 
known as c11orf8 or 239FB), which shows high expression in dif-
ferentiated NB cells. The Mpped2 gene is located on human chro-
mosome 11p13 between the FSHB and PAX6 genes in a region 
that is also associated with Wilms’ tumor, aniridia, genitouri-
nary anomalies and mental retardation (WAGR syndrome).20,21 
Mpped2 mRNA is predominantly expressed in fetal brain,22 
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NBs analyzed (14/394).38 The rat fetal brain gene “rat 239FB” 
is a homolog of human Mpped2, and it has been shown to retain 
a hydrolytic activity against cAMP, thus representing the first 
mammalian protein appertaining to the class III cyclic nucleo-
tide metallophosphodiesterases. Despite the large number of 
metallophosphodiesterases isolated from eukaryotes, their func-
tions and those of their specific substrates in mammals remain 
to be identified, with no natural substrates recognized for many 
of them.39,40 The histidine 67-to-arginine (H67R) mutation 
of Mpped2 abrogates its cAMP-linearization PDE activity in 
vitro.30 This mutation is located in the large C-terminal domain 
of Mpped2 (from H57 to S294), which contains the conserved 
residues of the metallophosphodiesterase superfamily and a typi-
cal phosphoprotein-phosphatase-like fold. The crystal structure 
of Mpped2 was recently described in a detailed analysis of full-
length rat Mpped2.41

Relative gene expression of Mpped in human tissue and 
tumor cell lines. We analyzed Mpped2 expression in 16 different 
cell lines, which included four human medulloblastoma cell lines 
(D283, D341, DAOY, UW228),42,43 two breast cancer cell lines 
(MDA231T, MDA435), one cervical cancer cell line (HELA) 
and 11 NB cell lines [IMR-32, SK-N-BE (2), LAN-5, GILIN, 
KELLY, LAN-1, NB69, NGB, SHEP, SH-SY5Y, SK-N-AS],44-46 
(Fig. 1A). For the NB cell lines, there was specific expression 
of Mpped2 mainly during differentiation in the LAN-5, GILIN 
and NB69 cells, with low expression in the SH-SY5Y and IMR-
32 cells. In the medulloblastoma cell lines, only the D283 cells 
showed detectable levels of Mpped2 expression.

The levels of Mpped2 showed higher expression in 14 different 
adult human tissues compared with five fetal tissues and espe-
cially for those derived from the central nervous system (CNS) 
(e.g., cerebellum, frontal cortex, total brain) (Fig. 1B), provid-
ing support to some previous studies.22 Some other tissues, such 
as the thyroid gland, are known to express significant levels of 
Mpped2.47

To confirm this specific expression in the CNS, we deter-
mined the levels of expression of the murine Mpped2 homolog 
gene (NM_198778.2) in six mouse tissues at different stages of 
development (E.14.5, E.16.5, P.0) (Fig. 1C). Indeed, this Mpped2 
homolog gene showed elevated expression in the CNS, limbic sys-
tem and eyes. In particular, its expression levels increased during 
embryonic development, with higher expression at stage 16.5E 
in brain tissue, while in heart and kidney, the peak of expres-
sion was at E14.5. Overall, these data suggest a role for Mpped2 
mRNA expression during the cell proliferation and differentia-
tion processes that occur in these tissues of nervous system origin.

Overexpression of Mpped2 correlates with a neuronal dif-
ferentiation phenotype in NB cells. To determine whether 
endogenous Mpped2 is differentialy regulated during neural dif-
ferentiation induced by 48 h ATRA treatment, we used immuno-
fluorescence and western blotting to analyze endogenous Mpped2 
in SH-SY5Y NB cells. This was also repeated for ATRA treatment 
of the LAN-5 and SK-N-BE (2) NB cell lines. Differentiation of 
the NB cells was shown using a neuronal differentiation marker 
as control (the neurofilament light polypeptide). The immuno-
fluorescence data using the S1 anti-Mpped2 antibody showed 

and the high degree of similarity between the predicted protein 
sequences of Mpped2 and those of two Caenorhabditis elegans 
cDNA clones demonstrates that there is extensive evolutionary 
conservation of Mpped2 as a family of class III metallophospho-
diesterase in mammals.23

The cyclic nucleotide phosphodiesterases (PDEs) are an 
important enzyme class that hydrolyzed the cyclic nucleotides 
to 5'-AMP and 5'-GMP. These enzymes are significantly dif-
ferent in primary amino acid sequence and can be categorized 
into three classes (I–III).24,25 The class I enzymes are, so far, the 
most characterized in higher eukaryotes and have been exten-
sively studied at the biochemical and structural level.26 The class 
II enzymes have been identified in a few organisms, such as yeast, 
Dictyostelium and Vibrio.24 The third class was first identified 
in Escherichia coli as the regulator of the lactose operon, also 
called the Icc or CpdA protein.27 This latest class of enzymes 
has remained largely unexplored, while a related enzyme from 
Hemophilus has been identified that lacks a biochemical char-
acterization.28,29 Mpped2 gene representes the first evidence for a 
class III cyclic nucleotide phosphodiesterase in mammals.30

PDEs, classes I and II, have been studied in a variety of tumors, 
and the data suggest that PDE activity is elevated in tumors, thus 
affecting the ratio of cAMP to cGMP in tumor cells. In addi-
tion, PDE inhibitors are potential targets for tumor cell growth 
inhibition, induction of apoptosis, impairment of early inflam-
matory insults,31 modulation of T-cell responses32 and monocytic 
differentiation33 and increases in chemotherapeutic efficacy.34 
Abnormalities due to overexpression of PDEs cause dysregulation 
of cAMP and/or cGMP signaling and pathway activation, lead-
ing to promotion of tumor formation. Additionally, this impair-
ment of cAMP and/or cGMP generation by overexpression of 
PDE isoforms has been described in various cancer pathologies, 
e.g., overexpression of PDE11A and PDE8B (showing genetic 
predisposition to adrenocortical hyperplasia tumors35,36) and of 
h-Prune, which is implicated in breast cancer metastasis and 
colon, pancreas, gastric and esophageal cancers.36,37

In the present study, we demonstrate that Mpped2 reduces 
cell proliferation and anchorage-independent growth and induces 
apoptosis. Results are also confirmed in vivo using xenograft NB 
models. These data support an anti-tumorigenic function for 
Mpped2, and unlike some of the other PDEs isolated to date, this 
shows that Mpped2 has a role in the impairment of cancer pro-
gression. In agreement with our in vitro and in vivo studies, we 
also show here that expression of Mpped2 in NB tumors decreases 
during disease progression in patients, thus identifying a poten-
tial new molecular target for future therapeutic applications.

Results

Gene expression studies. Following gene expression analyses 
of two independent NB cell lines, LAN-5 and SH-SY5Y cells, 
we focused our attention on the Mpped2 gene, which showed 
early upregulation during a short pulse of ATRA-induced dif-
ferentiation in both of these cell systems. The Mpped2 gene is 
highly transcribed in fetal brain, maps to the chromosome 11pter 
> 11p15.1 region and is known to be deleted in less than 4% of 

D
ow

nl
oa

de
d 

by
 [

SU
N

Y
 H

ea
lth

 S
ci

en
ce

 C
en

te
r]

 a
t 1

1:
50

 1
8 

A
pr

il 
20

15
 



© 2012 Landes Bioscience.

Do not distribute.

www.landesbioscience.com	 Cell Cycle	 571

Mpped2 expression in the cytosolic compart-
ment of SH-SY5Y NB cells, with a more pro-
nounced localization in the perinuclear region 
when Mpped2 was expressed under the ATRA-
induced differentiation (Fig. 1D). Moreover, 
these immunofluorescence studies revealed 
upregulation of Mpped2 expression during 
this in vitro ATRA-induced neural differen-
tiation in SK-N-BE (2) NB cells (Fig. 1D). 
Similar results were obtained in these SH-SY5Y 
and SK-N-BE (2) cells by western blotting 
(Fig. 1E), thus indicating that expression of 
the Mpped2 protein is upregulated after 48 h 
of neural differentiation induced by ATRA. 
Figure S1A shows the levels of upregulation of 
differentiation marker expression (Nestin, Tuj1, 
synaptophysin, RAR-α, RAR-β) for the in NB 
Mpped2 #4 and Mpped2 #7 stable clones (see 
next paragraph). These results provide further 
support for this Mpped2-induced differentia-
tion in NB cells.

Overexpression of Mpped2 induces G
0
/G

1
 

arrest in SH-SY5Y cells. We also generated sev-
eral stable clones for the production of Mpped2 
in SH-SY5Y cells. Figure S1B shows the level 
of Mpped2 in three stable clones (Mpped2 
#4, #7 and #9) also assayed by western blot-
ting using the S1 anti-Mpped2 antibody (Fig. 
S1C). Because Mpped2 #4 showed higher 
expression of Mpped2, we used this clone for 
propidium iodide staining and fluorescent cell 
sorting (FACs analyses). The Mpped2 #4 clone 
showed a significant increase in the G

0
/G

1
 cell 

population and a decrease in the S-phase cell 
population as compared with a stable clone 
that overexpresses the H67R-mutated Mpped 
(Fig. 2B). In fact, we also generated several sta-
ble clones that overexpress the H67R-mutated 
Mpped2 (Fig. S1D) and, using RT-PCR, we 
selected the clone that showed higher expres-
sion of Mpped2. This Mpped2 H67R mutation 
has previously been reported to negatively affect 
Mpped2 metallophosphodiesterase catalytic 

Figure 1A–C. Relative Mpped2 gene expression in 
human tissues, tumor cell lines and murine tissues 
and localization in differentiated NB cell lines. 
(A) Relative Mpped2 gene expression by RT-PCR in 
NB, medulloblastoma, breast cancer and cervical 
uterine cell lines (as indicated). (B) Relative Mpped2 
gene expression by RT-PCR in 14 adult human tis-
sues and in five fetal human tissues (as indicated). 
(C) Relative Mpped2 gene expression by RT-PCR in 
six mouse tissues (as indicated) at three different 
stages of development (E14.5, E16.5, P0). TEL, telen-
cephalon; DIE, diencephalons; MES, mesencepha-
lon. Relative expression levels for each RT-PCR were 
calculated against expression of the β-actin gene. 
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members of the cyclin mRNA in three different Mpped2 stable 
clones relative to the SH-SY5Y control cells are shown in Figure 
S2E. There were clearly lower levels of cyclin D1 mRNA expres-
sion with increased levels of p21 mRNA (Fig. S2E). No differ-
ences were seen from the controls for the expression levels of the 
CDK inhibitor p27. We also observed a reduced expression of 
cyclin D1 in the Mpped2 #4 stable clone as compared with the 
wild-type SH-SY5Y cells and the SH-SY5Y cells overexpressing 
the mutation Mpped2 H67R (Fig. 2E).

We can conclude here that in these NB cells overexpressing 
Mpped2, there is an arrest at the G

0
/G

1
 phase of the cell cycle. 

These effects on the cell cycle are most likely due to the Mpped2 
cAMP metallophosphodiesterases activity, as the Mpped2 H67R 
mutation abrogated the G

0
/G

1
 cell cycle arrest.

Mpped2 overexpression impairs proliferation and anchorage-
independent growth of SH-SY5Y cells by inducing apoptosis. 
Proliferation assays were performed with the SH-SY5Y cells, the 
Mpped2 #4 clone and the Mpped2-H67R #8 clone using the MTS 
[3-(4,5-dimethylyhiazol-2-yl)-5-(3-carboxymethoxyphenyl)-
2-(4-sulfophenyl)-2H-tetrazolium] colorimetric assay methodol-
ogy (see Sup. Materials). Here, there was a significant decrease in 
proliferation of the Mpped2 #4 clone with respect to the Mpped2-
H67R #8 clone that overexpresses the Mpped2 H67R mutant 
(**p = 0.0002; Fig. 2F). These data again confirm that the PDE 
activity of Mpped2 is involved in this function.

With the arrest in G
0
/G

1
 phase of the cell cycle shown for 

these Mpped2-overexpressing clones, we asked whether Mpped2 
also acts on the apoptosis signaling cascade. Thus, we assayed 
caspase activity in the absence and presence of staurosporine iso-
lated from the bacterium Streptomyces, a natural product that is 
known to activate caspase-3. In the Mpped2 #4 clone there was 
a significant increase in caspase activity with respect to both the 

activity.30,41 As a control, we assayed the Mpped2 H67R mutant 
for its cAMP-PDE activity.48 As recently described in reference 
41, the structure of the Mpped2 H67R mutant differs from that 
of the wild-type protein in terms of the position of its W182. 
While in the wild-type protein, this W182 residue points into 
the solvent, it is turned toward the center of the active site in the 
Mpped2 H67R mutant due to the absence of bound nucleotide, 
which thus explains its lack of PDE activity. As shown in Figure 
2A, the Mpped2 #4 stable clone has significant cAMP PDE activ-
ity over the Mpped2-H67R #8 stable clone (*p = 0.007). These 
Mpped2-H67R mutant clones also did not show any variation 
in their relative G

0
/G

1
 populations when compared with the 

Mpped2 #4 cell population (Fig. 2B and C), thus indicating 
that these changes in the cell cycle seen with overexpression of 
Mpped2 indeed arise through the Mpped2 catalytic activity.

Furthermore, we used sh-interference (sh) ribonucleotide 
methodology for Mpped2 silencing (see Sup. Materials). Using 
four different ribonucleotides (#9, #10, #11, #12) (Fig. S1F) 
upon sh-Mpped2 transfection, the SH-SY5Y cell line showed dra-
matically reduced levels of Mpped2. FACS analyses of the sh#11-
Mpped2-transfected SH-SY5Y cells indicated a reduction in the 
G

0
/G

1
 population by 20% of the control cells (Fig. 2D). In addi-

tion, these sh#11-Mpped2-transfected cells showed an increase 
of 11% in the S-phase component of the cell cycle, with little 
change in the G

2
/M phase. Similar results were obtained from 

the analysis of the sh#9-Mpped2-transfected cells (Fig. 2D).
Therefore, RT-PCR and western blotting were used to exam-

ine the effects of Mpped2 on some genes involved in the control 
of the cell cycle. For this reason, we used RT-PCR to deter-
mine if this was the case in our Mpped2-overexpressing clones. 
We examined the basal levels of mRNA of selected cell cycle-
related proteins (cyclin D1, p21 and p27kip). Expression data for 

Figure 1D and E. (D) Immunofluorescence analyses showing upregulation of Mpped2 expression during in vitro neural differentiation of NB cell 
lines (as indicated) stimulated by ATRA. White arrowheads, cytosolic compartment and perinuclear positive staining. (E) Representative western blot 
showing upregulation of Mpped2 expression during in vitro neural differentiation in SK-N-BE (2) and SH-SY5Y NB cell lines stimulated by ATRA. Nfl, 
neurofilament light polypeptide, a neuronal differentiation marker.
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Figure 2. Mpped2 overexpression induces G0/G1 arrest in SH-SY5Y cells. (A) The Mpped2 #4 stable clone shows a greater cAMP-PDE activity compared 
with the empty vector clone and the Mpped2-H67R #8 stable clone, as measured by PDE scintillation proximity assay. Inset: mean proximity assay 
cpm for the different clones. (B) The Mpped2 #4 clone (left) shows a significantly greater G1/S ratio for the cell population compared with the Mpped2-
H67R #8 clone (right), as determined by propidium iodide staining and fluorescent cell sorting. (C and D) Relative percentages of the different Mpped2 
clones (as indicated) in the different phases of the cell cycle, showing the Mpped2 #4 and Mpped2-H67R #8 clones (C) and the sh#11-Mpped and sh#9-
Mpped (D) clones. (E) Representative western blot shows low expression of cyclin D1 in the Mpped2 #4 clone, as compared with the wild-type SH-SY5Y 
cells and the Mpped2-H67R #8 clone. (F) Proliferation of the Mpped2 #4 stable clone, as compared with the wild-type SH-SY5Y cells and the Mpped2-
H67R #8 clone, according to absorbances from the MTS colorimetric assay (see Materials and Methods). Data are means ± SD of two independent 
experiments, each performed in triplicate **p = 0.0002.
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eight weeks, all the mice showed a visible tumor mass; however, 
smaller tumor masses were seen for the Mpped2-Luc mice as com-
pared with the Ctr-Luc mice. Overall, significantly higher levels 
were seen for the BLI signals and the sizes of these tumors for the 
Ctr-Luc mice compared with the mice injected with the Mpped2-
overexpressing Mpped2-Luc cells (Fig. 4A and B). Note also in 
Figure 4A that the injections of the Ctr-Luc cells resulted in 
tumors that were not only macroscopically bigger than those seen 
for the Mpped2-Luc mice, but also further distributed through-
out the body as signs of metastasis. These BLI signals were 
observed weekly and were used in the statistical analyses based 
on animal groups that showed similar baseline signal intensities 
of luciferase (at time zero of injection; see Table S1). These are 
shown in Figure 4B as a box plot for the comparisons of the BLI 
signals between the Ctr-Luc (#1, #2, #4 and #7) mice and the 
Mpped2-Luc (#1, #5, #7 and #8) mice that were injected with the 
Mpped2-overexpressing cells (Fig. 4B). Thus, the mice carrying 
the Mpped2 overexpressing cells showed less tumor burden over 
this time of tumorigenesis in vivo.

In these Ctr-Luc- and Mpped2-Luc-induced xenograft tumors, 
immunohistochemistry analyses were also performed to charac-
terize the expression levels of some markers known to be involved 
in cell proliferation and differentiation: Tuj1, Nestin and Ki67. 
As shown in Figure 4C, for these explanted tumors after 59 d 
in vivo, compared with the Ctr-Luc #2 tumor, positive staining 
for Tuj1 and Nestin was decreased in the Mpped2-Luc #7 tumor, 
indicative of enhanced cell differentiation. This was accompa-
nied by a relative decrease in the Ki67 staining in the Mpped2-
Luc #7 tumor, indicative of decreased cell proliferation.

Taken together, these data show that the Mpped2 protein 
impairs tumor formation in vivo in these athymic/nude mice, 
which corresponds to decreased cell proliferation (according to 
Ki67 staining) and enhanced cell differentiation (according to 
Tuj1 and Nestin staining). Therefore, the lower tumor growth 
in mice that received the supra-adrenal injections of Mpped2-
overexpressing cells can be ascribed to the pro-differentiation 
function of Mpped2, as was shown for these marker proteins in 
vitro (Fig. S1A). These analyses allow us to define an additional 
level of tumor impairment for the Mpped2 protein in vivo, as 
shown in this animal xenograft model of NB.

Expression of Mpped2 in tumors and its association to prog-
nosis of NB. We then investigated whether Mpped2 gene expres-
sion has a major role in NB tumor progression. Here, we analyzed 
the expression of the Mpped2 gene in different data sets that are 
available in the public online database Oncomine (available at 
https://www.oncomine.org/resource/login.html). In the “Wang” 
and “Shai Brain” data sets, we noted that Mpped2 expression is 
negatively correlated with malignant brain tumors both in NB 
and glioblastoma.50,51

We then analyzed 33 NB tissues for Mpped2 mRNA expres-
sion using RT-PCR (see Sup. Materials, Methods). We divided 
these Mpped2 genetic data for the NB samples into two groups 
according to the NB stage: 15 mild (1, 2, 4s) and 17 aggressive 
(3 and 4) tumors. Analyses of these extrapolated Mpped2 expres-
sion values showed that they were higher for NB stages 1 and 2, 
as compared with the later stages of development of this cancer, 

SH-SY5Y cell line (*p = 0.040) and the Mpped2-H67R #8 clone 
(*p = 0.015) (Fig. 3A).

Furthermore, to determine if Mpped2 affects the ability of 
these cells to grow without the need for attachment to a surface, 
thus potentially enhancing the anchorage-dependent activity of 
these cells, we performed soft agar assays with the SH-SY5Y cells 
and the Mpped2 #4 clone and the Mpped2-H67R #8 clone over 3 
weeks (see Sup. Materials). Here, there was a substantial signifi-
cant reduction in the number of colonies for the Mpped2 #4 clone 
compared with both the SH-SY5Y cells (***p = 0.0000008) and 
the Mpped2-H67R #8 clone (***p = 0.0004) (Fig. 3B). These 
results confirm that Mpped2 can restore anchorage-dependent 
growth of the SH-SY5Y cell line, with this function again related 
to its cAMP-metallophosphodiesterase activity.

In vivo tumorigenic assay in athymic nude mice. The 
Mpped2 H67R mutation abrogates Mpped2 PDE activity in 
vitro.30,34,41 To determine whether this mutation can also abrogate 
the in vivo function of the wild-type Mpped2 protein observed 
previously in vitro, we performed a flank tumorigenesis assay in 
athymic nude mice. Four mice (M1, M2, M3, M4) were inocu-
lated subcutaneously in their paired right and left flanks with 
the human NB SH-SY5Y cells, as the Mpped2 #4 clone and the 
Mpped2-H67R #8 clone. After nine weeks, significant differences 
in the sizes and weights were seen between the tumors gener-
ated in the flanks injected with the Mpped2 #4 clone with respect 
to those generated with the Mpped2-H67R #8 clone (Fig. 3C). 
The tumors explanted from these mice were smaller in size from 
the Mpped2 #4 clone as compared with tumors generated by the 
Mpped2-H67R #8 clone (Fig. 3D), with a significant difference 
in the mean weights between these tumors (***p = 0.00015) (Fig. 
3E). Table 1 gives the individual Mpped2 #4 and Mpped2-H67R 
#8 tumor weights along with the means and standard deviations.

In summary, the H67R mutation of the Mpped2 pro-
tein reversed the anti-proliferative phenotype of the wild-type 
Mpped2 protein in NB, which thus enhanced the in vivo tumori-
genesis. Therefore, the wild-type Mpped2 metallophosphodies-
terase PDE activity has an anticancer function that needs to be 
further investigated for future therapeutic applications.

Xenograft NB analysis of Mpped2-overexpressing cells. We 
then investigated a xenograft animal model of NB to determine 
whether Mpped2 is an inhibitor of tumor progression in vivo. 
For this, we mimicked the NB tumorigenesis in athymic/nude 
animals following methodologies described previously in refer-
ence 49. We cloned HA-tagged wild-type Mpped2 cDNA and a 
control HA-tagged pcDNA empty vector in the SH-SY5Y cell 
line, together with an expression vector that carried luciferase 
cDNA, which produced several stable clones (see Material and 
Methods). These clones were tested for luciferase expression lev-
els (as shown in Fig. S2A and B). The stable Mpped2 #9-pLuc#1, 
with higher expression of Mpped2 and luciferase, and Ctr-pLuc#2 
SH-SY5Y clones were then injected into the supra-adrenal glands 
of 16 athymic/nude mice (“Mpped2-Luc #1-#8 mice” and “Ctr-
Luc #1-#8 mice”; the Crt-Luc #8 and Mpped2-Luc #4 mice died 
on day 0, after injection of the cells). Weekly, in vivo measure-
ments of the bioluminescence imaging (BLI) signals of these 
clone-injected mice were used to evaluate the tumor growth. At 
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Figure 3. Proliferation, apoptosis and anchorage-independent growth assays and the flank xenograft NB model. (A) Caspase 3/7 activity assays (see 
Sup. Materials, Methods) in the absence and presence of staurosporine for the Mpped2 #4 clone, as compared with the wild type SH-SY5Y cells and 
the Mpped2-H67R #8 clone (as indicated). (B) Soft agar assay. Top: The number of colonies for the Mpped2 #4 stable clone, as compared with wild 
type SH-SY5Y cells and the Mpped2-H67R #8 cells. Data are means ± SD of two independent experiments, each carried in triplicate. *p ≤ 0.05. Bottom: 
Representative photographs of these colonies (as indicated). (C) Two representative athymic nude mice (#2 and #3), with right and left flank injections 
of the Mpped2 #4 and Mpped2-H67R #8 stable clones, respectively. (D) Explanted tumors from the flanks of the four mice (#1–#4) that had the right 
and left flank injections of the Mpped2 #4 and Mpped2-H67R #8 stable clones. (E) Mean weights of the tumors in (D), according to the Mpped2 #4 and 
Mpped2-H67R#8 clones injected. Data are means ± SD of each set of four tumors (as indicated). **p = 0.00015.
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the Mpped2 promoter region, most likely represents the mecha-
nism of silencing by Mpped2 during cancerogenesis.

Discussion

We have sought here to fully characterize Mpped2 expression in 
human tissues of neuronal origin, with confirmation from publi-
cally available, in silico data (see also the GEO profiles in the 
UNIGENE source database). Initially, our analysis of murine 
tissues at different embryonic stages showed that Mpped2 expres-
sion is modulated during development. Here, we noted that 
Mpped2 is highly expressed in brain, and particularly between 
the 16.5 and P0 d of development. These data strengthened our 
choice to focus on this particular gene to further extend its char-
acterization and to ascribe a potential functional role for Mpped2 
in neuronal differentiation processes that occur at 14.5 d during 
the development of the CNS.

We also show that Mpped2-overexpressing clones of 
SH-SY5Y cells show reduced cell proliferation. Cell cycle anal-
ysis shows that in these stable Mpped2-overexpressing clones, 
there is an increase in the population of cells in the G

1
/G

0
 

phase, which leads to a significant increase in the G
1
/S ratio. 

These data were confirmed by cell cycle analysis in SH-SY5Y 
and LAN-5 cells overexpressing the myc-EGFP-Mpped2 con-
struct (see Sup. Materials). An opposite situation was observed 
in the Mpped2-H67R clones, thus underlining that the Mpped2 
metallophosphodiesterase cAMP activity is directly involved in 
its anti-proliferative function. The cell cycle is a highly regu-
lated process that involves a complex cascade of cellular events, 
including mainly activation of cyclins and cyclin-dependent 
kinases (CDKs).53 For example, the CDK/cyclin D complex 
promotes progression through G

1
 into S phase.53,54 In addition, 

the activities of the CDK/cyclin complexes are negatively regu-
lated by binding to CDK inhibitors, such as the Cip/Kip family 
of proteins (p21, p27, p57).

At present, it is known that a number of neuronal determi-
nants affect cells at the G

1
 phase, allowing them to then fol-

low differentiation via the G
0
 branch. In addition, it is known 

that external neuronal determination signals, such as Wnt, 
Sonic Hedgehog and retinoic acid receptor (RAR) signaling, 
can regulate cell cycle exit through the modulation of cyclin 
D1, cyclin D2 and MYCN transcription.55-58 In agreement with 
previous data, Mpped2 appears to promote cell cycle exit by 
silencing cyclin D1 and p27kip while enhancing p21 expression. 
Further investigations are needed to determine whether this 
lower expression of cyclin D1 is directly linked to Mpped2 over-
expression and, thus, whether this will influence cell cycle con-
trol through a not-yet-characterized mechanism of action. The 
immunofluorescence studies and western blotting here reveal 
upregulation of Mpped2 expression during ATRA-induced in 
vitro neural differentiation in SK-N-BE(2) and SH-SY5Y NB 
cells. With this cell cycle arrest of the Mpped2 #4 stable clone, 
we asked whether Mpped2 can activate the apoptosis cas-
cade. These data indicate that in the Mpped2-overexpressing 
Mpped2 #4 clone, there is an increase in caspase activity as 

although this difference did not reach statistical significant (p = 
0.24; data not shown). We believe that this lack of significance is 
due to the relative low number of samples that we could analyze 
here. However, in the Kaplan-Meier survival analysis, the loss of 
expression of Mpped2 in the advanced tumor stages (3 and 4), 
indeed, significantly correlated with worse prognosis (Fig. 4D; 
*p = 0.023). Similarly, box-plot analysis in the same cohort of 
patients showed that higher expression of Mpped2 significantly 
correlated with patient death (Fig. S3A; *p = 0.02).

We then ask if these phenomena can be seen for other previ-
ously published gene expression signatures of NB.52 Comparing 
here the “Los Angeles” (GEO accession number GSE3446) and 
the “Essen” data sets (see Materials and Methods), Mpped2 lev-
els in 110 patients without disease relapse (mean, 8.45 ± 1.06; 
median, 8.67) were significantly higher when compared with 74 
patients with disease relapse (mean, 7.99 ± 1.34; median, 8.20; 
Fig. S3B; Mann Whitney test; *p = 0.027). All of these NB 
patients had metastatic tumors that lacked MYCN gene ampli-
fication. Overall, these data show correlations between Mpped2 
expression and advanced NB tumor progression, and they sup-
port our in vitro studies in mice that show that Mpped2 expres-
sion is mainly lost in advanced stages of NB, thus correlating 
these findings with an impairment of tumorigenesis that is 
driven by the biochemical metallophosphodiesterase function of 
Mpped2 in NB.

Epigenetic regulation of Mpped2 expression as a possible mecha-
nism for silencing. As there is downregulation of Mpped2 expres-
sion in advanced NB tumors, we then asked about the regulation 
of Mpped2 expression in NB tumorigenesis on the basis of epi-
genetic regulation.

To identify evidence of epigenetic regulation in NB, we com-
pared Mpped2 gene expression in the two NB cell lines SHSY-5Y, 
SK-N-BE (2) and in a breast cancer cell line (MB-MDA231T) 
in the absence and presence of the demethylation agent 5'-aza-
2'-deoxycytidine (AZA). Here, the levels of mRNA expression 
of the Mpped2 gene increased significantly after 48 h and 72 h 
of AZA treatment of these NB cell lines (SH-SY5Y, *p = 0.046; 
SK-N-BE (2), *p = 0.028; Fig. S3C, see Sup. Materials) and of 
these MB-MDA231T breast cancer cells (*p = 0.046; Fig. S3D; 
see Sup. Materials, Methods). These data indicate that epigen-
etic regulation, such as methylation of CpG islands upstream of 

Table 1. Tumor weights from the Mpped2 #4 and Mpped2-H67R #8  
injections of the paired double-flank tumorigenesis xenografts after 
nine weeks in vivo, in the four independent nude mice

Mouse Tumor weight (g)

Mpped2 #4  
(right flank)

Mpped2-H67R #8  
(left flank)

#1 0.012 0.722

#2 0.031 0.52

#3 0.014 0.682

#4 0.012 0.433

Mean 0.01725 0.58925

Standard deviation 0.009215 0.135935
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Figure 4. For figure legend, see page 578.
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would expect a higher probability to develop NB tumors, and 
future studies should address this hypothesis.

Indeed, in our studies in mice carrying wild-type Mpped2 
cells, these showed a significant reduction in tumor growth in 
comparison with those carrying the Mpped2-H67R #8 stable 
clones. These data further support the role of the Mpped2-H67R 
mutation in vivo and strength our first hypothesis.

A question can be raised at this time. Can we increase the 
levels of Mpped2 expression in tumorigenic cells for future thera-
peutic development? The consequence of these increased levels 
of Mpped2 expression is an impairment of the normal cell cycle 
growth conditions, thus finally enhancing the potential antican-
cer activity of Mpped2. These data augment our findings and 
definitively emphasize the need to search for the catalytically spe-
cific metallophosphodiesterase function of Mpped2. Here, the 
results obtained recently for a three-dimensional structure are 
very encouraging,30 and studies on molecular Mpped2 structure 
data will be able to identify new small molecules that enhance its 
catalytic function.

These studies thus shed light on this new marker, Mpped2, 
and there is now the need to address its potential benefit for ther-
apeutic use to impair cancer progression.

Materials and Methods

Cell culture, vector cloning, real-time quantitative PCR, west-
ern blotting, immunofluorescence analyses, proliferation assays, 
epigenetic assays, flank injections, immunohistochemistry, cell 
cycle analysis and patient follow-up data are all available in the 
Supplemental Materials.

In silico analyses of Mpped2 gene expression on two inde-
pendent NB data sets. The first set of expression data for the 
Mpped2 gene is available on the public online database Gene 
Expression Omnibus (GEO) (www.ncbi.nlm.nih.gov/sites/
entrez; accession number GSE3446). This data set, which comes 
from the Children’s Hospital Los Angeles (Affymetrix Human 
Genome U133A and U133B Array, United Kingdom), contains 
the gene expression profiling of 102 metastatic NB that do not 
show amplification of the MYCN oncogene; we have referred 
to this as the “Los Angeles” data set. We divided the sample 
in two groups: 56 patients without disease relapse and 46 with 
occurrence of disease relapse. The second data set was provided 
by the University Children’s Hospital, Essen, Germany. In brief, 
total RNA was isolated from 101 primary NB samples that were 
obtained prior to therapy, and it was hybridized to the Human 
Exon 1.0 ST array (Affymetrix), according to the manufacturer 
protocol. From the 101 primary neuroblastomas, we selected the 

compared with the SH-SY5Y cell line and the Mpped2-H67R 
#8 clone.

Altogether, these data support the functional significance of 
Mpped2 upregulation as it relates to cell cycle inhibition, induc-
tion of apoptosis and differentiation of neuronal precursors, rep-
resenting unique opposite functions with respect to other known 
phosphodiesterases appertaining to class I and II. We thus specu-
late that this “opposite” behavior of Mpped2 as a PDE in NB is 
associated with its PDE function. Thus, maintenance of low lev-
els of Mpped2 expression during tumor progression would appear 
to be essential for a proliferative cellular precursor state, whereas 
high Mpped2 expression would be required for arrest of cell pro-
liferation, with differentiation then taking place. How Mpped2 
expression is regulated during the switch from proliferation to 
differentiation will be the topic of future studies.

Thus, our findings indicate that the lost of the Mpped2 gene 
is a new molecular marker for the definition of a new unfavor-
able risk class. This is supported by our “in vivo” xenograft stud-
ies, which confirm the anti-proliferation function of Mpped2 in 
vivo. Indeed, mice carrying an overexpressing Mpped2 gene in 
NB cells were seen to have a low aggressive phenotype in the 
tumor xenograft model of neuroblastoma.

According to the literature, Mpped2 is downregulated in the 
expression profiling of malignant vs. benign papillary thyroid 
carcinoma,59 and in particular, Mpped2 is part of a group of 11 
genes that are informative and discriminating for benign and 
malignant lesions in thyroid tumors.60 Additionally, in breast 
cancer, Mpped2 has been shown to be downregulated in >50% 
of breast tumors and in ~20% of lymph node metastases, which 
additionally show lower levels of Mpped2 expression when com-
pared with normal breast tissue.61

Two mechanisms of regulation of Mpped2 anti-tumorigen-
esis function have been raised at this time. Our present study 
suggests epigenetic regulation of Mpped2 expression, as this 
increases after treatment with AZA in NB and breast cancer cell 
lines. A second mechanism is implied by the hypothesis that the 
acquired mutation (H67R) of Mpped2 can impair its catalytic 
metallophosphodiesterase activity, which can then influence 
its antiproliferative function. This mutation is a single nucleo-
tide polymorphism (SNP) in the SNP database (rs11556749) 
with genotype frequencies of A/A 0.983 and A/G 0.017 in the 
European population. Our analysis for the genotype A/G in 33 
NB samples using direct PCR sequencing of the gene in these 
tumors (data not shown) will not have detected the heterozy-
gous genotype in these patients because of the rare frequency of 
this genotype (A/G) in the European population. Indeed, if the 
mutation occurs, and if it is sufficient as heterozygote status, we 

Figure 4 (See opposite page). Xenograft neuroblastoma model. Differentiation and proliferation markers and correlation of Mpped2 expression with 
tumor aggressiveness in NB patients. (A) Represenative xenograft NB model of tumorigenesis eight weeks afer s.c. injection with the Ctr-Luc #1 cells in 
mouse #2 (Ctr) and the Mpped2 #9-Luc #2 cells in mouse #7, as measured by BLI signals according to the color bar shown. (B) Time course of the mean 
tumor sizes of the tumors from the injections of the Ctr-Luc and Mpped2-Luc cells in terms of mean BLI signals for the pooled data (photons/s, as fold-
increases over day 0), as shown in Table S1. Statistical evaluation was by two-tailed, unpaired t-tests. (C) Representative immunohistochemistry analy-
ses after day 59 of the xenograft tumors from the Ctr-Luc mouse #2 and Mpped2-Luc mouse #7, for the differentiation markers Tuj1 and Nestin, and the 
proliferation marker Ki67. (D) Kaplan-Meier curves for patient survival probability related to the 33 human NB tumors. Mpped2+ (n = 15) and Mpped2- 
(n = 18) indicate patients with tumors that contained high and low levels of Mpped2, respectively, as determined by RT-PCR. *p = 0.02; significance for 
expression of Mpped2 as a predictor for improved survival at a 7-y follow-up.
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These mice were then injected with the cells after laparatomy 
into the capsule of the left adrenal gland. The mice were moni-
tored at least once a week for evidence of tumor development 
by bioluminescence acquisition (IVIS200-Calipers life science, 
Xenogen) and for evidence of tumor-associated morbidity. For 
these BLI acquisitions, the mice were anesthetized with isoflu-
orane and injected with 100 μL D-luciferin (of a 15 mg/mL 
stock) per 10 g body weight. Ten minutes after this luciferin 
injection, the mice were imaged for 30 sec, with two acquisitions 
per mouse (ventral, dorsal). To quantify the bioluminescence, 
regions were drawn that encircled the luciferase-emitting areas 
of each mouse. The integrated fluxes of photons (photons/s) 
within each area of interest (BLI signals) were determined using 
the Living Images Software Package 3.0 (Caliper). The emission 
data from when the tumors started growing were collected for 
at least 6 weeks, and they were normalized to the BLI signals on 
the day of the cell injections.

All of the animal work was conducted according to the relevant 
national and international guidelines. Approval was obtained 
from the Institutional Animal Care and Ethical Committee at 
CEINGE and the ‘Federico II’ University of Naples, according to 
Protocol #29 of 30/09/2009, and the Italian Ministry of Health, 
Dipartimento Sanità Pubblica Veterinaria D.L. 116/92, confirm-
ing that all of the experiments performed conformed to the rel-
evant regulatory standards.
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gene expression profiles of 38 metastatic NB that lack amplifi-
cation of MYCN, and we divided them into two groups of 17 
patients without disease relapse and 21 patients with disease 
relapse. We have referred to these data as the “Essen” data set. 
The values for both data sets are given as log2 of normalized 
expression. The significant difference of the Mpped2 expression 
between the two groups was assessed by the Mann Whitney 
test.

PDE assay. PDE activity was measured using a cAMP/
cGMP detection assay (Sigma Aldrich), as described by 
D’Angelo et al. and with a scintillation proximity assay 
(Amersham Pharmacia Biotech). The cAMP standard curves 
were constructed using commercial Phosphodiesterases I from 
Crotalus atrox (Sigma Aldrich). The samples were diluted as 
required and incubated at 30°C in 100 μl assay buffer (50 
mM TRIS-HCl [pH 7.4], 8.3 mM MgCl

2
, 1.7 mM EGTA) 

containing the desired concentrations of cAMP or cGMP as 
substrate (3:1 ratio as unlabeled to [3H]-labeled). All of the 
reactions, including the buffer-only blanks, were conducted in 
duplicate and allowed to proceed for an incubation time that 
resulted in 25% substrate turnover (empirically determined). 
The reactions were terminated by adding 50 μl Yttrium sili-
cate scintillation proximity assay beads (Amersham Pharmacia 
Biotech). The enzyme bioactivities were calculated for the 
amount of radiolabel product detected according to the manu-
facturer protocol.

NB tumorigenic assays in athymic nude mice. Flank xeno-
graft mice implantation. Four athymic nude mice (M1, M2, M3, 
M4) were inoculated subcutaneously in their right and left pos-
terior flanks with the human NB cells SH-SY5Y, as the Mpped2 
#4 stable clone and as the Mpped2-H67R #8 clone, respectively 
(see Sup. Material, Methods). These NB cells were injected to 
a volume of 100 μl of PBS, containing a total of 2 x 106 cells. 
The mice were followed for tumor growth for 9 weeks, and then 
they were sacrificed, and the tumor tissues were dissected out and 
analyzed.

Supra-adrenal xenograft mice implantation. The stable 
SH-SY5Y cells overexpressing Mpped2 cDNA were generated by 
transfecting a luciferase-expressing vector (the firefly luciferase 
gene cloned in the plentiV5 vector; Invitrogen) into the stable 
Mpped2 clone or into the control empty vector clone (biolumi-
nescence photon/s emission data and standard curves reported 
in Fig. S2A and B). Then 1 x 106 Ctr-pluc2 or Mpped2-9-pLuc 
cells were mixed with 15 μL PBS and injected into the left adre-
nal glands of the mice, as previously reported in reference 63. 
Briefly, 16 nude/SCID mice (Harlan Laboratories) were anes-
thetized using avertin (Sigma Aldrich) as a 3% solution in tert-
amyl alcohol (Fisher) at a dose of 3 mg per 10 g body weight. 
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